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Abstract

:

As an important nonwood bioresource, fishscale bamboo (Phyllostachys heteroclada Oliver) is widely distributed in the subtropical region of China. Rhombic-spot disease, caused by Neostagonosporella sichuanensis, is one of the most serious diseases that threatens fishscale bamboo health. However, there is limited knowledge about how rhombic-spot disease influences the diversity and structures of phyllosphere fungal communities. In this study, we investigated the phyllosphere fungal communities from stems, branches, and leaves of fishscale bamboo during a rhombic-spot disease outbreak using 18S rRNA sequencing. We found that only the phyllosphere fungal community from stems was significantly affected by pathogen invasion in terms of community richness, diversity, and structure. FUNGuild analysis revealed that the major classifications of phyllosphere fungi based on trophic modes in stems, branches, and leaves changed from symbiotroph-pathotroph, no obvious dominant trophic mode, and symbiotroph to saprotroph, saprotroph–pathotroph–symbiotroph, and saprotroph–symbiotroph, respectively, after pathogen invasion. The fungal community composition of the three tissues displayed significant differences at the genus level between healthy and diseased plants. The associations among fungal species in diseased samples showed more complex co-occurrence network structures than those of healthy samples. Taken together, our results highlight the importance of plant pathological conditions for the assembly of phyllosphere fungal communities in different tissues.
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1. Introduction


The phyllosphere is composed of aerial parts of plants, such as leaves, stems, flowers, buds, and fruits [1,2]. Phyllosphere microorganisms (mainly bacteria, filamentous fungi, yeast, algae, etc.) are some of the most important components of microbial communities on Earth [3]. These microorganisms contain both epiphytic microorganisms inhabiting plant tissue surfaces and endophytic microorganisms living asymptomatically within plant tissues [3]. Epiphytic microorganisms mainly rely on nutrients deposited on plant tissues from the atmosphere or those exudates from tissues, while endophytic microorganisms absorb nutrients from host tissues [4]. A number of studies using either traditional culture-dependent methods or high-throughput sequencing technologies have shown that the phyllosphere bacterial community basically consists of the bacterial phyla Proteobacteria, Actinobacteria, and Bacteroidetes across different plant species [5,6,7]. However, less is known about fungi, although there have been studies analyzing the fungal community in the phyllosphere of different plant species (e.g., Arabidopsis, wheat, rice, maize, Populus, and tropical mangrove) [4,8,9,10,11,12].



Different from the relatively weak and buffered fluctuations of environmental conditions in the rhizosphere, the phyllosphere is a complex, extreme, and unstable habitat that is frequently challenged by several stress factors, such as temperature, humidity, UV radiation, and limited nutrient availability [13,14,15,16,17]. In addition to these abiotic stress factors, biotic stress factors, mainly pathogens and insects, also affect phyllosphere microbial changes [18,19,20]. Several studies have shown that the indigenous phyllosphere microbiome of leaves shifted as a consequence to pathogen attack [21,22,23,24]. For example, Suda et al. (2009) [22] found that powdery mildew infection resulted in larger bacterial populations, greater diversity and richness, and also changed the structure of the phyllosphere bacterial community. Similarly, angular leaf spot infection affected the phyllosphere fungal communities of cucumber leaves, all diversity indices of which exhibited a trend of increasing first and then decreasing, as shown by Illumina MiSeq sequencing [24]. However, researchers have mostly focused on leaves, while the changes in the phyllosphere microbial community in other tissues, such as stems and branches, after pathogen infection are still yet to be fully explored [18]. The lack of such information will hinder or even mislead predictions about the changes of phyllosphere microbial diversity, community structure, and function after infection by a pathogen. Therefore, it is necessary to improve our understanding of the changes of phyllosphere microbial communities of stems, branches, and leaves with plant pathological status.



Fishscale bamboo (Phyllostachys heteroclada Oliver), belonging to the family Bambuso-ideae (Graminales, Gramineae, Bambusoideae, Phyllostachys, monopodial bamboo), favors warm and humid climate and is widely cultivated in the Yellow River and Yangtze River basins of China [25]. Due to its strong adaptability, fast growth, and subterranean stems (viz. rhizomes), it plays a crucial role in ecological protection and restoration applications. In addition, because of its wide distribution, high yield, and good flexibility as well as the use of bamboo shoots for consumption and bamboo asphalt for Chinese medicine, P. heteroclada has been regarded as an economically important bamboo species [26,27,28]. Pathogens and insects are crucial drivers of tree mortality and forest dynamics [29], and their damage is normally limited by host resistance and environmental conditions limiting disease emergence [30]. However, plant disease outbreaks are increasing in the context of global climate change [31]. In recent years, a new disease, rhombic-spot disease, caused by Neostagonosporella sichuanensis and reported by C.L. Yang, X.L. Xu and K.D. Hyde (Ascomycota, Dothideomycetes, Pleosporales, Phaeosphaeriaceae), was first discovered in Ya’an City, Sichuan Province. It is one of the major diseases of P. heteroclada that results in extensive damage to fishscale bamboo forests [32,33]. Infected plants have restricted growth or even die in severe cases [33]. At present, the influences of the phyllosphere fungal community by rhombic-spot disease are unknown.



