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Autophagy is a fundamental cellular degradation and recycling system that is crucial for maintaining cellular homeostasis, responding to stress, and ensuring the proper functioning of cells. To date, the biological functions of autophagy in the plant-pathogenic fungus Botryosphaeria dothidea remains largely unknown. In this study, we identified and characterized the E2-like enzyme Atg3 in B. dothidea. The autophagic process was blocked in the BdATG3 deletion mutant ΔBdAtg3, and the ΔBdAtg3 mutant showed serious defects in mycelial growth, conidiation, perithecium formation and virulence. In addition, the ΔBdAtg3 mutant exhibited an increased number of nuclei in mycelial compartment. All of the phenotypic changes of the ΔBdAtg3 mutant were restored by gene complementation. These results indicate that the E2-like enzyme Atg3 plays an important role in various developmental processes and pathogenesis of B. dothidea, which provides a potential target for developing novel fungicides.
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1 Introduction

Autophagy is a fundamental cellular process that involves the degradation and recycling of unnecessary or dysfunctional components within the cell (Ohsumi, 2012; Parzych and Klionsky, 2014). This catabolic mechanism allows cells to maintain homeostasis by eliminating damaged organelles and proteins, thereby ensuring efficient cellular function and survival (Eskelinen, 2019; Mizushima, 2007). Atg3 is essential for the lipidation of Atg8, a key step in autophagosome formation (Martens and Fracchiolla, 2020). It acts as an E2-like enzyme, working in concert with Atg7 and the Atg12-Atg5 complex to ensure proper conjugation of Atg8 to phosphatidylethanolamine (PE) (Fang et al., 2021; Mizushima, 2020). This process is vital for the formation, maturation, and function of autophagosomes, ultimately enabling the degradation of cellular components and maintenance of cellular homeostasis (Zhao and Zhang, 2018). Several studies have highlighted the crucial role of Atg3 in fungal development and virulence in filamentous fungi, including Magnaporthe oryzae, Botrytis cinerea, and Fusarium graminearum (Lv et al., 2017; Pollack et al., 2009; Ren et al., 2018b; Yin et al., 2019), but its role in Botryosphaeria dothidea remains unknown.

Botryosphaeria canker and apple ring rot, caused by the fungal pathogen Botryosphaeria dothidea, is a destructive disease affecting apple trees worldwide (Dong et al., 2021; Liu et al., 2022a). This pathogen is a member of the family Botryosphaeriaceae and is known for its ability to infect a wide range of woody plants, including apple, pear, and grapevine (Marsberg et al., 2017). This disease is particularly problematic in regions with warm and humid climates that causes damage during both the growing season and the storage period making it a significant concern for apple growers worldwide, leading to substantial economic losses (Ren et al., 2023; Sun et al., 2023). Currently, the absence of disease-resistant apple varieties makes chemical control the most effective strategy for managing apple ring rot (Zhu et al., 2024). However, the long-term and extensive use of fungicides has led to the emergence of B. dothidea strains resistant to some chemical fungicides, such as benzimidazoles (Wang et al., 2022). Therefore, there is an urgent need to develop more efficient fungicides. Investigating the molecular mechanisms governing vegetative differentiation, pathogenicity, and stress responses in B. dothidea is crucial for identifying potential targets for novel fungicide development, paving the way for more sustainable and effective disease management. In this study, we identified and characterized the E2-like enzyme BdAtg3 in B. dothidea, and the results provides a theoretical basis for the development of novel target-based fungicide for the control of apple ring rot disease.




2 Materials and methods



2.1 Fungal strains and culture conditions

The wild-type (WT) strain LW03 (LXS030101) of B. dothidea was used as parental strain for gene knockout. All of the B. dothidea strains were cultured on potato dextrose agar (PDA) (200 g potato, 20 g glucose, 10 g agar and 1 L water), minimal medium (MM) (0.5 g KCl, 2 g NaNO3, 1 g KH2PO4, 0.5 g MgSO4·7H2O, 0.01 g FeSO4·7H2O, 30 g sucrose, 200 μL trace element, 15 g agar, 1 L water, pH 6.9), and complete medium (CM) [1% glucose, 0.2% peptone, 0.1% yeast extract, 0.1% casamino acids, nitrate salts (6 g NaNO3, 0.52 g KCl, 0.52 g MgSO4·7H2O, 1.52 g KH2PO4), trace elements, 0.01% vitamins (biotin, pyridoxine, thiamine, riboflavin, p-aminobenzoic acid, and nicotinic acid), 1 L water, pH 6.5) at 25°C for mycelial growth. Young fruits of ‘Fuji’ apple were used for conidial production, and one-year-old branches of ‘Fuji’ apple were used for perithecial formation.




