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Editorial on the Research Topic
 Plant-fungal interactions




Fungi are known to be older than plants, while plant-fungal interactions are as old as the evolutionary period of higher plants (Zeilinger et al., 2016). Some fungi interact positively or negatively with plant roots in the rhizosphere or aboveground parts of the plant (Barea et al., 2005). These fungi have different lifestyles viz., saprophytic, pathogenic, endophytic, or symbiotic, but the differences among different lifestyles are not always apparent (Błaszczyk et al., 2021). The beneficial plant-associated fungi assist their hosts by stimulating their growth, producing secondary metabolites, and improving their resistance to biotic and abiotic stresses (Verma et al., 2022). In contrast, pathogenic fungi cause diseases and are one of the major threats to crop yield and food security (Xu, 2022).

The fungi-plant interactions ranging from harmful to valuable associations, play a leading role in natural and agricultural ecosystems (Balestrini, 2021). These interactions affect agriculture, the environment, and ultimately the economy. Many fungi are yet to be discovered; thus, studying plant-fungal interactions is very important for finding these missing fungi and helpful for exploring their roles in the ecosystem (Antonelli et al., 2020). Studies should be conducted predominantly in the tropics since these regions have a high plant diversity that positively correlates with fungal diversity (Shen et al., 2021). Nevertheless, previous studies showed that even temperate plant species harbor many cryptic species. Hence, exploring the inhabiting fungi from the perspective of plant-fungal interactions in temperate and tropical regions is essential.

To create and spread a better understanding of this exciting area of research, we proposed the Research Topic “Plant-fungal interactions.” In this Research Topic, we accepted 25 articles, including 23 original articles and two reviews on different aspects of plant-fungi interactions. An overview of the scientific content is summarized below.

Lu et al. presented original research on how arbuscular mycorrhizae influence raspberry growth and soil fertility under conventional and organic fertilization. The results showed that coupling organic fertilizers and bioinocula, including diverse arbuscular mycorrhizae species, enhance raspberry growth and soil fertility. Thioredoxin VdTrx1 (an unconventionally secreted protein with biological functions inside and outside of the cells) in fungal tissues involves scavenging intracellular reactive oxygen species and sulfite assimilation. Tian et al. showed that Thioredoxin VdTrx1 is a virulence factor in Verticillium dahlia. The results further confirmed that VdTrx1 is necessary for the full virulence of V. dahliae on susceptible hosts. Mangrove-associated microorganisms have received increasing attention due to their important ecological roles and the wide range of services they provide to the environment and economy. Zhu et al. used high throughput sequencing of the internal transcribed spacer 2 (ITS2) to assess epiphytic and endophytic phyllosphere fungal communities of six true mangrove species and five mangrove associates. The results of this study highlight the important role of plant phylogeny in the assembly of epiphytic but not endophytic fungal communities in mangrove ecosystems. To understand the resistance mechanisms of the Ganoderma lingzhi response to Trichoderma hengshanicum infection, Wang T. et al. observed G. lingzhi transcript accumulation at 0, 12, and 24 h after T. hengshanicum inoculation. The results revealed that the down-regulation of differentially expressed genes led to the inhibition of heat shock protein (HSP) function, which compromises the HSP-mediated defense signaling transduction pathway, leading to the susceptibility of G. lingzhi. Miang, a traditional fermented food product produced from the leaves of Camellia sinensis var. assamica is found in the hill areas of Northern Thailand. Using the culture-dependent method, Kanpiengjai et al. investigated the yeast ecology of C. sinensis var. assamica tea flowers collected from six provinces in upper Northern Thailand. They characterized the tannin tolerance ability of the isolated yeasts. This study suggests that floral nectar supports the formation of yeast communities beneficial for Miang production. Paridis Rhizoma is a Chinese medicinal herb with strong anti-inflammatory and anti-tumor properties. Chen Y. et al. showed that the inhibitory effects of fermented Paridis Rhizoma extract (PRE) on liver cancer cells (Hepal-6), cervical cancer cells (Hela), and lung cancer cells (A549) are stronger than that of the unfermented extract. Venturia carpophila, the causal agent of peach (Prunus persica) scab disease, mume (Prunus mume), and apricot (Prunus armeniaca), is widely distributed around the world. Zhou et al. carried out the genetic variation and population structure in V. carpophila isolated from peach, mume, and apricot in China. They found that the genetic identity of V. carpophila isolates depends on the host, not the geographic region. Morphological characteristics and multigene phylogenetic analyses are used as the latest techniques for fungal species identification. Tennakoon et al. introduced Montagnula acaciae, Paraconiothyrium zingiberacearum, and Paraphaeosphaeria brachiariae, as distinct new species from dead plant litter based on morphological differences and DNA sequence data. In addition, Montagnula jonesii, Paraconiothyrium fuckelii, Spegazzinia deightonii, and S. tessarthra were reported as new host records from Ficus benjamina, Dimocarpus longan, Hedychium coronarium, and Acacia auriculiformis respectively, for the first time. Furthermore, Paraconiothyrium archidendri and P. brasiliense were reported for the first time from Magnolia sp. in China, and Paraconiothyrium rosae was synonymized under Pa. fuckelii. Introducing exotic or non-native trees fails due to a lack of suitable fungal partners. Wang R. et al. showed that exotic P. radiata is a suitable tree capable of successfully getting established by interaction with the co-introduced L. deliciosus or local ectomycorrhizal fungi. However, care should be taken when large-scale planting of P. radiata is done. Plants of the genus Iris are widely cultivated because of their medicinal, ornamental, and economic values. However, it often suffers from Alternaria leaf spot or blight disease, leading to considerable losses for its commercial value. Gou et al. isolated 122 Alternaria strains in section Alternaria from diseased leaves of Iris spp. in 14 provinces or municipalities of China from 2014 to 2022. They introduced two novel and two known species that can induce leaf spots in Iris. In Sichuan province, Juglans regia, J. sigillata, and the hybrid J. regia × J. sigillata are the commercially important walnut plants, while J. regia is the most widespread walnut plant. In order to update fungi associated with Sichuan walnuts, Xu et al. surveyed 15 representative regions in Sichuan. The survey revealed 10 fungi belonging to Dothideomycetes and Sordariomycetes that were described based on morpho-molecular analyses. Rhododendron, an essential ornamental plant, is abundant in Yunnan Province of China, and 61 species of Rhododendron have been reported from Cangshan Mountain in Yunnan. Gu et al. introduced six new fungal species isolated from fresh leaves of Rhododendron cyanocarpum, R. decorum, and R. delavayi at Cangshan Mountain for the first time. Ganoderma is a globally distributed genus covering ecological, medicinal, economic, and cultural species. He et al. used morphology and multigene phylogeny to identify 21 specimens of Ganoderma collected in the Yunnan Province of China, representing 18 species. In addition, a checklist and a key to Ganoderma in Yunnan Province were given in the paper. Drought stress is one of the major abiotic factors that limit plant growth and cause ecological degradation. To investigate the role of arbuscular mycorrhizal fungi (AMF) on reactive oxygen species (ROS) generation and ROS scavenging ability under drought stress in Bombax ceiba, Li et al. carried out an experiment. The results revealed that AMF inoculation could maintain ROS homeostasis by mitigating drought-induced ROS burst via decreasing ROS generation and enhancing the ROS scavenging ability of B. ceiba seedlings.

Plant diseases caused by oomycetes inflict severe damage to various crops; however, biocontrol of oomycete-related diseases is poorly done. In this regard, Liu et al. used 86 Trichoderma isolates against Phytophthora nicotianae, Ph. capsici, Pythium vexans, Py. ultimum, and Py. dissotocum through dual culture assay and the results showed that the fungal strains exhibit strong antagonistic effects against oomycete pathogens, and those fungal strains can be integrated into disease management strategies. Multiple interactions happen between host plants and phyllosphere microbes, such as bacteria, oomycetes, and fungi. Wang K. et al. explored the interaction of Protomyces arabidopsidicola (isolated from phyllosphere), with Arabidopsis plant and found that Pr. arabidopsidicola strain C29 is pathogenic on Arabidopsis plant but can survive in its phyllosphere both in a controlled environment and under natural field conditions. Wood-associated fungi play a vital role in the degradation of wood and the recycling organic matter in forests. Luo and Zhao introduced a new fungal order Xenasmatales from Yunnan, China, based on morphology and multigene phylogeny to accommodate the family Xenasmataceae. In addition, Xenasmatella nigroidea and a key to Xenasmatella worldwide were provided. Colletotrichum, a widespread fungal pathogen, causes various plant diseases and Colletotrichum fructicola causes oil-tea (Camellia oleifera) anthracnose. Chen, Chen, Tan, He et al. selected eight candidate reference genes (CfCk, CfRpp, CfUce, CfRrp, CfAdrh, CfDd, CfAct, and CfTub) from Co. fructicola. Camellia oleifera transcriptome data and evaluated and sequenced using geNorm, NormFinder, and BestKeeper algorithms. The results revealed that CfRrp has better stability in Co. fructicola, during the growth and invasion of different oil-tea leaves. Wheat (Triticum aestivum), an important cereal crop, is widely grown in temperate zones and higher elevations. Fusarium-head blight (FHB) is a critical wheat disease throughout the world. Tang et al. identified Fusarium avenaceum as the causative agent of FHB disease in Linzhi City, southeast of Tibet, China, based on morphology, multigene phylogeny, and pathogenicity test. As a result of an ongoing survey of microfungi associated with Magnolia grandiflora in Qijing, Yunnan, China, Wijayawardene et al. introduced three new species and five new records of saprobic fungi. Camellia oleifera (oil tea), mainly used for producing high-quality edible oil, is an important cash crop in China. Anthracnose of oil tea is a significant disease that limits the tea oil yield. Considering this fungal disease, Chen, Chen, Tan, Mo et al. reviewed the status of the harm, pathogen types, control measures, and pathogenic molecular mechanism of oil tea anthracnose, and this review provides essential information to control oil tea anthracnose. Ectomycorrhizal (ECM) fungi play a vital role in forest ecosystems. However, little is known about the bacterial and fungal communities associated with ECM roots. Zeng et al. surveyed the bacterial and fungal microbiome of ECM roots from stone oaks (Lithocarpus spp.) and Yunnan pines (Pinus yunnanensis) in the subtropical forests of the Ailao Mountains, Yunnan, China, and the results revealed that Rhizobiales and Acidobacteriales dominate bacterial community. In contrast, the fungal community is mainly composed of Russulales and Thelephorales. Microbial co-occurrence network analysis is commonly used for data exploration in plant microbiome research. To overcome oversimplified interpretation of the networks stemming from the stereotypical dichotomy between bacteria and fungi, Lee et al. recommend; understanding the dynamics and mechanisms of co-occurrence networks through generalized Lotka-Volterra and consumer-resource models, finding alternative ecological explanations for individual negative and positive fungal-bacterial edges, and connecting cross-kingdom networks to abiotic and biotic (host) environments. Fungi secrete various effectors to control host defense systems. Yang et al. identified necrosis- and ethylene-inducing protein 1 (Nep1)-like protein (NLP) effector gene, CgNLP1, which contributes to conidial germination, appressorium formation, invasive growth, and virulence of Co. gloeosporioides in rubber tree. A fairy ring is fungal fruiting bodies that occur as a ring on a spot. Wang Q. et al. showed the presence of abundant beneficial microbes driving the flourishing growth of plants in the fairy ring soil and provided bio-resources for agricultural growth-promoting agents.
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Fairy ring is a natural phenomenon in which fungal fruiting bodies occur as a ring on a spot. This ring is produced due to spore ejection by Basidiomycetous fungi and forms a lush growing plant belt. However, the drivers for such formations and the potential plant growth-promoting rhizobacteria in fairy ring soils remain unknown. Fairy rings formed by Leucocalocybe mongolica were selected in this study. Soil characteristics and microbial (bacteria and fungi) community structures between beneath and outside the fairy rings were compared through high-throughput sequencing. Beneficial bacterial resources were excavated using dependent culturable methods. Soil electrical conductivity and available potassium were higher in the soil beneath the ring than outside it. These parameters were positively correlated with the dominant microbial community, but microbial diversity was lower. In the soil beneath the fairy ring, Bacteroidetes and Basidiomycota were more abundant, whereas Verrucomicrobia was less prevalent. Bacillus pumilus (strain BG-5) was isolated from the soil beneath the ring. Strain BG-5 can solubilize phosphorus and produce indole-3-acetic acid, NH4+, and siderophores. Furthermore, strain BG-5 enhanced salt tolerance and promoted the growth of Arabidopsis thaliana, wheat (Triticum aestivum), and cotton (Gossypium hirsutum) seedlings. This study indicated the presence of abundant beneficial microbes driving the flourishing growth of plants in the fairy ring soil and provided bio-resources for agricultural growth-promoting agents.

Keywords: fairy ring, high throughput sequencing, plantgrowth-promoting rhizobacteria, salt tolerance, diversity


INTRODUCTION

Fairy rings are a concentric growth of saprophytic soil Basidiomycetous fungi. These rings are concentric regular dark green grass bands characterized by a strip of luxuriant growth, contradictory to the general or dead vegetation in adjacent zones, formed by fungi. This growth generally moves outward on all directions from the center site and is an evident above-ground regular circle of fruiting bodies (Caesar-Tonthat et al., 2013). More than 60 species of Basidiomycetous fungi can form fairy rings, such as Lepista sordida, Gymnopus erythropus, and Marasmius dryophilus (Choi et al., 2010; Bonanomi et al., 2013; Falandysz et al., 2014; Karst et al., 2016; Ito et al., 2020). Leucocalocybe mongolica a precious wild mushroom rich in protein, vitamins, potassium, calcium, iron, phosphorus, and other minerals and is popular in domestic and foreign markets (Wang et al., 2019; Du et al., 2016). Similar to other basidiomycetes, L. mongolica can form the typical fairy ring.

Fairy ring fungi can markedly modify the soil quality, thereby indirectly affecting plant growth. Soil available phosphorus (P) and inorganic nitrogen (N) content is high in the fairy ring formed by fungi, such as Agaricus arvensis (Edwards, 1984), Marasmius oreades (Fisher, 1977), and Agaricus campestris (Bonanomi et al., 2012). These fungi can also enhance organic matter mineralization and accumulate more nutrition in the soil. On the other hand, changes in properties of soil prepared for producing their abundant sporophores provide a beneficial condition for plant growth. Some researchers have found that fairy ring fungi can degrade the soil humus to accumulate NH4+ and NO3– content, and plants growing in such soil showed stimulated growth (Mathur, 1970). In addition to the influence of fairy ring fungi on soil physiochemical properties, some biological factors may contribute to plant growth on this soil. Many reports have demonstrated that Lepista sordida, as fairy ring fungi, can produce plant growth-regulating substances, such as 2-azahypoxanthine (AHX), imidazole-4-carboxamide (ICA), and 2-aza-8-oxohypoxanthine (AOH), thereby promoting the growth of rice, wheat, and other crop seedlings and increasing their yield (Kawagishi, 2019; Ito et al., 2020). The vegetation on fairy ring in different zones exhibited different growth states. These fairy rings may also attribute to changes in microbial community niche and the function of some microbial species (Bonanomi et al., 2012; Marí et al., 2020). Soil microorganisms play an essential role in soil fertility, carbon and nitrogen cycling, and organic matter decomposition (Joa et al., 2014). Mycorrhizal fungi, such as arbuscular mycorrhizal and ectomycorrhizal fungi, can form mutually beneficial symbiotic relationships with plants, improve nutrient acquisition with their hyphal network, and enhance plant resistance (Akib et al., 2019). Furthermore, saprotrophic fungi have been reported to play roles in biodegradation or transformation of organic and inorganic pollutants through enzymatic degradation, biochemical or physical immobilization mechanisms, and increasing the availability of soil nutrients (Jennifer et al., 2013; Ito et al., 2020). Plant growth-promoting rhizobacteria (PGPR) interact with the plant rhizosphere, increase the root surface area, and improve nutrient utilization. Some of them can generate siderophores to enhance plant disease resistance or secrete phytohormone (such as indole-3-acetic acid, IAA) to promote plant growth (Pal et al., 2019; Murgese et al., 2020). Ashry et al. (2022) isolated Bacillus cereus DS4, that can improve the tolerance of drought sensitive of maize under drought stress and promote plant growth by producing IAA, extracellular polysaccharide, iron carrier and a variety of antioxidant enzymes. Many studies indicated that Bacillus atrophaeus can enhance the growth of Arabidopsis thaliana and durum wheat under NaCl-stress condition by phosphate solubilization, hydrogen cyanide (HCN), NH3 and IAA production, nitrogen fixation, antifungal activity (Kerbab et al., 2021). In addition, some PGPR can indirectly promote plant growth by inhibiting plant pathogens, which are widely prepared into biocontrol agents. Stenotrophomonas malthopilia KJKB5.4, Stenotrophomonas pavanii LMTSA5.4, Bacillus cereus AJ34 and Alcaligenes faecalis AJ14 have rhizobacterial antibiosis to against Curvularia lunata by producing antibiotic compounds and increasing plant growth (Rahma et al., 2021). The inoculation of Azospirillum Er-20 and Agrobacterium Ca-18 significantly improved the growth and yield of pepper, and had the potential to lower 25% N requirement for chili by nitrogen fixing and phosphorous solubilizing (Raza et al., 2021). Xu et al. (2022) found that the PGPR (Tsukamurella tyrosinosolvens P9 and Burkholderia pyrrocinia P10) inoculations enhanced the photosynthetic performance, activated the antioxidant defense system, and decreased the ROS level of peanut plants, which alleviated the salt-induced cell damage and enhanced the salt tolerance and growth of peanut. Researchers combined biochar and PGPR (Azotobacter chroococcum SARS 10 and Pseudomonas koreensis MG209738) to alleviate the adverse impacts of saline water on the growth, physiology, and productivity of maize (Zea mays L.), as well as promot the soil properties and nutrient uptake (Nehela et al., 2021). Furthermore, Yu et al. (2022) found that AMF (Funneliformis mosseae) and PGPR (Bacillus megaterium) had synergetic effects on root morphology, soil nutrient availability, and Elymus nutans growth. But whether exist a large number of PGP microbial resources in the fairy ring soil to drive the plant flourishing growth is rarely reported.

However, why plants on fairy rings grow more luxuriantly than the outer area of the ring? What was the force driving the lush plant growth? Until now, the fairy ring-forming fungi–soil properties–soil microorganism–plant interaction and the driving forces that lead to flourishing plant growth on fairy rings remain unclear. Therefore, the motivation of this study was too deeply investigate these factors that driving the lush growth of fairy ring plants. The objectives of this study were (1) to compare the differences of soil physicochemical properties between the different areas of fairy ring caused by L. mongolica; (2) to compare the differences of soil microbial community structure and diversity between the different areas of fairy ring caused by L. mongolica; (3) to explore the correlation between soil microorganisms and soil properties in fairy ring; (4) to excavate potential PGP microorganisms in fairy ring soil. This study provided a theoretical basis for exploring the driving factors of the lush growth of fairy ring plants, and bio-resources for agricultural growth-promoting agents.



MATERIALS AND METHODS


Study Site Description

The study was conducted in the third pasture of the Corps 12 Division 104th Regiment (85°47′E, 42°55′N) in the northern part of Xinjiang, China. This region has a temperate continental arid climate and an altitude of 3468.93 m. The mean annual temperature and precipitation at this site is −2.56°C and 24.89 mm, respectively. The minimum monthly mean air temperature is −23.81°C in November, and the maximum value is 17.58°C in August (NOAA-Climate Prediction Center1). The mean annual relative humidity (2 m from the surface) is 58.04%, and the mean annual surface pressure is 665.23 hPa (Global Modeling and Assimilation Office, 2015), MERRA-2 inst1_2d_asm_Nx: 2d,1-Hourly, Instantaneous, Single-Level, Assimilation, Single-Level Diagnostics V5.12.4, Greenbelt, MD, United States, Goddard Earth Sciences Data and Information Services Center, http://doi:10.5067/3/Z173KIE2TPD). The dominant plant species in the area belonged to Festuca (i.e., F. ovina) and Artemisia. The soil belongs to Tianshan meadow light soil, clay loam. There is a grass felt layer with a thickness of about 10cm on the surface. The content of organic matter is 5%--7%, soil pH is 7.0. the cation exchange capacity is about 40 me/100 g soil (Geographic Data Sharing Infrastructure, College of Urban and Environmental Science, Peking University2).



Soil Sampling Site and Characteristic Analyses

A total of 12 soil samples were collected from two L. mongolica fairy ring (ring 1 and ring 3) zones during October 2017 when the fungus was producing fruiting bodies (Figure 1). The L. mongolica fairy rings were similar in size (diameter: approximately 10 m) and were approximately 100 m apart. At each ring, the top soil (0–20 cm) was collected from two zones after removing the thin aboveground litter layer: (1) OUT (including Q1W belonging to ring 1 and Q3W belonging to ring 3), 1 m from the fungal fruiting bodies outside the ring, and this zone was not affected by L. mongolica and (2) ON (including Q1 and Q3), beneath the fairy ring, where an abundant mat of white mycelia and fruiting bodies were evident on the top soil. The five-point sampling method was used for each ring, and the collected patterns were mixed and divided into three parts as three replicate soils in every zone. The ON zone soil samples were marked as Q1-1, Q1-2, and Q1-3 (belongs to Q1) and Q3-1, Q3-2, and Q3-3 (belongs to Q3). OUT soil samples were marked as Q1W-1, Q1W-2, and Q1W-3 (belongs to Q1W) and Q3W-1, Q3W-2, and Q3W-3 (belongs to Q3W). Soil samples (5-15 cm depth) were packed in sterile ziplock bags using soil core sampling tool. The samples were quickly transferred in ice bags to the laboratory where they were sieved through a 2mm mesh. Then, the soil samples were separated into three parts: one part of the samples were air dried and stored at room temperature for analyzing soil physicochemical properties; soil water content (SWC), electric conductivity (EC), pH, total nitrogen (TN), total phosphorus (TP), available potassium (AK), and soil organic matter (SOM) were measured using previous methods (Bao, 2000). The second part was stored at −80°C and used for high-throughput sequencing. The third part was stored at 4°C and used for isolating beneficial bacteria.
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FIGURE 1. Distribution diagram of soil sampling points from Leucocalocybe mongolica fairy ring. ON, the zone located in plant belt that flourishing growth and beneath the fairy ring; OUT, the zone far away from ON zone about 1 m and out of fairy ring, that was not affected by fairy ring fungi. The insert pictures, Leucocalocybe mongolica that was fairy ring-forming fungus, and grown in the ON zone.




DNA Extraction, PCR Amplification, and Gene Clone Library Construction

DNA was extracted from soil samples using the EZNA Stool DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s protocols. PCR using target-specific primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTATCTAAT-3′) for the V3–V4 region amplified of bacterial 16S rRNA gene (Niem et al., 2020), and that using the primers ITS3_KYO2F (5′-GATGAAGAACGYAGYRAA-3′) and ITS4R (5′-TCCTCCGCT TATTGATATGC-3′) for the ITS2 region amplified of the fungi eukaryotic ribosomal RNA gene (Lemons et al., 2017), where the barcode is an eight-base sequence unique to each sample. PCR reactions were performed in triplicate using the 50 μL mixture. The amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions and quantified using QuantiFluor-ST (Promega, United States).



Quality Control, Reads Assembly, and Bioinformatics Analysis

Purified amplicons were pooled in equimolar amounts and paired-end sequenced (2 × 250) on an Illumina platform according to the standard protocols. The raw reads were deposited into the NCBI Sequence Read Archive database. Raw data containing adapters or low-quality reads would affect the following assembly and analysis. Paired-end clean reads were merged as raw tags using FLASH (v 1.2.11) (Tanja and Salzberg, 2011) with a minimum overlap of 10 bp and a mismatch error rate of 2%. Noisy sequences of raw tags were filtered using the QIIME (V1.9.1) (Caporaso et al., 2010) pipeline under specific filtering conditions to obtain high-quality clean tags. The clean tags were searched against the reference database3 to perform reference-based chimera checking by using the UCHIME algorithm4. All chimeric tags were removed, and finally obtained effective tags were used for further analysis. Chloroplast and mitochondrial sequences were removed from all samples. These effective tags were clustered into operational taxonomic units (OTUs) of ≥97% similarity by using the UPARSE pipeline (Edgar, 2013). The tag sequence with highest abundance was selected as a reprehensive sequence within each cluster. Between-group Venn analysis was performed in R to identify unique and common OTUs. The representative sequences were classified into organisms by a naive Bayesian model by using the RDP classifier (Version 2.2) (Wang, 2007) based on the SILVA database5 and UNITE database6. The abundance statistics of each taxonomy and phylogenetic tree were constructed in a Perl script and visualized using SVG. Biomarker features in each group were screened using Metastats and LEfSe software.

Alpha diversity indices were calculated in QIIME. The OTU rarefaction curve was also plotted in QIIME. The statistics of between-group alpha index comparison was calculated using Welch’s t-test and a Wilcoxon rank test in R. An unweighted UniFrac distance matrix was generated using QIIME. The principal component analysis (PCA) of weighted UniFrac was calculated and plotted in CANOCO 4.5. The Adonis test was performed using R. Correlations between soil microbial compositions and soil characteristics were determined using the redundancy analysis (RDA) tool created by CANOCO (Yu et al., 2020). The correlation between soil physicochemical properties and microorganisms of the fair ring was analyzed using the Monte Carlo test.



Isolation of Plant Growth-Promoting Rhizobacteria From Fairy Ring Soil

Nutrient broth medium (beef extract 0.3%, peptone 10%, NaCl 0.5%, pH 7.0) was used to isolate and purify bacteria from the fairy ring soil. The obtained strains were tested for their plant growth-promoting (PGP) function (Khan et al., 2020; Mukhtar et al., 2020).

(a) nitrogen fixation, Ashby nitrogen-free medium (KH2PO4 0.02%, H2SO4 0.02%, NaCl 0.02%, CaCO3 0.5%, Mannitol 1%, CaSO4 0.01%, agar, 1.8%, pH, 7.0) was used to detect nitrogen fixation activity.

(b) phosphate solubilization, Pikovskaya’s Agar (HiMedia) plates was used to detected phosphate solubilization activity of isolated bacterial strains (Pikovskaya, 1948). The inoculum placed in 30°C for 2 days and then observed for the appearance of a clear halo zone around the colonies due to solubilization of inorganic phosphate by organic acid produced by bacteria.

(c) potassium dissolution detection: Aleksandrov’s agar medium was used to detected potassium dissolution activity of isolated bacterial strains, that made the screening medium exhibiting cleared zone of potassium solubilization (Hu et al., 2006).

(d) NH4+ production detection: fresh peptone water was used to test the production of ammonia by the isolate. 48 h old culture of each isolates was inoculated in 10 ml of peptone water and incubated at 30°C for 72 h. 0.5 ml of Nessler’s reagent was added in each tube and after few minutes yellow to brown precipitate appeared which indicates the production of ammonia (Gusmiaty et al., 2019).

(e) IAA production detection: The selected strains were cultured in the medium supplemented with L-tryptophan and the supernatant was collected. A total of 1.5 ml of the supernatant and 4 ml of Salkowski reagent (12 g of FeCl3 per liter in 7.9 mol⋅L–1 H2SO4) were mixed. Then, the solution mixture was incubated in the dark for 24 h. The intensity of the resulting pink color was measured at a wavelength of 520 nm using a spectrophotometer. The IAA concentration was determined using a standard curve of known concentrations of IAA (Gusmiaty et al., 2019).

(f) siderophore production: the chrome azurole S agar (CAS) plates were prepared and spot inoculated with test organism and incubated at 37°C for 48 h. Development of yellow-orange halo around the colony was considered as positive for siderophore production (Clark and Bavoil, 1994).



Evaluation of the Plant Growth-Promoting Effects of Selected Bacterial Strain on Different Plants


Plant Material, Growth Conditions, and Salt Treatment

Arabidopsis thaliana, wheat, and cotton seeds were used to explore the responses of these plants to salt stress after selected bacterial strain inoculation. The seeds were washed with sterile water for 3 times and soaked in 70% ethanol (v/v) 30s, sterile water washed seeds 5 times again, and subsequently soaked in 2% sodium hypochlorite 5–8 min, finally, sterile water washed seeds 5 times to complete the surface sterilized. After sterilization, the seeds were kept in sterile, moist petri dishes for germination to ensure synchronized growth. A. thaliana seeds in the same growth state were transferred to 1/2 MS medium solid plates with 0, 50, and 100 mmol⋅L–1 NaCl, and 8 seeds were planted 2 cm from the center of the plates (Table 1). The A. thaliana plate was cultured at 24°C for 16 h during the day and at 18°C for 8 h during night. All of six treatments were performed, see Table 1. The CK group included plants with no selected bacterial strain inoculation. The growth status of A. thaliana was observed after 30 days.


TABLE 1. The treatments of three plants were no-/inoculated with selected bacterial strain under different concentrations of salt stress.
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To prepare the bacterial suspension, the selected bacterial strain was inoculated into nutrient broth medium and cultivated at 30°C and 180 rpm for 24 h for activation. The seeding bacterial cultures were inoculated into the nutrient broth medium at a ratio of 1% and cultured for 24 h at 30°C and 180 rpm to attain an OD600 = 1.0, and that was prepared for inoculation into plant.

The wheat and cotton seeds with uniform growth were placed in pots (3 seeds/pot) filled with nutrient soil and vermiculite (3:1 v/v) under the natural condition. Then, 50 mL of bacterial solution (for bacterial treatment) or sterile water (control treatment) was added every 7 days. Salt stress was induced in wheat and cotton with 0 and 200, and 0, 150, and 300 mmol⋅L–1 NaCl, respectively. All plants received equal volume of NaCl solution, without leaching. Overall, four treatments were applied to wheat and six treatments were applied to cotton (Table 1), each treatment had six pots. At 30 and 45 days after wheat and cotton growth, respectively, plant biomass and physiological parameters were evaluated.



Plant Growth and Physiological Measurements

For wheat, shoot and root length, fresh and dry weight, Chlorophyll and proline content were detected. For cotton, leaves area, shoot and root length, Chlorophyll, proline and peroxidase content were detected. At the end of the experiment, the soil surface to the apex of the seedling using a scale as shoot length and the underground part were measured as root length. The impurities on the root surface was washed with tap water, the excess water was and absorbed with absorbent manuscript. The whole plants were weighed as fresh weight, and then put them in the 60°C oven to constant weight as dry weight fresh weight. Each treatment was performed in three replicates.

Leaves area testing: The outline of leaves were drawn on the small square manuscript of the standard calculation (the size of the small square was 1 mm × 1 mm), the number of small squares occupied by leaf contour was counted (if it reaches or exceeds half a lattice, it will be counted as one lattice, and if it is less than half a lattice, it will be rejected), the leaves area specified by the grid was obtained.

Chlorophyll content detection: fresh leaves (0.5 g) were thoroughly homogenized in 80% acetone (10 mL) and centrifuged (10,000 rpm) for 15 min. Supernatants were isolated in clean test tubes with 80% acetone (4.5 mL). Samples absorbance was taken at 645 and 663 nm using spectrophotometer (Shimadzu, Japan) (Hussain et al., 2021) Each treatment was performed in three replicates.

Proline content detection: 0.1 g of fresh leaf tissue was put into 1 mL sulfosalicylic acid (SA), mixtures were heated at 95°C for 10 min, then added with acidic ninhydrin in water bath at 95°C for 30 min, after cooling, toluene was added for extraction. The absorbance of reaction solution was read at 520 nm using the spectrophotometer (He et al., 2021). Each treatment was performed in three replicates.

peroxidase (POD) content detection: leaf samples (1 g) were homogenized in 2 mL of 0.1 mol⋅L–1 phosphate buffer, pH 7.0 at 4°C. The homogenate was centrifuged at 16 000 g at 4°C for 15 min and the supernatant was used as enzyme source. The reaction mixture consisted of 1.5 mL of 0.05 m pyrogallol, 0.5 mL of enzyme extract and 0.5 mL of 1% H2O2. The reaction mixture was incubated at room temperature (28 ± 2°C). The changes in absorbance at 420 nm were recorded at 30 s intervals for 3 min. The enzyme activity was expressed as changes in the absorbance min–1 mg–1 protein (Gemes et al., 2017; Yasmeen et al., 2020). Each treatment was performed in three replicates.



Identification of Selected Plant Growth-Promoting Bacterial Strain

The genomic DNA of the selected bacterial strain was extracted using the CTAB method (Alshehri, 2020), and bacterial universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) were selected for PCR amplification of its 16S rRNA gene (Xa and Nghia, 2020). DNAMAN software was used for splicing and assembly of the gene sequences obtained. www.ezbiocloud.net was used to sequence blast with type strains. MEGA 7.0 was used to construct the phylogenetic tree using the neighbor joining method. The sequence information was uploaded to NCBI to obtain the accession number.




Statistical Analysis

All data were analyzed using SPSS 25.0 (IBM, New York, United States) The independent sample t-test and one-way ANOVA, followed by the Duncan test were performed to determine significant differences in related parameters among different samples.




RESULTS


Analysis of Soil Physiochemical Properties

Leucocalocybe mongolica significantly affected soil physiochemical properties, and soil physiochemistry varied between the ON and OUT zones. EC (p = 0.000) and AK (p = 0.013) content was significantly higher in the ON zone (60.5% and 15.4%, respectively) than in the OUT zone. By contrast, pH (p = 0.011) and SWC (p = 0.013) of the soil samples were significantly reduced in the ON zone compared with the OUT zone. No significant difference in TN, TP, and SOM was noted between the ON and OUT zones (Table 2).


TABLE 2. Soil physical and chemical properties of soil samples from the fairy ring of Leucocalocybe mongolica.
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General Soil Microbial Composition

According to the final sequencing analysis, 1161114 and 1087143 high-quality reads were obtained from bacteria and fungi, respectively. After quality control, filtration, and removal of chimeras, a series of effective tags were obtained. The number of total bacterial tags ranged from 84203 to 93374 and total fungal tags ranged from 67290 to 109569 (Table 3). The OTU rarefaction curves showed that the sequencing depth had basically covered all species in the sample (Supplementary Figure 1). These effective sequences were clustered to 11775 OTUs of bacteria and 1105 OTUs of fungi at the 97% similarity level. The results clearly demonstrated a larger number of OTUs, irrespective of bacteria or fungi, in the OUT samples than in the ON samples (Table 3).


TABLE 3. The statistics analyze of sequences information and alpha diversity index of bacteria and fungi from ON and OUT zone of Leucocalocybe mongolica fairy rings.
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Venn diagrams showed that the number of bacteria-unique OTUs obtained from Q1, Q3, Q1W, and Q3W were 980, 754, 1383, and 1009, respectively, and 2364 common OTUs were detected in all samples (Supplementary Figure 2A). The number of fungi-unique OTUs from Q1, Q3, Q1W, and Q3W were 53, 62, 134, and 169, respectively, and 273 common OTUs were detected in all samples (Supplementary Figure 2B).

The alpha diversity index reflected the diversity and richness in different samples. For bacteria, the Chao 1 and Ace index was slightly higher in Q1W and Q3W than in Q1 and Q3. Consistent with Chao 1, the Shannon index was also higher in the OUT zone (Table 3). For fungi, Q1W and Q3W had a significantly higher Shannon index and a significantly lower Simpson index than Q1 and Q3 (p < 0.05). In addition, Q1W and Q3W had higher Chao 1 and ACE indices than Q1 and Q3 (Table 3). This indicating that the bacterial and fungal richness and diversity were higher in the OUT zone (Q1W and Q3W) than in the ON zone (Q1 and Q3).



Effect of Fairy Ring Fungi on Bacterial and Fungal Community Composition and Diversity

The 11775 bacterial OTUs were assigned to 41 phyla, 105 classes, 143 orders, 273 families, and 423 genera, and the 1105 fungal OTUs were assigned to 8 phyla, 21 classes, 58 orders, 99 families, and 140 genera. Proteobacteria and Actinobacteria were the dominant phyla in the ON and OUT zones and constituted an average of 27.78% and 21.09% and 22.14% and 18.45% of the total bacterial population in the ON and OUT zones, respectively; their richness was relatively stable. Abundance of Firmicutes and Bacteroidetes were higher, and Verrucomicrobia decreased extremely in the ON zone than in the OUT zone. Bacteroidetes were more active in the ON zone. In addition, Planctomycetes and Acidobacteria occupied a crucial position (Figure 2A).
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FIGURE 2. Relative abundance of bacteria and fungi in phylum level. Weighted UniFrac UPGMA tree based on V3-V4 16S rRNA gene of bacteria and ITS2 DNA sequences of fungi obtained from 12 different samples related with fairy rings OUT zone and ON zone. (A) bacteria; (B) fungi.


The 1105 fungal OTUs were assigned to 8 phyla, 21 classes, 58 orders, 99 families, and 140 genera. Compared with the bacterial community, the fungal community was less diverse. The fungal phyla Basidiomycota (85.04%) and Ascomycota (25.22%) seemed to act as major players in all samples evident through their high relative abundance and frequency (Figure 2B). Among all the samples, 9212 sequences were clustered as 20 OTUs, classified into Glomeromycota, categorized into 6 genera, and belonged to arbuscular mycorrhizal fungi (AFM). The results showed a higher AMF richness and diversity in the OUT zone than in the ON zone. However, due to the low abundance of sequences (abundance <0.1%), they were categorized into “Others” (Figure 2B). The abundance of Ascomycota was lower in the ON zone (Q1 and Q3) than in the OUT zone (Q1W and Q3W), but that of Mortierellomycota reached an obviously low level, such that it nearly disappeared (Figure 2B).

The heatmap analysis presented the top 25 domain bacteria and fungi at the genus level of the 12 samples from the OUT and ON zones (Figure 3). For bacteria, the domain cluster genera were RB41 (11.19%), Pedobacter (4.57%), Sphingomonas (4.47%), Pseudonocardia (3.68%), Nocardioides (3.45%), Gemmata (3.45%), Gemmatimonas (3.06%), Chthoniobacter (2.97%), Pseudomonas (2.81%), and Exiguobacterium (2.53%) (Figure 3A). These genera seemed to act as major players in all samples evident through their high abundance. However, significant difference was observed among Q1, Q3, Q1W, and Q3W. The abundance of Pedobacter, Pseudonocardia, and Pseudomonas was higher in Q1 and Q3 than in Q1W and Q3W, but that of Gemmata and RB41 was lower in Q1 and Q3 than in Q1W and Q3W. For fungi, Lepista (42.06%), Inocybe (18.10%), Trichoderma (8.15%), and Cenococcum (7.50%) were the domain genera in all samples. Considerable differences were observed between Q1 and Q3 and Q1W and Q3W (Figure 3B). The abundance of Inocybe and Cenococcum was significantly lower in Q1 and Q3 (2.87% and 0.92%, respectively) than in Q1W and Q3W (18.1% and 7.4%, respectively). Conversely, the abundance of Trichoderma was significantly higher in Q1 and Q3 (13.54%) than in Q1W and Q3W (3.14%). The diversity and frequency of microbial communities were lower in the ON zone than in the OUT zone; this result was consistent with those of the alpha diversity analysis (Table 3) and bar plot at the phylum level (Figure 2).
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FIGURE 3. Heatmap displaying the relative abundances of the most dominant genus, the relative abundance of species in at least one sample is above 0.1% (top 25) in each sample. The dendrogram represents complete-linkage agglomerative clustering, based on Euclidean dissimilarities. (A) bacteria; (B) fungi.




Analysis of Similarity of Bacterial and Fungal Community Structures of Fairy Ring Soil

The PCA presented the community composition of both bacteria (Supplementary Figure 3A) and fungi (Supplementary Figure 3B) in the soil samples. PC1 explains 81.7% (bacteria) and 84.1% (fungi) of the overall variance, and PC2 explains 8.2% (bacteria) and 0.92% (fungi) of the overall variance. The results revealed that for both bacteria and fungi, samples of Q1and Q3 had a closer distance, those of Q1W and Q3W had a closer distance, and those of Q1 and Q3 were seriously separated from those of Q1W and Q3W, indicating that the same zones have similar microbial community structures but different zones were varied extremely (Supplementary Figure 3). The Adonis test revealed a significant difference among Q1, Q2, Q1W, and Q3W microbial community compositions (bacteria, F = 3.8875, R2 = 0.5931, **p = 0.003; fungi, F = 4.8671, R2 = 0.646, **p = 0.007).



Correlation Between Soil Properties and Microbial Community Structures of Fairy Ring Soil

Redundancy analysis was used to explore the association among sample soil properties; the top 10 genera (bacteria and fungi); and soil samples of Q1, Q3, Q1W, and Q3W. RDA1 and RDA2 explained 54.6% and 12.1% of total variation in the bacterial community structure, respectively (Figures 4A,B). Monte Carlo significance tests revealed that the bacterial community composition significantly correlated with EC (F = 9.22, *p = 0.002, variance explained = 48%) (Table 4). To some extent, the bacterial community structures of Q1 and Q3 were positively correlated with soil AK and EC; however, those of Q1W and Q3W were positively correlated with pH, SW, SOM, and TN (Figure 4A). For example, SWC and pH can affect bacterial genera Gemmata and Chthoniobacter, and SOM and TN affected RB41; these were the dominant genera in the OUT samples.
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FIGURE 4. Redundancy analysis (RDA) ordination biplot showing the relationships between soil properties and bacterial and fungal communities different samples of fairy ring. (A) bacteria; (B) fungi. AK, available K; TN, total N; TP, total P; SOM, soil organic matter; WC, water content; EC, electronical conductivity.



TABLE 4. Correlation analysis of soil physicochemical properties and microorganisms of fair ring by Monte Carlo permutation test.
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For fungi, RDA1 and RDA2 explained 87.3% and 8.2% of total variation, respectively (Figure 4B). The influence of soil properties on the fungal community structure decreased in the order of EC > SOM > SWC > AK > TN > pH > TP. EC and SOM were significantly related to the fungal community structure compared with other soil properties (EC, F = 16.33, **p = 0.002, variance explained = 62%; SOM, F = 4.96, *p = 0.022,% variance explained = 42) (Table 4). The fungal community structure of Q1 and Q3 had a positive relationship with EC and AK. Q1W and Q3W samples had a close positive relationship with SWC and pH but a negative relationship with EC and AK. In addition, EC and AK had a positive relationship with Lepista, Trichoderma, and Coniochaeta, and the fungal community structure of Q1 and Q3 samples.



Isolation and Identification of Plant Growth-Promoting Rhizobacteria Strain and Its Effect on Plant Growth Under Salt Stress


Isolation of Plant Growth-Promoting Rhizobacteria From Fairy Ring Soil

We isolated 7 bacterial strains from the ON zone of fairy ring soil. The qualitative test results of the PGP function showed that BG-5 can solubilize phosphorus, produce potassium-dissolving circles on screening plates, and synthesize IAA (39.7 mg⋅mL–1) and siderophores (Supplementary Table 1). The strain BG-5 was selected for the next analysis.



Effects of Strain Bacillus Pumilus-5 on Plant Growth Under Different Salt Stress

Thirty days after the plate growth promotion test, strain BG-5-inoculated A. thaliana had a better growth status than no-inoculated (CK) at 0 and 50 mmol⋅L–1 NaCl; BG-5 had an obvious growth-promoting effect. Salt stress completely inhibited the growth of non-inoculated A. thaliana at 100 mmol⋅L–1 NaCl. However, to some extent, BG-5 inoculation increased the resistance of A. thaliana to salt stress (Figure 5).
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FIGURE 5. Effect of BG-5 on the growth of Arabidopsis thaliana and cotton under salt stress (30 days and 45 days, respctively). (A) A. thaliana treated with 0 mmol⋅L–1 NaCl; (B) A. thaliana treated with 50 mmol⋅L–1 NaCl; (C) A. thaliana treated with 50 mmol⋅L–1 NaCl; (D) cotton treated with 0 mmol⋅L–1 NaCl; (E) cotton treated with 150 mmol⋅L–1 NaCl; (F) cotton treated with 300 mmol⋅L–1 NaCl. Left side is CK, no-inoculated with BG-5; right side is experienment group, inoculated with BG-5.


Under 0 mmol⋅L–1 NaCl treatment, wheat inoculated with BG-5 exhibited higher dry weight (increased by 120%), fresh weight (19.5%), plant height (2.8%), root length (9.3%), and proline content (22.1%) than wheat inoculated with CK. Under 200 mmol⋅L–1 NaCl treatment, wheat inoculated with BG-5 exhibited higher dry weight and root length than wheat inoculated with CK (Table 5). Under 0 mmol⋅L–1 NaCl treatment, BG-5 improved the growth state of cotton (Gossypium hirsutum) compared with the control group (Figures 5E–G), and increased the leaf area, shoot length, root length, and proline and chlorophyll content by 12.7%, 8.84%, 17.50%, 54.50%, and 7.10%, respectively. Under 150 mmol⋅L–1 NaCl treatment, BG-5 increased the leaf area, root length, and proline and chlorophyll content of cotton; under 300 mmol⋅L–1 NaCl treatment, BG-5 significantly increased cotton root length and proline content to 17.4% and 27.6%, respectively. (Table 6). With increased salt stress, the POD activity was significantly higher with BG-5 than with CK; the activity increased to 66.97% and 13.02% under 150 and 300 mmol⋅L–1 NaCl treatments, respectively.


TABLE 5. The effects of BG-5 strain on wheat growth under 0 and 200 mmol⋅L–1 NaCl treatments.
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TABLE 6. The effects of BG-5 strain on cotton growth under 0, 150, and 300 mmol⋅L–1 NaCl treatments.

[image: Table 6]


Phylogenetic Analysis of Selected Strains

The phylogenetic analysis of the 16S rRNA gene sequence of BG-5 revealed that the sequence was 98.82% similar to that of Bacillus pumilus ATCC 7061; therefore, BG-5 was identified as B. pumilus, and the accession number was obtained from NCBI: MK016484 (Supplementary Figure 4).





DISCUSSION


Leucocalocybe mongolica Affected Soil Properties to Indirectly Drive Vigorous Plant Growth on Fairy Ring Soil

As the largest potential medium in nature, soil contains numerous microorganisms. Microbes can affect soil properties and provide nutrients for plant growth. In our study, we found SWC concentration were significantly declined in the ON zone due to Leucocalocybe mongolica growth (p < 0.05), that was consistent with the results of Edwards’ study (Edwards, 1988). Soil heavily infested with mycelia has a dense mesh of fungi on the surface that blocks moisture infiltration; this exactly coincides with the hypothesis regarding fairy ring formation described by Shantz (Shantz and Piemeisel, 1971). In addition, the soil pH was declined but AK and EC were significantly accumulated (p < 0.05) were observed in our study. That may be caused by the secreted organic acid decreased the soil pH, and organic matter was mineralized with L. mongolica growth, thereby increasing the soil EC. Thus, plants can absorb large amounts of directly available nutrients from the soil and grow luxuriantly (Fidanza et al., 2010). K, a critical element for plant growth and development, is involved in enzyme activation, photosynthesis, and regulation of water balance, and its accumulation strongly promotes plant growth on the fairy ring soil (Huang et al., 2020). Therefore, L. mongolica growth could affect the soil physicochemical properties of the ON zone, possibly driving the luxuriant growth of plants on the fairy ring soil to some extent.



Leucocalocybe mongolica Affected the Soil Microbial Community Structure to Indirectly Drive Vigorous Plant Growth on the Fairy Ring Soil

Soil microbes play a vital role in maintaining ecological balance and material recycling (Hao et al., 2020). L. mongolica can shape soil bacterial and fungal community structures and establish a potential resource library of PGP microbes, similar to the “rhizosphere effect” of plants (Joner et al., 2001; Hinsu et al., 2021). We used high-throughput sequencing to analyze the difference of bacterial and fungal community structures and diversity between ON and OUT zones of L. mongolica fairy rings. According to alpha diversity analysis, the truth of the community diversity and richness of the OUT zone was higher than that of the ON zone. This similar phenomenon appeared in fairy rings formed by other fungi, such as T. matsutake (Kim et al., 2013) and Lepista sordida (Ito et al., 2017). Existence of fungi led to nutrition competition with other microbes and great diversification of ON soil properties, thereby remarkably influencing the microbial community structure and diversity (Xing et al., 2018). Many studies have reported that fairy rings can release hydrogen cyanide, affecting the number and function of dominant microbes (Bernier et al., 2016; Chen et al., 2016).

The fairy ring soil has many potential helper microorganisms (Yang et al., 2018). In our study, high throughput sequencing was used to analyzed L. mongolica-induced changes in the bacterial and fungal community structures. We found that Bacteroidetes seemed to play a vital role in the ON zone as evident through their higher abundance (Figure 2B). We speculated that the ON zone had a considerable number of potential PGP bacteria belonging to Bacteroidetes. Bacteroidetes are widely distributed in nature, such as sediments (Qu and Yuan, 2008), honey bee (Moran and Kwong, 2016), and forest soil (Zhang et al., 2009). Because of their ability of specifically degrade complex organic matter in the biosphere, especially polysaccharides (Kirchman, 2008). Bacteroidetes decompose plant residues in the soil and convert them into inorganic forms that can be more easily absorbed by plant, result in driving the plant flouring growth. But also, they can provide conditions for the growth of L. mongolica mycelia and fruiting bodies, promote the formation of fairy rings. Verrucomicrobia is widely distributed in terrestrial and aquatic ecosystems (Fierer et al., 2013; Sharp et al., 2014). In our study, we noticed that the abundance of Verrucomicrobia was lower in ON zone than OUT zone (Figure 2A). Shen et al. (2013) clarified that pH can influence Verrucomicrobia growth. We observed a lower soil pH value in ON zone than OUT zone, that may cause by rich 1 from dead vegetation, a low soil pH decreased the abundance of Verrucomicrobia. At the genus level, our research indicated that the abundance of Pseudomonas was higher in the ON zone than in the OUT zone (Figure 3A); similar results were noted for the Agaricus lilaceps fairy ring analyzed by a previous study (Caesar-Tonthat et al., 2013). Their function of adhering and binding soil particles is beneficial for soil remediation and shaping a beneficial rhizosphere environment for plant growth. In our study, we observed that Trichoderma was the second most dominant fungus in the soil of the L. mongolica fairy ring. Therefore, we can presume that Trichoderma has some positive influence on fairy ring formation and plant flouring growth. Some studies have indicated that Trichoderma metabolites have beneficial interactions with plants but have a negative effect on other fungi. They showed biocontrol activity in suppressing phytopathogenic fungi through their cell wall-degrading enzymes and secondary metabolites (Oh and Lim, 2018). In addition, our study found that Coniochaeta have a higher abundance in ON zone than OUT zone (Figure 3B). We educed that Coniochaeta has an indelible contribution to the flourishing growth of plants in the fairy ring. Many researchers have proved that Coniochaeta can strongly inhibit various phytopathogens by secreting ethyl acetate (Nasr et al., 2018) and improve the resistance of plants to pathogens. That just confirmed our speculated. Arbuscular mycorrhizae are symbiotic associations between plants and fungi, with their hyphae extending into the rhizosphere forming a hartig net or hyphal sheath to improve the absorption of water and nutrients such as phosphate and nitrogen (Hata et al., 2010). In addition, AMF endow host plants with tolerance to pathogens and abiotic stress (Jiang et al., 2017; Nele et al., 2020). Figure 3B presented higher fungal richness and diversity in the OUT zone than in the ON zone, because of the influence of L. mongolica caused dominant microbial community structures showed comparatively single in ON zone. In our study, the result showed that the abundance of ectomycorrhizal and arbuscular mycorrhizae was lower in ON zone than OUT zone, but the growth state of plants is significantly better in ON zone than OUT zone. That may be due to fungi compete with each other for nutrients and water, and space for mycelial growth (Smith and Read, 2008); this explains why OUT has a higher AMF abundance than ON in our study. Soil bacteria such as Paenibacillus and Bacillus have been reported that they can inhibit the formation of ectomycorrhizal mycorrhizae (Xing et al., 2018). Our study indicated that there may be a large number of unknown PGP microbial resources in the fairy ring soil, which still needs to be developed and excavated in the future.


Soil Properties and Microbial Community Structure Combine to Drive Plant Growth

Our study indicated that the abundances of the dominant genera (bacteria and fungi) were significantly correlated with the soil nutrient levels. The soil physiochemical properties varied significantly with L. mongolica development. These changes may influence the habitat for other native organisms. Figure 4 shows that AK and EC were positively correlated with the bacterial and fungal community structures in the ON zone, while SWC, pH, SOM, TN, and TP were positively correlated with the microbial community structure in the OUT zone. In addition, we also found that, such as Lepista and Coniochaeta, as the dominant fungal genera from the ON zone (Figure 3B), is a crucial community that participates in fairy ring formation. We also demonstrated that they were highly related to AK and EC (Figure 4B). Zhang demonstrated that available K is crucial for forming the bacterial community structure (Zhang et al., 2016a,b). Therefore, we speculated that with the growth of fairy ring-forming fungi, the K content of the ON zone of fairy ring is significantly increased, that promoted the accumulated of Lepista and Coniochaeta. These genus as PGP fungi, they promoted plant growth in ON zone and form a dense plant belt by producing secondary metabolites. Coniochaeta ligniaria has been confirmed as beneficial for successful colonization of some antagonistic bacteria against some phytopathogenic fungi (Kokaew et al., 2011). Additionally, C. ligniaria can produce 12 antifungal fatty acids to improve plant resistance against phytopathogenic fungi (Rosa et al., 2013). Trifonova demonstrated that Coniochaeta can stimulate growth and translocation of a consortium of PGP bacteria (Trifonova et al., 2010). This explains the phenomenon of a flourished plant band.



In-Depth Exploration of Plant Growth-Promoting Microbial Resources From Fairy Ring Soil

Rhizosphere is a crucial area for intensive biochemical interactions and exchanges of signal molecules between plants, soil, and microorganisms (Shaikh et al., 2018). Plant roots provide sufficient carbon and nitrogen sources to the rhizosphere, as well as establish a stable environment for microbial survival in the rhizosphere soil. PGPR with various PGP traits help to promote growth and are vital for maintaining crop growth and health under adverse environmental conditions (Khatoon et al., 2020; Grover et al., 2021). Therefore, we hypothesized that PGPR on the fairy ring soil exert a larger fraction of the driving force for vigorous plant growth.

In our study, we isolated a B. pumilus strain BG-5 from fairy ring soil through traditional culturable methods. Our result showed that the strain BG-5 have the PGP activities of dissolving phosphorus and potassium, producing IAA, NH4+ and siderophores. Bacillus, a PGPR, is widely present as plant endophytic bacteria or rhizobacteria. In many studies, Bacillus-containing biological products significantly promoted the growth of bell pepper roots and increased yield, while improving N fertilizer utilization (Huang et al., 2020). Meng et al. (2016) showed that B. velezensis BAC03 can produce IAA, ammonia, and 1-aminocyclopropane-1-carboxylate deaminase, thus promoting the growth of plants, such as beet, carrot, and cucumber. Our study results are consistent with the aforementioned results. In our study, we indicated that plants inoculated with BG-5 had higher biomass than that not inoculated. In addition, plate and pot experiment result showed that strain BG-5 could increase plant biomass, improve plant antioxidant enzyme activity and increase osmotic substances in plant cells under salt stress, so as to enhance Arabidopsis thaliana, wheat and cotton with salt tolerance. We speculate that B. pumilus strain BG-5 increases the content of available phosphorus and Fe for plants absorbed and utilized through dissolving insoluble P and enrich iron in plant rhizosphere. In addition, P is a crucial element for plant growth and development. It is pivotal for photosynthesis, cell division, signal transduction, and the synthesis of adenosine triphosphate (ATP), phospholipids, deoxyribonucleic acid (DNA), and ribonucleic acid (RNA) (Rawat et al., 2021). Therefore, we also observed that the inoculation of strains BG-5 improved the resistance of plants to salt stress. Our results also found that strain BG-5 can produce IAA, that regulated the growth and development of plants and promoted plant growth. Therefore, we also observed that the inoculated plants showed a significant increase in biomass. Proline, a plant intracellular substance, which played a role in water conservation and improved the ability of plants to resist salt stress (Kumawat et al., 2022). In our study, we also observed that the proline content of plant leaves increased significantly under salt stress after inoculating strains BG-5, the plant showed a strong salt tolerance after inoculating strain BG-5. In addition, our results showed that the activity of antioxidant enzymes (POD) in cotton leaves increased significantly under salt stress (Hassan and Beattie, 2018; Etesami and Glick, 2020). Therefore, we inferred that the strain BG-5 may eliminate oxygen free radicals in plants by induced systemic resistance (ISR) of plant, so as to reduce the toxicity of reactive oxygen and improve the tolerance of plants under salt stress (Kushwaha et al., 2019). Shahzad indicated that B. pumilus can improve growth performance, biomass content, antioxidase content, and tolerance against cadmium stress in maize (Shahzad et al., 2021). In addition, Kumar indicated that B. pumilus has various plant growth promoters, and inoculation of the selected strain leads to a positive adaptation and improve the growth performance of rice, such as plant height, root length, chlorophyll content, and antioxidant enzyme activities (Kumar et al., 2020). In conclusion, there are a large number of PGP bacteria resources in the fairy ring soil. They can improve the absorption of nutrient elements and enhance the resistance of plants to biological and biological stress through bacteria PGP function activities, so as to promote plant growth. In our study, Bacillus abundance in the ON zone was higher than that in the OUT zone and Bacillus was not the dominant genus in all samples, just accounted for 0.36% microorganisms (Figure 3A), indicating much low abundance species in fairy ring soil played an important role for flourishing growth of plant and need to be exploited and utilized.





CONCLUSION

Our study indicated that fairy ring-forming fungi increased soil EC and AK content, and decreased the microbial (bacteria and fungi) diversity beneath fairy ring, shaped a beneficial microorganisms structure, these changes of micro-environment of plant rhizosphere driving the flourishing plant growth. In addition, we isolated a B. pumilus strain BG-5 can improve plant growth performance, enhanced salt resistance by multiple PGP properties. Our research indicated that there are a large number of beneficial microbial resources present in the fairy ring soil need to be exploited. Our study provides a good PGP candidate for use in agricultural production.
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Supplementary Figure 1 | Rarefaction curves based on the sequences of the V3-V4 region of the 16S rRNA gene and ITS region amplified of the fungi eukaryotic ribosomal RNA gene from fairy rings samples. The abscissa indicates the number of extracted tags; the ordinate indicates the expected number of OTUs that can be obtained when a certain number of tags were extracted. (A) bacteria; (B) fungi.

Supplementary Figure 2 | Venn diagram showing the common and unique bacterial and fungal OTUs among different samples associated with OUT and ON zone from fairy rings. (A) bacteria; (B) fungi.

Supplementary Figure 3 | Principal component analysis (PCA) was used to compared of microbial community structure between different samples of fairy rings in OTUs level (at 97% similarity). (A) bacteria; (B) fungi.

Supplementary Figure 4 | Phylogenetic analysis of the 16s rRNA gene sequence of BG-5. The phylogenetic tree was constructed using the neighbor-joining method. Bootstrap analysis with 1000 replications was performed to assess the topology of the phylogenetic trees. The evolutionary distances were calculated using Kimura’s two-parameter model.

Supplementary Table 1 | Qualitative testing of plant growth promoting function of isolated strains from fairy ring soil. Positive result of plant-growth-promoting activity are indicated by “ + ”, negative result of plant-growth-promoting activity are indicated by “−”.
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Fungi secrete numerous effectors to modulate host defense systems. Understanding the molecular mechanisms by which fungal effectors regulate plant defense is of great importance for the development of novel strategies for disease control. In this study, we identified necrosis- and ethylene-inducing protein 1 (Nep1)-like protein (NLP) effector gene, CgNLP1, which contributed to conidial germination, appressorium formation, invasive growth, and virulence of Colletotrichum gloeosporioides to the rubber tree. Transient expression of CgNLP1 in the leaves of Nicotiana benthamiana induced ethylene production in plants. Ectopic expression of CgNLP1 in Arabidopsis significantly enhanced the resistance to Botrytis cinerea and Alternaria brassicicola. An R2R3 type transcription factor HbMYB8-like of rubber tree was identified as the target of CgNLP1.HbMYB8-like, localized on the nucleus, and induced cell death in N. benthamiana. CgNLP1 disrupted nuclear accumulation of HbMYB8-like and suppressed HbMYB8-like induced cell death, which is mediated by the salicylic acid (SA) signal pathway. This study suggested a new strategy whereby C. gloeosporioides exploited the CgNLP1 effector to affect invasion and suppress a host defense regulator HbMYB8-like to facilitate infection.

Keywords: Colletotrichum gloeosporioides, CgNLP1, pathogenic mechanism, Hevea brasiliensis, HbMYB8-like


INTRODUCTION

To successfully infect and cause disease, phytopathogenic fungi need to form intimate associations and maintain constant communication with a susceptible host, and this communication can be achieved through the proteins, enzymes, and metabolites secreted by phytopathogenic fungi (Heard et al., 2015). Effector proteins are small cysteine-rich proteins secreted by pathogens and play roles in virulence and the interaction between plants and pathogens. According to the innate immunity theory, plants have evolved two strategies to detect pathogens: one is the recognition of conserved microbial elicitors called pathogen-associated molecular patterns (PAMPs) by receptor proteins called pattern recognition receptors (PRRs) on the external face of the host cell, which leads to PAMP-triggered immunity (PTI); another one is the recognition of pathogen virulence molecules called effectors by plant intracellular receptors called R protein, which leads to effector-triggered immunity (ETI) (Dodds and Rathjen, 2010).

The necrosis- and ethylene-inducing protein 1 (Nep1)-like protein (NLP) is an important effector family and is named after the necrosis and ethylene-inducing protein (NEP1) first identified from the culture filtrate of Fusarium oxysporum f.sp. erythroxyli (Bailey, 1995; Chen et al., 2018). NLPs widely distributed in oomycetes, fungi, and bacteria and shared a conserved necrosis-inducing phytophthora protein (NPP1) domain, typically containing a GHRHDWE heptapeptide motif that was crucial for toxicity (Gijzen and Nürnberger, 2006; Lenarči et al., 2017). Based on the molecular structures and sequence comparison analysis, NLPs were divided into three phylogenetic group types, namely, type I, type II, and type III (Oome et al., 2014; Levin et al., 2019; Seidl and Ackerveken, 2019). Type I NLPs contained a conserved disulfide bond and were found predominately in plant microorganisms. Compared with type I, type II had a second conserved disulfide bond and an additional putative calcium-binding domain. Type III NLPs were different from the other types in the amino acid sequence of the N- and C-terminal portion, and there is still very minimal experimental data available (Oome et al., 2014; Lenarči et al., 2017). Based on the ability to induce necrosis, NLPs were divided into two groups (Schumacher et al., 2020). Group one was cytotoxic NLP proteins and group two was non-cytotoxic NLP proteins (Amsellem et al., 2002; Santhanam et al., 2013).

The members of group I as their names suggested were best known as a virulence factor for inducing necrosis and ethylene production in plant leaves (Bailey, 1995; Oome et al., 2014; Levin et al., 2019; Seidl and Ackerveken, 2019). MoNEP1, MoNLP2, and MoNEP4, which are three NLP proteins from the hemibiotrophic plant pathogenic fungus Magnaporthe grisea, induced cell death and the production of reactive oxygen species in Nicotiana benthamiana (Fang et al., 2017). Normally, the cytotoxic NLP proteins were expressed during the switch from biotrophic to necrotrophic lifestyle in hemibiotrophic pathogens (Alkan et al., 2015). BcNEP1 and BcNEP2, which are two paralogous NLPs from the necrotrophic plant pathogenic fungus Botrytis cinerea, caused necrosis in all dicotyledonous plant species tested (Schouten et al., 2008). In vascular wilt pathogen Verticillium dahlia, only two of the seven NLPs induced plant cell death, and only one of these two NLPs plays a role in vegetative growth and asexual reproduction in addition to their contribution to virulence (Santhanam et al., 2013). NLP-induced cell death was an active, light-dependent process that required HSP90 and interacts with a target site on the extracytoplasmic side of dicot plant plasma membranes (Qutob et al., 2006). Biochemical analyses had revealed that the target of NLP on plant membrane was sphingolipid-glycosyl inositol phosphorylated ceramide (GIPC), which consisted of an inositol phosphoceramide and a head group consisting of glucuronic acid and a variable number and form of terminal hexoses. When NLPs bind to the head group of GIPC in monocotyledons, the three terminal hexoses prevented NLPs from inserting into the lipid bilayers of cell membranes, while the GIPC head of dicotyledons only had two terminal hexoses, allowing NLPs to insert into cell membranes and causing cell necrosis (Van den Ackerveken, 2017). Recent research results showed that a plant-derived LRR-only protein NTCD4 promotes NLP-triggered cell death and disease susceptibility by facilitating oligomerization of NLP in Arabidopsis (Chen et al., 2021).

Group II was non-cytotoxic NLP proteins, which were often expressed during the very early stages of the infection or keep at rather low levels during the whole course of infection (Cabral et al., 2012; Dong et al., 2012; Schumacher et al., 2020). These non-cytotoxic NLPs also acted as triggers of plant innate immune responses, including posttranslational activation of mitogen-activated protein kinase activity, deposition of callose, production of nitric oxide, reactive oxygen intermediates, ethylene, phytoalexin camalexin, and cell death (Fellbrich et al., 2000; Kanneganti et al., 2006; Qutob et al., 2006; Rauhut et al., 2009; Villela-Dias et al., 2014; Seidl and Ackerveken, 2019). Ten different non-cytotoxic NLPs (HaNLPs) from biotrophic downy mildew pathogen Hyaloperonospora arabidopsidis did not cause necrosis but acted as potent activators of the plant immune system in Arabidopsis thaliana, and ectopic expression of HaNLP3 in Arabidopsis enhanced the resistance to H. arabidopsidis and activated the expression of a large set of defense-related genes (Oome et al., 2014). SsNEP2 was involved in fungal virulence by affecting ROS levels in Sclerotinia sclerotiorum and triggers host PTI as a PAMP to promote the necrotrophic lifestyle of S. sclerotiorum (Yang et al., 2022). Moreover, it was also reported that multiple cytotoxic NLPs carried a motif of 20 amino acid residues (nlp20), and nlp20 could trigger PTI by binding in vivo to a tripartite complex RLP23-SOBIR1-BAK1 (Böhm et al., 2014; Albert et al., 2015). Ectopic expression of RLP23 in potato (Solanum tuberosum) enhanced immunity to Phytophthora infestans and S. sclerotiorum (Albert et al., 2015).

Colletotrichum causes anthracnose on a wide variety of woody plants in tropical, subtropical, and temperate climates (Liang et al., 2021). In Colletotrichum, six NLP homologs were identified in the Colletotrichum higginsianum genome. Of them, ChNLP1 induced cell death when expressed transiently in N. benthamiana and was expressed specifically at the switch from biotrophy to necrotrophy, whereas ChNLP3 lacks necrosis-inducing activity and was expressed in appressoria before penetration (Kleemann et al., 2012). An effector NLP1 from Colletotrichum orbiculare induced necrosis in N. benthamiana and also possessed a MAMP sequence called nlp24, which triggered the ROS accumulation in leaf discs of Arabidopsis (Azmi et al., 2017). As one of the most important pathogenic species of Colletotrichum, Colletotrichum gloeosporioides is the dominant causal agent of rubber tree anthracnose and leads to serious loss of natural rubber production (Liu et al., 2018; Wang et al., 2018). However, less is known about the pathogenesis of C. gloeosporioides on a rubber tree. To elucidate the pathogenic mechanism of C. gloeosporioides, the candidate genes encoding effector were predicted in the genome of C. gloeosporioides, and one of them was named CgNLP1. In this study, we confirmed the contribution of CgNLP1 to fungal invasion, the virulence of C. gloeosporioides on the rubber tree, and the enhanced resistance of Arabidopsis to B. cinerea and Alternaria brassicicola. In addition, HbMYB8-like, an R2R3-type transcription factor (TF) localized on the nucleus and inducing necrosis, was first identified as the target of CgNLP1 in the rubber tree, and further studies showed that CgNLP1 could disrupt the nuclear translocation of HbMYB8-like and inhibit HbMYB8-like-induced cell death mediated by salicylic acid (SA) signaling. The functional interference of CgNLP1 on HbMYB8-like extended our new understanding of the pathogenic mechanism of C. gloeosporioides.



MATERIALS AND METHODS


Biological Materials and Growth Conditions

Colletotrichum gloeosporioides strain was isolated from the leaves of Hevea brasiliensis with anthracnose. B. cinerea and A. brassicicola were provided courtesy of Tesfaye's lab. All fungal strains were grown on potato dextrose agar (PDA) at 28°C in the dark. Hevea brasiliensis (Reyan 7-33-97) was grown on the soil at 28°C. Arabidopsis thaliana Columbia ecotype and N. benthamiana were grown on soil under fluorescent light (200 μE·m2·s−1) at 22°C with 60% RH and a 12-h-light/12-h-dark cycle.



RNA Isolation, cDNA Synthesis, PCR Amplification, and qRT-PCR

Fungal total RNA was extracted using the CTAB-LiCl method (Yang et al., 2020). Plant total RNA was extracted according to the instruction of the polysaccharide polyphenol plant total RNA extraction kit (Tiangen: DP441). The contaminating DNA was eliminated using RNase-free DNase, and the first-strand cDNA was synthesized using the Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher). Quantitative RT-PCR analysis was performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech: Q711-02) with the LightCycler 96 System (Roche). The Nicotiana tabacum actin-7 (NtActin 7) and H. brasiliensis 18S rRNA (Hb18S) were used as an endogenous control for normalization. The primers used for quantitative RT-PCR and PCR amplification are listed in Supplementary Table 1. Relative expression levels of target genes were estimated using the 2−ΔΔCt method.



Sequence Analysis of CgNLP1 and HbMYB8-Like

The amino acid sequences were deduced using DNAMAN software. Predictions of signal peptides were performed online using the SignalP 5.0 analysis tool (http://www.cbs.dtu.dk/services/SignalP/). The conserved domains were predicted using the SMART website (http://smart.embl-heidelberg.de/). The multiple alignments of amino acid sequences were performed using ESPript 3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) and GeneDoc 2.7.0. The bootstrap neighbor-joining phylogenetic tree was constructed using Clustal X 2.0 and MEGA 7.0.



Generation of CgNLP1 Knockout and Complementary Mutants

Based on the diagram of the CgNLP1 knockout vector, the 5′ and 3′ flanking regions of CgNLP1 were amplified from genomic DNA and ligated into the vector pCB1532 carrying the acetolactate synthase gene (SUR) cassette conferred resistance to chlorimuron ethyl (a sulfonylurea herbicide). For the complementation vector, the open read frame of CgNLP1 fused with the 3X FLAG coding sequence was cloned into the vector harboring the promoter of ToxA, the terminator of nos, and the hygromycin phosphotransferase gene (HPH) (Supplementary Figure S2A). The fungal transformation was carried out as described in our previous study (Wang et al., 2017). The mutants were analyzed by PCR analyses. The primers used for CgNLP1 amplifying and mutant diagnosis are listed in Supplementary Table 1.



Ethylene Production Assays

CgNLP1 was transiently expressed in tobacco leaves. After Agrobacterium injection, each 0.2–0.4 g of tobacco leaves expressing CgNLP1 was immediately placed in different 20 ml sealed containers, and the ethylene contents were measured at different time points. A volume of 0.5 ml of ethylene released from tobacco leaves in each container was moved to a syringe for ethylene contents assay using a portable ethylene analyzer (GC-FID 8890, Agilent, USA). The ethylene evolution rate (μl/g∙h) was calculated using the formula PPm × L/W∙h (PPm: concentration of ethylene released from the sample to be tested, L: volume of injection bottle and volume of sample to be tested, W: weight of the sample to be tested (g), and h: sealing time). Ethylene standards (99.99% purity) were used for standard curve construction.



Construction of CgNLP1 Overexpression Lines in Arabidopsis

The vector pER8-CgNLP1-FLAG was constructed with an estradiol-inducible promoter and then transformed into Agrobacterium tumefaciens GV3101. The Agrobacterium-mediated flower dip method was used for Arabidopsis transformation of CgNLP1. T1 transgenic lines were screened with 30 mg/L hygromycin, and Western blot was used to confirm the positive transgenic lines after estradiol treatment. Appropriate total proteins from different lines were resolved on 10% polyacrylamide gels and transferred to a nitrocellulose membrane (Bio-Rad). Anti-FLAG monoclonal antibody (1:1,000, ab125243; Abcam) was used as a primary antibody to detect the expression of CgNLP1 in transgenic lines. Horseradish peroxidase-conjugated anti-mouse antibody was used as the secondary antibody, and the signal was detected using the ECL western detection kit (RPN2232; GE Healthcare).



Disease Assays

For the pathogenicity test of C. gloeosporioides to rubber tree, conidia were harvested from mycelium grown on PDA (potato dextrose agar, Difco) medium for 10 days in a 28°C incubator and resuspended in a solution of PD (potato dextrose broth, Difco) liquid medium to a final concentration of 2 × 105 conidia/ml. Then, 10 μl of the conidial suspensions were inoculated onto the wounded rubber tree variety 7-33-97 leaves at the “light green” stage. The inoculated leaves were kept in a moist chamber at 28°C under natural illumination for 4 days, and the disease symptoms were scored.

Botrytis cinerea and A. brassicicola disease assays were performed on detached leaves by drop inoculation. Both strains were cultured in a 2 × V8 solid medium and incubated at 22°C. Conidia of B. cinerea were collected and suspended in 1% Sabouraud maltose broth buffer (Difco) containing 0.05% (v/v) Tween-20, and the conidial density was adjusted to 2.5 × 105 spores/ml before inoculation. Conidia of A. brassicicola were collected and suspended in water containing 0.05% (v/v) Tween-20, and the conidial density was adjusted to 5 × 105 spores/ml before inoculation. In both cases, the droplets of 5 μl spore suspension above were inoculated on 4-week-old Arabidopsis leaves. The inoculated plants were kept under a transparent cover to maintain high humidity. The lesion diameters were measured to assess the levels of plant disease resistance. Each treatment contained three replicates of 9 leaves, and the entire experiment was repeated three times.



Fungal Growth and Development Assay

The radial growth, conidiation, and appressorium formation assays were performed as described by Liang et al. (2021). For the vegetate growth assay, 5-mm-diameter mycelium disks were inoculated on potato dextrose agar medium and cultured for 6 days, the diameters of the colonies were recorded, and the growth rates were calculated. For the conidiation assay, conidia harvested from PDA culture plates were inoculated into 50 ml liquid CM medium to the final concentration of 104/ml and then cultured at 28°C, 150 rpm, and the conidial numbers were calculated under a microscope after incubation for 2 days. For appressorium formation assays, conidial suspensions were placed on a nylon membrane and incubated at 28°C for 4 h of post-incubation, and the percentages of conidial germination and appressorium formation were determined under a microscope. The invasive growth assay was performed on the onion epidermis, which was sprayed with 2.5 × 105/ml of conidia and placed on a PDA medium plate at 28°C for 12 h, and the invasion was observed under a microscope. The experiments were repeated three times, and at least 100 conidia were detected per replicate.



Subcellular Localization and Bimolecular Fluorescence Complementation Assays

For subcellular localization of HbMYB8-like, the coding sequence of HbMYB8-like was inserted into the transient expression vector 35S-MCS-mScarlet to generate recombinant plasmid HbMYB8-like-RFP. The vector MEIL-RFP was used as a marker vector for plasma membrane and nuclear localization (Guy et al., 2013). For the bimolecular fluorescence complementation (BiFC) assay, the coding sequences of CgNLP1 and HbMYB8-like were inserted into pSPYCE-YFPC and pSPYNE-YFPN, respectively, to generate recombinant plasmids pSPYCE-CgNLP1-YFPC and pSPYNE-HbMYB8-like-YFPN. The above constructs were verified by sequencing and then introduced into Agrobacterium strain GV3101, respectively. The Agrobacterium carrying HbMYB-like-RFP was expressed in N. benthamiana leaf tissue by agroinfiltration for subcellular localization. pSPYCE-CgNLP1-YFPC and pSPYNE-HbMYB8-like-YFPN were co-expressed in N. benthamiana leaf tissue for BiFC assay. The fluorescence distribution was observed using a laser confocal microscope (Leica TCS SP8).



Phytohormone Treatment

Seedlings of Reyan7-33-97 were treated with 5 mM SA, 1 mM methyl jasmonate (MeJA), and 0.5 mM ethephon (ET) and placed in a 25°C greenhouse (Radojičić et al., 2018). After 0, 12, 24, and 48 h of following the treatment, leaves from seedlings were collected and quickly frozen in liquid nitrogen and then stored in a −80°C refrigerator for RNA extraction. Two leaves from each seedling were picked, and three seedlings were pooled as one biological replicate. Each seedling was harvested only once.



Yeast Two-Hybrid Screens

Yeast two-hybrid assays were performed using the Matchmaker™ Gold Yeast Two-Hybrid System according to the manufacturer's instructions (Clotech: No.630489). The coding sequence of CgNLP1 was amplified and cloned into pGBKT7 to generate DNA binding domain bait protein fusion. The cDNA libraries of Hevea brasiliensis were constructed according to the manufacturer's instructions (Clotech: PT4085-1). Interacting proteins were selected for selective medium lacking His, Leu, Trp, and Ade. The putative interactors were then tested by assaying for the lacZ reporter gene activation as described in the Clontech protocol. The plasmids from the positive clones were then isolated and reintroduced into the original yeast bait and control bait strains to verify interaction.



GST Pull-Down Assays

The prokaryotic expression vectors, namely, pColdTM TF-CgNLP1 and pGEX-HbMYB8-like were constructed and transferred into Escherichia coli BL21 (DE3), respectively. The expression of the fusion proteins was performed as described in the product manuals (Beyotime Biotechnology: P2262). The cell lysate supernatants containing GST-HbMYB8-like and His-CgNLP1 fusion protein were incubated with GST binding gels at 4°C overnight and the supernatants containing GST + His-CgNLP1 as control. The pull-down reactions were analyzed by SDS-PAGE followed by Western blot using anti-His (M20001; Abmart) and anti-GST (ab111947; Abcam) antibodies.



Trypan Blue Staining

Four-week-old tobacco leaves were infiltrated with Agrobacterium tumefaciens GV3101 harboring empty vector pEGAD-eGFP and recombinant plasmid pEGAD-CgNLP1-eGFP, respectively. Leaves were harvested 3 h after infiltration and stained for cell death using the Trypan Blue Staining Cell Viability Assay Kit (Beyotime Institute of Biotechnology, Haimen, China). For destaining, the leaf samples were boiled in a bleaching solution (ethanol:acetic acid:glycerol = 3:1:1) for 15 min.



Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics version 25. Differences at P < 0.05 were considered significant.




RESULTS


CgNLP1 Was a Type I NLP Candidate Effector

Based on the genome sequencing of C. gloeosporioides from hevea brasiliensis, the genes encoding extracellular secretory protein were predicted and one of them, named CgNLP1 (ON402370), was amplified by RT-PCR. The open reading frame (ORF) of CgNLP1 was 729 bp encoding a protein of 243 aa with two cysteine residues and a signal peptide (1-18aa) at its N-terminal (Supplementary Figure S1). The amino acid sequences of CgNLP1 were aligned with some NLP proteins identified in fungus, oomycete, and bacteria (Figure 1A). The alignment showed that CgNLP1 contained a typical NPP1 domain with a heptapeptide motif SHRHDWE and had the highest homology with NLP protein from Verticillium dahliae. The different types of NLP proteins identified in fungal species including CgNLP1 were used to generate a neighbor-joining tree (Figure 1B). Phylogenetic tree analysis revealed that CgNLP1 was clustered in the same branch as the other type I NLP proteins. These results suggested that CgNLP1 encoded a type I NLP effector protein.
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FIGURE 1. Multiple sequence alignment and phylogenetic analysis of CgNLP1. (A) Alignment of the necrosis- and ethylene-inducing protein 1 (Nep1)-like protein (NLP) from different microorganisms. Shading indicates regions of conservation in all (black), the same amino acid as CgNLP1 (gray) of sequences. NLPs used for alignment are from Fusarium oxysporum (AAC97382.1), Pythium aphanidermatum (AAD53944.1), Phytophthora infestans (AAK25828.1), Phytophthora parasitica (AAK19753.1), Phytophthora sojae (AAK01636.1), Streptomyces coelicolor A3(2) (CAB92890.1), Alkalihalobacillus halodurans C-125 (BAB04114.1), and Vibrio pommerensis (CAC40975.1). (B) Phylogenetic tree of CgNLP1 with different types of NLPs in fungi. VdNLP1 and VdNLP3 are from Verticillium dahlia, DserNEP3 is from Diplodia seriata, FoNEP-like is from Fusarium oxysporum, BcNEP1 and BcNEP2 are from Botrytis cinerea, DserNEP2 is from Diplodia seriata, PcNPP1 is from Phytophthora cinnamomi, MoNLP2 and MoNLP3 are from Pyricularia oryzae, and VdNLP4, VdNLP7, VdNLP8, and VdNLP9 are from Verticillium dahlia.




CgNLP1 Contributed to the Virulence of C. gloeosporioides in the Rubber Tree

The CgNLP1 knockout mutant (ΔCgNLP1) was obtained through gene homologous recombination technology, and its complementary strain (Res-ΔCgNLP1) was generated by introducing CgNLP1 into ΔCgNLP1 (Supplementary Figure S2). The detached leaf inoculation assay of ΔCgNLP1 and Res-ΔCgNLP1 on the rubber tree was performed to explore the contribution of CgNLP1 to the pathogenicity of C. gloeosporioides. Results showed that typical necrotic lesions were observed in the leaves inoculated with wild type (WT), ΔCgNLP1, and Res-ΔCgNLP1 (Figure 2A). At 4 dpi, the lesion size caused by ΔCgNLP1 was significantly smaller than that caused by WT, and there was no significant difference in the lesion size caused by Res-ΔCgNLP1 compared with the WT (Figure 2B). These results indicated that the loss of CgNLP1 resulted in reduced pathogenicity of C. gloeosporioides, suggesting the contribution of CgNLP1 to the virulence of C. gloeosporioides in the rubber tree.
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FIGURE 2. CgNLP1 contributed to the virulence of Colletotrichum gloeosporioides in the rubber tree and induced ethylene production in plants. (A) Disease symptoms on rubber tree leaves at 4 days of post-inoculated with conidia of ΔCgNLP1, Res-ΔCgNLP1, and wild type (WT). (B) Statistical analysis of lesion diameter after inoculation with WT, ΔCgNLP1, and Res-ΔCgNLP1. (C) The ethylene content in tobacco leaves expressing CgNLP1. pEGAD represents the tobacco leaves expressing empty vector pEGAD, and pEGAD-CgNLP1 represents the tobacco leaves expressing constructive vector pEGAD-CgNLP1. (D) The expression pattern of NtACO1 (LOC107781126) in tobacco leaves expressing CgNLP1. (E) The expression pattern of NtACS1 (LOC107831434) in tobacco leaves expressing CgNLP1 at different time points. Data are shown as the means ± standard deviation (SD) from three independent experiments, and columns with different letters indicate a significant difference (P < 0.05).




CgNLP1 Induced Ethylene Production but Not Cell Death

To determine the necrosis and ethylene-inducing ability of CgNLP1 in plants, tissue necrosis observation and the ethylene content determination were performed in the tobacco leaves transiently expressing CgNLP1 by agroinfiltration. No obvious tissue necrosis was observed in the infiltration area of tobacco leaves within 3 days post infiltration, and Trypan blue staining results showed no obvious difference between the leaves infiltrated with A. tumefaciens GV3101 harboring CgNLP1 gene and empty vector (Supplementary Figure S3). The ethylene content in the leaves expressing CgNLP1 was significantly higher than that in the leaves expressing empty vector (Figure 2C), and the expression levels of ACO and ACS, which are the two key enzymes of ethylene synthesis, were significantly higher in leaves expressing NLP than that in control (Figures 2D,E). These data suggested that CgNLP1 induced ethylene production in the plant but not necrosis and cell death.



CgNLP1 Affected the Growth and Development of C. gloeosporioides

To investigate the roles of CgNLP1 on growth and development, various growth characteristics were assessed. Radial growth and conidiation of ΔCgNLP1 were similar to that of WT and Res-ΔCgNLP1 (Figures 3A–C). However, less than 30% of the conidia germinated after 4 h of post-incubation in ΔCgNLP1, compared with approximately 80% in WT and Res-ΔCgNLP1 (Figure 3D); only less than 10% of conidia formed appressoria after 12 h of post-incubation in ΔCgNLP1, compared with approximately 80% in WT and Res-ΔCgNLP1 (Figure 3E). Invasive growth assay showed that WT and Res-ΔCgNLP1 formed primary hypha in onion epidermis, but ΔCgNLP1 failed to form primary hypha (Figure 3F). These results indicated that CgNLP1 was involved in conidial germination, appressorium formation, and invasive growth but not radial growth and conidiation.


[image: Figure 3]
FIGURE 3. The radial growth, conidiation, and appressorium formation assays of CgNLP1 deletion mutant and CgNLP1 complementation mutant. (A) Hyphal blocks from Cg-WT, ΔCgNLP1, and Res-ΔCgNLP1 were inoculated on potato dextrose agar (PDA) medium and minimal medium for 6 days at 28°C, and this experiment was repeated three times. (B) Colony diameters at 6 days of post-inoculation. (C) The number of conidia developed by Cg-WT, ΔCgNLP1, and Res-ΔCgNLP1. (D) Conidial germination rates of Cg-WT, ΔCgNLP1, and Res-ΔCgNLP1 at 4 h time intervals. (E) Appressorium formation rates of Cg-WT, ΔCgNLP1, and Res-ΔCgNLP1 at 12 h time intervals. Error bars indicate SD, and columns with different letters indicate a significant difference (P < 0.05). (F) Equal volumes (30 μl) of conidial suspensions (2.5 × 105 conidia/ml) from Cg-WT, ΔCgNLP1, and Res-ΔCgNLP1 were inoculated on the onion epidermal cells. C, AP, IH, and GT indicate the conidia, appressorium, infection hyphae, and germ tube, separately. This experiment was repeated three times. Bars = 10 μm.




Ectopic Expression of CgNLP1 Enhanced Plant Disease Resistance

To investigate the roles of CgNLP1 on plant disease resistance, CgNLP1 transgenic Arabidopsis plants driven by the estradiol-induced promoter (CgNLP1-OE) were generated (Supplementary Figure S4). Disease assay showed that although typical necrotic lesions appeared on both Col-0 and CgNLP1-OE at 4 days of post-inoculation with B. cinerea and A. brassicicola, respectively (Figure 4A), the lesion size on CgNLP1-OE was significantly smaller than that on Col-0 (Figures 4B,C). These results indicated that the ectopic expression of CgNLP1 in Arabidopsis significantly enhanced resistance to B. cinerea and A. brassicicola, suggesting the function of CgNLP1 as an elicitor.
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FIGURE 4. Overexpression of CgNLP1 in Arabidopsis enhanced the resistance to B. cinerea and Alternaria brassicicola. (A) Disease symptoms on Arabidopsis lines overexpressing CgNLP1 (CgNLP1-OE) and WT (Col-0) at 3 days of post-inoculated with B. cinerea and A. brassicicola, respectively. (B,C) Statistical analysis of lesion diameter on CgNLP1-OE and Col-0 after inoculation with B. cinerea and A. brassicicola. Data are shown as the means ± SD from three independent experiments, and columns with different letters indicate a significant difference (P < 0.05).




CgNLP1 Targeted Rubber Tree TF HbMYB8-Like

To elucidate the pathogenic mechanism of C. gloeosporioides on the rubber tree, the targets of CgNLP1 were identified from a cDNA library of rubber tree leaves by yeast two-hybrid using the full-length CgNLP1 as bait. After initial screening, 25 positive clones were sequenced, and five of them were chosen for candidates. After verification, it is found that four of them had strong self-activation, and only one of them, named HbMYB8-like (LOC110651555), which is self-activation, could be inhibited by adding an appropriate concentration of Aba. The HbMYB8-like gene was amplified by RT-PCR and verified by sequencing. The result showed that the full-length cDNA of the HbMYB8-like gene was 1,183 bp with a 903 bp ORF encoding 300 amino acids. The HbMYB8-like protein contained two SANT domains, which were typical features of MYB TFs. The results of multiple sequence alignment (Supplementary Figure S5) and phylogenetic tree (Supplementary Figure S6) showed that HbMYB8-like protein had typical adjacent repeats R2R3 and was clustered clusters with R2R3-MYB type MYB TFs from other plants, suggesting that HbMYB8-like belonged to the R2R3 type MYB TFs.

The interaction of CgNLP1 and full-length HbMYB8-like was preliminarily verified through yeast two-hybrid (Figure 5A). Then, pull-down and BiFC assays were performed to further verify the interaction between CgNLP1 and HbMYB8-like in vitro. In pull-down assay, His-tagged CgNLP1 and GST-tagged HbMYB8-like proteins were expressed in E. coli BL21 (DE3) respectively. The supernatant containing GST-tagged HbMYB8-like proteins were precipitated using anti-GST beads after co-incubation with supernatants containing His-tagged CgNLP1 and His protein only, respectively, and the precipitates were detected using anti-His and anti-GST antibodies. It was found that His-tagged CgNLP1could be pulled down by GST-tagged HbMYB8-like protein (Figure 5B). In the BiFC assay, CgNLP1 was translationally fused with the C-terminal portion of YFP (CgNLP1-cYFP), and HbMYB8-like was fused with the N-terminal portion of YFP (HbMYB8-like -nYFP). CgNLP1-cYFP and HbMYB8-like-nYFP were introduced into A. tumefaciens and co-infiltrated into N. benthamiana leaves. Microscopic examination revealed YFP fluorescence only when the two constructs were co-expressed. Leaves from plants infiltrated with either of the constructs alone or in combination with the empty vector showed no fluorescence (Figure 5C). These results demonstrated that CgNLP1 interacted with HbMYB8-like.
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FIGURE 5. Screening and verification of the interaction between CgNLP1 and HbMYB8-like. (A) Verification of the interaction between CgNLP1 and HbMYB8-like by yeast two-hybrid assay. AD indicates pGADT7, BD indicates pGBKT7, pGADT7-T + pGBKT7-53 indicates a positive control, and pGBKT7-Lam+pGADT7-T indicates a negative control. SD/-Leu/-Trp/X-α-gal indicates the medium with X-α-gal, but lacking Leu and Trp. SD/-Ade/-His/-Leu/-Trp/Xa-gal/Aba indicates the medium with X-α-gal and Aba, but lacking Ade, His, Leu, and Trp. 10−1, 10−2, 10−3, 10−4, 10−5, and 10−6, respectively, refer to the yeast suspension with the initial optical density (OD) value of 2.0 being diluted in a 10-fold gradient. (B) Verification of the interaction between CgNLP1 and HbMYB8-like by GST pull-down assay. His and GST stand for pColdTM TF and pGEX, respectively. Arrows indicate GST- and His-tagged proteins. (C) Verification of the interaction between CgNLP1 and HbMYB8-like by bimolecular fluorescence complementation (BiFC) assay. cYFP + nYFP, CgNLP1-cYFP + nYFP, and cYFP + HbMYB8-like-nYFP were used as a negative control. Scale bar = 25 μm.




HbMYB8-Like Protein Localized on Nucleus and Induced Cell Death

The HbMYB8-like-RFP fusion protein was transiently expressed in N. benthamiana by agroinfiltration to determine the subcellular localization and explore the function of defense response. In the leaf tissues expressing only RFP, red fluorescence was observed throughout the entire cells. However, in the tissues expressing HbMYB8-like-RFP fusion proteins, red fluorescence was observed only on the nucleus (Figure 6A). After 2 days of post-infiltration with A. tumefaciens harboring the HbMYB8-like-RFP gene, significant necrosis was observed in the infiltration area of tobacco leaf, while no necrosis was observed on the leaf infiltrated with A. tumefaciens harboring only RFP gene. Meanwhile, cell death was observed in the infiltrated with A. tumefaciens GV3101 harboring the HbMYB8-like-RFP gene (Figure 6B), suggesting that HbMYB8-like could induce cell death in tobacco leaves.
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FIGURE 6. HbMYB8-like localized on the nucleus and induced necrotic cell death. (A) Subcellular localization of HbMYB8-like protein in tobacco leaves. (B) Cellular necrosis induced by HbMYB8-like in tobacco leaves. Leaves were photographed under UV illumination (right) and normal light (left).




HbMYB8-Like Responded to Fungal Phytopathogens and Phytohormones in Rubber Tree

To explore the possible roles of HbMYB8-like in disease resistance of rubber tree, the expression profiles of HbMYB8-like were investigated in responding to C. gloeosporioides and Erysiphe quercicola which caused rubber tree anthracnose and powdery mildew, respectively. In the rubber tree leaves inoculated with C. gloeosporioides and E. quercicola, the expression of HbMYB8-like was upregulated significantly at 24 h of post-inoculation (hpi) (Figures 7A,B). In addition, the expression profiles of HbMYB8-like responding to different phytohormones were also investigated. The results showed that the expression of HbMYB8-like was significantly induced more than 8 times at 12 h after SA treatment and was significantly downregulated by JA and ET treatments (Figures 7C–E). These results suggested that HbMYB8-like was involved in the resistance to fungal phytopathogens through SA-, JA-, and ET-mediated signaling in the rubber tree.
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FIGURE 7. Expression profiles of HbMYB8-like in rubber tree leaves with phathomycete inoculation and phytohormones treatments. Data are shown as the means ± SD from three independent experiments, and columns with different letters indicate a significant difference (P < 0.05). (A) The expression profile of HbMYB8-like to C. gloeosporioides. (B) The expression profile of HbMYB8-like to E. quercicola. (C) The expression profile of HbMYB8-like to SA. (D) The expression profile of HbMyb8-like to ET. (E) The expression profile of HbMyb8-like to JA.




CgNLP1 Disrupted the Nuclear Accumulation of HbMYB8-Like and Inhibited HbMYB8-Like Induced Cell Death

We had demonstrated that HbMYB8-like localized on the nucleus as a TF and induced necrosis in tobacco tissues (Figure 6). When CgNLP1-GFP fusion and nucleocytoplasmic marker (MIEL1-RFP) were transiently co-expressed in N. benthamiana leaves, the CgNLP1-GFP completely overlaps with the MIEL1-RFP, indicating that CgNLP1 was localized on the nucleus and cell membrane. Compared with the uniform distribution of HbMYB8-like-RFP in the nuclei, when HbMYB8-like-RFP and CgNLP1-GFP were transiently co-expressed in N. benthamiana leaves, less HbMYB8-like-RFP was observed in nuclei, and instead, a substantial amount of HbMYB8-like was localized on the cell membrane (Figure 8A). In addition, the necrosis size caused by co-expression of HbMYB8-like-RFP with CgNLP1-GFP was significantly smaller than that caused by expression of HbMYB8-like-RFP only (Figures 8B,C). These data suggested that CgNLP1 could interfere in the nuclear accumulation of HbMYB8-like and inhibit HbMYB8-like induced necrosis and cell death.
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FIGURE 8. CgNLP1 repressed nuclear accumulation of HbMYB8-like and inhibited necrosis induced by HbMYB8-like. (A) CgNLP1 repressed nuclear accumulation of HbMYB8-like. Scale bar = 25 μm. (B) CgNLP1 inhibited necrosis induced by HbMYB8-like. (C) Statistical analysis of necrosis diameter in tobacco leaves. Data are shown as the means ± SD from three independent experiments, and columns with different letters indicate a significant difference (P < 0.05).




CgNLP1 Inhibited SA Signaling Mediated by HbMYB8-Like in Tobacco Leaves

Since CgNLP1 could induce ethylene production in plants and HbMYB8 was upregulated in response to exogenous SA (Figures 2C, 7), the expression patterns of genes related to SA signaling pathways such as NtPR1a, NtPR1b, NtNPR1, and NtPAL1 were examined in the tobacco leaves expressing HbMYB8-like and co-expressing HbMYB8-like and CgNLP1, respectively. As shown in Figure 9, the expression of NtPR1a, NtPR1b, NtNPR1, and NtPAL1 had been enhanced significantly in the tobacco leaves expressing HbMYB8-like for 24 h, compared with that in the tobacco leaves expressing CgNLP1 and empty vector (mock control) but reduced significantly in the tobacco leaves co-expressing HbMYB8-like and CgNLP1. These results indicated that CgNLP1 inhibited SA signaling, which was mediated by HbMYB8-like.
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Figure 9. (A–D) Expression patterns of genes related to the salicylic acid (SA) signaling pathway in the tobacco leaves expressing HbMYB8-like and co-expressing HbMYB8-like and CgNLP1. Data are shown as the means ± SD from three independent experiments.





DISCUSSION

In the 30 years since the first NLP protein was discovered from the culture filtrate of Fusarium oxysporum f.sp. erythroxyli (Bailey, 1995), a large number of NLPs had been identified based on a prominent feature of the NPP1 domain with a conserved heptapeptide motif GHRHDWE (Oome and Van den Ackerveken, 2014). As mentioned in the “Introduction” section, NLP could be divided into three types, which differed especially in the number of cysteines. Type I NLPs contained two cysteines forming a conserved disulfide bond, and type II had four cysteines forming two conserved disulfide bonds and an additional putative calcium-binding domain (Oome et al., 2014). In our study, CgNLP1, an NLP protein identified from C. gloeosporioides, contained an NPP1 domain with two cysteine residues (Figure 1A), which conformed to the structural characteristics of type I NLPs. So, we identified it as type I NLP protein, and it was also supported by phylogenetic analysis (Figure 1B).

As the name suggests, most NLPs have the ability to induce necrosis and ethylene production in eudicot plants (Bailey, 1995; Gijzen and Nürnberger, 2006; Chen et al., 2018). In our case, CgNLP1 could promote ethylene synthesis and accumulation in plant tissues (Figure 2C) but not necrosis and cell death (Supplementary Figure S3). Signal peptides at N-terminal, two or four cysteine residues, and heptapeptide motif GHRHDWE were directly related to the necrosis-inducing ability of NLPs (Zaparoli et al., 2011; Lenarči et al., 2017). When one cysteine was replaced, the NLP protein from Phytophthora parasitica, NPP1, lost the necrosis-inducing ability (Fellbrich et al., 2002). Both P. parasitica NLPPp and P. sojae NLPPs, without signal peptide, did not show cytotoxicity when transiently expressed in sugar beet (Qutob et al., 2006). In conserved heptapeptide motif GHRHDWE of NLP from Moniliophthora perniciosa, the substitution of either at His2 (H) or Asp4 (D) with alanine substantially abrogated its necrosis-inducing activity (Ottmann et al., 2009; Zaparoli et al., 2011). However, HaNLP3, an NLP protein from H. arabidopsidis, did not induce necrosis on plant cells despite having a conserved heptapeptide motif (Ottmann et al., 2009; Cabral et al., 2012). In our case, CgNLP1 contained a signal peptide, two cysteine residues, and an SHRHDWE motif with His2 (H) and Asp4 (D), which was different from the typical heptapeptide motif GHRHDWE at the first amino acid site. Thus, signal peptide, cysteine residue number, and conserved SHRHDWE motif do not appear to be necessary for CgNLP1 to induce necrosis and cell death. Further analysis is needed to determine whether the first amino acid “S” in the heptapeptide motif has an effect on the necrosis-inducing ability of CgNLP1.

Several studies showed that NLPs from different pathogens play distinct roles in pathogen virulence (Xiang et al., 2022). Both NLP1 and NLP2 from Verticillium dahlia induced cell death and were required for virulence, but only NLPs affected vegetative growth and conidiospore production (Santhanam et al., 2013). The deletion of NLP in Erwinia carotovora attenuated the virulence on both rubbers and stems of potatoes (Pemberton et al., 2005). Three NLPs from Phytophthora capsica, namely, PcNLP2, PcNLP6, and PcNLP14, contributed to strong virulence during infection in both pepper and tobacco plants (Feng et al., 2014). The introduction of Nep1 from F. oxysporum into a hypovirulent Colletotrichum coccodes strain dramatically increased its virulence and expanded its host spectrum (Amsellem et al., 2002). However, the deletion of NLPs in Botrytis elliptica, Mycosphaerella graminicola, and Magnaporthe oryzae did not reduce the virulence of these pathogens on each host (Staats et al., 2007; Motteram et al., 2009; Zhou et al., 2012; Fang et al., 2017). Our results showed that the disruption of CgNLP1 not only affected conidial germination, appressorium formation, and invasive growth but also impaired the pathogenicity of C. gloeosporioides to the rubber tree (Figures 2, 3), indicating that CgNLP1 played multiple roles in the virulence of C. gloeosporioides.

Increasing observations showed that NLPs could induce plant innate immune responses, resulting in enhanced disease resistance (Seidl and Ackerveken, 2019). For example, ectopic expression of HaNLP3 in Arabidopsis enhanced the resistance to downy mildew (Oome and Van den Ackerveken, 2014). In our study, ectopic expression of CgNLP1 in Arabidopsis enhanced the resistance to B. cinerea and A. brassicicola (Figure 4), indicating that CgNLP1 performed as an elicitor. In addition, hormone signaling crosstalk played major roles in plant defense against pathogens (Derksena et al., 2013). SA, JA, and ET play critical roles in the regulation of signaling networks of basal resistance against multiple pathogens (Pieterse et al., 2012). SA signaling positively induces plant defense against biotrophic pathogens, whereas the JA/ET pathways are required for resistance predominantly against necrotrophic pathogens and herbivorous insects (Yang et al., 2015). CgNLP1 could not only enhance the disease resistance of Arabidopsis to necrotrophic fungi B. cinerea and A. brassicicola (Figure 4) but also promote ethylene synthesis and accumulation in plant tissues (Figures 2C–E), indicating that the disease resistance triggered by CgNLP1 to necrotrophic pathogens may be related to ethylene accumulation and enhanced ethylene-mediated signaling pathway.

Fungal effectors were usually secreted and delivered into host plants as pathogenic factors to shield the fungus and suppress the host immune response, or manipulate host cell physiology by targeting plant defense components, signaling, and metabolic pathways to promote host plant colonization (Lo Presti et al., 2015). Plant TFs played roles in diverse biological processes including defense responses to pathogens (Seo and Choi, 2015). Several studies had demonstrated that TFs were targets of effectors in plants. A bacterial effector AvrRps4 interacted with WRKY TFs (Sarris et al., 2015). A P. infestans effector Pi03192 prevented the translocation of NAC TFs from the endoplasmic reticulum to the nucleus (Hazel et al., 2013). PpEC23 from Phakopsora pachyrhizi targeted TF GmSPL12l to suppress host defense response (Qi et al., 2019). Stripe rust effector PstGSRE1 disrupts nuclear localization of TF TaLOL2 to defeat ROS-induced defense in wheat (Qi et al., 2012). In our study, CgNLP1 physically interacted with an R2R3 type MYB TF HbMYB8-like in the rubber tree, which was localized to the nucleus (Figure 5A), and the expression of CgNLP1 in tobacco leaves induced partial re-localization of HbMYB8-like from the nucleus to the plasma membrane (Figure 8A). However, the molecular mechanism by which CgNLP1 disrupts the localization of HbMYB8-like remains unknown.

In our study, HbMYB8-like could induce typical necrosis and cell death in tobacco leaves (Figure 6B), which was suppressed by CgNPL1 (Figures 8B,C). Moreover, HbMYB8-like could respond to phytohormones, especially SA, which could upregulate the expression level of HbMYB8-like more than 10 times (Figure 7C). SA is considered to play an important role in the regulation of programmed cell death or hypersensitive reaction in plants (Radojičić et al., 2018). So, we measured the effects of HbMYB8-like on SA signaling in tobacco leaves. The results showed that HbMYB8-like could enhance the expression of NtPR1a, NtPR1b, NtNPR1, and NtPAL1, which were involved in the SA signaling pathway, and the expression of these genes was inhibited significantly when co-expressing CgNPL1 and HbMYB8-like (Figure 9). These results strongly suggested that the cell death induced by HbMYB8-like was a form of defense, hypersensitive response (HR), and that the pathogenicity of CgNLP1 was achieved through inhibition of HR induced by HbMYB8-like.

In summary, we identified an important C. gloeosporioides effector CgNLP1 that played roles as a virulence factor to rubber tree and as an elicitor of plant defense responses. Moreover, CgNLP1 interfered with nuclear accumulation of TF HbMYB8-like and inhibited the HR-induced byHbMYB8-like. The inhibition of CgNLP1 on the defense response mediated by HbMYB8-like revealed a novel pathogenic strategy of C. gloeosporioides.
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Microbial co-occurrence network analysis is being widely used for data exploration in plant microbiome research. Still, challenges lie in how well these microbial networks represent natural microbial communities and how well we can interpret and extract eco-evolutionary insights from the networks. Although many technical solutions have been proposed, in this perspective, we touch on the grave problem of kingdom-level bias in network representation and interpretation. We underscore the eco-evolutionary significance of using cross-kingdom (bacterial-fungal) co-occurrence networks to increase the network’s representability of natural communities. To do so, we demonstrate how ecosystem-level interpretation of plant microbiome evolution changes with and without multi-kingdom analysis. Then, to overcome oversimplified interpretation of the networks stemming from the stereotypical dichotomy between bacteria and fungi, we recommend three avenues for ecological interpretation: (1) understanding dynamics and mechanisms of co-occurrence networks through generalized Lotka-Volterra and consumer-resource models, (2) finding alternative ecological explanations for individual negative and positive fungal-bacterial edges, and (3) connecting cross-kingdom networks to abiotic and biotic (host) environments.

KEYWORDS
 cross-kingdom interaction, network, plant microbiome, ecological framework, fungi


Introduction

Plants are closely associated with microbes from diverse kingdoms, such as bacteria, archaea, protists, oomycetes, and fungi. Host health and its evolutionary trajectory are impacted by host–microbe interactions and the interactions among microbes from multiple kingdoms (Durán et al., 2018; Zhang et al., 2019; Vemuri et al., 2020; Rao et al., 2021). In the past decade, the bacterial microbiome has been a focus of research, but more and more studies are including the fungal microbiome due to its impact on host health and its bacterial microbiome (van der Heijden et al., 2016; Jiang et al., 2017; Nash et al., 2017; Paterson et al., 2017; Laforest-Lapointe and Arrieta, 2018; Bergelson et al., 2019; Forbes et al., 2019; Kapitan et al., 2019; Galloway-Peña and Kontoyiannis, 2020). In the next decade, we anticipate viruses, protists, and oomycetes to be added to microbial surveys to gain a more holistic insight into the ecology and evolution of the microbial ecosystems. Here, we advocate for the fungal kingdom as a proxy for other non-bacterial microbial kingdoms.

Although co-occurrence network analysis has many unresolved intrinsic and technical limitations (Faust, 2021), it remains to be the only explorative data analysis technique that allows researchers to infer microbial interactions with sequence data, especially when inferring inter-kingdom interactions. However, we lack the perspective on why we are using this cross-kingdom co-occurrence network analysis in the first place. In other words, we vaguely assume and agree that simply adding more kingdoms would be worthwhile. Therefore, in this perspective, we demonstrate the utility of using cross-kingdom networks regarding their evolutionary implication in a rice microbiome domestication dataset. Next, a more important aspect we lack is the perspective on how to ecologically interpret the cross-kingdom networks. The current status of research assumes a simplified “competition vs. cooperation” framework between the bacterial and fungal kingdom, where studies hypothesize that host properties emerge due to either antagonistic or mutualistic relationships between the two kingdoms. Although it is extremely difficult to think beyond the negative/positive edges (correlations) given by the co-occurrence networks, it is paramount to adopt a more multi-dimensional, alternative framework derived from community ecology theories and models. Even if these theories do not provide exclusive mechanistic explanations of the microbial networks, they will still prevent us from designing follow-up experiments that may just increase our confirmation bias and make us experiment with more creative hypotheses to explain the co-occurrence networks. The goal of this perspective is to convey the importance of cross-kingdom networks and provide ecological frameworks to interpret these networks.



Importance of constructing cross-kingdom networks

By using cross-kingdom networks, researchers revealed that non-bacterial species can act as central hub species in a microbial community and that non-bacterial species can affect community stability and connectivity. We briefly summarize the literature first. Then, to further demonstrate the evolutionary significance of cross-kingdom networks in a plant-microbiome co-evolution context, we use a published rice seed microbiome network dataset.



Overview of literature using cross-kingdom networks

Cross-kingdom network analysis contributed to the discovery of hub or keystone fungal species in the microbiome (Agler et al., 2016; Banerjee et al., 2016; Tipton et al., 2018; Bergelson et al., 2019; Kim et al., 2020; Lemoinne et al., 2020). Hub species have large network centrality values, such as degree centrality and betweenness centrality, whereas keystone species have a disproportionate destabilizing effect on the community upon their removal. In a co-occurrence network, hub or keystone species can be inferred by identifying species with the highest network centrality indices or using in silico extinction methods (Berry and Widder, 2014; Agler et al., 2016). In leaves of Arabidopsis thaliana, a fungal species, Dioszegia sp. and an oomycetes Albugo sp. were detected as hubs in the networks and experimentally validated as keystone species (Agler et al., 2016). In the wild rice seed microbiome, two fungal species were discovered to be hub species in the cross-kingdom network (Kim et al., 2020). Similarly, in the human gut and skin, fungal hubs (e.g., Davidiellaceae family, Candida spp.) were prevalent (Tipton et al., 2018; Lemoinne et al., 2020). Therefore, bacteria-only research would have neglected these hub/keystone non-bacterial species.

Although little research has focused on the effect of fungal species on the overall connectivity or stability in the plant microbiome, in the human lung and skin microbiomes cross-kingdom networks have higher connectivity and network robustness than single-kingdom networks (Tipton et al., 2018). This suggests that fungi stabilize and facilitate communication in microbial ecosystems (Tipton et al., 2018). The difference between cross-kingdom and bacteria-only networks could indicate the involvement of cross-kingdom interactions in governing microbial community structure. This could lead to the discovery of topological patterns that reflect ecological shifts or co-evolution (Cosetta and Wolfe, 2019; Kim et al., 2020). Accordingly, we use a published network dataset to show that cross-kingdom networks are vital to understand co-evolution in plants.



Cross-kingdom network analysis with wild and domesticated rice microbiome data

To demonstrate that important aspects of host evolution can be missed when using bacteria-only networks compared to using bacterial-fungal co-occurrence networks, we use a published amplicon sequencing dataset (Kim et al., 2020) of bacterial and fungal endophytic communities in the seeds of 43 rice accessions (17 wild and 26 domesticated accessions). Sixteen accessions of the wild rice were obtained from the International Rice Research Institute (IRRI), Philippines. Grains of 27 rice accessions (one wild and 26 domesticated accessions) were obtained from the National Agrodiversity Center at the National Institute of Agricultural Sciences, Korea. The variation and hierarchical analysis of the seed microbiome data corroborated that seed sampling location had no significant or little effect on the microbial composition compared to the domestication status of the sample (Kim et al., 2020), and thus our discussions will focus on the domestication effect. To help facilitate our discussion, we have explained the terminology related to networks and ecology in the Appendix.

The microbial co-occurrence network of rice seeds showed that rice domestication alters the rice seed microbiome structure. Including fungi changed the rice seed microbiome network structure in terms of node centrality, network robustness (an aspect of stability), connectance, transitivity, modularity, and nestedness. For the analysis, four co-occurrence networks were created for comparison: a bacterial-fungal network of wild rice, a bacteria-only network of wild rice, a bacterial-fungal network of domesticated rice, and a bacteria-only network of domesticated rice (Figure 1). Network visualizations indicated a stark contrast between bacteria-only and bacterial-fungal networks of wild and domesticated rice microbiomes (Figures 1A–D). For example, the cross-kingdom network of wild rice (Figure 1C) has a 4-fold greater number of nodes (361 vs. 87 nodes) and 8-fold more edges (673 vs. 80 edges) compared to the bacteria-only wild rice network (Figure 1A). In this section, we connect these contrasting network features with host evolution and ecological interactions of bacteria and fungi to demonstrate the importance of cross-kingdom networks.
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FIGURE 1
 Cross-kingdom networks and bacteria-only networks in wild and domesticated rice seed microbiomes. (A,B) Bacteria-only co-occurrence network of wild and domesticated rice seed microbiomes. (C,D) Cross-kingdom (bacterial-fungal) co-occurrence network of wild and domesticated rice-seed microbiomes. Orange nodes are bacterial nodes. Purple nodes are fungal nodes. The size of the node is proportionate to betweenness centrality. Blue edges are co-occurrence network edges with positive correlation coefficients. Red edges are co-occurrence network edges with negative correlation coefficients. (E) Change of betweenness centrality of the same bacterial nodes in the bacteria-only network (x-axis) and bacterial-fungal network (y-axis). (F) Change in eigenvector centrality of the same bacterial nodes from a bacteria-only network (x-axis) to a bacterial-fungal network (y-axis). The dashed line is y = x. Solid lines (red and blue) are regression curves using locally weighted smoothing (loess) to wild and domesticated nodes, respectively. The grey area next to the regression curves indicates a 95% CI.



Cross-kingdom networks reveal the evolution of the fungal-bacterial relationship during crop domestication

The addition of fungi alters bacterial node centrality in wild and domesticated rice. The addition of fungi boosted bacterial node centrality for most nodes of the wild rice network (Figure 1E). In contrast, in the domesticated rice network, fungi decreased the betweenness centrality of bacteria (Figure 1E). This suggests that domestication selects bacterial species less connected to fungi. Furthermore, an increase in the betweenness centrality of bacteria in the wild rice network suggests that fungal nodes in wild rice act more strongly as modular connectors that create links between bacterial nodes compared to the domesticated rice network. Another important caveat is that fungi shift influential bacterial species in terms of eigenvector centrality in the wild rice network. By contrast, in the domesticated rice networks, the importance of bacterial nodes is unaffected by fungi (Figure 1F). Therefore, cross-kingdom co-occurrence networks reveal that the fungal-bacterial relationship evolved distinctly in wild and domesticated plants.



Cross-kingdom networks unveil fungal impact on microbiome network stability, transitivity, and modularity

Robustness, a measure of network stability, was analyzed in silico via extinction experiments. Nodes were deleted from the network in a given order: degree (highest to lowest), betweenness centrality (highest to lowest), eigenvector centrality (highest to lowest), and random deletion (Figure 2A). We considered secondary extinctions as node removal due to the loss of all connected edges. The size of the largest component was recorded after every extinction event. For robustness curves, the fraction of nodes extinct and the fraction of the largest component size (largest component size after attack/largest component size before any extinction) were plotted on the x and y-axes, respectively.
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FIGURE 2
 Robustness analysis and connectance, transitivity, modularity, and nestedness of cross-kingdom and bacteria-only networks in wild and domesticated rice seed microbiomes. (A) Robustness analysis by in silico extinction experiments. Nodes were deleted from the network in order of degree, betweenness centrality, and eigenvector centrality, and randomly. The size of the largest component (y-axis) was recorded after every extinction event until all vertices were removed. For robustness curves, the fraction of nodes extinct and the fraction of the largest component size (largest component size after the attack ÷ largest component size before any extinction) were plotted on the x- and y-axes, respectively. (B) Area under the robustness curves for each attack order and network. (C) Z-score normalized connectance, transitivity, and modularity. Z-score normalization of summary statistics was carried out using the mean and SD of random configuration models (with the curveball method). Because the connectance of the random model had a standard deviation of 0, Z-score normalization was done by dividing by the mean of the random model. (D,E) Visualization of nestedness in wild and domesticated cross-kingdom co-occurrence networks. Rows are bacterial species and columns are fungal species. A red pixel denotes a link between bacterial and fungal species. Only edges connecting bacterial and fungal species were used to create the bipartite network.


Connectance, transitivity, modularity, and nestedness metrics were calculated in R or with the Vegan R package. To derive nestedness, only edges connecting bacterial and fungal species were used to create a bipartite network. Z-score normalization of summary statistics was carried out using the mean and SD of random configuration models (with the curveball method). Because the connectance of the random model had a standard deviation of 0, the Z-score normalization was done by dividing by the mean of the random model.

Network robustness was examined to determine the effect of fungi on the stability of the microbial network. Robustness is a good measure of network stability when time-series data are not available to consider dynamics explicitly. Robustness curves revealed different effects in the attack order (Figure 2A). If the attack order reflects the node’s importance in network stability, deleting nodes in that order will quickly destabilize the network and decrease the size of the largest component. That will make the robustness curves more convex and closer to the plot’s periphery, and thus decrease the area under the robustness curves (AUC). Because random extinctions do not reflect the order of node importance, the robustness curve will be less convex and closer to the diagonal of the plot. We observed that an eigenvector centrality-based attack yielded similar curves to random extinctions. This suggests those degree and betweenness centrality are more reliable measures of node importance in terms of maximum damage from disconnecting the integrity of the system and breaking it into small components. The lower AUC of degree and betweenness centrality attack orders in the bacterial-fungal networks showed that consideration of fungi decreased the network robustness of wild and domesticated rice microbial networks (Figure 2B). These results may hold the key to explaining the mechanism by which fungi reduce diversity and abundance in domesticated rice. We hypothesize that because fungi reduce network stability, selection pressure during domestication may have destroyed bacterial-fungal modules or interactions in the perturbation-susceptible wild rice microbial community.

Moreover, the role of fungi can be evaluated using network summary statistics. For wild and domesticated rice networks, fungi increased the Z-score normalized transitivity (clustering coefficient) and modularity (Figure 2C). This means that fungi increased the probability of the network having adjacent interconnecting nodes and enhanced the modular structure of the microbial community. The nestedness of the wild rice network was significant compared to randomized networks (NODF = 2.0125, p = 0.019), but that of the domesticated rice network was not (p = 0.988; Figures 2D,E). Network nestedness measures the tendency for nodes to interact with subsets of the interaction partners of better-connected nodes. Therefore, nestedness found only in wild rice indicates that the wild rice microbiome preserves a structured gradient of fungal-bacterial interactions, whereas the domesticated microbiome has randomized non-structured cross-kingdom interactions, possibly disrupted during host domestication.

The use of only bacterial sequence data would have generated a completely different picture of microbe-plant co-evolution. Fungi considerably impacted bacterial centrality by acting as modular connectors and generalist interactors and shifted the order of bacterial influence as measured by eigenvector centrality. Fungi also increased the sensitivity to extinction events in the networks. More importantly, the effect of crop domestication on the microbial community was more evident using bacterial-fungal networks compared to bacterial networks.




Ecological interpretations of cross-kingdom networks

The potential of cross-kingdom networks does not end with network centrality or stability analysis. In combination with community ecology models and theories, cross-kingdom networks can generate testable hypotheses. Community ecology aims to understand the temporal and spatial dynamics of communities, interactions of the members, and the emergent properties of communities (Christian et al., 2015). Here, we use community ecology frameworks to suggest how cross-kingdom networks can be ecologically explained and experimentally validated (Figure 3).
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FIGURE 3
 Ecological interpretations of cross-kingdom co-occurrence networks. (Top) Cartoon illustrating ways to interpret individual negative and positive fungal-bacterial edges. Negative interactions include competition and predator–prey relationships, whereas positive interactions are cooperative, such as coexistence, facilitation, and mutualism. All positive and negative correlations are not cooperation and competition, respectively. (Middle) Dynamical modeling of co-occurrence networks using generalized Lotka-Volterra (gLV) and consumer-resource models. The cartoon depicts species dynamics related to the gLV and consumer-resource model, respectively (only for illustration purposes). These models can be used to supplement the network to elucidate the mechanism of the interactions. (Bottom) Effects of abiotic and biotic factors on cross-kingdom networks. To investigate cross-kingdom interactions in natural microbial communities, it is important to treat microbial interactions as variables dependent on the magnitude of stress, space, time (abiotic factors), and host (biotic factor). (Left) Stress gradient hypothesis—the relative importance of competitive vs. facilitative interactions varies along the environmental harshness gradient. Another consideration is the host effect (biotic factor). (Right) The host immune system mediates the interaction between the bacterial and fungal communities. The biotic factors influencing the microbial community can be affected by host plant pathogen susceptibility or resistance.



Understanding dynamics and mechanism of co-occurrence networks through generalized Lotka-Volterra and consumer-resource models

A co-occurrence network is a cross-sectional summary of pair-wise microbial interactions based on correlations. Therefore, to further understand ecosystem dynamics and its causal mechanism, the network can be complemented with community population models (e.g., Lotka-Volterra, consumer-resource models). Microbial community population dynamics can be modeled using the generalized Lotka-Volterra (gLV) model in the form:
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where x(t) is a species abundance vector of length n containing the abundances of all species at time t, r is a vector of intrinsic growth rates in monoculture, and A is an n-by-n matrix of species-to-species interaction coefficients, thereby called community matrix. For example, Aij > 0 denotes that species i increases the abundance of species j, and Aji > 0 denotes species j increases species i’s abundance. D(x(t)) is a diagonal matrix with species abundance vector x on the diagonal. By constructing a gLV model, we can phenomenologically summarize the underlying ecology: biological growth (r) and species interaction type and strength (A). To infer these gLV parameters, regularized regression can be done with time-series sequence data with well-developed methods such as LIMIT (Fisher and Mehta, 2014) and MDSINE (Bucci et al., 2016).

If we can fit gLV model parameters with time-series microbiome sequencing, we will be able to simulate and construct co-occurrence networks from the gLV model (Berry and Widder, 2014; Hirano and Takemoto, 2019). This will enable us to explain the ecology behind the observed co-occurrence network. Berry and Widder (2014) devised a method to simulate networks from gLVs by numerically integrating a gLV ordinary differential equation that includes a random subset of species until their abundance reaches a steady state. With many of these recorded relative abundances of steady-state profiles, one can compute the pair-wise correlation of species abundance, which then is visualized in a co-occurrence network. We will be able to quantify how much our model can explain the observed network by comparing the simulated co-occurrence network to the observed co-occurrence network. With the community matrix A of the gLV at hand, we can hypothesize how species interactions resulted in the observed phenomenon (Stein et al., 2013).

To experimentally infer the gLV model, it is imperative to have time-series sequence data. This has been successfully carried out with densely sampled (e.g., 1 day interval) human stool time-series data (Stein et al., 2013; Faust et al., 2018). To our knowledge, gLV modeling has not been done using both bacterial and fungal time-series data. Because of the lowering cost of sequencing, it is becoming ever more feasible to use time-series data to ecologically explain the observed cross-kingdom interactions. The number and interval of time-series sampling and sequencing would depend on how fast the community reaches the stable state, the interval of cyclic fluctuations of abundance, if any, and the frequency of external perturbations. The sampling scheme should sufficiently capture the temporal changes in abundance in order to fit the model.

While the gLV model is phenomenological in explaining species interaction, the consumer-resource model can explain explicitly how resource densities influence consumer population growth rates and how in turn competing consumers affect their resources (Tilman, 1982; Mittelbach and McGill, 2019). A resource is defined as either an abiotic (e.g., minerals, nutrients, and light) or biotic (e.g., prey) factor that positively contributes to the growth rate of the species population and is made unavailable to other species when consumed (Mittelbach and McGill, 2019). Most bacterial-fungal interaction studies focus on interference competition involving microbial compounds, such as antimicrobial peptides (e.g., copsin), biosurfactants (e.g., surfactin and nunamycin), phenol, and quinone derivatives (e.g., penicillin), phenazines, and volatile organic compounds (Li et al., 2020). This means that there is a huge opportunity and gap in knowledge in resource competition between bacteria and fungi. Growth experiments have been done with bacterial and fungal species to test if there is niche overlap in carbon sources (Rousk and Frey, 2015). Some studies also showed that nutrients can promote antagonistic relationships between bacteria and fungi (Bosmans et al., 2016; Zheng et al., 2018). However, no study has used the consumer-resource model to quantitatively show how fungal and bacterial communities interact through resource competition. This framework is powerful, like the gLV model, because it enables the prediction of community dynamics and steady-state community structure, and thus it can mechanistically explain the observed co-occurrence networks through resource competition.

To experimentally fit the consumer-resource model, time-series sequence (species abundance) data plus resource concentration (metabolite flux) data need to be collected. Recently, metabolite and species abundance dynamics were successfully predicted using a consumer-resource model in bacterial communities (Gowda et al., 2022). With a small size cross-kingdom community and a focused pool of metabolites, it will be possible to learn the resource-mediated cross-kingdom interactions and its ramification on the co-occurrence network. Together, the gLV and consumer-resource models can provide mechanistic insights and promote the investigation of complex cross-kingdom relationships in networks.



Interpreting negative and positive fungal-bacterial interactions in cross-kingdom networks

In co-occurrence networks, an edge or a link means that two species’ abundance correlation is significantly negative or positive. Multiple studies have evaluated whether bacterial-fungal interactions are negative or positive in cross-kingdom networks. The results are mixed. For example, bacterial-fungal interactions were found to be mostly antagonistic in the leaf and root of A. thaliana (Agler et al., 2016; Durán et al., 2018). Other network studies found that fungal-bacterial edges were dominated by positive links (Bergelson et al., 2019; Kim et al., 2020). In the human skin and lung microbiome, fungal-bacterial edges contributed to an increase in the ratio of negative edges when compared to single-domain networks (Tipton et al., 2018). These mixed results indicate that fungal-bacterial interactions are context-dependent and thus cannot be simply generalized to be either positive or negative. Therefore, an ecological understanding of these positive/negative interactions is needed to understand the nature of inter-kingdom interaction and understand how it affects the community-level structure.

When discussing negative or positive edges in cross-kingdom networks, it is tempting to consider the two microbial kingdoms as simply competitive or cooperative (Agler et al., 2016; Durán et al., 2018). Because this is using correlation as a proxy for causality, one should be careful in presuming that a negative association indicates a competitive relationship or a positive association a cooperative relationship between bacteria and fungi. Here, with the help of community ecology, we describe the possible alternative interpretations of negative and positive correlations of individual fungi and bacteria and avenues to test these hypotheses.



Predator-prey interactions are underestimated in cross-kingdom networks

A negative correlation does not always imply competition; predation, often overlooked, is another possibility. Predator–prey interactions between bacterial and fungal species have been investigated (Pion et al., 2013; Rudnick et al., 2015; Ballhausen and de Boer, 2016; Swain et al., 2017). For example, the fungus Morchella reportedly rears and consumes Pseudomonas putida (Pion et al., 2013). Conversely, bacterial mycophagy has been found (Höppener-Ogawa et al., 2009; Ballhausen et al., 2015). Whether the predator is a generalist or a specialist determines the strength of the negative interactions. Generalist predators consume a range of prey species, whereas the feeding choice of specialist predators is restricted to a single species. Thus, specialist fungal/bacterial predation relationships have stronger negative correlations than generalists. Although studies have shown the presence of individual cases of predator–prey relationship between bacteria and fungi, not much empirical research has been done to show how these relationships impact the overall community structure.

Discriminating competition and predation is important because of their different effects on microbiome properties such as stability and invasiveness (Case, 1990; May, 2019). Microbial communities are thought to have a stable equilibrium to which the community returns after perturbations, stochastic events, and temporal changes (Beisner et al., 2003; Lozupone et al., 2012). Simulations indicate that competitive and mutualistic interactions destabilize, whereas predator–prey interactions stabilize the community (Allesina and Tang, 2012). For example, generalist predators (e.g., protists) coexist with prey species in multitrophic systems and stabilize the community by resource partitioning between predators and ensuring the availability of resources for prey (e.g., bacteria; Johnke et al., 2017).

Despite its importance, the predator–prey relationship has been scarcely studied in cross-kingdom co-occurrence networks due to a need for additional validation. With only the co-occurrence network, it is hard to discern predation from competition, because constructed co-occurrence networks are mostly undirected, having no direction in their edges. To circumvent this limitation, one computational strategy is to use time-series abundance data as described in the previous section to compute the community matrix A in the gLV model. When Aij < 0 and Aji > 0, we can say that species i preys on species j. Conversely, if Aij < 0 and Aji < 0, we can assume that species i and j are in a competitive relationship. However, a simulation study reported that interaction patterns in predator–prey communities were relatively harder to predict compared to those in competitive communities (Hirano and Takemoto, 2019). Therefore, we can supplement sequencing-based methods with experimental methods such as microfluidics, microscopy, and stable isotope probing (Mandolini et al., 2021). Microfluidics will help emulate the natural plant microbiome environment but simplify it so that we can observe predator–prey behavior, and thus it will enable relatively high-throughput screening of predation. In a recreated environment or natural environment, we can use microscopy accompanied by taxa-specific staining (FISH) to track the physical interactions of bacterial and fungal strains. Because microscopic methods might not be sufficient to verify one species consuming another, 13C-labeled bacteria or fungi can be deployed to detect whether the predator consumed the isotope-labeled species in microcosm experiments.



Positive edges may not be cooperation but alleviated competition: Co-existence

Positive associations between bacteria and fungi are commonly regarded as cooperative interactions such as mutualism and facilitation. Facilitation is defined as an interaction in which the presence of one species alters the environment in a way that enhances the growth, survival, or reproduction of a second, neighboring species (Bronstein, 2009). These facilitation mechanisms are abundant in bacterial-fungal interactions (BFIs). Fungi serve as foundation species in the microbiome by providing structural networks for bacterial transport (i.e., the fungal highway; Kohlmeier et al., 2005). Fungal mycelia facilitate bacterial movement to nutrient reservoirs previously unreachable (Worrich et al., 2016) or provide access to fungal metabolites (Stopnisek et al., 2016). Bacteria can also benefit fungal communities; bacterial antibiotic treatments significantly impaired fungal growth and secondary metabolite production (Vahdatzadeh et al., 2015; Mondo et al., 2017; Schulz-Bohm et al., 2017; Uehling et al., 2017).

Mutualism, arguably a subset of facilitation, is a reciprocally positive interaction between species (Mittelbach and McGill, 2019). The mutualism of bacteria and fungi can be too specific to be detected in co-occurrence networks but is pervasive (Lastovetsky et al., 2016; Salvioli et al., 2016; Vannini et al., 2016; Li et al., 2017; Jung et al., 2018). The endosymbiont bacterium Paraburkholderia rhizoxinica, which inhabits fungal cytoplasm, provides its host Rhizopus microsporus with a toxin that confers pathogenicity on rice (Partida-Martinez and Hertweck, 2005). Without the vertically transferred endobacteria, the fungus stops asexual sporulation and significantly decreases mating (Mondo et al., 2017). The seed-borne plant pathogenic bacterium Burkholderia glumae and the plant pathogenic fungus Fusarium graminearum interact to promote bacterial survival, bacterial and fungal dispersal, and disease severity in rice plants, despite the production of antifungal toxoflavin by the bacteria (Jung et al., 2018).

Positive edges between fungi and bacteria may lead to the notion that bacterial-fungal interactions are cooperative. Facilitation, mutualism, and symbiosis are indeed contributors to positive correlations, but that does not rule out the competition. Bacteria and fungi can show positive correlations while competing under conditions of spatial, temporal heterogeneity, and constant dispersal (Mittelbach and McGill, 2019).

To achieve stable coexistence and positive correlations, niche separation in space or time may be required. Fungal mycelial structures provide unique niches for bacterial colonization: i.e., the mycosphere (Frey-Klett et al., 2011). In soil or plant roots, bacteria colonize the mycospheres of diverse basidiomycetous fungi (Warmink et al., 2009). Fungal mycelia add spatial variation to the microbiome, thus promoting species coexistence. Temporal heterogeneity, which may be caused by fluctuations of nutrient type and level in the human gut or plant rhizosphere, also enables species coexistence, as in nectar yeasts (Letten et al., 2018). The other coexistence scenario is dispersal. The constant supply of species by dispersal could exceed the rate of competitive exclusion. This source-sink coexistence is particularly plausible because of the specialized dispersal structures of fungi (i.e., spores) and bacterial aerosols. For example, fungal endophytes colonizing plants are transmitted horizontally among hosts and vertically via seed infections (Rodriguez et al., 2009). The ease of microbial dispersal facilitates stable coexistence.

To validate the mechanism behind the positive relationship between bacterial and fungal species in networks, pair-wise interaction can be examined again with the help of microcosm experiments, microfluidics, microscopy, and stable isotope probing (Mandolini et al., 2021). With the microfluidic spatial design, fungal hyphae were observed to facilitate bacterial dispersal (Mafla-Endara et al., 2021). If the mechanism is resource mediated, microcosm experiments with known resources and communities can help quantitatively understand co-existence using the consumer-resource model. To study the effect of spatial and temporal heterogeneity on bacterial-fungal co-existence, one can examine co-existence profiles and networks under varying degrees of spatial/temporal heterogeneity (Gravuer et al., 2020; Shi et al., 2021), and then compare the result to the bacteria-fungi co-culture without spatial/temporal heterogeneity. If the bacteria and fungi cannot co-exist in a homogeneous environment but can co-exist in heterogeneous conditions, this will indicate coexistence through niche separation of time or space.



Positive edges require stable cooperation: Black queen hypothesis

To explain the evolution of cooperation by Darwinian natural selection, unless the problem of cheaters is unresolved, the Black Queen hypothesis maintains that microbes shed necessary functions based on self-interest and depend on other organisms for those functions (Morris et al., 2012). Bacterial and fungal functions are often leaky, meaning that they produce resources that benefit others, such as the detoxifying activity of catalase-peroxidase and iron chelators to solubilize iron. Natural selection disfavors communities with large cheater populations because community-level efficiency is decreased when secretion genotypes are concentrated in a few microbes. For natural selection to favor cooperating secretors, there must be a moderate level of genotype mixing of beneficial traits (Oliveira et al., 2014). Many secretion systems are related to the horizontal gene transfer in bacteria (Nogueira et al., 2009; Rankin et al., 2011). Also, inter-kingdom horizontal gene transfer occurs frequently in the mycosphere (Bruto et al., 2014; Nazir et al., 2017; Li et al., 2018). Furthermore, the positive effects of mutualism must be limited to avoid destabilizing the microbial community because mutualism could create a continuous positive feedback loop (Allesina and Tang, 2012). Cooperative interactions could be stabilized by negative density dependence or mutualistic effects that decrease with age or growth stage (Mittelbach and McGill, 2019). Therefore, positive correlations in cross-kingdom inference networks could be explained by the creation of stable cooperation, when there are beneficial leaky traits, horizontal gene transfer of those traits, and moderation of positive feedback loops. To experimentally validate these hypotheses, we can utilize stable isotope probing for tracking leaky compounds and use a genomics approach to detect horizontal gene transfer by constructing phylogenetic trees with horizontal gene transfer candidate genes (Jaramillo et al., 2015).




Future directions: Incorporating abiotic and biotic environmental factors into cross-kingdom networks

We have discussed how to interpret and validate cross-kingdom networks at the community and individual species-to-species level. Ultimately, it is imperative to contextualize these network interpretations within different environmental factors, because cross-kingdom microbial interactions are sensitive to (a) resource availability, (b) environmental stress, and (c) the host (Chen et al., 2019; Ritter et al., 2021). Regarding resource and environmental stress, the gradient of environmental harshness can influence the relative importance of negative and positive interactions among species (i.e., the stress gradient hypothesis; Mittelbach and McGill, 2019). In benign environments, competitive interactions may dominate, whereas, in stressful environments, facilitative interactions may become more important. For example, increased organic input was correlated with a greater rate of negative interactions between bacteria and fungi (Zheng et al., 2018). Investigating the effects on cross-kingdom ecosystems of resource, environmental stress, space, and time is essential to understanding the responses to environmental factors of complex systems.

Additionally, the host must be incorporated into cross-kingdom microbiome research. The change in host phenotype can systematically alter the cross-kingdom microbial network, indirectly mediating fungal-bacterial interactions. For example, plant immune response can alter rhizosphere community structure (Dudenhöffer et al., 2016; Berendsen et al., 2018) where the bacteria or fungi induce systemic acquired resistance in plants, in turn causing changes in the fungal/bacterial community (Carrión et al., 2019; Seybold et al., 2020). In a study, a plant bacterial endophyte consortium induced local or systemic resistance to fungal pathogens in the roots (Carrión et al., 2019). By contrast, the fungal pathogen Zymoseptoria tritici indirectly altered bacterial species abundance by suppressing immune-related plant metabolism, making wheat vulnerable to further infection (Seybold et al., 2020). Therefore, the host effect on bacterial-fungal interactions should also be incorporated as a cause of shifts in fungal-bacterial interactions in cross-kingdom co-occurrence networks.



Conclusion

In systems where microbes from diverse kingdoms affect the host, investigation of only bacteria might miss important aspects of the microbiome. The low cost of sequencing and the availability of computational tools enable the construction of cross-kingdom co-occurrence networks. Therefore, researchers can include multiple microbial kingdoms at a marginal cost to discover the effect of multi-kingdom interactions on the network during environmental change, including host evolution. To exploit the full potential of the cross-kingdom co-occurrence network, it can be complemented by community ecology models and theories. For example, gLV and consumer-resource models complement cross-kingdom networks by providing a dynamic, mechanistic summary of cross-kingdom interactions at the community level. Furthermore, ecological theories make us rethink negative and positive edges, mostly thought of as competition or cooperation. For instance, negative links in networks can be ascribed to predation as well as competition. Positive links can result from stable coexistence due to spatiotemporal heterogeneity and source-sink dynamics. Finally, these ecological interpretations can change due to abiotic/biotic environments, and thus should be always accompanied by explanations of resources, stress gradients, and the host. Ultimately, we hope this perspective will promote the use of cross-kingdom co-occurrence networks by helping researchers interpret the ecological implications of plant microbiome cross-kingdom co-occurrence networks.
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Appendix

Plant microbiome: The microbiome is the microbial consortium associated with a host or a defined non-host-related environment. The plant microbiome is the microbial community associated with host plant health, fitness, ecology, or evolution. It could reside within plant tissue (endophyte), on the surface of plant tissue (epiphyte), or close to the root system (rhizosphere).

Plant domestication: In the last 12,000 years, humans have used various strategies to artificially select and breed plant species or varieties that suit their needs, such as larger harvest or seed/fruit size. This transition to crops from their wild counterparts is plant domestication.

Biotic and abiotic factors: The ecosystem can be categorized as biotic or abiotic factors. Biotic factors are living organisms and abiotic factors are non-living components, such as water, air, or space.

Co-occurrence network: A co-occurrence network is a graphical visualization of species correlations and consists of links and nodes. The raw data table lists abundance values with the rows being samples and columns being species. After calculating the correlation of species abundance across samples, cutoff correlation coefficients and p-values for generating links are determined. In microbial community co-occurrence networks, the nodes are taxa, and the links indicate (significant) correlations of the abundances of two taxa. Links can have positive or negative correlation coefficients. Here, links typically do not have a direction, resulting in an undirected network.

Cross-kingdom network: A cross-kingdom network is a cross-kingdom co-occurrence network. The cross-kingdom co-occurrence network is a co-occurrence network using abundance data on multiple microbial kingdoms.

Edges, Vertices: Edges are the links of a network and vertices are its nodes.

Network centrality: Network centrality is a measure of node importance considering the network structure. Network centrality includes degree centrality, betweenness centrality, closeness centrality, and eigenvector centrality.

Hub species: Hub species are represented by nodes in the network with the largest network centrality values such as degree centrality, betweenness centrality, and eigenvector centrality.

Keystone species: Keystone species are nodes with a disproportionate destabilizing effect on the community upon their removal. Keystone species and hub species can overlap, but not all keystone species are hubs (Agler et al., 2016).

Degree: Degree centrality is the simplest measure of network centrality. The importance of a node is measured by the number of edges connected thereto.

Betweenness centrality: Betweenness centrality is the proportion of cases in which a node lies on the shortest path between all pairs of other nodes. Thus, betweenness centrality measures node importance in terms of the extent to which a node lies on paths between other nodes.

Eigenvector centrality: Eigenvector centrality or eigenvector’s centrality measures node importance as a function of the importance of its neighboring nodes. This is because not all neighboring nodes are necessarily equivalent. For example, a node with 100 less important neighbors would have lower eigenvector centrality than a node with 100 more important neighbors, despite their degree centrality being identical.

Robustness: Network robustness measures the ability of the network to maintain functionality following sequential node removal/attack. Here, we measured functionality as the size (the number of nodes) of the largest component.

Largest component: A component is a subset of nodes in which there is at least one path from each member of that subset to each other member. The largest component is the component with the largest number of nodes.

Connectance: Network connectance is the fraction of all possible links that are realized in a network (Dunne et al., 2002).

Modularity: Network modularity is the number of edges falling within groups minus the expected number in an equivalent network with edges placed at random. Modularity can be positive or negative, with positive values indicating the presence of community structure. Therefore, community structure can be evaluated by assessing the partitions of a network with large positive modularity values (Newman, 2006).

Transitivity: Network transitivity is the probability of the network having adjacent interconnected nodes. Network transitivity can identify tightly connected communities (or clusters, subgroups, cliques).

Nestedness: Network nestedness measures the tendency for nodes to interact with subsets of the interaction partners of better-connected nodes (Mariani et al., 2019).

Niche: An ecological niche is the range of conditions necessary for the persistence of a species, and includes resources, predators, time, and space.
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Ectomycorrhizal (ECM) symbioses play an important role in tree biology and forest ecology. However, little is known on the composition of bacterial and fungal communities associated to ECM roots. In the present study, we surveyed the bacterial and fungal microbiome of ECM roots from stone oaks (Lithocarpus spp.) and Yunnan pines (Pinus yunnanensis) in the subtropical forests of the Ailao Mountains (Yunnan, China). The bacterial community was dominated by species pertaining to Rhizobiales and Acidobacteriales, whereas the fungal community was mainly composed of species belonging to the Russulales and Thelephorales. While the bacterial microbiome hosted by ECM roots from stone oaks and Yunnan pines was very similar, the mycobiome of these host trees was strikingly distinct. The microbial networks for bacterial and fungal communities showed a higher complexity in Lithocarpus ECM roots compared to Pinus ECM roots, but their modularity was higher in Pinus ECM roots. Seasonality also significantly influenced the fungal diversity and their co-occurrence network complexity. Our findings thus suggest that the community structure of fungi establishing and colonizing ECM roots can be influenced by the local soil/host tree environment and seasonality. These results expand our knowledge of the ECM root microbiome and its diversity in subtropical forest ecosystems.

KEYWORDS
 mycorrhizal symbioses, community structure, evergreen forest, season, host impact


Introduction

Boreal, temperate and tropical forests are major terrestrial biomes and host a large part of the plant, animal and microbial diversity (Baldrian, 2017). Importantly, forests play a crucial role in global climate regulation (Pan et al., 2011; Pohjanmies et al., 2017; Mishra et al., 2020). Forest trees are tightly associated to soil microorganisms, including widespread beneficial mycorrhizal associations (van der Heijden et al., 2015). Ectomycorrhizal (ECM) fungi colonize up to 95% of tree root tips in temperate, boreal and subtropical forest ecosystems—biomes that make up much of the global terrestrial carbon sink. These root-colonizing fungi receive photosynthetically-fixed carbon from their host plants in exchange for plant growth-limiting soil nutrients, such as nitrogen and phosphorus, and they are key players in soil carbon sequestration. Apart from improving tree nutrition, symbiotic fungi also enhance plant resistance against abiotic and biotic stresses (van der Heijden et al., 2015; Nehls and Plassard, 2018; Dreischhoff et al., 2020). Together with other commensal and endophytic bacteria and fungi, ECM symbionts constitute the plant microbiome which significantly expands the genomic potential of the host as it serves functions that support host development, growth and nutrition (Berendsen et al., 2012; Turner et al., 2013; Berg et al., 2014; Beckers et al., 2017). Mycorrhizal roots represent an important niche for soil bacteria and fungi (Garbaye, 1994; Perotto and Bonfante, 1997; Bending et al., 2002; Frey Klett et al., 2007; Marupakula et al., 2016). However, the factors influencing the composition and structure of the microbial communities inhabiting ECM roots and their interactions are still poorly known. Given the importance of ECM fungi in tree biology and forest ecology, there is thus a need for a better understanding of the mechanisms driving the assembly of bacterial and fungal communities in ECM roots.

