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Editorial on the Research Topic
 Insights on fungal diversity of ascomycetes and basidiomycetes: taxonomy and interaction with their host




Fungi, including both macro- and micro-ones, play a crucial role as natural bio-resources. There are an estimated 2.2–3.8 million fungal species worldwide, with more than 92% of them still unknown (Hawksworth and Lücking, 2017; Antonelli et al., 2020). Ascomycetes and Basidiomycetes with the largest number of species are the two main phyla of fungi (Bhunjun et al., 2022). Many fungal species in these two phyla provide important genetic and metabolite resources for our industry, agriculture, medicine, as well as ecological equilibrium. However, the knowledge of both phyla remains significantly missing and awaiting further research. Some of them are similar in morphology but have a far phylogenetic relationship, while others are closely related but have great morphological differences (Lu et al., 2018, 2022). Understanding the diversity and taxonomy of fungi in the Ascomycetes and Basidiomycetes are essential for unraveling their ecological roles, evolutionary relationships, and potential applications. In this Research Topic, we present a collection of research articles that delve into the exploration of fungal species, shedding light on their diversity, phylogeny, and morphological characteristics.

The articles in this issue span various fungal taxa and geographic regions, providing valuable insights into their classification and evolutionary history. The discoveries of new species within genera such as Antrodia, Cantharellus, Thelephora, Steccherinum, and Podoscypha highlight the hidden diversity within these groups. Through a combination of morphological observations and molecular phylogenetic analyses, these studies provide a comprehensive understanding of the relationships and unique characteristics of these newly described species.

Wang Y.-R. et al. focus on the genus Megasporoporia sensu lato, which has been extensively studied in China and South America. Through phylogenetic analyses, four independent clades representing four genera within Megasporoporia sensu lato have been identified. Building upon previous research, this study expands the sampling to tropical and subtropical regions in Asia, Oceania and East Africa. The phylogeny based on a comprehensive 4-gene dataset confirms the presence of four genera, viz Jorgewrightia, Mariorajchenbergia, Megasporia and Megasporoporia sensu stricto. The discovery of six new species and proposed combinations further enriches our understanding of this genus. The research provides a valuable identification key to the 36 accepted species, facilitating future studies on Megasporoporia sensu lato.

Song et al. focus on the genus Hydnellum, a group of ectomycorrhizal fungi with both ecological and medicinal significance. The species diversity of Hydnellum in China remains unclear, and this study aims to fill this knowledge gap. Through morphological characterization and phylogenetic analyses, five new species of Hydnellum are described, providing comprehensive descriptions, illustrations and phylogenetic trees. These findings contribute to our understanding of the diversity and evolutionary relationships within this important genus.

Wang Y. et al. explore the diverse family Boletaceae, which has attracted the attention of mycologists worldwide due to its morphological diversity and complex evolutionary history. Despite previous research, novel taxa continue to be described. This study introduces three new taxa and one new record from China, providing detailed morphological descriptions, color photographs and phylogenetic trees. These findings enhance our knowledge of the Boletaceae family and its evolutionary relationships.

Shifting our focus to the genus Fistulina, Zhou M. et al. discuss phylogenetic and morphological analyses of Fistulina samples from East Asia and North America. The study reveals the presence of two new species, Fistulina americana and F. orientalis, previously known as F. hepatica. Detailed descriptions of these species, including their distinguishing characteristics and habitats, are provided. This research expands our understanding of the diversity within the Fistulina genus.

The genus Sanghuangporus, known for its edible and medicinal properties, is explored in this Research Topic. Chen et al. model the current geographic distribution and predict future range shifts under climate change scenarios using occurrence records and MaxEnt modeling. The results provide valuable insights into the potential distribution of Sanghuangporus and its critical environmental variables, aiding in its utilization and conservation as an important edible and medicinal fungus.

Zhou H.-M. et al. focus on the genus Antrodia, with the description of two new species, viz A. aridula and A. variispora, from western China. Phylogenetic analyses based on a comprehensive six-gene dataset reveal that these species form two distinct lineages within the Antrodia genus. Morphologically different from existing Antrodia species, A. aridula is characterized by its annual and resupinate basidiocarps with angular to irregular pores, while A. variispora is characterized by its annual and resupinate basidiocarps with sinuous or dentate pores. These findings contribute to our understanding of the diversity and morphology of Antrodia species.

Li Y. et al. explore the diversity, taxonomy and phylogeny of five corticioid genera of Phanerochaetaceae in East Asia. Via morphological and molecular methods, seven new species are discovered, along with two suggested combinations and a proposed new name. The phylogenetic analyses reveal new lineages within the studied genera and provide insights into their evolutionary relationships. Detailed descriptions, illustrations and identification keys enhance our understanding of the species diversity within these corticioid genera. In another study, Li and He discover two new brown-rot corticioid fungi, viz Coniophora beijingensis and Veluticeps subfasciculata, in China. Through phylogenetic analyses, these species are identified and described based on their morphological characteristics. The findings contribute to our understanding of the diversity and taxonomy of wood-inhabiting fungi.

Zhang et al. focus on the genus Cantharellus, which is ecologically and economically important. Via morphological and molecular phylogenetic analyses, new species are described, including C. bellus, C. cineraceus and C. laevigatus, along with the previously described taxon C. hygrophoroides. The findings contribute to the taxonomic knowledge of Cantharellus subgenera Afrocantharellus and Magni, providing insights into their diversity and evolutionary relationships.

Furthermore, the genus Thelephora, a cosmopolitan group of ectomycorrhizal fungi, is investigated by Yang et al. via phylogenetic analyses and morphological observations, four new species are identified, namely Th. aquila, Th. glaucoflora, Th. nebula and Th. pseudoganbajun. These findings contribute to our understanding of the diversity and phylogenetic placement of Thelephora species in subtropical China.

Liu et al. explore the classification of Polyporales, a diverse group of wood-decaying fungi. Based on morphological characters and molecular data, two new families, viz Climacocystaceae and Gloeoporellaceae, are proposed within Polyporales. The phylogenetic analyses provide insights into the evolutionary relationships and divergence times within Polyporales. These new family classifications enhance our understanding of this diverse order.

The Research Topic also emphasizes the significance of employing both morphological and molecular approaches in studying fungal diversity. Phylogenetic analyses based on multiple gene sequences, including ITS, nLSU, mtSSU, TEF1, and RPB2, provide robust insights into the evolutionary relationships among different fungal lineages. These analyses are crucial for resolving taxonomic uncertainties and improving our understanding of fungal evolution.

Chin et al. focus on marine fungi, specifically those associated with sponges, algae and brown algae in Mauritius. Traditional methods of studying fungal diversity, such as culturing, have limitations in capturing the full spectrum of fungal communities. To overcome these challenges, high-throughput sequencing methods, specifically Illumina sequencing, were employed. The results provide valuable insights into the diversity and distribution of marine fungi in Mauritius, highlighting the significance of these organisms in nutrient cycling, organic matter decomposition, and symbiotic interactions.

Moving to northwestern Yunnan, China, Li L.-L. et al. explore the diversity of lignicolous freshwater fungi. Through meticulous studies over several years, new genera and species have been discovered, expanding our knowledge of these unique fungi. The research also emphasizes the importance of molecular phylogenetic analysis in establishing new taxa and understanding their relationships within the fungal kingdom.

Continuing the exploration of fungal diversity, Ma et al. and Li Q.-R. et al. investigate diatrypaceous fungi from southeastern Tibet and southern China. The integration of morphological features and molecular evidence reveals new genera and species, contributing to our understanding of the evolutionary relationships within Diatrypaceae. These findings highlight the richness of diatrypaceous fungi in China and their potential ecological significance.

Shifting the focus to wildlife, Hađina et al. examine the genotypes of Malassezia pachydermatis, a pathogenic yeast found in brown bears. The study reveals the presence of distinct genotypes, including one specifically adapted to brown bears. This research expands our understanding of the genotypic diversity of M. pachydermatis in the wild animal and highlights the potential for cross-species transmission.

Dong et al. explore the fungal community variation in phytoremediation, specifically in the context of quartz tailings soil. Phytoremediation, a sustainable and cost-effective approach, utilizes plants and fungi to remediate contaminated soil. The study demonstrates the positive impact of plant-fungi-urban sludge combinations on fungal diversity and soil properties, providing valuable insights for future phytoremediation projects.

In conclusion, this Research Topic highlights the importance of exploring and understanding the diversity and taxonomy of fungal species. The research presented here expands our knowledge of these species, their evolutionary relationships, and ecological significance. We hope that this Research Topic of articles will inspire further exploration and research, ultimately contributing to a comprehensive understanding of the remarkable world of fungi and their ecological significance.


Author contributions

Y-ZL wrote the original draft. J-KL, JC, X-YZ, and J-CK revised the article. All authors agreed to the published version of the article.



Funding

This work was funded by the National Natural Science Foundation of China (NSFC Grants Nos. 32170019 and 31670027), the China Post doctoral Science Foundation Project (2020M683657XB), and the Guizhou Province high-level talent innovation and entrepreneurship merit funding project (No. 202104).




Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Antonelli, A., Smith, R. J., Fry, C., Simmonds, M. S., Kersey, P. J., Pritchard, H. W., et al. (2020). State of the World's Plants and Fungi 2020. Royal Botanic Gardens, Kew, Sfumato Foundation. Available online at: https://www.kew.org/sites/default/files/2020-10/State%20of%20the%20Worlds%20Plants%20and%20Fungi%202020.pdf (accessed June 18, 2023).

 Bhunjun, C. S., Niskanen, T., Suwannarach, N., Wannathes, N., Chen, Y. J., McKenzie, E. H., et al. (2022). The numbers of fungi: are the most speciose genera truly diverse? Fungal Divers. 114, 387–462. doi: 10.1007/s13225-022-00501-4

 Hawksworth, D. L., and Lücking, R. (2017). Fungal diversity revisited: 2.2 to 3.8 million species. Microbiol. Spectr. 5, 79–95. doi: 10.1128/microbiolspec.FUNK-0052-2016

 Lu, Y. Z., Liu, J. K., Hyde, K. D., Jeewon, R., Kang, J. C., Fan, C., et al. (2018). A taxonomic reassessment of Tubeufiales based on multi-locus phylogeny and morphology. Fungal Divers. 92, 131–344. doi: 10.1007/s13225-018-0411-y

 Lu, Y. Z., Ma, J., Xiao, X. J., Zhang, L. J., Xiao, Y. P., Kang, J. C., et al. (2022). Four new species and three new records of helicosporous hyphomycetes from China and their multi-gene phylogenies. Front. Microbiol. 13, 1053849. doi: 10.3389/fmicb.2022.1053849









 


	
	
TYPE Original Research
PUBLISHED 28 October 2022
DOI 10.3389/fmicb.2022.1003790






Metabarcoding assessment of fungal diversity in brown algae and sponges of Mauritius

Jessica Mélanie Wong Chin1,2, Daneshwar Puchooa1, Theeshan Bahorun2,3, Vidushi S. Neergheen2, Aadil Ahmad Aullybux1, Girish Beedessee4, Nadeem Nazurally1, Abdulwahed Fahad Alrefaei5 and Rajesh Jeewon6*


1Department of Agricultural and Food Science, Faculty of Agriculture, University of Mauritius, Réduit, Mauritius

2Biopharmaceutical Unit, Center for Biomedical and Biomaterials Research (CBBR), University of Mauritius, Réduit, Mauritius

3Department of Biosciences and Ocean Studies, Faculty of Science, University of Mauritius, Réduit, Mauritius

4Department of Biochemistry, University of Cambridge, Cambridge, United Kingdom

5Department of Zoology, College of Science, King Saud University, Riyadh, Saudi Arabia

6Department of Health Sciences, Faculty of Medicine and Health Sciences, University of Mauritius, Réduit, Mauritius

[image: image2]

OPEN ACCESS

EDITED BY
 Yong-Zhong Lu, Guizhou Institute of Technology, China

REVIEWED BY
 Mark Seasat Calabon, Mae Fah Luang University, Thailand
 Niranjan Mekala, Rajiv Gandhi University, India
 Huang Zhang, Kunming University of Science and Technology, China

*CORRESPONDENCE
 Rajesh Jeewon, r.jeewon@uom.ac.mu 

SPECIALTY SECTION
 This article was submitted to Evolutionary and Genomic Microbiology, a section of the journal Frontiers in Microbiology


RECEIVED 26 July 2022
 ACCEPTED 30 September 2022
 PUBLISHED 28 October 2022

CITATION
 Wong Chin JM, Puchooa D, Bahorun T, Neergheen VS, Aullybux AA, Beedessee G, Nazurally N, Alrefaei AF and Jeewon R (2022) Metabarcoding assessment of fungal diversity in brown algae and sponges of Mauritius. Front. Microbiol. 13:1003790. doi: 10.3389/fmicb.2022.1003790

COPYRIGHT
 © 2022 Wong Chin, Puchooa, Bahorun, Neergheen, Aullybux, Beedessee, Nazurally, Alrefaei and Jeewon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Marine fungi are largely associated with second most inhabitants of the marine ecosystem such as sponges and algae. They are important colonizers and play vital ecological roles, such as nutrient cycling, organic matter decomposition, and symbiosis with other organisms. High throughput sequencing methods have been used successfully to reveal unknown fungal communities associated with a number of hosts particularly in the marine environment. However, the diversity of marine fungi associated with sponges and brown algae in Mauritius remains largely unknown. Traditional methods based on culturing do not provide reliable estimate of fungal diversity as only those that are able to grow under laboratory conditions are dominant; in addition, a large proportion of fungi, cultured in vitro remain most of the time unidentifiable, given that there are no sporulating structures to be examined morphologically. To overcome these limitations, we employed Illumina sequencing to unravel fungi species present in the sponges, Iotrochota sp. and Biemna sp. and the brown algae Turbinaria conoides, Sargassum pfeifferae, and Sargassum obovatum, collected from the north of Mauritius. Diversity analyses revealed that Biemna sp. had the highest diversity from the sampled sponges with fungi from 24 orders being recovered while from brown algae; Turbinaria conoides had the highest diversity with recovery of fungal taxa of the orders Botryosphaeriales, Chaetothyriales, Eurotiales, Hypocreales, and Mucorales with the latter four orders being common in both sampled algae and sponges. Beta diversity analyses revealed clustering only in the algae, Turbinaria conoides, and Sargassum pfeifferae and not in the co-occurring sponges, indicating that sampling location did not have much influence on fungal diversity. Our findings provide the first amplicon sequencing based insights of the fungal communities associated with macro-algae and sponges in Mauritius and supplements research on the fungal community existing in the oceans around the world.

KEYWORDS
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Introduction

Marine organisms live and evolve in a sea of microbes which include bacteria, archaea, microeukaryotes, and viruses. These microorganisms play an important part in the biogeochemical cycles of the marine ecosystems. They can either exist in the planktonic state or live in symbiosis with the animals, plants, and algae of the marine world (Pita et al., 2018). Sponges came into existence approximately 800 million years ago and have formed a close relationship with marine microorganisms, that is, the bacteria, archaea, fungi, and algae (Turner, 2021). The sponge holobiont is a complex relationship that benefits both the host and its associated microorganisms. The latter enhance nutrition, defense mechanisms, immunity, and development of the host while receiving shelter (Suryanarayanan, 2012). Endophytes, often fungi and bacteria, have also been reported from macroalgae around the world. Different microbial biodiversity and bioactive chemical structures have been discovered with immense potentials (Jeewon et al., 2019). An example of a promising anticancer drug in Phase III clinical trial is Plinabulin. It was isolated from the marine fungus Aspergillus sp. and is used for the treatment of neutropenia and non-small cell lung cancer (Saeed et al., 2021). Endophytes benefit their host by producing compounds that are useful to growth, protection, and resistance to biotic and abiotic stresses (Nair and Padmavathy, 2014).

Marine fungi are key players in the oceans as they participate actively in the decomposition of organic matter, nutrient cycling and are symbionts to many organisms (Wang et al., 2014). They are taxonomically very diverse which belong to different fungal orders and families, and are also present in different habitats such as deep-sea sediments, hydrothermal vents, sea water, sand, and driftwoods and are associated with a plethora of marine organisms like sponges, corals, sea fans, algae, and sea cucumbers (Godinho et al., 2019). Culture based techniques, using different artificial media, have been employed to study fungal diversity of sponges and algae (Bovio et al., 2018; Sahoo et al., 2021) and these give an indication of some fungal symbionts present and enable the study of bioactive metabolites produced (Bovio et al., 2019; Kamat et al., 2020). Nevertheless, most microorganisms cannot be cultured in the laboratory, and it is often the fast-growing ones that are successfully isolated (Hagestad et al., 2019) and problems associated with traditional methods have been discussed in previous papers (Doilom et al., 2017; Jeewon et al., 2017; Hongsanang et al., 2018). There are very few scientific studies on the marine fungal diversity of Mauritius (Poonyth et al., 1999).

Metagenomics is a resource that can be employed to assess fungal biodiversity and to obtain data about the fungi that cannot be grown under laboratory conditions (Pearman et al., 2019). Many projects have turned to this technique and results are very promising. Eight-hundred and seven fungal operational taxonomic units (OTUs) were obtained by Rämä et al. (2016) on North Atlantic driftwoods, representing a rich biodiversity of Ascomycota and Basidiomycota. More than one fourth of the OTUs were unassigned, pointing the necessity of a wider range of DNA reference data. Garmendia et al. (2021), on the other hand, compared the cultivation-dependent method and the high-throughput sequencing methods (HTS) and concluded that some families of fungi were only obtained by the HTS. The dominant families included Trichocomaceae, Hypocreaceae, Cladosporiaceae, and Mortierellaceae. The in-depth investigation of the mycobiome will enable better understanding of the ecological functions of these symbionts. The orders and phyla of marine fungi associated with the sponges and algae can be identified and their functional roles assigned (Moreno-Pino et al., 2020). However, this method requires knowledge in bioinformatics, proper planning of the experiment, and appropriate standards to ensure reproducibility (Escobar-Zepeda et al., 2015).

To the best of our knowledge, no sequencing approach has been applied to survey the fungal diversity present in the brown algae and sponges from Mauritius waters. These samples were chosen as they support a high diversity of fungi (Suryanarayanan et al., 2010; Bovio et al., 2018). To this end, we employed ITS-targeted amplicon sequencing to survey the diversity of fungal communities of these organisms.



Materials and methods


Sample collection

The brown algae, Turbinaria conoides (A1), Sargassum pfeifferae (A2), and Sargassum obovatum (A3) were collected in August 2020 (average temperature around 20°C) in Balaclava, Mauritius (coordinate: 20°08′30′′ S, 57°51′65′′ E) at a depth of 1 m. The algae were identified according to Guiry and Guiry (2020). The sponge samples, Iotrochota sp. (S1) and Biemna sp. (S2) were collected in August 2018 in Melville, Mauritius (coordinate: 20°1′34′′ S; 57°42′8′′ E; Figures 1A,B) at a depth of 1 m and were identified according to the World Porifera Database (https://www.marinespecies.org/porifera/; Van Soest et al., 2020). Samples were placed in Ziploc® bags with sea water and were transported on ice. The sponges and brown algae were then washed in sterile sea water to remove any debris, surface sterilized in 70% ethanol for 30 s followed by three rinses in autoclaved sea water, and frozen at −20°C for DNA extraction.
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FIGURE 1
 Samples collection in Mauritius and experimental design. (A) Red and green dots represent sites where sponge and algal samples were collected, respectively. (B) Brown algae (A1: Turbinaria conoides, A2: Sargassum pfeifferae, A3: Sargassum obovatum), and sponges (S1: Iotrochota sp., S2: Biemna sp.) used in extraction of metagenomic DNA. (C) Experimental design and pipeline for data analysis.




DNA extraction and PCR amplification

The samples were crushed in liquid nitrogen and DNA extraction was carried out using the Norgen Biotek Plant/Fungi DNA isolation kit (Norgen Biotek Corp, Cat. 26200) according to the manufacturer’s instructions. Three biological replicates were used for each sample and three technical replicates were included as shown in Figure 1C. The DNA samples were sent to Novogene Co., Ltd. (Singapore) for amplification of the ITS regions (ITS1) and sequencing. PCR reactions were conducted using Phusion ® High-fidelity PCR Master Mix (New England Biolabs), with the primers ITS5-1737F (GGAAGTAAAAGTCGTAACAAGG) and ITS2-2043R (GCTGCGTTCTTCATCGATGC; White et al., 1990). PCR amplification was performed using the following conditions: 95°C for 120 s; 32 cycles of 94°C for 30s, 55°C for 30s, 72°C for 45 s; and 72°C for 10 min (Bellemain et al., 2010). The negative control consisted of nuclease-free water instead of the sample DNA. PCR products were checked on 2% agarose gel and quantity and purity was assessed by Nanodrop and Qubit 2.0. Products between 400–450 bp were mixed at equal density ratios and purified using the Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing was performed using the Illumina NovaSeq PE250. The libraries were generated with NEBNext® UltraTM DNA Library Prep Kit for Illumina (New England Biolabs, Cat. E7370L).



Sequence analysis of ITS amplicon community profiling

Paired-end reads were first demultiplexed by assigning them to their corresponding samples according to their unique barcodes. They were then truncated by cutting the barcode and primer sequences before being merged using FLASH (version 1.2.7; Magoč and Salzberg, 2011). Quality control was subsequently performed on the merged sequences using the default parameters in QIIME (version 1.7.0; Caporaso et al., 2010), to remove low quality reads and those containing ambiguous bases so as to obtain high quality clean tags (Bais et al., 2006). These were compared to sequences in the UNITE database (Gold database, http://drive5.com/uchime/uchime_download.html) using the UCHIME algorithm (UCHIME Algorithm, http://www.drive5.com/usearch/manual/uchime_algo.html) to identify and remove chimeric sequences as well as singletons and host sequences. The resulting sequences were clustered into operational taxonomic units (OTUs) at 97% similarity using UPARSE (version 7.0.1001; Edgar, 2013) before assigning taxonomy by BLAST searches against the UNITE database.1 The metagenome sequences were deposited in the NCBI BioSample database with accession numbers SAMN18168348–SAMN18168352, and the project was registered in NCBI Sequence Read Archive (SRA) under the BioProject accession number PRJNA707034.



Diversity metrics and statistical analysis

The community richness, diversity of the brown algae, and sponge samples as well as the sequence coverage were determined using alpha diversity indices. The Chao1 estimator, Shannon index, and the Good’s coverage, estimated in QIIME were used, and displayed with the ggplot2 package (Wickham, 2016) of R (version 2.15.3 R core team 2020; Nenadic and Greenacre, 2020). T-test and Wilcoxon Rank Sum tests were performed to analyze the significant differences between the samples. Beta diversity was used to assess the differences in fungal composition between the samples based on Unweighted Unifrac distances. The Analysis of MOlecular VAriance (AMOVA) test was used to assess significant difference between samples. Similarities or dissimilarities between the samples were visualized on a Principal Coordinate Analysis (PCoA) plot in R.



ASV workflow data analysis

In addition to OTU clustering, the amplicon sequence variant (ASV) approach was also employed. DADA2 inference algorithm was used on barcode and primer-free sequences were used to correct for errors and create ASVs for the fungal communities (Callahan et al., 2016). The error model algorithm of DADA2 was applied, followed by dereplication, sample inference, merging of paired-end reads, and chimera removal in order to generate a sequence table of abundance per sample. Taxonomy was assigned based on the curated UNITE database. IdTaxa via the DECIPHER package (Murali et al., 2018) was used for taxonomic classification. Community-based analyses were conducted by looking at the ASV abundance in all the samples. To assess within sample diversity (i.e., alpha), the phyloseq package (McMurdie and Holmes, 2013) was used. To assess in between sample diversity (i.e., beta), dissimilarities were computed using the ordinate function in phyloseq and visualized using principal coordinates analysis.




Results


Composition of fungal communities

After the sequencing of the fungal ITS regions, a total of 755,822 reads were generated. From these, only 567,391 reads were of high quality after removing low-quality reads and filtering chimeras. The sample A1 had the smallest number of bases (26,878,973) whereas the sample S1 had the largest number of bases (49,872,062). The average number of bases for the five samples was 36,479,404. The average length of the effective tags ranged from 267 to 360 bp. A detailed summary of the number of total tags, the taxon, and unclassified ones, the number of unique tags as well as the number of OTUs in the five samples is provided in Figure 2A; Table 1. A1 had the smallest number of reads and the highest number of OTUs. For the co-occurring brown algae, 63 OTUs were shared among the three macroalgae and this could be indicative of a core microbiome for macroalgal species. When comparing two species of brown algae, 35 OTUs were common between A1 and A2, 31 OTUs between A1 and A3, and 26 OTUs were shared between A2 and A3. In the case of sponges, only 19 OTUs were common between them (Figure 2B).
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FIGURE 2
 Number of tags and operational taxonomic units (OTUs). (A) Summary of the number of tags; total tags, taxon tags, unclassified tags, unique tags, and OTUs of sponge and algae samples. (B) Venn diagrams of shared and unique OTUs between the co-occurring brown algae (top left), sponges (top right), and the five samples (down center) included in this study. Number of OTUs is indicated within each shape.




TABLE 1 Total number of tags, taxon tags, unclassified tags, unique tags, and OTUs.
[image: Table1]



Community composition at order and genera level

Only fungal taxa of the Ascomycota and Basidiomycota were recovered from sponge S2 (Figure 3A; Supplementary Figure 1A). The relative abundance of Ascomycota was 0.0995% and Basidiomycota was of 0.00118%. Sponge S2 harbored more diverse and abundant orders as compared to sponge S1 which did not have a high abundance of identified fungi. Sponge S1 was colonized by fungal taxa of the orders Botryosphaeriales, Chaetothyriales, Eurotiales, and Hypocreales, which were common to sponge S2, with the latter also containing the 24 orders shown except for Mucorales (Figure 3B; Supplementary Figures 1B,C). At the genus level, only Trichoderma was common to the two sponges. Twenty-four genera, namely Alternaria, Aspergillus, Botryosphaeria, Candida, Chaetomium Cladophialophora, Colletotrichum, Cyphellophora, Dactylellina, Malassezia, Myrmecridium Myrothecium, Peromneutypa, Phoma, Resinicium, Saccharomycopsis, Scopulariopsis, Slimacomyces, Talaromyces, Trametes, Trichoderma, Trichomonascus, Trichosporon, and Umbilicaria were obtained from the sponge S2 (Figure 3C).
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FIGURE 3
 Composition of fungal Community. (A) Relative abundance of fungal phyla in each sample. (B,C) Heat map of orders and genera of fungi found in the brown algae and sponges based on OTU data.


For the brown algae, A1 had the highest diversity and abundance of fungal orders namely Botryosphaeriales, Chaetothyriales, Eurotiales, Hypocreales, Malasseziales, and Mucorales. In contrast, algae A2 and A3 contained lower abundances of Botryosphaeriales, Chaetothyriales, Eurotiales, and Hypocreales. Common orders that were detected in the three algae included Botryosphaeriales, Chaetothyriales, Eurotiales, and Hypocreales (Figure 3B). Regarding fungal genera, all the three algae harbored fungal taxa of the genus Trichoderma, with algae A1 also being colonized by the genera Aplosporella, Malassezia, Penicillium, and Rhizomucor (Figure 3C).



Statistical analyses

The alpha diversity reflects the fungal community diversity within a sample. It indicates the richness and evenness of fungal communities found within each sample. Three indices were used in this study, namely the Shannon diversity index, the Chao1index, and the Good’s coverage (Table 2; Supplementary Figure 2A). The Shannon diversity index and the Chao1 were in accordance with each other and indicated a significantly lower fungal diversity in sponge S1 as compared to S2, A3, A2, and S1 (p < 0.05). The Good’s coverage of all the samples were 100%, indicating that the sequencing depths were sufficient to evaluate fungal diversity in the samples. This was supported by the rarefaction curve (Figure 4A; Supplementary Figure 2B) where the curves show a tendency to become flatter.



TABLE 2 Alpha diversity indices results.
[image: Table2]
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FIGURE 4
 Alpha diversity and beta diversity analysis. (A) Rarefaction curve of fungal OTUs in sponges and algae (B) Principal co-ordinate analysis (PCoA) analysis of relative fungal abundance. (C) UPGMA cluster tree based on Unweighted Unifrac distance.


The beta diversity analysis was used to measure the differences between community composition of the different samples. From the AMOVA test, there were no significant differences between the samples (p > 0.05). Based on relative fungal abundance, the samples collected from the same region did form a close group, with A1 and A2 being particularly closer. The two PCoA axes accounted for 36.5 and 31.3% of the observed variations, respectively, (Figure 4B). Similar results were observed in the phylogenetic-based clustering of samples, where the two brown algae A1 and A2, obtained from the same environment, clustered together, thereby showing similarities in the fungal community composition. Macroalgae A3 was also obtained from the same environment but it clustered with sponge S1, which was collected at another location. Sponge S2 did not cluster with the rest of the samples (Figure 4C).




Discussion

Fungal biodiversity in Mauritius waters has not been profoundly studied. Identity-based OTU clustering is the most commonly-used approach to reveal fungal diversity from different environments, and our data were comparable in both the OTU and ASV approaches. Therefore, OTU data were used to discuss the results. In the sponge Iotrochota sp. (S1), fungal taxa from only three orders were detected, namely Botryosphaeriales, Chaetothyriales, Eurotiales, and Hypocreales. These were found at a relatively low abundance. This is quite unusual as most genomic analyses of sponges have revealed a high abundance and diversity of fungal communities (Moreno-Pino et al., 2020). Given that it was co-occurring in the same environment as the sponge Biemna sp. (S2), which was colonized by numerous fungi, a wider range of orders was expected. Nevertheless, there are sponges which have low-microbial abundance, that is, they have a microbial biomass, which is less diverse and single-clade dominant (Fuerst, 2015). He et al. (2014) found only one OTU to be present in the sponges Cinachyrella australiensis and Haliclona mediterranea from the South China Sea. In the same study, 1,122 OTUs were discovered from the sponge Iotrochota sp., which represented much more than the 57 OTUs found in our study. Fungal colonization depends on environmental conditions as well as the host and therefore, it can be variable for different sponges. Marine fungi have shown to adapt and evolve differently based on the environmental conditions in which they live. These conditions exert a selective pressure on the microorganisms. In addition, the sponge Iotrochota sp. is known to produce the halogenated alkaloids purpuroines A–J, which might have antifungal properties (Shen et al., 2012). The low abundance of fungi in the sponge S1 might be due to the secondary metabolites produced by this sponge.

In this study, the sponge Biemna sp. had the highest fungal diversity with Ascomycota and Basidiomycota being the two most identified phyla. Nguyen and Thomas (2018) also found that Ascomycota, Basidiomycota, and Glomeromycota colonized the three sponges Cymbastela concentrica, Scopalina sp., and Tedania ahelans from Australia. This confirms that these phyla are common colonizers of marine sponges (Paz et al., 2010; Jin et al., 2014; Naim et al., 2017). Furthermore, fungal taxa from orders of the Agaricales, Diaporthales, Eurotiales, Hypocreales, Malasseziales, Pleosporales, and Xylariales were also recovered, similar to the ones found in the sponge Biemna sp. Nineteen OTUs were shared between sponge S1 and S2. The orders Botryosphaeriales, Chaetothyriales, and Eurotiales were found in both sponges and might be indicative of a core microbiome. These orders have been found in different sponges around the world and might occupy important functions in the sponge holobiont (Yu et al., 2013; He et al., 2014; Bovio et al., 2019; Karthik and Li, 2019). The genera Aspergillus and Penicillium have often been recovered from marine sponges and macroalgae (Venkatachalam et al., 2015; Yang et al., 2018; Moreno-Pino et al., 2020; Sibero et al., 2021) and our study reports Aspergillus in the sponge Biemna sp. and that of Penicillium in the brown algae Turbinaria conoides. It can be noted that orders of yeasts have also been identified in the sponge S2. This is not uncommon as Naim et al. (2017) obtained reads that belonged to the yeast orders Malasseziales, Saccharomycetales, Cystofilobasidiales, and Tremellales. Maldonado et al. (2005) also reported that in sponges, endosymbiotic yeasts are maternally transmitted through the oocytes to the fertilized egg. This indicates that yeasts, along with filamentous fungi inhabit the sponges.

Regarding the algal fungal community, common orders that were shared between the three macroalgae were Botryosphaeriales, Eurotiales, and Hypocrelaes. Eurotiales and Hypocreales have also been recovered from macroalgae by Abdel-Gawad et al. (2014) while Wainwright et al. (2019) recovered these orders from Illumina sequencing of Sargassum ilicifolium. Yurchenko et al. (2019) isolated an algal-derived fungus Penicillium sp. indicating that this genus is an algal endophyte. The order Botryosphaeriales was found in the marine environment and was isolated as an endophyte of the red algae Bostrychia radicans (De Jesus et al., 2017). Therefore, these three orders could represent the core microbiome of macroalgae. As endophytes, they have important roles in their hosts, participating in protection, growth and resistance (Morelli et al., 2020; Ogbe et al., 2020). The genus Trichoderma was recovered in the three algae in this study. Song et al. (2019) also isolated a marine algal endophyte Trichoderma asperellum with interesting bioactive properties. Marine endophytic Trichoderma can inhibit marine-derived bacteria and phytoplankton (Zou et al., 2019; Liu et al., 2020). Our results suggest that these three algae contain endophytes that could be further studied for the production of bioactive secondary metabolites. The high abundance of sequences with unassigned taxonomy in this study was not unexpected. Previous studies on the green macroalgae Caulerpa lentillifera revealed five eukaryotic phyla along with unclassified eukaryotes based on ITS sequencing. The unclassified sequences accounted for 83.6% of all the sequences at the genera level (Liang et al., 2019). The metabarcoding analyses of Xu et al. (2019) of the deep-sea hadal sediments also yielded 80% of total OTUs which were not assigned to any fungal division. Wainwright et al. (2019) also reported their inability to assign taxonomy to many sequences obtained from the brown algae Sargassum ilicifolium. They concluded that the marine environment has various unknown fungi that are not referenced in the databases. Inability to assign taxonomy is a major problem in marine fungi high throughput sequencing studies. This arises due to the lack of representation in the public databases. As most fungal research focus on terrestrial environments, sequence data of fungi that live solely in the marine world are minim (Lee et al., 2019; Wainwright et al., 2019; Xu et al., 2019).

The beta analyses as well as the phylogenetic relationship revealed that only the two algae, Turbinaria conoides (A1) and Sargassum pfeifferae (A2) clustered relatively close to each other, reflecting the fact that these algae were co-occurring in the same environment and therefore, it is evident that some fungi would be present in both algae. Although the sponges were collected from the same location, they did not cluster together but they did share common OTUs, indicating that there are fungi from their environment that live in association with them. According to Nguyen and Thomas (2018), the sponges T. anhelans and Scopalina sp. were significantly different in fungal communities, suggesting that the sponge exert different selective pressures on their fungal communities. A similar observation was made by He et al. (2014), where co-occurring sponges Haliclona fascigera and Ircinia sp. did not cluster together too. Gao et al. (2008) also supported the theory that eukaryotic diversity of sponges has no correlation with the sampling location and this might explain why sponge S1 did not cluster with sponge S2.

The culture-independent method used in this study showed higher fungal diversity compared to a previous traditional microbiological study from our research group that involved the same sponge and algal species (Wong Chin et al., 2021). The marine ecosystem provides abundant opportunities to discover novel fungi that can advance our understanding of fungal diversity and ecology while expanding the current repertoire of organisms from the Mauritius waters with the potential to contribute to drug discovery.



Conclusion

This study demonstrated that many orders of marine fungi inhabit sponges and algae in Mauritius. Various uncultured and yet-to-be discovered fungi have high abundance in the samples in this study. The orders and genera that were described have been isolated from marine environments around the world and are not uncommon. This indicates that they are sponge and algal generalists. The samples from the same locations did not show specific clustering, suggesting that the host might exert more pressure on the fungal diversity as compared to the environment. This NGS-based cultivation-independent method is a powerful tool to uncover fungal communities but further studies are needed to shed light on the function of these fungi in the sponges and algae of Mauritius and how they contribute and interact in their host’s survival and protection.
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Supplementary Figure 1  
Community composition. (A) Taxonomic summary at phylum level in all the samples. (B) Boxplot showing percentage of ITS gene copies recovered in all the samples. (C) Boxplot showing fungal diversity in sponge (red dots) and algae (green dots) separately.



Supplementary Figure 2  
Alpha and beta diversity analysis. (A) Chao1 richness estimates and Shannon diversity values in all the samples combined and types. (B) Rarefaction curve describing fungal richness observed from sponges and algae sampled.
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The genus Hydnellum is a kind of ectomycorrhizal fungi that can play a role in the material cycle by connecting the plant roots to the soil, and some species of Hydnellum are medicinal fungi with vital research value. The species diversity of Hydnellum is unclear in China. In this study, five new species of Hydnellum are described from China based on morphological characters and phylogenetic analyses inferred from two datasets of ITS + LSU and ITS + LSU + SSU + RPB2 sequences. H. chocolatum is characterized by its chocolate basidiomata with the fibrillose, spongy to tomentose pileal surface, and subglobose to globose basidiospores measuring (4.5–)5–6 × 4–5(–5.8) μm. H. concentricum is characterized by its zonate pileal surface, thin context, short stipe, presence of both simple septa and clamp connections in generative hyphae of spines, and subglobose to ellipsoidal basidiospores measuring (3.5–)4–5(–5.2) × (3.2–)3.5–5 μm. H. crassipileatum is characterized by its thick pileus with the reddish brown to grayish brown pileal surface, and subglobose to ellipsoidal basidiospores measuring 4–6(–6.5) × 4–5.5 μm. H. melanocarpum is characterized by its vinaceous brown to black pileus with spongy pileal surface, presence of both simple septa and clamp connections in generative hyphae of spines, and subglobose basidiospores measuring 4.5–5.5(–6) × (3.5–)3.8–5.1 μm. H. radiatum is characterized by its radially aligned stripes on pileal surface, grayish brown context, short stipe, and subglobose to ellipsoidal basidiospores measuring (3.5–)4–5 × 3–4.5(–5) μm. Full descriptions, illustrations, and phylogenetic trees to show the placement of the new species are provided.
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Bankeraceae, ectomycorrhizal fungi, multi-gene phylogeny, stipitate hydnoids, taxonomy


Introduction

Stipitate hydnoid fungi of the family Bankeraceae are ectomycorrhizal symbionts of trees in a broad spectrum of forests (Holec and Kučera, 2018), which can provide nutrients and water to roots by exchanging photosynthates from trees and improve the absorption capacity of trees to soil nutrients such as phosphorous (Erland and Taylor, 1999; Parfitt et al., 2007). In some forests, fewer ectomycorrhizal fungi have produced basidiomata (Arnolds, 1991, 2010) and become the emphasis of conservation in Europe (Parfitt et al., 2007). And some species are medicinal fungi, such as H. concrescens (Pers.) Banker which has an inhibitory action on syncytium formation, trafficking of glycoprotein and hemagglutinin-neuraminidase (HN) to the cell surface (Lee et al., 2012).

Hydnellum P. Karst., typed by H. suaveolens (Scop.) P. Karst., is a member of stipitate hydnoids. The genus Hydnellum together with Phellodon P. Karst. and Sarcodon Quél. ex P. Karst was affiliated to Bankeraceae Donk of Thelephorales Corner ex Oberw. The genus Hydnellum was established by Karsten (1879). At first, many species of the Bankeraceae including Hydnellum were originally classified into the Hydnaceae because of their dentate hymenium (Banker, 1906). Donk established the family Bankeraceae, which consisted of only two genera Bankera and Phellodon (Donk, 1961). Jülich (1981) revised the classification system of Basidiomycetes and classified Hydnellum into the Bankeraceae. The genus Hydnellum is characterized by annual basidiomata with a zonate or an azonate pileal surface, spinous and white to orange, gray blue, light brown, or dark brown spines, and centrically or eccentrically stipitate; a monomitic hyphal system with simple septa or clamped generative hyphae, and subglobose to globose and tuberculate basidiospores (Baird and Khan, 1986; Baird et al., 2013). Hydnellum is often confused with Phellodon and Sarcodon because of the similar basidiomata with a hymenium made up of spines (Baird et al., 2013). While the basidiospores in the Phellodon species are hyaline, the basidiospores in Hydnellum and Sarcodon are yellow to brown-tinted (Maas Geesteranus, 1975). Besides, Sarcodon differs from Hydnellum mainly by its brittle fleshy substance (Banker, 1906) and larger basidiospores (7.4-9 μm; Larsson et al., 2019).

Morphological features, including macroscopic morphological and microscopic morphological characteristics, were commonly used to identify Hydnellum species in the past (Banker, 1906; Maas Geesteranus, 1962, 1971; Harrison, 1964; Hrouda, 1999). Banker (1906) conducted a study of hydnaceous fungi of the Czech Republic and Slovakia, and 11 species of Hydnellum were newly described. Harrison (1964) conducted a systematic study of the stipitate hydnoids of the Bankeraceae from North America and described 10 species of Hydnellum. However, traditional morphology-based generic restrictions are ambiguous (Larsson et al., 2019). Mycologists have used morphological characters and phylogenetic analyses to study the taxonomy of Hydnellum in recent years (Ainsworth et al., 2010; Baird et al., 2013; Larsson et al., 2019; Mu et al., 2021). Baird et al. (2013) reevaluated the species of stipitate hydnoids from the southern United States, and 41 distinct taxa were determined including 19 species of Hydnellum. Larsson et al. (2019) reassessed the generic limits for Hydnellum and Sarcodon, and transferred 12 species from Sarcodon to Hydnellum based on ITS and nLSU sequences, which make the division of the genera clearer. Currently, about 70 species have been described and transferred to the genus according to the records in Index Fungorum (Accessed 7 May 2022)1. In recent years, the genus has been studied in China. Mu et al. (2021) described 11 new species from China based on morphological characters and multi-gene phylogenetic analysis.

Species in Bankeraceae are associated with coniferous trees in forest ecosystems and are widely distributed in the northern hemisphere. Stipitate hydnoids were often found in forests on mesic to dry, sandy to loamy soils with, at the most, a thin humus and litter layer (Arnolds, 2010). According to a survey conducted in the Netherlands about 22 species of hydnoid fungi, 12 are associated with deciduous trees older than 40 years, mainly Quercus robur, Quercus rubra, and Fagus sylvatica, and 10 are associated with coniferous trees, almost exclusively with Scots pine (Pinus sylvestris) (Arnolds, 2003). However, herb-rich spruce (Picea abies) forests on more or less calcareous soils rich in minerals constitute a third important habitat for hydnoid fungi (Arnolds, 2010). These three types of hosts corresponded well in our investigation (Table 2).

Macrofungi have important ecological and economical values. The species diversity, taxonomy, and phylogeny of macrofungi have been extensively investigated in recent years, and many new species have been discovered (Han et al., 2016; Cui et al., 2019; Mu et al., 2019, 2021; Shen et al., 2019; Sun et al., 2020; Cao et al., 2021; Deng et al., 2021, 2022; Liu et al., 2021a,b, 2022a,2022b; Song et al., 2021, 2022; Zhang et al., 2021; Ji et al., 2022; Wang et al., 2022). During our investigations on macrofungi from China, 90 specimens of Hydnellum were collected with different morphological characteristics. The morphological observation and phylogenetic analyses based on ITS + nLSU and ITS + LSU + nSSU + RPB2 combined matrixes were conducted to confirm the affinity of the undescribed species corresponding to Hydnellum. Five new species were described in detail and illustrated.



Materials and methods


Morphological study

The specimens used in this study were deposited at the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC). Macro-morphological descriptions were based on field notes and laboratory measurements. The microscopic measures used in this study were followed by Sun et al. (2020, 2022) under a light microscope (Nikon Eclipse E 80i microscope, Nikon, Tokyo, Japan). Microscopic characteristics, measurements, and drawings were made from slide preparations stained with Cotton Blue and Melzer’s reagent, following Liu et al. (2021a). The following abbreviations were used: IKI = Melzer’s reagent, IKI– = neither amyloid or dextrinoid, KOH = 5% potassium hydroxide, CB = Cotton Blue, CB += cyanophilous, CB– = acyanophilous, L = mean spore length (arithmetic average of all spores), W = mean spore width (arithmetic average of all spores), Q = variation in the L/W rationes between the specimens studied, and n = number of spores measured from given number of specimens. A field Emission Scanning Electron Microscope (FESEM) Hitachi SU-8010 (Hitachi, Ltd., Tokyo, Japan) was used to photograph the ornamentation of the basidiospores, and the materials were studied at up to 2,200 times magnification, according to Song et al. (2021, 2022).



DNA extraction, polymerase chain reaction amplification, and sequencing

The CTAB rapid plant genome extraction kit DN14 (Aidlab Biotechnologies, Beijing, China) was used to acquire total genomic DNA from dried specimens according to the manufacturer’s instructions with some modifications (Sun et al., 2022). ITS4 and ITS5 were used as primers for the internal transcribed spacer (ITS), LR0R and LR7 were used for the large subunit of nuclear ribosomal RNA gene (nLSU), NS1/NS4 were used for the small subunit of nuclear ribosomal RNA gene (nSSU), and 5F/7Cr were used to the second largest subunit of RNA polymerase II (RPB2) gene. The Polymerase Chain Reaction (PCR) procedure for ITS was as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles at 94°C for 40 s, 56°C for 45 s, and 72°C for 1 min, and a final extension of 72°C for 10 min. The PCR procedure for nLSU and nSSU was as follows: initial denaturation at 94°C for 1 min, followed by 35 cycles at 94°C for 30 s, 50°C for 1 min, and 72°C for 1.5 min, and a final extension of 72°C for 10 min. The PCR process for RPB2 was as follows: initial denaturation at 94°C for 2 min, 9 cycles at 94°C for 45 s, 60°C for 45 s, followed by 36 cycles at 94°C for 45 s, 53°C for 1 min, 72°C for 90 s, and a final extension of 72°C for 10 min. The PCR products were purified and sequenced at the Beijing Genomics Institute, China, with the same primers. The newly generated sequences were deposited at GenBank. All sequences analyzed in this study were deposited at GenBank and are listed in Table 1.


TABLE 1    A list of species, specimens, and GenBank accession numbers of sequences used in this study.
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TABLE 2    The distribution areas, ecological habits, and main morphological characters of species in Hydnellum from China.
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Phylogenetic analyses

The new sequences generated in this study were combined with the sequences downloaded from GenBank and are listed in Table 1. Amaurodon aquicoeruleus Agerer and A. viridis (Alb. and Schwein.) J. Schröt were used as the outgroups, according to Mu et al. (2021). Sequences were aligned by MAFFT v.7 with the G-INI-I option (Katoh and Standley, 2013) and manually adjusted in BioEdit v. 7.0.9. (Hall, 1999). Alignments were spliced in Mesquite v. 3.2. (Maddison and Maddison, 2017). The partition homogeneity test (PHT) (Farris et al., 1994) of the four-gene dataset was tested by PAUP v. 4.0b10 (Swofford, 2002) under 1,000 homogeneity replicates. The best-fit evolutionary model was selected with AIC (Akaike Information Criterion) using ModelTest 2.3 (Guindon and Gascuel, 2003; Darriba et al., 2012). Phylogenetic analyses were carried out according to the previous studies (Cui et al., 2019; Liu et al., 2022a).

Maximum parsimony (MP) analyses were applied to the combined datasets. The construction was performed in 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 a bootstrap analysis with 1,000 replicates (Felsenstein, 1985). Descriptive tree statistics of 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. RAxML-HPC2 was used to construct the maximum likelihood (ML) analyses with the GTRGAMMA model. All model parameters were estimated by the program, and only the best ML tree from all searches was kept. The ML bootstrap values were performed using rapid bootstrapping with 1,000 replicates.

MrModeltest 2.3 (Posada and Crandall, 1998; Nylander, 2004) was used to determine the best-fit evolution model for each dataset for Bayesian inference (BI). BI was calculated using MrBayes 3.1.2 with four Markov chains running for two runs from random starting trees for one million generations, and trees were sampled every 100 generations (Ronquist and Huelsenbeck, 2003). The first 25% of the sampled trees were discarded as burn-in and a majority rule consensus tree of all remaining trees was calculated. All trees were viewed in FigTree v. 1.4.2.




Results


Phylogeny

The combined ITS + nLSU dataset included 257 sequences from 156 specimens representing 76 taxa. The dataset had an aligned length of 2,605 characters, including gaps (1,202 characters for ITS, 1,403 characters for nLSU), of which 1,527 characters were constant, 122 were variable and parsimony-uninformative, and 956 were parsimony-informative. Maximum parsimony analysis yielded 12 equally parsimonious trees (TL = 5,489, CI = 0.355, RI = 0.798, RC = 0.283, HI = 0.645). The best model for the combined ITS + nLSU sequences dataset estimated and applied in the Bayesian analysis was the GTR + I + G model. Bayesian and ML analysis resulted in a topology similar to that of MP analysis. Bayesian analysis has an average standard deviation of split frequencies = 0.005071. Only the ML tree was provided in Figure 1, and the MP bootstrap values (≥75%), ML bootstrap values (≥75%), and BPP (≥0.95) were shown at the nodes.
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FIGURE 1
Maximum likelihood (ML) tree of the Hydnellum species based on ITS + nLSU sequences data. Branches are labeled with parsimony bootstrap values equal to or higher than 75%, maximum likelihood bootstrap values equal to or higher than 75%, and Bayesian posterior probabilities equal to or higher than 0.95. Bold names = New species.


The combined ITS + nLSU + nSSU + RPB2 dataset included 312 sequences from 156 specimens representing 76 taxa. The dataset had an aligned length of 4,639 characters, including gaps (1,181 characters for ITS, 1,399 characters for nLSU, 986 characters for nSSU, and 1,073 characters for RPB2), of which 3,168 characters were constant, 186 were variable and parsimony-uninformative, and 1,285 were parsimony-informative. Maximum parsimony analysis yielded 15 equally parsimonious trees (TL = 6,171, CI = 0.392, RI = 0.800, RC = 0.313, HI = 0.608). The best model for the combined ITS + nLSU + nSSU + RPB2 sequences dataset estimated and applied in the Bayesian analysis was the GTR + I + G model. Bayesian and ML analysis resulted in a topology similar to that of MP analysis. Bayesian analysis has an average standard deviation of split frequencies = 0.007966. Only the ML tree was provided in Figure 2, and the MP bootstrap values (≥75%), ML bootstrap values (≥75%), and BPP (≥0.95) were shown at the nodes.
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FIGURE 2
Maximum likelihood tree of the Hydnellum species based on the combined ITS + nLSU + nSSU + RPB2 sequences data. Branches are labeled with parsimony bootstrap values equal to or higher than 75%, ML bootstrap values equal to or higher than 75%, and Bayesian posterior probabilities equal to or higher than 0.95. Bold names = New species.




Taxonomy

Hydnellum chocolatum B. K. cui and C. G. Song, sp. nov. (Figures 3A,B, 4A,B, 5).
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FIGURE 3
Basidiomata of Hydnellum species. (A) H. chocolatum (paratype, Cui 18543), (B) H. chocolatum (holotype Cui 18545), (C,D) H. concentricum (holotype, Cui 17017), (E,F) H. crassipileatum (paratype, Cui 17019), (G) H. melanocarpum (paratype, Cui 18557), and (H) H. melanocarpum (paratype, Cui 18559), (I,J) H. radiatum (holotype, Cui 17130) Scale bars: 2 cm.
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FIGURE 4
Scanning Electron Microscope (SEM) of basidiospores of Hydnellum species. (A,B) H. chocolatum, (C,D) H. concentricum, (E,F) H. crassipileatum, (G,H) H. melanocarpum, and (I,J) H. radiatum Scale bars: 1.5 μm.
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FIGURE 5
Microscopic structures of H. chocolatum (drawn from Cui 18545). (A) Basidiospores, (B) Basidia and basidioles, (C) Hyphae from context, (D) Hyphae from spines, (E) Hyphae from the inner layer of stipe, and (F) Hyphae from the surface layer of stipe.


MycoBank no.: 846115

Diagnosis: Differs from others by its fibrillose, spongy to tomentose pileal surface in chocolate color.

Type: CHINA. Sichuan Province, Jiuzhaigou County, on the ground of the mixed forest, elev. 2,600 m, 19 September 2020, Bao-Kai Cui, Cui 18545 (holotype, BJFC 035406).

Etymology: chocolatum (Lat.) refers to the chocolate-colored pileal surface.

Fruiting body: Basidiomata annual, eccentrically stipitate, single to concrescent, and odorless when fresh. The pileus is circular to irregular, with irregular folds in the middle, and up to 7.4 cm in diam and 0.7 cm thick at the center. Pileal surface is chocolate to fuscous when fresh, becoming grayish brown upon drying, azonate, fibrillose to spongy at the center, and tomentose near the margin, with radially aligned stripes toward the margin; margin white to light brown when fresh, becoming grayish brown upon drying, up to 7 mm wide. Context is brown to vinaceous gray upon drying, corky to fragile, and up to 3 mm thick. Spines are soft, brown to grayish brown when fresh, becoming grayish brown upon drying, fragile, and up to 5 mm long. Stipe is cylindrical and glabrous, surface layer is dark brown to vinaceous gray, and inner layer is grayish brown, and up to 3.8 cm long and 0.9 cm in diam.

Hyphal structure: Hyphal system monomitic; generative hyphae with simple septa; all the hyphae IKI–, CB–; tissues turned to olive-green or black in KOH.

Context: Generative hyphae grayish brown, thick-walled, branched, regular arranged, 2.5 to 6 μm in diam.

Spines: Generative hyphae clay-buff, slightly thick-walled, occasionally branched, regular arranged, 2 to 4.5 μm in diam. Cystidia and cystidioles are absent. Basidia clavate, bearing four sterigmata (2–4 μm long) and a basal simple septum, 32–45 × 5–7 μm; basidioles similar to basidia in shape, but slightly smaller.

Stipe: Generative hyphae clay-buff to grayish brown, slightly thick-walled, rarely branched, interwoven in the surface layer, regularly arranged in the inner layer, and 2 to 4 μm in diam.

Spores: Basidiospores subglobose to globose, hyaline, thin-walled, echinulate, IKI–, CB– (4.5–)5–6 × 4–5(–5.8) μm, L = 5.2 μm, W = 4.7 μm, Q = 1–1.25 (n = 60/2, without the ornamentation).

Additional specimen (paratype) examined: CHINA. Sichuan Province, Jiuzhaigou County, on the ground of the mixed forest, elev. 2,600 m, 19 September 2020, Bao-Kai Cui, Cui 18543 (BJFC 035404).

Ecological habits: Hydnellum chocolatum was collected in Southwest China under a plateau humid climate. It grows on the moist ground of the mixed forest, with well-watered bryophytes.

Hydnellum concentricum B. K. Cui and C. G. Song, sp. nov. (Figures 3C,D, 4C,D, 6).
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FIGURE 6
Microscopic structures of H. concentricum (drawn from Cui 17017). (A) Basidiospores, (B) Basidia and basidioles, (C) Hyphae from context, (D) Hyphae from spines, (E) Hyphae from the inner layer of stipe, and (F) Hyphae from the surface layer of stipe.


MycoBank no.: 846116

Diagnosis: Differs from other Hydnellum species by its zonate pileal surface, thin context, short stipe, and presence of both simple septa and clamp connections in generative hyphae of spines.

Type: CHINA. Yunnan Province, Lijiang City, Yulong County, Jiuhe, Laojun Mountain, Jiushijiulongtan, on the ground of forest dominated by trees of Pinus sp. and Quercus sp., elev. 2,800 m, 15 September 2018, Bao-Kai Cui, Cui 17017 (holotype, BJFC 030316).

Etymology: concentricum (Lat.) refers to the concentric bands on the pileal surface.

Fruiting body: Basidiomata annual, centrally stipitate, single, and odorless when fresh. Pileus infundibuliform, and up to 3.2 cm in diam and 0.4 cm thick at the center. Pileal surface is light brown, pastel red, reddish-brown to grayish brown when fresh, becoming brown to grayish brown upon drying, zonate, glabrous, with radially aligned stripes; margin fawn to orange-brown when fresh, becoming fawn upon drying, and up to 0.8 cm wide. Context is grayish brown upon drying, fragile, and up to 1 mm thick. Spines are soft, fawn to reddish-brown when fresh, grayish brown upon drying, fragile, and up to 3 mm long. Stipe cylindrical, glabrous, surface layer honey yellow to grayish brown upon drying, inner layer grayish brown upon drying; and up to 1.8 cm long and 0.5 cm in diam.

Hyphal structure: Hyphal system monomitic; generative hyphae in context and stipe with simple septa, generative hyphae in spines mostly with simple septa, occasionally with clamp connections; all the hyphae IKI–, CB–; tissues turned to olive-green or black in KOH.

Context: Generative hyphae clay-buff to grayish brown, slightly thick-walled, branched, regularly arranged, and 2 to 6 μm in diam.

Spines: Generative hyphae clay-buff, thin-walled, occasionally branched, occasionally with clamp connections, regularly arranged, and 2 to 4.5 μm in diam. Cystidia and cystidioles are absent. Basidia clavate, bearing four sterigmata (2–4 μm long) and a basal simple septum, 22–48 × 5–7 μm; basidioles are similar to basidia in shape but slightly smaller.

Stipe: Generative hyphae clay-buff, slightly thick-walled, rarely branched, interwoven in the surface layer, regularly arranged in the inner layer, and 2 to 4.5 μm in diam.

Spores: Basidiospores subglobose to ellipsoidal, hyaline, thin-walled, echinulate, IKI–, CB– (3.5–)4–5(–5.2) × (3.2–)3.5–5 μm, L = 4.6 μm, W = 3.9 μm, Q = 1.04–1.37 (n = 60/2, without the ornamentation).

Additional specimen (paratype) examined: CHINA. Yunnan Province, Shangri-La, on the ground of forest dominated by trees of Pinus yunnanensis, elev. 3,200 m, 17 September 2018, Bao-Kai Cui, Cui 17098 (BJFC 030398).

Ecological habits: Hydnellum concentricum was collected in Southwest China, under a plateau monsoon climate. It grows on the moist ground of a forest dominated by trees of Pinus yunnanensis.

Hydnellum crassipileatum B. K. Cui and C. G. Song, sp. nov. (Figures 3E,F, 4E,F, 7).
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FIGURE 7
Microscopic structures of H. crassipileatum (drawn from Cui 17021). (A) Basidiospores, (B) Basidia and basidioles, (C) Hyphae from context, (D) Hyphae from spines, (E) Hyphae from the inner layer of stipe, and (F) Hyphae from the surface layer of stipe.


MycoBank no.: 846117

Diagnosis: Differs from other Hydnellum species by its thick pileus with reddish brown to grayish brown pileal surface.

Type: CHINA. Yunnan Province, Lijiang City, Yulong County, Jiuhe, Laojun Mountain, Jiushijiulongtan, on the ground of forest dominated by trees of Pinus sp. and Quercus sp., elev. 2,800 m, 15 September 2018, Bao-Kai Cui, Cui 17021 (holotype, BJFC 030320).

Etymology: crassipileatum (Lat.) refers to the thick pileus.

Fruiting body: Basidiomata annual, eccentrically stipitate, single, and odorless when fresh. Pileus circular to elliptical, up to 5.5 cm in diam, and 0.5 cm thick at the center. Pileal surface is reddish-brown to grayish brown when fresh, becoming grayish brown upon drying, azonate, fibrillose, spongy to tomentose when young, and glabrous with age; margin white to grayish brown when fresh, becoming olivaceous buff upon drying, up to 6 mm wide. Context light grayish-brown upon drying, fragile, up to 5 mm thick. Spines soft, grayish brown to fuscous when fresh, fuscous to black upon drying, fragile, up to 4 mm long. Stipe cylindrical, glabrous, surface layer grayish-brown, inner layer grayish brown to fuscous; up to 4.8 cm long, and 1.9 cm in diam.

Hyphal structure: Hyphal system monomitic; generative hyphae with simple septa; all the hyphae IKI–, CB–; tissues turned to olive-green or black in KOH.

Context: Generative hyphae clay-buff, thick-walled, occasionally branched, regularly arranged, and 2.5 to 5 μm in diam.

Spines: Generative hyphae clay-buff, thick-walled, occasionally branched, more or less regularly arranged, and 2.5 to 4 μm in diam. Cystidia and cystidioles are absent. Basidia clavate, bearing four sterigmata (2.5–3.5 μm long) and a basal simple septum, 14–31 × 5–7 μm; basidioles similar to basidia in shape, but slightly smaller.

Stipe: Generative hyphae clay-buff, slightly thick-walled, rarely branched, interwoven in the surface layer, regularly arranged in the inner layer, and 2.5 to 5 μm in diam.

Spores: Basidiospores subglobose to ellipsoidal, hyaline, thin-walled, echinulate, IKI–, CB–, 4–6(–6.5) × 4–5.5 μm, L = 5.6 μm, W = 4.5 μm, Q = 1–1.38 (n = 60/2, without the ornamentation).

Additional specimen (paratype) examined: CHINA. Yunnan Province, Lijiang City, Yulong County, Jiuhe, Laojun Mountain, Jiushijiulongtan, on the ground of forest dominated by trees of Pinus and Quercus, elev. 2,800 m, 15 September 2018, Bao-Kai Cui, Cui 17019 (BJFC 030318).

Ecological habits: Hydnellum crassipileatum was collected in Southwest China, under a plateau monsoon climate. It grows on the ground of a moist forest dominated by trees of Pinus and Quercus.

Hydnellum melanocarpum B. K. Cui and C. G. Song, sp. nov. (Figures 3G,H, 4G,H, 8).
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FIGURE 8
Microscopic structures of H. melanocarpum (drawn from Cui 18556). (A) Basidiospores, (B) Basidia and basidioles, (C) Hyphae from context, (D) Hyphae from spines, (E) Hyphae from the inner layer of stipe, and (F) Hyphae from the surface layer of stipe.


MycoBank no.: 846118

Diagnosis: Differs from other Hydnellum species by its vinaceous brown to black pileus with spongy pileal surface, and the presence of both simple septa and clamp connections in generative hyphae of spines.

Type: CHINA. Sichuan Province, Jiuzhaigou County, Jiuzhaigou Reverse, on the ground of the mixed forest, elev. 2,500 m, 20 September 2020, Bao-Kai Cui, Cui 18556 (holotype, BJFC 035417).

Etymology: melanocarpum (Lat.) refers to the vinaceous brown to black pileus.

Fruiting body: Basidiomata annual, centrally or eccentrically stipitate, single to concrescent, and odorless when fresh. Pileus is circular to irregular, up to 4.8 cm in diam, and 0.7 cm thick at the center. Pileal surface is vinaceous brown to black when fresh and becoming grayish brown upon drying, azonate, and glabrous to spongy at the center; margin cream, clay-buff, to orange-brown when fresh, light vinaceous gray at the lower tip, and becoming grayish brown to fuscous upon drying, and up to 0.6 cm wide. Spines are soft, brown when fresh, grayish brown to black upon drying, fragile, and up to 4 mm long. Context is grayish brown upon drying, fragile, and up to 3 mm thick. Stipe is cylindrical, glabrous, and grayish brown; and up to 2.6 cm long and 0.8 cm in diam.

Hyphal structure: Hyphal system monomitic; generative hyphae in context and stipe with simple septa, generative hyphae in spines mostly with simple septa, occasionally with clamp connections; all the hyphae IKI–, CB–; tissues turned to olive green in KOH.

Context: Generative hyphae clay-buff to grayish brown, thick-walled, branched, regularly arranged, and 2 to 4 μm in diam.

Spines: Generative hyphae clay-buff, thin-walled, occasionally branched, regularly arranged, and 2 to 3.5 μm in diam. Cystidia and cystidioles are absent. Basidia clavate, bearing four sterigmata (1.5–3 μm long) and a basal simple septum, 18–38 × 5–7 μm; basidioles similar to basidia in shape, but slightly smaller.

Stipe: Generative hyphae clay-buff, slightly thick-walled, rarely branched, interwoven in the surface layer, regularly arranged in the inner layer, and 2 to 4 μm in diam.

Spores: Basidiospores subglobose, hyaline, thin-walled, echinulate, IKI–, CB–, 4.5–5.5(–6) × (3.5–)3.8–5.1 μm, L = 5 μm, W = 4.6 μm, Q = 1–1.25 (n = 90/3, without the ornamentation).

Additional specimens (paratypes) examined: CHINA. Sichuan Province, Jiuzhaigou County, Jiuzhaigou Nature Reverse, on the ground of the mixed forest, elev. 2,500 m, 20 September 2020, Bao-Kai Cui, Cui 18557 (BJFC 035418) and Cui 18559 (BJFC 035420).

Ecological habits: Hydnellum melanocarpum was collected in Southwest China, under a plateau monsoon climate. It grows on the ground of the mixed forest, in well-watered bryophytes, and its roots are often interspersed with pine needles.

Hydnellum radiatum B. K. Cui and C. G. Song, sp. nov. (Figures 3I,J, 4I,J, 9).
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FIGURE 9
Microscopic structures of H. radiatum (drawn from Cui 17130). (A) Basidiospores, (B) Basidia and basidioles, (C) Hyphae from context, (D) Hyphae from spines, (E) Hyphae from the inner layer of stipe, and (F) Hyphae from the surface layer of stipe.


MycoBank no.: 846120

Diagnosis: Differs from other Hydnellum species by its radially aligned stripes on pileal surface, grayish brown context, and short stipe.

Type: CHINA. Yunnan Province, Lanping County, Tongdian, Jianganchang, on the ground of forest dominated by Pinus armandii and Rhododendron, elev. 2,480 m, 18 September 2018, Bao-Kai Cui, Cui 17130 (holotype, BJFC 030430).

Etymology: radiatum (Lat.) refers to the radially aligned stripes on the pileal surface.

Fruiting body: Basidiomata annual, eccentrically stipitate, single, and odorless when fresh. Pileus is subcircular, plicate, and up to 2.9 cm in diam and 0.5 cm thick at the center. Pileal surface is dark brown, fuscous to black when fresh and becoming fuscous to black upon drying, azonate, fibrillose, and with strong radially aligned stripes; margin white, cream to light brown when fresh, becoming grayish brown upon drying, and up to 0.3 cm wide. Context is grayish brown upon drying, tough, and up to 3 mm thick. Spines are soft, fuscous to black when fresh, grayish brown upon drying, fragile, and up to 3 mm long. Stipe is cylindrical, glabrous, surface layer fuscous to black upon drying, inner layer grayish brown upon drying, and up to 4 cm long and 1 cm in diam.

Hyphal structure: Hyphal system monomitic; generative hyphae with simple septa; all the hyphae IKI–, CB–; tissues of pileus and spines turned to olive green in KOH, tissues of stipe without reaction.

Context: Generative hyphae clay-buff, thick-walled, branched, regularly arranged, and 2 to 5.5 μm in diam.

Spines: Generative hyphae clay-buff, thick-walled, occasionally branched, regularly arranged, and 2 to 3.5 μm in diam. Cystidia and cystidioles are absent. Basidia clavate, bearing four sterigmata (1.5–4 μm long) and a basal simple septum, 14–21 × 3–4 μm; basidioles similar to basidia in shape, but slightly smaller.

Stipe: Generative hyphae clay-buff, thick-walled, rarely branched, interwoven in both the surface layer and the inner layer, and 2 to 5 μm in diam.

Spores: Basidiospores subglobose to ellipsoidal, hyaline, thin-walled, echinulate, IKI–, CB– (3.5–)4–5 × 3–4.5(–5) μm, L = 4.5 μm, W = 3.8 μm, Q = 1–1.35 (n = 60/2, without the ornamentation).

Additional specimen (paratype) examined: CHINA. Yunnan Province, Lanping County, Tongdian, Luoguqing, on the ground of forest dominated by Pinus and Quercus, elev. 2,630 m, 18 September 2017, Bao-Kai Cui, Cui 16254 (BJFC 029553).

Ecological habits: Hydnellum radiatum was collected in Southwest China, under a plateau monsoon climate. It grows on the ground of the forest dominated by trees of Pinus yunnanensis, in well-watered bryophytes, and its roots are often interspersed with pine needles.

Key to species of Hydnellum from China:


(1)Pileal surface scaled………………………………………………………… 2

(1)Pileal surface not scaled………………………………………………….. 3

(2)Pileal surface pale orange to dark ruby…………………………………………………………………………………….. H. grosselepidotum

(2)Pileal surface differently colored……………………………………… ………………………………………………………………….. H. lidongensis

(3)Pileus subinfundibuliform to infundibuliform………………. 4

(3)Pileus differently shaped……………………………………………….. 8

(4)Pileal surface glabrous……………………………. H. concentricum

(4)Pileal surface not glabrous……………………………………………… 5

(5)Pileal surface brownish orange to brownish red……………. ………………………………………………………….. H. brunneorubrum

(5)Pileus surface differently colored……………………………………. 6

(6)Pileal surface light brown to dark ruby…………………………… …………………………………………………………………. H. atrorubrum

(6)Pileus surface differently colored…………………………………… 7

(7)Pileus and spines grayish red……………………………………….. …………………………………………………………….. H. yunnanense

(7)Pileus and spines differently colored………………………………. …………………………………………………………………….. H. bomiense

(8)Context tissue becoming blue-green in KOH……………….. ………………………………………………………………………….. H. peckii

(8)Context tissue differently colored in KOH……………………… 9

(9)Spines dark violet…………………………………… H. atrospinosum

(9)Spines differently colored…………………………………………….. 10

(10)Clamp connections present………………………………………….. 11

(10)Clamp connections absent…………………………………………… 13

(11)Pileal surface pastel yellow to dark blonde………………… ………………………………………………………………….. H. caeruleum

(11)Pileal surface differently colored………………………………….. 12

(12)Clamp connections present in spines………………………………. …………………………………………………………….. H. melanocarpum

(12)Clamp connections absent in spines……………………………….. …………………………………………………………………… H. fibulatum

(13)Pileal surface zonate……………………………………………………… 14

(13)Pileal surface azonate…………………………………………………… 16

(14)Pileal surface pastel red to dark magenta…………………… …………………………………………………………….. H. squamulosum

(14)Pileal surface differently colored…………………………………… 15

(15)Pileal surface glabrous to scrupose when fresh……. ………………………………………………………………. H. rubidofuscum

(15)Pileal surface scabrous to fibrous when fresh……………………………………………………………………………….. H. sulcatum

(16)Pileal surface with radially aligned stripes……………………. …………………………………………………………………………………… 17

(16)Pileal surface without radially aligned stripes…………………. ………………………………………………………………………………… 18

(17)Spines fuscous to black…………………………………………………… ……………………………………………………………………. H. radiatum

(17)Spines brown to grayish brown……………………………………. ………………………………………………………………. H. chocolatum

(18)Spines white to yellowish-white………………………. H. coatum

(18)Spines differently colored…………………………………………. 19

(19)Context grayish orange……………………………………………………… ……………………………………………………………… H. granulosum

(19)Context differently colored…………………………………………. 20

(20)Pileal surface reddish brown to grayish brown……………….. ……………………………………………………………. H. crassipileatum

(20)Pileal surface differently colored…………………………………. 21

(21)Stipe light brown………………………………………….. H. inflatum

(21)Stipe orange white, pale orange, sunburn to cognac…………………………………………………………………. H. spongiosipes






Discussion

The genus Hydnellum is easy to recognize in Bankeraceae by its corky to woody pileus with crowded spines, but identification among the species in Hydnellum is difficult due to the quite similar morphological features. The main morphological characters of each species in Hydnellum from China were summarized in Table 2. The morphological differences between five new species were emphasized here briefly.

Hydnellum chocolatum was clustered with H. crassipileatum and H. spongiosipes (Peck) Pouzar in our phylogenetic analyses (Figures 1, 2). Morphologically, H. chocolatum resembles H. crassipileatum and H. spongiosipes in having single to concrescent basidiomata. However, H. chocolatum can be distinguished by its tomentose and azonate pileal margin, and longer basidia (32–45 × 5–7 μm); H. crassipileatum differs by its thick pileus with the reddish brown to grayish brown pileal surface; Hydnellum spongiosipes can be distinguished by its orange white to pale orange pileus and longer basidiospores [6–7 × 5–6 μm in H. spongiosipes vs. (4.5–)5–6 × 4–5(–5.8) μm in H. chocolatum, Baird et al., 2013].

Our phylogenetic analyses showed that Hydnellum concentricum was sister to H. squamulosum Y. H. Mu and H. S. Yuan (Figures 1, 2). The two species were both described in Southwest China, and share the annual, solitary to gregarious basidiomata, pastel red pileus, and reddish-brown spines (Mu et al., 2021). However, H. squamulosum differs from H. concentricum by its floccose to woolly, squamulose pileal surface and smaller basidiospores [4.1–5 × 3.3–4.1 μm in H. squamulosum vs. (3.5–)4–5(–5.2) × (3.2–)3.5–5 μm in H. concentricum, Mu et al., 2021].

Hydnellum melanocarpum is closely related to Hydnellum ferrugineum (Fr.) P. Karst. In our phylogenetic analyses (Figures 1, 2). However, H. ferrugineum differs from H. melanocarpum by its pale orange to burnt umber pileus, and larger basidiospores [5–6(–7) × 5–6 μm in H. ferrugineum vs. 4.5–5.5(–6) × (3.5–)3.8–5.1 μm H. melanocarpum, Baird et al., 2013].

Hydnellum radiatum resembles H. cumulatum in having similar colored spines, which have close phylogenetic relationship (Figures 1, 2). However, H. cumulatum can be distinguished by its vinaceous buff, hessian brown to burnt umber pileus, wider basidia (20 × 5–7 μm in H. cumulatum vs. 14–21 × 3–4 μm), and larger basidiospores [4–5.5 × 4–5 μm in H. cumulatum vs. (3.5–)4–5 × 3–4.5(–5) μm in H. radiatum, Harrison, 1964].

Hydnellum species tend to grow in moist woodlands with thick mosses, under pine needles or oak leaves, which help to reduce water loss. Most of the specimens were collected from Pinaceae, Fagaceae forests, or mixed forests (Table 2). But the Fagaceae forests were regarded as the preference for Hydnellum by comparing the frequency of the collection sites (Table 2). It indicated that species in Hydnellum are host-biased, which can be used as an auxiliary basis for species discovery and identification.

The combination of the traditionally morphological observation and molecular systematics methods can objectively reveal the diversity and phylogenetic relationship of Hydnellum species. Few studies were using phylogenetic analyses of Hydnellum in the past, and most of them were only based on the ITS sequences of several species (Ainsworth et al., 2010; Baird et al., 2013; Loizides et al., 2016). Mu et al. (2021) conducted a phylogenetic analysis of Hydnellum and Sarcodon based on 4-gene sequences (ITS + nLSU + nSSU + RPB2), which undoubtedly filled in the blank of multiple gene fragments of Hydnellum. In this study, the phylogeny of Hydnellum was carried out based on four gene markers. In this study, both ITS + LSU and ITS + LSU + SSU + RPB2 datasets share a similar topology with Mu et al. (2021), but with discrepant bootstrap values.

Combining with the macro- and micro-morphological observation and scanning electron microscope shot, the number of Hydnellum species has been expanded to 22 in China, and it indicated that more potential species of Hydnellum could be discovered by combined evidence of morphological characters, molecular data, and ecological habits. Moreover, the sequences of the largest subunit of the RNA polymerase II (RPB1) gene of Hydnellum were also provided in this study, which might be useful for future phylogenetic studies. The primer pairs RPB1-Af and RPB1-Cr for the RPB1 gene used in this study are the same as in previous studies (White et al., 1990; Liu et al., 2022b). However, there are still many species of Hydnellum lacking molecular data, which limits the systematic study of this genus. For the time being, the common gene marker for the identification of most Hydnellum species is ITS, while more terminal nodes in phylogenetic trees are needed to investigate by using more gene markers, such as RPB1 and RPB2. There are only 22 RPB2 sequences and no RPB1 sequence of Hydnellum in NCBI (Accessed 7 May 2022)2. It is necessary to obtain diverse molecular sequences to build a more scientific system between the species and genera in hydnoid stipitate fungi.
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The diversity of lignicolous freshwater fungi in northwestern Yunnan, China, has been studied for several years in the College of Agriculture and Biological Science, at Dali University. Over the last 5 years, we published two new genera and nine new species of Tubeufiaceae from northwestern Yunnan. This study focused on introducing tubeufia-like hyphomycetous fungi found in freshwater lakes in the northwestern Yunnan plateau. Eleven fresh collections of tubeufiaceous taxa were gathered and identified. Among them, a new genus, Neomanoharachariella, is introduced to accommodate Neomanoharachariella aquatica, which is characterized by a light brown to dark brown color, dictyoseptate, and broadly oval to ellipsoid and well-developed conidiophores. Two new species, viz., Neohelicosporium suae and Parahelicomyces suae, one new record, Helicoma rufum, and three new collections, namely, H. rugosum, P. hyalosporus, and Tubeufia cylindrothecia are introduced based on morphological evidence and molecular phylogenetic analysis of combined ITS, LSU, tef 1-α, and RPB2 sequence data. Detailed descriptions and illustrations of these species are provided, and a morphological comparison with similar taxa is discussed.

KEYWORDS
 Dothideomycetes, lignicolous freshwater fungi, helicosporous hyphomycetes, morphology, multigene phylogeny


Introduction

Lignicolous freshwater fungi are an important group of organisms, involved in nutrient cycling by decaying submerged wood (Hyde et al., 2016a; Shen et al., 2022). Yunnan Province is one of the richest biodiversity hotspots, containing abundant resources of lignicolous freshwater fungi, with more than 281 species reported since 1986 (Shen et al., 2022). Among lignicolous freshwater fungi, Tubeufiales is one of the most species-rich groups in Dothideomycetes. Tubeufiales was introduced by Boonmee et al. (2014) based on molecular phylogenetic analysis to accommodate Tubeufiaceae. Liu et al. (2017) treated Bezerromycetaceae and Wiesneriomycetaceae as accepted families in Tubeufiales based on divergence time estimates. To date, Tubeufiales contains three families, viz., Bezerromycetaceae, Tubeufiaceae, and Wiesneriomycetaceae. The majority of Tubeufiaceae comprised freshwater taxa (Doilom et al., 2017; Lu et al., 2018a,b; Dong et al., 2020; Hongsanan et al., 2020). The family was established by Barr (1979) based on the generic type Tubeufia (Penzig and Saccardo, 1897). In the last decade, several studies of Tubeufiaceae have been published, with many species reported in freshwater habitats; most of them were asexual morphs (Boonmee et al., 2011; Hyde et al., 2016b, 2017; Brahmanage et al., 2017; Luo et al., 2017; Liu et al., 2018; Lu et al., 2018a,b). Lu et al. (2018b) reappraised and provided an updated phylogenetic tree for Tubeufiales which included 13 new genera, and expanded the circumscription of the type family Tubeufiaceae. To date, Tubeufiaceae includes 47 genera. They are widely distributed in tropical, subtropical, and temperate regions (Boonmee et al., 2011, 2014; Luo et al., 2017; Lu et al., 2018b), and most taxa are saprobic on woody substrates in terrestrial and freshwater habitats (Cai et al., 2003; Zhao et al., 2007; Lu et al., 2018b).

Members of Tubeufiaceae are a group of microfungi that are morphologically fascinating (Zhao et al., 2007) and have helicosporous hyphomycetes. Tubeufiaceae has been reported as sexual and asexual morphs. Asexual morphologies are mostly found as helicosporous hyphomycetes, while some are phragmosporous and chlamydosporous conidia (Lu et al., 2018b; Dong et al., 2020). Helicosporous hyphomycetes make up a large part of the order Tubeufiales. They are known to be present in many genera, such as Acanthohelicosporium, Berkleasmium, Chlamydotubeufia, Dematiohelicosporum, Helicangiospora, Helicodochium, Helicohyalinum, Helicoma, Helicomyces, Helicosporium, Helicotubeufia, Neoacanthostigma, Neohelicomyces, Neohelicosporium, Parahelicomyces, and Tubeufia (Boonmee et al., 2011, 2014; Brahmanage et al., 2017; Lu et al., 2017a,b,c, 2018a,b; Luo et al., 2017; Liu et al., 2018). Chlamydosporous and phragmosporous hyphomycetes in Tubeufiaceae are reported in Aquaphila, Berkleasmium, Chlamydotubeufia, Dictyospora, Helicoma, Kamalomyces, Neochlamydotubeufia, Tamhinispora, and Tubeufia (Lu et al., 2018b). Their sexual morphs are characterized by superficial ascomata, bitunicate asci, and hyaline to pale brown, elongate, obovoid or oblong, and septate ascospores (Barr, 1980; Kodsueb et al., 2006; Boonmee et al., 2011, 2014; Brahmanage et al., 2017; Lu et al., 2018b).

Helicoma was introduced by Corda (1837) with the type species H. muelleri. It is one of the earliest described helicosporous genus (Morgan, 1892; Linder, 1929; Moore, 1955). Helicoma includes two asexual morphs, one is characterized by conidia pleurogenous, helicoid, becoming loosely coiled in water, conidiogenous cells with denticles, and tooth-like protrusions. Other conidia are acrogenous, helicoid, circinate, tapering toward the apex, truncating at the base, and not becoming loose in water (Lu et al., 2018b). Neohelicosporium was introduced by Lu et al. (2018a) based on phylogenetic and morphological evidence. Currently, 24 species are accepted in the genus, of which 11 species were reported in freshwater habitats. Pseudohelicomyces was established by Lu et al. (2018b) to accommodate five species, viz., Ps. aquaticus, Ps. hyalosporus, Ps. indicus, Ps. paludosus, and Ps. talbotii (type species) based on multi-gene phylogenetic analysis. However, following previous publications, this generic name has an older homonym: Pseudohelicomyces (Valenzuela and Garnica, 2000), and this rendered the Pseudohelicomyces described by Lu et al. illegitimate. Lu et al. (2020) provided a proposal to conserve Pseudohelicomyces (Tubeufiaceae) against Pseudohelicomyces (Hymenogastraceae). Hsieh et al. (2021) established Parahelicomyces to replace Pseudohelicomyces and transferred all species of Pseudohelicomyces to Parahelicomyces. Until recently, nine species are accepted in Parahelicomyces (Lu et al., 2018b; Li et al., 2022; Tian et al., 2022). Tubeufia is the largest genus in Tubeufiaceae and is commonly reported as saprobes on submerged decaying wood in freshwater habitats (Ho et al., 2001; Cai et al., 2002; Liu et al., 2018; Lu et al., 2018b; Jayasiri et al., 2019). Members of Tubeufiaceae are mostly saprobic and widely distributed and are often found on woody substrates in terrestrial and freshwater habitats (Lu et al., 2018b). The southern China areas of Guangdong, Guangxi, Guizhou, Hubei, Yunnan, and other subtropical or tropical regions are very suitable for the growth and distribution of Tubeufiaceae fungi (Cai et al., 2002; Liu et al., 2018; Lu et al., 2018a,b).

During our investigation of freshwater fungi on submerged decaying wood, more than 100 specimens of freshwater hyphomycetes were collected from the lakes in the northwestern Yunnan plateau. This article aims to introduce eleven helicosporous hyphomycetes which were collected from the Luguhu and Shuduhu lakes. Phylogenetic analyses of combined ITS, LSU, tef 1-α, and RPB2 sequence data place them in Helicoma, Neohelicosporium, Parahelicomyces, and Tubeufia. A new genus Neomanoharachariella and three new species, viz., Neomanoharachariella aquatica, Neohelicosporium suae, and Parahelicomyces suae are introduced with morphological and phylogenetic evidence. Helicoma rufum is newly recorded in freshwater habitats for the first time in China. In addition, we combine Helicoma sp. (HKUCC 9118) as H. rugosum (HKUCC 9118) according to multi-gene phylogeny analysis and morphological evidence. Three known species, namely, Helicoma rugosum, Parahelicomyces hyalosporus, and Tubeufia cylindrothecia, are also accounted. Full descriptions, color photo plates of the species, and an updated phylogenetic tree for Tubeufiaceae are provided. This study provides a case study for lakes as a worthwhile niche area for the further study of hyphomycetous associations and hints that these lakes in the Yunnan plateau may potentially host numerous unknown fungal species.



Materials and methods


Collection, isolation, and morphology

Specimens of submerged decaying wood were collected from the Luguhu and Shuduhu lakes in the northwestern Yunnan province of China and were taken to the laboratory in ziplock plastic bags. The specimens were incubated at room temperature for 1 week in plastic boxes lined with moistened tissue paper. Specimen observations and isolation were performed by following the protocols provided by Luo et al. (2018) and Senanayake et al. (2020). Macromorphological characteristics of samples 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. The morphologies of colonies on native substrates were photographed with a Nikon SMZ1000 stereo zoom microscope. Single spore isolation was performed according to the following steps: the conidia suspension from specimens was transported using a sterilized pipette, placed on potato dextrose agar (PDA), and incubated at room temperature overnight. Germinated conidia were transferred to new PDA/malt extract agar (MEA) (Beijing land bridge technology CO., LTD., China) plates and incubated at room temperature (25°C). The specimens were deposited in the Herbarium of Cryptogams Kunming Institute of Botany, Academia Sinica (KUN-HKAS), Kunming, China. Living cultures were deposited in the China General Microbiological Culture Collection Center (CGMCC), Beijing, China, and the Kunming Institute of Botany Culture Collection Center, Kunming, China (KUNCC). Mycobank numbers were registered (https://www.mycobank.org). New species were established following the recommendations outlined by Chethana et al. (2021).



DNA extraction, PCR amplification, and sequencing

Fungal mycelium was removed from the surfaces of colonies that were grown on PDA or MEA for 4–6 weeks and transferred to a 1.5 ml centrifuge tube. A Trelief TM Plant Genomic DNA Kit (TSP101-50) was used to extract DNA from the ground mycelium according to the manufacturer's instructions. Four gene regions; ITS, LSU, tef 1-α, and RPB2 were amplified using ITS5/ITS4, LR0R/LR5 (Vilgalys and Hester, 1990), 983F/2218R, and fRPB2-5F/fRPB2-7cR (Liu et al., 1999). The PCR mixture was prepared as follows: 12.5 μl of 2 × Taq Master Mix (Genes and Biotech Co., Ltd), 1 μl of each primer, 1 μl of genomic DNA extract, and 9.5 μl of deionized water. The PCRs of ITS, LSU, tef 1-α, and RPB2 genes were processed as described in Su et al. (2015). PCR amplification was confirmed on 1% agarose electrophoresis gels stained with ethidium bromide. Sequencing was carried out by Tsingke Biological Engineering Technology and Services Co., Ltd (Yunnan, P.R. China).



Sequence alignment

Sequences were assembled using BioEdit. A BLAST search was performed on sequences with high similarity indices to find the closest matches with taxa in Tubeufiaceae and in recently published data (Luo et al., 2017; Lu et al., 2018b; Dong et al., 2020). All consensus sequences and the reference sequences were automatically aligned with MAFFT version 7.0 (Kuraku et al., 2013; Katoh et al., 2019). Aligned sequences of each gene region (ITS, LSU, tef 1-α, and RPB2) were combined and manually improved using BioEdit v. 7.0 (Hall, 1999). Ambiguous regions were excluded from the analysis and gaps were treated as missing data.



Phylogenetic analyses

Phylogenetic analyses were performed using maximum likelihood (ML) and Bayesian tree building criteria. Maximum likelihood (ML) analysis was carried out using RAxML-HPC2 on XSEDE (8.2.12) (Stamatakis, 2006; Stamatakis et al., 2008) on the CIPRES Science Gateway website (Miller et al., 2010: http://www.phylo.org/portal2) and the estimated proportion of invariant sites was determined using the GTRGAMMA+I model. Bayesian analyses were performed using MrBayes v. 3.1.2. (Ronquist and Huelsenbeck, 2003). The model of each gene was estimated using MrModeltest 2.3, and the GTR + I + G model was the best-fit model for ITS, LSU, tef 1-α, and RPB2 Bayesian analyses. Posterior probabilities (PP) (Ranala and Yang, 1996) were performed by Markov chain Monte Carlo sampling (BMCMC) in MrBayes v.3.1.2 (Liu et al., 2012). Six simultaneous Markov chains were run for 10 million generations, and trees were sampled every 100th generation (resulting in 100,000 trees). The first 20,000 trees, representing the burn-in phase of the analyses, were discarded and the remaining 80,000 (post-burning) trees were used for calculating PP in the majority rule consensus tree (Cai et al., 2006; Liu et al., 2012). Phylogenetic trees were represented by FigTree v. 1.4.0 and edited in Microsoft Office PowerPoint 2016. Newly-generated sequences in this study were submitted to GenBank, and the strain information used in this paper is provided in 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

Phylogenetic analyses of combined ITS, LSU, tef 1-α, and RPB2 sequences comprised a total of 3,316 characters including gaps, ITS (1–534 bp), LSU (535–1,362 bp), tef 1-α (1,363–2,273 bp), and RPB2 (2,274–3,316 bp) including 217 strains, with Botryosphaeria dothidea (CBS 115476) as the outgroup taxon. RAxML and Bayesian analyses of the combined dataset resulted in phylogenetic reconstructions with largely similar topologies. The result of ML analyses with a final likelihood value of −53,732.520635 is shown in Figure 1. Alignment exhibits 1,618 distinct alignment patterns; the proportion of gaps and completely undetermined characters in this alignment is 27.38%. Gamma distribution shape parameter: α = 0.226507; tree-length: 6.955943; estimated base frequencies: A = 0.242825, C = 0.253033, G = 0.260763, and T = 0.243379; substitution rates: AC = 1.238257, AG = 6.612700, AT = 2.116761, CG = 0.859127, CT = 10.120846, and GT = 1.000000. Bootstrap support values for RAxML >75% and Bayesian PP >0.95 are given at each node (Figure 1).
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FIGURE 1
 Phylogram generated from maximum likelihood analysis (RAxML) of Tubeufiaceae based on ITS, LSU, tef 1-α, and RPB2 sequence data. Maximum likelihood bootstrap values equal to or above 75% and Bayesian posterior probabilities (PP) equal to or above 0.95 are given above the nodes. The tree is rooted at Botryosphaeria dothidea CBS 115476. Newly-generated sequences are indicated in red. Ex-type strains are indicated in black/red bold.


Phylogenetic analyses showed that the new isolates were nested in Tubeufiaceae with close affinities to four exciting genera, viz., Helicoma, Neohelicosporium, Parahelicomyces, Tubeufia, and the new genus Neomanoharachariella, forming a distinct clade among the genera of Tubeufiaceae. KUNCC 22–12445 and CGMCC 3.23543 clustered within Helicoma, sister to Helicom rugosum (ANM 196, ANM 953, ANM 1169, and JCM 2739) with 97% ML and 0.99 PP support values. Another strain, CGMCC 3.23543 nested in H. rubriappendiculatum (MFLUCC 18–0491) and H. rufum (MFLUCC 17–1806) with 87% ML and 0.99 PP support values. CGMC3.23541 nested in N. morganii (CBS 281.54) with strong bootstrap support (100% ML/1.00 PP). CGMC3.23539 and CGMCC 3.23540 clustered as a monophyletic clade sister to Helicoarctatus aquaticus (MFLUCC 17–1996) and H. tailandicus (MFLUCC 18–0332). Three new collections (CGMCC 3.23535, KUNCC 22–12443, and KUNCC 22–12444) clustered with Parahelicomyces hyalosporus (CBS 283.51, MFLUCC 15–0343, KUMCC 15–0430, KUMCC 15–0411, KUMCC 15–0322, and KUMCC 15–0281) with 100% ML and 1.00 PP support. CGMCC 3.23534 and CGMCC 3.23538 formed a sister lineage to Parahelicomyces yunnanensis (CGMCC 3.20429) with 90% ML and 1.00 PP support. CGMCC 3.23552 clustered with five strains of Tubeufia cylindrothecia (MFLUCC 10–0919, MFLUCC 11–0076, MFLUCC 16–1253, MFLUCC 16–1283, and MFLUCC 17–1792) with 100% ML and 1.00 PP support.



Taxonomy

Helicoma rugosum (C. Booth) Boonmee and K.D. Hyde [as 'rugosa'], Fungal Divers. 68: 266 (2014), Figure 2
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FIGURE 2
 Helicoma rugosum (KUN-HKAS 124608). (a,b) Colony on decaying wood. (c–f) Conidiophores with attached conidia. (g,h) Conidiogenous cells. (i–m) Conidia. (n) Germinating conidium. (o,p) Colony on PDA observed from above and below. Scale bars: (c,d) 30 μm, (e) 50 μm, (f) 30 μm, (g,h) 10 μm, and (i–n) 20 μm.


Index Fungorum: IF 340543; Facesoffungi number: FoF 02650

Saprobic on submerged decaying wood in the lake. Asexual morph: Hyphomycetous, helicosporous. Colonies on natural substrate superficial, effuse, discrete, dilute, and light brown to brown. Mycelium composed of partly immersed, partly superficial, septate, pale brown to brown, branched hyphae, with masses of crowded, glistening conidia. Conidiophores 95–151 μm long, 5.4–6.8 μm wide ([image: image] = 122.6 × 6 μm, n = 20), macronematous, mononematous, straight to slightly bent, unbranched, septate, cylindrical, erect, pale brown to brown, and smooth-walled. Conidiogenous cells 9–12 μm long, 5–6 μm wide, holoblastic, mono- to polyblastic, integrated, intercalary, cylindrical, with denticles, tiny tooth-like protrusions (0.9–2.6 μm long, 0.5–1.7 μm wide), brown, and smooth-walled. Conidia 60.7–85.5 μm diameter, conidial filament 4–4.8 μm wide ([image: image] = 73 × 4.4 μm, n = 20), 216–290 μm long, slightly coiled 1.0–2.5 times, pleurogenous, helicoid, rounded at tip, septate, becoming loosely coiled in water, guttulate, pale brown, and smooth-walled. Sexual morph: not observed.

Culture characteristics: Conidia germinating on PDA and germ tubes produced from conidia within 12 h. Colonies growing on PDA, irregular, center umbonate, with a rough surface, wrinkle, edge undulate, reaching 10–15 mm in 2 weeks at 26°C, and pale brown to brown in the PDA medium. Mycelium superficial and partially immersed, branched, septate, hyaline to pale brown, and smooth-walled.

Material examined: China, Yunnan Province, Luguhu lake, on submerged decaying wood, 22 October 2021 (Altitude: 2,625 m, 27°42'41“N, 100°46'48“E), Long-Li Li, L-1013 (KUN-HKAS 124608), living culture, KUNCC 22–12445.

Notes: Helicoma rugosum was reported by Boonmee et al. (2014) to combine Sphaeria helicoma, Thaxteriella helicoma, and Tubeufia rugosa based on phylogenetic and morphological evidence. H. rugosum (KUNCC 22–12445) resembles H. rufum, presenting macronematous, mononematous, unbranched or branched, septate conidiophores, holoblastic, mono- to ployblastic conidiogenous cells, helicoid, and septate conidia. However, H. rugosum (KUNCC 22–12445) is distinct from H. rufum as it has shorter and narrower conidiophores (95–151 × 5.4–6.8 vs. 110–210 × 7–8.5 μm), longer and wider conidia (60.7–85.5 × 4–4.8 vs. 35–45 × 4–5.5 μm), and shorter conidial filaments (216–290 × 4–5 vs. 240–410 × 4–5.5 μm). Furthermore, H. rufum produces a reddish brown pigment in the PDA medium in 7 days but H. rugosum lacks this characteristic. In the phylogenetic analyses, H. rugosum (KUNCC 22–12445) cluster together with H. rugosum (ANM 196, ANM 1169, ANM 953, and JCM 2739) and Helicoma sp. (HKUCC 9118) with strong support (91% ML and 0.99 PP). In this study, we introduce our new collection with Helicoma sp. (HKUCC 9118) as H. rugosum because of identical LSU nucleotide sequences and morphological characteristics. Our fresh collection is morphologically similar to Helicoma sp. (HKUCC 9118) (Kodsueb et al., 2004) in terms of conidiogenous cells with tiny tooth-like protrusions, dentical, conidiophores brownish-gray, upright, and the same conidia size (61–86 × 4–5 vs. 37–86.4 × 4.6–5.4 μm). Furthermore, both of their morphologies fit into the generic group Helicoma, and the analyses show that they should be the same species.

Helicoma rufum Y.Z. Lu, J.C. Kang, and K.D. Hyde, Fungal Divers. 92: 183 (2018), Figure 3
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FIGURE 3
 Helicoma rufum (KUN-HKAS 124609). (a,b) Colony rises from mycelium on natural wood substrate. (c–f) Conidiophores with attached conidia. (g,h) Conidiogenous cells. (i–l) Conidia. (m) Germinating conidium. (n,o) Culture on PDA. Scale bars: (c–f) 60 μm, (g,h) 10 μm, and (i–m) 20 μm.


Index Fungorum: IF 554843; Facesoffungi number: FoF 04718

Saprobic on submerged decaying wood in the lake. Asexual morph: Hyphomycetous, helicosporous. Colonies superficial, effuse, gregarious, and brown. Mycelium composed of immersed, partly superficial, hyaline to pale brown, septate, branched hyphae, with masses of crowded, glistening conidia. Conidiophores 136–209 μm long, 6–7 μm wide ([image: image] = 173 × 6.5 μm, n = 30), macronematous, mononematous, cylindrical, erect, straight to slightly bent, mostly unbranched, septate, the lower part brown and the upper part pale yellow, and smooth-walled. Conidiogenous cells 12–14 μm long, 5–7 μm wide, holoblastic, mono- to polyblastic, integrated, intercalary, cylindrical, with denticles, rising laterally from the lower portion of conidiophores as tiny tooth-like protrusions (2.7–3.9 μm long, 1.5–2.3 μm wide), brown, and smooth-walled. Conidia 57–104 μm diameter, conidial filament 3.4–5.2 μm wide ([image: image] = 80.6 × 4.3 μm, n = 20), 248–327 μm long, solitary, pleurogenous, helicoid, rounded at tip, septate, slightly constricted at septa, loosely coiled 1.5–3.5 times, becoming loosely coiled in water, guttulate, hyaline to pale brown, and smooth-walled. Sexual morph: not observed.

Culture characteristics: Conidia germinating on PDA within 12 h and many germ tubes produced from conidium cells. Colonies growing on PDA, reaching 25 mm, and started producing reddish brown pigment in 3 weeks at 26°C, brown to reddish brown in the PDA medium, irregular, with a flat surface, edge slightly undulate. Mycelium superficial and partially immersed, branched, septate, hyaline to pale brown, and smooth-walled.

Material examined: China, Yunnan Province, Luguhu lake, on submerged decaying wood (Altitude: 2,717 m, 27°42'41“N, 100°46'48“E), 21 October 2021, Long-Li Li, L-1032 (KUN-HKAS 124609), living cultures, CGMCC 3.23543 = KUNCC 22–12439.

Notes: Helicoma rufum was introduced by Lu et al. (2018b) on decaying wood in a mountain in Thailand. The new isolate L-1032 collected from freshwater habitats was identified as H. rufum based on the phylogenetic analyses and the morphological features. Our new collection CGMCC 3.23543 clusters in the same clade with H. rufum (MFLUCC 17–1806) and H. rubriappendiculatum (MFLUCC 18–0491) with bootstrap support (87% ML and 0.99 PP). Morphologically, our new collection is almost identical to H. rufum (MFLUCC 17–1806) except for the conidia diameter (57–104 vs. 35–45 μm long). The nucleotide comparisons show 4 bp, 1 bp, and 2 bp of ITS, LSU, and tef 1-α differences between the new isolate CGMCC 3.23543 and H. rufum (MFLUCC 17–1806). Between H. rubriappendiculatum (MFLUCC 18–0491) and H. rufum (CGMCC 3.23543), there are 4, 2, and 6 bp of ITS, LSU, and tef 1-α differences; compared with H. rubriappendiculatum, H. rufum (CGMCC 3.23543) produces a reddish brown pigment in the PDA medium and presents a longer conidia diameter (57–104 vs. 25–35 μm), lacking the characteristic red appendant near the apex in conidiophores. Thus, we identify the new isolate as H. rufum based on both phylogenetic analyses and morphological characteristics. This is the first report of H. rufum in freshwater habitats and its occurrence in China.

Neohelicosporium suae L.L. Li, H.W. Shen and Z.L. Luo, sp. nov.

MycoBank number: MB 845321, Figure 4
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FIGURE 4
 Neohelicosporium suae (KUN-HKAS 124610, holotype). (a) Colony on decaying wood. (b,c,e) Conidiophores with attached conidia. (d) Conidiophores. (f–h) Conidiogenous cells. (i–l) Conidia. (m) Germinating conidium. (n,o) Colony on PDA observed from above and below. Scale bars: (b,c) 30 μm, (d,e) 20 μm, and (f–m) 10 μm.


Holotype—KUN-HKAS 124610

Etymology—“suae” (Lat.) in memory of the Chinese mycologist Prof. Hong-Yan Su (4 April 1967–3 May 2022).

Saprobic on submerged decaying wood in the lake. Asexual morph: Hyphomycetous, helicosporous. Colonies on substratum superficial, effuse, and white. Mycelium composed of superficial, partly immersed, brown, septate, branched hyphae, with crowded by conidial masses. Conidiophores 52–97 μm long, 4.2–5.1 μm wide ([image: image] = 75 × 4.7 μm, n = 20), macronematous, mononematous, erect, cylindrical, unbranched or less branched, 3–6-septate, hyaline to pale brown, and smooth-walled. Conidiogenous cells 15–27 μm long, 3.5–5 μm wide ([image: image] = 21 × 4.2 μm, n = 20), holoblastic, mono- to polyblastic, cylindrical, truncate at apex after conidial secession, integrated, sympodial, terminal, cylindrical, with denticles 2–3 × 1.5–2.4 μm, hyaline to pale brown, and smooth-walled. Conidia 45–55 μm diameter, conidial filaments 5–7 μm wide ([image: image] = 50 × 6 μm, n = 20), 212–268 μm long, tightly coiled 2–2.5 times, helicoid, rounded at tip, multi-septate, slightly constricted at septa, guttulate, hyaline, not becoming loose in water, and smooth-walled. Sexual morph: not observed.

Culture characteristics: Conidia germinating on PDA within 8 h. Colonies growing on PDA, circular, with a flat surface, edge entire, reaching 28 mm in 3 weeks at room temperature, pale brown to brown in the MEA medium. Mycelium superficial and partially immersed, branched, septate, hyaline to pale brown, and smooth-walled.

Material examined: China, Yunnan Province, Luguhu lake, on submerged decaying wood in the lake (Altitude: 2,242 m, 26°48'29“N, 100°43'4.8“E), 21 October 2021, Long-Li Li, L-1030 (KUN-HKAS 124610, holotype), ex-type cultures, CGMCC 3.23541 = KUNCC 22–12438.

Notes: Neohelicosporium suae is introduced as a new species based on morphological and phylogenetic evidence. In phylogeny, N. suae (CGMCC 3.23541) is a sister to N. morganii with strong bootstrap support (100% ML and 1.00 PP). Based on pairwise nucleotide comparisons, the new strain N. suiae (CGMCC3.23541) is different from N. morganii (CBS 281.54) in 9/532 bp (1.69%) of the ITS and 3/804 bp (0.37%) of the LSU. Morphologically, N. suae can be distinguished from N. morganii; the conidiophores of N. suae are unbranched or less branched, the latter are branched and shorter (52–97 μm long, 4.2–5.1 μm wide vs. up to 145 μm long, 5–7 μm wide) (Zhao et al., 2007), and the number of septa is more than 6. The conidiogenous cells of N. suiae are 15–27 μm long, swollen, with longer and wider denticles (2–3 × 1.5–2.4 vs. 1–2.5 × 0.5–1.5 μm), terminal, whereas N. morganii displays no swelling. Furthermore, N. suiae is distinct from N. morganii, presenting distinguished conidia characteristics in terms of a larger diameter (45–55 × 5–7 vs. 17–23 × 3–4 μm).

Neomanoharachariella L.L. Li, H.W. Shen, and Z.L. Luo, gen. nov.

Mycobank number: MB 845535

Etymology—The generic epithet, neo (Lat., new), refers to the similarity to Manoharachariella.

Saprobic on decaying wood in the lake. Asexual morph: Hyphomycetous, dictyosporous. Colonies on the substratum superficial, effuse, and dark brown. Conidiophores macronematous, mononematous, erect, cylindrical, unbranched, straight or flexuous, paler, and smooth-walled. Conidiogenous cells monoblastic, integrated, terminal, cylindrical, subhyaline to pale brown, and smooth-walled. Conidia holoblastic smooth, shiny, simple, broadly oval to ellipsoid, muriform, tuberculous at the top, white and pale brown when immature, becoming dark to black when mature, and pale yellow at the basal cell and brown at other parts. Sexual morph: not observed.

Type species: Neomanoharachariella aquatica L.L. Li, H.W. Shen, and Z.L. Luo.

Notes: Neomanoharachariella is morphologically similar to Chlamydotubeufia, Dictyospora, and Neochlamydotubeufia, presenting dictyoseptate, broadly oval to ellipsoid, and darkened to black when matured conidia. However, Neomanoharachariella can be distinguished from other chlamydosporous genera by well-developed conidiophores. The morphological characteristics allow the assignment of Neomanoharachariella to Tubeufiaceae. In phylogeny, it formed a well-separated clade from all other genera of Tubeufiaceae (Figure 5). The molecular phylogenetic studies indicate its placement in Tubeufiaceae as a genus that is phylogenetically close to the genera, Berkleasium, Dictyospora, Helicoarctatus, Helicoma, and Helicosporium.
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FIGURE 5
 Neomanoharachariella aquatica (KUN-HKAS 124611, holotype). (a,b) Colony erect on decaying wood. (c–e) Conidiophores with attached conidia. (f,g) Conidiogenous cells. (h–m) Conidia. (n) Germinating conidium. (o,p) Culture on PDA. Scale bars: (c,e) 25 μm, (f,g) 5 μm, (h–j) 15 μm, and (d,k–n) 20 μm.


Neomanoharachariella aquatica L.L. Li, H.W. Shen, and Z.L. Luo, sp. nov.

Mycobank number: MB 845536, Figure 5

Holotype—KUN-HKAS 124611

Etymology—“aquatica” referring to the aquatic habitat of this fungus.

Saprobic on decaying woods in the lake. Asexual morph: hyphomycetous, dictyosporous. Colonies on the substratum superficial, effuse, and dark brown. Conidiophores 20–31 μm long, 3.5–4.2 μm wide ([image: image] = 25 × 4 μm, n = 20), macronematous, mononematous, erect, cylindrical, unbranched, straight or flexuous, paler, and smooth-walled. Conidiogenous cells monoblastic, integrated, terminal, cylindrical, subhyaline to pale brown, and smooth-walled. Conidia 37–61 μm long, 17–32 μm wide ([image: image] = 49 × 24 μm, n = 20), muriform 8–10-transversely septate, with 1–4-longitudinal septa, smooth, shiny, simple, broadly oval to ellipsoid, tuberculous at the top, hyaline to pale brown when immature, becoming dark to black when mature, and pale yellow at the basal cells and brown at other parts. Sexual morph: not observed.

Culture characteristics: Conidia germinating on PDA within 12 h. Colonies growing on PDA, circular, with a flat surface, edge entire, reaching 15 mm in 3 weeks at 26°C, and brown to dark brown in the PDA medium. Mycelium superficial and partially immersed, branched, septate, hyaline to pale brown, and smooth-walled.

Material examined: China, Yunnan Province, Shuduhu lake, on submerged decaying wood (Altitude: 3,578 m, 27°54'24“N, 99°57'15“E), 25 August 2020, Zheng-Quan Zhang, L-190 (KUN-HKAS 124611, holotype), ex-type cultures, CGMCC 3.23539 = KUNCC 22–12437; China, Yunnan Province, Shuduhu lake, on submerged decaying wood (Altitude: 3,578 m, 27°54'24“N, 99°57'15“E), 25 August 2020, Zheng-Quan Zhang, L-281 (KUN-HKAS 124612), living cultures, CGMCC 3.23540 = KUNCC 22–12442.

Notes: The new collection can be easily distinguished from other Tubeufiaceae genera by the long oval and dictyosporous conidia with well-developed conidiophores. In the phylogenetic analyses, Neomanoharachariella aquatica shares a sister relationship to Helicoarctatus aquaticus (MFLUCC 17–1996) and H. thailandicus (MFLUCC 18–0332). However, there are great differences in morphology; the asexual morph of H. aquaticus and H. thailandicus are helicosporous, and our new collection is dictyosporous. H. aquaticus and H. thailandicus are characterized by setiform, unbranched, septate conidiophores, holoblastic, mono- to poly-blastic, denticulate conidiogenous cells, pleurogenous, helicoid, multi-septate, guttulate, and hyaline conidia. Based on pairwise nucleotide comparisons, the new strain CGMCC 3.23540 is different from the type species Helicoarctatus aquaticus (MFLUCC 17–1996) in 30/541 bp (5.54%) of the ITS, 24/805 bp (2.98%) of the LSU, 74/875 bp (8.46%) of the tef 1-α, and 154/1045 bp (14.74%) of the RPB2. In addition, Neomanoharachariella aquatica is most similar to the asexual state of Chlamydotubeufia huaikangplaensis, but the conidia of N. aquatica are shorter (37–61 × 17–32 vs. 50–77 × 39–42) and presenting erect, unbranched, and smooth-walled conidiophores; the phylogenetic analyses also clearly segregate it from C. huaikangplaensis. We therefore identify the newly obtained taxon as Neomanoharachariella aquatica sp. nov.

Parahelicomyces hyalosporus (Y.Z. Lu, J.K. Liu, and K.D. Hyde) S. Y. Hsieh, Goh, and C. H. Kuo, Mycol. Prog. 20(2): 182 (2021) Figure 6
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FIGURE 6
 Parahelicomyces hyalosporus (KUN-HKAS 124603). (a) Colony on decaying wood. (b–d) Conidiophores with attached conidia and lateral minute polyblastic denticles. (e,f,i,j) Conidiogenous cells. (g,h,k–p) Conidia. (p,q) Colony on PDA observed from above and below. Scale bars: (b) 50 μm, (c,d) 40 μm, and (e–p) 10 μm.


Index Fungorum: IF 554888; Facesoffungi number: FoF 04812

Saprobic on submerged decaying woods in the lake. Asexual morph: Hyphomycetous, helicosporous. Colonies on wood substrate superficial, effuse, gregarious, and hyaline to white. Mycelium composed of partly immersed, partly superficial, pale brown, septate, anastomosing, reapent, with masses of crowded conidia. Conidiophores 60–142 μm long, 4–5.2 μm wide ([image: image] = 101 × 4.6 μm, n = 10), macronematous, mononematous, cylindrical, branched, septate, hyaline to pale brown, and smooth-walled. Conidiogenous cells 5–10 μm long, 3–4 μm wide, holoblastic, mono-to polyblastic, integrated, terminal or intercalary, cylindrical, truncate at apex after conidial secession, hyaline to pale brown, and smooth-walled. Conidia 40–56.7 μm diameter, and conidial filaments 3.5–4.5 μm wide ([image: image] = 48 × 4 μm, n = 20), 145–180 μm long, loosely coiled 1–2.5 times, solitary, pleurogenous or acropleurogenous, helicoid, rounded at tip, multi-septate, becoming loosely coiled in water, guttulate, hyaline, and smooth-walled. Sexual morph: not observed.

Culture characteristics: Conidia germinating on PDA within 12 h; many germ tubes produced from conidium cells. Colonies growing on PDA, circular, with umbonate surface, edge dulate, and brown to dark brown in PDA medium, reaching 20 mm in 3 weeks at 26°C, and brown to dark brown in the PDA medium. Mycelium superficial and partially immersed, branched, septate, hyaline to pale brown, and smooth-walled.

Material examined: China, Yunnan Province, Luguhu lake, on submerged decaying wood (Altitude: 2,698 m, 27°41'11“N, 100°48'18“E), 5 March 2021, Zheng-Quan Zhang, L-159 (KUN-HKAS 124603), living cultures, CGMCC 3.23535 = KUNCC 22–12436; China, Yunnan Province, Luguhu lake, on submerged decaying wood (Altitude: 2734 m, 27°45'18“N, 100°46'42“E), 5 March 2021, Zheng-Quan Zhang, L-315 (KUN-HKAS 124606), living culture, KUNCC 22–12443; China, Yunnan Province, Luguhu lake, on submerged decaying wood (Altitude: 2,794 m, 27°45'02“N, 100°51'02“E), 5 March 2021, Zheng-Quan Zhang, L-326 (KUN-HKAS 124605), living cultures, CGMCC 3.23537 = KUNCC 22–12444.

Notes: Parahelicomyces hyalosporus was first introduced as Pseudohelicomyces hyalosporus by Lu et al. (2018b) based on morphological and phylogenetic evidence. Hsieh et al. (2021) transferred it to Parahelicomyces as the genus Pseudohelicomyces was an older homonym and illegitimate. In this paper, three newly-obtained isolates were identified as Parahelicomyces hyalosporus, and the morphology characteristics fit well with Parahelicomyces hyalosporus; the conidiophores macronematous, mononematous, branched, septate, conidiogenous cells with denticles, holoblastic, mono- to polyblastic, intercalary or terminal, determinate or sympodial and pleurogenous or acropleurogenous, conidia helicoid, multi-septate, and hyaline to pale brown. Species of the P. hyalosporus are widely found in lakes and streams of freshwater habitats in China and Thailand (Luo et al., 2017; Lu et al., 2018b; Li et al., 2022). Based on pairwise nucleotide comparisons, ITS and LSU are identical between the type species (MFLUCC 15–0343) and P. hyalosporus (CGMCC 3.23535).

Parahelicomyces suae L.L. Li, H.W. Shen, and Z.L. Luo, sp. nov.

Mycobank number: MB 845534, Figure 7
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FIGURE 7
 Parahelicomyces suae (KUN-HKAS 124604, holotype). (a) Colony on decaying wood. (b–d) Conidiophores with attached conidia. (e–h) Conidiogenous cells. (i–m) Conidia. (n) Germinating conidium. (o,p) Colony on MEA observed from above and below. Scale bars: (b) 70 μm, (c) 60 μm, (d) 30 μm, (e–h,j–n) 10 μm, and (i) 15 μm.


Holotype—KUN-HKAS 124604

Etymology—“suae” (Lat.) in memory of the Chinese mycologist Prof. Hong-Yan Su (4 April 1967–3 May 2022).

Saprobic on submerged decaying woods in the lake. Asexual morph: Hyphomycetous, helicosporous. Colonies on the wood substratum superficial, effuse, gregarious, and white. Mycelium composed of partly immersed, partly superficial, hyaline to pale brown, septate, abundantly branched hyphae, with masses of crowded, glistening conidia. Conidiophores 114.8–173.5 μm long, 3–4 μm wide ([image: image] = 144 × 3.5 μm, n = 20), macronematous, mononematous, cylindrical, branched or unbranched, erect, septate, dark brown at base, becoming hyaline toward apex, and smooth-walled. Conidiogenous cells 12–18 μm long, 3–4 μm wide, sympodial, holoblastic, monoblastic, integrated, terminal, cylindrical, truncate at apex after conidial secession, denticles or bladder-like cells, hyaline to pale brown, and smooth-walled. Conidia 29–36 μm diameter, conidial filament 1.8–2.2 μm wide ([image: image] = 32.5 × 2 μm, n = 20), 103–121 μm long, coiled 1–3.5 times, solitary, helicoid, rounded at tip, young conidia have indistinct septate, not easily loosely coiled in water, guttulate, hyaline, and smooth-walled. Sexual morph: not observed.

Culture characteristics: Conidia germinating on PDA within 12 h and many germ tubes produced from conidium cells. Colonies growing on MEA, reaching 14 mm diameter in 2 weeks at 26°C, circular, with a flat surface, edge entire, and pale brown to brown in the MEA medium. Mycelium superficial and partially immersed, branched, septate, hyaline to pale brown, and smooth.

Material examined: China, Yunnan Province, Luguhu lake, on submerged decaying wood in the lake (Altitude: 2,698 m, 27°41'11“N, 100°48'18“E), 3 March 2021, Sha Luan, L-158 (KUN-HKAS 124604, holotype), ex-type cultures, CGMCC 3.23534 = KUNCC 22–12435; China, Yunnan Province, Luguhu lake, on submerged decaying wood in the lake (Altitude: 2698 m, 27°42'43“N, 100°44'56“E), 3 March 2021, Long-Li Li, L-1038, (KUN-HKAS 124607), living cultures, CGMCC 3.23538 = KUNCC 22–12440.

Notes: Parahelicomyces suae is introduced as a new species from Luguhu lake in Yunnan, China. In phylogeny, P. suae constitutes a strongly supported independent lineage basal to P. yunnanensis. Compared with CGMCC 3.20429, there are 5/563 (0.89%), 11/1048 bp (1.05%) base pair differences in the ITS and RPB2 regions between these two species. Morphologically, compared with P. yunnanensis, the conidia of P. suae are shorter (103–121 vs. 104–156 μm). In addition, our isolate conidia are not easily loosely coiled in water, conidiogenous cells with denticulate, and hyaline. Therefore, we identify the isolate as a new species of P. suae.

Tubeufia cylindrothecia (Seaver) Höhn Sber. Akad. Wiss. Wien, Math.-naturw. Kl., Abt. 1 128: 562 (1919), Figure 8
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FIGURE 8
 Tubeufia cylindrothecia (KUN-HKAS 124602). (a,b) Colony on decaying wood. (c) Conidiophores with attached conidia. (d) Conidiophores. (e–h) Conidiogenous cells. (i–m) Conidia. (n) Germinating conidium. (o,p) Colony on CMA observed from above and below. Scale bars: (c) 70 μm, (d,e) 20 μm, and (f–n) 10 μm.


Index Fungorum: IF 340543; Facesoffungi number: FoF 02650

Saprobic on decaying wood in the lake. Asexual morph: Hyphomycetous, helicosporous. Colonies on the substratum superficial, effuse, gregarious, and white to pale brown. Mycelium composed of partly immersed, partly superficial, hyaline to pale brown, septate, abundantly branched hyphae, with masses of crowded, glistening conidia. Conidiophores 97–200 μm long, 5–6 μm wide ([image: image] = 148 × 5.5 μm, n = 30), macronematous, mononematous, cylindrical, branched or unbranched, erect, flexuous, pale brown to brown, and smooth-walled. Conidiogenous cells 10.4–17 × 4–6 μm ([image: image] = 13.7 × 5 μm, n = 30), holoblastic, mono- to polyblastic, integrated, intercalary or terminal, cylindrical, repeatedly geniculate, truncate at the apex after conidial secession, each with single or several conidia hyaline to pale brown, and smooth-walled. Conidia 41.6–57.8 μm diameter and conidial filament 3.7–4.9 μm wide ([image: image] = 50 × 4.3 μm, n = 30), 105–206 μm long, coiled 1.5–3.5 times, solitary, acrogenous or acropleurogenous, helicoid, rounded at tip, becoming loosely coiled in water, guttulate, young Conidia hyaline and pale brown when edged, and smooth-walled. Sexual morph: not observed.

Culture characteristics: Conidia germinating on PDA within 12 h. Colonies growing slowly on CMA, reaching 15 mm diameter after 2 weeks at 26°C, effuse, the middle is dark, velvety to hairy, edge undulate, brown to dark brown in the CMA medium, mycelium superficial, effuse, with irregular edge, and hyphae pale yellow to brown.

Material examined: China, Yunnan Province, Luguhu lake, on submerged decaying wood (Altitude: 2,734 m, 27°45'18“N, 100°46'42“E), 5 March 2021, Zheng-Quan Zhang, L-157 (KUN-HKAS 124602), living cultures, CGMCC 3.23552 = KUNCC 22–12434.

Notes: The asexual morph of Tubeufa cylindrothecia was first reported by Luo et al. (2017) and later encountered by Lu et al. (2018b) in freshwater habitats. In this study, the newly obtained collection has longer conidiophores (97–200 vs. 50–81 μm) and shorter conidia (105–206 vs. 256–314 μm) compared with the holotype (Luo et al., 2017). However, their ITS, LSU, tef 1-α, and RPB2 sequence data are identical; we therefore identify it as Tubeufia cylindrothecia.




Discussion

The modern classification of Tubeufiaceae was established by Boonmee et al. (2014), based on phylogenetic analyses and morphology. However, there are still taxonomic confusions in this group, especially in those types with helicosporous asexual morphs; their morphologically-based intergeneric classifications are controversial. Some species have been transferred or are synonymous to other genera of Tubeufiaceae, for example, Helicosporium pannosum, Neohelicosporium griseum, and N. morganii have been transferred several times. The asexual state of Neomanoharachariella is dictyosporous conidia. It is a unique tubeufiaceous fungus with broadly oblong, elongate, multiseptate, muriform conidia, at first pale brown, becoming dark brown, with well-developed conidiophores, and basal cells are hyaline and bulging. These characteristics make it distinct from all related Tubeufiacceae genera and is hence proposed as a new genus. Phylogenetic analyses based on ITS, LSU, tef 1-α, and RPB2 sequence (Figure 1) also distinguish N. aquatica from other dictyosporous members of Tubeufiaceae. The new genus is related to Helicoarctatus aquaticus (MFLUCC 17–1996) and Helicoarctatus thailandicus (MFLUCC 18–0332) which formed a distinct clade. The phylogenetic analyses also clearly segregated other dictyosporous genera of Tubeufiaceae such as Chlamydotubeufia, Dictyospora, Manoharachariella, and Tamhinispora in well-differentiated monophyletic lineages.

An abundance of lakes is a major feature of the Yunnan plateau. In recent years, lignicolous freshwater fungi were investigated in Yunnan, in nine freshwater lakes on the plateau. These lakes are distributed in high-altitude areas and most of them are depression pools formed by the subsidence of faults, with no water channels connected (Yang et al., 2004; Shen et al., 2022). Because of their unique development, formation, and relativele isolation, each lake possesses its own unique species. In this study, we have also examined seven tubuefiaceous species collected from these plateau lakes. Of which, three were introduced as new species and a new genus Neomanoharachariella, while four were identified as existing species based on phylogenetic analyses and morphological characteristics. The nine species were placed in Helicoma, Neohelicosporium, Parahelicomyces, and Tubeufia. This study provides a case study for lakes as a worthwhile niche area of hyphomycetous associations. Parahelicomyces is well studied, and eight species in this genus have sequence data in the GenBank. For the common and confusing genera Helicoma, Neohelicosporium, and Tubeufia, morphological characteristics (conidiophores, conidiogenous cells, and conidia including size and color) and phylogenetic analyses are essential to distinguish them.

In conclusion, some tubeufiaceous species have the potential to produce new structural and active secondary metabolites (Mao et al., 2014; Lu et al., 2018a). Fang et al. (2019) tested and reported that most Tubeufiaceae species have certain antibacterial and anti-tumor activities in vitro. At present, few studies have reported secondary degradation products of Helicoma, Helicomyces, and Helicosporium species. In view of the potential to produce active compounds, and the reports on secondary metabolites of Tubeufiaceae, the prospect of active research is broad, and it is very possible to obtain new compounds with various biological activities from Tubeufiaceae.
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The genus Sanghuangporus is well-known for its edible and medicinal values. In this study, the most comprehensive occurrence records of Sanghuangporus with accurate species identification are subjected to MaxEnt, to model the current geographic distribution and future range shifts under multiple climate change scenarios in China. The current potential distribution model of Sanghuangporus is excellently predicted as indicated by the value of Area Under Receiver Operator Characteristic Curve. The current potential distribution basically corresponds to the known occurrence records of Sanghuangporus, and provides clues to new suitable habitats. The critical environmental variables to the distribution are annual precipitation, host plant, annual mean temperature and elevation. Host plant is not the most critical contribution to the model, but it indeed plays a decisive role in restricting the distribution of Sanghuangporus. This role is further confirmed by the distribution area of the highly suitable habitat increasing by 155.468%, when excluding host plant from environmental variables. For future scenarios, generally the area of highly suitable habitat for Sanghuangporus extremely increases, but the locations do not change a lot. In conclusion, this study provides important ecological information for the utilization and conservation of the edible and medicinal fungus Sanghuangporus.
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Introduction

Macrofungi are a group of fungal species that produce fruitbodies visible to the naked eye. These fungi, commonly called ‘mushrooms’, have been used as edible and medicinal food around world, and in China for thousands of years (Yuan et al., 2018). Macrofungi have been found to have nutritional and medicinal benefits for humans (Wu et al., 2019a). The fleshy fruitbodies are prepared like other foods, while the tough ones are ground into powders and used as supplements to food or tea-like drinks (Wu et al., 2019a; Cheng et al., 2022; Zhou et al., 2022). In China, the consumption of wild and cultivated fruitbodies of macrofungi is a large business expanding quickly. Of macrofungi, species in Sanghuangporus have attracted more and more attention from scientific research and industry development (Zhou et al., 2022). These species, recorded as ‘Sanghuang’ in the ancient books of traditional Chinese medicines, were recently identified to the fungal genus Sanghuangporus in Hymenochaetales, Basidiomycota (Wu et al., 2012; Zhou et al., 2016), which further facilitates the medicinal utilization of these fungal resources (Zhou, 2020). For now, 18 species are named in Sanghuangporus (Wu et al., 2022), and 10 of them, viz., S. alpinus, S. baumii, S. lonicericola, S. quercicola, S. sanghuang, S. subbaumii, S. vaninii, S. vitexicola, S. weigelae, and S. zonatus are distributed in China (Wu et al., 2020; Shen et al., 2021; Zhou et al., 2022). Since the publication of the first modern scientific research of ‘Sanghuang’ having antitumor properties (Ikekawa et al., 1968), this group of fungi has been intensively subjected to medicinal studies, especially in China. Besides antitumor properties, ‘Sanghuang’ has also been shown to possess other medicinal functions such as antioxidant, antidiabetic activity, anti-inflammation, immunomodulation, and hepatoprotection (He et al., 2021; Hou et al., 2021; Zhou et al., 2022).

Due to the above-mentioned health benefits, the demand for fruitbodies of Sanghuangporus in China increases year by year. Of the 10 species of Sanghuangporus in China, only S. baumii and S. vaninii are cultivated on a large scale. Sanghuangporus sanghuang has been cultivated in the laboratory, while the cultivation of other seven species has never been reported (Yang et al., 2022).

Different species of Sanghuangporus inhabit various host plants with weak or strong specificity and occupy different ecological niches (Wu et al., 2020; Shen et al., 2021), and perhaps, a certain species may possess specific medicinal functions. The valuable medicinal resource of these uncultivated species of Sanghuangporus should not be ignored. Furthermore, as consumers prefer to pick from the wild, the distribution knowledge of Sanghuangporus in the wild is important for effective utilization and conservation of these fungal resources in China.

Species distribution models (SDMs) are widely used for predicting potential geographic distribution of various life forms based on currently known distribution in association with various environmental variables of these locations (Elith and Leathwick, 2009; Zurell et al., 2020). For the past two decades, SDMs have been increasingly used for modeling fungi (Hao et al., 2020). One of the modeling methods, maximum entropy (MaxEnt) modeling is characterized by a data-friendly algorithm (Phillips et al., 2006). Maybe due to this character being suitable for fungi with poor knowledge of species diversity (Hawksworth and Lücking, 2017), MaxEnt modeling seems to be the most popular prediction method of species distribution for fungi (Banasiak et al., 2019; Guo et al., 2019; Bie et al., 2021; Freestone et al., 2021; Pietras et al., 2021; Wei et al., 2021; Yu et al., 2021) as well as for other life forms (Li et al., 2020; Qin et al., 2020; Tang et al., 2021; Zhan et al., 2022).

The potential distribution of ‘Sanghuang’ was predicted by Yuan et al. (2015); however, the taxonomic system of ‘Sanghuang’ was not well established at that time. Of the three predicted species in Yuan et al. (2015), Phellinus igniarius is excluded from ‘Sanghuang’ (Zhou et al., 2016), and some records of another two species Phellinus baumii (= S. baumii) and P. vaninii (= S. vaninii) may represent S. alpinus, S. quercicola, S. subbaumii, S. weigelae and other morphology-similar species (Shen et al., 2021). It is a common sense that the well-established systematics is crucial for utilization and conservation of fungal resources (Zhou, 2020; Zhou and May, 2022). Moreover, the information on host plants that directly and strictly restricts the distribution of ‘Sanghuang’ (Wu et al., 2020; Shen et al., 2021; Zhou et al., 2022) was not considered by Yuan et al. (2015). Given the above, the geographic distribution of ‘Sanghuang’, the important edible and medicinal wood-inhabiting fungi both culturally and economically (Zhou et al., 2022), deserves a more precise and updated modeling.

In this study, the most comprehensive and accurately identified species records of Sanghuangporus with related ecological information to date were subjected to MaxEnt modeling the current geographic distribution of the genus Sanghuangporus in its entirety in China. Moreover, the effects of host plants on the geographic distribution and the shifts of future ranges under multiple climate change scenarios were tested.