2.2 Gene deletion and complementation

The gene knockout constructs of BdATG3 were generated using a double-joint PCR method (Yu et al., 2004), and introduced into WT strain thorough PEG-mediated protoplast transformation. BdATG3 was replaced by hygromycin resistant gene (HPH) based on homologous recombination strategy (Supplementary Figure S1A). The putative deletion mutants with hygromycin resistance (100 µg/mL) were identified by PCR amplification analysis. For complementation, the fragment containing the full-length of BdATG3 and native promoter, which was predicted through the promoter prediction website (https://fruitfly.org/seq_tools/promoter.html), was inserted into PYF11 vector (Liu et al., 2022a) and transformed into the BdATG3 deletion mutant.




2.3 Protein manipulation and Western blotting

The GFP-BdAtg8 fusion construct was generated as described previously (Liu et al., 2022a). For protein extraction, the fresh mycelia of B. dothidea were ground into fine powder in liquid nitrogen, and resuspended in protein extraction buffer with protease inhibitor cocktail (Sangon, Shanghai, China), and centrifuged at 12000 rpm for 10 min at 4°C. The supernatant was mixed with an equal volume of protein loading buffer and boiled for 5 minutes to denature the proteins, which were loaded onto a 12.5% SDS-PAGE and transferred to a PVDF (polyvinylidene fluoride) membrane that was pre-activated by soaking in methanol. The monoclonal anti-GFP antibody (ab32146, Abcam, Cambridge, MA, USA) and monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (EM1101, Hangzhou Huaan Biotechnology Co., Ltd., Hangzhou, China) were used for immunoblot analyses.




2.4 Determination of asexual and sexual reproduction

For conidial production, young apple fruits were inoculated with each strain, and exposed to UV irradiation (365 nm wavelength) in 25°C to induce conidiation. After 14 days, morphological development, including the formation of fruiting bodies and production of conidia or microspores, was monitored using light microscopy. For sexual reproduction, the infected apple branches were maintained in a moist chamber with periodic water spraying at ambient temperature (16-28°C). The development of perithecia was examined after 30 days of incubation. Both experiments were repeated 3 times.




2.5 Pathogenicity tests

The pathogenicity of B. dothidea was evaluated through artificial inoculation assays using detached fruits, branches, and leaves of ‘Fuji’ apple. Prior to inoculation, the plant tissues were surface-sterilized and wounded using a sterile needle. Mycelial plugs (5 mm diameter) from the actively growing margins of 7-day-old cultures were transferred to the wound sites. Control samples received sterile PDA plugs without fungal inoculation. All inoculated samples were maintained in a controlled environment chamber at 25°C with 95% relative humidity. Disease progression was monitored daily, and lesion diameters were measured at 7 days post-inoculation (dpi). The experiment was conducted in 3 independent biological replicates, with 10 technical replicates per treatment in each experiment.




2.6 Statistical analysis

Statistical analysis was performed using SPSS 20 software (IBM, Armonk, NY, USA). Multiple comparisons were conducted using Fisher’s Least Significant Difference (LSD) test and Duncan’s new multiple range test. Error bars in the figures indicate the standard deviation (SD) derived from triplicate independent experiments. Mean values labeled with the same lowercase letter above the bars indicate no statistically significant difference at the 0.05 probability level according to the post hoc tests.





3 Results



3.1 Identification of BdAtg3 in B. dothidea

To identify and characterize the autophagy protein BdAtg3 in B. dothidea, the well-characterized Atg3 protein from Saccharomyces cerevisiae was used as a query for BLASTp search against the B. dothidea genome database (https://www.ncbi.nlm.nih.gov/biosample/SAMN13735646). The putative BdAtg3 protein consists of 357 amino acids that with 35.2% identity to Atg3 ortholog of S. cerevisiae, and contains the typical ubiquitin-like protein (UBL) domain. Phylogenetic analysis by neighbor-joining method revealed that BdAtg3 cluster closely with the orthologs from Fusarium graminearum, Magnaporthe oryzae, Sordaria macrospora, Neurospora crassa, Colletotrichum gleosporiodes, Aspergillus oryzae (Figure 1), suggesting the evolutionary conservation among filamentous fungi.

