

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83251-643-0
DOI 10.3389/978-2-83251-643-0

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Basidiomycete fungi: From biosystematics and biodiversity to biotechnology

Topic editors

Masoomeh Ghobad-Nejhad – Iranian Research Organization for Science and Technology, Iran

Baokai Cui – Beijing Forestry University, China

Bálint Dima – Eötvös Loránd University, Hungary

Jing Si – Beijing Forestry University, China

Citation

Ghobad-Nejhad, M., Cui, B., Dima, B., Si, J., eds. (2023). Basidiomycete fungi: From biosystematics and biodiversity to biotechnology. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-643-0





Table of Contents




Editorial: Basidiomycete fungi: From biosystematics and biodiversity to biotechnology

Masoomeh Ghobad-Nejhad, Bálint Dima, Bao-Kai Cui and Jing Si

Species Diversity, Molecular Phylogeny, and Ecological Habits of Fomitopsis (Polyporales, Basidiomycota)

Shun Liu, Chang-Ge Song, Tai-Min Xu, Xing Ji, Dong-Mei Wu and Bao-Kai Cui

A Putative Guanosine Triphosphate Cyclohydrolase I Named CaGCH1 Is Involved in Hyphal Branching and Fruiting Development in Cyclocybe aegerita

Nan Tao, Bopu Cheng, Hongmei Chai, Xianghua Cui, Yuanhao Ma, Jinping Yan, Yongchang Zhao and Weimin Chen

Six New Species of Tomentella (Thelephorales, Basidiomycota) From Tropical Pine Forests in Central Vietnam

Xu Lu, Ting Cao, Trang Th.i Thu Nguyê˜ n and Hai-Sheng Yuan

Multi-Locus Sequence Analysis Reveals Diversity of the Rice Kernel Smut Populations in the United States

Sabin Khanal, Sanjay Antony-Babu, Shankar P. Gaire and Xin-Gen Zhou

Morphological and Phylogenetic Evidences Reveal Four New Species of Cantharellus Subgenus Cantharellus (Hydnaceae, Cantharellales) From China

Yu-Zhuo Zhang, Wen-Fei Lin, Bart Buyck, Zhi-Qun Liang, Ming-Sheng Su, Zuo-Hong Chen, Ping Zhang, Shuai Jiang, Dong-Yu An and Nian-Kai Zeng

A New Muscarine-Containing Inosperma (Inocybaceae, Agaricales) Species Discovered From One Poisoning Incident Occurring in Tropical China

Lun-Sha Deng, Wen-Jie Yu, Nian-Kai Zeng, Yi-Zhe Zhang, Xiao-Peng Wu, Hai-Jiao Li, Fei Xu and Yu-Guang Fan

Phylogeny, Divergence Time Estimation and Biogeography of the Genus Onnia (Basidiomycota, Hymenochaetaceae)

Heng Zhao, Meng Zhou, Xiao-Yong Liu, Fang Wu and Yu-Cheng Dai

Alloexidiopsis gen. nov., A Revision of Generic Delimitation in Auriculariales (Basidiomycota)

Shi-Liang Liu, Zi-Qi Shen, Qian-Zhu Li, Xiang-Yang Liu and Li-Wei Zhou

A Contribution to Knowledge of Craterellus (Hydnaceae, Cantharellales) in China: Three New Taxa and Amended Descriptions of Two Previous Species

Yu-Zhuo Zhang, Ping Zhang, Bart Buyck, Li-Ping Tang, Zhi-Qun Liang, Ming-Sheng Su, Yan-Jia Hao, Hong-Yan Huang, Wen-Hao Zhang, Zuo-Hong Chen and Nian-Kai Zeng

Taxonomy and Multi-Gene Phylogeny of Poroid Panellus (Mycenaceae, Agaricales) With the Description of Five New Species From China

Qiu-Yue Zhang, Hong-Gao Liu, Viktor Papp, Meng Zhou, Fang Wu and Yu-Cheng Dai

Current advances and potential trends of the polysaccharides derived from medicinal mushrooms sanghuang

Hao Wang, Jin-Xin Ma, Miao Zhou, Jing Si and Bao-Kai Cui

Two new forest pathogens in Phaeolus (Polyporales, Basidiomycota) on Chinese coniferous trees were confirmed by molecular phylogeny

Yuan Yuan, Ying-Da Wu, Ya-Rong Wang, Meng Zhou, Jun-Zhi Qiu, De-Wei Li, Josef Vlasák, Hong-Gao Liu and Yu-Cheng Dai

Multiple evidences reveal new species and a new record of smelly Gymnopus (Agaricales, Omphalotaceae) from China

Jia-Jun Hu, Li-Ru Song, Yong-Lan Tuo, Gui-Ping Zhao, Lei Yue, Bo Zhang and Yu Li

Beneficial bacterial-Auricularia cornea interactions fostering growth enhancement identified from microbiota present in spent mushroom substrate

Chitwadee Phithakrotchanakoon, Sermsiri Mayteeworakoon, Paopit Siriarchawatana, Supattra Kitikhun, Piyanun Harnpicharnchai, Supaporn Wansom, Lily Eurwilaichitr and Supawadee Ingsriswang

Abiotic environmental factors drive the diversity, compositional dynamics and habitat preference of ectomycorrhizal fungi in Pannonian forest types

József Geml, Carla Mota Leal, Richárd Nagy and József Sulyok

Resources of Iranian agarics (Basidiomycota) with an outlook on their antioxidant potential

Masoomeh Ghobad-Nejhad, Vladimír Antonín, Mohaddeseh Moghaddam and Ewald Langer

Five new species of Inosperma from China: Morphological characteristics, phylogenetic analyses, and toxin detection

Sai-Nan Li, Fei Xu, Pan Long, Feng Liu, Ping Zhang, Yu-Guang Fan and Zuo-Hong Chen

Taxonomy and multi-gene phylogeny of Micropsalliota (Agaricales, Agaricaceae) with description of six new species from China

Jun-Qing Yan, Zhi-Heng Zeng, Ya-Ping Hu, Bin-Rong Ke, Hui Zeng and Sheng-Nan Wang

Construction of a heat-resistant strain of Lentinus edodes by fungal Hsp20 protein overexpression and genetic transformation

Yun-Yan Ling, Zhi-Lin Ling and Rui-Lin Zhao

Comparative structural analysis on the mitochondrial DNAs from various strains of Lentinula edodes

Sinil Kim, Hyerang Eom, Rutuja Nandre, Yeon Jae Choi, Hwayong Lee, Hojin Ryu and Hyeon-Su Ro












	
	TYPE Editorial
PUBLISHED 26 January 2023
DOI 10.3389/fmicb.2023.1128319






Editorial: Basidiomycete fungi: From biosystematics and biodiversity to biotechnology

Masoomeh Ghobad-Nejhad1,2*†, Bálint Dima3†, Bao-Kai Cui4† and Jing Si4†


1Department of Biotechnology, Iranian Research Organization for Science and Technology (IROST), Tehran, Iran

2Iranian Cryptogamic Herbarium (ICH), Iranian Research Organization for Science and Technology (IROST), Tehran, Iran

3Department of Plant Anatomy, Institute of Biology, Eötvös Loránd University, Budapest, Hungary

4Institute of Microbiology, School of Ecology and Nature Conservation, Beijing Forestry University, Beijing, China

[image: image2]

OPEN ACCESS

EDITED AND REVIEWED BY
William James Hickey, University of Wisconsin-Madison, United States

*CORRESPONDENCE
 Masoomeh Ghobad-Nejhad, [image: yes] ghobadnejhad@gmail.com; [image: yes] ghobadnejhad@irost.ir

†ORCID
 Masoomeh Ghobad-Nejhad orcid.org/0000-0002-7807-4187 
Bálint Dima orcid.org/0000-0003-2099-3903 
Bao-Kai Cui orcid.org/0000-0003-3059-9344 
Jing Si orcid.org/0000-0001-9229-0727

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

RECEIVED 20 December 2022
 ACCEPTED 13 January 2023
 PUBLISHED 26 January 2023

CITATION
 Ghobad-Nejhad M, Dima B, Cui B-K and Si J (2023) Editorial: Basidiomycete fungi: From biosystematics and biodiversity to biotechnology. Front. Microbiol. 14:1128319. doi: 10.3389/fmicb.2023.1128319

COPYRIGHT
 © 2023 Ghobad-Nejhad, Dima, Cui and Si. 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.



KEYWORDS
 Basidiomycota, taxonomy, diversity, applied mycology, phylogeny



Editorial on the Research Topic
 Basidiomycete fungi: From biosystematics and biodiversity to biotechnology




Basidiomycota is the second-largest phylum of the fungal kingdom and contains a diverse array of fungi. Of the estimated 2.2–3.8 million species of fungi on earth, nearly 150,000 species have been named by now, from which more than 40,000 described species are basidiomycetes (Hawksworth and Lücking, 2017; Antonelli et al., 2020; Bánki et al., 2021; He et al., 2022). They comprise fungi with conspicuous macroscopic fruiting bodies (mushrooms, brackets, coralloids, hydnoids, corticioids, jellys, gasteroids, etc.) to microscopic entities such as rusts, smuts, and yeasts, thriving in an immense range of niches, from terrestrial to aquatic habitats, with a variety of ecological functions, from saprotrophs to parasites, and with diverse kingdom-wide symbiotic associations with plants, lichens, and insects. Basidiomycete fungi play a pivotal role in global edible mushroom production and thanks to their wealth of metabolites, biosynthetic pathways, and survival mechanisms, they have important applications in biotechnology and industry.

Despite their biological diversity and various applications, modern interpretation of several basidiomycete groups is still challenging or they have remained under-documented. Only a few species have been studied in respect of exploitation in biotechnology and the bulk of species have remained untapped. Moreover, the linkage between biosystematics and biotechnology research is still not satisfactory, which would hinder the sustainable utilization of basidiomycete fungi. In support of this endeavor, we proposed the Research Topic “Basidiomycete fungi: From biosystematics and biodiversity to biotechnology” with 20 articles from 117 authors from various geographic regions covering various aspects and taxa of basidiomycetes.

Ectomycorrhizae are advanced forms of symbiotic associations of fungi with plants and have a significant impact on the persistence of their host and habitat. Using ITS2 rDNA metabarcoding and rich samplings, Geml et al. studied the effect of abiotic environmental factors on species richness and composition of ectomycorrhizal fungi in the characteristic Pannonian forests in northern Hungary. They showed a particularly strong correlation between ectomycorrhizal composition and pH and soil moisture. Geml et al. concluded that certain topographic or edaphic factors drive the diversity, compositional dynamics, and habitat partitioning of ectomycorrhizal assemblages. Yet, they certified that a large proportion of compositional variance still awaited further exploration.

Ectomycorrhizal basidiomycetes also include some prized edible mushrooms such as Cantharellus and Craterellus (Hydnaceae, Cantharellales) which are noteworthy for their nutritional properties as well as medicinal values. Six subgenera have been recognized for Cantharellus, with the subgenus Cantharellus being the largest one (Buyck et al., 2014). Zhang, Lin et al. described four new species of Cantharellus subg. Cantharellus from China based on morphological evidence and phylogenetic analyses of nLSU and TEF1 regions. They also discussed the general morphological features, hosts, and species diversity of the subgenus. In another study, Zhang, Zhang et al. studied the genus Craterellus in China on the basis of morphological methods and phylogenetic analyses of sequences from the ITS and nLSU regions. They described three new Craterellus (C. fulviceps, C. minor, and C. parvopullus), and provided amended descriptions for two previously known species, with an identification key to the Craterellus species known in China.

The genus Tomentella (Thelephorales) comprises ectomycorrhizae with thin, resupinate basidiomata and a worldwide distribution. The genus has mainly been reported from temperate and boreal zones of the Northern Hemisphere, with only scarce data from tropical Asia. Lu et al. investigated tropical pine forests in central Vietnam and discovered a high diversity of Tomentella. Using molecular phylogenetic analyses of the ITS and nLSU regions and morphological characteristics, six new species (T. bidoupensis, T. brevisterigmata, T. cinereobrunnea, T. longiechinula, T. stipitobasidia, and T. verruculata) were described and illustrated.

Basidiomycetes also comprise some devastating plant pathogenic fungi causing an economic loss in crop plants and forest trees in different parts of the world. Tilletia (Tilletiales, Exobasidiomycetes) is an agriculturally important phytopathogen causing smut in the Poaceae plants (Jayawardena et al., 2019). Currently, Tilletia horrida, or kernel smut is considered a noteworthy disease in the US. Khanal et al. provided the first multi-gene analysis to explore the genetic diversity of kernel smut in several cultivated rice populations in the US. Sequences of the ITS, nLSU, TEF1, and RPB1 were analyzed and it was revealed that there were four clades of T. horrida populations in the study area. Most of the strains clustered together with 22 Tilletia species from different countries in east and west Asia as well as Australia. The results pointed to possible manifold entries of kernel smut into the US and are expected to contribute to the development of effective kernel smut disease management and control.

The genus Phaeolus (Polyporales) is a wood-rotting polypore pathogen much known for its type species Phaeolus schweinitzii. Yuan et al. made a wide sampling and comprehensive phylogenetic (using ITS and nLSU sequences), morphological, and geographical study of Ph. schweinitzii, a common forest pathogen causing butt rot in many commercial timber conifer trees in the Northern Hemisphere. Ph. schweinitzii was confirmed to be a species complex including six taxa from three continents. Two new species (Ph. asiae-orientalis and Ph. yunnanensis) were described from China. The distribution of Ph. schweinitzii sensu stricto was shown to be restricted to Eurasia, while the collections originated from North America were concluded to be different species. The genus Onnia (Hymenochaetales) is another wood-decaying polypore genus causing tomentose root rot on conifer trees. Zhao et al. studied the phylogeny of Onnia based on the ITS, nLSU, RPB1, RPB2, and TEF1 regions and provided a molecular clock analysis which allowed to reconstruct the historical biogeography of the genus. The analyses proposed that the common ancestor of Onnia may have emerged in the Paleogene and most species may have evolved in the Neogene. Himalayan region of Asia was suggested as the probable ancestral area of the genus. In addition, the new species O. himalayana was discovered in China.

Besides pathogenic wood-inhabiting basidiomycetes, two saprotrophic genera have also been noted in this Research Topic, the brown-rot genus Fomitopsis, and the white-rot genus Panellus. Fomitopsis (Polyporales) inhabits different hardwood and conifer trees. Liu S. et al. investigated the diversity, phylogeny (with nLSU, ITS, mtSSU, nSSU, TEF1, and RPB2 sequences), and ecology of Fomitopsis, and described four new species from Sri Lanka, Malasia, and China. They concluded 30 accepted species of Fomitopsis worldwide and provided a cumulative map presenting their geographic distribution. Zhang Q. -Y. et al. revised the taxonomy of the poroid members of Panellus (Mycenaceae, Agaricales) focusing on the Chinese samples. They described five species new to science (P. alpinus, P. crassiporus, P. longistipitatus, P. minutissimus, and P. palmicola) via morphological and molecular phylogenetic analyses of five DNA loci (ITS, nLSU, nSSU, mtSSU, and TEF1). They also provided an identification key to the 20 known poroid Panellus species.

Numerous basidiomycetes are responsible for life-threatening mushroom poisoning around the world. The large genus Inocybe and its segregate Inosperma (Inocybaceae, Agaricales) are among the prominent poisonous agaric mushrooms. Inosperma species are known for neurotoxic poisoning in humans. Li et al. described five new Inosperma species from China using morphological characters and phylogenetic analyses of the ITS, nLSU and RPB2 genes. They also provided an identification key for the 17 Chinese Inosperma species. Targeted screening for the important neurotoxins muscarine, muscimol, psilocybin, and ibotenic acid was performed using UPLC-MS/MS. The content of the neurotoxins varied among the new species, while psilocybin was not detected in any. Based on morphological, molecular, and toxin detection evidence, Deng et al. discovered that a poisoning incident occurring in tropical China was caused by a new species described as Inosperma zonativeliferum. The UPLC-MS/MS analysis confirmed that the new species contained only muscarine but no other tested toxins. Deng et al. also quantified the muscarine contents in the pileus (2.08 g/kg) and the stipe (6.53 g/kg) of I. zonativeliferum.

Gilled mushrooms or agarics (Agaricomycotina) also comprise macrobasidiomycetes with diverse ecological and functional properties. With 558 agaric species in Iran, Ghobad-Nejhad et al. designed a study to unveil the resources of edible, poisonous, and luminescence species in the country. The ecological guilds of the Iranian agarics were also summarized, including the number of ectomycorrhizal, soil saprotrophic, wood-inhabiting, parasitic, and leaf- or litter-inhabiting species. A new approach was applied to showcase the phylogeny of the agaric mushrooms with various antioxidant potentials. It was shown that at least 20% of the species possess antioxidant activity while the edible species would be promising for future functional food developments.

Gymnopus sect. Impudicae (Agaricales) is well-known for its pungent smell but its diversity is poorly studied. Hu et al. described four new species of sect. Impudicae from China using morphology and phylogenetic analysis of nLSU and ITS sequences. They also provided a key to all reported species of Gymnopus sect. Impudicae. Micropsalliota (Agaricales) is an agaric genus containing 62 species with relatively small basidiomata. Yan et al. described six new species of Micropsalliota (namely M. minor, M. ovalispora, M. pseudodelicatula, M. rufosquarrosa, M. tenuipes, and M. wuyishanensis) based on morphological evidence and phylogenetic analyses of ITS, nLSU, and RPB2 sequence datasets. In addition, an identification key for the 20 Chinese species of Micropsalliota was given.

Heterobasidiomycetes comprise basal clades in the basidiomycete phylogeny and include macroscopic and microscopic forms. The corticioid heterobasidiomycetes are comparatively little sampled due to their generally inconspicuous basidiomata. The order Auriculariales is noteworthy as it is home to some of the world-known favorable edible and medicinal fungi. However, due to the overlapping morphological characters, the boundaries of the genera in Auriculariales have remained perplexing. Liu S. -L. et al. revised the generic delimitation in Auriculariales based on phylogenetic analyses of the ITS and nLSU regions and thorough morphological examinations. They introduced the new genus Alloexidiopsis belonging to the family Auriculariaceae, and proposed a key to identify its five species. They also summarized the main morphological differences between the nine genera of Auriculariales with corticioid basidiomata, including Adustochaete, Alloexidiopsis, Amphistereum, Crystallodon, Exidiopsis (Heterochaete), Heteroradulum, Metulochaete, Proterochaete, and Sclerotrema.

Applied mycology and fungal biotechnology have been fueled by microscopic and yeast ascomycetes on their onset but have soon progressed by studies on several basidiomycetous species. Auricularia (ear mushroom) is an economically important fungus with diverse medicinal and nutritional properties, accounting for nearly 17% of the world commercial mushroom production (Royse et al., 2017; Bandara et al., 2019). Phithakrotchanakoon et al. studied the interactions between the cultivated Auricularia cornea and the microbiota present in the spent mushroom substrate, applying high-throughput sequencing as well as proteomics analysis of high-yield and low-yield A. cornea groups. They showed a significantly higher species richness and diversity of microbiota in the samples of the high-yield group. Moreover, certain bacterial species exhibited high differential abundance between the two groups. Functional analysis of the detected proteins in the bacterial-fungal co-culture showed that elevated mycelial growth of A. cornea could be attributed to the concerted actions of four types of proteins. Phithakrotchanakoon et al. concluded that certain bacteria in the substrate foster the growth and yield of A. cornea and proposed their results to be utilized for the selection and co-cultivation of growth-promoting bacteria to boost the production yield of A. cornea. Their results also provide novel insights into interactions of mycelia with bacteria during the development of the fruiting body.

Fruiting body development in the basidiomycetes has also been subject to the study by Tao et al. who investigated the involvement of a putative GTP cyclohydrolase I (named CaGCH1) in hyphal branching and fruiting body formation in Cyclocybe aegerita (Tubariaceae, Agaricales), an edible mushroom cultivated in Asia. Guanosine triphosphate (GTP) cyclohydrolase 1, whose disruption may cause conditional lethality in microorganisms, is the limiting enzyme of the tetrahydrobiopterin (BH4) synthesis pathway. Tao et al. verified that the GCH1 gene was downregulated by constructing an RNAi system for GCH1 in C. aegerita.

Growth at low temperatures is a limiting factor for the cultivation of edible and medicinal mushrooms. Ling et al. applied a homologous recombination approach to construct a heat-resistant strain of shiitake (Lentinula edodes), the globally second most popular edible mushroom, by the overexpression of the pEHg-gdp-hsp20 vector for the gene hsp20, encoding the heat shock protein 20 in A. bisporus. As a result, the overexpression of hsp20 efficiently improved the ability of low-temperature shiitake isolates to defend against heat shock. Their results facilitate the breeding of strains of L. edodes with superior transgenic properties.

In another study on Lentinula edodes, Kim et al. performed a comparative analysis of the structural properties of the mitochondrial DNAs from 25 strains of this mushroom, 21 of which were obtained de novo. While the length of mtDNAs was shown to range from 117 to 122 kb, they had a relatively consistent gene number, with the length variation attributed to the number of introns, repeated sequences, transposable elements, and plasmid-related sequences. Interestingly, the length of COX1 gene, the said barcode region in some past studies, ranged from 8.4 up to 12 kb. The results showed that mitochondrial DNA is a relatively fast-evolving molecule with insertion, deletion, and repetition events occurring at the strain level.

“Sanghuang” is a common name applied to a group of prized medicinal polypores (Sanghuangporus s.l., Hymenochaetales) best known in East Asia. Numerous investigations have revealed that polysaccharides are one of the major bioactive ingredients of sanghuang, with various medicinal properties. Wang et al. comprehensively reviewed the polysaccharides of sanghuang and summarized the recent reports on preparation strategies, structural features, new techniques of structural characterization, bioactivities, and structure-activity relationships. Their study provides valuable guidance for future research on applications of sanghuang polysaccharides.
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Fomitopsis is a worldwide brown-rot fungal genus of Polyporales, which grows on different gymnosperm and angiosperm trees and has important ecological functions and economic values. In this study, species diversity, phylogenetic relationships, and ecological habits of Fomitopsis were investigated. A total of 195 specimens from 24 countries representing 29 species of Fomitopsis were studied. Based on the morphological characters and phylogenetic evidence of DNA sequences including the internal transcribed spacer (ITS) regions, the large subunit of nuclear ribosomal RNA gene (nLSU), the small subunit of nuclear ribosomal RNA gene (nSSU), the small subunit of mitochondrial rRNA gene (mtSSU), the translation elongation factor 1-α gene (TEF), and the second subunit of RNA polymerase II (RPB2), 30 species are accepted in Fomitopsis, including four new species: F. resupinata, F. srilankensis, F. submeliae and F. yimengensis. Illustrated descriptions of the novel species and the geographical locations of the Fomitopsis species are provided.
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INTRODUCTION

Fomitopsis P. Karst. was established by Karsten (1881) and typified by F. pinicola (Sw.) P. Karst. It is the type genus of Fomitopsidaceae Jülich. Species in Fomitopsis causes a brown rot and plays an important role in degradation and reduction of forest ecosystems (Wei and Dai, 2004). Some species of Fomitopsis are forest pathogens, such as, F. nivosa (Berk.) Gilb. & Ryvarden and F. pinicola (Dai, 2012); and some species are medicinal fungi, such as, F. betulina (Bull.) B.K. Cui, M.L. Han & Y.C. Dai has the function of antibacteria, antitumor, and antioxidant (Dai et al., 2009; Zhao et al., 2014); F. pinicola has the function of dispelling wind-evil and dampness, and has antitumor, antifungal, antioxidant, immunomodulation, and neuroprotective activities (Dai et al., 2009; Guler et al., 2009; Bao et al., 2015; Sun et al., 2016; Guo and Wolf, 2018).

Fomitopsis is a widely distributed brown-rot fungal genus and many studies have been focused on this genus since its establishment. Previously, some new species of Fomitopsis were described only based on morphological characteristics (Bondartsev and Singer, 1941; Cunningham, 1950; Sasaki, 1954; Ito, 1955; Reid, 1963; Ryvarden, 1972, 1984, 1988; Gilbertson and Ryvarden, 1985; Buchanan and Ryvarden, 1988; Corner, 1989; Zhao and Zhang, 1991; Reng and Zhang, 1992; Masuka and Ryvarden, 1993; Ryvarden and Gilbertson, 1993; Roy and De, 1996; Hattori, 2003; Aime et al., 2007; Stokland and Ryvarden, 2008). According to the 10th edition of the Dictionary of Fungi (Kirk et al., 2008), 32 species are accepted in Fomitopsis and a considerable number of these species lack molecular data.

With the progress of molecular biology technology, DNA sequencing and phylogenetic techniques have been used in the systematic study of Fomitopsis. Some phylogenetic studies showed that Fomitopsis clustered with other brown-rot fungal genera and embedded in the antrodia clade (Hibbett and Donoghue, 2001; Hibbett and Thorn, 2001; Binder et al., 2005). Subsequently, phylogenetic analyses indicated that Fomitopsis is polyphyletic and the taxonomic position of Fomitopsis is still problematic (Kim et al., 2005, 2007; Justo and Hibbett, 2011; Ortiz-Santana et al., 2013). Recently, taxonomic and phylogenetic studies on Fomitopsis have been carried out and several new species have been described (Li et al., 2013; Han et al., 2014, 2016; Han and Cui, 2015; Soares et al., 2017; Haight et al., 2019; Liu et al., 2019, 2021a; Zhou et al., 2021). Han et al. (2016) investigated phylogenetic relationships of Fomitopsis and its related genera and reported that species previously placed in Fomitopsis were divided into seven lineages: Fomitopsis s. s., Fragifomes B.K. Cui, M.L. Han & Y.C. Dai, Niveoporofomes B.K. Cui, M.L. Han & Y.C. Dai, Rhodofomes Kotl. & Pouzar, Rhodofomitopsis B.K. Cui, M.L. Han & Y.C. Dai, Rubellofomes B.K. Cui, M.L. Han & Y.C. Dai, and Ungulidaedalea B.K. Cui, M.L. Han & Y.C. Dai.

To date, 127 taxa of Fomitopsis have been recorded in the database of Index Fungorum and 138 taxa of Fomitopsis have been recorded in the database of MycoBank, however, it includes a large number of synonymous taxa and invalid published names. In the current study, phylogenetic analysis of Fomitopsis was carried out based on the combined sequence dataset of ITS + nLSU + mtSSU + nSSU + RPB2 + TEF rRNA and/or rDNA gene regions. Combining with morphological characters and molecular evidence, four new species, F. resupinata, F. srilankensis, F. submeliae, and F. yimengensis have been discovered.



MATERIALS AND METHODS


Morphological Studies

The examined specimens were deposited at the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC), and some duplicates were deposited at the Institute of Applied Ecology, Chinese Academy of Sciences, China (IFP). Morphological descriptions and abbreviations used in this study followed Cui et al. (2019) and Shen et al. (2019).



DNA Extraction and Sequencing

The procedures for DNA extraction and polymerase chain reaction (PCR) used in this study were the same as described by Han et al. (2016) and Liu et al. (2019, 2022). The ITS regions were amplified with the primer pairs ITS4 and ITS5, the nLSU regions were amplified with the primer pairs LR0R and LR7, the nSSU regions were amplified with the primer pairs NS1 and NS4, the mtSSU regions were amplified with the primer pairs MS1 and MS2, the RPB2 gene was amplified with the primer pairs fRPB2-f5F and bRPB2-7.1R, and the TEF gene was amplified with the primer pairs EF1-983F and EF1-1567R (White et al., 1990; Matheny, 2005; Rehner and Buckley, 2005).

The PCR cycling schedules for different DNA sequences of ITS, nLSU, nSSU, mtSSU, RPB2, and TEF genes used in this study followed those used in Liu et al. (2019); Shen et al. (2019), Zhu et al. (2019), and Ji et al. (2022) with some modifications. The PCR products were purified and sequenced at Beijing Genomics Institute, China, with the same primers. All newly generated sequences were submitted to GenBank and are listed in 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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Phylogenetic Analyses

Sequences were aligned with additional sequences downloaded from GenBank (Table 1) using BioEdit (Hall, 1999) and ClustalX (Thompson et al., 1997). Alignment was manually adjusted to allow maximum alignment and to minimize gaps. Sequence alignment was deposited at TreeBase (submission ID 29193).1 The sequences of Laetiporus sulphureus (Bull.) Murrill and L. zonatus B.K. Cui & J. Song, obtained from GenBank, were used as outgroups for the phylogenetic analyses of Fomitopsis.

Phylogenetic analyses approaches used in this study followed Sun et al. (2020) and Liu et al. (2021b). The congruences of the 6-genes (ITS, nLSU, nSSU, mtSSU, RPB2, and TEF) were evaluated with the incongruence length difference (ILD) test (Farris et al., 1994) implemented in PAUP* 4.0b10 (Swofford, 2002), under heuristic search and 1,000 homogeneity replicates. Maximum parsimony (MP) analysis was performed in PAUP* version 4.0b10 (Swofford, 2002). Clade robustness was assessed using a bootstrap (BT) analysis with 1,000 replicates (Felsenstein, 1985). Descriptive tree statistics tree length (TL), consistency index (CI), retention index (RI), rescaled consistency index (RC), and homoplasy index (HI) were calculated for each Most Parsimonious Tree (MPT) generated. Maximum Likelihood (ML) analysis was performed in RAxmL v.7.2.8 with a GTR + G + I model (Stamatakis, 2006). Bayesian inference (BI) was calculated by MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003) with a general time reversible (GTR) model of DNA substitution and a gamma distribution rate variation across sites determined by MrModeltest 2.3 (Posada and Crandall, 1998; Nylander, 2004). The branch support was evaluated with a bootstrapping method of 1,000 replicates (Hillis and Bull, 1993).

Branches that received bootstrap supports for MP, ML greater than or equal to 75%, and Bayesian posterior probabilities (BPP) greater than or equal to 0.95 were considered as significantly supported. The phylogenetic tree was visualized using FigTree v1.4.2.2




RESULTS


Molecular Phylogeny

The combined 6-gene sequences dataset for phylogenetic analyses had an aligned length of 4,626 characters including gaps (610 characters for ITS, 1,346 characters for nLSU, 526 characters for mtSSU, 1,009 characters for nSSU, 648 characters for RPB2, 487 characters for TEF), of which 3,113 characters were constant, 240 were variable and parsimony-uninformative, and 1,273 were parsimony-informative. MP analysis yielded 12 equally parsimonious trees (TL = 6,756, CI = 0.366, RI = 0.722, RC = 0.264, HI = 0.634). The best model for the concatenate sequence dataset estimated and applied in the Bayesian inference was GTR + I + G with equal frequency of nucleotides, lset nst = 6 rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1). Bayesian analysis resulted in a concordant topology with an average standard deviation of split frequencies = 0.008762. ML analysis resulted in a similar topology as MP and Bayesian analyses, and only the ML topology is shown in Figure 1. The phylogenetic trees inferred from ITS + nLSU + nSSU + mtSSU + RPB2 + TEF gene sequences were obtained from 103 fungal samples representing 65 taxa of Fomitopsis and its related genera within the antrodia clade. Also, 64 samples representing 30 taxa of Fomitopsis clustered together and separated from other genera.
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FIGURE 1. Maximum likelihood tree illustrating the phylogeny of Fomitopsis and its related genera in the antrodia clade based on the combined sequences dataset of ITS + nLSU + nSSU + mtSSU + RPB2 + TEF. Branches are labeled with maximum likelihood bootstrap higher than 50%, parsimony bootstrap proportions higher than 50% and Bayesian posterior probabilities more than 0.90, respectively. Bold names = New species.




Taxonomy

Fomitopsis resupinata B.K. Cui & Shun Liu, sp. nov. (Figures 2A, 3).
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FIGURE 2. Basidiomata of Fomitopsis species. (A) F. resupinata; (B,C) F. srilankensis; (D) F. submeliae; (E,F) F. yimengensis (scale bars: b, f = 1.5 cm; a, c, e = 2 cm; d = 3 cm).
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FIGURE 3. Microscopic structures of Fomitopsis resupinata (Holotype, Dai 10819). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidioles. (D) Hyphae from trama. (E) Hyphae from context. Drawings by: Shun Liu.


MycoBank: MB 842873.

Diagnosis — Fomitopsis resupinata is characterized by its resupinate basidiomata with cream to buff pore surface when fresh, becoming pinkish buff to honey-yellow upon drying and cylindrical to slightly allantoid basidiospores (7.2–9 × 2.7–3.3 μm).

Holotype — CHINA. Hainan Province, Changjiang County, Bawangling Nature Reserve, on fallen trunk of Mangifera infica, 9 May 2009, Dai 10819 (BJFC 010395).

Etymology — “resupinata” (Lat.): refers to the resupinate basidiomata.

Fruiting body — Basidiomata annual, resupinate, not easily separated from substrate, without odor or taste when fresh, becoming corky and light in weight upon drying; up to 9 cm long, 8.4 cm wide, and 8 mm thick at center. Pore surface cream to buff when fresh, becoming pinkish buff to honey-yellow upon drying; pores round to angular, 4–6 per mm; dissepiments slightly thick, entire. Context very thin, corky, cream to buff, up to 3 mm thick. Tubes concolorous with pore surface, corky, up to 5 mm long. Tissues unchanged in KOH.

Hyphal structure — Hyphal system dimitic; generative hyphae bearing clamp connections; skeletal hyphae IKI–, CB–.

Context — Generative hyphae infrequent, hyaline, thin-walled, rarely branched, 2–3.4 μm in diam; skeletal hyphae dominant, yellowish brown to cinnamon brown, thick-walled with a narrow lumen to subsolid, unbranched, straight, interwoven, 3.2–5.5 μm in diam.

Tubes — Generative hyphae infrequent, hyaline, thin-walled, rarely branched, 1.9–3 μm in diam; skeletal hyphae dominant, yellowish brown to cinnamon brown, thick-walled with a wide to narrow lumen, unbranched, more or less straight, interwoven, 2–5 μm in diam. Cystidia absent; cystidioles occasionally present, fusoid, hyaline, thin-walled, 13.2–22 × 3.2–4.3 μm. Basidia clavate, bearing four sterigmata and a basal clamp connection, 13.5–17.4 × 4.8–6.2 μm; basidioles dominant, similar to basidia but smaller.

Spores — Basidiospores cylindrical to slightly allantoid, hyaline, thin-walled, smooth, IKI–, CB–, (7–)7.2–9(–9.5) × (2.6–)2.7–3.3(–3.5) μm, L = 8.14 μm, W = 2.93 μm, Q = 2.46–3.52 (n = 60/2).

Type of rot — Brown rot.

Notes — Phylogenetically, Fomitopsis resupinata was closely related to F. durescens (Overh. ex J. Lowe) Gilb. & Ryvarden, F. nivosa and F. ostreiformis (Berk.) T. Hatt (Figure 1). They share similar sized pores, but F. durescens differs in its pileate basidiomata with a white to cream pore surface when fresh, ochraceous when dry, smaller and narrower cylindrical basidiospores (6–8 × 1.5–2.5 μm; Gilbertson and Ryvarden, 1986); F. nivosa differs by having pileate basidiomata with a cream to pale sordid brown or tan pore surface, and has a distribution in Asia, North America, and South America (Núñez and Ryvarden, 2001; Han et al., 2016); F. ostreiformis differs in its effused reflexed to pileate basidiomata, soft when fresh, hard when dry, a trimitic hyphal system, smaller and cylindrical basidiospores (4.2–5.6 × 1.4–2.6 μm; De, 1981). Fomitopsis bambusae Y.C. Dai, Meng Zhou & Yuan Yuan and F. cana B.K. Cui, Hai J. Li & M.L. Han also distribute in Hainan Province of China, but F. bambusae differs by having bluish-gray to pale mouse-gray pore surface when fresh, becoming mouse-gray to dark gray when dry, smaller pores (6–9 per mm), smaller and cylindrical to oblong ellipsoid basidiospores (4.2–6.1 × 2–2.3 μm), and grows on bamboo (Zhou et al., 2021); F. cana differs by having cream to straw colored pore surface when young which becoming mouse-gray to dark gray with age, a trimitic hyphal system, smaller and cylindrical to oblong-ellipsoid basidiospores (5–6.2 × 2.1–3 μm; Li et al., 2013).

Additional specimen (paratype) examined — CHINA. Hainan Province, Wanning County, on fallen angiosperm trunk, 14 May 2009, Cui 6697 (BJFC 004551).

Fomitopsis srilankensis B.K. Cui & Shun Liu, sp. nov. (Figures 2B,C, 4).
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FIGURE 4. Microscopic structures of Fomitopsis srilankensis (Holotype, Dai 19539). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidioles. (D) Hyphae from trama. (E) Hyphae from context. Drawings by: Shun Liu.


MycoBank: MB 842874.

Diagnosis — Fomitopsis srilankensis is characterized by its resupinate to effused-reflexed or pileate basidiomata with pale mouse-gray to honey-yellow pileal surface when dry, buff to cinnamon-buff pore surface when dry, and cylindrical basidiospores (5.5–6.6 × 1.9–2.5 μm).

Holotype — Sri Lanka. Wadduwa, South Bolgoda Lake, on angiosperm stump, February 28, 2018, Dai 19539 (BJFC 031218).

Etymology — “srilankensis” (Lat.): refers to the species occurrence in Sri Lanka.

Fruiting body — Basidiomata annual, resupinate to effused-reflexed or pileate, without odor or taste, becoming corky and light in weight upon drying. Pilei applanate, semicircular to elongated, projecting up to 2.5 cm, 1.3 cm wide, and 7 mm thick at base; resupinate part up to 8.6 cm long, 2.8 cm wide and 1.8 mm thick at center. Pileal surface pale mouse-gray to honey-yellow when dry, glabrous, sulcate, azonate; margin obtuse, concolorous with the pileal surface. Pore surface buff to cinnamon-buff when dry; pores round to angular, 5–8 per mm; dissepiments thick, entire. Context cream to pinkish buff, corky, up to 4 mm thick. Tubes concolorous with pore surface, corky, up to 3 mm long. Tissues unchanged in KOH.

Hyphal structure — Hyphal system dimitic; generative hyphae bearing clamp connections; skeletal hyphae IKI–, CB–.

Context — Generative hyphae infrequent, hyaline, thin-walled, rarely branched, 2–3.4 μm in diam; skeletal hyphae dominant, yellowish brown to cinnamon brown, thick-walled with a wide to narrow lumen, occasionally branched, more or less straight, interwoven, 2.4–5.8 μm in diam.

Tubes — Generative hyphae infrequent, hyaline, thin-walled, occasionally branched, 1.9–3 μm in diam; skeletal hyphae dominant, yellowish brown to cinnamon brown, thick-walled with a wide to narrow lumen, occasionally branched, more or less straight, interwoven, 2–5 μm in diam. Cystidia absent; cystidioles occasionally present, fusoid, hyaline, thin-walled, 10.5–15.5 × 2.4–3.2 μm. Basidia clavate, bearing four sterigmata and a basal clamp connection, 8.9–15.8 × 4.8–6.2 μm; basidioles dominant, similar to basidia but smaller.

Spores — Basidiospores cylindrical, hyaline, thin-walled, smooth, IKI–, CB–, (5.3–)5.5–6.6(–6.7) × (1.7–)1.9–2.5 μm, L = 6.11 μm, W = 2.16 μm, Q = 2.52–2.96 (n = 60/2).

Type of rot — Brown rot.

Notes — In the phylogenetic tree, Fomitopsis srilankensis grouped together with F. cana, F. meliae (Underw.) Gilb. and F. submeliae (Figure 1). Morphologically, they share similar sized pores, but F. cana differs in having pale mouse-gray to dark gray pileal surface, cream to straw colored pore surface when young and turning mouse-gray to dark gray with age, a trimitic hyphal system and wider basidiospores (5–6.2 × 2.1–3 μm; Li et al., 2013); F. meliae differs in having pileate basidiomata, glabrous to minutely tomentose pileal surface, ochraceous pore surface and larger basidiospores (6–8 × 2.5–3 μm; Gilbertson, 1981; Núñez and Ryvarden, 2001); F. submeliae differs from F. srilankensis by its cream pileal surface when fresh, becoming buff to buff yellow when dry, cream to pinkish buff pore surface when fresh, becoming cream to clay-buff when dry and smaller basidiospores (4–5 × 1.9–2.4 μm).

Additional specimen (paratype) examined — Sri Lanka. Wadduwa, South Bolgoda Lake, on fallen angiosperm trunk, February 28, 2018, Dai 19528 (BJFC 031207).

Fomitopsis submeliae B.K. Cui & Shun Liu, sp. nov. (Figures 2D, 5).
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FIGURE 5. Microscopic structures of Fomitopsis submeliae (Holotype, Dai 18559). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidioles. (D) Hyphae from trama. (E) Hyphae from context. Drawings by: Shun Liu.


MycoBank: MB 842875.

Diagnosis — Fomitopsis submeliae is characterized by its effused-reflexed basidiomata with several small imbricate pilei protruding from a large resupinate part, pale mouse-gray to grayish brown pileal surface when dry, cream to clay-buff pore surface when dry, and cylindrical to oblong-ellipsoid basidiospores (4–5 × 1.9–2.4 μm).

Holotype — MALAYSIA. Kuala Lumpur, Forest Eco-Park, on fallen angiosperm trunk, 14 April 2018, Dai 18559 (BJFC 026848).

Etymology — “submeliae” (Lat.): refers to the new species resembling Fomitopsis meliae in morphology.

Fruiting body — Basidiomata annual, effused-reflexed with several small imbricate pilei protruding from a large resupinate part, inseparable from the substrate, corky, without odor or taste when fresh, corky to fragile and light in weight when dry. Single pileus up to 2 cm, 3.8 cm wide, and 6 mm thick at base; resupinate part up to 12 cm long, 4.5 cm wide, and 2.4 mm thick at center. Pileal surface cream when fresh, becoming buff to buff yellow when dry, rough, azonate; margin cream to buff, acute, incurved. Pore surface cream to pinkish buff when fresh, becoming cream to clay-buff when dry; pores round to angular, 4–7 per mm; dissepiments thick, entire to slightly lacerate. Context cream to buff, corky, up to 4 mm thick. Tubes concolorous with pore surface, corky to fragile, up to 2 mm long. Tissues unchanged in KOH.

Hyphal structure — Hyphal system dimitic; generative hyphae bearing clamp connections; skeletal hyphae IKI–, CB–.

Context — Generative hyphae infrequent, hyaline, thin-walled, rarely branched, 2–3.5 μm in diam; skeletal hyphae dominant, hyaline to pale yellowish, thick-walled with a wide to narrow lumen, rarely branched, more or less straight, interwoven, 2.6–6.4 μm in diam.

Tubes — Generative hyphae infrequent, hyaline, thin-walled, occasionally branched, 1.8–3 μm in diam; skeletal hyphae dominant, hyaline, thick-walled with a wide to narrow lumen, rarely branched, more or less straight, interwoven, 2–5 μm in diam. Cystidia absent; cystidioles occasionally present, fusoid, hyaline, thin-walled, 14.5–18 × 3.2–5 μm. Basidia clavate, bearing four sterigmata and a basal clamp connection, 15.8–21.5 × 4.8–6.5 μm; basidioles dominant, similar to basidia but smaller.

Spores — Basidiospores cylindrical to oblong-ellipsoid, hyaline, thin-walled, smooth, IKI–, CB–, (3.8–)4–5(–5.2) × 1.9–2.4(–2.6) μm, L = 4.49 μm, W = 2.11 μm, Q = 1.92–2.42 (n = 90/3).

Type of rot — Brown rot.

Notes — Five samples of Fomitopsis submeliae from China, Malaysia, and Vietnam formed a highly supported subgroup (99% ML, 100% MP, 1.00 BPP), and then grouped with F. cana, F. meliae and F. srilankensis (Figure 1). Morphologically, F. cana differs by having effused-reflexed and grayish basidiomata, pale mouse-gray to dark gray pileal surface, a trimitic hyphal system and larger basidiospores (5–6.2 × 2.1–3 μm; Li et al., 2013); F. meliae differs in having pileate basidiomata with an ochraceous pore surface and larger basidiospores (6–8 × 2.5–3 μm; Gilbertson, 1981; Núñez and Ryvarden, 2001); F. srilankensis differs in its pale mouse-gray to honey-yellow pileal surface, buff to cinnamon-buff pore surface when dry and larger basidiospores (5.5–6.6 × 1.9–2.5 μm). Fomitopsis subtropica B.K. Cui & Hai J. Li also distributes in China, Malaysia, and Vietnam, but F. subtropica differs from F. submeliae by having smaller pores (6–9 per mm) and smaller basidiospores (3.2–4 × 1.8–2.1 μm), a trimitic hyphal system (Li et al., 2013); in addition, it is distant from F. submeliae in the phylogenetic analyses (Figure 1).

Additional specimens (paratypes) examined — CHINA. Hainan Province, Baoting County, Tropical Garden, on fallen angiosperm trunk, May 27, 2008, Dai 9719 (IFP 007971); Qiongzhong County, Limushan Forest Park, on fallen angiosperm trunk, 24 May 2008, Dai 9544 (BJFC 007830); on rotten angiosperm wood, May 24, 2008, Dai 9535 (BJFC 010339); Dai 9543 (BJFC 010338); on angiosperm wood, May 24, 2008, Dai 9525 (BJFC 007818). VIETNAM. Hochiminh, Botanic Garden, on angiosperm stump, October 12, 2017, Dai 18324 (BJFC 025847).

Fomitopsis yimengensis B.K. Cui & Shun Liu, sp. nov. (Figures 2E,F, 6).
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FIGURE 6. Microscopic structures of Fomitopsis yimengensis (Holotype, Cui 5027). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidioles. (D) Hyphae from trama. (E) Hyphae from context. Drawings by: Shun Liu.


MycoBank: MB 842876.

Diagnosis — Fomitopsis yimengensis is characterized by its pileate, solitary or imbricate basidiomata with pinkish buff, clay-buff to grayish-brown pileal surface, cream to pale cinnamon pore surface, thin-walled to slightly thick-walled generative hyphae in context, cylindrical basidiospores (6–7.2 × 2–3 μm).

Holotype — CHINA. Shandong Province, Mengyin County, on stump of Pinus sp., July 28, 2007, Cui 5027 (BJFC 003068).

Etymology — “yimengensis” (Lat.): refers to the species distributed in Yimeng Mountains.

Basidiomata — Basidiomata annual, pileate, solitary or imbricate, without odor or taste when fresh, becoming hard corky and light in weight when dry. Pilei semicircular to flabelliform, projecting up to 2.8 cm long, 5.7 cm wide, and 1.7 cm thick at base. Pileal surface pinkish buff, clay-buff to grayish-brown, glabrous or with irregular warts, azonate; margin obtuse, cream to honey-yellow. Pore surface cream to pale cinnamon; pores round, 4–6 per mm; dissepiments thick, entire. Context cream to buff-yellow, corky, up to 1.2 cm thick. Tubes concolorous with pore surface, hard corky, up to 5 mm long. Tissues unchanged in KOH.

Hyphal structure — Hyphal system dimitic; generative hyphae bearing clamp connections; skeletal hyphae IKI–, CB–.

Context — Generative hyphae infrequent, hyaline, thin-walled to slightly thick-walled, occasionally branched, 2.2–4 μm in diam; skeletal hyphae dominant, yellowish brown to cinnamon brown, thick-walled with a wide to narrow lumen, occasionally branched, straight, 2.2–6.2 μm in diam.

Tubes — Generative hyphae infrequent, hyaline, thin-walled, occasionally branched, 1.9–3.3 μm in diam; skeletal hyphae dominant, hyaline to pale yellowish, thick-walled with a wide to narrow lumen, rarely branched, more or less straight, 1.9–4 μm in diam. Cystidia absent, but fusoid cystidioles occasionally present, hyaline, thin-walled, 13.8–18 × 2.8–4.2 μm. Basidia clavate, with a basal clamp connection and four sterigmata, 15.5–18 × 4.9–6.5 μm; basidioles dominant, similar to basidia but smaller.

Spores — Basidiospores cylindrical, hyaline, thin-walled, smooth, IKI–, CB–, 6–7.2 × 2–3(–3.1) μm, L = 6.64 μm, W = 2.71 μm, Q = 2.13–2.78 (n = 90/3).

Type of rot — Brown rot.

Notes — Three samples of F. yimengensis were successfully sequenced and formed a well-supported lineage (93% ML, 97% MP, 1.00 BPP), and then grouped with F. caribensis B.K. Cui & Shun Liu and F. palustris (Berk. & M.A. Curtis) Gilb. & Ryvarden (Figure 1). Morphologically, F. caribensis differs by having cream to pinkish buff pore surface when dry, round to angular and smaller pores (6–9 per mm), growth on angiosperm trees and distribution in the Caribbean regions (Liu et al., 2019); F. palustris differs in having malodorous fresh fruiting bodies, larger pores (2–4 per mm) and basidia (24–28 × 6–7 μm), and growth on angiosperm trees (Núñez and Ryvarden, 2001). Fomitopsis yimengensis and F. bondartsevae (Spirin) A.M.S. Soares & Gibertoni have similar basidiospores, but F. bondartsevae differs from F. yimengensis by having effused reflexed to pileate basidiomata, larger pores (2–3 per mm), a trimitic hyphal system and growth on Tilia cordata (Spirin, 2002). Fomitopsis iberica Melo & Ryvarden also grows on Pinus sp., but it differs from F. yimengensis by having larger pores (3–4 per mm), a trimitic hyphal system, larger cystidioles (20–27 × 4–5–5 μm), and has a distribution in Europe (Melo and Ryvarden, 1989).

Additional specimens (paratypes) examined — CHINA. Shandong Province, Mengyin County, Dongchangming, on stump of Pinus sp., July 28, 2007, Cui 5031 (BJFC 003072); Mengyin County, Mengshan Forest Park, on fallen trunk of Pinus sp., August 6, 2007, Cui 5111 (BJFC 003152).




DISCUSSION

In our current phylogenetic analyses, 30 species of Fomitopsis grouped together and formed a highly supported lineage (100% ML, 100% MP, 1.00 BPP; Figure 1). Fomitopsis bondartsevae, F. caribensis, F. durescens, F. ginkgonis B.K. Cui & Shun Liu, F. hemitephra (Berk.) G. Cunn., F. iberica, F. nivosa, F. ostreiformis, F. palustris and the two new species from China, viz., F. resupinata, F. yimengensis grouped together with high support (100% ML, 100% MP, 1.00 BPP; Figure 1); F. cana, F. meliae and the two new species, viz., F. srilankensis, F. submeliae formed a highly supported group (100% ML, 100% MP, 1.00 BPP; Figure 1); F. roseoalba A.M.S. Soares, Ryvarden & Gibertoni and F. subtropica formed a highly supported group (100% ML, 100% MP, 1.00 BPP; Figure 1); 10 species of the F. pinicola complex grouped together and formed a well-supported lineage (100% ML, 100% MP, 1.00 BPP) and related to F. betulina (Figure 1); F. bambusae, F. eucalypticola B.K. Cui & Shun Liu formed separate lineages, respectively (Figure 1). In addition, the current phylogenetic analyses also showed that Fomitopsis and other related brown-rot fungal genera clustered together within the antrodia clade, which are consistent with previous studies (Ortiz-Santana et al., 2013; Han et al., 2016; Liu et al., 2019, 2021a; Zhou et al., 2021).

Fomitopsis is a genus with important ecological functions and economic values. Since the establishment of the Fomitopsis, many new species and combinations had been described or proposed, and some Fomitopsis species have been removed to other genera. The taxonomic concept of Fomitopsis has been a subject of debate for a long time. Some species which previously belong to Fomitopsis are suggested to be excluded from the genus, such as, F. concava (Cooke) G. Cunn. (Cunningham, 1950), F. maire (G. Cunn.) P. K. Buchanan & Ryvarden (Buchanan and Ryvarden, 1988), and F. zuluensis (Wakef.) Ryvarden (Ryvarden, 1972). Although molecular data are not available for these species, their thick-walled basidiospores are quite different from the typical features of Fomitopsis. Fomitopsis sanmingensis is treated as a synonym of F. pseudopetchii (Lloyd) Ryvarden (Ryvarden, 1972). Although some species lack molecular data, the morphological descriptions are consistent with the Fomitopsis and remain in Fomitopsis according to previous studies, viz., F. epileucina (Pilát) Ryvarden & Gilb. (Ryvarden and Gilbertson, 1993), F. minuta Aime & Ryvarden (Ryvarden, 1972), F. pseudopetchii (Lloyd) Ryvarden (Ryvarden, 1972), F. scortea (Corner) T. Hatt. (Hattori, 2003), F. singularis (Corner) T. Hatt. (Hattori, 2003) and F. subvinosa (Corner) T. Hatt. & Sotome (Hattori and Sotome, 2013).

Pilatoporus Kotl. & Pouzar was established by Kotlába and Pouzar (1990) and typified by P. palustris (Berk. & M.A. Curtis) Kotl. & Pouzar based on the presence of pseudoskeletal hyphae with conspicuous clamp connections. Zmitrovich (2018) transferred Fomitopsis cana, F. durescens, F. hemitephra, F. ostreiformis and F. subtropica to Pilatoporus. However, there are no significant differences that can be found between Pilatoporus and Fomitopsis in morphology, and they grouped together in phylogeny (Figure 1). Thus, Pilatoporus is not supported as an independent genus and is considered as a synonym of Fomitopsis as previous studies show (Kim et al., 2005, 2007; Han et al., 2016).

During the investigations of Fomitopsis, the information of distribution areas and host trees were also obtained (Table 2), and the geographical locations of the Fomitopsis species distributed in the world and in China are indicated on the map, respectively (Figures 7, 8). The species of Fomitopsis have a wide range of distribution (distributed in Asia, Europe, North America, Oceania, South America; Table 2) and host type (grows on many different gymnosperm and angiosperm trees; Table 2). With regard to the geographical distribution, we found that 20 species of Fomitopsis are distributed in Asia, five in Europe, 10 in North America, three in South America and two in Oceania (Figure 7 and Table 2). Among the 20 species of Fomitopsis distributed in Asia, 17 are distributed in China, and 10 species are endemic to China (Figure 8 and Table 2). When analyzing the host type of the species of Fomitopsis, we found that all the species of F. pinicola complex can grow on gymnosperm trees, however, of the remaining species, only F. ginkgonis, F. iberica and F. yimengensis can grow on gymnosperm trees (Figure 1 and Table 2). Furthermore, some species of Fomitopsis have limited distribution areas and host specialization. In East Asia, F. abieticola is distributed in southwestern China and grows on Abies sp. (Liu et al., 2021a); F. bambusae is distributed in Hainan Province of China and grows on bamboo (Zhou et al., 2021); F. cana is distributed in Hainan Province of China and grows on Delonix sp. or other angiosperm wood (Li et al., 2013); F. ginkgonis is distributed in subtropical areas of Hubei Province of China and grows on Ginkgo sp. (Liu et al., 2019); F. hengduanensis is distributed in high altitude areas of the Hengduan Mountains of southwestern China and grows mostly on Picea sp. and other gymnosperm wood (Liu et al., 2021a); F. kesiyae is distributed in tropical areas of Vietnam and grows only on Pinus kesiya (Liu et al., 2021a); F. massoniana is distributed in subtropical areas of southeastern China and grows mainly on Pinus massoniana (Liu et al., 2021a); F. resupinata is distributed in Yunnan Province of China and grows on angiosperm wood; F. srilankensis is distributed in Sri Lanka and grows on angiosperm wood; F. subpinicola was found in northeastern China and grows mainly on Pinus koraiensis and occasionally on other gymnosperm or angiosperm wood (Liu et al., 2021a); F. tianshanensis is distributed in Tianshan Mountains of northwestern China and only grows on Picea schrenkiana (Liu et al., 2021a); F. yimengensis is distributed in Shandong Province of China and grows on Pinus sp. In North America, F. caribensis is distributed in the Caribbean regions and grows on angiosperm wood (Liu et al., 2019). In Oceania, Fomitopsis eucalypticola is distributed in Australia and grows on Eucalyptus sp. (Liu et al., 2019).


TABLE 2. The main ecological habits of Fomitopsis with an emphasis on distribution areas, host trees, and fruiting body types.
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FIGURE 7. The geographical locations of the Fomitopsis species distributed in the world.
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FIGURE 8. The geographical locations of the Fomitopsis species distributed in China.


Fruiting body is one of the most significant morphological structures of fungi, which can protect developing reproductive organs and promote spore diffusion (Nagy et al., 2017). Previous studies have shown that the evolution of fruiting body types of higher taxonomic level (at or above the order level) in Basidiomycota have a trend from resupinate to pileate-stipitate (Hibbett and Binder, 2002; Hibbett, 2004; Nagy et al., 2017; Varga et al., 2019), however, few studies have explored the evolution of fruiting body types of specific families or genera. According to our observation of the fruiting body types of the species of Fomitopsis, we found that the species of Fomitopsis mainly with pileate or effused-reflexed basidiomata, and only F. resupinata produces completely resupinate basidiomata in the genus (Figure 1 and Table 2). The fruiting body types of Fomitopsis are similar to those of some genera of Fomitopsidaceae, such as Buglossoporus Kotl. & Pouzar, Daedalea Pers. and Rhodofomes (Han et al., 2016). We may draw a preliminary hypothesis that the ancestral of the Fomitopsis originated in Eurasia, with a pileate basidiomata and growth on gymnosperm trees. The current research cannot accurately reveal the ecological, morphological, and biogeographical evolution of Fomitopsis, which needs further study.
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Guanosine triphosphate (GTP) cyclohydrolase I (GCH1) is the limiting enzyme of the tetrahydrobiopterin (BH4) synthesis pathway. The disruption of gch1 gene may cause conditional lethality due to folic acid auxotrophy in microorganisms, although the function of gch1 in basidiomycetes has not been deciphered so far. In the present study, gch1 expression in Cyclocybe aegerita (cagch1) was downregulated using the RNAi method, which resulted in growth retardation in both solid and liquid medium, with the hyphal tips exhibiting increased branching compared to that in the wild strain. The development of fruiting bodies in the mutant strains was significantly blocked, and there were short and bottle-shaped stipes. The transcriptional profile revealed that the genes of the MAPK pathway may be involved in the regulation of these effects caused by cagch1 knockdown, which provided an opportunity to study the role of gch1 in the development process of basidiomycetes.

Keywords: GCH1, fruiting body development, Cyclocybe aegerita, RNAi, hyphal branch


INTRODUCTION

Guanosine triphosphate (GTP) cyclohydrolase I (GCH1; EC 3.5.4.16) is the first enzyme to act in the biosynthesis of tetrahydrobiopterin (BH4). GCH1 catalyzes the conversion of GTP into dihydroneopterin triphosphate and formic acid (Nardese et al., 1996), and this reaction is the rate-limiting step in the de novo synthesis of BH4 in plants and microorganisms (Burg and Brown, 1968). Although bacteria, fungi, and plants can synthesize tetrahydrofolic acid; mammals consume folates in the form of vitamins in food. BH4 is crucial to invertebrates as it serves as a coenzyme of aromatic amino acid hydroxylase (Werner et al., 2011) and a cofactor of nitric oxide synthase (NOS) (Gorren and Mayer, 2002), in addition to being an essential regulatory factor of melanin biosynthesis (Chen et al., 2015) and a component of the synthesis process of various hormones and neurotransmitters (Werner et al., 2011). BH4 also serves as a cofactor for a variety of inflammatory factors and neurotransmitters (Latremoliere et al., 2015). In addition to being crucial for BH4 synthesis, GCH1 is reported to play an important role in the pathogenesis of neuropathological pain (Kim et al., 2009), Parkinson’s disease (Xu et al., 2017), diabetes (Wang et al., 2020), and cardiovascular diseases (Chuaiphichai et al., 2014).

Guanosine triphosphate cyclohydrolase I GCH1 is reported in various microorganisms, including Escherichia coli (Katzenmeier et al., 1990), Saccharomyces cerevisiae (Nardese et al., 1996), Nocardia sp. (He et al., 2004), and Rickettsia monacensis (Bodnar et al., 2020). The comparison of sequences from different organisms has revealed that the enzyme was highly conserved throughout the evolutionary process. The functional analysis of GCH1 has been focused mostly on the relationship between the enzyme and the folate content in organisms, such as folate enrichment by expressing the GCH1 gene in plants (Hossain et al., 2004; Storozhenko et al., 2007; Naqvi et al., 2009; Nunes et al., 2009; Blancquaert et al., 2015). So far, no one has described the effect of this enzyme on the development of the host organism. Furthermore, little is known about the function of GCHI in fungi. According to a report, the disruption of GCH1 in S. cerevisiae leads to conditional lethality due to folic acid auxotrophy (Nardese et al., 1996).

Cyclocybe aegerita is a delicious species cultivated in Asia (Zhang et al., 2015). The species has a short life cycle and complex development modes, such as monokaryon fruiting, which renders this species important as a model organism in genetics research (Labarère and Noël, 1992). In the present study, a gene encoding GCH1 named cagch1 was isolated from C. aegerita YSG, and its genome sequence was cloned, followed by comparing the deduced protein sequences with those of the other species for homology analysis. Using the RNAi method, the morphologies of the mycelium, as well as the young and mature fruiting bodies, were compared between the wild stain and the GCH1-mutant strain at various developmental stages. The findings of the current study would provide novel insights into the role of GCH1 in basidiomycetes development.



MATERIALS AND METHODS


Strains and Culture Conditions

Cyclocybe aegerita dikaryotic strain YSG deposited in our laboratory was used in the transformation experiments. The mycelia were cultured at 25°C on a yeast extract peptone dextrose (YPD) medium plate (0.2% yeast extract, 0.2% peptone, 2% dextrose, and 1.5% agar) followed by culturing in the sawdust medium (64% hardwood sawdust, 15% wheat bran, 1% gypsum, and 20% cottonseed shells in 50% water) to produce fruiting bodies. The protoplast regeneration medium contained 205 g of sucrose, 2 g of tryptone, 2 g of yeast extract, and 10 g of agar per liter of dH2O. The DH5α strain of E. coli, to be used for plasmid amplification, was cultured at 37°C in Luria–Bertani (LB) medium containing 100 μg/ml of ampicillin. In order to conduct the growth rate test, equal amounts of mycelia were inoculated in both solid and liquid YPD media for the evaluation of colony diameter and biomass, respectively.



Cagch1 Cloning and Sequencing

Cyclocybe aegerita YSG strain was cultured in YPD medium at 25°C in the dark for 8 days. The genomic DNA was extracted from the mycelia obtained from this culture of C. aegerita using the Fungal gDNA Isolation Kit (Biomiga, United States). Total RNA was extracted from the fungus using the RNAiso Plus in accordance with the manufacturer’s instruction (TaKaRa, Dalian, China). The complete genomic DNA and cDNA products of the cagch1 gene were amplified in a polymerase chain reaction (PCR) using the primer pair gch1F and gch1R based on the genomic information of C. aegerita monokaryotic strain YSG. The amplified products/fragments were then cloned into the pMD19-T vector (TaKaRa, Dalian, China) and sent for sequencing (Tsingke Biotechnology Co., Ltd.).



RNAi Vector Construction and the Transformation of Cyclocybe aegerita

The transformation vector pAGH (given by Dr. Zhang, Kunming University of Science and Technology) was used for constructing the RNAi vector using the method described in a previous report (Zhang et al., 2021). The plasmid pAGH comprised the C. aegerita actin promoter, the glyceraldehyde-3-phosphate dehydrogenase (gpd) gene promoter, the CaMV35S terminator, the hygromycin B phosphotransferase gene, and the gpd promoter from Ustilago maydis. A 487-bp antisense fragment, amplified using primer Gch1-1F and Gch1-1R (Supplementary Table 1), of the cagch1 cDNA was also inserted into the EcoRV enzyme site. All fragments were sequentially ligated into the pAGH vector using the ClonExpress MultiS One Step Cloning Kit (Vazyme, Nanjing, China) in accordance with the manufacturer’s instructions.

The transformation was performed by following the PEG-CaCl2 protocol described in previous reports (Tao et al., 2020) with a few modifications. In brief, the protoplasts were prepared by digesting the C. aegerita mycelia from the liquid culture with a lysing enzyme solution containing 1% cellulase R-10 (Japan), 1% Lywallzyme, and 1% lysing enzymes from Trichoderma harzianum (Sigma-Aldrich) in 0.6 M mannitol buffer as the osmotic stabilizer. The obtained protoplasts were washed in the STC solution [1.2 M sorbitol, 10 mM CaCl2, and 50 mM Tris–HCl (pH 7.0)] and adjusted to a final concentration of 1 × 108 protoplasts ml–1. Subsequently, a volume of 100 μl of protoplasts was mixed with 1 μg of plasmid DNA digested with the KpnI enzyme and the reaction was allowed to occur for 30 min on ice. Afterward, 1 ml of the PTC solution (40% w/v polyethylene glycol 4,000, 60 mM CaCl2, and 1.2 M sorbitol) was added to the mixture, followed by incubation for 30 min at room temperature. Finally, the cells were added to 10 ml of molten YPD regeneration medium and then poured on plates. After 5 days of incubation at 25°C, 10 mL of molten YPD medium containing 150 μg/ml hygromycin B was poured over the plates for the screening of transformants.



Transformant Verification and Quantitative Real-Time Polymerase Chain Reaction

The colonies resistant to hygromycin B were verified using the primer pair adhF and adhR targeted to the flanking region of the inserted fragment. Quantitative PCR (qPCR) was performed in the CFX96 Real-Time PCR detection system (Bio-Rad, Hercules, CA, United States). The PCR reaction was performed in a total volume of 20 μL using the iTaq™ Universal SYBR Green Supermix in accordance with the manufacturer’s instructions (Bio-Rad). The thermal cycling parameters for the PCR reactions were as follows: 20 s at 95°C for initial polymerase activation, followed by 40 cycles of 5 s at 95°C, and 30 s at 60°C. The primers used are listed in Supplementary Table 1. Amplification of each sample was performed in triplicate. Glyceraldehyde-3-phosphate dehydrogenase (GPD) was used as the reference gene for the normalization of the qPCR data. The relative expression levels were calculated using the 2–ΔΔCT method.



Transcriptome Analysis

Total RNA was isolated from the mature YSG fruiting bodies as well as the transformants T5, T10, and T11. The corresponding transcriptomic data were obtained from six cDNA libraries sequenced on an Illumina sequencing platform at the Beijing Genome Institute (BGI, Shenzhen, China). The differentially expressed genes (DEGs) were classified into GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.




RESULTS


Sequence Characterization for Cagch1

On the basis of the genome annotation and sequence analysis, gDNA and cDNA were employed as templates for the amplification of the gene encoding CaGCH1 (the cagch1 gene), and the amplification products were sequenced and analyzed. The gDNA sequence of cagch1 was 1,067 bp in length and contained 3 introns and 4 exons (Accession Number OL303985). The cDNA of cagch1 was 894 bp in length and contained 297 amino acids (Figure 1A).


[image: image]

FIGURE 1. (A) Sequence structure of cagch1. (B) The characterization of the sequence of CaGCH1 (YSG) and its comparison with the sequences from other strains including C. aegerita (Accession Number CAA7260263), C. pediades (Accession Number KAF9569406), and S. cerevisiae (Accession Number P51601). (C) The phylogenetic tree for CaGCH1 with other GCH1 from basidiomycetes.


The protein sequences were aligned using ClustalW (soft package included in Mega 6) (Tamura et al., 2013) and the result revealed that the CaGCH1 protein shared a high level of similarity with the GCH1 proteins of C. aegerita (Accession Number CAA7260263), Cyclocybe pediades (Accession Number KAF9569406), and S. cerevisiae (Accession Number P51601). All four proteins contained seven conserved regions (C1–7) and three Zn2+ binding residues (Figure 1B). The phylogenetic analysis of the GCH1 protein sequences was performed with MEGA6 software using neighbor-joining, minimum evolution (Tamura et al., 2013), which indicated that CaGCH1 was the closest to that of the Cyclocybe species (previously used genus name Agrocybe) (Figure 1C).



Transformant Verification and Expression of Cagch1

In order to study the effect of cagch1 on the developmental process, the silence transformants were obtained by constructing a dual RNAi plasmid (Figure 2A). After the screening of transformants on the YPD medium containing hygromycin B, the specific primer pair adhF and adhR targeted to the actin and gpd promoter regions was used for confirming the positive transformants through PCR amplification (Figure 2B). Finally, correct PCR products were detected in three strains T5, T10, and T11 (Figure 2C).
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FIGURE 2. (A) Structure of the pAGH-gch1 plasmid. (B) Diagram of the RNAi vector construction. The antisense fragment of cagch1 was inserted in the site between the promoters actin and gpd. The primer pair of adh1 and adh2 was used for the verification of the transformants. (C) The verification of transformants. (D) The expression analysis of cagch1. Asterisks (***) indicate the data that differed significantly based on p < 0.0001 (t-test) as the significance threshold.


Mycelia were collected from WT, T5, T10, and T11 and subjected to total RNA extraction. The cDNA obtained after the reverse transcription of the extracted RNA was used for quantifying the expression of cagch1. It was observed that the expression level of cagch1 in all three transformants had decreased to a low level – approximately 17.63% in T5, 13.87% in T10, and 13.53% in T11 compared to that in the WT strain (Figure 2D).



Effect of Cagch1 on Mycelial Growth and Morphology

After 7 days of culture on YPD plates, the transformants colonies appeared denser with smooth edges than WT colonies (Figure 3A). The colony diameter was measured for growth rate analysis, and it was observed that the WT strains spread faster than the transformants (Figure 3D). The microscopic observation revealed that transformants exhibited relatively greater branching in the hyphal tips growing on the cover glass (Figure 3B).
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FIGURE 3. Morphology and growth characteristics of WT, T5, T10, and T11 strains. (A) Colony morphology. (B) Hyphal branch. (C) Culture in liquid. (D) Mycelial growth. (E) Mycelial biomass. Asterisks (***) indicate the data that differed significantly based on p < 0.0001 (t-test) as the significance threshold.


The equal mycelium block was cultured in the liquid YPD medium under shaking conditions of 180 rpm/min for 7 days (Figure 3C). It was observed that the mycelial biomass of all three transformants was decreased significantly compared to the WT strain, with the mycelium weight of the T5 strain approximately one-half that of the WT strain (Figure 3E).



Effect of Cagch1 on the Fruiting Bodies

The WT strain and the three mutant strains were cultured in sawdust bags at 25°C for 40 days to investigate the potential effect of cagch1 on the fruiting bodies of C. aegerita. The development of the transformant strains was observed to be blocked, and there were bottle-shaped stipes (Figure 4A). The longitudinal section of young fruiting bodies revealed that the stipes of the mutant strains comprised flocculent flesh relative to the compact flesh of the WT strain (Figure 4B). At the late stage, the stipe elongation in the mutant strain was significantly inhibited, and the length and the weight of fresh fruiting bodies were approximately one-sixth and one-fifteenth that of the wild type, respectively (Figures 4C–E). Moreover, the morphologies of all strains were stable in the subsequent two culture processes.
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FIGURE 4. Morphology of the fruiting bodies in WT, T5, T10, and T11. (A) Young fruiting bodies. (B) Longitudinal section image of stipes. Bar, 500 μm. (C) Mature fruiting bodies. (D) The length of stipes. (E) The weight of fruiting bodies. Asterisks (***) indicate the data that differed significantly based on p < 0.0001 (t-test) as the significance threshold.


Furthermore, the expression level of cagch1 in the mature fruiting bodies was evaluated using the qPCR method. As depicted in Figure 5, the expression level of cagch1 in the three transformants exhibited different degrees of decrease—approximately 21.83% in T5, 23% in T10, and 48% in T11 compared to that in the WT strain (Figure 5).
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FIGURE 5. The expression level of cagch1 in mature fruiting bodies. Asterisks (***) indicate the data that differed significantly based on p < 0.0001 (t-test) as the significance threshold.




Transcriptional Profile of the RNAi Strain

In order to evaluate the effect of cagch1 knockdown on the expression levels of different genes, the expression difference in the mating bodies of WT was compared to those of each of the three transgenic strains using the transcriptional profile analysis (PRJNA813015).

A total of 11,723 differentially expressed unigenes (DEGs) were identified, including 211 and 218 special genes in the WT fruiting bodies and in the mutant fruiting bodies, respectively (Figure 6A). Furthermore, the 544 DEGs involved in the KEGG metabolic pathway were categorized into five major types comprising 20 categories, among which a few pathways were associated with mycelial growth and development, such as cell wall remodeling in signal transduction pathway and polysaccharide anabolism pathway (Figure 6B). Among these 544 genes, most annotated in the MAPK pathway (Figure 6C) and upregulated in the mutant strains were possibly involved in cell wall remodeling and the mating process (Figure 6D).
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FIGURE 6. The number of differentially expressed genes (DEGs). (A) Venn diagram depicting the number of DEGs between WT and transformant strains (mut). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) classification of the identified DEGs. (C) The putative pathway of signal transduction deduced in the KEGG analysis. (D) The expression levels of genes in the MAPK pathway.





DISCUSSION

Guanosine triphosphate cyclohydrolase I plays an important role in the biosynthetic pathway of various pteridines, including folic acid derivatives and tetrahydrobiopterin, where it serves as the enzyme cofactor for the one-carbon transfer reaction and the hydroxylation reaction of aromatic amino acids, respectively (Nardese et al., 1996). GCH1 is also involved in the production of nitric acid and, therefore, regulates several physiological processes via various molecular pathways (Tayeh and Marletta, 1989). In order to investigate the potential function of GCH1 in C. aegerita, the cagch1 gene was downregulated by constructing an RNAi system for cagch1. The results revealed that the transformants exhibited variable morphology during different developmental stages.

As an important functional enzyme, GCH1 contains amino acid sequences that are conserved in Homo sapiens, plants, and microorganisms (He et al., 2004; Liang et al., 2019; Bodnar et al., 2020). In particular, certain key residues for binding GTP or coordinating with the zinc ion, such as HH, LSK, and QE, present in GCH1 have been identified in CaGCH1 motifs C2, C3, and C4. Similar to the results reported in previous studies (He et al., 2004; Liang et al., 2019; Bodnar et al., 2020), in the present study, the amino acid residues of CaGCH1 were observed to be highly conserved in the downstream region compared to those of other species. These sequence characteristics provided a basis for the identification of GCH1, which is usually not annotated in the genome database.

The RNAi system was successfully constructed in C. aegerita using a dual promoter. The targeted gene cagch1 was evidently downregulated during the development of transformants. In a previous study on Ganoderma lucidum, four gene silencing constructs, namely, hairpin, sense, antisense, and dual promoter constructs, were introduced into the strain to be evaluated, with the dual promoter silencing vector demonstrating the highest rates of target gene silencing (Mu et al., 2012). Although the hairpin method has been used frequently for gene silencing in previous studies, the dual promoter method is simpler and more efficient in constructing the RNAi system in basidiomycetes.

The studies investigating the function of GCH1 in microorganisms are scarce. A study reported that the disruption of GCH1 in S. cerevisiae leads to conditional lethality due to the obstruction of folinic acid synthesis (Nardese et al., 1996). Another study reported that the important role of GCH1 in various physiological processes renders it suitable as a potential anti-infective drug target (Schüssler et al., 2019), which was confirmed when the inhibitors of tetrahydrofolate biosynthesis were successfully able to control a wide variety of microbial and protozoan infections (Swarbrick et al., 2008). However, the function of GCH1 in basidiomycetes has not been investigated so far. In the present study, the expression of cagch1 in C. aegerita was downregulated, and it was observed that the transformants differed from the wild-type strains in terms of mycelial branching, biomass, and fruiting bodies. The growth of the transformants was evidently inhibited in both solid and liquid media and the mycelium exhibited greater branching. In a previous study on G. lucidum, the gene encoding nicotinamide adenine dinucleotide phosphate oxidases (Nox) was reported to play an important role in hyphal branching and fruiting body development through the regulation of the Ca2+ signal pathway (Mu et al., 2014). Another study indicated that a cross-talk between Ca2+ and reactive oxygen species (ROS) regulates hyphal branching (Gao et al., 2018).

As cofactors of NOS, NADPH, FAD, BH4, and FMN are involved in the production of nitric oxide (NO) (Song et al., 2000). In fungi, NO is involved in the regulation of various developmental processes, including sporulation, spore germination (Maier et al., 2001; Gong et al., 2007), and fruiting body production (Song et al., 2000). When the underlying mechanism was investigated, the involvement of cGMP, MAPK, and light signaling pathways was revealed (Barhoom and Sharon, 2004; Vieira et al., 2009). In the present study, most of the genes that had been annotated in the mating process and cell wall remodeling in the MAPK pathway were upregulated in the mutant strains, which suggested that these genes could be induced by the products associated with CaGCH1 for participating in the developmental process.



CONCLUSION

A putative gene encoding the GCH1 protein, named CaGCH1, was cloned and identified in the basidiomycetes C. aegerita. The silencing of cagch1 resulted in the retardation of development, including the growth and the following morphological characteristics: (1) the growth rate of the mutants was decreased; (2) the hyphal tips of the mutants exhibited greater branching; and (3) the fruiting bodies in the mutants had short and bottle-shaped stipes. The transcriptomic analysis revealed that the regulation of the MAPK pathway by the knockdown of cagch1 could be involved in the development of fruiting bodies. Further comprehensive analysis of the function of cagch1 would improve the understanding of its role in the development process in basidiomycetes.
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Up to this point, studies on the taxonomy and phylogeny of the basidiomycetous genus Tomentella stemmed mainly from the temperate to boreal zones of the Northern hemisphere but were scarce in tropical Asia. In this study, six new species—T. bidoupensis, T. brevisterigmata, T. cinereobrunnea, T. longiechinula, T. stipitobasidia, and T. verruculata from central Vietnam in Southeast Asia—are described and illustrated on the basis of morphological characteristics and molecular phylogenetic analyses of the nuclear ribosomal ITS (internal transcribed spacer: ITS1-5.8S-ITS2) and LSU (large subunit: 28S) markers. Maximum likelihood and Bayesian analyses were used to confirm the phylogenetic positions of these new species and all of them can be well recognized by the macroscopical and anatomical characteristics. The new species and closely related species in the phylogenetic tree, and the new species and morphologically similar species are discussed, whereas the host plant for these new species were speculated on the basis of the phylogenetic analyses and the tree species information of the investigated forests.

Keywords: ectomycorrhizal fungi, phylogenetic analyses, resupinate thelephoroid fungi, taxonomy, tropical mixed forest


INTRODUCTION

The genera Amaurodon J. Schröt., Odontia Pers., Pseudotomentella Svrček, Tomentellopsis Hjortstam, and Tomentella Pers. ex. Pat. belong to the Thelephoraceae Chevall. of the Thelephorales Corner ex Oberw. of the Basidiomycota R.T. Moore (Larsen, 1974; Kõljalg, 1996). As their common morphological characteristics are resupinate and thin basidiocarps, they were recognized as resupinate thelephoroid fungi by Kõljalg (1996). Species of the group all have their own typical characteristics, such as the light blue basidiocarps of Amaurodon, the granulose or hydnoid hymenophoral surface of Odontia, the basidiospores with bifurcate warts or spines of Pseudotomentella, and the absence of rhizomorphs in Tomentellopsis. However, the genus Tomentella has diverse and complex morphological features, such as basidiocarps with various colors, basidiospores with diverse shapes and ornamentations, and basidiocarps with smooth to granulose surface (Larsen, 1974; Kõljalg, 1996).

Species in the genus Tomentella have been recognized as ectomycorrhizal (ECM) fungi since 1980s (Danielson et al., 1983; Kõljalg et al., 2000; Tedersoo et al., 2014), and the Tomentella-Thelephora lineage has been found to be one of the most species-rich, frequent, and abundant groups in a variety of forest ecosystems (Tedersoo et al., 2013; Jakucs et al., 2015; Nouhra et al., 2015). They play an important role in nutrient cycling and ecological functions in forest ecosystems as ectomycorrhiza (Read and Perez-Moreno, 2003; Jakucs et al., 2015; Nouhra et al., 2015). Species of Tomentella can form ectomycorrhiza with many host tree families, including Achatocarpaceae, Apocynaceae, Betulaceae, Cistaceae, Dipterocarpaceae, Ericaceae, Fabaceae, Fabaceae subfamily Caesalpinioideae, Fagaceae, Orchidaceae, Pinaceae, Myrtaceae, Nothofagaceae, Nyctaginaceae, Papilionoideae, Polygonaceae, Pyrolaceae, Rhamnaceae, Rosaceae, Salicaceae, Ticodendraceae, and Tiliaceae (Tedersoo et al., 2007, 2008; Smith et al., 2011; Jakucs et al., 2015; Salomón et al., 2017; Alvarez-Manjarrez et al., 2018; Malysheva et al., 2018; Põlme, 2018).

The basidiocarps of Tomentella are often found on fallen branches and leaves, decayed coniferous and deciduous wood debris, bark, soil, twigs, stumps, stone, or even charred wood in forests ranging from temperate to tropical zones (Larsen, 1974; Kõljalg, 1996; Kuhar et al., 2016). Approximately 400 names of Tomentella are recorded in the databases Index Fungorum and MycoBank, and 1033 species hypothesis codes of this genus were recorded in UNITE database according to threshold value 1.5% (Nilsson et al., 2019). Approximately 200 species accepted in these databases were from the diversity and taxonomic studies based on basidiocarp specimens in countries worldwide, including 91 species from North America (Larsen, 1974); 41 species from British Isles of United Kingdom (Wakefield, 1969); 48 species from temperate Eurasia (Kõljalg, 1996; Lu et al., 2018a,b); 13 species from West Africa (Yorou et al., 2007, 2011, 2012a,b; Yorou, 2008; Yorou and Agerer, 2008); 8 species from the West India (Welden, 1968; Thind and Rattan, 1971); 12 species from Italy (Yorou and Agerer, 2011a,b); 3 species from South America (Kuhar et al., 2016); 1 species from South India (Natarajan and Chandrashekara, 1978); 11 species from Canada, Trinidad, Jamaica, Venezuela, Pakistan, and South Africa (Wakefield, 1966); and 46 and 3 species from Northeast and Northwest China, respectively (Yuan et al., 2020; Lu and Yuan, 2021). In addition, eight tomentelloid species from Australia and New Zealand have also been reported (Cunningham, 1963; Agerer and Bougher, 2001).

At present, few studies on Tomentella have been conducted in the regions of Southeast Asia, and only some sequences of Thelephoraceae were reported from ectomycorrhizal samples of Dipterocarpus alatus Roxb. and Hopea odorata Roxb. seedlings collected from South Vietnam, Malaysia, and Thailand (Ingleby et al., 2000; Sirikantaramas et al., 2003; Kaewgrajang et al., 2014). Sixteen nuclear ribosomal DNA sequences of Tomentella spp. from Vietnam are recorded in the UNITE database (Nilsson et al., 2019), but they currently do not match any species names. In this study, morphological characters and phylogenetic analyses of the nuclear ribosomal internal transcribed spacer (ITS) region (ITS1-5.8S-ITS2) and the large subunit (LSU) enable the identification of six undescribed species among the Tomentella specimens collected from central Vietnam, and we described them as new species.



MATERIALS AND METHODS


Specimen Collection

Specimens were collected from Bidoup Nui Ba National Park in the Central Highlands, Lam Dong Province of central Vietnam (108°17′00′′E–108°42′00′′E, 12°00′00′′N–12°52′00′′N, Altitude: 1450–1505 m), where the mean annual temperature is 18.2°C with an annual rainfall of 1860 mm (Nguyen et al., 2012; Eskov et al., 2019). The native species Pinus kesiya is the dominant tree species in the broadleaved forests mixed with Ericaceae, Fagaceae, Lentibulariaceae, Orchidaceae, and Rosaceae of this area (Nguyen et al., 2012; Pócs et al., 2019).



Morphological Studies

The specimens were deposited in the herbarium of Institute of Applied Ecology, Chinese Academy of Sciences (IFP), and in the private herbarium of Trang Thị Thu Nguyễn. The photos of the basidiocarps were produced with a camera (Canon 5D Mark III: Tokyo, Japan). Macromorphological characteristics including the color, texture, and thickness of basidiocarps, hymenophoral surface, and sterile margin were examined under a stereomicroscope (Nikon SMZ 1000: Tokyo, Japan) at 4× magnification. Special color terms followed Kornerup and Wanscher (1981) for the macromorphological description. The microscopic procedure follows Lu et al. (2018b) with some minor amendments. Cyanophilous or acyanophilous reactions were assessed using Cotton Blue. Amyloid and dextrinoid reactions were tested using Melzer’s reagent. The following abbreviations were used in the text: KOH = 2.5% potassium hydroxide, inamyloid = neither amyloid nor dextrinoid, L = mean spore length (arithmetic average of all spores in lateral face), W = mean spore width (arithmetic average of all spores in lateral face), Q = variation in the ratios of L/W between specimens studied, a n = number of spores measured from a given number of specimens. For spore measurements, and the ornamentation was excluded. Micromorphological descriptions were studied at magnifications up to 1000× with a light microscope (Nikon Eclipse E600: Tokyo, Japan) with phase contrast illumination, and dimensions were estimated subjectively with an accuracy of 0.2 μm. Drawings were made with the aid of a drawing tube. The surface morphology for the basidiospores was observed with a QUANTA 250 scanning electron microscope (ESEM, QUANTA 250, FEI, Netherlands) at an accelerating voltage of 25 kV. The working distance was 12.2 mm. A thin layer of gold was coated on the samples to avoid charging.



Molecular Procedures and Phylogenetic Analyses

Total genomic DNA was extracted from the dried specimens with a Thermo Scientific Phire Plant Direct PCR Kit (Thermo Fisher Scientific, Waltham, MA, United States). PCR reactions were performed in 30 μl of reaction mixtures containing 15 μl of 2 × Phire® Plant PCR buffer, 0.6 μl of Phire® Hot Start II DNA Polymerase, 1.5 μl of each PCR primer (10 μM), 10.5 μl of doubly deionized H2O (ddH2O), and 0.9 ml of template DNA. The ITS region was amplified with the primers SSU1318-Tom (5′-CGATAACGAACGAGACCTTAT-3′) and LSU-Tom4 (5′-GCCCTGTTCCAAGAGACTTA-3′) (Taylor and McCormick, 2008). The LSU gene was amplified with the primers LROR (5′-ACCCGCTGAACTTAAGC-3′) and LR7 (5′-TACTACCACCAAGATCT-3′) (Vilgalys and Hester, 1990; Moncalvo et al., 1993).

The PCR thermal cycling program conditions were as follows: initial denaturation at 95°C for 5 min, followed by 39 cycles at 95°C for 30 s, ×°C (the annealing temperatures for SSU1318-Tom/LSU-Tom4 and LROR/LR7 were 62°C and 47.2°C, respectively) for 30 s (Vilgalys and Hester, 1990; Taylor and McCormick, 2008), at 72°C for 20 s, and a final extension at 72°C for 1 min. PCR reaction products were confirmed by 1% agarose electrophoresis gels stained with ethidium bromide (Li et al., 1994) and sequenced at the Beijing Genomics Institute (BGI) with the same primers. The sequences were assembled with the software DNAMAN 8 (Lynnon Biosoft, Pointe-Claire, QB, Canada) and modified manually. The basic integrity and quality control of all newly generated sequences were verified and exercised (Nilsson et al., 2012). The newly generated ITS and LSU nuclear rDNA sequences were deposited in GenBank (Supplementary Table 1). The 205 related sequences from GenBank (Benson et al., 2018) and UNITE were used for the phylogenetic analyses (Supplementary Table 1). ITS and LSU sequences were aligned with Muscle in MEGA 5.02 separately (Tamura et al., 2011), using default settings and further manually optimized to allow maximum alignment and minimize gaps, and deposited in TreeBASE (study no. 24255). FASTA alignment formats were converted into NEXUS and PHYLIP files in ClustalX and EasyCodeMLv1.2 (Gao et al., 2019), respectively.

Our phylogenetic analyses of the combined ITS–LSU dataset used maximum likelihood (ML) and Bayesian approaches. ML analysis was performed in RAxMLGUI1.5b1 with the GTRGAMMA model and 100 rapid bootstrap replicates (Silvestro and Michalak, 2012). Bayesian analysis was conducted in MrBayes 3.2.6 (Ronquist and Huelsenbeck, 2003) implementing the Markov Chain Monte Carlo technique. For the Bayesian analyses, the combined dataset was divided into four partitions: ITS1 as subset 1, 5.8S as subset 2, ITS2 as subset 3, and LSU as subset 4. The HKY + G model for subsets 1 and 3 and GTR + I + G model for subsets 2 and 4 were proposed by jModelTest 2.1.10 (Darriba et al., 2012) on the basis of the corrected Akaike information criterion. Four simultaneous Markov chains were run starting from random trees and keeping one tree every 100th generation until the average standard deviation of split frequencies was below 0.01. The burn-in was set to discard 25% of trees when calculating the posterior probabilities. Bayesian posterior probabilities were obtained from the 50% majority rule consensus of the trees kept.




RESULTS


Phylogenetic Analyses

The combined dataset of the 276 sequences had an aligned length of 1683 sites with 643-bp ITS and 1040-bp LSU, which included 955 constant characters, 109 parsimony-uninformative variable characters, and 619 parsimony informative positions. The multiple sequence alignment included the following: 12 sequences of the 6 new species; 10 sequences of 5 Thelephora species (Kõljalg et al., 2000; Tedersoo et al., 2014; Larsson et al., 2019); 199 sequences of 101 other Tomentella species (Larsson et al., 2004; Tedersoo et al., 2006; Smith et al., 2007; Yorou et al., 2007, 2011; Morris et al., 2008; Yorou and Agerer, 2008; Suvi et al., 2010; Richard et al., 2011; Ge et al., 2012; Peintner and Dämmrich, 2012; Huang et al., 2014; Disyatat et al., 2016); 53 sequences of Tomentella spp. from China, Vietnam, and Thailand (Wang et al., 2011, 2012; Ge et al., 2012; Huang et al., 2014; Kaewgrajang et al., 2014; Tedersoo et al., 2014; Disyatat et al., 2016); and 2 outgroup sequences of Odontia ferruginea from Estonia (Tedersoo et al., 2014; Yuan et al., 2018). The Bayesian analyses ran for 20 million generations and resulted in an average standard deviation of split frequencies of 0.007989. The ML and Bayesian analyses produced a similar topology, and the ML tree is shown in Figure 1. In the phylogenetic tree, the ingroup species were divided into 24 main clades, of which 17 clades (clade 1, clade 3, clade 4, clade 5, clade 7, clade 8, clade 10, clade 11, clade 13, clade 14, clade 15, clade 18, clade 19, clade 20, clade 21, clade 22, and clade 23) are consistent with the previous ITS phylogenetic analyses (Yuan et al., 2020). Nine of the 17 clades are more strongly supported (100% ML/1.00 BPP for clade 7, 86% ML/0.99 BPP for clade 13, 93% ML/1.00 BPP for clade 14, 60% ML/0.99 BPP for clade 18, 84% ML/1.00 BPP for clade 19 and 0.95 BPP for clade 20, 75% ML/1.00 BPP for clade 21, 73% ML/1.00 BPP for clade 22, and 61% ML/0.97 BPP for clade 23, respectively), and the others lacked significant support. In addition, 7 other clades of the 24 main clades enjoyed moderate or strong support (0.97 BPP for clade 2, 77% ML/0.99 BPP for clade 6, 100% ML/1.00 BPP for clade 9, 70% ML/0.99 BPP for clade 12, 68% ML/1.00 BPP for clade 16, 71% ML/1.00 BPP for clade 17, and 52% ML for clade 24, respectively). However, support at deeper nodes of the phylogenetic tree was generally weak.
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FIGURE 1. Maximum likelihood tree illustrating the phylogeny of Tomentella bidoupensis, T. brevisterigmata, T. cinereobrunnea, T. longiechinula, T. stipitobasidia, T. verruculata, and related taxa, based on ITS + LSU nuclear rDNA sequences dataset. Branches are labeled with maximum likelihood bootstrap equal to or higher than 50% and Bayesian posterior probabilities equal to or higher than 0.95. The terminals indicate the regions where they were distributed or the hosts of the Tomentella species. New species in bold (black).


The 12 sampled specimens of these 6 new species formed 6 single subclades with full support (100% ML/0.97 BPP for T. verruculata and 100% ML/1.00 BPP for other species) in the tree, respectively. Four new species have distributed in clade 19 and clade 20, which did not contain any other sequences from Vietnam recorded in UNITE database. One new species (T. longiechinula) distributed in clade 23, which also include one sequences (TU110911) from Vietnam and two sequences (TU116518 and TU115846) from Thailand. In addition, the other new species (T. cinereobrunnea) also clustered with one sequence (TU115897) from Thailand with strong support (100% ML/1.00 BPP). The phylogenetic tree also shows that every Tomentella species can associate with different host tree species in different families: Pinus massoniana in Pinaceae and Castanopsis fargesii in Fagaceae (specimens ECM6 and 94831).



Taxonomy

Tomentella bidoupensis X. Lu and H.S. Yuan, sp. nov.

MycoBank no. MB830545 (Figures 2A, 3A, 4).
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FIGURE 2. Basidiocarps of Tomentella species. (A) T. bidoupensis (holotype Yuan 12707); (B) T. brevisterigmata (holotype Yuan 12700); (C) T. cinereobrunnea (holotype Yuan 12703); (D) T. longiechinula (holotype Yuan 12687); (E) T. stipitobasidia (holotype Yuan 12713); (F) T. verruculata (holotype Yuan 12684).
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FIGURE 3. SEM of basidiospores of Tomentella species. (A) T. bidoupensis (holotype Yuan 12707); (B) T. brevisterigmata (holotype Yuan 12700); (C) T. cinereobrunnea (holotype Yuan 12703); (D) T. longiechinula (holotype Yuan 12687); (E) T. stipitobasidia (holotype Yuan 12713); (F) T. verruculata (holotype Yuan 12684).
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FIGURE 4. Microscopic structures of Tomentella bidoupensis (drawn from holotype Yuan 12707). (A) Hyphae from a rhizomorph. (B) A section through basidiocarp. (C) Basidiospores in lateral view. (D) Basidiospores in frontal view.


Diagnosis: hymenophoral surface: orange-gray to grayish brown; sterile margin: whitish; hyphae in rhizomorphs: simple-septate; generative hyphae: simple-septate; basidiospores: verruculose and warts up to 0.5 μm long.

Type: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, 12°11′08′′N, 108°40′41′′E, 1495 m, on rotten wood debris of P. kesiya, October 16, 2017, Yuan 12707 (holotype: IFP 019342, GenBank ITS: MK775477; LSU: MN684329; UNITE SH: SH1502340.08FU).

Etymology. Bidoupensis (Lat.), referring to the distribution of the type specimen.

Basidiocarps: annual, resupinate, separable from the substrate, mucedinoid, without odor or taste when fresh, 0.3–0.6 mm thick, continuous. Hymenophoral surface: smooth, or range-gray to grayish brown (5B2–5E3) and turning darker than subiculum. Sterile margin: determinate, byssoid, whitish, paler than hymenophore.

Rhizomorphs: present in subiculum and margins, 8–15 μm diameter; rhizomorphic surface: more or less smooth; hyphae in rhizomorph: monomitic, undifferentiated, of type B (according to Agerer, 1987-2008), compactly arranged and uniform; single hyphae: simple-septate, thick-walled, unbranched, 1–2 μm diameter, grayish brown in KOH, cyanophilous, inamyloid.

Subicular hyphae: monomitic; generative hyphae: simple-septate, thick-walled, 3–5 μm diameter, without encrustation and grayish brown in KOH and distilled water, cyanophilous, inamyloid. Subhymenial hyphae: simple-septate, slightly thick-walled, 2–6 μm diameter, without encrustation; hyphal cells: short, grayish brown in KOH and in distilled water, cyanophilous, inamyloid.

Cystidia: absent.

Basidia: 20–55 μm long and 5–9 μm diameter at apex, 1.5–2 μm at base, with simple septa at base, utriform, not stalked, sinuous, rarely with transverse septa, grayish brown in KOH and distilled water, 4-sterigmata; sterigmata: 5–8 μm long and 1–1.5 μm diameter at base.

Basidiospores: slightly thick-walled, (5.5–)6–7(–7.5) × (5–)5.5–6.5(–7) μm, L = 6.78 μm, W = 5.98 μm, Q = 1.12–1.16 (n = 60/2), subglobose to bi-, tri-, or quadra-lobed in frontal and later face, verruculose, grayish brown in KOH and distilled water, cyanophilous, inamyloid; warts usually grouped in 2 or more, up to 0.5 μm long.

Additional specimens (paratype) examined: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, 12°11′35′′N, 108°40′32′′E, 1455 m, on rotten wood debris of P. kesiya, 16 X. 2017, Yuan 12685 (IFP 019335, GenBank ITS: MK775476; LSU: MN684330).