Studying the changes of phyllosphere fungi in the stem, branch, and leaf tissues of fishscale bamboo after infection by rhombic-spot disease might help us understand the changes in phyllosphere microbes from different tissues under pathogen stress from a new perspective. Therefore, in this study, we hypothesized that phyllosphere fungal communities change after pathogen invasion and that competition between indigenous fungal colonization and pathogens occurs. We randomly collected the healthy and diseased stems, branches, and leaves from fishscale bamboo located in three bamboo forests of Ya’an City, Sichuan Province. We aimed to characterize the phyllosphere fungal community of fishscale bamboo using Illumina HiSeq sequencing and studied the effects of rhombic-spot disease on the phyllosphere fungal community compositions. We also compared the main differences in trophic modes using FUNGuild analysis and the associations among fungal species via molecular ecological network analysis in stems, branches, and leaves with and without rhombic-spot symptoms.




2. Materials and Methods


2.1. Site Description, Sample Collection, and Processing


Samples were collected from three fishscale bamboo forests, including Shangli Town (103°7′6.00″ E, 30°12′16.25″ N, alt. 961 m), Zhougongshan Town (103°2′59.87″ E, 29°50′8.56″ N, alt. 1133 m), and Yanchang Town (103°4′44.40″ E, 29°43′33.95″ N, alt. 951 m) in Ya’an City (known as “Rain City” and “Sky Leak” due to the abundant rainfall), Sichuan Province, and Southwest China, respectively. All sites are characterized by a subtropical wet monsoon climate, with average annual temperature of 14.1–17.9 °C and an annual mean precipitation of approximately 1250–1800 mm. The annual variation of temperature and humidity in each sample plot is basically the same (Figures S1 and S2).



In our previous study, we summarized the occurrence regularity of rhombic-spot disease through continuous field observation [33]. From November to April, small brown or dark brown lesions were formed on the windward side of fishscale bamboo stems, branches, and exposed rhizomes (Figure 1a). Then, the small lesions gradually expanded and evolved into diamond-shaped, nearly diamond-shaped, oval, or irregular lesions, which were often connected into one piece or scattered (Figure 1e). Subsequently, ascomas formed in the center of the lesions (Figure 1b,c). Mature ascospores spread mainly through wind and rain. During this period, the conidia of the pathogen were formed and spread together with the ascospores. Generally, February to April is the major outbreak period. From May to October, the pathogen is mainly latent in the host diseased tissue in the form of mycelia and conidia. Based on this, we collected samples on 7 April 2017, during the major outbreak period of the disease.



First, we defined three healthy and diseased zones from each sample plot. The healthy zones were those in which no plants showing rhombic-spot symptoms were found, and diseased zones (disease incidence > 90%) were also defined. Healthy and diseased zones were randomly distributed across the field. Then, 5 plant individuals of each zone, including healthy bamboo and bamboo severely diseased by N. sichuanensis (25% ≤ the proportion of lesion area every stem or branch ≤ 50%), were collected using a five-point sampling method [34]. Subsequently, 10 stems, branches, and leaves were randomly collected from each plant individual, and 5 plant individuals from the same zone were combined as a replicate. In total, 54 plant samples were collected (3 replicates × 3 positions (stem, branch, and leaf) × 2 pathological conditions × 3 plots).



All the samples were immediately put into sterile plastic bags, labelled, and transferred to the laboratory in an ice box. They were stored at −80 °C until further processing. Samples were processed as previously reported [24,35,36], with minor modifications. The samples were cut into small segments and immersed in 100 mL of sterile distilled PBS (0.1% Tween 80). After vigorous shaking at 30 °C for 180 rpm for 4 h, the resulting cell suspension was filtered with a 5 μm filter membrane and centrifuged at 4 °C at 12,000 rpm to collect the precipitate, which was stored in liquid nitrogen until DNA extraction.




2.2. DNA Extraction, PCR Amplification, and Illumina Sequencing


Total genomic DNA extraction was performed using the CTAB/SDS method. The degree of DNA degradation and potential contamination were confirmed with 1% agarose gel electrophoresis. The DNA purity was controlled (A260/280 ranging from 1.8–2.0) using a NanoPhotometer® spectrophotometer (IMPLEN, Westlake Village, CA, USA), while the DNA concentration was checked (>50 ng/mL) using a Qubit® dsDNA Assay Kit in a Qubit® 2.0 Flurometer (Life Technologies, Westlake Village, CA, USA). The fungal internal transcribed spacer 1 (ITS1) region of rRNA was amplified with ITS5F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) primers. The 30 μL PCR mixture consisted of 15 μL of Phusion® High-Fidelity PCR Master Mix (NEB, Waltham, MA, USA), 0.2 μM of each primer, and 10 ng of DNA template. The PCR procedure was set at 98 °C for 1 min, with 30 cycles of denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, and extension at 72 °C for 30 s, followed by a final extension at 72 °C for 5 min. A 1X loading buffer (containing SYBR green) was added to PCR products at an equal volume. Then, the PCR amplicon bands were detected by 2% agarose gel electrophoresis and purified using a GeneJET Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA). One microgram of DNA for each sample was used as the input material for the DNA sample preparation. A sequencing library was generated by adding index codes to the product using the NEB Next® Ultra™ DNA Library Prep Kit for Illumina (NEB, USA) following the manufacturer’s instructions. The library was applied to an Illumina HiSeq platform for sequencing using 250 bp paired-end reads on a cBot Cluster Generation System (Illumina, Westlake Village, CA, USA) following the manufacturer’s recommendations.