[image: Phylogenetic tree depicting relationships among various fungi species. Fusarium graminearum and Magnaporthe oryzae are closely related, with Botryosphaeria dothidea highlighted in red. Branch confidence values range from seventy-three to one hundred. Scale bar represents genetic distance of 0.20.]
Figure 1 | Evolutionary analysis of BdAtg3. Phylogenetic tree of BdAtg3 with other orthologs from Fusarium graminearum (XP_011319806), Magnaporthe oryzae (XP_003720747), Sordaria macrospora (XP_003347100), Neurospora crassa (XP_062690851), Colletotrichum gleosporiodes (XP_045261435), Aspergillus oryzae (XP_001823534), Botrytis cinerea (XP_024550449), Valsa mali (KUI73004), and Saccharomyces cerevisiae (CAI4696490).

To investigate the biological function of BdAtg3 in B. dothidea, we employed a homologous recombination strategy to generate BdATG3 deletion mutants (Supplementary Figure S1A). The putative deletion mutants were screened by hygromycin resistance (100 µg/mL), and further identified by PCR amplification analysis using diagnostic primer pair P7/P8 (Supplementary Table S1), the amplicons of wild-type (WT) strain and ΔBdAtg3 mutants were 1579 bp and 1786 bp, respectively (Supplementary Figure S1B), indicating that BdATG3 was successfully replaced by HPH cassette.




3.2 BdAtg3 is essential for autophagy

The GFP-Atg8 fusion protein has been widely established as a reliable molecular marker for monitoring autophagic flux in eukaryotic cells (Nair et al., 2011). To investigate the functional role of BdAtg3 in autophagy regulation, we employed a GFP-BdAtg8 reporter system to compare autophagic activity between the wild-type strain LW03 and the ΔBdAtg3 mutant. The immunoblot analysis of GFP-BdAtg8 processing demonstrated a significant reduction in full-length GFP-BdAtg8 protein levels in LW03 following nitrogen starvation, while ΔBdAtg3 maintained stable GFP-BdAtg8 protein levels (Figures 2A, B). These results indicate that BdAtg3 is indispensable for autophagy induction and progression in B. dothidea.

[image: (A) Western blotting results for GFP-Atg8, GFP, and GAPDH across time points 0, 4, and 8 hours for LW03 and ΔBdAtg3 strains. GFP-Atg8 shows consistent bands in LW03, diminishing in ΔBdAtg3. GAPDH serves as a loading control. (B) Bar graph showing GFP/(GFP+GFP-Atg8) percentages with significant increase in LW03 at 8 hours, labeled 'a', compared to 'b' at 0 hours and 'c' at all time points in ΔBdAtg3. Error bars represent standard deviation.]
Figure 2 | The necessity of BdAtg3 for autophagy. (A) Western blot analysis of the proteolysis of GFP-BdAtg8 in the wild-type strain LW03 and BdATG3 deletion mutant ΔBdAtg3 after 0 h, 4 h, and 8 h of nitrogen starvation. GAPDH served as the internal control. (B) The percentage of GFP on the total of GFP and GFP-BdAtg8. Error bars indicate standard deviation from three independent experiments, and values on the bars followed by the same letter are not significantly different at P = 0.05.




3.3 BdAtg3 is involved in mycelial growth

To investigate the functional role of BdAtg3 in mycelial growth, B. dothidea strains were grown on PDA and MM media. The ΔBdAtg3 mutant exhibited a ~10% reduction in radial growth rate on PDA plates and produced fewer aerial hyphae compared with the wild-type strain LW03 and complemented strain ΔBdAtg3-C after 3 days of incubation at 25°C (Figures 3A, B). Morphological observation thorough microscope (Olympus CX43, Tokyo, Japan) showed that ΔBdAtg3 displayed abnormal hyphal tip growth patterns, characterized by excessive apical branching and hyphal twisting after cultured on PDA 2 days (Figure 3C). These results suggest that BdAtg3 is involved in normal mycelial growth and cellular morphogenesis in B. dothidea.