Notes: T. bidoupensis and T. verruculata formed a close relationship with a significant support (95% in ML and 1.00 BPP) in the phylogenetic tree (Figure 1), and the resupinate, continuous basidiocarps separable from the substrate, byssoid sterile margin, simple-septate hyphae, rhizomorphs with the same type, presence of the monomitic rhizomorphs and the basidiospores of approximately the same shape and size are their common characteristics. However, T. verruculata is differentiated from T. bidoupensis by arachnoid basidiocarps and comparatively narrower hyphae of rhizomorphs (3–4 μm in diameter). The clade 19 of the tree (Figure 1) also contains T. olivaceobrunnea and T. griseocastanea, and the clamped hyphae and the absence of rhizomorphs of them can be obviously distinguished from the T. bidoupensis (Yuan et al., 2020).

Tomentella brevisterigmata X. Lu and H.S. Yuan, sp. nov.

MycoBank no. MB830546 (Figures 2B, 3B, 5).
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FIGURE 5. Microscopic structures of Tomentella brevisterigmata (drawn from holotype Yuan 12700). (A) Hyphae from a rhizomorph. (B) A section through basidiocarp. (C) Basidiospores in lateral view. (D) Basidiospores in frontal view.


Diagnosis: hymenophoral surface: grayish brown to dark brown; sterile margin: grayish brown; hyphae in rhizomorphs: clamped; basidia: short sterigmata; basidiospores: echinuli up to 2 μm long.

Type: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, 12°11′05′′N, 108°40′40′′E, 1476 m, on fallen wood debris of P. kesiya, October 16, 2017, Yuan 12700 (holotype: IFP 019338, GenBank ITS: MK775472; LSU: MK850202; UNITE SH: SH1502687.08FU).

Etymology. Brevisterigmata (Lat.), referring to the basidia with short sterigmata.

Basidiocarps: annual, resupinate, separable from the substrate, arachnoid, without odor or taste when fresh, 0.5–0.8 mm thick, continuous. Hymenophoral surface: smooth, grayish brown to dark brown (6D3–6F5) and concolorous with the subiculum. Sterile margin: often indeterminate, byssoid, concolorous with hymenophore.

Rhizomorphs: present in subiculum and margins: 10–20 μm diameter; rhizomorphic surface: more or less smooth; hyphae in rhizomorph: monomitic, undifferentiated, of type B (according to Agerer, 1987-2008), compactly arranged and uniform; single hyphae: clamped, thick-walled, unbranched, 4–6 μm diameter, brown in KOH, cyanophilous, inamyloid.

Subicular hyphae: monomitic; generative hyphae: clamped and rarely simple-septate, thick-walled, 3–5 μm diameter, with encrustation, brown in KOH and distilled water, cyanophilous, inamyloid. Subhymenial hyphae: clamped and rarely simple-septate, slightly thick-walled, 2.5–5 μm diameter, without encrustation; hyphal cells: more or less uniform, grayish brown in KOH and in distilled water, cyanophilous, inamyloid.

Cystidia: absent.

Basidia: 20–65 μm long and 4–9 μm diameter at apex, 2.5–4 μm at base, with a clamp connection at base, utriform, not stalked, sinuous, rarely with transverse septa, grayish brown in KOH and distilled water, 4-sterigmata; sterigmata: 2–3 μm long and 1.5–2 μm diameter at base.

Basidiospores: thick-walled, (6–)7–8(–8.5) × (5–)5.5–7(–7.5) μm, L = 7.24 μm, W = 5.92 μm, Q = 1.15–1.28 (n = 60/2), subglobose to bi-, tri-, or quadra-lobed in frontal and later face, echinulate to aculeate, grayish brown in KOH and distilled water, cyanophilous, inamyloid; echinuli usually grouped in 2 or more, up to 2 μm long.

Additional specimens (paratype) examined: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, 12°11′09′′N, 108°40′43′′E, 1489 m, on fallen wood debris of P. kesiya, October 16, 2017, Yuan 12701 (IFP 019339, GenBank ITS: MK775473; LSU: MK850203).

Notes: In the phylogenetic tree (Figure 1), T. brevisterigmata, T. stipitobasidia, T. muricata, and one sequences (TU115005, ECM) from Southwestern China clustered together without support. They exhibit some similar characteristics: arachnoid basidiocarps, more or less similar color of the hymenophoral surface (brown, grayish brown, or dark brown), monomitic rhizomorphs with clamped hyphae, clamped generative hyphae and utriform basidia (Kõljalg, 1996). However, T. muricata presents clavate cystidia and larger basidiospores (8.5–9.5 μm) (Kõljalg, 1996). In addition, T. stipitobasidia differs from T. brevisterigmata by the slightly thick-walled basidiospores with shorter echinuli (1 μm long).

Tomentella cinereobrunnea X. Lu and H.S. Yuan, sp. nov.

MycoBank no. MB830547 (Figures 2C, 3C, 6).


[image: image]

FIGURE 6. Microscopic structures of Tomentella cinereobrunnea (drawn from Yuan 12703). (A) A section through basidiocarp. (B) Basidiospores in lateral view. (C) Basidiospores in frontal view.


Diagnosis: hymenophoral surface: grayish brown to brown; sterile margin: grayish brown; generative hyphae: often with encrustation; rhizomorphs: absent; basidiospores: echinuli or aculei up to 1.5 μm long.

Type: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, 12°11′05′′N, 108°40′40′′E, 1478 m, on fallen wood debris of P. kesiya, October 16, 2017, Yuan 12703 (holotype: IFP 019340, GenBank ITS: MK775478; LSU: MK850198; UNITE SH: SH1502946.08FU).

Etymology. Cinereobrunnea (Lat.), referring to the grayish brown to brown hymenophoral surface.

Basidiocarps: annual, resupinate, separable from the substrate, arachnoid, without odor or taste when fresh, 0.3–0.8 mm thick, continuous. Hymenophoral surface: smooth, grayish brown to brown (5D3–6E6) and concolorous with the subiculum. Sterile margin: often indeterminate, byssoid, concolorous with hymenophore.

Rhizomorphs: absent.

Subicular hyphae: monomitic; generative hyphae: clamped and rarely simple-septate, thick-walled, 4–7 μm diameter, often with encrustation, pale brown in KOH and distilled water, cyanophilous, inamyloid. Subhymenial hyphae: clamped and rarely simple-septate, thin-walled, 3–5 μm diameter, without encrustation; hyphal cells: more or less uniform, pale brown in KOH and in distilled water, acyanophilous, inamyloid.

Cystidia: absent.

Basidia: 15–35 μm long and 4–6 μm diameter at apex, 3–4 μm at base, with a clamp connection at base, utriform, not stalked, sinuous, rarely with transverse septa, pale brown in KOH and distilled water, 4-sterigmata; sterigmata: 4–6.5 μm long and 1–1.5 μm diameter at base.

Basidiospores: slightly thick-walled, (5.5–)6–7(–8) × (5–)5.5–6.5(–7.5) μm, L = 6.38 μm, W = 5.98 μm, Q = 1.05–1.08 (n = 60/2), subglobose to globose in frontal and later face, echinulate to aculeate, pale brown in KOH and distilled water, cyanophilous, inamyloid; echinuli or aculei usually isolated, up to 1.5 μm long.

Additional specimens (paratype) examined: VIETNAM, Lac Duong District, Bidoup Nui Ba National Park, 12°11′12′′N, 108°40′41′′E, 1485 m, on fallen wood debris of P. kesiya, October 16, 2017, Yuan 12705 (IFP 019341, GenBank ITS: MK775479; LSU: MK850199).

Notes: T. cinereobrunnea, T. amyloapiculata, T. tenuissima, and T. sp. (TU115879, ECM) from Thailand belonged to a subclade without support in the phylogenetic tree (Figure 1), and the absence of rhizomorphs and cystidia is their common characteristics. In addition, T. tenuissima also possesses encrusted and clamped hyphae that the same as those of T. cinereobrunnea, but T. tenuissima differs by the blackish hymenophoral surface when dry and larger basidiospores (7.7–9.2 μm) (Kuhar et al., 2016). T. amyloapiculata presents three obvious different characteristics comparing with T. cinereobrunnea: the crustose basidiocarps, simple-septate hyphae, and the larger basidiospores (8.5–11.5 × 7.5–8.5 μm) (Yorou et al., 2012a).

Tomentella longiechinula X. Lu and H.S. Yuan, sp. nov.

MycoBank no. MB830548 (Figures 2D, 3D, 7).
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FIGURE 7. Microscopic structures of Tomentella longiechinula (drawn from Yuan 12687). (A) A section through basidiocarp. (B) Basidiospores in lateral view. (C) Basidiospores in frontal view.


Diagnosis: hymenophoral surface: grayish brown to brown; sterile margin: grayish brown; rhizomorphs: absent; basidiospores: echinuli or aculei up to 4 μm long.

Type: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, on carbonized wood debris of P. kesiya, 12°11′35′′N, 108°40′32′′E, 1455 m, October 16, 2017, Yuan 12687 (holotype IFP 019336, GenBank ITS: MK775474; LSU: MK850201; UNITE SH: SH2714357.08FU).

Etymology. Longiechinula (Lat.), referring to the long echinuli of basidiospores.

Basidiocarps: annual, resupinate, separable from the substrate, arachnoid, without odor or taste when fresh, 0.8–1.2 mm thick, continuous. Hymenophoral surface: smooth, grayish brown to dark brown (6D3–6F6) and concolorous with the subiculum. Sterile margin: often indeterminate, byssoid, concolorous with hymenophore.

Rhizomorphs: absent.

Subicular hyphae: monomitic; generative hyphae simple-septate, thick-walled, 4–6 μm diameter, without encrustation, pale brown in KOH and distilled water, cyanophilous, inamyloid. Subhymenial hyphae: simple-septate, slightly thick-walled, 4–7 μm diameter, without encrustation; hyphal cells: short, pale brown in KOH and in distilled water, cyanophilous, inamyloid.

Cystidia: absent.

Basidia: 20–55 μm long and 4–12 μm diameter at apex, 3–4 μm at base, with simple septa at base, utriform, not stalked, sinuous, rarely with transverse septa, pale brown in KOH and distilled water, 4-sterigmata; sterigmata: 4–6 μm long and 1–1.5 μm diameter at base.

Basidiospores: slightly thick-walled, (7.5–)8–9(–9.5) × (6.5–)7–8(–8.5) mm, L = 8.52 mm, W = 7.56 mm, Q = 1.05–1.09 (n = 60/2), subglobose to globose in frontal and later face, echinulate to aculeate, pale brown in KOH and distilled water, cyanophilous, inamyloid; echinuli or aculei usually grouped in 2 or more, up to 4 μm long.

Additional specimens (paratype) examined: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, 12°11′53′′N, 108°40′55′′E, 1472 m, on carbonized wood debris of P. kesiya, October 16, 2017, Yuan 12720 (IFP 019344, GenBank ITS: MK775475; LSU: MK850200).

Notes: T. longiechinula and T. badia formed a moderately supported relationship (82% in ML) in the phylogenetic tree (Figure 1), and they also clustered with T. cinereoumbrina from Finland and T. sp. (H1_7) from China with a moderate support (68% in ML). Their common features are the grayish brown to dark brown hymenophoral surface, simple-septate hyphae, utriform basidia, and the absence of rhizomorphs and cystidia. However, T. badia is differentiated from T. longiechinula by its mucedinoid basidiocarps and larger basidiospores (8–11 μm) with shorter echinuli (1–1.5 μm) (Kõljalg, 1996). T. cinereoumbrina differs from T. badia and T. longiechinula by the crustose basidiocarps (Kõljalg, 1996).

Tomentella stipitobasidia X. Lu and H.S. Yuan, sp. nov.

MycoBank no. MB830549 (Figures 2E, 3E, 8).
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FIGURE 8. Microscopic structures of Tomentella stipitobasidia (drawn from Yuan 12713). (A) Hyphae from a rhizomorph. (B) A section through basidiocarp. (C) Basidiospores in lateral view. (D) Basidiospores in frontal view.


Diagnosis: hymenophoral surface: brown to dark brown; sterile margin: brown; generative hyphae: rarely with encrustation; basidia: stipe or little stalk with a clamp connection at base; basidiospores: echinuli up to 1 μm long.

Type: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, 12°11′52′′N, 108°40′55′′E, 1455 m, on wood debris of P. kesiya, October 16, 2017, Yuan 12713 (holotype IFP 019343, GenBank ITS: MK775470; LSU: MK850204; UNITE SH: SH1502937.08FU).

Etymology. Stipitobasidia (Lat.), referring to the basidia with a stipe or little stalk.

Basidiocarps: annual, resupinate, separable from the substrate, arachnoid, without odor or taste when fresh, 0.5–1 μm thick, continuous. Hymenophoral surface: smooth, brown to dark brown (7E5–7F6) and concolorous with the subiculum. Sterile margin: often determinate, byssoid, concolorous with hymenophore.

Rhizomorphs: present in subiculum and margins, 60–75 μm diameter; rhizomorphic surface: more or less smooth; hyphae in rhizomorph: monomitic, undifferentiated, of type B (according to Agerer, 1987-2008), compactly arranged and uniform; single hyphae: clamped, slightly thick-walled, unbranched, 2–3 μm diameter, brown in KOH, cyanophilous, inamyloid.

Subicular hyphae: monomitic; generative hyphae: clamped and rarely simple-septate, thick-walled, 2–6 μm diameter, occasionally collapsed, rarely with encrustation, brown in KOH and distilled water, cyanophilous, inamyloid. Subhymenial hyphae: clamped and rarely simple-septate, slightly thick-walled, 2.5–5 μm diameter, without encrustation; hyphal cells: more or less uniform, brown in KOH and in distilled water, cyanophilous, inamyloid.

Cystidia: absent.

Basidia: 30–60 μm long and 6–12 μm diameter at apex, 2–3.5 μm at base, with a clamp connection at base, utriform, stipe or little stalk, sinuous, rarely with transverse septa, brown in KOH and distilled water, 4-sterigmata; sterigmata: 4–6 μm long and 1.5–2 μm diameter at base.

Basidiospores: slightly thick-walled, (5.5–)6.5–8(–8.5) × (4–)4.5–7(–7.5) μm, L = 6.9 μm, W = 5.76 μm, Q = 1.09–1.36 (n = 60/2), subglobose to bi-, tri-, or quadra-lobed in frontal and later face, echinulate, brown in KOH and distilled water, cyanophilous, inamyloid; echinuli usually grouped in 2 or more, up to 1 μm long.

Additional specimens (paratype) examined: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, 12°11′45′′N, 108°40′47′′E, 1455 m, on wood debris of P. kesiya, October 16, 2017, Yuan 12691 (IFP 019337, GenBank ITS: MK775471; LSU: MK850205).

Notes: In the phylogenetic tree, T. stipitobasidia clustered with T. storea and T. citrinocystidiata from Northeastern China and T. lilacinogrisea from Europe, and these species share the similar color of the hymenophoral surface (Wakefield, 1966; Yuan et al., 2020). In addition, the encrusted subicular hyphae and presence of rhizomorphs for T. lilacinogrisea are also similar to T. stipitobasidia, and the adherent basidiocarps are the opposite of T. stipitobasidia (Wakefield, 1966). However, T. storea can be distinguish from T. stipitobasidia by the mat-like basidiocarps and absence of the rhizomorphs, and the pelliculose basidiocarps and capitate cystidia of T. citrinocystidiata can set it apart from T. stipitobasidia (Yuan et al., 2020).

Tomentella verruculata X. Lu and H.S. Yuan, sp. nov.

MycoBank no. MB830550 (Figures 2F, 3F, 9).
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FIGURE 9. Microscopic structures of Tomentella verruculata (drawn from Yuan 12684). (A) Hyphae from a rhizomorph. (B) A section through basidiocarp. (C) Basidiospores in lateral face. (D) Basidiospores in frontal view.


Diagnosis: hymenophoral surface: light brown to dark brown; sterile margin: light brown; hyphae in rhizomorphs: simple-septate; generative hyphae: simple-septate; basidiospores: verruculose and warts up to 1 μm long.

Type: VIETNAM, Lam dong Province (Lat.), Lac Duong District, Bidoup Nui Ba National Park, 12°11′35′′N, 108°40′32′′E, 1465 m, on wood debris of P. kesiya, October 16, 2017, Yuan 12684 (holotype IFP 019334, GenBank ITS: MK775469; LSU: MN684332; UNITE SH: SH1528455.08FU).

Etymology. Verruculata (Lat.), referring to the verruculose basidiospores.

Basidiocarps: annual, resupinate, separable from the substrate, arachnoid, without odor or taste when fresh, 0.5–1 mm thick, continuous. Hymenophoral surface: smooth, light brown to dark brown (6D6–6F8) and concolorous with the subiculum. Sterile margin: often determinate, byssoid, concolorous with hymenophore.

Rhizomorphs: present in subiculum and margins, 5–18 μm diameter; rhizomorphic surface: more or less smooth; hyphae in rhizomorph: monomitic, undifferentiated, of type B (according to Agerer, 1987-2008), compactly arranged and uniform; single hyphae: simple-septate, thick-walled, unbranched, 3–4 μm in diameter, pale brown in KOH, cyanophilous, inamyloid.

Subicular hyphae: monomitic; generative hyphae: simple-septate, slightly thick- to thick-walled, 3–5 μm diameter, without encrustation, pale to dark brown in KOH and distilled water, cyanophilous, inamyloid. Subhymenial hyphae: simple-septate, thin-walled, 2.5–3.5 μm diameter, without encrustation; hyphal cells: more or less uniform, pale to dark brown in 2.5% KOH and in distilled water, acyanophilous, inamyloid.

Cystidia: absent.

Basidia: 35–55 μm long and 4–7.5 μm diameter at apex, 2–3.5 μm at base, with simple septa at base, clavate, stalked, sinuous, without transverse septa, pale brown in KOH and distilled water, 4-sterigmata; sterigmata: 4–6 μm long and 1–1.5 μm diameter at base.

Basidiospores: slightly thick-walled, (6–)6.5–7.5(–8) × (5–)5.5–6(–6.5) μm, L = 6.78 μm, W = 5.72 μm, Q = 1.19–1.27 (n = 60/2), subglobose to bi-, tri-, or quadra-lobed in frontal and later face, verruculose, pale brown in KOH and distilled water, cyanophilous, inamyloid; warts usually grouped in 2 or more, up to 1 μm long.

Additional specimens (paratype) examined: VIETNAM, Lam dong Province: Lac Duong District, Bidoup Nui Ba National Park, Giang Ly, 12°11′32′′N, 108°40′28′′E, 1465 m, on fallen branch of P. kesiya, October 15, 2017, Yuan 12680 (IFP 019333, GenBank ITS: MK775468; LSU: MN684331).

Notes: T. verruculata, T. bidoupensis, T. olivaceobrunnea, T. griseocastanea, and T. asperula clustered together in the clade 19 of the phylogenetic tree. Whereas, T. verruculata and T. bidoupensis possess significant morphological differences in comparison with T. olivaceobrunnea and T. griseocastanea. The latter two species can be distinctly differentiated from T. verruculata by the basidiocarps adherent to the substrate, granulose sterile margin, clamped hyphae with rare simple septa and the absence of the rhizomorphs. T. asperula is similar to T. verruculata by the separable basidiocarps and presence of rhizomorphs. However, T. asperula often has brownish olive hymenophoral surface and globose to subglobose basidiospores, which are distinctly different from T. verruculata.




DISCUSSION

In this study, six new Tomentella species from Vietnam are identified and described on the basis of morphological characteristics and phylogenetic analyses combining ITS and LSU sequences. The phylogenetic tree divided Tomentella into several distinct clades, and most of the clades are consistent with the previous ITS phylogenetic analyses with strong support or weak support (Yuan et al., 2020). Besides, some other clades with strong support are different from the previous study (Yuan et al., 2020). However, the results revealed a weak support at the deeper nodes of the tree, which is consistent with the previous studies (Kõljalg et al., 2000; Yorou et al., 2012b; Kuhar et al., 2016), and more taxa/genes are presumably needed to improve the stability of the tree. In addition, as the ITS region is very divergent within Tomentella species, it may be hard to get strong support for the internal clades.

Tomentella cinereobrunnea and T. sp. (TU115879, ECM) formed a strongly supported group (100% in ML and 1.00 BPP) according to the phylogenetic analyses, which indicate that T. sp. may belong to T. cinereobrunnea. The phylogenetic analyses also shows that T. cinereobrunnea linked to T. lapida without support, but they share lots of similar morphological and anatomical characteristics: basidiospores of approximately the same shape and size, the encrusted and clamped generative hyphae, and the absence of rhizomorphs and cystidia. However, T. lapida differ from T. cinereobrunnea by the basidiocarps adherent from the substrate, short and inflated subhymenial hyphal cells and the amyloid ornamentation of the basidiospores (Kõljalg, 1996). In this tree, T. badia, T. longiechinula, T. cinereoumbrina, and T. sp. (H1_7) from Asia and Europe are also closely related to Thelephora atra (synonym = T. atramentaria Rostr.) with significant support (90% in ML and 1.00 BPP). T. cinereoumbrina and Th. atra differ from T. badia and T. longiechinula by the crustose basidiocarps and Th. atra can be distinguished by its clamped hyphae (Kõljalg, 1996). Although species of the genus Thelephora and Tomentella do not separate to two monophyletic groups and they always form a well-supported clade in a phylogenetic tree (Tedersoo et al., 2014; Vizzini et al., 2016), the morphological and anatomical characteristics can set them apart from each other. In addition, simple-septate hyphae and basidiospores with warts are typical features that distinguish T. bidoupensis and T. verruculata from other species in Tomentella (Yuan et al., 2020).

The phylogenetic tree reveals that individual species of Tomentella can form ectomycorrhiza with different host tree species in different families, and closely related species in the same clade can be restricted to the same host tree family. In addition, the investigated forests were dominated by the coniferous trees P. kesiya mixed with families such as Ericaceae, Fagaceae, Lentibulariaceae, Orchidaceae, and Rosaceae (Nguyen et al., 2012; Pócs et al., 2019). We speculate that the plant hosts for these six new species of Tomentella are P. kesiya in Pinaceae or some species in Fagaceae according to the relationship showed in the phylogenetic tree and the dominated tree species in the investigated forests.
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Rice (Oryza sativa) is the second leading cereal crop in the world and is one of the most important field crops in the US, valued at approximately $2.5 billion. Kernel smut (Tilletia horrida Tak.), once considered as a minor disease, is now an emerging economically important disease in the US. In this study, we used multi-locus sequence analysis to investigate the genetic diversity of 63 isolates of T. horrida collected from various rice-growing areas across in the US. Three different phylogeny analyses (maximum likelihood, neighbor-joining, and minimum evolution) were conducted based on the gene sequence sets, consisting of all four genes concatenated together, two rRNA regions concatenated together, and only ITS region sequences. The results of multi-gene analyses revealed the presence of four clades in the US populations, with 59% of the isolates clustering together. The populations collected from Mississippi and Louisiana were found to be the most diverse, whereas the populations from Arkansas and California were the least diverse. Similarly, ITS region-based analysis revealed that there were three clades in the T. horrida populations, with a majority (76%) of the isolates clustering together along with the 22 Tilletia spp. from eight different countries (Australia, China, India, Korea, Pakistan, Taiwan, The US, and Vietnam) that were grouped together. Two of the three clades in the ITS region-based phylogeny consisted of the isolates reported from multiple countries, suggesting potential multiple entries of T. horrida into the US. This is the first multi-locus analysis of T. horrida populations. The results will help develop effective management strategies, especially breeding for resistant cultivars, for the control of kernel smut in rice.

Keywords: Rice, kernel smut, Tilletia, Tilletia horrida, Tilletia barclayana, genetic diversity


INTRODUCTION

Rice (Oryza sativa L.) is one of the most important crops with a worldwide production of 509 million metric tons annually (FAOSTAT, 2019). Rice provides a major source of energy for more than half of the world population (FAOSTAT, 2019). In 2019, the US rice production was estimated to be 10 million metric tons. Arkansas, California, Louisiana, Mississippi, Missouri, and Texas are the major rice producers in the US (USDA, 2020). Rice kernel smut, caused by Tilletia horrida Tak., causes partial or full bunt in rice grains, resulting in a direct reduction in grain yield and quality (Whitney and Cartwright, 2018). Rice kernel smut was first reported in 1896 in Japan (Takahashi, 1896); currently, rice kernel smut is widespread across rice-growing countries and its distribution is expected to be wider than recently reported (Carris et al., 2006).

Average losses from rice kernel smut have been reported around 15%; however, losses as high as 87 and 100% in Pakistan and China have been reported (Biswas, 2003). Major losses from kernel smut are due to the depletion in grain quality with countries restricting the maximum permissible limit for the smutted grains. Milled rice in the US has a restriction of 3% smutted rice (USDA, 2020). Similarly, certified rice seeds in India have a restriction of 0.5% smutted rice grains (Chahal, 2001). Historically kernel smut was considered a minor disease; however, persistent occurrence and frequent outbreaks of the disease in recent years have made kernel smut as one of the most economically important diseases in rice in many countries (Elshafey, 2018; Wang et al., 2019b; Allen et al., 2020; Zhou et al., 2020). In the US, kernel smut occurrence and severity have been on the rise for the past decade and pose a serious threat to the US rice production (Espino, 2019, 2020; Allen et al., 2020; Way and Zhou, 2020). In 2021, severe outbreaks of kernel smut occurred widely across the Texas rice areas and southwest Louisiana, with the percentage of affected panicles ranged up to 50% and the infected kernels ranged up to 20 percent (Zhou et al., 2021a). In states such as Arkansas and California where rice industry is valued as billion-dollar industry, potential economic losses are even higher (USDA, 2020). With continual increase in acreage compounded with the use of susceptible cultivars, kernel smut has also threatened organic rice production in California and Texas, the two leading states in the US organic rice production (Zhou et al., 2021b).

Rice kernel smut is caused by a basidiomycota fungus, belonging to Tilletia genus and Tilletiaceae family. More than 80 genera and 4,200 species of smut fungi have been reported as the pathogens to many plant species (Vánky, 1987). Phylogenetically Tilletia species have been considered to separate their lines from those of other smut fungi, Ustilago and Sporisorium (Roux et al., 1998). Tilletia horrida forms thick walled dark teliospores which can be present widely on the soil, plant debris, and rice seeds (Carris et al., 2006; Whitney and Cartwright, 2018). Kernel smut taxonomy has been turbulent through the years of many studies. Tilletia horrida Tak., was first described by Takahashi in 1896; however, over the years, various authors reclassified the fungus to different genus and species: T. barclayana (Bref.) Sacc. & Syd., Neovossia barclayana (Bref.), and Neovossia horrida (Tak.; Tullis and Johnson, 1952). Through the years, T. barclayana and T. horrida have been interchangeably used to describe kernel smut of rice. However, a distinction between T. horrida and T. barclayana has been demonstrated by various molecular and phylogenetic studies (Levy et al., 2001; Carris et al., 2006). Currently, T. horrida has been more commonly used to describe kernel smut of rice in the literature (Wang et al., 2015, 2019a,b; Allen et al., 2020).

Molecular phylogeny through multi-locus sequence typing (MLST) offers an excellent means to parse bacterial population structure with the use of housekeeping gene sequences and hence found a rightful reliable place in disease epidemiology (Maiden et al., 1998). MLST characterizes bacterial strain by their unique allelic profiles by measuring the variations in housekeeping genes. MLST provides a discriminatory power to differentiate different bacterial strains. Although use of MLST is less prevalent in mycology, it has also become a useful tool for studying to understand the fungal populations (Taylor and Fisher, 2003). The method represents an important tool to determine the population of fungi that are pathogenic to humans (Bougnoux et al., 2003; Bain et al., 2007) and plants (Kellner et al., 2011; Choi et al., 2013; Sun et al., 2013; Gurjar et al., 2021). MLSA has also been used to study the genetic diversity of various smut fungi (Kellner et al., 2011; Sun et al., 2013; Gurjar et al., 2021; Sedaghatjoo, 2021). Previous phylogenetic studies of T. horrida populations have been rare. One phylogenetic study conducted with T. horrida isolates collected from seven different provinces in China did not find any genetic variation (Wang et al., 2018). In the current study, we used the MLSA approach to understand the genetic diversity of the T. horrida populations in the US. Understanding the genetic diversity will help in designing and improving rice breeding programs to develop new cultivars with improved kernel smut resistance and in developing effective chemical management strategies for control of kernel smut. The results of our multi-gene phylogeny analyses showed, for the first time, the presence of genetic diversity in the rice kernel smut populations in the US, with all the T. horrida isolates clustering into four different genetic groups.



MATERIALS AND METHODS


Collection of Isolates

Rice grain samples were collected in the 2018 and 2019 growing seasons from six major different rice-growing states in the US (Figure 1; Table 1). Rice grain samples showing the symptoms of kernel smut were brought to the Plant Pathology Lab at the Texas A&M AgriLife Research Center, Beaumont, Texas. Sixty-three fungal isolates were isolated from the infected rice grain samples. Putative T. horrida were isolated from teliospores in 2% water-agar, based on the procedure described previously (Chahal et al., 1993). Germination of teliospores was visually confirmed under microscope after 3 days of incubation. Primary sporidia that germinated from the single teliospores were transferred to potato dextrose agar (PDA) plates and incubated for growth at 28o C for 14 days. Mycelium was stored in a solution comprising of 2% of sucrose and 20% of glycerol solution in −80°C for long-term storage.

[image: Figure 1]

FIGURE 1. Geographical distribution of 63 Tilletia horrida isolates in Arkansas (AR), California (CA), Louisiana (LA), Mississippi (MI), Missouri (MO), and Texas (TX), covering almost all rice-growing areas in the US. Gradient shading areas inside each state represent the rice production in the US in 2019 provided by the USDA National Agricultural statistics services. The number in the parentheses represents the number of isolates from each county pointed by the red arrow.




TABLE 1. Geographic origin and NCBI accession number of 63 isolates of Tilletia horrida sequenced in this study.
[image: Table1]



DNA Extraction

Tilletia horrida isolates growing in PDA plates for 14 days were used for DNA extraction. Mycelium was collected by washing the culture plates with 1% NaCl solution and 100 mg (fresh weight) of the mycelium mass were used for the DNA extraction. DNA was extracted using the fungi/yeast genomic isolation kit (Norgen Biotek Corp., ON, Canada) following the manufacturer’s protocol. The quality of the DNA was checked using the Spectramax quickdrop spectrophotometer (Molecular Devices LLC, San Jose, CA).



Amplification and DNA Sequencing

Genomic DNA of the T. horrida isolates was amplified by PCR using four different genomic regions, consisting of two protein-coding genes: translation elongation factor 1-α (EF-1α) and the largest subunit of RNA polymerase II (RPB1), and two rRNA regions: ITS1 through 2 regions and D1/D2 domains of the large subunit (LSU) rRNA. The primers used in this study were obtained from previous studies (Fell et al., 2000; Wang et al., 2014) and the conserved primer sequence website of the Vilgalmys Mycology lab-Duke University.1 Each PCR reaction mixture was composed of 3 μl of DNA adjusted between 10–50 ng/μl, 12.5 μl of 2x KAPA 2G master mix (KAPA Biosystems, Roche Sequencing, Wilmington, MA, United States), 1.25 μl of forward, 1.25 μl of reverse primers, and 8 μl of water to bring the total reaction volume to 25 μl. PCR parameters for amplifying EF-1α and RPB1 were used in this study were the same as described previously (Wang et al., 2014). Amplification for ITS and LSU were performed as follows: initial denaturation at 94°C for 5 min followed by 40 cycles of denaturation at 30s at 94°C, annealing 15 s at 53.5°C, and elongation at 30s at 72°C; and final elongation at 72°C at 5 min. All PCR amplification was conducted in Biometra TOne Thermocycler (Analytikjena, Jena, Germany). All PCR products were run in 1% agarose gel and visualized in blue light. All PCR products were purified from the electrophoresis gel with Zymoclean Gel DNA recovery kits (Zymoresearch, Irvine, CA, United States) according to manufacturer’s recommendations. The purified PCR products were sequenced using capillary Sanger’s sequencing protocol by external sequencing service provider, Eton Biosciences Inc. (San Diego, CA, United States).



Phylogeny Constructions

Sequences were manually curated and trimmed for noises at the 5′ and 3′ ends. Consensus sequences from forward and reverse reads were generated by Benchling online.2 Sequences were aligned with MAFFT v7.475 (Katoh and Standley, 2013) with accurate alignment method, L-INS-I, built-in MAFFT function of “—adjustdirection” was used to orient the nucleotide sequences in same direction. All sequence alignments were edited and adjusted manually in MEGAX (Kumar et al., 2018). Three different phylogeny analyses were conducted as: Maximum Likelihood (ML; Felsenstein, 1981), Neighbor-Joining (NJ; Saitou and Nei, 1987), and Minimum Evolution (ME; Rzhetsky and Nei, 1993). ML analysis was performed with RaxML version 8.2.12 (Stamatakis, 2014). RaxML analysis was conducted for 1,000 bootstrap replicated with rapid bootstrap analysis with GTRCAT substitution approximation. NJ and ME analyses were performed in R 4.0.3 (R Core Team, 2020) with APE package version 5.4–1(Paradis et al., 2004) using Rstudio (R Studio Team, 2020). NJ analysis was performed in default mode, whereas ME was performed with balanced function (Desper and Gascuel, 2004). Tree topologies were visualized and edited using FigTree v1.4.4 (Rambaut, 2018). Overall, three different sequences sets were used to construct the phylogeny trees.



Multi-Gene Phylogeny Analyses

Aligned individual sequences were concatenated in different combinations to form three datasets: (1) Ribosomal RNA datasets of 1,075 bp formed by combination of LSU and ITS (including 5.8 rRNA) in that order; (2) Multi-gene datasets of 1,615 bp formed by combination of two protein-coding genes EF1-α and RPB1 in that order; and (3) Multi-gene datasets of 2,690 bp were formed by combining all four sequences, order of genes EF1-α, RPB1, LSU, and ITS (including 5.8S rRNA). Nucleotide sequence length was approximately 895, 720, 545, and 530 bp for EF1-α, RPB1, LSU, and ITS (including 5.8S rRNA), respectively. All datasets were subjected to all three phylogeny constructions such as ML, NJ, and ME. Tilletia horrida strain QB1 (Bio project no: PRJNA280382; Wang et al., 2015) was used as the reference. Tilletia controversa strain DAOMC 236426 (Bio project no: PRJNA393324; Nguyen et al., 2019) was used as an outgroup in the final tree.



Its Region-Only Phylogeny Analysis

In order to take advantage of the multiple T. horrida ITS sequences in the database (with no corresponding protein-coding gene sequences), we performed an ITS region-along sequence analyses. ITS sequences of all 63 T. horrida isolates from this study were subjected to the National Center for Biotechnology Institute (NCBI) BLAST (Altschul et al., 1990). All the hits in the NCBI results were downloaded for the analysis. Multiple entries in the result were cross-referenced based on the accession numbers and the duplicates were removed. A total of 172 unique accession numbers of various Tilletia spp. were downloaded from NCBI using BioPython 1.78 (Cock et al., 2009) in Python 3.8.5 (Van Rossum and Drake, 2009). Based on the preliminary tree branching pattern, a final ITS region-only phylogeny tree was constructed using 26 T. horrida sequences, six T. barclayana sequences, and one T. australiensis sequence (Table 2). Preliminary ITS region-only phylogeny tree with all 172 Tilletia spp. isolates, NCBI accession numbers, and other information are available in supplementary (Supplementary Table S1; Figure S2).



TABLE 2. Primers of ITS, LSU, EF-1α, and RPB1 used in this study.
[image: Table2]



Analysis of Diversity and Recombination Rates

DnaSP v6.0 (Rozas et al., 2017) was used to determine nucleotide diversity and the minimum number of recombination events. Similarly, DnaSP v 6.0 (Rozas et al., 2017) was also used for the calculation of class I neutrality tests: Tajima’s D and Fu and Li’s D* and F*, for detecting departure from the mutation/drift equilibrium (Tajima, 1989; Fu and Li, 1993). For the above-mentioned calculation, only T. horrida isolates were considered in multi-gene sequence sets and T. controversa was used as an outgroup as needed. However, for ITS region-only sequence sets, T. barclayana strain 104 was used as an outgroup as needed.



Nucleotide Sequence Accession Numbers

All the sequenced genes have been deposited into the National Center for Biotechnology Institute (NCBI) database under the following accession numbers: LSU, MZ424318–MZ424380, ITS, MZ424381–MZ424443, EF1, MZ448515–MZ448577, and RPB1, MZ496315–MZ496377.




RESULTS


Its Region-Only Phylogeny Characterization

We took advantage of the ITS region sequences available on multiple isolates in the databases and conducted phylogenetic analysis first based on the ITS region-only. For the analysis, we downloaded 172 various Tilletia spp. from NCBI and constructed a phylogenetic tree. Most of the isolates formed species-specific clades (Supplementary Figure S2). Hence, the final tree was constructed with 63 T. horrida isolates collected from this study, along with a subset of the sequences from the NCBI database, including 26 T. horrida isolates, six T. barclayana isolates, and one T. australiensis isolate downloaded from the NCBI database. All T. barclayana isolates were included in the final tree due to taxonomy controversy of the kernel smut fungus. Phylogeny based on ITS region (Figure 2) shows three different groups of the isolates. Most isolates (76%) were clustered together along with 22 isolates from eight different countries (Australia, China, India, Korea, Pakistan, Taiwan, the US, and Vietnam) in Clade III (Figure 2; Table 3). Out of the remaining 15 isolates, 11 T. horrida isolates collected in this study were clustered together in clade II. All the isolates clustered in clade II were from the current study. Clade I was grouped by clustering of seven isolates from China, one from Japan, and four T. horrida isolates from the current study (Figure 2; Table 3).
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FIGURE 2. ITS region-based neighbor-joining phylogenetic tree with 63 T. horrida isolates collected Arkansas (AR), California (CA), Louisiana (LA), Mississippi (MS), Missouri (MO), and Texas (TX) in the US in the current study, along with 33 ITS sequences obtained from the NCBI database. T. horrida strain QB1 was used as a reference isolate and T. barclayana S104 was used as an outgroup. The scale bar represents the number of substitutions per site. The values on the branches indicate the percentage of trees based on 1,000 bootstrap replicates on ML/NJ/ME, respectively. Only branches values with >50% replicates are shown.




TABLE 3. NCBI accession number, host, and country of origin of the strains of Tilletia australiensis, T. barclayana, and T. horrida used in the final ITS-only region phylogenetic analysis.
[image: Table3]



Multi-Gene Phylogeny Characterization

The concatenated sequence EF1α-RPB1-LSU-ITS of 63 T. horrida isolates with 2,960 bp nucleotide was aligned and a phylogenetic tree was calculated with three different phylogenetic analyses. Phylogenetic analyses clustered the 63 isolates into five different groups (Figure 3). Most isolates (59%) were grouped together in clade V, which consists of the isolates collected from five different states (California, Louisiana, Mississippi, Missouri, and Texas). Most isolates collected from Mississippi (19/27), California (9/10), and Texas (4/7) were clustered in clade V. The isolates collected from Louisiana (4/9) and Missouri (1/3) were also grouped in clade V (Figure 3; Table 1).
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FIGURE 3. Neighbor-joining phylogenetic tree of concatenated sequences with EF-1α, RPB1, LSU, and ITS of 63 isolates collected from Arkansas (AR), California (CA), Louisiana (LA), Mississippi (MS), Missouri (MO), and Texas (TX) in the US. T. horrida strain QB1 was used as a reference isolate and T. controversa strain DAOMC 236426 was used as an outgroup. The scale bar represents the number of substitutions per site. The value on the branches indicates the percentage of trees based on 1,000 bootstrap replicates on ML/NJ/ME, respectively. Only branches values with >50% replicates are show; “*” indicates that the branch value is less than 50%.


Similarly, 27% of the 63 T. horrida isolates were clustered in clade I along with the reference isolate T. horrida strain QB1. All T. horrida isolates collected from Arkansas (7/7) were grouped in clade I, along with a few isolates collected from California (1/9), Louisiana (2/9), Missouri (1/3), Mississippi (3/27), and Texas (2/7). Additionally, clade III and clade IV clustered with four isolates each from Mississippi and Louisiana. Clade III consisted of the isolates collected from Louisiana (3/9) and Missouri (1/3), whereas all the isolates grouped in clade IV were collected from Mississippi (4/27). Two isolates, MS-15 and TX-5, were the only isolates to be grouped in clade II (Figure 3; Table 1).



rRNA Regions-Based Phylogeny Characterization

Multi-locus phylogeny of the concatenated of LSU-ITS (including 5.8S) sequences of 63 isolates of T. horrida with 1,065 bp nucleotide was aligned and phylogenetic analyses were conducted. Our rRNA regions-based phylogenetic analysis clustered the 63 T. horrida isolates in four clades (Figure 4). Most of the isolates (76%) were grouped together in clade IV. Most isolates collected from Mississippi (20/27), California (9/10), Louisiana (7/9), and Texas (4/7), along with the isolates collected from Arkansas (1/7) and Missouri (2/3) were clustered together in clade IV (Figure 4; Table 1).
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FIGURE 4. Neighbor-joining phylogenetic tree of concatenated sequences with rRNA regions LSU, and ITS of 63 isolates collected from Arkansas (AR), California (CA), Louisiana (LA), Mississippi (MS), Missouri (MO), and Texas (TX) in the US. T. horrida strain QB1 was used as a reference isolate and T. controversa strain DAOMC 236426 was used as an outgroup. The scale bar represents the number of substitutions per site. The value on the branches indicates the percentage of trees based on 1,000 bootstrap replicates on ML/NJ/ME, respectively. Only branches values with >50% replicates are shown; “*” indicates that the branch value is less than 50%.


Similarly, two isolates from Arkansas and Mississippi each were grouped together in clade I, along with the reference isolates T. horrida strain QB1. Clade II consisted of the isolates collected from Arkansas (4/7), California (1/10), Louisiana (2/9), and Texas (3/7). Similarly, clade III consisted of five isolates from Mississippi and one isolate from Louisiana. Isolate MO-1 did not group with clades and monophyletically branched with clade I and clade II (Figure 4; Table 1).



Protein-Coding Gene-Based Phylogeny Characterization

Multi-locus phylogeny of the concatenated of EF1-α and RPB1 sequences of 63 isolates of T. horrida with 1,615 bp nucleotide was aligned and phylogenetic analyses were conducted. Our protein-coding gene-based phylogenetic analysis clustered the 63 T. horrida isolates in six clades (Figure 5). Most of the isolates (60%) were grouped together in clade VI. Most isolates collected from Mississippi (19/27), California (9/10), and Texas (4/7), along with isolates collected from Louisiana (4/9) and Missouri (1/3) were clustered together in clade VI (Figure 5; Table 1).
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FIGURE 5. Neighbor-joining phylogenetic tree of concatenated sequences with protein coding genes EF-1α and RPB1of 63 isolates collected from Arkansas (AR), California (CA), Louisiana (LA), Mississippi (MS), Missouri (MO), and Texas (TX) in the US. T. horrida strain QB1 was used as a reference isolate and T. controversa strain DAOMC 236426 was used as an outgroup. The scale bar represents the number of substitutions per site. The value on the branches indicates the percentage of trees based on 1,000 bootstrap replicates on ML/NJ/ME, respectively. Only branches values with >50% replicates are show; “*” indicates that the branch value is less than 50%.


Similarly, clade I consisted of three isolates collected from Arkansas (3/7) and one isolate each from Mississippi, Missouri, and Louisiana. Similarly, clade II consisted of four isolates collected from Arkansas, and one isolate each from California, Mississippi, and Louisiana, along with two isolates from Texas. Similarly, clade III consisted of two isolates collected from Louisiana and isolate each from Missouri and Mississippi. Clade IV consisted of only two isolates, one from Louisiana and the other from Texas, whereas clade V were clustered with four isolates all collected from Mississippi.



Analysis of Diversity and Recombination Rates

Diversity parameters and neutrality test were calculated with concatenated sequence of all four regions and individually by DnaSP 6.0 (Rozas et al., 2017). Test of neutrality showed non-significant drift from mutation equilibrium in both Tajima’s D and Fu and Li’s D* and F* statistics for both ITS-only region and multi-locus concatenated sequence. Number of recombination event was predicted to be 4 and 50 in ITS-only sequence and multi-locus sequence sets, respectively (Table 4.)



TABLE 4. Sequence variation statistics of the kernel smut fungal populations in the USa.
[image: Table4]

Among the individual regions nucleotide diversity (ND), Watterson’s theta (θw) and segregating sites were found to be highest in RPB1 region as compared to the other three regions. Test of neutrality showed significant drift from mutation equilibrium in both Tajima’s D and Fu and Li’s D* and F* statistics in RPB1 region, whereas only Fu and Li D* and F* statistics were significant in rRNA regions and EF1α region (Supplementary Table S2).




DISCUSSION

Kernel smut of rice has emerged as one of the most important diseases, threatening the US rice production. Economic impact of kernel smut is more significant from the loss of quality than from the loss of yield. In recent years, an increase in the severity and incidence of kernel smut and in cases of rejection of rice at selling point has been reported across the US, especially in Texas. In this study, we investigated the genetic diversity of the T. horrida populations in the US. Genomic DNA was extracted from the 63 isolates of T. horrida collected from Arkansas, California, Louisiana, Missouri, Mississippi, and Texas and subjected to multi-locus sequence analysis (MLSA). The results of our study showed the presence of genetically diverse T. horrida populations in the US. To our knowledge, this is the first study to analyze multi-locus region of the T. horrida populations in rice.

Our research reveals that there were five groups of the T. horrida populations in the US. Tilletia horrida clusters did not correspond with the geographical origin of the isolates collected. Only the isolates collected from Arkansas were clustered together in only one clade (clade I) with the reference isolate T. horrida strain QB1. Along with the Arkansas population, the isolates from California were the least diverse, whereas the population in Louisiana and Mississippi were most diverse as they grouped together in 3 out of 5 clades. Low diversity within the California population found in the current study can be attributed to quarantine practice that has been enforced in the state to prevent the introduction of disease, insect, and weed pests in rice seed into California from the southern region of the US and from foreign countries for many years (Oscar, 2006). The results of our research here are in contrast with those of Ustilaginoidea virens, the causal agent of false smut of rice, where a higher level of genetic differentiation among the U. virens populations found in the study with the isolates collected from geographically distant rice-growing areas of China (Sun et al., 2013). Unlike another bunt pathogen T. indica (Singh and Gogoi, 2011), the lack of correlation between genetic diversity and geographical specificity among the T. horrida populations in the current study may be attributed to unrestricted trading of rice seeds and lack of quarantine restriction in the southern US. In addition, the current study indicates that there are some levels of genetic differentiation in the T. horrida populations. These results have a direct implementation on the development of new rice cultivars with improved resistance to kernel smut. Future efforts toward breeding for resistant cultivars against kernel smut should consider selecting representative isolates from each of genetically diverse groups in the process of kernel smut resistance screening.

Neutrality tests suggest there was no significant departure from the mutation drift equilibrium, indicating the T. horrida population does not deviate from natural expectation in Tajima’s D and Fu and Li’s D* and F* tests (Tajima, 1989; Fu and Li, 1993). Individual phylogenetic analyses of all four regions showed higher nucleotide substitution in RPB1 and ITS as compared to the EF1⋅ and LSU regions. Along with higher nucleotide substitution per site, RPB1 also had highest nucleotide diversity (ND), Watterson’s theta (θw), and segregating sites. Similarly, based on Tajima’s D test, only RPB1 deviates from the mutation equilibrium with significant and positive Tajima’s D. Variation statistics showed 50 recombination events among the concatenated sequence. This might be due to the possible sexual recombination between different isolates. Tilleita horrida is a hemi-biotrophic fungus, which probably facilitates such recombination through mating of compatible types. However, no clear evidence of compatible sexual mating is still unknown in Tilletia horrida (Carris et al., 2006) or in similar non-systematic bunt Tilletia indica (Goates, 1988; Gupta et al., 2015).

Along with multi-locus analysis of the T. horrida populations in the US, we also analyzed 33 other Tilletia spp., including T. horrida and T. barclayana reported from eight different countries. Due to the lack of global information on multi-locus regions on the T. horrida isolates, we analyzed ITS regions-only reported in the NCBI database. Our analysis revealed that there are three groups of T. horrida isolates distributed in the world. The majority (76%) of the T. horrida isolates from this study, along with six other isolates reported previously from the US (Levy et al., 2001), was clustered together along with 15 other smut isolates from eight different countries. Similarly, four T. horrida isolates from this study were clustered together with seven T. horrida isolates reported from China (Zhou et al., 2006; Wang et al., 2015). Kernel smut is seedborne and rice is one of the most traded crops around the world (USDA, 2020). Our ITS regions-only analysis suggests potential multiple entries of the kernel smut pathogen from foreign countries into the US.

In the current study, clade III also clustered with T. australiensis isolated from wild rice (O. rufipogon) in Australia (McTaggart and Shivas, 2018) in addition to T. horrida isolates isolated from rice. ITS region sequence showed 99.75% similarity between T. australiensis and T. horrida strain 54,899 isolated from rice in Australia. Such high percentage of similarity between the kernel smut isolates from wild and cultivated rice indicates that the kernel smut fungus can infect multiple hosts and that wild rice potentially serves as an alternative host to the pathogen. The results of previously unverified reports indicate that T. horrida may infect Digitaria Haller, Leeria Sw., and Panicum L. (Tracy and Earle, 1896) and Pennisetum L. C. (Tullis and Johnson, 1952). However, until this date, there is no clear evidence that the T. horrida fungus can infect multiple hosts other than rice under natural conditions (Carris et al., 2006). Out of six T. barclayana isolates only two strains, DAOM 236425 and DAOM 238028, clustered together in clade III. Two T. barclayana strains clustered in clade III were the only T. barclayana isolated from rice (Liu, 2014), whereas other T. barclayana strains were isolated either from Paspalum spp. or Pennisetum orientale. Other strains formed a separate group from T. horrida isolates. Kernel smut isolated from other grasses clearly form different branches in the phylogenetic tree. Difference in the lineage of T. horrida and T. barclayana isolates have also been demonstrated in previous studies (Levy et al., 2001; Castlebury et al., 2005).

In conclusion, we can parse finger genetic diversity in the kernel smut fungus, T. horrida, using multi-locus sequence analysis. This is the first study analyzing the genetic diversity among the T. horrida populations in the US. Our study demonstrates the presence of genetically diverse of T. horrida isolates in different rice-growing states. Higher than 99% similarity in ITS region sequences between T. horrida isolates and between different countries may be attributed to the wide distribution of smutted rice along with global trade. The understanding of the genetic diversity of the T. horrida populations from the current study will help researchers develop effective host resistance and chemical management strategies, especially cultivar resistance, for the control of kernel smut of rice.
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Species of Cantharellus subgenus Cantharellus are interesting and important for their mycorrhizal properties, medicinal values, and edibility. In China, there are many undescribed species of the subgenus. In this study, four new species of subg. Cantharellus, viz. Cantharellus albopileatus, Cantharellus chuiweifanii, Cantharellus pinetorus, and Cantharellus ravus from Hainan and Hunan Provinces, respectively, were described based on morphological and phylogenetic evidence as a contribution to the knowledge of the species diversity in China. Detailed descriptions, color photographs of fresh basidiomata, and line drawings of microstructures of these four new species are presented as well as comparisons with related species.

Keywords: chanterelle, molecular phylogeny, morphology, new taxa, taxonomy


INTRODUCTION

Species diversity, taxonomy, and phylogeny of macrofungi have been investigated in the recent years, and many new species have been discovered (Zeng et al., 2013; Han et al., 2016; Chai et al., 2019; Cui et al., 2019; Shen et al., 2019; Sun et al., 2020; Liu et al., 2021a,b, 2022; Wu et al., 2021; Ji et al., 2022; Xie et al., 2022). Species of Cantharellus Adans. ex Fr. (Hydnaceae, Cantharellales), interesting and important fungi, have also received a lot of attention by mycologists for their mycorrhizal properties, medicinal values, and edibility (Pilz et al., 2003; Yun and Hall, 2004; Shao et al., 2012). Molecular phylogeny has delimited abundant species within the genus and revealed unexpected species diversity (Buyck et al., 2011, 2013, 2014, 2016a,b; Foltz et al., 2013; Leacock et al., 2016). Until now, a large number of Cantharellus taxa have been described in Europe, Africa, and North America (Corner, 1966; Buyck et al., 2011, 2013, 2014, 2016a,b, 2018; Kumari et al., 2011, 2013; Suhara and Kurogi, 2015; De Kesel et al., 2016; Leacock et al., 2016).

In China, many species of Cantharellus have been uncovered (Chiu, 1973; Zang, 1980; Wei et al., 2008; Tian et al., 2009, 2012; Shao et al., 2011, 2012, 2014, 2016a,2021; Buyck et al., 2018; An et al., 2017; Jian et al., 2020; Cao et al., 2021; Zhang M. et al., 2021). They are well known to the public in the country because most of them have activities of anticancer, antimicrobial, immune regulation, and antioxidant (Dulger et al., 2004; Daniewskia et al., 2012; Nowacka-Jechalkea et al., 2018; Zhao et al., 2018). Interestingly, basidiocarps of Cantharellus such as Cantharellus yunnanensis W. F. Chiu are sold as edibles in markets in Yunnan Province, southwestern China (Figure 1), which generate good economic value (Watling, 1997; Wu and Lu, 2006).
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FIGURE 1. Collections of chanterelle sold as edibles in the market of Yunnan Province, southwestern China. Photographs were taken by N. K. Zeng.


Recently, the genus Cantharellus has been divided into six subgenera including subg. Afrocantharellus Eyssart. and Buyck, subg. Cantharellus Adans. ex Fr., subg. Cinnabarinus Buyck and V. Hofst., subg. Parvocantharellus Eyssart. and Buyck, subg. Pseudocantharellus Eyssart. and Buyck, and subg. Rubrinus Eyssart. and Buyck (Buyck et al., 2014). Among them, subg. Cantharellus has received considerable attention, which is characterized by basidiomata that is medium- to large-sized; cap and stipe are usually smooth, sometimes with appressed squama; hymenophore is veined with blunt, mostly strongly forking-anastomosing ridges, rarely smooth or nearly so; hyphal endings are mostly thick-walled; clamp connections are abundant everywhere (Buyck et al., 2014). In China, although several taxa of subg. Cantharellus have been described or reported in previous studies (Chiu, 1973; Shao et al., 2011, 2016b,2021; An et al., 2017; Cao et al., 2021; Zhang Y. Z. et al., 2021), many more undescribed novel species probably exist in the country. Recently, many collections of subg. Cantharellus in China have been collected, and they were studied using morphological and molecular phylogenetic analyses, aiming to (i) describe new taxa and (ii) elucidate the species diversity of subg. Cantharellus in China.



MATERIALS AND METHODS


Morphological Studies

Field notes and digital photographs were made from fresh specimens. Specimens examined in this study were deposited in the Fungal Herbarium of Hainan Medical University (FHMU), Haikou City, Hainan Province of China. Macroscopic descriptions are based on the detailed notes and photographs taken from fresh basidiomata. Color codes follow Kornerup and Wanscher (1981). Samples were hand-sectioned and mounted in 5% KOH solution and 1% congo red. Sections of the pileipellis were cut radial-perpendicularly and halfway between the center and the margin of the pileus. The following notations [n/m/p] indicate that n basidiospores measured m basidiomata of p collections. Dimensions of basidiospores were presented in the form (a–)b–e–c(–d), where the range b–c contains at least 90% of the measured values, “a” and “d” were the extreme values, 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. 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

Total genomic DNA was obtained with the Plant Genomic DNA Kit (CWBIO, Beijing, China) according to the manufacturer’s instructions from collections dried with silica gel. 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) and the translation elongation factor 1-α gene (TEF1) with EF1-α-F/EF1-α-R (Mikheyev et al., 2006). Polymerase chain reaction (PCR) conditions followed the program of Zhang Y. Z. et al. (2021). PCR products were checked in 1% (w/v) agarose gels. Amplified PCR products were sequenced using an ABI 3730 DNA Analyzer (Guangzhou Branch of BGI, China) with the same primers. Forward or reverse sequences were compiled with BioEdit (Hall, 1999). All sequences newly obtained in this study were deposited to GenBank1.



Dataset Assembly

A total of sixty-nine DNA sequences (34 of 28S, and 35 of TEF1) from 36 collections were newly generated. Edited sequences were deposited in GenBank; 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 selected sequences of subg. Cantharellus from previous studies and GenBank (Table 1); Cantharellus ibityensis Buyck, Randrianj. and V. Hofst. was chosen as an outgroup inferred from Buyck et al. (2014). To test for phylogenetic conflict among 28S and TEF1, single-gene phylogenetic trees based on each of these two fragments were analyzed. The results of analyses showed that 28S and TEF1 were not in conflict. Thus, two datasets (28S and TEF1) were aligned with MUSCLE v3.6 (Edgar, 2004) and manually optimized on BioEdit v7.0.9 (Hall, 1999); then, the two datasets were 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 this study.
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Phylogenetic Analyses

The combined nuclear dataset (28S + TEF1) was analyzed using maximum likelihood (ML) and Bayesian inference (BI). Maximum likelihood tree generation and bootstrap analyses were performed with the program RAxML7.2.6 (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 Monto Carlo (MCMC) technique and parameters predetermined with MrModeltes 2.3 (Nylander, 2004) was performed. The best-fit likelihood model of 28S and TEF1 was GTR + I + G and SYM + I + G, respectively. Bayesian analysis of the combined nuclear dataset (28S + TEF1) was repeated for 20 million generations and sampled every 100 generations. 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. Runs were terminated once the average standard deviation of split frequencies went below 0.01.




RESULTS


Molecular Data

The combined dataset (28S + TEF1) of subg. Cantharellus consisted of 129 taxa and 1,707 nucleotide sites, and the alignment was submitted to TreeBase (S29413). The phylogram with branch lengths generated from RAxML and support values is shown in Figure 2. The topologies of the phylogenetic trees based on the combined dataset generated from ML and BI analyses were almost identical, but there was a slight variation in statistical support.


[image: image]

FIGURE 2. Phylogram inferred from a combined dataset (28S and TEF1) of the Cantharellus subg. Cantharellus using RAxML. RAxML likelihood bootstrap (BS ≥ 50%) and Bayesian posterior probabilities (PP ≥ 0.95) are indicated above or below the branches as RAxML BS/PP.


The present molecular data indicate that the Chinese species of subg. Cantharellus were grouped into fourteen independent lineages (Figure 2). A total of seven new lineages were identified in this study (Lineages 1–7 of Figure 2). Lineage 1 was comprised of one collection (FHMU6845) from central China; lineage 2 was comprised of one material (FHMU4592) from southern China; lineage 3, with strong statistical support (BS = 100%, PP = 1.0), was comprised of eleven collections (FHMU5335, FHMU6846, FHMU6847, FHMU1703, FHMU5260, FHMU6848, FHMU6849, FHMU2412, FHMU2839, FHM3236, and FHMU5268) from southern China; lineage 4, with high statistical support (BS = 98%, PP = 1.0), was comprised of two specimens (FHMU3749 and FHMU3759) both from central China; lineage 5, with strong statistical support (BS = 100%, PP = 1.0), was comprised of two materials (FHMU1987 and FHMU6850) from southern China and eastern China, respectively; lineage 6 was comprised of one collection (FHMU5266) from southern China; and lineage 7 was comprised of one specimen (FHMU3834) also from southern China (Figure 2).



Taxonomy

Cantharellus albopileatus N.K. Zeng, Y.Z. Zhang, and W.F. Lin, sp. nov.

Figures 3A,B, 4.


[image: image]

FIGURE 3. Basidiomata of Cantharellus subg. Cantharellus species. (A,B) Cantharellus albopileatus (A) FHMU1987, holotype; (B) FHMU6850; (C–E) Cantharellus chuiweifanii (C,D) FHMU5335; (E) FHMU2839; (F,G) Cantharellus pinetorus (F) FHMU3759, holotype; (G) FHMU3749; (H) Cantharellus ravus (FHMU6845, holotype). Photographs: (A,C–H) N. K. Zeng; (B) W. F. Lin.
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FIGURE 4. Microscopic features of Cantharellus albopileatus (FHMU1987, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y. Z. Zhang.


MycoBank: MB843063

Diagnosis: It differs from other species of subg. Cantharellus by a cream to off-white basidioma, a well-developed hymenophore, and ellipsoid basidiospores.

Etymology: Latin “albo-” means white, “pileatus” means pileus, referring to the off-white pileus of our new species.

Holotype: China. Hainan Province: Yinggeling of Hainan Tropical Rainforest National Park, elev. 750 m, 28 May 2017, N. K. Zeng3026 (FHMU1987). GenBank accession number: 28S = OM691480, ITS = OM835804, TEF1 = OM811321.

Basidiomata are very small to small-sized. Pileus is 2.5–5 cm in diameter and convex with a depressed center; the margin was strongly incurved, irregular, often wavy, and lobed; the surface is smooth, slightly greasy, and cream (3A1) to off-white (4A1) in color; the context above stipe was 0.3 cm in thickness, whitish (4A1), unchanging in color when injured. Hymenophore is composed of relatively well-developed, decurrent gill folds, branched to furcate, which becomes strongly intervened with age; these folds are about 0.1 cm broad and are yellowish (2A2) to white (4A1) in color. Stipe is 2–3 × 0.4–0.6 cm, central, subcylindrical, young solid, hollowing with age, and curved at the base; the surface was dry, whitish (4A1) to very pale cream (3A1), and nearly concolorous with hymenophore; the context is fleshy, firm, and whitish (3A1). Taste and odor is not distinctive. Spore print is not obtained.

Basidiospores [40/2/2] 6–7.18–8 × 5–5.46–6(–6.5) μm, Q = (1.09–)1.15–1.50(–1.6), Qm = 1.32 ± 0.12, are ellipsoid, smooth, slightly thick-walled (0.5 μm), yellowish in KOH. Basidia is 43–65 × 5–10 μm, narrowly clavate, slightly thick-walled (up to 0.5 μm), 4-5-6-spored, and yellowish in KOH; sterigmata is 4–6 μm in length. Cystidia is absent. Pileipellis has a cutis that is 30–70 μm thick, is composed of mostly interwoven, cylindrical hyphae, is 6–12 μm wide, is thick-walled (up to 1 μm), and is faintly pale yellow in KOH; terminal cells are 21–108 × 5–10 μm in length, thin to slightly thick-walled (up to 0.5 μm), subcylindrical to subclavate, with obtuse apex. Clamp connections are present in all parts of basidioma.

Habitat: Solitary, scattered, or gregarious on the ground in forests dominated by fagaceous trees such as Castanopsis fissa (Champion ex Bentham) Rehder et E. H. Wilson.

Known distribution: southern and eastern China.

Other specimens were examined: China. Zhejiang Province: Hangzhou City, Tianmushan Nature Reserve, elev. 1100 m, 22 July 2020, W. F. Lin7 (FHMU6850).

Notes: Cantharellus albus S. P. Jian and B. Feng, originally described from Yunnan, southwestern China, has a white basidioma. However, by presenting the features such as a stipe turning yellow when bruised and a lower value of Qm, it is a member of subg. Parvocantharellus Eyssart. and Buyck (Jian et al., 2020). The white basidioma makes Cantharellus albopileatus somewhat similar to the American Cantharellus subalbidus A. H. Sm. and Morse; however, this latter species in addition to being associated with trees of Pinaceae (Smith and Morse, 1947) possesses larger basidioma [pileus 5–10 (–14) cm], and it is also distinctly differentiated at the molecular level (Figure 2).

In the phylogenetic analyses, Cantharellus albopileatus forms a well-supported (BS = 100%, PP = 1.0) monophyletic clade, together with the newly described Cantharellus chuiweifanii, equally a tropical species, and Cantharellus pinetorus from central China (Figure 2), which is quite different from any of the other northern hemisphere species in subg. Cantharellus. However, Cantharellus pinetorus is associated with trees of Pinaceae (refer to the descriptions under Cantharellus pinetorus); both Cantharellus pinetorus and Cantharellus chuiweifanii have a yellow pileus (refer to the descriptions under Cantharellus chuiweifanii).

Cantharellus chuiweifanii N.K. Zeng, Y.Z. Zhang, and Zhi Q. Liang, sp. nov.

Figures 3C–E, 5.
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FIGURE 5. Microscopic features of Cantharellus chuiweifanii (FHMU2412, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y. Z. Zhang and D. Y. An.


MycoBank: MB843062

Diagnosis: It differs from other species of subg. Cantharellus by an egg-yolk yellow to bright yellow, shiny pileus, a whitish stipe, a well-developed hymenophore, ellipsoid basidiospores, and a distribution in tropical Asia.

Etymology: Latin “chuiweifanii” is named after Chinese mycologist W. F. Chiu; for that, he published the first new species of Cantharellus in China, i.e., Cantharellus yunnanensis.

Holotype: China. Hainan Province: Limushan of Hainan Tropical Rainforest National Park, elev. 650 m, 11 May 2014, N. K. Zeng1524 (FHMU2412). GenBank accession number: 28S = OM717953, TEF1 = OM811347.

Basidiomata are very small to medium-sized. Pileus is 2–5 cm in diameter and plano-convex at first but soon depressed in the center; the margin was first very regular and strongly incurved and then became more wavy, the surface is smooth, pale yellow, egg-yolk yellow (1A5) to bright yellow (1A7), sometimes tinged with brownish, and shiny in color; the context above stipe was 0.05–0.15 cm in thickness, yellowish (3A3) to orange yellow (3A8), but unchanging in color when injured. Hymenophore is composed of well-developed, decurrent, well-spaced, and unequal gill folds, especially near the extreme cap margin with many very short lamellulae or also often forked; these folds are 0.1–0.2 cm broad and are pale yellow, egg-yolk yellow (1A4) to orange yellow in color (2A7). Stipe is 1.2–4 × 0.4–1.0 cm, central, cylindrical; surface dry, whitish (5A1), or yellowish-brown (1A2) in color; the context is fleshy, firm, and yellowish (2A2). Taste and odor is not distinctive. Spore print is not obtained.

Basidiospores [173/18/11] 6–7.05–8 × 4.5–5.03–5.5(–6) μm, Q = (1.18–)1.27–1.60(–1.67), Qm = 1.41 ± 0.10, are ellipsoid, smooth, slightly thick-walled (0.5 μm), yellowish in KOH. Basidia is –57-67 × 8-10 long, narrow, subcylindric, slightly thick-walled (0.5–0.7 μm), 4-5-6-spored, yellowish in KOH; sterigmata is 5–7 μm in length. Cystidia is absent. Pileipellis has a cutis that is 70–180 μm thick, is composed of mostly interwoven, cylindrical hyphae, is 5–8 μm wide, is slightly thick-walled (0.5–0.8 μm), and is faintly pale yellow in KOH; terminal cells are 52–148 × 4–7 μm in length, slightly thick-walled (0.5–0.8 μm), subcylindrical to subclavate, with obtuse apex. Clamp connections are present in all parts of basidioma.

Habitat: Solitary, scattered, or gregarious on the ground in forests dominated by fagaceous trees such as Lithocarpus spp.

Known distribution: southern China.

Other specimens were examined: China. Hainan Province: Yinggeling of Hainan Tropical Rainforest National Park, elev. 750 m, 5 August 2015, N. K. Zeng2608 (FHMU1703); Jianfengling of Hainan Tropical Rainforest National Park, elev. 850 m, 27 June 2018, N. K. Zeng3392 (FHMU5268); same location, 28 June 2018, N. K. Zeng3452, 3463, 3474 (FHMU5260, FHMU2839, FHMU5335); same location, 10 August 2020, N. K. Zeng4558, 4559 (FHMU6848, FHMU6847); same location, 11 August 2020, N. K. Zeng4596 (FHMU6846); same location, 29 July 2021, N. K. Zeng5322 (FHMU3236); Wanning County, Bofangling, elev. 70 m, 29 August 2020, N. K. Zeng4897 (FHMU6849).

Notes: Cantharellus chuiweifanii looks like Cantharellus subcibarius Corner and Cantharellus yunnanensis. However, Cantharellus subcibarius has a yellow stipe, a context turning yellow to orange-brown when bruised, and larger basidiospores [(7.3–)7.5–7.89–8.3(–8.5) × (5.2–)5.6–6.10–6.5(–6.9) μm, Q = (1.12–)1.23–1.30–1.36(–1.40)] (Corner, 1966; Buyck et al., 2021); Cantharellus yunnanensis has a yellow stipe, wider basidiospores measuring (6.5–)7–8(–8.5) × 5–6(–6.5) μm (Shao et al., 2021), and it is also distinctly differentiated at the molecular level (Figure 2). Cantharellus chuiweifanii is phylogenetically associated with Cantharellus albopileatus and Cantharellus pinetorus (Figure 2), and the differences in the three taxa have been discussed under Cantharellus albopileatus.

Cantharellus pinetorus N.K. Zeng, Y.Z. Zhang and Zhi Q. Liang, sp. nov.

Figures 3F,G, 6.


[image: image]

FIGURE 6. Microscopic features of Cantharellus pinetorus (FHMU3759, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y. Z. Zhang.


MycoBank: MB843064

Diagnosis: It differs from other species of subg. Cantharellus by a bright yellow to orange-yellow pileus, a cream to grayish yellow stipe, a well-developed hymenophore, broadly ellipsoid to ellipsoid basidiospores, and it is associated with pine trees.

Etymology: Latin “pinetorus” refers to the association of the new species with pine forests.

Holotype: China. Hunan Province: Yizhang County, Mangshan National Nature Reserve, elev. 750 m, 30 July 2019, N. K. Zeng4180 (FHMU3759). GenBank accession number: 28S = OM691482, TEF1 = OM811323.

Basidiomata are small to medium-sized. Pileus is 3.5–5 cm in diameter and convex when young and then applanate with depressed center; the surface is smooth, bright yellow (3A5) to orange-yellow in color (3A6); the margin is incurved and irregularly wavy; the context above stipe is 0.35–0.55 cm in thickness, yellow (3A7), but unchanging in color when injured. Hymenophore is veined and decurrent; these folds are 0.05–0.2 cm broad and are lemon yellow (1A6) to pale yellow in color (4A2). Stipe is 2.5–3 × 0.5–0.6 cm, cylindrical, central, and hollow; the surface is dry and cream (4A1) to grayish yellow (4A2) in color; the context is white (3A2). Taste and odor is not distinctive. Spore print is not obtained.

Basidiospores [40/2/2] 6–6.98–7.5(–8) × 5–5.36–6 μm, Q = (1.09–)1.17–1.5, Qm = 1.30 ± 0.09, are broadly ellipsoid to ellipsoid, smooth, slightly thick-walled (0.5 μm), yellowish in KOH. Basidia is 57–68 × 4–10 μm, long, narrow, subcylindric, slightly thick-walled (up to 0.5 μm), 3-4-5-spored, and yellowish in KOH; sterigmata is 2–4 μm in length. Cystidia is absent. Pileipellis has a cutis that is 100–150 μm thick, is composed of mostly interwoven, cylindrical hyphae, is 6–9 μm wide, is slightly thick-walled (up to 0.5 μm), and is faintly pale yellow in KOH; terminal cells are 40–61 × 4–6 μm in length, slightly thick-walled (0.5–0.7 μm), subcylindrical to subclavate, with obtuse apex. Clamp connections are present in all parts of basidioma.

Habitat: Solitary, scattered, or gregarious on the ground, in forests dominated by Pinus massoniana Lamb.

Known distribution: central China.

Other specimens were examined: China. Hunan Province: Yizhang County, Mangshan National Nature Reserve, elev. 750 m, 30 July 2019, N. K. Zeng4181 (FHMU3749).

Notes: Malaysian Cantharellus ianthinus Corner and Cantharellus subcibarius are morphologically similar to Cantharellus pinetorus. However, Cantharellus ianthinus has purple fibrils on the surfaces of the pileus and stipe, and larger basidiospores measuring 8–10.5 × 5.5–7 μm (Corner, 1966); Cantharellus subcibarius has a context turning yellow to orange-brown when bruised, and it is not associated with trees of Pinaceae (Corner, 1966; Buyck et al., 2021). In the phylogenetic analyses, Cantharellus pinetorus is allied with Cantharellus albopileatus and Cantharellus chuiweifanii (Figure 2), the differences in the three taxa have been discussed under Cantharellus albopileatus.

Cantharellus ravus N.K. Zeng, Y.Z. Zhang, and Zhi Q. Liang, sp. nov.

Figures 3H, 7.
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FIGURE 7. Microscopic features of Cantharellus ravus (FHMU6845, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y. Z. Zhang.


MycoBank: MB843065

Diagnosis: It differs from other species of subg. Cantharellus by a yellowish to grayish yellow, dull pileus, a well-developed hymenophore, and ellipsoid basidiospores.

Etymology: Latin “ravus” refers to the grayish yellow basidioma of our new species.

Holotype: China. Hunan Province: Yizhang County, Mangshan National Nature Reserve, elev. 550 m, 29 July 2019, N. K. Zeng4176 (FHMU6845). GenBank accession number: 28S = OM717944, TEF1 = OM811338.

Basidiomata are small to medium-sized. Pileus is 3.5–8 cm in diameter and plano-convex to infundibuliform; the surface is smooth, yellowish (1A2) to grayish yellow (2A4) in color, and dull; the margin is incurved or downward; the context above stipe is about 0.3 cm in thickness, yellowish (3A3), unchanging in color when injured. Hymenophore is veined and decurrent; these folds are about 0.1 cm high, forking, creamy yellow (1A4) to yellowish (3A2) in color. Stipe is 3–4 × 0.6–0.9 cm, central, cylindrical; surface dry, grayish yellow to fulvous (4A4), but whitish (5A1) at base. Taste and odor is not distinctive. Spore print is not obtained.

Basidiospores [37/2/1] (6–)6.5–7.04–7.5 × 4.5–5.24–5.5 μm, Q = (1.18–)1.2–1.5(–1.56), Qm = 1.35 ± 0.08, are ellipsoid, smooth, slightly thick-walled (0.5 μm), yellowish in KOH. Basidia is 45–63 × 8–9 μm, long, narrow, subcylindric, slightly thick-walled (up to 0.5 μm), 4-5-6 spored, yellowish in KOH; sterigmata is 6–8 μm in length. Cystidia is absent. Pileipellis has a cutis composed of mostly cylindrical, that is 5–12 μm wide, is slightly thick-walled (up to 1 μm) hyphae, and is faintly pale yellow in KOH; terminal cells are 45–82 × 6–10 μm, slightly thick-walled (0.5–0.7 μm), subcylindrical to subclavate, with obtuse apex. Clamp connections are present in all parts of basidioma.

Habitat: Gregarious on the ground in forests dominated by fagaceous trees such as Lithocarpus spp.

Known distribution: central China.

Notes: Cantharellus subcibarius and Cantharellus yunnanensis are also morphologically similar to our new species. However, both Cantharellus subcibarius and Cantharellus yunnanensis have shiny pileal surfaces. Moreover, Cantharellus subcibarius has a context turning yellow to orange-brown when bruised, and larger basidiospores [(7.3–)7.5–7.89–8.3(–8.5) × (5.2–)5.6–6.10–6.5(–6.9) μm, Q = (1.12–)1.23–1.30–1.36(–1.40)] (Corner, 1966; Buyck et al., 2021); Cantharellus yunnanensis also has larger basidiospores measuring (6.5–) 7–8 (–8.5) × 5–6 (–6.5) μm (Shao et al., 2021), and it is distinctly differentiated at the molecular level (Figure 2). Our molecular data also indicated that Cantharellus ravus is closely related to the North American Cantharellus californicus D. Arora and Dunham and Cantharellus velutinus Buyck and V. Hofst (Figure 2). However, Cantharellus californicus has much larger basidiospores measuring 7–9.30–12 μm × 5–6.45–8 μm (Arora and Dunham, 2008); Cantharellus velutinus, a very variable species with yellow to pink fruiting bodies and pubescent pileus surface, has longer but narrower basidiospores measuring (6.7–)7.3–7.84–8.4(–9.2) × (3.7–)4.2–4.61–5.0(–5.2) μm and hyphal extremities of the pileipellis with conspicuously thickened cell walls (Buyck et al., 2016b).




DISCUSSION


Morphological Features and Hosts of Cantharellus Subgenus Cantharellus

In agreement with the previous hypotheses (Buyck et al., 2014), most species in China have nearly glabrous pileus, with the exception of Cantharellus vaginatus S. C. Shao, X. F. Tian, and P. G. Liu and Cantharellus versicolor S. C. Shao and P. G. Liu having a squamulose cap (Shao et al., 2011, 2016b). As noted by Buyck et al. (2014), most taxa in subg. Cantharellus have yellow pileus. In China, Cantharellus chuiweifanii, Cantharellus cibarius Fr, Cantharellus hainanensis N. K. Zeng, Zhi Q. Liang, and S. Jiang, Cantharellus laevihymeninus T. Cao and H. S. Yuan, Cantharellus macrocarpus N. K. Zeng, Y. Z. Zhang, and Zhi Q. Liang, Cantharellus pinetorus, Cantharellus ravus, Cantharellus vaginatus, and Cantharellus yunnanensis also have pilei colored with yellow; Cantharellus albopileatus is characterized with white pileus; squamules on pileal surface of Cantharellus vaginatus are fulvous to brown (Shao et al., 2011), and sandy brown to dark brown in Cantharellus versicolor was observed (Shao et al., 2016b).

Besides macro-morphology, some micro-morphological features can also be used to discriminate subg. Cantharellus species. For example, species of the subgenus usually have abundant clamps, and hyphal endings in pileipellis are mostly thick-walled (Buyck et al., 2014). Our four new species and previous taxa of subg. Cantharellus in China also possess clamp connections and thick-walled hyphal endings in pileipellis (Shao et al., 2011, 2016b,2021; An et al., 2017; Cao et al., 2021; Zhang Y. Z. et al., 2021).

In regard to ecological preference, many species such as Cantharellus altipes Buyck and V. Hofst, Cantharellus macrocarpus, and Cantharellus tenuithrix Buyck and V. Hofst were reported to grow in pine-oak woods (Buyck and Hofstetter, 2011; Shao et al., 2021; Zhang Y. Z. et al., 2021). In China, Cantharellus cibarius, Cantharellus vaginatus, and Cantharellus yunnanensis were also reported to grow in pine-oak forests (Shao et al., 2011, 2021); Cantharellus albopileatus, Cantharellus chuiweifanii, Cantharellus hainanensis, and Cantharellus ravus grow in forests dominated by fagaceous trees, whereas Cantharellus pinetorus and Cantharellus versicolor are associated with trees of Pinaceae (Shao et al., 2011, 2016b; An et al., 2017).

Most species of subg. Cantharellus sections Cantharellus and Amethystini Buyck and V. Hofstetter have well-developed hymenophore, section Sublaeves Buyck and V. Hofstetter harbors taxa with smooth hymenophore, and section Amethystini Buyck and V. Hofstetter usually has a pileus with appressed squama. Judging from the positions of our new species and Chinese previous taxa in the molecular phylogenetic tree (Figure 2), plus the morphological features, Cantharellus cibarius, Cantharellus macrocarpus, Cantharellus ravus, Cantharellus versicolor, and Cantharellus yunnanensis are the members of section Cantharellus, Cantharellus hainanensis, and Cantharellus laevihymeninus, also have ill-developed hymenophore (An et al., 2017; Cao et al., 2021), and belong to the section Sublaeves. Cantharellus vaginatus is a member of section Amethystini, and Cantharellus albopileatus, Cantharellus chuiweifanii, and Cantharellus pinetorus probably represent a new section, which will be further studied in the future.



Species Diversity of Cantharellus Subgenus Cantharellus

High species diversity of subg. Cantharellus in China was revealed in this study, and fourteen lineages were identified (Figure 2). A total of four (lineages 1, 3–5 of Figure 2) were here described as new species: Cantharellus albopileatus, Cantharellus chuiweifanii, Cantharellus pinetorus, and Cantharellus ravus; others represent previously described taxa: Cantharellus cibarius, Cantharellus hainanensis, Cantharellus laevihymeninus, Cantharellus macrocarpus, Cantharellus vaginatus, Cantharellus versicolor, and Cantharellus yunnanensis, whereas three lineages (lineages 2, 6–7 of Figure 2) remain still undescribed.

Up to now, taxa in subg. Cantharellus are all from northern hemisphere (Buyck et al., 2014). Most species of the subgenus included in the present dataset are from temperature areas of northern hemisphere including North America and Europe (Figure 2). In China, with the exception of Cantharellus cibarius and Cantharellus versicolor in temperate areas, most species, viz. Cantharellus albopileatus, Cantharellus chuiweifanii, Cantharellus hainanensis, Cantharellus macrocarpus, Cantharellus pinetorus, Cantharellus ravus, Cantharellus vaginatus, and Cantharellus yunnanensis, occur in subtropical or tropical China. With more field investigations, more taxa of the subgenus will be uncovered in the subtropical and tropical regions.



Phylogenetic Relationships and Geographic Divergence of Chinese Cantharellus Subgenus Cantharellus

Our molecular data based on two-locus DNA sequences (28S + TEF1) with many new specimens from China have contributed to our knowledge of subg. Cantharellus.

It is clear that there are several clades having taxa from both sides of the Pacific, and allied species from East Asia and North America are obviously inferred from this molecular phylogenetic tree (Figure 2). For example, Chinese Cantharellus versicolor is related to North American Cantharellus camphoratus R. H. Petersen and Cantharellus formosus Corner; our new species Cantharellus ravus is affiliated with Cantharellus californicus and Cantharellus velutinus, two species both described from United States; one collection tentatively named C. sp. (FHMU3834) appears closely related to North American-type collection of Cantharellus spectaculus Foltz and T. J. Volk (Figure 2), which is an earlier synonym of Cantharellus persicinus Petersen (Buyck et al., 2016c). Our study did not identify disjunct populations of the same purported taxon in the two areas (Figure 2). Similar scenarios have been documented for many other fungi (Zhang et al., 2004; Zeng et al., 2013, 2016).

Biogeographic connections between East Asia and Europe have also been discussed in other fungi such as Amanita Pers., Phylloporus Quél. and Rhodotus Maire (Zhang et al., 2004; Zeng et al., 2013; Tang et al., 2014). In this study, we found that Cantharellus cibarius occurs in northeastern China and Europe (Figure 2).

In addition, we also noted that Cantharellus hainanensis is associated with one specimen labeled as Cantharellus lateritius from India (Figure 2). Besides northeastern China and Europe, the geographical distribution range of Cantharellus cibarius also extends to Japan (Figure 2).
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Currently, mushroom poisoning still poses a huge problem to humans' health and life globally. Poisoning incidents caused by Inosperma spp. were reported continuously in tropical China in recent years. In this study, a new poisonous Inosperma species, discovered from a poisoning incident, was described in tropical China based on morphological, molecular, and toxin detection evidence; detailed descriptions, photographs, and comparisons to closely related species were provided. For qualitative analysis, through targeted screening using ultra-high liquid chromatography triple quadrupole mass spectrometry (UPLC-MS/MS), the new species contains muscarine and no other toxins (two isoxazole derivatives, two tryptamine alkaloids, three amatoxins, and three phallotoxins). For quantitative analysis, muscarine contents in the pileus and the stipe were 2.08 ± 0.05 and 6.53 ± 1.88 g/kg, respectively.

Keywords: new species, mushroom poisoning incident, muscarine, ultra-high liquid chromatography triple quadrupole mass spectrometry, tropical China


INTRODUCTION

Mushroom poisoning is one of the leading causes of foodborne outbreaks and outbreak-associated deaths in China (Li et al., 2020). The latest study reported 923 patients and 20 deaths caused by 74 different poisonous mushrooms, which were involved in 327 investigations in 2021 in China (Li et al., 2022). Currently, over 500 toxic mushroom species were reported in China. However, undocumented mushroom species were constantly discovered in different mushroom poisoning incidents (Li et al., 2020, 2021a, 2022). Among these diverse groups of poisonous mushrooms, Inocybaceae is supposed to contain a large number of muscarine-containing taxa. The species diversity of Inocybaceae was documented by a series of studies in China (Fan and Bau, 2010, 2013, 2014a,b, 2016, 2017, 2018, 2020; Bau and Fan, 2018; Fan et al., 2018; Yu et al., 2020; Deng et al., 2021a,b; Li et al., 2021b). Inosperma genus only includes a few toxic species, but a high level of muscarine was frequently detected (Kosentka et al., 2013; Sailatha et al., 2014; Latha et al., 2020; Deng et al., 2021a; Patocka et al., 2021) and was reported constantly in mushroom poisoning incidents from tropical Asia (Chandrasekharan et al., 2020; Parnmen et al., 2021; Li et al., 2022).

Inosperma (Kühner) Matheny & Esteve-Rav. belongs to Inocybaceae Jülich. At present, 77 taxa were recorded in the Index Fungorum database (www. indexfungorum.org; retrieved April 11, 2022). The genus is characterized by rimose or scaly pileus, often reddening context, elliptic basidiospores, and thin-walled cheilocystidia. Muscarine, a neurotoxin found in certain Inosperma taxa, has clinical manifestations of this type of poisoning substance that is often associated with the rapid onset (15 min−2 h) of classic parasympathetic stimulation, the triad of which increased sweating, salivation, and lachrymation. Other symptoms may include pupil constriction, blurred vision, urgent or painful micturition, nasal discharge or congestion, asthma/bronchoconstriction, hypotension, bradycardia, skin flushing, watery diarrhea, vomiting, and abdominal pain/colic. In fact, the more rapid the onset, the more severe the intoxication. Severe poisoning is potentially lethal, though death is a rare outcome and unlikely if appropriately treated with atropine (Lurie et al., 2009; White et al., 2019). The latest toxic metabolite profiling analysis and the toxicokinetic study confirmed that muscarine was the main toxic substance in I. virosum (KB Vrinda, CK Pradeep, AV Joseph, and TK Abraham ex CK Pradeep, KB Vrinda and Matheny) Matheny & Esteve-Rav (Latha et al., 2020).

On May 9, 2020, 10 people aged 20–94 from two families were poisoned by an undescribed Inosperma species in Wanning, Hainan Province, China. They showed classic parasympathetic stimulation syndromes, including sweating, salivation, and lachrymation; other symptoms included blurred vision, nausea, vomiting, abdominal pain, and tachycardia. All patients recovered with supportive treatments within 24 h. Limited materials of the poisonous mushroom were obtained from this poisoning locale in 2020. Fortunately, in 2021, this species was encountered again in Wuzhishan, Hainan with plentiful individuals. Accordingly, the new species is described with morphological characters and phylogenetic analyses in the present study. For better understanding of its toxin type and contents, a targeted screening of toxin and quantitative analysis were performed using a comprehensive method of UPLC-MS/MS.



MATERIALS AND METHODS


Field Sampling and Morphological Studies

Poisoned mushroom specimens responsible for the poisoning were immediately collected from the locality where the victims had cooked and ingested them in Shanjia Village, Changfeng Town, Wanning City (Hainan, China) on 9 May 2020. The holotype specimen was collected under Castanopsis hainanensis Merr. (Fagaceae) mixed with Liquidambar formosana Hance (Hamamelidaceae), Microcos paniculata Linn. (Tiliaceae), Psychotria rubra (Rubiaceae), Machilus chinensis (Champ. ex Benth.) Hemsl. (Lauraceae), and Garcinia oblongifolia Champ. ex Benth. (Clusiaceae) on 11 August 2021 from Wuzhishan, Hainan Province in tropical China. Fresh specimens were photographed in situ, and the descriptions were done as soon as possible after fieldwork with color codes, following the study of Kornerup and Wanscher (1978). Collected samples were dried at 45°C with an electronic drier overnight and sealed in plastic bags with silica gels for long-term preservation (Yu et al., 2020). Dried specimens were deposited in the Herbarium of Changbai Mountain Natural Reserve (ANTU) with FCAS numbers and the Fungal Herbarium of Hainan Medical University (FHMU). The methods of morphological study similar to that in the study of Deng et al. (2021a) with some modifications. Microscopic structures were observed from dried specimens mounted in KOH (5%) or stained with Congo red solution (1%) when necessary. At least 20 basidiospores were randomly selected for each individual, and the apiculus was excluded when measured. Numbers in square brackets [a/b/c] mean “a” basidiospores measured from “b” basidiomata of “c” individuals. Additionally, the dimensions results of basidiospores (length × width) are shown as (d) e–f–g (h) × (i) j–k–l (m), where “d” is the minimum length, “e–g” means a minimum of 90% of the measured values, “h” is the maximum of value (“d” < 5th percentile; “h” > 95th percentile) and “f” represents the average length of total measured basidiospores and width “i–l,” “k,” and “i–m” is shown in the same format. Q is the ratio of length/width for each basidiospore, the average of Q is shown as Qm, and Qm ± SD represents Qm ± the sample standard deviation (Ge et al., 2021).



DNA Extraction, PCR Amplification, and Phylogenetic Analyses

Genomic DNA was extracted from dried specimens using the NuClean Plant Genomic DNA kit (ComWin Biotech, Beijing) for rapid DNA extraction and amplification. The ITS, nrLSU, and RPB2 gene regions were amplified using the primer pairs of ITS1F/ITS4 for ITS (Gardes and Bruns, 1993), LR0R/LR7 for nrLSU (Vilgalys and Hester, 1990), and bRPB2-6F/bRPB2-7.1R for RPB2 (Matheny, 2005). The settings of PCR cycles were based on the study of Wang et al. (2021). Then, the PCR products were sent to the Beijing Genomics Institute for purification and sequencing.

The sequences (ITS, nrLSU, and RPB2) obtained in this study were verified (Nilsson et al., 2012) and deposited in GenBank (Supplementary Table S1 in Supplementary Material 1). Sequences of Inosperma taxa mainly retrieved from previous studies (Larsson et al., 2009; Kropp et al., 2013; Horak et al., 2015; Naseer et al., 2017; Bau and Fan, 2018; Matheny and Kudzma, 2019; Matheny et al., 2020; Aïgnon et al., 2021; Bandini et al., 2021; Cervini et al., 2021; Deng et al., 2021a,b) were downloaded from GenBank for phylogenetic analyses (Supplementary Table S1 in Supplementary Material 1). MAFFT online service was used to align each of the three genes with the E-INS-i iterative refinement strategy (https://mafft.cbrc.jp/alignment/server/); then the alignments were manually adjusted by BioEdit version 7.0.9.0 (Hall, 1999). The best-fit evolutionary model for each gene partition was selected by MrModeltest v2.3 with the AIC criterion (Nylander, 2004). The dataset of the individual locus was concatenated using MEGA 5.02 (Tamura et al., 2011). Auritella hispida Matheny & T.W. Henkel and A. spiculosa Matheny & T.W. Henkel were served as outgroups (Matheny et al., 2020). Maximum likelihood (ML) analyses were performed in the W-IQ-TREE web service (http://iqtree.cibiv.univie.ac.at/) with 1,000 ultrafast bootstrap replicates (Trifinopoulos et al., 2016). Bayesian inference (BI) analyses were carried out in MrBayes v.3.2.7a (Ronquist et al., 2012) with the selected model for each partition. Four Markov chains (MCMCs) were set to run for 100 million generations and automatically terminated using the stoprul and stopval commands when the standard deviation of the split frequencies fell below.01, with sampling for every 100th generation. The first 25% of trees were discarded (Ronquist et al., 2012).



Sample Pretreatment

Dried mushroom samples were separated into two parts: the pileus and the stipe. A 20 mg powdery sample of the pileus and the stipe was weighted into different tubes, respectively; then, 2 mL of methanol-water (5:95, v/v) was added, and the mixture was treated in an ultrasonic bath for another 30 min after being vortexed for 30 min; next, the mixture was centrifuged at 1,000 rpm for 5 min. Afterward, the total supernatant was collected using a 0.22 μm organic filter membrane to filtrate before UPLC-MS/MS analysis and diluted with acetonitrile water (7:3, v/v) when necessary. Lentinula edodes (Berk.) Pegler was used as the blank sample. The analytical results are reported as mean±SD g/kg, where mean is the average content of muscarine and SD represents standard deviation.



UPLC-MS/MS Parameters

The standards of muscarine, two isoxazole derivatives (ibotenic acid, muscimol), two tryptamine alkaloids (psilocybin, psilocin), three amatoxins (α-amanitin, β-amanitin, and γ-amanitin), and three phallotoxins (phalloidin, phallacidin, and phallisacin) in methanol were purchased from the Alta Scientific Co., Ltd. (Tianjin, China) as certified reference materials.

The mushroom toxin detection used the US Waters Co., LTD. ultrahigh performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). For detailed sample preparations and the analysis of muscarine, amatoxins, and phallotoxins, we referred to the study of Xu et al. (2020a,b).

Features of the UPLC-MS/MS detection of ibotenic acid and muscimol were as follows. The chromatographic separation was conducted using an ACQUITY UPLC C8 column (2.1 × 100 mm, 1.7 μm; Waters, USA). The mobile phase consisting of acetonitrile (A) and 4% formic acid aqueous solution (B) at a flow rate of 0.3 mL/min was used for elution within 5 min as follows: 0 → 1 min, 2% A; 1 → 2 min, 2 → 70% A; 2 → 3 min, 70% A; 3 → 3.5 min, 70 → 2% A; and 3.5 → 5 min, 2% A. The analytical column was kept at 40°C. A volume of 10 μL sample extraction was injected into the instrument. The positive MS/MS conditions can refer to muscarine (Xu et al., 2020a). The ion pairs were 115.1 > 68.1 (Cone at 16 V; Collision at 12 V) and 159.1 > 113.1 (Cone at 16 V; Collision at 12 V) for ibotenic acid as well as 115.1 > 98.1 (Cone at 15 V; Collision at 10 V) and 115.1 > 68.1 (Cone at 15 V; Collision at 18 V) for muscimol.

To determine the presence of psilocybin and psilocin, the ACQUITY UPLC T3 column (2.1 × 100 mm, 1.7 μm; Waters, USA) was used as a separation column. The mobile phases were acetonitrile (A) and 10 mmol/L ammonium acetate aqueous solution (B). The gradient elution was set as follows: 0 → 0.5 min, 0%A; 0.5 → 4 min, 0 → 85%A; 4 → 4.5 min, 85%A; 4.5 → 5 min, 85 → 0%A; and 5 → 7 min, 0%A. The whole running time was 7 min with the column temperature at 40°C and the injection volume of 10 μL. We considered other instrument parameters as reported previously by Xu et al. (2020a). The psilocybin ion pairs were 285.1 > 85.2 (Cone at 16 V; Collision at 18 V), 285.1 > 240.1 (Cone at 16 V; Collision at 17 V), 205.1 > 58.2 (Cone at 26 V; Collision at 13 V), and 205.1 > 160.1 (Cone at 26 V; Collision at 13 V).




RESULTS


Phylogenetic Analyses

The final multilocus dataset includes 76 taxa and 15 new sequences (6 ITS, 5 LSU, and 4 RPB2) of the new species generated in the present study. The concatenated dataset comprises 3,163 nucleotide sites with 823 bp ITS, 1,560 bp LSU, and 780 bp RPB2, of which 1,827 are constant and 962 are parsimony informative (Supplementary Data Sheet 3, alignment data sheet for phylogenetic analysis). The best-fit evolutionary models of three genes are all the same as the GTR+I+G model. The best-scoring trees of maximum likelihood (ML) and Bayesian analyses are presented in Figure 1. Six major clades were revealed by the three-gene phylogeny, namely sect. Cervicolores, I. misakaense lineage, Maculatum clade, Old World tropical clade 1, Old World tropical clade 2, and the I. africanum lineage. All specimens of the new species were grouped in an independent lineage with full supports (BP = 100%, PP = 1) nested in the Old-World tropical clade 2 and was sister to the lineage unifying I. virosum I. gregarium (K.P.D. Latha & Manim.) Matheny & Esteve-Rav., and an undescribed species from Papua New Guinea (Inosperma sp. TR220-06; BP = 90%, PP = 1).


[image: Figure 1]
FIGURE 1. Phylogram generated by Bayesian Inference (BI) analyses based on sequences of a combined dataset from nuclear genes (rDNA-ITS, nrLSU, and RPB2), rooted with Auritella hispida and A. spiculosa. Bayesian inference posterior probabilities (BI-PP) of ≥0.95 and ML bootstrap proportions (ML-BP) of ≥70 are represented as BI-PP/ML-BP. Inosperma zonativeliferum is the newly described taxa.




Taxonomy

Inosperma zonativeliferum Y.G. Fan, H.J. Li, F. Xu, L.S. Deng & W.J. Yu sp. nov. (Figures 2–5).