Izumi et al. (2007) identified that the most abundant cultivable bacteria found in Pinus nigra roots colonized by the fungal ECM fungi Suillus variegatus and Tomentellopsis submollis pertained to the Pseudomonas, Burkholderia and Bacillus genera. Further studies have shown that the zone adjacent to hyphal tips of arbuscular mycorrhizal fungi (AMF), the so-called hyphosphere, hosted a wide range of bacteria belonging to the Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria, Chloroflexi, Planctomycetes and Verrucomicrobia (Marupakula et al., 2016; Emmett et al., 2021). Bacterial populations were much higher in the rhizosphere compared to the hyphosphere and a striking shift in the bacterial composition between the hyphosphere and the rhizosphere has been reported (Andrade et al., 1997; Frey Klett et al., 2007). Bacillus and Arthrobacter were frequently found in the hyphosphere, while Pseudomonas dominated in the rhizosphere soil confirming the effect of mycorrhizal fungi on bacterial composition (Frey Klett et al., 2007; Gahan and Schmalenberger, 2015; Zhang et al., 2021). In Betula pubescens, it has also been shown that different ECM associations hosted distinctive bacterial and fungal microbiomes (Izumi and Finlay, 2011). Carbon compounds, such as trehalose, released by the fungal mycelium likely promote bacterial growth and the mycelial networks may facilitate bacterial co-migration in soil (Frey Klett et al., 2007; Nazir et al., 2010; Warmink et al., 2011). On the other hand, the direct access of ECM fungi to glucose released by root cells entails a competitive advantage over other soilborne microbes. Thus, the presence of ECM fungi can, in some circumstances, lead to suppressed growth and respiration by other soil microorganisms, such as saprotrophic fungi, thereby further increasing belowground carbon sequestration. In turn, bacteria have beneficial effects on symbiotic fungi; Burkholderia BS001 is able to protect its fungal host from the detrimental effect of antifungal agents (Nazir et al., 2014), whereas some mycorrhiza-associated bacteria produce compounds that are antagonistic to plant pathogens (Riedlinger et al., 2006; Frey Klett et al., 2007). Pseudomonas and Bacillus of the AMF hyphosphere mobilize soil inorganic phosphorus (Wang et al., 2016). Mycorrhizal helper bacteria play a role in diverse key functions, including germination of fungal propagules, promotion of mycelial growth, reduction of soil-mediated stresses and affect host recognition (Garbaye, 1994; Perotto and Bonfante, 1997; Bending et al., 2002; Frey Klett et al., 2007; Aspray et al., 2013; Marupakula et al., 2016; Zhang et al., 2021).

Biotic and abiotic factors strongly influence the composition of bacterial and fungal communities. Plant developmental stages shape the assembly patterns of the plant microbiome (Xiong et al., 2021a), including the community of ECM fungi. The composition of the microbiome inhabiting ECM roots is modulated by the host tree genotype and physiology, but also by rhizospheric microorganisms, soil properties and seasonality (Frey Klett et al., 2007; Izumi and Finlay, 2011; Bonito et al., 2014; Deveau, 2016). Analysis of the core bacterial microbiome of ECM roots suggested that it is not influenced by the species of ECM fungi, while roots play an important role in shaping its composition (Marupakula et al., 2016). However, the contribution and importance of tree species on the ECM microbiome composition remain poorly understood. A deeper knowledge of the mechanisms that govern the assemblage of microbial communities in ECM roots is needed to better understand and predict the greater ecosystem impacts of ECM associations. This includes determining how the host affects the microbiome composition, as well as how ECM fungi impact their associated microbes.

In a companion study, we surveyed by metabarcoding sequencing, the diversity and composition of soil bacteria and fungi in an old-growth forest, dominated by stone oaks (Lithocarpus spp.) and in a secondary Yunnan pine woodland in the subtropical Ailao Mountains in the Yunnan province, China (Zeng et al., 2022). Limited information exists on the alterations of soil microbiological characteristics in subtropical montane forests, while little is known of how the microbiome distribution pattern, life history and functional traits vary during forest replacement, e.g., old-growth Lithocarpus forest versus native pine woodlands. We therefore assessed the effect of forest replacement and other environmental factors, including soil horizons, soil physicochemical characteristics and seasonality (monsoon vs. dry seasons). We showed that tree composition and variation in soil properties were major drivers for both soil bacterial and fungal communities, with a significant influence from seasonality. ECM symbionts dominated the functional fungal guilds. Owing to the importance of the ECM fungal community, we aimed here to characterize the fungal and bacterial microbiomes of ECM roots from stone oaks and Yunnan pines. We have used culture-independent, high-throughput ribosomal DNA amplicon sequencing to investigate variation patterns in bacterial and fungal communities associated to ECM roots. We hypothesized that (1) tree species would be the primary factor shaping the ECM root microbiome due to host selection effects and (2) the microbial composition would differ with environmental factors, such as seasonality.



Materials and methods


Experimental design and sample collection

The sampling site was located in the Ailaoshan National Forest Ecosystem Research Station in Jingdong country, Yunnan Province (24°31′ N, 101°01′ E). The Ailaoshan lie between the southern and northern subtropical forest formations in a transition area. The most extensive forest ecosystem is a contiguous primary, old-growth broadleaf evergreen stone oaks (Lithocarpus) association which covers 75–80% of the region (Young et al., 1992). Two types of forests, dominated by Lithocarpus sp. and Pinus yunnanensis, were selected in this study. The stone oaks (Lithocarpus) old-growth forest, lies in a protected area of 5,100 ha of evergreen forest with a stand age of more than 300 years (Song et al., 2017). The upper canopy of the forest is 18 to 25 m high. Diameter at breast height (DBH) of the selected stone oaks ranged from 75 to 180 cm. The soils are loamy Alfisols (Chan et al., 2006; Wen et al., 2017). The nearby Pinus woodland replaced evergreen old-growth broadleaf stands about 55–65 years ago (Young and Wang, 1989). The pine woodland was located in an open, park-like area with a minimum of human interference. The DBH of the selected pine trees ranged from 65 to 95 cm. Although these two forest associations are located a dozens of km apart, they had few plant species in common. In this area, the annual mean temperature is 11.6°C and the mean annual precipitation is 1799 mm, 86% of which occurs during the wet season from May to October (Song et al., 2017). Sample collection in these two forests was performed in April and August 2020, corresponding to the end of the dry season and wet seasons, respectively.

Both stone oaks and Yunnan pines are known to form ECM associations. We collected ECM root samples in six plots, three located beneath stone oaks and three located beneath Yunnan pines. Individual plots were separated by ~100 m and the area of each plot was ~900 m2. In each plot, four individual adult trees, separated by 5 m to 15 m, were selected for ECM root collection. For each tree, two samples were collected at 1 m (north and south) from the base of the trunk. We sampled the ECM root tips and ECM root cluster found in a series of soil samples (20 × 20 cm, depth of 0–30 cm). In total, 96 samples were collected for microbial community DNA analysis (2 sites × 3 plots × 4 trees × 2 directions × 2 seasons). ECM root tips and clusters were separated from the main root system using forceps and a cutter, and any remaining soil particles attached to ECM roots or ECM root clusters (Supplementary Figure S1) were carefully removed using forceps and distilled water. ECM roots were distinguished based on external morphological characteristics (i.e., presence of a fungal mantle, forked pine roots, clustered roots). Between 10 to 100 ECM roots were harvested per replicate and snap frozen in dry ice until brought back to the Kunming Institute of Botany (KIB) where root samples were stored at −80°C prior to DNA extraction.



DNA extraction, gene amplification and sequencing

Total DNA was extracted from ECM roots using a modified CTAB protocol (Maropola et al., 2015). In brief, 850 μl CTAB buffer (1 M Tris–HCl, 4 M NaCl, 0.5 M EDTA, 2% CTAB, 0.2% β-mercaptoethanol) was added to ECM roots and incubated at 65°C for 1 h, followed by the addition of 850 μl 24:1 (v/v) chloroform/isoamyl alcohol solution. The tubes were vortexed for 10 min and centrifuged (12,000 rpm, 10 min). The supernatant was collected in a new tube and 850 μl chloroform/isoamyl solution was added to the samples. Next, the tube was vortexed for 10 min and centrifuged (12,000 rpm, 10 min). Equal volumes of ice-cold isopropanol were added to the supernatants collected in a fresh tube and mixed by inverting, followed by incubation at-20°C for 24 h and centrifugation (12,000 rpm, 30 min). The supernatants were discarded and DNA pellets were washed twice with 800 μl 75% ethanol and eluted following centrifugation (12,000 rpm, 3 min). The DNA pellets were air-dried and then resuspended in 80 μl ddH2O before storing at-20°C. The concentration and quality of DNA were determined using the Nanodrop ONE spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States).

Bacterial and fungal communities were analyzed by high-throughput DNA metabarcoding sequencing. Bacterial communities were profiled by targeting a region of the 16S rRNA using the primer pairs 515F/806R. The composition of the fungal community was assessed by targeting the internal transcribed spacers (ITS). The ITS1 primers were used to amplify the samples collected during the dry and wet seasons, whereas the 16S and ITS2 primers were only used to amplify the samples collected during the wet season. We sequenced both the ITS1 and ITS2 regions using the primer pairs ITS1F/ITS2 and ITS86/ITS4, respectively (Caporaso et al., 2011; De Beeck et al., 2014). All PCR reactions were performed in 30 μl volume with 15 μl of Phusion® high-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM each of forward and reverse primers and 10 ng template DNA. PCR amplifications were performed using the following program: 1 min initial denaturation at 98°C, 30 cycles of 10 s at 98°C, 30 s at 50°C, and 30 s at 72°C, with a final 5 min elongation at 72°C. Libraries were generated using the Illumina TruSeq DNA PCR-Free Library Preparation Kit (Illumina, United States) following the manufacturer’s recommendations and index codes were added. The library quality was assessed using the Qubit 2.0 Fluorometer (Thermo Scientific) and on the Agilent Bioanalyzer 2,100 system. All samples were pooled in equimolar concentrations and subsequently sequenced on the Illumina NovaSeq platform with a paired-end protocol by Novogene Biotech Co., Ltd. (Beijing, China).



Bioinformatic processing of the sequences

Amplicon data were analyzed using a combination of VSEARCH v2.13.3 and QIIME 1.9.1. softwares (Caporaso et al., 2010; Zgadzaj et al., 2016). Raw sequences were split based on their unique barcodes and the primer sequences, and low-quality sequences were trimmed off using an in-house script. Next, the paired-end sequences were merged using the USEARCH software v11.0.667 and the resultant sequences were quality-filtered. Singletons were removed using VSEARCH. The sequence reads were then clustered into operational taxonomic units (OTUs) at 97% similarity level using the UPARSE pipeline. Chimeric sequences that were identified using the reference-based methods were removed from the data. Representative sequences were classified using the BLAST algorithm with SILVA v.13.2 and UNITE v8.0 reference databases (Quast et al., 2013; Nilsson et al., 2019). Mitochondrial and chloroplast DNA sequences, as well as the OTUs with a total relative abundance of <0.00001 in all samples were discarded. The raw sequencing data have been submitted to the Sequence Read Archive under the accession number PRJNA820166 (16S and ITS2) and PRJNA782391 (ITS1).



Statistical analysis

To assess alpha-diversity indices, a rarefaction step of sequence reads was performed to obtain the same amount of reads among samples, i.e., 29,715, 34,997 and 6,744 reads, corresponding to the lowest number of sequenced reads per sample, for 16S, ITS1 and ITS2 amplicons, respectively. The cumulative sum scaling (CSS) was used as a normalization method for beta-diversity analysis. A principal coordinate analysis (PCoA) was performed using the cmdscale function in the vegan packages. Bacterial and fungal alpha-diversity (observed OTUs and Shannon index) was calculated using QIIME. The observed significant differences were evaluated by one-way ANOVA (analysis of variance). Bacterial and fungal beta-diversity was estimated according to the Bray-Curtis distance between samples. Permutational multivariate ANOVA (PERMANOVA) statistical tests were performed using the R packages, vegan, with the adonis function having 999 or 1,000 permutations (Xiong et al., 2021b).

Venn diagrams were drawn using the OECloud tools (https://cloud.oebiotech.cn) to analyze the overlapping and unique OTUs between Lithocarpus and Pinus samples. Differential abundance between Lithocarpus and Pinus samples was assessed at phylum and class levels using the STAMP software and Welch’s tests followed by Benjamini-Hochberg FDR corrections (Parks et al., 2014). This analysis was also performed at OTUs level using the Edge’s generalized linear model (GLM) in the “edgeR” packages, with trimmed mean of M-values (TMM) normalization method and a threshold of significance set at p < 0.05 (Robinson et al., 2010). To identify the biomarkers of different tree species and sampling season, a linear discriminant analysis effect size (LEfSe) was employed (Wilcoxon value of p <0.05, logarithmic LDA (linear discriminant analysis) score > 2; http://huttenhower.sph.harvard.edu/galaxy; Segata et al., 2011). To elucidate the microbial interactions taking place in the two forest associations and at different sampling seasons, microbial association networks were created using the OTU tables. To reduce network complexity, OTUs present in all samples for bacterial and 40% or 60% samples for fungal communities were selected to construct the co-occurrence networks (Xiong et al., 2021b). Spearman’s correlation coefficient between two OTUs were considered statistically robust at ρ > 0.6 with a corresponding value of p of <0.01 (Barberan et al., 2014). The pairwise comparisons based on abundances were performed using the rcorr function in the “Hmisc” package and the value of p was adjusted using the Benjamini-Hochberg method (Zhu et al., 2019). Co-occurrence networks were obtained, with each node representing one OTU and each edge denoting a strong and significant connection. Network visualization and calculations of network topological properties (e.g., degree and modularity) were performed using the interactive Gephi platform (Xiong et al., 2021b). Cladograms for taxonomy were drawn using the R package Metacoder (Foster et al., 2017). All the statistical analyses for data were performed using the R software v3.6.0.




Results


Microbial diversity and networks in ECM roots

Bacterial and fungal communities associated to ECM roots of stone oaks and Yunnan pines were characterized by metabarcoding rDNA sequencing. In total, 4,791,454, 8,160,173 and 4,235,698 high-quality sequences were obtained and clustered into 6,081, 1,284 and 916 OTUs for 16S, ITS1 and ITS2, respectively. Lithocarpus ECM roots had a significantly higher bacterial alpha-diversity (observed OTUs and Shannon index) than Pinus ECM roots (p < 0.01, one-way ANOVA, Figure 1A). This bacterial alpha-diversity was positively correlated to the tree circumference (DBH; p < 0.001) for Lithocarpus ECM samples, whereas this was not the case for Pinus ECM roots (Supplementary Figure S2). Pine ECM roots displayed a significantly higher fungal alpha-diversity than Lithocarpus ECM roots (Figures 1B,C). No correlation between this alpha-diversity and tree circumference was observed (Supplementary Figure S2).
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FIGURE 1
 Diversity of bacterial and fungal communities associated to Lithocarpus and Pinus ECM roots. Alpha-diversity measurements are based on the observed OTUs and Shannon index for the bacterial (A) and fungal (B, ITS1; C, ITS2) microbiomes. Unconstrained PCoA for beta-diversity using Bray-Curtis distances in bacterial (D) and fungal (E, ITS1; F, ITS2) communities identified in Lithocarpus and Pinus ECM roots. Statistical data analyses were performed using one-way ANOVA (**p < 0.01, ***p < 0.001). For the alpha-and beta-diversity analyses based on ITS1 sequences we used samples collected during both the dry and wet seasons, while for the analyses based on ITS2 sequences we only used the samples collected during the wet season.


Both bacterial and fungal beta-diversities were mainly impacted by the host tree (Lithocarpus vs. Pinus; R2 > 22%, p = 0.001). Seasonality also exerted a significant influence on the fungal community, but only accounted for a slight variation of the fungal OTU composition (9.79%; Figures 1D–F; Supplementary Table S1). The position of the soil sampling location relative to the tree trunk did not significantly influence the root microbiome (Supplementary Table S1).

To gain a deeper insight into the interactions among microorganisms, we performed a co-occurrence network analysis for each tree species. The microbial networks obtained for bacterial and fungal communities followed similar trends. Their complexity was higher in Lithocarpus ECM roots compared to Pinus ECM roots, but their modularity was higher in Pinus ECM roots (Figure 2; Table 1). We also detected more hub nodes in the networks associated with Lithocarpus ECM roots compared to Pinus ECM roots. Bacterial hub nodes pertained to the Actinobacteria and Proteobacteria phyla, whereas fungal hub nodes pertained to the Agaricomycetes class (Figure 2; Supplementary Table S2). The bacterial network associated with Lithocarpus ECM roots was enriched in OTUs pertaining to Planctomycetes (p < 0.05, fisher’s exact test, Supplementary Table S3). Fungal networks associated with Lithocarpus ECM roots were enriched in OTUs pertaining to Agaricomycetes (based on ITS1), whereas those associated with Pinus ECM roots were enriched in Eurotiomycetes and Archaeorhizomycetes OTUs (based on both ITS1 and ITS2).
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FIGURE 2
 The co-occurrence networks of bacterial and fungal OTUs in Lithocarpus and Pinus ECM roots. The nodes in the network are colored based on phylum and class level or modularity class. The edge thickness is proportional to the weight of each correlation and node size is proportional to the degree of each OTUs. The co-occurrence network analysis based on ITS1 sequences have been carried out using samples collected during the wet season only.




TABLE 1 Topological properties of the co-occurrence networks of Lithocarpus and Pinus ECM roots.
[image: Table1]



Composition of bacterial and fungal communities of ECM roots

The bacterial species identified in ECM roots belong to Proteobacteria (44.3%), Acidobacteria (20.3%), Actinobacteria (19.3%), Planctomycetes (4.5%) and Verrucomicrobia (3.7%). Rhizobiales (13.6%) and Acidobacteriales (13.2%) dominated this bacterial community leaving on the surface or inside ECM roots (Supplementary Figure S3). Pine ECM roots were enriched in Actinobacteria, Cyanobacteria, Tenericutes and Dependentiae with Actinobacteria being the most important biomarker taxa. Lithocarpus ECM roots were enriched in Acidobacteria, Bacteroidetes, Verrucomicrobia, Armatimonadetes and Planctomycetes with Acidobacteria being the most important biomarker taxa (Welch’s test, p < 0.05; Figure 3A; Supplementary Figure S4
A). Interestingly, Pinus ECM roots comprised a higher proportion of specific OTUs relative to Lithocarpus, while the latter had more significantly enriched OTUs (Figures 3B,C). OTUs annotated as Alphaproteobacteria, Actinobacteria, Thermoleophilia, Acidimicrobiia, Babeliae, Ktedonobacteria and Melainabacteria were more abundant in Pinus ECM roots, whereas Bacteroidia, Deltaproteobacteria, Verrucomicrobiae, Clostridia, Bacilli, Anaerolineae, Blastocatellia (subgroup 4) and Acidobacteria (subgroup 6) were more abundant in Lithocarpus-ECM roots (Fisher exact test, p < 0.05; Supplementary Table S4).
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FIGURE 3
 Tree species shape the microbial composition of ECM roots. (A) Differential abundance of bacterial and fungal OTUs in Lithocarpus and Pinus ECM roots. Welch’s tests followed by Benjamini-Hochberg FDR corrections were performed between Lithocarpus and Pinus ECM roots at phylum (bacterial OTUs) and class (fungal OTUs) levels. (B) The volcano plot shows the enriched OTUs in Lithocarpus and Pinus ECM roots. Each dot represents a single OTU. Each red dot represents an individual enriched OTUs in Lithocarpus ECM roots and each blue dot represents an individual enriched OTUs in Pinus ECM roots. The x-axis represents the fold-change in abundance and the y-axis represents the average OTUs abundance (in counts per million, CPM). (C) Venn diagrams showing the shared and specific bacterial and fungal OTUs among Lithocarpus and Pinus ECM roots. The ITS1 sequences used for this analysis were produced from samples harvested during both the dry and wet seasons.


In the stone oak old-growth forest and the pine woodlands in Ailaoshan, ECM fungi, such as Russula, Lactarius and Lactifluus in the Russulaceae, were the most abundant OTUs detected in the soil fungal community, irrespective of the soil layers and season (Zeng et al., 2022). As shown by the present analyses, the fungal community of ECM roots was significantly different between the tree species and the sampling season had also a significant influence on this root-associated mycobiome (Figure 1; Supplementary Table S1). It was dominated by Agaricomycetes with a total relative abundance of 65 to 78% based on ITS1 or ITS2 sequencing, respectively (Supplementary Figures S5, S6). The most abundant OTUs associated to Lithocarpus roots belong to ECM taxa, such as Russula, Tomentella and Laccaria, whereas Tomentella, Tylospora and Inocybe were dominant in pine roots (Supplementary Figures S5, S6). Of note, a large proportion of OTUs comprised unidentified fungal taxa. In addition, Leotiomycetes, Archaeorhizomycetes, Eurotiomycetes, Dothideomycetes, and Tremellomycetes was significantly higher in stone oak ECM roots, whereas Agaricomycetes, Saccharomycetes and Mortierellomycetes were significantly lower in pine ECM roots (Welch’s test, p < 0.05; Figure 3A). Notably, we found substantial differences in OTU distributions according to the rDNA ITS region used for metabarcoding (ITS1 vs. ITS2; Supplementary Figures S7, S8). For example, the LEfSe analysis identified Tomentella in the Thelephoraceae (Supplementary Figure S4) as the main biomarker taxa for Pinus ECM roots, while the ITS1-based survey identified Leotiomycetes and Archaeorhizomyces taxa (Supplementary Figure S4). For Lithocarpus ECM roots, Russula was the major biomarker taxa based on both ITS1-and ITS2-sequencing.

Enriched ITS1-related OTUs affiliated to Russulaceae, Sebacinaceae, Boletaceae, Cortinariaceae, Hydnangiaceae, Tricholomataceae, Leotiaceae, Cephalothecaceae and Mortierellaceae were more abundant in Lithocarpus, while those annotated as Herpotrichiellaceae, Myxotrichaceae, Aspergillaceae, Inocybaceae, and Trichocomaceae were more abundant in Pinus (Fisher’s exact test, p < 0.05; Supplementary Table S5). On the other hand, enriched ITS2-related OTUs belonging to Russulaceae, Hyaloscyphaceae, Tricholomataceae, Cortinariaceae, Hydnangiaceae, Sebacinaceae and Gomphaceae were more abundant in Lithocarpus, while those corresponding to Atheliaceae, Myxotrichaceae, Inocybaceae, Trichocomaceae and Vibrisseaceae were more abundant in Pinus (Fisher’s exact test, p < 0.05; Supplementary Table S6). This discrepancy in OTU distribution related to the ITS sequences used for metabarcoding has been reported previously (De Beeck et al., 2014; Supplementary Figure S8) and thus, use of both ITS1 and ITS2 sequences are recommended for OTU surveys.



Effect of seasonality on the fungal microbiome of ECM roots

The OTU richness and diversity of ECM roots sampled during the dry season were higher than those collected during the wet season. Notably, the observed OTU indexes for ECM roots harvested at the end of the dry season were significantly higher than those sampled at the end of the wet season (p < 0.05, one-way ANOVA; Figure 4A). Seasonality had a significant impact on beta-diversity (Supplementary Table S1). On our principal coordinate analysis (PCoA), the two main coordinates explained 39.24% of the variation, of which PC1 accounted for 25.64%, while PC2 for 13.6% of the total variation (Figure 4B).
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FIGURE 4
 Seasonality influences the fungal microbiome of ECM roots. (A) Alpha-diversity measurements are based on the observed OTUs and Shannon index for the fungal OTUs. Statistical data analyses were performed using one-way ANOVA (*p < 0.05). (B) PCoA of beta-diversity using Bray-Curtis distances for fungal OTUs. (C) Differential abundances of fungal OTUs in ECM roots at the end of the dry season (2020Dry) and at the end of the wet season (2020Wet). Welch’s tests followed by Benjamini-Hochberg FDR corrections were performed for different sampling seasons. (D) Co-occurrence networks in fungal communities at the end of the dry season (2020Dry) and at the end of the wet season (2020Wet). (E) Venn diagrams showing the shared and specific fungal OTUs identified at the end of the dry season (2020Dry) and at the end of the wet season (2020Wet). (F) The Volcano plot displays the enriched OTUs for each sampling season. Each dot represents a single out, while red and blue dots represent an individual enriched OTUs identified at the end of the dry season (2020Dry) and at the end of the wet season (2020Wet), respectively.


The complexity of the microbiome networks taking place in ECM roots was higher during the wet season by comparison to the dry season, but the annotated nodes were not significantly different (Figure 4D; Supplementary Table S7). We found a higher abundance of Eurotiomycetes and Leotiomycetes and a lower abundance of Mortierellomycetes in dry season-samples compared to the wet season-samples (Welch’s test, p < 0.05; Figure 4C). The Leotiomycetes class was identified as the most significant marker of the dry season and the Tomentella genus was the most significant marker of the wet season (Supplementary Figure S9); 362 OTUs (e.g., Aspergillaceae, Trichocomaceae, Helotiaceae) and 440 OTUs (e.g., Thelephoraceae, Boletaceae, Cordycipitaceae, Amanitaceae and Gomphaceae) were significantly enriched in the ECM roots collected at the end of the dry season and wet seasons, respectively (Fisher’s exact test, p < 0.05; Figures 4E,F; Supplementary Table S8).




Discussion

Forest trees are intimately associated with hundreds of microorganisms that contribute substantially to their biology. They are supra-organisms hosting a wide range of commensal, beneficial and detrimental bacteria and fungi. The tree with its associated microbiome—the collection of all microorganisms in a location—faces altered environmental conditions as a result of forest replacement and a rapidly changing climate. Characterizing the mechanisms shaping the tree microbiome is therefore required for a better understanding of tree fitness and adaptation to changing environments, and the ecology of forest ecosystems (Hacquard, 2016; Mishra et al., 2020; Hacquard et al., 2022). As tree roots are associated to hundreds of ECM fungi, there is a need to characterize the communities of bacteria and fungi inhabiting ECM roots (Garbaye, 1994; Perotto and Bonfante, 1997; Bending et al., 2002; Frey Klett et al., 2007; Marupakula et al., 2016). Several studies have characterized the bacterial communities associated with ECM roots (Izumi et al., 2007, 2008; Uroz et al., 2010; Vik et al., 2013; Nguyen and Bruns, 2015; Marupakula et al., 2016, 2017). On the other hand, little information is available on the fungal communities, i.e., the mycobiome, associated to ECM roots (Izumi and Finlay, 2011; Marjanović et al., 2020). In the present study, we surveyed both bacterial and fungal communities of roots from stone oaks and Yunnan pines, two dominant species of the subtropical forest associations found in the subtropical Ailaoshan. Our findings confirmed and extended previous studies in showing that the ECM microbiome is mainly shaped by the host tree. In addition, we found that seasonality had a significant effect on the fungal diversity and microbial network complexity of stone oak and pine ECMs.


Distribution of bacterial and fungal OTUs in Lithocarpus and Pinus ECM roots

The diversity and composition of the bacterial microbiome of stone oak and Yunnan pine ECM roots were very similar with Actinobacteria, Acidobacteria and Proteobacteria dominating this community. Previous studies have also failed to demonstrate substantial differences between bacterial microbiomes associated with ECM roots (Burke et al., 2006; Izumi et al., 2007). In contrast, Izumi et al. (2007) have shown that the roots of B. pubescens colonized by various ECM fungi hosted distinct bacterial and ascomycetous communities. One explanation to explain the observed discrepancies between studies may be differential flow of carbohydrates and other nutrients from ECM fungi to the bacteria depending on the host tree species and age. The lack of any systematic variation in bacterial community structure related to the presence or absence of particular ECM fungal symbionts may also be related to the fact that temporal variation may confound systematic effects of the dominant mycorrhizal host fungi on bacterial community structure (Marupakula et al., 2016). The dominant orders found in Lithocarpus and Pinus ECM roots were Acidobacteriales, Rhizobiales, Betaproteobacteriales and Frankiales. Further studies will be required to elucidate the functional significance of these bacterial taxa but there is a broad correspondence between the groups found here and those identified in other studies of ECM roots. The presence of a core bacterial microbiome in ECM roots suggests that many of the bacterial genera were persistent in different ECM roots (i.e., from stone oak and pine), although there were changes in their relative abundance. This study highlights the diversity of bacteria associated with roots of major tree species growing in subtropical forests.

The fungal microbiome of stone oak and pine ECM roots was strikingly different at the OTU level, suggesting that the two tree species are recruiting a different set of ECM symbionts. As a consequence, this diversity impacts the cortege of non-symbiotic fungi inhabiting ECM roots. Russula, Tomentella, Laccaria and Sebacina taxa were the most abundant OTUs in Lithocarpus ECM roots and they are those forming the sampled ECM roots. OTUs belonging to commensal/saprotrophic fungi were also identified, including Candida, Penicillium, Leotia and Oidiodendron taxa. In Pinus ECM roots, the symbiotic Tomentella and Tylospora taxa were abundant, but a large proportion of OTUs belong to saprotrophic and endophytic taxa, such as Archaeorhizomyces and Oidiodendron. Tree phenology and thus leaf litter, but also metabolites released by roots, have a major impact on the rhizospheric microbial communities and recruitment of ECM symbionts (Frey Klett et al., 2007; Boberg et al., 2014), likely explaining the differences observed here in the distribution of ECM symbionts. In addition to root exudates, hyphal exudates, such as trehalose, released by the various ECM fungi played an important role in recruiting bacterial and fungal microbiomes (Zhang et al., 2021). We have shown in our companion study (Zeng et al., 2022) that the edaphic features, such as soil pH and nutrient content, were significantly different in the Lithocarpus old-growth forest by comparison to the Pinus woodland. These differences in edaphic features influenced the soil microbial communities (Zeng et al., 2022), but also the ECM microbial communities (present study) as shown in other forest ecosystems (Peay et al., 2013; Liu et al., 2014, 2015; He et al., 2017). Given that soil microbial communities feed the plant microbiome, both the reservoir of microorganisms in soil adjacent to roots and the soil edaphic parameters strongly influence the plant microbiome (Frey Klett et al., 2007; Bonito et al., 2014).

Our results showed that the alpha-diversity of the bacterial community from Lithocarpus ECM roots was significantly higher than that of Pinus ECM roots, while the trend was reversed for the fungal microbiome. Moreover, the microbial network occurring in Lithocarpus ECM roots was higher than that of Pinus ECM roots with a significantly different OTU composition (Figures 1, 2). A positive relationship between the alpha-diversity and tree circumference of Lithocarpus for the bacterial community was observed (Supplementary Figure S2). Of note, it has been reported that the ECM alpha diversity is not strongly linked to tree growth, while variations in the beta diversity of ECM community is the strongest predictor of tree growth rate across Europe (Anthony et al., 2022).



Seasonality influences the ECM root mycobiome

The Ailaoshan resides in the center of the largest subtropical land area in the world (Young and Wang, 1989). This region is a major climatic border between China southwestern and southeastern monsoon systems, and the northern Himalaya Plateau. Influenced by the southwest and southeast monsoons, the climate of the Ailaoshan alternates between wet and dry conditions. Mean annual precipitation is 1799 mm, 86% of which occurs during the monsoon rainy season from May to October (Song et al., 2017). Therefore, seasonal variability in soil water content is substantial (Wu et al., 2014) and influences the soil microbial communities (Zeng et al., 2022). As soil water content affects the soil mycobiome composition (Zeng et al., 2022) and competition between ECM and saprotrophic fungi (Baldrian, 2017), we surveyed the ECM root mycobiome at the end of the wet or dry seasons. The alpha-diversity of the fungal community of ECM roots at the end of the dry season was higher than at the end of the wet season. Furthermore, samples collected during the dry season showed a higher abundance of saprotrophic Eurotiomycetes and Leotiomycetes, while ECM roots collected during the wet season were enriched in saprotrophic Mortierellomycetes. The observed seasonal changes in the ECM root mycobiome may be linked to variation in root metabolic activities. Frequent soil droughts taking place during the dry season may also favor ECM root senescence and decay, providing favorable conditions for the establishment of saprotrophic fungi.



Fungal identification biases

As reported in previous studies, the recovered taxonomic richness of the fungal community differs among selected barcode-primer pair combinations for amplifying the rDNA ITS (De Beeck et al., 2014; Tedersoo et al., 2015; Mbareche et al., 2020). ITS1 and ITS2 sequencing provided consistent results in ranking taxonomic richness and recovering the importance of tree species in driving fungal community composition in stone oak and pine ECM roots, except for the Archaeorhizomycetes and Tremellomycetes which were mainly detected by ITS1 sequencing and Lecanoromycetes was more abundant in ITS2 sequencing (Supplementary Figures S7, S8).




Conclusion

In conclusion, the present study provides new information about the identity and diversity of different bacterial and fungal microbiomes associated with different types of ECM associations from two major native tree species of a subtropical mountain forests. As reported previously, our results confirmed the major influence of the tree species on the composition of the ECM mycobiome. On the other hand, the bacterial communities associated with ECM roots were less influenced by the changes in the host tree and associated ECM fungal communities. This work paves the way for more detailed studies of the function expressed by the communities of ECM fungi and their associated communities of bacteria and fungi. A better understanding of the interactions between bacteria and fungi in the mycorrhizosphere of stone oaks and Yunnan pines will be critical to understand the soil–plant interface in the threatened subtropical forests.
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Oil tea (Camellia oleifera), mainly used to produce high-quality edible oil, is an important cash crop in China. Anthracnose of oil tea is a considerable factor that limits the yield of tea oil. In order to effectively control the anthracnose of oil tea, researchers have worked hard for many years, and great progress has been made in the research of oil tea anthracnose. For instance, researchers isolated a variety of Colletotrichum spp. from oil tea and found that Colletotrichum fructicola was the most popular pathogen in oil tea. At the same time, a variety of control methods have been explored, such as cultivating resistant varieties, pesticides, and biological control, etc. Furthermore, the research on the molecular pathogenesis of Colletotrichum spp. has also made good progress, such as the elaboration of the transcription factors and effector functions of Colletotrichum spp. The authors summarized the research status of the harm, pathogen types, control, and pathogenic molecular mechanism of oil tea anthracnose in order to provide theoretical support and new technical means for the green prevention and control of oil tea anthracnose.
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Introduction


Cultivation and application of oil tea

Oil tea generally refers to the Camellia genus, which has rich seed oil content that is produced and highly valuable (Chen, 2008). The history of extracting oil from oil teaseed in China can be traced back to 2,300 years ago (Zhuang, 2008). The main varieties of oil tea cultivated in China include Camellia yuhsienensis Hu, Camellia oleifera var monosperma, Camellia vietnamensis, and Camellia oleifera, among which the planting range of Ca. oleifera is the widest (Qin et al., 2018; Chen et al., 2021b). Tea oil extracted from the seed of oil tea is rich in unsaturated fatty acids and vitamin E and has unique nutritional value (Shi et al., 2020). Thus, oil tea is as famous as coconut, palm, and olive, and is also known as one of the four major woody oil plants in the world (Yang et al., 2016, 2020a). Moreover, the United Nations Food and Agriculture Organization (FAO) recommended tea oil as a high-quality and healthy vegetable oil, owing to its nutritional value and excellent storage quality (Chen et al., 2020b). In 2020, the area in China planted oil tea reached 45,333.3 km2; the output of tea oil reached 627,000 tons, and the output value of the tea oil industry reached 18 billion U.S. dollars, indicating that tea oil is highly valuable (Chen et al., 2021a).



Anthracnose of oil tea

Anthracnose of oil tea is a considerable factor that limits the yield of tea oil (Chen et al., 2020a; Li et al., 2021b). Anthracnose of oil tea is a considerable factor that limits the yield of tea oil (Chen et al., 2020a; Li et al., 2021b). The conidia of Colletotrichum spp. mainly infect the oil tea from the wound but also through the natural pore, such as stoma. Attached conidia germinate and differentiate dome-shaped appressoria on plant surfaces, underneath which penetration pegs form and penetrate epidermal cells. The pathogen then differentiates bulbous biotrophic hyphae, which are enveloped by an intact host plasma membrane; biotrophic hyphae spread across living host cells before differentiating thin necrotrophichyphae that kill and destroy host tissues (Münch et al., 2008; O'Connell et al., 2012).

Colletotrichum spp. primarily infect the leaves and fruits of the oil tea, leading to a 20–40% fruit drop and up to 40% seed loss (Jin et al., 2009; Zhu et al., 2015). In addition, the oil content of oil tea seeds infected by Colletotrichum spp. can be reduced by 50%. Moreover, the anthracnose of oil tea can also cause the germination of infected seeds, which facilitates the long-distance transmission of oil tea anthracnose (Yang, 2009). Therefore, under the conditions of appropriate humidity and ambient temperature, anthracnose of oil tea spreads rapidly and is difficult to control, causing substantial economic losses and seriously damaging the safety of edible oil in China (Liu et al., 2009; Deng, 2011). Colletotrichum spp. are also regarded as among the top 10 plant pathogenic fungi in the field of molecular plant pathology because of their strong pathogenicity and wide spread (Dean et al., 2012).

Colletotrichum spp. was first discovered by Tode in 1790 and named Vermicularia Tode (Tode, 1790). Then, it was further subdivided according to other morphological characteristics and named Colletotrichum Corda (Sturm, 1832; Sutton, 1992). With the development of molecular biology, more and more scholars used multi-gene lineage to identify Colletotrichum spp., which not only improved the accuracy of Colletotrichum spp. identification but also identified more species of Colletotrichum spp. Talkin has identified Colletotrichum spp. according to internal transcribed spacer (ITS), histone 4 (HIS4), and β-tubulin 2 (TUB2) gene polygenic sequences for the first time (Talhinhas et al., 2002).

Nowadays, more and more Colletotrichum spp. has been identified, and the Colletotrichum spp. that can infect oil tea mainly include Colletotrichum fructicola, Colletotrichum gloeosporioides, Colletotrichum horii, Colletotrichum siamense, Colletotrichum camelliae, and Colletotrichum boninense (Li et al., 2014, 2017). Approximately, 406 strains of Colletotrichum spp. were isolated from oil tea in 10 provinces of China by Li. The results showed that Co. fructicola was the most widely distributed in oil tea, so the prevention and the control of Co. fructicola were one of the key points of oil tea anthracnose control (Li, 2018). Co. fructicola is widely distributed and has many hosts, such as oil tea, apple, strawberry, mango, banana, coffee, and other plants of more than 50 species, among which oil tea is one of its main hosts (Prihastuti et al., 2009; Weir et al., 2012; Huang et al., 2013; Li et al., 2013; Diao et al., 2017). Although anthracnose of oil tea has attracted more and more attention, there are few effective control methods. The reason is that the pathogenic mechanism of Colletotrichum spp. and the immune mechanism of the host are not well understood.



Control of anthracnose of oil tea

The control of oil tea anthracnose can be divided into prevention and treatment. Breeding and planting resistant plants are important measures to prevent plant disease (Savchenko, 2017). Ca.yuhsienensis Hu, a species of oil tea, was once widely cultivated in central China because of its high quality, yield, and high resistance to anthracnose (Denton-Giles et al., 2013; Denton-Giles, 2014; Cao et al., 2017; Nie et al., 2020). In contrast to Ca. oleifera, which has the largest planting area, Ca. yuhsienensis is not generally infected by Colletotrichum spp. Yang et al. (2004) and Duan et al. (2005) found that Ca. yuhsienensis, Camellia octopetala Hu, Ca. oleifera Abel var. Huizhou-xiaohong and Ca. oleifera Abel var. Huizhou-dahong have resistance to Colletotrichum spp. (Yang et al., 2004; Duan et al., 2005). Moreover, Ca. yuhsienensis also showed strong resistance to other pathogens, such as Ciborinia camelliae (Denton-Giles et al., 2013; Denton-Giles, 2014; Saracchi et al., 2019; Li et al., 2020). Consequently, Ca. yuhsienensis, as a wild relative of Ca. oleifera, is widely used to breed varieties of oil tea (Nie et al., 2020).

After selecting suitable oil tea varieties, the seedling quarantine should be strictly controlled. When selecting seedlings and other reproductive materials, quality inspection must be carried out in accordance with national and regional standards to ensure the safety of various reproductive materials (Shan et al., 2019). After planting oil tea, the cultivation management should be strengthened to create environmental conditions that are not conducive to the survival, reproduction, and transmission of pathogen and are suitable for the growth of oil tea (Shu and Zhang, 2009).

When oil tea was infected with Colletotrichum spp., the treatment of anthracnose is primarily based on the use of chemical pesticides. For oil tea forest in the early stage of the anthracnose, Bordeaux mixture can be used for treatment. For oil tea forest in the late stage of the anthracnose, chlorothalonil, carbendazim, and thiophanate methyl can be used for treatment (Yu, 2019).

However, the abuse of pesticides not only easily causes environmental pollution but also leads to the emergence of pathogens resistant to pesticides (Holtappels et al., 2021). Therefore, biological control has been a hot spot in the research of oil tea anthracnose in recent years. Bacillus subtilis Y13 was isolated from healthy leaves of Ca. oleifera by Zhou. The results showed that its inhibitory rate on Colletotrichum spp. was 88.5% (Zhou et al., 2008). Bacillus velezensis HBMC–B05 was isolated from healthy leaves of Ca. oleifera by Shang. The results showed that its inhibitory rate on Colletotrichum spp. was 88.5% (Shang et al., 2021). Yu. (2019) further found that lipopeptides, various metabolites of antagonistic bacteria, had antagonistic effect on Colletotrichum spp. (Yu, 2019). Moreover, many strains were isolated, such as Bacillus subtilis R6, Paenibcillus kribbens Z17, Brevibacillus brevis Z26, Streptomvces globisporus subsp Globisporus F10, and Streptomyces albulus cf17. It was found that these strains could inhibit the growth of Colletotrichum spp. (Song et al., 2012).

In addition to antagonizing microorganisms, some elicitors can also improve the resistance of oil tea to Colletotrichum spp., such as salicylic acid (SA), methyl jasmonate (MeJA), and so on (Wang et al., 2022). Although the research on the control of oil tea anthracnose has made good progress, the anthracnose still puzzles the oil tea industry. The main reason is that the pathogenic mechanism of oil tea anthracnose has not been fully proved, which is difficult to provide theoretical guidance for the prevention and control of oil tea anthracnose. Therefore, to understand the pathogenic mechanism of oil tea anthracnose, the molecular mechanism of the interaction between plants and pathogens needs to be understood.



Pathogenic mechanism of anthracnose

The plant immune system includes pathogen-associated molecular pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (Jones and Dangl, 2006). PTI is triggered by plasma membrane-localized pattern recognition receptors (PRRs) specific recognition of pathogen-associated molecular pattern (PAMP) or damage-associated molecular patterns (DAMPs) (Dangl et al., 2013; Lo Presti et al., 2015; Ranf, 2017). Pathogens secrete effectors to inhibit PTI to promote infection. The resistance gene (R gene) of the host that can be activated by effectors induces hypersensitive reaction (HR) or programmed cell death (PCD) to inhibit the growth of pathogens (Jones and Dangl, 2006). PTI and ETI jointly limit the invasion of pathogens, and pathogens secrete new effectors again to promote infection (Ngou et al., 2021; Yuan et al., 2021). This is the “zigzag” plant immune model proposed by Jones, which expounds the molecular mechanism of the interaction between pathogens and plants (Jones and Dangl, 2006).

These inducible defenses are also associated with wide-ranging transcriptional and hormonal reprogramming in plants (Pieterse et al., 2012; Chen and Ding, 2020). For instance, hormones also play an important role in plant immune regulation. Among them, SA and jasmonic acid (JA) are considered as the main defense hormones, while others such as gibberellin (GAs), ethylene (ET), abscisic acid (ABA), brassinosteroids (BRS), auxin [indole-3-acetic acid (IAA)], cytokinin (CK), and nitric oxide (NO) are also the regulators of plant immune signal network (Browse, 2009; Pieterse et al., 2012; Wang et al., 2020b; Yang et al., 2020b; Zheng et al., 2020). These pathways and signals together construct the plant immune system.

Colletotrichum spp. is widely distributed and extremely destructive, and can infect almost all plants. Therefore, the pathogenic mechanism of anthracnose has always been a research hotspot (Hyde et al., 2009; Cannon et al., 2012). Great progress has been made in the characterization of a single pathogenic gene (Table 1). As early as 1999, Geffroy et al. (1999) found that the R gene of Phaseolus vulgaris has different resistance to Colletotrichum lindemuthianum from different sources. This result further expounded the relationship between Colletotrichum spp. and plant immunity (Geffroy et al., 1999). Subsequently, new R genes were found one after another. These results deepened the understanding of “gene to gene” theory (Melotto and Kelly, 2001; López et al., 2003; Zou et al., 2018). With the deepening of research, great progress has been made in the exploration of Colletotrichum spp., such as the elucidation of protein phosphorylation and dephosphorylation, mitogen-activated protein kinase (MAPK), and calmodulin signal, which is helpful to understand the growth and pathogenesis of Colletotrichum spp. (Dickman and Yarden, 1999; Kim et al., 2000; Takano et al., 2000; Chen and Dickman, 2002, 2004; Ha et al., 2003; Liang et al., 2019; Zhang et al., 2019).


TABLE 1 The partial genes currently characterized in Colletotrichum spp.

[image: Table 1]

Transcription factors also play a very important role in the growth and pathogenesis of Colletotrichum spp. Wang et al. (2020a) found that calcineurin-resonsive transcription factor CgCrzA was not only involved in regulating cell wall integrity but also in morphogenesis and virulence in Co. gloeosporioides, which proved the importance of the calmodulin signal to Colletotrichum spp. (Wang et al., 2020a). Liu found that the transcription factor CsBzip10 controls vegetative growth, asexual development, appressorium formation, and pathogenicity in Co. siamense (Liu and Li, 2019). Fu also found 10 transcription factors that affect growth and inhibit host immunity from Colletotrichum scovillei (Fu et al., 2021). Moreover, many important transcription factors have been found in Co. fructicola. Yao found that transcription factor CfHac1 plays critical roles in growth, conidiation, appressorium formation, and pathogenicity, and respond to osmotic stress in Co. fructicola (Yao et al., 2019). Li found that transcription factor CfVam7 is required for growth, endoplasmic reticulum stress response, and pathogenicity of Co. fructicola (Li et al., 2021a). In addition to the transcription factors introduced above, the functions of transcription factors, such as CfSte12 and CfSte50 of Co. fructicola, have also been explored, which lays a foundation for understanding the pathogenesis of anthracnose (Chen et al., 2020a; Liu et al., 2020).

Colletotrichum spp. can also secrete effectors to promote infection. As early as 1994, the effector CIH1, an effector containing tandem chitin-binding lysin motifs (LysM), which may function in chitin sequestration and camouflage, was found in Colletotrichum lindemuthianum (Pain et al., 1994; Perfect et al., 1998; de Jonge and Thomma, 2009; Stergiopoulos and Wit, 2009). Subsequently, de Queiroz systematically predicted and obtained several effectors of Co. lindemuthianum (de Queiroz et al., 2019). Takahara et al. (2009, 2016) also found effectors with LysM from Colletotrichum higginsianum; results suggested a dual role for these LysM proteins as effectors for suppressing chitin-triggered immunity and as proteins required for appressorium function (Takahara et al., 2009, 2016). Subsequently, Kleemann et al. (2008, 2012) also identified multiple effectors from Co. higginsianum, and the results showed that most effectors are host induced and expressed in consecutive waves associated with pathogenic transitions, indicating distinct effector suites are deployed at each stage (Kleemann et al., 2008, 2012). Yoshino et al. (2012) and Irieda et al. (2019) found that the effector NIS1 of Colletotrichum orbiculare can interact with PRRs of plants to inhibit immunity (Yoshino et al., 2012; Irieda et al., 2019). Further studies found that the CgDN3 gene, which can inhibit the function of NIS1, is an important gene to maintain the pathogenicity of Co. gloeosporoides (Stephenson et al., 2000). Eisermann et al. (2019) also found two important effectors from Colletotrichum graminicola (Eisermann et al., 2019). Schmidt et al. (2020) Andree found that reactive oxygen species (ROS) can increase the resistance of Arabidopsis to Co. higginsianum; the results further proved the important role of ROS in plant immunity (Schmidt et al., 2020). On the contrary, the CfShy1 and CfGcn5 effectors of Co. fruticola will affect the homeostasis of host SA and inhibit plant immunity (He et al., 2019; Zhang et al., 2021).

In recent years, in addition to exploring the function of a single gene of Colletotrichum spp., some scholars have also used omics methods to explore Colletotrichum spp. RNA-seq has been used to study Colletotrichum–host interactions. Previous studies have explored the transcriptional profile of Colletotrichum spp. after being infected by the host; the results showed that small secreted proteins (SSPs), cytochrome P450s, carbohydrate-active enzymes (CAZYs), and secondary metabolite (SM) synthetases were enriched (Liang et al., 2018). There are also studies to explore the transcriptional profile of a host after Colletotrichum spp. infection revealed that many genes were mainly related to immune response, plant hormone signal transduction, and secondary metabolites (Fang et al., 2021; Mehmood et al., 2021). Some studies have discussed the simultaneous response between Colletotrichum spp. and hosts, which provides a new perspective for understanding the pathogenesis of anthracnose and the immune mechanism of the hosts (Alkan et al., 2015; Zhang et al., 2018).




Conclusions and future perspective

Colletotrichum spp.is one of the important pathogenic fungi with many species, hosts, and wide distribution. In recent years, the research on the control and pathogenic mechanism of Colletotrichum spp. has made good progress. In the future, the research on the control and pathogenic molecular mechanism of Colletotrichum spp. is still the focus. However, there is still a lack of safe and effective drugs or biological reagents to control oil tea anthracnose. Although the understanding of Colletotrichum spp. has made significant progress, the current research on molecular mechanism of anthracnose is obviously insufficient. There are only a few species mentioned above, such as Co. gloeosporoides, Co. higginsianum, and Co. fruticola. However, there are more other pathogenic molecular mechanisms of Colletotrichum spp. that have not been explored. Secondly, the research on the pathogenic molecular mechanism of anthracnose should gradually develop from the functional research of a single gene to the analysis of signal network, regulation mechanism, and omics. More importantly, there are few reports on the interaction mechanism between Colletotrichum spp. and hosts, especially the mechanism of oil tea responding to Colletotrichum spp. Exploring the pathogenic mechanism of anthracnose in oil tea is expected to provide reference for the green prevention and control of anthracnose in oil tea, and also helps people better understand the molecular mechanism of plant pathogen growth, development, and pathogenesis. At present, the prevention and control technology of oil tea anthracnose is still based on traditional agricultural control and chemical control. With the continuous innovation of technology and the demand for safe and efficient control technology, the development of biological control and seed selection of disease resistant varieties will be rapidly promoted.
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As a result of an ongoing survey of microfungi associated with garden and ornamental plants in Qijing, Yunnan, China, several saprobic fungal taxa were isolated from Magnolia grandiflora. Both morphological and combined SSU, LSU, ITS, tef1, and rpb2 locus phylogenetic analyses (maximum-likelihood and Bayesian analyses) were carried out to identify the fungal taxa. Three new species are introduced in Pleosporales, viz., Lonicericola qujingensis (Parabambusicolaceae), Phragmocamarosporium magnoliae, and Periacma qujingensis (Lentitheciaceae). Botryosphaeria dothidea, Diplodia mutila, and Diplodia seriata (in Botryosphaeriaceae) are reported from Magnolia grandiflora for the first time in China. Angustimassarina populi (Amorosiaceae) is reported for the first time on M. grandiflora from China, and this is the first report of a member of this genus outside Europe. Shearia formosa is also reported for the first time on M. grandiflora from China.

KEYWORDS
  Ascomycota, Botryosphaeriales, diversity, phylogeny, Pleosporales, taxonomy


Introduction

Discovering missing taxa in the fungal tree (or in Kingdom Fungi) is one of the popular topics among taxonomists. Recent species estimation studies have predicted that tropical regions harbor higher fungal diversity than previously expected (Hawksworth and Lücking, 2017; Hyde et al., 2020). Several studies (which were based on DNA sequence analyses) described numerous fungal species during the last decade from tropical countries such as, Thailand and India (Chaiwan et al., 2020; Calabon et al., 2021; Rajeshkumar et al., 2021). A large number of fungal species have also been described from subtropical China, especially in Yunnan and Guizhou provinces (Luo et al., 2018; Lu et al., 2021; Ren et al., 2021; Wang et al., 2021; Wijayawardene et al., 2021). These studies mentioned that a large number of fungal species are waiting to be discovered in Southwestern China, including the Guizhou and Yunnan Provinces.

Magnolia grandiflora (Southern magnolia) is an evergreen tree that is widely used as an ornamental plant in landscaping (Liu et al., 2019) and a fungal-rich host plant genus and is reported with over 1,000 records of taxa in Farr and Rossman (2022). Seventy-two (72) records have been mainly listed from different substrates of Magnolia alba, M. delavayi, M. denudate, and M. grandiflora from China (Farr and Rossman, 2022). Recently, Wanasinghe et al. (2020) studied fungi associated with Magnolia species in the Kunming Botanical Garden and predicted rich fungal diversity.

In this study, we collected ascomycetous fungi (both sexual and asexual morphs) that occur on different substrates of M. grandiflora from Qujing Normal University garden, Qujing, Yunnan province, China. Based on morpho-molecular analyses and previous literature, two new species of Phragmocamarosporium Wijayaw et al. (in the family Lentitheciaceae) and one new species of Lonicericola Phookamsak et al. (in the family Parabambusicolaceae) have been introduced. Besides, five new host/geographical records (Botryosphaeria dothidea, Diplodia mutila, and D. seriata in Botryosphaeriaceae, Botryosphaeriales, and Angustimassarina populi and Shearia formosa in Amorosiaceae and Longiostiolaceae respectively in the order Pleosporales) are herein reported. All the taxa are provided with illustrations and morphological descriptions. Furthermore, possibilities of revealing novel taxa of the respective genera and their distribution are also discussed.



Materials and methods


Sample collection, isolation, and identification

Samples were collected from aerial and ground litter (i.e., leaves, branches, and stems) of Magnolia grandiflora from September 2019 to June 2021 from Qujing Normal University garden in Yunnan, China. The specimens were stored in paper bags and transferred to the laboratory. The samples were examined with a stereomicroscope, and microscopic images of the samples were taken using a Canon EOS700D digital camera (Canon Inc., Ota, Tokyo, Japan) with a Nikon ECLIPSE Ni (Nikon Instruments Inc., Melville, NY, United States) compound microscope. Microcharacters were observed using a digital camera fitted onto a Nikon ECLIPSE 80i compound microscope. Measurements were per-formed with Tarosoft (R) Image Frame Work (v.0.9.7). More than 20 asci and ascospores (in sexual fungi) and more than 30 conidia and conidiogenous cells (in asexual fungi) were measured. Plates were prepared using the Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, United States) software.

A single-spore isolation was carried out to isolate the taxa as described in Chomnunti et al. (2014), and we used water agar as the medium. A spore suspension was prepared using conidiomata or ascomata, and then the suspension was transferred with a sterile pipette onto the surface of a Petri dish with water agar. Germinated spores (approximately 12 h later) were transferred to a new potato dextrose agar (PDA) medium for purification. Dried specimens and living cultures were deposited at the herbarium and culture collection of Guizhou Medical University, Guizhou Province, China.



DNA extraction, polymerase chain reaction amplification, and sequence analysis

The total genomic DNA of microfungi was extracted from fresh mycelia grown on PDA at 25–27°C using the Biospin Fungus Genomic DNA Extraction Kit (BioFlux®, Hangzhou, People's Republic of China) according to the manufacturer's instructions (Dai et al., 2019).

The primers used for amplification are listed in Table 1. PCR amplification conditions are those as followed by Dai et al. (2017). PCR products were sent for sequencing at Shanghai Sangon Biological Engineering Technology & Services Co. (Shanghai, People's Republic of China). All newly generated sequences are deposited in GenBank, and accession numbers are obtained (Table 2).


TABLE 1 Genes/loci and PCR primers used in this study.
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TABLE 2 Taxa used in the phylogenetic analyses and their corresponding GenBank numbers.
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Sequencing and sequence alignment

Sequences generated from different primers of non-translated loci and protein-coding regions are analyzed with other sequences retrieved from GenBank (Table 2). Sequences with high similarity indices were determined by a BLAST search to find closest matches with taxa in Dothideomycetes and from recently published data (e.g., Thambugala et al., 2015; Tibpromma et al., 2017; Wanasinghe et al., 2018, 2020; Hyde et al., 2020). The multiple alignments of all consensus sequences, as well as the reference sequences, were automatically generated with MAFFT v. 7 (Katoh et al., 2017), and were improved manually when necessary using BioEdit v. 7.0.5.2 (Hall, 1999).



Phylogenetic analyses
 
Analysis 1 (SSU, LSU, ITS, tef1, and rpb2 multi-sequence analyses of Amorosiaceae, Botryosphaeriaceae, Lentitheciaceae, Longiostiolaceae, and Parabambusicolaceae)

Single-locus data sets were examined for topological incongruence among loci for members of the relevant families. Conflict-free alignments were combined in to the final multi-gene dataset for analyses using BioEdit and concatenated into a multi-locus alignment that was subjected to maximum-likelihood (ML) and Bayesian (BI) phylogenetic analyses. The CIPRES Science Gateway platform (Miller et al., 2010) was used to perform RAxML and Bayesian analyses. ML analyses were performed with RAxML-HPC2 on XSEDE v. 8.2.10 (Stamatakis, 2014) using a GTR + I + G model with 1,000 bootstrap repetitions. Evolutionary models for Bayesian analysis were selected independently for each locus using MrModeltest v. 2.3 (Nylander et al., 2008) under the Akaike Information Criterion (AIC) implemented in both PAUP v. 4.0b10, and GTR + I + G was selected as the best-fit model for all three analyses. MrBayes analyses were performed setting GTR + I + G, 2 M generations, sampling every 100th generation and ending the run automatically when the standard deviation of split frequencies dropped below 0.01 with a burn-in fraction of 0.25.



Analysis 2 (ITS and tef1 sequence analyses of Botryosphaeria sensu stricto)

The ITS and tef1 data sets were examined for topological incongruence among loci for selected members of Botryosphaeria. Conflict-free alignments were concatenated into a multi-locus alignment that was subjected to maximum-likelihood (ML) phylogenetic analysis. The CIPRES Science Gateway platform (Miller et al., 2010) was used to perform RAxML. ML analyses were performed with RAxML-HPC2 on XSEDE v. 8.2.10 (Stamatakis, 2014) using the GTR + I + G model with 1,000 bootstrap repetitions. A Bayesian analysis was performed using SYM + I + G for ITS and GTR + I for tef1 in the final command with 1 M generations. Sampling was conducted on every 100th generation, ending the run automatically when the standard deviation of split frequencies dropped below 0.01 with a burn-in fraction of 0.25.



Analysis 3 (ITS and tef1 sequence analyses of Diplodia sensu stricto)

The ITS and tef1 data sets were examined for topological incongruence among loci for selected members of Diplodia. Conflict-free alignments were concatenated into a multilocus alignment that was subjected to maximum-likelihood (ML) phylogenetic analysis. The CIPRES Science Gateway platform (Miller et al., 2010) was used to perform RAxML. ML analyses were performed with RAxML-HPC2 on XSEDE v. 8.2.10 (Stamatakis, 2014) using the GTR + I + G model with 1,000 bootstrap repetitions. A Bayesian analysis was performed using GTR + I + G for ITS and HKY + G for tef1 in the final command with 1 M generations. Sampling was conducted on every 100th generation, ending the run automatically when the standard deviation of split frequencies dropped below 0.01 with a burn-in fraction of 0.25.



Analysis 4 (ITS, LSU, SSU, and tef1 sequence analyses of Amorosiaceae)

The ITS, LSU, SSU, and tef1 data sets were examined for topological incongruence among loci for selected members of Amorosiaceae. Conflict-free alignments were concatenated into a multi-locus alignment that was subjected to maximum-likelihood (ML) phylogenetic analysis. The CIPRES Science Gateway platform (Miller et al., 2010) was used to perform RAxML. ML analyses were performed with RAxML-HPC2 on XSEDE v. 8.2.10 (Stamatakis, 2014) using the GTR + I + G model with 1,000 bootstrap repetitions. MrBayes analyses were performed setting GTR + I + G, 1 M generations, sampling every 100th generation, ending the run automatically when the standard deviation of split frequencies dropped below 0.01 with a burn-in fraction of 0.25.



Analysis 5 (SSU, LSU, tef1, and ITS sequence analyses of Lentitheciaceae)

Raw sequences were combined using SeqMan and subjected to BLAST in GenBank. The SSU, LSU, tef1, and ITS sequence data closely related to our taxa were retrieved from the NCBI GenBank and are listed in Table 1. Single gene sequence alignment was generated with the MAFFT v. 7 online program (http://mafft.cbrc.jp/alignment/server/) (Katoh et al., 2017). FASTA alignment formats were changed to PHYLIP and NEXUS formats with Aliview 2.11. The single-gene datasets were examined for topological incongruence among loci and the conflict-free alignments were concatenated into a multi-locus alignment that was subjected to ML and BI phylogenetic analyses. The CIPRES Science Gateway platform (Miller et al., 2010) was used to perform RAxML. ML analyses were conducted with RAxML-HPC2 on XSEDE v. 8.2.10 (Stamatakis, 2014) using GTR + I + G model with 1,000 bootstrap repetitions. MrBayes analyses were performed setting GTR + I + G, two parallel runs were conducted, using the default settings, six simultaneous Markov chains were run for 1 M generations, and trees were sampled every 100th generation. The run ended automatically when the standard deviation of split frequencies dropped below 0.01 with a burn-in fraction of 0.2. Phylograms were visualized with the FigTree v1.4.0 program (Rambaut, 2012) and reorganized in Microsoft PowerPoint (2019) and Adobe Illustrator® CS5 (Version 15.0.0, Adobe®, San Jose, CA).





Results


Phylogenetic analyses

Analysis 1 (SSU, LSU, ITS, tef1, and rpb2 multi-sequence analyses of Amorosiaceae, Botryosphaeriaceae, Lentitheciaceae, Longiostiolaceae, and Parabambusicolaceae): The concatenated dataset (SSU, LSU, ITS, tef1, and rpb2 loci) contained 140 isolates, and the tree was rooted to Diatrype disciformis (AFTOL-ID 927), Graphostroma platystoma (CBS 270.87), and Sordaria fimicola (AFTOL-ID 216). The final alignment contained 4,399 characters used for the phylogenetic analyses, including alignment gaps, which were treated as missing data. The RAxML analysis of the combined datasets yielded a best-scoring tree with a final ML optimization likelihood value of −62,337.358653. The matrix had 2,549 distinct alignment patterns, with 26.87% undetermined characters or gaps. Parameters for the GTR + I + G model of the combined amplicons were as follows: estimated base frequencies; A = 0.241265, C = 0.251518, G = 0.269739, and T = 0.237478; substitution rates AC = 1.482469, AG = 3.530918, AT = 1.543663, CG = 1.180062, CT = 7.309441, and GT = 1; proportion of invariable sites I = 0.428895; gamma distribution shape parameter α = 0.610427. Based on the results of MrModel Test, dirichlet base frequencies and the GTR + I + G model were used for the Bayesian analysis. The Bayesian analyses generated 9,001 trees (saved every 100th generation), from which 6,751 were sampled after 25% of the trees were discarded as burn-ins. The alignment contained a total of 2,551 unique site patterns. In the combined multigene phylogenetic analysis, Phragmocamarosporium species (P. hederae, P. platani, and P. rosae) clustered in one clade (87% ML/1 PP, Figure 1), sister to Murilentithecium (100 ML/1 PP, Figure 1). The strain “Sclerostagonospora cycadis” (CBS 291.76) was also nested with Phragmocamarosporium species. The two strains of Phragmocamarosporium hederae (MFLUCC 13-0552 and KUMCC 18-0165) were not monophyletic. The four strains of Phragmocamarosporium (GMBCC1041, GMBCC1044, GMBCC1176, and GMBCC1180) isolated in this study formed a basal terminal clade in Phragmocamarosporium with <70% ML and <0.95 BYPP both single locus and concatenated datasets. In this clade, GMBCC1044 and GMBCC1176 constituted a monophyletic clade with 100 ML/1 PP support values (Figure 1). GMBCC1041 and GMBCC1180 also displayed a strongly supported monophyletic lineage (100% ML/1 PP, Figure 1). These two new lineages are presented here as new species, viz., Phragmocamarosporium magnoliae sp. nov. (GMBCC1041 and GMBCC1180) and P. qujingensis sp. nov. (GMBCC1044 and GMBCC1176).
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FIGURE 1
 RAxML tree based on a combined dataset of partial SSU, LSU, ITS, tef1, and rpb2 DNA sequence analyses. Bootstrap support values for ML equal to or >70%, Bayesian posterior probabilities (BYPP) equal to or >0.95, are shown as ML/BI above the nodes. The type of strains is in bold, and new isolates are in blue. The scale bar represents the expected number of nucleotide substitutions per site.


The family Parabambusicolaceae was resolved into eight distinct clades representing species in Aquastroma, Lonicericola, Multilocularia, Multiseptospora, Neoaquastroma, Parabambusicola, Paratrimmatostroma, and Pseudomonodictys. Our new strain, GMBCC1178, constituted a strong monophyletic relationship with Lonicericola fuyuanensis (MFLU 19-2850) and L. hyaloseptispora (KUMCC 18-0150 and KUMCC 18-0149). This new lineage (GMBCC1178) is presented here as the new species Lonicericola qujingensis sp. nov.

The Shearia formosa (GMBCC1172) isolated in this study nested in a well-supported clade (100% ML/1 BYPP) with other isolates of S. formosa (MFLUCC 20-0017, MFLUCC 20-0018, and MFLUCC 20-0019), which were used by Wanasinghe et al. (2020) to describe the species, therefore confirming the identification of the studied species. The family Amorosiaceae is composed of four clades, which correspond to known genera Alfoldia, Amorocoelophoma, Amorosia, and Angustimassarina. Our new strain, GMBCC1177, grouped with another 12 Angustimassarina strains with 97% ML and 1 BYPP statistical support values. However, the interspecific relationships of these Angustimassarina species have not received a clear phylogenetic resolution. Our new isolate has a close phylogenetic affinity to Angustimassarina populi.

Analysis 2 (ITS and tef1 sequence analyses of Botryosphaeria sensu stricto): The concatenated dataset (ITS and tef1 loci) contained 33 isolates, and the tree was rooted to Macrophomina phaseolina (CBS 227.33). The final alignment contained 761 characters used for phylogenetic analyses, including alignment gaps. The RAxML analysis of the combined dataset yielded a best-scoring tree with a final ML optimization likelihood value of −1,861.242225. The matrix had 161 distinct alignment patterns, with 6.84 % undetermined characters or gaps. Parameters for the GTR + I + G model of the combined amplicons were as follows: estimated base frequencies; A = 0.210798, C = 0.292947, G = 0.259679, and T = 0.236576; substitution rates AC = 0.435178, AG = 1.502643, AT = 1.277448, CG = 0.440383, CT = 4.352625, and GT = 1; proportion of invariable site I = 0.701032; gamma distribution shape parameter α = 0.87371. In the combined sequence data analyses of the ITS and tef1 loci, our new strain, GMBCC1179, clustered with 16 other strains of Botryosphaeria dothidea (Supplementary Figure 1). Two strains of Botryosphaeria auasmontanum (MFLUCC 15-0923 and MFLUCC 17-1071) also grouped in B. dothidea. However, the Botryosphaeria dothidea clade is statistically not well-supported.

Analysis 3 (ITS and tef1 sequence analyses of Diplodia sensu stricto): The concatenated ITS and tef1 loci contained 67 isolates, and the tree was rooted to Lasiodiplodia lignicola (MFLUCC 11-0656). The final alignment contained 882 characters used for the phylogenetic analyses, including alignment gaps. The RAxML analysis of the combined dataset yielded a best-scoring tree with a final ML optimization likelihood value of −3,628.405258. The matrix had 321 distinct alignment patterns, with 12.65 % undetermined characters or gaps. Parameters for the GTR + I + G model of the combined amplicons were as follows: estimated base frequencies; A = 0.206552, C = 0.298475, G = 0.261435, and T = 0.233538; substitution rates AC = 1.148622, AG = 3.343902, AT = 1.039052, CG = 1.718372, CT = 4.817617, and GT = 1; proportion of invariable site I = 0.441349; gamma distribution shape parameter α = 0.65846. In our analysis of selected Diplodia species, the new strain GMBCC1173 clustered with Diplodia mutila (MFLUCC 15-0918, CBS 230.30, CBS 112553, CBS 136014, and MFLUCC 15-0917). Particularly, GMBCC1173 has a close phylogenetic affinity to MFLUCC 15-0917, which was introduced by Dissanayake et al. (2017) from Italy on Acer negundo. The two collections (GMBCC1175 and NW04) isolated in this study formed a basal terminal lineage in the Diplodia seriata clade that includes thirteen strains. This Diplodia seriata clade also did not receive a strong phylogenetic support (Supplementary Figure 2).

Analysis 4 (ITS, LSU, SSU, and tef1 sequence analyses of Amorosiaceae): Twenty-five strains are included in the sequence analysis and comprise 2,106 characters with gaps. A single gene analysis was carried out and compared with each species to compare the topology of the tree and clade stability. Botryosphaeria dothidea (CBS 115476 and AFTOL-ID 946) was used as the outgroup taxon. The tree topology of the ML analysis was similar to the BYPP. The best-scoring RAxML tree with a final likelihood value of −5144.567766 is presented. The matrix had 247 distinct alignment patterns, with 18.63% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.243552, C = 0.248710, G = 0.270808, and T = 0.236930; substitution rates AC = 0.682136, AG = 1.407781, AT = 1.275132, CG = 0.809575, CT = 6.927148, and GT = 1; gamma distribution shape parameter alpha = 0.654596 (Figure 2). The family Amorosiaceae is composed of four clades, which correspond to known genera Alfoldia, Amorocoelophoma, Amorosia, and Angustimassarina. Our new strain, GMBCC1177, grouped with another Angustimassarina strains with low statistical support values (Figure 2). However, the interspecific relationships of these Angustimassarina species have not received a clear phylogenetic resolution. The strain GMBCC1177 showed a close phylogenetic affinity with Angustimassarina populi strains clustered together with A. arezzoensis (MFLUCC 13-0578) and A. sylvatica (MFLUCC 18-0550).


[image: Figure 2]
FIGURE 2
 Phylogram generated from maximum likelihood analysis based on combined SSU, LSU, tef1, and ITS partial sequence data. Bootstrap support values for ML equal to or >50% and BYPP values equal to or >0.9 are given above the nodes. The newly generated sequence is in red.


Analysis 5 (SSU, LSU, tef1, and ITS sequence analyses of Lentitheciaceae): Twenty-nine strains are included in the sequence analysis and comprise 3,086 characters with gaps. A single gene analysis was carried out and compared with each species to compare the topology of the tree and clade stability. Massarina cisti (CBS 266.62) and Massarina eburnea (H 3953) are used as outgroup taxa. The tree topology of the ML analysis was similar to the BYPP. The best-scoring RAxML tree with a final likelihood value of −10,433.446109 is presented. The matrix had 492 distinct alignment patterns, with 25.16% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.237977, C = 0.252206, G = 0.270764, and T = 0.239052; substitution rates AC = 0.947399, AG = 1.742628, AT = 0.987565, CG = 1.240193, CT = 6.545005, and GT = 1; gamma distribution shape parameter alpha = 0.608667 (Figure 3). The family Lentitheciaceae comprises eight genera that show distinct phylogenetic lineages (Figure 3). Separation of Phragmocamarosporium species is agreement with morphological evidence (Table 4), but the new collections GMBCC1180 and GMBC1041 clustered with ex-types of P. hederae and P. platani with low bootstrap values (which are indicated in blue in Figure 3). The ex-types of P. hederae and P. platani are lacking ITS loci in the GenBank; thus, we suggest that including more gene regions of these two species will facilitate a better understanding of intraspecific segregation. However, here, we follow the morphological evidence to introduce novel species (i.e., P. magnoliae) (see below under the Section Taxonomy).
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FIGURE 3
 RAxML tree based on a combined dataset of partial SSU, LSU, tef1, and ITS DNA sequence analyses. Bootstrap support values for ML equal to or >50% and Bayesian posterior probabilities (BYPP) equal to or >0.9 are shown as ML/BI above/below the nodes (except for those values in blue in Phragmocamarosporium clade). The type of strains is in bold, and new isolates are in blue. The scale bar represents the expected number of nucleotide substitutions per site.


GMBCC1176 and GMBCC1044, are grouped as the basal clade to the clade that comprises ex-types of P. hederae, P. magnoliae, and P. platani (Figure 3). Both strains were generated from morphologically similar collections and thus introduced as a new species, i.e., Phragmocamarosporium qujingensis.

The strain named Phragmocamarosporium hederae (KUMCC 18-0165) clustered with the ex-type of P. rosae (MFLUCC 17-0797) but was distinct from the ex-type of P. hederae. This strain was named mistakenly as Phragmocamarosporium hederae and thus needs an extensive study to confirm if it warrants a novel species.



Taxonomy

In this section, we introduce three new pleosporalean species from M. grandiflora in Qujing Normal University, Qujing, Yunnan Province, China. Moreover, five (three in Botryosphaeriales and two in Pleosporales) species are reported as a new host and geographical records from M. grandiflora and China, respectively.

Botryosphaeriales C.L. Schoch, Crous, & Shoemaker (2007)

Botryosphaeriaceae Theiss. & Syd. [as “Botryosphaeriacae”], Annls mycol. 16(1/2): 16 (1918)


Notes

Botryosphaeriaceae (in Botryosphaeriales) is an important family that comprises a broad range of life modes such as saprobes, pathogens, and endophytes and shows a worldwide distribution (Phillips et al., 2013). Wijayawardene et al. (2022) accepted 22 genera in Botryosphaeriaceae. During our collecting programs of fungi inhabiting M. grandiflora, we collected three collections of Botryosphaeriaceae taxa. According to our knowledge, these are the first records of the above mentioned taxa reported from M. grandiflora.

Botryosphaeria Ces. & De Not., Comm. Soc. crittog. Ital. 1(fasc. 4): 211 (1863)

Index Fungorum Registration Identifier IF 635



Notes

The genus Botryosphaeria was introduced by Cesati and De Notaris (1863) who did not designate the type. Barr (1972) proposed B. dothidea (Moug.:Fr.) Ces. & De Not. as the lectotype. Slippers et al. (2004) designated the neotype and epitype of B. dothidea. Phillips et al. (2013) comprehensively revisited the genus and accepted six species including B. dothidea while providing illustration and description for asexual morph.

Botryosphaeria dothidea (Moug.:Fr.) Ces. & De Not. 1863, (Figure 4)
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FIGURE 4
 Botryosphaeria dothidea (GMB1387, new host record from China). (a) Host material. (b) Appearance of ascomata on the host. (c) Vertical section of ascoma. (d) Peridium. (e–h) Asci. (i) Germinating ascospore. (j) Pseudoparaphyses. (k–m) Ascospores. (n) Culture on PDA from above. (o) Culture on PDA from the bottom. Scale bars: (b) = 1,000, (c) = 50, (d) = 25, (e–h) =30, (i,k–m) = 15, and (j) =10 μm.


Index Fungorum Registration Identifier IF 183247

Saprobic on dead (hanging) branches of M. grandiflora. Sexual morph: Ascomata 155–460 × 165–315 μm ([image: image] = 281.3 × 236.2 μm, n = 10), eustromatic, gregarious, black, uniloculate, with a thick pseudoparenchymatic wall composed of textura angularis or textura globose with the outer layers blackened and their cells more thickened, and erumpent at maturity. Pseudoparaphyses 2.5–3.5 μm ([image: image] = 2.9 μm, n = 20) wide, thin-walled, hyaline, aseptate, and constricted at the septa. Asci 65–110 × 15–20 μm ([image: image] = 84.4 × 17.7 μm, n = 20), clavate or cylindric-clavate, stipitate, bitunicate, ectotunica thin, endotunica rather thick, 3-layered, with a prominent apical chamber, 8-spored, and developing on a broad basal hymenial layer. Ascospores 20–25 × 7–9 μm ([image: image] = 23.8 × 7.6 μm, n = 20), irregularly biseriate in the ascus, hyaline, sometimes becoming pale brown with age, thin-walled, ovoid, fusoid, fusoid-ellipsoid, usually widest in the middle, straight or inequilateral, smooth, one-celled sometimes becoming 1–2 septate with age, contents smooth or granular, and may be guttulate. Asexual morph: undetermined.



Culture characteristics

Ascospores germinating on PDA within 24 h and germ tubes produced from both sides. Colonies growing fast on PDA, reaching 6 cm in 1 week at 28°C, effuse, velvety to hairy, circular, white in the first week, and brown to dark brown after 1 week from above and below.



Materials examined

China, Yunnan Province, Qujing Normal University, 25°52′36.75″N, 103°74′46.73″E, 1,853.8 m, on branch of Magnolia grandiflora L., 18 August 2021, Dong-Qin Dai and Mei-ling Zhu, Ling 47, GMB1387 (new host record), living culture, GMBCC1179.



Notes

Our new collection of B. dothidea from M. grandiflora morphologically resembles the type collection described in Phillips et al. (2013). In phylogenetic analyses, our collection (GMBCC1179) groups with B. dothidea s. str. (Figure 1). According to Deng (1963), Tai (1979), and Farr and Rossman (2022), B. dothidea has not been previously reported from Magnolia species in China. Zlatkovic et al. (2018) reported B. dothidea from M. grandiflora as a pathogenic species (a causal agent of stem and shoot dieback) from Serbia. However, we did not notice any disease symptoms in the host plant that we collected. Nevertheless, it is essential to collect more samples to confirm the impact of B. dothidea on Magnolia species, since it is an important ornamental plant in China. Here, we report B. dothidea from M. grandiflora in China for the first time.

Diplodia Fr., In: Mont., Ann. Sci. Nat. Bot., sér. 2, 1: 302. 1834

Index Fungorum Registration Identifier IF 8047



Notes

Montagne (1834) introduced Diplodia with D. mutila (Fr.) Mont. as the type of species. Currently, 28 species are accepted in Wu et al. (2021). Members of Diplodia are distributed worldwide and occur as different life modes such as pathogens, saprobes, and endophytes (Phillips et al., 2013). Approximately, over 60 records of Diplodia species have been reported from China according to Xiao et al. (2021) and Farr and Rossman (2022). Nevertheless, Diplodia species have not been reported from Magnolia species in China. Here, we report Diplodia mutila and D. seriata from M. grandiflora for the first time in China. According to our knowledge, Diplodia species have not been reported from M. grandiflora so far.

Diplodia mutila (Fr.) Mont., Annls Sci. Nat., Bot., sér. 2 1: 302 (1834), (Figure 5)
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FIGURE 5
 Diplodia mutila (GMB1381, a new host record). (a) Appearance of conidioma on the host. (b,d) Vertical sections of conidiomata. (c) Conidiomata walls. (e–g) Conidia attached to conidiog-enous cells. (h) Germinating conidium. (i–l) Conidia. (m) Cultures on PDA. Scale bars: (a) = 500, (b) = 200, (c,g,h) = 20, (d) = 100, (e) = 25, (f) = 10, and (i–l) = 15 μm.


Index Fungorum Registration Identifier IF 201741

Saprobic on dead branches of M. grandiflora. Conidiomata 120–450 diam. × 160–400 μm high, solitary, immersed, partially erumpent at maturity, black, and globose. Ostiole central, circular, and papillate. Conidiophores reduced to conidiogenous cells. Conidiogenous cells 11–14 × 4–5 μm, holoblastic, discrete, cylindrical, hyaline, and smooth. Conidia 25–30 × 10–15 μm ([image: image] = 26.7 × 11.6 μm, n = 20), hyaline and aseptate at immature stage, smooth, thick-walled, oblong to ovoid, straight, both ends broadly rounded, and becoming pale brown at maturity.



Culture characteristics

Conidia germinating on PDA within 24 h and germ tubes produced from one side. Colonies growing fast on PDA, reaching 9 cm in 1 week at 28°C, effuse, velvety to hairy, circular, white in the first week, brown to dark brown from above after 1 week, and dark brown to lividity from below.



Material examined

China, Yunnan Province, Qujing Normal University, 25°52′36.75″N, 103°74′46.73″E, 1,853.8 m, on branch of M. grandiflora L., 7 September 2019, Dong-Qin Dai and Mei-ling Zhu, Ling 31, (GMB1381) (new host record), living culture GMBCC1173.



Notes

In morphology, our new collection closely resembles Diplodia mutila (Phillips et al., 2013) except for conidial width (10–15 vs. 13–14). However, in phylogenetic analyses, a new strain clusters with D. mutila s. str. with high statistical values (Supplementary Figure 2; 83% in ML analysis). Hence, we conclude that our collection is D. mutila, and it is the first report of this species from M. grandiflora.

Diplodia seriata De Not., Mém. R. Accad. Sci. Torino, Ser. 2 7: 26 (1845), (Figure 6)
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FIGURE 6
 Diplodia seriata (GMB1383, a new host record). (a) M. grandiflora branch. (b) Appearance of conidiomata on the host. (c,d) Vertical sections of conidiomata. (e) Conidiomata walls. (f–h) Conidia attached to conidiogenous cells. (i–m) Mature conidia. (n) Germinating conidium. (o,p) Cultures on PDA. Scale bars: (b) = 1,000, (c,d) = 150, (e) = 30, and (f–n) = 15 μm.


Index Fungorum Registration Identifier IF 201741

Saprobic on dead branches of M. grandiflora. Conidiomata 30–205 diam. × 23–65 μm high, solitary, immersed, partially erumpent at maturity, dark brown, and globose. Ostiole central, circular, and nonpapillate. Conidiophores reduced to conidiogenous cells. Conidiogenous cells 6–10 × 4–6 μm, holoblastic, discrete, cylindrical, hyaline, and smooth. Conidia 20–27 × 10–15 μm ([image: image] = 22.7 × 12.6 μm, n = 20), hyaline and aseptate at immature stage, smooth, thick-walled, oblong to ovoid, straight, both ends broadly rounded, and becoming dark brown at maturity.



Culture characteristics

Conidia germinating on PDA within 24 h and germ tubes produced from rear side. Colonies growing fast on PDA, reaching 9 cm in 1 week at 28°C, effuse, velvety to hairy, circular, white in the first week, brown to dark brown after 1 week from above, and black in the central and outermost circles with dark brown in the middle from below.



Material examined

China, Yunnan province, Qujing Normal University, 25°52′36.75“N, 103°74′46.73″E, 1,853.8 m, on branch of M. grandiflora L., 18 August 2020, Dong-Qin Dai and Mei-ling Zhu, Ling 42, (GMB1383) (a new host record), living culture GMBCC1175.



Notes

In conidial morphology, our new collection from M. grandiflora is morphologically similar to Diplodia seriata (Phillips et al., 2013). In our phylogenetic analyses, it was accommodated with D. seriata s. str. (Figure 1; Supplementary Figures 1, 2). Hence, we confirmed our new collection as D. seriata. According to Farr and Rossman (2022), D. seriata was not reported as from M. grandiflora. Hence, in here, we report D. seriata from M. grandiflora as a new host record in China.

Pleosporales Luttr. ex M.E. Barr 1987

Amorosiaceae Thambug. & K.D. Hyde, Fungal Diversity 74: 252 (2015)

Index Fungorum Registration Identifier IF 551277



Notes

Thambugala et al. (2015) introduced this family based on Amorosia Mantle & D. Hawksw. (type species: Amorosia littoralis Mantle & D. Hawksw.). At the same time, Thambugala et al. (2015) introduced Angustimassarina with A. populi Thambug. & K.D. Hyde as the type species. Currently, the family comprises five genera (Wijayawardene et al., 2022).

Angustimassarina Thambug., Kaz. Tanaka & K.D. Hyde, Fungal Diversity 74: 253 (2015)

Index Fungorum Registration Identifier IF 551278



Notes

Angustimassarina was introduced by Thambugala et al. (2015) with three species and A. populi as the type species. Twelve records are listed in Index Fungorum (2022) while most of Angustimassarina species have been reported from Germany and Italy (Thambugala et al., 2015; Tibpromma et al., 2017; Hyde et al., 2019). Only one species, A. populi, was reported with both asexual and sexual morphs (Thambugala et al., 2015), while other species have been reported with only a sexual morph.

Angustimassarina populi Thambug. & K.D. Hyde, Fungal Diversity: 10.1007/s13225-015-0348-3, [56] (2015), (Figure 7)
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FIGURE 7
 Angustimassarina populi (GMB1385, new host and country record). (a,b) Ascomata on a M. grandiflora branch. (c,d) Vertical sections of ascomata. (e,f) Peridium. (g–l) Asci. (m) Germinating ascospore. (n–q) Ascospores. (r,s) Cultures on PDA [(r) = from above and (s) = from bottom]. Scale bars: (b) = μm, (c) = 100, (d) = 50, (e) = 30, (f) = 25, (g–l) = 20, and (m–q) = 10 μm.


Index Fungorum Registration Identifier IF 551279

Saprobic on branch of M. grandiflora. Sexual morph: Ascomata 100–165 × 100–120 μm ([image: image] = 125.2 × 112.7 μm, n = 10), visible black dots, small dome-shaped on host surface, immersed, scattered, globose to sub-globose, uni-loculate, and without ostiole and papilla. Peridium 3–9 × 2–4.5 μm ([image: image] = 7.2 × 3.1 μm, n = 20), unequal thickness, thick-walled, composed of several layers of brown to dark brown, and arranged in textura angularis. Hamathecium composed of dense, 1.5–2 μm wide, filamentous, unbranched, septate, pseudoparaphyses, anastomosed between the asci, and embedded in hyaline gelatinous matrix. Asci 80–105 × 9–15 μm ([image: image] = 86.2 × 10.2 μm, n = 20), 8-spored, bitunicate, fissitunicate, cylindrical to cylindric-clavate, short with club-shaped pedicellate, and with well-developed ocular chamber. Ascospores 20–23 × 4–6 μm ([image: image] = 20.4 × 5.6 μm, n = 20), overlapping 1–2-seriate, fusiform, hyaline, 1 septate at the center, constricted at the septum, the upper cell larger than the lower cell, conical at the ends, guttulate, smooth-walled, and without mucilaginous sheath. Asexual morph: undetermined.



Culture characteristics

Ascospores germinating on PDA within 24 h and germ tubes produced from one side. Colonies grow on PDA at 28°C under normal light, reaching 2.5 cm diam. after 2 weeks, dense, irregular, umbonate, surface smooth, with edge entire, cottony, white to gray from above; white at the margin and dark brown at the center from below, and do not produce pigmentation in PDA.



Material examined

China, Yunnan Province, Qujing Normal University, 25°52′36.75“N, 103°74′46.73″E, 1,853.8 m, on branch of M. grandiflora L., 18 August 2021, Lin 43-2, (GMB1385; a new host and country record), living culture GMBCC1177.



Notes

In morphology, our new collection closely resembles Angustimassarina populi (holotype MFLU 14-0588). Angustimassarina populi was introduced by Thambugala et al. (2015), was collected from Italy on dead branches of Populus sp., and was characterized by erumpent, globose to subglobose ascomata with crest-like ostiole, cylindrical asci with fusiform ascospores, 1(−3)-septate, constricted at the central septum, and surrounded by a mucilaginous sheath; asexual morph is hyphomycetous. Based on our phylogenetic analyses of combined SSU, LSU, tef1, and ITS sequence data (Figure 2), our strain (GMBCC1177) clusters with the strains of A. populi at the basal clade of A. arezzoensis and A. sylvatica. Thus, we identify our fresh collection as A. populi. This is the first report of A. populi from China and on M. grandiflora. We also compared the morphology of the sexual morph of our new collection with Angustimassarina species that are morphologically and phylogenetically closely related (Table 3). However, the phylogenetic affinities of Angustimassarina species are not well-resolved (Figure 2). Therefore, to resolve the current status of Angustimassarina, further research is needed together with asexual morph and protein-coding genes.


TABLE 3 Morphological comparisons, location, and hosts of Angustimassarina species phylogenetically related to the new collection.

[image: Table 3]

Parabambusicolaceae Kaz. Tanaka & K. Hiray. Stud. Mycol. 82: 115 (2015)

Index Fungorum Registration Identifier IF 811324



Notes

Tanaka et al. (2015) introduced this family to accommodate two genera, viz., Aquastroma and Parabambusicola (type genus). Members of the family have been mainly reported as saprobes. Currently, the family comprises nine genera (Wijayawardene et al., 2022).

Lonicericola Phookamsak, Jayasiri & K.D. Hyde, Fungal Diversity 95(1): 39 (2019)

Index Fungorum Registration Identifier IF 556139



Notes

Lonicericola was introduced by Phookamsak et al. (2019) with L. hyaloseptispora Phookamsak et al. as the type of species. Later, Yasanthika et al. (2020) introduced the second species, L. fuyuanensis Yasanthika et al. Both have been introduced from Yunnan Province, China as saprobic species. Our new collection is morphologically resembling Lonicericola s. str. Multi-gene phylogenetic analyses and morphological characteristics confirmed that the new collections are new species in Lonicericola.

Lonicericola qujingensis D.Q. Dai, Wanas. & Wijayaw. sp. nov., (Figure 8)


[image: Figure 8]
FIGURE 8
 Lonicericola qujingensis (GMB1386, holotype). (a) Dead branch of M. grandiflora. (b) Immersed ascomata on host. (c) Vertical section of ascoma. (d–f) Asci. (g) Pseudoparaphyses. (h,k) Ascospores. (i,j) Peridium. (l) Germinated ascospore. (m,n) Seven-day-old colonies incubated at 28°C on PDA. Scale bars: (b) = 500, (c,j) = 50, (d–f) = 20, (g,h,k,l) = 10, and (i) = 100 μm.


Index Fungorum Registration Identifier IF 555252

Etymology: named after the locality from where it was collected, Qujing, Yunnan (China).

Saprobic dead branches of M. grandiflora, Sexual morph: Ascomata 250–300 × 100–160 μm ([image: image] = 284.2 × 129.7 μm, n = 10), black, scattered, solitary, immersed under host epidermis, slightly raised at maturity, globose to subglobose, uniloculate, glabrous, ostiolate, and papillate. Ostiole centrally located, oblong, with minute papilla, and filled with hyaline paraphyses. Peridium 10–20 μm wide, unequal thickness, composed of 2–3 layers, flattened to broad, brown to dark brown, composed of pseudoparenchymatous cells, and arranged in textura angularis to textura prismatica. Hamathecium composed of numerous, 1.5–3 μm wide, filamentous, and septate pseudoparaphyses. Asci 100–210 × 25–35 μm ([image: image] = 154.21 × 30.7 μm, n = 20), 8-spored, bitunicate, fissitunicate, broadly cylindrical to cylindric-clavate, subsessile to short pedicellate, with furcate to obtuse pedicel, and apically rounded. Ascospores 47–60 × 10–16 μm ([image: image] = 55.7 × 14.2 μm, n = 20), overlapping 2–3-seriate, hyaline, fusiform, 7–10-septate, constricted at the septa, smooth-walled, with small to large guttules, and surrounded by a mucilaginous sheath (14–18 μm diam.). Asexual morph: undetermined.



Culture characteristics

Ascospores germinating on PDA within 24 h and germ tubes produced from all sides. Colonies growing slowly on PDA, reaching 4 cm in diam. after 1 week at 28°C, dense, irregular, umbonate, surface smooth, with edge entire, cottony, white in the first week, white to gray from above; white at the margin and black in the center, and dark brown in the middle from below. Mycelium semi-immersed in PDA, with branches, septate, smooth-walled, and hyphae brown.



Material examined

China, Yunnan Province, Qujing, Qujing Normal University, 25°52′36.75″N, 103°74′46.73″E, 1,853.8 m, on dead branches of M. grandiflora L., 18 August 2020, Dong-Qin Dai and Mei-ling Zhu, Lin 46, (GMB1386, holotype), ex-type GMBCC1178; Ibid. 10 May 2021, Dong-Qin Dai and Ting-Ting Zhang, Lin 60, (GMB1046, paratype); ex-paratype GMBCC1037.



Notes

Currently, the genus comprises three species (including the new collection), and all species were reported from Yunnan, China. Interestingly, both Lonicericola hyaloseptispora and L. fuyuanensis have been reported from the same host family, i.e., Caprifoliaceae. Nevertheless, the new collection was made from decaying branches of M. grandiflora (Magnoliaceae). In our phylogenetic analyses (Figure 1), our new collection formed a distinct clade in Lonicericola s. str. with high bootstrap values (99% and 1 in ML and Bayesian analysis, respectively). This result is also supported by morphological characters (see the taxonomic key). Based on current data, we assume that Lonicericola species are restricted to subtropical regions in China but could be distributed in different host families.

The taxonomic key below can be used to distinguish the Lonicericola species based on ascospore and asci morphology.

1. Ascospores with only 3 septa …… L. fuyuanensis

1. Ascospores with more than 3 septa……2

2. Ascospores 37–49 × 8–12 μm, 8–9-septate…… L.hyaloseptispora*

2. Ascospores 47–60 × 10–16 μm, 7–10-septate…… L. qujingensis

*Phookamsak et al. (2019) did not provide ascospore dimensions; thus, we received them through personal communication with R. Phookamsak.

Lentitheciaceae Y. Zhang ter, C.L. Schoch, J. Fourn., Crous & K.D. Hyde, Stud. Mycol. 64: 93 (2009)

Index Fungorum Registration Identifier IF 515470



Notes

Zhang et al. (2009) introduced this genus with Lentithecium, Katumotoa, and Keissleriella. Currently, Lentitheciaceae comprises 14 genera (Wijayawardene et al., 2022). Members of the family occur in both terrestrial and aquatic environments and are common as saprobes.

Phragmocamarosporium Wijayaw., Yong Wang & K.D. Hyde, Index Fungorum 370: 1 (2018)

Index Fungorum Registration Identifier IF 555365



Notes

Wijayawardene et al. (2015) introduced this genus with two species, P. hederae Wijayaw. et al. (from Hedera helix, Germany) and P. platani (type species, from Platanus sp., Guizhou, China). Wanasinghe et al. (2018) introduced the third species, which was inhabitant on spines of Rosa canina from Great Britain. However, according to the Index Fungorum (2022), the genus was invalidly published in Wijayawardene et al. (2015); thus later, the genus and all the species have been validated in Index Fungorum (2022).

Phragmocamarosporium magnoliae Wijayaw., D.Q. Dai & Wanas. sp. nov. (Figure 9)


[image: Figure 9]
FIGURE 9
 Phragmocamarosporium magnoliae (GMB1388, holotype). (a) Dead branch of M. grandiflora. (b) Appearance of conidiomata on host. (c) Vertical section of conidioma. (d) Pycnidium wall. (e–i) Developing and matured conidia attached to conidiogenous cells. (j,k) Conidia. (l) Germinated conidium. (m,n) Seven-day-old colonies incubated at 28°C on PDA. Scale bars: (b) = 100, (c) = 50, (d) = 20, (e,g–i) = 5, (f,l) = 15 μm, and (j) = 20 μm.


Index Fungorum Registration Identifier IF 555250

Etymology: named after the host genus from which it was collected, Magnolia.

Saprobic on branches of M. grandiflora. Sexual morph: undetermined. Asexual morph: Conidiomata 100–145 μm high, 80–105 μm in diam. ([image: image] = 122.2 × 88.9 μm, n = 20), pycnidial, immersed, black, gregarious to solitary, unilocular, globose to subglobose, and with a centrally located papillate ostiole. Pycnidial wall with outer 3–4 layers of dark brown cells of textura angularis, with inner layer of thin hyaline cells. Conidiophores reduced to conidiogenous cells. Conidiogenous cells simple to simple branch at the base, smooth, long, 12–17 × 3–6 μm ([image: image] = 13.5 × 4.5 μm, n = 20), phialidic, and hyaline. Conidia 13–17 × 4–6 μm ([image: image] = 14.5 × 5.35 μm, n = 20), medium brown, clavate or ellipsoid to sub-cylindrical, with obtuse apex and truncate base, straight to curved, 3(−4)-transverse septate, guttulate or eguttulate, and constricted at the septa.



Culture characteristics

Conidia germinating on PDA within 24 h and germ tubes produced from the middle. Colonies growing slowly on PDA, reaching 2.5 cm in diam. after 1 week at 28°C, circular, zonate, uneven margin, cottony, white from above, with thin mycelium, dark brown at the margin, and yellowish-brown at the center from below. Mycelium semi-immersed in PDA, with branches, septate, smooth-walled, and hyphae brown.



Material examined

China, Yunnan Province, Qujing, Qujing Normal University, 25°52′36.75″N, 103°74′46.73″E, 1,853.8 m, on dead branches of M. grandiflora L., 18 August 2020, Dong-Qin Dai and Mei-ling Zhu, Lin 48, (GMB1388, holotype), ex-type GMBCC1180; Ibid. 10 May 2021, Dong-Qin Dai and Ting-Ting Zhang, Lin 68, (GMB1048, paratype); ex-paratype GMBCC1041.



Notes

In the phylogenetic analyses (Figure 3), Phragmocamarosporium magnoliae groups with P. hederae and P. platani (Figure 8), but in morphology they are different (Table 4). Besides, P. hederae and P. platani are lacking sequences of ITS and tef1 loci. Species resolution of this subclade will be higher with more genes and more collections.

Phragmocamarosporium qujingensis D.Q. Dai, Wanas. & Wijayaw. sp. nov., (Figure 10)


TABLE 4 Morphological comparison of Phragmocamarosporium species.

[image: Table 4]


[image: Figure 10]
FIGURE 10
 Phragmocamarosporium qujingensis (GMB1384, holotype). (a) Dead branch of M. grandiflora. (b) Appearance of ascomata on host. (c,d) Vertical sections of conidiomata. (e) Peridium. (f–i) Conidia attached to conidiogenous cells. (j–l) Conidia. (m) Germinated conidium. (n) Seven-day-old colonies incubated at 28°C on PDA. Scale bars: (b) = 1,000, (c) = 200, (d) = 100, (e) = 100, (f,g,i) = 10, (h,m) = 15, and (j–l) = 5 μm.


Index Fungorum Identifier IF 555251

Etymology: named after the locality from where it was collected, Qujing, Yunnan (China).

Saprobic on dead branches of M. grandiflora. Sexual morph: undetermined. Asexual morph: Conidiomata 100–300 μm high, 100–150 μm diam. ([image: image] = 142 × 122 μm, n = 10), pycnidial, immersed, semi immersed at maturity, black, gregarious to solitary, unilocular, globose to subglobose, and with a centrally located papillate ostiole. Pycnidial wall with outer 3–4 layers of dark brown cells of textura angularis and with inner layer of thin hyaline cells. Conidiophores reduced to conidiogenous cells. Conidiogenous cells 6–11 × 2–5 μm ([image: image] = 8.4 × 3.3 μm, n = 20), simple to simple branch at the base, smooth, long, phialidic, and hyaline. Conidia 10–14 × 3–6 μm ([image: image] = 11.5 × 4.4 μm, n = 30), medium brown, clavate or ellipsoid to subcylindrical, with obtuse apex and truncate base, straight to curved, 3(−4) transverse septate, guttulate or eguttulate, constricted at the septa.



Culture characteristics

Conidia germinating on PDA within 24 h and germ tubes produced from both sides. Colonies growing slowly on PDA, reaching 3 cm in 1 week at 28°C, dense, irregular, uneven margin, white in the first week, gray from above, light yellow at the margin and dark gray at the center, and with light gray in the middle from below.



Material examined

China, Yunnan Province, Qujing, Qujing Normal University, 25°52′36.75″N, 103°74′46.73″E, 1,853.8 m, on dead branches of M. grandiflora L., 18 August 2020, Dong-Qin Dai and Mei-ling Zhu, Lin 43-1, (GMB1384, holotype), ex-type GMBCC1176; Ibid. 10 June 2021, Dong-Qin Dai and Ting-Ting Zhang, Lin 101, (GMB1066, paratype); ex-paratype GMBCC1044.



Notes

Phragmocamarosporium qujingensis is morphologically and phylogenetically distinct from other species (Figure 3; Table 4).

Longiostiolaceae Phukhams., Doilom, & K.D. Hyde, Fungal Diversity 102: 43 (2020)

Shearia Petr., Annls mycol. 22(1/2): 180 (1924)

Index Fungorum Registration Identifier IF 9914



Notes

Petrak (1924) introduced this genus, which is typified by Shearia magnoliae (Shear) Petr. (Basionym: Camarosporium magnoliae Shear). However, Sutton (1980) regarded that Stegonsporium formosum Ell. & Ev. 1863 as the older name for this taxon. Thus, S. formosa (Ell. & Ev.) Petrak was regarded as the correct name for the type of species (Sutton, 1980). Wanasinghe et al. (2020) re-collected Shearia formosa from Magnolia denudate and M. soulangeana and designated the neotype. All collections were made from Kunming, Yunnan. In this study, we report Shearia formosa from M. grandiflora as a new host record from China (Wanasinghe et al., 2020; Farr and Rossman, 2022).

Shearia formosa (Ellis and Everh.) Petr., Sydowia 15 (1–6): 216 (1962), (Figure 11)


[image: Figure 11]
FIGURE 11
 S. formosa (GMB1379, a new host record on M. grandiflora from China). (a) M. grandiflora branch. (b) Appearance of ascomata on host. (c) Vertical sections of conidioma. (d) Osti-ole opening. (e) Peridium. (f–h) Conidia and conidiogenous cells. (i–l) Conidia. (m,n) Seven-day-old colonies incubated at 28°C on PDA. Scale bars: (b) = 300, (c) = 430, (d) = 100, (e) = 55, (f) = 25, (g) = 20, (h) = 25, and (i–l) = 20 μm.


Basionym: Stegonsporium formosa Ellis & Everh., Bull. Torrey bot. Club 10(7): 76 (1883)

Index Fungorum Registration Identifier IF 339263

Saprobic on dead twigs of M. grandiflora. Sexual morph: undetermined. Asexual morph: Conidiomata 500–870 μm high, 530–1,000 μm diam. ([image: image] = 635.5 × 763.3 μm, n = 20), pseudostromatic, solitary, immersed, globose, unilocular, dark brown, central, papillate ostiole, and circular. Conidiomata wall 15–35 μm wide at the base, 30–80 μm wide at the sides and ostiole region, outer layer composed of thick-walled, very dark brown occluded cells, and lateral and basal walls composed of dark brown cells of textura angularis. Conidiophores reduced to conidiogenous cells. Conidiogenous cells 7–14 × 6–8 μm ([image: image] = 11.2 × 7.3 μm, n = 10), holoblastic, annellidic, doliiform or cylindrical, discrete, inde-terminate, hyaline, and smooth-walled. Conidia 70–95 × 22–30 μm ([image: image] = 82 × 25 μm, n = 28), light brown to medium brown, fusiform, base truncate, apex obtuse, with several transverse and lateral distosepta, continuous, smooth and thick-walled, initially enveloped in a gelatinous sheath, depressed at the apex, and at maturity remaining as a basal lateral sheath.



Culture characteristics

Ascospores germinating on PDA within 24 h and germ tubes produced from both sides. Colonies growing slowly on PDA, reaching 3 cm in 1 week at 28°C, effuse, velvety to hairy, oval, uneven margin, white in the first week, white at the margin and gray at the center from above, and white at the margin and dark brown at the center from below.



Material examined

China, Yunnan Province, Qujing Normal University, 25°52′36.75″N, 103°74′46.73″E, 1,853.8 m, on branches of M. grandiflora L., 7 November 2019, Dong-Qin Dai and Mei-Ling Zhu, Lin 18, GMB1379 (new host record from China), culture GMBCC1172.



Notes

In conidial morphology and dimensions (in mean values), the new collection resembles the neotype of Shearia formosa (which was reported on Magnolia denudate) but is distinct from conidiomatal and conidiogenous cell characters (Wanasinghe et al., 2020) (Table 5). However, in phylogenetic analyses, the new collection accommodated in Shearia s. str. and clustered with MFLUCC 20–0019, the ex-neotype (Figure 1). Hence, we confirm our collection as Shearia formosa. S. formosa has previously been reported on M. grandiflora from the United States (Miller, 1990; Schubert, 1991; Farr and Rossman, 2022). However, according to our knowledge, S. formosa has not been reported on M. grandiflora from China. Hence, this is the first host record of S. formosa on M. grandiflora from China.


TABLE 5 Morphological comparison of new collection and neotype of Shearia formosa.

[image: Table 5]





Discussion

Tropical and subtropical regions are rich in biodiversity. Several studies concluded that some regions in Asia have not been properly studied; thus, a large number of fungal species are yet to be discovered (Hyde et al., 2018). In China, the southwestern region has higher biodiversity including higher floral, faunal, and microbial diversity (Xu et al., 2017). The Guizhou and Yunnan provinces are important in this region as a large number of research studies confirmed rich fungal diversity (Farr and Rossman, 2022).

In southwest China (i.e., Guizhou and Yunnan Provinces), Magnolia species are widely used in gardening (as an ornamental plant), horticulture, and Chinese traditional medicine. In this study, we focused on M. grandiflora in Qujing Normal University Garden, Qujing city, Yunnan province. We recognized that this species has been widely used in Qujing for gardening purposes. Thus, we selected the university garden as a preliminary collecting site to assess the fungal diversity of M. grandiflora.

Botryosphaeriaceae species are common in southwest China and other regions as well (e.g., Wijayawardene et al., 2016; Xiao et al., 2021). Our new collections of Botryosphaeriaceae taxa from M. grandiflora resided in Botryosphaeria sensu stricto and Diplodia sensu stricto (Figure 1). Among the taxa, one species is confirmed as B. dothidea while two other strains are confirmed as D. mutila and D. seriata. This is the first report of both Diplodia species on M. grandiflora. Botryosphaeria dothidea has been reported as a pathogen of broad range of hosts in China, including gardening plants (e.g., causal agent of trunk and extended up to branches of Acer platanoides fide; Wang et al., 2015) and agricultural crops (e.g., causal agent of apple ring rot of apple fide; Tang et al., 2012). According to Farr and Rossman (2022), Botryosphaeria dothidea has not been reported from Magnolia species from China; thus this is the first report. Nevertheless, Botryosphaeria dothidea was reported as a pathogen of M. grandiflora from Serbia (Zlatkovic et al., 2018). However, none of the new collections have been observed associated with any diseased symptoms such as cankers or leaf spots. Besides, in a recent genomic study by Yan et al. (2018), they predicted that some Botryosphaeriaceae species (e.g., Lasiodiplodia theobromae) could be opportunistic pathogens of woody plants with changes in the environment. Hence, it is essential to expand the sample number to confirm whether their life modes are adversely impacted by M. grandiflora populations in Qujing.

Angustimassarina populi was introduced as a saprobe of dead branches of Populus sp. from Italy (Thambugala et al., 2015). The genus Angustimassarina comprises twelve species epithets (Index Fungorum 2022) including A. populi, and all species have been reported from Europe. In this study, we reported Angustimassarina populi, which occurred on M. grandiflora from Qujing, Yunnan. This is the first report of a member of Angustimassarina reported outside Europe. Moreover, this is the first report of Angustimassarina populi from China and on M. grandiflora and, thus, the first country and host records, respectively. This collection confirms that Angustimassarina species could have a broader distribution and, apparently, are not host-specific. It is necessary to promote biogeographic studies of this type of genus, which was previously reported only in one geographic region but recently found in other countries. Based on this result, we predict that more novel species can be reported from China as Angustimassarina was originally reported in temperate countries, i.e., Italy.

The novel species of Lonicericola, L. qujingensis is the third member of the genus. Interestingly, all the species have been reported only from Yunnan Province, China. However, previous species (i.e., L. hyaloseptispora and L. fuyuanensis) have been reported from the host family Caprifoliaceae. Since the new collection was made from decaying branches of M. grandiflora, we predict that members of Lonicericola could occur in a broad range of host families. However, geographical distribution is not clear and thus needs further collections from other regions in Yunnan.

Currently, the genus Phragmocamarosporium comprises three species that were reported from Germany, The United Kingdom, and Guizhou Province, China. In this study, we introduce two more species of Phragmocamarosporium from M. grandiflora viz., Phragmocamarosporium magnoliae and P. qujingensis. Phragmocamarosporium platani, the type of species of Phragmocamarosporium, was reported from Platanus species, in Guizhou. Species resolution in the subclade in which Phragmocamarosporium magnoliae, P. hedeare, and P. platani are included is not clear as the latter species are lacking ITS and protein loci in the GenBank (Wijayawardene et al., 2015). Hence, here, we used morphological characteristics to differentiate the species as a supporting factor. Besides, we predict that the Guizhou-Yunnan region could be harboring more Phragmocamarosporium species. Moreover, the strain named KUMCC 18-0165 (of Phragmocamarosporium hederae) in the GenBank must represent a novel lineage in Phragmocamarosporium s. str. (Figures 1, 10; Table 4). Wanasinghe et al. (2020) reported S. formosa on Magnolia denudate from Yunnan, China. In this study, we report S. formosa on M. grandiflora for the first time.

Our findings suggest that it is essential to check for fungal diversity on extensively studied host genera that occur in biodiversity-rich regions. Hence, we suggest expanding future studies on extensively studied host genera that occur in Yunnan such as Eucalyptus, Magnolia, and Quercus. Besides, these host genera could be species-rich and thus could harbor different fungal taxa. Hence, precise host identification is also important in this type of broad future study. This is essential to reveal hidden fungal diversity in biodiversity hotspots.
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Wheat (Triticum aestivum L.) is an important cereal crop, widely grown throughout the temperate zones, and also suitable for cultivation at higher elevations. Fusarium head blight (FHB) is a highly destructive disease of wheat throughout the globe. In July 2020, serious wheat FHB symptoms were observed in open fields located in Linzhi City, southeast of Tibet, China. The causal agent was identified as Fusarium avenaceum (Fr.) Sacc. by amplification and sequencing of the internal transcribed spacer (ITS) region, translation elongation factor 1-alpha (EF-1α) gene, and RNA polymerase II subunit (RPB-2) gene, as well as by morphological characterization. Koch’s postulates were confirmed by a pathogenicity test on healthy spikes, including re-isolation and identification. To our knowledge, this is the first report of F. avenaceum causing FHB on wheat in Tibet, China. Moreover, to determine pathogen characteristics that may be useful for future disease management, the utilization of different carbon and nitrogen resources, temperature, light, and ultraviolet (UV) irradiation on mycelium growth and conidia germination were studied. Soluble starch and peptone were the best carbon, and nitrogen source for the pathogen respectively. The optimal temperatures for the pathogen’s mycelium growth and conidia germination were 15–20°C, matching the average temperature during the growing season in Linzhi (Tibet). Meanwhile, alternating 8-h light and 16-h dark was shown to be conducive to mycelia growth, and complete darkness facilitated conidia germination. In addition, UV Irradiation of 48 MJ/cm2, approximately 100 times of the local condition, did not inhibit the germination of conidia. Furthermore, in vitro screening of effective fungicides was conducted. Among the seven tested pesticides, carbendazim showed the best inhibition rate, with an EC50 (concentration for 50% of maximal effect) value of 2.1 mg/L. Propiconazole also showed sufficient inhibitory effects against F. avenaceum, with an EC50 value of 2.6 mg/L. The study provides insights into the newly identified causal agent of wheat FHB in Tibet, China, as well as first pathogen characteristics and promising candidate substances for its management.
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Introduction

As the earliest domesticated cereal crop, Triticum aestivum L. was cultured by humans 10,000 years ago in the Near-Eastern Fertile Crescent. In human history, cereal crops played an important role since then by providing major nutrition sources, such as proteins, fats, minerals, vitamins, and dietary energy (Guo et al., 2020; Poole et al., 2021). Wheat is considered to have been brought to China 5000 years ago, where it became the second most important crop after rice (Wang et al., 2009; Betts et al., 2014). Nowadays, China is the largest producer and consumer of wheat in the world (CIMMYT, 2014). In Tibet, wheat is one of the main grown crops besides highland barley (Hordeum vulgare var. coeleste L.). The average yield of wheat in Tibet is 6–7 t/ha, well above the world average of 2.8 t/ha (Paltridge et al., 2019). Tibet is located at high altitudes where CO2 concentrations are relatively high; this can adversely affect the quality of wheat by restraining photosynthesis in leaves (Zhao et al., 2017). Moreover, the quality of wheat can be affected by fungal diseases as currently observed worldwide. For instance, Fusarium head blight (FHB), mainly caused by the Fusarium graminearum (anamorph Gibberella zeae) species complex (FGSC), is an economically destructive disease of wheat throughout the globe (Liang et al., 2015). Besides FGSC, Fusarium culmorum, and Fusarium avenaceum are the most common causal agents of FHB, and their geographical distribution appears to be related to environmental conditions (Wegulo et al., 2015). In the agri-food industry, FHB epidemics not only reduce grain yield and quality, but also contaminate grains with toxic secondary fungal metabolites commonly known as mycotoxins, particularly deoxynivalenol (DON) and nivalenol (NIV) (Colombo et al., 2020).

Over the last few years, the frequency of FHB epidemics has been substantially increasing worldwide. Particularly in China, long-term wheat-maize rotation, increased implementation of reduced tillage and highly sensitive wheat cultivars are the main reasons for FHB’s rapid expansion in the Yellow and Huai River Valleys (Zhu et al., 2018). Internationally, breeding wheat for resistance against FHB is a common strategy to counteract infections and disease spread (Zhu et al., 2019b). In addition, fungicides are widely screened and used to control FHB. In previous studies, triazoles (ergosterol biosynthesis inhibitors), such as prothioconazole, were shown to be effective against FHB by inhibiting the ascospore germination and mycelial growth of the F. graminearum (Klix et al., 2007). Some benzimidazole fungicides, like carbendazim, have been used in the control of FHB for decades (Liu et al., 2014). However, extensive and prolonged use of fungicides to control FHB has led to fungicide resistance among different Fusarium populations and isolates (Chen et al., 2011; Zhao et al., 2022). Except for fungicide properties, pathogen biology and environmental factors may also contribute to the development of disease, as well as fungicide resistance (Lurwanu et al., 2020; Moreno-Amores et al., 2020; Yang et al., 2021). Therefore, studying the relationship between biological characteristics of the pathogen and environmental factors is necessary. Meanwhile, screening of effective fungicides against pathogens isolated from a particular environment is needed. Tibet is known as the “roof of the world,” as well as “world’s third pole,” because it has a peculiar but also sensitive environment, which makes it a unique habitat for plants and microbes. In the past, stripe rust and powdery mildew were reported as major wheat diseases in Tibet (Li et al., 1995; Wang and Yang, 2021). However, little is known about wheat FHB occurrence and its causal agent in Tibet. Moreover, it is important to understand the biological characteristics of the pathogen as basic information of its disease epidemiology, as well as the sensitivity of local isolates to fungicides commonly used to control the disease.

In the present study, we report wheat FHB in open fields located in Linzhi city, southeast of Tibet, China. To provide the basis for future management of wheat FHB in this region, the aim of the study was to identify the causal agent, assess the responses of the pathogen to important environmental factors, and to screen effective fungicides against the pathogen in vitro.



Materials and methods


Sample collection and fungal isolation

Fusarium head blight was observed on wheat grown in open fields located in Linzhi City, Southwest of Tibet, China (29.341635°N, 94.379748°E). The attitude of the sampling site is 2913 m above the sea level. The disease incidence averaged 60–70% on a 0.7-ha field that was used for the assessment. Twelve diseased spikes with typical FHB symptoms were collected from different locations of the field. Symptomatic seeds were soaked in 4% sodium hypochlorite for 5 min, washed three times with sterilized water, placed on potato dextrose agar (PDA) medium, and incubated at 24°C. After 7 days, fungal colonies displaying morphological characteristics of Fusarium spp. were purified by transferring single spores. Pure cultures were obtained and selected for further identification.



Morphological and molecular identification

A representative isolate (hereafter referred to as Charlie 779) was used for microscopic observations. Fungal conidia were observed and photographed with a Nikon Ni-E microscopic system (Nikon Inc., Melville, NY, United States). In total, 50 spores were randomly selected and measured using Nikon NIS Elements AR 4.50. For molecular identification, genomic DNA of five representative isolates was extracted from mycelia of 7-day-old cultures according to the manufacturer’s instructions (Biomiga Fungal DNA Extraction Kit; CA, United States). Then, polymerase chain reaction (PCR) amplifications of internal transcribed spacer (rDNA-ITS), elongation factor 1-alpha region (EF-1α), and RNA polymerase II subunit (RPB-2) were performed with primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′, White et al., 1990), EF1-728F (5′-CATCGAGAAGTTCGAGAAGG-3′) and TEF1L-Erev (5′-GCCATCCTTGGAGATACCAGC-3′, Carbone and Kohn, 1999), and primers RPB25F (5′-GAYGAYMGWGATCAYTTYGG-3′), and RBP2-7CR (5′-CCCATRGCTTGYTTRCCCA-3′, Liu et al., 1999), respectively. The PCR amplifications were carried out in a Bio-Rad S1000 Thermal Cycler in a 25 μl reaction mixture containing 2 × Taq PCR MasterMix (Sangon, Inc.), 1 μl DNA template and 1 μl of each primer. The PCR conditions were as follows: initial denaturation at 94°C for 3 min, followed by 35 cycles of denaturation at 95°C for 30 s, annealing for 30 s at the corresponding temperatures (53°C for ITS, 60°C for EF-1α gene, and 55°C for RPB2), extension at 72°C for 45 s, then a final extension for 10 min.

The obtained DNA sequences in this study were queried against the National Center Biotechnology Information (NCBI) database with other DNA sequences in the GenBank database. Representative sequences of the sequenced DNA regions were deposited in GenBank. In addition, a phylogenetic tree was constructed with MEGA 7 based on ITS region, EF1-α gene and RPB2 gene sequences.



Pathogenicity test

Koch’s postulates were met to confirm the pathogenicity of F. avenaceum Charlie 779 on wheat cv. Zangdong 16 at the flowering stage in a glasshouse assay. The spikes of 20 wheat plants were each sprayed with 500 μL conidia suspension (1 × 103 spores/ml). Twenty plants that were mock-inoculated with sterilized water served as the controls. All plants were incubated at 26 ± 2°C under a 16 h/8 h photoperiod and 70–75% relative humidity (RH) after inoculation.



Utilization of different carbon and nitrogen sources

The mycelium growth and conidia germination rate of F. avenaceum Charlie 779 on different carbon sources and nitrogen sources were determined in Czapek’s medium by implementing methods that were adapted from previous studies (Song et al., 2020; Li et al., 2021). In total, five carbon sources were tested, soluble starch, D-mannose, glucose, maltose, and D-Levulose, with no carbon source as control. In complementary assessments, five nitrogen sources were tested, including peptone, sodium nitrate, L-arginine base, beef extract, and ammonium sulfate, with no nitrogen source as control. For each treatment, three replications were conducted. To study the mycelial growth on the different carbon and nitrogen sources, a seven-day-old colony was placed in the center of a Petri dish containing the respective medium and then incubated at 28°C for 5 d under dark conditions. For the germination rate analysis, conidia from 10-day-old colonies were washed with distilled water and their concentrations were adjusted to 1.0 × 105 conidia mL–1 using a hemocytometer. Then, 0.2 mL conidia suspension was added to 0.2 mL Czapek broth complemented with different carbon and nitrogen sources. After 12 h, the germination rate was evaluated by microscopy at 100 times magnification.



The influence of temperature on mycelium growth and conidia germination rate

The influence of temperature on mycelium growth and conidia germination rate was studied on PDA and Potato Dextrose Broth (PDB) medium, respectively, incubated at temperatures ranging from 15 to 35°C at 5°C intervals. A seven-day-old colony was placed in the center of a Petri dish with PDA medium and then incubated at different temperatures. The mycelial growth was recorded at 5 days post inoculation. The conidia germination rate in PDB medium under different temperatures was calculated.



The influence of photoperiod on mycelium growth and conidia germination rate

To study the effect of the photoperiod, inoculated growth medium (PDA for mycelium growth, and PDB for conidia germination rate) was placed in incubators at 28°C with following settings: (i) 24 h light; (ii) 24 h dark; (iii) 8 h light and 16 h dark; (IV) 12 h light and 12 h dark. Each treatment was conducted with three replicates.



The influence of ultraviolet irradiation on mycelium growth and conidia germination rate

After growth on PDA at 28°C for 10 days, conidia suspensions were prepared. The cell density of the suspensions was adjusted to 1.0 × 104 colony-forming units (CFU)/mL, and 50 μL were pipetted per plate. Open plates were irradiated by using a UV lamp that was mounted 40 cm from the plates under sterile conditions. The irradiation was performed using UVC (Haier, China) at a wavelength of 254 nm for five different durations, including 0 (control group), 1, 5, 10 and 20 min. The plates were then incubated at 28°C for 4–5 days and subjected to regular examination to record the number of fungal colonies.



In vitro antifungal activity of fungicides on mycelial growth

The mycelial growth rate method was used to evaluate antifungal activity of fungicides (Xin et al., 2020). Different fungicides were dissolved in organic solvents or water (propiconazole and pyrimethanil were dissolved in ethanol and myclobutanil was dissolved in acetone, all other fungicides were dissolved in water), and then mixed with the PDA medium at different concentrations (Table 1). For these fungicides dissolved in either ethanol or acetone, a comparable final concentration of the indicated solvents was added into PDA medium, which served as control plates (CK). Afterward, a F. avenaceum colony (with a diameter of 6 mm) was placed in the center of the PDA medium-containing plates and cultured at 28°C and 75% RH for 7 day under dark conditions. Then the colony diameter (mm) was measured using a ruler. The EC50 (concentration for 50% of maximal effect) values of different fungicides were calculated using DPS v2.0 software.


TABLE 1    Concentrations of substances used for fungicide sensitivity assays and their China pesticide registration numbers (http://www.chinapesticide.org.cn).
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The employed fungicides were formulations of propiconazole (40% Emulsifiable Concentrates) (EC), myclobutanil (12.5% EC), pyrimethanil (40% Suspension Concentrate) (SC), Thiram (50% Wettable Powder) (WP), mancozeb (80% WP), carbendazim (50% WP), and hymexazol (70% WP) and were purchased from local distributors.
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Equation used to determine inhibition efficiency of the fungicides. I: percent inhibition, C: radial growth of the fungus in the control, T: radial growth of the fungus in the treatment.




Results


Morphological characterization

Twenty-one Fusarium-like isolates were obtained from diseased wheat spikes (Figure 1A). The colonies were white with a regular circular shape at the early stage and gradually became fluffy after 7 days (Figure 1B). Pure cultures of all isolates were stored in the fungal pathogen inventory of Guizhou Provincial key Laboratory for Agricultural Pest Management of the Mountainous Region (accession no. GZUPP:1450). A strong pink pigmentation was observed on the reverse side of the PDA plates. For microscopic observations, one typical strain Fusarium sp. Charlie 779 was selected from all obtained isolates. Conidia were solitary, macrospores slender, straight to slightly falcate with 3 to 5 septa, and ranged from 30.2–60.8 × 3.9–5.4 μm (n = 50) (Figures 1D–G). Based on these morphological characteristics, the isolates matched the description of the genus Fusarium (Nelson et al., 1983).


[image: image]

FIGURE 1
Open field symptoms of wheat Fusarium head blight (A), colony of Fusarium sp. Charlie 779 on potato dextrose agar (PDA) medium (B,C), macroconidia of Fusarium sp. Charlie 779 on septate mycelium (D), macroconidia of Fusarium sp. Charlie 779 (E–G). Scale bars: D–G = 10 μm.




Molecular characterizations

The obtained DNA sequences were compared with other DNA sequences following alignment with the GenBank. BLAST analysis of the sequenced fragments resulted in the best match to F. avenaceum sequences (ITS, 99.36% identity to MF687287.1; EF-1α, 99.60% identity to MK836081.1; RPB2, 98.79% identity to JX171663.1). Representative sequences of the sequenced DNA regions were deposited in GenBank (Charlie 779, accession numbers: ITS, MZ049674; RPB-2, MZ053464; EF-1α, MZ053465; Charlie 782, accession numbers: ITS, ON805846; RPB-2, ON833471; EF-1α, ON833468; Charlie 788, accession numbers: ITS, ON805862; RPB-2, ON833472; EF-1α, ON833469; Charlie 789, accession numbers: ITS, ON819345; RPB-2, ON833473; EF-1α, ON833470; Charlie 790, accession numbers: ITS, ON847358; RPB-2, ON868917; EF-1α, ON868916) and are included in the Supplementary Material. Furthermore, a phylogenetic tree was constructed with MEGA 7 based on combined sequences of the ITS region together with EF-1α and RPB-2 genes by using the maximum-likelihood method (Figure 2).
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FIGURE 2
Phylogenetic analysis of concatenated sequences of the ITS region, EF-1α and RPB-2 obtained from F. avenaceum Charlie 779, F. avenaceum Charlie 782, F. avenaceum Charlie 788, and F. avenaceum Charlie 789 from this study and reference sequences of Fusarium spp. specimens using the maximum likelihood method (1000 bootstrap iterations). Cordyceps javanica CBS 134.22 was used as the outgroup. Bootstrap values are provided next to the respective branches.




Pathogenicity test

Twelve days after inoculation, typical FHB symptoms were visible on the inoculated plants, whereas the control plants remained asymptomatic. The pathogenicity test was repeated three times with similar results. Pure cultures were re-isolated from diseased spikes and confirmed to be F. avenaceum based on the morphological and molecular methods mentioned above (ITS region, EF-1α and RPB-2 sequences).



Utilization of different carbon and nitrogen sources

All tested carbon sources enabled mycelium growth and conidia germination (Figure 3). The pathogen showed faster mycelium growth on soluble starch than on other carbon resources. Meanwhile, the pathogen demonstrated higher conidia germination rates in soluble starch, D-mannose, and glucose than in other carbon resources. Moreover, the pathogen showed both, faster mycelium growth as well as a higher conidia germination rate in peptone than with other nitrogen resources.
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FIGURE 3
Effects of carbon and nitrogen sources on mycelium growth and conidia germination of F. avenaceum Charlie 779. Colonial growth diameter on different carbon sources (A), conidiospore germination rate on different carbon sources (B), colonial growth diameter on different nitrogen sources (C), conidiospore germination rate on different nitrogen sources (D). Different lowercase letters indicate significant differences (P < 0.05). Data are mean ± SD (n = 3).




Effect of temperature and photoperiod

The pathogen was able to grow in the temperature range of 15–25°C (Figures 4A,B). The conidia germination rate decreased after 25°C. When the temperature was higher than 30°C, neither mycelium nor conidia grew. Alternating 8-h light and 16-h dark was shown to be conducive to the growth of mycelia, and complete darkness facilitated conidia germination (Figures 4C,D).
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FIGURE 4
Effects of temperature and photoperiod on mycelium growth and conidia germination of F. avenaceum Charlie 779. Colonial growth diameter under different temperatures (A), conidiospore germination rate under different temperatures (B), colonial growth diameter under different photoperiods (C), conidiospore germination rate under different photoperiods (D). Different lowercase letters indicate significant differences (P < 0.05). Data are mean ± SD (n = 3).




Effect of irradiation with ultraviolet light

UVC Irradiation for 1 min at the wave length of 254 nm, 48 MJ/cm2, did not inhibit the pathogen’s conidia germination (Figure 5). However, UVC Irradiation longer than 5 min, 240 MJ/cm2, significantly inhibited conidia germination.
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FIGURE 5
Effect of UVC irradiation on F. avenaceum Charlie 779. Different lowercase letters indicate significant differences (P < 0.05). Data are mean ± SD (n = 3).




Fungicide assays

The representative isolate F. avenaceum Charlie 779 showed different sensitivity to the seven selected fungicides (Table 2). Among the seven tested fungicides, carbendazim showed the highest inhibition rate, with an EC50 (concentration for 50% of maximal effect) value of 2.1 mg/L. This was followed by propiconazole, which also showed an inhibitory effect against F. avenaceum, with EC50 values of 2.6 mg/L. Moderate effects were observed with myclobutanil and pyrimethanil, which showed EC50 values of 24.6 and 79.2 mg/L, respectively. In contrast, thiram, mancozeb and hymexazol showed low inhibition rates against F. avenaceum Charlie 779 with EC50 values of 136, 21, and 251 mg/L, respectively. Moreover, according to the regression equation, the slope of propiconazole was the largest at 4.8, and that of mancozeb was the smallest at 2.1. This indicated that F. avenaceum was most sensitive to propiconazole and the least sensitive to mancozeb.


TABLE 2    Inhibitory effect of seven fungicides on F. avenaceum Charlie 779.
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Discussion

Wheat is an important nutritional resource in Tibet, which is located in high-altitude areas of Southwestern China. In this study, we identified F. avenaceum as the causal agent of FHB in Tibet based on morphological and molecular characterization, as well as pathogenicity tests. To our knowledge, this is the first report of F. avenaceum causing wheat FHB in Tibet.

In Northern and Central Europe, F. avenaceum was already reported as the causative pathogen of wheat FHB (Uhlig et al., 2007; Giraud et al., 2010; Anas et al., 2020). The pathogen may thrive on host crop residues during the inter-cropping season in the form of mycelia, perithecia, or chlamydospores, and then spread to wheat via air (Wegulo et al., 2015). Moreover, environmental and nutritional factors like temperature, light, and carbon resource, nitrogen fertilization are presumed to greatly influence FHB infections in wheat (Hofer et al., 2016; Moreno-Amores et al., 2020; Costa et al., 2021). Low air temperature was previously shown to increase disease severity of FHB in Poland (Okorski et al., 2022). In some areas, the predominant causal agent was F. avenaceum. This is consistent with our study in which we isolated the pathogen, F. avenaceum, from Linzhi, Tibet, where the average temperature is 15.0°C in June, and 15.2°C in July [data from China Meteorological Data Service Center (CMDSC)1 ]. Furthermore, we characterized the influence of temperature on the pathogen, F. avenaceum Charlie 779, mycelium growth and conidia germination, and found 15–20°C was its optimal temperature range. Nitrogen fertilization was previously shown to influence the occurrence of FHB in wheat. Reasonable application reduces occurrence of FHB in wheat by influencing canopy characteristics and plant physiology (Hofer et al., 2016). In contrast, high nitrogen availability decreased the activity of antioxidative enzymes, and may thus increase the incidence and intensity of FHB (Matić et al., 2021). In our study, (NH4)SO2, as the sole nitrogen resource, enhanced mycelium growth and conidia germination of F. avenaceum. Therefore, we suggest that the applied amount of fertilizers that contain (NH4)SO2 as the major nitrogen source should be carefully considered in wheat fields previously affected by F. avenaceum in Tibet, China. Carbon dioxide (CO2) may also influence wheat quality and FHB prevalence. Hay et al. (2022) found at elevated CO2, more FHB resistant cultivars having greater changes in nutrient content, including protein, starch, phosphorus, and magnesium. Hence, for future wheat breeding, cultivars that can maintain both nutritional integrity and FHB resistance are desired. In addition, external carbon sources could alter the biosynthesis of fungal mycotoxins. Particular in F. avenaceum isolates, sucrose was reported as one of the optimal sources of carbon for enniatins production (Gautier et al., 2020). In our study, we found that all tested carbon sources supported the mycelium growth and conidia germination. However, the pathogen showed both higher mycelium growth and conidia germination on soluble starch than on other carbon resources. For future studies, it will be important to investigate how other carbon resources, except for CO2, may influence the disease prevalence and to explore how they could be considered in wheat breading. Meanwhile, reducing the input of carbon resources that support FHB development and mycotoxin production could provide new solutions for sustainable management of the disease.

Photoperiod was reported as an important environmental factor that may impact the biological characteristics of phytopathogens, as well as their pathogenesis (Costa et al., 2021; Macioszek et al., 2021). In the present study, we found that alternating 8-h light and 16-h cycles dark was conducive to the growth of F. avenaceum Charlie 779 mycelia, and full darkness facilitated its conidia germination. This was different with F. fujikuroi FKMC 1995, where light did not significantly affect its mycelial growth and conidia germination (Costa et al., 2021). Similarly, Zhu et al. (2013) demonstrated that mycelial growth and conidia germination of F. oxysporum F0112 was not affected by the photoperiod. However, for some F. oxysporum isolates, complete darkness significantly elicited mycelium growth and/or conidia germination (Pan et al., 2011; Jin et al., 2019). Therefore, within Fusarium spp., strain-specific responses of mycelial growth and conidia germination to photoperiod may widely exist.

For some pathogens like the powdery mildew causative agent, Blumeria graminis, UV irradiation was shown to reduce infection and proliferation by restricting prepenetration processes (Zhu et al., 2019a). However, for pathogens like F. oxysporum, which are located inside the host tissue, when their filament is established, the pathogen is protected from natural irradiation (Milo-Cochavi et al., 2019). In our study, we found that nearly 100 times stronger UVC irradiation than the local natural condition in Linzhi (48 MJ/cm2) could not significantly inhibit the mycelium growth and conidia germination of F. avenaceum. The results indicated that high UVC irradiation is not affecting FHB caused by F. avenaceum.

Chemical control represents one of the main measures for the prevention and control of wheat FHB (Dweba et al., 2017). Therefore, we conducted an in vitro screening of potentially effective fungicides against F. avenaceum Charlie 779 (Figure 6). Among the seven tested pesticides, carbendazim and propiconazole showed the best inhibition rates, with an EC50 value of 2.1 and 2.6 mg/L, respectively. The results were in accordance with previous studies which showed carbendazim and propiconazole are effective against the FHB causal agent F. graminearum (Klix et al., 2007; Liu et al., 2014). Doohan et al. (1999) reported that pyrimethanil showed no reduction of FHB symptoms. In our study, pyrimethanil in our study showed moderate inhibitory effects against F. avenaceum. Generally, thiram and mancozeb were shown to inhibit mycelial growth of FHB isolates when combined with other fungicides (Zhang et al., 2009; Park et al., 2012; Mengesha et al., 2022). However, these compounds showed poor inhibition rates against F. avenaceum in the present study when they were separately applied in vitro. For myclobutanil and hymexazol, no reports are available yet regarding their effect on FHB isolates. Interestingly, we found that myclobutanil showed a relatively high inhibitory effect against F. avenaceum. In contrast, hymexazol showed poor effects. Our study demonstrated the potential of carbendazim, propiconazole, and myclobutanil for chemical control of wheat FHB caused by F. avenaceum in Tibet.


[image: image]

FIGURE 6
Mycelial growth of F. avenaceum Charlie 779 on PDA plates incubated for 7 days in the absence (CK) or presence of different concentrations of propiconazole (A1: 100 μg/mL, A2: 50 μg/mL, A3: 10 μg/mL, A4: 5 μg/mL, A5: 1 μg/mL, A6: CK), myclobutanil (B1: 100 μg/mL, B2: 50 μg/mL, B3: 10 μg/mL, B4: 5 μg/mL, B5: 1 μg/mL, B6: CK), pyrimethanil (C1: 1000 μg/mL, C2: 500 μg/mL, C3: 250 μg/mL, C4: 125 μg/mL, C5: 62.5 μg/mL, C6: CK), thiram (D1: 500 μg/mL, D2: 300 μg/mL, D3: 150 μg/mL, D4: 30 μg/mL, D5: 15 μg/mL, D6: CK), mancozeb (E1: 300 μg/mL, E2: 100 μg/mL, E3: 50 μg/mL, E4: 25 μg/mL, E5: 12.5 μg/mL, E6: CK), carbendazim (F1: 6 μg/mL, F2: 3 μg/mL, F3: 1.5 μg/mL F4: 0.75 μg/mL, F5: 0.38 μg/mL, F6: CK), and hymexazol (G1: 200 μg/mL, G2: 100 μg/mL, G3: 50 μg/mL, G4: 25 μg/mL, G5: 12.5 μg/mL, G6: CK).


General adaptability and environmental factors may contribute to the development of fungicide resistance in F. avenaceum as commonly observed with other fungal pathogens (Sun et al., 2020; Chen et al., 2021). Considering that the isolates described in the present study were obtained from a unique environment, their biological characteristic may differ from other isolates from common cultivation areas and they might be either more or less prone to resistance development. Therefore, the relationships and/or correlations between FHB incidence, control effect, the pathogen’s biological characteristics, and the development of fungicide resistance should be further examined.

Overall, our study provides new insights into the occurrence and causal agent of wheat FHB in Tibet, China as well as the pathogen’s biological characteristics and promising candidate fungicides for its management. As discussed above, further studies will be needed to develop effective and sustainable control approaches against FHB in Tibet.
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Colletotrichum is widespread, and these pathogenic fungi can cause various plant diseases. Studies have shown that Colletotrichum fructicola cause oil-tea (Camellia oleifera) anthracnose and is widely distributed as a dominant fungus in all Ca. oleifera-producing regions. Real-time quantitative PCR(RT-qPCR) is considered the most reliable technique for simultaneously measuring relative gene expression levels in different tissues. Target genes are typically quantified using RT-qPCR to explore gene function, and reliable RT-qPCR results require data normalization using stable reference genes. No studies have reported a suitable reference gene in C. fructicola. This study has eight candidate reference genes (CfCk, CfRpp, CfUce, CfRrp, CfAdrh, CfDd, CfAct, and CfTub) which were selected from C. fructicola-Ca. oleifera transcriptome data and evaluated and sequenced using geNorm, NormFinder, and BestKeeper algorithms. The results showed that CfRrp had better stability in C. fructicola, both during the growth of pure pathogenic fungi and during the invasion of different oil-tea leaves. After normalization with CfRrp, the differentially expressed target genes were similar to the transcriptome. Our work provides suitable reference genes for future studies to quantify target gene expression levels in C. fructicola.
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Introduction

Colletotrichum consists of a highly diverse group of pathogens that infect a wide variety of plants (Silva et al., 2017). According to statistics, under the influence of Colletotrichum spp., the quality of fruits exported from tropical, subtropical, and Mediterranean regions has declined significantly, causing economic losses of more than 80% (Joshi, 2018). The 2016 Global Plant Status Assessment Report lists Colletotrichum among the top 10 pathogenic fungi affecting plants globally (Royal Botanic Gardens, 2016). Colletotrichum has a highly diverse lifestyle and a wide variety of hosts, and studying the pathogenesis of Colletotrichum provides a reference for analyzing the interaction patterns between various plants and pathogenic(Silva et al., 2017). C. fructicola is the dominant pathogenic fungus that causes oil-tea anthracnose (Chen et al., 2021a; Tan et al., 2021), which causes flower drops, fruit, and leaf drop. It can lead to 20%–40% fruit drop and up to 40% loss of oil-tea seeds and also lead to the death of branches and even plants, causing significant economic losses and seriously hampering the oil-tea industry (Lee and Yen, 2006; Jin et al., 2009). Camellia oleifera Abel (oil-tea trees) is a unique woody oil plant in China, and its planting area is increasing yearly. The oil extracted from seed has high nutritional value and healthcare functions (Hong et al., 2019; Du et al., 2020).

According to the study of different functional genes, exploring a pathogen’s gene expression pattern (expression profile) at different stages is necessary. Due to its efficiency and sensitivity, Real-time quantitative PCR (RT-qPCR) is considered the most reliable technique for simultaneous measurement of relative levels of gene transcripts in a wide variety of samples (Galli et al., 2015; Machado et al., 2015). RT-qPCR has been used for the detection of pathogens such as bacteria, viruses, and fungi and for gene expression analysis in plant tissues and soil (Lopez et al., 2003; Schneider et al., 2012). However, RT-qPCR techniques must rely on data normalization using reference genes, and inappropriate reference genes may lead to skewed results (Hao et al., 2014; Pombo et al., 2019). Studies have shown that the stability of reference gene expression varies from species to species and may vary according to tissue type, developmental stage, and experimental conditions (Gutierrez et al., 2008; Guenin et al., 2009). For example, Colletotrichum camelliae has slightly different optimal reference genes during spore germination and mycelial growth and interaction with host plants (He et al., 2019). C. fructicola, as the dominant pathogenic fungus of oil-tea anthracnose, is widely distributed in oil-tea-producing areas. While there are wide varieties of oil-tea, the gene expression of C. fructicola under different conditions shows apparent differences. Therefore, using stably expressed reference genes is essential to provide a basis for mining broad-spectrum disease resistance genes in oil-tea.

In previous studies, Colletotrichum spp. mostly used housekeeping genes such as Act, Tub, and GAPDH as reference genes (Narusaka et al., 2009; Ben-Daniel et al., 2012; Kim et al., 2014). However, existing studies have shown that gene expression such as Act is unstable under certain conditions and cannot be used as reference genes for data normalization analysis (He et al., 2019). The discovery of this phenomenon has led more and more researchers to choose reference genes according to the actual situation of their research.

In this study, we evaluated the stability of eight candidate genes to identify the reference genes most suitable for C. fructicola to be used in conidia, mycelial growth, and infection of different oil-tea leaves. To evaluate the efficacy of selected reference genes, we used multiple sets of transcriptome data (mycelium, invasive oil-tea leaves 24, 48, and 72 h) to screen for candidate reference genes with minimal change in expression. The expression of the known effector CfEP92 in C. fructicola was normalized to the conidial period, the mycelial growth period and the process of infesting different oil-tea leaves using eight candidate reference genes and compared with the transcriptomic data to screen the suitable reference genes. To our knowledge, this is the first analysis of C. fructicola reference gene expression stability. Our work provides a theoretical reference for future researchers to analyze the gene function of Colletotrichum spp., and provides a basis for us to explore the key pathogenic genes of C. fructicola, explore its pathogenic mechanism, and study the interaction mechanism of C. fructicola and Ca. oleifera in the future.



Materials and methods


Plant and pathogen materials

The biennial seedlings of “Huajin” and “Huasuo” Ca. oleifera varieties (HJ and HS after the article) were selected as the test materials, respectively, and the two oil-tea leaves showed different resistance to C. fructicola (Supplementary Figure S1). Before inoculation, the two oil-tea seedlings were cultured indoors in an artificial climate of 24°C, 16 h light/8 h darkness, and 60%–80% relative humidity. C. fructicola is provided by the “Key Laboratory of the State Forestry Administration of Plantation Pest Control in the South.”



Sample preparation

Colletotrichum fructicola stored in −80°C glycerin was inoculated on potato dextrose agar (PDA) medium and inverted at 28°C for 4 days (d). Five pieces of PDA with hyphae on the surface were cut and inoculated into a conical flask containing 200 ml potato dextrose broth (PDB) medium at 28°C and 180 rpm shaker cultures 5–6 days. Conidia were collected using 9 cm medium speed qualitative filter paper filtered into 50 ml sterile centrifuge tubes at 6,000 rpm/min centrifugation of 10 min. The concentration of ddH2O diluted spores to 1 × 106 spores·ml−1 for inoculation of oil-tea leaves (Chen et al., 2021b), remaining conidia soaked up the water with sterile filter paper, liquid nitrogen refrigerated to −80°C for reserve.

Mycelium samples (JS after the article) culture in PDB medium shake flasks for 3 days and 6 days mycelium, and liquid nitrogen was refrigerated at −80°C for backup after moisture was soaked up in sterile filter paper.

Randomly pick HJ’s and HS’s several tender leaves, disinfect 10–15 s with 75% alcohol, rinse them twice in sterile water, then drain the surface with a sterile filter paper and place them in a sterile petri dish. Aseptic cotton absorbs the right amount of ddH2O and places it in a circle around the outside of the sterile dish to ensure ambient humidity. We used a sterile disposable syringe needle to puncture the surface of the above oil-tea leaves, and 10 μl diluted spore droplets were extracted and cultured in the middle of the hole at 28°C, with the control group receiving only sterile water. The leaf tissue with the disease spots was cut at 24, 48, and 72 h of C. fructicola infested oil-tea leaves and stored at −80°C under liquid nitrogen freezing. All treatments repeat three times.



Total RNA extraction and reverse transcription

The leaves (HS-24, 48, and 72 h, HJ-24, 48, and 72 h), mycelium (JS-3 days, 6 days), and conidia were taken into a mortar, frozen in liquid nitrogen and well ground, and 10–20 μg of different sample powder were weighed and added to 1.5 ml sterile enzyme-free centrifuge tube, and different samples of RNA were extracted using RNAprep Pure Plant Plus Kit (Polysaccharides and Polyphenolics-rich; TianGen, Beijing, China). Extracted RNA was determined by Eppendorf Biophotometer D30 (Eppendorf, Hamburg, Germany) for purity and concentration. Sample RNAs were required with A260/A280 ratios of 1.9 to 2.1 and A260/A230 ratios of 19 to 2.0, indicating high purity and no protein contamination of samples. RNA integrity examines by 1% agarose gel electrophoresis. Approximately 100 ng of total RNAaspirate for cDNA was synthesized using the HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper) kit (Vazyme, Nanjing, China).