[image: Panel A shows fungal colonies of three strains (LW03, ΔBdAtg3, and ΔBdAtg3-C) on PDA, MM, and CM media. Panel B is a bar graph comparing colony diameters, with LW03 slightly larger on PDA. Panel C displays hyphal structures of the strains with slight morphological variations.]
Figure 3 | BgAtg3 is involved in mycelial growth. (A) Mycelial growth of the wild-type strain LW03, BdATG3 deletion mutant ΔBdAtg3 and complemented strain ΔBdAtg3-C on PDA, MM, and CM media at 25°C for 3 days. (B) Mycelial growth rate of each strain in PDA, MM, and CM media. Values on the bars followed by the same letter are not significantly different at P = 0.05. (C) Morphology of the aerial hyphae tips in each strain.




3.4 BdAtg3 is essential for sexual and asexual reproduction

Reproductive development, encompassing both sexual and asexual cycles, represents a critical biological process in ascomycetes that directly influences disease occurrence and epidemics (Liu et al., 2022b). To elucidate the functional role of BdAtg3 in the reproductive biology of B. dothidea, we systematically examined the sexual morphogenesis and conidiogenesis under microscope (Olympus CX43, Tokyo, Japan). As shown in Figure 4A, the ΔBdAtg3 mutant was incapable of ascus formation after 30 days of incubation, in contrast to the prolific production of ascus containing viable ascospores by both the wild-type strain LW03 and complemented strain ΔBdAtg3-C. In addition, after 7 days of incubation with black light exposure at 25°C, LW03 and ΔBdAtg3-C produced abundant fruiting bodies containing both conidia and microspores on disease lesions, while the ΔBdAtg3 mutant lost ability to produce fruiting body (Figure 4B). These results indicate that BdAtg3 is indispensable for both sexual and asexual reproductive processes in B. dothidea.

[image: Panel A shows three microscopic images of fungal structures labeled as LW03, ΔBdAtg3, and ΔBdAtg3-C. Panel B displays two rows comparing conidia, microspores, and a mix of the two between LW03 and ΔBdAtg3-C, with each section showing distinct spore shapes and densities. Each image includes a scale bar of forty micrometers.]
Figure 4 | BdAtg3 is essential for sexual and asexual reproduction. (A) Ascus containing ascospores formed on apple branches by the wild-type strain LW03 and complemented strain ΔBdAtg3-C. (B) Conidia and microspores produced by each strain on young apple fruits.




3.5 BdAtg3 is required for virulence

To determine the contribution of BdAtg3 to the virulence of B. dothidea, we conducted pathogenicity assays using both young apple fruits and one-year-old apple branches. The wild-type strain LW03 and complemented strain ΔBdAtg3-C caused severe disease symptoms characterized by extensive tissue maceration and discoloration on apple fruits at 7 days post-inoculation. In contrast, the ΔBdAtg3 mutant exhibited significantly reduced virulence, producing only minor necrotic lesions (Figure 5A). This attenuation in pathogenicity was consistently observed in branch infection assays, where ΔBdAtg3 showed markedly decreased colonization efficiency compared to LW03 and ΔBdAtg3-C (Figures 5B, C). These results indicate that BdAtg3 plays an important role in the full virulence of B. dothidea.

[image: Panel A shows apples with varying lesion sizes. LW03 and ΔBdAtg3-C apples exhibit significant lesions, while ΔBdAtg3 and Mock have smaller ones. Panel B displays branches with similar lesion patterns. Panel C is a bar chart comparing average lesion sizes on fruit and branches across the four treatments, showcasing significant differences among them.]
Figure 5 | BdAtg3 is required for virulence. Disease symptoms on young apple fruits (A), and branches (B), caused by the wild-type strain LW03, BdATG3 deletion mutant ΔBdAtg3 and complemented strain ΔBdAtg3-C. (C) Lesion size on apple fruit and branches caused by each strain. Values on the bars followed by the same letter are not significantly different at P = 0.05.