Materials and methods


Fungal occurrence records

Information of Sanghuangporus, including both published (e.g., Tian et al., 2013; Zhou et al., 2016; Shen et al., 2021) and unpublished Chinese records, was mainly retrieved from the three largest fungaria for wood-inhabiting macrofungi, viz. HMAS, BJFC and IFP. The abbreviations of fungaria follow Index Herbariorum.1 Additional information was taken from the taxonomic literature of Dr. Sheng-Hua Wu and his colleagues (Zhou et al., 2016; Wu et al., 2019b, 2020). The species identity of these records was determined preferentially based on the ITS barcoding gene (Shen et al., 2021). When ITS gene sequences were unavailable for certain records, other gene sequences and morphological characters were used to determine the species identity at least to the genus level. A total of 260 records of Sanghuangporus were identified. The geo-coordinates of these fungal records for modeling geographic distribution either came from field labels or were determined according to the sampling locations via Google Earth. All records and related ecological information are summarized in Supplementary Table S1. To avoid data redundancy of spatial autocorrelation, sampling locations less than 10 km were considered to be replications and thus deleted. Eventually, 72 records were retained for modeling the geographic distribution of Sanghuangporus (Figure 1).

[image: Figure 1]

FIGURE 1
 The known occurrence records of Sanghuangporus (blue circle) used for modeling the geographic distribution of this fungal genus in China.




Environmental variables

A total of 19 bioclimatic indicators and corresponding elevation data (Table 1) were downloaded from WorldClim version 2.1 database2. These environmental variables from the climate data for 1970–2000 at a spatial resolution of 30″ (approximately 1 km2; Fick and Hijmans, 2017) were used for modeling the current geographic distribution of Sanghuangporus.



TABLE 1 Environmental variables used for modeling the current distribution of Sanghuangporus and their contributions to the predicted model.
[image: Table1]

Regarding the future scenarios, four 20-year periods, viz. 2030s (2021–2040), 2050s (2041–2060), 2070s (2061–2080), and 2090s (2081–2,100), each corresponding to four Shared Socio-economic Pathways (SSPs) in CMIP6 model of IPCC AR6 (Eyring et al., 2016), viz. SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 were considered. With WorldClim version 2.1 database as baseline climate, SSPs span five different shift extents of the world, viz. SSP1 corresponding to Sustainability—Taking the Green Road (Low challenges to mitigation and adaptation), SSP2 to Middle of the Road (Medium challenges to mitigation and adaptation), SSP3 to Regional Rivalry—A Rocky Road (High challenges to mitigation and adaptation), SSP4 to Inequality—A Road Divided (Low challenges to mitigation, high challenges to adaptation) and SSP5 to Fossil-fueled Development—Taking the Highway (High challenges to mitigation, low challenges to adaptation; see Riahi et al. (2017) for details). The future bioclimatic indicators under BCC-CSM2-MR general circulation model at a spatial resolution of 30″ (approximately 1 km2)3 were downloaded for modeling the future geographic distribution of Sanghuangporus. It is noteworthy that the bioclimatic indicators corresponding to SSP4 are unavailable.

Besides these commonly used bioclimatic indicators and elevation data, the host plant has been recognized as one of the most important factors restricting the growth of Sanghuangporus (Wu et al., 2020; Shen et al., 2021; Zhou et al., 2022). Therefore, the distribution of each host plant genus of Sanghuangporus (Supplementary Table S1) was retrieved from Global Biodiversity Information Facility4 as one of the variables. The number of host plants on each coordinate was converted to raster data by ArcGIS at a spatial resolution of 30″ (approximately 1 km2) for modeling the current geographic distribution of Sanghuangporus. To test the importance of host plants to the potential geographic distribution of Sanghuangporus, the current models were also predicted with the exclusion of host plant from the environmental variables. When modeling the future geographic distribution of Sanghuangporus, the variable of elevation was assumed to be unchanged over all analyzed time periods, while the distribution of their host plants (18 genera) under multiple future scenarios was separately predicted with the same method as used for Sanghuangporus (see below Model evaluation section for details). The predicted index of niche suitability of host plants in a percentage form was converted to raster data by ArcGIS at a spatial resolution of 30″ (approximately 1 km2). If more than one host plant genera were present in a single raster, the highest index of niche suitability from these genera was selected to represent this raster.



Model evaluation

The potential distribution of Sanghuangporus was modeled using MaxEnt (Phillips et al., 2006). Of all known occurrence records, 75% were randomly selected as the training data, and the other 25% of the samples were used as the test set. The number of maximum iterations was set as 1,000 for convergence. The process was repeated 10 times to generate an averaged result for subsequent analyses. The jackknife method was used to judge the importance of environmental variables for potential distribution. Other parameters were set as default.

Some environmental variables may be spatially correlated with each other. To avoid over-fitting induced by multicollinearity of variables, Pearson correlation coefficient (r) analysis method was used to judge the correlation between primary environmental variables. When |r| > 0.8, two environmental variables were considered to be autocorrelated and the one with higher contribution rate was retained for further analyses (Supplementary Figure S1). Eventually, seven environmental variables including host plant were selected for modeling the current and future potential distribution of Sanghuangporus (Table 1). The response curves of these critical environmental variables to the distribution models were created.

The Area Under Receiver Operator Characteristic Curve (AUC) was estimated to determine the accuracy of the MaxEnt model for current geographic distribution (Phillips et al., 2017). In theory, the model is considered to perform well when the value of AUC is more than 0.8 and excellently when the value is more than 0.9 (Swets, 1988; Fielding and Bell, 1997). The index of niche suitability ranged from 0% to 100%, of which 0%–25% was considered to be unsuitable, 25%–50% to be of low suitability, 50%–75% to be moderately suitable, and 75%–100% to be highly suitable (Simonoff, 2003; Kim, 2013).

Comparing with the current potential distribution, the migration distance of mass centers (both coordinates and migration distances) and the variation of areas at different suitability level over above-mentioned four time periods under four future scenarios were calculated using ArcGIS 10.7.




Results

The model for the current potential distribution of Sanghuangporus with the inclusion of host plant in the environmental variables is excellent as indicated by the values of AUC being 0.903, while that with exclusion of host plant from the environment variables performs well as indicated by the values of AUC being 0.899 (Supplementary Figure S2).

The current potential distribution of Sanghuangporus basically corresponds to the known occurrence records of Sanghuangporus (Figure 2A). Of the suitable habitat, the highly suitable habitat occupies 20.238 × 104 km2 (Supplementary Table S2) and the main locations concentrate in southwestern Jilin, southeastern Liaoning, southern Shaanxi, southwestern Hubei and Chongqing (Figure 2A). In addition, many distribution spots of highly suitable habitat are scattered in northeastern, southeastern, southwestern and central China (Figure 2A). Bio1, Bio3, Bio7, Bio12, Bio15, Elev, and Host plant are the critical environmental variables to the model of the current potential distribution of Sanghuangporus (Table 1). Response curves of these critical environmental variables indicated that in the highly suitable habitat Bio1 ranges from-6.7 to 21.4°C, Bio3 from 16.1 to 54.0%, Bio7 from 11.5 to 63.7°C, Bio12 from 371 to 4,434 mm, Bio15 from 21 to 150%, Elev from 42 to 6,852 m, and Host plant from 1 to 1,126 tree/km2 (Supplementary Figure S3). Among these variables, Bio12, Host plant, and Bio1 are the most critical and contribute, respectively, 48.0%, 16.9%, and 12.7% to the model (Table 1).
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FIGURE 2
 Current geographic distribution models of Sanghuangporus in China with the inclusion of host plant in the environmental variables (A) or not (B). The known occurrence records are labeled as blue circle.


When excluding host plant from the environmental variables, the potential distribution is similar to that with the inclusion of host plant (Figure 2B), but the area of the highly suitable habitat increases to 51.701 × 104 km2 (Supplementary Table S2) and the mass center of the distribution has a migration of 261.312 km (Supplementary Table S3). Likewise, other critical environmental variables are same, but Bio18 replaces Bio12 and also contributes as the most critical variables (Table 1). It is noted that both Bio12 and Bio18 are environmental variables related to precipitation and are autocorrelated in both models (Supplementary Figure S1). In the highly suitable habitat, the ranges of critical environmental variables (Supplementary Figure S4) are also similar to those with the inclusion of host plant (Supplementary Figure S3).

Comparing with the current potential distribution, the locations of geographic distribution under future scenarios do not change much (Figure 3). Regarding the highly suitable habitat, the increase of area ranges from 67.179% under SSP5-8.5 scenario in the 2030s to 118.255% under SSP2-4.5 scenario in the 2050s, while under all four scenarios will this area increase over all four future time periods (Supplementary Table S2). The mass center of the distribution migrates mainly from 27.892 km under SSP3-7.0 scenario in the 2070s to 227.195 km under SSP2-4.5 scenario in the 2050s, except the extreme distance of 334.202 km under SSP3-7.0 scenario in the 2090s (Supplementary Table S3).
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FIGURE 3
 Distribution models of Sanghuangporus under future scenarios in China. (A) Under SSP1-2.6 scenario in the 2030s, (B) Under SSP2-4.5 scenario in the 2030s, (C) Under SSP3-7.0 scenario in the 2030s, (D) Under SSP5-8.5 scenario in the 2030s, (E) Under SSP1-2.6 scenario in the 2050s, (F) Under SSP2-4.5 scenario in the 2050s, (G) Under SSP3-7.0 scenario in the 2050s, (H) Under SSP5-8.5 scenario in the 2050s, (I) Under SSP1-2.6 scenario o in the 2070s, (J) Under SSP2-4.5 scenario in the 2070s, (K) Under SSP3-7.0 scenario in the 2070s, (L) Under SSP5-8.5 scenario in the 2070s, (M) Under SSP1-2.6 scenario in the 2090s, (N) Under SSP2-4.5 scenario in the 2090s, (O) Under SSP3-7.0 scenario in the 2090s, (P) Under SSP5-8.5 scenario in the 2090s.




Discussion

Sanghuangporus is a genus of notable edible and medicinal macrofungi (Zhou et al., 2016, 2022) and knowing where to find these species in the wild is very important for the utilization and conservation of this resource. In this study, the potential geographic distribution of Sanghuangporus is modeled in China. Generally, the current potential distribution corresponds to the known occurrence records of Sanghuangporus, and moreover provides clues to new suitable habitats (Figure 2). Therefore, future field surveys for Sanghuangporus should pay attention to these new habitats, especially the highly suitable habitat. This will determine whether the current modeling is accurate and generate additional occurrence records for a new round of modeling.

The current potential distribution model of Sanghuangporus is influenced mainly by annual precipitation and annual mean temperature (Table 1). These two environmental variables are generally important for forming fruitbodies of macrofungi from mycelia in theory (Büntgen et al., 2012; Boddy et al., 2014). Besides these two environmental variables, it is summarized that host information is also a critical variable to the distribution model of fungi that interact with hosts (Hao et al., 2020). Host plant is thus expected to be a major environmental variable to the distribution of Sanghuangporus, because species in this fungal genus all have a strong or weak host specificity (Wu et al., 2020; Shen et al., 2021; Zhou et al., 2022). Although host plant does not contribute a lot to the current distribution model (Table 1), its decisive role is to restrict the distribution of Sanghuangporus to the locations with specific trees at the genus level, even only a single tree. Moreover, when excluding host plant from environmental variables, the distribution area of the highly suitable habitat increases by 155.468% (Supplementary Table S2). This further confirms the decisive role of host plant to distribution of Sanghuangporus. It is noteworthy that host plant information of the current occurrence records of Sanghuangporus is far from comprehensive (Supplementary Table S1). For example, from all 260 records of Sanghuangporus, 40 are labeled on angiosperm and 49 have no host information. These occurrence records (labeled on angiosperm and no host) cannot provide host plant information for modeling potential geographic distribution. If the information of host plants is improved, either new host tree genera or known host tree genera in new locations, the modeled suitable habitat for Sanghuangporus will be accordingly enlarged and approach the reality. Therefore, accurate records of host plants in future field surveys may help in modeling the geographic distribution of Sanghuangporus and clarify the contributions of host plant to the model. Besides, the host information of Sanghuangporus under future scenarios is predicted (Supplementary Figure S5) from the current incomprehensive knowledge of fungal host records (Supplementary Table S1). Ideally, the distribution of the host plants related to Sanghuangporus will be comprehensively known under both the current and future scenarios, and then this distribution information should be accordingly set as the variable for modeling the distribution of Sanghuangporus under future scenarios.

Under any kind of future scenarios, human activity is not considered to be a variable for modeling. In the case that the location and mass center of Sanghuangporus do not change a lot under future scenarios (Supplementary Table S3), hopefully Natural Resource Conservation Areas special to Sanghuangporus and related protection laws could be proposed to avoid excessive collecting in the field. This strategy is consistent with the Chinese direction to post-2020 global biodiversity conservation (Wei, 2021).

Although Sanghuangporus is mainly utilized in China and adjacent countries, European scientists have also worked on the medicinal metabolites from unnamed species of Sanghuangporus from Africa (Chepkirui et al., 2018; Cheng et al., 2019). Therefore, it seems necessary for modeling the geographic distribution of Sanghuangporus all over the world as well as China. However, the public occurrence records of Sanghuangporus outside China are rarely known in East Asia (Wu et al., 2012), Vietnam (Wu et al., 2022), Central Asia (Gafforov et al., 2020), Iran (Ghobad-Nejhad, 2015), Central Europe (Tomšovský, 2015), North America (Shen et al., 2021), Australia (Wu et al., 2022) and Africa (Zhou et al., 2016). These few records are not enough to accurately perform a global distribution modeling. The accumulation of more knowledge worldwide will be helpful for the comprehensive utilization of Sanghuangporus.
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Phylogenetic and morphological analyses on samples of Fistulina from East Asia and North America were carried out, and two new species were described, namely, Fistulina americana and Fistulina orientalis, both previously known as Fistulina hepatica. The former is characterized by lateral stipitate basidiocarps, relatively small pores (7–8 per mm), a monomitic hyphal system with both clamp connections and simple septa, and ellipsoid basidiospores of 4–4.8 × 3–3.3 μm, and the species has been found on Quercus in North-East USA. F. orientalis is characterized by lateral stipitate basidiocarps, very small pores (11–12 per mm) with pruinose dissepiments, a monomitic hyphal system with both clamp connections and simple septa, and ovoid to subglobose basidiospores of 3–4 × 2.7–3 μm, and the species has been found on Castanopsis in East Asia. Phylogenetically, samples of F. americana and F. orientalis form two new lineages nested in the Fistulina clade.

KEYWORDS
brown rot, Fistulinaceae, polypore, taxonomy, wood-decaying fungi


Introduction

Fistulina Bull. was established by Bulliard (1791) and typified by Fistulina hepatica (Schaeff.) With. The genus is characterized by annual, pileate to lateral stipitate basidiocarps with reddish to brownish upper surface and context with red sap when fresh, separated tubes closely packed, a monomitic hyphal system with clamp connections, some with simple septa, cystidial elements present at dissepimental edges, hyaline, thin- to thick-walled basidiospores that are cyanophilous, and the degradation of hardwoods as a brown rot (Ryvarden and Melo, 2017). It is a cosmopolitan genus with ten species accepted, eight from the Southern Hemisphere and two from the Northern Hemisphere (González et al., 2021). Although Fistulina is considered a polypore genus, it consists of separate tubes, which is a feature different from the real polypores. Phylogenetically, Fistulina is closely related to Porodisculus Murrill in the euagarics clade (Bodensteiner et al., 2004; Binder et al., 2005; Song et al., 2015; Sun et al., 2019; González et al., 2021).

Fistulina hepatica is known as a tongue mushroom or beefsteak polypore because the juvenile fruiting body resembles a huge tongue in pinkish-red color and exudes a reddish blood-like sap when squeezed or bruised (Ryvarden and Gilbertson, 1993). The distinct morphological characteristics make it easy to identify F. hepatica, which has been recorded as a common species in Europe, North America, and North Asia (Gilbertson and Ryvarden, 1986; Núñez and Ryvarden, 2001; Ryvarden and Melo, 2017). However, a recent study showed that the taxon from Southwest China was different from the real F. hepatica, and the species, Fistulina subhepatica B.K. Cui and J. Song was described as new (Song et al., 2015). As the type specimen of F. hepatica was collected in Europe, there is a high probability that specimens collected in other distant regions could correspond to different species. In some wood decay fungi, it is common to treat the geographical distribution as an important indicator to distinguish species. Asian Ganoderma lucidum was proposed to Ganoderma lingzhi (Cao et al., 2012) and the cosmopolitan polypore Laetiporus sulphureus was separated into several species by continents (Vasaitis et al., 2009; Song et al., 2018).

Previously, Gilbertson and Ryvarden (1986) and González et al. (2021) treated North American Fistulina as F. hepatica. In this study, samples from East Asia and North America were analyzed. Molecular phylogeny based on a combined ITS and nLSU dataset revealed two new independent lineages. In addition, morphological differences between the two new species from F. hepatica are distinct. Detailed descriptions of the two new species are reported.



Materials and methods


Morphological studies

The studied specimens are deposited in the herbaria of Beijing Forestry University (BJFC), Southwest Forestry University (SWFC), the Connecticut Agricultural Experiment Station Valley Laboratory (NHES), and Seoul National University Fungus Collection (SFC). Macro-morphological descriptions were based on field notes and voucher herbarium specimens. Microscopic measurements and drawings were made from slides prepared from voucher tissues and stained with Cotton Blue and Melzer’s reagent. The following abbreviations were used: KOH = 5% potassium hydroxide; CB = Cotton Blue; CB+ = cyanophilous in Cotton Blue; CB– = acyanophilous in Cotton Blue; IKI = Melzer’s reagent; IKI– = neither amyloid nor dextrinoid in Melzer’s reagent; L = mean basidiospore length (arithmetic average of basidiospores); W = mean basidiospore width (arithmetic average of basidiospores); Q = variation in the L/W ratios between specimens studied; n (a/b) = number of basidiospores (a) measured from the given number of specimens (b). In presenting basidiospore size variation, 5% of measurements were excluded from each end of the range and these values are given in parenthesis. Special color terms follow Anonymous (1969) and Petersen (1996).



DNA extraction, amplification, and sequencing

A CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd., Beijing, China), AccuPrep Genomic DNA Extraction Kit (Bioneer, Daejeon, Korea), and FH plant DNA kit II (Demeter Biotech Co., Ltd., Beijing, China) were used to extract total genomic DNA from dried specimens and to perform the polymerase chain reaction (PCR) according to the manufacturer’s instructions with some modifications (Shen et al., 2019). The ITS region was amplified with primer pairs ITS5 (GGA AGT AAA AGT CGT AAC AAG G) and ITS4 (TCCTCC GCT TAT TGA TAT GC) (White et al., 1990), and for nLSU, LR0R (ACC CGC TGA ACT TAA GC), and LR7 (TAC TAC CAC CAA GAT CT) (Vilgalys and Hester, 1990). The final PCR volume was 30 μl; each tube contained 1 μl of each primer, 1 μl extracted DNA, 12 μl ddH2O, and 15 μl 2 × EasyTaq PCR Supermix (TransGen Biotech Co., Ltd., Beijing, China). PCRs were performed on S1000™ Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). The PCR procedure for ITS was as follows: initial denaturation at 95°C for 3 min, followed by 34 cycles of denaturation at 94°C for 40 s, annealing at 54°C for 45 s, and extension at 72°C for 1 min, followed by the final extension at 72°C for 10 min. The PCR procedure for‘ nLSU was initial denaturation at 94°C for 1 min, followed by 34 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 1 min, and extension at 72°C for 1.5 min, followed by the final extension at 72°C for 10 min. The PCR products were purified and sequenced at the Beijing Genomics Institute (BGI), China, using PCR primers. All sequences analyzed in this study were deposited at GenBank and listed in Table 1.


TABLE 1    Information for the sequences used in this study.
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Phylogenetic analyses

Phylogenetic trees were constructed using ITS + nLSU rDNA sequences, and phylogenetic analyses were performed with the maximum likelihood (ML) and Bayesian inference (BI) methods. Sequences of the species and strains were primarily adopted from ITS-based and 28S-based tree topology, as described by González et al. (2021). New sequences generated in this study, along with reference sequences retrieved from GenBank (Table 1), were aligned by MAFFT version 7 (Katoh et al., 20191) using the “G-INS-i” strategy and manually adjusted in BioEdit (Hall, 1999). Unreliably aligned sections were removed before the analyses, and efforts were made to manually inspect and improve the alignment. The data matrix was edited in Mesquite version 3.70 (Maddison and Maddison, 2021). The sequence alignment was deposited at TreeBase (submission ID 29857). Sequences of Pseudofistulina radicata (Schwein.) Burds. obtained from GenBank were used as outgroups to root the trees in the ITS + nLSU analysis.

The research using ML was conducted using RAxML-HPC version 8.2.3 (Stamatakis, 2014) and RAxML-HPC through the CIPRES Science Gateway (Miller et al., 20092). Statistical support values (BS) were obtained using non-parametric bootstrapping with 1,000 replicates.

jModelTest version 2.17 was used to determine the best-fit evolution model of the combined dataset for ML and BI (Darriba et al., 2012). Four unique partitions were established, and GTR + I + G was a selected substitution model for each partition. The BI was calculated with MrBayes version 3.2.6 (Ronquist et al., 2012) in two independent runs, each of which had four chains for 2 million generations and started from random trees. Trees were sampled every 100 generations. The first 25% of sampled trees were discarded as burn-in, whereas other trees were used to construct a 50% majority consensus tree and for calculating Bayesian posterior probabilities (BPPs).

Phylogenetic trees were visualized using FigTree version 1.4.4 (Rambaut, 2018). Branches that received bootstrap support (BS) for ML and BPPs ≥ 75% (BS) and 0.95 (BPP) were considered significantly supported, respectively.




Results


Phylogeny

The ITS + nLSU dataset contained sequences from 22 fungal specimens, representing eight species of Fistulina, Porodisculus pendulus, and P. radicata; it had an aligned length of 1,977 characters. The Bayesian analyses exported a nearly identical topology to the ML analyses with an average standard deviation of split frequencies = 0.007082. Therefore, only the ML tree is presented with the BS and BPP. The phylogeny (Figure 1) inferred from the ITS and nLSU sequences showed that the sequences of Fistulina americana sp. nov. and Fistulina orientalis sp. nov. nested in the Fistulina clade and formed two independent lineages; both new species are related to F. hepatica and F. subhepatica with strong support (98% BS, 1 BPP).


[image: image]

FIGURE 1
Maximum likelihood analysis of Fistulina based on the dataset of ITS + nLSU. The bootstrap values higher than 50% and BPPs values more than 0.90 are shown. New species are mentioned in bold.




Taxonomy

Fistulina americana Y.C. Dai, D.W. Li, and Meng Zhou, sp. nov. Figures 2, 3.
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FIGURE 2
Basidiocarps of Fistulina americana (DL-22-189).
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FIGURE 3
Microscopic structures of Fistulina americana (drawn from the holotype, BJFC038583). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidial elements at dissepimental edges. (D) Hyphae from context. (E) Hyphae from tube trama.


MycoBank: MB 846428.

Differs from other Fistulina species by ellipsoid basidiospores 4–4.8 × 3–3.3 μm, and growth on Quercus in North-East USA.

Type. USA, Massachusetts, Boston, Blackstone Square Park, 42°20′23.4″N, 71°04′24.8″W, on the stump of Quercus, 27.VII.2015, C.L. Zhao 147 (holotype, SWFC 000147; isotype, BJFC038583).

Etymology. Americana (Lat.): refers to North America, where the species was found.

Basidiomata. Annual, lateral stipitate, fleshy, and readily exuding a reddish blood-like sap when squeezed or bruised when fresh, hard corky when dry. Pileus dimidiate to fan-shaped, projecting up to 6 cm, 5 cm wide, and 8 mm thick at the base when dry. Pileal surface pinkish brown to reddish brown, slimy, radially striate when fresh, becoming cinnamon to vinaceous gray, irregularly zonate when dry; margin blunt, concolorous with pileal surface or paler than pileal surface. Pore surface white to flesh-pink when fresh, become brownish when bruised, fulvous to umber when dry, bruised part become black when dry; sterile margin almost absent; pores round, 7–8 per mm, consisting of individual, crowed but easily separable tubes; dissepiments thin, usually entire, slightly pruinose. Context pale mouse gray and corky when dry, up to 5 mm thick. Tubes peach, paler than pore surface, slightly rigid when dry, up to 3 mm long. Stipe concolorous with pileal surface when fresh and dry, up to 13 mm long and 10 mm in diameter.

Hyphal structure. Hyphal system monomitic; generative hyphae with clamp connections and simple septa, IKI–, CB– to slightly CB+, become swollen in KOH.

Context. Generative hyphae hyaline, thin-walled, occasionally branched, interwoven, some collapsed, 7–11 μm in diameter, some inflated up to 22 μm in diameter; gloeoplerous hyphae present.

Tubes. Generative hyphae hyaline, thin- to slightly thick-walled, rarely branched, gelatinous, parallel along the tubes, 5–7 μm in diameter. Basidia clavate with four sterigmata and a basal clamp connection, 19–25 × 4.5–7 μm; basidioles in shape similar to basidia, but slightly smaller. Cystidial elements present at dissepimental edges, hyaline, thin-walled, smooth, with an oily substance, 74–87 × 7–9 μm.

Spores. Basidiospores ellipsoid, hyaline, thick-walled, smooth, with a big guttule, IKI–, CB+, (3.8–)4–4.8(–5) × (2.8–)3–3.3(–3.5) μm, L = 4.18 μm, W = 3.06 μm, Q = 1.37 (n = 30/1).

Additional specimens examined. USA. Connecticut, Avon, Avon Old Farm School, on the fallen trunk of Quercus palustris, 24.IX.2022, DL-22-192 (NHES, Dupl. BJFC); East Hampton, Hurd State Park, on the stump of Quercus, 4.IX.2022, DL-22-189 (NHES, dupl. in BJFC and JV); West Harford, 6 Reservoir, on stump of Quercus, 10.IX.2021, DL-21-209 (NHES, dupl. in BJFC and JV).

Fistulina orientalis Y.C. Dai, D.P. Bao, and Y.W. Lim, sp. nov. Figures 4, 5.
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FIGURE 4
Basidiocarps of Fistulina orientalis (holotype, BJFC038584).
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FIGURE 5
Microscopic structures of Fistulina orientalis (drawn from the holotype BJFC038584). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidial elements at dissepimental edges. (D) Hyphae from context. (E) Hyphae from tube trama.


MycoBank: MB 846430.

Differs from other Fistulina species by its small pores of 11–12 per mm, small basidiospores of 3–4 × 2.7–3 μm, and growth on Castanopsis in East Asia.

Type. China, Anhui Province, Huangshan County, Huangshan Forest Park, Diaoqiao, on the living tree of Castanopsis eyrei, alt. 500 m, 30°08′35.44″ N, 118°06′45.59″ E, 7.IX.2018, R.H. Yang 217 (holotype, BJFC038584).

Etymology. Orientalis (Lat.): refers to East Asia where the species was found.

Basidiomata. Annual, lateral stipitate, fleshy and readily exuding a reddish blood-like sap when squeezed or bruised when fresh, woody hard to bone hard when dry. Pileus dimidiate to fan-shaped, projecting up to 4 cm, 5 cm wide, and 6 mm thick at the base when dry. Pileal surface salmon to scarlet, slimy, and faintly radially furrowed when fresh, becoming black to blackish blue and irregularly zonate upon drying; margin acute, concolorous with pileal surface. Pore surface flesh-pink when fresh, become brown when bruised, clay buff when dry, bruised part become black when dry; sterile margin almost absent; pores round, 11–12 per mm, consisting of individual, crowed but easily separable tubes; dissepiments thick, entire, pruinose. Context cream when fresh, dark gray and bone hard when dry, up to 4 mm thick. Tubes concolorous with pore surface, rigid when dry, and up to 2 mm long. Stipe concolorous with pileal surface when fresh, become dark gray when dry, up to 25 mm long and 5 mm in diameter.

Hyphal structure. Hyphal system monomitic; generative hyphae with clamp connections and simple septa, IKI–, CB–, become swollen in KOH.

Context. Generative hyphae hyaline to pale brownish, thin-walled, occasionally branched, interwoven, some collapsed, 6–10 μm in diameter, gloeoplerous hyphae present.

Tubes. Generative hyphae hyaline, thin- to slightly thick-walled, rarely branched, gelatinous, parallel along the tubes, 3–6 μm in diameter. Basidia clavate with four sterigmata and a basal clamp connection, 19–22 × 5–7 μm; basidioles in shape similar to basidia, but slightly smaller. Cystidial elements present at dissepimental edges, hyaline, smooth, thin-walled, with an oily substance, 57–85 × 5–7 μm.

Spores. Basidiospores ovoid to subglobose, hyaline, thick-walled, smooth, IKI–, CB+, (2.9–)3–4(–4.1) × (2.6–)2.7–3(–3.2) μm, L = 3.36 μm, W = 2.93 μm, Q = 1.15 (n = 30/1).

Additional specimen examined. Korea. Jeju Island, Seogwipo-si Gosali Forest Road, on dead root of living Castanopsis sieboldii, alt. 300 m, 33°31′63.86″ N, 126°59′76.26″ E, 18.V.2021, H.T. Jang (SFC20210518-01).




Discussion

By inclusion of the two new species we have described here, twelve species are now recognized in Fistulina. Among them, eight species have a distribution in the Southern Hemisphere (González et al., 2021), while the remaining four species, F. americana, F. hepatica, F. orientalis, and F. subhepatica, are found in the Northern Hemisphere (Song et al., 2015; Ryvarden and Melo, 2017). The four Northern Hemisphere species are closely related to our phylogenetic analysis (Figure 1). F. americana has been considered as the European F. hepatica (Gilbertson and Ryvarden, 1986; Wu et al., 2022). However, according to the phylogenetic analysis, our specimens together with one specimen from GenBank (REG593 from the USA, Bodensteiner et al., 2004) formed an independent lineage with strong support (94% BS, 1 BPP). In addition, there is more than 11-base-pair difference between the sequences of F. americana and F. hepatica, which accounts for >1.5% of the nucleotides in the ITS regions. Morphologically, F. americana can be differentiated from F. hepatica by smaller pores (7–8 vs. 2–5 per mm, Niemelä, 2016) and narrower basidiospores (ellipsoid and 3–3.3 μm wide vs. ovoid to tear-shaped and 3.3–4.3 μm wide, Niemelä, 2016). F. americana resembles F. subhepatica in sharing the nearly same size of pores and basidiospore dimension, but the latter species has clamp connections without simple septa, while the former has both the clamp connections and simple septa on generative hyphae. In addition, F. americana grows on Quercus and has a limited distribution in North America, while F. subhepatica is found on Lithocarpus and is distributed in Southwest China. Meanwhile, the nucleotide difference between F. americana and F. subhepatica sequences was more than 1.5% in the ITS regions.

Molecularly, there is more than 2% of nucleotide difference between the sequence of F. americana and F. orientalis in the ITS regions. Morphologically, F. orientalis is readily distinguished from all other Fistulina species by its smaller pores (11–12 per mm) and smaller basidiospores measuring 3–4 × 2.7–3 μm (pores < 10 per mm and basidiospores >4 μm long in other species, González et al., 2021).
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Megasporoporia sensu lato has recently been intensively studied in China and South America, and four independent clades representing four genera have been recognized phylogenetically. In this study, more samples, mostly from subtropical and tropical Asia, Oceania, and East Africa, are analyzed. A phylogeny based on a 4-gene dataset of sequences (ITS + nLSU + mtSSU + tef) has confirmed the presence of four genera in Megasporoporia sensu lato: Jorgewrightia, Mariorajchenbergia, Megasporia, and Megasporoporia sensu stricto. Six new species, Jorgewrightia austroasiana, Jorgewrightia irregularis, Jorgewrightia tenuis, Mariorajchenbergia subleucoplaca, Megasporia olivacea, and Megasporia sinuosa, are described based on morphology and phylogenetic analysis. Three new combinations are proposed, viz. Jorgewrightia kirkii, Mariorajchenbergia epitephra, and Mariorajchenbergia leucoplaca. To date, 36 species of Megasporoporia sensu lato are accepted and an identification key to these species is provided. In addition, the identification of Dichomitus amazonicus, Dichomitus cylindrosporus, and Megasporoporia hexagonoides is discussed.

KEYWORDS
 taxonomy, phylogeny, morphology, Polyporaceae, polymerase


Introduction

Megasporoporia Ryvarden and J. E. Wright was established by Ryvarden et al. (1982). The genus is readily distinguished from other polypore genera by resupinate basidiocarps with large pores, a dimitic hyphal structure, usually the presence of hyphal pegs and dendrohyphidia, and hyaline, thin-walled, and big basidiospores. The species of the genus was found in tropical or subtropical Africa, America, and Asia (Ryvarden et al., 1982; Lira et al., 2021; Wang et al., 2021; Wu et al., 2022a). Li and Cui (2013) performed the first phylogenetic analysis of the genus based on ITS + nLSU sequences, demonstrating that Megasporoporia was a polyphyletic genus with three independent clades nested in Megasporoporia sensu lato. So, they proposed Megasporia B. K. Cui et al., Megasporoporia sensu stricto, and Megasporoporiella B. K. Cui et al. to represent these clades, although these three genera have similar morphology. Subsequently, Yuan et al. (2017) described three new species of Megasporia from China. Recently, Wang et al. (2021) made a comprehensive phylogenetic analysis based on a 4-gene dataset (ITS + nLSU + mtSSU + tef) from 21 species of Megasporoporia sensu lato, and they found a new clade, described four new species, and proposed two combinations. Lira et al. (2021) revised the definition of Megasporoporia sensu lato and proposed Jorgewrightia Gibertoni and C. R. S. Lira and Mariorajchenbergia Gibertoni and C. R. S. Lira. They also confirmed that the four clades nested in Megasporoporia sensu lato were Jorgewrightia, Mariorajchenbergia, Megasporia, and Megasporoporia sensu stricto. In addition, two new species were described and 20 combinations were proposed (Lira et al., 2021). Several new species have been confirmed recently in Megasporoporia sensu lato, especially from subtropical and tropical areas (Lira et al., 2021; Wang et al., 2021).

This study continues to research on the diversity and phylogeny of Megasporoporia sensu lato based on samples from subtropical and tropical Asia, Oceania, and East Africa. Six new species are described and three new combinations are proposed.



Materials and methods


Morphological studies

The voucher specimens are deposited at the herbaria of the Institute of Microbiology, Beijing Forestry University (BJFC); Universidade Federal de Pernambuco (URM); University of Oslo; the National Museum Prague of Czech Republic (PRM); and the private herbarium of Josef Vlasák (JV). Macro-morphological descriptions were based on field notes and herbarium specimens. Special color terms follow Anonymous (1969) and Petersen (1996). Microscopic analyses follow Wu et al. (2022b). The following abbreviations were used: CB = Cotton Blue, CB+ = cyanophilous in Cotton Blue, CB– = acyanophilous in Cotton Blue, IKI = Melzer's reagent, IKI– = neither amyloid nor dextrinoid, KOH = 2% potassium hydroxide, L = arithmetic average of all spore lengths, W = arithmetic average of all spore widths, Q = L/W ratios, and n = (a/b), where the number of spores (a) is measured from the given number of specimens (b).



DNA extraction, amplification, and sequencing

The CTAB rapid plant genome extraction kit (Aidlab Biotechnologies Co., Ltd, Beijing) procedures were used to extract total genomic DNA from the fruiting bodies and for the polymerase chain reaction (PCR) according to the manufacturer's instructions with some modifications (Chen et al., 2016; Shen et al., 2019). The PCR primers for all genes are ITS5 (GGA AGT AAA AGT CGT AAC AAG G), ITS4 (TCC TCC GCT TAT TGA TAT GC), LR0R (ACC CGC TGA ACT TAA GC), LR7 (TAC TAC CAC CAA GAT CT), MS1 (CAG CAG TCA AGA ATA TTA GTC AAT G), MS2 (GCG GAT TAT CGA ATT AAA TAA C), 983F (GCY CCY GGH CAY CGT GAY TTY AT), and 1567R (ACH GTR CCR ATA CCA CCR ATC TT), according to White et al. (1990), Vilgalys and Hester (1990), and Rehner and Buckley (2005). The final PCR volume was 30 μl, which contained 1 μl of each primer, 1 μl extracted DNA, 12 μl ddH2O, and 15 μl 2 × EasyTaq PCR Supermix (TransGen Biotech Co., Ltd., Beijing, China). The PCR procedures for four genes followed Wang et al. (2021).

Nuclear ribosomal RNA genes of the known 36 species of Megasporoporia sensu lato were used to determine the phylogenetic position of the new species. Gene sequencing was performed at the Beijing Genomics Institute, and the newly-generated sequences were deposited in GenBank. Sequences generated for this study were aligned with additional sequences downloaded from GenBank. All newly generated sequences were deposited at GenBank (http://www.ncbi.nlm.nih.gov/) and are listed in Table 1. Clustal X (Thompson et al., 1997) and BioEdit (Hall, 1999) were used to align and collate these sequences. The data matrices were edited in Mesquite v3.04 software (Maddison and Maddison, 2021). The combined matrix was reconstructed for phylogenetic analysis as a 4-gene dataset (ITS + nLSU + mtSSU + tef). Sequences of Trametes hirsuta (Wulfen) Lloyd and T. ochracea (Pers.) Gilb. and Ryvarden were used as outgroups to root trees (Wang et al., 2021). The phylogenetic analysis used in this study followed the approach of Zhu et al. (2019) and Sun et al. (2020). Maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference (BI) were employed to perform phylogenetic analysis.


TABLE 1 Taxa information and GenBank accession numbers of the sequences used in this study.

[image: Table 1]

Maximum Parsimony and bootstrap values (MP-BS) obtained from 1,000 replicates were performed using PAUP* version 4.0b10 (Swofford, 2002). All characters were equally weighted, and the 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 bootstrap 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 (Farris, 1989; Farris et al., 1994).

Maximum likelihood (ML) was conducted with RAxML-HPC v. 8.2.3 (Stamatakis, 2014), involving 1,000 ML searches under the GTRGAMMA model, and only the maximum likelihood best tree from all searches was kept. In addition, 1,000 rapid bootstrap replicates were run with the GTRCAT model to assess the ML BS values (ML) of the nodes.

MrMODELTEST v. 2.3 (Posada and Crandall, 1998; Nylander, 2004) also was used to determine the best-fit evolution model for the combined datasets of ITS + nLSU and ITS + nLSU + mtSSU + tef sequences for estimating BI. BI was performed using MrBayes v. 3.2.6 (Ronquist and Huelsenbeck, 2003; Ronquist et al., 2012) with four simultaneous independent chains for two datasets, where 2 million generations were performed until the split deviation frequency value of <0.01 and were sampled every 100th generation. The first 25% of sampled trees were discarded as burn-in, while the remaining ones were used to calculate the Bayesian Posterior Probabilities (BPP) of the clades.

Branches that received bootstrap support for MP, ML, and BPP more than or equal to 50% (MP and ML) and 0.90 (BPP) were considered significantly supported (Figure 1). The phylogenetic tree was visualized with the program FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).


[image: Figure 1]
FIGURE 1
 Phylogeny of Megasporoporia sensu lato and related species generated by Maximum Parsimony (MP) based on combined ITS + nLSU + mtSSU + tef sequences. Bootstrap supports for Maximum Parsimony (MP), Maximum Likelihood (ML), and Bayesian Posterior Probabilities (BPP) were not lower than 50% (MP and ML) and 0.90 (BPP) on the branches. The new species and new combinations are in bold.





Results


Phylogenetic analysis

Analyses were based on a combined dataset of 4-gene (ITS + nLSU + mtSSU + tef) sequences from 114 fungal collections representing 58 species. According to MrMODELTEST v.2.3, the most suitable model was GTR + I + G, lset nst = 6, rates = invgamma, and prset statefreqpr = Dirichlet (1,1,1,1). The alignment length of the dataset of each tree generated by MP analysis is 3,548 characters, of which 2,238 characters are constant, 1,146 characters are parsimony-informative, and other key data are TL = 5,018, CI = 0.392, RI = 0.772, RC = 0.302, and HI = 0.608. BI analysis generated a congruent topology with an average standard deviation of split frequencies = 0.007589 for MP and ML analyses. Thus, the topology from the MP tree is presented along with statistical values from the MP/ML/BPP algorithms (Figure 1).

The phylogeny shows that the samples of Megasporoporia sensu lato form four clades (Figure 1): Jorgewrightia (90% MP, 98% ML, 1.00 BPP), Mariorajchenbergia (86% MP, 100% ML, 1.00 BPP), Megasporia (100% MP, 100% ML, 1.00 BPP), and Megasporoporia sensu stricto (99% MP, 100% ML, 1.00 BPP).

Fifteen lineages are nested in the Jorgewrightia clade. Among them, three new lineages represent three new species: J. austroasiana sp. nov. (100% MP, 100% ML, 1.00 BPP), J. irregularis sp. nov. (87% MP, 82% ML, 0.90 BPP), and J. tenuis sp. nov. (100% MP, 100% ML, 1.00 BPP), and another lineage represents the taxon J. kirkii comb. nov. (100% MP, 100% ML, 1.00 BPP).

Seven lineages are nested in the Mariorajchenbergia clade. Among them, one lineage represents M. subleucoplaca sp. nov. (52% MP, 88% ML, 0.99 BPP), and two lineages represent M. epitephra comb. nov. (54% MP, 81% ML) and M. leucoplaca comb. nov. (100% MP, 100% ML, 1.00 BPP).

Nine lineages are nested in the Megasporia clade, and among them, two new lineages represent M. olivacea sp. nov. (98% MP, 96% ML, 1.00 BPP) and M. sinuosa sp. nov. (99% MP, 96% ML, 1.00 BPP).

Five lineages are nested in the Megasporoporia sensu stricto clade.



Taxonomy

Jorgewrightia austroasiana Y. C. Dai, Yuan, Ya R. Wang and Y. D. Wu, sp. nov. Figures 2, 3


[image: Figure 2]
FIGURE 2
 Basidiocarps of Jorgewrightia austroasiana (holotype, Dai 17884).



[image: Figure 3]
FIGURE 3
 Microscopic structures of Jorgewrightia austroasiana (drawn from the holotype, Dai 17884). (A) basidiospores, (B) basidia, (C) basidioles, (D) cystidioles, (E) hyphae from subiculum, and (F) hyphae from tube trama.


MycoBank: 845309

Type: Singapore, Bukit Timah Nature Reserve, on a fallen angiosperm branch, 20 July 2017, Dai 17884 (holotype, BJFC025416!).

Etymology: austroasiana (Lat.) refers to the species being found in South Asia.

Basidiocarps annual, resupinate, adnate, corky, without odor or taste when fresh, becoming hard corky upon drying, up to 13 cm long, 2 cm wide, and 0.6 mm thick at the center; sterile margin thinning out, white when fresh, cream when dry, up to 1 mm wide. Pore surface white to cream when fresh, cream to buff when dry; pores round to angular, 3–3.5 per mm; dissepiments thick, entire; subiculum cream, corky, up to 0.2 mm thick; tubes cream, paler than subiculum, corky, up to 0.4 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae indextrinoid, CB+; tissues unchanged in KOH (not swollen). Subicular generative hyphae infrequent, hyaline, thin-walled, occasionally branched, 1.5–2 μm diameter; skeletal hyphae dominant, distinctly thick-walled with a narrow to medium lumen, occasionally branched, interwoven, 1.5–2.5 μm diameter. Tramal generative hyphae hyaline, thin-walled, occasionally branched, 1.5–3 μm diameter; skeletal hyphae dominant, thick-walled with a narrow lumen, frequently branched, mostly flexuous, interwoven, sometimes encrusted by crystals, 2–3.5 μm diameter. Dendrohyphidia absent. Hyphal pegs absent. Cystidia absent; cystidioles present, fusoid, thin-walled, smooth, 14–30 × 6.5–10 μm. Basidia more or less barrel-shaped, with four sterigmata and a basal clamp connection, 24–28 × 9–12 μm; basidioles in shape similar to basidia. Small tetrahedric or polyhedric crystals frequent among hymenium and trama. Basidiospores cylindrical, slightly curved, hyaline, thin-walled, smooth, IKI–, CB–, (14.5–) 15.0–19.5 (−20.0) × (3.2–) 3.5–6.0 (−6.5) μm, L = 16.27 μm, W = 4.50 μm, Q =3.54–3.74 (n = 60/2).

Additional materials (paratypes) examined: Malaysia, Selangor, Kota Damansara, Community Forest Reserve, on a fallen angiosperm branch, 17 April 2018, Dai 18627 (BJFC026915!).

Notes: Phylogenetically, Jorgewrightia austroasiana is related to J. rimosa, J, tenuis, J. fusiformis, and J. irregularis (Figure 1). However, J. rimosa differs from J. austroasiana by its dextrinoid skeletal hyphae and the presence of dendrohyphidia (Yuan et al., 2017). J. fusiformis and J. tenuis are readily distinguished from J. austroasiana by their fusiform basidiospores (Wang et al., 2021), J. irregularis differs from J. austroasiana by its bigger pores (0.5–1 per mm vs. 3–3.5 per mm) and the presence of dendrohyphidia and hyphal pegs.

Jorgewrightia irregularis Y. C. Dai, Yuan, Ya R. Wang and Y. D. Wu, sp. nov. Figures 4, 5


[image: Figure 4]
FIGURE 4
 Basidiocarps of Jorgewrightia irregularis (Dai 16449).



[image: Figure 5]
FIGURE 5
 Microscopic structures of Jorgewrightia irregularis (drawn from holotype, Dai 13853). (A) basidiospores, (B) basidia, (C) basidioles, (D) cystidioles, (E) dendrohyphidia, (F) hyphae from subiculum, and (G) hyphae from tube trama.


MycoBank: 845312

Type: China, Hainan Prov., Baisha County, Yinggeling Nature Reserve, on a fallen angiosperm branch, 17 June 2016, Cui 13853 (holotype, BJFC028719!).

Etymology: irregularis (Lat.) refers to irregular pores of the basidiocarps.

Basidiocarps annual, resupinate, adnate, without odor or taste when fresh, becoming hard corky upon drying, up to 6 cm long, 1.5 cm wide, and 1.3 mm thick at the center; sterile margin cream when juvenile, brownish with age, up to 0.6 mm wide. Pore surface white to cream when fresh, buff to honey when dry; pores angular when juvenile, irregular with age, e.g., hexagonoid, sinuous or split, 0.5–1 per mm; dissepiments thick, entire to lacerate; subiculum pale cream, corky, up to 0.4 mm long; tubes buff, corky, up to 0.9 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae indextrinoid, CB+; tissues unchanged in KOH (not swollen). Subicular generative hyphae infrequent, hyaline, thin-walled, moderately branched, 1–1.2 μm diameter; skeletal hyphae dominant, thick-walled with a narrow to medium lumen, moderately branched, strongly flexuous, interwoven, 2.5–3 μm diameter. Tramal generative hyphae infrequent, hyaline, thin-walled, moderately branched, 1.2–1.5 μm diameter; skeletal hyphae dominant, thick-walled with a narrow lumen, moderately branched, strongly flexuous, interwoven, 2.2–2.5 μm diameter. Dendrohyphidia present. Hyphal pegs present. Cystidia absent; cystidioles present, subulate or ventricose, thin-walled, smooth, 25.5–32.5 × 6.5–8 μm. Basidia more or less clavate, usually constricted in middle, with four sterigmata and a basal clamp connection, 42–51 × 8–13 μm; basidioles in shape similar to basidia, but distinctly smaller. Small tetrahedric or polyhedric crystals present among hymenium and trama. Basidiospores cylindrical, slightly curved, hyaline, thin-walled, smooth, IKI–, CB–, (17–) 17.5–21.2 (−21.5) × (4.5–) 5–6.2 (−6.5) μm, L = 19.22 μm, W = 5.86 μm, Q = 3.22–3.34 (n = 60/2).

Additional materials (paratypes) examined: China, Hainan Prov., Ledong County, Jianfengling Nature Reserve, 11 May 2009, Cui 6592 (BJFC004445!); Qiongzhong County, Limushan Forest Park, on a fallen angiosperm branch, 8 June 2016, Dai 16449 (BJFC022566!).

Notes: Phylogenetically, Jorgewrightia irregularis is related to J. fusiformis (Figure 1), but the latter has fusiform basidiospores and lacks hyphal pegs (Wang et al., 2021).

Jorgewrightia tenuis Y. C. Dai, Yuan Yuan, Ya R. Wang and Y. D. Wu, sp. nov. Figures 6, 7


[image: Figure 6]
FIGURE 6
 Basidiocarps of Jorgewrightia tenuis (holotype, Dai 20510).



[image: Figure 7]
FIGURE 7
 Microscopic structures of Jorgewrightia tenuis (drawn from holotype, Dai 20510). (A) basidiospores, (B) hyphae from subiculum, and (C) hyphae from tube trama.


MycoBank: 845313

Type: China, Yunnan Prov., Mengla County, Tropical Rain Forest Valley, on dead bamboo, 18 August 2019, Dai 20510 (holotype, BJFC032178!).

Etymology: tenuis (Lat.) refers to the extremely thin basidiocarps.

Basidiocarps annual, resupinate, adnate, corky, without odor or taste when fresh, becoming hard corky upon drying, up to 19 cm long, 3 cm wide, and 0.18 mm thick at the center; sterile margin very narrow to almost lacking. Pore surface cream when fresh, buff when dry; pores angular, 3–3.5 per mm; dissepiments thin, entire; subiculum pale cream, corky, extremely thin to almost absent; tubes cream, corky, up to 0.18 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae sometimes simple septate, weakly dextrinoid, CB+; tissues unchanged in KOH (not swollen). Subicular generative hyphae hyaline, thin-walled, unbranched, 1.5–1.8 μm diameter; skeletal hyphae dominant, thick-walled with a medium to wide lumen, moderately branched, flexuous, interwoven, 2–2.5 μm diameter. Tramal generative hyphae frequent, hyaline, thin-walled, moderately branched, 1.2–1.5 μm diameter; skeletal hyphae dominant, thick-walled with a medium to wide lumen, moderately branched, flexuous, interwoven, 1.5–2.5 μm diameter. Dendrohyphidia absent. Hyphal pegs absent. Cystidia absent; cystidioles absent. Basidia not seen. Small tetrahedric or polyhedric crystals frequent among hymenium and trama. Basidiospores fusiform, hyaline, thin-walled, smooth, sometimes with one or two small guttules, IKI–, CB–, (15–) 16.5–17 (−17.2) × (4.2–) 4.8–5.5 (−5.8) μm, L = 16.47 μm, W = 5.02 μm, Q = 3.28–3.42 (n = 60/2).

Additional materials (paratypes) examined: China, Yunnan Prov., Mengla County, Tropical Rain Forest Valley, on dead bamboo, 18 August 2019, Dai 20517 (BJFC032185!).

Notes: For the phylogenetic relationships of Jorgewrightia tenuis and other species, refer to the notes of J. austroasiana. Morphologically, J. tenuis resembles J. bambusae and J. rimosa by the adnate and extremely thin basidiocarps, but J. bambusae has thick-walled and ellipsoid basidiospores, and J. rimosa has dendrohyphidia (Yuan et al., 2017; Wang et al., 2021). In addition, J. tenuis is similar to J. fusiformis, both present with fusiform basidiospores, but J. fusiformis has indextrinoid skeletal hyphae and dendrohyphidia (Wang et al., 2021).

Jorgewrightia kirkii (Masuka and Ryvarden) Y. C. Dai, Yuan Yuan, Ya R. Wang and Y. D. Wu, comb. nov. Figure 8


[image: Figure 8]
FIGURE 8
 Microscopic structures of Jorgewrightia kirkii (drawn from Ryvarden 32577). (A) Basidiospores. (B) Basidia. (C) Cystidioles. (D) Dendrohyphidia. (E) Hyphae from subiculum. (F) Hyphae from tube trama.


MycoBank: 845318

Basionym: Dichomitus kirkii Masuka and Ryvarden, Mycological Research 103 (9): 1129 (1999).

Basidiocarps annual, resupinate, corky when dry, around 1 mm thick at the center; sterile margin very narrow to almost lacking. Pore surface clay buff to isabelline when dry; pores round, 1.5–2 per mm; dissepiments thin, entire; subiculum clay buff, corky, up to 0.2 mm thick; tubes concolorous with the pore surface, corky, up to 0.8 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae indextrinoid, CB+; tissues unchanged in KOH (not swollen). Subicular generative hyphae hyaline, thin-walled, occasionally branched, 1.5–1.8 μm diameter; skeletal hyphae dominant, thick-walled with a wide lumen, moderately branched, flexuous, interwoven, 2.5–3 μm diameter. Tramal generative hyphae, hyaline, thin-walled, moderately branched, 1.2–1.5 μm diameter; skeletal hyphae dominant, thick-walled with a wide lumen, frequently branched, flexuous, interwoven, 1.5–2.5 μm diameter. Dendrohyphidia present. Hyphal pegs absent. Cystidia absent; cystidioles present, fusoid to ventricose, thin-walled, smooth, 23–28 × 6.5–15 μm. Basidia barrel-shaped, with four sterigmata and a basal clamp connection, 30–40 × 16–18 μm; basidioles in shape similar to basidia. Small tetrahedric or polyhedric crystals frequent among hymenium and trama. Basidiospores cylindrical, hyaline, thin-walled, smooth, IKI–, CB–, (20.2–) 21–23.5 (−24) × (7–) 7.5–8.8 (−9) μm, L = 21.86 μm, W = 8.1 μm, Q = 2.70 (n = 30/1).

Materials examined: Zimbabwe, Mashonaland, Binga Forest East of Harare, on an angiosperm wood, 27 January 1993, Ryvarden 32577 (O, dupl. BJFC002897!); Ryvarden 33631 (holotype, O).

Notes: Jorgewrightia kirkii was originally described as Dichomitus kirkii Masuka and Ryvarden from Africa (Masuka and Ryvarden, 1999). It is extremely large basidiospores (21–23.5 × 7.5–8.8 μm) that are unique in Megasporoporia sensu lato. Our phylogeny (Figure 1) shows that the species is nested in Jorgewrightia clade with robust support (100% MP, 100% ML, 1.00 BPP). Hence, the above combination is proposed.

Mariorajchenbergia epitephra (Berk.) Y. C. Dai, Yuan Yuan, Ya R. Wang and Y. D. Wu, comb. nov. Figure 9


[image: Figure 9]
FIGURE 9
 Microscopic structures of Mariorajchenbergia epitephra (drawn from Coveny 219). (A) Basidiospores. (B) Basidia. (C) A basidiole. (D) Cystidioles. (E) Hyphae from subiculum. (F) Hyphae from tube trama.


MycoBank: 845319

Basionym: Trametes epitephra Berk., J. Linn. Soc., Bot. 13: 165 (1872).

= Dichomitus epitephrus (Berk.) Ryvarden, Mycotaxon 20 (2): 339 (1984).

Basidiocarps biennial, pileate, solitary, attached by a broad lateral base. Pilei ungulate, hard corky when dry, projecting up to 5 mm, 7 mm wide, and 5.5 mm thick at the base. Pore surface cream to buff when dry; pores round to sinuous, 1–2 per mm; dissepiments thick, entire; subiculum pale buff, corky, up to 0.5 mm thick; tubes concolorous with the pore surface, corky, up to 5 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae indextrinoid, CB+; tissues become slightly swollen in KOH. Subicular generative hyphae hyaline, thin-walled, unbranched, 1.8–2 μm diameter; skeletal hyphae dominant, thick-walled with a wide lumen, infrequently branched, flexuous, interwoven, 2–2.8 μm diameter. Tramal generative hyphae hyaline, thin-walled, unbranched, 1.8–2.5 μm diameter; skeletal hyphae dominant, thick-walled with a medium to wide lumen, infrequently branched, flexuous, interwoven, 2.5–3 μm diameter. Dendrohyphidia absent. Hyphal pegs present. Cystidia absent; cystidioles present, fusoid to clavate, thin-walled, smooth, 26.5–50.5 × 6–13.2 μm. Basidia clavate, with four sterigmata and a basal clamp connection, 28.5–35.5 × 7.5–10.2 μm; basidioles in shape similar to basidia, but slightly smaller. Small tetrahedric crystals frequent among hymenium and trama. Basidiospores broadly ellipsoid, hyaline, thin-walled, smooth, IKI–, CB–, 9.5–16.5 × 7–9 μm, L = 13.28 μm, W =7.8 μm, Q = 1.7 (n = 15/1).

Material examined: Australia, New South Wales, Blackett, on Eucalyptus moluccana, 10 July 1983, Coveny 219 (H, JV, dupl. BJFC002895!).

Notes: Mariorajchenbergia epitephra was originally described as Trametes epitephra from South Australia. Our studied sample fits the original description of Trametes epitephra (Berkeley, 1872; Cunningham, 1965). Phylogenetically, the species is nested in the Mariorajchenbergia clade. Therefore, the above combination is proposed. The species has pileate basidiocarps that are unique to Megasporoporia sensu lato.

Mariorajchenbergia leucoplaca (Berk.) Y. C. Dai and P. K. Buchanan, comb. nov.

MycoBank: 845320

Basionym: Polyporus leucoplacus Berk., Fl. N. Zealand 2: 180 (1855).

= Dichomitus leucoplacus (Berk.) Ryvarden, Norweg. J. Bot. 24: 222 (1977).

= Megasporoporiella australiae Y. C. Dai, Yuan Yuan and Ya. R. Wang, in Wang, Wu, Vlasák, Yuan and Dai, Mycosphere 12 (1): 1027 (2021).

Megasporoporiella australiae was recently described in Australia (Wang et al., 2021). However, its vouchers and samples of Polyporus leucoplacus from New Zealand are nested together in a subclade with robust support in the Mariorajchenbergia clade. In addition, the morphology of these two taxa is similar (Wang et al., 2021), and the former becomes a synonym of the latter, with the above combination proposed.

Materials examined: Australia, Melbourne, Dandenong Ranges Botanic Garden, on a dead tree of Rhododendron, 12 May 2018, Y. C. Dai 18657 (BJFC027125!, holotype of Megasporoporiella australiae). New Zealand, Auckland, Waitakere Ranges, on a fallen wood, 11 April 1989, P. K. Buchanan 89/037 (ICMP 16412); Northland, William Hewett Reserve, on decaying wood, 2007, B. C. Paulus BCP3987 (ICMP 16962); Taupo, Kurua Reserve, Owhango, 3 Oct 2007, on a decaying branch (probably Dacrydium cupressinum), B. C. Paulus AOD348 (ICMP 17545).

Mariorajchenbergia subleucoplaca Y. C. Dai and P. K. Buchanan, sp. nov. Figure 10


[image: Figure 10]
FIGURE 10
 Microscopic structures of Mariorajchenbergia subleucoplaca (drawn from Ryvarden 11049). (A) Basidiospores. (B) Basidia. (C) Basidioles. (D) Cystidioles. (E) Hyphae from subiculum. (F) Hyphae from tube trama.


MycoBank: 845315

Type: Tanzania, Morogoro, Uluguri Mts., Morning Side Nature Reserve, 24 February 1973, Ryvarden 11049 (holotype, O; isotype, BJFC002898!).

Etymology: subleucoplaca (Lat.) refers to the species that somewhat resemble Mariorajchenbergia leucoplaca.

Basidiocarps annual, resupinate, corky when dry, around 0.4 mm thick at the center; sterile margin distinct, white, up to 0.2 mm wide. Pore surface cream to buff when dry; pores round, 4–5 per mm; dissepiments thick, entire; subiculum pale cream, corky, up to 0.3 mm thick; tubes concolorous with the pore surface, corky, up to 0.1 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae indextrinoid, CB+; tissues unchanged in KOH (not swollen). Subicular generative hyphae infrequent, hyaline, thin-walled, unbranched, 1.2–1.8 μm diameter; skeletal hyphae dominant, thick-walled with narrow to wide lumen, unbranched, flexuous, interwoven, 2.5–3 μm diameter. Tramal generative frequent, hyphae hyaline, thin-walled, unbranched, 1.2–1.5 μm diameter; skeletal hyphae dominant, thick-walled with a medium to wide lumen, unbranched, interwoven, 2.5–3.5 μm diameter. Dendrohyphidia absent. Hyphal pegs absent. Cystidia absent; cystidioles present, subulate or ventricose, thin-walled, smooth, 22.5–26.5 × 5.5–13.5 μm. Basidia more or less pyriform, with four sterigmata and a basal clamp connection, 23.2–26.5 × 9.5–11 μm; basidioles in shape similar to basidia, but distinctly smaller. Small tetrahedric or polyhedric crystals frequent among hymenium and trama. Basidiospores oblong ellipsoid, hyaline, thin-walled, smooth, IKI–, CB–, (10–) 11–12 × (4.5–) 5–6 μm, L = 10.94 μm, W = 5.2 μm, Q = 2.10 (n = 30/1).

Notes: Mariorajchenbergia leucoplaca was originally described as Polyporus leucoplacus from New Zealand [Berkeley, 1855; = Dichomitus leucoplacus (Berk.) Ryvarden (Ryvarden, 1977)]. Masuka and Ryvarden (1999) identified Tanzanian samples as D. leucoplacus. Our studied specimen (Ryvarden 11049) was also collected in Tanzania, and phylogenetically (Figure 1) is nested in the Mariorajchenbergia clade with robust support (53% MP, 91% ML, 0.98 BPP). Samples labeled as D. leucoplaca from Africa and New Zealand, therefore, nested into two independent lineages. Thus, we describe the African samples as a new species. It differs from M.leucoplaca by its smaller pores (4–5 per mm vs. 2–4 per mm) and shorter basidiospores (11–12 × 5–6 μm vs. 11.8–15 × 4–6 μm, Wang et al., 2021).

Megasporia sinuosa Y. C. Dai, Yuan Yuan, Ya R. Wang and Y. D. Wu, sp. nov. Figures 11, 12
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FIGURE 11
 Basidiocarps of Megasporia sinuosa (holotype, Dai 22210).
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FIGURE 12
 Microscopic structures of Megasporia sinuosa (drawn from holotype, Dai 22210). (A) Basidiospores. (B) Basidia. (C) Basidioles. (D) Cystidioles. (E) Dendrohyphidia. (F) Hyphae from subiculum. (G) Hyphae from tube trama.


MycoBank: 845316

Type: China, Hainan Prov., Qiongzhong County, Limushan Forest Park, on a fallen angiosperm branch, 31 March 2021, Dai 22210 (holotype, BJFC036801!).

Etymology: sinuosa (Lat.) refers to the species having sinuous pores.

Basidiocarps annual, resupinate, adnate, corky, without odor or taste when fresh, becoming hard corky upon drying, up to 3 cm long, 2 cm wide, and 0.6 mm thick at the center; sterile margin distinct, pale buff, up to 1.5 mm wide. Pore surface white to cream when fresh, cream to buff when dry; pores angular to sinuous, 1.5–2 per mm; dissepiments thick, entire to lacerate; subiculum pale buff, corky, up to 0.3 mm thick; tubes cream, corky, up to 0.3 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae strongly dextrinoid, CB+, slightly swollen in KOH. Subicular generative hyphae hyaline, thin-walled, occasionally branched, 1.5–2 μm diameter; skeletal hyphae dominant, thick-walled with a narrow to medium lumen, frequently branched, strongly flexuous, interwoven, 1.8–2.5 μm diameter. Tramal generative hyphae frequent, hyaline, thin-walled, moderately branched, 1.5–1.8 μm diameter; skeletal hyphae dominant, thick-walled with a narrow to medium lumen, frequently branched, strongly flexuous, interwoven, 1.5–2.8 μm diameter. Dendrohyphidia present. Hyphal pegs absent. Cystidia absent; cystidioles present, subulate or ventricose, thin-walled, smooth, 34.5–38.5 × 4.5–6.5 μm. Basidia clavate, usually constricted in middle, with four sterigmata and a basal clamp connection, 20–50.2 × 7–9.2 μm; basidioles similar to basidia, sometimes with a few guttules. Small tetrahedric or polyhedric crystals frequent among hymenium and trama. Basidiospores cylindrical to allantoid, hyaline, thin-walled, smooth, sometimes with one to two small guttules, IKI–, CB–, (15–) 15.2–16.8 (−17.2) × (4.5–) 4.8–5 μm, L = 16.3 μm, W = 4.87 μm, Q = 3.4 (n = 30/1).

Additional materials (paratypes) examined: China, Hainan Prov., Lingshui County, Diaoluoshan Forest Park, on a fallen angiosperm branch, 8 November 2020, Dai 22010 (BJFC035906!), Dai 22011 (BJFC035907!).

Notes: Phylogenetically, Megasporia sinuosa is closely related to M. olivacea (Figure 1), but the latter differs from the former by darker pore surface (deep olive vs. cream to buff), presence of hyphal pegs, and wider basidiospores (5.5–6.5 μm vs. 4.8–5 μm).

Megasporia olivacea Y. C. Dai, Yuan Yuan, Ya R. Wang and Y. D. Wu, sp. nov. Figures 13, 14
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FIGURE 13
 A basidiocarp of Megasporia olivacea (holotype, Dai 17908).
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FIGURE 14
 Microscopic structures of Megasporia olivacea (drawn from holotype, Dai 17908). (A) Basidiospores. (B) Basidia. (C) Basidioles. (D) Cystidioles. (E) Dendrohyphidia. (F) Hyphae from subiculum. (G) Hyphae from tube trama.


MycoBank: 845317

Type: China, Hubei Prov., Wufeng County, Chaibuxi Geopark, on the dead tree of Quercus, 14 August 2017, Dai 17908 (holotype, BJFC025437!).

Etymology: olivacea (Lat.), refers to the species with a deeply olivaceous pore surface when dry.

Basidiocarps annual, resupinate, adnate, hard corky, without odor or taste when fresh, becoming hard corky upon drying, up to 14 cm long, 4.5 cm wide, and 4 mm thick at the center; sterile margin distinct, cream, up to 1.5 mm wide. Pore surface white to cream when fresh, deep olive when dry; pores angular, 0.5–1 per mm; dissepiments thin, entire; subiculum grayish brown, hard corky, up to 0.2 mm thick; tubes grayish buff, hard corky, up to 3.8 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae sometimes simple septate, moderately dextrinoid, CB+, strongly swollen in KOH. Subicular generative hyphae hyaline, thin-walled, occasionally branched, 1.8–2.5 μm diameter; skeletal hyphae dominant, thick-walled with a narrow to medium lumen, moderately branched, flexuous, interwoven, 2–3.5 μm diameter. Tramal generative hyphae hyaline, thin-walled, occasionally branched, 2–2.5 μm diameter; skeletal hyphae dominant, thick-walled with a narrow to wide lumen, unbranched, flexuous, interwoven, 2–3 μm diameter. Dendrohyphidia present. Hyphal pegs present. Cystidia absent. Cystidioles present, subulate or ventricose, thin-walled, smooth, 26–31 × 5.5–6.5 μm. Basidia clavate, usually constricted in middle, with four sterigmata and a basal clamp connection, 38–44 × 9–10 μm; basidioles in shape similar to basidia, but distinctly smaller. Small tetrahedral crystals frequent among hymenium and trama. Basidiospores cylindrical, some slightly curved, hyaline, thin-walled, smooth, IKI–, CB–, (14.5–) 15.2–17 (−18.2) × (4.5–) 5.5–6.5 (−7) μm, L = 16.4 μm, W = 5.69 μm, Q = 2.73–2.95 (n = 60/2).

Additional materials (paratypes) examined: China, Hubei Prov., Wufeng County, Chaibuxi Geopark, on a dead tree of Quercus, 14 August 2017, Dai 17909 (BJFC025438!).

Notes: Morphologically, Megasporia olivacea has a deep olive pore surface when dry which is unique to Megasporoporia sensu lato.

Megasporia sp. 1 Figures 15, 16


[image: Figure 15]
FIGURE 15
 A basidiocarp of Megasporia sp. 1 (JV 0904/50-J).
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FIGURE 16
 Microscopic structures of Megasporia sp. 1 (drawn from JV 0904/52-J). (A) basidiospores, (B) basidia, (C) basidioles, (D) cystidioles, (E) dendrohyphidia, (F) hyphae from subiculum, and (G) hyphae from tube trama.


Basidiocarps annual, resupinate, adnate, corky, without odor or taste when fresh, becoming hard corky upon drying, up to 8 cm long, 3 cm wide, and 0.6 mm thick at the center; sterile margin indistinct, white, very narrow to almost absent with age. Pore surface pale ochraceous when fresh and dry; pores mostly angular, 2–3 per mm; dissepiments thin, lacerate; subiculum cream, corky, up to 0.2 mm thick; tubes concolorous with the pore surface, corky, up to 0.4 mm long. Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae strongly dextrinoid, CB+, strongly swollen in KOH. Subicular generative hyphae hyaline, thin-walled, unbranched, 1.8–2 μm diameter; skeletal hyphae dominant, thick-walled with a narrow to medium lumen, moderately branched, flexuous, interwoven, 2–2.5 μm diameter. Tramal generative hyphae hyaline, thin-walled, occasionally branched, 1.8–2 μm diameter; skeletal hyphae dominant, thick-walled with a narrow to medium lumen, moderately branched, strongly flexuous, interwoven, 2–3 μm diameter. Dendrohyphidia present. Hyphal pegs absent. Cystidia absent; cystidioles present, fusiform, thin-walled, smooth, 18–23 × 5–6 μm. Basidia pyriform to barrel-shaped, with four sterigmata and a basal clamp connection, usually with a few small guttules, 34.5–28.5 × 7.8–10.2 μm; basidioles in shape similar to basidia, but smaller. Small polyhedric crystals frequently present among hymenium and trama. Basidiospores cylindrical, hyaline, thin-walled, smooth, IKI–, CB–, (10.5–) 12.5–14.2 (−15) × (4.2–) 4.5–4.8 (−5) μm, L = 12.98 μm, W = 4.58 μm, Q = 2.76–3.09 (n = 30/2).

Materials examined: USA, Florida, Long Pine Key, April 2009, JV 0904/50-J (JV, BJFC038548!), JV 0904/52-J (JV, BJFC038549!).

Notes: Megasporoporia hexagonoides was originally described as Poria hexagonoides Speg. from Argentina (Spegazzini, 1898), and a detailed description was given by Ryvarden et al. (1982). Lira et al. (2021) analyzed the nLSU sequence of the Argentine specimen (CBS 464.63) and treated it as M. hexagonoides. Our studied samples from Florida, USA have the same nLSU sequence as CBS 464.63, but their morphological characteristics are very different from that of M. hexagonoides (the latter has pores 0.5–1 per mm, absence of dendrohyphidia, basidiospores 16.6–21.8 × 5.2–6.8 μm, Ryvarden et al., 1982).

Poria linearis Murrill, described from Panama (Murrill, 1920), was treated as a synonym of Megasporia cavernulosa (Berk.) C. R. S. Lira and T. B. Giberton (=Megasporoporia cavernulosa), described from Panuré, Brazil (Berkeley, 1856). The morphology of the taxon from Florida fits Poria linearis well, but so far no DNA data are available from the Panamanian sample, and for the time being, we treat the Florida samples as Megasporia sp. 1.




Key to known species of Megasporoporia sensu lato

1. Pores < 1 per mm………………………………………. 2

1. Pores > 1 per mm………………………………………. 5

2. Dendrohyphidia present…………………………………3

2. Dendrohyphidia absent…………………………………. 4

3. Hyphal pegs absent…………………Jorgewrightia irregularis

3. Hyphal pegs present……………………Megasporia olivacea

4. Basidiospores > 20 μm long………….Megasporia mexicana

4. Basidiospores < 20 μm long…..Mariorajchenbergia epitephra

5. Pores 5–7 per mm………………………………………..6

5. Pores 1–5 per mm………………………………………..7

6. Pore surface violet to greyish violet……Jorgewrightia violacea

6. Pore surface cream to buff………….. Megasporoporia minor

7. Basidiospores ellipsoid……………………………………8

7. Basidiospores cylindrical, allantoid, or fusiform……….…13

8. Pores 4–5 per mm………………………………………..9

8. Pores 1–2 per mm………………………………………11

9. Basidiospores thick-walled…………Jorgewrightia bambusae

9. Basidiospores thin-walled……………….………………10

10. Skeletal hyphae dextrinoid……………….….….…………

…………………….….….…Mariorajchenbergia rhododendri

10. Skeletal hyphae indextrinoid………………………………

……………………………Mariorajchenbergia subleucoplaca

11. Basidiospores > 15 μm long; pore surface pale purplish brown………………………………Megasporia anoectopora

11. Basidiospores < 15 μm long; pore surface cream to yellow.12

12. Pores 1–1.5 per mm; hyphal pegs present……….…………

…..….………………………………Jorgewrightia ellipsoidea

12. Pores 2 per mm; hyphal pegs absent………………….……

………………………………………Megasporia amazonica

13. Basidiospores fusiform…………………………………14

13. Basidiospores cylindrical or allantoid….….….…………15

14. Dendrohyphidia present; skeletal hyphae indextrinoid.….…

…….….….….………………………Jorgewrightia fusiformis

14. Dendrohyphidia absent; skeletal hyphae weakly dextrinoid...

……………………………………….…Jorgewrightia tenuis

15. Hyphal pegs present……………………………………16

15. Hyphal pegs absent………………………….…………21

16. Cystidioles present………………………….….………17

16. Cystidioles absent…………………………….….….…19

17. Basidiospores > 15 μm long….….….…Jorgewrightia major

17. Basidiospores < 15 μm long……………………………18

18. Basidiospores cylindrical………Megasporoporia bannaensis

18. Basidiospores allantoid……………………………………

…………………….…Mariorajchenbergia pseudocavernulosa

19. Dendrohyphidia present…………………………….….…

…….….…………………Mariorajchenbergia subcavernulosa

19. Dendrohyphidia absent……………………….….….…20

20. Basidiospores 3–4 μm wide; American species……….….…

……………….…………………Megasporoporia neosetulosa

20. Basidiospores 4.2–5.7 μm wide; African species.….….….…

….….….……………………………Megasporoporia setulosa

21. Dendrohyphidia present………………….….…………22

21. Dendrohyphidia absent…………….….…….…………28

22. Skeletal hyphae indextrinoid……………………………23

22. Skeletal hyphae weakly to strongly dextrinoid….….….…24

23. Basidiocarps annual; basidiospores > 20 μm long…………

….….….…………………………………Jorgewrightia kirkii

23. Basidiocarps biennial; basidiospores < 20 μm long.….….…

….……………………………Mariorajchenbergia hubeiensis

24. Skeletal hyphae strongly dextrinoid….….………………25

24. Skeletal hyphae weakly dextrinoid….….….….…………27

25. Cystidioles absent…………………Megasporia cavernulosa

25. Cystidioles present…………………………….….….…26

26. Basidiospores > 15 μm long; Asian species….….….………

…….……………………………………Megasporia sinuosa

26. Basidiospores < 15 μm long; North American species.….…

…………………………….….……………Megasporia sp. 1

27. Basidiocarps cracked when dry…….…Jorgewrightia rimosa

27. Basidiocarps uncracked when dry……….….….….………

……………………………………Jorgewrightia yunnanensis

28. Skeletal hyphae indextrinoid……………………………29

28. Skeletal hyphae moderately to strongly dextrinoid………30

29. Basidiospores > 15 μm long……Jorgewrightia austroasiana

29. Basidiospores < 15 μm long………………….….….….…

………………………………Mariorajchenbergia leucoplaca

30. Cystidioles absent…………….….….…………………31

30. Cystidioles present….….………………………………32

31. Basidiospores 10–11.8 μm long; Asian species……….….…

………………………………………Megasporoporia inflata

31. Basidiospores 12–13 μm long; South American species……

……………………………………Megasporia variabilicolor

32. Skeletal hyphae strongly dextrinoid……………….….…33

32. Skeletal hyphae moderately dextrinoid…………………34

33. Pores 2–3 per mm……………………Jorgewrightia tropica

33. Pores 4–5 per mm…….….….Jorgewrightia guangdongensis

34. Basidiospores 16–21 μm long……Megasporia hexagonoides

34. Basidiospores < 15 μm long……………………………35

35. Pore surface cream to buff, pores 2–3 per mm….….………

…………………………………Jorgewrightia hengduanensis

35. Pore surface pale pinkish-brown to salmon, pores 3–5 per

mm ……………………………Jorgewrightia cystidiolophora.



Discussion

Megasporoporia was established based on M. setulosa (the type from Tanzania), but the type has probably been lost (Ryvarden et al., 1982). Lira et al. (2021) analyzed sequences from an African specimen (LR 9907), providing the most reliable molecular data for the species, conforming to the Megasporoporia sensu stricto clade. An additional three species were included in Megasporoporia: M. cavernulosa (type from Brazil), M. hexagonoides (type from Argentina), and M. mexicana (type from Mexico). Phylogenetically these three are nested in another clade (Megasporia clade, Lira et al., 2021).

To date, four genera, Jorgewrightia, Mariorajchenbergia, Megasporia, and Megasporoporia sensu stricto, which include 36 species are accepted in Megasporoporia sensu lato.

The type of Megasporia cavernulosa was from Brazil, and the sequences KX584458 and KX619582 are from the Brazilian specimen URM 83867. Lira et al. (2021) considered this specimen to represent M. cavernulosa. This species was also reported from Florida, USA, and the morphology of our studied Florida samples (JV 0904/81-J, JV 0904/50-J, and JV 0904/52-J) is consistent with the description of M. cavernulosa. However, phylogenetically, these samples are distantly related to URM 83867. So, the occurrence of M. cavernulosa in the USA is uncertain.

Dichomitus amazonicus Gomes-Silva et al. was described from Amazonas (Gomes-Silva et al., 2012) and was later combined as Megasporia amazonica (Gomes-Silva et al.) C. R. S. Lira and Gibertoni (Lira et al., 2021). The molecular data of the type specimen of M. amazonica (Ryvarden 48295) are not available. Its phylogenetic analysis was based on specimens URM 85601 (Brazil-Pernambuco) and URM 87859 (Brazil-Bahia), but these two specimens did not cluster together (Lira et al., 2021). We studied a part of URM 87859 and found that it has a dimitic hyphal system, strongly dextrinoid and CB+ skeletal hyphae, and ellipsoid to subcylindrical basidiospores, (10–) 10.2–11.5 (−12.2) × (4.2–) 4.5–5 μm. These characteristics are consistent with the original description of M. amazonica. Therefore, we believe that URM 87859 represents M. amazonica, and URM 85601 is treated as “M. amazonica” in our phylogeny (Figure 1).

Lira et al. (2021) demonstrated that Dichomitus cylindrosporus (Ryvarden 45186) is nested in the Megasporia clade, and they combined it as Megasporia cylindrospora (Ryvarden) C. R. S. Lira and Gibertoni. However, we studied the type (Ryvarden 44248) of D. cylindrosporus and failed to extract the DNA. Morphologically, we found that Ryvarden 44248 has hyphal pegs and pores 2.5–3 per mm, while Ryvarden 45186 lacks hyphal pegs and has pores 1.5–2 per mm. So, Ryvarden 45186 most probably does not represent D. cylindrosporus, and the phylogenetic relationship between D. cylindrosporus and Megasporoporia sensu lato is uncertain.

Megasporoporia, Megasporia, Jorgewrightia, Mariorajchenbergia, and other genera (Dichomitus, Perenniporia, Crassisporus, Daedaleopsis, Datronia, Neodatronia, Polyporus, etc.) are nested together with robust support in our phylogeny based on our selected samples (Figure 1). Megasporia and Jorgewrightia are related to each other with moderate support. These two genera and Megasporoporia and Mariorajchenbergia seem to be strikingly unrelated to each other although the four genera share a very similar morphology. We currently cannot resolve this dilemma, which requires additional genomic data and further analyses.
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Sanguinoderma is distributed in tropical and subtropical areas as a member of Amauroderma s. lat., and the economic values of Sanguinoderma led to high attention in the taxonomic studies. Previously, 16 species have been developed into Sanguinoderma. In this study, the taxonomic system of Sanguinoderma was reconducted based on morphological and multi-gene phylogenetic analyses, especially making a distinction for Sanguinoderma rugosum complex. Morphological analysis was based on the notes of macro- and micro morphological observations. Multi-gene phylogenetic analyses were used maximum likelihood (ML) and Bayesian inference (BI) analyses inferred from combined dataset of ITS, nLSU, rpb2, tef1, mtSSU, and nSSU. Combined with morphological characters and phylogenetic evidence, the results demonstrated that S. rugosum complex consists of five taxa, in which Sanguinoderma leucomarginatum was described as a new species, and it is characterized by the orbicular pilei with white to buff margin when fresh and clavate apical cells of pileipellis with septa. In addition, Amauroderma preussii was transferred to Sanguinoderma as a new combination due to its blood-red color-changed pore surface; it is characterized by the funnel-shaped, greyish brown, and glabrous pilei with strongly incurved margin. Detailed descriptions and photographs of the two species were provided. With the extension of this study, 18 species were accepted in Sanguinoderma, and 12 species among them were distributed in China. A key to accepted species of Sanguinoderma was also provided.

KEYWORDS
 Ganodermataceae, macrofungi, morphology, multi-gene phylogeny, new taxa


Introduction

Ganodermataceae is an important family of macrofungi according to its high economic and ecological values. Some species in this family, such as Ganoderma lingzhi, Ganoderma sinense, Ganoderma tsugae, Amauroderma rude, and Amauroderma rugosum, have been domesticated successfully in China and commonly used as traditional medicine for anti-cancer treatment, for lowering blood pressure, and for improving immunity (Wang et al., 1993; Dai et al., 2009; Cao et al., 2012; Chan et al., 2013; Jiao et al., 2013; Li et al., 2015; Zhao et al., 2015; Fung et al., 2017; Xiao et al., 2017; Zhang et al., 2019). As white-rot fungi, some species like G. australe, G. lingzhi, G. lucidum, and A. rugosum can secrete a series of carbohydrate hydrolase, peroxidase enzymes, and laccases to degrade the organic matters in forests, and this performance has been widely used as biofuel, for industrial applications and pollution abatement (Jong et al., 2017; Si et al., 2019, 2021; Wang et al., 2021). Besides, Ganoderma boninense, Ganoderma philippii, and A. rugosum as pathogenic species in Ganodermataceae can cause stem rot or root rot in forests leading to economic damage (Pilotti, 2005; Glen et al., 2009; Abubakar et al., 2022). To further understand how the economic and ecological values produced by Ganodermataceae species, genomics, transcriptomics, and proteomics were introduced by biologists to explore the mechanism of evolution, lignocellulose degradation, secondary metabolites biosynthesis, and plant-pathogenic (Chen et al., 2012; Kües et al., 2015; Zhu et al., 2015; Dhillon et al., 2021; Jiang et al., 2021; Lin et al., 2021; Liu et al., 2021; Sun et al., 2022a).

In view of the demand for health preservation and the utilization of biological resources, the mycologists were devoted to explore the potential species resources of Ganodermataceae. Since the first introduction of Ganodermataceae, the taxonomy and phylogeny studies of this family have been conducted over the past 100 years, and now the number of genera has increased from 2 to 14 (Murrill, 1905; Donk, 1948; Imazeki, 1952; Steyaert, 1972; Costa-Rezende et al., 2017, 2020; Sun et al., 2020, 2022b). Besides, the rise of species diversity is impressive but uneven. Ganoderma, as the biggest genus in this family, has expanded to 188 species based on credible morphological and phylogenetic evidence; however, the sum of species number of the other 13 genera is only half of that of Ganoderma (Ryvarden, 2020; Wu et al., 2020; Decock and Ryvarden, 2021; He et al., 2022; Sun et al., 2022b; Vinjusha and Kumar, 2022).

Sun et al. (2020) clarified the taxonomy and phylogeny of Amauroderma s. lat. in Ganodermataceae, in which Sanguinoderma was established with S. rude as type species, and five new species were presented based on the morphological and multi-gene phylogenetic evidence. The distinguished characters of Sanguinoderma are the dull pileal surface, the color of fresh pore surface changing to blood red when bruised, and the double-walled basidiospores with obvious spinules on endospore walls (Sun et al., 2020). The phylogenetic tree showed that Sanguinoderma rugosum was performed as two lineages with high support; yet, no morphological differences between them were observed. Sun et al. (2022b) evaluated 22 specimens with color-changed pore surfaces and described six new species of Sanguinoderma. Unfortunately, the differentiation in S. rugosum was ignored again due to the inappreciable differences. In fact, the variable morphological description of S. rugosum from different collections was proposed 40 years ago, for example, thin to thick and flexible to rigid pilei, dark brown to fuscous brown or black pileal surface with or without concentric zones in variable color, globose to subglobose basidiospores from 6.5 to 13 μm × 7 to 11 μm and so on Ryvarden and Johansen (1980), Corner (1983), Núñez and Ryvarden (2000). These differences indicated that the S. rugosum complex should be further excavated to solve the problem of subspecies differentiation.

During our investigations of Sanguinoderma, numerous specimens of S. rugosum complex were collected. The macro-/micro-morphological differences and phylogenetic relationships reflected their divergences indeed. Based on the morphological and phylogenetic analyses, five species were discovered in the S. rugosum complex, Sanguinoderma leucomarginatum was described as a new species, and another three species were identified as suspected new species due to their sterile basidiomata. In addition, Amauroderma preussii was transferred to Sanguinoderma as a new combination.



Materials and methods


Morphological study

The studied specimens are deposited at the herbaria of the Institute of Microbiology, Beijing Forestry University (BJFC, Beijing, China), and the Institute of Microbiology, Chinese Academy of Sciences, China (HMAS). Macro-morphological descriptions of the taxa were based on field notes and herbarium specimens. Micro-morphological data were obtained from dried specimens and observed under a compound microscope following by Sun et al. (2022b) and Liu et al. (2022). Sections were studied at a magnification up to 1,000× using a Nikon Digital Sight DS-Fi2 microscope (Nikon Corporation, Tokyo, Japan) and quantified by the Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, USA). Special color terms followed Petersen (1996). Morphological descriptions and abbreviations used in this study followed Cui et al. (2019) and Sun et al. (2022b).



DNA extraction, amplification, and sequencing

The total genomic DNA was extracted from the dried specimens using CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd, Beijing, China) and a FH plant DNA kit II (Demeter Biotech Co., Ltd., Beijing, China). The detailed methods of DNA extraction and polymerase chain reaction (PCR) were according to the manufacturer's instructions with some modifications (Sun et al., 2020; Liu et al., 2022). The internal transcribed spacer regions (ITS) were amplified with primer pairs ITS5 and ITS4 (White et al., 1990). The large subunit of nuclear ribosomal RNA gene (nLSU) was amplified with primer pairs LR0R and LR7, and the primer LR5 was used sometimes as an alternative to LR7 (Vilgalys and Hester, 1990). The second subunit of RNA polymerase II (rpb2) was amplified with primer pairs fRPB2-5F and fRPB2-7CR (Liu et al., 1999). The translation elongation factor 1-α gene (tef1) was amplified with primer pairs EF1-983F and EF1-1567R (Rehner and Buckley, 2005). The small subunit mitochondrial rRNA gene (mtSSU) was amplified with primer pairs MS1 and MS2 (White et al., 1990). The small subunit nuclear ribosomal RNA gene (nSSU) was amplified with primer pairs PNS1 and NS41 (White et al., 1990).

The PCR volume contained 1 μl each primer, 1 μl extracted DNA, 12 μl ddH2O, and 15 μl 2 × EasyTaq PCR SuperMix (TransGen Biotech Co., Ltd., Beijing, China). The PCR cycling schedules for six-gene regions of ITS, nLsu, rpb2, tef1, nSSU, and mtSSU was followed by Sun et al. (2020, 2022b). The PCRs were performed on S1000™ Thermal Cycler (Bio-Rad Laboratories, California, USA), and the PCR products were purified and sequenced with the same primers at the Beijing Genomics Institute (BGI), China. All sequences used in this study were deposited at GenBank and are listed in Table 1.


TABLE 1 Taxa information and GenBank accession numbers of the sequences used in this study.
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Phylogenetic analyses

The ITS, nLSU, rpb2, tef1, mtSSU, and nSSU sequences used in this study were combined into a dataset. Magoderna subresinosum was used as the outgroup, which is a sister clade with Sanguinoderma (Sun et al., 2022b). Phylogenetic analyses used in this study followed the approach of Cui et al. (2019). These sequences were aligned in online MAFFT v. 7 (Katoh et al., 2019; https://mafft.cbrc.jp/alignment/server/) and manually adjusted using BioEdit (Hall, 1999). Each alignment of ITS, nLSU, rpb2, tef1, mtSSU, and nSSU was catenated in Mesquite (Maddison and Maddison, 2017). The congruencies of six-gene loci were evaluated with the partition homogeneity test (PHT) (Farris et al., 1994) using PAUP v. 4.0b10 (Swofford, 2002) under 1,000 homogeneity replicates. The best-fit evolutionary model was calculated in MrModeltest v. 2.3 (Nylander, 2008) using hierarchical-likelihood ratio tests (hLRTs) and Akaike information criterion (AIC) strategies.

Based on the combined dataset, the maximum-likelihood (ML) analyses were conducted in RAxML-HPC v. 8.2.3 (Stamatakis, 2014). The best topology was obtained during 1 000 ML searches under the GTRGAMMA model, and 1,000 rapid bootstrap replicates were run with the GTRCAT model to assess the ML bootstrap values of the nodes. Bayesian inference analyses were calculated using MrBayes v. 3.1.2 (Ronquist and Huelsenbeck, 2003). The analyses were run with four Markov chains, starting trees for 12 M generations until the average standard deviation of split deviation frequency < 0.01, and sampled every 100 generations. The first 25% of the sampled trees were discarded as burn-in, and the remaining ones were used to reconstruct a majority rule consensus and calculate Bayesian posterior probability (BPP) of the clades.

All trees were visualized in FigTree v. 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). The branches received ML bootstrap ≥ 70%, and Bayesian posterior probabilities ≥0.95 were regarded as credibly supported. The final alignments and the phylogenetic tree were deposited in TreeBASE (http://www.treebase.org), under accession ID: 29788 (http://purl.org/phylo/treebase/phylows/study/TB2:S29788).




Results


Molecular phylogeny

In this study, 340 sequences of ITS, nLSU, rpb2, tef1, mtSSU, and nSSU were used to construct phylogenetic trees of Sanguinoderma, including 61 ITS sequences, 60 nLSU sequences, 44 rpb2 sequences, 56 tef1 sequences, 60 mtSSU sequences, and 59 nSSU sequences. The inferred sequences were obtained from 65 specimens representing 21 taxa in Sanguinoderma and Magoderna subresinosum as the outgroup. The combined six-gene (ITS+nLSU+rpb2+tef1+mtSSU+nSSU) sequence datasets had an aligned length of 5 017 total characters including gaps, of which 4 374 are constant, 207 are variable and parsimony-uninformative, and 436 are parsimony-informative.

The partition homogeneity test indicated all six different genes displayed a congruent phylogenetic signal (P = 1.00). The best-fit evolutionary models selected by MrModeltest v. 2.3 for each region of the six genes were K80+I (ITS1), K80 (5.8S), HKY+G (ITS2), GTR+I (nLSU), K80 (rpb2 introns), K80+I (rpb2 1st codon), GTR+I+G (rpb2 2nd codon), K80+G (tef1 introns), HKY+I (tef1 1st codon), SYM+I+G (tef1 2nd codon), GTR+G (tef1 3rd codon), HKY+I+G (mtSSU), and GTR (nSSU). These models were applied in Bayesian analyses for the combined dataset.

The average standard deviation of split frequencies in the Bayesian analyses reached 0.004273. The ML analyses resulted in a similar topology as Bayesian analyses, and only the ML topology with the calculated values is shown in Figure 1. The lineages presented in the phylogenetic tree were S. leucomarginatum as new species (98% ML, 0.98 BPP), S. preussii as new combination (96% ML, 1.00 BPP), S. bataanense (99% ML, 1.00 BPP), S. elmerianum (100% ML, 1.00 BPP), S. flavovirens, S. guangdongense (99% ML, 1.00 BPP), S. laceratum (92% ML, 1.00 BPP), S. longistipitum (98% ML, 1.00 BPP), S. infundibulare (96% ML, 1.00 BPP), S. melanocarpum (99% ML, 1.00 BPP), S. microporum (88% ML, 1.00 BPP), S. microsporum (92% ML, 1.00 BPP), S. perplexum (100% ML, 1.00 BPP), S. reniforme, S. rude (100% ML, 1.00 BPP), S. rugosum (93% ML, 1.00 BPP), S. sinuosum (88% ML, 1.00 BPP), S. tricolor (100% ML, 1.00 BPP), and three undetermined taxa: Sanguinoderma sp.1 (95% ML, 0.99 BPP), Sanguinoderma sp.2 (98% ML, 1.00 BPP), and Sanguinoderma sp.3 (100% ML, 0.97 BPP). Sanguinoderma rugosum complex comprised of S. rugosum, S. leucomarginatum, Sanguinoderma sp.1, Sanguinoderma sp.2, and Sanguinoderma sp.3, sharing the similar morphological characters.


[image: Figure 1]
FIGURE 1
 Maximum-likelihood (ML) analyses of Sanguinoderma based on the dataset of ITS+nLSU+rpb2+tef1+mtSSU+nSSU. Branches are labeled with maximum-likelihood bootstrap values equal to or higher than 70% and Bayesian posterior probability values equal to or higher than 0.95. New species or combinations are in bold.




Taxonomy

Sanguinoderma leucomarginatum B. K. Cui and Y. F. Sun, sp. nov. (Figure 2)
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FIGURE 2
 Basidiomata and microscopic structures of Sanguinoderma leucomarginatum. (A) Basidiomata. (B) Pores. (C) Basidiospores. (D) Clamp connections on generative hyphae. (E) Basidioles. (F) Pileipellis. (G) Skeletal hyphae. Scale bars: (A) = 2 cm, (B) = 1 mm, (C–G) = 10 μm.


MycoBank number: MB 846192

Diagnosis: Differs from other species in the genus by having near orbicular pilei with white to buff margin when fresh and clavate apical cells of pileipellis with septa.

Etymology: leucomarginatum (Lat.) refers to the white to buff margin of pilei.

Holotype: CHINA. Yunnan Province, Pu'er City, Laiyanghe Nature Reserve, on ground of forest, 9 June 2011, Yu-Cheng Dai, Dai 12377 (BJFC 010657).

Description: Basidiomata annual, laterally stipitate, hard corky to woody hard. Pilei solitary, near orbicular, up to 8 cm in diameter and 7-mm thick. Pileal surface fawn to vinaceous gray or near black, margin white to buff, dull, glabrous, with fuscous concentric zones or edges, and radial wrinkles near the margin; margin acute to obtuse, entire, slightly incurved and wavy when dry. Pore surface becoming blood red when bruised and then quickly darkening, pale mouse gray to ash-gray when dry; pores circular to angular, 5–6 per mm; dissepiments slightly thick, entire. Context cream to buff yellow, with dark melanoid lines, hard corky, up to 3-mm thick. Tubes light vinaceous gray to ash-gray, up to 3-mm long. Stipe clay buff to fawn, cylindrical and hollow, up to 8.5-cm long and 8 mm in diameter.

Hyphal system trimitic; generative hyphae with clamp connections, all hyphae IKI–, CB+; tissues darkening in KOH. Generative hyphae in context colorless, thin-walled, 3–6 μm in diameter; skeletal hyphae in context faint yellow, thick-walled with a wide to narrow lumen or sub-solid, arboriform and flexuous, 3–7 μm in diameter; binding hyphae in context faint yellow, sub-solid, branched and flexuous, up to 2 μm in diameter. Generative hyphae in tubes colorless, thin-walled, 3–6 μm in diameter; skeletal hyphae in tubes faint yellow, thick-walled with a wide to narrow lumen or sub-solid, arboriform and flexuous, 3–6 μm in diameter; binding hyphae in tubes faint yellow, sub-solid, branched, and flexuous, up to 2 μm in diameter. Pileipellis composed of clamped generative hyphae, thick-walled, apical cells clavate with septa, slightly inflated, yellow to reddish brown, about 40–70 × 4–7 μm, forming a regular palisade. Cystidia and cystidioles absent. Basidia barrel-shaped, colorless, thin-walled, 14–20 × 14–16 μm; basidioles in shape like the basidia, colorless, thin-walled, 12–23 × 6–15 μm. Basidiospores subglobose to broadly ellipsoid, pale yellow, IKI–, CB+, double-walled with slightly thick walls, exospore wall smooth, endospore wall with dense spinules (8.5–)8.8–10.1 × (7.4–)7.8–9 μm, L = 9.32 μm, W = 8.3 μm, Q = 1.12 (n = 60/1).

Additional specimens examined: CHINA. Yunnan Province, Pu'er City, Laiyanghe Nature Reserve, on ground of angiosperm forest, 9 June 2011, Yu-Cheng Dai, Dai 12264 (BJFC 010547), Dai 12390 (BJFC 010670); on root of Castanea, 9 June 2011, Yu-Cheng Dai, Dai 12362 (BJFC 010642); Jinghong City, Xishuangbanna Nature Reserve, on ground of forest, 7 June 2011, Yu-Cheng Dai, Dai 12324 (BJFC 010605).

Notes: Sanguinoderma leucomarginatum was described from Yunnan Province of Southwestern China. It is distinguished by its more or less orbicular pilei with white to buff margin when fresh and the clavate apical cells of pileipellis with septa. According to the previous studies, four species of Sanguinoderma had been reported from Yunnan Province, viz. S. elmerianum, S. guangdongense, S. laceratum, and S. longistipitum (Sun et al., 2020, 2022b). Compared to these species, S. leucomarginatum has the medially sized pores (5–6 per mm) with entire dissepiments, the stipe in medium length (up to 8.5 cm), and smaller basidiospores (8.8–10.1 × 7.8–9 μm). In the phylogenetic tree, S. leucomarginatum was presented as a distinct lineage with high support (Figure 1).

Sanguinoderma preussii (Henn.) B. K. Cui and Y. F. Sun, comb. nov. (Figure 3)
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FIGURE 3
 Basidiomata and microscopic structures of Sanguinoderma preussii. (A) Basidiomata. (B) Pores. (C) Basidiospores. (D) Clamp connections on generative hyphae. (E) Cystidioles. (F) Pileipellis. (G) Skeletal hyphae. Scale bars: (A) = 3 cm, (B) = 1 mm, (C–G) = 10 μm.


MycoBank number: MB 846193

Basionym: Ganoderma preussii Henn., Bot. Jb. 14(4): 342 (1891).

=Amauroderma preussii (Henn.) Steyaert, Persoonia 7(1): 107 (1972).

=Fomes preussii (Henn.) Sacc., Syll. fung. (Abellini) 11: 89 (1895).

=Scindalma preussii (Henn.) Kuntze, Revis. gen. pl. (Leipzig) 3(3): 519 (1898).

=Polyporus preussii (Henn.) Lloyd, Mycol. Writ. 3 (Syn. Stip. Polyporoids) (Cincinnati): 124 (1912).

=Ganoderma rubeolum Bres., Mycologia 17(2): 73 (1925).

=Ganoderma sikorae Bres., Annln K. K. naturh. Hofmus. Wien 26: 157 (1912).

=Polyporus salebrosus Lloyd, Mycol. Writ. (Cincinnati) 4(Letter 42): 14 (1912).

=Polyporus zambesianus Lloyd, Mycol. Writ. 3 (Syn. Stip. Polyporoids) (Cincinnati): 128 (1912).

=Polyporus rugosissimus Lloyd, Mycol. Writ. (Cincinnati) 4(Letter 48): 3 (1913).

=Ganoderma puberulum Pat., Bull. Soc. mycol. Fr. 30(3): 343 (1914).

=Fomes versicolor Bres., in Beeli, Bull. Jard. bot. État Brux. 8: 91 (1922).

Description: Basidiomata annual, centrally stipitate, hard corky to woody hard. Pilei solitary, funnel-shaped, up to 10.5 cm in diameter and 3-mm thick. Pileal surface grayish brown, dull, glabrous, with black and concentric zones and radial wrinkles; margin acute, entire, petaloid, strongly incurved, and wavy when dry. Pore surface becoming to blood red when bruised and then quickly darkening, white to cream when dry; pores circular to angular or irregular, 6–7 per mm; dissepiments medially thick, entire. Context buff yellow, with dark melanoid lines, hard corky, up to 1-mm thick. Tubes ash-gray, up to 2-mm long. Stipe grayish brown, cylindrical, and hollow, up to 11.5-cm long and 8 mm in diameter.

Hyphal system trimitic; generative hyphae with clamp connections, all hyphae IKI–, CB+; tissues are darkening in KOH. Generative hyphae in context colorless, thin-walled, 3–4 μm in diameter; skeletal hyphae in context pale yellow, thick-walled with a wide to narrow lumen or sub-solid, arboriform and flexuous, 3–7 μm in diameter; binding hyphae in context pale yellow, sub-solid, branched, and flexuous, up to 2 μm in diameter. Generative hyphae in tubes colorless, thin-walled, 4–5 μm in diameter; skeletal hyphae in tubes pale yellow, thick-walled with a wide to narrow lumen or sub-solid, arboriform and flexuous, 4–6 μm in diameter; binding hyphae in tubes pale yellow, sub-solid, branched and flexuous, up to 2 μm in diameter. Pileipellis composed of clamped generative hyphae, thick-walled to sub-solid, apical cells clavate, inflated, pale yellow to yellowish brown, about 45–65 × 5–8 μm, forming a regular palisade. Cystidia absent; cystidioles clavate and apices constricted, colorless, thin-walled, 12–24 × 2–4 μm. Basidia near orbicular to barrel-shaped, colorless, thin-walled, 15–23 × 11–12 μm; basidioles barrel-shaped to clavate, colorless, thin-walled, 16–22 × 7–15 μm. Basidiospores subglobose to broadly ellipsoid, pale yellow, IKI–, CB+, double-walled with slightly thick walls, exospore wall smooth, endospore wall with dense spinules, 9–10.5(−10.8) × 8–9(−9.5) μm, L = 9.54 μm, W = 8.46 μm, Q = 1.13 (n = 60/2).

Specimens examined: THAILAND. Chiang Rai, Mae Salong Nok, on ground of angiosperm forest, 22 July 2016, Yu-Cheng Dai, Dai 16646 (BJFC 022756); on ground of forest, 24 July 2016, Yu-Cheng Dai, Dai 16725 (BJFC 022832). CHINA. Yunnan Province, Pu'er City, Pu'er Forestry Park, on ground of forest, 17 August 2019, Yu-Cheng Dai, Dai 20438 (BJFC 032106), Dai 20456 (BJFC 032124), Dai 20467 (BJFC 032135), Dai 20468 (BJFC 032136); Mengla County, Shangyong Nature Reserve, on ground of forest, 20 August 2019, Yu-Cheng Dai, Dai 20622 (BJFC 032289), Dai 20624 (BJFC 032291); Bakaxiaozhai Nature Reserve, on ground, 5 August 2003, Tie-Zheng Wei, HMAS 130806.

Notes: Ganoderma preussii was described from Cameroon and temporarily transferred to Amauroderma in Steyaert (1972) by its dull pileal surface and double-walled basidiospores without truncated apex. Here, A. preussii was transferred to Sanguinoderma due to the color-changed pore surface when bruised. The specimens used in this study were collected from East Asia, and the morphological characters of basidiomata are mostly consistent with the original description of A. preussii (Steyaert, 1972). However, Steyaert (1972) mentioned that the hyphae of pileipellis extend externally free and anticlinal at the base, while the structural characters of pileipellis of specimens observed in this study are forming as a palisade, which are similar to most species in Amauroderma s. lat.

Sanguinoderma infundibulare is another species with funnel-shaped pilei in Sanguinoderma, and it can be characterized by the yellowish brown and tomentose pileal surface with uncurved margin and large basidiospores (10.2–12 × 9–10.2 μm; Sun et al., 2022b). Besides, S. preussii and S. infundibulare were supported as two distinct lineages in the phylogenetic tree (Figure 1).




Discussion

In this study, the multi-gene phylogenetic analyses of Sanguinoderma were conducted based on the combined dataset of ITS+nLSU+rpb2+tef1+mtSSU+nSSU sequences. In the phylogenetic tree, 21 taxa of Sanguinoderma clustered together with high support (100% ML, 1.00 BPP; Figure 1), in which 16 species were shown as well-supported respective lineages in accordance with previous studies by Sun et al. (2020, 2022b).

Sun et al. (2020, 2022b) have improved the classification of Sanguinoderma and reported 16 species in the genus with detailed morphological and phylogenetic evidence, while the differentiation in phylogeny of Sanguinoderma rugosum was still not studied. The variable morphological characters observed from different collections (Ryvarden and Johansen, 1980; Corner, 1983; Núñez and Ryvarden, 2000) provided an auxiliary basis for this divergence. During this study, more than 80 specimens were collected from East Asia, which were identified as S. rugosum for the first time. These specimens can be divided into five groups roughly in the analysis tests, and more concise lineages were presented in this article with high support (Figure 1). We treated the five lineages as five different taxa of the S. rugosum complex, which are similar in morphology.

Sanguinoderma rugosum as the core species of this complex is easily confused in morphology with the other four taxa, except the deeply concentric furrows on pileal surface, clavate cystidioles, and lager basidiospores (9.5–11.6 × 8–9.5 μm). Sanguinoderma leucomarginatum was separated from other taxa of the S. rugosum complex according to its white to buff pileal margin with fuscous concentric zones or edges, cream to buff context, absent cystidioles, and smaller basidiospores (8.8–10.1 × 7.8–9 μm). The other morphological characters, such as the wrinkled pileal surface, pale mouse gray to ash-gray pore surface when dry, and 5–6 pores per mm, are indistinguishable from the other four taxa. The other three suspected new species were discovered in this study based on the morphological differences and independent phylogenetic relationships. However, the failure to observe the mature basidiospores in morphological studies was the biggest obstacle to clarify the taxonomic status of these species; these three suspected new species were treated as undescribed taxa due to the sterile specimens, even though the structure of pileipellis in Sanguinoderma sp.1, the thickness of pore dissepiments in Sanguinoderma sp.2, and the color of pore surface in Sanguinoderma sp.3 can distinguish them availably (Table 2). The problem of the sterility of specimens is still unavoidable in taxonomic studies.


TABLE 2 Main morphological characters of species in Sanguinoderma rugosum complex.

[image: Table 2]

Sanguinoderma preussii can be easily distinguished by the funnel-shaped and thin pilei with an incurved margin-like petals. Hapuarachchi et al. (2018) examined the specimens of S. preussii collected from Xiengkhouang Province in Laos and Hainan Province in China, but the recorded size of pores (2–4 per mm) is quite different from the observation in this study (6–7 per mm). The funnel-shaped pilei were also observed in Amauroderma wuzhishanense according to the description by Zhao and Zhang (1987), but the tubercles and broad radial wrinkles on pileal surface make A. wuzhishanense (= A. rugosum) different from the smooth pileal surface with lender radial wrinkles in S. preussii. The collections from East Asia enriched the distributions of S. preussii, and it implies that the species of Sanguinoderma may be widespread in Palaeotropics, such as S. rugosum and S. rude.

After the morphological and phylogenetic analyses, one new species called S. leucomarginatum was separated from S. rugosum complex. Besides, there are three suspected new species in Sanguindoerma rugosum complex without valid taxonomic status due to the sterile specimens. In addition, one new combination called S. preussii was transferred from Amauroderma. In summary, 18 species were accepted in Sanguinoderma around the world, in which 12 species were distributed in China; a key to accepted species of Sanguinoderma is provided. In further studies, more fertile specimens need to be collected to enrich the species diversity and clarify the taxonomic status of the suspected species.



Key to accepted species of Sanguinoderma

(1) Pore dissepiments extremely thick………………………..2

(1) Pore dissepiments thin to distinctly thick…………………3

(2) Pileal surface pale yellowish brown, pore surface yellowish brown, context with dark melanoid lines……S. microporum

(2) Pileal surface rust brown to almost black, pore surface white to pale yellow, context without dark melanoid lines… …………………………………………………S. tricolor

(3) Pore dissepiments lacerate, tubes fascicular when dry…… ………………………………………………S. laceratum

(3) Pore dissepiments entire, tubes unchanged when dry…… …………………………………………………………4

(4) Pores less than or equal to 4 per mm……………………...5

(4) Pores more than 4 per mm………………………………7

(5) Pores sinuate; basidiospores more than 13.5 μm in length…………………………………………S. sinuosum

(5) Pores circular to irregular; basidiospores less than 13.5 μm in length…….……….……………………………………6

(6) Pore dissepiments thin; basidiospores globose to subglobose…………………………………..S. bataanense

(6) Pore dissepiments slightly thick; basidiospores subglobose to broadly ellipsoid……… …………………………..S. rude

(7) Basidiospores less than 6 μm in length…………… …………………………………………...S. microsporum

(7) Basidiospores more than 6 μm in length…………………8

(8) Pileal surface coal black; basidiospores slightly dextrinoid in Melzer's reagent…………………………S. melanocarpum

(8) Pileal surface brown to almost black; basidiospores IKI- in Melzer's reagent…………………………………………9

(9) Pilei funnel-shape………………………………………10

(9) Pilei flat…………….….….……………………………11

(10) Pileal margin uncurved; larger basidiospores (10.2–12 × 9–10.2 μm)…………………………………S. infundibulare

(10) Pileal margin strongly incurved; smaller basidiospores (9–10.5 × 8–9 μm)…………………………………S. preussii

(11) Basidiospores reniform…………….….………S. reniforme

(11) Basidiospores globose to subglobose or broadly ellipsoid…12

(12) Pore surface yellowish green when fresh………… ……………………………………………S. flavovirens

(12) Pore surface pale white to cream or pale grey……………13

(13) Cystidioles absent………………………………………14

(13) Cystidioles present……….….….………………………15

(14) Pileal margin white to buff; basidiospores less than 9 μm in width…………………………………S. leucomarginatum

(14) Pileal margin dark brown to nearly black; basidiospores more than 9 μm in width…………………………S. elmerianum

(15) Basidiomata sessile to subsessile; basidiospores more than or equal to 14 μm in length……………… ………………………………………………S. perplexum

(15) Basidiomata stipitate; basidiospores less than 14 μm in length………….….……………………………………16

(16) Pileal surface with shades of brown concentric zones and dense radial lines………………………...S. guangdongense

(16) Pileal surface with concentric furrows and radial wrinkles………………………………………………...17

(17) Basidiomata small, with lateral stipe; cystidioles fusiform…………………………………...S. longistipitum

(17) Basidiomata large, with central to lateral stipe; cystidioles clavate………………………….….….………S. rugosum.
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Boletaceae, the largest family in Boletales, has been attracted by mycologists in the world due to its diverse morphology and complex history of evolution. Although considerable work has been done in the past decades, novel taxa are continually described. The current study aimed to introduce three new taxa and one new record of Boletaceae from China. The morphological descriptions, color photographs, phylogenetic trees to show the positions of the taxa, and comparisons with allied taxa are provided. The new genus Hemilanmaoa is unique in the Pulveroboletus group, and Hemilanmaoa retistipitatus was introduced as the type species. It can be distinguished by its bluing basidioma when injured, a decurrent hymenophore, a stipe covered with distinct reticulations, and a fertile stipitipellis. Porphyrellus pseudocyaneotinctus is characterized by its pileipellis consisting of broadly concatenated cells and thin-walled caulocystidia in Porphyrellus. In Phylloporus, Phylloporus biyangensis can be distinguished by its hymenophores that change to blue when injured and yellow basal mycelium. Lanmaoa angustispora, as a new record, is first reported in Northern China. Internal transcribed spacer (ITS), 28S rDNA (28S), translation elongation factor 1-alpha (tef1-α), RNA polymerase II subunit 1 (rpb1), and RNA polymerase II subunit 2 (rpb2) were employed to execute phylogenetic analyses.
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Introduction

The symbiotic systems between fungi and plants were recognized to accelerate the process of vascular plants invading land (Treub, 1884; Pirozynski and Malloch, 1975; Malloch et al., 1980). To date, there are four different mycorrhizal association types, viz. vesicular-arbuscular mycorrhizas (VAM), ectomycorrhizas (ECM), orchid mycorrhizas, and ectendo-, arbutoid, and monotropoid associations (Brundrett et al., 1996). The ability that ectomycorrhizal fungi symbiosis with the host can enhance the utilization efficiency of soil nutrition in plants and their ability to resist pests, which consequently improves the survival rates of plants in the ecosystem (Marx, 1972; Trappe, 1977). Meanwhile, competing with saprotrophic fungi in carbon recycling and other nutrients can dramatically influence the balance of forest ecosystems (Tedersoo et al., 2010; Wu et al., 2022). As a species-rich family in the order Boletales E.-J. Gilbert, a majority of species in Boletaceae Chevall. are ectomycorrhizal fungi. Mushrooms in the Boletaceae are characterized by their large, fleshy, and usually brilliantly colored basidioma and hymenophore that are tubulose, lamellate, or loculus.

Over the last few decades, the rapid development of molecular techniques has immensely improved the resolution of the fungal tree of life (He et al., 2019; Naranjo-Ortiz and Gabaldón, 2019; Li et al., 2021). The modern phylogenetic analyses are essential to reassess and resolve the traditional taxonomy of Boletaceae (Skrede et al., 2011; Yang, 2011; Halling et al., 2012b,2015; Nuhn et al., 2013; Arora and Frank, 2014; Wu et al., 2014; Orihara et al., 2016; Kuo and Ortiz-Santana, 2020). In the course of DNA-based research, many new genera were proposed within Boletaceae, and intra-relationships of many complex groups tend to be clarified (Yang et al., 2003; Dentinger et al., 2010; Halling et al., 2012b,2015; Arora and Frank, 2014; Wu et al., 2014, 2021; Cui et al., 2016; Orihara et al., 2016; Frank et al., 2020; Li and Yang, 2021; Biketova et al., 2022). Based on materials collected from China, Chinese mycologists have made huge contributions to the modern taxonomical system of Boletaceae—especially some fantastic studies were done by Wu et al. (2014) and Wu et al., 2016a,b. In 2014, Wu et al. (2014) redefined seven major clades within Boletaceae, viz. Austroboletoideae, Boletoideae, Chalciporoideae, Leccinoideae, Xerocomoideae, Zangioideae, and the Pulveroboletus group. This result was widely recognized by other researchers. Lately, Wu et al. unveiled evolutionary innovations from the genomic respects in the ectomycorrhizal Boletales (Wu et al., 2022). The conclusion similar to Kohler et al. (2015) and Miyauchi et al. (2020) showed that Boletales impressively reduced their plant cell wall-degrading enzymes (PCWDEs). However, a phenomenon that different lineages still retained different set of PCWDEs maybe means moderately ability of cell wall-degrading still existed in Boletales.

Although remarkable results on the taxonomy of boletes were obtained in the past (Li et al., 2011; Zeng et al., 2014; Zhao et al., 2014a,b; Gelardi et al., 2015a,b; Zhu et al., 2015; Wu et al., 2016b; Chen et al., 2019; Vadthanarat et al., 2019; Hosen and Yang, 2021; Ayala-Vásquez et al., 2022; Badou et al., 2022; Biketova et al., 2022), the additions of more new taxa are necessary to reconstruct a high-resolution tree of Boletaceae. More intensive collection are needed to analyze the species diversity of Boletaceae in China. Our study is focused on results from our collection in northern China. In this study, we described the morphological and phylogenetic data of a new genus that is evident to form a distinct lineage in the “Pulveroboletus group.” Meanwhile, two new species and one new record species of Henan province are also reported.



Materials and methods


Samplings and morphological analyses

Specimens were collected from Guizhou and Henan Province, China. Voucher materials were deposited in the Mycology Herbarium of the Jilin Agriculture University (HMJAU). The color of fresh basidiocarps is described following Kornerup and Wanscher’s (1978) method. Tissues of specimens were mounted in 5% KOH and then in 1% Congo Red or Melzer’s solution, and steps of amyloid reactions were followed according to Imler’s procedure (Imler, 1950; Biketova et al., 2022). The observations of microscopic characteristics were performed by Carl Zeiss Lab. A1 optical microscope. The ultrastructure of basidiospores was observed by scanning electron microscope (SEM). Basidiospore dimensions were recorded as length by width, in order of the minimum, the average, and the maximum; the notation (n/m/p) indicated that measurements were made on “p” randomly selected basidiospores from “m” basidiomes of “n” collections. Q is the ratio of length divided by width: Qm = average quotient (length/width ratio) ± standard deviation.



DNA extraction, PCR amplification, and sequencing

The NuClean Plant Genomic DNA kits (CWBIO) are used to extract genomic DNA. The primers LROR/LR5 were used for 28S, RPB1-B-F/RPB1-B-R for rpb1 (Wu et al., 2014), RPB2-B-F1/RPB2-B-R and PRB2-6F/PRB2-7.1R for rpb2 (Matheny and Ammirati, 2003; Matheny, 2005; Wu et al., 2014), and 983F/1567R for tef1-α (Rehner and Buckley, 2005). The polymerase chain reaction (PCR) procedures were executed, referring to Feng et al. (2012) and Wu et al. (2014).



Phylogenetic analyses

The new sequences were uploaded to NCBI,1 and other sequences were downloaded from NCBI (Supplementary Table 1). The raw matrixes (ITS, 28S, rpb1, rpb2, and tef1-α) were spliced in SeqMan (Swindell and Plasterer, 1997) and aligned with MAFFT (Katoh and Standley, 2013) using ‘E-INS-i (accurate)’ strategy and normal alignment mode, respectively. The ITS matrix of Phylloporus was aligned by MEGA 7 with the “Muscle” strategy (Kumar et al., 2016). TrimAL v1.2 was used to trim matrixes with the “gappyout” option (Capella-Gutiérrez et al., 2009). Multi-locus datasets were concatenated by PhyloSuite v1.2.1, and phylogenetic trees were constructed by maximum likelihood (ML) and Bayesian inference (BI) analyses (Zhang et al., 2020). In the multi-locus dataset (28S + rpb1 + rpb2 + tef1) of Hemilanmaoa, 646 bp for 28S, 761 bp for rpb1, 705 bp for rpb2, and 621bp for tef1. In the four-locus dataset of Porphyrellus E.-J. Gilbert and Lanmaoa G. Wu & Zhu L. Yang, 835 bp for 28S, 611 bp for rpb1, 642 bp for rpb2, and 620 bp for tef1. In the three-locus dataset (ITS + 28S + tef1) of Phylloporus Quél. 919 bp for 28S, 586 bp for tef1, and 996 bp for ITS. Best models of matrixes were searched using PartitionFinder 2 integrated into PhyloSuite v1.2.1 (Lanfear et al., 2017; Zhang et al., 2020). Models employed for each locus of Hemilanmaoa were GTR + I + G for 28S and rpb1, SYM+ I + G for rpb2 and tef1, for the locus of Porphyrellus and Lanmaoa, GTR + I + G for 28S, SYM + G for rpb1, SYM + I + G for tef1 and rpb2, and the locus of Phylloporus, GTR + I + G for 28S and ITS, and K80 + I + G for tef1. ML analyses were executed by IQ-tree (Nguyen et al., 2015) using ultrafast bootstrap with 5,000 replicates. BI analyses were executed using MrBayes 3.2.6 (Ronquist et al., 2012), running in 2,000,000 generations, and sampled every 2,000 generations. The initial 25% of the sampled data were discarded as burn-in. Other parameters were kept at default settings.




Results


Molecular phylogeny

In the phylogenetic relationship of Boletaceae, the Bayesian tree (Figure 1) and ML tree (Figure 2) were listed, respectively, due to some differences between the major clades of the Bayesian tree and ML tree. The multi-locus datasets consisted of 203 taxa and 2,733 nucleotide sites (Figures 1, 2). Gyrodon sp. and Paxillus obscurosporus C. Hahn were chosen as outgroups. The molecular phylogenetic analyses showed that Hemilanmaoa retistipitatus is not only embedded in the “Pulveroboletus Group” clade but also sister with Suillellus Murrill. It formed an independent lineage with a strong support value (BP = 0.94, PP = 94).


[image: image]

FIGURE 1
Phylogenetic relationships of Hemilanmaoa in Boletaceae inferred from multi-locus (28S, tef1-α, rpb1, and rpb2) using Bayesian inference. PP ≥ 0.7 are indicated in the phylogram. Newly formed sequences in this study are indicated in bold.
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FIGURE 2
Phylogenetic relationships of Hemilanmaoa in Boletaceae inferred from multi-locus (28S, tef1-α, rpb1, and rpb2) using the maximum likelihood method. BP ≥ 50 is indicated in the phylogram. Newly formed sequences in this study are indicated in bold. (A) Phylogram upper part. (B) Phylogram lower part.


The four-locus datasets of Porphyrellus and Lanmaoa consisted of 89 taxa and 2,709 nucleotide sites. Butyriboletus appendiculatus (Schaeff.) D. Arora & J. L. Frank and Bu. autumniregius D. Arora & J. L. Frank were chosen as outgroups. In the phylogram (Figure 9), our sequences W3013, W3029, and W3022 were clustered together with Lanmaoa angustispora G. Wu & Zhu L. Yang (BP = 1, PP = 100) and formed an independent lineage. In the Porphyrellus, our sequences, namely w3088, w3085, w3054, w3046, w3062, w3019, w3039, and w3091, were clustered together with one previously described Po. cyaneotinctus (A.H. Sm. & Thiers) Singer (BP = 1, PP = 100).
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FIGURE 3
Basidiomata of boletes (A,B,D) Hemilanmaoa retistipitatus, (C,F–H) Porphyrellus pseudocyaneotinctus, (E,I,J) Phylloporus biyangensis, and (K) Lanmaoa angustispora.
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FIGURE 4
Hemilanmaoa retistipitatus (A) Pileipellis, (B) Basidiospores, (C) Basidia, (D) Cheilocystidia, (E) Pleurocystidia, and (F) Stipitipellis. Scale bars = 10 μm.
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FIGURE 5
Characteristics of basidiospore in SEM. (A–C) Hemilanmaoa retistipitatus, (D,E) Porphyrellus pseudocyaneotinctus, (F,G) Phylloporus biyangensis, and (H) Lanmaoa angustispora.
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FIGURE 6
Porphyrellus pseudocyaneotinctus (A) Stipitipellis, (B) Pileipellis, (C) Basidiospores, (D) Cheilocystidia, (E) Basidia, and (F) Pleurocystidia. Scale bars = 10 μm.
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FIGURE 7
Phylloporus biyangensis (A) Pileipellis, (B) Basidiospores, (C) Cheilocystidia, (D) Basidia, and (E) Pleurocystidia. Scale bars = 10 μm.
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FIGURE 8
Lanmaoa angustispora (A) Pileipellis, (B) Basidiospores, (C) Basidia, (D) Cheilocystidia, (E) Pleurocystidia, and (F) Stipitipellis. Scale bars = 10 μm.
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FIGURE 9
Phylogenetic relationships of Porphyrellus and Lanmaoa in their genera inferred from multi-locus (28S, tef1-α, rpb1, and rpb2) using the maximum likelihood method and Bayesian inference (only the BI tree was shown). BP ≥ 0.8 and PP ≥ 0.7 are indicated in the phylogram. Newly formed sequences in this study are indicated in bold.


The three-locus dataset (28S + ITS + tef1) of Phylloporus consisted of 170 taxa and 2,501 nucleotide sites. Hourangia cheoi (W.F. Chiu) (Xue T. Zhu & Zhu L. Yang) was selected as outgroups. In the phylogram (Figure 10), our sequences w3047, w3048, w3049a, and w3049b formed an independent clade with a high support value (BP = 100, PP = 1).
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FIGURE 10
Phylogenetic relationships of Phylloporus in the genus inferred from multi-locus (ITS, 28S, and tef1-α) using maximum likelihood method and Bayesian inference (only the ML tree was shown). BP ≥ 0.7 and PP ≥ 0.7 are indicated in the phylogram. Newly formed sequences in this study are indicated in bold.




Taxonomy


Hemilanmaoa Yang Wang, Bo Zhang & Y. Li gen. nov.

Mycobank No.: MB845571

Etymology. “Hemi” refers to its morphological similarity to Lanmaoa.



Diagnosis. This genus is similar to Lanmaoa but differs from the latter by pores red at the mature, stipe covered with distinctly reticulations and hyphae dextrinoid. Basidioma bluing when bruising, pileus subtomentose, hymenophore decurrent with surface red, stipe covered with reticulations and red dots, and hyphae of context dextrinoid.

Basidioma stipitate-pileate with tubular hymenophore. Pileus hemispherical and depression at the center, subtomentose, dry, margin shortly appendiculate, grayish red to pastel red in the center, pale yellow toward margin; context whitish to pale yellow, discoloring to blue when injured. Hymenophore decurrent, surface orange-red, turning to blue when bruised; pores compound, angular to round, tubes light yellow, changing to blue when cut. Stipe central, yellow at the upper partition, brownish red downwards base, surface reticulate, especially on the upper partition, and erratically covered with brownish red dotted elements, staining blue when touched. Context of stipe brownish red at the base, changing to blue when injured. Basidiospores smooth, ellipsoid, yellowish brown, Pileipellis an interwoven trichodermium. Stipitipellis fertile, caulobasidia scattered. Hyphae of context dextrinoid. Clamp connections absent. Odor mild.


Type species: Hemilanmaoa retistipitatus Yang Wang, Bo Zhang & Y. Li

Hemilanmaoa retistipitatus Yang Wang, Bo Zhang & Y. Li, sp. nov.

Mycobank No.: MB845573

Figures 3A,B,D, 4, 5A–C

Etymology. “retistipitatus” refers to its’ stipe covered with reticulations.

Holotypus. CHINA. Guizhou Province, Tongren City, Yangxi County, 6 July 2019, 108° 30′ 19.35″ E, 27° 38′ 8.16″ N, 3624 (HMJAU 60052!).



Diagnosis. This species is similar to Lanmaoa macrocarpa but differs from the latter by decurrent hymenophore, red pores, stipe covered with reticulations, and context dextrinoid. Basidiocarps bluish when bruising, pileus tomentose, hymenophore decurrent with surface red, stipe covered with reticulations and red dots, and hyphae of context dextrinoid.

Basidioma medium-sized. Pileus around 9 cm in diam., hemispherical with an indistinct or distinct depression at the center when mature, sterile margin narrow; grayish red to pastel red (7B5–10A4) in the center, pale yellow (2A3) toward margin; surface dry, subtomentose, discoloring into blue when touched. Context firm, whitish to pale yellow, turning to blue when cut. Hymenophore decurrent, surface orange red (8A7), changing to blue when injured; pores nearly round to angular; tubes 2–13 mm, light yellow (3A5), changing to blue when injured. Stipe 7.9–10.3 × 1.4–1.6 cm, solid, central, subcylindrical to slightly obclavate, pale yellow (2A3) at the upper partition, brownish red (10C6) downwards, surface coarse, covered with yellow reticulations especially on the upper partition and brownish red dotted-elements, staining blue when touched; context concolorous with that of pileus on the upper partition, gradually brownish red downwards, turning to blue when cut; basal mycelium white. Odor mild.

Basidia 16.5–34 × 10–14 μm, subcylindrical to clavate, hyaline to pale brown in 5% KOH, 2- and 4-spored. Basidiospores (2/4/117) 10.0–11.6–13.1 × 4.2–4.9–5.8 (6.0) μm, Q = 2–2.7 (2.9), Qm = 2.37 ± 0.17, ellipsoid, yellowish brown in 5% KOH, smooth. Hymenophoral trama boletoid, composed of hyaline to brownish yellow hyphae, 2–12 μm wide. Cheilocystidia 22–40 × 7–14.8 μm, narrowly lageniform to lageniform, thin-walled, hyaline to pale brownish yellow in 5% KOH. Pleurocystidia 33–50 × 7–14 μm, similar to cheilocystidia in shape. Pileipellis is an interwoven trichodermium, composed of hyaline to yellowish brown and filamentous hyphae, 2.5–6 μm wide. Stipitipellis fertile, a hymeniform, with inflated terminal cells, ovoid to obovoid, 22–25 × 12–15 μm, hyaline to brownish yellow, caulocystidia 20.2–53 × 8–14.2 μm, lageniform to broadly lageniform, hyaline to pale brownish yellow, caulobasidia scattered. Context dextrinoid in Melzer’s, especially hyphae of stipe base. Clamp connections absent.

Habitat. Solitary or scattered in a mixed broad-leaf forest, dominated by Cyclobalanopsis sp. and Lauraceae.

Distribution. Currently, only known in Guizhou Province, China.

Additional specimens measured. CHINA. Guizhou Province, Tongren City, Yangxi County, 6 July 2019, 108° 30′ 19.35″ E, 27° 38′ 8.16″ N, 3633 (HMJAU 60053).

Notes. Lanmaoa macrocarpa shares some morphological features with He. retistipitatus, viz. similar color of pileus surface and stipe, bluing when injured. However, it can be distinguished by its hymenophore depressed around the apex of the stipe, tubes concolorous with pore surfaces, basal mycelium yellowish, smaller basidiospores (10–12 × 4.5–5 μm), pileipellis a trichoderm and without reaction in Melzer’s.