Selection candidate reference genes

Eight genes with moderate expression and little change over time were selected as candidate reference genes from C. fructicola-infected Ca. oleifera transcriptome data (Supplementary Table S1). The original RNA-seq readings were submitted to the NCBI under the BioProject PRJNA848256. To test the specificity of the selected genes, we performed general PCR using healthy HJ and HS leaf cDNA as templates for specific amplification. The PCR program consisted of a preliminary step of 2 min at 98°C followed by 35 cycles at 98°C for 10 s and 60°C for 10 s and 72°C for 10 s.



Primer design

Complete information on BLAST candidate reference genes in NCBI. RT-qPCR primers design using Primer5 software.1 The length of the primer is 20 ~ 22 bp, the GC content is 45% ~ 55%, the melting temperature is 55°C ~ 60°C, the amplified fragment length is 100 ~ 250 bp, and it spans at least one intron (Table 1).



TABLE 1 Primer basic information of the candidate reference genes.
[image: Table1]



Quantitative real-time PCR

Set 5 gradients 10 times diluted conidia cDNA to plot standard curves to calculate gene amplification efficiency (E) and correlation coefficient (R2).

[image: image]

RT-qPCR reactions were performed in 8 rows, each with a total volume of 15 μl:7.5 μl 2 × ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China), 0.6 μl forward primer(100 mol/l), 0.6 μl reverse primer (100 mol/l), 1 μl cDNA(50 ng), and 5.3 μl ddH2O. RT-qPCR analysis was performed on ABI Quant Studio Q3 (Thermo Fisher, Massachusetts, United States): 95°C Pre-denaturation for 30 s, followed by 40 cycles at 95°C for 10 s, 60°C for 30 s, and finally the fuse curve was detected. Each reaction consisted of three technical repeats and two NTCs (nuclease-free water-replacement cDNA). At the end of the RT-qPCR run, the products for primer specificity using 1% agarose gel electrophoresis.



Statistical data analysis

The entire experiment process is conducted by Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) requirements (Bustin et al., 2009).

The expression stability of candidate genes was assessed by quantitative cycle (Cq) value using three statistical algorithms, BestKeeper (Pfaffl et al., 2004), NormFinder (Andersen et al., 2004), and geNorm (Vandesompele et al., 2002).

CfEp92 is known to induce expression as an effector of C. fructicola when infecting plant hosts (Shang et al., 2020), where the suitability of candidate reference genes is assessed and compared, with results calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001).

Statistical analysis was performed using SPSS 25 software program. Notable difference analysis was performed by ANOVA and LSD test. Statistical significance is considered at *p < 0.05 and **p < 0.01. All experiments consisted of three technical repetitions and three biological replicates.




Results


Primer specificity and efficiency detection

In PCR assays modeled on cDNA from healthy HJ and HS leaves, none of the primers of candidate reference genes were amplified. In PCR assays using hyphal cDNA as a template, the primers of all candidate reference genes were amplified to obtain the target band.

All the primers were tested by RT-qPCR and the product was validated by 1% agarose gel electrophoresis as a single amplified product of desired size (Supplementary Figure S2), indicating that the cDNA template used was free of gDNA contamination. The results of the melting curve were all single peaks with no amplification of NTC response, indicating that no other secondary structures were generated (Supplementary Figure S3). Draw a standard curve (Figure 1) for all primers R2 > 0.98 with an amplification efficiency (E) value between 90% and 110% (Table 2).

[image: Figure 1]

FIGURE 1
 Standard curve of Colletotrichum fructicola RT-qPCR quantitative primers. The primer efficiency for the RT-qPCR quantification of the gene was determined using a serial dilution of cDNA templates from conidia. The respective correlation coefficients (R2) are indicated. (A) CfTub; (B) CfAct; (C) CfDd; (D) CfCk; (E) CfRpp; (F) CfUce; (G) CfRrp; and (H) CfAdrh.




TABLE 2 The primer amplification efficiency and correlation coefficients of candidate reference genes.
[image: Table2]



Expression levels of candidate reference genes

The quantitative cycle (Cq) value is the number of PCR cycles at the intersection of the sample response curve and the threshold line, which indicates how many cycles it takes to detect the true signal of the target gene from the sample, and the Cq value is inversely proportional to the number of target genes in the sample. Cq value in RT-qPCR can be used to compare gene expression levels, and the change in Cq value directly reflects gene expression stability. The qualified reference gene Cq value should keep relatively low in different samples to facilitate normalization of the target gene. Because of the low fungal content in the oil-tea leaves, fewer fungal active RNA can be extracted, resulting in significant differences in the Cq values detected in pure fungal samples compared to infected leaves. Therefore, analysis of candidate reference gene stability requires co-analysis in clusters, including pathogen sample (conidia, JS-3 days, JS-6 days) and infected leaf sample group (HS-24, 48, and 72 h, HJ 24, 48, and 72 h).

The results showed that CfAct expression was highest and CfRpp expression was lowest under all conditions. The expression of CfRrp and CfRpp in the pathogen sample group was the smallest, while the expression of CfAct was the largest. The expression of CfAdrh in the infected leaf sample groups was minimal, while the expression of CfRpp was the most variable (Figure 2). Observing the changes in Cq values, all gene expression differences in the infected leaf sample groups showed different degrees of increase, which predicted that certain genes were induced to be transcribed during the process of infesting oil-tea leaves, which would cause great errors during the normalized data processing if the reference genes were not carefully selected.

[image: Figure 2]

FIGURE 2
 Expression levels of candidate housekeeping genes in pathogen and infected leaves. Boxes represent lower and upper quartiles of cycle thresholds range with medians indicated, and whisker caps represent maximum and minimum values. Hatched boxes correspond to pathogen samples (conidia, JS-3 days, 6 days) and white boxes to infected leaves samples (HS-24, 48, and 72 h, HJ-24, 48, and 72 h).




Statistical analysis of RT-qPCR data by geNorm

To assess the stability of reference genes under different conditions, we subgroup eight candidate reference genes (CfCk, CfRpp, CfUce, CfRrp, CfAdrh, CfDd, CfAct, and CfTub), including pure pathogenic samples (conidia, JS-3 days, JS-6 days), HS leaf spot (HS-24, 48, and 72 h) and HJ leaf spot (HJ-24, 48, and 72 h).

The top 3 candidate reference genes were extracted from each group (the same M-value was considered equivalent rank), and the pure pathogen group: CfRpp, CfAdrh, CfRrp, and CfDd were the most stable; CfDd, CfUce, CfRpp, and CfRrp were the most stable in the HJ leaf spot group; CfUce, CfRrp, CfAct, and CfDd were the most stable in the HS leaf spot group (Figure 3). CfRrp and CfDd were detected in the stability evaluation of all three sets of data, which may indicate that both genes were stable under each condition.

[image: Figure 3]

FIGURE 3
 geNorm analysis of expression stability of eight candidate reference genes in different groups. (A) Mycelial growth; (B) HJ leaf spot group; and (C) HS leaf spot group. M values represent the gene expression stability index. Higher M values indicate that the gene is more unstable and vice versa.




Statistical analysis of RT-qPCR data with NormFinder

According to the NormFinder analysis, the top 3 candidate reference genes for stability were extracted from each group, with pure pathogen groups: CfRrp, CfAdrh, and CfRpp being the most stable. HJ leaf spot group: CfUce, CfDd, and CfRrp were the most stable; HS leaf spot group: CfUce, CfRrp, and CfAct were the most stable (Figure 4). Taken together, CfRrp was relatively stable under all conditions, consistent with the results of geNorm’s analysis, but CfDd did not enter the ranks of stable genes.

[image: Figure 4]

FIGURE 4
 NormFinder analysis of expression stability of eight candidate reference genes in different groups. (A) Mycelial growth; (B) HJ leaf spot group; and (C) HS leaf spot group. M values represent the gene expression stability index. Higher M values indicate that the gene is more unstable and vice versa.




Statistical analysis of RT-qPCR data with BestKeeper

Analysis of eight candidate reference genes revealed reference genes stability sequencing in the pure pathogen group: CfUce > CfRrp > CfRpp > CfTub > CfCk > CfAdrh > CfAct > CfDd; Reference genes stability sequencing in the HJ leaf spot group: CfRrp > CfAdrh > CfRpp > CfDd > CfUce > CfAct > CfCk > CfTub; Reference genes stability sequencing in the HS leaf spot group: CfRpp > CfRrp > CfUce > CfCk > CfAct > CfAdrh > CfDd > CfTub (Figure 5). Taken together, CfRrp was the most stable of the three groups.

[image: Figure 5]

FIGURE 5
 BestKeeper analysis of expression stability of eight candidate reference genes in different groups. (A) Mycelial growth; (B) HJ leaf spot group; and (C) HS leaf spot group. Standard deviation (SD) and coefficient of variation (CV) of Cq values for each gene were calculated. Stable reference genes have relatively low variability and standard deviation (CV ± SD).




Evaluation of reference genes

To evaluate and compare the stability of different reference genes, we targeted their expression with a known effector CfEP92, as a target gene to detect its expression, and transcriptome data showed that the gene was induced expression at C. fructicola invasion of oil-tea leaves at 72 h, but less at other stages.

When CfRrp was used as a reference gene, CfEP92 expression increased at 72 h in oil-tea leaves, with minimal expression in conidia and mycelium states. There were also significant differences at 24 and 48 h stages, with an overall trend of increasing expression, similar to transcriptome results (Figure 6). Targeted genes were even more expressed at 24 than 72 h using unstable reference genes such as CfAdrh, CfDd, and CfCk. When CfAct, CfUce, and CfTub were used as reference genes, the expression of target genes increased at 24 h. When CfRpp was used as reference gene, although the expression of target genes did not increase significantly at 24 h, there was no significant difference with 48 h, which was not consistent with transcriptome results.

[image: Figure 6]

FIGURE 6
 Expression profile of CfEP92 in Colletotrichum fructicola conidia and hyphal growth and during 24, 48, and 72 h infection of tea-oil leaves. (A) CfRrp; (B) CfAct; (C) CfTub; (D) CfUce; (E) CfRpp; (F) CfCk; (G) CfDd; (H) CfAdrh; and (I) CfEP92. Con means Conidia; Myc means Mycelium. The significance analysis was compared with the conidial stage. The data show the mean expression ± standard deviation calculated from three biological replicates. ∗p < 0.05; ∗∗p < 0.01.





Discussion

As a dominant fungus strain on oil-tea leaves in China, Colletotrichum fructicola has severely impacted the Ca. oleifera industry. Studying and uncovering the function of vital pathogenic genes and differences in gene expression under different conditions is now vital to understanding the pathogenesis of pathogenic fungi (Skinner et al., 2001; Gao et al., 2017; Li, 2018). RT-qPCR is an essential technique for studying gene expression due to its sensitivity, accuracy, and repeatability, and the reliability of its results depends on the selection of appropriate reference genes (He et al., 2019; Song et al., 2019). Normalization of C. fructicola target genes expression using unevaluated reference genes may result in errors under specific experimental conditions. Therefore, we selected and evaluated the stability of CfRrp, CfUce, CfRpp, CfTub, CfCk, CfAdrh, CfAct, and CfDd genes during C. fructicola conidia, mycelium, and oil-tea leaves invasion provided a theoretical basis for C. fructicola pathogenic studies.

Reference gene needs to be expressed at a high level under different conditions, and in the RT-qPCR test, they are expressed at a Cq value. The eight candidate reference genes selected in this study maintained a high Cq value in all samples, and the Cq values remained below 35 even after 10,000-fold dilution. CfAct and CfTub are common housekeeping genes generally considered to have high expression in different tissues (Bustin et al., 2009). While the remaining 6 candidate reference genes were expressed nearly as much in the same tissue sample as both housekeeping genes, suggesting the potential of the eight candidate genes selected in this study as reference genes. All eight candidate reference genes had R2 values greater than 98%, and all candidate reference genes had sound linear amplification, while the amplification efficiency met the basic requirements of 90% ~ 110% (Bustin et al., 2009).

Since we screened reference genes that were stably expressed in C. fructicola invasive Ca. oleifera assays. In addition to conidia and pure mycelium, we also selected tissue samples from different oil-tea leaves. Both types of Ca. oleifera have different resistance to C. fructicola. Mycelium has slightly different growth and derivation rates in oil-tea leaf tissues, which may lead to changes in C. fructicola gene expression. Under this combination, the reference genes with better stability can be selected better. CfUce showed high stability in HJ leaf spot group and HS leaf spot group conditions but was less stable in pure mycelia, which is likely to be a functional gene that protects C. fructicola from persistent infection of oil-tea leaves. Retrospective CfRrp is stable in pure mycelium and also in HS leaf spot group and HJ leaf spot group.

In evaluating reference genes, the results of normalization of target genes by CfRrp are consistent with the transcriptome data. In previous studies of C. fructicola gene expression, housekeeping genes such as Act and Tub are often used to normalize (Liang et al., 2019; Song et al., 2019; Liu et al., 2021). CfAct and CfTub were not stable under the conditions set in this study, and the results were slightly different from transcriptome data after normalizing the target genes. Similarly, when other researchers evaluated reference genes, they found that management genes such as Act and Tub were unsuitable for all situations (Hao et al., 2014; He et al., 2019; Song et al., 2019). In conclusion, commonly used reference genes must be reconfirmed according to the specific experimental conditions. The use of unstable reference genes resulted in inaccurate or no significant difference in transcript level, for example, no significant difference in expression between 24 h and 48 h after CfRpp normalized target genes. After CfAdrh normalized the target genes, the expression of 24 h was significantly higher than 72 h. These results were not consistent with transcriptome data. So, the use of reliable reference genes is a prerequisite for the accurate analysis of RT-qPCR data.



Conclusion

This is the first report to evaluate reference genes suitable for RT-qPCR analysis in C. fructicola. We screened eight candidate reference genes using transcriptome data and assessed their stability for normalization of C. fructicola gene expression. Through three computer algorithms geNorm, BestKeeper, and NormFinder, the results show that CfRrp was the most stable reference gene for conidia, mycelium, and the interaction between pathogens and Ca. oleifera. Analysis of CfRrp expression confirmed the importance of the selection of appropriate reference genes for standardizing RT-qPCR data. The reference genes selected here provide essential options for C. fructicola target gene expression and function studies.
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Dead wood-associated fungi play an important role in wood degradation and the recycling of organic matter in the forest ecological system. Xenasmataceae is a cosmopolitan group of wood-rotting fungi that grows on tropical, subtropical, temperate, and boreal vegetation. In this study, a new fungal order, Xenasmatales, is introduced based on both morphology and multigene phylogeny to accommodate Xenasmataceae. According to the internal transcribed spacer and nuclear large subunit (ITS+nLSU) and nLSU-only analyses of 13 orders, Xenasmatales formed a single lineage and then grouped with orders Atheliales, Boletales, and Hymenochaetales. The ITS dataset revealed that the new taxon Xenasmatella nigroidea clustered into Xenasmatella and was closely grouped with Xenasmatella vaga. In the present study, Xenasmatella nigroidea collected from Southern China is proposed as a new taxon, based on a combination of morphology and phylogeny. Additionally, a key to the Xenasmatella worldwide is provided.

KEYWORDS
 biodiversity, fungal systematics, ITS, LSU, new taxa, wood-decaying fungi, Xenasmatales, Xenasmatella nigroidea


Introduction

Among eukaryotic microorganisms, wood-decaying fungi interact positively with dead wood, playing a fundamental ecological role as decomposers of plants in the fungal tree of life (James et al., 2020). Wood-associated fungi are cosmopolitan and rich in diversity since they grow on tropical, subtropical, temperate, and boreal vegetation (Gilbertson and Ryvarden, 1987; Núñez and Ryvarden, 2001; Bernicchia and Gorjón, 2010; Dai, 2012; Ryvarden and Melo, 2014; Dai et al., 2015, 2021; Wu et al., 2020).

Xenasmataceae Oberw., a typical wood-associated fungal group mainly distributed in the tropics was discovered by Oberwinkler (1966), and typified by Xenasma Donk. Three genera, namely, Xenasma, Xenasmatella Oberw., and Xenosperma Oberw., have been accommodated in this family, however, higher-level classification of the order has not been designated. The tenth edition of the Dictionary of the Fungi showed that Xenasmataceae belongs to Polyporales Gäum., and consists of three genera (Kirk et al., 2008). MycoBank indicates that Xenasmataceae has a higher classification within Polyporales, although the Index Fungorum shows that Xenasmataceae belongs to the order Russulales.

High phylogenetic diversity among corticioid homobasidiomycetes suggests a close relationship among Radulomyces M.P. Christ., Xenasmatella, and Coronicium J. Erikss. and Ryvarden. Xenasma pseudotsugae (Burt) J. Erikss. nested into the euagarics clade, in which it grouped with Coronicium and Radulomyces. The three taxa of Radulomyces grouped together with Phlebiella pseudotsugae (Burt) K.H. Larss. and Hjortstam and Coronicium alboglaucum (Bourdot and Galzin) Jülich, and were composed of a rather confusing group with no obvious morphological features or ecological specialization to tie these three genera together (Larsson et al., 2004). The classification of corticioid fungi with 50 putative families from published preliminary analyses and phylogenies of sequence data showed that three species of Xenasmatella formed a single lineage with strong support within the unplaced Phlebiella family, in which this clade was unclaimed to any orders (Larsson, 2007). A higher-level phylogenetic classification of the Kingdom Fungi revealed that the Phlebiella clade and Jaapia clade do not show affinities within any orders (Hibbett et al., 2007). An outline of all genera of Basidiomycota with combined SSU, ITS, LSU, tef1, rpb1, and rpb2 datasets showed that Xenasmatella was assigned to Xenasmataceae within the order Russulales (He et al., 2019). Therefore, there is debate on the classification at the order level for the Xenasmataceae.

Recently, Xenasmatella has been studied deeply on the basis of morphology and phylogeny. Phlebiella P. Karst. was deemed to have not been legitimately published previously, and the name Xenasmatella was accepted (Duhem, 2010; Larsson et al., 2020; Maekawa, 2021). Molecular systematics involving Xenasmatella was carried out recently. On the basis of morphological and molecular identification, Zong et al. (2021) studied the sequences of 27 fungal specimens representing 24 species between the Xenasmatella clade and related orders; and the Xenasmatella clade formed a single lineage and three new species, namely, X. rhizomorpha C.L. Zhao, X. tenuis C.L. Zhao, and X. xinpingensis C.L. Zhao. Both the MycoBank database (http://www.MycoBank.org) and Index Fungorum (http://www.indexfungorum.org, accessed on June 20, 2022) have recorded 41 specific and infraspecific names in Xenasmatella. To date, the number of Xenasmatella species accepted worldwide has reached 25 (Oberwinkler, 1966; Stalpers, 1996; Hjortstam and Ryvarden, 2005; Bernicchia and Gorjón, 2010; Duhem, 2010; Larsson et al., 2020; Maekawa, 2021), of which, nine species have been found in China (Dai et al., 2004; Dai, 2011; Huang et al., 2019; Zong and Zhao, 2021; Zong et al., 2021).

In the present study, we verified the taxonomy and phylogeny of Xenasmataceae. In addition, we analyzed the species diversity of Xenasmataceae and constructed a phylogeny to the order level of this family on the basis of large subunit nuclear ribosomal RNA gene (nLSU) sequences, the internal transcribed spacer (ITS) regions, and ITS+nLSU analyses. Based on both morphology and phylogeny, we propose a new fungal order, Xenasmatales and a new species, Xenasmatella nigroidea. A key to the 25 accepted species of Xenasmatella worldwide is also provided.


The accepted species list

Xenasma Donk (1957).

1. Xenasma Aculeatum C.E. Gómez (1972).

2. Xenasma Amylosporum Parmasto (1968).

3. Xenasma Longicystidiatum Boidin and Gilles (2000).

4. Xenasma Parvisporum Pouzar (1982).

5. Xenasma Praeteritum (H.S. Jacks.) Donk (1957).

6. Xenasma Pruinosum (Pat.) Donk (1957).

7. Xenasma Pulverulentum (H.S. Jacks.) Donk (1957).

8. Xenasma Rimicola (P. Karst.) Donk (1957).

9. Xenasma Subclematidis S.S. Rattan (1977).

10. Xenasma Tulasnelloideum (Höhn. and Litsch.) Donk (1957).

11. Xenasma Vassilievae Parmasto (1965).

Xenasmatella Oberwinkler (1966).

1. Xenasmatella Ailaoshanensis C.L. Zhao ex C.L. Zhao and T.K. Zong (2021).

2. Xenasmatella Alnicola (Bourdot and Galzin) K.H. Larss. and Ryvarden (2020).

3. Xenasmatella Ardosiaca (Bourdot and Galzin) Stalpers (1996).

4. Xenasmatella Athelioidea (N. Maek.) N. Maek. (2021).

5. Xenasmatella Bicornis (Boidin and Gilles) Piatek (2005).

6. Xenasmatella Borealis (K.H. Larss. and Hjortstam) Duhem (2010).

7. Xenasmatella Caricis-Pendulae (P. Roberts) Duhem (2010).

8. Xenasmatella Christiansenii (Parmasto) Stalpers (1996).

9. Xenasmatella Cinnamomea (Burds. and Nakasone) Stalpers (1996).

10. Xenasmatella Fibrillosa (Hallenb.) Stalpers (1996).

11. Xenasmatella Globigera (Hjortstam and Ryvarden) Duhem (2010).

12. Xenasmatella Gossypina (C.L. Zhao) G. Gruhn and Trichies (2021).

13. Xenasmatella Inopinata (H.S. Jacks.) Hjortstam and Ryvarden (1979).

14. Xenasmatella Insperata (H.S. Jacks.) Jülich (1979).

15. Xenasmatella Nasti Boidin and Gilles ex Stalpers (1996).

16. Xenasmatella Odontioidea Ryvarden and Liberta (1978).

17. Xenasmatella Palmicola (Hjortstam and Ryvarden) Duhem (2010).

18. Xenasmatella Rhizomorpha C.L. Zhao (2021).

19. Xenasmatella Romellii Hjortstam (1983).

20. Xenasmatella Sanguinescens Svrček (1973).

21. Xenasmatella Subflavidogrisea (Litsch.) Oberw. ex Jülich (1979).

22. Xenasmatella Tenuis C.L. Zhao (2021).

23. Xenasmatella Vaga (Fr.) Stalpers (1996).

24. Xenasmatella Wuliangshanensis (C.L. Zhao) G. Gruhn and Trichies (2021).

25. Xenasmatella Xinpingensis C.L. Zhao (2021).

Xenosperma Oberw. (1966).

1. Xenosperma Hexagonosporum Boidin and Gilles (1989).

2. Xenosperma Ludibundum (D.P. Rogers and Liberta) Oberw. ex Jülich (1979).

3. Xenosperma Murrillii Gilb. and M. Blackw. (1987).

4. Xenosperma Pravum Boidin and Gilles (1989).




Materials and methods


Sample collection and herbarium specimen preparation

Fresh fruit bodies of fungi growing on the stumps of angiosperms were collected from Honghe, Yunnan Province, P.R. China. The samples were photographed in situ, and macroscopic details were recorded. Field photographs were taken by a Jianeng 80D camera. All photographs were focus stacked and merged using Helicon Focus software. Once the macroscopic details were recorded, the specimens were transported to a field station where they were dried on an electronic food dryer at 45°C. Once dried, the specimens were labeled and sealed in envelopes and plastic bags. The dried specimens were deposited in the herbarium of the Southwest Forestry University (SWFC), Kunming, Yunnan Province, P.R. China.



Morphology

The macromorphological descriptions were based on field notes and photos captured in the field and laboratory. The color, texture, taste, and odor of fruit bodies were mostly based on the authors' field trip investigations. Rayner (1970) and Petersen (1996) were used for the color terms. All materials were examined under a Nikon 80i microscope. Drawings were made with the aid of a drawing tube. The measurements and drawings were made from slide preparations stained with cotton blue (0.1 mg aniline blue dissolved in 60 g pure lactic acid), melzer's reagent (1.5 g potassium iodide, 0.5 g crystalline iodine, 22 g chloral hydrate, and aq. dest. 20 ml), and 5% potassium hydroxide. Spores were measured from the sections of the tubes; and when presenting spore size data, 5% of the measurements excluded from each end of the range are shown in parentheses (Wu et al., 2022). The following abbreviations were used: KOH = 5% potassium hydroxide water solution, CB = cotton clue, CB– = acyanophilous, IKI = Melzer's reagent, IKI– = both inamyloid and indextrinoid, L = means spore length (arithmetic average for all spores), W = means spore width (arithmetic average for all spores), Q = variation in the L/W ratios between the specimens studied, and n = a/b (number of spores (a) measured from given number (b) of specimens).



Molecular phylogeny

The CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd., Beijing, P.R. China) was used to obtain genomic DNA from the dried specimens following the manufacturer's instructions (Zhao and Wu, 2017). The nuclear ribosomal ITS region was amplified with the primers ITS5 and ITS4 (White et al., 1990). The nuclear nLSU region was amplified with the primer pairs LR0R and LR7 (http://lutzonilab.org/nuclear-ribosomal-dna/, accessed on September 12, 2021). The PCR procedure used for ITS was as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles at 94°C for 40 s, 58°C for 45 s, and 72°C for 1 min, and a final extension of 72°C for 10 min. The PCR procedure used for nLSU was as follows: initial denaturation at 94°C for 1 min, followed by 35 cycles at 94°C for 30 s, 48°C for 1 min, and 72°C for 1.5 min, and a final extension of 72°C for 10 min. The PCR products were purified and sequenced at Kunming Tsingke Biological Technology Limited Company (Yunnan Province, P.R. China). All the newly generated sequences were deposited in the National Center for Biotechnology Information (NCBI) GenBank (https://www.ncbi.nlm.nih.gov/genbank/, accessed on September 12, 2021) (Table 1).


Table 1. The list of species, specimens, and GenBank accession numbers of sequences used in this study.
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The sequences and alignment were adjusted manually using AliView version 1.27 (Larsson, 2014). The datasets were aligned with Mesquite version 3.51. The ITS+nLSU dataset and the nLSU-only sequence dataset were used to position a new order, Xenasmatales, and the ITS-only dataset was used to position a new species among the Xenasmatella-related taxa. Sequences of Dacrymyces stillatus and Dacryopinax spathularia retrieved from GenBank were used as the outgroup for the ITS+nLSU sequences (Figure 1) (He et al., 2019); sequences of Exidia recisa and Exidiopsis calcea retrieved from GenBank were used as the outgroup for the nLSU sequences (Figure 2) (Larsson, 2007); and the sequence of Trametes suaveolens was used as the outgroup for the ITS-only sequences (Figure 3) (Zong and Zhao, 2021).
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FIGURE 1.
 A maximum parsimony strict consensus tree illustrating the phylogeny of the new order Xenasmatales and related order in the class Agaricomycetes based on ITS+nLSU sequences. The orders represented by each color are indicated in the upper left of the phylogenetic tree. Branches are labeled with a maximum likelihood bootstrap value ≥ 70%, and a parsimony bootstrap value ≥ 50, respectively.



[image: Figure 2]
FIGURE 2.
 A maximum parsimony strict consensus tree illustrating the phylogeny of the new order Xenasmatales and related order in the class Agaricomycetes based on nLSU sequences. The orders represented by each color are indicated in the upper left of the phylogenetic tree. Branches are labeled with a maximum likelihood bootstrap value ≥ 70%, a parsimony bootstrap value ≥ 50%, and Bayesian posterior probabilities ≥ 0.95, respectively.
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FIGURE 3.
 A maximum parsimony strict consensus tree illustrating the phylogeny of a new species and related species in Xenasmatella and Xenasma based on ITS sequences. Branches are labeled with a maximum likelihood bootstrap value ≥ 70%, a parsimony bootstrap value ≥ 50%, and Bayesian posterior probabilities ≥ 0.95, respectively. The new species are in bold.


The three combined datasets were analyzed using maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference (BI), according to Zhao and Wu (2017), and the tree was constructed using PAUP* version 4.0b10 (Swofford, 2002). All characters were equally weighted and gaps were treated as missing data. Trees were inferred using the heuristic search option with TBR branch swapping and 1,000 random sequence additions. Max-trees were set to 5,000, branches of zero length were collapsed, and all parsimonious trees were saved. Clade robustness was assessed using the bootstrap (BT) analysis with 1,000 replicates (Felsenstein, 1985). Descriptive tree statistics—tree length (TL), consistency index (CI), retention index (RI), rescaled consistency index (RC), and homoplasy index (HI)—were calculated for each maximum parsimonious tree generated. In addition, multiple sequence alignment was analyzed using ML in RAxML-HPC2 through the Cipres Science Gateway (Miller et al., 2012). Branch support (BS) for ML analysis was determined by 1,000 bootstrap replicates.

MrModeltest 2.3 (Nylander, 2004) was used to determine the best-fit evolution model for each dataset of BI, which was performed using MrBayes 3.2.7a with a GTR+I+G model of DNA substitution and a gamma distribution rate variation across sites (Ronquist et al., 2012). A total of 4 Markov chains were run for 2 runs from random starting trees for 1 million generations for the ITS+nLSU dataset (Figure 1), 1.4 million generations for the nLSU-only sequences (Figure 2), and 0.5 million generations for the ITS-only sequences (Figure 3), with trees and parameters sampled every 1,000 generations. The first one-fourth of all generations was discarded as a burn-in. The majority rule consensus tree of all remaining trees was calculated. Branches were considered significantly supported if they received a maximum likelihood bootstrap value (BS) ≥70%, a maximum parsimony bootstrap value (BT) ≥70%, or Bayesian posterior probabilities (BPP) ≥0.95.




Results


Phylogenetic analyses

The ITS+nLSU dataset (Figure 1) included sequences from 45 fungal specimens representing 45 species. The dataset had an aligned length of 3,095 characters, of which 1,910 characters are constant, 353 are variable and parsimony uninformative, and 832 are parsimony informative. Maximum parsimony analysis yielded 45 equally parsimonious trees (TL = 3,984, CI = 0.4666, HI = 0.5334, RI = 0.3909, and RC = 0.1824). The best model was GTR+I+G [lset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1)]. Bayesian and ML analyses showed a topology similar to that of MP analysis with split frequencies equal to 0.009126 (BI), and the effective sample size (ESS) across the two runs is double that of the average ESS (avg ESS) = 250.5.

The ITS+nLSU rDNA gene regions (Figure 1) were based on 13 orders, namely, Agaricales Underw., Atheliales Jülich, Boletales E.J. Gilbert, Cantharellales Gäum., Corticiales K.H. Larss., Gloeophyllales Thorn, Gomphales Jülich, Hymenochaetales Oberw., Polyporales, Russulales, Thelephorales Corner ex Oberw., Trechisporales, and Xenasmatales, while Xenasmatella was separated from the other orders.

The nLSU-alone dataset (Figure 2) included sequences from 58 fungal specimens representing 58 species. The dataset had an aligned length of 1,343 characters, of which 726 characters are constant, 176 are variable and parsimony-uninformative, and 441 are parsimony-informative. Maximum parsimony analysis yielded 3 equally parsimonious trees (TL = 2,864, CI = 0.3209, HI = 0.6791, RI = 0.4476, and RC = 0.1436). The best model for the ITS dataset estimated and applied in the Bayesian analysis was GTR+I+G [lset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1)]. The Bayesian and ML analyses resulted in a topology similar to that of MP analysis with split frequencies equal to 0.009830 (BI), and the effective sample size (ESS) across the two runs is double that of the average ESS (avg ESS) = 402.

The nLSU regions (Figure 2) were based on 13 orders, namely, Agaricales, Atheliales, Boletales, Cantharellales, Corticiales, Gloeophyllales, Gomphales, Hymenochaetales, Polyporales, Russulales, Thelephorales, Trechisporales, and Xenasmatales, while Xenasmatella was separated from the other orders.

The ITS-alone dataset (Figure 3) included sequences from 26 fungal specimens representing 15 species belonging to Xenasma and Xenasmatella. The dataset had an aligned length of 598 characters, of which 267 characters are constant, 74 are variable and parsimony-uninformative, and 257 are parsimony-informative. Maximum parsimony analysis yielded 1 equally parsimonious tree (TL = 629, CI = 0.7329, HI = 0.2671, RI = 0.8301, and RC = 0.6084). The best model for the ITS dataset estimated and applied in the Bayesian analysis was GTR+I+G [lset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1)]. The Bayesian and ML analyses resulted in a topology similar to MP analysis with split frequencies equal to 0.007632 (BI), and the effective sample size (ESS) across the two runs is double that of the average ESS (avg ESS) = 300.5.

In the ITS sequence analysis (Figure 3), a previously undescribed species was grouped into Xenasmatella with a sister group to X. vaga (Fr.) Stalpers.



Taxonomy

Xenasmatales K.Y. Luo and C.L. Zhao, ord. nov.

MycoBank no.: MB 842882

Type family: Xenasmataceae Oberw.

Basidiomata resupinate. Hyphal systems are monomitic, generative hyphae with clamp connections. Basidia pleural. Basidiospores are colorless.

Xenasmataceae Oberw., Sydowia 19(1–6): 25 (1966).

MycoBank no.: MB 81527

Type genus: Xenasma Donk

Basidiomata resupinate, ceraceous to geletinous. Hyphal systems are monomitic, generative hyphae with clamp connections. Basidia pleural usually with 4 sterigmata and a basal clamp connection. Basidiospores are colorless.

Xenasma Donk, Fungus, Wageningen 27: 25 (1957).

MycoBank no.: MB 18755

Type species: Xenasma rimicola (P. Karst.) Donk.

Basidiomata resupinate, adnate, are ceraceous to gelatinous when fresh, membranaceous when dry, and have a hymenophore smooth. Hyphal system are monomitic, generative hyphae with clamp connections. Cystidia and cystidioles are present. Basidia are cylindrical to subclavate, pleural, usually with 4 sterigmata and a basal clamp connection. Basidiospores are globose to cylindrical, colorless, thin-walled, warted to striate, non-amyloid, and weakly dextrinoid.

Xenosperma Oberw., Sydowia 19(1–6): 45 (1966).

MycoBank no.: MB 18759

Type species: Xenosperma ludibundum (D.P. Rogers and Liberta) Oberw.

Basidiomata resupinate, closely adnate to the substratum, are gelatinous when fresh and pruinose when dry. Hyphal systems are monomitic, generative hyphae with clamp connections. Cystidia are absent. Basidia pleural, usually with 2–4 sterigmata and a basal clamp connection. Basidiospores are angular, colorless, thin-walled, tetrahedral, with some protuberances, IKI–, and CB–.

Xenasmatella Oberw., Sydowia 19(1–6): 28 (1966).

MycoBank no.: MB 18756

Type species: Xenasmatella subflavidogrisea (Litsch.) Oberw. ex Jülich.

Basidiomata resupinate with a gelatinous. Hyphal system with clamped generative hyphae. Cystidia are absent. Basidia pleural, usually with 4 sterigmata and a basal clamp connection. Basidiospores are hyaline, thin-walled, warted, IKI–, and CB–.

Xenasmatella nigroidea K.Y. Luo and C.L. Zhao, sp. nov.

MycoBank no.: MB 842470, Figures 4, 5.


[image: Figure 4]
FIGURE 4.
 Basidiomata of Xenasmatella nigroidea (holotype). Bars: (A) 1 cm; (B) 1 mm.
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FIGURE 5.
 Microscopic structures of Xenasmatella nigroidea (drawn from the holotype). (A) Basidiospores. (B) Basidia and basidioles. (C) A section of hymenium. Bars: (A) 5 μm; (B,C) 10 μm.


Holotype—China. Yunnan Province, Honghe, Pingbian County, Daweishan National Nature Reserve, GPS coordinates 23°42′ N, 103°32′ E, altitude 1,500 m asl., on angiosperm stump, leg. C.L. Zhao, August 3, 2019, CLZhao 18333 (SWFC).

Etymology—nigroidea (Lat.): refers to the black hymenial surface.

Basidiomata: Basidiomata are annuals, resupinate, thin, very hard to separate from substrate, odorless or tasteless when fresh, grayish when fresh, gray to black and brittle when dry, up to 7.5 cm long, 3.5 cm wide, 70–150 μm thick. Hymenial is surface smooth, and byssaceous to reticulate under the lens. Sterile margin indistinct, black, up to 1 mm wide.

Hyphal system: monomitic, generative hyphae with clamp connections, thick-walled, unbranched, 2.5–4 μm in diameter, IKI–, CB–, and tissues unchanged in KOH.

Hymenium: cystidia and cystidioles are absent; basidia are pleural, clavate, with 4 sterigmata and a basal clamp connection, 12.0–18.0 × 4.5–6 μm; basidioles are shaped similar to basidia but slightly smaller.

Basidiospores: ellipsoid, colorless, thin-walled, warted throughout, asperulate with blunt spines up to 0.2 μm long, with one oil drop inside, IKI–, CB–, 3.5–4.5 × 2.5–3.5 μm, L = 4.07 μm, W = 2.87 μm, Q = 1.38–1.45 (n = 60/2).

Type of rot: White rot.

Additional specimen examined: CHINA, Yunnan Province, Honghe, Pingbian County, Daweishan National Nature Reserve, GPS coordinates 23°40′ N, 103°31′ E, altitude 1,500 m asl., on the angiosperm stump, leg. C.L. Zhao, August 3, 2019, CLZhao 18300 (SWFC).




Discussion

There have been debates among mycologists regarding the order level taxonomic status of the Xenasmataceae. Corticioid homobasidiomycetes have a high phylogenetic diversity. Thus, an accurate place for the taxa of Xenasmataceae has not been decided. However, it was only assigned to euagarics clade (Larsson et al., 2004). Later, the Phlebiella family was proposed by Larsson (2007) on the basis of corticioid fungi; however, this group was not placed under any order. Recently, Xenasmataceae was placed under Russulales by He et al. (2019). Zong et al. (2021) studied the specimens and sequences from China and treated this group as Xenasmatella as the phylogenetic datasets showed that this clade does not belong to any order. In the present study (Figure 1), the ITS+nLSU analyses of 13 orders, namely, Agaricales, Atheliales, Boletales, Cantharellales, Corticiales, Gloeophyllales, Gomphales, Hymenochaetales, Polyporales, Russulales, Thelephorales, Trechisporales, and Xenasmatales showed that the taxa of Xenasmataceae form a single lineage with the sequences of Hymenochaetales and Atheliales; and this is similar to the results of Larsson (2007). In the present study (Figure 2), the nLSU analysis showed that the taxa of Xenasmataceae form a single lineage with the sequences of Hymenochaetales and Boletales; and this is similar to the results of Larsson (2007). In the present study (Table 2), we have enumerated morphological differences among the related orders. Therefore, a new fungal order, Xenasmatales, is proposed on the basis of morphological and molecular identification.


Table 2. Morphological characteristics of the relevant orders used in this study.
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Phlebiella was not deemed to be a legitimately published genus (Duhem, 2010), and transferring to Xenasmatella was proposed. Later, Larsson et al. (2020) studied corticioid fungi (Basidiomycota and Agaricomycetes) and agreed with Duhem (2010), who suggested accepting the genus Xenasmatella. Recently, several mycologists have suggested the replacement of the invalid genus Phlebiella with Xenasmatella on the basis of morphology and molecular analyses (Maekawa, 2021; Zong et al., 2021).

On the basis of ITS dataset, a previous study showed that nine species of Xenasmatella have been reported, of which 6 new species were found in China, namely, X. ailaoshanensis C.L. Zhao ex C.L. Zhao and T.K. Zong, X. gossypina, X. rhizomorpha, X. tenuis, X. wuliangshanensis, and X. xinpingensis. According to our sequence data, Xenasmatella nigroidea was nested into Xenasmatella with strong statistical support (Figure 3), and formed a sister group with X. vaga. However, X. nigroidea is morphologically distinguished from X. vaga by larger basidiospores (5–5.5 × 4–4.5 μm). In addition, it turns dark red or purplish with KOH (Bernicchia and Gorjón, 2010).

Morphological comparisons of Xenasmatella nigroidea and other species are included in Table 3. Xenasmatella nigroidea is similar to X. christiansenii (Parmasto) Stalpers, X. fibrillosa (Hallenb.) Stalpers, X. gossypina, and X. rhizomorpha C.L. Zhao by having gossypine, byssaceous to reticulate hymenial surface, however, X. christiansenii is distinguished from X. nigroidea by its larger basidiospores (6–7 × 4–4.5 μm) and asperulate with blunt spines (up to 1 μm long; Bernicchia and Gorjón, 2010). Xenasmatella fibrillosa differs from X. nigroidea due to the presence of a white to pale yellowish white hymenial surface and longer basidiospores (4.5–5.5 μm; Bernicchia and Gorjón, 2010). Xenasmatella gossypina can be distinguished from X. nigroidea because it has cotton to flocculent basidiomata with a cream to buff hymenial surface and subglobose to globose basidiospores (Zong and Zhao, 2021). Xenasmatella rhizomorpha is separated from X. nigroidea by the clay-buff to cinnamon hymenial surface and the presence of the rhizomorphs (Zong et al., 2021).


Table 3. Morphological characteristic comparison of Xenasmatella nigroidea and other species.
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Xenasmatella nigroidea is similar to X. gaspesica (Liberta) Hjortstam, X. odontioidea Ryvarden & Liberta, X. subflavidogrisea (Litsch.) Oberw. ex Jülich, and X. vaga (Fr.) Stalpers due to the presence of the ellipsoid or narrowly ellipsoid basidiospores. However, X. gaspesica differs from X. nigroidea because it has smaller basidia (7–11 × 4–4.5 μm) and larger basidiospores (8–10 × 2–2.5 μm; Grosse-Brauckmann and Kummer, 2004). Xenasmatella odontioidea can be distinguished from X. nigroidea by its colliculosa hymenial surface and shorter basidiospores (2.5–3.5 μm; Ryvarden and Liberta, 1978). Xenasmatella subflavidogrisea is separated from X. nigroidea due to the presence of a white to grayish hymenial surface, turning dark reddish brown in KOH and narrower basidiospores (2–2.5 μm; Bernicchia and Gorjón, 2010). Xenasmatella vaga differs from X. nigroidea due to its grandinioid hymenial surface and larger basidiospores (5–5.5 × 4–4.5 μm; Bernicchia and Gorjón, 2010).

Based on the geographical distribution in America, Asia, and Europe, and ecological habits, white-rot causing Xenasmataceae have been reported in angiosperms and gymnosperms (Figure 6 and Table 4) (Stalpers, 1996; Dai et al., 2004; Hjortstam and Ryvarden, 2005; Bernicchia and Gorjón, 2010; Duhem, 2010; Dai, 2011; Huang et al., 2019; Larsson et al., 2020; Maekawa, 2021; Zong and Zhao, 2021; Zong et al., 2021). Key to 25 accepted species of Xenasmatella worldwide in Table 5. Many wood-decaying fungi have been recently reported worldwide (Zhu et al., 2019; Angelini et al., 2020; Gafforov et al., 2020; Zhao and Zhao, 2021). According to the results of our study on Xenasmatella, all these fungi can be classified into a new taxon (Figure 3). In addition, this study contributes to the knowledge of the fungal diversity in Asia.


[image: Figure 6]
FIGURE 6.
 The geographic distribution of Xenasmataceae species (holotype) worldwide.



Table 4. The geographic distribution and host-substratum of Xenasmataceae species (holotype).
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Table 5. Key to 25 accepted species of Xenasmatella worldwide.
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The phyllosphere is a complex habitat for diverse microbial communities. Under natural conditions, multiple interactions occur between host plants and phyllosphere resident microbes, such as bacteria, oomycetes, and fungi. Our understanding of plant associated yeasts and yeast-like fungi lags behind other classes of plant-associated microbes, largely due to a lack of yeasts associated with the model plant Arabidopsis, which could be used in experimental model systems. The yeast-like fungal species Protomyces arabidopsidicola was previously isolated from the phyllosphere of healthy wild-growing Arabidopsis, identified, and characterized. Here we explore the interaction of P. arabidopsidicola with Arabidopsis and found P. arabidopsidicola strain C29 was not pathogenic on Arabidopsis, but was able to survive in its phyllosphere environment both in controlled environment chambers in the lab and under natural field conditions. Most importantly, P. arabidopsidicola exhibited an immune priming effect on Arabidopsis, which showed enhanced disease resistance when subsequently infected with the fungal pathogen Botrytis cinerea. Activation of the mitogen-activated protein kinases (MAPK), camalexin, salicylic acid, and jasmonic acid signaling pathways, but not the auxin-signaling pathway, was associated with this priming effect, as evidenced by MAPK3/MAPK6 activation and defense marker expression. These findings demonstrate Arabidopsis immune defense priming by the naturally occurring phyllosphere resident yeast species, P. arabidopsidicola, and contribute to establishing a new interaction system for probing the genetics of Arabidopsis immunity induced by resident yeast-like fungi.
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Introduction

The phyllosphere is the above ground external surface environment of plants and a complex habitat for microbes. The relationships of phyllosphere microbial residents with host plants can be pathogenic, mutualistic, or frequently commensal. This growth space represents a significant reservoir for latent pathogens, the ecological role of which remains poorly defined (Jarvis, 1994; Saikkonen et al., 1998; Slippers and Wingfield, 2007). Plant beneficial effects induced by plant-associated microbes, such as protection against pathogens and growth promotion, have gained attention recently. Priming is the process of initiating enhanced immune defense responses upon encountering pathogenic microbes, non-pathogenic microbes, or a variety of compounds, both natural and synthetic (Balmer et al., 2015; Conrath et al., 2015). Systemic-acquired resistance activated by necrotizing pathogens, as well as induced systemic resistance triggered by yeast-like fungi, filamentous fungi, and rhizobacteria in soil, are believed to be associated with priming of defense responses (Conrath et al., 2006, 2015; Hossain et al., 2007; Buxdorf et al., 2013a; Balmer et al., 2015; Narusaka et al., 2015). Signaling pathways involving hormones, mRNA, protein kinases, transcriptional factors, and epigenetic regulation all have demonstrated roles in plant immune defense (Beckers et al., 2009; Pieterse et al., 2014).

Yeasts and yeast-like fungi modulate plant growth and health (Nassar et al., 2005; Nafady et al., 2019; Mukherjee et al., 2020). Plant growth-promoting traits and induction of defense response by yeasts occur in both cultivated plants and postharvest fruits (Bergauer et al., 2005; Liu et al., 2013; Nutaratat et al., 2014). Several yeasts with so-called pathogen antagonistic activity have the ability to suppress plant diseases caused by various pathogenic fungi (Liu et al., 2013; Mukherjee et al., 2020; Eitzen et al., 2021). Yeasts, such as Candida, Pichia, and Cryptococcus species, inhibit fungal invasion in postharvest biocontrol systems through induction of host defense (Droby et al., 2002; El Ghaouth et al., 2003; Chan et al., 2007; Zheng and Chen, 2009; Macarisin et al., 2010; Xu et al., 2013). Thus, some yeasts are used as bio-agents for promotion of plant growth and immunity in sustainable agriculture (Liu et al., 2013; Mukherjee et al., 2020).

Several plants exhibit multiple responses to various yeast elicitor preparations; such as autoclaved baker’s yeast (Saccharomyces cerevisiae), preparations from S. cerevisiae cell walls, or commercial yeast extract. These responses include, increased immunity against pathogens, induction of reactive oxygen species accumulation, and activation of known immune signaling pathways, in the model plant Arabidopsis thaliana (referred to hereafter as Arabidopsis; Raacke et al., 2006; Khokon et al., 2010; Minami et al., 2011; Ye et al., 2013; Narusaka et al., 2015; Yaguchi et al., 2017) and other plants (Sun et al., 2018a, 2018b). Raacke et al. (2006) used reverse genetics with Arabidopsis to demonstrate that yeast treatments induced salicylic acid (SA) dependent immunity against Pseudomonas syringae; however, induced resistance against the fungal pathogen Botrytis cinerea (hereafter referred to as Botrytis) was independent of the SA, jasmonate, and camalexin pathways. Although immune priming occurs in Arabidopsis treated with various yeast species isolated from other plants (Buxdorf et al., 2013a,b; Ferreira-Saab et al., 2018), a specific interaction system with a naturally occurring phyllosphere resident yeast and the model plant Arabidopsis has not been established.

Protomyces species are yeast-like members of the subphylum Taphrinomycotina (Ascomycotina; Reddy and Kramer, 1975; Kurtzman, 2011). Protomyces species are all dimorphic; they exist in a non-infectious haploid resident yeast phase and infect their hosts as dikaryotic hyphal pathogenic phase after conjugating with another cell of a compatible mating (MAT) type. Nearly all members of this genus are plant pathogens, mostly of wild plant species, but some crops are affected. For instance, P. macrosporus, which causes coriander stem-gall disease in many regions, threatens coriander seed production (Pavgi and Mukhopadhyay, 1972; Malhotra et al., 2016; Khan and Parveen, 2018). Species in the genus Protomyces cause symptoms such as tumors or galls on flowers, leaf veins, petioles, and stems (Reddy and Kramer, 1975; Kurtzman, 2011; Streletskii et al., 2019). Until recently, the definition of the genus Protomyces encompassed only species pathogenic of host plants within the families Asteraceae and Apiaceae (Reddy and Kramer, 1975; Kurtzman, 2011). However, a phyllosphere resident Protomyces species was isolated from healthy wild growing Arabidopsis, characterized, and named Protomyces arabidopsidicola (type strain C29; Wang et al., 2016, 2021). Genomic, morphological, and physiological features of P. arabidopsidicola differentiate it from other described Protomyces species. Its occurrence on Arabidopsis, a member of the Brassicaceae, suggests Protomyces host-range may not be restricted only to the Asteraceae and Apiaceae families (Wang et al., 2021). However, the relationship of P. arabidopsidicola with Arabidopsis remains undetermined.

Our understanding of plant-associated yeasts lags behind that of other classes of microbes. This is especially true for yeasts associated with Arabidopsis, a model plant widely used when studying the molecular basis of plant-microbe interactions (Boutrot and Zipfel, 2017). Plants have a two tiered immune system (Jones and Dangl, 2006), with pattern recognition receptors (PRRs) that perceive pathogen associated molecular patterns (PAMPs), which are also present in non-pathogenic microbes and thus are also often referred to as microbe associated molecular patterns (MAMPs). PAMP perception leads to activation of basal immunity, termed PAMP-triggered immunity (PTI), which limits infections by pathogens not specifically adapted to that plant. Adapted pathogens overcome PTI by deploying small-secreted proteins and toxins, termed effectors. In turn, plants counter effectors with nucleotide-binding, leucine-rich repeat immune receptors, which perceive effector action to activate immune responses. The dynamics of plant immune function in a molecular evolutionary arms race between host and pathogen is summarized in the zigzag model (Jones and Dangl, 2006; Pritchard and Birch, 2014).

Plants and metazoans share a structurally and functionally conserved innate immune system (Nurnberger and Brunner, 2002; Nurnberger et al., 2004). Although the receptors and mechanisms of perception differ, plants and metazoans have independently evolved the ability to perceive many of the same PAMPs using receptors with similar conserved-domain architectures (Nurnberger and Brunner, 2002; Nurnberger et al., 2004). The human immune system includes a complement of PRRs that specifically recognize PAMPs from yeast cell walls (Jouault et al., 2009; Saijo et al., 2010; Patin et al., 2019). Plants have the ability to perceive some molecules present in yeast cell walls, such as chitin, mannopeptides, and β-glucans, which function as PAMPs (Hahn and Albersheim, 1978; Basse et al., 1992; Felix et al., 1993; De Jonge et al., 2010; Mélida et al., 2018; Christita et al., 2021). However, most of the plant receptors responsible for detecting these PAMPs remain unidentified or are not well characterized. Only chitin has a well-described set of PRRs in plants (Faulkner et al., 2013; Xue et al., 2019). Arabidopsis perceives chitin with receptor complexes containing members of the lysin motif (LysM) receptor kinases; LYK1 (also known as CERK1), LYK2, LYK4, and LYK5 (Miya et al., 2007; Wan et al., 2008; Faulkner et al., 2013; Cao et al., 2014; Xue et al., 2019). Additionally, CERK1 is required for perception of linear β-1,3-glucan (Mélida et al., 2018). The LysM domain is responsible for chitin binding and is found in both plant chitin receptors and fungal effector proteins that bind and sequester chitin to suppress immunity (Doehlemann and Hemetsberger, 2013).

Microbe recognition triggers mitogen-activated protein kinase (MAPK) activation. This is a key early event in PAMP-induced immune signaling. MAPK3 and MAPK6 are differentially required for immunity against the broad host-range fungal pathogen Botrytis induced by oligogalacturonides or flagellin (Galletti et al., 2011). In addition, perception of the fungal PAMP chitin results rapid activation of a MAPK cascade in Arabidopsis and rice (Miya et al., 2007; Wan et al., 2008; Yamada et al., 2017). MAPK activation kinetics can vary greatly, lasting for minutes to hours, depending on the MAPK involved and the activating stimulus (Bigeard and Hirt, 2018). The plant immunity network also involves complex and interconnected hormone signaling pathways, including SA, jasmonic acid (JA), ethylene, and others. Additionally, many microbes, including Protomyces are known to produce plant hormones, which play multiple roles including promoting survival in the phyllosphere and manipulating host defense signaling to promote virulence (Vorholt, 2012; Chanclud and Morel, 2016; Patkar and Naqvi, 2017). Our knowledge of plant-pathogen interactions is advancing rapidly. The existence of yeast-like fungi in the phyllosphere of wild growing Arabidopsis is increasingly documented (Agler et al., 2016; Wang et al., 2016; Regalado et al., 2020; Brachi et al., 2021; Almario et al., 2022), but Arabidopsis interactions with this class of fungi are currently not well understood.

We address this utilizing Arabidopsis and the Arabidopsis-associated yeast-like fungal species, P. arabidopsidicola strain C29 (Wang et al., 2021). The objective of this study is to address the influence of this resident yeast on plant immunity. These results introduce a novel experimental system involving a naturally occurring phyllosphere yeast and the host from which it was isolated, the genetic model plant Arabidopsis.



Materials and methods


Microbial strains and culture

A culture of the P. inouyei type strain YB-4354 was provided by the ARS culture collection.1 Protomyces arabidopsidicola strain C29, which was isolated from wild Arabidopsis thaliana (Arabidopsis; Wang et al., 2016) and subsequently described and named (Wang et al., 2021), has been deposited in the following culture collections; HAMBI, HAMBI3697 and DSMZ, DSM 110145. For the current study, all Protomyces species were purified twice from single colonies and cultured on yeast, peptone, dextrose (YPD; 0.5, 0.5, and 2%, respectively) agar (1.5%) at 21°C, unless otherwise indicated. Botrytis cinerea strain BO.510 was obtained from the lab of Tapio Palva, Helsinki, Finland. Botrytis growth and infection was performed as previously described (Cui et al., 2016; Vuorinen et al., 2021). Briefly, Botrytis was cultivated on potato dextrose broth (PDB) with 15 g/l agar in the dark at room temperature. Mycelium with conidia was harvested with forceps, suspended in 0.5× PDB, mixed vigorously, filtered through miracloth, and diluted for infections. Botrytis spore density was determined microscopically using a hemocytometer. A Paenibacillus strain, obtained from Ansa Palojärvi at the University of Helsinki, is known to produce antifungal compounds active against Botrytis and was used as a positive control for direct microbe-microbe interactions. Co-cultivation of Botrytis with P. arabidopsidicola and the Paenibacillus strain was performed on YPD agar plates at 21°C.



Arabidopsis growth, infection, and trypan blue staining

Wild type Columbia-0 (Col-0) accession seeds of Arabidopsis were from the Nottingham Arabidopsis Stock Centre (NASC).2 The local accession Kivikko (Kvk1) was collected at the site where Arabidopsis–associated yeast isolation samples were previously collected (Wang et al., 2016). Standard conditions for Arabidopsis cultivation were as follows. Seeds were sown at high density on wet vermiculite peat mix (1,1, with type B2 peat; Kekkilä; www.kekkila.fi). Seeds were stratified in the dark at 4°C for 72 h, before transfer to a growth chambers (Fitotron SGC120, Weiss Technik)3 with 12/12 h day/night photoperiod with 170 μmol m−2 s−1 illumination, at 23°C/18°C and 65%/75% relative humidity. One-week-old seedlings were transplanted one per pot in 6 cm square pots or five per pot in 10 cm square pots with the same soil mixture. Three-week-old plants were used for infection experiments. Standard infection conditions were done using drop infections by pipetting 5 μl of an OD600 = 1 cell suspension of P. arabidopsidicola in 10 mM MgCl2 onto the adaxial side of the leaves, left from the midvein. Infected plants were evaluated for symptoms every 1–2 days for 2 weeks and photographed at 10 dpi for documentation, as needed. P. arabidopsidicola was monitored on and in infected Arabidopsis leaves by trypan blue staining. Trypan blue stain stock solution (0.05%) in lactophenol (1.1:1, glycerol:85% lactic acid: phenol) was diluted 1:2 in 95% ethanol for staining. Infected leaves were covered in trypan blue staining solution and incubated in a boiling water bath until staining solution started boiling (approx. 3 min). Samples were de-stained for 48 h in 2.5 g/ml chloral hydrate solution in water and placed in 60% glycerol for storage and mounting on slides. Samples were examined under a compound microscope (Leica Model MZ 2500)4 with a 10× eye piece and 20× or 100× objective and photographed with an attached photo documentation system (Leica model DFC490).



Protomyces growth assays

Three-day-old cultures in YPD liquid medium were harvested and washed twice with Milli-Q (MQ) water. Protomyces inouyei (OD600 = 0.14, 5 μl/leaf) and P. arabidopsidicola strain C29 (OD600 = 0.10, 5 μl/leaf) suspensions were drop inoculated on the adaxial side of 24-day-old Arabidopsis leaves, aseptically grown on 0.5× Murashige and Skoog (MS) agar plates. Sterile foil on an agar plate was used as a control for non-specific surface growth. Growth in the phyllosphere was assayed with re-isolation of Protomyces from inoculated leaves by placing leaves in 2 ml Eppendorf tubes with 1 ml 0.025% Silwet-L77 in water and shaking (800 rpm; VWR microplate shaker) for 1 h, after which 5 μl wash solution was serial diluted and plated on YPD agar for colony counting. Pooled data from five biological repeats were analyzed using a linear mixed model with nlme package in R (v3.5.1).



Protomyces arabidopsidicola cell wall preparation and root growth assay

For P. arabidopsidicola cell wall isolation, cells were cultivated in potato dextrose broth (PDB; Carl Roth) in 200 ml flasks on a rotary shaker for 4 days at room temperature. Cells were collected and washed twice in sterile MQ water, re-suspended in a small volume of sterile MQ water, and freeze-dried for 2 days. Dry cells were ground in a tissue homogenizer (Precellys 24)5 using 425–600 μm glass beads (5×15 s at 6,800 rpm, cooling at-20°C between runs). Cell disruption was confirmed using a compound microscope (Leica Model MZ 2500)6 with 40× objective. The insoluble cell walls were separated from the soluble fraction by centrifugation in MQ water at 1,000 g for 20 min in + 4°C. This crude cell wall preparation was then freeze dried as described above, and weighed.

Sterile Arabidopsis Col-0 accession seeds were stratified at + 4°C for 72 h and germinated vertically on 0.5× MS 0.8% agar plates for 4 days in a growth chamber (Fitotron SGC120, Weiss Technik)7 at ~170 μmol m−2 s−1 illumination, at +23/+18°C. Seedlings were transplanted to either 0.5× MS agar control plates or identical plates supplemented with 0.9 g/l P. arabidopsidicola cell wall preparation. Seedlings were grown in the same conditions for 10 more days, photographed, and root length measured using imageJ software.8



Protomyces arabidopsidicola pre-treatment, Botrytis infection, and qPCR

Live and autoclaved P. arabidopsidicola cultures were harvested, washed, and suspended at OD600 = 1 (7 × 106 CFU/ml) in sterile water. Three-week-old soil-grown Arabidopsis were pre-treated by spraying with one of the P. arabidopsidicola cell suspensions (0.2 ml/plant), or water as a control, then infected with a Botrytis a 3 μl drop of a 2 × 106 spore ml−1 spore suspension 3 days after treatments with P. arabidopsidicola cells. Plants were grown in a chamber with 12/12 h (light/dark), 23/18°C, and 65/75% relative humidity. Pre-treated and infected plants were collected at 30 and 60 min for western blot, and at 24 h and 72 h for qPCR. Four or five plants were pooled, frozen in liquid nitrogen, and stored in –80°C. Leaf lesions were photographed at 72 h and diameters measured in ImageJ.9 Lesion size data was statistically analyzed with scripts in R (v3.5.1) using the nlme package. The model contrasts were estimated with multcomp package, and the estimated p-values were subjected to single-step correction. RNA isolation and quantitative reverse transcriptase PCR (qPCR) were performed as previously described (Cui et al., 2016). Three genes TIP41, YLS8 and PP2AA3, which have stable expression levels in a wide variety of conditions (Czechowski et al., 2005), were simultaneously used as reference genes and are listed in (Supplementary Table S1). Stability of multiple reference gene expression and raw cycle threshold values were analyzed with Qbase+2.1 (Hellemans et al., 2007). Expression levels relative to the multiple reference genes using three technical replicates with correction for primer efficiencies and error propagation were first calculated in Qbase+2.1 (Hellemans et al., 2007) and then relative expression was calculated to facilitate comparisons within but not between the two experiments; i.e. in the yeast treatment experiment, treatment values were normalized to the 24 h control and in the yeast pre-treatment with Botrytis infection experiment, treatment values were normalized to the Botrytis-treated 24 h control. Primers used and their primer efficiencies are listed in the supplementary materials (Supplementary Table S1). Significance of differential expression was estimated by glht package in R (3.5.1) using false discovery rate adjustment of p-values.



Protein extraction, SDS-PAGE, and western blotting

Total protein was isolated from 100 mg frozen rosettes in 100 μl Lacus buffer (Brader et al., 2007). Protein concentration determined by Bradford assay10 with BSA as standard. Total protein (100 μg) was loaded in SDS-PAGE, transferred to a membrane (PVDF type; Immobilon–FL), and scanned with LI-COR Odyssey scanner. Equal loading was monitored by amido black staining. Primary anti-TEpY (Phospho-p44/42 MAPK (Erk1/2) Thr202/Tyr204; CST®) rabbit monoclonal antibody specific for the activated form of MAPKs was used at a 1:2,000 dilution and the secondary anti-rabbit IgG antibody (IRDye, 800CW Goat anti-Rabbit) at 1:10,000.



Experimental field infections

Plants for long-term field infections were sown and germinated in September in a covered cage under ambient conditions using seeds of the accessions Col-0 and a local accession Kvk1. Seven-day-old seedlings were transplanted 5 per pot in 10 cm square plastic pots with a 1:1 mix of peat and vermiculite and further grown under the covered cage under ambient conditions. Pots containing two-week-old plants were buried in sand in the Helsinki University Viikki campus experimental field in a triplicate block design at three different sites in the field and spray inoculated with water (mock) or P. arabidopsidicola cell suspensions (OD600 = 0.1 and 1.0, ca. 0.5 ml per pot). The field site was not pre-tested for the presence of the yeast, which is assumed to be wind dispersed and possibly present. Plants remained in the field over the course of the next 7 months (until early May), with snow cover for about 4 months, and were visually examined and photographed at various times. In May, final photos and visual examinations were done and representative mock control and infected plants were sampled for yeast isolations, performed as previously described (Wang et al., 2016). Briefly, the identity of reisolated yeasts were confirmed as P. arabidopsidicola by cleaved restriction fragment length polymorphism analysis of ITS PCR fragments using Taq I.




Results


Protomyces arabidopsidicola strain C29 is not pathogenic on Arabidopsis

The genome of P. arabidopsidicola strain C29 harbors a heterothallic MAT locus of the P-type suggesting that it should not be able to infect Arabidopsis as a single strain (Wang et al., 2019). To confirm that strain C29 was not able to cause disease on Arabidopsis, infected plants were examined using many Arabidopsis-infection protocols, including chamber experiments at low temperatures and long-term field infections (Table 1), which mimicked the environmental conditions, from which P. arabidopsidicola was isolated. The local Arabidopsis accession, Kvk1, which was collected at the site where P. arabidopsidicola was isolated, and the accession Col-0 were used for infections. In field experiments, P. arabidopsidicola was recovered from infected plants, but not control plants that were mock infected with water. In all field and chamber experiments, infected Arabidopsis leaves were examined for formation of typical disease symptoms caused by Protomyces species, such as galls and tumors, as well as visible necrosis, chlorosis, and other more general disease symptoms. As expected, P. arabidopsidicola infection with the single strain C29, did not result in any disease symptoms on Kvk1 (not shown) or Col-0 (Figure 1A), which was representative of results obtained with both accessions. These results (Figure 1) were obtained with plants grown in chambers under standard growth conditions, but are typical for all experiments, as disease symptoms were not found under any of the tested conditions (Table 1). In field experiments, some damaged leaves were present. However, this damage was also found in control plants, suggesting they are not specific to infected plants and due to growth conditions. The location and morphology of P. arabidopsidicola cells was examined in infected Arabidopsis leaves by trypan blue staining (Figure 1B). P. arabidopsidicola was not observed in control uninfected plants, but clearly visible on the leaf surface of inoculated plants in its non-infectious yeast form, especially concentrated in the depressions between epidermal pavement cells (Figure 1B, center panel). Examination under high magnification confirmed the typical Protomyces yeast cell type morphology and no infectious hyphal cell types were found (Figure 1B, right panel). These findings support that P. arabidopsidicola strain C29 was a non-pathogenic resident yeast in the Arabidopsis phyllosphere. In field infections, P. arabidopsidicola survived overwinter in the Arabidopsis phyllosphere and was re-isolated the following spring only from plants that were inoculated in autumn with P. arabidopsidicola.



TABLE 1 Methods used to test infection of Arabidopsis with P. arabidopsidicola strain C29a.
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FIGURE 1
 Arabidopsis leaves infected with Protomyces arabidopsidicola. (A) Arabidopsis (Col-0 accession) plants either mock treated with 10 mM MgCl2 (control) or drop infected in the middle of the left hand leaf half with a 0.1 OD or a 1 OD suspension of P. arabidopsidicola cells in 10 mM MgCl2 and photographed at ten days post infection. Treated leaves are indicated with white arrows. White scale bars in all photos are 1.0 cm. (B) Photomicrograph of Arabidopsis leaves either mock treated with 10 mM MgCl2 (control 200×) in the right panel or infected with a 1 OD suspension of P. arabidopsidicola cells (1 OD 200×) in the middle panel. Leaves were stained with trypan blue to visualize P. arabidopsidicola cells. The right hand panel (1 OD 1,000×) is a close up showing the typical Protomyces yeast-type cell structure of the visualized cells. Scale bars: left 20 μm, middle 20 μm, right 10 μm. All experiments used 21-day-old soil-grown Arabidopsis plants. Experiments were repeated 2–3 times with similar results and representative results are shown.




Protomyces arabidopsidicola persists in the Arabidopsis phyllosphere

Since P. arabidopsidicola was able to overwinter in the Arabidopsis phyllosphere under field conditions, P. arabidopsidicola and its most closely related species, P. inouyei, were tested for the ability to persist on the leaf surface of aseptic in vitro grown Arabidopsis. In these experiments, a high level of drop-inoculated P. arabidopsidicola persisted on the Arabidopsis leaf surface, with a stable level of CFUs maintained over a 10-day period (Figure 2). All recovered microbes cultivated from infected plants had typical colony characteristics of P. arabidopsidicola and control plates (not shown) were free of microbes. The Arabidopsis phyllosphere supported a similar but slightly lower level of P. inouyei, which is a close relative P. arabidopsidicola. At the 10 days post infection, the level of P. arabidopsidicola was only about 10-fold higher than that of P. inouyei. This demonstrated that over the time-period studied, the ability to persist in the Arabidopsis phyllosphere was common to both P. arabidopsidicola and P. inouyei. Further, as a negative control, P. arabidopsidicola survival was tested on sterile foil placed inside the same agar medium plates. After 10 days, the level of recovered CFUs dropped to near zero, indicating it was not able to persist on surfaces non-specifically (Figure 2).
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FIGURE 2
 Protomyces arabidopsidicola strain C29 persistence on Arabidopsis. Persistence assay of P. arabidopsidicola (Para) and P. inouyei (Pino) on the surface of Arabidopsis leaves aseptically grown on 0.5 x MS agar. Cells were re-isolated from drop inoculated plants at the indicated times and plated to determine cell numbers, which are presented as the number of colony forming units (Log10 CFU/leaf). Persistence on sterile foil was used as a control for the ability to survive non-specifically on surfaces. Pooled data from five independent biological repeats (n = 25) were analyzed by computing a linear mixed model in R (v3.5.1). The pooled data is displayed in standard boxplots, all data points are plotted with a different color for each independent biological repeat.




Protomyces arabidopsidicola immunity priming on Arabidopsis

The activation of defenses and growth are finely balanced and mutually inhibitory; accordingly, activation of immune defense responses results in a well-known effect where growth is inhibited (Belkhadir et al., 2014; Huot et al., 2014). This effect was used to explore the activation of Arabidopsis immune signaling by P. arabidopsidicola. In in vitro root growth assays, including P. arabidopsidicola cell wall preparations in the growth medium resulted in significant inhibition of root growth (Figure 3). This result supports that P. arabidopsidicola cell walls contain immune stimulating molecular patterns.
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FIGURE 3
 Inhibition of Arabidopsis growth by P. arabidopsidicola cell wall preparations. Arabidopsis growth was quantified in an in vitro root growth assay that measured root length of 14-day-old seedlings that had been grown for 10 days on vertically oriented 0.5× MS agar plates without (Control) or with addition of 0.9 g/l P. arabidopsidicola cell walls (Para cell walls). The experiment was replicated in two independent biological repeats and pooled data is presented (n = 19 in each repeat, total n = 38). Statistical significance was tested using two-way ANOVA in R (v3.5.1), the treatment effect was significant (***p = 2 × 10−16). The pooled data is displayed in standard boxplots; all data points are plotted with a different shape for each independent biological repeat.


To further explore if P. arabidopsidicola can engage Arabidopsis immunity, the ability of strain C29 to alter resistance against a broad-host-range fungal pathogen was tested. Plants were pre-inoculated with water, a suspension of live strain C29 cells, or a suspension of strain C29 cells killed by autoclaving. Plants were then infected with the necrotrophic fungal pathogen Botrytis and disease progression monitored as the size of Botrytis-induced spreading lesions. Significantly smaller lesion diameter was observed in Arabidopsis pre-treated with both live and killed P. arabidopsidicola cell-suspensions (Figures 4A,B), suggesting increased resistance. Additionally, plants pre-treated with live P. arabidopsidicola cells had significantly smaller lesions than those treated with dead cells (Figures 4A,B). This suggests that yeast PAMP molecules liberated from dead P. arabidopsidicola cells could trigger plant immunity, but the full effect required live cells. In order to test for direct microbe-microbe interactions, Botrytis and P. arabidopsidicola were co-cultivated on PDB agar, a medium known to support growth of both of these fungi. This demonstrated that P. arabidopsidicola cultures were not able to inhibit Botrytis growth in vitro (Figure 4C), arguing against the possible direct antagonistic effect by P. arabidopsidicola. These results suggest P. arabidopsidicola on the Arabidopsis leaf surface may inhibit Botrytis disease spread via interaction with the plant to activate immune signaling, rather than via direct microbe-microbe interaction.
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FIGURE 4
 Priming effect by P. arabidopsidicola. (A) Lesion diameters from drop infection of Botrytis spores on leaves of Arabidopsis pre-treated with water (mock), autoclave killed Protomyces arabidopsidicola C29 (A-Para), or live Para. The pooled data from six independent biological repeats (total n = 24) is displayed in standard boxplots (central 50% of the data range in the box, with a line showing the median, bars depict the range of remaining data, and dots display outlier data points). Statistics performed with pooled data from by computing a linear mixed model in R (v3.5.1). (B) Photos of Botrytis-induced necrosis on leaves of Arabidopsis that were pre-treated with water (mock), autoclave killed Para (A-Para), or live Para. (C) No direct growth inhibition by P. arabidopsidicola strain C29 (Para) was observed against Botrytis cinerea (Bc) in co-cultivation assays. As a control, a Paenibacillus sp. (Ps) known to have antifungal activity against Botrytis was used. Yeast extract-peptone-dextrose agar plates were used for cultivation. Photos were taken 7 days post inoculation. Experiment was repeated three time with similar results and one representative result is shown.




Protomyces arabidopsidicola activates MAPK and immune signaling pathways

Mitogen-activated protein kinases (MAPK) activation is among the earliest events in Arabidopsis immune responses. MAPK activation in response to pre-treatment with P. arabidopsidicola cells was assayed, both alone and with subsequent Botrytis infection. Western blots probed with the pTEpY antibody, specific for the active phosphorylation site of MAPKs, revealed slight activation of Arabidopsis MAPK3 and MAPK6 (MAPK3/6) in response to treatment with both live or dead P. arabidopsidicola cells at 30 min and this response increased to a higher level by 60 min (Figure 5A). When plants were infected with Botrytis, at 30 min all samples exhibited MAPK3/6 activation, which had returned to near the control level by 60 min (Figure 5B). Some mock-infection controls showed moderate MAPK-activation, likely due to slight wounding during the mock treatment. Plants pre-treated with live P. arabidopsidicola, dead P. arabidopsidicola, or mock treatment showed a similar degree of MAPK3/6 activation at 30 min after Botrytis infection. We conclude that single treatments with live or dead P. arabidopsidicola, or Botrytis, rapidly activated MAPK3/6 in Arabidopsis.
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FIGURE 5
 Arabidopsis MAPK activation by P. arabidopsidicola. Arabidopsis mitogen activated protein kinase (MAPK)3 and MAPK6 (MAPK3/6) activation was monitored by western blot with anti-phospho MAPK antibodies following pre-treatment with autoclaved P. arabidopsidicola strain C29 (A-Para) or live P. arabidopsidicola strain C29 (Para). The positions of the 43 and 45 kDa AtMPK3 and AtMPK6 are indicated to the left of the protein blots with the respective markers (3 > and 6 >). MAPK3/6 were activated by both A-Para and Para pre-treatment at 30 and 60 min. (A) Leaf samples were collected at 30 and 60 min after A-Para or Para pre-treatment. (B) Leaf samples were collected at 30 and 60 min after Botrytis infection was applied to plants which has been pre-treated with A-Para or Para for 3 days. Equal loading was confirmed by amido black staining. Three independent experiments were repeated with the same result, of which representative results are shown. B.c: Botrytis cinerea.


To further explore activation of defense signaling, qPCR was employed to monitor expression of defense signaling marker genes (Supplementary Table S1). Strikingly, evidence of enhanced activation of immune signaling was observed. This was seen as enhanced Botrytis-induced transcriptional responses, in samples pre-treated with live or dead P. arabidopsidicola cells, for PDF1.1, a JA marker; CYP71a13 and PAD3, markers of camalexin, which is the primary antimicrobial compound in Arabidopsis; and PR1, a marker of the late SA response (Figure 6A). Live or dead P. arabidopsidicola cells alone had limited effect on defense signaling activation, showing induction of PAD3 at 72 hpi (Figure 6A). Taken together, the all the results presented above indicate P. arabidopsidicola cells had immunity priming effect in Arabidopsis, and activated some of the known canonical defense pathways that involve JA, SA, and camalexin. Markers for other hormone signaling pathways that have also been implicated in immune signaling, such as ethylene, ABA, and auxin, exhibited no significant changes (Figure 6B), suggesting the response to treatment with P. arabidopsidicola is independent of these pathways.
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FIGURE 6
 Plant defense and hormone signaling marker expression. Relative gene expression of plant defense and hormone signaling genes at 24 (white bar) and 72 (grey bar) hours post infection (hpi) following P. arabidopsidicola strain C29 treatment only (top row), and with Botrytis infections following strain C29 pre-treatments (bottom row). Relative expression is calculated to facilitate comparisons within but not between the top and bottom rows; i.e. top row is normalized to the 24 h control and the bottom row is normalized to the Botrytis-treated 24 h control. All time points are relative to the last treatment; relative to the strain C29 treatment in the top row and relative to the Botrytis treatment in the bottom row. (A) Expression of the genes: CYP71a13, CYTOCHROME P450, FAMILY 71, SUBFAMILY A, POLYPEPTIDE 13, a marker for camalexin biosynthesis; PAD3, PHYTOALEXIN DEFICIENT 3, a camalexin marker; PR1, PATHOGENESIS-RELATED GENE 1, a late salicylic acid-response marker; PDF1.1, PLANT DEFENSIN 1.1, a jasmonic acid-response marker; PDF1.2, PLANT DEFENSIN 1.2, a jasmonic acid-response marker. (B) Expression of the genes: IAA7, INDOLE-3-ACETIC ACID 7, an auxin-response marker; JAZ1, JASMONATE-ZIM-DOMAIN PROTEIN1, an early jasmonic acid-response marker; NCED5, NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 5, an ABA-response marker; SID2, SALICYLIC ACID INDUCTION DEFICIENT 2, a salicylic acid-response marker; ODX, 2-OXOACID-DEPENDENT DIOXYGENASE, a salicylic acid-response marker. Data are presented as mean relative expression levels ± SD of three pooled biological repeats. Statistics was performed with glht package in R (v3.5.1) with fdr method for adjusted p values. Para: P. arabidopsidicola strain C29; A-Para: autoclaved P. arabidopsidicola strain C29; B.c: Botrytis cinerea infected. *p < 0.05; **p < 0.01; ***p < 0.001.





Discussion

In this study, we aimed to establish an experimental system for the study of immune system interaction between the genetic model plant Arabidopsis and a naturally occurring phyllosphere resident yeast-like fungus. Protomyces arabidopsidicola has been found in virtually all studies addressing fungal residents of the Arabidopsis phyllosphere (Agler et al., 2016; Wang et al., 2016, 2019; Regalado et al., 2020; Brachi et al., 2021). The occurrence of P. arabidopsidicola on wild and field grown Arabidopsis, together with its ability to persist in the Arabidopsis phyllosphere, both under growth chamber and experimental field conditions, support that this yeast is naturally associated with Arabidopsis and can utilize its phyllosphere as a living space.

The question of specificity in this yeast-plant interaction remains only partially resolved. Protomyces inouyei, a close relative of P. arabidopsidicola, was also able to persist in Arabidopsis phyllosphere in in vitro experiments, but to a lesser extent. This suggests that the other closely related Protomyces species, P. inouyei, P. lactucaedebilis, and P. pachydermus, which form a distinct clade with P. arabidopsidicola (Wang et al., 2019, 2021), may be able to grow on Arabidopsis, at least on aseptic in vitro grown plants. Further persistence assays and growth assays with a broader selection of Protomyces species will be needed in future studies to test this. However, there are many surveys of Arabidopsis phyllosphere yeasts that have identified P. arabidopsidicola, but none of these studies found any of the other above mentioned Protomyces species (Agler et al., 2016; Wang et al., 2016, 2019; Regalado et al., 2020; Brachi et al., 2021; Lind and Pollard, 2021; Almario et al., 2022). This suggests that P. arabidopsidicola could be better adapted to the Arabidopsis leaf surface in the wild and further implies that factors other than the host, possibly the host microbiome, participate in limiting the ability of yeasts to survive in their host phyllosphere. Accordingly, study of the Arabidopsis phyllosphere microbiome reveals the formation of complex functionally interrelated microbial communities (Agler et al., 2016; Chaudhry et al., 2021; Almario et al., 2022). Protomyces arabidopsidicola was also found in a number of other environmental samples, including several plant species, such as bean and cereal crop-related wild grasses (Prior et al., 2017; Wang et al., 2019; Sun et al., 2020; Wang et al., 2021), supporting that it can also survive in the phyllosphere of plants other than Arabidopsis. Although P. arabidopsidicola may not be specific to only Arabidopsis, the current study still illustrates a broadly distributed yeast living in the phyllosphere of multiple plants with the ability to modulate the health of Arabidopsis and potentially other plants. This suggests that work with P. arabidopsidicola may be relevant beyond just the genetic model plant Arabidopsis.

The nature of this yeast–plant interaction also requires further clarification and confirmation. Nearly all Protomyces species are heterothallic (Reddy and Kramer, 1975; Kurtzman, 2011; Wang et al., 2019), and thus require a strain of the opposite MAT type in order to enter the phytopathogenic hyphal state. Genome sequencing has confirmed MAT loci consistent with heterothallism in six of seven Protomyces species examined (Wang et al., 2019). The presence of a heterothallic MAT locus of the P-type within the genome of P. arabidopsidicola strain C29 (Wang et al., 2019) predicts that it cannot infect Arabidopsis as a single strain, i.e., in the absence of a second strain of the compatible M mating type. Results from Arabidopsis infection experiments presented here confirm this prediction. Further isolations to obtain matM type strains of P. arabidopsidicola and then coinfection tests with two strains of compatible MAT types infecting multiple different accessions will be required to test if P. arabidopsidicola is pathogenic on Arabidopsis. Regardless of the outcome of these tests, the P. arabidopsidicola–Arabidopsis system remains relevant; either for testing interactions with a non-pathogenic phyllosphere resident, or the very interesting prospect of testing the interactions of a host plant with a latent pathogen that resides as a single strain in the phyllosphere while it waits for a compatible mating partner.

The findings presented here illustrate the utility of this new experimental system. Importantly, this work demonstrates the ability of a native phyllosphere resident yeast to activate Arabidopsis defense signaling and induce immunity against Botrytis. This provides evidence supporting the existence of ecologically relevant yeast PAMPs that trigger plant immunity. The human innate immune system deploys a distinct set of PRRs activated by mannose containing linkages that are highly abundant in the outer layers of cell walls of human pathogenic yeasts, such as Candida albicans (Jouault et al., 2009; Saijo et al., 2010). Plant pattern-recognition receptors that perceive yeast PAMPs remain largely unknown, although many studies demonstrate the ability of yeasts to activate plant immune signaling. For example, yeast cell wall extract of the budding yeast Saccharomyces pastorianus activates JA and azelaic acid signaling to induce plant disease resistance (Yaguchi et al., 2017). In Arabidopsis, yeast cell wall extract activates the JA, ethylene, and SA signaling pathways, and SA accumulation and signaling were required for induced resistance (Narusaka et al., 2015). Autoclaved cell suspensions of S. cerevisiae also engaged Arabidopsis immune signaling; specifically, SA signaling, camalexin biosynthesis, and enhanced resistance against other pathogens (Raacke et al., 2006). Accordingly, in the current study, P. arabidopsidicola cell walls caused root growth inhibition and live cell suspensions primed the SA- and camalexin-signaling pathways, enhanced Botrytis resistance, and activated MAPK signaling. MAPK activation induced by some PAMPs is quite rapid and transient; however activation kinetics can be quite varied depending on which MAPK is activated and the activation stimuli (Bigeard and Hirt, 2018). Our study tracked MAPK3 and MAPK6 activation at 30 and 60 min, which is well within known kinetics for these MAPKs.

Protomyces species are well known to produce auxin (Streletskii et al., 2016); including P. arabidopsidicola, where this was demonstrated with multiple lines of evidence. Protomyces arabidopsidicola accumulated indolic compounds in culture filtrates that activated Arabidopsis auxin signaling assessed by expression of the auxin responsive DR5::GUS promoter-reporter system and by root bioassays (Wang et al., 2016, 2019). Analysis of the P. arabidopsidicola genome also revealed a full pathway for IAA biosynthesis via the indole-3-pyruvic acid pathway (Wang et al., 2019). Remarkably, infection of Arabidopsis with P. arabidopsidicola did not result in activation of the auxin responsive marker gene IAA7. Auxin of microbial origin is multifunctional; acting in the microbe to control development, promote phyllosphere survival, in microbe–microbe interactions, and in the host plant, for instance to suppress defense responses (Spaepen et al., 2007). Thus, future studies will be required to further test for in planta IAA production by P. arabidopsidicola and understand its potential functions.

Live P. arabidopsidicola pre-treatment lead to significantly greater immunity against Botrytis than pre-treatment with dead (autoclaved) cells, supporting that live P. arabidopsidicola cells are required for the full priming effect. The ability of dead cells to illicit these responses supports the involvement of PAMPs, which are passive and do not require active metabolism for their activity. However, there are alternative explanations that may account for the higher priming by live cells. The persistence of living yeast cells might provide prolonged stimuli and thus stronger priming effects. Additionally, small secreted proteins/peptides from live P. arabidopsidicola, which contains large number of effector candidates (Wang et al., 2019), might be involved in this stronger priming. However, further studies will be required to resolve this question.

Multiple studies have previously documented enhanced Botrytis resistance in Arabidopsis pre-treated with either autoclaved or live yeast cells. Antagonistic phyllosphere microbes, including yeasts (Liu et al., 2013; Eitzen et al., 2021), can effectively suppress diseases that are caused by pathogenic fungi through a variety of known mechanisms (Legein et al., 2020; Chaudhry et al., 2021), such as direct inhibition effects, and indirect effects such as nutrient and space competition or complex microbiome interactions. In the current study, there was no obvious Botrytis growth inhibition by P. arabidopsidicola in an in vitro co-cultivation experiment. In comparison, the inhibitory effect of a Paenibacillus species known to produce antifungal compounds active against Botrytis was clearly observed. This suggests the enhanced immunity against Botrytis induced by P. arabidopsidicola was due to defense priming, rather than direct antagonistic effects. However, in vitro studies do not reflect the complex environment of the leaf, where nutrient and space competition by live P. arabidopsidicola and Botrytis might occur. Additionally, the leaf microbiome may be modified by the presence of P. arabidopsidicola. This activity could be mediated via activation of the host plant immune system or via indirect microbe–microbe interactions (Chaudhry et al., 2021). Notably, Brachi et al. (2021) reported an Arabidopsis-associated Protomyces strain that acts as a phyllosphere microbiome reorganizing hub species and was among the most abundant fungi in the Arabidopsis phyllosphere. In light of these alternate possibilities, complex indirect effects cannot be fully excluded at this time.

Protomyces and Taphrina are sister genera and share similar lifecycles and virulence strategies (Reddy and Kramer, 1975; Fonseca and Rodrigues, 2011; Kurtzman, 2011; Wang et al., 2021; Christita et al., 2022a,b). Both of these genera invade hosts in their hyphal form, which contains chitin (Valadon et al., 1962; Fonseca and Rodrigues, 2011; Kurtzman, 2011). Indeed, all fungi have chitin in their cell walls, and it is especially abundant and a major PAMP in filamentous (hyphal) fungal pathogens (Latge, 2007; Doehlemann and Hemetsberger, 2013). However, Schizosaccharomyces pombe, Pneumocystis species, and some Taphrina species, which all reside in the Taphrinomycotina together with Protomyces species, have reduced chitin content in many structures (Matsuo et al., 2004; Christita et al., 2021). Accordingly, reduced complement of chitin biosynthesis genes was also seen in a Taphrina strain that is pathogenic on Arabidopsis (Christita et al., 2021). Genomes of pathogenic fungi contain LysM domain effectors, which block chitin-induced immune responses (Kombrink and Thomma, 2013). Remarkably, many human pathogenic yeasts, whose chitin cell wall layers are buried deep beneath layers of beta-glucan and mannoproteins (Perez-Garcia et al., 2011) lack LysM effectors (Kombrink and Thomma, 2013). The sequencing of the genomes of P. arabidopsidicola and six other Protomyces species revealed an absence of the expected candidate effector proteins bearing the LysM domain (Wang et al., 2019). This suggests that they either have reduced chitin, or have their chitin layers sequestered by other structures. Effector candidates bearing the legume (L)-type lectin domain were present in all but one Protomyces genome (Wang et al., 2019). The L-lectin domain is known to mediate the binding of mannose linkages (Itin et al., 1996; Satoh et al., 2006, 2007). The cell wall composition has been addressed in only one Protomyces species. P. inundatus has a cell wall composed of glucan and mannose, similar to other yeasts (Valadon et al., 1962). Taken together, these results support the need for further examination of mannose-linkages, or other yeast MAMPs, in the interactions of Protomyces with their plant hosts. Screens aimed at discovering yeast-perceiving PRRs are underway.



Conclusion

We present evidence that Protomyces arabidopsidicola strain C29 was not pathogenic on Arabidopsis, the premiere genetic model plant and the host from which it was originally isolated. However, it was able to persist in the Arabidopsis phyllosphere and activate immune signaling pathways to induce immunity against subsequent challenge with the generalist necrotrophic fungal pathogen, Botrytis. These finding contribute toward establishing the P. arabidopsidicola–Arabidopsis interaction as a model system, which can facilitate future genetic studies into the biology of Protomyces species, the evolution of fungal virulence, host interactions with phyllosphere yeasts, and plant immunity against yeasts.
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Plant health is of utmost importance for optimal agricultural production and sustainability. Unfortunately, biotic and abiotic factors put a major constraint on crop safety and productivity. Plant diseases caused by oomycetes inflict serious damage to various crops. Moreover, the injudicious use of chemical pesticides poses threats related to pesticide resistance development in pathogens and environmental pollution. Biocontrol offers an effective solution for disease control; however, research on biocontrol of oomycete-related diseases is scarce. Thus, this study undertakes the screening of biocontrol resources for the effective management of oomycete-related plant diseases. In this regard, 86 isolates of Trichoderma spp. were assessed against Phytophthora nicotianae, P. capsici, Pythium vexans, P. ultimum, and P. dissotocum through dual culture assay. Furthermore, the antagonistic effect of selected isolates was studied against tobacco black shank disease and damping-off of cucumber seedlings in the greenhouse. The relative control effect of the three antagonistic Trichoderma strains AR-4, Tv-1, and ST4-1 on tobacco black shank was more than 60%, which was not significantly different from 6.88 gl−1 fluopicolide–propamocarb. Whereas, the relative control effect of Trichoderma AR-4 and ST4-1 on damping-off of cucumber seedlings was 80.33% and 82.67%, respectively, which were significantly higher than Trichoderma Tv-1 (35.49%) and fluopicolide–propamocarb (47.82%). According to the morphological and molecular characterization, the fungal strains AR-4, Tv-1, and ST4-1 were identified as Trichoderma koningiopsis, T. asperellum, and T. gamsii, respectively. In conclusion, the strains exhibited a strong antagonistic effect against oomycete pathogens and can be integrated into disease management strategies.

KEYWORDS
 oomycete disease, biological control, Trichoderma spp., control effect, antagonisim


Introduction

Agricultural production is dependent on the optimal functioning and health of plant. Unfortunately, plant disease is a major restricting factor in crop yield and quality (Ahmed et al., 2020). Oomycetes pose a serious threat to agriculture and food production, cause devastating diseases in hundreds of plant species and severely limit agricultural development (Judelson and Blanco, 2005). Common oomycetes cause root rot, fruit rot, dieback, leaf spot, and stem canker of horticultural plants and crops (https://gd.eppo.int/; https://Phytophthora.ucr.edu/; World Phytophthora Genetic Resource Collection). For example, Phytophthora infestans caused the Irish potato famine in the 1840s. Whereas, P. cinnamomi is the most invasive species also known as the biological bulldozer and P. capsici is a highly destructive pathogen. Moreover, tobacco black shank (TBS) disease caused by P. nicotianae is the most prevalent and destructive soil-borne disease in cultivated tobacco worldwide (Kamoun et al., 2015). Similar to Phytophthora spp., it is known that Pythium spp. is also a group of pathogenic oomycetes which cause several common plant diseases. It survives in soil and on plant residues as a saprophyte and produces pectinase and cellulase to promote the degradation of plant cell wall where mycelia gain entry into the plant and cause plant root rot, damping-off of seedlings, and crop dysplasia (Zerillo et al., 2013; Reeves et al., 2021). Another common pathogen, Pythium vexans is widely distributed in plant rhizosphere and environmental soil and causes root rot in cucumber, tomato and other vegetables and a variety of crops, seriously limiting crop production (Galland and Paul, 2001). In addition, P. ultimum can cause humidification and root rot on more than 300 species of crops, trees, and horticultural plants and is listed as one of the top 10 pathogens of oomycetes (Kamoun et al., 2015). At present, the most effective method to control oomycete diseases is still based on chemical agents (Leadbeater, 2015). However, the loss of multi-gene resistance in resistant varieties or the continuous application of a single chemical agent leads to genetic variations and development of pesticide resistance in pathogens. Chemical pesticides are also deleterious toward environmental and public health (Bardin et al., 2015; Parween et al., 2016). Therefore, it is urgent to find an effective and eco-friendly solution to prevent or control plant diseases.

Environment protection and food security have gained much recognition around the globe. Therefore, non-chemical and environment-friendly disease control technologies based on biocontrol are now being widely adopted. At present, the biological control of plant diseases mainly relies on beneficial microorganisms and microbial metabolites. Beneficial microorganisms include bacteria, actinobacteria, fungi, and viruses, which are closely associated with plant health and safety (Munir et al., 2021; Ahmed et al., 2022). Microbial metabolites, such as validamycin and streptomycin, are the most widely used biological pesticides at present (Copping and Menn, 2000; Bian et al., 2021). Trichoderma was first isolated from soil in 1794 and it has been a well-known biocontrol resource since then. Trichoderma is considered an efficient biocontrol agent due to low development cost, strong adaptability, broad-spectrum efficiency and ecological friendliness, and broad application prospects (Sood et al., 2020). The biocontrol mechanism mainly includes the synthesis of specific compounds and mobilization of certain nutrients to plants that promote plant growth and improve defense (Bononi et al., 2020). The biocontrol agents eliminate pathogenic microbes through niche and nutrient competition as they efficiently colonize plant rhizosphere and plant parts (Sood et al., 2020). They also strengthen plant immunity against pathogens by the induction of resistance in the host (Adnan et al., 2019). They produce a wide range of metabolites that either directly target the pathogen or act as a signal of the activation of the plant defense system. Trichoderma is also well documented for parasitizing pathogens (Vos et al., 2015; Li et al., 2019; Khan et al., 2020; Lazazzara et al., 2021).

Introduction of new biocontrol strains in the form of Trichoderma has several benefits to act as a biostimulant and plant growth promoters. However, weather variability also needs to be considered in long run for the management of emerging pathogens recently (Kovács et al., 2021). New biocontrol agents should have potential effectiveness to inhibit the pathogen under varying weather and climatic conditions (Modrzewska et al., 2022). The biocontrol strain inoculation before or after pathogen attack and delivery method plays an important role to understand the preventive effect. The beneficial biocontrol strain should not only inhibit the pathogen growth but also need to improve plant growth. A newly identified novel fungus, Trichoderma phayaoense, was reported not only for plant growth promotion but also for inhibiting the pathogen of gummy stem blight and wilt of muskmelon (Nuangmek et al., 2021). However, colonization efficiency Trichoderma spp is also important to contribute to disease-suppressive abilities in different soils and adherences to the root system (Poveda, 2021b). As far as nematodes are concerned, most of the Trichoderma strains are used against the Meloidogyne spp. in different crops (Jindapunnapat et al., 2013). Interestingly, several studies focus on the use of this genus for plant survival in extreme drought and temperature. The strain of T. harzianum was used in tomato plants to reduce abiotic stress (Mastouri et al., 2010; Ahmad et al., 2015).

The current research undertakes the screening of Trichoderma spp. with antagonistic activity against common pathogens of oomycete origin. The control effect of selected strains against TBS disease and damping-off of cucumber seedlings was further assessed in the greenhouse. The study lays a theoretical foundation to incorporate Trichoderma in the disease management of oomycetes.



Materials and methods


Strains and cultural conditions

In total, 86 Trichoderma strains were isolated from plant's (apple, pear, tobacco, cucumber, Panax notoginseng) stems, roots, and rhizosphere soil, and were preserved by filter paper method in the Molecular Plant Pathology Lab, Yunnan Agricultural University, Yunnan Agricultural University, Yunnan Province, China. Afterward, the isolates were inoculated on the potato dextrose agar (PDA) medium and incubated at 28°C for further use.

The oomycete pathogens: Phytophthora nicotianae, P. capsici, Pythium vexans, P. ultimum, and P. dissotocum were isolated from related diseased plants, identified through morphological and molecular characterization as performed in our previous study (Liu et al., 2022) and stored in our lab as mentioned above. For further experiments, the isolates were inoculated on the oatmeal agar (OA) medium and incubated at 28°C.

The lethality of Phytophthora spp. or Pythium spp. was determined on oomycetes selective medium, composed of oat medium, and supplemented with fungicide and antibiotics (each liter of oat medium contained rifampicin 25–75 mg, ampicillin 50–100 mg, nystatin 25–75 mg, hymexazol 50–100 mg, pentachloronitrobenzene 75–150 mg, and thiophanate-methyl–tebuconazole 25–75 mg, pH value is 6.8–7.2), the incubation conditions were the same as mentioned above.



Antagonistic effect of Trichoderma on oomycete pathogens

In order to assess the antagonistic effect of Trichoderma against oomycete pathogens (P. nicotianae, P. capsici, P. vexans, P. ultimum, and P. dissotocum), dual culture assay was opted. First, oomycete pathogens were cultured on the OA medium, and Trichoderma isolates were cultured on the PDA medium for 3–7 days. Afterward, pathogen and Trichoderma colonies were perforated with a sterilized 7 mm perforator, respectively, and were removed with the sterile needles and placed upside down at both ends of the PDA plate with a diameter of 9 cm. The plates were kept in dark at 28°C for 7 days and observed whether Trichoderma hyphae could cover or antagonize the pathogen colonies. Each treatment consisted of six plates. Finally, the growth diameter of Trichoderma and pathogens was measured, and the relative inhibition rate of Trichoderma against pathogens was calculated using the following formula (El-Debaiky, 2017).
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Determination of the lethality of Trichoderma toward oomycete pathogens

The lethality of Trichoderma toward oomycete pathogens in the inhibition area was further studied. In this regard, plates showing significant antagonistic effects were selected, and three mycelium discs of the pathogen from 7 to 10-days-old plates of the dual culture of Trichoderma and pathogen were extracted with a sterilized 7 mm perforator. The discs were transferred to the selective medium plate with a sterile pick needle, and incubated in darkness at 28°C for 3–7 days, while pure cultures of Phytophthora spp. or Pythium spp. served as controls. Afterward, the plates were observed for the growth of Phytophthora spp. or Pythium spp. mycelium on selective medium and the experiment was repeated thrice.



Control effect of TBS disease and damping-off of cucumber seedlings

TBS disease caused by P. nicotianae and damping-off of cucumber seedlings caused by P. vexans were used as the model diseases, and healthy plants were inoculated with pathogens and Trichoderma to determine the control effects of selected Trichoderma isolates against these pathogens. Briefly, soil was sterilized and seeds of tobacco variety KRK26 were sown in the floating system, while the seeds of cucumber variety Xintangshan Qiugua were sown in small pots (12 × 13 cm) with more than five seeds per pot. After the tobacco seedlings reached to the four leave stage and cucumber seeds grew true leaves, the tobacco seedlings were transplanted to the same size pots for a week and selected the cucumber seedlings with consistent emergence. Meanwhile, spore suspensions of pre-cultured pathogens and Trichoderma were prepared. The plates covered with mycelia of P. nicotianae or P. vexans were soaked in 0.1% potassium nitrate solution for 3 days to induce sporulation (Galiana et al., 2019). Sterile water was added to the plates covered with mycelia of Trichoderma and the plates were repeatedly and repeatedly scraped with an applicator, and after filtering, the concentration was adjusted to 1 × 106 spores·ml−1 with sterile water. In total, 50 ml of pathogen spore suspension per plant/pot was applied to the roots of tobacco and cucumber seedlings, respectively. The next day, 50 ml of Trichoderma spore suspension was applied to the roots, and 50 ml of 687.5 gl−1 fluopicolide-propamocarb (SC, suspension concentrate, Bayer Crop Science (China) Co., Ltd.) 100-fold dilution and sterile water served as a positive and negative control, respectively, and each treatment consisted of eight plants per pot. The experiment was repeated three times. On the 1st, 8th, 15th, and 22nd day after treatment, the disease index of TBS disease (Guo et al., 2020), the incidence of damping-off of cucumber seedlings, and their relative control effect were recorded using the following formulae (Hossain et al., 2014; Huang et al., 2020).
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Morphological characteristics and molecular biological identification of Trichoderma isolates

Trichoderma isolates with strong biocontrol potential were characterized through morphological and molecular parameters. First, Trichoderma isolates were cultured on the PDA plate and their appearance, morphology, and colony color were recorded. Their mycelia, conidiophores, conidia, and chlamydospores were observed and photographed by optical microscope (Carl Zeiss Microlmaging GmbH 37081 Gottingen, Germany). Furthermore, for molecular characterization, the genomic DNA of Trichoderma isolates was extracted by the CTAB method (Munir et al., 2020), and subsequently, the internal transcribed spacer (ITS) of ribosome sequence was amplified by primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′)/ITS4 (5′-TCCTCGCTTATTGATATGC-3′) (White et al., 1990) and the PCR products were sequenced from Shanghai Qingke Biotechnology Co., Ltd. Obtained sequences were aligned with the sequences from GenBank (http://www.ncbi.nlm.nih.gov/blast/), and the homology of sequences was analyzed using MEGA 6, and the phylogenetic tree was constructed by the neighbor-joining method.



Statistical analysis

For the statistical analysis, SPSS24.0 was used to calculate the average value and analyze the variance of the test data, while Duncan's new multiple range test was applied for multiple comparisons (P ≤ 0.05).




Results


Antagonism and inhibition rate of Trichoderma on pathogens

Antagonistic activity of Trichoderma isolates on oomycete pathogens was assessed through a dual culture assay. Those isolates that were not antagonistic toward pathogens, could not grow in a large area on plates. However, Trichoderma showing the obvious antagonistic effect on pathogens could rapidly expand and colonize on the mycelium of pathogens (Figure 1A), whereas the mycelia of the pathogen stopped growing and the colony stopped expanding, while the Trichoderma continued to grow forward until it completely covered the pathogen colony and the entire plate (Figure 1C). In addition, some isolates only showed weak antagonistic activity on certain pathogens. Therefore, only a few isolates could antagonize all five pathogens. It was found that Trichoderma AR-4, Tv-1, and ST4-1 performed better than other isolates, exhibited higher growth rate and stronger antagonism and the inhibition rate on all oomycete pathogens was over 40%, indicating significant antagonism (Figures 1B,C).


[image: Figure 1]
FIGURE 1
 Antagonism of three antagonistic Trichoderma spp. against oomycete pathogens and inhibition rate. (A) Antagonism of Trichoderma, the red arrow shows the antagonistic zone of T. asperellum Tv-1 on P. nicotianae (5d); (B) the relative inhibition rate of three antagonistic Trichoderma spp. on oomycete pathogens; (C) antagonism of three Trichoderma spp. against oomycete pathogens.




The lethality of Trichoderma toward oomycete pathogens

The oomycete pathogens antagonized by Trichoderma spp. in dual culture assay were re-isolated on the oomycete selective medium (Figure 2a). After continuous observation for 7 days, no colonies of Phytophthora spp. or Pythium spp. grow on selective medium plates (Figure 2b), while the single colony of Phytophthora spp. or Pythium spp. grow with white mycelium and expanded outward the mycelium disc (Figure 2c). Some Phytophthora spp. or Pythium spp. antagonized by Trichoderma spp. could not grow into colonies when transferred to the selective medium, which proved that Trichoderma spp. could not only antagonize Phytophthora spp. or Pythium spp. but also caused their inhibition death completely. Finally, three strains of Trichoderma spp. AR-4, ST4-1, and Tv-1 showing higher antagonism and lethality were selected for further experiments.
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FIGURE 2
 Trichoderma antagonized and killed oomycetes. (a) Antagonism of T. asperellum Tv-1 on P. nicotianae; (b) P. nicotianae could not form colonies on the selective medium after being parasitized by Tv-1; (c) pure P. nicotianae grew into colonies on the selective medium.




Control effect on TBS disease and damping-off of cucumber seedlings

The control effect of Trichoderma strains AR-4, ST4-1, and Tv-1 on TBS disease had no significant difference compared with the 100 times dilution of 687.5 gl−1 fluopicolide-propamocarb (SC). The health status of tobacco seedlings also improved, and the disease index at 22 days ranged from 20.83 to 25.93, which were significantly lower than that of the water control (disease index is 64.81) (Figures 3A,B). The results highlight that Trichoderma strains AR-4, ST4-1, and Tv-1 have a strong control effect on TBS disease. Compared with water control, the relative control effect in 8–22 days was more than 60.00%, which is not significantly different from the 100 times dilution of 687.5 gl−1 fluopicolide-propamocarb (SC) (Figure 3D). In case of cucumber seedling damping-off, the disease incidence recorded at 22 days was 51.41, 33.02, and 26.80%, for water control, Trichoderma Tv-1 treatment, and fluopicolide-propamocarb, respectively. Whereas, the disease incidences for Trichoderma strains ST4-1 and AR-4 treatments were only 10.10% and 8.82%, which was significantly lower than water treated control group (Figure 3C), and the control efficiency was 80.33% and 82.67% compared with the negative control group, significantly higher than Trichoderma Tv-1 (35.49%) and positive control (47.82%) (Figure 3E). The incidence of damping-off of cucumber seedlings was much lower, and health status of plants was improved (Figure 3A).
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FIGURE 3
 Biocontrol effect of Trichoderma spp. on TBS disease and damping-off of cucumber seedlings. (A) Disease status of tobacco and cucumber seedlings after the application of Trichoderma spp. and control group; (B) disease index of TBS disease after the application of Trichoderma spp. and control group; (C) the incidence rate of damping-off of cucumber seedlings after the application of Trichoderma spp. and control group; (D) relative control effect of Trichoderma spp. and fluopicolide-propamocarb (FP) on TBS disease compared with water treatment; (E) relative control effect of Trichoderma spp. and fluopicolide-propamocarb (FP) on damping-off of cucumber seedlings compared with water treatment.




Morphological characteristics and molecular identification of antagonistic Trichoderma spp.

The three strains of Trichoderma efficiently grew on the PDA plate and forms aerial hyphae (Figures 4a,c). AR-4 colony are white and radial, turned into light green in the later stage of culture, and form a large number of conidia. The conidia are ellipsoid or spherical, light green, and diameter ranged from 8 to 15 μm (Figures 4a,d). The Tv-1 colony was white at the beginning and slowly turned green 24 hours later and dark green at the later stage of culture. The primary hyphae were cashmere like and relatively robust and well developed. In the later stage of culture, a large number of green ellipsoidal or spherical conidia layers adhered to the surface of the colony, resulting in a powdery appearance, and only a small number of aerial hyphae on the surface was arachnoid (Figures 4b,e). The mycelium of ST4-1 was fluffy and the colony appeared white, and dense felt-like colonies formed in the later stage of culture. The mycelium and conidiophore were frequently branched and intertwined with each other, with flask-shaped conidiophore. There were few conidia with a diameter of about 3–6 μm, but chlamydospores were abundant and spheroidal, with a diameter of 10–15 μm (Figures 4c,f). In addition, the strain also produced aroma such as coconut.
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FIGURE 4
 Morphological characteristics of antagonistic Trichoderma spp. (a) Colony morphology of AR-4 (5d); (b) colony morphology of Tv-1 (5d); (c) colony morphology of ST4-1 (5d); (d) conidia of AR-4; (e) conidia of Tv-1; (f) chlamydospores of ST4-1.


The genomic DNA of the above three antagonistic Trichoderma strains was amplified by PCR to obtain products with a size of about 600 bp. The results of sequencing and BLAST homology comparison revealed that strains AR-4, Tv-1, and ST4-1 were closely related to Trichoderma koningiopsis, T. asperellum, and T. gamsii in the GenBank database, respectively, with sequence consistency of more than 98%. The phylogenetic tree also confirmed that the tested strains were closely related to them (Figure 5). According to the above results, strain AR-4 was identified as T. koningiopsis, Tv-1 was identified as T. asperellum, and ST4-1 was identified as T. gamsii. The above sequencing results have been submitted to the NCBI GenBank database, and their sequence accession numbers obtained are MZ778859 (AR-4), MZ771300 (Tv-1), and MZ778861 (ST4-1).
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FIGURE 5
 Phylogenetic tree of antagonistic Trichoderma strains AR-4, Tv-1, and ST4-1 based on their ITS sequences (red triangles).





Discussion

In the co-evolution of pathogen–host interaction, pathogens have evolved strategies to interfere, avoid, or weaken the host's defense response and normal physiological processes, thus creating a suitable environment that allows pathogens to grow and cause diseases (Chisholm et al., 2006). RXLR effectors are the key toxicity factors of oomycetes. During host infection, RXLR effectors extensively regulate the host response process, weaken host immunity, enter plant cells to enhance their toxicity, and accelerate plant cell apoptosis (Ren et al., 2019; Naveed et al., 2020). In addition, oomycetes can secrete a variety of enzymes, such as glycoside hydrolase (GHs), cell wall degrading enzyme (CWDEs), and pectinase, which accelerate tissue necrosis and provide pathogen entry into the plant (Yuan et al., 2021; Kuhn et al., 2022). Therefore, plant diseases caused by oomycete pathogens are common, rapidly spreading, destructive, and difficult to control.

According to the pesticide information network (http://www.chinapesticide.org.cn/hysj/index.jhtml) statistics in China, more than 99% of the registered pesticides for the prevention and control of oomycete plant diseases are chemical fungicides. For example, among 1,659 registered fungicides for the downy mildew control, only three Trichoderma products and two Bacillus products are registered, while only five Bacillus strains, two Trichoderma strains, and one Pythium oligandrum product among 849 are registered fungicides against Phytophthora spp. The long-term excessive use of chemical pesticides for plant disease control and insect pests may lead to a vicious cycle of ecological imbalance. Whereas, biological control is an environment-friendly option and should be adopted widely. Therefore, it is necessary to screen more biocontrol resources against plant pathogens and expedite the development and application of biocontrol agents.

Trichoderma is considered the representative of beneficial fungi. The members of this genus are a great source of enzymes, antibiotics, plant growth promoters, soil remediation agents, and commercial biological fungicides, while some of them have important scientific research value and economic significance in the fields of agriculture, medicine, and biotechnology (Daniel and Filho, 2007; Brotman et al., 2010; Oszust et al., 2021). For agricultural production, Trichoderma is often used as bio-organic fertilizer and fungicide, which has a positive impact on host plants. Trichoderma is famous for its strong ability to antagonize pathogens through a variety of strategies. Among them, antagonizing on the pathogen is the most direct interaction between biocontrol agent and pathogen. Therefore, in this study, the antagonistic effect of Trichoderma on oomycete pathogens has been taken as the primary screening index to select the isolate with a broad-spectrum antagonistic effect and to exclude the strains which are non-antagonistic or antagonistic toward a single oomycete. Among 86 isolates of Trichoderma tested, 54 isolates exhibited the antagonistic effect on the oomycete pathogen, which indicates that the antagonistic effect on the pathogen is the effective mechanism of Trichoderma against oomycetes. Further, 16 Trichoderma isolates were found to possess broad-spectrum antagonistic ability against five pathogenic oomycetes as they were able to limit the colony expansion of pathogen. The second screening index of this study was to use the specific medium for oomycete pathogen to observe whether Trichoderma completely antagonized oomycete or not. This method was used to further screen Trichoderma with lethal ability after direct action on oomycetes. In this study, not all 16 Trichoderma strains with broad-spectrum antagonistic ability showed lethal ability, and oomycete antagonized by seven isolates of Trichoderma were unable to grow on the selective medium. Therefore, only seven Trichoderma isolates could perform dual functions of broad-spectrum antagonism and wide inhibition. This screening strategy established in this study can efficiently screen effective isolates of Trichoderma in a short time and at less cost. It is a simplified and innovative screening process and lays a foundation for the biological prevention and control of oomycete plant diseases.

After screening and obtaining Trichoderma with the dual functions of broad-spectrum antagonism and extensive lethality, the control efficiency of oomycete plant diseases was assessed. The results showed that three antagonistic Trichoderma strains could stably exist in the soil and the relative control efficacy on TBS disease exceeded 60.00% at 22 days. The relative control effect of T. koningiopsis AR-4 and T. gamsii ST4-1 on damping-off of cucumber seedlings disease reached 80.33% and 82.67%, respectively. It was significantly higher than that of T. asperellum Tv-1 (35.49%) and 687.5 gl−1 fluopicolide-propamocarb (SC) (47.82%). T. koningii inoculated with the fungal pathogens Fusarium oxysporum f. sp. cicero results in the expression of defense-related genes, especially an increase in the expression of salicylic acid genes (Poveda, 2021a). The direct biocontrol activities of most of the Trichoderma spp. are due to the production of secondary metabolites, volatiles, and chitinase enzymes that can easily degrade the cell wall of pathogenic fungi (Zheng et al., 2021; Mukherjee et al., 2022). Based on these mechanisms, we showed that the selected antagonistic Trichoderma strains screened in this study have strong disease control ability and great potential for biocontrol application, especially against oomycete pathogens.

As an opportunist, Trichoderma have great survival potential and can quickly adapt to new ecological niches (Druzhinina et al., 2011). In plant protection and disease control, the identification of a biocontrol agent is based on competition and antagonism with pathogens (Reithner et al., 2011). In addition, Trichoderma can colonize on the surface of plant roots and penetrate epidermal cells, produce various compounds, cause substantial changes in plant proteome and metabolome, induce local or systemic resistance response, and protect against a variety of plant pathogens. At the same time, Trichoderma colonization on plant roots enhances the growth and development of roots and is conducive to the absorption and utilization of nutrients (Harman et al., 2004).



Conclusion

Emerging pathogens need new biocontrol strains to control them successfully without showing adverse effects on host plants. Based on overall findings, we suggest that the selected three antagonistic Trichoderma strains in this study not only showed broad-spectrum antagonistic ability and lethal effects in vitro but also reduced the disease incidence of TBS and damping-off of cucumber seedlings in vivo. Despite this progress, more research is still needed to overcome limitations and improve the performance of biocontrol strains against emerging pathogens belonging to oomycetes. Finally, we found that the treated plants also exhibited enhanced growth and vigor, which warrants further research to reveal the biological mechanism operated for such plant-benefiting functions.
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Drought stress is one of the major abiotic factors limiting plant growth and causing ecological degradation. The regulation of reactive oxygen species (ROS) generation and ROS scavenging is essential to plant growth under drought stress. To investigate the role of arbuscular mycorrhizal fungi (AMF) on ROS generation and ROS scavenging ability under drought stress in Bombax ceiba, the ROS content, the expression levels of respiratory burst oxidase homologue (Rbohs), and the antioxidant response were evaluated in AMF and NMF (non-inoculated AMF) plants under drought stress. 14 BcRboh genes were identified in the B. ceiba genome and divided into five subgroups based on phylogenetic analysis. The effect of AMF on the expression profiles of BcRbohs were different under our conditions. AMF mainly downregulated the expression of Rbohs (BcRbohA, BcRbohD, BcRbohDX2, BcRbohE, BcRbohFX1, and BcRbohI) in drought-stressed seedlings. For well-water (WW) treatment, AMF slightly upregulated Rbohs in seedlings. AMF inoculation decreased the malondialdehyde (MDA) content by 19.11 and 20.85%, decreased the O2⋅– production rate by 39.69 and 65.20% and decreased H2O2 content by 20.06 and 43.21% compared with non-mycorrhizal (NMF) plants under drought stress in root and shoot, respectively. In addition, AMF inoculation increased the non-enzymatic antioxidants glutathione (GSH) and ascorbic acid (AsA) content in roots by 153.52 and 28.18% under drought stress, respectively. The activities of antioxidant enzymes (SOD, PX, CAT, APX, GPX, GR, MDAR, and DHAR) all increased ranging from 19.47 - 131.54% due to AMF inoculation under drought stress. In conclusion, these results reveal that AMF inoculation can maintain ROS homeostasis by mitigating drought-induced ROS burst, via decreasing ROS generation and enhancing ROS scavenging ability of B. ceiba seedlings.
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Introduction

Drought stress is one of the most devastating abiotic stressors on plants worldwide (Piao et al., 2010; Guo et al., 2020). Under the relentless ecological degradation of the Anthropocene, we are seeing rising temperatures and decreasing rainfall that suggest drought stress will become increasingly prevalent (Mishra and Singh, 2010; Trenberth et al., 2014). Drought stress triggers a series of detrimental effects on plants, such as membrane system damage, osmotic imbalance, photosynthetic dysfunction, cellular metabolic dysfunction, etc. (Fahad et al., 2017; Hasanuzzaman et al., 2020; Yang et al., 2020a). In plants, drought stress provokes the generation of reactive oxygen species (ROS) and leads to the overaccumulation of ROS. Such as superoxide anion free radical (O2.–), hydrogen peroxide (H2O2) and hydroxyl radical (OH⋅), etc. produced in different subcellular compartments (e.g., plasma membranes, chloroplasts, peroxisomes, and mitochondria) (Tiwari et al., 2017; Hasanuzzaman et al., 2021). The production of ROS can happen through a variety of pathways (peroxidases, excited chlorophyll, Glycolate and xanthine oxidase, fatty acid oxidation, and the electron transport chain in photosynthesis and respiration) (Cruz de Carvalho, 2008; Li et al., 2009; Hasanuzzaman et al., 2020). The overaccumulation of these ROS caused by drought stress can induce an ‘oxidative burst,’ thus leading to oxidative injury in plants. Oxidative injury can cause lipid peroxidation in cellular membranes, denature protein, cause nucleic acid damage, increase carbohydrate oxidation, catalyze pigment breakdown, and induce programmed cell death (Raja et al., 2017; Choudhary et al., 2018). This oxidative injury and death can have plant-scale consequences, suggesting that the influence of drought on plant growth and mortality is in large part mediated by ROS overaccumulation (Yang et al., 2020b; Zou et al., 2021). On the other hand, avoiding ROS deficit and maintaining an optimum ROS level plays a vital role in molecular signaling in plant growth, development, adaptation, and in response to various abiotic and biotic stresses (Liu and He, 2016; Mittler, 2017). Therefore, homeostasis between ROS generation and ROS scavenging under stressful environments is a prerequisite of plant success.

Bombax ceiba Linn. is a tree in the Malvaceae family, and is commonly called the cotton tree or red silk cotton tree. B. ceiba is mainly distributed in tropical and sub-tropical Asia as well as northern Australia (Barwick and Schans, 2004). B. ceiba has great economic and ecological importance (Gao et al., 2018) and can be a source of food, medicine, fuel, fiber, fodder, and many cultural goods for natives of many Asian communities (Jain and Verma, 2012; Gao et al., 2018). B. ceiba occurs naturally in dry-hot valley areas (Jin et al., 1995; Zhou et al., 2015), and is a reforestation pioneer that survives easily in low-rainfall and well-drained conditions (Zhou et al., 2015). Thus, B. ceiba is a candidate tree species for reforestation of arid and semi-arid regions in tropical and sub-tropical areas. Its potential as an economic crop that may be repeatedly coppiced or harvested provides sustainable unity of ecological and economic benefits. Given the interest in propagating B. ceiba and similar crops as a restoration technology for arid and semi-arid regions, we are interested in exploring the mechanisms behind its drought tolerance.

Arbuscular mycorrhizal fungi (AMF) from Glomeromycotina can colonize more than 80% of terrestrial plants (Bonfante, 2018; Wipf et al., 2019). Symbiotic AMF are involved in many functional processes, such as water absorption, nutrient acquisition, carbon metabolism, as well as biotic and abiotic resistance (Wu et al., 2019; Genre et al., 2020; Shi et al., 2021; Zou et al., 2021). AMF has positive effects on the growth and varieties of stress tolerances of host plants (Porcel et al., 2016; Ruiz-Lozano et al., 2016; Zhang et al., 2019; Chu et al., 2021). Thereby mycorrhizal plants can be considered as a potential valuable source against drought stress.

Respiratory burst oxidase homologue (Rboh) proteins, catalyze oxygen to superoxide by oxidizing NADPH. This process is a well-established mechanism for ROS-generation in plants (Torres and Dangl, 2005; Sagi and Fluhr, 2006). Recent studies have implied that Rboh-dependent ROS generation is associated with plant abiotic stress tolerance (e.g., cold tolerance, salt tolerance, metal tolerance, and thermal tolerance etc.) (Miller et al., 2008; Wang et al., 2013; Zhang et al., 2019, 2022), and AMF symbiosis formation (Belmondo et al., 2016; Arthikala et al., 2017). So far, little discussion about Rboh response to drought stress associated with AMF.

The detoxification of over-accumulated ROS in plants is maintained by both enzymatic and non-enzymatic antioxidant systems under drought stress (Choudhary et al., 2018). In plant cell, ROS scavenging is done by a variety of enzymatic antioxidants (including superoxide dismutase, (SOD); catalase, (CAT); ascorbate peroxidase, (APX); glutathione reductase, (GR); monodehydroascorbate reductase, (MDHAR); dehydroascorbate reductase, (DHAR); glutathione peroxidase, (GPX); peroxidase, (PX); etc.) and non-enzymatic antioxidants (such as glutathione, (GSH); ascorbic acid, (AsA); etc.) (Hasanuzzaman et al., 2020; Mittler et al., 2022). Largely, drought tolerance is thought of as a measure of ROS detoxification ability through upregulation of one or more of these mechanisms (Fahad et al., 2017; Abideen et al., 2020; Rady et al., 2020). Despite an understanding that AMF-association can increase drought tolerance, the actual mechanisms of this process remain unexplored. Our goal is to explore the differential production and scavenging of ROS in AMF-colonized and non-colonized B. ceiba seedlings to further understand its mechanistic metabolic underpinnings. The production and scavenging of ROS are essential factors of plant defense processes, evaluating the antioxidant defense system of AMF-plants and NMF-plants could give an insight into how AMF improved B. ceiba seedlings resistance to drought stress.



Materials and methods


Plant, substrate and inocula material

Seeds of Bombax ceiba L. were collected from a hot-dry valley area (25°40′50.06[image: image] N, 101°53′27.76[image: image] E). Bombax ceiba seeds were soaked in 30% hydrogen peroxide for 30 min for surface sterilization and then washed 5 times with sterile water. The sterilized seeds were pre-germinated on sterile gauze in Petri dishes (15 cm) at room temperature. During the incubation period, seeds were rinsed with sterilized water twice a day. Germinated seeds were transferred to incubation plates containing autoclaved vermiculite, and grown at 25°C under 14 h day/10 h night conditions. Uniform seedlings (About 6∼7 cm) were selected and individually transplanted into plastic pots (26 cm diameter, 19.5 cm height). Each pot contained an 8 kg homogenized substrate of autoclaved sand, vermiculite, and soil (V/V/V = 1:1:1). The soil was collected from the top layer (10-25 cm) of a nearby forest in Qujing Normal University, Yunnan, China (25°31′38[image: image] N, 103°44′41[image: image] E). The sand was washed five times using tap water and dried in the open air before being mixed with soil and vermiculite. After sieving with a 2 mm sieve, the soil and sand were mixed with vermiculite (V/V/V = 1:1:1) and autoclaved at 121°C for 2 h for use as a soil substrate. The physicochemical properties of the soil substrate were pH 7.6 (soil and water ratio were 1:5), the soil available nitrogen, potassium, phosphate and soil organic matter (SOM) are 18.52 mg/kg, 57.63 mg/kg, 9.34 mg/kg and 0.13 g/kg. During seedlings transplanting, 10 mL of mycorrhizal inocula (containing about 226 propagules per milliliter) was added to the root of seedlings. Control seedlings were inoculated with 10 mL of autoclaved inocula and 10 mL of inocula washing solution from live inocula that had been filtered through a 1 μm nylon mesh. The inocula used was the arbuscular mycorrhizal fungus Rhizophagus irregularis (Błaszk, Wubet, Renker, and Buscot) Walker & Schüßler (BGC BJ09). This inoculant was obtained from the Beijing Academy of Agriculture and Forestry Sciences, China. The number of propagules per milliliter was determined using the most probable number method (Feldmann and Idczak, 1992).



Experimental design

The experiment was performed using two water levels (well-watered and drought-stressed) and two AMF treatments (with and without AMF inoculation) as a two-factor experiment, each pot was planted three seedlings, three pots were considered as one replicate unit. Each treatment contained 4 replicates. To experimentally induce drought stress, four weeks after seedlings transplantation, the water content was adjusted to 60% (well-watered) and 20% (drought-stressed) of field capacity and then maintained at corresponding level using TDR 100 monitor daily. All pots were kept at a stable field capacity for 45 days. Throughout the experiment, seedlings were grown in the greenhouse with 35∼24°C temperatures under 14 h daylight and 40∼60% humidity. All pots were irrigated with 50 ml Hoagland solution (Hoagland and Arnon, 1950) every 10 days. Before water stress treatment, all pots were kept with the well-watered treatment.



Plant sampling and biomass measurement

Plants were harvested after 45 days of the experiment. Shoots and roots of each plant were sampled and the separated shoot and fresh root biomass were weighted. The dry biomass was calculated by the fresh weight and fresh-to-dry mass ratio (Ma et al., 2014). Some root parts were fixed in FAA (37% formaldehyde: glacial acetic acid: 95% ethanol, 9:0.5:0.5, v: v: v) fixative to examine AMF colonization. The rest of the samples were soaked in liquid nitrogen immediately and then stored at −80°C for further analysis.



Root staining and mycorrhizal colonization quantification

Sample roots were stained with trypan blue (Phillips and Hayman, 1970) following the procedure: 10% KOH for 30 min at 90°C, 10% H2O2 for 10 min at room temperature, then acidified by 2% HCl for 5 min and stained with trypan blue for 30 min at 90°C. Images were taken using a Leica DM2500 (CMS, GmbH, Wetzlar, Germany) microscope. The mycorrhizal colonization rate of hyphal, arbuscular, vesicle and spore were examined and quantified using the magnified cross sections method (McGonigle et al., 1990).



Reactive oxygen species and lipid peroxidation measurement

Use potassium phosphate buffer (pH 7.8) to extract roots and shoots powdered samples at 4°C. The production rate of O2.– was measured by the method of Ke et al. (2007). The H2O2 content was measured according to trichloroacetic acid extraction method of Chakrabarty and Datta (2008). H2O2 standard curve was used to calculate the H2O2 content. The concentration of malondialdehyde (MDA) was used as determining the level of lipid peroxidation. The content of MDA was measured by the method of Kumar and Knowles (1993).



Genome-wide identification of Bombax ceiba rboh family genes

The whole genome, DNA and protein sequences of B. ceiba were downloaded from GigaDB Dataset1 (Gao et al., 2018). To identify Rboh in B. ceiba, the reported ten Rboh protein sequences from Arabidopsis thaliana were used as query sequences with an E-value cutoff set as 1.0 × e–10 to perform a local BLASTP against B. ceiba genome. The choice of candidate Rboh was based on the E-value, the sequence homology value (>40%) and the value of score (>500). All corresponding cDNA and protein sequences of candidate Rbohs were extracted. All the candidate BcRbohs were further confirmed through the Pfam database and the SMART database for conserved domains (including the respiratory burst NADPH oxidase domain, ferric reductases like transmembrane component domain, FAD-binding domain and ferric reductase NAD binding domain) (Sagi and Fluhr, 2006; Oda et al., 2010). Various splicing variants of one gene (which) and the redundant sequences were discarded. The remaining sequences were used in further analyses. The extracted results were subjected to phylogenetic analysis with Arabidopsis thaliana and other plant Rboh genes. Based on the results of their phylogenetic analysis, the putative B. ceiba Rboh named after the A. thaliana Rboh name (Table 1).


TABLE 1    Rboh genes identified in B. ceiba.

[image: Table 1]



Rboh protein properties, subcellular location and multiple sequence alignment and phylogenetic analysis

Protein properties such as hydropathicity, isoelectric point, instability index and molecular weight were predicted using the ExPASy-ProtParam tool2. The subcellular localizations of BcRboh proteins were analyzed using WoLF PSORT3. Multiple amino acids of BcRbohs were aligned and colored in DNAMAN7.04 (Supplementary Figure 1). The phylogenetic tree was constructed using the maximum likelihood method employing ClustalW with default parameters, JTT matrix-based model, pairwise gap deletion with the 1,000 bootstrap in MEGA 75.



Gene expression profile of BcRbohs in Bombax ceiba

Total RNA was extracted from shoots and roots using a Plant RNA extraction kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions. RNA concentrations were measured by NanoDrop 2000 (Thermo Scientific, Pittsburgh, PA, USA). RNA quality was verified by performing agarose gel electrophoresis. First-strand cDNA synthesis was obtained by using a PrimerScript® RT Reagent Kit with gDNA Eraser (TaKaRa Bio, Dalian, China) following the supplier’s protocol.

To obtain expression profiles for BcRbohs in root and shoot in response to drought-stressed treatment, we performed quantitative real-time PCR (qRT-PCR) on a Roche LightCycle 96 machine (Roche, Germany), using SYBR Green qPCR kits (TaKaRa) according to the manufacturer’s instructions. The Actin gene served as our standard. Gene-specific primers were designed for these amplifications (Supplementary Table 1). All reactions included 10.0 μL of SYBR R Premix Ex Taq TM (TaKaRa), 5.0 μL of tenfold diluted cDNA as template, 0.5 μL of each specific primer, and 4 μL of ddH2O, made up to a 20 μL volume. qPCR was performed under the following thermal cycles: initial 95°C for 3 min; then 40 cycles of 95°C for 20 s, 56°C for 20 s, and 72°C for 20 s. Based on four separate RNA extracts from four biological replications samples, each qRT-PCR was conducted three times to minimize inherent errors. The relative expression levels of all BcRboh genes were calculated by the 2–ΔΔCT method (Livak and Schmittgen, 2001).



Antioxidant system activities measurement

Powdered samples were completely homogenized with an extraction buffer (contained 1% polyvinylpyrrolidone (PVP), 1 mM EDTA and 50 mM potassium phosphate buffer), and the homogenized liquids were centrifuged at 14,000 g for 30 min at 4°C. The supernatant was taken and used to determine the antioxidant enzyme activity (SOD, PX, CAT, APX, GPX, GR, MDAR, and DHAR) and total soluble protein in each sample. SOD activity was determined using inhibition of the photochemical reduction of nitroblue tetrazolium (Beyer and Fridovich, 1987). The PX activity was determined using a modified method of Amako et al. (1994) and measuring the catalyzed oxidation of guaiacol to tetraguaiacol. A five-mute H2O2 decomposition, was used to measure CAT activity through the proxy of the absorbance of OD240. Decomposition was carried out at pH 7.0 and 25°C (Aebi, 1984). The ascorbate oxidation rate, measured by the absorbance of OD290, during a pH 7.0 and 20°C 3 min H2O2 decomposition, was used as a proxy for APX activity (Nakano and Asada, 1981). The GR activity was determined by the NADPH oxidation rate according to the reduction absorbance of OD340 for 3 min (Meloni et al., 2003). The GPX activity was determined by the guaiacol oxidation rate (Flohé and Günzler, 1984). The MDAR activity was determined by the reduction absorbance of OD340 nm for 3 min (Hossain et al., 1984). The DHAR activity was measured by the method of Kubo et al. (1999). Total soluble protein was determined with Xylene brilliant cyaninG as the color agent, and bovine serum albumin was used as a standard, following the method of Sedmak and Grossberg (1977).

Powdered samples were homogenized with 5% trichloroacetic acid at 4°C and centrifuged at 16,000 g for 15 min to produce a supernatant. The supernatant was prepared to measure the reduced glutathione (GSH) and glutathione disulfide (GSSG) concentrations. The reduction in the sulfhydryl reagent 5,5′-dithio-bis (2- nitrobenzoic acid) (DTNB) measured at 412 nm was used as the GSH concentration (Rahman et al., 2006). GSSG can be reduced to GSH by GR in the presence of NADPH. The concentration of GSSG was calculated by the sum of the content of GSH and the content of reduced GSSG minus the GSH content.

The ascorbic acid (AsA) and dehydroascorbic acid (DHA) were measured according to the methods described by Zhang et al., 2019. Powdered samples were also homogenized with 5% metaphosphoric acid and centrifuged at 16,000 g for 15 min in 4°Cto determine the AsA and DHA concentrations. The reduction of Fe3+ measured by the absorbance of OD525 was used as AsA concentration (Zhang and Kirkham, 1996). DHA can be reduced to AsA by the reduction of dithiothreitol, and the total AsA that included DHA and AsA was measured. The concentration of DHA was calculated by subtracting AsA concentration by the total AsA concentration.



Statistical analysis

Statistical analysis was performed using the IBM SPSS 19.0 statistical program (SPSS Inc., Chicago, IL, USA). The data from the experiment were analyzed using a two-way ANOVA with two factors (AMF inoculation and water stress) followed by Duncan’s test when the ANOVA was significant. The cluster analysis of ROS and antioxidant system parameters and the relative expression of BcRbohs genes were analyzed by TBtools v1.098726 (Chen C. et al., 2020). The PCA of the antioxidant system parameters was analyzed using factor analysis after the sphericity test of KMO and Bartlett in SPSS.




Results


Biomass and colonization

AMF plants grew better than NMF plants at both drought-stressed and well-watered treatments (Figure 1A). In the drought-stressed treatment, AMF inoculation increased root and shoot weights by 118.80, 86.84%, respectively. AMF inoculation also increased root and shoot weights by 227.66, and 150.69%, respectively, in ‘unstressed’ well-watered plants. As expected, drought stress decreased the roots and shoots dry weight by 41.35 and 75.79% compared with well-watered treated plants in NMF treatment, respectively. Similarly, drought stress decreased the roots and shoots dry weight by 111.68 and 135.87% in AMF treatment (Figure 1B). To further confirm the difference in biomass was caused by AMF inoculation, AMF colonization rate was checked. No mycorrhizal colonization was observed in NMF plants in either the well-watered or drought-stressed treatment (Figure 2A). Typical mycorrhizal structures like arbuscules, vesicles and inter-radical spores were found in AMF plants in both drought-stressed and well-watered treatments (Figures 2B,C). Compared with well-watered AMF plants, drought stress significantly decreased hypha and arbuscule colonization but increased spore and vesicle colonization (Figure 2D).
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FIGURE 1
(A) Photo of Bambax ceiba inoculated with AMF (left), and non-inoculated with AMF (right). (B) The dry weight both in shoots and roots of B. ceiba plants inoculated with/without the AMF R. irregularis under drought stress. The data are the means ± standard deviation (n = 4). Different small and capital letters above the columns indicate significant difference among the means by Duncan’s test (P < 0.05), respectively. Significant effect of two-way ANOVA ***P < 0.001, NS, no significant effect. NMF indicate non-mycorrhizal treatment; AMF indicate arbuscular mycorrhizal fungi inoculation; DS indicate drought-stressed treatment; RDS indicate root of drought-stressed treatment; RWW indicate root of well-watered treatment; LDS indicate shoot of drought-stressed treatment; LWW indicate shoot of well-watered treatment.
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FIGURE 2
Root colonization characters of AMF R. irregularis. (A) B. ceiba root of NMF treatment. (B) Arbuscule of AMF R. irregularis in B. ceiba root. (C) Spore of AMF R. irregularis in B. ceiba root. (D) The colonization rate of R. irregularis in mycorrhizal plants under drought stress. The data are the means ± standard deviation (n = 4). Significant difference between DS and WW was tested by Student’s T test. *P < 0.05, ***P < 0.001, DS indicate drought-stressed treatment, WW indicate well-watered treatment. Hypha indicate hypha colonization rate; Spore+Vesicle indicate spore and vesicle and colonization rate; Arbuscule indicate arbuscule colonization rate.




Reactive oxygen species levels and oxidative damage to lipids

Drought stress significantly increased the O2⋅– generation rate of both NMF plants and AMF plants in root and leaf tissues, respectively. Interestingly, AMF-inoculated plants presented lower rates of O2⋅– generation rate of root and shoot under drought stress by 65.20, 39.69%, for root and shoot tissue, respectively (Figure 3A). Drought stress also increased H2O2 content by 44.51 and 43.40% in root and leaf of non-inoculated NMF plants. Conversely, AMF-inoculated plants did not show increased H2O2 generation under the drought treatment. AMF inoculated plants had 43.21% and 20.07% lower in root and leaf H2O2 content levels than their non-colonized counterparts. Intriguingly, H2O2 content in leaf was 13 to 22-fold compared with the H2O2 content in root of AMF or NMF under both well water and drought stress treatments (Figure 3B). In this study, drought stress substantially increased the MDA content of both AMF and NMF plants. Among all plants, however, MDA content was lower in AMF-inoculated individuals, regardless of water treatment. AMF-inoculated plants had lower levels of the ROS H2O2 under well-watered condition as well. Well-watered AMF-inoculated plants had 19.72 and 10.74% less H2O2 than non-mycorrhizal counterparts in root and leaf tissues, respectively (Figure 3C). Totally, these results indicate that inoculation of AMF decreased the O2⋅– generation rate, the H2O2 content and the MDA content under drought stress.
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FIGURE 3
(A) The O2⋅– generation rate in roots and shoot of B. ceiba plants inoculated with/without the AMF R. irregularis under well-watered and drought-stressed treatments; The abbreviation is consistent with the above Figure 1 (B). (B) The H2O2 content in roots of B. ceiba plants inoculated with/without the AMF R. irregularis under well-watered and drought-stressed treatments. (C) The levels of MDA content in roots and shoot of B. ceiba plants inoculated with/without the AMF R. irregularis under well-watered and drought-stressed treatments. The data are the means ± standard deviation (n = 4). Different small and capital letters above the columns indicate significant differences among the means by Duncan’s test (P < 0.05). Significant effect of two-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, NS, no significant effect.




Identification and phylogenetic analysis of the BcRboh genes

Totally, 14 candidate BcRboh genes were identified from the B. ceiba genome by local BLASTP searches. Protein domain identification was performed by Simple Modular Architecture Research Tool (SMART) (Letunic et al., 2021). Four conserved domains were found, including NADPH-Ox and Ferric-reduct in the N-terminal region and FAD-binding-8 and NAD-binding-6 in the C-terminal region (Supplementary Figure 1). The identity of nucleotide and amino acid ranges from 52.00 to 92.00 and 42.50 to 92.90%, respectively (Supplementary Table 2). The putative BcRboh proteins consisted of 802-940 amino acids, with calculated molecular weights from 91.58 to 106.59 kDa, and their isoelectric points (PI) ranged from 8.99 to 9.39. The Grand average of hydropathicity (GRAVY) values of all putative BcRboh were negative and ranged from −0.311 to −0.133, indicating that all these Rboh proteins were hydrophilic (Gasteiger et al., 2005). Their instability index showed that except for BcRbohA, BcRbohD, and BcRbohG, the others were instability (Table 1).

To understand the evolutionary relationship among the Rbohs in B. ceiba, putative BcRboh protein sequences and Rboh protein sequences of other plants (A. thaliana, Glycine max, Durio zibethinus, Theobroma cacao, Gossypium hirsutum, and Hibiscus syriacus) were used to construct a phylogenetic tree (Figure 4). According to the phylogenetic tree, BcRbohs were clustered into five groups, and the BcRbohs were distributed in each group. The BcRbohD, BcRbohDX1, and BcRbohDX2 belonged to Group 1; BcRbohA, BcRbohC, and BcRbohG were classified into Group 2; BcRbohB were part of Group 3; BcRbohE, BcRbohF, BcRbohFX1, and BcRbohI were categorized into Group 4; BcRbohH, BcRbohHX1, and BcRbohJ were assigned into Group 5 (Figure 4).
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FIGURE 4
Phylogenetic analysis of B. ceiba Rboh and Rboh homologs of other plant. An unrooted circle phylogenetic tree of the plant Rboh proteins was constructed using the maximum likelihood method with MEGA 7.0 program. Numbers next to branches represent the percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (10,000 replicates). Sequence names consist of species code (first letter of genus, second letter of species name) and gene name (At abbreviation of Arabidopsis thaliana, Gm abbreviation of Glycine max, Dz abbreviation of Durio zibethinus, Tc abbreviation of Theobroma cacao, Gh abbreviation of Gossypium hirsutum and Hs abbreviation of Hibiscus syriacus). Accession numbers of the predicted proteins are given in Supplementary materials (Supplementary Table 3). Group 1 subtree of yellow line, Group 2 subtree of green line, Group 3 subtree of red line, Group 4 subtree of purple line, Group 5 subtree of blue line.




Responses of BcRboh expression to arbuscular mycorrhizal fungi inoculation

The effect of AMF on mRNA levels of BcRboh were measured. Under drought stress, BcRbohA, BcRbohD, BcRbohE, BcRbohI were downregulated and no genes were upregulated in root by AMF colonization (Figure 5A). AMF-inoculated plants upregulated the expression of BcRbohB, BcRbohD, BcRbohG and downregulated the expression of BcRbohA, BcRbohC expression in root tissues of well-watered plants (Figure 5B). In shoot, the relative expression of BcRbohD, BcRbohDX2 and BcRbohFX1 were downregulated and no genes were upregulated by AMF inoculation under drought stress (Figure 5C). Except RbohC and RbohI, the expression of most Rboh genes (RbohA, RbohDX1, RbohE, RbohF, RbohG, RbohH, RbohHX1, and RbohJ) were slightly upregulated in well-watered AMF-inoculated plants compared to their non-inoculated neighbors (Figure 5D). The relative expression level showed difference among these BcRboh genes. Thus, there was an extensive variation in BcRboh expression levels in response to AMF inoculation and drought stress (Figure 5).
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FIGURE 5
(A) Relative expression of Rbohs in root under DS treatment. (B) Relative expression of Rbohs in root under WW treatment. (C) Relative expression of Rbohs in shoot under DS treatment. (D) Relative expression of Rbohs in shoot under WW treatment. Relative expression of 14 BcRboh genes in root and shoot of B. ceiba seedlings that received the AMF and drought stress treatments. The relative expression of BcRbohHX1 received well-watered with NMF treatment in shoot as a standard (0). The data are the means ± standard deviation (n = 4). Significant difference between AMF and NMF was tested by Student’s T test. *P < 0.05, **P < 0.01, ***P < 0.001. No star symbol above the column indicate no significant. DS indicate drought-stressed treatment, WW indicate well-watered treatment.




Response of antioxidant systems parameters to DS and arbuscular mycorrhizal fungi inoculation

Drought stress increased SOD, PX, APX, GPX, GR, MDAR, DHA, and GSSG by 20.87, 24.69, 161.17 16.48, 70.80, 160.77, 31.04 and 123.12% in root tissues of NMF plants. In NMF leaf tissues, drought stress increased SOD, CAT, APX, GPX, GR, MDAR, and GSSG by 84.12%, 170.41, 64.04, 18.74, 28.65, 28.61 and 38.66%, but decreased AsA, AsA/DHA. Similarly, drought stress increased SOD, PX, CAT, APX, GPX, GR, MDAR, DHAR by 101.81 and 123.72%, 101.53 and 8.82%, 90.31 and 318.53%, 63.75 and 34.11%, 175.25 and 16.29%, 29.53 and 22.75, 219.29 and 82.20%, 136.88 and 73.70% in both root and leaf in AMF plants. Under drought stress, AMF inoculation increased SOD, PX, CAT, APX, GPX, MDAR, DHAR by 87.09 and 22.95, 41.40, and 25.19%, 26.34 and 21.54%, 15.03 and 19.47, 66.80, and 12.83%, 80.49 and 19.50%, 131.50 and 92.33% in root and shoot, respectively. GR, AsA, GSH, AsA/DHA, GSH/GSSG in root were also increased by AMF inoculation by 49.61, 28.16, 154.87, 71.21, 462.61% under drought stress. Furthermore, under well-watered conditions, APX, GSH in root and leaf, GPX, MDAR, AsA, GSSG, AsA/DHA in root and DHA, GSH/GSSG in shoot were higher in AMF-inoculated plants than their non-inoculated counterparts (Table 2).