[image: Figure 2]
FIGURE 2. Basidiomata of Inosperma zonativeliferum. (A–D) Basidiomata; (E,F) Rimose to rimulose pileus; (G,H) Lamellae; (I) Lamellae edge; (J,K) Stipe surface. Scale bars: (A–H, J,K) = 10 mm, (I) = 1 mm. Photos by Y.-G. Fan.
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FIGURE 3. Microscopic features of Inosperma zonativeliferum (FCAS3509, holotype). (A,B) Basidiospores; (C) Basidia; (D–H) Cheilocystidia in clusters; (I–N) Cheilocystidia. Scale bars: (A–N) = 10 μm. Photos by L.-S. Deng.
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FIGURE 4. Microscopic features of Inosperma zonativeliferum (FCAS3509, holotype). (A) Hymenophoral trama; (B,C) Pileipellis and pileal trama; (D) Oleiferous hyphae; (E–G) Veilpellis; (H) Stipitipellis and stipe trama. Scale bars: (A–H) = 10 μm. Photos by L.-S. Deng.
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FIGURE 5. Microscopic features of Inosperma zonativeliferum (FCAS3509, holotype). (A) Basidiospores; (B) Basidia and basidioles; (C) Cheilocystidia; (D) Veilpellis. Scale bars: (A–D) = 10 μm. Drawings by H.-J. Li.


Mycobank: MB 843696

Inosperma zonativeliferum is characterized by its medium-sized basidiomata, often a split pileus with thick white to dirty white veil remnants, pinkish or slightly orange-tinged lamellae, and a stipe with a distinct white base. Ellipsoid basidiospores and two types of thin- to slightly thick-walled cheilocystidia are present. It differs from other taxa in the Old World tropical clade 2 by its yellowish pileus with thick, persistent, and zonate velar remnant.

Type—CHINA. Hainan Province, Wuzhishan, Maoyang Town, Maoyang Village, 11 August 2021, FYG6441 (Holotype, FCAS3509), GenBank accession numbers: ITS (OL850878), nrLSU (OM845772), RPB2 (ON075044).

Etymology. —Zonativeliferum, refers to its thick, persistent, and zonate velar remnants on the pileus.

Basidiomata small to medium-sized. Pileus 8–69 mm in diameter, conical convex when very young, becoming broadly convex to plano-convex with age, with an indistinct umbo in young and middle age, then broadly umbonate when over-mature; margin initially incurved, slightly decurved with age; crenate, becoming strongly reflexed when old; surface dry, smooth, never or rarely split when young, becoming radially fibrillose-rimulose, splited to strongly rimose when old, covered with distinct, thick ivory white veil remnants all over the pileus in very young age, then becoming radially appressed and scaly with ivory white to dirty white (1A2) veil remnants, pale chocolate (6B3) to dark brown (6C4) around the disc, fibrils faint yellowish brown (4A3), background yellowish white (4A2) or grayish white (3B1) to brownish gray (4B2). Lamellae rather crowded, adnexed, initially pale pinkish (7A2) to yellowish white (5A3), becoming yellowish brown (5B4) to dark brown (5C4) with orange tinge (5B7) when old, 1–3.5 mm wide, often with unequal lamella, edge fimbriate, slightly serrate to wavy when matured. Stipe 20–95 × 5–6 mm, central, solid, terete, often slightly swollen at the apex and base, furfuraceous with some white squamulose at the stipe apex, longitudinally fibrillose downward the stipe; base with distinct ivory white, tomentose hyphae; surface white to yellowish white (5A3), becoming yellowish brown (5B5) when touched. Context solid, fleshy in pileus, 0.35–1.3 mm thick at mid-radius, up to 1.7 (2) mm thick under the umbo, uniformly white to slightly yellowish white (4A2), slightly yellowish white (4A2) or pale pinkish white (5A2) at first, becoming yellowish brown (4B3) to olive green (4C4) when old or cut; base often hygrophanous when being cut, fibrillose and striate in the stipe. Odor fungoid or grassy.

Basidiospores [500/10/6] 8–8.8−9.9 (11.1) × 5–5.6−6.3 (7) μm, Q = (1.27) 1.40–1.57−1.75 (1.90), Qm ± SD = 1.57 ± 0.123, mostly ellipsoid, sometimes phaseoliform to sub-phaseoliform, obovoid, occasionally sub-globose, smooth, slightly thick-walled, often with an indistinct apiculus, usually with a round to amorphous yellowish brown oily contents. Basidia 21–31 × 8–11 μm, mostly clavate, sometimes broadly clavate, obtuse at apex, then somewhat tapered toward the base, 4-spored, sterigmata up to 6 μm in length, thin-walled, hyaline to pale yellow, often with faint yellow oily droplets, sometimes with golden yellow to yellowish brown contents. Pleurocystidia none. Lamella edge sterile. Cheilocystidia of two types: (1) 31–42 × 9–13 μm, crowded, mostly clavate, slender, often obtuse at apex, sometimes slightly tapered into capitate to sub-capitate, becoming somewhat narrow toward the base; (2) 30–58 × 16–24 μm, occasionally inflated into 73 × 40 μm in size, mostly broadly clavate, balloon-shape, often broadly obtuse to round at apex, then becoming quite narrow at the base; thin- to somewhat thick-walled, hyaline to pale yellow, sometimes with golden yellow to yellowish brown contents. Hymenophoral trama 78–113 μm thick, regular, golden yellow, composed of thin-walled, smooth, cylindric to often inflated hyphae 11–28 μm wide, usually slightly constricted between two connected cells. Veilpellis often with slightly encrusted, hyaline, cylindric hyphae 4–6 μm wide. Pileipellis a cutis, regular to sub-regular, composed of distinct encrusted, thin- to slightly thick-walled, golden yellow to somewhat yellowish brown cylindric hyphae 4–11 μm wide. Pileal trama 19–40 μm wide, hyaline, cylindric, often inflated. Stipitipellis a cutis, regular to sub-regular arranged, sometimes disrupted with entangled, extended hyphae 3–12 μm wide, hyaline, slightly encrusted. Stipe trama hyphae 9–25 μm wide, hyaline to pale yellow. Caulocystidia not observed. Oleiferous hyphae 3–12 μm wide, often observed in all tissues, yellowish brown, usually bent, sometimes diverticulate, occasionally branched. Clamp connections common on all hyphae.

Habitat.— gregarious, usually as large, discrete clusters, on clay soil, under Castanopsis dominated forest.

Known distribution.—CHINA (Hainan).

Additional specimens (paratype) examined: CHINA. Hainan Province, Wuzhishan, Maoyang Town, Wuzhishan substation of Hainan Tropical Rainforest National Park, August 11, 2021, FYG64412 (FCAS3529), FYG64413 (FCAS3530), and FYG64414 (FCAS3531); Wanning, Changfeng Town, Shanjia Village, May 9, 2020, HN20200509-01 (FCAS3532); Changjiang, Bawangling substation of Hainan Tropical Rainforest National Park, September 2, 2020, Zeng 4940 (FHMU6957).



Toxin Detection

In the qualitative analysis, through targeted screening, Inosperma zonativeliferum contains muscarine and no other toxins (ibotenic acid, muscimol, psilocybin, psilocin α-amanitin, β-amanitin, γ-amanitin, phalloidin, phallacidin, and phallisacin). In the quantitative analysis, muscarine was detected in the new species by UPLC-MS/MS analysis, and the toxin of muscarine was identified by comparing retention time (0.95 min) and relative deviation (0.32%) in the allowance of ±25% relative range; the chromatograms of muscarine are shown in Figure 6. The calibration curve for muscarine generated during the validation was y = 20,223.15,025x + 18,054.61816 (r = 0.99837) for muscarine concentration in the range of 2–100 ng/mL (y means the peak area, and x is the muscarine concentration, while r means correlation coefficient). The precision was performed, injecting six times the standard mixture, and the relative standard deviation (RSD) was 1.37%. Percentages of recovery are 98.47–100.18%, as well as the average recovery rate was 98.78%. For actual sample analysis, the contents of muscarine in the holotype (FYG6441) were 2.08 ± 0.05 g/kg in the pileus and 6.53 ± 1.88 g/kg in the stipe. For mushrooms that were collected from different regions, the contents of muscarine are 2.08 ± 0.05 g/kg (FYG6441), 0.58 ± 0.02 g/kg (HN20200509-01), and 1.13 ± 0.03 g/kg (Zeng4940) in the pileus, respectively.


[image: Figure 6]
FIGURE 6. Chromatograms of muscarine. (A) Standard representative chromatograms of muscarine (100 ng/mL); (B) The representative chromatograms of Inosperma zonativeliferum.





DISCUSSIONS

The new species was collected in Castanopsis-dominated forests mixed with L. formosana (Hamamelidaceae), M. paniculata (Tiliaceae), P. rubra (Rubiaceae), M. chinensis (Lauraceae), and G. oblongifolia (Clusiaceae) in tropical China. So far, it is known in three localities in Hainan Province in China. In the field, I. zonativeliferum can be easily characterized by its gregarious habit, medium-sized basidiomes, distinct whitish veil remnants forming appressed scales on the whole pileus, yellowish white to yellowish brown, and often split pileus with crenate margin. The zonate velar remnants are outstanding in the type materials; they are however not so distinct in certain collections or individuals. The lamellae are often yellowish white to brown, but sometimes pinkish white at a very young age. Microscopically, it can be distinguished by ellipsoid basidiospores, and the shape of cheilocystidia ranged from slenderly clavate to broadly clavate, or sometimes balloon shaped.

In the multi-gene phylogeny, I. zonativeliferum was positioned in the Old World tropical clade 2 and was sister to the subclade unifying Inosperma gregarium and I. virosum, both of which were described from India under Dipterocarpaceae trees. Morphologically, the two Indian species have uniformly brown pileus with indistinct veilpellis, brownish orange stipe, and smaller basidiospores (I. gregarium: 7–8.5 × 5–5.5 μm, Q = 1.3–1.8, Qm = 1.6, and I. virosum: 6.5–7.5 × 4.5–5.5 μm; Vrinda et al., 1996; Latha and Manimohan, 2016).

In tropical China, three Inosperma taxa were recently described, viz. I. hainanense Y.G. Fan, L.S. Deng, W.J. Yu & N.K. Zeng, I. muscarium Y.G. Fan, L.S. Deng, W.J. Yu & N.K. Zeng (Deng et al., 2021a), and I. subsphaerosporum Y.G. Fan, L.S. Deng, W.J. Yu & LY Liu (Deng et al., 2021b). These three species also resemble the new species in their gregarious habit, rather crowded lamellae, and ecology in Castanopsis forests. Inosperma hainanense and I. muscarium differ in having brown to dark brown pileus that lack thick white veilpellis and the lack of any pinkish or orange tinge in lamellae (Deng et al., 2021a). Inosperma subsphaerosporum shares similarities in having appressed scaly and yellowish pileus but differs by its subspherical basidiospores and cylindrical clavate cheilocystidia (Deng et al., 2021b).

Additionally, I. maculatum (Boud.) Matheny & Esteve-Rav., a species also covered with conspicuous white velar patches in pileus, is similar in having an indistinct or even without umbo on pileus, smooth and subphaseoliform basidiospores measured 8–10.5 × 4.5–6 μm by Kuyper (1986), and slenderly clavate to cylindrico-clavate cheilocystidia (27–66 × 10–25 μm), but it can be distinguished with the new species by its ochraceous brown, pinkish brown, chestnut-brown, date-brown to dark reddish-brown pileus sometimes with purplish or violaceous sheen, bulbous stipe base up to 12 mm wide, strong smell like Tuber sp., like Amanita phalloides or sometimes smell of raw potatoes, the presence of caulocystidia at stipe apex, and ecology under frondose trees in temperate Europe (Kuyper, 1986; Stangl, 1989; Kropp et al., 2013).

Seven taxa of Inospema were reported as muscarine positive, viz. I. cervicolor (Pers.) Matheny & Esteve-Rav. (Stijve, 1982), I. erubescens (A. Blytt) Matheny & Esteve-Rav. (Stijve, 1982), I. maculatum (Boud.) Matheny & Esteve-Rav. (Stijve, 1982; Gurevich and Nezdoiminogo, 1992), I. vinaceobrunneum (Matheny, Ovrebo & Kudzma) Haelew. (Kosentka et al., 2013), I. virosum (Latha et al., 2020), I. muscarium, and I. hainanense (Deng et al., 2021a). Inosperma carnosibulbosum (CK Pradeep and Matheny) Matheny & Esteve-Rav, a poisonous mushroom causing muscarinic syndromes in India, is probably muscarine positive species (Chandrasekharan et al., 2020; Latha et al., 2020). This study enriched the knowledge of the Inosperma diversity and its toxin type and contents, which could provide scientific data for the prevention and treatment of Inosperma poisoning.

Muscarine (C9H20NO[image: image]), is a water-soluble toxin, which can be easily dissolved in water or other solvents with similar polarity to water. High concentrations of muscarine can be usually found in Inocybaceae and Clitocybe species (Peredy and Bradford, 2014). Brown et al. (1962) found that the contents of muscarine differ in different collections of certain species. Li et al. (2021b) detected two toxic Inocybe from China, discovering that the muscarine contents in Inocybe squarrosolutea (Corner & E. Horak) Garrido and Inocybe squarrosofulva (S.N. Li, Y.G. Fan & ZH Chen) ranged from 136.4 ± 25.4 to 1,683 ± 313 and 31.2 ± 5.8 to 101.8 ± 18.9 mg/kg in dry weight, respectively, showing significant differences among different specimens. In the present study, no amanitin was detected in I. zonativeliferum, but the content of muscarine in stipe was three times higher than that in pileus. In addition, muscarine in pileus of I. zonativeliferum from the three studied specimens at various locations shows significant differences. The levels of the muscarine collected from Wuzhishan City (FYG6441) were about four times higher than that from Wanning City (HN20200509-01), where the two locations were 124 km away in Hainan province. The differences between muscarine in the pileus and the stipe and different specimens were observed in the present new species; further study is required to elucidate the mechanisms of such differences.
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Species of Onnia are important tree pathogens and play a crucial role in forest ecosystems. The species diversity and distribution of Onnia have been studied, however, its evolutionary history is poorly understood. In this study, we reconstructed the phylogeny of Onnia using internal transcribed spacers (ITS) and large subunit (LSU) rDNA sequence data. Molecular clock analyses developed the divergence times of Onnia based on a dataset (ITS + LSU rDNA + rpb1 + rpb2 + tef1α). Reconstruct Ancestral State in Phylogenies (RASP) was used to reconstruct the historical biogeography for the genus Onnia with a Dispersal Extinction Cladogenesis (DEC) model. Here, we provide a robust phylogeny of Onnia, with a description of a new species, Onnia himalayana from Yunnan Province, China. Molecular clock analyses suggested that the common ancestor of Onnia and Porodaedalea emerged in the Paleogene period with full support and a mean stem age of 56.9 Mya (95% highest posterior density of 35.9–81.6 Mya), and most species occurred in the Neogene period. Biogeographic studies suggest that Asia, especially in the Hengduan-Himalayan region, is probably the ancestral area. Five dispersals and two vicariances indicate that species of Onnia were rapidly diversified. Speciation occurred in the Old World and New World due to geographic separation. This study is the first inference of the divergence times, biogeography, and speciation of the genus Onnia.

Keywords: Hymenochaetaceae, molecular dating, reconstruct ancestral state, new taxa, biogeographic patterns


INTRODUCTION

Onnia P. Karst. was proposed by Karsten and typified by Onnia tomentosa (Fr.) P. Karst. It is a homogeneous genus and forms a distinct clade in the Hymenochaetaceae based on phylogenetic analyses (Karsten, 1889; Wagner and Fischer, 2002; Larsson et al., 2006; Dai, 2010). Phylogenetically, Onnia is closely related to Porodaedalea Murrill, while morphologically Porodaedalea differs from Onnia by a perennial growth habit, pileate basidiocarps lacking a stipe, straight setae, and a dimitic hyphal system (Wagner and Fischer, 2002; Larsson et al., 2006; Dai, 2010; Ji et al., 2017). Almost all species of Onnia usually grow on gymnosperms, but one species, Onnia vallata (Berk.) Y.C. Dai and Niemelä, was recorded on angiosperms based on morphological features only and still without DNA data (Dai, 2010; Ryvarden and Melo, 2014; Ji et al., 2017). Some species of Onnia are well-known pathogens causing Tomentosus Root Rot on trees of Pinaceae, such as Picea and Pinus (Hunt and White, 1998; Germain et al., 2009; Ji et al., 2017).

Currently, eight species are accepted in Onnia, and their distribution is well defined. Onnia tomentosa is widespread in the Northern Hemisphere, including Canada, China, Czechia, Denmark, Finland, France, Germany, Italy, Norway, Poland, Russia, Spain, Sweden, the United Kingdom, Ukraine, and the United States (Table 1; Ryvarden and Gilbertson, 1993; Wagner and Fischer, 2001; Akata et al., 2009; Germain et al., 2009; Ji et al., 2017; Zhou and Wu, 2018; Wu et al., 2022). Onnia leporina (Fr.) H. Jahn is reported in Eurasia, such as China, Czechia, Finland, Italy, Norway, Sweden, and Ukraine (Ryvarden and Gilbertson, 1993; Wu et al., 2022). While O. himalayana Y.C. Dai, H. Zhao, and Meng Zhou, sp. nov., O. microspora Y.C. Dai and L.W. Zhou, and O. tibetica Y.C. Dai and S.H. He appear to be endemic to China, O. kesiyae M. Zhou and F. Wu, O. subtriquetra Vlasák and Y.C. Dai, and O. triquetra (Pers.) Imazeki occurred in Vietnam, the United States, and Europe (such as Czechia, Finland, France, Germany, Hungary, Poland, Russia, Spain, and Ukraine), respectively (Ryvarden and Gilbertson, 1993; Wu et al., 2022). Moreover, species of Onnia possessed host trees preferences, O. tomentosa and O. leporina mainly occurred on Picea, while other species commonly grow on Pinus (Ji et al., 2017; Wu et al., 2022). Indeed, species diversification and evolution of Onnia seem to inextricably interact with host trees and geographic separation, which provided niches for Onnia (Krah et al., 2018).


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

[image: Table 1]
Recently, important research advances have been made in the studies of species diversity and divergence times of fungi (He et al., 2019; Varga et al., 2019; Wu et al., 2020; Dai et al., 2021; Wang K. et al., 2021; Zong et al., 2021). At present, more than 140,000 species of fungi were described, accounting for 3.50%–6.04% of an estimate of 2,200,000–3,800,000 (Hawksworth and Lücking, 2017; Wang et al., 2020). Hymenochaetaceae, the core family of wood-inhabiting fungi, recognizes 672 poroid species in the world (Wu et al., 2022). In addition, the determination of the divergence times within Basidiomycota based on fossil evidence has provided a robust set of age estimates for higher taxa (Zhao et al., 2017; He et al., 2019; Wang X. W. et al., 2021), with fossil species such as Quatsinoporites cranhamii S.Y. Smith et al. (2004) and Berbee and Taylor (2010) representing a minimum age of 125 Mya for Hymenochaetaceae. Meanwhile, the molecular dating studies of macrofungi widely pay attention to ectomycorrhizal fungi, saprotrophic fungi, and pathogenic fungi (Hibbett and Matheny, 2009; Chen et al., 2015; Song et al., 2016; Truong et al., 2017; Li et al., 2020; Liu et al., 2022; Wang X. W. et al., 2022). A series of studies related to the divergence time of pathogenic fungi, such as Coniferiporia L.W. Zhou and Y.C. Dai, Heterobasidion Bref., and Phytophthora ramorum Werres et al., have been published (Chen et al., 2015; Jung et al., 2021; Wang X. W. et al., 2022). However, divergence times of important coniferous pathogenic fungal Onnia have not been well resolved.

In the study of biogeography, the evolution of species is an important issue requiring reconstructing the origin, speciation, and distribution patterns of organisms (Page, 2003; Seehausen et al., 2014). To date, macrofungi, especially wood-inhabiting fungi, being closely interacted with host plants, are an interesting subject in biogeographic research (Chen et al., 2015; Song et al., 2016; Varga et al., 2019; Li et al., 2020; Wang X. W. et al., 2022). For example, the ancestral geographic origin analyses suggested that coniferous pathogenic fungal Coniferiporia originated in Asia and then extend to Europe and North America (Wang X. W. et al., 2022). Regrettably, Onnia, a crucial member of wood-inhabiting fungi, is very much understudied in this regard.

In this article, a new species from Yunnan Province, China, Onnia himalayana, is phylogenetically and morphologically described. Meanwhile, a hypothesis for species diversification and origin of Onnia is proposed, namely, species of this genus seem to originate in the coniferous forests of southwest China.



MATERIALS AND METHODS


Sample Collection

Species, voucher specimens, and GenBank accession numbers of Onnia used in the present study were obtained from Asia, Europe, and North America. They are listed in Table 1.



Morphology

The studied Onnia specimens are deposited in the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC). Morphological descriptions are based on field notes and herbarium specimens. Sections were studied at a magnification of up to 1,000 × using a Nikon Eclipse 80i microscope and phase contrast illumination. Microscopic features and measurements were made from slide preparations stained with Cotton Blue and Melzer’s reagent. Basidiospores were measured from sections cut from the tubes. To represent variation in the size of basidiospores, 5% of measurements were excluded from each end of the range and are given in parentheses. In the description: KOH = 5% potassium hydroxide, IKI = Melzer’s reagent, IKI– = neither amyloid nor dextrinoid, CB = Cotton Blue, CB + = cyanophilous in Cotton Blue, CB– = acyanophilous in Cotton Blue, L = arithmetic average of basidiospore length, W = arithmetic average of basidiospore width, Q = L/W ratios, and n = number of basidiospores/measured from given number of specimens. Color terms are from Anonymous (1969) and Petersen (1996).



DNA Extraction, Polymerase Chain Reaction, and Sequencing

Total DNA was extracted from dried specimens with a rapid plant genome extraction kit (Aidlab Biotechnologies Co., Ltd, Beijing, China), modified following Cao et al. (2012) and Zhao and Cui (2013). The internal transcribed spacers (ITS), large subunit of nuclear ribosomal RNA gene (LSU rDNA), partial DNA-directed RNA polymerase II subunit one gene (rpb1) and subunit two gene (rpb2), and partial translation elongation factor 1-alpha gene (tef1α) were amplified with primer pairs ITS 4 (5′-TCC TCC GCT TAT TGATAT GC-3′) and ITS 5 (5′-GGA AGT AAA AGT CGT AAC AAG G-3′; White et al., 1990), LR0R (5′-ACC CGC TGA ACT TAA GC-3′) and LR7 (5′-TAC TAC CAC CAA GAT CT-3′), RPB1-Af (5′-GAR TGY CCD GGD CAY TTY GG-3′) and RPB1-Cf (5′-CCN GCD ATN TCR TTR TCC ATR TA-3′; Matheny et al., 2002), fRPB2-5F (5′-GAY GAY MGW GAT CAY TTY GG-3′) and fRPB2-7cR (5′-CCC ATR GCT TGY TTR CCC AT-3′; Liu et al., 1999; Matheny, 2005), and EF1-1567R (5′-ACH GTR CCR ATA CCA CCS ATC TT-3′) and EF1-983F (5′-GCY CCY GGH CAY CGT CAY TTY AT-3′; Rehner and Buckley, 2005; Matheny et al., 2007), respectively. The polymerase chain reaction (PCR) procedures were as follows: for ITS sequences, an initial denaturation at 95°C for 3 min, followed by 34 cycles at 94°C for 40 s, 54°C for 45 s, 72°C for 1 min, and a final extension of 72°C for 10 min (Zhou et al., 2021a,b); for LSU rDNA region, an 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 a final extension of 72°C for 10 min (Shen et al., 2016); for rpb1, rpb2, and tef1α regions, an initial denaturation at 94°C for 2 min, followed by 10 cycles at 94°C for 40 s, 60°C for 40 s, and 72°C for 2 min, then followed by 37 cycles at 94°C for 45 s, 55°C for 1.5 min, 72°C for 2 min, and a final extension at 72°C for 10 min (Chen et al., 2015; Wang X. W. et al., 2021). Sequencing for PCR products was conducted by BGI Tech Solutions Beijing Liuhe Co., Ltd., Beijing, China. Sequences were assembled and proofread with Geneious (version 9.0.21, accessed 1 May 2021) and then submitted to GenBank under the accession numbers in Table 1.



Phylogenetic Analyses

All sequences were aligned with AliView (version 3.0; Larsson, 2014) and MAFFT (version 7; Katoh and Standley, 2013), and then manually adjusted. A dataset of 30 specimens composed of ITS + LSU rDNA sequences was subjected to maximum likelihood (ML), maximum parsimony (MP), and Bayesian inference (BI) phylogenetic analyses using RAxML (version 8, Stamatakis, 2014), PAUP (version 4.0b10; Swofford, 2002), and MrBayes (version 3.2.7a; Ronquist et al., 2012), respectively, following Zhao et al. (2021, 2022a,b). The GTRGAMMA model was chosen as the substitution model for ML analysis. Obtained phylograms were viewed with FigTree (version 1.4.4).



Divergence Time Estimation

In this study, a dataset with 47 specimens (Figure 2) was used to infer the divergences times of species in the genus Onnia based on a dataset composed of ITS + LSU rDNA + rpb1 + rpb2 + tef1α sequences. The divergence times were estimated with BEAST (version 2.6.5; Bouckaert et al., 2014), using two ribosomal RNA genes (ITS and LSU rDNA) and three protein-coding genes (rpb1, rpb2, and tef1α). An XML (Extensible Markup Language) file was generated with BEAUti (version 2). The rates of evolutionary changes at nuclear acids were estimated using ModelTest (version 3.7) with the GTR substitution model (Posada and Crandall, 1998). Divergence time and corresponding CIs were conducted with a log-normal relaxed molecular clock and the Yule speciation prior. Three fossil time points, i.e., Archaeomarasmius leggettii Hibbett et al. (1995, 1997), Quatsinoporites cranhamii S.Y. Smith et al. (2004) and Berbee and Taylor (2010), and Paleopyrenomycites devonicus Taylor et al. (1999, 2005), representing the divergence time at Agaricales, Hymenochaetaceae, and between Ascomycota and Basidiomycota, respectively, were selected for calibration. The offset age with a gamma distributed prior (scale = 20 and shape = 1) was set as 90, 125, and 400 Mya for Agaricales, Hymenochaetaceae, and Basidiomycota, respectively. After 10,000,000 generations, the first 10% were removed as burn-in. The log file was checked for convergence with Tracer (version 1.52). Consequently, a maximum clade credibility (MCC) tree was summarized with TreeAnnotator (version 2.6.5), annotating clades with more than 0.8 posterior probability (PP).



Inferring Historical Biogeography

Reconstruct Ancestral State in Phylogenies (RASP) (version 4.2) was used to reconstruct historical biogeography for the genus Onnia with a dispersal-extinction-cladogenesis (DEC) model (Yu et al., 2015, 2020). For historical biogeographic analyses, the posterior distributions of the dataset (Table 1), including two ribosomal RNA genes (ITS and LSU rDNA) and three protein-coding genes (rpb1, rpb2, and tef1α), were estimated with BEAST. The geographic distributions for Onnia were identified in three areas: (A) Asia, (B) Europe, and (C) North America.




RESULTS


Phylogeny of Onnia

The ITS and LSU rDNA sequences are provided in Tables 1, 30 voucher specimens represent eight species of Onnia, one species of Porodaedalea Murrill, and two species of Phellinopsis Y.C. Dai. The dataset had an aligned length of 2,127 characters, including 1,750 constant, 155 parsimony-uninformative, and 222 parsimony-informative characters. MP analysis yielded a tree (tree length = 495, consistency index = 0.8889, homoplasy index = 0.1111, retention index = 0.9073, and rescaled consistency index = 0.8064). The best model of BI for the ITS and LSU rDNA dataset was GTR + I + G, and the average SD of split frequencies was less than 0.01. The topology of the ML tree was chosen to represent the phylogenetic relationship with Porodaedalea pini (Brot.) Murrill, Phellinopsis conchata (Pers.) Y.C. Dai, and P. andina (Plank and Ryvarden) Rajchenb. and Pildain as outgroups, since ML, MP, and BI resulted in similar topologies. The result suggests that O. himalayana is closely related to O. triquetra (Figure 1).


[image: image]

FIGURE 1. Maximum likelihood (ML) phylogenetic tree of Onnia based on ITS and LSU rDNA sequences, with Porodaedalea pini, Phellinopsis conchata, and P. andina as outgroups. ML bootstrap values (≥ 50%)/maximum parsimony (MP) bootstrap values (≥ 50%)/Bayesian inference (BI) posterior probabilities (≥ 0.8) of each clade are indicated along branches. A scale bar in the upper left indicates substitutions per site.



[image: image]

FIGURE 2. Estimated divergence of Onnia generated from molecular clock analyses using a combined dataset of ITS, LSU rDNA, rpb1, rpb2, and tef1α sequences. Estimated mean divergence time (Mya) and posterior probabilities (PP) > 0.8 are annotated at the internodes. The 95% highest posterior density (HPD) interval of divergence time estimates is marked by horizontal blue bars.




Divergence Time Estimation for Onnia

The results of divergence time estimation show (Figure 2) that Hymenochaetaceae emerged earlier with a mean stem age of 176.3 Mya [95% highest posterior density (HPD) of 153.5–205.7 Mya] and a mean crown age of 144.9 Mya (95% HPD of 136.8–153.8 Mya), which is consistent with previous studies (Wang X. W. et al., 2021; Ji et al., 2022). In Hymenochaetaceae, Onnia is closely related to the genus Porodaedalea, which is most deeply diversified during the Paleogene, with a mean stem age of 56.9 Mya (95% HPD of 35.9–81.6 Mya) and full support (1.0 PP, Figure 2 and Table 2). The majority of species of Onnia emerged in the Neogene, especially in the Pliocene. Onnia tomentosa is the oldest species with a mean stem age of 28.6 Mya (95% HPD of 15.5–46.2 Mya), while O. triquetra and O. himalayana are younger than the other species with a stem age of 3.2 Mya (95% HPD of 0.7–7.1 Mya).


TABLE 2. Inferred divergence time of species in the genus Onnia.

[image: Table 2]


The Historical Biogeography of Onnia

Inferred historical biogeography scenarios using RASP are shown in Figure 3. The RASP analysis suggests that Asia is the center of origin of the genus Onnia, and suggests that five dispersal events (three from Asia to Europe, and two from Asia to North America) and two vicariance (Eurasia and North America) events occurred during the distribution of this genus. Six species are found in Asia, three in Europe, and two in North America, suggesting that Asia is still the center of Onnia species. Moreover, there are three species, O. tomentosa, O. tibetica, and O. himalayana, distributed in southwest China, which implies that this region may be a more precise center of origin within Asia. Indeed, a total of 15 specimens of O. tomentosa, namely, six in North America, five in Asia, and four in Europe, have been collected (Figure 4 and Table 1). The dataset of ancestral state reconstruction suggested that Asia is the ancestral area (Figure 4). Meanwhile, possible concealed dispersal routes were inferred (Figure 3B): (1) Asia to North America and (2) Asia to Europe.


[image: image]

FIGURE 3. (A) Ancestral state reconstruction and divergence time estimation of Onnia using a dataset containing ITS, LSU rDNA, rpb1, rpb2, and tef1α sequences. A pie chart at each node indicates the possible ancestral distributions inferred from dispersal-extinction-cladogenesis (DEC) analysis implemented in RASP. A black asterisk represents other ancestral ranges. (B) Possible dispersal routes of Onnia in the Northern hemisphere. Regions are labeled as follows: (A) Asia, (B) Europe, (C) North America, (AB) Asia and Europe, (AC) Asia and North America, (BC) Europe and North America, and (ABC) Asia, Europe, and North America.



[image: image]

FIGURE 4. Ancestral state reconstruction and divergence time estimation of Onnia tomentosa using a dataset containing ITS and LSU rDNA sequences. A pie chart at each node indicates the possible ancestral distributions inferred from dispersal-extinction-cladogenesis (DEC) analysis implemented in RASP. A black asterisk represents other ancestral ranges. Regions are labeled as follows: (A) Asia, (B) Europe, (C) North America, (AB) Asia and Europe, (AC) Asia and North America, and (BC) Europe and North America.




Taxonomy

Onnia himalayana Y.C. Dai, H. Zhao and Meng Zhou, sp. nov. (Figure 5).


[image: image]

FIGURE 5. Basidiocarps and microscopic structures of Onnia himalayana (Holotype, Dai 22620). (a) Basidiocarps of Onnia himalayana; (b) Basidiospores; (c) Basidia and basidioles; (d) Hymenial setae; (e) Hyphae from upper tomentum; and (f) Hyphae from trama.


MycoBank: MB: 844317.

Type: CHINA. Yunnan Province, Dali, Cangshan Geopark, on root of Pinus yunnanensis, 30 VIII 2021, Dai 22620 (Holotype, BJFC037194).

Etymology: Himalayana (Lat.), refers to the species being found in the eastern Himalayan area.

Basidiocarps annual, laterally to centrally stipitate, solitary, without odor or taste and corky when fresh, becoming hard corky upon drying. Pilei dimidiate to circular, projecting up to 3 cm, 4 cm wide, and 8 mm thick at the center. Pileal surface clay buff with cream to buff margin, velutinate, and azonate when fresh, becoming cinnamon, homogeneous, distinctly velutinate, and azonate when dry; margin sharp, curving downward when dry. Pore surface clay pink when fresh, becoming fulvous when dry, sterile margin distinct, up to 2 mm wide; pores angular, 3–4 per mm; and dissepiments thin, strongly lacerate to dentate. Context duplex, upper layer fulvous, more or less spongy, up to 4 mm thick, lower layer umber, hard corky, up to 2 mm thick, no demarcation zone between the two layers. Tubes are concolorous with pores, hard corky, and up to 2 mm long. Stipe clay buff, hard corky when dry, velutinate, up to 1 cm long, 8 mm diam; pores decurrent on the stipe.

Hyphal system monomitic, generative hyphae simple septate, IKI–, CB–; tissues darkening but otherwise unchanged in KOH. Context: hyphae in the upper layer are pale yellowish to golden yellow, slightly thick-walled, occasionally branched, frequently simple septate, straight, regularly arranged, and 5–7 μm diam; hyphae in the lower layer are yellowish to golden brown, slightly thick- to thick-walled, occasionally branched, with frequent simple septa, straight, regularly arranged, not agglutinated, and 4–5.5 μm diam; hyphae in stipe similar to those in context. Tubes: Tramal hyphae hyaline to yellowish, thin- to slightly thick-walled, rarely branched, frequently septate, more or less flexuous, subparallel along the tubes, not agglutinated, and 2.5–4.5 μm diam.

Hymenium: Setae hooked, sharply pointed at apex, dark brown, thick-walled, deep-rooting, embedded in trama and projecting from hymenium, and 40–78 × 14–20 μm; cystidia and cystidioles absent; basidia clavate, with four sterigmata and a simple septum at the base, 12–15 × 5–6 μm; and basidioles dominant, in shape similar to basidia, but slightly smaller. Basidiospores ellipsoid to oblong-ellipsoid, hyaline, thin-walled, smooth, IKI–, CB–, 5-6 × 3.2-4 (-4.1) μm, L = 5.62 μm, W = 3.63 μm, and Q = 1.55 (n = 30/1).




DISCUSSION

The discovery of new fungal species has rapidly increased with the development of molecular techniques, drawing attention to the huge fungal diversity that exists on earth (Cui et al., 2019; He et al., 2019; Wu et al., 2020, 2022; Dai et al., 2021; Wang K. et al., 2021; Zhang and Dai, 2021; Ji et al., 2022). Hymenochaetaceae is a core family of macrofungi that consists of approximately 670 poroid species (Wu et al., 2022) and is an interesting subject for species diversity studies (Dai, 2010; Wu et al., 2020, 2022; Dai et al., 2021; Wang X. W. et al., 2022). Although Onnia is a small genus in this family, some species of Onnia are important pathogenic fungi that cause Tomentosus Root Rot on trees of Picea and Pinus (Hunt and White, 1998; Germain et al., 2009; Dai, 2010; Ji et al., 2017). As species distribution of Onnia is usually closely related to host trees (Ji et al., 2017; Wu et al., 2022), the genus is ideal for studying species diversity, divergence times, and biogeography.

Currently, dating analyses have provided a deep insight into the evolution of macrofungi using multigene analyses (Zhao et al., 2017; He et al., 2019; Varga et al., 2019). Our analysis of divergence times using a dataset of two ribosomal RNA genes (ITS and LSU rDNA) and three protein-coding genes (rpb1, rpb2, and tef1α) suggests that Onnia and Porodaedalea possibly emerged in the Paleogene with a mean stem age of 56.9 Mya (95% HPD of 35.9–81.6 Mya) and full support (1.0 PP; Figure 2 and Table 2). Considering the divergence estimation of Pinaceae (206 Mya) and the fossil record of Hymenochaetaceae (125 Mya), this estimation of Onnia and Porodaedalea seems reasonable (Smith et al., 2004; Berbee and Taylor, 2010; Magallón et al., 2015; Ran et al., 2018). Moreover, the basal modern species, O. tomentosa, occurred in 28.6 Mya, which is consistent with the timing of the second pulse of rapid uplift of the Qinghai-Tibet Plateau (between 20 and 30 Mya; Wang et al., 2012, 2018). Most species of Onnia emerged about 5 Mya (Figure 2 and Table 2), i.e., late Miocene to Pliocene, and adapted to a low temperature, facilitating survival in the Quaternary Ice Age.

Biogeographic studies of macrofungi have been very successful for ectomycorrhizal fungi, such as Amanita (see Sánchez-Ramírez et al., 2015; Truong et al., 2017), saprotrophic Lentinula (see Hibbett et al., 1998), and pathogenic fungi, e.g., Heterobasidion (Chen et al., 2015) based on molecular analyses. Our results suggest that the species distribution of Onnia has a distinct biogeographical pattern, similar to other wood-decaying fungi (Sato et al., 2017; Han et al., 2018; Li et al., 2020). Species of Onnia appear to have originated in Asia, especially in the Hengduan-Himalayan region which is a global biodiversity hotspot, and this conclusion supports previous studies on the origination of wood-decaying fungi (Song et al., 2016; Li et al., 2020; Wang X. W. et al., 2022). Three species, O. himalayana, O. tibetica, and O. tomentosa, occur in the Hengduan-Himalayan region. The basal species, O. tomentosa, emerged at 28.6 Mya (Figure 2 and Table 2), and maybe dispersal occurred between East Asia and North America via the Beringia (Bering Land Bridge). However, a vicariance event, such as the opening of the Bering Strait, could limit gene flow and species dispersal in the Old World and the New World (Hibbett, 2001; Cai et al., 2014; Li et al., 2020).



CONCLUSION

In this study, our dataset of divergence times suggests that Onnia and Porodaedalea possibly emerged in the Paleogene. Most species of Onnia emerged in the late Miocene to Pliocene and adapted to a low temperature, and therefore survived in the Quaternary Ice Age. Species appear to have originated in the coniferous forests of southwest China, then spread across the Northern Hemisphere with host plants. Geographic separation led to a diversification of new species in the Old World and New World. A total of nine species are recognized, namely, eight species that grow on gymnosperms and one species that grows on angiosperms. Furthermore, a new species, Onnia himalayana, is proposed and illustrated based on phylogenetic and morphological evidence.
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Auriculariales is a fungal order with highly diverse morphological traits of basidiomes, which partially leads to a poor understanding of its taxonomic system at the generic level. To identify our recently collected specimens of Auriculariales to a species level, we perform a comprehensive phylogenetic analysis of the generic relationships in Auriculariales. In association with morphological characteristics, a new genus Alloexidiopsis belonging to Auriculariaceae is erected with two new species, namely, A. australiensis and A. schistacea. Moreover, Exidiopsis calcea separated from the generic type E. effusa and Heteroradulum niveum and H. yunnanense recently inaccurately described as members of Heteroradulum are recovered in the clade of Alloexidiopsis. These three species are thus transferred to this new genus. One collection of Exidiopsis grisea also falls in the clade of Alloexidiopsis, whereas another collection of this species is separated far from Alloexidiopsis and E. effusa. Since we have no collection to confirm the species identity of E. grisea, its generic position is uncertain. The main taxonomic morphological differences among Alloexidiopsis and related corticioid genera in Auriculariales are summarized. A key to all the five accepted species of Alloexidiopsis is provided. As two unnamed lineages exist in Alloexidiopsis besides the abovementioned five species, it is assumed that more new species will be revealed from this genus under its current circumscription.

Keywords: Agaricomycetes, Auriculariaceae, Exidiopsis, Heteroradulum, wood-inhabiting fungi, six new taxa


INTRODUCTION

Auriculariales is a fungal order being mainly composed of wood-inhabiting macrofungi in Agaricomycetes and Basidiomycota (Hibbett et al., 2007). The type genus of this order is Auricularia, which together with several other gelatinous genera, namely, Exidia, Guepinia, and Pseudohydnum, comprise important edible and medicinal fungi (Wu et al., 2019). Therefore, interest in species diversity in these gelatinous genera has grown significantly in recent years (Bandara et al., 2015; Chen et al., 2020; Shen and Fan, 2020; Ye et al., 2020; Wang and Thorn, 2021; Wu et al., 2021).

Contrary to the gelatinous genera, most species in Auriculariales bear tough, resupinate, and effused to reflexed basidiomes as corticioid and polyporoid fungi (Miettinen et al., 2012; Zhou and Dai, 2013; Malysheva and Spirin, 2017). With the aid of molecular phylogeny, the corticioid species traditionally placed in Eichleriella, Exidiopsis, and Heterochaete according to morphological characters have been rearranged to make genera monophyletic. After the erection of some new genera, e.g., Adustochaete, Amphistereum, Crystallodon, Proterochaete, and Sclerotrema and reinstatement of several previously known genera, e.g., Hirneolina, Heteroradulum, and Tremellochaete (Malysheva and Spirin, 2017), Eichleriella is accepted to be a monophyletic genus, while Exidiopsis and Heterochaete seem to be synonymous with a priority of the latter genus (Malysheva and Spirin, 2017; Alvarenga et al., 2019; Alvarenga and Gibertoni, 2021). However, certain species of Exidiopsis, even sequenced ones such as E. calcea and E. grisea, still have no appropriate placement at the generic level (Malysheva and Spirin, 2017; Li et al., 2022b). In addition, the generic placement of certain recently described species of Heteroradulum is questionable as indicated in a study by Li et al. (2022b) and our understanding of the phylogenies in Guan et al. (2020) and Li et al. (2022a). This phenomenon indicates the generic delimitation in Auriculariales that should be further clarified.

When revisiting specimens collected in the last few years, some of them are identified to be previously known and new species in Auriculariales, but cannot be placed in any known genus. Therefore, a new genus is erected for these species and also for other related species.



MATERIALS AND METHODS


Morphological Examination

Sixteen studied specimens were sampled in northwestern and southwestern China, Vietnam, and Australia from May to November 2017–2020. These specimens were dried using a portable drying instrument at 35°C on the day of sampling and are preserved at the Fungarium, Institute of Microbiology, Chinese Academy of Sciences (HMAS), Beijing, China and the National Herbarium of Victoria (MEL), Melbourne, Australia. Macromorphological characters of basidiomes were examined with the aid of a Leica M125 stereomicroscope (Wetzlar, Germany) at magnifications up to 100 × . Color terms follow Petersen (1996). Microscopic examination was carried out with an Olympus BX43 light microscope (Tokyo, Japan) at magnifications up to 1,000 × following a study by Liu et al. (2021). All the measurements were taken from the sections mounted in cotton blue. The following abbreviations are used: L = mean basidiospore length (arithmetic average of all the basidiospores), W = mean basidiospore width (arithmetic average of all the basidiospores), Q = variation in the L/W ratios between the specimens studied, and n = number of basidiospores measured from a given number of specimens.



Deoxyribonucleic Acid Extraction and Sequencing

The cetyltrimethylammonium bromide (CTAB) plant genome rapid extraction kit (Beijing Demeter Biotech Co., Ltd., Beijing, China) was employed for DNA extraction from dried specimens. The internal transcribed spacer (ITS) and nuclear large subunit (nLSU) gene regions were amplified with the primer pairs ITS5/ITS4 (White et al., 1990) and LR0R/LR7 (Vilgalys and Hester, 1990), respectively. The PCR procedure for ITS was initial denaturation at 95°C for 3 min, followed by 35 cycles at 94°C for 40 s, 54°C for 45 s, 72°C for 1 min, and a final extension of 72°C for 10 min, while that for nLSU was 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 a final extension of 72°C for 10 min. The PCR products were purified and sequenced at the Beijing Genomics Institute (BGI), China. All the newly generated sequences were submitted to GenBank (https://www.ncbi.nlm.nih.gov/genbank/).



Phylogenetic Analysis

The current dataset for phylogenetic analysis included all the main lineages in Auriculariales as ingroup taxa, while Sistotrema brinkmannii was selected as an outgroup taxon following a study by Li et al. (2022b). The ITS and nLSU regions were separately aligned using MAFFT version 7.110 (Katoh and Standley, 2013) with the G-INS-i strategy (Katoh et al., 2005), and then the two resulting alignments were concatenated as a single alignment. The concatenated alignment was submitted to TreeBASE (http://www.treebase.org; accession number S29452). jModelTest 2.1.10 (Guindon and Gascuel, 2003; Darriba et al., 2012) was used to determine the best-fit evolutionary model of the concatenated alignment based on the Akaike information criterion (AIC). Following the resulting model, maximum likelihood (ML) and Bayesian inference (BI) analyses were performed. For the ML analysis, raxmlGUI 2.0 (Stamatakis, 2014; Edler et al., 2021) was used with the calculation of bootstrap (BS) replicates under the auto fiber channel (FC) option (Pattengale et al., 2009). For the BI analysis, MrBayes 3.2 (Ronquist et al., 2012) was used with two independent runs of four chains, and trees were sampled every 1,000th generation. The first 25% of the resulting trees were discarded as burn-in, while the remaining 75% of the resulting trees were used for constructing a 50% majority consensus tree and calculating Bayesian posterior probabilities (BPPs). Chain convergence was determined using Tracer 1.7 (Rambaut et al., 2018). The trees were visualized in FigTree 1.4.4 (Rambaut, 2018) and edited in Adobe Illustrator cc 2020.




RESULTS

A total of 15 ITS and 15 nLSU sequences were newly generated from all the 16 studied specimens (Table 1). The concatenated alignment of ITS and nLSU regions has 117 collections and 1,675 characters. GTR + I + G was estimated as the best-fit evolutionary model for this alignment. The ML analysis ended after 200 BS replicates. The BI analysis converged after 20 million generations, which was indicated by the effective sample sizes of all the parameters above 5,000 and the potential scale reduction factors close to 1.000. The topology resulting from the ML analysis is shown along with BS values of more than 50% and BPPs of more than 0.8 at the nodes (Figure 1).


Table 1. Species and sequences used in the phylogenetic analyses.
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FIGURE 1. Phylogenetic position of Alloexidiopsis in Auriculariales inferred from the concatenated dataset of internal transcribed spacer (ITS) and nuclear large subunit (nLSU) regions. The topology generated from the maximum likelihood analysis is shown along with bootstrap values and Bayesian posterior probabilities of more than 50% and 0.8, respectively, at the nodes. The new genus Alloexidiopsis is highlighted with the bluish background color, while the specimens of the newly described species are in boldface.


The Auriculariaceae is well recovered (BS = 96%, BPP = 1) by the current phylogeny (Figure 1). In Auriculariaceae, besides four sequences representing Heteroradulum kmetii (LWZ 20200813-6a, LWZ 20200813-7b, LWZ 20200813-23b, and LWZ 20200928-30c), additional newly sequenced specimens (Table 1) grouped with Exidiopsis calcea, one of the collections of “E. grisea” (TUFC 100049), Heteroradulum niveum, and H. yunnanense as a strongly supported clade (BS = 94%, BPP = 1) that is separated from the generic types of Exidiopsis (E. effusa) and Heteroradulum (H. kmetii). This clade is described as a new genus below. In this clade, five of our new sequences turned out to represent E. calcea (LWZ 20180904-14, LWZ 20180904-19, LWZ 20180904-22, LWZ 20180904-24, and LWZ 20191104-29), one belongs to H. niveum (LWZ 20171014-11). The remaining sequences formed four new lineages. The specimens such as LWZ 20171014-1, LWZ 20180920-9, and LWZ 20180920-16 are sterile and thus, the two lineages represented by them are not included in the subsequent taxonomic treatment. The other two lineages, represented by the specimens LWZ 20180513-22 and LWZ 20180514-18 and LWZ 20200819-21a are, respectively, described as two new species in association with morphological examinations. Exidiopsis calcea, H. niveum, and H. yunnanense are transferred to the new genus, while the species identity of “E. grisea” cannot be confirmed and thus, a taxonomic change for this species at the generic level is not proposed.


Taxonomy

Alloexidiopsis L.W. Zhou & S.L. Liu, gen. nov.

MycoBank: MB 844125.

Etymology: Alloexidiopsis (Latin), refers to the segregation from Exidiopsis.

Diagnosis: It differs from Exidiopsis in the combination of resupinate, leathery basidiomes and the presence of cystidia and hyphidia.

Type species: Alloexidiopsis schistacea S.L. Liu, Z.Q. Shen & L.W. Zhou (described below).

Type specimen: China: Sichuan, Pingshan County, Laojunshan National Nature Reserve, on the fallen angiosperm trunk, 19 August 2020, LW Zhou, LWZ 20200819-21a (holotype in HMAS).

Description: Basidiomes annual, resupinate, effused, thin, leathery, closely adnate. Hymenophore smooth or with sterile spines, greyish white to ochraceous, cracked or not. Hyphal system monomitic, generative hyphae with clamp connections, hyaline, thin-walled. Cystidia cylindrical to clavate, thin-walled. Hyphidia abundant, covering hymenium, branched, thin-walled. Basidia ellipsoid to ovoid, longitudinally septate, two- to four-celled, hyaline. Basidiospores cylindrical to broadly cylindrical, slightly curved (allantoid), hyaline, thin-walled, smooth, inamyloid, indextrinoid, acyanophilous. On wood.

Notes: Alloexidiopsis is characterized by grayish-white to ochraceous, corticioid basidiomes, a monomitic hyphal system, and the presence of cystidia and hyphidia. Besides Exidiopsis as indicated in diagnosis, this new genus is also close to Crystallodon and Heteroradulum in morphology. However, Crystallodon differs in the presence of hyphal pegs surrounded by crystals (Alvarenga and Gibertoni, 2021), while Heteroradulum has brightly colored (pinkish or reddish) basidiomes and a mono- or dimitic hyphal system with thick-walled generative hyphae (Malysheva and Spirin, 2017; Li et al., 2022b). The main taxonomic morphological differences among Alloexidiopsis and related corticioid genera in Auriculariales are summarized in Table 2.


Table 2. Morphological comparison among Alloexidiopsis and related corticioid genera in Auriculariales.
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Alloexidiopsis australiensis S.L. Liu, Z.Q. Shen & L.W. Zhou, sp. nov. (Figures 2A,B, 3).
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FIGURE 2. Basidiomes of Alloexidiopsis. (A,B) A. australiensis (LWZ 20180513-22, holotype). (C,D) A. calcea (LWZ 20180904-24). (E,F) A. schistacea (LWZ 20200819-21a, holotype). (G,H) A. sp. (LWZ 20180920-16). Scale bars: (A,C,E,G) = 1 cm, (B,D,F,H) = 2 mm.



[image: Figure 3]
FIGURE 3. Microscopic structures of Alloexidiopsis australiensis (drawn from the holotype). (A) Basidiospores. (B) Basidia. (C) Basidioles. (D) Cystidia. (E) Hyphidia. (F) Hyphae from subiculum. Scale bars = 10 μm.


MycoBank: MB 844126.

Etymology: australiensis (Latin), refers to Australia.

Diagnosis: It is characterized by smooth, cream hymenophore.

Type: Australia: Tasmania, Hobart, and Mount Wellington, on the fallen angiosperm branch, 13 May 2018, LW Zhou, LWZ 20180513-22 (holotype in MEL, isotype in HMAS).

Description: Basidiomes annual, resupinate, membranaceous, becoming leathery upon drying, closely adnate, widely effused, up to 12 cm long, 2 cm wide, 100–200 μm thick. Hymenophore smooth, cream to pale orange when fresh, becoming white upon drying. Margin gradually thinning out, thin, concolorous with or slightly darker than subiculum.

Hyphal system monomitic; generative hyphae with clamp connections. Subiculum composed of crystal clusters and agglutinated hyphae; subicular hyphae hyaline, thin-walled, frequently branched, closely interwoven, 1–2 μm in diam. Cystidia cylindrical with an obtuse apex, ventricose, 21.5–24.5 × 9.5–12 μm, with a clamp connection at base. Hyphidia arising from hyphae, nodulose or richly branched, hyaline, thin-walled, 22–33 × 1–2 μm. Basidia ellipsoid to ovoid, longitudinally septate, four-celled, embedded, 18–21 μ 13–18 μm, occasionally with a short base stalk, with a clamp connection at base. Basidiospores cylindrical to broadly cylindrical, slightly curved (allantoid), hyaline, thin-walled, smooth, acyanophilous, inamyloid, indextrinoid, with oily inclusions, (12−)13–25(−25.5) × (6.5−)7–11(−12) μm, L = 20.0 μm, W = 9.0 μm, Q = 2.3 (n = 60/2).

Other specimens (paratype) are also examined: Australia: Timbs Track, on dead standing angiosperm, 14 May 2018, LW Zhou, LWZ 20180514-18 (HMAS).

Notes: Alloexidiopsis australiensis resembles A. calcea and A. nivea (both transferred below) by smooth hymenophore in Alloexidiopsis. However, A. calcea differs in grayish-white to ochraceous hymenophore when fresh and has a distribution in the Northern Hemisphere (Wells, 1961), while A. nivea differs in smaller basidiospores (6.5–13.5 × 2.7–5.5 μm; Li et al., 2022a). Exidiopsis macrospora is similar to A. australiensis by the leathery basidiomes and the presence of cystidia and hyphidia; however, it differs in the reflexed basidiomes when dry and smaller basidiospores (10–15 μm × 5–7.5 μm; Wells, 1961).

Alloexidiopsis calcea (Pers.) L.W. Zhou & S.L. Liu, comb. nov. (Figures 2C,D).

MycoBank: MB 844128.

Basionym: Thelephora calcea Pers., Syn. meth. fung. (Göttingen) 2:581 (1801).

≡ Auricularia calcea (Pers.) Mérat, Nouv. Fl. Environs Paris, Edn 2 1:35 (1821).

≡ Corticium calceum (Pers.) Fr., Epicr. syst. mycol. (Upsaliae): 562 (1838) (1836–1838).

≡ Terana calcea (Pers.) Kuntze, Revis. gen. pl. (Leipzig) 2:872 (1891).

≡ Sebacina calcea (Pers.) Bres., Fung. trident. 2(11–13):64 (1892).

≡ Exidiopsis calcea (Pers.) K. Wells, Mycologia 53(4):348 (1962) (1961).

Notes: Alloexidiopsis calcea has been successively placed in several genera. Before the current study, its latest generic placement was Exidiopsis, which is accepted by the first and also the only comprehensively phylogenetic analyses of Auriculariales (Weiß and Oberwinkler, 2001). The phylogeny in Malysheva and Spirin (2017) recognized that Exidiopsis calcea was separated from the generic type E. effusa, but no taxonomic change was proposed may be due to a lack of specimens for careful morphological examinations. Here, five additional specimens were collected from Northwest and Southwest China grouped with E. calcea represented by the German collection of molecular weight (MW) 331 (BS = 94%, BPP = 1; Figure 1). Moreover, the morphological characters of these Chinese specimens are consistent with the description of E. calcea (Wells, 1961). Taking E. calcea falling within the clade of the newly erected genus into consideration together, this species is transferred to Alloexidiopsis.

Alloexidiopsis nivea (J.J. Li & C.L. Zhao) L.W. Zhou & S.L. Liu, comb. nov.

MycoBank: MB 844129.

Basionym: Heteroradulum niveum J.J. Li & C.L. Zhao, in Li, Zhao, and Liu, Diversity 14 (1, no. 40):5 (2022).

Notes: Alloexidiopsis nivea was recently described as a member of Heteroradulum (Li et al., 2022a). When the independence of this species was phylogenetically supported, its relationship with additional species of Heteroradulum, however, failed to receive reliable statistical support in the original phylogeny with a sampling on Auriculariaceae (Figure 1 in Li et al., 2022a). Although the original phylogeny with a narrower sampling focusing mainly on Heteroradulum did not reject the close relationship of H. niveum with other species of Heteroradulum, the practice for this phylogenetic analysis (lack of additional in-group taxa for reference) cannot accurately determine the monophyly of Heteroradulum and, thus, the phylogenetic position of H. niveum (Figure 2 in Li et al., 2022a). Including a broader sampling of reference sequences, the current phylogeny unambiguously recovers this species in the newly erected genus Alloexidiopsis (Figure 1), so we formally propose the transfer here.

Alloexidiopsis schistacea L.W. Zhou & S.L. Liu, sp. nov. (Figures 2E,F, 4).
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FIGURE 4. Microscopic structures of Alloexidiopsis schistacea (drawn from the holotype). (A) A section of hymenium. (B) Basidiospores. (C) Basidia. (D) Cystidia. (E) Hyphidia. Scale bars = 10 μm.


MycoBank: MB 844127.

Etymology: schistacea (Latin), refers to the slate-like color (grayish) of hymenophore.

Diagnosis: Characterized by grayish hymenophore with small tubercles.

Type: China: Sichuan, Pingshan County, Laojunshan National Nature Reserve, on the fallen angiosperm trunk, 19 Aug 2020, LW Zhou, LWZ 20200819-21a (holotype in HMAS).

Description: Basidiomes annual, resupinate, membranaceous, becoming leathery upon drying, closely adnate, widely effused, up to 15 cm long, 2.5 cm wide, about 200 μm thick. Hymenophore smooth, covered by regularly arranged sterile spines, greyish when fresh. Margin gradually thinning out, thin, concolorous with or slightly darker than subiculum.

Hyphal system monomitic; generative hyphae with clamp connections. Subiculum composed of crystal clusters and agglutinated hyphae; subicular hyphae hyaline, thin-walled, frequently branched, closely interwoven, 2–3 μm in diam. Cystidia cylindrical with an obtuse apex, 25–50 × 4–6 μm, with a clamp connection at base. Hyphidia arising from hyphae, nodulose or branched, hyaline, thin-walled, 20–40 × 1.5–3 μm. Basidia ellipsoid to ovoid, longitudinally septate, four-celled, embedded, 15–20 × 7–10 μm. Basidiospores cylindrical to broadly cylindrical, slightly curved (allantoid), hyaline, thin-walled, smooth, acyanophilous, inamyloid, indextrinoid, with oily inclusions, (8.5−)9.5–11(−12.5) × (4.3−)4.5–5.5 μm, L = 10.4 μm, W = 5.0 μm, Q = 2.1 (n = 30/1).

Notes: Alloexidiopsis schistacea resembles Alloexidiopsis yunnanensis (transferred below) by grayish, grandinioid to odontioid hymenophore; however, the latter species differs in two- to three-celled basidia and larger basidiospores (17–24 μm × 5–8 μm; Guan et al., 2020). Micromorphologically, Exidiopsis badia and E. umbrina resemble A. schistacea by the presence of cystidia and hyphidia; however, these two species produce gelatinous, but not leathery basidiomes (Roberts, 2003). Moreover, E. badia has larger basidiospores than A. schistacea (13–15 μm × 5.5–6 μm; Roberts, 2003). Although only one collection is available for A. schistacea, its distinct morphological characters and phylogenetic position make the large enough basidiomes suitable to be described as a new species.

Alloexidiopsis yunnanensis (C.L. Zhao) L.W. Zhou & S.L. Liu, comb. nov.

MycoBank: MB 844130.

Basionym: Heteroradulum yunnanense C.L. Zhao (as “yunnanensis”), in Guan, Liu, Zhao and Zhao, Phytotaxa 437(2):57 (2020).

Notes: Alloexidiopsis yunnanensis was originally described in Yunnan, China as a member of Heteroradulum (Guan et al., 2020). However, the generic placement of this species is inaccurate as indicated in a study by Li et al. (2022b), who, thus, excluded it from Heteroradulum and left its generic position open. The current phylogeny recovers this species in the newly erected genus Alloexidiopsis (Figure 1), so we formally propose the taxonomic transfer here.



A Key to All the Five Species of Alloexidiopsis

1. Hymenophore smooth…………………………………2

2. Hymenophore grandinioid to odontioid…………………4

3. Basidiospores less than 7 μm wide…………………A. nivea

4. Basidiospores more than 7 μm wide……………………3

5. Hymenophore greyish white to ochraceous when fresh; in the Northern Hemisphere……………………………A. calcea

6. Hymenophore cream to pale orange when fresh; in the Southern Hemisphere………………………A. australiensis

7. Basidiospores more than 14 μm long………A. yunnanensis

8. Basidiospores less than 14 μm long……………A. schistacea




DISCUSSION

In this study, we further revise the generic delimitation of corticioid fungi in Auriculariales based on previous studies (Malysheva and Spirin, 2017; Li et al., 2022b). A new genus Alloexidiopsis is erected for two new species, namely, A. australiensis and A. schistacea, a new combination from Exidiopsis as A. calcea and two new combinations from Heteroradulum as A. nivea and A. yunnanensis. A key to all the five species currently accepted in Alloexidiopsis is provided.

Besides the five accepted species, two unnamed distinct lineages are recovered in Alloexidiopsis (Figures 1, 2G,H). The poor growth stage of these specimens restricts accurate morphological examinations, so no taxonomic treatment is proposed for them. However, this phylogeny indicates that the species diversity in Alloexidiopsis could be higher. Systematic field trips for collections of Alloexidiopsis and comprehensive taxonomic studies will result in more new members of Alloexidiopsis.

After the transfer of Exidiopsis calcea to Alloexidiopsis, Exidiopsis is closer to being a monophyletic genus. A sample “E. grisea” (TUFC100049) also falls in the clade of Alloexidiopsis, whereas another collection of this species (RK 162) is separated far from Alloexidiopsis as a basal lineage of Auriculariaceae (Figure 1). We have neither collection for morphological examinations and, thus, cannot challenge the taxonomic determinations given. Moreover, the texture of E. grisea is waxy gelatinous (Wells, 1961), which makes this species distinguished from all the members of Alloexidiopsis. Consequently, it is premature to change the taxonomic position of E. grisea at this stage.

It is noteworthy that the same research group separately described two new species of Heteroradulum, viz., H. niveum and H. yunnanensis quite recently (Guan et al., 2020; Li et al., 2022a). However, the generic placement of these two species is inaccurate and thus, they are transferred to the new genus Alloexidiopsis. Even if the inaccurate placement has mainly resulted from the practice of phylogenetic analyses, this phenomenon also indicates that the taxonomic system of Auriculariales is poorly established. It has not been tried to do so since the publication of Weiß and Oberwinkler (2001) 20 years ago, which even leaves the monophyly of Auriculariales unconfirmed. A multilocus-based phylogeny with a wider sampling of various morphological groups in Auriculariales is urgently needed to achieve a more natural classification of this order, as in other orders within Agaricomycetes (Wang et al., 2021).
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Species of Craterellus (Hydnaceae, Cantharellales) in China are investigated on the basis of morphological and molecular phylogenetic analyses of DNA sequences from nuc 28S rDNA D1-D2 domains (28S) and nuc rDNA internal transcribed spacer ITS1-5.8S-ITS2 region. Five species are recognized in China, of which three of them are described as new, viz. C. fulviceps, C. minor, and C. parvopullus, while two of them are previously described taxa, viz. C. aureus, and C. lutescens. A key to the known Chinese taxa of the genus is also provided.

Keywords: East Asia, molecular phylogeny, morphology, new taxa, taxonomy


INTRODUCTION

Craterellus Pers. (Hydnaceae, Cantharellales), typified by C. cornucopioides (L.) Pers., is characterized by a small, funnel-shaped basidioma with a hollow stipe (Petersen, 1979a). Recent molecular phylogenetic data have confirmed the monophyly of the genus (Hibbett et al., 2014). To date, many taxa of Craterellus have been discovered in Africa, America, and Asia (Dahlman et al., 2000; Matheny et al., 2010; Beluhan and Ranogajec, 2011; Kumari et al., 2012; Wilson et al., 2012; Das et al., 2017; Hembrom et al., 2017; Bijeesh et al., 2018; Zhong et al., 2018; Zhang et al., 2020; Cao et al., 2021a,b). They have received much attention for their edibility and medicinal value; for example, C. cornucopioides is considered a highly nutritious edible fungus and has antihyperglycemic, antioxidative, and antitumor activities (Beluhan and Ranogajec, 2011; Liu et al., 2012; Fan et al., 2014), and C. tubaeformis (Fr.) Quél. has antioxidant, antimicrobial, and anti-inflammatory activities (Li, 1996; O’Callaghan et al., 2014).

A total of thirteen taxa of Craterellus have been described/reported from China in previous studies, viz. C. albidus Chun Y. Deng, M. Zhang & Jing Zhang, C. atrobrunneolus T. Cao & H.S. Yuan, C. aureus Berk. & M.A. Curtis., C. badiogriseus T. Cao & H.S. Yuan, C. croceialbus T. Cao & H.S. Yuan, C. cornucopioides, C. cornucopioides var. parvisporus Heinem., C. lutescens (Fr.) Fr., C. luteus T.H. Li & X.R. Zhong, C. odoratus (Schwein.) Fr., C. macrosporus T. Cao & H.S. Yuan, C. squamatus T. Cao & H.S. Yuan, and C. tubaeformis (Li, 1996, 2005; Beluhan and Ranogajec, 2011; Xiao et al., 2012; Zhang et al., 2020; Cao et al., 2021a,b). Most of them are well known in the country, for mushrooms identified as C. aureus, C. cornucopioides, C. cornucopioides var. parvisporus, C. lutescens, or C. tubaeformis are sold as edibles in the market of Yunnan Province, southwestern China (Wang et al., 2004; Zhang et al., 2021; Figure 1). In addition, interesting compounds such as merosesquiterpenids, acetylenic acids, and derivatives have been isolated from collections identified as C. lutescens and C. odoratus in the country (Zhang et al., 2010; Huang et al., 2016, 2017).
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FIGURE 1. Collections of Craterellus lutescens sold as edibles in the market of Yunnan Province, southwestern China. Photos: H.-Y. Huang.


Recently, lots of collections of Craterellus in China have been made, which were studied using morphological and molecular phylogenetic analyses. The aim was to (i) describe new taxa and (ii) reevaluate some reports of previously described taxa.



MATERIALS AND METHODS


Morphological Studies

Field notes and digital photographs were made from fresh specimens which were dried and deposited in the Fungal Herbarium of Hainan Medical University (FHMU) (Index Herbariorum), Haikou City, Hainan Province of China. Color codes follow Kornerup and Wanscher (1981). An optical light microscope (CX23, Olympus, Tokyo, Japan) was used to observe and measure the microstructures of basidiomata; the samples were hand-sectioned and mounted in a 5% KOH solution. The notation [n/m/p] indicates “n” 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, “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 presented with standard deviation. The terms referring to the size of basidioma are based on Bas (1969).



Molecular Procedures

Total genomic DNA was extracted from dried basidiomata (10–20 mg) using the Plant Genomic DNA Kit (CWBIO, Beijing, China) according to the manufacturer’s instructions. Protocols for polymerase chain reaction (PCR) amplification and sequencing followed An et al. (2017). The universal primer pairs ITS5/ITS4 (White et al., 1990) and LR0R/LR5 (Vilgalys and Hester, 1990; James et al., 2006) were used for PCR amplification of nuclear ribosomal internal transcribed spacer (ITS) and large subunit ribosomal DNA (28S), respectively. PCR conditions followed Zhang et al. (2021). PCR products were checked using 1% (w/v) agarose gel electrophoresis. The amplified PCR products were sequenced using an ABI 3730 DNA Analyzer (BGI, Guangzhou, China) with the PCR primers. Forward or reverse sequences were assembled with BioEdit (Hall, 1999). All newly obtained sequences were deposited in GenBank1.



Dataset Assembly

A total of thirty DNA sequences (16 of 28S, 14 of ITS) from 17 collections were newly generated for this study (Table 1). For the concatenated dataset, the 28S and ITS sequences generated in the study were aligned with selected sequences from previous studies and GenBank (Table 1). Hydnum minus FHMU2461 and Hydnum cremeoalbum FHMU2153 were chosen as outgroups as described by An et al. (2017). Sequences of 28S and ITS were aligned separately to test for phylogenetic conflict. The topologies of the phylogenetic trees based on a single gene were identical, indicating that the phylogenetic signals present in the different gene fragments were not in conflict. Then, the sequences of the different genes were aligned using MUSCLE (Edgar, 2004), and alignments were purged from unreliably aligned positions and gaps using Gblocks (Castresana, 2000). The sequences of the different genes were concatenated using Phyutility v2.2 for further analyses (Smith and Dunn, 2008).


TABLE 1. List of collections used in this study.
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Phylogenetic Analyses

The combined nuclear dataset (28S + ITS) was analyzed using maximum likelihood (ML) and Bayesian inference (BI) methods. ML tree generation and bootstrap (BS) analyses were performed using RAxML v7.2.6 (Stamatakis, 2006), running 1,000 replicates combined with the ML search. BI was conducted in MrBayes v3.1 (Huelsenbeck and Ronquist, 2005) on the CIPRES Science Gateway portal (Miller et al., 2011). The best-fit likelihood models of 28S (GTR + I + G) and ITS (HKY + I + G) were estimated in MrModeltest v2.3 (Nylander, 2004) based on the Akaike information criterion. Bayesian analysis was repeated for 30 million generations and sampled every 1,000 generations. Trees sampled from the first 25% generations were discarded as burn-in, and Bayesian posterior probabilities (PP) were then calculated for a majority-rule consensus tree of the retained sampled trees.




RESULTS


Molecular Data

The combined dataset (28S + ITS) of Craterellus consisted of 161 taxa and 2,173 nucleotide sites (Figure 2), and the alignment was submitted to TreeBase (S28981). The topologies of the phylogenetic trees based on the combined dataset generated from ML and BI analyses were identical, but statistical support showed slight differences. In this study, we focused on lineages 1–14 from China (Figure 2). Lineage 1, with strong statistical support (BS = 85%, PP = 0.99), comprised of three collections (GDGM46432, GDGM48105, and GDGM49495) of C. luteus, and three collections (FHMU2100, FHMU2102, and FHMU2407) from southern China, and two collections (FHMU6549, FHMU6550) from eastern China. Lineage 2, with strong statistical support (BS = 82%, PP = 1.0), comprised of two collections (FHMU6551, and FHMU6552) from eastern China. Lineage 3, three collections (FHMU6555, FHMU6556, and FHMU6557) from southern China grouped together with high statistical support (BS = 100%, PP = 0.99). Lineage 4 comprised of the holotype of C. atrobrunneolus. Lineage 5, with strong statistical support (BS = 94%, PP = 1.0), comprised of two collections (Yuan 14,520, and Yuan 14,721) of C. squamatus from northeastern China. Lineage 6 comprised of the holotype of C. macrosporus. Lineage 7, with strong statistical support (BS = 100%, PP = 1.0), comprised of two collections (Yuan 14,623, and Yuan 14,647) of C. croceialbus from northeastern China. Lineage 8 comprised of one collection named C. cornucopioides from western China. Lineage 9, with strong statistical support (BS = 100%, PP = 1.0), comprised of two collections (Yuan 14,776 and Yuan 14,779) of C. badiogriseus from northeastern China. Lineage 10, with strong statistical support (BS = 96%, PP = 1.0), comprised of two collections (HGASMF01-10046, and HGASMF01-3581) of C. albidus from southwestern China. Lineage 11, with strong statistical support (BS = 95%, PP = 1.0), comprised of one collection (FHMU6553) from central China, and one collection labeled as C. tubaeformis from Japan. Lineage 12, with strong statistical support (BS = 99%, PP = 1.0), comprised of one collection (FHMU6554) from central China, and one collection labeled as C. melanoxeros also from China. Lineage 13 comprised of one collection (ECM90) from eastern China. Lineage 14, with strong statistical support (BS = 90%, PP = 1.0), comprised of seven collections of C. lutescens (UPSF-11789, UPSF-11790, UPSF-11791, 104198, SS575, ma023, and TM02_22), five collections labeled as Craterellus sp. (RSEM15_01, RSEM16_35, RSEM26, RSEM26_17, and RSEM26_64), and five collections (FHMU6544–FHMU6548) from southwestern China.
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FIGURE 2. Phylogram inferred from a combined dataset (28S + ITS) of Craterellus using RAxML. RAxML bootstrap percentages (BS ≥ 70%) and Bayesian posterior probabilities (PP ≥ 0.95) are indicated above or below the branches as BS/PP.




Taxonomy

Craterellus aureus Berk. & M.A. Curtis, Proc. Amer. Acad. Arts & Sci. 4: 123, 1860 Figures 3A–E, 4.
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FIGURE 3. Basidiomata of Craterellus species. (A–E) C. aureus (A) FHMU2100; (B) FHMU6549; (C) FHMU2102; (D) FHMU2407; (E) FHMU6550; (F) C. fulviceps (FHMU6553, holotype). Photos: (A,C,D) N.-K. Zeng; (B,E) M.-S. Su; (F) P. Zhang.
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FIGURE 4. Microscopic features of Craterellus aureus (FHMU2407). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y.-Z. Zhang.


Basidiomata medium-sized. Pileus 1.5–5 cm diam, infundibuliform, broadly infundibuliform with age; surface dry, vivid yellow (1A5) to orange (3A7); margin straight when young, wavy or lobed at maturity. Hymenophore nearly smooth, dirty white (1B2), yellow (4A7) to pale orange (1A2); context 0.1–0.15 cm in thickness, whitish (3A1) to pale yellow (3A2). Stipe 1.2–2.7 × 0.35–0.45 cm, central, hollow, usually curved, without any obvious demarcation between pileus and stipe; surface dry, yellowish-white (3A2), yellow (4A4) to pale orange (1A2). Basal mycelium white. Odor mild. Spore print not obtained.

Basidiospores [60/9/5] (7–)7.5–8.21–9(–9.5) × 5.5–5.97–6.5(–7) μm, Q = (1.17–)1.23–1.55(–1.64), Qm = 1.38 ± 0.1, ellipsoid to broadly ellipsoid, smooth, slightly thick-walled (up to 0.5 μm), hyaline or yellowish in KOH. Basidia 50–83 × 6.5–8.5 μm, cylindro-clavate, with irregular flexuous, slightly thick-walled (up to 0.5 μm), 4–6-spored, pale yellowish in KOH; sterigmata 5–6 μm in length. Cystidia absent. Pileipellis intricate trichoderm composed of cylindrical, 4–9 μm wide, slightly thick-walled (0.5–0.7 μm) hyphae, faintly pale yellow in KOH; terminal cells 27–59 × 4–8 μm, subcylindrical to subclavate with obtuse apex. Clamp connections absent in all tissues.

Habitat: Gregarious, caespitose, or rarely solitary on the ground of forests dominated by Castanea spp. and Quercus spp. (Zhong et al., 2018).

Known distribution: Eastern China (Jiangxi Province), and southern China (Guangdong and Hainan Provinces, Hong Kong) (Berkeley and Curtis, 1860).

Specimens examined: CHINA. Hainan Province: Jianfengling of Hainan Tropical Rainforest National Park, elev. 850 m, 4 July 2012, N.K. Zeng1057 (FHMU2407); Limushan of Hainan Tropical Rainforest National Park, elev. 750 m, 27 July 2017, N.K. Zeng3139, 3141 (FHMU2100, 2102). Jiangxi Province: Ganzhou City, Shangyou Town, Youshixiangmeiling Village, elev. 180 m, 9 June 2016, M.S. Su145 (FHMU6549); Nanchang City, Wanli District, Zhaoxian Town, Dongyuan Village, elev. 180 m, 24 June 2018, M.S. Su196 (FHMU6550).

Notes: Our recent collections and the holotype of C. luteus, a species originally described from Guangdong Province, southern China (Zhong et al., 2018), phylogenetically group together with high statistical support (Figure 2), which suggests that these new specimens belong to C. luteus. Morphologically, these newly collected materials easily remind us of C. aureus, a species first described in Hong Kong, southern China. When C. luteus was first described (Zhong et al., 2018), the species looked different from the original diagnosis of C. aureus (Berkeley and Curtis, 1860; Corner, 1966): the bright yellow cap, large size, and robust aspect of the basidiomata and the white hymenophore made it impossible to associate C. luteus with Berkeley and Curtis’ original description. Our new collections, which share near-identical (BS = 83%, PP = 1.0) sequences with the holotype of C. luteus, indicate that this species might be more variable in overall aspect and color, thereby, significantly reducing the morphological differences with the orange C. aureus. Our collections also have a near-identical basidiospore size compared with those reported for C. aureus, whereas basidiospores of C. luteus are longer [(8.5–)9–11(–12.5) μm]. The fact that both species were described from southern China, sharing the same climate and vegetation, suggests C. luteus is a synonym of C. aureus, but it does not exclude the presence of a larger species complex in southern China within this clade.

The phylogenetic analyses also showed that C. aureus is closely related to C. odoratus (Schwein.) Fr. (Figure 2), a species originally described in North America (Petersen, 1979b; Knopf, 1981). However, C. odoratus has a more fragile basidioma, narrower basidiospores measuring 8.9–11.8 × 4.4–6.3 μm, and a strong pleasant odor (Petersen, 1979b; Knopf, 1981).

Craterellus fulviceps N.K. Zeng, Y.Z. Zhang, P. Zhang & Zhi Q. Liang, sp. nov. Figures 3F, 5 MycoBank: MB841969.
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FIGURE 5. Microscopic features of Craterellus fulviceps (FHMU6553, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y.-Z. Zhang.


Diagnosis: This species is distinguished from others in Craterellus by its very small-sized basidioma, a fulvous pileus, a veined hymenophore, an egg-yolk yellow stipe, and a presence of clamp connections in all parts of the basidioma.

Etymology: Latin “fulvi-,” meaning fulvous, and “ceps,” meaning pileus, refer to the fulvous pileus of our new species.

Holotype: CHINA. Hunan Province: Rucheng County, Jiulongjiang Nature Reserve, elev. 600 m, 2 October 2020, P. Zhang MHHNU10567 (FHMU6553). GenBank accession number: 28S = OL439678, ITS = OL439548.

Basidiomata very small-sized. Pileus 1–3 cm diam, convex to applanate, center slightly depressed; surface nearly smooth, fulvous (2A3); margin decurved; context very thin. Hymenophore veined, decurrent; folds about 0.1 cm broad, distant, relatively spaced, yellowish (1A2). Stipe 2–4 × 0.3–0.8 cm, central, slightly concave and curved in the middle; surface dry, egg-yolk yellow (2A4). Basal mycelium white. Odor not distinctive. Spore print not obtained.

Basidiospores [40/2/1] 8–9–10 × 6.5–7.6–8.5 μm, Q = 1.06–1.36(–1.38), Qm = 1.19 ± 0.09, ellipsoid, rarely subglobose, smooth, slightly thick-walled (up to 0.5 μm), yellowish in KOH. Basidia 58–82 × 9–15.5 μm, long, narrow, subcylindrical, slightly thick-walled (up to 0.5 μm), 2–5-spored, yellowish in KOH; sterigmata 3–7 μm in length. Cystidia absent. Pileipellis a cutis composed of mostly cylindrical, 4–10.5 μm wide, slightly thick-walled (0.5–0.7 μm) hyphae, faintly pale yellow in KOH; terminal cells 45–75 × 5–10 μm, subcylindrical to subclavate with obtuse apex. Clamp connections abundant in all parts of the basidioma.

Habitat: Solitary, scattered, or gregarious on the ground of forests dominated by fagaceous trees.

Known distribution: Central China (Hunan Province).

Notes: The collection from central China phylogenetically clustered with one specimen (1D3) identified as C. tubaeformis from Japan with strong statistical support (Lineage 11 of Figure 2). Our molecular phylogenetic data also show that specimens identified as C. tubaeformis were present in several different parts of the tree (Figure 2). Although the true position of C. tubaeformis in the molecular tree should be defined in the future, now we are sure that the Chinese collection in Lineage 11 (Figure 2) is not true C. tubaeformis, for the European species has a fuscous or fuacous umber pileus, larger basidiospores measuring 8–11 × 5.5–8 μm, and narrower basidia 60–90 × 8–11 μm (Corner, 1966), which is morphologically different from the Chinese specimen. And thus, the Chinese collection was proposed as a new species.

Craterellus lutescens (Fr.) Fr., Epic. Syst. Mycol. (Upsaliae): 532, 1838 Figures 6A–D, 7.
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FIGURE 6. Basidiomata of Craterellus species. (A–D) C. lutescens (A) FHMU6547; (B) FHMU6548; (C,D) FHMU6544; (E,F) C. minor (FHMU6554, holotype); (G–I) C. parvopullus (G) FHMU6557; (H) FHMU6555, holotype; (I) FHMU6556. Photos: (A,B) L.-P. Tang; (C,D) W.-H. Zhang; (E,F) P. Zhang; (G–I) N.-K. Zeng.
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FIGURE 7. Microscopic features of Craterellus lutescens (FHMU6544). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y.-Z. Zhang.


Basidiomata very small-sized. Pileus about 3 cm diam, nearly convex to applanate, center slightly depressed; margin inrolled; surface nearly smooth, brown (6D5); context about 0.2 cm in thickness, yellowish (2A3). Hymenophore veined, sometimes smooth, decurrent; folds very thin, light orange-yellow (4A4) to orange-yellow (4A6). Stipe 4–6 × 0.5–0.8 cm, central, cylindrical, hollow; surface dry, sunflower yellow (3A8) to dark yellow (4B8); context yellowish-white (4A2). Odor pleasant, milky. Spore print not obtained.

Basidiospores [240/12/5] (8–)8.5–9.7–11(–11.5) × (6.5–)7–7.8–9(–9.5) μm, Q = 1.13–1.36(–1.46), Qm = 1.23 ± 0.16, ellipsoid, smooth, slightly thick-walled (up to 0.5 μm), pale yellowish in KOH. Basidia 61–84 × 7.5–10 μm, long, narrow, subcylindrical, thin to slightly thick-walled (up to 0.5 μm), 4–6-spored, yellowish in KOH; sterigmata 5.5–7 μm in length. Cystidia absent. Pileipellis a cutis composed of 5.5–10.5 μm wide, slightly thick-walled (0.5–0.7 μm) hyphae, yellowish in KOH; terminal cells 30–58 × 4–8.5 μm, subcylindrical to subclavate with obtuse apex. Clamp connections abundant in all parts of the basidioma.

Habitat: Solitary, scattered, or gregarious on the ground of forests dominated by Pinus yunnanensis Franch. and Quercus L.

Known distribution: Southwestern China (Yunnan Province); Europe (Dahlman et al., 2000).

Specimens examined: CHINA. Yunnan Province: Jianchuan County, Shibaoshan Nature Reserve, near the grotto parking lot, elev. 2,499 m, 16 August 2014, L.P. Tang1647 (FHMU6547); same location, elev. 2,542 m, 19 August 2014, L.P. Tang1705 (FHMU6548); Lijiang City, bought from a market, 19 August 2020, W.H. Zhang441-1, 441-2, 441-3 (FHMU6544, FHMU6546, and FHMU6545).

Notes: Our collections and three Swedish specimens (UPSF-11789, UPSF-11790, and SS575) of C. lutescens phylogenetically group together with strong statistical support (Figure 2). Morphologically, the Chinese specimens match well with those of C. lutescens provided by Petersen (1969). Therefore, the specimen from China is recognized as C. lutescens.

Craterellus minor N.K. Zeng, Y.Z. Zhang, P. Zhang & Zhi Q. Liang, sp. nov. Figures 6E,F, 8 MycoBank: MB841974.
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FIGURE 8. Microscopic features of Craterellus minor (FHMU6554, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y.-Z. Zhang.


Diagnosis: This species is distinguished from others in Craterellus by its very small-sized basidioma, a grayish yellow pileus without dark pigments, a veined hymenophore, a lemon-yellow stipe, and the presence of clamp connections in all parts of the basidioma.

Etymology: Latin “minor”, refers to very small-sized basidioma of the new species.

Holotype: CHINA. Hunan Province: Sangzhi County, Badagong Mountain, Tianping Mountain, elev. 750 m, 15 September 2020, P. Zhang MHHNU32505 (FHMU6554). GenBank accession number: 28S = OL439684, ITS = OL439553.

Basidiomata very small-sized. Pileus about 1.7 cm in diam, center strongly depressed; margin inrolled, with irregular small crenulate; surface dry, grayish-yellow (1B2); context very thin, white or whitish (2A1). Hymenophore veined, decurrent; folds about 0.1 cm broad, forking gill-folds, white to pale (5A1). Stipe 2.6 × 0.3 cm, central, hollow, cylindrical, slightly concave and curved in the middle; surface dry, pale lemon yellow (1A4) with white base (3A1). Odor indistinct. Spore print not obtained.

Basidiospores [40/1/1] (8–)8.5–9.4–10.5 × 7–7.7–8.5 μm, Q = (1.07–)1.12–1.4, Qm = 1.23 ± 0.08, ellipsoid to broadly ellipsoid, smooth, inamyloid, slightly thick-walled (up to 0.5 μm), yellowish in KOH. Basidia 56–75 × 8–13 μm, long, narrow, subcylindrical, slightly thick-walled (up to 0.5 μm), 2–5-spored, yellowish in KOH; sterigmata 4.5–8 μm in length. Cystidia absent. Pileipellis a cutis composed of mostly cylindrical, 5–10 μm wide, slightly thick-walled (up to 0.5 μm) hyphae, faintly pale yellow in KOH; terminal cells 35–85 × 5–7 μm, subcylindrical to subclavate with obtuse apex. Clamp connections present in all parts of the basidioma.

Habitat: Solitary to scattered on the ground of forests dominated by fagaceous trees.

Known distribution: Central China (Hunan Province).

Notes: The new collection from central China phylogenetically clustered with one specimen labeled as C. melanoxeros (Desm.) Pérez-De-Greg (420526MF0891) also from China with strong statistical support (Figure 2). The Chinese species is morphologically related to European C. melanoxeros (SS576). However, C. melanoxeros has a large basidioma, a presence of dark pigments, and narrower basidiospores (Dahlman et al., 2000; Akata and Kumbasli, 2014).

Craterellus parvopullus N.K. Zeng, Y.Z. Zhang & Zhi Q. Liang, sp. nov. Figures 6G–I, 9 MycoBank: MB841977.
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FIGURE 9. Microscopic features of Craterellus parvopullus (FHMU6555, holotype). (A) Basidiospores. (B) Basidia. (C) Pileipellis. Scale bars = 10 μm. Drawings by Y.Z. Zhang.


Diagnosis: This species is distinguished from others in Craterellus by its basidioma without any obvious demarcation between pileus and stipe, a blackish brown to blackish pileus, a smooth grayish hymenophore, subglobose to ellipsoid or broadly ellipsoid basidiospores, hyphae in pileipellis more or less inflated, but obviously slender in terminations, an absence of clamp connections in all parts of the basidioma, and it is associated with the trees of Dipterocarpaceae.

Etymology: Latin “parvo,” meaning small, and “pullus,” meaning blackish, refer to the small and blackish pileus of our new species.

Holotype: CHINA. Hainan Province: Wanning County, Bofangling, elev. 80 m, 29 August 2020, N.K. Zeng4913 (FHMU6555). GenBank accession number: 28S = OL439685, ITS = OM334829.

Basidiomata very small to small-sized. Pileus 1.8–4.6 cm diam, infundibuliform; margin slightly incurved, wavy, irregularly folded; surface dry, blackish brown (6F7) to black (5F1); context very thin, grayish (1E1). Hymenophore smooth to slightly folded, ashen gray (4B1). Stipe 1.2–2.6 × 0.15–0.4 cm, confluent with pileus, hollow; surface dry, ashen gray (4B1); context very thin, grayish (1E1). Odor not distinctive. Spore print not obtained.

Basidiospores [80/16/3] (6.5–)7–7.7–8.5(–9) × (5–)5.5–6.2–7(–7.5) μm, Q = (1.07–)1.14–1.42(–1.45), Qm = 1.25 ± 0.09, subglobose to ellipsoid or broadly ellipsoid, smooth, slightly thick-walled (up to 0.5 μm), yellowish in KOH. Basidia 53–73 × 7–10 μm, subcylindrical to subclavate, slightly thick-walled (up to 0.5 μm), 3–5-spored, hyaline or yellowish in KOH; sterigmata 4–6.5 μm in length. Cystidia absent. Pileipellis a cutis composed of mostly cylindrical, occasionally branched hyphae, hyphae 8–14 μm wide, but slender in terminations (3–6 μm wide), thin- to thick-walled (up to 1.5 μm), yellowish in KOH; terminal cells 21–46 × 3–9 μm, clavate or subcylindrical with obtuse apex. Clamp connections absent in all tissues.

Habitat: Gregarious on the ground in forests of Vatica mangachapoi Blanco.

Known distribution: Southern China (Hainan Province).

Additional specimens examined: CHINA. Hainan Province: Wanning County, Bofangling, elev. 80 m, 29 August 2020, N.K. Zeng4911, 4912 (FHMU6557, FHMU6556).

Notes: The Chinese C. atrobrunneolus T. Cao & H.S. Yuan, C. badiogriseus T. Cao & H.S. Yuan, C. croceialbus T. Cao & H.S. Yuan, C. macrosporus T. Cao & H.S. Yuan, and C. squamatus T. Cao & H.S. Yuan are morphologically similar to C. parvopullus. However, C. atrobrunneolus is distributed in subtropical areas (Cao et al., 2021a), while C. badiogriseus, C. croceialbus, C. macrosporus, and C. squamatus grow in temperate regions (Cao et al., 2021b); all of them are not associated with trees of Dipterocarpaceae (Cao et al., 2021a,b). Moreover, C. atrobrunneolus has smaller basidiospores measuring (6.2–)6.5–7.8(–8) × (4.2–)4.5–6(–6.2) μm (Cao et al., 2021a); C. badiogriseus has larger basidiospores measuring (7.5–)8–10.5(–11) × (6.5–)6.8–7.5(–8) μm, and a pileipellis composed of thick-walled hyphae without slender terminations (Cao et al., 2021b); C. croceialbus has a brown pileus with an orange-white margin, larger basidiospores measuring (9–)10–12(–12.5) × (6.5–)6.8–8(–8.2) μm, and a pileipellis composed of hyphae without slender terminations (Cao et al., 2021b); C. macrosporus has a brown pileus, larger basidiospores measuring (12.5–)12.8–14.5(–15) × (8.8–)9–11(–11.5) μm, and a pileipellis composed of thin-walled hyphae without slender terminations (Cao et al., 2021b); C. squamatus has a squamulose pileus, larger basidiospores measuring (11.5–)12–13.8(–14) × (8.2–)8.5–9.5(–10) μm, and a pileipellis composed of thick-walled hyphae without slender terminations (Cao et al., 2021b).

Besides the five species found in China, Malaysian C. cornucopioides var. mediosporus Corner and C. verrucosus Massee, European C. cornucopioides, North American C. atrocinereus D. Arora & J.L. Frank, C. calicornucopioides D. Arora & J.L. Frank and C. fallax A.H. Sm are also morphologically similar to C. parvopullus. However, C. verrucosus has a rugulose hymenophore, larger basidiospores measuring 8–10 × 6.5–8 μm, and wider hyphae (up to 20 μm) more or less vertically arranged in the pileipellis (Corner, 1966); C. cornucopioides var. mediosporus has larger basidiospores measuring 8–10 × 6.5–7.5 μm, and a pileipellis composed of uninflated hyphae (Corner, 1966); C. cornucopioides s.s. has larger basidiospores measuring (7–)11–15(–20) × (5–)7(–11) μm, and its distribution in temperate areas (Pilz et al., 2003); C. atrocinereus has larger basidiospores measuring 8–10 × 4.5–6 μm, a prominently folded, distinctly thick hymenium, and groups on the ground under hardwoods, especially Quercus and Neolithocarpus (Frank, 2015); C. calicornucopioides has larger basidiospores measuring 11–14 × 8–10 μm, a presence of abundant clamp connections, and is mainly distributed with Quercus, Arctostaphylos, Vaccinium and Arbutus (Frank, 2015); C. fallax has larger basidiospores measuring 10–13 × 7–9 μm, and is mainly distributed in a broad host range, including Pinaceae (Pinus and Tsuga) and Fagaceae (Quercus and Castanea) (Matheny et al., 2010). Phylogenetically, C. parvopullus is not closely related to C. atrobrunneolus, C. atrocinereus, C. calicornucopioides, C. cornucopioides, and C. fallax (Figure 2).



Key to Known Craterellus Species in China

1. Without any obvious demarcation between pileus and stipe……………………………………………………………………………….. 2

1. Obvious demarcation between pileus and stipe……………….8

2. Pileus vivid yellow to orange…………………………………C. aureus

2. Pileus brown, gray brown, dark brown to almost black……3

3. Pileal surface scabrous…………………………………….C. squamatus

3. Pileal surface subglabrous to glabrous……………………………..4

4. Pileal surface blackish brown, blackish to almost black……5

4. Pileal surface brown, gray-brown to dark brown, without black tinge………………………………………………………………………7

5. Hyphal width in pileipellis usually uneven, obviously slender in terminations, and distributed in tropical areas………………………………………………………………C. parvopullus

5. Hyphal width in pileipellis usually even, and distributed in subtropical or temperate areas………………………………………..6

6. Basidiospores larger [(7.5–)8–10.5(–11) × (6.5–)6.8–7.5(–8) μm]………………………………………………………….C. badiogriseus

6. Basidiospores smaller [(6.2–)6.5–7.8(–8) × (4.2–)4.5–6(–6.2) μm]…………………………………………………..C. atrobrunneolus

7. Pileal margin orange-white, basidiospores smaller [(9–)10–12(–12.5) × (6.5–)6.8–8(–8.2) μm]……………..C. croceialbus

7. Pileal margin dark brown, basidiospores larger [(12.5–)12.8–14.5(–15) × (8.8–)9–11.0(–11.5) μm].C. macrosporus

8. Basidomata very pale, whitish, hyphal clamp connections absent, grow on dead wood…………………………………..C. albidus

8. Basidiomata brown, yellow, hyphal clamp connections abundant, grow on ground……………………………………………..9

9. Pileus brown, hymenophore veined, sometimes smooth……………………………………………………………….C. lutescens

9. Pileus fulvous, grayish-yellow, hymenophore veined, never smoot……………………………………………………………………………10

10. Stipe egg-yolk yellow………………………………………….C. fulviceps

10. Stipe pale lemon yellow………………………………………….C. minor




DISCUSSION


Craterellus cornucopioides and Craterellus tubaeformis Complexes

Craterellus cornucopioides, originally described in Europe, was previously considered a widely distributed species (Akata and Kumbasli, 2014). However, recent studies have indicated that C. cornucopioides represents a species complex rather than a single widespread species (Dahlman et al., 2000). Our molecular phylogenetic data also show that specimens identified as C. cornucopioides were present in several different parts of the tree (Figure 2). Interestingly, collections of C. cornucopioides from Europe were present in more than one part of the tree (Figure 2). The species concept of C. cornucopioides should be confirmed by obtaining collections and DNA sequences from the holotype locality. Craterellus cornucopioides s. str. likely occurs in fewer areas of Europe; one specimen identified as C. cornucopioides from Tibet, western China (Lineage 8 in Figure 2), might represent another species. Craterellus tubaeformis was also present in several parts of the tree (Figure 2), which indicates that C. tubaeformis represents a species complex rather than a single widespread species; the collections identified as C. tubaeformis in China from previous studies should be re-evaluated.



Species Diversity of Craterellus in China

High species diversity of Craterellus in China was revealed in this study, with fourteen species-level lineages identified (Figure 2). Three lineages (3, 11, and 12) were described as new species, viz. C. minor, C. parvopullus, and C. fulviceps. Eight lineages (1, 4–7, 9, 10, and 14) represent previously described species, viz. C. albidus, C. atrobrunneolus, C. aureus, C. badiogriseus, C. croceialbus, C. lutescens, C. macrosporus, and C. squamatus. Three lineages (2, 8, and 13) remain undescribed because of insufficient materials. Five additional species have been reported from China, viz. C. cornucopioides, C. cornucopioides var. parvisporus, C. luteus, C. odoratus, and C. tubaeformis. Craterellus luteus is a synonym of C. aureus, and the occurrence of C. cornucopioides, C. cornucopioides var. parvisporus, C. odoratus, and C. tubaeformis has not yet been confirmed in China.



