Methods

Bambusicolous fungal microbiome

Sampling collection and treatment
Bamboo materials (Phyllostachys sp.) were collected during the winter season (in December 2021) in the bamboo forest of Juknokwon, Damyang-gun, Jeollanam-do, Korea. The bamboo materials were classified into three stages: “Young”, green, healthy, without black spots and wounds, fast-growing, and aged less than a year; “Mature”, green, with few black spots and wounds, slow growing, and aged three years; and “Dead”, yellowish brown, with many black spots and wounds, dried, and aged more than five years. Each bamboo material was divided into three tissue types (culm, leaf, and root). The bamboo forest soils were collected on the same day and location. All samples were stored at –20◦C before DNA extraction and then transferred to a –80◦C deep freezer for long-term storage.

Sample surface sterilization was conducted following a modified protocol described previously [1]. Samples were washed with tap water and submerged in 70% (v/v) ethanol (Duksan Chemical Co., Ltd., Ansan, Korea) for 3 min. Subsequently, the samples were immersed in 2.5% (v/v) sodium hypochlorite solution (Samchun Pure Chemical Co., Ltd., Pyeongtaek, Korea) for 5 min before rinsing the surface with 70% ethanol for 30 s and washing thoroughly with sterile distilled water. The absence of colonies in the final rinse water culture confirmed the successful removal of epiphytes. After surface sterilization, the samples were crushed and powdered in liquid nitrogen using a Freeze Mill (SPEX 6875D) at NICEM (National Instrumentation Center for Environmental Management), Seoul National University. The vials and steel impactors of the frozen mill were rinsed with 70% ethanol before proceeding with the machine to avoid sample contamination during the crushing process.

Amplicon library preparation and sequencing
Genomic DNA was extracted from each powdered bamboo tissue and soil using a DNeasy Powerlyzer PowerSoil Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. PCR was conducted to amplify the extracted DNA with KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington, MA, USA) and the primer set ITS3 (5′- GCATCGATGAAGAACGCAGC-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [2, 3]. The purification of PCR products was conducted using the Agencourt AMPure XP system (Beckman Coulter Genomics, Brea, CA, USA). Amplicon libraries were constructed using an Illumina MiSeq platform with rDNA ITS2 gene amplicons. Sequencing was performed by LAS Inc. (Gimpo, Korea) using the Illumina MiSeq system with 2×300-bp, paired-end reads.

Read processing and identification
The rDNA ITS2 amplicon sequence data sets were processed using QIIME2 (version 2021.8.0) [4]. The raw sequence data were demultiplexed using the QIIME2 demux plugin. Quality filtering and denoising were performed with DADA2 via the QIIME2 dada2 plugin, removing low-quality (QV < 20), short (< 200 bp), and chimeric sequences [5]. Molecular operational taxonomic units (mOTUs) were clustered with a 99% threshold identity using the QIIME2 VSEARCH cluster-features-open-reference plugin [6]. Low coverage mOTUs consisting of < 10 sequences were discarded.

The taxonomy of mOTUs was initially assigned using the modified UNITE version 8.3 database (UNITE-Resources. https://unite.ut.ee/repository.php. Accessed on July 20, 2022). The ITS sequences related to Apiospora species, including Arthrinium and Nigrospora species, in the UNITE database, were replaced and added to verified ITS sequences downloaded from the GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) based on previous studies to enhance the precision of Apiospora species assignment.

Based on the taxonomic assignment, two taxonomic levels were selected to analyze the variation of the bambusicolous endophytic fungal community in the bamboo compartments and stages. The genus-level community (GLC) was selected to analyze the proportion of Apiospora in the bamboo. The Apiospora species-level community (ALC) was selected to analyze the species that act as endophytes in bamboo.

To identify Apiospora species, phylogenetic analysis was conducted with Apiospora mOTU and reference sequences of Apiospora and related genera from the GenBank database (Additional file 2: Table S1). mOTUs with short sequence lengths (< 260 bp) were excluded from the phylogenetic analysis. The Apiospora mOTU and reference sequences were aligned using MAFFT 7.130 [7]. The Maximum Likelihood tree was inferred using the RaxML version 8 with the GTR+G model and 1,000 bootstrap replicates on the CIPRES web portal [8].