TABLE 2    The activities of antioxidant defense of mycorrhizal and non-mycorrhizal roots and shoots under drought stress.
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Principal component analysis and cluster analysis of reactive oxygen species and antioxidant-related parameters

The principal component analysis (PCA) of ROS and antioxidant-related parameters revealed the effects of drought stress and AMF (Figure 6). PC1 accounted for 42.23% of the variance and that PC2 accounted for 28.59% of the variance. Root samples inoculated with AMF under drought stress were most different from leaf samples without AMF under well water. Root and leaf were separated by PC1, drought-stressed and well-watered treatments samples could separate from each other. AMF-treatment samples also separated from NMF-treatment samples in root. Cluster analysis of the ROS and antioxidant-related parameters revealed that all samples clustered into two groups (root and shoot groups). And the leaf clade clustered into two subclades by samples of DS and WW (Figure 7). In root clade, AMF and NMF samples under well-watered treatment were clustered together and separated from drought stress, which indicates AMF played a more important role under drought stress.
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FIGURE 6
Principle component analysis (PCA) of reactive oxygen species (ROS) and antioxidant systems parameters. FR, root of inoculation of AMF treatment; NR, root of NMF treatment; FL, shoot of inoculated AMF treatment. DS indicate drought-stressed treatment, WW indicate well-watered treatment.
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FIGURE 7
Heatmap of ROS and antioxidant systems parameters. FR, root inoculated with AMF; NR, root inoculated with inactive AMF; FL, shoot of inoculated AMF treatment; NL, shoot of inoculated inactive AMF treatment. DS indicate drought-stressed treatment, WW indicate well-watered treatment. SOD, Superoxide dismutase; PX, peroxidase; CAT, catalase; APX, ascorbate peroxidase; GPX, glutathione peroxidase; GR, glutathione reductase; MDHAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase; AsA, ascorbic acid; DHA, dehydroascorbic acid; GSH, glutathione; and GSSG, glutathione disulfide.





Discussion

Drought stress is a vital abiotic stress to plant and worldwide distribution (Piao et al., 2010; Trenberth et al., 2014). AMF have been considered to play a vital role in plant resistance to a variety of abiotic and biotic stresses including drought stress (Wu et al., 2013; Mitra et al., 2021; Usman et al., 2021; Zou et al., 2021). In our study, AMF-colonized B. ceiba grew better than non-mycorrhizal plants under both drought-stressed or well-watered treatments. This result suggests that AMF inoculation increases drought stress tolerance of B. ceiba.

Drought stress provokes plant photosynthetic dysfunction by stomatal closure, impaired gas exchange, imbalance in the light harvest and utilization, and altered photochemistry in chloroplasts, leading to ROS overproduction (Müller et al., 2001; Augé et al., 2015; Li J. et al., 2019; Hasanuzzaman et al., 2021). Moreover, denaturation of membrane and protein from photorespiration, inactivation of TCA cycle enzymes, and reduced carboxylation efficiency during drought stress can also be linked to ROS overproduction (Cruz de Carvalho, 2008; Hasanuzzaman et al., 2013; Mittler et al., 2022). Additionally, lower NADP+ regeneration causes a greater reduction of ETC under drought stress leading to higher electrolyte leakage, ultimately resulting in excess ROS metabolism and oxidative stress (Fahad et al., 2017; Hasanuzzaman et al., 2018, 2020). Thus, drought stress leads to a disbalance of ROS metabolism. As one of the main productions of ROS, the generation rate of O2⋅– was significantly increased by drought stress in root and shoot under both AMF and NMF treatments of B. ceiba seedlings, which was expected (Chen W. et al., 2020). AMF inoculation, however, correlated with a decreased O2⋅– generation rate in root and shoot of B. ceiba seedlings under drought conditions (Figure 3A). This result indicates that AMF inoculation could relieve the ROS damage by decreasing the O2⋅– generation rate caused by drought stress. Mycorrhizal-colonized-plants also had lower relative electrolyte leakage (Arthikala et al., 2015; Huang et al., 2020), which could contribute to a lower O2⋅– production rate and explain the variation between AMF-associated and non-colonized plants. Chen W. et al. (2020) also found that AMF alleviated drought-induced oxidative stress by attenuating the excess generation of O2⋅– in the leaves of Catalpa bungei.

AMF-colonization may result in better ROS regulation in both stressed and unstressed plants, allowing for AMF-colonized plants to seize a fitness advantage when stressed by ROS-metabolism destabilizing drought conditions. For example: ROS homeostasis is regularly evaluated by MAD content (Zhang et al., 2019). Mycorrhizal seedlings have a lower accumulated MDA content in both root and shoot under well-watered and drought-stressed treatments than non-mycorrhizal seedlings. This matches with the established literature. For example, Huang et al. (2020) found that mycorrhizal plants in general had lower accumulated MDA, H2O2, and O2⋅– than non-mycorrhizal apple seedlings. Therefore, non-mycorrhizal plants suffered higher oxidative damage than AMF plants. Among all ROS, H2O2 commonly acts as one of versatile molecule that acts as a signal at a normal level, but induces oxidative stress at an abnormal level under drought stress or other stress (Hasanuzzaman et al., 2020; Mittler et al., 2022). In our study, AMF inoculation decreased the content of H2O2 in roots and shoots under drought stress. In well-watered treatments, AMF only decreased H2O2 content in root, but does not affect shoots. However, studies showed that H2O2 generation in mycorrhiza-containing cortical cells ensures the initial AMF colonization in roots, and accumulates in the arbuscule-containing root cortical cells (Salzer et al., 1999; Kapoor and Singh, 2017). This might be because the mycorrhizal-colonized seedlings had relatively higher net root H2O2 effluxes than non-mycorrhizal seedlings (Huang et al., 2017) which lead to a lower H2O2 content in mycorrhizal-seedlings, potentially protecting against drought stress. Lanfranco et al. (2005) found that CuZn-SOD was up-regulated in arbuscule-containing cells, which might act as a protection mechanism to decrease the H2O2 induced in plants. In addition, H2O2 content in leaf was 13 to 22-fold compared the H2O2 content in root of AMF or NMF under both well-watered and droughts-stressed treatments. This might because of ROS overproduction caused by photosynthetic dysfunction, imbalance in the light harvest and utilization in chloroplasts under drought stress are located in leaves (Mittler et al., 2022). Furthermore, the main root of B. ceiba seedlings are swelling (Figure 1A), which diluted the high H2O2 content in cortical cells of root. In total, AMF inoculation dramatically decreased H2O2, O2⋅–, and MDA concentrations in shoots and roots in B. ceiba seedlings under drought stress, relieved the ROS damage caused by drought stress. Huang et al. (2017) also found that the H2O2, O2⋅–, and MDA concentrations in leaves and roots were dramatically lower in mycorrhizal trifoliate orange seedlings than in non-mycorrhizal seedlings under drought stress.

Rbohs are responsible for ROS generation and are involved in regulating a diverse range of biological processes of various biotic and abiotic stresses including drought stress responses in plants (Sagi and Fluhr, 2006, Chapman et al., 2019, Tarawneh et al., 2020; Zhang et al., 2022). In this study, fourteen BcRboh genes members were identified in the B. ceiba genome. Prediction programs for subcellular localization showed that the fourteen BcRboh proteins were localized in the plasma membrane, endoplasmic reticulum membrane, etc. indicating different cellular functions (Li D. et al., 2019; Huang et al., 2021). Analysis of the domain composition of BcRbohs revealed that members of the BcRboh genes family were relatively conserved during evolution (Supplementary Figure 1), which is consistent with other studies (Sagi and Fluhr, 2006; Zhang et al., 2021; Zhang et al., 2022). Phylogenetic analysis demonstrated that BcRbohs were clustered into five groups, consistent with earlier reports (Zhang et al., 2021, 2022). Sequences clustered in the same phylogenetic subclade usually had a close evolutionary relationship, conserved gene structures and similar functions. Genome-wide association mapping reveals that the genes for the plant Rboh family might be involved in the tolerance of drought stress (Tarawneh et al., 2020). Among the ten AtRboh genes, AtRbohD shows a high degree of stress responsiveness both in shoots and roots (Suzuki et al., 2011). In our study, BcRbohD, BcRbohDX1 and BcRbohDX2 were down-regulated by drought stress in root of AMF treatment. Besides, NADPH oxidase (RBOH) is the main pathway for H2O2 production in plants (Hasanuzzaman et al., 2020). The transcriptional levels of BcRbohA, BcRbohC were lower in AMF treated plant than non-AMF-inoculated plants in well-watered conditions. Under drought conditions, AMF-inoculated plants had decreased BcRbohA, BcRbohD, BcRbohE and BcRbohI expression in root tissues than non-mycorrhizal plants. Correspondingly, AMF-inoculated plants also had reduced levels of H2O2 than their non-mycorrhizal partners. Consistent with the transcriptional levels of RbohD, RbohDX2, and RbohFX1, the content of H2O2 was lower in AMF shoots than NMF shoots under drought stress treatment. In another hand, studies showed that the expression of Rboh in plants play an important role in AMF symbiosis (Belmondo et al., 2016; Zhang et al., 2019; Zhou et al., 2019). Arthikala et al. (2014) found that overexpression RbohB of Phaseolus vulgaris impaired AMF colonization. Zhang et al. (2019) found that inhibition of NADPH oxidase activity (DPI treatment) stimulated arbuscule colonization. However, MtRbohE was activated in arbuscular cells involved in root cortex colonization (Belmondo et al., 2016). Arthikala et al. (2013) suggested that NADPH oxidase induces H2O2 burst in AMF roots, is was related to the interaction between AMF and host plants. In our study, AMF decreased transcriptional levels of BcRboh genes under drought stress thereby lower H2O2 content in AMF plant. These results suggest that RBOH-mediated H2O2 generation may be reduced in mycorrhizal-associated plants relative to non-colonized plants. This variation could be a mechanism by which mycorrhizae confer drought tolerance.

AMF can regulate plant physiological and molecular responses to tolerate drought stress, and they have a strong ability to cope with drought-induced oxidative damage via enhanced antioxidant defense systems (Zou et al., 2021). The ability of ROS scavenging ability in AMF-plant and NMF-plant were evaluated in this study. The ROS scavenging in plant maintained by both enzymatic and non-enzymatic antioxidants systems (Choudhary et al., 2018; Hasanuzzaman et al., 2020). The O2⋅–/H2O2 system that converts ROS into non-toxic molecules by enzymatic reactions is a key ROS scavenging pathway that may increase drought tolerance by mitigating ROS overaccumulation (Baxter et al., 2013; Mittler et al., 2022). SOD, an important catalyst in this pathway, was more abundant in mycorrhizal colonized plants than non-mycorrhizal competitors under drought conditions (Alscher et al., 2002). This result suggests that AMF inoculated seedlings may potentially have improved O2⋅– scavenging ability, which could increase tolerance to drought stress. Similarly, the activity of CAT, GPX, MDAR, and DHAR significantly increased in AMF plants under drought stress in our study, which indicated that AMF plants had better H2O2 scavenging ability under drought stress by the higher activities of antioxidant enzyme. Boutasknit et al. (2021) also found that SOD, CAT, PX, and polyphenoloxidase significantly increased in AMF-associated plants under drought stress of young Ceratonia siliqua L. trees. Another, non-enzymatic antioxidants systems in plants, the ascorbic acid-glutathione (AsA-GSH) cycle, is utilized to detoxify H2O2 (Bashri and Prasad, 2016). In our study, when drought-stressed, the content of AsA, GSH and AsA/DHA, GSH/GSSG were higher in AMF-colonized roots compared with NMF-root, which indicates AMF-root could scavenge H2O2 more efficiently than NMF-root through non-enzymatic antioxidants systems. This is consistent with previous results: Langeroodi et al. (2020) showed that AMF (R. irregularis) colonization enhanced the activity of antioxidant defense systems (SOD, POD, AsA and GSH) in chicory and showed a commensurate H2O2 accumulation and reduced oxidative damage. Thereby, the enhancement of non-enzymatic antioxidants (AsA, GSH) and antioxidant enzymes (SOD, CAT, GPX, GR, APX, DHAR, and MDAR) in defense systems modify and guard against ROS burst in AMF plants (Bahadur et al., 2019; Zou et al., 2021). These results suggested that AMF plant may have better ROS scavenging ability than NMF plants, and are more capable of maintaining these antioxidant pathways under drought stress. Elevation of antioxidant defense systems in mycorrhizal plants under drought stress removes further ROS accumulation (Zou et al., 2021), thus mitigating toxicity effects on lipids, proteins and DNA, with significant consequences for plant functioning under stress.

In conclusion, AMF-inoculated B. ceiba had lower rates of O2⋅– generation and lower H2O2 accumulation than other, non-colonized B. ceiba. AMF-inoculated B. ceiba seedlings also had upregulated levels of antioxidant enzymes (SOD, PX, CAT, APX, GPX, MDAR, and DHAR) and non-enzymatic antioxidants (AsA, GSH), compared with their non-mycorrhizal associated partners. When drought-stressed, these differences persisted, and AMF-colonized plants grew better than their uncolonized associates, suggesting that AMF-colonization may improve drought tolerance in B. ceiba.
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Ganoderma is a globally distributed genus that encompasses species with forestry ecological, medicinal, economic, and cultural importance. Despite the importance of this fungus, the studies on the species diversity of Ganoderma in Yunnan Province, China (YPC) have poorly been carried out. During this study, opportunistic sampling was used to collect 21 specimens of Ganoderma from YPC. Morphology and multigene phylogeny of the internal transcribed spacer (ITS) regions, the large subunit of nuclear ribosomal RNA gene (nrLSU), the translation elongation factor 1-α gene (TEF1-α), and the second largest subunit of RNA polymerase II (RPB2) were used to identify them. Morphological and molecular characterization of the 21 specimens showed that they belong to 18 species of Ganoderma, of which three are novel viz. G. artocarpicola, G. obscuratum and G. yunnanense. Ganoderma artocarpicola is characterized by the sessile and concrescent basidiomata, reddish brown to yellowish brown pileus surface, heterogeneous context, wavy margin, and ovoid basidiospores. Ganoderma obscuratum is distinguished by small pores (6–9 per mm), dorsolaterally sub-stipitate basidiomata which become greyish-brown when dry, and narrow ellipsoid basidiospores. Ganoderma yunnanense is characterized by cream color pore surface and context, centrally to laterally stipitate basidiomata with reddish-brown to violet-brown strongly laccate pileus surface, and broadly ellipsoid basidiospores. With the help of an extensive literature survey and the results of this study, a checklist of 32 Ganoderma species from YPC was established, which accounts for 71.11% of the known species in China. In addition, a key to the Ganoderma in YPC is also provided.

KEYWORDS
 3 new taxa, basidiomycetes, Lingzhi, medicinal mushroom, multigene phylogeny, taxonomy


Introduction

Ganoderma P. Karst. 1881 is a genus of white rot fungi in the Polyporales and Ganodermataceae containing species that were originally described in the United Kingdom (Moncalvo and Ryvarden, 1997). Ganoderma worldwide distribution from warm temperate to tropical, and is a facultative parasite on living, dead or rotting trees (Zhou et al., 2015). Ganoderma species cause white rot of hardwoods by decomposing lignin, cellulose, and related polysaccharides. Generally associated with the decay of roots and the lower trunk or stems flare, which can lead to hazardous tree conditions and tree failures, resulting in serious damage to property and life (Loyd et al., 2017). Previous studies have reported that some species of Ganoderma can cause diseases as pathogens of living trees such as Areca catechu (betel nut palm), Elaeis guineensis (oil palm), Hevea brasiliensis (rubber), and cause wood rot of forest trees and can contribute to tree mortality and failure by wind throw (Adaskaveg et al., 1991; Elliott and Broschat, 2001; Tonjock and Afui, 2015). Several species are responsible for stem and butt rots of commercially important crops such as stem rot of betel nut palm and oil palm caused by G. boninense or G. zonatum (Elliott and Broschat, 2001; Nur et al., 2019), and rubber root rot caused by G. philippi (Glen et al., 2009). Other species, such as G. australe, G. sessile and G. curtisii, seem to be opportunistic pathogens and typically only cause serious decay in old or stressed trees (Sinclair and Lyon, 2005). On the other hand, some of Ganoderma have been shown to selectively delignify wood and are recognized as a potentially important source of lignin degrading enzymes (Otjen et al., 1987). Obviously, Ganoderma are ecologically indispensable, but some of them are pathogenic and can cause diseases in forest trees.

Moreover, most Ganoderma species have biologically active components with nutritional and medicinal effects, which are economically important (Dai et al., 2009). Ganoderma has been used in Asian countries for over two millennia as a traditional medicine for maintaining vivacity and longevity, for its perceived health benefits, has gained wide popular use as a dietary supplement (Hapuarachchi et al., 2018a). Ganoderma lucidum (“lingzhi”) and G. sinense have been included in the Chinese Pharmacopoeia, and are used for anti-cancer treatment, lowering blood pressure, and improving immunity (Dai et al., 2009; Sun et al., 2022). Research of Ganoderma is a hot topic since its high potential to use in biotechnology.

As a consequence of several taxonomic and molecular phylogenetic studies on Ganoderma, an unexpectedly high level of species diversity has been uncovered worldwide, with the description of many new species (Cao et al., 2012; Cao and Yuan, 2013; Li et al., 2015; Xing et al., 2016, 2018; Hapuarachchi et al., 2018b, 2019; Liu et al., 2019; Wu et al., 2020; He et al., 2021). However, many taxonomy confusions have resulted from the great variability in the macroscopic characters of the Ganoderma basidiomata. As of 20 September 2022, there were 488 records of Ganoderma recorded in Index Fungorum,1 and 529 records in MycoBank.2 Nearly two-thirds of these records have been identified as synonyms. Up to now, 181 species are taxonomically accepted in Ganoderma, making it as one of the most species-rich genera in Ganodermataceae (Costa-Rezende et al., 2020). The genus is unique with characteristic double-walled basidiospores with a thin hyaline exosporium and ornamented endospore (Karsten, 1881; Moncalvo and Ryvarden, 1997).

China has a complex and diverse plant diversity, and a diversified three-dimensional climate environment that breeds abundant wild Ganoderma resources, thus, a total of 40 species of Ganoderma have been reported in China (Cao et al., 2012; Cao and Yuan, 2013; Li et al., 2015; Xing et al., 2018; Hapuarachchi et al., 2018b, 2019; Liu et al., 2019; Wu et al., 2020; He et al., 2021; Sun et al., 2022). Yunnan is an inland Province with low latitude and high altitudes in southwest China, which is a hotspot of global biodiversity and has abundant wildlife resources Nine type species of Ganoderma viz. Ganoderma alpinum, G. chuxiongense, G. dianzhongense, G. esculentum, G. mutabile, G. puerense, G. subangustisporum, G. weixiense and G. yunlingense have been reported in this region. In addition, several researchers have reported the diversity of Ganoderma in southwestern China, such as Luangharn et al. (2021), which reported 13 Ganoderma species viz. G. applanatum, G. australe, G. calidophilum, G. flexipes, G. gibbosum, G. leucocontextum, G. lucidum, G. multiplicatum, G. resinaceum, G. sanduense, G. sichuanense, G. sinense, and G. tsugae from YPC based on comprehensive morphological characteristics and molecular analyses. Apparently, there are many economically and medicinally important Ganoderma species in YPC (Figure 1; He et al., 2021; Luangharn et al., 2021; Sun et al., 2022). However, with the exception of the taxonomic and new species description studies, very little efforts have been made to identify the Ganoderma species diversity in YPC. Thus, the objectives of this research are, to identify and describe different species of Ganoderma including three new species in YPC based on morphology and multigene phylogeny, and to prepare a checklist of Ganoderma and a key to Ganoderma in YPC.
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FIGURE 1
 Basidiomata of the Ganoderma species collected in Yunnan Province, China. (A) Ganoderma applanatum found in Eriobotrya tree (HKAS123785); (B) Ganoderma dianzhongense in Cyclobalanopsis tree (HKAS 112719); (C) Ganoderma esculentum (HKAS123789); (D) Ganoderma gibbosum in Carya tree (HKAS123781); (E) Ganoderma lingzhi in Prunus tree (HKAS123768); (F) Ganoderma leucocontextum in Cyclobalanopsis tree (HKAS123767); (G) Ganoderma lucidum in Quercus tree (HKAS123773); (H) Ganoderma multipileum (HKAS123775); (I) Ganoderma sinense in Acer tree (HKAS123770). Photographs were taken by JH.




Materials and methods


Specimen collection

Twenty-one Ganoderma specimens were collected during the rainy season from July 2016 to September 2021 from jungle hill forests in Yunnan Province, China. They were photographed in the field, then collected and wrapped in aluminium foils or kept separately in a plastic collection box. Macro-morphology of fresh basidiomata was described, on the same day of collection. Specimens were then thoroughly dried at 40°C in a food drier, stored in sealed plastic bags with anhydrous silica gel, and deposited in the herbarium of Kunming Institute of Botany, Chinese Academy of Sciences Academia Sinica (HKAS section, KUN). MycoBank numbers were obtained as described in Jayasiri et al. (2015).



Morphological study

Macro-morphological studies were conducted following the protocols provided by Torres-Torres and Guzmán-Dávalos (2012). Key colors were obtained from Kornerup and Wanscher (1978). Micro-morphological data were obtained from the dried specimens and observed under a light microscope (Nikon). The temporary prepared microscope slides were placed under magnification up to 1,000 × using Nikon ECLIPSE80i (Nikon, Japan) compound stereomicroscope for observation and microscopic morphological photography. Microscopic observations were made from slide preparations stained with 10% potassium hydroxide (KOH), Melzer’s reagent, and Cotton Blue. Measurements were made using the Image Frame work v.0.9.7 To represent variation in the size of basidiospores, 5% of measurements were excluded from each end of the range and extreme values were given in parentheses (He et al., 2021).

The following abbreviations are used: IKI = Melzer’s reagent, IKI– = neither amyloid nor dextrinoid, KOH = 10% potassium hydroxide, CB = Cotton Blue, CB + = cyanophilous, L = mean spore length (arithmetic average of all spores), W = mean spore width (arithmetic average of all spores). The abbreviation for spore measurements (x/y/z) denote “x” spores measured from “y” basidiocarps of “z” specimens. Basidiospore dimensions (and “Q” values) are given as (a) b–av–c (d). Where “a” and “d” refer to the lower and upper extremes of all measurements, respectively, b-c the range of 95% of the measured values, and Q is the length/width ratio of basidiospores, is given as Qm ± standard deviation, where Qm is the average Q of all basidiospores. Where “a” and “d” refer to the lower and upper extremes of all measurements, “av” is the average “b,” respectively, b-c are the range of 95% of the measured values, and Q is the length/width ratio of basidiospores, which is given as Qm ± standard deviation, where Qm is the average Q of all basidiospores.



DNA extraction, PCR amplification, and sequencing

Genomic DNA isolation and PCR of the studied material were performed at the Yunnan Academy of Agricultural Sciences, China. Genomic DNA was extracted from dried specimens using Ezup Column Fungi Genomic DNA Purification Kit (Sangon Biotech Limited Company, Kunming, Yunnan, China) based on the manufacturer’s protocol. Primer pairs used for PCR were ITS1F/ITS5 (White et al., 1990) for ITS, LR5/LR0R (Vilgalys and Hester, 1990) for nrLSU, TEF1–983/TEF1–1567R (Matheny et al., 2007) for TEF1–α, and RPB2–6f/fRPB2–7cR (Liu et al., 1999) for RPB2. Primer sequences of the primers used in this study are available in the WASABI database of the AFTOL website (aftol.org). Gene regions were amplified in 30 μl reactions containing 15 μl 2 × Taq Plus Master Mix II (Sangon Biotechnology Co., Kunming, China), 13 μl ddH2O, 0.5 μl 10 μM of forward and reverse primers, 1 μl DNA. PCR conditions were used as in the Table 1, using a C1000 thermal cycler (Bio-Rad China). The PCR amplicons were sent to Sangon Biotech (China) for Sanger sequencing. Raw DNA sequences were assembled, and edited in Sequencher 4.1.4 and the assembled DNA sequences were deposited in GenBank (Table 2).



TABLE 1 PCR primers and conditions used in this study.
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TABLE 2 Specimens used for phylogenetic analyses and their corresponding GenBank accession numbers.
[image: Table2]



Sequencing and sequence alignment

The sequences of the new species were subjected to standard BLAST searches in GenBank to find the most closely related sequences. All the sequences except those obtained from this study (Table 2), were retrieved from GenBank for phylogenetic analyses. Sequences were aligned using the online version of MAFFT v.7 (Katoh and Standley, 2013)3 and adjusted using BioEdit v.7.0.9 by hand (Hall, 1999) to minimize gaps and align properly. Ambiguous regions were excluded from the analyses and gaps were treated as missing data. The phylogeny website tool “ALTER” (Glez-Peña et al., 2010) was used to convert the Fasta alignment file to Phylip format for RAxML analysis and, AliView and PAUP 4.0b 10 were used to convert the Fasta alignment file to a Nexus file for Bayesian analysis (Swoford, 2003).



Phylogenetic analyses

Maximum likelihood (ML) analysis was performed for both gene regions separately using RAxML-HPC2 v. 8.2.12 (Stamatakis, 2014) as implemented on the CIPRES portal (Miller et al., 2010), with the GTR + G model for both genes and 1,000 rapid bootstrap (BS) replicates. Since no supported conflict (BS ≥ 60%) was detected among the topologies, the four single-gene alignments were concatenated using SequenceMatrix (Vaidya et al., 2011).

Bayesian analysis was performed in MrBayes 3.2 (Ronquist et al., 2012) and the best-fit model of sequences evolution was estimated via MrModeltest 2.3 (Guindon and Gascuel, 2003; Nylander, 2004; Darriba et al., 2012). The Markov Chain Monte Carlo (MCMC) sampling approach was used to calculate posterior probabilities (PP; Rannala and Yang, 1996). Bayesian analysis of six simultaneous Markov chains was run for 10,000,000 generations and trees were sampled every 1,000 generations. The first 5,000 trees, representing the burn-in phase of the analyses, were discarded, while the remaining 1,500 trees were used for calculating posterior probabilities in the majority rule consensus tree (the critical value for the topological convergence diagnostic is 0.01).

Phylogenetic trees were visualized using FigTree v1.4.0,4 editing and typesetting using Adobe Illustrator CS5 (Adobe Systems Inc., United States). Sequences derived in this study were deposited in GenBank.5 The final sequence alignments and the phylogenetic trees are available at TreeBase (http://www.treebase.org, accession number: 29691).




Results


Phylogenetic analyses

In this study, 71 Ganoderma sequences were newly generated from the specimens collected from YPC, and were deposited in GenBank (Table 2), i.e., 19 sequences of ITS, 21 sequences of nLSU, 18 sequences of tef1, and 13 sequences of rpb2. The combined two-gene dataset ITS + nrLSU (Figure 2) included sequences from 174 Ganodermataceae specimens representing 86 species. The dataset had an aligned length of 1,463 characters including gaps (ITS: 1–611; nrLSU: 612–1,463), of which Amauroderma rugosum Cui 9,011 and Sanguinoderma rude Cui 16,592 as the outgroup taxa (Figure 2; Sun et al., 2020, 2022). The Maximum likelihood analysis based on the concatenated ITS + nLSU dataset resulted in a similar topology as Bayesian Inference analysis. The RAxML analysis of the combined dataset yielded the best scoring tree with a final ML likelihood value of −8472.680716 (Figure 2). The matrix had 475 distinct alignment patterns, with 33.97% undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.230978, C = 0.222798, G = 0.276648, T = 0.269576; substitution rates AC = 1.230871, AG = 4.648437, AT = 1.401201, CG = 1.020212, CT = 9.538270, GT = 1.000000, α = 0.177171, Tree-Length: 1.586199. The best model for the ITS + nLSU dataset estimated and applied in the Bayesian analysis was HKY + I + G for ITS and GTR + I + G for nrLSU.
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FIGURE 2
 Maximum likelihood (ML) tree generated from a combined ITS + nrLSU sequence dataset. Bootstrap support values of maximum likelihood (ML) equal to or greater than 60% and Bayesian posterior probabilities (PP) equal to or greater than 0.90 are given above the nodes as “ML/PP.” New collections are indicated in black bold and new species are in red bold.


The dataset is composed of combined ITS + nrLSU + TEF1-α + RPB2 sequences data from 174 specimens, representing 86 taxa in Ganodermataceae. The aligned dataset comprised 2,995 characters including gaps (ITS: 1–611; nrLSU: 612–1,463; TEF1-α: 1,464–2002; RPB2: 2,003–2,663). Tree topology of the maximum likelihood analysis and Bayesian analysis is similar. The RAxML analysis of the combined dataset yielded the best scoring tree with a final ML likelihood value of −33599.741722 (Figure 3). The matrix had 1,087 distinct alignment patterns, with 36.13% undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.223924, C = 0.253042, G = 0.274308, T = 0.248726; substitution rates AC = 1.353439, AG = 6.944619, AT = 1.408316, CG = 1.653377, CT = 9.659772, GT = 1.000000, α = 0.194286, Tree-Length: 1.880697. Best model for the ITS + nLSU + TEF1-α + RPB2 dataset estimated and applied in the Bayesian analysis were HKY + I + G for ITS [Lset nst = 2, rates = invgamma; Prset statefreqpr = Dirichlet (1,1,1,1)] and GTR + I + G for nrLSU, TEF1-α and RPB2 [Lset nst = 6, rates = invgamma; Prset statefreqpr = Dirichlet (1,1,1,1)]. ML and BI analyses generated nearly identical tree topologies with minimal variations in statistical support values. Thus, only a ML tree is shown. Bootstrap support values in maximum likelihood (ML) equal to or greater than 60%, and Bayesian posterior probabilities (PP) equal to or greater than 0.90 are given above the nodes (Figures 2, 3).
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FIGURE 3
 Maximum likelihood (ML) tree generated from a combined ITS + nrLSU + TEF1-α + RPB2 sequence dataset. Bootstrap support values with a maximum likelihood (ML) equal to or greater than 60% and Bayesian posterior probabilities (PP) equal to or greater than 0.90 given above the nodes as “ML/PP.” New collections are indicated in black bold while new species are in red bold.


The multigene phylogenetic analyses showed that 18 of our new specimens are nested in Ganoderma, of which three are described as new species. Ganoderma artocarpicola sp. nov. was sister to G. bubalinomarginatum B.K. Cui, J.H. Xing and Y.F. Sun with high statistical supports (−ML/1.00PP, Figure 3). Ganoderma obscuratum sp. nov. clustered as a sister clade with G. yunlingense B.K. Cui, J.H. Xing & Y.F. Sun and G. acontextum B.K. Cui, J.H. Xing & Vlasák with high statistical support (100%ML/1.00PP, Figure 3). The third species, G. yunnanense sp. nov. closely clustered with G. ovisporum H.D. Yang, T.C. Wen, G. magniporum J.D. Zhao & X.Q. Zhang and G. sandunense Hapuar., T.C. Wen and K.D. Hyde with high statistical support (100%ML/1.00PP), and a distinct lineage.



Taxonomy

Ganoderma artocarpicola J. He and S.H. Li, sp. nov. (Figure 4).
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FIGURE 4
 Ganoderma artocarpicola (HKAS 123782, holotype) (A–C) Basidiomata in situ on Artocarpus pithecogallus living tree. (D) Lower surface. (E) Transverse section of pileus. (F) Pore surface. (G) Sections of pileipellis. (H,I) Skeletal hyphae from context. (J) Binding hyphae from context. (K) Generative hyphae from tubes. (L) Basidia and basidioles. (M–P) Basidiospores. Scale bars: (G–J) = 20 μm, (K,L) = 10 μm, (M–P) = 5 μm. Photographs were taken by JH.


MycoBank number: MB845720

Diagnosis: Ganoderma artocarpicola is characterized by its sessile and concrescent basidiomata, reddish brown to yellowish brown pileus surface with shallow concentric furrows and radial rugose, heterogeneous context, wavy margin and ellipsoid to ovoid basidiospores (8.0–10.5 × 5.0–7.5 μm).

Etymology: The epithet ‘artocarpicola’ refers to the host tree genus Artocarpus.

Holotype: CHINA. Yunnan Province., Lincang City, Yongde County (24°54′51″N, 99°15′31″E), on living tree of Artocarpus pithecogallus, alt. 1,506 m, Jun He, 21 September 2021, HL188 (HKAS 123782).

Description: Basidiomata: annual, sessile and broadly attached, usually concrescent, woody hard. Pileus: imbricate, flabelliform to reniform, slightly convex to applanate, projecting up to 9 cm, 8 cm wide and 2 cm thick at the base. Pileus surface reddish brown (9E8) to yellowish brown (5C7), weakly to strongly laccate, with shallowly concentric furrows and radial rugose, concentrically zonate or azonate. Margin: buff (1A3) to grayish orange (6D8), entire, obtuse, irregularly wavy. Context: up to 1.8 cm thick, heterogeneous, the upper layer greyish white(2B1), the lower layer cinnamon brown (6D7) to chestnut brown (8E5), without black melanoid lines, hard corky and fibrous. Tubes: 0.2–0.5 cm long, dark brown (6E8), woody hard, unstratified. Pores: 5–7 per mm, circular to angular, dissepiments thick, entire; pores surface cream (2B2) to greyish white (2B1) when fresh, golden grey to greyish brown when bruising and drying.

Hyphal system trimitic: generative hyphae 2.0–3.5 μm in diameter, colorless, thin-walled, with clamp connections; skeletal hyphae 2.0–5.0 μm in diameter, thick-walled with a narrow lumen to sub-solid, arboriform and flexuous, pale yellow to yellowish brown; binding hyphae 1.5–3.0 μm in diameter, thick-walled, frequently branched, interwoven, colorless, scarce; all the hyphae IKI–, CB+; tissues darkening in KOH.

Pileipellis: a crustohymeniderm, cells 35–50 × 5–10 μm, thick-walled to sub-solid, apical cells clavate, inflated and flexuous, pale yellow to golden yellow, without granulations in the apex, moderately amyloid at maturity.

Basidiospores: ellipsoid to ovoid, not obviously truncated, with apical germ pore, yellowish to golden yellow, IKI–, CB+, inamyloid; double walled with slightly thick walls, exospore wall smooth, endospore wall with inconspicuous spinules; (60/3/2) 8.0 (8.5)–9.3–10.0 (10.5) × 5.0 (5.5)–6.2–7.0 (7.5) μm, L = 9.25 μm, W = 6.20 μm, Q = (1.23) 1.31–1.50–1.72 (1.78), Qm = 1.50 ± 0.14 (including myxosporium). Basidia: barrel-shaped to utriform, colorless, with a clamp connection and four sterigmata, thin-walled, 10–15 × 5–9 μm; basidioles pear-shaped to fusiform, colorless, thin-walled, 8–10 × 4–7 μm.

Additional specimen examined: China, Yunnan Province, Lincang City, Yongde County, Dedang Town (24°01′12″N, 99°15′34″E), on a living tree of Artocarpus pithecogallus, alt. 1,484 m, Qian-Qiu Luo, 22 August 2021, HL173 (HKAS 123783).

Notes: In the phylogenetic analyses, G. artocarpicola is sister to G. bubalinomarginatum, which was described from the southwest Guangxi Province in China (Figure 3; Sun et al., 2022). Morphologically, both species share similar characteristics of the connate and sessile basidiomata, reddish brown to yellowish brown pileus surface, and non-stratified tubes. However, G. bubalinomarginatum differs from G. artocarpicola in having buff and obtuse pileus margin, smaller basidiospores (7.0–8.8 × 4.3–5.8 μm), and larger basidia (15–22 × 7–11 μm, Sun et al., 2022).

Ganoderma weberianum and G. artocarpicola are similar in having imbricate, sessile and hard basidiomata. However, G. weberianum has a pale-yellow pore surface when dry, homogeneous greyish brown context, smaller basidiospores (6.0–7.0 × 4.0–6.0 μm), and longer pileipellis (60.0–90.0 × 6.0–12.0 μm, Steyaert, 1972; Pan and Dai, 2001). In addition, the pileus of G. weberianum is more laccate than G. artocarpicola. The comparison of the ITS sequences of G. weberianum and G. artocarpicola showed 2.12% (13/614 bp) nucleotide differences.

Ganoderma obscuratum J. He and S.H. Li, sp. nov. (Figure 5).
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FIGURE 5
 Ganoderma obscuratum (HKAS 123786, holotype) (A–C) Basidiomata. (D) Transverse section of pileus. (E) Pore surface. (F,G) Skeletal hyphae from context. (H) Binding hyphae from context. (I,J) Generative hyphae from tubes. (K,L) Basidia and basidioles. (M–P) Basidiospores. Scale bars: (F,G) = 30 μm, (H–N) = 10 μm, (O,P) = 5 μm. Photographs were taken by XH.


MycoBank number: MB845721

Diagnosis: Ganoderma obscuratum is characterized by its small and dorso-laterally stipitate basidiomata, dark brown to greyish brown and laccate pileus surface, small pores (6–9 per mm), corky context, and almond-shaped to narrow ellipsoid basidiospores (8.0–9.5 × 4.5–5.5 μm).

Etymology: The epithet ‘obscuratum’ refers to the obscure pileus surface when dry.

Holotype: CHINA. Yunnan Province., Zhaotong City, Yiliang County (104°14′55″E, 27°47′56″N), on a dead tree of Acer sp. alt. 1,859 m, Shu-Hong Li, 12 August 2019, Lsh88 (HKAS 123786).

Description: Basidiomata: annual, sessile to substipitate, coriaceous to woody hard, light in weight. Pileus: single, flabelliform to reniform or shell-shaped, applanate, projecting up to 6 cm, 4.5 cm wide and 1 cm thick at the base. Pileus surface dark brown (8E8) when fresh becoming greyish brown (7E8) when dry, and covered by a thin hard crust, laccate, glabrous and shiny, with dense concentric furrows. Margin: buff (8B2) to generally concolorous, entire, subacute to obtuse, slightly wavy, cracked when dry. Context: up to 0.7 cm thick, homogeneous, yellowish brown (5D5) to chestnut brown (6E8), with black melanoid lines, hard corky. Tubes: 0.2–0.4 cm long, concolorous with the base of the context, corky, unstratified. Pores: 6–9 per mm, circular, dissepiments slightly thick, entire; pores surface white to greyish white (2B1) when fresh, pale brown (6D6) to dark brown (7E7) when bruising and drying. Stipe: up to 6.5 cm long and 2.2 cm diam, flattened to cylindrical, fibrous to spongy, concolorous with pileus surface.

Hyphal system trimitic: generative hyphae 2.0–4.0 μm in diameter, colorless, thin-walled, with clamps connections; skeletal hyphae 2.0–8.0 μm in diameter, thick-walled with a wide to narrow lumen or sub-solid, arboriform with few branches, yellowish brown to golden yellow; binding hyphae 1.0–3.0 μm in diameter, thick-walled, branched and flexuous, colorless to pale yellow, scarce; all the hyphae IKI–, CB+; tissues darkening in KOH.

Basidiospores: almond-shaped to narrow ellipsoid, apex subacute, with apical germ pore, yellowish to yellowish brown, IKI–, CB+, inamyloid; double-walled with moderately thick walls, exospore wall smooth, endospore wall with inconspicuous spinules; (40/2/2; 8.0) 8.5–9.0–9.0 (9.5) × 4.5–5.2–5.0 (5.5) μm, L = 9.09 μm, W = 5.22 μm, Q = (1.58) 1.61–1.75–1.87 (2.08), Qm = 1.75 ± 0.11 (including myxosporium). Basidia: broadly clavate, colorless, with a clamp connection and four sterigmata, thin-walled, 15–25 × 5–9 μm; basidioles in shape like the basidia, colorless, thin-walled, 10–21 × 4–8 μm.

Additional specimens examined: China, Yunnan Province, Zhaotong City, Yiliang County, Xiaocaoba Town (104°14′18″E, 27°47′59″N), on a dead tree of Acer sp., alt. 1,905 m, Shu-Hong Li, 12 August 2019, Lsh89 (HKAS 123772).

Notes: Phylogenetic analyses showed that Ganoderma obscuratum clusters as a sister taxon to G. yunlingense with good statistical support (100% ML/1.00 PP, Figure 3). Morphologically, G. obscuratum differs from G. yunlingense by having thin basidiomata, dark brown and laccate pileus surface when fresh, homogeneous context and non-stratified tubes, smaller pores (6–9 per mm), and narrow ellipsoid basidiospores with spinules on the endospore wall (Sun et al., 2022).

Ganoderma alpinum described from Yunnan Province is morphologically similar to G. obscuratum by having the hard basidiomata with greyish brown pileus surface, homogeneous context and non-stratified tubes. However, G. alpinum differs by the larger pores (5–7per mm), and smaller basidiospores (6.2–7.8 × 4–5.5 μm, Sun et al., 2022). Ganoderma applanatum also has sessile basidiomata and homogeneous context, but it differs from G. obscuratum by having a perennial basidiomata with pale pileus surface and smaller basidiospores (5–8 × 4–6 μm, Moncalvo and Ryvarden, 1997; Hapuarachchi et al., 2019; Sun et al., 2022). Besides, G. applanatum and G. obscuratum were well separated in the phylogenetic analyses (Figure 3).

Ganoderma yunnanense J. He and S.H. Li, sp. nov. (Figure 6).
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FIGURE 6
 Ganoderma yunnanense (HKAS 123771, holotype) (A,B) Basidiomata. (C) Upper surface. (D) Lower surface. (E) Transverse section of pileus. (F) Pore surface. (G) Sections of pileipellis. (H,I) Skeletal hyphae from context. (J) Binding hyphae from context. (K) Generative hyphae from tubes. (L,M) Basidia and basidioles. (N–S) Basidiospores. Scale bars: (I–K) = 20 μm, (G,H) = 10 μm, (L–S) = 5 μm. Photographs were taken by JH.


MycoBank number: MB845722

Diagnosis: Ganoderma yunnanense is characterized by its centrally to laterally stipitate basidiomata with reddish brown to violet brown and strongly laccate pileus surface, cream color pore surface and context, and broadly ellipsoid basidiospores (8.0–12.5 × 7.0–9.0 μm).

Etymology: The epithet ‘yunnanense’ refers to Yunnan Province from where the holotype was collected.

Holotype: CHINA. Yunnan Province, Puer City, Jingdong County, Wuliang Mountains (100°48′48″E, 24°19′36″N), on a rotten broad-leaved tree, alt. 2,129 m, Song-Ming Tang, 8 August 2021, HL45 (HKAS 123771).

Description. Basidiomata: annual, centrally to laterally stipitate, hard corky. Pileus: single, flabelliform to reniform or suborbicular, projecting up to 9 cm, 6.5 cm wide and 0.5 cm thick at base. Pileus surface reddish brown (10F8) to violet brown (11F8), weakly to strongly laccate, glossy, with shallowly concentric furrows and radial rugose. Margin: pale yellow (3B2) to concolorous, entire, acute, incurved when dry. Context: up to 0.3 cm thick, homogeneous, white to cream (1B2), fibrous, corky, without black melanoid lines. Tubes: 0.1–0.2 cm long, concolorous with the base of the context, corky, unstratified. Pores: 4–6 per mm, round to angular, dissepiments thick, entire; pore surface white when fresh, lead grey (3B1) when bruising and drying. Stipe: 15.0–17.5 × 1.0–2.0 cm, dorsally lateral to nearly dorsal, cylindrical and solid, concolorous with pileus surface, strongly laccate, fibrous to woody.

Hyphal system trimitic: generative hyphae 2.0–3.0 μm in diameter, colorless, thin-walled, with clamps connections; skeletal hyphae 2.0–6.0 μm in diameter, subthick-walled to solid, non-septate, arboriform with few branches, colorless to pale yellow; binding hyphae 1.5–3.0 μm in diameter, thick-walled, frequently branched and flexuous, colorless, scarce; all the hyphae IKI–, CB+; tissues darkening in KOH.

Pileipellis: a crustohymeniderm, composed of a palisade of vertical, cells 23–40 × 6–9 μm, slightly thick-walled, clavate to cylindrical, slightly inflated, straw yellow to golden-yellow, granulations in the apex, moderately clavate to cylindrical amyloid at maturity.

Basidiospores: broadly ellipsoid to ellipsoid, apex not obviously truncated, with apical germ pore, yellowish to pale yellowish brown, IKI–, CB+, inamyloid; double-walled with distinctly thick walls, exospore wall smooth, endospore walls with inter-wall pillars; (40/2/2) (8.0) 9.0–10.7–12.0 (12.5) × 7.0–7.6–8.0 (8.5) μm, Q = (1.10) 1.25–1.41–1.55 (1.60), Qm = 1.41 ± 0.12 (including myxosporium). Basidia: widely clavate to barrel-shaped, colorless, with a clamp connection and four sterigmata, thin-walled, 15–18 × 8–11 μm; basidioles clavate, colorless, thin-walled, 10–14 × 6–9 μm.

Additional specimens examined: China, Yunnan Province., Puer City, Jingdong Co-unty, Ailao Mountains (101°01′29″E, 24°30′03 N), on a rotten broad-leaved tree, alt. 2,326 m, Jun He, 4 August 2019, L4812 (HKAS 123769).

Notes: Our multi-locus phylogenetic analyses show that Ganoderma yunnanense is sister to G. ovisporum with high statistical support (84% ML/0.98 PP, Figure 3), and together they group with G. sandunense and G. magniporum (Zhao et al., 1984; Hapuarachchi et al., 2019; Yang et al., 2022). Ganoderma yunnanense resembles G. ovisporum in having reddish-brown pileus and broadly ellipsoid basidiospores. However, G. ovisporum has heterogeneous context, shorter pileipellis cells (18–29 × 6–11 μm) and larger basidiospores (12.5–15.5 × 9.0–11.5 μm, Yang et al., 2022). Moreover, Ganoderma sandunens has a larger basidiospores (10.8–15.7 × 8.6–12.5 μm) and thicker context than those of G. yunnanense (Hapuarachchi et al., 2019; Yang et al., 2022). Ganoderma magniporum can be easily distinguished from G. yunnanense by the larger pores (2–2.5 per mm), black-brown to black pileus surface and ovoid basidiospores with truncated apex (8.7–10.4 × 5.2–7.0 μm, Zhao et al., 1984).

Morphologically, G. yunnanense resembles G. leucocontextum by white pore surface and context. However, G. leucocontextum has red to red brown pileus surface, white to yellowish margin, shorter stipe (5–10 cm) and broadly ellipsoid basidiospores with truncated apex (8.0–12.5 × 5.5–9.0 μm, Li et al., 2015). Among the species in the G. lucidum complex, G. yunnanense looks very similar to G. tsugae and G. weixiense morphologically, although they can be easily distinguished by phylogenetic analyses and ecological distribution (Murrill, 1902; Ye et al., 2019).

In addition, G. yunnanense also shares similarities with G. dianzhongense but the latter has dark-brown to putty context and wider pileipellis cells than those of G. yunnanense. The nucleotide comparison of ITS sequences of G. yunnanense and G. dianzhongense revealed 26 bp (26/614 bp, 4.23%) nucleotides differences (He et al., 2021).



Key to the species of Ganoderma in Yunnan Province, China
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Discussion

Sun et al. (2022) revealed the species diversity, taxonomy and phylogeny of Ganodermataceae with emphasis on Chinese collections, which showed that 40 species of Ganoderma in China were confirmed by morphology and DNA sequence data. Among the 40 species, five new species of Ganoderma were discovered in YPC, namely G. alpinum, G. chuxiongense, G. puerense, G. subangustisporum, and G. yunlingense. Besides, Sun et al. (2022) summarized known species of Ganoderma in YPC viz. G. ellipsoideum、G. flexipes、G. hoehnelianum、G. lingzhi、and G. magniporum. However, results of our research showed that Ganoderma chuxiongense and G. dianzhongense are similar in morphology and phylogeny, and based on the time priority, G. chuxiongense is considered as a synonym of G. dianzhongense. In consideration of the authors’ contributions, it is suggested to use the sample Cui 17,262 (BJFC034120) as a paratype of Ganoderma dianzhongense (He et al., 2021; Sun et al., 2022).

To date, 25 species of Ganoderma have been recorded in YPC (Cao et al., 2012; Ye et al., 2019; He et al., 2021; Sun et al., 2022), however, the species diversity of Ganoderma is still not well known, especially in the subtropical and tropical areas. According to our survey of different sample sites in Yunnan Province from 2016 to 2021, a total of 268 samples of Ganoderma were collected. Based on comprehensive morphological characteristics and phylogenetic evidence, we report 15 known species of Ganoderma from YPC viz. Ganoderma applanatum, G. calidophilum, G. dianzhongense, G. ellipsoideum, G. esculentum, G. flexipes, G. gibbosum, G. leucocontextum, G. lingzhi, G. lucidum, G. multipileum, G. orbiforme, G. sandunense, G. sinense and G. tropicum. In addition, three new species viz. G. artocarpicola, G. obscuratum and G. yunnanense are proposed in this study. Up to now, 183 species of Ganoderma have been described all over the world, of which 42 species have been recorded in China (Wu et al., 2020; Sun et al., 2022; Yang et al., 2022). The discovery of three new species of Ganoderma in this study raises the known Ganoderma species in Yunnan Province to 32, accounting for 71.11% of the known Ganoderma species in China. Thus, Yunnan Province can be considered as one of the biodiversity center hot spots for Ganoderma.

A checklist of Ganoderma in YPC is given in Table 3. In addition, a key to Ganoderma in YPC is also provided. This paper enriches the knowledge of Ganoderma in YPC, and it is likely that more new taxa will be discovered in the future with extensive sampling in different areas and comprehensive molecular analyses.



TABLE 3 Species, hosts, and geographical locations and corresponding references of Ganoderma in Yunnan Province, China.
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Rhododendron is an essential ornamental plant that is abundant in Yunnan province. In Cangshan Mountain, Yunnan, China, 61 species of Rhododendron have been reported. Endophytic fungi are internal plant tissue inhabitants that do not harm the host. It has emerged as an exciting research topic as they have the potential to provide numerous secondary metabolites. This study is focused on taxonomic novelties and new host records of endophytic fungi associated with Rhododendron plants collected from Cangshan Mountain in Yunnan Province, China. Pestalotiopsis fungi are associated with a vast array of plant species worldwide. In this study, fresh leaves of Rhododendron cyanocarpum, Rhododendron decorum, and Rhododendron delavayi were collected from Cangshan Mountain, Yunnan Province, China. Endophytic Pestalotiopsis fungi associated with Rhododendron were characterized based on phylogenetic analyses of combined ITS, TEF1-α, and TUB genes along with morphological characteristics. Six new species (Pestalotiopsis appendiculata, Pestalotiopsis cangshanensis, Pestalotiopsis daliensis, Pestalotiopsis fusoidea, Pestalotiopsis rosarioides, and Pestalotiopsis suae) and a new host record (Pestalotiopsis trachicarpicola) are described. Detailed descriptions and color photo plates of these species are provided. It is the first time that the endophytic fungi of Rhododendron plants in Cangshan Mountain have been studied.
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Introduction

Rhododendron is the largest genus of woody plants in the Northern Hemisphere and the largest genus in Ericaceae (Fang et al., 2005; Shrestha et al., 2018). Rhododendron is an important component of montane ecosystems, with more than 1,025 species and approximately 581 species in China (Cai et al., 2016; Ma et al., 2017; Cao et al., 2022). Moreover, Yunnan province in southwest China is a center of diversity for Rhododendron (Ma et al., 2021). Rhododendron is a popular landscape plant and a food source (Negi et al., 2013; Lin et al., 2021). Due to the economic significance of this plant, it is essential to evaluate the fungi associated with it (Chaiwan et al., 2022). Pathogenic fungi, mycorrhizal fungi, and endophytic fungi have been isolated from Rhododendron in previous research (Zhang et al., 2019); however, there is no record of endophytic fungi associated with Rhododendron in Cangshan Mountain, Yunnan, China.

Endophytic fungi or endophytes exist widely inside the healthy tissues of living plants and are important components of plant micro-ecosystems (Jia et al., 2016). Endophytic fungi benefit their host plants by increasing their drought resistance, disease resistance, and growth-promoting properties (Rodriguez et al., 2009; De Silva et al., 2019; Rashmi et al., 2019). Endophytic fungi have the potential to produce metabolites with a wide range of biological activities, making them an appealing research topic (Huang et al., 2009; De Silva et al., 2019; Rashmi et al., 2019). More than 800 endophytic fungal genera have been reported worldwide, most speciose genera (>50 species) are Penicillium (103), Colletotrichum (78), Alternaria (61), Fusarium (59), Pestalotiopsis (53), and Aspergillus (52) (Rashmi et al., 2019). Amongst the different substrates, leaf endophytes have been studied and analyzed in more detail when compared to other parts (Rashmi et al., 2019).

Steyaert (1949) introduced Pestalotiopsis to accommodate species with fusiform conidia with three colored median cells and two colorless end cells, as well as two or more apical appendages. Traditionally, taxonomy and identification of Pestalotiopsis and allied genera were based mainly on conidial characters (Steyaert, 1949; Guba, 1961) and conidiogenesis (Sutton, 1980). Hu et al. (2007) reported that conidial characteristics, such as conidial length, median cell length, conidial width, and median cell color, were insignificantly different within Pestalotiopsis. Maharachchikumbura et al. (2014) selected internal transcribed spacer (ITS), partial β-tubulin (TUB), and partial translation elongation factor 1-alpha (TEF1-α), along with morphological characters to resolve the identification of Pestalotiopsis. Up to now, in a total of 92 Pestalotiopsis species have been introduced based on morphological and phylogenetic evidence (Maharachchikumbura et al., 2014; Liu et al., 2019; Rashmi et al., 2019; Shu et al., 2020; Monteiro et al., 2022). Pestalotiopsis is ordinarily isolable as endophytes in plants (Aly et al., 2010; Watanabe et al., 2010; Maharachchikumbura et al., 2012). However, there is only one Pestalotiopsis species viz., Pestalotiopsis baarnensis associated with Rhododendron (Rashmi et al., 2019).

As a part of the investigation on endophytic fungal diversity associated with Rhododendron plants in Cangshan Mountain, Yunnan province, China, we revealed seven Pestalotiopsis-like taxa from fresh leaves of Rhododendron. Their taxonomic positions were established based on morphological descriptions and multi-locus phylogenetic analyses. The endophytic fungal strain resources were stored for future study on their secondary metabolites.



Materials and methods


Isolation and morphology

Fresh Rhododendron (Ericaceae) leaves were obtained from Cangshan Mountain, Yunnan Province, China. The gathered leaves were placed in a sterile polyethylene bag and stored at 4°C. The symptomless leaves of each Rhododendron spp. were treated with gently running tap water to remove the surface debris. They were surface-sterilized by using 75% ethanol for 1 min, 0.1% HgCl2 for 3 min, and washed five times using sterile distilled water, finally dried on sterile filter paper (Tao et al., 2013). The 5-mm diameter leaf discs treated as above were placed on potato dextrose agar (PDA) plates without antibiotics. The PDA plates were incubated in ambient light at 25°C. When colonies appeared, they were transferred onto new PDA plates and further incubated in ambient light at 25°C for morphological examination. Sporulation was induced on pine needle medium (“pine needle” and 1/10-strength PDA). Macromorphological characters of conidiomata on PDA were observed using an Optec SZ 760 compound stereomicroscope. Temporarily prepared microscope slides were placed under a Nikon ECLIPSE Ni-U compound stereomicroscope for observation and micro-morphological photography. Part of the pure culture that produced spores was removed and put into a water–agar medium (WA) with glycerol and air-dried at room temperature (De Silva et al., 2019). All endophytic isolates are stored at the Culture Collection of Kunming Institute of Botany, the Chinese Academy of Sciences (KUNCC), and the China General Microbiological Culture Collection Center (CGMCC). The Herbarium of Cryptogams Kunming Institute of Botany Academia Sinica (Herb. KUN-HKAS) housed the herbarium specimens. The MycoBank1 number was registered (Crous et al., 2004).



DNA extraction, PCR amplification, and sequencing

Genomic DNA extraction was carried out from fresh mycelium growing on PDA at 25°C using the Trelief™ Plant Genomic DNA Kit according to the manufacturer’s instructions. The primer pairs ITS5/ITS4, EF1-728F/EF2, and Bt2a/Bt2b were used to amplify the ITS, TEF1-α, and TUB gene regions, respectively. The amplification was performed in a 25 μL reaction volume containing 12.5 μL of Master Mix (Tsingke Biotech, Yunnan, China), 1 μL of each primer (10 μm), 1 μL of template DNA, and 9.5 μL of deionized water. The PCR thermal cycles for three genes were performed under the following reaction conditions: an initial denaturing step for 94°C for 3 min followed by 35 cycles of denaturation at 94°C for 45 s, annealing at 55°C for 45 s for ITS and TEF1-α, and 56°C for 60 s for TUB, elongation at 72°C for 1 min, and a final extension at 72°C for 10 min. PCR products were verified on 1% agarose electrophoresis gels stained with ethidium bromide. Sequencing was carried out by Tsingke Biological Engineering Technology and Services Co., Ltd. (Yunnan, China).



Molecular phylogenetic analyses


Sequence alignment

Sequences with high similarity indices were assembled in BioEdit, and those with low similarity indices were identified through a BLAST search for the closest matches with Pestalotiopsis taxa and from recently published data (Li et al., 2021). All consensus and reference sequences were automatically aligned with MAFFT v.7 using the Auto strategy (Katoh and Standley, 2013). The aligned sequences from each gene region (ITS, TEF1-α, and TUB) were combined and manually improved using Sequence Matrix (Hall, 1999). Uncertain regions were omitted from the alignment, and gaps were treated as data that was missing. Maximum likelihood (ML) and Bayesian inference were used to conduct phylogenetic analyses.



Phylogenetic analyses

Maximum likelihood analysis was performed at the CIPRES Science Gateway v.3.3 (Miller et al., 2010) using RAxML v.8.2.8 as part of the “RAxML-HPC2 on XSEDE” tool (Stamatakis, 2006; Stamatakis et al., 2008). The optimal ML tree search was conducted with 1,000 separate runs using the default algorithm of the programme from a random starting tree for each run. The final tree was selected amongst suboptimal trees from each run by comparing the likelihood scores using the GTR+GAMMA substitution model. Maximum likelihood bootstrap values equal to or greater than 60% were given as the first set of numbers above the nodes in the resulting ML tree.

Bayesian analysis was performed with MrBayes v.3.1.2 (Ronquist and Huelsenbeck, 2003) to evaluate posterior probabilities (Rannala and Yang, 1996) using Markov Chain Monte Carlo sampling (MCMC). The best-fit model of evolution was estimated using MrModeltest v.2.2 (Nylander, 2004). For Bayesian analysis, the best-fitting model of ITS, TEF1-α, and TUB was the GTR+I+G model. Posterior probabilities (PPs) (Rannala and Yang, 1996) were performed using Markov chain Monte Carlo sampling (BMCMC) in MrBayes v.3.1.2 (Liu et al., 2012). Six concurrent Markov chains were executed for 50 million generations, and samples of trees were taken every 5,000 generations (resulting in 10,000 trees). The initial 2,000 trees representing the burn-in phase of the analyses were discarded, while the remaining 8,000 trees were used to calculate PP in the majority rule consensus tree (Cai et al., 2006; Liu et al., 2012).

Phylogenetic trees were displayed in FigTree v. 1.4.4 (Rambaut, 2014) and edited in Adobe Illustrator CS5 (Adobe Systems, San Jose, CA, USA). Newly generated sequences were deposited in GenBank (Table 1).


TABLE 1    GenBank numbers and culture collection accession numbers of species included in the phylogenetic study.
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Results


Phylogenetic analyses

The combined ITS, TEF1-α, and TUB sequence dataset included 154 ingroup taxa and two outgroup taxa (Neopestalotiopsis protearum and Pseudopestalotiopsis cocos) with 2,160 characters (ITS: 1–538 bp; TEF: 539–1477 bp; TUB: 1478–2160 bp) overall post-alignment, including the gaps. The RAxML and Bayesian analyses of the combined dataset resulted in phylogenetic reconstructions with largely identical topologies and a ML analysis with a final likelihood value of −17482.622268, as shown in Figure 1. The matrix exhibited 993 distinct alignment patterns, with 24.14% undetermined characters or gaps. The estimated base frequencies were as follows: A = 0.237874, C = 0.294954, G = 0.216783, T = 0.250389; substitution rates AC = 1.059763, AG = 3.258532, AT = 1.260093, CG = 0.980806, CT = 4.659318, GT = 1.000000; gamma distribution shape parameter α = 0.309168. The bootstrap support values for RAxML greater than 60% and the Bayesian posterior probabilities greater than 0.95 are given at each node (Figure 1).
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FIGURE 1
Phylogenetic tree based on RAxML analyses of a combined internal transcribed spacer (ITS), translation elongation factor 1-alpha (TEF1-α), and β-tubulin (TUB) dataset. Bootstrap support values for maximum likelihood ≥60% and Bayesian posterior probabilities ≥0.95 are indicated above the nodes as Maximum likelihood/Posterior probabilitie (ML/PP). The tree is rooted in Neopestalotiopsis protearum (CBS 114.178) and Pseudopestalotiopsis cocos (CBS 272.29). The new isolates are in blue.


In the phylogenetic analyses, all new strains were grouped with members of Pestalotiopsis. Pestalotiopsis rosarioides, Pestalotiopsis intermedia, and Pestalotiopsis linearis were grouped together; however, P. rosarioides has a separate branch with 84% ML and 0.96 BYPP support. Pestalotiopsis appendiculata established a distinct lineage with 98% ML and 0.99 BYPP bootstrap support. Pestalotiopsis suae was clustered as a sister taxon to Pestalotiopsis pinicola with a significant support (97% ML and 1 BYPP). Pestalotiopsis daliensis was clustered as a sister to Pestalotiopsis chamaeropis with significant support (75% ML and 0.95 BYPP). Pestalotiopsis fusoidea, Pestalotiopsis cangshanensis, Pestalotiopsis pini, Pestalotiopsis lushanensis, Pestalotiopsis rhododendri, and Pestalotiopsis clavate were grouped together in an independent clade within Pestalotiopsis, while P. fusoidea and P. cangshanensis formed distinct branches. Pestalotiopsis trachicarpicola clustered with the ex-type of P. trachicarpicola with strong support (98% ML and 0.99 BYPP).

Pestalotiopsis appendiculata D.F. Bao, R. Gu and Z.L. Luo, sp. nov.

MycoBank number: 845187, Figure 2.
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FIGURE 2
Pestalotiopsis appendiculata (KUN-HKAS 124571, holotype). (A) Leaves of Rhododendron decorum. (B,C) Culture on potato dextrose agar (PDA) (upper and lower view). (D,E) Conidiomata on PDA. (F,G) Conidiophores, conidiogenous cells, and conidia. (H–O) Conidia. Scale bars: (F) 15 μm, (G) 10 μm, (H) 15 μm, (I–O) 10 μm.


Holotype–KUN-HKAS 124571

Etymology–“appendiculata,” denoting the fungus conidial appendages.

Endophytic in fresh Rhododendron decorum leaves. Sexual morph: Undetermined. Asexual morph: Conidiomata pycnidial in PDA culture, globose or clavate, aggregated or scattered, semi-immersed to erumpent, gray. There is no evidence of a conidiogenous cell. Conidia 19–24 × 5–6 μm ([image: image] = 21 × 5 μm, n = 30), fusoid, ellipsoid, straight to slightly curved, four-septate, slightly constricted at septa. Basal cell 2–4 μm long, conic to obconic with a truncate base, hyaline, verrucose, and thin-walled. Three-median cells doliiform, plicated, 13–15 μm ([image: image] = 14 μm, n = 30). Thin-walled, with a uniform light color on the third cell and the fourth cell relatively darker, the septa darker than the rest of the cells (second cell from the base, 4–6 μm long; third cell 5–6 μm long; fourth cell 4–6 μm long). Apical cell 2–4 μm long, hyaline, subcylindrical, or obconic with a truncated base, thin-walled, slightly rugose. With 2–3 tubular apical appendages arising from the apical crest, unbranched, filiform, 8–15 μm ([image: image] = 12 μm, n = 30). Basal appendage single, tubular, centric, or uncentred, 3–5 μm long.

Material examined: China, Yunnan Province, Dali City, Cangshan Mountain, isolated from healthy leaves of R. decorum (2489 m, 24.3240°N, 101.0140°E), April 2021, Z.Q. Zhang, D-60 (KUN-HKAS 124571, holotype), ex-type culture, CGMCC 3.23550 = KUNCC 22-12405.

Notes: P. appendiculata, P. intermedia, P. linearis, and P. rosarioides were grouped in the same clade in the phylogenetic analysis. Comparisons of ITS, TEF-1α, and TUB gene regions of P. appendiculata with P. linearis (2/538 in ITS, 12/398 in TEF-1α, and 23/450 in TUB), P. intermedia (3/537 in ITS, 17/398 in TEF-1α, and 13/479 in TUB), and P. rosarioides (3/553 in ITS, 22/553 in TEF-1α, and 22/458 in TUB) indicated significant differences. However, P. appendiculata can be distinguished from P. linearis and P. intermedia with its smaller conidia (Table 2). Moreover, the three-median cells of conidia in P. appendiculata are light gray; in contrast, they are brown in P. linearis, P. intermedia, and P. rosarioides. Based on the combined ITS, TEF-1α, and TUB sequence data, our phylogenetic analysis revealed that they are clearly distinct in the phylogram. P. appendiculata formed a separate branch with strong support values (98 ML/0.99 PP, Figure 1). Therefore, based on phylogenetic analysis and its morphological characteristics, P. appendiculata is introduced as a new species.


TABLE 2    Compare the conidia size.
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Pestalotiopsis cangshanensis H.W. Shen, R. Gu and Z.L. Luo, sp. nov.

MycoBank number: 845188, Figure 3.
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FIGURE 3
Pestalotiopsis cangshanensis (KUN-HKAS 124573, holotype). (A) Leaves of Rhododendron delavayi. (B,C) Culture on potato dextrose agar (PDA) (upper and lower view). (D,E) Conidiomata on PDA. (F) Conidiophores, conidiogenous cells, and conidia. (G–O) Conidia with appendages. Scale bars: (F–H) 10 μm, (I–M) 15 μm, (N,O) 10 μm.


Holotype–KUN-HKAS 124573

Etymology–“cangshanensis,” referring to the Cangshan Mountain, where the species was obtained.

Endophytic in fresh Rhododendron delavayi leaves. Sexual morph: Undetermined. Asexual morph: Conidiomata pycnidial on PDA, dark brown to black conidial masses, globose, ink-shaped. Conidiophores indistinct and typically reduced to conidiogenous cells. Conidiogenous cells discrete, subcylindrical to ampulliform, hyaline, sometimes slightly wide at the base, truncated at the apex, 4–24 × 2–4 μm. Conidia 18–23 × 6–8 μm ([image: image] = 19 × 2 μm, n = 30), fusoid, straight to slightly curved, four-septate; three-median cells light or dark brown, 10–14 μm long ([image: image] = 12 μm, n = 30; second cell from the base pale-light brown 3–5 μm long; third cell 3–5 μm long; fourth cell 3–5 μm long), wall verruculose, concolourous. Base cell inverted funnel-shaped with a truncated base, 3–4 μm long ([image: image] = 4 μm), hyaline, thin-walled. Apical cell 4–5 μm long ([image: image] = 4 μm), hyaline, cylindrical to subcylindrical, thin, and smooth-walled. With three tubular apical appendages 9–19 μm long ([image: image] = 15 μm, n = 30) arising from the apical crest, filiform, unbranched. Basal appendage single, tubular, unbranched, centric, 5–8 μm long ([image: image] = 7 μm, n = 30).

Material examined: China, Yunnan Province, Dali City, Cangshan Mountain, isolated from healthy leaves of R. delavayi (2489 m, 25.4724°N, 99.5949°E), March 2021, Z.Q. Zhang, D-6 (KUN-HKAS 124573, holotype), ex-type culture, CGMCC 3.23544.

Notes: P. cangshanensis, P. clavate, P. lushanensis, P. rhododendri, and P. pini were grouped together. Comparisons of ITS, TEF-1α, and TUB gene regions of P. cangshanensis with P. lushanensis (2/505 in ITS, 16/932 in TEF-1α, and 12/789 in TUB), P. pini (2/605 in ITS, 17/474 in TEF-1α, and 11/792 in TUB), P. rhododendri (2/538 in ITS, 17/941 in TEF-1α, and 11/458 in TUB), and P. clavate (1/539 in ITS, 10/947 in TEF-1α, and 19/457 in TUB) exhibited significant differences. Morphologically, P. cangshanensis has smaller conidia than P. pini, P. clavata, P. rhododendri, and P. lushanensis (Table 3). Moreover, P. cangshanensis has shorter apical appendages than those of P. rhododendri (21–28 vs. 9–19 μm) and P. lushanensis (17–26 vs. 9–19 μm). Based on combined ITS, TEF1-α, and TUB sequence data, P. cangshanensis is clearly separated in the phylogram as it forms an independent clade. It indicates that P. cangshanensis can be introduced as a new species.


TABLE 3    Compare the conidia size.
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Pestalotiopsis daliensis H.W. Shen, R. Gu and Z.L. Luo, sp. nov.

MycoBank number: 845189, Figure 4.
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FIGURE 4
Pestalotiopsis daliensis (KUN-HKAS 124576, holotype). (A) Leaves of Rhododendron decorum. (B,C) Culture on potato dextrose agar (PDA) (upper and lower view). (D,E) Conidiomata on PDA. (F) Conidiophores, conidiogenous cells, and conidia. (G–O) Conidia. Scale bars: (F) 25 μm, (G) 15 μm, and (H–O) 10 μm.


Holotype–KUN-HKAS 124576

Etymology–“daliensis,” referring to Dali City, where the species was obtained.

Endophytic in fresh R. decorum leaves. Sexual morph: Undetermined. Asexual morph: Conidiomata (on PDA) pycnidial, globose to clavate, solitary, exuding globose, dark-brown to black conidial masses. Conidiophores are usually indistinct and reduced to conidiogenous cells. Conidiogenous cells discrete, subcylindrical to ampulliform, hyaline, sometimes slightly wide at the base, truncated at the apex, 5–19 × 1–3 μm. Conidia 23–26 × 4–5 μm ([image: image] = 25 × 5 μm, n = 30), fusoid, ellipsoid, straight to slightly curved, four-septate; basal cell conic with a truncated base, hyaline or light-brown and thin-walled, 4–6 μm long ([image: image] = 5 μm, n = 30). Three-median cells dark, 13–16 μm long ([image: image] = 15 μm, n = 30), wall smooth, concolourous, septa darker than the rest of the cells (second cell from the base pale brown, 4–5 μm long; third cell, 4–5 μm long; fourth cell, 4–6 μm long). Apical cell 4–6 μm long ([image: image] = 5 μm, n = 30), hyaline, subcylindrical, thin-walled, and smooth-walled. With 2–3 tubular apical appendages 13–22 μm long ([image: image] = 18 μm, n = 30), arising from the apical crest, unbranched, filiform. Basal appendage 10–16 μm long ([image: image] = 13 μm, n = 30), single, tubular, unbranched, centric, straight, or slightly curved.

Material examined: China, Yunnan Province, Dali City, Cangshan Mountain, isolated from healthy leaves of R. decorum (2470 m, 25.5044°N, 100.0542°E), March 2021, Z.Q. Zhang, D-33 (KUN-HKAS 124576, holotype), ex-type culture, CGMCC 3.23548 = KUNCC 22-12403.

Notes: In the phylogenetic analysis, P. chamaeropis and P. daliensis are closely associated. Comparisons of ITS, TEF-1α, and TUB gene regions of P. daliensis with P. chamaeropis (2/599 in ITS, 6/478 in TEF-1α, and 8/774 in TUB) exhibited significant differences. However, the conidia of P. daliensis are relatively narrower than P. chamaeropis (4–5 vs. 7–9 μm). Moreover, P. daliensis has a much longer conidial basal appendage (10–16 vs. 4–9 μm). Hence, P. daliensis is introduced as a new species.

Pestalotiopsis fusoidea D.F. Bao, R. Gu and Z.L. Luo, sp. nov.

MycoBank number: 845190, Figure 5.
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FIGURE 5
Pestalotiopsis fusoidea (KUN-HKAS 124579, holotype). (A) Leaves of Rhododendron delavayi. (B,C) Culture on potato dextrose agar (PDA) (upper and lower view). (D,E) Conidiomata on PDA. (F–H) Conidiophores, conidiogenous cells, and conidia. (I–N) Conidia. Scale bars: (F–H) 20 μm, (I–K) 15 μm, and (L–N) 10 μm.


Holotype–KUN-HKAS 124579

Etymology–“fusoidea,” referring to the fusoid conidia of this fungus.

Endophytic in fresh R. delavayi leaves. Sexual morph: Undetermined. Asexual morph: Colonies on PDA attaining 15–20 mm in diameter after 7 days at 25°C. Smooth edge, whitish, gregarious. Conidiomata formation black droplets, gregarious, reverse pale yellow. Conidia aggregate in culture to form black-droplet conidia masses. Conidiophores indistinct, typically reduced to conidiogenous cells. Conidiogenous cells discrete, subcylindrical to ampulliform, hyaline, and sometimes slightly wide at the base, 5–29 × 2–4 μm. Conidia 23–26 × 6–7 ([image: image] = 25 × 7 μm, n = 30), fusoid, four-septate, lightly, curved. Three-median cells 13–18 μm long ([image: image] = 16 μm, n = 30), brown or olive. Some of the third cells are the darkest, second cell 5–6 μm long ([image: image] = 5 μm, n = 30), third cell 4–6 μm long ([image: image] = 5 μm, n = 30), fourth cell 4–6 μm long ([image: image] = 5 μm, n = 30), apical cell 3–4 μm long ([image: image] = 4 μm, n = 30), hyaline, cylindrical to subcylindrical, with 2–4 (or mostly 3) tubular apical appendages 7–11 μm long ([image: image] = 8 μm, n = 30) long arising from the apical crest, filiform. The base cell is an inverted triangle 4–6 μm long ([image: image] = 4 μm, n = 30), with light brown or almost transparent hyaline. Basal appendage single, tubular, unbranched, centric, vertical, or curved, 4–6 μm long ([image: image] = 6 μm, n = 30).

Material examined: China, Yunnan Province, Dali City, Cangshan Mountain, isolated from healthy leaves of R. delavayi (2716 m, 25.5032°N, 100.4265°E), March 2021, Z.Q. Zhang, D-8 (KUN-HKAS 124579, holotype), ex-type culture CGMCC 3.23545 = KUNCC 22-12401.

Notes: Phylogenetically, P. fusoidea has a close with P. clavata, P. lushanensis, P. rhododendri, and P. pini. Comparisons of ITS, TEF-1α, and TUB gene regions of P. fusoidea with P. lushanensis (2/505 in ITS, 16/932 in TEF-1α, and 12/789 in TUB), P. rhododendri (2/538 in ITS, 13/941 in TEF-1α, and 11/458 in TUB), P. clavate (9/539 in ITS, 14/947 in TEF-1α, and 11/457 in TUB), P. pini (2/571 in ITS, 17/512 in TEF-1α, and 11/514 in TUB) exhibited significant differences. However, P. fusoidea has shorter apical appendages than P. pini (7–11 vs. 18–20 μm), P. clavate (7–11 vs. 20–25 μm), or P. rhododendri (7–11 vs. 21–29 μm). P. fusoidea has smaller conidia than P. lushanensis (23–26 × 6–7 vs. 18–23 × 6–8 μm). Based on combined ITS, TEF1-α, and TUB sequence data, P. fusoidea are apparently separated in the phylogram, forming a separate clade. It indicates that P. fusoidea can be introduced as a new species.

Pestalotiopsis rosarioides H.W. Shen, R. Gu and Z.L. Luo, sp. nov.

MycoBank number: 845191, Figure 6.
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FIGURE 6
Pestalotiopsis rosarioides (KUN-HKAS 124574, holotype). (A) Leaves of Rhododendron decorum. (B,C) Culture on potato dextrose agar (PDA) (upper and lower view). (D,E) Conidiomata on PDA. (F,G) Conidiophores, conidiogenous cells, and conidia. (H–O) Conidia. Scale bars: (F–O) 15 μm.


Holotype–KUN-HKAS 124574

Etymology–“rosarioides,” referring to the rosary-like enlargement of the second and fourth cells of this fungus.

Endophytic in fresh R. decorum leaves. Sexual morph: Undetermined. Asexual morph: Conidiomata (on PDA) pycnidial, globose to clavate, solitary, exuding globose, dark-brown to black conidial masses. Conidiogenous cells are not obvious. Conidia 22–25 × 6–7 μm ([image: image] = 23 × 7 μm, n = 30), fusoid, ellipsoid, rosary, straight to slightly curved, four-septate. Basal cell conic with a truncated base, hyaline or light brown, and thin-walled, 4–5 μm long ([image: image] = 5 μm, n = 30). Three-median cells dark, 16–18 μm long ([image: image] = 17 μm, n = 30), smooth wall, concolourous, septa darker than the rest of the cells (second cell from the base pale brown and enlarged, 4–5 μm long; third cell 4–5 μm long; fourth cell expands to 3–6 μm long). Apical cell 4–7 ([image: image] = 5 μm, n = 30) long, hyaline, subcylindrical, smooth-walled. With 1–3 tubular apical appendages 5–9 μm long ([image: image] = 7 μm, n = 30) arising from the apical crest, unbranched, filiform. Basal appendage 4–5 μm long ([image: image] = 4 μm, n = 30), single, tubular, unbranched, centric.

Material examined: China, Yunnan Province, Dali City, Cangshan Mountain, isolated from healthy leaves of R. decorum (2784 m, 25.9454°N, 99.9915°E), July 2021, Z.Q. Zhang, D-46 (KUN-HKAS 124574, holotype), ex-type culture, CGMCC 3.23549 = KUNCC 22-12404.

Notes: From the phylogenetic analysis, P. intermedia, P. linearis, and P. rosarioides clustered within the same clade. Comparisons of ITS, TEF-1α, and TUB gene regions of P. rosarioides with P. intermedia (2/537 in ITS, 2/946 in TEF-1α, and 9/479 in TUB), and P. linearis (2/538 in ITS, 4/946 in TEF-1α, and 12/450 in TUB) exhibited significant differences. However, the second and fourth conidial cells of P. rosarioides are enlarged, which is distinct from other species in the genus. Moreover, P. rosarioides has much shorter apical appendages than P. linearis and P. intermedia (5–9 μm in P. rosarioides vs. 10–20 μm in P. linearis and 10–28 μm in P. intermedia). Furthermore, phylogenetic analysis indicates that P. rosarioides forms a distinct lineage within the clade (Figure 1), supporting it as a new species.

Pestalotiopsis suae H.W. Shen, R. Gu and Z.L. Luo, sp. nov.

MycoBank number: 845192, Figure 7.
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FIGURE 7
Pestalotiopsis suae (KUN-HKAS 124578, holotype). (A) Leaves of Rhododendron delavayi. (B,C) Culture on potato dextrose agar (PDA) (upper and lower view). (D,E) Conidiomata on PDA. (F,G) Conidiophores, conidiogenous cells, and conidia. (H–N) Conidia with appendages. Scale bars: (F) 20 μm, (G–J) 15 μm, (K–N) 10 μm.


Holotype–KUN-HKAS 124578

Etymology–“suae” in memory of the Chinese mycologist Prof. Hong-Yan Su, who kindly helped the authors in many ways and sadly passed away on 3 May 2022 during the preparation of the current article.

Endophytic in fresh R. delavayi leaves. Sexual morph: Undetermined. Asexual morph: Conidia aggregate in culture to form black-droplet conidia masses. Conidiophores indistinct and typically reduced to conidiogenous cells. Conidiogenous cells discrete, subcylindrical to ampulliform, hyaline, sometimes slightly wide at the base 5–19 × 1–3 μm. Conidia 17–24 × 4–8 μm ([image: image] = 23 × 7 μm, n = 30), fusoid, four-septate. A distinct dark separation exists between each cell, lightly curved, including three-median cells 7–16 μm long ([image: image] = 17 μm, n = 30), brown or olive, with the third cell darker. Apical cell 3–4 μm long ([image: image] = 4 μm, n = 30), hyaline, cylindrical to subcylindrical, with 2–3 tubular apical appendages (mostly 2), 7–11 μm long ([image: image] = 8 μm, n = 30), arising from the apical crest, filiform. Second cell 5–6 μm long ([image: image] = 5 μm, n = 30); third cell 4–6 μm long ([image: image] = 5 μm, n = 30); fourth cell 4–6 μm long ([image: image] = 5 μm, n = 30). Base cell is an inverted triangle, 4–6 μm long ([image: image] = 4 μm, n = 30), light brown or almost transparent hyaline. Basal appendage single, tubular, unbranched, centric, vertical, or curved, 4–6 μm long ([image: image] = 6 μm, n = 30).

Material examined: China, Yunnan Province, Dali City, Cangshan Mountain, isolated from healthy leaves of R. delavayi (2489 m, 25.4659°N, 99.5829°E), March 2021, Z.Q. Zhang, D-14 (KUN-HKAS 124578, holotype), ex-type culture, CGMCC 3.23546 = KUNCC 22-12402.

Notes: Based on phylogenetic analysis, the newly discovered P. suae is closely related to P. rosea and P. pinicola. Comparisons of ITS, TEF-1α, and TUB gene regions of P. suae with P. rosea (3/539 in ITS, 13/943 in TEF-1α, and 9/453 in TUB), and P. pinicola (10/608 in ITS, 9/467 in TEF-1α, and 5/409 in TUB) exhibited significant differences. However, P. suae is different from P. rosea due to its brown conidia, while the conidia of P. rosea are slightly red. P. suae can be distinguished from P. pinicola due to its size of apical and basal appendages; P. suae has shorter apical appendages (5–17 vs. 7–11 μm) and longer basal appendages (2–7 vs. 4–6 μm).

Pestalotiopsis trachicarpicola Y.M. Zhang and K.D. Hyde, Cryptog. Mycol. 33(3):311–318 (2012). Figure 8.
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FIGURE 8
Pestalotiopsis trachicarpicola (KUN-HKAS 124577). (A) Leaves of Rhododendron cyanocarpum. (B) Culture on potato dextrose agar (PDA) (upper and lower view). (C) Conidiomata on PDA. (D,E) Conidiophores, conidiogenous cells, and conidia. (F–M) Conidia. Scale bars: (D–M) 10 μm.


Endophytic in fresh Rhododendron cyanocarpum leaves. Sexual morph: Undetermined. Asexual morph: Conidiomata pycnidial in culture on PDA, globose or clavate, aggregated or scattered, semi-immersed to erumpent, dark-brown to black. Conidiogenous cell is not obvious. Conidiophores are usually indistinct and reduced to conidiogenous cells. Conidia 19–23 × 5–6 μm ([image: image] = 21 × 5 μm, n = 30), fusoid, ellipsoid, straight to slightly curved, four-septate, slightly constricted at the septa. Basal cell conic to obconic with a truncated base, hyaline, verruculose, and thin-walled, 2–4 μm long. Three median cells doliiform, 11–14 μm ([image: image] = 12 μm, n = 30). Wall thin, color uniform (light or dark brown), septa darker than the rest of the cells, and the conidium constructed at the septum (second cell from the base, 4–5 μm long; third cell, 5–6 μm long; fourth cell, 4–6 μm long). Apical cell 2–4 μm long, hyaline, subcylindrical, or obconic with a truncated base, thin-walled, slightly rugose. With 2–3 tubular apical appendages arising from the apical crest, unbranched, filiform, 13–23 μm ([image: image] = 18 μm, n = 30). Basal appendage single, tubular, centric, or uncentred, 4–8 μm long.

Material examined: China, Yunnan Province, Dali City, Cangshan Mountain, isolated from healthy leaves of R. cyanocarpum, March 2021, Z.Q. Zhang, D-20 (KUN-HKAS 124577), living culture, CGMCC 3.23547.

Notes: Based on the phylogenetic analysis, P. trachicarpicola can be grouped with P. trachicarpicola (OP068) with strong support (98% ML and 0.99 BYPP). The morphologies of the two species are identical. For the first time, P. trachicarpicola is isolated from Rhododendron.




Discussion

Many fungal groups, such as Aspergillus, Ceratobasidium, Fusarium, Neocosmospora, Pestalotiopsis, Pyrenochaeta, Russula, Serendipita, Thanatephorus, and Trichoderma have been reported as endophytic fungi (Fu et al., 2022). As an ornamental plant, Rhododendron has achieved worldwide recognition (Cox and Cox, 1997). Recent research has isolated fungi from the leaf spots, mycorrhizae, and rhizosphere of Rhododendron (Medeiros et al., 2022). However, few studies have been conducted on the endophytic fungi of Rhododendron. Yunnan Province is one of the world’s most significant distribution centers for Rhododendron (Tian et al., 2011). There are 61 species of Rhododendron in Cangshan Mountain, Yunnan Province, China (Zhang et al., 2021). Our investigation indicates high diversity of Pestalotiopsis species in Rhododendron. However, the current study collected the leaves of three Rhododendron species only. In future research, it is possible to expand the survey area and collect additional Rhododendron leaves to obtain more endophytic fungal resources.

Previous studies mentioned that the color intensities of the median conidial cell, differences in the size variation of conidia, and the presence or absence of basal appendages can be used as additional taxonomic characteristics for distinguishing Pestalotiopsis species (Jeewon et al., 2003; Liu et al., 2017). Apical appendage characteristics, such as branching pattern, number, and attachment position, are also useful at the species level, but not at the generic level of a generic character (Crous et al., 2012). Therefore, it was proposed to implement additional morphological characteristics for species identification. ITS, TUB, and TEF1-α gene sequences can be combined to provide greater resolution for Pestalotiopsis (Li et al., 2021). In our phylogenetic tree, branch lengths of Pestalotiopsis cangshanensis, P. fusoidea, and some other species in this genus were notably short and the support values were relatively low. Further studies of Pestalotiopsis are, therefore, required to reveal whether the less informative loci lead to the poorly resolved phylogram.
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In Sichuan province, walnuts, consisting of Juglans regia, Juglans sigillata, and the hybrid J. regia × J. sigillata, are commercially important edible nuts, and J. regia is the most widespread plant. To date, the diversity and distribution of fungi inhabiting on Juglans have not received enough attention, although there have been studies focusing on pathogens from fruit and stem. In order to update the checklist of fungi associated with Sichuan walnuts, a survey on fungi associated with the three Juglans species from 15 representative regions in Sichuan was conducted. In this article, ten fungi distributed in two classes of Ascomycota (Dothideomycetes and Sordariomycetes) were described based on morpho-molecular analyses, and two novel species, Neofusicoccum sichuanense and Sphaerulina juglandina, a known species of Ophiognomonia leptostyla, and seven new hosts or geographical records of Cladosporium tenuissimum, Diatrypella vulgaris, Helminthosporium juglandinum, Helminthosporium velutinum, Loculosulcatispora hongheensis, Periconia byssoides, and Rhytidhysteron subrufulum were included. Morphological descriptions and illustrations of these fungi are provided.
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Introduction

The phylum Ascomycota contains the majority of described fungi and has 92,724 species (Kirk, 2022). The class Dothideomycetes, previously known as Loculoascomycetes, is the largest and most ecologically diverse class of Ascomycota (Barr, 1979a,b; Barr and Huhndorf, 2001; Hyde et al., 2013; Hongsanan et al., 2020a). It consists of 31,033 species from 36 orders and one order Incertae sedis (Kirk, 2022). Members of Dothideomycetes are mostly characterized by ascolocular ascoma development and bitunicate and fissitunicate asci (Barr and Huhndorf, 2001; Hyde et al., 2013). Sordariomycetes is the second largest class, comprising 23,187 species classified into 47 orders and one order Incertae sedis (Kirk, 2022), and it is characterized by non-lichenized, flask-shaped, less frequently cleistothecial ascomata and unitunicate asci (Maharachchikumbura et al., 2016; Hyde et al., 2020). Both the two classes have a cosmopolitan distribution and can be found in almost all ecosystems including terrestrial, marine, and freshwater habitats (Luo et al., 2019; Dong et al., 2020; Jones et al., 2020). Some taxa are pathogenic to plants, arthropods, nematodes and mammals (Spatafora et al., 2015; Chang et al., 2019; Norphanphoun et al., 2019; Hongsanan et al., 2020a; Hyde et al., 2020; Xu et al., 2021), and fungicolous (Sun et al., 2019; Yang et al., 2019). Some members act as endophytes and saprobes (Jeewon et al., 2017; Rashmi et al., 2019; Mortimer et al., 2021; Xu et al., 2022). As the outline of Dothideomycetes and Sordariomycetes has been frequently revised (Hyde et al., 2013, 2020; Wijayawardene et al., 2014; Maharachchikumbura et al., 2015, 2016; Hongsanan et al., 2020a,b), numerous novel species, genera, families, and orders have been discovered (Maharachchikumbura et al., 2021; Pem et al., 2021; Zeng et al., 2022). The taxonomy of the two classes remains in a perpetual transitional state. However, further research will be carried out to promote the modern classification of these two classes, incorporating morphology and phylogenies (Lumbsch and Huhndorf, 2007, 2010; Maharachchikumbura et al., 2021) and following the “one fungus-one name” concept (Taylor, 2011).

China is leading the way in discovery of new fungal species and is where the highest fungal species were discovered than any other countries in 2020 (Wang et al., 2021; Bhunjun et al., 2022). In recent years, there has been increasing attention on species and distribution of fungi in China. More studies concerning fungal diversity, especially in Dothideomycetes and Sordariomycetes, were reported (Raza et al., 2019; Zhang and Cai, 2019). For instance, the saprophytic fungi of wood were investigated in some regions of China by Wang (2014). Referring to the checklist of pathogenic fungi on Citrus and apple trees, pathogens from Dothideomycetes and Sordariomycetes are the main casual agents of fungal disease (Dai et al., 2021; Zheng et al., 2022). Raza et al. (2019) described diverse new genus, new species, and new records of pathogenic fungi associated with sugarcane in southern China and belonging to the two classes. According to a diversity investigation of bambusicolous ascomycetes from Yunnan, China, most species belong to classes Dothideomycetes (37.01%) and Sordariomycetes (60.85%) (Dai et al., 2022). To date, compared with other regions in China, viz. Yunnan, and Guizhou, where fungal diversity and new taxa have been documented (Bao et al., 2018; Luo et al., 2018; Feng et al., 2019, 2021; Chen et al., 2020; Mortimer et al., 2021; Wijayawardene et al., 2021; Dai et al., 2022), there is a lack of monographs on fungi associated with specific plant substrates in Sichuan province. Furthermore, there are few scientific evaluations conducted for fungi in national nature reserves, national forest parks, and other regions or hosts in Sichuan province, China.

The walnut family (Juglandaceae) is mainly distributed in North America, Europe, and East Asia, and consists of eight genera and more than 60 species (Jahanban-Esfahlan et al., 2019; Guo et al., 2020; Zhang et al., 2022). These trees are important resources for timber, furniture, nuts, and cultivated ornamentals. The most well-known genera of Juglandaceae are Juglans and Carya, in which 22 species and 1 variety, and 18 species, 4 varieties and 9 hybrids are included, respectively, following The Plant List (2022). China is the leading world producer of walnuts, followed by France, India, Iran, Romania, Turkey, Ukraine, and the United States (Martínez et al., 2010; Fan et al., 2018), where five walnut species, the Persian walnut (Juglans regia L.), Iron walnut (Juglans sigillata Dode), Manchurian walnut (J. mandshurica Maxim.), Ma walnut (J. hopeiensis Hu), and Chinese hickory (C. cathayensis Sarg.) are the major native species, and then the eastern American black walnut (J. nigra L.), Arizona walnut [J. major (Torr.) A. Heller], Texas walnut (J. macrocarpa Texas), and Pecans [C. illinoinensis (Wangenh.) K. Koch] were introduced (Xi, 1987; Pei and Lu, 2011). At present, the walnut species J. regia, J. sigillata, and C. cathayensis are widely cultivated as economic fruit trees in diverse regions of China (Xi, 1987; Ma et al., 2019). In addition, the species J. regia is the common walnut and is broadly cultivated because of the commercial high-added value of the seeds (Jahanban-Esfahlan et al., 2019). Sichuan province is located at the boundary of the natural distribution of northern (north of the Nibashan Qinling Mountains) and southern (south of the Erlangshan Nibashan-Huangmaogeng-Wumengshan Mountains) walnuts in China. Generally, the northern walnut is classified as J. regia, while the southern walnut is classified as J. sigillata. The Sichuan walnut is mainly composed of J. regia, J. sigillata, and the hybrid J. regia × J. sigillata by FISH, early-fruiting gene analysis, and SSR analysis (Luo and Chen, 2020), and among them J. regia has the most extensive distribution range.

A review of the literature and records from the United States National Fungus Collections (Farr and Rossman, 2022) on Juglans-associated fungi reveals that nearly 280 species, which belong to 134 genera of Ascomycetes, have so far been described or recorded worldwide. Most of the species belong to classes Dothideomycetes (35.4%), Sordariomycetes (48.2%), and Leotiomycetes (8.9%). Among them, Botryosphaeriales, Pleosporales, Diaporthales, Hypocreales, Xylariales, and Helotiales fungi are the most diverse on walnut trees and account for 39.4 and 37.4% in Dothideomycetes, 35.6, 23, and 18.5% in Sordariomycetes, and 96% in Leotiomycetes. Furthermore, there are 213 (98 genera), 63 (44 genera), 32 (27 genera), and 26 (23 genera) species associated with J. regia, J. nigra, J. cinerea, and J. mandshurica, respectively. Moreover, a review of about 350 bodies of literature on walnut pathogenic fungi, which are mainly reported in China, the United States, Iran, and Italy in 1930–2022, reveals that nearly 115 species of Ascomycetes belonging to Dothideomycetes (24.3%), Sordariomycetes (69.6%), and Leotiomycetes (6.1%) have been described or recorded. Botryosphaeriaceae and Diaporthaceae fungi have been described as the main causal agents of branch dieback and shoot blight of walnut trees (Juglans species), including the Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia, Neofusicoccum species in Botryosphaeriaceae, and Diaporthe in Diaporthaceae (Chen et al., 2014; Dissanayake et al., 2017; Fan et al., 2018; Agustí-Brisach et al., 2019; Eichmeier et al., 2020; Jiménez-Luna et al., 2020; López-Moral et al., 2020, 2022). In addition, the Colletotrichum, Fusarium, and Phaeoacremonium species are also recorded as the pathogen of walnut fruit necrosis, twig canker, and leaf spot (Montecchio et al., 2015; Savian et al., 2019; Sohrabi et al., 2020; Han et al., 2021).

According to literature, there are few thorough studies on the taxonomy and phylogeny of fungi on walnut trees. Beginning in 2020, a special investigation was conducted in the main walnut planting areas across Sichuan province involving 15 regions of eight cities or autonomous prefecture. In this study, we aim to describe new findings and contribute to fungal diversity on walnut trees by focusing on new species, new records, and new sexual-asexual connections. Fungal specimens in various tissues of the host plant were collected and examined. A multigene phylogeny integrated with morphological comparison was carried out to determine the classification of the new collections.



Materials and methods


Specimen collection and morphological study

Specimens of twigs and leaves from walnut trees were collected and taken back to the laboratory in a sampling bag during the investigation in Sichuan province, China. The host, locality, and time were documented in the field. The substrate with fruiting bodies was checked following the methods described in Senanayake et al. (2020). Single ascospore or single conidium isolations were carried out following the method described by Chomnunti et al. (2014). Germinating spores were transferred to PDA, incubated at 25°C with a 12-h photoperiod. After incubation for 7 days to 2 months depending on growth rate, colonies were examined for their diameter, shape, and appearance. Ascomata and conidiomata were observed and photographed using a dissecting microscope, NVT-GG (Shanghai Advanced Photoelectric Technology Co., Ltd., Shanghai, China) fitted with a VS-800C micro-digital camera (Shenzhen Weishen Times Technology Co., Ltd., Shenzhen, China). Dimensions of asexual and sexual structures, viz. ascomata, peridia, asci, ascospores, conidiophores, conidiogenous cells, paraphyses, conidiomata wall, and conidia, and numbers of septa were based on field samples and were photographed using an Olympus BX43 compound microscope fitted with an Olympus DP22 digital camera in association with the ACDSee (v3.1) software, and an Olympus BX53 compound microscope fitted with an SD1600AC digital camera in association with the CapStudio (3.8.10.0) software (Image Technology company, Suzhou, China). Measurements were conducted using Tarosoft® Image Frame Work v.0.9.7 [Tarosoft (R) Nonthaburi, Thailand]. A lactophenol cotton blue reagent was used to observe the number of septa. The iodine reaction of the ascus wall was tested in Melzer’s reagent (MLZ). Type specimens were deposited at the Herbarium of Sichuan Agricultural University, Chengdu, China (SICAU). Ex-type cultures were deposited at the Culture Collection in Sichuan Agricultural University (SICAUCC), and MycoBank numbers were registered.1



DNA extraction, amplification, and sequencing

For each isolate, total genomic DNA was extracted from mycelia that were grown on PDA at 25°C for 2 weeks using Plant Genomic DNA Extraction Kit (Tiangen, China). Internal transcribed spacer regions (ITS), partial large subunit nuclear rDNA regions (LSU), and partial small subunit nuclear rDNA regions (SSU) were amplified with primer pairs ITS5/ITS4 (White et al., 1990), LR0R/LR5 (Vilgalys and Hester, 1990), and NS1/NS4 (White et al., 1990), and translation elongation factor 1-alpha gene (tef1-a) was amplified with primer pairs EF1-983F/EF1-2218R (Rehner and Buckley, 2005), EF1-728F/EF1-986R (Carbone and Kohn, 1999), EF1-1567R (Stielow et al., 2015), and EF2 (O’Donnell et al., 1998). The RNA polymerase II second largest subunit (rpb2) was amplified with primer pairs fRPB2-5F/fRPB2-7cR (Liu et al., 1999), and primer pairs T1/T22 (O’Donnell and Cigelnik, 1997), and β-Sandy-R (Stukenbrock et al., 2012) were used for the β-tubulin gene (tub2). Primer pair MS204 E1F1/MS204 E5R1a (Walker et al., 2012a) was for the guanine nucleotide-binding protein subunit beta gene (ms204), and ACT-512F/ACT-783R (Carbone and Kohn, 1999) was for the actin gene (act).

Polymerase chain reaction (PCR) was performed in a 25-μl reaction mixture containing 22 μl Master Mix (Beijing TsingKe Biotech Co., Ltd., Beijing, China), 1 μl DNA template, and 1 μl of each primer (10 μM). The PCR thermal cycle program for LSU, SSU, ITS, tef1-α, and rpb2 genes was amplified following Dai et al. (2016) and Xu et al. (2020). The amplification reactions for the ms204, tub2, and act genes were performed as described by Videira et al. (2016) and Gong et al. (2017). PCR products were sequenced at TsingKe Biological Technology Co., Ltd. (Chengdu, China). The newly generated sequences were deposited on GenBank.



Sequence alignment and phylogenetic analyses

Phylogenetic analyses were conducted based on the combined dataset. Raw sequences were edited and assembled with BioEdit version 7.0.5.3 (Hall, 1999). The assembled sequences were used to query for nucleotide sequences by BLAST with the default settings on the NCBI web server.2 Highly similar sequences derived from reliable publications are downloaded and listed in Supplementary Table 1. Alignments were performed using the MAFFT v.7.429 online service (Katoh et al., 2019), and ambiguous regions were excluded using BioEdit version 7.0.5.3. Multigene sequences were concatenated with the Mesquite software (Maddison and Maddison, 2019) for further phylogenetic analyses. Phylogenetic trees were inferred with maximum likelihood (ML) and Bayesian analyses (BI) according to details in Xu et al. (2022).



Pathogenicity test

After species identification, healthy 3-year-old walnut seedlings and 10-year-old walnut trees of J. regia were inoculated with five fungal species isolated from symptomatic plants, viz. Cladosporium tenuissimum, Neofusicoccum sichuanense, Ophiognomonia leptostyla, Periconia byssoides, and Sphaerulina juglandinum, to determine their pathogenicity. The strains were cultured for a duration of 5–30 days at room temperature (25°C) on PDA with a 12-h fluorescent light/dark regime. Conidial inoculation was conducted for three strains (Sp. juglandinum: SICAUCC 22-0108; O. leptostyla: SICAUCC 22-0103; Cl. Tenuissimum: SICAUCC 22-0110). Conidial suspensions (105 conidia/ml) were sprayed onto wound sites created with a sterile inoculation needle (Desai et al., 2019). Mycelial inoculation was conducted for strains of N. sichuanense (SICAUCC 22-0094) and P. byssoides (SICAUCC 22-0107). A PDA mycelial plug (5-mm diameter) was put on each wound that was produced with a sterile inoculation needle on leaves or a wood cutting knife on stem. Each wound was coated with moistened cotton wool and covered with parafilm. The parafilm and cotton wool were removed after 3 days. Twenty inoculation dots were set for each isolate, twenty replicates were sprayed with sterile water and uncolonized PDA plugs served as controls. The inoculated plants were maintained in the field to observe for symptoms. Re-isolation from the infected tissue on PDA and morphological observation of fungal pathogens were performed to verify Koch’s postulates.




Results


Phylogenetic analyses

Based on the results of BLAST on GenBank, our isolates belong to 9 genera: Cladosporium, Diatrypella, Helminthosporium, Sulcatisporaceae, Neofusicoccum, Ophiognomonia, Periconia, Rhytidhysteron, and Sphaerulina. To infer the relationship of our isolates in the genera, 9 phylogenetic analyses were performed in this study.


Cladosporium cladosporioides species complex phylogeny

A combined ITS, tef1-a, and act sequences dataset, including 90 in-group taxa and two out-group taxa (Cl. longissimum, CBS 300.96; Cl. sphaerospermum, CBS 193.54), was used to construct the phylogenetic tree (Supplementary Figure 1). The alignment contained 1,851 characters including gaps. The best scoring randomized axelerated maximum likelihood (RAxML) tree with a final likelihood value of −16,923.095557 is presented. The matrix had 921 distinct alignment patterns, with 37.63% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.231786, C = 0.293167, G = 0.248251, and T = 0.226797, with substitution rates AC = 1.872991, AG = 3.80827, AT = 1.958762, CG = 1.140769, CT = 6.33381, and GT = 1. The gamma distribution shape parameter α = 0.220947 and the tree length = 4.39734. The Bayesian analysis resulted in 160,002 trees after 8,000,000 generations, from which 120,002 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.



Diatrypella species phylogeny

A combined ITS and tub2 dataset was used for phylogenetic analyses (Supplementary Figure 2). The alignment contained 37 isolates, and the tree was rooted to Neoeutypella baoshanensi (GMB0052, LC 12111). The final alignment contained a total of 2,257 characters used for the phylogenetic analyses and included gaps. The best scoring RAxML tree with a final likelihood value of −7,996.010848 is presented. The matrix had 726 distinct alignment patterns, with 49.81% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.219422, C = 0.275801, G = 0.23297, and T = 0.271808, with substitution rates AC = 0.780583, AG = 3.041274, AT = 1.166226, CG = 0.884206, CT = 4.451043, and GT = 1. The gamma distribution shape parameter α = 0.318927, and the tree length = 0.838444. The Bayesian analysis resulted in 3,502 trees after 5,000,000 generations, from which 2,628 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.



Helminthosporium species phylogeny

A combined ITS-LSU-SSU-rpb2-tef1-α dataset comprising 25 taxa in Helminthosporium and one out-group taxon (Massarina cisti, CBS 266.62) was used for phylogenetic analyses (Supplementary Figure 3). The alignment contained 4,602 characters including gaps. The best scoring RAxML tree with a final likelihood value of −17,311.827379 is presented. The matrix had 1,117 distinct alignment patterns, with 32.07% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.238622, C = 0.253941, G = 0.269616, and T = 0.237821, with substitution rates AC = 1.964004, AG = 5.639629, AT = 1.986722, CG = 1.097192, CT = 10.702449, and GT = 1. The gamma distribution shape parameter α = 0.125261, and the tree length = 1.171688. The Bayesian analysis resulted in 17,802 trees after 8,000,000 generations, from which 13,352 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.



Sulcatisporaceae species phylogeny

For phylogenetic analyses, we used a combined dataset (ITS, LSU, SSU, tef1-α, and rpb2) comprising 13 taxa from 9 genera within the family and 2 out-group taxa (Leucaenicola phraeana MFLUCC 18-0472, L. aseptata MFLUCC 17-2423) in Bambusicolaceae (Supplementary Figure 4). The alignment contained 5,264 characters including gaps. The best scoring RAxML tree with a final likelihood value of −18,207.015800 is presented. The matrix had 1,271 distinct alignment patterns, with 26.59% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.241466, C = 0.255136, G = 0.269143, and T = 0.234255, with substitution rates AC = 1.094159, AG = 2.768055, AT = 1.059894, CG = 0.695463, CT = 5.978163, and GT = 1. The gamma distribution shape parameter α = 0.140781, and the tree length = 0.919701. The Bayesian analysis resulted in 1,102 trees after 1,000,000 generations, from which 828 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.



Neofusicoccum species phylogeny

For phylogenetic analyses, we used a combined dataset (ITS, rpb2, tef1-α, and tub2) comprising 63 taxa and including 128 isolates in Neofusicoccum and one out-group taxon (Botryosphaeria dothidea, CBS 100564) (Supplementary Figure 5). The alignment contained 2,272 characters including gaps. The best scoring RAxML tree with a final likelihood value of −9,986.846540 is presented. The matrix had 870 distinct alignment patterns, with 27.58% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.217491, C = 0.292821, G = 0.272990, and T = 0.216697, with substitution rates AC = 1.078167, AG = 4.928923, AT = 1.167073, CG = 1.17778, CT = 9.092502, and GT = 1. The gamma distribution shape parameter α = 0.25616, and the tree length = 0.895474. The Bayesian analysis resulted in 40,502 trees after 50,000,000 generations, from which 30,378 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.



Ophiognomonia species phylogeny

For phylogenetic analyses, we used a combined dataset (ITS, ms204, and tef1-α) comprising 49 taxa and including 62 isolates in Ophiognomonia and one out-group taxon (Ambarignomonia petiolorum, CBS 121227) (Supplementary Figure 6). The alignment contained 3,019 characters including gaps. The best scoring RAxML tree with a final likelihood value of −28,800.079248 is presented. The matrix had 1,644 distinct alignment patterns, with 22.23% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.227917, C = 0.301009, G = 0.23455, and T = 0.236524, with substitution rates AC = 1.22843, AG = 2.406365, AT = 1.296931, CG = 0.947939, CT = 4.032567, and GT = 1. The gamma distribution shape parameter α = 0.362898, and the tree length = 3.168442. The Bayesian analysis resulted in 29,902 trees after 8,000,000 generations, from which 22,428 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.



Periconia species phylogeny

For phylogenetic analyses, we used a combined dataset (ITS, LSU, SSU, and tef1-α) comprising 70 isolates from Didymosphaeriaceae, Lentitheciaceae, Massarinaceae, Morosphaeriaceae, and Periconiaceae (Supplementary Figure 7). The tree is rooted to Morosphaeria ramunculicola (NBRC 107813) and M. velatispora (NBRC 107812). The alignment contained 4,562 characters including gaps. The best scoring RAxML tree with a final likelihood value of −21,102.547135 is presented. The matrix had 1,342 distinct alignment patterns, with 41.61% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.240683, C = 0.251101, G = 0.26776, and T = 0.240456, with substitution rates AC = 1.392883, AG = 2.46189, AT = 1.701375, CG = 1.147404, CT = 7.975303, and GT = 1. The gamma distribution shape parameter α = 0.2038, and the tree length = 1.571973. The Bayesian analysis resulted in 36,502 trees after 8,000,000 generations, from which 27,378 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.



Rhytidhysteron species phylogeny

For phylogenetic analyses, we used a combined dataset (ITS, LSU, SSU, and tef1-α) comprising 21 taxa and including 50 isolates in Rhytidhysteron and two out-group taxa of Hysterographium fraxini (MFLU 15-3681, CBS 109.43) (Supplementary Figure 8). The alignment contained 3,652 characters including gaps. The best scoring RAxML tree with a final likelihood value of −11868.374118 is presented. The matrix had 918 distinct alignment patterns, with 22.28% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.24053, C = 0.249365, G = 0.274418, and T = 0.235688, with substitution rates AC = 1.370478, AG = 2.713904, AT = 1.18812, CG = 1.104666, CT = 6.269731, and GT = 1. The gamma distribution shape parameter α = 0.156243, and the tree length = 0.575373. The Bayesian analysis resulted in 11,402 trees after 8,000,000 generations, from which 8,552 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.



Sphaerulina species phylogeny

A combined ITS-LSU-rpb2-tef1-α-tub2 dataset was used for phylogenetic analyses (Supplementary Figure 9). The alignment contained 64 isolates, and the tree was rooted to Septoria scabiosicola (CBS 102334 and CBS 108981). The alignment contained 3,454 characters including gaps. The best scoring RAxML tree with a final likelihood value of −18735.843276 is presented. The matrix had 1,278 distinct alignment patterns, with 34.04% of undetermined characters or gaps. Estimated base frequencies were as follows: A = 0.241431, C = 0.252483, G = 0.283959, and T = 0.222127, with substitution rates AC = 1.488577, AG = 3.234311, AT = 1.027066, CG = 0.922236, CT = 6.45922, and GT = 1. The gamma distribution shape parameter α = 0.179629, and the tree length = 2.009249. The Bayesian analysis resulted in 20,002 trees after 1,000,000 generations, from which 15,002 were used for calculating posterior probabilities after the first 25% of trees representing the burn-in phase were discarded.

All the phylogenetic trees for the above taxa resulting from the Bayesian analysis had a topology identical to the ML tree presented. In both analyses (ML and Bayesian), the phylogenetic status of our isolates was resolved in a well-supported clade. The phylogenetic results obtained for each dataset are discussed where applicable in the descriptive notes below.




Taxonomy

In the present study, 20 specimens have been collected from J. regia. Ten fungal species in Dothideomycetes and Sordariomycetes were isolated, and eight strains belonging to two new species were found. These taxa are subsequently described below.


Cladosporium tenuissimum Cooke, Grevillea 6: 140 (1878)

Parasitic on living leaves of J. regia causing necrosis. Sexual morph: Undetermined. Asexual morph (Figure 1): Hyphomycetous. Mycelia sparse, mainly immerse, and often forming necrotic lesions with abundant sporulation on the reverse. Conidiophores 19–120 × 3–9 μm ([image: image] = 73 × 6 μm, n = 50), solitary or in groups, fasciculate, micronematous, macronematous, arising terminally and laterally from swollen hyphae, erect, straight or flexuous, cylindrical-oblong, slightly attenuated toward the apex, subnodulose or nodulose, occasionally branched, 1–7-septate, sometimes distinctly constricted at septa, olivaceous or olivaceous brown, more or less thickened walled, and pronounced loci crowded at the apex. Micronematous conidiophores reduced to conidiogenous cells. Conidiogenous cells 12–20 (–30) × 3–8 μm ([image: image] = 16 × 5 μm, n = 50), integrated, mainly terminal, cylindrical-oblong to subclavate, aseptate, sometimes uniseptate, sometimes geniculate, non-nodulose, polyblastic, with 1–3(–4) apically crowed loci, conspicuous, 0.5–3 μm diameter, and thickened and somewhat darkened conidiogenous loci. Ramoconidia 6–15 × 3–8 μm ([image: image] = 10 × 5 μm, n = 50), cylindrical-oblong, 0(–1)-septate, pale olivaceous, smooth, and base truncate. Conidia numerous, catenate, forming short branched chains in all directions, and aseptate. Small terminal conidia 4–9 × 3–7 μm ([image: image] = 6 × 4 μm, n = 50), globose, subglobose or ovoid to obovoid, and apex rounded or somewhat attenuated. Intercalary conidia 6–10 × 3–5 μm ([image: image] = 8 × 4 μm, n = 20), limoniform to ellipsoid, aseptate, rarely uniseptate, and with 1–2 distal hila. Secondary ramoconidia sparsely forming. Hila 0.5–1.5 μm, and conspicuous diameter. Microcyclic conidiogenesis not observed.
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FIGURE 1
Cladosporium tenuissimum (SICAU 22-0109). (A) Symptoms of necrotic lesions observed on host. (B) Appearance of colonies on substrate. (C–H) Conidiophores. (I) Ramoconidia and conidia. (J) Germinating ramoconidia and conidia. (K,L) Colonies on PDA for 10 days. Scale bars: (B) 100 μm and (C–J) 20 μm.


Culture characteristics: Colonies on PDA attaining 30–45 mm diameter in 1 week, gray, powdery to fluffy, sporulation profuse, radially furrowed, without prominent exudates, reverse olivaceous, pale green to grayish white toward margins, and deep radial fissures. Colonies on MEA reaching 40–50 mm diameter after 1 week, grayish white to gray, colony wrinkled and folded, radially furrowed, sporulation profuse, without prominent exudates, reverse olivaceous to olivaceous brown, margin grayish white, and radial fissures. Colonies on OA reaching 20–30 mm diameter after 1 week, grayish olivaceous with profuse spores, reverse olivaceous to olivaceous brown, and without exudates. Colonies on SNA reaching 15–20 mm after 7 days, pale olivaceous, aerial mycelium scanty, loose, sporulation medium, reverse olivaceous, and without exudates.

Habitat and host range: Different host plants isolated from dead leaves, twigs, stems, wood and other organic matter; also isolated from air, bread, soil, and water.

Distribution: Cosmopolitan but especially common in the tropics.

Material examined: China, Sichuan province, Guangyuan city, 106°10′43.81″E, 32°12′30.59″N, alt. 485 m, on leaves of J. regia, 11 July 2020, H. B. Yang and C. L. Yang, YHB202007003 (SICAU 22-0109), living culture SICAUCC 22-0110.

Note: Given the overlapping of the key differential features on morphology, species identification of Cladosporium is currently based on multi-locus analysis. The preliminary phylogeny based on a concatenated ITS-act-tef1-α sequence matrix of representative strains in Cladosporium indicates that our isolate belongs to the Cladosporium cladosporioides species complex. The phylograms from ML and BI analyses were similar in overall topologies. This isolate is phylogenetically grouped with the epitype of Cl. tenuissimum (CBS 125995) with strong statistical support (94% ML, 0.94 PP) (Supplementary Figure 1). The nucleotide comparison of ITS, act, and tef1-α showed 100% (540/540; 0 gaps), 97.7% (215/220; 0 gaps), and 99.7% (436/437; 0 gaps) identities with isolate CBS 125995. Consistent with the common points of Cl. tenuissimum, the conidiophores of our isolate often possess a slightly swollen head-like apex and sometimes have intercalary subnodulose or nodulose swellings, being quite apart from the apical cell. Furthermore, the morphological comparison shows great differences in size among various collections, especially in conidiophores, conidiogenous cells, and ramoconidia (Bensch et al., 2010, 2012).



Diatrypella vulgaris Trouillas, W. M. Pitt and Gubler, Fungal Diversity 49: 212 (2011)

Saprobic on dead twigs of J. regia. Sexual morph (Figure 2): Stromata well developed, scattered, 250–902 × 281–1,006 μm ([image: image] = 536 × 604 μm, n = 20), pustulate, black, rounded to irregular in shape on host surface, semi-immersed, erumpent through host bark, and with 3–9 locules immersed in single stroma. Endostroma consists of outer dark brown, small, dense, thin parenchymal cells, and an inner layer of white, large, loose parenchymal cells. Ostiole opening separately, papillate or apapillate, central 162–353 μm high, 140–205 μm diameter ([image: image] = 231 × 177 μm, n = 10). Locules immersed in stroma, circular to ovoid, with cylindrical neck, brevicollous or longicollous, 223–601 μm high, and 200–398 μm diameter ([image: image] = 370 × 274 μm, n = 20). Peridium composed of outer layer of dark brown to black, thin-walled cells, arranged in textura angularis to textura prismatica, and inner layer of hyaline thin-walled cells of textura prismatica. Paraphyses 3–7 μm wide ([image: image] = 5 μm, n = 30), elongate cylindrically, septate, branched, and tapering toward the apex. Asci 115–158 × 18–28.5 μm ([image: image] = 141 × 23 μm, n = 20), unitunicate, polysporous, clavate, with thin-walled pedicel, apically rounded, and J– in Melzer’s reagent. Ascospores 6–12 × 1–3 μm ([image: image] = 9 × 2 μm, n = 20), overlapping, crowded, allantoid, slightly or moderately curved, smooth, subhyaline, yellowish in mass, and aseptate. Asexual morph: Undetermined.
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FIGURE 2
Diatrypella vulgaris (SICAU 22-0101). (A) Stromata on host substrate. (B) Vertical section through stromata. (C) Transverse sections through stromata. (D) Section through the locules. (E,G,K) Ostiolar canal. (F) Peridium. (H–J) Asci. (L) Paraphyses. (M) Ascospores. (N) Germinating ascospores. (O) Colony on PDA for 15 days. Scale bars: (B,C) 200 um, (D,E) 50 um, (F) 10 um, (G–L) 20 um, and (M,N) 10 um.


Culture characteristics: Ascospores germinated on PDA within 12 h. Colonies on PDA reached 60 mm diameter after 1 week, circular, flat, white when young, became pale brown with age, dense, thinning toward edge, reverse side similar in color, formed black pycnidia after 14 days, and excluded conidia in light orange masses.

Habitat and host range: On decaying wood of Citrus paradisi, Fraxinus angustifolia, Schinus molle var. areira, and some unidentified plants.

Distribution: Australia, China, and Thailand.

Material examined: China, Sichuan province, Luding county, 102°11′34″E, 29°40′32″N, alt. 1,306 m, on twigs of J. regia, 18 July 2021, F. H. Wang, WFH202107011 (SICAU 22-0101), living culture SICAUCC 22-0102.

Note: This isolate resembles the species of Diatrypella, in pustule-like stromata erumpent through the host surface, polysporous asci, and allantoid ascospores. Morphologically, it shows the same features as Diatrypella vulgaris, but the asci of our isolate (SICAUCC 22-0102) are bigger than those of HVGRF03 (80–130 × 18–20 μm), MFLUCC 17-0128 (90–130 × 14–19 μm), and GMB0051 (111.4–152.9 × 10.6–17.5 μm). When compared with other isolates on the ascospores, it has similar dimension with isolates HVGRF03 and GMB0051, but bigger than MFLUCC 17-0128 (4.5–7.5 × 1–2 μm). Phylogenetically, SICAUCC 22-0102 is clustered together with HVFRF03 and HVFRA02 with strong bootstrap support (98% ML, Supplementary Figure 2). The comparisons of ITS and tub2 sequences in NCBI both showed 100% (ITS = 530/530; 0 gaps; tub2 = 358/358; 0 gaps) similarity to the strain of D. vulgaris (HVGRF03) from holotype specimens. D. vulgaris has been reported in Australia, Thailand, and China (Trouillas et al., 2011; Hyde et al., 2017; Long et al., 2021). In this study, we introduce D. vulgaris as a new record from Sichuan province in China, and this is the first report on the genus Juglans.



Helminthosporium juglandinum Voglmayr and Jaklitsch, Stud. Mycol. 87: 59 (2017)

Saprobic on dead twigs of J. regia. Colonies on natural substrate discrete, punctiform, sometimes confluent, usually in large groups, and black. Sexual morph: Undetermined. Asexual morph (Figure 3): Mycelia mostly immersed, and on the surface forming small stroma-like aggregations of red brown pseudoparenchymatous stromal cells (7–17 × 10–26, [image: image] = 12 × 16 μm, n = 20). Conidiophores fasciculate, arising from the upper cells of the stromata, erect, simple, straight or flexuous, thick-walled, sub-cylindrical, smooth, brown to dark brown, with a defined apical pore at the apex, measuring 127–585 μm long ([image: image] = 360 μm, n = 20), 15–20 μm wide ([image: image] = 17 μm, n = 20) at the base, and 7–13 μm wide ([image: image] = 10 μm, n = 20) near the slightly inflated apex. Conidia 63–99 × 11–15 (–21) μm ([image: image] = 79 × 13 μm, n = 20), tapering to 3–6 μm ([image: image] = 5 μm, n = 20) at the distal end, with a 4- to 7-μm wide ([image: image] = 5 μm, n = 20) blackish-brown scar at the base, rostrate, straight or flexuous, thick-walled, smooth, pale brown, and 4–11-distoseptate.
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FIGURE 3
Helminthosporium juglandinum (SICAU 22-0090). (A–C) Colonies in face view. (D) Stroma cells in section. (E,F) Conidiophores. (G–I) Conidiophore apices with apical and lateral conidia. (J–M) Conidia. (N) Germinating conidium. (O) Colony on PDA for 20 days. Scale bars: (A) 1,000 um, (B) 500 um, (C) 200 um, (D–H) 20 um, and (I–N) 10 um.


Culture characteristics: Conidia germinated on PDA within 12 h, and the germ tubes were produced from both ends. Cultures grew slowly on PDA, and colonies reached 2 cm in diameter after 20 days at 25°C. Colony was thin, dense, with irregular fimbriate edge, gray brown, and fruity. Mycelium radiated outward, hairy, sparse, dark, superficial, and partly immersed.

Habitat and host range: Dead corticated twigs of J. regia, fungicolous on conidiomata of Diaporthe sp.

Distribution: Europe (Austria and Italy).

Material examined: China, Sichuan province, Chongzhou city, 103°40′18″E, 30°40′6″N, alt. 534 m, on dead twigs of J. regia, 18 September 2020, F. H. Wang, WFH202009002 (SICAU 22-0090), living culture SICAUCC 22-0090.

Note: Our isolate is in a well-clustered clade together with four other strains of Helminthosporium juglandinum (Supplementary Figure 3). The nucleotide comparison of ITS, LSU, rpb2, and tef1-α (SICAUCC 22-0090) reveals high similarity to the holotype culture CBS 136922 of H. juglandinum [similarity = 98.3% (541/550), 0 gaps; similarity = 99.8% (852/853), 0 gaps; similarity = 98.3% (1,042/1,059), 2 gaps; similarity = 99.3% (731/736), 0 gaps, respectively]. Morphologically, the conidia of our isolate are smaller than those of the isolate CBS 136922 (89–145 × 16.5–20 μm) and have less septa. Consistent with previous reports, H. juglandinum is known in Juglans (Voglmayr and Jaklitsch, 2017), and this is the first record of this fungus from China.



Helminthosporium velutinum Link [as “Helmisporium”], Mag. Gesell. naturf. Freunde, Berlin 3 (1–2): 10, tab. 1:9 (1809)

Saprobic on dead twigs of J. regia. Sexual morph: Undetermined. Asexual morph (Figure 4): Mycelia immersed and composed of branched, septate, thick-walled hyphae. Colonies discrete, punctiform, sometimes confluent, usually in large groups, black, and effuse. Conidiophores mononematous, macronematous, fasciculate, erect, unbranched, straight or flexuous, thick-walled, brown to dark brown, measuring 244–550 μm long ([image: image] = 383 μm, n = 20), 10–21 μm wide ([image: image] = 15 μm, n = 20) at the base, tapering toward apex, and 5–12 μm wide ([image: image] = 9 μm, n = 20) at the apex. Conidiogenous cells polytretic integrated, intercalary, and terminal. Conidia 62–91(–112) × 9–18 μm long ([image: image] = 74 × 13 μm, n = 20), tapering to 3–6 μm ([image: image] = 5 μm, n = 20) at the distal end, with a 3–7 μm ([image: image] = 5 μm, n = 20) wide blackish-brown scar at the base, single, obclavate, palm green to brown, apical cell paler than other cells, rounded at apex, rostrate, straight or flexuous, thick-walled, and 5–10-distoseptate.
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FIGURE 4
Helminthosporium velutinum (SICAU 22-0099). (A) Symptoms of dead twig observed on host. (B) Colonies in face view. (C) Conidiophores with apical and lateral conidia in side view. (D–J) Conidiophores with apical and lateral conidia and pores. (K–M) Conidia. (N) Germinating conidium. (O) Colony on PDA for 15 days. Scale bars: (B,C) 200 um, (D–I) 50 um, and (J–N) 10 um.


Culture characteristics: Conidia germinated on PDA within 12 h, and the germ tubes were produced from both ends. Cultures grew fast on PDA, and colonies reached 6 cm in diameter after 10 days at 25°C. Colony was originally white, then brown, with thin mycelia.

Habitat and host range: Wide range of dead plant materials.

Distribution: Cosmopolitan in terrestrial ecosystems and riparian terrestrial environment.

Material examined: China, Sichuan province, Luding county, 102°11′34″E, 29°40′32″N, alt. 1,306 m, on dead twigs of J. regia, 18 July 2021, F. H. Wang, WFH202107001 (SICAU 22-0099), living culture SICAUCC 22-0100. Ibid., WFH202107008 (SICAU 22-0100), living culture SICAUCC 22-0101.

Note: The multigene phylogenetic analysis based on combined LSU, SSU, ITS, rpb2, and tef1-α sequence data confirm the identity of Helminthosporium velutinum (Supplementary Figure 3). The nucleotide comparisons of our two isolates show a high homology with the isolate MFLUCC 15–0428 from reference specimen HKAS 84015, and similarities in ITS, LSU, and SSU sequences are 99.6% (565/567; 0 gaps) and 100% (566/566; 0 gaps), 100% (804/804; 0 gaps) and 100% (804/804, 0 gaps), 100% (1,000/1,000; 0 gaps), and 100% (1,000/1,000; 0 gaps), respectively. Compared with the description of isolate MFLUCC 15–0428, our collection has shorter conidiophore (244–550 μm vs. 530–655 μm). The present study shows that our collections are the new host record of H. velutinum in China.



Loculosulcatispora hongheensis Wanas. J. Fungi 8: 14 (2022)

Saprobic on dead twigs of J. regia. Sexual morph: Refer to Wanasinghe et al. (2022). Asexual morph (Figure 5): Coelomycetous. Conidiomata up to 324–615 × 344–810 μm ([image: image] = 482 × 541 μm, n = 20), solitary, scattered, semi-immersed to superficial, commonly spherical to subglobose, rarely conical or irregular, 2–7-loculate, ostiolate, each locule 39–105 × 59–106 μm ([image: image] = 72 × 86 μm, n = 10), and subglobose to ellipsoidal. Ostioles 46–53 μm diameter, single or multiple, central, black, and papillate. Conidiomatal walls 15–55 μm thick, 3–7 layered, the outer layer comprising dark pigmented cells of textura angularis, and inner layer comprising hyaline cells of textura angularis. Paraphyses 1–3 μm wide, unconspicuous, short, sparse, mostly aseptate, occasionally 1-septate, hyaline, unbranched, and arising on inner wall of locules. Conidiophores reduced to conidiogenous cells. Conidiogenous cells enteroblastic, phialidic, discrete, doliiform to cylindrical, hyaline, aseptate, smooth-walled, and measuring 1–4 × 3–15 μm ([image: image] = 3 × 10 μm, n = 20). Conidia 3–5 × 10–15 μm ([image: image] = 4 × 12 μm, n = 40), 1-celled, oblong, hyaline, smooth-walled, and guttulate.
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FIGURE 5
Loculosulcatispora hongheensis (SICAU 22-0092). (A,B) Conidiomata on natural wood surface. (C–E) Vertical and transverse sections through conidiomata. (F,G) Conidioma wall. (H) Sections through conidiomata. (I,J) Conidiogenous cells and developing conidia. (K) Culture on PDA for 15 days. (L) Conidia. (M) Paraphyses. (N) Germinating conidia. Scale bars: (B) 500 μm, (C–E) 200 μm, (F–H) 20 μm, and (I,J,L–N) 10 μm.


Culture characteristics: Conidia germinated on PDA within 12 h. Colonies reached 5 cm in diameter after 20 days at 25°C, circular, initially white and then white-gray, floccose, white and circular crack on the surface, reverse brown, darkening toward center, and white on edge.

Habitat and host range: Dead wood in terrestrial habitats.

Distribution: China.

Material examined: China, Sichuan province, Neijiang city, Dongxing district, 105°6′36″E, 29°48′30″N, alt. 340 m, parasitic on dead twigs of J. regia, 17 May 2021, F. H. Wang and C. Liu, WFH202105010 (SICAU 22-0092), living culture SICAUCC 22-0092.

Note: The genus Loculosulcatispora was introduced in Sulcatisporaceae not long ago based on the asexual morph characters of the typified species L. thailandica (Ren et al., 2020). Subsequently, Loculosulcatispora hongheensis was reported on dead woody litter in Yunnan, China, with the description of teleomorph (Wanasinghe et al., 2022). Our isolate is morphologically similar to the asexual description of L. thailandica in having multilocular pycnidia, hyaline, aseptate, oblong, and guttulate conidia. In addition, the phylogeny indicates that this isolate is in the clade of genus Loculosulcatispora (Supplementary Figure 4). However, our isolate has larger conidiomata, locule, conidiogenous cells, and conidia when compared with the holotype of L. thailandica (MFLU 20-0440) (Ren et al., 2020). Furthermore, there are obvious base-pair differences, viz. 1.79, 1.59, and 4.65% in ITS, tef1-α, and rpb2, respectively. The nucleotide comparisons of ITS, LSU, SSU, tef1-α, and rpb2 from our isolate showed a high homology with the sequences of L. hongheensis (HKAS122920, holotype), the similarities are 100% (692/692; 0 gaps), 100% (855/855; 0 gaps), 100% (996/996; 0 gaps), 99.6% (901/904; 1 gap), and 99.7% (933/935; 0 gaps), respectively. In this article, the anamorph of L. hongheensis is described for the first time.



Neofusicoccum sichuanense X. L. Xu and C. L. Yang sp. nov.

MycoBank: 845074.

Etymology: The specific epithet reflects Sichuan where the holotype was collected.

Holotype: SICAU 22-0098.

Parasitic on living twigs of J. regia. Sexual morph (Figure 6): Stromata erumpent and well-developed, scattered or aggregated, 280–1610 μm diameter ([image: image] = 633 μm, n = 30), black, rounded to irregular, semi-immersed, and with multi-locule immersed in single stroma. Ostiole opening separately, usually papillate. Locules 96–220 diameter ([image: image] = 178 μm, n = 20), immersed in stroma, black, and circular to ovoid. Peridium comprising 5–11 layers of textura angularis, outer region of dark brown cells, and inner region of hyaline cells lining the locule. Asci 15–21 × 85–148 μm ([image: image] = 19 × 110 μm, n = 20), bitunicate, clavate, hyaline, with thin-walled, short pedicel, apically rounded, 8-spored, and forming among pseudoparaphyses. Pseudoparaphyses 2–6 mm broad, filiform, septate, branched, and J– in Melzer’s reagent. Ascospores 8–13 × 17–29 μm ([image: image] = 10 × 23 μm, n = 40), hyaline, aseptate, thin-walled, fusoid to ellipsoid, sometimes with tapered ends, usually broadest in the middle, smooth, and granular. Asexual morph (Figure 7): Conidiomata pycnidial, epidermal, immersed, solitary or gregarious, brown to dark brown, globose to subglobose, unilocular to multilocular, with a central ostiole, becoming erumpent and exuding conidia in a white mucoid mass, and each locule 170–245 × 135–215 μm ([image: image] = 185 × 158 μm, n = 10). Pycnidial walls consisting of four to nine layers of cells, outer layer comprising dark pigmented cells of textura angularis, and inner layer comprising hyaline cells of textura angularis and textura prismatica. Conidiophores lining the inner layer of the conidioma, subcylindrical, hyaline, smooth, unbranched or branched, and 5–34 × 3–5 μm ([image: image] = 13 × 4 μm, n = 20). Conidiogenous cells hyaline, terminal, subcylindrical, rarely ampulliform, proliferating near apex, and 8–26 × 3–6 μm ([image: image] = 15 × 4 μm, n = 30). Conidia hyaline, smooth, aseptate, cylindrical to fusiform, straight or slightly curved, subtruncate to bluntly rounded at the base, acute to rounded at the apex, and 12–19 × 4–7 μm ([image: image] = 16 × 6 μm, n = 30).
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FIGURE 6
Neofusicoccum sichuanense (SICAU 22-0098, holotype). (A–C) Stromata erumpent through twig surface. (D,E) Vertical and transverse sections through stromata. (F,G) Sections through locules. (H) Peridium. (I) Pseudoparaphyses. (J–M) Asci. (N) Ascospores. (O) Germinating ascospore. (P) Culture on PDA for 15 days. Scale bars: (A) 2 mm, (B,D) 500 μm, (C,E) 200 μm, (F,G) 50 μm, (H) 20 μm, and (I–O) 10 μm.
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FIGURE 7
Neofusicoccum sichuanense (SICAU 22-0094). (A) Pycnidia on dead twig. (B,C,E) Vertical section of pycnidia. (D) Pycnidia with conidia mass. (F) Pycnidial wall. (G,I) Conidiophores, conidiogenous cells, and conidia. (H) Germinating conidia. (J) Conidia. (K) Colony on PDA for 10 days. Scale bars: (B) 50 μm, (C,E,F) 20 μm, (D) 200 μm, and (G–J) 10 μm.


Culture characteristics: Ascospores and conidia germinated on PDA within 12 h. Colonies reached 9 cm in diameter after 5 days at 25°C, circular, initially white and then gray to dark gray, floccose, and reverse dark gray to black.

Habitat and host range: Living twigs of J. regia.

Distribution: China.

Material examined: China, Sichuan province, Guangyuan city, 105°52′26″E, 36°32′28″N, alt. 557 m, on living twigs of J. regia, 18 May 2021, F. H. Wang, WFH202105043 (SICAU 22-0094), living culture SICAUCC 22-0094 = SICAUCC 22-0095; ibid. WFH202105041 (SICAU 22-0093), living culture SICAUCC 22-0093; ibid. WFH202105048 (SICAU 22-0095), living culture SICAUCC 22-0096; ibid. Wanyuan city, 108°7′28″E, 32°1′41″N, alt. 932 m, on living twigs of J. regia, 19 May 2021, F. H. Wang, WFH202105052 (SICAU 22-0096), living culture SICAUCC 22-0097; Shehong city, 105°18′54″E, 30°57′22″N, alt. 406 m, on living twigs of J. regia, 26 August 2021, F. H. Wang, WFH202108015 (SICAU 22-0097), living culture SICAUCC 22-0098; Chongzhou city, 103°40′18″E, 30°40′6″N, alt. 534 m, on living twigs of J. regia, 6 September 2021, F. H. Wang, WFH202109006 (holotype, SICAU 22-0098), ex-type living culture SICAUCC 22-0099.

Note: Morphologically, the asexual morphs of our collections were identical, and within our isolates, there were no nucleotide differences in ITS, tef1-α, rpb2, or tub2 gene regions. Therefore, we recognize that the seven isolates belong to one novel species, N. sichuanense, with sexual and asexual morphs and supported by phylogenetic analyses (Supplementary Figure 5). Phylogenetically, our strains are monophyletic in a clade, having a sister relationship to N. hyperici with weak bootstrap (56% ML/0.95 PP). In the comparison of ITS, tef1-α, rpb2, and tub2 sequences, the type of strain of the novel species (SICAUCC 22-0099) shows relatively high similarities to that of N. hyperici (MUCC 241, holotype), viz. 98.5% (471/478; 7 gaps), 96.7% (211/218; 6 gaps), 100% (588/588; 0 gaps), and 100% (370/370; 0 gaps), respectively. However, the encoding genes of rpb2 and tub2 in N. hyperici (MUCC 241) are shorter than that in our isolates. Nevertheless, this new species differs from N. hyperici in having multilocular conidiomata, obvious conidiophores, and larger conidiogenous cells (8–26 × 3–6 μm vs. 4.4–7 × 1.6–2.3 μm), while N. hyperici has unilocular conidiomata and simplified conidiophores.



Ophiognomonia leptostyla (Fr.) Sogonov, Stud. Mycol. 62: 62 (2008)

Parasitic on leaf of J. regia, J. sigillata, and J. regia × J. sigillata, and causing brown leaf spots. Sexual morph: Undetermined. Asexual morph (Figure 8): Coelomycetous. Acervuli 85–350 × 80–210 μm ([image: image] = 190 × 136 μm, n = 30), growing under the leaf epidermis, rupturing when mature, dark brown to black, usually with an opening, discoid, and single-chambered. Conidiophores reduced to conidiogenous cells. Conidiogenous cells 7–15 × 2–6 μm ([image: image] = 12 × 4 μm, n = 30), hyaline, cylindrical or ampulliform, monophialidic, rarely branch-like phialidic, and enteroblastic. Macroconidia 17–48 × 4–8 μm ([image: image] = 34 × 6 μm, n = 50), lunate, reniform, basal cell rounded, apical cell with acute end, uniseptate, occasionally 2–3-septate, sometimes constricted at septum, and hilum usually conspicuous. Microconidia 14–30 × 2–5 μm ([image: image] = 22 × 3 μm, n = 30), cylindrical, botuliform or lunate, ends rounded, occasionally acute at apical cell, 0–1-septate, and hilum sometimes conspicuous.
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FIGURE 8
Ophiognomonia leptostyla (SICAU 22-0102). (A,B) Symptoms of leaf spots observed on host. (C–E) Conidiophores, conidiogenous cells, and developing conidia. (F) Microconidia. (G) Macroconidia. (H) Germinating conidium. (I,J) Colonies on PDA for 25 days. Scale bars: (B) 1,000 μm, (C) 50 μm, and (D–H) 10 μm.


Culture characteristics: Colonies on PDA attaining 30–50 mm diameter in 4 weeks, dense, subcircular, crenated, initially white, gradually turning yellowish with black spots with abundant sporulation, aerial mycelia developed and fluffy, reverse pale yellow or brown, and pale yellow at the margin.

Habitat and host range: Leaves of Juglans spp., Pterocarya spp., and Carya spp. (Juglandaceae) causing anthracnose and leaf blotch.

Distribution: Austria, Bulgaria, Canada, China, Germany, Iran, Italy, Korea, Portugal, Poland, Russia, Spain, Switzerland, South Africa, and United States.

Material examined: China, Sichuan province, Dazhou city, Wanyuan city, 105°18′34.20″E 30°57′52.33″N, alt. 362 m, on leaves of J. regia, 22 April 2020, H. B. Yang and C. L. Yang, YHB202004003 (SICAU 22-0102), living culture SICAUCC 22-0103; ibid. Mianyang city, 105°25′55.1″E, 31°5′4.6″N, alt. 368 m, from leaves of J. regia, 22 April 2020, H. B. Yang and C. L. Yang, YHB202004004 (SICAU 22-0103), living culture SICAUCC 22-0104.

Note: Based on the morphological observations, our collections showed identical characteristics, and were similar to the asexual descriptions of O. leptostyla provided by Walker et al. (2012b). The morphological comparison showed that the macroconidia and microconidia of our isolates were generally larger than those described by Walker et al. (2012b). O. leptostyla is the prevalent causal agent of walnut anthracnose and leaf blotch in the United States, South America, Europe, and Asia (Neely and Black, 1976; Juhásová et al., 2006; Belisario et al., 2008). The strains clustered with the strains of O. leptostyla with high bootstrap support (100% ML/1 PP) (Supplementary Figure 6). O. leptostyla has been prviously reported as pathogen of leaf spot on J. sigillata and J. regia × J. sigillata, it might be a common fungus on Juglans causing leaf spot in Sichuan province.



Periconia byssoides Pers., Syn. Meth. Fung. 2: 686 (1801)

Parasitic on living leaves causing leaf spots or associated with twig dieback of J. regia. On host, spots circular or irregular, initially brown to dark brown, expanding and becoming white speckle in the late, and dark brown at the margin. Sexual morph: Undetermined. Asexual morph (Figure 9): Hyphomycetous. Mycelia not observed. Conidiophores 240–330 × 13–19 μm ([image: image] = 297 × 16 μm, n = 15), macronematous, mononematous, single, cylindrical, brown to dark brown, erect, or curved, 1–3-septate, thick-walled, and smooth. Conidiogenous cells monoblastic, cylindrical, sometimes swollen region partly, and discrete on stipe. Conidia 11–15 μm ([image: image] = 13 μm, n = 50) diameter, catenate, globose, aseptate, initially hyaline to pale brown, brown to dark brown upon maturity, thin-walled, and verruculose.


[image: image]

FIGURE 9
Periconia byssoides (SICAU 22-0106). (A,B) Symptoms of leaf spots observed on host. (C) Close-up of colonies on substrate. (D) Conidia. (E) Germinating conidia. (F,G) Colonies on PDA for 25 days. (H–K) Conidiophores. Scale bars: (B) 2,000 μm, (C) 200 μm, (D,E) 20 μm, and (H–K) 50 μm.


Culture characteristics: Conidia germinated on PDA within 12 h. Colonies on PDA reach 6 cm in diameter after 30 days, medium dense, initially circular and white, later undulate, with irregular margin, floccose, generating red pigment inside the medium, and initially reverse rosy but later black.

Habitat and host range: Saprobic or associated with leaf and stem spots, blight, twig dieback, and fruit mold on various hosts from multiple genera in multiple families.

Distribution: Cosmopolitan.

Material examined: China, Sichuan province, Guangyuan city, 106°10′43.81″E, 32°12′30.59″N, alt. 485 m, on leaves of J. regia, 11 July 2020, H. B. Yang and C. L. Yang, YHB202007001 (SICAU 22-0106), living culture SICAUCC 22-0107; Neijiang city, 105°6′36″E,29°48′30″N, alt. 340 m, on leaves of J. regia, 17 May 2021, F. H. Wang and C. Liu, WFH202105011 (SICAU 22-0104), living culture SICAUCC 22-0105; Wanyuan city, 108°7′28″E, 32°1′41″N, alt. 932 m, on decaying twigs of J. regia, 19 May 2021, F. H. Wang, WFH202105053 (SICAU 22-0105), living culture SICAUCC 22-0106.

Note: Our collections were morphologically similar to P. byssoides in having macronematous, mononematous, unbranched, erect, and light brown to dark brown conidiophores, monoblastic, ovoid to globose conidiogenous cells, and globose to subglobose, light brown to dark brown, verruculose, aseptate conidia (Jayasiri et al., 2019), which is also supported by phylogenetic trees (Supplementary Figure 7). Consistent with the conclusion made by Yang et al. (2022), the morphological comparison of P. byssoides strains isolated from different hosts showed a slight variation in the size of conidiophores and conidia. Compared with previous reports, the conidiophores of our collections are especially shorter and wider (Markovskaja and Kačergius, 2014; Jayasiri et al., 2019; Tennakoon et al., 2021; Yang et al., 2022). In this article, three isolates of P. byssoides are obtained from leaves and twigs of J. regia, and it is reported as a pathogen on J. regia in Sichuan, China for the first time.



Rhytidhysteron subrufulum X. L. Xu and C. L. Yang, Cryptogamie, Mycologie 43: 72 (2022)

Saprobic on dead twigs of J. regia. Sexual morph (Figure 10): Ascomata 400–1,400 μm long × 440–600 wide × 460–700 high ([image: image] = 1,050 × 550 × 540 μm, n = 10), apothecioid, carbonaceous, scattered to gregarious, black, labiates and elliptic or irregular in shape, perpendicularly striate along the long axis, and reddish brown to black on the disk. Exciple 26–69 μm wide ([image: image] = 54, n = 10), two-layered, outer layer comprising thick-walled, brown to hyaline cells of textura angularis and textura globulosa, and inner layer comprising thin-walled, light brown to hyaline cells of textura angularis and textura prismatica. Hamathecium composed of 1–3 μm wide at the base and 2–4 μm wide at swollen tips (n = 20), dense, and septate pseudoparaphyses, branched, and forming brown epithecium above the asci, slightly swollen at the apex, and hymenium turns blue in Melzer’s reagent, J+. Asci 170–280 × 11–14 μm ([image: image] = 240 × 13 μm, n = 15), 8-spored, bitunicate, clavate to cylindrical, with short pedicel and apically rounded with an ocular chamber, and J– in Melzer’s reagent. Ascospores 24–36 × 9–14 μm ([image: image] = 32 × 13 μm, n = 30), ellipsoidal or fusiform, straight or slightly curved, slightly pointed at both ends, partially overlapping, uniseriate, 1–3-septate, constricted septum, light brown to dark brown, and without a mucilaginous sheath. Asexual morph: Undetermined.


[image: image]

FIGURE 10
Rhytidhysteron subrufulum (SICAU 22-0091). (A,B) Ascomata on host substrate. (C) Vertical section of ascoma. (D) Exciple. (E) Pseudoparaphyses and asci. (F–J) Asci. (K) Ascospores. (L) Germinating ascospores. (M) Colony on PDA for 90 days. Scale bars: (B) 200 μm, (C) 100 μm, and (D–L) 20 μm.