Phylogenetic Relationships and Geographic Divergence of Craterellus

Our molecular phylogenetic data based on two-locus DNA sequences (28S + ITS) with a large number of collections from China have uncovered useful information regarding the phylogeny and geography of Craterellus. Our data indicate that the affinities of Craterellus species between China and Europe, North America, and Australia are evident (Figure 2); for example, C. lutescens (Lineage 14 in Figure 2) is found in China, Europe, and North America; C. badiogriseus (Lineage 9 in Figure 2) is associated with one specimen (LMAC6b-09) from Europe; C. aureus (Lineage 1 in Figure 2), and two Chinese specimens (FHMU6551 and FHMU6552) (Lineage 2 in Figure 2) of Craterellus are closely related to North American C. odoratus; C. parvopullus (Lineage 3 in Figure 2) is closely related to two specimens (GMB-2014 MEL:2382717 and GMB-2014 MEL:2383015) from Australia; C. macrosporus (Lineage 6 in Figure 2), C. squamatus (Lineage 5 in Figure 2), and two North American specimens (NC-8338 and FLAS-F-60401) labeled as C. sp. and C. fallax, respectively, are in the same clade; a Chinese specimen (ECM90) labeled as C. sp. (Lineage 13 in Figure 2) is closely related to one collection (M66A9) from Mexico. Moreover, C. fulviceps (lineage 11 in Figure 2) is found in China and Japan; C. parvopullus (lineage 3 in Figure 2) is associated with two specimens (LAM 0254 and AWW263) from Malaysia.

We also noted that there is little or no statistical support in some deeper nodes of the phylogeny, although the molecular data provided new insights into the phylogeny and geography of Craterellus with a large number of collections from China included. In the future, with more genes investigated and more Craterellus species discovered, a molecular phylogenetic tree of Craterellus should be constructed on the basis of the present data, which will provide more interesting information.




DISCLOSURE

All the experiments undertaken in this study comply with the current laws of the People’s Republic of China.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: National Center for Biotechnology Information (NCBI) GenBank, https://www.ncbi.nlm.nih.gov/genbank/, OL439672–OL439687, OM334827–OM334829, OL439545–OL439553, OM469019–OM469020 and MycoBank, https://www.mycobank.org/, MB841969, MB841974, MB841977.



AUTHOR CONTRIBUTIONS

Z-QL and N-KZ: conceptualization and writing—original draft preparation. Y-ZZ: methodology, performing the experiment, and formal analysis. N-KZ, PZ, L-PT, Z-HC, M-SS, Y-JH, H-YH, and W-HZ: resources. N-KZ, BB, Z-QL, PZ, H-YH, and W-HZ: writing—review and editing. N-KZ and Z-QL: supervision. N-KZ: project administration and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Natural Science Foundation of China (No. 32160001).



ACKNOWLEDGMENTS

We are very grateful to Professor Z. L. Yang, Kunming Institute of Botany, Chinese Academy of Sciences, and H. S. Yuan, Institute of Applied Ecology, Chinese Academy of Sciences, for providing valuable literature; G. Lu, L. X. Yuan, and L. Li, Haikou Duotan Wetlands Institute, the forest rangers of Liji Qingpilin Nature Reserve of Hainan and Hainan Tropical Rainforest National Park, for their help during the field investigations. We would like to thank TopEdit (www.topeditsci.com) for linguistic assistance during the preparation of this manuscript.


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/genbank


REFERENCES

Akata, I., and Kumbasli, M. (2014). A new and rare record for turkish Cantharellus. Biodivers. Conserv. 7, 143–145.

An, D. Y., Liang, Z. Q., Jiang, S., Su, M. S., and Zeng, N. K. (2017). Cantharellus hainanensis, a new species with a smooth hymenophore from tropical China. Mycoscience 58, 438–444. doi: 10.1016/j.myc.2017.06.004

Arraiano-Castilho, R., Bidartondo, M. I., Niskanen, T., Clarkson, J. J., Brunner, I., Zimmermann, S., et al. (2020). Habitat specialization controls ectomycorrhizal fungi above the treeline in the European Alps. New Phytol. 229, 2901–2916. doi: 10.1111/nph.17033

Bas, C. (1969). Morphology and subdivision of Amanita and a monograph of its section Lepidella. Persoonia 5, 285–579.

Beluhan, S., and Ranogajec, A. (2011). Chemical composition and non-volatile components of Croatian wild edible mushrooms. Food Chem. 124, 1076–1082. doi: 10.1016/j.foodchem.2010.07.081

Berkeley, M. J., and Curtis, M. A. (1860). Characters of new fungi, collected in the north pacific exploring expedition by Charles Wright. Proc. Am. Acad. Arts. Sci. 4, 111–130.

Bijeesh, C., Kumar, A. M., Vrinda, K. B., and Pradeep, C. K. (2018). Two new species of Craterellus (Cantharellaceae) from tropical India. Phytotaxa 346, 157–168. doi: 10.11646/phytotaxa.372.1.5

Buyck, B., Kauff, F., Eyssartier, G., Couloux, A., and Hofstetter, V. (2014). A multilocus phylogeny for worldwide Cantharellus (Cantharellales, Agaricomycetidae). Fungal Divers. 64, 101–121. doi: 10.1007/s13225-013-0272-3

Cao, T., Yu, J. R., Hu, Y. P., and Yuan, H. S. (2021a). Craterellus atrobrunneolus sp. nov. from southwestern China. Mycotaxon 136, 59–71. doi: 10.5248/136.59

Cao, T., Hu, Y. P., Yu, J. R., Wei, T. Z., and Yuan, H. S. (2021b). A phylogenetic overview of the Hydnaceae (Cantharellales, Basidiomycota) with new taxa from China. Stud. Mycol. 99, 100–121. doi: 10.1016/j.simyco.2021.100121

Carriconde, F., Gardes, M., Bellanger, J. M., Letellier, K., Gigante, S., Gourmelon, V., et al. (2019). Host effects in high ectomycorrhizal diversity tropical rainforests on ultramafic soils in New Caledonia. Fungal Ecol. 39, 201–212. doi: 10.1016/j.funeco.2019.02.006

Castresana, J. (2000). Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis. Mol. Biol. Evol. 17, 540–552. doi: 10.1093/oxfordjournals.molbev.a026334

Corner, E. J. H. (1966). A Monograph of Cantharelloid Fungi. London, EN: Oxford University Press.

Dahlman, M., Danell, E., and Spatafora, J. W. (2000). Molecular systematics of Craterellus: cladistic analysis of nuclear LSU rDNA sequence data. Mycol. Res. 104, 388–394. doi: 10.1017/S0953756299001380

Das, K., Ghosh, A., Chakraborty, D., Li, J., Qiu, L., Baghela, A., et al. (2017). Fungal biodiversity profiles 31–40. Mycologia 38, 353–406. doi: 10.7872/crym/v38.iss3.2017.353

Disyatat, N. R., Yomyart, S., Sihanonth, P., and Piapukiew, J. (2016). Community structure and dynamics of ectomycorrhizal fungi in a dipterocarp forest fragment and plantation in Thailand. Plant Ecol. Divers. 9, 577–588. doi: 10.1080/17550874.2016.1264018

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

Edwards, I. P., Cripliver, J. L., Gillespie, A. R., Johnsen, K. H., Scholler, M., and Turco, R. F. (2004). Nitrogen availability alters macrofungal basidiomycete community structure in optimally fertilized loblolly pine forests. New Phytol. 162, 755–770. doi: 10.1111/j.1469-8137.2004.01074.x

Fan, X. D., Chen, Y. H., Chang, J., and Chen, J. (2014). Structure and antitumor activity of water-soluble polysaccharide from Craterellus cornucopioides. Mod. Food Sci. Technol. 30, 50–54+79. doi: 10.1016/j.carbpol.2018.02.077

Federico, D. R., Manuel, A., and Francesco, T. (2020). The history of conifers in central Italy supports long-term persistence and adaptation of mesophilous conifer fungi in arbutus-dominated shrublands. Rev. Palaeobot. Palynol. 282, 104300–104314. doi: 10.1016/j.revpalbo.2020.104300

Feibelman, T. P., Doudrick, R. L., Cibula, W. G., and Bennett, J. W. (1997). Phylogenetic relationships within the Cantharellaceae inferred from sequence analysis of the nuclear large subunit rDNA. Mycol. Res. 101, 1423–1430. doi: 10.1017/S0953756297004115

Frank, J. L. (2015). Craterellus atrocinereus D. Arora & J.L. Frank. Index Fungorum 249:1.

Hall, T. A. (1999). BioEdit: a user-friendly biological sequence alignment editor and analyses program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95–98.

Harrington, T. J., and Mitchell, D. T. (2002). Characterization of Dryas octopetala ectomycorrhizas from limestone karst vegetation, western Ireland. Can. J. Bot. 80, 970–982. doi: 10.1139/b02-082

Hembrom, M. E., Das, K., Adhikari, S., Parihar, A., and Buyck, B. (2017). First report of Pterygellus from Rajmahal hills of Jharkhand (India) and its relation to Craterellus (Hydnaceae, Cantharellales). Phytotaxa 306, 201–210. doi: 10.11646/phytotaxa.306.3.2

Hibbett, D. S., Bauer, R., Binder, M., Giachini, A. J., Hosaka, K., Justo, A., et al. (2014). “Agaricomycetes,” in The Mycota vol.VII, Systematics and Evolution part A, 2nd Edn, eds D. J. McLaughlin and J. W. Spatafora (Berlin, DE: SpringerVerlag), 373–429. doi: 10.1007/978-3-642-55318-9_14

Huang, Y., Zhang, S. B., Chen, H. P., Zhao, Z. Z., Li, Z. H., Feng, T., et al. (2016). New acetylenic acids and derivatives from the Basidiomycete Craterellus lutescens (Cantharellaceae). Fitoterapia 115, 177–181. doi: 10.1016/j.fitote.2016.10.006

Huang, Y., Zhang, S. B., Chen, H. P., Zhao, Z. Z., Zhou, Z. Y., Li, Z. H., et al. (2017). New acetylenic acids and derivatives from the edible mushroom Craterellus lutescens (Cantharellaceae). J. Agric. Food Chem. 65, 3835–3841. doi: 10.1021/acs.jafc.7b00899

Huelsenbeck, J. P., and Ronquist, F. (2005). “Bayesian analysis of molecular evolution using MrBayes,” in Statistical Methods in Molecular Evolution, ed. R. Nielsen (New York, NY: Springer), 183–226. doi: 10.1007/0-387-27733-1_7

James, T. Y., Kauff, F., Schoch, C., Matheny, P. B., Hofstetter, V., Cox, C., et al. (2006). Reconstructing the early evolution of the fungi using a six gene phylogeny. Nature 443, 818–822. doi: 10.1038/nature05110

Knopf, A. A. (1981). The Audubon Society field guide to North American Mushrooms. New York, NY: Lincoff.

Ko, P. Y., Lee, S. H., Kim, T. H., Hong, K. S., Choe, S. Y., and Jeun, Y. C. (2020). Distribution of spontaneously growing mushrooms in the Wolchulsan National Park. J. Mushrooms 18, 201–207. doi: 10.14480/JM.2020.18.3.201

Kornerup, A., and Wanscher, J. H. (1981). Taschenlexikon der Farben 3. Northeim, DE: Muster-Schmidt Verlagsgesellschaft.

Kotowski, M. A., Pietras, M., and Łuczaj, Ł (2019). Extreme levels of mycophilia documented in Mazovia, a region of Poland. J. Ethnobiol. Ethnomed. 15, 12–31. doi: 10.1186/s13002-019-0291-6

Kumari, D., Upadhyay, R. C., and Reddy, M. S. (2012). Craterellus indicus sp. nov., a new species associated with Cedrus deodara from the western Himalayas, India. Mycol. Prog. 11, 769–774. doi: 10.1007/s11557-011-0788-4

Li, R. C. (1996). Resources of Cantharellus in Yunnan. Edible Fungi China 15, 18–20.

Li, T. H., Chen, Y. Q., Qu, L. H., Lu, Y. J., and Song, B. (1999). Partial 25S rDNA sequence of Cantharellus and ITS phylogenetic implications. Mycosystema 18, 12–19.

Li, X. (2005). Common large-scale edible fungi in Simao, Yunnan. J. Simao Teach. Coll. 3, 25–28.

Liu, Y. T., Sun, J., Luo, Z. Y., Rao, S. Q., Su, Y. J., Xu, R. R., et al. (2012). Chemical composition of five wild edible mushrooms collected from Southwest China and their antihyperglycemic and antioxidant activity. Food Chem. Toxicol. 50, 1238–1244. doi: 10.1016/j.fct.2012.01.023

Matheny, P. B., Austin, E. A., Birkebak, J. M., and Wolfenbarger, A. D. (2010). Craterellus fallax, a black trumpet mushroom from eastern North America with a broad host range. Mycorrhiza 20, 569–575. doi: 10.1007/s00572-010-0326-2

Matheny, P. B., Wang, Z., Binder, M., Curtis, J. M., Lim, Y. W., Nilsson, R. H., et al. (2007). Contributions of rpb2 and tef1 to the phylogeny of mushrooms and allies (Basidiomycota, Fungi). Mol. Phylogenet. Evol. 43, 430–51. doi: 10.1016/j.ympev.2006.08.024

Mešić, A., Šamec, D., Jadan, M., Bahun, V., and Tkalčec, Z. (2020). Integrated morphological with molecular identification and bioactive compounds of 23 Croatian wild mushrooms samples. Food Biosci. 37, 100720–100730. doi: 10.1016/j.fbio.2020.100720

Miller, M. A., Pfeiffer, W., and Schwartz, T. (2011). “The CIPRES science gateway: a community resource for phylogenetic analyses,” in Proceedings of the 2011 TeraGrid Conference: extreme Digital Discovery, (New York, NY: ACM), 41.

Miyamoto, Y., Nakano, T., Hattori, M., and Nara, K. (2014). The mid-domain effect in ectomycorrhizal fungi: range overlap along an elevation gradient on Mount Fuji. Japan. ISME J. 8, 1739–1746. doi: 10.1038/ismej.2014.34

Miyamoto, Y., Narimatsu, M., and Nara, K. (2018). Effects of climate, distance, and a geographic barrier on ectomycorrhizal fungal communities in Japan: a comparison across Blakiston’s Line. Fungal Ecol. 33, 125–133. doi: 10.1016/j.funeco.2018.01.007

Morris, M. H., Perez-Perez, M. A., Smith, M. E., and Bledsoe, C. S. (2008). Multiple species of ectomycorrhizal fungi are frequently detected on individual oak root tips in a tropical cloud forest. Mycorrhiza 18, 375–383. doi: 10.1007/s00572-008-0186-1

Naseer, A., and Khalid, A. N. (2018). A new record of genus Craterellus, edible basidiomycotous fungus from Pakistan. Saudi J. Med. Pharm. Sci. 4, 656–659. doi: 10.21276/sjmps.2018.4.6.2

Nylander, J. A. A. (2004). MrModeltest 2.3. Program Distributed by the Author. Uppsala: Uppsala University.

O’Callaghan, Y. C., O’Brien, N. M., Kenny, O., Harrington, T., Brunton, N., and Smyth, T. J. (2014). Anti-inflammatory effects of wild Irish mushroom extracts in RAW264.7 mouse macrophage cells. J. Med. Food 18, 202–7. doi: 10.1089/jmf.2014.0012

Petersen, R. H. (1969). Notes on cantharelloid fungi—II. Some new taxa, and notes on Pseudocraterellus. Persoonia 5, 211–223.

Petersen, R. H. (1979a). Notes on cantharelloid fungi. IX. Illustrations of new or poorly understood taxa. Nova Hedwigia 31, 1–23.

Petersen, R. H. (1979b). Notes on cantharelloid fungi. X. Cantharellus confluens and C. lateritius, Craterellus odoratus and C. aureus. Sydowia 32, 198–208.

Pilz, D., Norvell, L., Danell, E., and Molina, R. (2003). Ecology and management of commercially harvested chanterelle mushrooms. Washington, DC: US Department of Agriculture, Forest Service.

Porter, T. M., Skillman, J. E., and Moncalvo, J. M. (2008). Fruiting body and soil rDNA sampling detects complementary assemblage of Agaricomycotina (Basidiomycota, Fungi) in a hemlock-dominated forest plot in southern Ontario. Mol. Ecol. 17, 3037–3050. doi: 10.1111/j.1365-294X.2008.03813.x

Raja, H. A., Baker, T. R., Little, J. G., and Oberlies, N. H. (2017). DNA barcoding for identification of consumer-relevant mushrooms: a partial solution for product certification? Food Chem. 214, 383–392. doi: 10.1016/j.foodchem.2016.07.052

Shao, S. C., Buyck, B., Hofstetter, V., Tian, Y. H., Yu, F. Q., and Liu, P. G. (2014). Cantharellus hygrophorus, a new species in subgenus Afrocantharellus from tropical southwestern China. Cryptogamie Mycol. 35, 283–291. doi: 10.7872/crym.v35.iss3.2014.283

Smith, S. A., and Dunn, C. W. (2008). Phyutility: a phyloinformatics tool for trees, alignments andmolecular data. Bioinformatics 24, 715–716. doi: 10.1093/bioinformatics/btm619

Stamatakis, A. (2006). RAxML-VI-HPC: maximum likelihoodbased phylogenetic analyses with thousands of taxa and mixed models. Bioinformatics 22, 2688–2690. doi: 10.1093/bioinformatics/btl446

Tibuhwa, D. D., Savić, S., Tibell, L., and Kivaisi, A. K. (2012). Afrocantharellus gen. stat. nov. is part of a rich diversity of African Cantharellaceae. IMA Fungus 3, 25–38. doi: 10.5598/imafungus.2012.03.01.04

Urban, A., Puschenreiter, M., Strauss, J., and Gorfer, M. (2008). Diversity and structure of ectomycorrhizal and co-associated fungal communities in a serpentine soil. Mycorrhiza 18, 339–354. doi: 10.1007/s00572-008-0189-y

Vilgalys, R., and Hester, M. (1990). Rapid genetic identification and mapping of enzymatically amplified ribosomal DNA from several Cryptococcus species. J. Bacteriol. 172, 4238–4246. doi: 10.1128/jb.172.8.4238-4246.1990

Wang, X. H., Liu, P. G., and Yu, F. Q. (2004). Color atlas of wild commercial mushrooms in Yunnan. Kunming: Yunnan Science and Technology Press.

White, T. J., Bruns, T., Lee, S., and Taylor, J. W. (1990). “Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenies,” in PCR Protocols: A Guide to Methods and Applications, eds M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (New York, NY: Academic Press), 315–322. doi: 10.1016/B978-0-12-372180-8.50042-1

Wilson, A. W., Aime, M. C., Dierks, J., Mueller, G. M., and Henkel, T. W. (2012). Cantharellaceae of Guyana I: new species, combinations and distribution records of Craterellus and a synopsis of known taxa. Mycologia 104, 1466–1477. doi: 10.3852/11-412

Xiao, Z. D., Song, B., Li, T. H., Deng, C. Y., and Huang, H. (2012). Resource of Cantharellaceae from Chebaling Nature Reserve, Guangdong Province. Edible Fungi China 31, 12–13.

Zhang, J., Wu, D. I., Deng, C. Y., Zhang, M., Dauner, L., and Wijayawardene, N. N. (2020). A new species of Craterellus (Cantharellales, Hydnaceae) from Guizhou Province, China. Phytotaxa 472, 259–268. doi: 10.11646/phytotaxa.472.3.4

Zhang, L., Shen, Y., Wang, F., Leng, Y., and Liu, J. K. (2010). Rare merosesquiterpenoids from basidiomycete Craterellus odoratus and their inhibition of 11β-hydroxysteroid dehydrogenases. Phytochemistry 71, 100–103. doi: 10.1016/j.phytochem.2009.09.020

Zhang, Y., Mo, M. Z., Yang, L., Mi, F., Cao, Y., Liu, C. L., et al. (2021). Exploring the species diversity of edible mushrooms in Yunnan, southwestern China, by DNA barcoding. J. Fungi 7, 310–333. doi: 10.3390/jof7040310

Zhong, X. R., Li, T. H., Jiang, Z. D., Deng, W. Q., and Huang, H. (2018). A new yellow species of Craterellus (Cantharellales, Hydnaceae) from China. Phytotaxa 360, 35–44. doi: 10.11646/phytotaxa.360.1.3

Zhou, G. Y., Guo, L., Li, L., and Li, H. (2011). rDNA internal transcribed spacer sequence analysis of Craterellus tubaeformis from north America and Europe. Can. J. Microbiol. 57, 29–32. doi: 10.1139/W10-098


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.

The handling editor BD declared a past co-authorship with the author BB.

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.

Copyright © 2022 Zhang, Zhang, Buyck, Tang, Liang, Su, Hao, Huang, Zhang, Chen and Zeng. 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.











	 
	ORIGINAL RESEARCH
published: 27 July 2022
doi: 10.3389/fmicb.2022.928941





[image: image]

Taxonomy and Multi-Gene Phylogeny of Poroid Panellus (Mycenaceae, Agaricales) With the Description of Five New Species From China

Qiu-Yue Zhang1, Hong-Gao Liu2, Viktor Papp3, Meng Zhou1, Fang Wu1* and Yu-Cheng Dai1*

1School of Ecology and Nature Conservation, Institute of Microbiology, Beijing Forestry University, Beijing, China

2Faculty of Agronomy and Life Sciences, Zhaotong University, Zhaotong, China

3Department of Botany, Hungarian University of Agriculture and Life Sciences, Budapest, Hungary

Edited by:
Bálint Dima, Eötvös Loránd University, Hungary

Reviewed by:
Yusufjon Gafforov, Academy of Sciences of the Republic of Uzbekistan, Uzbekistan
Hai-Sheng Yuan, Institute of Applied Ecology (CAS), China

*Correspondence: Fang Wu, fangwubjfu2014@bjfu.edu.cn; Yu-Cheng Dai, yuchengdai@bjfu.edu.cn

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

Received: 26 April 2022
Accepted: 08 June 2022
Published: 27 July 2022

Citation: Zhang Q-Y, Liu H-G, Papp V, Zhou M, Wu F and Dai Y-C (2022) Taxonomy and Multi-Gene Phylogeny of Poroid Panellus (Mycenaceae, Agaricales) With the Description of Five New Species From China. Front. Microbiol. 13:928941. doi: 10.3389/fmicb.2022.928941

Panellus is an Agaricales genus with both lamellate and poroid hymenophore. The poroid species are readily overlooked because of their tiny basidiocarps. The Chinese samples of poroid Panellus are studied, and five species, namely Panellus alpinus, Panellus crassiporus, Panellus longistipitatus, Panellus minutissimus, and Panellus palmicola are described as new species based on morphology and molecular phylogenetic analyses inferred from an nrITS dataset and a multi-gene dataset (nrITS + nrLSU + mtSSU + nrSSU + tef1). Panellus alpinus is characterized by its round to ellipsoid pores measuring 4–6 per mm and oblong ellipsoid basidiospores measuring 4.8–6 μm × 2.8–3.6 μm; P. crassiporus differs from other poroid species in the genus by the irregular pores with thick dissepiments and globose basidiospores measuring 8–9.8 μm × 6.9–8 μm; P. longistipitatus is distinguished by its long stipes, pyriform cheilocystidia, and broadly ellipsoid to subglobose basidiospores measuring 7–9.8 μm × 5–7 μm; P. minutissimus is characterized by its tiny and gelatinous basidiocarps, 5–20 pores per basidiocarp, and ellipsoid basidiospores measuring 6–8 μm × 3.2–4.2 μm; P. palmicola is characterized by its round pores measuring 2–4 per mm, the presence of acerose basidioles, and globose basidiospores measuring 7–9.5 μm × 6.2–8.2 μm. An identification key to 20 poroid species of Panellus is provided.

Keywords: Agaricomycetes, Basidiomycota, new taxa, polypore, wood-decaying fungi


INTRODUCTION

The genus Panellus P. Karst. (Mycenaceae, Agaricales), typified by Panellus stipticus (Bull.) P. Karst., was established by Karsten (1879). It is characterized by gelatinous to soft corky, pileate to stipitate basidiocarps with both lamellate and poroid hymenophore, thick-walled tramal hyphae, dichophysial hyphae, ellipsoid, ovoid to globose basidiospores, and as causing a white rot (Burdsall and Miller, 1975, 1978; Libonati-Barnes and Redhead, 1984; Corner, 1986; Chang, 1996; Zhang and Dai, 2021).

The taxonomic history of Panellus is somewhat ambiguous. In previous studies, the hymenophore structure (e.g., lamella and pores) was considered as an important taxonomic feature on generic level. Later, taxonomists found some intermediate species, such as Panellus pusillus (Pers. ex Lév.) Burds. and O. K. Mill. and Panellus intermedius Corner with poroid to lamellate hymenophore (Singer, 1953; Corner, 1986). Accordingly, Burdsall and Miller (1975) treated Dictyopanus Pat., a poroid mushroom and a subgenus of Panellus, and all species of Dictyopanus transferred to Panellus.

Panellus has been extensively studied in the Americas and Europe. However, previous studies mainly focused on lamellate species and only a few reports were provided on poroid species (Earle, 1909; Macrae, 1937; Singer, 1962; Miller, 1970). So far, Corner (1986) reported 13 poroid species of Panellus, including eight new species. Johnston et al. (2006) transferred Favolaschia minima (Jungh.) Kuntze to Panellus based on morphological characteristics and molecular analyses. Zhang and Dai (2021) reported two new poroid species of Panellus based on morphology and phylogeny. Currently, more than 50 species are accepted in Panellus (Wijayawardene et al., 2022), among them 15 have poroid hymenophore.

This study aims to explore the diversity and phylogeny of Panellus, and five new poroid species from China are confirmed to be members of the genus. Currently, the main morphological characteristics of 20 poroid species of Panellus are outlined, and an identification key to these species of Panellus is provided.



MATERIALS AND METHODS


Morphological Studies

The studied specimens are deposited in the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC). Morphological descriptions are based on field notes and voucher specimens. Microscopic analyses follow Cui et al. (2019) at a magnification of 1,000× using a Nikon Eclipse 80i microscope (Tokyo, Japan) with phase contrast illumination. In the description, the following abbreviations are used: KOH = 5% potassium hydroxide; IKI = Melzer’s reagent, IKI+ = amyloid; CB = Cotton Blue, CB– = acyanophilous in Cotton Blue; L = arithmetic average of basidiospores length, W = arithmetic average of basidiospores width, Q = L/W ratios, (n = x/y) = x measurements of basidiospores from y specimens. Color terms are from Royal Botanic Garden Edinburgh (1969) and Petersen (1996).



Molecular Studies and Phylogenetic Analysis

A cetyltrimethylammonium bromide (CTAB) rapid plant genome extraction kit (Aidlab Biotechnologies Co., Ltd., Beijing, China) was used to extract DNA (Sun et al., 2020; Liu et al., 2021). The following primer pairs were used to amplify the non-coding genes: ITS5 (5′-GGA AGT AAA AGT CGT AAC AAG G-3′) and ITS4 (5′-TCC TCC GCT TAT TGATAT GC-3′) for the internal transcribed spacer regions (nrITS; White et al., 1990); LR0R (5′-ACC CGC TGA ACT TAA GC-3′) and LR7 (5′-TAC TAC CAC CAA GAT CT-3′) for nuclear large subunit rDNA (nrLSU; Vilgalys and Hester, 1990); MS1 (5′-CAG CAG TCA AGA ATA TTA GTC AAT G-3′) and MS2 (5′-GCG GAT TAT CGA ATT AAA TAA C-3′) for the small subunit mitochondrial rRNA gene (mtSSU); NS1 (5′-GTA GTC ATA TGC TTG TCT C-3′) and NS4 (5′-CTT CCG TCA ATT CCT TTA AG-3′) for the small subunit of nuclear ribosomal RNA gene (nrSSU); as well as protein coding gene: 983F (5′-GCY CCY GGH CAY CGT CAY TTY AT-3′) and 1567R (5′-ACH GTR CCR ATA CCA CCS ATC TT-3′) for translation elongation factor 1α (tef1).

The PCR cycling schedules for different DNA sequences of nrITS, nrLSU, mtSSU, nrSSU, and tef1 genes used in this study followed those used in Wang et al. (2021) and Zhou et al. (2021). The PCR products were purified and sequenced at the Beijing Genomics Institute (BGI), China with the same primers, and the newly generated sequences were deposited in the GenBank. The sequences generated in this study were aligned with additional sequences downloaded from GenBank (Table 1) using Clustal X (Thompson et al., 1997) and manually adjusted in BioEdit (Hall, 1999).


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

[image: Table 1]
In this study, nuclear ribosomal RNA genes were used to determine the phylogenetic positions of new species. The sequence alignment was deposited at TreeBase (submission ID 29605). Sequences of Hemimycena mairei (E-J. Gilbert) Singer were used as outgroup (Vu et al., 2018).

Maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference (BI) were employed to perform the phylogenetic analysis of the two aligned datasets. MP topology and bootstrap (BT) values obtained from 1,000 replicates were computed in 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 tree-bisection reconnection (TBR) branch swapping and 1,000 random sequence additions. Max-trees were set to 5000, branches of zero length were collapsed, and all parsimonious trees were saved. Clade robustness was assessed by a BT analysis with 1,000 replicates (Felsenstein, 1985). Descriptive tree statistics, such as tree length (TL), consistency index (CI), retention index (RI), rescaled consistency index (RC), and homoplasy index (HI) were calculated for each maximum parsimonious tree (MPT) generated.

RAxML 7.2.8 was used to construct ML trees for both datasets with the GTR + I + G model of site substitution, including the estimation of gamma-distributed rate heterogeneity and a proportion of invariant sites (Stamatakis, 2006). The branch support was evaluated with a bootstrapping method of 1,000 replicates (Hillis and Bull, 1993).

The BI was conducted with MrBayes 3.2.6 in two independent runs, each of which had four chains for 10 million generations and started from random trees (Ronquist and Huelsenbeck, 2003). Trees were sampled every 1000th generation. 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 probabilities (BPPs) of the clades.

Phylogenetic trees were visualized using Treeview (Page, 1996). Branches that received BT support for MP (≥75%), ML (≥75%), and BPPs (≥0.95) were considered as significantly supported.




RESULTS


Phylogeny

The nrITS-based phylogeny included nrITS sequences from 38 fungal collections representing 13 species. The dataset had an aligned length of 665 characters, of which 372 characters are constant, 61 are variable and parsimony-uninformative, and 232 are parsimony-informative. MP analysis yielded two trees (TL = 546, CI = 0.771, RI = 0.921, RC = 0.710, HI = 0.229). The best model for the nrITS sequences dataset estimated and applied in the BI was GTR + I + G. BI resulted in a similar topology with an average standard deviation of split frequencies = 0.007304 to MP analysis, and thus only the MP tree is provided.

The combined 5-gene (nrITS + nrLSU + mtSSU + nrSSU + tef1) sequence dataset from 38 fungal specimens representing 13 taxa did not show any conflicts in tree topology for the reciprocal bootstrap trees, which allowed us to combine them (p > 0.01). The dataset had an aligned length of 3,682 characters, of which 2,932 characters are constant, 266 are variable and parsimony-uninformative, and 484 are parsimony-informative. MP analysis yielded three trees (TL = 1120, CI = 0.846, RI = 0.918, RC = 0.777, HI = 0.154). The best model for the combined nrITS + nrLSU + mtSSU + nrSSU + tef1 dataset estimated and applied in the Bayesian analysis was GTR + I + G. Bayesian analysis resulted in a similar topology with an average standard deviation of split frequencies = 0.004519 to MP analysis, and thus only the MP tree is provided. Both BT values (≥75%) and BPP values (≥0.95) are shown at the nodes (Figures 1, 2).
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FIGURE 1. Maximum parsimony (MP) tree illustrating the phylogeny of Panellus based on nrITS dataset. Branches are labeled with parsimony bootstrap values (MP/ML) higher than 75%, and Bayesian posterior probabilities (BPPs) more than 0.95. The five colors represent the five new species in this paper, respectively.
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FIGURE 2. Maximum parsimony (MP) tree illustrating the phylogeny of Panellus based on combined 5-gene (nrITS + nrLSU + mtSSU + nrSSU + tef1) dataset. Branches are labeled with parsimony bootstrap values (MP/ML) higher than 75% and Bayesian posterior probabilities (BPPs) more than 0.95. The five colors represent the five new species in this paper, respectively.


In both nrITS and nrITS + nrLSU + mtSSU + nrSSU + tef1 based phylogenies (Figures 1, 2), five new well-supported lineages were formed. Among them, two specimens (Dai 23597 and Dai 23601) from Tibet formed a well-supported lineage (100/100/1 in Figure 1, 100/99/1 in Figure 2), named Panellus alpinus, sister to P. pusillus. Two specimens (Dai 22052 and Dai 22068) formed a well-supported lineage, named P. minutissimus (100/100/1 in Figures 1, 2), and is closely related to Panellus bambusicola Q. Y. Zhang and Y. C. Dai and Panellus yunnanensis Q. Y. Zhang and Y. C. Dai. In addition, another 14 samples formed three distinct lineages nested in Panellus, and they are named P. crassiporus, P. longistipitatus, and P. palmicola, respectively.



Taxonomy

Panellus alpinus Q. Y. Zhang, F. Wu, and Y. C. Dai, sp. nov., Figures 3A, 4A, 5.
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FIGURE 3. Basidiocarps of Panellus species. (A) P. alpinus; (B) P. crassiporus; (C) P. longistipitatus; (D) P. minutissimus; (E) P. palmicola [Scale bars: (A–C,E) = 1 mm; (D) = 0.2 mm].
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FIGURE 4. In situ photo documentations of Panellus species. (A) P. alpinus (holotype); (B) P. crassiporus (Dai 23663); (C) P. minutissimus (holotype); (D) P. palmicola (Dai 22334) [Scale bars: (A,B,D) = 5 mm; (C) = 1 mm].
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FIGURE 5. Microscopic structures of Panellus alpinus (holotype). (A) Basidiospores. (B) Dichophysial hyphae and pileocystidia from pileipellis. (C) Hyphae from pileus. (D) Hyphae from stipe base. (E) A section of tube trama, including pleurocystidia, cheilocystidia, basidia, and basidioles. The dotted circles represent some guttules in basidiospores, basidia or basidioles.


MycoBank: MB844364.

Type. China, Tibet Autonomous Region, Nyingchi, Bomi County, dead bamboo (Bambusoideae), 26 October 2021, Dai 23600 (holotype, BJFC 038172).

Etymology. Alpinus (Lat.): Referring to the species being found in high-altitude areas.

Basidiocarps annual, pileate with a lateral rudimentary stipe base, gregarious, soft corky when fresh, and chalky when dry. Pileus 1.5–4 mm × 1–3 mm, flabelliform, semicircular or ellipsoid; pileal surface white to cream when fresh and dry, opaque, convex to plane, pruinose; margin incurved, entire; context thin. Hymenophore concolorous with pileal surface, poroid, about 80–150 pores per basidiocarp; mature pores 4–6 per mm, round or elongated to ellipsoid; tubes up to 0.2 mm long. Stipe base 0.4–1 mm × 0.2–0.6 mm, concolorous with pileal surface, tapering to the slightly swollen base, and pruinose on surface.

Basidiospores (4.5–)4.8–6(–6.5) μm × (2.7–)2.8–3.6 μm, L = 5.29 μm, W = 3.07 μm, Q = 1.70–1.76 (n = 90/3), oblong ellipsoid, tapering at apiculus, hyaline, thin-walled, smooth, with some guttules, faintly IKI+, CB–. Basidia 17–24 μm × 4–6 μm, clavate with some guttules, 4–spored, sterigmata 2–4 μm long; basidioles 16–24 μm × 4–5 μm, clavate to acerose. Pleurocystidia 20–36 μm × 3–4 μm, present in hymenium, narrowly clavate or apiculate, thin-walled. Cheilocystidia 25–45 μm × 2–5 μm, present at dissepiment edge, subulate to long fusiform, thin-walled, some with diverticulate projections at the apex. Pileipellis comprises a palisade of abundant dichophysial hyphae and pileocystidia; dichophysial hyphae slightly thick-walled, 2–4 μm in diameter; pileocystidia 22–47 μm × 3–5 μm, narrowly clavate, thin-walled, some with diverticulate projections, and sometimes indistinguishable from the dichophysial hyphae. Pileus hyphae interwoven, with diverticulate projections, slightly thick-walled, 1.5–5 μm in diameter. Tramal hyphae interwoven, occasionally branched, slightly thick-walled, 2–4 μm in diameter. Hyphae in stipe base subparallel along stipe, some part swollen, slightly thick-walled, 3–12 μm in diameter. Clamp connections are present.

Additional specimens (paratypes) examined: CHINA, Tibet Autonomous Region, Nyingchi, Bomi County, dead bamboo (Bambusoideae), 26 October 2021, Dai 23597 (BJFC 038169), Dai 23598 (BJFC 038170), Dai 23599 (BJFC 038171), Dai 23601 (BJFC 038173), Dai 23602 (BJFC 038174), Dai 23605 (BJFC 038177).

Note. Panellus alpinus grows on dead bamboo (Bambusoideae), and it was found in Tibet, China at an elevation of 3,000 m around timberline.

Panellus crassiporus Q. Y. Zhang, F. Wu, and Y. C. Dai, sp. nov., Figures 3B, 4B, 6.
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FIGURE 6. Microscopic structures of Panellus crassiporus (holotype). (A) Basidiospores. (B) Dichophysial hyphae from pileipellis. (C) Hyphae from pileus. (D) Hyphae from stipe. (E) A section of tube trama, including pleurocystidia, cheilocystidia, basidia, and basidioles. The dotted circles represent some guttules in basidiospores, basidia or basidioles.


MycoBank: MB844365.

Type. China, Yunnan Province, Wenshan, Xichou County, Xiaoqiaogou Forest Farm, fallen angiosperm trunk, 29 June 2019, Dai 19963 (holotype, BJFC 031637).

Etymology. Crassiporus (Lat.): referring to the species having thick dissepiments of pores.

Basidiocarps annual, gregarious, soft corky when fresh, and chalky when dry. Pileus 2–5 × 1–3 mm, reniform or flabelliform; pileal surface white to pale buff when fresh and dry, opaque, convex to plane, pruinose; margin incurved or straight, entire; context thin. Hymenophore concolorous with a pileal surface, poroid, about 60–180 pores per basidiocarp; mature pores 4–6 per mm, irregularly angular to round with thick dissepiments; tubes up to 0.4 mm long. Stipe 0.1–1.3 mm × 0.1–0.5 mm, concolorous with a pileal surface, laterally attached, short with slightly swollen base, pruinose on the surface.

Basidiospores (7.5–)8–9.8(–10) μm × (6.8–)6.9–8(–9) μm, L = 8.63 μm, W = 7.52 μm, Q = 1.13–1.16 (n = 90/3), subglobose to globose, hyaline, thin-walled, smooth, with some guttules, faintly IKI+, CB–. Basidia 30–36 μm × 8–12 μm, clavate with some guttules, 2(–4)–spored, sterigmata 2–5 μm long; basidioles 22–34 μm × 5–9 μm, clavate, acerose or fusiform. Pleurocystidia 18–38 μm × 3–7 μm, present in hymenium, tubular, thin-walled. Cheilocystidia 22–30 μm × 3–5 μm, present at dissepiment edge, tubular or narrowly clavate, thin-walled, some with diverticulate projections at the apex. Pileipellis comprises abundant, dense dichophysial hyphae; dichophysial hyphae slightly thick-walled, 3–5 μm in diameter; pileocystidia absent. Pileus hyphae interwoven, with diverticulate projections, slightly thick-walled, 1.5–5 μm in diameter. Tramal hyphae interwoven, slightly thick-walled, 2–4 μm in diameter. Hyphae in stipe subparallel along stipe, some part swollen, thick-walled, 3–9 μm in diameter. Clamp connections present.

Additional specimens (paratypes) examined: China, Tibet Autonomous Region, Nyingchi, Medog County, Guoguotang, rotten angiosperm wood, 28 August 2021, Dai 23663 (BJFC 038235), fallen angiosperm trunk, Dai 23664 (BJFC 038236); Yunnan Province, Wenshan, Xichou County, Xiaoqiaogou Forest Farm, rotten angiosperm wood, 29 June 2019, Dai 19977 (BJFC 031651).

Note. Panellus crassiporus was found in Medog (elevation around 1000 m) of Tibet and Xichou of Yunnan, southwest China, and both areas have subtropical vegetation.

Panellus longistipitatus Q. Y. Zhang, F. Wu, and Y. C. Dai, sp. nov., Figures 3C, 7.
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FIGURE 7. Microscopic structures of Panellus longistipitatus (holotype). (A) Basidiospores. (B) Dichophysial hyphae and pileocystidia from pileipellis. (C) Hyphae from stipe. (D) A section of tube trama, including pleurocystidia, cheilocystidia, basidia, and basidioles. The dotted circles represent some guttules in basidiospores, basidia or basidioles.


MycoBank: MB844366.

Type. Hainan Province, Qiongzhong County, Hainan Tropical Rainforest National Park, Limushan, dead Trachycarpus fortunei, 29 June 2021, Dai 22487 (holotype, BJFC 037070).

Etymology. Longistipitatus (Lat.): referring to the species having a long stipe.

Basidiocarps annual, gregarious, soft corky when fresh, and chalky when dry. Pileus 1–4.2 × 1–3 mm, reniform to semicircular; pileal surface white to cream when fresh and dry, opaque, convex to plane, pruinose; margin incurved, entire; context thin. Hymenophore concolorous with pileal surface, poroid, about 42–164 pores per basidiocarp; mature pores 4–6 per mm, round to irregularly angular; tubes up to 0.3 mm long. Stipe 1–3 mm × 0.8–1 mm, concolorous with pileal surface, laterally attached, somewhat reduce to a tapering base, pruinose on surface.

Basidiospores 7–9.8(–10) μm × 5–7 μm, L = 8.03 μm, W = 6.27 μm, Q = 1.32–1.33 (n = 60/2), broadly ellipsoid to subglobose, hyaline, thin-walled, smooth, with some guttules, faintly IKI+, CB–. Basidia 28–36 μm × 5–8 μm, clavate with some guttules, 4–spored, sterigmata 3–6 μm long; basidioles 23–31 μm × 6–9 μm, clavate to acerose. Pleurocystidia 35–53 μm × 3–6 μm, present in hymenium, tubular with tapered at the apex, thin-walled. Cheilocystidia 15–28 μm × 7–11 μm, present at dissepiment edge, pyriform, thin-walled. Pileipellis comprises a palisade of numerous dichophysial hyphae and pileocystidia; dichophysial hyphae slightly thick-walled, 2–5 μm in diameter; pileocystidia 17–40 μm × 5–8 μm, narrowly clavate, thin-walled. Tramal hyphae subparallel along tubes, slightly thick-walled, 3–5 μm in diameter; numerous dichophysial hyphae present at dissepiment edge. Hyphae in stipe subparallel along stipe, thick-walled, 3–7 μm in diameter. Clamp connections present.

Additional specimen (paratype) examined: China, Hainan Province, Qiongzhong County, Hainan Tropical Rainforest National Park, Limushan, dead Trachycarpus fortune, 11 November 2020, Dai 22065 (BJFC 035958).

Note. Panellus longistipitatus grows on dead palm (Trachycarpus fortune) in a tropical forest.

Panellus minutissimus Q. Y. Zhang, F. Wu, and Y. C. Dai, sp. nov., Figures 3D, 4C, 8.
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FIGURE 8. Microscopic structures of Panellus minutissimus (holotype). (A) Basidiospores. (B) Dichophysial hyphae and pileocystidia from pileipellis. (C) A section of tube trama, including pleurocystidia, cheilocystidia, basidia, and basidioles. The dotted circles represent some guttules in basidiospores, basidia or basidioles.


MycoBank: MB844367.

Type. Hainan Province, Qiongzhong County, Hainan Tropical Rainforest National Park, Limushan, dead bamboo (Bambusoideae), 11 November 2020, Dai 22052 (holotype, BJFC 035946).

Etymology. Minutissimus (Lat.): referring to the species having tiny basidiocarps.

Basidiocarps annual, gregarious, and gelatinous. Pileus 0.2–0.6 mm × 0.1–0.6 mm, conchoid, semicircular or ellipsoid; pileal surface pure white to white when fresh, becoming pale cream to ivory upon drying, opaque, convex to plane, slightly powdery appearance; margin incurved; context thin. Hymenophore concolorous with pileal surface, poroid, about 4–15 pores per basidiocarp; mature pores 8–10 per mm, round to ellipsoid. Stipe absent.

Basidiospores 6–8(–8.2) μm × 3.2–4.2(–4.5) μm, L = 6.98 μm, W = 3.90 μm, Q = 1.78–1.79 (n = 60/2), ellipsoid to oblong ellipsoid, tapering at apiculus, hyaline, thin-walled, smooth, with some guttules, faintly IKI+, CB–. Basidia 18–21 μm × 6–8 μm, clavate with some guttules, 4–spored, sterigmata 1–5 μm long; basidioles 14–20 μm × 4–7 μm, clavate or acerose. Pleurocystidia 15–25 μm × 2.5–4 μm, present in hymenium, tubular with slightly curved at the apex, thin-walled. Cheilocystidia 20–24 μm × 10–12 μm, present at dissepiment edge, mostly pyriform, thin-walled. Pileipellis composed of interwoven dichophysial hyphae and pileocystidia; dichophysial hyphae slightly thick-walled, 2–5 μm in diameter; pileocystidia 12–16 μm × 6–9 μm, pyriform, thin-walled. Tramal hyphae subparallel along tubes, slightly thick-walled, 3–6 μm in diameter; numerous dichophysial hyphae present at dissepiment edge, interspersed between cheilocystidia. Clamp connections present.

Additional specimen (paratype) examined: China, Hainan Province, Qiongzhong County, Hainan Tropical Rainforest National Park, Limushan, dead bamboo (Bambusoideae), 11 November 2020, Dai 22068 (BJFC 035961).

Note. Panellus minutissimus is a gelatinous species with a very small pileus, and it grows on small bamboo (Bambusoideae) in a tropical forest.

Panellus palmicola Q. Y. Zhang, F. Wu, and Y. C. Dai, sp. nov., Figures 3E, 4D, 9.
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FIGURE 9. Microscopic structures of Panellus palmicola (holotype). (A) Basidiospores. (B) Dichophysial hyphae from pileipellis. (C) Hyphae from stipe. (D) A section of tube trama, including pleurocystidia, cheilocystidia, basidia, and basidioles. The dotted circles represent some guttules in basidiospores, basidia or basidioles.


MycoBank: MB844368.

Type. Guangdong Province, Guangzhou, Baiyunshan, on Trachycarpus fortune, 11 June 2019, Dai 19717 (holotype, BJFC 031392).

Etymology. Palmicola (Lat.): referring to the species growth on palm (Trachycarpus fortune).

Basidiocarps annual, gregarious, soft corky when fresh, and chalky when dry. Pileus 3–6 mm × 1–3 mm, reniform, flabelliform or ellipsoid; pileal surface cream, pale buff or cinnamon when fresh and dry, opaque, convex to plane, pruinose; margin incurved or straight, entire; context thin. Hymenophore concolorous with pileal surface, poroid, about 40–130 pores per basidiocarp; mature pores 2–4 per mm, round; tubes up to 0.4 mm long. Stipe 1.5–3 mm × 0.5–1 mm, concolorous with pileal surface, laterally attached, subcylindrical, equal in most of the width but with a slightly swollen base, pruinose on the surface.

Basidiospores 7–9.5(–9.8) μm × (6–)6.2–8.2(–8.5) μm, L = 8.33 μm, W = 7.16 μm, Q = 1.15–1.20 (n = 90/3), subglobose to globose, hyaline, thin-walled, smooth, with some guttules, faintly IKI+, CB–. Basidia 28–34 μm × 8–11 μm, clavate with some guttules, 4–spored, sterigmata 3–5 μm long; basidioles 26–32 μm × 6–8 μm, clavate or acerose. Pleurocystidia 20–30 μm × 3–5 μm, present in hymenium, fusiform or tubular, thin-walled. Cheilocystidia 22–40 μm × 3–4.5 μm, present at dissepiment edge, cylindrical or tubular, thin-walled, some with diverticulate projections at the apex. Pileipellis comprises abundant, dense dichophysial hyphae; dichophysial hyphae slightly thick-walled, 2–7 μm in diameter; pileocystidia absent. Tramal hyphae subparallel along tubes, slightly thick-walled, 3–5 μm in diameter. Hyphae in stipe subparallel along stipe, thick-walled, some part swollen, 3–8 μm in diameter. Clamp connections present.

Additional specimens (paratypes) examined: China, Fujian Province, Fuzhou, Fuzhou National Forest Park, living Rhapis excelsa, 4 June 2021, Dai 22329 (BJFC 036917), Dai 22330 (BJFC 036918), Dai 22331 (BJFC 036919), Dai 22332 (BJFC 036920), Dai 22333 (BJFC 036921), Dai 22334 (BJFC 036922), Dai 22335 (BJFC 036923); Guangdong Province, Guangzhou, Baiyunshan, on Trachycarpus fortune, 11 June 2019, Dai 19718 (BJFC 031393), Dai 19719 (BJFC 031394); Zhaoqing, Fengkai County, Heishiding Nature Reserve, angiosperm wood, 7 June 2019, Dai 19707 (BJFC 031382).

Note. Panellus palmicola was found in Fujian and Guangdong, subtropical China, and it grows on both monocotyledonous and dicotyledonous plants in parks.




DISCUSSION

In this study, 15 previously accepted poroid species of Panellus, viz. Panellus albifavolus Corner, P. bambusicola, Panellus bambusifavolus Corner, Panellus brunneifavolus Corner, Panellus hispidifavolus Corner, Panellus luminescens (Corner) Corner, Panellus luxfilamentus A. L. C. Chew and Desjardin, Panellus megalosporus Corner, Panellus microsporus Corner, Panellus minimus (Jungh.) P. R. Johnst. and Moncalvo, Panellus orientalis (Kobayasi) Corner, Panellus pauciporus Corner, P. pusillus, Panellus sublamelliformis Corner, and P. yunnanensis, were identified mostly based on morphological examination. Among them, only four species, viz. Panellus bambusicola, P. minimus, P. pusillus, and P. yunnanensis, were confirmed by molecular evidence. Our present study demonstrates five new poroid species of Panellus based on both morphological characteristics and molecular phylogenetic analyses.

Panellus alpinus was found in Tibet, China, at an altitude of 3,000 m. Phylogenetically, samples of P. alpinus (Dai 23597 and Dai 23601) formed an independent linage and were related to P. pusillus. Morphologically, P. alpinus, P. hispidifavolus, P. luxfilamentus, and P. pusillus share chalky basidiocarps when dry and similar basidiospores (oblong ellipsoid to cylindrical, less than 6 μm in length). However, P. hispidifavolus differs from P. alpinus by the absence of pleurocystidia in hymenium and growth on the dead leaf of Tristania (Corner, 1986). Panellus luxfilamentus is distinguished from P. alpinus by its larger pores (hexagonal, 3 per mm vs. round, 4–6 per mm) and the absence of pleurocystidia in hymenium (Chew et al., 2015).

There are several synonyms for Panellus pusillus in literature (Berkeley, 1839, 1856; Berkeley and Curtis, 1868; Singer, 1953; Corner, 1954; Burdsall and Miller, 1975). Among them, Dictyopanus copelandii Pat. [≡Panellus copelandii (Pat.) Burds. and O. K. Mill.] was described from Philippines (Patouillard, 1914) and Dictyopanus gloeocystidiatus Corner [≡ Panellus gloeocystidiatus (Corner) Corner] was described from Japan (Corner, 1954). Dictyopanus copelandii differs from Panellus alpinus by its longer stipe (4–6 mm vs. 0.4–1 mm in length) and larger basidiospores (6.5–9 μm × 3.5–5.5 μm vs. 4.8–6 μm × 2.8–3.6 μm, Burdsall and Miller, 1975). Dictyopanus gloeocystidiatus is distinguished from Panellus alpinus by its smaller basidiospores (3.2–4 μm × 2–2.3 μm vs. 4.8–6 μm × 2.8–3.6 μm) and thinner basidia (15–19 μm × 3.5–4 μm vs. 17–24 μm × 4–6 μm, Corner, 1954).

Phylogenetically, Panellus minutissimus is closely related to P. bambusicola and P. yunnanensis (Figures 1, 2). However, P. bambusicola differs from P. minutissimus by smaller basidia (15–18 μm × 5–6.5 μm vs. 18–21 μm × 6–8 μm) and the absence of pleurocystidia in hymenium (Zhang and Dai, 2021). Panellus yunnanensis is distinguished from P. minutissimus by its reniform and shell-shaped basidiocarps, longer basidia (20–28 μm × 5–8 μm vs. 18–21 μm × 6–8 μm), and smaller cheilocystidia (10–20 μm × 7–10 μm vs. 20–24 μm × 10–12 μm; Zhang and Dai, 2021). Morphologically, P. albifavolus and P. minimus are similar to P. minutissimus by sharing gelatinous basidiocarps, growth on palm (Trachycarpus fortune), bamboo (Bambusoideae), and other monocotyledons. However, P. albifavolus is distinguished from P. minutissimus by its larger basidiocarps (up to 3 mm vs. 0.2–0.6 mm), wider basidiospores (7–8.5 μm × 4.7–6 μm vs. 6–8 μm × 3.2–4.2 μm), and the absence of pileocystidia (Corner, 1986). Panellus minimus differs from P. minutissimus by its larger basidiocarps (0.9–3.5 mm vs. 0.2–0.6 mm) and long stipe (up to 2 mm; Johnston et al., 2006).

In both nrITS and nrITS + nrLSU + mtSSU + nrSSU + tef1 based phylogenies (Figures 1, 2), samples of Panellus crassiporus, P. longistipitatus, and P. palmicola formed three distinct lineages nested in a subclade, and they are closely related. Morphologically, species in the subclade are characterized by chalky basidiocarps when dry and similar basidiospores (subglobose to globose, more than 6 μm in width). However, P. longistipitatus is distinguished from P. crassiporus by its longer stipe (1–3 mm vs. 0.1–1.3 mm in length) and the presence of pileocystidia. Panellus palmicola differs from P. crassiporus in having larger pores (2–4 per mm vs. 4–6 per mm) and longer stipe (1.5–3 mm vs. 0.1–1.3 mm in length). Panellus palmicola differs from P. longistipitatus by its larger pores (2–4 per mm vs. 4–6 per mm), smaller pleurocystidia (20–30 μm × 3–5 μm vs. 35–53 μm × 3–6 μm), and the absence of pileocystidia in hymenium. Furthermore, P. brunneifavolus, P. megalosporus, and P. orientalis have globose basidiospores (Kobayasi, 1963; Corner, 1986). However, P. brunneifavolus and P. megalosporus have big basidiospores measuring 9–12.5 μm × 8–11 μm and 13–18.5 μm × 12–16 μm, respectively, while the basidiospores are 7–9.8 μm × 5–8.2 μm in the three new species. Panellus orientalis is distinguished from P. crassiporus, P. longistipitatus, and P. palmicola by its larger basidiocarps (up to 17 mm vs. 1–6 mm in the three new species) and longer cheilocystidia (40–190 μm × 3–6 μm vs. 15–40 μm × 3–11 μm in the three new species).

Previously, Panellus was characterized by allantoid to narrowly elliptical, amyloid basidiospores, thick-walled tramal hyphae, the presence of cheilocystidia, and lignicolous habitat (Burdsall and Miller, 1975). However, the diversity of poroid Panellus was underestimated. The definition of Panellus has been improved with the discovery of poroid species with globose basidiospores (Kobayasi, 1963; Corner, 1986). Our investigations on the Chinese Panellus show that most species have globose basidiospores. In addition, most Panellus species were found in lowland areas or areas at an elevation below 2,000 m (Corner, 1986; Chang, 1996), while our new species P. alpinus was found in the mountainous area and at an elevation up to 3,000 m. Accordingly, we presume that more new poroid species of Panellus exist in the world, and more species will be confirmed after morphological and molecular analyses.

The main morphological characteristics of 20 poroid species of Panellus are listed in Supplementary Table 1, and an identification key is provided as follows:

1. Basidiospores mostly >6 μm in width, subglobose to globose……………………………………………………………………………………..2

1. Basidiospores mostly <6 μm in width, ellipsoid to cylindrical………………………………………………………………………………….7

2. Pileus up to 17 mm in the largest dimension………………………………………………………………………………0.3

2. Pileus up to 6 mm in the largest dimension………………………………………………………………………………0.4

3. Basidiospores 12–16 μm in width…………………………………………………………………..P. megalosporus

3. Basidiospores 6–8.5 μm in width…………………………………………………………………………P. orientalis

4. Basidiospores mostly >9 μm in width; pleurocystidia absent……………………………………………………………….P. brunneifavolus

4. Basidiospores mostly <9 μm in width; pleurocystidia present……………………………………………………………………………………0.5

5. Pores 2–4 per mm……………………………………………P. palmicola

5. Pores 4–6 per mm………………………………………………………….0.6

6. Stipe up to 3 mm in length; cheilocystidia pyriform……………………………………………………………P. longistipitatus

6. Stipe up to 1.3 mm in length; cheilocystidia tubular or narrowly clavate……………………………………………………………………P. crassiporus

7. Basidiospores mostly >6 μm in length……………………………………………………………………………………0.8

7. Basidiospores mostly <6 μm in length……………………………………………………………………………………16

8. Basidiocarps subgelatinous to gelatinous when dry……………………………………………………………………………………0.9

8. Basidiocarps chalky when dry……………………………………………………………………………………0.14

9. Pileus up to 3 mm in the largest dimension……………………………………………………………………………0.10

9. Pileus up to 1.5 mm in the largest dimension……………………………………………………………………………0.12

10. Stipe absent…………………………………………………………………..P. albifavolus

10. Stipe present……………………………………………………………….0.11

11. Pileus spherical to elliptical; pores 3–5 per mm…………………………………………………………………………..P. minimus

11. Pileus reniform; pores 5–7 per mm…………………………………………………………………P. bambusifavolus

12. Stipe present……………………………………………..P. bambusicola

12. Stipe absent………………………………………………………………..13

13. Pores 6–7 per mm; pleurocystidia absent…………………………………………………………………P. yunnanensis

13. Pores 8–10 per mm; pleurocystidia present……………………………………………………………….P. minutissimus

14. Basidiospores mostly >9 μm in length…………………………………………………………………..P. luminescens

14. Basidiospores mostly <9 μm in length……………………………………………………………………………………15

15. Pores 10 per mm; cheilocystidia absent……………………………………………………………………P. pauciporus

15. Pores 6 per mm; cheilocystidia present…………………………………………………………..P. sublamelliformis

16. Basidiospores mostly <1 μm in width…………………………………………………………………….P. microsporus

16. Basidiospores mostly >1 μm in width……………………………………………………………………………………..0.17

17. Pleurocystidia and pileocystidia presentP. alpinus

17. Pleurocystidia or pileocystidia absent……………………………………………………………………………………0.18

18. Pores 5–7 per mm………………………………………P. hispidifavolus

18. Pores <5 per mm…………………………………………………19

19. Pileus 2.5–5 mm……………………………………….P. luxfilamentus

19. Pileus 5–20 mm………………………………………………..P. pusillus
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For thousands of years, sanghuang is distinctive as a general designation for a group of precious and rare Chinese medicinal mushrooms. Numerous investigations have revealed that polysaccharide is one of the important biological active ingredients of sanghuang with various excellent biological activities, including antioxidant, anti-aging, anti-tumor, immunomodulatory, anti-inflammatory, anti-diabetic, hepatoprotective, and anti-microbial functionalities. For the past two decades, preparation, structural characterization, and reliable bioactivities of the polysaccharides from fruiting bodies, cultured mycelia, and fermentation broth of sanghuang have been arousing extensive interest, and particularly, different strains, sources, and isolation protocols might result in obvious discrepancies in structural features and bioactivities. Therefore, this review summarizes the recent reports on preparation strategies, structural features, bioactivities, and structure-activity relationships of sanghuang polysaccharides, which will enrich the knowledge on the values of natural sanghuang polysaccharides and support their further development and utilization as therapeutic agents, vaccines, and functional foods in tonic and clinical treatment.
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Introduction

Sanghuang, also called as “sang'er,” “sangchen,” and “sanghuanggu,” was first recorded in the medicinal utilization dating back to 2000 years in China's Shennong's Herbal Classic of Materia Medica. Compendium of Materia Medica written by Shi-Zhen Li in the Ming Dynasty also clearly described its medicinal effects (Wu, 2012; Zhu and Cui, 2016). Since then, sanghuang has been around and consumed as a food and versatile medicine in Chinese traditional medicine due to its excellent activities to treat dysentery, metrorrhagia, amenorrhea, aging, poisoning, and digestion (Wu, 2012; Hsieh et al., 2013; Zhang et al., 2016). Until 1968, modern pharmacological investigation on sanghuang was unlocked based on the finding of its remarkable anti-tumor activity by Ikekawa et al. (1968). As a group of ancient, precious, natural, and medicinal fungal resources, sanghuang has been validated by extensive scholars to have fascinating therapeutic functionalities, such as anti-tumor (Huang et al., 2011; He et al., 2021a), antioxidant (Liu et al., 1997; Shon et al., 2003; Chen et al., 2016), anti-bacterial (Lu et al., 2020; Ma et al., 2021), anti-virus (Mirzadeh et al., 2020), anti-angiogenic (Lee Y. S. et al., 2010), anti-platelet (Kamruzzaman et al., 2011), anti-inflammatory (Kim B. C. et al., 2006; Lin et al., 2017), immunoregulatory (Meng et al., 2016; Azeem et al., 2018; Jung and Kang, 2020), and hepatoprotective activities (Shan et al., 2019; Yang et al., 2020), treating diabetes (Hwang et al., 2005; Ajith and Janardhanan, 2021), hyperlipidemia (Rony et al., 2014), and cardiovascular (Lee et al., 2007; Su et al., 2017) diseases, etc.

Polysaccharides, which act as “biological response modifiers,” are macromolecules with long complex chains made of aldose or ketose joined by glycosidic bonds and are involved in many biological processes (Leung et al., 2006; Barbosa and de Carvalho Junior, 2020). Currently, the polysaccharides extracted from natural resources have drawn widespread concern around the world for their safety, non-toxic, and, thus, potential applications in functional food and biomedical products (Singdevsachan et al., 2016; Liu L. Q. et al., 2019; Yang M. Y. et al., 2019; Wang H. et al., 2021). Sanghuang has long been recognized as a class of famous medicinal mushrooms and contains a huge variety of biologically active ingredients, including polysaccharides (Yang et al., 2020), flavonoids (Wu et al., 2019) triterpenoids (Rajachan et al., 2020), polyphenols (Hwang et al., 2015; Liu et al., 2017), alkaloids (Wu et al., 2019), enzymes (Wang et al., 2020a,b), lipids (He et al., 2021b), and other compounds (Chen et al., 2016; Martinez-Medina et al., 2021), which have been manifested to possess various biological activities (Aida et al., 2009; Reis et al., 2017; Wen et al., 2019; Shi et al., 2020; Yang et al., 2020; Ajith and Janardhanan, 2021). Especially, the most dominant active component of sanghuang is a polysaccharide, which exerts various health-promoting effects, including free-radical scavenging ability (Gong et al., 2020), anti-tumor (Chakraborty et al., 2019), anti-microbial (He et al., 2021b), anti-inflammatory (Hou et al., 2020), neuroprotective (Chen et al., 2019), hepatoprotective (Yuan et al., 2019), anti-diabetic (Gong et al., 2020), and immunomodulatory (Meng et al., 2016) activities. An ever-growing number of structurally multifarious polysaccharides have been prepared from the fruiting bodies, cultured mycelia, and fermentation broth of sanghuang, by large quantities of extraction and isolation methods, such as hot water extraction, and ultrasonic- and enzymatic-assisted extraction, as well as substantial purification protocols, such as ethanol precipitation and column chromatography filled with different packings (Zhang Y. et al., 2015; Ren et al., 2019; Liu Y. H. et al., 2020; Mirzadeh et al., 2020; Leong et al., 2021). It is worth noting that the varied sources of original strains and preparation strategies can result in differences in the structures and properties of polysaccharides. Moreover, the bioactivities of polysaccharides are speculated to be significantly affected by their chemical structures, including molecular weights (Mws), monosaccharide compositions, uronic acid contents, primary structures, water solubilities, spatial configurations, and positions and types of glycosidic linkages and branches, sulfates contents, polymer charges, etc. (Villares et al., 2012; Meng et al., 2016; Yan et al., 2017; Wang W. J. et al., 2020; He et al., 2021b), but the accurate structure-bioactivity relationships are still not quite clear.

In this review, the evolution of sanghuang species and their names, preparation strategies, and emerging techniques of structural characterization, as well as biological activities detected of a series of overcovered bioactive polysaccharides from the fruiting bodies, cultured mycelia, and fermentation broth of sanghuang in recent years, were systematically summarized. In addition, the relationships between structural features and biological activities were discussed, and the future development trends of sanghuang polysaccharides were also prospected, aiming at benefiting the comprehensive understanding of the polysaccharides from natural medicinal fungal resources and providing valuable guidance for future research and applications on sanghuang polysaccharides-based therapeutic drugs, vaccines, and health-promoting functional foods in tonic and clinical treatment. The schematic illustration of preparation, structural elucidation, and bioactivity determination of sanghuang polysaccharides was demonstrated in Figure 1. The overall highlights of this review were visualized in Figure 2.
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FIGURE 1
 Schematic illustration of preparation, structural elucidation, and bioactivity determination of the polysaccharides derived from the naturally medicinal fungal resources sanghuang.
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FIGURE 2
 The overall highlights discussed in this review.


Herein, the sanghuang polysaccharides have been reported in recent years and the detailed information regarding their strains, sources, extraction, isolation and purification methods, Mws, monosaccharide compositions, structural features, bioactivities, involved mechanisms, and structure-bioactivity relationships, as well as their references, were integrated into Supplementary Tables 1, 2.



Evolution of species and their names

There was much controversy and confusion concerning the sanghuang species and their accurate scientific names in the past. The term Phellinus linteus (Berk. & M.A. Curtis) Teng had been universally believed as the scientific name for sanghuang (Teng, 1939). Dai and Xu (1998) found that P. linteus was a species of Central America, not Asia. The species distributed in China, Japan, and Korea was considered to be P. baumii Pilát. During this period, some scholars supported that the scientific name of sanghuang was P. igniarius (L.) Quél. (Liu, 1978). Wu et al. (2012) published the authentic sanghuang as a new species, Inonotus sanghuang Sheng H. Wu, T. Hatt. & Y.C. Dai that only grows on Morus. Then, Zhou et al. (2016) proposed the new genus Sanghuangporus Sheng H. Wu, L.W. Zhou & Y.C. Dai to amend I. sanghuang and its closely related species, and S. sanghuang (Sheng H. Wu, T. Hatt. & Y.C. Dai) Sheng H. Wu, L.W. Zhou & Y.C. Dai had become the scientific name for the sanghuang species growing on Morus. Wu et al. (2020) found a new species, S. vitexicola, from tropical Taiwan, China. In 2021, a new species, S. subbaumii Shan Shen, Y.C. Dai & L.W. Zhou, belonging to this genus had been discovered by Shen et al. (2021). To date, the genus Sanghuangporus consists of 15 species, which are widely distributed across cold temperate to subtropical and tropical zones. However, some species only appeared in specific regions and form a strict parasitic relationship with their host tree species; for example, S. sanghuang only grows on Morus (Zhu et al., 2019). Some researchers also endorsed that the sanghuang recorded in ancient Materia Medica might be I. hispidus (Bull.) P. Karst. (Bao et al., 2013). Consequently, the generalized sanghuang comprises the genera Sanghuangporus, Phellinus, Inonotus, and other species in the family Hymenochaetaceae, characterized by their yellow-brown and hard fruiting bodies (Wu and Dai, 2020).



Extraction, isolation, and purification

The extraction, isolation, and purification of polysaccharides are fundamental to further research on their monosaccharide compositions, Mws, primary structures, types and degrees of branching, configurations, bioactivities, and structure-activity relationships (Zhang et al., 2007; Ferreira et al., 2015; He et al., 2021b; Maity et al., 2021). To effectively improve the purity, the fruiting bodies, cultured mycelia, or fermentation broth are usually amenable to an array of extraction, isolation, and purification steps, such as defatting with an organic solvent to remove lipids and other impurities, extraction using hot water, acid, alkali, or other assisted treatment, subsequent fractional precipitation by ethanol with various concentrations, deproteination with a Sevag reagent or protease enzymolysis, decolorization by resin or activated carbon, dialysis, concentration, lyophilization, and final refinement through ionic exchange column chromatography, gel filtration chromatography, affinity chromatography, etc. (Shi, 2016; Ren et al., 2019; Shi et al., 2020; Huang et al., 2021). Nevertheless, the obstacles to the acquirement of the purified functional polysaccharides from sanghuang is the structural changes and loss in activity caused by unsuitable approaches and operating conditions. It is essential to seek the appropriate schemes for extraction, isolation, and purification of these biological macromolecules according to their characteristics, to ensure that sanghuang polysaccharides can be commercialized to a large extent.

Fungal polysaccharides can be classified by their locations in cells, namely, intracellular polysaccharides from the fruiting bodies and cultured mycelia and exopolysaccharides from the fermentation broth. Generally, most exopolysaccharides are water soluble, and can be directly extracted by the water, acidic, or alkaline solutions (Cheng et al., 2018; Tang et al., 2020; Leong et al., 2021; Wu et al., 2022a). Hot water extraction as the most classical, convenient, and common extraction method should be operated using water at ≥50°C for a long duration of 1.5–10 h. Yan et al. (2016b) extracted an antioxidant activity-containing polysaccharide from the P. linteus mycelia through immersing the defatted mycelia into distilled water at 95°C for 8 h, then extracted twice. Similar extraction protocols were deployed by Ge et al. (2009) for gaining a water-soluble polysaccharide from the fruiting bodies of sanghuang mushroom P. baumii using hot water extraction (extracted thrice for 2 h each at 100°C). However, this extraction approach has several drawbacks containing the high reaction temperature, large material consumption, prolonged extraction time, etc. (Kang et al., 2019). Extraction conditions, including temperature, time, and the ratio of raw material to solvent are the important factors influencing the extraction yield of sanghuang polysaccharides (Huang et al., 2012; Tang et al., 2020). Wang et al. (2014a) extracted polysaccharides from the P. nigricans mycelia and verified the effects of time, temperature, frequency, and the ratio of water to raw material via central composite design in response surface methodology. The optimal conditions were extraction time of 2.8 h, the ratio of water to the raw material of 28, frequency of 5, and the temperature of 95°C. Under these conditions, the maximal yield of crude polysaccharides was 15.33 ± 0.21%. An increase in extraction temperature can accelerate the extraction yield of polysaccharides from sanghuang into the water to a certain level, followed by possible loss, due to the thermal degradation and structural modification at an excessive temperature, even resulting in decreases in Mws, as evidenced by Guo et al. (2010) and Zheng et al. (2019). A longer extraction time also usually shows a promotion in extraction yield (Guo et al., 2010). Li et al. (2019) found that an excessively lower ratio of water to raw material may lead to enhanced viscosity and incomplete extraction, while the comparatively higher ratio may incur an increased difficulty of further separation and purification, impacting the overall processing time, costs, and resources. Therefore, water-material ratio acts a key role in the hot water extraction of polysaccharides.

In acid or alkali extraction, acids such as HCl or (NH4)2C2O4, and alkalis such as NaOH or NaBH4, are devoted to drive the release of polysaccharides from sanghuang (Zhang et al., 2007; Yan et al., 2017; Tang et al., 2020). Wang Z. B. et al. (2014) adopted the successive extraction, including hot water, 1% (NH4)2C2O4, and 1.25 M NaOH/.05% NaBH4 to get P. linteus polysaccharides. The alkali extract with a high Mw and the highest carbohydrate and uronic acid contents exhibited stronger bioactivities when compared with other extracts. Wang K. et al. (2020) also employed 1.25 M NaOH/.05% NaBH4 to extract polysaccharides from the P. linteus mycelia, and the resulting fraction composed of Ara, Xyl, Glc, and Gal with the molar ratio of 5.5:7.8:1.8:1 exerted radical scavenging capacities and antioxidant activities in vitro and in vivo. The reason for the acid or alkali extraction often brings out the elevated extraction yields of polysaccharides is that destruction of cell walls of fruiting bodies and cultured mycelia of sanghuang and the degradation of fiber structures by acid or alkali solution, hence, allowing the release of more intracellular polysaccharides and transformation of water-insoluble into water-soluble fractions (Zhang Y. et al., 2015).

As fruiting bodies and cultured mycelia are incompletely water-soluble, other alternatives, such as ultrasound, enzyme, and microwave, which can provoke the breakdown of the cell walls of mushrooms and improve the solubility of polysaccharides, are introduced to assist in harvesting the higher yield of polysaccharides (Ebringerová and Hromádková, 2010; Cheng et al., 2012; Marić et al., 2018; Shi et al., 2019; Chang et al., 2021; Wu et al., 2022b). Zhang et al. (2014) established a flat-plate ultrasound technique to stimulate the production of the polysaccharide from the P. igniarius mycelial fermentation. Optimal conditions obtained by a three-factor-three-level Box-Behnken design were ultrasound treatment time of 65 min, duty cycle time of 25 s, and culture time of 3.8 d that gave a maximal polysaccharide yield of 1.8002 g/L, which increased by ~22.64%, compared with the treatment without ultrasonication. LSCM observations revealed that ultrasound can change the morphology and structure and of fungal mycelia, and then, accelerate the mass transfer of metabolites. Also, Liu et al. (2019a) inspected that the yield of I. hispidus polysaccharide with ultrasonic-assisted extraction was 39% higher than that with the non-ultrasound control group, suggesting that ultrasound-assisted extraction is a more effective method for polysaccharide extraction using its cavitation generated by rapid formation, implosion of the tremendous bubbles in mobile phase, and release of a vast of hydrodynamic forces, thus, driving the cell wall disruption, mass transfer, osmotic force, etc. (You et al., 2014; Chen X. H. et al., 2021; Wu et al., 2022b). Efficient degradation of the cell walls of mushrooms can be achieved by enzymes, producing more polysaccharides from the inside cells, whose extraction rates depend on the type and amounts of enzymes, temperature, pH, the ratio of liquid to solid material, reaction time, etc. (Marić et al., 2018; Cui and Zhu, 2021). A new procedure for the enzyme-catalyzed extraction of polysaccharides from P. igniarius was developed by Xu et al. (2016). Based on the single-factor experiment and Box-Behnken design, the optimum technological conditions were pH 5.79, reaction time of 1.5 h, extraction temperature of 55.02°C, and enzyme dosage of 3.04%, respectively. Under these conditions, the extraction rate of polysaccharides was increased by 49.5% compared with conventional hot water extraction. However, the higher costs of enzymes and sensitivity to harsh surroundings are the main shortcomings of enzyme-assisted extraction (Marić et al., 2018). Microwave is a radio wave with the frequency range at 300–3 × 105 MHz, which appears via interactions between polar molecules and is influenced by the external pressure, temperature, and time, whereupon being advocated to be a feasible tool for extraction of polysaccharide macromolecules (Singh et al., 2012; Mirzadeh et al., 2020). Gao et al. (2017) extracted the P. igniarius polysaccharides from six different origins using the microwave extraction method, and the resulting Gansu polysaccharide was identified to have a great potential as a natural anti-tumor agent with immunoregulatory activities. Furthermore, synergistic treatments for incorporating the superiority of these extraction methods can serve as the other beneficial choices in extracting active substances from sanghuang (Shi, 2016; Leong et al., 2021). For example, Ying et al. (2019) optimized the extraction procedure of polysaccharides from the fruiting bodies of P. igniarius by using the ultrasonic-microwave synergistic approach. Rank order from the highest to the lowest effects of the three extraction factors on the polysaccharides yields was ultrasonic power > extraction time > microwave power. The consequences displayed that the polysaccharides extracted by the synergistic method performed higher antioxidant and anti-tumor activities, which implied that the combination of ultrasound and microwave comes as a time-saving and high-yield method for polysaccharides assisted extraction.

Subsequently, the aqueous extracts or fermentation broth of sanghuang can be subjected to ethanol precipitation with ~95% (V/V) ethanol, in addition to fractional precipitation with various gradients of ethanol or acid precipitation with acetate acid, to isolate the crude polysaccharides mixed with proteins and pigments. Aqueous two-phase system and three-phase partitioning as alternative tools referring to the sequential mixing of organic solvent and salt with crude extracts or suspensions to reach the different dispense phases have been exploited for the efficient extraction and separation of polysaccharides as well (Chew et al., 2019; Wang et al., 2019b; Wu Y. et al., 2022). Wang et al. (2019a) engaged in three-phase partitioning to directly isolate a bioactive exopolysaccharide from the cultured broth of P. baumii and gave the maximal extraction yield of 52.09% under the following conditions: 20% (w/v) (NH4)2SO4 concentration, 1.0:1.5 (V/V) ratio of broth to t-butanol, 30 min, and 35°C. This polysaccharide with high carbohydrate and uronic acid contents demonstrated dramatically radical-scavenging, antioxidant, α-amylase and α-glycosidase inhibitory, as well as macrophage-stimulating activities.

To further eliminate the biological wastes, and then acquire the homogenized samples, the crude polysaccharides should go through a set of adsorbents and eluents, including chemical/enzymatic deproteinization, decolorization by resin or activated carbon, dialysis to remove small molecules, concentration, and freeze-drying, followed by ionic exchange column chromatography (DEAE-Cellulose, DEAE-Sepharose, DEAE-Sephadex, etc.) to seize the neutral and acidic polysaccharides, and gel filtration column chromatography (Sepharose, Sephadex, Sephacryl, etc.) to capture the polysaccharides with different Mws, eluting with suitable eluates and speeds, collecting, dialyzing, condensing, and lyophilizing (Fang and Ding, 2007; Tang et al., 2020; Leong et al., 2021). During the entire steps, the associated carbohydrate and protein concentrations of each polysaccharide fraction were measured via the phenol-sulfuric acid method with Glc as a standard (DuBois et al., 1956) and the Bradford method with bovine serum albumin as a standard (Bradford, 1976). Yang et al. (2007) utilizes the hot water extraction, ethanol precipitation, DEAE-Sepharose Fast-Flow, and High-Resolution Sephacryl S-400 column chromatography to isolate a new P. igniarius fruiting bodies-derived heteropolysaccharide, whose structural investigation was carried out with HPLC, HPAEC, GC-MS, methylation analysis, and NMR spectroscopy techniques. Xue et al. (2011) separated a 17-kDa water-soluble polysaccharide from the P. baumii mycelia taking advantage of the hot water extraction, ethanol precipitation, and DEAE-Sephadex A-50 and LPLC-Sephadex G-75 chromatography methods, as well as confirming that this polysaccharide owned immunomodulatory and anti-tumor activities in vitro. Two different polysaccharides from the submerged mycelia culture of P. mori were the ethanol precipitated and gel filtration chromatographed by Cao et al. (2013). Besides, they substantiated that the polysaccharides had (1 z → 4)-linked Manp backbones, with branches of (1 → 4)-linked glucosyl residues and (1 → 3,4)-linked Galp residues. Cheng et al. (2020a) fractionated a novel exopolysaccharide from the liquid culture broth of S. sanghuang by using ethanol precipitation, DEAE-Sepharose Fast Flow, and Sephacryl S-100 HR gel column chromatography. This exopolysaccharide, exclusively composed of Man, consisted of 1,3-linked and 1,2-linked α-D-Manp with substitution at O-6 of 1,2-linked α-D-Manp by 1,6-linked α-D-Manp residues and terminal α-D-Manp residues, and exerted potential anti-tumor activity against the growth of HepG2 and MCF7 in vitro.



Physicochemical and structural properties

Up to present, the versatile natural polysaccharides derived from sanghuang have been prepared and structurally characterized, as listed in Supplementary Table 1, because of their plentiful promising bioactivities (Zong et al., 2012; Meng et al., 2016; Ren et al., 2019; Gong et al., 2020). It is widely accepted that the functions and behaviors of these complex biological macromolecules are dramatically affected by their physicochemical and structural properties, which are involved in composition and structural uniqueness, mainly covering Mws, sequences of monosaccharide residues, configurations and conformation of isomers, types and numbers of glycosidic linkages, skeleton lengths, chain compositions and aggregations, presences and positions of branches and functional groups, branching degrees, lengths of side chains, 3D conformation, etc. (Ferreira et al., 2015; Ruthes et al., 2016; Wang J. Q. et al., 2016; Xie et al., 2020). Although there exist some restrictions for accessing the fine structures in all hierarchies due to the structural diversity and variability of macromolecules, the basic chemical structures of purified sanghuang polysaccharides have been probed and identified by combined means of the chemical, instrumental, and biological techniques, including hydrolysis (Cao et al., 2019), methylation analysis (Sun et al., 2021), periodate oxidation (Nypelö et al., 2021), Smith degradation (Villares et al., 2012), Congo Red test (Guo X. Y. et al., 2021), capillary viscometer (Yuan et al., 2018), Zeta-sizer Nano instrument (Miao et al., 2020), UV-visible spectrophotometry (Guo X. Y. et al., 2021), HPLC (Yang et al., 2007), HPSEC (Wang et al., 2014b), HPSEC-MALLS-RI (Cheong et al., 2015), HPGPC (Ren et al., 2019), TLC (Yang P. et al., 2019), GC (Lo et al., 2011), MS (Liu et al., 2021), GC-MS (Ma et al., 2016), HPAEC (Zhang Z. F. et al., 2015), FT-IR (Qian et al., 2009), NMR spectroscopy (1H, 13C, COSY, DEPT, HMBC, HMQC, HSQC, NOESY, and TOCSY) (Doost et al., 2019; Yao et al., 2021), XRD (Qian et al., 2009; Guo X. Y. et al., 2021), DLS (Wang Z. B. et al., 2014), DSC (Guo X. Y. et al., 2021), TGA (Guo X. Y. et al., 2021), AFM (Guo X. Y. et al., 2021), enzymatic analysis (Karaki et al., 2016; Mitchell et al., 2021), immune analysis (Sharma et al., 2019), etc. Recently, some emerging methods have also been applied for the structural characterization of polysaccharides (Fabijanić et al., 2019; Li Y. T. et al., 2020; Nandita et al., 2021).


Average molecular weight

Polysaccharides, as a structurally diverse class of biological macromolecules, commonly possess the relatively higher Mws, which have been determined by viscosity measurement (Yan et al., 2016a), osmometry (Gong et al., 2020), sedimentation (Ren et al., 2019), HPLC (Jiang et al., 2015), GPC (Wu et al., 2013), HPGPC (Zhang et al., 2018; Wu Y. et al., 2022), HPSEC (Lee S. M. et al., 2010), SEC-MALLS-RI (Jia et al., 2017; Cheng et al., 2020a), HPSEC-MALLS-RI (Li et al., 2015; Wang et al., 2019b), etc. Pei et al. (2015) used HPGPC to estimate the average Mw of a polysaccharide prepared from the alkaline extract of the P. linteus mycelia as 3.43 × 105 kDa. Li et al. (2015), by virtue of HPSEC-MALLS-RI, unearthed that the Mws of nine polysaccharides from the fruiting bodies, submerged mycelia, and solid-state-fermented products of P. baumii, decreased with the increasing precipitated ethanol concentrations. Mws of the polysaccharides from the fruiting bodies and submerged mycelia ranged from 19.8 to 1.89 × 103 kDa and 2.11 × 103 to 2.01 × 104 kDa, respectively. Some lower-Mw fractions were detected in the solid fermented products. As summarized in Supplementary Table 1, the polysaccharides derived from various sanghuang species and experimental conditions exhibit wide Mws ranging from 1 to 1 × 106 kDa.

A correlation between the antioxidative potency and Mw of polysaccharides had been well-established according to the substantial research (Wang J. Q. et al., 2016; Yan et al., 2016a; Gong et al., 2020; Wu Y. et al., 2022). It is pronounced that the antioxidation and free radicals scavenging of low-Mw polysaccharides are superior to that of the polysaccharides with high Mws, on account of more active intramolecular hydrogen bonding effect of O–H and electron-donating substituents (Xing et al., 2005). Wu Y. et al. (2022) separated a low-Mw polysaccharide from the P. linteus mycelia by using an aqueous two-phase system based on choline chloride ([Chol]Cl)/K2PO4, which owned more prominent scavenging effect for radicals when compared to the higher-Mw polysaccharide obtained using the ethanol precipitation and isolation protocols. Previous studies have also raised that several physical, chemical, or enzymatic-assisted treatments, such as ultrasound, microwave, acid, alkali, and cellulase, could be applied for degrading polysaccharides into low-Mw fragments, thereby, influencing their antioxidant abilities (Karaki et al., 2016; Wang J. Q. et al., 2016; Mirzadeh et al., 2020; Chen X. H. et al., 2021). Yan et al. (2016a) physically degraded a P. linteus mycelia-derived polysaccharide using ultrasound to garner a low-Mw and low-intrinsic-viscosity fraction, performing the stronger hydroxyl radical scavenging capacity and higher values of Trolox equivalent antioxidant capacity (TEAC) and ferric-reducing ability of plasma (FRAP). Wang Z. B. et al. (2014) extracted and partially purified three polysaccharides from the P. linteus mycelia using hot water, 1% (NH4)2C2O4, and 1.25 M NaOH/.05% NaBH4 and found that the polysaccharide with higher amounts of lower Mw fractions and uronic acid contents showed the stronger DPPH radical-scavenging capacity. However, contradictory findings also exist. Yuan et al. (2018) covered that a polysaccharide from the P. igniarius mycelia with high Mw and intrinsic viscosity could effectively scavenge hydroxyl radicals, partly eliminating DPPH radicals and chelate ferrous ions. Besides, El Enshasy and Hatti-Kaul (2013) pointed out that the low-Mw polysaccharides could penetrate the immune systems and demonstrate stimulatory activity, whereas the advantage of high-Mw polysaccharides might be ascribed to the better binding affinity of the receptors of immune cells.



Monosaccharide composition

Polysaccharides can be divided into homo- and hetero-polysaccharides duo to the various monosaccharides in compositions. For heteropolysaccharides consisting of a series of monosaccharides mainly embracing Glc, GlcA, Gal, GalA, Ara, Fuc, Fru, Man, Rha, and Xyl, their structures and chemical properties could be affected by the different types and sequences of monosaccharides and glycosidic bonds (Lo et al., 2011; Ren et al., 2019). Confirmation of monosaccharide composition normally involves the liberation of monosaccharides through hydrolysis and derivatization (Zhang et al., 2020; Liu et al., 2021), then subsequent measurement of the liberated monosaccharides via various detection techniques, including capillary electrophoresis (Baker et al., 2008), TLC (Liu and Wang, 2007), HPLC (Kim G. Y. et al., 2006; Wan et al., 2020), GC (Luo et al., 2010; Pei et al., 2015), GC-MS (Yang et al., 2007; Suabjakyong et al., 2015), HPAEC (Yang et al., 2009; Wu et al., 2013; Jin et al., 2016), etc. A neutral polysaccharide was isolated and purified from the cultured mycelia of S. sanghuang by DEAE Sepharose Fast Flow and Sephacryl S-100 columns (Cheng et al., 2020b). This polysaccharide was primarily composed of Glc, indicated via acid hydrolysis and GC-MS detection, as well as having the potential inhibitory activities against α-amylase and α-glucosidase and hypoglycemic effects on in vitro insulin resistance of HepG2. Jin et al. (2016) employed hot water extraction, delignification, ethanol precipitation, DEAE-52 cellulose anion-exchange, and Sephadex G-100 columns to fractionate a polysaccharide from the fruiting bodies of P. baumii. HPAEC analysis delineated that this polysaccharide comprised Fuc, Ara, Gal, Glc, Xyl, and Man at molar ratios of 2.19:1.27:5.85:43.22:2.73:4.18, and that Glc was the predominant monosaccharide.

Correlational studies notarized that the biological proficiency of polysaccharides is dependent on the ratios of different monosaccharides in compositions (Lo et al., 2011; Yang et al., 2020). Two proteoglycans isolated from the mycelia and fermentation broth of P. nigricans through submerged fermentation were elucidated to possess the similar average Mws and consist of Glc, Gal, Man, Ara, and Fuc in the molar ratios of 3.26:8.77:6.44:1:1.35 and 20.06:8.72:6.94:1:0.76, respectively. The anti-tumor and immunomodulating activities of mycelia polysaccharides were higher than those of the broth fraction, which may be related to, in part, the variations in ratios of monosaccharides in compositions (Li et al., 2008). Jia et al. (2017) separated two water-soluble polysaccharides with the similar Mws but different monosaccharide compositions from the fruiting bodies of P. vaninii, and by means of MTT assay identified that the alkali-extracted polysaccharide exhibited the higher inhibition effect on HepG2 and HeLa than the hot water-extracted portion in vitro. On reason for the results happened maybe the significant shift on monosaccharide relative contents in polysaccharides caused by the alkaline solution treatment. Similar evidence was also figured out by Jiang et al. (2015), who isolated and purified two polysaccharides from the mycelia and culture medium of P. pini, both neutral heteropolysaccharides comprising Man, Gal, and Glc with molecular ratios of 2.99:1.00:0.34 and 38.40:1.00:1.76, respectively. The antioxidant activities of scavenging DPPH and hydroxyl radicals, chelating ferrous ions, and reducing ferric ions of mycelia polysaccharide were stronger than those of the culture medium portion, suggesting that the antioxidant activities could be impacted by the multiple ratios of monosaccharides in compositions. Apart from bioactivities, the multiplicity in monosaccharide compositions and molar ratios may correspond to the original materials, sources, extraction, isolation, and purification methods, etc., which is authenticated by the up-mentioned examples as well.



Chemical structure

At present, different tools, such as FT-IR, NMR spectroscopy, and the combination of methylation, periodate oxidation, Smith degradation, HPLC, GC, and GC-MS, have been devoted to clarifying the chemical structures of sanghuang polysaccharides, including α/β configurations, branching degrees, types and positions of branches and functional groups, patterns and chirality of glycosidic bonds, positions and linkage sequences of the residues in glycosidic bonds, etc. (Liu and Wang, 2007; Mei et al., 2015; Ma et al., 2019; Cheng et al., 2020a; Sun et al., 2021). FT-IR could preliminarily analyze the vibrations of atoms or functional groups existed in polysaccharides, owing to the unique wavenumber range to the adsorption bond, hereby, providing the information of anomeric configurations and glycosidic bonds (Qian et al., 2009; Ren et al., 2019). For instance, the characteristic peak at 855–833 cm−1 is indicative of the α configuration of Glc, whereas the higher wavenumber ranging from 905 to 876 cm−1 signifies the β configuration (Zhang, 1994). NMR spectroscopy has been claimed as a vital technology for almost full-structural identification of the underivatized polysaccharides, such as monosaccharide compositions, positions and patterns of branching and glycosidic linkages, and types of cyclic structures, replying on the resonance spectroscopy and Zeeman, splitting generated by the atomic nucleus in an external magnetic field after adsorbing electromagnetic waves with the certain frequencies transiting from one spin to another (Yao et al., 2021). NMR spectroscopy is also a nondestructive testing tool in which the samples are not destroyed, and the resulting data are accurate and reliable, but the “pure” polysaccharide is highly required for preparation (Gong et al., 2020). Interpretation of functional groups is based on the comparison of their chemical shifts and coupling constants with the spectral data documented in previous literature containing the relevant polysaccharides (Villares et al., 2012; Yao et al., 2021). Methylation of polysaccharides plays an important role in sample preparation in the determination of the monosaccharide compositions, anomeric configurations, occurrence of branches, and positions of glycosidic linkages (Villares et al., 2012). This overall course involves several steps: the complex carbohydrates are methylated, then hydrolyzed by acids, and the newly constructed hydroxyl groups are acetylated, then deciphered via HPLC, GC, or GC-MS. It is particularly noted that FT-IR is often used to examine whether the characteristic adsorption band at 3,000–3,500 cm−1 is completely disappeared to ensure that all the hydroxyl groups in polysaccharides are absolutely methylated (Sims et al., 2018). Periodate oxidation as a routine choice also has been used for elucidating the structures of polysaccharides referring to the cleavage of C–C bonds via oxidation reaction caused by periodate ion attack, accordingly, forming dialdehyde, aldehyde, or formic acid. Since each C–C bond cleavage consumes one molecule of periodate ion, the position and type of glycosidic linkages, branching degree, and chain composition, as well as aggregation, can be defined by the consumption of periodate ion and the amounts of corresponding products released (Jiang et al., 2016; Nypelö et al., 2021). Smith degradation is accomplished by the reduction of periodate-oxidized products, acid hydrolyzed, and subsequent HPLC, GC, or GC-MS analysis, whereby, inferring the linkage sequences of the monosaccharide residues in glycosidic bonds (Wasser, 2002).

Liu and Wang (2007) prepared a water-soluble polysaccharide from the fruiting bodies of P. ribis by hot water extraction, ethanol precipitation, DEAE-cellulose, and Superdex 30-column chromatography, and with the help of FT-IR, NMR spectroscopy, GLC-MS, methylation analysis, periodate oxidation, and Smith degradation investigated it to be a β-D-glucan containing a (1 → 4), (1 → 6)-joined backbone, with a single β-D-Glc at the C-3 position of (1 → 6)-joined glucosyl residue every eight residues, along the main chain. Preliminary activity tests in vitro revealed that this polysaccharide could stimulate the proliferation of spleen lymphocytes. A heteropolysaccharide, fractionated by Yang et al. (2009) from the fruiting bodies of P. igniarius via hot aqueous extraction, ethanol precipitation, DEAE-Sepharose anion-exchange, and gel filtration chromatography, was elaborated to have a skeleton consisting of 1,6-disubstituted-3-O-methyl-α-D-Glcp residue, 1,3,6-trisubstituted-α-D-Manp residue, 1,4-disubstituted-α-D-Galp residue, and 1,2-disubstituted-α-D-Galp residue, and have a 1-substituted-α-L-Fucp terminal attached to O-3 of a Manp residue, on the basis of methylation and NMR studies (1H, 13C, COSY, TOCSY, ROESY, HSQC, and HMBC). Bioactivity assays conducted in vitro displayed that this heteropolysaccharide stimulated the proliferation of mice spleen lymphocytes. Jiang et al. (2016) gained a P. pini exopolysaccharide that contained a backbone of (1 → 2)-linked Man, being heavily substituted via (1 → 6)-glycosidic bonds with (1 → 3)-linked Man, and terminated mainly with Man, as well as a small amount of Gal and Glc, as affirmed by partial hydrolysis with acid, periodate oxidation and Smith degradation, methylation, and NMR spectroscopy. Immunological experiments showed that the P. pini exopolysaccharide demonstrated the high macrophage-activating ability, consequently augmenting phagocytosis and enhancing the production of NO, TNF-α, and reactive oxygen species (ROS). Yan et al. (2016c) using hot water extraction, ethanol precipitation, DEAE-Sepharose FF, and Sephacryl S-400 HR column chromatography purified a polysaccharide from an ammonium oxalate extract of the P. linteus mycelia. Results of methylation analysis, FT-IR, and NMR spectroscopy indicated that the backbone of this polysaccharide was composed of (1 → 4)-α-D-Glcp, (1 → 2)-α-D-Xylp, and (1 → 3)-α-D-Araf residues, whereas the (1 → 6)-α-D-Manp residues formed branches at the O-2 position with 1-linked-α-D-Glcp terminal residues. From the antioxidative activity measurements in vivo, this polysaccharide enhanced the activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px), and reduced the malondialdehyde (MDA) levels in serum and liver of the D-Gal-treated aging mice in a concentration-dependent manner, as well as effectively stimulated the immune systems of aging mice.