2.3. Data Processing and Bioinformatics


After Illumina HiSeq sequencing, the paired-end raw reads were assigned to samples based on their unique barcodes and merged with the lowest overlap of 10 bp using the FLASH tool (version 1.2.7) [37]. The quality filtering of the raw fastq reads was processed using the Quantitative Insights into Microbial Ecology (QIIME) software package version 1.9.1 [38,39]. Chimera sequences were detected and removed through BLAST UNITE database (Version 8.2) using UCHIME version 11 [40,41]. Clustering of operational taxonomic units (OTUs) was carried out using pick_de_novo_otus.py at 97% similarity. Then, representative sequences for each OTU were picked, and taxonomic information was annotated for each representative sequence with the RDP classifier using UNITE database (Version 8.2) [42]. Finally, the OTUs with total counts in each sample less than 20 were deleted, and the OTUs rarified in each sample were used for subsequent analysis.




2.4. Statistical Analysis


To compute alpha diversity, we calculated the Chao1 and Shannon indices using Qiime (Version 1.9.1) [39]. The data were analyzed for normality using the Shapiro–Wilk test and were assessed by independent-sample t-test at 5% probability using the software IBM SPSS (Version 27.0). To determine the difference between fungal community structures, principal coordinate analysis (PCoA) was performed based on Bray–Curtis dissimilarity using the R (version 3.2) package phyloseq [43]. The significance of the fungal diversity under different pathological conditions was tested using MRPP, anosim, and permutational analysis of variance (PERMANOVA) using adonis with 999 permutations in the vegan package [44].



The relative abundance of phyllosphere dominant fungi at the class and genus level was drawn using Microsoft Excel 2019. The relative abundance of the healthy and diseased groups was log10 (lg) transformed, and then the differences between each group were assessed by performing the independent-sample t-test (p < 0.05) using the software IBM SPSS (Version 27.0). Heatmap clustering on the top 35 fungal relative abundance at the genus level among healthy and diseased samples was depicted using the pheatmap function in the pheatmap package version 1.0.8 [45]. FUNGuild (https://github.com/UMN FuN/FUNGuild, accessed on 22 June 2021) [46] was used to predict the functions of phyllosphere fungi from the stems, branches, and leaves in healthy and diseased fishscale bamboo.



To compare the differences in associations among fungal species in phyllosphere fungal communities from healthy and diseased samples, we constructed phylogenetic molecular ecological networks (MENs) using a random matrix theory (RMT)-based approach [47] in the molecular ecological network analysis pipeline (MENAP) (http://ieg4.rccc.ou. edu/mena/, accessed on 27 September 2021) [48]. Firstly, only the OTUs appearing in more than half the samples for each group were kept without log-transferring prior to obtaining the Pearson correlation matrix. Then, we chose a cutoff with the highest p value for the similarity matrix to construct the network. Finally, the network plots were visualized with Cytoscape software 3.9.0 [49].





3. Results


3.1. Characterization of Illumina Sequencing Data


Illumina sequencing of the 18S rRNA gene produced a total of 4,036,483 reads from the 54 samples. After removing the low-quality data, connectors, and barcode sequences, 3,901,914 high-quality sequences remained. These sequences were clustered into 2593 different OTUs at a 97% sequence similarity level. Of the 2593 OTUs, 2568 were identified as fungi. The fungi represented included 1482 Ascomycotes, 662 Basidiomycotes, 15 Mortierellomycotes, 8 Rozellomycotes, 7 Chytridiomycotes, 5 Mucoromycotes, 3 Glomer-omycotes, 1 Olpidiomycote, 1 Blastocladiomycote, and 384 unknown fungi (Table S1). At this sequencing depth, each rarefaction curve for the observed OTUs had reached an asymptote, suggesting that the quantity of sequencing data was reasonable (Figure S3).




3.2. Effects of Rhombic-Spot Pathogen Invasion on the Phyllosphere Fungal Community Diversity and Structure of Fishscale Bamboo


The Chao1 (Figure 2a) and Shannon (Figure 2b) indices were significantly (df = 9, F = 16.582 and 4.370, p < 0.001 and p < 0.05, respectively) lower in the healthy stems than in the diseased stems. In contrast, no significant differences were found between healthy and diseased branches (df = 9, F = 0.798 and 1.712, p > 0.05) or between healthy and diseased leaves (df = 9, F = 0.750 and 0.346, p > 0.05), although the two diversity indices were higher in the diseased samples than in the healthy samples.



PCoA using Bray–Curtis dissimilarity showed that the first two principal coordinates (PC1 + PC2) explained 45.28% of the total variance (Figure 3). The results showed that the phyllosphere fungal communities in the stem, branch, and leaf tissues barely changed between healthy and diseased samples. The nonparametric multivariate statistical tests (MRPP, adonis, and anosim) indicated that the fungal communities in the stems significantly (p = 0.01, 0.02, and 0.03, respectively) changed between healthy and diseased samples, while few differences (p > 0.05) were observed between healthy and diseased branches or between healthy and diseased leaves (Table 1).




3.3. Effects of Rhombic-Spot Pathogen Invasion on the Phyllosphere Fungal Community Compositions of Fishscale Bamboo


Across all samples, Ascomycota was the predominant fungal phylum and accounted for 37% to 66% of the total reads (Table S2). At the class level, three classes (Dothideomycetes, Sordariomycetes, and Tremellomycetes) dominated in all healthy and diseased samples, with varying relative abundances (Figure 4a). The community compositions at this level varied between healthy and diseased group in the same tissue, but most of them had no significance. Only the Dothideomycetes in the diseased stems, the unidentified_Pezizomycotina in the diseased branches, and the Lecanoromycetes in diseased leaves were significantly (df = 16, t = 2.902, 3.628, and 2.912, respectively, p < 0.05) more abundant than the corresponding healthy samples.