Culture characteristics: Ascospores germinated on PDA within 24 h, and germ tubes were produced from any cell. Colonies grew on PDA and reached 3 cm in diameter after 8 days at 25°C, flat, circular, initially white, and gradually becoming yellow to gray, dark gray.

Habitat and host range: Dead woody plants.

Distribution: China.

Material examined: China, Sichuan province, Chongzhou city, 103°40′18″E, 30°40′6″N, alt. 534 m, from dead twigs of J. regia, 14 January 2021, F. H. Wang, WFH202101003 (SICAU 22-0091), living culture SICAUCC 22-0091.

Note: Rhytidhysteron species had a wide distribution and host range in Sichuan province, and were mainly identified based on multigene phylogeny (Xu et al., 2022). The isolate was identified as Rhytidhysteron subrufulum by the similar morphological characteristics and multigene phylogenetic analysis based on combined LSU, SSU, ITS, and tef1-α sequence data (Supplementary Figure 8). Compared with the holotype SICAU 19-0010, this isolate has smaller ascomata ([image: image] = 1,909 × 1,220 × 546 μm) but longer asci ([image: image] = 202 × 16 μm). In addition, this specimen is similar to the previous collection SICAU 19-0009 in a large number of fusiform and 1-septate ascospores that obviously pointed at both ends. However, the difference is that the ascospores from this collection could germinate at room temperature within 12 h, while the other did not for a week. In the represent study, J. regia was confirmed as a new host record for R. subrufulum.



Sphaerulina juglandina X. L. Xu and C. L. Yang sp. nov.

MycoBank: 845075.

Etymology: The specific epithet reflects Juglans, from which host the holotype was collected.

Holotype: SICAU 22-0108.

Parasitic on leaves of J. regia, causing leaf spots on host, spots irregular, and initially brown to dark brown but expanding and becoming dark brown speckle later. Sexual morph: Undetermined. Asexual morph (Figure 11): Coelomycetous. Conidiomata 45–95 × 38–71 μm ([image: image] = 72 × 50 μm, n = 15), flat stromatic, amphigenous, solitary, scattered, initially immersed, finally erumpent, usually broke through the upper epidermis and extravasated conidia, tiny dots though epiphyllous, lacte. Stromatal base 3–10 μm thick, and composed of several layers of cells of hyaline. Conidiophores reduced to conidiogenous cells or giving rise to several terminal conidiogenous cells, hyaline, cylindrical, smooth-walled, and aseptate. Conidiogenous cells 3–9 × 2–4 μm ([image: image] = 7 × 3 μm, n = 20), hyaline, subcylindrical, sometimes slightly tapered toward the apex, monophialidic, and with apical loci indistinctly. Conidia 26–49 × 2–4 μm ([image: image] = 37 × 3 μm, n = 50), cylindrical, mostly curved or flexuous, narrowly or broadly rounded at the apex, narrowed slightly to the truncate base, 1–4(–5)-septate, not or slightly constricted around the septum, hyaline, and contents with few oil droplets and minute granules in each cell.


[image: image]

FIGURE 11
Sphaerulina juglandina (SICAU 22-0108, holotype). (A,B) Symptoms of leaf spots observed on host. (C) Close-up of conidiomata. (D) Section though conidioma. (E,F) Conidiogenous cells and conidia. (G) Conidia. (H) Germinating conidia. (I,J) Colonies on PDA for 15 days. Scale bars: (B) 2,000 μm, (C) 200 μm, (D) 20 μm, (E–G) 10 μm, and (H) 20 μm.


Culture characteristics: Colonies on PDA attaining 2 cm diameter in 30 days, slow-growing, subcircular, raised, radially striated with lobate edge, black droplets formed on the surface with large droplets in the center, grayish white, and reverse dark brown to black.

Habitat and host range: Living leaves of J. regia.

Distribution: China.

Material examined: China, Sichuan province, Guangyuan city, 106°10′43.81″E, 32°12′30.59″N, alt. 485 m, from leaves of J. regia, 11 July 2020, H. B. Yang and C. L. Yang, YHB202007002 (holotype, SICAU 22-0108), ex-type living culture SICAUCC 22-0109; ibid. Shehong city, 105°18′54″E, 30°57′22″N, alt. 406 m, from leaves of J. regia, 17 May 2021, F. H. Wang, WFH202105021 (SICAU 22-0107), living culture SICAUCC 22-0108.

Note: Our isolates were shown to have Septoria-like asexual morphs as described by Quaedvlieg et al. (2013). In the same year, Quaedvlieg et al. (2013) and Verkley et al. (2013) provided descriptions of most Sphaerulina species based on the sexual morph and Septoria-like asexual morphs, which were either endophytes or important plant pathogens. Compared with previous reports, this species can be distinguished by having less conidial septa, smaller conidia than generally seen in most species, or having difference in appendage, such as Sp. pseudovirgaureae [3–10-septate, 40–60(–80) × 2.5 μm], Sp. oxyacanthae (6–12-septate, with appendage), Sp. gei [(0–)2–5(–8)-septate, 33–65 × 2–2.8 μm]. Furthermore, although it has conidia that resemble those of Sp. cornicola [1–3(–5)-septate, 24–40 × 3–4 μm] and Sp. hypericin [1–3(–5)-septate, 24–55 × 2.5–3.5 μm], our two isolates are phylogenetically distinct in a monophyletic clade (Supplementary Figure 9). Based on the phylogeny, the novel species and another species, Sp. abeliceae, are distinct from other species in two distinctly independent lineages within the genus Sphaerulina, in which our two isolates are clustered together with strong support (100% ML/1 PP). Hence, we established a new species, Sp. juglandina, to accommodate our isolates. Presently, there are no species of Septoria-like fungi known from Juglans.




Pathogenicity test

By pathogenicity test, the infection occurred at inoculation sites on leaves or branches (Figure 12). All the four species of leaf pathogens, viz. O. leptostyla, P. byssoides, Sp. juglandinum, and Cl. tenuissimum, caused chlorotic spots on the inoculated sites after 5 days of inoculation, and then the spots gradually expanded and turned into brown necrotic lesions on the leaves after 10–15 days of inoculation. The last species, N. sichuanense, caused pale brown lesions at the inoculated sites after 3 days of incubation, and then the individual lesion area enlarged and coalesced into obvious black necrotic patches after 30 days. No symptoms were observed in the non-inoculated controls. The morphology and DNA sequences of isolates reisolated from the infected tissue by tissue isolation were consistent with those of isolates for inoculations. Koch’s postulates were completed by the successful reisolation of fungal isolates from the infected tissue inoculated with the five species.
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FIGURE 12
Leaf spot and stem blight symptoms on Juglans regia caused by pathogenic fungi. (A–D) Leaf necrosis symptoms caused by Cladosporium tenuissimum (SICAUCC 22-0110): (A) Typical symptoms in natural state and (B) necrotic lesions (blue arrow) after 20 days of inoculation. (E–H) Leaf necrosis symptoms caused by Ophiognomonia leptostyla (SICAUCC 22-0103): (E) Typical symptoms in natural state and (F,G) necrotic lesions after 15 days of inoculation. (I–L) Leaf necrosis symptoms caused by Periconia byssoides (SICAUCC 22-0107): (I) Typical symptoms in natural state and (J,K) necrotic lesions (blue arrow) after 25 days of inoculation. (M–P) Leaf necrosis symptoms caused by Sphaerulina juglandina (SICAUCC 22-0108): (M) Typical symptoms in natural state and (N,O) necrotic lesions (blue arrow) after 25 days of inoculation. (Q–T) Blight symptoms caused by Neofusicoccum sichuanense (SICAUCC 22-0094): (Q) Typical symptoms in twigs in natural state and (R,S) stem blight symptoms after 40 days of inoculation. (D,H,L,P,T) Blank control group, no symptoms on leaves and stems after 25 days of inoculation.





Discussion

In the present study, we described 10 species in Dothideomycetes and Sordariomycetes associated walnut trees. Within the broader region of China, there are reports of partial fungi on other known or undescribed plants (Zhang, 2003; Zhu et al., 2016; Jayawardena et al., 2018; Long et al., 2021; Farr and Rossman, 2022; Wanasinghe et al., 2022; Xu et al., 2022; Yang et al., 2022). To our knowledge, these are the first accounts of these species in Sichuan province. Furthermore, C. tenuissimum, D. vulgaris, L. hongheensis, N. sichuanense, P. byssoides, R. subrufulum, and S. juglandina are first recorded on J. regia.

The walnut disease caused by fungi is an important factor in the production and management of walnut and has been restricting the development of the walnut industry. The related studies were mainly reported in Asia, Europe, and North America (Chen et al., 2014; Scotton et al., 2015; Wang et al., 2020). Roughly estimated, there were more than 100 related bodies of literature, mostly relating to diseases occurrence and control, pathogen identification, biological characteristics, and fungicide screening for control, and a few on disease resistance evaluation and walnut breeding in China. And the studies of walnut related fungi have focused on pathogens, endophytes, and rhizosphere fungi (Ju et al., 2015; Mao et al., 2016; Yang et al., 2021). At present, there are about 22 fungal diseases of walnut trees, and more than 130 species of pathogenic fungi have been recorded worldwide. The pathogens mainly belong to Ascomycota and Basidiomycota, among which the ascomycetes were more than 110 species (Dai et al., 2007; Chen et al., 2014; Fan et al., 2015a,b, 2018; Eichmeier et al., 2020; Jayawardena et al., 2020). However, most of the studies were focused on a particular disease caused by different fungi. For example, walnut twig blight was caused by various fungi, viz. Neofusicoccum parvum, Phomopsis juglandina, Colletotrichum godetiae, and unidentified species in Diaporthaceae and Botryosphaeriaceae (Thomidis et al., 2011; Cheon et al., 2013; Sun, 2013; López-Moral et al., 2020; Varjas et al., 2021). In addition, J. regia was usually infected by a range of canker disease pathogens, which often cause serious losses (Fan et al., 2015b). Similarly, walnut anthracnose pathogens were also diverse (Wang et al., 2017, 2018, 2020; Varjas et al., 2021). There are 17 most common fungal diseases occurring on leaves, twigs, and fruits of walnut trees in China, including more than 70 species of fungi, which are mostly ascomycetes (Zhang et al., 2010; Li et al., 2015, 2017; Wang et al., 2017; Fan et al., 2018, 2020; Liu et al., 2020; Yang et al., 2021a,b). Most fungi isolated from walnut trees were recorded in the general literature, lacking living culture and molecular data. Furthermore, the research on fungal diseases of walnut are inconsistent in different areas, and more studies are reported in partial regions of Guangxi, Yunnan, Shandong, Henan, Hebei, and Shanxi provinces. There is a lack of research on fungal diseases in Sichuan province where the introduced cultivars are exposed to high-temperature, high-humidity, and low-sunshine stresses, resulting in weak trees, severe fruit drop, or fruitlessness. By literature review, approximately 20 species of pathogenic fungi have been recorded; among them, about 10 species were identified with certain evidence, but sufficient morphological characters and molecular data are still lacking (Table 1). Therefore, it is not enough to support the identification of the fungi, and the existing species need to be recollected, epitypified, and sequenced. Because of the wide distribution of walnut trees and weak research on Sichuan province, the diversity of ascomycetes is still underestimated.


TABLE 1    Pathogenic fungi associated with walnut trees (Juglans, Juglandaceae) with certain evidence in Sichuan province.
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On the basis of our investigation, partial pathogenic fungi on walnuts have been recorded in Sichuan. Palmiascoma qujingense, Lasiodiplodia pseudotheobromae (Dothideomycetes), and Juglanconis appendiculata (Sordariomycetes) causing branch blight in J. regia and branch canker and branch blight in J. sigillata have been documented in this region (Wang et al., 2022a,b, c). In addtion, a species of Ragnhidiana (Dothideomycetes) causing leaf spots on J. regia have also been verified by pathogenicity test (articles in press). The results of this study, combined with previous reports, showed that O. leptostyla was a common pathogen in various species of walnut trees (Yang et al., 2021a,b), viz. “Chuanzao 2,” a variety derived from hybridization of J. regia and J. sigillata and distributed in rural regions of southwest China, “Mianhe 1” and “Wumizi,” the cultivated species of J. regia, and highly resistant clones of J. sigillata. Thus, this finding highlights the occurrence of O. leptostyla that cause losses in walnut cultivation. C. tenuissimum is a quite common saprobic species isolated from numerous substrates, and is the agent of leaf spot or blight disease in China (Han et al., 2019; Li et al., 2021; Xie et al., 2022; Zhou et al., 2022). However, the isolates of P. byssoides, which have been verified based on molecular data, are saprobic on host plants in Vitaceae, Apiaceae, Cornaceae, Cannabaceae, Euphorbiaceae, Magnoliaceae, Fabaceae, and Rosaceae (Yang et al., 2022). Other isolates associated with leaf and stem spots, blight, twig dieback, and fruit mold were documented in the earlier literature (Farr and Rossman, 2022). Neofusicoccum is a genus of endophytes and pathogens in the family Botryosphaeriaceae, which is known for causing dieback symptoms and cankers in woody hosts (Tennakoon et al., 2021). Members of Neofusicoccum have a cosmopolitan geographic distribution and a wide host range, including numerous wild and ornamental species, as well as economically important hosts in agriculture, horticulture, and forestry. Similarly, Sphaerulina species usually cause leaf spots on various plant substrates in the families Asteraceae, Betulaceae, Caprifoliaceae, Ericaceae, Fagaceae, Pinaceae, Rosaceae, Sapindaceae, Salicaceae, and Ulmaceae (Quaedvlieg et al., 2013; Crous et al., 2020). In the present study, to conduct Koch’s postulates, healthy J. regia plants were inoculated with a spore suspension or a mycelium plug onto the corresponding tissues. To our knowledge, the known species C. tenuissimum and P. byssoides, and novel the species N. sichuanense and Sphaerulina juglandina were first known as pathogens infecting a particular tissue of J. regia, causing leaf spot and twig dieback. In view of the diversity of pathogen, appropriate measures should be taken to control walnut diseases in walnut-planting areas in Sichuan.

Fungi are abundant in plant culms and leaves, and the number of saprophytic fungi is more than that of pathogenic fungi, as shown in studies on bambusicolous fungi (Dai et al., 2016; Zeng et al., 2022). During our investigation, more than 300 specimens have been collected, from which about 200 isolates were obtained. The preliminary classification of identifiable species showed that the isolates belong to classes Dothideomycetes (55%) and Sordariomycetes (41%), and that saprophytes (35%) were less abundant than pathogens (64%). Besides, the isolates from twig (62%) are more than those from leaf (18%), branch (13%), fruit (4%), and other tissues. In this study, we described five fungi, D. vulgaris, R. subrufulum, H. juglandinum, H. velutinum, and L. hongheensis, as saprophytes from J. regia. D. vulgaris has been reported in Austria and Thailand (Trouillas et al., 2011; Hyde et al., 2017; Long et al., 2021), and saprobic in decaying twigs of Rutaceae, Oleaceae, Anacardiaceae, and Vitaceae. Diverse species in Rhytidhysteron are likely to have jumped hosts from surrounding plants and are unlikely to be a specialist, as R. subrufulum has been reported on plants in Rutaceae, Moraceae, Fabaceae, Juglandaceae, and Calycanthaceae. Conversely, H. juglandinum appears to be a common species known in Juglans and is apparently confined to that host. In addition, the type of species of the genus H. velutinum is associated with the dead plant material of the families Adoxaceae, Aquifoliaceae, Asteraceae, Berberidaceae, Betulaceae, Brassicaceae, Cornaceae, Ebenaceae, Fabaceae, Fagaceae, Juglandaceae, Lamiaceae, Magnoliaceae, Menispermaceae, Platanaceae, Poaceae, Polygonaceae, Rosaceae, Tiliaceae, and Ulmaceae, including submerged wood in terrestrial ecosystems (Zhu et al., 2016; Farr and Rossman, 2022). The genus Loculosulcatispora was introduced by its anamorphic characteristics by Ren et al. (2020), and the teleomorphic characteristics were first described with the discovery of L. hongheensis (Wanasinghe et al., 2022). It comprises two fungi, which are saprobic species in dead wood or twigs of unidentified plants and currently reported in Thailand and China. Our results emphasize that Sichuan province has not yet been properly studied and is an open field for new fungal discoveries. Cheek et al. (2020) proposed that over 50% of plant species have been discovered and that around 90% of fungal species have remained undescribed. As proposed by Hyde (2022), research carried out on various aspects would provide better answers to fungus-host relationships. Hitherto, information on the association of fungi with walnut substrates has been extremely incomplete. An updated checklist of fungi is urgently needed.
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SUPPLEMENTARY FIGURE 1
Randomized axelerated maximum likelihood (RAxML) tree based on a combined dataset of ITS, tef1-a, and act sequences in the Cladosporium cladosporioides species complex. Out-group taxa are Cl. longissimum (CBS 300.96) and Cl. sphaerospermum (CBS 193.54). Maximum likelihood (ML) bootstrap support values equal to or above 60% and Bayesian posterior probabilities (PPs) equal to or above 0.94 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY FIGURE 2
RAxML tree based on a combined dataset of ITS and tub2 sequences in Diatrypella species. Out-group taxon is Neoeutypella baoshanensi (GMB0052, LC 12111). Maximum likelihood (ML) bootstrap support values equal to or above 60% and Bayesian posterior probabilities (PPs) equal to or above 0.95 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY FIGURE 3
RAxML tree based on a combined dataset of ITS, LSU, SSU, rpb2, and tef1-α sequences in Helminthosporium species. Out-group taxon is Massarina cisti (CBS 266.62). Maximum likelihood (ML) bootstrap support values equal to or above 60% and Bayesian posterior probabilities (PPs) equal to or above 0.95 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY FIGURE 4
RAxML tree based on a combined dataset of ITS, LSU, SSU, rpb2, and tef1-α sequences in Sulcatisporaceae species. Out-group taxa are L. phraeana (MFLUCC 18-0472), and L. aseptata (MFLUCC 17-2423). Maximum likelihood (ML) bootstrap support values equal to or above 50% and Bayesian posterior probabilities (PPs) equal to or above 0.95 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY FIGURE 5
RAxML tree based on a combined dataset of ITS, rpb2, tef1-α, and tub2 sequences in Neofusicoccum species. Out-group taxon is Botryosphaeria dothidea (CBS 100564). Maximum likelihood (ML) bootstrap support values equal to or above 60% and Bayesian posterior probabilities (PPs) equal to or above 0.95 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY FIGURE 6
RAxML tree based on a combined dataset of ITS, ms204, and tef1-α sequences in Ophiognomonia species. Out-group taxon is Ambarignomonia petiolorum (CBS 121227). Maximum likelihood (ML) bootstrap support values equal to or above 60% and Bayesian posterior probabilities (PPs) equal to or above 0.95 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY FIGURE 7
RAxML tree based on a combined dataset of ITS, LSU, SSU, and tef1-α sequences in Periconia species. Out-group taxa are Morosphaeria ramunculicola (NBRC 107813) and M. velatispora (NBRC 107812). Maximum likelihood (ML) bootstrap support values equal to or above 60% and Bayesian posterior probabilities (PPs) equal to or above 0.95 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY FIGURE 8
RAxML tree based on a combined dataset of ITS, LSU, SSU, and tef1-α sequences in Rhytidhysteron species. Out-group taxon is Hysterographium fraxini (MFLU 15-3681, CBS 109.43). Maximum likelihood (ML) bootstrap support values equal to or above 60% and Bayesian posterior probabilities (PPs) equal to or above 0.95 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY FIGURE 9
RAxML tree based on a combined dataset of ITS, LSU, SSU, and tef1-α sequences in Sphaerulina species. Out-group taxon is Septoria scabiosicola (CBS 102334, CBS 108981). Maximum likelihood (ML) bootstrap support values equal to or above 60% and Bayesian posterior probabilities (PPs) equal to or above 0.95 are shown at the nodes. Isolates from type specimens are in bold. The species characterized in this study are in red. The scale bar represents the expected number of nucleotide substitutions per site.

SUPPLEMENTARY TABLE 1
Species, specimens/culture numbers, and GenBank accession numbers of sequences used in this study (newly generated sequences are indicated in bold).


Footnotes

1     http://www.MycoBank.org

2     http://blast.ncbi.nlm.nih.gov
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Plants of the Iris genus have been widely cultivated because of their medicinal, ornamental, and economic values. It commonly suffers from Alternaria leaf spot or blight disease leading to considerable losses for their commercial values. During an investigation of 14 provinces or municipalities of China from 2014 to 2022, a total of 122 Alternaria strains in section Alternaria were obtained from diseased leaves of Iris spp.. Among them, 12 representative strains were selected and identified based on morphological characterization and multi-locus phylogenetic analysis, which encompassed the internal transcribed spacer of rDNA region (ITS), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), translation elongation factor 1 alpha (TEF1), RNA polymerase second largest subunit (RPB2), Alternaria major allergen gene (Alt a 1), an anonymous gene region (OPA10-2), and endopolygalacturonase gene (EndoPG). The strains comprised two known species of A. alternata and A. iridicola, and two new species of A. setosae and A. tectorum, which were described and illustrated here. Their pathogenicity evaluated on Iris setosa indicated that all the strains could induce typical Alternaria leaf spot or blight symptoms. The results showed that the virulence was variable among those four species, from which A. tectorum sp. nov. was the most virulent one, followed by A. setosae sp. nov., A. iridicola and A. alternata.

KEYWORDS
 Alternaria, Iris, morphology, phylogenetic analysis, pathogenicity


Introduction

The Iris Linn. is the largest genus in the Iridaceae containing about 300 species in worldwide (Xiang et al., 2020). It is one of the most extensively cultivated plants in modern landscaping because it is a great ground cover material for urban greening (Zhao et al., 2000; Clair, 2005; Li et al., 2020). In China, the plants have been widely grown as a year-round ornamental with various large and colorful flowers (Yang et al., 2017). Some Iris species are rich in beneficial chemicals, served as effective pharmaceutical ingredient to treat various diseases including cancer, inflammation, bacterial and viral infections (Tahara et al., 1991; Huang, 2004; Meng et al., 2016). In addition, Iris plants are also utilized in the perfume and cosmetic industries considering the fragrance reasonability (Wang et al., 2010).

During the cultivation of Iris spp., the plants suffer from various diseases induced by fungal, bacterial, viral, and nematode pathogens (Umesha et al., 2010; Lu et al., 2016; Wang et al., 2020; Wang et al., 2022). Pathogenic fungal species have been commonly found in connection with the genera of Alternaria, Botrytis, Colletotrichum, Fusarium, Harzia and Puccinia (Bobev, 2009; Liu et al., 2016; Schultes et al., 2017; Choi et al., 2019; Wang et al., 2022). Leaf spot and blight diseases caused by Alternaria species in sect. Alternaria is prevalent on Iris plants worldwide presenting the typical symptoms of brown spot with a yellow halo or blighted leaf, which greatly reduce their ornamental values. Alternaria iridicola in China, Japan, and USA (Zhang, 2003; Simmons, 2007; Nishikawa and Nakashima, 2020), A. iridiaustralis in Australia, China, and New Zealand (Simmons, 2007; Luo et al., 2018), A. tenuissima in China (Zhang, 2003; Sun et al., 2019; Li et al., 2020) have been reported as fungal pathogens on Iris plants.

The Alternaria is a ubiquitous fungus comprising many destructive plant pathogens, which can result in economic losses on a large number of significant agronomic crops and ornamentals (Thomma, 2003; Kahl et al., 2015). There has been a longtime controversy on the classification criteria of Alternaria (Lawrence et al., 2016). Simmons proposed a reasonable standard for the morphological taxonomy of Alternaria species based on sporulation patterns and conidial morphology, by which around 280 species were described and summarized into two sections of large-spored and small-spored of Alternaria (Simmons, 2007). Since the 20th century, molecular taxonomic structure has been developed and applied to identify Alternaria species with various gene fragments (Pryor and Gilbertson, 2000; Hong et al., 2005; Lawrence et al., 2012, 2013; Woudenberg et al., 2013, 2014; He et al., 2021). Recently, the multi-locus phylogenetic analysis plays an important role in assisting Alternaria classification (Woudenberg et al., 2015; Zheng et al., 2015; Sofie et al., 2017; Cheng et al., 2022). It separates Alternaria into 29 sections and 7 monotypic lineages (Woudenberg et al., 2013; Marin-Felix et al., 2019; Bessadat et al., 2020; Gannibal et al., 2022; Huang et al., 2022). Besides, in combination with morphology and molecular approaches is commonly used to determine the Alternaria up to species levels (Lawrence et al., 2016; Gannibal, 2019; Bessadat et al., 2021; Zhao et al., 2022).

One of the large Alternaria sections, sect. Alternaria contains most of the small-spored Alternaria species with concatenated conidia including about 60 morphological or host-specific species (Simmons, 2007; Woudenberg et al., 2015), which are frequently encountered on the disease leaf samples of Iris plants. To know the species population associated with Iris plants in China, a large-scale sample collection and fungal isolation had been conducted from 2014 to 2022, from which a total of 122 strains of sect. Alternaria were obtained. To comprehend their species levels, this study aims to identify the species using morphological traits and multi-locus phylogenetic analysis. In addition, their variety of virulence is assessed on Iris setosa.



Materials and methods


Sampling and isolation

During a large-scale investigation on Alternaria species in sect. Alternaria associated with Iris spp. in China (Figure 1), diseased leaf samples were collected from 14 provinces or municipalities (Table 1). For the isolation of Alternaria, the samples were cut into small pieces, placed on moist filter papers in Petri dishes and incubated at 25°C for the sporulation (Liu et al., 2019). The samples were observed using a stereomicroscope. The single spore was picked by a sterile glass needle and inoculated onto potato dextrose agar (PDA: Difco, Montreal, Canada). A total of 122 strains were obtained and kept into test-tube slants stored at 4°C in the Fungal Herbarium of Yangtze University (YZU), Jingzhou, Hubei, China. Twelve representative strains (Table 2) representing different species were selected for the present study after pre-morphological, pre-phylogenetic, and pre-pathogenicity assays.

[image: Figure 1]

FIGURE 1
 Leaf spot and blight symptoms of Iris plants caused by Alternaria spp. in field.




TABLE 1 Location and number of Alternaria strains collected from diseased Iris leaves in China.
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TABLE 2 Alternaria strains used in this study and the GenBank accession numbers.
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Morphology

The Alternaria strains were cultured on PDA at 25°C for 7 days in darkness to determine the cultural features. To examine the conidial morphology, fresh mycelia were grown on potato carrot agar (PCA) and V8 juice agar (V8A) media, then incubated at 22°C with a light period of 8 h light/16 h dark (Simmons, 2007). After 7 days, morphological characteristics of sporulation patterns, conidiophores and conidia were visualized and photographed with a Nikon Eclipse Ni-U microscope system (Nikon, Japan). Fifty randomly selected conidia for each strain were observed and measured to determine the morphology.



DNA extraction and PCR amplification

Genomic DNA was extracted from mycelium scraped from the surface of 5-day-old colonies on PDA using the CTAB method described in Watanabe et al. (2010). Seven gene regions including internal transcribed spacer of rDNA region (ITS), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), translation elongation factor 1 alpha (TEF1), RNA polymerase second largest subunit (RPB2), Alternaria major allergen gene (Alt a 1), an anonymous gene region (OPA10-2), and endopolygalacturonase (EndoPG) were used for phylogenic analysis. The PCR amplifications were performed with primer pairs of ITS5/ITS4 (White et al., 1990), gpd1/gpd2 (Berbee et al., 1999), EF1-728F/EF1-986R (Carbone and Kohn, 1999), RPB2-5F/RPB2-7cR (Liu et al., 1999), Alt-for/Alt-rev (Hong et al., 2005), OPA10-2 l/OPA10-2R (Andrew et al., 2009) and PG3/PG2b (Andrew et al., 2009), respectively. A 25-μL PCR mixture contained 21 μl 1.1× Taq PCR Star Mix (TSINGKE, Beijing, China), 2 μl template DNA, and 1 μl of each primer was performed in a BIO-RAD T100 thermo cycler. The amplified program for PCR amplifications of the seven gene regions was referenced from Woudenberg et al. (2015). Successful amplified products were purified and sequenced by TSINGKE company (Beijing, China). The obtained sequences for each gene were deposited in GenBank1 with the accession numbers indicated in Table 2.



Phylogenetic analysis

The ITS, GAPDH, TEF1, RPB2, Alt a 1, OPA10-2 and EndoPG gene sequences were launched for BLAST searches in NCBI.2 Their relevant sequences were retrieved from GenBank database and referenced from Woudenberg et al. (2015; Table 2). Alternaria alternantherae (CBS 124392) from Alternaria section of Alternantherae was used as outgroup taxon (Table 2). Sequences were aligned and edited by the program of PHYDIT v3.2 (Chun, 1995). The seven gene sequences were concatenated and edited manually in MEGA v.7.0.26 (Kumar et al., 2016). Phylogenetic trees were constructed based on Bayesian inference (BI) analysis using MrBayes v.3.1.2 (Ronquist and Huelsenbeck, 2003), and maximum likelihood (ML) method using RAxML v.7.2.8 (Stamatakis, 2006). The best-fit model for the data was calculated by the Akaike Information Criterion (AIC) using MrModelTest v. 2.3 (Posada and Crandall, 1998). The Bayesian analysis (MrBayes v. 3.2.1; Ronquist et al., 2012) of two simultaneous Markov Chain Monte Carlo (MCMC) chains were run from random trees for 10, 000, 000 generations and sampled every 100 th generations. The first 25% of the samples were discarded as the burn-in and the run was automatically stopped when the average standard deviation of split frequencies reached below 0.01. The phylogram was plotted and edited in Figtree v.1.3.1 (Rambaut and Drummond, 2010). The branch support for the ML analysis was assessed with 1,000 replicates.



Pathogenicity tests

Iris setosa was commonly cultivated as an ornamental or medicinal plant in China. The plants were purchased from the local market and transplanted into clean pots with organic sterile soil grown in greenhouse under a light period (12 h) at 25°C for 2 months. The test strains were cultured on PDA at 25°C for 5 days, and a diameter of 6 mm disc was removed from the edge of colonies. It was inoculated on wounded living leaves of I. setosa helped with a fine sterile needle (eight punctures). Clean PDA discs were used as controls. To ensure an accuracy of pathogenicity assessment, a consistent treatment method was adopted for each assay. For each strain, two plants were inoculated with four sites, which were replicated for three times. To confirm the Koch’s law, the pathogen was re-isolated from the diseased symptoms and compared with the original strains based on morphology. The disease incidence was recorded, and the lesion size (LS = the maximum lesion length) was measured after 7 days. The LS values were the mean value of three replicates ± standard deviation. The least significant difference test (p < 0.05) was analyzed by IBM SPSS Statistics 23.




Results


Phylogenetic analysis

On the basis of BLAST searches, all 122 Alternaria strains were belonged to sect. Alternaria. Phylogenetic analyses using the combined dataset of the seven gene sequences (ITS, GAPDH, TEF1, RPB2, Alt a 1, OPA10-2 and EndoPG) were conducted including 79 strains of sect. Alternaria (Table 2), which comprised 3,340 characters (470 from ITS，534 from GAPDH，240 from TEF1，603 from RPB2，429 from Alt a 1，622 from OPA10-2，442 from EndoPG). The resulted topologies of BI and ML analysis were similar to each other, and the ML tree was shown in Figure 2 for basal phylogeny. It showed that strains of YZU 171270, YZU 171499, YZU 181050 and YZU 181280 fell into four different subclades of A. alternata. Strains of YZU 161051, YZU 161186, YZU 161119 and YZU 191090 were grouped well together with A. iridicola supported by values of 1.0/100% (PP/BS). Two strains of YZU 191101 and YZU 191076 fell into a distinct single lineage (PP/BS = 1.0/99%) close to A. gaisen supported by the values of 1.0/100% (PP/BS), which could be considered as a new species. The remaining two strains of YZU 161050 and YZU 161052 also formed an individual branch with high PP/BS values of 1.0/100% representing a new species in the phylogram, sister to A. iridicola (PP/BS = 0.99/98%; Figure 2). Besides, the four strains, A. gaisen and A. iridicola were grouped together supported with medium PP/BS values of 0.8/65%.
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FIGURE 2
 Phylogenetic tree based on the combined gene sequences of ITS, GAPDH, TEF1, RPB2, Alt a 1, OPA10-2 L and EndoPG generated from Alternaria spp. on Iris plants. The Bayesian posterior probabilities (PP > 0.60) and maximum likelihood bootstrap values (BS > 60%) are given at the nodes (PP/BS). Examined present strains are in bold.




Morphology

According to morphological traits, the present Alternaria strains associated with Iris spp. were A. alternata (Figure 3) and A. iridicola (Figure 4) and two new species of sect. Alternaria (Figures 5, 6; Table 3). The two new species were illustrated and described in this study.
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FIGURE 3
 Morphology of the represent four strains of A. alternata. (A) Colony phenotype (on PDA for 7 days at 25°C); (B,C) Sporulation patterns (on PCA at 22°C); (D) Conidia Bars: B,C = 50 μm; D = 25 μm.
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FIGURE 4
 Morphology of Alternaria iridicola. (A) Colony phenotype (on PDA for 7 days at 25°C); (B,C) Sporulation patterns (on PCA at 22°C); (D) Conidia Bars: B,C = 50 μm; D = 25 μm.
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FIGURE 5
 Morphology of Alternaria setosae sp. nov. (A) Colony phenotype (on PDA for 7 days at 25°C); (B,C) Sporulation patterns (on PCA at 22°C); (D,E) Conidiophores; (F) Conidia (on PCA at 22°C); (G) Conidia (on V8A at 22°C). Bars: B,C = 50 μm; D–G = 25 μm.
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FIGURE 6
 Morphology of Alternaria tectorum sp. nov. (A) Colony phenotype (on PDA for 7 days at 25°C); (B,C) Sporulation patterns (on PCA at 22°C); (D,E) Conidiophores; (F) Conidia (on PCA at 22°C); (G) Conidia (on V8A at 22°C). Bars: B,C = 50 μm; D–G = 25 μm.




TABLE 3 Morphological comparison of the present Alternaria and their relevant species.
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Taxonomy

Alternaria setosae Y.N. GOU & J.X. Deng, sp. nov. Figure 5

MycoBank No.: 845326

Etymology: In reference to the pathogenic host species name, Iris setosa.

Typifification: China, Fujian Province, Fuzhou City, from leaf spot of Iris japonica, 15 April 2019, J.X. Deng, (YZU-H−0046, holotype), ex-type culture YZU 191101.

Description: Colonies on PDA circular, light cottony and white to off-white in the center, villiform with white at the edge, reverse dark brown at centers, with scattering shape, 83.4–84.8 mm in diam., at 25°C for 7 days. On PCA, conidiophores arising from substrate or lateral of aerial hyphae, straight or curved, smooth-walled, septate, pale brown; (12.5–)15–40 × 3–5 μm (av.: 24.5 × 4 μm); conidia 4–12 units per chain, medium yellow-brown with almost smooth-walled, short to long-ovoid or ellipsoid, (12–)14–45 × 7–14 μm (av.: 31.5 × 10.5 μm)，1–6 transverse septa，0–2(−3) longitudinal septa. On V8A, conidiophores straight or curved, smooth-walled, septate, 18–43(−50.5) × 3.5–5 μm (av.: 31 × 4 μm), conidia 4–11 units in a chain, medium yellow-brown, almost smooth to conspicuously elliptoid overall, 20–43 × 7–12.5 μm (av.: 30 × 9.5 μm), 2–7 transverse septa, 0–2(−3) longitudinal septa.

Notes: Phylogenetic analysis reveals that the species is sister to A. gaisen on the basis of a combined dataset of ITS, GAPDH, TEF1, RPB2, Alt a 1, OPA10-2 and EndoPG gene regions. After a nucleotide pairwise comparison with A. gaisen in those seven regions, there are 1/470 bp, 1/534 bp, 3/240 bp, 3/603 bp, 0/429 bp, 16/622 bp and 0/442 bp site differences, respectively. Morphologically, this species can be differentiated by producing smaller conidia with less transverse septa (Table 3). It also readily distinct to A. tectorum sp. nov. and A. iridicola in sporulation pattern and conidial size (Table 3).

Alternaria tectorum Y.N. GOU & J.X. Deng, sp. nov. Figure 6

MycoBank No.: 845325

Etymology: In reference to the host species name, Iris tectorum.

Typifification: China, Hubei Province, Jingzhou City, from leaf spot of Iris tectorum, 21 May 2016, J.X. Deng, (YZU-H−0025, holotype), ex-type culture YZU 161050.

Description: Colonies on PDA circular, cottony with dense hyphae, off-white, reverse buff in the center, with white margin, 50–52 mm in diam., at 25°C for 7 days. On PCA, conidiophores arising from substrate, straight to slightly curved, septate, pale to dark brown, 32–58.5(−62.5) × 3.5–4.8 μm (av.: 45.5 × 4 μm); conidia 1–6 in a chain, solitary or straight in chains with few branches, broad-ovoid or broad-ellipsoid, smooth-walled, 13–38.5 × 5.5–13 μm (av.: 23.5 × 9 μm), 0–6 transverse septa, 0–2(−3) longitudinal septa, On V8A, conidiophores straight to slightly curved, septate, pale to dark brown, 31.5–54.5 × 3.5–4.75 μm (av.: 41.5 × 4 μm)，conidia 2–7 per chain, pale to medium yellowish brown, smooth walled, broad-ovoid or broad-ellipsoid, 13.5–37.5 × 5.5–13.5 (av.: 26 × 9.5 μm), 1–7 transverse septa, 0–2(−3) longitudinal septa.

Notes: Phylogenetic analysis shows that the species (13 –38.5 × 5.5 –13 μm in body size) falls in an individual clade with high PP/BS values of 1.0/100% representing a new species in the phylogram, sister to A. iridicola (47 -87 × 15 -27 μm in size), but it can be significantly distinguished by the conidial size and shape (Table 3). Comparing with A. iridicola, the present species contains 1/442 bp, 16/603 bp and 37/622 bp nucleotide differences in EndoPG, RPB2 and OPA10-2 gene sequences, respectively.



Pathogenicity tests

Pathogenicity tests inoculated with those 12 Alternaria strains for 7 days, the results showed that all strains were 100% pathogenic to Iris setosa (Table 4; Figure 7). When inoculated with mycelium discs, the small spot was normally appeared after 4 days on the living leaves. Then it expanded into nearly round to long elliptic, dark brown necrotic lesions coupling with a narrow yellow halo around the periphery of the spot. Besides, the necrotic part of spot is easy to rupture and form perforation. For some strains (A. tectorum), the spots spread quickly until most of the leaves becoming withered causing blight. The symptoms were identical to those in the fields (Figure 1). The virulence among the species was variable (Table 4). Strains of A. tectorum sp. nov. showed the most virulent to I. setosa with the lesion size (LS) around 48 to 49 mm, followed by A. setosae sp. nov. (LS around 26–27), then A. iridicola and A. alternata. There were no symptoms on the control leaves. To verify Koch’s rules, the re-isolation of the causal pathogen was performed, which was consistent with the inoculated strains.



TABLE 4 Disease incidence and lesion size on Iris setosa induced by the present Alternaria species.
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FIGURE 7
 Pathogenicity of the present Alternaria species on Iris setosa.





Discussion

The sect. Alternaria is found containing 17 species and a species complex of A. arborescens (AASC; Woudenberg et al., 2015; Li et al., 2022). After a large-scale sample collection of Iris plants in China, two known species (A. alternata and A. iridicola) and two novel species in sect. Alternaria were detected in this study. In addition, the two new species also identified and described as A. setosae sp. nov. and A. tectorum sp. nov. based on the morphological characteristics and multi-locus phylogenetic analyses.

Alternaria alternata is one kind of small-spored Alternaria, which taxonomy is controversial due to the similar conidial morphology (Zhang, 2003; Simmons, 2007). Later, it is classified as one species based on multi-gene phylogenetic analyses, encompassing 35 morphospecies identified by Simmons (2007) which could not reliably distinguish those species (Woudenberg et al., 2015). Meanwhile, it resulted in confusion to the related taxonomic works on their classification. Morphologically, strain YZU 171270 grouped in a sub-clade containing the type strain of A. alternata (Figure 2) can form long catenulate chain with branching 1 to 3, while strain YZU 181050 in its sister sub-clade containing the type strain of A. tenuissima can sporulate with long straight conidial chains without branch. The results agreed with Simmons (2007) for the descriptions of A. alternata and A. tenuissima. In China, A. tenuissima has been reported on I. tectorum in Qingdao city (Sun et al., 2019) and I. ensata in Anqing city (Li et al., 2020), whose sporulation patterns are not provided. Although sporulation phenotype cannot accurately reflect the evolutionary relationship, it still is of great value for subgroup classification of A. alternata. Besides, the present strains falling into different clade or subclade (Figure 2) are highly variable (Figure 3). For example, both strains YZU 181050 and YZU 181280 are similar in sporulation, but strain YZU 181280 is characterized by comprising larger conidia with blunted beak up to 71.5 μm long (Figure 3). The morphological boundary of A. alternata has not been clearly defined yet and how to classify them accurately needs further study (Aung et al., 2020).

Alternaria iridicola has been recognized as a large-spored Alternaria (ca. 60–125 × 17–33 μm in size) comprising broadly obclavate conidia with a blunt conical or sturdy cylindric apex, which is a host specific species to Iris plants (Simmons, 2007). Gannibal and Lawrence (2018) considered that A. iridicola shares traits with both sect. Panax and Porri of Alternaria, which was not easily distinguished in terms of section affiliation. Latterly, this species is the only large-spored Alternaria in small-spored sect. Alternaria according to multi-locus phylogenetic analysis (Nishikawa and Nakashima, 2020). Nishikawa and Nakashima (2020) took experiments to assess the host range of A. iridicola, for which I. laevigata and I. hollandica were proved host related, except I. ensata. The species was firstly reported causing leaf spot disease on I. tectorum from Xinxiang city of China in 2015 (Zhai et al., 2015). In this study, I. japonica is a new host for A. iridicola in China, which also can infect I. setosa.

In this study, two new species of A. setosae and A. tectorum are grouped with A. gaisen and A. iridicola in a clade, sister to A. alstroemeriae. The morphological comparisons are listed in Table 3. Compared with A. gaisen (30–45 (−55) × 13–15 (−18) μm with 5–8 septa), A. setosae sp. nov. is different by producing smaller conidia (14–45 × 7–14 μm) and less transverse septa (1–6; Simmons, 2007). In comparison with A. iridicola, A. tectorum sp. nov. is an obviously a small-spored species (Simmons, 2007). The results increase two members for sect. Alternaria. In the previous reports, A. iridiaustralis has been reported on Iris spp. in Australia and New Zealand (Simmons, 2007) and on Iris ensata as causal foliar pathogen in China (Luo et al., 2018), which is characterized by broad-ovoid or broad-ellipsoid and long ellipsoid conidia, obviously not like the present four species.

During the isolation of Alternaria from Iris plants, A. alternata like species are frequently observed on moisten cultured leaf tissues, such as A. alternata, A. iridicola, A. setosae sp. nov. and A. tectorum sp. nov.. Consequently, their virulence is assessed on wounded leaves of I. setosa, and considerable variation is observed among the species in the pathogenicity tests, from which A. tectorum sp. nov. shows the most pathogenic, followed by A. setosae sp. nov., A. iridicola, and finally A. alternata. The pathogenic mechanism comprises mechanical penetration, secreting degradation enzymes, metabolites, and toxins, which causes plant diseases (Meng et al., 2009). Iris plants are near to the ground growing, which suffers vulnerable damage caused by raining splashing, animals, and so on. When there are small wounds on Iris leaves, it is easier to attack by pathogens, which could significantly lower their economic and ornamental values. On the other hand, mycelia discs of the four species were inoculated on unwounded living leaves of Iris setosa for 14 days (data not shown). Alternaria tectorum sp. nov. (LS around 20 mm) and A. iridicola (LS 6 to 18 mm) can penetrate the leaves and induce symptoms. While A. alternata and A. setosae sp. nov. fail to penetrate and cause infection. The present results will provide experimental evidence and reference for the prevention and control of Iris leaf spot caused by Alternaria alternata like species.
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An introduction of exotic or non-native trees may fail due to a lack of suitable fungal partners. We planted exotic Pinus radiata in Xifeng, Guizhou Southwest China. Strategies to introduce P. radiata seedlings either colonized with an ectomycorrhizal fungus (EcMF), Lactarius deliciosus, or expect them to form familiar/new associations with local EcMF in a new habitat were studied to know how P. radiata could be successfully established over a period of 2.5 years. Plant height and needle nutrient acquisition, the persistence of the co-introduced L. deliciosus, and fungal community composition in rhizosphere soil and root tips were analyzed. In addition, a greenhouse bioassay experiment of local soil to assess the differences in the EcMF community between exotic and native pine seedlings was also conducted. The current results demonstrated that P. radiata could establish in the Xifeng plantation with or without co-introduced L. deliciosus. The co-introduced L. deliciosus might be naturalized with P. radiata in the new area since it has been fruited for 2 years with high relative abundance in mycorrhizosphere soil. L. deliciosus pre-colonization significantly altered the mycorrhizosphere fungal composition and it had a positive correlation with nitrogen acquisition of P. radiata. Host identity had no effect on fungal composition since exotic P. radiata and native P. massoniana recruited similar local fungal communities in early establishment or in plantation. The cosmopolitan species Suillus placidus, with high relative abundance, formed a familiar association with P. radiata. The greenhouse bioassay experiment further showed that Suillus sp. contributed relatively higher total extracellular enzymes by forming ectomycorrhizas with P. radiata and the same type of ectomycorrhiza of P. radiata and P. massoniana showed different enzymatic functions. Our study indicated that exotic P. radiata could be a suitable tree capable to get established successfully in the Xifeng plantation either by interaction with the co-introduced L. deliciosus or with a local EcMF, but we should be cautious about large-scale planting of P. radiata. L. deliciosus persisted in plantation and more attention should be paid to local EcMF community changes induced by the introduced L. deliciosus.
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exotic pine, extracellular enzyme, fungal community, Lactarius, rhizosphere, Suillus


Introduction

A number of exotic tree species from the genera Eucalyptus, Pinus, and Populus have been introduced to China since the 1980s, which have become the dominant tree species in timber plantations (Song, 1983; Wang et al., 2006; Chen et al., 2018; Farooq et al., 2021). Among them, pine species are widely distributed in the Northern Hemisphere and play an important role in afforestation, due to their easy propagation, strong adaptability, short growth cycle, and high-quality wood (Song, 1983; Richardson et al., 2000; Wang et al., 2006). In nature, pine trees form obligate symbioses with a variety of ectomycorrhizal fungi (EcMF) which provide host plants with mineral nutrients, water, or defense against pathogens, whereas, plants supply EcMF with energy-rich carbon compounds in return (Allen, 1991; Liang et al., 2002; Smith and Read, 2008).

The successful establishment of exotic pines in non-native areas is dependent on various factors, such as pathway of introduction, soil properties, and local climate (Keane and Crawley, 2002; Pysek et al., 2011, 2015; Dodet and Collet, 2012; Dickie et al., 2017). Besides, some biotic factors such as pathogens, predators, and suitable mutualists also play important roles in the naturalization of introduced plants (Keane and Crawley, 2002; Pringle et al., 2009; Jurkien et al., 2020; Moyano et al., 2020; Ning et al., 2020). Ectomycorrhiza, a symbiosis formed between EcMF and plant roots, plays an essential role in the uptake of nutrients [e.g., nitrogen (N) and phosphorus (P)] and water from soil to support plant growth in forest ecosystems (Smith and Read, 2008). A variety of extracellular enzymes, including oxidase and hydrolase, are produced by EcMF to mobilize soil organic matter (Courty et al., 2005). Potential activities of extracellular enzymes involved in the degradation and nutrient release from soil organic matter have been used to address functional diversity among EcMF fungi in situ (Courty et al., 2005; Pysek et al., 2011). EcMF fungal species with specific enzyme activities are selected by hosts to fulfill their nutrient requirements.

Initial planting of pines failed in many parts of the Southern Hemisphere due to the lack of suitable EcMF (Marx, 1991; Pringle et al., 2009). It has been long recognized that the absence of coevolved EcMF in soils is a major obstacle to the successful establishment of introduced plants (Mikola, 1970; Poynton, 1979; Richardson et al., 2000; Pringle et al., 2009; Nuñez and Dickie, 2014). In general, there could be three strategies for exotic plants to overcome the detrimental loss of mutualistic symbionts: (1) interaction with EcMF co-introduced from the plant’s native habitats, (2) a familiar association with EcMF present in both native and new habitats, and (3) new associations with EcMF in a new habitat (Dickie et al., 2010, 2017).

By analyzing 42 independent global-scale datasets of EcMF communities associated with trees in the family Pinaceae and Eucalyptus species in the introduction areas, Vlk et al. (2020a) showed that the successful introduction of exotic Pinaceae relied on co-introduced EcMF, especially in areas where Pinaceae did not naturally exist. Co-introduced EcMF may preadapt to new areas as early successional fungi and then help exotic plants successfully establish in new areas (Vlk et al., 2020b). Many exotic tree species have been frequently transported to new areas as seedlings along with soil rather than specific inoculum from their native range, but the identities and distributions of EcMF co-introduced with Pinaceae species are poorly known (Mikola, 1970; Dickie et al., 2010; Hynson et al., 2013). Hayward et al. (2015) reported that the co-introduction of an EcMF was sufficient to successfully introduce Pinus contorta outside its natural distribution range or promote the expansion of its natural range. Ectomycorrhizal plants usually host highly diverse EcMF communities on their root system in their native range, thus whether a successful introduction is related to a few unique co-introduced EcMF remains questionable. On the other hand, co-introduced EcMF species may be replaced by local EcMF species or displace local EcMF (Richardson et al., 2000; Dell et al., 2002; Vellinga et al., 2009). Therefore, the ecology of an introduced EcMF at new sites needs to be studied during tree restoration.

Vlk et al. (2020a) summarized that familiar or new associations in new sites with native EcMF prevailed among exotic Pinaceae introduced to regions where other Pinaceae species occur naturally. The selection of high-efficiency partners in the local areas might be another important strategy for exotic pine establishment. Exotic plants may recruit different EcMF communities because of their phylogenetic distance (Trocha et al., 2012; Nguyen et al., 2016; Ning et al., 2021). In a bioassay experiment with natural soil cores from pine forests, Ning et al. (2020, 2021) documented that host identity was a key factor determining EcMF community assembled in plant early establishment and the shifts of EcMF community composition might happen to exotic pines for selecting beneficial mutualists against less beneficial counterparts (Hortal et al., 2017; Ning et al., 2019, 2021). In addition, the interaction between exotic pine species and local EcMF resulted in a higher capacity for organic nitrogen and phosphorus utilization than that of native pine species, which might indicate a host-specific advantage of plant-mycorrhiza symbiosis for nutrient uptake and cycling. A better understanding of such nutritional effects could provide insights into the mechanism of exotic plant establishment during ecosystem restoration.

Pinus radiata D. Don is a native species to the central coast of California (USA), which belongs to subsection Australes and section Trifoliae that have two to three needles per fascicle (Gernandt et al., 2005). Pinus radiata has the lowest mortality and best growth rate during early establishment, whereas other forest species are difficult to get established (Bi et al., 2003). Over the last 160 years, it has become one of the most widely planted exotic trees in the world, particularly in the Southern Hemisphere, mostly with the Mediterranean climate (Lewis and Ferguson, 1993; Lavery and Mead, 1998). In Australia, Chile, New Zealand, and South Africa, P. radiata is a mainstay of the forest economy serving domestic markets and generating income from exports (Lewis and Ferguson, 1993; Lavery and Mead, 1998; Toro and Gessel, 1999; Turner et al., 1999). Since 1990s, P. radiata has become the main planted tree species in New Zealand. One plantation of P. radiata has been established in Xifeng County, Guizhou Province, and the southwest of China since 2018. Seeds of P. radiata were from New Zealand.1 Mycorrhizal seedlings were obtained with a Lactarius deliciosus culture originally from fruiting bodies in New Zealand’s P. radiata plantations (Wang et al., 2002; Guerin-Laguette et al., 2014; Wang et al., 2019). There was no record of Lactarius deliciosus fruiting bodies in the area before the Xifeng plantation establishment. Our primary purpose was to cultivate L. deliciosus and reuse wasteland. In May 2018, mycorrhizal and non-inoculated seedlings of exotic P. radiata, and non-mycorrhizal seedlings of native P. massoniana Lamb, were respectively planted in Xifeng County, Guizhou Province.

In this present study, the following studies in the plantation were conducted: (a) seedlings’ height was measured every 6 months, (b) nutrient concentration in needles was analyzed after L. deliciosus fruiting, (c) the composition and diversity of the EcMF communities were analyzed through high-throughput sequencing, and (d) a greenhouse bioassay experiment was conducted by planting exotic P. radiata and native P. massoniana seedlings in soils collected from Xifeng and activity of extracellular enzymes related to C, N, and P acquisition were assayed in ectomycorrhizal root tips. Based on the above-mentioned analysis, we aimed to assess the effect of co-introduced L. deliciosus on the rhizosphere fungal community and exotic P. radiata establishment. Moreover, the impact of host identity on structure and function of fungal community was also examined. The following questions were addressed: (1) Are there differences in growth effect and nutrient acquisition between P. radiata with or without L. deliciosus and P. massoniana seedlings?, (2) Are there differences in diversity and relative abundance of fungal communities in rhizosphere soil of co-introduced P. radiata with or without L. deliciosus?, (3) What is the difference in the EcMF communities recruited by exotic P. radiata and native P. massoniana in their early establishment under greenhouse and field plantation?, and (4) Are there distinctive relationships in ectomycorrhizal enzyme activity and nutrient content of tissue between native and exotic pine seedlings? Answers to the above-mentioned questions would improve our understanding of how an introduced EcMF L. deliciosus or local EcMF could help an exotic P. radiata to be successfully established in a new habitat.



Materials and methods


Study sites

The plantation (0.67 ha, Figures 1A,B) is located in Xifeng County (27° 21′ N, 106°41′ E, alt. 1,213 m above the sea level), Guizhou province, and southwest China, where the climate belongs to subtropical monsoon humid climate and the annual rainfall is ∼1,200 mm. The plantation area was an abandoned farmland where shrubs and weeds (dominated by Pyracantha sp. and Fabaceae) had grown for more than 5 years. The native Pinus massoniana (PM) forests are 1,000 m from the plantation. Soil’s physical and chemical properties were tested before the plantation (Table 1). Pinus radiata-Lactarius deliciosus (PR + LD) seedlings were obtained by inoculating vegetative inoculum in the greenhouse in October 2017, according to the method of Wang et al. (2019). Isolates of LD were originated from good quality fruiting bodies collected from areas in northern Europe which had a similar climate to the area in New Zealand where it was planned to grow them.
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FIGURE 1
Plantation in Xifeng and mushroom production in plantation in November 2020. (A) Study site (yellow line). (B) Trees in the plantation 2.5 years after planting, including Pinus radiata + Lactarius deliciosus (PR + LD), P. radiata (PR) and P. massoniana (PM). (C) Ectomycorrhizas of PR + LD (blue arrows showing ECM tips). (D) Suillus colonization to roots of PR + LD (yellow arrow). (E) L. deliciosus fruiting bodies (yellow circle) occurred about one meter from the PR + LD tree. (F) L. deliciosus fruiting bodies from four PR + LD trees. (G) Suillus sp. fruiting bodies occurred near the PR tree.



TABLE 1    Soil physico-chemical characteristics in the Xifeng plantation.
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Before plantation establishment, all seedlings were checked morphologically under a stereomicroscope (Leica Microsystems GMBH, Germany) to confirm mycorrhization. Ectomycorrhizal root tips from PR + LD seedlings and root tips from PR and PM seedlings were randomly selected for DNA extraction, then DNA extracts were checked the quality and quantity. The ITS1 region was amplified and sequenced on an Illumina MiSeq platform (see Supplementary Method 1 for fungal community sequencing, Supplementary Figure 1). In May 2018, a total of 34 PR + LD, 10 PR, and 24 PM seedlings were randomly planted in the Xifeng plantation. Planting holes (approximately 30 cm × 30 cm × 30 cm) were moistened with water for 24 h in order to soften the soil. Seedlings were planted in each block which was spaced at 4 m × 4 m. Because the plot is irregular and rugged with rocks, some trees have different spacings (Supplementary Figure 2). In November 2020, LD fruiting bodies have been observed in the plantation with the mycorrhizal, not with the non-mycorrhizal seedlings (Figures 1E,F). Results of simple sequence repeat confirmed that fruiting bodies were from co-introduced LD isolate (unpublished data).



Sampling procedure in plantation

Seedlings’ height was measured every 6 months from November 2018 to May 2021 (T1∼T6). The survival rate of seedlings was also recorded 1 year after planting. In March 2021, five plants of each tree species were randomly selected and the soil layer was lightly excavated at 0.5 and 1.0 m from the trunk to observe mycorrhizae or fine roots. The average rainfall was 0.8 mm and the temperature in the day was 9∼16°C in March 2021. Soil samples were collected with a sterilized stainless steel spoon within 1.0 cm around mycorrhizae or roots. The corresponding mycorrhizae or roots were cut with a sterile scissor and the soil attached to the mycorrhizae or roots was gently shaken off and then collected. All samples were stored in sterile centrifuge tubes and put in foam boxes with ice packs to maintain the temperature at 2∼8°C, then brought back to the laboratory as soon as possible. Mycorrhizal tips and roots were gently washed with sterile water and then collected after the removal of soil debris. All samples were then used for Illumina MiSeq sequencing (see details in Supplementary Method 1). The raw sequence data have been deposited in the NCBI Sequence Read Archive database under the BioProject identifier PRJNA 795335.

Healthy mature pine needles from the center of branches in the center part of the sampling trees were sampled, and their fresh and dry weight (48 h at 65°C) was measured. The dried needles were then ground into fine powder and the content of carbon (C) and nitrogen (N) was determined by a Vario MAX CN instrument (Elementary Analyse system GmbH, Hanau, Germany). Total phosphorus (P), potassium (K), calcium (Ca), iron (Fe), and manganese (Mn) were determined with an inductively coupled plasma atomic-emission spectrometer (IRIS Advantage-ER; Thermo Jarrell Ash Corporation, Boston, MA, USA) by ICP-AES method.



Bioassay experiment in greenhouse


Soil collection from plantation

Using a steel soil auger (10 cm diameter and ∼12 cm deep), we collected 20 soil cores in wastelands next to the Xifeng plantation in March 2021. The soil cores were kept intact and undisturbed. We put them in sealed ziplock bags and transported them with ice to maintain the temperature of 2∼8°C to the laboratory (Ning et al., 2020). Soils from 10 of the cores were placed into 688-ml plastic pots (top diameter 9.1 cm, bottom diameter 6.4 cm, and height 13.2 cm, S9, Xinguanghe horticulture, Zhejiang) which were pre-sterilized with sodium hypochlorite (2% available chlorine), while the other 10 soil cores were autoclaved for 3 h at 121°C to be used as control. The soil was sown with either PR seeds (Proseed, New Zealand) or native PM seeds (Guizhou, Duyun City). Before sowing, seeds were surface sterilized with 30% hydrogen peroxide for 10 min (PR seeds) or 5 min (PM seeds), then soaked in sterile water, and stored at 4°C for 3 weeks (Ning et al., 2020). After germination, eight seedlings were kept in each pot. Plants were grown in a randomized block design for pot arrangements in a greenhouse at the Kunming Institute of Botany (KIB). Growth conditions were natural day-length (12–14 h), e.g., 169 μmol–2s–1 inside the greenhouse in June and the average temperature in the day was 12–28°C.



Mycorrhizae formation and identification

After 3 and 6 months of seed germination (June and September 2021), three pine seedlings were harvested and then gently washed with tap water. The number of root tips and root tip area were estimated using WINRHIZO (Regent Instruments Canada Inc., Quebec, Canada). Types of root tips of ectomycorrhiza (ECM) were identified from morphological, anatomical (Agerer, 1987-2002, 1991), and molecular characteristics (Karen et al., 1997). The sorted homogeneous ECM morpho-anatomical types were counted. Ectomycorrhiza (ECM) colonization was calculated as the number of ECM root tips divided by the total number of root tips which include ECM root tips and non-ECM root tips (Gehring and Whitham, 1994).



Extracellular enzyme activity of ectomycorrhiza

The activity of cellobiohydrolase (C1, 3.2.1.91), β-glucosidase (GC, 3.2.1.21), β-glucuronidase (GD, 3.2.1.31), β-xylosidase (X, 3.2.1.37), laccase (LAC, 1.10.3.2), N-acetylglucosaminidase (NAG, 3.2.1.14), leucine amino peptidase (LEU, 3.4.11.1), and acid phosphatase (ACP, EC 3.1.3.2) was assessed with ectomycorrhizal tips in 96-well filter plates (Pritsch et al., 2011; Ning et al., 2020). Substrates, standards, and solutions were prepared according to protocols. Each of the three sampled root tips per morphotype and per sample was placed individually into 96-well filter plates. One column of the plate was left empty for the control of background fluorescence and another one for the calculation of a standard curve. Potential enzyme activity is subsequently expressed as a rate in pmol mm–2 min–1.



Plant harvest and tissue C, N, and P measurements

Three pine seedlings per pot were sampled and separated into shoot and root, dried for 48 h at 60°C, and then their biomasses were weighed. Next, dried tissues were ground into fine powder, and root and shoot C, N, and P were analyzed. Carbon (C) and nitrogen (N) were determined by a Vario MAX CN instrument (Elementar Analyse system GmbH, Hanau, Germany). Total phosphorus (P) was determined with an inductively coupled plasma atomic-emission spectrometer (IRIS Advantage-ER; Thermo Jarrell Ash Corporation, Franklin, MA, USA).




Data analyses

Data (means ± SE, n = 6) from the plantation were statistically analyzed by R software version 3.2.3 (R Core Team, 2015). A one-way analysis of variance for independent samples was performed. Pearson correlation analysis (for all analyzed samples, n = 12) was used to examine the correlations between the relative abundance of EcMF OTUs and measured needle nutrient concentrations. Statistical significance for Pearson correlation was determined by pairwise two-sided comparisons. Fungal α-diversity was estimated by richness (Chao 1) and diversity (Simpson) indexes. Patterns in ECM fungal community composition were analyzed and visualized with principal coordinates analysis (PCoA) based on Bray–Curtis distance at the OTU level. The PERMANOVA analysis with Python’s scikit-bio package on Bray–Curtis dissimilarity matrices was performed to examine variation in the composition of EcMF with respect to the co-introduced LD and host interactions. The shared or unique fungal OTU numbers (among soil or roots of different hosts) were calculated based on the OTU abundance matrix using the nVennR package in R software. A significance α level of 0.05 was applied.

The relative contribution of each EcMF group to community enzyme activity in each pot was calculated using the following formula: Activity of EcMF group/total activity of EcMF community per seedling. Pearson correlation analysis was performed to examine the correlations between the enzyme activity and plant tissue parameters of biomass production and nutrient concentrations.




Results


In plantation


Growth effect of trees and needle nutrient concentration responses

We did not find any significant difference (P > 0.05) in plant height increment between PR + LD and PR but both were significantly higher than PM (P < 0.05) (Table 2 and Supplementary Figure 3). The Inoculation of PR trees showed no significant effects on needle C, N, P, K, Ca, Fe, and Mn concentrations, either (Table 3). Needle C (P < 0.01), P (P < 0.05), and Fe (P < 0.05) concentrations of PM were significantly higher than that of PR or PR + LD, but no significant differences are found in N, K, Ca, and Mn concentrations and water content. In addition, 1 year after planting, the mean survival rate was highest in PR + LD (94.1%), next was PR (90%), and lowest was PM (58.3%).


TABLE 2    Average plant height (cm) of trees in the Xifeng plantation every 6 months.
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TABLE 3    Needle nutrient concentrations of trees in the Xifeng plantation.
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Fungal community in mycorrhizosphere soil, rhizosphere soil, and roots


Pinus radiata + Lactarius deliciosus and Pinus radiata

In mycorrhizosphere and rhizosphere soil, fungal community analysis indicated significant differences in β-diversity (dissimilarity distance, Figure 2B) but not in Chao1 and Simpson index (α-diversity, Figure 2A), between PR + LD and PR trees in the Xifeng plantation. These two groups were clearly defined by the PCoA (Figure 2D). About 17.8% OTUs of 3,857 total OTUs were shared by both trees (Figure 2C). Fungal species with a relative abundance in the top 20 included EcMF (e.g., Suillus), plant pathogens (e.g., Fusarium, Nectria), saprophytic (e.g., Hygrocybe, Clavaria), and endophytic fungal species (e.g., Nigrospora) (Figure 2E). Suillus genus from EcMF was common and dominated in soil (20.4% of PR + LD, 27.4% of PR). Among the genus, Suillus placidus has the highest relative abundance and is significantly higher than other Suillus species. Based on Species Hypotheses (SH) in the UNITE database,2 OTU_3575 (Suillus placidus) was classified as cosmopolitan species and usually formed ectomycorrhizas with Pinus (Supplementary Table 1). A total of 86 detected OTUs from mycorrhizosphere and rhizosphere soil were EcMF species, but all of them were detected with low relative abundance except Suillus spp. (Figure 4).
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FIGURE 2
Mycorrhizosphere and rhizosphere fungal community of Pinus radiata + Lactarius deliciosus (PR + LD) and PR trees in the Xifeng plantation. (A) Chao1 and Simpson indexes. (B) Dissimilarity distance. (C) Venn figure showing shared and unique operational taxonomic units (OTUs) between samples of two trees. (D) Principal Coordinate analysis (PCoA). (E) Relative abundance of fungal composition at the species level.
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FIGURE 3
Rhizosphere fungal community of Pinus radiata (PR) and Pinus massoniana (PM) trees in the Xifeng plantation. (A) Chao1 and Simpson indexes. (B) Dissimilarity distance. (C) Venn figure showing shared and unique operational taxonomic units (OTUs) between samples of two trees. (D) Principal Coordinate analysis (PCoA). (E) Relative abundance of fungal composition at the species level.
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FIGURE 4
Heatmap of the relative abundance of ectomycorrhizal fungi operational taxonomic units (OTUs) at genus from mycorrhizosphere and rhizosphere soil of Pinus radiata + Lactarius deliciosus (PR + LD), PR and Pinus massoniana (PM) (agglomerated to genus). *P < 0.05; **P < 0.01; ***P < 0.001.


In the soil of PR + LD, Lactarius deliciosus (32.4%) was dominating but showed no significant difference with the relative abundance of S. placidus (P = 0.548). The Pearson correlation analysis revealed significant correlations between the relative abundance of L. deliciosus in mycorrhizosphere soil and nitrogen acquisition of needles of PR (r = 0.89, P = 0.018, n = 12). In ectomycorrhizal tips of PR + LD, fungal community analysis indicated that LD was dominating (94.5%) in the tips, while 5% of S. placidus (OTU_3575) was also colonizing the tips. In the plantation, mycorrhizal tips with Suillus were found beside mycorrhizal tips with L. deliciosus (Figure 1D). In root tips of PR, the relative abundance of S. placidus (OTU_3575) and S. pseudobrevipes (OTU_9078) was significantly greater than that of other EcMF.



Pinus radiata and Pinus massoniana

Fungal community analysis indicated no significant differences in α-diversity and β-diversity (Figures 3A,B,D) between PR and PM. A total of 3,922 OTUs were displayed and about 17.2% OTUs were shared by both trees (Figure 3C). Suillus genus was common in soil (28.2%) (Figure 3E) and root tips (33.5%) of PM, which included Suillus OTU_3575, OTU_5689, and OTU_9078. In the root tips of PR, Suillus included OTU_3575 and OTU_9078. The Pearson correlation analysis revealed significant correlations between the relative abundance of Suillus and manganese acquisition of needles in PM (r = 0.89, P = 0.044, n = 12). A total of 84 of the detected OTUs from the rhizosphere soil were EcMF species, but all of them were detected with low relative abundance except those in the genus Suillus (Figure 4).





In greenhouse


Ectomycorrhizal fungi community composition in early establishment

Pinus radiata and PM seeds germinated in the soil from the Xifeng plantation after 3 months and only two PM seedlings formed one type of mycorrhizae, and it was identified as Suillus sp. by molecular identification. After 6 months, PR and PM formed Suillus-like mycorrhizae (Figures 5A,B). The mycorrhizae samples were also identified as Suillus sp. (GenBank No: OM131553 and OM131554). Illumina sequencing detected OTUs as Suillus placidus (OTU_1487 and OTU_4508) (Supplementary Table 2). Ectomycorrhizal fungi (EcMF) colonization rates of the two hosts showed no significant difference (Table 4). No contamination of ectomycorrhizal fungi was found in control seedlings.
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FIGURE 5
Bioassay experiment in greenhouse. (A) Mycorrhizal root tips of Pinus radiata (PR). (B) Mycorrhizal root tips of Pinus massoniana (PM). (C) Enzyme activity (pmol tip–1min–1/C1 and ACP: nmol tip–1 min–1) profiles of mycorrhizal root tips. PR seedlings-red line, PM seedlings-blue line. C1, cellobiohydrolase; GC, β-glucosidase; GD, β-glucuronidase; LAC, laccase; X, β-xylosidase; LEU, leucine aminopeptidase; NAG, N-acetylglucosaminidase; ACP, acid phosphatase. *P < 0.05; **P < 0.01; ***P < 0.001.



TABLE 4    Mean levels of seedling vigor status and tissue nutrient concentrations of seedlings in greenhouse bioassay experiment.
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Exoenzyme activities of ectomycorrhiza

Eight enzyme activities of tips indicated a clear separation of enzymatic functions associated with the two hosts (Figure 5C and Supplementary Table 3). Suillus sp. associated with PR seedlings had relatively higher C1, GC, GD, LAC, LEU, and ACP activities than those of PM seedlings. There were no significant differences of X and NAG activities between the two hosts. The total enzyme activity of PR was significantly greater than that of PM (P < 0.001).



The effect of exoenzyme activities on seedling nutrient acquisition

Extracellular enzyme activities showed significant effects on seedling biomass and tissue nutrient concentrations (Supplementary Table 4). The Pearson correlation analysis revealed a positive correlation between LAC, NAG, and ACP activity and shoot biomass of PR seedlings, and between LEU activity and root biomass of PR seedlings. P content of PR tissue was associated with GD enzyme activity. For PM seedlings, X enzyme activity had a positive correlation with C content.





Discussion

In this study, we found no effects of the co-introduced Lactarius deliciosus on plant growth and nutrient acquisition of exotic PR in the Xifeng plantation. Lactarius deliciosus (LD) persisted in the plantation and was not replaced by local EcMF for the moment. The high relative abundance of LD had a positive correlation with nitrogen acquisition of PR. Lactarius deliciosus (LD) had no effects on rhizosphere fungal richness or diversity but significantly altered its fungal composition. Host identity had no effect on the fungal community of exotic PR pines and native PM pines by being colonized well by native EcMF Suillus in plantation or early establishment. However, the mycorrhizal symbiosis of PR had higher total EcMF enzymatic activity than PM pines and different enzymatic functions.


Adopted strategy for establishment of exotic Pinus radiata in the Xifeng plantation

In the plantation, the co-introduced LD dominated in the mycorrhizosphere of PR + LD trees, and the high relative abundance of LD had a positive correlation with nitrogen acquisition of needles of PR. Lilleskov et al. (2011) showed that genera including Thelephora, Laccaria, and Lactarius exhibit a largely positive relationship with N availability. In addition, it was easy to find LD ectomycorrhizas around PR + LD trees (Figure 1C) and LD fruiting bodies were collected in 2020 (13 fruiting bodies) and 2021 (11 fruiting bodies). Whilst EcMF Suillus sp. formed a familiar association with exotic PR and the mycorrhizas contributed relatively higher extracellular enzymes than PM-Suillus mycorrhiza. No significant difference in plant growth and nutrient acquisition between PR + LD and PR indicated that PR could establish successfully with or without the co-introduced LD.

Vlk et al. (2020a) proposed that the share of strategies that alien Pinaceae species adopted to establish EcMF partnership in new areas differed greatly among biogeographic regions. Exotic Pinaceae were almost exclusively associated with co-introduced EcMF in areas without native Pinaceae (e.g., Africa, Oceania, and South America), whereas, the familiar or novel association with native EcMF prevailed in regions where other Pinaceae family members naturally occur. In Asia, only very few co-introduced EcMF associated with exotic Pinaceae are found in new areas where other Pinaceae species naturally occur. In our study, the Xifeng plantation is about 1 km away from native PM forests and it was used for planting crops for a long time. The soil spore banks may be limited, but we still found Suillus spp. with a high relative abundance in the soil, which is likely to come from extensive and long-lived soil spore banks of resistant propagules or native PM forests by spore dispersal (Peay et al., 2011). Glassman et al. (2015, 2016) demonstrated that Suillus is a dominant ECM component in the spore bank in soils in North America and may be extremely important in fungal colonization after large-scale disturbances, such as clear cuts and forest fires.



Persistence of Lactarius deliciosus in the Xifeng plantation

Lactarius deliciosus (LD) persisted in mycorrhizosphere soil with a high relative abundance and LD fruiting bodies have been producing for 2 years in the Xifeng plantation. Although there was no effect of pre-inoculated LD on the growth and nutrients acquisition of PR in the plantation, LD with high relative abundance still showed a positive correlation of nitrogen acquisition of PR. An introduced species has the potential to reach any of the four stages: transport, establishment, spread, and impact (Lockwood et al., 2007). Vellinga et al. (2009) grouped fungal examples from the literature into five different outcomes: (1) fail to establish, (2) be replaced by local fungi, (3) persist with introduced trees but fail to grow with local hosts, (4) persist with introduced trees and spread to local hosts, or (5) fail to persist with introduced trees but nonetheless spread to local hosts. Our study so far demonstrated that LD may persist with the introduced PR and naturalize outside the native range.

This result is the first report on continuous basidiocarps of LD formation in China. The present work will contribute to establishing LD orchards in abandoned lands. Meanwhile, the cultivation of edible mycorrhizal fungi represents a novel farming activity that can satisfy an increasing demand for gourmet food and contribute to the conservation of natural ecosystems (Savoie and Largeteau, 2011). In addition, LD basidiocarp studies will provide information about changes in reproductive output, and will be a good indicator of belowground abundance.



Co-introduced Lactarius altered mycorrhizosphere fungal communities

Co-introduced LD significantly altered the mycorrhizosphere fungal composition in the Xifeng plantation. Extraradical mycelium expansion of inoculated LD in the soil may compete for nutrients and produce secondary metabolites that affect the microbe community composition of the mycorrhizosphere (Fransson and Rosling, 2014). The composition of EcMF communities may largely affect ecosystem processes, such as carbon (Chapela et al., 2001) or nutrient cycling (Read and Perez-Moreno, 2003; Clemmensen et al., 2014). It is still needed to further verify whether the changes in fungal community composition influence nutrient cycling in local soils and nutrient uptake of exotic PR, as well as LD’s capacity, to expand into the native forests becoming an invasive species.



Interaction effects between local ectomycorrhizal fungus communities and hosts

We found that Suillus spp. with a high relative abundance was detected in the mycorrhizosphere and rhizosphere soil in the Xifeng plantation. Fruiting bodies of Suillus were collected around PR trees (Figure 1G). Suillus or Rhizopogon species showed host-specificity to the Pinaceae family (Ashkannejhad and Horton, 2006; Collier and Bidartondo, 2009; Nuñez et al., 2009) and were among the earliest colonizers of isolated seedlings (Peay et al., 2012). In the greenhouse experiment, PR and PM seedlings were both well-colonized by Suillus spp. after 6 months. Suillus on PR have shown relatively higher activity with cellulases, hemicellulases, β-glucosidase, P- and N-containing organic compounds, and oxidative enzymes, which had a significant positive correlation with shoot biomass, root biomass, and phosphorus content of PR.

Ning et al. (2021) proposed that caution should be taken in the use of exotic hosts in the afforestation process because the potential shift of assembled EcMF community under exotic trees may alter below ground functional capabilities and symbiosis-mediated successional trajectories. However, after 2.5 years, we found the same EcMF community assemble patterns in our exotic and native pine hosts in the early stage, both PR and PM seedlings were well-colonized by Suillus sp. Meanwhile, in plantation, fungal and bacterial richness, diversity, and composition in rhizosphere or roots were not different between PR and PM (Supplementary Figures 4a,b). In our experiment, we could not detect any shift in the local EcMF community and host identity had no significant effect on EcMF communities. In addition, PR showed faster growth rate and higher survival rate than native PM. Therefore, here we suggest that PR is a suitable pine species for the restoration of degraded lands in Xifeng. However, we should be cautious about large-scale plantings of exotic PR plantations since mycorrhizal symbiosis of PR showed different enzyme activity and enzymatic functions. The needle nutrient concentration, C, P, and Fe of native PM are significantly higher than PR + LD and PR in the plantation. We assumed that the change in enzyme activity and enzymatic functions may have an effect on plant nutrient uptake. In addition, Wang et al. (2013) evaluated the impact of exotic and native trees species on soil nutrient availability and demonstrated that exotic species always had less P concentrations in leaves and stems than native species. Due to their faster growth rates, exotic plants would lower soil N or P availabilities than native species and lead to a nutrient limitation on plant growth. But exotics, with their fast growth rates, could retain more N in plant biomass and minimize leaching loss from the soil although they could not improve soil N availability in the short term. Hence, further study should be conducted for a better understanding of the relationship between host plant species and soil nutrient availability, then evaluating plantation succession and promoting forest restoration.

Moreover, Peay et al. (2011) proposed that in a non-invasive context, suilloid fungi often act as early successional species able to colonize pine seedlings, but they may be later displaced by late-successional fungi. Our current study was based on a 3-year-old plantation, so long-term monitoring is needed for a better understanding of the persistence of Lactarius and possible shifts of soil EcMF communities.




Conclusion

This study analyzed the interaction effect of EcMF, including the co-introduced L. deliciosus and local EcMF communities, on the establishment of exotic P. radiata seedlings in Guizhou, Southwest China. The present results revealed that the introduced P. radiata seedlings could be successfully established in this new habitat with or without co-introducing L. deliciosus. The co-introduced L. deliciosus persisted in the Xifeng plantation after 3 years and was not replaced by the local EcMF. The high relative abundance of L. deliciosus had a positive correlation with the nitrogen acquisition of P. radiata and L. deliciosus pre-colonization significantly altered the mycorrhizosphere fungal composition. Some cosmopolitan species from Suillus genus are common in rhizosphere soil and root tips. A local EcMF, Suillus sp. in the local habitat formed a familiar association with P. radiata and we did not observe any shift of EcMF during the early establishment of P. radiata. Host identity had no effect on fungal community composition since P. radiata and native P. massoniana recruited similar EcMF communities. But the differences of enzyme activity and enzymatic functions of mycorrhizal symbiosis between P. radiata and P. massoniana may have an impact on plant nutrient uptake. Our study suggests that it is possible to establish exotic P. radiata plantations in Xifeng and achieve L. deliciosus fruiting, but a long-term monitoring is needed for a better understanding of the local fungal community changes induced by the L. deliciosus and the impact of enzyme activity and functions of ectomycorrhizas on plant nutrition uptake in the plantation.
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Fungal taxonomy has a long history and changed significantly in the last few decades. Most recent studies have witnessed morphology combined with DNA-based molecular analyses as the main research tool for fungal species identification. During field surveys, some interesting Didymosphaeriaceae species were found from plant litter in China and Thailand. Morphology combined with phylogenetic analyses (Bayesian and maximum likelihood) of ITS, LSU, SSU, tef1-α, and tub2 loci was used to identify fungal taxa. In this article, three new species and six new host records are described. The new species, Montagnula acaciae, Paraconiothyrium zingiberacearum, and Paraphaeosphaeria brachiariae, can be distinguished from other species of the respective genera based on their distinct size differences (ascomata, asci, and ascospores) and DNA sequence data. The new host records, Montagnula jonesii, Paraconiothyrium fuckelii, Spegazzinia deightonii, and S. tessarthra are reported from Ficus benjamina, Dimocarpus longan, Hedychium coronarium, and Acacia auriculiformis respectively, for the first time. Also, Paraconiothyrium archidendri and P. brasiliense are reported for the first time from Magnolia sp. in China. Moreover, Paraconiothyrium rosae is synonymized under P. fuckelii based on close phylogeny affinities and morphological characteristics. In-depth morphological descriptions, micrographs, and phylogenetic trees are provided to show the placement of new taxa.
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Introduction

Fungi are an essential and indispensable component of the ecosystem (Hawksworth, 2001; Gafforov, 2017; Hernandez-Restrepo et al., 2017; Purahong et al., 2017; Field and Pressel, 2018; Hyde et al., 2018a,b). They perform irreplaceable functions in the ecosystem such as nutrient cycling, responding to plant growth, maintaining plant diversity, and organic matter decomposition (Osono, 2017; Purahong et al., 2017; Li et al., 2018). Fungi are regarded as “key players” in the decomposition of litter due to their capability of secreting different kinds of enzymes (Promputtha et al., 2017; Tennakoon et al., 2021). The lignocellulose matrix of litter, which cannot be broken down by most species, is degraded by these enzymes (Romaní et al., 2006; Osono, 2007; Zhang et al., 2018; Tennakoon et al., 2021). Fungi have different lifestyles, such as biotrophs, endophytes, hemi-biotrophs, necrotrophs, and saprotrophs (Barelli et al., 2016; Hyde et al., 2018a; Tang et al., 2018; Tennakoon et al., 2021). They also differ greatly in terms of morphological characteristics, phylogeny characteristics, reproduction modes, and life cycles (Drinkwater et al., 2008; Purahong et al., 2017; Willis, 2018; Phookamsak et al., 2019). Therefore, identification of fungi is crucial to understanding their diversity and roles in the ecosystem. However, proper identification of fungal species is challenging. Despite challenges, mycologists have put considerable effort to identify fungal species worldwide (Lumbsch et al., 2011; Błaszkowski et al., 2013; Csata et al., 2013; Hyde et al., 2013; Giraldo et al., 2019).

Didymosphaeriaceae, one of the Dothideomycetes families, is an interesting taxonomic group of fungi in Pleosporales (Hyde et al., 2013; Hongsanan et al., 2020). Munk (1953) reported this family to contain Didymosphaeria. Didymosphaeriaceae members are morphologically diverse, and most of the sexual morphs have uni-septate, brown ascospores (Hongsanan et al., 2020). Asexual morph can be either coelomycetes (e.g., Alloconiothyrium, Letendraea, Paraconiothyrium, and Paraphaeosphaeria) or hyphomycetes (e.g., Spegazzinia) (Ariyawansa et al., 2014a,b; Thambugala et al., 2017; Hongsanan et al., 2020). The members of this family are cosmopolitan, and most of them have been recognized as saprobes. Meanwhile, some have been found as pathogens or endophytes in diverse plant substrates (e.g., leaves and twigs) in different ecosystems (e.g., marine, terrestrial, and mangroves) (Ariyawansa et al., 2013; Hyde et al., 2013; Liu et al., 2015; Wanasinghe et al., 2016; Hongsanan et al., 2020). Recently, numerous genera have been introduced in Didymosphaeriaceae. For instance, during the past 2 years period, four genera have been introduced, namely, Cylindroaseptospora (Jayasiri et al., 2019), Neptunomyces (Gonçalves et al., 2019), Vicosamyces (Phookamsak et al., 2019), and Chromolaenicola (Mapook et al., 2020). Hongsanan et al. (2020) added 32 genera in this family. Of them, some are highly diverse (e.g., Didymosphaeria, Kalmusia, Paraphaeosphaeria, Pseudocamarosporium, Pseudopithomyces, and Spegazzinia), and some genera have a few number of species (e.g., Alloconiothyrium, Austropleospora, Barria, Bimuria, Cylindroaseptospora, Deniquelata, Didymocrea, Kalmusibambusa, Lineostroma, Vicosamyces, and Xenocamarosporium) (Hongsanan et al., 2020).

As a part of the fungal diversity study, we have identified nine taxa from plant litter substrates (China and Thailand), which belong to the family Didymosphaeriaceae. Their taxonomic positions were established through morphology combined with phylogenetic analyses.



Materials and methods


Sample collection, morphological studies, and isolation

Plant litter (dead leaves and stems) samples were collected from China and Thailand. All the collected samples were examined under a stereo-microscope (AXIOSKOP 2 PLUS Series, Göttingen, Germany). Squash mount preparations were prepared to determine fungal microscopic features (e.g., asci, ascospores, conidia, and pseudoparaphyses). All the images were captured under an Axioskop 2 Plus (Göttingen, Germany) compound microscope equipped using a Canon Axiocam 506 color digital camera (Hanover, Germany). Lactoglycerol and nail polish were used to prepare the permanent slides. All the photo plates were prepared by Adobe Photoshop CS3 Extended version 10.0 software (Adobe Systems, USA), and measurements were taken by ZEN2 (blue edition).



DNA extraction and polymerase chain reaction (PCR) amplification

The isolation process was used for the single spore isolation, as described by Senanayake et al. (2020). Potato dextrose agar (PDA) was used to transfer germinated spores, which were then incubated at 25°C. Following that, careful sub-culturing was carried out to obtain pure cultures. After 3 weeks, culture characteristics (on PDA) were observed. All the type specimens were deposited in the herbariums of Mae Fah Luang University (MFLU) and National Chiayi University (NCYU). The culture collections of Mae Fah Luang University (MFLUCC) and National Chiayi University (NCYUCC) were used to deposit the living cultures. Numbers for Faces of Fungi and Index Fungorum were used as mentioned in Jayasiri et al. (2015) and Index Fungorum (2022).

The fungal colonies growing on PDA (3 weeks) were used for genomic DNA extraction. Liquid nitrogen was used to grind the mycelium into a fine powder, and the DNA was extracted using the DNA extraction kit (E.Z.N.A Fungal DNA Mini Kit, D3390-02, Omega Bio-Tek) following the manufacturer's instructions. Montagnula jonesii (MFLU 18-0084) was subjected to direct DNA extraction using a DNA extraction kit from BioFlux®, Hangzhou, P.R. China, in accordance with the manufacturer's instructions. The DNA products were stored for a long period of time at −20 °C and retained at 4°C for DNA amplification. DNA was amplified by polymerase chain reaction (PCR) for obtaining the five genes: the large subunit (28S, LSU), small subunit (18S, SSU), internal transcribed spacers (ITS1-5.8S-ITS2), translation elongation factor 1-alpha gene (tef1-α), and β-tubulin (tub2). The LSU gene was amplified using the primers LR0R (5′-TCCTGAGGGAAACTTCG-3′) and LR5 (5′-ACCCGCTGAACTTAAGC-3′) (Vilgalys and Hester, 1990; Rehner and Samuels, 1994); the SSU gene was amplified using the primers NS1 (5′-GTAGTCATATGCTTGTCTC-3′) and NS4 (5′-CTTCCGTCAATTCCTTTAAG-3′) (White et al., 1990); nuclear ITS was amplified using the primers ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (White et al., 1990); tef1-α gene was amplified using the primers EF1-983F (5′-GCYCCYGGHCAYCGTGAYTTYAT-3′) and EF1-2218R (5′-ATGACACCRACRGCRACRGTYTG-3′) (Rehner, 2001); and beta-tubulin (tub2) gene was amplified using the primers BT2a (5′-GGTAACCAAATCGGTGCTGCTTTC-3′) and BT2b (5′-ACCCTCAGTGTAGTGACCCTTGGC-3′) (Glass and Donaldson, 1995). Sterilized water (9.5 μl), 2 × Power Taq PCR MasterMix (Bioteke Co., China) (12.5 μl), each forward and reverse primers (1 μl), and DNA template (1 μl) were used for amplification reactions. The PCR thermal cycle program for ITS, LSU, SSU, tef1-α, and tub2 was performed, as described by Conforto et al. (2019) and Tennakoon et al. (2020). PCR products were sent to Shanghai Sangon Biological Engineering Technology and Services Co., Ltd, China, for the purification and sequencing. All the obtained sequences were deposited in GenBank (Tables 1–4).


TABLE 1 GenBank and culture collection accession numbers of species included in this phylogenetic study (Montagnula tree).
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TABLE 2 GenBank and culture collection accession numbers of species included in this phylogenetic study (Paraconiothyrium tree).
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TABLE 3 GenBank and culture collection accession numbers of species included in this phylogenetic study (Paraphaeosphaeria tree).
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TABLE 4 GenBank and culture collection accession numbers of species included in this phylogenetic study (Spegazzinia tree).
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Phylogenetic analyses

A combined gene dataset of ITS, LSU, SSU, tef1-α, and tub2 was used for the phylogenetic analyses. The newly attained sequences were initially subjected to BLASTn searches in GenBank (http://www.ncbi.nlm.nih.gov/) to identify the taxa that shared the most similarities with our strains. The additional sequences included in the analysis were from previous publications (Phookamsak et al., 2019; Samarakoon et al., 2020; Boonmee et al., 2021; Tennakoon et al., 2021). MAFFT v.7 web server (http://mafft.cbrc.jp/alignment/server) was used to make multiple alignments (Katoh and Standley, 2013). The alignment was corrected manually using BioEdit v.7.0.5.2 (Hall, 1999), where necessary.

The CIPRES Science Gateway platform (Miller et al., 2010) was used to create maximum likelihood trees using the GTR + I + G model of evolution and RAxML-HPC2 on XSEDE (8.2.8) (Stamatakis et al., 2008; Stamatakis, 2014). MrModeltest v.3.7 (Posada and Crandall, 1998) was carried out to check the evolutionary models for phylogenetic analyses under the Akaike Information Criterion (AIC). Model test results revealed “GTR + I + G” as the best-fit model for each locus for Bayesian and maximum likelihood analyses. MrBayes v. 3.1.2 (Huelsenbeck and Ronquist, 2001) was used for Bayesian analysis (Rannala and Yang, 1996; Zhaxybayeva and Gogarten, 2002). The number of generations used in Bayesian analysis were 1,000,000 to 5,000,000, and trees were sampled every 100th or 1,000th generations. The FigTree v1.4.0 (Rambaut, 2012) program was used to view the phylogenetic trees and was reorganized by using Microsoft PowerPoint (2010). All the final alignments were deposited in TreeBASE (http://www.treebase.org/) (Submission ID: 29615).




Results


Phylogenetic and taxonomic results of Montagnula
 
Montagnula Berl

Notes: Berlese (1896) established this genus to include M. infernalis as the generic type. Montagnula members mostly have globose, spherical, immersed, or semi-immersed ascomata, clavate to cylindrical asci, and multi-septate, fusoid, or ellipsoid ascospores (Ariyawansa et al., 2014a; Pitt et al., 2014). Montagnula species serves a crucial role in the environment as saprobes, which generally grow on the wood and bark of dead plants but also rarely on dead leaves (Hongsanan et al., 2020; Mapook et al., 2020). This genus has a vast range of species all around the world. In addition, given the number of new species revealed through recent investigations, Montagnula appears to be phylogenetically diverse as well (Mapook et al., 2020). Up to date, 39 accepted Montagnula species are listed in Index Fungorum (2022). In this study, we introduce Montagnula acaciae as a new species and new host record of M. jonesii from Ficus benjamina.

Montagnula acaciae Tennakoon and S. Lumyong, sp. nov. (Figure 1).


[image: Figure 1]
FIGURE 1
 Montagnula acaciae (MFLU 18-2569, holotype). (a) Ascomata on a dead stem of Acacia auriculiformis. (b) Vertical section through an ascoma. (c) Peridium. (d) Pseudoparaphyses. (e–h) Immature and mature asci. (i–o) Ascospores. (p) Germinating ascospore. (q) Upper side of the culture. (r) Lower side of the culture. Scale bars: (b) = 100 μm, (c) = 8 μm, (d–h) = 30 μm, (i–p) = 5 μm.


Etymology: Name reflects the host genus Acacia.

Index Fungorum Number: IF559599.

Facesoffungi number: FoF 10801.

Holotype: MFLU 18-2569.

Saprobic on dead stem of Acacia auriculiformis A. Cunn. (Fabaceae). Sexual morph: Ascomata 140–180 μm high × 150–200 μm diam. ([image: image] = 160 × 175 μm, n = 10), solitary or scattered, coriaceous, immersed to semi-immersed, partly erumpent, unilocular, globose to obpyriform, brown to dark brown, ostiolate, with minute papilla, filled with hyaline cells. Peridium 10–20 μm wide, outer layer comprising light brown to dark brown, thick-walled, cells of textura angularis, inner layer comprising hyaline, flattened, thin-walled cells of textura angularis. Hamathecium comprising 1.3–2.4 μm wide, cylindrical to filiform, branched, septate pseudoparaphyses. Asci 50–90 × 8–10 μm ([image: image] = 72 × 9 μm, n = 20), 8-spored, bitunicate, fissitunicate, clavate to cylindrical, with a long pedicel, slightly curved, rounded at the apex and with a shallow ocular chamber. Ascospores 10–15 × 4–7 μm ([image: image] = 12 × 6 μm, n = 30), overlapping, 1–2-seriate, fusiform to ellipsoid, initially hyaline or pale brown, becoming light brown to dark brown, 1-septate, constricted at the septum, upper cell slightly wider, tapering toward ends, slightly curved. Asexual morph: Undetermined.

Culture characteristics: Colonies growing on PDA, 15–20 mm diam. after 3 weeks at 25°C, colonies circular, dense, flattened, surface slightly rough, entire edge, velvety; from above: dark brown at margin, gray to slightly greenish at center; reverse: dark brown to black at the margin and center, mycelium greenish to greenish gray.

Material examined: Thailand, Chiang Mai, on dead stem of Acacia auriculiformis (Fabaceae), 25 March 2016, D.S. Tennakoon, TD001A (MFLU 18-2569, holotype); ex-type living culture, MFLUCC 18-1636. ibid. 28 March 2016, TD001B (NCYU 19-0255, Paratype); ex-paratype living culture, NCYUCC 19-0087.

Notes: The morphological characteristics of Montagnula acaciae agree well with those described for Montagnula species (immersed to semi-immersed or erumpent ascomata; clavate to cylindrical, long pedicellate asci; and light brown to dark brown, 1-septate ascospores) (Hyde et al., 2013; Hongsanan et al., 2020; Mapook et al., 2020). The generated phylogeny (LSU, SSU, ITS, and tef1-α) shows that M. acaciae forms a distinct sister lineage to the clade formed by M. chromolaenicola, M. donacina, M. graminicola, M. puerensis, M. saikhuensis, and M. thailandica with strong statistical support (96% ML, 1.00 BYPP, Figure 2). Morphologically, M. acaciae differs from M. saikhuensis and M. puerensis in having smaller ascomata (140–180 × 150–200 μm), whereas M. saikhuensis and M. puerensis have larger ascomata (400–450 × 400–500 and 300–600 × 230–380 μm). Montagnula donacina differs from M. acaciae in having carbonaceous ascostromata with a flat bottom (Pitt et al., 2014). In addition, M. graminicola can be differentiated from M. acaciae in having verrucous ascospores, not constricted in the middle, and surrounded by obvious sheaths (Liu et al., 2015). Interestingly, we found that the morphological characteristics of M. acaciae share similarities with M. thailandica, but they are phylogenetically distinct (Figure 2). We compared the base pair differences of the ITS (+5.8S) gene region of M. acaciae and M. thailandica, and there were 12 base pair differences (2.18%) across 550 nucleotides. In addition, there were 22 base pair differences (2.51%) across 880 nucleotides of tef1-α gene region as well. The main morphology differences of Montagnula species are provided in Table 5.


[image: Figure 2]
FIGURE 2
 Phylogram generated from maximum likelihood analysis is based on combined ITS, LSU, and SSU sequence data (Final likelihood value of −9216.328354). The tree is rooted with Karstenula rhodostoma (CBS 690.94 and CBS 691.94). The ex-type strains are indicated in bold, and the new isolates are indicated in red. Bootstrap support values ≥65% from the maximum likelihood (ML) and Bayesian posterior probabilities (PP) values ≥0.90 are given above the nodes.



TABLE 5 Synopsis of Montagnula species treated in this study.
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Montagnula jonesii Tennakoon, Wanas., Phook. and K.D. Hyde, Mycosphere 7: 1350 (2016) (Figure 3).


[image: Figure 3]
FIGURE 3
 Montagnula jonesii (MFLU 18-0084, new host record). (a,b) Ascomata on a dead stem of Ficus benjamina. (c) Vertical section through an ascoma. (d) Peridium. (e) Pseudoparaphyses. (f–h) Asci. (i–l) Ascospores. Scale bars: (c) = 50 μm, (d) = 10 μm, (e–h) = 30 μm, (i–l) = 8 μm.


Index Fungorum Number: IF552577.

Facesoffungi number: FoF 02719.

Saprobic on dead stem of Ficus benjamina L. (Moraceae). Sexual morph: Ascomata 150–200 μm high × 175–275 μm diam. ([image: image] = 175 × 210 μm, n = 10), scattered to clustered, solitary, immersed to semi-immersed, erumpent, globose to sub-globose, glabrous, dark brown to black, uniloculate, ostiolate. Peridium 10–20 μm wide, thin-walled with equal thickness, composed of several layers of hyaline, pseudoparenchymatous cells, arranged in a textura angularis. Hamathecium comprising 1.5–2.5 μm wide, cylindrical to filiform, cellular pseudoparaphyses, septate, not constricted at the septum, anastomosing at the apex, embedded in a gelatinous matrix. Asci 60–72 × 8–10 μm ([image: image] = 65 × 9 μm, n = 20), bitunicate, 8-spored, clavate, apically rounded, with a long pedicel, with an ocular chamber. Ascospores 13.5–16 × 4.5–5.5 μm ([image: image] = 15 × 5 μm), overlapping 1–2-seriate, ellipsoidal to fusiform with rounded ends, hyaline or pale brown when immature, brown to reddish-brown when mature, mostly 1-septate at immature, 3-septate at mature, constricted at the septa, slightly curved, second cell enlarge from apex, guttulate, smooth-walled. Asexual morph: Undetermined.

Known hosts: Fagus sylvatica and Ficus benjamina (Tennakoon et al., 2016; This study).

Known distribution: Italy and China (Tennakoon et al., 2016; This study).

Material examined: China, Taiwan region, Chiayi, Dahu Forest, on a dead stem of Ficus benjamina (Moraceae), 26 August 2018, D.S. Tennakoon, D008 (MFLU 18-0084).

Notes: Tennakoon et al. (2016) introduced Montagnula jonesii from Fagus sylvatica in Italy. The morphological characteristics of our collection (MFLU 18-0084) resemble M. jonesii (MFLU 16-1363) in having globose to sub-globose, immersed to semi-immersed, erumpent ascomata; clavate, apically rounded, long pedicellate asci; and brown to reddish-brown, ellipsoidal to fusiform, 3-septate ascospores with enlarge second cell from apex (Tennakoon et al., 2016). Our phylogeny also shows that our collection cluster with M. jonesii (MFLU 16-1363), and it is supported by phylogenetic data (100% ML, 1.00 BYPP, Figure 4). We therefore consider MFLU 18-0084 as a new host record of M. jonesii from Ficus benjamina.


[image: Figure 4]
FIGURE 4
 Phylogram generated from maximum likelihood analysis is based on combined ITS, LSU, and tub2 sequence data (final likelihood value of −8278.609544). The tree is rooted with Tremateia arundicola and T. guiyangensis (MFLUCC 16-1275 and GZAAS01). The ex-type strains are indicated in bold, and the new isolates are indicated in red. Bootstrap support values ≥65% of maximum likelihood (ML) and Bayesian posterior probabilities (PP) values ≥0.90 are given above the nodes.





Phylogenetic and taxonomic results of Paraconiothyrium
 
Paraconiothyrium Verkley

Notes: Paraconiothyrium is a diverse genus, which was introduced by Verkley et al. (2004). Members of this genus play a crucial function as saprobes on dead plants, particularly dead wood, and occasionally on dead leaves (Verkley et al., 2004; Hyde et al., 2013; Ariyawansa et al., 2014b; Hongsanan et al., 2020; Boonmee et al., 2021). In addition, since the species has been found in both temperate and tropical countries (e.g., Australia, China, India, Iran, Laos, Myanmar, Poland, Thailand, the United States, and Uzbekistan), Paraconiothyrium appears to have a global distribution (Verkley et al., 2004, 2014; Budziszewska et al., 2011; Ariyawansa et al., 2014b, 2020; Crous et al., 2017; Gafforov, 2017; Hongsanan et al., 2020; Boonmee et al., 2021). Paraconiothyrium has diverse morphology characteristics, such as eustromatic to pycnidial conidiomata, phialidic or annelidic conidiogenous cells, and hyaline to brown conidia (Verkley et al., 2004, 2014). Currently, 19 Paraconiothyrium species are accepted in Index Fungorum (2022). In this study, we introduce Paraconiothyrium zingiberacearum as a new species, and P. archidendri, P. brasiliense and P. fuckelii as new host records. In addition, P. rosae was synonymized under P. fuckelii based on strong morphological similarities and phylogeny data.

Paraconiothyrium archidendri Verkley, Göker and Stielow, Persoonia 32: 37 (2014) (Figure 5).


[image: Figure 5]
FIGURE 5
 Paraconiothyrium archidendri (MFLU 18-2653, new host record): (a) Conidiomata on a dead twig of Magnolia sp. (b,c) Close-up of conidiomata on the host. (d,e) Sections through conidiomata. (f) Conidiomatal wall. (g) Conidiogenous cells with developing conidia. (h–j) Conidia. Scale bars: (a) = 500 μm, (b,c) = 200 μm, (d,e) = 50 μm, (f,g) = 10 μm, (h–j) = 2 μm.


Index Fungorum Number: IF800761.

Facesoffungi number: FoF 05243.

Saprobic on dead twigs of Magnolia sp. (Magnoliaceae). Sexual morph: Undetermined. Asexual morph: Coelomycetous. Conidiomata 90–120 μm high, 100–140 μm diam. ([image: image] = 100 × 125 μm, n = 10), pycnidial, superficial or semi-immersed, dark brown to black, solitary to aggregated, globose to sub-globose. Conidiomatal wall 19–23 μm wide, 2–3 cell layers, composed of brown, cells of textura angularis with relatively thick-walled. Conidiophores reduced to conidiogenous cells. Conidiogenous cells 5–7 × 3–4 μm ([image: image] = 6 × 3.5 μm, n = 20), discrete, globose to doliiform, holoblastic, hyaline. Conidia 6–7 × 3–4 ([image: image] = 6.5 × 3.5 μm, n = 40) μm, variable in shape, ellipsoid, rarely obovoid, ends rounded, sub-globose or sometimes one end more or less blunt, aseptate, initially hyaline, becoming light brown at maturity, smooth-walled.

Culture characteristics: Colonies growing on PDA, 23 mm diam. after 1 week at 25°C, colonies circular, dense, surface smooth, undulate edge, cottony; from above: pale brown; reverse: brown.

Known hosts: Leucaena sp., Pithecellobium bigeminum, and Magnolia sp. (Verkley et al., 2014; Jayasiri et al., 2015; Goh et al., 2016; this study).

Known distribution: China, Korea, and Myanmar (Verkley et al., 2014; Jayasiri et al., 2015; Goh et al., 2016; this study).

Material examined: China, Xishuangbanna, on dead twigs of Magnolia sp. (Magnoliaceae), 27 March 2017, N.I. de Silva, NI275 (MFLU 18-2653), living culture, MFLUCC 19-0043.

Notes: Verkley et al. (2014) described Paraconiothyrium archidendri, which was associated with leaf spots of Pithecellobium bigeminum in Myanmar. Phylogenetic analyses show that a new strain (MFLUCC 19-0043) clustered with other strains of P. archidendri, in particular close to the isolate MFLUCC 17-2429 with 85% ML and 0.98 BYPP statistical support (Figure 4). The new collection (MFLU 18-2653) morphologically fits with the description of P. archidendri (CBS 168.77 and MFLUCC 17-2429) in having globose to sub-globose pycnidia, globose to doliiform conidiogenous cells and olivaceous-brown, sub-globose or ellipsoid, aseptate conidia (Verkley et al., 2014; Jayasiri et al., 2019). Thus, we report this new collection as a new host record of P. archidendri from dead twigs of Magnolia sp. in China.

Paraconiothyrium brasiliense Verkley, Stud. Mycol. 50: 329 (2004) (Figure 6).


[image: Figure 6]
FIGURE 6
 Paraconiothyrium brasiliense (MFLU 18-2649, new host record): (a,b) Conidiomata on a dead twig of Magnolia sp. (c) Close-up of conidiomata. (d,e) Sections through conidiomata. (f) Conidiomatal wall. (g) Sections through conidiomata showing neck region. (h) Conidiogenous cells and developing conidia. (i,j) Conidia. Scale bars: (a) = 500 μm, (b,c) = 200 μm, (d,e) = 50 μm, (f) = 10 μm, (g) = 20 μm, (h–j) = 2 μm.


Index Fungorum Number: IF500082.

Facesoffungi number: FoF 00053.

Saprobic on dead twigs of Magnolia sp. (Magnoliaceae). Sexual morph: Undetermined. Asexual morph: Coelomycetous. Conidiomata 170–230 μm high, 180–250 μm diam. ([image: image] = 200 × 210 μm, n = 10), pycnidial, superficial or semi-immersed, dark brown to black, solitary to aggregated, globose to sub-globose. Conidiomatal wall 15–20 μm wide, outer layer comprising cells of textura angularis with somewhat thickened, brown walls, inner layer comprising flattened, hyaline, thin-walled cells of textura angularis. Conidiophores reduced to conidiogenous cells. Conidiogenous cells 4–5 × 1–2 μm ([image: image] = 4.6 × 1.5 μm, n = 20), discrete or integrated in short, formed from the inner cells all over the conidiomatal wall, simple, broadly ampulliform to globose, holoblastic, phialidic, hyaline to pale yellow. Conidia 2–4 × 1–2 ([image: image] = 3 × 1.5 μm, n = 40) μm, variable in shape, ellipsoid to short-cylindrical or obovoid, hyaline at immature, light brown at maturity, aseptate, smooth, rounded at both ends.

Culture characteristics: Colonies growing on PDA, 26 mm diam. after 3 weeks at 25°C, colonies circular, dense, smooth surface, undulate edge; from above: pale brown; reverse: brown.

Known hosts: Acer pentaphyllum, Alliaria petiolate, Cinnamomum camphora, Coffea arabica, Ginkgo biloba, Magnolia sp., Pinus tabulaeformis, Picea glauca and Prunus salicina (Damm et al., 2008; Paul and Lee, 2014; Verkley et al., 2014; Nakashima et al., 2019; this study).

Known distribution: Brazil, Canada, China, Japan, Korea, South Africa and the USA (Damm et al., 2008; Paul and Lee, 2014; Verkley et al., 2014; Nakashima et al., 2019; this study).

Material examined: China, Yunnan Province, Xishuangbanna, on dead twigs of Magnolia sp. (Magnoliaceae), 27 March 2017, N.I. de Silva, NI270 (MFLU 18-2649), living culture, MFLUCC 19-0040.

Notes: Phylogenetic analyses of a concatenated LSU, ITS, and tub2 sequence data show that our strain (MFLUCC 19-0040) forms a well-supported clade, grouping with several strains of Paraconiothyrium brasiliense (80% ML, 0.99 BYPP, Figure 4). In particular, our strain provides a close phylogenetic relationship (87% ML, 0.95 BYPP) with the type of P. brasiliense (CBS 122851) and another strain of P. brasiliense (CBS 1223200). Paraconiothyrium brasiliense was described from fruits of Coffea arabica in Brazil (Verkley et al., 2014). This species shows widespread distribution and found on a wide range of host plants (Damm et al., 2008). Paraconiothyrium brasiliense was isolated as endophytes from Ginkgo biloba (Damm et al., 2008), Acer pentaphyllum in Korea (Paul and Lee, 2014), and healthy twig of Cinnamomum camphora in Japan (Nakashima et al., 2019). P. brasiliense was found associated with necrotic symptoms on Prunus salicina in South Africa (Damm et al., 2008). In this study, we identify our saprobic strain (MFLUCC 19-0040) as P. brasiliense and report its occurrence on Magnolia sp. in China for the first time.

Paraconiothyrium fuckelii (Sacc.) Verkley and Gruyter, Stud. Mycol. 75: 25 (2012) (Figure 7).


[image: Figure 7]
FIGURE 7
 Paraconiothyrium fuckelii (MFLU 18-2605, new host record): (a,b) Conidiomata on a dead leaf of Dimocarpus longan. (c) Close-up of conidioma. (d,e) Sections through conidiomata. (f) Conidiomatal wall. (g–i) Conidiogenous cells and developing conidia. (j,k) Conidia. (l) Germinating conidium. (m) Upper side of the culture. (n) Lower side of the culture. Scale bars: (d,e) = 100 μm, (f) = 10 μm, (g–l) = 3 μm.


Index Fungorum Number: IF564787.

Facesoffungi number: FoF 00055.

≡ Coniothyrium fuckelii Sacc., Fungi venet. nov. vel. Crit., Sér. 5: 200 (1878).

= Paraconiothyrium rosae Senan., Wanas., Camporesi and K.D. Hyde, Fungal Divers. 31 (2018).

Saprobic on dead leaves of Dimocarpus longan Lour. (Sapindaceae). Sexual morph: Undetermined. Asexual morph: Coelomycetous. Conidiomata 150–300 μm high, 250–500 μm diam. ([image: image] = 240 × 320 μm, n = 10), pycnidial, immersed, light brown to dark brown, solitary, globose to sub-globose. Conidiomatal wall 15–20 μm wide, outer layer composed of somewhat thickened, brown-walled cells of textura angularis, inner layer composed hyaline, flattened, thin-walled cells of textura angularis. Conidiophores reduced to conidiogenous cells. Conidiogenous cells 4–8 × 3–5 μm ([image: image] = 5.2 × 4 μm, n = 20), discrete or integrated in short, simple, broadly ampulliform to globose, holoblastic, often annellidic, hyaline. Conidia 3–4 × 1–2.6 ([image: image] = 3.5 × 1.5 μm, n = 40) μm, variable in shape, sub-globose to ellipsoid or obovoid, rarely cylindrical, hyaline at immature, light brown at maturity, aseptate, smooth-walled.

Culture characteristics: Colonies growing on PDA, 15–20 mm diam. after 3 weeks at 25°C, colonies circular, slightly dense, smooth surface, crenate edge, velvety; from above: yellowish brown at the margin, brown in the center; reverse: yellowish brown at the margin, light brown in the center, mycelium white to whitish cream.

Known hosts: Dimocarpus longan, Picea abies, Prunus sp., Punica granatum, Rosa hybrid, and Rubus sp. (De Gruyter et al., 2006; Verkley et al., 2014; Gafforov, 2017; Jamali, 2020; this study).

Known distribution: China, Denmark, Germany, Iran, Netherlands, Thailand and Uzbekistan (De Gruyter et al., 2006; Ariyawansa et al., 2014a,b; Verkley et al., 2014; Gafforov, 2017; this study).

Material examined: China, Taiwan region, Chiayi, Ali Shan Mountain, on dead leaves of Dimocarpus longan (Sapindaceae), 05 September 2018, D.S. Tennakoon, TAP020 (MFLU 18-2605); living culture, MFLUCC 19-0067.

Notes: Paraconiothyrium fuckelii was first introduced by Saccardo (1876) from cane lesions on raspberry, similar to Coniothyrium fuckelii. Subsequently, C. fuckelii was synonymized under Paraconiothyrium by De Gruyter et al. (2006), based on morphology combined with phylogeny data. The morphological characteristics of our collection (MFLU 18-2605) resemble previously introduced authentic P. fuckelii isolates in having pycnidial, immersed, light brown to dark brown, globose to sub-globose conidiomata, ampulliform to globose, holoblastic conidiogenous cells and sub-globose to ellipsoid or obovoid, hyaline to light brown, aseptate conidia (Ariyawansa et al., 2014b; Verkley et al., 2014). Multi-gene phylogeny also directs that our collection (MFLU 18-2605) groups with other P. fuckelii isolates in a highly supported clade (97% ML, 0.99 BYPP, Figure 4). In particular, our isolate shows a close phylogeny relationship (99% ML, 1.00 BYPP) with the isolate MFLUCC 13-0073, which was introduced by Ariyawansa et al. (2014b) from Thailand (Figure 4). Hence, we consider MFLU 18-2605 as a new host record of P. fuckelii from Dimocarpus longan (Sapindaceae). Paraconiothyrium fuckelii seems to have a cosmopolitan distribution since it has been reported from different plant families, such as Fabaceae, Rosaceae, Pinaceae, and Sapindaceae worldwide (Kuter, 1986; De Gruyter et al., 2006; Mułenko et al., 2008; Kowalski and Andruch, 2012; Ariyawansa et al., 2014b; Verkley et al., 2014). Many researchers have identified the asexual morph of this species and a sexual morph introduced by Ariyawansa et al. (2014b), which has immersed to erumpent, globose or sub-globose, coriaceous, ostiolate ascomata; clavate asci; and pale brown, 3-septate, narrowly ovoid to clavate ascospores.

In addition, P. rosae was introduced by Wanasinghe et al. (2018) from dead aerial spines of Rosa canina (Rosaceae) without statistical support. In the present phylogenetic analyses, P. rosae groups well with P. fuckelii isolates in a highly supported clade (97% ML, 0.99 BYPP, Figure 4). The morphological characteristics of P. rosae also agree well with P. fuckelii in having pycnidial, immersed or semi-immersed, globose to sub-globose conidiomata and sub-globose to ellipsoid or obovoid, hyaline to light brown, aseptate conidia (Ariyawansa et al., 2014b; Verkley et al., 2014; Wanasinghe et al., 2018). Therefore, we treat P. rosae as a synonym of P. fuckelii in this study.

Paraconiothyrium zingiberacearum Tennakoon and S. Lumyong, sp. nov. (Figure 8).
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FIGURE 8
 Paraconiothyrium zingiberacearum (NCYU 19-0320, holotype). (a) Ascomata on a dead stem of Hedychium coronarium. (b) Vertical section through an ascoma. (c) Peridium. (d) Pseudoparaphyses. (e–h) Asci. (i–m) Ascospores. (n) Germinating ascospore. (o) Upper side of the culture. (p) Lower side of the culture. Scale bars: (b) = 50 μm, (c) = 10 μm, (d–h) = 20 μm, (i–n) = 6 μm.


Index Fungorum Number: IF559600.

Facesoffungi number: FoF 10802.

Etymology: The species name reflects the host family Zingiberaceae, from which the holotype was collected.

Holotype: NCYU 19-0320.

Saprobic on dead stem of Hedychium coronarium J. Koenig (Zingiberaceae). Sexual morph: Ascomata 100–170 μm high × 120–220 μm diam. ([image: image] = 150 × 180 μm, n = 10), solitary or clustered, coriaceous, immersed to semi-immersed, erumpent, globose to sub-globose, unilocular, brown to dark brown. Peridium 20–30 μm wide, outer layer containing light brown to dark brown, thick-walled, tightly packed cells of textura angularis, inner layer containing flattened, hyaline, thin-walled, loosely packed cells of textura angularis. Hamathecium comprising 1.5–3 μm wide, cylindrical to filiform, septate, cellular pseudoparaphyses. Asci 50–60 × 5.5–7 μm ([image: image] = 53 × 6.5 μm, n = 20), bitunicate, 8-spored, fissitunicate, clavate to cylindrical, apex rounded, short pedicel, with a shallow ocular chamber. Ascospores 11–14 × 2.5–4 μm ([image: image] = 12.5 × 3 μm, n = 30), overlapping, 1–2-seriate, light brown, broadly fusiform with acute ends, 1-septate, slightly curved, rough-walled, guttulate, without a mucilaginous sheath. Asexual morph: Undetermined.

Culture characteristics: Colonies growing on PDA, 10–12 mm diam. after 3 weeks at 25°C, colonies circular, slightly dense, surface smooth, crenate edge, cottony; from above: white to cream at the margin, cream to gray in the center; reverse: white at the margin, light brown to yellowish in the center.

Material examined: China, Taiwan region, Chiayi, on a dead stem of Hedychium coronarium (Zingiberaceae), 05 August 2017, D.S. Tennakoon, NSP002a (NCYU 19-0320, holotype); ex-type living culture, NCYUCC 19-0230. ibid. 08 August 2017, NSP002b (MFLU 18-0091, Paratype); ex-paratype living culture, MFLUCC 18-0559.

Notes: Phylogenetic analyses indicate that our collection (MFLU 18-0091 and NCYU 19-0320) is grouped with Paraconiothyrium estuarinum with high statistical support (89% ML, 0.96 BYPP, Figure 4). The asexual morph of P. estuarinum was introduced by Verkley et al. (2004) from an estuarine sediment polluted with industrial discharges in Brazil. However, we were unable to compare our collection with the asexual morph of P. estuarinum (CBS 109850) because it failed to sporulate even after 2 months of the incubation period (Verkley et al., 2004). Therefore, we compared the base pair differences between our collection and P. estuarinum. There are 10 base pair differences (2.21%) across 451 nucleotides across the tub2 gene region and 11 base pair differences (2.17%) across 506 nucleotides across the ITS (+5.8S) gene region. Phylogeny also indicates that the clade containing our collection and P. estuarinum provides sister lineage to P. cyclothyrioides (Figure 4). The sexual morph of P. cyclothyrioides differs from our collection in having olive-brown, 3-septate, cylindrical to ellipsoidal ascospores with obtusely rounded ends, whereas our collection has light brown, 1-septeate, broadly fusiform ascospores with acute ends (Hyde et al., 2020a). Hence, based on significant differences, we present our collection as a novel species, P. zingiberacearum from dead stems of Hedychium coronarium (Zingiberaceae).




Phylogenetic and taxonomic results of Paraphaeosphaeria
 
Paraphaeosphaeria O. E. Erikss

Notes: Paraphaeosphaeria was established by Eriksson (1967) to include four species, which have oblong-cylindric ascospores. The sexual morphs of Paraphaeosphaeria have immersed or semi-immersed ascomata, short pedicellate asci, and broadly elliptical, yellowish brown, multi-septate ascospores (Ariyawansa et al., 2014b; Hongsanan et al., 2020). Asexual morphs have pycnidial conidiomata and aseptate or 1-septate conidia (Wanasinghe et al., 2018; Hongsanan et al., 2020). Ariyawansa et al. (2014b) verified the phylogenetic placement of this genus in Didymosphaeriaceae. Currently, 30 species epithets are listed under Paraphaeosphaeria in Index Fungorum (2022). In this study, we introduce a new species (P. brachiariae) from dead leaves of Brachiaria mutica.

Paraphaeosphaeria brachiariae Tennakoon and S. Lumyong, sp. nov. (Figure 9).
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FIGURE 9
 Paraphaeosphaeria brachiariae (NCYU 19-0058, holotype). (a,b) Ascomata on a dead leaf of Brachiaria mutica. (c) Vertical section through an ascoma. (d) Peridium. (e) Pseudoparaphyses. (f–i) Asci. (j–p) Ascospores. (q) Germinating ascospore. (r) Upper side of the culture. (s) Lower side of the culture. Scale bars: (c) = 50 μm, (d) = 10 μm, (e–i) = 20 μm, (j–q) = 7 μm.


Index Fungorum Number: IF559601

Facesoffungi number: FoF 10803

Etymology: Name reflects the host genus, Brachiaria.

Holotype: NCYU 19-0058

Saprobic on dead leaves of Brachiaria mutica (Forssk.) Stapf. (Poaceae). Sexual morph: Ascomata 60–120 μm high × 50–100 μm diam. ([image: image] = 75 × 80 μm, n = 10), solitary, scattered, coriaceous, immersed to semi-immersed, partly erumpent, unilocular, globose to sub-globose, brown to dark brown, ostiolate, with minute papilla, filled with hyaline cells. Peridium 10–20 μm wide, comprising light brown to dark brown, thick-walled, loosely packed cells of textura angularis. Hamathecium comprising 1.5–2.5 μm wide, cylindrical to filiform, branched, septate, pseudoparaphyses. Asci 58–65 × 11–13 μm ([image: image] = 62 × 12.5 μm, n = 20), bitunicate, 8-spored, fissitunicate, clavate to cylindrical, apex rounded, short pedicellate, with a shallow ocular chamber. Ascospores 14–20 × 4–6 μm ([image: image] = 16 × 5 μm, n = 30), overlapping, 1–2-seriate, light brown, fusiform with rounded ends, straight or slightly curved, with 1–2-septate, guttulate, rough-walled, without a mucilaginous sheath. Asexual morph: Undetermined.

Culture characteristics: Colonies growing on PDA, 12–15 mm diam. after 3 weeks at 25°C, colonies circular, smooth surface, crenate edge, cottony; from above: light brown to greenish at the margin, gray in the center; reverse: light brown to yellowish at the margin, brown in the center, mycelium greenish to whitish gray.

Material examined: China, Taiwan region, Chiayi, on dead leaves of Brachiaria mutica (Poaceae), 10 July 2019, D.S. Tennakoon, PC058A (NCYU 19-0058, holotype); ex-type living culture, NCYUCC 19-0342. ibid. 18 July 2019, PC058A (MFLU 19-2799, Paratype); paratype living culture, NCYUCC 19-0343.

Notes: The morphological characteristics of our collection (MFLU 19-2799 and NCYU 19-0058) agree well within the species concept of Paraphaeosphaeria in having immersed or semi-immersed ascomata, short pedicellate asci, and broadly elliptical, multi-septate, yellowish brown ascospores (Ariyawansa et al., 2014b; Hongsanan et al., 2020). Phylogeny (LSU, SSU, ITS, and tub2) shows that our collection (MFLU 19-2799 and NCYU 19-0058) grouped with P. angularis with high statistical support (99% ML, 1.00 BYPP). The asexual morph of P. angularis was introduced by Verkley et al. (2014) from Saccharum officinarum in Brazil. A comparison of 539 nucleotides across the ITS (+5.8S) gene region of P. angularis (CBS 167.70) and our collection (MFLU 19-2799) shows 11 base pair differences (2.04%). We compared 452 nucleotides across the tub2 gene as well, and there were 12 base pair differences (2.65%). Thus, we present our collection as a new species, P. brachiariae from Brachiaria mutica.




Phylogenetic and taxonomic results of Spegazzinia
 
Spegazzinia Sacc

Notes: Saccardo (1880) established Spegazzinia to include S. ornata as the type species. This genus was previously placed in Apiosporaceae (Sordariomycetes) by Hyde et al. (1998), based on its morphological characteristics. Subsequently, its phylogenetic placement was revealed by Tanaka et al. (2015) and accommodated in Didymosphaeriaceae (Dothideomycetes). Spegazzinia has a diverse distribution worldwide as saprobes on dead materials of vascular plants (Leão-Ferreira and Gusmão, 2010; Manoharachary and Kunwar, 2010; Thambugala et al., 2017; Samarakoon et al., 2020; Tennakoon et al., 2021), endophytes from lichens, and plant leaves (Crous et al., 2019), and even they have been recorded from soil (Ellis, 1971). The conidial morphology and basauxic conidiogenesis of Spegazzinia differentiate it apart from other dematiaceous hyphomycetes. The majority has distinct morphological characteristics in the shapes of α and β conidia (Hongsanan et al., 2020). A total of 14 Spegazzinia species are currently listed in Index Fungorum (2022). In this study, we introduce two new host records of Spegazzinia deightonii and S. tessarthra from Hedychium coronarium and Acacia auriculiformis, respectively.

Spegazzinia deightonii (S. Hughes) Subram., J. Indian Bot. Soc. 35: 78 (1956) (Figure 10).
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FIGURE 10
 Spegazzinia deightonii (MFLU 18-2564, new host record). (a–c) Fungal colonies on a dead stem of Hedychium coronarium. (d,e) α Conidia with conidiophores. (f) α Conidium with conidiogenous cell. (g–m) β Conidia. (n) A germinating β conidium. (o) Upper side of the culture. (p) Lower side of the culture. Scale bars: (b,c) = 20 mm, (d–n) = 10 μm.


Index Fungorum number: IF306062.

Facesoffungi number: FoF 07238.

Saprobic on dead stem of Hedychium coronarium J. Koenig (Zingiberaceae). Sexual morph: Undetermined. Asexual morph: Hyphomycetous. Sporodochia 1–2 mm diam., dense, dark, velvety, powdery. Conidiophores long and micronematous. Conidiophores of α conidia up to 50–100 × 1–2 μm ([image: image] = 78 × 1.5 μm, n = 20) long, light brown to dark brown, verruculose, narrow, erect or flexuous, unbranched. Conidiogenous cells basauxic, verrucose, pale brown. Conidia holoblastic, two types, α conidia 17–27 × 18–26 μm ([image: image] = 24 × 22 μm, n = 25), stellate, solitary, globose to variously shaped, with spines 4–5 μm long, 4–8-celled, frequently 4–6-celled, deeply constricted at the septa. β conidia 15–20 × 10–15 μm ([image: image] = 18 × 13 μm, n = 25), hyaline at immature, light brown to dark brown at mature, 8-celled, disc-shaped, both sides slightly flat with short and blunt spines.

Culture characteristics: Colonies growing on PDA, 15–20 mm diam. after 3 weeks at 25°C, colonies circular, slightly dense, surface smooth, velvety; from above: gray to light brown at the margin, dark gray to brown in the center; reverse: yellowish brown at the margin, dark brown to black in the center, mycelium greenish to light brown.

Known hosts: Areca catechu, Cocos nucifera, Hedychium coronarium, Musa sp. and Panicum maximum (Matsushima, 1980; Lu et al., 2000; Tianyu, 2009; Samarakoon et al., 2020; Farr and Rossman, 2022; this study).

Known distribution: China, and Thailand (Matsushima, 1980; Lu et al., 2000; Tianyu, 2009; Samarakoon et al., 2020; Farr and Rossman, 2022; this study).

Material examined: Thailand, Chiang Rai, a dead stem of Hedychium coronarium (Zingiberaceae), 11 July 2018, D.S. Tennakoon, DP017 (MFLU 18-2564); living culture, MFLUCC 18-1625.

Notes: Due to the high similarities of morphological characteristics and phylogenetic affinities, we introduce our collection (MFLU18-2564) as a new host record of S. deightonii from Hedychium coronarium (Zingiberaceae) in Thailand. Phylogenetic analyses of this study indicate that our collection is nested with other S. deightonii isolates in a well-supported clade (92% ML, 0.95 BYPP) (Figure 11). As well as, our collection (MFLU 18-2564) shows a close phylogenetic relationship with the isolate yone 212, which was introduced by Tanaka et al. (2015) from Japan. Both isolates share similar morphological characteristics, such as 8-celled, disked-shaped, dark brown, spiny conidia (Tanaka et al. 2015). Spegazzinia deightonii has previously been recorded from many host species (e.g., Areca catechu, Cocos nucifera, Musa sp., and Panicum maximum), and this is the first host record from Hedychium coronarium (Zingiberaceae) in Thailand.
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FIGURE 11
 Phylogram generated from maximum likelihood analysis is based on combined ITS, LSU, SSU, and tef1-α sequence data (Final likelihood value of −8278.609544). The tree is rooted with Laburnicola muriformis (MFLUCC 14-0921, MFLUCC 16-0290). The ex-type strains are indicated in bold, and the new strains are indicated in red. Bootstrap support values ≥65% of maximum likelihood (ML) and Bayesian posterior probabilities (PP) values ≥0.90 are given above the nodes.


Spegazzinia tessarthra (Berk. and M.A. Curtis) Sacc., Syll. Fung. (Abellini) 4: 758 (1886) (Figure 12).
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FIGURE 12
 Spegazzinia tessarthra (MFLU 18-2557, new host record). (a–c) Fungal colonies on a dead stem of Acacia auriculiformis. (d–f) α Conidia with conidiophores. (g–o) β Conidia. (p) A germinating β conidium. (q) Upper side of the culture. (r) Lower side of the culture. Scale bars: (b,c) = 2 mm, (d–f) = 30 μm, (g–p) = 6 μm.


Index Fungorum Number: IF219777.

Facesoffungi number: FoF 08241.

= Sporidesmium tessarthrum Berk. and M.A. Curtis,. Soc., Bot. 10(no. 46): 355 (1868).

Saprobic on dead stem of Acacia auriculiformis A. Cunn. (Fabaceae). Sexual morph: Undetermined. Asexual morph: Hyphomycetous. Sporodochia 1–3 mm diam., dense, dark, powdery, velvety. Conidiophores of α conidia up to 30–60 × 1.5–2.5 μm ([image: image] = 48 × 1.8 μm, n = 15), erect or flexuous, pale brown to dark brown, rough-walled, narrow and long, generally unbranched. Conidiogenous cells basauxic, verrucose, pale brown. Conidia solitary, two types, α conidia stellate, 15–20 × 14–18 μm ([image: image] = 17 × 16 μm, n = 20), globose to sub-globose, 4–6-celled, deeply constricted at the septa, conspicuously spinulate, 4–6 spines, each spine 2–8 μm long. β conidia 10–15 × 8–12 μm ([image: image] = 12 × 11 μm, n = 20), disc-shaped, initially hyaline, becoming light brown to dark brown at maturity, 4-celled, rough-walled, crossed septate, smooth-walled, somewhat obovoid, deeply constricted at the septa, dark brown in constricted areas, flat from side view.

Culture characteristics: Colonies growing on PDA, 10–12 mm diam. after 3 weeks at 25°C, colonies circular, dense, smooth surface, entire edge, cottony; from above: light brown to yellowish at the margin, dark brown to black in the center; reverse: yellowish brown at the margin, dark brown to black in the center, mycelium dark brown to dark gray.

Known hosts: Acacia auriculiformis, Ochroma pyramidale and Zea mays (Berkeley and Curtis, 1869; Tanaka et al., 2015; Farr and Rossman, 2022; this study).

Known distribution: Cuba, India, Japan, and Thailand (Berkeley and Curtis, 1869; Tanaka et al., 2015; Farr and Rossman, 2022; this study).

Material examined: Thailand, Ching Rai, a dead stem of Acacia auriculiformis (Fabaceae), 15 July 2018, D.S. Tennakoon, DP003 (MFLU 18-2557); living culture, MFLUCC 18-1624.

Notes: New collection (MFLU 18-2557) resembles Spegazzinia tessarthra (SH 287), which was introduced by Tanaka et al. (2015) from balsa wood in Japan. Both isolates have two types of conidia (α conidia: 4–6-celled, globose to sub-globose, 4–6 spines; β conidia: disc-shaped, 4-celled, light brown to dark brown) (Tanaka et al., 2015). Multi-gene (LSU, SSU, ITS, and tef1-α) phylogenetic analyses also indicate that our collection (MFLU 18-2557) groups with S. tessarthra isolates (NRRL 54913, SH 287) in a well-supported clade (93% ML, 0.99 BYPP, Figure 11). Hence, we consider MFLU 18-2557 as a new host record of S. tessarthra from Acacia auriculiformis (Fabaceae) in Thailand. This species has previously been recorded from Acacia auriculiformis, Ochroma pyramidale, and Zea mays (Berkeley and Curtis, 1869; Tanaka et al., 2015; Farr and Rossman, 2022).





Discussion

Didymosphaeriaceae species has a great variation in morphologies, phylogenies, ecologies, and nutritional modes (Hyde et al., 2013; Ariyawansa et al., 2014b; Liu et al., 2015; Gonçalves et al., 2019; Htet et al., 2021; Suwannarach et al., 2021). It has a diverse range of nutritional modes, such as endophytes, pathogens, and saprobes in plant substrates (Zhang et al., 2012; Liu et al., 2015; Gonçalves et al., 2019; Suwannarach et al., 2021). Researchers have referred this family into several higher taxa due to the uncertainty of the taxonomic placement (von Arx and Müller, 1975; Lumbsch and Huhndorf, 2007; Crous et al., 2012; Zhang et al., 2012). For instance, this family was a synonym of Pleosporaceae (von Arx and Müller, 1975), and Barr (1990) referred Didymosphaeriaceae in Melanommatales. Aptroot (1995) assigned this as a separate family within Pleosporales, and Lumbsch and Huhndorf (2007) treated Didymosphaeriaceae members to the Montagnulaceae in their outline of Ascomycota. However, the confusion surrounding the genera of Didymosphaeriaceae and Montagnulaceae was debated by Ariyawansa et al. (2014a), and they pointed out Didymosphaeriaceae as a distinct family in Pleosporales upon morphology, but phylogenetically, it fits well with Montagnulaceae. Thus, Ariyawansa et al. (2014b) synonymized Montagnulaceae under Didymosphaeriaceae and accepted 16 genera in this family. Over time, numerous genera have been introduced, and currently, 32 genera are accepted in Didymosphaeriaceae (Hongsanan et al., 2020).

Various approaches have been used to identify Didymosphaeriaceae species over the years. Earlier, morphology-based species recognition was the key method for identifying Didymosphaeriaceae species, and most studies have been used drawings with descriptions (von Arx and Müller, 1975; Sutton, 1980; Barr, 1990). However, morphology-based species identification suffered various issues, including phenotypic plasticity, which may lead to countless misinterpretations. However, by using molecular techniques for species delineation, identification, and taxonomic classifications, this fungal taxonomy undergone a revolution (Ariyawansa et al., 2014a; Das et al., 2014; Chethana et al., 2020). Therefore, most of recent studies have integrated morphology and phylogeny data for Didymosphaeriaceae species identification, taxonomic classification, and phylogenetic inferences (Ariyawansa et al., 2014a,b; Wanasinghe et al., 2016; Mapook et al., 2020; Htet et al., 2021; Suwannarach et al., 2021). Apart from morphology and phylogeny classifications, some researchers have been carried out to estimate the divergence time of this family using molecular clock analyses (Khodaei et al., 2019), and some have investigated the secondary metabolites or biological functions of Didymosphaeriaceae species (Wang et al., 2021).

The phylogeny recovered in this study agrees well with previous Didymosphaeriaceae studies within Pleosporales (Ariyawansa et al., 2014b; Wanasinghe et al., 2018; Phookamsak et al., 2019; Mapook et al., 2020; Phukhamsakda et al., 2020). The morphological characteristics of the novel species (Montagnula acaciae, Paraconiothyrium zingiberacearum, and Paraphaeosphaeria brachiariae) fit well with the respective genera, are phylogenetically distinct from other species, and group with high statistical evidence (Figures 2, 4, 11, 13). Also, the morphology of the new host records (Montagnula jonesii, Paraconiothyrium archidendri, P. brasiliense, P. fuckelii, Spegazzinia deightonii, and S. tessarthra) also agrees with their respective type species (Saccardo, 1876; Ariyawansa et al., 2014a,b; Tanaka et al., 2015; Tennakoon et al., 2016). Overall, this work offers fascinating taxonomic insights into Didymosphaeriaceae species. In particular, the findings provide evidence to show the vast range of fungal diversity in litter substrates (e.g., dead leaves and dead stems), even within a single family, Didymosphaeriaceae. But, to determine whether these fungal species are generalists or specialists, more ecological studies are required. Furthermore, it is worthy to note that several Didymosphaeriaceae genera still lack molecular data to determine the phylogenetic placement (e.g., Barria and Lineostroma). Therefore, it is necessary to collect, isolate, and retrieve sequence data for more Didymosphaeriaceae species in future studies.
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FIGURE 13
 Phylogram generated from maximum likelihood analysis is based on combined ITS, LSU, SSU, and tub2 sequence data (final likelihood value of −9171.108559). The tree is rooted with Paraconiothyrium fuckelii (JZB320001, JZB320002, and JZB320003). The ex-type strains are indicated in bold, and the new isolates are indicated in red. Bootstrap support values ≥65% of maximum likelihood (ML) and Bayesian posterior probabilities (PP) values ≥0.90 are given above the nodes.




Conclusion

Studies on fungal species in plant litter are particularly pertinent in the current climate change scenario since climate plays a crucial role in decomposition and, ultimately, nutrient cycling, soil fertility, and the global carbon cycle. This study revealed plant litter inhabiting three new fungal species (Montagnula acaciae, Paraconiothyrium zingiberacearum, and Paraphaeosphaeria brachiariae) and six new host records (Montagnula jonesii, Paraconiothyrium archidendri, P. brasiliense, P. fuckelii, Spegazzinia deightonii, and S. tessarthra) from China and Thailand. In addition, Paraconiothyrium rosae was synonymized under P. fuckelii based on morphology and phylogeny data. We believe that this study sheds light on the plant litter-dwelling fungal communities, which are diverse and astonishing.
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Venturia carpophila, the causal agent of scab disease of peach, mume, and apricot, is widely distributed around the world. Scab of stone fruits is an important disease in China. However, little is known about the population biology and genetic diversity of the V. carpophila. To better understand the genetic diversity and population structure of V. carpophila, 186 single-spore isolates from different hosts and geographic regions were obtained and analyzed by using 31 simple sequence repeat (SSR) markers. This included 156 isolates from peach spanning 14 provinces, 15 isolates from mume and 15 isolates from apricot in Huazhong Agricultural University (HZAU). Diversity analysis with SSR markers showed a low incidence of polymorphisms within mume isolates (32.59% of markers), but a higher incidence of polymorphisms within peach isolates (42.96%) and apricot isolates (57.04%). Within peach isolates, Nei’s average gene diversity ranged from 0.07 for Hebei population to 0.18 for Hubei population. AMOVA analysis revealed that 13% of the observed genetic diversity was partitioned among the geographic populations, while 40% of the observed genetic diversity was partitioned among the host populations. Other analyses (PCoA, STRUCTURE, DAPC, MSN, and UPGMA) indicated that the Chinese V. carpophila populations could be clustered into three distinct genetic groups, which correspond to the host boundaries of peach, mume and apricot. The genetic identity of V. carpophila isolates throughout the range is dependent on hosts, but not geographic regions.
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Introduction

Stone fruit trees such as peach (Prunus persica), mume (P. mume), and apricot (P. armeniaca) are grown widely in China (Chuda et al., 1999; Li et al., 2018). Venturia carpophila is an important pathogen that causes scab disease on several stone fruits including peach, mume, apricot, and almond (Prunus dulcis; Sivanesan, 1977; Chen et al., 2014; Bailly, 2020). The scab disease can result in yield loss, fruit quality decline, and increased management costs. Scab is one of the most serious diseases on peach in China, which can cause defoliation and tree weakening, and more susceptible to chilling and freezing injuries (Zhou et al., 2021a). Typical symptoms on fruits are black freckles, spots, and/or scabs of variable sizes, distribution and density, irregularly circular to oval lesions, developing a slightly raised dark-brown purple border and be slightly raised and corky in appearance (Scherm et al., 2008; Chen et al., 2017; Kim et al., 2017; Figure 1). Multiple spots on fruits often merge, leading to cracking of the skin (Figures 1A,B,E). Leaf symptoms are less common, but occur as yellowish blotches and then turn grayish as spores are produced (Chen et al., 2014; Figure 1F). In our experiments, we found that isolates from three hosts showed obvious differences in colony morphology, growth rate and spore production on the MEA medium. On MEA medium after 42 days at 21°C, isolates from apricot were light gray in color and were fast growing with approximately 3 cm colonies in diameter and the least conidia production (0.9 × 104/dish). Isolates from mume were dark gray in color and the fastest growing with approximately 3.3 cm colonies in diameter and better conidia production (2 × 104/dish). Isolates from peach were white to gray in color and were slow growing with approximately 2.6 cm colonies in diameter and the best conidia production (10 × 104/dish, unpublished data). Conidia of the pathogens are spread by rain splash and wind. The disease is particularly severe in temperate climate regions characterized by humid and cool springs, and poor air circulation (Bock et al., 2020). If the weather condition is favorable, asexual conidia release and cause massive secondary infections during the growing season (Villarino et al., 2012; González-Domínguez et al., 2017). Scabs can result in fruit downgrading and/or rejection if the infection is severe, and these blemishes reduce the value of fruit intended for the fresh market and cause huge economic losses (Schnabel and Layne, 2004). During the sample collection, the infection could be observed in up to 100% of fruits in some orchards (Figures 1A,C). Control of scabs is mainly based on the application of fungicides in China. So far, carbendazim resistance has been detected (Zhou et al., 2021a). Integrated management approaches such as planting resistant cultivars could potentially reduce scab inocula in orchards.
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FIGURE 1
 Typical symptoms of scab on peach, mume, and apricot. (A,B) Typical symptoms on peach, (C,D) on mume, (E,F) on apricot fruit and leaf, respectively.


With the development of modern molecular biology, molecular markers have become important tools to study the genetic diversity and population structure of pathogenic fungi. Different molecular tools have been used to characterize the genetic diversity of populations of Venturia spp., including random amplified polymorphic DNA (RAPD; Koh et al., 2013; Chen et al., 2014; Poniatowska et al., 2016), restriction fragment length polymorphism (RFLP; Tenzer and Gessler, 1999; Guérin et al., 2004; Padder et al., 2013), amplified fragment length polymorphism (AFLP; Gladieux et al., 2008), and simple sequence repeat marker (SSR; Tenzer and Gessler, 1999; Guérin et al., 2004; Chen et al., 2018). SSR markers have the advantages of high polymorphisms, stability, codominant inheritance, and easy operation. At present, SSR technology has been widely used in variety identification, genetic classification, mapping, core germplasm identification and evaluation, and genetic diversity research of pathogenic fungi, including Verticillium dahliae (Jiménez-Díaz et al., 2011; Baroudy et al., 2019), V. inaequalis (Tenzer and Gessler, 1999; Leroy et al., 2013; Ebrahimi et al., 2016), V. nashicola (Choi et al., 2019), Monilinia fructicola (Fan et al., 2010; Villarino et al., 2012), and Ustilaginoidea virens (Sun et al., 2013; Yu et al., 2016). In this study, SSR markers were used to make a fundamental and thorough analysis of the genetic diversity and population structure of V. carpophila. Although the genetic diversity was carried out on V. inaequalis from different regions of the world, the characterization of V. carpophila has rarely been reported, most likely the latter one is very difficult to be obtained in the laboratory. Two molecular tools have been used to characterize the genetic diversity of populations of V. carpophila in the United States. Results revealed some divergence between two different geographic V. carpophila populations, and different levels of genetic diversity were observed within the two populations (Chen et al., 2014, 2018).

Stone fruit scab is widely distributed in China, yet there is no information about the genetic diversity of Chinese V. carpophila populations. In this study, we collected samples and isolated single-spore isolates from three hosts and 14 provinces in China. Population genetics analysis is crucial for understanding the population genetic structure and diversity, thus helping to prevent and control the disease (Sitther et al., 2018; Choi et al., 2019; He et al., 2019; Singh and Khan, 2019). Considering that scab disease is one of the most important peach diseases in China, the population structure needs to be studied and monitored. The objectives of this study are to determine (i) if all scab-like symptoms on different stone fruits (peach, mume, and apricot) are caused by V. carpophila, (ii) the genetic diversity and population structure of V. carpophila in China, and (iii) if the genetic differences are specifically correlated with geographic regions or hosts.



Materials and methods


Isolation of Venturia carpophila

From 2017 to 2019, samples of stone fruit scab were collected from 14 provinces in China, among them, peach scab samples were collected from 14 provinces, and all the apricot scab and mume scab samples were collected from Hubei Province (Table 1). Altogether 750 isolates were obtained using the single spore isolation method, from which 186 isolates were selected for genetic diversity analysis (Table 1; Figure 2). Among selected isolates, 156 were from peach or nectarine that were located in 14 provinces in China, 15 were from mume and 15 were from apricot in Huazhong Agricultural University (HZAU; Table 1), the isolates from mume and apricot are mainly used as references. Briefly, asexually produced conidia of V. carpophila were scraped from a single lesion on the fruit surface using a scalpel and then spread with a scalpel on the surface of water agar (20 g of agar per liter) plates. Using a modified microscope (Wuhan Heipu Science and Technology Ltd., Wuhan, China), a single spore was isolated with a glass needle and then transferred to potato dextrose agar (PDA; 200 g of potato, 20 g of dextrose, and 20 g of agar per liter) amended with lactic acid (0.50 ml/L), streptomycin sulfate (0.20 g/L), tetracycline (0.05 g/L), and chloramphenicol (0.05 g/L; Chen et al., 2014). For long-term storage, isolates were maintained on dried filter paper. In brief, colonies were grown on antibiotic-amended oatmeal agar medium (OMA; 30 g of oatmeal; 20 g of agar per liter) in petri dishes starting with mycelial suspension, and sterile filter paper discs (5 mm in diameter) were placed on the OMA surface (Zhou et al., 2020, 2022). Each isolate was grown at 21°C for about 14 days in darkness. When the filter discs were fully covered with mycelium, they were removed and dried in a desiccator with silica gel. After 10 days, discs were transferred into 1.5-ml sterile centrifuge tubes with desiccated silica gel and stored at −20°C (Chen et al., 2019; Zhou et al., 2021b).