Hemilanmaoa retistipitatus resembles Cyanoboletus cyaneitinctus (Murrill) A. Farid, A. R. Franck & J. A. Bolin in its reddish color toward stipe base, decurrent hymenophore, and bluing strongly when handled. However, the latter taxon has a duller pileus, yellow hymenophore, basidiospores larger (11.5–15 × 4–6 μm), and stipitipellis sterile.


Porphyrellus pseudocyaneotinctus Yang Wang, Bo Zhang & Y. Li, sp. nov.

MycoBank No.: MB845570

Figures 3C,F–H, 5D,E, 6

Etymology. The epithet “pseudocyaneotinctus” refers to its similarity to Po. cyaneotinctus.

Holotypus. CHINA. Henan Province, Zhumadian City, Biyang County, 9 July 2021, W3039 (HMJAU 60062!).

Diagnosis. This species is similar to Po. cyaneotinctus, but differs from the latter by different structures of pileipellis, without reaction in Melzer’s and thin-walled caulocystidia with no thickening in the apex. Basidioma brown, often with distinctly cracked pileus, spores broader, and caulocystidia thin-walled.



Basidioma small to medium-sized. Pileus 4.6–9.9 cm wide, subhemispherical to convex or subconvex, caramel (6C6) to light brown (6D6) or brown (6E4), slightly darker in the center; surface dry, tomentose, with finely or distinctly cracked, sometimes with sterile margin at mature; context 0.5–1.2 cm thick, white (3A1), erratically bluish then reddish brown when injured. Hymenophore adnexed or depressed around the apex of stipe with finely decurrent tooth; surface white (3A1) when young, pale gray (1B1) or light brown (6D8) at the mature, becoming blue when bruised; pores angular, 0.75–3/mm; tubes 0.45–1.70 cm long, concolorous with or a little duller than the hymenophoral surface, changing to blue when injured. Stipe 4.8–12.3 × 0.9–1.9 cm, subcylindrical, sometimes slightly expanded or attenuate to base, concolorous with the pileus, streaked, fibrillose, context white (3A1), sometimes nougat (5D3) at the base, usually turning to red-brown when bruised, changing to blue at the apex when cut; basal mycelium white.

Basidiospores (12/12/150) 9.8–11.8–13.8 (14.5) × 4.5–5.3–6.2 μm, Q = 1.83–2.79, Qm = 2.24 ± 0.19, ellipsoid to elongate ellipsoid, inequilateral with a suprahilar depression in side view, light yellow to reddish brown in 5% KOH, smooth. Basidia 24–42 × 9.9–16.2 μm, clavate, 2-, 4-spored, hyaline in 5% KOH, hyaline to yellow in Melzer’s. Hymenophoral trama boletoid consists of 6–17.5 μm wide hyphae. Pleurocystidia 36.8–85 × 8.5–13 μm, lageniform, hyaline in 5% KOH and Melzer’s. Cheilocystidia 38.2–60.5 × 10.8–17.9 μm, similar to pleurocystidia in shape, hyaline in 5% KOH and Melzer’s. Pileipellis a palisadodermium, composed of broadly concatenated cells, hyaline, sometimes brownish in 5% KOH, terminated cells filamentous or pyriform to subfusiform, 20.5–92.5 × 5–23.8 μm, the lower 2–3 cells broad, 26.3–60 × 12.5–25 μm. Stipitipellis sterile, hymeniform with thin-walled and inflated terminal cells, 16.8–49 × 5–18 μm, without a hyaline (in 5% KOH) refractive thickening in the apex of the cells. Clamp connection absent.


Habitat. Solitary on mixed forests dominated by Quercus spp. and Pinus spp.

Known distribution. Currently, only known from Henan Province, China.



Additional collection examined. CHINA. Henan Province, Zhumadian City, Biyang County, Tongshan Lake, 8 July 2021, 113° 29′ 44.48″ E, 32° 46′ 8.32″ N, W3019 (HMJAU 60061), 9 July 2021, 113° 29′ 47.40″ E, 32°46′9.76″ N, W3046 (HMJAU 60063); Baiyun Mountain, 10 July 2021, 113° 34′ 9.57″ E, 32° 53′ 19.70″ N, W3054 (HMJAU 60064), W3062 (HMJAU 60065); Baiyun Mountain, 11 July 2021, 113° 34′ 0.86″ E, 32° 53′ 19.51″ N, W3083, W3084, W3085 (HMJAU 60066), W3088 (HMJAU 60067), W3091 (HMJAU 60068), W3092.

Notes. Phylogenetically, Porphyrellus pseudocyaneotinctus is a sister of Po. griseus Yan C. Li & Zhu L. Yang and Po. pseudofumosipes Yan C. Li & Zhu L. Yang. However, Po. griseus differs from Po. pseudocyaneotinctus in the context of pileus turning to blue when injured, basidiospores smaller (9.5–11.5 × 4.5–5 μm), pleurocystidia shorter (34–58 × 8–12 μm), terminal cells of pileipellis broadly clavate to cystidioid or pyriform. Porphyrellus pseudofumosipes is different from Po. pseudocyaneotinctus in context of pileus bluish when injured, basidiospores smaller (9–11 × 4.5–5.5 μm), and terminal cells of pileipellis pyriform to subfusiform. Morphologically, Porphyrellus pseudocyaneotinctus is similar to Po. castaneus Y.C. Li & Zhu L. Yang, Po. cyaneotinctus (A.H. Sm. & Thiers) Singer, Po. formosanus K.W. Yeh & Z.C. Chen, Po. orientifumosipes Y.C. Li & Zhu L. Yang, and Po. pseudofumosipes Yan C. Li & Zhu L. Yang. However, Po. castaneus is characterized by its duller pileus, bluish when injured, basidiospores smaller (9–11 × 4–5 μm), terminal cells of pileipellis pyriform or subfusiform. Porphyrellus cyaneotinctus differs from Po. pseudocyaneotinctus in the upper 1-3 cells of pileipellis more or less cylindric and 5–9 μm wide, the lower 3-5 cells of pileipellis somewhat to distinctly inflated (9–25 μm wide), pleurocystidia with dark yellow-brown content in Melzer’s or more rarely with strongly amyloid granules, caulocystidia with a hyaline (in KOH) refractive thickening in the apex of the cell that is often forming a lens or cap and grows on poor sandy soil on hillsides with scattered Quercus spp. trees during the late summer and autumn. Porphyrellus formosanus is characterized by its context of pileus turning red when cut, basidiospores larger (14–25 × 5–6.5 um), and pileipellis consisting of filamentous hyphae. Porphyrellus orientifumosipes is different from Po. pseudocyaneotinctus in its pileus context bluish when injured, basidiospores 9–11 × 4.5–5.5 μm, terminal cells of pileipellis pyriform to subfusiform. Porphyrellus pseudofumosipes differs from Po. pseudocyaneotinctus in its pileus context bluish when injured, basidiospores smaller (9–11 × 4.5–5.5 μm), terminal cells of pileipellis 26–57 × 9–16 μm.


Phylloporus biyangensis Yang Wang, Bo Zhang & Y. Li, sp. nov.

MycoBank No.: MB845572

Figures 3E,I,J, 5F,G, 7

Etymology. “biyangensis” refers to its type locality Biyang County.

Holotypus. CHINA. Henan Province, Zhumadian City, Biyang County, 9 July 2021, W3049 (HMJAU 60059!).



Diagnosis. This species is close to Ph. luxiensis but differs from the latter by yellowish context, smaller spores, larger cheilocystidia, hyaline to pale brown hyphae of pileipellis. Basidioma dull, context yellowish, hymenophore usually discolored when bruising, basidiospores smaller and hyphae of pileipellis sometimes with granular encrustations.

Basidioma medium-sized. Pileus 7.2–11.9 cm in diam., applanate to slightly depressed at center, margin involute when young; surface dry, tomentose, sometimes cracked into squamulose, reddish brown (8E4–8E7). Context approximately 0.4 cm thick at the position halfway to pileus center, yellow (2A6), color unchanging when injured; Hymenophore lamellate, decurrent, 0.6–0.8 mm broad, subdistant, anastomosing, greenish-yellow (1A8), turning blue or unchanging in color when injured; lamellulae common, concolorous with lamellae. Stipe 3.8–4.7 × 0.6–1.3 cm, central, subcylindrical, tapered downwards base, covered with finely reddish brown squamules; ridged along with decurrent lines of lamellae on the upper partition, context light yellow (4A5), color unchanged when injured. Basal mycelium yellow.

Basidiospores (2/3/124) (6.8) 7–9.47–10.5 (11) × (3.5) 3.8–4.15–4.5 (5.5) μm, Q = (1.56) 1.78–2.63 (2.75), Qm = 2.29 ± 0.23, brownish yellow in 5% KOH, ellipsoid, with a suprahilar depression in side view, smooth under a light microscope but with bacillate ornamentation in scanning electron microscope. Basidia 27.2–44 × 6–11.5 μm, 2–, 4–spored, subcylindrical, hyaline in 5% KOH. Hymenophoral trama phylloporoid, composed of hyphae 4.8–20 μm in diameter. Pleurocystidia 41.5–130 × 10–30 μm, lageniform, subfusiform or subclavate, hyaline to pale brown in 5% KOH. Cheilocystidia 58.5–101 × 12–20.5 μm, similar to pleurocystidia in shape, hyaline to pale brown in 5% KOH. Pileipellis an interwoven trichodermium, consists of filamentous hyphae, 6.3–9.5 μm wide, hyaline to pale brown in 5% KOH, sometimes with granular encrustations. Clamp connection absent.


Habitat. Solitary on mixed forests dominated by Quercus spp. and Pinus spp.

Known distribution. Currently, only known in Henan Province, China.



Additional collections examined. CHINA. Henan Province, Zhumadian City, Biyang County, Tongshan Lake, 9 July 2021, 113° 29′ 47.95″ E, 32° 46′ 8.89″ N, W3047 (HMJAU 60057), W3048 (HMJAU 60058), W3049b (HMJAU 60060).

Notes. Phylloporus luxiensis is similar to Ph. biyangensis and Ph. bellus in morphological characteristics. However, Ph. luxiensis is characterized by its white context, and larger basidiospores (10–12 × 4.5–5 μm) (Zeng et al., 2011). Phylloporus bellus differs from Ph. biyangensis in basal mycelium white, spores longer, and cystidia smaller with encrusting pigment sometimes present.


Lanmaoa angustispora G. Wu & Zhu L. Yang

Figures 3K, 5H, 8



Collection. CHINA. Henan Province, Zhumadian City, Biyang County, 8 July 2021, W3013 (HMJAU 60054).

Basidioma medium to large. Pileus 4.6–11.3 cm wide, plano-convex to convex, reddish brown (8E8) when young, light brown (6D7) to brownish yellow (5C8), surface nearly smooth, incurved at the margin; context 1.0–2.1 cm thick, soft, pastel green (29A4) to white (1A1), staining blue immediately when injured. Hymenophore adnexed with a decurrent tooth around stipe or sinuate, surface orange-red (8A6) to Persian orange (6A7) when young, greenish-yellow (1B6) to yellow (2A6) at mature, staining blue when bruised; pores angular to nearly round, 1–2/mm; tubes short, 0.6–1.0 cm long, greenish-yellow (1B6) to yellow (2A6), staining blue when injured. Stipe 6.2–13 × 1–1.8 cm, subcylindrical, greenish-yellow (1A8) at the apex, pastel red (9A5) toward the base, covered with red dots; context yellowish green (30A8), changing to blue when injured. Basal mycelium white.

Basidiospores (1/2/60) 9.00–10.10–11.50 (15.10) × 3.50–3.96–5.00 μm, Q = 2.25–3.02, Qm = 2.55 ± 0.17, subcylindrical to elongate ellipsoid, inequilateral in side view with slightly suprahilar depression, yellow-brown in 5% KOH, smooth. Basidia 20.5–34.0 × 7.2–11.0 μm, clavate, hyaline, or pale brown in 5% KOH. Hymenophoral trama boletoid type consists of 7.5–14.5 μm wide hyphae. Pleurocystidia 29.2–57.8 × 8.2–16.6 μm, lageniform, thin-walled, brown in 5% KOH. Cheilocystidia 25.0–45.9 × 6.8–14.5 μm, similar to pleurocystidia in shape, thin-walled, usually containing yellow to brownish-yellow pigments. Pileipellis interwoven ixotrichodermium consists of hyaline filamentous hyphae 5–7.5 μm in width, with terminal cells subcylindrical or sometimes with subacute apex. Stipitipellis composed of two layers, outer layer trichodermium, consisting of hyaline interwoven filamentous hyphae; inner layer hymeniform, with 16–25 × 8.8–13 μm thin-walled and inflated terminal cells. Clamp connection not observed.


Habitat. Scattered on the sandy soil in Castanea spp. forest.

Known distribution. Known to be distributed in southwestern China and central China.

Additional collections were examined. CHINA. Henan Province, Zhumadian City, Biyang County, 8 July 2021, 113° 29′ 45.25″ E, 32° 46′ 8.62″ N, Q024), W3022 (HMJAU 60056), 9 July 2021, 113° 29′ 47.40″ E, 32° 46′ 9.76″ N, W3029 (HMJAU 60055).



Notes. The hymenophoral characteristics of Lan. angustispora are different from the original description by Wu et al. (2016b) in hymenophoral surface is reddish when young, and yellow at mature. Morphologically, Lan. angustispora resembles Lan. flavorubra and cluster together in the phylogenetic tree; however, stipe of Lan. angustispora smooth, context soft and spores narrower.




Discussion

Macrofungi in East Asia are well-known to mycologists, because of their highly diverse and endemic nature (Hongo, 1960; Horak et al., 2011; Feng et al., 2012; Zeng et al., 2013; Wu et al., 2016a; Cui et al., 2019). The discovery of the new genus Hemilanmaoa further demonstrated this circumstance. Phylogenetically, Hemilanmaoa is embedded in the Pulveroboletus Group, forming a distinct lineage. Hemilanmaoa is the sister of “clade 1” (Figure 1), including Amoenoboletus G. Wu, E. Horak, & Zhu L. Yang, Pulveroboletus Murrill, and Suillellus However, Hemilanmaoa is different from Amoenoboletus in its context, and hymenophores change to blue when injured (Chen et al., 2019); Pulveroboletus differs in its pulverulent surface, distinctly marginal veil, and adnexed hymenophore (Wu et al., 2016a; Zeng et al., 2017); Suillellus can be distinguished by its usually olive pileus surface and amyloid hyphae of stipe base (Vizzini et al., 2014; Wang et al., 2022). Morphologically, Hemilanmaoa is similar to Rubroboletus Kuan Zhao & Zhu L. Yang, Neoboletus Gelardi, Simonini & Vizzini, Caloboletus Vizzini, Cyanoboletus Gelardi, Vizzini & Simonini and Lanmaoa G. Wu & Zhu L. Yang. However, Rubroboletus differs from Hemilanmaoa in its pileal surface reddish and pink to red reticulations on the surface of the stipe (Zhao et al., 2014b); Neoboletus is different from Hemilanmaoa due to its smooth stipe with no reticulations (Wu et al., 2016a); Caloboletus can be distinguished by paler pileus and smooth or reticulate stipe without dots (Wu et al., 2016a); Cyanoboletus is characterized by its stipe pruinose to the furfuraceous surface, ixosubcutis to subcutis pileipellis (Wu et al., 2016a); Lanmaoa differs from Hemilanmaoa in its adnexed or sinuate hymenophore and much thinner hymenophore (Wu et al., 2016b; Chai et al., 2019).

In our study, the phylogenetic analyses of Boletaceae showed different topologies in the BI and ML trees. None is similar to Wu et al. (2016a). The order of seven major clades in the BI tree was Chalciporoideae, Pseudoboletus, Baorangia, Pulveroboletus group, Austroboletoideae, Boletoideae, Leccinoideae, Zangioideae, and Xerocomoideae. However, the order in the ML tree was Chalciporoideae, Pseudoboletus, Zangioideae, Leccinoideae, Xerocomoideae, Austroboletoideae, Pulveroboletus group, and Boletoideae, and Baorangia clade was embed in Pulveroboletus group. In view of our results and combined with phylogenetic analyses of Zhao et al. (2014b), Badou et al. (2022), and Vadthanarat et al. (2022), the positions of the several major clades are still unstable. To confirm the order of the clades formed, more different species and more genes should be introduced to construct the phylogenetic tree. The phylogenetic trees (Figures 1, 2) showed that some sequestrate boletes were not monophyletic groups, such as Turmalinea Orihara & N. Maek., and Heliogaster Orihara & K. Iwase. Turmalinea and Heliogaster were paraphyletic with Rossbeevera T. Lebel & Orihara and Xerocomellus Šutara, respectively. However, in the study of Orihara et al. (2016), Turmalinea was the sister of Rossbeevera and formed an independent lineage. Given the extremely affair phylogenetic relationships between Turmalinea and Rossbeevera, we are suspicious about the reliability of separating Turmalinea from Rossbeevera. However, the further conclusion needs more detailed and abundant information on species.

In the phylogenetic analyses of Porphyrellus and Lanmaoa, our new species clustered with Po. cyaneotinctus (A.H. Sm. & Thiers) Singer. It was first published by Smith and Thiers based on specimens from Michigan and was now re-described by Li et al. according to Chinese collections in 2022 (Smith and Thiers, 1968; Li and Yang, 2021). Similar to Li et al., we also collected specimens from Henan Province, China with similar habitats. Combined with morphological characteristics and phylogenetic results, we recognized that this clade represented one species. However, compared to the original descriptions of Po. cyaneotinctus, there are four main characteristics, viz. (1) a different pileipellis structure, (2) color of pleurocystidia in Melzer’s, (3) features of caulocystidia, and (4) different habitat. Taken all together, they are sufficient to warrant the elevation of the Po. pseudocyaneotinctus.

In the phylogenetic analyses of Phylloporus, the “Phylloporus luxiensis KUN-HKAS 74684” clade was separated from the major clade of “Phylloporus luxiensis,” which was different from the result of Wu et al. (2021) but similar to that of Zeng et al. (2013).
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Polyporales is a diverse group of Agaricomycetes including more than 2,500 species belonging to 255 genera and 18 families. Recently, many studies focused on the classification of Polyporales, but the familial placements of some taxa remain uncertain. In this study, two new families, Climacocystaceae and Gloeoporellaceae of Polyporales, are proposed based on morphological characters and molecular data. Phylogenetic analyses of the two new families are inferred from the DNA sequences of the internal transcribed spacer regions (ITS), the large subunit of nuclear ribosomal RNA gene (nLSU), the largest subunit of RNA polymerase II gene (RPB1), the second largest subunit of RNA polymerase II gene (RPB2), and the translation elongation factor 1-α gene (TEF1). Furthermore, the divergence time of Polyporales was estimated as an additional taxonomic criterion based on the conserved regions of five DNA fragments (5.8S, nLSU, RPB1, RPB2, and TEF1). Bayesian evolutionary analysis revealed that the ancestor of Polyporales splits with a mean stem age of 136.53 Mya with a 95% highest posterior density (HPD) of 118.08–158.06 Mya. The mean stem ages of the families within Polyporales originated between 66.02 and 119.22 Mya, of which Climacocystaceae occurred in a mean stem age of 77.49 Mya with a 95% HPD of 61.45–93.16 Mya, and Gloeoporellaceae occurred in a mean stem age of 88.06 Mya with a 95% HPD of 67.15–107.76 Mya.
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molecular clock, multi-gene phylogeny, new family, taxonomy, white-rot fungi


Introduction

Polyporales Gäum is one of the major orders of Basidiomycota (Kirk et al., 2008). Most species of the Polyporales are saprotrophic wood-decay fungi, which can cause white decay or brown decay of wood, and play a vital role in the degradation and reduction of forest ecosystems. Moreover, some species of Polyporales are edible fungi, medicinal fungi, or forest pathogens (Dai et al., 2007; Rajchenber and Robledo, 2013; Wu et al., 2019). Due to their important ecological functions and economic values, Polyporales had been extensively studied, and their members were increased rapidly. In Kirk et al. (2008), Polyporales contain about 1,800 species, 216 genera, and 13 families, while in He et al. (2019), about 2,500 species, 285 genera, and 18 families are included in Polyporales.

Previously, the establishment of families in Polyporales was basically based on morphological characteristics. Polyporaceae Fr. ex Corda is the oldest family in Polyporales, which was proposed by Fries (1838) to include all fungi with poroid hymenophores. Then, Irpicaceae Spirin and Zmitr., Meruliaceae Rea, Podoscyphaceae D.A. Reid, Sparassidaceae Herter, and Steccherinaceae Parmasto were proposed successively and still legitimately exist in the current concept of Polyporales (Herter, 1910; Rea, 1922; Reid, 1965; Parmasto, 1968; Spirin, 2003; Justo et al., 2017). Jülich (1981) proposed a considerable number of families of Basidiomycetes, some of which belong to Polyporales were rarely used and treated as synonyms.

Since the 21st century, DNA sequencing and phylogenetic techniques have been widely used in the systematic study of Polyporales (Binder et al., 2005; Larsson, 2007; Miettinen et al., 2012). Binder et al. (2013) presented a phylogenetic and phylogenomic overview of the Polyporales and listed 40 validly published and legitimate family names. Zhao et al. (2015) introduced a new family Fragiliporiaceae Y-CD, B-KC, and C. L. Zhao based on the combination of morphological characters and molecular data. Justo et al. (2017) provided a phylogenetic overview of Polyporales, 18 clades in the Polyporales were assigned at the family level; the climacocystis clade (Climacocystis Kotl. and Pouzar, Diplomitoporus Domański) and Tyromyces merulinus (Berk.) G. Cunn. cannot be assigned to a family within Polyporales. He et al. (2019) carried out an outline of all genera of Basidiomycota; in which 19 families were placed in Polyporales, including 18 families accepted by Justo et al. (2017) and Fragiliporiaceae. However, the genera Climacocystis and Diplomitoporus remained with an uncertain familial placement. Liu et al. (2022) presented a systematic classification and phylogenetic relationships of the brown-rot fungi within the Polyporales; the study showed that 29 clades are assigned a family name, including four new brown-rot fungal families, viz., Auriporiaceae B.K. Cui, Shun Liu & Y.C. Dai, Piptoporellaceae B.K. Cui, Shun Liu & Y.C. Dai, Postiaceae B.K. Cui, Shun Liu & Y.C. Dai and Taiwanofungaceae B.K. Cui, Shun Liu & Y.C. Dai. They focused on the phylogenetic relationships of the brown-rot fungi within the Polyporales, and the number and composition of white-rot fungi family were consistent with the study of He et al. (2019).

Fruiting body types and wood decay types are two key traits in the evolutionary origins and genetic bases of fungi (Nagy et al., 2017). The Polyporales is a diverse group of Agaricomycetes, not only in molecular sequences but also in morphological characteristics (fruiting body: Resupinate, effused-reflexed, pileate-sessile, pileate-stipitate, cauliflower-like, etc.; Hymenophores: Poroid, daedaleoid, hydnoid, lamellate, labyrinthine, odontoid, etc.). Moreover, Polyporales include two types of wood decay fungi, white-rot fungi and brown-rot fungi (Binder et al., 2013; Justo et al., 2017). The varied fruiting body types and wood decay types indicate that there are complex evolutionary relationships among the members of Polyporales. Recently, divergence time was used as important criteria for the classification and estimation of evolutionary time in Basidiomycota (Chen et al., 2015; Song et al., 2016; Zhao et al., 2016, 2017; Song and Cui, 2017; He et al., 2019; Zhu et al., 2019; Wu et al., 2020; Wang et al., 2021; Ji et al., 2022).

During the investigations of wood decay fungi, abundant samples of Climacocystis, Diplomitoporus, and Gloeoporellus Zmitr. were collected. To determine their phylogenetic positions within Polyporales, phylogenetic analyses were carried out based on the combined sequence datasets of ITS + nLSU + RPB1 and ITS + nLSU + RPB1 + RPB2 + TEF1. In addition, divergence time, as an additional criterion, was estimated by the molecular clock analyses with 5-gene loci (5.8S, nLSU, RPB1, RPB2, and TEF1).



Materials and methods


Morphological studies

The specimens used in this study are deposited at the herbarium of the Institute of Microbiology, Beijing Forestry University, China (BJFC). Morphological studies and abbreviations of this study followed the study of Sun et al. (2020) and Ji et al. (2022).



Molecular studies and phylogenetic analysis

The approaches for DNA extraction and polymerase chain reaction (PCR) used in this study with some modifications followed the study of Cui et al. (2019) and Liu et al. (2021). The primer pairs are ITS5 and ITS4 for ITS regions, LR0R and LR7 for nLSU regions, RPB1-Af and RPB1-Cr for the RPB1 gene, bRPB2-6F and bRPB2-7R for the RPB2 gene, and EF1-983F and EF1-1567R for TEF1 (White et al., 1990; Matheny et al., 2002; Matheny, 2005; Rehner and Buckley, 2005). The PCR products were purified and sequenced at the Beijing Genomics Institute (BGI), China. All newly generated sequences were deposited at GenBank (Table 1).


TABLE 1    A list of species, specimens, and GenBank accession number of sequences used for phylogenetic analyses in this study.
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In the phylogenetic analyses, we selected exact and more gene fragments of representative species from previous studies. Other sequences were obtained from GenBank (Table 1). The sequences used in this study were aligned in MAFFT 7 (Katoh and Standley, 2013)1 and then manually adjusted in BioEdit (Hall, 1999). Each alignment sequence was spliced with Mesquite (Maddison and Maddison, 2017). The missing sequences and ambiguous nucleotides were coded as “N.”

The phylogenetic analysis methods used in this study followed Shen et al. (2019) and Sun et al. (2022). The sequences of Heterobasidion annosum (Fr.) Bref. and Stereum hirsutum (Willd.) Pers. were obtained as outgroups for the phylogenetic analyses following Binder et al. (2013) and Justo et al. (2017). The congruences of gene sequence datasets were evaluated with the incongruence length difference (ILD) test (Farris et al., 1994) with PAUP* 4.0b10 (Swofford, 2002), under 1,000 homogeneity replicates. Maximum parsimony analysis was applied to the combined gene dataset and the tree construction procedure was performed in PAUP* version 4.0b10. Clade robustness was assessed using a bootstrap (BT) analysis with 1,000 replicates (Felsenstein, 1985). Descriptive tree statistic tree length (TL), consistency index (CI), retention index (RI), rescaled consistency index (RC), and homoplasy index (HI) were calculated for each Most Parsimonious Tree (MPT) generated.

Maximum likelihood (ML) analysis was performed with RAxML-HPC v. 8.2.3 (Stamatakis, 2014) with 1,000 ML searches under the GTRGAMMA model, and only the maximum likelihood best tree from all searches was kept. Bayesian inference (BI) was performed using MrBayes v. 3.2 (Ronquist and Huelsenbeck, 2003) with four simultaneous independent chains for all datasets, performing five million generations until the split deviation frequency value of <0.01, and sampled every 100th generation. The first 25% of sampled trees were discarded as burn-in, while the remaining ones were used to calculate Bayesian posterior probabilities (BPPs) of the clades.

Phylogenetic trees were inferred from the combined sequences datasets of ITS + nLSU + RPB1 and ITS + nLSU + RPB1 + RPB2 + TEF1. Trees were viewed in FigTree v1.4.4.2 Branches that received bootstrap supports for maximum parsimony (MP), maximum likelihood (ML), and Bayesian posterior probabilities (BPP) greater than or equal to 75% (MP and ML) and 0.95 (BPP) were considered as significantly supported, respectively.



Divergence time estimation

Three fossil calibrations, Archaeomarasmius leggetti Hibbett, D. Grimaldi and Donoghue, Quatsinoporites cranhamii S. Y. Sm., Currah and Stockey, and Paleopyrenomycites devonicus Taylor, Hass, Kerp, M. Krings and Hanlin, were used in the divergence time estimating. Archaeomarasmius leggetti was used as the representative of the minimum age of Agaricales at 90–94 Mya (Hibbett et al., 1997); Q. cranhamii was the representative of the minimum age of Hymenochaetales at 113 Mya (Smith et al., 2004); P. devonicus was used as the representative of the minimum age between Basidiomycota and Ascomycota at 400 Mya (Taylor et al., 2005; Berbee and Taylor, 2010). Divergence time is estimated with the BEAST v1.8.0 software package (Drummond et al., 2012) with 5.8S, nLSU, RPB1, RPB2, and TEF1 sequences representing main lineages in Basidiomycota (Table 1).

All the DNA sequences of 5.8S, nLSU, RPB1, RPB2, and TEF1 were aligned in MAFFT 7 (Katoh and Standley, 2013) and manually adjusted in BioEdit (Hall, 1999). ModelTest 3.7 was used to estimate the rate of evolutionary changes at nucleic acids with the GTR substitution model (Posada and Crandall, 1998). BEATUti v2 was used to generate the BEAST XML input file. A log-normal distribution is employed for molecular clock analysis (Drummond and Rambaut, 2007). The clock model was set to an uncorrelated lognormal relaxed clock (Drummond et al., 2006; Lepage et al., 2007). A Yule speciation model is selected as the prior choice assuming a constant speciation rate per lineage. Gamma prior distribution was used for fossil node calibrations (shape = 1.0, scale = 50.0), and the offset was set at 90.0, 113.0, and 400.0 for Agaricales, Hymenochaetales, and Basidiomycota, respectively (Sánchez-Ramírez et al., 2014). All the ucld. mean parameters for different genes were set to gamma prior distribution, shape = 1.0, scale = 0.001, and offset = 0.0 (Sánchez-Ramírez et al., 2014). Overall, four independent Markov chain Monte Carlo (MCMC) chains of 100 million generations were conducted and saving trees every 5,000th generation. The log file is analyzed in Tracer v1.6 to confirm that the estimated effective sample size (ESS) is ≥2003. A maximum clade credibility (MCC) tree is summarized in TreeAnnotator, removing the first 10% of the sampled trees as burn-in and setting a posterior probability limit of 0.80, and viewed in FigTree v1.4.4.




Results


Phylogeny

The combined 3-gene (ITS + nLSU + RPB1) sequence dataset had an aligned length of 3,289 characters, including gaps (628 characters for ITS, 1,333 characters for nLSU, and 1,328 characters for RPB1), of which 1,415 characters were constant, 130 were variable and parsimony-uninformative, and 1,744 were parsimony-informative. MP analysis yielded 54 equally parsimonious trees (TL = 25,472, CI = 0.154, RI = 0.653, RC = 0.101, HI = 0.846). The best-fit evolutionary models applied in the Bayesian analyses were selected by MrModeltest2 v. 2.3 for each region of the three genes, and the model for ITS, nLSU, and RPB1 was GTR + I + G with an equal frequency of nucleotides. This model was applied in the Bayesian analyses for the combined dataset. ML analysis resulted in a similar topology as MP and Bayesian analyses, and only the ML topology is shown in Figure 1.
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FIGURE 1
Maximum likelihood tree illustrating the phylogeny of the Polyporales based on the combined sequence dataset of ITS + nLSU + RPB1. Branches are labeled with parsimony bootstrap proportions higher than 50%, maximum likelihood bootstrap higher than 50% and Bayesian posterior probabilities more than 0.90, respectively.


The combined 5-gene (ITS + nLSU + RPB1 + RPB2 + TEF1) sequence dataset had an aligned length of 4,849 characters, including gaps (628 characters for ITS, 1,333 characters for nLSU, 1,328 characters for RPB1, 1,020 characters for RPB2, and 540 characters for TEF1), of which 1,980 characters were constant, 177 were variable and parsimony-uninformative, and 2,692 were parsimony-informative. MP analysis yielded 80 equally parsimonious trees (TL = 41,080, CI = 0.149, RI = 0.634, RC = 0.094, HI = 0.851). The best-fit evolutionary models applied in the Bayesian analyses were selected by MrModeltest2 v. 2.3 for each region of the five genes, and the model for ITS, LSU, RPB1, RPB2, and TEF1 was GTR + I + G with an equal frequency of nucleotides. This model was applied in the Bayesian analyses for the combined dataset. ML analysis resulted in a similar topology as MP and Bayesian analyses, and only the ML topology is shown in Figure 2.
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FIGURE 2
Maximum likelihood tree illustrating the phylogeny of the Polyporales based on the combined sequence dataset of ITS + nLSU + RPB1 + RPB2 + TEF1. Branches are labeled with parsimony bootstrap proportions higher than 50%, maximum likelihood bootstrap higher than 50%, and Bayesian posterior probabilities more than 0.90, respectively.


The phylogenetic trees inferred from ITS + nLSU + RPB1 and ITS + nLSU + RPB1 + RPB2 + TEF1 gene sequences were obtained from 185 fungal samples representing 113 taxa of Polyporales and two taxa of Russulales (Figures 1, 2). A total of 810 sequences derived from five gene loci (ITS, nLSU, RPB1, RPB2, and TEF1) were used to reconstruct the phylogenetic trees, of which 153 were newly generated. Phylogenetic analyses showed that 27 clades within Polyporales are assigned family names, including two new families, viz., Climacocystaceae fam. nov. and Gloeoporellaceae fam. nov., established for the climacocystis lineage (Climacocystis and Diplomitoporus) and Gloeoporellus merulinus (Berk.) Zmitr. (= Tyromyces merulinus) (Figures 1, 2).



Divergence time estimation

The combined dataset (5.8S, nLSU, RPB1, RPB2, and TEF1) for the molecular clock analysis includes 174 fungal samples representing 132 taxa, of which 123 fungal samples represent 87 taxa belonging to Polyporales. The MCMC tree (Figure 3) shows that the most recent ancestor of Polyporales evolved during the early Cretaceous, approximately 136.53 Mya with a 95% highest posterior density (HPD) of 118.08–158.06 Mya. The youngest families of Polyporales are Cerrenaceae Miettinen, Justo and Hibbett and Panacea Miettinen, Justo and Hibbett, occurring in a mean stem age of 66.02 Mya with a 95% HPD of 45.28–86.67 Mya, the oldest family of Polyporales is Ischnodermataceae Jülich, occurring in a mean stem age of 119.22 with a 95% HPD of 102.03–136.08 Mya, and the average divergence time of the families in Polyporales is 86.34 Mya. The estimated divergence times for families of Polyporales are summarized in Table 2.
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FIGURE 3
Divergence time estimation of families within Polyporales from Bayesian evolutionary analysis sampling tree based on the combined sequence dataset of 5.8S + nLSU + RPB1 + RPB2 + TEF1. Posterior probabilities not less than 0.80 and the mean ages of each node are annotated. The 90% highest posterior densities of divergence time estimation are marked by horizontal bars.



TABLE 2    The divergence times of estimated taxa in Polyporales.
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Taxonomy

Climacocystaceae B.K. Cui, Shun Liu & Y.C. Dai, fam. nov.

MycoBank: MB 840367

Type genus: Climacocystis.

Diagnosis: Basidiomata annual, pileate, resupinate to effused-reflexed, soft corky and watery when fresh, brittle, corky to hard corky when dry. Hymenophores poroid. Hyphal system monomitic, dimitic to trimitic; generative hyphae with clamp connections, skeletal hyphae IKI–, CB–. Cystidia present or absent, cystidioles occasionally present. Basidiospores broadly ellipsoid to globose, colorless, thin- to slightly thick-walled, smooth, IKI–, CB–. Causing a white rot.

Genera: Climacocystis, Diplomitoporus.

Climacocystis Kotl. and Pouzar, Ceská Mykologie 12 (2): 95, 1958.

MycoBank: MB 17325

Type species: Climacocystis borealis (Fr.) Kotl. and Pouzar.

Diagnosis: Basidiomata annual, pileate, sessile to laterally substipitate, usually imbricate, soft and watery when fresh, corky to hard corky and light in weight when dry. Pileus applanate, fan-shaped to dimidiate. Pileal surface white to cream, tomentose to hirsute when fresh, becoming cream, yellowish-brown to orange-brown, glabrous or tufted with short stiff hairs when dry, often radially furrowed, azonate; margin acute. Pore surface white to cream when fresh, becoming cream, clay-buff to orange-brown when dry; pores angular or irregular; dissepiments thin, entire to lacerate. Context white to clay-buff, corky to hard corky. Tubes white, clay-buff to orange-brown, corky to hard corky. Hyphal system monomitic; generative hyphae with clamp connections, IKI–, CB–; tissues unchanged in KOH. Cystidia present, ventricose, colorless, thin- to thick-walled, smooth or apically encrusted. Basidia clavate, colorless, thin-walled. Basidiospores ellipsoid to subcylindrical, colorless, thin-walled, smooth, IKI–, CB–. Causing a white rot.

Notes: Climacocystis was established by Kotlába and Pouzar (1958) and typified by C. borealis, which is widely distributed in the northern hemisphere (Gilbertson and Ryvarden, 1986; Núñez and Ryvarden, 2001; Dai, 2012). Song et al. (2014) carried out taxonomic and phylogenetic studies on Climacocystis in China, and C. montana B-KC and JS described high elevations in southwestern China based on morphological and molecular characteristics. Currently, two species are accepted in Climacocystis, including C. borealis and C. montana. Basidiomata of C. borealis and C. montana are shown in Figure 4.
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FIGURE 4
Basidiomata of Climacocystis and Diplomitoporus species: C. borealis (A,B: Dai 13028); C. montana (C,D: Cui 17502); D. crustulinus (E: Cui 17394; F: Cui 17475); D. flavescens (G: Dai 22798; H: Dai 23640). Scale bars: A = 2 cm; B,C,D = 3 cm; E,F,G,H = 1.5 cm.


Specimens examined: Climacocystis borealis. CHINA. Heilongjiang Province, Yichun, Wuying, Fenglin Nature Reserve, on stump of Pinus sp., 8 September 2002, Dai 3703 (BJFC 000443). FINLAND. Helsinki, Vantaa, Tamisto Nature Reserve, on fallen trunk of Picea sp., 22 September 2010, Dai 11798 (BJFC 008905); on stump of Picea sp., 15 November 2011, Dai 12681 (BJFC 012265). SWITZERLAND. Geneva, on living tree of Picea sp., 25 November 2012, Dai 13208 (BJFC 014072). Climacocystis montana. CHINA. Xizang Autonomous Region (Tibet), Leiwuqi County, on fallen trunk of Picea sp., 22 September 2010, Cui 9603 (BJFC 008541, holotype), Cui 9610 (BJFC 008548), Cui 9612 (BJFC 008550), Cui 9607 (BJFC 008545). Sichuan Province, Jiuzhaigou County, Jiuzhaigou Nature Reserve, on fallen trunk of Picea sp., 11 October 2012, Cui 10603 (BJFC 013528). Yunnan Province, Shangri-La County, Pudacuo National Park, on root of Picea sp., 17 September 2018, Cui 17122 (BJFC 030422), Cui 17123 (BJFC 030423), Cui 17124 (BJFC 030424), 13 August 2019, Cui 17502 (BJFC 034361); on root of Picea sp., 7 September 2021, Dai 23003 (BJFC 037576).

Diplomitoporus Domanski, Acta Societatis Botanicorum Poloniae 39: 191, 1970.

MycoBank: MB 17515

Type species: Diplomitoporus flavescens (Bres.) Domański.

Diagnosis: Basidiomata annual, resupinate to effuse-reflexed, fibrous, soft corky when fresh, brittle to hard corky when dry. Pore surface white, cream to straw-yellow when fresh, becoming cream, ochraceous to dark ochraceous when dry; pores round to angular. Context cream to ochraceous, brittle to corky. Tubes concolorous with the pore surface, brittle to hard corky. Hyphal system dimitic to trimitic; generative hyphae with clamp connections; skeletal hyphae IKI–, CB–. Cystidia absent; cystidioles occasionally present, subclavate to fusoid, colorless, thin-walled, smooth. Basidia clavate, subclavate to subglobose, colorless, thin-walled. Basidiospores allantoid to ellipsoid or globose, colorless, thin- to slightly thick-walled, smooth, IKI–, CB–. Causing a white rot.

Notes: Diplomitoporus was described by Domanski (1970) with D. flavescens as type species. Some species of Diplomitoporus have been transferred to other genera based on morphological or molecular evidence (Ghobad-Nejhad and Dai, 2010; Miettinen, 2012). Baltazar et al. (2014) reviewed the species of Diplomitoporus from Brazil and reported seven species of this genus in Brazil. In recent years, Ryvarden and co-authors described several Diplomitoporus species based on their morphological characteristics (Ryvarden, 2018, 2019, 2020; Decock and Ryvarden, 2020). Although 34 Diplomitoporus species are recorded in Index Fungorum,4 only the molecular sequences of D. crustulinus and D. flavescens are available in GenBank. Basidiomata of D. crustulinus and D. flavescens are shown in Figure 4.

Specimens examined: Diplomitoporus crustulinus. CHINA. Sichuan Province, Daocheng County, Yading Nature Reserve, on fallen branch of Picea sp., 11 August 2019, Cui 17394 (BJFC 034253); Jiulong County, on fallen branch of Abies sp., 12 September 2019, Cui 17690 (BJFC 034549). Yunnan Province, Shangri-La County, Pudacuo National Park, on fallen branch of Picea sp., 13 August 2019, Cui 17475 (BJFC 034334). Diplomitoporus flavescens. BELARUS. Brestskaya Voblasts, Belavezhskaya Pushcha National Park, on fallen trunk of Pinus sp., 18 October 2019, Dai 21020 (BJFC 032679). CHINA. Hebei Province, Zhuolu County, Xiaowutai Nature Reserve, on dead tree of Pinus sp., 9 September 2017, Dai 18096 (BJFC 025626), Dai 18097 (BJFC 025627). Jilin Province, Antu County, Changbaishan Nature Reserve, on fallen branch of Pinus sp., 20 September 2019, Dai 20846 (BJFC 032515). Sichuan Province, Xiangcheng County, on fallen branch of Pinus sp., 12 August 2019, Cui 17419 (BJFC 034278), Cui 17457 (BJFC 034316), Cui 17459 (BJFC 034318). Xizang Autonomous Region (Tibet), Linzhi, Bomi County, Bulang, on fallen branch of Pinus yunnanensis, 21 October 2021, Dai 23640 (BJFC 038212); on fallen trunk of Pinus yunnanensis, 21 October 2021, Dai 23650 (BJFC 038222); Chayu County, Cibagou Nature Reserve, on fallen branch of Pinus densata, 10 September 2020, Cui 18420 (BJFC 035281), Cui 18428 (BJFC 035289), Cui 18444 (BJFC 035305); Mangkang County, Jueba Mountain, on fallen branch of Pinus densata, 9 September 2020, Cui 18392 (BJFC 035253). Yunnan Province, Lanping County, Tongdian, Luoguqing, on fallen branch of Pinus yunnanensis, 3 September 2021, Dai 22798 (BJFC 037371).

Gloeoporellaceae B.K. Cui, Shun Liu & Y.C. Dai, fam. nov.

MycoBank: MB 840368

Type genus: Gloeoporellus.

Diagnosis: Basidiomata annual, resupinate to effused-reflexed, soft corky to corky when fresh, corky to fragile when dry. Hymenophores poroid. Hyphal system dimitic; generative hyphae with clamp connections, binding hyphae IKI–, CB+. Cystidia absent; cystidioles present. Basidiospores allantoid, colorless, thin-walled, smooth, IKI–, CB–. Causing a white rot.

Genus: Gloeoporellus.

Gloeoporellus Zmitr., Folia Cryptogamica Petropolitana 6: 85, 2018.

MycoBank: MB 827569

Type species: Gloeoporellus merulinus.

Diagnosis: Basidiomata annual, resupinate to effuse-reflexed, soft corky to corky when fresh, corky to fragile when dry. Pore surface buff-yellow, yellowish brown to apricot-orange when fresh, yellowish buff to orange-yellow when dry; pores round to angular. Context buff-yellow to orange-yellow, corky to fragile. Tubes concolorous with the pore surface, corky to fragile. Hyphal system dimitic; generative hyphae with clamp connections; binding hyphae IKI–, CB+. Cystidia absent; cystidioles present, tubular to fusoid, colorless, thin-walled, smooth. Basidia subclavate, colorless, thin-walled. Basidiospores allantoid to cylindrical, colorless, thin- to slightly thick-walled, smooth, IKI–, CB–. Causing a white rot.

Notes: Tyromyces merulinus was proposed by Cunningham (1965) as a new combination. This species distributes in Argentina, Australia, and New Zealand in the southern hemisphere, and the type locality is Tasmania, Australia (Cunningham, 1965). In Justo et al. (2017), Tyromyces merulinus cannot be placed with certainty in any of the recognized families. Zmitrovich (2018) presented the system of Polyporaceae and carried out the overview of the order Polyporales; Gloeoporellus was proposed as a new genus, with Tyromyces merulinus as type species. Zmitrovich (2018) and He et al. (2019) placed Gloeoporellus into Incrustoporiaceae Jülich, but without the support of phylogenetic analysis. Only one species, Gloeoporellus merulinus, is accepted in this genus now. Basidiomata of G. merulinus are shown in Figure 5.
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FIGURE 5
Basidiomata of Gloeoporellus species: G. merulinus (A: Cui 16724; B: Dai 18735). Scale bars: A,B = 2 cm.


Specimens examined: Gloeoporellus merulinus. AUSTRALIA. Tasmania, Mount Field Forest, close to Mount National Park, on rotten wood of Nothofagus cunninghamii, 14 May 2018, Dai 18734 (BJFC 027203); on rotten wood of Nothofagus sp., 14 May 2018, Dai 18735 (BJFC 027204); on living tree of Eucalyptus sp., 14 May 2018, Cui 16676 (BJFC 029975); Hobart, Mount Wellington, on rotten wood of Acacia sp., 13 May 2018, Cui 16629 (BJFC 029928); Timbs Track, on fallen trunk of Nothofagus sp., 14 May 2018, Cui 16650 (BJFC 029949), Cui 16668 (BJFC 029967); Arve River, Streamside Nature Reserve, on dead tree of Eucalyptus sp., 15 May 2018, Dai 18782 (BJFC 027250); on fallen trunk of Eucalyptus sp., 15 May 2018, Cui 16724 (BJFC 030023).




Discussion

The Polyporales are a diverse group of Agaricomycetes, which have received extensive attention and studies. Some mycologists have attempted to adopt ribosomal RNA genes to study the phylogeny of Polyporales, but the results suggested that it is difficult to resolve the taxonomic structure of Polyporales (Larsson et al., 2004; Binder et al., 2005). Subsequently, protein-coding genes, including RPB1, RPB2, and TEF1, were applied to the phylogenetic study of Polyporales (Matheny et al., 2007; Binder et al., 2013; Zhao et al., 2015; Justo et al., 2017). To better verify the independent status of the two new families and provide more molecular data for future research, the phylogenetic analyses of Polyporales are inferred from the combined datasets of ITS + nLSU + RPB1 sequences (Figure 1) and ITS + nLSU + RPB1 + RPB2 + TEF1 sequences (Figure 2). The topological structures obtained from the phylogenetic analyses of the two sequence datasets are slightly different, probably due to the different gene fragments used in the phylogenetic analyses. The results showed that 27 lineages of Polyporales are recognized at the family level (Figures 1, 2), viz., Adustoporiaceae Audet, Cerrenaceae, Dacryobolaceae Jülich, Fibroporiaceae Audet, Fomitopsidaceae Jülich, Fragiliporiaceae, Gelatoporiaceae Miettinen, Justo and Hibbett, Grifolaceae Jülich, Hyphodermataceae Jülich, Incrustoporiaceae, Irpicaceae, Ischnodermataceae, Laetiporaceae Jülich, Laricifomitaceae Jülich, Meripilaceae Jülich, Meruliaceae, Panaceae, Phaeolaceae Jülich, Phanerochaetaceae Jülich, Podoscyphaceae, Polyporaceae, Pycnoporellaceae Audet, Sarcoporiaceae Audet, Sparassidaceae, Steccherinaceae, the climacocystis lineage (Climacocystis and Diplomitoporus) and Gloeoporellus merulinus (Tyromyces merulinus) could not be recognized in any existing families and they are proposed as two new families.

Binder et al. (2005) showed that Climacocystis nested inside the antrodia clade, but other analyses showed that Climacocystis grouped in the residual polyporoid clade (Miettinen et al., 2012; Binder et al., 2013; Justo et al., 2017). Justo et al. (2017) indicated that Climacocystis and Diplomitoporus grouped together with high support within the residual clade and could not be assigned to any recognized family of the Polyporales. Perhaps, previous studies lacked sufficient morphological features and molecular data to determine the family level of Climacocystis and Diplomitoporus, so their classifications at the family level were treated as incertae sedis (He et al., 2019). In the present study, Climacocystis and Diplomitoporus grouped together with high support within the residual clade (100% MP, 100% ML, 1.00 BPP; Figures 1, 2). This lineage has unique morphological characters and forms a well-supported clade. Phylogenetically, Climacocystaceae was closely related to the white-rot fungal families Hyphodermataceae, Meripilaceae, Podoscyphaceae, and Steccherinaceae (Figures 1, 2). Morphologically, Hyphodermataceae differs by having corticioid basidiomata, monomitic hyphal system, and thin-walled basidiospores; Meripilaceae differs in having monomitic or dimitic hyphal system without clamped generative hyphae; Podoscyphaceae differs by possessing mostly pileate basidiomata with smooth, ridged, or poroid hymenophore, dimitic or trimitic hyphal system, and thin-walled basidiospores; Steccherinaceae differs in possessing poroid or hydnoid hymenophore, dimitic hyphae system, mostly thin-walled, and rather small basidiospores (Reid, 1965; Parmasto, 1968; Jülich, 1981; Justo et al., 2017). Thus, a new family, Climacocystaceae, is proposed based on phylogenetic analyses and morphological characters. Rickiopora Westph., Tomšovskı, and Rajchenb. Were established by Westphalen et al. (2016) and related to Climacocystis. But in the current study, Rickiopora cannot be grouped with Climacocystaceae with high support (Figures 1, 2). Hypochnicium J. Erikss. and Bulbillomyces Jülich were grouped together and given an informal name as the hypochnicium clade, and the hypochnicium clade was closely related to the climacocystis clade without high support (Justo et al., 2017). In our current study, the hypochnicium clade is not closely related to the climacocystis clade (Figures 1, 2). Regarding the phylogenetic relationship between the climacocystis clade and related taxa, we found some differences between the current study and previous studies. This may be due to the difference in the number and composition of samples, gene fragments, and analysis methods used in the phylogenetic analysis. Nevertheless, all phylogenetic analyses support that the climacocystis clade cannot be placed in any recognized family and should be established as a new family.

Justo et al. (2017) revealed that Tyromyces merulinus is sister to Incrustoporiaceae, and this species cannot be assigned to a family within Polyporales. Subsequently, Gloeoporellus was proposed to accommodate Tyromyces merulinus (Zmitrovich, 2018) and was placed in the Incrustoporiaceae (Zmitrovich, 2018; He et al., 2019) without the verification of the phylogenetic analysis. In the present study, specimens of Gloeoporellus merulinus are grouped together with high support (100% MP, 100% ML, 1.00 BPP; Figures 1, 2), and are closely related to Fragiliporiaceae and Incrustoporiaceae without statistical support. Morphologically, Fragiliporiaceae resembles Gloeoporellaceae by having an annual growth habit, resupinate basidiomata, clamped generative hyphae, and thin-walled basidiospores. However, Fragiliporiaceae differs by its brittle basidiomata, grayish-buff to lavender pore surface when fresh, vinaceous gray to grayish brown when dry, larger pores, monomitic hyphal system, larger, and allantoid basidiospores (Zhao et al., 2015). Gloeoporellaceae and Incrustoporiaceae share poroid hymenophores, clamped generative hyphae and thin-walled basidiospores, but Incrustoporiaceae differs by having pileate, resupinate to effused-reflexed basidiomata, monomitic, dimitic to trimitic hyphal system, allantoid to ellipsoid or subglobose basidiospores, and tips of generative hyphae at tube mouths commonly with rose-thorn encrustations (Justo et al., 2017; Korhonen et al., 2018; Yuan et al., 2020). Thus, a new family, Gloeoporellaceae, is proposed to accommodate Gloeoporellus merulinus.

In the current study, the molecular clock analysis is executed to verify the taxonomic system for Polyporales with the estimated divergence time. The MCC tree (Figure 3) shows that the ancestor of Agaricales, Amylocorticiales, Cantharellales, Hymenochaetales, Hysterangiales, Phallales, Polyporales, Russulales, and Thelephorales split at about 120.6, 127.4, 243.29, 224.4, 93.89, 93.89, 136.53, 156.58, and 136.53 Mya, respectively; these data generally agree with previous studies (Chen et al., 2015; He et al., 2019; Wang et al., 2021; Ji et al., 2022). He et al. (2019) showed the mean of stem age of families within Agaricomycotina in a range of 27–259 Mya, among which the mean of stem age of six families in Polyporales ranged from 62 to 106 Mya. The current molecular clock analysis shows that the families in Polyporales diverged between 66.02 and 119.22 Mya (Figure 3 and Table 2), of which the Climacocystaceae occur in a mean stem age of 77.49 Mya and Gloeoporellaceae occur in a mean stem age of 88.06 Mya. According to the evolutionary divergence times, Climacocystaceae and Gloeoporellaceae could be recognized as independent families within Polyporales.
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Two new species of Antrodia, A. aridula and A. variispora, are described from western China. Phylogeny based on a six-gene dataset (ITS + nLSU + nSSU + mtSSU + TEF1 + RPB2) demonstrates that samples of the two species form two independent lineages within the clade of Antrodia s.s. and are different in morphology from the existing species of Antrodia. Antrodia aridula is characterized by its annual and resupinate basidiocarps with angular to irregular pores of 2–3 mm each and oblong ellipsoid to cylindrical basidiospores measuring 9–12 × 4.2–5.3 μm, growing on gymnosperm wood in a dry environment. Antrodia variispora is characterized by its annual and resupinate basidiocarps with sinuous or dentate pores with a size of 1–1.5 mm each and oblong ellipsoid, fusiform, pyriform, or cylindrical basidiospores measuring 11.5–16 × 4.5–5.5 μm, growing on the wood of Picea. The differences between the new species and morphologically similar species are discussed in this article.

KEYWORDS
 fomitopsidaceae, multigene, taxonomy, wood-inhabiting fungi, phylogeny


Introduction

Antrodia P. Karst. is one of the major groups of fungi causing brown rot, mostly on gymnosperm wood in the Northern Hemisphere (Gilbertson and Ryvarden, 1986; Núñez and Ryvarden, 2001; Ryvarden and Melo, 2017; Wu et al., 2022), and traditionally, the members of the genus are characterized by annual to perennial, leathery, mostly light colored, resupinate to effused-reflexed or distinctly pileate basidiocarps; a dimitic hyphal structure or a few species with a monomitic hyphal system; generative hyphae with clamp connections; skeletal hyphae negative in Melzer’s reagent; some species with amyloid skeletal hyphae; and hyaline, thin-walled basidiospores which are negative in Melzer’s reagent and cotton blue (Spirin et al., 2013; Liu et al., 2022). Recent studies demonstrated that this genus is polyphyletic including 12 small and monophyletic genera (Ortiz-Santana et al., 2013; Spirin et al., 2013; Runnel et al., 2019; Liu et al., 2022), and Antrodia s. str. Has been delimited as the species grouped around Antrodia serpens (Fr.) P. Karst. within the antrodia clade of Polyporales (Hibbett and Donoghue, 2001; Spirin et al., 2013).

During an investigation on polypores in western China, five resupinate, cream to buff specimens were collected from Qinghai Province and Inner Mongolia Autonomous Region, western China. Macromorphology and the ecology of brown rot on gymnosperm wood showed that they belong to Antrodia s.l., and further morphological examination and phylogenetic analysis indicated that they represent two undescribed species of Antrodia s. str. Thus, we describe them as two new species in the present article.



Materials and methods


Morphological studies

All studied specimens are deposited in the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC). Morphological descriptions are based on field notes and microscopic examinations of voucher specimens. Special color terms are based on Anonymous (1969) and Petersen (1996). Microscopic structures refer to Spirin et al. (2013), Chen and Cui (2015), and Liu et al. (2022).



DNA extraction, amplification, and sequencing

Acetyl trimethylammonium bromide rapid plant genome extraction kit (Aidlab Biotechnologies Co., Ltd., Beijing, China) was used to obtain DNA templates from dried specimens and perform the polymerase chain reaction (PCR) according to the manufacturer’s instructions with some modifications (Chen and Dai, 2021; Liu et al., 2022). The primers of ITS, including nLSU, nSSU, mtSSU, TEF1, and RPB2, for amplifying the DNA regions are mentioned in Table 1. The PCR procedure for ITS, mtSSU, TEF1, and RPB2 follows Liu et al. (2022). All newly generated sequences have been submitted to GenBank and are listed in Table 2.



TABLE 1 PCR primers used in this study.
[image: Table1]



TABLE 2 Taxa information and GenBank accession numbers of the sequences used in this study.
[image: Table2]



Phylogenetic analysis

A total of 98 samples of Antrodia and related taxa were used for phylogenetic analysis in this study (Table 2). Oligoporus rennyi (Berk. & Broome) Donk and Postia lactea (Fr.) P. Karst. were selected as outgroups for phylogenetic analysis following Liu et al. (2022), based on the combined datasets of the internal transcribed spacer (ITS) region, the large subunit nuclear ribosomal RNA gene (nLSU), the small subunit nuclear ribosomal RNA gene (nSSU), the small subunit mitochondrial rRNA gene sequences (mtSSU), the translation elongation factor 1-α gene (TEF1), and the second subunit of RNA polymerase II (RPB2). Sequences were aligned with MAFFT v. 7 online1 adjusting the direction of nucleotide sequences according to the first sequence (accurate enough for most cases), selecting the G-INS-i iterative refinement method (Katoh et al., 2017). The aligned sequences were deposited at TreeBase (submission ID 29874).2

The analyses of maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference (BI) refer to Liu et al. (2022).




Results


Phylogeny

The concatenated dataset included 98 ITS sequences, 90 nLSU sequences, 67 nSSU sequences, 64 mtSSU sequences, 70 TEF1 sequences, and 66 RPB2 sequences representing 54 taxa. There are 4,608 characters in the dataset, including 3,044 were constant, 144 were variable and parsimony-uninformative, and 1,420 were parsimony-informative. MP analysis yields a tree (TL = 8,189, CI = 0.323, RI = 0.700, RC = 0.226, HI = 0.677). “GTR + I + G” was the best model for the BI analysis, lset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1). The average standard deviation of split frequencies in the BI analysis was 0.008957. Branches that received bootstrap support for MP (MP-BS), ML (ML-BS), and BI (BPP) greater than or equal to 50% (MP-BS and ML-BS) and 0.95 (BPP) are considered as significantly supported, respectively.

The current phylogeny placed all samples of Antrodia in a high supported clade (Figure 1). Two new species Antrodia aridula and A. variispora formed two well-supported lineages, respectively (100% MP 100% ML 1.00 BI and 99% MP 100% ML 1.00 BI). The two new species clustered with Antrodia macra (Sommerf.) Niemelä formed a well-supported subclade (96% MP 98% ML 1.00 BI).

[image: Figure 1]

FIGURE 1
 Maximum likelihood illustrating the phylogeny of Antrodia s.s. and related genera based on ITS + nLSU + nSSU + mtSSU + TEF1 + RPB2. Branches are labeled with parsimony bootstrap proportions and maximum likelihood bootstrap higher than 50%, and Bayesian posterior probabilities more than 0.95, respectively.




Taxonomy

Antrodia aridula Y.C. Dai, H.M. Zhou, Y.D. Wu & Shun Liu, sp. nov. Figures 2, 3.

[image: Figure 2]

FIGURE 2
 Basidiocarps of Antrodia aridula (holotype, Dai 24525). Scale bar: 2 cm.


[image: Figure 3]

FIGURE 3
 Microscopic structures of Antrodia aridula (holotype, Dai 24525). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidioles. (D) Hyphae from trama. (E) Hyphae from subiculum.


MycoBank number: 846495.

Holotype: China. Inner Mongolia Autonomous Region, Alxa Left Banner, Helanshan Nature Reserve, elev. 2270 m, N 38.865282, E 105.899814, on fallen trunk of Picea crassifolia, 17 September 2022, Dai 24525 (BJFC).

Etymology: Aridula (Lat.): Referring to the species that prefer to the dry environment in Helan Mts. around the desert area of the Inner Mongolia Autonomous Region.

Basidiocarps: Annual, resupinate, tightly attached on wood, leathery when fresh, hard corky when dry, up to 5 cm long, 2 cm wide, and 0.5-mm thick at the center. Pore surface cream when fresh, becoming cream to buff when dry; sterile margin thinning out, white, up to 1 mm wide; pores angular to irregular, 2–3 per mm; dissepiments thin, lacerate. Subiculum cream, hard corky, paler contrast with tubes, up to 0.1-mm thick. Tubes concolorous with pores, hard corky, up to 0.4-mm long.

Hyphal structure: Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae IKI–, CB–; tissue unchanged in KOH.

Subiculum: Generative hyphae hyaline, thin-to slightly thick-walled, rarely branched, 2–3 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a narrow lumen to subsolid, rarely branched, 2–5 μm in diam.

Tubes: Generative hyphae frequent, hyaline, thin-to slightly thick-walled, rarely branched, 2–3 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a narrow lumen to subsolid, rarely branched, interwoven, 3–4 μm in diam. Cystidia absent; cystidioles present, fusoid, thin-walled, 21–26 × 5–7 μm. Basidia clavate, with a basal clamp connection and four sterigmata, 23–30 × 9–10 μm; basidioles in shape similar to basidia, but smaller.

Spores: Basidiospores oblong ellipsoid to cylindrical, gently arcuate and tapering toward the apiculus, hyaline, thin-walled, smooth, sometimes within a few small guttules, IKI–, CB–, (8.5–)9–12(−12.8) × (4–)4.2–5.3(−5.6) μm, L = 10.31 μm, W = 4.7 μm, Q = 2.14–2.22 (n = 90/3).

Additional specimens examined (paratypes): China. Inner Mongolia Autonomous Region, Alxa Left Banner, Helanshan Nature Reserve, elev. 2270 m, N 38.865282, E 105.899814, on fallen trunk of Picea crassifolia, 17 September 2022, Dai 24526 (BJFC), Dai 24527 (BJFC); Helanshan Forest Park, elev. 2070 m, N 38.971847, E 105.905048, on fallen branch of Pinus tubaeliformis, 18 September 2022, Dai 24530 (BJFC).

Notes: Antrodia aridula is characterized by its annual and resupinate basidiocarps with angular to irregular pores of 2–3 per mm, a dimitic hyphal structure, the presence of fusoid cystidioles, basidiospores oblong ellipsoid to cylindrical, gently arcuate and tapering toward the apiculus, 9–12 × 4.2–5.3 μm, and growing on gymnosperm wood in a dry environment of West China. Antrodia aridula and Cartilosoma ramentaceum (Berk. & Broome) Teixeira (≡ Antrodia ramentacea (Berk. & Broome)) Donk have similar pores and growing on the wood of Pinus, but the latter differs from the former by gelatinous basidiocarps, smaller basidiospores (6.2–8.1 × 2.1–2.7 μm vs. 9–12 × 4.2–5.3 μm) and wider geographical distribution (Niemelä, 2005). Cartilosoma is different from Antrodia by completely resupinate and soft basidiocarps when fresh, and gelatinous hymenophore (Liu et al., 2022). Antrodia aridula is similar to A. macra (Sommerf.) Niemelä in macromorphology, and both species are closely related (Figure 1), but the latter species has smaller basidiospores (7.4–11 × 3–4.3 μm vs. 9–12 × 4.2–5.3 μm, Niemelä, 2005), and growing on Salix and Populus only (Ryvarden and Melo, 2017). Antrodia aridula is also closely related to Antrodia variispora (Figure 1), but the latter species has bigger and variable basidiospores (9–12 × 4.2–5.3 μm vs. 11.5–16 × 4.5–5.5 μm).

Ecologically, Antrodia aridula grows on fresh fallen gymnosperm trunks and branches in a dry environment, indicating a pioneer decayer in the coniferous forests of western China.

Antrodia variispora Y.C. Dai, H.M. Zhou, Y.D. Wu & Shun Liu, sp. nov. Figures 4, 5.
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FIGURE 4
 Basidiocarp of Antrodia variispora (holotype, Dai 23995). Scale bar: 2 cm.
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FIGURE 5
 Microscopic structures of Antrodia variispora (holotype, Dai 23995). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidioles. (D) Hyphae from trama. (E) Hyphae from subiculum.


MycoBank number: 846496.

Holotype: China. Qinghai Province, Nangqian County, Baizha Forest Park, elev. 4090 m, N 31.855040, E 96.467402, on stump of Picea likiangensis var. balfouriana, 7 August 2022, Dai 23995 (BJFC).

Etymology: Variispora (Lat.): Referring to the species having variable basidiospores.

Basidiocarp: Annual, resupinate, tightly attached to wood, leathery when fresh, hard corky to rigid when dry, up to 16 cm long, 6 cm wide, and 1.3-mm thick at the center. Pore surface cream when fresh, becoming cinnamon-buff when dry; sterile margin very narrow to almost lacking; pores sinuous or dentate, (0.5–)1–1.5(−2) per mm; dissepiments thin, lacerate. Subiculum cream, hard corky, paler contrast with tubes, up to 0.3-mm thick. Tubes concolorous with pores, rigid, up to 1-mm long.

Hyphal structure: Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae IKI–, CB–; tissue unchanged in KOH.

Subiculum: Generative hyphae infrequent, hyaline, thin-to slightly thick-walled, rarely branched, 2–4 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a narrow lumen to subsolid, rarely branched, interwoven, 2.5–4 μm in diam.

Tubes: Generative hyphae frequent, hyaline, thin-to slightly thick-walled, frequently branched, 2.5–4 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a narrow lumen to subsolid, occasionally branched, interwoven, 3–5 μm in diam. Cystidia absent; cystidioles present, fusoid, thin-walled, 22–41 × 4.5–5 μm. Basidia clavate to pyriform, with a basal clamp connection and four sterigmata, 24–35 × 7–10 μm; basidioles in shape similar to basidia, but smaller.

Spores: Basidiospores variable, oblong ellipsoid, fusiform, pyriform or cylindrical, gently arcuate and tapering toward the apiculus, hyaline, thin-walled, smooth, usually within a few small guttules, IKI–, CB–, (11–)11.5–16(−18.5) × 4.5–5.5(−5.8) μm, L = 13.47 μm, W = 5.12 μm, Q = 2.63 (n = 30/1).

Notes: Antrodia variispora is characterized annual and resupinate basidiocarps with sinuous or dentate pores of 1–1.5 per mm, a dimitic hyphal structure, the presence of fusoid cystidioles, basidiospores variable, oblong ellipsoid, fusiform, pyriform or cylindrical, 11.5–16 × 4.5–5.5 μm, and growing on the wood of Picea in West China. Antrodia variispora is similar to Adustoporia sinuosa (Fr.) Audet (≡ Antrodia sinuosa (Fr.) P. Karst.) in macromorphology, but the latter species has distinctly smaller basidia (11–15 × 4–5 μm vs. 24–35 × 7–10 μm, Ryvarden and Gilbertson, 1993) and smaller basidiospores (4.9–6 × 1.4–1.8 μm vs. 11.5–16 × 4.5–5.5 μm, Niemelä, 2005). Adustoporia differs from Antrodia s. str. by pale brown pore surface when fresh, smaller basidia (15–22 × 4–5 μm), smaller basidiospores (4–6 × 1–2 μm, Audet, 2017b). Antrodia variispora and Dentiporus albidoides (A. David & Dequatre) Audet (≡ Antrodia albidoides A. David & Dequatre) have similar pore and basidiospore dimensions (Ryvarden and Melo, 2017), but the latter species has skeletocystidia, uniformed cylindrical basidiospores, and growing on angiosperm wood in Mediterranean area (Ryvarden and Melo, 2017). In addition, phylogenetically both species are distantly related (Figure 1). The genus Dentiporus differs from Antrodia s. str by often resupinate basidiocarps usually with rose pink tinted pore surface and round to irpicoid pores (Audet, 2017a). Antrodia variispora is closely related to A. macra (Figure 1), but A. macra has regularly cylindrical to oblong ellipsoid basidiospores which are smaller than those in Antrodia variispora (7.4–11 × 3–4.3 μm vs. 11.5–16 × 4.5–5.5 μm, Niemelä, 2005).

Ecologically, Antrodia variispora grows on a large stump of Picea likiangensis var. balfouriana in a virgin forest, and we tried to find more samples in a similar environment of the same forest, and unfortunately, we did not find the second sample. Thus, Antrodia variispora seems to be a rare species in old growth forests.




Discussion

Adding the two new species from China, the definition of Antrodia s. str. is modified as follows: Basidiocarps annual, resupinate to effused-reflexed, soft corky to leathery when fresh, become corky to hard corky or rigid when dry; pileal surface glabrous or matted, white, cream to brownish gray; pore surface white to cream when fresh, buff to pale brown upon drying; pores round, angular, sinuous or dentate; subiculum or context cream, corky; hyphal system dimitic with clamped generative hyphae; skeletal hyphae IKI−, CB−; cystidia absent; fusoid cystidioles present or absent; basidiospores long (6.5–16 μm), oblong ellipsoid, cylindrical, fusiform or pyriform, hyaline, thin-walled, smooth, IKI−, CB−; causing a brown rot.
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In this study, Podoscypha was taxonomically and phylogenetically evaluated. In total, five specimens collected from the tropical areas of Yunnan Province in Southwest China were studied. In combination with morphological observations and phylogenetic analyses based on ITS and LSU loci, two new species and one new subspecies, Podoscypha subinvoluta, P. tropica, and P. petalodes subsp. cystidiata, respectively, were discovered. The illustrated descriptions of the new species and subspecies are provided. Moreover, the main morphological differences between related species are discussed.
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1. Introduction

Podoscypha Pat. belongs to Podoscyphaceae D.A. Reid, Polyporales Gäum., and approximately 50 species have been accepted in the genus worldwide (Patouillard, 1900; Boidin, 1959, 1960; Reid, 1965; Dhingra, 1987; Ryvarden, 1997, 2015, 2020; Douanla-Meli and Langer, 2004; Drechsler-Santos et al., 2007; Bernicchia and Gorjón, 2010; Wu et al., 2019). The genus is characterized by flabelliform to infundibuliform, stipitate to shortly stipitate or sessile basidiocarps, hymenophore smooth to more or less rugose, a dimitic hyphal structure with clamped generative hyphae, thin-to thick-walled cystidia and hyaline, thin-walled, smooth, ellipsoid to cylindrical, acyanophilous, and negative in Melzer’s reagent basidiospores (Bernicchia and Gorjón, 2010; Wu et al., 2019).

Phylogenetic studies have revealed that Podoscypha belongs to Podoscyphaceae, Polyporales (Larsson, 2007; Sjökvist et al., 2012; Binder et al., 2013; Justo et al., 2017; Wu et al., 2019). The approximately 12 Podoscypha species examined showed that Podoscypha belonged to the residual polyporoid clade and appeared to group with Abortiporus biennis (Bull.) Singer (Binder et al., 2013; Justo et al., 2017; Wu et al., 2019). However, no sequences of the type species P. nitidula (Berk.) Pat. were examined. Further studies are needed for constructing a natural phylogeny of Podoscypha with other related genera.

By the end of 2022, only four Podoscypha species: Podoscypha brasiliensis D.A. Reid, P. elegans (G. Mey.) Pat., P. simulans (D.A. Reid) Sheng H. Wu, and P. yunnanensis C.L. Zhao had been discovered in China (Wu, 2003; Dai, 2011; Wu et al., 2019). During field investigations on macrofungi diversity in the tropical areas in Yunnan Province, China, several collections of Podoscypha were obtained. Morphological and phylogenetic analyses showed that these represented two new species and one new subspecies. In this study, the species are described with illustrated morphological description, phylogeny, and comparisons with morphologically similar or phylogenetically related species.



2. Materials and methods


2.1. Morphology

All the studied specimens were processed and deposited in the National Institute of Occupational Health and Poison Control, Chinese Center for Disease Control (NIOHP, China CDC). Macromorphological descriptions were based on the field notes and color photographs of basidiocarps. Color codes were matched based on Petersen (1996). The microscopic procedure was performed according to Reid (1965), Douanla-Meli and Langer (2004), and Wu et al. (2019). Sections were studied at a magnification of ×1,000 with a Nikon E 80i microscope and phase-contrast illumination. Line drawings were made with the aid of a drawing tube. When describing basidiospores, the abbreviation n/m/p means that “n” basidiospores from “m” basidiomata of “p” collections were measured. The dimensions for basidiospores are given using the following notation form (a−) b−c (−d). The range “b−c” contains a minimum of 90% of the measured values, and extreme values (a, d) are given in parentheses. L means the spore length (arithmetic average of all spores). W means the spore width (arithmetic average of all spores). Q is the “length/width ratio” of a spore in side view; Qm means the average Q of all basidiospores measured ± sample standard deviation. In the text, the following abbreviations were used: IKI = Melzer’s reagent, IKI− = both in amyloid and non-dextrinoid, KOH = 5% potassium hydroxide, CB = cotton blue, CB+ = cyanophilous, and CB− = acyanophilous.



2.2. DNA extraction, PCR amplification, and phylogenetic analysis

The Phire® Plant Direct PCR Kit (Finnzymes Oy, Finland) was used to obtain PCR products from dried specimens, according to the manufacturer’s instructions with some modifications (Li et al., 2015). ITS5/ITS4 were used to amplify the internal transcribed spacer (ITS) regions (White et al., 1990). LR0R/LR5 (Vilgalys and Hester, 1990) were used to amplify nuclear large subunit (LSU) rDNA. The PCR procedure for amplifying ITS and LSU sequences was as follows: initial denaturation at 98°C for 5 min; 35 cycles at 98°C for 5 s, 58°C and 52°C for 5 s, and 72°C for 5 s; and a final extension at 72°C for 10 min, respectively. The PCR products were qualified by electrophoresis and sequenced at Sangon Biotech, China, with the same primers. All newly generated sequences were first aligned and then deposited in GenBank. The results indicated that they were all Podoscypha species.

In addition to the sequences obtained from this study, the sequences of other taxa in Podoscypha were downloaded from GenBank, and Abortiporus biennis was selected as the outgroup for phylogenetic analysis, mainly based on the reports of Binder et al. (2013) and Wu et al. (2019). The detailed information is shown in Table 1. The sequences were aligned using ClustalX 1.83 (Chenna et al., 2003) and optimized manually in BioEdit 7.0.5.3 (Hall, 1999) prior to the phylogenetic analysis.



TABLE 1 Taxa information and GenBank accession numbers of the sequences used in this study.
[image: Table1]

Maximum parsimony (MP) bootstrap analysis was performed using PAUP* 4.0b10 (Swofford, 2002); Bayesian inference (BI) analysis was performed using MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003); maximum likelihood (ML) analysis was performed using RAxML 7.2.6 (Stamatakis, 2006) for the phylogenetic analysis of the aligned datasets.

For analyzing BI, the best-fit models of nucleotide substitution were selected by the hierarchical likelihood ratio tests (hLRT; Huelsenbeck and Crandall, 1997; Posada and Crandall, 2001) using MrModelTest 2.2 (Posada and Crandall, 1998; Nylander, 2004). The best-fit models were GTR + G for ITS and LSU. Four Markov chains were set to run for 2 and 4 million generations for the ITS and LSU datasets, respectively, and then, automatically terminated using the stoprul and stopval commands when the standard deviation of the split frequencies fell below 0.01, with sampling for every 100th generation. The first 25% of trees were discarded (Ronquist and Huelsenbeck, 2003). Phylogenetic trees were visualized using TreeView (Page, 1996). Branches that received bootstrap supports for MP (≥75%), BPP (≥0.95), and ML (≥75%) were considered significantly supported.




3. Results


3.1. Phylogenetic analyses

The ITS dataset consisted of 44 sequences representing 22 taxa, of which 21 were Podoscypha. The aligned length of the ITS sequence was 835 bp, which contained 447 parsimony informative sites. MP analysis revealed two equally parsimonious trees (tree length = 1,541, CI = 0.635, RI = 0.816, RC = 0.518, and HI = 0.316). BI and ML analyses showed almost identical tree topologies as MP analysis, with an average standard deviation of split frequencies of 0.007834 for BI analysis. Additionally, the MP tree is presented with the support values from MP, BI, and ML analyses (Figure 1).

[image: Figure 1]

FIGURE 1
 Phylogeny of Podoscypha by maximum parsimony (MP) analyses based on internal transcribed spacer (ITS) sequences. Branches are labeled with MP bootstrap >50%, Bayesian posterior probabilities >0.95, and maximum likelihood bootstrap >50%. New species and subspecies are indicated in bold.


The LSU dataset consisted of 44 sequences, representing approximately 18 taxa, of which 17 were Podoscypha. The aligned length of the LSU sequence was 926 bp, which contained 72 parsimony informative sites. MP analysis revealed 44 equally parsimonious trees (tree length = 161, CI = 0.745, RI = 0.917, RC = 0.684, HI = 0.255). BI and ML analyses resulted in almost identical tree topologies to MP analysis, with an average standard deviation of split frequencies of 0.006556 for BI analysis. Additionally, the MP tree is presented with the support values from MP, BI, and ML analyses (Figure 2).

[image: Figure 2]

FIGURE 2
 Phylogeny of Podoscypha by maximum parsimony (MP) analyses based on nuclear large subunit (LSU) sequences. Branches are labeled with MP bootstrap >50%, Bayesian posterior probabilities >0.95, and maximum likelihood bootstrap >50%. New species and subspecies are indicated in bold.


The topology of both ITS and LSU sequences was similar to the results of Wu et al. (2019). The phylogeny inferred from the ITS showed that Podoscypha petalodes subsp. Cystidiata formed a moderately supported lineage (59/−/82, Figure 1) and then clustered with P. petalodes subsp. rosulata with high support (100/1.00/100, Figure 1). LSU analysis revealed that two sequences of P. petalodes subsp. cystidiata grouped together (64/0.95/68, Figure 2) and then weakly grouped with P. petalodes subsp. rosulata. One sequence was labeled as P. elegans (MH870450). Podoscypha subinvoluta clustered with one sequence of P. involuta (JN649357) with high support (100/1.00/100, Figure 1), sister to the lineage of two other sequences of P. involuta in ITS analysis (Figure 1). In the LSU analysis, P. subinvoluta grouped with two sequences of P. involuta with high support (100/1.00/100, Figure 2). In total, two sequences of P. tropica clustered together with high support in both ITS and LSU analyses (ITS: 99/1.00/92, LSU: 71/0.99/88, Figures 1, 2) and then grouped with P. cristata, P. brasiliensis, P. bubalina, P. bolleana, P. disseminata, and Podoscypha sp. (KY594043, Figures 1, 2).



3.2. Taxonomy

Podoscypha petalodes subsp. cystidiata Jing Si & Hai J. Li subsp. nov. (Figures 3, 4).
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FIGURE 3
 Basidiomata of Podoscypha petalodes subsp. cystidiata.
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FIGURE 4
 Microscopic structures of Podoscypha petalodes subsp. cystidiata (140721–15, holotype). (A) Basidiospores, (B) hyphae from context, (C) cystidia, (D) basidia, basidioles, and gloeocystidia from the hymenium, (E) pilocystidia, and (F) caulocystidia. (Bars: (A) = 5 μm, (B–F) = 10 μm). Drawn by Hai-Jiao Li.


MycoBank no.: MB847438.

Diagnosis—Podoscypha petalodes subsp. cystidiata differs from P. petalodes subsp. floriformis, P. petalodes subsp. petalodes, and P. petalodes subsp. rosulata in having thin-to thick-walled cystidia in the hymenium.

Holotype—China. Yunnan Province, Xishuangbanna, Mengla County, Xishuangbanna Tropical Botanical Garden, on the base of a living angiosperm tree, 140721–15 (GenBank accession numbers: OQ305833-ITS, OQ305828-LSU).

Etymology—cystidiata referring to the presence of cystidia in the hymenium.

Habitat and distribution—Gregarious on angiosperm trees or fallen angiosperm branches, at present only discovered from its type locality, summer.

Known distribution—China (Yunnan).

Description—Basidiocarps annual, gregarious, stipitate, without odor or taste, corky when fresh and hard corky upon drying. Pilei spathulate to flabelliform, up to 4 cm high and 5 cm wide. Pileal surface glabrous, concentrically and radially zonate; cinnamon, yellowish brown, pinkish buff to clay-buff at the center and near the stipe when fresh, cinnamon, yellowish brown to orange-brown when dry, and gradually lightening toward the margin. The margin is cream to buff when fresh, pinkish buff to cinnamon-buff when dry and wavy. Hymenophore surface smooth, concentrically and radially zonate, cream, buff, to cinnamon-buff when fresh, flesh-pink to clay-buff when dry. Stipe surface glabrous, cinnamon, yellowish brown, pinkish buff to clay-buff near the cap, and dark brown to black toward the base when fresh; the color is similar to the pileal surface when dry, up to 3 cm long and 1.5–4 mm in diameter.

Hyphal structure—dimitic, generative hyphae with clamps, hyaline, thin-to thick-walled, branched; skeletal hyphae colorless, thick-walled with a wide to narrow lumen, unbranched to rarely branched; IKI−, CB−, tissues unchanged in KOH. Generative hyphae in the pileal context dominant, hyaline, thin-to thick-walled, branched, almost parallel along the pileal surface, 2–5 μm in diameter; skeletal hyphae in the pileal context hyaline, thick-walled, with a wide to narrow lumen, unbranched to rarely branched, 2–4 μm in diameter; generative hyphae in the stipe trama similar to that in the pileal context, 3–4 μm in diameter; skeletal hyphae in the stipe trama similar to that in the pileal context, 1.5–3.5 μm in diameter.

Microstructure—Basidia clavate to cylindrical, with four sterigmata and a basal clamp, 20–25 × 4–5 μm; basidioles dominant, in shape similar to basidia, but slightly smaller; Gloeocystidia abundant, thin-walled, cylindrical to subcylindrical, usually swollen near the base and with obtuse apex, traversing the entire width of the thickened hymenium, 105–155 × 10–13 μm; Cystidia hyaline, fusoid, thin-to thick-walled, 30–64 × 7–9 μm; Pilocystidia hyaline, clavate to cylindrical, thick-walled, with or without secondary septata, sometimes encrusted with irregular crystals, 45–101 × 9–13 μm; Caulocystidia more or less similar to pilocystidia, 58–110 × 5–13 μm; Basidiospores subglobose, broadly ellipsoid, ellipsoid to ovate, hyaline, thin-walled, smooth, often monoguttulate, IKI−, CB−, [60/2/2] (3.5−) 3.8–4.8 (−5) × 3–4 (−4.5) μm, L = 4.2 μm, W = 3.54 μm, Q = (1.05−) 1.08–1.34 (−1.4), and Qm = 1.19 ± 0.09.

Additional specimen examined (paratype)—China. Yunnan Province, Xishuangbanna, Mengla County, Xishuangbanna Tropical Botanical Garden, on fallen angiosperm branches, 140721-14 (GenBank accession numbers: OQ305832-ITS, OQ305827-LSU).

Podoscypha subinvoluta Jing Si & Hai J. Li sp. nov. (Figures 5, 6).
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FIGURE 5
 Basidiomata of Podoscypha subinvoluta.
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FIGURE 6
 Microscopic structures of Podoscypha subinvoluta (140721-10, holotype). (A) Basidiospores, (B) basidia and basidioles, (C) cystidia, (D) pilocystidia, (E) caulocystidia, and (F) hyphae from context. (Bars: (A) = 5 μm, (B–F) = 10 μm). Drawn by Hai-Jiao Li.


MycoBank no.: MB847439.

Diagnosis—Podoscypha subinvolutais characterized by its partly tomentose, white to cream, buff, cinnamon, yellowish brown to clay-buff pileal surface, absence of gloeocystidia, thick-walled, mostly lanceolate cystidia, presence of pilocystidia and caulocystidia, small, thin-walled, ellipsoid to broadly ellipsoid basidiospores; discovered on angiosperms from tropical China.

Holotype—China. Yunnan Province, Xishuangbanna, Mengla County, Xishuangbanna Tropical Botanical Garden, on fallen angiosperm trunks, 140721-10 (GenBank accession numbers: OQ305836-ITS, OQ305831-LSU).

Etymology—subinvoluta referring to similarity with P. involuta.

Habitat and distribution—Gregarious on fallen angiosperm trunks, at present only discovered from its type locality, summer.

Known distribution—China (Yunnan).

Description—Basidiocarps annual, gregarious, stipitate, without odor or taste, corky when fresh and hard corky upon drying. Pilei flabelliform or reniform, up to 4.5 cm high and 6.5 cm wide. Pileal surface tomentose near the stipe and glabrous near the margin, concentrically and radially zonate; most parts white to cream, buff, cinnamon, yellowish brown to clay-buff near the stipe when fresh, flesh-pink to clay-pink to cinnamon when dry. Hymenophore surface smooth, cream, buff, to cinnamon when fresh, pinkish buff to clay-buff when dry. Stipe surface glabrous, cinnamon to yellowish brown when fresh, color similar to the pileal surface when dry, up to 1.2 cm long and 1.5–3 mm in diameter.

Hyphal structure—dimitic, generative hyphae with clamps, hyaline, thin-to thick-walled, branched; skeletal hyphae colorless, thick-walled with a wide to narrow lumen, unbranched to rarely branched; IKI−, CB−, tissues unchanged in KOH. Generative hyphae in the pileal context common, hyaline, thin-to thick-walled, branched, 2–5 μm in diameter; skeletal hyphae in the pileal context dominant, hyaline, thick-walled, with a wide to narrow lumen, unbranched to rarely branched, more or less parallel along the pileal surface, 3–6 μm in diameter; generative hyphae in the stipe trama similar to that in the pileal context, 3–4 μm in diameter; skeletal hyphae in the stipe trama similar to that in the pileal context, 4–7 μm in diameter, branched skeletal hyphae rare, thick-walled to subsoil, 2–3.5 μm in diameter, may be easily misinterpreted as binding hyphae.

Microstructure—Basidia clavate to cylindrical, with 4 sterigmata and a basal clamp, 18–25 × 4–5 μm; basidioles dominant, shape similar to basidia, but slightly smaller; Gloeocystidia not observed; Cystidia abundant, hyaline, thick-walled, mostly lanceolate, sometimes obpyriform or subcylindrical, rarely with crystals on the apex, which dissolve rapidly in KOH, may arise at any level in the thickened hymenium or buried under successive layers of basidia, 30–50 × 7–12 μm; Pilocystidia hyaline, clavate to cylindrical, thick-walled, with secondary septata, 20–64 × 6–9 μm; Caulocystidia form a paliform cutis, hyaline, clavate to cylindrical, thick-walled, encrusted with irregular crystals and strongly glutinized, 36–60 × 4–8 μm; Basidiospores ellipsoid to broadly ellipsoid, rarely subglobose, hyaline, thin-walled, smooth, IKI−, CB−, [40/1/1] 2.5–3.7 (−3.8) × 2–2.7 (−2.8) μm, L = 3.02 μm, W = 2.31 μm, Q = (1.07−) 1.14–1.52 (−1.73), and Qm = 1.31 ± 0.14.

Podoscypha tropica Jing Si & Hai J. Li sp. nov. (Figures 5, 6).

MycoBank no.: MB847440.

Diagnosis—Podoscypha tropica is characterized by a glabrous, yellowish-brown, pinkish-buff to brownish-orange pileal surface with cream, buff to pinkish buff margin, presence of gloeocystidia, pilocystidia, and caulocystidia without secondary septata, small, thin-walled, ellipsoid to broadly ellipsoid basidiospores; discovered on angiosperms from tropical China (Figures 7, 8).
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FIGURE 7
 Basidiomata of Podoscypha tropica.
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FIGURE 8
 Microscopic structures of Podoscypha tropica (140719-19, holotype). (A) Basidiospores, (B) basidia and basidioles, (C) gloeocystidia, (D) hyphae from context, (E) pilocystidia, and (F) caulocystidia. (Bars: (A) = 5 μm, (B–F) = 10 μm). Drawn by Hai-Jiao Li.


Holotype—China. Yunnan Province, Xishuangbanna, Mengla County, Wangtianshu Park, N: 21°37′27.81″E: 101°35′13.12″, on fallen angiosperm trunks, 140719-19 (GenBank accession numbers: OQ305834-ITS, OQ305830-LSU).

Etymology—tropica referring to the species being distributed in the tropics.

Habitat and distribution—Gregarious on fallen angiosperm trunks or fallen angiosperm branches, at present only discovered from its type locality, summer.

Known distribution—China (Yunnan).

Description—Basidiocarps annual, gregarious, stipitate, without odor or taste, corky when fresh, and hard corky upon drying. Pilei spathulate, reniform, flabellate to pseudoinfundibuliform, up to 5 cm high and 6 cm wide. Pileal surface glabrous, yellowish brown, pinkish buff to brownish orange at the center and near the stipe when fresh, clay-buff to orange-brown when dry. The margin cream, buff to pinkish buff when fresh, clay-buff to orange-brown when dry, and strongly dentate. Hymenophore surface smooth, cream to buff when fresh, cinnamon to clay-buff when dry. Stipe surface glabrous, buff to straw-yellow on the upper part, and dark brown to fuscous toward the base when fresh, and the color slightly paler when dry, up to 5 cm long and 2–4 mm in diameter.

Hyphal structure—dimitic, generative hyphae with clamps, hyaline, thin-walled, branched; skeletal hyphae colorless, thick-walled with a wide to narrow lumen, unbranched to rarely branched; IKI−, CB−, tissues unchanged in KOH. Generative hyphae in the pileal context common, hyaline, thin-walled, branched, interwoven, 2–4 μm in diameter; skeletal hyphae in the pileal context dominant, hyaline, thick-walled, with a wide to the narrow lumen, unbranched to rarely branched, more or less parallel along the pileal surface, 2–5 μm in diameter; generative hyphae in the stipe trama similar to that in the pileal context, 2–4.5 μm in diameter; skeletal hyphae in the stipe trama similar to that in the pileal context, 2–4 μm in diameter.

Microstructure—Basidia clavate to cylindrical, with 4 sterigmata and a basal clamp, 25–33 × 4–5.5 μm; basidioles dominant, in shape similar to basidia, but slightly smaller; Gloeocystidia common, thin-to thick-walled, cylindrical to subcylindrical, usually swollen near the base and with obtuse apex, 45–75 × 7–10 μm; Cystidia absent; Pilocystidia hyaline, clavate to cylindrical, thick-walled, without secondary septata, sometimes encrusted with irregular crystals, 50–150 × 10–18 μm; Caulocystidia more or less similar to pilocystidia, 71–177 × 6–21 μm; Basidiospores ellipsoid to broadly ellipsoid, hyaline, thin-walled, smooth, often monoguttulate, IKI−, CB−, [60/2/2] 4.2–6.1 (−6.7) × (3−) 3.3–4.6 (−5) μm, L = 5.28 μm, W = 3.97 μm, Q = (1.09−) 1.14–1.53 (−1.83), and Qm = 1.34 ± 0.15.

Additional specimen examined (paratype)—China. Yunnan Province, Dehong, Ruili, Mengxiu Town, Nanjingli Village, Alt.: 1,247 m; N: 24°7′27″E: 97°49′28″, on fallen angiosperm branches, 20190729-69 (GenBank accession numbers: OQ305835-ITS, OQ305829-LSU).




4. Discussion

In total, three subspecies of Podoscypha petalodes have been described: P. petalodes subsp. floriformis, P. petalodes subsp. petalodes, and P. petalodes subsp. rosulate. All three have gloeocystidia, but without cystidia in the hymenium (Duss, 1904; Reid, 1965). The new subspecies, P. petalodes subsp. cystidiata, can be easily distinguished from the others by its fusoid, thin-to thick-walled cystidia.

Podoscypha subinvolutais similar to P. involuta by its partly tomentose concentrically and radially zonate pileal surface, mostly lanceolate cystidia, pilocystidia clavate to cylindrical, thick-walled, and small basidiospores; however, P. subinvoluta lacks gloeocystidia but has caulocystidia and larger basidiospores (2.5–3.7 × 2–2.7 μm vs. 2–3 × 1.75–2 μm, Reid, 1965). The partial ITS1 sequence of P. subinvoluta was obtained. Among the 279 bp aligned sequences, it clustered with one sequence of P. involuta (JN649357) from Thailand (only 2 bp sites were different), whereas it differed from the other two P. involuta sequences (JN649358 and MH861804) by 23 bp sites. Thus, we speculate that the specimen of P. involuta (JN649357) may be P. subinvoluta. The LSU sequence from the type specimen of P. subinvoluta grouped with two P. involuta sequences, and only 5 bp sites were different in the 915 bp aligned sequences.

In the phylogenetic analyses, P. tropica clustered with P. cristata, P. brasiliensis, P. bubalina, P. bolleana, P. disseminate, etc. Compared to the new species, P. cristata is lacking in pilocystidia and caulocystidia and has distinctly smaller basidiospores (4–4.75 × 1.75–2 μm, Reid, 1965). Podoscypha brasiliensis differs from the new species in having a minute tomentose pileal surface, the absence of pilocystidia and caulocystidia, and slightly longer and narrower basidiospores (5–7 × 3.5–4 μm, Reid, 1965). Podoscypha bubalina differs from P. tropica by having truly infundibuliform basidiocarps, the absence of pilocystidia, and smaller basidiospores (3.75–4.75 × 2.5–3.2 μm, Reid, 1965). Podoscypha bolleana is similar to P. tropica in having gloeocystidia, pilocystidia, and caulocystidia, but can be easily differentiated by its smaller basidiospores (4–5 × 2.75–3.2 μm, Reid, 1965). Similar to P. tropica, P. disseminata also has gloeocystidia, pilocystidia, and caulocystidia; however, P. disseminata has pilocystidia and caulocystidia with secondary septata, chlamydospores in the context, and slightly narrower basidiospores (4.5–6 × 3–4 μm, Douanla-Meli and Langer, 2004).

Podoscypha yunnanensis was a new species described in Yunnan Province, China (Wu et al., 2019). It has only caulocystidia without gloeocystidia and pilocystidia, which can be easily distinguished from the two new species and one new subspecies discovered in this study. The diversity of Podoscypha in China is poorly understood, especially in the subtropical and tropical regions. Further studies are required to reveal the species diversity in China.
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The species diversity, taxonomy, and phylogeny of five corticioid genera of Phanerochaetaceae, namely, Hyphodermella, Roseograndinia, Phlebiopsis, Rhizochaete, and Phanerochaete, in East Asia are studied by using the morphological and molecular methods. Phylogenetic analyses were performed separately for the Donkia, Phlebiopsis, Rhizochaete, and Phanerochaete clades based on ITS1-5.8S-ITS2 and nrLSU sequence data. In total, seven new species were found, two new combinations are suggested, and a new name is proposed. In the Donkia clade, Hyphodermella sensu stricto was strongly supported with two new lineages, namely H. laevigata and H. tropica, which were recovered. Hyphodermella aurantiaca and H. zixishanensis are members of Roseograndinia, while R. jilinensis is proved to be a later synonym of H. aurantiaca. In the Phlebiopsis clade, P. cana sp. nov. was found on the bamboo from tropical Asia. In the Rhizochaete clade, four new species, R. nakasoneae, R. subradicata, R. terrestris, and R. yunnanensis were recovered based mainly on molecular analyses. In the Phanerochaete clade, P. subsanguinea nom. nov. is proposed to replace Phanerochaete rhizomorpha C.L. Zhao & D.Q. Wang, which is an invalid name because it was published after Phanerochaete rhizomorpha C.C. Chen, Sheng H. Wu & S.H. He, representing another species. Descriptions and illustrations are provided for the new species, and discussions are given for new taxa and names. Identification keys to Hyphodermella species worldwide and Rhizochaete species in China are given separately.
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phlebioid clade, phylogeny, taxonomy, white rot, wood-decaying fungi


Introduction

The species diversity, taxonomy, and phylogeny of the large phlebioid clade, which includes three families, namely, Phanerochaetaceae, Irpicaceae and Meruliaceae, have been intensively studied in recent years, and the number of taxa has been dramatically increased (Floudas and Hibbett, 2015; Miettinen et al., 2016; Justo et al., 2017; Nakasone et al., 2017, 2021; Chen et al., 2018b, 2020, 2021, 2022; Ma and Zhao, 2019; Huang and Zhao, 2020; Xu Y. L. et al., 2020; Gu and Zhao, 2021; Zhao et al., 2021; Li et al., 2022). To date, 60 genera of poroid, corticioid, and hydnoid fungi are recognized in the three families, which mostly cause white rot on both angiosperms and gymnosperms (Chen et al., 2021; Nakasone et al., 2021; Lira et al., 2022). Among corticioid fungi, Phanerochaete s.l. and Phlebia s.l. are the two largest groups in the clade, which have been divided into many small genera with the aid of molecular systematics.

East Asia, especially the tropic areas, has been shown to be rich in the species diversity of the corticioid fungi of the phlebioid clade (Ma and Zhao, 2019; Huang and Zhao, 2020; Xu Y. L. et al., 2020; Chen et al., 2021; Gu and Zhao, 2021; Li et al., 2021, 2022; Zhao et al., 2021). Although many new taxa were described from this region, the species diversity, especially for the cryptic species, has not been completely understood, and the generic positions of some species need to be further studied (Chen et al., 2021). In this study, we carried out complete taxonomic and phylogenetic studies on the newly collected specimens and some newly described taxa of corticioid fungi in Phanerochaetaceae from East Asia. Seven new species in Hyphodermella, Phlebiopsis, and Rhizochaete were found, and two new combinations of Roseograndinia and a new name for Phanerochaete are proposed. These results are continuations and supplements to the research of phlebioid fungi in China.



Materials and methods


Specimen collection

Field trips for specimen collection in several nature reserves and forest parks in China and other countries were carried out by the authors. In situ photos of the fungi were taken with a Canon EOS 70D camera (Canon Corporation, Japan). Fresh specimens were dried at 40°C with a portable drier (manufactured in Finland). Dried specimens were labeled and then stored in a refrigerator at −40°C for 2 weeks to kill the insects and their eggs before they were ready for morphological and molecular studies. Voucher specimens are deposited at the herbaria of Beijing Forestry University, Beijing, China (BJFC), the National Museum of Natural Science, Taichung, Taiwan (TNM), and the Center for Forest Mycology Research, Madison, Wisconsin, U.S.A. (CFMR). Herbarium code designations follow the Index Herbariorum.1



Morphological studies

Thin, freehand sections were made from dried basidiomes and mounted in 2% (w/v) aqueous potassium hydroxide (KOH) and 1% (w/v) aqueous phloxine. Amyloidity and dextrinoidity of basidiospores were checked in Melzer's reagent (IKI). Cyanophily of hyphal and basidiospore walls was observed in 1% (weight/volume) cotton blue in 60% (w/v) lactic acid (CB). Microscopic examinations were carried out with a Nikon Eclipse 80i microscope (Nikon Corporation, Japan) at magnifications up to 1,000×. Drawings were made with the aid of a drawing tube. The following abbreviations are used: IKI– = neither amyloid nor dextrinoid, CB– = acyanophilous, L = mean spore length, W = mean spore width, Q = L/W ratio, and n (a/b) = the number of spores (a) measured from the number of specimens (b). Color codes and names were followed as suggested by Kornerup and Wanscher (1978).



DNA extraction and sequencing

A CTAB plant genomic DNA extraction kit, DN14 (Aidlab Biotechnologies Co., Ltd, Beijing, China), was used to extract total genomic DNA from dried specimens, which was then amplified by the polymerase chain reaction (PCR), according to the manufacturer's instructions. The ITS1-5.8S-ITS2 region (ITS) was amplified with the primer pair ITS5/ITS4 (White et al., 1990) using the following protocol: initial denaturation at 95°C for 4 min, followed by 34 cycles at 94°C for 40 s, 58°C for 45 s, 72°C for 1 min, and the final extension at 72°C for 10 min. The nrLSU D1-D2 region (nrLSU) was amplified with the primer pair LR0R/LR72 using the following procedure: initial denaturation at 94°C for 1 min, followed by 34 cycles at 94°C for 30 s, 50°C for 1 min, 72°C for 1.5 min, and the final extension at 72°C for 10 min. DNA sequencing was performed at the Beijing Genomics Institute, and the sequences were deposited in GenBank3 (Table 1). BioEdit v.7.0.5.3 (Hall, 1999) and Geneious Basic v.11.1.15 (Kearse et al., 2012) were used to review the chromatograms and for contig assembly.


TABLE 1 Species and sequences used in the phylogenetic analyses.
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Phylogenetic analyses

Four separate datasets of concatenated ITS-nrLSU sequences of the Donkia, Phlebiopsis, Rhizochaete, and Phanerochaete clades in the Phanerochaeteaceae were analyzed. The clades recognition and ingroup and outgroup taxa selections were mainly discussed in the study by Chen et al. (2021). The Phanerochaete clade included only taxa in the core group of the genus. Rhizochaete radicata (Henn.) Gresl., Nakasone & Rajchenb. was selected as the outgroup for the Donkia and Phlebiopsis clades, while Phlebiopsis gigantea (Fr.) Jülich was used as the outgroup for the Rhizochaete and Phanerochaete clades. The ITS and nrLSU sequences were aligned separately using MAFFT v.74 (Katoh et al., 2017) with the G-INS-I iterative refinement algorithm and optimized manually in BioEdit v.7.0.5.3. Then, the separate alignments were concatenated using Mesquite v.3.5.1 (Maddison and Maddison, 2018).

Maximum parsimony (MP), maximum likelihood (ML) analyses, and Bayesian inference (BI) were carried out using PAUP* v.4.0b10 (Swofford, 2002), RAxML v.8.2.10 (Stamatakis, 2014), and MrBayes 3.2.6 (Ronquist et al., 2012), respectively. In MP analysis, trees were generated using 100 replicates of random stepwise addition of sequence and the tree-bisection reconnection (TBR) branch-swapping algorithm with all characters given equal weight. Branch supports for all parsimony analyses were estimated by performing 1,000 bootstrap replicates with a heuristic search of 10 random-addition replicates for each bootstrap replicate. In ML analysis, statistical support values were obtained using rapid bootstrapping with 1,000 replicates, with default settings for other parameters. For BI, the best-fit substitution model was estimated with jModeltest v.2.17 (Darriba et al., 2012). Four Markov chains were run for 1,000,000 for the three datasets of the Donkia, Phanerochaete, and Phlebiopsis clades and the 2,000,000 for the dataset of the Rhizochaete clade until the split deviation frequency value was lower than 0.01. Trees were sampled every 100th generation. The first quarter of the trees, which represented the burn-in phase of the analyses, were discarded, and the remaining trees were used to calculate posterior probabilities (BPP) in the majority rule consensus tree.




Results


Phylogenetic analyses

The dataset of the Donkia clade contained 39 ITS and 38 nrLSU sequences from 39 samples, representing 19 ingroup taxa and the outgroup (Table 1), and had an aligned length of 2,009 characters, of which 251 were parsimony-informative. MP analysis yielded two equally parsimonious trees (TL = 899, CI = 0.617, RI = 0.793, RC = 0.489, HI = 0.383). The dataset of Phlebiopsis clade contained 45 ITS and 46 nrLSU sequences from 49 samples, representing 28 ingroup taxa and the outgroup, and had an aligned length of 2,006 characters, of which 224 were parsimony-informative. MP analysis yielded 17 equally parsimonious trees (TL = 862, CI = 0.542, RI = 0.770, RC = 0.417, HI = 0.458). The dataset of the Rhizochaete clade contained 34 ITS and 35 nrLSU sequences from 37 samples, representing 20 ingroup taxa and the outgroup, and had an aligned length of 2,164 characters, of which 295 were parsimony-informative. MP analysis yielded nine equally parsimonious trees (TL = 1,150, CI = 0.572, RI = 0.703, RC = 0.402, HI = 0.428). The dataset of the Phanerochaete clade contained 42 ITS and 33 nrLSU sequences from 42 samples, representing 24 ingroup taxa and the outgroup, and had an aligned length of 2,065 characters, of which 275 were parsimony-informative. MP analysis yielded 19 equally parsimonious trees (TL = 885, CI = 0.591, RI = 0.745, RC = 0.440, HI = 0.409).

jModelTest suggested GTR+I+G as the best-fit models of nucleotide evolution for the four datasets. The average standard deviations of the split frequencies of BI were 0.007436, 0.007608, 0.007786, and 0.006954 for the Donkia, Phlebiopsis, Rhizochaete, and Phanerochaete clades, respectively, at the end of the runs. The MP and BI analyses resulted in almost identical tree topologies with the ML analysis. Only the ML trees of the four clades are shown in Figures 1–4 with the parsimony bootstrap values (≥50%, first), the likelihood bootstrap values (≥50%, second), and Bayesian posterior probabilities (≥0.95, third) labeled along the branches.
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FIGURE 1
 Phylogenetic tree obtained from ML analysis of the ITS-nrLSU sequences of the Donkia clade. Branches are labeled with parsimony bootstrap values (≥50%, first), likelihood bootstrap values (≥50%, second), and Bayesian posterior probabilities (≥0.95, third). New taxa are set in bold and highlighted.
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FIGURE 2
 Phylogenetic tree obtained from ML analysis of the ITS-nrLSU sequences of Phlebiopsis. Branches are labeled with parsimony bootstrap values (≥50%, first), likelihood bootstrap values (≥50%, second), and Bayesian posterior probabilities (≥0.95, third). The new species are set in bold and highlighted.
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FIGURE 3
 Phylogenetic tree obtained from ML analysis of the ITS-nrLSU sequences of Rhizochaete. Branches are labeled with parsimony bootstrap values (≥50%, first), likelihood bootstrap values (≥50%, second), and Bayesian posterior probabilities (≥0.95, third). New species are set in bold and highlighted.
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FIGURE 4
 Phylogenetic tree obtained from ML analysis of the ITS-nrLSU sequences of Phanerochaete. Branches are labeled with parsimony bootstrap values (≥50%, first), likelihood bootstrap values (≥50%, second), and Bayesian posterior probabilities (≥0.95, third). The new replacement names are set in bold and highlighted.


In the trees (Figures 1–4), seven new species, Hyphodermella laevigata, H. tropica, Phlebiopsis cana, Rhizochaete nakasoneae, R. subradicata, R. terrestris, and R. yunnanensis, formed distinct lineages. In our tree of the Donkia clade (Figure 1), Hyphodermella s.s. and Roseograndinia were strongly supported as separate genera (92/95/1 and 99/90/1). Meanwhile, H. zixishanensis C.L. Zhao and H. aurantiaca C.L. Zhao that is conspecific with R. jilinensis C.C. Chen & Sheng H. Wu were nested within Roseograndinia. In the Phanerochaete clade (Figure 4), the new names P. subsanguinea (= P. rhizomorpha C.L. Zhao & D.Q. Wang) and P. rhizomorpha (C.C. Chen, Sheng H. Wu & S.H. He) formed two distinct lineages.



Taxonomy


Hyphodermella laevigata Yue Li & S.H. He, sp. nov.

MycoBank: MB846336

Diagnosis—The species is recognized by a smooth hymenophore, the absence of cystidia and cystidioid hyphal ends, and small ellipsoid basidiospores.

Type—China, Guizhou Province, Chishui County, Suoluo Nature Reserve, on a dead angiosperm branch, 7 July 2018, He 5427 (BJFC 026488, holotype).

Etymology—Refer to the smooth hymenophore.

Fruiting body—Basidiomes annual, resupinate, widely effused, closely adnate, inseparable from substrate, and membranaceous, first as small patches, later confluent up to 10 cm long, 2 cm wide, and up to 80 μm thick in section. Hymenophore smooth, pale yellow (4A3) to grayish yellow (4B3), slightly darkening in KOH, and not cracked; margin thinning out, determinate, adnate, fimbriate, and concolorous with hymenophore surface; and context is pale yellow.

Microscopic structures—Hyphal system monomitic; generative hyphae simple-septate. Subiculum distinct; hyphae colorless, thick-walled, smooth, frequently branched, moderately septate, loosely interwoven, and 2.5–6.5 μm in diameter. Subhymenium thin; hyphae colorless, thin-walled, smooth, infrequently branched, moderately septate, more or less vertical, and 1.5–2.5 μm in diameter. Cystidia absent. Basidia clavate to subcylindrical, colorless, thin-walled, smooth, with a basal simple septum and four sterigmata, and 10–30 × 5–7 μm; basidioles similar to basidia, but smaller. Basidiospores ellipsoid, with an apiculus, usually with one or two oil drops, colorless, thin-walled, smooth, (4.6–) 4.8–6 (−6.3) × 3–3.8 (−4.1) μm, L = 5.3 μm, W = 3.5 μm, and Q = 1.46–1.56 (n = 60/2).

Additional specimens examined—China, Guizhou Province, Chishui County, Suoluo Nature Reserve, on a dead angiosperm branch, 7 July 2018, He 5430 (BJFC 026491).

Notes—Hyphodermella laevigata (Figure 5) is characterized by membranaceous basidiomes with smooth hymenophores, the absence of cystidia and cystidioid hyphal ends, and small ellipsoid basidiospores. In the phylogenetic tree (Figure 1), H. laevigata formed a distinct lineage sister to H. corrugata (Fr.) J. Erikss. & Ryvarden and H. rosae (Bres.) Nakasone, which have grandinioid or odontioid hymenophores, encrusted hyphal ends projecting beyond the hymenium and obviously larger basidiospores (8–10 × 5–7 μm of H. corrugata, 7–8.5 × 4.5–5.5 μm of H. rosae, Bernicchia and Gorjón, 2010). Hyphodermella maunakeaensis Gilb. & Hemmes from Hawaii is similar to H. laevigata by sharing a loose texture and relatively small basidiospores but differs in having a finely hydnaceous hymenophore with projecting fascicles of encrusted hyphoid cystidia and slightly longer basidiospores (6.5–7.5 μm, Gilbertson, 2001).
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FIGURE 5
 Hyphodermella laevigata [from the holotype He 5427; scale bars: (A) = 1 cm; (B–E) = 10 μm]. (A) Basidiomes; (B) Basidiospores; (C) Basidia; (D) Basidioles; (E) Hyphae from subiculum.




Hyphodermella tropica Yue Li & S.H. He, sp. nov.

MycoBank: MB846337

Diagnosis—The species is recognized by a grandinioid hymenophore, the presence of encrusted cystidioid hyphal ends, and broad ellipsoid to ovoid basidiospores.

Type—China, Hainan Province, Baoting County, Qixianling Forest Park, on a dead angiosperm branch, 11 June 2016, He 3993 (BJFC 022495, holotype, CFMR, isotype).

Etymology—Refer to the known distribution in tropic China.

Fruiting body—Basidiomes annual, resupinate, widely effused, closely adnate, inseparable from substrate, and coriaceous, first as small patches and later confluent up to 11 cm long, 3 cm wide, and up to 80 μm thick in section. Hymenophore grandinioid, grayish orange (5B4) to brownish orange [5C (4–5)], darkening in KOH, and not cracked upon drying; the margin thinning out, adnate, indistinct, and concolorous with hymenophore surface; and context is grayish orange.

Microscopic structures—Hyphal system monomitic; generative hyphae simple-septate. Subiculum distinct; hyphae colorless, thick-walled, smooth, frequently branched, moderately septate, more or less parallel to the substrate, and 2–4 μm in diameter. Subhymenium distinct, thickening, composed of encrusted cystidioid hyphal ends, and hyphae with masses of crystals; hyphae colorless, slightly thick-walled, smooth, moderately branched and septate, loosely interwoven, and 1.5–3 μm in diameter. Cystidioid hyphal ends present, subcylindrical, colorless, thick-walled, heavily encrusted, mostly embedded, and 20–50 × 6–10 μm (crystals included). Basidia subcylindrical, colorless, thin-walled, smooth, usually with oil drops, with a basal simple septum and four sterigmata, and 15–27 × 4–8 μm; basidioles in shape similar to basidia, but slightly smaller. Basidiospores which are broadly ellipsoid to ovoid, with an apiculus, usually with oil drops, colorless, thin-walled, smooth, IKI–, CB–, 5–6 (−6.5) × (3–) 4–5 (−5.5) μm, L = 5.7 μm, W = 4.4 μm, and Q = 1.23–1.34 (n = 60/2).

Additional specimens examined—China, Guizhou Province, Libo County, Maolan Nature Reserve, on a dead angiosperm branch, 16 June 2016, He 3808 (BJFC 022307, CFMR); Hainan Province, Baoting County, Qixianling Forest Park, on a dead angiosperm branch, 11 June 2016, He 4004 (BJFC 022506, CFMR).

Notes—Hyphodermella tropica (Figure 6) is characterized by coriaceous basidiomes with a grandinioid hymenophore, the presence of encrusted cystidioid hyphal ends, and broadly ellipsoid to ovoid basidiospores. In the phylogenetic tree (Figure 1), H. tropica formed a distinct lineage sister to H. pallidostraminea Bukharova & Volobuev and H. laevigata. Hyphodermella pallidostraminea from Russia differs from H. tropica by having a smooth to slightly tuberculate hymenophore, not encrusted cystidioid hyphal ends in hymenium, and narrower ellipsoid basidiospores (3–3.5 μm, Crous et al., 2021). Hyphodermella laevigata can be easily distinguished from H. tropica by the smooth hymenophore, the loose texture of the subiculum, and the lack of encrusted cystidioid hyphal ends. Hyphodermella brunneocontexta Duhem & Buyck from France is similar to H. tropica by sharing an odontioid hymenophore, encrusted cystidioid hyphal ends, and ellipsoid to ovoid basidiospores but differs in having a brown context with densely interwoven hyphae (Duhem and Buyck, 2011).
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FIGURE 6
 Hyphodermella tropica [from the holotype He 3933; scale bars: (A) = 1 cm; (B–F) = 10 μm]. (A) Basidiomes; (B) Basidiospores; (C) Basidia; (D) Basidioles; (E) Encrusted cystidioid hyphal ends; (F) Hyphae from subiculum.




Roseograndinia aurantiaca (C.L. Zhao) Yue Li & S.H. He, comb. nov.

MycoBank: MB846338

= Hyphodermella aurantiaca C.L. Zhao, Annales Botanici Fennici 58: 65, 2020. [MB#837949]

= Roseograndinia jilinensis C.C. Chen & Sheng H. Wu, Fungal Diversity 111: 396, 2021. [MB#840765]

Notes—Both H. aurantiaca and R. jilinensis were recently described from China, and are similar to each other by sharing a smooth to tuberculate, reddish hymenophore, a compact context with a thickened subhymenium, the absence of cystidia, and relatively small ellipsoid basidiospores but differ in the size of the basidiospores according to the descriptions (3–4 × 2–2.8 μm of H. aurantiaca vs. 4.6–5.5 × 2.6–3.1 μm of R. jilinensis, Wang and Zhao, 2020; Chen et al., 2021). However, in our phylogenetic tree (Figure 1), the types of the two species clustered in a strongly supported lineage in the Roseograndinia clade (99/93/1) with the ITS sequence similarity reaching 99.5% (3 differences of 600 base pairs). Thus, based on the morphological and molecular evidence, the new combination R. aurantiaca is proposed herein, since the epithet “aurantiaca” has the priority.



Roseograndinia zixishanensis (C.L. Zhao) Yue Li & S.H. He, comb. nov.

MycoBank: MB846339

= Hyphodermella zixishanensis C.L. Zhao, Nordic Journal of Botany 39 (8): e03329, 4, 2021. [MB#839869]

Notes—The species H. zixishanensis was recently described from Yunnan Province, southwestern China, based on morphological and molecular evidence (Wang et al., 2021). In our phylogenetic tree based on a more complete sampling, including many newly described taxa (Figure 1), the species was nested within the Roseograndinia clade, which was strongly supported as a monophyletic clade with three species and independent of Hyphodermella. Morphologically, Roseograndinia zixishanensis has the typical characteristics of the genus by possessing ceraceous basidiomes with a smooth to tuberculate hymenophore, a monomitic hyphal system with simple-septate generative hyphae, and a lack of cystidia (Chen et al., 2021; Wang et al., 2021).



Phlebiopsis cana Yue Li & S.H. He, sp. nov.

MycoBank: MB846340

Diagnosis—The species is recognized by a smooth hymenophore with a gray to brownish gray hymenial surface, the presence of short lamprocystidia and short cylindrical basidiospores, and its growth on bamboo.

Type—China, Hainan Province, Lingshui County, Diaoluoshan Nature Reserve, on a culm of dead bamboo, 2 July 2019, He 5958 (BJFC 030834, holotype).

Etymology—Refer to the gray color of basidiomes.

Fruiting body—Basidiomes annual, resupinate, widely effused, closely adnate, inseparable from the substrate, and coriaceous, first as small patches and later confluent up to 11 cm long, 2 cm wide, and up to 40 μm thick in section. Hymenophore smooth, gray (4C1) to brownish gray (4D2), slightly darkening in KOH, and not cracked upon drying; the margin thinning out, adnate, indistinct, and concolorous with hymenophore surface when juvenile, and darkening with age; and context is gray.

Microscopic structures—Hyphal system monomitic; generative hyphae simple-septate. Subiculum distinct, a compact texture, pale yellowish-brown, and up to 20 μm thick; hyphae colorless to pale yellow, thick-walled, smooth, rarely branched, moderately septate, more or less parallel to the substrate, slightly agglutinated, and 3–4 μm in diameter. Subhymenium indistinct; hyphae colorless, slightly thick-walled, rarely branched, moderately septate, densely interwoven, and 2–3 μm in diameter. Lamprocystidia scattered, subcylindrical to subfusiform, colorless, thick-walled, apically encrusted with small crystals, projecting beyond the hymenium up to 10 μm, and 15–30 × 5–7 μm (crystals included). Basidia clavate, colorless, thin-walled, smooth, with a basal simple septum and four sterigmata, and 12–18 × 3.5–5 μm; basidioles in shape similar to basidia, but slightly smaller. Basidiospores short cylindrical, with an apiculus, colorless, thin-walled, smooth, IKI–, CB–, (4.6–) 4.8–5.6 (−5.8) × 1.8–2 (−2.2) μm, L = 5.4 μm, W = 2 μm, and Q = 2.66–2.77 (n = 60/2).

Additional specimen examined—Sri Lanka, Western Province, Ingiriya, Dombagaskanda Forest Reserve, on a culm dead bamboo, 27 February 2019, He 5728 (BJFC 030595).

Notes—Phlebiopsis cana (Figure 7) is characterized by having thin basidiomes with a gray, smooth hymenophore surface, short lamprocystidia, and cylindrical basidiospores. In the phylogenetic tree (Figure 2), P. cana formed a lineage sister to P. xuefengensis J. Zou, which is an endophyte of Gastrodia elata from China. The descriptions of P. xuefengensis were based on cultures and not standard or comparable with P. cana (Li et al., 2021). Phlebiopsis cylindrospora Y.N. Zhao & S.H. He that was also found on bamboos in China is similar to P. cana by sharing short lamprocystidia and cylindrical basidiospores but differs in having hymenophores turning purple in KOH, generative hyphae encrusted with yellow, resinous granules, and slightly larger basidiospores (5.5–7.5 × 1.8–2.8 μm, Zhao et al., 2021). Another Phlebiopsis species on bamboo from Taiwan, P. yushaniae C.C. Chen & Sheng H. Wu, differs from P. cana by possessing white to cream basidiomes, possessing broadly ellipsoid to subglobose basidiospores (6.9–7.9 × 5.2–6.2 μm), and possessing a lack of cystidia (Chen et al., 2021). Phylogenetically, P. cana, P. cylindrospora, and P. yushaniae are grouped together with strong support values but formed distinct lineages (Figure 2).
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FIGURE 7
 Phlebiopsis cana [(A, C–F) from the holotype He 5958; (B) from He 5728; scale bars: (A, B) = 1 cm; (C–F) = 10 μm]. (A, B) Basidiomes; (C) Basidiospores; (D) Basidia and a basidiole; (E) Lamprocystidia; (F) Hyphae from subiculum.




Rhizochaete nakasoneae Yue Li, C.C. Chen & S.H. He, sp. nov.

MycoBank: MB846341

Diagnosis—The species is recognized by a smooth hymenophore turning pinkish buff in KOH, the presence of thick-walled lamprocystidia, and broadly ellipsoid to ovoid basidiospores.

Type—China, Hunan Province, Zhangjiajie, Zhangjiajie Forest Park, on a fallen angiosperm trunk, 7 July 2015, He 2291 (BJFC 020746, holotype).

Etymology—Named to honor Dr. Karen K. Nakasone (CFMR, USA), who contributed much to the taxonomy and phylogeny of Rhizochaete.

Fruiting body—Basidiomes annual, resupinate, widely effused, loosely adnate, easily separated from substrate, and membranaceous to pellicular, first as small patches, later confluent up to 4 cm long, 2 cm wide, and up to 120 μm thick in section. Hymenophore smooth, light orange (6A5) to grayish orange (5B5), turning pinkish buff in KOH, not cracked upon drying; the margin thinning out, adnate, fimbriate, sterile, white when fresh, and becoming pale yellow upon drying; hyphal cords are present, brownish yellow, and turning pinkish buff in KOH; and context is pale yellow.

Microscopic structures—Hyphal system monomitic; generative hyphae simple-septate. Subiculum distinct; hyphae colorless, thin- to slightly thick-walled, usually encrusted with crystals, frequently branched and septate, loosely interwoven, and 3–5 μm in diameter. Subhymenium thickening, composed of lamprocystidia and hyphae; hyphae colorless, thin- to slightly thick-walled, smooth, vertically arranged, moderately branched, rarely septate, and 2–3 μm in diameter. Lamprocystidia numerous, metuloid, subfusiform, colorless, thick-walled, heavily encrusted with crystals, embedded or projecting beyond the hymenium up to 25 μm, and 34–50 × 8–14 μm (crystals included), with walls up to 1.5–2 μm. Basidia clavate, colorless, thin-walled, smooth, with a basal simple septum and four sterigmata, and 18–24 × 3.5–5 μm; basidioles in shape similar to basidia, but slightly smaller. Basidiospores broadly ellipsoid to ovoid, with an apiculus, colorless, thin-walled, smooth, usually with one or two oil drops, IKI–, CB–, 2.5–4 × (1.8–) 2–2.5 μm, L = 3.1 μm, W = 2.1 μm, and Q = 1.34–1.59 (n = 60/2).

Additional specimens examined—China, Guangxi Zhuang Autonomous Region, Xing'an County, Mao'ershan Nature Reserve, on an angiosperm stump, 13 July 2017, He 4821 (BJFC 024340, CFMR); Hunan Province, Zhangjiajie, Zhangjiajie Forest Park, on a rotten angiosperm trunk, 17 August 2010, Wu 1008-62 (TNM F0025327); Taiwan, Nantou County, Jenai Township, Aowanda National Forest Recreation Area, on a fallen angiosperm branch, 3 October 2016, WEI 16-383 (TNM F0031055).

Notes—Rhizochaete nakasoneae (Figures 8A, 9) is characterized by the thin pellicular basidiomes, simple-septate generative hyphae, thick-walled subfusiform cystidia, and small, broadly ellipsoid to ovoid basidiospores. Morphologically and phylogenetically, R. belizensis Nakasone, K. Draeger & B. Ortiz is closely related to R. nakasoneae but differs by having thicker basidiomes, encrusted hyphae, and distribution in Belize (Nakasone et al., 2017). Rhizochaete fissurata C.L. Zhao, recently described from China, formed a sister lineage to R. nakasoneae and R. belizensis but differs from R. nakasoneae in having thicker basidiomes with a cracked hymenophore, thinner cystidia walls (<1 μm), and slightly larger basidiospores (3–4.5 × 2.5–3 μm, Gu and Zhao, 2021). Rhizochaete radicata differs from R. nakasoneae by longer cystidia (60–100 μm) and slightly larger basidiospores (4–5 × 2.5–3 μm, Greslebin et al., 2004).
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FIGURE 8
 Basidiomes of Rhizochaete [scale bars: (A–F) = 1 cm]. (A) R. nakasoneae (He 4821, paratype); (B, C) R. subradicata [(B) He 3213, holotype; (C) He 5561, paratype]; (D, E) R. terrestris [(D) He 7713, holotype; (E) He 6694, paratype]; (F) R. yunnanensis (He 3302, holotype).
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FIGURE 9
 Rhizochaete nakasoneae [from the holotype He 2291; scale bars: (A–E) = 10 μm]. (A) Basidiospores; (B) Basidia; (C) Basidioles; (D) Lamprocystidia; (E) Hyphae from subiculum.




Rhizochaete subradicata Yue Li & S.H. He, sp. nov.

MycoBank: MB846342

Diagnosis—The species is recognized by a smooth hymenophore turning reddish brown in KOH, the presence of long lamprocystidia, and small ellipsoid basidiospores.

Type—China, Yunnan Province, Yongping City, Baotaishan Forest Park, on an angiosperm stump, 27 November 2015, He 3213 (BJFC 021608, holotype).

Etymology—Refer to the morphological similarity and close phylogenetic relationship of R. radicata.

Fruiting body—Basidiomes annual, resupinate, widely effused, loosely adnate, easily separated from substrate, and membranaceous to pellicular, first as small patches, later confluent up to 6 cm long, 3 cm wide, and up to 200 μm thick in section. Hymenophore smooth, light orange (5A5) to grayish orange (5B5), turning reddish brown in KOH, and not cracked upon drying; the margin thinning out, adnate, fimbriate, sterile, white or pale orange when juvenile, and slightly darkening with age; hyphal cords present, brownish yellow, and turning reddish brown in KOH; and context is pale yellow.

Microscopic structures—Hyphal system monomitic; generative hyphae simple-septate. Subiculum distinct, a loose texture; hyphae colorless, slightly thick-walled, smooth, frequently branched and septate, more or less parallel to substrate, and 3–6 μm in diameter. Subhymenium thickening, composed of lamprocystidia and hyphae; hyphae colorless, slightly thick-walled, smooth, more or less vertically arranged, moderately branched and septate, and 2.5–4 μm in diameter. Lamprocystidia numerous, subcylindrical to subfusiform, slightly thick-walled, encrusted with crystals in the upper part, mostly embedded or slightly projecting beyond the hymenium, and 40–75 (−90) × 7–15 μm (crystals included), with walls up to 1.5–2 μm. Basidia clavate, colorless, thin-walled, smooth, with a basal simple septum and four sterigmata, and 25–40 × 4–6 μm; basidioles in shape similar to basidia, but slightly smaller. Basidiospores ellipsoid, with an apiculus, colorless, thin-walled, smooth, usually with one or two oil drops, IKI–, CB–, (3.5–) 3.8–4.5 (−4.8) × 2.2–2.8 μm, L = 4.2 μm, W = 2.4 μm, and Q = 1.64–1.82 (n = 90/3).

Additional specimens examined—China, Guizhou Province, Jiangkou County, Fanjingshan Nature Reserve, on a rotten angiosperm trunk, 11 July 2018, He 5561 (BJFC 026622); Hubei Province, Wufeng County, Houhe Nature Reserve, on a fallen angiosperm trunk, 16 August 2017, He 5086 (BJFC 024604, CFMR); Hunan Province, Dong'an County, Shunhuangshan Nature Reserve, on a rotten angiosperm stump, 13 July 2015, He 2377 (BJFC 020831, CFMR); Jilin Province, Jiaohe County, forestry experimental area, on a fallen angiosperm trunk, 3 September 2017, He 5152 (BJFC 024670, CFMR); Jiangxi Province, Ji'an County, Jinggangshan Forest Park, on a fallen Rhododendron trunk, 11 August 2016, He 4282 (BJFC 023724, CFMR); Liaoning Province, Qingyuan County, Qingyuan forest ecological test station, on a dead angiosperm bark, 26 August 2015, He 2958 (BJFC 022025); Yunnan Province, Lushui County, Gaoligongshan Nature Reserve, on a fallen angiosperm trunk, 30 November 2015, He 3424 (BJFC 021820, CFMR); Yongde County, Daxueshan Nature Reserve, Dabaoshan, on a dead Quercus stump, 27 August 2015, He 2672 (BJFC 021111, CFMR); Yongping County, Baotaishan Forest Park, on a dead angiosperm tree, 27 November 2015, He 3246 (BJFC 021641).

Notes—Rhizochaete subradicata (Figures 8B, C, 10) is characterized by the thin pellicular basidiomes turning reddish brown in KOH, relatively long cystidia with thickened walls, and ellipsoid basidiospores. Morphologically and phylogenetically, R. subradicata is closely related to R. radicata, which differs by having thicker basidiomes and longer cystidia (60–100 μm, Nakasone et al., 1994). Rhizochaete radicata has been reported worldwide (Nakasone et al., 1994, 2017), but here we show that the widely distributed species in China is R. subradicata. Also, the occurrence of R. radicata in India, Japan, and Vietnam needs further study. Rhizochaete grandinosa C.L. Zhao & Z.R. Gu, recently described from Yunnan Province, southwestern China, differs from R. subradicata by having smaller cystidia (24–50 × 4–9 μm) and shorter basidia (14.5–21 μm, Gu and Zhao, 2021).