These findings also provide the considerably valuable clues and new insights for elaborating the structure-bioactivity relationships of sanghuang polysaccharides, that is, the complexity of structures of polysaccharides is significantly associated with their biological functionalities (Ferreira et al., 2015; Qu et al., 2020; Song et al., 2021). For instance, Ara 1 → 4 and Man 1 → 2 linkages of the branched chains in polysaccharides are positively correlated with their FRAP, whereas Glc 1 → 6 and Ara 1 → 4 linkages are related with their abilities on scavenging DPPH radicals (Lo et al., 2011). Polysaccharides abundant in the → 3)-β-D-Glcp-(1 → linkage strongly abate their inflammatory responses, and so do the polysaccharide plentiful in rich sequences of the side-chain units (Nie et al., 2017; Qu et al., 2020). An exopolysaccharide from the fermentation broth of S. sanghuang was purified by ethanol precipitation, DEAE-52 cellulose, and Sepharose CL-6B columns, as well as was disclosed to comprise a skeleton of → 4)-β-Manp-(1 → 4)-α-Araf-(1 → 3,4)-α-Glcp-(1 → 3,4)-α-Glcp-(1 → 3,4)-α-Glcp-(1 → 3,4)-α-Glcp-(1 → 3,4)-α-Glcp-(1 → 6)-α-Galp-(1 → 4)-β-Manp-(1 → and five branches, including four α-D-Glcp-(1 → and one α-D-Manp-(1 → with the aid of FT-IR, methylation, and 1H, 13C, COSY, DEPT, TOCSY, ROESY, HSQC, and HMBC NMR spectroscopy, and, hence, increase antioxidant enzymes activities and diminish lipofuscin levels, and ameliorate histopathological hepatic lesions and apoptosis in hepatocytes of the D-Gal-aged mice (Ma et al., 2019). Sun et al. (2021) isolated a 46-kDa heteropolysaccharide from the fruiting bodies of P. baumii via hot water extraction, ethanol precipitation, DEAE-Sepharose Fast Flow, and Sephadex G-200 gel-permeation column chromatography, and found it had a backbone containing 1,3-linked β-D-Glcp and 1,6-linked α-D-Galp residues, being attached to Araf, Manp, and Galp units as oligosaccharidic side chains to the skeleton at C-6 position of some Glcp. Moreover, this polysaccharide displayed markedly anti-inflammatory activity in the LPS-stimulated macrophage RAW264.7 cells by downregulating phosphorylation of the signal transducer and activator of transcription 1 and increasing the tissue repairing genes, as well as alleviated the dextran sodium sulfate-inducible ulcerative colitis in mice, presumably attributed to the copious branched chains and → 3)-β-D-Glcp-(1 → linkages.



Conformational feature

Conformation of polysaccharides is delimited as their 3D structures in liquid or solid-state through bonding or spacing physical forces resulting from their chemical structures, including spherical, random coil, single-helix, double-helix, triplex-helix, rod-like, etc. (Zhang et al., 2020; Guo X. Y. et al., 2021). Likewise, biological activities of polysaccharides are drastically affected by their conformational features. More flexible and extended conformation, as well as good solubilities, confer polysaccharides to have more opportunities to bind to cell membranes and have stronger interactions with the correlated receptors, which lead to the higher antioxidant, anti-tumor, and immunomodulatory activities (Falch et al., 2000; Zheng et al., 2017; Guo X. Y. et al., 2021). Based on the data of Mw and monosaccharide composition, Wang Z. B. et al. (2014), making use of DLS and Congo Red test, proved the three partially purified polysaccharides extracted from the P. linteus mycelia using hot water, acid, and alkali to exist as compact random coils in aqueous solutions. In vitro antioxidant assays verified that the acid- and alkali-extracted polysaccharides exerted the stronger scavenging capacities and antioxidant activities in a dose-dependent manner, imputed to the chemical structures and conformational features. Jia et al. (2017) illustrated that one fraction isolated from the fruiting bodies of P. vaninii by hot water was a high-branched heteropolysaccharide with a globular shape, whereas another fraction extracted by NaOH solution was a β-1,3-D-glucan branched with β-1,6-D-Glc and adopted more extended and flexible random coils conformation, as checked by FT-IR, acid hydrolysis and GC-MS, 13C NMR spectroscopy, and SEC-MALLS-RI and capillary viscometer. MTT assay indicated that the NaOH-treated polysaccharide had the stronger inhibition activity against HeLa and HepG2 in vitro, which revealed that the presence of β-glucan, high chain rigidity, good water solubility, and moderate Mw of the derivatives in an aqueous solution were beneficial to the increase in cytotoxicity on the growth of tumors. A polysaccharide was obtained by Yuan et al. (2018) from the P. igniarius mycelia, and was elucidated to exhibit a triple helical structure and have a high Mw, a high intrinsic viscosity, and a linear repeating backbone composing of Glcp, Galp, and Manp joined by α-(1 → 4), α-(1 → 3), and α-(1 → 6) linkages, and single α-terminal-D-Glcp as side chains of 6-O-connected to the main chain through HPGPC, capillary viscometer, acid hydrolysis and HPLC, FT-IR, methylation analysis and GC-MS, NMR spectroscopy, and Congo Red test. Consequences of the antioxidant and anti-tumor tests delineated that this polysaccharide with triple helix conformation, and only α-type glycosidic bond promoted the positive scavenging effects against DPPH and hydroxyl radicals, and ferrous ions chelating activity in vitro, as well as possessed the potent anti-tumor activity against the growth of HT29 and MCF7 in vitro. Cheng et al. (2020a,b) isolated two polysaccharides from the liquid culture broth and mycelia of S. sanghuang. In addition to the tests of acid hydrolysis and GC-MS, FT-IR, methylation analysis and GC-MS, and NMR spectroscopy (1H, 13C, COSY, TOCSY, HSQC, HMBC, and NOESY), the two polysaccharides were ascertained to exist in flexible chain conformation in 0.1 M NaNO3 by using AFM, SEC-MALLS-RI, and 3D molecular modeling. Further, the two polysaccharides showed the potential for either anti-tumor or hypoglycemic effects.

From what was described above, it can be seen that deeper and accurate identifying the conformational features of sanghuang polysaccharides contributes helpfully to probe their biological and functional activities, even in designing biomaterials for clinic therapy and vaccines (Zafar et al., 2016; Makvandi et al., 2020; Alturki, 2021; Prateeksha et al., 2021). There have been many powerful techniques applied in explaining the architecture of an individual polysaccharide, including the Congo Red test, SEC-MALLS-RI, capillary viscometer, AFM, XRD, molecular modeling, circular dichroism, DSC, DLS, etc. The Congo Red test is among the commonly used method because of the low demand of operation and the needlessness of advanced instrument. Congo Red, an acidic dye, can bind with the triple helical polysaccharides to form complexes, which induce a characteristic birefringence shift in the adsorption wavelength when compared with the original Congo Red, therefore, reflecting the presence of triple-helix structures of polysaccharides (Ogawa et al., 1972; Wang Z. B. et al., 2014; Guo X. Y. et al., 2021). Conformational features of the polysaccharides can also be incarnated by some latent parameters, such as intrinsic viscosity (η), hydrodynamic radius (Rh), radius of gyration (Rg), molar mass per contour length (ML), persistence length (q), chain diameter (d), Huggins constant (k′), and Mark-Houwink equation exponent (α), which can be monitored through SEC-MALLS-RI and capillary viscometer and calculated on the basis of related equations (Jia et al., 2017; Cheng et al., 2020a,b; Guo X. Y. et al., 2021). AFM has emerged as a visual tool for investigating the shape, size, and aggregated morphology of macromolecular chains to further characterize the conformation of polysaccharides (Cheng et al., 2020a,b; Guo X. Y. et al., 2021). Lately, molecular modeling plays a novel role in predicting the 3D structures and exploring the mechanisms of polysaccharides by mimicking the spatial conformation of biological macromolecules and their intramolecular interactions (Cheng et al., 2020a; Guo X. Y. et al., 2021).



Biological activities

Nowadays, the worldwide population is rapidly aging so considerable attention had been paid to a balanced diet and health needs. People are urgent to find more alternative active ingredients in our daily food and health care products, and sanghuang polysaccharides are in line with this (Aida et al., 2009; Yang M. Y. et al., 2019; Li N. Y. et al., 2021; Martinez-Medina et al., 2021; Yadav and Negi, 2021). Innumerable works, in vitro and in vivo, have been implemented to substantiate that the sanghuang polysaccharides have multiple biological activities and health benefits, such as antioxidant and anti-aging (Wang et al., 2014a; Yuan et al., 2018; Zuo et al., 2021), anti-tumor and immunomodulatory (Chen et al., 2011; Liu et al., 2018; Wan et al., 2020), anti-inflammatory and anti-nociceptive (Li et al., 2015; Wang et al., 2019; Sun et al., 2021), anti-diabetic (Kim et al., 2010; Wu et al., 2016; Khursheed et al., 2020), anti-microbial (Lee S. M. et al., 2010; Reis et al., 2014), anti-fatigue (Zhong, 2020), hepatoprotective (Liu et al., 2019b; Zhang et al., 2019; Chen C. et al., 2020), neuroprotective (Liu Y. H. et al., 2015; Yang P. et al., 2019) activities, etc. Even though the bioactivities of sanghuang polysaccharides are intensively mined, scientific research focusing on deciphering the structure-bioactivity relationships and underlying mechanisms is still relatively insufficient. The available information regarding the biological activities of sanghuang polysaccharides are provided in Supplementary Table 2 and discussed in detail below.



Antioxidant and anti-aging activities

It is widely accepted that ROS, including hydroxyl radical (·OH), superoxide anion (·O[image: image]), and hydrogen peroxide, produced during the metabolism by normal cells play an essential part in the homeostasis in organisms (Barja, 2004; Wang J. Q. et al., 2016). Nevertheless, an excess of ROS, either credited to cellular stress and/or disordered metabolism and enzymatic systems, can trigger disfunction, cause DNA damage, and ultimately be involved in the pathogenesis of a variety of human diseases, such as aging, diabetes, rheumatoid arthritis, inflammation, cardiovascular disease, atherosclerosis, cerebral ischemia, and cancer (Benzie, 2000; Lu and Finkel, 2008; Espinosa-Diez et al., 2015; Li C. P. et al., 2021; Yuan et al., 2021). Many examples demonstrated that the sanghuang polysaccharides, which are capable of balancing the overproduction of ROS and protecting the living organisms against these diseases through capturing free radicals and/or promoting antioxidant enzymes activities, have been pursued as the potential ROS scavengers and antioxidants (Azeem et al., 2018; Forman and Zhang, 2021; He et al., 2021b). As concluded in Supplementary Table 2, sanghuang polysaccharides exhibited significant antioxidant activities in comparison with the untreated groups using both in vivo and in vitro assays, reflecting in scavenging superoxide anions and hydroxyl, DPPH, and ABTS radicals, reducing power, chelating metal ions, enhancing cell viability, the activities of SOD, CAT, and GSH-Px, and levels of ascorbic acid and TEAC, decreasing cell apoptosis, MDA content, and the activities of myeloperoxidase, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactic dehydrogenase, upregulating the mRNA expression of IL-10, NAD(P)H quinone oxidoreductase 1 (NQO1), glutamate-cysteine ligase, catalytic subunit, and glutamate-cysteine ligase, and modifier subunit, as well as downregulating the levels of TNF-α and IL-1β mRNA. On the one hand, sanghuang polysaccharides act as the hydrogen atom donators to radicals by the weak dissociation energies of O–H bonds, then, emerging with stronger scavenging capacities against free radicals in terminating radical chain reactions. In addition, the existence of two or more of the following functional groups, such as O–H, S–H, –COOH, –PO3H2, C=O, –NR2, –S–, and –O–, in the structures of sanghuang polysaccharides is in favor of metal chelating activities. Antioxidant enzymes also contribute to prevent cells, cell membranes, cellular DNA, lipids, and proteins from oxidative stress. They were produced by stimulation of sanghuang polysaccharides and can catalyze the breakdown of lipid hydroperoxides and hydrogen peroxides to stable forms (Wang J. Q. et al., 2016; Cheng et al., 2018).

Xu et al. (2017) achieved the maximum yield of P. vaninii polysaccharide when Suc was employed as a carbon source. Likewise, Suc was also the best carbon source from the perspective of antioxidant activity, owing to the high Gal content, moderate Mw, and nearly globular shape form of the polysaccharide, as confirmed by Mw estimation, monosaccharide composition analysis, and FT-IR spectroscopy. A degraded polysaccharide from the P. linteus mycelia was caught through hot water extraction, (NH4)2C2O4 and NaOH/NaBH4 treatment, ethanol precipitation, and ultrasonication. The degraded fraction with a low Mw and viscosity, by contrast, demonstrated the stronger hydroxyl radical scavenging capacity and higher TEAC and FRAP (Yan et al., 2016a). Zhang et al. (2014) took advantage of a flat-plate ultrasound technology to harvest a polysaccharide from the P. igniarius mycelia, and using in vitro assays indicated that the polysaccharide with a lower Mw and higher amounts of carbohydrate, uronic acid, hydroxyl groups, and monosaccharide Rha had stronger antioxidant activities. The findings were in accordance with Yuan et al. (2018) and Wu Y. et al. (2022) who found that the polysaccharides from the P. igniarius mycelia with lower Mw and higher contents of electrophilic groups facilitated the liberation of hydrogen from O–H bonds and motivated the higher antioxidant capacities. It was suggested that strain species, sources, and culture media and extraction, isolation, and purification methods could impose great effects on the antioxidant and anti-aging properties of sanghuang polysaccharides. Besides, the activities depend chiefly on the structural characteristics, including the amounts of carbohydrate, uronic acid, and sulfate and reducing end, Mws, viscosities, monosaccharide constituents, conjugates, positions and types of glycosidic linkages and branches, etc. For example, polysaccharides with more complex structures and lower Mws, involving more side-branches and residues, could alleviate the aging process to varying extents (Ma et al., 2019). The carboxyl groups substituted at C-5 position of the main chain could activate the chelating effects, hence, reinforcing the antioxidant capabilities of sugars (He et al., 2012). Thus, the performance of sanghuang polysaccharide is not a behavior of a single factor but a multifaceted function of two or several factors (Benzie, 2000; Wang et al., 2013; Wang J. Q. et al., 2016; Huang et al., 2017). Furthermore, chemical modification, including sulfation, carboxymethylation, acetylation, phosphorylation, benzoylation, quaternization, and periodate oxidation, can influence the antioxidant activities of polysaccharides as well, attributed to the weaker dissociation energy of hydrogen bonds by introducing the substituted groups into their structures, and the decrease in anomeric carbon (Bedini et al., 2017; Shah et al., 2018; de Almeida and da Silva, 2021).



Anti-tumor and immunomodulatory activities

Until now, rapid increases in morbidity of malignant tumors with high mortality have become the great challenges for global public health, characterized by the uncontrollable division and proliferation of abnormal cells (Bode and Dong, 2009; Klein et al., 2021). Even though conspicuous progress has been achieved on the treatment of carcinomas by traditional methods, including surgical interventions, radiotherapy, chemotherapy, bone marrow transplant, immunotherapy, and hormone therapy, chemotherapeutical agents endure severe side effects, such as targeting non-specificity and heavily opportunistic resistance to drugs (Schirrmacher, 2019). Hence, the quest of studying and developing new potential anti-tumor candidates, particularly derived from natural resources, is an eager demand, which not only diagnose and cure the human malignancies and directly induce the tumor cells apoptosis, but can also be functionalized as the immunomodulators to suffer from adverse stress and strengthen body's immune defense against the development of cancer cells (Moradali et al., 2007; de Silva et al., 2012; Kothari et al., 2018; Sindhu et al., 2021). Mushroom polysaccharides were first reported for anti-tumor properties by Byerrum et al. (1957). Ikekawa et al. (1968) declared that P. linteus showed an inhibitory rate of 96.7% against S180. Ever since, numerous sanghuang polysaccharides have been prepared, and in vivo animal and in vitro research have shown them to display striking anti-tumor and immunostimulant activities across a wide range of cancer cell lines, such as S180 (Chen et al., 2011; Mei et al., 2015), B16 (Kim G. Y. et al., 2006), H22 (Gao et al., 2017), HepG2 (Cheng et al., 2020a), Bel7402 (Pei et al., 2015), A549 (Ying et al., 2017), SGC7901 (Liu et al., 2016), HT29 (Yuan et al., 2018), SW480 (Li S. C. et al., 2015), HCT8 (Pei et al., 2015), MCF7 (Wan et al., 2020), Hela (Ying et al., 2019), etc.

A 250-kDa P. linteus polysaccharide, consisted primarily of repeating α-D-Glc(1 → 4)-α-D-Glc(1 → 6) units, was validated to harbor stronger anti-proliferative effect against S180 through lowering the expression level of anti-apoptotic Bcl-2 protein and increasing the level of pro-apoptotic protein Bax, which, in turn, facilitated the release of cytochrome c from mitochondrial intermembrane compartment into cytosol, thus, causing apoptotic cell death (Mei et al., 2015). Similar results were obtained by Li et al. (2004) and Wang G. B. et al. (2012), which also implied that the sanghuang polysaccharide-induced apoptosis was interrelated with a decrease in Bcl-2 level and an increase in the release of cytochrome c. Zhong et al. (2013) courted an insight into the action mechanism of P. linteus polysaccharide triggered-HT29 apoptosis, namely, remarkably downregulating the expression of cyclin D1, cyclin E, and CDK2, as well as increasing the expression of p27Kip, thus leading to the S-phase cell cycle arrest in HT29. Wan et al. (2020) extracted and characterized a water-soluble S. vaninii polysaccharide, which was qualified for effectively inhibiting the proliferation of MCF7, stopping the cell cycle at G2 phase, accelerating apoptosis, and reducing the migratory and invasive powers, through driving the activation of p53-related genes and downregulating the expression of matrix metalloproteinase (MMP). A sulfated polysaccharide constructed by sulfation of a glucan from the fruiting bodies of P. ribi, using chlorosulfonic acid protocol, exerted anti-cancer activity, which is the anti-angiogenic activity by intervention of proliferation, migration, and formation of vascular endothelial growth factor (VEGF) in EA.hy926, with the mechanism as downregulating the protein expression of VEGF and VEGF receptor-1 and restricting the phosphorylation of VEGF receptor-2, protein kinase B, and extracellular signal-regulated kinase (Liu et al., 2018). Xue et al. (2011) obtained a P. baumii polysaccharide and exposed it to the RAW264.7 macrophages, accompanied by noticeable increases in the cellular proliferative rate, NO production, and expression levels of IL-1β, IL-18, IL-6, IL-12p35, and IL-12p40 genes. MTT assay and cell cycle analysis suggested that this polysaccharide could markedly suppress the proliferation of HepG2 in a dosage-dependent manner by inducing the cell cycle arrest at S phase, incurring apoptosis. As displayed by the study of Liu et al. (2016), a homogeneous polysaccharide purified from the fruiting bodies of P. baumii had an antiproliferative effect on Hela and SGC7901 by mediating the block of cell division in G0/G1 and S phases, improvement of immune cell phagocytic activity, and secretion of TNF-α and IL-6. Two polysaccharides, isolated by Li et al. (2008) from the P. nigricans mycelia through submerged fermentation and culture medium, both owned the anti-tumor activties against S180 in vivo. Further experiments certified that no direct cytotoxic activity against S180 was monitored, but apparent increases in lymphocytes proliferation and production of NO and TNF-α in microphages were observed, indicating that anti-cancer effects of the two carbohydrates are not directly tumoricidal but rather immunostimulating. Tremendous evidence have authenticated that the possible anti-tumor mechanisms of sanghuang polysaccharides are involved in the direct cancer inhibition activities, including cell-cycle arrest, induction of apoptosis, anti-angiogenesis, and inhibition of metastasis, including proliferation, invasion, migration, and adhesion (Zhang et al., 2007; Khan et al., 2019; Hyder and Dutta, 2021). More importantly, sanghuang polysaccharides can assist a host to boost the immunomodulatory activities to fight against cancer cells, so-called as biological response modifiers. They rely on either the direct activation of various immune cells like macrophages, T-lymphocytes, B-lymphocytes, natural killer cells, and dendritic cells, or potentiation of the release of various cell signal messengers, inflammatory mediators, and cytokines, such as IL-2, IL-4, IL-10, IL-1β, IFN-γ, IFN-β, TNF-α, cyclooxygenase-2, and NO (Wasser, 2002; Zhu et al., 2007; Lin et al., 2016; Singdevsachan et al., 2016; Chakraborty et al., 2019; Yin et al., 2021).

It is well-documented that the anti-cancer activities of sanghuang polysaccharides are notably decided by their refined structures in all hierarchies, such as Mws, chemical compositions, configurations of glycosidic linkages, backbones and branched chains, types of substituent groups, 3D conformation, etc. (Zhang et al., 2007; Meng et al., 2016; Yan et al., 2017). Only by scrutinizing their structures may explain their properties and offer the valuable direction for purpose screening, modification, and synthesis. In general, the larger the Mws and the better water solubility of sanghuang polysaccharides, the stronger the anti-tumor activities (Li S. C. et al., 2015; Pei et al., 2015). Kim et al. (2003) got an acidic proteo-heteroglycan mixed both with α- and β-linkages, substituted with linear D-(1,3), branched D-(1,6) and terminal D-residues at C-6 position, and illuminated that the structural features like 3D conformation, branching ratio, and molecular complexity are quite crucial for the anti-tumor activity by the rapid proliferation of spleen cells and stimulation of humoral host defense and macrophage function. Moreover, P. vaninii polysaccharide, a β-glucan with good water solubility and relatively high chain stiffness, pose beneficial to promotion of the anti-tumor capacities by having more chances to bind to cell membrane and higher cytotoxicity to cancer cells (Jia et al., 2017).



Anti-inflammatory and anti-nociceptive activities

Inflammation is a comprehensive, natural self-protective response of organism mediated by the actions of cells in innate immune system, to address the injury or damage caused by mechanical, chemical, or microbial stimuli, such as infections, irritants, ultraviolet light irradiation, pathogens, and allergens. Among these cells, macrophages play a pivotal role during inflammation, including the surplus of inflammatory mediators, like NO by inducible nitric oxide synthase, prostaglandin E2 by cyclooxygenase-2, and ROS, as well as the increase in expression of some pro-inflammatory cytokines, such as TNF-α, IFN-γ, IL-6, and IL-1β, which are extremely linked to a wide variety of diseases (Shi, 2016; Nie et al., 2017; Du et al., 2018; Yang P. et al., 2019; Hou et al., 2020). A large body of studies have discovered that sanghuang polysaccharides own the desired anti-inflammatory and anti-nociceptive activities. A selenium-enriched polysaccharide from the P. igniarius mycelia could act a positive influence on skin repairing in mice through lowering the expression of IL-6, TNF-α, and VEGF over cascade (Luo L. J. et al., 2021). Ma et al. (2019) disclosed that a polysaccharide from the S. sanghuang broth reinforced the immune organ efficacy and mitigated the histopathological hepatic lesions and apoptosis in hepatocytes of the D-Gal-aged mice in a dose-dependent behavior. Sanghuang-derived polysaccharides are capable of attenuating inflammation and pushing tissue healing by downregulating the phosphorylation level of STAT-1 and the expression level of STAT-1 targeted genes, such as inducible nitric oxide synthase, TNF-α, IL-1β, IL-2, IL-6, and IL-12 in an LPS-induced macrophage RAW264.7 model (Xie et al., 2019; Sun et al., 2021; Zuo et al., 2021). Their anti-inflammatory and anti-nociceptive effects originate from blocking and inhibiting the activation of MAPK and peroxisome proliferator-activated receptor (PPAR) signaling pathways (Hu et al., 2018; Yin et al., 2021).



Anti-diabetic activity

Unlike other types of sugars, polysaccharides extracted from the mushrooms sanghuang do not raise the concentration of glucose in blood but possess the robust anti-diabetic activities, primarily by inhibiting the β-cells apoptosis in pancreatic islets, affecting the activities of glucose-metabolizing enzymes, such as α-amylase and α-glucosidase, and enhancing the glucose disposal, synthesis of hepatic glycogen, and insulin sensitivity, as well as activating the expression of adenosine monophosphate-activated protein kinase and PPAR-γ modulators (Wu et al., 2016; Azeem et al., 2018; Ajith and Janardhanan, 2021). One study confirmed that the treatment with a polysaccharide from the P. linteus mycelia could suppress the development of autoimmune diabetes in NOD mice not only through delaying the transfer of diabetes by spleen cells from NOD mice into NOD/SCID mice but also through adjusting the expression of pro-inflammatory cytokines, including IFN-γ, IL-2, IL-4, and TNF-α by Th1 and Th2 cells (Kim et al., 2010). Oral administration with a water-soluble crude polysaccharide from the P. linteus mycelia at 100 mg/kg body weight/d could distinctively cut down the blood glucose level by 35.60% in the alloxan-revulsive diabetic mice (Zhao et al., 2014). Another report warranted that a neutral polysaccharide from the S. sanghuang mycelia owned the potential inhibitory activities against α-amylase and α-glucosidase and had the hypoglycemic impacts on in vitro insulin resistance of HepG2, implying that this polysaccharide may be suitable as the functional anti-diabetic drugs for therapeutic cure (Cheng et al., 2020b). In-depth study suggested that many various molecules, such as protein kinase B, insulin receptor substrate-2, and fork head transcription factor-1, have engaged in regulating the intracellular procedure of insulin signals inside cells (Wang P. C. et al., 2016; Wu et al., 2016; Feng et al., 2018).



Hepatoprotective activity

Abundant investigations have proven that sanghuang polysaccharides can be the hepatoprotective agents by virtue of enhancing liver metabolism, reducing the levels of lipid peroxidation and expression of inflammatory mediators, restraining oxidative stress and histopathological fibrogenesis, inducing apoptosis and cycle arrest in hepatic stellate cells, as well as improving the activities of antioxidative enzymes (Shan et al., 2019; Yuan et al., 2019; Qu et al., 2020). Liu et al. (2019b) verified that the extracellular I. hispidus exopolysaccharide from fermentation broth performed the liver protective ability on acute alcoholic liver injury in mice with the help of extending the duration of righting reflex, shortening the duration of recovery, and decreasing the liver index and levels of ALT, AST, and MDA, as well as increasing the levels of alcohol dehydrogenase, CAT, and SOD. Deeper research reported that this polysaccharide was able to activate the nuclear factor E2-related factor 2 signaling pathway, and increase the mRNA expression levels of downstream-related antioxidant enzymes, such as CAT, Cu-Zn SOD, and NQO1. Compared with the untreated groups, the P. linteus polysaccharide treatment harbored a notable reduction in liver fibrosis in a thioacetamide-induced liver damage mice model via regulation of the oxidative stress pathways, heat shock pathways, and metabolic pathways, referring to a total of 13 differentially expressed proteins, including actin, tubulin α-1C chain, preprohaptoglobin, hemopexin, galectin-5, glutathione S-transferase α4, branched chain keto acid dehydrogenase heterotetrameric E1 subunit-α, glutathione S-transferase κ, glyceraldehyde-3-phosphate dehydrogenase, thiosulfate sulfurtransferase, betaine-homocysteine S-methyltransferase 1, quinoid dihydropteridine reductase, and ribonuclease UK114 (Wang H. L. et al., 2012). Chen C. et al. (2020) evaluated the hepatoprotective effect of an isolated P. linteus polysaccharide against the acetaminophen-stimulated liver injury in mice, which was attributed to its antioxidant functions, by decreasing cytochrome P450 2E1 expression and hepatic release of cytokines, improving the levels of phase II enzymes, exhibiting hepatic-repairing performance, and accelerating metabolism of acetaminophen.



Anti-microbial activity

Sanghuang polysaccharides are known to show the potential of anti-bacterial, anti-fungal, and anti-viral activities, whose assessment is a valuable concept for the rational design to targeted drugs for infectious diseases (Bach et al., 2019; Liu Z. H. et al., 2020; Guo Y. X. et al., 2021; Wang Z. C. et al., 2021). Reis et al. (2014) tested the anti-microbial effects of a polysaccharide extracted from P. linteus against an array of Gram-positive and Gram-negative bacteria and filamentous fungi. It was observed that the P. linteus polysaccharide powerfully inhibited the proliferation of Staphylococcus aureus, Bacillus cereus, Micrococcus flavus, Listeria monocytogenes, Pseudomonas aeruginosa, Salmonella typhimurium, Escherichia coli, Enterobacter cloacae, Aspergillus fumigatus, A. versicolor, A. ochraceus, A. niger, Trichoderma viride, Penicillium funiculosum, Pe. ochrochloron, and Pe. verrucosum. Two polysaccharides purified from P. pini exerted the anti-viral activities against coxsackie virus B3, a non-enveloped virus, and herpes simplex virus-1, an enveloped virus, as well as possibly against influenza viruses, together with the decreases in neuraminidase activities in a concentration-dependent manner, revealing that these polysaccharides can be applied for antivirals after herpesvirus infection (Lee S. M. et al., 2010). More noteworthy, the abilities of polysaccharides derived from natural resources, especially mushrooms sanghuang, to modulate the immune response and cyto-protect pulmonary, make them the latent candidates for combination therapy in severe cases of COVID-19 (Chen R. R. et al., 2020; Chen X. Y. et al., 2020; Barbosa and de Carvalho Junior, 2021).



Other bioactivities

Except for the biological activities mentioned above, sanghuang polysaccharides have also possessed other efficacies, principally including anti-fatigue activity, neuroprotective activity, prebiotic activity, etc., which are as followed. Zhong (2020) affirmed that a polysaccharide from the fermentation broth of P. igniarius had the conspicuous anti-fatigue impacts on sports fatigue. Liu Y. H. et al. (2015) and Yang P. et al. (2019) both found the neurotrophic activities of the polysaccharides isolated from the fruiting bodies of P. ribis through facilitating the neurite outgrowth of nerve growth of the factor-stimulated PC12 and inhibiting cell apoptosis, meaning they are the promising choices for treatment of neurodegenerative diseases, such as Alzheimer's. The mechanism was associated with the attenuation of PC12 death by increasing the MMP level and decreases in the protein expression of cytochrome c. Many investigations have validated that intake of sanghuang polysaccharides with lower digestibility in gastric acidity could be helpful for the use of probiotics, increases in the number of probiotics, amelioration of gut microbiota, and treatment of gastrointestinal diseases (Liu L. Q. et al., 2019; Niu et al., 2021; Song et al., 2021).

Additionally, sanghuang polysaccharides have received more and more attention from the therapeutic effects against cerebral ischemia, where the mechanism includes resisting oxidative stress, relieving inflammation and deactivation of the related signaling pathways and pro-inflammatory cytokines, inhibiting neurotoxicity, provoking the expression of anti-apoptotic proteins, holding mitochondrial homeostasis, and motivating cerebral angiogenesis (Meng et al., 2021; Yuan et al., 2021).

Notably, the versatile functions of sanghuang polysaccharides primarily reply on their antioxidant activities. The reason is that by upregulating the antioxidant capacities of quenching free radicals and/or accelerating antioxidant enzyme activities, sanghuang polysaccharides can withstand the oxidative stress, aging, carcinoma, inflammation, diabetes, bacteria, virus, fatigue, liver damage and neurodegenerative, gastrointestinal, cardiovascular, and cerebral diseases, as well as enhance the immunostimulating abilities (Benzie, 2000; Wang J. Q. et al., 2016; Huang et al., 2017).




Conclusion and future perspectives

Sanghuang, distinguished as one of the most popular medicinal mushrooms in traditional Chinese medicine, has fascinated humans for centuries since it can resist and remedy dysentery, metrorrhagia, amenorrhea, aging, poisoning, digestion, allergy, and cancer. Polysaccharides are among the major ingredients of sanghuang responsible for multiple bioactivities, including antioxidant and anti-aging, anti-tumor and immunomodulatory, anti-inflammatory and anti-nociceptive, anti-diabetic, anti-microbial, anti-fatigue, hepatoprotective, and neuroprotective activities, which have earned huge interest and attention as a potential source of various therapeutic drugs, vaccines, and functional foods.

In this historical and scientific background, this review provides a systematic and thorough description of the evolution of species and their names, preparation, structural characterization, and related bioactivities of sanghuang polysaccharides, and builds upon a valuable and profound guidance for the development and utilization of natural resources-based nutraceuticals, pharmaceuticals, and cosmeceuticals. An ever-increasing number of bioactive polysaccharides have been isolated from the fruiting bodies, cultured mycelia, and fermentation broth of sanghuang species. The structural features of these carbohydrates, including Mws, sugar compositions, configurations and patterns of isomers, backbone structures, types and numbers of glycosidic linkages, positions and degrees of branching, as well as 3D conformation, have been deciphered. Although the significant progress has been garnered focusing on the sanghuang polysaccharides, there remain some issues required to be desperately addressed.

First, the taxonomy on synonym and homonym of the species names in sanghuang often confuses their utilization, thus, anxiously desiderating unification and normalization of these mushrooms. As well-known complex macromolecules, polysaccharides from different sources of raw strains, and preparation strategies can result in the differentiation of chemical properties, structural characteristics, and bioactivities due to the physical, chemical, and/or biochemical mechanisms, so hunting for new sanghuang resources and artificial cultivation contributes to their healthy utilization. Current extraction, isolation, and purification protocols largely confine to the analytical or preparative purposes in laboratory scales, and they may not be reasonable for each kind of polysaccharide. New, feasible, economic, and efficient strategies should be developed, and a related database for the optimized cultivation and preparation of polysaccharides derived from each sanghuang species should be established for standardization, industrialization, and commercialization. More attempts regarding the genetic and metabolic engineering should be conducted to harvest the higher yield of sanghuang polysaccharides, lower cost, shorten cycle, and reuse wastes.

The bioactivities of sanghuang polysaccharides are the results of a combination of various factors. Although many chemical structures and bioactivities of sanghuang polysaccharides and their derivatives have been elucidated, understanding of the relationships between structures and bioactivities, as well as the accurate impactful factors and cellular and molecular mechanisms of actions underlying their bioactivities still lack depth and precision. It is of imperative importance to construct the analytically high-resolution techniques and deploy the massive in vitro and in vivo experiments, as well as clinical trials, to further guarantee the consistency and reliability, which is vital to control the usage quality and structural characteristics of sanghuang polysaccharides. Another meaningful route is by means of modification, including physical (ultrasonication, microwave treatment, radiation exposure, steam explosion, hyperthermy, high pressure homogenization, and plasma copolymerization), chemical (sulfation, phosphorylation, carboxymethylation, selenization, methylation, acetylation, benzoylation, quaternization, and periodate oxidation), or biological (enzymatic degradation) treatment to clarify the structure-activity relationships; a steerable polysaccharide will be created and its properties can be predicted (Karaki et al., 2016; Xu et al., 2019).

Previous studies have validated that the administration of sanghuang extracts seems to be non-toxic or hypotoxic (Huo et al., 2020; Li I. C. et al., 2020). For efficient uses in nutraceuticals, pharmaceuticals, and cosmeceuticals, the assessment of safety, adverse effects, and efficacies of sanghuang polysaccharides is imminently necessitated in deciding the normative dosage and administration duration in the next steps, such as acute oral toxicity test, chromosome aberration test, bone marrow micronucleus test, and clinical test.

Discovery of other novel activities of sanghuang polysaccharides is a fresh frontier, which can be combined with other materials to improve their characteristics and be reflected in other physical properties, entitling them as the safe and effective additives. The combination of artificial materials, such as nanocomposites, can perfectly enhance the non-toxicity, surface area, tensile strength, biocompatibility, biodegradability, and environmental adaptation, imparting them to exhibit the ideal features, and be subjected to the packing biomaterials, emulsions, and immunostimulants for carrying and maintaining the functionalities of foods and drugs (Mohan et al., 2019; Zhang R. Y. et al., 2020; Chen C. W. et al., 2021; Luo M. C. et al., 2021; Mahendiran et al., 2021; Zhang et al., 2021). Also, a database with respect to the sources, structures, active sites, bioactivities, involved mechanisms, and structure-activity relationships of sanghuang polysaccharides should be set up to better design delivery systems, as well as accelerate scientific and rational protection, development, and application of the medicinal mushrooms sanghuang.
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Phaeolus schweinitzii (Fr.) Pat. was originally described in Europe and is considered a common forest pathogen on conifers in the Northern Hemisphere. Our molecular phylogeny based on samples from China, Europe, and North America confirms that P. schweinitzii is a species complex, including six taxa. P. schweinitzii sensu stricto has a distribution in Eurasia; the samples from Northeast and Southwest China are distantly related to P. schweinitzii sensu stricto, and two new species are described after morphological, phylogenetic, and geographical analyses. The species growing on Larix, Picea, and Pinus in Northeast China is described as Phaeolus asiae-orientalis. Another species mostly occurring on Pinus yunnanensis in Southwest China is Phaeolus yunnanensis. In addition, three taxa distributed in North America differ from P. schweinitzii sensu stricto. Phaeolus tabulaeformis (Berk.) Pat. is in Southeast North America, “P. schweinitzii-1” in Northeast North America, and “P. schweinitzii-2” in western North America.
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Introduction

Phaeolus (Pat.) Pat. is a well-known polypore genus because of its type species; Phaeolus schweinitzii (Fr.) Pat. has conspicuous and colorful basidiocarps and is the major cause of butt rotting in many commercial timber species (Gilbertson and Ryvarden, 1987; Sinclair et al., 1987; Núñez and Ryvarden, 2001; Ryvarden and Melo, 2017). The genus is characterized by annual, pileate to stipitate, orange to brown basidiocarps with a fibrous to spongy context, a monomitic hyphal system with simple septate hyphae, the presence of gloeoplerous hyphae and cystidia, ellipsoid to cylindric, hyaline, thin-walled, acyanophilous, neither amyloid nor dextrinoid basidiospores, and causing brown rot. According to current taxonomy, Phaeolus is closely related to Wolfiporia Ryvarden & Gilb. and belongs to the family Laetiporaceae in the order Polyporales (Justo et al., 2017; Wu et al., 2020).

Although many epithets are listed in Phaeolus, most were treated as synonyms of P. schweinitzii (Donk, 1974; Index Fungorum: http://www.indexfungorum.org/names/Names.asp, MycoBank: https://www.mycobank.org/page/Simple%20names%20search). Previously, five species only, viz., Phaeolus amazonicus M.A. De Jesus & Ryvarden, P. subbulbipes (Henn.) O. Fidalgo & M. Fidalgo, P. manihotis R. Heim, P. tabulaeformis (Berk.) Pat., and P. schweinitzii (Fr.) Pat., were accepted in the genus. The former three species were described from Brazil and Madagascar, respectively, with a limited distribution (Heim, 1931; Fidalgo and Fidalgo, 1957; Jesus and Ryvarden, 2010), and P. tabulaeformis was described from Georgia, USA (Patouillard, 1900). P. schweinitzii was described from Europe and reported to be widely distributed in The Northern Hemisphere (Donk, 1974; Gilbertson and Ryvarden, 1987; Núñez and Ryvarden, 2001; Ryvarden and Melo, 2017). P. schweinitzii was also reported in Australia and New Zealand (Buchanan and Ryvarden, 2000; Simpson and May, 2002).

During investigations on brown-rot fungi in China, specimens morphologically similar to P. schweinitzii were collected from Northeast (NE) and Southwest (SW) China, but they are different from the European P. schweinitzii based on our preliminary phylogenetic study. Thus, it appears that P. schweinitzii is a species complex with more independent species that exist in the Northern Hemisphere. Then, more samples from North America and Europe were added for the multigene phylogeny, and six independent lineages were formed. After morphological examinations and phylogenetic and geographical analyses, six taxa are recognized in the P. schweinitzii complex; two taxa are confirmed as new members of Phaeolus, and they are pathogens on coniferous trees in NE and WS China. The present study aims to clarify the Chinese species of Phaeolus and outline the phylogeny of Phaeolus based on available data in the Northern Hemisphere.



Materials and methods


Morphological studies

The examined specimens are deposited at the herbaria of the Institute of Microbiology, Beijing Forestry University (BJFC), and the Institute of Applied Ecology, Chinese Academy of Sciences (IFP). Macro-morphological descriptions were based on field notes and measurements of voucher herbarium specimens. Microscopic measurements and drawings were obtained from the slides prepared from voucher specimens and stained with Cotton Blue and Melzer's reagent following Wu et al. (2022) using a Nikon Eclipse 80i microscope. The following abbreviations were used in the description: CB = Cotton Blue, CB– = acyanophilous, IKI = Melzer's reagent, IKI– = neither amyloid nor dextrinoid, L = mean spore length (arithmetic average of spores), W = mean spore width (arithmetic average of spores), Q = variation in the L/W ratios between specimens studied, n (a/b) = number of spores (a) measured from a given number of specimens (b). In presenting spore size variation, mean ± SD (standard deviation at 95% confidence) was reported as the range; 5% of measurements were excluded from each end of the range, and the values are given in parentheses. Special color terms follow Anonymous (1969) and Petersen (1996). Herbarium abbreviations follow Thiers (2022).



DNA extraction and sequencing

The Rapid Plant Genome kit based on acetyl trimethylammonium bromide extraction (Aidlab Biotechnologies Co., Ltd, Beijing, China) was used to extract total genomic DNA from dried specimens and for polymerase chain reaction (PCR), according to the manufacturer's instructions with some modifications (Song and Cui, 2017; Xing et al., 2018). The ITS region was amplified with the primer pairs ITS5 and ITS4 (White et al., 1990). The nLSU region was amplified with primer pairs LR0R and LR7 (http://www.biology.duke.edu/fungi/mycolab/primers.htm). The PCR procedure was followed by Yuan et al. (2021). The PCR products were purified and sequenced at the Beijing Genomics Institute, China, with the same primers as in the original PCR amplifications.



Phylogenetic analyses

The phylogenetic tree was constructed using sequences obtained in this study and additional sequences downloaded from GenBank (Table 1). The sequences were aligned within MAFFT version 7 (Katoh et al., 2019) and ClustalX (Thompson et al., 1997), then manual proofreading was performed in BioEdit (Hall, 1999). The downloaded sequences were chosen to cover Laetiporaceae Jülich and related clades, including Fomitopsidaceae Jülich and Sparassidaceae Herter (Justo et al., 2017; Song and Cui, 2017; Song et al., 2018). Ambiguous regions were deleted, and gaps were manually adjusted to optimize alignment before phylogenetic analyses. Sparassis latifolia Y. C. Dai and Zheng Wang was used as an outgroup in the phylogeny of Phaeolus (Zhao et al., 2013; Figure 1). The data matrix was edited in Mesquite version 3.04 software. Phylogenetic analyses were performed with maximum parsimony (MP), maximum likelihood (ML), and Bayesian Inference (BI) based on ITS + nLSU aligned datasets.


TABLE 1 Taxa information and GenBank accession numbers of the sequences used in this study.
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FIGURE 1
 Phylogeny of Phaeolus generated by maximum parsimony based on a dataset of ITS + nLSU. Branches are labeled with bootstrap values (MP/ML) higher than 75% and posterior probabilities (BI) more than 0.90, respectively. New taxa are in bold.


MP analysis was applied to the dataset containing the ITS + nLSU sequences. The tree construction procedure was performed using PAUP* version 4.0b10 (Swofford, 2002). All characters were equally weighted, and gaps were treated as missing data. Trees were inferred using the heuristic search option with TBR branch swapping and 1,000 random sequence additions. Max-trees were set to 5,000, branches of zero length were collapsed, and all parsimonious trees were saved. Clade robustness was assessed using a bootstrap analysis with 1,000 replicates (Felsenstein, 1985). Descriptive tree statistics: tree length (TL), consistency index (CI), retention index (RI), rescaled consistency index (RCI), and homoplasy index (HI) were calculated for each maximum parsimonious tree generated.

jModeltest v.2.17 (Darriba et al., 2012) was used to determine the best-fit evolution model of the combined dataset for ML and BI. Four unique partitions were established; GTR + I + G was the selected substitution model for each partition. RAxML version 8.2.12 (Stamatakis, 2014) was used for ML analysis with default parameters. Only the best maximum likelihood tree from all searches was kept.

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 10 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 TreeView (Page, 1996). Branches that received bootstrap support for Maximum likelihood (BS), Maximum parsimony (BP), and Bayesian posterior probabilities (BPP) ≥75% (BS and BP) and 0.90 (BPP) were considered as significantly supported, respectively.




Results


Molecular phylogeny

The ITS + nLSU sequences from 33 fungal collections represent nine species. Among them, 31 new sequences were generated in this study. The dataset had an aligned length of 1,944 characters, of which 1,473 characters are constant, six are variable and parsimony-uninformative, and 465 are parsimony-informative. MP analysis yielded a tree (TL = 626, CI = 0.925, RI = 0.972, RC = 0.899, HI = 0.075). The best model for the ITS + nLSU sequences dataset estimated and applied in the Bayesian analysis was GTR + I + G with an equal frequency of nucleotides, lset nst = 6 rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1). The Bayesian analysis resulted in a similar topology to MP, with an average standard deviation of split frequencies = 0.004684; thus, only the MP tree is displayed (Figure 1). Two new species, Phaeolus asiae-orientalis (100% MP, 100% ML, 0.94 BI) and P. yunnanensis (100% MP, 80% ML, 1.00 BI), formed well-supported phylogenetic lineages, respectively.

According to the present phylogenetic analyses, the P. schweinitzii complex consists of six taxa: P. schweinitzii sensu stricto seems to be distributed in Eurasia; P. asiae-orientalis and P. yunnanensis are so far known in Northeast and Southwest China; P. tabulaeformis (Berk.) Pat., “P. schweinitzii-1,” and “P. schweinitzii-2” have distributions in North America.



Taxonomy

Phaeolus asiae-orientalis Y.C. Dai & Yuan Yuan, sp. nov. Figures 2, 3.
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FIGURE 2
 Basidiocarps of Phaeolus asiae-orientalis. (a,b) Dai 20867 (holotype); (c) Dai 789; (d) Dai 7089; (e) Dai 21784; (f) Dai 14566. Scale bars = 1 cm.
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FIGURE 3
 Microscopic structures of Phaeolus asiae-orientalis (drawn from the holotype, Dai 20867). (a) Basidiospores. (b) Basidia and basidioles. (c) Vascular elements. (d) Cystidia. (e) Gloeocystidia. (f) Hyphae from context. (g) A section from tube trama.


MycoBank number: MB 845327.

Diagnosis: Phaeolus asiae-orientalis is characterized by pileate to laterally or centrally stipitate basidiocarps, irregular pores 1–2 per mm, abundant vascular elements, mango-shaped basidiospores 6–7 × 3.5–4.2 μm, L = 6.34 μm, W = 3.82 μm, Q = 1.48–1.63 and distribution in Northeast China.

Type: China, Jilin Province, Antu County, the Changbaishan Nature Reserve, dead tree of Picea, 21 Sep. 2019, Y.C. Dai, Dai 20867 (holotype, BJFC032536!).

Etymology: Asiae-orientalis (Lat.): referring to East Asia, where the species was found.

Basidiocarps: Basidiocarps annual, pileate to laterally or centrally stipitate on substrate or ground from roots, soft and watery when fresh, and fragile and light in weight when dry. Pilei imbricate, sometimes developing a large number of imbricate, petaloid, or flabelliform and often confluent pilei, circular or semicircular to fan-shaped with irregularly lobed margin, projecting up to 15, 26 cm wide, up to 2 cm thick at the base or center; pileal surface cream, buff, orange when juvenile, pinkish buff, reddish brown to fuscous with age, concentrically zonate with various shades of cinnamon, brown, reddish brown to fuscous colors when fresh, become tomentose to hirsute, umber, rusty tawny to dark brown, indistinctly concentrically zonate when dry; margin acute, incurved when dry. Pore surface greenish yellow, citrine to sulfur yellow, become dark brown when bruised, rusty brown, bay, date brown to purplish chestnut when dry, sterile margin distinct, up to 3 mm wide; pores irregular and labyrinthine, 1–2 per mm; dissepiments thick, entire to lacerate. Context concolorous with a pileal surface, soft corky to fibrous, azonate, up to 10 mm thick. Tubes are pinkish buff to curry yellow, paler than the context, fragile when dry, decurrent, and up to 10 mm long. Stipe central or lateral, sometimes branched, concolorous with a pileal surface, and up to 2 cm long and 1 cm in diameter.

Hyphal structure: Hyphal system monomitic; generative hyphae simple septate, thin- to slightly thick-walled, IKI–, CB–; tissue darkening otherwise unchanged in KOH.

Context: Generative hyphae are hyaline to yellowish, thin- to slightly thick-walled with a wide lumen, occasionally branched, loosely interwoven, encrusted by crystals, and 4.2–15 μm in diameter; gloeoplerous hyphae are present, thin-walled, dark blue in CB.

Tubes: Generative hyphae are hyaline to yellowish, thin- to thick-walled, occasionally branched, subparallel among the tubes, some encrusted by crystals, 3–4 μm in diameter, gloeoplerous hyphae present, thin-walled, and dark blue in CB. Cystidia present, subulate and ventricose or clavate, hyaline, thin-walled, smooth, 65–80 × 10–14 μm, gloeocystidia present, long fusoid, hyaline, thin-walled, dark blue in CB, and 22.5–32.5 × 6.5–8.2 μm. Basidia clavate, bearing four sterigmata and a simple basal septum, and 24–30 × 7.5–9 μm; basidioles dominant, similar to basidia in shape, but smaller. Vascular elements are frequently present in the hymenium.

Spores: Basidiospores are mostly mango-shaped, some ellipsoid, hyaline, thin-walled, smooth, mostly mono-guttulate, IKI–, CB–, (5.5–)6–7(−7.1) × (3.2–)3.5–4.2(−4.5) μm, L = 6.34 μm, W = 3.82 μm, Q = 1.48–1.63 (n = 90/3).

Additional materials (paratypes) examined: China, Heilongjiang Province, Tangyuan County, The Daliangzihe National Park, on Pinus, August 25, 2014, B.K. Cui, and Cui 11481 (BJFC016723); Wuma County, The Nanwenghe Nature Reserve, on root of Larix, August 27, 2014, Y.C. Dai, and Dai 14566 (BJFC017811); Yichun, The Fenglin Nature Reserve, on fallen gymnosperm trunk, 2.VIII.2011, Cui 9894 (BJFC010787). Inner Mongolia, Arxan, Arxan Forest Park, on the living tree of Larix gmelinii, August 24, 2020, Y.C. Dai, Dai 21647 (BJFC035548). Jilin Prov., Antu County, The Changbaishan Nature Reserve, on the fallen trunk of Picea, August 28, 2005, Y.C. Dai, and Dai 7089 (BJFC001617); on rotten Pinus, July 28, 1993, Y.C. Dai, Dai 789 (IFP004023), August 18, 2020, Y.C. Dai, Dai 21783 (BJFC035684), Dai 21784 (BJFC035685), and Dai 21785 (BJFC035686).

Phaeolus yunnanensis Y.C. Dai & Yuan Yuan, sp. nov. Figures 4, 5.
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FIGURE 4
 Basidiocarps of Phaeolus yunnanensis. (a,b) Dai 20426 (holotype); (c,d) Dai 22528. Scale bars = 1 cm.
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FIGURE 5
 Microscopic structures of Phaeolus yunnanensis (drawn from the holotype, Dai 20426). (a) Basidiospores. (b) Basidia and basidioles. (c) Gloeocystidia. (d) Cystidia. (e) Hyphae from context. (f) A section from tube trama.


MycoBank number: MB 845328.

Diagnosis: Phaeolus yunnanensis is characterized by pileate to laterally stipitate basidiocarps, irregular pores of 0.5–1 per mm, absence of vascular elements, ellipsoid to oblong ellipsoid basidiospores 5.5–6.2 × 3.6–4 μm, L = 5.85 μm, W = 3.83 μm, Q = 1.45–1.65 and distribution in Southwest China.

Type: China, Yunnan Province, Yuxi, Xinping County, Longquan Park, the root of Pinus yunnanensis, 16 Aug. 2019, Y.C. Dai, Dai 20426 (holotype, BJFC032094!).

Etymology: Yunnanensis (Lat.) refers to the species found on Pinus yunnanensis in Yunnan province.

Basidiocarps: Basidiocarps annual, pileate to laterally stipitate, always on wood, soft when fresh, corky to fragile, and light in weight when dry. Pilei applanate, semicircular to fan-shaped with lobed margin, projecting up to 9, 14 cm wide, and 13 mm thick at the base or center. Upper surface buff, fawn to vinaceous brown, concentrically zonate with various shades of buff, cinnamon, vinaceous brown to bay colors when fresh, tomentose to hirsute, indistinctly concentrically zonate when dry; margin acute or blunt, curved inwards when dry. Pore surface cream, greenish yellow to sulfur yellow, slightly glistening, become dark brown when bruised, cinnamon buff, cinnamon, rusty brown, bay to purplish chestnut when dry; sterile margin indistinct to almost lacking; pores irregular and labyrinthine, 0.5–1 per mm; dissepiments thin, entire in juvenile to lacerate to dentate with age. Context concolorous with a pileal surface, azonate, and corky when dry, up to 10 mm thick. Tubes are buff to orange-yellow, paler than the context, fragile when dry, decurrent, and up to 3 mm long. Stipe central or lateral, unbranched, concolorous with a pileal surface, up to 1 cm long and 1 cm in diameter.

Hyphal structure: Hyphal system monomitic; generative hyphae simple septate, thin- to slightly thick-walled, IKI–, CB–; tissue darkening otherwise unchanged in KOH.

Context: Generative hyphae are hyaline to yellowish, thin- to slightly thick-walled with a wide lumen, occasionally branched, loosely interwoven, and 4.5–12 μm in diameter; gloeoplerous hyphae present, thin-walled, and dark blue in CB.

Tubes: Generative hyphae are hyaline to yellowish, thin- to slightly thick-walled, occasionally branched, subparallel among the tubes, 3–4.2 μm in diameter; gloeoplerous hyphae are present, thin-walled, and dark blue in CB. Cystidia present, subulate and ventricose or clavate, hyaline, thin-walled, smooth, and 76–90 × 10–20 μm; gloeocystidia occasionally present, fusoid, thin-walled, dark blue in CB, and 24–31 × 6–7 μm. Basidia clavate, bearing four sterigmata and a simple basal septum, and 25–30 × 6.5–7.5 μm; basidioles dominant, similar to basidia in shape, but smaller. Vascular elements are absent.

Spores: Basidiospores ellipsoid to oblong ellipsoid, hyaline, thin-walled, smooth, mostly mono-guttulate, IKI–, CB–, (5.2–) 5.5–6.2 (−6.5) × (3.3–) 3.6–4 (−4.2) μm, L = 5.85 μm, W = 3.83 μm, Q = 1.45–1.65 (n = 90/3).

Additional materials (paratypes) examined: China, Yunnan Province, Chuxiong, The Zixishan National Forest Park, on the rotten root of Pinus yunnanensis, 02 July 2021; Y.C. Dai, Dai 22527 (BJFC037106), Dai 22528 (BJFC037107). Nanhua County, The Dazhongshan Nature Reserve, on the root of Pinus yunnanensis, 15 July 2013, Y.C. Dai, Dai 13279 (BJFC014768). Yuxi, Xinping County, Longquan Park, on the stump of Pinus yunnanensis, July 5, 2021; Y.C. Dai, Dai 22529 (BJFC037108).

Other materials studied.—P. schweinitzii. China. Xinjiang Autonomous Region, Altay, Burqin County, on the stump of Larix, August 19, 2019, J.Z. Qiu, M542 (BJFC038545). Belarus. Brestskaya Voblasts, Belavezhskaya Pushcha National Park, on Picea, 19 Oct. 2019, Y.C. Dai, Dai 21061 (BJFC032720). The Czech Republic. Ceské Budějovice, Hluboka, on Pinus, Jul. 2004, J. Vlasák, JV0407/30-H (dupl. in BJFC038546). Finland. Helsinki Botanical Garden, on the root of Larix, July 5. 1997, Y.C. Dai, Dai 2267 (IFP004025); Etela-Hame, Heinola, Kirkonkyla, Papilla, on Larix, 11 Apr. 2013, Haikonen 29485 (H); Tammmela, Mustiala, Maatalousoppilaitos, on Larix, April 17, 2016, Haikonen 30632 (H). Portugal. Algarve, Vila do Bispo, Budens, on Pinus pinea, 26 Jul. 2018, Miettinen (dupl. in BJFC033041).—“P. schweinitzii-1.” The USA. Connecticut, Griswold, Hopeville Pond State Park, on Pinus strobus, 07 Jun. 2021, D.W. Li, dupl. Y.C. Dai, Dai 23689 (BJFC038260), D.W. Li, dupli. Y.C. Dai, Dai 23690 (BJFC038262), D.W. Li, dupli. Dai 23691 (BJFC038263); New Haven, on the ground, October 29, 2021, D.W. Li, dupl. Dai 23688 (BJFC038260). Massachusetts, Boston, Forestry Hill, on Tsuga, July 27, 2015, Y.C. Dai, Dai 16036 (BJFC020137). Pennsylvania, Wilkes-Barre, Rickettes Glen St. Park, on Tsuga roots, July 2003, J. Vlasák Jr., JV0307/5-J (dupl. BJFC033026).—Phaeolus tabulaeformis. The USA. Florida, Sarasota, Water Tower Park, Frisbee golf course, August 13, 2016, Dollinger 873 (dupli. JV and PRM).




Discussion

Six taxa are detected in the P. schweinitzii complex: P. schweinitzii sensu stricto seems to be distributed in Eurasia; P. asiae-orientalis and P. yunnanensis are so far known in Northeast and Southwest China; P. tabulaeformis (Berk.) Pat., “P. schweinitzii-1” and “P. schweinitzii-2” have distributions in North America. P. schweinitzii sensu stricto is most probably not distributed in North America, and its previous records in North America (Gilbertson and Ryvarden, 1987) should be analyzed by molecular data.

Twelve names were listed as synonyms of P. schweinitzii (Donk, 1974; Index Fungorum Database 2021, http://www.speciesfungorum.org/GSD/GSDspecies.asp?RecordID=121352; MycoBank Database 2021, https://www.mycobank.org/page/Simple%20names%20search); most of these taxa were described from Europe (Donk, 1974), and four were outside of Europe, viz. Phaeolus amazonicus, P. subbulbipes, P. manihotis, and P. tabulaeformis.

Inonotus sulphureopulverulentus P. Karst. was described from Baikal, Russia (Karsten, 1904). Pilát (1936–1942) considered it a species of uncertain identity; Lowe (1956) treated it as a synonym of P. schweinitzii. The senior author studied the type (in H), and it is a sterile fragment of basidiocarp. To confirm its identity, new samples from the type locality are needed. However, one sample, SFC2017081018 from Siberia, is P. schweinitzii, and our sample BJFC 038545 from the Altay area is also P. schweinitzii (Figure 1); the Russian Baikal is closer to Siberia and Altay, and the type of Inonotus sulphureopulverulentus is most probably a representation of P. schweinitzii.

Polyporus tabulaeformis Berk. (1845, type from Augusta, Georgia), Polyporus spectabilis Fr. (1851, type from South Carolina, illegitimate) and Polyporus hispidoides Peck (1880, type from New York) were described from North America; Overholts (1953) and Donk (1974) treated them as synonyms of P. schweinitzii. The former taxon was combined as Phaeolus tabulaeformis (Berk.) Pat. by Patouillard (1900). Ryvarden (1977) considered P. tabulaeformis to be a synonym of P. schweinitzii. However, our phylogenetic analyses show that three taxa of Phaeolus exist in North America (Figure 1). Samples from Florida (Dollinger 873 and PhSch) fit the description of Polyporus tabulaeformis well (Berkeley, 1845), and they are treated as Phaeolus tabulaeformis. Samples from Northeast North America (JV0307/5-J, Dai 16036, Dai 23688, Dai 23689, Dai 23691, DA-38, and FP-102447) most probably represent Polyporus hispidoides (type from New York). We treated them as “P. schweinitzii-1” because we did not study the type of P. hispidoides. Samples from western North America (JLF 5317, JLF 5377, and Mushroom Observer 426394) are treated as “P. schweinitzii-2.” We studied two collections of JV0108/104 (from California) and JV0308/64 (from Washington) but failed to extract their DNA, and they were not analyzed in our phylogeny. Samples of JLF 5317, JLF 5377, and Mushroom Observer 426394 from Arizona formed an independent lineage in our phylogeny (Figure 1); they may represent an undescribed taxon. Because our present paper focuses on the Chinese taxa of Phaeolus, we are not going to comment much on American taxa.

Phaeolus schweinitzii sensu stricto is easily distinguished from the two new species by its bigger basidiospores [6–9 × 4.5–5 μm in Ryvarden and Melo (2017) vs. 6–7 × 3.5–4.2 μm in P. asiae-orientalis and 5.5–6.2 × 3.6–4 μm in P. yunnanensis].

Phaeolus tabulaeformis has pores of 2–3 per mm and basidiospores of 6–7 × 4–5 μm (from Dollinger 873), so its pores are smaller than those in P. asiae-orientalis and P. yunnanensis, and its basidiospores are wider than those in P. asiae-orientalis and P. yunnanensis.

“Phaeolus schweinitzii-1” resembles P. asiae-orientalis and P. yunnanensis, but it has mostly oblong ellipsoid basidiospores and scanty vascular elements, while P. asiae-orientalis has mostly mango-shaped basidiospores and abundant vascular elements. “P. schweinitzii-1” differs from P. yunnanensis by longer basidiospores [(6.5–) 6.6–7.5 (−7.7) × (3.5–) 3.7–4.1 (−4.3) μm, L = 6.98 μm, W = 3.90 μm, Q = 1.79 (n = 90/3) vs. (5.2–) 5.5–6.2 (−6.5) × (3.3–) 3.6–4 (−4.2) μm, L = 5.85 μm, W = 3.83 μm, Q = 1.45–1.65 (n = 90/3)].

Phaeolus asiae-orientalis is different from P. yunnanensis by longer basidiospores (6–7 × 3.5–4.2 μm vs. 5.5–6.2 × 3.6–4 μm). In addition, vascular elements are abundant in P. asiae-orientalis, while they are absent in P. yunnanensis.

Phaeolus asiae-orientalis and P. yunnanensis are common species in both natural and planted coniferous forests in China; they were previously considered P. schweinitzii, a forest pathogen in the Chinese forests (Dai et al., 2007; Dai, 2012). The present results demonstrate that the three pathogenetic species of Phaeolus exist in China: viz. P. asiae-orientalis mostly on Larix gmelinii, L. olgensis, Picea jezoensis, and Pinus koraiensis in Northeast China, Phaeolus yunnanensis usually on Pinus yunnanensis in Southwest China, and P. schweinitzii on Larix in Northwest China. P. asiae-orientalis is the cause of butt rot in natural coniferous forests in Northeast China, while P. yunnanensis causes butt rot in planted coniferous forests in Southwest China.

Phaeolus schweinitzii was also reported in New Zealand and Australia on species of Araucariaceae and Myrtaceae (Cunningham, 1965; Buchanan and Ryvarden, 2000) and in the tropical pacific areas of Hawaii Island on Acacia (the Bega, 1979). The taxon differs from P. schweinitzii sensu stricto and will be published by another team (personal communication).

Phaeolus amazonicus M.A. De Jesus & Ryvarden was described from Brazil, and it differs from the members of the genus in the Northern Hemisphere by its dimitic hyphal structure (Jesus and Ryvarden, 2010). Phaeolus manihotis (Heim, 1931) was described from Madagascar. It is different from our two new species by the presence of cuticle or crust at the upper surface and the absence of cystidia (Heim, 1931). Phaeolus subbulbipes (Henn.) O. Fidalgo & M. Fidalgo was also originally described from Brazil, and it differs from our new species by its smaller and globose basidiospores measuring 3.5–4.1 μm (Fidalgo and Fidalgo, 1957).

Phaeolus rigidus (Lév.) Pat. was described in Java, Indonesia, but according to Ryvarden (1981), it is a synonym of Trichaptum durum (Jungh.) Corner.
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Gymnopus sect. Impudicae is a poorly studied group around the world. However, it is well known for its pungent smell—a total of five species from China belonging to sect. Impudicae were recorded, and included four species new to science—G. epiphyllus, G. cystidiosus, G. subdensilamellatus, and G. subpolyphyllus—which were delimited and proposed based on morphological and molecular evidences, and one new record from Henan, Jiangxi, and Gansu Province, China—G. densilamellatus. Detailed descriptions and illustrations were presented as well as comparisons to similar species. Phylogenetic analysis inferred from the ITS and nLSU dataset supported the Gymnopus as a monophyletic genus which was defined by Oliveira et al., and the novel species grouped as separate lineages within it. A Key to the reported species of Gymnopus sect. Impudicae is also provided.

KEYWORDS
 foetid smell, Gymnopus sect. Impudicae, new species, phylogenetic analysis, taxonomy


Introduction

Gymnopus (Pers.) Roussel (Omphalotaceae, Agaricales) is a widely spread and controversial genus. In the conception of Antonín and Noordeloos (2010), Gymnopus was composed of sect. Impudicae (Antonín and Noordel.) Antonín and Noordel., sect. Androsacei (Kühner) Antonín and Noordel., sect. Levipedes (Quél.) Halling, and sect. Vestipedes (Fr.) Antonín, Halling, and Noordel. Later, the definition of Gymnopus is modified constantly. Sect. Perforanita (Singer) R.H. Petersen was combined into Gymnopus (Petersen and Hughes, 2016). Recently, Oliveira et al. (2019) redefined the genus Gymnopus more strictly based on combined ITS + nLSU phylogenetic analysis. In their conception, the key features of the genus Gymnopus including collybioid basidiomata, rarely tricholomatoid or marasmioid, free, emarginate or adnate lamellae that are usually crowded, and insititious stipe or not, usually with a strigose base, a white spore print; basidiospores ellipsoid to short-oblong, inamyloid; cheilocystidia usually present and variety; a cutis or ixocutis pileipellis with radially arranged cylindrical hyphae or interwoven more like a trichoderm or ixotrichoderm, made up of irregularly coralloid terminal elements (‘Dryophila structures')—often incrusted, diverticulate hyphal elements, mixed with broom cells and coralloid hyphae; and clamp connections present in all tissues. Therefore, sect. Vestipedes was segregated and placed within Collybiopsis (J. Schröt.) Earle (=Marasmiellus Murrill), and sect. Perforanita was proposed as a new genus—Paragymnopus J.S. Oliveira. In addition, some Gymnopus species were transferred to two new genera—Paramycetinis R.H. Petersen and Pseudomarasmius (Petersen and Hughes, 2020).

Gymnopus sect. Impudicae was treated as a subsection of sect. Vestipedes initially, then Antonín and Noordeloos (2010) raised it to a section rank based on the morphology and molecular evidence. Additionally, some previously assigned species as Micromphale Gray, Marasmiellus sect. Gloeonemae (Kühner) Antonín and Noordel., and Marasmius sect. Gloeonemae Kühner was transferred to this section. Sect. Impudicae is characterized by most species with a strong and usually unpleasant smell, reminding of rotten cabbage or onion, pileipellis with diverticulate terminal elements, and typically inconspicuous cheilocystidia (Antonín and Noordeloos, 1993, 1997; Antonín and Noordeloos, 2010). Until now, about 300 species belonging to Gymnopus s. str. were described worldwide, and 26 species were included in sect. Impudicae (Kirk et al., 2008). In China, the species diversity, taxonomy, and phylogeny of macrofungi have been investigated in recent years, thus many new species have been discovered (Zhong et al., 2018; Cui et al., 2019; Sun et al., 2020, 2022; Zhang et al., 2020; Cao et al., 2021a,b; Hu et al., 2021b; Liu et al., 2021, 2022a,b; Ji et al., 2022; Tuo et al., 2022; Wang et al., 2022). However, research on sect. Impidicae in China lags behind the studies in Europe, the United States, or South Korea (Ryoo et al., 2016) and lacks systematic analysis. Only eight species were recorded from China in sect. Impidicae (Li et al., 2021a). Furthermore, only G. densilamellatus Antonín, Ryoo, and Ka (Li et al., 2021a) , G. foetidus (Sowerby) J.L. Mata and R.H. Petersen (Deng, 2016), and G. polyphyllus (Peck) Halling (Ding, 2017) were recorded from northern China.

Gymnopus species are found to have economic value: for example, G. erythropus (Pers.) Antonín, Halling and Noordel. and G. ocior (Pers.) Antonín & Noordel. are edible macrofungi (Wu et al., 2019). However, some species belongs this genus were found to be poisonous fungi, e.g., G. densilamellatus was also discovered from Hunan, Guizhou, and Hebei Province, and resulted in several poisoning incidents with gastroenteritis symptoms (Wu et al., 2019; Li et al., 2021c, 2022).

This paper aims to describe and illustrate five species of Gymnopus sect. Impudicae—four species new to science and one new record for Henan, Jiangxi, and Gansu Province, China—based on morphology and molecular evidence.



Materials and methods


Sampling and morphological studies

The studied specimens were photographed in situ. The size of the basidiomata was measured when fresh. After examining and recording the fresh macroscopic characters, the specimens were dried in an electric drier at 40–45°C.

The macroscopic characteristics were based on field notes and photographs, with the color descriptions corresponding to the Flora of British Fungi: color identification chart (Royal Botanic Garden, 1969). The dried specimens were rehydrated in 94% ethanol for microscopic examination. And then mounted in 3% potassium hydroxide (KOH), 1% Congo red solution (0.1 g Congo red dissolved in 10 mL distilled water), 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) (César et al., 2018); they were then examined with a Zeiss Axio lab. A1 microscope at magnifications up to 1,000×. All measurements were taken from the sections mounted in the 1% Congo red. For each specimen, a minimum of 40 basidiospores, 20 basidia, 20 cheilocystidia, and 20 hyphal elements of pileipellis were measured from two different basidiocarps. When reporting the variation in the size of the basidiospores, basidia, cheilocystidia, and hyphal elements of the pileipellis, 5% of the measurements were excluded from each end of the range and are given in parentheses. The basidiospore measurements are length × width (L × W). Q denotes the variation in the ratio of L to W among the studied specimens, Qm denotes the average Q value of all the basidiospores ± standard deviation. The specimens examined are deposited in the Herbarium of Mycology of Jilin Agricultural University (HMJAU).



DNA extraction, PCR amplification, and sequencing

According to the manufacturer's instructions, the total DNA was extracted from dried specimens using the NuClean Plant Genomic DNA Kit (Kangwei Century Biotechnology Company Limited, Beijing, China). Sequences of the internal transcribed spacer (ITS) region, and nuclear large ribosomal subunits (nLSU) were used for phylogenetic analysis. The ITS sequence was amplified using the primer pair ITS1-F (CTT GGT CAT TTA GAG GAA GTA A) and ITS4-B (CAG GAG ACT TGT ACA CGG TCC AG) (Gardes and Bruns, 1993). The nLSU sequence was amplified using the primer pair LR0R (GTA CCC GCT GAA CTT AAG C) and LR7 (TAC TAC CAC CAA GAT CT) (Vilgalys and Hester, 1990; Cubeta et al., 1991). PCR reactions (25 μL) contained 8 μL 2 × EasyTaq® PCR SuperMix (TransGen Biotech Co., Ltd., Beijing, China), 1 μL 10 μM primer L, 1 μL 10 μM primer R, 3 μL DNA solution, and 12 μL dd H2O (Hu et al., 2021a, 2022). The reaction programs were as follows: for ITS, initial denaturation at 94°C for 4 min, followed by 30 cycles at 94°C for 1 min, 54°C for 1 min and 72°C for 1 min, and a final extension of 72°C for 10 min (Coimbra et al., 2015); for nLSU, initial denaturation at 95°C for 3 min, followed by 30 cycles at 94°C for 30 s, 47°C for 45 s, and 72°C for 90 s, and a final extension of 72°C for 10 min (Ryoo et al., 2016; Hu et al., 2021b). The PCR products were visualized via UV light after electrophoresis on 1% agarose gels stained with ethidium bromide and purified using the Genview High-Efficiency Agarose Gels DNA Purification Kit (Gen-View Scientific Inc., Galveston, TX, USA). The purified PCR products were then sent to Sangon Biotech Limited Company (Shanghai, China) for sequencing using the Sanger method. The new sequences were deposited in GenBank (http://www.ncbi.nlm.nih.gov/genbank; Table 1).


TABLE 1 Voucher/specimen numbers, Country, and GenBank accession numbers for the specimens of Gymnopus and related genera used in the study; sequences produced in this study are bold.
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Data analysis

Based on the BLAST results and morphological similarities, the sequences obtained and related to these samples were collected and are listed in Table 1. A dataset of ITS and nLSU resigns comprised sequences from this study, with 45 representative sequences showing the highest similarity to Gymnopus spp. This dataset included all Gymnopus s. str. sections (sect. Androcacei, sect. Levipedes, sect. Impudicae, and sect. Gymnopus) to explore further the relationships of the newly sequenced Chinese specimens within the genus Gymnopus. Moreover, species from allied genera Rhodocollybia Singer and Paragymnopus J.S. Oliveira were also employed in our phylogenetic analysis. Mycetinis alliaceus (Jacq.) Earle ex A.W. Wilson and Desjardin and Mycetinis opacus (Berk. and M.A. Curtis) A.W. Wilson & Desjardin were selected as outgroups (Petersen and Hughes, 2016).

Of the dataset, each gene region was aligned using Clustal X (Thonpson, 1997), or MAFFT 7.490 (Katoh and Standley, 2013), and then manually adjusted in BioEdit 7.0.5.3 (Hall, 1999). The datasets first were aligned, and then the ITS and nLSU sequences were combined with Phylosuite v1.2.2 (Zhang et al., 2020). The best-fit evolutionary model was estimated using Modelfinder (Kalyaanamoorthy et al., 2017). Bayesian inference (BI) algorithms were used following the models to perform the phylogenetic analysis. BI was calculated with MrBayes 3.2.6 with a general time-reversible DNA substitution model and a gamma distribution rate variation across the sites (Ronquist and Huelsenbeck, 2003). Four Markov chains were run for two runs from random starting trees for two million generations until the split deviation frequency value was <0.01; the trees were sampled every 100 generations. The first 25% of the sampled trees were discarded as burn-in, while all remaining trees were used to construct a 50% majority consensus tree and calculate the Bayesian posterior probabilities (BPPS). RaxmlGUI 2.0.6 (Edler et al., 2021) was used for maximum likelihood (ML) analysis along with 1,000 bootstraps (BS) replicates using the GTRGAMMA algorithm to perform a tree inference and search for the optimal topology (Vizzini et al., 2015). Then FigTree v1.3.1 was used to visualize the resulting trees.




Results


Phylogenetic analysis

In the combined dataset, 65 sequences derived from two gene loci (ITS and nLSU) from 41 samples were used to build phylogenetic trees; 20 were newly generated with 10 ITS sequences and 10 nLSU sequences. Modelfinder selected the best fit model for the combined dataset, and the best fit model for BI is HKY+I+G+F. The phylogenetic construction performed via ML and BI analysis for the two combined datasets showed a similar topology.

After trimming, the combined ITS and nLSU dataset represented 39 taxa and 2,407 characters. The Bayesian analysis was run for two million generations and resulted in an average standard deviation of split frequencies of 0.006186. The same dataset and alignment were analyzed using the ML method. Four clades were revealed corresponding to Gymnopus, Rhodocollybia, Mycetines, and Paragymnopus (Figure 1). Nine sampled specimens formed four new species and were clustered in a clade comprising the species of the Gymnopus sect. Impudicae. At the same time, one sampled specimen—clustered with G. densilamellatus with solid support—was confirmed as a new record for Henan, Jiangxi, and Gansu Province, China.


[image: Figure 1]
FIGURE 1
 Maximum likelihood phylogenetic tree generated from the ITS and nLSU dataset for the studied Gymnopus species and related genera. Two sequences of Mycetinis species are selected as outgroups. Bootstrap values (BS) ≥ 70% from ML analysis and Bayesian posterior probabilities (BPPS) ≥ 0.70 are shown on the branches. Newly sequenced collections are indicated in bold.


The phylogeny inferred from ITS and nLSU sequence revealed Gymnopus s. str. as a monophyletic genus divided into four clades: sect. Androcacei clade, sect. Levipedes clade, sect. Impudicae clade, and sect. Gymnopus clade (Figure 1). The sect. Impudicae clade was subsequently divided into four clades. Four new species described in this study and G. densilamellatus were gathered into clade 5 with high support.



Taxonomy

Gymnopus epiphyllus J.J. Hu, B. Zhang & Y. Li sp. nov.

Figures 2A,B, 3

MycoBank: MB 843736


[image: Figure 2]
FIGURE 2
 Fresh basidiomata of Gymnopus species. (A,B) Gymnopus epiphyllus; (C–E) Gymnopus cystidiosus; (F–H) Gymnopus subdensilamellatus; (I,J) Gymnopus subpolyphyllus; (K–N) Gymnopus densilamellatus. Scale bars: 1 cm (A–N).
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FIGURE 3
 Morphological characteristics of Gymnopus epiphyllus (HMJAU 60990, holotype). (A) Basidiomata; (B) Pileipellis elements; (C) Basidospores; (D) Caulocysidia; (E) Basidia; (F) Cheilocystidia; Scale bars: 1 cm (A); 10 μm (B); 5 μm (C,E,F); 20 μm (D).


Etymology: The epithet “epiphyllus” means “on leaves,” referring to the species that grows on the decayed leaves in broad-leaved forests.

Diagnosis: This species can be distinguished by its small-sized basidiomata, tomentose pileus with an umbo at disk, smaller basidiospores, and cylindrical terminal elements of pileipellis.

Type. China. Jilin Province, Tonghua City, Ji'an County, Wunvfeng National Forest Park, 13 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 60990 (collection no. Hu 556).

Basidiomata small-sized, gregarious. Pileus convex to planate, 1.2–2.2 cm wide, tomentose, nearly white to light brown, with an umbo at disk and light brown to brown; margin nearly white to light brown, entire, involute, covered with dense tomentum. Context thin, fresh, with a strong smell reminding of rotten cabbage or onion. Stipe central, cylindrical, slightly expanded at base, 2.0–3.2 cm long and 0.2–0.3 cm wide, white, covered with pubescence entirely and tomentum at the base, hollow, fibrous. Lamellae adnexed to subfree, light brown, close, unequal.

Basidiospores oblong ellipsoid to cylindrical, 6.0–8.0 × 3.0–3.8(4.0) μm, as the Q = (1.72)1.88–2.30(2.32), Qm = 2.04 ± 0.15, smooth, hyaline, inamyloid, thin-walled. Basidia clavate, (13)17–31(32) × 4–6(7) μm, two or four spored, thin-walled, hyaline. Cheilocystidia irregularly clavate, with a mucro becoming elongated filiform with age, or with a projection at apex, 15–32(37) × 3–5 μm, thin-walled, hyaline. Caulocystidia numerous, clavate or irregularly clavate to branched, 40–65(75) × (3)4–6 μm, thin-walled, hyaline. Pileipellis a cuits; hyphal elements branched, hyaline, (3)5–12(13) μm wide; clamp connections abundant.

Habitat. Saprophytic on fallen leaves in broad-leaved forests.

Other specimens examined. China. Jilin Province, Tonghua City, Ji'an County, Wunvfeng National Forest Park, 13 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HNJAU 60991 (collection no. Hu 560).

Note. Gymnopus epiphyllus is characterized by small-sized basidomata with a yellowish-brown umbo and tomentose pileus, light khaki lamellae, white and tomentose stipe, and small basidiospores. Morphologically, G. epiphyllus is similar to Gymnopus atlanticus V. Coimbra, Pinheiro, Wartchow and Gibertoni with pale brown pileus and light khaki lamellae. However, G. epiphyllus differs from G. atlanticus in a tomentose pileus with a brown umbo at disk, nearly white and tomentose stipe, not pyriform, lageniform to somewhat sphaeropedunculate, versiform, or moniliform rostrum terminal elements of pileipellis (Coimbra et al., 2015), and smaller basidiospores.

Gymnopus cystidiosus J.J. Hu, B. Zhang & Y. Li sp. nov.

Figures 2C–E, 4

MycoBank: MB 843738

Etymology: The epithet “cystidiosus” refers to the species having pleurocystidia.

Diagnosis: This species can be distinguished from other species by its small basidiomata, glabrous pileus with a dark brown umbo, close and white lamellae, presence of pleurocystidia, and smaller basidiospores.

Type. China. Jilin Province, Tonghua City, Ji'an County, Wunvfeng National Forest Park, 21 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 60992 (collection no. Hu 577).


[image: Figure 4]
FIGURE 4
 Morphological characteristics of Gymnopus cystidiosus (HMJAU 60992, holotype). (A) Basidiomata; (B) Pileipellis elements; (C) Basidospores; (D) Caulocystidia; (E) Pleurocystidia; (F) Basidia; (G) Cheilocystidia; Scale bars: 1 cm (A); 10 μm (B,E); 20 μm (D); 5 μm (C,F,G).


Basidiomata small-sized, solitary to gregarious. Pileus convex to applanate, or reflex, 1.8–3.6 cm wide, glabrous, hygrophanous, brown to dark brown at the disc, yellow to light brown outwards; margin nearly white to light yellow then becoming light brown, straight at first then becoming reflex. Context thin, fresh, with a strong smell reminding of rotten cabbage or onion. Stipe central, cylindrical, tapering downwards sometimes, 2.4–4.5 cm long and 0.2–0.4 cm wide, yellow or fresh-colored to pink-fresh, covered with pubescence entirely, tomentose at the base, hollow, fibrous. Lamellae adnexed to free, white, becoming dark brown when old, close, unequal.

Basidiospores ellipsoid to oblong ellipsoid, (5.1)5.2–6.4(7.0) × (2.8)3.0–4.0 μm, as the Q = (1.50)1.55–2.00(2.14), Qm = 1.79 ± 0.16, smooth, hyaline, inamyloid, thin-walled. Basidia clavate, 18–28 × 3–7 μm, usually 2-spored, occasionally 4-spored, thin-walled, hyaline. Cheilocystidia irregularly clavate, with a mucro that becomes elongated filiform with age, or projections like at apex, (15)19–32(34) × 3–5 μm, thin-walled, hyaline. Pleurocystidia scattered, pyriform to broadly fusoid-ventricose, 20–32 × (5)8–12(13) μm, thin-walled, hyaline. Caulocystidia clavate to branched, (15)27–50 × 3–5 μm, thin-walled, hyaline. Pileipellis a cuits, branched, hyaline, 7–15 μm wide; clamp connections abundant.

Habitat. Saprophytic on fallen leaves in broad-leaved forests.

Other specimens examined. China. Jilin Province, Tonghua City, Ji'an County, Wunvfeng National Forest Park, 21 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 60993 (collection no. Hu 578); Tonghua City, Ji'an County, Wunvfeng National Forest Park, 21 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 60994 (collection no. Hu 579); Tonghua City, Ji'an County, Wunvfeng National Forest Park, 21 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 60995 (collection no. Hu 581); Tonghua City, Ji'an County, Wunvfeng National Forest Park, 5 August 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 60996 (collection no. Hu 644).

Note. Gymnopus cystidiosus is characterized by its small basidiomata, glabrous pileus with a dark brown umbo, dark brown spots when old, crowded, and nearly white lamellae, fresh to pink and glabrous stipe, presence of pleurocystidia, and smaller basidiospores. Gymnopus cystidiosus is closely related to G. epiphyllus in morphology and phylogeny because of the pileus with an umbo. However, G. cystidiosus differs from G. epiphyllus by its glabrous pileus with brown spots when old, white and crowded lamellae, glabrous and fresh to pink stipe, presence of pleurocystidia, projection cheilocystidia, and smaller basidiospores.

Gymnopus subdensilamellatus J.J. Hu, Y.L. Tuo, B. Zhang & Y. Li sp. nov.

Figures 2F–H, 5

MycoBank: MB 843743

Etymology: sub = near; the epithet “subdensilamellatus” refers to this species closely related to G. densilamelatus.

Diagnosis: This species is differentiated from others by its brown, and none spotted pileus, crowded lamellae, striate stipe, and small basidiospores and Qm.

Type. China. Jilin Province, Tonghua City, Ji'an County, Wunvfeng National Forest Park, 4 September 2020, Yong-Lan Tuo, HMJAU 60997 (collection no. Hu 675).
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FIGURE 5
 Morphological characteristics of Gymnopus subdensilamellatus (HMJAU 60997, holotype). (A) Basiaiomata; (B) Pileipellis elements; (C) Basidospores; (D) Caulocystidia; (E) Basidia; (F) Cheilocystidia; Scale bars: 1 cm (A); 10 μm (B); 20 μm (D); 5 μm (C,E,F).


Basidiomata small- to medium-sized, gregarious. Pileus convex to applanate, 2.5–5.0 cm wide, glabrous, dark brown and slightly depressed at the center, pale colored outwards at first, yellow to brown, dark brown when mature; margin nearly white to light yellow, entire, involute, wavy sometimes. Context thin, fresh, with a strong smell reminding of rotten cabbage or onion. Stipe central, cylindrical to clavate, 5.0–7.2 cm long and 0.2–0.7 cm wide, nearly white to dirty white, almost white to light reddish brown at apex, pruinose, covered with white tomentose at the base, with longitudinal striate, hollow, fibrous. Lamellae adnexed to subfree, white, extremely close, unequal.

Basidiospores oblong ellipsoid to cylindrical, 6.0–7.2(7.4) × 3.0–3.8(4.0) μm, as the Q = (1.75)1.82–2.07(2.19), Qm = 1.95 ± 0.10, smooth, hyaline, inamyloid, thin-walled. Basidia clavate, (16)17–28(30) × 4–6 μm, two to four spored, thin-walled, hyaline. Cheilocystidia irregularly clavate, with a mucro that becomes elongated filiform with age, or with projections sometimes, 20–28(30) × 4–7 μm, thin-walled, hyaline. Caulocystidia numerous, irregularly clavate, branched, (12)15–50 × 4–10(11) μm, thin-walled, hyaline. Pileipellis a cuits, branched, brown, 6–7(13) μm wide; clamp connections abundant.

Habitat. Saprophytic on fallen leaves in coniferous forest.

Other specimen examined. China. Jilin Province, Tonghua City, Ji'an County, Wunvfeng National Forest Park, 4 August 2020, Yong-Lan Tuo, HMJAU 60998 (collection no. Hu 667).

Note. Gymnopus subdensilamellatus is characterized by its unchangeable brown pileus with white to light brown margin, crowded lamellae, white stipe with light reddish brown at apex, and smaller Qm. Gymnopus subdensilamellatus differs from G. densilamellatus by its unchangeable brown pileus (G. densilamellatus have a brown then white pileus with an ochraceous brownish center; Ryoo et al., 2016), an irregularly clavate caulocystidia, and a mucro to projections cheilocystidia.

Gymnopus subpolyphyllus J.J. Hu, B. Zhang & Y. Li sp. nov.

Figures 2I, J, 6

MycoBank: MB 843744

Etymology: sub = near; the epithet “subpolyphyllus” refers to this species closely related to G. polyphyllus.

Diagnosis: This species can be distinguished from other species by its small basidiomata, pileus with an umbo, tomentose margin and stipe, branched or projected cheilocystidia, branched and long caulocystidia, and small basidiospores.

Type. China. Jilin Province, Tonghua City, Ji'an County, Wunvfeng National Forest Park, 13 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 60999 (collection no. Hu 561).


[image: Figure 6]
FIGURE 6
 Morphological characteristics of Gymnopus subpolyphyllus (HMJAU 60999, holotype). (A) Basidiomata; (B) Pileipellis elements; (C) Basidospores; (D) Caulocystidia; (E) Basidia; (F) Cheilocystidia; Scale bars: 1 cm (A); 10 μm (B); 5 μm (C,E,F); 20 μm (D).


Basidiomata small-sized, gregarious. Pileus plano-hemispherical to convex, 1.4–2.3 cm wide, glabrous, with an umbo sometimes, hygrophanous and pinkish brown when young, then brown to fresh-pink at the disc, pale colored outwards; margin pinkish brown when young, then nearly white to light yellow, involute at first, then becoming straight, reflex sometimes, tomentum. Context thin, fresh, with a strong smell reminding of rotten cabbage or onion. Stipe central, cylindrical, 2.2–3.0 cm long and 0.2–0.3 cm wide, pinkish brown when young, then pale reddish brown, glabrous at the upper part at first, then entirely tomentose, hollow, fibrous. Lamellae adnexed, cream, close, unequal.

Basidiospores ellipsoid to cylindrical, (5.1)5.2–7.0 × (2.9)3.0–4.0 μm, as the Q = (1.48)1.58–2.19(2.33), Qm = 1.84 ± 0.20, smooth, hyaline, inamyloid, thin-walled. Basidia clavate, 17–27 × 4–6 μm, two or four spored, thin-walled, hyaline. Cheilocystidia irregularly clavate, with a mucro that becomes elongated filiform with age, or with projections sometimes, 18–29(30) × 3–6(7) μm, thin-walled, hyaline. Caulocystidia abundant, long clavate, branched, 40–90(100) × 3–6 μm, thin-walled, hyaline. Pileipellis a cuits; hyphal elements branched, hyaline to light yellow, (5)6–10(11) μm wide; clamp connections abundant.

Habitat. Saprophytic on fallen leaves in broad-leaved forests.

Other specimens examined. China. Jilin Province, Tonghua City, Ji'an County, Wunvfeng National Forest Park, 17 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 61016 (collection no. Hu 566); Tonghua City, Ji'an County, Wunvfeng National Forest Park, 17 July 2020, Jia-Jun Hu and Yong-Lan Tuo, HMJAU 61000 (collection no. Hu 572).

Note. Gymnopus subpolyphyllus is characterized by its small basidiomata, glabrous pileus with a light brown umbo occasionally, tomentose margin and stipe, cheilocystidia branched or projection at apex, abundant, branched and long caulocystidia, and small basidiospores. Gymnopus subpolyphyllus is closely related to G. polyphyllus due to its similar appearance. However, G. subpolyphyllus differs from G. polyphyllus by its glabrous pileus, cream lamellae, tomentose stipe, different shape of cheilocystidia, and slightly wider basidiospores (Halling, 1983).

Gymnopus densilamellatus Antonín, Ryoo & Ka

Figures 2K–N, 7
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FIGURE 7
 Morphological characteristics of Gymnopus densilamellatus (HMJAU 61015). (A) Basidiomata; (B) Pileipellis elements; (C) Basidospores; (D) Caulocystidia; (E) Basidia; (F) Cheilocystidia; Scale bars: 2 cm (A); 10 μm (B); 5 μm (C,E,F); 20 μm (D).


Basidiomata medium- to large-sized, usually gregarious. Pileus hemispherical or plano-hemispherical when young, then becoming convex, applanate when mature, 2.0–7.3 cm wide, usually brown, or white sometimes when young, then paler, fading to light brown or yellowish-brown at the center, whitish outwards, becoming white with a light brown center when mature, glabrous, hygrophanous; margin entire, inflexed then straight, white, or brown at first then fading to white when mature. Context thin, white, fresh, with a strong smell reminding of rotten cabbage or onion. Stipe central, cylindrical, 2.2–10.3 cm long and 0.2–0.3 cm wide, usually white, with brown tone sometimes, glabrous, tomentose sometimes, hollow, fibrous. Lamellae free, white to yellowish-white, brown when old, close to crowded, unequal.

Basidiospores oblong ellipsoid to cylindrical, (5.2)5.6–8.0 × 2.8–4.0 μm, as the Q = (1.78)1.80–2.35(2.67), Qm = 2.11 ± 0.23, smooth, hyaline, inamyloid, thin-walled. Basidia clavate, (17)20–25 × 4–6 μm, two or four spored, thin-walled, hyaline. Cheilocystidia irregularly clavate, with projections, 17–23 × 3–6 μm, thin-walled, hyaline. Caulocystidia abundant, long clavate, branched, 30–170 × 3–8 μm, thin-walled, hyaline. Pileipellis a cuits; hyphal elements branched, hyaline to brown, (6)7–13(15) μm wide; clamp connections abundant.

Habitat. Saprophytic on fallen leaves in coniferous and broad-leaved mixed forest.

Specimens examined. China. Jilin province, Baishan City, Fusong County, Yongqing Forest Farm, 7 July 2018, Jia-Jun Hu and Ao Ma, HMJAU 61002 (collection no. Hu 31); Baishan City, Fusong County, Beigang Town, 22 August 2021, Jia-Jun Hu, Gui-Ping Zhao, and Bo Zhang, HMJAU 61003 (collection no. Hu 881); Changchun City, Jingyuetan National Forest Park, 15 July 2018, Jia-Jun Hu, HMJAU 61004 (collection no. Hu 49), HMJAU 61005 (collection no. Hu 50); 31 August 2018, Jia-Jun Hu, HMJAU 61006 (collection no. Hu 72); Jilin City, Jiaohe county, Lafa mountain National Forest Park, 9 September 2018, Jia-Jun Hu and Bo Zhang, HMJAU 61007 (collection no. Hu 102); 19 August 2021, Jia-Jun Hu and Bo Zhang, HMJAU 61008 (collection no. Hu 866); Jilin City, Jiaohe county, Zhuque mountain National Forest Park, 18 August 2021, Jia-Jun Hu and Bo Zhang, HMJAU 61009 (collection no. Hu 841), HMJAU 61010 (collection no. Hu 845); Tonghua City, Ji'an County, Wunvfeng National Forest Park, 21 August 2021, Yong-Lan Tuo, HMJAU 61011 (collection no. Hu 361), HMJAU 61012 (collection no. Hu 363); Jiangxi Province, Ji'an City, Jinggangshan County, Jinggang Mountain, 19 July 2019, Bo Zhang, HMJAU 61013 (collection no. Hu 211); Gansu Province, Zhangye City, Xishui Nature Reserve Station, 14 August 2019, Jia-Jun Hu, Wang Yang, and Zhi-Hui Luo, HMJAU 61014 (collection no. Hu 258); Henan Province, Zhumadian City, Biyang County, Baiyun Mountain, 10 July 2021, Jia-Jun Hu, Gui-Ping Zhao, and Bo Zhang, HMJAU 61015 (collection no. Hu 772).

Note. Gymnopus densilamellatus was initially described in South Korea; then Li et al. (2021a) first recorded it in China in 2021. More than five specimens of G. densilamellatus were collected from Henan, Jiangxi, and Gansu Province, China.

There are some differences between the specimens we collected and the original descriptions. According to the original description, the pileus is brown to reddish-brown at first, then becoming paler, brownish orange to brown at the center and whitish outwards, later whitish, with an ochraceous brownish center when mature (Ryoo et al., 2016). While during our investigation, some white basidiomata specimens from young to mature were found, and the morphological characters were carefully examined.



Key to the reported species of Gymnopus sect. Impudicae

1 Basidiomata typically collybioid or marasmioid............................ 2

1 Basidiomata not typically collybioid or marasmioid .........................

...................................................................... G. montagnei

2 Cheilocystidia absence .................................................. 3

2 Cheilocystidia presence ................................................. 5

3 Caulocystidia presence .................................................. 4

3 Caulocystidia absence ................................................. G. imbracatus

4 Pileus and stipe are concolor, uniform color of stipe

...................................................................... G. ceraceicola

4 Pileus and stipe heterochromatic, light color at the base of stipe ............ G. hakaroa

5 Pileus sulcate, lamellae adnexed to adnate, light yellow to brow ............. 6

5 Pileus without sulcate or with inconspicuous sulcate ...................... 10

6 Pileipellis Rameales structues........................................... G. atlanticus

6 Pileipellis a cuits........................................................7

7 Basidiomata are light colored—yellow to yellowish brown.................. 8

7 Basidiomata are dark colored—reddish brown to dark brown

....................................................................... 9

8 Basidiomata grows on fallen leaves or ground ............................ G. talisiae

8 Basidiomata grows on rotten wood ...................................... G. pygmaeus

9 Basidiospores shorter than 7.5 μm G. brassicolens

9 Basidiospores longer than 7.5 μm G. dysodes

10 Lamellae moderately distant, cheilocystidia projection(s) at apex, and branched pileipellis elements .................................................... 11

10 Lamellae closed to crowded, cheilocystidia clavate or projection(s) at apex ..12

11 Lamellae yellow to brown .............................................. G. similis

11 Lamellae brownish orange, sometimes with a light violaceous tinge......... G. variicolor

12 Basidiomata small-sized, with a striped pileus ............................ 13

12 Basidiomata usually medium- to large-sized, with a glabrous pileus......... 15

13 Stipe mostly lilac or pinkish tinged with a dark colored base

...................................................................... G. impudicus

13 Stipe reddish brown.................................................... 14

14 Basidiomata marasmioid ............................................... G. foetidus

14 Basidiomata collybioid................................................. G. trabzonensis

15 Pleurocystidia present.................................................. G. cystidiatus

15 Pleurocystidia absent .................................................. 16

16 Pileus covered with tomentose .......................................... 17

16 Pileus glabrous ....................................................... 18

17 Pileipellis hyaline in 3% KOH, basidiospores longer than 7 μm G. epiphyllus

17 Pileipellis light yellow in 3% KOH, basidiospores shorter than 7 μm G. subpolyphyllus

18 Color of pileus unchangeable, branched, or a mucro to projections cheilocystidia, basidiospores shorter than 7.2 μm

...................................................................... G. subdensilamellatus

18 Color of pileus in most species changeable from brown to nearly white, irregularly clavate, or finger-like cheilocystidia, basidiospores longer than 7.2 μm G. densilamellatus




Discussion

This study describes four new species belonging to Gymnopus from Northeast China. They are well-supported by molecular phylogenetic and morphological evidence. Our newly recognized and delimited species are occurring in broad-leaved or coniferous forests.