TABLE 1 Sampling geographic regions, host, cultivar, and tissue of isolates of Venturia carpophila collected to assess population genetic diversity.
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FIGURE 2
 Distribution map of 186 Venturia carpophila isolates, which were collected from 14 major peach-producing provinces in China.




DNA extraction

Suspension of V. carpophila spores was transferred into 50 ml of malt extract broth (MEB, 30 g of malt extract and 5 g of peptone per liter of water) in an Erlenmeyer flask, and incubated at 21°C, 160 rpm for 10 days to obtain a sufficient amount of mycelium for DNA extraction. Approximately 100 mg of mycelium of each isolate was collected from the MEB broth, and put into a pilot freeze dryer (25 L Genesis SQ Super ES-55) to dehydrate for 48 h. Dehydrated hyphae were placed into Eppendorf tubes containing 0.5 g steel balls (5 mm in diameter) and frozen with liquid nitrogen for 2 min. Mycelium was homogenized by shaking the tubes for 5 min at 30 shakes/s in a Mixer Mill Type LT2020 (Beijing Dinghaoyuan Gmbh, China). After homogenization, DNA was immediately extracted by the modified SDS method (Turan et al., 2015), and genomic DNA was diluted with 70 μl of sterile distilled water. DNA was quantified with a NanoDrop spectrophotometer (Thermo Fisher Scientific) and stored at −20°C.



Identification of isolates

Isolates of V. carpophila were identified based on morphological and molecular characterization. Briefly, fragments of nuclear ribosomal internal transcribed spacer regions (rDNA-ITS; White et al., 1990) and large subunit ribosomal RNA gene (LSU; Vilgalys and Hester, 1990) were amplified from 186 isolates by polymerase chain reaction (PCR), and then used for sequencing. The PCR reaction was performed following the conditions of 95°C for 3 min, followed by 35 cycles at 95°C for 30 s, annealing at 55°C for 50 s, 72°C for 2 min, and 72°C for 5 min. The Sanger sequencing of PCR products was performed on ABI 3730xl DNA Sequencer at Tianyihuiyuan Biotechnology Co., Ltd. (Wuhan, China). Phylogenetic trees of Venturia species were constructed based on the combined multi-locus dataset (LSU + ITS). The majority rule consensus tree from maximum parsimony (MP) analysis was used to show the phylogenetic relationships of Venturia species and their close species. The tree was rooted with Sympoventuria capensis (CBS 120136). The Bayesian posterior probabilities values (BIPP) ≥0.70, maximum likelihood and maximum parsimony bootstrap values (MLBS and MPBS) ≥ 50% were shown at the branch nodes (BIPP/MLBS/MPBS).



Analysis of genetic diversity and population structure of Venturia carpophila

The genetic diversity analysis was carried out according to the previous description with minor modifications (Chen et al., 2018). Thirty-two microsatellite primers (Supplementary Table S1) were developed from a draft genome of V. carpophila which has been released, after primary screening, 31 microsatellite primers were used to conduct the genetic diversity analysis in this study (Chen et al., 2018). SSR markers were obtained via PCR reactions with fluorescently labeled primers. Primers were manufactured at Tianyihuiyuan Biotechnology Co., Ltd. (Wuhan, China). When primers were synthesized, the universal M13 sequence (5′-TGT AAA ACG ACG GCC AGT-3′) was added to the 5′ end of each forward primer. Simultaneously, M13 was labeled by FAM fluorescent dyes at the 3′ end. The labeled M13 was added to the PCR reaction to detect PCR product by complementing the unlabeled M13 added at 5′ end of primer (Chen et al., 2018). The PCR reaction was in a volume of 15 μl, including 4.5 μl ddH2O, 7.5 μl Mastermix (no dye), 0.4 μl of M13-tagged forward primer (10 μM) and 0.8 μl reverse primer (10 μM), 0.8 μl FAM-labeled M13 primer (10 μM), and 1 μl DNA (50~200 ng/μl). PCR conditions were an initial denaturation at 95°C for 5 min followed by 10 cycles of denaturation at 95°C for 30 s, annealing at 62°C for 30 s (with a −1°C Ramp/cycle), and extension at 72°C for 30 s, a further 25 cycles of denaturation at 95°C for 30 s, annealing at 52°C for 30 s, extension 72°C for 30 s, and ending with a final extension of 72°C for 2 min (iCycler; Bio-Rad Laboratories Inc., Hercules, CA). The fluorescent PCR products were loaded to an ABI 3730 × I Genetic Analyzer Capillary to generate chromatographic trace files. Negative control (ddH2O) was included in the analysis to eliminate potential contamination. Resulted amplicon peaks were scored by base pair size for each marker using GeneMarker V2.2.0 to generate a microsatellite allele table for subsequent analysis. The PCR-generated bands were scored as “1” (for presence) and “0” (absence) in a binary matrix for further analysis. Because the V. carpophila is a haploid organism, only a single band was observed at each locus for individual isolate.



Data analysis

The scorable bands for all isolates were determined and analyzed as dominant markers with genetics based on a haploid organism (Bock et al., 2005; Chen et al., 2014). The number of markers observed for the 186 isolates with each primer set was counted, and the percentage of polymorphic loci was calculated. The numbers of alleles (Na), and effective alleles (Ne) were calculated using Popgene 32 based on SSR markers identified among isolates of V. carpophila (Yeh et al., 1999).

The genetic structure of the populations was further explored by using analysis of molecular variance (AMOVA) in GenALEX 6.5, which was conducted at two scales: across geographic populations, across host populations (Peakall and Smouse, 2006). The population structure of V. carpophila was analyzed in five ways. (1) A principal coordinate analysis (PCoA) was performed to visualize patterns of variation between populations at the host and geographic region levels based on Nei’s measure of genetic distance, in GenALEX 6.5 (Peakall and Smouse, 2006). (2) STRUCTURE 2.2 was used to detect the most likely number of populations (K) among the V. carpophila isolates based on allele frequencies per locus using a Bayesian approach (Falush et al., 2007). To estimate the number of clusters, an admixture model with correlated allele frequencies was independently run 10 times, with 10,000 iterations followed by 120,000 Markov chain Monte Carlo interactions (Bock et al., 2014). Evanno’s ΔK method was used to identify the appropriate number of clusters (Evanno et al., 2005), which was computed using Structure Harvester (Earl and vonHoldt, 2012). (3) Discriminant analysis of principal components (DAPC) was performed in adegenet of R software (Jombart et al., 2010), thus interrelationships among V. carpophila populations from different geographic regions or different hosts could be visually explored. (4) The minimum spanning network (MSN) was created in the R package poppr (Bruvo et al., 2004) by using default parameters to identify the distribution of population substructure at different scales. (5) To compare populations, the UPGMA analysis of population structure based on Nei’s genetic distance was calculated using MEGA7, and annotation and management of phylogenetic trees were conducted using Evolview V2 (He et al., 2016).

Significant differences of growth rate and spore production values from different host populations were evaluated by one-way analysis of variance with the least significant difference test in SPSS software (release 19.0; SPSS).




Results


Identification and genotyping of Venturia carpophila

In the current study, all 186 isolates used were investigated for morphological characteristics. The 186 isolates were incubated at 21°C for 6 weeks in darkness on PDA, and the V. carpophila colonies on PDA were black with circular morphology and floccose texture (Figures 3A,B). The conidia were cylindrical to fusiform, 0 to 1 septate, yellowish and (11.44 to 23.16) 15.87 × 4.15 (2.56 to 6.48) μm (n = 30) in size, L/W = 3.8 (Figures 3C,D), conidiophore is fusiform (Figure 3D), which were similar with the characteristics of V. carpophila described previously (Chen et al., 2017; Dar et al., 2019; Shen et al., 2020).
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FIGURE 3
 Morphological characteristics of Venturia carpophila. (A,B) Front and back view of 42-day-old PDA culture (petri dish is 90 mm); (C,D) conidia and conidiophores produced on PDA. Scale bars: C = 40 μm; D = 20 μm.


The phylogenetic analysis based on sequences of fragments from two loci (LSU + ITS) showed that the tested isolates grouped with representative V. carpophila strains GH120501 (Korea), CBS160.55 (United States), and CBS497.62 (Switzerland) in the same clade (Figure 4). New sequences obtained in this study were deposited in GenBank (Table 1, ITS: MN958548 to MN958647; LSU: MT845672 to MT845769).

[image: Figure 4]

FIGURE 4
 Phylogenetic tree in the Venturia species inferred from combined alignment with a two-locus dataset (LSU + ITS). The maximum parsimony (MP) analysis was shown for the phylogenetic relationships of species among Venturia spp. and closely related species. The tree was rooted to Sympoventuria capensis (CBS 120136). The Bayesian posterior probabilities values (BIPP) > 0.70, maximum likelihood and maximum parsimony bootstrap values (MLBS and MPBS) > 50% were shown at the branch nodes (BIPP/MLBS/MPBS). Scale bar estimated substitutions per site with 20. The isolates used in this study were displayed in bold fonts.


These 186 isolates were genotyped based on the ITS region which was amplified using the ITS4 and ITS5 primers, and four haplotypes were found for the ITS region with one to two nucleotide changes (Supplementary Figure S1). Overall, most of the isolates fell into ITS haplotype group I (MN958568, MN958609), group II (MN958640) with 82.80, and 15.59%, respectively. Only 1.08, and 0.54% of the tested isolates were in haplotype group III (MN958584), and group IV (MN958592).



Screening of the SSR markers

To better understand the genetic diversity and population structure of Chinese V. carpophila populations, 31 SSR primer sets were chosen to analyze 186 selected single spore isolates. One peak per isolate, consistent with the haploid nature of the V. carpophila, was observed for all the loci. Among the tested 31 SSR primer sets, two primer sets (Vc015 and Vc021) showed monomorphic profiles with the only peaks at 222 bp (Vc015) and 301 bp (Vc021). The remaining 29 primer sets showed polymorphic profiles, the number of alleles at each microsatellite locus ranged from two to 21, and a total of 135 alleles were identified, with a mean number of 4.66 alleles per locus. Vc110 was the most variable primer set with 21 alleles detected and polymorphism information content (PIC) value was 0.77, whereas Vc106 had only 2 alleles and PIC value was 0.03 (Supplementary Table S1). The genotype accumulation curve showed that 29 polymorphic microsatellites were adequate to describe the genetic variability of V. carpophila (Supplementary Figure S2).



Genetic diversity of Venturia carpophila isolates

Altogether a total of 135 polymorphic loci (NPL) were detected in 186 isolates. Among them, 105 NPL were detected in 14 geographic populations and 102 NPL were detected in three host populations (Supplementary Tables S2, S3). In geographic populations, Hubei (HuB) had the largest number of NPL (77), and Hebei (HeB) had the least (22). In host populations, apricot had the largest number of NPL (77), and mume had the least number (44). Different levels of genetic diversity (H) were observed among 14 geographic populations and 3 host populations, ranging from 0.07 for HeB population to 0.18 for HuB population; a low genetic diversity of mume isolates (0.11) was observed, while higher genetic diversities were detected for peach isolates (0.14) and apricot isolates (0.17). Geographic populations showed a low percentage of polymorphic loci (PPL) in HeB population (15.30% of markers) but a higher PPL in Zhejiang (ZJ) population (50.37%) and HuB population (57.04%). Host populations showed a low PPL in mume population (32.59% of markers), and higher PPL in peach population (42.96%) and apricot population (57.05%). The number of observed alleles (Na) of the apricot population and HuB population were up to 1.57. The effective allele number (Ne) and Shannon index (I) of the HuB population were the highest, i.e., 1.31 and 0.27, respectively. Interestingly, the apricot population had only 15 isolates, but the number of polymorphic loci (NPL) was 77, as high as the HuB population (37 isolates; Supplementary Tables S2, S3). These results indicated that genetic diversity varied among different populations, and the HuB population showed the highest genetic diversity among different geographic populations, while the apricot population had the highest genetic diversity among different host populations.



Distribution of genetic variation

Among different geographic populations, the lowest genetic similarity coefficient was 0.8819 for Guizhou versus Guangdong (GZ vs. GD), and the highest was 0.9882 for Zhejiang versus Hubei (ZJ vs. HuB). Among different host populations, the lowest genetic similarity coefficient was 0.8616 for apricot vs. mume (A vs. M), and the highest was 0.8841 for peach vs. mume (P vs. M, Supplementary Tables S4, S5). These results indicated that populations shared a moderate to substantial identity. At the same time, Nei’s genetic distance indicated that geographic populations varied in their degree of relatedness from 0.0118 (HuB vs. ZJ), which was separated by a relatively short genetic distance, to 0.1257 (GD vs. GZ), which was separated by greater genetic distance (Supplementary Table S4). Different host populations varied in their degree of relatedness from 0.1231 (P vs. M) to 0.149 (M vs. A; Supplementary Table S5).



Genetic differentiation of Venturia carpophila

AMOVA analysis of 14 geographic populations indicated that 13% of the observed genetic diversity was partitioned among the populations and 87% was within individual populations (PhiPT = 0.125; p = 0.001). For three host populations, 40% of the observed genetic diversity was partitioned among the populations and 60% was within individual populations (PhiPT = 0.403; p = 0.001). A moderate genetic differentiation was observed across host populations, however, limited genetic differentiation was observed across geographic populations (Supplementary Tables S5, S6). The pairwise indices of differentiation quantified the genetic variation between geographic and host populations (Supplementary Tables S6, S7). Significant pairwise geographic population PhiPT values ranged from 0.00 to 0.509, and the highest differentiation was found between the HeB and Yunnan (YN) populations (Supplementary Table S8). Significant pairwise host population PhiPT values ranged from 0.367 to 0.426, and the highest differentiation was found between the mume and apricot populations (Supplementary Table S9).



Population structure

Principle coordinate analysis (PCoA) is a multidimensional scaling analysis to visualize the clustering of isolates due to genetic similarities among tested isolates. The analysis was performed in GenAlEx V6.5 based on Nei’s genetic distance. PCoA revealed three groups, one was specific to apricot isolates, the other was to mume isolates, and the third one was to peach isolates. Axes 1 and 2 of the PCoA accounted for 29.75% and 25.12% of the total genetic variation. Isolates from mume were relatively closer to peach isolates (Figure 5).
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FIGURE 5
 Principal coordinate analysis of 16 populations of Venturia carpophila in China based on Nei’s genetic distance using GenALEX. The red circle represents the isolates from peach, the green circle represents the isolates from mume and yellow circle represents the isolates from apricot. BJ, Beijing; CQ, Chongqing; GD, Guangdong; GX, Guangxi; GZ, Guizhou; HeB, Hebei; HuB, Hubei; HN, Henan; JS, Jiangsu; SC, Sichuan; SD, Shandong; SX, Shanxi; YN, Yunnan; ZJ, Zhejiang.


A similar clustering pattern was obtained by structure analyses. Structure analysis of all of the populations revealed that the highest likelihood values and the mode of the distribution of the ΔK index were all observed for K = 3 (Figure 6A), i.e., 186 isolates V. carpophila from China were divided into three subgroups (K = 3; Figure 6B). Structure analysis of 14 geographic populations revealed that the highest likelihood values and the mode of the distribution of the ΔK index were all observed for K = 3 (Same as Figure 6A, data not shown), significantly higher than other clusters. From 14 geographic populations, isolates were divided into three subgroups (K = 3; Figure 6C) which were not correlated with geographic regions. Structure analysis of 3 host populations revealed that the highest likelihood values and the mode of the distribution of the ΔK index were all observed for K = 3 (data not shown), significantly higher than other clusters. From 3 host populations, isolates were divided into three subgroups (K = 3; Figure 6D) which were correlated with hosts, i.e., isolates from the same host clustered in a group. Similarly, the DAPC analysis displayed the interrelationship of the 186 Chinese V. carpophila haplotypes. The model-based DAPC analyses suggested the existence of at least three clusters in V. carpophila populations (Figure 7A). One hundred and fifty-six isolates collected from 14 provinces on peach were overlapped (Figure 7B), while 45 isolates from different 3 hosts at the same collection geographic region showed that there are three clusters corresponding to their specific hosts (Figure 7C). Minimum spanning network (MSN) is a great way to visualize relationships among individual isolates. It is a more powerful visualization tool than trees. MSN analyses further confirmed the subdivision of populations based on hosts, where the apricot population was obviously separated from other populations, and mume isolates were relatively closer to peach isolates (Figure 8). The dendrogram was inferred using the UPGMA method based on a pairwise comparison genetic distance between populations, demonstrated three major clusters of sampling populations: one cluster included all isolates from apricot, the second cluster included all isolates from mume and a few isolates from peach, and the third cluster were all peach isolates (Figure 9). Altogether, the population structure of Chinese V. carpophila was analyzed in five ways, i.e., PCoA, STRUCTURE, UPGMA, MSN, and DAPC, and congruence among PCoA, DAPC, UPGMA, MSN, and STRUCTURE clusters was observed. The V. carpophila populations in China were clustered based on specific hosts instead of the different geographic regions.
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FIGURE 6
 Estimation of population structure. (A) Optimum number of subpopulations was determined by using LnP(D) derived ∆K. The maximum value of delta K was found to be at K = 3, suggesting division of the entire population into 3 subpopulations. (B) Assignment plots of Venturia carpophila from 14 peach producing provinces and 3 hosts with K = 3 performed in the program STRUCTURE. Black lines separate isolates from different locations. 1 = Beijing (BJ), 2 = Chongqing (CQ), 3 = Guangdong (GD), 4 = Guangxi (GX), 5 = Guizhou (GZ), 6 = Hebei (HeB), 7 = Hubei (HuB), 8 = Henan (HN), 9 = Jiangsu (JS), 10 = Sichuan (SC), 11 = Shandong (SD), 12 = Shanxi (SX), 13 = Yunnan (YN), 14 = Zhejiang (ZJ), 15 = Mume, 16 = Apricot. (C) Assignment plots of V. carpophila from 14 peach producing provinces with K = 3 performed in the program STRUCTURE. 1 = Beijing, 2 = Chongqing, 3 = Guangdong, 4 = Guangxi, 5 = Guizhou, 6 = Hebei, 7 = Hubei, 8 = Henan, 9 = Jiangsu, 10 = Sichuan, 11 = Shandong, 12 = Shanxi, 13 = Yunnan, 14 = Zhejiang. (D) Assignment plots of V. carpophila from 3 hosts with K = 3 performed in the program STRUCTURE, 1 = Peach, 2 = Mume, 3 = Apricot.
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FIGURE 7
 Discriminant analysis of principal components (DAPC) of Venturia carpophila populations including different geographic and host populations (A). Discriminant analysis of principal components of 14 geographic V. carpophila populations on peach (B). Discriminant analysis of principal components of 3 host populations (Peach, mume and apricot) V. carpophila (C). Eigenvalues signifying the variance explained by principal component analysis (PCA) and discriminant analysis (DA) indicated that the first two principal components adequately explain the genetic structure of the populations. Points represent individual isolates and ellipses represent individual populations. There is no representation of clonal individuals in this graphic.
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FIGURE 8
 Minimum spanning network of 186 Venturia carpophila based on genetic distance from 14 geographic and 3 host populations. Node colors represent population membership and are proportional to the pie size. There is no representation of clonal individuals in this graphic.
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FIGURE 9
 Relationships among 186 Venturia carpophila isolates from 14 provinces and 3 hosts. The dendrogram was constructed using the unweighted pair group method with arithmetic mean based on Nei’s genetic distance. Shape labels, circle: isolates from fruits, rectangle: isolates from twigs and triangle: isolates from leaves. Color labels, pink: isolates from peach, green: isolates from mume and purple: isolates from apricot. Phylogenetic tree was managed and annotated by using Evolview V2.





Discussion

In this study, all of the isolates from scab samples of peach, mume, and apricot were confirmed as V. carpophila based on morphological and molecular characterizations. In order to better understand Chinese V. carpophila populations, SSR markers developed previously were used to analyze V. carpophila populations in China. Altogether 29 SSR markers could successfully differentiate a vast majority of isolates and sufficiently describe the genetic diversity of V. carpophila populations (Supplementary Figure S2). The relationship among different geographic populations and different host populations provides a new perspective for understanding the spread and inheritance of V. carpophila.

Chen et al. released the genomic data of V. carpophila, and designed SSR primers based on the genomic data (Chen et al., 2018). After screening, 32 pairs of SSR primers with polymorphisms were finally obtained. Genetic diversity analysis of 39 strains isolated from peach or nectarine using the above primers showed that the number of alleles identified ranged from 2 to 9, and the polymorphic information contents were from 0.097 to 0.792, indicating the substantial diversity of V. carpophila (Chen et al., 2018). Similarly, it was found that V. carpophila isolates in China were genetically diverse. The gene diversity of V. carpophila observed in this study is 0.07 to 0.18, which is similar to the results obtained in close fungal pathogen Fusicladium effusum (Nei’s measure of gene diversity = 0.083 to 0.160; Bock et al., 2014). The genetic diversity among V. carpophila isolates in China is higher than that observed in the United States (Chen et al., 2018), probably because our samples were from more geographic locations and different hosts, and also in our study, more isolates and primers were used.

Genetic diversity in host populations and geographic populations showed different levels. Genetic diversity levels among geographic populations directly correspond to the number of isolates and sampling range. For instance, the genetic diversity of the HuB population was the highest at 0.18, and the HuB population had the most isolates (37) and the widest sampling range (5 orchards that were more than 500 km apart). HeB population had the least number of isolates, only one sampling site, and showed the lowest genetic diversity at only 0.10. On the other hand, this study detected the highest genetic diversity within a small sample of 15 apricot isolates from the same orchard. Among three host populations collected from HZAU, the genetic diversity of the apricot population was higher than peach and mume populations. The sexual stage of V. carpophila was first reported in Australia on apricot trees in 1961. It was showed that V. carpophila had the ability of gene recombination (Fisher, 1961). According to our observation, the apricot leaf scab is the most common one among the three host scabs, and lesions on leaves are rare on peaches and plums. The infestation time is very long, and apricot leaf scab can be still observed until the leaf fall in autumn, which provides the basis for V. carpophila to produce sexual stage and genetic recombination. It might be the reason why the highest genetic diversity was observed within the apricot population.

In this study, AMOVA analysis of 14 geographic populations indicated that 13% of the observed genetic diversity was partitioned among geographic populations and 87% was within geographic populations. In addition, AMOVA analysis of three host populations indicated that 40% of the observed genetic diversity was partitioned among host populations and 60% was within host populations. This is similar to the results observed in a recent study (Bock et al., 2020). In four populations with more than 10 isolates, the AMOVA analysis indicated that most variance could be found within orchards for both original (83.10%) and clone corrected (87.98%) data sets (Bock et al., 2020). However, they did not conduct a population genetic study on isolates from different hosts. The genetic diversity was analyzed for V. carpophila isolates collected from peach and nectarine in the United States, although the sample size was smaller (n = 39 and 81), both studies revealed that the genetic diversity of V. carpophila isolates does not correspond to locations or host cultivars (Chen et al., 2018; Bock et al., 2020). Gene diversity is indicative that there is a transfer of genetic material among the populations infecting peach and nectarine. This may not be surprising as nectarine is considered a smooth-skinned peach (P. persica).

Population structure analysis revealed moderate host population differentiation (40%), which was identified when three host populations from HZAU were used. However, structure analysis of 14 geographic regions’ population revealed that V. carpophila were divided into three subgroups, and no significant differentiation was identified among geographic populations (13%). Analysis of the genetic structure of 81 peach isolates of V. carpophila from the eastern United States showed that V. carpophila population clustered in three distinct groups (Bock et al., 2020). In this study, the genetic structure analysis of V. carpophila isolates from peach (14 provinces) of China obtained similar results. Overall, these results suggested that there was a significant interflow of V. carpophila isolates among different geographic regions but not among different hosts, e.g., peach, mume, and apricot. Similarly, based on the DAPC analysis, isolates collected from 14 provinces did not cluster according to geographic regions, the discriminant analysis also demonstrated the overlap among isolates from different geographic regions, however, isolates from different hosts did cluster according to their hosts. The dendrogram construction based on Nei’s genetic distance using UPGMA for the isolates from 14 different geographic regions and three hosts also showed that isolates were grouped into three major clusters according to their hosts. The three host populations of V. carpophila showed significant differences in colony morphology, growth rate and spore production on the MEA medium. The cultures of V. carpophila from California almond trees and from peach trees in the southeastern United States showed similar results in which differences were observed for isolates from different hosts (Chen et al., 2014). This biological observation indicated that V. carpophila isolates from different hosts had significant differences, which were consistent with the results obtained by molecular analysis based on SSR markers. These differences might be caused by host specialization during the evolution of V. carpophila.



Conclusion

In brief, the genetic diversity and population structure of the V. carpophila have rarely been characterized. This is the first report of the genetic variation and population structure in V. carpophila isolates from China. We demonstrated that Chinese V. carpophila populations could be clustered into three distinct genetic groups, which correspond to the host boundaries, i.e., peach, mume, and apricot. Based on peach isolates from 14 provinces, it is obvious that V. carpophila isolates do not group according to the geographic regions. These results show that the host but not the environment play an important role during the evolution of V. carpophila. In other words, the genetic identity of V. carpophila isolates is dependent on the host, but not the geographic region. This research laid a solid foundation for a better understanding of the population biology and genetics of V. carpophila. The global geographic populations and more host populations of V. carpophila should be further explored in the future.
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Paridis Rhizoma is a natural medicine with strong anti-tumor and anti-inflammatory activities. Our previous research have found that Fusarium sp. C39, an endophytic fungus isolated from Dioscorea nipponica which contains the similar chemical components, significantly increased the steroidal saponins content of Paridis Rhizoma by fermentation. In this study, the inhibitory effects of fermentated Paridis Rhizoma extract (PRE) on liver cancer cells (Hepal-6), cervical cancer cells (Hela), and lung cancer cells (A549) were determined to be stronger than that of the unfermented extract. For discovering the fermentation mechanism of PRE with Fusarium sp. C39, 36 components with obviously quantitative variations were screened out by UPLC-Q/TOF-MS and 53 key genes involved in the metabolic pathways of steroidal saponins were identified by transcriptome. On the basis of comprehensively analyzing information from the metabonomics and transcriptome, it can be speculated that the increase of spirostanol saponins and nuatigenin-type saponins enhanced the inhibitory effect of fermented PRE on cancer cell proliferation. Under the action of glycosidase, glycosyltransferase, oxidoreductases, and genes involved in sterol synthesis, strain C39 achieved the synthesis of diosgenin and the alteration of configurations, sugar chain and substituent of steroidal saponins. The research suggested a microbial transformation approach to increase the resource utilization and activity of Paris polyphylla.
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Introduction

Paridis Rhizoma, the rhizome of the perennial herb Paris polyphylla Smith var. yunnanensis (Franch.) Hand. Mazz. (PPY) or Paris polyphylla Smith var. chinensis (Franch.) Hara (PPC), is an indispensable traditional Chinese medicine with the functions of clearing away heat, detoxifying, reducing swelling, and relieving pain. The earliest records of Paridis Rhizoma being applied traced back 2000 years ago to “Shen Nong’s Materia Medica” (China, 2020). At present, Chinese patent medicines that have been widely used clinically with Paridis Rhizoma as the main raw material include “Yunnan Baiyao,” “Chonglou Jiedu Tincture,” “Gongxuening Capsules,” and “Ji Desheng Snake Pills.” Phytochemical and pharmacological studies have shown that PPY and PPC are rich sources of steroidal saponins with significant anti-cancer, anti-inflammatory, hemostasis, immune regulation, and antioxidant effects (Tian et al., 2020; Thapa et al., 2022).

The main distribution areas of Paris polyphylla include China, India, Nepal and other countries bordering the Himalayas (Shah et al., 2012). Due to excessive development, illegal collection, open-air grazing, and other human activities, the wild resources of P. polyphylla have been severely damaged, and P. polyphylla is listed as endangered species, which seriously hinders sustainable resource acquisition (Cunningham et al., 2018; Pokhrel et al., 2019; Chauhan, 2020). At present, the expansion of artificial planting is the main measure to cope with the shortage of resources. But due to the disadvantages of the long growth cycle and low reproduction rate, it is difficult to meet the growing market demand (Yang et al., 2012). Microbial transformation is one of the promising routes to for expanding natural medicine resources. Compared with chemical synthesis, it has higher regioselectivity and stereoselectivity, mild action, high conversion rate, simple operation and low cost (Li et al., 2020). Endophytes are a special class of microorganisms, some of which are capable of producing the same biologically active compounds as the host plants or promoting the accumulation of secondary metabolites in synergy with the host plants. They are of interest as potential resources for producing and transforming natural medicines (Hardoim et al., 2015; Venieraki et al., 2017). However, these microorganisms usually do not have stable production and transformation capabilities when cultured in vitro, which limits their application (Venugopalan and Srivastava, 2015). Exploiting the function of valuable endophytes through biotechnology is currently a more useful solution (Kusari et al., 2014a,b; Shankar Naik, 2018). Therefore, exploring the regulatory mechanism of microbial production and the transformation of natural products at the molecular level is of great significance for expanding medical resources.

Fusarium sp. C39, a filamentous endophytic fungus isolated from Dioscorea nipponica that could significantly increase the total saponins content of D.nipponicae Rhizoma through fermentation (Du et al., 2013). Further research found that this strain also had similar effects on the saponin content of Paridis Rhizoma. In the liquid fermentation broth after acid hydrolysis treatment, the content of diosgenin increased by 39.00%, while the increase of pennogenin content increased by 288.64%. In this study, we investigated the inhibitory ability of fermented Paridis Rhizoma extract (PRE) on the proliferation of three cancer cell lines, compared the dynamic changes of the saponins content in PRE during fermentation process, and illustrated the differentially expressed genes (DEGs) in strain C39 that regulated the synthesis and transformation of steroidal saponins at the molecular level. The toxic activity of strain C39 on cancer cells and how strain C39 enhances the saponin content of Paridis Rhizoma were initially explored. These studies provide a theoretical basis for the further development of the ability of the strain to transform natural products.



Materials and methods


Strains and medium

The strain C39 was isolated from D. nipponica Makino and preserved in the Pharmaceutical Laboratory of the Heilongjiang University of Chinese Medicine. The preparation method of the culture medium is as follows: add 200 g of chopped peeled potatoes to distilled water and boil for 30 min, filter and make up the liquid to 800 ml. We added 20 g glucose and 20 g agar, which was packaged and sterilized at high pressure at 121°C for 30 min before use to obtain potato dextrose agar (PDA) medium. Then, we poured the hot medium into Petri dishes and added 35–40 ml of each. The potato dextrose broth (PDB) medium is used to prepare 100 ml seed culture and 150 ml of the drug-containing medium, which lacked the addition of agar during the same preparation process. Dispensed in conical flasks as required and sterilized.



Preparation of Paridis Rhizoma extract

Paridis Rhizomes were ground into powder and then sieved before use. Two grams of Paridis Rhizomes powder was added with 50 ml of 70% ethanol and reflux extract twice at 85°C for 2 h each time, combined with the filtrate and concentrated to dryness on a rotary evaporator to obtain PRE.



Liquid-state fermentation of PRE

Strain C39 was activated on a PDA medium for 4–5 days, and a punch with a diameter of 8 mm was used to drill holes at the colony’s edge to obtain fungus cakes. Afterward, each cake was inoculated in 100 ml PDB medium for 3 days to prepare seed cultures and control samples were fermented for 0 days. Subsequently, the PRE was dissolved in 150 ml of PDB medium and sterilized. After cooling, 1.2 ml of seed solution was added to the drug-containing medium and fermented for different times of 3, 5, 7, and 9 days as the sample groups. All groups were incubated at 28°C with a rotation speed of 120 r/min in a shaker table.



Cell culture and viability assay

As specified in Sections Preparation of Paridis Rhizoma extract and Liquid-state fermentation of PRE, 10 g of Paridis Rhizomes powder was subjected to liquid fermentation for 7 days and served as the sample group, while the unfermented raw medicinal material extract served as the control group. After the samples were concentrated to 20 ml, it was extracted three times with an equal volume of water-saturated n-butanol and the n-butanol layer was retained to prepare a lyophilized powder, which was dissolved in Dimethyl sulfoxide (DMSO) to prepare a 15 mg/ml mother solution, and stored at 4°C. The stock solution was diluted to the desired concentration with serum-free medium, followed by filtration and sterilization.

Hepal-6 liver cancer cells, Hela cervical cancer cells, and A549 lung cancer cells (Heilongjiang University of Chinese Medicine, Pharmacognosy Laboratory Storage) were cultured in the medium supplemented with 10% fetal bovine serum (FBS, Gibco, United States), 100 U/ml penicillin, and 100 μg/ml streptomycin. The medium of Hela and A549 cells is RPMI 1640 (Gibco, US), while the medium of Hepa1-6 cells is Dulbecco’s modified Eagle’s medium (DMEM, Gibco, United States), and all cells were incubated at 37°C and 5% CO2. Cells in the exponential growth phase were digested by trypsin and seeded in 96-well plates at 1 × 105 cells/mL density. After overnight incubation, cells were treated with different concentrations of the samples and incubated for another 24 h. Subsequently, the supernatant was discarded, 20 μl of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) was added to each well, and the cells were incubated for 4 h. The supernatant was aspirated, supplemented with 100 μl of DMSO per well, and shaken for 15 min. The OD (optical density) value was measured at 490 nm using a Microplate Reader (Thermo, United States). Cell inhibition ratio (%) = [1-ASample/AControl] × 100%.



UPLC-Q-TOF-MS analysis of saponins

From each sample, 110 ml of culture medium was separated and concentrated, and ethanol was added to 80% concentration. After 12 h of precipitation, the filtrate was recovered under reduced pressure, and then the volume was fixed with 80% ethanol and filtered through a 0.22-μm membrane to obtain the test solution for the analysis of the changes in saponin components. For the standards, Polyphyllin I, II, VI, VII, pseudoprotodioscin, diosgenin and pennogenin were accurately weighed and prepared into a mixed reference solution with a mass concentration of 0.1 mg/ml. Metabolite profiling was conducted using a UPLC system (ACQUITY UPLC; Waters, Milford, MA, United States) and hybrid Q-TOF tandem mass spectrometry (Triple-TOF-MS; Triple TOF 5600 system; AB SCIEX, Concord, ON, Canada). Chromatographic separation was performed on an ACQUITY UPLC BEH C18 column (2.1 mm × 100 mm × 1.7 μm; Waters) using mobile phase A (0.1% formic acid in deionized water) and mobile phase B (0.1% formic acid in acetonitrile). Mobile phase B was increased linearly from 5% at 0 min to 40% at 2 min to 100% at 22 min and then held at 5% until 22.1 min. Finally, solvent B was held at 5% until 25 min. The flow rate was maintained at 0.3 ml min−1. Mass data acquisition was performed in both positive [electrospray ionization-positive (ESI+)] and negative (ESI−) modes using the following parameters: Ion spray voltage of 5.5 kV in ESI+ and −4.5 kV in ESI−; Nebulizer gas (gas 1) of 55 psi; Heater gas (gas 2) of 55 psi; Curtain gas of 35 psi; Turbo spray the temperature of 550°C; Declustering potential of 100 V in ESI+ and −100 V in ESI−. The collision energy of 35 V in ESI+ (−35 V in ESI−); Collision energy spread of 15 V. The mass spectrum scanning range was 80–1,500 Da.



Data processing and multivariate analysis

To study the dynamic changes of steroidal saponins in the sample group and control group. The collected data is imported into the MarkerView (AB SCIEX, United States) software, and the error between the charge-to-mass ratio and the retention time is normalized by the Alignment&Filtering function; the processed data use the principal component analysis (PCA) method for pattern recognition and establishes the model, and the score matrix Scores and loadings are generated separately to obtain different compounds. Then, we used the established MS database of more than 200 species of plants of the genus Paris L. and the cleavage law of steroidal saponins, and used Peakview 2.0 software to pass targeted screening and non-target screening methods to infer the possible structure of the different components.



RNA extraction, RNA-Seq library construction, and sequencing

In a sterile environment, the remaining culture medium of each sample was separated and filtered with gauze, then rinsed with sterilized distilled water and removed excess water from the mycelium, immediately frozen in liquid nitrogen and stored at −80°C. The total RNA of strain C39 was extracted using TRIzol reagent (ThermoFisher, China) following the manufacturer’s protocol. The concentration of the extracted RNA samples was determined using a Nanodrop system (NanoDrop, Madison, United States), and the integrity of the RNA was examined by the RNA integrity number (RIN) using an Agilent 2,100 bioanalyzer (Agilent, Santa Clara, CA, United States). To construct the cDNA library, mRNA was purified by using Oligo (dT)-attached magnetic beads and sheared into short fragments, which served as templates for synthesizing the cDNAs using random hexamer primers. Following end-repair and adaptor ligation, the products were amplified by PCR and purified to create a cDNA library. The constructed libraries were then sequenced by using the BGIseq-500. The RNA Extraction, cDNA library construction and sequencing were performed at BGITech (Shenzhen, China).



Transcript assembly and annotation

The sequencing data of the adaptor, the low-quality reads, and the unknown bases were filtered with SOAPnuke (v1.4.0), and then clean reads were obtained and stored in FASTQ format for downstream analyses. HISAT2 (V2.1.0; Kim et al., 2015) and Bowtie2 (V2.2.5; Langmead and Salzberg, 2012) were used to map clean readings to the reference genome and align them with the reference coding gene set, respectively, and then the expression level of gene was calculated by RSEM (V1.2.8; Li and Dewey, 2011).



Functional annotation and enrichment analysis of DEGs

Differential expression analysis was performed using the DESeq2 (Love et al., 2014) with a Q value ≤ 0.05. To take an insight into the change of phenotype, GO1 and KEGG2 enrichment analysis of annotated different expressed genes was performed by Phyper3 based on Hypergeometric test. The significant levels of terms and pathways were corrected by Q value with a rigorous threshold (Q value ≤ 0.05) by Bonferroni. To visualize the results of GO enrichment of DEGs, Cytoscape version 3.6.1 with BiNGO plugin version 3.0.3 (Maere et al., 2005) were used to construct significantly enriched biological networks and output the results as graphs. To predict the functional interaction of proteins, DIAMOND (Buchfink et al., 2021) was used to align the genes to the STRING database, and the network relationship with a score value of ≥300 was screened into Cytoscape to visualize the PPI network, and the cytoHubba plugin was used to screen hub genes to construct a sub-network.



Validation of transcripts by quantitative qRT-PCR

The reliability of RNA-seq data was validated by qRT-PCR using the AriaMx Real-Time PCR System (Agilent, United States). Primer sequences were designed based on mRNA by Sangon Biotech (Sangon, China) and Takara Bio Inc. (Takara, Japan) using Primer 5 in the laboratory and are shown in Supplementary Table S1. First-strand cDNA was synthesized from the total RNA using PrimeScript™ RT Reagent Kit with gDNA Eraser and then TB Green ® Premix Ex Taq™ П (Takara, Japan) was used for qRT-PCR. The total reaction mixture volume for each reaction was 20 μl, and the amplification program was as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s. The tubulin beta (TUBB) (GME8911_g) was selected as the housekeeping gene for the normalization, and three technical replicates were performed for each sample. The relative expression levels for each gene were calculated using the 2−△△Ct method.




Results


Inhibitory effects of fermentation products on cancer cells

PRE effectively reduced the viability of three cancer cells (Figure 1). The IC50 values of the control group were 234 μg/ml in Hepa1-6 cells, 97 μg/ml in Hela cells and 315 μg/ml in A549 cells, while the values of the sample group decreased by 29.48, 39.17, and 32.06%, respectively.
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FIGURE 1
 Inhibitory effects of fermentation products on proliferation of different cancer cells. (A) Hepa1-6 cells (B) Hela cells and (C) A549 cells. Values are means ± SD. The asterisk above the line chart denoted statistical significance (*p < 0.05, ** p < 0.01, and ns p > 0.05).




Mass spectrometric fragmentation and chromatographic retention behavior of steroidal saponins in Paridis Rhizoma

To assist in determinating steroidal saponins in PRE, a database containing the reported compound of the plants of Paris L. was first constructed (Zhao et al., 2009; Qin et al., 2012, 2016; Wu et al., 2012a,b; Ling et al., 2015), and according to the configuration of C-25 and the state of the F ring, the main steroidal saponins were classified into four types: isospirostane-type (25R), spirostane-type (25S), nuatigenin-type, and furostane-type. Among them, isospirostane-type saponins occupy a major composition, mainly including diosgenin-type and pennogenin-type saponins (Figure 2). Based on the relevant reports on the fragmentation mechanism of steroidal saponins of the Paris polyphylla, the characteristic fragmentation patterns were summarized, and a strategy for characterizing the structure of steroidal saponins was proposed and further verified by five reference standards, including two diosgenin-type saponins, two pennogenin-type saponins, and one furostane-type saponins (Figure 3). Generally, the molecular mass and formula could be obtained from the [M + H]+, [M + Na]+ [M + HCOO]− and [M-H]− ions.
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FIGURE 2
 The main configuration of steroidal saponins in Paris polyphylla.
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FIGURE 3
 Strategy used for characterizing steroidal saponins in Paridis Rhizoma by HPLC-Q/TOF-MS. (A) Chromatographic behavior of steroidal saponins with different configurations. (B) BPC chromatograms of UPLC-MS for reference standards at ESI−.




Qualitative analysis by UPLC-Q/TOF-MS

The metabolome data of fermentation samples at days 3, 5, 7, and 9, as well as control samples were collected by UPLC-Q/TOF-MS, and the base peak chromatograms (BPC) in the positive mode were shown in Figures 4A,B. Combined with the method of principal component analysis (PCA), the data were pattern recognized, and a model was established to produce scores plot and loadings plot, respectively (Figures 4C,D). The scores plot showed that the six groups of samples were divided into 4 four types, and the control group differed significantly from the fermentation group. However, no distinction occurred between 3 days and 5 days of fermentation and between 7 days and 9 days of fermentation. In the loadings plot, the distance between each point and the origin represented the contribution to the typing. The ions represented by the farther away points were the focus of the analysis, and thus a total of 36 labeled metabolites including seven furostane-type saponins (peaks 1, 3–8), 23 spirostanol saponins (peaks 2, 13–34), four nuatigenin-type saponins (peaks 9–12) and two glycosides (Peaks 35, 36), were screened out as the identification components (Figure 5; Table 1).

[image: Figure 4]

FIGURE 4
 The screening of differential saponins during liquid fermentation of PRE by strain C39 at ESI+. (A) BPC chromatograms of UPLC-MS for sample group and (B) seed culture solution group. (C) PCA scores plot and (D) loadings plot of all groups.


[image: Figure 5]

FIGURE 5
 Possible structure of labeled saponins based on UPLC-Q/TOF-MS.




TABLE 1 Data of the identified differential 36 compounds by UPLC/Q-TOF-MS.
[image: Table1]

As the fermentation time increased, the content of these labeled steroidal saponins showed different changing trends. As a whole, the content of total saponins was first decreasing, then increasing, and then decreasing, and reached the maximum in 5 days of fermentation (Figure 6A). For furostane-type saponins, the content showed an obvious continuous decreasing trend (Figure 6B), while the content of spirostanol saponins generally showed the tendency of first increasing and then decreasing. The content of nuatigenin-type saponins displayed a trend of first decreasing and then increasing (Figure 6C). For diosgenin-type saponins, the content of peaks 26 and 31–34 reached the maximum at 5 days of fermentation, while the peaks 24, 25, 27, 28, 29, and 30 reached the maximum content in fermentation to 7 days (Figure 6D). Among them, the content of peaks 27, 28, 30, 31, and 34 decreased significantly after 3 days of fermentation. According to Figure 6E, pennogenin-type saponins and some saponins with hydroxyl substituents on diosgenin have similar cleavage rules, including peaks 13–15 18, 19, 21, and 23. The content of peaks 19 and 21 reached the maximum at 3 days of fermentation, while the peaks 13, 14, 15, and 23 reached the maximum content at 5 days, and peak 18 showed a continuous upward trend. Peaks 16, 17, 20, and 22 are saponins substituted with carbonyl groups on diosgenin. Peaks 16, 20, and 22 reached the maximum at 3 days of fermentation and peak 17 showed a continuous upward trend. Peak 2 was diosgenin with a hydroxyl group attached to the C23 position, and its content decreased significantly after 3 days of fermentation. In addition, three glycosides were screened. By comparing with the standards, it was determined that peak 35 was pennogenin and the peak 36 was diosgenin, both of which increased first and then decreased (Figure 6A). In the seed culture solution, diosgenin was determined. However, the content of these components varied greatly among parallel samples.
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FIGURE 6
 Variation trend of the response values of the selected components with the fermentation time. (A) Total saponins and sapogenin. (B) Furostane-type saponins. (C) Nuatigenin-type saponins. (D) Diosgenin-type saponins. (E) Pennogenin-type and other spiosteroidal saponins. Values are means ± SD. The asterisk above the bar chart denoted statistical significance (*p < 0.05, **p < 0.01, and ns p > 0.05).




Transcriptome sequencing, assembly, and annotation

A total of 25 mycelial samples at all fermentation time points (0, 3, 5, 7, and 9 days) were tested using the DNBSEQ platform, and each sample produced 6.42Gb data on average. The average comparison rate of the sample comparison genome was 93.78%; the total number of genes detected was 13,481, of which 13,407 were known genes and 74 new genes were predicted; a total of 5,271 new transcripts were detected, of which 3,161 belonged to new alternative splicing subtypes of known protein-coding genes, 74 belong to new protein-coding gene transcripts, and the remaining 2036 belong to long-chain non-coding RNAs. The number of DEGs is shown in Figure 7.

[image: Figure 7]

FIGURE 7
 Statistics of the number of DEGs. (A) The number of up-down regulated DEGs. (B) Venn diagram of DEGs of D0-vs-D3, D3-vs-D5, D5-vs-D7, and D7-vs-D9.




GO and KEGG analysis

In the early stage, our research group has completed the genome sequencing of the C39 strain; all raw sequencing data were deposited in the NCBI database with the accession numbers JAGFMC000000000, and used to annotate the functional information of the transcripts (Ding et al., 2022).

Gene Ontology (GO) assignments were used to classify the functions of the DEGs, and the assigned DEGs were divided into three functional categories: molecular functions (MF), cellular components (CC), and biological processes (BP), which were further divided into more detailed subcategories (Figure 8A; Supplementary Figure S1). The number of DEGs of D0-vs-D3, D3-vs-D5, D5-vs-D7 and D7-vs-D9 involved in molecular function (MF) was the largest, followed by cellular_component (CC) and biological_process (BP). In the MF category, “catalytic activity” was the most abundant category, followed by “binding.” “transporter activity” and “transcription regulator activity” were similar. In the CC category, “cellular anatomical entities” occupied the largest proportion, and followed by “intracellular” and “protein-containing complexes.” In the BP category, the most abundant GO terms were “metabolic process” and “cellular process,” followed by “biological regulation” and “localization.” The GO enrichment analysis classified the DEGs according to the GO annotation results. D0-vs-D3, D3-vs-D5, D5-vs-D7, and D7-vs-D9 were, respectively, assigned 3,033, 2,918, 1888, and 569 GO terms, which contained 3,890, 3,297, 1,244, and 146 DEGs. The GO enrichment of DEGs is shown in Figure 8B; Supplementary Figure S2.
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FIGURE 8
 GO analysis of DEGs during the fermentation of D0-vs-D3. (A) The GO terms analysis and (B) GO enrichment analysis of top 20 with the smallest Q value.


According to the results of KEGG, a total of 2,594, 2,162, 809, and 116 DEGs could be aligned to the KEGG pathways teams in D0-vs-D3, D3-vs-D5, D5-vs-D7, and D7-vs-D9, respectively. The DEGs involved in KEGG pathway teams were divided into five categories: “Cellular processes,” “Environmental information processing,” “Genetic information processing,” “Metabolism,” and “Organism systems” (Figure 9A; Supplementary Figure S3). The KEGG pathway enrichment of DEGs is shown in Figure 9B; Supplementary Figure S4. Among them, DEGs were significantly concentrated in “Metabolism.” Under this group, the most relevant pathways to the synthesis of steroidal saponins were “Steroid biosynthesis” and “Terpenoid backbone biosynthesis,” which belong to the teams “Lipid metabolism” and “Metabolism of terpenoids and polyketides.” In addition, “Glycan biosynthesis and metabolism” and “Carbohydrate metabolism” were also related to this process. A protein–protein interaction (PPI) network was constructed utilizing DEGs included in these teams, and Cytoscape-cytoHubba was used to screen out the top 50 hub genes and construct a sub-network (Figure 10). The proteins encoding genes glucose-6-phosphate isomerase (GPI), phosphoglucomutase (pgm), enolase (ENO), 15-cisphytoene synthase / lycopene beta-cyclase (AL2), squalene monooxygenase (ERG1; SQLE), isopentenyl-diphosphate Delta-isomerase (IDI), sterol 14alpha-demethylase (CYP51), sterol-4alph-acarboxylate 3-dehydrogenase (decarboxylating) (ERG26; NSDHL), delta14-sterol reductase (ERG24; FK), and malate dehydrogenase (oxaloacetate-decarboxulating) (NADP+) (maeB) may play an important role in increasing saponin content of Paridis Rhizoma by strain C39. Among all KEGG pathway terms, “Pentose phosphate pathway,” “RNA degradation,” “Ribosome,” and “mRNA surveillance pathway” were considered as significantly differential pathways (Q < 0.05).
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FIGURE 9
 KEGG analysis of DEGs during the fermentation of D0-vs-D3. (A) The KEGG pathway terms analysis and (B) KEGG pathway enrichment analysis of top 20 with the smallest Q value.
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FIGURE 10
 Protein–Protein Interaction network. Dark notes represent hub genes.




Metabolic pathway analysis of candidate genes involved in steroidal saponin synthesis

Combined with the relevant annotations of the two databases, about 48 DEGs that may be involved in the synthesis and transformation of steroidal saponins were selected (Supplementary Table S2). The synthesis of steroidal saponins can be divided into three stages: sterol synthesis, aglycon synthesis, and saponin synthesis (Chen et al., 2021). In plants, sterol synthesis first relies on the MVA and MEP pathways to synthesize FPP. The screened DEGs showed that strain C39 only relied on the MVA pathway for sterol synthesis, and the DEGs in this process included acetyl-CoA C-acetyltransferase (AACT), Mevalonate kinase (MVK), hydroxymethylglutaryl-CoA reductase (NADPH, HMGCR), phosphomevalonate kinase (mvaK2), and isopentenyl-diphosphate Delta-isomerase (IDI). Then, the obtained FPP synthesizes lanosterol by farnesyl-diphosphate farnesyltransferase (FDFT1), ERG1, and lanosterol synthase (ERG7). Finally, through CYP51 ERG24/FK, methylsterol monooxygenase (ERG25), ERG26, 3-keto steroid reductase (ERG27), cholestenol Delta-isomerase (EPB; HYD1), sterol 24-C-methyltransferase (ERG6; SMT1), C-8 sterol isomerase (ERG2), Delta7-sterol 5-desaturase (ERG3; STE1), sterol 22-desaturase (ERG5), Delta24(24(1))-sterol reductase (ERG4) and Delta24-sterol reductase (DWF1) to synthesize ergosterol, cholesterol or plant sterols. The above-related genes were differentially expressed during the fermentation process. The expression levels of CYP51, ERG2 and ERG25 were the largest in the control group, and the expression levels of other selected DEGs showed a trend of first increase and then decrease or continuous increase on the whole. The expression levels of all DEGs are shown in Figures 11, 12.
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FIGURE 11
 DEGs expression heatmap related to the synthesis and transformation of steroidal saponins by strain C39. The color from blue to red indicated log2 (FPKM +1) from low to high.
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FIGURE 12
 The expression trends of genes related to steroidal saponin synthesis pathway in fermentation on days 3(T), 5(F), 7(S), and 9(N).


The synthesis of saponins also requires the participation of various cytochrome P450s, glycosyltransferases, glycosidases and oxidoreductases. After several steps of cytochrome P450s, sterols are catalyzed into sapogenins, then under the synthesis and modification of glycosyltransferases, glycosidases and some oxidoreductases, saponins with different configurations are produced. By analyzing related genes whose expression levels were significantly increased at D3 or D5, glucosyltransferase, glucosidase, galactosidase and oxidoreductase that may be involved in the synthesis and conversion of steroidal saponins were screened out.



Validation of DEG profiles by qRT-PCR

To validate the reliability of the RNA-Seq data, eight DEGs that may be involved in the promotion and transformation of steroidal saponins were selected for the quantitative real-time PCR (qRT-PCR) analysis. As shown in Figure 13, all the selected genes were differentially expressed under different fermentation days, showing close similarity gene expression trends to RNA-Seq results.
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FIGURE 13
 The expression profiles of qRT-PCR and RNA-seq of eight selected genes. The left vertical axis represents the relative expression of the gene based on qRT-PCR. The right vertical axis represents the expression level of the gene based on qRT-PCR. Values are means ± SD. The asterisk above the bar chart denoted statistical significance (*p < 0.05, **p < 0.01, and ns p > 0.05).





Discussion

The use of microbial fermentation to synergize, attenuate, or transform medicinal plants for better clinical treatment has a long history. Relying on the microorganism characteristics of high efficiency, strong specificity, economy, and environmental protection, the production and transformation of natural products by microorganisms has become an important way to expand natural medicinal resources, increase the yield of medicinally active ingredients, and find new medicinal substances (Venisetty and Ciddi, 2003; Pham et al., 2019). For example, a variety of pentacyclic triterpenoids were biotransformed into new derivatives by Nocardia sp. NRRL 5646 through esterification, methyl transfer, backbone rearrangement, and hydroxylation reactions (Cheng et al., 2004; Zhang et al., 2005; Qian et al., 2009). The main saponins of ginsenosides Rb1, Rb2, Re, and Rg1 in ginseng that is not easy to be directly utilized in the human body were converted by microorganisms into rare saponins with small molecules such as ginsenoside CK, which possess higher bioavailability and better pharmacological activities (Geraldi, 2020). The yield and purity of resveratrol – a precious anti-cancer and antioxidant phenolic substance – are low in natural plants. Using co-immobilized edible Aspergillus niger and Yeast, the conversion rate of polydatin can reach 97%, which is significantly higher than that of the control group (Jin et al., 2013). Currently, the main use of steroidal saponins is as the raw material of steroid hormone drugs, but the production process will cause serious environmental pollution (Cheng et al., 2009). Microbial transformation can replace acid hydrolysis to produce diosgenin with high efficiency and environmental protection (Chen et al., 2018). At the same time, microbial biotechnologies play a significant role in the pharmaceutical steroid industry (Donova, 2018). The pharmacological effects of steroidal saponins are closely related to structural characteristics such as sugar chains, glycosyl types, and substituents (Wang et al., 2010; Prawat et al., 2016). Spirostanol saponins have stronger cytotoxicity than furostane-type saponins (Zhao et al., 2009). For spirostanol saponins, diosgenin-type saponins have stronger anti-cancer effects on various cancers, while pennogenin-type saponins show more excellent hemostatic effects (Huang et al., 2007; Fu et al., 2008; Yan et al., 2009). Nuatigenin-type saponins are rare in Paris polyphylla, and some show cytotoxicity to human cancer cell lines (HepG2 and HEK293; Qin et al., 2016). Pharmacological studies showed that the fermentation sample had significantly stronger inhibitory effects on the proliferation of Hepal-6 liver cancer cells, Hela cervical cancer cells, and A549 lung cancer cells than its raw medicinal material sample. This proves that strain C39 significantly increased the saponin content and enhanced the anti-cancer effect. There are few studies on the microbial synthesis and promotion of steroidal saponins in Paris polyphylla, especially related to the transformation mechanism.

The saponin contents of the four configurations showed different trends during the fermentation process. The content of furostane-type saponins linked to glucose at the C26 position shows an obvious downward trend, while spirostanol saponins increase first. Studies have shown that furostane-type saponins can be converted to spirostanol saponins by breaking the C26 bond and cyclization chain (Nakayasu et al., 2015) suggesting that the biotransformation of furostanol-type saponins to spirostanol saponins occurs under the action of strain C39. Chaetomium olivaceum and Gibberella fujikuroi are two reported microorganisms with the character of biotransforming pseudoprotodioscin (Dong et al., 2016; Hu et al., 2018). This is the first report of increasing the content of diosgenin-type saponins and pennogenin-type in Paris polyphylla by microbial transformation, which promoted the biosynthesis of spirosteroidal saponins with stronger pharmacological activity. Diosgenin can be converted into nuatigenone by microbial biotransformation (Wang et al., 2007). In this study, the content of nuatigenin-type saponins linked to glucose at C26 showed a significant downward trend after 3 days of fermentation and then gradually increased, so it is speculated that this type of saponins may be the intermediates in the biotransformation process. After the cyclization of furostanol saponins, the chemical bond at the C26 position is broken and converted into spirosterol saponins or other types of saponins through isomerization. Peak 2 is a diosgenin-type saponin, which shows an unexpected and obvious decreasing trend. Structurally, it is linked to a glucose saponin at the C23 position, so it is speculated that hydrolysis of glucose at the C23 position may have occurred. The above transformations all depended on the glucose hydrolysis of strain C39. The transformation of microorganisms into natural medicines can also be achieved through other redox reactions. Among the spirosteroidal saponins that have been found, the saponins containing carbonyl or hydroxyl groups show a trend of first decreasing and then increasing or continuing to increase. It is speculated that the diosgenin-type saponins are hydroxylated or carbonylated. This effect was also verified in the study of the mechanism of biotransformation of Dioscorea nipponica by strain C39 (Huang et al., 2022). The ability of strain C39 to promote the synthesis and transformation of steroidal saponins in Paris polyphylla improved the accumulation of effective substances, supplemented the steroidal saponin synthesis pathway, and improved the utilization of Paris polyphylla.

To further explain the mechanism of the transformation of steroidal saponins by strain C39, the mycelia of different fermentation times were used for transcriptome analysis. Through GO enrichment analysis, GO terms related to oxidoreductase activity showed a strong correlation. According to the KEGG database, the “Pentose phosphate pathway,” “RNA degradation,” “Ribosome,” and “mRNA surveillance pathway” showed significant enrichment. Hub genes GPI, pgm, ENO, AL2, ERG1, IDI, CYP51, ERG26, ERG24, and maeB, which were involved in “Steroid biosynthesis,” “Glycolysis / Gluconeogenesis,” “Carbon metabolism,” “Terpenoid backbone biosynthesis,” and “Carotenoid biosynthesis,” were considered to be at the key positions in the process of strain C39 increasing the content of steroidal saponins. The sterol required in the synthesis of steroidal saponins is cholesterol or sitosterol, but in fungi, ergosterol occupies a major position, and only certain microorganisms have been found to produce cholesterol or phytosterol (Grandmougin-Ferjani et al., 1999; Wang et al., 2012; Torres et al., 2017). Moreover, most of the genes required for the sterol synthesis pathway of microorganisms are the isoenzymes with those in phytosterols. Studies have shown that the synthesis of cholesterol and diosgenin has been achieved using the sterol synthesis pathway in yeast (Souza et al., 2011; Cheng et al., 2020). The sterol synthesis pathway of strain C39 may be the key pathway for sapogenin synthesis. By screening the expression of related genes in this pathway. None of the related genes on the MEP pathway showed differential expression. However, the expression levels of most genes in the MVA pathway and other processes increased significantly in 3 or 5 days of fermentation, which further verifies this conjecture. The transformation of natural medicines by microorganisms is catalyzed by characteristic enzymes that constantly exhibit substrate promiscuity (Copley, 2015). Designing an in vitro synthesis pathway by combining the inherent promiscuous enzyme of protein engineering and metabolic engineering is one of the important solutions to improve the in vitro production yield of natural active products. Glycosyltransferase is the key enzyme in converting sapogenin to saponin and the enrichment of saponin species. A glycosyltransferase cloned from Bacillus subtilis introduces a glucose at the C-6 position of ginsenoside Rh1 to obtain a potential active saponin (Luo et al., 2015). Sterol glycosyltransferase uses cholesterol, sitosterol, and ergosterol as sugar receptors to synthesize the corresponding sterol glycosides. The sterol glycosyltransferase UGT51 isolated from Saccharomyces cerevisiae was used to construct a yeast engineering strain to achieve the maximum titer production of ginsenoside Rh2 synthesized by protopanaxadiol in vitro (Zhuang et al., 2017). The conversion of furostanol saponins to spirostanol saponins and the deglycosylation of spirostanol saponins are all completed under glycosidases. The glycosidase PGase-1 isolated and purified from Aspergillus oryzae can hydrolyze the terminal 26-O-β-D glucopyranoside and 3-O-(1 → 4)-α-L-rhamnopyranoside (Liu et al., 2013). The β-glucosidase AfG obtained from Aspergillus fumigatus has strong thermal stability and can realize the hydrolysis of 3-O-glucopyranoside of various diosgenin-type saponins (Lei et al., 2012). Through transcriptome analysis, seven glycosyltransferases, 11 glycosidases and one oxidoreductase with unknown function were screened that may promote the synthesis of steroidal saponins. These enzymes have potential value for synthesizing or converting of steroidal saponins in vitro. The functions of these genes need to be further verified. The inferred transformation pathway of strain C39 is shown in Figure 14.

[image: Figure 14]

FIGURE 14
 Inferred transformation pathway of strain C39.




Conclusion

In conclusion, this study explored the cytotoxic activity of PRE fermentation products and conducted a preliminary study on how strain C39 increases the steroidal saponins content of Paridis Rhizoma. While strain C39 increased the saponin content, the inhibition of cancer cell proliferation was also enhanced, especially in cervical cancer. Under the action of glycosidase, glycosyltransferase, and oxidoreductase, the configuration and substituent of steroidal saponins were changed. Strain C39 could synthesize diosgenin, and the sterol synthesis pathways were closely related to this process. Further, the synthesized diosgenin may be synthesized into steroidal saponins. The DEGs were significantly enriched in the “Pentose phosphate pathway,” “RNA degradation,” “Ribosome,” and “mRNA surveil-lance pathway,” which means that these four pathways were significantly affected and played a prominent role. Through PPI, hub genes GPI, pgm, ENO, AL2, ERG1, IDI, CYP51, ERG26, ERG24, and maeB were implicated in directly affecting the steroidal saponins content of strain C39. Understanding the synthetic pathway and key genes is the basis for the in vitro synthesis of natural products, and exploring the transformation mechanism promoted the in vitro synthesis of steroidal saponins in Paridis Rhizoma. In subsequent studies, the functions and properties of key genes in strain C39 involved in regulating steroidal saponin synthesis and transformation will be deeply explored and applied in practice.
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Our recent research study focused on Miang fermentation revealed that tannin-tolerant yeasts and bacteria play vital roles in the Miang production process. A high proportion of yeast species are associated with plants, insects, or both, and nectar is one of the unexplored sources of yeast biodiversity. Therefore, this study aimed to isolate and identify yeasts of tea flowers of Camellia sinensis var. assamica and to investigate their tannin tolerance, which is a property essential to Miang production processes. A total of 82 yeasts were recovered from a total of 53 flower samples in Northern Thailand. It was found that two and eight yeast strains were distinct from all other known species within the genera Metschnikowia and Wickerhamiella, respectively. These yeast strains were described as three new species, namely, Metschnikowia lannaensis, Wickerhamiella camelliae, and W. thailandensis. The identification of these species was based on phenotypic (morphological, biochemical, and physiological characteristics) and phylogenetic analyses of a combination of the internal transcribed spacer (ITS) regions and the D1/D2 domains of the large subunit (LSU) ribosomal RNA gene. The yeast diversity in tea flowers acquired from Chiang Mai, Lampang, and Nan provinces had a positive correlation with those acquired from Phayao, Chiang Rai, and Phrae, respectively. Wickerhamiella azyma, Candida leandrae, and W. thailandensis were the species uniquely found in tea flowers collected from Nan and Phrae, Chiang Mai, and Lampang provinces, respectively. Some of the tannin-tolerant and/or tannase-producing yeasts were associated with yeasts in the commercial Miang process and those found during Miang production, i.e., C. tropicalis, Hyphopichia burtonii, Meyerozyma caribbica, Pichia manshurica, C. orthopsilosis, Cyberlindnera fabianii, Hanseniaspora uvarum, and Wickerhamomyces anomalus. In conclusion, these studies suggest that floral nectar could support the formation of yeast communities that are beneficial for Miang production.

KEYWORDS
 Miang, tannin-tolerance, tannase, taxonomy, tea flower, yeast


1. Introduction

Camellia sinensis var. assamica is one of the important materials for processing various tea products, specifically oolong, black, and Pu-erh (Wang et al., 2013). It is suggested by some researchers that C. sinensis var. assamica is the variant of C. sinensis var. sinensis, another major variety grown for tea production to date (Zhang et al., 2019). Miang is a fermented food product traditionally produced from the leaves of C. sinensis var. assamica in the mountainous areas of Northern Thailand. It is different from other tea products, and it is known as eating tea or chewing tea. Miang also has long deep-rooted social and cultural integration and relevance with the people of Northern Thailand (Khanongnuch et al., 2017). In our previous studies, several synergistic interactions were observed among bacteria, yeasts, and filamentous fungi in Miang, which was associated with the release of several bioactive compounds particularly gallated catechins and gallated epicatechin (Unban et al., 2019, 2020a; Kodchasee et al., 2021). Most associated microorganisms, especially bacteria and yeasts, exhibited specific characteristics in terms of tannin tolerance and tannase production (Kanpiengjai et al., 2016; Chaikaew et al., 2017). Production of lignocellulose-degrading enzymes and tannase by tannin-tolerant microorganisms is believed to be essential for the release of useful therapeutic phenolic compounds, specifically catechins, tannins, and gallic acid (Unban et al., 2020b). To identify the deep-rooted microbial environment during tea leaf fermentation, bacterial and fungal diversities were determined (Unban et al., 2020a; Kodchasee et al., 2021). Based on the previous results, it was clearly demonstrated that tannin-tolerant ability of microorganisms is aligned with their taxonomy, specifically at family, genus, and species levels and is one of the key criteria for evaluating the evolution of microorganisms associated with Miang fermentation (Kanpiengjai et al., 2016; Chaikaew et al., 2017; Unban et al., 2020b). Plants offer a great variety of favorable microenvironments specifically for yeast growth. Unique yeast communities have been associated with the rhizosphere, the phylloplane, plant exudates, plant necrotic tissues, fruits, and flowers (De Vega et al., 2017). In a previous study, several yeasts, including Aureobasidium melanogenum, Kazachstania aquatica, Saturnispora diversa, Saturnispora sekii, Schwanniomyces pseudopolymorphus, Wickerhamomyces anomalus, Apiotrichum scarabaeorum, Curvibasidium pallidicorallinum, Papiliotrema laurentii, Rhodosporidiobolus ruineniae, Trichosporon asahii, and T. coremiiforme, were discovered from the soil of Assam tea (Kumla et al., 2020), but their taxonomic alignment is not associated with yeasts found in Miang. The current study has revealed that nectar-inhabiting microorganisms are likely to interact with plants and pollinators. Yeasts, commonly present in nectar, can modify a variety of nectar traits that are important for pollinator attraction (Schaeffer et al., 2017). Therefore, the yeast community in Assam tea flowers may act as a reservoir of yeasts that are associated with the Miang production process as well as unique Miang products from each production area. Therefore, this study aimed to investigate the yeast ecology of Assam tea flowers collected from six provinces in upper Northern Thailand by using the culture-dependent method and to characterize the tannin tolerance capability of the isolated yeasts. The study insights can explain the association between flower yeasts and Miang fermentation. To our knowledge, this is the first report to describe the isolation and molecular-based identification of yeasts associated with tea flowers.



2. Materials and methods


2.1. Chemical and media

Tannin (gallotannin) was purchased from LOBA Chemie (Mumbai, India), and methyl gallate was purchased from Sigma (Steinheim, Germany). Ingredients such as peptone, yeast extract, malt extract, and carbon sources such as glucose, galactose, sucrose, maltose, lactose, raffinose, and trehalose were purchased from HiMedia (Nashik, India). The genomic DNA of yeast was extracted using a Wizard® Genomic DNA purification kit (Promega Corp., Madison, WI, United States). Nucleic acid amplifications were performed using TaKaRa Ex Taq® (Shiga, Japan). Other reagents and solvents were of analytical grade.



2.2. Sampling site and sample collection

Assam tea flower samples were directly collected from 53 sites that were located within 19 tea plantations used for Miang production from December 2015 to May 2016. These locations covered all regions of the Miang production area, which include six provinces of upper Northern Thailand, namely, Chiang Mai, Chiang Rai, Phrae, Nan, Lampang, and Phayao (Figure 1), where they were recorded to be the Miang production area in previous studies (Khanongnuch et al., 2017). The main tea plantations for Miang production are in Chiang Mai (28 sites in eight locations), Phrae (10 sites in three locations), Nan (seven sites in three locations), Chiang Rai (four sites in two locations), Phayao (two sites in two locations), and Lampang (one location). Each tea flower sample was aseptically collected from each sampling site, put in a sterile plastic bag, date recorded, stored on ice, and delivered to the laboratory within 24 h prior to the sample preparation and further yeast isolation. The sampling site, location, and date of the collection were recorded and given code numbers (Supplementary Table S1).
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FIGURE 1
 Map of the area indicates the tea flower sampling sites in Northern Thailand and a photo of a tea flower.




2.3. Isolation and purification of yeasts

Approximately 1 g of the tea flower sample was homogenized in 10 mL of sterile 0.85% NaCl as a diluent using a Masticator® homogenizer blender (Barcelona, Spain) for 5 min. After that, the homogenate was serially diluted to 100–105 with the diluent, and 0.1 mL of each dilution was plated on yeast–malt extract agar (YMA) (1% yeast extract, 2% peptone, 2% glucose, and 1.5% agar) supplemented with 100 mg/L of chloramphenicol and then incubated at 30°C for 48 h. Yeast colonies with distinct morphologies were isolated and streaked on the same medium without the supplementation of chloramphenicol for purification (Khunnamwong et al., 2022). For storage, a single colony of each yeast isolate was inoculated in yeast–malt extract broth (YMB) (1% yeast extract, 2% peptone, and 2% glucose) and incubated at 30°C on a 150-rpm rotary shaker for 24 h. The culture was mixed with 30% (v/v) glycerol to make a final concentration of 15% before being stored at −80°C.



2.4. Yeast identification


2.4.1. Molecular identification

Amplification of the D1/D2 domain of the large subunit (LSU) rRNA gene or the internal transcribed spacer (ITS) region was performed by a standard polymerase chain reaction (PCR) using genomic DNA of each yeast as a template with forward primer NL1 (5′-GCATATCAATAAGCGGGGAAAAG-3′) and reverse primer NL4 (5′-GGTCCGTGTTTCAAGACGG-3′), and forward primer ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and reverse primer ITS4 (5′-TCCTCCGCTTATTGATATGC-3′), respectively. Amplicons obtained from PCR were purified and sequenced by a sequencing service provider (1st BASE Ptd Ltd., Singapore).

Analysis of the ITS and D1/D2 sequences was conducted by similarity searches using the BLAST program available at NCBI.1 The yeast strains showing nucleotide substitutions of greater than 1% in the D1/D2 domain of the LSU rRNA gene are usually considered different species (Kurtzman and Robnett, 1997) and were selected for further phylogenetic analysis and phenotypic characterization. The holotypes of new species were preserved in a metabolically inactive state in the culture collection of the Division of Biotechnology, Faculty of Agro-Industry, Chiang Mai University, Chiang Mai, Thailand. The ex-type cultures were deposited in a metabolically inactive state at the culture collection of the Sustainable Development of Biological Resources, Faculty of Science, Chiang Mai University (SDBR-CMU), Chiang Mai, Thailand.



2.4.2. Phylogenetic analysis of new yeast species

The sequences from this study and those obtained from previous studies together with sequences downloaded from the nucleotide GenBank database were selected and provided for phylogenetic analysis. Multiple sequence alignment was performed with MUSCLE (Edgar, 2004) and manually checked using BioEdit v. 6.0.7 (Hall, 1999). Phylogenetic analysis was performed based on the combined dataset of ITS and D1/D2 sequences. A phylogenetic tree was constructed using maximum likelihood (ML) and Bayesian inference (BI) methods. The best substitution models for ML and BI analyses were estimated by the Akaike information criterion (AIC) in jModelTest 2.1.10 (Darriba et al., 2012). ML analysis was carried out on RAxML v7.0.3 under the GTRCAT model with 25 categories and 1,000 bootstrap (BS) replications (Felsenstein, 1985; Stamatakis, 2006) via the online portal CIPRES Science Gateway v. 3.3 (Miller et al., 2010). BI analysis was performed by MrBayes v3.2.6 (Ronquist and Huelsenbeck, 2003). For the BI analysis, six simultaneous Markov chains were run for one million generations with random initial trees, wherein every 1,000 generations were sampled. A burn-in phase was employed to discard the first 2,000 of the trees, while the remaining trees were used to construct the 50% majority-rule consensus phylogram with calculated Bayesian posterior probabilities (PPs). Tree topologies were visualized in FigTree v1.4.0 (Rambaut, 2016).



2.4.3. Morphology characterization of new yeast species

The morphological characteristics of expected new yeast species were determined according to the standard methods described by Kurtzman et al. (2011), De Vega et al. (2017), and Shibayama et al. (2020). Colony formation was observed on YMA after incubation at 25°C for 3 days. The formation of pseudohyphae and true hyphae was investigated by cultivation on potato dextrose agar (PDA) (20% potato infusion, 2% glucose, and 1.5% agar) in slide culture at 25°C for up to 4 weeks. Ascospore formation was investigated for individual strains and strain pairs on PDA, corn meal agar, 5% malt extract agar (5% malt extract and 1.5% agar), yeast carbon base agar supplemented with 0.01% yeast extract (YCBY), Fowell’s acetate agar, yeast extract-peptone dextrose (YPD) agar (1% yeast extract, 2% peptone, 2% glucose, and 1.5% agar), glucose yeast (GY) agar (1% glucose, 1% yeast extract, 2% agar), and YMA at 25°C for 4 weeks. Macromorphological characteristics were examined under a light microscope (Nikon Eclipse Ni U, Tokyo, Japan). Size data of the anatomical structure such as cells, pseudohyphae, asci, and ascospores were based on at least 50 measurements of each structure using the Tarosoft® Image Frame Work program.



2.4.4. Biochemical and physiological characterization of new yeast species

All strains of the new yeast species were characterized biochemically and physiologically, according to the standard methods described by Kurtzman et al. (2011). Fermentation of carbohydrates was carried out in a liquid medium using Durham fermentation tubes. Carbon source and nitrogen source assimilation tests were carried out in a liquid medium, and starved inocula were used in the nitrogen assimilation test. Cycloheximide resistance was also performed in a liquid medium, while urea hydrolysis was conducted on an agar slant. Acid production and the diazonium blue B (DBB) reaction were investigated on the solid media in Petri dishes. The effect of temperature on yeast growth was investigated using YMA at various temperatures ranging from 15 to 37°C. The ability to grow in media of high osmotic pressure was performed using 50 and 60% glucose agar, and 10 and 16% sodium chloride plus 5% glucose medium.




2.5. Determination of yeast diversity isolated from tea flowers

In the yeast isolation step, each tea flower sample was collected from each sampling site. The number of isolated yeasts from each sample was recorded, calculated, and further expressed in terms of the number of yeasts per sample. After the yeast identification step, the number of samples found for each species was recorded. The frequency of each species was calculated by the number of samples that contained certain species divided by the total number of tea flower samples. Principal component analyses (PCA) based on the relative abundance of yeast species in tea flower samples and provinces were performed using GraphPad Prism9 software version 9.4.1 (GraphPad Software, San Diego, CA, United States).



2.6. Tannin-tolerant test and detection of tannase

Tannin-tolerant test was evaluated by inoculating a single yeast colony on the YMA plate with and without the supplementation of 10, 20, 30, 40, and 50 g/L tannic acid according to the method described in a previous study (Kanpiengjai et al., 2016). Growth of yeasts was observed after incubation at 30°C for 24 to 72 h. Principal component analyses (PCA) based on the relative abundance of tannin-tolerant yeast species in tea flower samples and provinces were performed.

Detection of tannase was also performed by a visual reading method (Osawa and Walsh, 1993). Briefly, fresh cultures on YMA containing 10 g/L tannic acid were harvested and suspended in 750 μL of substrate medium containing 33 mM NaH2PO4 and 20 mM methyl gallate for the purposes of preparing a dense suspension. The substrate medium was incubated aerobically at 30°C for 24 h. The mixture was later alkalinized by adding an equal amount of a saturated NaHCO3 solution (pH 8.6) and then incubating it at 25°C for 1 h. This suspension was centrifuged to remove any cells, and the absorbance of the supernatant was measured at 440 nm. The supernatant changed color from green to brown. An absorbance value of higher than 0.5 was considered a positive indication of tannase activity.




3. Results


3.1. Yeast isolation and identification

Based on colony and shape, a total of 82 yeast isolates were generated from 47 out of 53 tea flower samples. The number of yeast strains was dependent on the number of sampling sites derived from each province; thus, Chiang Mai was the major source of the isolated yeasts. The number of yeast isolates per sample was between 0 and 6 isolates per sample (Supplementary Table S1). Two samples possessed the highest number of yeast isolates with 4–6 isolates per sample. They included tea flowers from Na Rai Luang subdistrict, Nan (FLA31), and Longkhod subdistrict, Chiang Mai (FLA11), while others were recorded to have the ratio of yeast species and site in a range of 0 to 3 isolates per site.

Initially, all yeasts were identified using sequence analysis of the D1/D2 domain of the LSU rRNA gene. The sequence of the D1/D2 domain was aligned with the related type strains deposited in NCBI. For each species, the sequence of the D1/D2 domain that shared more than 98% with those of the closest species is shown in Table 1. In total, 72 yeast strains were identified within 39 known yeast species, while another 10 yeast strains were representative of three undescribed species in the Wickerhamiella (strains FLA5.4, FLA13.1, FLA23.2, FLA46.4, FLA4.2, FLA24.1, FLA27.3, and FLA30.2) and Metschnikowia (FLA8.2 and FLA27.1) clade (Supplementary S2). In addition, each strain of the three undescribed species was isolated from a different location in the tea plantation area.



TABLE 1 Identification of yeast strains isolated from tea flower and their GenBank accession numbers of the D1/D2 domain of LSU rRNA gene.
[image: Table1]



3.2. Phylogenetic results of new yeast species

The sequences obtained in this study were deposited in the GenBank database. Phylogenetic analyses of a combined ITS and D1/D2 dataset of the genera Metschnikowia and Wickerhamiella were presented in this study. The best substitution models were GTR + I + G for ITS and nrLSU in both analyses. Our phylogenetic analyses revealed that phylograms of the ML and BI analyses in each genus were similar in terms of topology (data not shown). Therefore, the phylogram obtained from the ML analysis was selected and presented in this study.

Phylogenetic analysis of Metschnikowia included 77 sequences of Metschnikowia and two sequences (Eremothecium cymbalariae CBS 1171 and Saccharomyces cerevisiae CBS 270.75) of outgroup (Supplementary S3). The aligned dataset was comprised of 1,093 characters including gaps (ITS: 1–664 and D1/D2: 665–1,093). ML analysis of the combined dataset yielded the best scoring tree with a final ML optimization likelihood value of −13,839.8771. A phylogram clearly separated the two Metschnikowia strains (SDBR-CMU426 and SDBR-CMU427) (introduced as M. lannaensis) obtained in this study from the previously known Metschnikowia species with high support values (BS = 100% and PP = 1.0) (Figure 2). Metschnikowia lannaensis formed a sister taxon to M. hawaiiana and M. miensis with 85% BS and 0.95 PP support values.

[image: Figure 2]

FIGURE 2
 Phylogram derived from maximum likelihood analysis of 77 combined sequences of ITS region and D1/D2 domain of Metschnikowia strains. Eremothecium cymbalariae CBS 1171 and Saccharomyces cerevisiae CBS 270.75 were used as the outgroup. The numbers above branches represent bootstrap percentages (left) and Bayesian posterior probabilities (right). Bootstrap values >70% and Bayesian posterior probabilities >0.90 are shown. The scale bar represents the expected number of nucleotide substitutions per site. Sequences obtained from this study are in red. Type species indicated by superscript “T.”


Phylogenetic analysis of Wickerhamiella used 52 sequences of Wickerhamiella and two sequences of the outgroup (E. cymbalariae CBS 1171 and S. cerevisiae CBS 270.75) (Supplementary S4). The aligned dataset was comprised of 1,249 characters including gaps (ITS: 1–656 and D1/D2: 657–1,249). ML analysis of the combined dataset yielded the best scoring tree with a final ML optimization likelihood value of −14,850.8649. A phylogram clearly separated eight yeast strains into two monophyletic clades with high support values (BS = 100% and PP = 1.0) (Figure 3). The results indicated that four yeast strains, such as SDBR-CMU428, SDBR-CMU429, SDBR-CMU430, and SDBR-CMU431 (introduced as W. camelliae), were clearly distinguished from the previously known species of Wickerhamiella. It was found that W. camelliae formed a sister taxon to W. azyma, W. azymoides, W. nectarea, and W. parazyma with 95% BS and 1.0 PP support values. Moreover, four yeast strains in this study, such as SDBR-CMU432, SDBR-CMU433, SDBR-CMU434, and SDBR-CMU435 (described here as W. thailandensis) formed a sister clade to W. musiphila with high support (BS = 100% and PP = 1.0).

[image: Figure 3]

FIGURE 3
 Phylogram derived from maximum likelihood analysis of 52 combined sequences of ITS region and D1/D2 domain of Wickerhamiella strains. Eremothecium cymbalariae CBS 1171 and Saccharomyces cerevisiae CBS 270.75 were used as the outgroup. The numbers above branches represent bootstrap percentages (left) and Bayesian posterior probabilities (right). Bootstrap values >70% and Bayesian posterior probabilities >0.90 are shown. The scale bar represents the expected number of nucleotide substitutions per site. Sequences obtained from this study are in red. Type species indicated by superscript “T.”




3.3. Taxonomic description of novel yeast species


3.3.1. Metschnikowia lannaensis

A. Kanpiengjai, P. Kodchasee, K. Unban, J. Kumla, S. Lumyong, P. Khunnamwong, Sarkar, K. Shetty and C. Khanongnuch sp. nov. (Figure 4).
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FIGURE 4
 Metschnikowia lannaensis FLA8.2T (=SDBR-CMU426T, holotype). Culture (A), single colony (B), and cells (C) on YMA after incubation at 25°C for 3 days. Pseudohyphae (D) on PDA after incubation at 25°C for 4 weeks. Scale bar A = 1 cm, B = 1 mm, and C and D = 10 μm.


MycoBank No.: MB 845148.

Etymology: lannaensis (lan.na.en’sis) N.L. fem. adj. lanna, referring to an ancient area of Northern Thailand, where the type strain was isolated.

Holotype: FLA8.2T is the holotype of Metschnikowia lannaensis. It was isolated from the tea flower of Camellia sinensis var. assamica collected from the Suthep subdistrict, Muang district, Chiang Mai province, Thailand. It has been preserved in a metabolically inactive state in the culture collection of the Division of Biotechnology, Faculty of Agro-Industry, Chiang Mai University, Chiang Mai, Thailand. The culture ex-type has been permanently deposited in a metabolically inactive state at the Sustainable Development of Biological Resources, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand (SDBR) as SDBR-CMU426.

Description: After 3 days at 25°C on YM agar, cells are ovoid (2–3.5 × 5.5–7 μm) and occur singly or in pairs. Budding is multilateral. The colony is a circular form (2–3 mm), white to cream in color, convex, smooth, soft to butyrous, and has an entire margin. Pseudohyphae are formed in slide culture on YMA within 4 weeks at 25°C. Ascospore formation is not observed on PDA, corn meal agar, 5% malt extract agar, Fowell’s acetate agar, YCBY agar, YPD agar, and YM agar at 15°C and 25°C for 4 weeks. Fermentation of glucose is negative. D-Glucose, D-galactose, L-sorbose, sucrose, salicin, raffinose, glycerol (or latent positive), ribitol, D-glucitol, D-mannitol, D-glucono-1,5-lactone, 5-ketogluconic acid, succinate, ethanol, and xylitol (or slow positive) are assimilated, but N-acetyl glucosamine, ribose, xylose, L-arabinose, D-arabinose, L-rhamnose, maltose, trehalose, methyl-α-D-glucoside, cellobiose, melibiose, lactose, melizitose, inulin, soluble starch, erythritol, galactitol, myo-inositol, 2-ketogluconic acid, D-gluconate, D-glucuronate, D-galacturonic acid, lactate, citrate, and methanol are not assimilated. For the assimilation of nitrogen compounds, growth on ammonium sulfate, ethylamine HCl, and L-lysine is positive, but growth on nitrate, nitrite, and cadaverine is negative.

Growth in the vitamin-free medium is negative. Growth with 0.01% cycloheximide and 0.1% cycloheximide is negative. No growth occurs on media containing 10% NaCl and 16% NaCl. Growth is observed in the presence of 50% glucose, 60% glucose, and at 20, 25, and 30°C, but not at 35 and 37°C. Soluble starch-like extracellular carbohydrates are not produced. The acid formation is negative. Hydrolysis of urea and DBB reaction is negative.

Additional strains examined: Thailand, Lampang province, Muang Pan district, Chae Son, isolated from flowers of Assam tea (C. sinensis var. assamica), January 2016, A. Kanpiengjai, P. Kodchasee, K. Unban, and C. Khanongnuch, SDBR-CMU427.

GenBank accession number: holotype FLA8.2T (D1/D2: KY640629, ITS: OM213034); additional strain SDBR-CMU427 (D1/D2: MW542582, ITS: MZ857157).

Note: Phylogenetically, M. lannaensis formed a sister taxon to M. hawaiiana and M. miensis. However, W. lannaensis could be clearly distinguished from M. miensis and W. hawaiina by its ability to assimilate D-mannitol in addition to its inability to assimilate N-acetyl glucosamine (Shibayama et al., 2020). A pairwise nucleotide comparison of ITS data also indicated that M. lannaensis differed from M. hawaiiana and M. miensis in 19.3% (72/373 bp) and 25.7% (95/369), respectively. In addition, D1/D2 data of M. lannaensis differed from M. hawaiiana in 11.7% (62/529 bp) and M. miensis in 14.5% (78/535 bp).



3.3.2. Wickerhamiella camelliae

A. Kanpiengjai, P. Kodchasee, K. Unban, J. Kumla, S. Lumyong, P. Khunnamwong, D. Sarkar, K. Shetty and C. Khanongnuch sp. nov. (Figure 5).
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FIGURE 5
 Wickerhamiella camelliae FLA5.4T (=SDBR-CMU428T, holotype). Culture (A), single colony (B), and cells (C) on YMA after incubation at 25°C for 3 days. Scale bar A = 1 cm, B = 1 mm, and C = 10 μm.


MycoBank No.: MB 845147.

Etymology: camelliae (ca.mel.li’ae) L. fem. adj. camelliae, from the flower of Camellia sinensis, referring to the substrate from which the species was isolated.

Holotype: FLA5.4T is the holotype of Wickerhamiella camelliae. It was isolated from the tea flower of Camellia sinensis var. assamica collected from the Mae Na subdistrict, Chiang Dao district, Chiang Mai province, Thailand. It has been preserved in a metabolically inactive state in the culture collection of the Division of Biotechnology, Faculty of Agro-Industry, Chiang Mai University, Chiang Mai, Thailand. The culture ex-type has been permanently deposited in a metabolically inactive state at the Sustainable Development of Biological Resources, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand (SDBR) as SDBR-CMU428.

Description: After 3 days at 25°C on YM agar, cells are ovoid (2–3 × 5–7 μm) and occur singly or in pairs. Budding is multilateral. The colony is a circular form (2–3 mm), white to cream in color, convex, smooth, and has an entire margin. Pseudohyphae or true hyphae are not formed in slide culture on YMA within 4 weeks at 25°C. Ascospore formation is not observed on PDA, corn meal agar, 5% malt extract agar, Fowell’s acetate agar, YCBY agar, YPD agar, and YM agar at 15°C and 25°C for 4 weeks. Fermentation of glucose is negative. D-Glucose, D-galactose, L-sorbose, xylose, L-arabinose, sucrose, maltose, trehalose, methyl-α-D-glucoside, melizitose, glycerol (or slow positive), D-glucitol, D-mannitol, galactitol, D-glucono-1,5-lactone, 2-ketogluconic acid, succinate, and xylitol are assimilated, but N-acetyl glucosamine, D-ribose, L-rhamnose, cellobiose, salicin, melibiose, lactose, raffinose, inulin, soluble starch, erythritol, ribitol, myo-inositol, 5-ketogluconic acid, D-glucuronate, D-galacturonic acid, and methanol are not assimilated. Assimilation is variable for DL-lactate, citrate, ethanol, D-arabinose, and D-gluconate. Nitrogen assimilation is positive for ammonium sulfate, ethylamine HCl, cadaverine, and L-lysine but is negative for nitrate and nitrite.

Growth in the vitamin-free medium is negative. Growth with 0.01% cycloheximide and 0.1% cycloheximide is negative. No growth is observed in the presence of 10% NaCl and 16% NaCl. Growth is observed in the presence of 50% glucose, 60% glucose and at 20, 25, and 30°C but not at 35 and 37°C. Soluble starch-like carbohydrates are not produced. The acid formation is negative. Hydrolysis of urea and DBB reaction is negative.

Additional strains examined: Thailand, Mae Ai subdistrict, Mae Ai, isolated from the flower of Assam tea (C. sinensis var. assamica), December 2015, A. Kanpiengjai, P. Kodchasee, K. Unban, and C. Khanongnuch, SDBR-CMU429; Chiang Rai province, Wiang Pa Pao district, Mae Chedi, isolated from the flower of Assam tea (C. sinensis var. assamica), December 2015, A. Kanpiengjai, P. Kodchasee, K. Unban, and C. Khanongnuch SDBR-CMU430; Phrae province, Muang district, Suan Khuen, isolated from the flower of Assam tea (C. sinensis var. assamica), March 2016, A. Kanpiengjai, P. Kodchasee, K. Unban, and C. Khanongnuch, SDBR-CMU431.

GenBank accession number: holotype FLA5.4T (D1/D2: KY411895, ITS: MZ857161); additional strains SDBR-CMU429 (D1/D2: MW542579, ITS: MZ857162), SDBR-CMU430 (D1/D2: MW542580, ITS: 857163), SDBR-CMU431 (D1/D2: MW542585, ITS: MZ857167).

Note: Based on phylogenetic analysis, W. camelliae formed a sister taxon to W. azyma, W. azymoides, W. nectarea, and W. paraazyma. However, W. camelliae could be clearly distinguished from W. azyma, W. azymoides, W. nectarea, and W. paraazyma by its inability to assimilate cadaverine. A pairwise nucleotide comparison of ITS data also indicated that W. camelliae differed from W. azyma, W. azymoides, and W. parazyma in 17.2% (70/406 bp), 16.2% (66/407 bp), and 19.6% (82/417 bp), respectively. Furthermore, D1/D2 of W. camelliae differed from W. azyma, W. azymoides, W. nectarea, and W. parazyma in 8.3% (50/556 bp), 9.1% (51/556 bp), 8.1% (45/557 bp), and 12.9% (72/557 bp), respectively.



3.3.3. Wickerhamiella thailandensis

A. Kanpiengjai, P. Kodchasee, K. Unban, J. Kumla, S. Lumyong, P. Khunnamwong, D. Sarkar, K. Shetty and C. Khanongnuch sp. nov. (Figure 6).
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FIGURE 6
 Wickerhamiella thailandensis FLA4.2T (=SDBR-CMU432T, holotype). Culture (A), single colony (B), and cells (C) on YMA after incubation at 25°C for 3 days. Scale bar A = 1 cm, B = 1 mm, and C = 10 μm.


MycoBank No.: MB 845146.

Etymology: thailandensis thai.land.en’sis. N.L. fem. adj. thailand, refers to Thailand, where the type strain was isolated.

Holotype: FLA4.2T is the holotype of Wickerhamiella thailandensis. It was isolated from the tea flower of Camellia sinensis var. assamica collected from the Pa Pae subdistrict, Mae Taeng district, Chiang Mai province, Thailand. It has been preserved in a metabolically inactive state in the culture collection of the Division of Biotechnology, Faculty of Agro-Industry, Chiang Mai University, Chiang Mai, Thailand. The culture ex-type has been permanently deposited in a metabolically inactive state at the Sustainable Development of Biological Resources, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand (SDBR) as SDBR-CMU432.

Description: After 3 days at 25°C on YM agar, cells are subglobose to ovoid (2–3.5 × 5.5–7 μm) and occur singly or in pairs. Budding is multilateral. The colony is a circular form (2–3 mm), white to cream in color, convex, smooth, and has an entire margin. Pseudohyphae or true hyphae are not formed in slide culture on YMA within 4 weeks at 25°C. Ascospore formation is not observed on PDA, corn meal agar, 5% malt extract agar, Fowell’s acetate agar, YCBY agar, YPD agar, and YM agar at 15 and 25°C for 4 weeks. Fermentation of glucose is negative. D-Glucose, D-galactose, L-sorbose, sucrose, raffinose, glycerol (or slow positive), ribitol, D-glucitol, D-mannitol, D-glucono-1,5-lactone, 5-ketogluconic acid (or weak positive), DL-lactate (or slow positive), succinate, ethanol (or weak positive), xylitol (or weak positive), and D-gluconate are assimilated, but N-acetyl glucosamine, ribose, xylose, L-arabinose, D-arabinose, L-rhamnose, maltose, trehalose, methyl-α-D-glucoside, cellobiose, salicin, melibiose, lactose, melizitose, inulin, soluble starch, erythritol, galactitol, myo-inositol, 2-ketogluconic acid, D-glucuronate, D-galacturonic acid, citrate, and methanol are not assimilated.

Assimilation is variable for D-gluconate. Nitrogen assimilation is positive for ammonium sulfate, ethylamine HCl, lysine, and cadaverine, but is negative for nitrate and nitrite.

Growth in the vitamin-free medium is negative. Growth with 0.01% cycloheximide and 0.1% cycloheximide is negative. Growth in the presence of 50% glucose and 60% glucose is positive, but growth in the presence of 10% NaCl and 16% NaCl is negative. Growth is observed at 20, 25, and 30°C, but not at 35 and 37°C. Soluble starch-like carbohydrates are not produced. The acid formation is negative. Hydrolysis of urea and DBB reaction is negative.

Additional strains examined: Thailand, Lampang province, Muang Pan district, Chae Son, isolated from the flower of Assam tea (C. sinensis var. assamica), January 2016, A. Kanpiengjai, P. Kodchasee, K. Unban, and C. Khanongnuch, SDBR-CMU433, SDBR-CMU434; Chiang Rai province, Thoeng district, Mae Loi, isolated from the flower of Assam tea (C. sinensis var. assamica), January 2016, A. Kanpiengjai, P. Kodchasee, K. Unban, and C. Khanongnuch, SDBR-CMU435.

GenBank accession numbers: holotype FLA4.2T (D1/D2: KY411893, ITS: MZ857160); additional strains SDBR-CMU433 (D1/D2: MW542581, ITS: MZ857164), SDBR-CMU434 (D1/D2: KY640634, ITS: MZ857165), and SDBR-CMU435 (D1/D2: MW542584, ITS: MZ857166).

Note: Phylogenetically, W. thailandensis formed a sister taxon to W. musiphila. However, W. thailandensis could be clearly distinguished from W. musiphila by its ability to assimilate D-mannitol, D-xylose, and glycerol and its inability to assimilate cadaverine (Wang et al., 2008). Furthermore, ITS and D1/D2 data of W. thailandensis differed from W. musiphila in ITS 12.3% (49/397 bp) and in D1/D2 5.6% (31/552 bp).




3.4. Yeast diversity in tea flowers acquired from the Miang production area of Northern Thailand

Based on family identification, all 82 yeast strains could be assigned into 12 families. The frequency aligned each species is as follows: Debaryomycetaceae (34.1%), Trichomonascaceae (19.5%), Metschnikowiaceae (17.1%), Ustilaginaceae (6.1%), Pichiaceae (4.9%), Bulleribasdiaceae (3.7%), Phaffomycetaceae (3.7%), Sporidiobolaceae (3.7%), Rhynchogastremataceae (2.4%), Saccharomycetaceae (2.4%), Saccharomycetales (1.2%), and Saccharomycopsidaceae (1.2%). It was observed that in Debaryomycetaceae, 17.1% frequency of occurrence belonged to Kodamaea/Candida (11.0%), Kurtzmaniella/Candida (3.7%), and Candida/Lodderomyces (2.4%) clades. According to the results, Debaryomyces spp., Candida spp., and Wickerhamiella spp. were recorded as the main yeast population found in tea flowers, while Metschnikowia spp. was considered the second most abundant yeasts. Candida leandrae (10.6%) was the predominant species that was mainly found in samples collected from Chiang Mai. W. azyma was the second most abundant species (9.4%) which was acquired from tea flowers collected from Chiang Mai, Phrae, and Nan provinces. Metschnikowia rancensis, W. thailandensis, and W. camelliae were partially found in tea flowers with an equivalent percentage of occurrence (4.7%). The PCA plot reveals three different correlations of yeast species in tea flowers acquired from six provinces of Northern Thailand (Figure 7). The species diversity of yeasts in tea flowers collected from Chiang Mai, Lampang, and Nan provinces showed a high positive correlation with those acquired from Phayao, Chiang Rai, and Phrae, respectively. Candida leandrae and Ku. quercitrusa were the unique yeast species found in Chiang Mai and Phayao provinces and W. thailandensis was mainly found in tea flowers collected from Lampang province. There is a high opportunity to recover W. azyma from tea flowers acquired from Phrae and Nan provinces. Other yeast species were generally distributed within tea flowers of six provinces of Northern Thailand. These yeast species could be simply divided into two main groups according to the PCA plot, the first group was yeast species that were widely distributed in tea flowers among Chiang Mai, Phayao, Lampang, and Chiang Rai provinces, the second group was yeast species that were markedly found in tea flowers collected from Phrae and Nan provinces.

[image: Figure 7]

FIGURE 7
 Principal component analyses of yeast species based on the relative abundance of yeast species in tea flower samples, and provinces.




3.5. Tannin-tolerant yeasts and distribution in Northern Thailand

All yeast strains were assessed for tannin tolerance using YMA supplemented with different concentrations of tannic acid ranging from 10 to 50 g/L. The results revealed that approximately 78% of the tested yeast strains (64 out of 82 yeast strains) were confirmed for their tannin tolerance at a concentration of 50 g/L tannic acid (Figure 8). These yeasts belong to three main families including Saccharomycetaceae, Metschnikowiaceae, and Trichomonascaceae. A total of 12 out of 64 yeast strains exhibited positive results for tannase activity. These yeasts were Cy. (Cyberlindnera) fabianii FLA39.2, D. nepalensis FLA46.3, D. subglobosus FLA34, M. rancensis FLA38.1, M. koreensis FLA41.1, W. thailandensis strains FLA4.2., FLA24.1, FLA27.3, and FLA30.2, Wc. (Wickerhamomyces) anomalus FLA39.1, Pr. (Priceomyces) melissophilus FLA48, and Y. dushanensis FLA45.4. It was observed that tannin-tolerant ability had species variability. The PCA plot reveals similar correlations of yeast species in tea flowers to those previously described (Figure 9). Interestingly, Phrae and Nan provinces were considered the most diverse areas in upper Northern Thailand for the isolation of tannin-tolerant yeast although the tea plantation area and sampling site were in lower numbers than those in Chiang Mai. Wickerhamiell azyma was identified as tannin-tolerant yeast that was uniquely distributed in tea flowers from these areas. The tannin-tolerant yeasts isolated from tea flowers collected from the Phayao province showed poor representation due to the low number of tannin-tolerant yeasts, but the yeast species seem to closely relate with those obtained from samples collected from Phrae and Nan provinces. It was observed that sampling sites of tea flowers from Phayao province align within the eastern part of Northern Thailand where they are in the same location as Phrae and Nan provinces. Here, the distribution of dominant tannin-tolerant yeasts was found within tea flowers collected from Phare, Nan, and Phayao provinces.
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FIGURE 8
 Tannin-tolerant test and tannase activity detection of all yeast strains using the visual reading method. An absorbance value of higher than 0.5, was considered a positive indication of tannase activity.
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FIGURE 9
 Principal component analyses of tannin-tolerant yeast species based on the relative abundance of yeast species in tea flower samples, and provinces.





4. Discussion

The tea plants that are cultivated for Miang production are usually scattered in the forested areas of the mountainous region of Northern Thailand. Generally, the Miang production area is located within the same area of the tea plantation where it belongs to the Miang entrepreneur. Depending on the area of production, two different production processes have been established which include the filamentous fungi growth-based process (FFP) and the non-filamentous fungi growth-based process (NFP; Khanongnuch et al., 2017). In previous studies on the microbial community of Miang fermentation, lactic acid bacteria, Bacillus spp., yeasts, and filamentous fungi contributed to physico-chemical changes in Miang directly affected flavor and aroma, health-relevant bioactive compounds, and antioxidant activity of the Miang (Unban et al., 2019; Abdullahi et al., 2021). The evolution of microorganisms associated with Miang fermentation has not yet been elucidated through in-depth studies. Flowers offer favorable microenvironments for yeast growth rather than bacteria (Hausmann et al., 2017) and are recognized as rich sources of novel yeast (De Vega et al., 2017). Unique yeast communities occur to be associated with the rhizosphere, the phylloplane, plant extrudates, necrotic tissues, fruits, and flowers. Like other wild flowers, tea flowers remain a comparatively unexplored reservoir of yeast biodiversity.

The highest number of sampling sites was in Chiang Mai province, followed by Phrae and Nan provinces. However, flowers collected from Phrae and Nan provinces showed more diverse yeast species than those in Chiang Mai. The samples FLA11 and FLA31 were acquired from unexplored locations for Miang production due to difficulty in accessing the tea plantations which are located in high mountains. The incidence of specialist nectar-borne yeast species decreases with increasing pollution index due to the limitation of pollinator foraging behavior; thus, urbanization may restrict the movement of nectar-specialized yeasts (Wehner et al., 2017). Nectar serves as a substrate for the proliferation of yeasts especially Ascomycetes with regard to the various nutrient compositions including lipids, proteins, and amino acids (De Vega et al., 2017). This implication was in accordance with the finding of this study in which most of the yeasts found in tea flowers are specifically ascomycete yeasts. Moreover, three new yeast species, namely, M. lannaensis, W. camelliae, and W. thailandensis isolated from the flower of Assam tea in Northern Thailand were proposed based on identification through molecular phylogenetic and phenotypic (morphological, biochemical, and physiological characteristics) analyses. Based on nucleotide comparisons, all new yeasts described in this study exhibited more than a 1.5% difference in ITS and D1/D2 domain regions with their sister taxa. The yeast strain showing nucleotide substitutions of greater than 1% in the D1/D2 domain of the LSU rRNA gene are usually considered different species (Kurtzman and Robnett, 1997). Therefore, M. lannaensis, W. camelliae, and W. thailandensis can be considered different species. The findings that most yeast strains including three new yeast species were isolated from tea flowers agree with the results from the previous studies which stated that the most frequent yeasts that were recovered from floral nectar and insects belong to the genera Metschnikowia, Starmerella, Kodamaea, and Wickerhamiella, but their role on plant–pollinator interactions has not yet been studied (De Vega et al., 2017, 2018). Other yeast genera commonly found in nectar and flora included Aureobasidium, Candida, Clavispora, Cryptococcus, Debaryomyces, Hanseniaspora, Kodamaea, Papiliotrema, Rhodotorula, Starmerella, Sporobolomyces, and Wickerhamiella (Klaps et al., 2020).

The diversity of yeast species in tea flowers was influenced by the sampling site and location. Nan and Phrae provinces were unique areas for the isolation of W. azyma, while C. leandrae was predominantly found in Chiang Mai. Species diversity of yeasts in flowers is correlated with many factors such as location, the density of flowers (Belisle et al., 2012), pollinators, and other flower-visiting animals (Hausmann et al., 2017; Chappell and Fukami, 2018). Similar to nectar-inhabiting yeast communities between Phrae and Nan provinces may be dependent on geographically distant locations. Therefore, the yeast communities in these provinces were different from those in Chiang Mai.

To evaluate yeasts that may be associated with Miang and the evolution of Miang fermentation, all yeast strains were assessed for tannin-tolerant ability. Based on the results, approximately 78% of total yeast strains were able to tolerate high concentrations at up to 50 g/L tannic acid except for C. leandrae, the most abundant yeast found in tea flowers and all strains of Su. (Suhomyces) xylosoci. Some yeasts were identical species reported from both commercial Miang and Miang fermentation processes, i.e., C. tropicalis, Hy. burtonii, Me. caribbica, and P. manshurica but the later species including C. orthopsilosis, Cy. fabianii, H. uvarum, Wc. anomalus were found only in the Miang fermentation process (Kanpiengjai et al., 2016; Unban et al., 2020a; Kodchasee et al., 2021) and Wc. anomalus, a part of the tannin-tolerant yeasts, is capable of producing tannase. Further tannase-producing yeasts found from tea flowers were Cy. fabianii, D. nepalensis, D. subglobosus, M. rancensis, W. thailandensis, Pc. melissophilus, and Y. dushanensis. As described in the previous studies, tannin tolerance and tannase-producing ability are good attributes for microorganisms associated with Miang fermentation (Kanpiengjai et al., 2016; Chaikaew et al., 2017; Unban et al., 2020b). The tannin-tolerant yeasts isolated from Miang, Cy. rhodanensis, D. hansenii, and S. ruineniae have been confirmed for their ability to produce cell-associated tannase that played a crucial role in the biotransformation of bioactive phenolic compounds, namely, epigallocatechin gallate (EGCG) and epicatechin gallate (ECG) (Leangnim et al., 2021). For traditional fermented tea leaves such as Pu-erh tea, Fu brick tea, and Laphet-so, it was proposed that properties of yeasts such as S. cerevisiae, Blastobotrys adeninivorans, Cyberlindnera sp., and Candida sp. may improve the quality of Fu brick tea via their enzyme activities toward the degradation of phenolic compounds and producing the sweet substance xylitol and other flavor substances (Li et al., 2017; Zhao et al., 2018). We found coding regions of feruloyl esterase B (FaeB), which is a member of the tannase family, and tannase in whole genome sequences of the reported yeast detected during tea fermentation such as B. adeninivorans (accession number CAT07374) and Cy. fabianii (accession number ONH67742). Furthermore, our current research revealed FaeB and tannase in the transcriptome of tannin-tolerant and tannase-producing yeasts isolated from Miang, namely, Cy. rhodanensis and Sd. ruineniae (data not shown). Considering the catalytic region of all above-mentioned tannases and FaeBs, GCSXGG sequence at the catalytic region and CS-D-HC motif as the catalytic triads of the enzymes are always conserved for fungal and yeast tannases that have high specificity toward catechins and condensed tannins from the plant cell wall (Suzuki et al., 2014; Dong et al., 2021). It is believed that the coding regions of these enzymes may either be conserved within species or varied among different yeast genera. Although the main yeasts in Miang and Miang fermentation processes were found to be C. ethanolica and P. manshurica, it is assumed that a part of tannin-tolerant yeasts isolated from tea flowers which are conserved within Miang fermentation may be alternatively associated with the fermentation by playing roles in the production of Miang fermentation such as promoting an appropriate environment for tannase-producing yeasts and other microorganisms associated with developing steamed tea leaves into Miang, and enhancement of flavor and aroma to serve a unique Miang product of each Miang production area.

In summary, we present the yeast ecology of tea flowers and suggest that it is partially associated with Miang fermentation based on their tannin tolerance and tannase-producing ability. The yeast ecology is mainly restricted to the flower habitat, and this strengthens the relevance of plant–pollinator interactions. It can be further concluded that tea flowers are a potential source of tannin-tolerant and tannase-producing yeasts, which will shed more light as the important microbial source for the development of Miang fermentation and the production of bioactive compounds from Miang.
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Green mold caused by Trichoderma spp. has become one of the most serious diseases which threatening the production of Ganoderma lingzhi. To understand the possible resistance mechanism of the G. lingzhi response to T. hengshanicum infection, we examined the G. lingzhi transcript accumulation at 0, 12, and 24 h after T. hengshanicum inoculation. The gene expression analysis was conducted on the interaction between G. lingzhi and T. hengshanicum using RNA-seq and digital gene expression (DGE) profiling methods. Transcriptome sequencing indicated that there were 162 differentially expressed genes (DEGs) at three infection time points, containing 15 up-regulated DEGs and 147 down-regulated DEGs. Resistance-related genes thaumatin-like proteins (TLPs) (PR-5s), phenylalanine ammonia-lyase, and Beta-1,3-glucan binding protein were significantly up-regulated. At the three time points of infection, the heat shock proteins (HSPs) genes of G. lingzhi were down-regulated. The down-regulation of HSPs genes led to the inhibition of HSP function, which may compromise the HSP-mediated defense signaling transduction pathway, leading to G. lingzhi susceptibility. Pathway enrichment analyses showed that the main enriched pathways by G. lingzhi after infection were sphingolipid metabolism, ether lipid metabolism, and valine, leucine and isoleucine degradation pathway. Overall, the results described here improve fundamental knowledge of molecular responses to G. lingzhi defense and contribute to the design of strategies against Trichoderma spp.
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Introduction

Ganoderma lingzhi S. H. Wu, Y. Cao, and Y. C. Dai (Ganodermataceae, Agaricomycetes) is a traditional Chinese medicinal mushroom in Asia that has been used for thousands of years (Cao et al., 2012). It has good medicinal, health, and ornamental value (Wagner et al., 2003; Cao et al., 2012). The pharmacological action of G. lingzhi is based on its solid immune modulation and immune potential. The main medicinal ingredients include polysaccharides, triterpenes, peptides, proteins, adenosine, which have anti-androgen, anti-cancer, anti-diabetes, anti-hypertension, anti-melanocyte, anti-virus, and other health functions (Sanodiya et al., 2009; Qian et al., 2013; Satria et al., 2019). Currently, the main cultivation methods of G. lingzhi are substitute cultivation and basswood cultivation in China, mainly distributed in the Northeast region, the Dabie Mountains, the Southeast coast, and other places (Jin et al., 2016; Zhou et al., 2017). In recent years, the market demand for G. lingzhi has increased by 18–30% every year. In 2015, China was the world’s primary producer and exporter of G. lingzhi, with 10,000 hm2 of G. lingzhi yield and 120,000 t of spore powder, accounting for approximately 75 and 30% of the world, respectively (Jin et al., 2016; Ma, 2017; Li et al., 2021). Due to the increase of the cultivation years, some diseases of G. lingzhi have also been successively discovered. Among them, Trichoderma spp. has the characteristics of wide distribution, more kinds, rapid incidence, and strong concealment (Xu et al., 2019). Trichoderma spp. has become one of the most harmful pathogens in the cultivation of G. lingzhi, resulting in a decline in the yield and quality decline of G. lingzhi, which have caused severe economic losses to growers and restricted the development of the G. lingzhi industry (Xie and Tan, 2015; Huang et al., 2018).

Following the emergence of G. lingzhi, it is primarily controlled through the use of chemical reagents such as pesticides, which cause severe pollution to the environment and make drug resistance more likely (Fu et al., 2013; Xie et al., 2018). Based on six chemical reagents, Yan (2011) screened the bacteriostasis of different fungicides on edible fungi and Trichoderma spp. by preliminary screening, inhibition of spore germination, and mycelial germination tests. A total of 50% hymexazol has a strong bacteriostatic effect on Trichoderma spp. and a little destructive effect on various edible fungi mycelia, which can be recommended for production. Luković et al. (2021) conducted identification and fungicide screening tests on 22 isolation of Trichoderma strains. In fungicide susceptibility tests, all examined Trichoderma strains were found to be highly sensitive to prochloraz (ED 50 < 0.4 mg ⋅ mL–1) and considerably susceptible to metrafenone (ED 50 < 4 mg ⋅ mL–1). Hence, metrafenone might also be recommended to control the green mold of mushrooms. In aspects of biological control, among 50 bacterial strains isolated from mushroom compost, Bacillus subtillis B-38 inhibited Trichoderma harzianum T54 (48.08%) and Trichoderma aggressivum f. europaeum T77 (52.25%) mycelium growth in vitro. In plot trials, the incidence of the plots inoculated with the Trichoderma strains and treated with B. subtillis B-38 and B. subtilis QST 713 presented significantly lower disease incidence compared to the control, and results for disease control and yield harvested were comparable to the plots treated with prochloraz-Mn, indicating that B. subtilis B-38 and B. subtilis QST 713 could be used as suitable substitutes for chemical fungicides (Milijašević-Marčić et al., 2017; Gea et al., 2021). Although these methods can play a preventive role to a certain extent, the control effect is limited, so screening and breeding resistant varieties of G. lingzhi is the most economical and effective way to control green mold. Therefore, exploring the defense mechanism of G. lingzhi against T. hengshanicum will help to speed up the breeding process of disease-resistant G. lingzhi.

With the development of second-generation sequencing technology and molecular biology, many researchers have explored the molecular regulation mechanisms of rice bacterial blight (Sana et al., 2010), Phytophthora capsici disease (Fan et al., 2022), Nerium indicum witches’ broom disease (Wang et al., 2022), Phytophthora sojae disease (Zhu, 2018), apple alternaria blotch disease (Zhu et al., 2017), Chrysanthemum morifolium black spot (Liu L. N. et al., 2021), and wheat leaf spot (Ye et al., 2019). Bailey et al. (2013) found that the pathogen (Lecanicillium fungicola) and the host (Agaricus bisporus) changed the expression of their respective genes during the interaction through transcriptome analysis, which initially revealed the host’s defense response mechanism. Ma et al. (2021) found that the expression level of LeTLP1 was strongly induced in response to T. atroviride infection in the resistant Y3334 by transcriptome analysis and quantitative real-time polymerase chain reaction (qRT-PCR) detection. The function of LeTLP1 was verified by gene overexpression and gene silencing technology. Compared with the parent strain Y3334, LeTLP1-silenced transformants had reduced resistance relative to T. atroviride. These findings suggest that overexpression of LeTLP1 is a major mechanism for the assistance of Lentinula edodes to T. atroviride. This molecular basis provides a theoretical foundation for breeding resistant L. edodes strains. A. bisporus brown blotch disease caused by Pseudomonas tolaasii infection mainly activates the arginine and proline metabolism, cysteine and methionine metabolism, jasmonic acid (JA) biosynthesis, methane metabolism, phenylpropanoid metabolism, shikimate pathway, sulfur metabolism and signaling pathways, as well as oxidative phosphorylation pathways. Transcriptomics data combined with qPCR verification indicated that 10 differentially expressed genes (DEGs), including PIP1, MET3, AGX, PAL1, GCL, LOX 1/3, PR-like, MYB3R, UCR, and SDHB, were the most potential genes involved in the early defense. These results revealed the early defense response of A. bisporus against P. tolaasii (Yang et al., 2022). However, there has yet to be a report on how G. lingzhi responds to the pathogen Trichoderma spp. In this study, RNA-seq technology was used to analyze the transcriptome of G. lingzhi in response to T. hengshanicum infection, which has a great significance for the breeding of resistant varieties of G. lingzhi and the prevention and control of soil pollution.



Materials and methods


Trichoderma hengshanicum and Ganoderma lingzhi cultures, and inoculation method

Trichoderma hengshanicum “1009” and G. lingzhi “11GL-16” were used in all experiments and preserved in the Development and Utilization Laboratory of Fungi Resource of Jilin Agricultural Science and Technology College. G. lingzhi was grown in an edible fungus base. For G. lingzhi-back inoculation, the fruiting bodies of some growth vigor were strictly selected. T. hengshanicum isolated on potato dextrose agar (PDA) was propagated in a constant temperature incubator at 25°C for 4 days. The G. lingzhi fruiting bodies were inoculated with 5-mm-diameter mycelial blocks (from PDA culture plates). The control group inoculated PDA agar blocks without mycelium. At 0, 2, 12, and 24 h after inoculation, the G. lingzhi fruiting bodies were cut off with a sterile scalpel at a distance of 5 mm from the lesions and stored at −80°C after quick freezing with liquid nitrogen. At 0, 2, 12, and 24 h after inoculation, three fruiting bodies were taken from each replicate of each treatment group. The frozen samples were used for RNA sequencing.



RNA extraction, library construction, and sequencing

After 0, 2, 12, and 24 h of infection, more than 500 mg of fruiting bodies were collected for RNA extraction. Total RNA was extracted using a Trizol reagent kit according to the manufacturer’s protocol. RNA quality was assessed on an Agilent 2100 Bioanalyzer and checked using RNase-free agarose gel electrophoresis. Illumina MiSeq library construction was performed according to the manufacturer’s instructions (Illumina, San Diego, CA, USA). To separate the mRNA from the total RNA, magnetic beads with poly T oligos were used. Then the enriched mRNA was fragmented into short fragments using a fragmentation buffer and reverse transcribed into cDNA with random primers. The cDNA fragments were purified with QIAquick PCR (Qiagen, Venlo, The Netherlands). Extraction Kit, end-repaired, and A base added and ligated to Illumina sequencing adapters. The ligation products were size selected by agarose gel electrophoresis, PCR amplified and sequenced using Illumina MiSeq by Personal Biotechnology Co., Ltd. (Shanghai, China).



Data filtering, de novo assembly, and gene function annotation

Reads obtained from the sequencing machines included raw reads containing adapters or low-quality bases, which would affect the following assembly and analysis. The clean reads were retrieved after trimming adapter sequences and removal of low quality (containing >50% bases with a Phred quality score < 20) using the FastQC tool. Transcriptome de novo assembly was performed with the short reads assembling program-Trinity (Grabherr et al., 2011). Firstly, a short sequence library of K-mer length was constructed using high-quality sequences. Then the short sequence was extended by the overlap of K-mer-1 length between short sequences to obtain the preliminary spliced contig sequences. Next, Chrysalis clusters related contigs that correspond to portions of alternatively spliced transcripts or otherwise unique portions of paralogous genes and then builds Bruijn graphs for each cluster of related contigs. Finally, these Bruijn graphs were processed to find the path based on the reads and paired reads in the graphs to obtain the transcripts. To comprehensively obtain gene annotation information, genes were compared with six databases, including NR (NCBI non-redundant protein sequences), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genome (KEGG), eggNOG (evolutionary genealogy of genes: Non-supervised Orthologous Groups), Swiss-Prot, and Pfam, and the annotation situation of each database was counted.



Differentially expressed genes (DEGs) and enrichment analysis

RSEM estimated gene expression levels for each sample (Li and Dewey, 2011). The gene abundances were calculated and normalized to Reads Per kb per Million reads (RPKM). Three pairwise comparisons were made from RNA-seq data, including inoculation 0 h (CK) vs. inoculation 2 h (GT2), inoculation 0 h vs. inoculation 12 h (GT12), and inoculation 0 h vs. inoculation 24 h (GT24). DEGs was performed using DESeq2 (Love et al., 2014) software between two groups. The genes with the parameter of P-value < 0.05 and | log2FoldChange| > 1 were considered DEGs. All DEGs were mapped to GO terms in the GO database,1 gene numbers were calculated for every term, and significantly enriched GO terms in DEGs compared to the genome background were defined by hypergeometric test. The criterion for significant enrichment of GO function was P-value < 0.05. Pathway enrichment analysis identified significantly enriched metabolic pathways or signal transduction pathways in DEGs compared with the whole genome background. The corrected P-values adopted 0.05 as the threshold, and KEGG pathways meeting the above conditions were defined as significantly enriched pathways in DEGs.



Quantitative real-time polymerase chain reaction (qRT-PCR) verification

RNA-seq results were validated by selecting six DEGs to examine the consistency of their expression profiles. Total RNAs were extracted from collected G. lingzhi materials using the Trizol (Invitrogen, USA) kit according to the manufacturer’s instructions. First-strand cDNAs were synthesized by the PrimeScript™ 1st stand cDNA Synthesis Kit. The internal transcribed spacer (ITS) gene was used as an internal control. Volume for all the reactions was 20 μL; 1 μL cDNA, 10 μL 2 × SYBR real-time PCR (Applied Biosystem, Carlsbad, CA, USA), and 0.4 μL of each primer. The PCR procedure was 5 min at 95°C, followed by 40 cycles of 15 s at 95°C and 30 s at 60°C. Three biological replicates were performed per sample. The formula of 2–ΔΔCT was used to calculate gene relative expression levels.




Results


Summary of transcriptome analysis

Four sample sets, each with three biological replicates, were subjected to RNA-seq, and 12 cDNA libraries were generated: GT0-1, GT0-2, GT0-3, GT2-1, GT2-2, GT2-3, GT12-1, GT12-2, GT12-3, GT24-1, GT24-2, GT24-3. Samples were inoculated for 0 h (GT0-1, GT0-2, GT0-3) as a control. The sequencing raw data set has been deposited in National Center for Biotechnology Information Sequence Read Archive database (accession number PRJNA917261). Approximately 4.169∼5.386 million raw reads were produced for each sample, with the percentages of Q20 and Q30 being over 97.64 and 93.75%, respectively. A total of 79.7 Gb of clean data was obtained and the clean data of each sample reached more than 6.0 Gb. A transcriptome database containing 36,870,053 unigene of total length was obtained using Trinity software, with a mean length of 1,850.35 bp and GC content of 57.06%. All unigenes and transcripts obtained by transcriptome assembly were aligned with six major databases (Nr, Swiss-prot, Pfam, COG, GO, and KEGG databases).



Differentially expressed gene (DEG) analysis in Ganoderma lingzhi

Differentially expressed genes in susceptible G. lingzhi at different time points were identified using the thresholds p < 0.05 and | log2FoldChange| > 1. In response to the fungal stimulus, a total of 1,978 genes showed differential expression at three-time points after inoculation (Figure 1). A total of 754 (347 up-regulation and 407 down-regulation), 620 (259 up-regulation and 361 down-regulation), and 604 (79 up-regulation and 525 down-regulation) differential genes were observed in CK vs. GT2, CK vs. GT12, and CK vs. GT24, respectively. The Venn diagram (Figure 1) showed that both shared and unique DEGs were identified between different combinations. There were 162 shared DEGs in CK vs. GT2, CK vs. GT12, and CK vs. GT24.
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FIGURE 1
Differentially expressed genes (DEGs) between samples. Left: numbers of DEGs compared between two samples (CK vs. GT2, CK vs. GT12, and CK vs. GT24). DEGs are shown in red (up-regulated) and blue (down-regulated). Right: Venn diagram analysis of the DEGs in Ganoderma lingzhi after inoculation with Trichoderma hengshanicum.




Functional annotation of differentially expressed genes (DEGs)

Gene Ontology classification analysis of DEGs between CK vs. GT2, CK vs. GT12, and CK vs. GT24 was shown in Figure 2. GO had three ontologies, describing the molecular function, cellular component, and biological process of genes. At 2 h after infection, GO enrichment analysis of DEGs showed that 396, 47, and 128 GO terms were identified in biological processes, cellular components, and molecular functions, respectively. The most significant enrichment of DEGs in the biological process ontology was heterochromatin assembly by small RNA, mRNA cleavage involved in gene silencing, Wnt signaling pathway-calcium modulating pathway, and transcription (RNA-templated), whereas RNA-induced silencing complex (RISC)-loading complex and mitochondrial permeability transition pore complex occupied important positions in the cellular component ontology. The most significantly enriched molecular function ontology was catalytic activity, RNA-directed 5′-3′ RNA polymerase activity, miRNA binding, oxidoreductase activity, cofactor binding, regulatory RNA binding, nicotinamide adenine dinucleotide phosphate (NADP) binding, siRNA binding, endoribonuclease activity (cleaving siRNA-paired mRNA), endoribonuclease activity (cleaving miRNA-paired mRNA), oxidoreductase activity (acting on the CH-OH group of donors), monooxygenase activity, and iron ion binding. At 12 h after infection, GO analysis of DEGs revealed 360 entries related to biological processes, 52 cellular components, and 150 molecular functions. According to the GO annotations analysis at Level 2, the most significant enrichment of DEGs was in the oxidation-reduction process, heterochromatin assembly by small RNA, isoprenoid biosynthetic process ontology, transcription, and RNA-templated in the biological process ontology. The most significantly enriched molecular function ontology was oxidoreductase activity, catalytic activity, oxidoreductase activity (acting on CH-OH group of donors), cofactor binding, oxidoreductase activity (acting on the CH-OH group of donors, NAD or NADP as acceptor), RNA-directed 5′-3′ RNA polymerase activity, miRNA binding, coenzyme binding, and regulatory RNA binding, while myelin sheath, an intrinsic component of the membrane and integral component of membrane occupied the important positions in the cellular component ontology. At 24 h after infection, DEGs were divided into 390 functional categories according to 275 biological processes, 34 cellular components, and 81 molecular functions. The most enriched DEGs in the biological processes belonged to heterochromatin assembly by small RNA, cytoplasmic translation, response to sucrose, response to disaccharide and transcription, and RNA-templated. There were 34 terms related to cellular components, among which the most significantly enriched were cytosolic ribosome, ribosome, ribosomal subunit, cytosolic small ribosomal subunit, and small ribosomal subunit; 81 GO terms related to molecular function were identified, of which, RNA-directed 5′-3′ RNA polymerase activity and structural constituent of ribosome were the most significantly enriched metabolic pathways. In the biological process ontology, CK vs. GT2, CK vs. GT12, and CK vs. GT24 had the two most significantly enriched terms, namely, heterochromatin assembly by small RNA and transcription, RNA-templated. RNA-directed 5′-3′ RNA polymerase activity was the most significantly enriched cellular component ontology term in CK vs. GT2, CK vs. GT12, and CK vs. GT24. Five of the most significantly enriched terms in CK vs. GT2 and CK vs. GT12 were related to molecular function ontology, which were catalytic activity, oxidoreductase activity, oxidoreductase activity (acting on the CH-OH group of donors) and regulatory RNA binding, and were also enriched in CK vs. GT24.
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FIGURE 2
Gene Ontology (GO) functional enrichment analyzes of differentially expressed genes (DEGs).


To elucidate the main metabolic pathways involved in the DEGs responding to T. hengshanicum stress in G. lingzhi, the KEGG enrichment analysis was conducted in CK vs. GT2, CK vs. GT12, and CK vs. GT24. The top 20 KEGG pathways with the lowest false discovery rate (FDR) values are shown in Figure 3. The greater the richness factor, the greater the enrichment. DEGs annotated 93 metabolic pathways in CK vs. GT2, CK vs. GT12, and CK vs. GT24. Sphingolipid metabolism, ether lipid metabolism, steroid biosynthesis, and valine, leucine and isoleucine degradation were the most significantly enriched metabolic pathways in CK vs. GT2. Terpenoid backbone biosynthesis, glycine, serine and threonine metabolism, tryptophan metabolism, ascorbate, and aldarate metabolism, fatty acid degradation, arachidonic acid metabolism, glycolysis/gluconeogenesis, pyruvate metabolism, lysine degradation, steroid biosynthesis, glycerolipid metabolism, oxidative phosphorylation, phenylalanine metabolism, tyrosine metabolism, linoleic acid metabolism, histidine metabolism, valine, leucine and isoleucine degradation, folate biosynthesis, methane metabolism, and hippo signaling pathway-multiple species were the most significantly enriched metabolic pathways in CK vs. GT12. The most significantly enriched metabolic pathways in CK vs. GT24 belonged to the ribosome, sphingolipid metabolism, glycerophospholipid metabolism, ether lipid metabolism, and biosynthesis of unsaturated fatty acids. Valine, leucine and isoleucine degradation was significantly enriched in CK vs. GT2, and CK vs. GT12, and also enriched in CK vs. GT24. There were two significant metabolic pathways in CK vs. GT2 and CK vs. GT24: sphingolipid metabolism and ether lipid metabolism, which were also enriched in CK vs. GT12.
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FIGURE 3
Kyoto Encyclopedia of Genes and Genome (KEGG) pathway enrichment analyzes of differentially expressed genes (DEGs).




qRT-PCR analysis

To confirm the reliability of the generated RNA-seq data, the expression of six DEGs was analyzed using qRT-PCR validation. Genescloud tools2 were used to visualize the results (Figure 4). Although the magnitude of differences in expression detected by qRT-PCR was not identical to those of DEGs detected by the RNA-seq results from the samples at three infection time points, the direction of the change in DEG expression was consistently using the two approaches, indicating that the results of transcriptome sequencing were highly reliable.


[image: image]

FIGURE 4
The relative expression level change of six selected genes from differentially expressed genes (DEGs) by quantitative real-time polymerase chain reaction (qRT-PCR).




Sphingolipid metabolism

The basic structure of biomembranes comprises various lipids, such as glycerophospholipids, sphingolipids, and sterols, and proper homeostasis of the composition of these lipids in biomembranes is extremely important for the maintenance of multiple cellular functions (Tani and Funato, 2018). Sphingolipids are essential biomembrane lipids for eukaryotic organisms. They commonly have a long-chain base (LCB) backbone. Ceramide (Cer), the hydrophobic portion of sphingolipids, comprises an LCB and a fatty acid (Dickson et al., 2006; Tani and Funato, 2018). In this study, the sphingolipid metabolism pathway of G. lingzhi was significantly enriched after T. hengshanicum infection (Figure 5). As shown in the Figure 6, two genes were up-regulated and three genes were down-regulated in the phospholipid metabolic pathway at 2 h after infection. At 12 h after infection, one gene was up-regulated and two genes were down-regulated in the phospholipid metabolic pathway. At 24 h after infection, one gene was up-regulated and four genes were down-regulated in the phospholipid metabolic pathway. This indirectly showed that T. hengshanicum infection would affect sphingolipid metabolism in G. lingzhi.
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FIGURE 5
Differentially expressed genes (DEGs) comparison between two samples (CK vs. GT2, CK vs. GT12, and CK vs. GT24) mapped to the sphingolipid metabolism (map00600; red for up-regulated, green for down-regulated).
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FIGURE 6
Heatmaps of differentially expressed genes (DEGs) involved in sphingolipid metabolism pathways. The log2Foldchange was colored using Genescloud tools (green for up-regulated, brown for down-regulated).




Pathogenesis-related proteins

Pathology-associated proteins are a class of proteins induced by plants in pathological or pathology-associated environments, initially detected from tobacco mosaic virus infection in tobacco leaves (Li, 2020). Pathogenesis-related (PR) proteins are comprised of 17 families that are normally expressed at low levels in healthy tissues but rapidly accumulate to significant levels in response to biotic or abiotic stress (Van Loon and Van Strien, 1999; Van Loon et al., 2006; Zhu et al., 2017). It was known that the timing of PR gene expression was a crucial determinant of pathogenesis. The accumulation of PR proteins is usually associated with systemic acquired resistance to a wide range of pathogens. G. lingzhi PR genes were induced in response to T. hengshanicum infection in our experiment. Our results showed that G. lingzhi up-regulated PR thaumatin-like proteins (TLPs) (PR-5s) after infection with T. hengshanicum. The PR-5s genes were up-regulated 8.6-fold at 2 h post-infection (Figure 7).
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FIGURE 7
Left: Heatmaps of differentially expressed genes (DEGs) encoding thaumatin-like proteins (TLPs); right: Heatmap of DEGs encoding heat shock proteins (HSPs). The log2Foldchange was colored using Genescloud tools (green for up-regulated, brown for down-regulated), each horizontal row represents a DEG with its gene ID.


Heat shock proteins (HSPs) are a subset of molecular chaperones, best known because they are rapidly induced in large numbers by stress (Neumann et al., 1994; Wang et al., 2004; Scarpeci et al., 2008). These proteins are implicated in a wide variety of cellular processes as molecular chaperons, including the protection of the proteome from stress, the folding and transport of newly synthesized polypeptides, the activation of proteolysis of misfolded proteins, and the formation and dissociation of protein complexes, plays a pivotal role in the protein quality control system, ensuring the correct folding of proteins, the re-folding of misfolded proteins, and controlling the targeting of proteins for subsequent degradation. The results showed that HSPs in the G. lingzhi displayed a range of responses to T. hengshanicum. At the three time points of infection, the HSPs genes of G. lingzhi were down-regulated (Figure 7).




Discussion and conclusion

Ganoderma lingzhi has high application value in the prevention and treatment of nephritis, hypertension, and bronchitis, and has remarkable antitumor properties, and is deeply loved by people (Wu et al., 2011; Nie et al., 2013; Vitak et al., 2015; Paterson, 2016; Yan et al., 2019). With the rapid expansion of G. lingzhi cultivation, however, green mold has become one of the severe diseases threatening the production of G. lingzhi. After the fruiting bodies were infected with Trichoderma spp., lesions appeared and were covered by green mycelium. The infected fruiting bodies became deformed and withered as the disease progressed (Yan et al., 2019; Cai et al., 2020). Therefore, it is important to use disease-resistant variety to control disease that damage the quantity and quality of G. lingzhi. Currently, there are many studies on the interaction between plants and pathogens. In response to external biotic stresses, plants induce a series of immune responses, including the production of physical barriers (keratin, wax, lignin, and special stomatal structures), chemical barriers (secondary metabolites with antimicrobial properties), and molecular responses (hypersensitivity, production of reactive oxygen species, and expression of pathogen-associated genes) (Ding and Yang, 2016). Therefore, it is inevitable that macrofungi will also produce various defensive responses to resist the pathogen infection. For breeding disease-resistant G. lingzhi, it is necessary to have information on genetic variation in the hosts reaction to disease infestation. In this research, we studied the transcription of G. lingzhi at 2, 12, and 24 h after infection by T. hengshanicum, and explored the resistance genes and metabolic pathways induced by T. hengshanicum.

In this study, we selected six DEGs related to the T. hengshanicum infection of G. lingzhi for qRT-PCR verification. Our results revealed the same trend in DEG expression as established by transcriptome sequencing results, indicating high reliability of the transcriptome sequencing results in reflecting the proper expression levels of genes in G. lingzhi infected by T. hengshanicum. The six DEGs verified by qRT-PCR were the TLPs (PR-5s) gene, the phenylalanine ammonia-lyase gene, the cyanide hydratase gene, the Beta-1,3-glucan binding protein, the polyketide synthase gene, and the 6-phosphofructokinase gene. TLPs have antifungal and osmotic adjustment activities or act as an elicitor of other antifungal proteins and play an important role in the growth and development of the host and the process of stress resistance (Menu-Bouaouiche et al., 2003; Guo et al., 2016; Faillace et al., 2019; Sun et al., 2020; Liu Y. et al., 2021; Liu et al., 2022). Previous studies have shown that PR-5s is involved in the plant defense response induced by diseases and insects (Hou et al., 2018). For example, overexpression of the rice TLPs gene significantly increased the resistance of rice, and wheat to related diseases (Chen et al., 1999; Datta et al., 1999). As a result, up-regulation of PR5 expression at 2 h after infection benefits G. lingzhi in preventing a violation by T. hengshanicum. The phenylalanine ammonia-lyase gene was also up-regulated after infection. As the first rate-limiting enzyme in the phenylpropanoid metabolism pathways, phenylalanine ammonia-lyase (PALs) can catalyze the deamination of L-phenylalanine to form trans-cinnamic acid, which is a precursor of lignin, salicylic acid (SA), flavonoids, phytoalexins, as well as bioactive phenolamides via specific branch pathways, playing important roles in plant growth, development, and stress responses (Dixon et al., 2002; Zhang and Liu, 2015; You et al., 2020). For example, enhanced deposition of lignin can reinforce the plant cell wall, providing a structural barrier to pathogen spread, and the toxic phenolic precursors produced during lignin biosynthesis or polymerization can directly inhibit pathogen multiplication and movement (Tonnessen et al., 2015). The up-regulation of phenylalanine ammonia-lyase gene expression in G. lingzhi might activate the phenylpropanoid metabolic pathway in G. lingzhi and then produce some or specific related secondary metabolites to resist the infection of T. hengshanicum. Moreover, the Beta-1,3-glucan binding protein (LGBP) molecule was reported to have antibacterial, anti-biofilm, anti-inflammatory, and antioxidant properties (Iswarya et al., 2017). Many studies have shown that β-1,3-glucan binding proteins are host pattern recognition receptors (PRRs) that recognize conserved surface ligands in microorganisms designed the pathogen-associated molecule patterns (PAMPs) and have a strong affinity toward the –glucans present on the surface of bacteria and fungi, thereby activating the prophenoloxidase (proPO) activating system to elicit the invertebrate innate defense system (Zhang et al., 2016; Anjugam et al., 2017; Li S. S. et al., 2022). The results of this study revealed that T. hengshanicum infection of G. lingzhi not only up-regulated β-1,3-glucan binding proteins but also tyrosinase, and the infection site of G. lingzhi turned brown 24 h after T. hengshanicum infection, which could be due to activation of the prophenoloxidase system in G. lingzhi, resulting in the production of melanin or other secondary metabolite deposition. Intermediate sphingolipid metabolic pathways are important signal molecules closely related to cell growth, apoptosis, differentiation, senescence, stress resistance, and signaling transduction (Li J. et al., 2022). Free sphingosine binds to different substances in organisms to form Cer, sphingomyelin, and glycosphingolipids (Dickson et al., 2006; Harrison et al., 2018). In the study of Saccharomyces cerevisiae, long-chain sphingolipid bases are signaling molecules that regulate growth, responses to heat stress, cell wall synthesis and repair, endocytosis, and dynamics of the actin cytoskeleton (Dickson et al., 2006). In plants, sphingolipids were not only the main components of the plant plasmalemma, tonoplast membrane, and intima but also participated in various plant stress responses as the second messenger of plant defense mechanisms (Markham et al., 2013; Shan et al., 2019). Changes in sphingolipid content and sphingolipid/phosphorylated derivative balance in plants infected with microorganisms regulated plants to produce a resistance response (Bi et al., 2014; Yanagawa et al., 2017). Therefore, in the interaction between G. lingzhi and T. hengshanicum, G. lingzhi sphingolipids might be the signal molecules that could induce resistance G. lingzhi.

These data provided a better understanding of the mechanisms and identified potential DEGs involved in the early disease defenses of G. lingzhi against T. hengshanicum. These DEGs could be used as a screening indicator for identifying or selecting strains with high-disease-resistant properties. However, the results of this study were slightly different from those of plant-pathogen interactions. No DEGs related to plant hormones (JA, SA, and ABA, etc.) signaling transduction pathways were found in G. lingzhi infected by T. hengshanicum. In plants, SA and JA were endogenous plant hormones, that could induce the expression of pathogenicity-related proteins and systemic acquired resistance in plants, and were also recognized as a signal of plant responses to abiotic and biotic stresses. In A. bisporus, after P. tolaasii infection, JA biosynthesis and signaling transduction pathways were significantly enriched, and JA content was also detected to increase (Ma et al., 2021). Furthermore, no differential changes in genes related to cell wall synthesis were found in this study. In plants, the cuticle is the first cell wall layer encountered by a pathogen, plant pathogens must overcome the physical barrier presented by the cuticle and plant cell wall, so that the plant cell wall undergoes very large cell wall remodeling. Therefore, the changes in genes related to plant hormones and cell wall synthesis enzymes must be further studied.

In conclusion, transcriptomic analysis detected 620, 754, and 604 DEGs at 2, 12, and 24 h after infection with T. hengshanicum. Transcriptome sequencing indicated that there were 162 DEGs at three infection time points, containing 15 up-regulated DEGs and 147 down-regulated DEGs. After G. lingzhi was infected by T. hengshanicum, most of the DEGs were down-regulated at three-time points, indicating that G. lingzhi may resist the infection of T. hengshanicum mainly by down-regulating gene expression. Resistance-related genes TLPs (PR-5s) gene, phenylalanine ammonia-lyase gene, Beta-1,3-glucan binding protein were significantly up-regulated. At the three-time points of infection, the HSPs genes of G. lingzhi were down-regulated. The down-regulation of HSPs genes led to the inhibition of HSP function, which may compromise the HSP-mediated defense signaling transduction pathway, leading to G. lingzhi susceptibility. We performed GO and pathway enrichment analysis of DEGs at 2, 12, and 24 h for susceptible G. lingzhi, respectively. Four different gene sets were enriched for GO classification and KEGG enrichment, the main GO enrichment included heterochromatin assembly by small RNA and transcription, RNA-templated, RNA-directed 5′-3′ RNA polymerase activity, catalytic activity, oxidoreductase activity, oxidoreductase activity (acting on CH-OH group of donors), and regulatory RNA binding and the enriched pathways included sphingolipid metabolism, ether lipid metabolism, and valine, leucine and isoleucine degradation pathway. Although the T. hengshanicum pathogens induced resistance in G. lingzhi, such resistance could not completely prevent pathogen invasion, thereby showing disease symptoms. In conclusion, our results revealed the DEGs and metabolic pathways in the early defense response of Trichoderma spp. and provided a theoretical basis for the breeding of resistant strains of G. lingzhi.
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Microorganisms can influence plant growth and health, ecosystem functioning, and stability. Community and network structures of mangrove phyllosphere fungi have rarely been studied although mangroves have very important ecological and economical values. Here, we used high throughput sequencing of the internal transcribed spacer 2 (ITS2) to assess epiphytic and endophytic phyllosphere fungal communities of six true mangrove species and five mangrove associates. Totally, we obtained 1,391 fungal operational taxonomic units (OTUs), including 596 specific epiphytic fungi, 600 specific endophytic fungi, and 195 shared fungi. The richness and community composition differed significantly for epiphytes and endophytes. Phylogeny of the host plant had a significant constraint on epiphytes but not endophytes. Network analyses showed that plant–epiphyte and plant–endophyte networks exhibited strong specialization and modularity but low connectance and anti-nestedness. Compared to plant–endophyte network, plant–epiphyte network showed stronger specialization, modularity, and robustness but lower connectance and anti-nestedness. These differences in community and network structures of epiphytes and endophytes may be caused by spatial niche partitioning, indicating their underlying ecological and environmental drivers are inconsistent. We highlight the important role of plant phylogeny in the assembly of epiphytic but not endophytic fungal communities in mangrove ecosystems.
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Introduction

Phyllosphere represents the aboveground parts of plants, comprising mainly stems and leaves, which is inhabited by hyperdiverse microbial communities (Lindow and Brandl, 2003; Whipps et al., 2008). Phyllosphere microorganisms include endophytes that live within plant tissues and epiphytes that live on the surface of plant tissues (Lindow and Brandl, 2003). Epiphytes are exposed to many external environmental stressors (e.g., temperature and humidity) and selective pressures that host plants exerted via leaf nutrients, morphological and physiological traits (Vacher et al., 2016). In comparison, endophytes live in a more sheltered environment but are selected by nutrients and defence compounds of host plants (Mercado-Blanco, 2015). These two types of microorganisms can influence plant growth and health, and productivity of ecosystems. For instance, epiphytes can reduce disease symptoms in the plant caused by pathogens (Widmer and Dodge, 2013) and endophytes can limit pathogen damage (Arnold et al., 2003) and enhance plant tolerance to abiotic stress (Hubbard et al., 2014). In turn, host plants can affect microbial community composition (Kembel and Mueller, 2014; Ricks and Koide, 2019; Yao et al., 2020) and diversity (Griffin et al., 2019). Thus, elucidating the interactions between host plants and epiphytic and endophytic microorganisms in the phyllosphere can help understand the mechanisms underlying phyllosphere microbial community assembly.

Microbial communities inhabiting mangroves have received increasing attention because mangroves have important ecological roles and provide a wide range of services in environment and economy (Taylor et al., 2003). In mangrove forests, different microbial communities in the phyllosphere of true mangroves and mangrove associates (two categories of mangrove species) are anticipated due to that they have significantly different leaf physiological and ecological traits (Wang et al., 2011). However, only community structure and network properties of phyllosphere fungi on true mangroves have been investigated and reported (Yao et al., 2019). A lack of knowledge about community and network structure of phyllosphere fungi living on mangrove associates may hinder both understanding and generalizations of fungal community assembly rules for mangrove ecosystem.