Bioinformatics
The “vegan” package was applied to conduct α- and β-diversity analyses to evaluate the variation of bambusicolous fungal communities according to the bamboo compartments (bamboo culm, leaf, root, and bamboo forest soil) and stage (young, mature, and dead) [9]. The distribution of each dataset was tested using the Shapiro–Wilk test, Durbin–Watson test, and Bartlett test for homogeneity of variances. The one-way ANOVA and Tukey’s Honest Significant Distance (HSD) tests were adjusted with multiple comparisons for normally distributed data. Kruskal–Wallis and Dunn’s tests with Benjamini-Hochberg (BH) methods were adjusted for non-normally distributed data. The most influential factor in explaining the variation of communities was examined by permutational multivariate analysis of variance (PERMANOVA) based on the Bray-Curtis distance metrics with 999 permutations via the “adonis2()” function in the “vegan” package. The fungal community variation was visualized using principal coordinates analysis (PcoA) based on Bray–Curtis dissimilarities. The significant (p < 0.05) factors and vectors were fitted on the plots using the goodness-of-fit statistics (r2). The adjusted p-values were corrected using the Bonferroni correction method. The Venn diagram software in the Bioinformatics & Evolutionary Genomics platform (http://bioinformatics.psb.-ugent.be/webtools/Venn/) was used to reveal the overlapped bamboo endophytic fungi between the bamboo compartments and between each tissue stage. To distinguish significantly representative bambusicolous fungal taxa according to the bamboo tissue stages and soils, a linear discriminant analysis (LDA) combined with effect size (LefSe) was performed on the Huttenhower galaxy server (LefSe, http://huttenhower.sph.harv-ard.edu/galaxy) [10]. Heat map analysis was conducted using representative taxa determined by LDA. The heat map was constructed with the “pheatmap” package version 1.0.12 [11]. Heat map clustering between the relative abundances of bambusicolous endophytic fungi and bamboo tissue stages and soil was conducted based on Spearman correlation. The data matrix was Z-score-normalized by row. Indicator species analysis was conducted to determine the species ecological preference of the representative taxa via “multipatt(data, group, func=”r.g”, control= how(nperm=999))” in the “Indicspecies” package [12]. All statistical analyses were performed with R software version 4.2.0 [13].

Bambusicolous Apiospora strains

Bambusicolous Apiospora strains were obtained from the Korea University Culture Collection (KUC). These strains were isolated, identified, and deposited in a previous study [14], which reported 242 bambusicolous Apiospora strains from various bamboo materials collected in bamboo forests in Korea. In this study, we employed nine bambusicolous Apiospora strains, representing three Apiospora species isolated from dead bamboo culms and branches. Based on the results of microbiome analysis, we determined that these three Apiospora species on dead bamboo (Phyllostachys spp.) materials could be derived from the inner tissue of bamboo. Consequently, these strains were used for further investigations of their biological activities or genomic analyses. The three Apiospora species were Ap. arundinis (KUC21601, KUC21792, and KUC21722), Ap. camelliae-sinensis (KUC21546, KUC21536, and KUC21538), and Ap. hysterina (KUC21437, KUC21435, and KUC21438). The strain information is detailed in Additional file 2: Table S2.

Biological activity and metabolite analysis

Apiospora extract preparation
The fungal extract was prepared as previously described [15]. Bambusicolous Apiospora strains were cultured on potato dextrose agar at 25◦C for 7 days in the dark. The fungal biomass was extracted with methanol for 24 h, and the solution was filtered using Whatman® No. 1 filter paper (Cytiva, Marlborough, MA, USA). Subsequently, the filtrate was concentrated using a rotary vacuum evaporator at 37◦C. After concentration, the condensed residues were dissolved in a 1:1 mixture of ethyl acetate (EtOAc) (Samchun Pure Chemical Co., Ltd., Pyeongtaek, Korea) and distilled water. The EtOAc fraction of the solution was then obtained and concentrated again following the aforementioned method. The EtOAc extracts were stored at –20◦C.