[image: Figure 10]
FIGURE 10
 Rhizochaete subradicata [from the holotype He 3213; scale bars: (A–D) = 10 μm]. (A) Basidiospores; (B) Basidia and a basidiole; (C) Lamprocystidia; (D) Hyphae from subiculum.




Rhizochaete terrestris Yue Li & S.H. He, sp. nov.

MycoBank: MB846343

Diagnosis—The species is recognized by a discontinuous hymenophore with well-developed hyphal cords, the absence of cystidia, and growth on the ground.

Type—China, Beijing, Haidian District, Yuyuantan Park, on the ground, 12 August 2022, He 7713 (BJFC 038849, holotype).

Etymology—Refer to the habitat on the ground.

Fruiting body—Basidiomes annual, resupinate, widely effused, adnate, on soil or rotten twigs and leaves, membranaceous or pellicular, fragile, the colonies up to 30 × 20 cm, up to 240 μm thick in section. Hymenophore discontinuous, smooth in the developed part, light yellow (4B5) to yellowish orange (4B7), turning pale purple in KOH, not cracked upon drying; the margin thinning out, adnate, fimbriate, and white; hyphal cords well developed, white to pale orange, and turning pale purple in KOH; and context is white.

Microscopic structures—Hyphal system monomitic; generative hyphae simple-septate with single clamps occasionally present. Subiculum distinct; hyphae colorless, thin- to slightly thick-walled, slightly encrusted with fine crystals, frequently branched and septate, more or less parallel to the substrate, and 2.5–7 μm in diameter; Subhymenium indistinct. Cystidia not observed. Basidia subclavate, colorless, thin-walled, smooth, with a basal simple septum and four sterigmata, and 28–38 × 4.5–6.5 μm; basidioles in shape similar to basidia, but slightly smaller. Basidiospores ellipsoid to broadly ellipsoid, with an apiculus, colorless, thin-walled, smooth, usually with two oil drops, IKI–, CB–, (3.8–) 4–5 (−5.2) × 2.5–3.2 (−3.5) μm, L = 4.4 μm, W = 2.9 μm, and Q = 1.47–1.56 (n = 60/2).

Additional specimens examined—China, Beijing, Haidian District, Jiufeng Forest Park, on the ground, 5 August 2020, He 6694 (BJFC 033642, holotype).

Notes—Rhizochaete terrestris (Figures 8D, E, 11) is characterized by the discontinuous basidiomes growing on the ground, well-developed hyphal cords, and the absence of cystidia. Rhizochaete lutea (Sheng H. Wu) C.C. Chen & Sheng H. Wu also lacks cystidia but differs from R. terrestris by the well-developed basidiomes unchanging in KOH, smaller basidia (19–23.5 × 3.7–4.2 μm), slightly narrower basidiospores (2–2.5 μm), and growth on bamboo in tropical areas (Wu, 1990). In the phylogenetic tree, R. terrestris formed a distinct lineage among the strongly supported group (93/83/1, Figure 3) that includes R. radicata and several other newly described species.
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FIGURE 11
 Rhizochaete terrestris [from the holotype He 7713; scale bars: (A–D) = 10 μm]. (A) Basidiospores; (B) Basidia; (C) Basidioles; (D) Hyphae from subiculum.




Rhizochaete yunnanensis Yue Li & S.H. He, sp. nov.

MycoBank: MB846344

Diagnosis—The species is recognized by a smooth hymenophore turning reddish brown in KOH and the presence of apically encrusted lamprocystidia, long basidia, and ellipsoid basidiospores.

Type—China, Yunnan Province, Lushui County, Gaoligongshan Nature Reserve, on a fallen angiosperm trunk, 28 November 2015, He 3302 (BJFC 021697, holotype; CFMR, isotype).

Etymology—Refer to the type locality in Yunnan Province, southwestern China.

Fruiting body—Basidiomes annual, resupinate, widely effused, loosely adnate, easily separated from the substrate, and membranaceous to pellicular, first as small patches, later confluent up to 5 cm long, 2 cm wide, and up to 160 μm thick in section. Hymenophore smooth, grayish yellow (4B4) to brownish orange (5B6), turning reddish brown in KOH, and not cracked upon drying; the margin thinning out, adnate, fimbriate, paler than hymenophore surface, and cream; hyphal cords yellow and turning reddish brown in KOH; and context is yellow.

Microscopic structures—Hyphal system monomitic; generative hyphae simple-septate with rare single clamps. Subiculum distinct; hyphae colorless, thin- to slightly thick-walled, smooth, frequently branched, sometimes with H- or Y-connections, frequently septate, loosely interwoven, and 3.5–6 μm in diameter. Subhymenium thickening, composed of lamprocystidia and hyphae, hyphae colorless, thin- to slightly thick-walled, smooth, loosely interwoven, moderately branched, rarely septate, and 1.5–3 μm in diameter. Lamprocystidia is numerous, subfusiform with an obtuse apex, apically encrusted, mostly embedded, and 40–52 × 6–10 μm (crystals included), with walls up to 1–1.5 μm. Basidia clavate, colorless, thin-walled, smooth, with a basal simple septum and four sterigmata, and 33–45 × 4.5–7 μm; basidioles in shape similar to basidia, but slightly smaller. Basidiospores ellipsoid, with an apiculus, colorless, thin-walled, smooth, usually with oil drops, IKI–, CB–, 4.2–5.2 × 2.8–3.2 μm, L = 4.8 μm, W = 3 μm, and Q = 1.6 (n = 30/1).

Notes—Rhizochaete yunnanensis (Figures 8F, 12) is characterized by thin basidiomes turning reddish brown in KOH, apically encrusted thick-walled cystidia, and long basidia. In the phylogenetic tree (Figure 3), R. yunnanensis is the sister to R. violascens (Fr.) K.H. Larss., which differs in having a violaceous hymenophore and clamped generative hyphae and lacking cystidia (Eriksson and Ryvarden, 1973). Rhizochaete subradicata is similar to R. yunnanensis by sharing similar-sized basidia and basidiospores but differs in having larger cystidia (40–75 × 7–15 μm) with more proportions of the length encrusted.


[image: Figure 12]
FIGURE 12
 Rhizochaete yunnanensis [from the holotype He 3302; scale bars: (A–E) = 10 μm]. (A) Basidiospores; (B) Basidia; (C) Basidioles; (D) Lamprocystidia; (E) Hyphae from subiculum.




Phanerochaete subsanguinea Yue Li & S.H. He, nom. nov.

MycoBank: MB846345

Replaced synonym—Phanerochaete rhizomorpha C.L. Zhao & D.Q. Wang, Journal of Fungi 7: 10. 2021. [MB#841272]

Etymology—Refer to the morphological similarity and close phylogenetic relationship of P. sanguinea (Fr.) Pouzar.

Description—See Wang and Zhao (2021).

Notes—According to Art. 53.1, the name P. rhizomorpha C.L. Zhao & D.Q. Wang published on 11 December 2021 is an invalid name since it is a homonym of P. rhizomorpha C.C. Chen, Sheng H. Wu & S.H. He published on 15 November 2021 (Chen et al., 2021; Wang and Zhao, 2021). Our morphological and phylogenetic studies on the representative specimens showed that the two names represented two distinct species (Figure 4). Therefore, we propose the new name P. subsanguinea (Figure 13) to replace P. rhizomorpha C.L. Zhao & D.Q. Wang.


[image: Figure 13]
FIGURE 13
 Phanerochaete subsanguinea [from He 6131; scale bars: (A) = 1 cm; (B–F) = 10 μm]. (A) Basidiomes; (B) Basidiospores; (C) Basidia; (D) Basidioles; (E) Cystidia; (F) Hyphae from subiculum.






Discussion

The phylogeny of the Phanerochaetaceae at the generic level is becoming much clearer with some new genera introduced for the independent lineages (Floudas and Hibbett, 2015; Miettinen et al., 2016; Yuan et al., 2017; Chen et al., 2018b, 2021; Ma and Zhao, 2019). At present, the family includes 23 genera, most of which are corticioid fungi (Chen et al., 2021). Although most of the newly described taxa in the family originated from East Asia, some groups in this area still need more systematic studies based on more complete samplings.

Chen et al. (2021) used Roseograndinia for a distinct lineage of two new species, which are morphologically similar to the type, R. rosea (Henn.) Hjortstam & Ryvarden. Morphologically, the genus is similar to Hyphodermella, which differs by having encrusted cystidioid hyphal ends. Our phylogenetic analyses based on more samples of the two genera showed that two recently described species without cystidioid hyphal ends, Hyphodermella aurantica and H. zixishanensis, nested within the Roseograndinia. Meanwhile, two new species, H. laevigata and H. tropica, in the core clade of Hyphodermella were found, though the former species also lacks cystidioid hyphal ends. The poroid species, Hyphodermella poroides Y.C. Dai & C.L. Zhao, did not nest within the core group of the genus but clustered with Geliporus exilisporus (Y.C. Dai & Niemelä) Yuan, Jia J. Chen & S.H. He. However, their relationship was not well supported, and there are clear morphological differences between the two species (Yuan et al., 2017; Zhao et al., 2017). At present, we accept a broad concept of Hyphodermella to include nine species as follows:

A key to accepted species of Hyphodermella s.l.

1. Hymenophore poroid ………………………..H. poroides

1. Hymenophore non-poroid ……………………………2

2. Hymenophore smooth to tuberculate ……………………3

2. Hymenophore grandinioid, odontoid to hydnaceous ……….4

3. Cystidioid hyphal ends absent, reported in southern China …………………………………………...H. laevigata

3. Cystidioid hyphal ends present, reported in Far East of Russia ……………………………………..H. pallidostraminea

4. Context distinctly brown ………………H. brunneocontexta

4. Context cream, pale yellow ……………………………5

5. Basidiospores <6 μm long …………………….H. tropica

5. Basidiospores > 6 μm long ……………………………6

6. Basidiospores narrowly ellipsoid, <4 μm wide ………………………………………H. maunakeaensis

6. Basidiospores ellipsoid, > 4 μm wide ……………………7

7. Basidiomes up to 500 μm thick, basidia up to 60 μm long …………………………………………..H. corrugata

7. Basidiomes up to 110 μm thick, basidia up to 40 μm long ……………………………………………………8

8. Subicular hyphae agglutinated, widely distributed in Mediterranean area and China on many hosts ………………………………………………H. rosae

8. Subicular hyphae separable, found in Italy on ………………………………….Ampelopsis H. ochracea

Rhizochaete is morphologically well-circumscribed and phylogenetically well-supported in the Phanerochaetaceae. It contains 17 species worldwide, including four new species recently described from China (Nakasone et al., 2017; Chen et al., 2021; Gu and Zhao, 2021). Our analyses herein demonstrated that the species diversity of the genus in China is rich, and four additional new species were found based mainly on molecular evidence. Meanwhile, according to our investigation records, some species are abundantly distributed locally, for example, R. chinensis C.C. Chen, Sheng H. Wu & S.H. He is one of the most common corticioid species in the Beijing area. The species, R. sulphurina (P. Karst.) K.H. Larss., was recorded in northeastern China earlier [as Ceraceomyces sulphurinus (P. Karst.) J. Erikss. & Ryvarden, Dai, 2011], but we did not recover this species based on our investigations and analyses. Thus, we accepted eight species of Rhizochaete in China as follows:

A key to species of Rhizochaete in China

1. Cystidia absent ……………………………………..2

1. Cystidia present …………………………………….3

2. Basidiomes on wood or bamboo, color unchanged in KOH, found in tropical areas ……………………………R. lutea

2. Basidiomes on the ground, turning purple in KOH, found in temperate area ……………………………….R. terrestris

3. Basidiospores broadly ellipsoid to ovoid, usually <2.5 μm wide ………………………………………....R. nakasoneae

3. Basidiospores ellipsoid, usually > 2.5 μm wide …………...4

4. Basidiomes turning purple in KOH …………………….5

4. Basidiomes turning reddish brown in KOH ………………6

5. Cystidia 18–60.5 × 6–11 μm, basidia 11–33 × 3–5 μm ……………………………………………R. fissurata

5. Cystidia 20–50 × 4–9 μm, basidia 14.5–21 × 4.3–5.2 μm ………………………………………….R. grandinosa

6. Basidiomes up to 500 μm thick, basidia <27 μm long ……………………………………………R. chinensis

6. Basidiomes up to 200 μm thick, basidia mostly > 27 μm long ……………………………………………………7

7. Cystidia 40–75 × 7–15 μm, basidiospores 3.8–4.5 × 2.2–2.8 μm …………………………………………R. subradicata

7. Cystidia 40–52 × 6–10 μm, basidiospores 4.2–5.2 × 2.8–3.2 μm …………………………………………R. yunnanensis
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The genus of Thelephora is a group of cosmopolitan ectomycorrhizal fungi with basidiocarps of morphological diversity that has an extremely scarce species reported from the forest ecosystem in China. In this study, phylogenetic analyses of Thelephora species from subtropical China were carried out based on multiple loci including the internal transcribed spacer (ITS) regions, the large subunit of nuclear ribosomal RNA gene (nLSU), and the small subunit of mitochondrial rRNA gene (mtSSU). Maximum likelihood and Bayesian analyses were used to construct the phylogenetic tree. The phylogenetic positions of four new species, Th. aquila, Th. glaucoflora, Th. nebula, and Th. pseudoganbajun, were revealed based on morphological and molecular evidence. Molecular analyses demonstrated that the four new species were closely related to Th. ganbajun and formed a clade with robust support in the phylogenetic tree. Regarding morphology, they share some common morphological characteristics, including flabelliform to imbricate pilei, generative hyphae more or less covered by crystals, and subglobose to irregularly lobed basidiospores (5–8 × 4–7 μm) with tuberculate ornamentation. These new species are described and illustrated and are compared to similar morphological or phylogenetically related species. A key to the new and allied species from China is provided.
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Introduction

Thelephora Ehrh. ex Willd. was established by Willdenow with Thelephora terrestris Ehrh. as the type species (Willdenow, 1787; Corner, 1968, 1976). The genus along with Tomentella Pers. ex Pat., Polyozellus Murrill., and Amaurodon J. Schröt. were placed in the Thelephoraceae, based on phylogenetic evidence (Larsen, 1968, 1974; Stalpers, 1993; Kõljalg, 1996; Vizzini et al., 2016). In general, this group of the Thelephoraceae has a tremendous variation regarding morphological characteristics, notably distinct color and shape of basidiocarps, as well as diverse size and ornamentation of the basidiospores (Corner, 1968; Larsen, 1968, 1974; Stalpers, 1993; Kõljalg, 1996; Larsson et al., 2004). Thelephora, the type genus of the family, also displays considerable diversity in morphology.

The variable morphological and anatomical features of Thelephora have been discussed in detail in subsequent studies (Ramírez-López et al., 2013, 2015; Khalid and Hanif, 2017; Das et al., 2018; Li et al., 2020). For instance, the basidiocarps range from stereoid, coral-like, merismatoid, spathulate-rosulate; the hyphal system is generally monomitic; the generative hyphae are usually clamped, simple-septate, and smooth to encrusted; cystidia are often absent; the ornamentation of the basidiospores is usually tuberculate or echinulate (Cunningham, 1957; Corner, 1968; Stalpers, 1993; Ramírez-López et al., 2013, 2015; Khalid and Hanif, 2017; Das et al., 2018; Li et al., 2020). Basidiocarps of some species exhibit phenotypic plasticity, e.g., Th. versatilis and Th. Pseudoversatilis, can display a sub-resupinate or completely resupinate form over living plants (Ramírez-López et al., 2013, 2015).

Generally, species of Thelephora contain a variety of shapes of basidiocarps and basidiospores with tuberculate or echinulate ornamentation, which help differentiate it from other genera in Thelephoraceae. Nevertheless, molecular validations have confirmed that Thelephora and Tomentella have a very close genetic relationship on the phylogenetic tree; the two genera are usually intermixed in the same evolutionary branch and do not form separate monophyletic groups (Vizzini et al., 2016; Lu et al., 2022). Furthermore, some species of the two genera have similar microscopic characteristics, such as tuberculate or echinulate ornamentation, and the same size and form as basidiospores (Stalpers, 1993; Lee et al., 2010; Yorou et al., 2011; Ramírez-López et al., 2015). The subtle classification boundary of the two genera has been controversial and still remains unresolved (Ramírez-López et al., 2015; Li et al., 2020; Lu et al., 2022).

Members of the genus Thelephora play an essential role in ecology, e.g., Th. terrestris is a well-known and rather common ectomycorrhizal symbiont in conifer tree nurseries promoting the growth of conifer seedlings (Weir, 1921; Corner, 1968; Marx and Bryan, 1970). Some species possess edible and medicinal values, for instance, Th. ganbajun M. Zang is a delicious edible fungus with a high economic value in China. Recent studies have documented that the chemically active ingredients, such as p-biphenyl phenolic compounds, polysaccharides, steroids, and fatty acids, extracted from Th. ganbajun have multiple effects such as antioxidant, antitumor, liver protection, and immune system enhancement for humans (Xu et al., 2016; Wang et al., 2017a; Zheng et al., 2020; Lu et al., 2022).

Approximately 52 accepted species of Thelephora have been described worldwide (http://www.indexfungorum.org/Names/Names.asp). Several studies have provided an ITS or ITS + LSU phylogenetic overview of the genus (Ramírez-López et al., 2015; Vizzini et al., 2016; Das et al., 2018; Li et al., 2020), based on species from the northern temperate and tropical regions of Asia, Europe, and North America (Ramírez-López et al., 2013, 2015; Khalid and Hanif, 2017; Das et al., 2018; Li et al., 2020). To date, 21 species of Thelephora have been recorded from China (Teng, 1934; Li et al., 2020; Liu et al., 2021), and most of them were identified based on themorphological comparison in the last century, and reference to taxonomy and phylogeny of this genus is extremely scarce. Meanwhile, most of the identifications are from molecular sequences without morphological study in the new century. For the star species Th. ganbajun, the situation may be even worse, as the name “ganbajun” has been applied to most related sequences in GenBank by some researchers. There are over 600 ITS sequences named “Thelephora ganbajun” in the NCBI database, yet the sequence discrepancies range from 1 to 9.5%. Therefore, it is essential to clarify the relationship between Th. ganbajun and the species with which it can be easily confused.

Investigations of stipitate aphyllophoroid fungi in China have been carried out in recent decades, and numerous Thelephora specimens have been collected. During the study of these specimens, four undescribed species collected from subtropical China were identified by means of morphology and phylogenetic analyses of a three-gene (ITS + nLSU + mtSSU) dataset. In this study, we describe and illustrate these taxa based on morphological and phylogenetic evidence and provide a key to the species of Thelephora from China.



Materials and methods


Morphological studies

Specimens were deposited at the herbarium of the Institute of Applied Ecology, Chinese Academy of Sciences (IFP). Microscopic procedures follow Cao et al. (2021). Macro-morphological characteristics of basidiocarps were observed under a stereomicroscope (Nikon SMZ 1000: Tokyo, Japan) at 4 × magnification. The observations of microscopic characters were performed on freehand sections of dried basidiocarps, mounted in 3% KOH, and stained in Cotton Blue (test for cyanophilous or acyanophilous reactions) and Melzer's reagent (test for amyloid and dextrinoid reactions). All measurements were studied at magnifications up to 1,000 × using a Nikon Eclipse E600 microscope (Tokyo, Japan) with phase contrast illumination. The following abbreviations are used: IKI = Melzer's reagent; IKI – = neither amyloid nor dextrinoid; KOH = 3% 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); Q = variation in the L/W ratios between the specimens studied; and n (a/b) = number of spores. The surface morphology for the basidiospores was observed with a Phenom Prox scanning electron microscope (ESEM, Phenom Prox, FEI, Netherlands) at an accelerating voltage of 20 kV. A thin layer of gold was coated on the samples to avoid charging. Special color terms are from Rayner (1970) and Munsell (2015).



Molecular study

Genomic DNA was extracted from the dried specimens with a Thermo Scientific Phire Plant Direct PCR kit (Thermo Fisher Scientific, Waltham, MA, United States). The internal transcribed spacer region (ITS) was amplified with primer pairs ITS4 and ITS1-F (White et al., 1990); the large subunit of nuclear ribosomal RNA gene (nLSU) with LR0R and LR5 (Moncalvo et al., 1993); and the mitochondrial small subunit rDNA gene (mtSSU) with MS1 and MS2 (Matheny, 2005). The final PCR volume was 30 μl; each tube contained 0.9 μl of template DNA, 15 μl of 2 × Phire Plant PCR buffer, 1.5 μl of each primer, 0.6 μl pf Phire HS II DNA polymerase, and 10.5 μl of ddH2O (double distilled water). The PCR thermal cycling program conditions were as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles of denaturation at 95°C for 40 s; annealing at 54°C for 45 s (ITS), 50°C for 1 min (nLSU), and 43°C for 50 s (mtSSU); extension at 72°C for 1 min; and a final extension at 72°C for 10 min (Yuan et al., 2020; Mu et al., 2021). The PCR products were purified and sequenced at the Beijing Genomics Institute (BGI), China.



Phylogenetic analyses

The newly generated sequences in this study and related sequences downloaded from GenBank (Table 1) were converted into FASTA format files by ClustalX (Thompson et al., 1997). Then, alignments were performed using MAFFT 7.110 (Katoh et al., 2019) and manually adjusted to allow maximum alignment and minimize gaps; finally, the results of the alignments were saved as the FASTA format files.


TABLE 1 Voucher numbers, geographic origins, and GenBank accession numbers for the specimens included; sequences produced in this study are in bold.

[image: Table 1]

The combined ITS + nLSU + mtSSU dataset phylogenetic analyses were conducted using maximum likelihood (ML) and Bayesian inference (BI) analysis. All characters were equally weighted, and all gaps were treated as missing data. ModelFinder (Kalyaanamoorthy et al., 2017) on Phylosuite (Zhang et al., 2020) was used to select the best-fit partition model (Edge-linked) using the AICc criterion for combined ITS + nLSU + mtSSU dataset. Best-fit models according to AICc were as follows: K3Pu + F + I + G4 (ITS), TIM3 + F + R2 (nLSU), TIM + F + I (mtSSU) for ML; SYM + I + G4 (ITS), GTR + F + I + G4 (nLSU), and GTR + F + I (mtSSU) for BI. Maximum likelihood phylogenies were inferred using IQ-TREE (Nguyen et al., 2015) under the edge-linked partition model for 1,000 standard bootstraps, as well as the Shimodaira–Hasegawa-like approximate likelihood-ratio test (Guindon et al., 2010). Bayesian Inference phylogenies were inferred using MrBayes 3.2.6 (Ronquist et al., 2012) implementing the Markov Chain Monte Carlo technique, with two parallel runs and eight million replicates. Four simultaneous chains were run beginning from random trees, and sampling one tree for every 100 generations until the average standard deviation of split frequencies was below 0.01. The burn-in was set to discard 25% of the trees. Identity/similarity between two sequences was calculated using the “pairwise alignment, calculation of the similarity/identity” option of BioEdit v. 7.0.5 (Hall, 2005).




Results


Phylogenetic analyses

The combined 143 ITS + nLSU + mtSSU sequences representing 41 taxa were used to build phylogenetic trees; 73 sequences of Thelephora were newly generated, 70 sequences were downloaded from GenBank (Table 1), including eight sequences of Tomentella. Odontia ferruginea was used as the outgroup (Ramírez-López et al., 2015; Vizzini et al., 2016; Khalid and Hanif, 2017; Das et al., 2018; Yuan et al., 2018; Li et al., 2020; Liu et al., 2021; Borovička et al., 2022).

In the phylogenetic tree (Figure 1), 19 sampled specimens representing four new species formed four isolated clades with strong support (100% ML/1 BI for Th. aquila, 99% ML/0.99 BI for Th. glaucoflora, 93% ML/0.98 BI for Th. nebula, and 98% ML/0.99 BI for Th. pseudoganbajun) and clustered in the clade with other four species including Th. austrosinensis, Th. ganbajun, Th. grandinioides, and Th. vialis with strong support (100% ML/1 BI). Eight samples of Th. ganbajun and the type samples formed a fully supported lineage (100% ML/1 BI) that differs from the other samples. The phylogenetic tree also reveals that three taxa of Tomentella and 37 taxa of Thelephora are intermixed in the phylogenetic tree.


[image: Figure 1]
FIGURE 1
 ML tree illustrating the phylogeny of the new species and related taxa based on ITS + nLSU + mtSSU nuclear rDNA sequences dataset. Branches are labeled with maximum likelihood bootstrap higher than 50% and Bayesian posterior probabilities higher than 0.95.





Taxonomy

Thelephora aquila S.R. Yang, Y.L. Wei & H.S. Yuan, sp. nov.

MycoBank MB846422 (Figures 2–4).


[image: Figure 2]
FIGURE 2
 Basidiocarp of Thelephora aquila (IFP 19531).
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FIGURE 3
 SEM of basidiospores of Thelephora aquila (IFP 19531).
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FIGURE 4
 Microscopic structures of Thelephora aquila (IFP 19531). (A) Hyphae from pileal context; (B) section of hymenium and subhymenium; (C) basidiospores. Scale bars: (A, B) = 10 μm; (C) = 5 μm.


Diagnosis. Basidiocarps upright, flabelliform to applanate-lobate; abhymenial surface black, margin lobed to wavy; stipe central. Generative hyphae are commonly clamped and rarely simple-septate. Basidiospores are subglobose to irregularly lobed and tuberculate.

Type. CHINA. Zhejiang Province, Kaihua County, Gutianshan National Nature Reserve, 29°16′N, 118°17′E, elev. 961 m, growing in broad-leaved forests, 26.VII.2018, Wei 8833 (holotype IFP 19531).

Etymology. Aquila (Lat.), refers to dark-colored, almost black basidiocarps.

Basidiocarp: Upright, solitary to concrescent, small to medium-sized, up to 5 cm high and 4 cm wide, coriaceous when fresh, hard and light in weight when dried; taste mild, almost no odor when dry. Pileus flabelliform to applanate-lobate, usually with multiple pilei arising from a central common stipe or base, margin thin (0.1 mm), irregularly lobed to wavy. Abhymenial surface somewhat radially rugulose or wrinkled, zonate, black (GLEY 1 2.5/N) near the center then gradually turning pale toward the outside and becoming white (30A1) at the margin when fresh; hymenial surface concolorous or deeper and white (30A1) at the margin. Stipe central, up to 2 cm long, brown (6E8), glabrous, clavillose to flatted or broadened.

Hyphal structure: hyphal system monomitic; generative hyphae commonly clamped and rarely simple-septate, CB+ in thick-walled hyphae, IKI–; tissues turned brown-black in 3% KOH.

Context: Generative hyphae hyaline, thick-walled (< 1 μm), moderately branched, sometimes flexuous and collapsed, subparallel to loosely interwoven, 3–6 μm in diam.

Subhymenium: Generative hyphae hyaline, slightly thick-walled (< 1 μm), frequently branched often near the clamp connections, distinctly inflated, occasionally covered by dense crystals, loosely interwoven, up to 4–7 μm diam.

Cystidia and cystidioles: Absent.

Basidia: utriform to subcylindrical, thin- to slightly thick-walled (< 1 μm), 40–55 × 6–10 μm, clamped at the base, multi-guttulate content sometimes very dense, occasionally covered by dense crystals, with four sterigmata, sterigmata 2–6 μm long and 1–2 μm diam at the base.

Basidiospores: slightly thick-walled (< 1 μm), (5–)5.1–7.1(−7.3) × (4–)4.1–6.1(−6.5) μm (ornamentation excluded), L = 6.3 μm, W = 5.7 μm, Q = 1.11–1.26 (n = 60/2), subglobose to irregularly lobed, tuberculate, bluish green in 3% KOH and in distilled water, CB+, IKI–, tuberculi usually isolated, sometimes in groups of two or more.

Additional specimen (paratype) examined: CHINA. Zhejiang Province, Kaihua County, Gutianshan National Nature Reserve, 29°16′N, 118°17′E, elev. 961 m, growing in broad-leaved forests, 26.VII.2018, Wei 8831 (IFP 19532).

Notes: Thelephora aquila, together with Th. austrosinensis, Th. ganbajun, Th. glaucoflora, Th. grandinioides, Th. nebula, Th. Pseudoganbajun, and Th. vialis clustered in a clade with full support based on the molecular evidence (Figure 1). Morphologically, a special characteristic of Th. aquila is the black abhymenial surface when mature, which makes it distinct from other species in the genus. Furthermore, Th. aquila resembles Th. austrosinensis in having single to concrescent basidiocarps, flabelliform to lobate pilei, absence of cystidia, and tuberculate basidiospores. However, Th. austrosinensis differs from Th. aquila by a grayish black to grayish yellow abhymenial surface and a violet pale gray-yellow hymenial surface (Li et al., 2020). Th. aquila and Th. grandinioides share some common features, including the upright basidiocarp, flabelliform to applanate-lobate pilei, and tuberculate basidiospores. Nevertheless, Th. grandinioides can be differentiated by a fawn to isabelline abhymenial surface, a grandinoid, olivaceous buff to clay-buff hymenial surface, as well as the presence of cystidia (Liu et al., 2021).

Thelephora glaucoflora S.R. Yang & H.S. Yuan, sp. Nov.

MycoBank MB846423 (Figures 5–7).


[image: Figure 5]
FIGURE 5
 Basidiocarps of Thelephora glaucoflora (IFP 19533).
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FIGURE 6
 SEM of basidiospores of Thelephora glaucoflora (IFP 19533).
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FIGURE 7
 Microscopic structures of Thelephora glaucoflora (IFP 19533). (A) Hyphae from context; (B) section of hymenium and subhymenium; (C) basidiospores. Scale bars: (A, B) = 10 μm; (C) = 5 μm.


Diagnosis. Basidiocarps upright, pileus flabelliform, imbricate; abhymenial surface gray to greenish gray, somewhat radially rugulose or wrinkled, zonate, sulcate near the base; stipe short and central. Generative hyphae are commonly clamped and rarely simple-septate, occasionally covered by dense crystals. Basidiospores are subglobose to irregularly lobed, tuberculate.

Type. CHINA. Hainan Province, Qiongzhong County, Limushan National Forest Park, 19°27′N, 109°79′E, elev. 1,412 m, growing on the ground in Castanopsis spp. and bamboo forests, 15.VI.2014, Dai 13623A (holotype IFP 19533).

Etymology. Glaucoflora refers to the floral basidiocarps with glaucous abhymenial surface.

Basidiocarp: Upright, usually solitary, small to medium-sized, up to 4 cm high and 3 cm wide, coriaceous when fresh, tastes mild, almost no odor when dried. Pileus flabelliform, imbricate, usually with multiple pilei arising from a central stipe or base, basidiocarp like a rose flower, margin thin (0.1 mm thick), imperceptibly wavy. Abhymenial surface somewhat radially rugulose or wrinkled, zonate, sulcate near the base, gray to greenish gray (29E1–29E2) near the center then gradually becoming gray to white (29A1–29B1) at the margin when fresh; hymenial surface radial rugulose, zonate, violet-gray (16B2–16E2) at the base then gray (16D1–16E1), gradually toward margin becoming white (16A1) when fresh. Stipe short and central, up to 0.5 cm long, brown (6E8) to dark brown (6F4–6F8), glabrous, cylindrical to flatted or broadened.

Hyphal structure: Hyphal system monomitic; generative hyphae commonly clamped and rarely simple-septate, CB+ in thick-walled hyphae, IKI–; tissues turned black in 3% KOH.

Context: Generative hyphae hyaline, thin- to slightly thick-walled (< 1 μm), moderately branched, sometimes flexuous and collapsed, subparallel to loosely interwoven, 3–6 μm diam.

Subhymenium: Generative hyphae hyaline, slightly thick-walled (< 1 μm), frequently branched often near the clamp connections, slightly inflated, occasionally covered by dense crystals, loosely interwoven, up to 4–6 μm diam.

Cystidia and cystidioles: Absent.

Basidia: Clavate, thin- to slightly thick-walled (< 1 μm), 40–60 × 6–10 μm, clamped at the base, multi-guttulate content sometimes present, occasionally covered by dense crystals, with four sterigmata, sterigmata 2–6 μm long and 1–2 μm in diam at the base.

Basidiospores: Slightly thick-walled (< 1 μm), (5.1–)5.5–7(−7.1) × (4–)4.5–6(−6.3) μm (ornamentation excluded), L = 6.14 μm, W = 5.08 μm, Q = 1.20–1.21 (n = 60/2), subglobose to irregularly lobed, tuberculate, bluish green in 3% KOH and in distilled water, CB+, IKI–, tuberculi usually isolated, sometimes in groups of two or more.

Additional specimens (paratypes) examined: CHINA. Hainan Province, Qiongzhong County, Limushan National Forest Park, 19°27′N, 109°79′E, elev. 1,412 m, growing on the ground in Castanopsis spp. and bamboo forests, 15.VI.2014, Dai 13627A (IFP 19534); growing on the ground, 30.V.2015, Dai 15217 (IFP 19535); 8.VI.2016, He 3868 (IFP 19536); Jiangxi Province, Anyuan County, Sanbaishan Scenic Area, 24°59′N, 115°25′E, elev. 1,164.5 m, growing on the ground, 5.VIII.2016, He 4441 (IFP 19537); Yunnan Province, Jinping County, Fenshuiling Nature Reserve, 22°54′N, 103°13′E, elev. 990–3,074.3 m, growing on the ground, 25.VI.2019, Dai 19753 (IFP 19538). THAILAND. Chiang Rai, Mae Fah Luang University, growing on the root of bamboo, 21.VII.2016, Dai 16612 (IFP 19539).

Notes: Thelephora glaucoflora has an adjacent phylogenetic relationship with Th. ganbajun (Figure 1). In morphology, Th. glaucoflora resembles Th. ganbajun in having single to concrescent basidiocarps, flabelliform to lobate pilei, bluish green, and tuberculate basidiospores. However, Th. glaucoflora differs from the latter by a glaucous to greenish gray abhymenial surface, a violet-gray hymenial surface, a brown to dark brown and non-branched stipe as well as the absence of cystidia (Zang, 1987). Th. glaucoflora and Th. cuticularis share similar morphological characteristics, including multiple flabelliform to imbricate pilei and the absence of cystidia. Nevertheless, Th. cuticularis can be separated from Th. glaucoflora by a jet black abhymenial surface, a dark to purplish brown hymenial surface, and bigger, yellowish brown to pale brown basidiospores (8–12 × 6–10 μm in Th. cuticularis vs. 5.1–7.1 × 4–6.3 μm in Th. glaucoflora) with echinulate ornamentation (Baici et al., 1995). In morphology, Th glaucoflora and Th. dominicana exhibit some common features, including the absence of cystidia and central stipe. However, Th. dominicana differs from Th. glaucoflora by a black to grayish abhymenial surface, a grayish to vinaceous gray hymenial surface, a black cylindrical stipe, infundibuliform pileus, and dark brown basidiospores with echinulate ornamentation (Vizzini et al., 2016).

Thelephora nebula S.R. Yang & H.S. Yuan, sp. nov.

MycoBank MB846424 (Figures 8–10).


[image: Figure 8]
FIGURE 8
 Basidiocarp of Thelephora nebula (IFP 19540).
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FIGURE 9
 SEM of basidiospores of Thelephora nebula (IFP 19540).
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FIGURE 10
 Microscopic structures of Thelephora nebula (IFP 19540). (A) Hyphae from pileal context; (B) section of hymenium and subhymenium; (C) basidiospores. Scale bars: (A, B) = 10 μm; (C) = 5 μm.


Diagnosis. Basidiocarps upright, pileus flabelliform to applanate-lobate, imbricate; abhymenial surface grayish brown to yellowish brown, margin lobed to wavy; stipe short and central. Generative hyphae are commonly clamped and rarely simple-septate, occasionally covered by dense crystals. Basidiospores globose to subglobose, irregularly lobed, tuberculate.

Type. CHINA. Fujian Province, Nanping City, Wuyishan Nature Reserve, 24°30′N−28°20′N, 115°33′E−118°50′E, elev. 2,158 m, growing in broad-leaved forests, Yuan 11515 (holotype IFP 19540).

Etymology. Nebula (Lat.), refers to the basidiocarp resembling a wavy cloud.

Basidiocarp: Upright, solitary to concrescent, medium to large-sized, up to 8 cm high and 10 cm wide, coriaceous when fresh, tastes mild, almost no odor when dried. Pileus flabelliform to applanate-lobate, imbricate, usually with multiple pilei arising from a central stipe or multiple pilei overlapping and fused to form a conical cluster, margin slightly thin (0.1–1 mm), irregularly lobed to obtuse. The abhymenial surface somewhat wrinkled, visibly zonate, sulcate, brown (6E8) to grayish brown (5D3–5F3) near the center then yellowish brown (5E8) gradually toward the margin, brownish yellow (5C3–5C7) to white (5A1) at the margin; hymenial surface zonate, grayish brown (5D3–5F3) to brown (6E8) and toward margin becoming brownish yellow (5C3–5C7) to white (5A1) at the margin. Stipe short and central, up to 2 cm long, brown (6E8), glabrous, clavillose to flatted or broadened.

Hyphal structure: Hyphal system monomitic; generative hyphae commonly clamped and rarely simple-septate, CB+ in thick-walled hyphae, IKI–; tissues turned black in 3% KOH.

Context: Generative hyphae hyaline, slightly thick-walled (< 1 μm), moderately branched, sometimes flexuous and collapsed, subparallel to loosely interwoven, 3–5 μm in diam.

Subhymenium: Generative hyphae hyaline to semi-hyaline, slightly thick-walled (< 1 μm), frequently branched often near the clamp connections, slightly inflated, occasionally covered by dense crystals, loosely interwoven, up to 4–6 μm in diam.

Cystidia and cystidioles: Absent.

Basidia: Utriform to subcylindrical, thin- to slightly thick-walled (< 1 μm), 45–65 × 8–11 μm, clamped at the base, multi-guttulate content sometimes very dense, occasionally covered by dense crystals, with four sterigmata, sterigmata 4–7 μm long and 1–2 μm in diam at the base.

Basidiospores: Slightly thick-walled (< 1 μm), (6–)6.1–7.9(−8) × (4.9–)5–6.5(−7) μm (ornamentation excluded), L = 7.06 μm, W = 5.81 μm, Q = 1.22–1.24 (n = 60/2), subglobose to irregularly lobed, tuberculate, yellowish brown to pale green in 3% KOH and in distilled water, CB+, IKI–, tuberculi usually isolated, sometimes in groups of two or more.

Additional specimens (paratypes) examined: CHINA. Fujian Province, Nanping City, Wuyishan Nature Reserve, 27°45′N, 118°03′E, elev. 2,158 m, growing in broad-leaved forests, Yuan 11516 & 11518 (IFP 19541 & 19542); 17.VIII.2016, He 4452 & 4456 (IFP 19543 & 19544).

Notes: Thelephora nebula formed a distinct lineage that was separated from the clade of Th. grandinioides in the phylogenetic tree (Figure 1). Morphologically, Th. nebula shares similar features with Th. grandinioides by multiple flabelliform to imbricate pilei and tuberculate basidiospores. Nevertheless, Th. grandinioides can be differentiated by a fawn to isabelline abhymenial surface, a grandinoid, olivaceous buff to the clay-buff hymenial surface when fresh, as well as the presence of cystidia (Liu et al., 2021). Th. nebula and Th. vialis share common features including flabelliform to effuse-reflexed pilei, absence of cystidia, and frequently branched subhymenial hyphae. Nevertheless, the diagnostic feature to distinguish the new species is the brown to grayish brown abhymenial surface, grayish brown to brownish yellow hymenial surface, as well as brown and central stipe (Corner, 1968). Th. nebula and Th. palmata also share some similar features, including multiple flabelliform to the applanate-lobate pilei and the absence of cystidia. However, Th. palmata possesses a chocolate brown to blackish brown abhymenial surface, fuscous purple, and bigger echinulate basidiospores (8–12 × 7–9 μm in Th. palmata vs. 6.1–7.9 × 5–6.5 μm in Th. nebula) as well as bigger basidia (70–100 × 9–12 μm in Th. palmata vs. 45–65 × 8–11 μm in Th. nebula Corner, 1968).

Thelephora pseudoganbajun S.R. Yang & H.S. Yuan, sp. nov.

MycoBank MB846425 (Figures 11–13).


[image: Figure 11]
FIGURE 11
 Basidiocarps of Thelephora pseudoganbajun (IFP 19545).
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FIGURE 12
 SEM of basidiospores of Thelephora pseudoganbajun (IFP 19545).
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FIGURE 13
 Microscopic structures of Thelephora pseudoganbajun (IFP 19545). (A) Hyphae from pileal context; (B) section of hymenium and subhymenium; (C) basidiospores. Scale bars: (A, B) = 10 μm; (C) = 5 μm.


Diagnosis. Basidiocarp uplifted, pileus lacerated becoming flabelliform or spathulate, imbricate; abhymenial surface brown to yellowish brown, somewhat radially rugulose or wrinkled, obscurely zonate; stipe short and central to somewhat lateral. Generative hyphae are commonly clamped and rarely simple-septate, occasionally covered by dense crystals. Basidiospores globose to subglobose, tuberculate.

Type. CHINA. Yunnan Province, Yimen County, 24°27′N−24°57′N, 101°54′E−102°18′E, elev. 1,036–2,680 m, growing in coniferous and broad-leaved mixed forests, 21.VII.2022, Yuan 16794 (holotype IFP 19545).

Etymology. Pseudoganbajun refers to the species being highly morphologically similar to Th. ganbajun.

Basidiocarp: Upright, usually solitary, small to medium-sized, up to 10 cm high and 8 cm wide, coriaceous when fresh, tastes mild, slight fragrance when dried. Pileus more or less deeply lacerated becoming flabelliform or spathulate, often imbricate, sometimes proliferating from the center and becoming imbricate and forming a rosette shape, margin flush and thin (0.5–2 mm), and imperceptibly wavy. Abhymenial surface somewhat radially rugulose or wrinkled, obscurely zonate, and brown (6E5–6E6) near the center and becoming yellowish brown (5D4–5D8) near margin; hymenial surface radially rugulose or longitudinally wrinkled, light brown (6D4–6D8) to brown (6E5–6E6) at base and white (6A1) at the margin, inconspicuously tuberculose. Stipe short and central to somewhat lateral, brown (6E5–6E6) to yellowish brown (5D4–5D8), glabrous, cylindrical to flatted or broadened.

Hyphal structure: Hyphal system monomitic; generative hyphae commonly clamped and rarely simple-septate, CB+ in thick-walled hyphae, IKI–; tissues turned brown-black in 3% KOH.

Context: generative hyphae hyaline, thick-walled (< 1 μm), moderately branched, sometimes flexuous and collapsed, subparallel to loosely interwoven, 4–6 μm diam.

Subhymenium: generative hyphae hyaline, slightly thick-walled (< 1 μm), frequently branched often near the clamp connections, occasionally isotypical clamp connections symmetrically growing on both sides of the hyphae, hyphal cells partly short to slightly inflated, occasionally covered by dense crystals, subparallel to loosely interwoven, up to 4–8 μm diam.

Cystidia and cystidioles: Absent.

Basidia: clavate, thin- to slightly thick-walled (< 1 μm), 45–65 × 6–10 μm, clamped at the base, multi-guttulate content sometimes very dense, with four sterigmata, sterigmata 2–6 μm long and 1–2 μm in diam at the base.

Basidiospores: slightly thick-walled (< 1 μm), (5.1–)5.5–7(−7.2) × (4–)4.3–5.5(−6.1) μm (ornamentation excluded), L = 6.47 μm, W = 5.24 μm, Q = 1.22–1.26 (n = 60/2), subglobose to irregularly lobed, tuberculate, bluish green in 3% KOH and in distilled water, CB+, IKI–, tuberculi usually isolated, sometimes in groups of two or more.

Additional specimens (paratypes) examined: CHINA. Yunnan Province, Eshan County, 24°10′N, 102°45′E, elev. 1,412 m, growing on the ground, 21.VII.2022, Yuan 16780 (IFP 19546); Muding County, 25°18′N, 101°32′E, elev. 1140–2897 m, growing on the ground, 21.VII.2022, Yuan 16835 (IFP 19547); Shiping County, growing on the ground, 23°42′N, 102°29′E, 1,420–2,551.3 m, 19.VII.2022, Yuan 16771 (IFP 19548); Xundian County, Hekou, 24°27′N−24°57′N, 101°54′E−102°18′E, elev. 76.4–2,354 m, growing in angiosperm and Pinus spp. mixed forest, 19.VII.2022, Yuan 16733 (IFP 19549).

Notes: Six samples (Yuan 16780, 16733, 16835, 16771, and 16794) together with two sequences downloaded from GenBank, which were labeled “Thelephora cf. ganbajun” from Xiangyun County and Yunlin County, Yunnan Province, formed a clade in the phylogenetic tree (Figure 1). In morphology, the flabelliform or spathulate and imbricate pilei of similar size as well as brown to yellowish brown stipe make Th. pseudoganbajun easily confused with Th. ganbajun. However, a brown to yellowish brown abhymenial surface, a light brown to brown hymenial surface, clamps symmetrically growing on subhymenial hyphae, and the absence of cystidia make the former different from Th. ganbajun (Zang, 1987). The phylogenetic tree also shows a close relationship between Th. pseudoganbajun and Th. vialis. They share similar characteristics in having tuberculate ornamentation of basidiospores and flabelliform or spathulate pilei. However, Th. vialis differs from Th. pseudoganbajun by a pallid yellowish to pale dull brown abhymenial surface and a pallid yellowish to grayish brown hymenial surface, as well as no clamps symmetrically growing on the subhymenial hyphae (Corner, 1968). Morphologically, flabelliform or spathulate and imbricate pilei and solitary to concrescent basidiocarps, make Th. pseudoganbajun similar to Th. anthocephala. However, Th. anthocephala differentiates from Th. pseudoganbajun by a ferruginous or purplish abhymenial surface and a dark brown to the grayish violet hymenial surface, a subtomentose stipe, as well as purplish umber and bigger echinulate basidiospores (7–11 × 5–8.5 μm in Th. anthocephala vs. 5.1–7.2 × 4–6.1 μm in Th. pseudoganbajun Corner, 1968).

Thelephora ganbajun M. Zang, Acta Bot. Yunn. 9(1): 85 (1987) (Figures 14–16).


[image: Figure 14]
FIGURE 14
 Basidiocarp of Thelephora ganbajun (IFP 19554).
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FIGURE 15
 SEM of basidiospores of Thelephora ganbajun (IFP 19554).
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FIGURE 16
 Microscopic structures of Thelephora ganbajun (IFP 19554). (A) Hyphae from pileal context; (B) section of hymenium and subhymenium; (C) basidiospores. Scale bars: (A, B) = 10 μm; (C) = 5 μm.


Basidiocarp: Upright, usually solitary, small to medium-sized, up to 14 cm high and 15 cm wide, coriaceous when fresh, tastes mild, coriaceous, yeast powder flavor when dried. Pileus more or less deeply lacerate becoming flabelliform, often imbricate, sometimes proliferating from the center and becoming imbricate and forming a rosette shape, and margin flush and thin (0.5–2 mm). Abhymenial surface somewhat smooth, distinctly zonate, gray (GLEY1 4/N−6/N) to dark brown (10YR 2/1–2/2) near the center and becoming grayish yellow (3C3–3C5) to white (3A1) gradually toward margin; hymenial surface gray (GLEY1 4/N−6/N) to black (GLEY1 2.5/N) near the base and oyster white (2C2) at the margin, inconspicuously gray (GLEY1 4/N−6/N) to black (GLEY1 2.5/N) tuberculose at the base. Stipe short, central to somewhat lateral, multi-branched, brown (6E5–6E6) to yellowish brown (5D4–5D8), glabrous, cylindrical to flatted or broadened.

Hyphal structure: Hyphal system monomitic; generative hyphae commonly clamped and rarely simple-septate, CB+ in thick-walled hyphae, IKI–; tissues turned brown-black in 3% KOH.

Context: Generative hyphae hyaline, thick-walled (< 1 μm), moderately branched, sometimes flexuous and collapsed, subparallel to loosely interwoven, 3–5 μm in diam.

Subhymenium: Generative hyphae hyaline, slightly thick-walled (< 1 μm), frequently branched often near the clamp connections, slightly inflated, occasionally covered by dense crystals, loosely interwoven, up to 3–6 μm diam.

Cystidia: Clavate, 50–85 × 6–8 μm, the length is 1–1.5 times that of basidia, clamped at base; cystidioles absent.

Basidia: Utriform to subcylindrical, thin- to slightly thick-walled (< 1 μm), 25–55 × 6–8 μm, clamped at the base, multi-guttulate content sometimes very dense, occasionally covered by dense crystals, with four sterigmata, sterigmata 4–7 μm long and 1–2 μm in diam at the base.

Basidiospores: slightly thick-walled (< 1 μm), (5–)5.5–7(−7.5) × (4.5–)5–6(−6.7) μm (ornamentation excluded), L = 6.61 μm, W = 5.70 μm, Q = 1.16–1.20 (n = 60/2), subglobose to irregularly lobed, often containing a single guttule, tuberculate, bluish green in 3% KOH and in distilled water, CB+, IKI–, tuberculi usually isolated, sometimes in groups of two or more.

Specimens examined: CHINA. Yunnan Province, Jinning District, 24°40′N, 102°35′E, elev. 2,200–2,648 m, 20.VII.2022, Yuan 16765 (IFP 19550); Lufeng City, 25°09′N, 104°04′E, elev. 1,300–2,754 m, 21.VII.2022, Yuan 16817 (IFP 19551); Maming township, 25°25′N, 103°57′E, elev. 2,034 m, growing in coniferous forests, 18.VII.2022, Yuan 16715 (IFP 19552); Shiping County, 23°42′N, 102°29′E, elev. 1,420–2,551.3 m. 20.VII.2022, Yuan 16769 (IFP 19553); Xiangyun County, 41°68′N, 123°47′E, elev. 2,000 m, growing in coniferous forests, 19.IX.2019, Yuan 14373 & 14374 (IFP 19554 & 19555); Xundian County, 25°33′N, 103°15′E, elev. 1,450–3,294 m, 19.VII.2022, Yuan 16749 (IFP 19556); Yiliang County, 24°55′N, 103°08′E, elev. 1,500–1,800 m, 19.VII.2022, Yuan 16756 (IFP 19557).

Notes: Thelephora ganbajun was initially described in Yunnan, China (Zang, 1987). Wang et al. (2017b) sequenced the ITS gene of the type specimen preserved in the Cryptogamic Herbarium of the Kunming Institute of Botany, Chinese Academy of Sciences (HKAS-KUN), and uploaded it to the NCBI database. According to the original description, Th. ganbajun possesses echinulate basidiospores (7–12 × 6–8 μm); Li et al. (2020) re-examined the type specimen of Th. ganbajun and revealed that Th. ganbajun possesses much smaller tuberculate basidiospores (4.5–6 × 4.2–5 μm) compared to the original description. In this study, we collected eight samples from different regions of Yunnan Province and identified them as Th. ganbajun based on phylogenetic and morphological evidence. In an effort to understand the morphological characters of Th. ganbajun, the verification of our eight samples also reveals the smaller sizes of basidiospores (5–7.5 × 4.5–6.7 μm), as well as tuberculate ornamentation. Therefore, we have added some morphological features of Th. ganbajun and provided illustrations.



Key to the new and allied species from China

1. Cystidia present………………………………2

1. Cystidia absent………………………………3

2. Cystidia tubular or septate……………Th. grandinioides

2. Cystidia clavate………………………Th. ganbajun

3. Isotypical clamps occasionally present symmetrically growing on both sides of the subhymenial hyphae...………………………Th. pseudoganbajun

3. Clamps not symmetrically grow on subhymenial hyphae…..4

4. Basidiocarp like wavy cloud………………..Th. nebula

4. Basidiocarp not like wavy cloud…………………....5

5. Hymenial surface dark-colored to almost black…..Th. aquila

5. Hymenial surface more or less lilac to violet-gray………6

6. Abhymenial surface grayish to black……Th. austrosinensis

6. Abhymenial surface gray to greenish gray...……………………………Th. glaucoflora



Discussion

The three-gene (ITS + nLSU + mtSSU) phylogenetic analysis provided an improved resolution at the interspecific level. The tree showed that the phylogenetic clades obtained higher support at the species level, but relatively low support in the deeper nodes, which is consistent with previous results (Ramírez-López et al., 2013, 2015; Khalid and Hanif, 2017; Das et al., 2018; Li et al., 2020).

The phylogenetic tree revealed the relationships among Thelephora ganbajun, Th. austrosinensis, Th. grandinioides, Th. Vialis, and the four new species. These eight species clustered in a clade and obtained full support, indicating that they have a close phylogenetic relationship. They share some common morphological characteristics, including flabelliform to imbricate pilei proliferating from a common base, zonate abhymenial surface, generative hyphae more or less covered by crystals, and relatively small, tuberculate basidiospores (5–8 × 4–7 μm), but are significantly distinguished in terms of molecular sequences and morphological characteristics. We provide a key to the new and allied species from China. Th. vialis is not included in the key, because our preliminary study shows that the name “Th. vialis” may represent another species in China.

The specimens involved in this study were mainly collected from subtropical forests, where the elevation is relatively high (800–2,200 m) and the aphyllophoroid fungi are very rich (He et al., 2011; Wu et al., 2016, 2020, 2022; Cui et al., 2018, 2019; Deng C. Y. et al., 2020; Deng W. Y. et al., 2020; Dai et al., 2021; Ma et al., 2022). The forests are primarily dominated by broad-leaved trees such as Fagaceae, Castanopis spp., and a small portion of Pinaceae trees. As ectomycorrhizal fungi, these species may be associated with tree species of Fagaceae and/or Pinaceae.

Up to now, more than 600 ITS sequences named “Thelephora ganbajun” have been submitted to NCBI and UNITE databases. The previous study has shown that some selected sequences formed five distinct clades in the ITS phylogenetic tree (Li et al., 2020), and the reference sequence from the type specimen (HKAS 14735) nested in the clade 1, which represents the true Th. ganbajun. In this study, some sequences named “Th. ganbajun” from GenBank, for instance, KY245247, KY245255, EU696860, and EU696931, have sequence similarities with the type Yuan 16794 ranging from 99.8 to 100% and were identified as Th. pseudoganbajun. Some sequences, for example, EU696831, EU696818, EU696871, and EU696881, have sequence similarities with the type Dai 13623A ranging from 99.69 to 99.08% and were identified as Th. glaucoflora. However, the other two new species, Th. aquila and Th. nebula, were not identified with those known sequences from GenBank. More continuous investigations are needed to understand the species diversity of this group of fungi.
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Brown-rot fungi account for a small portion of the wood-decaying fungi. There are a few corticioid genera causing brown rot of wood, and their species diversity is still under investigated and studied, especially in subtropical and tropical areas. Two new brown-rot corticioid fungi, Coniophora beijingensis and Veluticeps subfasciculata were found during the investigation of corticioid fungi in China. Phylogenetic analyses of the two genera were carried out separately based on ITS-28S sequence data. Coniophora beijingensis was collected from Beijing, north China, from different kinds of angiosperm and gymnosperm trees, and is characterized by possessing a monomitic hyphal system with colorless hyphae and relatively small pale yellow basidiospores 7–8.6 μm× 4.5–6 μm. Veluticeps subfasciculata was collected from Guizhou and Sichuan Provinces, southwestern China, on Cupressus and is characterized by the resupinate to effused-reflexed basidiomes with a colliculose hymenophore, nodose-septate generative hyphae, fasciculate skeletocystidia and subcylindrical to subfusiform basidiospores 8–11 μm × 2.5–3.5 μm. Descriptions and illustrations are provided for the two new species, and identification keys to Coniophora and Veluticeps species in China are given. Coniophora fusispora is reported in China for the first time.
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Introduction

Modern phylogenetic analyses indicated that corticioid brown-rot fungi distributed in several main lineages of Agaricomycetes, such as, Boletales, Polyporales, Gloeophyllales, and Amylocorticiales (Larsson, 2007; Hibbett et al., 2014). The total number of this group of fungi is small with some relatively small but important genera, among which Coniophora DC. and Veluticeps Cooke are two typical ones.

Coniophora is an old genus and includes 170 names (Index of Fungorum)1 but many of them are synonyms (Ginns, 1982). Morphologically, species of Coniophora are characterized by having resupinate basidiomes with a smooth to tuberculate hymenophore, usually simple-septate (occasionally nodose-septate) generative hyphae, thick-walled, pale yellow to brown basidiospores with dextrinoid and cyanophilous reactions, and lacking cystidia (present in one species, Ginns, 1982; Bernicchia and Gorjón, 2010). Leucogyrophana Pouzar and Serpula (Pers.) Gray are two similar genera but differ in having merulioid to irpicoid hymenophores and nodose-septate generative hyphae (Bernicchia and Gorjón, 2010). Phylogenetically, Coniophora formed a well-supported lineage in Boletales and was closely related to Coniophoropsis Hjortstam & Ryvarden, which have distinct ornamented basidiospores (Hjortstam and Ryvarden, 1986; Zhao et al., 2018).

Veluticeps Cooke, typified by V. berkeleyana Cooke, is characterized by the resupinate, effused-reflexed or pileate basidiomes with a smooth, warted or odontioid hymenophore, a monomitic hyphal system with simple- or nodose-septate hyphae, single or fasciculate cystidia and ellipsoid or cylindrical basidiospores negative in Melzer’s reagent (Nakasone, 1990; Bernicchia and Gorjón, 2010). Phylogenetic studies indicated that Veluticeps is a member of the small order Gloeophyllales, which include the famous brown-rot poroid genus, Gloeophyllum P. Karst. (Larsson, 2007; Garcia-Sandoval et al., 2011; He and Li, 2013; Yang et al., 2016). Nakasone (1990, 2004) did monographic studies on the genus and other similar genera. The genus now comprises about 11 species with several new species were described from China based on morphological and molecular evidence recently (He and Li, 2013; Yang et al., 2016; Yang and He, 2016).

Although the poroid brown-rot fungi in China have been intensively studied in recent years (Han et al., 2016; Shen et al., 2019; Liu et al., 2021), the species diversity of the corticioid ones are still largely unknown. Preliminary morphological and molecular studies on the corticioid specimens collected from China recently revealed two undescribed species. In this paper, we carried out two independent phylogenetic analyses based on ITS-28S sequence data, and describe and illustrate the two new species as Coniophora beijingensis and Veluticeps subfasciculata.



Materials and methods


Specimen collection

In situ photos of specimens were taken with a Canon camera EOS 70D (Canon Corporation, Japan). Specimens were dried with a portable dryer, labelled, then stored in a freezer at minus 40°C for 2 weeks to kill the insects and their eggs before proceeding with morphological and molecular studies. Voucher specimens are deposited at the herbarium of Beijing Forestry University, Beijing, China (BJFC). Herbarium code designations follow Index Herbarium.2



Morphological studies

Thin, freehand sections were made from dried basidiomes and mounted in 2% (weight/volume) aqueous potassium hydroxide (KOH) and 1% (w/v) aqueous phloxine. Amyloidity and dextrinoidity of hyphae and basidiospores were checked in Melzer’s reagent (IKI). Cyanophily of hyphal and basidiospore walls was observed in 1% (w/v) cotton blue in 60% (w/v) lactic acid (CB). Microscopic examinations were carried out with a Nikon Eclipse 80i microscope (Nikon Corporation, Japan) at magnifications up to 1,000 ×. Drawings were made with the aid of a drawing tube. The following abbreviations are used: L = mean basidiospore length, W = mean basidiospore width, Q = L/W ratio, n (a/b) = number of basidiospores (a) measured from number of specimens (b). Color codes and names follow Kornerup and Wanscher (1978).



DNA extraction and sequencing

A CTAB plant genomic DNA extraction Kit DN14 (Aidlab Biotechnologies Co., Ltd., Beijing, China) was used to extract total genomic DNA from dried specimens then amplified by the polymerase chain reaction (PCR), according to the manufacturer’s instructions. The ITS1-5.8S-ITS2 region (ITS) was amplified with the primer pair ITS5/ITS4 (White et al., 1990) using the following protocol: initial denaturation at 95°C for 4 min, followed by 34 cycles at 94°C for 40 s, 58°C for 45 s and 72°C for 1 min, and final extension at 72°C for 10 min. The nrLSU D1-D2 region (28S) was amplified with the primer pair LR0R/LR73 employing the following procedure: initial denaturation at 94°C for 1 min, followed by 34 cycles at 94°C for 30 s, 50°C for 1 min and 72°C for 1.5 min, and final extension at 72°C for 10 min. DNA sequencing was performed at Beijing Genomics Institute, and the sequences were deposited in GenBank4 (Table 1). BioEdit v.7.0.5.3 (Hall, 1999) and Geneious Basic v.11.1.15 (Kearse et al., 2012) were used to review the chromatograms and for contig assembly.



TABLE 1 Species and sequences used in the phylogenetic analyses.
[image: Table1]



Phylogenetic analyses

Two separate datasets of concatenated ITS-28S sequences of the Coniophora and Veluticeps were analyzed. Tapinella panuoides (Fr.) E.-J. Gilbert and Gloeophyllum sepiarium (Wulfen) P. Karst. were selected as the outgroup for the two datasets, respectively. The ITS and 28S sequences were aligned separately using MAFFT v.75 (Katoh et al., 2017) with the G-INS-I iterative refinement algorithm and optimized manually in BioEdit v.7.0.5.3. Then, the separate alignments were concatenated using Mesquite v.3.5.1 (Maddison and Maddison, 2018).

Maximum parsimony (MP), maximum likelihood (ML) analyses and Bayesian inference (BI) were carried out by using PAUP* v.4.0b10 (Swofford, 2002), RAxML v.8.2.10 (Stamatakis, 2014) and MrBayes 3.2.6 (Ronquist et al., 2012), respectively. In MP analysis, trees were generated using 100 replicates of random stepwise addition of sequence and tree-bisection reconnection (TBR) branch-swapping algorithm with all characters given equal weight. Branch supports for all parsimony analyses were estimated by performing 1,000 bootstrap replicates with a heuristic search of 10 random-addition replicates for each bootstrap replicate. In ML analysis, statistical support values were obtained using rapid bootstrapping with 1,000 replicates, with default settings used for other parameters. For BI, the best-fit substitution model was estimated with jModeltest v.2.17 (Darriba et al., 2012). Four Markov chains were run for 2 million generations for the Coniophora dataset and 1 million generations for the Veluticeps dataset until the split deviation frequency value was lower than 0.01. Trees were sampled every 100th generation. The first quarter of the trees, which represented the burn-in phase of the analyses, were discarded, and the remaining trees were used to calculate posterior probabilities (BPP) in the majority rule consensus tree.




Results


Phylogenetic analyses

The Coniophora dataset contained 34 ITS and 21 28S sequences from 34 samples representing 15 ingroup taxa and the outgroup (Table 1). The aligned length was 2040 characters, of which 269 were parsimony informative. MP analysis yielded eight equally parsimonious trees (TL = 784, CI = 0.699, RI = 0.834, RC = 0.583, HI = 0.301). The Veluticeps dataset composed of 29 ITS and 16 28S sequences from 29 samples representing 9 ingroup taxa and the outgroup (Table 1). This dataset had an aligned length of 1,884 characters, of which 277 characters were parsimony informative. MP analysis yielded two equally parsimonious tree (TL = 638, CI = 0.743, RI = 0.893, RC = 0.663, HI = 0.257). jModelTest suggested GTR + I + G and GTR + G as the best-fit models of nucleotide evolution for the Coniophora and Veluticeps datasets, respectively. The average standard deviation of split frequencies of BI was 0.005158 (for the Coniophora dataset) and 0.006744 (for the Veluticeps dataset) at the end of the run. MP and BI analyses resulted in almost identical tree topologies compared to the ML analysis for both datasets. The ML trees of the two genera are shown in Figures 1, 2, respectively, with the parsimony bootstrap values (≥50%, first value), likelihood bootstrap values (≥50%, second value) and Bayesian posterior probabilities (≥0.95, third value) labelled along the branches.

[image: Figure 1]

FIGURE 1
 Phylogenetic tree obtained from ML analysis of the ITS-28S sequences of Coniophora. Branches are labelled with parsimony bootstrap values (≥50%, first), likelihood bootstrap values (≥50%, second) and Bayesian posterior probabilities (≥0.95, third). New species are set in bold and highlighted.


[image: Figure 2]

FIGURE 2
 Phylogenetic tree obtained from ML analysis of the ITS-28S sequences of Veluticeps. Branches are labelled with parsimony bootstrap values (≥50%, first), likelihood bootstrap values (≥50%, second) and Bayesian posterior probabilities (≥0.95, third). New species are set in bold and highlighted.


In the trees, the two new species Coniophora beijingensis and Veluticeps subfasciculata formed distinct lineages. Coniophora beijingensis is sister to C. eremophila Lindsey & Gilb. and C. prasinoides (Bourdot & Galzin) Bourdot & Galzin, while Veluticeps subfasciculata is closely related to V. fasciculata Jiao Yang & S.H. He.



Taxonomy

Coniophora beijingensis Yue Li & S.H. He, sp. nov. Figure 3
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FIGURE 3
 Coniophora beijingensis (from the holotype He 6635; scale bars: a = 1 cm; b–e = 10 μm). (A) Basidiomes; (B) Basidiospores; (C) Basidia; (D) Basidioles; (E) Hyphae from subiculum.


MycoBank: MB847029

Type: China, Beijing, Shijingshan District, Badachu Park, on fallen angiosperm trunk, 30 July 2020, He 6635 (BJFC 033583, holotype).

Etymology: Refers to the type locality in Beijing, China.

Fruiting body: Basidiomes annual, resupinate, effused, closely adnate, inseparable from substrate, membranaceous, first as small patches, later confluent up to 15 cm long, 4 cm wide, 350 μm thick in section. Hymenophore smooth to slightly tuberculate, brownish orange [6C(4–8)] to light brown [6D(4–8)], turning reddish brown in KOH, not cracked; margin thinning out, adnate, without hyphal strands, white to pale yellow, distinct, up to 0.4 cm wide. Context pale yellow.

Microscopic structures: Hyphal system monomitic; all hyphae without clamps. Subiculum distinct, usually with numerous crystals; hyphae colorless, thin- to slightly thick-walled, smooth, rarely branched, moderately septate, tightly interwoven, usually collapsed, 2–5 μm in diam. Subhymenium thickening, composed of collapsed hymenial elements, basidiospores and usually crystals; hyphae colorless, thin-walled, smooth, rarely branched, moderately septate, densely interwoven, slightly agglutinated, 1.5–4 μm in diam. Cystidia absent. Basidia clavate to subcylindrical, colorless, thin-walled, smooth, with four sterigmata and a basal septum, 15–35 × 4–7 μm; basidioles in shape similar to basidia but slightly smaller. Basidiospores ellipsoid to ovoid, with a distinct apiculus, pale yellow, distinctly thick-walled, smooth, strongly dextrinoid in Melzer’s reagent, cyanophilous (6.7–) 7–8.6 (−9.7) × 4.5–6 μm, L = 7.5 μm, W = 5.2 μm, Q = 1.37–1.57 (n = 60/2).

Additional specimens examined: China, Beijing, Changping District, Mangshan Forest Park, on dead angiosperm branch, 1 September 2020, He 6920 (BJFC 033869); on fallen decorticated trunk of Pinus, 1 September 2020, He 6926 (BJFC 033875); Haidian District, Baiwangshan Forest Park, on dead Platycladus orientalis tree, 20 August 2022, He 7732 (BJFC 038868); on dead angiosperm branch, 25 August 2022, He 7754 (BJFC 038890); Xishan Forest Park, on fallen angiosperm trunk, 13 August 2022, He 7685 (BJFC 038821); Yangtaishan Forest Park, on fallen trunk of Syringa, 19 August 2022, He 7722 (BJFC 038858).

Notes: Coniophora beijingensis is characterized by possessing a monomitic hyphal system with colorless hyphae and relatively small pale yellow basidiospores. Coniophora arida (Fr.) P. Karst. is similar to C. beijingensis in the basidiomes configurations but differs in having larger basidiospores (10.4–13 μm × 6–8 μm, Ginns, 1982). Coniophora prasinoides (Bourdot & Galzin) Bourdot & Galzin is similar to C. beijingensis by sharing the colorless hyphae and small basidiospores (7.4–10 μm × 4.3–6.9 μm) but differs in having hyphal strands, scattered verticillate clamps on hyphae and weakly dextrinoid basidiospores (Ginns, 1982). In the phylogenetic tree (Figure 1), C. beijingensis formed a distinct lineage sister to C. eremophila, which differs in having hyphal strands, loosely interwoven hyphae and larger basidiospores (9.6–11 μm × 6.8–7.6 μm, Ginns, 1982).

Veluticeps subfasciculata Yue Li & S.H. He, sp. nov. Figure 4
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FIGURE 4
 Veluticeps subfasciculata (from the holotype He 2979; scale bars: a = 1 cm; b–f = 10 μm). (A) Basidiomes; (B) Basidiospores; (C) Basidia; (D) Basidioles; (E) Skeletocystidia; (F) Hyphae from subiculum.


MycoBank: MB847030

Type: China, Guizhou Province, Guiyang, Huaxi Park, on fallen trunk of Cupressus, 25 August 2010, He 2979 (BJFC 022046, holotype).

Etymology: Refers to the morphological similarity and close phylogenetic relationship to V. fasciculata Jiao Yang & S.H. He.

Fruiting body: Basidiomes perennial, resupinate to effused-reflexed effused, adnate, separable from substrate, coriaceous to soft corky, first as small patches, later confluent. Reflexed parts protruding up to 2 cm long, 4 cm wide, up to 0.4 cm thick at base; abhymenial surface glabrous, brown [6E(4–8)] to dark brown [6F(4–8)], sulcate and zonate; margin blunt, paler than abhymenial surface. Hymenophore uneven, colliculose to slightly grandinioid with protruding hyphal pegs, greyish brown [6(D–E)3], light brown [6D(4–6)] to brown [6E(4–6)], turning black in KOH, not cracked or deeply cracked with age; margin thinning out, distinct, velvety, adnate or slightly elevated with age, paler than hymenophore, brownish orange [6C(3–5)] to light brown [6D(4–6)], up to 0.1 cm wide. Context light brown.

Microscopic structures: Hyphal system monomitic; generative hyphae with clamps. Abhymenial tomentum usually present, composed of loosely interwoven brown hyphae. Cutis present in aged parts, composed of densely interwoven brown hyphae. Subiculum distinct, thick, composed of more or less horizontally arranged hyphae; subicular hyphae of two types (1) generative hyphae colorless, slightly thick-walled, smooth, moderately septate and branched, 2–4 μm in diam; (2) sclerified hyphae pale yellow to golden yellow, distinctly thick-walled, smooth, with rare clamps, usually with secondary septa, unbranched; transitions of the two kinds of hyphae present. Subhymenium thickening, composed of more or less vertically arranged hyphae, collapsed hymenial elements and skeletocystidia; subhymenial hyphae colorless, slightly thick-walled, smooth, 2–3.5 μm in diam. Skeletocystidia hyphoid, tubular to clavate, originated from subhymenium or subiculum, single or usually with several to many fasciculate together forming the hyphal pegs, colorless, yellow to yellowish brown, distinctly thick-walled, smooth or encrusted with crystals with age, some with one to several secondary septa, with a basal clamp, up to 150 μm long, 3–8 μm wide, protruding up to 80 μm above the hymenium. Basidia subclavate to subcylindrical, colorless, thin-walled, smooth, with four sterigmata and a basal clamp, 20–35 μm × 4–6 μm; basidioles numerous, in shape similar to basidia, but slightly smaller. Basidiospores subcylindrical to subfusiform, colorless, thin-walled, smooth, negative in Melzer’s reagent, acyanophilous, 8–11 × 2.5–3.5 (−4) μm, L = 9.7 μm, W = 3.1 μm, Q = 3–3.2 (n = 90/3).

Additional specimens examined: China, Sichuan Province, Jiange County, Cuiyunlang scenic spot, on fallen trunk of Cupressus, 18 June 2011, He 2046 (BJFC 016644); Jianmenguan scenic spot, on trunk of dead Cupressus, 9 November 2018, Dai 19384 (BJFC 027852).

Notes: Veluticeps subfasciculata is characterized by the resupinate to effused-reflexed basidiomes with a colliculose hymenophore, nodose-septate generative hyphae, fasciculate skeletocystidia and growing on trunks of Cupressus in southwestern China. Veluticeps fasciculata is similar to V. subfasciculata by sharing the colliculose hymenophore, nodose-septate generative hyphae and fasciculate skeletocystidia but differs in having longer basidia (30–65 μm) and growing on Cunninghamia and Cryptomeria in central and southeastern China (Yang et al., 2016). Veluticeps berkeleyana is also similar to V. subfasciculata by sharing fasciculate cystidia and nodose-septate generative hyphae but differs in having larger basidiospores (12–14.5 μm × 4–5 μm) and growing on Pinus (Nakasone, 1990). In the phylogenetic tree (Figure 2), two samples from GenBank, “V. berkeleyana isolate A6 (KC414241)” and “V. ambigua isolate HE21074 (KC505560)” both from Sichuan Province, southwestern China clustered with the type specimens with strong support values and formed the V. subfasciculata lineage, which is closely related to V. fasciculata.




Discussion

Although the brown-rot corticioid fungi only account for a small portion of the wood-decaying fungi in nature, they also play important roles in the cycling of substances and renewal of ecosystem. Our present and previous studies (He and Li, 2013; Yang et al., 2016; Yang and He, 2016) indicated that the species diversity of this group of fungi in China is rich and needs more investigations and studies. Future works should be emphasized on the special habitats and hosts, for example, the gymnosperm trees in areas of high altitudes. With more specimens collected and sequenced, the number of this group fungi in China will be largely increased in future.

Coniophora and Veluticeps are two common brown-rot corticoid genera in China. Morphologically, both genera have brown basidiomes, but Coniophora in Boletales can be easily distinguished from Veluticeps in Gloeophyllales by having yellowish-brown, thick-walled basidiospores. Hymenochaete Lév. in Hymenochaetales is similar to Coniophora and Veluticeps by sharing resupinate brown basidiomes, but differs in having characteristic brown setae.

Coniophora fusispora, a characteristic and widely distributed species, is reported from China for the first time based on two specimens collected on the bases of living Pinus tree in Beijing. The species numbers of Coniophora and Veluticeps in China have now become to seven and six with two new species and a new Chinese record reported above. Herein, we present two identification keys to all species of the two genera as follows.


A key to Coniophora species in China

[image: Table2]



A key to Veluticeps species in China

[image: Table3]
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Cantharellus, one of the main genera of Hydnaceae (Cantharellales), is both ecologically and economically important. Although many studies have focused on this genus in China, the taxonomy should be further updated. In the present study, Cantharellus subgenera Afrocantharellus and Magni were investigated based on morphology and molecular phylogenetic analyses with new collections from China. Five phylogenetic species were recognized among the studied collections, three of which were described as new: C. bellus, C. cineraceus, and C. laevigatus; one was previously described taxon: C. hygrophoroides; and the remaining species was not defined due to the paucity of the materials. Among the four described species, both C. bellus and C. laevigatus are members of subgen. Magni, whereas C. cineraceus and C. hygrophoroides belong to subgen. Afrocantharellus.

KEYWORDS
 chanterelle, molecular phylogeny, morphology, new taxa, taxonomy


Introduction

Cantharellus Adans. ex Fr. (Hydnaceae, Cantharellales) is interesting and important in forestry for its mycorrhizal properties, medicinal values, and edibility of many species (Pilz et al., 2003; Yun and Hall, 2004; Zhang M. et al., 2022). Recently, the genus has been divided into seven subgenera: Afrocantharellus Eyssart. & Buyck, Cantharellus Adans. ex Fr., Cinnabarini Buyck & V. Hofst., Magni T. Cao & H.S. Yuan, Parvocantharellus Eyssart. & Buyck, Pseudocantharellus Eyssart. & Buyck, and Rubrini Eyssart. & Buyck (Buyck et al., 2014; Cao et al., 2021). In China, researchers paid much attention to subgenera Cantharellus, Cinnabarini, and Parvocantharellus (An et al., 2017; Zhang M. et al., 2021; Zhang Y. Z. et al., 2021; Zhang M. et al., 2022; Zhang Y. Z. et al., 2022), whereas subgenera Afrocantharellus and Magni received little attention.

Subgen. Afrocantharellus, typified by C. symoensii Heinem., was proposed in 2001 (Eyssartier and Buyck, 2001), and then, Tibuhwa et al. (2012) elevated the subgenus to genus rank. However, further molecular-based infrageneric classification of Cantharellus did not support subgen. Afrocantharellus as a separate genus (Buyck et al., 2013, 2014), and thus, the subgenus rank of Afrocantharellus was redefined, which includes two sections, viz., Afrocantharellus Buyck & V. Hofstetter and Cutirellus Corner. It is characterized by a high proportion of four-spored basidia, an absence of clamp connections, and thin-walled hyphal extremities at the cap surface (Buyck et al., 2014). Subgen. Magni, a monotypic subgenus typified by C. magnus T. Cao & H. S. Yuan, was erected in 2021, which is characterized by a large basidioma, smooth, azonate, deep yellow to deep orange pileal surface, almost perfectly smooth hymenophore, thin- to slightly thick-walled terminal cells of pileipellis hyphae, and a presence of clamp connections (Cao et al., 2021).

In China, only two taxa of subgen. Afrocantharellus, viz., C. cerinoalbus Eyssart. & Walleyn and C. hygrophoroides S.C. Shao, Buyck & F.Q. Yu, and one species of subgen. Magni, viz., C. magnus, have been described/reported in previous studies (Shao et al., 2014; Song et al., 2017; Zeng and Jiang, 2020; Cao et al., 2021). Recently, several specimens of subgen. Afrocantharellus and Magni were collected in China, and they were studied using morphological and molecular phylogenetic analyses, aiming to update the taxonomy of the two subgenera.



Materials and methods


Morphological studies

The studied specimens were collected from Hainan, Fujian, Hunan, and Zhejiang Provinces of China and deposited in the Fungal Herbarium of Hainan Medical University (FHMU), Haikou city, Hainan Province of China. Based on detailed notes and photographs taken from fresh basidiomata, we obtained the macroscopic descriptions. Color documentation of fresh materials follows Kornerup and Wanscher (1981). Observations and measurements of microscopic features were made in 5% KOH solution and stained with 1% Congo Red (Zhang Y. Z. et al., 2022). The sections of the pileipellis were taken from the pileus between the center and the margin. The number of measured basidiospores is given as n/m/p, where “n” represents the total number of basidiospores measured from “m” basidiomata of “p” collections. The dimensions of basidiospores are presented in the form (a–)b–e–c(−d), where the range b–c contains at least of 90% of the measured values (5th to 95th percentile), “a” and “d” are the extreme values, and “e” refers to the average length/width of basidiospores. “Q” refers to the length/width ratio of basidiospores and “Qm” refers to the average Q of basidiospores and is given with standard deviation. For basidiospore shape, Qm = 1.15–1.3 describes “broadly ellipsoid,” Qm = 1.3–1.6 “ellipsoid,” and Qm = 1.6–2.0 “elongate” (Yang, 2005). The terms referring to the size of basidioma are based on Bas (1969).



Molecular procedures

The total genomic DNA was extracted from collections and dried with silica gel using the Plant Genomic DNA Kit (CWBIO, Beijing, China) according to the manufacturer’s instructions. Primer pairs used for amplification were nuc 28S rDNA D1-D2 domains (28S) with LR0R/LR5 (Vilgalys and Hester, 1990; James et al., 2006) and the translation elongation factor 1-α gene (TEF1) with EF1-α-F/EF1-α-R (Mikheyev et al., 2006). PCR conditions followed the program of Zhang Y. Z. et al. (2021). PCR products were checked in 1% (w/v) agarose gels. The PCR amplification products were sequenced using an ABI 3730 DNA Analyzer (Guangzhou Branch of BGI, China) with the same primers. DNA sequences were compiled with SeqMan (DNASTAR Lasergene 9) or BioEdit (Hall, 1999) and then deposited in GenBank.1



Dataset assembly

Forty DNA sequences (22 of 28S and 18 of TEF1) from 23 collections were newly generated. The GenBank accession numbers are listed in Table 1. For the concatenated dataset, the sequences of 28S and TEF1 from new collections were aligned with sequences of taxa of subgenera Afrocantharellus and Magni, and representative species of other subgenera of Cantharellus from previous studies and GenBank (Table 1). Craterellus badiogriseus T. Cao & H.S. Yuan was chosen as out-group inferred from Cao et al. (2021). To test for phylogenetic conflict among 28S and TEF1, single-gene phylogenetic trees based on each of these two fragments were analyzed. A conflict was assumed to be significant if two different relationships for the same set of taxa (one being monophyletic and the other non-monophyletic) were observed in rival trees (Vadthanarat et al., 2021). The results of analyses showed that 28S and TEF1 were not in conflict. Thus, the datasets (28S and TEF1) were aligned with MUSCLE v3.6 (Edgar, 2004) and concatenated using Phyutility v2.2 for further analyses (Smith and Dunn, 2008).



TABLE 1 Taxa, vouchers, locations, and GenBank accession numbers of DNA sequences used in phylogenetic analyses.
[image: Table1]



Phylogenetic analyses

The combined nuclear dataset (28S + TEF1) was analyzed using maximum likelihood (ML) and Bayesian inference (BI). For ML, tree generation and bootstrap analyses were performed with RAxML7.2.6 (Stamatakis, 2006) running 1,000 replicates combined with an ML search. For BI, the best-fit model of substitution among those implementable in MrBayes was estimated separately for each character set using jModelTest (Darriba et al., 2012) on the CIPRES portal, based on the Bayesian information criterion. The best-fit likelihood models for 28S and TEF1 were GTR + I + G and SYM + I + G, respectively. BI was conducted in MrBayes v3.1 (Huelsenbeck and Ronquist, 2005) on the CIPRES Science Gateway portal (Miller et al., 2011). For the BI analyses, four chains were processed with the generation set as 10 million using the selected model for each gene. The trees were sampled every 100 generations. Other parameters were kept at their default setting. The chain convergence was determined using Tracer v 1.52 to ensure sufficiently large ESS values. The stop rule was used when parallel MCMC runs converged (ESS value > 200). Finally, 6.5 million generations were taken to reach the convergence, and the average deviation of split frequencies was 0.009922. The trees were summarized, and statistical values were obtained using the sump and sumt commands with burn-ins (i.e., the first 25% of the samples) discarded. In addition, phylogenetic distances of some Cantharellus species were calculated using MEGA 11 (Tamura et al., 2021).




Results


Molecular data

The combined dataset (28S + TEF1) consisted of 139 taxa and 1862 nucleotide sites (986 of 28S and 876 of TEF1). The phylogram with branch lengths generated from RAxML and support values (BS and PP) is shown in Figure 1. The topologies of phylogenetic trees generated from ML and BI analyses were identical, although statistical support for some branches showed slight differences.

[image: Figure 1]

FIGURE 1
 Phylogram of genus Cantharellus, with emphasis on subgenera Afrocantharellus and Magni, inferred from a two-locus (rDNA 28S, TEF1) dataset using RAxML. BS (≥70%) and PP (≥0.95) are indicated above the branches.


The present molecular data indicated that the Chinese collections of subgenera Afrocantharellus and Magni were grouped into five independent lineages (Figure 1). Lineage 1, with strong statistical support (BS = 97%, PP = 1.0), included the holotype of C. hygrophoroides (HKAS80614) and 13 new collections (FHMU798, FHMU813, FHMU1058, FHMU1635, FHMU1878, FHMU2397, FHMU2398, FHMU2405, FHMU2417, FHMU2420, FHMU2421, FHMU3126, and FHMU4601) from southern China; lineage 2, with high statistical support (BS = 93%, PP = 0.95), included two new specimens (FHMU966 and FHMU968) from southeastern China and four collections labeled as C. cerinoalbus from central China; lineage 3, with weak statistical support, was comprised of two new specimens (FHMU6948 and FHMU6949) from eastern China and southern China, respectively; lineage 4, with strong statistical support (BS = 94%, PP = 0.96), was comprised of five new collections (FHMU6950, FHMU6952, FHMU6953, FHMU6954, and FHMU6955) from central China and one new specimen (FHMU6956) from eastern China; lineage 5, only included one new collection (FHMU2422) from southern China (Figure 1).



Taxonomy

Cantharellus bellus N.K. Zeng, Y.Z. Zhang & Zhi Q. Liang, sp. nov.

Figures 2A,B, 3.
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FIGURE 2
 Basidiomata of Cantharellus subg. Afrocantharellus species. (A,B) Cantharellus bellus (FHMU2422, holotype); (C,D) Cantharellus cineraceus (C) FHMU968, holotype; (D) FHMU966; (E,F) Cantharellus hygrophoroides (E) FHMU2421; (F) FHMU1635; (G,H) Cantharellus laevigatus (G) FHMU6955, holotype; (H) FHMU6952; Photographs: (A–F) N. K. Zeng; (G,H) Z. H. Chen.


[image: Figure 3]

FIGURE 3
 Microscopic features of Cantharellus bellus (FHMU2422, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y. Z. Zhang.


MycoBank: MB845017.

Diagnosis: Differs from other species of Cantharellus subgen. Magni by a bright orange-yellow pileus, a well-developed hymenophore, and an intricate trichodermal pileipellis.

Etymology: The specific epithet “bellus” refers to the beautiful basidioma of the new species.

Holotype: China. Hainan Province: Yinggeling of Hainan Tropical Rainforest National Park, elev. 650 m, 5 August 2015, N. K. Zeng2589 (FHMU2422). GenBank accession number: 28S = ON117825, TEF1 = ON340619.

Basidiomata small-sized. Pileus 2.5–5 cm in diameter, plano-convex to infundibuliform, margin irregularly wavy; surface smooth, bright orange-yellow (5A6), shiny; context above stipe about 0.2 cm in thickness, yellowish (3A1), unchanging in color when injured. Hymenophore composed of well-developed, well-spaced, decurrent, unequal and forked gill folds, commonly anastomosing; folds about 0.15 cm broad, pale yellow (3A3). Stipe 2.5–3.7 × 0.45–0.6 cm, subcylindrical, central, solid, hollow when old; surface dry, grayish yellow (4A2) to fulvous (2B2); context yellowish (1A2). Taste and Odor not distinctive. Spore print not obtained.

Basidiospores [40/2/1] (7–)7.5–8.7–9.5(−10) × 5.5–6.3–6.5(−7) μm, Q = (1.08–)1.15–1.55(−1.73), Qm = 1.39 ± 0.12, broadly ellipsoid to ellipsoid, slightly thick-walled (up to 0.5 μm), smooth, yellowish in KOH. Basidia 55–83 × 8–10.5 μm, narrow, subcylindric, slightly thick-walled (0.5–0.7 μm), 3–5–spored, yellowish in KOH; sterigmata 5.5–7.5 μm in length. Cystidia absent. Pileipellis an intricate trichoderm composed of cylindrical, 4–7.5 μm wide, slightly thick-walled (up to 0.5 μm) hyphae, faintly pale yellow in KOH; terminal cells 20–100 × 4.5–7 μm, slightly thick-walled (up to 0.5 μm), subcylindrical to subclavate, with obtuse apex. Clamp connections present in all tissues.

Habitat: Solitary on the ground of forests dominated by Castanopsis kawakamii Hayata.

Known distribution: Southern China (Hainan Province).

Notes: Phylogenetically, C. bellus is closely related to C. magnus (Figure 1), also a member of subgen. Magni; however, the latter has a larger basidioma (pileus up to 20 cm in diameter), a smooth hymenophore, and larger basidiospores measuring (8.5–)9–11(−11.5) × (6.5–)6.8–7.5(−8.0) μm (Cao et al., 2021). Cantharellus chuiweifanii N.K. Zeng, Y.Z. Zhang, and Zhi Q. Liang, C. cibarius Fr., C. pallens Pilát, and C. yunnanensis W.F. Chiu are morphologically similar to C. bellus. However, the four species are all members of subgen. Cantharellus (Zhang Y. Z. et al., 2022).

Cantharellus cineraceus N.K. Zeng, Y.Z. Zhang & Zhi Q. Liang, sp. nov.

Figures 2C,D, 4.
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FIGURE 4
 Microscopic features of Cantharellus cineraceus (FHMU968, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y. Z. Zhang.


MycoBank: MB845018.

Diagnosis: Differs from other species of Cantharellus subgen. Afrocantharellus by a yellowish orange pileus, grayish white stipe and context, and it is associated with fagaceous trees.

Etymology: The specific epithet “cineraceus” refers to the grayish-white context of the new species.

Holotype: China. Fujian Province: Zhangping city, Xinqiao town, Chengkou village, elev. 350 m, 17 August 2013, N. K. Zeng1423 (FHMU968). GenBank accession number: 28S = ON089298, TEF1 = OP251153.

Basidiomata small-sized. Pileus 3–4.5 cm in diameter, central depression to broadly infundibuliform, margin slightly incurved, irregular, often wavy and lobed; surface smooth, yellowish orange (6B6); context above stipe 0.2–0.3 cm in thickness, yellowish (4A2), unchanging in color when injured. Hymenophore composed of well-developed, well-spaced, decurrent, unequal, occasionally to commonly forked gill folds, mostly anastomosing near the cap margin; folds 0.05–0.1 cm broad, white (2A1), pale orange-ochre (4A3) to pale ochre-yellow (2A4). Stipe 2.5–3.5 × 0.5–0.8 cm, subcylindrical, central, solid, hollow when old; surface dry, grayish white (2A1); context grayish white (3A1). Taste and Odor not distinctive. Spore print not obtained.

Basidiospores [79/9/2] 8–9.3–10(−11.5) × (5–)5.5–6.4–7 μm, Q = 1.23–1.73(−1.9), Qm = 1.46 ± 0.14, broadly ellipsoid to ellipsoid, slightly thick-walled (up to 0.5 μm), smooth, yellowish in KOH. Basidia 56–98 × 8–11 μm, long, narrow, subcylindric, slightly thick-walled (up to 0.5 μm), 3–6–spored, yellowish in KOH; sterigmata 6–8 μm in length. Cystidia absent. Pileipellis a cutis composed of cylindrical, 5.5–10 μm wide, slightly thick-walled (0.5–0.8 μm) hyphae, faintly pale yellow in KOH; terminal cells 24–36 × 5–8.5 μm, thin- to slightly thick-walled (up to 0.5 μm), subcylindrical to subclavate, with obtuse apex. Clamp connections absent in all tissues.

Habitat: Gregarious on the ground in forests dominated by Castanopsis kawakamii Hayata.

Known distribution: Southeastern and central China (Fujian and Hunan Provinces).

Additional specimen examined: China. Fujian Province: Zhangping city, Xinqiao town Chengkou village, elev. 350 m, 17 August 2013, N. K. Zeng1421 (FHMU966).

Notes: Although the values of phylogenetic distances among C. cineraceus, C. cerinoalbus Eyssart. & Walleyn, and C. cuticulatus Corner seem to be not high (Figure 1) for only 28S sequences of the three taxa were obtained, C. cerinoalbus and C. cuticulatus are morphologically different with C. cineraceus. Malaysian C. cerinoalbus has a yellow cap often with olivaceous or grayish tinges, smaller basidiospores measuring 7.5–9(−10) × 5–5.75(−6) μm, and it is associated with trees of Dipterocarpaceae (Eyssartier et al., 2009); C. cuticulatus, originally described from Malaysia, has a larger basidioma (pileus up to 7.5 cm in diameter), a stipe tinged with yellow, and a trichodermal structure of the pileipellis (Corner, 1966; Buyck et al., 2014). In future, more interesting information will be provided with more collections made and more genes investigated.

Cantharellus splendens Buyck is also morphologically similar to C. cineraceus. However, the former has narrower basidiospores measuring 8–9.5–11 × 5–5.25–6 μm, a trichodermal structure of the pileipellis, and it is distributed in Africa (Buyck, 2012; Buyck et al., 2014).

Cantharellus hygrophoroides S.C. Shao, Buyck & F.Q. Yu, Cryptog. Mycol. 35(3): 287, 2014.

Figures 2E,F, 5.
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FIGURE 5
 Microscopic features of Cantharellus hygrophoroides (FHMU1635). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y. Z. Zhang.


Basidiomata medium-sized. Pileus 5–12 cm in diameter, convex with central depression at first, becoming infundibuliform at maturity, margin inrolled and slight lobed; surface smooth, orange-yellow (3A6); context above stipe 0.3 cm in thickness, white (3A1), unchanging in color when injured. Hymenophore composed of well-developed, well-spaced, decurrent, unequal, occasionally to commonly forked gill folds, mostly anastomosing near the cap margin; folds about 0.5 cm broad, pale yellow (3A4). Stipe 4.5–9 × 0.9–1.5 cm, subcylindrical, central, solid, hollow when old; surface dry, lemon yellow (1A5) to yellowish (2A1). Taste and Odor not distinctive. Spore print not obtained.

Basidiospores [254/18/13] (8–)9–9.92–11(−12) × (5.5–)6–6.87–8(−9) μm, Q = (1.19–)1.25–1.67(−1.83), Qm = 1.45 ± 0.12, broadly ellipsoid to ellipsoid to elongate, slightly thick-walled (up to 0.5 μm), smooth, yellowish in KOH. Basidia 65–82 × 9–12 μm, narrowly clavate, thin-walled to slightly thick-walled (0.4–0.5 μm), 3–5–spored, yellowish in KOH; sterigmata 3.5–5 μm in length. Cystidia absent. Pileipellis an intricate trichoderm composed of cylindrical, 4–9 μm wide, slightly thick-walled (0.5–0.8 μm) hyphae, faintly pale yellow in KOH; terminal cells 17–54 × 3.5–8.5 μm, thin- to slightly thick-walled (up to 0.5 μm), subcylindrical to subclavate, with obtuse apex. Clamp connections absent in all tissues.

Habitat: Solitary, scattered, or gregarious on the ground of forests dominated by fagaceous trees such as Castanopsis fissa (Champion ex Bentham) Rehder et E. H. Wilson.

Known distribution: Southwestern China (Yunnan Province; Shao et al., 2014) and southern China (Hainan Province).

Specimens examined: China. Hainan Province: Yinggeling of Hainan Tropical Rainforest National Park, elev. 650 m, 17 June 2013, N. K. Zeng1239 (FHMU798); same location, elev. 650 m, 31 July 2015, N. K. Zeng2409 (FHMU2417); same location, elev. 650 m, 3 August 2015, N. K. Zeng2493 (FHMU2420); same location, elev. 650 m, 4 August 2015, N. K. Zeng2530 (FHMU2421); same location, elev. 650 m, 9 September 2016, N. K. Zeng2906 (FHMU1878); same location, elev. 650 m, 26 July 2017, S. Jiang90 (FHMU4601); Jianfengling of Hainan Tropical Rainforest National Park, elev. 850 m, 6 August 2009, N. K. Zeng481 (FHMU2397); same location, elev. 850 m, 6 August 2009, N. K. Zeng483 (FHMU2398); same location, elev. 850 m, 3 July 2012, N. K. Zeng1038 (FHMU2405); same location, elev. 850 m, 9 July 2013, N. K. Zeng1255 (FHMU813); same location, elev. 850 m, 4 July 2014, N. K. Zeng1579 (FHMU1058); same location, elev. 850 m, 27 June 2018, N. K. Zeng3425 (FHMU3126).

Notes: Our recent collections and the holotype of C. hygrophoroides phylogenetically group together with high statistical support are presented in Figure 1. Moreover, the new specimens match well with the protologue of C. hygrophoroides, except that the color of the pileal surface is described as “bright red” by Shao et al. (2014) whereas that of our new specimens is distinctly orange-yellow. It is worth noting the color of Cantharellus species sometimes is not constant (Buyck et al., 2016c; Olariaga et al., 2017); thus, we suggest these new specimens are C. hygrophoroides although the color of the pileal surface between our new collections and the holotype of C. hygrophoroides is slightly different.

Cantharellus laevigatus N.K. Zeng, Y.Z. Zhang, Z.H. Chen & W.F. Lin, sp. nov.

Figures 2G,H, 6.
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FIGURE 6
 Microscopic features of Cantharellus laevigatus (FHMU6951, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y. Z. Zhang.


MycoBank: MB845019.

Diagnosis: Differs from other species of Cantharellus subgen. Magni by a small- to medium-sized basidioma, an orange-yellow pileus, a smooth hymenophore, and smaller basidiospores.

Etymology: Latin “laevigatus” refers to the smooth hymenophore of the new species.

Holotype: China. Hunan Province: Sangzhi county, Badagong Mountain, Tianping Mountain, elev. 1,478 m, 31 July 2020, Z. H. Chen MHHNU32013 (FHMU6955). GenBank accession number: 28S = ON117824, TEF1 = ON340615.

Basidiomata small- to medium-sized. Pileus 2.3–5.2 cm in diameter, plano-convex to infundibuliform, margin slightly incurved, irregular, often wavy and lobed; surface dry, egg-yolk yellow (3A6) to orange-yellow (4A5), shiny; context above stipe about 0.2 cm in thickness, yellowish (4A2), unchanging in color when injured. Hymenophore smooth, decurrent, lemon yellow (1A6). Stipe 2.3–4.2 × 0.5–0.8 cm, subcylindrical, central, solid, hollow when old; surface dry, white (2A1); context yellowish (3A2). Taste and Odor not distinctive. Spore print not obtained.

Basidiospores [120/10/6] 6.5–7.9–8.5(−9) × 5–5.6–6(−7.5) μm, Q = (1.17–)1.23–1.6(−1.64), Qm = 1.42 ± 0.11, broadly ellipsoid to ellipsoid, thin- to slightly thick-walled (up to 0.5 μm), smooth, yellowish in KOH. Basidia 42–64 × 6.5–9 μm, narrowly clavate, thin-walled, 4–5–spored, yellowish in KOH; sterigmata 6.5–7 μm in length. Cystidia absent. Pileipellis a cutis composed of cylindrical, 4.5–11 μm wide, slightly thick-walled (0.5–0.8 μm) hyphae, faintly pale yellow in KOH; terminal cells 45–128 × 5–10 μm, thin- to slightly thick-walled (up to 0.5 μm), subcylindrical to subclavate, with obtuse apex. Clamp connections few in all tissues.

Habitat: Scattered or gregarious on the ground in forests dominated by fagaceous trees.

Known distribution: Central and eastern China (Hunan and Zhejiang Provinces).

Additional specimens examined: China. Zhejiang Province: Hangzhou city, Tianmushan Nature Reserve, elev. 1,100 m, 22 July 2020, W. F. Lin4-1, W. F. Lin4-2 (FHMU6951 and FHMU6956). Hunan Province: Sangzhi county, Badagong Mountain, Tianping Mountain, elev. 1,456 m, 31 July 2020, Z. H. Chen MHHNU32011 (FHMU6953); same location, 31 July 2020, Z. H. Chen MHHNU32014, Z. H. Chen MHHNU32061, Z. H. Chen MHHNU32009 (FHMU6952, FHMU6954, and FHMU6950).

Notes: Phylogenetically speaking, C. laevigatus is closely related to C. magnus, also a species of subgen. Magni. Although the value of phylogenetic distance between the two taxa is not high (Figure 1), which was also observed between C. cibarius and C. roseocanus (Redhead, Norvell & Danell) Redhead, Norvell & Moncalvo (Foltz et al., 2013), C. magnus featured by a larger basidioma (pileus up to 20 cm in diameter) and larger basidiospores measuring (8.5–)9–11(−11.5) × (6.5–)6.8–7.5(−8.0) μm (Cao et al., 2021) is morphologically different from C. laevigatus. Thus, we proposed the new taxon “C. laevigatus.”

In China, C. laevigatus was misidentified as C. hainanensis N.K. Zeng, Zhi Q. Liang & S. Jiang (Chen and Zhang, 2019), a species also has a smooth hymenophore (An et al., 2017). However, the latter is a member of subgen. Cantharellus. Cantharellus cibarioides (Heinem.) Buyck, C. eccentricus Buyck, V. Hofst. & Eyssart., C. flavolateritius Buyck & V. Hofst., C. incrassatus Buyck & V. Hofst., C. lateritius (Berk.) Singer, C. laevihymeninus T. Cao & H.S. Yuan, C. sebosus Buyck, Randrianj. & V. Hofst., C. sublaevis Buyck & Eyssart., and C. vaginatus S.C. Shao, X.F. Tian & P.G. Liu also have smooth hymenophores (Shao et al., 2011; Buyck, 2014; Buyck et al., 2016c; Cao et al., 2021). However, C. cibarioides, C. sublaevis, and C. sebosus belong to subgen. Rubrini Eyssart. & Buyck (Buyck, 2014; Buyck et al., 2014); C. eccentricus, C. flavolateritius, C. incrassatus, C. laevihymeninus, C. lateritius, and C. vaginatus also are members of subgen. Cantharellus (Buyck, 2014; Buyck et al., 2014). In addition, C. neocaledoniensis Buyck, V. Hofst., Eyssart. & Ducousso and C. solidus De Kesel, Yorou & Buyck, two species waiting to be defined in the subgeneric ranking, are characterized by smooth hymenophores either (Buyck, 2014; Buyck et al., 2014). However, C. neocaledoniensis has narrower basidiospores measuring (6.2–)6.6–7.33–8(−8.5) × (4.2–)4.5–4.96–5.4(−6) μm and abundant clamp connections in all tissues. It is distributed in New Caledonia, associating with Melaleuca L./Acacia Mill (Buyck, 2014); C. solidus has larger basidiospores measuring (8.3–)8.4–10.2–12(−12.5) × (6.3–)6.6–8.1–9.5(−9.6) μm, two-spored basidia, and it grows under the West African humid gallery forest (De Kesel, 2011; Buyck, 2014).




Discussion

In the present study, five phylogenetic species of Cantharellus were recognized (Figure 1), three lineages were described as new species: C. bellus, C. cineraceus, and C. laevigatus, one was previously described taxon: C. hygrophoroides, and the remaining one was not defined due to the paucity of the materials. Cantharellus bellus and C. laevigatus are both members of subgen. Magni, whereas C. cineraceus and C. hygrophoroides belong to subgen. Afrocantharellus. As mentioned earlier, subgen. Afrocantharellus has been divided into two sections (Buyck et al., 2014). Our molecular data indicated C. cineraceus and C. hygrophoroides are members of sect. Cutirellus (Figure 1).

In addition to the four described taxa of subgenera Afrocantharellus and Magni, C. cerinoalbus and C. magnus were also described/reported in previous studies (Song et al., 2017; Cao et al., 2021). It is worth noting that the Chinese collections labeled as C. cerinoalbus and our new species C. cineraceus grouped together with high statistical support (Figure 1); moreover, judging from the descriptions of Chinese specimens identified as C. cerinoalbus (Song et al., 2017), they match well with those of C. cineraceus. Thus, we are sure the specimens identified as C. cerinoalbus from China are really C. cineraceus. Interestingly, the other two new collections (FHMU6948 and FHMU6949) also from the south of China are probably the true C. cerinoalbus for they grouped with the isotype of the Malaysian species with statistical support (Figure 1). Unfortunately, due to the paucity of the two materials, they were not studied thoroughly. Thus, the occurrence of C. cerinoalbus in China will be confirmed with more collections made and more DNA sequences obtained in future.

Earlier studies indicated the taxa of subgen. Afrocantharellus were all described from tropical areas of the world including Africa, Madagascar, and Malaysia (Corner, 1966; Buyck et al., 2014), while species of the subgenus, viz. C. hygrophoroides, was uncovered in tropical China (Shao et al., 2014). In the present study, C. cineraceus was described from subtropical China, which extends the range of distribution of subgen. Afrocantharellus.

It is noteworthy that collections identified as C. splendens appear in four parts of the tree; one of them (BB 96.306 and BB 96.199) corresponds to the true C. splendens for isotype of the taxon included in the lineage, the second (ADK 6071, JD 896, and JD968) awaits identification, the third (DDT57) seems to be C. symoensii Heinem. for the specimen and the epitype of C. symoensii group together with statistical support, and the fourth (DDT17) seems to be C. platyphyllus Heinem. for the collection clustered with the epitype of C. platyphyllus (Figure 1). Moreover, one specimen (DDT63) labeled as “C. cyanescens Buyck,” being also clustered with the epitype of C. platyphyllus, is most likely to be C. platyphyllus (Figure 1).

As already noted by previous studies, C. cuticulatus and C. splendens have trichodermal structures in the pileipellis (Corner, 1966; Buyck et al., 2014), and C. hygrophoroides were also observed to have intricate trichodermal pileipellis. In addition, the Chinese species classified in the subgen. Afrocantharellus lack bluish context, which was observed on African C. platyphyllus and its Malagasy subspecies bojeriensis (Buyck et al., 2014).

We also noted that most species of Cantharellus with smooth hymenophores belong to subgen. Cantharellus and subgen. Rubrinus, respectively (Shao et al., 2011; Buyck, 2014; Buyck et al., 2016c; An et al., 2017). The recently erected subgen. Magni was also reported to have a smooth hymenophore (Cao et al., 2021), and our new species C. laevigatus is the second species of the subgenus uncovered with a smooth hymenophore. Interestingly, a well-developed hymenophore was observed from our new species C. bellus, also a member of subgen. Magni, which indicates the diagnostic features of subgen. Magni should be revised.
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Heterophyllidiae, one of the main subgenus of Russula (Russulaceae, Russulales), is both ecologically and economically important. Although many studies have focused on subgenus Heterophyllidiae in China, the diversity, taxonomy, and molecular phylogeny still remained incompletely understood. In the present study, two new species, R. discoidea and R. niveopicta, and two known taxa, R. xanthovirens and R. subatropurpurea, were described based on morphology and molecular phylogenetic analyses of ITS and 28S DNA sequences with new collections of subgenus Heterophyllidiae from southern China. Both morphological and phylogenetic analyses consistently confirmed that R. niveopicta and R. xanthovirens belong to the subsect. Virescentinae, R. discoidea and R. subatropurpurea come under subsect. Heterophyllae, and R. prasina is synonymized with R. xanthovirens.
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Introduction

The genus Russula Pers. was established by Persoon (1796). Recently, the genus has been divided into eight subgenera: Archaeae Buyck and V. Hofst., Brevipedum Buyck and V. Hofst., Compactae (Fr.) Bon, Crassotunicatae Buyck and V. Hofst., Glutinosae Buyck and X. H. Wang, Heterophyllidiae Romagn., Malodorae Buyck and V. Hofst., and Russula Pers. (Buyck et al., 2018, 2020). Among them, subg. Heterophyllidiae is characterized by medium to large basidiomata, adnate lamellae, rare or no lamellulae, a mild to strongly acrid taste, white or cream spore prints, an inamyloid or partly amyloid suprahilar spot on the spores, absence of primordial hyphae, a suprapellis comprising mainly inflated hyphal extremities, and mycorrhizal properties (Knudsen and Borgen, 1982; Romagnesi, 1987; Buyck et al., 1996, 2018), which has received much attention. The subgenus includes six sections: Aureotactineae R. Heim, Heterophyllae Fr., Ilicinae Romagn., Indolentinae Melzer and Zvára, Ingratae Quel., and Virescentinae (Singer) Sarnari, and two subsections: Cyanoxanthinae Singer and Substriatinae X. H. Wang and Buyck (Persoon, 1796; Buyck et al., 2018, 2020).

In previous studies, about 161 species within subg. Heterophyllidiae were revealed around the world (Ying, 1983; Li et al., 2013, 2015, 2018, 2019, 2021; Chen et al., 2014, 2019, 2021a,b,c,d; Zhao et al., 2015; Zhang et al., 2017; Li and Deng, 2018; Song et al., 2018a,b, 2020; Wang et al., 2019; Yuan et al., 2019; Ghosh et al., 2020; Wisitrassameewong et al., 2020, 2022; Vera et al., 2021; Altaf et al., 2022; Han et al., 2022; Song, 2022). Moreover, the edibility and poisonousness of the subgenus have also been noted, e.g., edible species, R. maguanensis J. Wang, X. H. Wang, Buyck and T. Bau, R. substriata J. Wang, X. H. Wang, Buyck and T. Bau, R. vesca Fr., and R. viridirubrolimbata J. Z. Ying; and poisonous mushroom R. senecis S. Imai (Mao, 2006; Chen et al., 2014; Tolgor et al., 2014; Wang, 2019; Wu et al., 2019).

In China, 38 species of subg. Heterophyllidiae have also been described/reported, which greatly enriched the species diversity of this subgenus (Ying, 1983; Chou and Wang, 2005; Li et al., 2013, 2015, 2018, 2019, 2021; Chen et al., 2014, 2019, 2021a,b,c,d; Zhao et al., 2015; Zhang et al., 2017; Li and Deng, 2018; Song et al., 2018a,b, 2020; Wang et al., 2019; Yuan et al., 2019; Han et al., 2022; Song, 2022). Even so, the diversity and taxonomy still remained incompletely understood in the country. In the present study, with new collections of subg. Heterophyllidiae made from southern China, two new species were described, and the information of two known taxa was updated based on the morphological and molecular phylogenetic analyses, aiming to contribute to the knowledge of this subgenus.



Materials and methods


Morphological studies

Specimens were photographed under daylight in the field, and their macroscopic characteristics were measured and recorded based on fresh basidiomata. Specimens were dried at 50°C–60°C and then deposited in the Fungal Herbarium of Hainan Medical University (FHMU) (Index Herbariorum), Haikou City, Hainan Province, China. Color codes follow Kornerup and Wanscher (1981). The description templates and terminology of the micromorphological characters referred to Adamčík et al. (2019). The pileipellis section taken from the pileus between the center and margin, and the stipitipellis from the middle part along the longitudinal axis of the stipe were also observed (Zeng et al., 2013). Estimates of spore ornamentation density from scanning electron microscopy pictures follow Adamčík and Marhold (2000). The hymenial cystidia density estimates refer to Buyck (1991). The pileipellis ortho- or metachromatic reactions were examined in Cresyl Blue after Buyck (1989). Sulfovanillin (SV) was used to observe color changes in cystidia contents (Caboň et al., 2017). Observations and measurements of microscopic features were made in 1% Congo Red, 5% potassium hydroxide (KOH), or Melzer’s reagent. The size of the basidiospore was measured with the exclusion of ornamentation and apiculus. The basidiospores were examined using a TM4000Plus or Zeiss Sigma 300 scanning electron microscope (SEM). All the microscopic structures were drawn by free hand. The number of measured basidiospores is given as n/m/p, where “n” represents the total number of basidiospores measured from “m” basidiomata of “p” collections. Dimensions of basidiospores are presented as (a–)b–e–c(−d), where the range “b–c” represents a minimum of 90% of the measured values (5th to 95th percentile), and extreme values (a and d), whenever present (a < 5th percentile, d > 95th percentile), are in parentheses, and “e” refers to the average length/width of basidiospores. “Q” refers to the length/width ratio of basidiospores; “Qm” refers to the average “Q” of basidiospores and is given with standard deviation.



Molecular procedures

Total genomic DNA was extracted from collections dried with silica gel using the Plant Genomic DNA Kit (CWBIO, Beijing, China) according to the manufacturer’s instructions. Primer pairs used for amplification were as follows: nuc 28S rDNA D1-D2 domains (28S) with LR0R/LR5 (Vilgalys and Hester, 1990; James et al., 2006), nuc rDNA region encompassing the internal transcribed spacers 1 and 2, along with the 5.8S rDNA (ITS) with ITS5/ITS4 (White et al., 1990), and EF1-F/EF1-R (Mikheyev et al., 2006) were used for the translation elongation factor 1-α gene (TEF1). PCR reactions were performed for 4 min of initial denaturation at 95°C, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at the appropriate temperature (52°C for 28S and ITS; 53°C for TEF1) for 30 s, extension at 72°C for 120 s, and a final extension at 72°C for 7 min. Amplified PCR products were purified using the DNA Purification Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions and then directly sequenced using a BigDye terminator v3.1 kit and an ABI 3730xl DNA Analyzer (Guangzhou Branch of BGI, China) with the same primers used for PCR amplification. DNA sequences were compiled with BioEdit v7.0.9 (Hall, 1999) and then deposited in GenBank (Table 1).



TABLE 1 Taxa information and GenBank accession numbers of DNA sequences used in this study.
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Dataset assembly

A total of 28 DNA sequences (10 28S, 10 ITS, and 8 TEF1) from 12 collections were newly generated. Edited sequences were deposited in GenBank; the GenBank accession numbers of 28S and ITS are listed in Table 1, and eight TEF1s are presented here [N.K. Zeng3025 (FHMU1986): OP830898; N.K. Zeng3041 (FHMU2002): OP830899; N.K. Zeng4898 (FHMU4841): OP830900; N.K. Zeng4910 (FHMU4854): OP830901; N.K. Zeng5034 (FHMU4812): OP830902; N.K. Zeng4764 (FHMU5454): OP830903; N.K. Zeng4895 (FHMU4847): OP830904; and N.K. Zeng4968 (FHMU5535): OP830905]. For the concatenated dataset, 28S and ITS sequences from new collections were aligned with sequences from related taxa of subg. Heterophyllidiae (Table 1). Russula maguanensis and R. substriata were chosen as out-group referred from Chen et al. (2021a,b). Sequences were aligned using MUSCLE (Edgar, 2004) separately to test for phylogenetic conflict. Then, the sequences of the two genes were concatenated using Phyutility v2.2 for further analyses (Smith and Dunn, 2008).



Phylogenetic analyses

Maximum likelihood (ML) and Bayesian inference (BI) were employed for phylogenetic analysis. ML analysis was conducted with the program RAxML 7.2.6 (Stamatakis, 2006) running 1,000 replicates combined with an ML search. Bayesian analysis with MrBayes 3.1 (Huelsenbeck and Ronquist, 2005) implementing the Markov Chain Monte Carlo (MCMC) technique and parameters predetermined with MrModeltes 2.3 (Nylander, 2004) was performed. The best-fit likelihood models for 28S and ITS were GTR + I + G and GTR + I + G, respectively. Bayesian analysis was repeated for 3.5 million generations and sampled every 100. Trees sampled from the first 25% of the generations were discarded as burn-in, and Bayesian posterior probabilities (PP) were then calculated for a majority consensus tree of the retained Bayesian trees. At the end of the run, the average deviation of split frequencies was 0.008640.




Results


Molecular data

The two-locus dataset (28S + ITS) consisted of 107 taxa and 1,601 nucleotide sites, and the alignment was submitted to TreeBASE (S30038). The topologies generated from ML and BI analyses were identical, though statistical support for some branches showed slight differences. The ML phylogram with branch lengths inferred from the 28S and ITS dataset is shown in Figure 1.

[image: Figure 1]

FIGURE 1
 Phylogram of Russula subg. Heterophyllidiae inferred from a two-locus (rDNA 28S and ITS) dataset using RAxML. BS ≥ 50% and PP ≥ 0.95 are indicated above or below the branches as RAxML BS/PP.


The phylogeny indicated that our new collections of subg. Heterophyllidiae were grouped into four independent lineages (1–4) (Figure 1). Lineage 1, with strong statistical support (BS = 100%, PP = 1.0), included the holotype (GDGM 71145) of R. xanthovirens Y. Song and L.H. Qiu, the holotype (HMAS 281232) of R. prasina G.J. Li and R.L. Zhao, one specimen (B17091630) identified as R. xanthovirens, two collections (HMAS 279805 and HMAS 279806) identified as R. prasina, four unidentified Russula collections (Pa1-mOTU086, Pj3-mOTU063, Pj3-mOTU065, and TY613), and two new collections (FHMU1986 and FHMU2002); lineage 2, with high statistical support (BS = 100%, PP = 1.0), was comprised of four new specimens (FHMU958, FHMU941, FHMU1497, and FHMU953), five unidentified Russula collections (HMAS276811, HMAS279584, B4-1, 6 MAS-2010, and DSL002), and one specimen (MHHNU 7960) labeled as R. crustosa Peck; lineage 3, with strong statistical support (BS = 100%, PP = 0.98), included two new collections (FHMU4847 and FHMU5535) and one specimen (HKAS122431) labeled as R. cf. pseudobubalina J.W. Li and L.H. Qiu; lineage 4, with strong statistical support (BS = 100%, PP = 1.0), was comprised of the holotype (K16080818) of R. subatropurpurea J.W. Li and L.H. Qiu, two specimens (K17071401 and K16080816) identified as R. subatropurpurea, five unidentified Russula specimens (HMAS:271715, TJS2020-03, dc264, TYY-73, and 1734), and four new specimens (FHMU4812, FHMU4841, FHMU4854, and FHMU5454) (Figure 1).



Taxonomy

Russula discoidea N.K. Zeng, Y.X. Han, and Zhi Q. Liang, sp. nov.

Figures 2A,B, 3A,B, 4, 5.
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FIGURE 2
 Basidiomata of Russula subg. Heterophyllidiae species. (A,B) Russula discoidea (FHMU4847, holotype); (C,D) Russula niveopicta (FHMU958, holotype); (E–H) R. subatropurpurea (E,H) FHMU5454; (F) FHMU4812; (G) FHMU4841; (I–L) R. xanthovirens (I,K) FHMU2002; (J,L) FHMU1986; scale bars = 1 cm; photographs: N. K. Zeng.
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FIGURE 3
 Basidiospores of Russula subg. Heterophyllidiae species from herbarium materials under SEM. (A,B) Russula discoidea (FHMU4847, holotype); (C,D) Russula niveopicta (FHMU958, holotype); (E,F) R. subatropurpurea (FHMU5454); (G,H) R. xanthovirens (FHMU1986); scale bars = 5 μm; photographs: Y. X. Han.


[image: Figure 4]

FIGURE 4
 Microscopic features of Russula discoidea (FHMU4847, holotype). (A) Basidiospores. (B) Basidia and basidiola. (C) Marginal cells. (D) Pleurocystidia. (E) Cheilocystidia. Scale bars = 10 μm. Drawings by Y. X. Han.
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FIGURE 5
 Microscopic features of Russula discoidea (FHMU4847, holotype). (A) Pileipellis at pileus center. (B) Pileipellis at the middle part between the center and margin of the pileus. (C) Pileipellis at pileus margin. (D) Stipitipellis. Scale bars = 10 μm. Drawings by Y. X. Han.


MycoBank: MB846471.

Diagnosis: Differs from closest species of R. subg. Heterophyllidiae by a cinnamon buff pileus, occasionally forked lamellae, basidiospores with small crests and ridges (0.3–0.7 μm high) forming an incomplete reticulum, cystidia slightly becoming yellowish brown in SV, and it is associated with fagaceous trees.

Etymology: Latin “discoidea” refers to the discoid pileus.

Holotype: CHINA. Hainan Province: Wanning County, Bofangling, elev. 80 m, 29 August 2020, N.K. Zeng4895 (FHMU4847).

Basidiomata medium-sized. Pileus 5.6–6.8 cm in diameter, convex to applanate, center slightly depressed, margin occasionally cracked; surface dry, cinnamon buff (7A2), margin with radial tuberculate-striate; context 4.5–7 mm thick at the center of the pileus, white (3A1), unchanging in color when injured. Hymenophore lamellate adnate; lamellae 3.5–4 mm in height, occasionally forked, white (3A1), unchanging in color when injured; lamellulae common, concolorous with lamellae. Stipe 3.6–4.5 × 1.1 cm, central, subcylindric to cylindric; surface dry, white (3A1) to cinnamon buff (7B4). Odor indistinct. Spore print not obtained.

Basidiospores (excluding ornamentation) [40/2/2] 5–6.1–7(−7.5) × 4–5–6(−6.5) μm, Q = 1.0–1.5(−1.75), Qm = 1.21 ± 0.15, globose to ellipsoid, ornamentation composed of relatively small, dense (8–10 in a 3 μm diameter circle), amyloid, subcylindrical warts, 0.3–0.7 μm high, isolated or rarely fused (0–3 fusions in the circle), small crests and ridges forming an incomplete reticulum, connected by occasional line connections (1–3 in the circle); suprahilar spot inamyloid. Basidia 26.5–35–38.5 × 9–10.5–11 μm, hyaline in KOH, thin- to slightly thick-walled (0.4–0.5 μm), clavate to subcylindrical, four-spored; sterigmata 4–6 μm, slightly tortuous, sometimes straight; basidiola cylindric, then narrowly clavate, ca. 4–8.5 μm wide. Pleurocystidia numerous, ca. 1,800/mm2, 46.5–57–66.5 × 5.5–7–9(−10.5) μm, narrowly clavate to subcylindrical, apex often obtuse or acute, sometimes moniliform, occasionally with 2–6 μm long appendage, thin- to slightly thick-walled (0.4–0.5 μm); contents granulose, yellowish in Congo Red, slightly becoming yellowish brown in SV. Cheilocystidia 36–41–57(−63.5) × 7.5–9–10.5 μm, fusiform to subcylindrical, apex obtuse or mucronate, sometimes with 5–9 μm long appendage, slightly thick-walled (up to 0.5 μm); contents granulose, yellowish in Congo Red, slightly becoming yellowish brown in SV. Lamellae edges fertile. Marginal cells (11–)12–15.5–19 × (3.5–)4–5–6.5 μm, clavate or subcylindrical, usually shorter than basidioles, thin- to slightly thick-walled (up to 0.4 μm). Lamellar trama mainly composed of spherocytes measuring up to 38 μm in diameter, hyaline in KOH, slightly thick-walled (up to 1 μm). Pileipellis orthochromatic in Cresyl Blue, sharply delimited from the underlying context, 100–180 μm thick, two-layered, weakly gelatinized; composed of suprapellis (75–100 μm thick) and subpellis (30–80 μm thick). Suprapellis composed of erect to suberect hyphae 4–11 μm in diameter, thin-walled (up to 0.4 μm). Subpellis composed of horizontally oriented, 3–10 μm wide intricate hyphae. Acid-resistant incrustations absent. Hyphal terminations near the pileus margin sometimes branched, not flexuous, thin-walled (up to 0.4 μm); terminal cells 10–17.5–22 × 3.5–4–4.5 μm, narrowly subcylindrical or tapering upward; subterminal cells often subcylindrical to slightly inflated, occasionally branched. Hyphal terminations on the middle part between the center and margin of pileus sometimes branched and not flexuous; terminal cells 10–16.5–25(−40) × (3.5–)4.5–6–7 μm, attenuate subcylindrical; subterminal cells often subcylindrial to slightly inflated, occasionally branched. Hyphal terminations near the pileus center sometimes branched and not flexuous; terminal cells (8–)11.5–17–21 × 3.5–4–5.5(−6) μm, narrowly subcylindrical or tapering upward; subterminal cells often subcylindrial to slightly inflated, occasionally branched. Pileal trama composed of hyphae up to 30 μm in diameter, slightly thick-walled (up to 1 μm), hyaline in KOH. Pileocystidia near the pileus margin one-celled, 25–27.5–31 × 6–7–7.5 μm, cylindrical to clavate, apex usually obtuse, contents granulose, yellow in Congo Red slightly becoming yellowish brown in SV. Pileocystidia near the pileus center cylindrical to clavate, one-celled, 25–29–34.5 × 5–5.5–6 μm, contents granulose, yellow in Congo Red slightly becoming yellowish brown in SV. Cystidioid hyphae in subpellis and context, contents granulose. Stipitipellis a cutis, composed of hyphae thin- to slightly thick-walled (up to 0.4 μm), 3–7 μm wide, hyaline in KOH; terminal cells 9–38 × 3.5–5.5 μm, subcylindrical, or subclavate. Stipe trama mainly composed of spherocytes measuring up to 32 μm in diameter, hyaline in KOH, thick-walled (1–1.5 μm). Clamp connections are absent in all tissues.

Habitat: Solitary on the ground in forests dominated by fagaceous trees.

Known distribution: Southern China (Hainan Province).

Additional specimen examined: CHINA. Hainan Province: Changjiang County, Bawangling National Nature Reserve, elev. 650 m, 3 September 2020, N.K. Zeng4968 (FHMU5535).

Notes: Phylogenetically, our new species R. discoidea is closely related to R. bubalina J.W. Li and L.H. Qiu and R. pseudobubalina J.W. Li and L.H. Qiu (Figure 1). However, R. bubalina, originally described in Guangdong Province of southern China, has a smaller basidioma (pileus 3.5–5.4 cm in diameter), basidiospores with ornamentations composed of subcylindrical warts and not forming reticulum (Li et al., 2019); R. pseudobubalina, also described from Guangdong Province of southern China, has a smaller basidioma (pileus 3.1–4.6 cm in diameter), an absence of forked lamellae, basidiospores with ornamentations composed of subcylindrical warts, not forming a reticulum, and uninflated subterminal cells in the pileipellis (Li et al., 2019). Moreover, sequence comparison of the newly generated ITS sequences via BLAST showed that the new species R. discoidea was most closely related to a collection labeled as R. cf. pseudobubalina (HKAS122431) (99.04% similarity) from China, a specimen also labeled as R. cf. pseudobubalina (DSL001) (96.41%) from Thailand, a collection labeled as R. sp. (YM25) (95.48%) from Japan, a material labeled as R. sp. (YM220) (95.20%) from Japan, and a collection labeled as R. sp. (YM4589) (95.20%) from Japan.

Morphologically, R. discoidea may be confused with R. subbubalina B. Chen and J.F. Liang, a recently described species from Guangdong Province of southern China. However, R. subbubalina has a larger basidioma (pileus 5–10 cm in diameter), a dark salmon pileus with rusty spots when young and pruina in some parts, the striation on pileus is inconspicuous, pleurocystidia, cheilocystidia, and pileocystidia near the pileus margin turning reddish black in SV, and pileocystidia near the pileus center turning reddish in SV (Chen et al., 2021a).

Russula niveopicta N.K. Zeng, Y.X. Han and Zhi Q. Liang, sp. nov.

Figures 2C,D, 3C,D, 6, 7.
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FIGURE 6
 Microscopic features of Russula niveopicta (FHMU958, holotype). (A) Basidiospores. (B) Basidia and basidiola. (C) Marginal cells. (D) Pleurocystidia. (E) Cheilocystidia. Scale bars = 10 μm. Drawings by Y. X. Han.
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FIGURE 7
 Microscopic features of Russula niveopicta (FHMU958, holotype). (A) Pileipellis at pileus center. (B) Pileipellis at the middle part between the center and margin of the pileus. (C) Pileipellis at pileus margin. (D) Stipitipellis. Scale bars = 10 μm. Drawings by Y. X. Han.


MycoBank: MB846472.

Diagnosis: Differs from closest species of R. subg. Heterophyllidiae by a white pileus with white tuberculate-striate margin, forked lamellae, a white stipe, basidiospores with small crests and ridges (0.4–0.7 μm) forming an incomplete reticulum, cystidia slightly becoming yellowish brown in SV, and it is associated with fagaceous trees.

Etymology: Latin “niveopicta” refers to the pileus with the white tuberculate-striate margin.

Holotype: CHINA. Fujian Province: Zhangping County, Xinqiao Town, Chengkou Village, elev. 350 m, 13 August 2013, N.K. Zeng1413 (FHMU958).

Basidiomata small- to medium-sized. Pileus 3.5–5.5 cm diameter, convex to applanate, center slightly depressed, margin occasionally cracked; surface dry, white (2A1), margin with white radial tuberculate-striate; context 3–5 mm thick at the center of the pileus, white (3A1), unchanging in color when injured. Hymenophore lamellate, adnate; lamellae 2–5 mm in height, occasionally forked, white (3A1), unchanging in color when injured; occasionally with lamellulae, concolorous with lamellae. Stipe 3–4.5 × 0.8–1.3 cm, central, subcylindric to cylindric, hollow; surface white (3A1), with finely longitudinally white veins. Odor indistinct. Spore print not obtained.