Community structure between the epiphytic and endophytic phyllosphere fungi has been studied and found to be significantly different in true mangroves and other woody plants (Osono, 2017; Gomes et al., 2018; Yao et al., 2019). Such difference in community structure of epiphytic and endophytic fungi in the phyllosphere can be significantly affected by host plant taxonomy or identity (Kembel and Mueller, 2014; Ricks and Koide, 2019; Yao et al., 2020). Host plant taxonomy and leaf physicochemical properties might influence community composition and structure of phyllosphere endophytic and epiphytic fungi via mediating immigration, survival and growth of microbial colonists.

Due to phylogenetic conservatism of functional traits among host plants, plant phylogeny has been shown to play an crucial role in determining the community structure of phyllosphere endophytic fungi (Ricks and Koide, 2019; Darcy et al., 2020) and foliar epiphytic fungal microbiome (Zhu et al., 2021). However, it is still unknown how plant phylogenetic history affects phyllosphere epiphytic and endophytic fungal communities in mangrove forests.

To comprehensively understand plant–microbe interaction patterns and assembly rules of microbial communities, network approaches have been applied to describe the network structures of plant–microbe (Yao et al., 2019, 2020; Zhu et al., 2020, 2022). Two main network properties include nestedness and modularity. The nestedness describes a pattern of interaction where the more specialist species (having few interactions) tend to interact with a subset of the interaction partners of the more generalist species (having many interactions) (Bascompte et al., 2003). Nestedness networks are more robust to species extinctions due to that extinction of specialist species may have little effect on network structure (Memmott et al., 2004; Burgos et al., 2007). Modularity measures the extent to which the network is subdivided into subgroups of species (modules), where species within modules interact more frequently with each other than species between modules (Olesen et al., 2007). Modularity can enhance the stability of networks by limiting perturbations in a module, and buffering the propagation of secondary extinctions throughout the community following disturbance (Stouffer and Bascompte, 2011). Thus, network structures may promote the robustness of ecological networks to species extinction arising from perturbation.

Significantly specialized but a lack of nestedness architecture are exhibited by most plant–root fungus networks (Toju et al., 2015, 2016, 2018). Moreover, highly specialized and modular but less nested structures have been currently reported in leaf epiphytic and endophytic fungal networks (Chagnon et al., 2016; Yao et al., 2019). However, to our knowledge, little is reported about the link between the architectures of mangrove leaf epiphytic and endophytic fungal networks and community stability.

To fully understand fungal community assembly in the phyllosphere of mangroves, we investigated and compared phyllosphere epiphytic and endophytic fungal communities associated with mangroves (including true mangroves and mangrove associates) in South China. First, we hypothesized that species richness and community composition of epiphytic and endophytic fungi differed due to distinct microenvironments provided by leaf tissues and leaf surfaces. Second, we expected to observe different topological structures between epiphytic and endophytic fungal networks. Specifically, the difference in network topological structures of phyllosphere epiphytic and endophytic fungi was expected to lead to different network robustness. Third, we hypothesized that phylogeny of mangrove plants had a stronger constraint on endophytic than epiphytic fungal communities due to that endophytes may be majorly selected by the plant functional traits, whereas epiphytes may be majorly affected by external abiotic factors. The results of this work allow us to fully understand the phyllosphere fungal community assembly in mangrove ecosystems and help to make strategies in conservation and restoration of mangrove forests.



Materials and methods


Study site and field sampling

The study was conducted in the Qi’ao Island Mangrove Nature Reserve (113°36′40″–113°39′15″ E, 22°23′40″– 22°27′38″ N), with total area of 5093.0 ha. It is located at Zhuhai city, Guandong province, in South China. This study site belongs to a subtropical monsoon zone. The annual average temperature is 22.4°C, and the annual average precipitation is 1700–2,300 mm. We investigated phyllosphere fungi on six true mangrove species, including Bruguiera gymnorrhiza, Kandelia candel, Excoecaria agallocha, Acanthus ilicifolius, Sonneratia apetala, Conocarpus erectus and five mangrove associate species, including Hibiscus tiliaceus, Cerbera manghas, Pluchea indica, Thespesia populnea, Heritiera littoralis at the same site. On May 3–5, 2022, we collected leaves from 10 individuals of each of the 11 plant species. The distance among individuals of the same plant species was more than 20 meters. Ten fully expanded and mature leaves with no visible signs of damage or disease were randomly collected from each plant. Leave samples were immediately put in sterile plastic bags, labeled, and subsequently stored at –20°C refrigerator in the laboratory.



Molecular analysis

We used 5.0 g pooled leaf samples from 10 individuals of each plant species (0.5 g leaf strips per plant individual) to extract the genomic DNA of endophytes and epiphytes, respectively. To obtain epiphytic fungi from leaf surfaces according to Gourion et al. (2006), we first put 5.0 g leaves in a 50-mL EP tube. Then, sterile cooled TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 7.5) was added to the tube. To mix completely, the tube was subjected to vortexing (30 s) and alternating sonication (45 s) three times. The treated leaves were removed from the tube and the suspension was centrifuged at 10,000 × g for 10 min. We discarded the supernatant and retained the pellet to extract genomic DNA of epiphytic fungi. For endophytic fungi, 5.0 g leaves of each plant species were surface sterilized in 75% ethanol (1 min), 3.25% sodium hypochlorite (3 min), and 75% ethanol (30 s), followed by distilled water for three rinses (Guo et al., 2000). Treated leaves were frozen in liquid nitrogen and ground using a sterilized mortar and pestle. The grind leaves were used to extract genomic DNA of endophytic fungi. We extracted the genomic DNA of epiphytes and endophytes with the Soil DNA Kit D5625 (Omega Bio-tek, America). The concentration of DNA was determined by the NanoDrop 1,000 Spectrophotomter. A two-step PCR procedure was conducted to amplify the ribosomal internal transcribed spacer 2 (ITS2) of phyllosphere fungi. The first PCR amplification of the ITS region was conducted using primers ITS1F (Gardes and Bruns, 1993) and ITS4 (White et al., 1990) in a 50 μl reaction consisting of 1uL forward and reverse primers (10 μM), 25 uL Takara Taq DNA polymerase mixture, 50 ng of template DNA, 1 uL Bovine serum albumin (BSA), and 25–28 μl ddH20. The PCR conditions were 94°C for 5 min, followed by 30 cycles of denaturating at 94°C for 30 s, annealing at 53°C for 30 s, elongation at 72°C for 30 s, and a final elongation at 72°C for 8 min. The second PCR amplification were conducted with the primers fITS7 (Cruz-martinez et al., 2012) and ITS4 (White et al., 1990). Accordingly, a 50 μl reaction consisted of 2 uL forward and reverse primers (10 μM), 25 uL Takara Taq DNA polymerase mixture, 4 uL template (i.e., the first PCR products), and 17 μl ddH20. The PCR conditions were 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 20 s, annealing at 53°C for 20 s, elongation at 72°C for 30 s, and a final elongation at 72°C for 5 min. All PCR products were visualized using gel electrophoresis. High throughput sequencing was conducted on an Illumina Novaseq PE 250 platform with 2 × 250 base pairs paired-end reading at Magigen company, China.



Bioinformatics analysis

In Quantitative Insights into Microbial Ecology (QIIME) version 1.7.0 (Caporaso et al., 2010), raw sequences were denoised using DADA2 (Callahan et al., 2016) to keep high-quality sequences. These denoised sequences had an average quality >25 bases and did not include ambiguous base calls, primers and barcode sequences. To assign taxonomic information to fungi, the representative OTU sequences obtained from DADA2 were searched and blasted against the ITS fungal taxonomic classifier training from UNITE v. 6.2 reference database (Abarenkov et al., 2010). To eliminate the differences in the number of reads across samples, we rarefied number of reads per sample to the minimum sequencing depth (78, 264 clean reads). We discarded any sequence which were assigned to non-fungal Eukarya. In addition, to correct the sequencing and PCR errors, we removed the OTUs with less than 10 reads from each sample.



Statistical analyses

The fungal OTU richness was calculated as the OTU number of fungi observed in a sample. To test whether epiphytic fungi had higher richness than endophytic fungi, paired t-test was carried out after log transformation to make data follow the normal distribution. We constructed a phylogenetic tree of host plant species (Supplementary Figure S1) based on the rbcLa fragment downloaded from NCBI database (605 bp, see deposited information in Supplementary Table S1) using maximum likelihood method and Kimura 2-parameter model in Mega software (Kumar et al., 2016). The phylogeny of host plants was used to detect phylogenetic signals in the richness for epiphytic and endophytic fungi on six true mangroves and five mangrove associates according to Blomberg’s K statistics (Blomberg et al., 2003) and Pagel’s lambda statistics (Pagel, 1999). Based on OTU read data of Hellinger-transformation, we utilized Bray–Curtis method to calculate the dissimilarities of community composition of epiphytic and endophytic fungi. To understand the community composition of epiphytic and endophytic fungi, we conducted non-metric multidimensional scaling (NMDS) analysis in R-package “vegan” (Oksanen et al., 2019). Subsequently, analysis of similarities (ANOSIM) was performed to examine the significance of differences in epiphytic and endophytic fungal communities. ANOSIM gave an R value (the degree of differences between groups) and a p value (significant level). To test whether community similarities of epiphytic and endophytic fungi decreased with phylogenetic distance among host plants, one-tailed Mantel test was performed between Bray–Curtis similarity of the fungal community and phylogenetic distance among host plants in the R-package “ecodist.”

We also evaluated the network structural properties based on the species-level mangrove-epiphytic fungal and mangrove-endophytic fungal matrices. The network-level indices included specialization (Blüthgen et al., 2006), modularity (Beckett, 2016), weighted connectance (Tylianakis et al., 2007) and weighted nestedness metric based on the overlap and decreasing fill (WNODF) (Almeida-Neto and Ulrich, 2011). To enable comparisons across networks with different numbers of species and interactions, network metrics were standardized as z-scores. Z-score of a network metric was defined as z = (obs – exp)/sd.exp, where obs represented the observed value, and exp and sd.exp were the average value and the standard deviation of the 1,000 randomized network matrices (Ulrich et al., 2009). The 1,000 randomized network matrices were generated using the ‘swap’ method with marginal totals and connectance identical to observed network (Artzy-Randrup and Stone, 2005; Dormann et al., 2009).

Furthermore, we quantified network robustness by assessing the secondary extinctions of plant (fungal) communities to the primary random extinctions of fungi (plants) respectively. The curve of secondary extinction of the fungal (plant) community was fitted with an exponential regression model y ∼ 1 – xa (Memmott et al., 2004; Burgos et al., 2007). In the model, x represented the proportion of target plant (fungal) species removed (primary extinction) and y represented the proportion of fungal (plant) species that still alive. The area below the curve (representing robustness, R) was used to quantify the tolerance of a system to the extinction of its component species (Memmott et al., 2004; Burgos et al., 2007). All network metrics were computed using the R-package “bipartite” (Dormann et al., 2009).




Results


Characterization of Illumina sequencing data

Totally, after excluding 514 OTUs with <10 reads, we found 1,391 fungal OTUs on endophytes and epiphytes. The fungi included 528 Ascomycota, 275 Basidiomycota, 1 Cryptomycota, 1 Glomeromycota, 3 Zygomycota, and 493 unknown fungi at the phylum level. At class level, Dothideomycetes (64.77%), Tremellomycetes (14.65%), and Eurotiomycetes (5.78%) showed high abundance in epiphytic fungal communities, while Dothideomycetes (30.98%), Tremellomycetes (11.11%) and Microbotryomycetes (6.42%) showed high abundance in endophytic fungal communities. At family level, Mycosphaerellaceae (17.39%), and Davidiellaceae (5.97%) showed high abundance in endophytic fungal communities while Mycosphaerellaceae (37.32%) and Botryosphaeriaceae (4.36%) showed high abundance in epiphytic fungal communities (Figure 1).
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FIGURE 1
 Interaction patterns of plant-endophytic fungi (A) and plant-epiphytic fungi (B). In each panel, plant species and fungal families are shown in columns and rows, respectively. The relative abundance of each fungal family on host plant is filled in the heatmap.




The richness of epiphytic and endophytic fungi

Out of the 1,391 fungal OTUs, 596 (42.85% of the total OTUs) were exclusively epiphytic fungi, 600 (43.13%) were exclusively endophytic fungi, and 195 (14.02%) were shared between them. Across all 11 plant species, the average number of OTU richness of epiphytic fungal community per plant species was significantly higher than that of endophytic fungal community (paired t-test, t = 1.92, df = 10, p = 0.042). For instance, the OTU richness of epiphytic and endophytic fungi, respectively, was 273 and 77 in Hibiscus tiliaceus, 135 and 37 in Heritiera littoralis, 97 and 76 in Conocarpus erectus, 110 and 108 in Sonneratia apetala, 199 and 95 in Excoecaria agallocha, 87 and 40 in Kandelia obovata, 307 and 68 in Bruguiera gymnorhiza, 193 and 139 in Pluchea indica (Figure 2). No significant phylogenetic signals were detected in the richness for epiphytic fungi (Blomberg’s K = 0.248, p = 0.900; Pagel’s lambda = 6.611 × 10−5, p = 1) and endophytic fungi (Blomberg’s K = 0.206, p = 0.906; Pagel’s lambda = 6.611 × 10−5, p = 1) on each host plant species.
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FIGURE 2
 OTU richness of epiphytic and endophytic fungal communities in 11 host plant species. True mangroves and mangrove associates are showed on the left and right panels, separately.




Community composition of epiphytic and endophytic fungi

The non-metric multidimensional scaling (NMDS) ordination analysis showed that the community composition of epiphytic and endophytic fungi was different (Figure 3). Analysis of similarities (ANOSIM) showed that there was a strong, statistically significant difference in epiphytic and endophytic fungal communities (ANOSIM statistic R: 0.447, p = 0.0001). One-tailed Mantel tests showed that there was a significant negative relation between community similarity for epiphytes and distance in plant phylogeny (Mantel r = −0.332, p = 0.032, see Figure 4A) but no such patterns for endophytes and distance in plant phylogeny (Mantel r = 0.099, p = 0.658, see Figure 4B).
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FIGURE 3
 Non-metric multidimensional scaling (NMDS) ordination plot of the community composition of epiphytic and endophytic fungi in mangrove species. The endophytic and epiphytic fungi are grouped by fungal types. Kruskal’s stress value equals 0.136.
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FIGURE 4
 The relationship between Bray–Curtis similarity of epiphytic and endophytic fungal community and distance in plant phylogeny. Significant negative relation [(A) Mantel r = −0.332, p = 0.032] is shown for epiphytes but not for endophytes [(B) Mantel r = 0.099, p = 0.658].




Network structures and robustness of plant–epiphytic fungi and plant–endophytic fungi

The observed values of specificity and modularity of both mangrove–epiphytic and –endophytic fungal networks were significantly higher than the expected values of randomized networks (Figures 5A,C), while the observed values of weighted connectance and weighted nestedness (WNODF) were significantly lower than the expectations of randomized networks (Figures 5B,D). Thus, mangrove–epiphytic and–endophytic fungal networks exhibited strong specialization and modularity but low connectance and anti-nestedness (i.e., lower nestedness than randomized networks) (see Figure 5). Moreover, mangrove–epiphytic fungal network had higher specialization (z = 59.90) and higher modularity (z = 52.15), lower connectance (z = −38.09), and lower anti-nestedness (z = −18.87) than mangrove–endophytic fungal network (specialization z = 47.78, modularity z = 39.23, connectance z = −18.56, nestedness z = −21.95). In addition, we found that epiphytic fungal communities were more robust than endophytic fungal communities when host plants were randomly removed. Meanwhile, host plants were more robust to random removal of epiphytic than endophytic fungi (Figure 6).
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FIGURE 5
 Network structural properties of plant-endophytic fungi and plant-epiphytic fungi. Network structures include modularity (A), weighted nested [WNODF, (B)], specificity (C), and weighted connectance (D). Observation values (obs) of network metrics in our plant-fungal networks and expectation values (exp) and standard errors of that in 1,000 randomized networks, and significance level (* p < 0.05, ** p < 0.01, *** p < 0.001) are shown in the figure.
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FIGURE 6
 Network robustness of plant-endophytic fungi and plant-epiphytic fungi. The secondary extinctions of epiphytic and endophytic fungal species to random extinctions of host plant species are shown in panel (A). The secondary extinctions of plant species to random extinctions of epiphytic and endophytic fungal species are shown in panel (B). The area below the curve (representing network robustness, R) was used to quantify the tolerance of a system to the extinction of its component species. R values of network robustness are shown in each panel.





Discussion


The richness of epiphytic and endophytic fungal communities

In our mangrove ecosystem, species richness of epiphytic fungal community per plant species was higher than that of endophytic fungal community. Lower richness for endophytes than epiphytes may be explained by the fact that endophytes live in a more constant environment sheltered from environmental conditions by plant tissues (Mercado-Blanco, 2015), whereas epiphytes may need to cope with complicated seaside environments of high salinity like other microbes living in mangrove forests (Ceccon et al., 2019). Besides, such difference in fungal richness may be attributed to that a few fungi can enter the plant tissues through natural openings such as stomata and hydathodes athough many fungi arrive on the surfaces of leaf (Vorholt, 2012). Similarly, prior studies in other ecosystems also found that phyllosphere endophytic and epiphytic fungal communities were different, with epiphytic communities being richer and more abundant on live trees (Gomes et al., 2018) and Eucalyptus citriodora Hook (Kharwar et al., 2010). Contrary to this study, for leaf fungi on true mangroves, Yao et al. (2019) found lower richness of epiphytic than endophytic fungal community. Such inconsistent patterns may be explained by different mangrove plants investigated at the two study sites, with evidence showing that selective pressures exerted by the plant upon phyllosphere microbes vary from one host plant to the other (Vacher et al., 2016). Besides, a low richness of epiphytes associated with mangroves at low latitude site (Yao et al., 2019) may be attributed to that strong desiccation and UV radiations can exert selection pressure on colonization and reproduction of epiphytes on the leaf surfaces (Lee et al., 2019).



Community composition of epiphytic and endophytic fungi

Phyllosphere fungal communities were majorly dominated by Ascomycota phylum, followed by Basidiomycota in our mangrove ecosystem, in agreement with previous findings in mangroves (Chi et al., 2019; Devadatha et al., 2021). Low richness of Basidomycota living in the phylllosphere may be explained by dispersal limitation due to that most Basidiomycota spores dispersed over short distances from sporocarps (Galante et al., 2011). At the class level, Dothideomycetes and Tremellomycetes were most dominant in both epiphytic and endophytic leaf fungal communities in our mangrove forests. Similarly, the pattern that Dothideomycetes was a predominant fungal class was also reported in other studies (Dong et al., 2021; Zhu et al., 2021). This may be explained by that Dothidiomycetes is the largest class of kingdom fungi, comprising most ecologically diverse of fungi (Kirk et al., 2008).

The community composition of epiphytic and endophytic fungi differed significantly in our mangrove ecosystem, as reported in the mangrove and other woody ecosystems (Kembel and Mueller, 2014; Gomes et al., 2018; Yao et al., 2019). As well, the predominant composition of epiphytic and endophytic fungal communities remained different on the three true mangroves shared between this local and a previous mangrove ecosystem (Supplementary Table S2). First, this may be explained by that different external environmental factors would shape differentiated fungal communities of epiphytes (e.g., season and wind speed) and endophytes (e.g., season and rainfall) (Osono, 2017; Gomes et al., 2018). Second, this may be attributed to the variations in leaf functional traits (e.g., nutrients, leaf physical and chemical properties) which have been broadly reported to affect community assembly of leaf endophytic fungi (Sun et al., 2014; González-Teuber et al., 2020; Tellez et al., 2022) and epiphytic fungi (Inácio et al., 2002; Kembel and Mueller, 2014; Tang et al., 2021; Li et al., 2022).

In addition, community of endophytic fungi has been reported to experience stronger effect from host plant identity than that of epiphytic fungi in a mangrove ecosystem (Yao et al., 2019). However, we found that epiphytic fungal communities were significantly constrained by plant phylogeny but no such constraint effects were observed for the endophytic fungal communities (Figure 4). This pattern is possibly due to that epiphytic fungal communities are majorly shaped and filtered by phylogenetically conservative plant functional traits whereas endophytic fungal communities may be majorly selected by phylogenetically dispersion plant functional traits (e.g., experienced strong natural selection in the evolutionary history). Some evidence showed that from epiphytes to endophytes, host selection pressure sequentially increased, along with the strongest host selection pressure in the leaf endosphere (Xiong et al., 2021).



Network structures and robustness of plant–epiphytic and plant–Endophytic fungi

Our mangrove–epiphytic and–endophytic fungal networks exhibited strong specialization and modularity, but low connectance and anti-nestedness, in accordance with network patterns of true mangrove–epiphytic and –endophytic fungus (Yao et al., 2020). Similarly, highly specialized and modular but anti-nestedness structures were generally found in the belowground plant–ectomycorrhizal fungal networks (Bahram et al., 2014; Jacquemyn et al., 2014) and ericaceous plant–root fungal networks (Toju et al., 2016). Furthermore, our mangrove–epiphytic fungal network showed stronger specialization and modularity and lower connectance compared to mangrove–endophytic fungal network, contrary to previous findings (Yao et al., 2020). This indicates that additional investigation concerning phyllosphere fungi on mangrove associates can probably improve our knowledge about community assembly of epiphytic and endophytic fungi in mangrove ecosystems. For instance, higher specialization of mangrove associates–epiphytic than –endophytic fungal network (Supplementary Table S3) might make large contribution to the observed higher specialization in our mangrove–epiphytic than –endophytic fungal network.

The stronger anti-nestedness was observed in our mangrove–endophytic fungal network than mangrove–epiphytic fungal network. This suggests that specialized mangrove plants may prefer to interact with specialists over generalists among endophytic fungi than epiphytic fungi (Chagnon et al., 2016). This can be attributed to strong selection pressure of host in choosing its phyllosphere fungi as supported by the constraint effect of host phylogeny on epiphytic fungal community (Figure 4). However, high specialization and modularity may result from a strong host partner selectivity of phyllosphere fungi. The higher specialization and modularity in the mangrove–epiphytic fungal network may be explained by stronger host specificity and niche differentiation exhibited by epiphytic than endophytic fungal species (Supplementary Table S4). Such higher specialization and modularity may further promote higher network robustness of mangrove–epiphytic fungi than mangrove–endophytic fungi (Figure 6). In addition, infection and colonization of phyllosphere fungi also depend on phyllosphere microenvironment such as sunlight intensity, moisture and leaf physical and chemical properties (Osono, 2014; González-Teuber et al., 2020), showing that local unmeasured microenvironment and host plant properties may cofound network structures.

Network structures may be affected by the sampling and network matrix properties. For instance, a lower number of sampled host species may lead to weaker modularity (Põlme et al., 2018) and anti-nestedness (Bahram et al., 2014) within the plant–fungal networks. The anti-nestedness property in our mangrove–phyllosphere fungal networks may be affected by a low number of host plants (six true mangrove species and five mangrove associates) but modularity seems to be not. Further, high nestedness and modularity may be associated with increasing connectance (Fortuna et al., 2010; Põlme et al., 2018). For instance, exclusion of rare associations (doubletons but not singletons) has been confirmed to enhance nestedness (Põlme et al., 2018). In our study, anti-nestedness in mangrove–phyllosphere fungal networks may be partially attributed to low connectance. Such low connectance may be a result of rare associations which are more likely captured by high throughput sequencing technology.




Conclusion

By assessing the differences in community and network structures of phyllosphere epiphytic and endophytic fungi in a subtropical mangrove ecosystem, we uncover the mechanisms of fungal community assembly. Particularly, we find that phyllosphere epiphytic fungal communities are constrained by phylogeny of host plant, revealing the important role of host plant in shaping microbial community. As well, mangrove–epiphytic and –endophytic fungal networks are not randomly assembled. Compared to endophytic fungal network, epiphytic fungal network exhibits stronger specialization, modularity and robustness, similar to the network patterns between epiphytic and endophytic bacterial networks (Yao et al., 2020). This indicates that host preference and niche partitioning might contribute to that epiphytic fungal communities are more resistant to external environmental perturbations and species extinctions than endophytic fungal communities. These findings will improve our understanding of the community structure and dynamics of the phyllosphere microorganisms in mangrove ecosystems.
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Understanding how plant pathogenic fungi adapt to their hosts is of critical importance to securing optimal crop productivity. In response to pathogenic attack, plants produce reactive oxygen species (ROS) as part of a multipronged defense response. Pathogens, in turn, have evolved ROS scavenging mechanisms to undermine host defense. Thioredoxins (Trx) are highly conserved oxidoreductase enzymes with a dithiol-disulfide active site, and function as antioxidants to protect cells against free radicals, such as ROS. However, the roles of thioredoxins in Verticillium dahliae, an important vascular pathogen, are not clear. Through proteomics analyses, we identified a putative thioredoxin (VdTrx1) lacking a signal peptide. VdTrx1 was present in the exoproteome of V. dahliae cultured in the presence of host tissues, a finding that suggested that it plays a role in host-pathogen interactions. We constructed a VdTrx1 deletion mutant ΔVdTrx1 that exhibited significantly higher sensitivity to ROS stress, H2O2, and tert-butyl hydroperoxide (t-BOOH). In vivo assays by live-cell imaging and in vitro assays by western blotting revealed that while VdTrx1 lacking the signal peptide can be localized within V. dahliae cells, VdTrx1 can also be secreted unconventionally depending on VdVps36, a member of the ESCRT-II protein complex. The ΔVdTrx1 strain was unable to scavenge host-generated extracellular ROS fully during host invasion. Deletion of VdTrx1 resulted in higher intracellular ROS levels of V. dahliae mycelium, displayed impaired conidial production, and showed significantly reduced virulence on Gossypium hirsutum, and model plants, Arabidopsis thaliana and Nicotiana benthamiana. Thus, we conclude that VdTrx1 acts as a virulence factor in V. dahliae.

KEYWORDS
 Verticillium dahliae, unconventional secreted protein, thioredoxin, ROS scavenging, virulence factor


1. Introduction

Reactive oxygen species (ROS), including superoxide anion ([image: image]), hydrogen peroxide (H2O2), and hydroxyl radical (OH−), are generated as natural by-products of oxygen metabolism in aerobes, and also function as part of host repertoire of defense-related activities (Broxton and Culotta, 2016). The critical roles of ROS in defense have been well established in numerous pathosystems (Heller and Tudzynski, 2011; Segal and Wilson, 2018). ROS can react rapidly and nonspecifically with macromolecules, causing molecular damage such as lipid peroxidation, protein oxidation, and mutations (Imlay, 2003). Host ROS accumulation can obstruct pathogen colonization through oxidative cross-linking of cell-walls (Camejo et al., 2016). The oxidative burst, a transient and rapid accumulation of ROS, is part of the initial defense response in higher plants to limit pathogen spread through induction of cell death near the penetration site to cause local necrosis (Lamb and Dixon, 1997).

Since ROS are highly toxic to microbes, pathogens must neutralize or scavenge excess ROS to survive and proliferate within the host. The first line of defense against ROS are the superoxide dismutases (SOD), which catalyze dismutation of [image: image] to O2 and H2O2, the latter then are removed by catalases, the glutathione system (composed of glutathione peroxidases, glutathione reductases, and glutaredoxins) or the thioredoxin system (composed of peroxiredoxin, thioredoxin, and thioredoxin reductase) (Lu and Holmgren, 2014; Staerck et al., 2017). It comes as no surprise that pathogen survival and virulence has been correlated with the activity of ROS scavenging enzymes in many pathogens. SODs of plant pathogenic fungi, such as Botrytis cinerea and Fusarium graminearum, play important roles in the detoxification of ROS and pathogenesis (Rolke et al., 2004; Yao et al., 2016). The thioredoxin systems employed by Magnaporthe oryzae (Wang et al., 2017) and Sclerotinia sclerotiorum to defend against host-generated oxidative stress also contribute significantly to virulence (Rana et al., 2021).

Verticillium dahliae, a destructive soilborne phytopathogenic fungus, causes Verticillium wilt disease in a wide range of hosts, including many economically important crops (Klosterman et al., 2009; Chen et al., 2021). As in other pathosystems, the interactions of V. dahliae with a variety of hosts are also accompanied by changes in the levels of ROS. For instance, V. dahliae triggered H2O2 production in tomato early in the interaction (Gayoso et al., 2010); ROS production was also detected at infection sites during cotton and V. dahliae interactions (Zhang et al., 2017). Furthermore, many V. dahliae secreted proteins, such as the elicitor PevD1 (Wang et al., 2012), the PAMPs VdEG1/3 (Gui et al., 2017) and several small cysteine-rich effector proteins (Wang D. et al., 2020) can all induce host ROS accumulation. V. dahliae adopts multiple strategies to cope with oxidative stress. Transcription factors Vta2, Som1, and VdHapx relieve ROS stress by regulating expression of genes for oxidative stress response (Tran et al., 2014; Wang Y.L. et al., 2018; Bui et al., 2019). Chromatin remodeling, mediated by a histone-fold protein VdDpb4 and its interacting protein VdIsw2, facilitates the DNA damage repair of V. dahliae in response to plant ROS stress (Wang S. et al., 2020). Our previous studies have shown superoxide dismutase family mediating ROS detoxification by scavenging the primary superoxide anion [image: image] to H2O2 under conditions of stress (Tian et al., 2021a,b). However, it is unclear whether V. dahliae employs other ROS-detoxifying enzyme systems to remove excess H2O2.

To identify new pathogenicity factors facilitating V. dahliae infection, we analyzed the exoproteome of V. dahliae induced in cotton tissue-containing medium by iTRAQ (Chen et al., 2016; Wang J. et al., 2018). Using this approach, we identified a predicted thioredoxin (VdTrx1) lacking a signal peptide and containing five highly conserved sites (Chen et al., 2016). The above suggested that VdTrx1 may function in host-pathogen interactions and pathogenicity. Thioredoxins are small, ubiquitous proteins with a redox-active site (WCGPC) conserved throughout evolution (Holmgren, 1989). As hydrogen donors, thioredoxin cycle between their reduced dithiol [Trx-(SH)2] and oxidized disulfide (Trx-S2) forms to regulate many metabolic enzymes which form disulfide bonds during their catalytic cycle (Vignols et al., 2005). One of them is peroxiredoxin, an enzyme involved in the reduction of H2O2 (Verdoucq et al., 1999).

Typically, secreted proteins in eukaryotic cells carry an N-terminal signal peptide, which direct their sorting to the lumen of the endoplasmic reticulum (ER). They are then transported to the extracellular space through the ER-Golgi route via vesicular carriers (Palade, 1975; Ferro-Novick and Brose, 2013). Although lacking an N-terminal signal sequence, the secreted human thioredoxin TXN1 was first identified as the adult T-cell leukemia-derived factor (ADF) (Wakasugi et al., 1990). Additionally, thioredoxin can be released from various types of mammalian cells to alter the extracellular redox state (Léveillard and Aït-Ali, 2017). In the plant pathogenic fungus, Magnaporthe oryzae, MoTrx2 also plays a critical role in scavenging extracellular ROS during host cell invasion and is likely a secreted protein, although there is no clear evidence for this currently (Wang et al., 2017).

The mechanism of secretion of thioredoxins is unconventional. Secretion of signal peptide-lacking antioxidant superoxide dismutase (SOD1) in S. cerevisiae requires a novel membrane compartment called CUPS (compartment for unconventional protein secretion), which marked by the presence of Golgi reassembly and stacking protein (GRASP; Cruz-Garcia et al., 2017). Secretion of S. cerevisiae SOD1 is accompanied by the export of thioredoxin such as thioredoxins Trx1/2 and peroxiredoxin Ahp1 in a GRASP-dependent manner (Cruz-Garcia et al., 2020). However, whether CUPS is involved in the secretion of similar antioxidant enzymes lacking a signal peptide in filamentous fungi is not clear.

The main objectives of this study were to: (1) confirm that VdTrx1 is secreted; (2) explore the molecular mechanism of VdTrx1 secretion; (3) determine the role of VdTrx1 in the clearance of intracellular ROS generated by V. dahliae itself as well as extracellular host-derived ROS during infection; and (4) determine the role of VdTrx1 in pathogenicity of V. dahliae.



2. Materials and methods


2.1. Fungal culture and plant growth

V. dahliae wild-type Vd991 (Chen et al., 2018) originally isolated from cotton was grown on potato dextrose agar solid medium (PDA, potato, 200 g/l; glucose, 20 g/l; agar 15 g/l) or complete medium broth (CM, yeast extract, 6 g/l; casein acids hydrolyzate, 6 g/l; sucrose, 10 g/l) at 25°C. Agrobacterium tumefaciens AGL-1 for ATMT transformation of V. dahliae was cultured in LB medium at 28°C, as previously described (Wang S. et al., 2016). Escherichia coli competent DH5α was used to amplify recombinant plasmids. Cotton (G. hirsutum ‘Junmian No. 1’), N. benthamiana (LAB), and Arabidopsis thaliana (Columbia-0) were grown in a greenhouse of 25°C and 70% relative humidity with a 14 h/10 h, day/night cycle.



2.2. Bioinformatics analysis

The DNA and cDNA sequences of VdTrx1 were retrieved from the genome database of V. dahliae (Chen et al., 2018). Homologs of VdTrx1 in different species were searched by BLASTp using the National Center for Biological Information (NCBI) database.1 The gene structure and multiple sequence alignments were determined by the Clustal-W of Bioedit v7.2.0.2 Predictions of the domains and functional sites of VdTrx1 were conducted using the CD-Search of NCBI. SignalP5.0 was used to predict signal peptide (Almagro Armenteros et al., 2019). SecretomeP v.2.0 (Bendtsen et al., 2004) and OutCyte 1.0 (Zhao et al., 2019) were used for predictions of unconventional secretion of VdTrx1.



2.3. Fungal transformation

To construct the VdTrx1 knockout mutant, the upstream and downstream fragments of VdTrx1 were amplified from the Vd991 genome, respectively. The hygromycin phosphotransferase gene cassette, which was amplified from the pUC-Hyg, the upstream and downstream fragments of VdTrx1 were ligated together by fusion PCR and integrated into the EcoRI/HindIII sites of binary vector pGKO2 (Khang et al., 2005). Positive gene deletion strains were selected on PDA with 200 μg/ml cefotaxime, 50 μg/ml hygromycin, and 200 μg/ml 5-fluoro-2′-deoxyuridine. To obtain the complemented strain, a fragment containing 1 kb 5′-upstream of the VdTrx1 coding region, the VdTrx1 coding sequence, and 0.5 kb of the VdTrx1 3′-flanking region was amplified from the genomic DNA of Vd991 and ligated into the pCOM vector (Zhou et al., 2013). Complemented strains were selected on PDA with 200 μg/ml cefotaxime and 50 μg/ ml Geneticin (G418). To create VdTrx1 overexpression strains, the CDS sequence of VdTrx1 was cloned from the cDNA of Vd991. The fragment was integrated into the KpnI site of the pCOM-GFP vector to construct the VdTrx1-GFP fusion protein (Tian et al., 2021b). The CDS region of VdTrx1 linked with the HA tag was integrated into the SacI/XbaI sites of the pCOM-TrpC vector to construct the VdTrx1-HA fusion protein (Zhou et al., 2013). The recombinant plasmids were transformed into the wild-type strain Vd991, and the mutant strains ΔVdGRASP, ΔVdATG1, and ΔVdVps36. Primers used for expression profiling are listed in Supplementary Table S1.



2.4. Vegetative growth and conidiation assays

To observe the vegetative growth phenotype of fungi, 2 μl of the conidial suspension with a concentration of 5 × 106 conidia/ml were cultured on PDA, CM and MM (6 g/l NaNO3, 0.52 g/l KCl, 0.52 g/l, MgSO4.7H2O, 1.52 g/l KH2PO4, 10 g/l glucose, 0.001% (w/v) thiamine and 0.1% (w/v) trace elements) medium at 25°C for 12 days. For sulfur utilization analysis, inorganic sulfur sulfite ([image: image]) and organic sulfur L(+)-Cysteine (Coolaber) were added to MM medium at concentrations of 2 mM and 1.4 mM, respectively and growth was analyzed.

To analyze the sporulation of V. dahliae, the fungus was grown on PDA plates for 9 days. Three 5-mm-diameter blocks of the fungus were cut from the edge of the colony, placed in 1 ml of sterile water, and turbine oscillated for 1 min. The numbers of conidia were counted using a hemocytometer.



2.5. Stress and penetration analysis

The different concentrations of H2O2 (1.0 mM, 1.5 mM, and 2.0 mM) and tert-Butyl hydroperoxide (t-BOOH) (0.2 mM, 0.3 mM and 0.4 mM) (Sigma-Aldrich) in the CM solid medium were used to detect the sensitivity of WT, VdTrx1 mutant, and VdTrx1 complemented strains to oxidative stress. Otherwise, 1 M sorbitol (Solarbio) and 200 μg/ml Congo red (Sigma-Aldrich) were added to the CM medium to assay osmotic stress and cell-wall integrity.

To measure the penetration ability of the wild type, the VdTrx1 mutant, and the VdTrx1 complemented strains, 5 μl of the spore suspensions of each, with concentrations of 5 × 106 conidia/ml, was cultured on MM plate covered with sterilized cellophane membrane and incubated at 25°C. The cellophane membranes were removed after 4 days. The plates were further cultured for 3 days at 25°C to observe the hyphae that had passed through the membrane forming colonies.



2.6. Yeast signal sequence trap system

Functional validation of the N-terminal peptide of VdTrx1 was performed as previously described (Jacobs et al., 1997). The nucleotide sequence of VdTrx1 encoding the N-terminal 25 amino acids and CDS regions was cloned into the pSUC2 vector, and the resulting plasmids, pSUC2-VdTrx1N25 and pSUC2-VdTrx1, were transformed into the yeast strain YTK12. Transformants were screened on CMD-W (lacking tryptophan) medium for 2 days at 30°C. The positive transformants, the negative controls (YTK12 and YTK12::pSUC2), and the positive control (pSUC2-SPAvr1b) were incubated with 10 mM acetic acid–sodium acetate solution (pH = 4.7) and 10% sucrose medium at 37°C for 10 min. The supernatant was collected and incubated with 0.1% 2,3,5-triphenyl tetrazolium chloride (TTC) for 10 min. Invertase enzymatic activity was confirmed by an increase in insoluble red-colored triphenyl formazan due to the reduction of TTC.



2.7. Protein extraction and western blot

The mycelium of V. dahliae (WT::VdTrx1-HA, ΔVdGRASP:: VdTrx1-HA, ΔVdVps36::VdTrx1-HA, and ΔVdATG1::VdTrx1-HA) in CM medium was ground into powder and suspended in the extraction buffer (RIPA lysis buffer: 500 μl; phenylmethylsulfonyl fluoride (PMSF), 1 mM). Centrifugation at 12,000 rpm for 10 min at 4°C yielded total protein in the supernatant. For the extraction of secreted proteins, strains were cultured in CM medium for 5 days and transferred to MM medium for 3 days to collect the supernatant. The secreted proteins were fractionated from the supernatant by phenol extraction and stored in 80% acetone (Wang et al., 2011). The samples were separated using 12% SDS-PAGE and then transferred to Immobilon-P transfer membranes (Merck Millipore). The membranes were incubated with anti-HA (Abmart, M20003, 1:5000) and anti-β-actin (Abclonal, AC006, 1:2000), then goat anti-mouse IgG-HRP (TransGen Biotech, HS201-01, 1:5000) and goat anti-rabbit IgG-HRP (TransGen Biotech, HS101-01, 1:5000) as secondary antibody, respectively. Chemiluminescence was detected with Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore).



2.8. Confocal fluorescence microscopy

The onion intraepidermal cells were soaked in the spore suspensions of the V. dahliae strains WT::VdTrx1-GFP, ΔVdGRASP::VdTrx1-GFP, ΔVdATG1::VdTrx1-GFP, and ΔVdVps36:: VdTrx1-GFP for 30 min, and the onion intraepidermal cells were placed on 1% (w/v) water agar for 5 days at 25°C. The WT::VdEG1-GFP strain-infected onion epidermal cells were used as the positive control, while the WT::GFP strain-infected onion epidermal cells were used as the negative control. Fluorescence of GFP fusion protein was observed by laser confocal microscope (ZEISS, LSM 880) at emission and reception wavelengths of 488 and 510 nm.



2.9. Reactive oxygen species staining

The 3,3′- diaminobenzidine (DAB) was used as the stain to detect the reactive oxygen species (ROS) in cotton during the infection of V. dahliae. Briefly, sterile cotton seeds were placed on wet filter paper, and the germinated cotton sprouts were soaked in the sterile water (CK) or the conidial suspensions of Vd991, ΔVdTrx1, and EC strains at a concentration of 1 × 107 conidia/ml for 30 min after 4 days. The radicles soaked in water or conidial suspensions were then incubated on wet filter paper for 2 days and 5 days, respectively. The radicles were placed in the DAB staining solution (0.1% wt/vol DAB; Aladdin) in the dark and decolored with 95% ethanol for 20 min. Samples were subsequently examined under light microscopy. For the detection of intracellular ROS levels, the strains were cultured in CM medium for 4 days and stained with 50 μM 2′,7′ –dichlorofluorescein diacetate (DCFH-DA, Sigma) for 20 min. The mycelium was rinsed three times with 1 × phosphate-buffered saline (PBS) and observed by confocal microscopy (Leica, TCS SP8).



2.10. RT-qPCR

To analyze the transcription levels of VdTrx1 in response to H2O2, the Vd991 strain was cultured in CM liquid medium for 4 days, and switched to incubate in CM liquid medium containing 1 mM hydrogen peroxide (H2O2) for 3 h. Total RNA was isolated from fungal mycelium by using a total RNA Miniprep kit (Aidlab). The cDNA was reverse transcribed using TransScript II One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech). The transcription levels of VdTrx1 relative to the constitutively expressed elongation factor 1-α of V. dahliae were quantified using the 2−∆∆Ct method (Livak and Schmittgen, 2001).

To analyze the temporal pattern of VdTrx1 expression, 1 × 108 conidia/ml of wild-type strain was used to inoculate cotton. The roots of cotton were collected at 0, 0.5, 1, 2, 3, 4, 5, and 6 dpi, respectively. Total RNA of roots was extracted, and the qVdTrx1-F/R were used as the primers to detect the expression of VdTrx1 during infection by using the 2−∆∆Ct method (Livak and Schmittgen, 2001). The amplification reaction was carried out using 2 × Taq Pro Universal SYBR qPCR Master Mix (Vazyme). The experiment method included pre-denaturation at 95°C for 10 min, followed by 40 cycles of 95°C denaturation for 15 s, 60°C annealing for 30 s, and 72°C extension for 30 s. Primers used for expression profiling are listed in Supplementary Table S1.



2.11. Pathogenicity assays

Spore suspensions of the wild-type, mutant, and complemented strains at a concentration of 1 × 107 conidia/ml each, were prepared for pathogenicity tests. Three-week-old susceptible cotton seedlings (G. hirsutum ‘Junmian No. 1’), N. benthamiana and Arabidopsis thaliana (Col-0) were inoculated as previously described methods (Zhang et al., 2019; Sun et al., 2021). Twenty cotton plants, five N. benthamiana plants and five Arabidopsis thaliana plants were inoculated with each strain. The symptoms of Verticillium wilt were photographed 3 weeks later. Then cotton stems were cut longitudinally to observe vascular bundle browning. The vascular bundle browning in stems of at least ten cotton plants was observed.

For analyses of fungal biomass by qPCR, root-stem junctions of cotton and N. benthamiana, and the whole Arabidopsis thaliana plants were collected for DNA extraction. The quantification of V. dahliae DNA was carried out using the V. dahliae elongation factor 1α (VdEF- 1α) with the cotton 18S rRNA (Gh18S), N. benthamiana EF- 1α (NbEF-1α), or A. thaliana ubiquitin-specific protease 1 (AtUBQ1) genes used in normalization using the 2−∆∆Ct method. The amplification reaction was carried out using 2 × Taq Pro Universal SYBR qPCR Master Mix (Vazyme). The experiment method included pre-denaturation at 95°C for 10 min, followed by 40 cycles of 95°C denaturation for 15 s, 60°C annealing for 30 s, and 72°C extension for 30 s. The primers used are listed in Supplementary Table S1.




3. Results


3.1. VdTrx1 encodes a thioredoxin lacking a signal peptide

Exoproteome analysis of V. dahliae Vd991 induced by a cotton-containing medium revealed a putative thioredoxin VdTrx1 (VEDA_00080, Gene-ID in VdLs.17 genome: VDAG_09916) in the extracellular proteins of V. dahliae (Chen et al., 2016). The 557 bp full-length VdTrx1 gene contains three exons of 23, 145 and 189 bp and two introns of 121 and 79 bp (Figure 1A). The VdTrx1 ORF encodes a polypeptide of 118 amino acids with a predicted molecular weight of 12.89 kDa and an isoelectric point of 4.77. Searches for conserved domains within VdTrx1 by CD-Search of NCBI identified a typical thioredoxin motif (pfam00085, from N-26 to L-113) (Figure 1B). The amino acid alignment of the partial conserved domain of VdTrx1 with other phytopathogen Trx1 orthologs showed they all contain the thioredoxin-specific redox-active site WCGPC (Figure 1C). SignalP analysis showed with a high degree of probability (0.9987, Figure 1D) that the protein sequence of VdTrx1 lacks an N-terminal signal peptide. However, VdTrx1 was predicted to be a potential non-conventional secreted protein, as predicted by OutCyte 1.0 (with UPS score of 0.598, above the threshold of 0.5) (Figure 1E) and SecretomeP 2.0 (with SecP scores of 0.599, above the threshold of 0.5) (Figure 1F). Together, these results suggested that VdTrx1 is likely a thioredoxin lacking a signal peptide, which is exported into the extracellular space unconventionally.
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FIGURE 1
 Gene cloning and bioinformatic analysis of VdTrx1 from Verticillium dahliae. (A) Structure of VdTrx1. Exons are black boxes and introns are white boxes. (B) Conserved domain of VdTrx1 predicted by CD-Search of NCBI. DB represent disulfide bond. (C) Alignment of conserved region of thioredoxins. Thioredoxin-specific redox-active sites are marked by asterisks. GenBank accession number of aligned sequences are V. dahliae (VEDA_00080); Verticillium alfalfae (XP_003005517.1); Fusarium oxysporum (EGU81922.1); Fusarium graminearum (ESU16261.1); Magnaporthe oryzae (EHA47211.1); Botrytis cinerea (EMR86794.1); Aspergillus fumigatus (XP_753517.1); Colletotrichum gloeosporioides (EQB49288.1); Candida albicans (XP_719372.1); Saccharomyces cerevisiae (YLR043C). (D) Signal peptide prediction of VdTrx1 using SignalP 5.0 program. OutCyte 1.0 (E) and SecretomeP 2.0 (F) were used to predict unconventional secretion characteristic of VdTrx1. UPS, unconventional protein secretions; Network 1, score of amino acid composition; Network 2, score of secondary structure prediction; Network 3, score of transmembrane helix prediction; SepP score, the average of three network scores.




3.2. VdTrx1 has thioredoxin activity and contributes to the oxidative stress tolerance

To study the biological function of VdTrx1, gene deletion mutants were constructed by replacing the coding sequence of VdTrx1 in the wild-type strain Vd991 genome with a hygromycin resistance cassette via homologous recombination. Deletion of the VdTrx1 ORF was confirmed by PCR in five candidate transformants and two of them were arbitrarily selected for further characterization (Supplementary Figure S1A). Complemented strains (EC-1/2) were generated by reintroducing VdTrx1 with its native promoter and a neomycin resistance cassette into ΔVdTrx1-1/2 (Supplementary Figure S1B), respectively. The radial growth of the ΔVdTrx1 strains on complete medium (CM) was similar to that of the wild-type strain (Figure 2A).
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FIGURE 2
 VdTrx1 of V. dahliae mediates the response to oxidative stress. (A) Radial growth of VdTrx1 deletion strains, complemented strains (EC#1 and #2) and wild-type strain (Vd991) on CM (complete medium) supplemented with H2O2 at specified concentrations for 9 days. (B) Colony diameters of various V. dahliae strains on CM plates containing different concentration of H2O2 following 9 days incubation. Means and standard deviations of the mean from three biological replicates are shown. Asterisks (**) and (***) denote significant differences p < 0.01 and p < 0.001, respectively, according to Student’s t-test. (C) Reverse transcription-quantitative PCR (RT-qPCR) of VdTrx1 transcripts in V. dahliae hyphae treated with 1.0 mM H2O2 or incubated in CM only for 3 h. Total cDNA abundance in the samples was normalized to using VdEF-1α gene as a control. In RT-qPCR, expression of VdTrx1 in the strain without H2O2 treatment was set as 1. Bars indicate standard deviations from three biological replicates, *** denotes significant differences at p < 0.001 (Student’s t-test).


Considering that a well-established cellular function of the thioredoxin is to neutralize ROS and therefore contribute to oxidative stress resistance (Meyer et al., 2009), the hyphal growth under H2O2 stress between the wild-type and ΔVdTrx1 strains was then compared. As shown in Figures 1A,B, growth of ∆VdTrx1 on CM supplemented with 1.5 and 2 mM H2O2 was significantly inhibited, with colony diameters reduced by 10 and 26%, respectively, relative to those of the wild-type strain. Hyphal growth was halted at 2.5 mM H2O2, for the ∆VdTrx1 strain but not the wild-type strain (Figures 2A,B). Reintroduction of VdTrx1 into the ΔVdTrx1 strain restored the H2O2 resistance to the wild-type level (Figures 2A,B).

The relative expression level of VdTrx1 under H2O2 stress was assessed via reverse transcription quantitative PCR (RT-qPCR). After treatment for 3 h with 1 mM H2O2, expression of VdTrx1 was significantly upregulated 5-fold in the wild-type strain (Figure 2C). Moreover, upon exposure to another ROS stress, t-BOOH, the ΔVdTrx1 strain also displayed increased sensitivity, but this sensitivity was reduced by complementation (Supplementary Figures S2A,B). Together, these results indicate that VdTrx1 has thioredoxin activity and contributes to oxidative stress tolerance in V. dahliae.



3.3. VdTrx1 can be secreted by Verticillium dahliae

To verify the N-terminal of VdTrx1 does not contain the functional signal peptide, as predicted by SignalP 5.0, we examined VdTrx1 using a yeast signal sequence trap assay. The region encoding 25 amino acids of the N-terminus of VdTrx1 was fused to the vector pSUC2, which carries an invertase gene lacking the region encoding a signal peptide, to generate pSUC2-VdTrxN25. Invertase secretion was tested with a 2,3,5-triphenyl tetrazolium chloride (TTC) assay, in which secreted invertase catalyzes TTC in medium into the insoluble red compound. As expected, pSUC2-VdTrx1N25 did not result in the catalysis of TTC in the medium (Figure 3A), indicating that the 25 aa N-terminal peptide of VdTrx1 is not a functional signal peptide.
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FIGURE 3
 VdTrx1 can be secreted by V. dahliae to extracellular spaces. (A) Validation of the non-secretory function of the 25 aa N-terminal peptide and full-length sequence of VdTrx1 by a yeast signal trap assay. The region encoding the 25 aa N-terminal peptide and the full-length sequence of VdTrx1 were fused in-frame to the invertase sequence in the pSUC2 vector and transformed into yeast strain YTK12. The untransformed YTK12 strain and empty pSUC2 vector transformed into YTK12 were used as negative controls, while the pSUC2-Avr1bSP vector (integrating known functional signal peptide Avr1bSP into pSUC2) transformed YTK12 was used as a positive control. Only yeast strains that can secrete invertase converted 2,3,5- triphenyl tetrazolium chloride (TTC) to red triphenylformazan. (B) Western blotting assay demonstrates VdTrx1 secretion into culture filtrates. VdTrx1-HA was expressed in V. dahliae wild-type strain Vd991 to produce strain WT::VdTrx1-HA. Proteins extracted from mycelia (M) and culture supernatants (S) of strain WT::VdTrx1-HA were analyzed using western blotting with anti-HA or anti-β-actin antibodies, as indicated. (C) Live-cell imaging by confocal microscopy of VdTrx1. V. dahliae strains WT::VdTrx1-GFP, WT::GFP and WT::VdEG1-GFP were used to infect onion epidermal cells (the latter two strains were used as controls), respectively. Images were taken at 5 dpi using confocal laser scanning microscopy to perform a subcellular localization assay. Bar, 50 μm.


Since the bioinformatic analyses predicted VdTrx1 to be an unconventionally secreted protein (Figure 1), we tested experimentally whether VdTrx1 can be exported to the extracellular space. For this purpose, we first generated WT::VdTrx1-HA, a strain expressing a C-terminally HA-tagged VdTrx1 in the wild-type background (Supplementary Figure S3). To examine whether VdTrx1 is secreted, we performed western blotting of the culture supernatants of this VdTrx1-HA expressing strain using anti-HA antibody. Meanwhile, to eliminate the possibility that the VdTrx1-HA was detected in the culture supernatants due to cell lysis, intracellular cytoskeletal protein β-actin of V. dahliae was used as a control. As shown in Figure 3B, VdTrx1-HA was detected in both the mycelia and the culture supernatants of WT::VdTrx1-HA. In contrast, the β-actin protein was only clearly detected in mycelial protein extracts but not in culture supernatants under the same experimental conditions. These results therefore suggest that VdTrx1 likely is secreted into culture medium in vitro.

To further confirm if VdTrx1 is secreted in vivo, we examined the subcellular location of VdTrx1 using an onion epidermal cell system. When the onion epidermal cells were inoculated with the WT::GFP strain expressing free GFP, green fluorescence was detected in the fungal hyphae or conidia, but not in the onion epidermal cells since GFP alone cannot be secreted into the extracellular space (Figure 3C). Signal-peptide containing VdEG1 is a known apoplastic elicitor secreted by V. dahliae during infection (Gui et al., 2017). In this experiment, VdEG1-GFP was observed around the plasma membrane in onion epidermal cells (Figure 3C). After incubation with the WT::VdTrx1-GFP strain expressing VdTrx1-GFP, the fluorescence was clearly detected both in the hyphal and the extracellular space around the onion epidermal cell plasma membrane (Figure 3C). Together, these results indicate that VdTrx1 is not only an intracellular protein of V. dahliae, but also can be secreted extracellularly and translocated into the host apoplastic space.



3.4. Putative secretion mechanism of VdTrx1

We further investigated the molecular mechanism of VdTrx1 secretion. In S. cerevisiae, secretion of superoxide dismutase (SOD1) lacking a signal peptide requires a novel membrane compartment called CUPS (compartment for unconventional protein secretion), which contains Golgi reassembly and stacking protein (GRASP), autophagy-related proteins, and proteins of the endosomal sorting complex required for transport (ESCRT) machinery (Cruz-Garcia et al., 2017). Further, secretion of the S. cerevisiae thioredoxin (Trx1) lacking a signal-peptide also requires GRASP (Cruz-Garcia et al., 2020). Thus, we tested the involvement of VdGRASP in the secretion of VdTrx1. For this purpose, we deleted the VdGRASP gene in V. dahliae (VdGRASP, VEDA_09322, Gene-ID in VdLs.17 genome: VDAG_03042) and introduced the construct VdTrx1-HA into the ΔVdGRASP strain, resulting in a strain overexpressing VdTrx1-HA in the VdGRASP deletion mutant. However, as in the wild-type strain, we observed that VdTrx1 was also present in the supernatants derived from the ΔVdGRASP::VdTrx1-HA strain (Figure 4A). Moreover, the onion cells inoculated with ΔVdGRASP::VdTrx1-GFP, a strain expressing VdTrx1-GFP in ΔVdGRASP background, also showed aggregation of fluorescence at the periphery of the onion epidermal cells, similar to that of WT::VdTrx1-GFP (Figure 4B). These results indicate that export of VdTrx1 is independent of VdGRASP.
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FIGURE 4
 Secretion mechanism of VdTrx1 from V. dahliae. (A) Proteins extracted from mycelia (M) and culture supernatants (S) of strain WT::VdTrx1-HA, ΔVdGRASP::VdTrx1-HA, ΔVdATG1::VdTrx1-HA and ΔVdVps36::VdTrx1-HA were analyzed using western blotting with anti-HA or anti-β-actin antibodies, as indicated. (B) The V. dahliae strains WT::VdTrx1-GFP, ΔVdGRASP::VdTrx1-HA, ΔVdATG1::VdTrx1-HA and ΔVdVps36::VdTrx1-HA were used to inoculate onion epidermal cells, respectively, at room temperature for 5 days followed by confocal microscopy imaging. Bar, 50 μm.


We examined whether unconventional secretion of VdTrx1 is dependent on autophagy or ESCRT machinery. With a similar strategy, we deleted the VdATG1 (VdATG1, VEDA_06789, Gene-ID in VdLs.17 genome: VDAG_05745), which functions at the initial stage of autophagy, and VdVps36 (VdVps36, VEDA_06789, Gene-ID in VdLs.17 genome: VDAG_05745), the coding product of which is a member of ESCRT-II complex in V. dahliae. After expressing VdTrx1-HA in the VdATG1 and VdVps36 deletion background, we observed that the VdTrx1-HA signal was absent in the supernatant of the VdVps36 mutant, but not in the supernatant of the VdATG1 mutant (Figure 4A). These results are consistent with our microscopic observations that after inoculating ΔVdATG1::VdTrx1-GFP (a strain expressing VdTrx1-GFP in VdATG1 deletion background) and ΔVdVps36::VdTrx1-GFP (a strain expressing VdTrx1-GFP in VdVps36 deletion background) on onion cells, GFP fluorescence around the onion epidermal cells disappeared in background of VdVps36 mutant rather than VdATG1 mutant (Figure 4B). Taking together, we conclude that the extracellular release of VdTrx1 is dependent on VdVps36 but not VdGRASP and VdATG1, and the secretion pathway of VdTrx1 in V. dahliae does not require the same set of components as Trx1 in S. cerevisiae. Moreover, the full-length coding sequence of VdTrx1 fused in-frame to invertase was not secreted from yeast, (Figure 3A), further confirming that the unconventional VdTrx1 secretion pathway in V. dahliae is not the same as in S. cerevisiae.



3.5. VdTrx1 functions in neutralizing endogenous and exogenous ROS

Since VdTrx1 has thioredoxin activity and is distributed both intracellularly and extracellularly, we investigated its role in scavenging endogenous and exogenous ROS. Intracellular levels of ROS were determined by DCFH-DA staining of V. dahliae mycelium after culturing in CM medium for 4 days. As shown in Figure 5A, the mycelia of the VdTrx1 deletion mutant displayed stronger bright green fluorescence compared to the mycelia of wild-type and complemented strains, indicating that the loss of VdTrx1 accompanied by increased accumulation of endogenous ROS and VdTrx1 functions in degrading intracellular ROS.
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FIGURE 5
 The role of VdTrx1 from V. dahliae in the degradation of ROS. (A) Hyphae from wild-type strain Vd991, VdTrx1 deletion strains, and the complemented strains were grown in liquid complete medium for 4 days. The fluorescent dye 2′,7′–dichlorofluorescin diacetate (DCFH-DA) was used to visualize the production of H2O2. Bar, 10 μm. (B) Accumulation of H2O2 in infected cotton roots. Detection of H2O2 accumulation in cotton roots inoculated with sterile water, the wild-type strain Vd991, ΔVdTrx1 and complemented strains at 2 days and 5 days post-inoculation, respectively, by 3,3′- diaminobenzidine staining.


We further examined whether VdTrx1 could neutralize extracellular ROS generated by the host during infection. For this purpose, the change in ROS in cotton roots infected by V. dahliae strains was detected by DAB (3,3′-diaminobenzidine) staining, which produces a reddish-brown stain when oxidized by H2O2. In the relative early stages of infection (2 dpi), cotton roots inoculated by all strains displayed similar phenotypes, showing very few reddish-brown spots following DAB staining (Figure 5B). Potentially, few V. dahliae hyphae entered the root tissue at 2 dpi. In contrast, after 5 dpi, when the invading hyphae entered the xylem vessels and induced host-derived ROS generation (Tian et al., 2021b; Tian and Kong, 2022), cotton roots inoculated with the ΔVdTrx1 strain showed increased accumulation of H2O2 in comparison with that of the wild-type strain, but decreased accumulation of H2O2 was restored in the complemented strains (Figure 5B). Together, these results indicated that VdTrx1 functions in apoplast to neutralize host-derived ROS and plays roles in scavenging both endogenous and exogenous ROS produced in mycelia and in host defense, respectively.



3.6. VdTrx1 is essential for sulfite assimilation and conidiation in Verticillium dahliae

The VdTrx1 deletion mutants showed slightly reduced radial growth on potato dextrose agar (PDA) medium when compared with the wild-type strain and complemented transformants. However, the ΔVdTrx1 strain displayed no obvious mycelial growth defect when cultured in nutrient-rich CM medium (Figures 6A,B). To investigate the function of VdTrx1 in the response to cell-wall and hyperosmotic stress, the relevant V. dahliae strains were grown on CM supplemented with 200 μg/ml Congo red and 1 M sorbitol, respectively. As shown in Figures 6A,B, sensitivity of the ΔVdTrx1 strain to the cell-wall and hyperosmotic stresses was comparable to that observed in wild-type strain Vd991, suggesting VdTrx1 is not essential for the response to cell-wall and hyperosmotic stress in V. dahliae.
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FIGURE 6
 VdTrx1 is essential for sulfite assimilation and conidiation in V. dahliae. (A) Radial growth of VdTrx1 deletion strains, complemented strains (EC#1 and #2) and wild-type strain (Vd991) on different media after incubation at 25°C for 12 days. A 2 μl conidial suspension (5 × 106 conidia/ml) was placed in the center of the plates as inoculum. (B) Colony diameter of the different strains on different media after 12 days of incubation. Means and standard deviations from three biological replicates are shown. Double asterisks indicate significant differences at p < 0.01. (C) Growth of V. dahliae strains on plates with different source of sulfate. The various V. dahliae strains were inoculated on MM plates, or MM plates supplemented with 2 mM sulfate ([image: image]) and 1.4 mM cysteine (distribution of strains on the plate are indicated in figure). The strains were cultured at 25°C for 4 days. (D) Quantification of conidial production was based on a 5-mm-diameter PDA agar plug from the edge of 9-days-old fungal culture colonies in 1 ml water. The error bars represent the standard deviations of the mean (n = 3). Student’s t-test was employed to determine treatment differences and double asterisks indicate significant differences at p < 0.01.


Thioredoxin is an efficient reductant for 3′-phosphoadenosine 5′-phosphosulfate (PAPS) reductase, the enzyme involved in the reduction process of [image: image] to [image: image] (Berendt et al., 1995), which is a key step in sulfate assimilation. To investigate whether VdTrx1 participates in the sulfate assimilation process, we tested the growth rate of ΔVdTrx1 in MM medium, which only contains [image: image]. Radial growth of ΔVdTrx1 was reduced by 20% relative to the wild-type strains and aerial hyphae production was severely impaired due to loss of VdTrx1 (Figures 6A,B). Further, supplementation of exogenous reduced sulfur (Na2SO3) and cysteine into MM medium could compensate for the defect seen in ΔVdTrx1 (Figure 6C), suggesting that VdTrx1 is involved in sulfite assimilation in V. dahliae.

The effect of VdTrx1 disruption on conidia production was also studied, revealing a major role of VdTrx1 in conidiation. The ΔVdTrx1 strain produced 81–85% fewer conidia than the wild-type strain. Although the complemented strain produced more conidia than ΔVdTrx1, it did not reach the level of wild-type strain (Figure 6D). Together, these results indicated that VdTrx1 is not involved in cell-wall and hyperosmotic stress tolerance but is critical for sulfite assimilation and conidiation in V. dahliae.



3.7. VdTrx1 is required for virulence in Verticillium dahliae

To examine a possible contribution of VdTrx1 to the virulence of V. dahliae, VdTrx1 transcript levels were quantified by RT-qPCR in planta during infection of cotton roots. The results showed that the expression of VdTrx1 was upregulated after inoculation, reaching the maximum at 4 dpi, and suggesting that VdTrx1 responds to plant inoculation and may play an important role in pathogenicity (Supplementary Figure S4A). To investigate whether VdTrx1 plays a role during the initial colonization of V. dahliae, penetration ability was examined by incubation of all the transformants on cellophane membranes which were overlaid on the minimal medium (MM). Although ΔVdTrx1 could not form normal aerial hyphae on this medium, they were capable of penetrating the cellophane membrane at 4 dpi (Supplementary Figure S4B), indicating that loss of VdTrx1 does not affect the penetration ability of V. dahliae.

Further, the natural cotton host (Gossypium hirsutum) and the model plant species (Arabidopsis thaliana and Nicotiana benthamiana) were used to test the pathogenicity of the ΔVdTrx1 strain and other V. dahliae strains. As expected, cotton inoculated with the wild-type strain showed typical disease symptoms, including wilting of leaves and vascular discoloration. In contrast, in cotton plants that were infected with the ΔVdTrx1 strain, the disease severity was reduced, accompanied with a significant decrease in fungal biomass in planta of 61% compared with the biomass in the plants infected with the wild-type strain (Figure 7A). The virulence and fungal biomass of the complemented strains were comparable to those of the wild-type strain (Figure 7B). Like cotton, targeted deletion of VdTrx1 resulted in markedly compromised virulence on both Arabidopsis thaliana plants and N. benthamiana, which were confirmed not only by observations of disease symptoms after plants were inoculated with the various fungal genotypes but also by measurements of fungal biomass in planta by quantitative PCR. All pathogenic defects of ΔVdTrx1 were restored by complementation of VdTrx1 (Figures 7C–F). Overall, VdTrx1 is required for virulence not only on the natural host of cotton from which the original wild-type isolate used in this study was derived, but also on two other host plant species.

[image: Figure 7]

FIGURE 7
 VdTrx1 is required for the full virulence of V. dahliae. (A) The disease symptoms of cotton seedlings inoculated with sterile water (CK) or the VdTrx1 deletion strains, complemented strains (EC#1 and #2) and wild-type strain (Vd991) at 21 days post-inoculation (Top). The discoloration of the inoculation shoot longitudinal sections is shown at the bottom. Phenotypes of N. benthamiana (C) and A. thaliana (E) plants inoculated with indicated strains. The fungal biomasses of each fungal strain in cotton (B), N. benthamiana (D) and A. thaliana (F) plants were determined by qPCR. Error bars represent standard deviations (n = 3). Asterisks *** indicate significant differences at (p < 0.001) based on the Student’s t-test.





4. Discussion

Although thioredoxins lacking a signal peptide have been considered as unconventional secreted proteins in mammalian cells, there has not been similar investigations on the secretory characteristics of thioredoxin in plant pathogenic fungi. In this study, we characterized the unconventionally secreted thioredoxin VdTrx1 and investigated its role in V. dahliae-plant interactions using a combination of approaches. The virulence function of VdTrx1 was demonstrated on three different hosts.

Secreted proteins typically carry an N-terminal signal peptide in eukaryotic cells and are transported through the conventional ER-Golgi secretion pathway. The majority of identified extracellular proteins in eukaryotes are secreted following this paradigm. However, proteomics analyses have revealed that a high percentage of proteins lacking signal peptides in the secretomes of fungi, including fungal phytopathogens (Rampitsch et al., 2013; González-Fernández et al., 2015). Recently, several studies have revealed the functions of unconventionally secreted proteins involved in plant-microbe interactions. For example, though the Phytophthora sojae isochorismatase PsIsc1 lacks a signal peptide, it can be secreted and translocated into soybean cells to suppress salicylate-mediated innate immunity in planta by hydrolyzing isochorismate, a precursor of salicylate (Liu et al., 2014). Magnaporthe oryzae oxysterol-binding protein-related proteins (MoORPs), normally described as intracellular proteins, are detected in intercellular fluids from barley plants infected with the fungus (Chen et al., 2022). MoORPs act as PAMP molecules to modulate plant innate immunity and promote virulence in M. oryzae (Chen et al., 2022). Two independent proteomics analysis also revealed that there are 56 and 99 potential proteins lacking signal peptides in the exoproteome of V. dahliae strains Vd07038 and Vd991, respectively, implying that unconventionally secreted proteins also play important roles during host- V. dahliae interactions (Chu et al., 2015; Chen et al., 2016). As an analogous analysis of Phytophthora sojae PsIsc1, the effector VdIsc1 in V. dahliae lacks a signal peptide and also plays a role in inhibiting salicylic acid-mediated plant immune response (Liu et al., 2014). Our previous study also found superoxide dismutase VdSOD1 lacking a signal peptide can be dispatched from V. dahliae cells and transferred into host apoplastic region to detoxify host-generated ROS in the form of [image: image] (Tian et al., 2021b). In this study, the presence of VdTrx1 in the culture filtrate was detected by western blot in vitro, and its apoplastic localization in planta was also observed by live-cell imaging, providing concrete evidence that VdTrx1 is an unconventionally secreted protein (Figure 3).

The removal of deleterious oxidants is a conserved function of thioredoxin (Koháryová and Kolárová, 2008). Not surprisingly, VdTrx1 functions in scavenging extracellular H2O2, further reducing the adverse effects of plant-derived ROS on pathogen (Figure 5B). Following the VdSOD1 scenario, the current research provided another example of an unconventionally secreted protein with a ROS-detoxifying function. The advantage of unconventional secretion of antioxidants may be that the oxidative environment in the lumen of the ER may result in the inactivation of sets of enzymes. In addition, cell starvation could lead to conventional protein secretion inhibition, while there is a net increase in the secretion of proteins lacking the signal peptide through an unconventional secretion pathway (Cruz-Garcia et al., 2020). V. dahliae colonizes the vascular bundles of plants, which is a nutrition-poor niche (Klosterman et al., 2011). Thus, conventional ER-Golgi secretion systems may be limited during infection and unconventional secretion of pathogens becomes a necessary complementary pathway to dispatch antioxidants for ROS-detoxification in vascular tissue. The findings indicate that searches for extracellular proteins in fungal plant pathogens, which may be pathogenicity factors, should not be restricted to those bearing signal peptides.

At present, we are at the beginning stage of understanding the molecular mechanisms of secretion pathways for cargo proteins lacking signal peptides. The TMED10 of mice cells acts as a protein channel, which directly facilitates the translocation of proteins lacking a signal peptide into the ER-Golgi intermediate compartment (ERGIC), and where the leaderless cargo enters other unknown vesicle carriers to be delivered out of the cell (Zhang et al., 2020). In S. cerevisiae, acyl-coenzyme A binding protein Acb1 and SOD1 lacking signal peptides are both captured into a cup-shape like membrane compartment called CUPS, which serves as a sorting station prior to their release into the extracellular space (Cruz-Garcia et al., 2017). Our previous research had shown that the secretion of VdSOD1 of V. dahliae requires the participation of VdGRASP, whose orthologous protein plays important roles in the formation and maturation of CUPS in S. cerevisiae (Tian et al., 2021b). However, the current study indicated the extracellular release of VdTrx1 is not in a VdGRASP dependent manner, but relies on VdVps36, which is a component of the ESCRT-II complex (Figures 4A,B). Thus, V. dahliae likely employs diverse unconventional secretory routes to translocate virulence-related proteins that lack signal peptides out of the cell.

Thioredoxins are ubiquitous small proteins with a redox-active site, which have been conserved throughout evolution in eukaryotes. As hydrogen donors, thioredoxin systems regulate many substrates including peroxiredoxin, an enzyme involved in the reduction of H2O2; ribonucleotide reductase, required for dNTP synthesis; and PAPS reductase, which contributes to sulfate assimilation (Meyer et al., 2009). In this study, we found that ΔVdTrx1 showed a reduced radial growth rate accompanied by impaired aerial hyphae in the medium absence of [image: image], indicating that VdTrx1 contributes to sulfite assimilation in V. dahliae, consistent with previous results obtained from analyses of other fungal phytopathogens such as M. oryzae (Wang et al., 2017) and Podospora anserina (Malagnac et al., 2007).

There is growing evidence that thioredoxin directly detoxifies ROS or acts as a regulator of ROS-induced signal transduction pathways. For instance, when the function of S. sclerotiorum SsTrx1 is inhibited by gene silencing, higher ROS accumulation was observed after inoculation of A. thaliana, and the direct role of S. sclerotiorum SsTrx1 in ROS detoxification was demonstrated, providing protection of the pathogen against oxidative stress (Rana et al., 2021). In the human fungal pathogen C. albicans, Trx1 regulates three distinct H2O2 signaling proteins including protein kinases (Hog1 and Rad53) and the transcription factor Cap1 to promote C. albicans survival in the host (da Silva Dantas et al., 2010). The thioredoxin protein of M. oryzae has two of the above-mentioned functions. On the one hand, MoTRX2 is important for the scavenging of ROS in the plant-fungus interaction (Wang et al., 2017); on the other hand, by directly interacting with kinase MoMst7, MoTRX2 regulates the activation of MAPK pathway in the pathogen that regulates its invasive growth and its ability to infect the plant (Zhang et al., 2016). In V. dahliae, members of MAPK pathway (VdHog1, VdPbs2 and VdSsk2) are involved in regulating the hyperosmotic stress response and cell-wall integrity (Tian et al., 2016; Wang Y.L. et al., 2016; Yu et al., 2019). In our current research, we showed that V. dahliae VdTrx1 is not essential for the response to cell-wall and hyperosmotic stress (Figure 6A). Instead, VdTrx1 functions in scavenging ROS both endogenously and exogenously (Figures 5A,B), suggesting the role of VdTrx1 in promoting pathogenesis may be dependent on its antioxidant functions rather than regulating MAPK signaling. Whether VdTrx1 is involved in the dNTP synthesis in V. dahliae requires further investigation.

Thioredoxins are important virulence factors in many pathogenic fungi, including the human pathogen C. albicans (da Silva Dantas et al., 2010) and phytopathogenic fungi, such as M. oryzae (Wang et al., 2017) and S. sclerotiorum (Rana et al., 2021). In our study, we found that VdTrx1 was clearly induced during infection, suggesting VdTrx1 may play roles in host-pathogen interactions and in the pathogenicity of V. dahliae (Supplementary Figure S4A). Deletion of VdTrx1 alleviated disease symptoms and reduced fungal biomass in three different hosts, suggesting that VdTrx1 was required for the virulence of V. dahliae (Figures 7A–C). Penetration assays showed that loss of VdTrx1 did not damage the ability of the mutant strain to penetrate cellophane membrane, suggesting ΔVdTrx1 maintained the ability to infect and initially colonize host tissue (Supplementary Figure S4B). The reduced virulence of VdTrx1 deletion mutant was likely due to its decreased viability in host vascular tissue (Rouached et al., 2009). First, loss-of-function of VdTrx1 reduces the pathogen to counter the toxicity of host-derived ROS (Figure 5B). Secondly, [image: image], absorbed by plant root from the soil, is the main form of sulfur in plant vascular tissue. Loss of VdTrx1, which is involved in the reduction process of [image: image], may render the ΔVdTrx1 strain unable to utilize sulfur effectively for normal growth (Figures 6A,B). Thirdly, according to studies of the invasion progress of V. dahliae on host plants, after successful epidermal invasion, conidia are formed in the xylem vessels to promote systemic propagation vertically (Tian and Kong, 2022). The decrease of sporulation ability of ΔVdTrx1 may slow down this invasive proliferation process (Figure 6D).

In conclusion, signal-peptide-lacking VdTrx1 is an unconventionally secreted thioredoxin with biological functions both inside and outside of the cells. Its presence in fungal tissue involves in scavenging intracellular ROS and sulfite assimilation. VdTrx1 can also be secreted unconventionally depending on VdVps36, detoxifying host-generated ROS during pathogen-host interactions (Figure 8). VdTrx1 is necessary for full virulence of V. dahliae on susceptible hosts.

[image: Figure 8]

FIGURE 8
 Proposed model of VdTrx1 function during V. dahliae-host interactions.
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Introduction: Introducing beneficial soil biota such as arbuscular mycorrhizal fungi (AMF) to agricultural systems may improve plant performance and soil fertility. However, whether bioinocula species composition affects plant growth and soil fertility, and whether fertilizer source influences AMF colonization have not been well characterized. The objectives of this research were to: (1) assess if AMF bioinocula of different species compositions improve raspberry (Rubus idaeus L.) performance and characteristics of soil fertility and (2) evaluate the impact of fertilizer source on AMF colonization.

Methods: Five bioinocula with different AMF species compositions and three fertilizer sources were applied to tissue culture raspberry transplants in a randomized complete block design with eight replicates. Plants were grown in a greenhouse for 14 weeks and plant growth, tissue nutrient concentrations, soil fertility, and AMF root colonization were measured.

Results: Shoot K and Zn concentrations as well as soil pH and K concentration increased in the Commercial Mix 1 treatment (Glomus, Gigaspora, and Paraglomus AMF species) compared to the non-inoculated control. RFI (raspberry field bioinoculum; uncharacterized AMF and other microbiota) increased soil organic matter (SOM), estimated nitrogen release (ENR), and soil copper (Cu) concentration compared to the non-inoculated control. Furthermore, plants receiving the Mix 1 or RFI treatments, which include more AMF species, had greater AMF root colonization than the remaining treatments. Plants receiving organic fertilizer had significantly greater AMF colonization than conventionally fertilized plants.

Conclusion: Taken together, our data indicate that coupling organic fertilizers and bioinocula that include diverse AMF species may enhance raspberry growth and soil fertility.

KEYWORDS
 Rubus idaeus L., nutrient, fertilizer, hyphae, colonization, bioinoculum


1. Introduction

To meet the need of feeding a growing population with limited arable land, growers must maintain or increase soil fertility to optimize crop productivity and minimize negative impacts associated with overfertilization. The addition or reintroduction of beneficial soil microbiota, such as AMF, has potential to maintain or increase soil fertility as well as plant productivity. AMF are a type of endomycorrhizae that belong to phylum Glomeromycota. These fungi establish symbiotic relationships with 70–90% of land plant species (Parniske, 2008; Genre et al., 2020). AMF form tree-shaped subcellular structures (i.e., arbuscules) within plant root cortical cells that serve as the main site of nutrient exchange between the fungus and plant symbiotic partner (Parniske, 2008). Through this symbiosis, AMF provide host plants with access to water and nutrient resources via their extensive extraradical hyphal network developed both inside and outside the host plant’s roots in exchange for photosynthetically derived carbon (C) (Smith and Read, 2008; Fellbaum et al., 2014).

Arbuscular mycorrhizal fungi are an important class of beneficial microorganisms that may contribute to soil health (Smith and Read, 2008). A pot experiment carried out in an open area in Faisalabad, Pakistan reported that soil polluted with lead-acid battery effluents and treated with AMF inoculum [a mixture of Funneliformis mosseae (T.H. Nicolson and Gerd.) C. Walker and A. Schüßler, Rhizophagus aggregatus (N.C. Schenck and G.S. Sm.) C. Walker, Claroideoglomus etunicatum C. Walker and A.Schüssler, and Rhizophagus irregularis (Błaszk., Wubet, Renker and Buscot) C. Walker and A. Schüßler] had greater soil microbial biomass C, total glomalin-related soil protein, phosphomonoesterase, and catalase than the non-inoculated control when grown with ‘Rakshan-10’ barley (Hordeum vulgare L.) for 120 days (Khan et al., 2020). In another study, a greenhouse experiment carried out in Razavi Khorasan, Iran showed that calcareous soil treated with single species AMF inoculum (F. mosseae) had greater soil microbial biomass carbon, dissolved organic carbon, and available iron (Fe), manganese (Mn), and zinc (Zn) concentrations relative to the non-mycorrhizal addition control (Dehghanian et al., 2018). These studies highlight that AMF can benefit soil fertility and biological characteristics, however, it is both AMF species and host plant species dependent.

Floricane red raspberry is a globally important fruit crop that is widely consumed and prized for being rich in vitamins, mineral nutrients, and dietary fiber, which are beneficial to the human body (Rao and Snyder, 2010). Raspberry growers are often challenged with the dilemma of balancing short-term goals of maximizing yields and returns on investment against practices that benefit beneficial soil microbes and overall soil health. Improvements in plant performance with the inoculation of AMF have been observed in numerous experiments. Previous studies reflect that certain plant species are generally more responsive to mycorrhizal colonization than others and responses may be both host plant and AMF specific (Rowe et al., 2007; Parniske, 2008; Chen et al., 2022). For instance, Li et al. (2017) demonstrated that Elsholtzia splendens Nakai ex F. Maek. seeds and seedlings inoculated with AMF (AMF in the rhizosphere soil of natively grown E. splendens) outperformed those without AMF inoculation for seed morphology parameters and germination rate under Cu addition at high rates (1,000 mg kg−1), indicating AMF can facilitate plant adaptation to Cu stress. Another study reported greater ‘Tulameen’ raspberry flower number, fruit number, and yield among plants inoculated with a single species of commercial inoculum containing AMF (R. irregularis) compared to non-inoculated plants in a field study in the Netherlands (Chen et al., 2022). Pot-cultured field pea (Pisum sativum L.) performance was also improved with the addition of mixed species AMF inoculum (R. irregularis, F. mosseae, and R. clarum) than the single species (R. irregularis) with regards to plant biomass and N and P uptake (Jin et al., 2013). However, the specific effects of AMF with different species compositions on plant performance of floricane red raspberry, which is a unique perennial fruit crop with biennial canes that are vegetative in the first year of growth and fruiting the following year before senescing, has not been studied.

Raspberry growers typically choose mineral N fertilizers, such as urea, over organic derived N fertilizers such as compost or manure (Rudolph et al., 2019). Agricultural management practices such as fertilizer choice can impact AMF performance. Studies show the response of fertilized plants to AMF bioinocula depends on the interaction between the fertilizer source and AMF. For instance, inorganic N fertilization (NaNO3) enhanced AMF colonized root length (colonized root length = percentage colonization × root length) of pot-grown pretransplant rice (Oryza sativa L.) but decreased the percentage of AMF colonization relative to the no-fertilizer control (Dhillion and Ampornpan, 1992). A field experiment carried out in Switzerland showed that the percentage of root length colonized by AMF was higher in winter wheat (Triticum aestivum L. cv. Sardona) grown in soils fertilized with composted farmyard manure or without fertilizers than in soils fertilized exclusively with mineral fertilizers (Mäder et al., 2000). However, the impact of fertilizer sources on AMF function has never been evaluated for a perennial woody species like raspberry.

In this study we aimed to: (1) assess if AMF bioinocula of different species compositions improve raspberry performance and characteristics of soil fertility and (2) evaluate the impact of fertilizer source on AMF colonization. We hypothesized that: (1) AMF bioinocula with diverse species compositions can enhance vegetative plant performance and characteristics of soil fertility and (2) a greater percentage of AMF root colonization will be observed with organic fertilization compared to conventional fertilization.



2. Materials and methods


2.1. Experimental design and preparation

A greenhouse experiment was conducted at the Washington State University Northwestern Washington Research and Extension Center in Mount Vernon, WA, in 2019. A factorial experiment (three fertilizer sources × five bioinocula) was established as a randomized complete block design with eight replications. The three fertilizer source treatments included: (1) conventional fertilizer [nitrogen (46-0-0), phosphate (0-45-0), and potash (0-0-60); referred to as “conventional”]; (2) organic certified liquid fertilizer derived from digested plant materials (3-2-2; referred to as “organic”); and (3) a minimal fertilizer control (referred to as “fertilizer control”). Rates of N, P, and K were determined based on a caneberry nutrient management guide (Hart et al., 2006) and were the same between conventional and organic fertilizer treatments. The five bioinocula treatments included three commercial AMF inocula (referred to as “Mix 1,” “Mix 2,” “Mix 3”), raspberry field inoculum (referred to as “RFI”), and a non-inoculated control (referred to as “AMF control”). Fertilizer and commercial AMF inocula product information are shown in Table 1.



TABLE 1 Fertilizer sources (A) and bioinocula products (B) applied to tissue culture ‘Meeker’ red raspberry plants grown in a greenhouse, WA, United States in 2019.
[image: Table1]

The media in which plants were grown contained a 1:1:1 mixture of sterilized raspberry field soil, sand (Sakrete; Atlanta, GA, United States), and Turface MVP soil conditioner (PROFILE Products LLC; Buffalo Grove, IL, United States). Raspberry field soil was collected at a 30 cm depth from a commercial raspberry field in Lynden, WA, United States (48°56’N, 122°32’W; elevation 24 m) in March 2019. The soil at this site was a Tromp loam, characterized as volcanic ash and loess over glacial outwash (United States Department of Agriculture, 2019). The site had no history of phytophthora root rot [Phytophthora rubi (W. F. Wilcox and J. M. Duncan) Manld] and root lesion nematode [Pratylenchus penetrans (Cobb) Filipjev and Schuurmans Stekhoven; RLN] populations were low at 0–1 RLN per 100 g dry soil (data provided by Dr. Inga Zasada, USDA-ARS nematologist). The site was bed fumigated with Telone® C-35 (63.4% 1,3-dichloropropene; 34.7% chloropicrin; Dow Agrosciences; Indianapolis, IN, United States) at 25 l ha−1 in June 2017 and broadcast fertilized (11-52-0) after fumigation at the rate of 145 kg N ha−1. Fumigation was provided by a commercial applicator (Trident Agriculture Products, Woodland, WA). A commercial planting of ‘Wake™ Haven’ raspberry was growing in the field at the time of sampling. The collected field soil was sieved through 4-mm sieve, then steam sterilized twice at 80°C for 30 min with a 24 h rest period between two steam sterilizations. After the sterilized soil cooled down, it was homogenized in a cement mixer at a 1:1:1 ratio with sand and Turface MVP. Characteristics of the field soil and final mixed soil media are listed in Supplementary Table S1. Both field soil and mixed media are beyond or within the suggested soil nutrient critical levels for pre-plant caneberry (Supplementary Table S1).



2.2. Plant and mycorrhizal establishment and fertilizer treatment applications

For treatment application, Deepot [D40H (diameter 6.35 cm × depth 25.4 cm), Stuewe and Sons, Inc.; Tangent, OR, USA; 656 ml volume] was filled with the mixed soil media to 2/3 (~437 cm3) volume. Afterwards, bioinocula treatments were applied according to label instructions and remaining mixed soil media was added at the same time as raspberry transplanting. Application methods for all bioinocula treatments are listed in Table 1. Drainage holes on the bottom of all Deepot were partially covered by clear plastic tape to minimize the holes and prevent loss of media during irrigation throughout the experiment. Experimental set-up and planting occurred in June 2019. Tissue culture ‘Meeker’ raspberry transplants (~ 15 cm tall; Northwest Plant Company; Ferndale, WA, USA) were grown individually in sanitized Deepot containing mixed soil media. Plants were placed in a greenhouse on a 12 h day/night cycle with 150–200 μmol s−1 m−2 of supplemental photosynthetically active radiation (LED Fixtures-120 Volt).

Fertilizer treatments were surface applied on 10 July and 10 September 2019 to mimic field application (Hart et al., 2006). The application rate of each fertilizer treatment is listed in Table 2. Fertilizer applications in the fertilizer control treatment ensured plants remained alive throughout the experiment, as no fertilizer input would likely manifest into plant death. Overhead irrigation occurred every day between 0900 and 1000 h with approximately 100 ml and 50 ml of water added to each Deepot in summer and fall, respectively.



TABLE 2 Application rate of different sources of fertilizers applied on 10 July and 10 September 2019 to tissue culture ‘Meeker’ red raspberry plants grown in a greenhouse, WA, United States in 2019.
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2.3. Data collection

Plant heights were recorded at harvest. Plants were harvested by removing individual juvenile plants from Deepot after 14 weeks. Roots and shoots were separated, and roots were gently rinsed in deionized water to remove soil particles. Both roots and shoots were then dried at 60°C for 48 h and weighed to determine root, shoot, and total (root + shoot) biomass. Dried raspberry shoots were sent to Brookside Laboratories, LLC (New Bremen, OH, United States) for total nutrient concentration analyses, including nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), Fe, Cu, Mn, Zn, and boron (B), using methods described by Miller et al. (2013). Dried shoots were grinded through Cyclotech Mill with a 0.50 mm screen prior to the analyses. Shoot N concentration was measured by the combustion method (Elementar EL Cube C/N combustion analyzer, Elementar Inc., Langenselbold, Germany). Other shoot nutrient concentrations were measured using the nitric acid and hydrogen peroxide digestion method and then tested with inductively coupled plasma mass spectrometry (Thermo 6,500 Duo; Thermo Instruments, Waltham, MA, United States) (Miller et al., 2013). Soil from each Deepot was packed and sent to Brookside Laboratories, LLC for analysis of selected chemical characteristics: soil pH, SOM, ENR, and selected nutrient concentrations. SOM was measured using the loss of ignition method at 360°C for 12 h (Miller et al., 2013). ENR was estimated based on the percentage of organic matter in the soil. Soil P was extracted using the Bray extraction method (Miller et al., 2013) and soil K, Ca, Mg, S, Fe, Cu, Mn, Zn, and B were extracted using the Mehlich III extraction method (Mehlich, 1984) and then tested with an inductively coupled plasma spectrometer (Thermo Scientific ICAP 7000 series; Thermo Instruments, Waltham, MA, United States; Miller et al., 2013).

A random sample of 1–2 cm roots was collected from each plant and stored in uni-cassettes (Electron Microscopy Sciences Supplier Diversity Partner; Hatfield, PA, United States). Roots in uni-cassettes were prepared for AMF colonization assessment using the method outlined by Brundrett et al. (1996). One slide was prepared for each plant and 12 representative, 1-cm-stained root segments were selected per uni-cassette to make root slides for AMF colonization assessment. Slides were viewed at 200x using a compound microscope (Eclipse 50i, Nikon; Tokyo, Japan). AMF colonization was counted using the magnified intersections method (McGonigle et al., 1990) and approximately 72 intersections were assessed for each plant.



2.4. Statistical analyses

All analyses were performed in R (R version 3.6.0; Boston, MA, United States). We used linear mixed-effects models to determine if bioinocula type, fertilizer, or an interaction between these two factors affected final plant height, shoot, root, and total biomass, shoot nutrient concentrations, soil characteristics, or AMF colonization using the function lme() in the nlme package (Pinheiro et al., 2022). Cell means instead of main factor means will be presented when the interaction is significant. We used analysis of variance to compare each null model to the full model, “Response ~ Fertilizer*Bioinocula, random = ~1|Block” where Block was a random variable accounting for possibility that microclimates within the greenhouse affected plant height, biomass, shoot nutrient concentrations, soil characteristics, or AMF colonization. In each case, the full model explained more variance (p < 0.05) than the null model “Response ~1, random = ~1|Block.” In these full models, both fertilizer and bioinocula treatments were set as fixed effects and block was treated as a random effect. The fertilizer effect, bioinocula effect, and fertilizer × bioinocula interactions were tested.

The assumptions of normality and homogeneity of variance were checked by visual inspection of residual plots. When necessary, variables were transformed to meet these assumptions, including: log10 transformations of plant height, root biomass, shoot biomass, and shoot Zn concentration; and reciprocal transformations of shoot Fe concentration, soil P concentration, and AMF colonization. All means were back transformed and reported in original units. A Tukey’s honest significant difference test was used for post hoc comparisons at the 5% level of significance to compare treatment means using the function multcomp::cld() in the multcomp package (Hothorn et al., 2008).




3. Results


3.1. Total root colonization by AMF

Both fertilizer and bioinocula treatments significantly affected total root colonization by AMF (p < 0.0001 for both fertilizer and bioinocula treatments; Figure 1). Within fertilizer treatment, the fertilizer control resulted in the greatest total AMF colonization, followed by the organic treatment, then the conventional fertilizer treatment. Plants fertilized with conventional or organic fertilizer had 92.7 and 31.7% lower colonization, respectively, than the fertilizer control plants. Within bioinocula treatment, RFI generated the greatest total AMF root colonization, followed by Mix 1, then both Mix 2 and Mix 3 treatments, despite differences in initial spore density (Table 1). The lowest AMF root colonization was found in the AMF control treatment and neither arbuscules nor vesicles were observed, only low levels of AMF-like hyphae were found in the AMF control treatment. Mix 1 and RFI had 183 and 355% greater root colonization than Mix 2, respectively, and 121 and 254% greater root colonization than Mix 3, respectively. Root colonization by AMF in Mix 1, Mix 2, Mix 3, and RFI treatments were 1,212, 363, 495, and 2006%, respectively, greater than that in the AMF control treatment. No significant fertilizer × bioinocula interaction was detected (p = 0.05).

[image: Figure 1]

FIGURE 1
 Total root colonization by arbuscular mycorrhizal fungi (AMF; %) by fertilizer (left) and bioinocula treatments (right). Fertilizer treatments were Conventional, Organic, and F control (a minimal fertilizer control). Bioinoculant treatments were: Mix 1 (commercial AMF bioinoculum), Mix 2 (commercial AMF bioinoculum), Mix 3 (commercial AMF bioinoculum), RFI (bioinoculum collected from a commercial raspberry field), and AMF control (a non-inoculated control). Bars represent means ± SE (standard error; n = 20 and 12 for fertilizer and bioinocula treatments, respectively); different letters within the same treatment denotes significant differences at p ≤ 0.05 using a means comparison procedure with a Tukey’s honestly significant difference test.




3.2. Plant growth variables

Significant fertilizer treatment effects were found in all measured plant growth variables (Figure 2 and Supplementary Table S2). Plants fertilized with conventional and organic fertilizers were significantly greater in plant height, shoot biomass, root biomass, and total biomass than the fertilizer control plants; however, there was no significant difference in plant height between plants fertilized with conventional and organic fertilizers. Shoot, root, and total biomass were significantly greater among plants treated with the conventional fertilizer, followed by plants treated with the organic fertilizer. Fertilizer control plants had the smallest shoot, root, and total biomass. All measured plant growth variables did not differ across bioinocula treatments and there were no significant fertilizer × bioinocula interactions (Supplementary Table S2).

[image: Figure 2]

FIGURE 2
 Effect of fertilizer source on (A) plant height, (B) total, shoot, and root biomass. Note total applied rates of nitrogen, phosphorus, and potassium were the same between organic and conventional fertilizer sources. Bars are represented as means ± SE (standard error; n = 40). In (A,B), different letters on top of the bars in the same color denote a significant difference across the fertilizer source treatment at p ≤ 0.05 using a means comparison procedure with a Tukey’s honestly significant difference test. In (B), all bars in different colors originate from the x-axis.




3.3. Plant shoot nutrient concentrations

Shoot N and P concentrations differed significantly due to fertilizer treatment (Supplementary Table S3). Shoot N concentration was greatest in the organic fertilizer treatment, followed by the conventional fertilizer treatment, and was lowest in the fertilizer control. Shoot P concentration was significantly greater in plants fertilized with organic fertilizer than those fertilized with conventional fertilizer.

Shoot K, Zn, and Fe concentrations differed significantly among bioinocula treatments (Figure 3; Supplementary Table S3). Plants inoculated with Mix 1 had 12.6, 12.6, and 11.1% greater shoot K concentrations than those inoculated with Mix 3, RFI, and the AMF control, respectively. Shoot K concentration in plants inoculated with Mix 2 did not differ from plants inoculated with other bioinocula and the AMF control. Plants inoculated with the Mix 1 had greater shoot Zn concentrations than AMF control plants while shoot Zn concentrations in plants inoculated with Mix 2, Mix 3, RFI were similar to one another and the remaining treatments, including the AMF control. Plants inoculated with RFI had greater shoot Fe concentration than Mix 3. There was no significant fertilizer × bioinocula interaction for shoot N, P, K, Ca, Mg, S, Cu, Mn, Zn, and B concentrations. However, a significant interaction was found for shoot Fe concentration (Supplementary Table S3).

[image: Figure 3]

FIGURE 3
 Raspberry shoot (A) potassium (K), (B) zinc (Zn), and (C) iron (Fe) concentrations by bioinocula treatment. Bars are represented as means ± SE (standard error; n = 24). Different letters within each graph on top of the bars denote a significant difference across the bioinocula treatment at p ≤ 0.05 using a means comparison procedure with a Tukey’s honestly significant difference test. Treatments are: Mix 1 (commercial AMF bioinoculum), Mix 2 (commercial AMF bioinoculum), Mix 3 (commercial AMF bioinoculum), RFI (bioinoculum collected from a commercial raspberry field), and AMF control (a non-inoculated control).




3.4. Soil fertility characteristics

Soil pH (p < 0.0001), SOM (p = 0.002), ENR (p = 0.002), and concentrations of K (p = 0.001), Mg (p < 0.0001), Fe (p = 0.0056), and Cu (p < 0.0001) differed significantly due to bioinocula treatment (Figure 4 and Supplementary Table S4). Effects of bioinocula on soil fertility characteristics are expressed as relative change in soil fertility characteristics in bioinocula treatments with complex (greater AMF species diversity; Mix 1; RFI) or simple (lower AMF species diversity; Mix 2; Mix 3) AMF species compositions compared to the AMF control. The relative change in each soil fertility characteristic was calculated as the ratio of each non-AMF-control treatment (Mix 1, Mix 2, Mix 3, and RFI) to AMF control. Some measured soil fertility characteristics were greater for Mix 1 and RFI than the AMF control. Mix 1 led to 5.20% greater soil pH and 41.5% greater soil K than the AMF control. RFI generated 11.2% greater SOM, 6.87% greater ENR, and 10.9% greater Cu than the AMF control. Both Mix 2 and Mix 3 had similar measured soil characteristics relative to the AMF control. However, soil Mg concentration was greater when inoculated with Mix 3 than Mix 2 or RFI and soil Fe concentration was greater when inoculated with Mix 2 than Mix 1 or Mix 3. There were no fertilizer × bioinocula treatment interactions for soil SOM, ENR, P, K, S, Mn, Zn, and B concentrations. However, significant interactions were found for soil pH and Ca, Mg, Fe, and Cu concentrations (Supplementary Table S4).
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FIGURE 4
 Effects of bioinocula on soil fertility characteristics expressed as relative changes of bioinocula treatments with complex [Mix 1; RFI (bioinoculum collected from a commercial raspberry field)] or simple (Mix 2; Mix 3) arbuscular mycorrhizal fungi (AMF) species diversity. The relative change in each soil fertility characteristic was calculated as the non-AMF-control treatment (Mix 1, Mix 2, Mix 3, and RFI) divided by AMF control. Asterisks within each soil characteristic represent significant differences across the bioinocula treatment at p ≤ 0.05 using a means comparison procedure with a Tukey’s honestly significant difference test.





4. Discussion

The utilization of bioinocula with diverse AMF species under organic fertilization regime positively affected raspberry vegetative growth and soil fertility characteristics. Natural bioinocula from the commercial raspberry field also performed better than several commercial bioinocula for multiple measured variables emphasizing agriculture management practices may have a role in augmenting AMF bioinocula effects. Total root colonization differed across both fertilizer and bioinocula treatments. In the current study, total root colonization by AMF in raspberry plants was higher in the organic and fertilizer control treatments compared to the conventional fertilizer treatment. We are not the first to observe this phenomenon. Bittman et al. (2006) reported that broadcast application of liquid dairy manure had a positive effect on AMF colonization in corn (Zea mays L.) compared to mineral fertilization using ammonium nitrate. Similar findings were also reported by Gryndler et al. (2006), where long-term application of cattle manure increased AMF growth compared to conventional mineral fertilizers. There are several possible explanations for this observation. First, the application of conventional fertilizers increases the availability of nutrients for a short time compared to organic and fertilizer control treatments but simultaneously inhibits AMF colonization since root colonization by AMF typically increases under conditions of limited nutrient availability but decreases when nutrients are in abundance although the underlying regulatory mechanisms regarding AMF function and nutrient availability are not well studied (Parniske, 2008; Douds et al., 2017; Jeske et al., 2018; Mariotte et al., 2018). Johnson et al. (2003) reported that nutrient enrichment led to less C allocated to colonized AMF by plants because of increased nutrient availability through fertilization, which in turn reduced AMF colonization and this might be the case in the current study. Bradley et al. (2006) reported that soil grown with the grassland species, Schizachyrium scoparium (Michx.) Nash, had lower AMF FAME (i.e., a biomarker for AMF) abundance when fertilized with pelletized NH4NO3 than a no fertilizer control, which again showed that conventional fertilizers can decrease AMF abundance and subsequent colonization. Second, the application of urea could reduce rhizosphere pH (Monsant et al., 2008) relative to organic and control fertilization and the low rhizosphere pH might suppress AMF activity due to induced H+ and Al3+ toxicity, which can decrease extra-radical mycelium production and subsequent AMF root colonization intensity (Cruz-Paredes et al., 2021).

Different bioinocula treatments resulted in different levels of AMF root colonization and colonization was greatest in the RFI bioinoculum treatment. This was not expected because RFI bioinoculum was collected from a fumigated raspberry field that also received routine applications of conventional fertilizers in accordance with commercial production guidelines (Hart et al., 2006; DeVetter et al., 2023). Common agricultural practices (e.g., fumigation and fertilization) have long been associated with diminished species richness, abundance, and infectivity of AMF (Belay et al., 2015; Dangi et al., 2015). In the current experiment, though relatively low spore density observed in RFI than other commercial bioinoculum treatments, the application rate of RFI was relatively greater than other commercial bioinoculum treatments according to the application method (Table 1). Interestingly, Ryan and Graham (2018) demonstrated that detrimental impacts of standard agricultural practices on AMF richness, abundance, and infectivity may be limited due to the relatively low concentrations and toxicity of applied fumigants, ineffective sealant of fumigants, and poor permeability in soil due to soil texture and structure. This may be applicable to commercial raspberry system from which the RFI bioinoculum was obtained. Furthermore, the RFI bioinoculum was obtained from a field fumigated in 2017 using 1,3-dichloroprone, which has more nematocidal activity and would have been less detrimental to AMF than other commercial fumigants that contain greater concentrations of fungicides (Ibekwe et al., 2001; De Cal et al., 2005; Dangi et al., 2015). Moreover, the two-year interval between soil fumigation and sampling might have allowed soil fungi like AMF to repopulate (Brady and Weil, 2015; Rudolph et al., 2019). An additional possible explanation for greater AMF colonization observed in the RFI bioinoculum treatment is that the reduction in AMF diversity and abundance caused by commercial agricultural practices could be replenished via the transmission of AMF from adjacent fields and semi-natural habitats by animals or wind (Warner et al., 1987; Allen et al., 1989; Vernes and Dunn, 2009; Lekberg et al., 2011). Another possibility is that the AMF community in the RFI bioinoculum treatment has adapted to the management practices applied to the soils used in this study, thus colonization was less inhibited (Pellegrino et al., 2019). Further research should explore re-colonization mechanisms to inform how to manage soils that could be biologically compromised through standard agricultural practices like soil fumigation.

Reduced AMF root colonization in Mix 2 and Mix 3 compared to Mix 1 and RFI treatments may be due to lower AMF species diversity in Mix 2 and Mix 3. Mix 1 contained nine AMF species and RFI contained a wide range of soil microorganisms whereas Mix 2 only has four AMF species and Mix 3 is a single species product (Table 1). These findings in the current study align with previous work that found late-successional plant species tend to have greater root colonization with locally collected field inoculum and with commercial AMF inocula that contained higher species diversity compared with those containing a single species in a greenhouse study (Rowe et al., 2007). Greater root colonization by AMF might be associated with the greater species diversity in locally collected field inoculum and commercial AMF inoculum containing high species diversity (Mirmajlessi et al., 2018).

Plants receiving conventional fertilizer had greater shoot biomass than those treated with organic fertilizer whereas shoot N and P concentrations were greater in the organic fertilizer than in the conventional fertilizer treatments. This response was attributed to a ‘dilution effect’ as both treatments had the same N and P rate, but differed in shoot biomass (Rempel et al., 2004; Zhou and Yin, 2018). Shoot N and P concentrations were below the documented sufficiency ranges but shoot K, Ca, Fe, and Zn concentrations were within or above the documented sufficiency range of these nutrients (2.3–3.0% for N, 0.19–0.45% for P, 1.3–2.0% for K, 0.6–2.0% for Ca, 60–250 ppm for Fe, 15–50 ppm for Zn) recommended by Strik (2013). Although a significant effect of Mix 1 relative to the AMF control was observed for increasing shoot K and Zn concentrations, whether the small increase in shoot nutrient concentrations could in turn enhance plant productivity remains questionable. Furthermore, nutrient sufficiency guidelines are based upon samples being collected from newly expanded field-grown primocane leaves between late-July and early-Aug (Strik, 2013), whereas our sampling time was late-October and the whole above-ground plant shoot was subject to nutrient analyses due to the nature and maturity of our samples. Regardless, results in our study mirror previous work that showed inoculation by AMF increased shoot K and Zn concentrations of Crotalaria juncea L. grown in a soil with high Cu concentrations and increased shoot Zn concentration of maize (Zea mays L.) grown in a calcareous soil compared to the non-inoculated controls (Ademar Avelar Ferreira et al., 2015; Dehghanian et al., 2018).

It is interesting to note that plants inoculated with Mix 1 had significantly greater shoot K concentrations than plants inoculated with Mix 3 or RFI, however, a growth effect was not found given plants had similar height and biomass across bioinocula treatments in the current study. This finding indicates that it might take time to reflect the positive effect of AMF inoculation on plant growth and productivity. However, plants are known to engage in luxury uptake of K so growth responses are expected to be nutrient dependent (Kang et al., 2014). The greater shoot K concentration found in plants treated with Mix 1 than Mix 3 may be due to greater AMF colonization and species diversity of the bioinocula, as AMF root colonization was greater when treated with Mix 1 (nine AMF species) compared to Mix 3 (a single species) (Table 1). These observations were consistent with previous findings showing that AMF inocula sourced from a local field, reference ecosystem, and commercial inoculum containing high AMF species diversity resulted in greater root colonization by AMF than single species inoculum (Rowe et al., 2007; Maltz and Treseder, 2015). With regards to the greater shoot K concentrations observed in plants treated with Mix 1 than the RFI bioinoculum treatment, this might be due to differences in the quality of the symbioses between the host plant and AMF (Parniske, 2008; Fellbaum et al., 2014; Bender et al., 2016).

Mix 1 has the potential to increase crop value by enhancing shoot Zn concentration as Zn is associated with improved crop production and human health (Cakmak et al., 2017). The improved nutrient status arising from a mycorrhizal association has indirectly or directly accounted for subsequent increases in plant growth (Dhillion and Ampornpan, 1992), which highlights the potential role of AMF inocula on plant growth and productivity. In addition to nutrient acquisition, AMF may help host plants against various biotic and abiotic stresses by assisting in the up-regulation of tolerance mechanisms and preventing the down-regulation of key metabolic pathways (Begum et al., 2019), aid host plant development of an enhanced defensive capacity through ‘mycorrhiza-induced resistance’ (Cameron et al., 2013), and regulate global C cycling as up to 20% of the photosynthetic products of terrestrial plants are consumed by AMF (Parniske, 2008).

The mixed soil medium used in this study had nutrient concentrations either above or within the suggested critical levels for pre-planting of caneberry (20–40 ppm for P, 150–350 ppm for K, 1000 ppm for Ca, 120 ppm for Mg, 20–60 ppm for Mn, 0.5–1.0 ppm for B) according to Strik (2013). The greater SOM content and ENR in soil media treated with RFI compared to Mix 2, Mix 3, and the AMF control may be partially explained by the greater SOM content (3.76%; Supplementary Table S1) in the RFI, which was field soil collected from a commercial raspberry farm. The added RFI treatment increased SOM by 0.12%. Previous research asserted that RFI could contain a diverse assembly of soil microorganisms (i.e., fungi, bacteria, protozoa, etc.,) compared to other AMF treatments in this experiment (Mirmajlessi et al., 2018), which likely reproduced during the experimental period and could have resulted in greater SOM content by increasing microbial biomass (Lehmann and Kleber, 2015; Hestrin et al., 2019). Another study found that calcareous soil inoculated with AMF had greater microbial biomass C and dissolved organic C compared to the control lacking AMF (Dehghanian et al., 2018).

Greater soil pH in Mix 1 than Mix 2, RFI, and the AMF control at the end of the experiment reflected the potential of Mix 1 to resist changes in soil pH relative to other AMF treatments given the initial soil pH of the mixed soil media was 7.5. Greater soil K concentrations in Mix 1 compared to other AMF bioinocula treatments may be explained by the diverse AMF species in Mix 1 compared to other commercial AMF sources, and some of the specific species in Mix 1 may be highly efficient in decomposing and solubilizing K sources in soil and in turn enhance soil K concentrations (; Rowe et al., 2007; Veresoglou and Rillig, 2012; Brady and Weil, 2015; Emam, 2016). The greater soil Cu concentrations observed in the RFI treatment might be explained by the composition of the different microorganisms in RFI than in other AMF treatments as only the RFI treatment contained non-AMF microorganisms, such as bacteria, which can synergize with AMF to increase soil mineral nutrient concentrations (Hestrin et al., 2019; Jiang et al., 2021). For instance, it was reported that bacteria can swim in a water film along AMF hyphae, being nourished by hyphal exudates on their way toward the phytate patch, where they can cooperate with AMF to efficiently utilize inaccessible nutrient sources to release plant available nutrients (Jiang et al., 2021). In addition, the RFI treatment collected from a commercial raspberry farm might contain more diverse AMF species than other AMF treatments and some of the specific species might be highly efficient in decomposing and solubilizing Cu sources in soil and in turn enhance soil Cu concentrations (Rúa et al., 2016; Mirmajlessi et al., 2018). Similarly, Dehghanian et al. (2018) found that calcareous soil inoculated with AMF had greater Fe, Mn, and Zn concentrations than the non-inoculated control when cultivated with maize. RFI and Mix 1, both of which contained wide AMF species diversity, enhanced soil fertility by increasing SOM content and soil K and Cu concentrations compared to other AMF bioinocula treatments and have the potential to promote plant productivity and soil health in the commercial production system.



5. Conclusion

Total root colonization by AMF was greatest when plants were inoculated with bioinoculum RFI followed by Mix 1 which had high species richness relative to the other evaluated bioinocula. AMF root colonization was also influenced by fertilizer sources with AMF root colonization greatest in the fertilizer control followed by the organic fertilizer treatment then the conventional fertilizer treatment. Despite colonization differences, bioinocula treatments had no effect on plant performance. In contrast, plants responded to fertilizer source treatment and those receiving conventional or organic fertilizers had greater height and biomass than fertilizer control plants. Elevated levels of shoot K and Zn concentrations and soil pH and K concentration were found in plants inoculated with Mix 1 while RFI inoculum enhanced SOM, ENR, and soil Cu. These results support our hypotheses that: (1) AMF bioinocula with diverse species compositions can enhance plant performance and characteristics of soil fertility and (2) a greater percentage of root colonization by AMF will be observed with organic fertilization compared to conventional fertilization. However, greenhouse study results may differ from the field and subsequent studies should be conducted in the field to validate our findings. Results from the study will allow researchers, crop consultants, and growers to have a sense of the potential application of commercial AMF bioinocula.
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Fungicide name

40% propiconazole EC
12.5% myclobutanil EC
40% pyrimethanil SC
50% thiram WP

80% mancozeb WP
50% carbendazim WP
70% hymexazol WP

Registration number

PD20093418
PD20086370
PD20060014
PD20093058
PD20082030
PD85150-35
PD20100877

Active ingredient

propiconazole
myclobutanil
pyrimethanil
thiram
mancozeb
carbendazim

hymexazol

Substance concentration (pg/mL)

100, 50, 10, 5, 1
100, 50, 10, 5,1
1000, 500, 250, 125, 62.5
500, 300, 150, 30, 15
300, 100, 50, 25, 12.5
6, 3,1.5,0.75,0.38
200, 100, 50, 25, 12.5





OPS/images/fmicb-13-941734/fmicb-13-941734-t002.jpg
Fungicides

40% propiconazole EC
12.5% myclobutanil EC
40% pyrimethanil SC
50% thiram WP

80% mancozeb WP
50% carbendazim WP
70% hymexazol WP

Toxic regression equation

y=4.7759 4 0.5465x
y=4.1182 + 0.6339x
y=2.5944 + 1.2668x
y=2.7312 4+ 1.0622x
y=1.2486 4 1.5519x
y=4.3674 + 1.9163x
y=1.2732 + 1.5535x

EC50 (mg-L_ 1 )

2.5704 £ 0.15
24.6029 £ 0.16
79.2346 £ 0.21
136.4882 £ 0.31
261.3862 + 0.28

2.1385 £ 0.12
250.6388 £ 0.33

0.9468
0.9768
0.9679
0.9579
0.9292
0.9933
0.9825

95% Confidence intervals

1.0801-6.1168
15.7675-38.3892
54.3629-115.4853
85.5265-217.8158
110.1362-620.3476
1.8629-2.4522
167.2725-375.5539
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Reference

genes

Oftub

CfActin

cfpd

Cfck

Cfuce

CfRrp.

CfAdRh

CRpp

Gene ID
CGMCC3_g2839  Tubulin beta-2 chain
CGMCC3_g6665 Actin
CGMCC3_gl1349
CGMCC3_gl1033  Casein kinase I 1
CGMCC3_g13714
CGMCC3_gl0154  Ras-related protein
CGMCC3_g2047

CGMCC3_g12203  Ribose-phosphate

pyrophosphokinase 2

Function description

Dihydrolipoyl dehydrogenase

Ubiquitin-conjugating enzyme

ATP-dependent RNA helicase

Forward/reverse primer
sequence (5'-3')
‘GCCAGTGCGGTAACCAGATTG
AGCTTCGTTGAAGTAGACGCTCATG
AGGTTGCTGCCCTCGTTATC
CGCTTCGACTGTGCCTCATC
GTATCAACTTCAAGACCAGCACCAA
GGCGACAAGGACAACTTCAGC
‘GCGATGCTCCTCAACTGCGAG
‘GGCGACCATAACGACGGTCTT
ATTAACAAGGAGCTCACTGACCTCG
AGTCGGTAGGGAAGTGGATGGC
GAGCGATTTGCGACACCTGC
TTGCTGAGTGCGATGCTGGG
AGAGTCGGTCGTGCTGGTCGTT
ATGTAGGTGCTGGCGTCAATG
AACTACTCCAACCAAGAAACCAGCG
AGCGTAAGGAAAGCAAGGAATGAC

Amplicon
size (bp)
134
175
128
197
163
228

155

171

Number of
introns across

4
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Reference RT-qPCR

genes efficiency (%) R ™M (C)
CfTub 98.6 0.998 86.283
CfAct 103.7 0.992 88.065
CfDd 98.4 0.994 86.195
CfCk 98.0 0.996 84.698
CfUce 96.1 0.999 88.382
CRep 974 0.991 87.861
CfAdRh 9758 0.988 85614

ClRpp 998 0.993 88245
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A Fusarium avenaceum Charlie 782

100 | A Fusarium avenaceum Charlie 788

- Fusarium avenaceum BRIP:64451

73

‘[A Fusarium avenaceum Charlie 779
— 99 A Fusarium avenaceum Charlie 789

{ Fusarium avenaceum pl12.56.2016

3

100" Fusarium avenaceum NRRL 53589

" [ Fusarium petersiae CBS:143231 JW 14004

Fusarium flocciferum NRRL 45999

>8 Fusarium acuminatum NRRL 54212
99‘[

Fusarium acuminatum PUF036

Fusarium beomiforme NRRL 13606

9
Fusarium algeriense NRRL 66647
2 Fusarium fujikuroi CBS 221.76
22 Fusarium hostaeb NRRL 29888

Cordyceps javanica CBS 134.22
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Item Group Different concentration treatment of NaCl

0 mmol.L™! N 150 mmol.L~? N 300mmol.L~1 N

Leaves area (cm?) CK 36.57 &+ 3.52a — 35.74 £ 7.18a — 25.33 £5.73a =
BG-5 41.21 £ 6.78a 12.70% 40.42 £ 6.41a 13.09% 23.44 + 6.62a —7.47%

Shoot length (cm) CK 22.28 + 1.41a = 16.83 + 1.64a = 14.77 £ 1.31a -
BG-5 24.25 +2.13a 8.84% 16.75 £+ 1.62a -0.49% 14.00 + 1.46a -5.19%

Root length (cm) CK 2415 +£1.21b 22.45 + 0.74b = 16.64 + 1.20b —~
BG-5 28.37 £ 1.10a 17.47% 25.08 £ 0.91a 11.71% 19.55 £ 0.62a 17.49%

Chlorophyll (mg-g~") CK 8.37 + 1.47a = 10.08 + 0.79a = 9.57 +£1.03a =
BG-5 8.96 + 0.25a 7.05% 10.62 £ 0.08a 5.36% 8.50 +£0.72a -11.18%

Proline content (ug-g~") CK 89.27 +9.26b - 211.60 £+ 21.95a - 614.17 £+ 68.68b s
BG-5 137.90 + 15.56a 54.48% 226.70 + 18.64a 7.13% 795.91 £+ 53.10a 29.59%

Peroxidase (U-g~1-min—1) CK 65.27 £ 5.12a - 28.67 £ 3.11b - 47.07 £ 8.61a -
BG-5 45.27 +4.20b -30.64% 47.87 +9.09a 66.97% 53.20 + 7.60a 13.02%

N indicates the percentage increase of the treatment group compared with CK. The different letters indicate the statistical significant difference (P < 0.05) among different
samples of same items and species, based on independent sample t-test.
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Samples

Bacteria Q1
Q3

QW

Q3W
Fungi Q1
Q3

QW

Q3W

Total Tags

911562 £+ 1163a
84203 + 13250a
93374 + 93374a
88078 + 15161a
67290 =+ 4546b
74762 £ 7870ab
109050 + 23673a
109569 + 33027a

Unique Tags

76876 £ 3377a
71163 + 11458a
81421 4+ 12300a
78606 + 13706a
9981 £ 1221¢c
13706 + 2161bc
24819 + 5324ab
26730 + 10659a

Numbers of OTU

4421 £ 567a
4332 + 406a
5009 + 656a
5134 + 562a
337 + 56b
478 + 113ab
548 + 70a
588 + 1556a

Chao1

4421.00 £ 567.00a
5635.46 + 491.99a
6656.98 + 4.24a
6475.19 & 661.47a
408.79 £ 51.99b
562.79 £ 123.39ab
666.34 + 96.36a
648.78 £ 186.04ab

Ace

5628.85 + 607.28ab

5513.09 £ 420.61b
6529.61 £ 80.57a

6324.39 + 632.76ab

417.75 £ 55.31b
569.28 £ 115.90ab
678.00 + 89.83a
652.68 + 188.00ab

Shannon

9.74 £ 0.31b
9.78 £ 0.33b
10.45 £ 0.03a
10.30 £ 0.08a
1.66 +£0.71b
2.58 £+ 0.68b
5.54 4+ 0.57a
5.62 &+ 0.25a

Simpson

0.99 4 0.00b
0.99 4 0.00b
0.99 £ 0.00a
0.99 + 0.00ab
0.38 4 0.24b
0.54 4+ 0.15b
0.93 £ 0.04a
0.94 £0.01a

The different letters indicate the statistical significant difference (P < 0.05) among different samples of same items and species, based on one-way ANOVA
followed by Duncan test.
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Variable factors Bacteria Fungi

p-value Fratio Variance p-value Fratio Variance

explained% explained%
EC 0.002* 9.22 48 0.002** 16.33 62
pH 0.064 3.28 31 0.148  1.93 26
AK 0.278 1.33 27 0.746 0.34 27
SOM 0.684 0.62 25 0.022*  4.96 42
TP 0.318 1.21 24 0.272 1.38 26
TN 0.506 0.82 21 0.100  2.33 27
SWC 0.850 0.26 2 0.446 0.84 31

EC, electrical conductivity; pH, Soil acidity and alkalinity; AK, available potassium;
SOM, soil organic matters; TR, total phosphorus; TN, total nitrogen; SWC, soil water
content; *P-value < 0.05 indicates significant difference; *p-value < 0.01 indicates
extremely significant difference.
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Item Group Different concentration treatment of NaCl

0 mmol-L~! N 200 mmol-.L~! N

Dry weight (g) CK  0.15+£0.05b - 0.13 £ 0.04a

BG-5 0.33+0.43a 120% 0.16+0.04a 23.1%
Fresh weight (g) CK  0.41 £0.08a - 0.44 +£0.12a -

BG-5 049+0.06a 19.5% 0.41+0.02a -6.8%
Shoot length (cm) CK  13.33 £ 1.70a & 11.93+0.21a =

BG-5 13.70+0.56a 28% 11.80+1.14a -1.1%
Root length (cm) CK  23.60 £3.81b = 21.90 + 0.36a ~

BG-5 2583+236a 9.3% 26.63+031b 11.4%
Chlorophyll (mg/g)  CK 8.39 £+ 0.42a - 9.083 £ 0.57a -

BG-5 7.38+042a -12.0% 7.27 £0.40a -19.5%
Proline (mg/g) CK 2.31 £0.05a - 12924+0.1148 =

BG-5 2.82+0.05a 221% 1247 +£0.06a -3.5%

N indicates the percentage increase of the treatment group compared with CK.
The different letters indicate the statistical significant difference (P < 0.05) among
different samples of same items and species, based on independent sample t-test.
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ON Zone Q1
Q3
Average
OUT zone Q1w
Q3w
Average

EC (mScm~1)

0.7564 £0.17 a
0.671+£0.02 a
0.713 £ 0.12A
0.314 £0.04 ab
0.262 +£0.01b
0.283 £ 0.04 B

pH

6.342 + 0.95a
6.209 + 0.09a
6.276 £ 0.61 B
7.197 £ 0.18a
6.969 + 0.06a
7.083 £ 0.17 A

SWC (%)

0.114 £ 0.01 ab
0.112+0.01b
0.113+0.00 B
0.117 £ 0.00 ab
0.122 £0.00 a
0.119 £ 0.00A

Total P (g kg—1)

1.580 £ 0.07 ab
1.344 £0.16 ¢
1462+ 0.17 A
1.724 £0.14 a
1.393 £ 0.05 bc

1559 £ 0.21 A 211.730 + 27.78 A

SOM (g kg~ 1)

177.779 £ 54.97 a
173.923 +£4.83a

175.851 £ 34.96 A

205.059 +£40.19a
218.40 £ 13.45a

Total N (g kg~ 1)

5.264 £0.94 a
5137 £0.32a
5.201 £ 0.63 A
5741 £0.57 a
5502 £0.19a
5.667 £ 0.39 A

Available K (mg kg~1)

870.237 4 99.04 ab
898.316 £ 137.56 a
884.277 + 108.30 A
696.170 £81.72b
760.386 & 31.61 ab
728.278 + 65.64 B

OUT, outside the fairy ring; ON, on the fairy ring. the lowercase letters indicate the difference of the same environmental factor among Q1, Q3, Q1W and Q3W, based
on one-way ANOVA followed by Duncan test. Uppercase letters indicate the difference of the same environmental factor between ON zone and OUT zone, based on
independent samples t-test. Statistical significant difference was indicated by different letters when P < 0.05. SWQC, soil water content; SOM, Soil organic matter.
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Specimen

Shearia formosa (neotype)
on Magnolia denudata
Wanasinghe etal. (2018)
New collection from

M. grandiflora (this study)

Conidiomata dimensions

500-700 um high, 600-900 pm diam.
(%= 636.4 x 795.1 pm, n = 10)

500-870 jum high, 530-1,000 jum diam.

(£=635.5 x 7633 pum, n = 20)

Conidiogenous cells

8-12jum long, 5-8 pm wide
(%= 9.9 x 6.4 pm, n=20)

7-14 x 6-8 um
(=112 73pum, n = 10)

Conidia dimensions

70-95 pm x 24-30 pm
= 82.8 x 269 um, n = 30)

70-95 x 22-30 um
(%= 82 x 25pm, n=28)
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Species Strain no. GenBank accession no.

SSU LSU ITS tefl rpb2
Aigialus grandis BCC 20000 GU479739 GU479775 - GU479839 GU479814
Aigialus mangrovis BCC 33563 GU479741 GU479776 - GU479840 GU479815
Aigialus parvus NFCCI-395 MK026763 MK026761 MK028710 MNS520611 MN520612
Aigialus rhizophorae BCC 33572 GU479745 GU479780 - GU479844 GU479819
Alfoldia vorosii™ REF116 MK589346 MK589354 IN859336 MK599320 -
Amorocoelophoma camelliae NTUCC 18-097-1 MTO071230 MTO071279 MT112303 MT459143 MT743271
Amorocoelophoma camelliae™ NTUCC 180972 MT071231 MT071280 MT112304 MT459141 MT743272
Amorocoelophoma cassiac™ MFLUCC17-2283  NG_065775 NG_066307 NR_163330 MK360041 MK434894
Amorocoelophoma neoregeliac™ CBS 146820 - NG_076726 MZ064410 MZ078247 MZ078193
Amorosia littoralis NN 6654 AM292056 AM292055 AM292047 - -
Angustimassarina acerina” MFLUCC 14-0505 KP899123 KP888637 KP899132 KR075168 -
Angustimassarina alni® MFLUCC15-0184  KY548098 KY548097 KY548099 - -
Angustimassarina arezzoensis™ MFLUCC13-0578  KY501113 KY496722 KY496743 KY514392 -
Angustimassarina camporesii® MELU 18-0057 MN244173 MN244167 NR_168223 - -
Angustimassarina mryliT MFLUCC 14-0981 - MF167432 MF167431 MF167433 -
Angustimassarina italica™ MFLUCCI5-0082  KY501124 KY496736 KY496756 KY514400 -
Angustimassarina lonicerac™ MFLUCCI5-0087 - KY496724 KY496759 - -
Angustimassarina populi MFLUCC17-1217  MG812610 MG812609 MG763958 MG812528 -
Angustimassarina populi MFLUCC17-1069  MF409165 MF409166 ME409170 MF409163 -
Angustimassarina populi MFLUCC 21-0178 01824798, OL813502 OM212462 - -
Angustimassarina populi MFLUCC21-0175  OL§24797 OL813501 OM212461 - -
Angustimassarina populi” MFLUCC13-0034  KP899128 KP888642 KP899137 KRO75164 -
Angustimassarina populi GMBCC1177 OM855611 OM855597 OM855588 OM857552 -
Angustimassarina premilcurensis MFLUCC15-0074 - KY496725 KY496745 - KY514404
Angustimassarina quercicola MFLUCC 14-0506  KP899124 KP888638 KP899133 KRO75169 -
Angustimassarina rosarum MFLUCC 15-0080 = MG828985 MG828869 = =
Angustimassarina rosarum MFLUCC 17-2155  MT226662 MT214543 MT310590 MT394726 MT394678
Angustimassarina sylvatica MFLUCC 18:0550  MK314097 MK307844 MK307843 MK360181 -
Aquastroma magniostiolata™ CBS 139680 AB797220 ABS07510 LCO14540 ABS0S486 -
Aquasubmersa japonica KT2813 LCO061581 LC061586 LC061591 LC194383 LC194420
Aquasubmersa japonica™ KT2862 LC061582 LC061587 1C061592 LC194384 LC194421
Aquasubmersa japonica KT2863 LC061583 LC061588 LC061593 LC194385 LC194422
Aquilomyces patris™ CBS 135661 KP184077 KP184041 KP184002 - -
Aquilomyces rebunensis™ CBS 139684 AB797252 AB§07542 AB809630 ABSOSS1S -
Bambusicola massarinia™ MFLUCC 11-0389 JX442041 JX442037 NR_I21548 KP761725 KP761716
Botryosphaeria dothidea™ CBS 115476 NG_062738 NG_027577 NR_I11146 - -
Botryosphacria dothidea AFTOL-ID 946 - DQ678051 - DQ767637 DQ677944
Botryosphacria dothidea MEFLUCC 16-0936  MT177977 MT177950 MT177923 - MT432204
Botryosphaeria dothidea GMBCCI179 OM855612 OM855598 OM855589 OM857553 -
Clypeoloculus akitaensis" CBS 139681 AB797253 AB807543 AB809631 AB808519 -
Crassiperidium octosporum™ KT 2144 LC373084 LC373108 1C373096 LC373120 LC373132
Crassiperidium octosporum KT 2894 LC373085 LC373109 LC373097 LC373121 LC373133
Crassiperidium octosporum KT 3008 LC373086 LC373110 LC373098 LC373122 LC373134
Crassiperidium quadrisporum KT 2798-1 LC373094 LC373118 LC373106 LC373130 LC373142
Crassiperidium quadrisporum™ KT 2798-2 1LC373095 1LC373119 1C373107 LC373131 1LC373143
Cucitella opali™ CBS 142405 MF795837 MF795754 MF795754 ME795843 MF795796
Darksidea alpha™ CBS 135650 NG_061189 NG_059126 NR_137619 KP184166 -
Darksidea beta® CBS 135637 KP184074 KP184023 NR_137957 KP184189 -
Darksidea delta™ CBS 135638 KP184069 KP184024 NR_137075 KP184184 -
Diatrype disciformis AFTOL-ID 927 DQI71012 DQ470964 - DQ471085 DQ470915
Diplodia mutila® CBS 136014 - - KJ361837 - -
Diplodia mutila CBS 23030 - EU673265 MWS810264 - -
Diplodia mutila FR36 - KY554740 KY554742 - -
Diplodia mutila AFTOL-ID 1572 DQ678012 DQ377863 KU198424 DQ677907 DQ677960
Diplodia mutila GMBCCI173 OMB855610 OM855596 OMB855587 OMB857551 -
Diplodia seriata N/A OM855608 OM855594 OMS855585 - -
Diplodia seriata™ CBS 112555 NG_062751 KF766327 AY259094 - -
Diplodia seriata CBS 119049 EU673216 EU673266 DQISEES9 - -
Diplodia seriata MZ-F47 MG785011 MG720320 KU942441 - -
Diplodia seriata Mz-F45 MG785010 MG720319 KU942440 - -
Diplodia seriata GMBCCI175 OMB855609 OM855595 OM855586 - -
Dothidotthia robiniac™ MFLUCC16-1175  MK751762 MK751817 MK751727 MK908017 MK920237
Falciformispora lignatilis BCC21117 GU371834 GU371826 KF432942 GU371819 -
Falciformispora sencgalensis™ CBS 196.79 KFO15636 KFO15631 KFO15673 KFO15687 KFO15717
Falciformispora tompkinsii™ CBS 200.79 KE015639 KF015625 NR_132041 KFO15685 KF015719
Fenestella media™ CBS 144860 MK356326 MK356285 MK356285 MK357558 MK357515
Graphostroma platystoma CBS 27087 DQ836900 DQ836906 JX658535 DQ836915 DQ836893
Halobyssothecium obiones™ MFLUCC 150381 MH376745 MH376744 MH377060 MH376746 -
Katumotoa bambusicola™ KT 15172 AB524454 AB524595 LCO14560 ABS39108 AB539095
Keissleriella breviasca® KT 619 AB797298 ABS07588 ABS11455 ABS08S67 -
Keissleriella cirsii" MFLUCC 16-0454 KY497782 NG_059776 NR_155248 KY497786 -
Keissleriella quadriseptata™ KT 2292 AB797303 AB807593 AB811456 ABS08572 -
Keissleriella quadriseptata MELU 19-2871 MT214957 MT183478 MTI185515 MT454026 MT432229
Lentithecium aquaticum™ CBS 123099 GU296156 GU301823 MHS63276 GU39068 FJ795455
Lentithecium clioninum™ KT 11494 AB797250 ABS07540 LCO14566 ABSOSS15 -
Lentithecium clioninum KT 1220 AB797251 ABSO7541 LCO14567 ABS0SS16 -
Lentithecium pseudoclioninum KT 1111 AB797254 ABSO7544 ABS09632 AB808520 -
Lentithecium pseudoclioninum’ KT 1113 AB797255 ABS07545 AB809633 ABS08521 -
Longiostiolum tectonac™ MFLUCC 120562 NG_061231 KU764700 NR_148100 - -
Lonicericola fuyuanens MFLU 19-2850 MN917867 MN917865 MN917866 MN938324 -
Lonicericola hyaloseptispora™ KUMCC 180149 MK098203 NG_066434 NR_164294 - -
Lonicericola hyaloseptispora KUMCC 180150 MK098206 MK098200 MK098194 MK098210 -
Lonicericola qujingensis™ GMBCC1178 OM855616 OM855602 OM855593 OM857556 -
Multilocularia bambusac™ MFLUCC 110180 KU693442 KU693438 KUG693446 -
Multiseptospora thailandica™ MFLUCC 110183 KP753955 KP744490 KP744447 - -
Multiseptospora thailandica MFLUCC 110204 KU693444 KU693440 KU693447 KU705659 KU705661
Multiseptospora thailandica MFLUCC 120006 KU693445 KU693441 KU693448 KU705660 KU705662
Murilentithecium clematidis MFLUCC 140561 KM408760 KM408758 KM408756 KM454444 KM454446
Murilentithecium clematidis” MFLUCC 140562 NG_061185 KM408759 NR_154174 KM454445 KM454447
Murilentithecium lonicerac® MFLUCC 180675 MK214376 MK214373 MK214370 MK214379 -
Murilentithecium rosac™ MFLUCC 150044 MG829137 MG829030 MG828920 - -
Neoaguastroma bauhiniac® MFLUCC 160398 MH023315 MH023319 MH025952 MH028247 MH028251
Neoaquastroma bauhiniae MFLUCC 17-2205 MH023316 MH023320 MH025953 MH028248 MH028252
Neoaguastroma cylindricum™ MFLUCC 19-0489  MN473048 MN473054 MN473060 MN481600 -
Neoaguastroma krabiense™ MFLUCC 16:0419  MH023317 MH023321 MH025954 MH028249 MH028253
Neoophiosphaerella sasicola™ KT 1706 AB524458 AB524599 LC014577 AB539111 -
Oceultibambusa chiangraiensis" MFLUCC 160380 NG_062421 KX655546 - KX655561 KX655566
Oceultibambusa jonesii™ GZCC 16-0117 NG_065104 NG_066381 - KY814756 KY814758
Palmiascoma gregariascomum™ MFLUCC 110175 KP753958 KP744495 KP744452 - KP998466
Parabambusicola bambusina KH 4321 AB797247 ABS07537 LCO14579 ABS08512 -
Parabambusicola bambusina KH 139 AB797246 AB807536 LC014578 AB808511 -
Parabambusicola bambusina KH 2637 AB797248 ABS07538 LCO14580 ABS0SS13 -
Parabambusicola thysanolacnac™ KUMCC 180147 MK098205 NG_066435 NR_164044 MK098209 -
Parabambusicola thysanolaenae KUMCC 180148 MK098202 MK098198 MK098193 MK098211 -
Parafenestella rosacearum EM1 MK356327 MK356313 MK356313 MK357585 MK357541
Parathyridaria ramulicola™ CBS 141479 KX650514 KX650565 KX650565 KX650536 KX650584
Paratrimmatostroma kunmingensis® HKAS 1022247 MK098204 MK098196 MK098192 MK098208 -
Paratrimmatostroma kunmingensis HKAS 102224B MK098207 MK098201 MK098195 - -
Phacosphaeria chiangraina™ MFLUCC 130231 KM434289 KM434280 KM434270 KM434298 KM434307
Phacosphacria musac™ MFLUCC 110133 KM434287 KM434277 KM434267 KM434296 KM434304
Phacosphacria thysanolaenicola™ MFLUCC 100563 KM434286 KM434276 KM434266 KM434295 KM43430
Phragmocamarosporium hederac KUMCC 180165 MK214375 MK214372 MK214369 MK214378 -
Phragmocamarosporium hederae" MFLUCC 13-0552 KP842918 KP842915 - - -
Phragmocamarosporium magnoliac™ GMBCCI180 OM855614 OM855600 OMS855591 OM857555 -
Phragmocamarosporium magnoliae GMBCCI1041 ON364114 ON364110 ON364112 ON375375 -
Phragmocamarosporium platani® MFLUCC 14-1191  KP842919 KP842916 KP852526 - -
Phragmocamarosporium qujingensis™ GMBCC1176 OMs855613 OM855599 OMB855590 OM857554 -
Phragmocamarosporium qujingensis GMBCC1044 ON364113 ON364109 ON364111 ‘ON375374 -
Phragmocamarosporium rosac” MFLUCC 170797 MG829156 NG_059874 - MG829225 -
Poaceascoma aquaticum™ MFLUCC 14-0048  KT324691 KT324690 - - KT373846
Poaceascoma helicoides™ MFLUCC 110136 KP998463 KP998462 KP998459 KP998461 KP998460
Pseudomonodictys tectonae™ MFLUCC 12-0552 KT285574 KT285573 - KT285571 KT285572
Roussoella hysterioides CBS 546.94 AY642528 KF443381 KF443405 KF443399 KF443392
Roussoella pustulans MAFE 239637 AB524482 AB524623 KJ474830 ABS39116 AB539103
Salsuginea ramicola KT 2597.1 GU479767 GU479800 - GU479861 GU479833
Salsuginea ramicola KT 25972 GU479768 GU479801 - GU479862 GU479834
Sclerostagonospora cycadis CBS 29176 - - KR611890 - -
Setoseptoria arundinacea KT'552 AB797284 ABSO7574 LCO14594 ABS08550 -
Setoseptoria arundinacea KT 600 AB797285 ABSO7575 LCO14595 ABS08551 -
Setoseptoria m|Agm'urundl'mu:eu.r KT 1174 AB797286 AB807576 LC014596 AB808552 -
Shearia formosa MFLUCC20-0017  MT159631 MT159619 MT159625 MT159602 MT159608
Shearia formosa MELUCC20-0018  MTI159633 MT159621 MT159627 MT159604 MT159610
Shearia formosa™ MFLUCC20-0019  MTI59632 MT159620 MT159626 MT159603 MT159609
Shearia formosa GMBCCI172 OM855615 OM855601 OM855592 - -
Sordaria fimicola AFTOL-ID 216 AH007748 FR774289 DQSI8178 DQSI8I7S DQ368647
Thyridaria broussonetiac™ B KX650515 KX650569 KX650569 KX650539 KX650586
Thyrostroma lycii® MFLUCC16-1170  MK751769 MK751824 MK751734 MK908024 MK920241
Thyrostroma tiliae" MFLUCC 16-1178 MK751773 MK751828 MK751738 MK908028 MK920245
Tingoldiago graminicola™ KH 68 AB521726 ABS21743 LCO14598 ABSO08361 -
Tingoldiago graminicola KH 155 AB521728 AB521745 LCO14599 ABS08562 -
ingoldiago graminicola KT 891 ABS21727 ABS21744 LCO14600 ABS08563 -
Towyspora aestuari® MFLUCC15-1274  NG_061225 NG_060798 NR_148095 - -
Trematosphaeria pertusa™ CBS 122368 EJ201991 FJ201990 NR_132040 KFO15701 795476
Treanania taiwanensis™ NTUCC 17-005 MH461126 MH461120 MH461123 MH461130 MH461128
Tzeanania taiwanensis NTUCC 17-006 MH461127 MH461121 MH461124 MH461131 MH461129
The newly generated sequences are indicated in bold and ex-type strains are with “T”

AFTOL, Assembling the Fungal Tree of Life culture collecti
Culture Collection, Thailand; CBS,

BBH, BIOTEC Bangkok Herbarium, Thailand
ture collection of the Centraal bureau voor Sck ungal Biodiversity Center, Utrecht,
(Marchfeldkanalweg); FR, Fr >C, Guizhou Medical University Culture Collect HKAS, Fungarium of the Cryptogams Kunr
of Botany, Academia KH, K. Hirayama; KT, K. Tanaka; KUMCC, Kunming Culture Collection; MAFE, Ministry of Agriculture, Forestry and Fisheries, Japan; MFLU, Herbarium
of Mae Fah Luang University; MFLUCC, Mae Fah Luang University Culture Collection; Mz-F, Chilean isolates sequenced in Diaz et al. (2018); NN, NovoNordisk culture collection (now
Novozymes, Bagsvaerd, Denmark); NTUCC, National Taiwan University Culture Collection; REE, Root Endophytic Fungi; TB, Thyridaria broussonetiae.

CC, Belgian Coordinated Collections of Microorgani
e Netherlands; F

nmel culture:

n; GZCC, Guizhou Culture Collection;
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Morphological

characters
alni
Asexual morph Undetermined
Sexual morph
Ascomata 160-250 x
130-200pm
Immersed to
semi-immersed
Globose to
subglobose
Papilla Noinformation
Ostiole +
Asci 71-89 x 8-10pm
8-spored +
Cylindric-clavate
Rounded at the apex
with a minute ocular
chamber
Ascospores 9-22 x 3-4pm
Hyaline +

Fusiform to
eylindrical or
ellipsoidal-fusiform

3-septate +

Mucilaginous sheath -+

Countries/host ~Germany, Alnus
glutinosa

References Tibpromma et al.
(2017)

+, present; -, abs

A. arezzoensis

Undetermined

169-234 x 166-245um

Immersed to erumpent

Subglobose

+
67-95 x 10-15pm

+

Broadly cylindrical to
cylindric-clavate

Rounded at the apex with a
poorly develop ocular
chamber

19-21 x 5-6um

e

+
Italy, Salvia sp.

Tibpromma et al. (2017)

A. lonicerae

Undetermined

193-203 x 170-220 pm

Semi-immersed to

erumpent
Globose to subglobose
No information

¥

55-81x 9-13um

¥

Cylindrical

Rounded at the apex with a

minute ocular chamber

19-25 x 4-7um
+

1-3-septate

+

Italy, Lonicera sp.

Tibpromma et al. (2017)

Species name

A. populi (holotype)
Hyphomycetous
125-175 x 100-120pm

Immersed to

semi-immersed becoming

erumpent
Globose to subglobose
4

4

80-95 x 9.5-13pum

4

Cylindrical to

cylindric-clavate
Rounded at the apex with

an ocular chamber

19-22 x 32-5.5m
Hyaline, becoming ocher
brown at maturity
Fusiform to cylindrical or

ellipsoidal-fusiform

1-3-septate

+
Italy, Populus sp.

Thambugala et al. (2015)

A. populi (new record)
Undetermined
100-165 x 100-120 pm

Immersed

Globose to subglobose

80-105 x 9-15pm
o
Cyl

drical to eylindric-clavate

Well-developed ocular chamber.