The fungal genus compositions across different samples were highly diverse (Figure 4b). The relative abundance of Neostagonosporella was significantly higher in the diseased stems and branches than in the healthy samples (p < 0.001). Interestingly, its abundance in the diseased leaves compared to healthy ones was significantly lower (p < 0.05). In addition, several fungal genera were significantly different between healthy and diseased stems. Three genera, unidentified Pezizomycotina (df = 16, t = 3.063, p < 0.05), Neoascochya (df = 16, t = 4.449, p < 0.001), and Lecidea (df = 16, t = 3.549, p < 0.05) were enriched in the healthy samples, and the others were more abundant in the diseased samples, including Phyllachora (df = 16, t = 4.072, p < 0.05), Arthrinium (df = 16, t = 5.051, p < 0.001), Apiospora (df = 16, t = 2.561, p < 0.05), and Carlosrosaea (df = 16, t = 2.262, p < 0.05). However, the relative abundances of only one genus, Phyllachora were significantly (p < 0.05) higher in the diseased branches than in the healthy samples. On the other hand, the decreases in the numbers of unidentified Pleosporales (df = 16, t = 2.265, p < 0.05), Apiospora (df = 16, t = 2.259, p < 0.05), and Lecidea (df = 16, t = 4.868, p < 0.001) in the diseased leaves were significant. In contrast, the numbers of Phyllachora (df = 16, t = 2.745, p < 0.05), Bullera (df = 16, t = 2.329, p < 0.05), Fellhanera (df = 16, t = 2.236, p < 0.05), and Carlosrosaea (df = 16, t = 5.269, p < 0.001) increased significantly in the diseased leaves.



The taxa heatmap indicated that the occurrence of some relatively abundant phyllosphere fungal OTUs was biased among different tissues (Figure 5). For example, among healthy host tissues, two OTUs (Cyphellophora OTU293 and Microdochium OTU6) were distributed mainly in the healthy stem samples, one OTU (Chaetothyriales OTU802) occurred mainly in the healthy branch samples, and five OTUs (Neoascochyta OTU44, Ustilaginaceae OTU125, Cryptococcus OTU328, Fellhanera OTU159, and Lecidea OTU632) were present mainly in the healthy leaf samples. In addition, after infection, the distribution of relative fungal OTUs in the same tissue changed significantly. For example, two OTUs (Cyphellophora OTU293 and Microdochium OTU6) existed mainly in the healthy stems, while seven OTUs (Carlosrosaea OTU887, Cladosporium OTU2509, Pestalotiopsis OTU1279, Teratosphaeriaceae OTU53, Leptosphaeria OTU1847, Fusicolla OTU919, and Pseudocercospora OTU521) occurred mainly in the diseased stems. Our previous experiment showed that the main pathogen of rhombic-spot disease on fishscale bamboo is N. sichuanensis. In this experiment, the data showed that after infection, the relative abundance of Neostagonosporella in the stems and branches increased significantly. Interestingly, the relative abundance of the pathogen in the leaves decreased greatly (Figure 5).




3.4. FUNGuild Analysis


FUNGuild analysis was used to predict the nutritional modes and functional groups of the fungal communities from the healthy and diseased stem, leaf, and branch tissues of fishscale bamboo. The results showed that the phyllosphere fungi can be classified into eight trophic mode groups, with varying relative abundances (Figure 6a). For stem tissues, pathotroph–symbiotroph dominated in the healthy samples, whereas saprotroph showed the most enriched abundance in the diseased samples. Although there was no obvious dominant trophic mode in the healthy branch tissues, pathotroph–saprotroph–symbiotroph was the main trophic mode in the diseased branches. In addition, the leaf samples from healthy bamboo were mainly composed of symbiotrophs, while the saprotroph–symbiotroph group dominated the leaf samples from diseased bamboo.



On the other hand, the relative abundance of fungi in different tissues was represented by 26 fungal guild groups (Figure 6b). In general, the fungal guild group abundance varied in different samples. For example, healthy stem tissues were abundantly composed of endophyte–plant pathogen and animal pathogen–endophyte–plant pathogen–wood saprotroph guilds, while undefined saprotroph and undefined saprotroph–wood saprotroph guilds dominated the diseased stem samples. Two guild groups (lichenized and saprotrophic guilds) were predominant in the leaf tissues from healthy samples, and six guild groups (NULL, endophyte-plant pathogen–wood saprotroph, fungal parasite-plant pathogen, wood saprotroph, ectomycorrhizal–endophyte–ericoid mycorrhizal, litter saprotroph–orchid mycorrhizal, and plant pathogen-undefined saprotroph guilds) mainly occurred in the leaf samples from diseased bamboo.