Basidiospores (excluding ornamentation) [100/5/4] 5–6.2–7(−8) × 4.5–5.3–6(−6.5) μm, Q = 1–1.3(−1.4), Qm = 1.16 ± 0.10, globose to broadly ellipsoid, ornamentation composed of relatively small, moderately distant to dense (6–8 in a 3 μm diameter circle) amyloid, subcylindrical warts, 0.4–0.7 μm high, isolated or rarely fused (0–2 fusions in the circle), small crests and ridges forming an incomplete reticulum, connected by occasional line connections [(0–)1–3 in the circle]; suprahilar spot inamyloid. Basidia (38–)40–49.5–53 × 9–10.5–11.5(−12) μm, hyaline in KOH, slightly thick-walled (0.5 μm), clavate, four-spored; sterigmata 4–5 μm, slightly tortuous, sometimes straight; basidiola cylindric, then narrowly clavate, ca. 4.5–11 μm wide. Pleurocystidia numerous, ca. 2,600/mm2, (45.5–)66–73.5–81 × 7–10–11.5(−12.5) μm, clavate to subcylindrical, apex often mucronate, sometimes moniliform, occasionally with 2–5 μm long appendage, slightly thick-walled (up to 0.5 μm); contents granulose, yellowish in Congo Red, slightly becoming yellowish brown in SV. Cheilocystidia 46–55.5–65(−69.5) × 7.5–9–10.5 μm, clavate to subcylindrical, apex obtuse or mucronate, sometimes with 3–9 μm long appendage, slightly thick-walled (up to 0.5 μm); contents granulose, yellowish in Congo Red, slightly becoming yellowish brown in SV. Lamellae edges fertile. Marginal cells (10–)16.5–20–25 × 4–4.5–5 μm, clavate or subcylindrical, usually shorter than basidioles, thin-walled (up to 0.4 μm). Lamellar trama mainly composed of spherocytes measuring up to 38 μm in diameter, hyaline in KOH, slightly thick-walled (up to 1 μm). Pileipellis orthochromatic in Cresyl Blue, sharply delimited from the underlying context, 190–270 μm thick, two-layered, weakly gelatinized; composed of suprapellis (70–100 μm thick) and subpellis (125–180 μm thick). Suprapellis composed of erect to suberect hyphae 3–8 μm in diameter, slightly thick-walled (up to 0.5 μm). Subpellis composed of horizontally oriented, 3.5–9 μm wide intricate hyphae. Acid-resistant incrustations absent. Hyphal terminations near the pileus margin not flexuous, slightly thick-walled (up to 0.5 μm); terminal cells (12–)15–20.5–31 × 3.5–4–5 μm, narrowly subcylindrical; subterminal cells often wider, unbranched. Hyphal terminations on the middle part between the center and margin of pileus unbranched and not flexuous; terminal cells 16–22.5–27.5(−32) × (3–)3.5–4–5.5 μm, subcylindrical; subterminal cells often wider, unbranched. Hyphal terminations near the pileus center branched and not flexuous; terminal cells (8–)15–17.5–21(−22) × 4–5–5.5 μm, mainly clavate, occasionally subcylindrical; subterminal cells subcylindrical, sometimes branched. Pileal trama composed of hyphae up to 38 μm in diameter, slightly thick-walled (up to 1 μm), hyaline in KOH. Pileocystidia near the pileus margin one-celled, 28–35.5–42 × 4.5–5–5.5 μm, cylindrical to clavate, apex usually mucronate, contents granulose, yellow in Congo Red, slightly becoming yellowish brown in SV. Pileocystidia near the pileus center cylindrical to clavate, one-celled, 21–38.5–47 × 5–6–6.5(−7) μm, contents granulose, yellow in Congo Red, slightly becoming yellowish brown in SV. Cystidioid hyphae in subpellis and context, contents granulose. Stipitipellis a cutis, composed of hyphae thin-walled (up to 0.4 μm), 3–8 μm wide, hyaline in KOH; terminal cells 16–32 × 3.5–5.5 μm, subcylindrical or subclavate. Stipe trama mainly composed of spherocytes measuring up to 40.5 μm in diameter, hyaline in KOH, slightly thick-walled (up to 1 μm). Clamp connections are absent in all tissues.

Habitat: Gregarious or solitary on the ground in forests dominated by trees of Castanopsis (D. Don) Spach.

Known distribution: Southern and southeastern China (Hainan and Fujian Provinces).

Additional specimens examined: CHINA. Fujian Province: Zhangping County, Xinqiao Town, Chengkou Village, elev. 350 m, 9 August 2013, N.K. Zeng1395 (FHMU941); same location, 13 August 2013, N.K. Zeng1408 (FHMU953); Hainan Province: Yinggeling of Hainan Tropical Rainforest National Park, elev. 700 m, 30 July 2015, N.K. Zeng2252 (FHMU1497).

Notes: In China, our new species R. niveopicta was misidentified as R. crustosa (Figure 1), originally described in North America. However, R. crustosa has a yellowish brown pileus with defined patches, basidiospores with warty ornamentations, not forming a reticulum (Peck, 1886).

Morphologically, R. niveopicta may be confused with four species: R. albidogrisea J.W. Li and L.H. Qiu, R. alboareolata Hongo, R. albolutea B. Chen and J.F. Liang, and R. pallidula Bin Chen and J. F. Liang. However, the Chinese species R. albidogrisea, originally described in Guangdong Province of southern China, has basidiospores with lower ornamentations composed of conical to hemispherical wart (up to 0.4 μm high), forming an almost complete reticulum, and pleurocystidia, cheilocystidia, and pileocystidia unchanged in SV (Das et al., 2017). Russula alboareolata, originally described from Japan, has equal lamellae, inflated subterminal cells, and basidiospores with ornamentations tend to be almost a complete reticulum (Hongo, 1979); moreover, the molecular phylogeny based on the 28S dataset indicated that R. niveopicta is genetically distant from two collections of R. alboareolata from Japan (data not shown). Russula albolutea, originally described from the Hubei Province of central China, possesses a larger basidioma (pileus 5–7.5 cm in diameter), pleurocystidia, and cheilocystidia turning mauve in SV, and pileocystidia turning reddish in SV (Chen et al., 2021b). Russula pallidula, originally described from Zhejiang Province of eastern China, is distinct in its basidiospores with lower ornamentations composed of bluntly conical wart (up to 0.35 μm high), forming a partial reticulum, pleurocystidia dark gray in SV, and inflated subterminal cells in pileipellis (Chen et al., 2019).

Sequence comparison of the newly generated ITS sequences via BLAST showed that the new species R. niveopicta was most closely related to a collection labeled as R. sp. (HMAS:279584) (99.79%) from China, a specimen labeled as R. sp. (HMAS 276811) (99.68%) from China, a material misidentified as R. crustosa (MHHNU 7960) (99.38%) from China, a collection labeled as R. cf. crustosa (DSL002) (99.38%) from Thailand, and a specimen labeled as R. sp. (MAS-2010) (98.61%) from Japan.

Russula subatropurpurea J.W. Li and L.H. Qiu, Phytotaxa 392 (4): 272, 2019.

Figures 2E–H, 3E,F, 8, 9.
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FIGURE 8
 Microscopic features of Russula subatropurpurea (FHMU5454). (A) Basidiospores. (B) Basidia and basidiola. (C) Marginal cells. (D) Pleurocystidia. (E) Cheilocystidia. Scale bars = 10 μm. Drawings by Y. X.Han.
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FIGURE 9
 Microscopic features of Russula subatropurpurea (FHMU5454). (A) Pileipellis at pileus center. (B) Pileipellis at the middle part between the center and margin of the pileus. (C) Pileipellis at pileus margin. (D) Stipitipellis. Scale bars = 10 μm. Drawings by Y. X. Han.


Basidiomata small- to medium-sized. Pileus 4–6.5 cm in diameter, hemispherical at first, then applanate, center slightly depressed, margin occasionally cracked; surface dry, purplish brown (8F2), yellowish brown (2B3) to pale yellow (1A3) on pileus center, margin with radial tuberculate-striate; context 4–8 mm thick at the center of the pileus, white (2A1), unchanging in color when injured. Hymenophore lamellate, adnate; lamellae 2.5–5 mm in height, crowded, often forked, white (2A1), unchanging in color when injured; lamellulae absence. Stipe 2.8–5.3 × 0.9–1.5 cm, central, subcylindrical to cylindrical, slightly narrow toward base; surface white (4A1). Odor indistinct. Spore print not obtained.

Basidiospores (excluding ornamentation) [80/7/4] 5–6.1–7(−8) × 4–5.2–6(−6.5) μm, Q = 1–1.4(−1.5), Qm = 1.18 ± 0.11, globose to ellipsoid, ornamentation composed of relatively small, dense [(8–)9–13 in a 3 μm diameter circle], amyloid, subcylindrical warts, 0.3–0.5 μm high, isolated or occasionally fused (0–2 fusions in the circle), without line connections, never forming a reticulum; suprahilar spot inamyloid. Basidia (20–)24.5–28.5–32(−40) × (5–)5.5–7–8.5(−9) μm, hyaline in KOH, thin-walled (up to 0.4 μm), clavate to subcylindrical, four-spored; sterigmata 3–9 μm, slightly tortuous, sometimes straight; basidiola clavate, ca. 4–7 μm wide. Pleurocystidia numerous 2,400/mm2, (30–)48–60–80 × 5.5–7–9 μm, clavate to slender fusiform, most with mucronate to moniliformous, occasionally with 2.5–5 μm long appendage, slightly thick-walled (up to 0.5 μm); contents granulose, yellowish in Congo Red, slightly becoming yellowish brown in SV. Cheilocystidia 50–69–76 × (5.5–)6–7.5–8 μm, narrowly clavate to slender subcylindrical, apex obtuse or mucronate, sometimes with 3–9 μm long appendage, slightly thick-walled (up to 0.5 μm); contents granulose, yellowish in Congo Red, slightly becoming yellowish brown in SV. Lamellae edges fertile. Marginal cells (11–)11.5–15–17 × 3–4.5–5(−6) μm, clavate or subcylindrical, usually shorter than basidiola, and thin-walled (up to 0.4 μm). Lamellar trama mainly composed of spherocytes measuring up to 31 μm in diameter, hyaline in KOH, slightly thick-walled (up to 1 μm). Pileipellis orthochromatic in Cresyl Blue, sharply delimited from the underlying context, 270–350 μm thick, two-layered, weakly gelatinized; composed of suprapellis (125–170 μm thick) and subpellis (150–200 μm thick). Suprapellis composed of erect to suberect hyphae 2.5–9 μm in diameter, slightly thick-walled (up to 0.4 μm). Subpellis composed of horizontally oriented, 3–8 μm wide intricate hyphae. Acid-resistant incrustations absent. Hyphal terminations near the pileus margin sometimes branched, not flexuous, slightly thick-walled (up to 0.4 μm); terminal cells (7–)8–15–20 × 2.5–3–5 μm, mainly attenuate acicular to subcylindrial; subterminal cells often wider and slightly inflated, and branched. Hyphal terminations on the middle part between the center and margin of pileus less flexuous, sometimes branched, terminal cells (8–)12.5–18–22 × 3.5–4–5.5 μm, mainly clavate, occasionally attenuate, subcylindrical to acicular; subterminal cells often wider and slightly inflated, occasionally branched. Hyphal terminations near the pileus center not flexuous; terminal cells 7–12.5–20 × 4–4.5–5(−5.5) μm, attenuate subcylindrical to acicular; subterminal cells often wider and slightly inflated, sometimes branched. Pileal trama is made up of hyphae up to 41 μm in diameter, slightly thick-walled (up to 1 μm), hyaline to pale yellowish in KOH. Pileocystidia near the pileus margin always one-celled, (16–)17.5–26–37 × 4.5–6–9.5 μm, cylindrical to fusiform, apex occasionally obtuse or usually mucronate, contents yellow in Congo Red, slightly becoming yellowish brown in SV. Pileocystidia near the pileus center narrower cylindrical to clavate, one-celled, 22–34–45 × 4.5–5.5–6 μm, contents granulose, yellow in Congo Red, slightly becoming yellowish brown in SV. Cystidioid hyphae in subpellis and context, contents granulose. Stipitipellis a cutis composed of interwoven hyphae thin-walled (up to 0.4 μm), 3–7 μm wide, hyaline in KOH; terminal cells 10–22 × 3–4.5 μm, subcylindrical or subclavate. Stipe trama mainly composed of spherocytes measuring up to 32 μm in diameter, hyaline to pale yellowish in KOH, slightly thick-walled (up to 1 μm). Clamp connections are absent in all tissues.

Habitat: Gregarious or solitary on the ground in forests dominated by fagaceous trees.

Known distribution: Southern China (Guangdong and Hainan Provinces).

Specimens examined: CHINA. Hainan Province: Yinggeling of Hainan Tropical Rainforest National Park, elev. 650 m, 14 August 2020, N.K. Zeng4764 (FHMU5454); same location, 4 September 2020, N.K. Zeng5034 (FHMU4812); Wanning County, Bofangling, elev. 80 m, 29 August 2020, N.K. Zeng4898 (FHMU4841); same location and date, N.K. Zeng4910 (FHMU4854).

Notes: Russula subatropurpurea was originally described in the Guangdong Province of southern China (Li et al., 2019). In the present study, it was also found to distribute in Hainan Province, tropical China. The species was redescribed according to our new specimens, which is characterized by a purplish brown, yellowish brown to pale yellow pileus, forking lamellae, an absence of lamellulae, basidiospores usually with subcylindrical isolated warts (0.3–0.5 μm), never forming a reticulum, long pleurocystidia and cheilocystidia slightly becoming yellowish brown in SV, and it is associated with fagaceous trees. Moreover, we noted that the pileus color and the striate on the pileus margin were described as “whole pileus purplish brown,” and “absent,” respectively (Li et al., 2019), whereas the pileus of our collections is pale yellow on the center, and the striate on the pileal margin is present.

Russula xanthovirens Y. Song and L.H. Qiu, Cryptogamie, Mycologie 39 (1): 135, 2018.

Figures 2I–L, 3G,H, 10, 11.
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FIGURE 10
 Microscopic features of Russula xanthovirens (FHMU1986). (A) Basidiospores. (B) Basidia and basidiola. (C) Marginal cells. (D) Pleurocystidia. (E) Cheilocystidia. Scale bars = 10 μm. Drawings by Y. X. Han.


[image: Figure 11]

FIGURE 11
 Microscopic features of Russula xanthovirens (FHMU1986). (A) Pileipellis at pileus center. (B) Pileipellis at the middle part between the center and margin of the pileus. (C) Pileipellis at pileus margin. (D) Stipitipellis. Scale bars = 10 μm. Drawings by Y. X. Han.


Synonym: Russula prasina G.J. Li and R.L. Zhao, Fungal Diversity 96: 215, 2019.

Basidiomata medium-sized. Pileus 6–7 cm in diameter, hemispherical at first, then applanate, center slightly depressed, cracked with age; surface dry, smooth, pale greenish (27A4) to dark greenish (27C6), with a pale yellowish center (3A3), margin with radial tuberculate-striate; context about 5 mm thick at the center of the pileus, white (2A1), unchanging in color when injured. Hymenophore lamellate, adnate; lamellae about 5 mm in height, crowded, often forked, white (2A1), unchanging in color when injured, lamellulae rare. Stipe 4.5–6.5 × 1–1.7 cm, central, subcylindrical to cylindrical; surface white (4A1), with striae. Odor indistinct. Spore print not obtained.

Basidiospores (excluding ornamentation) [40/2/2] 6–6.5–7 × 5–5.8–6.5 μm, Q = 1–1.3(−1.4), Qm = 1.11 ± 0.11, globose to broadly ellipsoid, ornamentation composed of relatively small, moderately distant to dense [(6–)7–8 in a 3 μm diameter circle] amyloid subcylindrical warts, 0.3–0.8 μm high, isolated or occasionally fused (0–2 fusions in the circle); small crests and ridges forming an incomplete reticulum, connected by occasional line connections [(0–)1–3 in the circle]; suprahilar spot inamyloid. Basidia (35–)39–42.5–45 × 10–10.5–11 μm, clavate to subcylindrical, hyaline in KOH, slightly thick-walled (up to 0.6 μm), clavate, four-spored; sterigmata 3–5 μm, slightly tortuous, sometimes straight; basidiola clavate, ca. 4.5–8 μm wide. Pleurocystidia moderately numerous, 1,100/mm2, (38–)41–52.5–62.5 × 8–8.5–9 μm, subcylindrical to fusoid, apically often obtuse or acute, occasionally with 3–8 μm long appendage, slightly thick-walled (up to 0.4 μm); contents granulose, yellowish in Congo Red, negative in SV. Cheilocystidia (47.5–)50–59–63.5(−88.5) × (8.5–)9.5–10–11.5 μm, clavate to fusoid, apex obtuse or mucronate, sometimes with 3–6 μm long appendage, slightly thick-walled (up to 0.4 μm); contents granulose, yellowish in Congo Red, negative in SV. Lamellae edges fertile. Marginal cells (6–)12–15–20 × 4–4.5–6(−6.5) μm, clavate or subcylindrical, usually shorter than basidiola, slightly thick-walled (up to 0.4 μm). Lamellar trama mainly composed of spherocytes measuring up to 38 μm in diameter, hyaline in KOH, slightly thick-walled (up to 1 μm). Pileipellis orthochromatic in Cresyl Blue, sharply delimited from the underlying context, 190–300 μm thick, two-layered, gelatinized; composed of suprapellis (110–170 μm thick) and subpellis (90–130 μm thick). Suprapellis composed of erect to suberect hyphae 3–10 μm in diameter, thin-walled (up to 0.4 μm). Subpellis composed of horizontally oriented, 2.5–9 μm wide intricate hyphae. Acid-resistant incrustations absent. Hyphal terminations near the pileus margin unbranched, not flexuous, thin-walled (up to 0.4 μm); terminal cells (9–)12–15.5–17 × 3.5–5–7 μm, subcylindrical to subulate; subterminal cells often wider, ellipsoid to globose. Hyphal terminations on the middle part between the center and margin of pileus not flexuous and unbranched, terminal cells (8–)18–21.5–28 × (3–)4–5–5.5 μm, subcylindrical to subulate; subterminal cells often wider, ellipsoid to globose. Hyphal terminations near the pileus center not flexuous; terminal cells 8–10.5–15 × 5–5.5–6.5(−7) μm, subcylindrical, apically obtuse; subterminal cells often wider, ellipsoid to subcylindrical, rarely branched. Pileal trama made up of hyphae up to 34.5 μm in diameter, thick-walled (up to 1 μm), hyaline to pale yellowish in KOH. Pileocystidia near the pileus margin one-celled, (22–)36–54.5–63 × 4–5–5.5 μm, cylindrical to clavate, apex occasionally obtuse or usually mucronate, contents yellow in Congo Red, unchanging in SV. Pileocystidia near the pileus center cylindrical to clavate, one-celled, (25–)30.5–36–40 × 4–4.5–5 μm, contents granulose, yellow in Congo Red, unchanging in SV. Cystidioid hyphae in subpellis and context, contents granulose. Stipitipellis a cutis composed of hyphae slightly thick-walled (up to 0.4 μm), 3–9 μm wide, hyaline in KOH; terminal cells 13–21 × 3.5–5 μm, subcylindrical or subclavate. Stipe trama mainly composed of spherocytes measuring up to 54 μm in diameter, hyaline to pale yellowish in KOH, slightly thick-walled (up to 1 μm). Clamp connections are absent in all tissues.

Habitat: Solitary on the ground in forests dominated by fagaceous trees.

Known distribution: Southern China (Guangdong and Hainan Provinces).

Specimens examined: CHINA. Hainan Province: Yinggeling of Hainan Tropical Rainforest National Park, elev. 650 m, 28 May 2017, N.K. Zeng3025 (FHMU1986); same location, 29 May 2017, N.K. Zeng3041 (FHMU2002).

Notes: Russula xanthovirens was originally described in the Guangdong Province of southern China (Song et al., 2018b); then, it was also reported from the Hainan Province, tropical China (Zeng and Jiang, 2020). The species was redescribed according to our new specimens, which is characterized by a greenish pileus, forking lamellae with rare lamellulae, basidiospores usually with small crests and ridges (0.3–0.8 μm), forming an incomplete reticulum, cystidia negative in SV, a two layers pileipellis, suprapellis with inflated subterminal cells, and it is associated with fagaceous trees.

The phylogenetic analyses showed that the holotype of R. xanthovirens and the holotype of R. prasina were in the same species-level lineage (Figure 1); moreover, there are no essential morphological differences between the two taxa (Song et al., 2018b; Hyde et al., 2019). We, therefore, treat R. prasina as a synonym of R. xanthovirens.




Discussion

High species diversity of subg. Heterophyllidiae in China was revealed in previous/present studies, and 38 taxa of the subgenus have been described/reported in the country (Table 2). These taxa are members of sect. Ingratae (Quél.) Maire, subsect. Cyanoxanthinae Singer, subsect. Griseinae Jul. Schäff., subsect. Heterophyllae (Fr.) Jul. Schäff., subsect. Substriatinae X.H. Wang and Buyck, and subsect. Virescentinae Singer, respectively (Table 2). The combination of morphological features and phylogenetic analyses indicated that our new species R. niveopicta is a member of the subsect. Virescentinae, whereas R. discoidea belongs to the subsect. Heterophyllae (Figure 1). It is worth noting that R. vesca Fr., originally described in Europe, was reported to be distributed in China (Song, 2022); however, the Chinese collections identified as R. vesca are somewhat distant from European R. vesca in phylogenies (Figure 1; Song, 2022). The occurrence of R. vesca in China should be further defined in the future.



TABLE 2 Sections, subsections, and accepted species of Russula subgen. Heterophyllidiae in China.
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In China, most species of subg. Heterophyllidiae distribute in subtropical and tropical areas, only few taxa, namely R. atroaeruginea G.J. Li, Q. Zhao and H.A. Wen, R. nigrovirens Q. Zhao, Yang K. Li, and J. F. Liang, and R. pseudopectinatoides G. J. Li and H. A. Wen, occur in temperate areas (Li et al., 2013, 2015; Zhao et al., 2015). The geographical distribution pattern indicates that the subtropical–tropical region is the current species diversity center of subg. Heterophyllidiae in China.

Morphological characteristics used to define species of subg. Heterophyllidiae have been extensively discussed in previous studies (Chou and Wang, 2005; Li et al., 2013, 2015, 2018, 2019, 2021; Chen et al., 2014, 2019, 2021a,b,c,d; Zhao et al., 2015; Zhang et al., 2017; Li and Deng, 2018; Song et al., 2018a,b, 2020; Wang et al., 2019; Yuan et al., 2019; Han et al., 2022; Song, 2022). Ecological preference, also a useful feature to delimitate species, receives little attention. In the present study, our two new species R. discoidea and R. niveopicta are both associated with trees of Fagaceae Dumort. In addition to Fagaceae, we also noted that species of subg. Heterophyllidiae are associated with many other trees including Betulaceae Gray, Dipterocarpaceae Blume, Ericaceae Juss., Orchidaceae Juss., Pinaceae Spreng. ex F. Rudolphi, Rosaceae Juss., and Sterculiaceae (Candolle) Bartling (Das et al., 2013; Dutta et al., 2015; Zhao et al., 2015; Crous et al., 2017; Chen et al., 2021b). In China, together with our two new species, the vast majority of species of the subgenus such as R. albolutea, R. clavulus, R. fusiformata, R. lotus, R. luofuensis, R. subbubalina, R. subpunctipes, and R. viridirubrolimbata are associated with trees of Fagaceae (Ying, 1983; Li and Deng, 2018; Song et al., 2020; Chen et al., 2021a,b,d; Song, 2022); a great number of species including R. atroaeruginea, R. indocatillus, R. multilamellula, R. pseudopectinatoides, R. straminella, R. subpectinatoides, and R. succinea are associated with trees of Pinaceae (Li et al., 2013, 2015, 2021; Chen et al., 2021d); R. hainanensis is associated with trees of Dipterocarpaceae (Han et al., 2022); some species, e.g., R. indocatillus A. Ghosh, K. Das, and R. P. Bhatt, can be associated with both trees of Fagaceae and Pinaceae (Ghosh et al., 2020; Li et al., 2021). In addition, we also noted that R. subpunicea was reported to grow under trees of Betulaceae and Fagaceae (Chen et al., 2021b), and R. nigrovirens was found under trees of Ericaceae, Pinaceae, and Rosaceae (Zhao et al., 2015).

Recent phylogenetic studies have provided new insights into the phylogeny and geography of subg. Heterophyllidiae (Song et al., 2018b; Li et al., 2019; Chen et al., 2021a,b). Our phylogeny based on two-locus DNA sequences (28S + ITS) with 12 new specimens from southern China has contributed to new knowledge of subg. Heterophyllidiae. The phylogenetic analyses indicated that there are several clades having taxa from both sides of the Pacific, and allied species from China and North America are obvious (Figure 1). For example, Chinese R. subpunicea is closely related to one collection labeled as R. aff. crustosa from North America; one specimen identified as R. parvovirescens Buyck, D. Mitch., and Parrent from North America is affiliated with one material of R.viridirubrolimbata J.Z. Ying from China (Figure 1). The present study did not identify disjunct populations of the same purported taxon in the two regions (Figure 1). Similar scenarios have been documented for many other macrofungi (Halling, 2001; Zeng et al., 2013, 2016, 2017; Zhang et al., 2022a).

Biogeographic connections between China and Europe have been discussed in other macrofungi such as Phylloporus Quél., Cantharellus Adans. ex Fr., and Craterellus Pers. (Zeng et al., 2013; Wu et al., 2022; Zhang et al., 2022a,b). The geography of subg. Heterophyllidiae between the two regions was also noted, for example, one specimen identified as R. virescens (Schaeff.) Fr. from Europe is closely related to Chinese R. viridirubrolimbata (Figure 1). In addition, one Chinese material labeled as R. cyanoxantha (Schaeff.) Fr. is affiliated with European collections identified as R. cyanoxantha or R. langei Bon (Figure 1). The populations of the same species of subg. Heterophyllidiae between the two regions will be defined in the future.

The affinities of subg. Heterophyllidiae species between China and Southeast/South Asia are evident. For example, R. lakhanpalii A. Ghosh, K. Das, and R.P. Bhatt occurs in both China and India, and our new species R. niveopicta was shared between China and Thailand (Figure 1). Moreover, we also noted that R. xanthovirens and R. subatropurpurea are distributed in both China and Japan (Figure 1).


Key to sections (subsection) of Russula subgen. Heterophyllidiae from China

The recognition of several sections in this subgenus for which already available names include Ingratae, Heterophyllae, and Virescentinae. Probably subsect. Cyanoxanthinae and Substriatinae also merit upgrading (Buyck et al., 2018).
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Key to accepted species of Russula subsect. Cyanoxanthinae from China

[image: Table4]



Key to accepted species of Russula sect. Virescentinae from China
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Key to accepted species of Russula sect. Ingratae from China
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Key to accepted species of Russula sect. Heterophyllae from China
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Two new wood-inhabiting fungi from China, Steccherinum juniperi and S. incrustans, in the family Steccherinaceae are described and illustrated based on morphological and molecular analyses. The species S. juniperi was found growing on the rotten wood of Juniperus in Qinghai Province, China, while S. incrustans was collected on rotten angiosperm wood in Yunnan Province, China. The characteristics of S. juniperi include annual, resupinate basidiomata with a buff yellow fresh pore surface that becomes apricot orange when bruised, angular pores of 3–6 per mm, subicular generative hyphae sometimes covered with crystals, the presence of encrusted skeletocystidia in tube trama only, fusiform to slim clavate cystidioles, and ellipsoid basidiospores measuring as 3–4 × 2–3 μm. The characteristics of S. incrustans include annual, resupinate basidiomata with a buff yellow or pinkish buff to clay buff dried pore surface, angular pores (8–10 per mm), generative hyphae in trama frequently covered with crystals, the presence of encrusted skeletocystidia in tube trama and hymenium, and ellipsoid basidiospores (3.5–4.5 × 2.5–3.5 μm). Phylogenetic analysis based on a combined 2-locus dataset [ITS1-5.8S-ITS2 (ITS) + nuclear large subunit RNA (nLSU)] shows that the two species are members of Steccherinum, and they are compared with morphologically similar and related species of this genus, respectively. In addition, two new combinations from Junghuhnia, transferred to Steccherinum as S. austrosinense and S. nandinae, are proposed based on examination of their type materials and phylogenetic analysis.

KEYWORDS
diversity, macrofungi, phylogenetic analysis, wood-rotting fungi, fungal resources


1. Introduction

Steccherinum Gray was established by Gray (1821), with S. ochraceum (Pers. ex J.F. Gmel.) Gray selected as its type. It is the largest genus in the Steccherinaceae (Polyporales) and has a worldwide distribution, with ~76 species accepted by Index Fungorum (http://www.indexfungorum.org/; accessed on 1 January 2023) and MycoBank (https://www.mycobank.org; accessed on 1 January 2023). Dai (2011) summarized corticioid and hydnoid fungi in China and 12 species of Steccherinum were mentioned. An identification key to 15 species of Steccherinum recorded from China was provided (Wan and Yuan, 2013).

Steccherinum is characterized by the resupinate to effuse-reflexed basidiomata with poroid or odontioid to hydnoid hymenophore, a monomitic or dimitic hyphal structure with thick-walled skeletal hyphae; most species have clamped generative hyphae, encrusted or smooth skeletocystidia, and smooth, thin-walled, ellipsoid basidiospores (Maas Geesteranus, 1974; Eriksson et al., 1984; Miettinen et al., 2012).

Miettinen et al. (2012) carried out a multigene phylogenetic analysis (ITS + nLSU + mtSSU + atp6 + tef1) for Steccherinaceae and proposed the monophyletic Steccherinum clade (Figure 4 in Miettinen et al., 2012). Liu and Dai (2021) thought that the limit of the genus Steccherinum in Miettinen et al. (2012) is reasonable, described S. fragile Z.B. Liu & Y.C. Dai, and proposed S. subcollabens (F. Wu et al.) Z.B. Liu & Y.C. Dai within the Steccherinum clade in their phylogenetic analysis of ITS + nLSU. Subsequently, Wu et al. (2021) described S. puerense Y.X. Wu et al. and S. rubigimaculatum Y.X. Wu et al. Dong et al. (2022) described S. hirsutum Y.X. Wu & C.L. Zhao and S. yunnanense Y.X. Wu & C.L. Zhao based on their phylogenetic analyses.

During investigations on the diversity of wood-rotting fungi from China, three resupinate polypore specimens were collected from Yunnan Province and Qinghai Province. Their morphology corresponded to the concept of Steccherinum. To confirm their affinity, phylogenetic analysis based on the ITS and nLSU rDNA sequences was carried out. Both morphological characteristics and molecular evidence demonstrated that these three specimens represent two new species of Steccherinum, which we describe in the present study. In addition, we studied the type specimens of Junghuhnia austrosinensis F. Wu et al. and J. nandinae F. Wu et al. They were transferred to Steccherinum based on morphological and phylogenetic analyses.



2. Materials and methods


2.1. Morphological studies

Macro-morphological descriptions were based on dry herbarium specimens and field notes. Microscopic measurements and drawings were prepared from slide preparations of dried tissues stained with Cotton Blue and Melzer's reagent as described by Dai (2010). Pores were measured by subjectively choosing as straight a line of pores as possible and measuring how many per mm. The following abbreviations are used in the description: CB = Cotton Blue; CB+ = cyanophilous in Cotton Blue; CB– = acyanophilous in Cotton Blue; IKI = Melzer's reagent; IKI– = neither amyloid nor dextrinoid in Melzer's reagent; KOH = 5% potassium hydroxide; n (a/b) = number of spores (a) measured from given number of specimens (b); L = spore length (arithmetic average of all the spores); W = spore width (arithmetic average of all the spores); and Q = variation in the L/W ratios between the specimens studied. When the variation in spore size is shown, 5% of the measurements were excluded from each end of the range, and these values are shown in parentheses. Special color terms follow Petersen (1996), and then, herbarium abbreviations follow Thiers (2018). Voucher specimens from the study were deposited in the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC).



2.2. DNA extraction, PCR amplification, and sequencing

Total genomic DNA was extracted from dried specimens using a CTAB Rapid Plant Genome Extraction Kit (Aidlab Biotechnologies Company, Ltd., Beijing, China) according to the manufacturer's instructions with some modifications (Li et al., 2014). The ITS regions were amplified with primers ITS4 and ITS5 (White et al., 1990). The nLSU regions were amplified with primers LR0R and LR7 (Vilgalys and Hester, 1990).

The polymerase chain reaction (PCR) procedure for the ITS was as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles at 94°C for 40 s, 54°C for 45 s, and 72°C for 1 min, and a final extension of 72°C for 10 min. The PCR procedure for the 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 (Zhao et al., 2015). Aliquots of PCR products were examined on 2% agarose gels stained with GelStar Nucleic Acid Gel Stain (Lonza Rockland, Inc., Rockland, YN, USA) and examined under UV light. The sequencing of the PCR products was conducted by the Beijing Genomics Institute, Beijing, China, with the same primers used in the PCR reactions. Species were identified by sequence comparison with accessions in the NCBI databases using the BLAST program.



2.3. Phylogenetic analyses

Phylogenetic trees were constructed using ITS + nLSU rDNA sequences, and phylogenetic analyses were performed with the maximum likelihood (ML), maximum parsimony (MP), and Bayesian inference (BI) methods. Sequences of the species and strains were primarily adopted from ITS-based and 28S-based tree topology as described by Liu and Dai (2021). New sequences generated in this study, along with reference sequences retrieved from GenBank (https://www.ncbi.nlm.nih.gov/genbank/; Table 1), were aligned by MAFFT 7 (Katoh et al., 2019; http://mafft.cbrc.jp/alignment/server/) using the “G-INS-i” strategy and manually adjusted in BioEdit 7.2.5 (Hall, 1999). Unreliably aligned sections were removed before the analyses, and efforts were made to manually inspect and improve the alignment. The data matrix was edited in Mesquite 3.70 (https://www.mesquiteproject.org/; Maddison and Maddison, 2021). The sequence alignment was deposited at TreeBase (Submission ID: 30018). According to Miettinen et al. (2012), Junghuhnia crustacea (Jungh.) Ryvarden also belongs to the family Steccherinaceae and is not close to the Steccherinum clade, thus sequences of Junghuhnia crustacea obtained from GenBank were used as out-groups to root the trees in the ITS + nLSU analysis.


TABLE 1 List of species, specimens, and GenBank accession numbers of the sequences used in this study.

[image: Table 1]

Maximum likelihood analysis was conducted using RAxML-HPC 8.2.3 (Stamatakis, 2014) and RAxML-HPC through the CIPRES Science Gateway 3.3 (Miller et al., 2010; http://www.phylo.org). Statistical support values were obtained using non-parametric bootstrapping with 1,000 replicates. The BI analysis was performed with MrBayes 3.2.7a (Ronquist et al., 2012). Four Markov chains were run for two runs from random starting trees for 1 million generations until the split deviation frequency value <0.01, and the trees were sampled at every 1,000 generations. The first 25% of the sampled trees were discarded as burn-in, and the remaining ones were used to reconstruct a majority rule consensus tree and calculate the Bayesian posterior probabilities (BPP) of the clades.

Maximum parsimony analysis was applied to the ITS + nLSU dataset sequences. The approaches to phylogenetic analysis were conducted as described by Liu et al. (2022), and the tree was constructed using PAUP* 4.0β10 (Swofford, 2002). All the characters were equally weighted, and gaps were treated as missing data. Trees were inferred using the heuristic search option with tree bisection and reconnection branch swapping, and 1,000 random sequence addition maxtrees were set to 5,000. Branches of zero length were collapsed, and all the parsimonious trees were saved. Clade robustness was assessed using a bootstrap analysis with 1,000 replicates (Felsenstein, 1985). Descriptive tree statistics, including the consistency index (CI), homoplasy index (HI), rescaled consistency index (RC), retention index (RI), and tree length (TL), were calculated for each maximum parsimonious tree generated.

A total of 24 models of evolution were scored using PAUP* 4.0β10 (Swofford, 2002). Optimal substitution models for the combined dataset were then determined using the Akaike information criterion implemented in MrModeltest 2.3 (Posada and Crandall, 1998; Nylander, 2004). The model GTR + I + G was selected in the ML and BI analyses.

Branches are labeled with ML bootstrap ≥ 70%, MP bootstrap ≥ 50%, and BPP ≥ 0.95, respectively. FigTree 1.4.4 (Rambaut, 2018) was used to visualize the resulting tree.




3. Results


3.1. Phylogenetic results

The combined ITS + nLSU dataset included sequences from 47 specimens representing 27 species (Table 1). The dataset had an aligned length of 2,044 characters, of which 1,544 were constant, 96 were variable but parsimony-uninformative, and 404 were parsimony-informative. MP analysis yielded an equally parsimonious tree (CI = 0.524, HI = 0.476, RC = 0.403, RI = 0.768, TL = 1,288). ML analysis resulted in the best tree, and Bayesian and MP analyses resulted in a similar topology to the ML analysis, with an average standard deviation of split frequencies of 0.007184 (BI). Hence, the ML tree is shown combined with the support values from the MP and BI analyses.

The phylogeny (Figure 1) inferred from the ITS and nLSU sequences demonstrated that the new species (Steccherinum juniperi and S. incrustans) and new combinations (S. austrosinense and S. nandinae) clustered in Steccherinum clade, and thus, they are described and proposed herein.


[image: Figure 1]
FIGURE 1
 Phylogeny of Steccherinum generated by maximum likelihood (ML) analysis based on combined ITS and nLSU rDNA sequences. Branches are labeled with ML bootstrap >70%, maximum parsimony bootstrap >50%, and Bayesian posterior probabilities >0.95, respectively. New species and new combinations are in bold.




3.2. Taxonomy

Steccherinum incrustans Z.B. Liu, Y.C. Dai & Jing Si, sp. nov.

MycoBank: MB847683.

Figures 2, 3.


[image: Figure 2]
FIGURE 2
 Basidiomata of Steccherinum incrustans (Holotype, Dai 19442). (Scale bar = 1.0 cm). Photographed by Meng Zhou.



[image: Figure 3]
FIGURE 3
 Microscopic structures of Steccherinum incrustans (Holotype, Dai 19442). (A) Basidiospores. (B) Basidia and basidioles. (C) Hyphae from subiculum. (D) Skeletocystidia and hyphae from trama. Drawn by Meng Zhou.


Holotype—China. Yunnan Province, Jinghong, Xishuangbanna Tropical Botanical Garden, on rotten angiosperm wood, 16.XII.2018, Dai 19442 (BJFC027910).

Etymology—Incrustans (Lat.): referring to the species having encrusted generative hyphae in trama.

Fruiting body—Basidiomata annual, resupinate, difficult to separate from the substrate, soft corky when fresh, hard corky when dry, up to 11 cm long, 2 cm wide, and ~1.5 mm thick at the center; pore surface buff yellow or pinkish buff to clay buff upon drying; sterile margin indistinct; pores angular, 8–10 per mm; dissepiments thin, entire; subiculum very thin to almost absent, paler than tubes, nearly 0.2 mm thick; tubes concolorous with poroid surface, up to 1.3 mm long.

Hyphal structure—Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae dominant, CB+, IKI–; tissues unchanged in KOH.

Subiculum—Generative hyphae hyaline, thin-walled, unbranched, 2–3 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a narrow lumen, unbranched, flexuous, interwoven, 2.5–3.5 μm in diam.

Tubes—Generative hyphae hyaline, thin-walled, rarely branched, frequently, and strongly encrusted with crystals, 1–2.5 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a narrow lumen, unbranched, flexuous, interwoven, 2–3 μm in diam. Skeletocystidia present in the hymenium and trama, abundant, clavate to cylindrical, thick-walled with a narrow lumen, originated from tramal skeletal hyphae, then projecting from hymenium, strongly encrusted in the obtuse apex, 15–35 × 5–10 μm (encrusted part); cystidioles absent; basidia barrel-shaped, hyaline, with a basal clamp connection and four sterigmata, 9–13 × 4–5.5 μm; basidioles dominant, clavate similar with basidia in length.

Spores—Basidiospores ellipsoid with an apiculus, hyaline, thin-walled, smooth, some with a medium guttule, IKI–, CB–, (3–)3.5–4.5(−4.7) × (2.2–)2.5–3.5(−3.8) μm, L = 3.98 μm, W = 2.90 μm, Q = 1.37 (n = 60/1).

Steccherinum juniperi Z.B. Liu, Y.C. Dai & Jing Si, sp. nov.

MycoBank: MB847674.

Figures 4, 5.


[image: Figure 4]
FIGURE 4
 Basidiomata of Steccherinum juniperi (Paratype, Dai 23930) (Scale bar = 1.0 cm). Photographed by Yu-Cheng Dai.
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FIGURE 5
 Microscopic structures of Steccherinum juniperi (Holotype, Dai 23931). (A) Basidiospores. (B) Basidia. (C) Basidioles. (D) Cystidioles. (E) Hyphae from subiculum. (F) Hyphae from trama. Drawn by Meng Zhou.


Holotype—China. Qinghai Province, Yushu, Leba Valley, on rotten wood of Juniperus, 5.VIII.2022, Dai 23931 (BJFC039175).

Etymology—Juniperi (Lat.): referring to the species growing on Juniperus.

Fruiting body—Basidiomata annual, resupinate, difficult to separate from the substrate, soft corky when fresh, hard corky when dry, up to 10 cm long, 2 cm wide, and ~2.5 mm thick at the center; pore surface buff yellow when fresh, apricot orange when bruised, buff to honey yellow upon drying; sterile margin distinct, cream and nearly 1 mm width; pores angular, 3–6 per mm; dissepiments thin, entire; subiculum very thin to almost absent, paler than tubes, nearly 0.5 mm thick; tubes concolorous with poroid surface, up to 2 mm long.

Hyphal structure—Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae dominant, IKI–, CB+; tissues unchanged in KOH.

Subiculum—Generative hyphae hyaline, thin- to slightly thick-walled, rarely branched, sometimes encrusted with crystals, 2–3.5 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a medium to narrow lumen, unbranched, flexuous, interwoven, 3–5 μm in diam.

Tubes—Generative hyphae hyaline, slightly thick-walled, occasionally branched, 2–3 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a medium lumen, unbranched, flexuous, interwoven, 2–4.5 μm in diam. Skeletocystidia present in trama only, abundant, clavate to cylindrical, thick-walled with a wide lumen, strongly encrusted in the obtuse apex, 20–120 × 7–10 μm (encrusted part); cystidioles present, fusiform to slim clavate, hyaline, thin-walled, 10–15 × 3–4 μm; basidia clavate, hyaline, with a basal clamp connection and four sterigmata, 12–13 × 4–6 μm; basidioles dominant, similar to basidia in shape, but slightly smaller.

Spores—Basidiospores ellipsoid with an apiculus, hyaline, thin-walled, smooth, some with a medium guttule, IKI–, CB–, 3–4(−4.8) × (1.8–)2–3(−3.2) μm, L = 3.57 μm, W = 2.46 μm, Q = 1.38–1.52 (n = 60/2).

Additional specimen (paratype) examined—China. Qinghai Province, Yushu, Leba Valley, on rotten wood of Juniperus, 5.VIII.2022, Dai 23930 (BJFC039174).

Steccherinum austrosinense (F. Wu, P. Du & X.M. Tian) Z.B. Liu, Y.C. Dai & Jing Si, comb. nov.

MycoBank: MB847672.

Basionym—Junghuhnia austrosinensis F. Wu, P. Du & X.M. Tian, MycoKeys 72: 5 (2020).

Materials studied—China. Yunnan Province, Jinghong, Virgin Forest Park, on fallen bamboo, 17.VI.2017, Dai 17540 (BJFC025072, holotype); Hainan Province, Wuzhishan County, Wuzhishan Forest Park, on fallen angiosperm branch, 9.IX.2019, Dai 17679 (BJFC025211, paratype).

Steccherinum nandinae (F. Wu, P. Du & X.M. Tian) Z.B. Liu, Y.C. Dai & Jing Si, comb. nov.

MycoBank: MB847673.

Basionym—Junghuhnia nandinae F. Wu, P. Du & X.M. Tian, MycoKeys 72: 8 (2020).

Materials studied—China. Chongqing, Nanchuan County, Jinfoshan Forest Park, on dead tree of Nandina domestica, 1.XI.2019, Dai 21107 (BJFC032766, holotype), Dai 21108 (BJFC032767, paratype).




4. Discussion

In the present study, two new species (S. juniperi and S. incrustans) and two new combinations (S. austrosinense and S. nandinae) nested in the Steccherinum clade, based on the phylogenetic analysis of ITS + nLSU sequences data (Figure 1).

An ITS sequence JN710550 of the sample Miettinen 10301, named Junghuhnia cf. nitida from GenBank, is almost identical to Dai 19442 in the ITS regions, and the similarity between their sequences is up to 99.73%. Both samples were collected from Xishuangbanna, Yunnan Province, China. We believed that the sample Miettinen 10301 represented the same species as our specimen (Dai 19442), and they formed a lineage with strong supports (100% ML, 98% MP, and 1.00 BPP, Figure 1) in our phylogeny. Morphologically, S. incrustans can be distinguished from Junghuhnia nitida (Pers.) Ryvarden by having smaller pores (8–10 per mm vs. 5–7 per mm, Ryvarden and Johansen, 1980). In addition, S. incrustans differs from J. nitida by its tramal generative hyphae frequently covered with crystals, while they are smooth in J. nitida.

The phylogenetic analyses indicated that two specimens of S. juniperi formed a lineage with strong supports (100% ML, 100% MP, and 1.00 BPP) and grouped with S. incrustans with strong supports (100% ML, 100% MP, and 1.00 BPP) (Figure 1). Steccherinum juniperi differs from S. incrustans by its larger pores (3–6 per mm in S. juniperi vs. 8–10 per mm in S. incrustans). In addition, S. juniperi grows on gymnosperm in boreal forests, while S. incrustans grows on angiosperm in tropical forests.

Steccherinum juniperi, S. austrosinense, and S. neonitidum Westphalen & Tomšovský have poroid hymenophore and microscopically share cystidioles and similar sizes of basidiospores, but S. austrosinense and S. neonitidum have distinctly smaller pores (9–11 per mm in S. austrosinense, 8–10 per mm in S. neonitidum, vs. 3–6 per mm in S. juniperi). In addition, S. austrosinense and S. neonitidum grow on angiosperm, and their skeletocystidia are present in both tube trama and out of hymenium (Westphalen et al., 2018; Du et al., 2020), while S. juniperi grows on gymnosperm and only has skeletocystidia in tube trama.

Steccherinum collabens (Fr.) Vesterh. resembles S. juniperi in the field because they share similar pores when fresh and grow on gymnosperms; however, S. collabens has cylindrical to suballantoid basidiospores (3.2–3.6 × 1.4–1.7 μm, Niemelä, 2016).

The vegetation in Northwest China is relatively simple compared with the other parts of China, and a few limited new taxa of wood-habiting fungi were described from the area (Dai et al., 2007a,b, 2021), especially only a few species were recorded on Juniperus in China (Dai, 2012; Cui et al., 2019; Wu et al., 2022). Steccherinum juniperi is described as Juniperus in a dry environment of Northwest China, thus indicating that some special species adapted to the special host in the arid area.
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In this study, we investigated the diversity of diatrypaceous fungi from southeastern Tibet in China. The phylogenetic analyses were carried out based on ITS and β-tubulin sequences of 75 taxa of Diatrypaceae from around the world. Based on a combination of morphological features and molecular evidence, a new genus—Alloeutypa, with three new species—A. milinensis, Diatrype linzhiensis, and Eutypella motuoensis, and a new combination—A. flavovirens, were revealed by the materials in China. Alloeutypa is characterized by stromatal interior olivaceous buff, stromata producing well-developed discrete, and ascospores allantoid, subhyaline. These characteristics separate the new genus from the similar genus Eutypa. Comprehensive morphological descriptions, illustrations, and a phylogenetic tree to show the placement of new taxa are provided. All novelties described herein are morphologically illustrated and phylogeny investigated to better integrate taxa into the higher taxonomic framework and infer their phylogenetic relationships as well as establish new genera and species. Our results indicate that the diatrypaceous fungi harbor higher species diversity in China.
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 Ascomycota, Diatrypaceous fungi, multigene phylogeny, taxonomy, wood-decaying fungi, Xylariales


Introduction

Diatrypaceae Nitschke was introduced by Nitschke (1869) with Diatrype Fries as the type genus (Nitschke, 1869; Maharachchikumbura et al., 2015; Senanayake et al., 2015). Diatrypaceous taxa are abundant in Xylariales Nannf., which are widely distributed throughout the world, mostly saprophytic on dead or decaying angiosperms (Carter, 1991; Acero et al., 2004; Trouillas and Gubler, 2004; Trouillas et al., 2010a,b; Mehrabi et al., 2015; Konta et al., 2020; Yang et al., 2022), and some are pathogens or endophytes (Acero et al., 2004; de Errasti et al., 2014; Mehrabi et al., 2019; Konta et al., 2020; Dissanayake et al., 2021). In recent years, some new genera of the family Diatrypaceae have been reported combining morphological characteristics and multi-locus phylogeny (Dayarathne et al. 2016; Senwanna et al. 2017; Phookamsak et al. 2019; Dayarathne et al., 2020b). Hyde et al. (2020) compiled a taxonomic compilation of Sordariomycetes in which 20 genera of the family were listed; subsequently, the classification was followed by Wijayawardene et al. (2020). Dayarathne et al. (2020a) introduced a new genus, Halocryptosphaeria Dayarath., Devadatha, V.V. Sarma & K.D. Hyde saprophytic on decaying wood of Avicennia marina (Forsk.) Vierh. Konta et al. (2020) introduced a new genus, Allodiatrype Konta & K.D. Hyde, which included three new species and one new combination. Subsequently, Paraeutypella L.S. Dissan., J.C. Kang, Wijayaw. & K.D. Hyde, and Pseudodiatrype S.H. Long & Q.R. Li were introduced by Dissanayake et al. (2021) and Long et al. (2021), respectively, based on morphological distinctions and polygenic phylogenetic analyses.

The genus Diatrype Fr. was established by Fries (1849) and typified with D. disciformis (Hoffm.) Fr. The genus was characterized by stromata widely effuse or verrucose, flat or slightly convex, with discoid or sulcate ostioles at the surface, eight-spored and long-stalked asci and hyaline or brownish, allantoid ascospores (Rappaz, 1987; Vasilyeva and Stephenson, 2004; Vasilyeva and Stephenson, 2009; Senanayake et al., 2015). Recently, Zhu et al. (2021) included a new species, and Yang et al. (2022) introduced two new taxa with polysporous asci as members in Diatrype based on the phylogenies inferred from the dataset of ITS and β-tubulin.

Eutypa Tul. & C. Tul. was established by Tulasne and Tulasne (1863) based on E. lata (Pers.) Tul. & C. Tul. The genus is characterized by stromata which are irregular in shape, as confluent bumps, with conspicuous, scattered, roundish to prominent ostioles on the host surface, 8-spore asci with indistinct apical rings, and ascospores allantoid to ellipsoidal, aseptate, and pale yellowish (Hyde et al., 2020). Some species of this genus are disease-causing pathogens, for example, E. lata has been reported to cause dieback and canker in Vitis vinifera (grapevine; Moller and Kasimatis, 1978), Prunus armeniaca (apricots; Carter, 1957), and Prunus salicina (Carter, 1982); E. leptoplaca has been reported to be pathogenic to grapevine (Trouillas and Gubler, 2004).

The genus Eutypella (Nitschke) Sacc., established by Saccardo (1875) with El. cerviculata (Fr.) Sacc. as the type (Saccardo, 1882; Mehrabi et al., 2019; Hyde et al., 2020), which includes 111 morphological species (Species Fungorum 2020), and only 17 species have sequence data (Hyde et al., 2020). Eutypella taxa have a wide host range, and some species are phytopathogens that cause canker, such as El. parasitica R.W. Davidson & R.C. Lorenz causes canker in Acer spp. (Kowalski and Bednarz, 2017), El. microtheca Trouillas, W.M. Pitt & Gubler causes canker in Vitis vinifera, and Prunus spp. (Trouillas et al., 2011; Moyo et al., 2018a,b). The important characteristics of this genus are valsoid configuration stromata, usually comprising host tissues or a mixture of host and fungal tissues, mostly sulcate, sometimes rounded ostioles, converging ostiolar necks, eight-spored asci, and allantoid ascospores (Glawe and Rogers, 1984; Vasilyeva and Stephenson, 2006; Hyde et al., 2020). Rappaz (1987) made a taxonomic revision of Diatrypaceae, in which 76 taxa of Eutypella were described. Afterward, Carmarán et al. (2006) performed a phylogenetic analysis of Diatrypaceae based on ascus morphology and other morphological characteristics and transferred six species from Eutypella to Peroneutypa Berl. Dissanayake et al. (2021) transferred El. citricola Speg. and El. vitis (Schwein.) Ellis & Everh. to Paraeutypella combining morphological and phylogenetic data.

Diatrype, Eutypa, and Eutypella are all unresolved lineages, and phylogenetic studies indicated that the three genera do not form monophyletic groups, even though they clustered within Diatrypaceae (Hyde et al., 2020; Wijayawardene et al., 2020; Long et al., 2021; Yang et al., 2022). In an investigation of the diversity of wood-decaying fungi in southeastern Tibet of China, three undescribed species of diatrypaceous fungi were collected. In order to further the knowledge of species diversity and taxonomy of Diatrypaceae, we carried out complete morphological and molecular phylogenetic studies on these specimens with an emphasis on diatrypaceous fungi. In this study, we introduce a new genus, three new species, and a new combination of Diatrypaceae occurring on decaying wood.



Materials and methods


Specimen collection

The specimens studied in this article were collected from Motuo County and Milin County in Linzhi City of southeastern Tibet, China. In situ photographs of the specimens were taken with a Canon G16 camera (Tokyo, Japan). Fresh specimens were dried and deposited following Yang et al. (2022).



Morphological examination

The studied specimens were macromorphologically observed with the aid of a VHX-600E microscope of Keyence Corporation (Osaka, Japan) up to ×200. The microscopic procedure followed Song et al. (2022). Specimen sections were mounted in water, 10% potassium hydroxide (KOH), and Melzer’s reagent (1.5 g potassium iodide, 0.5 g crystalline iodine, and 22 g chloral hydrate dissolved in 20 ml distilled water), and then microscopic examinations were carried out with an Olympus IX73 inverted fluorescence microscope (Tokyo, Japan) at magnifications up to × 1,000.



DNA Extraction, PCR Amplification, and Sequencing

Genomic DNA was extracted from dried specimens using CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd., Beijing, China) and RaPure Plant DNA Mini Kit (Magen Biotechnology) according to the manufacturer’s instructions. The internal transcribed spacer (ITS) region and β-tubulin (TUB2) were amplified with primer pairs ITS5/ITS4 (White et al., 1990) and T1/T22 (O'Donnell and Cigelnik, 1997), respectively. Polymerase chain reaction (PCR) was performed following Song et al. (2022). DNA sequencing was performed at BGI tech, Guangzhou, China. All newly generated sequences in this study including eight ITS sequences and six β-tubulin sequences were deposited in GenBank (Table 1).1



TABLE 1 List of species, specimens, and GenBank accession numbers of sequences used in this study.
[image: Table1]



Phylogenetic analyses

Sequencher 4.6 (GeneCodes, Ann Arbor, MI, United States) was used to edit the DNA sequence. Sequences were manually cut and orientation adjusted using BioEdit software (Hall, 1999). Sequences were aligned using the “G-INS-i” strategy at the MAFFT 7 (http://mafft.cbrc.jp/alignment/server/) website and manually corrected using BioEdit. The sequences of Kretzschmaria deusta (Hoffm.) P.M.D. and Xylaria hypoxylon (L.) Grev. were obtained from GenBank as out-groups.

Maximum likelihood analyses were performed in raxmlGUI 2.0 selecting ML + rapid bootstrap analysis and GTRGAMMA+G as the surrogate model (Ma et al., 2022; Song et al., 2022). 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 for Bayesian inference (BI). Bayesian inference was calculated with MrBayes 3.1.2 with a general time reversible (GTR + I + G) model of DNA substitution and a gamma distribution rate variation across sites (Ronquist and Huelsenbeck, 2003). Four simultaneous Markov chains were run for 2000000 generations, and every 100 generations were sampled as a tree. The first one-fourth generations were discarded as burn-in. The majority rule consensus tree of all remaining trees is computed. Branches were considered as significantly supported if they received maximum likelihood bootstrap (BS) ≥ 70% and Bayesian posterior probabilities (BPP) ≥ 0.95.




Results


Molecular phylogeny

The contribution of the molecular phylogenetic tree based on 197 sequences of two DNA loci (116 ITS and 81 β-tubulin sequences) was composed of 116 samples representing 75 strains of Diatrypaceae (Table 1). The concatenated dataset had an aligned length of 1936 characteristics, including gaps (609 for ITS and 1,327 for TUB2). Bayesian obtained a topology similar to ML, with an average standard deviation of split frequencies = 0.007766 (BI). Only the ML tree is provided in Figure 1 with the likelihood bootstrap values (≥ 70%, before the slash) and Bayesian posterior probabilities (≥ 0.95, behind the slash) labeled along the branches.

[image: Figure 1]

FIGURE 1
 Phylogram generated from maximum likelihood (RA × ML) analyses, based on ITS-β-tubulin matrix. Branches are labeled with maximum likelihood bootstrap ≥ 70% and Bayesian posterior probabilities ≥ 0.95. Ex-type strains are in bold. Newly generated strains are in blue. Bold branches indicate that the length has been cut in half.


The topology of the phylogenetic tree is similar to those in previous studies (Konta et al., 2020; Zhu et al., 2021). For the in-groups, species from 18 genera were distributed in 24 clades: including 18 main clades, Diatrypella sensu stricto, Neoeutypella, Pseudodiatrype, Allodiatrype, Halodiatrype, Pedumispora, Diatrypella 1, Eutypa sensu stricto/Cryptosphaeria 1, Alloeutypa, Diatrype sensu stricto, Cryptosphaeria 2, Eutypa 1, Eutypella sensu stricto/Anthostoma, Paraeutypella/Allocryptovalsa/Eutypella 1, Peroneutypa, Quaternaria, Cryptovalsa, Monosporascus, and six incertae sedis clades (Diatrype enteroxantha, D. lancangensis, D. lijiangensis, D. palmicola, D. whitmanensis, and Eutypella parasitica). Allodiatrype, Alloeutypa, Monosporascus, Neoeutypella, Paraeutypella, Peroneutypa, and Pseudodiatrype were shown to be monophyletic and well-supported in our tree. Halodiatrype and Pedumipora, Cryptovalsa and Quaternaria formed a strongly supported claded respectively. Anthostoma decipiens (JL567 and CD) grouped together is sister to Eutypella sensu stricto with strong support (ML/BI = 100/1). Eutypella leprosa, El. microtheca, and several species from Paraeutypella and Allocryptovalsa formed a large clade with relatively strong support. The new genus Alloeutypa included two species, A. milinensis and A. flavovirens, formed a distinct clade. The other two new species—Diatrype linzhiensis and Eutypella motuoensis, formed distinct lineages in the tree. Some confused taxa, for example, Diatrype enteroxantha, D. lancangensis, D. lijiangensis, D. palmicola, D. whitmanensis, and Eutypella parasitica, formed a single clade or mixed with other genera.



Taxonomy

Alloeutypa Hai X. Ma, Z.E. Yang & Y. Li, gen. Nov.

MycoBank: 846109.

Etymology: referring to the morphological resemblance to Eutypa.

Descriptions—Saprobic on dead angiosperm branch. Sexual morph: Stromata scattered on the host, pustulate, solitary or aggregated, superficial, irregularly shaped or oblong to strip, upper surface flat to slightly curved; surface black, with numerous ascomata in a single stroma. Endostroma consists of outer layer of black, small, dense, thin parenchymal cells and inner layer of olivaceous buff, large, loose parenchymal cells. Ostioles opening to outer surface, appearing as black spots, separately, papillate or apapillate. Perithecium globose to subglobose, individual ostiole with a neck. Peridium composed of outer layer of dark brown to brown, thin-walled cells, inner layer of hyaline thin-walled cells. Paraphyses elongate, hyaline, long, filiform, unbranched, septate, guttulate. Asci eight-spored, unitunicate, clavate, long-stalked, apically rounded. Ascospores irregularly arranged, allantoid, aseptate, slightly curved, subhyaline to yellowish, smooth-walled, several oil droplets in each end.

Type species: Alloeutypa milinensis Hai X. Ma, Z.E. Yang & Y. Li.

Notes: In the phylogenetic tree (Figure 1), Eutypa species are distributed in two distinct clades Eutypa sensu stricto and Eutypa 1, indicating that the genus is polyphyletic. The type species, E. lata clusters in Eutypa clade1 which can be regarded as Eutypa sensu stricto. However, it is hard to justify Eutypa 1 as a new genus without examining old types of species and identified fresh collections with molecular data.

The sexual morphology of Eutypa sensu stricto (as Eutypa taxonomic species 2) comprises wide-spreading stromata that embedded in decorticated wood or bark, usually poorly developed with ill-defined margins, surface black, interior white or blackened, eight-spore asci spindle-shaped, long-stipitate, ascospores allantoid, subolivaceous (Glawe and Rogers, 1984). The Chinese collection in this study is clearly different from members of Eutypa sensu stricto based on the green interior of the stromata, discrete, Diatrype-like.

Based on the morpho-molecular differences, the new genus Alloeutypa is introduced to accommodate Alloeutypa milinensis. Alloeutypa is typified by A. milinensis, which was found on dead branches of angiosperm plant from southeastern Tibet in China. Eutypa flavovirens resembles A. milinensis in having well-developed discrete, Diatrype-like stromata with yellow-green to olive-green interior tissue, asci spindle-shaped, long-stipitate, ascospores allantoid, and subhyaline to subolivaceous. The phylogenetic analyses based on ITS and β-tubulin sequence data also supported Alloeutypa as a monophyletic genus in the Diatrypaceae, and A. milinensis and A. flavovivens as separate lineages within Alloeutypa. Thus, based on morphological evidence and phylogenetic analyses, we accommodate Alloeutypa as a new genus with A. milinensis as the type, and E. flavovirens was transferred to Alloeutypa as A. flavovirens comb. nov.

Alloeutypa milinensis Hai X. Ma, Z.E. Yang & Y. Li, sp. nov. (Figure 2).

[image: Figure 2]

FIGURE 2
 Alloeutypa milinensis (FCATAS 4309, Holotype). (A–D) Stromata on substrate. (E) Cross section of a stroma. (F,G) Vertical section through stroma showing ostiole and perithecia. (H) Peridium. (I) Paraphyses. (J–L) Asci. (M–Q) Ascospores. Scale bars: (A) = 15 mm; (B) = 2 mm; (C) = 1 mm; (D–F) = 500 μm; (G,H) = 100 μm; (I–L) = 20 μm; (M–Q) = 10 μm.


MycoBank: MB 846111.

Type: China. Tibet Autonomous Region, Linzhi City, Milin County, Pai Town, 29°30′2′ N, 94°50′26′ E, alt. 998 m, saprobic on dead branch, 7 October 2021, Haixia Ma, FCATAS 4309 (holotype).

Etymology: referring to the locality (Milin County) of the type specimens.

Descriptions: Saprobic on dead branches of unidentified plant. Sexual morph: Stromata scattered on the host, pustulate, solitary, superficial, 2–7.3 mm long × 0.9–2.2 mm broad (x̄ = 3.6 × 1.5 mm, n = 20), oblong to strip, upper surface flat to slightly curved; surface black with 14–50 perithecia immersed in stroma. Endostroma consists of outer layer of black, small, dense, thin parenchymal cells and inner layer of olivaceous buff, large, loose parenchymal cells, near base, whitish yellow-green. Ostioles opening to outer surface, appearing as black spots, separately, papillate or apapillate. Perithecium globose to subglobose, 261.2–512.2 μm high × 245.7–443.3 μm diam (x̄ = 383.8 × 334.1 μm, n = 30), individual ostiole with a neck. Peridium composed of outer layer of dark brown to brown, thin-walled cells, inner layer of hyaline thin-walled cells. Paraphyses elongate, hyaline, long, filiform, unbranched, septate, guttulate. Asci 97–194 × 7.5–16.7 μm (x̄ = 132.8 × 11.3 μm, n = 50), eight-spored, unitunicate, clavate, long-stalked (30–131.5 μm), apically rounded. Ascospores 6.6–10.1 × 1.7–2.6 μm (x̄ = 8.5 × 2.1 μm, n = 50), overlapping, allantoid, aseptate, slightly curved, subhyaline, smooth-walled, usually with two oil droplets.

Asexual morph: Undetermined.

Additional specimen examined.—China. Tibet Autonomous Region, Linzhi City, Milin County, Pai Town, 29°29′57′ N, 94°50′29′ E, alt. 996 m, saprobic on dead branch, 7 October 2021, Haixia Ma, FCATAS 4382.

Note: Alloeutypa milinensis grouped with A. flavovirens (E. flavovirens) based on the combined ITS + β-tubulin sequence data. In recent years, A. flavovirens (E. flavovirens) has been successively recorded in Thailand, India, and Italy, and the specimens from the three regions have some differences in morphology. Morphologically, the specimens of A. flavovirens (E. flavovirens) in Thailand differ from A. milinensis in smaller stromata (1–1.5 mm wide) and smaller perithecium diam (120–210 μm diam; Senanayake et al., 2015); the specimens from India differ by the smaller perithecium (212.5–396 × 184.6–363 μm), fewer perithecium in a stroma (2–12), and shorter ascus (75–110 × 6.1–8.8 μm; Niranjan et al., 2018); the specimen from Italy differs in having gregarious, aggregates to discrete stromata, smaller in size (0.7–1 mm diam), and smaller ascus (80–120 × 8–10 μm; Boonmee et al., 2021).

The sequence comparison showed that there are 97.22 and 95%, respectively, similarities in ITS and TUB2 between A. milinensis from China (FCATAS 4309) and A. flavovirens (E. flavovirens) from Italy (MFLU19-0911), while 97.13 and 94.12 between A. milinensis from China (FCATAS 4309) and A. flavovirens (E. flavovirens) from France (E48C, CBS 272.87). Unfortunately, TUB2 sequences of the Indian and Thailand collections are not available in GenBank. However, the ITS sequence comparison showed that there are both 92% similarities between A. milinensis from China (FCATAS 4309) and A. flavovirens (E. flavovirens) from India (PUFNI 310) and Thailand (MFLUCC 13-0625). Therefore, we described the Chinese material as a new species.

Alloeutypa flavovirens: (Pers.) Hai X. Ma & Z.E. Yang, comb. nov.

MycoBank: 846128.

Synonyms: Sphaeria flavovirens Pers., Syn. meth. Fung. (Göttingen) 1: 22, 1801. Diatrype flavovirens (Pers.) Fr., Summa veg. Scand., Sectio Post. (Stockholm): 385, 1849. Eutypa flavovirens (Pers.) Tul. & C. Tul., Select. fung. Carpol. (Paris) 2: 57, 1863.

Notes: Alloeutypa flavovirens is one of the most common fungi and found throughout the world and appears to have a wide host range (Glawe and Rogers, 1982, 1984; Rappaz, 1987). It is characterized by having yellow-greenish stromatic tissues, spindle-shaped asci with refractive apical invaginations, allantoid ascospores subhyaline to subolivaceous (Glawe and Rogers, 1984). It is most similar to A. milinensis in having the green interior of the stromata. There are no sequence data for the type of A. flavovirens, but there are two putatively named collections, CBS 272.87 and MFLU 19-0911, from France and Italy, respectively (Rolshausen et al. 2006; Boonmee et al., 2021). Based on the morphological and molecular analyses that the two collections were the records of A. flavovirens (E. flavovirens) by Senanayake et al. (2015) and Boonmee et al. (2021), in our phylogenetic tree, the two strains of A. flavovirens (E. flavovirens) clustered together with A. milinensis with strong support (95% ML, 1.00 BYPP; Figure 1) and maybe the same genus because of its location. However, morphological differences on size of stromata, perithecium, and ascus can distinguish the two species from each other (Senanayake et al., 2015; Boonmee et al., 2021).

Diatrype linzhiensis: Hai X. Ma & Z.E. Yang, sp. nov. (Figure 3).
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FIGURE 3
 Diatrype linzhiensis (FCATAS 4304, Holotype). (A–E) Stromata on substrate. (F) Cross section of a stroma. (G,I) Vertical section through stroma showing ostiole and perithecia. (H) Peridium. (L) Paraphyses. (J,K,S) Asci. (M–R) Ascospores. Scale bars: (A) = 15 mm; (B) = 500 μm; (C) = 100 μm; (D,E,G) = 500 μm; (F) = 1 mm; (H,I) = 50 μm; (J–S) = 10 μm.


MycoBank: MB 846129.

Type: China. Tibet Autonomous Region, Linzhi City, Milin County, Pai Town, 29°30′7′ N, 94°50′33′ E, alt. 1,004 m, saprobic on decaying branches of Betula L., 7 October 2021, Haixia Ma, FCATAS 4304 (holotype).

Etymology: referring to the locality (Linzhi City) of the type specimens.

Descriptions: Saprobic on decaying branches of Betula L. Sexual morph: Stromata scattered on the host, irregular in shape, solitary to gregarious, form patchy clumps, cushion-like, superficial, upper surface nearly flat; surface black, with punctiform cone-shaped and sulcate ostioles scattered at surface. Endostroma consists of outer black, small, dense, and an inner layer of white to pale olivaceous gray, large. Perithecium immersed in stroma, globose to subglobose, 222–385 μm high × 164–367 μm diam (x̄ = 294 × 269.6 μm, n = 30), with a neck, cylindrical. Peridium composed of outer layer of brown, thin-walled cells, inner layer of hyaline thin-walled cells. Ostiole opening separately, papillate, black. Paraphyses elongate, hyaline, filiform, branched, septate, guttulate. Asci 52–134 × 4.1–7.9 μm (x̄ = 68.2 × 6 μm, n = 50), 19–40 × 4.1–7.9 μm in spore bearing part, eight-spored, unitunicate, clavate, long-stalked (27–67 μm), apically flat. Ascospores 5–7.8 × 1–1.4 μm (x̄ = 6.1 × 1.2 μm, n = 50), overlapping, allantoid, aseptate, slightly curved, yellowish, rounded ends with two guttules, smooth-walled.

Asexual morph: Undetermined.

Additional specimen examined: China. Tibet Autonomous Region, Linzhi City, Milin County, Pai Town, 29°30′7′ N, 94°50′34′ E, alt. 990 m, saprobic on decaying branches of Betula, 7 October 2021, Haixia Ma, FCATAS 4381.

Note: Diatrype linzhiensis is characterized by cushion-like stromata superficial, solitary to gregarious, form patchy clumps, flat, black, globose to subglobose perithecium with a neck immersed in stroma, hyaline paraphyses long filiform, branched, septate, eight-spored asci with apically flat, yellowish ascospores allantoid to slightly curved. The new species was found on branch of Betula sp., D. albopruinosa (Schwein.) Cooke, D. betulae H.Y. Zhu & X.L. Fan, D. oregonensis (Wehm.) Rappaz and D. stigma (Hoffm.) Fr. were also reported on Betula sp. (Tiffany and Gilman, 1965; Rappaz, 1987; Trouillas et al., 2010b; Vasilyeva and Ma, 2014; Zhu et al., 2021). However, D. albopruinosa differs in its larger ascus (40–60 × 10–15 μm) and ascospores (12–15 μm; Vasilyeva and Ma, 2014); D. betulae has no sexual morph to be observed (Zhu et al., 2021); D. oregonensis differs from D. linzhiensis by larger ascus (50–65 × 6–9.5 μm) and ascospores (10–12 × 2–2.5 μm; Trouillas et al., 2010b); D. stigma differs in its stromata widely effused and smaller perithecia (150–200 μm; Vasilyeva and Ma, 2014). In the phylogenetic tree (Figure 1), D. linzhiensis and D. undulata (Pers.) Fr. formed a relatively strongly supported lineage. Morphologically, D. undulata differs from D. linzhiensis by having dark brown, widely effused stromata, with small stellate ostioles, surrounded by a black line within the substrate, smaller perithecia (150–200 μm vs. 222–384 μm; Vasilyeva and Ma, 2014).

Eutypella motuoensis Hai X. Ma & Z.E. Yang, sp. nov. (Figure 4).
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FIGURE 4
 Eutypella motuoensis (FCATAS 4082, Holotype). (A–D) Stromata on substrate. (E) Cross section of a stroma. (F,G) Vertical section through stroma showing ostiole and perithecia. (H) Peridium. (I,J) Paraphyses. (K–O) Asci. (P–V) Ascospores. Scale bars: (A) = 15 mm; (B) = 1 mm; (C–F) = 500 μm; (G) = 100 μm; (H) = 50 μm; (I–V) = 10 μm.


MycoBank: MB 846130.

Type: China. Tibet Autonomous Region, Motuo County, 29°19′26′N, 95°20′10′E, alt. 996 m, saprobic on the bark of dead branch, 26 September 2021, Haixia Ma, FCATAS 4082 (holotype).

Etymology: referring to the holotype locality of species in Motuo county.

Descriptions: Saprobic on dead branches of an unidentified plant. Sexual morph: Stromata scattered on the host, erumpent through bark, semi-immersed, 4–38 mm long × 3–9 mm broad, (x̄ = 16.5 × 6.1 mm, n = 20), 0.9–1.4 mm thick, irregular in shape, widely effused, upper surface nearly flat; surface saffron to black, cylindrical protrusions of ostioles cover the surface, 227–540 μm high × 281–391 μm diam (x̄ = 331 × 325 μm, n = 20). Endostroma consists of outer black, small, dense, and an inner layer of salmon, large. Perithecium immersed in stroma, globose to subglobose, 422–629 μm high × 351–645 μm diam (x̄ = 532.8 × 495.7 μm, n = 30), with a neck, cylindrical. Peridium composed of outer layer of brown, thin-walled cells, inner layer of hyaline thin-walled cells. Ostiole opening separately, black. Paraphyses elongate, hyaline, filiform, branched, septate, guttulate. Asci 60–105 × 4.9–6.9 μm (x̄ = 73.1 × 5.9 μm, n = 50), eight-spored, unitunicate, subcylindrical, long-stalked (25–74 μm), with rounded apex. Ascospores 6.3–10.6 × 2–2.7 μm (x̄ = 8.4 × 2.3 μm, n = 50), overlapping, allantoid to semicircular, sometimes almost forming a circle, aseptate, subhyaline to yellowish, usually with guttules, smooth-walled.

Asexual morph: Undetermined.

Additional specimen examined: China. Tibet Autonomous Region, Motuo County, 29°19′26′N, 95°20′10′E, alt. 1,004 m, saprobic on the bark of dead branch, 26 September 2021, Haixia Ma, FCATAS 4379; Motuo County, Yarlung Zangbo River, the large bend of Linduo, 29°19′38′N, 95°20′29′E, alt. 781 m, saprobic on the bark of dead branch, 24 September 2021, Haixia Ma, FCATAS 4035, FCATAS 4378.

Note: Eutypella motuoensis differs from most known species of Eutypella and related genera by cylindrical protrusions of ostioles cover the surface and subhyaline to yellowish, semicircular to almost circular allantoic ascospores. Morphologically, Eutypella semicircularis S. Chacón & M. Piepenbr., Eutypa crustata (Fr.) Sacc., Echinomyces obesa (Syd. & P. Syd.) Rappaz, and Diatrype falcata (Syd. & P. Syd.) Sacc. are similar to El. motuoensis by sharing allantoid to semicircular ascospores. However, El. semicircularis differs in its mature urn-shaped ascus and smaller reddish-brown ascospores (4.5–7(−11) × 1.5–2(−2.5) μm; Chacón et al. 2013); Eutypa crustata differs from El. motuoensis by having smaller perithecia (300–450 μm) and smaller ascus (20–35 × 6–8 μm; Rappaz, 1987); Echinomyces obesa is separated from El. motuoensis by smaller ascus (10–15 × 4–5 μm) and ascospores (3.5–7.5 × 1.2–1.5 μm; Rappaz, 1987); Diatrype falcata differs in its less prominent ostioles, smaller perithecia (250–350 μm), smaller ascus (20–25 × 4–5 μm), and ascospores (5.8–7.5 × 1.2–1.5 μm; Rappaz, 1987). In the phylogenetic tree, El. motuoensis is sister to El. persica Mehrabi, Asgari & Hemmati, though their relationship is not strongly supported. Morphologically, El. persica differs from El. motuoensis by its allantoid, slightly curved, hyaline, and smaller ascospores (5–7 × 1.5–2.5 μm; Mehrabi et al., 2019).




Discussion

The species diversity, taxonomy, and phylogeny of diatrypaceous fungi were intensively studied recently by many authors, and a large number of new taxa were described (Mehrabi et al., 2019; Konta et al., 2020; Dayarathne et al., 2020a,b; Dissanayake et al., 2021; Long et al., 2021; Peng et al., 2021; Zhu et al., 2021; Yang et al., 2022). This study furthers the knowledge of these fungi with the addition of a new genus, three new species, and a new combination in the Diatrypaceae. Morpho-molecular analyses confirmed the introduction of the newly described genus, Alloeutypa, for accommodating the new species A. milinensis and the new combination A. flavovirens. Our phylogenetic analyses on the species of Diatrype and Eutypella also confirmed that they are all polyphyletic genera, agreeing with the previous studies (Acero et al., 2004; Trouillas et al., 2011; Mehrabi et al., 2019; Konta et al., 2020; Dayarathne et al., 2020a,b; Long et al., 2021; Zhu et al., 2021).

In our phylogenetic trees, most taxa of Diatrype (Diatrype sensu stricto) formed a main clade with high support values (Figure 1), including D. disciformis, the type species of the genus. The new species, D. linzhiensis, from China also was included in this group. Diatrype enteroxantha (Sacc.) Berl. and D. whitmanensis J.D. Rogers & Glawe both formed a single clade in phylogenetic trees but the studied sequences of the two species are not their type specimens. While other taxa, for D. lancangensis S.H. Long & Q.R. Li, D. lijiangensis Thiyagaraja & Wanasinghe, and D. palmicola Jian K. Liu & K.D. Hyde formed a single clade or mixed with clades of other genera, and there are no distinct morphological characteristics to divide them into small genera at present.

In the molecular analyses of ITS and β-tubulin sequences performed by Zhu et al. (2021), Eutypa flavovirens (Pers.) Tul. & C. Tul. grouped in a clade with two Cryptosphaeria taxa by no supported values. In our analyses (Figure 1), E. flavovirens appeared in a strongly supported clade along with the new species A. milinensis, suggesting the new species is closely related to E. flavovirens. The novel diatrypacous genus, Alloeutypa, is therefore introduced in the present study and will help to stabilize the classification of Diatrypaceae. However, the other species of Eutypa formed two distinct clades in the family and the generic position remains unresolved, which may need to be studied in the future.

The Eutypella species analyzed were distributed in two main separate clades (El sensu stricto and El 1), one mixed with taxa of Paraeutypella and Allocryptovalsa (El 1) and another related to a species of Anthostoma (Eutypella sensu stricto). Eutypella motuoensis formed a sister subclade with El. persica with no support values.

The molecular evidence has brought significant changes and increased our understanding of the taxonomy and phylogeny of Diatrypaceae. However, the phylogenetic trees show that the classification of these diatrypaceous fungi in many genera is confusing. To determine more important and useful morphological characteristics for distinguishing those species and to resolve infra-genera and infra-specific phylogeny, more specimens of these species from their original regions and more taxa from other regions should be included in future phylogenetic studies.
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During an investigation of Diatrypaceae from southern China, 10 xylariales-like taxa have been collected. Morphological and multi-gene analyses confirmed that these taxa reside in Diatrypaceae and represent eight novel taxa and two new records belonging to six genera (viz., Allocryptovalsa, Diatrype, Diatrypella, Paraeutypella, Peroneutypa, and Vasilyeva gen. nov.). Vasilyeva gen. nov. was proposed to accommodate Vasilyeva cinnamomi sp. nov. Among the other collections, seven new species were introduced (viz., Diatrype camelliae-japonicae sp. nov., Diatrype rubi sp. nov., Diatrypella guiyangensis sp. nov., Diatrypella fatsiae-japonicae sp. nov., Paraeutypella subguizhouensis sp. nov., Peroneutypa hainanensis sp. nov., and Peroneutypa qianensis sp. nov.), while two were reported as new records from China (Allocryptovalsa rabenhorstii and Diatrype enteroxantha). For Diatrypaceae, the traditional taxonomic approach based on morphology may not be applicable.

KEYWORDS
8 new taxa, phylogeny, saprobe, taxonomy, Xylariales


Introduction

The family Diatrypaceae was erected by Nitschke (1870) to accommodate five genera viz., Calosphaeria Tul. & C. Tul., Diatrype Fr., Diatrypella (Ces. & De Not.) De Not., Quaternaria Tul. & C. Tul., and Scoptria Nitschke. The members of Diatrypaceae thrive in both aquatic and terrestrial habitats (Chlebicki, 1986; Glawe and Jacobs, 1987; Carmarán and Romero, 1992; Carmarán et al., 2006; Trouillas et al., 2010a; de Almeida et al., 2016), with different life modes, such as saprobes, pathogens, and endophytes, on economic crops and forest trees with a worldwide distribution (Vasilyeva and Ma, 2014; Dayarathne et al., 2016; Mayorquin et al., 2016; Senwanna et al., 2017; Hyde et al., 2020a; Konta et al., 2020). Phytopathogenic diatrypaceous taxa have been reported as causal agents of cankers, dieback, and grapevine trunk diseases (Glawe and Rogers, 1984; Rappaz, 1987; Trouillas and Gubler, 2004; Lardner et al., 2005; Luque et al., 2006; Catal et al., 2007), such as Cryptosphaeria populina (Pers.) Sacc., Cryptosphaeria pullmanensis Glawe, Eutypa leptoplaca (Durieu & Mont.) Rappaz, and Eutypella parasitica R.W. Davidson & R.C. Lorenz.

Kirk et al. (2008) accepted 13 genera in this family. Subsequently, Allocryptovalsa Senwanna et al., Allodiatrype Konta & K.D. Hyde, Diatrypasimilis Jian L. Zhou & Kohlm., Halodiatrype Dayar. & K.D. Hyde, Halocryptosphaeria Dayarath et al., Halocryptovalsa Dayar. & K.D. Hyde, Monosporascus Pollack & Uecker, Neoeutypella M. Raza et al., and Pedumispora K.D. Hyde & E.B.G. Jones were introduced as members of Diatrypaceae (Abdel-Wahab et al., 2014; Klaysuban et al., 2014; Maharachchikumbura et al., 2015; Dayarathne et al., 2016, 2020a,b; Senwanna et al., 2017; Phookamsak et al., 2019; Konta et al., 2020). In a recent study, Hyde et al. (2020b) and Wijayawardene et al. (2020) accepted 20 genera in Diatrypaceae. A total of 23 genera including five genera that lacks sequences data were accepted into the family by Zhu et al. (2021). Currently, 26 genera were included in Diatrypaceae, such as Allocryptovalsa Senwanna et al., Allodiatrype Konta & K.D. Hyde, Anthostoma Nitschke., Cryptosphaeria Ces. & De Not., Cryptovalsa Ces. & De Not., Diatrypasimilis Jian L. Zhou & Kohlm., Diatrype Fr., Diatrypella (Ces. & De Not.) De Not., Dothideovalsa Speg., Echinomyces Rappaz, Endoxylina Romell, Eutypa Tul. & C. Tul., Eutypella (Nitschke) Sacc., Halocryptosphaeria Dayarath., Devadatha, V.V. Sarma & K.D. Hyde, Halocryptovalsa Dayar. & K.D. Hyde, Halodiatrype Dayar. & K.D. Hyde, Leptoperidia Rappaz, Libertella Desm., Monosporascus Pollack & Uecker, Neoeutypella M. Raza, Q.J. Shang, Phookamsak & L. Cai, Paraeutypella L.S. Dissan., J.C. Kang, Wijayaw. & K.D. Hyde, Pedumispora K.D. Hyde & E.B.G. Jones, Peroneutypa Berl., Pseudodiatrype S.H. Long & Q.R. Li, Quaternaria Tul. & C. Tul., and Rostronitschkia Fitzp. (Hyde et al., 2020b; Konta et al., 2020; Dissanayake et al., 2021; Long et al., 2021; Samarakoon et al., 2022).

Diatrypaceae has been referred to as allantosporous taxa, which possess allantoid ascospores. Early classification systems of Diatrypaceae were mainly based on stromatal features including the degree of stromatal development, structure of perithecial necks, and type of host tissue (Fries, 1823; Glawe and Jacobs, 1987; Rappaz, 1987). Vasilyeva (1986) regarded that the morphology of the stromata causes significant confusion within Diatrypaceae.

A total of seven diatrypaceous species were known from the northeastern provinces of China before 2000 (Tai, 1979; Teng, 1996). Subsequent studies by Vasilyeva and Stephenson (2009) who carried out investigations in northeastern China, introduced nine species of pyrenomycetous fungi from China, including Cryptosphaeria exornata, C. venusta, and Diatrype macounii. In total, 15 species of Diatrype, Diatrypella, Eutypa, and Eutypella were documented by Vasilyeva from Heilongjiang province (Vasilyeva, 2011). A total of 13 species of Diatrype and Cryptosphaeria were collected from Heilongjiang and Jilin provinces by Vasilyeva and Ma (2014). Ma et al. (2016) reported Cryptosphaeria pullmanensis as the pathogens of a canker disease of willow and poplar in Xinjiang (Paraeutypella and a new species Diatrypella longiasca were reported from Guizhou by Dissanayake et al., 2021). In total, three new species (Allodiatrype trigemina, Diatrype betulaceicola, and Diatrype larissae) were reported based on morphological and molecular characteristics (Peng et al., 2021; Yang et al., 2022). Zhu et al. (2021) introduced nine novel species (viz. Allocryptovalsa castaneae, A. castaneicola, Diatrype betulae, D. castaneicola, D. quercicola, Diatrypella betulae, D. betulicola, D. hubeiensis, and D. shennongensis), a known species of Diatrypella favacea and a new host of Eutypella citricola, and asserted the high diversity of Diatrypaceae in China. Long et al. (2021) made a new contribution to Diatrypaceae from karst areas in China and figured out that the number of ascospores per ascus is not a good diagnostic feature at the genus level.

During the investigation of Xylariales from south China, 20 samples belonging to 12 species of Diatrypaceae were collected. Based on morpho-molecular analyses, a new genus (viz. Vasilyeva), eight new species, and two new country records are reported in this study.



Materials and methods


Collection, morphology, and isolation

During the rainy seasons of 2020–2021, 20 samples of Diatrypaceae on dead woods and barks were collected from south China (Guizhou, Hainan, and Yunnan Provinces). The samples were stored in paper bags and taken back to the lab for examination. Macro-morphological characteristics were examined and photographed using a camera fixed to the Olympus SZ61 stereo microscope (Olympus Corporation, Japan). Microscopic examinations were carried out using a Nikon Ni compound microscope (Nikon Corporation, Japan), and photographs were taken using a Canon 550 camera. More than 30 asci and ascospores were measured with Tarosoft (R) Image Frame Work (v.0.9.7). Graphic plates were arranged with Adobe Photoshop v. CS6.

Single-spore isolation was obtained following the method of Chomnunti et al. (2014). The ascospores were picked into a small amount of sterile water, mixed well, and smeared on a potato dextrose agar (PDA). After 12 h, the germination of ascospores was observed using a stereomicroscope, and the germinated ascospores were transferred to a new PDA plate in a sterile environment. The specimens were deposited at the Herbarium of Cryptogams, Herbarium of Kunming Institute of Botany, Chinese Academy of Sciences (KUN-HKAS), Yunnan province, China, and Herbarium of Guizhou Medical University (GMB), Guizhou Province, China. The cultures were deposited at the Guizhou Medical University Culture Collection (GMBC). Nomenclatural novelties were deposited in the MycoBank (Crous et al., 2004).



DNA extraction, PCR amplification, and sequencing

Colonies were grown on PDA for ~1 week until the hyphae covered the plate. Mycelium was scraped off using a sterile scalpel for DNA extraction. Total DNA was extracted from fresh mycelia using the BIOMIGA Fungus Genomic DNA Extraction Kit following its instruction. The segments of the internal transcribed spacer (ITS) region, large-subunit (LSU) ribosomal RNA, β-tubulin (tub2), and RNA polymerase II subunit (rpb2) genes were amplified separately by primer pairs ITS4/ITS5, LR0R/LR5, and T1/T22 (T1/Bt2b and Bt2a/Bt2b), and RPB2-5f/RPB2-7Cr, respectively (Vilgalys and Hester, 1990; White et al., 1990; Glass and Donaldson, 1995; O'Donnell and Cigelnik, 1997). The PCR amplification conditions were performed following the study of Long et al. (2021). PCR products were checked with the gel electrophoresis method and sent to Sangon Biotech (Shanghai) Co., Ltd. for sequencing. All new sequences were uploaded on GenBank (https://www.ncbi.nlm.nih.gov/).



Sequence alignment and phylogenetic analyses

Sequences for alignment were downloaded from GenBank and are presented in Table 1. The sequences mainly referred to recent articles, such as Zhu et al. (2021) and Long et al. (2021). The dataset of combined ITS and β-tubulin gene alignments was aligned using MAFFT (http://mafft.cbrc.jp/alignment/server/index.html) (Katoh and Standley, 2013). Multi-gene sequence alignment was assembled using BioEdit 7.2.6.1. Phylip file for RAxML analyses and Nexus file for Bayesian analyses were obtained on the phylogeny website tools ALTER (http://sing.ei.uvigo.es/ALTER/) (Glez-Peña et al., 2010).


TABLE 1 Isolates and GenBank accession numbers used in the phylogenetic analyses of Diatrypaceae.
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Maximum likelihood (ML) analyses were carried out on the CIPRES Science Gateway v.3.3 (http://www.phylo.org/portal2; Miller et al., 2010), using RAxML v.8.2.8 as of the ‘RAxML-HPC BlackBox' tool (Stamatakis and Ott, 2008). GTRGAMMA + I model was selected. The best-scoring tree was selected with a final ML optimization likelihood value of −20426.053370. Branch support (BS) for ML analyses was calculated by 1,000 bootstrap replicates.

The best-fit evolution model for each dataset for Bayesian inference (BI) was calculated with MrModeltest 2.3. The GTR+I+G model of DNA substitution and a gamma distribution rate variation across sites were selected for the construction of a Bayesian phylogenetic tree (Ronquist and Huelsenbeck, 2003). Posterior probabilities (PPs) (Rannala and Yang, 1996) were determined by Markov Chain Monte Carlo sampling (MCMC) (Ronquist and Huelsenbeck, 2003). A total of six simultaneous Markov chains were run from random starting trees for 1.2 million generations, and trees were sampled every 1,000 generations. The first 25% of generations were discarded as burn-in. The remaining trees were used to calculate the posterior probabilities in the majority rule consensus tree. Phylogenetic trees were visualized with FigTree v.1.4.4 and annotated by software of Microsoft Office PowerPoint and Adobe Photoshop v. CS6.




Results


Phylogenetic analyses

The topologies of RAxML and BYPP analyses were similar to overall tree topologies and did not differ significantly. The dataset consists of 171 taxa for representative strains of species in Diatrypaceae, including outgroup taxa with 1,451 characteristics and gaps (ITS: 1–487 and β-tubulin: 488–1451). The RAxML analyses resulted in a best-scoring likelihood tree which is shown in Figure 1.


[image: Figure 1]
FIGURE 1
 Phylogram generated from maximum likelihood (RAxML) analyses, based on ITS-β-tubulin matrix. ML bootstrap supports (≥70%) and Bayesian posterior probability (≥0.90) are indicated as ML/BYPP. The tree is rooted to Kretzschmaria deusta (CBS 826.72) and Xylaria hypoxylon (CBS 122620). Ex-type strains are in black bold. Newly generated strains are in red bold.


The phylogenetic tree contains 22 clades within Diatrypaceae. Peroneutypa hainanensis and Peroneutypa qianensis cluster with Peroneutypa species in Clade 1, Peroneutypa hainanensis formed a distinct branch basal to Peroneutypa alsophila, P. rubiformis, and P. scoparia, and P. qianensis was sister to P. mackenziei with the high bootstrap support (99/1). Vasilyeva formed a separate branch sister to Peroneutypa with low bootstrap support (42/0.84). In clade 6, Paraeutypella subguizhouensis formed a sister clade to Paraeutypella guizhouensis with moderate bootstrap and PP support, respectively (88/0.92). This clade is not well-resolved and comprises three genera viz. Allocryptovalsa, Eutypella, and Paraeutypella. In clade 8, Diatrype camelliae-japonicae and D. rubi formed a distinct branch in clade 8 and clustered with Diatrype s. str., and D. betulae (GMB0426) formed a sister clade with ex-type strain Diatrype betulae CFCC52416 with high bootstrap support (71/0.98). Diatrype camelliae-japonicae and D. rubi were introduced as two new species. Diatrype betulae (GMB0426) was introduced with the sexual morph. Diatrypella guiyangensis and D. fatsiae-japonicae formed a separate branch in clade 18, which is an unsolved clade that contains Diatrype and Diatrypella.



Taxonomy

A total of 12 taxa of Diatrypaceae were collected from southern China, including one new genus, eight new species, two new records for China, and two known species.

Allocryptovalsa Senwanna, Phookamsak & K.D. Hyde, Mycosphere 8(10): 1839 (2017).

MycoBank No: MB 553857.

Notes: The genus Allocryptovalsa was introduced by Senwanna et al. (2017) and was typified with A. polyspora C. Senwanna et al. This genus was characterized by present or absent stromata mostly in the bark, asci clavate to spindle-shape, long pedicellate, polysporous asci, and allantoid to sub-allantoid ascospores (Senwanna et al., 2017). The asexual morph was not determined. In this study, we report a new record of Allocryptovalsa rabenhorstii and re-describe a known species of Allocryptovalsa xishuangbanica from China.

Allocryptovalsa rabenhorstii (Nitschke) C. Senwanna, Phookamsak & K.D. Hyde, Mycosphere 8(10): 1841 (2017) (Figure 2).
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FIGURE 2
 Allocryptovalsa rabenhorstii (GMB0416). (A) Material. (B, C) Close-up of stromata. (D) Transverse section through stromata. (E) Vertical section through stromata. (F, G) Culture on PDA. (H) Section through the ascostroma. (I) Ostiolar canal. (J) Peridium. (K–M) Asci. (N–Q) Ascospores. Scale bars: (H) = 100 μm; (I) = 50 μm; (J–Q) = 10 μm.


Basionym: Valsa rabenhorstii Nitschke, Pyrenomyc. Germ. 1: 158.

MycoBank No: MB 553864.

Material examined: China, Guizhou Province, Qianxinan Buyi Miao Autonomous Prefecture, Anlong County (25°5′53.44″N, 105°26′33.64″E) on branches of an unidentified plant, 24 September 2021, Altitude: 833 m, S. H. Long & Q. R. Li., ALX4-2 (GMB0416, new record from China), living culture GMBC0416.

Saprobic on a dead twig of an unidentified plant. Sexual morph: Stromata solitary to gregarious, 1–4 loculate, immersed to semi-immersed, becoming raised to erumpent through the bark. Perithecia 380–550 μm diameter, 625–800 μm high, globose to subglobose, dark brown to black, ostiolate, papillate, perithecial, dark brown to black, gregarious or solitary, immersed to semi-immersed in the substrate. Ostioles opening separately, papillate, central. Peridium 35–50 μm wide, composed of two types of layers of cells, the outer layer comprising several layers of thick-walled, dark brown to black textura angularis cells, the inner layer comprising 3–5 layers of thin-walled, hyaline textura angularis cells. Asci 170– 230 × 11.5–20 μm ([image: image] = 202.8 × 15.4 μm, n = 30), polysporous, unitunicate, thin-walled, clavate, long pedicellate, apically rounded. Ascospores 12.5–17.5 × 3–4 μm ([image: image] = 14.8 × 3.4 μm, n = 30), crowded, pale yellowish to pale brown at maturity, oblong to allantoid, aseptate, slightly curved, smooth-walled, with small guttules. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became light yellow, dense, but thinning toward the edge, margin rough, white from above, reverse white at margin, light yellow at the center, no pigmentation, and no sporulation produced on the PDA medium.

Notes: In morphology, our new collection of Allocryptovalsa rabenhorstii (GMB0416) resembles Allocryptovalsa s.str. Sequences generated from the cultures of Allocryptovalsa rabenhorstii (GMB0416) are similar to Allocryptovalsa rabenhorstii WA08CB (ITS: 99.1%, 3/434 gaps; BT: 99.0%, 0/200 gaps). Allocryptovalsa rabenhorstii has been previously reported from Australia and Iran (Trouillas et al., 2011; Mehrabi et al., 2016), and this is the first report of Allocryptovalsa rabenhorstii from China.

Allocryptovalsa xishuangbanica Maharachch. & Wanas., Life 12(5, no. 635): 9 (2022) (Figure 3).
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FIGURE 3
 Allocryptovalsa xishuangbanica (GMB0417). (A) Material. (B, C) Close-up of stromata. (D) Transverse section through stromata. (E) Vertical section through stromata. (F) Cultures on PDA. (G) Section through the ascostroma. (H) Ostiolar canal. (I) Peridium. (J–L) Asci. (M–P) Ascospores. Scale bars: (G) = 50 μm; (H–P) = 10 μm.


MycoBank No: MB 843438.

Material examined: China, Guizhou Province, Anshun City, Pingba District (26°20'36.23“N, 106°19'20.68”E) on branches of Bombax ceiba Linnaeus, 12 December 2021, Altitude: 1220 m, S. H. Long & Q. R. Li., PB200 (GMB0417, first report from Guizhou Province, China), living culture GMBC0417.

Saprobic on the surface of Bombax ceiba branches. Sexual morph: Stromata 1.5–4.5 cm long and 0.3–0.5 cm broad ([image: image] = 2.6 × 0.4 cm, n = 30), ~0.4 mm high, well-developed, erumpent through the bark, irregular in shape, widely effused, flat, margin diffuse, surface dark brown to black, with punctiform ostioles scattered at the surface. Regions between perithecia necks are occupied by white pseudoparenchymatous entostromatic tissue. Endostroma consists of an outer layer of black, small, dense, and thin parenchymal cells and an inner layer of white, large, and loose parenchymal cells. Perithecia 200–324 μm high, 346–477 μm diameter ([image: image]. =250 × 408 μm, n = 10), immersed in stromata, globose to subglobose with ostiole, the tissue between perithecia is white. Ostioles opening separately, papillate, central. Peridium 30–50 μm thick, dark brown to hyaline with textura angularis cell layers. Asci 81.5–142 × 5–11 μm ([image: image] = 120.7 × 9.0 μm, n = 30), 8-spored, unitunicate, long-cylindrical, with long stipe, rounded to truncate apex, apical rings inamyloid. Ascospores 8–12 × 1.8–3 μm ([image: image] = 10 × 2.4 μm, n = 30), overlapping, allantoid, slightly curved, subhyaline, smooth, aseptate, usually with small guttules at ends. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became luteous, dense, but thinning toward the edge, margin rough, white from above, reverse white to luteous, no pigmentation, and no sporulation produced on the PDA medium.

Notes: Figure 1 shows that our new collection (GMB0417) belongs to the genus Allocryptovalsa. Morphologically, GMB0417 closely resembles Allocryptovalsa xishuangbanica (HKAS122936, holotype), such as immersed or semi-immersed stromata, but GMB0417 has longer asci (81.5–142 × 5–11 μm vs. 60–80 × 7–10 μm) and slightly longer ascospores (8–12 × 1.8–3 μm vs. 7–10.5 × 1.8–2.6 μm) (Maharachchikumbura et al., 2022). The ITS sequence of Allocryptovalsa xishuangbanica GMB0417 is similar to the ITS sequence of A. xishuangbanica (HKAS122936) (99.2%, 0/476 gaps). Based on the molecular data, we identified it as Allocryptovalsa xishuangbanica. This species was originally introduced from the Yunnan province, China, but this is the first report from the Guizhou province, China.

Diatrype Fr.

MycoBank No: MB 1504.

Notes: The genus Diatrype was introduced by Fries (1849) with Diatrype disciformis as the generic type. The genus is characterized by stromata widely effuse or verrucose, flat or slightly convex, with discoid or sulcate ostioles at the surface, 8-spored and long-stalked asci, and hyaline or brownish, allantoid ascospores. The asexual morph of Diatrype is reported as libertella-like and dumortieria-like (Kirk et al., 2008; Maharachchikumbura et al., 2015; Senanayake et al., 2015). In this study, we introduce two new species (viz., Diatrype camelliae-japonicae and Diatrype rubi) while reporting a new record of Diatrype enteroxantha and a known species of Diatrype betulae from China.

Diatrype betulae H.Y. Zhu & X.L. Fan, Frontiers in Microbiology 12(no. 646262): 8 (2021) (Figure 4).
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FIGURE 4
 Diatyrpe betulae (GMB0426). (A) Material. (B, C) Close-up of stromata. (D) Transverse section through stromata. (E) Vertical section through stromata. (F) Culture on PDA. (G) Section through the ascostroma. (H) Ostiolar canal. (I) Peridium. (J–L) Asci. (M–P) Ascospores. Scale bars: (G) = 50 μm; (H–P) = 10 μm.


MycoBank No: MB 837784.

Material examined: China, Yunnan Province, Chuxiong Yi Autonomous Prefecture, Chuxiong city, Zixi Mountain (25°1′15.13″N, 107°23′48.44″E) on branches of an unidentified plant, 2 August 2021, Altitude: 2314 m, S. H. Long & Q. R. Li., ZXS04 (GMB0426, first report of sexual morph), living culture GMBC0426.

Saprobic on the surface of dead wood. Sexual morph: Stromata 1.4–3.3 mm diameter, ~0.5–0.7 mm thick, erumpent through the bark, extending into a black area, aggregated, circular to irregular in shape, flat, margin diffused, surface dark brown to black, with punctiform ostioles scattered on the surface, with tissues soft, white between perithecia. Entostroma dark with embedded perithecia in one layer. Perithecia 370–580 μm high, 200–270 μm broad ([image: image] = 415.5 × 248.0 μm, n = 10), semi-immersed in stromata, globose to subglobose, glabrous, with a short neck. Ostioles opening separately, papillate, central. Peridium 25–40 μm thick, dark brown to hyaline with textura angularis cell layers. Asci 77–122 × 5.5–8.5 μm ([image: image] = 106 × 6.8 μm n = 30), 8-spored, unitunicate, long-cylindrical, with long stipe, rounded, apical rings inamyloid. Ascospores 8.5–12 × 1.5–2.5 μm ([image: image] = 10.1 × 1.7 μm, n = 30), overlapping, allantoid, curved, hyaline, smooth, aseptate, usually with small guttules. Asexual morph: See Zhu et al. (2021).

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became light brown, dense, but thinning toward the edge, margin rough, white from above, reverse white at the margin, mauve to sepia and at the center, no pigmentation, and no sporulation produced on the PDA medium.

Notes: Diatrype betulae (CFCC 52416, ex-type) was introduced by Zhu et al. (2021) only based on the asexual morph. In the phylogenetic analyses, our new collection (GMB0426) formed a sister clade with Diatrype betulae CFCC 52416 with moderate bootstrap and PP support, respectively (71/0.98). ITS sequence of GMB0426 is similar to that generated from Diatrype betulae (CFCC 52416, ex-type) (ITS: 99.6%, 0/479 gaps). Based on the phylogenetic analyses and megablast, we conclude GMB0426 is representing the sexual morph of Diatrype betulae, and this is the first time reporting its sexual morph.

Diatrype camelliae-japonicae S. H. Long & Q. R. Li. sp. nov. (Figure 5).
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FIGURE 5
 Diatrype camelliae-japonicae (GMB0427, holotype). (A) Type material. (B, C) Close-up of stromata. (D) Transverse section through stromata. (E) Vertical section through stromata. (F) Culture on PDA. (G) Section through the ascostroma. (H) Ostiolar canal. (I) Peridium. (J–L) Asci. (M–P) Ascospores. Scale bars: (G) = 50 μm; (H–P) = 10 μm.


MycoBank No: MB 846768.

Etymology: Refers to its host, Camellia japonica L.

Material examined: China, Guizhou Province, Qiannan Buyi Miao Autonomous Prefecture, Duyun City, Doupeng Mountain (26°21′49.23″N, 107°22′36.25″E) on branches of Camellia japonica L., 7 July 2021, Altitude: 1105 m, S. H. Long & Q. R. Li., DPS20 (GMB0427, holotype), ex-type GMBC0427; ibid (KUN-HKAS 126458, isotype).

Saprobic on branches of Camellia japonica. Sexual morph: Stromata 0.2–6 cm long and 0.4–1 cm board, ~0.5 mm thick, erumpent through the bark, extending into a black area, aggregated, irregular in shape, widely effused, flat, margin diffused, surface dark brown to black, with punctiform ostioles scattered at the surface, with tissues soft, white between perithecia. Entostroma dark with embedded perithecia in one layer. Perithecia 230–380 μm high, 170–220 μm broad ([image: image] = 315.5 × 198.0 μm, n = 10), semi-immersed in the stroma, globose to subglobose, glabrous, with cylindrical neck. Ostioles opening separately, papillate or apapillate, central. Peridium 25–40 μm thick, dark brown to hyaline with textura angularis cell layers. Asci 74–107 × 3.8–5.5 μm ([image: image] = 85.5 × 4.7 μm n = 30), 8-spored, unitunicate, long-cylindrical, with long stipe, rounded, apical rings inamyloid. Ascospores 5.0–7.6 × 1.2–2.8 μm ([image: image] = 6.6 × 1.4 μm, n = 30), overlapping, allantoid, curved, hyaline, smooth, aseptate, usually with small guttules. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became light brown, dense, but thinning toward the edge, margin rough, white from above, reverse white at the margin, mauve to sepia and at the center, no pigmentation, and no sporulation produced on the PDA medium.

Additional material examined: China, Guizhou Province, Qiannan Buyi Miao Autonomous Prefecture, Duyun City, Doupeng Mountain (26°21′30.19″N, 107°22′9.55″E) on branches of an unidentified plant, 7 July 2021, Altitude: 1292 m, S. H. Long & Q. R. Li., DPS183 (GMB0428, paratype, ex-paratype GMBC0428).

Notes: In the phylogenetic analyses, Diatrype camelliae-japonicae formed a distinct clade in Diatrype. Morphologically, the stromata of Diatrype camelliae-japonicae are similar to D. stigma, D. undulata, D. hypoxyloides, D. playstoma, and D. subundulata (Vasilyeva and Ma, 2014). However, the ascospores of GMB0027 are shorter than those of D. playstoma (7–9 × 1–1.3 μm) and D. subundulata (7–9 × 1.7–1.9 μm) and wider than those of D. undulata (5–7 × 0.9–1.3 μm) and D. hypoxyloides (4–6 μm long, very thin) (Vasilyeva and Ma, 2014). Moreover, the ascospores of D. camelliae-japonicae are hyaline while D. subundulata and D. undulate have yellowish ascospores (Vasilyeva and Ma, 2014). Diatrype camelliae-japonicae can be distinguished from D. stigma since the ascospores of the former are moderately curved, while those of the latter are straight (Vasilyeva and Ma, 2014).

Diatrype rubi S. H. Long & Q. R. Li. sp. nov. (Figure 6).
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FIGURE 6
 Diatrype rubi (GMB0429, holotype). (A) Type material. (B, C) Close-up of stromata. (D) Transverse section through stromata. (E) Vertical section through stromata. (F) Culture on PDA. (G) Section through the ascostroma. (H) Ostiolar canal. (I) Peridium. (J–L) Asci. (M–P) Ascospores. Scale bars: (G) = 50 μm; (H–P) = 10 μm.


MycoBank No: MB 846769.

Etymology: Refers to its host, Rubus corchorifolius L. f.

Material examined: China, Guizhou Province, Qiannan Buyi Miao Autonomous Prefecture, Dushan County, Jingshin Valley Scenic Area (25°82′49.23″N, 107°54′36.25″E) on branches of Rubus corchorifolius L. f., 18 November 2021, Altitude: 1001 m, S. H. Long & Q. R. Li., JXG3 (GMB0429, holotype), ex-type GMBC0429; ibid (KUN-HKAS 126459, isotype).

Saprobic on the branch surface of Rubus corchorifolius. Sexual morph: Stromata 0.2–0.7 cm long and 0.15–0.4 cm broad ([image: image] = 0.4 × 0.25 mm, n = 30), ~0.5 mm thick, semi-immersed through host bark, irregular in shape, widely effused, margin diffused, surface dark brown, with punctiform ostioles scattered at the surface, with tissues soft, white between perithecia. Entostroma dark with embedded perithecia in one layer. Perithecia semi-immersed in the stroma, globose to subglobose, glabrous, with cylindrical neck, brevicollous or longicollous, 287–500 μm high, 200–294 μm broad ([image: image] = 369.5 × 245.5 μm, n = 10), ovoid, obovoid to oblong, monostichous, aterrimus. Ostioles opening separately, papillate or apapillate, central. Peridium 20–30 μm thick, dark brown to hyaline with textura angularis cell layers. Asci 73–97 × 4–6 μm ([image: image] = 79 × 5.2 μm n = 30), 8-spored, unitunicate, long-cylindrical, with long stipe, rounded, apical rings inamyloid. Ascospores 6.5–8 × 1.5–2 μm ([image: image] = 6.9 × 1.5 μm, n = 30), overlapping, allantoid, straight to slightly curved, hyaline, smooth, aseptate, usually with small guttules. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became light yellow, dense but thinning toward the edge, margin rough, white from above, reverse white at the margin, mauve to sepia and at the center, no pigmentation, and no sporulation produced on the PDA medium.

Additional material examined: China, Guizhou Province, Qiannan Buyi Miao Autonomous Prefecture, Dushan County, Jingshin Valley Scenic Area (25°82′70.33″N, 107°54′31.23″E) on branches of thorns, 18 November 2021, Altitude: 1,001 m, S. H. Long & Q. R. Li., JXG11 (GMB0430, paratype, ex-paratype GMBC0430).

Notes: Phylogenetic analyses show that Diatrype rubi has a close relationship with D. camelliae-japonicae (Figure 1). Morphologically, the stromata of D. rubi is similar to D. stigma, D. undulata, D. hypoxyloides, D. playstoma, and D. subundulata, but the ascospores of D. rubi are wider than those of D. playstoma (7–9 × 1–1.3 μm) (Vasilyeva and Ma, 2014). The ascospores of D. undulata (5–7 × 0.9–1.3 μm) and D. hypoxyloides (4–6 long, very thin) are narrower than those of D. rubi (Vasilyeva and Ma, 2014). The ascospores of D. rubi are hyaline while D. subundulata and D. undulate have yellowish ascospores (Vasilyeva and Ma, 2014). In addition, Diatrype rubi can be distinguished from D. stigma by its longer asci (73–97 × 4–6 μm vs. 25–30 × 5–7 μm) (Vasilyeva and Ma, 2014) and from D. camelliae-japonicae by the size of ascospores (6.5–8 × 1.5–2 μm vs. 5.0–7.6 × 1.2–2.8). Moreover, the ascospores of D. rubi are straight to slightly curved, and the ascospores of D. camelliae-japonicae are slightly curved. Here, we introduce Diatrype rubi based on both morpho-molecular analyses.

Diatrype enteroxantha (Sacc.) Berl., Icon. fung. (Abellini) 3(3-4): 93 (1902) (Figure 7).
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FIGURE 7
 Diatrype enteroxantha (GMB0433). (A) Material. (B, C) Close-up of stromata. (D) Transverse section through stromata. (E) Vertical section through stromata. (F) Pigments in KOH. (G) Culture on PDA. (H–K) Asci. (L–O) Ascospores. Scale bars: (H–O) = 10 μm.


MycoBank No: MB 454899.

Material examined: China, Guizhou Province, Guiyang City, Huaxi Wetland Park (26°11′33.23″N, 106°54′10.11″E) on branches of an unidentified plant, 7 October 2020, Altitude: 1,140 m, S. H. Long & Q. R. Li., HX10 (GMB0433, new record from China), living culture GMBC0433.

Saprobic on the surface of dead wood. Sexual morph: Stromata 0.9–2.55 mm in diameter, 0.6–1 mm high, erumpent through the bark, irregular to circular in shape, solitary to gregarious, and surface dark brown to black. Entostroma is composed of two parts; the base region was bases occupied by thin, powdery, yellow tissue, and the entostromatic region between perithecial necks occupied by thick, white tissue. Perithecia 520–640 μm high, 230–260 μm broad ([image: image] = 315.5 × 198 μm, n = 10), globose to subglobose, glabrous, with cylindrical neck. Ostioles opening separately, papillate or apapillate, central. Peridium 30–40 μm thick, dark brown to hyaline with textura angularis cell layers. Asci 94–133 × 7–9.5 μm ([image: image] = 117.2 × 8.4 μm n = 30), 8-spored, unitunicate, long-cylindrical, with long stipe, apically rounded to truncate, apical rings inamyloid. Ascospores 7–10.5 × 1.5–2.5 μm ([image: image] = 8.5 × 2 μm, n = 30), overlapping, allantoid, slightly curved, hyaline, smooth, aseptate, usually with small guttules. Asexual morph: Not formed.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became light brown, dense, but thinning toward the edge, margin rough, white from above, reverse white at the margin, mauve to sepia and at the center, no pigmentation, and no sporulation produced on the PDA medium.

Notes: In the phylogenetic analyses, GMB0433 clusters with the strains Diatrype enteroxantha HUEFS 155114 and HUEFS 155116 with a high support value (100/1) (Figure 1). Morphologically, GMB0433 is consistent with the descriptions of the holotype of D. enteroxantha (Rappaz, 1987). Sequences of GMB0433 are similar to Diatrype enteroxantha (HUEFS 155116) (ITS: 99.4%, 3/501 gaps). Diatrype enteroxantha has been reported in Argentina, Brazil, Guyana, and South Africa (Doidge, 1941; Rappaz, 1987; de Almeida et al., 2016), and this is the first report from Asia and China.

Diatrypella (Ces. & De Not.) De Not.

MycoBank No: MB 1505.

Note: The genus Diatrypella was introduced by Cesati and De Notaris (1863) and was typified with Diatrypella verruciformis (Ehrh.) Nitschke. This genus was characterized by pustule-like stromata erumpent through the host surface, polysporous asci and allantoid ascospores, and libertella-like asexual morphs (Senanayake et al., 2015; Hyde et al., 2017; Shang et al., 2017). In this study, we introduced two new species of Diatrypella (viz., Diatrypella fatsiae-japonica, Diatrypella guiyangensis).

Diatrypella fatsiae-japonica S. H. Long & Q. R. Li. sp. nov. (Figure 8).
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FIGURE 8
 Diatrypella fatsiae-japonicae (GMB0422, holotype). (A) Type material. (B, C) Close-up of stromata. (D) Transverse section through stromata. (E) Vertical section through stromata. (F, G) Cultures on PDA. (H–J) Asci. (K) Section through the ascostroma. (L) Ostiolar canal. (M) Peridium. (N–Q) Ascospores. Scale bars: (H–J, L–Q) = 10 μm; (K) = 50 μm.


MycoBank No: MB 846767.

Etymology: Refers to the host of Fatsia japonica (Thunb.) Decne.

Material examined: China, Guizhou Province, Qiannan Buyi Miao Autonomous Prefecture, Lan Ding Mountain (25°28′58.27″N, 107°53′53.70″E) on branches of Fatsia japonica (Thunb.) Decne. et Planch., 12 June 2021, Altitude: 545 m, S. H. Long & Q. R. Li., LDS61 (GMB0422, holotype), ex-type GMBC0422; ibid (KUN-HKAS 126460, isotype).

Saprobic on the surface of dead branches of Fatsia japonica. Sexual morph: Stromata 0.4–0.7 cm long and 0.4–0.6 cm broad ([image: image] = 0.6 × 0.4 mm, n = 30), ~0.6 mm thick, well-developed, erumpent through the bark, irregular in shape, effused, sometimes patch-like, pustulate, rugose, visible as black, solitary to gregarious, numerous ascomata immersed in one stroma. Endostroma consists of an outer layer of black, small, dense, thin parenchymal cells and an inner layer of white, large, loose parenchymal cells. Perithecia 285–557.5 μm high, 223.5–320 μm diameter ([image: image] = 510.5 × 259.7 μm, n = 10), semi-immersed in the stroma, globose to subglobose with a long cylindrical neck in the stroma. Ostioles opening separately, papillate, central. Peridium 25–40 μm thick, dark brown to hyaline with textura angularis cell layers. Asci 150.5–186 × 8–10 μm ([image: image] = 165.6 × 8.8 μm n = 30), 8-spored, unitunicate, long-cylindrical, with long stipe, rounded, apical rings inamyloid. Ascospores 10–17.5 × 3–4.5 μm ([image: image] = 13 × 3.9 μm, n = 30), overlapping, ellipsoid to allantoid, straight or slightly curved, light olivaceous, smooth, aseptate, usually with small guttules. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became light brown, dense, but thinning toward the edge, margin rough, white from above, reverse white at the margin, mauve to sepia and at the center, no pigmentation, and no sporulation produced on the PDA medium.

Additional material examined: China, Guizhou Province, Qiannan Buyi Miao Autonomous Prefecture, Lan Ding Mountain (25°28′31.28″N, 107°53′13.38″E) on branches of an unidentified plant, 12 June 2021, Altitude: 833 m, S. H. Long & Q. R. Li., LDS107 (GMB0423, paratype, ex-paratype GMBC0423).

Notes: Figure 1 shows that the GMB0422 is located in the unsolved clade which contains Diatrype and Diatrypella. However, the ascospores of GMB0422 are longer than those of Diatrypella favacea (10–17.5 vs. 6–8 μm) (Vasilyeva and Stephenson, 2005). Diatrypella guiyangensis, Diatrype lancangensis, and Diatrype palmicola have 8-spored asci; however, the ascospores of GMB0422 are wider than those of Diatrype langcangensis (10–17.5 × 3–4.5 μm vs. 11–18.5 × 2–4 μm) (Long et al., 2021) and larger than those of Diatrype palmicola (10–17.5 × 3–4.5 μm vs. 7–8 × 1.5–2 μm) (Liu et al., 2015), and the ascospores of GMB0422 are light olivaceous which are different from brown to dark brown in Diatrype lancangensis and hyaline in Diatrypella guiyangensis (Long et al., 2021).

Diatrypella guiyangensis S. H. Long & Q. R. Li. sp. nov. (Figure 9).
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FIGURE 9
 Diatrypella guiyangensis (GMB0414, holotype). (A) Type material. (B, C) Close-up of stromata. (D) Transverse section through stromata. (E) Vertical section through stromata. (F) Cultures on PDA. (G) Section through the ascostroma. (H) Ostiolar canal. (I) Peridium. (J, K) Asci. (L–O) Ascospores. Scale bars: (G) = 50 μm; (H–O) = 10 μm.


MycoBank No: MB 846766.

Etymology: Refers to the collection area of type specimens, Guiyang city.

Material examined: China, Guizhou Province, Guiyang City, Guiyang Medical University (26°22′31.28“N, 106°38′18.38″E) on branches of an unidentified plant, 1 August 2020, Altitude: 1128 m, S. H. Long & Q. R. Li., 2020G24 (GMB0414, holotype), ex-type GMBC0414; ibid (KUN-HKAS 126457, isotype).

Saprobic on the bark of an unidentified plant branch. Sexual morph: Stromata erumpent through the bark, extending into a black area, postulate to irregular in shape, rugose, gregarious, 3–10 ascomata immersed in one stroma, 0.9–1.3 mm diameter ([image: image] = 1.1 × 1.2 mm, n = 30), ~0.6 mm high. Endostroma consists of an outer layer of black, small, dense, thin parenchymal cells and an inner layer of white, large, loose parenchymal cells. Perithecia 530–640 μm high, 250–425 μm diameter ([image: image] = 563.8 × 336.2 μm, n = 10), embedded in bark, globose to subglobose with cylindrical neck. Ostioles opening separately, papillate, central. Peridium 40–60 μm thick, dark brown to hyaline with textura angularis cell layers. Asci (71) 86.5–126.5 × 4.6–8 μm ([image: image] = 99 × 6.7 μm, n = 30), 8-spored, unitunicate, long-cylindrical, with long stipe, rounded to truncate apex, apical rings inamyloid. Ascospores 6.5–8 × 1–2 μm ([image: image] = 7.3 × 1.5 μm, n = 30), overlapping, allantoid, slightly curved, subhyaline, smooth, aseptate, usually with two small guttules. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became mauve, dense, but thinning toward the edge, margin rough, white from above, reverse white at the margin, mauve to luteous at the center, no pigmentation, and no sporulation produced on the PDA medium.

Additional material examined: China, Guizhou Province, Guiyang City, Guiyang Medical University (26°22′73.90″N, 106°39′10.88″E) on branches of an unidentified plant, 8 August 2022, Altitude: 1147 m, S. H. Long & Q. R. Li., 2020G53 (GMB0415, paratype, ex-paratype GMBC0415).

Notes: In Figure 1, GMB0414 was closely related to species of Diatrype and Diatrypella, but Diatrypella favacea has polysporous asci, whereas GMB0414 has only eight ascospores (Croxall, 1950; Glawe and Rogers, 1984). Moreover, the asci of GMB0414 are longer than those of Diatrypella favacea (86.5–126.5 × 4.6–8 μm vs. 70–90 × 8–12 μm) (Vasilyeva and Stephenson, 2005). Diatrypella pulvinata was introduced as an asexual fungus on a branch of Quercus garryana (Zhu et al., 2021). Diatrype lancangensis and Diatrype palmicola have 8-spored asci, but the stromata of both species are flat, whereas the stromata of GMB0414 are verrucose to conical, and the ascospores of GMB0414 are smaller than those of Diatrype langcangensis (6.5–8 × 1–2 μm vs. 11–18.5 × 2–4 μm), and the asci are larger than those of Diatrype palmicola (86.5–126.5 × 4.6–8 μm vs. 70–110 × 7–9 μm) (Liu et al., 2015).

Paraeutypella L.S. Dissan., J.C. Kang, Wijayaw. & K.D. Hyde, Biodiversity Data Journal 9: e63864, 11 (2021).

MycoBank No: MB 557954.

Note: Paraeutypella was introduced by Dissanayake et al. (2021) and was typified by P. guizhouensis L.S. Dissan., J.C. Kang & K.D. Hyde. The genus shows eutypella-like morphology (Dissanayake et al., 2021), having immersed stromata with elongated ostiolar neck, 8-spored, clavate to cylindrical clavate or spindle-shaped asci, allantoid ascospores. The asexual morph was reported as coelomycetous (Vasilyeva and Stephenson, 2006). In this study, we introduce a new species of Paraeutypella from China.

Paraeutypella subguizhouensis S. H. Long & Q. R. Li. sp. nov. (Figure 10).
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FIGURE 10
 Paraeutypella subguizhouensis (GMB0420, holotype). (A) Type material. (B, C) Close-up of stromata. (D) Transverse section trough stromata. (E) Vertical section through stromata. (F) Cultures on PDA. (G, H) Sections through the stromata. (I) Ostiolar canal. (J) Peridium. (K–M) Asci. (N–Q) Ascospores. Scale bars: (G, H) = 100 μm; (I–Q) = 10 μm.


MycoBank No: MB 846772.

Etymology: Morphologically similar to Paraetypella guizhouensis.

Material examined: China, Guizhou Province, Guiyang City, Guiyang Forest Park (26°32′52.79″N, 106°45′10.31″E) on branches of an unidentified plant, 22 June 2021, Altitude: 1165 m, S. H. Long & Q. R. Li., GYSLGY22 (GMB0420, holotype), ex-type GMBC0420; ibid (KUN-HKAS 126462, isotype).

Saprobic on the surface of dead wood. Sexual morph: Stromata poorly developed, immersed in bark, aggregated, circular to irregular in shape, 0.4–1.5 cm long and 0.3–1 cm broad ([image: image] = 0.9 × 0.5 cm, n = 30), ~1 mm thick, numerous ascomata immersed in one stroma showing clustered beaks. Endostroma consists of an outer layer of black, small, dense, thin parenchymal cells and an inner layer of white, large, loose parenchymal cells. Perithecia 720–860 μm high, 280–335 μm diameter ([image: image] = 807.2 × 308.3 μm, n = 10), semi-immersed in the stroma, globose to subglobose with a long cylindrical neck (350–410 μm) in and out of the bark. Ostioles opening separately from the top of the neck, papillate, central. Peridium 50–80 μm thick, dark brown to hyaline with textura angularis cell layers. Asci 61–90 × 6–7.5 μm ([image: image] = 79 × 7.2 μm n = 30), 8-spored, unitunicate, long-cylindrical, with long stipe, rounded to truncate apex, apical rings inamyloid. Ascospores 7.5–10.5 × 1.5–2.5 μm ([image: image] = 8.8 × 2.2 μm, n = 30), overlapping, allantoid, slightly curved, subhyaline, smooth, aseptate, usually with small guttules. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became mauve, dense but thinning toward the edge, margin rough, white from above, reverse mauve to luteous, no pigmentation, and no sporulation produced on the PDA medium.

Additional material examined: China, Guizhou Province, Guiyang City, Guiyang Forest Park (26°32′77.35”N, 106°44′19.92″E) on branches of an unidentified plant, 23 June 2022, Altitude: 1165 m, S. H. Long & Q. R. Li., GYSLGY51 (GMB0421, paratype, ex-paratype GMBC0421).

Notes: In stromatal morphology, Paraeutypella subguizhouensis (GMB0420) resembles the species of Paraeutypella (Dissanayake et al., 2021). In our phylogenetic analyses, GMB0420 was accommodated in Paraeutypella s. str. (Figure 1). Paraeutypella psedoguizhouensis can differ from other species of Paraeutypella in having more than 25 ascomata in one stroma, however, species of Prareutypella only have 4–25 ascomata immersed in one stroma (Dissanayake et al., 2021). Moreover, GMB0420 differs from Paraetypella guizhouensis in having a shorter ostiolar neck (350–410 μm vs. 400–418 μm) (Dissanayake et al., 2021), from Paraetypella vitis in having longer asci (61–90 × 6–7.5 μm vs. 40–46 × 6–8 μm) and smaller ascospores (7.5–10.5 × 1.5–2.5 μm vs. 9.6–12 × 2–2.4 μm) (Glawe and Jacobs, 1987), and from Paraeytypella citricola by having smaller ascospores (7.5–10.5 × 1.5–2.5 μm vs. 10–12 × 2–3 μm) (Trouillas et al., 2011). The phylogenetic position of Allocryptovalsa castaneicola is consistent with the previous article (Zhu et al., 2021), and it was introduced as a species of Allocryptovalsa since it has polyspored asci. Paraeutypella subguizhouensis differs from Allocryptovalsa castaneicola in having shorter ascospores (7.5–10.5 × 1.5–2.5 μm vs. 22–25 × 5–6 μm) (Zhu et al., 2021). Here, we temporarily classify it as Paraeutypella until the classification of Diatrypaceae is clearer at the genus level.

Peroneutypa Berl., Icon. fung. (Abellini) 3(3-4): 80 (1902).

MycoBank No: MB 3834.

Notes: Peroneutypa was introduced by Berlese (1902) for having valsoid stroma with long prominent necks, sessile to long stalks, small, clavate asci with truncated apices, and allantoid ascospores (Saccardo and Saccardo, 1905; Carmarán et al., 2006, 2014). Rappaz (1987) proposed P. bellula (Desm.) Berl. as the type species of Peroneutypa. The asexual morph of this genus is not reported so far.

Peroeutypa hainanensis S. H. Long & Q. R. Li. sp. nov. (Figure 11).
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FIGURE 11
 Peroeutypa hainanensis (GMB0424, holotype). (A) Type material. (B). Close-up of stromata. (C) Transverse section through stromata. (D) Vertical section through stromata. (E, F) Culture on PDA. (G, H) Sections through the ascostroma. (I) Peridium. (J–L) Asci. (M–O) Ascospores Bar: (G, H) =100 μm; (I–O) = 10 μm.


MycoBank No: MB 846770.

Etymology: Refers to the collection area, Hainan Province.

Material examined: China, Hainan Province, Wenchang City, Tongguling Nature Reserve (19°39'16.23“N, 111°1'38.68”E) on branches of an unidentified plant, 12 November 2021. Altitude: 67 m, S. H. Long & Q. R. Li., TGL4 (GMB0424, holotype), ex-type GMBC0424; ibid (KUN-HKAS 126463, isotype).

Saprobic on dead branches of an unidentified plant. Sexual morph: Stromata 0.4–0.7 mm diameter × 0.1–0.3 mm long, non-sulcate, poorly developed, solitary to gregarious, immersed, ostiolar canals raised to erumpent the surface of stromata, dark brown to black, 1–7 perithecia immersed in one stroma. Perithecia 350–600 μm high × 130–300 μm diameter ([image: image] = 375 × 202 μm, n = 10), immersed, globose to subglobose, brown to black, ostiolate. Ostiolar canal 105–420 μm high, 80–120 μm diameter ([image: image] = 265 × 100 μm, n = 25), cylindrical, sulcate, at the apex curved, periphysate. Peridium 45–65 μm wide, composed of two layers, outer section dark brown to black, thick-walled cells, arranged in textura globulosa to textura angularis, inner part comprising hyaline textura angularis cells. Asci 28.5–40 × 3.5–6.5 μm ([image: image] = 33.5 × 5.5 μm, n = 30), 8-spored, unitunicate, clavate, with long stipitate, apically rounded to truncate, apical rings inamyloid. Ascospores 5.0–7.3 × 1–2 μm ([image: image] = 6 × 1.5 μm n = 30), overlapping, allantoid, strongly curved, subhyaline, with small guttules at ends. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA after 24 h. Colonies white when young, became pale brown circular to irregular, medium dense, flat or effuse, slightly raised, fluffy to powder, margin rough, white at the margin and light brown at the center from below, no pigmentation, and no sporulation produced on the PDA medium.

Additional material examined: China, Hainan Province, Wenchang City, Tongguling Nature Reserve (19°39′38.81″N, 111°0′50.82″E) on branches of an unidentified plant, 12 November 2021. Altitude: 73 m, S. H. Long & Q. R. Li., TGL53 (GMB0425, paratype, ex-paratype GMBC0425).