3.6 BdAtg3 influences nuclei distribution

Previous studies have demonstrated the involvement of autophagy in modulating nuclear dynamics in filamentous fungi (Corral-Ramos et al., 2015). To investigate the potential role of BdAtg3 in nuclear distribution of B. dothidea, the nuclei in mycelial compartments of each strain was checked through GFP labeled histone H1 observation (Liu et al., 2022b). As shown in Figure 6, the wild-type strain LW03 predominantly exhibited 2-4 nuclei per mycelial compartment, whereas the ΔBdAtg3 mutant showed significantly increased nuclear numbers, typically ranging from 4-8 nuclei per compartment. These results suggest that BdAtg3 plays a crucial regulatory role in maintaining proper nuclear dynamics during hyphal development in B. dothidea.

[image: Fluorescent microscopy images and merged images show nuclei in LW03 and ΔBdAtg3 mycelia, highlighting differences with red arrows. A bar chart compares the percentage of mycelia with varied nuclei counts for LW03 and ΔBdAtg3, showing distinct distributions. Scale bars are labeled at 10 micrometers.]
Figure 6 | BdAtg3 influences nuclei distribution. (A) Nuclei distribution in mycelia of the wild-type strain LW03 and BdATG3 deletion mutant ΔBdAtg3. (B) The proportion of nuclei in mycelial compartment of each strain.





4 Discussion

Autophagy is a vital catabolic process that maintains cellular homeostasis, ensuring the normal functioning of eukaryotic cells (Ryter et al., 2013). Recent research has highlighted the significant role of autophagy in the growth, development, and virulence of filamentous fungi (Khan et al., 2012; Pollack et al., 2009). In this study, we identified and characterized the E2-like activating enzyme Atg3 in Botryosphaeria dothidea. Phylogenetic tree analysis revealed that BdAtg3 is highly conserved in the Phylum Ascomycota, and shared closely cluster with the orthologs from F. graminearum, M. oryzae, S. macrospora, N. crassa, C. gleosporiodes, and A. oryzae (Figure 1). Moreover, the deletion of BdATG3 completely inhibited the autophagic process in B. dothidea (Figure 2), which is consistent with the observations in Saccharomyces cerevisiae and other filamentous fungi (Khalid et al., 2019; Ngu et al., 2015).

Recycling of intracellular components through autophagy is essential for providing the necessary materials and energy to support fungal vegetative growth and development (Ren et al., 2017; Shoji et al., 2006). In this study, the ΔBdAtg3 mutant showed a reduced mycelial growth rate on PDA plates and produced fewer aerial hyphae (Figure 3), which is consistent with the role of Atg3 in the growth of aerial hyphae in some filamentous fungi, such as Botrytis cinerea and Fusarium graminearum (Lv et al., 2017; Ren et al., 2018b). Additionally, the ΔBdAtg3 mutant lost ability to produce ascospores and conidia under suitable conditions (Figure 4). These findings are line with the role of Atg3 in regulating both sexual and asexual reproduction in some other filamentous fungi (Pollack et al., 2009). The infection process of pathogenic fungi depends critically on autophagic degradation to fulfill the increased metabolic and energy demands during host invasion (Liu et al., 2012; Ren et al., 2018a). Consistent with findings in other fungal pathogens (Liu et al., 2016), the ΔBdAtg3 mutant showed severely compromised infectivity in both apple fruits and branches (Figure 5), underscoring the crucial role of BdAtg3 in the virulence of B. dothidea.

Autophagy contributes to regulation of nuclear dynamics during vegetative growth and hyphal fusion (Corral-Ramos et al., 2015). In this study, the ΔBdAtg3 mutant exhibited significantly increased nuclear numbers in mycelial compartment compared with the wild-type strain (Figure 6), suggesting the relatively conservative role of autophagy in regulating nuclear distribution.

In conclusion, our study demonstrated that BdAtg3 is essential for autophagy process, and significantly contributes to mycelial growth, development, and virulence in B. dothidea, which provides a theoretical basis for the development of novel targeted fungicide to control apple ring rot disease.
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Supplementary Figure 1 | Generation and identification of the BdATG3 deletion mutant in Botryosphaeria dothidea. (A) Schematic diagram of the homologous recombination strategy for BdATG3 replacement. (B) PCR identification of the ΔBdAtg3 mutants. M represents DNA marker.
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