3.5. The Species Associations among Fungal Communities


In the fungal co-occurrence network structures of phyllosphere fungi, the diseased samples showed higher complexity and more connections than those of healthy samples (Table 2), which indicated that the network structures tended to be more complex and closer under pathogen pressure. For instance, the number of network nodes and links in diseased stems was 87 and 256, respectively, and only 56 and 53 in healthy stems. However, the total number of nodes and links was not obviously different between healthy leaves (49 nodes, 83 links) and diseased samples (49 nodes, 86 links), possibly revealing that the network structure of the phyllosphere fungi from leaf samples was barely affected by pathogen invasion. On the other hand, the number of network modules decreased after pathogen invasion (Table 2). For example, the number of modules was 11 in the healthy stem samples and only 7 in the corresponding diseased samples. This also suggested that the fungi were associated more closely with diseased samples than with healthy samples [24]. Furthermore, the average clustering coefficients (avgCCs) (0.089–0.504) of the empirical network of all samples were higher than those of the corresponding random network (0.02–0.131), indicating that the six networks constructed had typical small-world network characteristics [50]. The modularity values of all empirical networks (0.496–0.799) were obviously higher than those (0.326–0.730) of the corresponding random networks, suggesting that the constructed network had modular topology characteristics [51]. Visual networks were constructed to display the associations among fungal species in the fungal communities of healthy and diseased samples using Cytoscape software, as shown in Figure 7. In general, there were obviously more complex network topological structures of the investigated phyllosphere fungal zones in the diseased stem and branch tissues than in the corresponding healthy samples, while there were few differences in the network structure between healthy and diseased leaf samples. In addition, we found that the pathogen Neostagonosporella appeared only in the fungal interaction network structure of healthy and diseased stems.



According to the disappearance or emergence of new OTUs from the same tissues in the networks under pathogen invasion (Figure 7 and Table 3), the number of saprotrophic fungal genera, including Fusicolla, Penicillium, Rhinocladiella, and Aspergillus, and potential pathotrophic fungal genera, including Clonostachys, Genolevuria, Fusarium, and Botrytis, significantly increased in stem tissue samples. Moreover, in branch samples, the potential pathotrophic fungal genera also significantly increased. Interestingly, some potential pathogens in the leaves disappeared, and few new fungi appeared after the bamboo was infected.





4. Discussion


4.1. Phyllosphere Fungal Richness, Diversity, and Community Structure of Fishscale Bamboo Stem Tissues Were Highly Changed by Rhombic-Spot Infection


There is a large number of microbes residing on the phyllosphere surfaces of plants, which can prevent the outgrowth of bacterial and fungal pathogens [1]. However, many factors, such as susceptible host genotype and age as well as adverse environmental factors (e.g., high temperature, high humidity, and freezing injury) may provide an opportunity for the pathogen to colonize the phyllosphere [3].



Studies have indicated that successful infection by pathogens changed the fungal diversity and community structure of the phyllosphere [24,34,35, 52]. In this study, we investigated the richness and diversity of phyllosphere fungi from healthy and rhombic-spot infected stems, branches, and leaves of fishscale bamboo. Both the Chao and Shannon–Wiener indices showed that the richness and diversity significantly increased only in the stem tissues of diseased plants compared to the corresponding healthy samples. Nevertheless, although the two indices were higher, no obvious differences were noticed in the diseased branches or leaves compared with the corresponding healthy samples. In addition, the PCoA analysis and dissimilarity test revealed significant difference in the fungal community structure between the healthy and diseased stems. These results suggested that rhombic-spot pathogen caused an increase in the fungal community richness, diversity, and a significant difference in structure. We found that the rhombic-spot pathogen mainly infected fishscale bamboo stems, branches, and exposed rhizomes through our previous field observations [33]. A possible reason for the richness and diversity significant increase in the stems is that the bamboo stem tissues were infected and destroyed by the pathogen and more microorganisms entering these tissues.



Studies have suggested the fungal richness and diversity showed different changes at different fungal disease severities [35,52]. For example, the fungal community richness and diversity increased first and then declined with powdery mildew infection [39]. Unfortunately, the association between these indices of phyllosphere and disease severities is unclear. In our study, we chose only one onset stage, when the proportion of lesion area on every stem or branch was approximately 25–50%. In addition, the sample plants were severely diseased, but they did not exhibit withered symptoms at this stage. Therefore, it is necessary to continue to study the effects of different damage levels of rhombic-spot infection on the phyllosphere microbes from different tissues of fishscale bamboo in future studies.




4.2. Healthy and Diseased Fishscale Bamboo Harbored Distinct Phyllosphere Fungal Taxonomic and Functional Compositions


Many previous studies on other plants showed that Ascomycota was the most abundant phylum in the phyllosphere community of leaves [1,4,21,24,53]. In our study, we found that Ascomycota was the most prevalent phylum associated with all tissue samples, including healthy stems, branches, and leaves, which might indicate that phyllosphere fungal phylotypes of different plant tissues are consistent at the phylum level.



The relative abundance of the dominant phyllosphere fungal genera indicated that the healthy and diseased fishscale bamboo enriched distinct fungal members. More potential pathogenic genera were enriched in the diseased stems and branches. The potential pathogen genera were enriched significantly in the diseased stems, including Neostagonosporella, Phyllachora [54], and Arthrinium [55], whereas a potential pathogen genus (Neoascochyta [56]), and a symbiotic fungi genus (Lecidea [57]) were significantly enriched in the healthy stem samples. The relative abundance of two potential pathogen genera (Neostagonosporella and Phyllachora) significantly increased in the diseased branches, but no fungi were significantly enriched in the healthy branches compared to the corresponding diseased samples. The same result was also found in a previous study on the rhizosphere fungal genera members between the healthy and diseased plants [58]. Interestingly, the higher antifungal members (Bullera [59] and Carlosrosaea [60]) were found in the diseased leaves, and the enriched potential pathogenic genus shifted from Arthrinium to Phyllachora.