The phylogenetic studies on sect. Impudicae were started in recent 20 years and with poor focus. Wilson and Desjardin (2005) and Mata et al. (2006) indicated that subsect. Impudicae should be an independent section, not a subsection of sect. Vestipedes, although they shared a tomentose stipe and pileipellis as a simple cutis (Antonín and Noordeloos, 1993, 1997). Later, Antonín and Noordeloos (2010) revised the limits of this group and raised it to a sectional rank. Coimbra et al. (2015) studied on sect. Impudicae from Northern Brazil, based on ITS sequence, concluded that the species of sect. Impudicae were mainly divided into two subclades—subclade impudici and subclade foetidi. The diagnostic features of the section proposed by Antonín and Noordeloos (2010) do not reflect all the morphological variability of members of the sect. Impudicae.

Our combined phylogenetic result differs from Coimbra et al. (2015), while similar to Li et al. (2021a). In our phylogenetic analysis, sect. Impudicae consisted of four significant subclades: clade 2, clade 3, clade 4, and clade 5. Clade 2 includes five species—Gymnopus atlanticus V. Coimbra, Pinheiro, Wartchow and Gibertoni, Gymnopus brassicolens (Romagn.) Antonín and Noordel., Gymnopus dysodes (Halling) Halling, Gymnopus pygmaeus V. Coimbra, E. Larss., Wartchow and Gibertoni, and Gymnopus talisiae V. Coimbra, Pinheiro, Wartchow and Gibertoni—are characterized by pileus sulcate, lamellae adnexed to adnate, light yellow to brown. Clade 3 consists of Gymnopus graveolens (Pers.) Gray, Gymnopus iocephalus (Berk. and M.A. Curtis) Halling, Gymnopus similis Antonín, Ryoo and Ka, Gymnopus salakensis A.W. Wilson, Desjardin and E. Horak, and Gymnopus variicolor Antonín, Ryoo, Ka and Tomšovský. Clade 3 is characterized by the moderately distant lamellae, cheilocystidia projection(s) at the apex, and branched pileipellis elements. Gymnopus barbipes R.H. Petersen and K.W. Hughes, Gymnopus foetidus (Sowerby) J.L. Mata and R.H. Petersen, Gymnopus impudicus (Fr.) Antonín, Halling and Noordel., and Gymnopus trabzonensis Vizzini, Antonín, Sesli and Contu clustered into one branch, forming clade 4. Clade 4 is characterized by small-sized basidiomata with brown tones and striate pileus, clavate cheilocystidia, and sometimes rostrate or projection(s) at apex, 4-spored basidia. Gymnopus densilamellatus, G. polyphyllus, and our four new species form clade 5. All the species included in clade 5 are featured by the yellow to brown pileus disk, close to crowded lamellae, basidiospores 5–8 μm long, cheilocystidia with projection(s) at apex, and branched pileipellis elements.

However, two species—Gymnopus alliifoetidissimus T.H. Li and J.P. Li and Gymnopus montagnei (Berk.) Redhead form two independent clades respectively. These two species with strong smell were not morphologically typical species of sect. Impudicae. Besides, G. montagnei lacks lamellae. In addition, Gymnopus ceraceicola J.A. Cooper and P. Leonard, Gymnopus hakaroa J.A. Cooper and P. Leonard, and Gymnopus imbricatus J.A. Cooper and P. Leonard, described in New Zealand (clade 1), initially considered as the members of the sect. Impudicae, formed an independent clade close to the sect. Androsacei, sect. Gymnopus, and sect. Levipedes, far away from sect. Impudicae, which was different from Li et al. (2021a). The key features of these three species are small-sized and marasmioid basidiomata, growing on rotten wood, lacking of cheilocystidia and pleurocystidia, and presence of gelatinized pileipellis; in contrast, the species of sect. Impudicae are usually collybioid, presence of cheilocystidia. Furthermore, this section includes some species without distinct smell—G. atlanticus, Gymnopus barbipes, and G. salakensis. Thus, the morphological limits of sect. Impudicae needs to be reevaluated, and relationships within this section or among genus Gymnopus need to be further clarified.
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Complex dynamic bacterial-fungal interactions play key roles during mushroom growth, ranging from mutualism to antagonism. These interactions convey a large influence on mushroom’s mycelial and fruiting body formation during mushroom cultivation. In this study, high-throughput amplicon sequencing was conducted to investigate the structure of bacterial communities in spent mushroom substrates obtained from cultivation of two different groups of Auricularia cornea with (A) high yield and (B) low yield of fruiting body production. It was found that species richness and diversity of microbiota in group (A) samples were significantly higher than in group (B) samples. Among the identified 765 bacterial OTUs, 5 bacterial species found to exhibit high differential abundance between group (A) and group (B) were Pseudonocardia mangrovi, Luteimonas composti, Paracoccus pantotrophus, Sphingobium jiangsuense, and Microvirga massiliensis. The co-cultivation with selected bacterial strains showed that A. cornea TBRC 12900 co-cultivated with P. mangrovi TBRC-BCC 42794 promoted a high level of mycelial growth. Proteomics analysis was performed to elucidate the biological activities involved in the mutualistic association between A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794. After co-cultivation of A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794, 1,616 proteins were detected including 578 proteins of A. cornea origin and 1,038 proteins of P. mangrovi origin. Functional analysis and PPI network construction revealed that the high level of mycelial growth in the co-culture condition most likely resulted from concerted actions of (a) carbohydrate-active enzymes including hydrolases, glycosyltransferases, and carbohydrate esterases important for carbohydrate metabolism and cell wall generation/remodeling, (b) peptidases including cysteine-, metallo-, and serine-peptidases, (c) transporters including the ABC-type transporter superfamily, the FAT transporter family, and the VGP family, and (d) proteins with proposed roles in formation of metabolites that can act as growth-promoting molecules or those normally contain antimicrobial activity (e.g., indoles, terpenes, β-lactones, lanthipeptides, iturins, and ectoines). The findings will provide novel insights into bacterial-fungal interactions during mycelial growth and fruiting body formation. Our results can be utilized for the selection of growth-promoting bacteria to improve the cultivation process of A. cornea with a high production yield, thus conveying potentially high socio-economic impact to mushroom agriculture.
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 Auricularia cornea, growth-promoting bacteria, bacterial-fungal interactions, microbiota, co-cultivation, Pseudonocardia, proteomics, functional analysis


Introduction

Auricularia, also known as wood ear mushroom, is the third most cultivated mushroom and accounts for approximately 17% of mushroom production worldwide after Lentinula (22%) and Pleurotus (19%) (Royse et al., 2017). The commercial cultivation of Auricularia mushrooms is mainly done in China, Indonesia, Malaysia, the Philippines, Thailand, and Vietnam (Royse et al., 2017). A fruiting body of Auricularia mushrooms is rich in several nutrients such as carbohydrates, proteins, dietary fibers, amino acids, and microelements that show beneficial properties including blood fat lowering, anti-tumor, anti-gastrointestinal cancer, and anti-oxidation activities (Bandara et al., 2019). Moreover, the fruiting body of Auricularia polytricha has been reported to be utilized as biosorbents for heavy metals such as Pb(II), Cd(II), Cu(II), and Cr(VI), which are beneficial for remediation of aqueous solution in industries (Zheng et al., 2014).

For commercial production of Auricularia mushrooms, Auricularia mycelia are normally inoculated in a bag containing substrates comprising sawdust as the main component supplemented with materials such as bran, straw, and gypsum. The spawn is allowed to run completely in 2 weeks. Then, the bags are cut to allow the fruiting body to appear in 8–10 days (Royse et al., 2017). Due to the economic importance of Auricularia mushroom production, many studies relating to the cultivation of Auricularia mushroom have recently been reported. For example, suitable formulations of substrates for high-yield cultivation of Auricularia were investigated (Abd Razak et al., 2013). The supplementation of some grass plants in the substrate was reported to provide higher efficiency (ratio of fruiting body obtained per weight of substrate used) in cultivation of Auricularia polytricha (Liang et al., 2019). Additionally, new species of Scytalidium causing slippery scar, which resulted in a huge loss in mushroom productivity, was identified (Peng et al., 2014).

Several studies have reported that certain bacteria can positively or negatively influence the growth of mycelium and the formation of fruiting body of many types of mushrooms (Rainey, 1991; Cho et al., 2003; Largeteau and Savoie, 2010; Oh et al., 2018; Stanojevic et al., 2019; Chen et al., 2022; Hua et al., 2022). For example, fluorescent Pseudomonas spp. induce fruiting body development of Pleurotus ostreatus (Cho et al., 2003). Pseudomonas putida promotes a high rate of radial hyphal extension of Agaricus bisporus (Rainey, 1991). Bacillus spp. indirectly benefit A. bisporus growth by reducing the growth of pathogens (Stanojevic et al., 2019). Finally, cell-free fermentation broth of Bacillus cereus Bac 1 enhances the growth speed of P. eryngii (Chen et al., 2022). On the other hand, some bacteria show negative effects on the growth of mushrooms. As reported, 10 bacterial strains inhibit the mycelial growth of Tricholoma matsutake (Oh et al., 2018). Burkholderia gladioli and P. tolaasii cause cavity disease and brown blotch in A. bisporus, respectively (Largeteau and Savoie, 2010). These studies show that complex bacterial-fungal interactions can play key roles during mushroom cultivation, and positive bacterial-fungal relationship can greatly enhance mycelial growth and fruiting body formation during the cultivation. The positive bacterial-fungal interactions can entail direct or indirect mechanisms. The direct mechanisms mostly increase availability of nutrients or growth-stimulating factors to the cells, whereas the indirect mechanisms include production of antibiotics, lytic enzymes, and other metabolites that aid in defense against undesirable pathogens (Mahmud et al., 2021; Chen et al., 2022; Upadhyay et al., 2022). The growth of both the mushroom and the mushroom growth-promoting bacteria can also be enhanced by available nutrients in certain environments such as those present in the mushroom spent substrate (Carrasco et al., 2018; Wu et al., 2020; Upadhyay and Chauhan, 2022). In addition, certain mushroom growth-promoting bacteria can also adapt and function in various environments, e.g., a range of substrates and temperature (Jemsi and Aryantha, 2017; Zhang et al., 2018).

One challenge currently facing mushroom farmers is that the fruiting body yields are sometimes unpredictable even when grown in a controlled environment. These inconsistent yields most likely stem from endogenous microorganisms that are present in the substrates during cultivation (Zhang et al., 2018). Therefore, investigation of the microbial community that can affect mushroom growth can be beneficial for enhancing the mushroom yield. We hypothesized that certain bacteria present in the mushroom substrate exhibit mutualistic relationship and can promote the growth of A. cornea during cultivation. Identification of these beneficial bacteria will provide great benefits for A. cornea farming. To date, employing a culture-independent approach coupled with high-throughput sequencing technology is useful for characterizing microbial communities since they are not relied on the capability of microorganisms to grow in the laboratory. The techniques have been used to explore the bacterial composition in the mushroom substrates and casing soil (Oh et al., 2016; Benucci et al., 2019; Ke et al., 2019; Yang et al., 2019; Carrasco et al., 2020; Chen et al., 2022; Vieira and Pecchia, 2022). However, there is limited information on the substrate-associated bacterial communities and their relationship to the growth of Auricularia species (Zhang et al., 2018). Therefore, in this study, we aimed to search for potential mushroom growth-promoting bacteria by comparison of bacterial communities in spent mushroom substrates obtained from high- and low-yield spent substrates via metagenomic approach. The co-cultivation was also conducted to detect the pair-wise symbiotic relationship of A. cornea with selected bacterial species, and the growth-promoting bacteria for cultivation of A. cornea were reported. Then, we further explored the possible molecular mechanisms underlying bacterial-fungal interaction during co-cultivation via proteomic and bioinformatic approaches.



Materials and methods


Cultivation conditions of Auricularia cornea

Methods for preparation of mushroom substrate and A. cornea cultivation were adapted from studies of Zhang et al. and Thongklang et al. (Zhang et al., 2018; Thongklang et al., 2020). The mushroom substrate contained sawdust (92.55%), rice bran (5%), lime (1.25%), gypsum (0.5%), Epsom salts (0.2%) and rice flour (0.5%). All components were mixed. The mixture (1 kg) was then put in a plastic bag (6.5 × 12.5 inch) and steamed at 100°C for 6 h. After cooling to room temperature, 10–15 grains of millet spawn of A. cornea were inoculated and allowed to grow until the bags were full of hyphae. Then, the bag was cut to allow the fruiting body to develop. Houses for spawn incubation and fruiting production were at 25–32°C with 80% humidity. The fruiting body was collected during the period of cultivation and the weights of the collected fruiting body were quantified.



Collection of the spent mushroom substrate samples and microbial DNA extraction

Based on the weights of the collected fruiting body (Supplementary Table S1), the spent mushroom substrate samples were divided into 2 groups, namely group A (high production yield) and group B (low production yield). Group A included 5 bags of spent mushroom substrate providing >200 g per bag of fruiting body and group B included 5 bags of spent mushroom substrate providing <200 g per bag of fruiting body. The spent mushroom substrate samples from each cultivation bag were mixed thoroughly before microbial DNA extraction. Total microbial DNA was extracted from 250 mg of each spent mushroom substrate sample in duplication by using the DNeasy PowerSoil Pro Kit (Qiagen) following the manufacturer’s instructions. The extracted DNA samples were visualized on 0.8% agarose gel. DNA concentration and purity were measured using the NanoDrop™ One/OneC Microvolume UV–Vis Spectrophotometer (ThermoFisher Scientific). All DNA samples were kept at −80°C, prior to DNA sequencing.



Library preparation and sequencing

To determine bacterial communities, the hypervariable V3-V4 region of the bacterial 16S rRNA gene was amplified using primers 341F (5′CCTAYGGGRBGCASCAG3′) and 806R (5’GGACTACNNGGGTATCTAAT3’) with unique barcodes. All PCR reactions were carried out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs). The PCR products were mixed at the same volume with 1X loading buffer containing SYBR green and analyzed on 2% agarose gel electrophoresis for visualization. Bright bands of approximately 400 bp were purified with QIAquick Gel Extraction Kit (Qiagen) and quantified via Qubit® 2.0 Fluorometer (ThermoFisher Scientific). Then, the purified PCR products were mixed in equidensity ratios and purified again. Sequencing libraries were generated with the NEBNext® Ultra™ DNA Library Prep Kit for Illumina® and quantified via Qubit® 2.0 Fluorometer. The sequencing was performed using Illumina platform with paired-end. Low-quality reads, adapters, and primers were removed from the raw sequencing results and paired-end sequences were assembled. The sample sequencing and data cleaning processes were proceeded by Novogene company.



Analysis of microbial community

The partial sequences of the 16S rRNA gene (V3-V4 region) were used for Operational Taxonomic Units (OTUs) identification. Kraken 2 was used for assigning taxonomic labels to each OTU with k-mer length = 35 and confidence = 0.05 (Wood et al., 2019). Blast analysis against the 16S rRNA database of NCBI (downloaded on 18 November 2019) at >97% identity and e-value <1e-10 was additionally used for species identification. Subsequently, alpha diversity indices including Chao 1, Shannon, and Simpson were calculated. Beta diversity was calculated by Bray-Curtis method and plotted with Non-metric Multi-dimensional Scaling (NMDS) using metaMDS and ordiellipse functions in package vegan in R version 2.6–2 (Oksanen et al., 2022). Analysis of similarities (ANOSIM) between groups was conducted for the statistical test. To identify the OTUs that showed differential abundance between group A and group B samples, the number of reads for each OTU present in each sample was processed by DESeq2 package (version 1.26.0) (Love et al., 2014) and metagenomeSeq (version 1.28.2) (Paulson et al., 2013). In details, DESeq (differential gene expression analysis based on the negative binomial distribution) function in DESeq2 package and zero-inflated Gaussian model using cumulative sum scaling (CSS) normalized data in metagenomeSeq package were separately conducted to compare the differential abundance of species in group A and group B samples. The p-values from both methods were adjusted with Benjamini and Hochberg method to reduce the false discovery rate (Benjamini and Hochberg, 1995). Then, the names of differential species were identified by their consensus results. The overall workflow for differential species identification is shown in Supplementary Figure S1.



Co-cultivation of bacteria with Auricularia cornea

Five bacterial strains including Pseudonocardia mangrovi TBRC-BCC 42794, Pseudonocardia antitumoralis TBRC 5646, Pseudonocardia antitumoralis TBRC-BCC 21728, Sphingobium yanoikuyae TBRC 5787, and Microvirga lotononidis TBRC 5398 were obtained from Thailand Bioresource Research Center (TBRC). The bacterial strains were pre-cultivated on nutrient agar (NA) at 25°C for 10 days while A. cornea (TBRC 12900) was pre-cultivated on potato dextrose agar (PDA) at 25°C for 7 days. The co-cultivation was done on potato dextrose agar (PDA) media supplemented with 10 g/l peptone in a 15 × 90 mm Petri dish. A. cornea mycelia with 5 mm diameter were placed in the middle of the agar media and each of the bacterial strains was line-streaked for 20 mm on one side of the mycelial piece (25 mm away from the center of agar media). Line-streak with sterilized distilled water was used instead of bacteria for negative control. The co-cultivated plates were then incubated at 25°C. The lengths of A. cornea mycelia away from the center of the colony in both directions (the side facing towards and away from bacterial streaked line) were measured after incubation for 3, 5, 7, and 10 days. The experiment was done in 5 replications. The difference between mycelial lengths facing towards and away from the bacterial colony was used to indicate the effect of co-cultivation of each bacterial strain with A. cornea TBRC 12900 when Ld = Lt – La, where Ld is the difference between mycelial lengths facing towards and away from the bacterial colony, Lt is the mycelial length facing towards the bacterial colony, and La is the mycelial length facing away from the bacterial colony. A high value of Ld should indicate that the presence of the bacteria in the co-culture helped promote A. cornea mycelial growth. A linear regression line between differential mycelial lengths and days of cultivation was then plotted for the co-cultivation between A. cornea TBRC 12900 and each of the bacterial strains tested.



Protein extraction and digestion for gel-free proteomic analysis

After A. cornea TBRC 12900 was co-cultivated with P. mangrovi TBRC-BCC 42794 at 25°C for 7 days, 20 mm х 5 mm pieces of media agar located between A. cornea mycelia and P. mangrovi cells were cut and placed in 1.5 ml tubes. Pieces of media agar with the same dimension were also obtained from single-culture plates containing culture of A. cornea TBRC 12900 or P. mangrovi TBRC-BCC 42794. The media agar pieces were lysed by lysis buffer solution (0.5% Triton X-100, 10 mM DTT, 10 mM NaCl in 50 mM HEPES-KOH pH 8.0), incubated at 25°C, 800 rpm for 60 min, and centrifuged at 20,000 х g for 10 min at 4°C. Proteins extracted were precipitated with fresh cold acetone and stored at −20°C overnight. After precipitation, the protein pellet was reconstituted in 0.25% RapidGest SF (Waters, United Kingdom)/10 mM Ammonium bicarbonate (AMBIC). The protein concentrations were determined by the Bradford Reagent assay kit (Sigma, United States), using bovine serum albumin as the standard. The total protein amount of 20 μg was subjected to trypsin digestion. Reduction of the sulfhydryl bonds by using 10 mM DTT in 10 mM AMBIC at 62°C for 20 min and alkylation of sulfhydryl was performed at room temperature for 25 min in the dark. The solution was cleaned up by the Desalting column (Thermo Scientific, United States). The flow-through solution was enzymatically digested by trypsin (Thermo Scientific, LT) at a ratio of 1:50 (enzyme: protein) and incubated at 37°C overnight. The digested peptides were reconstituted in 0.1% formic acid and transferred to a TruView LCMS vial (Waters, United Kingdom).



LC–MS/MS proteomics analysis

A total of 1.0 μg peptides were subjected to LC–MS/MS. The spectrum data was collected in a positive mode on a sciex triple TOF-6600+ mass spectrometer (ABSCIEX, De) combined with a nano-liquid chromatography (LC) system (Thermo Scientific, United States) and a nano analytical column (75 μm i.d. x 15 cm, packed d with Acclaim PepMap™ C18) (Thermo Scientific, De). LC conditions were the following: mobile phase A and B were used. Mobile phase A composed of 0.05% Trifluoroacetic acid (TFA) and mobile phase B composed of 80% acetonitrile/ 0.04% TFA. The samples loaded onto nano analytical column were first separated using a linear gradient of 3–35% B for 95 min with the nano-LC system at a constant flow rate of 300 ml/min. The analytical column was regenerated at 90% B for 10 min and re-equilibrated at 5% B for 15 min. The eluted peptides were analyzed LC–MS/MS. The MS acquisition time was set from gradient time zero to 120 min, and the MS1 spectra were collected in the mass range of 400 to 1,500 m/z with 250 milliseconds in “high sensitivity” mode. Further fragmentation of each MS1 spectrum occurred with a maximum of 30 precursors per cycle. Switch criteria used were the following: charge of 2+ to 5+, 500 cps intensity threshold, and dynamic exclusion for 15 s.

The raw MS-spectra resulting (.wiff) files were converted into mzML files using MSconvert and then analyzed using a trans proteomic pipeline (TPP). The MS spectra were searched against the protein database consisting of proteins from Pseudonocardia and A. cornea using Comet. The comet search parameters included static modifications of cysteine (+57.021464 Da), peptide mass tolerance of 20 ppm, fragment bin tolerance of 1.005, and fragment bin offset of 0.4. Peptide-spectrum matches were validated using PeptideProphet and iProphet, and protein assignments were then performed using ProteinProphet. Label-free quantification of the proteins was performed using the StPeter with a minimum probability threshold of 0.95.



Functional annotation of proteins

Genome sequences of Pseudonocardia oroxyli, Pseudonocardia dioxanivorans, Pseudonocardia kujensis, and A. cornea were analyzed using antiSMASH6.0 (Blin et al., 2021) for biosynthetic gene clusters (BGCs) identification. Biosynthetic class was assigned to the identified proteins by searching against the BGCs in the genome of P. oroxyli, P. dioxanivorans, P. kujensis, and A. cornea. Carbohydrate-active enzymes were annotated using the CAZymes database1 and dbCAN22 (Zhang et al., 2018; Drula et al., 2022). Peptidase families and transporter families were assigned using BLAST 2.12.0 against the MEROPS 12.1 database3 and Transporter Classification database (TCDB4), respectively, using thresholding with e-value <1e-10 (Saier et al., 2006; Rawlings et al., 2018). Clusters of orthologous genes (COG) were classified using NCBI’s conserved domains search against the COG database V1.05 using thresholding with e-value <1e-10 (Tatusov et al., 2000). Subcellular localization of the identified proteins was predicted using BUSCA6 (Savojardo et al., 2018).



Construction of protein–protein interaction network

PFAM domain of each protein was assigned using interProScan for the domain-domain interaction (DDI) identification. Protein–Protein interaction (PPI) between A. cornea and P. mangrovi was inferred based on the associated DDI pairs using PPIDomainMiner,7 Gold category, and STRING database8 (von Mering et al., 2003; Alborzi et al., 2021). The DDI pairs were constructed to PPI networks and then were analyzed using Cytoscape (Shannon et al., 2003).




Results


Bacterial community of spent mushroom substrate

In this study, 10 samples of the spent mushroom substrate were divided into 2 groups, namely group A (high yield, >200 g fruiting body) and group B (low yield, <200 g fruiting body), with 5 biological repeats in each group (Supplementary Table S1). The 2 groups showed significantly different weights (p-value <0.05). The bacterial communities of spent mushroom substrate samples were analyzed by high-throughput sequencing with the hypervariable V3-V4 region of the bacterial 16S rRNA gene. A total of 977,115 raw reads were obtained from the 10 samples. After quality filtering, a total of 965,183 qualified reads were retained. Next, chimeric sequences were filtrated, resulting in the 755,522 reads remaining. The number of reads across all samples ranged from 67,794 to 84,315 (Supplementary Table S2). The average length (bp) of the sequences was from 423 to 427. The sequences from all samples were annotated into 765 OTUs with 97% similarity as the threshold. An average number of 722 and 627 OTUs were observed from the samples in group A and group B, respectively (Supplementary Table S2). The rarefaction curves indicated that the number of OTUs reached a plateau for all samples (Supplementary Figure S2).

A total of 11 phyla, 31 classes, 64 orders, 124 families, and 329 genera of bacteria were detected from the spent substrate samples with the Kraken 2 taxonomic sequence classification tool. The taxonomic distribution at the phylum level is shown in Figure 1. Based on relative abundance, the most 4 abundant phyla in all samples were Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria, respectively. Proteobacteria, Bacteroidetes and Actinobacteria were more abundant in group A (22.3, 8.9, and 3.1% respectively) than group B (11.4, 6.6, and 2.2%). Even though Firmicutes constituted the most abundant phyla in the spent substrate of both groups, they were more abundant in group B (79.5%) than in group A (64.7%). Using DESeq2, Firmicutes and Actinobacteria showed significant difference in abundance (value of p <0.05) between the 2 groups. Bacillaceae was the most dominant bacterial family found in both groups, followed by Paenbacillaceae and Sphingobacteriaceae, respectively. At the genus level, Bacillus was a dominant genus in both groups, followed by Lysinbacillus, and Paenbacillus. However, the percentages of Bacillus, Lysinbacillus, and Paenbacillus were lower in group A (22.3, 13.8, and 14.1%, respectively) compared to group B (34.2, 18.1, and 15.3%). On the other hand, the percentages of most other bacterial species are higher in group A than in group B.
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FIGURE 1
 Taxonomic distribution of bacterial OTUs identified from group A (high yield) and group B (low yield) of spent substrates. The panels shown are (A) distribution at phylum level, (B) distribution at family level, and (C) distribution at genus level.


To compare the microbial diversity in group A and group B samples, species richness and 3 different alpha diversity indices including Chao 1, Shannon, and Simpson were calculated based on the OTUs data at species level (Figure 2; Supplementary Table S2). By statistical analysis, all the indices revealed significant differences in the diversity between samples in group A and group B. As shown in Figure 2, the average species richness of samples in group A was 722, which was higher than that of group B with 627 species richness (pObserved = 0.006272). Similarly, Chao 1, Shannon, and Simpson indices were significantly higher in group A compared to group B (pChao 1 = 0.008897, pShannon = 0.007275, pSimpson = 0.025268). The results suggested that group A contained a significantly higher level of species diversity than group B.
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FIGURE 2
 Alpha diversity indices of the bacterial community in spent mushroom substrate samples in group A and group B. All indices are plotted for samples in group A (red) and group B (cyan). The line inside the box represents the median. Statistical analysis shows significant differences of samples in group A and group B for all indices (pObserved = 0.006272, pChao 1 = 0.008897, pShannon = 0.007275, pSimpson = 0.025268). The panels shown are (A) the numbers of species identified, (B) Chao1 diversity index, (C) Shannon diversity index, and (D) Simpson diversity index.


NMDS was plotted to estimate dissimilarities in the bacterial compositions between samples in group A and group B. Samples with more similarity to one another are ordinated closer together. As shown in Figure 3, samples A1, A2, A3, and A4 were ordinated closely together in the left and separately ordinated from samples in group B. Statistical analysis by ANOSIM confirmed the significant differences in the similarity between samples in group A and group B (pANOSIM = 0.031).
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FIGURE 3
 Non-metric multidimensional scaling (NMDS) of samples in group A and group B. The dissimilarity of 10 samples was calculated by Bray-Curtis and plotted with NMDS with 95% confidence interval. Samples in group A are presented as red circles and samples in group B are presented as cyan circles. The groups show significant differences in similarity analyzed by ANOSIM (pANOSIM = 0.031).




Bacterial species with differential abundance between group A and group B

According to the non-chimeric 755,522 reads, 386,253 reads could be identified to species level. Next, to identify the species with differential abundance between group A and group B, the abundances of bacterial species in both groups were analyzed using DESeq2 and metagenomeSeq. The result from DESeq2 revealed 34 differential species (p-value <0.05) (Figure 4A; Supplementary Table S3). Most of them showed higher abundance in group A than in group B, except for 4 species including Corallococcus macrosporus, Oceanobacillus chironomi, Bacillus kexueae, and Bacillus lycopersici that showed higher abundance in group B than in group A. When metagenomeSeq tool was employed, 29 differential species were significantly identified (p-value <0.05). All of them were higher abundance in group A than in group B (Figure 4B; Supplementary Table S3). After integrating the consensus-based results from the 2 methods, 24 species were assigned as the differential species and 5 species including Luteimonas composti, Paracoccus pantotrophus, Pseudonocardia mangrovi, Sphingobium jiangsuense, and Microvirga massiliensis showed the highest degrees of differential abundance (p-value <0.01) (Figure 4C and Supplementary Table S3).
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FIGURE 4
 Heat-map demonstrating differentially abundant species between group A and group B analyzed by (A) DESeq2, (B) metagenomeSeq, and (C) merged results from both methods showing 5 species with the highest degrees of differential abundance. The row represents species, and the column represents the samples. The abundance of species corresponds to the color scale of the heat map.




Assessment of growth-promoting bacteria in co-cultivation with Auricularia cornea

Bacterial strains that are available at Thailand Bioresource Research Center (TBRC) and belong to the same genera displaying high degrees of differential abundance identified in the spent mushroom substrate were selected to investigate their effects on the mycelial growth of A. cornea. They included 3 strains of Pseudonocardia (P. mangrovi TBRC-BCC 42794, P. antitumoralis TBRC 5646, and P. antitumoralis TBRC-BCC 21728), 1 strain of Sphingobium yanoikuyae TBRC 5787, and 1 strain of Microvirga lotononidis TBRC 5398. The effects of individual co-cultivation of these bacterial strains with A. cornea on solid media were observed during 10-day incubation by measuring the mycelial length of A. cornea. The lengths of A. cornea mycelia measuring from the center to the edge of the mycelia in the opposite directions (towards and away from the bacterial streaked line) were measured. The bacterial strains that promote the mycelial growth of A. cornea should result in a higher length of mycelia on the side towards the bacterial colony than on the side away from the bacterial colony. Thus, this difference in mycelial lengths facing towards and away from the bacterial colony can be used to indicate the effect of co-cultivation of each bacterial strain with A. cornea TBRC 12900. Its positive value would indicate the positive effect exerted by the bacterial colony in promoting mycelial growth of A. cornea TBRC 12900. When A. cornea was co-cultivated with each of the Pseudonocardia strains, the mycelial growth of A. cornea was significantly higher than that of control (without bacterial streaked line) (p-value <0.05), while no significant effect was observed from S. yanoikuyae and M. lotononidis (Figure 5).
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FIGURE 5
 Effects of bacteria on the growth of A. cornea in the co-culture conditions on solid agar medium. (A) Linear regression lines showing A. cornea mycelial growth in the co-culture conditions are displayed as differences between mycelial length on the side towards the bacterial colony and on the side away from the bacterial colony in the graph. In the co-culture conditions, A. cornea TBRC 12900 was co-cultured with P. mangrovi TBRC-BCC 42794 (red line), P. antitumoralis TBRC-BCC 21728 (blue line), M. lotononidis TBRC 5398 (green line), P. antitumoralis TBRC 5646 (orange line), or S. yanoikuyae TBRC 5787 (pink line). The mycelial growth in the single culture of A. cornea (gray line) was used as a negative control. (B) Co-culture of A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794 resulted in elevated mycelial growth on agar medium near the P. mangrove line streak (shown on day 5 and day 7 after the co-cultivation).




Proteomic analysis of interactions between A. cornea and P. mangrovi

As the co-culture between A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794 resulted in the highest growth rate of A. cornea’s mycelium, the co-cultivation between these two organisms was investigated in more details. Proteomic analyses of the co-culture and single-culture of A. cornea TBRC 12900 or P. mangrovi TBRC-BCC 42794 were performed by liquid chromatography with tandem mass spectrometry to identify expressed proteins in the co-culture that most likely enhance the growth of A. cornea’s mycelium. From the co-culture, proteomic analysis successfully identified 1,038 and 578 proteins of P. mangrovi and A. cornea origins, respectively. In addition, 1,088 proteins and 585 proteins were identified from the single culture of P. mangrovi TBRC-BCC 42794 and single culture of A. cornea TBRC 12900, respectively. These proteins were then compared with the proteins in the Carbohydrate Active Enzyme (CAZy) database. The predicted extracellular proteins in each condition were identified using BUSCA. The identified proteins from the co-culture and single conditions were also compared to biosynthetic proteins annotated as components of biosynthetic gene clusters (BGCs). The presence of peptidases was detected with MEROPS. In addition, transporter members were classified using TCDB. Table 1 lists the number of CAZymes, peptidases, biosynthetic proteins, transporters, and extracellular proteins identified. It can be seen that the number of enzymes, biosynthetic proteins, and extracellular proteins (proteins with a signal peptide) from A. cornea increased in the co-culture condition compared to the single-culture condition.



TABLE 1 Number of proteins identified in the single-cultures and co-cultures of Auricularia cornea and Pseudonocardia mangrovi.
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Enzymes that are involved in the synthesis, breakdown, and binding of complex carbohydrates (e.g., disaccharides, oligosaccharides, polysaccharides, and glycoconjugates) should be vital for the cellular growth and development of an organism. These enzymes should be highly active during mycelial growth. The list of Carbohydrate-Active enzymes (CAZy) identified by dbCAN2 (Table 2) showed that the numbers of auxiliary activity (AA) enzymes and carbohydrate esterases (CE) from both A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794 increased in the co-culture condition. Moreover, the numbers of enzymes with carbohydrate-binding modules (CBM) and glycosyltransferases (GT) identified from A. cornea TBRC 12900 also increased in the co-culture condition. The enzymes from A. cornea TBRC 12900 that increased during the co-culture included many important families including AA3, AA9, and AA14 from the auxiliary activity family, CBM1 and CBM42 from the carbohydrate-binding module family, CE15 and CE16 from the carbohydrate esterase family, GH2, GH28, GH38, GH43, and GH152 from the glycosyl hydrolase family, and GT2, GT20, GT35, and GT39 family from the glycosyltransferase family (Supplementary Table S4).



TABLE 2 Number of CAZy enzymes identified from the single- and co-culture conditions by dbCAN2.
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As peptidases are a particular class of enzymes that provide nitrogen and amino acids to support growth and colonization of the fungi as well as involve in cellular processes such as generation of signaling molecules, the change in number of peptidases during the co-cultivation was further examined by comparing of protein-coding genes against the MEROPS database. As seen in Table 3, in the co-culture condition, a total number of 52 and 60 peptidases were identified as those from P. mangrovi and A. cornea, respectively. These peptidases are further grouped into aspartic-, cysteine-, metallo-, serine-, and threonine-peptidases based on their catalytic type. The most abundant peptidases identified from the co-culture are serine peptidases. Even though the total number of peptidases of A. cornea seems to decrease slightly in the co-culture condition, there is an increase in the number of serine peptidases of A.cornea in the co-culture condition. Interestingly, aspartic and threonine peptidases were uniquely found only from A.cornea and not from P. mangrovi. The most abundant peptidases of A. cornea found in both single- and co-culture included Copia transposon peptidases (family A11) of the aspartic peptidase family and prolyl oligopeptidases (family S09) from the serine peptidase family (Supplementary Table S5). The numbers of proteins in both types of peptidases (A11, S09) increased in co-culture condition. From P. mangrovi, the most abundant peptidases identified from both single- and co-culture included three families of serine peptidases including aminopeptidase peptidases (family S33), prolyl oligopeptidases (family S09), and signal peptide peptidase A (family S49). The S49 family was found only from P. mangrovi and not from A. cornea.



TABLE 3 Number of peptidases identified with MEROPS 12.1 database.
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Another group of proteins thought to be important for promoting the growth of A. cornea is transporter proteins that support the transportation of growth-promoting molecules to A. cornea. Classification with Transporter Classification database (TCDB) revealed that the most prevalent type of transporters belonged to the ATP-binding cassette (ABC) superfamily with 42 of the proteins in this family found in the co-culture condition (Table 4; Supplementary Table S6). Another major family of transporters found in the co-culture was the fatty acid group translocation (FAT) family with 15 proteins found. These proteins are mostly predicted to locate in the plasma membrane, thus facilitating the transportation of proteins, lipids, carbohydrates, or secondary metabolites across the membrane. Interestingly, during the co-cultivation, A. cornea TBRC 12900 exhibited increased numbers of the putative vectorial glycosyl polymerization (VGP) family as well as auxiliary transport proteins.



TABLE 4 Number of transporters identified with TCDB.
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With the notion that several proteins often function together concomitantly and sequentially to drive a metabolic pathway, proteins detected in the co-culture condition were analyzed using the STRING database and PPIDomainMiner to determine the protein–protein interaction (PPI) network via domain-domain interaction (DDI) pairs. With the proteins identified from the co-culture, a total of 15 PPI networks comprising at least 5 proteins and containing up to 167 proteins were found (Figure 6; Supplementary Table S7). In particular, major networks included 6 networks associated with BGCs that are known to be important for biosynthesis and transport of secondary metabolites, amino acids/peptides, saccharides, and lipids, as well as those involved in signal transduction (Network 1, Network 2, Network 5, Network12, Network 13, and Network 14). Among these networks, Network 1 contained the highest number of nodes (167) with 108 proteins of A. cornea origin and 59 proteins of P. mangrovi origin. Many proteins in this network can be mapped to BGCs involved in indole, β-lactone, and lanthipeptide synthesis pathways. Subcellular localization prediction by BUSCA revealed that many of these proteins are classified as plasma membrane proteins. In addition, several peptidases and glycosyl hydrolases important for the cleavage of peptide bonds in polypeptides/proteins and glycosidic bonds in carbohydrate substrates, respectively, were also found in this network. Network 2 constituted 48 proteins, most of which were mapped to NRPS, NRPS-like, and NAPAA biosynthetic gene clusters. BUSCA analysis showed that 29 of these proteins should be localized to plasma membranes and 1 protein from P. mangrovi is localized to extracellular space. Network 5 contained 26 proteins that can be classified by COG as those involved in secondary metabolites biosynthesis, transport, and catabolism. Among these proteins, 13 proteins are predicted as plasma membrane proteins. The main hub of interaction entailed a sulphite reductase protein involved in terpene synthesis pathway, which forms major interactions with cytochrome P450 domains. Network 12 contained 1 protein from A. cornea origin plus 6 proteins from P. mangrovi origin. All proteins are associated with CoA-transferase family III (Pfam family PF02515). In this network, all proteins from P. mangrovi origin are annotated as those involve in lipid transport and metabolism, especially the biosynthesis of nonribosomal lipopeptide iturin. Network 13 included 2 proteins from A. cornea origin and 4 proteins from P. mangrovi origin. They are thought to be NRPS-like enzymes related to shikimate dehydrogenase, which are implicated in the metabolism of aromatic amino acids and microansamycin synthesis pathways. Network 14 contained 2 proteins from A. cornea origin and 3 proteins from P. mangrovi origin that are associated with terpene biosynthesis.
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FIGURE 6
 PPI networks showing possible interactions among protein domains identified from co-culture of A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794.The 6 networks shown are those associated with BGCs known to be important for biosynthesis and transport of secondary metabolites, amino acids, polysaccharides, and lipids, as well as those involved in signal transduction. Protein domains of A. cornea origin are shown in green diamond and those of P. mangrovi origin are shown in blue circle.


Besides the networks mentioned above, several other PPI networks are identified to associate with transportation of secondary metabolites, peptides/amino acids, carbohydrates, or inorganic ions. For example, Network 3 comprised 46 proteins functioning as ABC-type transporters, all of which were predicted to localize in the plasma membrane by BUSCA. Network 6 contained 16 protein domains associated with transmembrane transport of various materials. Their functions are related to the major facilitator superfamily (MFS) transporter. Network 4 included 34 protein domains, most of which are members of the Na+ −transporting Carboxylic Acid Decarboxylase (NaT-DC) Family.




Discussion

As the demand for mushrooms is increasing due to the rising trend of global food consumption, the improvement of mushroom productivity is important for socio-economic sustainability. The cultivable mushroom genus, Auricularia, is vastly consumed in Asian countries including Thailand either as food or traditional medicines. In general, Auricularia is cultivated in a substrate bag containing sawdust as the main component. In this study, we used the culture-independent approach and the next-generation sequencing technology to investigate the bacterial community in the spent mushroom substrate of A. cornea in order to find the growth-promoting bacteria for the cultivation of A. cornea. Consistent with the previous study in A. cornea and Hypsizygus marmoreus cultivation (Zhang et al., 2018; Sun et al., 2020), we found that the dominant bacterial phyla in the spent mushroom substrate of A. cornea were Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria, respectively (Figure 1). Some studies on bacterial communities associated with mushroom cultivations showed different patterns of dominant bacterial phyla. For example, the dominant bacterial phyla in soil beneath black morel Morchella sextelata were Actinobacteria and Chloroflexi (Benucci et al., 2019). Proteobacteria and Chloroflexi were found dominantly in the casing soil of Phlebopus porteutosus (Yang et al., 2019), and the dominant bacterial phyla in Agaricus compost are changed during the cultivation processes (Kertesz and Thai, 2018). Several studies revealed that bacteria associated with mushrooms and mushroom substrates either had positive or negative effects on mushroom cultivation. Different roles of bacteria have been reported. Some bacteria can digest substrate to provide nutrients for mushrooms (Kertesz and Thai, 2018). Some bacteria have anti-fungal activities which inhibit the growth of other competitive or contaminated fungi, while some bacteria can produce specific enzymes to remove the inhibitor of primordial formation of mushrooms (Carrasco et al., 2018; Kertesz and Thai, 2018; Oh et al., 2018). Together with the result from our study, it is emphasized that different mushroom types and their cultivation processes require the augmentation of different bacterial communities to enhance mushroom growth.

We further investigated the bacterial species associated with A. cornea producing high yield (group A) and low yield (group B) of fruiting body and found that the alpha and beta diversities of the bacterial community in group A and group B were significantly different (Figure 2, Figure 3). Since the two groups of samples were divided based on fruiting body weights, these results demonstrate that bacterial community in the mushroom substrate is one of the factors influencing the mushroom production yield. Moreover, a set of differential bacterial species showing different abundance levels in group A and group B was identified (Figure 4). It was hypothesized that these bacterial species had a high potential to promote the growth of A. cornea. Co-cultivation experiment using the differential bacterial species was carried out to evaluate the effect exerted by these bacteria on mycelial growth. Figure 5 showed the different bacterial effects on mycelial growth in co-cultivation with A. cornea. M. lotononidis TBRC 5398 and S. yanoikuyae TBRC 5787 showed no enhancing effect on the growth of A. cornea. Remarkably, all three strains of Pseudonocardia significantly promoted the mycelial growth of A. cornea, with P. mangrovi TBRC-BCC 42794 showing the highest positive effect on the growth of A. cornea. Thus, these bacterial strains can be considered mushroom growth-promoting bacteria (MGPB) that enhance mushroom growth during cultivation.

Proteomic analyses revealed that proteins expressed during the co-cultivation of A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794 may involve in many processes to aid in the growth of A. cornea by increasing nutrient availability (biofertilization) or the formation of growth-promoting factors (biostimulants) or suppressing diseases (bioprotectant). These proteins can be categorized into (a) enzymes involved in the degradation and modification of carbohydrates (hydrolases, glycosyltransferases, carbohydrate esterases, and carbohydrate-binding enzymes), (b) proteins responsible for cleavage of proteins/peptides (peptidases), (c) proteins predicted to be involved in intra- and extracellular transport (transporters), and (d) other proteins important for the formation of growth-promoting molecules or antimicrobial molecules. The increased numbers of A. cornea’s CAZy family proteins, proteins associated with biosynthetic pathways, and extracellular proteins in the co-culture condition compared to the single-culture conditions suggested there are interactions between A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794. Specifically, the numbers of A. cornea’s CAZy family proteins that increased during the co-culture condition included auxiliary activity (AA) enzymes, carbohydrate esterases (CE), enzymes containing carbohydrate-binding module (CBM), and glycosyltransferases (GT). Even though the expression of CAZy enzymes could also be induced by components of the media (PDA supplemented with peptone) (Deka et al., 2011), the increase in several enzymes in the co-culture conditions most likely indicated that the expression certain A. cornea’s CAZy enzymes was chiefly induced by P. mangrovi and vice versa similarly to previous studies showing that co-cultivations of fungi with another fungi and fungi with bacteria induce or enhance the expression of CAZy enzyme (Juwaied et al., 2010; Noor El-Deen et al., 2014; Shahzadi et al., 2014; Moussa et al., 2019). Some compounds produced by bacteria might stimulate the secretion of mushroom CAZy enzyme. For example, cyclopeptide produced by Bacillus cereus BAC1 increases nitrogen source in mushroom substrate and enhances the secretion of amylase of Pleurotus eryngii (Chen et al., 2022). Moreover, it has been reported that gram-negative bacterial cell wall constituent lipopolysaccharide (LPS) stimulated the expression of fungal secondary metabolism (Khalil et al., 2014).

Especially during mycelial growth and fruiting body development, these enzymes should allow the mushroom to obtain nutrients from lignocellulosic substrates and maintain a diverse array of developmental processes, including energy metabolism, signaling, defense, cell wall structure formation, and carbohydrate-related post-translational modifications. These enzymes include AA9, and AA14 enzymes shown to be chitin-active families that are important for fungal cell wall remodeling during growth (Nagy et al., 2021). Their increased expression is consistent with chitin being one of the most important structural polymers of the fungal cell wall. AA3 is potentially bound to the fungal cell wall and may also aid in cell wall remodeling. GT2 belongs to chitin synthase, a key enzyme in the synthesis of chitin in fungal cell wall formation (Aspeborg et al., 2005). GH152 binds to glucan on fungal cell wall and possesses both β-1,3-glucanase and defense-related antimicrobial activities (Nagy et al., 2021). CE15 and GH43 enzymes possess ligninolytic or lignin-modifying activities (Hage and Rosso, 2021; Hao et al., 2022; Hua et al., 2022). CBM1-containing enzymes bind to crystalline cellulose and can thus involve in cellulose cleavage.

This study also found a high abundance of peptidases in the co-cultivation of A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794, suggesting effective utilization of nitrogen resources and high protein content that can promote the growth of A. cornea TBRC 12900. Peptidases are a particular class of enzymes that play important roles in mycelial formation and elongation as they provide nitrogen and amino acids to the fungi or support cellular metabolism during growth (Liang et al., 2020). Interestingly, the numbers of cysteine- and metallo-peptidases of P. mangrovi increased significantly in the co-culture condition, compared to the single-culture conditions. The increase in the numbers of cysteine-proteases may help better protein turnover regulation and cellular homeostasis regulation (Dong et al., 2021). On the other hand, the increase in metallo-peptidases most likely helps in matrix remodeling, or microbial defense (Dong et al., 2021). Among the most abundant peptidases of A. cornea, the numbers of serine proteases markedly increased in the co-culture condition, compared to the single-culture conditions. This suggests an enhanced activity in protein digestion and processing, cell signaling, protein quality control, and intracellular protein turnover in the cell (Dong et al., 2021) associated with A. cornea’s mycelial growth. Among these serine proteases identified, the most abundant ones are S09 prolyl oligopeptidases, indicating increased ability to degrade proline-rich targets associated with protein maturation and extracellular degradation (Iwanicki et al., 2022). Another type of A. cornea proteases with a prominent increase in numbers during the co-culture condition is the Copia transposon peptidases, suggesting the increased activity of processing large Copia transposon transcripts into smaller products (Muszewska et al., 2011) during mycelial growth.

Another group of proteins that presents abundantly in the co-culture condition is transporters that transfer macromolecules including nutrients, metabolites, signaling molecules, and cellular constituents across the cell membrane. Most of these proteins are predicted to locate in the plasma membrane and they enable cells to acquire or remove compounds in and out of the cell. The high abundance of the ATP-binding cassette (ABC) superfamily and the fatty acid group translocation (FAT) family by the P. mangrovi TBRC-BCC 42794 in the co-culture condition should play a key role in exports of nutrients and growth-promoting substances to A. cornea. Interestingly, in the co-culture condition, the numbers of the putative vectorial glycosyl polymerization (VGP) family and the auxiliary transport proteins expressed by A. cornea TBRC 12900 were markedly elevated, compared to the single-culture conditions. The VGP family proteins usually act as polysaccharide synthase/exporters and may play a role in fungal deposition of polysaccharides (e.g., chitin) on the cell surface during fungal growth (Orlean and Funai, 2019).

When proteins identified in the co-culture condition were subjected to a prediction of the protein–protein interaction (PPI) network, the predicted 15 PPI networks, each containing 5–167 proteins, were shown to be associated with many cellular processes. These include networks (Network 1, 2, 5, 12, 13, and 14) associated with BGCs known to be important for biosynthesis and transport of secondary metabolites, amino acids, polysaccharides, and lipids, as well as those involved in signal transduction. For example, Network 1 shows the involvement of proteins in indole, β-lactone, and lanthipeptide biosynthesis pathways. Indoles have been shown to have broad biological activities including quorum sensing, spore formation, and antimicrobial resistance (Kim et al., 2017). For example, Indole-3-acetic acid (IAA) is the most abundant type of auxin that can be detected in the fruiting bodies and mycelia of mushrooms and has a positive impact on cell growth (Homer and Sperry, 2017), most likely by stimulating cell elongation and increase in cell wall synthesis (Mohite, 2013). Studies have shown that IAA is a signaling molecule in microorganisms, affecting gene expression in several microorganisms and affecting interactions between microorganisms (Fu et al., 2015). Additionally, indole compounds are found in mushroom’s fruiting bodies and are shown to be important for characteristic odors (Muszyńska et al., 2013; Homer and Sperry, 2017). These behaviors are consistent with the notion that the indole metabolism pathway in A. cornea will be highly active during mycelial growth and fruiting body development. Furthermore, other indoles, β-lactone, and lanthipeptide are bioactive metabolites that exhibit cytotoxic and antimicrobial properties (De Pascale et al., 2011; Homer and Sperry, 2017; Repka et al., 2017) and may be important for defense mechanisms against pathogens during growth. Network, 12 and 13 also underline biosynthetic pathways of bioactive compounds (β-lactone, iturin, and microansamycin) that confer antimicrobial properties. Network 2 of the predicted PPI contains proteins in the NRPS, NRPS-like, NAPAA biosynthetic gene clusters. Of particular interest is the identified heterobactin biosynthesis pathway that most likely aids in A. cornea growth. Heterobactin is a class of peptidic, extracellular siderophores, which are strong iron-binding molecules produced by many bacteria to acquire nutrient iron (Fe) from the environment (Wang et al., 2014). In many bacteria and fungi, the complex form of iron (Fe3+) from the environment is bound to siderophore and the Fe3+ siderophore is then moved across the cell membrane into the cell by energy-dependent systems. The Fe3+ ion is reduced into Fe2+ ion, which can then be utilized by the cell (Renshaw et al., 2002; Bhojiya et al., 2022; Singh et al., 2022). The production and secretion of siderophore will thus be beneficial for A. cornea to acquire, transport, and process the essential Fe ion during mushroom development and differentiation (Carrano et al., 2001; Bergeron et al., 2011). Proteins identified in Network 5 include sulphite reductase hemo protein involved in the synthesis of terpenes/terpenoids. Terpenes produced by fungi are volatile compounds that have diverse biological roles including mediating communication between fungi and bacteria and between fungi and animals, acting as toxins, repellents, or attractants to other organisms, as well as being considered building blocks for carotenoids synthesis (Quin et al., 2014; Schmidt et al., 2017; Jia et al., 2019). The terpenoid modifying enzymes, especially cytochrome P450 from P. mangrovi is also found in this network, reinforcing the notion of interaction between A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794. Network 14 also contains protein interactions in the terpenoid synthesis pathway, most likely reiterating the interactions between the two organisms. In addition to networks devoted to biosynthesis pathways, several other networks focus on the transportation of molecules across the cell membrane. These include Network 3 emphasizing the ABC-transporter system and Network 6 emphasizing Major facilitator superfamily MFS transporter system. Consistent with their function as transporters, proteins in the networks possess transporter activity and are predicted to locate in plasma membranes. This supports the importance of transporter proteins for the transport and translocation of nutrients and metabolites to promote the growth of A. cornea. Some proteins cannot be specified in any PPI network, but may functionally support mycelial growth and fruiting body development. For example, two proteins expressed by P. mangrovi TBRC-BCC 42794 in the co-culture condition are those involved in ectoine biosynthesis pathway that most likely help the cell to cope with stresses encountered during growth. Ectoines provide cells with a considerable degree of tolerance against osmotic, temperature, and desiccation stresses (Pastor et al., 2010). Furthermore, under unfavorable conditions, ectoines are considered chemical chaperones by protecting the functionality of proteins, DNA, and macromolecular complexes, as well as stabilizing lipid bilayer (Richter et al., 2019).

In summary, this study showed that culture-independent metagenomic techniques can be employed to identify certain bacteria present in the mushroom substrate that exhibited mutualistic relationship and can promote the growth of A. cornea during cultivation. Based on the metagenomic data, some candidate strains from TBRC were then selected to evaluate their potential to promote the growth of A. cornea. Especially, P. mangrovi TBRC-BCC 42794 exhibited an ability as mushroom growth-promoting bacteria as the co-cultivation of P. mangrovi TBRC-BCC 42794 with A. cornea TBRC 12900 resulted in a high level of A. cornea mycelial growth. Proteomic analysis of proteins expressed during the co-culturing of A. cornea TBRC 12900 and P. mangrovi TBRC-BCC 42794 further revealed functions and probable interactions among the identified proteins. It is most likely that high mycelial growth in the co-culture condition results from concerted actions of certain proteins involved in binding, degradation, and modification of carbohydrates (hydrolases, glycosyltransferases, carbohydrate esterases, and carbohydrate-binding enzymes) including those important for cell wall generation/remodeling, peptidases including cysteine-, metallo-, and serine-peptidases, and transporters including the ABC-type transporter superfamily, the FAT transporter family, and the VGP family. Other proteins (e.g., metal-binding siderophores) can facilitate important cellular functions. Finally, proteins with roles in the formation of metabolites that can act as growth-promoting molecules (e.g., indoles, terpenes, and ectoines) as well as those normally contain antimicrobial activity (e.g., β-lactones, lanthipeptides, and iturins) important for defense mechanisms against pathogen also most likely promote of A. cornea mycelial growth and fruiting body development. The work showed that a combination of metagenomics, proteomics, and functional annotation analysis can lead to the identification of important mushroom growth-promoting bacteria and elucidation of proposed protein players involved in enhancing mycelial growth of A. cornea.
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Ectomycorrhizal (ECM) fungi are among the most diverse and dominant fungal groups in temperate forests and are crucial for ecosystem functioning of forests and their resilience toward disturbance. We carried out DNA metabarcoding of ECM fungi from soil samples taken at 62 sites in the Bükk Mountains in northern Hungary. The selected sampling sites represent the characteristic Pannonian forest types distributed along elevation (i.e., temperature), pH and slope aspect gradients. We compared richness and community composition of ECM fungi among forest types and explored relationships among environmental variables and ECM fungal alpha and beta diversity. The DNA sequence data generated in this study indicated strong correlations between fungal community composition and environmental variables, particularly with pH and soil moisture, with many ECM fungi showing preference for specific zonal, topographic or edaphic forest types. Several ECM fungal genera showed significant differences in richness among forest types and exhibited strong compositional differences mostly driven by differences in environmental factors. Despite the relatively high proportions of compositional variance explained by the tested environmental variables, a large proportion of the compositional variance remained unexplained, indicating that both niche (environmental filtering) and neutral (stochastic) processes shape ECM fungal community composition at landscape level. Our work provides unprecedented insights into the diversity, landscape-level distribution, and habitat preferences of ECM fungi in the Pannonian forests of Northern Hungary.
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Introduction

Topography and the physico-chemical properties of soil are among the most influential landscape-level drivers of biological communities in terrestrial ecosystems. With respect to topography, elevation and slope aspect are of particular importance, because they directly influence mesoclimatic conditions that, together with the geological history of the given site, drive several soil chemical processes, and can limit the primary productivity and the establishment of species depending on their ecological niches (Rosenberg et al., 1983; Rorison et al., 1986; McCune and Keon, 2002; Fekedulegn et al., 2003; Geml et al., 2014a,b, 2022; Gilliam et al., 2014). Despite differences in latitudinal trends in diversity, plants and fungi generally show similar levels of community structuring among biomes, biogeographic regions and landscape-level habitat types (Geml et al., 2012, 2017; Tedersoo et al., 2014; Větrovský et al., 2019; Adamo et al., 2021; Boekhout et al., 2022). According to macroecological studies of Tedersoo et al. (2014) and Větrovský et al. (2019), fungal diversity and distribution at global scales primarily are driven by climatic factors, e.g., mean annual temperature and precipitation, edaphic factors, particularly pH, as well as by dispersal limitation. There is less information on the landscape-level compositional dynamics of soil fungi, but the emerging trend from the handful of published studies is that fungal community composition at landscape scale are driven mostly by the same environmental factors as at global scales, namely, soil pH, temperature, available moisture, with the influence of individual nutrients often being dependent on habitat type (Grau et al., 2017; Geml, 2019; Geml et al., 2021).

Our study is focused on the Pannonian biogeographic region, which is unique in Europe, partly because it is a meeting point for species characteristic of distinct biogeographic regions, such as sub-Mediterranean, Pontic, Balkanian, continental, Atlantic, and Carpathian floristic and faunistic elements, and partly because of Pannonian endemics (Suba, 1983; Vojtkó, 2002; Sundseth, 2009; Vojtkó et al., 2010; Fekete et al., 2016). The region of study is located in the western half of the Bükk Mountains, a section of the mountain chain of the Északi-középhegység (North Hungarian Mountains). The geology of the region is complex, with numerous types of Paleozoic, Mesozoic, and Cenozoic calcareous, volcanic and igneous rocks appearing near the surface as a mosaic (Pelikán, 2010). Due to this geological and topographic complexity that creates a broad spectrum of edaphic and mesoclimatic conditions, the region is characterized by high habitat diversity. This is particularly true for the Bükk Mountains, as indicated by the high number of coenological vegetation types, including numerous forest and grassland communities distributed along temperature, moisture, and pH gradients (Suba, 1983; Vojtkó, 2002; Vojtkó et al., 2010).

Ectomycorrhizal (ECM) fungi are among the most prominent fungal groups in temperate forests and are key symbiotic partners of most forest trees native to the Pannonian region, particularly the ones that dominate the landscape in the study region, e.g., various species of oaks (Quercus spp.), beech (Fagus sylvatica), hornbeam (Carpinus betulus), birch (Betula pendula), as well as several species of linden (Tilia spp.) and whitebeam (Sorbus spp.). With respect to basidiomycetes, to which the majority of ECM fungi belong, the current knowledge with regard to taxonomic diversity and distribution in Northern Hungary is based on sporocarp studies (Bohus and Babos, 1960; Takács and Siller, 1980; Rimóczi, 1992, 1994; Tóth, 1999; Siller et al., 2002a,b, 2006; Albert and Dima, 2005; Egri, 2007; Pál-Fám et al., 2007; Rudolf et al., 2008; Siller, 2010; Siller and Dima, 2014). In addition, several taxa in the ECM genera Humaria, Genea, Tomentella, and Tuber were characterized morphologically and molecularly in beech root tip studies carried out in a protected montane beech forest reserve in the Bükk Mountains (Kovács and Jakucs, 2006; Erős-Honti et al., 2008; Jakucs et al., 2015). However, the diversity of fungi in Pannonian forests and environmental factors influencing their distribution remained scarcely known.

This study provides the first systematic characterization of ECM fungal communities in various Pannonian forest types representative of the Bükk Mountains that were described coenologically in previous studies (Vojtkó, 2002; Borhidi, 2003; Vojtkó et al., 2010; Bölöni et al., 2011). More specifically, we compare the richness and community composition of ECM fungi among zonal, topographic and edaphic forest types that represent communities of different elevation zones, slope aspects, and soil pH, respectively. We hypothesized that ECM fungal community composition would differ significantly among these forest types due to niche processes, such as environmental filtering (Hypothesis 1). Temperature, available moisture and edaphic factors, particularly pH, are well known drivers of ECM fungal community composition at various spatial scales (Voříšková et al., 2013; Suz et al., 2014; Tedersoo et al., 2014; Kutszegi et al., 2015; Baldrian, 2017; Glassman et al., 2017; Koizumi et al., 2018; Rosinger et al., 2018; Aučina et al., 2019; Geml, 2019; Větrovský et al., 2019; Koizumi and Nara, 2020; Hupperts and Lilleskov, 2022; Mandolini et al., 2022). Based on these and other global and regional studies, and because many dominant ECM host tree genera are distributed along a wide range of forest types, we expected that the diversity and distribution of ECM fungi at landscape-scale would strongly be influenced by the above-mentioned abiotic factors (Hypothesis 2). Moreover, we expected differences in habitat preference among ECM fungal genera, as well as among congeneric species, due to differences in life strategies and in their physiological optima with respect to soil moisture and soil pH that likely influence their competitive abilities (Hypothesis 3).



Materials and methods


Study area

The focal area of this study is located in the western half of the Bükk Mountains in northern Hungary, with elevation ranging from ca. 300 to 980 m a.s.l. (Figure 1). At lower elevations, the climate is subcontinental with mean January and July temperatures of ca. −3 and 20°C, respectively, and mean annual precipitation of ca. 550–580 mm, while at high elevations (i.e., between 800 and 980 m a.s.l.), mean annual temperature and precipitation values are 4–5°C lower 200–250 mm higher, respectively (Tóth, 1983; Horváth and Gaálová, 2007).
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FIGURE 1
Illustrations of the sampled forest types and a map of the sampling localities, with the location of the region of study in Hungary. Full names and a brief ecological summary of the forest types are given in Table 1, while vegetation types, geographic coordinates, and abiotic variables corresponding to the sampling localities are listed in Supplementary Table 1.


We sampled soil in 11 forest types of the Bükk Mountains, encompassing the diversity of mesoclimatic and edaphic conditions, represented by 62 sampling sites in mature stands in their most natural state possible. A brief ecological summary of the forest types is shown in Table 1, with geographic coordinates and environmental data of the 62 sampling sites shown in the Supplementary Table 1. Zonal forest types included Pannonian–Balkanic turkey oak–sessile oak forests (Quercetum petraeae-cerris) characteristic of gentle slopes at low elevations (200–450 m a.s.l.), Pannonian sessile oak–hornbeam forests (Carici pilosae-Carpinetum) in mesic, submontane (400–600 m a.s.l.) settings on gentle slopes and at valley bottoms, submontane beech forests (Melittio-Fagetum) on north-facing slopes between 400 and 750 m a.s.l., and montane beech forests (Aconito-Fagetum) in placor (near horizontal) settings and on gentle north-facing slopes above 750 m a.s.l. With respect to topographic forest types, we sampled thermophilous downy oak forests (Corno-Quercetum pubescentis) on shallow and rocky soil on steep (>20°) south-facing slopes with particularly warm and dry mesoclimate, dry to mesic limestone oak forests (Seslerio-Quercetum) on shallow, rocky soil of steep southern slopes at high elevations, mesic limestone beech forests (Seslerio-Fagetum) on shallow, rocky soil on northern and eastern slopes at mid- to high elevations, mesic linden-whitebeam rock forests (Tilio-Sorbetum) on shallow, rocky soils, on steep northern or eastern slopes, and mesic linden-ash rock forests (Tilio-Fraxinetum) on wind-swept mountain tops. Edaphic forest types included acidophilus oak (Luzulo-Quercetum or Genisto tinctoriae-Quercetum) and beech forests (Luzulo-Fagetum), both dry to mesic, found on acidic, shallow soils at elevations below and above 500 m a.s.l., respectively (Vojtkó, 2002; Borhidi, 2003; Vojtkó et al., 2010; Bölöni et al., 2011).


TABLE 1    Forest types included in this study with the main habitat characteristics and soil sampling localities.
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Sampling and molecular work

At each site (ca. 10 × 25 m), 20 samples of top soil were taken from underneath the litter layer with a cylindrical soil corer (5 cm in diameter and 10 cm deep), and at least 2 m from each other. Soil samples collected at a given site were pooled, mixed and sieved (2 mm), resulting in a composite soil sample for each site. Approximately 20 g of each composite sample was kept frozen until DNA extraction, while the rest was used for soil chemical analyses to measure pH (water-based), and total carbon (C), nitrogen (N), phosphorus (P), and various micronutrient contents following Sparks et al. (1996).

Metagenomic DNA was extracted from 0.5 ml of soil from each composite sample using NucleoSpin® soil kit (Macherey-Nagel Gmbh & Co., Düren, Germany), according to manufacturer’s protocol. The PCR and DNA sequencing were carried out as described in detail in Geml et al. (2014b). Briefly, primers fITS7 (Ihrmark et al., 2012) and ITS4 (White et al., 1990) with Illumina adapters were used to amplify the ITS2 region (ca. 250 bp) of the nuclear ribosomal rDNA repeat, using the following PCR conditions: one cycle of 95°C for 5 min, then 37 cycles of 95°C for 20 s, 56°C for 30 s, and 72°C for 1.5 min, ending with one cycle of 72°C for 7 min. A negative control consisting of MQ water instead of DNA were made and underwent the PCR reaction under the same experimental conditions, and were shown on a gel to be amplicon-free. In order to link the sequences to the sample source, forward and reverse primers were tagged with a combination of two different eight-nucleotide labels, resulting in a unique combination for each sample. The amplicon libraries were normalized for DNA concentration and were sequenced using Illumina NovaSeq at BaseClear (Leiden, Netherlands) to generate 250-bp paired-end reads with the default positive and negative controls routinely used by the sequencing company.



Bioinformatic work

Raw DNA sequences were processed with the dada2 package (Callahan et al., 2016), implemented in R v. 3.6.3 (R Development Core Team, 2015), designed to resolve fine-scale DNA sequence variation with improved elimination of artifactual sequences. Because dada2 does not involve clustering sequences into OTUs and is robust for removing spurious data, the output of unique amplicon sequence variants (ASVs) captures both intra- and interspecific genetic variation of fungi found in the samples. This allows for the exploration of strain-level differences in inter- and intraspecific interactions. Raw sequences were truncated to 240 bp for forward and 200 bp for reverse to maintain an average Phred score of >30, denoised, chimera filtered, merged, and clustered into sequence variants. The maximum number of expected errors (maxEE) allowed in a read was 2. In order to minimize false presences, only ASVs with at least 10 sequences in a given sample were considered “present” in that sample. In addition, ASVs that occurred in only one sample were excluded from further analyses to avoid artifactual ASVs (Lindahl et al., 2013). After the above steps of quality filtering, there were 10,258 fungal ASVs from 539,139 ± 97,403 (mean ± SD) assembled fungal sequences per sample. The fungal community matrix was normalized (rarefied) by random subsampling to the smallest library size (277,881 reads) on a per-sample basis. Taxonomic assignments of fungal ASVs were made based on the UNITE reference database of representative sequences of all fungal species hypotheses (SHs) based on a dynamic delimitation (Kõljalg et al., 2013), using USEARCH v. 11 (Edgar, 2010). Selection of ECM fungal ASVs were made based on genus-level identification, with >90% sequence similarity, using the FungalTraits reference database (Põlme et al., 2020). ECM fungal ASVs were assigned to phylogenetic lineages of ECM fungi sensu Tedersoo and Smith (2013) based on the assignation of the matching SHs in UNITE. All sequences of ECM fungal ASVs analyzed in this paper have been submitted to GenBank (OP042390-OP043852).



Geospatial informatics

For each sampling site, we obtained geographic coordinates and elevation data using a hand-held GPS device. We estimated insolation for each sampling site using the ArcGIS v. 10.4.1 Area Solar Radiation tool. This tool uses latitude of the site for calculations of solar declination and solar position, with correction of the radiation arriving at the surface based on a digital elevation model (DEM) to prepare a radiation raster with units of watt hours per square meter (WH/m2).

Because slope aspect and slope angle are known to influence mesoclimate, soil moisture, relative humidity, and soil chemical processes (McCune and Keon, 2002; Dobos, 2010; Gilliam et al., 2014; Méndez-Toribio et al., 2016), we accounted for the effect of slope aspect and slope angle, obtained from the DEM, and cross-checked with field measurements, as follows. When aspect is treated as a continuous variable from 0° to 360°, the two extreme values of this interval refer to the same slope aspect (north-facing). Therefore, we expressed aspect as northerly aspect following Calef et al. (2005) and Geml (2019), to better reflect the well-known environmental differences between north- and south-facing slopes, with values ranging from south = −90° to north = 90°. In addition, because high slope angle exacerbates the effect of slope aspect, we used the product of slope aspect and slope angle as a combined topographic variable, in addition to elevation.

We also calculated the Huglin heat sum index (or Huglin index) for all sampling sites, based on the input data obtained from the FORESEE v. 4.0 database, which is an open-access meteorological database that contains daily maximum/minimum temperature and precipitation data for Central Europe at 0.1 × 0.1° spatial resolution for the 1951–2021 time period based on the HUCLIM gridded dataset of the Hungarian Meteorological Service (HMS).1 The Huglin index, which was originally developed to characterize the mesoclimatic conditions of vineyards, is calculated as a product of the coefficient K, which depends on the latitude, and the sum of the arithmetic mean of daily mean- and daily maximum temperatures relative to the baseline temperature of 10°C from April 1 through September 30 (Huglin, 1986).



Statistical analyses

Unless otherwise noted, all statistical analyses were carried out in R. We statistically compared ASV richness and relative abundance of ECM fungal genera among the samples with ANOVA and Tukey’s HSD test. ASV richness values were graphically presented as boxplots using the ggplot2 R package (Wickham, 2016). Correlations among the ASV richness values of the five most diverse ECM fungal lineages and abiotic environmental variables were tested using quadratic regressions, which were visualized with ggplot2. Compositional differences among samples were visualized using non-metric multidimensional scaling (NMDS) in the vegan R package (Oksanen et al., 2012) with Bray–Curtis distance measure on the Hellinger-transformed matrix. We performed permutational multivariate analysis of variance (PERMANOVA) (adonis) in vegan to estimate the amount of variation explained by forest type, as categorical variable, and by edaphic and climatic factors as continuous variables. In addition, we performed indicator species analysis (Dufrêne and Legendre, 1997) with the multipatt function in the indicspecies package (De Cáceres et al., 2012) in order to identify characteristic and differential taxa for forest types. Finally, to better understand the influence of abiotic factors on the habitat preference of indicators and to illustrate species-level ecological differences within genera, we explored relationships between read abundance of indicator species and selected environmental variables. Specifically, we used linear regressions to correlate the rarefied read counts of indicator species in three ECM lineages with the highest number of indicators (/cortinarius, /inocybe, and /russula-lactarius) with five selected environmental variables that capture most of the edaphic and mesoclimatic differences among the sampling sites (pH, soil moisture, elevation, northerly aspect, and the Huglin index).




Results


Ectomycorrhizal fungal richness patterns

Ectomycorrhizal fungi were represented by 3,759,052 DNA sequences that were grouped into 1,463 ASVs belonging to 58 genera and 39 phylogenetic lineages, mostly belonging to Basidiomycota. Of these, the twenty most ASV-rich lineages were/inocybe (239 ASVs), /sebacina (232), /tomentella-thelephora (201), /cortinarius (194), /russula-lactarius (129), /paxillus-gyrodon (47), /clavulina (39), /tuber-helvella (37), /hebeloma-alnicola (33), /cenococcum (29), /hysterangium (28), /genea-humaria (23), /boletus (20), /elaphomyces (19), /pseudotomentella (18), /piloderma (17), /marcellina-peziza (16), /sphaerosporella-wilcoxina (14), /hygrophorus (14), /hygrophorus (11), /amanita (9). There were substantial differences among the phylogenetic lineages with respect to patterns of ASV richness among the forest types. For example, /cortinarius was most diverse in the mesic sessile oak–hornbeam forests (Carici pilosae-Carpinetum) and least diverse in the limestone oak forests (Seslerio-Quercetum), while the/inocybe lineage was represented by the highest number of ASVs in the submontane beech forests (Melittio-Fagetum) and had the lowest number of ASVs in the acidophilous oak forests (Luzulo-Quercetum) (Figure 2). Somewhat similar trend was observed on the/paxillus-gyrodon lineage, where oak–hornbeam and submontane beech forests had significantly more ASVs than the acidophilous oak and the turkey oak–sessile oak (Quercetum petraeae-cerris) forests, with rest of the forest types showing intermediate ASV richness. Conversely, the /russula-lactarius lineage the most ASV-rich in the relatively warm turkey oak–sessile oak forests and had the fewest ASVs in the cool submontane beech, montane beech (Aconito-Fagetum), limestone beech (Seslerio-Fagetum), and whitebeam-linden (Tilio-Sorbetum) forests. The /sebacina lineage was most diverse in beech-dominated forests, while the /tomentella-thelephora lineage was comparably diverse in all forest types, although showed the highest richness in the thermophilous downy oak (Corno-Quercetum pubescentis) forests (Figure 2).
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FIGURE 2
Comparison of amplicon sequence variant (ASV) richness of the dominant ectomycorrhizal (ECM) fungal lineages across among the sampled forest types. Means were compared using ANOVA and Tukey’s HSD tests, with arches denoting significant differences. Forest types are described in detail in the text, with abbreviations provided in Table 1.


Regression analyses revealed different trends among ECM fungal genera with respect to relationships between ASV richness and various environmental variables. For example, richness of /cortinarius and /russula-lactarius was highest in mid-elevation, around 600 m a.s.l., while richness values of /tomentella-thelephora showed a strong monotonic decrease with increasing elevation (Figure 3). Northerly aspect did not show a significantly strong correlation with richness in the dominant fungal lineages, although we observed a weak positive relationship in /cortinarius and /sebacina and a weak negative relationship in the case of /russula-lactarius with northerly aspect. Soil pH showed strong positive correlation with richness in /inocybe, /sebacina, and /tomentella-thelephora, while negative correlation was observed with /russula-lactarius. The /inocybe and /sebacina lineages had the highest richness values at medium soil moisture levels, while /tomentella-thelephora correlated negatively with soil moisture. We observed negative correlation between richness in /russula-lactarius and soil N and C content, with /inocybe and /sebacina showing richness peaks at intermediate values. With respect to K content, only /inocybe showed a significant relationship, which was positive (Figure 3). Although not among the dominant lineages overall, the two most ASV-richness ascomycete lineages both correlated negatively with soil moisture: /cenococcum (r2 = 0.275, p < 0.0001) and /tuber-helvella (r2 = 0.1374, p < 0.0089) and with elevation: /cenococcum (r2 = 0.241, p = 0.0003), and /tuber-helvella (r2 = 0.0741, p = 0.0481).
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FIGURE 3
Correlations between amplicon sequence variant (ASV) richness of the dominant ectomycorrhizal (ECM) fungal lineages and selected environmental variables listed in Supplementary Table 1. Asterisk (*) indicates significant (p ≥ 0.05) correlation.




Ectomycorrhizal fungal community composition

Community composition of ECM fungal communities was strongly structured among Pannonian forests, mostly driven by soil pH and other edaphic factors (Figure 4). Soil pH (rNMDS1 = −0.9602, p < 0.0001), C content (rNMDS1 = −0.8181, p < 0.0001), and concentrations of cations, such as Ca (rNMDS1 = −0.9989, p < 0.0001), Mg (rNMDS1 = −0.9709, p < 0.0001), and Na (rNMDS1 = −0.9155, p < 0.0001) correlated strongly with the first axis.
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FIGURE 4
Non-metric multidimensional scaling (NMDS) ordination plot (final stress: 0.15734) of the total ectomycorrhizal (ECM) fungal community in the sampled forest types based on Hellinger-transformed data. Ellipses indicating standard deviation of compositional differences of forest types, vectors of environmental variables and richness values of ECM fungal lineages showing significant correlations with ordination axes, and isolines of elevation and Huglin index are displayed in four identical ordination plots.


PERMANOVA analyses confirmed that ECM fungal community composition was strongly structured by coenological forest type, explaining 28.06% of compositional differences among all samples (Table 2). With respect to edaphic variables, pH, soil moisture and Ca, C, K, and P content contributed significantly to the combined model after accounting for correlations among variables. Of these, pH explained more than 9% and Ca explained 3.42% of the compositional variance, with the rest explaining less than 3%. Of the mesoclimatic and topographic variables, the Huglin index and northerly slope aspect remained significant, explaining 2.14% of variance (Table 2).


TABLE 2    Proportions (%) of compositional variance explained by environmental variables in individual models based PERMANOVA, with variables providing significant, unique contribution to the combined model indicated in bold.
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When the dominant ECM fungal lineages were analyzed separately, forest types always had a significant correlation with community structure, explaining between 24.72 and 29.1% of the variance. After accounting for correlations among environmental variables, soil pH, Ca and C content, and soil moisture contributed to the combined model, explaining significant proportions of the community composition in all tested lineages and K content in all except/cortinarius. Northerly aspect remained significant to explain part of the compositional variance in /russula-lactarius, /tomentella-thelephora, and in the total ECM fungal community, while the contributions of the Huglin index and soil P content were only significant in the combined model in total ECM community (Table 2).

One hundred thirty-seven ECM fungal ASVs were significant (p < 0.05) indicators of a certain coenological forest type. Of these, thermophilous downy oak forests and oak–hornbeam forests had the highest number of indicators (18 ASVs each), followed by submontane beech and whitebeam–linden forests (16 each), turkey oak–sessile oak and limestone oak forests (15 each), and acidophilous oak forests (11), the rest having less than 10 indicators (Supplementary Table 2). In most ECM fungal genera, ASVs assigned to different SHs tended to be indicators for distinct forest types, particularly when the sequence similarities were high (above 99%). As expected from the indicator species analysis, we found strong species-level differences within all the selected phylogenetic lineages with respect to their correlations with the tested environmental variables. These differences were partly directional (positive or negative correlation) and partly were differences in range breadth and overlap with respect to the given variable (Figure 5). For example, some indicator species occurred along a wide range of pH, moisture or elevation, while others seemed more restricted. In the latter group, we found indicators that seemed restricted to acidic vs. non-acidic or alkaline pH, dry vs. mesic soil or low vs. high elevation. Interestingly, some indicator species had relatively wide occupied range for some variables and a narrow range for others (e.g., Inocybe obsoleta, Russula globispora) (Figure 5).
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FIGURE 5
Correlations between selected environmental variables and log-transformed rarefied read abundance of indicator species of various forest types in three dominant ectomycorrhizal (ECM) fungal lineages. The slopes and the positioning of the regression lines along the x axis suggest species-level ecological differences within genera. The full list of indicator species can be found in Supplementary Table 2.





Discussion

Our study, which is the first to characterize ECM fungal communities across a wide range of Pannonian forest types that span mesoclimatic and edaphic gradients, clearly show that (1) the composition of ECM fungi differ among coenological forest types; (2) the diversity and distribution of ECM fungi on the landscape are driven primarily by edaphic factors, such as soil pH, Ca and C content and soil moisture, as well as by temperature; (3) there are important ecological differences among ECM fungi at fine taxonomic scales with regard to habitat preference, as suggested by the indicator species and the pronounced differences among genera as well as congeneric species with respect to their relationships with abiotic variables. These key findings highlight various components within the conceptual framework of community assembly, the non-stochastic component of which likely is driven, at least in part, by species-level niche differences as well as by differences in competitive abilities under certain environmental conditions. Together, these are expected to contribute to environmental filtering sensu Chesson (2000) that, in this sense, includes not only the exclusion of species that are not able to survive under particular abiotic conditions, but also the role of the abiotic environment in coexistence dynamics.

It is reassuring to see that the forest types detailed above, formerly described based on detailed coenological studies of woody plants, forbs, graminoids as well as non-vascular plants (Vojtkó, 2002; Borhidi, 2003; Vojtkó et al., 2010; Bölöni et al., 2011), seem to capture well the consistent and largely predictable mesoclimatic and edaphic differences driven by topography and geology. It is noteworthy, that although ECM fungi are associated with the dominant trees that form the above forest types and are widely distributed throughout the landscape, the coenological associations are mostly differentiated based on understory non-ECM plants that seem to reflect better the edaphic and mesoclimatic conditions prevailing at the sites. Based on their above-mentioned connection with the ECM fungal community, the delimitation and mapping of Pannonian forest types provide useful tools to better understand the distribution of ECM fungi at landscape scales in this biogeographic region.

In our study, we show examples of profound differences among congeneric ECM fungal species with respect to their preference to abiotic factors as well as their niche breadth regarding the variable in question.

The role of soil pH in shaping fungal communities has been widely documented at various spatial scales (Coughlan et al., 2000; Lauber et al., 2008; Rousk et al., 2010; Geml et al., 2014a,b; Tedersoo et al., 2014; Kutszegi et al., 2015; Glassman et al., 2017; Rosinger et al., 2018; Geml, 2019; Větrovský et al., 2019). Beside the geological parent material, soil pH is often influenced by mesoclimatic factors, such as temperature and soil moisture, with soils exposed to lower temperatures and higher moisture generally having lower pH than warmer and dried soils on the same landscape (Geml et al., 2014b; Gilliam et al., 2014; Chu et al., 2016). Such mesoclimatic differences affecting soil characteristics could be due to differences elevation or to slope aspect, both of which influence surface temperature, soil moisture, relative humidity, and soil chemical processes (McCune and Keon, 2002; Fekedulegn et al., 2003; Dobos, 2010; Gilliam et al., 2014; Méndez-Toribio et al., 2016). In fact, recent studies have revealed the role of slope aspect to shape fungal communities at landscape scales at a different locality in northern Hungary (Geml, 2019) and in central Asia (Chu et al., 2016). Elevation is also known to influence fungal community composition (Coince et al., 2014; Geml et al., 2014b,2017, 2022; Javis et al., 2015; Wicaksono et al., 2017), although in this study, the effect of elevation was not significant in the combined model, likely because of the tight relationship with temperature (Huglin index), which had somewhat higher correlation with community composition when environmental variables were analyzed separately.

The influential roles of soil moisture and Ca in shaping fungal communities, other than their influence on pH, observed in our study are in agreement with what has been found in the global soil fungal community study of Tedersoo et al. (2014). Calcium plays crucial roles in numerous physiological processes related to growth and stress responses (McLaughlin and Wimmer, 1999) and shapes plant and animal communities (Beier et al., 2012). Because of its low mobility, the availability of Ca often poses limitations on forest structure and function, particularly in dry and acidic soils. The roles of Ca, that are particularly relevant to ECM fungi, include effects on the structure and function of plant cell membranes that influence nutrient uptake by roots and fluxes through leaf membranes, the transport of carbohydrates from leaves to other plant parts, such as roots that directly interact with mycorrhizal fungi, litter decomposition rates, and the formation of humus and soil aggregates (McLaughlin and Wimmer, 1999).

Similarly, C and N contents are among the most important edaphic variables globally that influence richness and community composition in fungi (Tedersoo et al., 2014). Although both C and N content correlated significantly with richness values in three out of five ECM fungal lineages, the strong contribution of C content to explain community composition in all dominant lineages and the lack of significance of N content in the combined model seems unexpected. Because N content correlated significantly with fungal community composition in all lineages when analyzed separately, it is likely that its lack of unique contribution to the combined model is because of a strong correlation between N and C contents (r2 = 0.8398, p < 0.0001).

Although the exact mechanisms are yet to be elucidated, it is likely that the chemical differences among the sampling sites influence the competitive dynamics of fungi and, thus, they represent environmental filters with regard to establishment and persistence in the community (Chesson, 2000; Lennon et al., 2012). The observed correlations of the richness and composition with edaphic factors suggest that some effects on the ECM fungal community could be direct, e.g., physiologically constraining, while most effects may be indirect, e.g., via nutrient availability and nutrient acquisition capabilities. Despite the relatively high proportions of compositional variance explained by the tested environmental variables, the proportion of residual variance not explained by the above variables still exceeded 60%, indicating that there likely are other abiotic or biotic factors not tested in this study, e.g., soil bacterial and faunal communities, that could affect ECM fungal community composition. In addition, although not directly tested in this study, neutral (stochastic) processes, e.g., dispersal, priority effect, and drift, likely contribute to the observed compositional differences of ECM fungal communities among sampling sites, as widely reported for diverse biological communities (Vellend, 2010; Rosindell et al., 2012; Vellend et al., 2014).

Beside the ecological information obtained, this study also provides the first overview of taxonomic diversity and identity of ECM fungi in the dominant Pannonian forest types based on soil DNA data. The full list of fungal SHs that matched an ECM fungal sequence generated from soil samples in the Pannonian forest types in this study and taxonomic classification (Supplementary Table 2) will facilitate future mycological and fungal ecological studies in the region. The 1,463 ASVs representing 58 ECM fungal genera indicates high diversity, although the true diversity of ECM fungi in the region certainly is considerably higher, because many species known to occur in the sampling region based on sporocarp studies were not found in the soil samples. Although this could partly be due to primer biases against lineages with longer PCR amplicons (Baldrian, 2019), it is not surprising based on the high spatial patchiness of soil fungi (Branco et al., 2013; Cale et al., 2021) and the random nature of soil sampling, which is particularly true for diverse lineages that are well represented in sporocarp-based studies, e.g., /amanita, /boletus, and /russula-lactarius, but are relatively underrepresented in soil DNA due to their low mycelial biomass in soil compared to other ECM genera (Gardes and Bruns, 1996; Geml et al., 2012). In these groups, in order to capture their total diversity, many more samples will be needed across the study region. On the other hand, our data provides unprecedented insight into ECM fungal groups with inconspicuous fruiting bodies, e.g., /sebacina and/tomentella-thelephora that represent two of the dominant fungal lineages and that generally are underrepresented in sporocarp surveys (Gardes and Bruns, 1996; Kõljalg et al., 2000; Geml et al., 2012). In addition, the data presented provides novel information on the taxonomic diversity and distribution of hypogeous ECM fungi, including several unidentified Elaphomyces, Gautieria graveolens, Genea arenaria, G. dentata, and G. verrucosa, Hymenogaster citrinus, H. griseus, H. huthii, H. luteus, and H. rehsteineri, Hysterangium calcareum, Hy. nephriticum, Hy. pompholyx, and Hy. stoloniferum, Melanogaster ambiguus, M. broomeanus, M. spurius, and M. variegatus, Scleroderma areolatum, Tuber aestivum, T. borchii, T. brumale, T. excavatum, T. fulgens, T. puberulum, T. rapaeodorum, and T. rufum, and Wakefieldia macrospora. Most of these species have been recorded in Hungary in sporocarp studies, except for G. graveolens, as this genus is only represented by an unidentified species in the list of hypogeous fungi for the Carpathian–Pannonian region compiled by Bratek et al. (2013). In addition, soil DNA studies, such as this, can provide valuable spatial data for mapping the distribution of rare, protected ECM fungi and provide valuable information on their habitat preference. For example, we found the protected Strobilomyces strobilaceus in soil from a sessile oak–hornbeam forest and from an acidophilous oak forest, which is in agreement in terms of habitat preference with sporocarp records of this species from mesic acidic forests in Hungary (Siller et al., 2006). The spatial data presented in this paper complement sporocarp-based assessments and highlights the potential of DNA-based characterization of fungal communities in biological monitoring and conservation of fungi. In addition, the ecological data on the abiotic factors influencing the diversity and distribution of various ECM fungi on the landscape provide a baseline data for climate change studies as well as inform us about possible responses of ECM fungal communities to climate change. This is particularly relevant for the sustainable management of our natural resources, as ECM fungi are vital symbionts of the dominant trees in Pannonian forests and contribute to tree health by providing water and nutrients and mitigating abiotic stresses. The habitat specificity and rapid reaction of soil fungi to changes in environmental factors provides us with the possibility of detecting trends in forest dynamics early and take action accordingly to maintain diverse and resilient forest ecosystems with diverse ecosystem functions.
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Agaric fungi are an important group of macromycetes with diverse ecological and functional properties, yet are poorly studied in many parts of the world. Here, we comprehensively analyzed 558 agaric species in Iran to reveal their resources of edible and poisonous species as well as their ecological guilds and luminescence potential. We also made a thorough survey of the antioxidant activity of the species. Phylogenetic relationships were reconstructed based on nuclear ribosomal LSU and ITS sequences. Our results reveal that agarics of Iran comprise about 189 edible, 128 poisonous, 254 soil saprotrophic, 172 ectomycorrhizal, 146 wood-inhabiting, 18 leaf/litter-inhabiting, 9 parasitic, and 19 luminescent species. Twenty percent of the Iranian agaric species possess antioxidant activity, phylogenetically distributed in four orders and 21 agaric families. About 5% of the antioxidant species can be considered strong antioxidants, many of which are also edible and could be utilized to develop functional foods. This is the first study combining phylogeny and antioxidant potential of agaric mushrooms in a large scale, and the obtained results would guide the selection of agaric taxa to be examined in the future for taxonomic revisions, biotechnological applications, and applied phylogeny studies.
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Introduction

Agarics are mushroom-forming fungi also called euagarics and their hymenium is formed on gills. They belong to the subdivision Agaricomycotina, class Agaricomycetes (Moncalvo et al., 2002; Bauer et al., 2006). They produce important natural substances used in agriculture (e.g., strobilurines), medicine (e.g., pleuromutilines), and biotechnology (e.g., polysaccharides; Pointing et al., 2001; Webster and Weber, 2007; Kück et al., 2014; Hyde et al., 2019; Sandargo et al., 2019). Agaricales is the largest fungal order of agaric mushrooms comprising ca. 13,000 known species (Kirk et al., 2008). Thorough investigations of the agarics phylogeny have recently been provided by He et al. (2019) and Varga et al. (2019). Some agarics are important model organisms for research in genetics and basidiome development such as Coprinopsis cinerea and Cyclocybe cylindrica (Herzog et al., 2019). Among agarics, there are some of the most poisonous mushrooms such as Amanita phalloides, Cortinarius Subgen. Orellani, and Inosperma erubescens, frequently mixed up with edible mushrooms during culinary collecting and thus causing severe fatalities. Nevertheless, there is a large number of edible agaric mushrooms highly prized for culinary purposes such as Agaricus campestris, Coprinus comatus, Cyclocybe cylindrica, Macrolepiota procera, and the worldwide cultivated white button mushroom Agaricus bisporus. Several edible agaric species are saprotrophs and possible to cultivate, but there are also many edible species such as Russula spp. and Lactarius spp. which belong to the ectomycorrhizal ecological guild and thus not cultivable in artificial synthetic media. A number of species such as Lentinula edodes and Flammulina velutipes have culminated as functional mushrooms for developing mushroom-based functional foods and other valued mycochemicals (Chang, 1996; Cateni et al., 2022; Rodríguez-Seoane et al., 2022).

Numerous agarics have also been recognized as sources of antioxidant compounds (e.g., Ferreira et al., 2009; Asatiani et al., 2010; Guo et al., 2012; Wang and Xu, 2014; Sánchez, 2017; Islam et al., 2019; Thu et al., 2020). Antioxidant properties, or the ability to defend against and scavenge/reduce excess free radicals in biological systems, is among the important properties of living organisms and crucial for their survival (Xiao et al., 2020). Mushrooms as one of the most diverse natural antioxidant resources, have received attention in recent decades and are advantageous compared to plants because of their high diversity, fast growth, and culture possibilities (Gargano et al., 2017; Buswell, 2018).

A preliminary checklist of Iranian mushrooms appeared by Ghobad-Nejhad et al. (2020) listing 556 agaric and 29 bolete species. However, the species remain largely unexplored in terms of various important properties. Information about the edible, poisonous, and mycorrhizal agarics in Iran is principally lacking and currently, the antioxidant properties of Iranian agarics have remained largely unexplored.

Due to the lack of knowledge about the diversity of edible, poisonous, and mycorrhizal agarics in Iran, as well as their antioxidant properties, our study aimed to: (i) investigate Iranian agarics and reveal their resources of edible and poisonous species, (ii) present their ecological guilds and bioluminescence potential, and to (iii) explore the antioxidant properties of Iranian agarics and combine it with phylogenetic reconstructions. We believe our results would benefit a wide range of researchers involved in the study of agaric mushrooms.



Materials and methods


Sampling and molecular study

Taxon sampling for the molecular study was primarily done based on the list by Ghobad-Nejhad et al. (2020), supplemented by additional data in the present study. Species current names and species authorities follow Index Fungorum1 and MycoBank.2 Microscopy and morphological studies followed Ghobad-Nejhad et al. (2020). Sequences of the 28S rRNA (nLSU) and the ITS region (covering ITS1, 5.8, and ITS2) were carefully selected from GenBank, with special attention to the quality-controlled sequences (Nilsson et al., 2012) as well as to the authentic sequences obtained from Iranian specimens. For DNA extraction, we sampled more than 20 specimens and 12 samples were successfully sequenced and used in this paper. Genomic DNA was extracted from dried basidiomata using the DNA Extraction Mini Kit (FAVORGEN, Taiwan). The primers used for the amplification cycles were ITS1F/ITS4B or ITS1F/ITS4 (White et al., 1990; Gardes and Bruns, 1993) for the ITS region and LR0R/LR7 or LR0R/LR5 (Hopple and Vilgalys, 1999) for partial nLSU region. All sequences used in the phylogenetic analyses are listed in Table 1.



TABLE 1 Resources of agarics of Iran and their edibility (☺, edible; ☺, edible based on own observation in Iran; ☹, poisonous; ☹, poisonous based on own observation in Iran; ☺*, edible if well-cooked but poisonous if raw; X, inedible; ○, uncertain or unknown), ecological guild (♠, soil saprotroph; ☼, ectomycorrhizal; ▐, wood-inhabiting; ♣, leaf/litter-inhabiting; ◙, parasitic), luminescence, and antioxidant potential (S, strong; M, moderate; W, weak; ND, not determined; full details provided in the text).
[image: Table1]

Two concatenated datasets of nLSU + ITS were constructed, one representing the taxa belonging to the order Agaricales (dataset 1), and the other dataset for taxa of Cantharellales, Polyporales, and Russulales (dataset 2). Contumyces rosellus, the single Iranian agaric Hymenochaetales, was used as an outgroup for both datasets.

Sequences were aligned using MUSCLE (Madeira et al., 2019). To optimize the alignment, problematic columns were reduced with Noisy 1.5.12 (Dress et al., 2008) and were further identified and removed after careful visual inspection. Special attention was paid to excluding the poorly aligned columns of the ITS region and keeping the finely aligned parts. (Sequences of Amanita eliae, Mycena xantholeuca, Pluteus semibulbosus, and Tricholoma ustale were deleted from the final dataset due to poor alignment.)



Phylogenetic analyses

The sequence datasets were analyzed using Bayesian inference (BI) executed in MrBayes v. 3.2.7a (Ronquist et al., 2012). MrModeltest 2.3 was implemented to infer the best-fit model of nucleotide evolution for each alignment partition in each dataset (Nylander, 2004). Bayesian analyses were run for 40 (dataset 1) and 20 (dataset 2) million generations for four Markov chain Monte Carlo simulations, in two independent runs at the CIPRES Science Gateway (Miller et al., 2010), with the trees and parameters sampled every 5,000 generations, and the first 25% of the generations were discarded as burn-in. Posterior probabilities (PPs) were calculated from the posterior distribution of the retained trees. Maximum likelihood analyses were executed in raxmlGUI v.1.3 (Silvestro and Michalak, 2010) with the same parameters as used by Ghobad-Nejhad et al. (2021). The Bayesian phylograms were retained for tree visualizations and annotations.



Edibility, ecological guild and luminescence

The edibility rank of the species (edible, poisonous, inedible) and the ecological guilds (soil saprotrophic, ectomycorrhizal, leaf/litter-inhabiting, wood-inhabiting, parasitic) were assigned based on published literature as well as authors’ knowledge. The edibility of many species is highly subjective and evaluated differently in various countries. Here, the majority of our data are based on central and southern European literature, but even this literature was not necessarily confirmative. Therefore, for some species, more than one rank assignment was inevitably used. Besides the categories “edible” or “poisonous,” category “inedible” was also recognize (noted with symbol X in Table 1) for the species with an unpleasant taste, very small and tiny basidiomata and not usually collected for culinary purposes. Luminescence (bio/chemiluminescent) data were extracted from published literature as mentioned in Table 1 for each species.