Antioxidant analysis with ABTS and DPPH radical scavenging ability
A 7-mM ABTS (2.2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid, Sigma-Aldrich, Inc., St. Louis, MO, USA) solution was oxidized with 2.45 mM potassium persulfate for 24 h in the dark at room temperature. Before the next step, the ABTS•+ solution was diluted with 1× phosphate-buffered saline (Biosesang, Yongin, Korea) to record an absorbance value of 0.70 (±0.02) at a wavelength of 734 nm. Then, 990 µL of ABTS solution and 10 µL of each fungal extract were mixed in a cuvette, and the absorbance was measured at 734 nm after 6 min in the dark. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, Sigma-Aldrich) was used as a positive control.
A 150-µM DPPH (2,2-diphenyl-1-picrylhydrazyl, Sigma-Aldrich) solution was dissolved in 80% methanol. Each fungal extract (22 µL) was mixed with DPPH solution (200 µL) in a 96-well plate. The mixture was stored at room temperature for 30 min in the dark, and the absorbance was measured at 520 nm. L-Ascorbic acid (Sigma-Aldrich) was used as a positive control.

Antifungal activity test
The disk diffusion method was used to screen the antifungal activities of bambusicolous Apiospora against three phytopathogens: Botrytis cinerea KUC21265, Colletotrichum gloeosporioides KUC21266, and Fusarium oxysporum KUC21267. The three phytopathogens were selected based on their broad host-range pathogenicity [16, 17]. Moreover, C. gloeosporioides and F. oxysporum are bamboo disease fungi that cause leaf spot or culm rot [18]. After cultivation, the phytopathogens were transferred to new Malt Extract Agar media (2% malt extract (Difco, MI, USA) and 1.5% Bacto agar (Difco), and the fungal extract (2.5 mg/mL concentration, 10 µL volume) was inoculated beside the phytopathogens. After 48 h of cultivation at room temperature, the growth inhibition of the pathogens was determined.

Analysis of plant hormone production
To evaluate IAA production, strains were cultured in Czapek broth media (0.05% potassium chloride (Yakuri Pure Chemicals, Kyoto, Japan), 1% dextrose (Difco), 0.05% magnesium sulfate (Shinyo Pure Chemicals Co., Ltd., Osaka, Japan), 1% Bacto Peptone (Difco), and 0.001% Ferrous sulfate heptahydrate (Showa Denko KK, Tokyo, Japan; pH 7.0 ± 0.2) with L-tryptophan (Sigma-Aldrich; 1 mg/mL) at 25°C for 7 days under darkness in a shaking incubator at 120 rpm. After cultivation, the culture supernatants were mixed with two volumes of EtOAc for extraction. The extracts were dissolved to 1 mg/mL in methanol and then stored at –20°C.

To evaluate the production of (S)-(+)-Abscisic Acid (ABA) and Gibberellic Acid A3 (GA), the prepared Apiospora extracts were used as described above. The fungal extracts and three standard compounds, including IAA (Sigma-Aldrich), ABA (Tokyo Chemical Industry Co., Tokyo, Japan), and GA (RPI, Chicago, IL, USA), were analyzed using liquid chromatography with tandem mass spectrometry (LC MS/MS) with the Thermo Scientific™ Vanquish™ HPLC system (Thermo Fisher Scientific, Waltham, MA, U.S.) coupled to an Orbitrap Exploris 120 mass spectrometer (Thermo Fisher Scientific), which was equipped with an electrospray ionization interface (ESI). A YMC Triart C18 (2.1 × 100 mm, 1.9 μm) was used. H2O (A) and MeCN (B) were eluted at a flow rate of 0.3 mL/min with a linear gradient of 20%–100% B (0–7 min). In addition, the ESI conditions were set as follows: capillary temperature of 275°C, capillary voltage of 35.0 V, spray voltage of 3.5 kV and sheath gas flow rate of 50.0 arb. The acquired data file was exported in .mzXML format by the application of MS-convert software, which is part of the ProteoWizard package. The molecular networks were generated using Global Natural Products Social Molecular Networking (http://gnps.ucsd.edu). The parameters were set as follows: product ion tolerance of 0.02 Da, precursor-ion mass tolerance of 0.2 Da, and fragment ions below six counts were removed from the MS/MS spectra. The molecular networks were generated using four minimum matched peaks and a cosine score of 0.65. The results were visualized using Cytoscape 3.7.2 software.

Whole genome analysis of major bambusicolous Apiospora

[bookmark: _Hlk189065918]Apiospora culture and genomic DNA extraction
Genomic analysis was conducted with a major bambusicolous Apiospora strain selected based on microbiome and biological activity analyses to investigate the genomic features of this endophytic species. A bambusicolous Apiospora strain was grown in 500 mL of potato dextrose broth medium for 7 days at 25°C in the dark. DNA was extracted using the cetyltrimethylammonium bromide method with some modifications [19]. The quality of the DNA was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, United States) with a DNA 1000 chip.