On the other hand, the results of heatmap clustering for the relative abundance of the dominant phyllosphere fungal OTUs were in line with the above results, in which more potential pathogenic genera were enriched in the diseased stems and branches. The number of potential pathogens with dominant positions increased in the three tissues after rhombic-spot pathogen invasion. Specifically, these potential pathogens included Cladosporium [61], Pestalotiopsis [62], Leptosphaeri [63], and Pseudocercospora [64] in diseased stems; Fusarium, Gibberella [65], and Sarocladium [66] in diseased branches; and Phyllachora in diseased leaves. Conversely, only one potential pathogen, Microdochium [67], in healthy stems was distributed with a relatively high percentage, and no possible pathogen dominated in healthy branches or leaves, except for unidentified genera. These results indicated that the immune systems of fishscale bamboo tissues were possibly damaged by successful colonization and growth of the pathogen, which may provide opportunities for the colonization of other potential pathogens.



The changes in the phyllosphere community attacked by pathogens may occur through microbe–microbe interactions or altered plant defense responses [2]. In this study, according to FUNGuild analysis, we observed high proportions of saprotroph and saprotroph–pathotroph–symbiotroph groups in diseased stems and branches, respectively, whereas the diseased leaves were dominated by a saprotroph–symbiotroph group. This might be explained by the successful rhombic-spot pathogen invasion of stems and branches leading to the destruction of the plant’s defense system and partial tissue necrosis. Saprotrophs are the predominant decomposers of dead or weak plants and play a crucial role in decomposing organisms and energy and nutrient cycling [68]. Therefore, we presumed that the diseased tissue structure of fishscale bamboo was severely degraded, wounds were exposed, and nutrients were leaked, which caused the abundance of saprotroph and saprotroph–pathotroph–symbiotroph groups in diseased fishscale bamboo stems and branches, respectively, to increase. This may also be why the diversity of phyllosphere fungi in diseased fishscale bamboo stems and branches increased.




4.3. Fungal Co-Occurrence Network Characteristics Were Highly Correlated with Pathological Conditions of Fishscale Bamboo


Molecular ecological network (MEN) analysis based on random matrix theory has been increasingly employed to reflect potential microbial associations in various ecosystems because of its strong robustness and consistency [69,70]. Generally, a more complex network means a more stable community structure [71,72]. In our study, the network associations among phyllosphere fungi from three different tissue samples of healthy and diseased fishscale bamboo were analyzed and visualized. The results showed that the phyllosphere fungal co-occurrence networks of diseased samples had higher complexity and more links than those of the healthy samples in the stem, branch, and leaf components, indicating that the invasion of rhombic-spot pathogen changed the composition of the phyllosphere fungal community and further strengthened the associations among species in the fungal community. Furthermore, we found that the variety of potential pathogens or saprophytes clearly increased in the stems and branches, indicating that more potential pathogens or saprophytes were involved in constructing new and more stable phyllosphere fungal interaction network structures of stem and branch tissues, which might aggravate the spread of diseases. On the other hand, previous studies have revealed that positive and negative interactions usually mean mutualism and competition under environmental stress [48,73]. In our results, the pathogen Neostagonosporella appeared only in the fungal interaction network structures of healthy and diseased stems. In addition, for healthy stems, the pathogen coexisted with the genera Microdochium and Carlosrosaea but competed with Hannaella. Studies have shown that Hannaella has a plant-growth-promoting trait [74,75], indicating that Hannaella might have an antagonistic effect on the pathogen. For the diseased stems, there were no fungi that directly competed with the pathogen. Moreover, two fungi, the potential pathogen Fusarium and the unidentified fungi, coexist with Neostagonosporella, suggesting that the successful invasion of the pathogen breaks the inherent competitive relationship and forms a more stable relationship with the new fungi.





5. Conclusions


This study provides the first example of research comparing the diversity, nutritional modes, composition structures, and network associations of phyllosphere fungal communities in healthy and rhombic-spot infected stem, branch, and leaf tissues of fishscale bamboo using high-throughput DNA sequencing techniques. Significant differences in phyllosphere fungal richness and diversity were observed between healthy and diseased stems, although the richness and diversity were higher also in the diseased branches or leaves than in the corresponding healthy samples. Moreover, the diseased stems and branches were dominated by saprotroph and saprotroph–pathotroph–symbiotroph groups, respectively, whereas a high proportion of the saprotroph–symbiotroph group was identified in the diseased leaves compared to the corresponding healthy samples. After pathogen invasion, the variety of potential pathogen genera increased, and some of them occupied important positions in the fungal co-occurrence network structures. In addition, the competitive relationships among fungal species in the diseased stem and branch samples were more complex and stable than those of healthy samples, while there were few differences between healthy and diseased leaf samples under rhombic-spot pathogen stress. Our findings may help us to understand host plant-specific fungal community structures and show how these communities change under rhombic-spot pathogen stress. This may be a starting reference for research on the associations of microorganisms in phyllosphere fungal communities of different tissues.
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Figure 1. (a) The healthy stem. (b–d) Lesions at different stages of onset infected by rhombic-spot disease. (e) Lesions that connect into one piece or scatter around living bamboo. (f) Lesions that connect into one piece or scatter around dead bamboo. (g) Overall picture of the bamboo forest after infection. The white arrow points to the dead fishscale bamboo. 
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Figure 2. Operational taxonomic unit (OTU) richness, diversity, and structure of phyllosphere fungi from healthy and diseased stems, branches, and leaves. (a) Richness. (b) Diversity. Note: HS, stem samples from healthy fishscale bamboo; DS, stem samples from diseased fishscale bamboo; HB, branch samples from healthy fishscale bamboo; DB, branch samples from diseased fishscale bamboo; HL, leaf samples from healthy fishscale bamboo; DL, leaf samples from diseased fishscale bamboo. * indicates that the difference between HS and DS was significant at 0.05; *** indicates that the difference between HS and DS was significant at 0.001. 