Antioxidant properties

Antioxidant properties of the species were obtained via published references as well as own experiments performed in the present study (Tables 1, 2; Supplementary Table 1). A thorough literature survey was performed to extract and summarize the available data on the antioxidant properties of the agaric species. Published references were searched via Google Scholar, PubMed, and other standard repositories. Each literature was scrutinized carefully, avoiding poor quality and ambiguous data. Disqualified literature, unpublished data, and papers published in non-standard journals were removed from our analyses. In total, ca. 300 literature were surveyed and ca. 170 references were cited in this work and in Supplementary material. The majority of studies reported the antioxidant potential as EC50 values, i.e., half maximal effective concentration, based on DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2, 2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid) assays. To have an approximate comparison of the antioxidant potential of the species, we tentatively categorized the EC50 values as strong, moderate, and weak. For this, the EC50 values less than 1 mg/ml were considered as “strong” (S), EC50 values ranging from 1 to 10 mg/ml as “moderate” (M), and EC50 values more than 10 mg/ml were tentatively considered as “weak” (W) antioxidants (Table 1). For several species, we found different EC50 values reported in different studies. We preferred to keep the data as is for any future reference so that we assigned more than one code to classify the antioxidant potential of these species (e.g., SM standing for strong to moderate). (In a number of studies the antioxidant potential had been expressed only as radical scavenging activity% (RSA %). For these, the RSAs >80% were hesitantly considered as strong, RSA 50%–80% as moderate, and RSA < 50% were tentatively considered as weak, paying careful attention also to the values from the antioxidant standards; see Supplementary Table 1). In the cases where the antioxidant potential values were contrasting in different studies, we preferred to keep the data as is for any future reference, and therefore the antioxidant potential of the corresponding species are shown here with the combined codes SM, MW, and SMW, where applicable (Table 1).



TABLE 2 The EC50 values and the percentage of radical scavenging activity (RSA) obtained by ABTS assays in this study.
[image: Table2]

Dried basidiomata from 24 species were sampled and examined for their antioxidant potential via ABTS assay following Re et al. (1999). Voucher samples were deposited at the Iranian Cryptogamic Herbarium (ICH) herbarium (acronym by Index Herbariorum) or at MG personal collection. The ABTS solution (7 mM) was prepared in 2.45 mM potassium sulfate and was kept at room temperature in the dark for 16 h. The mixture was then mixed with phosphate-buffered saline (PBS) as a control, and the absorbance reached 0.7 ± 0.02 at 734 nm. The extract samples with final concentrations of 0.01, 0.025, 0.05, 0.075, and 0.1 mg/ml were mixed with 980 μl of ABTS solution. The absorbance at 734 nm was measured after 6 min. The percentage of radical scavenging activity was calculated by the following equation, where A stands for absorbance (Öztürk et al., 2011):

[image: image]

The EC50 values were obtained through interpolation from linear regression analysis (Supplementary Figure 1). Trolox was used as a positive control at different concentrations (0.005, 0.01, 0.015, 0.02, 0.025, and 0.03 mg/ml).




Results

The results of our survey on the resources of agaric species in Iran are summarized in Table 1. Altogether, 558 agaric species from five orders were surveyed for their resources of edible and poisonous species, their ecological guilds, bioluminescence, and antioxidant potential. The two species Conocybe olivaceopileata and Inocybe ionolepis were added here to the Iranian mycota (see Table 1).


Phylogeny

The Agaricales dataset consisted of 428 taxa and 1,341 characters of which, 243 characters were constant, 144 variable, and 954 characters were informative. The best-fit evolutionary model suggested by MrModeltest was GTR + I + G for each of the LSU and ITS partitions. The Agaricales phylogram is shown in Figure 1. Nineteen families were phylogenetically retrieved with moderate to good posterior probabilities (PPs) and were shown in colored boxes, while the rest of the taxa were incertae sedis or received low to moderate branch support.

[image: Figure 1]

FIGURE 1
 Phylogram from the combined nLSU + ITS sequence dataset representing the phylogenetic relationships of Iranian Agaricales. Posterior probabilities (PPs) ≥ 0.8 are shown as light lilac dots on the nodes. Terminals in red are species with antioxidant activity and the letters inside brackets are the tentative antioxidant codes: S, strong; M, moderate; W, weak (see the text for full details).


The species with antioxidant data were distributed in all the families shown in colored boxes except for the two families Entolomataceae and Inocybaceae (Figure 1). For some families such as Bolbitiaceae, Marasmiaceae, and Tubariaceae, there was only a single species with antioxidant activity, while other families such as Agaricaceae, Psathyrellaceae, and Pleurotaceae contained several antioxidant species.

Dataset 2 (Cantharellales, Polyporales, Russulales) consisted of 71 taxa and 1,528 characters of which, 279 characters were constant, 347 variable, and 902 characters were informative. The best-fit evolutionary model as suggested by MrModeltest was GTR + G for each of the LSU and ITS partitions. The phylogram obtained from the analyses of dataset 2 is presented in Figure 2. The orders Polyporales, Russulales, and Cantharellales were retrieved as moderate to well-supported monophyletic clades (PPs 0.75, 0.94, and 1.00, respectively). (For Polyporales, the two families Panaceae and Polyporaceae were not retrieved. Moreover, Panellus stipticus found a position close to the outgroup Contumyces rosellus, and we could not solve this.) The species with antioxidant data were distributed within the three orders in the phylogram (Figure 2). Out of six Cantharellales agaric members in Iran (Ghobad-Nejhad et al., 2020), four species have antioxidant data (Figure 2; Craterellus cinereus had no good LSU/ITS, so is missing in the phylogeny here). Polyporales has nine agaric species in Iran, four of which possess antioxidant activity (Figure 2). Russulales has 60 agaric species in Iran (Ghobad-Nejhad et al., 2020) from which, 16 species have antioxidant data (Figure 2; Table 1). Contumyces rosellus is the only Hymenochaetales agaric in Iran and has no antioxidant data.

[image: Figure 2]

FIGURE 2
 Phylogram from the combined nLSU + ITS sequence dataset representing phylogenetic relationships of the Iranian Cantharellaeles, Russulales, and Polyporales. Posterior probabilities are shown below branches. Terminals in red are species with antioxidant activity and the letters inside brackets are the tentative antioxidant codes: S, strong; M, moderate; W, weak (see the text for full details).


Altogether, there were 50 agaric species lacking both ITS and LSU sequences and so did not appear in the phylogenetic analyses (Table 1); these species also lacked antioxidant data, except for Russula nigricans which was scored as a “strong” antioxidant species (Table 1).



Edibility, ecological guild, and luminescence

Results of the survey on edibility, ecological guilds, and luminescence of agaric species occurring in Iran are shown in Table 1 and Figures 3, 4. It is revealed that about 189 species of agarics in Iran can be classified as edible, 128 species as poisonous, and 271 species as inedible (Table 1; Figure 3). Moreover, 10 species can be assigned as edible only if well-cooked, whereas the edibility of 30 species is uncertain or unknown.

[image: Figure 3]

FIGURE 3
 The number of Iranian agaric species in each edibility category.


[image: Figure 4]

FIGURE 4
 The number of Iranian agaric species in each ecological guild.


Concerning ecological guilds, our results show that about 254 species of agarics in Iran are soil saprotrophic, 172 species ectomycorrhizal, 146 species wood-inhabiting, 18 species leaf/litter-inhabiting, and nine species are parasitic (Table 1; Figure 4). Parasitic species include Armillaria borealis, A. cepistipes, A. gallica, A. mellea, Collybia tuberosa, Pleurotus eryngii, P. nebrodensis which are sapro-parasitic, Gymnopus fusipes which is wood-inhabiting parasitic, and Asterophora lycoperdoides which grows on basidiomata of Lactarius and Russula species (Table 1).

Among 558 agaric species in Iran, 19 species are categorized as luminescent (Table 1). These include Armillaria (four spp.), Collybia tuberosa, Flammulina velutipes, Mycena (six spp.), Omphalotus olearius, Panellus stipticus, and Russula (five spp.). The six species with chemiluminescence include Russula anthracina, R. cyanoxantha, R. delica, R. foetens, R. ochroleuca, as well as Panellus stipticus.



Antioxidant potential

Results of our survey on the antioxidant potential of agaric species occurring in Iran are shown in Table 1 and Figure 5 (see also Supplementary Table 1 for details on the antioxidant potential of the species and the corresponding references). According to the results, antioxidant activity data is available for 113 species phylogenetically distributed in four orders (Agaricales, Cantharellales, Russulales, Polyporales) and 21 agaric families including 17 families in the Agaricales (Strophariaceae, Hymenogastraceae, Tubariaceae, Bolbitiaceae, Cortinariaceae, Lyophyllaceae, Tricholmataceae, Psathyrellaceae, Agaricaceae, Omphalotaceae, Marasmiaceae, Physalacriaceae, Amanitaceae, Pluteaceae, Mycenaceae, Pleurotaceae, Hydnangiaceae; Figure 1), as well as Hydnaceae (=Cantharellaceae), Russulaceae, Polyporaceae, and Panaceae (Figure 2, families not shown on the tree). However, 445 species still lack information on their antioxidant potential (for a handful of species, the available antioxidant values in the literature had been expressed only by other methods such as TEAC and FRAP; as far as these cases were very few, they were not taken into account here, to keep the rest of the data comparable). The antioxidant potential of 24 species was assayed in this study and their EC50 values are reported in Table 2. Species assayed for the first time in this study included: Agaricus iodosmus, A. pseudopratensis, Agrocybe dura, Cantharellus alborufescens, Cortinarius persoonianus, Hymenopellis radicata, Melanoleuca exscissa, Psathyrella bivelata, Russula emeticolor, and Xerula pudens (Table 2; Supplementary Table 1). In general, the EC50 values of the agaric species ranged between 0.0015 mg/ml (for Psathyrella candolleana) up to 31.42 mg/ml (for Tricholoma terreum).

[image: Figure 5]

FIGURE 5
 Categorization of antioxidant potential of Iranian agaric species. S, strong; M, moderate; W, weak; ND, not determined. See the text for full details.


Among the 113 species having antioxidant data, 27 species could roughly be classified as “strong,” 25 species as “strong to moderate,” 27 species as “moderate,” nine species as “moderate to weak,” and 20 species could be tentatively regarded as “weak” antioxidants (Figure 5). Some of the species in the S category are Agaricus arvensis, Agrocybe dura, Amanita rubescens, Candolleomyces candolleanus, Clitocybe nebularis, Coprinellus micaceus, Coprinopsis picacea, Craterellus tubaeformis, Gymnopilus spectabilis, Hygrophorus eburneus, Hypsizygus ulmarius, Macrocybe gigantean, Marasmiellus peronatus, Mycenastrum corium, Russula anthracina, Russula cyanoxantha, Russula emeticolor, Russula nigricans, Russula rosea, and Xerula pudens (Table 1).

The overall phylogenetic distribution of the agaric species with antioxidant data is shown in Figures 1, 2. Russula nigricans was the only species in our dataset with antioxidant data but lacked LSU/ITS DNA sequences in GenBank, so could not be used in our phylogenetic analyses.




Discussion

In this study, we comprehensively investigated the resources of agarics in Iran. Indeed, no published data have yet been available on number of recorded edible, poisonous, and other agarics in Iran, so the present work fills in these gaps. It is shown that there are currently about 189 edible, 128 poisonous, 254 soil saprotrophic, 172 ectomycorrhizal, 146 wood-inhabiting, 18 leaf/litter-inhabiting, 9 parasitic, and 19 luminescent agaric species in the country. The two species Conocybe olivaceopileata and Inocybe ionolepis were newly added to the Iranian mycota, new DNA sequences were obtained from Iranian samples, and the first phylogenetic reconstruction was provided for agarics of Iran. Evidently, this work is not final and therefore further studies of Iranian fungal diversity would add new species to the list presented here. About 500 agaric species belonging to the five orders Agaricales, Cantharellales, Polyporales, Russulales, and Hymenochaetales were phylogenetically analyzed based on nLSU + ITS sequence datasets. Thorough analyses with additional gene regions and vouchered samples must be utilized in the future to resolve the phylogenetic relationships of Iranian agarics. Yet, the preliminary phylogenetic analysis of agaric species presented here would help to inspire the investigation of many taxa in need of taxonomic revision. Phylogeny backbones can be used for visualization of the phylogenetic distribution of species possessing particular characteristics, herein, antioxidant potential, but also other features in the future. For instance, phylogenetic assessments have been used to screen the pleuromutilin-producing basidiomycete species (Hartley et al., 2009), fungal strains capable of degrading industrial compounds (Navarro et al., 2021), or other natural products (Adamek et al., 2019).

For a few species, the edibility assignment was based on own observation in Iran, but as stated earlier, most of the species were categorized based on available knowledge on central and southern European species. (It might be relevant to note that a number of previous studies have shown a high similarity of the Iranian mycota to that of Europe, e.g., Ghobad-Nejhad et al., 2012; Ghobad-Nejhad and Bernicchia, 2019.) Basically, edibility assignments should always be regarded with caution and it is generally recommended to avoid consuming raw or insufficiently identified mushrooms. There are still noticeable gaps in the knowledge of edible/poisonous mushrooms identification in Iran and the level of education, public awareness, and citizen science is far from medium standards. Concerning usage of edible fungi in Iran, published references are lacking, and our available data is fragmentary. In the reports and statistics on mushroom poisoning in Iran, there is no proper documentation of the species involved or at best, the species are only ambiguously characterized (Kiarsi et al., 2019).

The present work calculated as many as about 172 ectomycorrhizal agaric species for Iran. Ectomycorrhizal fungi are essential components of forest ecosystems to supply the symbiont trees with water and nutrients such as phosphorus and nitrogen, and therefore are highly important in forest sustainability (Varma and Hock, 2013). A large number of ectomycorrhizal agarics are also edible and may be harvested in the wild for culinary use, so they are in need of immediate conservation actions (Vaario and Matsushita, 2021); this is the case, especially with the Cantharellus species in northern Iran (Parad et al., 2018, 2020).

In this study, we listed 146 wood-inhabiting agaric species for Iran. There have been several studies on the diversity and taxonomy of wood-inhabiting aphyllophoroid fungi in Iran (e.g., Hallenberg, 1981; Ghobad-Nejhad and Hallenberg 2012; Amoopour et al., 2016; Ghobad-Nejhad and Langer, 2017; Nazari Mahroo et al., 2018; Ghobad-Nejhad and Bernicchia, 2019) but agarics growing on wood in Iran have not been studied systematically. Wood rotting fungi play a key role in terrestrial carbon cycling and have high potential in biotechnology, enzyme industry, biorefinery, and bioremediation of waste material and recalcitrant compounds (Gadd, 2001; Nguyen et al., 2018; Mäkelä et al., 2021). While Polyporales members are best known for their wood decomposition ability, genomic studies have revealed that several Agaricales taxa have evolved the enzymatic machinery comparable to the white-rot Polyporales (Floudas et al., 2020; Ruiz-Dueñas et al., 2020).

Another aspect surveyed in this study for the Iranian agaric species was bioluminescence. Bioluminescence, i.e., the ability of organisms to emit visible light, has been developed independently in the evolution of different organisms. Concerning fungi, 109 fungal taxa are known to exhibit bioluminescence all of which (except one Xylariales) are white-spored saprotrophic Basidiomycota distinguished in four phylogenetic lineages (Chew et al., 2015; Ke and Tsai, 2022) all sharing the same type of luciferin and luciferase (Oliveira et al., 2012). Interestingly, it has been shown that luminescence could be linked to the antioxidant/radical scavenging defense mechanism against some environmental stress factors (Vydryakova and Bissett, 2016; Oba et al., 2017). Moreover, the fungal bioluminescence capacity can be used in environmental biomonitoring of metals or organic compounds and to develop toxicity tests (Ke and Tsai, 2022).

In this work, a thorough survey was done to reveal the antioxidant potential of 558 agaric species and a new approach was used to combine antioxidant data with phylogeny of the species. Ten species were subjected to antioxidant analyses for the first time, belonging to the genera Agaricus, Agrocybe, Cantharellus, Cortinarius, Hymenopellis, Melanoleuca, Psathyrella, Russula, and Xerula. ABTS assay is one of the most frequently used method for quantification of antioxidant activity of mushrooms. Numerous antioxidant assays have been introduced which are usually classified into two groups based on the mechanism of action: single electron transfer and hydrogen atom transfer (Tan and Lim, 2015; Xiao et al., 2020). Compared to other methods, ABTS has the advantage of involving more or less both mechanisms (Prior et al., 2005). Yet, more examinations are required to fully investigate the antioxidant capacity of the species studied here, and to quantify and characterize the underlying bioactive compounds. Here, we could resume antioxidant data for 20% of agaric species (113 spp.), but noted that 80% of the species (445 spp.) have no antioxidant data. This is noteworthy compared to the fact that antioxidant tests are among the most popular bioactivity assays and it may show that macrofungi have remained little studied in this regard. The highest antioxidant capacities (the lowest EC50 values) were shown by the species categorized as S (27 spp.) and then as SM (25 spp.; Table 1; Figure 5). As noted earliers, in several cases, various EC50 values had been reported in different studies for some species, so that we assigned more than one code for them. We emphasize that such classification is approximate and for detailed comparisons, more precise methods are recommended to be applied. For five species, the EC50 measures ranged significantly, in a way that the code assignment could only be expressed as SMW: Pleurotus djamor, P. eryngii, P. ostreatus, P. pulmonarius, and Russula virescens. Of course, differences in the solvents, standards, modifications in the assays procedures, and even identification issues can account for the different measures under the same species name. Ideally, the identity of the voucher specimens should be fully characterized and the species should be assayed with exactly the same procedure so as to be able to have the best quality comparisons. In general, for the studies where both ABTS and DPPH assays had been conducted, ABTS values seemed to slightly outperform the DPPH values, showing lower EC50 measures. Many of the species in the S or “strong” antioxidant category are edible: Agaricus arvensis, Agrocybe dura, Amanita rubescens, Candolleomyces candolleanus, Clitocybe nebularis, Craterellus tubaeformis, Hygrophorus eburneus, Hypsizygus ulmarius, Macrocybe gigantea, Russula anthracina, R. cyanoxantha, R. emeticolor, R. nigricans, R. rosea, and Xerula pudens (Table 1). Oxidative stress is the root of a cascade of numerous acute and chronic human diseases (Kosanic et al., 2013). Diets rich in natural antioxidants enforce the native defense system and protect against oxidative damage (Ferreira et al., 2009). Mushroom species that are edible and possess high level of biological activities with perspectives on promoting human health are considered noteworthy candidates for developing functional foods and nutra-pharmaceutical products (Kozarski et al., 2015; Lu et al., 2020; Niego et al., 2021; Shaffique et al., 2021; El Sheikha, 2022). It is evident that thorough analyses are needed to fully characterize the mycochemical constitutes of such species and their various bioactivities.

Our results pave the avenue for advanced studies on edible, poisonous, saprotrophic, ectomycorrhizal, wood-inhabiting, parasitic, luminescent, and antioxidant species of agarics of Iran. Twenty percent of the Iranian agaric species possess antioxidant activity, phylogenetically distributed in four orders and 21 agaric families. About 5% of the antioxidant species can be considered strong antioxidants, many of which are also edible and could be utilized for the development of functional foods. Various edible agaric species are grown commercially in the world, while only 1–2 are commonly grown in Iran (personal comm.). Ectomycorrhizal and wood-inhabiting species are important components of forest sustainability. Forests in Iran are very scanty, comprising less than 10% of the total country area, and are on the verge of severe depletion due to numerous anthropological and environmental threats. Yet, Iranian old-growth forests, categorized as part of the northern hemisphere glacial refugia (Ghobad-Nejhad et al., 2012, 2020), harbor a rich reservoir of agaric fungi with diverse characteristics and beneficial aspects. Resources of Iranian agarics provide valuable opportunities for biotechnology and mycochemistry, and should be regarded for preservation and habitat conservation. Our preliminary phylogenetic trees would guide the selection of agaric taxa to be examined in the future for taxonomic revisions, biotechnological applications, and applied phylogeny studies. The thorough survey of antioxidant data of 558 agaric species would provide the state of the knowledge on agarics examined so far and the remaining gaps to be filled in the future.
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Many species of Inosperma cause neurotoxic poisoning in humans after consumption around the world. However, the toxic species of Inosperma and its toxin content remain unclear. In the present study, we proposed five new Inosperma species from China, namely, I. longisporum, I. nivalellum, I. sphaerobulbosum, I. squamulosobrunneum, and I. squamulosohinnuleum. Morphological and molecular phylogenetic analyses based on three genes (ITS, nrLSU, rpb2) revealed that these taxa are independent species. A key to 17 species of Inosperma in China is provided. In addition, targeted screening for the most notorious mushroom neurotoxins, muscarine, psilocybin, ibotenic acid, and muscimol, in these five new species was performed by using ultrahigh-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Our results show that the neurotoxin contents in these five species varied: I. sphaerobulbosum contains none of the tested neurotoxins; I. nivalellum is muscarine positive; I. longisporum and I. squamulosohinnuleum contain both ibotenic acid and muscimol, and I. squamulosobrunneum only contains muscimol; psilocybin was not detected in these five new species.
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Introduction

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; Shen et al., 2019; Sun et al., 2020, 2022; Cao et al., 2021; Liu et al., 2021a,b, 2022a,2022b; Zhang et al., 2021; Ji et al., 2022; Song et al., 2022; Wang et al., 2022). The genus Inosperma (Kühner) Matheny and Esteve-Rav. (type: I. calamistratum [Fr.] Matheny and Esteve-Rav. = Inocybe calamistrata [Fr.] Gillet) is a group of macrofungi which was first conceived as a subgenus of Inocybe (Fr.) Fr. by Kühner (1980), and recent studies elevated it to the genus rank (Matheny et al., 2019). Currently, 12 Inosperma species have been reported from northeast, northwest, southwest, and southernmost China, five of which are new species that were recently discovered (Fan and Bau, 2018; Deng et al., 2021a,b, 2022). Members of this genus are characterized by small- to medium-sized basidiomata, rimose to scaly pileus, even or bulbous stipe base, rubescent, or brunnescent context, often phaseoliform basidiospores, hyaline, or necropigmented basidia, thin-walled cheilocystidia, lack of pleurocystidia, and often have distinctive odors (Matheny et al., 2019; Deng et al., 2021a). The genus occurs on the ground, associates with vascular plants in mycorrhizal symbiosis, and is composed of more than 70 known taxa that are distributed in Africa, Asia, Australasia, Europe, and North America (Matheny et al., 2019; Deng et al., 2021a). Multigene (ITS, nrLSU, rpb2, and mtSSU) molecular studies have confirmed that the genus is monophyletic and is classified into six major lineages, the Cervicolores clade, Maculatum clade, I. misakaense lineage, I. africanum lineage, and two Old World tropical clades (Larsson et al., 2009; Pradeep et al., 2016; Matheny et al., 2019; Deng et al., 2022).

Foraging for and consuming wild Inosperma mushrooms has led to an increased incidence of neurotoxic mushroom poisoning, the main symptoms of which include sweating, salivation, and lachrymation (Lurie et al., 2009; White et al., 2018). As early as 1963, I. erubescens (A. Blytt) Matheny and Esteve-Rav. led to mass poisonings in humans in Germany (Herrmann, 1964; Lurie et al., 2009). In recent years, Bijeesh et al. (2020) reported two cases of poisoning by I. carnosibulbosum (C. K. Pradeep and Matheny) Matheny and Esteve-Rav. from southwestern India. Parnmen et al. (2021) reported 10 cases of poisoning caused by Inosperma species in Thailand from 2010 to 2018. In China, I. aff. virosum (K. B. Vrinda, C. K. Pradeep, A. V. Joseph, and T. K. Abraham ex C. K. Pradeep, K. B. Vrinda and Matheny) Matheny and Esteve-Rav. and I. cf. virosum, which stimulate the parasympathetic nervous system, are two species that were newly discovered as poisonous mushrooms (Li et al., 2020). Inosperma muscarium, a new species in China, was responsible for two poisoning incidents involving seven people (Deng et al., 2021a). In the latest report, a new poisonous Inosperma species, I. zonativeliferum caused poisoning in 10 people (Deng et al., 2022).

Muscarine, psilocybin, ibotenic acid, and muscimol are the four main mushroom neurotoxins (Chen et al., 2016). Muscarine is the principal toxin in Inosperma which binds to acetylcholine receptors and induces classic parasympathetic stimulation that includes profuse sweating, lacrimation, and salivation (Diaz, 2005; White et al., 2018). Another toxin that occurs in Inosperma mushrooms is psilocybin. As a tryptamine alkaloid, psilocybin acts on serotonin 5-HT2A/C receptor sites and induces central nervous system (CNS) effects, illusions, hallucinations, altered sense of time, space synesthesia, and feelings of euphoria (Griffiths et al., 2006; White et al., 2018). Based on a review of the literature and their own work on toxin detection, Kosentka et al. (2013) outlined 99 muscarine- and psilocybin-containing species of Inocybe s.l. from 1960 to 2013, including 13 species of Inosperma. Of these, there was a lack of psilocybin-positive species, and only three species [I. erubescens, I. maculatum (Boud.) Matheny and Esteve-Rav., and I. vinaceobrunneum (Matheny, Ovrebo and Kudzma) Haelew.] were muscarine-positive. Gartz (1986) suggests the presence of psilocybin in I. calamistratum. However, it has since been demonstrated to be psilocybin negative (Stijve and Kuyper, 1988). Recently, Latha et al. (2020) first reported the occurrence of muscarine in I. virosum, and Deng et al. proposed three new Inosperma species from tropical China, namely, I. muscarium, I. hainanense and I. zonativeliferum, all of which are muscarine-positive (Deng et al., 2021a,2022). In addition, I. carnosibulbosum is probably a muscarine-positive species due to a recent report of poisonous cases (Bijeesh et al., 2020).

Other frequently occurring mushroom neurotoxins are ibotenic acid and muscimol, which are the main isoxazole derivatives. Ibotenic acid and muscimol resemble and act as two main neurotransmitters of the central nervous system, namely, glutamic acid and γ-aminobutyric acid, and cause neuroexcitatory effects, such as drowsiness and manic excitement (White et al., 2018). Several analytical strategies have been reported for the identification of ibotenic acid and muscimol, such as high-performance liquid chromatography (HPLC) (Fuchs et al., 2011; Plenert et al., 2012; Brandenburg and Ward, 2018), liquid chromatography-mass spectrometry (LC-MS) (Stebelska, 2013), liquid chromatography-tandem mass spectrometry (LC-MS-MS) (Govorushko et al., 2019), and gas chromatography-mass spectrometry (GC-MS) (Audi et al., 2005; Verougstraete et al., 2018). In Europe and North America, the majority of reported cases of isoxazole derivative mushroom poisoning are caused by Amanita muscaria (L.) Lam. and A. pantherina (DC.) Krombh. In addition, A. gemmata (Fr.) Bertill., A. cothurnata G. F. Atk., A. cokeri E.-J. Gilbert and Kühner ex E.-J. Gilbert, A. frostiana (Peck) Sacc., A. ibotengutak T. Oda, C. Tanaka and Tsuda and A. strobiliformis (Paulet ex Vittad.) Bertill. also contain isoxazole derivatives (Spoerke and Rumack, 1994; Benjamin, 1995; Chen et al., 2016). In southern Vietnam, Doan et al. (2017) confirmed the presence of ibotenic acid in Paraisaria heteropoda (Kobayasi) Luangsa-ard, Mongkols. and Samson. To date, no isoxazole derivative detection in Inosperma has been reported worldwide. In this study, the contents of ibotenic acid and muscimol in five new species of Inosperma were determined by UPLC/MS-MS, which is the first time that ibotenic acid and muscimol have been detected in species of Inosperma.

In this study, (1) we describe five new species of Inosperma based on morphological and multigene phylogenetic evidence, and a key to 17 species of Inosperma in China was provided; (2) the presence of ibotenic acid and muscimol in Inosperma species was identified for the first time; and (3) we determined the muscarine and psilocybin contents to provide accurate data for the prevention and clinical treatment of potential Inosperma poisoning accidents.



Materials and methods


Specimen collection and drying treatment

Specimens were opportunistically collected from Hubei, Yunnan, and Sichuan Provinces. The fresh basidiomata were dried using an EVERMAT electric dryer operated at 45°C for 10 h. The dried specimens were deposited in the Mycological Herbarium of Hunan Normal University (MHHNU), Changsha, China. A small piece of fresh basidioma was also dried with silica gel for molecular analysis for each specimen.



Morphological studies

Specimens were photographed in situ using a Sony digital camera (LICE-7, Sony, Tokyo, Japan). The macromorphological characteristics of fresh mushrooms were recorded as soon as possible after collection. Color codes were described following Kornerup and Wanscher (1978). Microscopic structures were studied from dried materials mounted in 5% aqueous KOH, and 1% Congo red resolution was used as a stain when necessary. All measurements were performed at 1000 × magnification, and a minimum of 20 basidiospores from each basidioma were measured in the side view. Micromorphological investigations were performed by means of a Nikon Eclipse 50i microscope (Nikon, Tokyo, Japan). The dimensions of basidiospores and Q values are given as (a) b–c (d), where “b–c” cover a minimum of 90% of the measured values, and “a” and “d” represent extreme values. Q is the ratio of the length to width of an individual basidiospore and Qm is the average Q of all basidiospores ± sample standard deviation. The abbreviation n is the number of basidiospores, coll. means collections, av. means average, and SD means standard deviation. The descriptive terms are in accordance with Matheny and Bougher (2017) and Deng et al. (2021a).



DNA extraction, amplification, and sequencing

DNA was extracted from dried basidiomata using a fungal DNA extraction kit manufactured by Omega Bio-Tek (Norcross, GA, USA). The following primer pairs were used for PCR amplification and sequencing: ITS5 and ITS4 for the internal transcribed spacer (ITS) region (White et al., 1990); LR0R and LR7 for the nuclear ribosomal large subunit (nrLSU) region (Vilgalys and Hester, 1990); and bRPB2-6F and bRPB2-7.1R for the RNA polymerase II second largest subunit (rpb2) region (Matheny, 2005). The PCR protocols for ITS and nrLSU were as described in White et al. (1990), and those for rpb2 were as described in Matheny (2005). The PCR products were purified and sequenced by Tsingke Biological Technology Co., Ltd. (Beijing, China).



Sequence alignment and phylogenetic analyses

Thirty-nine sequences (13 for ITS, 13 for nrLSU, and 13 for rpb2) were newly generated in this study and were deposited in GenBank (Supplementary Table 1). Additional sequences were retrieved from GenBank1 and previously published articles (Supplementary Table 1; Pradeep et al., 2016; Latha and Manimohan, 2017; Matheny and Bougher, 2017; Fan and Bau, 2018; Matheny et al., 2019; Aïgnon et al., 2021; Bandini et al., 2021; Deng et al., 2021a,b, 2022).

The sequences were aligned using MAFFT v7.310 (Katoh and Standley, 2013) and manually edited using BioEdit v7.0.5 (Hall, 1999). Maximum likelihood (ML) analysis was performed using the W-IQ-TREE web service2 with 1,000 ultrafast bootstrap replicates (Trifinopoulos et al., 2016). Bayesian inference (BI) was performed in MrBayes v3.2 (Ronquist et al., 2012). The optimal substitution model was determined using the Akaike information criterion (AIC) as implemented in MrModeltest v2.3 (Nylander, 2004). The phylograms from ML and BI analyses were visualized with FigTree v1.4.3 (Rambaut, 2009).



Analysis of toxins by ultrahigh-performance liquid chromatography-tandem mass spectrometry

Dried basidiomata of the target taxon were used for toxin analyses using the methods of Xu et al. (2020) and Deng et al. (2022) with slight modifications. The dried mushroom pileus (0.05 g) was crushed into a fine powder and mixed with 2 mL of methanol–water solution (7:3 v/v). The mixture was vortexed for 30 min at room temperature and treated in an ultrasonic bath for 30 min. After centrifugation at 10,000 rpm for 5 min, the supernatant was purified using a QuEChERS-PP column. Subsequently, the extract was mixed with acetonitrile to a final volume of 1.0 mL. The obtained sample solution was centrifuged at 21,000 rpm for 2 min before ultrahigh-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) analysis. Lentinula edodes was used as a blank sample.

The presence of neurotoxins, especially muscarine, psilocybin, ibotenic acid, and muscimol (Alta Scientific Co., Ltd., Tianjin, China), was evaluated through UPLC–MS/MS, which was carried out with a Waters ACQUITY I-Class UPLC system coupled with a Waters Xevo TQ-S MS/MS system (Waters, Milford, MA, USA) under the conditions shown in Table 1. The analytical results were reported as X ± U (k = 2, p = 95%), where X is the analytical content and U is the expanded measurement uncertainty.


TABLE 1    Instrument parameters for the UPLC-MS/MS analyses.
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Results


Phylogenetic data

The combined dataset (ITS, nrLSU, and rpb2) included 73 sequences of 56 taxa and contained 3,100 total characters with 882 bp ITS, 1,566 bp nrLSU, and 652 bp rpb2. An additional dataset file shows this in more detail (Supplementary Data Sheet 1). The best-fit models for the combined dataset selected by MrModeltest v2.3 is General Time Reversible + Proportion–Invariant + Gamma (GTR + I + G). The topologies of the ML (Supplementary Figure 1) and BI (Supplementary Figure 2) phylogenetic trees obtained in this study are practically the same, and only the ML tree with branch lengths and support values is shown in Figure 1. All members of Inosperma in the dataset formed a monophyletic lineage with strong support (MLB = 100%, BPP = 1.0). Phylogenetically, the Cervicolores clade is retrieved with strong support (MLB = 100%, BPP = 1.0), and I. longisporum, I. squamulosobrunneum and I. squamulosohinnuleum are members of this clade. The Maculatum clade is supported as monophyletic, and I. sphaerobulbosum is nested in this clade. Inosperma nivalellum is formed separate lineages in the Maculatum clade base (MLB = 94%, BPP < 0.90).
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FIGURE 1
Phylogenetic relationship and placement of Inosperma inferred from the combined dataset (ITS, nrLSU, and rpb2) using ML and BI phylogenetic methods. Bootstrap values (MLB) ≥ 70% and Bayesian posterior probabilities (BPP) ≥ 0.90 are reported at relevant nodes (ML/BI). The new species are indicated in red. Only the ML tree is shown. Toxins refer to Kosentka et al. (2013), Bijeesh et al. (2020), and Deng et al. (2021a,2022).




Taxonomy


Inosperma nivalellum S. N. Li, Y. G. Fan, and Z. H. Chen, sp. nov.

Figures 2, 3
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FIGURE 2
Basidiomata of Inosperma nivalellum. (A,B) MHHNU31689, holotype. Scale bars = 10 mm.
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FIGURE 3
Microscopic features of Inosperma nivalellum (MHHNU31689, holotype). (A,B) Basidiospores; (C,D) basidia with probasidium; (E) gill edge; (F,G) cheilocystidia; (H) caulocystidia; (I) transverse section of pileus; (J) pileipellis; (K) hymenial hyphae; and (L) oleiferous hyphae. Scale bars = 10 μm.


Mycobank: 845644

Etymology: Nivalis (Latin), niveous; lamella (Latin), lamellae, referring to the snow-white hymenium.

Diagnostic features: Basidiomata medium to large. Pileus 40–91 mm in diameter, grayish yellow to light grayish yellow, smooth, radially fibrillose to rimulose, with a nipple-like umbo. Lamellae 2–5 mm wide, snow-white, adnexed. Stipe 68–100 × 5–11 mm, light grayish yellow in the middle and pure white at both ends. Basidiospores (6.0) 7.0–10.5 (12.0) μm × 4.0–5.5 μm, smooth, elliptic to oblong-elliptic or oblong-reniform. Cheilocystidia 22–75 × 5–29 μm, in clusters, various, mostly clavate, utriform, or narrowly cylindrical. Differs from I. lanatodiscum (Kauffman) Matheny and Esteve-Rav. by its larger basidiomata, nipple-like umbo, snow-white lamellae, and smaller basidiospores.

Holotype: CHINA. Hubei Province: Hefeng County, Xiaping Village, N: 110°13’93.8”, E: 30°05’98.1”, alt. 1680 m, on the ground in the subtropical montane forest dominated by Castanea, 22 September 2019, Z. H. Chen, P. Long, and Y. Q. Zeng, MHHNU31689 (GenBank accession no. ITS: OP135502; nrLSU: OP134006; rpb2: OP161556).

Basidiomata: Medium to large-sized. Pileus 40–91 mm wide, conical when young, then expanding to plane with a nipple-like umbo; margin decurved; surface dry, smooth, and unbroken in the center, radially fibrillose or rimulose elsewhere, rimose to deeply splitted when matured; veilpellis not observed, grayish yellow (4B5) around the center, paler outward, and light grayish yellow (4B4) toward the margin. Lamellae 2–5 mm wide, adnexed, often subsinuate, crowded (ca. 60–80); snow-white (1A1) even in mature basidiomata, yellowish upon drying, edge concolorous. Stipe 68–100 × 5–11 mm, cylindrical or attenuated toward apex; pure white (1A1) at the top and base, light grayish yellow (4B4) in the middle; nearly smooth, dry, and solid. Context snow-white (1A4) in stipe and pileus, not changing color upon exposure. Odor not recorded.

Basidiospores: (6.0) 7.0–10.5 (12.0) μm (av. 8.6 μm, SD 1.1 μm) × 4.0–5.5 μm (av. 4.8 μm, SD 0.5 μm), Q = (1.50) 1.56–2.25 (2.40), Qm = 1.81 ± 0.22 (n = 80 of 4 coll.), smooth, oblong-elliptic or oblong-reniform, pale yellow with greenish tinge in 5% KOH. Basidia 28–35 × 8–10 μm, clavate to broadly clavate, 4-sterigmate, hyaline, or contain some oily inclusions. Pleurocystidia absent. Cheilocystidia 22–75 × 5–29 μm, in clusters, various, various, mostly clavate, utriform, or narrowly cylindrical with tapered apex, less often broadly fusiform, occasionally with a flexuous outline, apices often tapered, hyaline, thin-walled, walls yellowish-green in 5% KOH. Hymenophoral trama subregularly arranged, pale yellow to nearly colorless in 5%KOH, composed of smooth, thin-walled, and inflated hyphae 3–52 μm wide. Caulocystidia 22–60 × 7–24 μm, present at stipe apex, multiseptate, clavate to fusiform, sometimes with rounded to subcapitate apices, hyaline. Pileipellis is a cutis of coarsely encrusted and slightly expanded cylindrical hyphae mostly 6–29 μm wide regular, pale yellowish brown in 5% KOH; pileal trama composed of smooth, thin-walled, expanded cylindrical hyphae mostly 7–36 μm wide, regular to subregular, and nearly colorless in 5% KOH. Oleiferous hyphae present in pileal and stipe trama, 4–12 μm in diameter. Clamp connections are present and common in all tissues.

Known distribution: Known from the type locality in Hubei Province, China.

Habitat: Single to scattered on soil in subtropical montane forest dominated by Castanea.

Commentary: Morphologically, I. lanatodiscum, a widely distributed species in north temperate regions, is similar to I. nivalellum in its grayish yellow, distinctly umbonate, radially appressed fibrillose and rimose pileus. However, it differs from I. nivalellum in its smaller basidiomata (Pileus 3.5–4.5 cm wide), umbo not nipple-like, grayish white to yellowish brown lamellae, and larger basidiospores (9–11 × 5.5–6.5 μm) (Grund and Stuntz, 1968; Kropp et al., 2013; Fan and Bau, 2018). Phylogenetically, the two species are distant.



Inosperma sphaerobulbosum S. N. Li, Y. G. Fan, and Z. H. Chen, sp. nov.

Figures 4, 5
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FIGURE 4
Basidiomata of Inosperma sphaerobulbosum. (A–D) MHHNU32266, holotype. Scale bars = 10 mm.



[image: image]

FIGURE 5
Microscopic features of Inosperma sphaerobulbosum (MHHNU32266, holotype). (A,B) Basidiospores; (C,D) basidia with probasidium; (E) gill edge; (F,G) cheilocystidia; (H) hymenial hyphae; (I,J) pileipellis; and (K) caulocystidia. Scale bars = 10 μm.


Mycobank: 845643

Etymology: Sphaera (Greek), spherical; bulbous (Latin), bulbus, referring to the bulbous base of the stipe.

Diagnostic features: Fruit bodies small to medium. Pileus 18–37 mm in diameter, brown orange to gray orange, fibrillose and rimose, with an obtuse umbo and obvious white veilpellis, especially in young pileus. Lamellae 3–4 mm wide, adnexed, milk white to grayish yellow or grayish orange. Stipe 18–55 × 3–6 mm, covered with white, woolly vesture when young; surface striped, concolorous with pileus, base enlarging into distinctive bulbous up to 13 mm wide. Odor spermatic. Basidiospores (6.5) 7.0–10.5 (11.0) μm × (4.5) 5.0–5.5 (6.0) μm, smooth, oblong-elliptic to oblong-phaseoliform. Cheilocystidia 30–65 × 7–25 μm, in clusters, cylindrical, broadly fusiform, or broadly clavate. Differs from I. cookei (Bres.) Matheny and Esteve-Rav. by its brown orange to gray orange pileus with obvious white veilpellis, stipe concolorous with pileus (except for the stipe base), larger and rounder bulbous base and spermatic odor.

Holotype: CHINA. Yunnan Province: Diqing Tibetan Autonomous Prefecture: Shangri-La, Pudacuo National Park, N: 99°96’29.6”, E: 27°90’53.6”, alt. 3800 m, on ground in cold temperate montane forests dominated by Abies georgei Orr var. smithii (Viguie et Gaussen) Cheng et L. and Quercus semecarpifolia Smith, 24 August 2020, Z. H. Chen, S. N. Li, and P. Long, MHHNU32266 (GenBank accession no. ITS: OP135501; nrLSU: OP134001; rpb2: OP161559).

Basidiomata: Small to medium-sized. Pileus 18–37 mm wide, conical, expanding with age, eventually plane and with a slightly decurved margin and an obtuse umbo; surface dry, smooth; white veilpellis covering entire pileus, and appendiculate veil remnants at the pileus margin when young, veilpellis gradually disappeared, fibrillose and rimose toward the margin with age; center or umbo brown orange (5C6), grayish orange (5B6) toward the margin. Lamellae 3–4 mm wide, adnexed, crowded (ca. 70–90); milk white (1A2), becoming grayish yellow (4B4) to grayish orange (5B4) with age. Stipe 18–55 × 3–6 mm, cylindrical or attenuated toward apex, base abruptly enlarges to bulbose up to 13 mm wide; with white, woolly vesture when young; after maturing, surface striped, apex with few scattered pallid furfuraceous fibrils, elsewhere finely fibrillose, concolorous with pileus, base milk white (1A2). Context milk white (1A2) to yellowish white (2A2) in stipe and grayish yellow (4B3) in pileus, not changing color upon exposure. Odor spermatic.

Basidiospores: (6.5) 7.0–10.5 (11.0) μm (av. 8.5 μm, SD 1.8 μm) × (4.5) 5.0–5.5 (6.0) (av. 5.1 μm, SD 0.4 μm) μm, Q = (1.30) 1.50–2.00 (2.10), Qm = 1.64 ± 0.28 (n = 80 of 4 coll.), smooth, oblong-elliptic to oblong-phaseoliform, pale yellowish brown in 5% KOH, containing a bright yellow oily droplet inside. Basidia 29–35 × 8–11 μm, regular broadly clavate, 4-sterigmate, hyaline or contain some oily inclusions. Pleurocystidia absent. Cheilocystidia 30–65 × 7–25 μm, in clusters, cylindrical, or nearly, broadly fusiform or broadly clavate, sometimes with rounded to subcapitate apices and somewhat flexuose, thin-walled (occasionally coarse), occasionally septate, hyaline. Hymenophoral trama regularly to subregularly arranged, composed of thin-walled, cylindrical to inflated hyphae 3–27 μm wide. Caulocystidia 18–47 × 8–12 μm, present at the stipe apex, similar to cheilocystidia. Pileipellis is a cutis of coarsely encrusted (occasionally smooth), slightly expanded to inflated cylindrical hyphae mostly 6–29 μm wide, regular to subregular, yellowish brown in 5% KOH. Clamp connections are present and common in all tissues.

Known distribution: Known from the type locality in Yunnan Province, China.

Habitat: Scattered on the ground in cold temperate montane forests dominated by Abies georgei and Quercus semecarpifolia.

Commentary: In the phylogenetic tree (Figure 1), Inosperma sphaerobulbosum is nested in Maculatum Clade, and together with I. quietiodor Matheny and Esteve-Rav., I. rimosoides (Peck) Matheny and Esteve-Rav., I. cf. reisneri (Velen.) (Matheny and Esteve-Rav. 2019) and I. shawarense (A. Naseer and A. N. Khalid) Aïgnon and Naseer cluster into a branch with good support (MLB = 100%, BPP = 1.0). The common features of this branch are small to medium-sized basidiomata, fibrillose, and rimose pileus with umbonate, abruptly, or slightly swollen to bulbous stipe base, smooth, ellipsoid to phaseoliform spores (Kuyper, 1986; Naseer et al., 2017). Inosperma cookei shares a similar habitat (mostly under frondose trees, associated with Fagus, Quercus, Castanea, and Corylus.) and shape with I. sphaerobulbosum, but differs in its whitish to pale yellowish stipe not concolorous with pileus, honey-like smell and narrower, and shorter cheilocystidia (22–)28–42 × 11–18(–22) μm (Kuyper, 1986; Naseer et al., 2017).



Inosperma longisporum S. N. Li, Y. G. Fan and Z. H. Chen, sp. nov.

Figures 6, 7
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FIGURE 6
Basidiomata of Inosperma longisporum. (A–D) MHHNU32337, holotype. Scale bars = 10 mm.
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FIGURE 7
Microscopic features of Inosperma longisporum (MHHNU32337, holotype). (A,B) Basidiospores; (C,D) basidia with probasidium; (E) gill edge; (F,G) cheilocystidia and paracystidia; (H) caulocystidia and cauloparacystidia; (I,J) pileipellis; (K) hymenial hyphae; and (L) oleiferous hyphae. Scale bars = 10 μm.


Mycobank: 845645

Etymology: Longior (Latin), longer; spora (Latin), spore, referring to the longer spores.

Diagnostic features: Fruit bodies small to medium. Pileus 17–36 mm in diameter, subsphaeroidal to hemispherical, oak brown to coffee brown, with clumpy scales in the center, wooly fibrillose to coarsely fibrillose toward the margin. Lamellae oak brown to mustard brown, adnexed. Stipe 50–85 × 4–6 mm, cylindrical, equal or slightly enlarged at the base. Basidiospores (9.0) 12.0–17.0 μm × (5.0) 5.5–7.0 (8.0) μm, smooth, rice shape to cylindrical. Cheilocystidia 19–36 × 12–18 μm, squat cylindrical, broadly clavate to bulbous, at times septate, thin-walled to slightly thick-walled. Fresh odor like green corn. Differs from I. mucidiolens (Grund and D. E. Stuntz) Matheny and Esteve-Rav. by its oak brown to coffee brown pileus with clumpy scales in the center, oak brown to mustard brown lamellae that do not have a green color and squatter cheilocystidia.

Holotype: CHINA. Yunnan Province: Lijiang City, Yulong Naxi Autonomous County, Taian Township, N: 100°09’04.6”, E: 26°78’51.7”, alt. 2991 m, on the ground in subtropical montane forest dominated by Abies georgei, 23 August 2020, Z. H. Chen, S. N. Li, and P. Long, MHHNU32237 (GenBank accession no. ITS: OP135509; nrLSU: OP135495; rpb2: OP161560).

Basidiomata: Small to medium-sized. Pileus 1.7–3.6 mm wide, initially subsphaeroidal, becoming hemispherical to convex, at times obtusely conical, becoming plano-convex with age, not umbonate; margin initially inrolled, later decurved; the center covered with clumpy scales, wooly fibrillose to coarsely fibrillose toward the margin; veilpellis absent; oak brown (5D6) to coffee brown (5F8). Lamellae adnexed, crowded (ca. 40–70), up to 3 mm wide; oak brown (5D6), becoming mustard brown (5E6) with age, edge concolorous. Stipe 50–85 × 4–6 mm, cylindrical, equal or slightly enlarged at the base; solid; few furfuraceous scales at apex, with some loose fibrils toward the base; concolorous with pileus, sometimes base slightly lighter in color; surface dry. Context: milk white (1A2) pileus and stipe, stipe brunnescent upon exposure. Odor fresh like green corn in young specimens but spermatic in older material.

Basidiospores: (9.0) 12.0–17.0 μm (av. 13.3 μm, SD 2.0 μm) × (5.0) 5.5–7.0 (8.0) μm (av. 6.0 μm, SD 0.7 μm), Q = 1.80–2.58 (2.62), Qm = 2.25 ± 0.23 (n = 80 of 4 coll.), smooth, rice shape to cylindrical (less often oblong-amygdaliform), yellowish green in 5% KOH. Basidia 35–50 × 9–10 μm, clavate to broadly clavate, 4-sterigmate, hyaline or contain some oily inclusions but necropigmented with age. Pleurocystidia absent. Cheilocystidia 19–36 × 12–18 μm, abundant and crowded, squat cylindrical, broadly clavate to bulbous, at times septate, thin-walled to slightly thick-walled, hyaline, sometimes the space is filled with brown mucilaginous material. Hymenophoral trama regularly to subregularly arranged, pale yellowish brown in 5% KOH, composed of thin walls with lightly rough, cylindrical to inflated hyphae 4–23 μm wide. Caulocystidia 15–35 × 5–12 μm, present at stipe apex, in clusters, broadly clavate to broadly cylindrical, with rounded to subcapitate apices, occasionally septate, hyaline. Pileipellis a cutis of coarsely encrusted cylindrical hyphae mostly 4–12 μm wide, regular, and pale yellowish brown in 5% KOH; pileal trama composed of smooth or weakly encrusted, expanded cylindrical hyphae mostly 4–20 μm wide, regular to subregular, pale yellow in 5% KOH. Oleiferous hyphae present in pileus and stipe trama, 3–7 μm in diameter. Clamp connections present and common in all tissues.

Known distribution: China (Yunnan and Sichuan Provinces).

Habitat: Scattered on the ground in subtropical montane forest dominated by Abies georgei.

Other examined specimens: CHINA. Sichuan: Province: Ganzi Tibetan Autonomous Prefecture, Kangding County, Gongga Township, Zimeiyakou, 8 August 2021, Z. H. Chen and P. Long, MHHNU33070.

Commentary: Inosperma longisporum formed a well-supported distinct lineage (MLB = 100%, BPP = 1.0) in the Cervicolores clade (Figure 1). In gross morphology, I. longisporum is similar to I. mucidiolens in shape and size of the basidiomata (pileus 10–40 mm and stipe 30–90 × 2–8 mm in I. mucidiolens), green corn odor and habitat under conifers. However, the lamellae and the stipe base of I. mucidiolens have a green color, the basidiospores (10–12 × 5–6 μm) are smaller and the cheilocystidia are longer [33–50(–55) × 10–20 μm] (Grund and Stuntz, 1970; Pradeep et al., 2016).



Inosperma squamulosobrunneum S. N. Li, Y. G. Fan, and Z. H. Chen, sp. nov.

Figures 8, 9
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FIGURE 8
Basidiomata of Inosperma squamulosobrunneum. (A,B) MHHNU32359, holotype and (C,D) MHHNU32351. Scale bars = 10 mm.
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FIGURE 9
Microscopic features of Inosperma squamulosobrunneum (MHHNU32359, holotype). (A,B) Basidiospores; (C,D) basidia with probasidium; (E) gill edge; (F,G) cheilocystidia; (H) hymenial hyphae; (I,J) pileipellis; (K) caulocystidia; and (L) oleiferous hyphae. Scale bars = 10 μm.


Mycobank: 845646

Etymology: Squamulosus (Latin), squamulose; brunnes (Latin), brown, referring to its pileus.

Diagnostic features: Fruit bodies small. Pileus 5–21 mm in diameter, oak brown to brown, with erect conical fibrillose squarrose around the center, upswept subsquarrose to squamulose toward the margin. Lamellae adnexed to ascending-adnate, yellowish white to clay brown. Stipe 24–50 × 1.5–3 mm, equal to a slightly swollen base. Basidiospores (7.5) 8.0–11 μm × (4.5) 5–7.0 μm, smooth, oblong-obovoid to oblong-ellipsoid. Cheilocystidia 22–48 × 11–19 μm, densely arranged like clusters of grapes. Odor fresh like corn leaf or mowed grass. Differs from I. calamistratum by its oak brown to brown pileus with erect conical fibrillose squarrose, smaller basidiomata, shorter spores, and fresh odor of corn leaf or mowed grass.

Holotype: CHINA. Yunnan Province: Dali Bai Autonomous Prefecture, Cangshan Mountain, N: 100°14’65.5”, E: 25°65’82.0”, alt. 2235 m, on the ground in subtropical montane forest dominated by Pinus, 23 August 2020, Z. H. Chen, S. N. Li and P. Long, MHHNU32359 (GenBank accession no. ITS: OP135499; nrLSU: OP134000; rpb2: OP161562).

Basidiomata: Small-sized. Pileus 5–21 mm, globular or conical when young, then hemispheric to conico-campanulate; with erect conical squamules around the center, outward more upswept fibrils subsquarrose to squamulose; appendiculate veil remnants at the pilells margin when young; oak brown (5D6) to brown (6D6), somewhat darker around the center. Lamellae adnexed to ascending-adnate, subcrowded (ca. 30–50), up to 5 mm broad, yellowish white (5A2) to clay brown (5D5), with distinct pallid-fimbriate edges. Stipe 24–50 × 1.5–3 mm, equal with a slightly swollen base, clay brown (5D5) to brown (6D6), discolor to grayish green (25C6) or dark grayish green (26D3) at the base, at apex minutely pruinose subflocculose, coarsely squamulose to squarrose in lower half, solid. Context milk white (1A2) in pileus and stipe, stipe context brunnescent after being cut. Smell strong, pleasant, like corn leaf or freshly mowed grass.

Basidiospores: (7.5) 8.0–11 μm (av. 9.2 μm, SD 1.0 μm) × (4.5) 5–7.0 μm (av. 5.4 μm, SD 0.7 μm), Q = (1.35) 1.45–2.00 (2.22), Qm = 1.71 ± 0.15 (n = 80 of 4 coll.), smooth, oblong-obovoid to oblong-ellipsoid, yellowish brown in 5% KOH. Basidia 31–41 × 7–13 μm, narrowly clavate, slender, hyaline or contain some oily inclusions, becoming necropigmented, 4-sterigmate. Pleurocystidia absent. Cheilocystidia 22–48 × 11–19 μm, abundant and densely arranged like clusters of grapes, broadly clavate, pyriform or sphaeropedunculate, thin-walled, hyaline, most septate. Hymenophoral trama subregularly arranged, composed of thin-walled, cylindrical to inflated hyphae 2–24 μm wide. Caulocystidia present at the apex of stipe, 20–55 × 8–13 μm, in clusters, broadly clavate or pyriform. Pileipellis is a trichoderm of coarsely encrusted, sometimes smooth, slightly expanded to inflated cylindrical hyphae mostly 6–29 μm wide, regular to subregular, many cells filled with dark tawny resinoid content and collapsed, yellowish brown in 5% KOH. Oleiferous hyphae present in pileal and stipe trama, 4–10 μm in diameter. Clamp connections are seen on all hyphae.

Known distribution: China, Yunnan Province (Dali Bai Autonomous Prefecture and Chuxiong Yi Autonomous Prefecture).

Habitat: Gregarious or scattered in small clusters on the ground in subtropical montane forest dominated by Pinus.

Other examined specimens: CHINA. Yunnan Province: Dali Bai Autonomous Prefecture, Cangshan Mountain, 23 August 2020, Z. H. Chen, S. N. Li, and P. Long, MHHNU32351; Chuxiong Yi Autonomous Prefecture, Zixi Mountain, 21 August 2020, Z. H. Chen, S. N. Li, and P. Long, MHHNU32162; Baoshan City, Longling Country, Zhen’an Town, 11 July 2018, Y. G. Fan and W. J. Yu, FYG2869 (3608).

Commentary: Two other species, I. calamistratum and I. cervicolor (Pers.) Matheny and Esteve-Rav. also have conico-campanulate pileus with squamules around center, subsquarrose to squamulose toward the margin and coarsely squamulose to squarrose stipe equal or slightly swollen to the base, and symbiosis with Pinus. However, I. calamistratum differs in its pileus, which has dark brown squamules or recurvate scales at the center, contrasting with grayish brown background, strong disagreeable smell, larger basidiomata (pileus 10–38 mm, stipe 25–92 × 2–6 mm), and longer spores (on average 10.5–12.3 × 5.3–5.9 μm) (Kuyper, 1986). Inosperma cervicolor differs in its larger fruit bodies (pileus 6–40 mm, stipe 23–106 × 2–6 mm) and spores (on average 10.9–13.8 × 6.7–7.8 μm) and its stipe base does not discolor to grayish green or smell strongly, disagreeable, like old wine casks (Kuyper, 1986).



Inosperma squamulosohinnuleum S. N. Li, Y. G. Fan, and Z. H. Chen, sp. nov.

Figures 10, 11


[image: image]

FIGURE 10
Basidiomata of Inosperma squamulosohinnuleum. (A,C,D) MHHNU32195, holotype and (B) MHHNU32362. Scale bars = 10 mm.
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FIGURE 11
Microscopic features of Inosperma squamulosohinnuleum (MHHNU32195, holotype). (A,B) Basidiospores; (C) basidia with probasidium; (D) gill edge; (E,F) cheilocystidia; (G) hymenial hyphae; (H) caulocystidia; (I,J) pileipellis; and (K) oleiferous hyphae. Scale bars = 10 μm.


Mycobank: 845647

Etymology: Squamulosus (Latin), squamulose; hinnuleus (Latin), fawn, referring to its pileus.

Diagnostic features: Fruit bodies small to medium. Pileus 10–30 mm in diameter, reddish brown to caramel brown, with small, granular, erect squamulose at the disk, with numerous smaller furfuraceous scales toward the margin. Lamellae adnexed, pale yellowish white to brown. Stipe 35–70 × 2.5–4 mm, cylindrical, equal. Basidiospores (7.5) 8.0–11.5 μm × (4.0) 5.0–7.0 (7.5) μm, smooth, oblong-phaseoliform to oblong-ellipsoid, sometimes amygdaliform. Cheilocystidia 21–31 × 8–13 μm, in clusters, clavate to broadly clavate. Odor strong, pleasant, reminiscent of freshly mowed grass. Different from I. squamulosobrunneum in its denser and finer squamulose in the pileus, smaller, more uniform cheilocystidia, and smooth pileipellis.

Holotype: CHINA. Yunnan Province: Chuxiong Yi Autonomous Prefecture, Zixi Mountain, N: 100°16’26.7”, E: 25°64’24.0”, alt. 2354 m, on the ground in subtropical montane forest dominated by Pinus, 21 August 2020, Z. H. Chen, S. N. Li, and P. Long, MHHNU32195 (GenBank accession no. ITS: OP135500; nrLSU: OP134002; rpb2: OP161558).

Basidiomata: Small to medium sized. Pileus 10–30 mm in diameter, at first broadly and obtusely conical with decurved margin, becoming distinctly campanulate with age; with small, granular, erect squamulose at the disk, with numerous smaller furfuraceous scales toward the margin, veil remnants absent; reddish brown (5C5) to caramel brown (6C5), somewhat darker around the center. Lamellae adnexed, subcrowded (ca. 30–50), up to 3 mm wide, at first pale yellowish white (3A2), becoming brown (6E4), entire edges concolorous. Stipe 35–70 × 2.5–4 mm, cylindrical, equal, covered with concolorous, loose fibrils and scattered small scales, apex not pruinose, grayish orange (5B3) above, olive gray (16B3) at base; cortina present in young specimens, not persisting. Context pale yellowish white (2A2) to putty white in pileus, stipe context milk white (1A2) with pale olive gray (28B3) base and soon rufescent after exposure to air. Odor strong, pleasant, like freshly mowed grass.

Basidiospores: (7.5) 8.0–11.5 μm (av. 9.9 μm, SD 1.3 μm) × (4.0) 5.0–7.0 (7.5) μm (av. 5.6 μm, SD 0.8 μm), Q = (1.33) 1.53–2.18 (2.40), Qm = 1.76 ± 0.22 (n = 80 of 4 coll.), smooth, oblong-phaseoliform to oblong-ellipsoid, sometimes amygdaliform, pale yellowish brown in 5% KOH. Basidia 32–46 × 8–10 μm, narrowly clavate, slender, hyaline or contain some oily inclusions, becoming necropigmented, 4-sterigmate. Pleurocystidia absent. Cheilocystidia 21–31 × 8–13 μm, abundant, in clusters, clavate to broadly clavate, thin-walled, hyaline. Hymenophoral trama: regularly to subregularly arranged, composed of thin-walled, cylindrical to inflated hyphae 3–32 μm wide. Caulocystidia present at the very apex of stipe, 22–60 × 7–24 μm, in clusters, similar to cheilocystidia. Pileipellis is a trichoderm of smooth, occasionally coarse, inflated cylindrical hyphae, 3–15 μm wide, regular to subregular, pale yellowish brown in 5% KOH. Oleiferous hyphae present in pileus and stipe trama, 3–10 μm in diameter. Clamp connections are seen on all hyphae.

Known distribution: China, Yunnan Province (Dali Bai Autonomous Prefecture and Chuxiong Yi Autonomous Prefecture).

Habitat: Scattered or gregarious in small clusters on the ground in subtropical montane forest dominated by Pinus.

Other examined specimens: CHINA. Yunnan Province: Dali Bai Autonomous Prefecture, Cangshan Mountain, 23 August 2020, Z. H. Chen, S. N. Li, and P. long, MHHNU32362; Pu’er City, Zhenyuan Country, Mengda Town, 22 September 2015, Y. G. Fan and B. Wang, on rich soil under mixed forests with Pinus and Quercus, FYG2015388 (FCAS3606), FYG2015399 (FCAS3607).

Commentary: Inosperma squamulosohinnuleum is similar to I. squamulosobrunneum in concrete morphological characters, odor, and spore size, but they can be distinguished with careful observation. Inosperma squamulosobrunneum has coarser, longer, granular and sparsely arranged scales in the pileus, coarsely encrusted pileipellis and smaller, more morphologically diverse cheilocystidia that are densely arranged like clusters of grapes. They are also far apart and located on different branches in the phylogenetic tree (Figure 1). There are several other species in the Cervicolores clade with a grayish-green stipe base, but all of them can be distinguished morphologically from I. squamulosohinnuleum. Inosperma calamistratum differs in its distinctive squarrose to recurved-scaly pileus, larger basidiomata and longer spores (Kuyper, 1986). Inosperma calamistratoides (E. Horak) Matheny and Esteve-Rav. differs in its dark reddish brown pileus with recurved-squamulose in the disk, and odor of Pelargonium (Matheny and Bougher, 2017). Inosperma cyanotrichia (Matheny, Bougher and G. M. Gates) Matheny and Esteve-Rav. and I. viridipes (Matheny, Bougher and G. M. Gates) Matheny and Esteve-Rav. are reported under Eucalyptus in Australia, and both have a greenish base of the stipe, but the surface of their pileus and stipe is fibrillose (not distinct scales) (Matheny and Bougher, 2017).




Taxonomic key of Inosperma species in China

Phylogenetically, the genus Inosperma has six major lineages, namely, the Cervicolores clade, Maculatum clade, I. misakaense lineage, I. africanum lineage, Old World tropical clade 1 and Old World tropical clade 2, of which the Cervicolores clade, Maculatum clade and Old World tropical clade 2 have distributions in China. Among the 17 Inosperma species reported in China, five are distributed in the Cervicolores clade, seven in the Maculatum clade, and four in the Old World tropical clade 2.

The Cervicolores clade includes species characterized by tomentose, coarsely fibrillose to squarrose or squamulose pileus, ellipsoid to phaseoliform spores, and absent metuloid pleurocystidia but with densely packed, simple, cylindrical, clavate to pyriform hymenial cheilocystidia that make the gill edge look distinctly white in mature basidiomata. Other characteristics that may occur are a distinctly bulbous stem base, reddening flesh, yellow to olivaceous tinges on lamellae and specific odors (Kuyper, 1986; Larsson et al., 2009; Kropp et al., 2013; Latha and Manimohan, 2017).

The Maculatum clade is characterized by radially fibrillose to rimulose or rimose pileus, a smooth stipe (some with a distinctly bulbous base), context that changes color upon exposure (in several species), phaseoliform spores, thin-walled, often clavate to pyriform cheilocystidia, and distinctive odors (mostly non-spermatic) (Larsson et al., 2009; Kropp et al., 2013; Pradeep et al., 2016).

The members of Old World tropical clade 2 usually have medium-sized basidiomata, a gregarious habit, appressed-scaly or fibrillose-rimose pileus, rather crowded lamellae, longitudinally striate stipe, non-changing context, subglobose to elliptic basidiospores, and a lack of distinctive odors (Pradeep et al., 2016; Latha and Manimohan, 2017; Deng et al., 2021a,b, 2022).

Based on the above, we created a taxonomic key of the 17 Inosperma species reported in China as follows:


(1)Pileus tomentose, coarsely fibrillose, squarrose, squamulose; basidia necropigmented and slender…………. ……………………………………………………….. 2 (Cervicolores clade)

(1’)Pileus rimulose or rimose; basidia hyaline and not slender…………………………………………………………………………… 6

(2)Pileus covered with clumpy scales around disk, coarsely fibrillose toward margin, oak brown to coffee brown; odor fresh like green corn………………………………….. I. longisporum

(2’)Pileus squarrose or squamulose all over…………………………. 3

(3)Stipe never with blue–green tinges ……………….. I. cervicolor

(3’)Stipe in lower half with blue–green tinges ……………………… 4

(4)Pileus with dark brown squamules or recurvate scales at center, contrasting with grayish brown background; strong, disagreeable smell………………………………………………………. I. calamistratum

(4’)Pileus with even color surface, somewhat slightly darker around center………………………………………………………………… 5

(5)Pileus with erect fibrils conical squarrose around center; cheilocystidia densely arranged like clusters of grapes… …………………………………………………… I. squamulosobrunneum

(5’)Pileus with small, granular, erect squamulose at disk; cheilocystidia in clusters…………………………………………….. ………………………………………………….. I. squamulosohinnuleum

(6)Gregarious habit; pileus plano-convex with an obviously darker umbo, margin usually strongly rimose with age……………………………………. 7 (Old World tropical clade 2)

(6’)Single to scattered habit; pileus with even color surface, somewhat slightly darker around center,…. ……………………………………………………… 10 (Maculatum clade)

(7)Basidiospores subglobose to globose (Q = 1.00–1.27)….. ………………………………………………………… I. subsphaerosporum

(7’)Basidiospores ellipsoid, oblong-ellipsoid or ovoid (Qm > 1.43) …………………………………………………………………. 8

(8)Pileus with thick, persistent, and zonate velar veil remnants……………………………………………… I. zonativeliferum

(8’)Veil remnants indistinct…………………………………………………. 9

(9)Basidiospores ellipsoid to enlongate-ellipsoid (Q = 1.42–1.86); cheilocystidia clavate, broadly clavate to enlongate-clavate ………………………………………………………… I. muscarium

(9’)Basidiospores mostly ellipsoid to ovoid (Q = 1.28–1.64); Cheilocystidia obovoid to balloon-shaped……………………………………………. I. hainanense

(10)Pileus with a nipple-like umbo; lamellae snow-white even in mature basidiomata………………………………….. I. nivalellum

(10’)Pileus with a subacute or obtuse umbo; lamellae not snow-white when mature ………………………………………………………. 11

(11)Basidiocarps change color with age or from damage… …………………………………………………………………………………….. 12

(11’)Basidiocarps do not change color with age or from damage… …………………………………………………………………….. 13

(12)Basidiocarps white to pale ochraceous, becoming orange to brick red with age or damage………………………… I. erubescens

(12’)Basidiocarps vinaceous, pinkish red and change color to black with age or after touching…………………………………….. ………………………………………………………………….. I. adaequatum (Britzelm.) Matheny and Esteve-Rav.

(13)Stipe base distinctly bulbous ……………… I. sphaerobulbosum

(13’)Stipe even or with a swollen base, but not marginate….. …………………………………………………………………………………….. 14

(14)Pileus orange to brownish yellow……………… I. lanatodiscum

(14’)Pileus not orange to brownish yellow……………………………. 15

(15)Stipe smooth……………………………………………. I. changbaiense (T. Bau and Y. G. Fan) Matheny and Esteve-Rav.

(15’)Stipe not smooth, minutely subflocculose apically or longitudinally striated on surface…………………………………. 16

(16)Basidiospores phaseoliform, rarely ellipsoid (Q = 1.61–2.08)…………………………………………………….. I. neobrunnescens (Grund and D. E. Stuntz) Matheny and Esteve-Rav.

(16’)Basidiospores ellipsoid to oblong-ellipsoid, not (or hardly) phaseoliform (Q = 1.60–1.88)……………………… I. quietiodor.





Toxin detection

Through UPLC-MS/MS detection, we found that mushroom neurotoxins were absent in Inosperma sphaerobulbosum; I. nivalellum was muscarine positive; I. longisporum and I. squamulosohinnuleum contained both ibotenic acid and muscimol; I. squamulosobrunneum only contained muscimol; and psilocybin was not detected in these five new species (Table 2 and Supplementary Data Sheet 2, UPLC-MSMS Original Data). Representative chromatograms of muscarine, ibotenic acid, and muscimol are shown in Figure 12.


TABLE 2    Relative mushroom neurotoxins concentrations measured by UPLC-MS/MS.
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FIGURE 12
Total ion current (TIC) chromatogram of neurotoxins in positive mushroom samples: (A) muscarine (MHHNU 31689); (B) muscimol (MHHNU 32359); and (C) ibotenic acid (MHHNU 33070).





Discussion


Toxicity in Inosperma

Muscarine is found in clinically significant amounts in the basidiomata of several distantly related groups of mushroom-forming fungi (Clitocybe sensu lato, Mycena, Omphalotus, Inocybaceae) and is particularly widespread in Inocybaceae (Benjamin, 1995; Chen et al., 2016). A variety of methods have been used to detect muscarine in recent years (Fahrig, 1920; Eugster, 1957; Brown et al., 1962; Robbers et al., 1964; Kosentka et al., 2013; Yoshioka, 2014; Xu et al., 2020), and its detected content in Inocybaceae ranges from ca. 0.06–16000 mg/kg (Kosentka et al., 2013; Deng et al., 2021a). Eight Inosperma species have been reported to contain muscarine, including I. carnosibulbosum, I. erubescens, I. hainanense, I. maculatum, I. muscarium, I. vinaceobrunneum, I. virosum, and I. zonativeliferum (Kosentka et al., 2013; Bijeesh et al., 2020; Latha et al., 2020; Deng et al., 2021a,2022). Among these muscarine-positive species, the muscarine content has been reported for the following species: I. hainanense, 11870 ± 3020 mg/kg, I. muscarium, 16030 ± 1230 mg/kg (Deng et al., 2021a), I. virosum, 270 or 300 mg/kg (Sailatha et al., 2014; Latha et al., 2020), and I. zonativeliferum, 2080 ± 50 mg/kg. In our study, the muscarine content in I. nivalellum was 969.11 ± 180.25 mg/kg, which is in the range of previous reports. For humans, the lethal dose of muscarine is not precisely known, with estimates ranging from 40 to 495 mg (Pauli and Foot, 2005), equivalent to 0.4–5 kg of fresh I. nivalellum fruit bodies. However, I. nivalellum has large fruiting bodies and is somewhat similar to the edible fungus Termitomyces microcarpus (Berk. and Broome) R. Heim, with a scattered habitat, and people may collect a large number of them at once, thus increasing the risk of ingesting them and causing poisoning or death.

Psilocybin, the main toxin of the Psilocybe genus, was first demonstrated in Inocybe in the 1980s (Guzmán et al., 1998). A literature review of muscarine and psilocybin reports showed that the following species lack muscarine but possess psilocybin: Inocybe aeruginascens Babos, I. coelestium Kuyper, I. corydaline Quél., I. haemacta (Berk. and Cooke) Sacc., and I. tricolor Kühner (Besl and Mack, 1985; Stijve et al., 1985; Kosentka et al., 2013). To date, except for the genus Inocybe, psilocybin has not been detected from any other genera in the family Inocybaceae. We determined the psilocybin content in the five new species of Inosperma, and the results show that all of the samples were negative, which is consistent with the results of previous studies.

In this study, the presence of ibotenic acid and muscimol in Inosperma species was identified for the first time, ranging from 1.89 ± 0.35 mg/kg to 3.92 ± 0.73 mg/kg and 18.23 ± 8.18 mg/kg to 341.22 ± 63.47 mg/kg, respectively (in the caps, dry weight). In earlier investigations, the contents of ibotenic acid and muscimol in the caps (wet weight) from Amanita muscaria were determined to be 519 mg/kg and 253 mg/kg (Tsunoda et al., 1993), 990 and 380 mg/kg (Gennaro et al., 1997), and 170 and 0 mg/kg, respectively (StØrmer et al., 2004). A recent study found that Paraisaria heteropoda also contains ibotenic acid, at 0.1 mg/kg, but muscimol was not found (Kobayasi, 1952). The concentration and distribution of toxins in mushrooms are variable and depend on several factors, mainly on their origin, growing environment, time of collection, and storage conditions (StØrmer et al., 2004; Ginterová et al., 2014); for example, the concentration of ibotenic acid in hallucinogenic mushrooms decreases over time due to its transformation into muscimol (a more pharmacologically active toxin) during mushroom drying (Ginterová et al., 2014), which may explain the discrepancy. The psychoactive dose of ibotenic acid is approximately 30–90 mg, and that of muscimol is approximately 6–10 mg (Eugster, 1967; Waser, 1967). Consequently, I. squamulosobrunneum is considered to be a highly dangerous Inosperma species when mistakenly ingested by humans. Inosperma longisporum and I. squamulosohinnuleum contain lower levels of ibotenic acid and muscimol, but eating large amounts of them may also cause poisoning.



Relationship of phylogenetic and toxins in Inosperma

Few studies have examined the distribution of toxins within the systematic framework of Inocybaceae, let alone the genus Inosperma, to determine their evolutionary significance (Brown et al., 1962; Catalfomo and Eugster, 1970; Kosentka et al., 2013). Previously, it was hypothesized that the presence of muscarine had little taxonomic correlation (Brown et al., 1962). However, Stijve et al. (1985) suggested that the presence of muscarine may not be entirely random taxonomically. Unfortunately, these studies were hindered by a lack of robust phylogenetic hypotheses against which to map the distribution of muscarine-containing species. Kosentka et al. (2013) evaluated the evolution of muscarine and psilocybin in Inocybaceae. They detected that muscarine is not ancestral for the family as a whole, but it is a shared derived trait for an inclusive clade containing three of the seven major lineages of Inocybaceae (the Inocybe, Nothocybe, and Pseudosperma clades) and predicted that the species of the Inosperma clade lack muscarine. As an increasing number of muscarine-containing species of Inosperma have been reported in recent years (Bijeesh et al., 2020; Latha et al., 2020; Deng et al., 2021a,2022), we believe that it is an important muscarine-containing genus in the family Inocybaceae.

In the framework of Inosperma, we found that muscarine is mainly distributed in the Maculatum clade and Old World tropical clade 2. Inosperma nivalellum forms separate lineages in the Maculatum clade base (MLB = 94%, BPP < 0.90), but morphologically, I. nivalellum have radially fibrillose or rimulose pileus, a smooth stipe, and oblong-elliptic or oblong-reniform spores, which is consistent with the characteristics of the Maculatum clade. Regarding the toxicity, I. nivalellum contains muscarine, and the Maculatum clade is one of the main muscarine-containing clades of Inosperma. In conclusion, I. nivalellum should belong to the Maculatum clade. Ibotenic acid and muscimol were first discovered in Inosperma species and are mainly distributed in the Cervicolores clade. Psilocybin has not been detected in Inosperma.




Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

Z-HC: conceptualization. FX, Y-GF, and Z-HC: funding acquisition. S-NL and FX: investigation. FX and Y-GF: methodology. S-NL, PL, PZ, Y-GF, and Z-HC: resources. FL: visualization. S-NL: writing–original draft. Y-GF: writing–review and editing. All authors read and agreed to the published version of the manuscript.



Funding

This research was funded by the National Natural Science Foundation of China (Grant Nos. 31872616 and 31860009), the Biodiversity Survey and Assessment Project of the Ministry of Ecology and Environment, China (Grant No. 2019HJ2096001006), and the Natural Science Foundation of Ningxia Hui Autonomous Region (Grant No. 2020AAC03437).



Acknowledgments

The authors are very grateful to Dr. Zheng-Mi He and Peng Wang (College of Life Sciences, Hunan Normal University, China) for critically reviewing the manuscript.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1021583/full#supplementary-material

SUPPLEMENTARY FIGURE 1
Phylogenetic relationship and placement of Inosperma inferred from the combined dataset (ITS, nrLSU, and rpb2) using ML phylogenetic methods.

SUPPLEMENTARY FIGURE 2
Phylogenetic relationship and placement of Inosperma inferred from the combined dataset (ITS, nrLSU, and rpb2) using BI phylogenetic methods.

SUPPLEMENTARY TABLE 1
Taxon sampling information and DNA sequences used for phylogenetic analyses.

SUPPLEMENTARY DATA SHEET 1
Combined sequences (ITS, nrLSU, and rpb2) alignment dataset.

SUPPLEMENTARY DATA SHEET 2
UPLC-MSMS Original Data.


Footnotes

1     https://www.ncbi.nlm.nih.gov/genbank

2     http://iqtree.cibiv.univie.ac.at/


References

Aïgnon, H. L., Jabeen, S., Naseer, A., Yorou, N. S., and Ryberg, M. (2021). Three new species of Inosperma (Agaricales, Inocybaceae) from Tropical Africa. MycoKeys 77, 97–116. doi: 10.3897/mycokeys.77.60084

Audi, J., Belson, M., Patel, M., Schier, J., and Osterloh, J. (2005). Ricin poisoning: A comprehensive review. JAMA 294, 2342–2351. doi: 10.1001/jama.294.18.2342

Bandini, D., Oertel, B., and Eberhardt, U. (2021). Even more fibre-caps (2): Thirteen new species of the family Inocybaceae. Mycol. Bavarica 21, 27–98.

Benjamin, D. R. (1995). Mushrooms: Poisons and panaceas, a handbook for naturalists. New York, NY: W. H. Freeman and Company.

Besl, H., and Mack, P. (1985). Halluzinogene Rißpilze. Z. Mykol. 51, 183–184.

Bijeesh, B., Pradeep, C. K., and Vrinda, K. B. (2020). Inocybe poisoning from Kerala–a case study. J. Mycopathol. Res. 57, 255–258.

Brandenburg, W. E., and Ward, K. J. (2018). Mushroom poisoning epidemiology in the United States. Mycologia 110, 637–641. doi: 10.1080/00275514.2018.1479561

Brown, J. K., Malone, M. H., Stuntz, D. E., and Tyler, V. E. (1962). Paper chromatographic determination of muscarine in Inocybe species. J. Pharm. Sci. 51, 853–856. doi: 10.1002/jps.2600510908

Cao, T., Hu, Y. P., Yu, J. R., Wei, T. Z., and Yuan, H. S. (2021). A phylogenetic overview of the Hydnaceae (Cantharellales, Basidiomycota) with new taxa from China. Stud. Mycol. 99, 100–121. doi: 10.1016/j.simyco.2021.100121

Catalfomo, P., and Eugster, C. H. (1970). Muscarine and muscarine isomers in selected Inocybe species. Helv. Chim. Acta 53, 848–851. doi: 10.1002/hlca.19700530424

Chen, Z. H., Yang, Z. L., Bau, T., and Li, T. H. (2016). Poisonous mushroom: Recognition and poisoning treatment, first Edn. Beijing: Science Press.

Cui, B. K., Li, H. J., Ji, X., Zhou, J. L., Song, J., Si, J., et al. (2019). Species diversity, taxonomy and phylogeny of Polyporaceae (Basidiomycota) in China. Fungal Divers. 97, 137–392. doi: 10.1007/s13225-019-00427-4

Deng, L. S., Kang, R., Zeng, N. K., Yu, W. J., Chang, Z., Xu, F., et al. (2021a). Two new Inosperma (Inocybaceae) species with unexpected muscarine contents from tropical China. MycoKeys 85, 87–108. doi: 10.3897/mycokeys.85.71957

Deng, L. S., Yu, W. J., Zeng, N. K., Liu, L. J., Liu, L. Y., and Fan, Y. G. (2021b). Inosperma subsphaerosporum (Inocybaceae), a new species from Hainan, tropical China. Phytotaxa 502, 169–178. doi: 10.11646/phytotaxa.502.2.5

Deng, L. S., Yu, W. J., Zeng, N. K., Zhang, Y. Z., Wu, X. P., Li, H. J., et al. (2022). A New Muscarine-Containing Inosperma (Inocybaceae, Agaricales) Species discovered from one poisoning incident occurring in tropical China. Front. Microbiol. 13:923435. doi: 10.3389/fmicb.2022.923435

Diaz, J. H. (2005). Syndromic diagnosis and management of confirmed mushroom poisonings. Crit. Care Med. 33, 427–436. doi: 10.1097/01.CCM.0000153531.69448.49

Doan, U. V., Rojas, B. M., and Kirby, R. (2017). Unintentional ingestion of Cordyceps fungus-infected cicada nymphs causing ibotenic acid poisoning in Southern Vietnam. Clin. Toxicol. 55, 893–896. doi: 10.1080/15563650.2017.1319066

Eugster, C. H. (1957). Isolierung von muscarin aus Inocybe patouillardi (Bres.) 4. Mitteilung ber Muscarin. Helv. Chim. Acta 40, 886–887. doi: 10.1002/hlca.19570400403

Eugster, C. H. (1967). Isolation, structure, and syntheses of central-active compounds from Amanita muscaria (L. ex Fr.) Hooker. Psychopharmacol. Bull. 4, 18–19.

Fahrig, C. (1920). Über die Vergiftung durch pilze aus der gattung Inocybe (Rißpilze und Faserköpfe). Arch. Exp. Pathol. Pharmakol. 88, 227–246. doi: 10.1007/BF01864886

Fan, Y. G., and Bau, T. (2018). Three new species of Inocybe sect, Rimosae from China. Mycosystema 37, 693–702.

Fuchs, J., Rauber-Lüthy, C., Kupferschmidt, H., Kupper, J., Kullak-Ublick, G. A., and Ceschi, A. (2011). Acute plant poisoning: Analysis of clinical features and circumstances of exposure. Clin. Toxicol. 49, 671–680. doi: 10.3109/15563650.2011.597034

Gartz, J. (1986). Nachweis von Tryptaminderivaten in Pilzen der Gattungen Gerronema, Hygrocybe, Psathyrella and Inocybe: Detection of Tryptamine Derivatives in Fungi of the Genera Gerronema, Hygrocybe, Psathyrella and Inocybe. Biochem. Physiol. Pflanzen 181, 275–278. doi: 10.1016/S0015-3796(86)80094-4

Gennaro, M. C., Giacosa, D., Gioannini, E., and Angelino, S. (1997). Hallucinogenic Species in Amanita Muscaria. determination of muscimol and ibotenic acid by ion-interaction HPLC. J. Liquid Chromatogr. 20, 413–424. doi: 10.1080/10826079708010660

Ginterová, P., Sokolová, B., Ondra, P., Znaleziona, J., and Maier, V. (2014). Determination of mushroom toxins ibotenic acid, muscimol and muscarine by capillary electrophoresis coupled with electrospray tandem mass spectrometry. Talanta 125, 242–247. doi: 10.1016/j.talanta.2014.03.019

Govorushko, S., Rezaee, R., Dumanov, J., and Tsatsakis, A. (2019). Poisoning associated with the use of mushrooms: A review of the global pattern and main characteristics. Food Chem. Toxicol. 128, 267–279. doi: 10.1016/j.fct.2019.04.016

Griffiths, R. R., Richards, W., Mccann, U., and Jesse, R. (2006). Psilocybin can occasion mystical-type experiences having substantial and sustained personal meaning and spiritual significance. Sychopharmacology 187, 268–283. doi: 10.1007/s00213-006-0457-5

Grund, D. W., and Stuntz, D. E. (1968). Nova Scotian Inocybes I. Mycologia 60, 406–425. doi: 10.1080/00275514.1968.12018581

Grund, D. W., and Stuntz, D. E. (1970). Nova Scotian Inocybes. II. Mycologia 62, 925–939. doi: 10.1080/00275514.1970.12019035

Guzmán, Z., Allen, J. W., and Gartz, J. (1998). A Worldwide geographical distribution of the Neurotropic Fungi, an analysis and discussion. Ann. Mus. Civ. Rover. 14, 189–280.

Hall, T. A. (1999). BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95–98.

Han, M. L., Chen, Y. Y., Shen, L. L., Song, J., Vlasák, J., Dai, Y. C., et al. (2016). Taxonomy and phylogeny of the brown-rot fungi: Fomitopsis and its related genera. Fungal Divers. 80, 343–373. doi: 10.1007/s13225-016-0364-y

Herrmann, M. (1964). Die Naumburger Massen-Pilzvergiftung mit dem Ziegelroten Rißpilz–Inocybe patouillardii. Mykol. Mittbl. 8, 42–44.

Ji, X., Zhou, J. L., Song, C. G., Xu, T. M., Wu, D. M., and Cui, B. K. (2022). Taxonomy, phylogeny and divergence times of Polyporus (Basidiomycota) and related genera. Mycosphere 13, 1–52. doi: 10.5943/mycosphere/13/1/1

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software version 7: Improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. doi: 10.1093/molbev/mst010

Kobayasi, Y. (1952). On the genus Inocybe from Japan. Nagaoa 2, 76–115.

Kornerup, A., and Wanscher, J. H. (1978). The methuen handbook of colour, 3rd Edn. London: Methuen.

Kosentka, P., Sprague, S. L., Ryberg, M., Gartz, J., May, A. L., Campagna, S. R., et al. (2013). Evolution of the toxins muscarine and psilocybin in a family of mushroom-forming fungi. PLoS One 8:e64646. doi: 10.1371/journal.pone.0064646

Kropp, B. R., Matheny, P. B., and Hutchison, L. J. (2013). Inocybe section Rimosae in Utah: Phylogenetic affinities and new species. Mycologia 105, 728–747. doi: 10.3852/12-185

Kühner, R. (1980). Les Hyménomycètesagaricoïdes (Agaricales, Tricholomatales, Plutéales, Russulales). Etude générale et classification. Bull. Soc. Linn. Lyon 50, 1–1927.

Kuyper, T. W. (1986). A revision of the genus Inocybe in Europe I. subgenus Inosperma and the smoothspored species of subgenus Inocybe. Leiden: Rijksherbarium.

Larsson, E., Ryberg, M., Moreau, P. A., Mathiesen, A. D., and Jacobsson, S. (2009). Taxonomy and evolutionary relationships within species of section Rimosae (Inocybe) based on ITS, LSU and mtSSU sequence data. Persoonia 23, 86–98. doi: 10.3767/003158509X475913

Latha, K., and Manimohan, P. (2017). Inocybes of Kerala. Calicut: SporePrint Books.

Latha, S. S., Shivanna, N., Naika, M., Anilakumar, K. R., Kaul, A., and Mittal, G. (2020). Toxic metabolite profiling of Inocybe virosa. Sci. Rep. 10:13669. doi: 10.1038/s41598-020-70196-7

Li, H. J., Zhang, H. S., Zhang, Y. Z., Zhou, J., Yin, Y., He, Q., et al. (2020). Mushroom poisoning outbreaks – China, 2020. China CDC Weekly 3, 41–45. doi: 10.46234/ccdcw2021.014

Liu, S., Han, M. L., Xu, T. M., Wang, Y., Wu, D. M., and Cui, B. K. (2021a). Taxonomy and phylogeny of the Fomitopsis pinicola complex with descriptions of six new species from east Asia. Front. Microbiol. 12:644979. doi: 10.3389/fmicb.2021.644979

Liu, S., Shen, L. L., Wang, Y., Xu, T. M., Gates, G., and Cui, B. K. (2021b). Species diversity and molecular phylogeny of Cyanosporus (Polyporales, Basidiomycota). Front. Microbiol. 12:631166. doi: 10.3389/fmicb.2021.631166

Liu, S., Song, C. G., Xu, T. M., Ji, X., Wu, D. M., and Cui, B. K. (2022a). Species diversity, molecular phylogeny and ecological habits of Fomitopsis (Polyporales, Basidiomycota). Front. Microbiol. 13:859411. doi: 10.3389/fmicb.2022.859411

Liu, S., Chen, Y. Y., Sun, Y. F., He, X. L., Song, C. G., Si, J., et al. (2022b). Systematic classification and phylogenetic relationships of the brown-rot fungi within the Polyporales. Fungal Divers. doi: 10.1007/s13225-022-00511-2 [Epub ahead of print].

Lurie, Y., Wasser, S. P., Taha, M., Shehade, H., Nijim, J., Hoffmann, Y., et al. (2009). Mushroom poisoning from species of genus Inocybe (fiber head mushroom): A case series with exact species identification. Clin. Toxicol. 47, 562–565. doi: 10.1080/15563650903008448

Matheny, P. B. (2005). Improving phylogenetic inference of mushrooms with RPB1 and RPB2 nucleotide sequences (Inocybe; Agaricales). Mol. Phylogenet. Evol. 35, 1–20. doi: 10.1016/j.ympev.2004.11.014

Matheny, P. B., and Bougher, N. L. (2017). Fungi of Australia: Inocybaceae. Canberra: Australian Biological Resources Study.

Matheny, P. B., Hobbs, A. M., and Fernando, E. R. (2019). Genera of Inocybaceae: New skin for the old ceremony. Mycologia 112, 1–38. doi: 10.1080/00275514.2019.1668906

Naseer, A., Khalid, A. N., and Smith, M. E. (2017). Inocybe shawarensis sp. nov. in the Inosperma clade from Pakistan. Mycotaxon 132, 909–918. doi: 10.5248/132.909

Nylander, J. (2004). MrModeltest v2. Program distributed by the author. Uppsala: Uppsala University.

Parnmen, S., Nooron, N., Leudang, S., Sikaphan, S., Polputpisatkul, D., Pringsulaka, O., et al. (2021). Foodborne illness caused by muscarine-containing mushrooms and identification of mushroom remnants using phylogenetics and LC–MS/MS. Food Control 128:108182. doi: 10.1016/j.foodcont.2021.108182

Pauli, J., and Foot, C. (2005). Fatal muscarinic syndrome after eating wild mushrooms. Med. J. Aust. 182, 294–295. doi: 10.5694/j.1326-5377.2005.tb06705.x

Plenert, B., Prasa, D., Hentschel, H., and Deters, M. (2012). Plant Exposures Reported to the Poisons Information Centre Erfurt from 2001–2010. Planta Med. 78, 401–408. doi: 10.1055/s-0031-1298253

Pradeep, C. K., Vrinda, K. B., and Varghese, S. P. (2016). New and noteworthy species of Inocybe (Agaricales) from tropical India. Mycol. Prog. 15, 1–25. doi: 10.1007/s11557-016-1174-z

Rambaut, A. (2009). FigTree Version 1.3.1. Available online at: http://tree.bio.ed.ac.uk (accessed August 12, 2022).

Robbers, J. E., Brady, L., and Tyler, J. V. (1964). A chemical and chemotaxonomic evaluation of Inocybe species. Lloydia 27, 192–202.

Ronquist, F., Teslenko, M., Mark, P., Ayres, D. L., Darling, A., Höhna, S., et al. (2012). MrBayes 3.2: Efficient bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 61, 539–542. doi: 10.1093/sysbio/sys029

Sailatha, S., Naveen, S., Naika, M., Anilakumar, K. R., and Singh, M. (2014). “Toxicological evaluation of Inocybe virosa,” in Proceedings of the 8th international conference on mushroom biology and mushroom products (icmbmp8), Vol. ii, eds S. Manjit, U. Ramesh, S. V. Parkash, O. P. Ahlawat, K. Satish, K. Shwet, et al. (New Delhi: Yugantar Prakashan Pvt. Ltd), 467–472.

Shen, L. L., Wang, M., Zhou, J. L., Xing, J. H., Cui, B. K., and Dai, Y. C. (2019). Taxonomy and phylogeny of Postia. Multi-gene phylogeny and taxonomy of the brown-rot fungi: Postia (Polyporales, Basidiomycota) and related genera. Persoonia 42, 101–126. doi: 10.3767/persoonia.2019.42.05

Song, C. G., Chen, Y. Y., Liu, S., Xu, T. M., He, X. L., Wang, D., et al. (2022). A phylogenetic and taxonomic study on Phellodon (Bankeraceae, Thelephorales) from China. J. Fungi 8:429. doi: 10.3390/jof8050429

Spoerke, D. G., and Rumack, B. H. (1994). Handbook of mushroom poisoning: Diagnosis and treatment. London: CRC Press.

Stebelska, K. (2013). Fungal hallucinogens psilocin, ibotenic acid, and muscimol. Ther. Drug Monit. 35, 420–442. doi: 10.1097/FTD.0b013e31828741a5

Stijve, T., Klan, J., and Kuyper, T. W. (1985). Occurrence of psilocybin and baeocystin in the genus Inocybe (Fr.) Fr. Persoonia 12, 469–473.

Stijve, T., and Kuyper, T. W. (1988). Absence of psilocybin in species of fungi previously reported to contain psilocybin and related tryptamine derivatives. Persoonia 13, 463–465.

StØrmer, F. C., Koller, G. E., and Janak, K. (2004). Ibotenic acid in Amanita muscaria spores and caps. Mycologist 18, 114–117. doi: 10.1017/S0269915X04003039

Sun, Y. F., Costa-Rezende, D. H., Xing, J. H., Zhou, J. L., Zhang, B., Gibertoni, T. B., et al. (2020). Multi-gene phylogeny and taxonomy of Amauroderma s. lat. (Ganodermataceae). Persoonia 44, 206–239. doi: 10.3767/persoonia.2020.44.08

Sun, Y. F., Xing, J. H., He, X. L., Wu, D. M., Song, C. G., Liu, S., et al. (2022). Species diversity, systematic revision and molecular phylogeny of Ganodermataceae (Polyporales, Basidiomycota) with an emphasis on Chinese collections. Stud. Mycol. 101, 287–415. doi: 10.3114/sim.2022.101.05

Trifinopoulos, J., Nguyen, L. T., von Haeseler, A., and Minh, B. Q. (2016). W-IQTREE: A fast online phylogenetic tool for maximum likelihood analysis. Nucleic Acids Res. 44, 1–4. doi: 10.1093/nar/gkw256

Tsunoda, K., Inoue, N., Aoyagi, Y., and Sugahara, T. (1993). Simultaneous Analysis of Ibotenic Acid and Muscimol in Toxic Mushroom, Amanita muscaria, and Analytical Survey on Edible Mushrooms. J. Food Hyg. Soc. Jpn. 34, 12–17. doi: 10.3358/shokueishi.34.12

Verougstraete, N., Helsloot, D., Deprez, C., Heylen, O., and Casier, K. (2018). Lethal injection of a castor bean extract: Ricinine quantification as a marker for ricin exposure using a validated LC–MS/MS Method. J. Anal. Toxicol. 43, e1–e5. doi: 10.1093/jat/bky100

Vilgalys, R., and Hester, M. (1990). Rapid genetic identification and mapping of enzymatically amplified ribosomal DNA from several Cryptococcus species. J. Bacteriol. 172, 4238–4246. doi: 10.1128/jb.172.8.4238-4246.1990

Wang, Y., Tuo, Y. L., Wu, D. M., Gao, N., Zhang, Z. H., Rao, G., et al. (2022). Exploring the relationships between four new species of boletoid fungi from Northern China and their related species. J. Fungi 8, 218. doi: 10.3390/jof8030218

Waser, P. G. (1967). The pharmacology of Amanita muscaria. Psychopharmacol. Bull. 4, 19–20.