20-23 x 4-6pm
s

L-septate at the center

China, Magnolia grandiflora

“This study

A. premilcurensis
Undetermined
231-238 x 290-311 um

Immersed

Globose to subglobose

+
64-93 x 11-15pm
+

A. sylvatica
Undetermined
180-260 x 150-200 pm

Immersed to

semi-immersed

Globose to subglobose

+
95110 x 8-12 pum
g

Cylindrical to cylindric- clavate Cylindric-clavate

Rounded at the apex with ocular Rounded at the apex

chamber

19-23 x 4-7um
i

I-septate

+
taly, Carpinus betulus

Tibpromma et al. (2017)

21-25 x 4-5um
+

I-septate with 2
pseudosepta
+

Italy, Fagus sylvatica

Hyde etal. (2019)
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Taxon and
typification

P. hederae (holotype)

P. hederae (reference

collection)

P. platan (holotype)

P. rosae (holotype)

P. qujingensis (holotype)

P. magnoliae (holotype)

Conidiomata

80-110m high,
100-140 um
130-170 jum high,
180-270pm

100-320 um high,
150-300 pm

60-100m high,
120-200pm

100-300 um high,
100-150 jm
100-145 um high,
80-105m

Conidiogenous cell

8-10 x 1.5-25um

3-5x 2-5pm

15-3 x 15

5 pm

1-3 x 1-2.5m

6-11 x 2-5pm

12-17 x 3-6pm

Conidia

9-11 x 3-4.5um,

2-4-transverse septate

10-13, 3-4pm,

3-transverse septate

12-13 x
5-7.5pm, 3-4-transverse

septate, rarely 1

longitudinal septa
8-10 x 3.5-4.5pum,
3-transverse septate, 1
longitudinal septum

10-14 x 3-6pm

13-17 x 4-6 pm

Host/locality

Hedera helix/ Germany

Cyeas
(Cycadaceac)/Yunnan,
China

Platanus sp./Guizhou,

China

Rosa sp./The UK

Magnolia grandifloral
Yunnan, China
Magnolia grandifloral

Yunnan, China

References

Wijayawardene et al.
(2015)
Phookamsak et al. (2019)

Wijayawardene et al.
(2015)

Wanasinghe etal. (2018)

“This study

This study
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Pathogen

Cofructicola

Cofructicola

Cofructicola

Cofructicola
Cofructicola
Co.fructicola
Cofructicola
Cofructicola
Cofructicola

Co. glocosporioides

Co. glocosporioides

Co. glocosporioides

Co. higginsianum

Co.lindemuthianum
Co. orbiculare

Co. siamense

Co. scovillei

Host

Oil tea (Ca. oleifera)

Oil tea (Ca. oleifera)

Oil tea (Ca. oleifera)

Oil tea (Ca. oleifera)

Oil tea (Ca. oleifera)

Oil tea (Ca. oleifera)

Apple (Gala variety)

Apple

Strawberry (Fragaria
xananassa Duch)
Cunninghamia lanceolata,
Populus x euramericanacy.
“Nanlin895” and Liriodendron
chinensis x tulipifera

Avocado

Stylosanthesguianensis

Arabidopsis thaliana

Bean (Phascolusvulgaris)

Cucumber and Nicotiana

benthamiana

Rosa chinensis

Piper nigrum

Gene name

STES0

Cfvam7

CVps39

CfHacl

CfGens

CfGens

CIPMKI

Cfstel2

fshyl

CeCreA

CeMEK1
CgDN3

ChELPI and

ChELP2

CIHI

CoNIS1

CsBeipl0

CsHOXI- CsHOX10

Describes

A scaffold protein that mediates vegetative growth,
asexual reproduction, appressorium formation,
pathogenicity and the response to external stress

A SNARE protein that mediates growth, endoplasmic
reticulum stress response, and pathogenicity

A HOPS protein that mediates appressorium
formation, environmental stress response and vacuolar
fusion

A transeription factor that mediates growth and
pathogenesis

An enzyme that mediates growth, development, and
pathogenicity

A key component of the AMPK (AMP-activated
protein kinase) pathway

A MAP kinase that mediates pathogenesis,
development, and stress tolerance

A transeription factor that mediates early apple
glomerella leaf spot pathogenesis

An effector interfering with salicylic acid accumulation

A transeription factor that mediates cell wall integrity

and infection-related morphogenesis

A MAP kinase that mediates pathogenesis
A pathogenicity protein associated with the biotrophic
phase of primary infection and required to averta
hypersensitive-like response by a compatible host

an effector containing LysM motifs which play dual
roles in appressorial function and suppression of
chitin-triggered plant immunity

An effector containing LysM motifs which may
function in chitin sequestration and camouflage

An effector suppresses PAMP-triggered immunity by
targeting plant immune kinases

A transeription factor that mediates vegetative growth,

asexual development, appressorium formation and

pathogenicity
transeription factors that mediate fungal development

and the suppression of host defense
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TABLE 2 Application rate of different sources of fertilizers applied on 10
July and 10 September 2019 to tissue culture ‘Meeker' red raspberry
plants grown in a greenhouse, WA, United States in 2019.

Treatment Application rate
N (kgha™) P,0s K.0
(kgha™) (kgha™)
Conventional 53 37 36
Organic 53 37 36

Fertilizer control 5 37 36
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(A)

Fertilizer product Fertilizer analysis Description
Nitrogen 46:0-0 Prilled nitrogen
Phosphate 0450 Available phosphate P.O;
Potash 0060 Available potash K.O

Organic iquid fertilizer derived from digested plant materials

(B)

Bioinocula Mycorrhizal fungi species Spore density (spores g Application method and
inoculum™) rate

Glomus aggregatum N.C. Schenck and
George S. Smith, G. etunicatum WN.
Becker and Gerd, G. clarum Nicol. and
Smith, G. deserticola Trappe etal. G.
intraradices N.C. Schenck and George S.
Mix1 Minimum 165° 10cm’ layered in middle of Deepot
Smith, G. monosporus Gerd. and Trappe,
G. mosseae (Nicol. and Gerd) Gerd. and
“Trappe, Gigaspora margarita WN. Becker
and LR. Hall, and Paraglomus brasilianun
(Blaszk.) C. Renker Blaszk. and F. Buscot

G. intraradices, G. mosseae, G. aggregatum,
Mix2 132 Rootdip in 0.6 gL~ solution for 55
and G. etunicatum

Rhizophagus intraradices (N.C. Schenck
Mix3, 300 10cm’ layered in middle of Deepot
and G.S. Sm.) C. Walker and A. Schiissler

44em’ raspberry feld soil layered in

Raspberry farm inoculum (RFI) Not characterized 2502
middle of Deepot

Spore densityas reported on the product label.
Whitney, 2021, Data are means + SE (standard error; n=5).
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Pestalotiopsis
cangshanen-
sis

P. pini

P. clavata

P. rhododen-
dri

P. lushanen-
sis

P. fusoidea

Conidial size References

18-23 x 6-8 pm This study

23-25 x 7-8 um Silva et al., 2020

20-27 x 7-8 pm Maharachchikumbura et al., 2012
24-26 x 6-7 pm Zhang et al., 2013

20-27 x 8-10 pm Liu et al., 2017

22-26 X 6-7 pm This study
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References

Pestalotiopsis
appendicu-
lata

P. linearis

P. interme-
dia

19-24 x 5-6 pm

24-33 x 5-6 pm
24-28 x 6-7 pm

This study

Maharachchikumbura et al., 2012
Maharachchikumbura et al., 2012
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Pestalotiopsis trachicarpicola CGMCC 3.23547

Pestalotiopsis unicolor MFLUCC 12-0275
Pestalotiopsis unicolor MFLUCC 12-0276
Pestalotiopsis verruculosa MFLUCC 12-0274
Pestalotiopsis yanglingensis LC3067
Pestalotiopsis yanglingensis LC4553
Pseudopestalotiopsis cocos CBS 272.29
Neopestalotiopsis protearum CBS 114178

The newly generated sequences are in bold. “-” represent the sequences are unavailable.

0OP082432
1X398998
JX398999
JX398996
KX894949
KX895012
KM199378
JN712498

OP185515
1X399063
1X399063
JX399061
KX895166
KX895231
KM199553
LT853201

OP185522
JX399029
JX399030
KX895281
KX895345
KM199467
KM199463

This study
Maharachchikumbura et al., 2012
Maharachchikumbura et al., 2012
Maharachchikumbura et al., 2012
Liuetal, 2017

Liuetal, 2017
Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2014
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Pestalotiopsis nanjingensis
Pestalotiopsis nanningensis
Pestalotiopsis nanningensis
Pestalotiopsis nanningensis
Pestalotiopsis neglecta
Pestalotiopsis neolitseae
Pestalotiopsis neolitseae
Pestalotiopsis neolitseae
Pestalotiopsis novae-hollandiae
Pestalotiopsis oryzae
Pestalotiopsis oryzae
Pestalotiopsis pallidotheae
Pestalotiopsis pandanicola
Pestalotiopsis papuana
Pestalotiopsis papuana
Pestalotiopsis papuana
Pestalotiopsis parva
Pestalotiopsis parva
Pestalotiopsis photinicola
Pestalotiopsis pini
Pestalotiopsis pini
Pestalotiopsis pini
Pestalotiopsis pini
Pestalotiopsis pinicola
Pestalotiopsis pinicola
Pestalotiopsis portugalica
Pestalotiopsis portugalica
Pestalotiopsis rhizophorae
Pestalotiopsis rhizophorae
Pestalotiopsis rhododendri
Pestalotiopsis rhodomyrtus
Pestalotiopsis rhodomyrtus
Pestalotiopsis rosea
Pestalotiopsis rosarioides
Pestalotiopsis scoparia
Pestalotiopsis sequoiae
Pestalotiopsis shandongensis
Pestalotiopsis shorea

Pestalotiopsis spathulata

Pestalotiopsis spathuliappendiculata

Pestalotiopsis suae
Pestalotiopsis telopeae
Pestalotiopsis telopeae
Pestalotiopsis telopeae
Pestalotiopsis terricola
Pestalotiopsis thailandica
Pestalotiopsis thailandica

Pestalotiopsis trachicarpicola

LHNJ 04

LHGX 10

LHGX 11

LHGX 12
TAP1100

NTUCC 17-011
NTUCC 17-012
KUMCC 19-0243
CBS 130973

CBS 111522

CBS 353.69

MAFF 240993
MFLUCC 16-0255
CBS 331.96

CBS 887.96

MFLU 19-2764
CBS 265.37

CBS 278.35

GZCC 16-0028
CBS 146841

CBS 146840

CBS 146842
MEAN 1167
KUMCC 19-0203
KUMCC 19-0183
CBS 393.48
LC2929

MFLUCC 17-0416
MFLUCC 17-0417
OP086

LC3413

LC4458

MFLUCC 12-0258
CGMCC 3.23549
CBS 176.25
MFLUCC 13-0399
KUMCC 19 0241
MFLUCC 12-0314
CBS 356.86

CBS 144035
CGMCC 3.23546
CBS 113606

CBS 114137

CBS 114161

CBS 141.69
MFLUCC 17-1616
MFLUCC 17-1617
OP068

OK493604
0K493596
0K493597
0OK493598
AB482220
MH809383
MH809384
MN625276
NR147557
KM199294
KM199299
NR111022
MH388361
KM199321
KM199318
KM199312
MH855675
KY092404
MT374681
MT374680
MT374682
MT374689
MN412637
MN412636
KM199335
KX894921
MK764283
MK764284
KC537804
KX894981
KX895010
JX399005
0P082430
KM199330
KX572339
MN625275
KJ503811
NR147558
MH554172
0OP082428
KM199295
KM199301
KM199296
MH554004
MK764285
MK764286
JQ845947

OK507974
OK507966
OK507967
OK507968
LC311600
MH809391
MH809392
MNG626741
KM199511
KM199493
KM199496
LC311585
MH388396
KM199491
KM199492
MW192204
KM199508
KM199509
KY047662
MT374694
MT374693
MT374695
MT374701
MN417510
MN417509
KM199510
KX895138
MK764327
MK764328
KC537811
KX895198
KX895228
1X399069
OP185513
KM199478
MNG626740
KJ503817
KM199513
MH554607
OP185514
KM199498
KM199559
KM199500
MH554438
MK764329
MK764330
JQ845946

OK562379
OK562371
OK562372
OK562373
LC311599
MH809387
MH809388
MN626730
KM199425
KM199394
KM199398
LC311584
MH412723
KM199413
KM199415
MW296942
KM199404
KM199405
KY047663
MT374706
MT374705
MT374707
MT374714
MN417508
MN417507
KM199422
KX895253
MK764349
MK764350
KC537818
KX895313
KX895342
JX399036
OP185520
KM199393
MN626729
KJ503814
KM199423
MH554845
OP185521
KM199402
KM199469
KM199403
MH554680
MK764351
MK764352
JQ845945

Lietal, 2021

Lietal, 2021

Lietal, 2021

Lietal, 2021

Watanabe et al., 2018
Ariyawansa and Hyde, 2018
Ariyawansa and Hyde, 2018
Ariyawansa and Hyde, 2018
Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2014
Watanabe et al., 2010
Tibpromma et al., 2018
Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2014

Maharachchikumbura et al., 2014

Maharachchikumbura et al., 2014
Chenetal,, 2017

Silva et al., 2020

Silva et al., 2020

Silva et al., 2020

Silva et al., 2020

Tibpromma et al., 2019
Tibpromma et al., 2019
Maharachchikumbura et al., 2014
Liu etal, 2017

Norphanphoun et al., 2019
Norphanphoun et al., 2019
Zhang et al., 2013

Liuetal, 2017

Liuetal, 2017
Maharachchikumbura et al., 2012
This study
Maharachchikumbura et al., 2014
Hyde et al,, 2016
Maharachchikumbura et al., 2014
Song et al., 2014
Maharachchikumbura et al., 2014
Liuetal, 2019
This study
Maharachchikumbura et al., 2014

Maharachchikumbura et al., 2014

Maharachchikumbura et al., 2014
Liuetal, 2019

Norphanphoun et al., 2019
Norphanphoun et al., 2019
Zhang et al., 2012b





OPS/images/fmicb-13-1016285/inline_2.gif





OPS/images/fmicb-13-1016782/fmicb-13-1016782-t001a.jpg
Pestalotiopsis endophytic
Pestalotiopsis endophytic
Pestalotiopsis ericacearum
Pestalotiopsis etonensis
Pestalotiopsis formosana
Pestalotiopsis formosana
Pestalotiopsis furcata
Pestalotiopsis furcata
Pestalotiopsis fusoidea
Pestalotiopsis gaultheri
Pestalotiopsis gibbosa
Pestalotiopsis grevilleae
Pestalotiopsis hawaiiensis
Pestalotiopsis hispanica
Pestalotiopsis hollandica
Pestalotiopsis humus
Pestalotiopsis hunanensis
Pestalotiopsis hunanensis
Pestalotiopsis hunanensis
Pestalotiopsis hydei
Pestalotiopsis iberica
Pestalotiopsis iberica
Pestalotiopsis iberica
Pestalotiopsis inflexa
Pestalotiopsis intermedia
Pestalotiopsis italiana
Pestalotiopsis jesteri
Pestalotiopsis jiangxiensis
Pestalotiopsis jinchanghensis
Pestalotiopsis jinchanghensis
Pestalotiopsis kandelicola
Pestalotiopsis kandelicola
Pestalotiopsis kaki
Pestalotiopsis kenyana
Pestalotiopsis krabiensis
Pestalotiopsis knightiae
Pestalotiopsis knightiae
Pestalotiopsis leucadendri
Pestalotiopsis licualacola
Pestalotiopsis linearis
Pestalotiopsis lushanensis
Pestalotiopsis lushanensis
Pestalotiopsis macadamiae
Pestalotiopsis malayana
Pestalotiopsis monochaeta
Pestalotiopsis monochaeta
Pestalotiopsis montellica
Pestalotiopsis nanjingensis

Pestalotiopsis nanjingensis

MELUCC 20-0142
MFLUCC 18-0946
IFRDCC 2439
BRIP 66615
NTUCC 17-009
NTUCC 17-010
LC6303

MFLUCC 12-0054
CGMCC 3.23545
IFRD 411-014
NOF 3175

CBS 114127

CBS 114491

CBS 115391

CBS 265.33

CBS 336.97

LHXT 15

LHXT 18

LHXT 19
MFLUCC 20-0135
CAA 1004

CAA 1005

CAA 1006
MFLUCC 12-0270
MFLUCC 12-0259
MFLUCC 12-0657
CBS 109350
LC4399

LCe636

LC8190

NCYUCC 19-0355
NCYUCC 19-0354
KNU-PT-1804
CBS 442.67
MFLUCC 16-0260
CBS 114138

CBS 111963

CBS 121417
HGUP 4057
MFLUCC 12-0271
LC4344

LC8182

BRIP 63738b

CBS 102220

CBS 144.97

CBS 440.83
MFLUCC 12-0279
LHNJ 16

LHNJ 20

MW263948
MW263947
KC537807
MK966339
MH809381
MH809382
KX895016
JQ683724
0P082427
KC537805
LC311589
KM199300
NR147559
MH553981
NR147555
KM199317
OK493599
OK493600
OK493601
NR 172003
MW?732250
MW732248
MW732249
JX399008
JX398993
KP781878
KM199380
KX895009
KX895028
KY464144
MT560722
MT560723
LC552953
M199302
MH388360
M199310
M199311
MH553987
KC492509
X398994
KX895005
Y464136
X186588
NR147550
KM199327
KM199329
JX399012
OK493602
OK493603

MW?729384
KC53784
MK97765
MH809389
MH809390
KX895235
JQ683740
OP185512
KC537812
LC311591
KM199504
KM199514
MH554399
KM199481
KM199484
OK507969
OK507970
0K507971
MW251113
MW?759038
MW?759037
MW?759039
JX399072
JX399059
KP781881
KM199554
KX895227
KX895247
KY464154
MT563101
MT563102
LC553555
M199502
MH388395
M199497
M199495
MH554412
KC481684
X399060
KX895223
Y464146
X186620
M199482
KM199479
KM199480

X399076
OK507972
0OK507973

KC537821
MK977634
MHB809385
MHB809386
KX895349
JQ683708
OP185519
KC537819
LC311590
KM199407
KM199428
MH554640
KM199388
KM199420
OK562374
OK562375
OK562376
MW251112
MW759034
MW759035
MW759036
JX399039
JX399028
KP781882
KM199468
KX895341
KX895361
KY464164
MT563099
MT563100
LC552954
KM199395
MH412722
KM199408
KM199406
MH554654
KC481683
JX399027
KX895337
KY464156
KX186680
KM199411
KM199386
KM199387
JX399043
OK562377
OK562378

De Silva et al., 2021

De Silva et al., 2021
Zhangetal., 2013

Crous et al., 2020
Ariyawansa et al., 2015
Ariyawansa et al,, 2015
Liu et al, 2017
Maharachchikumbura et al
This study
Maharachchikumbura et al
Watanabe et al., 2018
Maharachchikumbura et al
Maharachchikumbura et al
Liuetal, 2019

Maharachchikumbura et al

Maharachchikumbura et al
Li etal., 2021

Lietal, 2021

Lietal, 2021

Huanaluek et al., 2021
Monteiro et al., 2022
Monteiro et al., 2022
Monteiro et al., 2022

,, 2013

., 2014

., 2014
., 2014

., 2014
., 2014

Maharachchikumbura et al., 2012

Maharachchikumbura et al., 2012

Liuetal, 2015

Maharachchikumbura et al., 2014

Liuetal, 2017
Liuetal, 2017
Liuetal, 2017
Hyde et al.,, 2020
Hyde et al., 2020
Das et al., 2020

Maharachchikumbura et al., 2014

Tibpromma et al., 2018

Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2014

Liuetal, 2019
Gengetal,, 2013

Maharachchikumbura et al., 2012

Liuetal, 2017
Liuetal, 2017
Akinsanmi et al,, 2017

Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2014
Maharachchikumbura et al., 2012

Lietal, 2021
Lietal., 2021
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Taxa Strain GenBank accession no. Reterences

ITS TEF1-o TUB
Pestalotiopsis adusta ICMP 6088 AF409957 JX399070 JX399037 Maharachchikumbura et al., 2012
Pestalotiopsis adusta MFLUCC 10-0146 JX399007 JX399071 JX399038 Maharachchikumbura et al., 2012
Pestalotiopsis aggestorum LC6301 KX895015 KX895234 KX895348 Liu etal,, 2017
Pestalotiopsis aggestorum LC8186 KY464140 KY464150 KY464160 Liu etal,, 2017
Pestalotiopsis anacardiacearum IFRDCC 2397 KC247154 KC247156 KC247155 Maharachchikumbura et al., 2013
Pestalotiopsis anacardiacearum HN37-4 - MK512485 MK360932 Shu et al., 2020
Pestalotiopsis anacardiacearum YB41-2 - MK512486 MK360933 Shu et al., 2020
Pestalotiopsis anacardiacearum FY10-12 - MK512484 MK360931 Shu et al., 2020
Pestalotiopsis appendiculata CGMCC 3.23550 OP082431 OP185509 OP185516 This study
Pestalotiopsis arceuthobii CBS 434.65 NR147561 KM199516 KM199427 Maharachchikumbura et al., 2014
Pestalotiopsis arengae CBS 331.92 NR147560 KM199515 KM199426 Maharachchikumbura et al., 2014
Pestalotiopsis australasiae CBS 114126 NR147546 KM199499 KM199409 Maharachchikumbura et al., 2014
Pestalotiopsis australasiae CBS 114141 KM199298 KM199501 KM199410 Maharachchikumbura et al., 2014
Pestalotiopsis australis CBS 111503 KM199331 KM199557 KM199382 Maharachchikumbura et al., 2014
Pestalotiopsis australis CBS 114193 KM199332 KM199475 KM199383 Maharachchikumbura et al., 2014
Pestalotiopsis biciliata CBS 124463 KM199308 KM199505 KM199399 Maharachchikumbura et al., 2014
Pestalotiopsis biciliata CBS 236.38 KM199309 KM199506 KM199401 Maharachchikumbura et al., 2014
Pestalotiopsis biciliata CBS 790.68 KM199305 KM199507 KM199400 Maharachchikumbura et al., 2014
Pestalotiopsis brachiata LC2988 KX894933 KX895150 KX895265 Liu etal., 2017
Pestalotiopsis brachiata LC8188 KY464142 KY464152 KY464162 Liuetal, 2017
Pestalotiopsis brassicae CBS 170.26 KM199379 KM199558 - Maharachchikumbura et al., 2014
Pestalotiopsis camelliae CBS 443.62 KM199336 KM199512 KM199424 Maharachchikumbura et al., 2014
Pestalotiopsis camelliae MFLUCC 12-0277 NR120188 JX399074 JX399041 Zhang et al,, 2012a
Pestalotiopsis camelliae-oleiferae LHLKD 08 OK493593 OK507963 OK562368 Lietal, 2021
Pestalotiopsis camelliae-oleiferae LHLKD 09 OK493594 OK507964 OK562369 Lietal, 2021
Pestalotiopsis camelliae-oleiferae LHLKD 10 0OK493595 0OK507965 OK562370 Lietal, 2021
Pestalotiopsis cangshanensis CGMCC 3.23544 OP082426 OP185510 OP185517 This study
Pestalotiopsis chamaeropis CBS 113607 KM199325 KM199472 KM199390 Maharachchikumbura et al., 2014
Pestalotiopsis chamaeropis CBS 186.71 KM199326 KM199473 KM199391 Maharachchikumbura et al,, 2014
Pestalotiopsis clavata MFLUCC 12-0268 JX398990 JX399056 JX399025 Maharachchikumbura et al., 2012
Pestalotiopsis colombiensis CBS 118553 NR147551 KM199488 KM199421 Maharachchikumbura et al., 2014
Pestalotiopsis daliensis CGMCC 3.23548 OP082429 OP185511 OP185518 This study
Pestalotiopsis digitalis ICMP 5434 KP781879 - KP781883 Maharachchikumbura et al,, 2016
Pestalotiopsis diploclisiae CBS 115585 KM199315 KM199483 KM199417 Maharachchikumbura et al,, 2014
Pestalotiopsis diploclisiae CBS 115587 KM199320 KM199486 KM199419 Maharachchikumbura et al., 2014
Pestalotiopsis diploclisiae CBS 115449 KM199314 KM199485 KM199416 Maharachchikumbura et al., 2014
Pestalotiopsis disseminata CBS 118552 MH553986 MH554410 MH554652 Liu etal,, 2019
Pestalotiopsis disseminata CBS 143904 MH554152 MH554587 MH554825 Liu etal,, 2019
Pestalotiopsis disseminata CPC 29351 MH554166 MH554601 MH554839 Liu et al,, 2019
Pestalotiopsis distincta L1C3232 KX894961 KX895178 KX895293 Liu etal., 2017
Pestalotiopsis distincta LC8184 KY464138 KY464148 KY464158 Liuetal, 2017
Pestalotiopsis diversiseta MFLUCC 12-0287 JX399009 JX399073 JX399040 Maharachchikumbura et al., 2012
Pestalotiopsis doitungensis MFLUCC 14-0090 MK993573 MK975831 MK975836 Maetal, 2019
Pestalotiopsis dracaenae HGUP4037 MT596515 MT598644 MT598645 Ariyawansa et al., 2015
Pestalotiopsis dracaenicola MFLUCC 18-0913 MN962731 - - Chaiwan et al,, 2020
Pestalotiopsis dracaenicola MFLUCC 18-0914 MN962734 - - Chaiwan et al., 2020
Pestalotiopsis dracontomelon MFLUCC 10-0149 KP781877 KP781880 - Maharachchikumbura et al,, 2016

Pestalotiopsis endophytic MFLUCC 18-0932 NR 172439 MW417119 - De Silva et al., 2021
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Montagnula Species

M. acaciae

M. aloes

M. appendiculata
M. bellevaliae

M. camporesii
M. chiangraiensis
M. chromolaenae
M. chromolaenicola
M. cirsii

M. donacina

M. graminicola
M. jonesii

M. jonesii

M. krabiensis

M. opulenta

M. puerensis

M. saikhuensis
M. scabiosae

M. thailandica

Ascomata

140-180 x 150-200
450 diam.

100-200

100-120 x 150-175
200-250 x 300-350
150-220 x 200-230
170-175 x 170-190
300-320 x 215-310
385-415 x 510-525
37-117.22

325-350 x 300-325
150-200 x 175-275
140-160 x 150-170
400-1200

300-600 x 230-380
400-450 x 400-500
300-320 x 300-360
405-415 x 330-350

Size (jum)

Asci

50-90 x 8-10
110-250 x 20-30
70-100 x 9-12
80-120 x 10-15
60-75 x 8-11
85-105 x 9-15
80-100 x 10-13
84.5-119.5 x 10.5-13.5
50-132 x 8-13
72-95 x 9-13
60-72 x 8-10
70-125 x 15-20
92 x 11

70-100 x 10-12
110-130 x 14-20
80-100 x 9-15

Ascospores

10-15 x 4-7
33-36 x 13-14
12-15 x 4-5
15-18 x 5-6
18-25 x 5-8
11-15 x 4-6
15-16.5 % 5-6
15-17 X 5-6.5
18-23.5 x 6.5-95
12-17 x4-65
9.8-13 x 3.8-55
14-16 x5-6
13.5-16 x 4.5-5.5
55-32 x 6-7
19-25 x9-13
146

12-16 x 4-6
20-23x 7-9
14-17 x 45-7.5

Septa

Host

Acacia auriculiformis
Aloe sp.

Zeamays

Bellevalia romana
Dipsacus sp.
Chromolacna odorata
Chromolaena odorata
Chromolaena odorata
Cirsium sp.

Arundo donax

Grass sp.

Fagus sylvatica

Ficus benjamina
Pandanus sp.
Opuntia sp.

Acersp.

Citrus sp.

Scabiosa sp.

Chromolaena odorata

References

This study
Crous etal, 2012
Aptroot, 2004
Hongsanan etal,, 2015
Hyde etal, 2020b
Mapook etal., 2020
Mapook etal., 2020
Mapook etal,, 2020
Hyde etal, 2016
Aptroot, 1995

Liuetal, 2015
Tennakoon etal, 2016
‘This study

‘Tibpromma et al,, 2018
Aptroot, 1995

Duetal, 2021
Wanasinghe etal., 2016
Hongsanan et al,, 2015
Mapook et al., 2020
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Species

Laburnicola muriformis
L. muriformis

Spega
Spegazzinia sp.

inia sp.

5. bromeliacearum

S. cameliae

S. deightonii
S. deightonii
S. deightonii
S. deightonii
S. deightonii
S. intermedia
S. lobulata

S. musae

S. neosundara

. neosundara

S. radermacherae
S. tessarthra
S. tessarthra
S. tessarthra
S. tessarthra
S. tessarthra

S. tessarthra

The newly generated sequences

Strain/voucher No.

MFLUCC 160290
MFLUCC 14-0921
yone 279

cLis

URM 8084

CMU 328

yone 212
MFLUCC 20-0002
Yone 66

yone 66

MFLUCC 18-1625
CBS 249.89

CBS 361.58
MFLUCC 20-0001
MFLUCC 15-0456
MELUCC 13-0211
MFLUCC 17-2285
SH 287

NRRL 54913
ASV319

MFLUCC 17-2249
MELUCC 18-1624
12H0104

re shown in bold black.

LSU

KU743198
KU743201
ABS07583
AY234948
MK809513
MH734521
ABS07582
MN956772
ABS07581
ABS07581
ON117309
MHS873861
MHS69344
MN930514
KX954397
MH040812
NG_066308
ABS07584

MH071197
ON117308

GenBank accession No.

SSU

KU743199
KU743202
AB797293
MH734523
AB797292
MN956770
AB797291
AB797291
ON117273

MN930513
KX986341
MHO040811
MK347848
AB797294

MH071192
ON117272

ITS

KU743197
KU743200

MK804501
MH734522
MN956768
ON117291
MHS$62171
MHS$57812
MN930512
KX965728
MH040810
NR_163331
JQ673429
MN898233
MHO071193
ON117290
KT385776

tefl-o

ABS08559
MH734524
ABS08558
MN927133
ABS08557
ON158097
MN927132
MH055460
MK360088
ABS08560

ON158096
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1. Gloeocystidia present
1. Cystidia absent
2. Basidi

with 2, 3 sterigmata

2. Basidia with 4 sterigmata

3. Basidia sterigmata > 5 um in length
3. Basidia sterigmata < 5 um in length
4. Basidiospores > 5pum in length

4. Basidiospores < 5pum in length

5. Basidiospores > 4 yum in width

5. Basidiospores < 4 jm in width

6. Basidiospores globose

6. Basidiospores ellipsoid

7. Basidia < 6 um in width

7. Basidia > 6 um in width

8. Growth on dead angiosperm

8. Growth on the trunk of gymnosperm
9. Basidiospores < 2um in width

9. Basidiospores > 2 jum in width

10. Hymenial margin with fimbriae

10. Hymenial margin without fimbriae
11 Hymenial surface arachnoid or byssoid
11, Hymenial surface smooth

12. Basidiospores subglobose to globose
12. Basidiospores ellipsoid to subcylindrical
13. Basidiospores thick-walled

13. Basidiospores thin-walled

14. Hymenial surface clay-pink to saffron

14. Hymenial surface white to grayi

15. Generative hyphae thick-walled, unbranched

15. Generative hyphae thin-walled, branched
16. Hymenial surface gossypine to byssaceous
16. Hymenial surface pruinose to farinaceous

17. Generative hyphae thick-walled

17. Generative hyphae thin-walled
18. Hymenial surface gray to black

18. Hymenial surface clay-buff to cinnamon
19. Growth on palm

19. Growth on other plant

20. Growth on the bark of magnolia

20. Growth on other wood

21. Basidiospores slightly thick-walled
21. Basidiospores thin-walled

22. Basidia barrel-shaped

22. Basidia cylindrical

23. Basidiomata ochreous

23. Basidiomata white to gray

24. Basidiospores > 3 um in width

24. Basidiospores < 3um in width

or cream to buff

X. inopinata
2

X. bicornis
3

X. nasti

X. ardosiaca

7

X. vaga

8

X. caricis-pendulac
X. christiansenii
X. athelioidea

10

X. romellii

11

X. borealis

X. insperata

13

17

X. globigera

14

X. wuliangshanensis
15

X. xinpingensis
16

X. gossypina

X. ailaoshanensis
18

19

X. nigroidea

X. rhizomorpha
X. palmicola

20

X. cinnamomea
21

X. alnicola

2

X. tenuis

2

X. odontioidea
2

X.fibrillosa

X. subflavidogrisea
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Isolate Host

BI-1-1 Peach
BJI-3-1 Peach
B2-3-1 Nectarine
B2-4-2 Nectarine
Bj27-1 Peach
B2-8-1 Nectarine
B3-4-1 Nectarine
CQBBI-2-1 Peach
CQBNI-1-1-3 Peach
CQHCI-12-1-1 Peach
CQHC1-3-1-1 Peach
CQHC2-4-12 Peach
CQHC2-4-1-4 Peach
CQHC2-4-15 Peach
CQSPB33 Peach
CQINI-3-1-1 Peach
CQINI-3-2:2 Peach
CQYCI-1-1-2 Peach
cQvez2-22 Peach
CQYC2-4-2 Peach
CQYC3-4-1-1 Peach
GDLCI-3-1 Peach
GDLCI-6-1 Peach
GDLCI-1-1 Peach
GDLCI-2-1 Peach
GDLCI-4-1 Peach
GDLCI-5-1 Peach
GXGLI-2-1 Peach
GXGL2-11-3 Nectarine
GXGLA-1-1 Peach
GXGL4-5-1 Peach
GXGLI-1-1 Peach
GZIRI-1-1 Peach
GZTRI-2-1 Peach
GZIRI-3-1 Peach
GZIRI-17-1 Peach
GZTRI-4-1 Peach
GZTRI-4-2 Peach
HBSJZ1-1-1 Peach
HBSJZ1-16-1 Peach
HBSJZ1-3-1 Peach
HBSJZ1-2-1 Peach
HBSJZ1-9-1 Peach
HBSJZ1-4-1 Peach
HBSZ1-6-1 Peach
HBSZ2-11-1 Peach
HBSZ2-3-1 Peach
HBSZ3-5-3 Peach
HBSZ5-8-3 Peach
HBXG1-1-1 Peach
HBXG1-3-1 Peach
HBXG2-19-1 Peach
HBXG2-19-2 Peach
HBXG2-23-1 Peach
HBXG3-11-1 Peach
HBXG3-6-1 Peach
HBXTI-10-1 Peach
HBYB1-2-1 Peach
HZAUMP1-2-1 Peach
HZAU13-5-1 Peach
HZAU3-2-2 Peach
HZAU3-3-1 Peach
HZAUS-1-1 Peach
HZAUS-1-2 Peach
HZAUG-2-1 Peach
HZAUS-1-2 Peach
HNJZI-1-1-1 Peach
HNJZ1-3-1 Peach
HNXZ1-3-1 Peach
HNXZ2-1-1 Peach
HNZMD1-3-1 Peach
JSNJ1-3-1 Peach
155Q2-4-1 Peach
J95Q3-2-1 Peach
J55Q4-1-1 Nectarine
J55Q5-1-1 Peach
J$5Q6-1-1 Nectarine
J55Q7-3-1 Peach
SCCD1-23 Peach
SCCDI-4-3 Peach

D3-1-2 Nectarine

SCCDA-1-2 Peach
SCCDS-1-2 Peach
D622 Peach
SCCD8-1-2 Peach
SCIYI-1-1 Peach
SCIY1-7-2 Peach
SCIY2-1-1 Peach
SDLX1-10-2 Peach
SDLXI-1-3 Nectarine
SDLX1-7-2 Peach
SDLY1-1-1 Peach
SDLY1-4-1 Peach
SDLY1-6-1 Peach
SDQDI-1-4 Peach
SDQD1-5-2 Peach
SDQD1-6-3 Peach
SDTAI-1-2 Peach
SDTA2-10-1 Peach
SDTA2-5-3 Peach
SDWFI-1-2 Peach
SDWFI-5-4 Peach
SDWE2-4-1 Peach
SXXAL-1-1 Nectarine
SXXAL-3-1 Nectarine
XAL10-1 Nectarine
SXXAL-2-1 Nectarine
SXXAL-$-1 Nectarine
SXXA2-1-1 Peach
YNKMI-2-1 Peach
YNKMI-2-2 Peach
YNKMI-2-3 Peach
YNKMI-4-1 Peach
YNKMI-5-1 Peach
ZJHZ10-1-1 Peach
ZJHZ1-1-1 Peach
ZJHZ11-4 Peach
ZJHZ1-2-2 Peach
ZJHZ12-2-1 Peach
ZJHZ13-2-1 Nectarine
ZJHZ1-4-1 Peach
ZJHZ14-1-1 Peach
ZJHZ14-1-2 Peach
2JHZ15-2-1 Nectarine
ZJHZ19-3-1 Peach
7JHZ2-2-1 Peach
2JHZ2-2-1 Peach
7JH72-2-2 Peach
2JHZ2-3-1 Peach
2JHZ2-4-3 Peach
7JHZ2-5-1 Peach
ZJHZ3-1-1 Peach
2JHZ4-2-1 Peach
7JHZ4-2-2 Peach
7JHZ5-3-1 Peach
2JHZ7-2-1 Peach
2JH77-2-3 Peach
7JHZ7-2-5 Peach
7JHZ8-2-3 Peach
ZJHZ8-3-1 Peach
2JHZ9-2-1 Nectarine
HZAUTY4-1-2 Peach
HZAUTY3-1-1 Peach
HZAUTY3-1-2 Peach
HZAUTY2-1-1 Peach
HZAUMPTY7-1-1 Peach
HZAUMPTZ6-1-1 Peach
HZAUMPTZ6-1-3 Peach
HZAUMPTZ7-1-1 Peach
HZAUMPTZ8-1-2 Peach
HZAUTZ3-1-1 Peach
HZAUTG4-1-2 Peach
HZAUTG3-1-1 Peach
HZAUTG2-1-2 Peach
HZAUTG2-1-1 Peach
HZAUTGI-1-1 Peach
HZAUMZ4-1-1 Mume.
HZAUMZ3-1-2 Mume
HZAUMZ3-1-1 Mume
HZAUMZI-1-2 Mume.
HZAUMZI-1-1 Mume
HZAUMY6-1-1 Mume
HZAUMY4-1-1 Mume
HZAUMY1-1-2 Mume
HZAUMY3-1-1 Mume
HZAUMY1-1-1 Mume.
HZAUMG6-1-1 Mume
HZAUMGA4-1-1 Mume
HZAUMG3-1-1 Mume.
HZAUMGI-1-2 Mume
HZAUMGI-1-1 Mume
HZAUXGS-1-2 Apricot
HZAUXGS-1-1 Apricot
HZAUXG3-1-2 Apricot
HZAUXG2-1-1 Apricot
HZAUXGI-1-1 Apricot
HZAUXZ5-1-2 Apricot
HZAUXZ4-12 Apricot
HZAUXZ4-1-1 Apricot
HZAUXZ1-1-1 Apricot
HZAUXY5-1-2 Apricot
HZAUXY5-1-1 Apricot
HZAUXY3-1-2 Apricot
HZAUXY2-1-1 Apricot
HZAUXY1-1-1 Apricot
HZAUXZ2-1-1 Apricot

Origin

Beijing

Beijing

Beijing

Beijing

Beijing

Beijing

Beijing

Beibei, Chongging
Hechuan, Chongging
Hechuan, Chongging
Hechuan, Chongging
Hechuan, Chongging
Hechuan, Chongging
Hechuan, Chongging
Shapinba, Chongging

Tongnan, Chong

ing
Tongnan, Chongging

‘Yongchuan, Chongging
‘Yongchuan, Chongging
‘Yongchuan, Chongging
‘Yongchuan, Chongging
Lechang, Guangdong
Lechang, Guangdong
Lechang, Guangdong
Lechang, Guangdong
Lechang, Guangdong
Lechang, Guangdong
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Tongren, Guizhou
Tongren, Guizhou
Tongren, Guizhou
Shijiazhuang, Hebei

Shijiazhuang, Hebei

Shijiazhuang, Hebei
Shijiazhuang, Hebei

Shijiazhuang, Hebei

Shijiazhuang, Hebei
Suizhou, Hubei
Suizhou, Hubei
Suizhou, Hubei
Suizhou, Hubei
Suizhou, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiantao, Hubei
Yibing, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
Jiaozuo, Henan
Jiaozuo, Henan
Xinzheng, Henan
Xinzheng, Henan
Zhumadian, Henan
Nanjin, Jiangsu

Sugian,

ngsu
Sugian, Jiangsu
Sugian, Jiangsu
Sugian, Jiangsu
Sugian, Jiangsu
Sugian, Jiangsu
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Jianyang, Sichuan
Jianyang, Sichuan
Jianyang, Sichuan
Laixi, Shandong
Laixi, Shandong
Linyi, Shandong
Lingi, Shandong
Lingi, Shandong
Linyi, Shandong
Qingdao, Shandong
Qingdao, Shandong
Qingdao, Shandong
‘Taian, Shandong
‘Taian, Shandong
‘Taian, Shandong
‘Weifang, Shandong
Weifang, Shandong
‘Weifang, Shandong
Xian, Shaanxi

Xian, Shaanxi

Xian, Shaanxi

Xian, Shaanxi

Xian, Shaanxi

Xian, Shaanxi
Kunming, Yunnan
Kunming, Yunnan
Kunming, Yunnan
Kunming, Yunnan
Kunming, Yunnan
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
Wauhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
Wauhan, Hubei
‘Wuhan, Hubei
Wahan, Hubei
Wauhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
Wauhan, Hubei
Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
Wuhan, Hubei

‘Wuhan, Hubei

Tissue

Fruit
Fruit
Fruit
Eruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Leaf
Leaf
Leaf
Leaf
Leaf
Twig
Twig
Twig
Twig
Twig
Fruit
Eruit
Fruit
Fruit
Eruit
Twig
Twig
Twig
Twig
Twig
Leaf
Leaf
Leaf
Leaf
Leaf
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Eruit
Fruit
Twig
Twig
Twig
Twig
Leaf
Leaf
Leaf
Leaf
Leaf

Leaf

rDNA-ITS?

NA
NA
MN958548
MN958549
NA
MN958550
NA
NA
MN958551
MN958552
NA
NA
NA
NA
MN958553
MN958554
NA
MN958555
NA
NA
NA
MN958564
MN958563
NA
NA
NA
NA
MN958566
MN958567
NA
MN958568
NA
NA
NA
NA
MN958569
MN958570
MN958571
NA
MN958573
NA
NA
MN958574
NA
NA
NA
NA
NA
MN958576
MN958577
NA
NA
NA
NA
MN958578
NA
MN958579
MN958580
NA
MN958581
MN958582
NA
MN958583
NA

MN958584

MN958586

NA
MN958587
MN958588
MN958589
NA
NA
MN958590
MN958591
NA
MN958592
NA
MN958593
NA
NA
NA
MN958594
NA
MN958595
MN95859
NA
MN958597
NA
NA
MN958598
NA
MN958599
NA
NA
NA
MN958600
NA
MN958601
NA
NA
NA
NA
MN958602
NA
MN958603
MN958604
NA
MN958605
NA
MN958606
MN958607
MN958608
MN958609
MN958610
MN958611
NA
MN958612
MN958615
MN958613
NA
MN958614
MN958616
MN958617
NA
NA
MN958618
NA
MN958619
MN958620
NA
MN958621
MN958622
NA
MN958623
NA
MN958624
NA
MN958625
MT995091
MT995092
MT995093
MT995094
MT995095
MT995096
MT995097
MT995098
MT995099
MT995100
MT995101
MT995102
MT995103
MT995104
MT995105
NA
MN958630
MN958631
MN958632
NA
MN958633
NA
NA
MN958634
MN958635
MN958636
NA
MN958637
NA
MN958638
MN958639
NA
MN958640
NA
MN958641
MN958642
NA
MN958643
MN958644
MN958645
NA
MN958646
NA
MN958647

NA

LSU

NA

NA
MT845672
MT845673
NA
MT845674
NA

NA
MT845675
MT845676
NA

NA

NA

NA
MT845677
MT845678
NA
MT845679
NA

NA

NA
MT845688
MT845689
NA

NA

NA

NA
MT845690
MT845691
NA
MT845692
NA

NA

NA

NA
MT845693
MT845694
MT845695
NA
MT845697
NA

NA
MT845698
NA

NA

NA

NA

NA
MT845700
MT845701
NA

NA

NA

NA
MT845702
NA
MT845703
MT845704
NA
MT845705
MT845706
NA
MT845707
NA
MT845708
NA
MT845709
NA
MT845710
NA
MT845711
MT845712
MT845713
NA

NA
MT845714
MT845715
NA
MT845716
NA
MT845717
NA

NA

NA
MT845718
NA
MT845719
MT845720
NA
MT845721
NA

NA
MT845722

NA

NA

NA
NA
MT845724
NA
MT845725
NA
NA
NA
NA

MT845726

NA

NA
NA

MT845728
NA

MT845729
MT845730
MT845731

MT1772296

MT845732

MT845733
NA

MT845734
MT845737
MT845735
NA

MT845736
MT845738
MT845739
NA

NA

MT845740
NA

MT845741
MT845742
NA

MT845743
MT845744
NA

MT845745
NA

MT845746
NA

MT845747
MT995106
MT995107
MT995108
MT995109
MT995110
MT995111
MT995112
MT995113
MT995114
MT995115
MT995116
MT995117
MT995118
MT995119
MT995120
NA

MT845752
MT845753
MT845754
NA

MT845755
NA

NA

MT845756
MT845757
MT845758
NA

MT845759
NA

MT845760
MT845761
NA

MT845762
NA

MT845763
MT845764
NA

MT845765
MT845766
MT845767
NA

MT845768
NA

MT845769

NA

'NA, Data not uploaded, only select the sequences of some representative isolates were uploaded to NCBI. rDNA-ITS, internal transcribed spacer regions; LSU, large subunit

RNA gene.
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Species name

Xenasma aculeatum
X.amylosporum

X. longicystidiatum

X. parvisporum

X. practeritum

X. pruinosum

X. pulverulentum
X. rimicola

X. subclematidis
X. tulasnelloideum
X. vassilievae
Xenasmatella ailaoshanensis
X. alnicola

X. ardosiaca

X. athelioidea

X. bicornis

X. borealis

X. caricis-pendulac
X. christiansenii

X. cinnamomea
X.fibrillosa

X. globigera

X. gossypina

X. inopinata

X. insperata

X. nasti

X. odontioidea

X. palmicola

X. rhizomorpha

X. romellii

X. sanguinescens

X. subflavidogrisea
X. tenuis

X. vaga

X. waliangshanensis
X. xinpingensis
Xenosperma hexagonosporum
X. ludibundum

X. murrillii

X. pravam

Geographic distribution

Argentina
Primorye
Réunion
Crech Republic
Ontario
Tunisia
Austria
Finland
Jammu-Kashmir
America
Khabarovsk
Yunnan

Allier

France

Japan

Gabon
Norway
Great Britain
Kamchatka
Florida

Iran
Venezuela
Yunnan
Ontario
Ontario
Reunion
Canary
Venezuela
Yunnan
Sweden
Crech Republic
Sweden
Yunnan

Italy

Yunnan
Yunnan
France
Massachusetts
Florida

Réunion

Host-substratum

On fructifications of Hypoxylon
On rotten trunk of Picea jezoensis
On Rubus alcacfolius

On fallen branch of Quercus petraca
On wood

On oak tree, bared and rotten

On rotten wood

On cracks in bark

Onlog

On very rotten wood

On fallen trunk of Taxus cuspidata
On trunk of Angiospermae

Sur bois humides, aune, saule blane
On decayed wood

On rotten trunk of Quercus

Among shrubs on shore

On rotten Pinus sylvestris

On dead attached leaf of Carex pendula
On fallen branch of Larix kurilensis var. glabra
On Magnolia

On decayed wood

On hardwood

On trunk of Angiospermae

On Tsuga canadensis

On bark

Under Nastus borbonicus

On decayed wood

On palm

On trunk of Angiospermae

On deciduous wood

On decayed wood

On rotten wood of Pinus sylvestris
On trunk of Angiospermac

On Robinia pseudoacacia

On trunk of Angiospermae

On trunk of Angiospermac

On wood of Platanus acerifolia

On bark of Quercus and decayed wood of Chamaceyparis thyoides

On branch of Juniperus virginiana

On dead branch
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Species name

Xenasmatella nigroidea

X. christiansenii

X.fibrillosa

X. gaspesica

X. gossypina

X. odontioidea

X. rhizomorpha

X. subflavidogrisca

X. vaga

Basidiomata

Thin, very hard to
separate from
substrate

Fragile

Thin, fragile

Small spots and
becominga closed
coating, firmly
attached

Cotton to flocculent
Colliculosa
Presence of the
thizomorph

Thin

Detachable

Hymenial surface

Smooth, byssaceous to reticulate

under the lens

Smooth, pruinose to farinaceous or

more or less reticulate
Porulose to reticulate or formed by
radially arranged, white to pale
yellowish white

Resh smooth and somewhat
gelatinous, light gray, dry waxy,
white gray

Cream to buff
Ceraceo-membranacea
Clay-buffto cinnamon

White to grayish

Grandinioid

Basidia

12-18 x 45-6pm

6-7 x 4-45pm

12-15 x 4-5pm

7-11 x 4-45um

14-23.5 x 4-7pm

17.5-20 x 45-5 pm

10.5-17.5 x 3.5-6.5tm

10-12 x 4-5pm

15-20 x 5-6um

Basidiospores

Ellipsoid, 3.5-4.5 x 2.5-3.5 um;
asperulate with blunt spines up
t00.2umlong

Ellipsoid, 6-7 x 4-4.5 um;
asperulate with blunt spines up
to Ljum long

Ellipsoid, 4.5-5.5 x 3-3.5pm

Ellipsoid, 8-10 x 2-25um

Subglobose to globose, 3.3-4.4
x 28-4um

Ovale-ellipsoid, 2.5-3.5um

Ellipsoid, 3.1-4.9 x 2.3-33pum
Ellipsoid, 3.5-4.5 x 2-2.5um

Ellipsoid, 5-5.5 x 4-4.5um
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Order Name

Agaricales

Atheliales

Boletales

Corticiales

Gloeophyllales.

Gomphales

Hymenochaetales

Thelephorales

Trechisporales

Xenasmatales

Morphological characteristics

Hymenophore type gilled, poroid, ridged, veined, spinose, papillate, and smooths spore deposit color white,
pink, brown, purple-brown and black

Generally corticioid and athelioid, producing effused, crust like fruiting bodies that are loosely attached to the
substrate and with non-differentiated margins

Includes conspicuous stipitate-pileate forms that mainly have tubular and sometimes lamellate hymenophores
or intermediates that show transitions betsween the two types of hymenophores. Also includes gasteromycetes
(puffball-like forms), resupinate or crust-like fungi that produce smooth, merulioid (wrinkled to warted), or
hydnoid (toothed) hymenophores, and a single polypore-like species, Bondarcevomyces laxi

Basidiomata resupinata, effuso-reflexa vel discoidea; hymenophora laevia; systema hypharum monomiticum;

dendrohyp

hyal
Basidiomata annua vel perennia, resupinata, effuso-reflexa, dimidiata vel pileata; hymenophora laevia,

a raro absentia; basidia saepe ¢ probasidiis oriuntur. Cystidia presentia vel absentia. Sporac

ac, tenuitunicatac, alba vel aggregatae roseac.

merulioidea, odontioidea vel poroidea. Systema hypharum monomiticum, dimiticum vel trimiticum. Hyphae

generativac fibulatae vel efibulatae. Leptocystidia ex trama in hymenium projecta, hyalina vel brunnea,
tenuitunicata vel crassitunicata. Basidiosporac laeves, hyalinae, tenuitunicatae, ellipsoideac vel cylindricae vel
allantoideae, inamyloideac. Lignum decompositum brunneum vel album.

Basidiomata can be coralloid, unipileate or merismatoid (having a pileus divided into many smaller pilei); the
pileus, if present, can be fan- to funnel-shaped

Hymenial structure (corticioid, hydnoid or poroid) and basidiocarps (resupinate, pileate or stipitate); the main
characters are the xanthochroic reaction, the lack of clamps, the frequent oceurrence of setae

Basidiospores tuberosae spinosaeque plus minusve coloratae

Basidiomata resupinata, stipitata vel clavarioidea. Hymenophora laevia, grandinioidea, hydnoidea vel poroidea.

Systema hypharum monomiticum vel dimiticum. Hyphae fibulatae, septa hypharum interdum inflata
(ampullata). Cystidia pracsentia vel absentia. Basidia 4-6 sterigmata formantia. Sporac laeves vel ornatac.

Species lignicolae vel terricolae.

Basidiomata resupinate. Hyphal system monomitic, generative hyphae with clamp connections. Basidia pleural.

Basidiospores colorless.
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Species Name

Albatrellus confluens
Aleurobotrys botryosus
Amaurodon viridis
Amphinema byssoides
Amylostereum areolatum
Aphanobasidium pseudotsugae
Auriscalpium vulgare
Athelia epiphylla
Athelopsis subinconspicua
Bondarzewia dickinsii
Candelabrochaete septocystidia
Chactodermella luna
C.luna

Chondrostereum purpureum
Clavulicium delectabile
Clavulina cristata
Columnocystis abietina
Coranicium alboglaucum
Cystostereum murrayi
Dacrymyces stllatus
Dacryopinax spathularia
Erythricium laetum

Exidia recisa

Exidiopsis calcea
Glococystidiellum porosum
Haplotrichum conspersum
Hydnocristella himantia
Hydnomerulius pinastri
Hydnum repandum
Hygrophoropsis aurantiaca
Hymenochaete cinnamomea
Hyphodermella corrugate
Hyphodontia aspera
Inonotus radiatus
Junghuhnia nitida

Kavinia alboviridis
Kavinia himantia
Lactarius volemus
Laetisaria fuciformis
Lentaria dendroidea
Lignosus hainanensis
Merulicium fusisporum
Mycoaciella bispora
Peniophora pini
Phanerochaete sordida
Phellinus chrysoloma
Phicbia nitidula
Podoscypha multizonata
Polyporus tubiformis
Porpomyces mucidus

P. mucidus
Pseudomerulius aureus
Punctularia strigosozonata
Rickenella fibula

Russula violacea
Scopuloides hydnoides
Sistotrema alboluteum
Sistotremastrum niveocremeum
Sistotremastrum suecicum
Sphacrobasidium minutum
Stereum hirsutum
Tomentellopsis echinospora
Trametes suaveolens
Trechispora farinacea

. farinacea

Tubulicrinis subulatus
Veluticeps abietina
Veluticeps berkeleyi
Vailleminia comedens
Wrightoporia lenta
Xerocomus chrysenteron
Xenasma practeritum
Xenasma pruinosum
Xenasma rimicola

X. rimicola

Xenasmatella ailaoshanensis
X. ailaoshanensis
Xenasmatella ardosiaca
Xenasmatella borealis

X. borealis

Xenasmatella christiansenii
X. christiansenii
Xenasmatella gossypina

X. gossypina

Xenasmatella nigroidea

X. nigroidea

Xenasmatella thizomorpha
X. rhizomorpha
Xenasmatella tenuis

X. tenuis

Xenasmatella vaga

X. vaga

Xenasmatella wuliangshanensis
X. waliangshanensis
Xenasmatella xinpingensis

X. xinpingensis

“Indicates type materials.

Specimen No.

PV 10193
CBS 336.66
TAA 149664
EL1198

NH 8041

NH 10396

EL 3395

EL 1298

KHL 8490

Li 150909/19
AS95

NH 8482

CBS 305.65

EL 5997

KHL 11147
EL9597

KHL 12474
NH 4208

KHL 12496
CBS 195.48
Miettinen 20559
NH 14530

SL Lindberg 180317
KHL 11075
FCUG 1933
KHL 11063
KUC20131001-35
an
420526MF0827
EL4299
EL699

KHL 3663
KHL 8530

TW 704

CBS 45950

EL 1698

LL98

KHL 8267
CBS 18249
$J98012

Dai 10670
Hjm s,

EL 1399

Hjm 18143
KHL 12054
TN 4008
Nystroem 020830
CBS 66384
WD 1839

KHL 11062
Dai 10726
BN99

LR 40885

AD 86033
5793009

WEI 17569
TAA 167982
MAFungi 12915
KHL 11849
KHL 11714
NH 7960

KHL 8459
CBS 27928
KHL 8793
MAFungi 79474
KHL 11079
HHB 13663
HHB 8594
EL199

KN 150311

EL 3999

ACD 0185
OTU 1299
NLB 1571

NLB 1449
CLZhao 3895
CLZhao 4839
CBS 126045
UC 2022974
UC 2023132
TASM YGG 26
TASM YGG 36
CLZhao 4149
CLZhao 8233
CLZhao 18300
CLZhao 18333 *
CLZhao 9156
CLZhao 9847
CLZhao 4528
CLZhao 11258
KHL 11065
BHI-F 1600
CLZhao 4080
CLZhao 4308
CLZhao 2216
CLZhao 2467

GenBank Accession No.

TS

MHS58812
AY463374

AY463382
AY463383
KX263721
EUL18615
AY463398
EU118619
EU118623
MHS856306
MW191976
AY463407

AY463409
AY463416
AY463427
AY463435
EU118640
NRI54112
EU118647

AB587634
AF347091

AY463456

AF506465
AY463467
AF506479
AY463472
MHS855012
AF347089
AY463478
AY463482
AF347103
OM009268
MT594801
MT571671
MT537020
MN487105
MN487106
MH864060
KP814210
KP8§14274
MT526341
MT526342
MW545958
MW545957
OKO045679
OKO045680
MT$32954
MT$32953
MT$32960
MT832959
EU118660
MFI61185
MW545962
MW545963
MT832961
MT$32962

nLSU

AF506393
MH870451
AY586625
AY586626
AF506405
AY586696
AF506375
AY586633
AY586634
KX263723
EU118609
MH870216
AY586644
AY586688
AY586648
AY586650
MH867857
MW159092
AY586655
MT664783
AY586654
AF310094
AY586657
KJ668382
AF352044
MG712372
AY586659
AY586664
EU118630
AY586675
AF311018
MH868226
AY463434
AY586682
AF506414
MH868023
EU118641
GUS580886
AY586692
EU118651
EU118653
AF311026
EU118655
MH873501
AB368101
KT157839
AY586701
AY586702
AY586710
AF506465
MZ637283
AY586713
JX310442
EU118667
DQ873653
AYS86718
MH866480
1X392856
AY586722
KJ141191
HM536081
AY586725
AF506489

MHS$75515

OKO045677
OKO045678

EU118661
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o711.0]

Wickerhamiella camelliae SDBR-CMU428"
Wickerhamiella camelliae SDBR-CMU429

Wickerhamiella camelliae SDBR-CMU430
Wickerhamiella camelliae SDBR-CMU431

Y Wickerhamiella nectarea CBS 14162

1001, Wickerhamiella parazyma CBS 11563
1001.0— Wickerhamiella azymoides UFMG 2287"
L Wickerhaniela ‘azyma CBS 68267
Wickerhamiella dulcicola CBS 12588
Wickerhamiella cachassae UFMG-DSL7™
Wickerhamiella natalensis CBS 141617

Wickerhamiella occidentalis CBS 8452"
Wickerhamiella lipophila CBS 8458
Wickerhamiella australiensis CBS 8456
Wickerhamiella cacticola NRRL Y-27362"
Wickerhamiella nakhonpathomensis TBRC 14875

o Wickerhamiella pagnoccae CBS 12178"
9810 Wickerhamiella kiyanii CBS 12905
tae Wickerhamiella jalapaonensis CBS 109357
1001,

Wickerhamiella drosophilae CBS 84597
Wickerhamiella vanderwaltii CBS 55247

Wickerhamiella goesii IMUFR) 52102

Wickerhamiella alocasiicola CBS 107027
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Selected ion

[M+H -H,0]"

[M+H]"

[M+H]"

[M+H -H,0]"

[M+H]*

[M+H-H,0]"

[M+H]"

[M+H -H,0]"

[M+H]"

[M+H]"

[M+H]"

[M+H]"

[M+H -H,0]"

[M+H -H,O)"

[M+H-H,0]"

M+H]*

[M+H]"

[M+H]"

[M+H]"

[M+H]"

[M+H -H,O)"

M+H]*

M+H]*

[M+H]"

[M+H]"

[M+H]"

[M+H]*

[M+H]*

[M+H]*

M+H]*

M+H]*

[M+H]"

[M+H]"

[M+H]"

[M+H -H,0]"

[M+H -H,0]"

Measured
Mass(m/z)

1193.5985

753.4029

1177.5975

1047.5306

10175236

737.4069

593.3702

7214154

755.4198

739.4236

593.3663

8714691

10135296

867.4724

8534567

737.4067

5913493

7214134

867.4697

883.4669

853.4560

869.4537

593.3657

869.4867

855.4729

1015.5443

869.4894

869.4860

885.4836

7394211

8554722

709.4130

723.4300

577.3700

4133035

4153204

Error

(ppm)

-251

425

263

668

344

597

-219
125
265

446

0.00

257

624

676
402

530

260
3.05

-023

539

335

046

784

234

465

263

693
508

193

m/z

CsHuOy

CuH:Oys

CaH,

CuHeOy

CyH50,

CuHoOy

CuHoOu

CuHoOy

CyHy0,

CyH0

CuH,

CuHA0,

CuHOy

CuHrOs

CaHyOx

CyHeOy

CyHrO4

CuHuO,

CuHeOy

CuH30,

CyH0,

CyH,0,

Main secondary fragment
ions (MS/MS) and their
sources
1193.5876,1013.5273,867.4690,721.
4110,593.3650,431.3141,,413.3042,
251.1800
753.4029,591.3508,573.3425,447.23
75,429.1919,411.2897,267.1746,251
1793
1177.5924,1015.5408,869.4841,723.
4268,577.3702,415.3189,397.3091,2
71.2053,253.1225,
1047.5362,885.4844,741.3654,577.3
7344153202397 3091,271.208,25
31952
1017.5264,8554728711.3587,5773
7324153205397 3100.271.2054.25
31946

737.4106,719.4003,575.3545,539.33
86,429.2977,411.2908,271.2043,251
1790
593.3638,431.3147,413,3,041,271.2
044,253.1946
721.4154,575.3592,413.3005,395.29
62,269.1909,251.1788.
755.4207,595.3080,433.2575,413.30
944
739.4249,593.3628,579.3147,431.31
66,413.3044,271.2052,253.1944

43,395.2938,271.2042;

593.3644,433.2561,431.3159,413.30
63,271.2048,253.1947
871.4655,739.4223,711.3554,593.36
61,431.3145,413.3020,271.2053,253
1944
1013.5266,867.4702,721.4135,575.3
550,413.3042,395.2944,269.1902,25
11793
867.4682,721.4130,575.3552,413.30
36,395.2934,269.1892,251.1789

853.4548,721.4138,575.3558,413.30
30,395.2937,269.1889,251.1790

737.4096,593.2948,447.2368,429.29
95,411.2884,285.1842,

7.1731,

591.3507,447.2360,429.3005,411.28

94,267.1733
721.4114,575.3588,413.3030,395.29
35,269.1890,251.1787,
867.4686,721.4021,575.3516,413.30
36,395.2927,269.1903,251.1774,

883.4609,737.4087,591.3521,429.29

79,411.2873,285.1838,267.1735

853.4538,721.4162,575.3519,413.39

33,395.2936,269.18861,251.1799

869.4536,721.3788,591.3515,447.23

42,429.2988,411.2880,285.1839,267
1839

593.3646,449.2534,413.3054,287.19
99,269.1887,251.1785

1946
1015.5431,869.4884,723.4300,577.3
729,415.3202,397.3097,271.2058,25
3.1951
869.4830,725.3695,577.3696,415.31
88,397.3084,271.2050,253.1943

869.1860,725.3714,577.3717,433.25

74,415.3191,387.3085,271.2016253
1910

885.4777,723.4262,577.3685,431.31

13,415:3179,397.3083,271.2015253
193

739,4,232,595.3058,577.3770.415.3
173,397.3084,271.2046,253.1934

855.4665,723.4272,711.3534,577.36
95,415.3185,397.3080,271.2046,253
1940
709.4141,565.2999,433.2596,415.31
99,397.3092,271.2053,253.1950

723.4287,579.3138,415.3192,397.30
86,271.2042,253.1943

577.3721,433.2577,415.2438,397.30
85271.2055,253.1948
413.3044,395.2929,269.1895,251.18
01,213.1625
415.3189,379.3026,283.2408,271.20
44,253.1942,213.1651

Identification

Chonglouoside SL-17

Pseudoproto-Pb

Progracillin

Parisyunnanoside B or
26-0-p-D-gle-(25R)-5,20
(22)-diene-furost-3p,26-
diol3-0-acL-

ara-(1— 4)-[oL-
tha-(1-2))-p-D-gle
Chonglouoside SL-2

Chonglouoside SL-11

Nuatigenin 3-0-a-L-
tha-(1=2)-p-D-gle or
Isonuatigenin 3-0-aL-
tha(1 = 2)- f-D-gle
Chonglouoside SL-9

Polyphyllin VI

Pennogenin-3-O-a-L-
tha(l = 2)-[ocL-

rha(1 = 4)]--D-glc or
Disoseptemloside E

Paris saponin H

(3p25R)-3-
hydroxyspiros

one-3-0-aL-
rha-(1-2)-p-D-gle

Tb or Disoseptemloside
D or Sansevierin A
Pennogenin-3-O-a-L-rha
(1=2) -l

tha(1 = 4)}--D-glc or

Disoseptemloside E

Paris saponin H

(3p25R)-3-
hydroxyspirost-5-en-7-
one-3-0-aL-
ara-(1-4)-[a-L-
tha-(1-2))-p-D-gle
(3,170,25R)-spirost-5-
ene-3,17-diol 3-0-)-D-
glc or Chonglouoside

si

i
Diosgenin 3-O-a-L-
tha-(1 = 4)-ocL-

tha-(1 = 4)-p-D-gle
Paor Polyphyllin D

Polyphyllin 11

Diosgenin 3-O-a-L-
tha-(1 = 4)-ocL-
tha-(1—4)-p-D-gle

Dioscin

Gracillin or (3,25R)-
spirost-5-en-3-0l 3-0-f-
D-gle-(1 = 6)-focL-
tha-(1-2))-p-D-gle
(3p25R)-spirost-5-en-3-
013-0-p-D-gle-(1 = 6)-

gle
Polyphyllin T

Diosgenin-3-O-a-L-
ara-(1=4)-p-D-gle
Progenin IT or
Disoseptemloside or
Eprosapogenin A of
dioscin or polyphyllin V
Polyphyllin A

Pennogenin

Diosgenin
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Gene ID Gene Name Description
GME697 g GPI . glucose-6-phosphate
1somerase
GME3211_g pgm phosphoglucomutase
GME3838 g ENO enolase
GMET552_g AL2 15-cis-phytoene synthase /
lycopene beta-cyclase
GME6592_g ERG1,SQLE squalene monooxygenase
GME6440_g DI 1§0penlenyl»dlphosphate
= Delta-isomerase
GME3477 g CYP51 sterol 14alpha-demethylase
sterol-4alpha-carboxylate 3-
GME2678_g ERG26, NSDHL dehydrogenase (decarboxylating)
GMEI13425 g ERG24, FK Deltal4-sterol reductase
malate dehydrogenase
GMES140_g maeB (oxaloacetate-decarboxylating)

(NADP+)
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Environment Method® Concentration® Age (weeks)! Temperature Duration®

Growth chamber Drop op=1 2 8C 21d
Growth chamber Drop op=1 2 23N18°C 21d
Growth chamber Drop op=1 4 8C 7d
Growth chamber Drop op=1 4 23N18°C 7d
Growth chamber Spray oD=0.1 2 8C 21d
Growth chamber Spray oDp=0.1 2 23N18°C 21d
Growth chamber Spray oD=0.1 4 8C 7d
Growth chamber Spray oD=0.1 4 2318°C 7d
Growth chamber Spray op=1 2 8°C 21d
Growth chamber Spray op=1 2 2318°C 21d
Growth chamber Spray op=1 4 8C 7d
Growth chamber Spray op=1 4 2318°C 7d
Growth chamber Infiltration oD=0.1 4 8C 7d
Growth chamber Infiltration oD=0.1 4 2318°C 7d
Field Spray oD=0.1 2 Snow cover ~7mo
Field Spray op=1 2 Snow cover ~7mo

“The outdoor feld tests utilized the Arabidopsis Col-0 accession and a local accession Kivikko (Kvk1) from the site where yeast isolation samples were collected. Protomyces
arabidopsidicola srain C29 cells were used as inoculum in allexperiments.

“Yeast cell suspensions were applied by pipette in 5l drops (Drop), o with a sprayer on the adaxial side of Arabidopsis leaves (Spray), or hand infiltated into the abasxial side of
Arabidopsis leaves usinga needleless syringe (Infiltration).

A cell density of 1 OD is equal to 7x 10°CEU/ml

‘Plant age at time of infection.

‘Duration: length of time the infection was followed. wks, weeks, d, days, mo, months.
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Species
Ganoderma alpinum
G. applanatum

G. artocarpicola
G. australe

G. calidophilum
G. dianzhongense
G. ellipsoideum

G. esculentum

G. flexipes

G. gibbosum

G. hoehnelianum
G. leucocontextum
G. lingzhi

G. lucidum

G. magniporum
G. multipileum

G. mutabile

G. obscuratum

G. orbiforme

G. philippii

G. puerense

G. sandunense

G. sichuanense

G. sinense

G. subangustisporum
G. tsugac

: tropicum
G. weixiensis

G. weberianum
G. williamsianum
G. yunlingense

G. yunnanense

Host plant
Populus sp.
Eriobotrya japonica
Artocarpus sp.
Fagus .

On bamboo roots
Cyclobalanopsis glauca
Broad-leaved tree
Bambusa intermedia
Castanopsis fargesii
Carya cathayensis
Broad-leaved tree
Cyclobalanopsis glaca
Broad-leaved tree
Quercus sp.
Broad-leaved tree
Acacia farnesiana
Angiosperm tree
Acersp.

Quercus acutissima
Hevea brasiliensis
Cinnamomum sp.
Quercus sp.
Cyclobalanopsis p.
Broad-leaved tree
Angiosperm tree
Piceasp.

Acacia .
coniferous forest
Fieus .
Broad-leaved tree
Quercus sp.

Broad-leaved trees

Location
Shangri-La

Nujiang Prefecture
Lincang City
Kunming City
Dehong Prefecture
Central Yunnan Province
Honghe Prefecture
Honghe Prefecture
Puer City

Zhaotong City
Jinghong City

Dali Prefecture
Kunming City
Chuxiong Prefecture
Yunnan Province
Yuxi City

Chuxiong Prefecture
Zhaotong City
Honghe Prefecture
Sipsongpanna

Puer City

Honghe Prefecture
Kunming City
Wenshan Prefecture
Wenshan Prefecture
Kunming City

Puer City

Diging Prefecture
Jinghong City

Puer City

Nujiang Prefecture
Puer City

References

Sun etal. (2022)

“This study

“This study

Luangharn etal. (2021)
“This study, He et al. (2021)
“This study, He et al. (2021)
“This study

Heetal. (2021)

“This study

“This study

Wang and W (2010, Xing (2019)
“This study

“This study

“This study

Sun etal. (2022)

“This study

Cao (2013)

“This study

“This study

Zhao (1988)

Sun etal. (2022)

“This study

Luangharn etal. (2021)
“This study

Sun etal. (2022)
Luangharn etal. (2021)
This study

Yeetal. 2019)

Pan and Dai (2001)
Cao and Yuan (2013)
Sunetal. (2022)

“This study
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1. Pileal surface non-laccate

1%, Pileal surface laccate

us imbricate, margin lacerated like petals
2*. Pileus solitary, margin entire

3. Basidiospores subglobose

3+ Basidiospores broadly ellipsoid to ellipsoid o ovoi

4. Tubes stratified

4%, Tubes non-stratified

5. Context homogeneous; basidiospores 5.5-7 x 4.1-5.2 ym
5. Context heterogeneous; basidiospores 7-12 x 5-8 pm

6. Pores > 6 per n

m
6*. Pores < 6 per mm

7. Context without black melanoid lines; apical cell in cuticle
branched

7+, Context with black melanoid lines; apical cells in cuticle
unbranched

8. Distributed in higher altitudes

8. Distributed in lower altitudes

9. Apical cells in cuticle irregularly branched or with
protuberances

9*. Apical cells in cuticle unbranched or without
protuberances

10. Pileus surface reddish brown to greyish brown, pores
angular

10%. Pileus surface greyish brown to grey, pores circular

11, Basidiomata sessile

11% Basidiomata stipitate or with constricted short stipe

12. Apical cells in cuticle irregularly branched or with
protuberances

12% Apical cells in cuticle unbranched or without

protuberances

13. Pileus surface reddish brown to yellowish brown;
basidiospores > 8 ym in length

13%. Pileus surface pale brown to purplish black;
basidiospores < um in length

14. Pores < 3 per mm

14% Pores > 3 per mm

15. Pileus surface dark-red to nearly black

15*. Pileus surface pale brown to yellowish brown or reddish
brown

16. Stipe short or constricted at base, < 4 cm in length

16% Stipe obviously long, > 4 cm in length

17. Basidiospores subglobose to broadly ellipsoid, < 6 pum in
idth

17% Basidiospores elipsoid to ovoid, > 6 jm in width

18. Ba

jomata central stipitate; basidiospores truncated
18*. Basidiomata laterally sipitate; basidiospores not
obviously truncated

19. Context homogeneous, pores 5-6 per mm; basidiospores
103-13.1 X 5.0-7.3 pm.

19%. Context heterogeneous, pores 3-5 per mm;
basidiospores 11.0-13.7 x 7.0-8.8 ym

20. Pore surface yellowish to buff when fresh

20%. Pore surface white to greyish white or cream when fresh
21. Pileus surface oxblood red to violet brown; basidiospores
> 7um in width

21%. Pileus surface reddish brown to yellowish brown;
basidiospores < 7 jum in width

22. Distributed in temperate areas

22% Distributed in tropical areas

23. Growing on coniferous trees

23*. Growing on broad-leaf trees

24. Basidiospores < 5 pm in width

24*. Basidiospores > 5 pm in width

25. Context with black melanoid lines

25*. Context without black melanoid lines

26. Context heterogencous, buff o dark brown

26*. Context homogeneous; white to cream or greyish
white

27. Pileus surface red to red brown; basidiospores truncated
27* Pileus surface violet brown; basidiospores not obviously
truncated

28. Stipe short or constricted at base, < 6 cm in length

28%. Stipe obviously long, > 6 cm in length

29. Pileus imbricate, upper surface orange yellow to orange
red

29% Pileus solitary, upper surface reddish brown to black
brown

30. Growth on broad-leaved forests

30%. Growth on bamboo forests.

31. Context heterogencous, pores 4-6 per mm; basidiospores
8.0-105 % 5.5-9.1 pm

31%. Context homogeneous, pores 5-8 per mm;

basidiospores 8.0-12.5 x 5.0-8.0 jm

2
u
G. puerense
3

G. hochnelianum

G. applanatum
G. australe

G. obscuratum
7

G.ellpsoideum

G. alpinum
9

G. williamsianum

G. gibbosum

G. yunlingense
12
14

G. mutabile

G. artocarpiccola

G. philippii

G. magniporum
15
16
)

17
18

G. weberianum

G. orbiforme
G. sanduense
19

G.
subangustisporum

G. sinense

21
2

G. dianzhongense

G.lingzhi

23

28

G. tsugae

2

G, weiiense
2

G. sichuanense
2%

G. lucidum
27

G. leucocontextum

G. yunmanense

G. tropicum
2

G. multipileum

G. flexipes
31
G. calidophilum

G. esculentum
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Species Origin GenBank accession numbers
ITS nLSU TEF1-a RPB2

Ganoderma acaciicola Cui 16815 Australia MZ354895 MZ355005 - MZ245384
6. acaciicola Cui 16813 Australia MZ354893 MZ355003 - MZ245382
G. acontextum JV061121G ™ Guatemala KE605667 - MG367538 MG367489
G. acontextum IV 120811 Guatemala KE605668 - MG367540 MG367490
G. adspersum HSBU-200894 China MG279154 - MG367542 -

G. adspersum Dai 13,191 China MG279153 - MG367541 MG367492
G. alpinum Cui 17,467 Yunnan, China MZ354912 - - -

G. alpinum Cui 18,402 Yunnan, China MZ354910 - - -

G. angustisporum Cui13817" Fujian, China MG279170 MZ355090 MG367563 MG367507
G. angustisporum Cui 18,240 Malaysia MZ354979 MZ355074 MZ221634 MZ245386
G. applanatum 15370 Yunnan, China ON994241 OP380254 OP508448 -

G. applanatum SFC20150930-02 Inje gun,Gangwon do  KY364258 - KY393288 KY393274
G. artocarpicola HLI73" Yunnan, China ON994239* OP456195* OP508442* OP508428*
G. artocarpicola HLISS Yunnan, China ON994240* OP380253* OP508441* OP508427*
G. aridicola Dai 12,588 South Africa KU572491 - KU572502 -

G. australe DHCR417 HUEFS Australia MF436676 MF436673 ME436678 -

G. australe DHCR411 HUEFS Australia MF436675 MF436672 ME436677 -

G. austroafricanum CBS138724 South Africa KMs07324 KMs07325 - MK611970
G. austroafricanum CMW25884 South Africa MH571693 - MH567296 -

G. bambusicola Wu 1,207-152 ‘Taivean, China MN957782 - 1C517942 LC517945
G. bambusicola Wu 1,207-151 ‘Taivean, China MN957781 - 1C517941 LC517944
G. boninense WD 2085 Japan KJ143906 - KJ143925 KJ143965
G. boninense WD 2028 Japan KJ143905 KU220015 Kj143924 KJ143964
G. brownii IV 1105/9] United States MG279159 - MG367547 MG367494
G. brownii IV 0709/109 United States KE605662 - MG367548 MG367495
G. bubalinomarginatum Dai 20,075 Guangsi, China MZ354926 MZ355010 MZ221637 MZ245388
G. bubalinomarginatum Dai 20,074 Guangsi, China MZ354927 MZ355040 MZ221638 MZ245389
G. calidophilum MEFLU 19-2,174 Yunnan, China MN398337 - - -

G. calidophilum H36 Yunnan, China MW750241 OP380255 MW838997 MWS839003
G. carnosum V87098 Crech R, Europe KU572493 - - -

G. carnosum MJ 2108 Crech R, Europe KU572492 - - -

G. carocalcareum DMC513 Cameroon EU089970 - - -

G. carocalcareum DMC322" Cameroon EU089969 - - -

G. casuarinicola HKAS 104639 ‘Thailand MKS17650 MKS17654 MK871328 MK840868
G. casuarinicola Dai 16,336 Guangdong, China ~ MG279173 - MG367565 MG367508
G. dhocoense QCAM3123 " Ecuador MH890527 - - -

G. chuxiongense Cui17,262" MZ354907 MZ354907 - - -

G. cocoicola Cui 16,791 Australia MZ354984 MZ355091 MZ221643 MZ245393
G. cocoicola Cui 16,792 Australia MZ354985 MZ355092 MZ221644 MZ245394
G. concinnum Robledo 3,235 Brazil MN077523 MN077557 - -

G. concinnum Robledo 3,192 Brazil MN077522 MN077556 - -

G. curtisii CBS 100132 NC, United States~ JQ781849 - KJ143927 KJ143967
G. curtisii CBS 100131 NC, United States~ JQ781848 - KJ143926 KJ143966
G. destructans CBS 1397937 South Africa NRI32919 NGO58157 - -

G. destructans Dai 16,431 South Africa MG279177 - MG367569 MG367512
G. dianzhongense L4331 Yunnan, China MW750237 0P380256 MW838993 MZ167013
G. dianzhongense L4969 Yunnan, China MW750240 - MW838996 MZ467044
G. dianzhongense L4759 Yunnan_ MW750239 . MW838995 MW839001
G. dunense CMW 42150 South Africa MG020249 - MG020228 -

G. dunense CMW 421577 South Africa MG020255 - MG020227 -

G. ecuadorense URM 89449 Ecuador MK119828 MK119908 MK121577 MKI21535

5. ccuadorense URM 89441 Ecuador MK119827 MK119907 MKI21576 MKI21534

eickeri CMW 496927 South Africa MHS71690 - MH567287 -
cickeri CMW 50325 South Africa MHS71689 - MH567290 -

5. ellipsoideum GACP1408966 " Hainan, China MH106867 - - -

5. ellipsoideum Dai 20,544 i MZ354971 MZ355033 MZ221654 MZ245400
G. ellipsoideum 14954 Yunnan, China ON994242 OP380257 OP508446 -

G. enigmaticum Dai 15,971 Africa KU572487 - KU572497 MG367514
G. enigmaticum Dai 15,970 Africa KU572486 - KU572496 MG367513
G. esculentum L4935 Yunnan, China MW750242 - MW838998 MWS839004
G. esculentum HL107 Yunnan, China ON994243 OP380258 OP508437 OP508424
G. fallax IV 1009727 7 United States KF605655 - - -

G. fallax IV 0709739 United States KF605658 - - -

G. flexipes Cui 13,841 Hainan, China MZ354923 MZ355063 MZ221655 MZ245401
G. flexipes HL137 Yunnan, China ON994244 0P380259 0P508439 OP508426
G. fornicatum BCRC35374 Taiwan JX840349 - - -

G. gibbosum Cui 13,940 China MZ354972 MZ355021 MZ221658 MZ245404
G. gibbosum HL10 Yunnan, China ON994245 0P380260 OP508434 OP508421
G. guangxiense Cui 14,453 T Guangsi, China MZ354939 MZ355037 MZ221661 MZ245407
G. guangxiense Cui 14,454 Guangxi, China MZ354941 MZ355039 MZ221662 MZ245408
G. heohnelianum Cui 13,982 Guangxi, China MG279178 - MG367570 MG367515
G. heohnelianum Dai 11,995 Yunnan, China KU219988 KU220016 MG367550 MG367497
G. hochiminhense MEFLU 19-2,225 Vietnam MN396662 MN396391 MN423177 =

G. hochiminhense MFLU 19-2,2247 Vietnam MN398324 MN396390 MN423176 -

G. knysnamense CMW 47756 South Africa MH571684 - MH567274 =

G. knysnamense CMW 477557 South Africa MH571681 - MHS567261 -

G. leucocontextum GDGM 40200 China KEO11548 - - -

G. leucocontextum L4913 Yunnan, China ON994246 OP380261 OP508445 OP508431
G. lingehi Dai 20,895 Liaoning, China MZ354904 MZ355006 MZ221668 MZ245413
G. lingzhi HLS6 Yunnan, China ON994247 OP380262 - OP508423
G. lobatum JV 1008 32 United States KE605670 - MG367554 MG367500
G. lobatum IV 1008 31 United States KF605671 - MG367: MG367499
G. lucidum Cui 14,404 Sichuan, China MG279181 MZ355051 MG367: MG367519
G. lucidum 15478 Yunnan, China ON994248 0P380263 OP508449 OP508433
G. magniporum Zhou 439 Guangsi, China MZ354936 MZ355097 - -

G. magniporum Dai 19,966 Yunnan, China - MZ355098 MZ221670 MZ345728
G. martinicense 246TX TX, United States ~ MG654185 - MG754737 MG754858
G. martinicense LIPSW-Mart08-557  Martinique, France  KF963256 = - =

G. mastoporum TNM-F0018838 China JX840350 . - -

G. mexicanum MUCL 55832 Martinique MKS31815 - MKS531829 MK531839
G. meicanum MUCL 49453 Martinique MKS31811 - MKS531825 MK531836
G. mirabile Cui 18271 Malaysia MZ354958 MZ355067 MZ221672 MZ345729
G. mirabile Cui 18,283 Malaysia MZ354959 MZ355069 MZ221673 MZ345730
G. mizoramense UMN MZ5 India KY643751 KY747490 - -

G. mizoramense UMN Mz4* India KY643750 - - -

G. multipileum Cui 13,597 Hainan, China MZ354899 MZ355043 MZ221675 MZ345732
G. multipileum L4989 Yunnan, China ON994249 0P380264 OP508447 OP508432
G. multiplicatum ccs China KU569515 KU570915 - -

G. multiplicatum Dai 17,395 Brazil MZ354903 - MZ221678 MZ345734
G. mutabile Yuan 2,289 " Yunnan, China JN383977 - - -

G. mutabile China MZ354977 MZ355110 MZ221680 MZ345735
G. myanmarense MFLU 19-2,167" Myanmar MN396330 MN428672 - -

G. myanmarense MFLU 19-2,169 Myanmar MN396329 MN398325 - -

G. nasalanense GACP17060211 " Laos MK345441 MK346831 - -

G. nasalanense GACPI7060212 Laos MK345442 MK346832 - -

G. neojaponicum FEPRI WD 1532 Chiba, Japan MN957785 - - -

G. neojaponicum FEPRI WD 1285 Tokyo, Japan MN957784 - - -

G. obscuratum Lshss T Yunnan, China ON994237* OP456493* OP508450* -

G. obscuratum Lshso Yunnan, China ON994238* OP456494* OP508451+ -

G. orbiforme Cui 13,918 Hainan, China MG279186 - MG367576 MG367522
G. orbiforme HL13 Yunnan, China ON994250 0P380265 OP508435 -

G. oregonense CBS 26688 United States 1Q781876 - - KJ143975
G. oregonense CBS 26588 United States JQ781875 - KJ143933 KJ143974
G. ovisporum HKAS 1231937 China MZ519547 MZ519545 - MZ547661
G. ovisporum GACP 20071602 China MZ519548 MZ519546 - MZ547662
G. parvuum MUCL 52655 Guiana, French MKS554770 . MKS54717 MK554755
G. parvuum MUCL 4709 Cuba MKS554783 - MKS554721 MK554742
G. pfeifferi Vost/n United States KE605660 . - -

G. pfeifferi 120818 British AY884185 - - -

G. philippii Cui 14,443 Hainan, China MG279188 - MG367578 MG367524
G. philippii MFLU 19-2,222 ‘Thailand MN401410 MN398326 MN423174 -

G. podocarpense QCAM 6422 Panama MF796661 - - -

G. podocarpense IV 1504126 CostaRica MZ354942 - MZ221687 MZ345737
G. polychromum 3300R OR, United States ~ MG654196 - MG754742 -

G. polychromum MS3430R OR, United States ~ MG654197 - MG754743 -

G. puerense Dai 20427 Yunnan, China - MZ355012 MZ221688 MZ345738
G. ravenelii MSIS7FL FL, United States MG654211 - MG754745 MG754865
G. ravenclii NC-8349 United States AV456341 - - -

G. resinaceum LGAM 462 Greece MG7062: MG70619 MG837858 MG837821
G. resinaceum LGAM 448 Greece MG706249 MG706195 MG837857 MG837820
G. ryvardenii HKAS 58053 1 South Africa HMI38670 - - -

G. ryvardenii HKAS 58054 South Africa HMI38671 - - -

G. sandunense GACP 18012501 7 MK345450 - - -

G. sandunense 14906 Yunnan, China ON994251 0P380266 OP508444 OP508430
G. sessile 113FL FL, United States MG654307 - MG754748 MG754867
G. sessile mrx TX, United States  MG654306 - MG754747 MG754866
G. shanxiense BJTCFM423 " Shangxi, China MK764268 - MK783937 MK783940
G. shanxiense Dai 18,921 Shangxi, China MZ354909 MZ355044 MZ221691 MZ345740
G. sichuanense Cui 16343 China MZ354928 MZ355011 MZ221692 MZ345741
G. sichuanense Dai 19,651 SriLanka MZ354929 MZ355031 MZ221693 MZ345742
G. sinense Wei 5,327 Hainan, China KE494998 KE495008 KE494976 MG367529
G. sinense HL109 Yunnan, China ON994252 0P380267 OP508438 OP508425
G. steyaertanum MEL 2382783 Australia KPOI12964 - = 2

G. steyaertanum 6 WN-20B, Indonesia KJ654462 - - -

G. subangustisporum Cui18,592" Yunnan, China MZ354981 MZ355027 MZ221697 -

G. subangustisporum Cui 18,597 Yunnan, China MZ354980 MZ355025 MZ221700 MZ345746
G. thailandicum HKAS 104640 " Thailand MKS48681 MK849879 MK875829 MK875831
G. thailandicum HKAS 104641 Thailand MKS848682 MK849850 MK875830 MK875832
G. tongshanense Cui17,168" Hubei, China MZ354975 MZ355024 MZ221706 -

G. tornatum TBGOIAM2009 Brazil JQs14108 JX310808 - -

G. tornatum URM 82776 Brazi JQs14110 JX310800 - -

G. tropicum Dai 16,434 Hainan, China MG279194 MZ355026 MG367585 MG367532
G. tropicum Dai 19,679 MZ354900 MZ355009 MZ221707 MZ358825
G. tropicum HLIS6 Yunnan, China ON994253 OP380268 OP508440 -

G. tsugac Dai 12,760 CT, United States KJ143920 - KJ143940 KJ143978
G. tsugac HKAS 97406 Yunnan, China MG279195 - MG367586 MG367533
G. tuberculosum GVL40 Veracruz, Mexico  MT232634 - - -

G. tuberculosum IV 1607/62 CostaRica MZ354944 MZ355087 MZ221710 -

G. weberianum CBS 21936 Philippines MK603804 - MK611974 MK611972
G. weberianum CBS 128581 ‘Taiwean, China MK603805 - MK636693 MK611971
G. weberianum Dai 19,673 China MZ354930 MZ355032 Mza21712 MZ358829
G. weberianum Dai 19,682 MZ354932 MZ355042 Mz221713 MZ358830
G. weixiense HKAS 100649 * Yunnan, China MK302444 MK302446 MK302442 -

G. weixiense HKAS 100650 Yunnan, China MK302445 MK302447 MK302443 -

G. wiiroense UMN 21 GHA'® Ghana KT952363 KT952364 - -

G. wiiroense UMN 20 GHA Ghana KT952361 KT952362 - -

G. yunlingense Cui 16288 Yunnan, China MZ354915 MZ355077 MZz221718 -

G. yunlingense Cui 17,043 Yunnan, China MZ354916 MZ355078 MZ221719 -

G. yunnanense HLa5 " Yunnan, China ON994235* OP373192* OP508436* OP508422*
G. yunnanense L4812 Yunnan, China ON994236* OP373193* OP508443+ OP508429¢
G. zonatum FLO3 FL, United States Kj143922 - Kj143942 KJ143980
G. zonatum FLO2 FL, United States KJ143921 - Kj143941 KJ143979
Amauroderma rugosum Cui9011 Guangdong, China ~ K]531664 - KU572504 MG367506
Sanguinoderma rude Cui 16,592 Australia MK119836 MK119916 MKI21586 MKI21521

The newly generated sequences are shown in black bold. Superscript “T" is used after the number to show the type specimens. *New species sequences generated in this study:
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Locus Primers PCR References

conditions”

s TTSIE ITS4 94°C:305,55°C:  White etal. (1990)
305,72°C: 505,
(38cycles)

nrLSU LROR, LRS 94°C:305,52°C:  Vilgalys and Hester
305,72°C: Imin. (1990)
(38cycles)

TEF1- 983E, 1567R 94°C:305,52°C:  Mathenyetal.
Imin, 72°C: min.  (2007)
(38cycles)

RPB2 RPB2-6E fRPB2-  94°C:305,58°C:  Liuetal. (1999)

7R

(38eycles)

“The three steps given for each primer pair were repeated for 38 cycles, preceded by an
initial denaturation step of 5 min at 94°C, and followed by a final elongation step of
10min at 72°C and a final hold at 4°C.
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Treatment Loc  NMF + DS AMF + DS NMF+WW  AMF+WW  Pasyr  Pps  PamrxDs

SOD (U min~! mg~! protein) Root 17.76 + 0.72b 3323 +£233a 14.69 £ 0.55¢ 16.46 & 0.57bc b 0k A
Leaf 22.64 £ 2.95B 27.84 £ 1.45A 12.29 +£2.06C 12.44 4+ 1.04C T HE A
PX (U min~! mg7l protein) Root 17.84 +0.91b 2523 £2.39 14.31 £ 0.63¢ 12.52 + 1.64c 8 At L2
Leaf 2.70 £ 0.34AB 338 £0.47A 236 £0.51B 3.10 £ 0.56AB * NS NS
CAT (U mgfl protein) Root 2.05 +0.31b 2.59 £ 0.26a 1.99 + 0.35bc 1.36 £ 0.29¢ NS ek i
Leaf 17.92 +1.38B 21.78 £ 1.65A 6.63 £ 0.82C 5.20 £ 0.74C NS PeE g
APX (U mg~! protein) Root 19.63 £+ 1.95a 22.58 £+ 2.45a 7.52 £ 0.96¢ 13.79 + 1.53b ek ek NS
Leaf 1541 + 1.63B 1841 +£ 1.78A 9.37 £1.02C 13.73 + 1.68B g PeE NS
GPX (U min™ lmg7l protein) Root 50.15 £ 2.78b 83.65 £ 6.13a 43.06 £ 2.82¢ 30.39 £ 2.58d o o o
Leaf 42.67 £ 2.09B 48.14 £2.31A 35.93 £2.08C 41.40 £ 3.16B G Sy NS
GR (U mg7l protein) Root 19.39 + 1.38b 29.01 £ 1.69a 16.98 £ 0.89¢ 14.97 + 0.92d o o o
Leaf 21.33 £ 1.05A 22.53 £ 0.90A 16.58 &+ 1.28B 18.36 + 1.57B al A NS
MDAR (U mg7l protein) Root 3.49 £+ 0.59b 6.30 £ 0.44a 1.33 +£0.09d 1.97 £ 0.35¢ o o o
Leaf 7.20 £ 0.86B 8.61 £0.73A 520 £0.47C 4.72 £0.24C NS A ¥
DHAR (U mg7l protein) Root 12.81 + 1.27b 29.66 £ 2.88a 11.22 + 0.72b 12.52 + 0.84b wuk HE i
Leaf 1.99 +0.74B 3.82 £0.75A 1.55 +0.22B 2.20 £ 0.29B 8 B NS
AsA (pg gfl FW) Root 24.31 £ 1.24c 31.16 & 4.44b 34.98 £ 2.30b 47.90 &+ 6.18a wuk HE NS
Leaf 62.58 £+ 8.82C 73.98 £ 11.16BC 90.71 £ 7.63A 78.22 £ 6.60AB NS o *
DHA (ug gfl FW) Root 94.97 £ 6.03a 70.57 & 7.41c 72.47 £ 4.00bc 83.88 & 11.85ab NS NS g
Leaf 125.86 +£9.61B 171.20 £ 17.34A 13894 +£17.21B 169.77 £+ 15.58A o NS NS
GSH (g gfl FW) Root 0.71 £ 0.05b 1.80 & 0.26a 0.69 £ 0.08b 1.77 £ 031a rr NS NS
Leaf 141 +0.14B 1.76 + 0.22AB 1.50 4 0.24B 2.12 £0.37A NS NS o
GSSG (ng gfl FW) Root 1.51 +£0.07a 0.71 £ 0.16b 0.68 & 0.10b 141+ 0.13a NS NS Ak
Leaf 1.70 &+ 0.24A 1.43 + 0.09AB 1.32 +£0.24B 0.89£0.11C o o NS
AsA/DHA Root 0.26 £ 0.03¢ 0.44 £+ 0.02b 0.48 £ 0.09b 0.57 £ 0.04a B0 A A%
Leaf 0.50 £ 0.05B 0.43 £ 0.04B 0.66 £+ 0.13A 0.46 £+ 0.03B o * NS
GSH/GSSG Root 0.47 £ 0.04¢ 2.64 £ 0.75a 1.03 £ 0.13bc 1.25+0.11b B0 NS e
Leaf 1.23 +£0.22B 0.85 £ 0.78B 1.16 +0.26B 2.44 £ 0.66A T g A

The data are the means = standard deviation (n = 4). Different small and capital letters indicate significant differences among the means by Duncan’s test (P < 0.05), Significant effect of two-way
ANOVA: *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001, NS, no significant effect. Loc indicate location, NMF + DS indicate non-inoculated AMF in drought stress treatment, NMF + WW
indicate non-inoculated AMF in well-watered treatment, AMF + DS indicate AMF inoculation in drought stress treatment, AMF + WW indicate AMF inoculation in well-watered treatment.
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Gene ID Gene Protein Molecular Isoelectric Instability GRAVY Subcellular

name length(aa) weight point index localization
(kDa) (P1) predicted
evm.model.Scaffold412.92 BcRbohA 919 104.04 9.19 39.54 —0.311 plas: 5, nucl: 3, chlo: 2,
cyto: 2, vacu: 1
evm.model.Scaffold167.494 BcRbohB 886 100.73 9.28 41.78 —0.295 plas: 5, cyto: 4, nucl: 3,
chlo: 1
evm.model.Scaffold63.66 BcRbohC 927 105.04 9.20 40.27 —0.265 plas: 5, chlo: 2, cyto: 2,
nucl: 1, mito: 1, ER.: 1,
pero: 1
evm.model.Scaffold92.69 BcRbohD 929 104.64 9.07 37.44 —0.29 8,ER.: 4, nucl: 1
evm.model.Scaffold230.154 BcRbohDX1 940 105.81 9.00 40.50 —0.273 plas: 8, ER.: 5
evm.model.Scaffold4.238 BcRbohDX2 933 105.08 9.31 40.45 —0.229 plas: 8, chlo: 2, cyto: 2,
nucl: 1
evm.model.Scaffold74.255 BcRbohE 936 106.59 9.03 50.87 —0.251 plas: 8, E.R.: 3, nucl: 1,
mito: 1
evm.model.Scaffold220.422 BcRbohF 932 106.32 9.39 44.64 —0.249 cyto: 12, nucl: 1
evm.model.Scaffold64.375 BcRbohFX1 927 105.48 9.37 47.66 —0.215 cyto: 6, chlo: 4, nucl: 3
evm.model.Scaffold168.218 BcRbohG 917 103.48 8.99 38.35 —0.28 nucl: 5, E.R:: 3, plas: 2,
chlo: 1, cyto: 1, vacu: 1
evm.model.Scaffold25.171 BcRbohH 905 103.16 9.31 46.26 —0.209 plas: 5, nucl: 4, cyto: 4
evm.model.Scaffold145.120 BcRbohHX1 890 101.93 9.22 46 —0.214 plas: 10, nucl: 3
evm.model.Scaffold89.322 BcRbohl 930 106.03 9.35 48.99 —0.205 cyto: 11, nucl: 3
evm.model.Scaffold63.252 BcRboh] 802 91.58 9.22 49.19 —0.133 plas: 7, E.R.: 3, nucl: 2,
mito: 1

Plas indicate plasma membrane, E. R. indicate endoplasmic reticulum membrane, cyto indicate cytoplasmic, nucl indicate nuclear, mito indicate mitochondrial, pero indicate glyoxysomal, golg
indicate golgi apparatus, vacu indicate vacuoles, and chlo indicate chloroplast.
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Isolate Accession CBS type Identification/ Location  Sites Province  No. of %

No. species Similarity (%) (subdistrict/ sample  Frequency
district) found of
foreach occurrence
species

FLA4L  MW602315  Candidaleandrac  C. leandrac/99.80 19°077003'N  Site3: Papae/ Mae  Chiang Mai 9 106
CBS 9735 ggeayssoE | Taeng

FLASD  MW602316  Candidaleandrac  C.leandrac/99.80 19°aa019°N  Site 1: Mae Na/ Chiang Mai
CBS 9735 gg°sqt0a1E | Chiang Dao

FLA7.I  MW602319  Candidaleandrac  C. leandrac/99.80 18°5029.3'N  Site 2: Suthep/ Chiang Mai
CBS 9735 98541597 | Muang

FLAS  MW602320  Candidaleandrac  C. leandrac/99.80 18°5029.3'N | Site 3: Suthep/ Chiang Mai
CBS 9735 gg°sq159E | Muang

FLA9.0  MW602322  Candidaleandrac  C. leandrac/99.80 18°5029.3'N | Site 4 Suthep/ Chiang Mai
CBS 9735 9854159 | Muang

FLAIS.1  MW602331  Candidaleandrae  C. leandrac/99.80 \ss741N | Sitel:PaMiang/  Chiang Mai
CBS 9735 90° 14069 | DoiSaket

FLAI6L  MW602332  Candidaleandrae  C. leandrac/99.80 18557462N | Site 1: Thepsadet/  Chiang Mai
CBS 9735 9921203 | DoiSaket

FLAI9.L  MW602335  Candidaleandrac  C. leandrac/99.80 18°57462'N  Site3: Thepsadet/  Chiang Mai
CBS 9735 9921223 | DoiSaket

FLA282  MW602340  Candidaleandrac  C. leandrac/99.80 19°35'19.0°N | Site :PhuSang/  Phayao
CBS 9735 100°22/30,0°E | Chiang Kham

FLA442  MW602372  Candida orthopsilosis  C. orthopsilosis/100.00 17°59'59.2°N  Site 1: Cho Hae/ Phrae 2 24
CBS 10744 100151977 | Muang

FLA462  MW602376  Candida orthopsilosis  C. orthopsilosis/100.00 18°0733.4°N | Site 2: Suan Khuen/  Phrae
CBS 10744 0018575 | Muang

FLA40.1  MW602364 Clavispora cl. 18°0702.0'N | Site 3: Pa Daeng/ Phrac 1 12
pseudohaemulonis  pseudohacmulonis/9921 gy 75097g | Muang
CBS 10004

FLA2  MW602345  Cyberlindnera Cy. fabianiif100.00 18°07020'N | Site2:PaDaeng/  Phrae 1 12
fabianii CBS 5640 100°1750.9"E ~ Muang

FLA322  MW602349  Debaryomyces fabryi D fabryil100.00 Loo1aarorN Sitel:Sakad/Pua Nan 1 12
CBS 789 100°59'52.0°E

FLASLL | MW602342  Debaryomyces D. natalensis/100.00 19°23069'N  Site 1: NaRai Nan 2 24
nepalensis CBS 7761 100°4146.77 | Luang/ Song Khwae

FLA463  MW602377  Debaryomyces D, nepalensis/100.00 18°0733.4°N | Site 2: Suan Khuen/  Phrae
nepalensis CBS 7761 00 1857.5E | Muang

FLAM  MW602352 | Debaryomyces D. subglobosus/ 100,00 o1ganorN | Site3:Sakad/Pua | Nan 1 12
subglobosus CBS 792 100°59'52.0°E

FLA3  MWe02351  Diutina catenulata D catenulata/100.00 orgarorN | Site2:Sakad/Pua | Nan 1 12
e 100°59'520°E

FLA92  MWG602323  Hanseniaspora H. uvarum/99.65 18°5029.3°N | Site 4: Suthep/ Chiang Mai B 12
uvarum CBS 104 gg°sq159E | Muang

FLA3L6  MWe02346  Hyphopichia buttonii  Hy. burtonii/100.00 192306.9°N | Site 1: NaRai Nan 1 12
CBs 4571 Lo0°ara677E | Luang/ Song Khwae

FLA3L4  MW602344  Kodamacaohmeri K. ohmeri/100.00 Lo%2306.9'N | Site 1: NaRai Nan 2 24
CBS 5367 L00°44677E | Luang/ Song Khwae

FLA46.1  MW602375  Kodamacaohmeri K. ohmeri/100.00 18°0733.4°N  Site 2: Suan Khuen/  Phrae
CBS 5367 101’575 | Muang

FLALLL | MW602325  Kodamaca restingae K. restingae/98.58 19°0543.3'N  Site 1: Longkhod/  Chiang Mai 1 12
CBS 8492 99°10545  Phrao

FLALL3  MW602327  Kurtzmaniella Ku. quercitrusal 10000 1goggg3 3N | Site 1:Longkhod/ | Chiang Mai 3 35
quercitrusa CBS 4412 00155 | Phrao

FLAIZI | MW602330 Kurtzmaniella Ku. quercitrusal99.82 19°05'433’N | Site 1: Mae Ai/ Mai  Chiang Mai
quercitrusa CBS 4412 P——Y!

FLA29.1  MW602341 Kurtzmaniella Ku. quercitrusal 100.00 19°14'18.4’N  Site 1: Oif Pong Phayao
quercitrusa CBS 4412 10°19'50.1°E

FLA4Z.1  MW602378  Meryerozyma Me. caribbical 100,00 18%55247°N | Site4:PaMiang/  Chiang Mai 1 12
caribbica CBS 9966 99712035 | Doi Saket

FLA221 | MW602337  Metschnikowia M 19°05'168'N | Site 1:MaeChedi  Chiang Rai 1 12
chrysomelidarum chrysomelidarum/99.58 99°22296"F | Mail Wiang Papao
CBS 9904

FLAGL  MW602318  Metschnikowia M. havwaiianal99.80 18°5029.3°N  Site 1: Suthep/ Chiang Mai 3 35
hawaiiana CBS 9146 ososq159E | Muang

FLA321 | MW602348  Metschnikowia M. hawaiianal 100,00 o1garoeN | Sitel:Sakad/Pua | Nan
hawaiiana CBS 9146 100°59'52.0°E

FLA43D | MW602370  Metschnikowia M. hawaiiana/ 100,00 18°077020'N | Site6:PaDaeng/  Phrae
hawaiiana CBS 9146 L00°17509°E | Muang

FLALZ  MW602309  Metschnikowia M. koreensis/100.00 18°477085°N | Site 1: Ruang/ Nan 2 24
koreensis CBS 8854 100039375 | Muang

FLAALL | MW602367  Metschnikowia M. koreensis/100.00 18°07020'N | Sited:PaDaeng/  Phrae
koreensis CBS 8854 00175097 | Muang

FLA3L2 | MW602343  Metschnikowia M. laotical99.20 19°23069°N  Site 1: Na Rai Nan 1 12
laotica CBS 12961 Lo0°ara677E | Luang/ Song Khwae

FLA23  MW602312  Metschnikowia M. rancensis/ 10000 19°07168'N | Ste 1: Papae/ Mae | Chiang Mai 1 47
rancensis CBS 8174 oscarasoE | Taeng

FLAIS.1  MW602334  Metschnikowia M. rancensis'99.80 18°57423'N | Site2:PaMiang/  Chiang Mai
rancensis CBS 8174 90° 14049 | DoiSaket

FLA222 | MW602338  Metschnikowia M. rancensis'99.80 19°05'168°N  Site 1:MaeChedi  Chiang Rai
rancensis CBS 8174 9927206 | Mail Wiang Papao

FLA3BS.1  MW602359  Metschnikowia M. rancensis'99.80 1se470ss'N | Site 3: Ruang/ Nan
rancensis CBS 8174 100°39'37.5°F  Muang

FLALL4 | MW602328  Nakazawaca N. ishiwadac/100.00 19°0543.3'N  Site 1: Longkhod/  Chiang Mai 1 12
ishiwadae CBS 6022 9910545 | Phrao

FLA82  KY640629 Metschinikowia Metschinikowia sp./89.35 | |gosorag 3y Site 3: Suthep/ Chiang Mai 2 24
hawiiana CBS 9146 9854159 | Muang

FLA27.1 | MW542582  Metschinikowia Metschinikowia sp/89.16 | 1gogorg3 4N Site2:ChaeSon/  Lampang
hawiiana CBS 9146 99°23146'E | Muang Pan

FLASA  KY411895 Wickerhamiclla Wickerhamiclla sp/9695  1geqqroporN | Site 1: Mae Na/ Chiang Mai 4 47
natalensis CBS 14161 gg°sqtoa’E | Chiang Dao

FLAILL  MW542579  Wickerhamiclla Wickerhamiella sp/96.59  5005709.9°N | Site 2:Mae Ai/ Mae  Chiang Mai
natalensis CBS 14161 go70E | Al

FLA232  MW542580 Wickerhamiella Wickerhamiella sp./96.95 | 1go05/16.87N  Site 2: MacChedi Chiang Rai
natalensis CBS 14161 99°2229.6"E | Mail Wiang Papao

FLAd64  MW542585  Wickerhamiclla Wickerhamiella sp/9695 | 1go733,4/N | Site 2: Suan Khuen/ | Phrae
natalensis CBS 14161 0018575 | Muang

FLA42  KY411893 Wickerhamiella Wickerhamiella sp/94.38 | 1geq700.37N | Site 3: Papae/ Mae  Chiang Mai 4 47
musiphila CBS10697 ogeayasoE | Taeng

FLAML  MW542581  Wickerhamiella Wickerhamiclla sp/9438 | |goqorq3qrn | Site1:ChaeSon/  Lampang
musiphila CBS 10697 992y14qE | Muang Pan

FLA273  KY640634 Wickerhamiella Wickerhamiclla sp/9457 | |goqorq3qrN | Site2: ChaeSon/  Lampang
musiphila CBS 10697 992314qE | Muang Pan

FLA302  MW542584  Wickerhamiella Wickerhamiclla sp/9457 | 1ge3y00.77N  Site 1: Mae Loi/ Chiang Rai
musiphila CBS 10697 100°0235.8°E | Thoeng

FLA393  MW602363  Pichia manshurica  P. manshurical100.00 18°077020'N | Site2:PaDaeng/  Phrae 3 35
CBS 209 100°17509°E | Muang

FLA403  MW602365  Pichia manshurica  P.manshurical100.00 18°077020°N | Site3:PaDaeng/  Phrae
CBS 209 L00°17509°E | Muang

FLA4L3  MW602368  Pichia manshurica  P.manshurical100.00 18°07020'N | Sited:PaDaeng/  Phrae
CBS 209 00175097 | Muang

FLAS1  MWG602739  Priccomyces Pr. melissophilus/98.80 18°55247°N | Site5:PaMiang/ | Chiang Mai 1 12
melissophilus CBS 9912035 | Doi Saket
6344

FLA421  MW602369 Saccharomyces S. cerevisiae/100.00 18°0702.0'N  Site 5: Pa Daeng/ Phrae 1 12
cerevisiae CBS 5493 100°17509°E | Muang

FLAIZI | MW602333 Saccharomycopsis Sc. fodiens/100.00 18°5515.8"N  Site 2:Thepsadet/ | Chiang Mai 1 12
Jodiens CBS 8332 9919490 Doi Saket

FLAS3  KY411894 Suhomyces xylopsoci  Su. xylopsoci/98.40 L9aqororN | Site 1: Mae Na/ Chiang Mai 3 35
CBS 6037 gosqtoa’E | Chiang Dao

FLA441  MW602371  Suhomyees xylopsoci  Su. xylopsocil98.57 1759'59.2°N | Site 1: Cho Hae/ Phrae
CBS 6037 00151977 | Muang

FLA4S.  MW602373  Suhomyces xylopsoci  Su. xylopsocil98.57 1759'59.2°N | Site 2: Cho Hae/ Phrae
CBS 6037 00151977 | Muang

FLAL3  MW602310 Wickerhamiella W. azyma/99.28 18°477085"N  Site 1: Ruang/ Nan 8 o4
azyma CBS 6826 100°39'37.5"F | Muang

FLAS3  MW60232L  Wickerhamiella W. azymal99.28 18°5029.3'N | Site 3: Suthep/ Chiang Mai
azyma CBS 6826 oesisor | Muang

FLA2.L  MW602336  Wickerhamiella W. azymal99.28 18°55'187°N | Site4: Thepsadet/  Chiang Mai
azyma CBS 6826 99195447 Do Saket

FLA3S2  MW602354  Wickerhamiella W. azymal99.28 18°0733.4°N  Site 1: Suan Khuen/  Phrae
azyma CBS 6826 L00° 1875757 | Muang

FLA363  MW602357  Wickerhamiella W. azymal99.28 18°07020'N | Site1:PaDaeng/  Phrae
azyma CBS 6826 100°17750.9°F | Muang

FLA3ZL  MW602358  Wickerhamiella W. azymal99.64 18°477085°N | Site 2: Ruang/ Nan
azyma CBS 6826 L00°3937.5E | Muang

FLA382  MW602360  Wickerhamiclla W. azymal99.28 18°47708.5°N | Site 3: Ruang/ Nan
azyma CBS 6826 L00°3937.5E | Muang

FLA4  MWG602366  Wickerhamiella W. azymal99.27 18°07020'N  Site3:PaDaeng/  Phrae
azyma CBS 6826 L00°17509°E | Muang

FLA31  MWG602361 Wickerhamomyces  We. anomalus/100.00 18°07020'N | Site2:PaDaeng/  Phrae 1 12
anomalus CBS 5759 00175097 | Muang

FLALL2  MW602326 Wickerhamomyces  We. ciferrii/100.00 19°05'433"N  Site L Longkhod/  Chiang Mai B 12
ciferrii CBS 111 9910545 Phrao

FLAGS4 | MW602374  Yamadazyma . dushanensis/ 9 68 17o59'59.2°N | Site 2: Cho Hae/ Phrae 1 12
dushanensis CBS 13914 L00°151977E | Muang

FLA24  MW602313  Hannaellaluteola  Ha. lutcolal98.99 19°07168'N  Site 1: Papae/ Mae  Chiang Mai 1 12
CBS 943 osearasoE | Taeng

FLA26.1  MW602339  Hannaella pagnoccae  Ha. pagnoccac/100.00 19°1158.0°N | Site3:MaeChedi  Chiang Rai 1 12
CBS 11142 99°31/005E | Mail Wiang Papao

FLAZI  MW60231l  Hannaellasinensis  Ha. sinensis/100.00 19°07168'N  Site 1: Papae/ Mae  Chiang Mai 1 12
CB§ 7225 T

FLASO MW602380 Moesziomyces Mo. antarcticus/100.00 18°57462'N  Site 7: Thepsadet/ | Chiang Mai 2 e
antarcticus CBS 5955 9921203 | Doi Saket

FLAS3  MW602382  Moesziomyces Mo. antarcticus/10000 ygoy7ra0 47y Site2:OnNuea/  Chiang Mai
antarcticus CBS 5955 99°15009.5'E | MaeOn

FLA3LS  MWe02345  Papiliotrema Pa. flavescens/100.00 19°23069°N  Site 1: Na Rai Nan 2 24
flavoscens CBS 6475 L00°ara67E | Luang/ Song Khwae

FLASLL  MWG602381 Papiliotrema Pa.flavoscens/ 100,00 18°57462'N  Site8: Thepsadet/  Chiang Mai
flavoscens CBS 7140 9921223 | Doi Saket

FLABL  MWG602314  Pseudozyma Ps. hubeiensis/99.67 19°07003"N  Site 2:Papae/ Mae  Chiang Mai E e
hubeiensis CBS ggoayssoE | Taeng
10077

FLA323  MW602350  Pseudozyma Ps. hubeiensis/100.00 o1aanoen Sitel:Sakad/Pua | Nan
hubeiensis CBS 100°59'52.0°E
10077

FLAISL  MW602353  Pseudozyma Ps. hubeiensis/99.67 18°0733.4°N  Site 1: Suan Khuen/  Phrae
hubeiensis CBS 10018575 Muang
10077

FLA36.1  MW602355 Sporidobolus Sd. pararoseus/99.30 182077020’ | Site 1: Pa Daeng/ Phrae B 12
pararoseus CBS 491 \00°17509E | Muang

FLA3L7  MWe02347  Sporobolomyces Sb. bannacnsis/100.00 los2306.9°N  Site 1: Na Rai Nan 2 24
bannaensis CBS 9204 L00°44677E | Luang/ Song Khwae

FLA36.2  MW602356 Sporobolomyces Sb. bannaensis/99.13 18°07702.0'N  Site 1: Pa Daeng/ Phrae

bannaensis CBS 9204 100°17509"F  Muang
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Wickerharmiella thailandensis SDBR-CMU435 Mossziomyces antarcticus FLAS3
Kurtzmaniella quercitrusa FLAZ9.1 Papilotroma flavoscens FLAS1.1

Candida leandrae FLAZ8.2 Mossziomyces antarcticus FLASO

Wickerhamiella thailandensis SDBR-CMU434 Priceomyces melissophilus FLA4S
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Wickerhamiella camelliae SDBR-CMU430 Candida orthopsilosis FLA46.2
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Metschnikowia chrysomelidarum FLA22.1 Yimedazyma disfmnansis FLAMS4
‘Suhomyces xylopsoci FLAGS.1

Wickerhamisila azyma FLA20.1
Candida leandrae FLA19.1
Metschnikowia rancensis FLA18.1

‘Candida orthopsilosis FLA44.2
‘Suhomyces xylopsoci FLAd4.1
Metschnikowia hawaiiana FLA43.1
‘Saccharomyces cerevisiae FLA2.1
Pichia manshurica FLA41.3
Metschnikowia koreensis FLAA1.1

Saccharomycopsis fodiens FLAT7.1
Candida leandrae FLA16.1
Candida leandrae FLA15.1
Wickerhamiella camelliae SDBR-CMU429.

Wickerharmiella azyma FLAAD.4
Kurtzmaniella quercitrusa FLA12.1 Pichia manshurica FLAMO.3
Nakazawaea ishiwadae FLAT1.4 Glavispora pseudohaemulonis FLAA0.1
Kurtzmaniella quercitrusa FLA11.3 Pichia manshurica FLA39.3
Wickerhamomyces ciferri FLAT1.2 Cyertinanera fabianil FLA39.2
Kodamasa restingas FLAT1.1 Wickerhamomyces anomalus FLA39.1
Hanseniaspora uvarum FLAS.2 Wickerhamiella azyma FLA38.2

Candida leandrae FLAS.1 Metschnikowia rancensis FLA38.1

Wickerhamiella azyma FLAB.3 Wickerhamiella azyma FLA3T.A
Metschnikowia lannaensis SDBR-CMU426™ Wickarhdimiole azyiia FLAZE:S
Condbin oandas PLAG ‘Sporobolomyces bannaensis FLA36.2

Cancida leandrae FLAT.1 SEAUobokS peraiaoets FEASS

Wickerhariella azyma FLASS.2

Metschnikowia hawaiiana FLAG.1

Pseudozyma hubsiensis FLA35.1
Wickerhamisila camelliae SDBR-CMU428"

Debaryomyces subglobosus FLA34
‘Suhomyces xylopsoci FLAS.3

Diutina catenulata FLA33
Candida leandrae FLAS.1 Psoudozyma hubsiensis FLA323
Wickerhamiella thailandensis SDBR-CMU432" Debaryomyces fabryi FLAS2.2
Candida leandras FLAA.1 Metschnikowia hawaiiana FLA32.1
Pseudozyma hubeiensis FLA3.1 ‘Sporobolomyces bannaensis FLA31.7
Hannaella luteola FLA2.4 Hyphopichia burtonii FLA31.6
Metschnikowia rancensis FLA2.3 Papiliotrema flavescens FLA31.5
Hannaella sinensis FLA2.1 Kodamaea ohmeri FLA31 4
Wickerhamiella azyma FLA1.3 Metschnikowia laotica FLA31.2
Metschnikowia koreensis FLA1.2 Debaryomyces nepalensis FLA31.1
0 © B N 0 N & o 0 2 ® 4«
Tanric acid (glL) Tannic acid (91L)

uTannin-olerance = A520 aTannin-tolerance  wAS20

E)

25

®





OPS/images/fmicb-13-991781/fmicb-13-991781-g007.jpg
r2.50
-2.00
-1.50
-1.00
-0.50
-0.00
-0.50
-1.00
-1.50
-2.00






OPS/images/fmicb-13-1016548/fmicb-13-1016548-i033.jpg





OPS/images/fmicb-14-1043430/fmicb-14-1043430-g007.jpg
PC2 (25.81%)

Biplot

6
Wickerhamiela hajandensis
Lampang' :
4 kcmaf\g Rai
\ :
2
P3N FS
2| g
o Forarao
v 5 Wekamam sma
-4 T T T T T
8 6 -4 2 0 2

PC1 (30.98%)






OPS/images/fmicb-13-991781/fmicb-13-991781-g006.jpg
(28.59%)

W

N

PC

p

S 1

® FRDS

® FRWW
A NRDS
ANRWW
OFLDS
OFLWW
ANLDS
ANLWW





OPS/images/fmicb-13-1016548/fmicb-13-1016548-i032.jpg





OPS/images/fmicb-14-1043430/fmicb-14-1043430-g006.jpg





OPS/images/fmicb-13-1016548/fmicb-13-1016548-i031.jpg





OPS/images/fmicb-14-1043430/fmicb-14-1043430-g005.jpg





OPS/images/fmicb-14-1043430/fmicb-14-1043430-g004.jpg
g )

FEAC 2o

& ¥

I 9 —
D 7
— /

&l s 5

- -





OPS/images/fmicb-13-1016782/fmicb-13-1016782-i011.jpg





OPS/images/fmicb-13-1016782/fmicb-13-1016782-i010.jpg





OPS/images/fmicb-13-973483/fmicb-13-973483-t001.jpg
lProperties Xifeng (n =10)

pH (H,0) 6.30 £ 0.10
Sand (%) 24.00 + 1.40
Silt (%) 26.00 £ 1.10
Clay (%) 50.00 + 1.00
C(gkg™) 15.80 & 3.30
Total N (g kg’l) 1.45+0.20
Total P (mgkg™1) 243.50 % 38.90
Total K (mgkg™!) 9362.00 =+ 426.40
Total Ca (mgkg™!) 1458.00 % 128.00

Values represent means =+ standard errors.
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Species Strain Disease Lesion (mm)
incidence (%)

A. tectorum'sp.  YZU 161050 10040a 4897 £0.652
nov.
YZU 161052 10040a 48280362
A. setosae sp.nov.  YZU 191101 10040a 2687+031b
YZU 191076 10040a 26764025b
A. iridicola YZU 161051 10040a 24154033 be
YZU 191090 10040a 23.5540.22bc
YZU 161119 10040a 22484 054¢
YZU 161186 10040a 22514060¢
A. alternata YZU 171270 10040a 1239+ 063d
YZU 181050 10040a 11774059d
YZU 181280 10040a 1022+ 040d
YZU 171499 100£0a 1008+028d

Disease incidence (DI) was evaluated by counting the percentage of diseased leaves. Lesion
sze (LS = the maximun lesion length) values are the mean value of three replicates
standard deviation. Values followed by different lowercase leters within a column are
significantly different according to the leastsignificant difference test (P < 0.05) using
[BM SPSS Statistics 23.
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Species/Strain

A. alternata

YZU 171270

YZU 171499

YZU 181050

YZU 181280

A. gaisen

A. iridiaustalis

A. iridicola

A. setosae sp. nov.

A. tectorum sp. nov.

Conidia

Shape Body (um)

Ovoid, ellipsoid, or 7-30 (=40 x5-12
subsphaeroid or with
short beak

Almost slender 10-36x6-23
ellipsoid or ovoid,
sometimes with short
beak

Ovoid or ellipsoid with  14-51 (=66.5)x7.5-18.5
cylindric apex

Ovoid, or ellipsoid or 115-40x4-7.5
with blunted beak

Ellipsoid, ovoid, almost  22-76.5 (~84.5)x7.5-16
with long beak

Short to long ovoid or 30-45 (=55) x 13-15
ellipsoid (-18)
Ovoid or ellipsoid 20-55x10-15
Broad-ovoid or broad- 30-50x13-24
ellipsoid and long

ellipsoid

psoid or long 20-50x 15-24.
ellipsoid

Broadly obclavate with a 60-125x17-33
blunt conical or sturdy
eylindric apex
Obclavate or long 36-74x3-26
ovoid, sometimes
cylindrical with
columnar beak
Oblavate or long ovoid 21-127%7-38
with columnar beak
sometimes

Short to long ovoid or (12) 14-45%7-14
ellipsoid

Broad ovoid or broad 13-38.5%5.5-13

ellipsoid

Beak (pm)

3-5(=30)

4-17.5

5.5-26

6-67.5(-71.5)

15-100 (<133)

20-70

10-74

Conidia per

chain
Septa
s 420
1-5 3-8
1-6 4-8
3-6 5-10
1-9 3-8
5-8 3-9
3-7 3-10
3-4 1-2
35 12
59 39
1-8 4-5
216 34
1-6 4-12
1-6 2-9
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Species/  Host/
Strain Substrate

A. alstroemeriae

CBS 118808 R Alstroemeria sp.

CBS 118809T  Alstroemeria sp.

A. alternantherae

CBS 124392 Solanum
melongena

A. alternata

CBS91696T  Arachis hypogaca

CBS 102604 Minneola tangelo

CBS 102602 Minneola tangelo

CBS 102599 Minneola tangelo

CBS 102595 Citrus jambhiri

CBS 127672 Astragalus
bisulcatus

CBS 10333 Soil

CBS 10247 Citrus sinensis

CBS 11744 Godetia sp.

CBS 102596 Citrus jambhiri

CBS91896  Dianthus
chinensis

CBS 121455 Broussonctia
papyrifera

CBS 121547 Pyrus
bretschneideri

CBS 127671 Stanleya pinnata

CBS 10634 Linum

usitatissimum

CBS 121336 Allium sp.
CBS 119543 Citrus paradisi
CBS 19586 Euphorbia esula
CBS 119399 Minneola tangelo
CBS479.90  Citrus unshiu
CBS 121348 Platycodon
grandiflorus
CBS 59593 Pyrus pyrifolia
CBS 118818 Vaccinium sp.
CBS 118814 Solanum
Iycopersicum
CBS 118815 Solanum
Iycopersicum
CBS 118811 Brassica oleracea

CBS 118812 Daucus carota

CBS 119408 Euphorbia esula

CBS540.94  Nicotiana
tabacum

CBS 121333 Nicotiana
tabacum

CBS 10432 Gossypium sp.

CBS 102601 Minneola tangelo

CBS 102597 Minneola tangelo

YZU 171270 Iris tectorum

YZU 171499 Iris tectorum

YZU 181050 Iris tectorum

YZU 181280 Iris tectorum

A. arborescens

CBS 10113 Peat soil

CBS 119545 Senecio
skirrhodon

CBS 119544 Avena sativa

CBS 112749 Malus domestica

CBS 10524 Solanum
tuberosum

CBS 12660  Wood

CBS 109730 Solanum
Iycopersicum

CBS 10549 Contaminant
blood culture

A. betae-kenyensis

CBS 118810 Beta vlgaris var.
cicla

A. burnsii

CBS 130264 Human sputum

CBS108.27  Gomphrena
globosa

CBS 107.38T  Cuminum
cyminum

CBS 118816 Rhizophora
mucronata

CBS 118817 Tinospora
cordifolia

A. citricancri

CBS 119543T  Citrus paradisi

A. eichhorniae

CBS489.92T  Eichhornia
crassipes

CBS 119778 R  Eichhornia
crassipes

A. gaisen

CBS 63293 R Pyrus pyrifolia

CBS 118488 R Pyrus pyrifolia

CPC25268  Unknown

A. gossypina

CBS 102597 Minneola tangelo

CBS 10432T  Gossypium sp.

CBS 102601 Minneola tangelo

A.iridiaustralis

CBS 118404 R Iris sp.

CBS 118486 T  Iris sp.

A.iridicola

MUCC 2149T  Iris japonica

YZU 161051 Iris tectorum

YZU 161119 Iris tectorum

YZU 161186 Iris tectorum

YZU 191090 Iris japonica

A. jacinthicola

CBS 133751 Eichhornia
crassipes

CBS878.95  Arachis hypogaea

A. longipes

CBS 54094 Nicotiana
tabacum

CBS 121333 R Nicotiana
tabacum

A. tomato

CBS 11435 Solanum
Iycopersicum

CBS 10330 Solanum
Iycopersicum

A. tectorum

YZU 161050 Iris tectorum

YZU 161052 Iris tectorum

A. setosa

YZU 191076 Iris japonica

YZU 191101T s japonica

The present Alternaria strains of this study are marked in bold;

Country

Australia

Australia

China

India
Israel

Turkey
Turkey

Egypt
UsA

China

China

USA

Unknown

UsA
UsA
Canada
UsA
Japan

China

Japan
USA

USA
USA
USA
USA

USA

Zimbabwe
Colombia
USA
China
China
China

China

s\
New Zealand

tzerland

New Zealand
South Africa

Unknown

UK
USA

Taly

Kenya

India

Unknown

India

India

India

USA

India
Indonesia
Japan
Japan
Portugal
UsA
Zimbabwe

Colombia

New Zealand

Australia
Japan
China
China
China
China
Mali
Mauritius

UsA

UsA

Unknown

Unknown

China

China

China
China

ITS

KP124296
KP124297

KC584179

AF347031
KP124334
KP124332
KP124330
FJ266476

KP124382

KP124302
KP124303
KP124303
KP124328
AF347032

KP124368

KP124372

KP124381
Y17071

KJ862254
KP124363
KP124317
KP124361
KP124319
KP124367

KP124320
KP124359
KP124357
KP124358
KP124356
KC584193
KP124362
AY278835
KP124444
KP124430
KP124433
KP124432
OP341610
OP341534
OP341604

OP341598

KP124392
KP124409

KP124408
KP124402

KP124393

KP124397
KP124399

KP124396

KP124419

KP124425

KC584236

KP124420

KP124423

KP124424

KP124363

KC146356

KP124426

KC584197

KP124427

KP124428

KP124432

KP124430

KP124433

KP124434
KP124435

1C269975
OP341633
OP341632
OP341622
OP341617
KP124438
KP124437

AY278835

KP124444

KP124446

KP124445

OP341728

OP341817

OP341739
OP2341770

GAPDH

KP124153
KP124154

KC584096

AY278808
AY562410
KP124187
KP124185
AY562411
KP124234

KP124159
KP124160
KP124160
KP124183
AY278809

KP124220

KP124224

KP124233
1Q646308

KJ862255
KP124215
KP124173
Q646328
KP124174
KP124219

KP124175
KP124213
KP124211
KP12212
KP124210
KC584112
1Q646326
AY278811
KP124293
JQ646312
KP124282
KP124281
OP352298
0P352295
OP352297

OP352296

KP124244
KP124260

JQ646321
KP124254

KP124245

KP124249
KP124251

KP124248

KP124270

KP124275

KC584162

1Q646305

KP124273

KP124274

KP124215

KP124276

KP124277

KC584116

KP124278

KP124133

KP124281

KP124135

KP124282

KP124283
KP124284

LC270143
OP352302
OP352301
OP352300
OP352299
KP124287
KP124286

KP124147

KP124150

KP124295

KP124294

OP352303

OP352304

OP352305
OP352306

GenBank accession number

TEF1

KP125071
KPI125

72

KC584633

KC584634
KP125110
KP125108
KP125106
KC584666
KP125160

KP125077
KP125079
KP125079
KP125104
KC584693

KP125146

KP125159

KP125078

KP125141
KP125139
KP125093
KP125137
KP125095
KP125144

KP125096
KP125135
KP125133

KP125134

KP125132
KC584652
KP125138
KC384667
KP125223
KP125209
KP125212
KP125211
OP374451
OP374448
OP374450

OP374449

KP125170
KP125187

KP125186

KP125180

KP125171

KP125175
KP125177

KP125174

KP125197

KP125203

KC584727

KP125198

KP125201

KP125202

KP125139

KP125204

KP125205

KC584658
KP125206
KP125207

KP125211
KP125209
KP125212

KP125213
KP125214
LC275061
OP374455

OP374454

OP374453

OP374452

KP125217

KP125216

KC584667

KP125223

KP125225

KP125224

OP374456

OP374457

OP374458
OP374459

* ex-type isolate, R: representative isolate.

RPB2

KP124764
KP124765

KC584374

KC584375
KP124802
KP124800
KP124798
KC584408.
KP124852

KP124770
KP124772
KP124772
KP124796
KC584435

KP124838

KP124842

KP124851
KP124771

KP124833
KP124831
KP124785
KP124829
KP124787
KP124836

KP124788
KP124827
KP124825
KP124826
KP124824
KC584393
KP124830
KC584409
KP124914
KP124900
KP124903
KP124902
OP352286
OP352283
OP352285

OP352284

KP124862
KP124879

KP124878
KP124872

KP124863

KP124867
KP124869

KP124866

KP124888

KP124894

KC584468

KP124889

KP124892

KP124893

KP124831

KP124895

KP124896

KC584399

KP124897

KP124279

KP124902

JQ646312

KP124903

KP124904
KP124905

LC275241
OP352290
OP352289
OP352288
OP352287
KP124908
KP124907

AY278811

KP124293

KP124916

KP124915

OP352291

0P352292

0P352293
OP352294

Altal

KP123845
KP123845

KP123846

AY563301
AY563305
KP123881
KP123879
AY563306
KP123930

KP123852
KP123854
KP123854
KP123877
AY563302

KP123916

KP123920

KP123929
KP123853

KJ862259
KP123911
JQ646398
KP123910
KP123870
KP123915

JQ646399
KP123908
KP123906
KP123907
KP123904
KP123905
Q646410
AY563304
KP123990
Q646395
KP123979
KP123978
0P293709
0P293708
0P293707

0P293706

KP123940
KP123956

KP123955
KP123949

KP123941

JQ646390
KP123946

KP123944

KP123966

KP123972

KP123850

KP123967

KP123970

KP123971

KP123911

KP123973

KP123973

KP123974

KP123975

KP123976

KP123978

JQ646395

KP123979

KP123980
KP123981

1LC276239
0P293713
0P293712
0P293711
0P293710
KP123984
KP123983

AY563304

KP123990

KP123992

KP123991

0P293714

0P293715

0P293716
0P293717

EndoPG

KP123993
KP123994

Q811978
KP124035
AY295023
KP124032
KP124029
KP124086

KP123999
KP124001
KP124001
KP124030
KP124026

KP124072

KP124076

KP124085
KP124000

KP124067
KP124065
KP124017
KP124063
KP124019
KP124070

KP124020
KP124061
KP124059
KP124060
KP124057
KP124058
KP124064
KP124147
KP124150
KP124135
KP124138
KP124137
0P293721
0P293719
0P293720

0P293718

KP124096
KP124113

KP124112
KP124106

KP124097

KP124101
KP124103

KP124100

KP124123

KP124129

KP123997

KP124124

KP124127

KP124128

KP124065

KP124130

KP124131

AY295033

KP124132

KP124898

KP124137

KP124900

KP124138

KP124139
KP124140

LC276254
0P293725
0P293724
0P293723
0P293722
KP124143
KP124142

KC584409

KP124914

KP124152

KP124151

OPA10-2

KP124601
KP124602

KP124632
KP124643
KP124641
KP124639
KP124636
KP124695

KP124607
KP124609
KP124609
KP124637
KP124633

KP124681

KP124685

KP124694
KP124608

KP124676
KP124674
KP124624
KP124672
KP124626
KP124679

KP124627
KP124671
KP124669
KP124670
KP124667
KP124668
KP124673
KP124758
KP124761
KP124746
KP124749
KP124748
OP352274
0P352271
0P352273

0P352272

KP124705
KP124723

KP124722
KP124716

KP124706

KP124710
KP124713

KP124709

KP124733

KP124739

KP124605

KP124734

KP124737

KP124738

KP124674

KP124740

KP124741

KP124742

KP124743

KP124744

KP124748

KP124746

KP124749

KP124750
KP124751

0P352278
0P352277
0P352276
0P352275
KP124754
KP124753

KP124758

KP124761

KP124763

KP124762
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PM (n=6) 13.42+£1.53¢

Values represent means

45.80 £12.07 a
33.2+7.76a
122+1.30b

(ANOVA) followed by Least-Significant Difference testing.

May-2019

76.80 £21.32a
56.6 £ 10.76 a
323+£11.17b
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103.80 +23.94a
8544+994a
40.2+8.98b

May-2020

140.00 £ 26.84 a
120.6 £17.98a
81.44+1595b
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t standard errors. Different letters indicate significant (P < 0.05) differences between individual means assessed by two-way factorial analysis o
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171£41.31a
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f variance
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Host

Iis hexagona

Iis tectorum

Iis japonica

Iris ensata

Total strains

30

67

Province

Jiangsu
Guangsi
Shanghai
Yunnan
Hubei
Beijing
Shanxi
Shaanxi
Gansu
Jiangsu
Sichuan
Henan
Fujian

Fujian

angxi
Shannxi
Jilin
Gansu

Yunnan

Location
City
Nanjing,
Nanning

Shanghai
Kuumainn
Jingzhou, Yichang
Beijing
‘Taigu, Yangquan
Xian

inxia, Lanzhou
Nanjing
Deyang
Henan
Fuzhou
Fuzhou
Lushan
Xian

Changchun

Linsia
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A. setosae sp. nov.

YZUBI076  YZU 191101

ontrol

161186

A. iridicola

YZU 161051

YZU 161119

YZU 191090

A. tectorum sp. nov.

YZUN61052
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Exont Exon2 Exon3

H I

123 Intron1 145 289 Intron2 369 557
DB

N}
i3
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i
~
J

113 118

Fusarium oxysporum
Fusarium graminoarum
Vertcilium dahiiae.
Verticilium sifafae
Colleotrichum glososporioides
Botryts cinerea.

Sclerotinia sclerotiorum
Aspergilus fumigatus
Magnaporthe oryzae

Candida albicans
Saccharomyces cerovisise

FVET
FVKE|
FLKT
FLKT
FVKT
FIKT
VKT
FYET
rvkv|
FLKT
vkl

NELEDY

PO P

‘ Protein type ‘ Signal Peptide (Sec/SPI) Other ‘
Likelihood 0.0013 0.9987
S50 predicon (Bukany): Seence
stsearsns)

W6V I N TN S KADE Y KATHGEEYTLAADNYLPSKHVATLDCEATUCEPCKTIAPIYAQLSEKYTSYNFLKID

» ; E
* Proein sequence

SeqID | Class | Score Network 1 Network 2 |Network3 oot Sequence

VdTrx1 UPs 0.5982 0.282316 | 0.997414 | 0.520239 0.599990 VdTrx1
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Pestalotiopsis hydei MELUCC 20-0135
Pestaloiopsis macadaniae BRIP 63735l
Pestalotiopsis elopeae CBS 113606

Pestalotiopsis telopeae CBS 114161
Pestalotiopsis felopeae CBS 114137

Pestalotiopsis rhodamyrhl: 14458
Pestalotiopsis rhodomyrtus LC3413

opsis brachiata LC8188
is brachiata 1L.C2988

Pestalotiopsis z
Pestalotiopsis disseminata CBS 143904
Pestalotiopsis disseminata CBC 293.51

estalo: disseminata CBS 118552

Pestalotiopsis thailandica MFLUCC 17-1616
Pestalotiopsis thailandica MFLUCC 17-1617

Pestalotiopsis nanningensis LHGX10
Pestalotiopsis nanningensis LHGX12
s nanmingensis LHGX11

Pestalotiopsis hunanensis LHXT19
Pestalotiopsis hunanensis LHXT18
Pestalotiopsis hunanensis LHXT17

mq Peslalonopns neoht:eaeNTUCC 17-011
Pestalotiopsis neolitseae NTUCC 17-012
— Pestalotiopsis neolitseae KUMCC 19-0243

Pe:mlalinsl.t leucadendri CBS 121417

m‘* Pestalotiopsis unicolour NIFLUCC 12-0275
Pestalotiopsis unicolour MFLUCC 12-0276

Pestalotiopsis hollandica CBS 265.33

Pestalotiopsis monochaeta CBS 440.83
Pestalotiopsis monochacia CBS 14497
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Pathogen

Alternaria
alternata

Diaporthe eres

Fusarium fujikuroi

Fusarium solani

Juglanconis
appendiculata

Lasiodiplodia

pseudotheobromae

Neofusicoccum

parvum
Ophiognomonia

leptostyla

Palmiascoma

qujingense

Phellinus igniarius
Phomopsis capsici

Phyllactinia
juglandis

Disease

Walnut brown
spot
Branch blight

Stem rot

Root rot

Branch blight

Trunk canker

Branch rot

Brown leaf spot

Branch blight

White rot of
heartwood

Twig blight

Powdery
mildew

Morphological characteristics

On potato dextrose agar (PDA): conidia av. 25 x 7.5 jum, inverted pear-shaped, with a short
beak, 1-4 diaphragms, 0-3 mediastinum

Undefined

On synthetic low nutrient agar (SNA): microconidia 2.2-3.8 x 7.6-11.7 jum, oval, elliptic or
clavate, zero septate; conidiophores branched or unbranched, solitary or in groups, phialides
cylindrical to flask-shaped, monophialidic and polyphialidic; macroconidia

2.1-3.9 x 26.2-53.4 m, long and slender with a curved apical cell and foot-like basal cell,
3-4-septate

On carnation leaf-piece agar (CLA): microconidia av. 10.6 x 9.1 jum, ovoid, no septa or one
septum; macroconidia av. 47.4 x 5.3 pm, 1-3-septate, sickle-shaped; chlamydospores av.

10.3 x 9.2 pum, single or paired, circular to ovate, smooth or not smooth

On the host: conidiomata 0.3-0.7 mm, acervular, black and scattered; conidiophores
30-43 x 3-8 pm, narrowly cylindrical, simple or branched at the base; conidiogenous cells
annellidic with distinct annellations; conidia 17-32 x 7-12 jum, unicellular, brown, narrowly

ellipsoid with gelatinous sheaths and truncate scars at the base

On the host: conidiomata 160-280 x 140-190 jLm, stromatic, uniloculate, dark brown to
black, immersed, and erumpent; pycnidial walls 32-58 um wide, 5-7 layered with brown to
dark brown cells; conidia 21.5-31 x 11.5-15.7 jum, hyaline, ellipsoidal with rounded apex
and base, widest at the middle, thick-walled, and unicellular

On PDA: conidia 15.2-17.2 X 4.6-6.4 jum, circular, elliptic, or irregular, aseptate

On PDA: conidiogenous cells subcylindrical to cylindrical, or ampulliform, hyaline, rarely
branched; macroconidia 22-40.5 x 2.5-8.3 jum, lunate, reniform, hyaline, 1-3-septate,
constricted at the septum, the basal cell rounded, the apical cell with an acute end;
microconidia 10-28.5 x 1.9-3.7 pum, botuliform or subfusiform, hyaline, both ends rounded,
straight or curved, aseptate

On the host: ascostroma 260-410 x 210-320 um, black, globose to subglobose,
short-papillate, ostiolate; asci 55-78 x 8-12 jum, 8-spored, bitunicate, cylindrical, short
pedicellate; ascospores 12-17 x 3-5 pm, 1-septate, fusiform to ellipsoidal, slightly curved,
guttulate

On PDA: conidiomata 220-300 x 240-380 pm, black, globose to subglobose; conidia

3-7 x 2-4 pm, oblong to ellipsoidal, aseptate and smooth-walled

Absent

On PDA: a-conidia 5.6-9.2 x 1.0-2.2 pum, aseptate, ovoid to oval; B-conidia
21.6-30.4 x 0.2-0.4 pum, aseptate, filiform, curved

On the host: perithecia 166-239 m; appendices 104-339 jum, straight or slight curving; asci
59-103 x 24-45 pm, long elliptic or ovate, 2-spored; ascospores 29-44 x 17-25 pm, elliptic,

rectangu.lar, or ovate

Molecular data
(absent)

ITS, gapdh (tef1-a,
ATPase, rpb2)

ITS, tef1-a, tub2,
his3, cal (-)

ITS, LSU, tef1-a,
tub2 (rpbl, rpb2,
cmdA)

ITS, tef1-o (rpb2)

ITS, ms204, tef1-a,
tub2 (-)

ITS, LSU, SSU,
tef1-a, tub2 (-)

ITS (LSU, tef1-0t,
tub2, rpb2)

ITS, ms204, tef1-a
)

ITS, LSU, SSU, rpb2

- (ITS)

ITS (tef1-0, his3, cal,
tub2)

- (ITS)

Host

J. regia

J. regia

J. sigillata

J. sigillata

J. sigillata

J. sigillata

J. regia

J. sigillata,
J. regia x
J. sigillata

J. regia

Juglans spp.

J. regia

J. regia

City

Deyang City

Guangyuan
City
Zigong City

Liangshan
Prefecture

Mianyang City

Chongzhou
City

Ya'an City,
Mianyang City
Guangyuan
City, Dazhou
City

Chongzhou
City

Undefined

Guangyuan
City
Undefined
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Yin and Zhu,
2016
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IPR + Suillus (n = 15) PM + Suillus (n = 15) PR (n=15) PM (n=15)

Shoot biomass (g) 0.48 (0.014) 0.19 (0.006) 0.44 (0.03) 0.18 (0.01)
Root biomass (g) 0.34 (0.004) 0.106 (0.009) 030 (0.02) 0.095 (0.07)
Root tip number 243.00 (7.52) 229.20 (11.69) 221.80 (7.19) 220.60 (11.41)
ECM colonization (%) 25.40 (3.26) 28.94 (1.89) 0.00 0.00
C(mgg) 489.78 (13.51) 469.19 (4.38) 483.53 (17.86) 465.02 (7.56)
N(mgg™h) 927 (0.51)b 12.54(0.79) a 9.27(0.71) b 10.1(0.72) b
P(mgg!) 0.72 (0.05) ab 0.82(0.07) a 0.39(0.01) b 0.34(0.01) b

Data represents mean with the standard error in parentheses. ! Values represent means + standard errors. Different letters indicate significant (P < 0.05) differences between individual
means assessed by two-way factorial analysis of variance (ANOVA) followed by Least-Significant Difference testing.
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C (%)

N (%)

Total P (mgg™!)
Total K (mgg~!)
Total Ca (mgg™!)
Total Fe (mg g~ 1
Total Mn (mg g~ 1

IPR + LD (n=6)

4972 (0.41) b
142 (0.14)
1.12(0.05) b
5.16 (0.82)
2.11 (0.95)
025 (0.07) b
023 (0.03)

PR (n=6)

4932 (0.41) b
1.36 (0.11)
1.02(0.19) b
4.14 (139)
2.28 (0.99)
0.28 (0.033) b
0.25 (0.05)

PM (n = 6)

50.22 (0.48) a
1.56 (0.27)
1.20 (0.08) a
3.8(0.77)
1.38(0.39)
0.34(0.03) a
032 (0.15)

Data represents mean with the standard error in parentheses. !Values represent

means =+ standard errors. Different letters indicate significant (P < 0.05) differences

between individual means assessed by two-way factorial analysis of variance (ANOVA)

followed by Least-Significant Difference testing.
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