Figure 2. Operational taxonomic unit (OTU) richness, diversity, and structure of phyllosphere fungi from healthy and diseased stems, branches, and leaves. (a) Richness. (b) Diversity. Note: HS, stem samples from healthy fishscale bamboo; DS, stem samples from diseased fishscale bamboo; HB, branch samples from healthy fishscale bamboo; DB, branch samples from diseased fishscale bamboo; HL, leaf samples from healthy fishscale bamboo; DL, leaf samples from diseased fishscale bamboo. * indicates that the difference between HS and DS was significant at 0.05; *** indicates that the difference between HS and DS was significant at 0.001.



[image: Forests 13 00185 g002]







[image: Forests 13 00185 g003 550] 





Figure 3. Principal coordinate analysis (PCoA) based on Bray–Curtis distance of the phyllosphere fungal community dissimilarities in healthy and diseased stems, branches, and leaves. 
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Figure 4. Relative abundance of fungi at the class (a) and genus (b) levels in the healthy and diseased stem, branch, and leaf tissue samples. The fungal class and genus representing < 1% of the total composition were classified as “others”. 
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Figure 5. Heatmap clustering of the distribution of relatively abundant phyllosphere fungal OTUs in the healthy and diseased tissues (stems, branches, and leaves). The color of each heatmap cell represents the relative abundance of the corresponding phyllosphere fungal OTUs. Cluster analysis was based on the Bray–Curtis method. 
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Figure 6. Relative abundance of predicted nutritional modes of phyllosphere fungi in stem, branch, and leaf tissue samples of healthy and diseased fishscale bamboo. (a) Relative abundance of trophic modes. (b) Relative abundance of fungal guilds. 
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Figure 7. Molecular ecological networks of fungal associations in the fungal communities of healthy and diseased samples. (a) Stem samples from diseased fishscale bamboo. (b) Stem samples from diseased fishscale bamboo. (c) Branch samples from healthy fishscale bamboo. (d) Branch samples from diseased fishscale bamboo. (e) Leaf samples from healthy fishscale bamboo. (f) Leaf samples from diseased fishscale bamboo. Node colors indicate phylum-level taxonomy. Red links indicate positive correlations between nodes, and blue links indicate negative correlations between nodes. Circles marked by black borders in healthy samples represent OTUs that disappeared after onset, and those in diseased samples represent newly emerged OTUs after onset. Circles marked by red borders and * represent the pathogen Neostagonosporella. 






Figure 7. Molecular ecological networks of fungal associations in the fungal communities of healthy and diseased samples. (a) Stem samples from diseased fishscale bamboo. (b) Stem samples from diseased fishscale bamboo. (c) Branch samples from healthy fishscale bamboo. (d) Branch samples from diseased fishscale bamboo. (e) Leaf samples from healthy fishscale bamboo. (f) Leaf samples from diseased fishscale bamboo. Node colors indicate phylum-level taxonomy. Red links indicate positive correlations between nodes, and blue links indicate negative correlations between nodes. Circles marked by black borders in healthy samples represent OTUs that disappeared after onset, and those in diseased samples represent newly emerged OTUs after onset. Circles marked by red borders and * represent the pathogen Neostagonosporella.
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Table 1. The dissimilarity of the fungal community composition in the phyllosphere of three different groups.






Table 1. The dissimilarity of the fungal community composition in the phyllosphere of three different groups.





	
Fungal Communities

	
MRPP

	
Adonis

	
Anosim




	
p

	
Delta

	
p

	
F

	
p

	
R






	
HS and DS

	
0.01 *

	
0.527

	
0.02 *

	
2.770

	
0.03 *

	
0.227




	
HB and DB

	
0.10

	
0.640

	
0.18

	
1.476

	
0.30

	
0.020




	
HL and DL

	
0.06

	
0.699

	
0.10

	
1.723

	
0.05

	
0.066








* indicates that the difference between HS and DS was significant at 0.05.
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Table 2. Topological features of the phyllosphere fungal community networks in healthy and diseased samples.






Table 2. Topological features of the phyllosphere fungal community networks in healthy and diseased samples.





	
Samples

	
Empirical Networks

	
Random Networks




	
Similarity Threshold

	
Total Nodes

	
Total Links

	
R2

	
Average Clustering Coefficient (avgCC)

	
Modularity Value (Module)

	
Average Clustering Coefficient (avgCC)

	
Modularity Value






	
HS

	
0.860

	
56

	
53

	
0.899

	
0.089

	
0.799 (11)

	
0.020 ± 0.015

	
0.730 ± 0.019




	
DS

	
0.870

	
87

	
256

	
0.697

	
0.504

	
0.638 (7)

	
0.109 ± 0.017

	
0.326 ± 0.010




	
HB

	
0.850

	
42

	
44

	
0.522

	
0.254

	
0.713 (10)

	
0.044 ± 0.028

	
0.646 ± 0.026




	
DB

	
0.850

	
55

	
117

	
0.661

	
0.376

	
0.496 (8)

	
0.131 ± 0.023

	
0.362 ± 0.014




	
HL

	
0.880

	
49

	
83

	
0.755

	
0.392

	
0.592 (10)

	
0.088 ± 0.029

	
0.433 ± 0.018




	
DL

	
0.880

	
49

	
86

	
0.583

	
0.341

	
0.540 (9)

	
0.106 ± 0.026

	
0.412 ± 0.017
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Table 3. Disappeared/emerged new OTUs of the phyllosphere fungal community networks after pathogen invasion from the same tissues.