Notes: Figure 1 shows that Peroeutypa hainanensis clustered with species of Peroneutypa. Morphologically, the ascospores of P. obesa and P. curvispora are strongly curved, but the ascospores of Peroeutypa hainanensis (5.0–7.3 × 1–2 μm) are longer than those of P. curvispora (3.0–4.5 × 1–1.5 μm) (Carmarán et al., 2006; Shang et al., 2018). The spiny or bristly appearance of the stromata surface of P. obesa can be distinguished from P. hainanensis, and the stromata of GMB0424 are smaller than those of P. obesa (10–15 mm diameter × 7–10 m long) (Rappaz, 1987). Based on both molecular and phylogenetic analyses, here, we introduce new species, Peroeutypa hainanensis.

Peroneutypa qianensis S. H. Long & Q. R. Li. sp. nov. (Figure 12).
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FIGURE 12
 Peroneutypa qianensis (GMB0431, holotype). (A) Type material. (B) Close-up of stromata. (C) Transverse section through stromata. (D) Vertical section through stromata. (E) Section through the ascostroma. (F) Peridium. (G–I) Asci. (J–L) Ascospores. Scale bars: (E) = 100 μm; (F–L) = 10 μm.


MycoBank No: MB846771.

Etymology: Refers to the location of the type specimen, Qian is the abbreviation of Guizhou Province in Chinese.

Material examined: China, Guizhou Province, Qiannan Buyi Miao Autonomous Prefecture, Maolan National Nature Reserve (25°18′2.76″N, 108°4′29.48″E) on branches of an unidentified plant, 7 July 2021. Altitude: 545 m, S. H. Long & Q. R. Li., MLB62 (GMB0431, holotype), ex-type GMBC0431; ibid (KUN-HKAS 126464, isotype).

Saprobic on dead branches of an unidentified plant. Sexual morph: Stromata poorly developed, 1.5–2 mm wide, solitary to gregarious, immersed; ostiolar canals raised to erumpent the surface of stromata, dark brown to black, non-sulcate. Perithecia 320–540 μm high × 175–290 μm diameter ([image: image] = 375 × 202 μm, n = 10), immersed, globose to subglobose, brown to black, ostiolate. Ostiolar canal 105–420 μm high, 80–120 μm diameter ([image: image] = 265 × 100 μm, n = 25), cylindrical, sulcate, at the apex curved, periphysate. Peridium 45–65 μm wide, composed of two layers, outer section dark brown to black, thick-walled cells, arranged in textura globulosa to textura angularis, inner part comprising hyaline textura angularis cells. Asci 16.5–20.5 × 4–6 μm ([image: image] = 18.4 × 5 μm, n = 30), 8-spored, unitunicate, clavate, sessile, apically rounded to truncate, apical rings inamyloid. Ascospores 4.5–6.3 × 1.5–0.3 μm ([image: image] = 5.6 × 1.8 μm n = 30), overlapping, allantoid, straight to slightly curved, subhyaline, with small guttules at ends. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA after 24 h. Colonies white when young, became pale brown circular to irregular, medium dense, flat or effuse, slightly raised, fluffy to powder, margin rough, white at the margin and light brown at the center from below, no pigmentation, and no sporulation produced on the PDA medium.

Additional material examined: China, Guizhou Province, Qiannan Buyi Miao Autonomous Prefecture, Maolan National Nature Reserve (25°17′52.14″N, 108°4′27.01″E) on branches of an unidentified plant, 7 July 2021. Altitude: 651 m, MLB150 (GMB0432, paratype, ex-paratype, GMBC0432).

Note: Our phylogenetic analyses (Figure 1) show that Peroneutypa qianensis resides as the sister clade to P. mackenziei, with high bootstrap and PP values (99/1). Morphologically, P. qianensis is similar to P. mackenziei (MFLU 16-1441, holotype), in that both of them have the clavate, sessile ascospores (Shang et al., 2017). However, the ascospores of P. mackenziei are narrower than those of the new specimen GMB0431 (4.5–6.5 × 1–2 μm vs. 4.5–6.3 × 1.5–3 μm) (Shang et al., 2017). Combining morphological and molecular data, we introduce GMB0431 as a new species of Peroneutypa.

Vasilyeva S. H. Long, Wijayaw. & Q. R. Li. gen. nov.

MycoBank No: MB846773.

Etymology: We dedicate this genus to L.N. Vasilyeva, an excellent taxonomist who extensively worked on Diatrypacaea research in China.

Saprobic on an unidentified wood. Sexual morph: Stromata poorly developed, immersed in the host tissue, showing a long beak higher than the wood surface and a long channel immersed, the beak in the air covered with the long setae. Perithecia with a long beak, scattered or in rows, circular to oblate. Ostioles apparent on the surface of the substrate, higher than the surface of the wood, emerging on the surface separately. Asci 8-spored, unitunicate, clavate to long-cylindrical, with long stipe, apically rounded, apical rings inamyloid. Ascospores overlapping, allantoid, straight or slightly curved, subhyaline to hyaline, with oil droplets at ends. Asexual morph: Undetermined.

Type species: Vasilyeva cinnamomi S. H. Long, Wijayaw. & Q. R. Li.

Notes: The genus Vasilyeva is introduced to accommodate the new collection made from Hainan, China. Figure 1 shows that the new collection formed a distinct branch which is sister to Peroneutypa. Morphologically, Vasilyeva has stromata covered with long setae, long stipe asci, allantoid, and straight or slightly curved ascospores. The perithecia of Vasilyeva cinnamomi are immersed in the stromata with a long beak which includes a part higher than the surface of wood covered with long setae and a long channel immersed, and the ostioles emerging on the surface separately. It is different from all genera in Diatrypaceae. Based on morphological and phylogenetic analyses, Vasilyeva was proposed as a new genus.

Vasilyeva cinnamomi S. H. Long, Wijayaw. & Q. R. Li sp. nov. (Figure 13).


[image: Figure 13]
FIGURE 13
 Vasilyeva cinnamomi (GMB0418, holotype). (A) Type material. (B–D) Close-up of stromata. (E) Transverse section through stromata. (F) Vertical section through stromata. (G, H) Culture on PDA. (I–K) Asci. (L–O) Ascospores. Scale bars: (C–F) = 1 mm; (I–O) = 10 μm.


MycoBank No: 846774.

Etymology: Refers to its host, Cinnamomum cinnamomi (L.) Presl.

Material examined: China, Hainan Province, Wuzhishan City Wuzhishan Nature Reserve (18°54'21.47“N, 109°40'57.99”E) on wood chips of Cinnamomum cinnamomi (L.) Presl, 15 November 2021. Altitude: 795 m, S. H. Long & Q. R. Li., WZS28 (GMB0418, holotype), ex-type GMBC0418; ibid (KUN-HKAS 126465, isotype).

Saprobic on dead wood chips of Cinnamomum cinnamomi. Sexual morph: Stromata poorly developed, immersed in the host tissue, showing a black beak on the wood surface. Perithecia 0.8–1.3 mm high × 1.3 – 2.3 mm diameter ([image: image] = 0.9 × 1.8 mm, n = 10) (the length of the beak is not included), with a long beak [partly in the wood (0.6–0.8 mm high) and partly on the surface of the wood (0.5–0.9 mm) covered with the long setae], scattered or in rows, circular to oblate. Ostioles apparent on the surface of the substrate, higher than the surface of wood, emerging on the surface separately. Asci 58 – 77.5 × 4 – 7 μm ([image: image] = 66.7 × 5.1 μm, n = 30), 8-spored, unitunicate, clavate to long-cylindrical, with long stipe, apically rounded, apical rings inamyloid. Ascospores 4.0 – 6.0 × 1.5 – 2.5 μm ([image: image] = 4.7 × 1.9 μm n = 30), overlapping, allantoid, straight or slightly curved, subhyaline to hyaline, with small guttules at ends. Asexual morph: Undetermined.

Culture characteristics: Ascospores germinating on PDA within 24 h. Colonies on PDA, white when young, became brown, dense, but thinning toward the edge, margin rough, white from above, reverse white to brown, no pigmentation, and no sporulation produced on the PDA medium.

Additional Material examined: China, Hainan Province, Wuzhishan City Wuzhishan Nature Reserve (18°54′70.43″N, 109°41′10.59″E) on branches of an unidentified plant, 15 November 2021. Altitude: 833 m, S. H. Long & Q. R. Li., WZS90 (GMB0419, paratype, ex-paratype GMBC0419).

Notes: Vasilyeva cinnamomi is a morphologically and phylogenetically distinct species from other known species in Diatrypaceae. A peculiar feature of Vasilyeva cinnamomi is the ostioles appearing separately on the surface and the perithecia which are immersed in the stromata with a long beak are higher than the surface of the wood.




Discussion

Diatrypaceae species have a cosmopolitan distribution and often inhabit the deadwood and bark of many plant species. However, the generic concepts of Diatrypaceae have been unstable; thus, many species were transferred from one genus to another (Phookamsak et al., 2019; Konta et al., 2020).

In this study, one new genus and eight new species were described based on phylogenetic analyses and morphological characteristics. The new genus Vasilyeva differs from other genera in its perithecia which have two parts, the lower part is immersed in the stromata, and the higher part has a long beak and is higher than the surface of the wood. Diatrype camelliae-japonicae, Diatrype rubi, Diatrypella guiyangensis, Diatrypella fatsiae-japonicae, Peroneutypa hainanensis, Peroneutypa qianensis, and Paraeutypella subguizhouensis have been introduced as novel taxa from various substrates in Guizhou and Hainan provinces, China.

In addition, Allocryptovalsa rabenhorstii and Diatrype enteroxantha have been reported from China for the first time. Two known species of Allocryptovalsa xishuangbanica and Diatrype betulae were described and illustrated, of which Allocryptovalsa xishuangbanica was the first reported from Guizhou province from China. Based on the phylogenetic analyses and megablast, we conclude GMB0426 is representing the sexual morph of Diatrype betulae, and this is the first time reporting its sexual morph.

Our phylogenetic analyses show that the division of genera is confusing which is consistent with the previous studies (Acero et al., 2004; Trouillas et al., 2011; Mehrabi et al., 2015, 2016; de Almeida et al., 2016; Shang et al., 2017; Dissanayake et al., 2021; Long et al., 2021; Zhu et al., 2021; Ma et al., 2023). Compared to the number of Diatrypaceae species, the available sequences in NCBI are relatively fewer. Most species in Diatrypaceae are lacking DNA sequences. Moreover, several genera (e.g., Dothideovalsa, Echinomyces, Endoxylina, and Rostronitschkia) still have no available sequences. The current molecular phylogenetic study of Diatrypaceae only uses ITS and β-tubulin gene sequences, which do not distinguish this family well, and we believe that the sequences of the large subunit (LSU) ribosomal RNA gene and RNA polymerase II second largest subunit (RPB2) gene sequences should be added in future studies for a more accurate phylogenetic analysis of this family.

In our investigation, we found that the molecular data did not correlate well with morphological characteristics, and two materials with 99% similarity differed significantly in morphology. The morphological comparison shows that there is little morphological difference between genera, and the traditional morphological characteristics such as the number of ascospores per ascus and the morphology of stromata do not distinguish well among genera. Long et al. (2021) stated that there are eight ascospores or polysporous in each ascus in different species of the same genus. The number of ascospores in an ascus can no longer be regarded as the main feature of the genus of Diatrypaceae, although this feature has been widely used in the establishment of the genus (Glawe and Rogers, 1984; Vasilyeva and Stephenson, 2005; Konta et al., 2020). Vasilyeva (1986) proposed that the morphology of stromata was influenced by the host, environments, and some other factors, and there were limitations in the use of substratum morphology as a basis for the identification which is consistent with our research. The stromata of Neoeutypella, Allodiatrype, Diatrype, Diatrypella, Allocryptovalsa, Cryptovalsa, Eutypella, and Paraeutypella is similar. Therefore, we consider that the morphological characteristics of the stromata may not be used as a basis for the identification of Diatrypaceae. The authority of the number of ascospores in the ascus as the important feature of identification at the species level is also challenging to some extent. These morphological taxonomic features, which were considered to be very important in the early stage, constitute the main taxonomic basis of the current genera of Diatrypaceae (Tiffany and Gilman, 1965; Glawe and Rogers, 1984; Rappaz, 1987; Vasilyeva and Stephenson, 2005; Senanayake et al., 2015; Senwanna et al., 2017). However, more and more molecular data show that the classification of these genera is unresolved and inconsistent with their morphology (Konta et al., 2020; Long et al., 2021; Zhu et al., 2021; Ma et al., 2023). We must admit that the main DNA sequences currently used for the systematics of Diatrypaceae only include ITS and BT, which is not so sufficient. Does the systematics of Diatrypaceae need to be started from scratch? We do not have a clear answer yet. However, we believe that Diatrypaceae needs to be revised at the genus level, based on type materials, newly collected specimens, more DNA sequences, more suitable morphological features, and other features in the future.
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Malassezia pachydermatis (phylum Basidiomycota, class Malasseziomycetes) is a zoophilic opportunistic pathogen with recognized potential for invasive infections in humans. Although this pathogenic yeast is widespread in nature, it has been primarily studied in domestic animals, so available data on its genotypes in the wild are limited. In this study, 80 yeast isolates recovered from 42 brown bears (Ursus arctos) were identified as M. pachydermatis by a culture-based approach. MALDI-TOF mass spectrometry (MS) was used to endorse conventional identification. The majority of samples exhibited a high score fluctuation, with 42.5% of isolates generating the best scores in the range confident only for genus identification. However, the use of young biomass significantly improved the identification of M. pachydermatis at the species confidence level (98.8%). Importantly, the same MALDI-TOF MS efficiency would be achieved regardless of colony age if the cut-off value was lowered to ≥1.7. Genotyping of LSU, ITS1, CHS2, and β-tubulin markers identified four distinct genotypes in M. pachydermatis isolates. The most prevalent among them was the genotype previously found in dogs, indicating its transmission potential and adaptation to distantly related hosts. The other three genotypes are described for the first time in this study. However, only one of the genotypes consisted of all four loci with bear-specific sequences, indicating the formation of a strain specifically adapted to brown bears. Finally, we evaluated the specificity of the spectral profiles of the detected genotypes. MALDI-TOF MS exhibited great potential to detect subtle differences between all M. pachydermatis isolates and revealed distinct spectral profiles of bear-specific genotypes.

KEYWORDS
 novel genotypes, brown bear, Ursus arctos, MALDI-TOF mass spectra, Malassezia pachydermatis, multilocus genotyping


Introduction

The genus Malassezia currently includes 18 species of lipophilic basidiomycetous yeasts (Lorch et al., 2018; Theelen et al., 2018). Although various metagenomic studies have demonstrated the occurrence of Malassezia phylotypes in diverse ecological niches (Amend, 2014), most of them are reported to colonize or infect the skin and mucosa of humans or animals. Thus, Malassezia spp. are generally considered opportunistic pathogens, some species of which exhibit host specificity (Cabanes, 2014; Velegraki et al., 2015). Under normal physiological conditions, this yeast lives in equilibrium with other members of the skin microbiota. Moreover, in adult humans, Malassezia is the dominant fungal genus (Byrd et al., 2018) accounting for 53–80% of the total yeast population on healthy skin (Gao et al., 2010). However, this biological balance can be disturbed by various factors, leading to yeast overgrowth associated with various clinically manifested infections (Gaitanis et al., 2012; Velegraki et al., 2015; Prohic et al., 2016).

Due to its zoonotic potential, Malassezia pachydermatis has attracted considerable attention (Chang et al., 1998; Morris, 2005). This species has been recognized as a causative agent of fungemia, predominantly in immunocompromised patients (Lautenbach et al., 1998; Roman et al., 2016; Lee et al., 2019), children, and neonates (Chryssanthou et al., 2001; Al-Sweih et al., 2014; Ilahi et al., 2018; Chow et al., 2020; Teoh et al., 2022). It has been predicted that systemic infections caused by M. pachydermatis may be underdiagnosed by standard diagnostic procedures (Cabanes, 2014). In this context, rapid and correct identification of this yeast is essential for appropriate life-saving medical treatment (Kolecka et al., 2014).

In domestic animals, M. pachydermatis has been isolated mainly from dogs and cats (Guillot and Bond, 2020), but it has also been found in pigs, horses, goats, and other animals (Pinter et al., 2002; Sugita et al., 2010; Eguchi-Coe et al., 2011; Shokri, 2016). Early studies also reported the presence of M. pachydermatis in captive wild animals (Sugita et al., 2010). Although recent studies have shed some light on commensalism, pathogenicity and genetic variability of M. pachydermatis and other members of this genus in the wild (Dall’ Acqua Coutinho et al., 2006; Gandra et al., 2008; Lorch et al., 2018; Puig et al., 2018; Coutinho et al., 2020), available data for genotypes found in the wild are still very limited.

Various molecular methods are used to systematically identify Malassezia species directly from skin samples (Sugita et al., 2010). Genomic markers, such as LSU, ITS, IGS, CHS2, or β-tubulin, are used for epidemiological or phylogenetic analyses (Cafarchia et al., 2007; Castella et al., 2014; Cho and Sugita, 2016). Previously reported data show high genetic diversity among the Malassezia species and various degrees of intraspecific variability (Makimura et al., 2000; Gupta et al., 2004). For M. pachydermatis, 15 distinctive genotypes have been found in domestic animals (Puig et al., 2016, 2017). In addition to DNA analyses, protein profiling by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) is increasingly becoming the technique of choice for routine yeast identification (Patel, 2019; Robert et al., 2021).

Considering the scarcity of data on Malassezia populations in the wild, the objectives of this research were (i) to investigate the occurrence of Malassezia species in brown bears inhabiting the mountainous region of Croatia, (ii) to evaluate the performance of MALDI-TOF MS for reliable identification of isolates from the wild, and (iii) to characterize population genetic diversity using a combination of selected DNA markers. These objectives allowed us to identify previously unreported bear-specific genetic variants of M. pachydermatis and to define their mass spectrum profiles. The results obtained in this study indicate the adaptive capacity of this commensal yeast to inhabit a wide host range, thus highlighting the possible natural reservoirs for its transmission potential between wild and domestic animals.



Materials and methods


Sample collection

A total of 129 samples were collected from 42 brown bears, using sterile swabs to sample the left/right external ear canal and anus. Samples were collected within 12 h post mortem of animals after various accidents or during anesthesia from live animals captured for telemetry studies (Project: Life Dinalp Bear, Life13 Nat/Si/000550) in accordance with the permits issued by the Committee of Veterinary Ethics of the Faculty of Veterinary Medicine, University of Zagreb, the Ministry of Agriculture and the Ministry of Environmental and Nature Protection, Republic of Croatia. Geospatial mapping was performed using ArcGIS software v.10.2 (Redlands, California, United States). Sampling sites are shown in Figure 1, while location coordinates of bears are listed in Supplementary Table S1.
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FIGURE 1
 A map of the sampling sites in a mountainous region of Croatia. Malassezia pachydermatis genotypes identified in this study are shown in legend.




Isolation, cultivation, and identification of Malassezia isolates

Swabs were plated on modified Dixon agar (36 g malt extract, 10 g peptone, 20 g desiccated ox-bile, 10 mL Tween 40, 2 mL glycerol, 2 mL oleic acid, and 15 g agar per liter, pH adjusted to 6.0) recommended for isolation and differentiation of Malassezia species (Guého-Kellermann et al., 2010). The agar was supplemented with 0.5% chloramphenicol and 0.5% cycloheximide, to prevent the growth of bacteria and molds, respectively. The plates were incubated at 32° C for 14 days. Isolates were identified using routine laboratory diagnostic methods, as follows. All isolates that showed the appearance of colonies typical for Malassezia, a yellowish-creamy and smooth or lightly wrinkled surface with a buttery consistency, were selected (Guého-Kellermann et al., 2010). Smears from the selected colonies were stained with the Bio-Diff RTU kit (Biognost, Croatia) and examined under the microscope for “bottle-shaped” morphology that characterizes Malassezia cells. Subsequently, the lipid dependence for the growth of Malassezia isolates was determined on Sabouraud glucose (SGA) agar. After phenotypic identification, isolates were stored at −80° C until further testing.


MALDI-TOF MS analysis

For the MALDI-TOF MS analyses, direct on-plate extraction and in tube full protein extraction method were applied, as recommended by the manufacturer (Bruker Daltonik, Germany). For protein extraction, a yeast biomass (~2 μL volume) grown on SGA agar for up to 3 days was collected with a pipette tip, suspended in 300 μL HPLC-grade water (Sigma Aldrich) and mixed thoroughly. Nine hundred microliter of absolute ethanol was added to the suspension and mixed well. The samples were then centrifuged at 13,000 rpm for 2 min, the supernatant was removed, and the pellets were air dried at room temperature (RT). The pellets were re-suspended in 70% formic acid to disrupt the cell wall. The volume of formic acid was adjusted according to the pellet size (1:1 by volume). An equal volume of acetonitrile was added, and the solution was mixed by vortexing for 1 min and centrifuged at 13,000 rpm for 2 min. One microliter of this supernatant was placed on a 96-spot polished steel target plate and air dried at RT. Each sample was overlaid with 1 μL of saturated α-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid and air dried at RT.

MS measurements were performed using a Microflex LT MALDI-TOF mass spectrometer and FlexControl 3.0 software (Bruker Daltonics, Germany) for automatic acquisition of mass spectra. Each mass spectrum was generated with 240 laser shots from the same spot in six different positions while each isolate was processed in triplicate and in at least two spots. External calibration was performed using the Bruker Bacterial Test Standard. The acquired mass spectra were processed with the MALDI Biotyper 3.1 software package using the default settings. MALDI Biotyper scores for identification were expressed as log(score) values. Scores ≥2 are indicative of reliable species identification, from 1.7 to 1.999 as reliable genus identification, and scores <1.7 as unreliable identification. A score-oriented dendrogram of MALDI-TOF mass spectra profiles (MSP) was generated using MALDI Biotyper 3.0 software with the following settings: distance measure was set to Euclidian and linkage to average.




DNA extraction, PCR amplification, and sequencing of ITS1, LSU, CHS2, and β-tubulin DNA regions

A loopful of yeast biomass (up to 30 mg) was harvested from a culture grown on SGA for 2 to 3 days. Genomic DNA was extracted using PureLink Genomic DNA Mini Kit (Invitrogen, United States) according to the protocol described by the manufacturer. DNA concentration was validated spectrophotometrically using the BioDrop μLITE (BioDrop, United Kingdom), and the quality of each DNA sample was assessed by standard agarose gel electrophoresis. The purified DNA samples were stored at −80°C until use.

DNA regions encoding the large ribosomal subunit (LSU), internal transcribed spacer 1 (ITS1), chitin synthase 2 (CHS2), and β-tubulin were amplified from 80 M. pachydermatis DNA samples using previously described primers (Supplementary Table S2) and PCR protocols (Fell et al., 2000; Makimura et al., 2000; Cafarchia et al., 2007; Castella et al., 2011). Amplified DNA fragments were checked on 1% agarose gels, and enzymatically purified using Exonuclease I and Thermosensitive Alkaline Phosphatase (Thermo Scientific), according to manufacturer’s protocol. The purified PCR products were submitted to Macrogen Europe for sequencing. DNA fragments were sequenced from both directions using the same primers as in the PCR reactions. Sequence chromatograms were visually inspected, and the sequences were assembled in Geneious 8.1.4 (Kearse et al., 2012) and BioEdit 7.2.5. programs (Hall, 1999). The CHS2 and β-tubulin gene fragments were translated into protein sequences in order to confirm the continuity of the open reading frames. The sequences were deposited in NCBI GenBank under the accession numbers listed in Table 1.



TABLE 1 Distribution of gene locus variants (A) LSU, ITS1, CHS2 and β-tubulin sequence types from M. pachydermatis isolates identified in brown bears (this study), with NCBI accession numbers; (B) Representative sequences of gene locus variants published previously.
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Multiple sequence alignment and phylogenetic analysis

Haplotypes of ITS1, LSU, CHS2, and β-tubulin DNA sequences of M. pachydermatis isolates were aligned in the online version of MAFFT v. 7 (Katoh and Standley, 2013) under default parameters, together with the corresponding gene sequences of M. pachydermatis from domestic animals available in the public database NCBI (Cabañes et al., 2005; Puig et al., 2016, 2017). Sequences of the corresponding molecular markers from two other congeneric species (Malassezia furfur, Acc. numbers HM177260, EU513202, KC573799; M. sympodialis, Acc. numbers AY743628, AY743657, XM_018885767, KC573797) were used as outgroups (Cabañes et al., 2005; Ran et al., 2008; Cafarchia et al., 2011; Castella et al., 2014; Puig et al., 2018). In addition, a combined dataset corresponding to distinct genotypes of M. pachydermatis from bears was constructed in BioEdit 7.2.5. (Hall, 1999) through concatenation of respective sequence haplotypes of four molecular markers (LSU, ITS1, CHS2, and β-tubulin). The genotypes of 19 strains defined previously (Puig et al., 2017) were also included in the combined dataset.

Five datasets (LSU, ITS1, CHS2, β-tubulin, and concatenated alignment; available in TreeBase1) were used in subsequent phylogenetic analyses. For each separate partition, uncorrected p-distances were calculated in Mega 7 (Kumar et al., 2016). Neighbor joining (NJ) phylogenetic trees were constructed in Mega 7 based on p-distances matrix, with pairwise deletion of gap positions. The best-fit nucleotide substitution models were determined for each separate partition under the Akaike information criterion in Jmodeltest 2.0 (Darriba et al., 2012) (K2 model for the LSU dataset, JC model for the ITS1 dataset, K2 + G for the CHS2 dataset and T92 + G for the β-tubulin dataset). Maximum likelihood (ML) aLRT analyses for separate partitions were performed online in PhyML 3.02 (Guindon et al., 2010) under best-fit models. The concatenated matrix was analyzed in PhyML using the “Automatic model selection by SMS” option (Lefort et al., 2017) and the Akaike information criterion. Branch support values were estimated from 1,000 bootstrap replicates in NJ and by aLRT in ML analyses. Phylogenetic trees in.nwk format are available in TreeBase.




Results and discussion


Isolation of Malassezia pachydermatis from brown bears

M. pachydermatis has been isolated mainly from dogs but it has also been found in other domestic animals (Theelen et al., 2018; Guillot and Bond, 2020) and humans (Gao et al., 2010). However, little is known about the phylotypes and pathogenicity of M. pachydermatis in wild habitats. Since the relatedness between yeast genotypes and host species has already been reported (Cabanes, 2014; Velegraki et al., 2015), we envisioned that a comparative study of the genetic variants of M. pachydermatis from broader ecological niches might provide deeper insight into its potential to colonize diverse hosts, and thus provide the basis for studying its zoonotic potential. Although the occurrence of M. pachydermatis in bears and other wild animals was detected several decades ago, as reviewed by Sugita et al. (2010), data on its genetic variability are lacking. In Croatia, the brown bear inhabits the mountains of Gorski Kotar and Lika in an area of about 9,600 km2 (Huber et al., 2008), which provides an opportunity to collect and analyze yeast isolates from distant locations (Figure 1; Supplementary Table S1). As expected, the selective medium that was used mainly grew colonies that resembled Malassezia sp. by their morphology. Noteworthy, we occasionally noticed the growth of Candida sp. but their numbers were negligible and they were not further analyzed. All selected isolates exhibited non-lipid dependent growth so they were identified as belonging to the species M. pachydermatis. Altogether, 80 yeast isolates (62%) were obtained out of 129 swab samples from 42 individuals. No significant difference in recovery was found when samples were taken from different skin sites.

Standard culture-based identification methods and biochemical characterization are not always definitive in the identification of Malassezia species and particularly in discriminating very close species or subspecies (Robert et al., 2021). For example, the recent discovery of peculiar lipid-dependent strains of M. pachydermatis demonstrates broad variability within this species, which includes rare atypical strains with special growth requirements (Puig et al., 2017). In the last ten years, methods based on MALDI-TOF MS have been increasingly applied for the identification of pathogenic microorganisms in clinical microbiology laboratories (Singhal et al., 2015). Because this method is very rapid and has been used for the identification of several Malasezzia species (Kolecka et al., 2014; Vlek et al., 2014; Honnavar et al., 2018), we used it to verify the identification of M. pachydermatis from bears obtained by conventional protocols and to investigate the performance of MALDI-TOF in yeasts isolated from the wild.



MALDI-TOF MS identified yeast isolates from brown bears as Malassezia pachydermatis

Initially, yeast isolates were prepared for MALDI-TOF MS using the direct on-plate extraction method. Due to the very poor quality of the protein spectra, this method was not applicable, so the full extraction protocol was applied to 80 isolates as described. Considering the MALDI Biotyper identification scores, it can be seen that a larger number of samples showed a significant fluctuation in the results. Of the 80 samples, MALDI-TOF MS correctly identified 46 samples (57.5%) as M. pachydermatis with a score ≥ 2 (2.007–2.412; green bars) (Figure 2). The other 34 isolates (42.5%) showed lower reproducibility between spots and yielded the best scores only in the confidence range for genus identification. The ranges of scores for all isolates are shown (Supplementary Table S3). The lower reproducibility between spots as well as the need to increase the number of runs to obtain a confident score has been reported previously for Malassezia species (Kolecka et al., 2014). We noticed that the colony texture of most isolates with lower scores appeared as if the colony was impregnated with grease and the biomass crumbled upon sampling. It has been reported that the texture of colonies can affect the quality of protein extracts (Denis et al., 2017). Therefore, 34 colonies were re-cultured and as soon as there was enough biomass (~ 48 h) MS analysis was performed. In this second round of identification, only one sample did not reach the species reliable score (≥2). The distribution of all scores obtained in the first and second runs was as follows: 21 isolates yielded scores 1.721–2.244 (yellow/green bars), while 9 isolates yielded scores 1.573–2.201 (red/yellow/green bars), 3 isolates yielded scores 1.422–2.249 (red/green bars), and only 1 isolate (red/yellow) never reached score 2 (1.556–1.956; red/yellow bar). To provide an overview of the fluctuation of scores, these data were used to create Figure 2. Our results clearly show that aged colonies significantly affected the range of scores, while using the biomass of young colonies improved score values to the species confidence level. This was particularly pronounced for three isolates (30, 45, and 48), which exhibited scores confident for species level only when young biomass was used. In contrast, a previous study reported that MS were reproducible for 2–5 days old Malassezia colonies (Denis et al., 2017). The discrepancy in the results could be attributed to the phenotypic characteristics of our isolates, which exhibited a different colony texture already after 3 days of growth, possibly due to more rapid aging of the colony. It should be pointed out, however, that all samples, even those that gave unreliable genus scores (red), scored M. pachydermatis as the first matching hit. It is important to note that in the last 10 years, numerous reports have suggested lowering the cutoff threshold (1.7–1.999) to improve the identification of different yeast species (Rosenvinge et al., 2013; Kolecka et al., 2014; Vlek et al., 2014; Robert et al., 2021). Consistent with this, by lowering the threshold score to ≥1.7, in our study MALDI-TOF MS would correctly identify 79/80 samples to species level (98.8%).
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FIGURE 2
 Presentation of MALDI-TOF MS sample scores. The sample number is shown on the X-axis while the proportion of the score ranges (percentage scores) obtained by MS analyses for each sample is shown on the Y-axis. Bars marked in green, yellow and red denote samples that showed greater fluctuation in score values (Supplementary Table S3). The use of young biomass (~48 h) yielded scores confident for species identification (≥ 2, green). The only exception was sample number 1, which only achieved a score confident for genus identification.




Molecular genotyping revealed genetic diversity of Malassezia pachydermatis isolates from brown bears

Analyses of ribosomal genes and internal transcribed regions have been used primarily for phylogenetic characterization and genetic diversity analysis of different Malassezia species (Gemmer et al., 2002; Gupta et al., 2004; Gaitanis et al., 2006, 2009). An early study based on a single molecular marker, the 26S rRNA gene (Guillot et al., 1997), revealed seven genetic groups of M. pachydermatis in wild and domesticated carnivores, monkeys and humans. Further evaluation of genotype assignment using multiple genetic loci (CHS2, LSU, ITS1) identified three and four specific genotypes for M. pachydermatis isolated from domestic animals by Cafarchia et al. (2007) and Aizawa et al. (2001), respectively. The benefit of multilocus sequencing for differentiation between Malassezia genotypes has been further demonstrated in recent studies. Puig et al. (2017) reported the existence of 15 distinct genotypes as a result of sequence variations in four genomic loci (CHS2, LSU, ITS1, β-tubulin) of M. pachydermatis, also isolated from domestic animals. Using the same genetic loci, we examined the genetic variability of M. pachydermatis isolated from bears. PCR amplification resulted in ~640 bp LSU, ~280 bp ITS1, ~500 bp CHS2 and ~ 1,100 bp β-tubulin DNA products. Consistent with the results of the MALDI-TOF MS scores, all locus sequences exhibited the highest similarity to the M. pachydermatis gene loci deposited in the database. Analysis of these sequences revealed two distinct types for LSU and ITS1, and three for CHS2 and β-tubulin DNA regions, as shown in Table 1A. The majority of isolates have the sequence types LSU-BI, ITS1-BI, CHS2-BI, and β-tubulin-BI, which are identical to previously reported sequences from dogs, horses, and cats (Cabañes et al., 2005, 2007; Castella et al., 2014). Variations of these types (1 nt substitution) are observed for the CHS2 gene in one isolate (type CHS2-BII, previously reported) (Puig et al., 2016) and for the β-tubulin region in two isolates (type β-tubulin-BII, not previously reported). Novel sequence types for all markers analyzed, LSU-BII, ITS1-BII, CHS2-BIII and β-tub-BIII (Table 1A), were found in three isolates.

Distances between the sequence types of M. pachydermatis samples isolated from brown bears are low, accounting for only 1 nucleotide (nt) change (0.15%) in LSU, 1–4 nt changes (0.2–0.8%) in CHS2, 1–7 nt changes (0.1–0.6%) in β-tubulin, and 9 nt changes (3.2%) between different sequence types in the ITS1 gene region. The low variability in these genomic regions for M. pachydermatis isolated from bears is not surprising, as similar distance ranges were already observed for the same species isolated from other animals (Cafarchia et al., 2007; Puig et al., 2016). When comparing the sequence types (loci) of M. pachydermatis samples from bears with sequence types of M. pachydermatis samples isolated mainly from various domestic animals (Cabañes et al., 2007; Puig et al., 2016, 2017), the changes account for 0–7 nt (0–3.2%) in LSU, 0–12 nt (0–2.4%) in CHS2, 0–30 nt (0–2.7%) in the β-tubulin region, and 0–14 nt (0–5%) in ITS1. Overall, the observed differences are not very pronounced, suggesting that M. pachydermatis loci types from bears are most likely descended from a common ancestor after a recent transmission event, probably from dogs which exhibited the highest number of genotype variants to date. However, it is important to keep in mind that dogs represent the largest group studied and future studies may challenge this assumption.

The alignments of the LSU, CHS2 and β-tubulin sequences did not contain indels, whereas the ITS1 alignment contained multiple indel positions (alignments available in TreeBase). The final lengths of the alignments, including the previously published sequences of M. pachydermatis and of two outgroup species (M. furfur and M. sympodialis), were 254 bp for ITS1, 544 bp for LSU, 489 bp for CHS2, and 952 bp for the β-tubulin region. For each of the four molecular markers, phylogenetic analyses using neighbor joining and maximum likelihood methods resulted in identical tree topologies (Figures 3A–D).

[image: Figure 3]

FIGURE 3
 Maximum likelihood phylogenetic trees of M. pachydermatis gene loci [(A) LSU; (B) ITS1; (C) CHS2; (D) β-tub]. Reported gene types are labeled with accession numbers, host animal and respective gene type name. Gene types of M. pachydermatis isolates from brown bears are shown in bold. Node numbers denote NJ bootstrap support/ML aLRT support (values lower than 50%/0.70 are not shown). Sequences of the respective gene loci of Malassezia furfur and/or Malassezia sympodialis were used as outgroups.


As depicted in Figure 3A, two M. pachydermatis LSU sequence types found in bears are grouped in a strongly supported (92% bs – 0.95 aLRT) clade with the sequence AY743605 (Table 1B) found in dogs, horses, and cats (Puig et al., 2016). LSU-BI is identical to the sequence AY743605, whereas LSU-BII is found exclusively in bears and forms a distinct branch within this clade. The ITS1 sequences of M. pachydermatis found in the bear are grouped within one of the two major subclades in the phylogenetic tree, along with several sequence types reported for dogs, cats, and horses (Figure 3B). Type ITS1-BI is identical to type I found in dogs (AY743637; Table 1B), whereas type ITS1-BII forms a separate branch. Support for most of the nodes in this subclade is moderate or low. We further analyzed two protein-coding gene sequences, the chitin synthase (CHS2) and β-tubulin genes. As shown in Figure 3C, three M. pachydermatis CHS2 sequence types found in bears are grouped in a moderately supported (63% bs, 0.90 aLRT) clade with several sequence types found in dogs, horses and cats (Puig et al., 2016). The CHS2-BI and CHS2-BII types are identical to the EF140657 and KU313719 sequence types (Puig et al., 2016), respectively, as shown in Table 1B. The CHS2-BIII type, found in bears, has not been described previously and forms a separate branch within this clade. In Figure 3D, three β-tubulin sequence types of M. pachydermatis found in bears form a strongly supported clade (99% bs, 0.85 aRLT) with two previously reported β-tubulin sequence types (Puig et al., 2016). The β-tubulin-BI type is identical to KC573803 (Table 1B) found in dogs and horses, whereas the β-tubulin-BII and β-tubulin-BIII types, not previously reported in other animals, form separate branches.

The combinations of the described types of the four sequenced genomic regions of the respective M. pachydermatis isolates collected from bears resulted in four distinct genotypes, B1–B4. Each genotype comprises a specific combination of four loci sequence types: (i) Bear-B1 (75/80 isolates–LSU-BI/ITS1-BI/CHS2-BI/β-tub-BI), (ii) Bear-B2 (isolate 24–LSU-BI/ITS1-BI/CHS2-BII/β-tub-BII), (iii) Bear-B3 (isolate 68–LSU-BI/ITS1-BI/CHS2-BI/β-tub-BII), and (iv) Bear-B4 (isolates 1, 2, 29–LSU-BII/ITS1-BII/CHS2-BIII/β-tub-BIII).

The majority of M. pachydermatis isolates from bears carry genotype B1, which is identical to one of the previously described genotypes from dogs (Puig et al., 2017), suggesting its transmission potential and adaptation to distantly related hosts. It cannot be ruled out that genotype B1 is even more widespread in other wild and domestic animals, but this requires further investigation. To address this question, it would be particularly interesting to examine the genetic variability of M. pachydermatis in populations of gray wolves, the closest wild relative of the dog. In contrast to the widely distributed B1 genotype, three other genotypes (B2-B4) isolated from five bears (approx. 10% of the samples Supplementary Table S1) were unique to bears. Although the B2 and B3 genotypes carry loci variants that have been identified in various domestic animals, the specific combinations found in bears have not been reported previously. In contrast, the B4 genotype consists of loci carrying bear-specific sequences. This may indicate that this particular M. pachydermatis genotype has emerged only recently and has not yet spread to other hosts. However, one cannot rule out the possibility that the B4 genotype has undergone evolutionary processes leading to the formation of a strain specifically adapted to bears.

In relation to body site sampling, it has been reported that the frequency of occurrence of some Malasezzia species depends on body site sampling (Cafarchia et al., 2008). In this study, most isolates sampled from different body sites of the same animal (left/right ear canal or anus) had identical genotypes. Only two out of 42 bears carried two M. pachydermatis genotypes (B1/B2 and B1/B4) at different body sites (Supplementary Table S1, bears 14 and 15). Although a rare event in our case, this is consistent with Guillot et al. (1997) who reported that the skin of an animal can be colonized by more than one type of M. pachydermatis, suggesting the possibility of multiple colonization events between individual animals.

We also investigated the phylogenetic relationship of M. pachydermatis genotypes B1–B4 and those previously described in other animals. The concatenated matrix consisted of 2,228 aligned nucleotide positions (available in TreeBase). Phylogenetic analysis (Figure 4) revealed that M. pachydermatis genotypes B1–B4 from bears grouped in a well-supported (99%) clade I with several other genotypes (Puig et al., 2017) isolated mainly from dogs (i.e., only one from a horse). Three of the four genotypes of M. pachydermatis found in bears (B1-B3) are grouped close to some of the previously reported genotypes, while the much more divergent genotype B4 forms a separate branch within this clade, which is consistent with its loci sequence specificities. Clade II is moderately supported and consists of M. pachydermatis genotypes isolated from various domestic animals (cats, cows, pigs, goats, and dogs). The distances between genotypes within this clade are much higher and show several well supported subclades comprising predominantly M. pachydermatis genotypes from dogs, suggesting that dogs are the most common host for M. pachydermatis strains. In contrast, M. pachydermatis genotypes specific to cats form a well-supported subclade consisting of three quite variable genotypes, suggesting their common ancestry and subsequent independent evolution in this particular host. Similarly, the only genotype of M. pachydermatis so far recorded from pigs is distinctly different from all other genotypes, suggesting its evolutionary distance from other M. pachydermatis strains and its specialization to this particular host (Puig et al., 2017). The host specificity of M. pachydermatis has also been reported for some isolates obtained from rhinoceros, dogs and ferrets (Guillot et al., 1997).
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FIGURE 4
 Maximum likelihood phylogenetic tree of M. pachydermatis genotypes combined of four gene loci (LSU/ITS1/CHS2/β-tub). The M. pachydermatis genotypes from brown bear host are shown in bold. Genotypes isolated from other host animals are marked as in Puig et al. (Puig et al., 2017); host animal as well as combination of respective gene loci are indicated. Numbers on nodes denote NJ bootstrap support/ML aLRT support (values lower than 50%/0.70 are not shown). Genotype of the respective gene loci of M. sympodialis was used as outgroup.


As shown, phylogenetic analysis of concatenated sequence data (four loci) proves to be much more informative in the phylogenetic context and provides better resolution than the single locus approach. The results obtained demonstrate a close association between the genetic variants of M. pachydermatis found in bears and several of the numerous variants isolated from dogs.

It has been reported that Malassezia species can show distinct geographical differences (Velegraki et al., 2015). We reviewed a possible relationship between the different M. pachydermatis genotypes (B2-B4) and the geographic locations where bears were found. In this study we could not assign any genotype to a specific geographic location (Figure 1), which is most likely due to the long-distance migration routes of bears. Overall, genotype B1 is prevalent in bears, and most likely transmission to offspring occurs vertically, immediately after birth, as previously reported for dogs (Wagner and Schadler, 2000).



The relationship between Malassezia pachydermatis genotypes with their MS spectra

Finally, we examined the relationships between the detected genotypes and their corresponding MS spectra. We performed an MSP cluster analysis of 80 M. pachydermatis isolates, in particular to gain a deeper insight into spectra variability of the identified unique bears’ genotypes (B2-B4) compared to B1. The score-oriented dendrogram of the isolates clustered based on their MSPs is shown in Figure 5. The isolates of M. pachydermatis are clearly separated from the congeneric species M. furfur. This dendrogram also shows the similarity of the isolates to the spectra of the reference strains of M. pachydermatis in the Bruker database.
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FIGURE 5
 Dendrogram clustering the MALDI-TOF MSP obtained for Malassezia isolates using M. pachydermatis and one M. furfur referent spectra. Colored bars represent isolates that exhibit score fluctuation (Figure 2) whereas B2, B3 and B4, represents genotypes unique to yeast isolates from brown bears identified by molecular genotyping (all other numbers belong to isolates with B1 genotype).


As shown on the MSP dendrogram (Figure 5), the majority of isolates exhibited spectrum profiles with a Distance Level (DL) ≤ 100 and clustered with three M. pachydermatis reference strains (VML; CBS 4164 and CBS 1880). The others exhibited a slightly higher DL and either formed separate subgroups (e.g., isolates 53/47), branched separately (e.g., isolate 8), or grouped closer (e.g., isolate 24 or 29) to M. pachydermatis reference strain(s) (CBS 1879 T; CBS 9592; CBS 4164_2; CBS 6535 and CBS 1879T_2). With respect to the relationship between the identified genotypes and the spectrum profiles, isolates with the B1 genotype formed clades with the widest range of DLs. In contrast, bear-unique genotypes had only higher DLs, but these genotypes were dispersed into several branching subgroups, among which the B4 genotypes were clustered closer to each other and had slightly higher DL compared to B2 and B3. The 42.5% of isolates that had higher fluctuation in MALDI Biotyper scores (Figure 2) were present in all groups and were not evenly distributed across the dendrogram (Figure 5). Closer inspection reveals that most of them branch separately (e.g., 8, 29, 45, 1, 17, etc.) or are grouped with isolates that also exhibit higher fluctuation in scores (e.g., 53/47, 49/10, 7/2, 19/16, etc.). Species reliable scores were obtained using younger cell biomass for almost all of these isolates (33/34), which could be ascribed to some morphological changes during their growth. Indeed, cell wall thickness may be related to growth conditions and age of the colony (Guého-Kellermann et al., 2010). Consequently, our results could be explained by the fact that the proper lysis of the cells during the extraction process was partially impaired by a thicker cell wall and/or the colony texture of the isolates, which showed a higher fluctuation of the score values.



MALDI-TOF MS shows protein profile relatedness among Malassezia pachydermatis isolates

The best MS profiles obtained for all isolates were overlaid to investigate protein profile relatedness between isolates. The protein spectra of two main groups subdivided on the arbitrary DL (those with DL ≤ 100 and with DL > 100) were marked in gray and red, respectively, to investigate whether there are some specific differences between them (Figure 6A). Comparison of the intensity and position of the m/z values of the spectra showed that the highest number of peaks is present in all M. pachydermatis isolates. However, a few peaks of higher intensity (e.g., 5,380 Da and 2,686 Da) and a few of lower intensity (< 2,500 Da, represented by four asterisks) were obtained only in isolates with higher DL (DL > 100). Interestingly, M. pachydermatis genotypes specific to bears (Figures 6B,C) produced spectra lacking peaks of lower molecular mass. Although the spectra of genotypes B2 and B3 produced higher intensity peaks, genotype B4 produced some unique peaks that were not found in other isolates. Overall, the use of MALDI-TOF MS showed significant potential to distinguish spectra between the two main subgroups of M. pachydermatis and also discovered some very specific peaks in genotype B4. Thus, the method proved to be a very rapid and powerful tool for the identification and subtle differentiation of M. pachydermatis genetic variants isolated from bears.

[image: Figure 6]

FIGURE 6
 Comparison of protein spectra profiles of M. pachydermatis isolates. An overlaid view of mass spectra profiles (A) MS profiles of isolates exhibiting DL ≤ 100 are shown in gray while in red of isolates exhibiting DL > 100; (B) MS profiles of B2 and B3 genotypes; (C) MS profiles of B4 genotypes. Asterisks show all peaks unique to group exhibiting higher DL (red) while peaks uniquely produced by B4 genotype (sample 29) are marked with dotted lines and peaks that are absent from B2–B4 genotypes are marked with light gray rectangle.


To the best of our knowledge, this is the first study to provide detailed insight into the genetic variability that has led to the identification of specific M. pachydermatis genotypes from wild. MALDI-TOF MS approach with adjustment of culturing conditions or by lowering the cut-off value provides rapid and reliable species identification. In addition, it exhibits a higher capacity to discriminate yeast variants. Overall, the results of this study indicate that M. pachydermatis has significant potential to be transmitted between distantly related hosts and its ability to adapt to different ecological niches.
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Introduction: Tailings can cause extensive damage to soil structure and microbial community. Phytoremediation is an effective strategy for remedied tailings soil due to its environmentally friendly and low-cost advantage. Fungi play a crucial role in nutrient cycling, stress resistance, stabilizing soil structure, and promoting plant growth. However, the fungal community variation in phytoremediation remains largely unexplored.

Methods: We analyzed soil fungal community based on high-throughput sequencing during three plant species combined with urban sludge to remediate quartz tailings soil.

Results: The results indicated that the fungal diversity was significantly increased with plant diversity, and the highest fungal diversity was in the three plant species combination treatments. Moreover, the fungal diversity was significantly decreased with the addition of urban sludge compared with plant treatments, while the abundance of potential beneficial fungi such as Cutaneotrichosporon, Apiotrichum, and Alternaria were increased. Notably, the fungal community composition in different plant species combination treatments were significant difference at the genus level. The addition of urban sludge increased pH, available phosphorus (AP), and available nitrogen (AN) content that were the main drivers for fungal community composition. Furthermore, the fungal networks of the plant treatments had more nodes and edges, higher connectedness, and lower modularity than plant combined with urban sludge treatments.

Conclusion: Our results showed that three plant species combined with urban sludge treatments improved fungal community and soil properties. Our results provide insights for quartz tailings soil remediation using plant-fungi- urban sludge.
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fungal diversity, fungal community structure, phytoremediation, quartz tailings, phosphorus and nitrogen, urban sludge


1. Introduction

The exploitation of mineral resources that play an essential role in the development of humans was shown exponential growth as the economy development (Carvalho, 2017). However, the vast amount of waste liquids and rocks from the mining process are transported into soil and then destroy the ecological environment (Kossoff et al., 2014; Adiansyah et al., 2015). It is difficult for plants to grow on tailings soil due to their physicochemical characteristics, such as lower or higher pH, higher heavy metal pollution, lower water retention capacity, deficiencies in soil organic matter, and lack of plant growth nutrients (Sheoran et al., 2008; Wang et al., 2017; da Silva et al., 2022). Notably, the changes in soil physicochemical properties can affect the soil microbial community structure (Jia et al., 2019). The common restoration methods for tailings soil are biological, physical, and chemical remediation (Festin et al., 2018). Phytoremediation including plants and related microorganisms that have the advantages of low-cost, sustainable, and environmentally friendly technology, are ideally used to remediate tailings soil compared with physical and chemical remediation (Dickinson, 2017; Sharma, 2020).

More than 400 kinds of plant species in the world can metabolize pollutants including accumulating organic and inorganic contaminants by improving microbial degradation of contaminants in the root zone (Arthur et al., 2005; Faucon et al., 2007). Furthermore, plants can transport, accumulate or degrade soil heavy mental pollutions such as Zn, Pb, Cd, Mn, Cu, Cr, Fe, As, and Ni, and then reduce environmental impact through litter decomposition, root exudates and soil properties (Wang et al., 2015; Sanchez et al., 2018; Ali et al., 2020; Su et al., 2022). For example, some species of Legumes are often used to improve the nitrogen content of tailings soils (Young et al., 2015). Moreover, some plant species can tolerate drought of semiarid and mining soil with low water holding capacity (Santibañez et al., 2012). Therefore, suitable plant species are very important to repair tailings soil.

Fungal community are critical factors in maintaining plant biodiversity, soil health and productivity, and soil biogeochemical processes such as nitrogen and phosphorus cycling (Mangan et al., 2010; Urbanová et al., 2015). They contribute to plant disease control and growth promotion, and plant stress resistance (Ozimek and Hanaka, 2020). Some fungal groups, such as Penicillium, can assist plant in phosphorus and nitrogen uptake in heavy metal-contaminated soil (Ikram et al., 2018; Elfiati et al., 2021). Moreover, some species of Basidiomycetes can improve plant salt tolerance by increasing the concentration of osmotic fluid in plant cells, and enhancing plan minerals uptake and potassium ions for metal-detoxifying (Bukhori et al., 2020). Notably, arbuscular mycorrhizal fungi (AMF) can assist plant to facilitate mineral and water uptake (Debeljak et al., 2018; Begum et al., 2019). Archaeorhizomyces enhance stress resistance and inhibit disease by increasing the bioactive components of the plant (Zhang et al., 2020). Furthermore, the plant growth promoting fungi (PGPR) have been widely used to prevent and control heavy metal pollution due to its ability to promote plant growth and induce host resistance (Geetha et al., 2022). Moreover, fungi also play a crucial role in maintaining soil plant productivity (Frac et al., 2018). These findings suggest that fungal community play an essential role in plant defense against stressful environment and facilitate nutrient absorption. In turn, plant can significantly improve the diversity and abundance of soil microbial community by providing an ideal environment to inhabit (Zhao A. et al., 2019; Wu et al., 2022). Plant can recruit beneficial fungal community through root systems, stems, leaves, and even seeds (Santoyo, 2021). Higher microbial diversity led to higher microbial function level and then accelerate tailings soil remediation (Fuke et al., 2021). However, plant recruit which fungal community and play what roles in tailings soil remediation remain unclear.

Extreme environmental conditions strongly influence the efficiency of phytoremediation (Chandra and Kumar, 2018). In order to improve the recovery efficiency, some amendment combination with plants have been used in the rehabilitation of tailings soil (Asensio et al., 2013b; Alcantara et al., 2015). Notably, some studies have shown that urban sludge significantly neutralized soil pH in restoring Cu tailings (Asensio et al., 2013a). In addition, urban sludge can improve soil properties and influence soil bacterial community structure (Bai et al., 2019; Zuo et al., 2019). Significantly, urban sludge is often used as an amendment to phytoremediation due to its easy availability and rich in inorganic and organic nutrients. However, we still need to better understand how the plant species and urban sludge improve the properties and biological condition of tailings soil. In this study, we used three plant species (Lolium perenne L., Vicia sepium L., and Medicago sativa L.) combined with urban sludge to remediate quartz tailings soil. We analyzed the variation and co-occurrence of fungal community in 14 treatments. We hypothesized that (i) the treatments of plant species combination could significantly increase fungal diversity than single species. (ii) Plant could recruit beneficial fungi to resist stress in tailings soil. (iii) Plant combined with urban sludge could effectively remediate tailings soil due to the improvement of biological-chemical-physical properties. The results provide systematic information for the remediation of tailings soil and fully reveal the relationship among plant, urban sludge, and soil fungal community.



2. Materials and methods


2.1. Material preparation

Quartz tailings soil and urban sludge were collected separately from the Fengyang County mining area and Chuzhou Zhongye Huatian Water Co., Ltd. of Chuzhou City, Anhui Province, China. Impurities on the surface of quartz tailings soil were removed during sampling, and quartz tailings soil were randomly collected and brought back to the laboratory for remediation test. Three soil samples were spread in a ventilated place to dry, and then passed through 2 mm sieve to remove impurities. The sieved soil samples were used to measure soil physical and chemical properties. The urban sludge reached the discharge standard after being treated by the providing company, and the properties such as nutrients and harmful substances meet the Chinese national standards.

Vicia sepium L.(Y) and M. sativa L.(Z) belong to Legume that have the characteristic of drought and barren tolerance, salt and alkali resistance, and strong ability to enrich heavy metals (Templeton, 2018; Bao et al., 2022). Lolium perenne L.(H) is widely used in tailings soil due to its strong resistance and growth ability (Irhema, 2019). We used the three plant species to remediate tailings soil. The seeds of the three plant species were purchased from Century Tianyuan (Luoyang) Ecological Technology Co., Ltd. (Henan Province, China). Seeds were soaked in sterile water for 12 h at room temperature, then loaded into sterilized Petri dishes, and covered with wet gauze until germination. Seedlings that were strong and uniform in size were selected for the subsequent treatment.



2.2. Experimental design

The experiment was conducted in a greenhouse using potted plants placed in polyethylene plastic pots (upper diameter: 16 cm, lower diameter: 12 cm, height: 17 cm, volume: 2 L). Approximately 1 kg of quartz tailing soil was placed in each pot. Quartz tailings soil was treated with plant or plant combined with urban sludge, respectively. The treatments of plant species were divided into one, two and three plant species combination. Therefore, seven treatments were set in the plant treatment group, including Y treatment (KY), H treatment (KH), Z treatment (KZ), Y & H treatment (KYH), Y & Z treatment (KYZ), H & Z treatment (KHZ), and Y & H & Z treatment (KYHZ), respectively, (Figure 1A). Seven plant species combined with urban sludge treatments were set in Figure 1B. Two hundred gram of urban sludge were drizzled in the quartz tailing soil in each pot. Seven treatments in plant combined with urban sludge group were Y treatment (WY), H treatment (WH), Z treatment (WZ), Y & H treatment (WYH), Y & Z treatment (WYZ), H & Z treatment (WHZ), and Y & H & Z treatment (WYHZ), respectively. Six uniform seedlings were planted per pot. Three or two seedlings of each plant species in two plants and three plants mixed treatments were planted per pot, respectively. Each treatment was replicated five times. Watering was in demand during 100 days of treatment.
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FIGURE 1
Experimental design diagram of quartz tailings soil remediation by plant and plant combined with urban sludge. Panel (A) represents plant treatments. Panel (B) represents plant combined with urban sludge treatments. Y, H, and Z represent Vicia sepium L., Lolium perenne L., and Medicago sativa L., respectively.




2.3. Quartz tailings soil properties and plant biomass analysis

Soil of 14 treatments were collected and sieved through a 2 mm sieve after the experiment, and then divided into two parts for soil properties determination and DNA extraction. The content of total nitrogen (TN), available phosphorus (AP) and nitrogen (AN), iron trioxide (Fe2O3), pH, and silicon dioxide (SiO2) were measured according to the method of previous studies (Sun et al., 2015; Qi et al., 2017; Yu et al., 2017; Zhao S. et al., 2019). Briefly, pH was determined by pH meter (S500-F, Mettler Toledo, Germany) at a ratio of 1:2.5 (weight/volume) for soil versus distilled water. The content of TN was determined by the Kjeldahl digestion method. AP was extracted using 0.5 M NaHCO3 and determined by molybdenum blue method. Alkaline hydrolysis diffusion was used to determine the soil AN. The content of Fe2O3 in soil was determined by atomic absorption spectroscopy. The content of SiO2 was determined by UV-visible spectrophotometry. Furthermore, plants of each pot were harvested, and measured the aboveground and belowground biomass of each plant.



2.4. DNA extraction and sequencing

DNA of soil samples were extracted using the E. Z.N.A™ Mag-Bind Soil DNA Kit (Omega, United States). DNA quality was checked using 1% agarose gel electrophoresis and stored at −80°C for PCR amplification. The fungal ITS1 region was amplified using the primer ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) on ABI GeneAmp 9,700 PCR thermocycler (ABI, CA, United States). The PCR products were recovered by cutting the gel using the AxyPrep DNA Gel Recovery Kit (Axygen Biosciences, United States), and then detection and quantification were performed with the QuantiFluor™-ST blue fluorescence quantitative system (Promega, United States). Paired-end sequencing were performed by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) on the Illumina MiSeq PE300 platform (Illumina, San Diego, CA, United States). All raw reads were deposited into NCBI Sequence Read Archive (SRA) database (Accession number: PRJNA923135). The raw sequences that contained ambiguous nucleotides, short length, and low quality were discarded (Sun et al., 2021). The high-quality sequences were analyzed by the QIIME (Caporaso et al., 2010). Operational taxonomic units (OTUs) at 97% similarity were identified using the UPARSE (Edgar, 2013). All sample sequences were flattened according to the minimum sequence number. 21,160 OTUs were acquired, and flattened at the OTUs level. OTUs scale generated after flattened were used for subsequent analysis.



2.5. Bioinformatics and statistical analysis

Alpha diversity indicators including Chao, and Shannon index were calculated using the vegan package in R at the OTUs level. The difference among treatments were analyzed using Student’s t-test significant difference (Kembel et al., 2010). Fungal community composition at the phylum and genus level were generated using the “ggplot2” package (Villanueva and Chen, 2019). The difference of fungal community composition were evaluated using principal coordinate analysis (PCoA) based on the Bray-Curtis distance (Edgar, 2013). The relationship between fungal community and soil properties were analyzed based on Redundancy analysis (RDA). The relationship between soil properties and fungal diversity were performed using Pearson’s correlation analyses (the top 20 at the genus level) (Capblancq and Forester, 2021; Cheng et al., 2021). Significant difference of the relative abundance of fungal community among different treatments were analyzed using the linear discriminant analysis effect size (LEfSe) (Chang et al., 2022). The LDA threshold was chosen four and used All-against-all to evaluate the statistical differences. The variation of fungal community composition was analyzed by multiple group comparisons based on Welch’s t-test. The difference between plant biomass and soil properties were analyzed using the least significant difference (LSD) (Urbanová et al., 2015).



2.6. Network construction

The fungal network of plant treatments (PT) and plant combined with urban sludge treatments (PUT) were constructed on integrated network analysis based on random matrix theory (RMT) on iNAP platform (Feng K. et al., 2022). The OTUs level with abundance of >0.01 were filled based on Spearman’s rank correlation. Before the analysis, only OTUs detected in >20% of all samples were used for network construction. The largest and smallest cutoff value for RMT scanning was 1.0 and 0.01 separably. The module orders for each species were obtained by the fast-greedy method based on Spearman’s correlation. The nodes of fungi were assigned to the peripheral, connector, module hub, or network hub, according to their patterns of within- and among-module connections (Zi and Pi). The calculation was permuted by 100 times at each step of node removal at the proportion. Network properties, including node and edge number, connectedness, modularity, average path distance, and proportions of positive and negative edges were calculated and selected for comparison of networks. Module-Eigen Gene analysis was used to analyze the relationship between modules and environmental factors. The globe network of PT and PUT were visualized by Gephi 0.9.2 with the “Fruchterman Reingold” layout algorithm (Bastian et al., 2019).




3. Results


3.1. Soil properties and plant biomass

Soil properties were analyzed and compared in 14 treatments soil (Table 1). The content of AN and AP in plant treatments had no significant difference compared with untreated quartz tailings soil. Notably, AN and AP of WH, WZ, WHZ, WYHZ, and AN of WY were significantly higher than in untreated quartz tailings soil (r = 0.46, P < 0.05). The content of AN and AP were increased with the addition of urban sludge. pH value of quartz tailings soil was increased after all treatments. In addition, the content of Fe2O3 in KH, KZ, KYH, KYZ, KHZ, KYHZ, WH, WZ, and WYHZ was significantly higher than that in untreated soil (P < 0.05), while the content of SiO2 had no significant difference between treated and untreated tailings soil. The biomass of three plant species in plant combined with urban sludge treatments were higher than that in plant treatments (Supplementary Table 1) (P < 0.05). The highest biomass of Y, H and Z were in WYH, WYHZ, and WYZ, respectively. The total biomass of plant combined with urban sludge treatments was higher than in plant treatments (P < 0.05).


TABLE 1    Effect of plant and plant combined with urban sludge treatments on quartz tailings soil properties.
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3.2. Effects of different treatments on fungal diversity and community composition

The soil fungal alpha diversity was analyzed based on Chao and Shannon index (Figures 2A, B). The fungal alpha diversity in KY was the lowest compared with KH and KZ (P < 0.05). Interestingly, the fungal alpha diversity significantly increased under Y combined with other plant species in plant treatments. However, the addition of urban sludge significantly decreased the fungal alpha diversity in the plant species combination treatments (P < 0.05). Notably, fungal alpha diversity in WYHZ and WYZ were higher than other treatments, respectively. Soil fungal community composition of KY, KH, KZ, and KYHZ were separated from each other while that of KYH, KYZ, KHZ, and KYHZ cannot be separated with each other at the genus level (Figure 2C). The fungal community composition in WYH was different with other plant combined with urban sludge treatments (Figure 2D). Moreover, the plant treatments were separated from plant combined with urban sludge treatments.
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FIGURE 2
Chao index (A) and Shannon index (B) based on fungal OTUs level were analyzed in different treatments. Statistical differences between pairwise groups were determined using Student’s t-test. Panels (A–D) indicate significant differences (P < 0.05). Beta diversity of fungal community in plant treatments (C) and plant combined with urban sludge treatments (D) at the genus level was analyzed by principal coordinate (PCoA) with Adonis statistics based on Bray–Curtis distance.


The fungal community composition at the phylum and genus level were analyzed, Ascomycota, Basidiomycota, and Mortierellomycota were dominant phyla (Figure 3A). The addition of urban sludge decreased the abundance of Ascomycota and Mortierellomycota except for WYH, while increased the abundance of Basidiomycota. Additionally, the fungal community composition at the genus level among all treatments were significant difference (Figure 3B and Supplementary Figure 1). Talaromyces, Penicillium, Clonostachys, Cladosporium, Mortierella, Chaetomium, Fusarium, Neocosmospora, Hyphodontia, and Acremonium were dominant genera in plant treatments (Supplementary Figure 2A). However, the dominant genera in plant combined with urban sludge treatments were different with the plant treatments (Supplementary Figure 2B). The biomarkers in KYHZ and KZ were different with other plant treatments based on LEfSe analysis (LDA >4) (Figures 4A, B). Mortierella, Fusicolla and Stachybotrys in KZ were dominant. Cladosporium, Fusarium, Gibberella, Cladophialophora, and Alternaria in WYH were dominant genera. Notably, the abundance of Cutaneotrichosporon and Apiotrichum were significantly higher in WYHZ than in other treatments.
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FIGURE 3
The abundance of taxa were displayed on the stacked column, and taxa with relative abundances less than 1% were combined into others. (A) At phylum level. (B) At the genus level.
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FIGURE 4
LEfSe analysis of the fungal abundance in different treatments. (A) The cladogram of fungal communities. (B) LDA score identified the size of differentiation of treatments with a threshold value of four. Relationship between soil fungal community composition and physicochemical properties revealed based on RDA analysis (C). Arrows indicate the relationship between environmental factors and fungal profile. Spearman correlation heatmap of the top 20 genera and environmental factors (D). *, ** and *** indicate P < 0.05, P < 0.01, P < 0.001, respectively.




3.3. Effects of soil properties on fungal community composition

We analyzed the relationship between fungal community composition and soil properties using RDA analysis (Figure 4C). The results demonstrated that AP, AN, pH, and Fe2O3 significantly associated with the soil fungal community composition (P < 0.01) (Figure 4D). AP significantly affected on Cutaneotrichosporon, Apiotrichum, Gibberella, Trichoderma, Fusarium, Acremonium, Cladosporium, Hyphodontia, Mortierella, Talaromyces and Clonostachys, and had negative correlation with the latter four genera. AN had significant positive correlation with Cutaneotrichosporon, Apiotrichum, Gibberella, and Fusarium, but negative correlation with Clonostachys. pH had significant positive correlation with Hyphodontia and Mortierella, and negative correlation with Cutaneotrichosporon, Apiotrichum, Gibberella, Fusarium, and Cladosporium. Moreover, Fe2O3 had a positive correlation with Cutaneotrichosporon, Apiotrichum, Gibberella, Trichoderma, Fusarium, Cladosporium, and Cladophialophoron.



3.4. Fungal network analysis

The results of the fungal network analysis showed that 3,574 and 277 edges were analyzed in the PT and PUT network, respectively (Table 2 and Figure 5A). PT network had higher total nodes, total links, connectedness, lower average path distance and modularity than PUT network. PT network was more complicated than PUT network. Furthermore, Strelitziana was network hub species, and Didymella, Trichophaeopsis were module hub species in PT network (Figure 5, Supplementary Figure 5, and Supplementary Table 2). Fusarium was network hub species, Alternaria, Fusarium, Cerrena were module hub species in PUT network. MEblue and MEbrown in PT network were negatively correlated with AP and AN, and positively correlated with pH (Supplementary Figure 3A). MEblue, MEbrown, MEsalmon, and MEgreen in PUT network were positively while MEyellow negatively correlated with AP andTN (Supplementary Figure 3B). MEblue was significantly correlated with MEbrown and MEyellow in PT network (Supplementary Figure 3C). MEbrown was significantly correlated with MEpurple, MEyellow, MEblack, and MEblue in PUT network. MEblue, MEpink, and MEmagenta in PUT network were positively while MEbalck and MEbrown negatively correlated with pH (Supplementary Figure 3D). MEblack and MEpurple in PUT network were positively correlated with AP, while MEpink was negatively correlated with AP (P < 0.05) (Supplementary Figure 3D). Key species in all modules were shown based on Module-EigenGene Analysis (Supplementary Figure 4).


TABLE 2    Topological characteristics of the basic parameters in PT and PUT fungal network.
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FIGURE 5
Visualization of fungal network of PT (A) and PUT (B). The peripherals, connectors, module hubs, and network hubs are shown of PT (C) and PUT (D) fungal network. The colorful nodes represent the fungal OTUs. The blue edges indicate positive interaction between two individual nodes, while the green edges indicate negative interaction.





4. Discussion


4.1. Effects of plant treatments on fungal diversity and community composition

In our study, soil fungal diversity in plant treatments significantly increased with plant species richness. The result supported our first hypothesis and consistent with previous research (Gil-Martínez et al., 2021). The higher richness of the plant species may increase resource quantity of soil, and then increase fungal available niches (Waldrop et al., 2006; Cline et al., 2018). Moreover, soil fungal community composition in plant treatments was strongly driven by plant species (Figure 2). Plant can recruit their own fungal community as decomposer, mutualists, and inhibiting pathogens (Schlechter et al., 2019; Vives-Peris et al., 2020; Santoyo, 2021). Ascomycota that was the dominant phyla in all treatments can degrade cellulose and more complex carbohydrates and adapt to nutrient-poor and dry habitats (Lin et al., 2019; Shen et al., 2022). For example, Preussia and Archaeorhizomyces which were dominated in our samples. Preussia can produced glucosidases, phosphatases, cellulases, and IAA to promote plant development under stressful environmental conditions (Kandar et al., 2018, Toppo et al., 2022). Archaeorhizomyces can enhance plant bioactive components, improve stress resistance, and alleviate the occurrence of diseases (Zhang et al., 2020). Furthermore, Mortierella, Fusicolla, and Stachybotrys play an essential role in reducing the effects of environmental stresses on plant growth, preventing disease and even promoting bioremediation (Zhang et al., 2016; Li et al., 2021). Cutaneotrichosporon and Apiotrichum belonging to Basidiomycota were potential antagonist of soil-borne plant pathogens and plant growth promoter (Ortega et al., 2020; Buratti et al., 2022). Furthermore, Apiotrichum may degrade heavy metal pollution, and promote plant growth (Yalçın et al., 2018; Kumla et al., 2020; Xie et al., 2021). The results indicated that plant indirectly or directly promoted the fungal diversity and adopt the stressful environment of tailing soil through recruiting potential beneficial fungal community (Wilkinson et al., 2019; Mattoo and Non-zom, 2021).



4.2. Variation and drivers of fungal community under plant combined with urban sludge treatments

In this study, soil properties, such as AN, AP, pH, TN, and Fe2O3 significantly affect soil fungal community composition. Furthermore, the addition of urban sludge significantly increased the content of AN and AP while decreased the fungal diversity compared with plant treatments (Figure 2). The results suggested that AN and AP are the essential drivers in explaining the changes of fungal diversity, especially for acidic soil. Soil AN and TN mainly came from urban sludge and N-fixation of Legumes in 14 treatments. Our results showed that Cutaneotrichosporon and Apiotrichum were significantly associated with AN and TN. AN enrichment decreased soil fungal diversity due to toxic of more protons or weaken the linkage between soil carbon and fungal diversity (Yang et al., 2022c). Moreover, AN enrichment might aggravate the water limitation by promoting plant growth that were proved by the increase of plant biomass according our results. The water limitation may decrease some fungal survive (Angel et al., 2010). Moreover, AP positively and significantly associated with Cutaneotrichosporon, Apiotrichum, Trichodema, and Gibberella that were dominated in treatments. The results suggested that AP is important driver for fungal community composition (Bulgarelli et al., 2022).

Soil pH directly or indirectly effects fungal community composition in many ecosystems (Shen et al., 2020; Queiroz et al., 2021). Tailings soil with low pH is toxic for plant or soil microbial community. Our data showed that pH was increased after plant or plant combined with urban sludge treatments. The results suggested that pH was the crucial predictor for fungal community composition. After all, less fungal community can survive in lower pH soil. Thus, plant or organic matters in urban sludge mitigated soil acidification, and led to change of fungal community. Moreover, pH and Fe2O3 negatively and significantly associated with Fusarium indicated that can inhibit pathogen. Notably, the content of Fe2O3 increased after plant or plant combined with urban sludge treatments and then enhance plant biomass (Feng Y. et al., 2022). This may be related to that the increase of pH is conducive to the dissociation of iron oxides (Penn and Camberato, 2019). Notably, some fungi, such as Talaromyces, Penicillium, and Cladosporium can produce siderophores and then increase the content of Fe2O3 (Crowley, 2006; Pourhassan et al., 2014; Sahu and Prakash, 2021). Together, our findings on the changes of fungal community and soil properties after treatments supported that plant or plant combined with urban sludge effectively improve environment of tailings soil.



4.3. Fungal network under plant and plant combined with urban sludge treatments

In this study, the PT network had more node, edge numbers and complexity than the PUT network (Figure 5 and Table 2). More network connectors make the links stronger and make the network more stable. Strelitziana was network hub species, and Didymella, Trichophaeopsis were module hub species in PT network. The hub species were saprotrophs and mycorrhizal fungi that enhance plant nutrient uptake and development. AN was important driver of modular structure in PT fungal network. This suggests that fungal community tends to cooperate with each other to resist stress. Fungi-fungi feedback under low soil nutrition increases the stability and complexity of networks (Yang et al., 2022a). Furthermore, the addition of urban sludge increased modularity of network. In general, high modularity in the network was more beneficial to increase asynchronism, thus reducing the influence of species loss on the overall network (Yang et al., 2022b). Moreover, the addition of urban sludge changed the soil properties, and AP, TN, pH, AN, and Fe2O3 significantly drive modular structure in PUT fungal network. Notably, Fusarium that are usually recognized as plant pathogens was hub species in PUT network. Fusarium has strong competitive ability by mycotoxin production (Karlsson et al., 2021). This suggests that pathogens may suppress other fungal groups and led to the decrease of stability and complexity of fungal network in PUT network.




5. Conclusion

In this study, we analyzed the fungal diversity and community composition under plant and plant combined with urban sludge treatments to remediate quartz tailings soil. The results suggest that plant diversity determine soil fungal diversity. Plant or plant combined with urban sludge significantly moderate acidification condition and increase nutrients of tailings soil. Plant can recruit beneficial fungi to improve their development and assist resist stress. Effectively remediate tailings soil due to the improvement of biological-chemical-physical properties. Fungal network is more stable and complex in plant treatments while fungal network is more fragile with the addition of urban sludge. AN and AP enrichment in urban sludge may be important drivers for fungal network. Future work should address the functional characters of fungal community when tailings soil is remediated by plant or urban sludge. Isolation and application of fungal functional groups are vital for remediation of tailings soil.
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Introduction: Tea is one of the most widely consumed beverages around the world. Larvae of the moth, Ectropis obliqua Prout (Geometridae, Lepidoptera), are one of the most destructive insect pests of tea in China. E. obliqua is a polyphagus insect that is of increasing concern due to the development of populations resistant to certain chemical insecticides. Microbial biological control agents offer an environmentally friendly and effective means for insect control that can be compatible with “green” and organic farming practices.

Methods: To identify novel E. obliqua biological control agents, soil and inset cadaver samples were collected from tea growing regions in the Fujian province, China. Isolates were analyzed morphologically and via molecular characterization to identity them at the species level. Laboratory and greenhouse insect bioassays were used to determine the effectiveness of the isolates for E. obliqua control.

Results: Eleven isolates corresponding to ten different species of Metarhizium were identified according to morphological and molecular analyses from soil and/or insect cadavers found on tea plants and/or in the surrounding soil sampled from eight different regions within the Fujian province, China. Four species of Metarhizium including M. clavatum, M. indigoticum, M. pemphigi, and M. phasmatodeae were documented for the first time in China, and the other species were identified as M. anisopliae, M. brunneum, M. lepidiotae, M. majus, M. pinghaense, and M. robertsii. Insect bioassays of the eleven isolates of Metarhizium revealed significant variation in the efficacy of each isolate to infect and kill E. obliqua. Metarhizium pingshaense (MaFZ-13) showed the highest virulence reaching a host target mortality rate of 93% in laboratory bioassays. The median lethal concentration (LC50) and median lethal time (LT50) values of M. pingshaense MaFZ-13 were 9.6 × 104 conidia/mL and 4.8 days, respectively. Greenhouse experiments and a time-dose-mortality (TDM) models were used to further evaluate and confirm the fungal pathogenic potential of M. pingshaense MaFZ-13 against E. obliqua larvae.

Discussion: Isolation of indigenous microbial biological control agents targeting specific pests is an effective approach for collecting resources that can be exploited for pest control with lowered obstacles to approval and commercialization. Our data show the presence of four different previously unreported Metarhizium species in China. Bioassays of the eleven different Metarhizium strains isolated revealed that each could infect and kill E. obliqua to different degrees with the newly isolated M. pingshaense MaFZ-13 strain representing a particularly highly virulent isolate potentially applicable for the control of E. obliqua larvae.

KEYWORDS
Ascomycota, entomopathogenic fungus, Metarhizium, Ectropis obliqua, biocontrol potential, mycoinsecticide


1. Introduction

Ectropis obliqua Prout is a Lepidopteran moth species that is one of the most common insect pests found on the leaves of tea trees in China (Zeng et al., 2018). Infestations can reduce crop quality and yields, especially along the middle and lower reaches of the Yangtze River (Yan et al., 2020). Ectropis obliqua is a polyphagous insect with a variety of different hosts. In addition to tea, it can also cause damage to soybean [Glycine max (Linn.) Merr.], sesame (Sesamum indicum L.), and even cultivated flowers (e.g., Chrysanthemum morifolium Ramat. and the common sunflower Helianthus annuus L.) (Yang et al., 2011; Li et al., 2019).

With respect to the often hilly tea gardens, cultivation of a single tea variety coupled with optimal humidity and light (sun) cycles often leads to high infestation levels and significant damage to leaves that are still tender, moist and closed, and hence a perfect habitat for the insect, and one that makes control more difficult. The first generation of E. obliqua usually takes place in early April, followed by population recurrences every 6–8 weeks (Zhang et al., 2022).

Chemical, biological, and physical control methods have all been applied for suppressing E. obliqua populations (Idris et al., 2020). However, overuse of chemical pesticides has led to the emergence of resistance, resurgence, and residue (3R) issues (Zeng et al., 2018). This, coupled with increasing demand for organic tea, has resulted in a pressing need for the identification and development of efficient, low residue, low (non-target) toxicity control approaches for E. obliqua that optimally should be compatible with “green” or organic farming practices (Soh and Veera Singham, 2021). One such approach is the identification of biological control agents that has the advantages of being (i) more environmentally friendly, (ii) less harmful to humans and other animals including beneficial insects (e.g., bees and spiders), and (iii) possess decreased chances for the development of resistance (to the control method), as compared to chemical insecticides. Hence, the application of biological control is increasing for many different crop systems, especially as part of integrated pest management (IPM) practices. Nuclear polyhedrosis virus (EoNPV) and Bacillus thuringiensis (Bt) are currently the two most widely used biological control agents targeting E. obliqua (Ma et al., 2007; Idris et al., 2020). In addition, some plant-based insect toxins have been used to control E. obliqua, including a tea saponin that has been shown to be able to kill E. obliqua larvae without causing harm to non-target organisms such as Ebrechtella tricuspidata Fahricius and Evarcha albaria L. Koch (Zeng et al., 2018; Zhao et al., 2020). However, many of these approaches are costly, and application can be difficult and time-consuming. Entomopathogenic fungi represent an alternative method for targeting insects that can be cost-effective, capable of controlling target populations in diverse habitats, are naturally occurring, and have shown little, if any, development of resistance to the fungus by insect targets as a result of application (Glare et al., 2012; Ortiz-Urquiza et al., 2015; Gao et al., 2017).

Entomopathogenic fungi invade healthy insects via penetration of the exoskeleton, proliferation within the host body, tissue dissolution, and ultimately host death (Ortiz-Urquiza and Keyhani, 2013; Han et al., 2020; Mahato and Paikaray, 2021). There are over 100 genera and more than 1,000 species of entomopathogenic fungi described thus far (Mongkolsamrit et al., 2020; Chen et al., 2021). Metarhizium is one of the most important groups and includes more than 80 species (e.g., Metarhizium anisopliae (Metschn.) Sorokin, Metarhizium acridum (Driver and Milner) J.F. Bisch., S.A. Rehner and Humber, Metarhizium robertsii J.F. Bisch., S.A. Rehner and Humber, Metarhizium clavatum Luangsa-ard, Mongkols., Lamlertthon, Thanakitp. and Samson, Metarhizium indigoticum (Kobayasi and Shimizu) Kepler, S.A. Rehner and Humber, and Metarhizium pemphigi (Driver and Milner) Kepler, Humber and S.A. Rehner). Some of these are species that are cosmopolitan and have a broad host range as well as those that have narrower host ranges. For example, M. anisopliae can infect > 200 different species of insects throughout the world, while M. acridum is mainly a pathogen of members of the Acrididae. The former is used in a wide variety of crop applications, whereas the latter has been commercialized mainly for the control of locusts (Mongkolsamrit et al., 2020; St Leger and Wang, 2020; Kamga et al., 2022).

Known entomopathogenic fungi that can target E. obliqua include Paecilomyces spp., Fusarium spp., and Erynia spp. as well as Beauveria bassiana (Balsamo) Vuillemin and Metarhizium anisopliae (Idris et al., 2020; Wang et al., 2020; Zhang et al., 2020). However, aside from M. anisopliae, other species of Metarhizium infecting E. obliqua have yet to be reported. Here, we report on the field isolation and screening of entomopathogenic fungi, identifying 11 Metarhizium isolates belonging to 10 different species. Our data provide records for species resources, identify new taxa in China, and examine the biological control potential of all of the isolates against E. obliqua larvae as compared with the reference M. anisopliae (CQMa421) strain currently commercialized for a range of target insects. These data identify one isolate, M. pingshaense MaFZ-13, as particularly effective in laboratory bioassays toward E. obliqua, and extend these results to greenhouse experiments that confirm the effectiveness of the fungal strain for E. obliqua control.



2. Materials and methods


2.1. Fungal acquisition

Eleven fungal isolates were gathered from moribund insect cadavers or obtained from soil samples in Fujian Province (23°33′-28°19′N, 116°15′-120°43′E), China. Collection sites encompassed a range of tea-growing areas including the Wuyi Mountain Nature Reserve of Wuyi city, Wanmulin Nature Reserve of Jian'ou city, Taimu Mountain Nature Reserve of Ningde city, Huangchu Forest Nature Reserve, Gushan Mountain and Fuzhou National Forest Park of Fuzhou city, Niumulin Nature Reserve of Quanzhou city, and Hubo Liao Nature Reserve of Zhangzhou city (Supplementary Figure S1).



2.2. Fungal isolation

Field-collected insect cadavers, typically fully covered with fungal mycelia, and soil samples were collected from the different natural reserves. Collected insects were cut or clipped with a knife or tweezers on a sterile worktable (Airtech SW-CJ-2FD). Samples were soaked in 75% alcohol for 30–60 s, rinsed in sterile water for 10–15 s, then placed on a clean glass slide, and slightly smashed with a clean blade or the back of the blade handle until the base was crushed, after which 200 μL of sterile distilled dH2O was added, mixed with the crushed materials, and then placed onto potato dextrose agar (PDA, Difco TM) Petri dishes (Bioshap) and cultured at 25 ± 1°C and 60% relative humidity (RH) for 10–14 days in an incubator (Binder BD240). Soil samples were serially diluted using sterile ddH2O and spread onto PDA plates. Colonies were assessed after 3–5 d growth, and single colonies were gently picked and streaked onto fresh culture media for several rounds until the resultant single colonies were homogeneous in appearance (Kumar et al., 2018; Wei et al., 2019).



2.3. Identification of fungi
 
2.3.1. Morphological identification

Single colony purified strains were inoculated in the center of PDA plates and allowed to grow. Asexual characteristics, including the production and morphology of phialides, mycelia, and conidia, were examined by inoculating spores on glass slides containing a thin layer of PDA (5–10 mm in diameter) and overlaid with a cover slip (Kepler et al., 2014; Mongkolsamrit et al., 2020). Slides were placed in Petri dishes with a small amount of water to maintain humidity and kept at room temperature to visualize the development of phialides and conidia. Where indicated, 1–2 drops of cotton blue were added to the slide, and sample blocks were encapsulated with colorless transparent nail polish for further observation. Micromorphological images of the fungal cells (e.g., size and shape) were collected using a Nikon Eclipse 80i microscope (Nikon) attached to a digital camera. Twenty to thirty individual length and width measurements were taken for each sample, with absolute minima and maxima. Mycelia were inoculated on PDA plates and incubated at 25°C with colonies photographed and growth diameters measured as indicated (Kepler et al., 2014; Mongkolsamrit et al., 2020).



2.3.2. Gene amplification and molecular phylogenetic analysis

The Omega Bio-Tek fungal kit was used to extract fungal total DNA, and primers were used to amplify (1) transcription elongation factor (TEF) and (2) the RNA polymerase II largest subunit 1 (RPB1) gene fragments of the fungal strains based on previous reports (Kepler et al., 2014; Senthil Kumar et al., 2021). Primers 983F (5′-GCYCCYGGHCAYCGTGAY TTYAT-3′) and 2218R (5′-ATGACACCRACRGCRACRGTYTG-3′) were used for the TEF gene, and primers RPB1 (cRPB1Af 5′-CAYCCWGGYTTYATCAAGAA-3′ and RPB1Cr 5′-CCNGCDATNTCRTTRTCCATRTA-3′) were used for RBP1 amplification (Senthil Kumar et al., 2021). In brief, polymerase chain reaction (PCR) experiments were performed as follows: (1) for TEF amplification: 95°C for 10 min, followed by 40 cycles at 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final extension step at 72°C for 10 min; (2) for RPB1 amplification: 95°C for 5 min, followed by 40 cycles at 95°C for 1 min, 50°C for 2 min, 72°C for 2 min, and a final extension step at 72°C for 10 min. The resultant PCR products were sequenced at Boshan Company, China. The generated sequences were submitted to NCBI GenBank and used for multi-gene phylogenetic analysis. The sequences were employed as the query to perform a BLAST search (http://blast.ncbi.nlm.nih.gov/), and the sequence similarity studies were performed using ClustalX. Phylogenetic trees were constructed with the method of Bayesian inference (BI) using MrBayes software (Portela et al., 2021).




2.4. Insect breeding

A laboratory colony of E. obliqua was established using late instar larvae gathered from an infested tea plantation in Fuzhou National Forest Park, Fuzhou, China. Insects were fed on the fresh tender tea leaves and maintained in plastic rearing cages (30 × 30 × 30 cm) and kept at 25 ± 2°C, 70–80% relative humidity (RH) with 10:14 h (day: night) photoperiod until pupation. Pupae were gently picked from leaves and transferred into a spawning container (15 × 15 × 20 cm) and raised with 10% honey water until eclosed adults were seen. After adult emergence and mating, the adults were allowed to lay eggs on fresh young tea leaves grown inside the cages. Larvae were reared on the new tender leaves after hatching and collected for use in bioassays at the second instar stage (Lu et al., 2020).


2.5. Virulence bioassays
 
2.5.1. Conidial preparation

All fungal strains were inoculated on PDA medium and incubated in an incubator at 25 ± 1°C and 60% RH for 14 days. Spores produced on PDA Petri dishes were harvested into sterile distilled water containing 0.05% Tween 80 (Sigma-Aldrich), and the conidial solution was mixed until uniform. The spore suspension was then filtered through 4–8 layers of lens paper and spore concentrations were determined using a hemocytometer. Spore concentrations were then adjusted as indicated. For the determination of the fungal median lethal concentration to kill 50% of insect hosts, (LC50), five concentrations of fungal spores: 1 × 104, 1 × 105, 1 × 106, 1 × 107, and 1 × 108 conidia/mL, were used. For calculation of the median lethal time to kill 50% of the insect hosts, (LT50), a suspension of 1 × 108 conidia/mL was used.



2.5.2. Insect bioassays

Ectropis obliqua 2nd instar larvae were placed on fresh tea leaves, and spore suspension adjusted to different concentrations as above was evenly sprayed onto the surface of the test insect, which was then stored and maintained in a sterilized feeding cage (AIPUINS) after allowing the insects to air dry after treatment. Each treatment consisted of 20 larvae × three technical replicates for each group. Sterile distilled water containing 0.05% Tween 80 only was served as a control. The feeding cages were continuously cultured in a greenhouse at 25 ± 2°C, relative humidity (70–80%), and 10:14h (day: night) for lab assay. The number of dead larvae (surface melanization of insect cadaver, followed by sporulation) was counted daily after 24 h of post-inoculation, and the test was terminated 13 days after treatment. The dead larvae were picked out and placed in a clean plastic petri dish without media to observe fungal sporulation. The mortality rate of the control group was <10% (Im et al., 2022). The entire experiment was repeated three times with different batches of insects and spores.



2.5.3. Greenhouse experiments

Three greenhouse trials with M. pingshaense were conducted from March to November 2022, respectively, in E. obliqua-infested tea seedlings planted in the greenhouse (temperature 25 ± 2°C, 70–80% RH, 10:14 h day: night). The 2nd instar larval numbers of E. obliqua per seedling were counted with a counter before fungal spray (Beloti et al., 2015). The fungal spore suspensions (1 × 104, 1 × 105, 1 × 106, 1 × 107, and 1 × 108 conidia/mL) were prepared in sterile distilled water containing 0.05% Tween 80 (Sigma-Aldrich). The spore suspensions of 500 mL at the above different concentrations were used to thoroughly spray each tea tree (n = 20) that was naturally infested with larvae of E. obliqua with the aid of 2-liter pump action handheld sprayer (Senthil Kumar et al., 2021). Twenty tea seedlings sprayed with sterilized water containing 0.05% Tween 80 acted as a control (Beloti et al., 2015). Mortality data were counted daily according to the treated and control plants and terminated after 10 days of treatment (Senthil Kumar et al., 2021). The greenhouse trials were repeated three times, and greenhouse bioassays were performed in triplicate at different time intervals. The mortality rates were calculated using the recorded data from each treatment as mentioned above.




2.6. Statistical analysis

Data were transformed by arc sine [(x + 0.5)/100] ½ before analysis (Senthil Kumar et al., 2021). Data on conidial concentration, time, and their interactive effects on insect mortality rate were analyzed using GLM. Mortality data of Ectropis oblique were corrected using Abbott's formula. Median lethal concentration (LC50) and median lethal time (LT50) values were calculated by DPS software based on the binomial GLM function. Biocontrol efficacy data were estimated with the aid of the Student's t-test and TDM model (Tang and Zhang, 2013; Lian et al., 2021).





3. Results


3.1. Species identification of Metarhizium spp.
 
3.1.1. Morphological identification

A total of 11 Metarhizium isolates, collected from fungal-infected cadavers of insects found on tea [Camellia sinensis (Linnaeus) Kuntze] leaves and from soil samples from various tea-growing regions in the Fujian Province of China, were single colony purified, and their morphology and the molecular sequences for the TEF and RBP1 genes were determined as detailed in the Methods section (Kepler et al., 2014; Mongkolsamrit et al., 2020). A summary of the host/origin, GenBank accession numbers for the cloned TEF and RBP1 regions, and species assignments for the 11 Metarhizium isolates are given in Supplementary Table S1. Isolates were plated onto PDA, and sporulation for all isolates was observed beginning ~4–6 days after initial inoculation. Morphological characteristics (Supplementary Table S2) were recorded as follows:


3.1.1.1. Metarhizium anisopliae

Fungal colonies grown on PDA at 25°C for 14 days, which had a diameter of 50 mm, initially seemed white and gradually turned greenish olive, with the reverse side dark yellow to white. Sporulation for all isolates was observed beginning ~4–6 days after initial inoculation. Conidiophores were born in aerial mycelia and were smooth, terete to clave-like, apically branched, 2–3 phialides on per branch, (5–) 7.0–9.0 (−10.5) × 2–2.5 (−3) μm (Kepler et al., 2014). Conidia were cylindrical or clavate, smooth-walled, adhering in globose to cylindrical head at the apex of phialides, (5–) 6.0–8.0 (−9) × 2–2.5 (−3) μm (Figures 1A–C).
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FIGURE 1
 Morphological characteristics of the isolates of Metarhizium. (A, D, G, J, M) Colonies of M. anisopliae, M. pingshaense, M. robertsii, M. majus, and M. brunneum cultured on PDA at 25°C for 14 days; (B, E, H, K, N) spore production structures of each isolate stained with cotton blue, respectively; (C, F, I, L, O) conidial morphology of each isolate stained with cotton blue, respectively. Scale bars: (A, D, G, J, M) = 0.5 cm; (B, E, H, K, N) = 10 μm; (C, F, I, L, O) = 5 μm.




3.1.1.2. Metarhizium pingshaense

Colonies of the fungus cultured on PDA, which had a diameter of 48 mm at 25°C for 14 days, initially appeared white and gradually changed dark green to olive after 4–6 days of sporulation, with the reverse light yellow to white (Mongkolsamrit et al., 2020). Conidial production was concentrated at the center of the colony and formed a concentric circular pattern toward the end. Conidiophores were born in aerial mycelia and were smooth, terete, apically branched, 1–3 phialides on per bifurcation, (5–) 6.5–8.5 (−10) × 2–3 μm. Conidia were cylindrical or clavate in shape, formed in long chains, and appeared smooth-walled, (5–) 6.0–7.0 (−8.5) × 1.5–2 (−2.5) μm (Figures 1D–F).



3.1.1.3. Metarhizium robertsii

Fungal colonies formed on PDA, with a diameter of 31 mm at 25°C for 14 days, changed from flocky and white cream to green over time, with pale yellow on the reverse side after sporulation (Mongkolsamrit et al., 2020). Conidiophores emerged on aerial hyphae and were branched, with smooth walls. Phialides were cylindrical and slightly curved at the top, (5–) 6.5–8.5 (−11) × 1.5–2 μm. Conidia were clavate, smooth-walled, adhering in globose to cylindrical heads at the apex of phialides, (5.0–) 7.0–8.0 (−9.0) × 2–2.5 (−3) μm (Figures 1G–I).



3.1.1.4. Metarhizium majus

Fungal colonies incubated on PDA at 25°C for 14 days were ~29 mm in diameter and were initially white and hairy, progressively developing into dark green due to conidia production, with light yellow to white on the reverse (Mongkolsamrit et al., 2020). Conidiophores were apically branched, with 2–3 phialides. Phialides were cylindrical in shape with semi-mastoid tips, (6.0–) 7–9 (−10) × 2–3 μm. Conidia were cylindrical and smooth-walled, (5–) 6.5–8.0 (−10) × 2.5–3 μm (Figures 1J–L).



3.1.1.5. Metarhizium brunneum

Colonies on PDA at 25°C for 14 days were ~30 mm in diameter, originally appearing white and turning grayish-green upon sporulation, with white to pale yellow coloration on the reverse. Conidiophores were generated on aerial mycelium and were smooth, apically branched, and cylindrical, each with 2–3 phialides. Phialides walls were smooth, cylindrical to fusiform in shape, and slightly raised at the top, (4.5–) 5–6 (−7) × 1.5–2 μm. Conidia were smooth-walled, oval in shape, and formed in long chains, 3.5–4 (−5) × 2–2.5 (−3) μm (Mongkolsamrit et al., 2020; Figures 1M–O).



3.1.1.6. Metarhizium clavatum

Fungal colonies on PDA medium at 25°C for 14 days were ~17 mm in diameter and gradually changed from white to yellowish green upon sporulation, with the reverse side orange-yellow. Conidiophores were generated on branches and formed palisade layers. Phialides were cylindrical with a semi-mastoid tip, (4–) 6–8 (−9) × (1.5–) 2–3 μm (Mongkolsamrit et al., 2020). Conidia were cylindrical, smooth-walled, and formed in long chains, adhering in globose to cylindrical heads at the apex of phialides, (4–) 5–6 (−8) × 2.5–3 μm (Figures 2A–C).
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FIGURE 2
 Morphological characteristics of the isolates of Metarhizium. (A, D, G, J, M) Colonies of M. clavatum, M. indigoticum, M. phasmatodeae, M. pemphigi, and M. lepidiotae cultured on PDA at 25°C for 14 days; (B, E, H, K, N) spore production structures of each isolate stained with cotton blue, respectively; (C, F, I, L, O) conidial morphology of each isolate stained with cotton blue, respectively. Scale bars: (A, D, G, J, M) = 0.5 cm; (B, E, H, K, N) = 10 μm; (C, F, I, L, O) = 5 μm.




3.1.1.7. Metarhizium indigoticum

Fungus colonies on PDA at 25°C originally appeared white, villous, and aerial and gradually became dark brown and velvety, with radial cracks and nearly colorless reverse after 4–6 days of sporulation, with a colony diameter of ~30 mm after 14 days. Conidiophores are apically branched, each with 2–3 phialides (Kepler et al., 2014). Phialides were cylindrical or flask-shaped with a half mastoid tip, 6–8 (−9) × 2–2.5 (−3) μm. Conidia were oval, smooth-walled, and formed in long chains, 6.5–8 (−9.5) × 2–3 μm (Figures 2D–F).



3.1.1.8. Metarhizium phasmatodeae

Colonies cultivated on PDA medium initially appeared white, smooth, and cottony and progressively turned leaf green to olive upon sporulation with pale yellow reverse coloring, and a colony diameter of ~40 mm after 14 days. Conidiophores were produced on aerial mycelium and were smooth, cylindrical, and branched (Mongkolsamrit et al., 2020). Phialides were smooth-walled, cylindrical to clubbed in shape, and slightly opacified at the top, (5–) 7.0–9.0 (−10) × 2–3 μm. Conidia were cylindrical or clavate, smooth-walled, adhering in globose to cylindrical head at the apex of phialides, (5–) 6.5–8.0 (−9) × 2–2.5(−3) μm (Figures 2G–I).



3.1.1.9. Metarhizium pemphigi

Colonies on PDA originally appeared white and cottony and gradually turned light green and leaf green with pale yellow reverse side after producing spores, and a colony diameter of ~20 mm after 14 days (Kepler et al., 2014). Conidiophores formed on aerial mycelium and were smooth and cylindrical in shape, 5–6 (−7) × 1.5–2 μm. Conidia were cylindrical or clavate, smooth-walled, adhering in globose to cylindrical heads at the apex of phialides, 4–5 (−6) × 1.5–2 μm (Figures 2J–L).



3.1.1.10. Metarhizium lepidiotae

Colonies on PDA were initially white, flocculent, and cotton-like and gradually turned dark brown after sporulation with pale yellow coloring on the reverse, and a colony diameter of ~25 mm after 14 days. Conidial generation was denser in the middle of the colony and formed a concentric circular pattern toward the end. Conidiophores occurred on aerial hyphae and were smooth-walled, with apical branches, and 2–3 phialides per branch. Phialides were smooth-walled, clave-like with semi-mastoid tips, (6–) 6.5–9.5 (−10) × 2–3 μm. Conidia were smooth-walled, cylindrical, and grew in long parallel chains, 5–6 (−7) × 2–2.5 μm (Mongkolsamrit et al., 2020; Figures 2M–O).




3.1.2. Molecular phylogeny

The partial nucleotide sequences of the TEF and RBP1 conserved regions of the fungal isolates were amplified in the present study to validate their morphological identities and deposited at GenBank with accession numbers (Supplementary Table S1). BLAST analyses of generated sequences exhibited high sequence similarity with different species of Metarhizium. A phylogenetic tree of Metarhizium at the species level was constructed based on the Bayesian inference (BI) method using a combined data set of RPB1 and TEF, with a combined gene length of 1,102 bp. Metarhizium anisopliae MaYTTR-04-04, MaXJ-04-1 and MaFZ-13 of M. pinghaense, M. brunneum MaTGZ-01, M. robertsii MaQZ-02, M. clavatum MaNATR-02, M. indigoticum MaTK-01, M. majus MaXJ-06, M. lepidiotae MaQL-02, M. pemphigi MaFZ-11, and M. phasmatodeae MaJO-01 were grouped in their individual species clades, with the 11 test isolates clearly identified within the 10 established species (Figure 3). Notably, M. clavatum, M. indigoticum, M. pemphigi, and M. phasmatodeae were newly discovered and recorded in China for the first time. Overall, the 11 Metarhizium isolates were placed into 10 different species, with two exemplars of M. pingshaense.
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FIGURE 3
 Phylogenetic tree of Metarhizium constructed using Bayesian inference analyses of combined TEF and RPB1 sequence data.





3.2. Bioassay

Preliminary fungal screening using E. obliqua 2nd instar larvae and fungal spore concentrations of 5 × 109 conidia/mL led to 100% pest mortality 10 days post-inoculation for three randomly selected Metarhizium isolates tested. Infected insects initially showed melanization (1–2 d post-inoculation, Figure 4A), followed by a gradual covering of the body surface with white hyphae (2–4 d post-inoculation, Figure 4B), ultimately resulting in the whole body of the insect cloaked with thick layers of green conidia (3–5 days after insect death, Figure 4C).
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FIGURE 4
 Infected second instar larvae of E. obliqua showing (A) melanization (1–2 d post-inoculation), (B) proliferation of hyphae on the surface of the insect (2–4 d post-inoculation), and (C) massive sporulation on the insect corpses. Scale bars: (A–C) = 1 mm.


A second round of bioassays using E. obliqua 2nd instar larvae and fungal spore concentrations of 1 × 108 conidia/mL was carried out over the course of 13 days (Figure 5). Among these, infection using M. pingshaense MaFZ-13 resulted in the highest mortality toward E. obliqua larvae reaching 93%, followed by that of M. anisopliae MaYTTR-04-04 (83% mortality) and M. pingshaense strain MaXJ-04-1 (79% mortality). Metarhizium clavatum MaNATR-02 showed the lowest virulence to E. obliqua with approximately 40% mortality after 13 days post-inoculation, with several others showing similar levels of mortality ranging from 40 to 60% of the target insects killed within the bioassay time frame, and those of the other species of Metarhizium fell between the two. The calculation of LT50 values confirmed the highest virulence for M. pingshaense MaFZ-13, LT50 = 4.8 ± 0.1 d, and lowest for M. indigoticum MaTK-01, LT50 = 9.9 ± 0.3 d (Table 1). Additional bioassays were performed in order to calculate the mean lethal concentration to kill 50% (LC50) of the target insect 10 days post-inoculation using different conidial concentrations ranging from 1 × 104 to 1 × 108 conidia/mL (Figure 6; Table 2). The LC50 for M. pingshaense MaFZ-13 was calculated to be LC50 = 9.6 ± 0.4 × 104 conidia/mL, with LC50 values for other strains = 1.3 ± 0.2 × 108 conidia/mL (M. brunneum MaTGZ-01, lowest virulent strain), and ranging from 5.2 ± 0.2 × 105 to 4.8 ± 0.3 × 107 conidia/mL for the remaining strains. For comparative purposes, the commercially available M. anisopliae strain CQMa421 was used in bioassays against E. obliqua 2nd instar larvae, showing an LT50 = 5.2 ± 0.2 d and an LC50 = 8.5 ± 0.6 × 105 conidia/mL (Tables 1, 2). The highest mortality was seen for the isolate corresponding to M. pingshaense, suggesting that it may hold promise for E. obliqua control with greater efficiency than current strains.
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FIGURE 5
 Time course of insect bioassays using the isolates of Metarhizium (1 × 108 conidia/ml) and E. obliqua 2nd instar larvae as the host. Experiments were performed in triplicate. Error bars = ±SE.



TABLE 1 Calculated mean lethal time (LT50) values of different strains of Metarhizium against 2nd instar E. obliqua larvae using 1 × 108 conidia/mL.
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FIGURE 6
 Concentration course of insect bioassays using the M. pingshaense (1 × 104 to 1 × 108 conidia/ml) and E. obliqua 2nd instar larvae as the host. Experiments were performed in triplicate. Error bars = ± SE. Mortalities followed by different letters of alphabets are significantly different at P < 0.05.



TABLE 2 Calculated mean lethal concentration (LC50 and LC90) values of different strains of Metarhizium against 2nd instar E. obliqua larvae.
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3.3. Greenhouse trial and TDM evaluation of MaFZ-13

The cumulative mortality of E. obliqua larvae was recorded over a 10-day period of treatment with different concentrations (1 × 104 to 1 × 108 conidia/mL) of M. pingshaense MaFZ-13 in a greenhouse setting as detailed in the Methods section. The population of E. obliqua larvae decreased by 93, 78, 65 43%, and 28% 10 days post-inoculation using 1 × 108, 1 × 107, 1 × 106, 1 × 105, and 1 × 104 conidia/mL, respectively.

A time–dose–mortality (TDM) model was used to simulate and analyze the obtained data, with a data processing system (DPS) used to analyze the time–dose–mortality data of MaFZ-13 (Table 3). These data show that M. pingshaense MaFZ-13 (chi = 0.9943, df = 8, p = 0.99828, P > 0.05) conforms to Hosmer–Lemeshow fit heterogeneity test, indicating that there is no significant difference between the predicted value and the practical value and accords with TDM model. Overall, the edge lines in the three-dimensional model directly reflected the maximum death possibility of the tested fungus (Figure 7), confirming the high virulence of M. pingshaense MaFZ-13 toward E. obliqua.


TABLE 3 TDM analysis of M. pingshaense MaFZ-13 against E. obliqua.
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FIGURE 7
 Three-dimensional plot mortality, time course, and fungal dose applied to a TDM model of M. pingshaense MaFZ-13 against E. obliqua in greenhouse experiments.





4. Discussion

The brewing of tea, Camellia sinensis, is one of the oldest and most popular beverages consumed worldwide. However, a large variety of different insects and pests can infest tea crops resulting in both direct damage and indirect damage via transmission of a range of microbial tea pathogens, which can lead to substantial economic losses (Chen and Chen, 1989). Significant efforts have been expended in identifying natural enemies of tea pests that include predators, parasitoids, bacteria, viruses, and fungi (Ye et al., 2014). Entomopathogenic microbes are effective against the tea green leafhopper, Empoasca onukii Matsuda, the tea mosquito bug, Helopeltis theivora Water, the red spider mite, Oligonychus coffeae Nietner, among many others (Idris et al., 2020). In particular, beneficial fungi, including various Trichoderma species, and the entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae, have shown potential for control of tea mites and termites that attack tea, i.e., the live-wood eating termite, Microcerotermes beesoni Snyder, and other insect pests (Kumhar et al., 2020; Deka et al., 2021). However, infestation by the tea geometrid, Ectropis obliqua, remains difficult to control, with current pest management strategies broadly applying large doses of chemical pesticides. This is increasingly becoming problematic due to adverse ecological and human health effects of these chemicals and the potential for the development of resistance to such chemical agents, as immune defense and detoxification mechanisms in E. obliqua to certain pesticides, e.g., pyrethroids, have been shown to be robust (Yin et al., 2021). In addition, the desire for organic tea limits options for these growers. Synthetic volatile attractants for male moths have been developed, although the extent to which these are effective in controlling insect pests in the field remains to be determined since these could likely be used as part of larger control strategies (Sun et al., 2016).

Entomopathogenic fungi represent naturally occurring biocontrol agents which are increasingly easier to manufacture, offer convenient formulation, and can even help promote plant health via associations with plant roots and other structures (Dara, 2019). Thus, the application of these fungi can offer safer and more cost-effective alternatives and/or can be used to help decrease reliance on more toxic chemical agents. Entomopathogenic fungi have successfully been used for controlling some tea pests, although more efficacious isolates would increase this potential (Yang et al., 2022). Metarhizium spp. are one of the most widely studied and applied insect fungal pathogens and have been used to suppress multiple pests of different orders in diverse environments (Fernández-Bravo et al., 2021; Sharma et al., 2023). Identification of fungal isolates from specific insect hosts offers a means for identifying strains particularly virulent toward the desired insect target and represents the initial work required for subsequent selection and application in pest biological control/integrated pest management (IPM) programs. Here, after screening and isolation from insect cadavers on tea plants and from tea-growing region soils, we report the identification of four new record species of Metarhizium in China. Our data show previously unreported species of Metarhizium that offer a reservoir for discovery and potentially more directed application. In support of this idea, from the cohort characterized, we have identified a highly virulent isolate of M. pingshaense toward E. obliqua. Previous records of Metarhizium species have described M. anisopliae, M. brunneum, M. lepidiotae, M. majus, M. pinghaense, and M. robertsii in China (Xu et al., 2016). Earlier reports with M. pingshaense strains, particular, have shown them capable of infecting and resulting in significant mortalities toward the rice leaf folder, Cnaphalocrocis medinalis (Kirubakaran et al., 2018), the subterranean termite, Odontotermes obesus (Francis, 2019), various mosquitoes species (Lovett et al., 2019), and the yellow peach moth, Conogethes punctiferalis (Senthil Kumar et al., 2021); however, our isolate appears to be an excellent pathogen of E. obliqua. Characterization of morphological parameters including colony characteristics, shape, and size of the conidiophores, phialides, and conidia is generally employed to determine the identification of (insect pathogenic) fungal species (Mongkolsamrit et al., 2020), and the morphological traits of the fungal isolates reported here accorded well with previous depictions for each respective species of Metarhizium reported (Chen et al., 2021; Fernández-Bravo et al., 2021; Wei et al., 2022). To further confirm strain identities, we used molecular phylogenetic analyses based on multi-gene sequences of the TEF and RPB1genes, which have been shown to afford higher level discrimination than ITS, LSU, and/or tubulin sequences for this genus, allowing for species assignment to our isolates (Kepler et al., 2014; Senthil Kumar et al., 2021; Paolo Barzanti et al., 2023).

In laboratory bioassays, the various fungi were found to cause 40–93% mortality toward E. obliqua, when tested at a concentration of 1 × 108 conidia/mL indicating their different infective potentials and virulence against these insects as compared with a currently commercialized strain M. anisopliae CQMa421 which showed 79% mortality at the same concentration. Infected insects displayed signs of mycosis and copious sporulation 3–5 days post-mortem on host cadavers. High levels of sporulation produced on cadavers are a prominent feature of a successful biological control agent and can facilitate fungal spread under field conditions leading to epizootic infection and more effective control (Senthil Kumar et al., 2021). The median lethal concentration to kill 50% of infected insects (LC50) of the isolated highly virulent M. pingshaense MaFZ-13 strain against E. obliqua was calculated to be 9.6 × 104 conidia/mL, and the mean lethal time to kill 50% of target hosts (LT50) values was between 4.3 and 5.3 days. For other insects, previous findings using (different isolates of) M. pingshaense had described LC50 values ranging from 2.3 × 105 to 2.5 × 106 conidia/mL and LT50 values in the range of 4.7–6.4 days against late instar larvae of the yellow peach moth, Conogethes punctiferalis (Senthil Kumar et al., 2021), and 3.9–4.4 days against fourth instar larvae of rice leaf roller, C. medinalis (Kirubakaran et al., 2018). Thus, our data show high relative efficacy vs. E. obliqua. Greenhouse experiments were used to validate the laboratory bioassays as these sometimes do not equate to good control in field experiments. These data show that M. pingshaense MaFZ-13 was effective under these conditions and that larger scale field experiments are warranted. In addition, future experiments combining this strain with low doses of chemical pesticides and/or other methods (trapping) could result in robust IPM management in tea crops. These data indicate that we have identified a potential biocontrol agent for E. obliqua, an important pest of many plants throughout the world. Additional testing of the potential synergistic effects of M. pingshaense on plant growth, as this fungus is associated with the plant rhizosphere (Fernández-Bravo et al., 2021), is also warranted.
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Diaporthales is a species-rich order of fungi that includes endophytes, saprobes, and pathogens associated with forest plants and crops. They may also occur as parasites or secondary invaders of plant tissues injured or infected by other organisms or inhabit living animal and human tissues, as well as soil. Meanwhile, some severe pathogens wipe out large-scale cultivations of profitable crops, timber monocultures, and forests. Based on morphological and phylogenetic analyses of combined ITS, LSU, tef1-α, and rpb2 sequence data, generated using maximum likelihood (ML), maximum parsimony (MP), and MrBayes (BI), we introduce two new genera of Diaporthales found in Dipterocarpaceae in Thailand, namely Pulvinaticonidioma and Subellipsoidispora. Pulvinaticonidioma is characterized by solitary, subglobose, pycnidial, unilocular conidiomata with the internal layers convex and pulvinate at the base; hyaline, unbranched, septate conidiophores; hyaline, phialidic, cylindrical to ampulliform, determinate conidiogenous cells and hyaline, cylindrical, straight, unicellular, and aseptate conidia with obtuse ends. Subellipsoidispora has clavate to broadly fusoid, short pedicellate asci with an indistinct J- apical ring; biturbinate to subellipsoidal, hyaline to pale brown, smooth, guttulate ascospores that are 1-septate and slightly constricted at the septa. Detailed morphological and phylogenetic comparisons of these two new genera are provided in this study.
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2 new taxa, morphology, multi-gene phylogeny, saprophytic fungi, Sordariomycetes, taxonomy


Introduction

Diaporthales is an order of ascomycetous fungi belonging to the subclass Diaporthomycetidae (Sordariomycetes) that dwell on terrestrial or aquatic taxa of plants, animals, and in soil (Senanayake et al., 2017, 2018; Wijayawardene et al., 2022). Senanayake et al. (2017, 2018) provided a recent treatment of the order and examined, described, and illustrated worldwide specimens and listed 27 families in Diaporthales. Many studies of this order have led to an explosion of species, including a total of 29 families (Crous et al., 2019; Guterres et al., 2019). Jiang et al. (2020) redefined the family Cryphonectriaceae and established two new families for the order, with a total of 31 families in Diaporthales. In the latest outline of the fungi and fungus-like taxa, Wijayawardene et al. (2022) accepted 32 families in the order.

Diaporthales contains both sexual and asexual morphs. The sexual morph is characterized by immersed stromata or substrata, brown or black perithecial ascomata with elongated beaks, sometimes with long papilla, deliquescent paraphyses at maturity, commonly unitunicate, thick-walled asci that are either evanescent with short stalks or intact, often floating free within the centrum at maturity, and have a refractive ring at the apex, containing 2–32 spores (Alexopoulus and Mims, 1978; Hawksworth et al., 1995; Castlebury et al., 2002; Rossman et al., 2007; Fan et al., 2018; Senanayake et al., 2018; Hyde et al., 2020b; Jiang et al., 2020). The asexual morph of Diaporthales is generally coelomycetous, rarely hyphomycetous, bearing their phialidic, rarely annellidic, conidiogenous cells, and conidia in acervuli or pycnidia with or without well-developed stromata. Since it has fewer distinguishing traits, proper identification at the genus and species levels is typically dependent on sequence data (Castlebury et al., 2002; Jiang et al., 2020).

In this study, we collected three interesting species from dead twigs and fruits of Dipterocarpaceae sp. from Thailand. The morphological characteristics indicated that these three taxa belong to the order Diaporthales. Furthermore, a phylogenetic analysis using a combination of ITS, LSU, tef1-α, and rpb2 sequence data confirmed them as distinct lineages within Diaporthales. Therefore, two new genera named Pulvinaticonidioma and Subellipsoidispora are described herein, with detailed descriptions and illustrations.



Materials and methods


Sample collection, isolation, and morphological studies

Fresh samples of decaying fruits and twigs from Dipterocarpaceae sp. were collected at the Mushroom Research Center, Chiang Mai, Thailand, in 2019. Samples were observed using a stereomicroscope (Motic SMZ-171). The detailed method of collection, observation of specimens, and isolation were carried out as references in the study by Senanayake et al. (2020) and Tang et al. (2022). The Tarosoft (R) Image Frame Work application (IFW 0.97 version) was used to take measurements, and the photoplates were made by Adobe Photoshop CS6 (Adobe Systems, USA). The type specimens were deposited in the Mae Fah Luang University Herbarium (MFLU), Chiang Rai, Thailand, and the ex-type cultures were deposited in the Culture Collection at Mae Fah Luang University (MFLUCC). Index Fungorum (2023) and Faces of Fungi numbers were acquired as detailed by Jayasiri et al. (2015). New species are established as recommended by Chethana et al. (2021a), and the records of new taxa in the Greater Mekong Subregion were uploaded to the GMS database (Chaiwan et al., 2021).



DNA extraction, PCR amplification, and sequencing

Fresh mycelia were prepared from the living culture that grew for 28 days and stored in the refrigerator at −20°C. DNA extraction, polymerase chain reaction (PCR) amplifications, sequencing, and phylogenetic analyses were carried out following the study by Tang et al. (2022). The manufacturer's instructions were followed while using the genomic DNA extraction kits [Sangon Biotech (Shanghai) Co., Ltd., China], in order to obtain DNA. The genes and primers used in this study were as follows: for internal transcribed spacer region (ITS), ITS5 and ITS4 (White et al., 1990); 28S large subunit rDNA region (LSU), LR0R, and LR5 (Vilgalys and Hester, 1990; Cubeta et al., 1991); translation elongation factor 1-alpha (tef1-α), EF1-728F, and EF2 (O'Donnell et al., 1998; Carbone and Kohn, 1999); and for RNA polymerase II second largest subunit (rpb2), frpb2-5f , and frpb2-7cr (Liu et al., 1999) genes. The PCR was carried out in a volume of 50 μl. The reagents that were used in the polymerase chain reaction were as follows: the DNA template (2 μl), forward primers (2 μl), reverse primers (2 μl), 2 ×Taq PCR Master Mix (25 μl), and 19 μl of ddH2O (double-distilled water). The annealing temperature was set to 52°C for 1 min and extension at 72°C for 90 s in LSU and ITS, followed by 35 cycles; 56°C for 1 min and extension at 72°C for 90 s in tef1-α, followed by 35 cycles; and 55°C for 1 min and extension at 72°C for 90 s in rpb2 followed by 35 cycles. The products of PCR were checked on 1% agarose gels and sent to Sangon Biotech (Shanghai) Co., Ltd., China for sequencing.



Phylogenetic analyses

The forward and reverse primers of the newly generated sequence were assembled by the Contig Express v3.0.0 application, and the most similar taxa were found by BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) in NCBI. A combination of sequence data (ITS, LSU, tef1-α, and rpb2) of Cryphonectriaceae and Coryneaceae in GenBank (Tables 1, 2) was downloaded for phylogenetic analyses. Sequence data of each region were aligned by the online version of MAFFT v. 7 (https://mafft.cbrc.jp/alignment/server/index.html) (Katoh et al., 2017), through the “auto” option. Multiple genes were combined by SequenceMatrix (Vaidya et al., 2011). The aligned sequences were trimmed by manually adjusting and using trimAl v 1.2, with the “-gt 0.6” option (Capella-Gutiérrez et al., 2009). The phylogenetic analyses in this study were based on the maximum likelihood (ML), maximum parsimony (MP), and Bayesian inference (BI), by using a combined sequence dataset of ITS, LSU, tef1-α, and rpb2. The analysis of maximum likelihood (ML), maximum parsimony (MP), and Bayesian inference (BI) was processed in the CIPRES web portal (Miller et al., 2010) using the “RAxML-HPC v.8 on XSEDE” tool, “PAUP on XSEDE” tool, and “MrBayes on XSEDE” tool, respectively (Huelsenbeck and Ronquist, 2001; Swofford, 2002; Stamatakis et al., 2008; Ronquist et al., 2012).


TABLE 1 Taxa used in this study for Cryphonectriaceae and their GenBank accession numbers for ITS, LSU, tef1-α, and rpb2 sequence data.

[image: Table 1]


TABLE 2 Taxa used in this study for Coryneaceae and their GenBank accession numbers for ITS, LSU, tef1-α, and rpb2 sequence data.
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For ML analysis, the GTRGAMMA+I-Invar model of nucleotide evolution was used, and RAxML rapid bootstrapping was set to 1,000 bootstrap replicates (Stamatakis et al., 2008).

For MP analysis, 1,000 random taxa addition was used to infer trees. With branches of zero length collapsed and all multiple parsimonious trees saved, the value of Maxtrees was set to 5,000. For trees produced using various optimal criteria, parsimony score values for tree length (TL), consistency index (CI), retention index (RI), and homoplasy index (HI) were determined. To evaluate the clade stability, 1,000 iterations of the Bootstrap (BT) method were utilized, each comprising 100 trials of random stepwise addition of taxa (Hillis and Bull, 1993).

For BI, MrModeltest v2 was used for the selection of the best-fit model for each gene region. The Markov chain Monte Carlo (MCMC) algorithm was launched with four chains running concurrently from a random tree topology. When the divided frequencies' average standard deviation dropped below 0.01, the procedure was immediately terminated. The burn-in factor was set at 25%, and the sampling interval for trees was set to every 1,000th generation. The posterior probabilities (PP) for the remaining trees were computed (Dissanayake et al., 2020). Adobe Illustrator version 51.1052.0.0 and FigTree version 1.4.0 were further used to view trees (Adobe Inc., San Jose, California, United States).




Results


Phylogenetic analyses

For the phylogenetic analyses, a combined dataset of ITS, LSU, tef1-α, and rpb2 sequences was used. The dataset of Cryphonectriaceae included 70 taxa, with Foliocryphia eucalypti (CBS 124779) and Foliocryphia eucalyptorum (CBS 142536) as outgroups. The data matrix comprised 2,860 total characteristics, including gaps (ITS: 1–481 bp, LSU: 482–1,290 bp, tef1-α: 1,291–1,858 bp, and rpb2: 1,859–2,564 bp). Phylogenetic reconstructions with broadly comparable topologies were produced by the combined dataset of ML, MP, and BI analyses. The top-scoring ML tree with a final ML optimization likelihood value of −16,383.140512 (ln) is shown in Figure 1. In the ML analysis, the GTRGAMMA + I-Invar model was used, and the results showed 1,022 unique alignment patterns and 27.97% of indeterminate characteristics or gaps. Base frequency estimates were as follows: A = 0.229377, C = 0.266423, G = 0.271764, and T = 0.232436; substitution rates were as follows: AC = 1.760988, AG = 4.032209, AT = 1.914644, CG = 1.261342, CT = 8.527324, and GT = 1.000000; gamma distribution shape parameter alpha = 0.176927; and the tree length was 1.784127. The findings of the MP analysis showed that 2,564 characteristics remained unchanged, 103 were changeable but parsimoniously uninformative, and 733 were parsimoniously informative. The following values were displayed by the most parsimonious tree: TL = 2693, CI = 0.494, RI = 0.779, RC = 0.385, and HI = 0.506. The best-fit models for the BI analysis were GTR + I + G for ITS, LSU, tef1-α, and rpb2. With a final average standard deviation of split frequencies of 0.009895, Bayesian posterior probabilities (BYPP) from MCMC were analyzed. A new taxon correlated with the Cryphonectriaceae clade and is sister to Chrysomorbus. It is distinct from all other Cryphonectriaceae genera sampled herein, although with no support (Figure 1).
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FIGURE 1
 Maximum likelihood (RAxML) tree, based on the analysis of a combined dataset of ITS, LSU, tef1-α, and rpb2 sequence data. The tree is rooted with Foliocryphia eucalypti (CBS 124779) and Foliocryphia eucalyptorum (CBS 142536). Bootstrap support values for ML and MP ≥70% and Bayesian posterior probabilities (BYPP) ≥0.95 are given near the nodes, respectively. Ex-type strains are in bold, and the new isolates are in red.


For the tree of Coryneaceae, the combined sequence dataset of 33 taxa was used with Neopestalotiopsis protearum (CBS 114178) and Neopestalotiopsis rosae (CBS 101057) as the outgroups. The data matrix comprised 2,977 total characteristics, including gaps (ITS: 1–597 bp, LSU: 598–1,426 bp, tef1-α: 1,427–2,123 bp, and rpb2: 2,124–3,151 bp). Based on the results of phylogenetic analysis, the top-scoring RAxML tree with a final ML optimization likelihood value of −19,448.697623 (ln) is shown in Figure 2. The GTRGAMMA + I-Invar model was applied to the RAxML analysis, and the findings revealed 1,332 distinct alignment patterns and 33.88% of ambiguous characteristics or gaps. The following were the base frequency estimates: A = 0.237835, C = 0.267649, G = 0.278605, and T = 0.215911; the substitution rates: AC = 1.607401, AG = 1.967526, AT = 1.403753, CG = 1.150806, CT = 5.717313, and GT = 1.000000; the gamma distribution shape parameter alpha = 0.260733; and the tree length = 3.464265. The results of the MP analysis revealed that 3,151 characteristics remained constant, 271 were variable and parsimoniously uninformative, and 1,142 were parsimoniously informative. The most frugal tree resulted in TL = 3,542, CI = 0.636, RI = 0.684, RC = 0.435, and HI = 0.364 as its values. For the BI analysis, the best-fit models were GTR+G for ITS, tef1-α, and rpb2 and SYM + I + G for LSU. The BYPP from MCMC were examined with a final average standard deviation of split frequencies of 0.009847. Based on the results of phylogenetic analysis of the combined ITS, LSU, tef1-α, and rpb2 sequencing data, the new taxon is related to Coryneum, Hyaloterminalis, and Talekpea within Coryneaceae, with statistical support of 72% ML and 1 BYPP. It differs from any other Coryneaceae genus sampled here (Figure 2).
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FIGURE 2
 Maximum likelihood (RAxML) tree, based on the analysis of a combined dataset of ITS, LSU, tef1-α, and rpb2 sequence data. The tree is rooted with Neopestalotiopsis protearum (CBS 114178) and Neopestalotiopsis rosae (CBS 101057). Bootstrap support values for ML and MP ≥70% and Bayesian posterior probabilities (BYPP) ≥0.95 are given near the nodes, respectively. Ex-type strains are in bold, and the new isolates are in red.




Taxonomy

Cryphonectriaceae Gryzenh. & M.J. Wingf., Mycologia 98: 246. 2006.

Index Fungorum number: IF510585; Facesoffungi number: FoF03455.

Sexual morph see Jiang et al. (2020). Asexual morph Conidiomata semi-immersed to erumpent on the substrate, solitary, subglobose to pulvinate, pyriform, uni- to multiloculate, yellow, orange to fuscous black; necks absent or present with one to several attenuated necks. Conidiophores sometimes reduced to conidiogenous cells, cylindrical, hyaline, septate, or not. Conidiogenous cells hyaline, smooth, phialidic, ampulliform, inconspicuous, lining the inner cavity of conidiomata, with attenuate or truncate apices. Conidia hyaline, cylindrical, minute, seldom sigmoid, or slightly curved, aseptate (Jiang et al., 2020).

Notes: Cryphonectriaceae was described by Gryzenhout et al. (2006) to accommodate the Cryphonectria-Endothia complex based on LSU sequence data, and it mainly comprises plant pathogens (Vermeulen et al., 2011). Recently, Jiang et al. (2020) reevaluated this family based on morphology and combined ITS, LSU, tef1-α, and rpb2 multi-gene phylogenetic analysis. It now contains 22 genera and 56 species (Jiang et al., 2020; this study).

Type genus: Cryphonectria (Sacc.) Sacc. & D. Sacc.

Pulvinaticonidioma X. Tang, Jayaward, J.C. Kang & K.D. Hyde, gen. nov.

Index Fungorum number: IF900388; Faceoffungi number: FOF 13992

Etymology: The generic name refers to the pulvinate conidiomata.

Type species: Pulvinaticonidioma hyalinum X. Tang, Jayaward, J.C. Kang & K.D. Hyde.

Subclass classification: Sordariomycetes, Diaporthales, Cryphonectriaceae.

Saprobic on Dipterocarpaceae sp. Sexual morph not observed. Asexual morph Coelomycetous. Conidiomata immersed to semi-immersed in the substrate, solitary, glabrous or rough, pycnidial, subglobose, unilocular, thick-walled, ostiolate, brown to dark brown. Ostiole central, single with slightly protruding ostiolar papilla. Conidiomata wall composed of thick-walled, pale brown to dark brown cells of textura angularis at the exterior, and convex and pulvinate at the base. Conidiophores hyaline reduced to conidiogenous cells. Conidiogenous cells phialidic, cylindrical to ampulliform, determinate, smooth-walled, hyaline. Conidia hyaline, cylindrical, with obtuse ends, straight, unicellular, aseptate, thick- and smooth-walled.

Notes: Pulvinaticonidioma is characterized by solitary, subglobose, pycnidial conidiomata, phialidic, conidiogenous cells, and aseptate hyaline conidia. This matches with the morphological characteristics of Cryphonectriaceae (Jiang et al., 2020). Phylogenetically, Pulvinaticonidioma clusters with Chrysomorbus (Figures 3, 4). Both Pulvinaticonidioma and Chrysomorbus have a coelomycetous asexual morph (Chen et al., 2018). The former differs from the species in Chrysomorbus in having unilocular, glabrous or rough, thick-walled, ostiolate conidiomata with hyaline cells of textura angularis at the exterior, convex and pulvinate at the base; aseptate, straight, cylindrical, unicellular, and hyaline conidia with obtuse ends. After the comprehensive consideration based on the morphological and phylogenetic analysis, we, herein, introduce Pulvinaticonidioma as a new genus in Cryphonectriaceae, with Pulvinaticonidioma hyalinum as the type.

Pulvinaticonidioma hyalinum X. Tang, Jayaward, J.C. Kang & K.D. Hyde, sp. nov.

Index Fungorum number: IF900390; Faceoffungi number: FOF 13993

Etymology: The epithet refers to the hyaline conidia.