Library construction and whole genome sequencing (WGS)
A DNA library with approximately 20-kb fragment sizes was constructed, and WGS was performed using the PacBio Sequel and NovaSeq6000 platforms at Macrogen Co., Ltd. (Seoul, Korea). Meanwhile, a single-molecule real-time (SMRT) library was constructed and sequenced with a single SMRT cell. PacBio ccs 6.4.0 (https://github.com/PacificBiosciences/ccs) with the min-passes = 0 and min-rq = 0 options used to solve potential HiFi reads, whereas the HiFiAdapterFilt 2.0.1 was used to remove remnant adapter sequences [20]. De novo assembly was performed using Flye 2.9.2 [21]. For NovaSeq, Illumina sequencing was performed using a 150×2 bp paired-end system. Quality filtering and adapter trimming for Illumina reads were performed with fastp 0.23.2 [22]. Polishing with Illumina reads was performed with four rounds of Racon 1.5.0 and another four rounds of Hapo-G 1.3.1 [23, 24]. Assembled genomes were inspected with Tapestry 1.0.0, and contigs with low depth were considered contaminant contigs and were manually removed [25].

Genome annotation 
The mitochondrial genome was removed manually. Repeats were modeled and masked for nuclear genomes using RepeatModeler v2.0.3 and RepeatMasker v4.1.2 [26, 27]. Ab initio annotations on masked genomes were performed using BRAKER2 with the odb10v1 database fungus option [28]. Homolog-based gene prediction was performed with GeMoMa 1.7.1, using model annotation of Apiospora koreana KUC21332 [29]. The structural annotations obtained by both methods were merged with the GAF function of GeMoMa with equal scoring. The merged annotations were finalized using the AnnotationFinalizer function of GeMoMa. tRNA genes were annotated using tRNAscan-SE 2.0.9, and rDNA regions were annotated using the Rfam database and infernal 1.1.4 [30, 31]. For CAZyme and gene cluster analysis, protein sequences were obtained by applying the agat_sp_keep_longest_isoform.pl function of AGAT 1.4.0 and gffread 0.12.7 [32, 33]. To validate the predicted protein-coding genes and identify potential functions, the easy-search workflow of MMseqs2 13.45111 with the “--greedy-best-hits 1” option was employed against the eggNOG 5.0.2 database with eggNOG-mapper 2.1.8 [34–36].

Trophic lifestyle classification according to CAZyme profiles
The run_dbcan 3.0.6 function of dbCAN3 with the HMMER search option was employed to predict and annotate the presence of CAZyme-related genes [37, 38]. The trophic lifestyle was predicted using the CAZyme Assisted Training And Sorting of trophy (CATAStrophy) 0.1.0 prediction tool [39]. The CATAStrophy pipeline (https://github.com/ccdmb/catastrophy-pipeline) was employed with the options -profile conda and –dbcan_version 10. The trophic lifestyle nomenclature in CATAStrophy (including biotrophs, hemibiotrophs, necrotrophs, saprotrophs, and symbionts) was used to define the trophic lifestyles of Apiospora species. Principal components PC1 and PC2, which separated most training set species according to lifestyle, were selected for visualization.

Analysis of secondary metabolite biosynthetic gene clusters (SM BGCs)
The SM BGCs were predicted using antiSMASH 7.0.0 locally, with the taxon fungi option and all possible search options appended [40].

Reconstruction of the plant hormone synthesis pathway
Genome-scale model (GEM) of Ap. hysterina KUC21437 was constructed using RAVEN Toolbox 2.8.4 [41]. The reference GEM of the closest available species, Eutypa lata and the MetaCyc database were applied to construct the GEM [42]. To annotate missing genes for ABA synthesis, genes comprising the ABA synthesis gene cluster of B. cinerea SAS56, bcABA1, bcABA2, bcABA3, and bcABA4 (XM_001553921.1, XM_001553920.1, XM_001553924.1, XM_001553919.2) were downloaded from GenBank, and BLASTx [43] analysis was performed against the KUC21437 genome with Geneious 9.1.8 [44]. The final ABA and GA synthesis pathways were constructed by manually combining the GEM, BLAST, and reference search results and were visualized using ChemDraw software.
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