Table 3. Disappeared/emerged new OTUs of the phyllosphere fungal community networks after pathogen invasion from the same tissues.





	Tissue Samples
	Disappeared/Newly Emerged OTUs
	Taxonomic Position
	Trophic Mode





	Stems
	OTU112 and OTU114 (disappeared)
	Cryptococcus
	Pathotroph–Saprotroph–Symbiotroph



	Stems
	OTU98 (disappeared)
	Didymocyrtis
	-



	Stems
	OTU151(disappeared)
	Septobasidiaceae
	-



	Stems
	OTU205 and OTU809 (disappeared)
	Unidentified fungi
	-



	Stems
	OTU223 (disappeared)
	Pucciniomycetes
	-



	Stems
	OTU330 (disappeared)
	Pleosporales
	-



	Stems
	OTU25 (newly emerged)
	Fusicolla
	Saprotroph



	Stems
	OTU56 (newly emerged)
	Penicillium
	Saprotroph



	Stems
	OTU157, OTU1245, OTU515, and OTU1775 (newly emerged)
	Rhinocladiella
	Saprotroph



	Stems
	OTU180 (newly emerged)
	Aspergillus
	Saprotroph



	Stems
	OTU296 (newly emerged)
	Clonostachys
	Pathotroph



	Stems
	OTU70 (newly emerged)
	Genolevuria
	Pathotroph–Saprotroph–Symbiotroph



	Stems
	OTU96 and OTU153 (newly emerged)
	Fusarium
	Pathotroph–Saprotroph



	Stems
	OTU88 (newly emerged)
	Botrytis
	Pathotroph–Saprotroph



	Stems
	OTU113 (newly emerged)
	Cladonia
	Symbiotroph



	Stems
	OTU94 (newly emerged)
	Sporocadaceae
	-



	Stems
	OTU147 (newly emerged)
	Parmeliaceae
	-



	Stems
	OTU171 and OTU206 (newly emerged)
	Myriangiaceae
	-



	Stems
	OTU194 and OTU210 (newly emerged)
	Capnodiales
	-



	Stems
	OTU291 (newly emerged)
	Chaetothyriales
	-



	Stems
	OTU80 (newly emerged)
	Leotiomycetes
	-



	Stems
	OTU1038 (newly emerged)
	Retiarius
	-



	Stems
	OTU1498 (newly emerged)
	Teratosphaeriaceae
	-



	Stems
	OTU33 and OTU92 (newly emerged)OTU138 and OTU199 (newly emerged)
	Unidentified fungi
	-



	Branches
	OTU49 and OTU60 (disappeared)
	Cryptococcus
	Pathotroph–Saprotroph–Symbiotroph



	Branches
	OTU81 (disappeared)
	Alternaria
	Pathotroph–Saprotroph–Symbiotroph



	Branches
	OTU55 (disappeared)
	Pyrenochaeta
	Saprotroph



	Branches
	OTU116 (disappeared)
	Exophiala
	Saprotroph



	Branches
	OTU2441 (disappeared)
	Fellhanera
	Symbiotroph



	Branches
	OTU63 (newly emerged)
	Hortaea
	Pathotroph



	Branches
	OTU165 (newly emerged)
	Strelitziana
	Pathotroph



	Branches
	OTU38 (newly emerged)
	Hannaella
	Pathotroph–Saprotroph–Symbiotroph



	Branches
	OTU68 (newly emerged)
	Bulleribasidium
	Pathotroph–Saprotroph–Symbiotroph



	Branches
	OTU72 (newly emerged)
	Carlosrosaea
	Pathotroph–Saprotroph–Symbiotroph



	Branches
	OTU75 (newly emerged)
	Gelidatrema
	Pathotroph–Saprotroph–Symbiotroph



	Branches
	OTU110 (newly emerged)
	Derxomyces
	Pathotroph–Saprotroph–Symbiotroph



	Branches
	OTU69, OTU158, and OTU2278 (newly emerged)
	Micarea
	Symbiotroph



	Branches
	OTU29 (newly emerged)
	Chaetothyriales
	-



	Branches
	OTU80 (newly emerged)
	Leotiomycetes
	-



	Branches
	OTU111 (newly emerged)
	Unidentified fungi
	-



	Leaves
	OTU165 (disappeared)
	Strelitzian
	Pathotroph



	Leaves
	OTU75 (disappeared)
	Gelidatrema
	Pathotroph–Saprotroph–Symbiotroph



	Leaves
	OTU1788 (disappeared)
	Rhodotorula
	Pathotroph–Saprotroph



	Leaves
	OTU158 (disappeared)
	Micarea
	Symbiotroph



	Leaves
	OTU342 (disappeared)
	Myriangiaceae
	-



	Leaves
	OTU111 and OTU271 (disappeared)
	Unidentified fungi
	-



	Leaves
	OTU55 (newly emerged)
	Pyrenochaeta
	-
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