Holotype: MFLU 23-0052.
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FIGURE 3
 Pulvinaticonidioma hyalinum (MFLU 23-0052, Holotype). (a) Fallen pod of Dipterocarpaceae sp. (b) Conidiomata on Dipterocarpaceae sp. (c) Section of conidioma. (d) Conidioma wall (e) Ostiole. (f) Conidiogenous cells. (g–i) Conidia. (j) Germinated conidium. (k) Colonies on PDA. (l) Reverse of culture. Scale bars: (b) 500 μm, (c, d) 100 μm, (e, g–j) 20 μm, and (f) 10 μm.
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FIGURE 4
 Pulvinaticonidioma hyalinum (MFLU 23-0053, Paratype). (a) Fallen pod of Dipterocarpaceae sp. (b) Conidiomata on Dipterocarpaceae sp. (c) Section of conidioma. (d) Conidioma wall. (e) Ostiole. (f, g) Conidiogenous cells. (h–l) Conidia. (m) Colonies from above. (n) The reverse of culture. Scale bars: (b) 200 μm, (c, d) 50 μm, (e) 20 μm, and (f–l) 5 μm.


Saprobic on Dipterocarpaceae sp. Sexual morph not observed. Asexual morph Coelomycetous. Conidiomata 297–473 × 211–316 μm (x̄ = 375 × 267 μm, n = 20), immersed to semi-immersed in substrate, solitary, glabrous or rough, pycnidial, subglobose, unilocular, thick-walled, ostiolate, brown to dark brown. Ostiole 51–65 × 34–48 μm (x̄ = 58 × 42 μm, n = 10), central, single with slightly protruding ostiolar papilla. Conidiomata wall 50–88 μm (x̄ = 70 μm, n = 20) wide, composed of thick-walled, pale brown to dark brown cells of textura angularis at the exterior, convex and pulvinate at the base 103–202 μm high (x̄ = 144 μm, n = 20). Conidiophores hyaline, reduced to conidiogenous cells. Conidiogenous cells 6–11.5 × 1.8–3.4 μm (x̄ = 7 × 2.5 μm, n = 20), phialidic, cylindrical to ampulliform, determinate, smooth-walled, hyaline. Conidia 15–20 × 2–3 μm (x̄ = 17 × 2.5 μm, n = 20) hyaline, cylindrical, with obtuse ends, straight, unicellular, aseptate, thick- and smooth-walled.

Culture characters: Conidia germinated on PDA within 24 h, and germ tubes produced from one end. The culture was incubated at room temperature. Colonies reached 45 mm diameter after 15 days, flat, spreading, fluffy colonies, circular with irregular lightly orange outer ring, cottony. The surface is lightly rough, with orange-red colonies, cream-colored hyphae attached to the center of the colony, with an irregular orange-yellow edge. The reverse orange-red, more orange-yellow at the margins, not pigmented.

Material examined: Thailand, Chiang Mai province, Mae Taeng District, on the fruits (pericarp and wings of the pod) of Dipterocarpaceae, 8 August 2019, Xia Tang, Dip17 (MFLU 23-0052, holotype; ex-type living culture, MFLUCC 23-0002), on the fruits of Dipterocarpaceae, 23 October 2020, Xia Tang, Dip41 (MFLU 23-0053, paratype; ex-paratype living culture, MFLUCC 23-0004).

Notes: The two Pulvinaticonidioma hyalinum collections, showing similar morphology clustered together with ML = 100, MP = 100, and BYPP = 1 support (Figure 1). The base pair differences between the two strains were as follows: ITS = 0.7% (4/557), LSU = 0% (0/811), tef1-α = 6.2% (38/613), and rpb2 = 1% (11/983), respectively, and we identified them as the same species following the guidelines for species delineation proposed by Chethana et al. (2021a). Pulvinaticonidioma hyalinum matches the characteristics of Cryphonectriaceae and is similar in having unilocular conidiomata without necks and conidiomata walls made of cells of textura globulosa (Jiang et al., 2020). However, P. hyalinum differs from the type species of Cryphonectriaceae, Chrysomorbus lagerstroemiae in their fruiting body, conidiomata wall, conidiophores, and conidia. Pulvinaticonidioma hyalinum has brown to dark brown conidiomata with slightly protruding ostiolar papilla, hyaline cells of textura angularis at the exterior, interior layers that are convex and pulvinate at the base, and unbranched conidiophores, while Ch. lagerstroemiae has uni- to multilocular, conidiomata lacking ostioles, with convoluted locules, and occasionally aseptate conidia with separating septa and branching conidiophores. The conidiogenous cells in P. hyalinum are phialidic, cylindrical to ampulliform with hyaline, straight, aseptate, unicellular, conidia with obtuse ends, while Ch. lagerstroemiae has flask-shaped conidiogenous cells with attenuated apices and minute, cylindrical conidia with obtuse ends, that are hyaline, fusoid to oval, aseptate, and exuded as orange droplets (Chen et al., 2018). The phylogenetic analysis of the combined ITS, LSU, tef1-α, and rpb2 sequence data showed that P. hyalinum belongs to Cryphonectriaceae and forms a separate lineage sister to Chrysomorbus. Although the bootstrap values are low, the phylogenetic analysis supports the placement of our new taxa in Cryphonectriaceae, as well as the possibility of other close relatives that have not yet been discovered; hence, their placement within the family is subjected to change. The base pair differences between P. hyalinum and the type species of Chrysomorbus, viz. Ch. lagerstroemiae were as follows: ITS = 5% (27/539), LSU = 1.4% (11/811), and tef1-α = 26.5% (151/569), respectively. Based on the phylogenetic analysis and morphological comparison of the nearest genus, we, herein, introduce Pulvinaticonidioma as a new genus to accommodate the new collection, P. hyalinum.

Coryneaceae Corda, Icon. fung. (Prague) 3: 36 (1839) amend.

Index Fungorum number: IF80650; Facesoffungi number: FoF06868;

Saprobes and pathogens exist on dead wood and living plants, respectively. Sexual morph: Stromata erumpent, solitary, comprising pseudoparenchymatous cells. Ectostromatic comprising small cells of textura prismatica, brown to black, disk well or poorly developed. Ascomata brown to black, ostiolate, aggregated, immersed, arranged in valsoid configuration, perithecial, coriaceous, globose to subglobose, papillate. Papilla central, upright, sometimes converging, broad, comprising brown cells of textura porrecta. Peridium thick-walled, comprising outer, brown cells of textura angularis and inner, thick-walled, hyaline, compressed cells of textura angularis. Paraphyses attached to the base, cellular, broad, septate, longer than asci. Asci ellipsoid to cylindrical, unitunicate, 8-spored, pedicellate, rounded at the apex with a J-, apical ring. Ascospores hyaline or initially hyaline, brown at maturity, overlapping uni- to biseriate, irregularly fasciculate, ellipsoid, 1–3-septate, fusoid or elongate, sometimes end-cells pointed, often distoseptate, pale brown or hyaline end-cells, straight or curved not constricted at the septa, guttulate, smooth-walled (added from Hyde et al., 2020b). Asexual morph: see Hyde et al. (2020b) and Rathnayaka et al. (2020).

Type genus: Coryneum Nees

Notes: Coryneaceae was described by Corda (1839) to accommodate Coryneum as the type genus. Rathnayaka et al. (2020) amended the description of this family to accommodate these genera based on their morphological characteristics and treated Talekpea and Hyaloterminalis in Coryneaceae. Until now, there are three genera included in Coryneaceae, viz. Coryneum (Nees von Esenbeck, 1816), Hyaloterminalis, and Talekpea (Rathnayaka et al., 2020; Wijayawardene et al., 2022).

Subellipsoidispora X. Tang, Jayaward, J.C. Kang & K.D. Hyde, gen. nov.

Index Fungorum number: IF900389; Faceoffungi number: FOF 13994

Etymology: The epithet refers to the subellipsoidal ascospores.

Type species: Subellipsoidispora guttulata X. Tang, Jayaward, J.C. Kang and K.D. Hyde

Subclass classification: Sordariomycetes, Diaporthales, and Coryneaceae.

Saprobic on Dipterocarpaceae sp. Asexual morph Not observed. Sexual morph Ascomata perithecial, erumpent, scattered, solitary, coriaceous, immersed, globose to subglobose, papillate, ostiolate, dark brown to black. The Ostiole canal narrowing toward the base, internally covered by hyaline periphyses, cells around the base small, thick-walled, and brown. Peridium comprising brown, compressed, cells of textura angularis. Hamathecium composed of cylindrical, unbranched, straight to flexible, smooth, hyaline, septate paraphyses slightly constricted at the septa, tapering toward to end, longer than asci. Asci 8-spored, unitunicate, clavate to broadly fusoid, short pedicellate, apex blunt, with an indistinct, J- apical ring, evanescent. Ascospores overlapping uniseriate to biseriate, biturbinate to subellipsoidal, 1-septate, slightly constricted at the septa, guttulate, smooth, hyaline to pale brown.

Notes: Subellipsoidispora share characteristics with Coryneaceae, such as perithecial, coriaceous, ostiolate, brown to black ascomata; with thick-walled peridium having outer and inner brown cells of textura angularis and hyaline, compressed cells of textura angularis, respectively; paraphyses are longer than asci; clavate to broadly fusoid, 8-spored asci with J- apical ring; guttulate and smooth, hyaline to pale brown and straight ascospores (Hyde et al., 2020b). Coryneaceae contains three genera, viz. Coryneum, Hyaloterminalis, and Talekpea (Rathnayaka et al., 2020). Both Subellipsoidispora and Coryneum have the ascomycetous sexual morph, while Talekpea and Hyaloterminalis have a hyphomycetous asexual morph (Senanayake et al., 2017, 2018). Subellipsoidispora differs from the species in Coryneum in having scattered, solitary ascomata; a thick-walled ostiolar canal narrowing toward the base, internally covered by hyaline periphyses, a peridium of brown-walled, compressed, cells of textura angularis, clavate to broadly fusoid, short pedicellate asci and biturbinate to subellipsoidal, 1-septate, guttulate ascospores, slightly constricted at the septa. In the phylogenetic analysis, Subellipsoidispora clusters in Coryneaceae and forms a separate lineage sister to Hyaloterminalis and Talekpea (Figure 2). Based on its unique morphology (Figure 5) and phylogenetic evidence (Figure 1), Subellipsoidispora is introduced as a new genus of Coryneaceae, and the sexual morph is described in this study, awaiting the discovery of its asexual morph.

Subellipsoidispora guttulata X. Tang, Jayaward, J.C. Kang & K.D. Hyde, sp. nov.

Index Fungorum number: IF900391; Faceoffungi number: FOF 13995

Etmology: Name referring to the hyaline ascospores.

Holotype: MFLU 23-0054.
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FIGURE 5
 Subellipsoidispora guttulata (MFLU 23-0054, holotype) (a, b) Appearance of ascomata on host substrate. (c) Section of an ascoma. (d) Peridium. (e) Ostiole. (f) Paraphyses. (g–k) Asci from immature to mature. (l–q) Ascospores. (r) Germinated ascospore. (s) Colony on PDA. (t) The reverse of culture. Scale bars: (a, b) 200 μm, (c–e) 50 μm, (f–k) 20 μm, and (l–q) 5 μm.


Saprobic on dead barks of Dipterocarpaceae sp. Sexual morph Ascomata 117–270 × 71–155 μm (x̄ = 199 × 105 μm, n = 20), immersed, scattered, solitary, globose to subglobose, dark brown to black, coriaceous, ostiolate, papillate. The Ostiole canal narrowing toward the base, internally covered by hyaline periphyses, cells around the base small, thick-walled, and brown. Peridium 8–28 μm wide (x̄ = 18 μm, n = 20), comprising brown, compressed, cells of textura angularis. Paraphyses 3–6 μm wide (x̄ = 5.5 μm, n = 30), cylindrical, unbranched, straight to flexible, smooth, hyaline, septate, slightly constricted at the septa, tapering toward to end, longer than asci. Asci 67–90 × 13–24 μm (x̄ = 79 × 19 μm, n = 20), 8-spored, unitunicate, clavate to broadly fusoid, short pedicellate, apex blunt, with an indistinct, J- apical ring, evanescent. Ascospores 13–16 × 5–9 μm (x̄ = 14 × 7 μm, n = 20), overlapping uniseriate to biseriate, biturbinate to subellipsoidal, 1-septate, slightly constricted at the septa rounded at both ends, guttulate, smooth-walled, hyaline to pale brown. Asexual morph not observed.

Culture characters: Colonies grown on PDA and incubated at 25°C reached a diameter of 40 mm after 2 weeks, flat, spreading, fluffy, with a pale brown ring interlaced in the colonies. Surface lightly rough with brown mycelium, colonies somewhat raised in the middle, and with an irregular edge. The reverse side dark brown with an irregular, penniform, brown edge, and not pigmented.

Material examined: Thailand, Chiang Mai Province, Mae Taeng district, on dead bark of Dipterocarpaceae, 15 July 2020, Xia Tang, Dip25 (MFLU 23-0054, holotype; ex-type living culture, MFLUCC 23-0003).

Notes: Subellipsoidispora guttulata is similar to Coryneum umbonatum in having immersed, coriaceous, brown to black ascomata, and unitunicate asci with an indistinct J- apical ring. However, S. guttulata differs from C. umbonatum in having clavate to broadly fusoid, short pedicellate asci and subellipsoidal, 1-septate, guttulate, hyaline to pale brown ascospores, while C. umbonatum has ellipsoid to cylindrical, stalk pedicellate asci, and ellipsoid, fusoid or elongate, distoseptate, straight or curved spores that are brown at maturity (Senanayake et al., 2018). Phylogenetic analysis showed that S. guttulata belongs to Coryneaceae and forms a basal lineage sister to Coryneum, an ascomycetous genus, Hyaloterminalis and Talekpea, a hyphomycetous and monotypic genus. The base pair differences between S. guttulata and C. umbonatum were as follows: ITS = 7.7% (45/581), LSU = 3.2% (26/842), and rpb2 = 21.7% (223/1029), and the differences between S. guttulata and Talekpea foeticia were as follows: ITS = 12.5% (65/520) and LSU = 2% (17/843). Based on its phylogenetic and morphological analyses, we place S. guttulata as the type species of Subellipsoidispora in Coryneaceae.




Discussion

Diaporthales (Sordariomycetes) is an order that contains saprobic, endophytic, and pathogenic taxa with a wide distribution on a variety of hosts (Barr, 1978; Castlebury et al., 2002; Rossman et al., 2007; Senanayake et al., 2017, 2018; Fan et al., 2018; Jiang et al., 2020). The pathogenic members cause great economic losses, such as chestnut blight, caused by Cryphonectria parasitica (Cryphonectriaceae) (Gryzenhout et al., 2006; Rigling and Prospero, 2018; Gomdola et al., 2022), polar and willow canker on Populus and Salix, caused by Cytospora chrysosperma (Cytosporaceae) (Fan et al., 2014, 2020; Wang et al., 2015), and stem-end rot of citrus fruits infected by Diaporthe citri (Huang et al., 2013). Researchers have carried out their research on secondary metabolites in Diaporthaceae and Gnomoniaceae (Chepkirui and Stadler, 2017; Wu et al., 2019). As saprobes, they cause the degradation of wood, such as Apiosporopsis carpinea (Apiosporopsidaceae) on the overwintered leaves of Carpinus betulus (Senanayake et al., 2017) and Pseudoplagiostoma dipterocarpicola on the decaying wood of Dipterocarpaceae (Tang et al., 2022). As endophytes, they live in medicinal plants and are used for studies that investigate antimicrobial activities, e.g., Diaporthe spp., which were isolated from the hosts Copaifera langsdorffii and C. pubiflora (de Carvalho et al., 2021). Antibacterial activity has been demonstrated using extracts of two unidentified Diaporthe spp. and D. miriciae (Carvalho et al., 2018).

As more taxonomic studies of fungi are being conducted, the focus has steadily shifted from morphology to a combination of molecular phylogeny and morphology, serving as the foundation for the mainstream approach (Senanayake et al., 2017, 2018; Jiang et al., 2020; Chethana et al., 2021a; Maharachchikumbura et al., 2021). Initially, Castlebury et al. (2002) accepted Cytosporaceae, Diaporthaceae, Gnomoniaceae, and Melanconidaceae in Diaporthales by using LSU sequence data. Réblová et al. (2004) established a new family Togniniaceae to accommodate Togninia and its Phaeoacremonium anamorphs using LSU and SSU sequence data. Later, the family Togniniaceae was transferred into Togniniales from Diaporthales using LSU, SSU, tef1-α, and rpb2 sequence data (Gramaje et al., 2015; Maharachchikumbura et al., 2015, 2016). The use of multi-gene analysis for the identification of Diaporthales species was seen in subsequent studies, such as the combination of ITS-beta-tubulin (tub2) and ITS-LSU (Gryzenhout et al., 2006; Mostert et al., 2006; Cheewangkoon et al., 2010; Crous et al., 2012; Voglmayr et al., 2012, 2017; Suetrong et al., 2015; Réblová et al., 2016; Du et al., 2017; Yang et al., 2018; Maharachchikumbura et al., 2021). Voglmayr and Jaklitsch (2014) demonstrated through the evaluation of Stegonsporium and Stilbospora that LSU alone did not always contain sufficient phylogenetic resolution to identify consistently well-supported phylogenetic relationships at the generic level, and our research results matched this as well. Subsequently, Schizoparmaceae was revised using a combination of LSU, rpb2, ITS, and tef1-α (Alvarez et al., 2016). Combining DNA sequence data of ITS, LSU, tef1-α, and rpb2 is advised by Senanayake et al. (2017, 2018) and Fan et al. (2018) to evaluate the phylogenetic relationships of diaporthalean families. Jiang et al. (2020) used the combination of ITS, LSU, tef1-α, and rpb2 to redefine the family Cryphonectriaceae and to describe two new families, viz. Foliocryphiaceae and Mastigosporellaceae. With the increasing number of studies and knowledge on the diversity of lifestyles in Diaporthales, identifying its species has become difficult. The utilization of protein genes makes it possible to have a precise placement in Diaporthales, as proven in recent studies (Senanayake et al., 2017, 2018; Jiang et al., 2020). Thus, we suggest analyzing the families in Diaporthales via both morphological and molecular traits and the specific genes of each family for multigene phylogenetic analysis.

Members of the Dipterocarpaceae are economically significant trees generating lumber, camphor, and resin and are common in Southeast Asia (Maury-Lechon and Curtet, 1998). In this study, two new genera, namely Pulvinaticonidioma and Subellipsoidispora, were found on Dipterocarpaceae species in Thailand and were introduced. We introduce our collections as new genera based on unique features, such as the characteristics of the conidiomata, conidiogenous cells, and conidial appearance, as observed in the new taxon, Pulvinaticonidioma hyalinum when compared with other known genera in Cryphonectriacea. The results of the ML, MP, and MrBayes analyses also support that this is a new genus in Cryphonectriaceae (Figure 1). Similarly, the second collection Subellipsoidispora guttulata is morphologically distinct from other known genera in Coryneaceae in having unique characteristics in their asci and the shape of ascospores, and the phylogeny supports it as a new genus in Coryneaceae (Figure 2). To date, eight species of microfungi on Dipterocarpaceae have been described from Thailand, viz. Hermatomyces thailandica, Lauriomyces sakaeratensis, Lembosia xyliae, Pseudoplagiostoma dipterocarpi, P. dipterocarpicola, Pestalotiopsis shoreae, Pulvinaticonidioma hyalinum, and Subellipsoidispora guttulata (Suwannarach et al., 2016; Chethana et al., 2021b; Farr and Rossman, 2022; Tang et al., 2022; This study). Among these species, Pseudoplagiostoma dipterocarpi is an endophyte, while the rest are saprobes. It is remarkable that in this study, we found two new genera in a family that has been relatively well studied but on lesser studied hosts. This indicates that many more taxa will be discovered with further surveys on Dipterocarpaceae and other poorly studied hosts (Hyde et al., 2020a; Bhunjun et al., 2022).
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Species

Sanguinoderma bataaense

S. elmerianum

S. flavovirens

S. guangdongense

S. infundibulare

S. laceratum

S. leucomarginatum

S. longistipitum

S. melanocarpum

S. microporum

S. microsporum

S. perplexum

S. preussii

S. reniforme

S. rude

S. rugosum

S. sinuosum

Sanguinoderma sp.1
Sanguinoderma sp.1

Sanguinoderma sp.2

Sanguinoderma sp.2

Sanguinoderma sp.2

Sanguinoderma sp.2

Sanguinoderma sp.2

Sanguinoderma sp.3

Sanguinoderma sp.3

S. tricolor

Magoderna subresinosum

Voucher

Dai 10746

Cui 6285

Dai 7862

HMAS 133187

Dai 20634
Cui 8940

Cui 169357

Cui 172597
Dai 16724
Dai 20419
Dai 181497

URM 450213

Cui 17238
A5
Cui 81557

Dai 12264
Dai 123777
Dai 12362
Dai 206967
Cui 13903
Dai 16635
Dai 18512
Dai 18603
Cui 138517
Cui 14022

Cui 16335

Cui 14001

Dai 167267
Cui 13897

Cui 13901

Cui 6496

Cui 6554

Dai 10811

Wei 5562

HMAS 130806

Dai 20438

Dai 20622

Dai 20624

Cui 165117

MEL 2317411

DHCR457

Cui 16592

Cui 16160

Cui 16337

Cui 17260

Cui 14033
Cui 8972

Dai 16437
Cui 6185
MEL 23665867

MEL 2341763

Cui 11017
HMAS 59720
Cui 8795

Dai 20582
Cui 9011

Cui 9012

Cui 9066
Dai 16810
Cui 18251
Cui 18242
Cui 182927
Dai 18574
Dai 18626

Cui 18262

Species in bold are new species or new combinations.

Locality

Hainan
Hainan
Hainan
Yunnan

Yunnan

Guangdong
Zambia

Guangdong
Thailand
Yunnan

Guangdong
Ecuador

Guangdong
India

Yunnan

Yunnan
Yunnan
Yunnan
Yunnan
Hainan
Thailand
Malaysia
Malaysia
Hainan

Guangxi
Guangxi
Guangxi
Thailand
Hainan
Hainan
Hainan

Hainan

Hainan

Hainan

Yunnan
Yunnan
Yunnan
Yunnan

Zambia
Australia
Brazil
Australia
Guangxi
Guangxi
Guangdong
Guangxi
Guangdong
Hainan
Hainan
Australia
Australia
Yunnan
Guizhou
Guangdong
Yunnan

Guangdong

Guangdong

Guangdong
Thailand
Malaysia
Malaysia
Malaysia
Malaysia
Malaysia

Malaysia

ITS

MK119832

MK119831
KJ531658

MK119834

MZ354875
MK119833

MZ354877
MZ354876
MZ354890
MK119847

MK119849

OM780277
MG383652
MK119851

OP700311
OP700312
KU219986
MZ354881
MZ354882
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MZ354889
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LSU

MK119911

MK119910

MK119913

MZ355082
MK119912

MK119914

MZ355123
MZ355117
MZ355083
MK119926

MK119927

MK119928

OP700344
OP700345
KU220009
MZ355084
MZ355114
MZ355120
MZ355118
MZ355113
MK119933
MK119935

MK119936

MK119934

MZ355119

MZ355127

MZ355121

KU220001

MK119915

KU220002

OP700346
OP700347
OP700348
OP700349
MK119929

MNO077551

MK119916

MK119924

MK119923

P700350

P700351

P700352

P700353
P700354

2 0 0 0 0o ©

K119930

MK119931

OP700355
OP700356

MK119922
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KU220011
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MZ355099
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MZ355102
MK119902

MZ355088

GenBank accession no.

rpb2
MKI121511

MK121537

MK121532

MZ358834
MZ358833
MZ358835
MK121529

MZ358837

OP696845
OP696846
OP696847

MZ358839
MZ358840

MZ358841
MKI121512
MKI121515
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MKI121513
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K121600
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MZ352824
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—_
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MZ352790

MZ352792

MZ352800
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MZ352822
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OP703263

MZ352795
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Species

S. leucomarginatum

S. rugosum

Sanguinoderma sp.1

Sanguinoderma sp.2

Sanguinoderma sp.3

Pilei

Fuscous concentric zones or
edges and radial wrinkles near
the cream margin

Concentric furrows and radial
wrinkles, navel-shaped center
Concentric zones and radial
wrinkles

Concentric furrows and radial
wrinkles, navel-shaped center
Concentric zones and radial

wrinkles

Pore surface (when dry)

Pale mouse gray to ash-gray

White to cream or buff

Pale mouse gray to ash-gray

Pale grayish white

White to cram

Pore dissepiments

Slightly thick

Slightly thick

Slightly thick

Distinctly thick

Distinctly thick

Pileipellis

Apical cells clavate with septa,

slightly inflated
Apical cells clavate, inflated
Apical cells gelatinized,
irregular

Apical cells clavate, inflated

Apical cells clavate,

constricted

Cystidioles

Absent

Clavate and apexes
constricted
Absent

Absent

Absent

Basidiospores

88-10.1 x 7.8-9 um

9.5-11.6 x 8-9.5um
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Sanguinoderma ragosum complex
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1. Pileus with appressed patched scales
1. Pileus without patched scales

2. Basidiospores ornamentation higher (225 ),
composed of large wings

2. Basidiospores ornamentation lower (<2.5m),

composed of ridges

3. Lamellulac absent, odor faint and fragrant,

pleurocystidia blackening in SV

3. Lamellulae rare, odor indistinct, pleurocystidia

becoming reddish brown in SV

4.Odor strongly fetid, basidiospores larger measuring

8-9.5x7. ing blue in SV

-8.8pm, pleurocystidia bec

4.Odor not distinctive, basidiospores smaller measuring

55-7x5-6.5um, pleurocystidia becoming brownish black
5. Basidiospores ornamentation higher (>1.2um)

5. Basidiospores ornamentation lower (<1.2jm)

6. Odor distinct, basidiospores ornamentation forming an
incomplete reticulum

6. Odor indistinct, basidiospores ornamentation never
forming a reticulum

7. Odor strongly fetid, ornamentation composed of high
wings (up to 3pm)

7. Odor intense frangipani, ornamentation composed of
high ridges (up to 2jum)

8. Basidiomata larger (7-9.2cm), pileus not peeling readily,
hymenial cystidia turning blackish-gray in SV

8. Basidiomata smaller (5-7.5 cm), peeling readily,
hymenial cystidia turning yellowish brown in SV

9. Basidiospores ornamentation never forming a reticulum
9. Basidiospores ornamentation forming a complete or
incomplete reticulum

10. Basidiospores smaller measuring 5.3-6.8 5-5.9 jum,
hymenial cystidia grayish in SV

10. Basidiospores larger measuring 7-8.6x 5.5-6.6 um,
hymenial cystidia negative in SV

1. Pileal surface dry, stipe often tinged with reddish
brown, base reddish

11, Pileal surface slightly viscous, stipe cream, white, pale
yellowish brown or yellowish gray, base without reddish
tinge

12. Context white, unchanging in color when injured,
pleurocystidia blackish-gray in SV

12. Context slowly changing brown in color when injured,
pleurocystidia grayish in SV

13. Basidiospores ornamentation higher (20.7 um)

13. Basidiospores ornamentation lower (<0.7jm)

14. Lamellae sometimes forked near the stipe,
basidiospores smaller measuring 5.6-7x 4.6-6 ym,
suprahilar spot inamyloid and indistinet, a distribution in
subtropical China

14. Lamellae rarely forked around the stipe, basidiospores
larger measuring 6.5-9 x 5-7.5 pm, suprahilar area amyloid

and distinct, a distribution in temperate
China

R subpunctipes

R gelatinosa

R. senecis

R. hainanensis

R punctipes

R guangdongensis

R. clavulus

R multilamellula

R.indocatillus

R. pseudocatillus

R. rufobasalis

R succinea

R. straminella
14

R subpectinatoides

R
pseudopectinatoides
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1. Pileus not peeling readily
1. Pileus with readily peeling skin
2. Pleurocystidia negative in SV
2. Pleurocystidia positive in SV

3. Basidiospores larger measuring 6.5-7.5 % 5.0-6 m,
ornamentation lower (0.2-0.45 jum), pleurocystidia

becoming dark gray in SV

3. Basidiospores smaller measuring 5-7 x 4.5-6 um,

ornamentation higher (0.4-0.7 pm), pleurocystidia

becoming yellowish brown in SV
4. Appressed patched scales on the pileal surface
4. Pileus without patched scales

5. Pileal

and yellowish olive in the center, basidiospores

ornamentation higher (0.6-1.2jim)

‘margin and grayish yellow to brownish orange i the cener,

basidiospores ornamentation lower (0.3-0.6im)

6. Pleurocystidia positive in SV

6. Pleurocystidia negative in SV

7. Pileal surface yellowish white to pinkish to dark pink,
peeling to one-fourth of the radivus, basidiospores
ornamentation higher (0.4-0.8 pm), pleurocystidia

sV

becoming tawny

ileal surface yellowis

pecling to one-third of the radius, basidiospores

ormamentation lower (0.3-0.5 jm), pleurocystidia becoming

mauve in SV

8. Pileal surface yellowish green to deep green, stipe white

tinged with green, basidiospores ornamentation higher
(04-0.8ym)

8. Pileal surface yellowish green to golden green, stipe white

to pale cream, basidiospores ornamentation lower (up to

02pm)

rface pinkish red or light jasper red on the margin

. Pileal surface purplish gray to grayish magenta toward the

white in the center, margin white,

2
4
R.albidogrisea
3

R pallidula

R. niveopicta

5
6

R
viridirubrolimbata
R luofuensis

7

8

R.subpunicea

R. albolutea

R. xanthovirens

R. aureoviridis
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1. Pileus surface pale pink, grayish-pink, pale pinkish purple, | 2
lavender blush to rosy brown
1. Pileus surface pale ochre, olive green, dark green, green 5

white to grayish green

2. Hymenophore without lamellulae, pileus margin crenate R fusiformata
2. Hymenophore with lamellulae, pileus margin even or 3
incurved

ileus center yellowish white, basidiospores ornamentation  R. ofus
higher (up to 2jum)

3. Pileus center rosy brown, pale pink or pale grayish-pink, 4

basidiospores ornamentation lower

(upt0 0.7um)

4. Lamellae not forking, unchanging in color when injured, R

stipe cylindrical, cystidia negative in SV purpureorosea
4. Lamellae often forking, sometimes becoming yellowish R

brown when injured, stipe slightly expanded toward the base,  subpallidirosea
cystidia gray in SV

5. Pileal surface green, non-striate, stipe slightly attenuate R nigrovirens

toward the base, basidiospores 6.5-8.5 6-8um,

ornamentation up to 0.6 m

5. Pileal surface pale ochre when young, then becoming olive  R. dinghuensis
green to dark green, mixed with the rusty tone, slightly striate
with age, stipe cylindrical, basidiospores 6-8x 5-7pim,

ornamentation up to 0.4pm
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1. Pileus bright pink to green tones, pileipellis always
‘metachromatic in Cresyl blue

1. Pileus usually dull brown, white, or red tones, pileipellis
orthochromatic in Cresyl Blue

2

leus often white, brown, or red tones, with di
tuberculate-striate margin

2. Pileus often green to cinnamon tones, not striate or with
inconspicuous striate

3. Odor mostly mild, rarely acrid, pilipells usually with short,

inflated subterminal cells

ct fetid,

cylindrical, uninflated subterminal cells

3. Odor mostly d ipells usually with

4. Pileipellis with aggregate, fusiform pileocystidi

4. Pileipellis with segregate, clavate to subcylindrical

pileocystidia

subsect.

Cyanoxanthinae

2

sect.

Heterophyllae

4

sect. Ingratae

subsect.
Substriatinae
sect.

Virescentinae
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ubsection Species cality References
R. dinghuensis |B. Zhang and L.H. Qiu Guangdong, southern China Zhang etal. (2017)
R.fusiformata Yu Song Guangdong, southern China Song (2022)
Cyanoxanthinae R. lotus Fang Li Guangdong, southern China Liand Deng (2018)
B nger R. nigrovirens Yunnan, southwestern China Zhao etal. (2015)
R. purpurcorosea Yu Song Guangdong, southern China Song (2022)
R.subpallidirosea | B. Zhang and L.H. Qiu Guangdong, southern China Zhang etal. (2017)
Griseinae Jul. Schiff. | R. atroaeruginea Sichuan, southwestern China Lietal (2013)
R. bubalina Guangdong, southern China Lietal (2019)
R. discoidea Hainan, southern China Present study
Heterophyllae Fr. Heterophyllae (Fr) | R. pseudobubalina Guangdong, southern China Lietal (2019)
Jul. Schiff. R.subatropurpurea Guangdong, southern China Lietal (2019)
R. subbubalina Guangdong, southern China Chen etal. (2021a)
R viridicinnamomea F. Yuan and Y. Song Guangdong, southern China Yuan etal. (2019)
R. clavulus B. Chen and JE Liang ‘Yunnan, southwestern China Chen etal. (2021d)
R.gelatinosa Y. Song and L.H. Qiu Guangdong, southern China Songetal. (2018a)
R. guangdongensis Z.5. Bi and TH. Li Guangdong, southern China Biand Li (1986)
R. hainanensis Hainan, southern China Han etal. (2022)
R.indocatillus A. Ghosh, K. Das and R.P. Bhatt India Lietal. (2021)
R. multilamellula B. Chen and .E. Liang Guizhou, southwestern China Chen etal. (2021d)
R pseudocatillus F. Yuan and Y. Song Guangdong, southern China Yuan etal. (2019)
Ingratae (Quél) Maire  — R. pseudopectinatoides Xizang, western China Lietal. (2015)
R. punctipes Singer Hunan, central C} Songetal. (2018a)
R. rufobasalis Y. Song and L.H. Qiu Guangdong, southern China Songetal. (2018a)
R senecis Japan Chenetal. (2014)
R.straminella G.J. Li and C.Y. Deng Guizhou, southwestern China L et al. (2021)
R.subpectinatoides G.). Li and Q.B. Sun Jiangsu, eastern China Lietal. (2021)
R.subpunctipes . Song Hubei, central China Song et al. (2020)
R.succinea G.J. Liand C.. Deng Guizhou, southwestern China L et al. (2021)
Substriatinae X.H. R. maguanensis Yunnan, southwestern China Wang etal. (2019)
- Wang and Buyck R.substriata Yunnan, southwestern China Wang etal. (2019)
R.albidogrisea Guangdong, southern China Dasetal. (2017)
R.albolutea Hubei, central China Chen etal. (2021b)
R. aureoviridis Jing W. Li and L H. Qiu Guangdong, southern China Dasetal. (2017)
R. luofuensis B. Chen and J.E. Liang Guangdong, southern China Chen etal. (2021a)
Virescentinae (Singer)
- Virescentinae Singer  R. niveopicta Eujian, southeastern China Present study
R.pallidula Zhejiang, eastern China Chen etal. (2019)
R. subpunicea B. Chen and |.E. Liang Guangxi, southern China Chen etal. (2021b)
R.viridirubrolimbata ‘Guangsi, southern China Ying (1983)
R. xanthovirens Guangdong, southern China Song etaal. (2018b)

- - R. verrucospora Y. Song and LH. Qiu Guangdong, southern China Song etal. (2018b)
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GenBank accession

Voucher Locality Nos. Reference
ITS 28S
Russula aeruginea AT2003017 Sweden DQ421999 - Buyck et al. (2008)
Russula aff. crustosa BB 06.616 Canada = KU237461 Buyck etal. (2018)
Russula aff. virescens BB 09.021 New Caledonia = KU: 82 Buyck etal. (2018)
Russula albidogrisea K15091234 Guangdong, southern China KY767807 - Dasetal. (2017)
Russula albidogrisea RITF1871 China MW397095 MW397128 Unpublished
Russula albolutea RITF2653 Hubei, central China MT672478 MW397120 Chen etal. (2021b)
Russula albolutea RITF4460 Chongging, southwestern China - MW397121 | Chen etal. (2021b)
Russula albolutea RITF4461 Yunnan, southwestern China = MW397122 Chen etal. (2021b)
Russula albolutea RITF4462 Yunnan, southwestern China - MW397123 | Chen etal. (2021b)
Russula amoena SAV F-3147 Slovakia MT017544 - Wisitrassameewong et al. (2020)
Russula aureoviridis H16082612 ‘Guangdong, southern China KY767809 - Das etal. (2017)
Russula aureoviridis RITF4709 Guangdong, southern China MW646980 | MWG46992 | Chen etal. (2021)
Russula bella SEC20170819-05 South Korea MT017552 - Wisitrassameewong et al. (2020)
Russula bubalina K15052614 ‘Guangdong, southern China MGO18742 - Lietal. (2019)
Russula bubalina RITF1863 China MW397097 = Unpublished
Russula cf. rustosa DSL002 ‘Thailand MT559557 - Kaewgrajang et al. (2020)
Russula cf. pseudobubalina = HKAS122431 ‘Yunnan, southwestern China ON794290 - ‘Wang et al. (2022)
Russula cf. vesca BB 06.525 Mexico —_ KU237465 Buyck etal. (2018)
Russula crustosa BPL26S United States KT933966 KT933826 | Looney etal. (2016)
“Russula crustosa” MHHNU 7960 China OM760651 - Unpublished
Russula cyanoxantha FH 12-201 ‘Germany KR364093 KR364225 De Crop etal. (2017)
Russula cyanoxantha RITF4682 Guangdong, southern China MW646981 | MWG646993 | Chen etal. (2021)
Russula cyanoxantha UE29.09.2002-2 France DQ422033 - Buyck et al. (2008)
Russula dinghuensis GDGM45244 Guangdong, southern China KU863579 - Zhang etal. (2017)
Russula dinghuensis RITF5142 China MW646982 | MWG646994 | Chen etal. (2021)
Russula discoidea N.K. Zeng4895 (FHMU4847) ~ Hainan, southern China OP837469 OP837459 Present study
Russula discoidea N.K. Zeng4968 (FHMU5535) ~ Hainan, southern China - OP837460 Present study
Russula grisea 'UE2005.08.16-01 Sweden DQ422030 - Buyck et al. (2008)
Russula grisea FH12234 Germany KT934006 KT933867 Looney et al. (2016)
Russula grisea BB 07.184 Slovakia = KU237509 Buyck etal. (2018)
Russula heterophylla UE20.08.2004-2 Sweden DQ422006 - Buyck etal. (2008)
Russula ilicis 5631C52 Europe AY061682 = Miller and Buyck (2002)
Russula ilicis MF 00.300 Italy - KU237595 | Buyck etal. (2018)
Russula ionochlora BB07.338 Slovakia - KU237508 | Buyck etal. (2018)
Russula lakhanpalii AG 17-1,584 India MN262088 - Ghosh etal. (2020)
Russula lakhanpalii RITF2600 China MW646983 MW646995 Chen etal. (2021a)
Russula langei BB 07.792 France - KU237510 Buyck etal. (2018)
Russula lotus RITF499 China MKS60699 | MW397129  Song etal. (2019)
Russula luofuensis RITF4706 Guangdong, southern China MW646973 MW646985 | Chen etal. (2021a)
Russula luofuensis RITF4707 ‘Guangdong, southern China MW646974 MW646986 Chen etal. (2021a)
Russula luofuensis RITF4708 Guangdong, southern China MW646975 | MW646987 | Chenetal. (2021)
Russula luofuensis RITF4712 Guangdong, southern China MW646976 MW646988 | Chen et al. (2021a)
Russula luofuensis RITF4714 ‘Guangdong, southern China MW646977 MW646989 Chen etal. (2021a)
Russula maguanensis XHW4765 ‘Yunnan, southwestern China MH724918 MH714537 ‘Wang et al. (2019)
Russula mariae HCCN19111 South Korea KF361762 KF361812 Park etal. (2013)
Russula mariae BB 07.038 United States — KU237538 Buyck etal. (2018)
Russula medullata BB07.252 Slovakia - KU237546 | Buycketal. (2018)
Russula mustelina FH12226 ‘Germany KT934005 KT933866 Looney etal. (2016)
Russula mustelina SA 09.88 Slovakia . KU237596 Buyck etal. (2018)
Russula niveopicta N.K. Zeng1413 (FHMU958) Fujian, southeastern China OP837461 OP837453 Present study
Russula niveopicta N.K. Zeng1395 (FHMU941)  Fujian, southeastern China OP837462 OP§37454  Present study
Russula niveopicta N.K. Zeng2252 (FHMU1497) ~ Hainan, southern China OP837463 OP837455 Present study
Russula niveopicta N.K. Zeng1408 (FHMU953) Fujian, southeastern China OP837464 OP837456 Present study
Russula orientipurpurea SEC20170819-08 South Korea MT017550 - Wisitrassameewong et al. (2020)
Russula orientipurpurea SFC20170725-37 South Korea MT017548 - Wisitrassameewong et al. (2020)
Russula pallidula RITF2613 Zhejiang, eastern China MH027958 MH027960 Chen etal. (2019, 2021a)
Russula pallidula RITF3331 ‘Yunnan, southwestern China MH027959 MH027961 Chen etal. (2019) and Chen et al.
(20212)

Russula parvovirescens. SDRM 6280 United States MK532789 - Unpublished
Russula phloginea (CNX530524068 ‘Yunnan, southwestern China MK860701 MK860704 Song etal. (2019)
Russula phloginea CNX530524304 Yunnan, southwestern China MK860700 MK860703 | Song etal. (2019)
Russula prasina HMAS 281232 Guangxi, southern China MH454351 - Hyde etal. (2019)
Russula prasina HMAS 279806 Guangxi, southern China MH454353 - Unpublished
Russula prasina HMAS 279805 Guangxi, southern China MH454352 - Unpublished
Russula pseudobubalina GDGM70632 Guangdong, southern China MF433036 - Lietal. (2019)
Russula sp. Pj3-mOTU063 Japan LC260471 - Murata and Nara (2017)
Russula sp. Pal-mOTU0S6 Japan LC315895 - Murata and Nara (2017)
Russula sp. TY613 Japan LC367995 = Miyamoto et al. (2018)
Russula sp. Pj3-mOTU065 Japan LC260473 - Murata and Nara (2017)
Russula sp. HMAS:279584 China MG719936 - Lietal. (2018)
Russula sp. HMAS 276811 China LT602970 LT602947 Unpublished
Russula sp. 6 MAS-2010 Japan GQ359820 - Motomura et al. (2010)
Russula sp. B4-1 Japan 1C553324 - Yamato et al. (2021)
Russula sp. de264 Japan LC538091 - Ishikawa et al. (2020)
Russula sp. TJ$2020-03 China OM281259 OM281030 Unpublished
Russula sp. TYY-73 China OK584446 = Unpublished
Russula sp. 1734 Hunan, central China AB769908 - Huang etal. (2014)
Russula sp. HMAS:271715 China KX441239 KX441486 Unpublished
Russula subatropurpurea  N.K. Zeng1898 (FHMU4841) | Hainan, southern China OP837465 - Present study
Russula subatropurpurea  N.K. Zeng4910 (FHMU4854)  Hainan, southern China OP837467 OP837457  Present study
Russula subatropurpurea  N.K. Zeng5034 (FHMU4812) ~ Hainan, southern China OP837468 OP837458 Present study
Russula subatropurpurea  N.K. Zengd764 (FHMU5454) | Hainan, southern China OP837466 - Present study
Russula subatropurpurea | K16080818 Guangdong, southern China MF433038 - Lietal. (2019)
Russula subatropurpurea  K16080816 Guangdong, southern China MF433037 - Lietal. (2019)
Russula subatropurpurea K17071401 Guangdong, southern China MH422579 - Lietal. (2019)
Russula subbubalina RITF4710 ‘Guangdong, southern China MW646978 MW646990 Chen etal. (2021a)
Russula subbubalina RITF4715 ‘Guangdong, southern China MW646979 MW646991 Chen etal. (2021a)
Russula subpallidirosea RITF4083 ‘Guangdong, southern China MK860697 'MK860702 Song etal. (2019)
Russula subpunicea RITF3715 ‘Guangxi, southern China MN833635 MW397124 Chen etal. (2021b)
Russula subpunicea RITF2648 Zhejiang, eastern China MN833638 MW397125 Chen etal. (2021b)
Russula subpunicea RITF1435 Hunan, central China MN833637 MW397126 Chen etal. (2021b)
Russula subpunicea RITF2615 Hunan, central China MN833636 MW397127 Chen etal. (2021b)
Russula substriata XHW4766 ‘Yunnan, southwestern China MH724921 MH714540 ‘Wang et al. (2019)
Russula variata BPL241 United States KT933959 KT933818 Looney etal. (2016)
Russula vesca RITF5038 China MWo46984 - Chen etal. (2021a)
Russula vesca BPL284 United States KT933978 KT933839 Looney etal. (2016)
Russula vesca AT2002091 Sweden DQ422018 - Buyck et al. (2008)
Russula violeipes BB07.273 Slovakia = KU2375M | Buycketal. (2018)
Russula violeipes SFC20121010-06 South Korea KF361808 KF361858 Park et al. (2013)
Russula virescens HJB9989 Belgium DQ422014 - Buyck et al. (2008)
Russula viridicinnamomea | K15091418 Guangdong, southern China MK049972 - Yuan etal. (2019)
Russula viridicinnamomea  RITF3324 China MW397098 MW397130 Unpublished
Russula viridirubrolimbata . HBAU 15011 Hunan, central China MT337526 . Deng et al. (2020)
Russula werneri 181997/0786 Europe DQ#22021 - Unpublished
Russula xanthovirens GDGM 71145 Guangdong, southern China MG786056 - Song etal. (2018b)
Russula xanthovirens N.K. Zeng3025 (FHMU1986) ~ Hainan, southern China - OP837452 Present study
Russula xanthovirens N.K. Zeng3041 (FHMU2002)  Hainan, southern China MT822963  MT829148  Present study
Russula xanthovirens BI7091630 Guangdong, southern China MG786055 — Unpublished

GenBank numbers in bold indicate the newly generated sequences.
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Species Strain number GenBank accession number

LSU tefl -o

Coryneum arausiaca MFLUCC 15-1110 MF190121 MF190067 MF377575 MF377609
Coryneum arausiaca MFLUCC 13-0658 MF190120 MF190066 MF377574 ME377610
Coryneum umbonatum D201 MH674329 MH674329 MH674337 MH674333
Coryneum sinense CECC 52452 MH683553 MH683561 MH685733 MH685725
Coryneum suttonii CECC 52317 MH683555 MH683563 MH685735 MH685727
Coryneum gigasporum CFCC 52319 MH683557 MH683565 MH685737 MH685729
Coryneum depressum D202 MH674330 MH674330 MH674338 MH674334
Coryneum lanciforme D215 MH674332 MH674332 MH674340 MH674336
Coryneum songshanense CECC 52997 MK799946 MK799933 MK799822 MK799812
Coryneum perniciosum CBS 130.25 MH854812 MHS866313 NA NA
Coryneum modonium D203 MH674331 MH674331 MH674339 MH674335
Coryneum castaneicola CECC 52315 MH683551 MH683559 MH685731 MH685723
Coryneum ilicis CFCC 52994 MK799948 MK799935 NA NA
Coryneum heveanum MFLUCC 17-0369 MH778707 MH778703 MH780881 NA
Coryneum heveanum MFLUCC 17-0376 MH778708 MH778704 NA NA
Diaporthe eres MELUCC 17-1025 KY964221 NA KY964177 NA
Diaporthe krabiensis MELUCC 17-2481 MN047100 MNO17866 MN433215 NA
Hyaliappendispora galii MELUCC 16-1208" MF190150 MF190095 MF377588 NA
Hyaloterminalis alishanensis NCYUCC 19-0400" MT447559 MT447557 MT476042 NA
Lamproconium desmazieri MFLUCC 14-10477 KX430132 KX430133 NA NA
Lamproconium desmazieri MFLUCC 15-0871 KX430136 KX430137 NA NA
Lamproconium desmazieri MELUCC 15-0872 KX430138 KX430139 NA NA
Neopestalotiopsis rosae CBS 101057 KM199359 KM116245 KM199523 MH554850
Neapestalotiopsis protearurm CBS 114178 LT853103 JN712564 KM199542 MHS54873
Prosopidicola albizziae CPC 27478 KX228274 KX228325 NA NA
Prosopidicola albizziae CBS 141298 NA MHS878213 NA NA
Prosopidicola mexicana CBS 113529 MH862932 MH874501 NA NA
Stegonsporium protopyriforme CBS 117041 EU039976 EU039992 EU040017 NA
Stegonsporium acerophilum CBS 117025 EU039982 EU039993 EU040027 KE570173
Stenocarpella macrospora CBS 117560 FR748048 EU754219 MG934504 NA
Stilbospora orientali CBS 135075 KF570166 KF570166 KF570237 KF570197
Subellipsoidispora guttulata MFLUCC 23-00037 0Q709076 0Q709080 0Q750549 0Q750552
Talekpea foeticia CBs325.79" MH872982 MHS861215 NA NA

Ex-type strains are indicated by “T” in superscript, and newly generated sequences are in red.
CBS, Westerdijk Fungal Biodiversity Institute, Utrecht, the Netherlands; CFCC, China Forestry Culture Collection Center, Beijing, China; MFLUCC, Mae Fah Luang University Culture
Collection, Chiang Rai, Thailand; NCYUCC, NA: not data available in Gen Bank; National Chiayi University Culture Collection, Taiwan, China.
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Species Strain number GenBank accession number

LSU tefl -«
Amphilogia gyrosa CBS 112922 AF452111 AY194107 MN271818 MN271782
Amphilogia gyrosa CBS 112923 AF452112 AY194108 MN271819 MN271783
Aurantioporthe corni CMW 10526 DQ120762 AF408343 NA NA
Aurantioporthe corni CBS 245.90 MN172403 MN172371 MN271822 MN271784
Aurantiosacculus acutatus CBS 1321817 JQ685514 JQ685520 MN271823 NA
Aurantiosacculus eucalyptorum CBS 130826" JQ685515 JQ685521 MN271824 MN271785
Aurantiosacculus castaneae CFCC 524567 MH514025 MH514015 NA MN271786
Aurapex penicillata CBS 1157407 AY214311 AY194103 NA NA
Aurapex penicillata CBS 1157427 AY214313 MN172372 NA NA
Aurapex penicillata CBS 115801 MN172404 MN172373 NA MN271787
Aurifilum marmelostoma CBS 124928 T FJ890495 MH874934 MN271827 MN271788
Aurifilum marmelostoma CBS 124929 FJ882855 HQ171215 MN271828 MN271789
Celoporthe dispersa CBS 1187827 DQ267130 HQ730853 HQ730840 NA
Celoporthe eucalypti CBS 1271907 HQ730837 HQ730863 HQ730850 MN271790
Celoporthe guangdongensis CBS 1283417 HQ730830 HQ730856 HQ730843 NA
Celoporthe syzygii CBS 127218 HQ730831 HQ730857 HQ730844 NA
Celoporthe woodiana CBS 118785 DQ267131 MN172375 JQ824071 MN271791
Celoporthe sp. CBS 534.82 MN172406 MN172376 NA NA
Chrysomorbus lagerstroemiae CBS 142594 KY929338 KY929328 MN271830 NA
Chrysomorbus lagerstroemiae CBS 142592 KY929330 KY929320 MN271831 NA
Chrysoporthe austroafricana CBS 112916" AF292041 AY194097 MN271832 NA
Chrysoporthe austroafricana CBS 115843 AF273473 MN172377 MN271833 NA
Chrysoporthe cubensis CBS 1186547 DQ368773 MN172378 MN271834 NA
Chrysoporthe cubensis CBS 505.63 AY063476 MN172379 MN271835 MN271792
Chrysoporthe hodgesiana CBS 115854 AY692322 MN172380 MN271836 MN271793
Chrysoporthe hodgesiana CBS 115744 AY956970 MN172381 MN271837 NA
Chrysoporthe inopina CBS 118659" DQ368777 MN172382 MN271838 NA
Chrysoporthe syzygiicola CBS 124488" FJ655005 MN172383 MN271839 NA
Chrysoporthe zambiensis CBS 1245037 FJ655002 MN172384 MN271840 NA
Corticimorbus sinomyrti CBS 140205 KT167169 KT167179 MN271841 MN271794
Corticimorbus sinomyrti CBS 140206 KT167170 KT167180 MN271842 MN271795
Cryphonectria citrina CBS 109758 MN172407 EU255074 MN271843 EU219342
Cryphonectria decipens CBS 129351 EU442657 MN172385 MN271844 MN271796
Cryphonectria decipens CBS 129353 EU442655 MN172386 MN271845 MN271797
Cryphonectria japonica CFCC52148 MH514033 MH514023 MN271846 NA
Cryphonectria macrospora CBS 109764 EU199182 AF408340 NA EU220029
Cryphonectria neoparasitica CFCC 521467 MH514029 MH514019 MN271847 NA
Cryphonectria parasitica ATCC 38755 MH843497 MH514021 NA DQ862017
Cryphonectria parasitica CFCC 52150 AY141856 EU199123 MN271848 NA
Cryphonectria quercus CECC 521387 MG866024 NA MN271849 NA
Cryphonectria quercicola CFCC 521417 MG866027 NA MN271850 NA
Cryphonectria radicalis CBS 112917 AF452113 AY194101 NA NA
Cryptometrion aestuescens CBS 1240077 GQ369457 MN172387 MN271851 MN271798
Cryptometrion aestuescens CBS 124008 GQ369458 HQ171211 MN271852 MN271799
Diversimorbus metrosiderotis CBS 1328667 JQ862871 JQ862828 MN271857 NA
Diversimorbus metrosiderotis CBS 132865 JQ862870 JQ862827 MN271858 NA
Endothia chinensis CECC 521447 MH514027 MH514017 MN271860 NA
Endothia gyrosa CMW 2091 AF368325 AY194114 NA NA
Endothia singularis CBS 112921 AF368323 NA NA NA
Pulvinaticonidioma hyalinum MFLUCC 23-0002T 0Q747764 0Q709079 0Q750548 0Q750551
Pulvinaticonidioma hyalinum MFLUCC 23-0004 0Q709075 0Q709078 0Q750547 0Q750550
Foliocryphia eucalypti CBS 1247797 GQ303276 GQ303307 MN271861 MN271802
Foliocryphia eucalyptorum CBS 1425367 KY979772 KY979827 MN271862 MN271803
Holocryphia eucalypti CBS 1158427 MN172411 MN172391 MN271882 MN271804
Holocryphia capensis CBS 1328707 JQ862854 JQ862811 MN271883 NA
Holocryphia gleniana CBS 1328717 JQ862834 JQ862791 MN271884 NA
Holocryphia mzansi CBS 1328747 JQ862841 1Q862798 MN271885 NA
Immersiporthe knoxdaviesiana CBS 1328627 JQ862765 JQ862755 MN271886 MN271805
Immersiporthe knoxdaviesiana CBS 132863 JQ862766 JQ862756 MN271887 MN271806
Luteocirrhus shearii CBS 1307767 KC197021 KC197019 MN271890 MN271807
Luteocirrhus shearii CBS 130775 KC197024 KC197018 MN271891 MN271808
Microthia havanensis CBS 115855 DQ368735 MN172393 NA MN271811
Microthia havanensis CBS 115841 DQ368736 MN172394 NA NA
Microthia havanensis CBS 115758 DQ368737 MN172395 NA NA
Myrtonectria myrtacearum CMW 464337 MG585736 MG585750 NA NA
Mpyrtonectria myrtacearum CMW 46435 MG585737 MG585751 NA NA
Rostraureum tropicale CBS 1157257 AY167435 MN172399 MN271895 MN271814
Rostraureum tropicale CBS 115757 AY167438 MN172400 MN271896 MN271815
Ursicollum fallax CBS 118663" DQ368755 EF392860 MN271897 MN271816
Ursicollum fallax CBS 118662 DQ368756 MN172401 MN271898 MN271817

Ex-type strains are indicated by “T” after the strain number, and newly generated sequences are in red.
CBS, Westerdijk Fungal Biodiversity Institute, Utrecht, the Netherlands; CFCC, China Forestry Culture Collection Center, Beijing, China; CMW, NA: not data available in Gen Bank; Forestry
and Agricultural Biotechnology Institute (EABI), University of Pretoria, South Africa.
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Species

Fistulina americana
Fistulina americana
Fistulina americana
Fistulina antarctica
Fistulina antarctica
Fistulina endoxantha
Fistulina endoxantha
Fistulina hepatica
Fistulina hepatica
Fistulina orientalis
Fistulina orientalis
Fistulina pumiliae
Fistulina pumiliae
Fistulina pumiliae
Fistulina subhepatica
Fistulina subhepatica
Fistulina tasmanica
Fistulina tasmanica
Porodisculus pendulus
Porodisculus pendulus
Pseudofistulina radicata

Pseudofistulina radicata

New taxa are in bold.

Specimen

CLZhao 147
DL-22-189
REG593
1015
CBS701.85
GM19079
GM19089
CCBAS532
FCL <POL> : 457
SFC20210518-01
YRH 217
GM19077
GM19078
GM19018
Cui 11130
Dai 13216
Cui 16605
Cui 16635
HUO12158
HHB13576
G1080

CBS 508.63

Location

Massachusetts, USA
Massachusetts, USA
USA

Argentina
Argentina
Argentina
Argentina

Czech Republic
Poland

Jeju Island, Korea
Anhui, China
Argentina
Argentina
Argentina

Yunnan, China
Yunnan, China
Tasmania, Australia
Tasmania, Australia
Colombia
Wisconsin, USA
USA

USA

Host

Quercus sp.
Quercus sp.
Unknown
Nothofagus antarctica
Unknown
Lophozonia obliqua
Lophozonia alpina
Unknown
Unknown
Castanopsis sieboldii
Castanopsis eyrei
Nothofagus pumilio
Nothofagus pumilio
Nothofagus pumilio
Angiosperm
Castanopsis sp.
Eucalyptus sp.
Eucalyptus sp.
Unknown
Unknown
Unknown

Unknown

GenBank accession no.

ITS

MG231510
OP806861
AY571038
MWA462921
DQ486702
MWA462919
MW462920
LN714544
KY474052
0OP595749
0OP595750
MWA462917
MW462918
MW462914
KJ925059
KJ925060
MKO986821
MK986822
EU423190
KX065960

AY571039

nLSU

OP806860
AY571004
MW462925
AY293181
MW462956
MW462957

OP595747
0OP595748
MW462954
MW462955
MW462953
KJ925054
KJ925055
MKO986823
MK986824
KX065994
MK278531
AY571005
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Species

Crassisporus imbricatus
C. imbricatus

C. leucoporus

C. macroporus

C. macroporus

C. microsporus
Daedaleopsis confragosa
D. confragosa

D. hainanensis

D. hainanensis

D. purpurea

D. purpurea
Datronia mollis

D. mollis
Datroniella subtropica
D. subtropica
Dichomitus squalens
D. squalens

D. squalens

D. squalens

D. squalens

D. squalens
Echinochaete russiceps
E. russiceps

Favolus acervatus

F. acervatus

F. niveus

F. niveus

F. pseudoemerici

F. pseudoemerici
Hexagonia glabra
H. glabra
Hornodermoporus latissimus
H. latissimus
Jorgewrightia austroasiana
J. austroasiana

J. bambusae

J. bambusae

J. cystidiolophora

J. cystidiolophora

J. ellipsoidea

J. ellipsoidea

J. fusiformis

. fusiformis

J. guangdongensis

J. guangdongensis

J. hengduanensis

J. hengduanensis

J. kirkii

J. major

J. major

J. rimosa

J. rimosa

J. irregularis

J. irregularis

J. tenuis

J. tenuis

J. tropica

J. tropica

J. violacea

J. violacea

J. yunnanensis

J. yunnanensis

M. epitephra

M. hubeiensis

M. hubeiensis

Mariorajchenbergia leucoplacaDai 18657 (holotype of

M. leucoplaca

M. leucoplaca

M. leucoplaca

M. leucoplaca

M. pseudocavernulosa
M. pseudocavernulosa
M. rhododendri

M. rhododendri

M. subcavernulosa

M. subcavernulosa

M. subleucoplaca

Megasporia amazonia
M. amazonia
M. anoectopora
M. anoectopora
M. cavernulosa
M. hexagonoides
M. mexicana
M. olivacea
M. olivacea
M. sinuosa
M. sinuosa
M.sp. 1
M.sp. 1
M.sp. 1
M. variabilicolor
M. variabilicolor
Megasporoporia bannaensis
. bannaensis
. inflata
. inflata

. minor

M.

M.

M.

M.

M. minor
M. neosetulosa

M. neosetulosa

M. neosetulosa

M. neosetulosa

M. neosetulosa

M. setulosa

Neodatronia gaoligongensis
N. gaoligongensis
Perenniporia martia

P. martia

Polyporus tuberaster

P. tuberaster

P. varius

P. varius

Trametes hirsuta

T. ochracea

Sample no.

Dai 10788

Cui 6556

Cui 16801

Cui 14465

Cui 14468

Cui 16221

Cui 6892

Cui 9756

Dai 9268

Cui 5178

Dai 8060

Dai 13583a

Dai 11456

Dai 11253

Dai 12883

Dai 12885

Cui 9639

Cui 9725

Cui 15870

Cui 18424

Cui 18438

Dai 15352

Dai 13868

Dai 13866

Cui 11053

Dai 10749b

Cui 11129

Dai 13276

Cui 11079

Cui 13757

Dai 12993

Cui 11367

Cui 6625

Dai 12054

Dai 17884 (holotype)
Dai 18627

Dai 22106 (holotype)
Dai 20064

Cui 2642

Cui 2688 (paratype)
Dai 19743

Cui 5222 (holotype)
Dai 18596 (holotype)
Dai 18578

Cui 9130 (holotype)
Cui 13986

Cui 8076 (holotype)
Cui 8176

Ryvarden 32577

Cui 10253

Yuan 1183

Dai 15357 (holotype)
Dai 21997

Dai 16449

Cui 13853 (holotype)
Dai 20510 (holotype)
Dai 20517

Cui 13740

Cui 13660 (holotype)
Cui 13845

Cui 13838

Cui 12614A

Dai 13870 (holotype)
Coveny 219

Dai 18102

Dai 18103

Megasporoporiella
australiae)

Dai 18658

ICMP 16412

ICMP 16962

ICMP 17545

Yuan 1270 (holotype)
Dai 19379

Dai 4226 (holotype)
Cui 12432

Cui 9252

Cui 14247
Ryvarden 11049
(holotype)

URM 87859

URM 85601

URM 86947

URM 86928

URM 83867

CBS 464.63

JV 1806/4-]

Dai 17908 (holotype)
Dai 17909

Dai 22011

Dai 22210 (holotype)
JV 0904/81

JV 0904/52-]

JV 0904/50-]

URM 88369

URM 88368

Dai 12306 (holotype)
Dai 13596

Dai 17882

Dai 17478 (holotype)
Dai 18322

Dai 12170 (holotype)
JV 1008/51-]

JV 1008/102-]

URM 85679 (holotype)
URM 85113

JV 0904/139-]

LR 9907 (neotype)
Cui 8055

Cui 8186

Cui 4055

Cui 7992

Dai 12462

Dai 11271

Cui 12249

Dai 13874

RLG 5133T

HHB 13445sp

New taxa and new sequences are in bold.

Geographic
origin

China
China
Australia
China
China
China
China
China
China
China
Japan
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
Singapore
Malaysia
China
China
China
China
China
China
Malaysia

Malaysia
China

China
China
China
Zimbabwe
China
China
China
China
China
China
China
China
China
China
China
China
China
China
Australia
China
China

Australia

Australia
New Zealand
New Zealand
New Zealand
China

China

China

China

China

China

‘Tanzania

Brazil
Brazil
Brazil
Brazil
Brazil
Argentina
Honduras
China
China
China
China
USA
USA
USA
Brazil
Brazil
China
China
Malaysia
Malaysia
Vietnam
China
USA
USA
Brazil
Brazil
USA
Tanzania
China
China
China
China
China
China
China
China
USA
USA

ITS

KC867350
KC867351
MK116488
MK116485
MK116486
MK116487
KU892428
KU892438
KU892434
KU892435
KU892442
KX832054
JX559253
JX559258
KC415184
KC415185
JQ780407
JQ780408
ON088330
ON088331
ON088332
ON088333
KX832051
KX832050
KU189774
KX548953
KX548955
KX548956
KX548958
KX548959
KX900637
KX900638
HQ876604
KX900639
MW422260
MW422261
MW694884
MW694885
JQ780390
JQ780389
MW694879
JQ314367
MW694892
MW694893
JQ314373
MG847208
JQ780392
JQ314370
ON088326
JQ314366
JQ314365
KY449436
MW422262
ON088318
MW694880
ON088323
ON088324
KY449438
KY449437
MG847211
MG847210
KY449442
KY449443
ON088325
MW694890
MW694891
MW694888

MW694889
ON944162
ON944161
ON944160
JQ314360
MW694882
JQ314356
MW694883
JQ780378
MG847213
ON088327

MW989394
KX584455
KX584456
KX584457
KX584458
MW989396
ON088328
ON088329
ON088321
ON088322
MW989395
JF894107
JF894105
KX584449
KX584448
JQ314362
KX900653
MW694886
MW694887
MW694881
JQ314363
JF894109
JF894110
KX584459
KX584460
ON088320
OL678508
JX559269
JX559268
KX900641
HQ876603
KU507580
KU189769
KU507581
KU189777
JN164941
JN164954

GenBank accessions

nLSU

KC867425
KC867426
MK116497
MK116494
MK116495
MK116496
KU892448
KU892451
KU892458
KU892462
KU892475
KX832063
JX559292
JX559289
KC415191
KC415192
JQ780426
JQ780427
ON089003
ON089004
ON089005
ON089006
KX832060
KX832059
KU189805
KX548979
KX548981
KX548982
KX548984
KX548985
KX900683
KX900684
JE706340
KX900686
ON089007
ON089008
MW694928
JQ780432
JQ780431
MW694923
JQ314390
MW694935
MW694936
JQ780428
MG847217
JQ780433
KX900697
ON089001
JQ780437

KY449447
ON088994
MW694924
ON088998
ON088999
KY449449
KY449448
MG847220
MG847219
KY449453
KY449454
ON089000
MW694933
MW694934
MW694931

MW694932
ON944142
ON944141
ON944140
JQ314394
JQ314392
MW694927
JQ780416
MG847222

MW965595
KX619579
KX619577
KX619580
KX619582
AY333802

ON089002
ON088996
ON088997

ON088995
KX619578
KX619574
JQ314379
KX900702
MW694929
MW694930
MW694925
JQ314380

OL684780
OL684781
JX559286
JX559285
KX900688
HQ654114
KU507582
KU189800
KU507583
KU189808
JN164801
JN164812

mt-SSU

KX838374
MK116507
MK116504
MK116505
MK116506
KX838381
KX838414
KX838413
KX838409
KX838412
KX838388
KX838387
KX838390
KX838391
KX838404
KX838403

KX838406
KX838405
KU189956
KX549018
KX549019
KX549020
KX549022
KX549023
KX900733
KX900734
KF051040
KF218297
ON088341
MW694912
MW694913
MW694899
MW694920
MW694921

MG847229
MG847252
KX900749

MK116502
MW694908
MW694909
MW694900
ON088338
ON088339
MW694910
MW694911
MG847232
MG847231
MW694922
MW694907
MW694918
MW694919
MW694916

MW694917

MW694904
MW694905
MW694906
MG847235
MG847234

‘ON088340
‘ON088336
‘ON088337
‘ON088335

KX900754

MW694914
MW694915
MW694901
MW694902

MG847236
MG847237
KX900737
KF051041
KU507584
KU189950
KU507585
KU189958

tef

MK122986
MK122983
MK122984
MK122985
KX838418

KX838441
KX838438
KX838440
KX838424
KX838427
KX838428
KX838436
KX838435

KX838437
KU189920
KX549043
KX549045
KX549046
KX549048
KX549049
KX900823
KX900824
KF181134
KF286303

MZ618631
MZ618632

MZ669220
MZ618637
MZ618638

MG867699
KF286337

MG867700
ON158685

MZ618625
ON158684
MZ618629
MZ618630
MG867703
MG867702
MZ618628

MZ618636

MZ618634

MZ618635

MZ618626
MZ618627
MGB867706
MGB867705

MW161494
MW045831
MW161495

ON158686
ON158687
ON158682
ON158683

ON158681
MW045833
MW161496

KX900838
MZ618633
MZ618624
KF494980

MW045832
KX900846

KF181135
KU507590
KU189914
KU507591
KU189923
JN164891

JN164904
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Species Sample no. GenBank no. References
nLSU

Junghuhnia crustacea Miettinen 13852, 1 JN710554 JN710554 Miettinen etal., 2012

J. crustacea Miettinen 2954, 1 JN710553 JN710553 Miettinen et al., 2012

Steccherinum amapaense M245 KY977406 KY977405 Hyde et al,, 2017

S. amapaense AS888 - KY980666 Hyde et al.,, 2017

S. austrosinense Dai 17540 MN871755 MN877768 Du et al., 2020

S. austrosinense Dai 17679 MN871756 MN877769 Du et al., 2020

S. autumnale Spirin 2957 JN710549 JN710549 Miettinen etal., 2012

S. bourdotii HHB9743sp KY948818 - Justo etal., 2017

S. collabens KHL 11848 JN710552 JN710552 Miettinen et al., 2012

S. fimbriatellum Miettinen 2091 JN710555 JN710555 Miettinen et al., 2012

S. formosanum TFRI 652 EU232184 EU232268 Westphalen et al., 2019

S. fragile Dai 20479 MW364628 MW364626 Liu and Dai, 2021

S. fragile Dai 19972 MW364629 MW364627 Liu and Dai, 2021

S. hirsutum CLZhao 4222 MW290040 MW290054 Dong et al., 2022

S. incrustans Miettinen 10301 JN710550 JN710550 Miettinen et al., 2012

S. incrustans Dai 19442 ON182084* ON182087* Present study

S. juniperi Dai 23930 OP956076* - Present study

S. juniperi Dai 23931 0OP956077* OP956031* Present study

S. lacerum Niemela 8246 JN710557 JN710557 Miettinen et al., 2012

S. larssonii MCW 593/17 MT849306 MT849306 Westphalen et al., 2021

S. larssonii MCW 594/17 MT849307 MT849307 Westphalen etal., 2021

S. meridionale CBS 125887 MH864086 MH875544 Vuetal, 2019

S. meridionale MR 284 KY174992 KY174992 Westphalen et al., 2018

S. nandinae Dai 21107 MN833677 MN833679 Du et al., 2020

S. nandinae Dai 21108 MN833678 MN833680 Du et al., 2020

S. neonitidum MCW 371/12 KY174990 KY174990 Westphalen et al., 2018

S. nitidum MT 33/12 KY174989 KY174989 Westphalen et al., 2018

S. nitidum KHL 11903 JN710560 JN710560 Miettinen et al., 2012

S. ochraceum KHL 11902 JN710590 JN710590 Miettinen et al., 2012

S. ochraceum 2060 JN710589 JN710589 Miettinen etal., 2012

S. polycystidiferum RP 140 KY174996 KY174996 ‘Westphalen et al., 2018

S. polycystidiferum MCW 419/12 KY174995 KY174995 ‘Westphalen et al., 2018

S. pseudozilingianum Kulju 1004 JN710561 JN710561 Miettinen et al., 2012

S. puerense CLZhao 3122 MW682341 - Wu etal, 2021

S. puerense CLZhao 3644 MW682342 MW682338 Wuetal, 2021

S. rubigimaculatum CLZhao 4069 MW682343 MW682339 Wuetal, 2021

S. rubigimaculatum CLZhao 10638 MWe682344 MW682340 Wu etal, 2021

S. subcollabens Dai 19345 MN871759 MN877772 Duetal, 2020

S. subcollabens Dai 19344 MN871758 MN877772 Du etal, 2020

S. tenue KHL 12316 JN710598 JN710598 Miettinen et al., 2012

S. tenue FP102082sp KY948817 - Justo etal.,, 2017

S. tenuispinum Miettinen 8065, 2 JN710599 JN710599 Miettinen et al., 2012

S. tenuispinum Spirin 2116 JN710600 JN710600 Miettinen et al., 2012

S. undigerum MCW 426/13 KY174986 KY174986 Westphalen et al., 2018

S. undigerum MCW 496/14 KY174988 KY174988 Westphalen etal,, 2018

S. yunnanense CLZhao 1445 MW290042 MW290056 Dongetal., 2022

S. yunnanense CLZhao 2822 MW290043 MW290057 Dong et al., 2022

*Newly generated sequences for this study. New taxa and new combinations are in bold.
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1. Pileus margin with striate
1. Pileus margin without striate

2. Lamellae forking, basidia narrower

(up to 129pm)

2. Lamellae not forking, basidia wider

(up to 15.6pm)

3. Hymenophore with lamellulac,stipe usually tinged with
pale greenish, cheilocystidia absent, a distribution in
temperate China

3. Hymenophore without lamellulac, stipe white,
cheilocystidia present, a distribution in subtropical or
tropical China

4. Pileus purplish brown, not peeling readily, basidiospores
ornamentation not forming a reticulum, hymenial cystidia

becoming brown in SV

4. Pileus green tinged with

amon, pecling readily,
basidiospores ornamentation forming an incomplete

network, hymenial cystidia becoming dark gray in SV

5. Basidiomata larger (pileus 5-10cm in diameter), stipe
white, cinnamon or blanched almond, basidiospores

ornamentation forming an incomplete reticulum

5. Basidiomata smaller (pileus 3.5-5.4cm in diameter), stipe
light pink, basidiospores ornamentation not forming a
reticulum

6. Stipe white to cinnamon, basidiospores ornamentation
higher (up to 0.7 ym), more pleurocystidia ca. 1,800/mnv’,
hymenial cystidia slightly becoming yellowish brown

inSV

6. Stipe white to blanched almond, basidiospores

ornamentation lower (up to 0.5 m), less pleurocystidia ca.
800-1,000/my’, hymenial cystidia turning reddish black in

sv

R.pseudobubalina

R atroacruginea

R subatropurpurea

R

viridicinnamomea

R bubalina

R.discoidea

R. subbubalina
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Species name Sample no. Locality GenBank accessions

nLSU RPB1 RPB2
Abortiporus biennis Cui 17845 China ON417149 ON417197 ON424663 ON424750 ON424821
Abortiporus biennis Cui 16986 China ON417150 ON417198 ON424664 ON424751 ON424822
Adustoporia sinuosa Cui 16252 China OM039269 OM039169 OM037741 OM037767 OMO037791
Adustoporia sinuosa Cui 16484 China MW377252 MW377333 MW337154 ON424753 MW337083
Agaricostilbum hyphaenes AFTOL 675 USA AY789077 AY634278 AY788845 AY780933 AY879114
Agaricus campestris LAPAG 370 China KM657927 KR006607 - KT951556 KR006636
Amylocorticium cebennense | CFMR HHB 2808 USA GU187505 GU187561 GU187439 GU187770 GU187675
Amyloporia subxantha Cui 17175 China OMO039272 OM039172 OMO037744 OM037770 OMO037794
Amyloporia xantha Cui 11544 China KR605817 KR605756 ON424665 KR610836 KR610746
Antrodia serpens Dai 7465 Luxemburg KR605813 KR605752 ON424666 KR610832 KR610742
Antrodia subserpens Cui 16285 China ON417152 ON417201 ON424669 ON424755 ON424824
Antrodiella stipitata FD 136 USA KP135314 KP135197 KP134886 - -
Aroramyces gelatinosporus H 4010 Unknown - DQ218524 - DQ218941 DQ219118
Athelia arachnoidea CBS 418.72 Netherlands GU187504 GU187557 GU187436 GU187769 GU187672
Athelia epiphylla CFMR FP 100564 USA GU187501 GU187558 GU187440 GU187771 GU187676
Aurantiporus albidus Cui 16664 Australia ON682353 ON680805 ON688458 ON688479 ‘ON688500
Aurantiporus albidus Cui 16665 Australia ON682354 ON680806 ON688459 ON688480 ON688501
Bjerkandera adusta Cui 16670 Australia ON682355 ON680807 ON688460 ON688481 ON688502
Bjerkandera adusta Cui 16682 Australia ON682356 ON680808 ON688461 ON688482 ON688503
Boletus edulis HMJAU 4637 China JN563894 KF112455 KF112586 KF112704 KF112202
Bondarzewia montana AFTOL 452 Canada DQ200923 DQ234539 DQ256049 AY218474 DQ059044
Bondarzewia sp. Yu 56 China KT693203 KT693205 KX066158 KX066165 KX066148
Brevicellicium olivascens KHL 8571 Sweden HE963792 HE963793 - -
Bulbillomyces farinosus FP 100488 T USA KY948802 DQ681201 KY948929 - -
Cabalodontia delicate MCW 564/17 Brazil MT849295 MT849295 MT833947 = MT833934
Cabalodontia delicate MCW 693/19 Brazil MT849297 MT849297 MT833948 MT833936
Callistosporium AFTOLID 978 USA DQ484065 AY745702 GU187493 KJ424369 GU187761
graminicolor
Calocera cornea AFTOL 438 USA AY789083 AY701526 AY857980 AY536286 AY881019
Ceriporiopsis gilvescens Chen 3340 China MZ636936 MZ637099 MZ748446 OK136039 MZ913651
Cerrena sp. Cui 16874 Puerto Rico ON682357 ON680809 ON688462 ON688483 ON688504
Cerrena unicolor He 6082 China OM100740 OMO083972 ON424672 ON424756 ON424825
Cerrena zonata Cui 16578 Australia ON417153 ON417203 ON424673 ON424757 ON424826
Cerrena zonata Cui 18502 China ON417154 ON417204 ON424674 ON424758 ON424827
Chondrogaster pachysporus 0SC 49298 Unknown - DQ218538 - DQ218958 DQ219136
Climacocystis borealis Dai 4014 China KJ566627 KJ566637 ‘ON688463 - KJ566644
Climacocystis borealis FD 31 USA KP135308 KP135210 KP134882 KP134895 -
Climacocystis montana Cui 9607 China KJ566629 KJ566639 ON688464 ON688484 KJ566646
Climacocystis montana Cui 17502 China MW377276 MW377356 ON688465 - -
Climacocystis montana Cui 17122 China ON682359 ON680811 ON688466 ON688485 ON688505
Climacocystis montana Cui 17123 China ON682360 ON680812 ON688467 ON688486 ‘ON688506
Climacocystis montana Cui 17124 China ON682361 ON680813 = ON688487 ON688507
Climacocystis montana Dai 23003 China ON682358 ON680810 - - -
Craterocolla cerasi TUB 020203 Germany KF061265 - - KF061300 -
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Species Strain number GenBank Accession number References
B-tubulin
Allocryptovalsa castaneae CFCC52428T MW632945 MW656393 Zhu etal,, 2021
Allocryptovalsa castaneicola CFCC524327 MW632947 MW656395 Zhu etal., 2021
Allocryptovalsa HVFIG02" HQ692573 HQ692524 Trouillas etal., 2011
cryptovalsoidea
Allocryptovalsa elacidis MELUCC 15-07077 MN308410 MN340296 Konta et al., 2020
Allocryptovalsa polyspora MELUCC 17-0364T MF959500 MG334556 Senwanna et al., 2017
Allocryptovalsa rabenhorstii ‘WAO08CB HQ692619 HQ692523 Trouillas et al., 2011
Allocryptovalsa rabenhorstii GMB0416 OP935171 OP938733 This study
Allocryptovalsa sichuanensis HKAS 1070177 MW240633 MW?775592 Samarakoon et al., 2022
Allocryptovalsa KUMCC 21-0830T ONO041128 ON081498 Maharachchikumbura et al., 2022
xishuangbanica
Allocryptovalsa GMB0417 0OP935176 OP938739 This study
ishuangbanica
Allodiatrype albelloscutata IFRD 9100 T 0OK257020 NA Lietal, 2022
Allodiatrype arengae MFLUCC 15-07137 MN308411 MN340297 Konta etal., 2020
Allodiatrype elacidicola MELUCC 15-0737a" MN308415 MN340299 Konta et al., 2020
Allodiatrype elaeidis MEFLUCC 15-0708a" MN308412 MN340298 Konta et al., 2020
Allodiatrype taiyangheensis IFRDCC28007 0OK257021 OK345036 Li etal, 2022
Allodiatrype thailandica MFLUCC 15-3662 KU315392 NA Lietal, 2016
Allodiatrype trigemina FCATAS 842 T MW031919 MW371289 Peng et al,, 2021
Alloeutypa flavovirens E48C, CBS 272.87 AJ302457 DQ006959 Rolshausen et al., 2006
Alloeutypa milinensis FCATAS4309" OP538689 OP557595 Ma etal, 2023
Alloeutypa milinensis FCATAS4382" OP538690 OP557596 Ma etal, 2023
Anthostoma decipiens IPV-FW349 AM399021 AM920693 Unpublished
Anthostoma decipiens JL567 JN975370 JN975407 Luque etal., 2012
Cryptosphaeria eunomia C1C, CBS 216.87 AJ302417 NA Acero et al., 2004
Cryptosphaeria eunomia C5C,CBS 2238 AJ302421 NA Acero etal., 2004
Cryptosphaeria ligniota CBS 273.87 KT425233 KT425168 Acero etal., 2004
Cryptosphaeria pullmanensis ATCC 52655 KT425235 KT425170 Trouillas et al., 2015
Cryptosphaeria subcutanea DSUB100A KT425189 KT425124 Trouillas et al., 2015
Cryptosphaeria subcutanea CBS 240.87 KT425232 KT425167 Trouillas et al,, 2015
Cryptovalsa ampelina A001 GQ293901 GQ293972 Trouillas et al., 2010b
Cryptovalsa ampelina DRO101 GQ293902 GQ293982 Trouillas et al., 2010b
Cryptovalsa elevata CBS 125574 MHS863711 NA Vuetal, 2019
Diatrype betulaceicola FCATAS 27257 OM040386 OM240966 Yang et al., 2022
Diatrype betulae CFCC52416 T MW632943 MW656391 Zhu etal,, 2021
Diatrype betulae GMB0426 OP935181 OP938750 This study
Diatrype bullata UCDDCh400 DQ006946 DQ007002 Rolshausen et al., 2006
Diatrype camelliae-japonicac | GMB0427 T 0P935172 OP938734 This study
Diatrype camelliae-japonicae GMB0428 0P935173 0P938735 This study
Diatrype castaneicola CFCC52425" MW632941 MW656389 Zhu etal,, 2021
Diatrype disciformis GNA14 KR605644 KY352434 Senanayake et al., 2015
Diatrype disciformis D21C, CBS 205.87 AJ302437 NA Acero et al., 2004
Diatrype enteroxantha HUEFS155114 KM396617 KT003700 de Almeida et al,, 2016
Diatrype enteroxantha HUEFS155116 KM396618 KT022236 de Almeida etal., 2016
Diatrype enteroxantha GMB0433 OP935170 OP938736 This study
Diatrype lancangensis GMB00457 MW797113 MWS814885 Long et al,, 2021
Diatrype lancangensis GMB0046 MW797114 MW814886 Long et al,, 2021
Diatrype larissae FCATAS 27237 OM040384 OM240964 Yang et al., 2022
Diatrype lijiangensis MEFLU 19-0717" MK852582 MK852583 Thiyagaraja et al., 2019
Diatrype palmicola MELUCC 11-0020" KP744438 NA Liuetal, 2015
Diatrype palmicola MFLUCC 11-0018 KP744439 NA Liuetal, 2015
Diatrype quercicola CFCC52418" MW632938 MW656386 Zhu etal,, 2021
Diatrype rubi GMB0429 " OP935182 OP938740 This study
Diatrype rubi GMB0430 OP935183 OP938741 This study
Diatrype spilomea D17C AJ302433 NA Acero etal., 2004
Diatrype stigma DCASH200 GQ293947 GQ294003 Trouillas et al., 2010b
Diatrype undulata D20C, CBS 271.87 AJ302436 NA Acero etal., 2004
Diatrypella atlantica HUEFS 136873 KM396614 KR259647 de Almeida et al,, 2016
Diatrypella betulae CFCC52406" MW632931 MW656379 Zhu etal,, 2021
Diatrypella betulicola CFCC524117 MW632935 MW656383 Zhu etal,, 2021
Diatrypella banksiae CPC 29118 KY173402 NA Crousetal,, 2016
Diatrypella delonicis MFLUCC 15-1014 MH812994 MH847790 Hyde etal., 2019
Diatrypella delonicis MFLU 16-1032 MH812995 MH847791 Hyde etal,, 2019
Diatrypella elaeidis MFLUCC 15-0279 MN308417 MN340300 Konta et al., 2020
Diatrypella fatsiae-japonica | GMB0422T OP935184 OP938744 This study
Diatrypella fatsiae-japonicae GMB0423 OP935185 OP938745 This study
Diatrypella favacea Islotate 380 KU320616 NA de Almeida et al,, 2016
Diatrypella favacea DL26C AJ302440 NA Unpublished
Diatrypella frostii UFMGCB 1917 HQ377280 NA Vieiraetal, 2011
Diatrypella guiyangensis GMBO414 T 0OP935188 0OP938742 This study
Diatrypella guiyangensis GMB0415 0OP935189 OP938743 This study
Diatrypella heveae MFLUCC 15-0274 MN308418 MN340301 Konta etal., 2020
Diatrypella heveae MELUCC 17-0368T MF959501 MG334557 Senwanna et al., 2017
Diatrypella hubeiensis CFCC 524137 MW632937 NA Zhu etal,, 2021
Diatrypella iranensis KDQ18™ KM245033 KY352429 Mehrabi etal,, 2015
Diatrypella longiasca KUMCC 20-00217 MWO036141 MW239658 Dissanayake et al., 2021
Diatrypella macrospora KDQ15" KR605648 KY352430 Mehrabi et al,, 2016
Diatrypella oregonensis DPL200 GQ293940 GQ293999 Trouillas et al., 2010b
(Diatrype oregonensis
Diatrypella oregonensis CA117 GQ293934 GQ293996 Trouillas et al., 2010b
(Diatrype oregonensis
Diatrypella pseudooregonensis | GMB0039T MW797115 MW814888 Long et al,, 2021
Diatrypella pseudooregonensis | GMB0040 MW797117 MW814889 Long et al,, 2021
Diatrypella pulvinata H048 FR715523 FR715495 de Almeida et al,, 2016
Diatrypella pulvinata DL29C AJ302443 NA Unpublished
Diatrypella tectonae MELUCC 12-0172a" KY283084 NA Shang etal., 2017
Diatrypella tectonae MELUCC 12-0172b" KY283085 KY421043 Shang et al., 2017
Diatrypella verruciformis 'UCROK 1467 JX144793 JX174093 Lynch etal, 2013
Diatrypella verruciformis UCROK754 JX144783 JX174083 Lynch etal, 2013
Diatrypella vulgaris HVFRA02 HQ692591 HQ692503 Trouillas et al., 2011
Diatrypella vulgaris HVGRF03 HQ692590 HQ692502 Trouillas et al., 2011
Diatrypella yunnanensis vTo1T MNG653008 MN887112 Zhu etal., 2021
Eutypa armeniacae ATCC 28120 DQ006948 DQ006975 Rolshausen et al., 2006
Eutypa astroidea E49C, CBS 292.87 AJ302458 DQ006966 Rolshausen et al., 2006
Eutypa camelliae HKAS 1070227 MW240634 MW?775593 Samarakoon et al., 2022
Eutypa cerasi GMB0048™ MW797104 MW814893 Long et al,, 2021
Eutypa cerasi GMB0049 MW797105 MW814877 Long et al,, 2021
Eutypa laevata E40C CBS 291.87 AJ302449 NA Acero etal., 2004
Eutypa lata CBS290.87 HM164736 HM164770 Trouillas and Gubler, 2010
Eutypa lata EP18 HQ692611 HQ692501 Trouillas et al., 2011
Eutypa lata RGAO1 HQ692614 HQ692497 Trouillas et al., 2011
Eutypa lejoplaca CBS 248.87 DQ006922 DQ006974 Rolshausen et al., 2006
Eutypa leptoplaca CBS 287.87 DQ006924 DQ006961 Rolshausen et al., 2006
Eutypa maura CBS 219.87 DQ006926 DQ006967 Rolshausen et al., 2006
Eutypa microasca BAFC 51550 KF964566 KF964572 Grassi etal., 2014
Eutypa sparsa 3802 3b AY684220 AY684201 Trouillas and Gubler, 2004
Eutypa tetragona CBS 284.87 DQ006923 DQ006960 Rolshausen et al., 2006
Eutypella caricae EL51C AJ302460 NA Acero etal., 2004
Eutypella cearensis HUEFS 1310707 KM396639 NA de Almeida et al,, 2016
Eutypella cerviculata Meg" JF340269 NA Arhipova etal, 2012
Eutypella cerviculata ELS9CT AJ302468 NA Acero et al., 2004
Eutypella leprosa EL54C AJ302463 NA Acero etal., 2004
Eutypella leprosa Isolate 60 KU320622 NA de Almeida et al,, 2016
Eutypella microtheca BCMX01 KC405563 KC405560 Paolinelli-Alfonso et al., 2015
Eutypella motuoensis FCATAS4035" OP538695 NA Ma etal, 2023
Eutypella motuoensis FCATAS4082" OP538693 OP557599 Maetal, 2023
Eutypella parasitica CBS 210.39 DQ118966 NA Jurc etal., 2006
Eutypella quercina IRANC2543C T KX828139 KY352449 Mehrabi et al., 2019
Eutypella semicircularis MP4669 JQ517314 NA Mehrabi et al,, 2016
Eutypella tamaricis MFLUCC 14-0444 KU900330 KX453302 Thambugala et al., 2017
Halocryptovalsa salicorniae MFLUCC 15-0185 MH304410 MH370274 Dayarathne et al., 2020b
Halodiatrype avicenniae MFLUCC 15-0953 KX573916 KX573931 Dayarathne et al., 2016
Halodiatrype salinicola MELUCC 15-12777 KX573915 KX573932 Dayarathne et al., 2016
Kretzschmaria deusta CBS 826.72 KU683767 KU684190 U'renetal,, 2016
Monosporascus cannonballus CMM3646" JX971617 NA Unpublished
Monosporascus cannonballus ATCC 269317 FJ430598 NA Unpublished
Neoeutypella baoshanensis Lc1211™ MH822887 MH822888 Hyde etal,, 2019
Neoeutypella baoshanensis EL51C, CBS 274.877 AJ302460 NA Acero etal., 2004
Paraeutypella citricola HVVIT07 HQ692579 HQ692512 Trouillas et al., 2011
Paraeutypella citricola HVGRF01 HQ692589 HQ692521 Trouillas et al., 2011
Paraeutypella guizhouensis KUMCC 20-0016" MW039349 MW239660 Dissanayake et al., 2021
Paraeutypella guizhouensis KUMCC 20-0017 MWO036141 MW239661 Dissanayake et al., 2021
Paraeutypella GMB0420 ™ OP935186 OP938748 This study
pseudoguizhouensis
Paraeutypella GMB0421 OP935187 OP938749 This study
pseudoguizhouensis
Paraeutypella vitis UCD2291AR HQ288224 HQ288303 Urbez-Torres etal,, 2012
Paraeutypella vitis UCD2428TX FJ790851 GU294726 Urbez-Torres et al., 2009
Pedumispora rhizophorae BCC44877" KJ888853 NA Klaysuban et al., 2014
Pedumispora rhizophorae BCC44878" KJ888854 NA Klaysuban etal., 2014
Peroneutypa alsophila EL58C, CBS 250.87 AJ302467 NA Acero etal., 2004
Peroneutypa curvispora HUEFS 1368777 KM396641 NA de Almeida etal., 2016
Peroneutypa diminutiasca MFLUCC 17-21447 MG873479 NA Shang et al., 2018
Peroneutypa diminutispora HUEFS 192196 T KM396647 NA de Almeida etal, 2016
Peroneutypa hainanensis GMB0424 T OP935179 OP938746 This study
Peroneutypa hainanensis GMB0425 OP935180 OP938747 This study
Peroneutypa indica NECCI 43937 MNO061368 MN431498 Dayarathne et al., 2020a
Peroneutypa kochiana EL53M AJ302462 NA Carmarén et al., 2006
Peroneutypa kunmingensis HKAS 1131897 MZ475070 MZ490589 Phukhamsakda et al., 2022
Peroneutypa leucaenae MFLU 18-0816" MW240631 MW775591 Samarakoon et al., 2022
Peroneutypa longiasca MELU 17-12177 MF959502 MG334558 Senwanna et al., 2017
Peroneutypa mackenziei MELUCC 16-00727 KY283083 KY706363 Shang etal., 2017
Peroneutypa mangrovei PUED526" MG844286 MH094409 Phookamsak et al., 2019
Peroneutypa gianensis GMB0431 T 0P935177 NA This study
Peroneutypa qianensis GMB0432 OP935178 NA This study
Peroneutypa polysporac NECCI 43927 MN061367 MN431497 Dayarathne et al., 2020
Peroneutypa rubiformis MEFLU 17-1185 MG873477 MH316763 Shang etal., 2018
Pseudodiatrype hainanensis GMB0054™ MW797111 MW814883 Long et al., 2021
Pseudodiatrype hainanensis GMB0055 MW797112 MW814884 Long et al., 2021
Quaternaria quaternata EL60C, CBS 278.87 AJ302469 NA Acero etal., 2004
Quaternaria quaternata GNF13 KR605645 NA Mehrabi et al., 2016
Vasilyeva cinnamomi GMB0418 T OP935174 OP938737 This study
Vasilyeva cinnamomi GMB0419 OP935175 OP938738 This study
Xylaria hypoxylon CBS 122620 AM993141 KX271279 Persoh etal.,, 2009

T indicates type strain. NA, No sequence is available in GenBank; Newly generated sequences are indicated in bold. ATCC, American Type Culture Collection; CBS, Westerdijk Fungal
Biodiversity Institute (CBS-KNAW Fungal Biodiversity Centre), Utrecht, The Netherlands; CECC, China Forestry Culture Collection Center; GMB, Herbarium of Guizhou Medical University,
China; HKAS, Cryptogams Herbarium of Kunming Institute of Botany Academia Sinica; HUEFS, Herbarium of the State University of Feira de Santana; MFLUCC, Mae Fah Luang University
Culture Collection, Thailand; Others, information not available.
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Cerrena unicolor He 6082

Radulodon casearius HHB 9567
Cymatoderma elegans Dai 17511
Cymatoderma sp OMC 1427

Panus fragilis HHB 11042

Steccherinum meridionale Cui 16691
Cabalodontia delicata MCW 564/17
Steccherinum sp Cui 16755

Metuloidea reniforme MCW 542/17
Antrodiella stipitata FD 136
Phaeophlebiopsis ravenelii FCUG 2126
Phlebiopsis gigantea FCUG 1417
Rhizochaete sulphurina HHB 5604
Phanerochaete alnea FP 151125
Bjerkandera adusta Cui 16670

Irpex flavus Wu 0705/1

Phanerochaetella angustocystidiata \Wu 9606/39
Efibula tropica Wei 18/149

Leptoporus mollis TIV/93-174-T
Gloeoporus dichrous Cui 16931
Luteoporia lutea GC 1409 1

Scopuloides rimosa Wu 1507-117
Ceriporiopsis gilvescens Chen 3340
Aurantiporus albidus Cui 16664

Phlebia nantahaliensis HHB 2816
Ischnoderma benzoinum Cui 17058
Ischnoderma benzoinum Cui 17700
Thelephora ganbajun ZRL 20151295
Tomentella sp AFTOL ID 1016
Gloeophyllum sepiarium Wilcox 3BB
Gloeophyllum striatum ARIZAN 027866
Jaapia argillacea CBS 25274

Athelia arachnoidea CBS 41872

Athelia epiphylla CFMRFP 100564
Leptosporomyces raunkiaeri CFMRHHB 7628
Suillus pictus AFTOL 717

Boletus edulis HMJAU 4637

Serpula himantioides MUCL 30528
Lepiota cristata ZRL 20151133

Agaricus campestris LAPAG 370
Gymnopilus picreus ZRL 2015011
Callistosporium graminicolor AFTOL ID 978
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Podoserpula ailaoshanensis ZJL 2015015
Bondarzewia montana AFTOL 452

" Bondarzewia sp Yu 56

Heterobasidion annosum Dai 20962
Stereum hirsutum AFTOL ID 492
Lactarius deceptivus AFTOL ID 682
Russula emeticicolor FH 12253
Echinodontium tinctorium AFTOL 455
Dictyophora duplicata OSC 38819
Phallus costatus MB 02040
Aroramyces gelatinosporus H 4010
Chondrogaster pachysporus OSC 49298
Geastrum recolligens OSC 41996
Pyrenogaster pityophilus OSC 59743
Stereopsis radicans OLR 45395
Stereopsis sp OKHL 15544
Brevicellicium olivascens KHL 8571
Trechispora alnicola AFTOL 665
Fomitiporia hartigii MUCL 53551
Fomitiporia mediterranea AFTOL 688
Porodaedalea chinensis Cui 10252
Hymenochaete rubiginosa He 1049
R/g/doporus ginkgonis Cui 5555
L—— Rigidoporus corticola ZRL 20151459
Hydnum repandum BB 07341
Multiclavula mucida AFTOL 1130
Dacryopinax spathularia AFTOL 454
Calocera cornea AFTOL 438
Agaricostilbum hyphaenes AFTOL 675
Tremellodendron sp PBM 2324
Craterocolla cerasi TUB 020203
Cryptococcus humicola AFTOL 1552
Neurospora crassa OR74
Schizosaccharomyces pombe 972h
Rhizopus stolonifer CBS 60982
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Phaeolus schweinitzii Dai 8025

100/100/1.00, Ryvardenia cretacea Cui 16731
100/100/1.00 Ryvardenia cretacea Cui 16732
Ryvardenia campyla Cui 16674

64/68/-

100/100/1.00

100/100/1.00; Laricifomes officinalis JV 0309/49-J
Laricifomes officinalis JV 9010/14
Sparassis radicata OKM 4756

76/731-| 1 Sparassis radicata SS 29
Sparassis radicata TENN 52558
Sparassis crispa AFTOL ID 703

L

100/100/1.00

Sparassis crispa MBUH DORISL
100/100/1.00 | Pycnoporellus fulgens Cui 16463

Pycnoporellus fulgens Cui 10033

100/100/1.00
| 100/100/1.00 [ Crustoderma dryinum HHB 7517
Crustoderma dryinum FP 105487
100/100/1.00  Dacryobolus gracilis Dai 14943
92/74/0.95 L Dacryobolus gracilis He 5995
100,100, 40t Dacryobolus montanus He 6314

M{ L Dacryobolus sudans FP 101996
Dacryobolus karstenii Miettinen 18685

74/771-
Sarcoporia polyspora Cui 16977

100/100/1.00 [ Sarcoporia polyspora Cui 17165
! Sarcoporia polyspora Cui 16995
Gloeoporellus merulinus Dai 18735
Gloeoporellus merulinus Cui 16650
Gloeoporellus merulinus Dai 18734
Gloeoporellus merulinus Dai 18782

100/100/1.00

53/55/-

Gloeoporellus merulinus Cui 16629
Fragiliporia fragilis Dai 13561

Fragiliporia fragilis Dai 13559
Fragiliporia fragilis Yuan 5516

100/100/1.00

73/75/-

l Fragiliporia fragilis Dai 13080
94/99/1.00 Tyromyces odora L 13763
— 89/|99/1J|£Tymmyces sp Cui 16652
' Tyromyces chioneus FD 4
|t Skeletocutis yunnanensis Dai 15709
Skeletocutis nivea Cui16752

100/100/1.00

100/100/1.00

98/99/1.00
V_'L Skeletocutis yuchengii FBCC 1132
L Skeletocutis coprosmae Cui 16623

Polyporus squamosus Cui 10595

Polyporus varius Cui 12249

| Picipes badius Cui 10853

I Picipes badius Cui 11136

100/100/1.00 | Perenniporia yinggelingensis Cui 13631

L Perenniporia yinggelingensis Cui 13627

| 100/100/1.00

100/100/1.00

100/100/1.00

100/100/1.00

-/50/-

100/100/1.00 ——— Trametes sanguinea Cui 70
Trametes cinnabarina Dai 14386

Obba rivulosa Cui 16483

’w’ Obba rivulosa Cui 16482
100/100/1.00 Obba rivulosa Cui 16477

| 100/100/1.00 | Gelatoporia subvermispora Dai 22847
Gelatoporia subvermispora Cui 17120
Grifola frondosa Dai 19172
100/100/1.00 Grifola frondosa Dai 19175

| Grifola frondosa AFTOL 701

Adustoporiaceae

Fibroporiaceae

Fomitopsidaceae

Laetiporaceae

Phaeolaceae

Laricifomitaceae

Sparassidaceae

Pycnoporellaceae

Dacryobolaceae

Sarcoporiaceae

Gloeoporellaceae
fam. nov.

Fragiliporiaceae

Incrustoporiaceae

Polyporaceae

Gelatoporiaceae

Grifolaceae
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100/100/1.00

g

5/89/0.98

78/-

100/100/1.00

78/8

Diplomitoporus flavescens Cui 18420
Diplomitoporus flavescens Cui 17419
Diplomitoporus flavescens Dai 23640
Diplomitoporus flavescens Cui 17457
100/100/1.00 Diplomitoporus flavescens Dai 21020

100/100/1.00

96/93/1.00

57/159/- |

Diplomitoporus crustulinus Cui 17394
L‘ Diplomitoporus crustulinus Cui 17475
1004100400 Diplomitoporus crustulinus Cui 17690
Climacocystis montana Cui 17122
Climacocystis montana Dai 23003
Climacocystis montana Cui 17124
Climacocystis montana Cui 17123
Climacocystis montana Cui 17502
Climacocystis montana Cui 9607
Climacocystis borealis Dai 4014
98/96/1.00L - Climacocystis borealis FD 31
Rickiopora latemarginata RP 110
| Rickiopora latemarginata RP 56

100/100/1.00

100/100/1.00

! Rickiopora latemargmata RP 58
Hypochnicium geogenium He 6804
Hypochnicium geogenium He 6812
Hypochnicium geogenium He 6819
Hypochnicium geogenium He 6817
Hypochnicium karstenii HHB 9373
Hypochnicium bombycinum HHB 12631
Bulbillomyces farinosus FP 100488 T
100/100/1.00 —— Hypochnicium punctulatum FP 101698
Hypochnicium wakefieldiae KIM 271
Hypochnicium sphaerosporum RLG 15138
100/100/1.00 | Abortiporus biennis Cui 17845

90/92/1.00

100/100/1.00 | I Abortiporus biennis Cui 16986
I Podoscypha venustula Cui 16923
100/100/1.00 | Physisporinus longicystidius Cui 16630

100/100/1.00 I Physisporinus longicystidius Cui 16725
89/87/0.96 Meripilus giganteus FP 135344
100/100/1.00

100/100/1.00

 Rigidoporus sp Cui 16852

100/100/1.00

| Rigidoporus sp Cui 16859
Rigidoporus undatus Miettinen 13591
100/100/1.00; Metuloidea reniforme MCW 542/17
Metuloidea reniforme MCW 523/17
Antrodiella stipitata FD 136
Steccherinum larssonii MCW 593/17
Steccherinum sp Cui 16755

100/100/1.00

89/90/1.00

99/100/1.00

59/61/-

Steccherinum meridionale Cui 16691
100/100/1.00 ; Cabalodontia delicata MCW 564/17
L Cabalodontia delicata MCW 693/19

100/100/1.00 Hyphoderma litschaueri FP 101740
Hyphoderma setigerum FD 312
100/100/1.00 Hyphoderma mutatum HHB 15479
75/71/

Hyphoderma medioburiense FD 335

100/100/1.00; Cerrena zonata Cui 18502

56/60/- Cerrena zonata Cui 16578

100//M|—ECerrena unicolor He 6082
100/100/1.00 i Cerrena sp Cui 16874

Radulodon casearius HHB 9567
Cymatoderma sp OMC 1427
Cymatoderma elegans Dai 17511
Panus fragilis HHB 11042

97/98/1.00 Phaeophlebiopsis ravenelii FCUG 2126
53/52/- Phaeophlebiopsis caribbeana HHB 6990

Phlebiopsis odontoidea GC 1708 181
Phlebiopsis gigantea FCUG 1417
Rhizochaete sulphurina HHB 5604
Rhizochaete chinensis Wu 0910-45
Phanerochaete alnea FP 151125
Phanerochaete canolutea Wu 9211 105
r Bjerkandera adusta Cui 16670

100/100/1.00

A

100/100/1.00

D/100/1.00

100/100/1.00

L Bjerkandera adusta Cui 16682

Efibula tropica Wei 18-149

Efibula yunnanensis Wu 880515-1

Irpex flavus Wu 0705-1

Irpex sp Wu 910807-35

Phanerochaetella angustocystidiata Wu 9606 39
100/100/1.00 Phanerochaetella leptoderma Chen 1362
100/100/1.00 — Leptoporus mollis TJV-93-174-T

100/100/1.00

100/100/1.00

L [ eptoporus mollis RLG 7163

100/100/1.00 —— Gloeoporus dichrous Cui 16931

100/100/1.00

100/100/1.00

100/100/1.00

L—— Gloeoporus orientalis Wei 16-485

100/100/1.00f Scopuloides rimosa Wu 1507-117
100/100/1.00 Scopuloides rimosa HHB 15484
Scopuloides allantoidea Wei-16 060
100/100/1.00 —— Luteoporia lutea GC 1409 1

Luteoporia albomarginata GC 17021

Ceriporiopsis gilvescens Chen 3340
100/100/1.00 | Aurantiporus albidus Cui 16665

55/56/-

Aurantiporus albidus Cui 16664
|_|——Phlebia nantahaliensis HHB 2816
100/100/1.00 Phlebia tomentopileata GC 1602-67

| Ischnoderma benzoinum Cui 17700

| Ischnoderma benzoinum Cui 17058
Stereum hirsutum AFTOL ID 492

0.2

Heterobasidion annosum Dai 20962

Climacocystaceae
fam. nov.

Rickiopora

Hypochnicium clade

Podoscyphaceae

Steccherinaceae

Meripilaceae

Hyphodermataceae

Cerrenaceae

Panaceae

Phanerochaetaceae

Irpicaceae

Meruliaceae

| Ischnodermataceae

I Outgroup





OPS/images/fmicb-14-1140190/fmicb-14-1140190-g008.gif





OPS/images/fmicb-14-1115761/fmicb-14-1115761-g001a.jpg
100/100/1.00 Amyloporia xantha Cui 11544
100/95/1.00 Amyloporia subxantha Cui 17175
100/100/1.00 | Adustoporia sinuosa Cui 16484
Adustoporia sinuosa Cui 16252
100/100/1.00 — Rhodonia obliqua Dai 23436 Adustoporiaceae
L Rhodonia placenta Wei 1406

Resinoporia sordida Cui 16469
Resinoporia sordida Dai 23393
== Lentoporia carbonica DAOM F 8281
00/100/1.00 Lentoporia carbonica Zabel 40 GLN
100/100/1.00; Fibroporia ceracea Cui 16299
/55/- Fibroporia ceracea Cui 16300
88/86/0.98 Fibroporia gossypium Cui 9472
Fibroporia radiculosa Cui 11404 Fibroporiaceae
100/100/1.00!  Fibroporia radiculosa Cui 16485
100/100/1.00 | Pseudofibroporia citrinella He 20120721
Pseudofibroporia citrinella Yuan 6181
Daedalea quercina Dai 12659
Daedalea quercina Dai 12152
Fomitopsis eucalypticola Cui 16594
100/100/1.00 Fomitopsis betulina Cui 17121
100/100/1.00 100/100/1.00 | Rhodofomitopsis pseudofeei Cui 16762

‘ Rhodofomitopsis pseudofeei Cui 16794
100/100/1.00 Rhodofomes roseus Cui 17081
100/100/1.00! - Rhodofomes roseus Cui 17046
100/100/1.00 — Antrodia serpens Dai 7465
L Antrodia subserpens Cui 16285
1550 100/100/1.00; Laetiporus montanus Cui 10015
B 0%3/97/1.00 Laet{'porus montanus Cui .1 0011
100/100/1.00 Laetiporus sulphureus Cui 12389
Laetiporus sulphureus Cui 12388
96/98/1.00 Wolfiporia dilatohypha CS 635913

100/100/1.00 | Wolfiporia castanopsidis Cui 16296
_‘ | Wolfiporia castanopsidis Cui 16295
76/78/- {00IS/E00 Macrohyporia dictyopora Dai 18878
100/100/1.00; Wolfiporia hoelen Dai 20034
100/100/1-(3‘)4,_‘ Wolfiporia hoelen Dai 20036
94/9211.00 | Wolfiporia cocos CBS 27955 Phaeolaceae
— 75761 | Phaeolus schweinitzii Dai 8025
100/100/1.00; Ryvardenia cretacea Cui 16731
100/100/1.00 Ryvardenia cretacea Cui 16732
Ryvardenia campyla Cui 16674 Laricifomitaceae
Laricifomes officinalis JV 9010/14
Laricifomes officinalis JV 0309/49-J
Sparassis radicata SS 29
91/80/1.00L  Sparassis radicata TENN 52558
- Sparassis radicata OKM 4756 Sparassidaceae
' Sparassis crispa AFTOL ID 703
= Sparassis crispa MBUH DORISL
96/98/1.00 100/10011.00; Pycnoporellus fulgens Cui 10033
100/100/1.00 | I Pycnoporellus fulgens Cui 16463
| | Crustoderma dlyinum HHB 7517 Pycnoporellaceae
10071100/1.001  Crustoderma dryinum FP 105487

100/100/1.00; Dacryobolus gracilis He 5995
84/85/0.96 Dacryobolus gracilis Dai 14943
’—|100/100/1-0° ; Dacryobolus montanus He 6314 Dacryobolaceae
100/100/1.00 Dacryobolus sudans FP 101996

| Dacryobolus karstenii Miettinen 18685
67/61/- Sarcoporia polyspora Cui 17165

i Sarcoporia polyspora Cui 16995 Sarcoporiaceae
! Sarcoporia polyspora Cui 16977
Gloeoporellus merulinus Dai 18782
Gloeoporellus merulinus Cui 16629
Gloeoporellus merulinus Dai 18735
Gloeoporellus merulinus Dai 18734
Gloeoporellus merulinus Cui 16650

93/91/1.00
1 100/100/1.00

—

53/57/-|

100/100/1.00

| 100/100/1.00

63/57/-

Fomitopsidaceae

Laetiporaceae

1.00f 100/100/1.00

— 100/100/1.00

Gloeoporellaceae
fam. nov.

100/100/1.00

-/52I-

Fragiliporia fragilis Dai 13559 Fraailiporiaceae
Fragiliporia fragilis Dai 13561 S
l Fragiliporia fragilis Dai 13080

100/100/1.00

r‘ Fragiliporia fragilis Yuan 5516

i 100/98/1.00 Tyromyces odora L 13763
100/99/1.00 Tyromyces sp Cui 16652
100”Oﬂ)1—§'yromyces chioneus FD 4
85/87/0.97] 100/100/1.00 Skeletocutis yunnanensis Dai 15709 Incrustoporiaceae
100/100/1.00r Skeletocutis yuchengii FBCC 1132
100/100/1.00 Skeletocutis nivea Cui 16752
Skeletocutis coprosmae Cui 16623

100/100/1.00 | Picipes badius Cui 10853
100/100/1.00 Picipes badius Cui 11136
LD Polyporus squamosus Cui 10595
: 100/100/1.00 Polyporus varius Cui 12249

100/100/1.00 100/100/1.00 | Perenniporia yinggelingensis Cui 13631
I Perenniporia yinggelingensis Cui 13627
100/100/1.00 ——— Trametes cinnabarina Dai 14386
57/61/- L—— Trametes sanguinea Cui 7091
I Obba rivulosa Cui 16482

100,%‘ Obba rivulosa Cui 16483
100/100/1.00 Obba rivulosa Cui 16477 Gelatoporiaceae

Polyporaceae

59/627] | | Gelatoporia subvermispora Dai 22847
100/100/1.001 Gelatoporia subvermispora Cui 17120
Grifola frondosa Dai 19172
100/100/1.00 lI Grifola frondosa Dai 19175 Grifolaceae
V | Grifola frondosa AFTOL 701
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Crustoderma dryinum FP 105487 USA KC585320 KC585145 = = =
Crustoderma dryinum HHB 7517 USA KC585322 KC585147 - - -
Cryptococcus humicola AFTOL 1552 USA DQ645516 DQ645514 DQ645518 DQ645517 DQ645519
Cymatoderm aelegans Dai 17511 China ON417155 ON417205 - - -
Cymatoderma sp. OMC 1427 USA KY948826 KY948872 KY948971 - -
Dacryobolus gracilis Dai 14943 China MHO048972 MHO048985 - - -
Dacryobolus gracilis He 5995 China ON417156 ON417206 - ON424760 ON424831
Dacryobolus karstenii Miettinen 18685 USA KY948743 KY948900 KY948955 - -
‘Dacryobalus montanus He 6314 China ON417157 ON417207 = ON424761 ON424832
Dacryobolus sudans FP 101996 USA KC585332 KC585157 - - -
Dacryopinax spathularia AFTOL 454 USA AY854070 AY701525 AY857981 AY786054 AY881020
Dacedalea quercina Dai 12152 Czech Republic KP171207 KP171229 ON424675 KR610809 KR610717
Daedalea quercina Dai 12659 Finland KP171208 KP171230 ON424676 KR610810 KR610719
Dictyophora duplicate OSC 38819 Unknown - DQ218481 - DQ219087 DQ219265
Diplomitoporus crustulinus Cui 17394 China MW377287 MW377366 MW337181 MW337050 MW337114
Diplomitoporus crustulinus Cui 17475 China MW377288 MW377367 MW337182 - MW337115
Diplomitoporus crustulinus Cui 17690 China MW377289 MW377368 MW337183 = MW337116
Diplomitoporus flavescens Cui 17457 China MW377291 MW377370 MW337184 MW337052 MW337118
Diplomitoporus flavescens Dai 21020 Belarus MW377292 MW377371 MW337185 MW337053 MW337119
Diplomitoporus flavescens Cui 17419 China MW377290 MW377369 ON688468 MW337051 MW337117
Diplomitoporus flavescens Cui 18420 China ON682362 ON680814 ON688469 ON688488 ON688510
Diplomitoporus flavescens Dai 23640 China ON682363 ON680815 ON688470 ON688489 ON688511
Echinodontium tinctorium AFTOL 455 USA AY854088 AF393056 AY864882 AY218482 AY885157
Efibula tropica Wei 18-149 China MZ636967 MZ637129 MZ748419 OK136079 MZ913681
Efibula yunnanensis ‘Wu 880515-1 China MZ636977 GQ470672 MZ748420 OK136080 MZ913682
Fibroporia ceracea Cui 16299 China MW377293 MW377372 MW337186 MW337054 MW337120
Fibroporia ceracea Cui 16300 China MW377294 MW377373 MW337187 MW337055 MW337121
Fibroporia gossypium Cui 9472 China KU550474 KU550494 ON424677 KU550550 KU550567
Fibroporia radiculosa Cui 16485 Vietnam OM039278 OMO039178 OMO037751 OM037776 OMO037800
Fibroporia radiculosa Cui 11404 China KP145011 KR605760 ON424679 KR610840 KR610751
Fomitiporia hartigii MUCL 53551 Belgium JX093789 JX093833 - JX093877 JX093746
Fomitiporia mediterranea AFTOL 688 USA AY854080 AY684157 AY864870 AY803748 AY885149
Fomitopsis betulina Cui 17121 China 0L621853 OL621242 ON424683 OL588969 01588982
Fomitopsis eucalypticola Cui 16594 Australia MK852560 MKB860110 ON424685 MK900476 MK900483
Fragiliporia fragilis Dai 13080 China KJ734260 KJ734264 = KJ790248 KJ790245
Fragiliporia fragilis Dai 13559 China KJ734261 KJ734265 - KJ790249 KJ790246
Fragiliporia fragilis Dai 13561 China KJ734262 KJ734266 - KJ790250 KJ790247
>Fmgi1iporiafmgilis Yuan 5516 China KJ734263 KJ734267 = = -
Geastrum recolligens OSC 41996 Unknown - DQ218486 - DQ219052 DQ219230
Gelatoporia subvermispora Cui 17120 China ON417159 ON417209 ON424694 ON424772 ON424835
Gelatoporia subvermispora Dai 22847 China ON417160 ON417210 ON424695 ON424773 ON424836
Gloeophyllum sepiarium Wilcox 3BB USA HM536091 HM536061 = HM536109 HM536110
Gloeophyllum striatum ARIZAN 027866 USA HM536092 HM536063 - HM640259 HMS536111
Gloeoporellus merulinus Dai 18734 Australia MW377298 MW377377 MW337191 MW337059 MW337125
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Species

Strain

Host/substrate

GenBank accession numbers

ITS

TUB2

References

Allocryptovalsa cryptovalsoidea
Allocryptovalsa elacidis
Allocryptovalsa rabenhorstii
Allocryptovalsa rabenhorstii
Allodiatrype arengac"

Allodiatrype elacidicola

Allodiatrype elaeidis

Allocutypa flavovirens

Alloeutypa flavovirens

Allocutypa milinensis’

Allocutypa milinensis™

Anthostoma decipiens'

Anthostoma decipiens'
Cryptosphacria eunomia var. fraxini
Cryptosphacria eunomia var. fraxini
Cryptosphacria ligniota
Cryptosphaeria pullmanensis
Cryptosphacria subcutanca
Cryptovalsa ampelina

Cryptovalsa ampelina

Diatrype betulaceicola

Diatrype betulaceicola

Diatrype betulae

Diatrype bullata

Diatrype bullata

Diatrype castaneicola

Diatrype castancicola

Diatrype disciformis"

Diatrype disciformis"

Diatrype enteroxantha

Diatrype enteroxantha

Diatrype iranensis (Diatrypella iranensis)
Diatrype lancangensis

Diatrype lancangensis

Diatrype larissac

Diatrype larissac

Diatrype lijiangensis

Diatrype linzhiensis

Diatrype linzhiensis

Diatrype macrospora (Diatrypella macrospora)
Diatrype palmicola

Diatrype palmicola

Diatrype quercicola

Diatrype quercicola

Diatrype quercina (Diatrypella quercina)
Diatrype spilomea
Diatrype stigna
Diatrype stigna
Diatrype undulata
Diatrype undulata
Diatrype virescens
Diatrype whitmanensis
Diatrype whitmanensis
Diatrypella atlantica
Diatrypella atlantica
Diatrypella delonicis
Diatrypella delonicis
Diatrypella favacea
Diatrypella heveae
Diatrypella pulvinate
Diatrypella verruciformis'
Diatrypella verruciformis'
Diatrypella vulgaris
Diatrypela vulgaris
Eutypa astroidea
Eutypa cerasi

Eutypa cremea

Eutypa cremea

Eutypa crustata
Eutypa laevata

Eutypa lata™

Eutypa lata (Eutypa armeniacae)
Eutypalata™

Eutypa lejoplaca

Eutypa leptoplaca
Eutypa maura

Eutypa petrakii var. hederac
Eutypa petrakii var. petrakii
Eutypella cearensis
Eutypella cerviculata
Eutypella cerviculata
Eutypella leprosa
Eutypella leprosa
Eutypella motuoensis
Eutypella motuoensis
Eutypella motuoensis
Eutypella motuoensis
Eutypella microtheca

Eutypella microtheca

Eutypella parasitica
Eutypella parasitica
Eutypella persica

Eutypella quercina

Eutypella semicircularis
Halodiatrype avicenniae
Halodiatrype salinicola ™
Kretzschmaria deusta
Monosporascus cannonballus"
Monosporascus cannonballus'
Neocutypella baoshanensis™
Neocutypella baoshanensis'
Paracutypella citricola
Paracutypell citricola
Paraeutypella vitis
Paracutypella vitis
Peroneutypa curvispora
Peroneutypa rubiformis
Peroneutypa scoparia
Pseudodiatrype hainanensis®
Pseudodiatrype hainanensis®
Pedumispora rhizophorac"
Pedumispora rhizophorae”
Quaternaria quaternate
Quaternaria quaternate

Xylaria hypoxylon

NA: not applicable;

HVFIG 05
MELUCC 15-0707
WA07CO
WAOSCB,
MELUCC 15-0713
MELUCC 15-0737a
MELUCC 15-0708a
E48C, CBS 272.87
MFLU 19-0911
FCATAS 4309
FCATAS 4382
JL567

D

CIC(CBS 216.87)
CB$223.87

CB$ 273.87

ATCC 52655

CBS 240.87

A001

DROI0I

FCATAS 2725
FCATAS 2726
CFCC 52416
UCDDChd0o
D6C

CFCC 52425
CFCC 52426

CBS 205.87
GNA14
HUEFS155114
HUEFS155116
IRAN 2280C
GMBO045
GMBO046
FCATAS 2723
FCATAS 2724
MELU 19-0717
FCATAS 4304
FCATAS 4381
IRAN 2344C

MELUCC 11-0018

CFCC 52418

CFCC 52419
F-091966

CBS 212,87
DCASH200
UCD23-0e

CBS 27187
Olrim324

CBS 128344
CDBOI1
DCHES100
HUEFS 136873
HUEFS 194228
MELU 16-1032
MELUCC 15-1014
Islotate 380
MELUCC 17-0368
HO48
UCROK1467
UCROK754

HVFRA02

HVGRF03

STEU 8082
STEU 8410
CBS 210,87
CBS 291.87
EP18

CBS 622.84
ATCC 28120
CBS 248.87
CBS 287.87
CBS 219.87
CBS 285.87
CBS 244.87
HUEFS 131070
ELS9C

M6

ELS4C

Isolate 60
FCATAS 4035
FCATAS 4082
FCATAS 4378
FCATAS 4379
ADEL200

BCMX01

CB$ 210,39

T

IRAN 2540C
IRAN 2543C
MP4669
MELUCC 15-0953
MELUCC 151,277
CBS 826.72

ATCC 26931
CMM 3646
GMB00S2

HMAS 255436
HVVIT0?
HVGRFOL
UCD2291AR
UCD2428TX

HUEFS 136877

GMBOOS4

GMBO0SS
BCC44877
BCC44878
GNF13

CBS 278.87

CBS 122620

Ficus carica
Elacis guineensis
Vitis vinifera
Vitis vinifera
Arenga pinnata

Elacis guineensis

Elaeis guineensis
Quercus ilex

Quercus sp. (Fagaceae)
unidentified dead wood
unidentified dead wood
Vitis vinifera

Carpinus betulus
Fraxinus excelsior
Fraxinus excelsior
Populus tremula

NA

NA

NA

NA

Betula'sp.

Betula'sp.

Betula davurica

NA

Salix sp.

Castanea mollisima
Castanea mollissima
Fagus sylvatica

Fagus grandifolia

NA

NA

Quercus brantii
unidentified dead wood
unidentified dead wood
dead wood

dead wood

dead wood
unidentified dead wood
unidentified dead wood
Quercus brantii
Caryota urens

Caryota urens

Quercus mongolica
Quercus mongolica
Quercus faginea

Acer campestre

Quercus sp.

Olea europaca

Betula sp.

Betula pendula

NA

Vitis vinifera

Aesculus californica
unidentified plant
unidentified plant
Delonix regia

Delonix regia

NA

Hevea brasiliensis

Salix alba

Quercus agrifolia
Quercus agrifolia
Fraxinus angustifolia
Citrus paradisi
Fraxinus excelsior
unidentified plant

Vitis vinifera

Prunus armeniaca
Ulmus sp.

Salix sp.

Vitis vinifera

Vitis vinifera

Prunus armeniaca

Acer pseudoplatanus
Frangula alnus

Acer pseudoplatanus
NA

Prunus spinosa
unidentified plant

Alnus glutinosa

Alnus glutinosa

Tilia sp.

NA

unidentified dead wood
unidentified dead wood
unidentified dead wood
unidentified dead wood
Ulmus procera
Cabernet-Sauvignon
grapevine

NA

Acer pseudoplatanus
Alnus sp.

Quercus sp.

Alnus acuminata
Avicennia sp.
submerged marine wood
Fagus sylvatica

NA

Boerhavia sp.
unidentified plant
Pinus armandii

Vitis vinifera

Citrus paradisi

Vitis vinifera

Vitis vinifera

NA

NA

bamboo

unidentified plant
unidentified plant
Rhizophora apiculata
Rhizophora apiculata
Fagus sp.

Fagus sulvatica

NA

: type species of the genus. Newly generated sequences are indicated in bold.

Australia
Thailand
Australia
Australia
Thailand
Thailand
Thailand
France

Ttaly

China
China

Spain
Austria
Switzerland
Switzerland
Switzerland
Washington, USA
Norway
Australia
usa

China

China

China
United States
Switzerland
China

China
Switzerland
United States
Brazil

Brazil

Iran

China

China

China

China

China

China
China

Iran
Thailand

Th

nd
China
China

Spain
Switzerland
UsA

NA
Switzerland
Lithuania
UsA

UsA

UsA

Brazil

Brazil
Thailand
Thailand
UsA
Thailand
Caech Republic
UsA

UsA
Australia
Australia
Switzerland
China
South Africa
South Africa
France
Switzerland
New South Wales
Ttaly
Australia
Switzerland
Switzerland
Switzerland
Switzerland
Switzerland
Brazil
Switzerland
Latvia
Switzerland
UsA

China
China
China
China
Australia

Mexico

USA
Slovenia
Iran

Iran

Panama.

China
China
Australia
Australia
USA
Texas, USA
Brazil

‘Thailand

‘Thailand
China
China
Thailand
‘Thailand
Iran
Switzerland

Sweden

HQ692574
MN308410
HQ692620
HQ692619
MN308411
MN308415
MN308412
AJ302457
MZ456005
OP538689
OP538690
IN975370
KC774565
AJ302417
AJ302421
KT425233
KT425235
KT425232
GQ293901
GQ293902
OM040386
OM040387
MW632943
DQU0G946
AJ302422
MW632941
MW632942
AJ302437
KR605644.1
KM396617
KM396618
KM245033
MW797113
MW797114
OMO040384
OM040385
MK852582
OP538691
OP538692
KR605648
KP744438
KP744439
MW632938
MW632939
AJ302444
AJ302433
GQ93947
JX515704
AJ302436
AY354239
MHS64590
GQ293954
GQ93951
KM396614
KM396615
MH812995
MHS812994
KU320616
MF959501
FR715523
JX144793
JX144783
HQ692591
HQ692590
AJ302458
MW797104
KY111656
KY752765
AJ302448
HMI64737
HQ692611
AJ302446
DQO0G94S
DQO06922
DQU06924
DQO06926
MH862077
AJ302455
KM396639
AJ302468
JF340269
AJ302463
KU320622
0P538695
OP538693
OP538696
0P538694
HQ692559

KC405563

MHS855984
AM295770
KX828144
KX828139
JQ517314
KX573916
KX573915
KUG683767
FJ430598
1X971617
MW797106
MH822887
HQ692579
HQ692589
HQ288224
FJ790851
KM396641
MG873477
KU940151
MW797111
MW797112
KJ888853
KJ888854
KR605645
AJ302469

AM993141

HQ692525
MN340296
HQ692522
HQ692523
MN340297
MN340299
MN340298
DQU06959
MZ476771
0P557595
OP557596
JN975407
NA

NA

NA
KT425168
KT425170
KT425167
Q293972
Q293982
OM240966
OM240967
NA
DQO07002
NA

NA

NA

NA
KY352434.1
KT003700
KT022236
KY352429
MWS814885
MWS814886
OM240964
OM240965
MK852583
OP557597
OP557598
KY352430
NA

NA
MWG656386
MWG656387
NA

NA
Q294003
JX515670
NA

NA

NA
GQ294010
GQ294008
KR259647
KR363998
MH847791
MH847790
NA
MG334557
FR715495
X174093
JX174083
HQ692503
HQ692502
DQO06966
MW814893
KY111598
KY752789
DQO0696S
HMI64771
HQ692501
DQO06964
DQO06Y75
DQO0GY74
DQO06961
DQO06967
NA
DQO069SS
NA

NA

NA

NA

NA

NA
OP557599
NA
OP557600
HQ692527

KC405560

NA
NA
KY352451
KY352449
NA
KX573931
KX573932
KUG84190
NA

NA
MWS814878
MH822888
HQ692512
HQ692521
HQ288303
GU294726
NA

NA

NA
MWS814883
MWS814884
NA

NA
KY352464
NA

KX271279

“Trouillas et al. (2011)
Konta et al. (2020)
Trouillas et al. (2011)
“Trouillas et al. (2011)
Konta etal. (2020)
Konta et al. (2020)
Konta etal. (2020)
Rolshausen et al. (2006)
Boonmee etal. (2021)
“This study

This study

Luque etal. (2012)
Jaklitsch et al. (2014)
Acero etal. (2004)
Acero etal. (2004)
Acero etal. (2004)
Trouillas et al. (2015)
‘Troullas et al. (2015)
Trouillas et al. (2010b)
Trouillas et al. (2010b)
Yang et al. (2022)

Yang et al. (2022)

Zhu etal. (2021)
Rolshausen et al. (2006)
Acero etal. (2004)

Zhu etal. (2021)
Zhuetal. (2021)

Acero etal. (2004)
Senanayake etal. (2015)
de Almeida etal. (2016)
de Almeida et al. (2016)
Mehrabi etal. (2015)
Long etal. (2021)
Longetal. (2021)

Yang et al. (2022)
Yangetal. (2022)
Thiyagaraja et al. 2019)
“This study

“This study

Mehrabi etal. (2015)
Liu etal. (2015)

Liu etal. (2015)

Zhu etal. (2021)

Zhu etal. (2021)

Acero etal. (2004)
Acero etal. (2004)
Trouillas et al. (2010b)
Urbez-Torres et al. (2013)
Acero etal. (2004)
Lygis et al. (2004)
Vuetal. (2019)
Trouillas et al. (2010b)
“Troullas et al. (2010b)
de Almeida et al. (2016)
de Almeida etal. (2016)
Hyde et al. (2020)
Hyde etal. (2019)

de Almeida etal. (2016)
Senwanna et al. (2017)
de Almeida et al. (2016)
Lynch etal. 2013)
Lynch etal. (2013)
Trouillas et al. (2011)
“Trouillas et al. (2011)
Rolshausen et al. (2006)
Longetal. (2021)
Moyo etal. (2018b)
Moyo etal. (2018b)
Rolshausen etal. (2006)
‘Trouillas and Gubler (2010)
Trouillas etal. (2011)
Acero etal. (2004), Rolshausen et al. (2006)
Rolshausen et al. (2006)
Rolshausen et al. (2006)
Rolshausen et al. (2006)
Rolshausen et al. (2006)
Vuetal. (2019)

Acero etal. (2004), Rolshausen et al. (2006)
de Almeida et al. (2016)
Acero etal. (2004)
Arhipova etal. (2012)
Acero etal. (2004)

de Almeida etal. (2016)
“This study

“This study

“This study

“This study

“Trouillas et al. (2011)

Paolinelli-Alfonso et al. (2015)

Vuetal (2019)
Piskur etal. (2007)
Mehrabi et al. (2019)
Mehrabi etal. (2019)
Chacén etal. (2013)
Dayarathne et al. (2016)
Dayarathne et al. (2016)
Uren etal. 2016
Unpublished

Sales etal. (2010)
Long et al. (2021)
Phookamsak et al. (2019)
“Trouillas et al. (2011)
Trouillas etal. (2011)
Urbez-Torres et al. (2012)
Urbez-Torres et al. (2012)
de Almeida etal. (2016)
Shang et al. (2018)

Dai etal. (2016)

Long et al. (2021)

Long etal. (2021)
Klaysuban et al. (2014)
Klaysuban etal. (2014)
Mehrabi etal. (2015)
Acero etal. (2004)

Persoh etal. (2009)
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Species name
Anthoporia albobrunnea
Anthoporia albobrunnea
Antrodia aridula

Antrodia aridula

Antrodia aridula

Antrodia aridula

Antrodia bambusicola
Antrodia bambusicola
Antrodia favescens
Antrodia favescens
Antrodia griseoflavescens
Antrodia griseoflavescens
Antrodia heteromorpha
Antrodia heteromorpha
Antrodia latebrosa
Antrodia macra

Antrodia mappa

Antrodia mappa

Antrodia multiformis
Antrodia multiformis
Antrodia neotropica
Antrodia neotropica
Antrodia parvula

Antrodia parvula

Antrodia peregrina
Antrodia serpens

Antrodia serpens

Antrodia sublieteromorpha
Antrodia subheteromorpha
Antrodia subserpens
Antrodia subserpens
Antrodia tanakae

Antrodia tanakae

Antrodia tenerifensis
Antrodia tenerifensis
Antrodia variispora
Brunneoporus kuzyana
Brunneoporus kuzyana
Brunneoporus malicola
Brunneoporus malicola
Buglossoporus eucalypticola
Buglossoporus eucalypticola
Buglossoporus quercinus
Buglossoporus quercinus
Cartilosoma ramentacea
Cartilosoma ramentacea
Cartilosoma rene-hentic
Daedalea modesta
Daedalea modesta
Daedalea quercina
Dacdalea quercina
Daedalella micropora
Daedalella micropora
Dentiporus albidoides
Dentiporus albidoides
Flavidoporia pulverulenta
Flavidoporia pulvinascens
Flavidoporia pulvinascens
Fomitopsis betulina
Fomitopsis betulina
Fomitopsis hengduanensis
Fomitopsis hengduanensis
Fomitopsis pinicola
Fomitopsis pinicola
Fragifomes niveomarginatus
Fragifomes niveomarginatus
Neoantrodia angusta
Neoantrodia serialis
Neoantrodia serialis
Neolentiporus maculatissimus
Neolentiporus maculatissimus
Niveoporofomes spraguei
Niveoporofomes spraguei
Oligoporus rennyi

Postia lacteal
Pseudoantrodia monomitica
Pseudoantrodia monomitica
Pseudofomitopsis microcarpa
Pseudofomitopsis microcarpa
Rhizoporia hyalina
Rhizoporia hyalina
Rhodoantrodia tropica
Rhodoantrodia tropica
Rhodoantrodia yunnanensis
Rhodoantrodia yunnanensis
Rhodofomes roseus
Rhodofomes roseus
Rhodofomes subfeci
Rhodofomes subfeci
Rhodofomitopsis feei
Rhodofomitopsis pseudofeei
Rhodofomitopsis pseudofeci
Rubellofomes cystidiata
Rubellofomes cystidiatus
Subantrodia juniperina
Subantrodia uzbekistanica
Subantrodia uzbekistanica

Ungulidacdalea fragilis

New sequences are shown in bold.

Sample no.
FP 100514
54665
Dai 24525
Dai 24526
Dai 24527
Dai 24530
Cui 11280
Dai 11901
IV 0309/103
TV 0412/4-]
Spirin 11175
Kristiansen 2010
Dai 12755
Dai 12742
Ryvarden 10031
Eriksson 1967
RP 11756
TN 2669
IV 1209/76
IV 130791
Cui 11141
FLOR 54186
OM 18226
OM 11589
Dai 3026
Dai 7465
Dai 14850
Cui 9617
Cui 18416
Cui 8310

Dai 13233

9743
Dai 11770
Kout 13129
Kout 1412/2
Dai 23995
JV 0909/37
Spirin 6771
Cui 7258
Cui 7166
Dai 13660
Dai 13660A
TV 1406/1
LY BR 2030
Cui 16256
Dai 6082
PRM 944766
Cui 10151
Cui 10124
Dai 12152
Dai 12659
Dai 18509
E7389
X 1433

X 1510

Dai 158
Cui 10441
Cui 9542
Cui 17121
Dai 11449
Cui 16259
Cui 17056
ATEp1
HK 19330
Cui 10108
Wei 5583
VS 6479
IV 150975
TP 243
CIEFAP 93
CIEFAP 92
IV 0509/62
4638
Cui 17054
Cui 17334
Dai 13381

Dai 10828

Cui 16404
Cui 16406
V§2532
Kotiranta-19668
Dai 13428
Dai 13434
Han 1157
Zhao 4566
Cui 10633
IV 111079
Cui 9229
Dai 10430
Oinonen 6011906
Cui 16794
Cui 16762
Cui 5481
Yuan 6304
03010/1a
Dai 17104
Dai 17105

Cui 10919

Locality ITS
Unknown U232215
Russia KY948808
China OP854667
China OP854668
China OP854669
China OP854670
China MG787579
MG787580
Usa KC543127
UsA KC543129
Russia MK119762
Norway MK119763
UsA KP715306
Usa KP715319
Tanzania MK119769
Unknown KR603810
Finland KC543113
Canada KC543130
Usa KT381618
usa KT381619
China MG787581
Brazil KT970445
Indonesia | MK119764
Indonesia | MK119766
China MK119767
Luxemburg  KR603813
Poland MG787582
MG787583
MW377257
KP715310
KP715309
KR603814
China KR605815
Spain KY446066
Spain KY446065
China OP854671
Caech Republic | KU866267
Russia KUS66265
China MG787586
China MG787585
China KR603808
China KR605809
Crech Republic | KR605801
France KR605799
China OK045506
China MG787595
Crech Republic | MK558725
China KP171205
China KR605791
Crech Republic | KP171207
Finland KP171208
Malaysia | MW377286
Indonesia AJ542527
Italy KC543147
France KCs43168
China MG787588
China MG787590
China MG787589
China OL621853
China KR605798
China MN148232
China MN148233
Sweden MK208852
Russia KF169655
China KR605778
China HQ693994
Russia KT995127
Cech Republic | KT995120
Finland KT995121
Argentina JX090122
Argentina JX090121
UsA KR605786
KR605784
OK045508
China OM039287
China MG787602
China MG787601
Vietnam MW377316
Vienam | MW377317
Russia 1Q700267
Russia 1Q700284
China MG787605
China MG817481
China MT497886
China MT497887
China KR605782
Cech Republic | KR605783
China KR605789
China KR605788
Brazil KC844851
Australia MK461952
Australia MK461951
KF937288
China KR605769
Usa MG787606
Usbekistan | KX958182
Usbekistan | KX958183
China KE937286

nLSU
EU232299
KY948880
0P856750
0P856751
0P856752
0P856753
MG787620
MG787621
MG787622
KC543129
MK119762
MK119763
KP715322
ON417199
MK119769
KR605749
KC543113
KC543130
KT381618
KT381619
MG787623
KT970454
MK119764
MK119766
MK119767
KR605752
MG787624
MG787625
MW377338
KP715326
KP715325
KR605753
KR605754
KY446066
KY446065
0P856749
MG787628
MG787629
MG787631
MG787630
KR605747
KR605748
KR605740
KR605738.
OK045512
MG787640
KP171227
KR605730
KP171229
KP171230
MW377365
KC543147
MG787636
MG787635
0L621242
KR605737
OL621247

OL621248

KR605717
KC507175
KT995149
KT995143
KT995144

KR605725
KR605723
OK045514
OM039187
ON417234
MG787648
MW377394
MW377395
1Q700267
1Q700284
MG787652
MG817479
MT497884
MT497885
KR605721
KR605722
KR605728.
KR605727
KC844856
MK461956
MK461955
KF937291
KR605708.
MG787653
KX958186
KX958187

KF937290

nSSU
EU232257
OP856745
OP856746
OP856747
OP856748
MG787726
MG787727
MG787729

MG787730

KR605908
MG787728

KR605909

KR605913
MG787731
MG787735
MW377416
MG787732
MG787734
KR605914
KR605915
OP856744
MG787738
MG787739
MG787741
MG787740
KR605906
KR605907
KR605899
KR605897
OK045494
MG787750
KR605883
KR605882
KR605886
KR605887
MW377444

MG787745
ON417019
MG787746
0L621779
KR605895
OL621782

0L621783

KR605851
KR605852

MG787756

KR605864

KR605862

OK045496

OM039254
MG787768
MG787767
MW377473

MW377474

MG787778
MG787779
KR605860
KR603861

KR605869
KR605868
KR605837
MK461964
MK461963
KR605832
KR605833
MG787782

KR605840

OP856741
0OP856742
OP856743
MG787667
MG787668
MG787669
MG787670
KR606009

MG787671

MG787673

KR606013

MG787674
MG787675
MW382052
MG787677
MH055437
KR606014

KR606015

MG787680
MG787681
MG787683
MG787682
KR606007
KR606008
KR606002
KR606000
OK045500
MG787692
KR605986
KR605985
KR605989
KR605990
MW382073

MG787687
MG787688
ON417078
01621753
KR605998
0L621758

01621759

KR605955
KR605956

MG78769%

KR605968
KR605966
OK045502
OM039222

MW382097

MW382098

MG787708
MG787709
KR605964
KR605965
ON417098
KR605972
KR605943
MK461960
MK461959
KR605938
KR605939
MG787712
ON417103
ON417104

KR605946

TEFL

OP851386
0OP851387
OP851388
MG787845
MG787846
KC543178
KC543179
KP715336
MG787847

KR610739

MG787848

KR610742
MG787849
MG787850
MW337088
KP715340
KP715339
KR610743
KR610744

KUS66221
KUS66218.
MG787853
MG787852
KR610736
KR610737
KR610730
KR610728
OK076960
MG787860
KR610716
KR610715
KR610717
KR610719
MW337113

MG787855
MG787857
MG787856
01588982
KR610726
MN161747
MN161748
MK236359
KF178380
KR610684
KR610685
KU052718
KU052726

KU052725

KR610697

KR610696

OK076962

OM037810
MG787866
MG787865
MW337139

ON424865

MG787867

KR610693

KR610694
KR610701

KR610702
KR610671

MK463986
MK463985
KR610667
KR610668
MG787873
ON424883
ON424884

KR610674

RPB2

OP851381
oP851382
0P851383
OP851384
MG787792
MG787793
MG787794

MG787795

KR610828
KT895887

MG787796

MG787797

KR610832
MG787798
MG787799
MW337025
KT895888
KT895889
KR610833
KR610834
0P851385
MG787803
MG787804
MG787806
MG787805
KR610825
KR610826
KR610820
KR610818
OK076904
MG787813
KR610806
KR610805
KR610809
KR610810
MW337049

MG787810
MG787811
ON424764
01588969
KR610816
MNI158175
MNI158176
MK236362
KF169724
KR610776
ON424771

MG787818

KR610788
KR610786
OK076934
OM037782
MG787822
ON424803

MG787823
MG787824
KR610784
KR610785
KR610793
KR610792
KR610767
MK463984
MK463983
KR610765
MG787831

KR610770
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Gene Primer ner sequences (! References
ITs 1S5 GGA AGT AAA AGT CGT AAC AAG G White etal. (1990)
1154 TCCTCC GCT TAT TGATAT GC White etal. (1990)
nLSU LROR ACC CGCTGA ACT TAA GC Vilgalys and Hester (1990)
LR7 TACTAC CAC CAA GAT CT Vilgalys and Hester (1990)
nSs5U Ms1 CAG CAG TCA AGA ATATTA GTC AAT G White etal. (1990)
Ms2 GCG GAT TAT CGA ATT AAATAA C ‘White etal. (1990)
missU Ms1 CAG CAG TCA AGA ATATTA GTC AAT G White etal. (1990)
Ms2 GCG GAT TAT CGA ATT AAATAA C ‘White etal. (1990)
TER 983F GCY CCY GGH CAY CGT GAY TTY AT Rehner and Buckley (2005)
1567R ACH GTR CCR ATA CCA CCR ATCTT Rehner and Buckley (2005)
RPB2 RPB2-5F GAY GAY MGW GAT CAY TTY GG Lietal. (1999)

RPB2-7cR ATG GGY AAR CAA GCY ATG GG Liu etal. (1999)
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Mean of stem 95% HPD

age (Mya) (Mya)
A: Polyporales/Thelephorales 136.53 118.08-158.06
B: Ischnodermataceae 119.22 102.03-136.08
C: Grifolaceae 107.05 89.96-126.02
D: Incrustoporiaceae 101.19 84.47-121.39
E: Meruliaceae 100.98 84.76-117.47
F: Gelatoporiaceae/Polyporaceae 99.1 81.93-116.47
G: Phaeolaceae 94.89 78.85-112.34
H: Fibroporiaceae 91.44 73.90-109.55
I: Irpicaceae/Phanerochaetaceae 90.57 75.39-106.39
J: Dacryobolaceae/Sarcoporiaceae 89.29 71.96-109.52
K: Steccherinaceae 88.11 69.75-106.60
L: Fragiliporiaceae/Gloeoporellaceae 88.06 67.15-107.76
M: Pycnoporellaceae/Sparassidaceae 81.28 65.62-99.46
N: Hyphodermataceae/Meripilaceae 80.5 63.16-97.26
O: Climacocystaceae/Podoscyphaceae 77.49 61.45-93.16
P: Adustoporiaceae/Fomitopsidaceae 74.38 58.72-90.04
Q: Laetiporaceae/Laricifomitaceae 67.4 52.85-83.94
R: Cerrenaceae/Panaceae 66.02 45.28-86.67
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Steccherinum larssonii

MCW 593/17 Brazil MT849306 MT849306 MT833956 = MT833941
Steccherinum meridionale Cui 16691 Australia ON417195 ON417247 ON424743 ON424817 ON424882
Steccherinum sp. Cui 16755 Australia ON682370 ON680822 ON688478 ON688498 ON688518
Stereopsis radicans OLR 45395 Belize = KC203496 = KC203502 KC203516
Stereopsis sp. OKHL 15544 Brazil - - - KC203505 KC203519
Stereum hirsutum FPL 8805 Unknown - AF393078 = = -
Stereum hirsutum AFTOL ID 492 Unknown AY854063 - AY864885 AY218520 AY885159
Suillus pictus AFTOL 717 Unknown AY854069 AY684154 AY858965 AY786066 AY883429
Thelephora ganbajun ZRL 20151295 China LT716082 KY418908 KY418987 KY419043 KY419093
Tomentella sp. AFTOLID 1016 USA DQ835998 DQ835997 = DQ835999 =
Trametes cinnabarina Dai 14386 China KX880629 KX880667 KX880818 KX880854 KX880885
Trametes sanguinea Cui 7091 China KX880628 KX880666 KX880817 MG867689 KX880884
Trechispora alnicola AFTOL 665 Unknown DQ411529 AY635768 - - DQ059052
Tremellodendron sp. PBM 2324 Unknown DQ411526 - - DQ408132 DQ029196
Tyromyces chioneus FD 4 USA KP135311 KP135291 KP134891 KP134977 -
Tyromyces odora L 13763 Canada KY948830 KY948893 KY949046 - -
Tyromyces sp. Cui 16652 Australia ON417196 ON417248 ON424749 ON424820 ON424885
Wolfiporia cocos CBS 279.55 USA MW251869 MW251858 - MW250264 MW250253
Wolfiporia hoelen Dai 20036 China MW251877 MW251866 = MW250272 MW250261
Wolfiporia hoelen Dai 20034 China MW251879 MW251868 - ON688499 MW250263
Wolfiporia dilatohypha CS 635913 USA KC585400 KC585234 KY949026 - -
Wolfiporia castanopsidis Cui 16295 China o MW377408 MW337209 MW337080 MW337151
Wolfiporia castanopsidis Cui 16296 China - MW377409 MW337210 MW337081 MW337152

Newly generated sequences for this study are shown in bold.
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Pycnoporellus fulgens Cui 16463 Vietnam MW377318 MW377396 ON424725 ON424805 ON424867
Pycnoporellus fulgens Cui 10033 China KX354458 KX354512 ON424726 KX354684 KX354687
Pyrenogaster pityophilus 0SC 59743 Unknown - DQ218519 - DQ219057 DQ219232
Radulodon casearius HHB 9567 USA KY948752 KY948871 KY948943 - -
Resinoporia sordida Dai 23393 China ON682368 ON680820 ON688475 ON688496 ON688516
Resinoporia sordida Cui 16469 Vietnam ON417186 ON417237 ON424730 ON424806 ON424870
Rhizochaete chinensis Wu 0910-45 China LC387335 MF110294 LC387348 LC387370 LC270925
Rhizochaete sulphurina HHB 5604 USA KY273031 GU187610 MZ748363 OK135991 MZ913707
Rhizopus stolonifer CBS 609.82 Japan AB113023 DQ273817 - - AB512268
Rhodofomes roseus Cui 17046 China ON417187 ON417238 ON424731 ON424807 ON424871
Rhodofomes roseus Cui 17081 China ON417188 ON417239 ON424732 ON424808 ON424872
Rhodofomitopsis pseudofeei Cui 16794 Australia MK461952 MK461956 ON424735 MK463984 MK463986
Rhodofomitopsis pseudofeei Cui 16762 Australia MK461951 MK461955 ON688476 MK463983 MK463985
Rhodonia obliqua Dai 23436 China ON417191 ON417242 ON424738 - ON424876
Rhodonia placenta Wei 1406 China KF699129 KT893750 ON424739 KT893746 KT893748
Rickiopora latemarginata RP 56 Brazil KU521768 KU521768 - - -
Rickiopora latemarginata RP 58 Brazil KU521769 KU521769 - KU521773 KU521771
Rickiopora latemarginata RP 110 Brazil KU521770 KU521770 = KU521774 KU521772
Rigidoporus corticola ZRL 20151459 China LT716075 KY418899 KY419038 KY419087 KY418954
Rigidoporus ginkgonis Cui 5555 China KT203295 KT203316 - - -
Rigidoporus sp. Cui 16852 Puerto Rico ON417179 ON417229 ON424719 ON424797 ON424858
Rigidoporus sp. Cui 16859 Puerto Rico ON417180 ON417230 ON424720 ON424798 ON424859
Rigidoporus undatus Miettinen 13591 Finland KY948731 KY948870 KY948945 - -
Russula emeticicolor FH 12253 Germany KT934011 KT933872 KT957382 KT933943 -
Ryvardenia campyla Cui 16674 Australia MW377323 MW377400 MW337203 MW337076 MW337143
Ryvardenia cretacea Cui 16731 Australia MW377324 MW377401 MW337204 MW337077 MW337144
Ryvardenia cretacea Cui 16732 Australia MW377325 MW377402 MW337205 MW337078 MW337145
Sarcoporia polyspora Cui 16977 China MW377326 MW377403 MW337206 MW337079 MW337146
Sarcoporia polyspora Cui 16995 China OM039299 OM039199 OM037761 ON424811 OMO037817
Sarcoporia polyspora Cui 17165 China ON417192 ON417244 ON424740 ON424812 ON424878
Schizosaccharomyces pombe 972h France 719578 719136 NM001021568 NMO001018498 NM001021161
Scopuloides allantoidea Wei 16-060 China MZ637081 MZ637279 MZ748463 OK136047 MZ913664
Scopuloides rimosa HHB 15484 USA KP135352 KP135281 KP134851 KP134902 MZ913665
Scopuloides rimosa Wu 1507-117 China MZ637087 MZ637284 MZ748464 OK136048 MZ913666
Serpula himantioides MUCL 30528 Belgium GU187545 GU187600 GU187480 GU187808 GU187748
Skeletocutis coprosmae Cui 16623 Australia ON417193 ON417245 ON424741 ON424813 ON424879
Skeletocutis nivea Cui 16752 Australia ON682369 ON680821 ON688477 ON688497 ON688517
Skeletocutis yuchengii FBCC 1132 China KY953045 KY953045 KY953143 - KY953109
Skeletocutis yunnanensis Dai 15709 China KU950434 KU950436 MW526263 - MW427605
Sparassis crispa AFTOL ID 703 Unknown DQ250597 AY629321 - DQ408122 DQ056289
Sparassis crispa MBUH DORISL Germany AY218442 AY218404 - = -
Sparassis radicata 8§29 Unknown AY218446 AY218408 - DQ270672 -
Sparassis radicata TENN 52558 USA AY218450 AY218411 - AY218547 -
Sparassis radicata OKM 4756 USA KC987580 KF053407 KY949023 - -
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Leptoporus mollis TJV-93-174-T USA KY948795 EU402510 KY948957 OK136102 MZ913694
Leptoporus mollis RLG 7163 USA KY948794 MZ637155 KY948956 OK136101 MZ913693
Leptosporomyces raunkiaeri | CFMR HHB 7628 USA GU187528 GU187588 GU187471 GU187791 GU187719
Luteoporia albomarginata GC1702-1 China LC379003 LC379155 LC379160 LC387358 LC387377
Luteoporia lutea GC 1409-1 China MZ636998 MZ637158 MZ748467 OK136050 MZ913656
Macrohyporia dictyopora Dai 18878 Australia 0OK036736 0K036735 = = 0K076964
Meripilus giganteus FP 135344 United Kingdom KP135307 KP135228 KP134873 - -
Metuloidea reniforme MCW 523/17 Brazil MT849302 MT849302 MT833949 . =
Metuloidea reniforme MCW 542/17 Brazil MT849303 MT849303 MT833950 = MT833940
Multiclavula mucida AFTOL 1130 USA DQ521417 AY885163 = = =
Neurospora crassa OR74A India HQ271348 AF286411 XM959004 AF107789 XM959775
Obba rivulosa Cui 16477 Vietnam ON682367 ON680819 ON688474 ON688495 ON688515
Obba rivulosa Cui 16483 Vietnam ON417171 ON417221 ON424711 ON424787 ON424849
Obba rivulosa Cui 16482 Vietnam ON417172 ON417222 ON424712 ON424788 ON424850
Panus fragilis HHB 11042 USA KP135328 KP135233 KP134877 - -
Perenniporia Cui 13627 China MH427961 MH427968 MH427989 MH427993 MH427997
yinggelingensis

Perenniporia Cui 13631 China MH427962 MH427969 MH427990 MH427994 MH427998
yinggelingensis

Phaeolus schweinitzii Dai 8025 China KX354457 KX354511 = DQ408119 KX354686
Phacophlebiopsis HHB 6990 USA KP135415 KP135243 KP134810 KP134931 MZ913643
caribbeana

Phaeophlebiopsis ravenelii FCUG 2126 Spain MZ637015 GQ470675 MZ748361 0OK135993 MZ913634
Phallus costatus MB 02040 Unknown Z DQ218513 = DQ219104 DQ219279
Phanerochaete alnea FP 151125 USA KP135177 MZ637181 MZ748385 OK136014 MZ913641
Phanerochaete canolutea ‘Wu 9211-105 China MZ422795 GQ470641 MZ748387 OK136018 MZ913640
Phanerochaetella ‘Wu 9606-39 China MZ637020 GQ470638 MZ748422 OK136082 MZ913687
angustocystidiata

Phanerochaetella Chen 1362 China MZ637025 GQ470646 MZ748423 OK136083 MZ913689
leptoderma

Phlebia nantahaliensis HHB 2816 USA KY948777 KY948852 KY948920 OK136063 MZ913701
Phlebia tomentopileata GC 1602-67 China MZ637040 MZ637244 MZ748457 OK136064 MZ913702
Phlebiopsis gigantea FCUG 1417 Norway MZ637051 AF141634 MZ748370 OK135996 MZ913623
Phlebiopsis odontoidea GC 1708-181 China MZ637054 MZ637255 MZ748371 OK135997 MZ913624
Physisporinus longicystidius Cui 16630 Australia ON417177 ON417227 ON424717 ON424795 ON424856
Physisporinus longicystidius Cui 16725 Australia ON417178 ON417228 ON424718 ON424796 ON424857
Picipes badius Cui 10853 China KU 189780 KU189811 KU189894 KX900300 KU189929
Picipes badius Cui 11136 China KU189781 KU189812 KU189895 KU189990 KU189930
Podoscypha venustula Cui 16923 Puerto Rico ON417181 ON417231 ON424722 ON424799 ON424860
Podoserpula ailaoshanensis ZJL 2015015 China KU324484 KU324487 e - KU324494
Polyporus squamosus Cui 10595 China KU189778 KU189809 KU189892 KU189988 KU189925
Polyporus varius Cui 12249 China KU507581 KU507583 KU507589 KU507592 KU507591
Porodaedalea chinensis Cui 10252 China KX673606 MH152358 - MH101479 MG585301
Pseudofibroporia citrinella He 20120721 China KU550477 KU550500 - KU550555 KU550574
Pseudofibroporia citrinella Yuan 6181 China KU550478 KU550501 - KU550556 KU550575






OPS/images/fmicb-14-1140190/inline_12.gif





OPS/images/fmicb-14-1115761/fmicb-14-1115761-t001b.jpg
Gloeoporellus merulinus Dai 18735 Australia MW377299 MW377378 MW337192 ON688490 MW337126
Gloeoporellus merulinus Dai 18782 Australia MW377300 MW377379 MW337193 ON688491 MW337127
Gloeoporellus merulinus Cui 16629 Australia ON682364 ON680816 ON688471 ON688492 ON688512
Gloeoporellus merulinus Cui 16650 Australia ON682365 ON680817 ON688472 ON688493 ON688513
Gloeoporus dichrous Cui 16931 China ON682366 ON680818 ON688473 ON688494 ON688514
Gloeoporus orientalis Wei 16-485 China MZ636980 MZ637141 MZ748443 OK136095 MZ913709
Grifola frondosa AFTOL 701 Unknown AY854084 AY629318 AY864876 - AY885153
Grifola frondosa Dai 19172 Canada ON417161 ON417211 ON424696 ON424774 ON424837
Grifola frondosa Dai 19175 Canada ON417162 ON417212 ON424697 ON424775 ON424838
Gymnopilus picreus ZRL 2015011 China LT716066 KY418882 KY418980 KY419027 KY419077
Heterobasidion annosum Dai 20962 Belarus ON417163 ON417213 ON424698 ON424776 ON529284
Hydnum repandum BB 07.341 Unknown - KF294643 - KF294720 JX192980
Hymenochaete rubiginosa He 1049 China JQ716407 JQ279667 - - -
Hyphoderma litschaueri FP 101740 USA KP135295 KP135219 KP134868 KP134965 -
Hyphoderma FD 335 USA KP135298 KP135220 KP134869 KP134966 -
medioburiense

Hyphoderma mutatum HHB 15479 USA KP135296 KP135221 KP134870 KP134967 -
Hyphoderma setigerum FD 312 USA KP135297 KP135222 KP134871 = -
Hypochnicium HHB 12631 USA KY948801 KY415959 KY948930 e =
bombycinum

Hypochnicium geogenium He 6804 China OMO039279 OM039179 - OM037777 OM037802
Hypochnicium geogenium He 6812 China OM039280 OM039180 - OM037778 OM037803
Hypochnicium geogenium He 6817 China OM039281 OM039181 - OM037779 OM037804
Hypochnicium geogenium He 6819 China OM039282 OM039182 - OM037780 OM037805
Hypochnicium karstenii HHB 9373 USA KY948799 DQ677510 KY948931 - -

‘ Hypochnicium FP 101698 USA KY948827 KY948860 KY948932 - -
punctulatum

Hypochnicium RLG 15138 USA KY948803 KY948861 KY948940 - -
sphaerosporum

Hypochnicium wakefieldiae KJM 271 USA KY948828 DQ677512 KY948933 - -
Irpex flavus ‘Wu 0705-1 China MZ636988 MZ637149 MZ748432 OK136087 MZ913683
Irpex sp. Wu 910807-35 China MZ636994 GQ470627 MZ748433 OK136088 MZ913684
Ischnoderma benzoinum Cui 17058 China ON417164 ON417214 ON424699 ON424777 ON424839
Ischnoderma benzoinum Cui 17700 China ON417165 ON417215 ON424700 ON424778 ON424840
Jaapia argillacea CBS 252.74 Netherlands GU187524 GU187581 GU187463 GU187788 GU187711
Lactarius deceptivus AFTOLID 682 USA AY854089 AY631899 AY864883 AY803749 AY885158
Laetiporus montanus Cui 10015 China KF951273 KF951311 ON424701 KT894791 KX354618
Laetiporus montanus Cui 10011 China KF951274 KF951315 MG867670 KT894790 KX354617
Laetiporus sulphureus Cui 12389 China KR187106 KX354487 ON424702 KX354653 KX354608
Laetiporus sulphureus Cui 12388 China KR187105 KX354486 MG867671 KX354652 KX354607
Laricifomes officinalis JV 0309/49-] USA KR605821 KR605764 = KR610846 KR610757
Laricifomes officinalis JV 9010/14 Slovak Republic KR605822 KR605765 = KR610847 KR610758
Lentoporia carbonica Zabel 40 GLN USA KC585243 KC585065 KY949013 - -
Lentoporia carbonica DAOM F 8281 Cabada KC585239 KC585061 - - -
Lepiota cristata ZRL 20151133 China LT716026 KY418841 KY418963 KY418992 KY419048
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Species

Amaurodon aquicoeruleus
A. viridis
Hydnellum amygdaliolens
H. amygdaliolens
H. atrorubrum

H. atrorubrum

H. atrospinosum
H. atrospinosum
H. aurantiacum
H. aurantiacum
H. auratile

H. auratile

H. bomiense

H. bomiense

H. brunneorubrum
H. brunneorubrum
H. brunneorubrum
H. caeruleum

H. caeruleum

H. chocolatum

H. chocolatum

H. chrysinum

H. coactum

H. coactum

H. complicatum

H. complicatum

H. concentricum
H. concentricum
H. concrescens

H. concrescens

H. concrescens

H. crassipileatum
H. crassipileatum
H. cristatum

H. cristatum

H. cumulatum

H. cumulatum

H. cyanopodium
H. diabolus

H. dianthifolium
H. dianthifolium
H. earlianum

H. earlianum

H. fagiscabrosum
H. fagiscabrosum
H. fagiscabrosum

H. fennicum

Specimen no.

UK 452
KHLarsson14947b
GB-0202072
SC-2011

Wei 8315

Wei 8261

Yuan 6514

Yuan 6520
RGCarlsson08-105
EBendiksen177-07
OF294095
OF242763

Yuan 13759

Yuan 13767

Yuan 12997

Yuan 14339

Yuan 14668
OF291490

EBendiksen575-11
Cui 18545
Cui 18543
SC071

Wei 8094
Shi 181
REB-71
REB-329
Cui 17017
Cui 17098
REB-385
REB-65
REB-384
Cui 17021
Cui 17019
4446
REB-169
SEW 69
REB-342
SEW 85
KAH13873
ML902162HY
ML61211HY
REB-375
REB-75
GB-0195621
GB-0195805
GB-0195625
OF242833

Locality

Australia
Norway
France
China
China
China
China
Sweden
Norway
Norway
Norway
hina
hina
hina
hina
hina
orway
orway

hina

O 0z 2z 0 00 00

hina

hina
hina
nited States
nited States

hina

O 0 a c OO0

hina
United States

United States

United States
China

China
Canada
United States
United States
United States
United States
Canada

United States
United States
Sweden
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Taxa Voucher Locality ITS nrLSU References
Alboefibula bambusicola Chen 2304 China MZ636926 MZ637091 Chen etal,, 2021
Alboefibula bambusicola Wu 1209-26 China MZ636927 MZ637092 Chen et al,, 2021
Alboefibula gracilis ‘Wu 0606-83 China MZ636928 MZ637093 Chen et al,, 2021
Alboefibula gracilis ‘Wu 1809-106 China MZ636929 MZ637094 Chen etal,, 2021
Crepatura ellipsospora CLZhao 697 China MK343695 MK343699 Ma and Zhao, 2019
Crepatura ellipsospora CLZhao 1265 China MK343692 MK343696 Ma and Zhao, 2019
Donkia pulcherrima GC 1707-11 China LC378994 LC379152 Chen et al., 2018b
Donkia pulcherrima Gothenburg-2022 Austria KX752591 KX752591 Miettinen et al., 2016
Efibulella deflectens FCUG 1568 Sweden AF141619 AF141619 Parmasto and Hallenberg, 2000
Geliporus exilisporus Dai 2172 China KU598211 KU598216 Yuan etal,, 2017
Geliporus exilisporus GC 1702-15 China LC378995 LC379153 Chen et al., 2018b
Hyphodermella corrugata MA-Fungi 5527 Morocco FN600372 JN939597 Telleria et al.,, 2010
Hyphodermella corrugata MA-Fungi 24238 Portugal FN600378 JN939586 Telleria et al.,, 2010
Hyphodermella laevigata He 5427* China ON964013 ‘ON963996 Present study
Hyphodermella laevigata He 5430 China ON964014 ‘ON963997 Present study
Hyphodermella pallidostraminea LE 286968 Russia OK138912 OK138911 Unpublished
“Hyphodermella” poroides Dai 10848 China KX008368 KX011853 Zhao etal,, 2017
“Hyphodermella” poroides Dai 12045 China KX008367 KX011852 Zhao etal,, 2017
Hyphodermella rosae FP-150552 USA KP134978 KP135223 Floudas and Hibbett, 2015
Hyphodermella rosae GC 1604-113 China MZ636986 MZ637147 Chen etal,, 2021
Hyphodermella tropica He 3808 China ON964010 ‘ON963993 Present study
Hyphodermella tropica He 3993* China ON964011 ON963994 Present study
Hyphodermella tropica He 4004 China ON964012 ‘ON963995 Present study
Odontoefibula orientalis GC 1703-76 China LC379004 LC379156 Chen et al., 2018b
Odontoefibula orientalis ‘Wu 0910-57 China LC363490 LC363495 Chen et al., 2018b
Phanerochaete albida GC 1407-14 China MZ422788 MZ637179 Floudas and Hibbett, 2015
Phanerochaete albida WEI 18-365 China MZ422789 MZ637180 Floudas and Hibbett, 2015
Phanerochacte alnea ssp. alnea FP-151125 USA KP135177 MZ637181 Floudas and Hibbett, 2015; Chen
etal, 2021
Phanerochaete alnea ssp. lubrica HHB-13753 USA KP135178 - Floudas and Hibbett, 2015
Phanerochaete arizonica RLG-10248-Sp USA KP135170 KP135239 Floudas and Hibbett, 2015
Phanerochaete australosanguinea MA-Fungi 91308 Chile MH233925 MH233928 Phookamsak et al., 2019
Phanerochaete australosanguinea MA-Fungi 91309 Chile MH233926 MH233929 Phookamsak et al., 2019
Phanerochaete burtii FD-171 USA KP135116 — Floudas and Hibbett, 2015
Phanerochaete burtii HHB-4618-Sp USA KP135117 KP135241 Floudas and Hibbett, 2015
Phanerochaete calotricha Vanhanen-382 Finland KP135107 - Floudas and Hibbett, 2015
Phanerochaete canolutea Wu 9211-105 China MZ422795 GQ470641 Wau etal., 2010; Chen et al., 2021
Phanerochaete canolutea Wu9712-18 China MZ422796 GQ470656 Wu etal, 2010; Chen et al., 2021
Phanerochaete carnosa FD-474 USA KP135126 = Floudas and Hibbett, 2015
Phanerochaete carnosa HHB-9195-Sp USA KP135129 KP135242 Floudas and Hibbett, 2015
Phanerochacte citrinosanguinea FD-287 USA KP135095 — Floudas and Hibbett, 2015
Phanerochaete citrinosanguinea FP-105385 USA KP135100 KP135234 Floudas and Hibbett, 2015
Phanerochaete hainanensis He 3562 China MT235692 MT248179 Boonmee et al., 2021
Phanerochaete leptocystidiata Dai 10468 China MT235684 MT248167 XuY. L. etal, 2020
Phanerochaete leptocystidiata He 5853 China MT235685 MT248168 XuY. L. etal, 2020
Phanerochaete pseudosanguinea FD-244 USA | KP135098 . KP135251 Floudas and Hibbett, 2015
Phanerochaete rhizomorpha GC 1708-335 China MZ422824 MZ637208 Chen etal,, 2021
Phanerochaete rhizomorpha ‘Wu 0910-61 China MZ422826 MZ637210 Chen et al,, 2021
Phanerochaete rhodella FD-18 USA KP135187 KP135258 Floudas and Hibbett, 2015
Phanerochaete rhodella Miettinen 17278 USA KU893882 - Spirin etal,, 2017
Phanerochaete sanguinea HHB-7524 USA KP135101 KP135244 Floudas and Hibbett, 2015
Phanerochaete sanguinea Niemela 7993 Finland KP135105 — Floudas and Hibbett, 2015
Phanerochaete sanguineocarnosa FD-359 USA KP135122 KP135245 Floudas and Hibbett, 2015
Phanerochaete sanguineocarnosa FD-528 USA KP135121 - Floudas and Hibbett, 2015
Phanerochaete sinensis GC 1809-56 China MT235689 MT248176 XuY.L.etal, 2020
Phanerochaete sinensis He 4660 China MT235688 MT248175 XuY. L. etal, 2020
Phanerochaete sordida FD-241 USA KP135136 KP135252 Floudas and Hibbett, 2015
Phanerochaete sordida GC 1708-162 China MZ422828 MZ637212 Chen etal,, 2021
Phanerochaete sp. GC 1710-52 Vietnam MZ422832 MZ637215 Chen etal,, 2021
Phanerochaete sp. ‘Wu 0805-86 China MZ422835 MZ637218 Chen etal,, 2021
Phanerochaete subsanguinea CLZhao 10470 China MZ435348 MZ435352 Wang and Zhao, 2021
Phanerochaete subsanguinea CLZhao 10477* China MZ435349 MZ435353 Wang and Zhao, 2021
Phanerochaete subsanguinea He 6131 China ‘ON964009 ‘ON963990 Present study
Phanerochaete taiwaniana Wu0112-13 China MF399412 GQ470665 Wu etal, 2010,2018a
Phanerochaete taiwaniana ‘Wu 880824-17 China MZ422842 GQ470666 Wu etal., 2010; Chen et al., 2021
Phanerochaete velutina GC 1604-56 China MZ422844 MZ637224 Chen etal,, 2021
Phanerochaete velutina HHB-15343 USA KP135184 - Floudas and Hibbett, 2015
“Phlebia” firma Edman K268 Sweden EU118654 EU118654 Larsson, 2007
Phlebiopsis alba GC 1508-110 China MZ637042 MZ637246 Chen et al,, 2021
Phlebiopsis alba GC 1708-20 China MZ637043 MZ637247 Chen etal,, 2021
Phlebiopsis albescens He 5805 Sri Lanka MT452526 - Zhao etal., 2021
Phlebiopsis amethystea URM 84741 Brazil MK993645 MK993639 Lima et al,, 2020
Phlebiopsis amethystea URM 93248 Brazil MK993644 MK993638 Lima et al,, 2020
Phlebiopsis brunnea He 5822 Sri Lanka MT452527 MT447451 Zhao etal,, 2021
Phlebiopsis brunneocystidiata Chen 666 China MT561707 GQ470640 Wu etal., 2010; Chen et al., 2021
Phlebiopsis brunneocystidiata Chen 1143 China MZ637048 MZ7637249 Chen etal,, 2021
Phlebiopsis cana He 5728 Sri Lanka — ‘ON963991 Present study
Phlebiopsis cana He 5958* China . ON963992 Present study
Phlebiopsis castanea GC 1612-6 China KY688208 MZ637250 Chen et al,, 2018a, 2021
Phlebiopsis castanea Spirin 5295 Russia KX752610 KX752610 Miettinen et al., 2016
Philebiopsis cf. dregeana SFC 980804-4 Korea AF479669 - Lim and Jung, 2003
Phlebiopsis cf. dregeana UOC-DAMIA-D46 Sri Lanka KP734203 e Unpublished
Phlebiopsis crassa GC 1602-45 China MZ637049 MZ637251 Chen etal,, 2021
Phlebiopsis crassa KKN-86-Sp USA KP135394 KP135215 Floudas and Hibbett, 2015
Phlebiopsis cylindrospora He 5932 China - MT447444 Zhao etal,, 2021
Phlebiopsis cylindrospora He 5984 China — MT447445 Zhao etal,, 2021
Phlebiopsis darjeelingensis GC 1409-20 China MZ637052 MZ637252 Chen etal,, 2021
Phlebiopsis darjeelingensis GC 1508-8 China MZ637053 MZ637253 Chen etal,, 2021
Phlebiopsis flavidoalba GC 1807-47 USA MZ637050 MZ637254 Chen etal,, 2021
Phlebiopsis flavidoalba FD-263 USA KP135402 KP135271 Floudas and Hibbett, 2015
Phlebiopsis friesii He 5722 Sri Lanka MT452528 MT447413 Zhao etal,, 2021
Phlebiopsis friesii He 5817 Sri Lanka MT452529 MT447414 Zhao etal,, 2021
Phlebiopsis galochroa FP-102937-Sp USA KP135391 KP135270 Floudas and Hibbett, 2015
Phlebiopsis gigantea FCUG 1417 Norway MZ637051 AF141634 Parmasto and Hallenberg, 20005
Chen etal,, 2021
Phlebiopsis gigantea EP-70857-Sp USA KP135390 KP135272 Floudas and Hibbett, 2015
Phlebiopsis griseofuscescens CLZhao 3692 China MT180946 MT180950 XuT. M. etal., 2020
Phlebiopsis griseofuscescens He 5734 Sri Lanka MT561708 MT598032 Zhao etal, 2021
Phlebiopsis laxa Wu9311-17 China MT561710 GQ470649 Wu etal,, 2010; Chen et al., 2021
Phlebiopsis magnicystidiata He 5648 China MT386377 MT447409 Zhao etal,, 2021
Phlebiopsis magnicystidiata ‘Wu 890805-1 China MT561711 GQ470667 Zhao etal., 2021
Phlebiopsis membranacea He 3849 China MT386401 MT447441 Zhao etal,, 2021
Phlebiopsis membranacea He 6062 China MT386402 MT447442 Zhao etal., 2021
Phlebiopsis odontoidea GC 1708-181 China MZ637054 MZ637255 Chen etal,, 2021
Phlebiopsis odontoidea GC 1708-182 China MZ637055 MZ637256 Chen etal,, 2021
Phlebiopsis pilatii Spirin 5048 Russia KX752590 KX752590 Miettinen etal., 2016
Phlebiopsis pilatii Wu 1707-18 China MZ637056 . MZ637257 Chen etal,, 2021
Phlebiopsis sinensis He 4673 China MT386397 MT447435 Zhao etal,, 2021
Phlebiopsis sinensis He 5662 China MT386398 MT447436 Zhao etal,, 2021
Phlebiopsis sp. GC 1705-63 China MZ637058 MZ637258 Chen etal,, 2021
Phlebiopsis sp. GC 1807-3 USA MZ637059 MZ637259 Chen et al,, 2021
Phlebiopsis sp. KHL13055 Costa Rica EU118662 EU118662 Larsson, 2007
Phlebiopsis xuefengensis JZou5501 China MT554931 MT554924 Lietal, 2021
Phlebiopsis xuefengensis ‘Wso1 China MT554921 MT554928 Lietal, 2021
Phlebiopsis yunnanensis CLZhao 3958 China MH744140 MH744142 Zhao etal,, 2019
Phlebiopsis yunnanensis GC 1708-169 China MZ637060 MZ637260 Chen etal,, 2021
Phlebiopsis yushaniae Chen 2358 China MZ637047 MZ637261 Chen etal,, 2021
Pirex concentricus 0OSC-41587 USA KP134984 KP135275 Floudas and Hibbett, 2015
Quasiphlebia densa HHB-12357 USA MZ637065 MZ637264 Chen etal,, 2021
Quasiphlebia densa ‘WEI 17-057 China MZ637066 MZ637265 Chen etal,, 2021
Rhizochaete americana FP-102188 USA KP135409 KP135277 Floudas and Hibbett, 2015
Rhizochaete americana HHB-2004 USA AY219391 AY219391 Greslebin et al., 2004
Rhizochaete belizensis FP-150712 Belize KP135408 KP135280 Floudas and Hibbett, 2015
Rhizochaete borneensis ‘WEI 16-426 China MZ637070 MZ637270 Chen etal,, 2021
Rhizochaete brunnea MR11455 Argentina AY219389 AY219389 Greslebin et al., 2004
Rhizochaete chinensis Wu 0910-45 China LC387335 MF110294 Chen et al., 2018b; Wu et al., 2018b
Rhizochaete chinensis ‘Wu 0910-59 China MZ637071 MZ637271 Chen etal,, 2021
Rhizochaete filamentosa FP-105240 USA KP135411 AY219393 Floudas and Hibbett, 2015
Rhizochaete filamentosa HHB-3169 USA KP135410 KP135278 Floudas and Hibbett, 2015
Rhizochaete flava PR1141 USA KY273030 KY273033 Nakasone et al., 2017
Rhizochaete fissurata CLZhao 7965 China MZ713641 MZ713845 Guand Zhao, 2021
Rhizochaete fissurata CLZhao 10407 China MZ713642 MZ713846 Gu and Zhao, 2021
Rhizochaete fissurata He 2336 China ON964017 - Present study
Rhizochaete fissurata He 6186 China ON964018 (ON964000 Present study
Rhizochaete fissurata He 6259 China ON964019 ON964001 Present study
Rhizochaete fouquieriae KKN-121 USA AY219390 GU187608 Greslebin et al., 2004; Binder et al.,
2010
Rhizochaete grandinosa CLZhao 3117 China MZ713644 MZ713848 Gu and Zhao, 2021
Rhizochaete lutea Wu 880417-5 China MZ637072 GQ470651 Wu etal,, 2010; Chen et al., 2021
Rhizochaete lutea He 5964 China = ON964008 Present study
Rhizochaete nakasoneae He 2291* China ON964016 ‘ON963998 Present study
Rhizochaete nakasoneae He 4821 China - ON963999 Present study
Rhizochaete nakasoneae ‘WEI 16-383 China MZ637073 MZ637272 Chen et al., 2021
Rhizochaete nakasoneae ‘Wu 1008-62 China MZ637074 MZ637273 Chen et al., 2021
Rhizochaete radicata FD-123 USA KP135407 KP135279 Floudas and Hibbett, 2015
Rhizochaete radicata HHB-1909 USA AY219392 AY219392 Greslebin et al., 2004
Rhizochaete sp. He 4628 China ON964021 — Present study
Rhizochaete subradicata He 2377 China ON964023 ‘ON964004 Present study
Rhizochaete subradicata He 3213* China OP102693 OP102695 Present study
Rhizochaete subradicata He 4282 China ON964025 ‘ON964006 Present study
Rhizochaete subradicata He 5561 China ON964026 ‘ON964007 Present study
Rhizochaete sulphurina HHB-5604 USA KY273031 GU187610 Binder et al., 2010; Nakasone et al.,
2017
Rhizochaete sulphurosa URMS87190 Brazil KT003522 KT003519 Chikowski et al.,, 2016
Rhizochaete terrestris He 7713 China OP549029 ‘OP549030 Present study
Rhizochaete terrestris He 6694 China ON964022 ‘ON964003 Present study
Rhizochaete violascens KHL11169 Norway - EU118612 Larsson, 2007
Rhizochaete yunnanensis He 3302* China ‘ON964020 ‘ON964002 Present study
Roseograndinia aurantiaca CLZhao 10480 China MW209022 MW209011 ‘Wang and Zhao, 2020
Roseograndinia aurantiaca CLZhao 10487* China MW209023 MW209012 ‘Wang and Zhao, 2020
Roseograndinia aurantiaca Wu1307-132 China MZ637076 MZ637274 Chen et al., 2021
Roseograndinia aurantiaca ‘Wu 1307-137 China MZ637077 MZ637275 Chen et al., 2021
Roseograndinia minispora WEI 18-508 China MZ637078 MZ637276 Chen et al,, 2021
Roseograndinia minispora ‘WEI 18-511 China MZ637079 MZ637277 Chen etal,, 2021
Roseograndinia minispora He 5808 Sri Lanka ‘ON964015 - Present study
Roseograndinia zixishanensis CLZhao 7206 China MZ305280 MZ305289 Wang et al., 2021
Roseograndinia zixishanensis CLZhao 7718* China MZ305285 MZ305293 Wang et al., 2021

New taxa are set in bold with type specimens indicated with an asterisk (*).
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Species Specimen No.

Abortiporus biennis FD319
Podoscypha bolleana 32034

P. bolleana 3202

P. bolleana CBS 333.66
P brasiliensis 17586

P brasiliensis GXU 2169
P. brasiliensis LR37812
P bubalina 17500

P cristata 8667

P, disseminata DMC 232
P elegans CBS 33266
P. legans CBS 42651
P. legans CBS 426,51
P fulvonitens 17483

P fulvonitens 18332

P fulvonitens ci
P.gillesii 32036

P gillesii GXU 2176
P involuta CBS 113.74
P involuta CBS 654.84
P, mellissii LR41658
P moelleri 17588

P multizonata 3005

P multizonata CBS 66284
P multizonata CBS 663,84
P multizonata CBS 661,84
P multizonata CBS 660.84

P multizonata Jahn 751012

P parvula CBS 331.66

P parvula DAOM171399
P parvula DMC 226

P parvula FP-150577

P. petalodes subsp. cystidiata 140721-14

P. petalodes subsp. cystidiata 140721-15 (Holotype)

P. petalodes subsp. rosulata AFTOL-ID 1931
P. petalodes subsp. rosulata CBS 33266
P. petalodes subsp. rosulata CBS 659.84

P. petalodes subsp. rosulata CBS 659.84

P. petalodes DSH 98-001
P, ravenelii CBS 64,84
P.subinvoluta 140721-10 (Holotype)
P subinvoluta E.Larsson
P tropica 140719-19 (Holotype)
P tropica 20190729-69

P venustula CBS 636.84

P venustula Cui 16923

P venustula LR 40821

P venustula LR 40821

P vespillonea CBS 11174
P vespillonea CBS 111.74
P vespillonea CBS 348.66
P, yunnanensis CLZhao 3963
P, yunnanensis CLZhao 4035
P, yunnanensis CLZhao 3973
P, yunmanensis CLZhao 3979
Podoscypha sp. DIS 296
Podoscypha sp. LR43794
Podoscypha sp. MKS3a
Podoscypha sp. SCHD9
Podoscypha sp. TYY2020-55

New species are in bold.

Locality TS
Massachusetts, United States KP135300
- JQ675334
- Q675332
Central Afican Republic IN649354
- Q675312
China -
Venezuela JN649355
- JQ675311
= JQ675320
- 1Q675326
Pakistan -
Argentina IN649356
Argentina -

= 1Q675315
- JQ675316
- 1Q675322
= JQ675335
Guangxi, China -

Central African Republic JN649358
Gabon MHS61804
Jamaica IN649359
= JQ675313
Germany IN710581
France MHS61808
France MHS61809
France MHS61807
France MHS61806
Germany JN649360
Central Affican Republic JN649361
= 1Q675328
- JQ675338
Yunnan, China 0Q305832
Yunnan, China 0Q305833
Pakistan -

Pakistan IN649363
Pakistan JN649362
Pakistan =

United States JNG649364
‘Yunnan, China 0Q305836
Thailand JN649357
Yunnan, China 0Q305834
Yunnan, China 0Q305835
French Guiana JN649367
Puerto Rico -
Venezuela JX109851
Venezuela =

- JN649368
N MH872572
- MH858520
‘Yunnan, China MK298400
‘Yunnan, China MK298403
‘Yunnan, China MK298401
‘Yunnan, China MK298402
Cameroon -

Costa Rica -

India -

‘West Bengal, India -
China -

nLSU
KP135195
IN649354
MG356489
IN649355
MH870450
IN649356
MH868453

MG356793
JN649358.
MH873497
IN649359

IN710581
MH873501
MHS873500
MHS873499
JN649360
ING49361
AF261534
0Q305827
0Q305828
EF537892
ING49363
ING49362
MHS873498
AF518639
ING49364
0Q305831
0Q305830
0Q305829
JN649367
ON417231
JX109851
JN649366
ING49368
MH872572
MH870457
MK298404
MK298407
MK298405
MK298406
DQ327658
N649365
OP684268
KY594043
OM281038

Literature
Binder et al. (2013)
Binder etal. (2013)
Binder et al. (2013)
Sjokvist etal. (2012)
Binder et al. (2013)
Sjokvist etal. (2012)
Binder etal. (2013)
Binder et al. (2013)
Binder etal. (2013)
Vuetal. (2019)
Sjokvist et al. (2012)
Vuetal. (2019)
Binder etal. (2013)
Binder et al. (2013)
Binder et al. (2013)
Binder et al. (2013)
Sjokvist etal. (2012)
Sjokvist etal. (2012)
Sjokvist et al. (2012)
Binder et al. (2013)
Miettinen etal., 2012
Sjokvist et al. (2012)
Sjokvist etal. (2012)
Sjokvist et al. (2012)
Sjokvist etal. (2012)
Sjokvist etal. (2012)
Sjkvist etal. (2012)
Moncalvo et al. (2002)
Binder etal. (2013)
Binder et al. (2013)
Present study
Present study
Sjokvist et al. (2012)
Sjokvist etal. (2012)
Sjokvist etal. (2012)
Hibbett and Binder (2002)
Sjokvist etal. (2012)
Present study
Sjokvist etal. (2012)
Present study
Present study
Sjokvist etal. (2012)
Sjokvist etal. (2012)
Sjokvist etal. (2012)
Sjokvist etal. (2012)
Sjkvist etal. (2012)
Sjokvist etal. (2012)
Wuetal. 2019)
Wu etal. (2019)
Wuetal. (2019)
Wauetal. (2019)
Crozier etal. (2006)
Sjkvist etal. (2012)
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s873099)

KP670404/KP670409 Veluticeps fasciculata Dai 14900 China
s590-| KP6T0406/KP670410 Veluticeps fasciculata Dai 6237 China

woonoon |© KT750961/KT750962 Veluticeps fasciculata He 2321 China

KI010077/KJ010079 Veluticeps fasciculata He 2022 China

KP670405/~ Veluticeps fasciculata Dai 15092 China

95921

KP814229/- Veluticeps abietina UC2022888 USA
KP814230/- Veluticeps abietina UC2022895 USA

KT943929/- Veluticeps abietina A10-8963 Switzerland

Jovom EULIS619 Veluticeps abietina KHL 12474 Sweden

9300

KP670402/- Veluticeps fimbriata He 20120920-8 China
HMS36100/HMS36083 Veluticeps fimbriata 1-10628-Sp USA

KP670408/KP670411 Veluticeps berkeleyana RLG-T116-Sp USA

1001001
HMS36099/HMS36081 Veluticeps berkeleyana HHB-8594-Sp USA

MW192500/MW 191811 Veluticeps berkeleyana He 5261 Vietnam

JQ844469/~ Veluticeps microspora He 651 China

MW192501/MW 191812 Veluticeps microspora He 5772 Sri Lanka
w0001 Q844471 Veluticeps microspora He 670 China

Sasu1 JQ844470/ Veluticeps microspora He 656 China

MHS61619/MH873336 Veluticeps africana CBS 403.83 Gabon

8993099

JQB44473/KI010080 Veluticeps ambigua He 824 China

1001001 Q8444721 Veluticeps ambigua He 821 China,
MHS63895/MH875356 Veluticeps ambigua CBS 126033 USA

KT944285/- Veluticeps nakasoneae He 585 China
1001001 =

KCT82725/KCT82735 Glocophyllum sepiarium Cui 9237 C}

1 19442861~ Veluticeps nakasoneae He 20140720-2 China
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1000/

HG326617/~ Coniophora eremophila MA-Fungi 86371 Cape Verde
HG326618/~ Coniophora eremophila MA-Fungi 86372 Cape Verde
HF921465/~ Coniophora eremophila Gilbertson 10925 USA

HF921469/- Coniophora mollis Prem 36877 South Affica
sovioon_[L AJ419197/- Coniophora prasinoides MA-Fungi 19417 USA
HF912261/~ Coniophora prasinoides Bochum 178449 Germany
AIS18880/AJS83427 Coniophora marmorata P 307 UK
svss| MHSSS612/MH867121 Coniophora merulioides CBS 152.35 Germany
GUISTSIS/GUISTST1 Coniophora marmorata MUCL 31667 Belgium
lovion MK268870/- Coniophora marmorata CLZhao 3577 China
FI605253/~ Coniophora sp. UFMGCB 1045 Brazil
MH8S5248/MH866701 Coniophora puteana CBS 14832 Germany
GUISTS21/GUI87578 Coniophora puteana MUCL. 1000 Germany
GUISTSI3/GUI87569 Coniophora cerebella HK *§ USA
MG763876/MH476324 Coniophora puteana He 2909 China
HF921468/~ Coniophora hanoiensis Ryvarden 24995 Zimbabwe
MT939247/~ Coniophora arida Ca30M-20Aa Poland
GUISTS10/GUI87573 Coniophora arida FP-104367 USA

1009871

781099

MG763875/MH476322 Coniophora arida He 4658 China
MH8S6052/MH867547 Coniophora arida CBS:109.40 USA
HF921467/~ Coniophora fusispora MA-Fungi 57734 France
1001001 AY781253/~ Coniophora sp. Olrim 361 Sweden
MW192495/MW 191806 Coniophora fsispora He 6777 China
1540l

[ 100y OMI00743/0MO83975 Coniophora olivacea He 6100 China

737409, X
OM100744/0M083976 Coniophora olivacea He 6111 China

s1741|L GU187519/GU187576 Comiophora prasinoides FP-105969 USA
b1 MHSSS390MH866840 Coniophora eystidiophora CBS 153.33 Germany
L GU187516/GU187572 Comiophora olivacea FP-104386 USA
MGT63873/ Coniophora hanoiensis He 5197 Vietnam
MGT63874/MH476323 Coniophora hanoiensis He 5202 Vietnam

MW192499/MW 191810 Tapinella panuoides He 6538 China

100
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Species GenBank No./UNITE database Voucher Locality References

accession No. number
ITS LSU mtSSU
Odontia fibrosa (Berk. and M.A. Curtis) MT981502 MT981502 - LE F-332368 Russia NCBI database
Koljalg
Thelephora anthocephala (Bull). Fr. DQ974771 - - src614 USA NCBI database
Th. anthocephala MT773612 MT773612 - NSK1014540 Russia NCBI database
Th. cf. anthocephala MF926570 MF926570 - 108 Russia NCBI database
Th. cf. anthocephala MF926569 - - 157 Russia NCBI database
Th. albomarginata Schwein. UDB01669 - - MCO1-544 Denmark 'UNITE database
Th. alnii Koljalg. ‘UDB002953 - - SH1502191 Estonia NCBI database
Th. alnii UDB002958 - - TH034568 Estonia NCBI database
Th. americana Lloyd MT196971 - - BMJO1 USA NCBI database
Th. atramentaria (Rostr.) Sacc. 'UDB000236 - - TUF123496 Germany UNITE database
Th. atramentaria ‘UDB000955 - - TUF108866 Estonia 'UNITE database
Th. atrocitrina Quél. ‘UDB023357 - - SH1502461 Italy 'UNITE database
Th. atrocitrina UDB023355 - - SHI1213711 Italy UNITE database
Th. aquila OP793743 OP793698 OP793724 Wei 8831 China This sutdy
Th. aquila OP793744 OP793699 OP793725 ‘Wei 8833 China This sutdy
Th. aurantiotincta Corner MZ057686 - - 520625MF420 China NCBI Database
Th. aurantiotincta AB509809 - - 346-518 Japan NCBI Database
Th. austrosinensis T.H. Li & T. Li MF593261 - - GDGM 25680 China Lietal, 2020
Th. austrosinensis MF593265 - - GDGM 48867 China Lietal, 2020
Th. caryophyllea (Schaeff.) Pers. KC152242 - - GO-2010-163 Mexico NCBI database
Th. caryophyllea KR606030 - . BSI 13/103 Switzerland NCBI database
Th. cf. caryophyllea MZ890174 - - UBC: F29441 Canada NCBI database
Th. cf. caryophyllea MZ890175 - - UBC: F29912 Canada NCBI database
Th. cuticularis Berk. UDB023363 - - MCVE23531 Italy 'UNITE database
Th. cuticularis UDB023383 - e MICH139821 Italy UNITE database
Th. dominicana A. Losi & Vizzini KX216400 - - JBSD126510 Italy Vizzini et al., 2016
Th. ganbajun M. Zang KY245240 - = HKAS 10484 China Wang etal,, 2017b
Th. ganbajun OP793757 OP793791 OP793722 Yuan 14373 China This sutdy
Th. ganbajun OP793758 OP793792 OP793723 Yuan 14374 China This sutdy
Th. ganbajun OP793760 OP793685 0OP793716 Yuan 16715 China This sutdy
Th. ganbajun OP793763 OP793686 OP793717 Yuan 16749 China This sutdy
Th. ganbajun OP793761 OP793790 OP793718 Yuan 16756 China This sutdy
Th. ganbajun OP793764 OP793689 OP793719 Yuan 16765 China This sutdy
Th. ganbajun OP793759 OP793688 OP793720 Yuan 16769 China This sutdy
Th. ganbajun OP793762 OP793687 OP793721 Yuan 16817 China This sutdy
Th. glaucoflora OP793751 0793696 0OP793730 Dai 13623A China This sutdy
Th. glaucoflora OP793752 OP793697 OP793731 Dai 13627A China This sutdy
Th. glaucoflora OP793753 - OP793734 Dai 15217 China This sutdy
Th. glaucoflora OP793754 - - Dai 16612 China This sutdy
Th. glaucoflora OP793755 OP799736 OP793735 Dai 19753 China This sutdy
Th. glaucoflora OP793756 OP793695 0OP793733 He 3868 China This sutdy
Th. glaucoflora OP793750 = 0OP793732 He 4441 China This sutdy
Th. glaucoflora as “Th. ganbajun” EU696818 - - Gb046 China NCBI database
Th. glaucoflora as “Th. ganbajun” EUG696831 = E Gb082 China NCBI database
Th. glaucoflora as “Th. ganbajun” EU696871 - - Gb149 China NCBI database
Th. glaucoflora as “Th. ganbajun” EU696881 - - Gb160 China NCBI database
Th. grandinioides C.L. Zhao & X.F. Liu MZ400673 MZ400675 - CLZhao 3406 China Liu etal., 2021
Th. grandinioides MZ400674 MZ400676 = CLZhao 3408 China Liuetal, 2021
Th. iqbalii Khalid & Hanif JX241471 JX241471 - MH810 Pakistan Khalid and Hanif, 2017
Th. mollissima Pers. ‘UDB023356 - = = Italy 'UNITE database
Th. nebula OP793745 - - Yuan 11515 China This sutdy
Th. nebula OP793746 OP793694 OP793729 Yuan 11516 China This sutdy
Th. nebula OP793747 - 0OP793728 Yuan 11518 China This sutdy
Th. nebula OP793748 OP793693 OP793727 He 4452 China This sutdy
Th. nebula OP793749 - OP793726 He 4456 China This sutdy
Th. palmata (Scop.) Fr. ‘UDB018570 - . AT2005162 Sweden NCBI database
Th. palmata MH310778 . - TU115271 Sweden NCBI database
Th. penicillata (Pers.) Fr. OL469898 OL469898 - X618 Prague Borovicka et al., 2022
Th. penicillata OL469899 01469899 - X619 Prague Borovicka et al., 2022
Th. aff. penicillata KP814285 KP814285 - UC2022955 USA NCBI database
Th. pseudoganbajun as “Th. f. ganbajun” KY245247 - = XY18-3 China Wang etal, 2017b
Th. pseudoganbajun as “Th. cf. ganbajun” KY245255 - - YL3-10 China Wang etal, 2017b
Th. pseudoganbajun as “Th. ganbajun” EU696860 - - Gb124 China NCBI database
Th. pseudoganbajun as “Th. ganbajun” EU696931 - - Gb263 China NCBI database
Th. pseudoganbajun OP793770 ‘OP793701 OP793711 Yuan 16733 China This sutdy
Th. pseudoganbajun OP793765 ‘OP793705 0OP793715 Yuan 16771 China This sutdy
Th. pseudoganbajun OP793766 OP793703 OP793713 Yuan 16780 China This sutdy
Th. pseudoganbajun OP793768 ‘OP793700 OP793710 Yuan 16794 China This sutdy
Th. pseudoganbajun OP793767 OP793702 OP793712 Yuan 16835 China This sutdy
Th. pseudoterrestris corner UDB000209 - - TAAM159625 Thailand UNITE database
Th. pseudoterrestris AF272907 - - TAA159625 Sweden NCBI database
Th. pseudoversatilis Ram.-Lop. & Villegas JX075890 - - FCME 26232 Mexico NCBI database
Th. pseudoversatilis KJ462486 - - FCME 26152 Mexico NCBI database
Th. regularis Schwein. MG953966 e . UBC F33227 Canada NCBI database
Th. regularis U83485 - - JMT17371 USA NCBI database
Th. aff. regularis KC152240 - - GO-2010-125 Mexico NCBI database
Th. aff. regularis KC152241 - - GO-2010-134 Mexico NCBI database
Th. scissilis Burt OK376730 - - MUOB:324045 USA NCBI database
Th. sikkimensis K. Das, Hembrom & Kuhar MF684017 MF684017 - KD 16-003 India Das etal., 2018
Th. sikkimensis MF684018 - = KD 16-042 India Das etal., 2018
Th. sublilacina Ellis & Everh. EF493288 . e UP161 Sweden NCBI database
Th. terrestris Ehrh. DQ822828 DQ822828 . KGP22 USA NCBI database
Th. terrestris FJ532478 - - Hilszczanska D. Poland NCBI database
1-IBL
Th. cf. terrestris KT800293 - . 7 USA NCBI database
Th. f. terrestris KT800086 - - 177 USA NCBI database
Th. vialis Schwein. MN121022 MN121022 - TENN-F-072094 USA NCBI database
Th. vialis MN121029 MN121029 - TENN-F- USA NCBI database
072281H2
Th. versatilis Ram.-L6p. & Villegas NR154492 - - UNAM: Mexico NCBI database
FCME26141
Th. versatilis KJ462504 KJ462504 - UNAM: Mexico NCBI database
FCME26141
Th. wuliangshanensis C.L. Zhao & X.F. Liu MZ400671 MZ400677 - CLZhao 4107 China Liu etal, 2021
Th. wuliangshanensis MZ400672 MZ400678 - CLZhao 21020 China Liu etal, 2021
Tomentella atrobadia H.S. Yuan & Y.C. Dai KY686248 MK446335 - Yuan 11099 China Yuan et al., 2020
T. atrobadia KY686249 MK446336 - Yuan 11114 China Yuan et al., 2020
T. citrinocystidiata H.S. Yuan & Y.C. Dai KY686246 MK446348 - Yuan 10680 China Yuan et al,, 2020
T. storea H.S. Yuan & Y.C. Dai KY696245 MK446416 = Yuan 10749 China Yuan et al.,, 2020
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Fungal network Node number Edge number Connectedness Modularity Average path distance

PT. 295 3574 0.78 0.17 2.51

PUT 131 277 0.13 0.81 2.61

PT, plant treatments; PUT, plant combined with urban sludge treatments.
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Treatment | Available nitrogen | Available phosphorus | Iron trioxide | Silicon dioxide | Total carbon pH

(AN, mg/kg) (AP, mg/kg) (Feo O3, %) (SiO,, %) (TC, %)
Untreated soil 14.00 & 2.134 1.86 & 0.15>¢ 1.2540.13¢ 52.83 = 0.58%b¢ 0 535 +0.21°
KY 10.62 £ 3.264 1.93 + 0.09° 1.82 +0.16b<d 51.46 % 0.42b¢ 0 5.52 % 0.06°F
KH 11.18 £ 2.084 1.53 + 0.05¢ 2.40 + 0.26° 52.79 + 0.80%¢ 0 7.14 40322
KZ 16.16 & 1.794 1.49 = 0.08¢ 2.58 £ 0.06* 53.28 + 1.15% 0 6.58 = 0.07"¢
WY 35.64 £ 5.15% 15.72 4+ 1.29° 1.91 = 0.09b<d 51.37 £ 1.20°¢ 0 5.44 +0.07F
WH 36.90 + 4.122 39.42 4+ 3,532 2.04 = 0.28%b¢ 50.90 + 0.72¢ 0 6.42 % 0.39b<d
WZ 43.53 £ 7.35° 40.17 £ 11.16° 2.00 = 0.24%b¢ 52.49 + 0.90%¢ 0 6.00 % 0.034¢
KYH 12.59 & 1.664 1.41 4 0.22¢ 2.57 £ 0.09* 53.08 = 0.873b¢ 0 6.47 & 0.13b<d
KYZ 21.53 + 5.07><d 0.79 £ 0.33¢ 2.53 £ 0.09* 52.47 + 0.96%>¢ 0 6.50 == 0.10°<d
KHZ 19.43 & 4.20°4 0.58 & 0.28° 2.35 4 0.15% 53.30 & 1.14% 0 6.85 %+ 0.22%
WYH 15324 3.124 8.78 £ 1.26" 1.83 = 0.23b<d 50.85 == 0.60° 0 6.19£0.11¢4
WYZ 21.23 + 0.78b<d 13.79 + 0.60° 1.74 4 0.13 53.96 =+ 0.86* 0 6.35 = 0.09°<d
WHZ 31.85 + 4.692¢ 43.49 4 10.13* 1.88 = 0.39b<d 52.69 = 0.713b¢ 0 7.15 £ 0.30
KYHZ 13.56 + 2.334 1.55 % 0.04¢ 2.30 & 0.16%¢ 52.16 % 0.43%b¢ 0 6.43 + 0.05P<d
WYHZ 42.55 & 13.47% 38.96 + 8.53% 2.37 £ 0.34% 52.42 + 0.39%b¢ 0 6.49 = 0.220<d
Urban sludge 411133 4 109.11 14.61 4 0.38 3.25 £ 0.04 5227 £ 0.41 0 6.03 £ 0.01

a, b, ¢, d, e, and f indicated significant differences (P < 0.05).
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LSU sequence types

ITS1 sequence types

CHS2 sequence
types

B-tubulin sequence
types

LSU-BI (0Q519274)
Allisolates except 1,2, 29;
identical to LSU- (see

“Table 1B)
M. pachydermatis sequence

variants reported in this study

LSU-BIT’ (0Q519275)

Isolates 1,2, 29; novel sequence

AY743605-dog, horse, cat
(LSU-T)

KU313705-goat, pig (LSU-11)
KU313706-dog (LSU-111)
KU313707-cat (LSU-IV)
KU313708-dog (LSU-V)

M. pachydermatis previously

reported sequence varians'

nt difference with respect 1o CHS2-BL.
nt difference with respect (o p-tub-BL.
‘Not previously reported.

ITS1-BI (0Q519261)
Allisolates except 1,2, 29;
identical to ITSI-I (see
‘Table 1B)

ITS1-BI (0Q519262)

Isolates 1,2, 29; novel sequence

AY743637-dog (ITS1-1)
DQII5505-dog
EU158829-dog
HG529981-human pre-term
neonate

KU313709-dog (ITS1-11)
KU313710-horse (ITS1-111)
KU313711-goat, dog (ITSI-IV)
KU313712-cat (ITS1-V)
KU313713-dog (ITS1-VI)
KU313714-dog (ITS1-VIT)
KU313715-cat (ITS1-VIII)
KU313716-pig (ITS1-1X)
KU313717-cat (ITS1-X)
KU313718-dog (ITS1-X)
KY655274-dog (ITS1-XII)
KY655275-dog (ITS1-XIIT)

CHS2-BI (0Q550025)
Allisolates except 1,2, 24,29
identical to CHS2-1 (see
‘Table 1B)

CHS2-BII' (0Q550026)
Isolate 24; identical to CHS2-11
(see Table 115)

CHS2-BIII* (0Q550027)

Isolates 1,2, 29; novel sequence

EF140657-dog, horse (CHS2-1)
KU313719-dog (CHS2-11)
KU313720-dog (CHS2-111)
KU313721-goat, dog (CHS2-
Vi)

KU313722-cat (CHS2-V)
KU313723-cat (CHS2-VI)
KU313724-dog (CHS2-VID)
KU313725-pig (CHS2-VIII)
KU313726-dog (CHS2-1X)

f-tub-BI (0Q550028)
Allisolates except 12,24, 29,
68; identical to KC573803 (see
Table 1B)

B-tub-BII* *(0Q550029)

Isolates 24&68; novel sequence

B-tub-BIII’ (0Q550030)

Isolates 1,2, 29; novel sequence

KC573803-dog, horse (B-tub -1)
KU313727-dog, horse (p-tub
-

KU313728-goat, dog (p-tub
-1

KU313729-cat (B-tub -IV)
KU313730-cat (B-tub -V)
KU313731-dog (B-tub -VI)
KU313732-pig (p-tub -V1I)
KU313733-dog, cow (p-tub
v

KY655276-dog (p-tub -IX

‘Sequence variants within the respective gene loci. Each sequence represents previously reported gene locus type (Cabaries et al, 2005, 2007 Castella et al., 2014 Pui et al,, 2016),
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Variable  Description Unit  Contribution (%)

Biol Annual mean °c 127 24
temperature

Bio2 Mean diurnal range °c - -

Bio3 Isothermality (Bio2/ % 35 27
Bio7) (x100)

Biod Temperature °c - -
seasonality

(standard devia

x100)

Bios Max temperature of  °C - -
warmest month

Bio6 Min temperature of ~ °C - -
coldest month

Bio7 Temperature annual  °C 52 54
range (Bios-Bio6)

Bio§ Mean temperature “c - -
of wettest quarter

Bio9 Mean temperature “c - -
of driest quarter

Biol0 Mean temperature c = =
of warmest quarter

Biol1 Mean temperature c - -
of coldest quarter

Biol2 Annual precipitation  mm 180 -

Biol3 Precipitation of mm - -

wettest month
Biold Precipitation of mm - -
driest month
Biol5 Precipitation % 39 35
seasonality
(coefficient of
variation)
Biol6 Precipitation of mm - -
wettest quarter
Biol7 Precipitation of mm - -

driest quarter

Biols Precipitation of mm - 571
warmest quarter

Biol9 Precipitation of mm - -
coldest quarter

Elev Elevation m 99 88

Host plant Host plant tree/km’ 169 ~

The dash (~) means that the environmental variable is not included for modeling the
geographic distribution due to auto correlation. The tilde (~) means that this variable is
excluded for modeling.
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Voucher Locality GenBank accession nos. ~ References

28S TEF1
Cantharellus addaiensis BB 98.057 Tanzania KF294621 JX192976 Buyck etal. (2014)
Cantharellus addaiensis BB 98.033 Tanzania KF294667 JX192992 Buyck et al. (2014)
Cantharellus aff. tanzanicus BB 06.153 Madagascar - JX193009 Buyck etal. (2013)
Cantharellus aff. tanzanicus BB 06.149 Madagascar KF294605 JX192966 Buyck et al. (2013)
Cantharellus albidolutescens BB 08.057 Madagascar KF294645 KF294752 | Buycketal. (2014)
Cantharellus albidolutescens BB 08.070 Madagascar KF294646 1X192982 Buyck etal. (2014)
Cantharellus albus KUN-HKAS 107047 Yunnan, SW China MT782542 MT776017 | Jian etal. (2020)
Cantharellus albus KUN-HKAS 107048 Yunnan, SW China MT782541 MT776016 | Jian etal. (2020)
Cantharellus altipes BB 07.019 United States KF294627 GQ9U4939 | Buycketal. (2011,2014)
Cantharellus altipes BB07.162 United States KF294636 GQoI4945 | Buycketal. (2011,2014)
Cantharellus Buyck etal. (2013)
ooy BB 08336 Madagascar KF294656 1X192989
Cantharellus amethysteus BB 07.284 Slovakia KF294639 GQoM953 | Buyck etal. (2011,2014)
Cantharellus amethysteus BB 07.309 Slovakia KF294642 GQoM4954 | Buycketal. (2011,2014)
Cantharellus bellus N.K. Zeng2589 (FHMU2422) Hainan, southern ON117825 ON340619  Present study
China
Cantharellus cascadensis 05C75917 United States AYO41158 - Dunham et al. (2003)
Cantharellus cerinoalbus AV 06051 Malaysia KF294663 - Buyck etal. (2014)
“Cantharellus cerinoalbus™ GDGMS3315 Hunan, central China KY346831 - Songetal. (2017)
“Cantharellus cerinoalbus” GDGM53341 Hunan, central China KY346832 - Songetal. (2017)
“Cantharellus cerinoalbus™ GDGM53352 Hunan, central China KY346833 - Songetal. (2017)
“Cantharellus cerinoalbus™ GDGMS3375 Hunan, central China KY346834 - Songetal. (2017)
Cantharellus cf. densifolius BB 11116 Madagascar - KJ631733 Buyck etal. (2015)
Cantharellus cf. densifolius BB 11105 Madagascar - KJ631732 Buyck etal. 2015)
Cantharellus cibarius BB 07.300 Slovakia KF294641 GQ9I950 | Buycketal. (2011,2014)
Cantharellus cibarius GE 07.025 France KF294658 GQO4949 | Buyck etal. (2011,2014)
Cantharellus cineraceus NK. Zengl421 (FHMU966) Fujian, SE China ON089297 OP251152  Present study
Cantharellus cineraceus N.K. Zengl423 (FHMU968) Fujian, SE China ON089298 OP251153  Present study
Cantharellus cinnabarinus BB 07.053 United States KF294630 GQo14984 | Buyck etal. (2014)
Cantharellus cinnabarinus BB 07.001 United States KF294624 GQou98s | Buyck etal. (2014)
Cantharellus citrinus 1691 South Korea - MWI124385 | Buyck etal. (20200)
Cantharellus citrinus 1715 South Korea - MWI124388 | Buyck etal (20200)
Cantharellus coccolobae 1,065/RC 11.25 Guadeloupe KX857089 KX857021 | Buyck etal. (2016b)
Cantharellus coccolobae LO64/RC 14.24 Guadeloupe KX857088 KX857020 | Buyck etal. (2016b)
Cantharellus curvatus 1,695 South Korea - MWI24390 | Buyck etal. (20200)
Cantharellus cuticulatus DS 06.283 Malaysia KF294662 - Buyck etal. (2014)
Cantharellus cyanescens DDT63 Tanzania 1Q976970 - Tibuhwa etal. (2012)
Cantharellus densifolius BB98.013 Tanzania KF294616 JX193014 Buyck etal. (2014)
Cantharellus ferruginascens BB 07.283 England KF294638 GQou9s2 | Buyck etal. (2014)
“Cantharellus fstulosus™ DDT31 Tanzania 1Q976959 - Tibuhwa etal. (2012)
“Cantharellus fistulosus™ DDT43 Tanzania 1Q97695 - Tibuhwa etal. (2012)
Cantharellus floridulus UPS{Tibuhwa 1038.2005 Tanzania KF294616 JX193014 Buyck etal. (2014)
Cantharellus floridulus DDT33 Tanzania 1QU76962 - Tibuhwa etal. (2012)
Cantharellus formosus 05C 75930 United States AY041164 - Dunham et al. (2003)
Cantharellus formosus 0SC 76054 United States AYO41165 - Dunham et al. (2003)
Cantharellus goossensiae BB 16063 Central African MK422953 MK422932 | Buyck etal. (2020b)
Republic
Cantharellus goossensiae BB 16064 Central African MK422949 MK422928 | Buyck etal. (2020b)
Republic
Cantharellus heinemannianus BB 96,307 Zambia KF294665 - Buyck etal. (2014)
Cantharellus huniidicolus BB 98.0362 Tanzania - JX193006 Buyck etal. 2013)
Cantharellus huniidicolus BB 98.036 Tanzania KF294666 JX193005 Buyck etal. (2014)
Cantharellus hygrophoroides HKAS80614 Yunnan, SW China KJ004002 KJ004003 | Shaoetal. (2014)
Cantharellus hygrophoroides N.K. Zeng2409 (FHMU2417) Hainan, southern ON102892 ON237707  Present study
China
Cantharellus hygrophoroides N.K. Zeng2493 (FHMU2420) Hainan, southern ON102895 ONI9I964  Present study
China
Cantharellus hygrophoroides N.K. Zeng2516 (FHMU1635) Hainan, southern ON102891 ON237706  Present study
China
Cantharellus hygrophoroides N.K. Zeng3425 (FHMU3126) Hainan, southern ON102890 ON202824  Present study
China
Cantharellus hygrophoroides N.K. Zeng2530 (FHMU2421) Hainan, southern ON102893 ON237708  Present study
China
Cantharellus hygrophoroides N.K. Zeng1579 (FHMU1058) Hainan, southern ON102896 ONI91965  Present study
China
Cantharellus hygrophoroides S. Jiang90 (FHMU4601) Hainan, southern ON102901 - Present study
China
Cantharellus hygrophoroides N.K. Zeng1255 (FHMUS13) Hainan, southern ON102899 ONI91967  Present study
China
Cantharellus hygrophoroides N.K. Zeng2906 (FHMU1878) Hainan, southern ON102897 ONI91966  Present study
China
Cantharellus hygrophoroides N.K. Zeng1038 (FHMU2405) Hainan, southern ON102900 - Present study
China
Cantharellus hygrophoroides N.K. Zeng1239 (FHMU798) Hainan, southern ON102898 - Present study
China
Cantharellus hygrophoroides N.K. Zengds1 (FHMU2397) Hainan, southern ON102894 - Present study
China
Cantharellus hygrophoroides NK. Zengd83 (FHMU2398) Hainan, southern ON102902 ONI9I1968  Present study
China
Cantharellus ibityensis BB 08203 Madagascar KF294651 1X192985 Buyck etal. (2014)
Cantharellus ibityensis BB 08.196 Madagascar KF294650 GQoI4980 | Buycketal. (2014)
Cantharellus korcanus 697/V. Antonin 14.115 Korea - KY271940 | Antonin etal. (2017)
Cantharellus koreanus 1,689/V. Antonin 13.136 Korea - KY271941 | Antonin etal. (2017)
Cantharellus laevigatus ZH. Chen MHHNU32009 Hunan, central China ~ ON117819 ON340612  Present study
(FHMU6950)
Cantharellus laevigatus ZH. Chen MHHNU32014 Hunan, central China ~ ON117820 ON340613  Present study
(FHMU6952)
Cantharellus laevigatus ZH. Chen MHHNU32011 Hunan, central China ~ ON117823 ON340616  Present study
(FHMUG953)
Cantharellus laevigatus ZH. Chen MHHNU32061 Hunan, central China ~ ON117818 ON340611  Present study
(FHMU6954)
Cantharellus laevigatus ZH. Chen MHHNU32013 Hunan, central China ~ ON117824 ON340615  Present study
(FHMU6955)
Cantharellus laevigatus W Lind-2 (FHMU6956) Zhejiang, castern ON117821 ON340614  Present study
China
Cantharellus lateritius BB 07.004 United States - GQoI4955 | Buycketal. (2011)
Cantharellus lateritius BB 07.025 United States KF294628 GQ9M4957 | Buycketal. (2011,2014)
Cantharellus luteostipitatus BB 11045 Madagascar = KP033511 Liu etal. (2015)
Cantharellus luteostipitatus BB 11,044 Madagascar - KP033510  Lietal. (2015)
Cantharellus luteostipitatus BB 11.042 Madagascar - KPO33509 | Liuetal. (2015)
Cantharellus macrocarpus NK. Zengd050 Hainan, southern MT986061 MT990634 | Zhang Y. Z etal. (2021)
(FHMU3304) China
Cantharellus macrocarpus NK. Zengd207 Hainan, southern MT986063 - Zhang Y.Z. etal. (2021)
(FHMU3357) China
Cantharellus magnus Wei 10,319 Liaoning, NE China MW979516 MW999421 | Caoetal. (2021)
Cantharellus magnus Wei 10,244 Liaoning, NE China MW979517 MW999420 | Caoetal. (2021)
Cantharellus miniatescens 1,683/ TH9870 Cameroon KX857108 KX857079 | Buyck etal. (2016a)
Cantharellus minor BB 07.057 United States KF294632 JX192979 Buyck etal. (2014)
Cantharellus minor BB 07.002 United States KF294625 JX192978 Buyck et al. (2014)
Cantharellus parvisporus BB 98.020 Tanzania KF294614 1X192972 Buyck etal. (2014)
Cantharellus parvisporus BB 98.037 Tanzania KE294611 GQOI4966 | Buycketal. (2014)
Cantharellus phasmatis €057 United States JX030431 JX030417 Foltz et al. (2013)
Cantharellus phasmatis co7a United States — JX030418 Foltz etal. (2013)
Cantharellus phloginus HKAS 58209 China KF801101 KF80109  Shaoetal. (2016)
Cantharellus phloginus HKAS 58208 China KF801100 KF801095 | Shaoetal. (20162)
Cantharellus platyphyllus BB 98.126 Tanzania KF294620 1X192975 Buyck etal. (2014)
Cantharellus platyphyllus BB98.012 Tanzania KF294617 GQoM969 | Buyck etal. (2014)
Cantharellus platyphyllus DDT78 Tanzania 1Q976978, - Tibuhwa etal. (2012)
Cantharellus platyphyllus DDTO3 Tanzania 1Q76950 - Tibuhwa et al. (2012)
Cantharellus platyphyllus DDT41 Tanzania 1Q976964 - Tibuhwa etal. (2012)
Cantharellus platyphyllus BB 08,160 Madagascar KF294648 1X192984 Buyck etal. (2014)

subsp. bojeriensis

Cantharellus platyphyllus BB 08.158 Madagascar KF294647 JX192983 Buyck etal. (2014)

subsp. bojeriensis

Cantharellus pseudominimus IV 00663 Portugal KF294657 1X192991 Buyck etal. (2014)
Cantharellus quercophilus BB 07.097 United States KF294644 1X192981 Buyck etal. (2014)
Cantharellus roseofagetorum AH44786 Georgia KX828813 KX828840 | Olariaga etal. (2017)
Cantharellus roscofagetorum AH44789 Georgia KX828812 KX828839 | Olariaga etal. (2017)
Cantharellus ruber UPS:Tibuhwa 1045.2007 Tanzania 1Q976966 - Tibuhwa etal. (2012)
Cantharellus sebosus BB08.234 Madagascar KF294652 JX192986 Buyck etal. (2014)
Cantharellus sebosus BB 08.162 Madagascar KF294649 GQo14981 | Buyck etal. (2014)
Cantharellus sp. BB 06,179 Madagascar KF294607 1X192968 Buyck etal. (2014)
Cantharellus splendens BB 96,199 Zambia KF294671 - Buyck etal. (2014)
Cantharellus splendens BB 96.306 Zambia KF294670 — Buyck etal. (2014)
Cantharellus splendens DDT57 Tanzania 1Q976967 - Tibuhwa etal. (2012)
Cantharellus splendens DDTI7 Tanzania 1QV76956 - Tibuhwa et al. (2012)
Cantharellus splendens JD 896 Congo — KX834396 | Kesel etal. (2016)
Cantharellus splendens ADK 6071 Congo - KX834395 | Kesel etal. (2016)
Cantharellus splendens JD968 Congo - KX834397 | Kesel etal. (2016)
Cantharellus subincarnatus BB 06.096 Madagascar KF294602 JX192963 Buyck etal. (2014)

subsp. rubrosalmoneus

Cantharellus subincarnatus BB 06.080 Madagascar KF294601 1X192962 Buyck etal. (2014)

subsp. rubrosalmoneus

Cantharellus symoensii BB9S.1I3 Tanzania KF294619 JX192974 Buyck etal. (2014)
Cantharellus symoensii BB 98011 Tanzania KF294618 GQO14970 | Buyck etal. (2014)
Cantharellus symoensii DDT36 Tanzania 1Q976961 - Tibuhwa etal. (2012)
Cantharellus symoensii DDTO4 Tanzania 1Q976951 - Tibuhwa etal. (2012)
Cantharellus symoensii DDT66 Tanzania 1QU76971 - Tibuhwa et al. (2012)
Cantharellus symoensii DDTI Tanzania 1Q976953 - Tibuhwa etal. (2012)
Cantharellus symoensii DDT67 Tanzania 1Q976972 - Tibuhwa etal. (2012)
Cantharellus symoensii DDTI4 Tanzania 1Q976955 - Tibuhwa et al. (2012)
Cantharellus tabernensis BB 07.020 United States - GQoI4971 | Buycketal. (2011)
Cantharellus tabernensis BB 07.056 United States - GQoI4974 | Buycketal. (2011)
Cantharellus texensis BB07.018 United States KF294626 GQoM988 | Buyck etal. (2014)
Cantharellus texensis BB 07.120 United States JN940601 GQo14987 | Buycketal. (2014)
Cantharellus tomentosus BB 98.060 Tanzania KF294672 1X192995 Buyck etal. (2014)
Cantharellus tomentosus BB 98.038 zania KF294610 GQoI4965 | Buyck etal. (2014)
Cantharellus tricolor BB 06.247 Madagascar — JX193017 Buyck etal. (2013)
Cantharellus versicolor KUN-HKAS 55761 Yunnan, SW China - KM893856 | Shao etal. (2016b)
Cantharellus versicolor KUN-HKAS 58242 Yunnan, SW China - KM893857 | Shao etal. (2016b)
Cantharellus ADK 4791 Togo MT006308 - Buyck et al. (2020b)

violaceoflavescens

Cantharellus ADK 4790 Togo MT006307 - Buyck etal. (2020b)

violaceoflavescens
Cantharellus yunnanensis XieXD174 Yunnan, SW China KU720333 KU720337 Unpublished

Cantharellus yunnanensis ZhanglP117 Yunnan, SW China KU720336 - Unpublished

GenBank numbers in bold indicate the newly generated sequences; SW; Southwestern China, SE, Southeastern China, and NE, Northeastern China
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Liaoning Province
Xinjiang Autonomous
Region

Sichuan Province

Yunnan Province

Yunnan Province

Yunnan Province

Liaoning Province

Sichuan Province

Yunnan Province

Yunnan Province

Yunnan Province

Sichuan Province

Xizang Autonomous
Region

Yunnan Province

Liaoning Province
Liaoning Province
Xizang Autonomous
Region

Liaoning Province

Yunnan Province

Ecological

on the ground
forest

on the ground

on the ground

Fagaceous fores

on the ground

forest or mixe:

on the ground

on the ground

on the ground
forest

on the ground
dominated by
and Quercus

on the ground
dominated by

and Quercus

on the ground
forest

on the ground

habits

of Fagaceous
of Picea forest
with moss of
of Fagaceous
d forest

of Picea forest

of mixed forest

of Fagaceae

of forest

trees of Pinus

of forest
trees of Pinus

of Quercus

of Acer and

Cryptomeria mixed forest

on the ground

ores

on the ground

ores

on the ground

ores
on the ground

on the ground

ores

on the ground

dominated by

of Fagaceae

of Fagaceous

of Fagaceous

of mixed forest

of Pinus mixed

of forest

Pinus armandii

and Rhododendron or Pinus

and Quercus
on the ground
forest
on the ground

forest

on the ground

of Quercus

of Quercus

with moss of

Picea mixed forest

on the ground

forest

on the ground

of Quercus

Alt.

2100 m

2800 m

2760 m

400 m

1900 m

3000 m
1600—2000 m

3000—3500 m

3525m

740 m

1175m

2000 m

1580 m

2400 m

4090 m
2760 m

2400—2700 m

400 m

400 m

2760 m

740 m

2358 m

Pileal surface (when
fresh)

ight brown to d arkruby
ight orange to yellowish brown
grayish yellow, brown to dark

prown

brownish orange to brownish red

pastel yellow to dark blonde

dark brown to fuscous

reddish-brown to dark brown

light brown, pastel red,

reddish-brown to grayish brown

reddish brown to grayish brown

light brown to dark brown

light yellow, light brown to

grayish brown

S

pale orange to dark ruby
grayish orange to brown

light brown to brown

vinaceous brown

white to light orange

dark brown, fuscous to black

reddish brown

pale orange to dark brown

pastel red to dark magenta

dark brown

grayish red to dark brown

Spines color (when
fresh)

white to dark brown

dark violet

white to brown

golden yellow to light brown
orange-white to dark brown

brown to grayish brown

white to yellowish-white

fawn to reddish brown

grayish brown to fuscous

pinkish white to brown
grayish orange to dark brown
when dry

white to pale yellow

white to golden brown

grayish-orange to brown

brown

brownish orange

dark brown

grayish brown to reddish
brown

pale orange to dark brown
pale red to reddish brown

brown

white to grayish red

Basidiospores (Lm)

—~
~

.1-)4.5-6 x (3.2-)3.9-5.1(-6)

~

-)4.1-5.1(-5.5) x (3-)3.1-
3.9(-4)

(4-)4.1-5.1(-5.2) x (3-)3.3-
4.5(-4.8)

(4-)4.1-5.1(-5.2) x (3.1-)3.2—
4.6(-4.8)

(4.9-)5-6(-6.1) x (4-)4.1-
4.9(-5)

4-5(-5.8) x (4.5-)5-6

(5.1-)5.7-7(-7.1) x (4.6-)4.7-
5.9(-6)

(3.2-) 3.5-5 x (3.5-)4-5(-5.2)

4-5.5 X 4-6 (-6.5)

(4.2-)4.4-5.8(-6) x (4-)4.1-
4.9(-5.1)

(4-)4.1-5.1(-5.3) x (3.2-)3.4-
4.7(-4.9)

(5-)5.1-6.4(-6.6) x (4-)4.1-
5.9(-6)

(4-)4.2-5(-5.1) x (3.2-)3.8-
4.3(-5)

(4-)4.1-6(-6.1) x (3.9-)4-
5(-5.1)

(3.5-)3.8-5.1 x 4.5-5.5(-6)

(4.1-)4.2-5.1(-
5.3) x (3.8-)3.9-4.4(-4.6)

3-4.5(-5) x (3.5-) 4-5

(4-)4.1-5(-5.1) x (3.8-)3.9-
4.6(-4.8)

(5-)5.1-6.1(-6.2) x (4.3-)4.5-
5.3(-5.8)

(4-)4.1-5(-5.1) x (3.2-)3.3-
4.1(-4.2)

(4-)4.1-5.8(-5.9) x (3.9-)4-
4.6(-4.8)

(4.1-)4.2-5.1(-

5.3) X (3.4-)3.5-4.5(-5)
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Mu et al., 202
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This study
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Conditional mortality model Cumulative mortality model

Parameter Value SE Parameter Value Var (7) Cov (z, B)
B 5.8913 1.5965 3.6901 B 5.8913 0.651 0.651
y1 —8.994 1.7408 5.1667 71 —8.994 07739 —0.5571
y2 —6.6954 1.3598 4.9238 2 —6.5997 0.4727 —05391
v3 —7.1381 1376 5.1876 3 —6.14 0.4583 —0.5356
yi —6.6603 13543 49178 21 —5.6735 0.4492 —0.5334
Y5 —6.5036 13032 4.9905 5 —53116 0.4438 —0.5257
6 —69330 1.3819 5.0171 6 —5.1313 04324 —0.5255
v7 —5.7901 1.2901 4.4882 w7 —4.7142 04221 —0.5201
8 —6.407 1.3929 45997 8 —4.5453 0.4235 —0.521
¥9 —7.6208 1.6807 45334 9 —4.5002 0.4231 —0.5208
y10 ~7.6204 1.7366 4388 710 —4.5435 0.4976 —06131
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Strains LCs confidence interval LCqp LCy confidence interval

Lower Upper Lower Upper
MaTGZ-01 0.1899 1.34 x 10° 6.38 x 10° 3.87 x 101 2.15 % 10' 537 x 101 377 x 1017
MaJO-01 0.0366 9.61 x 10° 1.19 x 10¢ 5.53 x 10° 559 x 101 6.52 x 10° 1.77 x 10%
MaQZ-02 0.3044 8.75 x 10° 1.18 x 10° 2.51 x 10° 1.97 x 10" 472 x 10° 323 x 10%
MaTK-01 02126 478 x 107 3.60 x 10° 3.62 x 102 131 x 10 221 x 101 8.85 x 109
MaXJ-06 03083 378 x 10° 6.96 x 10° 1.20 x 108 581 x 10" 1.24 % 10° 167 x 10%
MaNATR-02 00519 2.76 x 107 282 x 10° 7.81 x 100 833 x 10 931 x 10° 291 x 10%
MaYTTR-04-04 1.5224 520 x 10° 142 x 10° 1.97 x 10° 6.86 x 10° 4.57 x 107 9.23 x 10"
MaXJ-04-1 0.9677 1.08 x 10 3.15 x 10° 5.20 x 10° 1.87 x 10° 8.86 x 107 9.08 x 102
MaFZ-11 0.3045 311 % 10° 5.87 x 10° 7.81 x 107 4.10 x 10" 1.04 x 10° 2,53 x 104
MaQL-02 03031 459 x 107 3.16 x 10° 1.83 x 101 6.00 x 10'S 3.20 x 10'° 1.01 x 10%
MaFZ-13 14632 9.57 x 10* 1.94 x 10 2.92 x 10° 3.00 x 107 534 x 10° 124 x 10°
CQMa421 1.1368 8.52 x 10° 271 x 10° 4.35 x 10° 128 x 10° 7.43 x 107 5.69 x 1012
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Strains LTs5¢ confidence interval
Lower Upper
MaTGZ-01 1.0183 9879 7.5385 17.5088
MaJO-01 0.7253 8.03 6511 11.7208
MaQZ-02 28616 8.3733 65363 13.3117
MaTK-01 2.3667 99117 7.319 189122
MaXJ-06 0.8745 6.1136 5053 7.9948
MaNATR-02 0.4618 8.7713 66215 15.3126
MaYTTR-04-04 3.0707 5.0074 4.1845 6.1239
MaXJ-04-1 17733 5.0831 42288 62713
MaFZ-11 1.8264 8.6215 66596 14.1465
MaQL-02 14178 9.4151 7.0408 17.137
MaFZ-13 3.5715 4.8095 42803 54512
CQMad21 1.9641 51628 42053 62357
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. Generative hyphae simple-septate

. Generative hyphae nodose-septate

Brown dendrophyhidia present;
basidiospores 18-22um x 5.8-7 pm

. Dendrophyhidia absent;

basidiospores up to 16jum x 4 jm
Basidiospores 7-9x 2.5-3 jum
Basidiospores 12-16x3.2-4pm

Hymenophore smooth, without
hyphal pegs: on Abies or Picea

Hymenophore developing hyphal
pegs; on other hosts

On Cunninghamia and Cryptomeria
in central and southeastern China

. On Cupressus in southwestern China

V. nakasoneae

V. microspora
V. ambigua

V. fimbriata

V. fasciculata

V. subfasciculata
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. Basidiospores subfusiform

. Basidiospores ellipsoid, broadly

ellipsoid to ovoid
With large, brown, septate cystidia
Cystidia absent

Hyphal strands present, hyphal
system dimitic

Hyphal strands absent, hyphal system
monomitic

Context brown to dark brown,
hyphae brown

Context pale yellow, hyphae colorless

. Basidiopores < 9um long, <6 um wide

Basidiopores > 9um long, >6 um wide
Basidiomes thin, adnate, brittle

Basidiomes thick, separable,
membranaceous

C. fusispora

C. olivacea

C. marmorata

C. matsuzawae

C. beijingensis

C. arida

C. puteana
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Species

Specimen No.

Locality

GenBank accession no.

ITS

28S

References

Coniophora arida
Coniophora arida
Coniophora arida

Coniophora arida

Coniophora beijingensis
Coniophora beijingensis
Coniophora beijingensis
Coniophora cerebella
Coniophora cystidiophora
Coniophora eremophila
Coniophora eremophila
Coniophora eremophila
Coniophora fusispora
Coniophora fusispora
Coniophora hanoiensis
Coniophora hanoiensis
Coniophora hanoiensis
Coniophora marmorata

Coniophora marmorata
Coniophora marmorata

Coniophora merulioides
Coniophora mollis
Coniophora olivacea
Coniophora olivacea
Coniophora olivacea
Coniophora prasinoides
Coniophora prasinoides
Coniophora prasinoides
Coniophora puteana
Coniophora puteana
Coniophora puteana
Coniophora sp.
Coniophora sp.
Glocophyllum sepiarium
Tapinella panuoides
Veluticeps abietin
Veluticeps abietina
Veluticeps abietina
Veluticeps abietina
Veluticeps africana
Veluticeps ambigua
Veluticeps antbigua

Veluticeps ambigua

Veluticeps berkeleyana
Veluticeps berkeleyana
Veluticeps berkeleyana
Veluticeps fasciculata
Veluticeps fasciculata
Veluticeps fasciculata
Veluticeps fasciculata
Veluticeps fasciculata
Veluticeps fimbriata
Veluticeps fimbriata
Veluticeps microspora
Veluticeps microspora
Veluticeps microspora
Veluticeps microspora
Veluticeps nakasoneae
Veluticeps nakasoneae
“Veluticeps ambigua”
“Veluticeps berkeleyana”
Veluticeps subfasciculata

Veluticeps subfasciculata

FP-104367
CBS:109.40
Ca30M-20Aa

He 4658

He 6635*

He 6920

He 6926

HK'S'

CBS 15333
MA-Fungi 86371
MA-Fungi 86372
Gilbertson 10925
MA-Fungi 57734
He 6777

He 5197

He 5202
Ryvarden 24995
CLZhao 3577

MUCL 31667

P307

CBS 152.35
Prem 36877

He 6100
He6l11
FP-104386
MA-Fungi 19417
Bochum 178449
FP-105969

He 2909
MUCL 1000
CBS 148.32
UEMGCB 1045
Olrim 361

Cui 9237

He 6538
UC2022888
UC2022895
A10-8963

KHL 12474
CBS 403,83
CBS 126033

He 821

He 824

RLG-7116-5p
HHE-8594-Sp
He 5261

Dai 6237

Dai 14900

Dai 15092

He 2321

He 2022

He 20120920-8
L-10628-5p

He 651

He 656

He 670

He 5772

He 585

He 20140720-2
HE21074

A6

He 2046

He 2079%

United States
United States
Poland
China
China
China
China
United States
Germany
Cape Verde
Cape Verde
United States
France
China
Vietnam
Vietnam
Zimbabwe
China

Belgium
United Kingdom

Germany
South Africa

Chi

a
China
United States
United States
Germany
United States
China
Germany
Germany
Brazil
Sweden
China

China
United States
United States
Switzerland
Sweden
Gabon
United States
China

China

United States
United States
Vietnam
China

China

China

China

China

China
United States
China

China

China

Sri Lanka
China

China

China
China
China

China

New species are set in bold with type specimens indicated with an asterisk (*).

GUI87510
MH856052
MT939247
MG763875
MW192496
MW192497
MW192498
GUI87513
MH855390
HG326617
HG326618
HF921465
HF921467
MW192495
MG763873
MG763874
HF921468
MK268870

GUI87515

AJ518880

MH855612
HF921469

OM100:

3
OM100744
GUI87516
AJ419197
HF912261
GUI87519
MG763876
GUI87521
MH855248
FJ605253
AY781253
KC782725
MW192499
KP§14229
KP§14230
KT943929
EULI8619
MH861619
MH863895
JQ844472
JQ844473

KP670408
HM536099
MW 192500
KP670406
KP670404
KP670405
KT750961
KJ010077
KP670402
HM536100
JQ844469
JQ844470
Q844471
MW192501
KT944285
KT944286
KC505560
KC414241
MW192503

MW192502

GU187573
MH867547
MH476322
MW191807
MW191808
MW191809
GU187569

MH866840

MWI191806
MH476323

GU187571

AJ583427

MHS867121
OM083975
OMO083976

GU187572

GU187576
MH476324
GU187578

MHS866701

KC782735

MWI91810

EU118619
MH873336
MH875356

KJ010080

KP670411
HMS536081
MW191811
KP670410
KP670409
KT750962

KJ010079

HM536083

MWI91812

MW191814

MWI191813

Binder etal. (2010)
Vuetal. (2018)
Pusz et al. (2020)
Zhao etal. (2018)
Present study
Present study
Present study
Binder etal. (2010)
Vuetal. (2018)
Unpublished
Unpublished
Unpublished
Unpublished
Present study

Zhao etal. (2018)
Zhao etal. (2018)
Unpublished
Unpublished
Binder et al. (2010)

Moreth and Schmidt (2005);
Schmidt et al. (2002)

Vuetal. (2018)
Unpublished

Present study

Present study

Binder et al. (2010)
Martin and Raidl (2002)
Unpublished

Binder et al. (2010)
Zhao etal. (2018)
Binder etal. (2010)
Vuetal. (2018)
Unpublished
Vasiliauskas et al. 2005)
Heetal. (2014)

Present study
Unpublished
Unpublished
Unpublished

Larsson (2007)

Vuetal. (2018)
Vuetal, 2018

Heand Li (2013)
Heand Li (2013) and Yang
etal. (2016)

Yang etal. (2016)
Garcia-Sandoval etal. (2011)
Present study

Yang et al. (2016)

Yang et al. (2016)

Yang etal. (2016)

Yang et al. (2016)

Yang etal. (2016)

Yang etal. (2016)
Garcia-Sandoval etal. (2011)
Heand Li (2013)
Heand Li (2013)
Heand Li (2013)
Present study

Yang and He (2016)
Yang and He (2016)
Unpublished
Unpublished

Present study

Present study
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Taxa Strain GenBank Accession No.

ITS LSU tef I-a RPB2

Acanthohelicospora pinicola™ MFLUCC 10-0116 KF301526 KF301534 KF301555 -
Acanthohelicospora scopula ANM 386 GQ856141 GQ850489 - -
Acanthostigmina multiseptatum ANM 475 GQ856145 GQ850492 - -
Acanthostigmina multiseptatum ANM 665 GQ856144 GQ850493 - -
Acanthotubeufia filiforme™ ANM 101 - GQ850495 - -
Acanthotubeufia filiforme ANM 514 GQ856146 GQ850494 - -
Acanthotubeufia albicans BCC 3463 DQ341097 DQ341100 - -
Acanthotubeufia albicans BCC 3520 DQ341098 DQ341102 - -
Acanthotubeufia albicans BCC3543 DQ341096 DQ341101 - -
Acanthotubeufia albicans MFLUCC 16-0010 KX454165 KX454166 KY117034 MF535255
Acanthotubeufia albicans MFLUCC 16-0020 KX454167 KX454168 - MF535256
Berkleasmium aquaticum™ MELUCC 17-0049 KY790444 KY790432 KY792608 MF535268
Berkleasmium fusiforme” MELUCC 17-1978 MHS558693 MHS558820 MHS550884 MHS551007
Berkleasmium guangxiense® MELUCC 17-0042 KY790448 KY790436 KY792612 MF535270
Berkleasmium longisporum™ MELUCC 17-1999 MHS558698 MHS558825 MHS550889 MH551012
Boerlagiomyces macrospora® MFLUCC 12-0388 KU144927 KU764712 KU872750 -
Botryosphaeria dothidea CBS 115476 KF766151 DQ678051 DQ767637 DQ677944
Chlamydotubeufia cylindrica™ MFLUCC 16-1130 MHS558702 MHS558830 MHS550893 MH551018
Chlamydotubeufia huaikangplaensis™ MFLUCC 10-0926 JN865210 JN865198 - -
Chlamydotubeufia krabiensis™ MFLUCC 16-1134 KY678767 KY678759 KY792598 MF535261
Dematiohelicoma pulchrum MUCL 39827 AY916457 AY856872 - -
Dematiohelicomyces helicosporus™ MFLUCC 16-0213 KX454169 KX454170 KY117035 MF535258
Dematiohelicomyces helicosporus MFLUCC 16-0003 MH558703 MHS558831 MHS550894 MHS551019
Dematiohelicomyces helicosporus MFLUCC 16-0007 MHS558704 MHS558832 MHS550895 MH551020
Dematiohelicosporum guttulatum” MFLUCC 17-2011 MHS558705 MHS558833 MHS550896 MH551021
Dematiotubeufia chiangraiensis™ MFLUCC 10-0115 JN865200 JN865188 KF301551 -
Dictyospora thailandica™ MFLUCC 16-0001 KY873627 KY873622 KY873286 MH551023
Dictyospora thailandica MFLUCC 11-0512 KF301528 KF301536 - -
Dictyospora thailandica MELUCC 16-0215 KY873628 KY873623 KY873287 -
Helicangiospora lignicola™ MFLUCC 11-0378 KF301523 KF301531 KF301552 -
Helicoarctatus aquaticus” MELUCC 17-1996 MHS558707 MHS558835 MHS550898 MH551024
Helicoarctatus thailandicus™ MFLUCC 18-0332 - ON764311 MK541685 -
Helicodochium aquaticum MFLUCC 16-0008 MHS558708 MHS558836 MHS550899 MH551025
Helicodochium aquaticum™ MFLUCC 17-2016 MH558709 MHS558837 MHS550900 MHS551026
Helicohyalinum aquaticum MFLUCC 16-1131 KY873625 KY873620 KY873284 MF535257
Helicohyalinum infundibulum® MFLUCC 16-1133 MHS58712 MHS558840 MHS550903 MHS551029
Helicoma ambiens UAMH 10533 AY916451 AY856916 - -
Helicoma ambiens UAMH 10534 AY916450 AY856869 - -
Helicoma aquaticum™ MELUCC 17-2025 MHS58713 MHS558841 MHS550904 MH551030
Helicoma brunneisporum™ MFLUCC 17-1983 MH558714 MHS558842 MHS550905 MHS551031
Helicoma dennisii NBRC 30667 AY916455 AY856897 - -
Helicoma fusiforme ™ MFLUCC 17-1981 MH558715 - MHS550906 -
Helicoma guttulatum™ MFLUCC 16-0022 KX454171 KX454172 MF535254 MH551032
Helicoma hongkongense MELUCC 17-2005 MH558716 MHS558843 MHS550907 MH551033
Helicoma inthanonense”™ MFLUCC 11-0003 JN865211 JN865199 - -

Helicoma khunkornensis™ MFLUCC 10-0119 JN865203 JN865191 KF301559 -

Helicoma linderi NBRC 9207 AY916454 AY856895 - -

Helicoma longisporum MELUCC 16-0002 MH558717 MH558844 MH550908 MH551034
Helicoma longisporum MELUCC 16-0005 MH558718 - MH550909 MH551035
Helicoma longisporum MELUCC 16-0211 MHS558719 MHS558845 MHS50910 MHS551036
Helicoma longisporum™ MFLUCC 17-1997 MH558720 MH558846 MH550911 MH551037
Helicoma miscanthi™ MELUCC 11-0375 KF301525 KF301533 KF301554 -

Helicoma muelleri CBS 964.69 AY916453 AY856877 = =

Helicoma muelleri UBC F13877 AY916452 AY856917 - -

Helicoma multiseptatum™ GZCC 16-0080 MHS558721 MH558847 MH550912 MH551038
Helicoma nematosporum MFLUCC 16-0011 MHS558722 MH558848 MH550913 MH551039
Helicoma rubriappendiculatum™ MFLUCC 18-0491 MHS558723 MH558849 MH550914 MH551040
Helicoma rufum™ MFLUCC 17-1806 MHS558724 MH558850 MH550915 -
Helicoma rufum CGMCC 323543 OP184080 OP184069 OP186053 OP186061
Helicoma rugosum ANM 196 GQ856138 GQ850482 - -
Helicoma rugosum ANM 953 GQ856139 GQ850483 - -

Helicoma rugosum ANM 1169 - GQ850484 - =

Helicoma rugosum JCM 2739 - AY856888 - -
Helicoma rugosum KUNCC 22-12445 OP184078 OP184067 OP186051 -

Helicoma rugosum HKUCC 9118 - AY849966 - -

Helicoma septoconstrictum MELUCC 17-1991 MH558725 MHS558851 MH550916 MH551041
Helicoma septoconstrictum™ MELUCC 17-2001 MH558726 MHS58852 MHS50917 MHS551042
Helicoma siamense” MELUCC 10-0120 JN865204 JN865192 KF301558 -

Helicoma tectonae™ MFLUCC 12-0563 KU144928 KU764713 KU$72751 -

Helicoma vaccinii CBS 216.90 AY916486 AY856879 - -
Helicomyces hyalosporus GZCC 16-0070 MHS558728 MH558854 MH550919 MH551044
Helicomyces hyalosporus™ MFLUCC 17-0051 MHS558731 MH558857 MH550922 MH551047
Helicomyces torquatus MFLUCC 16-0217 MHS558732 MH558858 MH550923 MH551048
Helicomyces chiayiensis™ BCRC FU30842 LC316604 - - -
Helicomyces colligatus MFLUCC 16-1132 MHS558727 MH558853 MH550918 MH551043
Helicosporium flavum’ MFLUCC 16-1230 KY873626 KY873621 KY873285 -
Helicosporium luteosporum™ MFLUCC 16-0226 KY321324 KY321327 KY792601 MHS551056
Helicosporium vesicarium™ MELUCC 17-1795 MH558739 MH558864 MH550930 MH551055
Helicotruncatum palmigenum NBRC 32663 AY916480 AY856898 - -
Helicotubeufia guangxiensis® MELUCC 17-0040 MH290018 MH290023 MH290028 MH290033
Helicotubeufia hydei" MFLUCC 17-1980 MH290021 MH290026 MH290031 MH290036
Helicotubeufia jonesi® MELUCC 17-0043 MH290020 MH290025 MH290030 MH290035
Kamalomyces thailandicus MFLUCC 11-0158 MF506883 MF506881 MF506885 -
Kamalomyees thailandicus” MFLUCC 13-0233 MF506884 MF506882 ME506886 -
Manoharachariella tectonae™ MFLUCC 12-0170 KU144935 KU764705 KU872762 -
Muripulchra aquatica DLUCC 0571 KY320531 KY320548 - -
Muripulchra aquatica KUMCC 15-0245 KY320533 KY320550 KY320563 MH551057
Muripulchra aquatica KUMCC 15-0276 KY320534 KY320551 KY320564 MH551058
Muripulchra aquatica™ MFLUCC 15-0249 KY320532 KY320549 - -
Neoacanthostigma fusiforme™ MFLUCC 11-0510 KF301529 KE301537 - -
Neochlamydotubeufia fusiformis™ MFLUCC 16-0016 MH558740 MHS558865 MH550931 MH551059
Neochlamydotubeufia fusiformis MFLUCC 16-0214 MH558741 MHS558866 MH550932 MH551060
Neochlamydotubeufia khunkornensis™ MFLUCC 10-0118 JN865202 JN865190 KE301564 -
Neochlamydotubeufia khunkornensis MFLUCC 16-0025 MH558742 MH558867 MH550933 MH551061
Neohelicoma fagacearum MELUCC 11-0379 KF301524 KF301532 KF301553 .
Neohelicomyces aquaticus” MFLUCC 16-0993 KY320528 KY320545 KY320561 MH551066
Neohelicomyces grandisporus” KUMCC 15-0470 KX454173 KX454174 - MHS551067
Neohelicomyces submersus™ MFLUCC 16-1106 KY320530 KY320547 - MH551068
Neohelicosporium abuense CBS 101688 AY916470 AY916085 - -
Neohelicosporium acrogenisporum™ MELUCC 17-2019 MH558746 MHS558871 MH550937 MH551069
Neohelicosporium aquaticum™ MFLUCC 17-1519 MF467916 MF467929 MF535242 MF535272
Neohelicosporium astrictum™ MFLUCC 17-2004 NR_160377 NG_068566 MH550938 MH551070
Neohelicosporium aurantiellum ANM 718 GQ856140 GQ850485 - -
Neohelicosporium bambusicola™ MFLUCC 21-0156 OL606157 OL606146 0L964517 0L964523
Neohelicosporium ellipsoideum™ MFLUCC 16-0229 MH558748 MHS558873 MHS550939 MH551071
Neohelicosporium fusisporum™ MFUCC 16-0642 MGO17612 MG017613 MGO17614 -
Neohelicosporium griseum UAMH 1694 AY916473 AY856902 - -
Neohelicosporium guangxiense GZCC 16-0068 MH558749 MHS558874 MH550940 MH551072
Neohelicosporium guangxiense™ MFLUCC 17-1522 MF467922 MF467935 MF535248 MF535278
Neohelicosporium hyalosporum™ GZCC 16-0076 MF467923 MF467936 MF535249 MF535279
Neohelicosporium irregulare™ MFLUCC 17-1796 MHS55875 MH558877 MH550943 MH551075
Neohelicosporium krabiense MFLUCC 16-0224 MHS558754 MH558879 MH550945 MH551077
Neohelicosporium laxisporum® MFLUCC 17-2027 MH558755 MHS558880 MHS550946 MHS551078
Neohelicosporium morganii CBS281.54 MH857331 MHS868874 - -
Neohelicosporium morganii CBS222.58 AY916469 AY856880 - -
Neohelicosporium ovoideum™ GZCC 16-0064 MH558756 MHS558881 MH550947 MH551079
Neohelicosporium panacheum CBS$257.59 MH857857 - - -
Neohelicosporium parvisporum GZCC 16-0078 MF467924 MF467937 MF535250 MF535280
Neohelicosporium parvisporum MFLUCC 17-1523 MF467926 MF467939 MF535252 MF535282
Neohelicosporium sp. HKUCC 10235 - AY849942 - -
Neohelicosporium sp. CBS 189.95 AY916472 AY856882 - -
Neohelicosporium submersum MFLUCC 17-2376 NR_171979 MN913738 - -
Neohelicosporium suae® CGMCC 323541 OP184079 OP184068 OP186052 OP265702
Neohelicosporium taiwanense” BCRC FU30841 LC316603 - - -
Neohelicosporium thailandicum™ MFLUCC 16-0221 MF467928 MF467941 MF535253 MF535283
Neomanoharachariella aquatica” CGMCC 323539 OP184074 OP184063 OP186047 OP186058
Neomanoharachariella aquatica CGMCC 3.23540 OP184075 OP184064 OP186048 OP186059
Neotubeufia krabiensis™ MFLUCC 16-1125 MG012031 MG012024 MG012010 MG012017
Parahelicomyces aquaticus”™ MFLUCC 16-0234 MH558766 MHS558891 MH550958 MH551092
Parahelicomyces chiangmaiensis™ MFLUCC 21-0159 OL697884 OL606145 OL964516 0L964522
Parahelicomyces hyalosporus CBS283.51 AY916464 AY856881 DQ677928 DQ677981
Parahelicomyces hyalosporus KUMCC 15-0281 KY320526 KY320543 KY320559 MHS551089
Parahelicomyces hyalosporus KUMCC 15-0322 KY320525 KY320542 KY320558 -
Parahelicomyces hyalosporus KUMCC 15-0411 KY320527 KY320544 KY320560 -
Parahelicomyces hyalosporus KUMCC 15-0430 KY320524 KY320541 KY320557 MH551090
Parahelicomyces hyalosporus” MELUCC 15-0343 KY320523 KY320540 - -
Parahelicomyces hyalosporus CGMCC 323535 OP184073 OP184062 OP186046 OP186057
Parahelicomyces hyalosporus KUNCC 22-12443 OP184076 OP184065 OP186049 -
Parahelicomyces hiyalosporus KUNCC 22-12444 OP184077 OP184066 OP186050 OP186060
Parahelicomyces indicus CBS 374.93 AY916477 AY856885 - -
Parahelicomyces menglunicus” KUN HKAS 85795 MK335914 - MK335916 -
Parahelicomyces paludosus CBS 120503 DQ341095 DQ341103 - -
Parahelicomyces quercus MFUCC 17-0895 MK347720 MK347934 MK360077 MK434906
Parahelicomyces suae™ CGMCC 323534 OP184072 OP184061 OP186045 OP186056
Parahelicomyces suae CGMCC 323538 OP184081 OP184070 OP186054 -
Parahelicomyces talbotii MUCL 33010 AY916465 AY856874 - -
Parahelicomyces talbotii™ MELUCC 17-2021 MHS558765 MH558890 MH550957 MHS551091
Parahelicomyces yunnanensis® CGMCC 3.20429 MZ092717 MZ841658 - OM022000
Pleurohelicosporium parvisporum™ MFLUCC 17-1982 MH558764 MH558889 MH550956 MH551088
Pseudohelicoon gigantisporum BCC 3550 AY916467 AY856904 - -
Pseudohelicoon subglobosum™ BCRC FU30843 LC316607 LC316610 - -
Tambhinispora indica NFCCI 2924 KC469282 KC469283 - -
Tamhinispora srinivasanii NFCCI 4231 MG763746 MG763745 = -
Thaxteriellopsis lignicola MEFLUCC 10-0123 JN865207 N865195 KF301562 -
Thaxteriellopsis lignicola MELUCC 10-0124 JN865208 N865196 KF301561 =

Tubeufia abundata” MELUCC 17-2024 MHS558769 MH558894 MHS550961 MHS551095
Tubeufia amazonensis ATCC 42524 AY916458 AY856911 - -

Tubeufia aquatica™ MFLUCC 16-1249 KY320522 KY320539 KY320556 MH551142
Tubeufia aquatica MFLUCC 17-1794 MHS558770 MH558895 MH550962 MH551096
Tubeufia bambusicola™ MELUCC 17-1803 MH558771 MH558896 MH550963 MH551097
Tubeufia brevis™ MELUCC 17-1799 MH558772 MHS558897 MH550964 MH551098
Tubeufia brunnea” MELUCC 17-2022 MH558773 MH558898 MH550965 MH551099
Tubeufia chiangmaiensis™ MFLUCC 11-0514 KF301530 KF301538 KF301557 -

Tubeufia chiangmaiensis MFLUCC 17-1801 MHS558774 MH558899 MH550966 MH551100
Tubeufia chlamydospora™ MELUCC 16-0223 MH558775 MHS558900 MH550967 MHS551101
Tubeufia cocois™ MELUCC 22-0001 OM102541 0L985957 OM355486 OM355491
Tubeufia cylindrothecia MFLUCC 16-1253 KY320519 KY320536 KY320553 -

Tubeufia cylindrothecia MFLUCC 16-1283 KY320518 KY320535 KY320552 MH551143
Tubeufia cylindrothecia MEFLUCC 17-1792 MHS558776 MH558901 MH550968 MHS551102
Tubeufia cylindrothecia MFLUCC 11-0076 MT627709 MN913702 - -

Tubeufia cylindrothecia MFLUCC 10-0919 MT627710 MN913701 - -

Tubeufia cylindrothecia CGMCC 323552 OP184071 OP184060 OP186044 OP186055
Tubeufia dictyospora™ MFLUCC 17-1805 MH558778 MH558903 MH550970 MH551104
Tubeufia eccentrica GZCC 16-0084 MHS558781 MHS558906 MH550973 MHS551107
Tubeufia eccentrica™ MFLUCC 17-1524 MHS558782 MH558907 MH550974 MH551108
Tubeufia entadae MFLU 18-2102 NR163323 - - -

Tubeufia fangchengensis™ MFLUCC 17-0047 MHS558783 MH558908 MH550975 MH551109
Tubeufia filiformis® MELUCC 16-1128 - KY092407 KY117028 MF535284
Tubeufia filiformis MFLUCC 16-1135 KY092416 KY092411 KY117032 MF535285
Tubeufia geniculata" BCRC FU30849 LC335817 - - -

Tubeufia geniculata NCYU U2-1B LC335816 - - -

Tubeufia guangxiensis MELUCC 17-0045 MG012025 MG012018 - -

Tubeufia hechiensis™ MFLUCC 17-0052 MH558785 MHS558910 MHS550978 MHS551112
Tubeufia hyalospora® MFLUCC 15-1250 MHS558786 MH558911 MH550979 -

Tubeufia inaequalis MELUCC 17-0053 MH558789 MHS558914 MH550982 MHS551115
Tubeufia inacqualis MELUCC 17-1998 MH558791 MHS558916 MH550984 MH551117
Tubeufia javanica MFLUCC 12-0545 KJ880034 KJ880036 - -

Tubeufia krabiensis" MFLUCC 16-0228 MHS558792 MH558917 MH550985 MH551118
Tubeufia latispora™ MFLUCC 16-0027 KY092417 KY092412 KY117033 MHS551119
Tubeufia laxispora MFLUCC 16-0219 KY092414 KY092409 KY117030 MF535286
Tubeufia laxispora™ MFLUCC 16-0232 KY092413 KY092408 KY117029 MF535287
Tubeufia laxispora MFLUCC 17-2023 MHS558794 MH558919 MH550987 MH551121
Tubeufia lilliputea NBRC 32664 AY916483 AY856899 - -

Tubeufia longihelicospora™ MELUCC 16-0753 MZ538531 MZ538565 MZ567106 -

Tubeufia longihelicospora MELUCC 21-0151 OL606156 OL606149 01964520 01964526
Tubeufia longiseta” MFLUCC 15-0188 KU940133 - - -

Tubeufia machaerinae MELUCC 17-0055 MH558795 MH558920 MH550988 MHS551122
Tubeufia mackenziei" MELUCC 16-0222 KY092415 KY092410 KY117031 MF535288
Tubeufia nigroseptum™ CGMCC 3.20430 MZ092716 MZ853187 OM022002 OM022001
Tubeufia parvispora MELUCC 17-1992 MH558796 MH558921 MHS550989 MHS551123
Tubeufia parvispora MFLUCC 17-2009 MH558798 MH558923 MH550991 MHS551125
Tubeufia roseohelicospora® MFLUCC 15-1247 KX454177 KX454178 - MHS551144
Tubeufia rubra™ GZCC 16-0081 MHS558801 MHS558926 MHS550994 MHS551128
Tubeufia sahyadriensis™ NFCCI 4252 MH033849 MHO033850 MH033851 -

Tubeufia sahyadriensis RAJ 9.2 MN393081 MN393082 MN393083 -

Tubeufia sessilis MFLUCC 16-0021 MHS558803 - MHS550996 MH551130
Tubeufia sympodihylospora GZCC 16-0049 MHS558804 MH558928 MH550997 MH551131
Tubeufia sympodihylospora GZCC 16-0051 MHS558805 MH558929 MH550998 MH551132
Tubeufia sympodihylospora MFLUCC 17-0044 MHS558806 MH558930 MH550999 MH551133
Tubeufia sympodilaxispora™ MFLUCC 17-0048 MHS558808 MH558932 MH551001 MHS551135
Tubeufia taiwanensis BCRC FU30844 LC316605 - - -

Tubeufia tectonae™ MELUCC 12-0392 KU144923 KU764706 KU$72763 -

Tubeufia tectonae MELUCC 16-0235 MH558809 MH558933 MHS551002 MH551136
Tubeufia tectonae MFLUCC 15-0974 - MN913688 MT954376 -

Tubeufia tratensis™ MFLUCC 17-1993 MHS558811 MHS558935 MHS551004 MHS551138
Tubeufia xylophila GZCC 16-0038 MHS558812 MHS558936 MH551005 MH551139
Tubeufia xylophila MFLUCC 171520 MHS558813 MH558937 MH551006 MH551140

EX-type strains are indicated by T after the species name. Newly generated sequences are indicated in bold. The symbol “-” indicates information unavailable.
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