White, J., Weinstein, S. A., Haro, L. D., Bédry, R., Schaper, A., Rumack, B. H., et al. (2018). Mushroom poisoning: A proposed new clinical classification. Toxicon 157, 53–65. doi: 10.1016/j.toxicon.2018.11.007

White, T. J., Bruns, T., Lee, S., and Taylor, J. (1990). “Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenies,” in PCR protocols: aguidetomethods and applications, eds M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (San Diego, CA: Academic Press). doi: 10.1016/B978-0-12-372180-8.50042-1

Xu, F., Zhang, Y. Z., Zhang, Y. H., Guan, G. Y., and Wang, J. J. (2020). Mushroom poisoning from Inocybe serotina: A case report from Ningxia, northwest China with exact species identification and muscarine detection. Toxicon 179, 72–75. doi: 10.1016/j.toxicon.2020.03.003

Yoshioka, N. (2014). A simple method for the simultaneous determination of mushroom toxins by liquid chromatography–time-offlight mass spectrometry. Forens. Toxicol. 32, 89–96. doi: 10.1007/s11419-013-0214-5

Zhang, M., Wang, C. Q., Buyck, B., Deng, W. Q., and Li, T. H. (2021). Multigene phylogeny and morphology reveal unexpectedly high number of new species of Cantharellus subgenus Parvocantharellus (Hydnaceae, Cantharellales) in China. J. Fungi 7:919. doi: 10.3390/jof7110919












	
	TYPE Original Research
PUBLISHED 07 November 2022
DOI 10.3389/fmicb.2022.1011794






Taxonomy and multi-gene phylogeny of Micropsalliota (Agaricales, Agaricaceae) with description of six new species from China

Jun-Qing Yan1,2,3,4*, Zhi-Heng Zeng3,4, Ya-Ping Hu5,6, Bin-Rong Ke3,4, Hui Zeng3,4 and Sheng-Nan Wang1,2*


1Jiangxi Key Laboratory for Conservation and Utilization of Fungal Resource, Jiangxi Agricultural University, Nanchang, China

2Key Laboratory of State Forestry Administration on Forest Ecosystem Protection and Restoration of Poyang Lake Watershed, Jiangxi Agricultural University, Nanchang, China

3Institute of Edible Mushroom, Fujian Academy of Agricultural Sciences, Fuzhou, China

4National and Local Joint Engineering Research Center for Breeding and Cultivation of Features Edible Mushroom, Fuzhou, China

5Nanjing Institute of Environmental Sciences, Ministry of Ecology and Environment, Nanjing, China

6State Environmental Protection Scientific Observation and Research Station for Ecological Environment of Wuyi Mountains, Nanjing, China

[image: image2]

OPEN ACCESS

EDITED BY
Jing Si, Beijing Forestry University, China

REVIEWED BY
Yu-Guang Fan, Hainan Medical University, China
 Ming Zhang, Guangdong Academy of Science, China

*CORRESPONDENCE
 Jun-Qing Yan, yanjunqing1990@126.com
 Sheng-Nan Wang, wangshengnan_2003@163.com

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

RECEIVED 04 August 2022
 ACCEPTED 22 August 2022
 PUBLISHED 07 November 2022.

CITATION
 Yan J-Q, Zeng Z-H, Hu Y-P, Ke B-R, Zeng H and Wang S-N (2022) Taxonomy and multi-gene phylogeny of Micropsalliota (Agaricales, Agaricaceae) with description of six new species from China. Front. Microbiol. 13:1011794. doi: 10.3389/fmicb.2022.1011794

COPYRIGHT
 © 2022 Yan, Zeng, Hu, Ke, Zeng and Wang. 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.



Micropsalliota is a relatively small genus containing only 62 previously identified species. Here, we describe six new taxa of Micropsalliota based on morphological and phylogenetic analyses: M. minor, M. ovalispora, M. pseudodelicatula, M. rufosquarrosa, M. tenuipes, and M. wuyishanensis and a new record taxon to China. The first Maximum likelihood and Bayesian analyses of a three-gene dataset (ITS, LSU, and rpb2) separated the genus into 18 weakly to strongly supported major clades and subclades, but only a few subclades were synapomorphies. According to phylogenetic analyses, M. cornuta does not belong in Micropsalliota. A key to 20 species of Micropsalliota in China is provided.
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Introduction

Micropsalliota Höhn. was circumscribed in 1914 based on the type species M. pseudovolvulata Höhn., which was collected from the Bogor Botanical Gardens, Indonesia, by the Austrian mycologist Höhnel in 1907 (Höhnel, 1914). It was once founded on inappropriate characters and considered a dubious genus. Later it was amended by Heinemann (1956) and Pegler and Rayner (1969), and accepted by Singer (1975). A molecular phylogenetic analysis based on ITS and LSU sequences has confirmed that Micropsalliota is monophyletic and sister to Hymenagaricus (Zhao et al., 2010). Species of Micropsalliota are characterized by the presence of usually small, gracile basidiomes with a membranous partial veil, dark spore prints, frequently capitate or subcapitate cheilocystidia, incrusted pileipellis hyphae that turn green in ammonia solution, and, in most species, basidiospores with an apically thickened endosporium and lacking a germ pore (Heinemann, 1977; Zhao et al., 2010).

Micropsalliota is not a very species-rich genus: only 79 names (62 species and five varieties), including synonyms, were listed in Index Fungorum (www.indexfungorum.org). Species of Micropsalliota are mainly distributed in tropical and subtropical Africa, America, and Asia (Heinemann, 1977, 1980, 1983, 1988, 1989; Heinemann and Flower, 1983; Heinemann and Leelavathy, 1991; Guzmán-Dávalos, 1992; Guzmán-Dávalos and Heinemann, 1994; Zhao et al., 2010; Chen et al., 2016; Parra et al., 2016; He et al., 2020; Crous et al., 2021; Al-Kharousi et al., 2022). Beginning with the discovery of M. pseudoglobocystis Li Wei and R. L. Zhao, 13 species, of which four are new, have been reported in China (Li et al., 2015, 2021; Wei et al., 2015; Wang et al., 2017; Chen et al., 2019; Sun et al., 2020; Liu et al., 2021). During our ongoing study of Chinese macrofungi initiated in 2018, the high species diversity of this genus in subtropical China has attracted our attention. In this paper, we present the results of molecular phylogenetic study based on ITS, LSU, and rpb2 sequence datasets, examine the morphological synapomorphies of the different phylogenetic clades, and describe six new and a new recorded species from subtropical China based on morphological and molecular data.



Materials and methods


Morphological studies

Macroscopic descriptions and habitat details were based on detailed field notes of fresh basidiomata and photos. Color codes follow the Methuen Handbook of Color (Kornerup and Wanscher, 1978). Measuring stature follows the IG value (IG = St2/D × d, St = the length of the stipe, D = the diameter of the pileus, d = the diameter of the stipe): the corresponding value of slender is 50–150 and stout is 10–30 (Heinemann, 1983). Microscopic structures were observed and measured from dried specimens mounted in water, 5% KOH, 10% NH4OH, or Melzer's reagent. Congo red was used as a stain when necessary (Horak, 2005). A minimum of 80 basidiospores, 20 basidia, and 40 cystidia per specimen were randomly measured using an Olympus BX53 microscope. The measurements and Q values are recorded as (a)b–c(d), in which “a” is the lowest value, “b–c” covers a minimum of 90% of the values, and “d” is the highest value. Mean spore size is indicated by “av.”, and “Q” stands for the ratio of the length and width of a spore (Bas, 1969; Yu et al., 2020). Specimens were deposited in the Herbarium of Fungi, Jiangxi Agricultural University (HFJAU).



DNA extraction and sequencing

DNA was extracted from dried specimens with the NuClean Plant Genomic DNA kit (CWBIO, China) (Ge et al., 2021; Na et al., 2022). Three regions (ITS, LSU, rpb2) were selected for the study and were amplified using the primer pairs ITS1/ITS4 (White et al., 1990), LR0R/LR7 (Hopple and Vilgalys, 1999), and 6F/7.1R (Matheny, 2005), respectively. PCR was performed using a touchdown program for all regions: 5 min at 95°C, 1 min at 95°C, 30 s at 65°C (adding −1°C per cycle), 1 min at 72°C, cycle 15 times; 1 min at 95°C, 30 s at 50°C, 1 min at 72°C, cycle 20 times; 10 min at 72°C (Bau and Yan, 2021). The sequencing was performed by Qing Ke Biotechnology Co. Ltd. (Wuhan City, China).



Data analyses

All 240 nucleotide DNA sequences (ITS, LSU, and rpb2) of Micropsalliota in NCBI GenBank were downloaded. After discarding sequences shorter than 250 bp, 173 sequences were retained. In addition, 77 sequences were generated from our collected specimens. The Agaricus crassisquamosus R. L. Zhao, A. trisulphuratus Berk., A. variicystis Linda J. Chen, K. D. Hyde and R. L. Zhao, Hymenagaricus epipastus (Berk. and Broome) Heinem. and Little Flower, and H. sp. were chosen as outgroup taxa according to the results of Zhao et al. (2010) and Li et al. (2021). A total of 250 sequences (137 ITS, 84 LSU, 29 rpb2) representing 139 taxa were used in subsequent analyses. Details are presented in Supplementary Table S1.

ITS, LSU, and rpb2 sequence datasets were separately aligned on the MAFFT online server using the E-INS-i option for ITS and the L-INS-i option for LSU and rpb2 (Katoh et al., 2019). Bayesian inference (BI) and maximum likelihood (ML) phylogenetic analyses of the aligned concatenated dataset were carried out in MrBayes v.3.2.7a and IQTREE v.2.1.2, respectively (Nguyen et al., 2014) via the CIPRES web portal. For the BI analyses, optimal evolutionary models were selected using PartitionFinder2 (Lanfear et al., 2017) with the greedy algorithm and the AICc criterion. Four Monte Carlo Markov chains were run for 2 million generations, with the first 25% of trees discarded as burn-in (Ronquist et al., 2012). For the ML analysis, models of sequence evolution were assessed in IQ-Tree prior to the analysis. The ML analysis was conducted using the ultrafast bootstrap option with 1,000 replicates and allowing partitions to have different seeds (-spp). A nexus file, which is generated by Mesquite (Maddison 2008), contains an alignment sequence, and the original tree of ML and Bayes is deposited in Supplementary material 2.




Results


Phylogenetic analyses

A total of 2,645 characters were used in subsequent analyses (ITS, 764 bp; LSU, 1,230 bp; rpb2, 651 bp), of which 735 sites were variable and 590 were parsimony informative. The best-fit models used for the phylogenetic analyses were as follows: for the BI analysis, GTR + I + G for ITS, LSU; SYM + I + G for rpb2 partitions; for the ML analysis, TVM + F + I + G4 for ITS, TN + F + I + G4 for LSU, and TNe + G4 for rpb2. The log-likelihood of the ML consensus tree was −14,153.009, and the average standard deviation of split frequencies was < 0.01 after 1,750,000 generations in the BI analysis. In the resulting trees, clades with a Bayesian posterior probability (BI-PP) ≥ 0.95 and ML bootstrap support (ML-BP) ≥ 75% were considered to be well-supported (Wang et al., 2022).

As shown in the phylogenetic tree in Figure 1, all taxa of Micropsalliota, except for M. cornuta Har. Takah. and Taneyama, formed a well-supported monophyletic lineage (BI-PP = 1; ML-BP = 100%). The type specimen of M. cornuta fell outside of Micropsalliota and formed a well-supported lineage with A. trisulphuratus collected from Togo (West Africa) and Thailand. The ITS sequences of these two species were 99% similar. The well-supported lineage closest to the root is taken as Clade. Four major lineages meet the definition (Clade B, C, D, E). Although Clade A does not form well-supported lineages, it contains only five species and forms a sister group with Clade B, so we also treat it as major Clade. Within Micropsalliota, in total, four Clade (Clade B, C, D, E) and 12 subclades (/albofelina, /allantoidea, /bifida, /furfuracea, /megaspore, /pleurocystidiata, /rufosquarrosa, and five distinct lineages represent independent species separately in Area F) were strongly supported, /arginea were only strongly supported in BI analyses and a major clade (Clade A) was weakly supported. They are described further below. Among the 20 species present in China, six were new taxa constituting individual lineages (BI-PP = 1; ML-BP = 100%) that were clearly distinct from closely related taxa.
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FIGURE 1
 Phylogram of Micropsalliota generated by Bayesian inference (BI) analysis based on sequences of a concatenated data set from three nuclear genes (ITS, LSU, and rpb2), rooted with Agaricus spp. and Hymenagaricus spp. Posterior probabilities (BI-PP) ≥ 0.95 and ML bootstrap (ML-BP) ≥ 75% are shown as PP/BP. • indicates newly described taxa.


Clade A was not supported but contained three well-supported subclades: /megaspore contained two species (M. megaspora R. L. Zhao, Desjardin, Soytong and K. D. Hyde and M. repanda Heinem.); /furfuracea consisted of a single species (M. furfuracea R. L. Zhao, Desjardin, Soytong and K. D. Hyde); /pleurocystidiata comprised M. pleurocystidiata Heinem. and Little Flower, M. xanthorubescens Heinem., and an unknown species.

Clade B was strongly supported (BI-PP = 0.98; ML-BP = 87%) and included five well-supported subclades: /rufosquarrosa comprised M. rufosquarrosa (new taxon) and M. cf. roseipes Heinem.; /bifida consisted of 14 species, of which three were new (M. minor, M. pseudodelicatula, and M. tenuipes) formed separate lineages and were clearly distinct. The three sequences of M. subarginea Heinem., all from Thailand, formed separate lineages, respectively; /allantoidea contained a new species (M. ovalispora) and a known species from Thailand (M. allantoidea R. L. Zhao, Desjardin, Soytong and K. D. Hyde), /arginea consisted of three species [M. arginea (Berk. and Broome) Pegler and R. W. Rayner, M. brunneosquamata Linda J. Chen, R. L. Zhao and K. D. Hyde, and M. geesterani (Bas and Heinem.) R. L. Zhao and L. A. Parra]; /albofelina consisted of a single species (M. albofelina D. D. Ivanova and O. V. Morozova).

Clade D was strongly supported (BI-PP = 1; ML-BP = 96%) and consisted of five known species (M. globocystis Heinem., M. megarubescens R. L. Zhao, Desjardin, Soytong and K. D. Hyde, M. pseudoglobocystis, M. purpureobrunneola M. Q. He and R. L. Zhao, and M. digitatocystis R. L. Zhao, J. X. Li and M. Q. He). But the sequences of M. globocystis from China and Thailand formed five distinct lineages.

Clade C and E contained only one species M. cortinata (Heinem.) Heinem. and M. rubrobrunnescens R. L. Zhao, Desjardin, Soytong and K. D. Hyde, separately. Area F consisted of five unaggregated lineages: the new species M. wuyishanensis, three known species (M. lateritia var. vinaceipes R. L. Zhao, Desjardin, Soytong & K. D. Hyde, M. suthepensis R. L. Zhao, Desjardin, Soytong and K. D. Hyde, and M. ventricocystidiata Al-Sadi and S. Hussain), and an undetermined specimen from India.



Taxonomy
 
Micropsalliota minor J. Q. Yan sp. nov.

MycoBank: 842891

Etymology: Referring to its small basidiomata.

Diagnosis: Differs from M. pusillissima by bigger basidiospores, which are longer than 5 μm. (Figures 2A–C, 3, 10A)
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FIGURE 2
 Basidiomata. (A–C) Micropsalliota minor; (D) M. ovalispora; (E–G) M. pseudodelicatula; (H) M. cf. roseipes; (I–K) M. rufosquarrosa; (L) M. tenuipes; (M) M. wuyishanensis. Scale bars: 10 mm.
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FIGURE 3
 Micropsalliota minor. (A) Basidiospores; (B) basidia; (C) cheilocystidia; (D) pileipellis hyphae. Scale bars: 10 μm.


Basidiomata slender (IG = 40–192). Pileus 2.5–6.0 mm in diameter, white (1A1) to cream (2A1) when young, with light brown (6C6–6D6) tone in age, hemispherical, expanding to plano-convex, surface dry, glabrous to finely powdery fibrillose, margin appendiculate. Context less than 0.3 mm thick. Lamellae 0.2–0.5 mm broad, free, subdistant, with two series of lamellulae, white (1A1) becoming light brown (6C6–6D6) as mature. Stipe 12–17 × 0.3–0.6 mm, cylindrical, hollow, white (1A1), surface with white (1A1) fibrils, which easily fall off. Annulus single, membranous, median, white (1A1) to cream (2A1), which easily falls off.

Basidiospores (5.0) 5.5–6.0 (6.5) × 3.0–3.7 μm, av. = 5.7 × 3.4 μm, Q = (1.40) 1.50–1.82 (1.90), ellipsoid to elongated in face view, amygdaliform in profile view, light brown, wall 0.2–0.4 μm thick, apically thickened endosporium indistinct, without germ pore, inamyloid. Basidia 11–16 (17.5) × 5.5–6.5 (7.0) μm, clavate, hyaline, 2- or 4-spored. Pleurocystidia absent. Cheilocystidia (25) 29–45.5 (48) × (6.0) 6.5–11 μm, hyaline, tibiiform or lageniform, apex capitate, up to 4.0–6.0 μm in diameter or forked with capitate or obtuse to truncate apex. Pileipellis a cutis, hyphae 4.0–6.0 μm in diameter, hyaline, constricted at the septa on some hyphae.

Habit and habitat: Scattered on moss layer in mixed forests.

Specimens examined: CHINA. Zhejiang Province, Lishui City, Qingtian County, Huixu Village, 5 Aug 2021, Jun-Qing Yan, HFJAU2812, holotype; 6 Aug 2021, Jun-Qing Yan and Zhi-Heng Zeng, HFJAU2796; Jiangxi Province, Jiangxi Agricultural University, 3 Jun 2021, Jun-Qing Yan, HFJAU1259.

Notes: Micropsalliota minor formed an independent lineage in the phylogenetic tree. Morphologically, four Micropsalliota species (M. alba Heinem. and Little Flower, M. albosericea Heinem. and Leelav., M. delicatula R. L. Zhao, J. X. Li and M. Q. He, and M. tenuipes) have the same combination of small basidiomata with pileus generally less than 10 mm in diameter, white pileus, and basidiospores longer than 5.5 μm as M. minor, but none of them have the forked cheilocystidia (Heinemann and Flower, 1983; Zhao et al., 2010; Li et al., 2021). Another species, M. bifida R. L. Zhao, Desjardin, Soytong and K. D. Hyde, has variable (including forked) cheilocystidia, but its basidiospores are shorter than 5 μm (Zhao et al., 2010).



Micropsalliota ovalispora J. Q. Yan sp. nov.

MycoBank: 842892

Etymology: Referring to its oval basidiospores in face view.

Diagnosis: Differs from M. arginea in having ovoid basidiospores. (Figures 2D, 4, 10B)
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FIGURE 4
 Micropsalliota ovalispora. (A) Basidiospores; (B) basidia; (C) cheilocystidia; (D) pileipellis hyphae. Scale bars: 10 μm.


Basidiomata slender to stout (IG = 22–62). Pileus 5.0–7.0 mm in diameter, white (1A1), orange-gray (6B2) with age, convex, expanding to plane, with obtuse umbo, surface dry, glabrous to fibrillose. Context less than 0.5 mm thick. Lamellae 0.5–0.7 mm broad, free, moderately distant, with 2 series of lamellulae, white (1A1) becoming light brown (7D5–7D6) as mature. Stipe 7.5–12.5 × 0.5–1.0 mm, cylindrical, white (1A1), surface with white (1A1) fibrils. Annulus unobserved.

Basidiospores 4.0–5.0 × (2.0) 2.5–3.0 μm, av. = 4.5 × 2.7 μm, Q = (1.43) 1.55–1.85 (2.00), oval, rarely ellipsoid to elongate in face view, amygdaliform in profile view, light brown in water, darker in alkaline solution, wall 0.2–0.3 μm thick, apically thickened endosporium indistinct, without germ pore, inamyloid. Basidia 12.5–18.5 × 5.0–6.5 μm clavate, hyaline, 4-spored. Pleurocystidia absent. Cheilocystidia (22) 25.5–40 (42) × 4.0–8.5 (10.5) μm, lageniform, apex capitate, (4.0) 5.0–7.5 (8.0) in diameter. Pileipellis a cutis, hyphae 4.5–11 μm in diameter, constricted at the septa on some hyphae, with small dark brown incrusted pigment granules in water, which dissolves in 5% KOH.

Habit and habitat: Scattered on soil in broad-leaved forests.

Specimens examined: CHINA. Zhejiang Province, Lishui City, Suichang County, Jiulong Mountain Reserve, 15 Jul 2020, Jun-Qing Yan, HFJAU2010, holotype; 17 Jul 2020, Jun-Qing Yan and Bin-Rong Ke, HFJAU3179.

Notes: In the phylogenetic tree, M. ovalispora formed an independent lineage and grouped with M. allantoidea, but the latter has a grayish brown pileus and longer basidiospores (5.3–6.5 μm) (Zhao et al., 2010). Morphologically, only a few other species in the genus match the characteristics of M. ovalispora. Micropsalliota arginea, M. cinnamomeopallida Singer, M. plumeria (Berk. and Broome) Höhn., M. pseudoarginea Heinem., and M. tenuipes are similar to M. ovalispora in having a white pileus and 5.0–10 μm in diameter, but none of them have oval basidiospores (Pegler and Rayner, 1969; Heinemann, 1980; Heinemann and Leelavathy, 1991; Zhao et al., 2010). In addition, M. arginea, M. pseudoarginea, M. ovalispora, and M. tenuipes are in distinct lineages in the phylogenetic tree (this paper); pileipellis of M. cinnamomeopallida has brownish vacuolar pigment (Heinemann, 1980; Heinemann and Leelavathy, 1991); pileus of M. plumeria has rusty brown disc (Zhao et al., 2010).



Micropsalliota pseudodelicatula J. Q. Yan sp. nov.

MycoBank: 842893

Etymology: Referring to its morphological similarity to M. delicatula.

Diagnosis: Differs from M. delicatula in having smaller basidiospores (4.3–5.5 × 2.7–3.3 μm). (Figures 2E–G, 5, 10C)
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FIGURE 5
 Micropsalliota pseudodelicatula. (A) Basidiospores; (B) basidia; (C) cheilocystidia; (D) pileipellis hyphae. Scale bars: 10 μm.


Basidiomata slender (IG = 50–93). Pileus 4.0–5.0 mm in diameter, white (1A1), convex to applanate, then nearly plane, surface dry, covered with white (1A1) scurfy scales or fibrils. Context less than 0.5 mm thick. Lamellae 0.5–1.0 mm broad, free, subdistant, with 2 series of lamellulae, white (1A1) becoming grayish red (7B2–7B3) to chestnut-brown (8D4–8E5) as mature, edge white (1A1). Stipe 8.0–15 × 0.3–1.0 mm, cylindrical, slender, hollow, white (1A1), surface with white (1A1) fibrils, base unexpanded, or slightly expanded to the shape of suction cup. Annulus single, membranous, persistent, superior to medium, white (1A1).

Basidiospores (4.0) 4.3–5.5 × (2.5) 2.7–3.3 μm, av. = 4.9 × 3.0 μm, Q = (1.39) 1.48–1.83 (1.95), ellipsoid to elongated in face view, amygdaliform in profile view, light brown, wall 0.2–0.4 μm thick, apically thickened endosporium indistinct, without germ pore, inamyloid. Basidia 11–14 × 3.5–6.0 μm, clavate, hyaline, 4- or 2-spored. Pleurocystidia absent. Cheilocystidia 29–40 (43) × (4.0) 5.0–8.5 (9) μm, often in clusters, tibiiform, few lageniform, apex capitate 6.0–9.0 μm in diameter. Pileipellis a cutis, hyphae 6.0–15 μm in diameter, hyaline, constricted at the septa on some hyphae.

Habit and habitat: Gregarious on red soil in forest.

Specimens examined: CHINA. Zhejiang Province, Suichang County, Sanren She nationality township, 29 May 2020, Jun-Qing Yan and Qin Na, HFJAU2228, holotype; Jiangxi Province, Jiangxi Agricultural University, 26 Jun 2019, Jun-Qing Yan, HFJAU1291.

Notes: Micropsalliota pseudodelicatula, which forms an independent lineage in subclade /bifida, is easily confused with M. delicatula. However, M. delicatula has larger basidispores, 5.2–6.6 × 3.0–4.1 μm (Li et al., 2021). In addition, M. alba, M. albella M. Q. He and R. L. Zhao, M. albosericea, M. minor, M. pulverulenta Heinem. and Leelav., and M. pusillissima R. L. Zhao, Desjardin, Soytong and K. D. Hyde all have tiny basidiomata (pileus 5 mm in diameter or less) that are similar to M. pseudodelicatula. These species can be distinguished as follows: basidiospores of M. alba are larger, up to 5.8–6.6 × 3.3–3.6 μm (Heinemann and Flower, 1983); M. albella has narrowly utriform to utriform cheilocystidia, some of which are slightly subcapitate (He et al., 2020); cheilocystidia of M. albosericea are smaller (18–30 × 6.0–11 μm) and clavate to ventricose-capitate or subcapitate, without obviously elongated neck (Zhao et al., 2010); M. minor has forked cheilocystidia (this paper); M. pulverulenta has pleurocystidia (Heinemann and Leelavathy, 1991); M. pusillissima has smaller basidiomata (1.0–3.0 mm) and possesses broadly ventricose-capitate cheilocystidia without an obviously elongated neck (Zhao et al., 2010).



Micropsalliota cf. Roseipes Heinem., Bull. Jard. Bot. natn. Belg. 50(1-2): 65 (1980) (Figures 2H, 6, 10D)

Basidiomata stout (IG = 15–38). Pileus 6.0–10 mm in diameter, dirty white (1A1) to pink (11A5–11A6), expanding to plane, plane with aged, covered with dull red (11B4–11B5) to violet-red (11E7–11E8) squamules. Context less than 0.5 mm thick. Lamellae 0.5–0.1 mm broad, free, subdistant, with 2–3 series of lamellulae, white becoming light brown (6C6–6D6) as mature. Stipe 8.5–11.5 × 0.5–1.0 mm, cylindrical, dirty white (1A1) with some pinkish (11A5–11B5) tone, surface with white (1A1) fibrils. Annulus single, membranous, superior, white (1A1), easily fall off.


[image: Figure 6]
FIGURE 6
 Micropsalliota cf. roseipes. (A) Basidiospores; (B) basidia; (C) cheilocystidia; (D) pileipellis hyphae. Scale bars: 10 μm.


Basidiospores 5.5–7.0 × 3.0–4.0 μm, av. = 6.2 × 3.6 μm, Q = 1.60–1.90 (2.00), elongated, rarely ovoid in face view, amygdaliform in profile view, light brown, wall 0.2–0.3 μm thick, apically thickened endosporium indistinct, without germ pore, inamyloid. Basidia 15.5–22.5 × 4.5–6.0 μm, clavate, hyaline, 4-spored. Pleurocystidia absent. Cheilocystidia 19–29 (34) × 6.5–9.0 (9.5) μm, utriform with obtuse, subcapitate or capitate apex, 5.0–7.5 μm in diameter. Pileipellis a cutis, hyphae (6.5) 8.0–18 (22) μm in diameter, constricted at the septa on some hyphae, with pink membranous pigment, or dark brown granular-incrusted in cellular vacuoles which can dissolve in 5% KOH (vacuolar pigment) in some hyphae.

Habit and habitat: Scattered on red soil in mixed forests.

Specimen examined: CHINA. Fujian Province, Wuyishan National Park, 20 June 2021, Jun-Qing Yan and Cheng-Feng Nie, HFJAU2494.

Notes: Chinese material closely matches the description of the type of M. roseipes, only differs in having narrower basidiospores, 3.0–4.0 μm rather than 4.0–4.8 μm (Heinemann, 1980). Micropsalliota roseipes is similar to M. cardinalis Heinem., M. rufosquarrosa and M. wuyishanensis, and groups together with M. rufosquarrosa in the phylogenetic tree; however, M. cardinalis has narrowly utriform cheilocystidia (Heinemann, 1989), M. rufosquarrosa has a white stipe and cheilocystidia covered by light brown deposition, and M. wuyishanensis has hyphoid and frequently forked cheilocystidia (this paper).



Micropsalliota rufosquarrosa J. Q. Yan sp. nov.

MycoBank: 842896

Etymology: Referring to its dull red squarrose pileus.

Diagnosis: Differs from M. gracilis in having smaller basidiomata and smaller cheilocystidia covered by an obvious brown deposition. (Figures 2I–K, 7, 10E)


[image: Figure 7]
FIGURE 7
 Micropsalliota rufosquarrosa. (A) Basidiospores; (B) basidia; (C) cheilocystidia; (D) pileipellis hyphae. Scale bars: 10 μm.


Basidiomata stout (IG = 9.0–33). Pileus 6.0–12 mm in diameter, white to dirty white (1A1–1B1), convex, expanding to plane, surface dry, covered with red (11B7) to brownish violet (11C7–11D7) squarrose. Context less than 0.5 mm thick. Lamellae 0.3–1.5 mm broad, free, subdistant, with 2 series of lamellulae, white becoming light brown (7D5–7D6) as mature. Stipe 18–38 × 0.5–1.5 mm, cylindrical, white (1A1), surface with white (1A1) fibrils. Annulus single, membranous, superior, white, with a reddish margin, easily fall off.

Basidiospores 5.5–6.5 (7.0) × 3.0–3.5 (4.0) μm, av. = 6.1 × 3.3 μm, Q = (1.60) 1.65–2.00 (2.25), elongated in face view, amygdaliform in profile view, light brown, wall 0.3–0.4 μm thick, most basidiospore with an apically thickened endosporium, without germ pore, inamyloid. Basidia 12.5–16.5 × 5.5–7.0 (7.5) μm, clavate, hyaline, 4- or 2-spored. Pleurocystidia absent. Cheilocystidia 14–26 × 6.0–10 μm, hyaline, utriform, apex broadly obtuse or capitate, 4.0–6.5 μm in diameter, covered by light brown deposition. Pileipellis a cutis, hyphae 4.5–14 (17) μm in diameter, constricted at the septa on some hyphae, with dark brown granular-incrusted in cellular vacuoles that dissolves in alkaline solution (vacuolar pigment).

Habit and habitat: Scattered on ground in mixed forests.

Specimens examined: CHINA. Jiangxi Province, Jiangxi Agricultural University, 20 May 2019, Jun-Qing Yan, HFJAU1208; 26 May 2019, Jun-Qing Yan, HFJAU1236, holotype.

Notes: Few species in the genus match the combination of small basidiomata, a pileus covered with dull red scurfy scales or fibrils, and small cheilocystidia covered by light brown deposition that characterizes M. rufosquarrosa. Some species have small basidiomata and a colored pileus but can be separated as follows: M. allantoidea has grayish brown scaly pileus, utriform, lageniform, or tiibiform capitate or subcapitate cheilocystidia (Zhao et al., 2010); M. atropurpurea Heinem., M. cymbispora Heinem. and Little Flower, and M. pseudovolvulata have smaller basidiospores averaging less than 5.5 μm long (Heinemann and Flower, 1983; Heinemann, 1988; Zhao et al., 2010); M. cardinalis and M. purpureobrunneola have purple to brownish purple scales and different cheilocystidia (Heinemann, 1989; He et al., 2020); M. endophaea Heinem., M. megaspora, and M. roseipes have larger basidiospores that are longer than 6.5 μm on average (Heinemann, 1988; Zhao et al., 2010); M. malabarensis Heinem. and Little Flower and M. subalpina Guzm.-Dáv. and Heinem. have longer cheilocystidia, up to 60 μm (Heinemann and Flower, 1983; Guzmán-Dávalos and Heinemann, 1994); M. pruinosa Heinem. has grayish brown scaly pileus, and ellipsoid spores in face view (Heinemann, 1989).



Micropsalliota tenuipes J. Q. Yan sp. nov.

MycoBank: 842897

Etymology: Referring to its slender stipe.

Diagnosis: Differs from M. arginea in having bigger basidiospores (5.3–6.2 × 3.0–3.5 μm). (Figures 2L, 8, 10F)


[image: Figure 8]
FIGURE 8
 Micropsalliota tenuipes. (A) Basidiospores; (B) basidia; (C) cheilocystidia; (D) pileipellis hyphae. Scale bars: 10 μm.


Basidiomata slender (IG = 41–131). Pileus 6.0–12 mm in diameter, dirty white (2A1), brownish orange (6C4–6C5) with age, applanate to plane, surface dry, smooth. Context less than 0.5 mm thick. Lamellae 0.3–0.5 mm broad, free, subdistant, with 2–3 series of lamellulae, dirty white becoming light orange (6A4) to light brown (6C5–6D6) as mature. Stipe 13–23 × 0.3–0.5 mm, cylindrical, slender, hollow, white with yellowish gray (4B2) tinges, surface with white (1A1) fibrils. Annulus single, membranous, light brown (6C5–6D6), persistent, superior to median.

Basidiospores (5.0) 5.3–6.2 (6.5) × 3.0–3.5 μm, av. = 5.8 × 3.3 μm, Q = (1.56) 1.61–1.91 (2.07), elongated or few ellipsoid in face view, amygdaliform in profile view, light brown, wall 0.3–0.5 μm thick, with or without an apically thickened endosporium, without germ pore, inamyloid. Basidia 9.5–12 × 6.0–7.0 μm, clavate, hyaline, 4- or 2-spored. Pleurocystidia absent. Cheilocystidia 14–26 × (6.0) 8.0–11.5 (12.5) μm, hyaline, claviform or widely utriform, apex broadly obtuse, rare subcapitate, covered by hyaline deposition that dissolves in 5% KOH. Pileipellis a cutis, hyphae 6.0–15 μm in diameter, some constricted at the septa on some hyphae, with hyaline, high refractive inclusions that dissolves in 5% KOH.

Habit and habitat: Gregarious on ground in forest.

Specimens examined: CHINA. Fujian Province, Sanming Castanopsis fargesii Provincial Nature Reserve, 18 Jun 2020, Jun-Qing Yan, Hui Zeng, Sheng-Nan Wang, HFJAU1536, holotype; Wuyishan National Park, 12 Jun 2021, Jun-Qing Yan, HFJAU3178.

Notes: Micropsalliota tenuipes is characterized by its slender stipe compared to the size of the pileus (6.0–12 mm). Micropsalliota arginea, M. cinnamomeopallida, M. plumeria, and M. pseudoarginea resemble M. tenuipes but have smaller basidiospores (< 5.5 μm long) (Pegler and Rayner, 1969; Heinemann, 1980, 1988; Heinemann and Leelavathy, 1991; Zhao et al., 2010). In the phylogenetic tree, M. tenuipes groups together with M. albella, but the latter has smaller basidiomata (a pileus 2.0–5.0 mm in diameter) and basidiospores shorter than 5.5 μm (He et al., 2020).



Micropsalliota wuyishanensis J. Q. Yan sp. nov.

MycoBank: 842898

Etymology: Referring to its type locality (Wuyishan National Park).

Diagnosis: Differs from M. cardinalis by its stipe covered with red fibrils and by its hyphoid, often forked, cheilocystidia. (Figures 2M, 9, 10G)


[image: Figure 9]
FIGURE 9
 Micropsalliota wuyishanensis. (A) Basidiospores; (B) basidia; (C) cheilocystidia; (D) pileipellis hyphae. Scale bars: 10 μm.



[image: Figure 10]
FIGURE 10
 Microscopic structures. (A) Micropsalliota minor: (A1) basidiospores, (A2) pileipellis hyphae, (A3–5) marginal cell of gills and cheilocystidia; (B) M. ovalispora: (B1) basidiospores, (B2) pileipellis hyphae, (B3) marginal cell of gills and cheilocystidia; (C) M. pseudodelicatula: (C1) basidiospores, (C2) pileipellis hyphae, (C3) marginal cell of gills and cheilocystidia; (D) M. cf. roseipes: (D1) basidiospores, (D2) pileipellis hyphae, (D3) marginal cell of gills and cheilocystidia; (E) M. rufosquarrosa: (E1) basidiospores, (E2) pileipellis hyphae, (E3–5) marginal cell of gills and cheilocystidia; (F) M. tenuipes: (F1) basidiospores, (F2) pileipellis hyphae, (F3) marginal cell of gills and cheilocystidia; (G) M. wuyishanensis: (G1) basidiospores, (G2) pileipellis hyphae, (G3) marginal cell of gills and cheilocystidia. Scale bars = 20 μm. Structures of (B2–G2) were observed in water. Other structures were observed 5% KOH, Congo red was used as a stain when necessary.


Basidiomata slender to stout (IG = 28–43). Pileus 6.0–10 mm in diameter, red (10A6–10B7), campanulate, surface dry, covered with deep red (10C7–10C8) fibrils, margin appendiculate, with white or pinkish remains of the veil. Context less than 0.5 mm thick. Lamellae 0.5–1.0 mm broad, free, moderately distant, with 3 series of lamellulae, white (1A1) becoming light brown (7D5–7D6) as mature. Stipe 18–25 × 1.0–1.5 mm, cylindrical, uniform, white (1A1), surface with pastel red to dull red (10A4–10B4) fibrils. Annulus single, membranous, white (1A1), superior, fall off when young.

Basidiospores (5.0) 5.5–6.0 (6.5) × 3.0–3.5 (4.0) μm, av. = 5.8 × 3.4 μm, Q = 1.60–1.80 (1.90), elongated in face view, amygdaliform in profile view, light brown, without germ pore, inamyloid, thick-walled, with a thickened apical endosporium. Basidia (13) 14–18.5 (20) × (5.0) 6.0–7.0 (7.5) μm, clavate, hyaline, 4-spored. Pleurocystidia absent. Cheilocystidia 33–60 (72) × 3.5–6.0 (6.5) μm, hyaline, hyphoid, tortuous or submoniliform, often branched or forked, apex obtuse or subcapitate, rare capitate. Pileipellis a cutis, hyphae (4.5) 6.5–10 (11) μm in diameter, with pink membranous pigment.

Habit and habitat: Scattered on soil in broad-leaved forests.

Specimens examined: CHINA. Fujian Province, Wuyishan National Park, Jun-Qing Yan, Ya-Ping Hu and Hui Ding, 10 Aug 2021, HFJAU3048, holotype.

Notes: Among known species of Micropsalliota, only M. cardinalis and M. roseipes resemble M. wuyishanensis in having a red pileus 5.0–10 mm in diameter. These two species can be distinguished from the latter as follows: M. cardinalis has capitate cheilocystidia that are less than 35 μm long (Heinemann, 1989), and M. roseipes has longer basidiospores (6.2–7.4 μm) (Heinemann, 1980). In the phylogenetic tree, M. wuyishanensis formed a distinct lineage, but the phylogenetic position and relationships with other species are still unclear.




Key to Micropsalliota species of China

1a. Pileus white to dirty white……………………………..2

1b. Pileus colored, e.g., brown, red or violet………………10

2a. Basidiospores shorter than 5.5 μm……………………..3

2b. Basidiospores longer than 5.5 μm………….…………..6

3a. Cheilocystidia bifid with two toe-like subcapitate lobes…………………….……………………M. bifida

3b. Not as above……………………………….…………4

4a. Basidiospores ovoid in face view, amygdaliform in profile view………………………….….…….….M. ovalispora

4b. Not as above…………………….…….………………5

5a. Pileus < 5 mm in diameter, cheilocystidia tibiiform or lageniform, apex capitate……………M. pseudodelicatula

5b. Pileus >5 mm in diameter, cheilocystidia non-capitate……….….………………M. pseudoarginea

6a. Pileus mainly < 10 mm in diameter…….….……………7

7a. Cheilocystidia two types, tibiiform or forked with capitate or subacute apex………………………………M. minor

7b. Not as above………….…….…….……………………8

8a. Cheilocystidia utriform, with broadly obtuse apex…….…….…….………………………M. tenuipes

8b. Cheilocystidia capitate, with a sinuous or straight neck………………………………………M. delicatula

9a. Pileipellis hyphae with vacuolar pigments….….M. subalba

9b. Pileipellis hyphae hyaline but with pigment incrusted……….…………………M. dentatomarginata

10a. Pleurocystidia present…….….…………M. digitatocystis

10b. Pleurocystidia absent…………………………………11

11a. Pileus mainly < 10 mm in diameter……………………12

11b. Pileus larger than 10 mm in diameter……………….…15

12a. Pileus brown to dark brown…….….………M. megaspora

12b. Pileus pink, red to violet-red…………………….……13

13a. Cheilocystidia hyphoid, often forked, up to 60 μm long………………….….……………M. wuyishanensis

13b. Not as above…………………………………………14

14a. Stipe dirty white with pink tone, cheilocystidia without deposit……………………….…….….…M. cf. roseipes

14b. Stipe white, cheilocystidia covered by light brown deposit………………………………..M. rufosquarrosa

15a. Pileus 20–80 mm in diameter…………………………16

15b. Pileus < 20 mm in diameter…………………………...18

16a. Basidiospores 4.5–6 μm long………..M. pseudoglobocystis

16b. Basidiospores longer than 6 μm………………………17

17a. Conext stains red when bruised or cut………………………………………………………..M. furfuracea

17b. Conext stains yellow to reddish-brown…………………………………………………………..M. globocystis

18a. Veil cortinate………………………………M. cortinata

18b. Veil membranous……………………………………19

19a. Basidiomes violet-red…………M. lateritia var. vinaceipes

19b. Basidiomes brown………………………M. arginophaea




Discussions

The results of our phylogenetic analysis are to some extent consistent with previous studies based on ITS and LSU sequences (Zhao et al., 2010; He et al., 2020; Li et al., 2021; Al-Kharousi et al., 2022), but we were able to resolve more subclades, and the support values for some clades and subclades were higher. Major clades were strongly to weakly supported, but were difficult to morphologically characterize. Many comprised a morphologically heterogeneous assemblage of species, with only a few subclades that were synapomorphies (see below).

In clade A, species in /megaspora share fibrillose to floccose, brown to dark brown squamules, an IG < 50, and basidiospores up to 7.5 μm long (Heinemann, 1980; Zhao et al., 2010). Among /pleurocystidiata, M. pleurocystidiata and M. xanthorubescens share fibrillose to floccose, brown to dark brown squamules, presence of pleurocystidia, basidiospores 5.0–7.0 μm long, and an IG < 30 (Heinemann, 1980; Heinemann and Flower, 1983; Zhao et al., 2010).

In Clade B, species in /rufosquarrosa share red squamules, basidiospores 5.5–7.0 μm long, and an IG < 30 (Heinemann, 1980). Species in /bifida, except for M. arginophaea Heinem. and M. gracilis Heinem., have white and squamulose pileus, but there are no obvious synapomorphies in regard to the basidiospore size, IG value, or color change upon bruising (Heinemann and Flower, 1983; Zhao et al., 2010; He et al., 2020; Li et al., 2021). Species in /allantoidea share small basidiomata, a pileus less than 10 mm in diameter, capitate cheilocystidia with an elongated neck, and an IG = 30–60 (Zhao et al., 2010); species in /arginea are not obviously morphologically synapomorphies except in having spores that are ellipsoid to amygdaliform, which is true for most species of Micropsalliota (Pegler and Rayner, 1969; Zhao et al., 2010; Chen et al., 2016; Parra et al., 2016).

Species in Clade D share fibrillose or squamulose pileus and mainly basidiospores longer than 6 μm, but this common feature also applies to Clades A, E, and a few species in area F. Therefore, this feature is not representative. In addition, except for M. megarubescens, most of the species in this clade resemble M. globocystis in their macroscopic features: they have brown to red-brown squamules, basidiospores mainly shorter than 7.5 μm, and an IG < 30 (Zhao et al., 2010; Wei et al., 2015; He et al., 2020; Li et al., 2021).

Clade C is characterized by the presence of a cortinoid annulus (Heinemann, 1980; Zhao et al., 2010). Clade E share moderately sized basidiomes (IG = 40–80) with a white, silky pileus that stains reddish brown (Zhao et al., 2010). Although area F was undetermined, species in this area, except for M. ventricocystidiata, share red to red-brown squamules, an IG < 40, basidiospores mainly shorter than 6 μm, and more or less forked cheilocystidia (Zhao et al., 2010; Al-Kharousi et al., 2022).

Based on the study of Al-Kharousi et al. (2022), species of Micropsalliota recovered in two groups: M-I and M-II. Clade M-I shares fibrillose/squamulose pileus and the average length of basidiospores is ≥ 6.0 μm, which contains the majority of species in the Clade A, C, D, E, and area F, but M. wuyishanensis does not conform to this characteristic combination (this paper). Clade M-II shares more or less glabrous pileus and spores are < 6.0 μm in length by phylogenetic analyses, which contains the majority of species in the /bifida and /allantoidea, but M. subalba Heinem. and Little Flower does not conform to this characteristic combination (this paper).

The species diversity of this genus may be much richer than we previously thought. As more species are discovered, we believe that more well-supported clades will appear in the phylogenetic tree and synapomorphies will be better resolved. Beyond that, some seemingly known species deserve further study: the three sequences of M. subarginea from Thailand do not form a distinct lineage and may thus represent three separate species; and the sequences of M. globocystis from China and Thailand form five clades and may represent five different species. Some names may be synonyms: although phylogenetic placement suggests that M. pleurocystidiata and M. xanthorubescens are conspecific, taking into account that the type specimens have not been sequenced, we tentatively maintain them as independent species in accordance with the treatment of Zhao et al. (2010); M. cornuta is thus very likely a synonym of A. trisulphuratus; however, we have not examined the type specimen of A. trisulphuratus and cannot draw definite conclusions.
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The shiitake mushroom (Lentinus edodes) is the second most popular edible mushroom globally due to its rich nutritional value and health benefits associated with consumption. However, the characteristics of growing at low temperatures limit the area and time of its cultivating. We selected a low-temperature cultivar as the original strain. We proposed to construct a heat-shock protein expression vector to achieve genetic transformation in this low-temperature strain to improve the survivability of the strain against the heat-shock response. In this study, an overexpression vector pEHg-gdp-hsp20 for the heat shock protein 20 gene of A. bisporus was constructed using a homologous recombination method. This vector was transferred into dikaryotic and monokaryotic mycelia by the Agrobacterium tumefaciens-method. The integration of hygb and hsp20 into the genome of L. edodes mycelia was verified by growth experiments on resistant plates and PCR analysis. The expression of the reporter gene mgfp5 was verified by fluorescence microscopy analysis and statistically resulted in 18.52 and 26.39% positivity for dikaryon, and monokaryon, respectively. Real-time PCR analysis showed that the expression of the hsp20 gene was more than 10-fold up-regulated in the three transformants; the mycelia of the three overexpression transformants could resume growth after 24 h heat treatment at 40°C, but the mycelia of the starting strain L087 could not recover growth at 25°C indicating that strains that successfully expressed hsp20 had greater overall recovery after heat shock. According to the study, A. bisporus hsp20 gene overexpression effectively improves the defensive capability of low-temperature mushroom strains against heat shock, laying the foundation for breeding heat-resistant high-quality transgenic shiitake mushrooms.
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Introduction

Lentinula edodes (Berk.) Pegler is one of the most valuable edible mushrooms in the world. The consumption of L. edodes has increased substantially in recent years, with markets expanding from southeast Asia to worldwide. It has been reported that the production of L. edodes is approximately 22% of the total mushroom supply all over the world (Royse et al., 2017). The temperature is one of the important environmental factors affecting the growth and development of L. edodes. In general, L. edodes strains are low-medium temperatures strains, and their optimal temperature range is 24–27°C (Zhao et al., 2016). The hot summer weather can adversely affect the quality and yield of the mushroom (Cao et al., 2015), thereby inhibiting the development of the industry. High-temperature environments can lead to a decrease in the viability of mycelia (Zhang et al., 2016). The mycelial growth rate at 30°C is only half or one-third of that at 25°C. High temperatures also cause Trichoderma to infest shiitake mycelia, which is referred to as the “fungal burning phenomenon “(Guo et al., 2020). Furthermore, the agronomic traits of fruiting body are also affected, as evidenced by the smaller mushrooms, loose texture, thin pileus, and easily opened caps (Zhao et al., 2018). Finally, mycelial death will occur at temperatures exceeding a specific threshold (above 38°C; Wang et al., 2004).

Heat stress has become one of the most important abiotic stresses for crops (Hasanuzzaman et al., 2013). However, organisms respond to heat stress in a variety of ways, such as heat shock family proteins (HSP), phytohormones, redox proteins and signal transduction pathway proteins (e.g., Ca2+). These expressions are positively correlated with heat tolerance in organisms at the molecular level and metabolite networks (Kotak et al., 2007; Martín-Folgar et al., 2015). HSPs are conserved proteins that accumulate in large quantities at high temperatures and play a crucial role in protein renaturation, enzyme and membrane stability, and cell homeostasis (Morano et al., 2012; Park and Seo, 2015). HSP100, HSP90, and HSP70 can refold and activate misfolded proteins, preventing misfolded protein aggregation, improving plant and fungal defenses against heat shock responses (Bui et al., 2016). Small heat shock proteins such as HSP20 and HSP40 can bind to unfolded protein substrates under responding conditions, preventing their irreversible aggregation (Deng et al., 2014). Currently, few studies have been conducted on the mechanism of heat shock response in L. edodes. RT-PCR analysis after high-temperature stress showed that the expression of Hsp40, Hsp60, Hsp70, Hsp90 and Hspl00 was higher in heat-tolerant strains than in heat-sensitive strains of L. edodes (Xin et al., 2016; Wang et al., 2018a). Some domestic studies have shown that the addition of exogenous auxins can improve L. edodes mycelial thermotolerance (Zhou et al., 2018); and have studied knockdown and overexpression of the anthranilate-synthase gene (TrpE) in L. edodes to investigated its role during heat stress (Ma et al., 2018; Wang et al., 2020).

Agrobacterium tumefaciens is a Gram-negative soil bacterium that can deliver a specific segment of its genome to the nucleus of susceptible plant cells by infecting them (Su et al., 2012). De Groot et al. (1998) first used A. tumefaciens to transform fungal mycelia. Since then, studies have continued to show that A. tumefaciens-mediated transfer (ATMT) enables the random transfer of T-DNA into the genomes of fungi, including ascomycetes, basidiomycete and zygomycete (Poyedinok and Blume, 2018). In recent years, Cordyceps militaris (Zheng et al., 2011), Agaricus bisporus (Wang et al., 2019), Flammulina velutipes (Lyu et al., 2021) and other species have been successfully tested for A. tumefaciens-mediated transfer. However, this method has the disadvantage that it is not yet stable and consistent. The advantage is that many transformants can be obtained without the use of special equipment and also increases the frequency of homologous recombination, effectively knocking out the target gene.

The ability of edible fungi to withstand heat stress is a crucial trait that influences their growth and development. Based on heat stress studies in A. bisporus (Deng et al., 2014), the hsp20 gene, an up-regulated expression gene induced after heat stress, was transformed into L. edodes mycelia by Agrobacterium-mediated method. In this study, we will explore the effect of hsp20 on mycelial growth and resistance to heat stress in L. edodes, intending to improve the defense ability of low-temperature strains against heat shock response and lay the groundwork for breeding heat-tolerant strains.



Materials and methods


Strains and culture conditions

We used the monokaryotic LeL10-SSI17 derived from the strain 79,016 (source from the China Agricultural Microbial Strain Conservation Centre, the number is 5.0174) and the dikaryotic strain L087 of L. edodes for genetic transformation. These strains mentioned above are conserved and provided by our group. Strains and transformants were maintained on potato dextrose agar medium (PDA) at 25°C. E. coli strain DH5α and A. tumefaciens strain EHA105 were cultured in Luria-Bertani media (LB) at 28°C.



Nucleic acid extraction and PCR amplification

We extracted genomic DNA from L. edodes mycelia using the CTAB method. The promoter of the L. edodes glyceraldehyde-3-phosphate dehydrogenase gene (Legpd), was amplified from L. edodes DNA by primers Legpd-F/Legpd-R. The PCR product was purified and sequenced by the BGI Genomics. Mycelia from A. bisporus were cultured in liquid PDA medium at 24°C, 160 r/min for 2 weeks, then exposed to sublethal temperature (30°C) for 3 h of heat induction, followed by 12 h of heat treatment at lethal temperature (37°C; Lu, 2010). By rapid filtration, mycelia were ground in liquid argon and total RNA was extracted using Trizol method. RNA was reverse transcribed to cDNA (42°C at 15 min and 95°C at 3 min) using FastKing gDNA Dispelling RT SuperMix kit (Tiangen, China). The hsp20 gene was amplified from A. bisporus cDNA by primers hsp20-F /hsp20-R. The primers were synthesized by BGI Genomics, and the sequences are listed in Appendix 1.



Plasmid construction

The vector plasmid pCAMBIA1302 was purchased from Beijing Dingguo Changsheng Biotechnology Co. pCAMBIA1302 contains two genes, hygromycin resistant (hygR) gene and green fluorescent protein (mgfp5) gene, both of which are activated by the cauliflower mosaic virus (CaMV) 35S promoter. The CaMV 35S promoter cannot be used for genetic transformation in L. edodes and must be replaced with a corresponding homologous promoter The schematic diagram of plasmid construction is shown in Figure 1. First, pCAMBIA1302 was double digested with restriction endonucleases BamHI and NcoI (New England Biolabs, USA). Legpd-1 was amplified using L. edodes DNA as template and Legpd-F1/Legpd-R1 as primers. Linearized pCAMBIA1302 was ligated with Legpd-1 to produce the recombinant plasmid p001. Second, p001 was double digested with EcoRI and AatII (New England Biolabs, USA). Reverse Legpd-2 (synthesized by Beijing Genomics institution) ligated with linearized plasmid p001 to produce the intermediate plasmid p002. Third, p002 was single digested with SpeI (New England Biolabs, USA). Linearized plasmid p002 was ligated with hsp20-1 with a homologous sequence junction and Hind III cleavage site to produce the intermediate plasmid p003. Finally, p003 was single digested with HindIII (New England Biolabs, USA). Legpd-3 was amplified using L. edodes DNA as template and Legpd-F3/Legpd-R3 as primers. Linearized p003 was ligated with Legpd-3 to produce the recombinant plasmid pEHg-gdp-hsp20. This recombinant plasmid contains the Legpd-1 promoter expresses the hsp20 protein gene, the Legpd-2 promoter expresses the hyg resistance gene, and the Legpd-3 promoter expresses the mGFP5 reporter gene.

[image: Figure 1]

FIGURE 1
 The schematic diagram of plasmid pEHg-gdp-hsp20.




Hygromycin and cefotaxime sodium susceptibility assays

We conducted experiments to determine the minimum hygromycin concentration that kills L. edodes mycelia. Agar discs with L. edodes mycelia (d = 8 mm) were cut with a sterile drill from the edge of the actively growing colonies and transferred to solid MYG media containing hygromycin B (Hyg B) at concentrations of 0, 6, 8, 10, 12, 14, 16 and 18 μg/ml at 25°C for 10 days. The three biological replicates were set up for each group. Starting on the fifth day, colony diameters were measured daily to determine the susceptibility of L. edodes mycelia to Hyg B.

For genetic transformation, A. tumefaciens and L. edodes must co-cultivate, during which a large amount of A. tumefaciens is invariably mixed with L. edodes mycelia. A. tumefaciens overgrowth inhibits the growth of L. edodes mycelia (Chen et al., 2009), therefore Cefotaxime sodium (Cef) is necessary to eradicate A. tumefaciens. We conducted experiments to determine the effect of Cef concentration on mycelial growth. Agar discs with L. edodes mycelia (d = 8 mm) were cut with a sterile drill from the edge of the actively growing colonies and transferred to solid MYG medium containing Cef at concentrations of 0, 200, 400, 600 μg/ml at 25°C for 10 days. The three biological replicates were set up for each group. Starting on the fifth day, colony diameters were measured daily to determine the susceptibility of L. edodes mycelia to Cef.



Agrobacterium tumefaciens-mediated transformation

The activated L. edodes strains were transferred to solid MYG media and incubated at 25°C until the colonies were 5.5–6 cm in diameter. The selected vector pEHg-gdp-hsp20 was introduced into A. tumefaciens EHA105 using electroporation. The transformed EHA105 were grown in 100 ml LB liquid media containing 50 μg/ml Kanamycin (Kan), incubated at 28°C with 180 rpm until OD600 reached about 0.5–0.8. The bacterial suspension was collected in a sterile 50 ml centrifuge tube and centrifuged at 4500 rpm for 12 min. After centrifugation, the supernatant was carefully removed and 30 ml of liquid induction medium (IM) containing 200 μM AS and 40 mM MES was added to resuspend the bacteria. We attempted to mix A. tumefaciens sufficiently with the liquid IM medium to induce its transformation. Agar discs with L. edodes mycelia (d = 8 mm) were cut with a sterile drill from the edge of the actively growing colonies and transferred to A. tumefaciens-IM mix until the centrifuge tube was filled. The mixture of mycelia and A. tumefaciens-IM were incubated at 25°C for 4–6 h. The supernatant was carefully removed, the surface of agar discs was blotted out with sterile filter paper, and the discs were placed in co-cultivation IM media (containing 200 μM AS and 40 mM MES), covered with cellophane at 25°C for 3–5 days. In this period, white mycelia were observed sprouting on the surface of the agar discs. After co-culture, agar discs were washed with sterile water containing Cef, blotted dry with sterile filter paper and transferred to solid MYG media (containing 12 μg/ml Hyg B and 400 μg/ml Cef). Nine agar discs were placed on each plate and incubated at 25°C until transformants grew. Many mycelia grew at the early stages of the culture, but after 6–7 days, most of them ceased to grow except for the proposed transformants. After the first screening, the single colonies were transferred to a new MYG media (containing 12 μg/ml Hyg B and 400 μg/ml Cef) and screened for five generations. All the steps mentioned above were carried out on a clean bench.



Molecular analysis and fluorescence observation

The first selection of well-grown single colonies was transferred to MYG media covered with cellophane at 25°C until mycelia were fully grown. We extracted genomic DNA from mycelia using the CTAB method. The presence of hyg and hsp20 genes was demonstrated by polymerase chain reaction (PCR) analysis using two primer pairs: hyg-F1/hyg-R1 and hsp20-F2/hsp20-R2 (Appendix 1). To detect the fluorescent signal of the reporter protein mGFP5, transformants were cultivated in MYG media and coverslips were placed diagonally on the edge of the medium until the mycelia climbed onto the coverslip. The coverslip was then removed and the expression of green fluorescent protein in the mycelia was observed using an upright fluorescence microscope (Zeiss, Germany).



Gene expression analysis

Positive transformants were inoculated in MYG media covered with cellophane at 25°C until fully grown. We extracted total RNA from mycelia using the SV Total RNA Isolation System Kit (Promega, China) according to protocol of manufacturer. RNA was reverse transcribed to cDNA using the FastKing gDNA Dispelling RT SuperMix kit (Tiangen, China). The reverse transcriptase reaction consisted of 4 μl 5 × FastKing-RT SuperMix, 1 μl total RNA (2 μg/μL) and RNase-free ddH2O up to 20 μl. The RT-PCR program was 42°C for 15 min and 95°C for 3 min. The cDNA products were stored at −20°C.

Real-time quantitative PCR (qPCR) was used to detect the expression of the hsp20 gene in the transformants. The GAPDH (Glyceraldehyde-3-Phosphoglyceraldehyde dehydrogenase) gene (Genbank accession number is AB012862.1) was selected as the internal reference gene for PCR quantification. The primers for the hsp20 and GAPDH genes were designed and tested for specificity using NCBI’s online program.1 The primers were synthesized by the Beijing Genomics institution, and they are listed in Appendix 1. Real-time quantitative PCR was performed with the SuperReal PreMix Plus (SYBR Green) Kit (Tiangen, China). The reaction solution was prepared on ice, and the components were 10 μl 2 × SuperReal PreMix Plus (SYBR Green), 1 μl forward Primer, 1 μl Reverse Primer, 2 μl cDNA, and ddH2O up to 20 μl. The qPCR reactions were performed as follows: 94°C for 15 min, followed by 35 cycles at 95°C for 10 s, 60°C for 20 s and 72°C for 30 s. All reactions were run in triplicate. The primers qgapdh-F/R and qhsp20-F/R were used to make standard curves for amplification of gene GAPDH and hsp20, respectively. When the primer efficiency (E) was between 90 and 110%, the correlation coefficient (R2) was determined to be greater than 0.98 and the difference of the amplification efficiency between the target gene and the internal reference gene was within 10%, the relative expression quantification was calculated using the 2−△△ct method after the threshold cycle (Ct) and was normalized with the Ct of GAPDH.



Observation of colony morphology and growth rate determination

The untransformed strain L087 and overexpressed transformants were inoculated in fresh PDA media at 25°C for 10 days. Agar discs with mycelia (d = 8 mm) were cut with a sterile drill from the edge of the actively growing colonies, and transferred to PDA media at 25°C, with three biological replicates set up for each group. When the mycelia started to sprout, the diameter of the mycelia was measured as r; the diameter of the colony was measured daily as R; when the mycelia had grown to the point of nearly covering the PDA plate, the diameter of the colony was again measured as R. The number of days the colony had grown at this point was recorded as n. The mycelial growth rate was calculated separately according to the formula: v = (R−r)/n. Statistical analysis (one-way ANOVA) was performed using GraphPad Prism 8.0 software (α = 0.05).



Thermotolerance susceptibility assays and gene expression analysis for transformants

The untransformed L087 and overexpressed transformants were inoculated in fresh PDA media at 25°C for 5 days, and three biological replicates were set up for each group. Before heat treatment, the mycelial diameter was measured as R. After being heat-treated at 40°C for 24 h, mycelia were incubated at 25°C for 10 days to observe whether they had recovered growth and measure mycelial diameter as r. In order to compare the growth of mycelia before and after heat treatment, the difference in mycelial diameter was calculated. Meanwhile, the expression analysis of the hsp20 gene in mycelia was examined by real-time PCR.




Results


Monokaryon have higher resistance to hygromycin

In the hygromycin susceptibility experiments, as shown in Figures 2, 3, mycelial growth was significantly inhibited in all experimental groups compared to the control group. For the growth of the dikaryotic strain (Figure 2): when the hygromycin concentration was between 6 μg/ml and 8 μg/ml, the mycelia could germinate, but could not extend; when the hygromycin concentration exceeded 12 μg/ml, the mycelia were unable to germinate or extend. For the growth of the monokaryotic strain (Figure 3): when the hygromycin concentration was 6 μg/ml and 8 μg/ml, the mycelia could extend but growth was significantly inhibited; when the hygromycin concentrations was 10 μg/ml, the mycelia could germinate, but could not extend; when the hygromycin concentrations was 12 μg/ml, the mycelia were unable to germinate and the color of the agar discs was significantly darkened. The results showed that hygromycin had a significant inhibitory effect on L. edodes mycelia and the monokaryotic strain was more resistant to hygromycin than the dikaryotic strain. The concentration of hygromycin in the primary screened MYG medium was set at 12 μg/ml.
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FIGURE 2
 The growth of dikaryotic strain in different hygromycin concentrations. (A–H) The concentrations of hygromycin were 0, 6, 8, 10, 12, 14, 16, 18 μg/ml, respectively.


[image: Figure 3]

FIGURE 3
 The growth of monokaryotic strain in different hygromycin concentrations. (A–H) The concentrations of hygromycin were 0, 6, 8, 10, 12, 14, 16, 18 μg/ml, respectively.




No significant effect of cefotaxime on Lentinus edodes growth

In the cefotaxime susceptibility experiments, as shown in Figure 4, when the concentration of Cef in MYG media were 0, 200, 400 and 600 μg/ml, the mycelia of L. edodes grew normally without significant differences from the control group. Colony diameters were measured daily and one-way ANOVA (α = 0.05) as shown in Figure 4. There was no significant difference in the growth rate of mycelia with different Cef concentrations. Previous studies on A. tumefaciens have demonstrated that 400 μg/ml of Cef can completely inhibit the growth of A. tumefaciens with OD600 = 0.5 (Wang et al., 2006). The concentration of Cef in the primary screened MYG medium was set at 400 μg/ml.

[image: Figure 4]

FIGURE 4
 The growth of monokaryotic strain in different cefotaxime concentrations. (A–D) The concentrations of cefotaxime were 0, 200, 400, 600 μg/ml, respectively.




HSP20 of Agaricus bisporus is conserved protein

The software predicts that HSP20 protein contains 155 amino acids, of which 36–154 are the conserved structural domains, that belong to the IbpA superfamily. The molecular weight of the HSP20 protein is 17.49 kDa and the isoelectric point is 5.74. The HSP20 protein is rich in α-helices (28, 18.06%), extended chains (36, 23.23%), β-folds (10, 6.45%) and randomly coiled structures (81 or 52.26%). Neither a transmembrane structural domain nor a signal peptide is present in the HSP20 protein.

The phylogenetic tree (Figure 5) illustrates the relationship between A. bisporus and other species, classified into the basidiomycota, zygomycota, deuteromycota and plants. The HSP20 gene of A. bisporus belongs to the basidiomycota branch and is more closely related to Agrocybe pediades and Coprinopsis cinerea, with 76.4 and 61.7% sequence identity respectively; and more distantly related to Arabidopsis thaliana, with only 36.7% sequence identity.

[image: Figure 5]

FIGURE 5
 The phylogenetic tree analysis of HSP20 in A. bisporus.




Monokaryon have higher transformation efficiency

The recombinant plasmid pCAMBIA1302-gpd-hsp20 was transformed into the dikaryotic strain L087 and the growth of transformants on resistant plates is shown in Figure 6. In the first batch, 117 A. tumefaciens-infested mycelia were initially screened and 18 proposed transformants germinated, with a germination rate of 15.38%. In the second batch, 135 infested mycelia were initially screened and 26 proposed transformants were successfully cultivated, with a germination rate of 15.56%. Both replicate experiments demonstrated similar germination rates.

[image: Figure 6]

FIGURE 6
 The first selection of dikaryotic transformants in L. edodes. The mycelia can germinate and extend on the resistant medium are transformants.


The plasmid pCAMBIA1302-gpd-hsp20 was transformed into the monokaryotic strain LeL10-SSI17. In the first batch, 72 infested mycelia were initially screened and 19 proposed transformants germinated, with a germination rate of 26.39%. In the second batch, 117 infested mycelia were initially screened and 23 proposed transformants were successfully cultivated, with a germination rate of 19.66%. As a result of our experiments, we can conclude that monokaryon as the acceptor material had a higher transformation efficiency than dikaryon.



Integration of marker and hsp20 genes into mycelia

We obtained plenty of hygromycin-resistant transformants after passaging each transformant five times. 26 transformants were randomly selected for PCR analysis to determine the presence of hygR and hsp20. As shown in Figure 7, 24 transformants and the positive control amplified the hygR and hsp20 bands, with bands of 648 and 368 bp respectively; while untransformed strain L087 and the transformants numbered 22, 27 failed to amplify the bands, indicating that the transformants numbered 22 and 27 were false positives. Thus, we can tentatively conclude that these 24 transformants with bands of expected sizes are positive; the foreign genes hygR and hsp20 were successfully integrated into the genome of L. edodes.

[image: Figure 7]

FIGURE 7
 The PCR identification of transformants. M: DL 2000; 1: Plasmid as positive control; 2: untransformed strain L087 as negative control; 3–24: Transformants; M: DL 2000; 25–28: Transformants.




mGFP5 expression in mycelia

To confirm the expression of the mGFP5 reporter gene, the mycelia of transformants and wild strains were examined under an upright fluorescence microscope (Figure 8). The majority of transformants showed a positive green fluorescent signal while there was no fluorescent signal found in the wild-type mycelia. The results indicated that the mGFP5 gene had been integrated into the L. edodes genome and expressed, as the positive transformants emitted a strong fluorescence signal when exposed to excitation light.

[image: Figure 8]

FIGURE 8
 The confocal microscopic assays of randomly selected transformants in L. edodes. (A,B) Bright field and green fluorescence images of untransformed mycelia. (C–H) Bright field and green fluorescence images of randomly chosen transformed mycelia.




Monokaryon have higher positive rate

A total of 86 transformants were obtained from the first screen. The potential transformants were passaged more than five times to obtain stably expressed transformants. These transformants were identified by PCR and fluorescence microscopy observations, and the statistical results are shown in Appendix 2. Some of the potential transformants lost their resistance during the passaging process. When the mycelia failed to grow on resistant plates; a few DNAs could not be identified by PCR to obtain the target gene bands, which we called false positives. We eventually obtained a total of 81 stably expressed transformants.

The plasmid was transformed into the heterokaryotic strain L087. In the first batch, we screened 117 infested mycelia and counted 18 potential transformants. After passaging each transformant five times, PCR identification and fluorescence microscopy, 17 transformants were verified as positive, with a positive rate of 14.52%. In the second batch, we screened 135 infested mycelia and counted 26 potential transformants. Finally, 25 transformants were verified as positive, with a positive rate of 18.52%.

The plasmids were transformed into the monokaryotic strain LeL10-SSI17. In the first batch, we screened 72 infested mycelia and counted 19 potential transformants. After passaging each transformant five times, PCR identification and fluorescence microscopy, 19 transformants were verified as positive, with a positive rate of 26.39%. In the second batch, we screened 117 infested mycelia and counted 23 potential transformants. Finally, 20 transformants were verified as positive, with a positivity rate of 17.09%.



Expression levels of Hsp20 were up-regulated in transformants

The real-time PCR experiment results of the seven randomly selected positive transformants (Figure 9) revealed the hsp20 gene expression in the positive transformants was higher than in the control group, indicating that hsp20 expression was overexpressed in L. edodes.

[image: Figure 9]

FIGURE 9
 The qPCR analysis of transformants in L. edodes.




Hsp20 overexpression enhances the mycelial growth of Lentinus edodes

The colony morphology of the untransformed strain L087 and overexpressed transformants was examined, and the mycelial growth rate was determined. Figure 10 shows the growth of mycelia, with most transformants having larger colonies than the untransformed strain. In spite of this, the colonies did not differ significantly in terms of their morphology. The diameter of the colony and its growth rate were measured daily. The results of a one-way ANOVA (α = 0.05) are illustrated in Figure 10, with most transformants (except hsp20-19) showing statistically significant difference in mycelial growth compared to the untransformed control group. Transformants have faster mycelial growth than untransformed controls. The results of this study demonstrate that improving the expression of hsp20 could promote the growth of L. edodes mycelia in PDA medium.

[image: Figure 10]

FIGURE 10
 The growth of transformants on PDA media and growth rate. (A) L087, (B) hsp20-5, (C) hsp20-9, (D) hsp20-19, (E) hsp20-21, and (F) hsp20-29.




Hsp20 overexpression improves the mycelial thermotolerance of Lentinus edodes

The difference in colony diameter before and after heat treatment was shown in Figure 11. These results showed that the transformants hsp20-29 had the best growth, with an average diameter increase was 0.925 cm compared to the pre-thermal treatment; hsp20-9 was second, with the average colonies diameter increase was 0.75 cm compared to before the heat treatment; hsp20-9 was third, with the average colonies diameter increase was 0.467 cm; While untransformed L087 were unable to recover growth. Figure 11 shows the mycelial growth of untransformed L087 and transformants on day 12 after heat treatment. It was observed that several transformants extended as usual, recovered their distinctive white color, had a cottony appearance and there was an obvious recovery of growth; while untransformed L087 could hardly recover its growth.
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FIGURE 11
 The growth of transformants after heat treatment. (A) L087, (B) hsp20-5, (C) hsp20-9, (D) hsp20-19, (E) hsp20-21, and (F) hsp20-29.


Transformants and untransformed L087 were examined for hsp20 expression using real-time PCR, and the relative expression was calculated using the 2-Δct method (Figure 12). The results showed that transformants hsp20-29 had the highest gene expression, with hsp20 gene expression up-regulated more than 10-fold; untransformed L087 and the transformants hsp20-21 had the lowest gene expression. This work demonstrates that the transcription of hsp20 for transformants was positively correlated with growth after heat treatment and that overexpression of Hsp20 may provide tolerance to high temperature for L. edodes.
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FIGURE 12
 The qPCR analysis of transformants in L. edodes.





Discussion

Lentinus edodes, also known as shiitake, are cultivated and consumed throughout the world as a common edible and medicinal mushroom. It is common for high-temperature stress during culture to affect the growth of L. edodes mycelia and even causes mycelia apoptosis and rot, resulting in severe economic losses.

According to the literature currently, mycelia as an acceptor for transformation experiments can avoid the loss of transformants during the transmission process (Poyedinok and Blume, 2018). In this study, we used ATMT method to transform two cultivars of L. edodes, including dikaryotic and monokaryotic mycelia, each of which has its advantages. We achieved a total of 81 stably expressed transformants of L. edodes. Dikaryon germination frequency was 16.52%, and monokaryon germination frequency was 21.74%. In this study, monokaryotic mycelia had a higher transformation efficiency comparison to dikaryotic mycelia. The monokaryon was characterized by its denser mycelia, slow-growing, firm, neat form, and greater resistance to antibiotics. We speculate that the higher transformation efficiency of monokaryotic mycelia is related to their better growth ability. As a transformation material, monokaryotic mycelia has disadvantages as well. In the early stage of the study, we chose several monokaryon for hygromycin sensitivity experiments and discovered that the sensitivity levels varied widely amongst individuals, with some monokaryon still able to grow on MYG medium with hygromycin greater than 30 μg/ml. This concentration value is far higher than that typically used for transformation with hygromycin (Jiang et al., 2019). This result makes it difficult to define the hygromycin screening concentration for monokaryotic mycelia and can also lead to inaccurate experiments with falsely high transformation efficiency. In addition, monokaryotic mycelia typically grow slowly. Due to the extensive transfer screening required for transformation, the experiment time is greatly increased by the growth rate of monokaryon. Monokaryotic mycelia were more stable than dikaryon in transformation screening, which is consistent with previous studies (Li et al., 2019). The problem with dikaryotic mycelia as a transgenic acceptor is that the target gene may be diluted or even lost in the passages when the mycelia grow to the fruiting body stage of development, as reported in the study of A. bisporus (Poyedinok and Blume, 2018). We can solve this problem by preparing and regenerating protoplasts from heterokaryotic transformants. Considering the time saving and efficiency, dikaryotic mycelia as a transgenic acceptor is advisable based on the results of this study. We also found that the genotype of the transgenic acceptor can affect the efficiency of genetic transformation in fungi, in agreement with studies in plants (Hayta et al., 2021). In the early stage of the experiment, we selected three low-temperature dikaryotic strains as the transgenic acceptor, namely “Huanong-1,” “L087” and “Sengyuan-8404,” of which “Huanong-1” and “Senyuan-8404” were not screened for transformants, while “L087” was screened for stable transformants in each transformation. Based on the large influence of genetic background, it can be assumed that variety differences play a significant role in the variation in the efficiency of integration of T-DNA into the genomes (Yan et al., 2019). Therefore, choosing a suitable variety is crucial for genetic transformation or function investigation. Previous studies have shown that transformation efficiency can be improved by changing the medium used to culture the transformed receptor (Maleki et al., 2018). In the pre-experimental phase, we used PDA medium, MYG medium, and wood chip medium to culture mycelia, it grew best on the wood chip medium. However, the mycelia in the wood chip medium were more resistant to hygromycin and it is difficult to define its lethal concentration. It is important to note that nutrient-rich media would improve the tolerance of strain to hygromycin, and changing the screening medium would require redefining the hygromycin concentration to avoid false positives. This point is rarely mentioned in the literature. In addition, after co-cultivation of A. tumefaciens with mycelia needs to be incubated at 25°C for more than 1 week before the germination of the proposed transformants can be seen. The delayed integration of exogenous nucleic acids into the chromosomes would lead to slower growth of the initial transformants.

A category of proteins known as heat stress protein is generated by organisms in response to high temperatures. Studies have shown that heat stress proteins are widespread throughout the biological world, from bacteria to higher organisms, and that they play an important role in almost all living cells (Ghosh et al., 2018). Numerous studies have shown that the introduction of small molecule heat stress proteins genes-related into organisms can improve their heat resistance (Sanmiya et al., 2004; Wang et al., 2018b). In this study, we successfully expressed the hsp20 gene in L. edodes mycelia. Comparing the original strain and the transformants, there was no significant difference between their mycelia and colony morphology, while the mycelial growth rate was significantly faster than the original strain. We hypothesized that increasing the expression of hsp20 could promote the growth of L. edodes mycelia in PDA medium. Meanwhile, we observed that both original strain and transformants showed the mycelia become thin, the color turned slightly yellow and dried out after 24 h of heat treatment at 40°C. However, some of the transformants recovered mycelial growth after being removed from the heat treatment and moved to incubation at 24°C, whereas the original strains did not. The difference in phenotypic traits between the transformants and control strains after heat stress indicates that hsp20 overexpression can contribute to the recovery of mycelial growth after heat stress, further proving that hsp20 gene can improve thermotolerance of low-temperature strains of L. edodes. In the present study, heat tolerance was only improved in the mycelial stage of L. edodes, but it remains to be examined whether the hsp20 gene plays a function in the fruiting body stage and during growth.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

R-LZ was in charge of acquiring finance. Y-YL performed the experiment, analyzed the data, and wrote the manuscript. R-LZ and Z-LL assisted with the analysis through constructive conversations. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (Project ID: 31961143010, 31970010, and 31470152), Beijing Innovative Consortium of Agriculture Research System (Project ID: BAIC05-2022), CAS Engineering Laboratory for Advanced Microbial Technology of Agriculture KFJ-PTXM-016, and Henan Province Key Research and Development project “Precise breeding and directional development of important edible fungi germplasm” (Project ID: 221111110600).



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1009885/full#supplementary-material



Footnotes

1https://www.ncbi.nlm.nih.gov/tools/primer-blast/


References

 Bui, D. C., Lee, Y., Lim, J. Y., Fu, M., Kim, J. C., Choi, G. J., et al. (2016). Heat shock protein 90 is required for sexual and asexual development, virulence, and heat shock response in Fusarium graminearum. Sci. Rep. 6, 1–11. doi: 10.1038/srep28154 

 Cao, X. T., Bian, Y. B., Xiao, X. J., Li, J. S., and Wang, G. Z. (2015). Effect of heat stress on Lentinula edodes mycelial growth recovery and resistance to Trichoderma harzianum. Acta. Edulis. Fungi. 22, 81–85.

 Chen, E. C., Su, Y. H., Kanagarajan, S., Agrawal, D. C., and Tsay, H. S. (2009). Development of an activation tagging system for the basidiomycetous medicinal fungus Antrodia cinnamomea. Mycol. Res. 113, 290–297. doi: 10.1016/j.mycres.2008.11.007 

 De Groot, M. J. A., Bundock, P., Hooykaas, P. J. J., and Beijersbergen, A. G. M. (1998). Agrobacterium tumefaciens-mediated transformation of filamentous fungi. Nat. Biotechnol. 16, 839–842. doi: 10.1038/nbt0998-839

 Deng, L. X., Lu, Z. L., Shen, Y. M., and Song, S. Y. (2014). Identification thermotolerance function of hsp20 and Adcs genes from Agaricus bisporus by Arabidopsis thaliana. J. X. Univ. 53, 267–272.

 Ghosh, S., Sarkar, P., Basak, P., Mahalanobish, S., and Sil, P. C. (2018). Role of heat shock proteins in oxidative stress and stress tolerance. Heat Shock Prot. Stress 6, 109–126. doi: 10.1007/978-3-319-90725-3_6

 Guo, M. P., Ye, Z. M., Shen, G. Y., Bian, Y. B., and Xu, Z. Y. (2020). Effects of mycovirus LeV-HKB on resistance of heat stress challenged Lentinula edodes mycelia against Trichoderma atroviride. Acta Edulis. Fungi. 27:6.

 Hasanuzzaman, M., Nahar, K., Alam, M. M., Roychowdhury, R., and Fujita, M. (2013). Physiological, biochemical, and molecular mechanisms of heat stress tolerance in plants. Int. J. Mol. Sci. 14, 9643–9684. doi: 10.3390/ijms14059643 

 Hayta, S., Smedley, M. A., Clarke, M., Forner, M., and Harwood, W. A. (2021). An efficient agrobacterium-mediated transformation protocol for hexaploid and tetraploid wheat. Curr. Protoc. 1:e58. doi: 10.1002/cpz1.58 

 Jiang, N., Zhang, L. J., Tan, Q., Shang, X. D., and Dong, H. R. (2019). Sensitivity of mycelia of Lentinula edodes against four antibiotics. H. Agric. Sci. 8:5.

 Kotak, S., Larkindale, J., Lee, U., Koskull-Döring, P. V., Vierling, E., Scharf, K. D., et al. (2007). Complexity of the heat stress response in plants. Curr. Opin. Plant Biol. 10, 310–316. doi: 10.1016/j.pbi.2007.04.011

 Li, F., Zhang, L. J., Jiang, N., Liu, J. Y., Yu, H. L., Shang, X. D., et al. (2019). Construction of homologous carboxin resistant selection marker in Lentinula edodes. Acta Edulis. Fungi. 26, 4–7.

 Lu, Z. L. (2010). Study on the thermotolerance mechanisms of Agaricus bisporus as well as the cloning and functional verification of related genes. Xiamen. Univ. 2, 33–34.

 Lyu, X. M., Jiang, S. Y., Wang, L., Chou, T. S., Wang, Q. J., Meng, L., et al. (2021). The Fvclp1 gene regulates mycelial growth and fruiting body development in edible mushroom Flammulina velutipes. Arch. Microbiol. 203, 5373–5380. doi: 10.1007/s00203-021-02514-0 

 Ma, C. J., Wang, G. Z., Zhou, S. S., Luo, Y., Gong, Y. H., and Bian, Y. B. (2018). Functional analysis of anthranilate synthase gene LetrpE in Lentinula edodes by RNAi mediated gene knockdown. Mycosystema 37, 581–588.

 Maleki, S. S., Mohammadi, K., and Ji, K. S. (2018). Study on factors influencing transformation efficiency in Pinus massoniana using Agrobacterium tumefaciens. Plant Cell Tissue Organ Cult. 133, 437–445. doi: 10.1007/s11240-018-1388-7

 Martín-Folgar, R., Fuente, M. D. L., Morcillo, G., and Martínez-Guitarte, J. L. (2015). Characterization of six small HSP genes from Chironomus riparius (Diptera, Chironomidae): differential expression under conditions of normal growth and heat-induced stress. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 188, 76–86. doi: 10.1016/j.cbpa.2015.06.023 

 Morano, K. A., Grant, C. M., and Moye-Rowley, W. S. (2012). The response to heat shock and oxidative stress in Saccharomyces cerevisiae. Genet 190, 1157–1195. doi: 10.1534/genetics.111.128033 

 Park, C. J., and Seo, Y. S. (2015). Heat shock proteins: a review of the molecular chaperones for plant immunity. Plant Pathol. J. 31, 323–333. doi: 10.5423/PPJ.RW.08.2015.0150 

 Poyedinok, N. L., and Blume, Y. B. (2018). Advances, problems, and prospects of genetic transformation of fungi. Cytol. Genet. 52, 139–154. doi: 10.3103/S009545271802007X

 Royse, D. J., Baars, J., and Tan, Q. (2017). “Current overview of mushroom production in the world” in Edible and Medicinal Mushrooms: Technology and Applications. eds. D. C. Zied and A. Pardo-Giménez Vol. 2. (Hoboken, NY: Wiley-Blackwell), 5–13.

 Sanmiya, K., Kazutsuka, S. Z., Egawa, Y., and Shono, M. (2004). Mitochondrial small heat-shock protein enhances thermotolerance in tobacco plants. FEBS Lett. 557, 265–268. doi: 10.1016/S0014-5793(03)01494-7 

 Su, X. Y., Schmitz, G., Zhang, M. L., Mackie, R. I., and Cann, L. K. O. (2012). Heterologous gene expression in filamentous fungi. Adv. Appl. Microbiol. 81, 1–61. doi: 10.1016/B978-0-12-394382-8.00001-0

 Wang, L., Zhang, J. L., Wang, D., Zhang, J. W., and Wang, P. Y. (2006). Effects of antibiotics on inhibition of Agrobacterium tumefaciens and differentiation of tobacco leaf. Acta Tabacaria Sinica 1, 32–37.

 Wang, P., Liu, W., Zhou, Y., and Shen, X. L. (2019). Optimization of agrobacterium-mediated transformation conditions on strain of Agaricus bisporus AS2796. Mycosystema 38, 841–850.

 Wang, G. Z., Luo, Y., Wang, C., Zhou, Y., Mou, C. Y., Kang, H., et al. (2020). Hsp40 protein LeDnaJ07 enhances the thermotolerance of Lentinula edodes and regulates IAA biosynthesis by interacting LetrpE. Front. Microbiol. 11:707. doi: 10.3389/fmicb.2020.00707 

 Wang, G. Z., Ma, C. J., Luo, Y., Zhou, S. S., Zhou, Y., Ma, X. L., et al. (2018a). Proteome and transcriptome reveal involvement of heat shock proteins and indoleacetic acid metabolism process in Lentinula edodes thermotolerance. Cell. Physiol. Biochem. 50, 1617–1637. doi: 10.1159/000494784 

 Wang, B., Tang, L. M., Xiong, Y., Jiang, L., and Xian, L. (2004). Tests on thermophilic stability of mycelium and fruitbody growth of Lentinula edodes. J. Jinlin. Agric. Univ. 26:3.

 Wang, G. Z., Zhou, S. S., Luo, Y., Ma, C. J., Gong, Y. H., Zhou, Y., et al. (2018b). The heat shock protein 40 LeDnaJ regulates stress resistance and indole-3-acetic acid biosynthesis in Lentinula edodes. Fungal Genet. Biol. 118, 37–44. doi: 10.1016/j.fgb.2018.07.002 

 Xin, M. M., Zhao, Y., Huang, J. L., Song, C. Y., Chen, M. J., et al. (2016). Expression and bioinformatic analysis of hydrophobin protein gene (hyd1) in Lentinula edodes under high temperature stress. Mol. Plant Breed. 112, 2645–2652.

 Yan, L. L., Xu, R. P., Zhou, Y., Gong, Y. H., Dai, S. H., Liu, H. Y., et al. (2019). Effects of medium composition and genetic background on agrobacterium-mediated transformation efficiency of Lentinula edodes. Genes 10:467. doi: 10.3390/genes10060467 

 Zhang, X., Ren, A., Li, M. J., Cao, P. F., Chen, T. X., Zhang, G., et al. (2016). Heat stress modulates mycelium growth, heat shock protein expression, ganoderic acid biosynthesis, and hyphal branching of Ganoderma lucidum via cytosolic Ca2+. Appl. Environ. Microbiol. 82, 4112–4125. doi: 10.1128/AEM.01036-16 

 Zhao, Y., Wang, L. N., Jiang, J., and Chen, M. J. (2016). Breeding thermo-tolerant strains of Xianggu mushroom (Lentinula edodes) by hybridization method. Mol. Plant Breed. 11, 3145–3153.

 Zhao, X., Yang, H. L., Chen, M. J., Song, X. X., Yu, C. X., Zhao, Y., et al. (2018). Reference gene selection for quantitative real-time PCR of mycelia from Lentinula edodes under high-temperature stress. Biomed. Res. Int. 2018, 1–10. doi: 10.1155/2018/1670328 

 Zheng, Z. L., Huang, C. H., Cao, L., Xie, C. H., and Han, R. C. (2011). Agrobacterium tumefaciens-mediated transformation as a tool for insertional mutagenesis in medicinal fungus Cordyceps militaris. Fungal. Biol. 115, 265–274. doi: 10.1016/j.funbio.2010.12.011 

 Zhou, S. S., Wang, G. Z., Luo, Y., Ma, C. J., Gong, Y. H., Bian, Y. B., et al. (2018). Auxin and auxin analogues enhancing the thermotolerance of Lentinula edodes. Mycosystema 37, 1723–1730.








 


	
	
TYPE Original Research
PUBLISHED 28 November 2022
DOI 10.3389/fmicb.2022.1034387






Comparative structural analysis on the mitochondrial DNAs from various strains of Lentinula edodes

Sinil Kim1†, Hyerang Eom1†, Rutuja Nandre1, Yeon Jae Choi1, Hwayong Lee2, Hojin Ryu3 and Hyeon-Su Ro1*


1Department of BioMedical Bigdata (BK21) and Research Institute of Life Sciences, Gyeongsang National University, Jinju, South Korea

2Department of Forest Science, Chungbuk National University, Cheong-ju, South Korea

3Department of Biological Sciences and Biotechnology, Chungbuk National University, Cheong-ju, South Korea

[image: image2]

OPEN ACCESS

EDITED BY
 Masoomeh Ghobad-Nejhad, Iranian Research Organization for Science and Technology, Iran

REVIEWED BY
 Alexander N. Ignatov, Peoples' Friendship University of Russia, Russia
 Hiromitsu Moriyama, Tokyo University of Agriculture and Technology, Japan
 Vassili N. Kouvelis, National and Kapodistrian University of Athens, Greece

*CORRESPONDENCE
 Hyeon-Su Ro, rohyeon@gnu.ac.kr 

†These authors have contributed equally to this work

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

RECEIVED 01 September 2022
 ACCEPTED 09 November 2022
 PUBLISHED 28 November 2022

CITATION
 Kim S, Eom H, Nandre R, Choi YJ, Lee H, Ryu H and Ro H-S (2022) Comparative structural analysis on the mitochondrial DNAs from various strains of Lentinula edodes. Front. Microbiol. 13:1034387. doi: 10.3389/fmicb.2022.1034387

COPYRIGHT
 © 2022 Kim, Eom, Nandre, Choi, Lee, Ryu and Ro. 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.
 

The evolution of mitochondria through variations in mitochondrial DNA (mtDNA) is one of the intriguing questions in eukaryotic cells. In order to assess the causes of the variations in mitochondria, the mtDNAs of the 21 strains of Lentinula edodes were assembled for this study, and analyzed together with four published mtDNA sequences. The mtDNAs were within the sizes of 117 kb ~ 122 kb. The gene number was observed consistent except for two mtDNAs, which carry a duplicated trnG1-trnG2 unit or a putative gene deletion. The size variation was largely attributed to the number of introns, repeated sequences, transposable elements (TEs), and plasmid-related sequences. Intron loss and gain were found from cox1, rnl, and rns of three mtDNAs. Loss of two introns in cox1 of KY217797.1 reduced its size by 2.7 kb, making it the smallest cox1 gene (8.4 kb) among the cox1s of the 25 mtDNAs, whereas gain of a Group II intron (2.65 kb) and loss of a Group I intron (1.7 kb) in cox1 of MF774813.1 resulted in the longest cox1 (12 kb). In rnl of L. edodes, we discovered four intron insertion consensus sequences which were unique to basidiomycetes but not ascomycetes. Differential incorporation of introns was the primary cause of the rnl size polymorphism. Homing endonucleases (HEGs) were suggestively involved in the mobilization of the introns because all of the introns have HEG genes of the LAGRIDADG or GIY-YIG families with the conserved HEG cleavage sites. TEs contributed to 11.04% of the mtDNA size in average, of which 7.08% was LTR-retrotransposon and 3.96% was DNA transposon, whereas the repeated sequences covered 4.6% of the mtDNA. The repeat numbers were variable in a strain-dependent manner. Both the TEs and repeated sequences were mostly found in the intronic and intergenic regions. Lastly, two major deletions were found in the plasmid-related sequence regions (pol2-pol3 and pol1-atp8) in the five mtDNAs. Particularly, the 6.8 kb-long deletion at pol2-pol3 region made MF774813.1 the shortest mtDNA of all. Our results demonstrate that mtDNA is a dynamic molecule that persistently evolves over a short period of time by insertion/deletion and repetition of DNA segments at the strain level.

KEYWORDS
 Lentinula edodes, mitochondrial DNA, evolution, intron, repeats


Introduction

Mitochondrion, the membrane-bound cellular organelle, is the powerhouse of eukaryotic cells that produces ATP through oxidative phosphorylation. It also involves in the cellular events like cell metabolism, calcium signaling, and apoptosis (Chan, 2006). Mitochondrion carries its own DNA (mtDNA), which is inherited independently of the nuclear DNA. The mitochondrial genome consists of genes for ATP generation, tRNAs, rRNAs, etc. The mtDNA size is highly dependent on organisms of which animals have relatively constant 16.4 kb mtDNAs whereas land plants have variable sizes with the average length of 412 kb (NCBI Genome1). The mtDNAs of the higher fungi, which include ascomycetes and basidiomycetes, have an average length of 65.2 kb and varies in size from 18.8 kb in Hanseniaspora uvarum (Pramateftaki et al., 2006) to 332 kb in Golovinomyces cichoracearum (Zaccaron and Stergiopoulos, 2021). Despite the size difference, the number of essential genes are relatively constant. The size diversity is mainly due to intron insertion, plasmid DNA insertion, partial duplication of mtDNA sequences, and changes in repetitive sequences (Hausner, 2003; Liu et al., 2020). The sequence variations make the mtDNA an active evolutionary genetic marker (Shen et al., 2015; Jelen et al., 2016; Robicheau et al., 2017; Zhang et al., 2017).

The mtDNA is acquired from one of the parent cells during the sexual reproduction(Sato and Sato, 2012). Cryptococcus neoformans, a basidiomycetous yeast, was observed to inherit the mtDNA in a uniparental way possibly through selective destruction of a mitochondrial type or through the emergence of bud where one parent is concentrated (Xu et al., 2000). Ustilago maydis also shows uniparental inheritance associated with a defined mating type, where the result is strongly affected by mating-type locus (Xu et al., 2000; Yan and Xu, 2003; Fedler et al., 2009). In the mating of filamentous basidiomyceteous fungi, two types of dikaryotic cells, which carry one of the two mtDNAs originated from the two monokaryotic cells, are generated through reciprocal entrance of nuclei to the cytoplasms of monokaryotic cells after hyphal fusion between monokaryotic hyphae with compatible mating types (Kim et al., 2019).

Lentinula edodes, shiitake mushroom, is a basidiomycete fungus that is a popular commercially cultivated mushroom. It is mainly found in East Asian countries, including China, Japan, and Korea (Menolli et al., 2022). Genomic DNA sequencing revealed variations in the genome size and gene number as the L. edodes B17 strain (Korea) consists of chromosomal DNA of 46.1 Mb with 13,028 predicted genes (Shim et al., 2016), while the L. edodes W1-26 strain (China) carries chromosomal DNA of 41.8 Mb with 14,889 predicted genes (Chen et al., 2016). The genetic diversity analysis using the mating type genes of 127 strains of L. edodes showed a high degree of diversity particularly in the A mating type locus of the wild strains (Ha et al., 2018). The diverse nature of the A mating type genes enabled the discrimination of nuclei in dikaryons as well as monokaryons of different origins (Kim et al., 2019). The mtDNA is another source of genetic information. Four mtDNAs of L. edodes have been reported thus far; they are AB697988.1, KY217797.1, MF774812.1, and MF774813.1 with the lengths of 121,394, 116,897, 119,134, and 115,116 bp, respectively. Gene annotation revealed the presence of 15 protein-coding genes (cob, atp6, 8, 9, nad1-6, 4 l, cox1-3, and rps3), two rRNAs (rns and rnl), 26 tRNAs, multiple intronic ORFs, and putative protein-coding genes (Song et al., 2019).

In recent years, we have analyzed the mtDNAs of different strains of L. edodes and found length polymorphism and the sequence variations in the mtDNAs of various origins, one of which was the presence of more than 25 variable-length tandem repeats in the intergenic and intronic regions, contributing the size polymorphism (Kim et al., 2019). For further understanding of the mtDNA diversification, we determined the mtDNA sequences in 20 selected strains from the 127 strains that were used for the A mating type analysis. This paper reports the detailed gene arrangement, variations in gene structure, and length polymorphism of the mtDNAs of L. edodes.



Materials and methods


Mushroom strains

The strains of L. edodes used for the mtDNA analysis were chosen on the basis of the A mating type diversity as verified in our previous paper (Table 1; Ha et al., 2018). The strains were maintained on a potato-dextrose agar (PDA). For the preparation of total DNA, the mycelia were cultured in potato-dextrose broth (PDB) for 10 days at 25°C. The mycelia were harvested by centrifugation for 10 min at 3,000 × g. The harvested mycelia were washed with a PBS buffer and then dried with a kitchen towel. Approximately 100 mg of dried mycelium was flash-frozen in liquid nitrogen, and then genomic DNA was extracted using the GenExTM Plant kit (GeneAll, Seoul, Korea). The extracted DNA was measured using a Micro-spectrophotometer K5600 (BioFuture Inc., China).



TABLE 1 Characteristics of mtDNAs of Lentinula edodes and some selected mushrooms.
[image: Table1]



NGS reads, assembly, and phylogenetic analysis

The mtDNA sequences of the 21 selected L. edodes strains were assembled using the genomic DNA reads generated from the previous NGS sequencing (Shim et al., 2016; Lee et al., 2017). Briefly, the genomic DNA reads were mapped against AB697988.1 as a reference mtDNA by BWA (v.0.7.17; Li and Durbin, 2009). The mapped reads were assembled using SPAdes (v.3.12.0; Nurk et al., 2013), and the error-correction was performed using Pilon (v.1.22; Walker et al., 2014). The assembled mtDNA sequences were analyzed together with the four published L. edodes mtDNA sequences, including AB697988.1, KY217797.1, MF774812.1, and MF774813.1. MAFFT (v.7) online version2 was employed to compare the mtDNA sequences through multiple sequence alignment (Katoh et al., 2019). Phylogenetic tree was constructed using complete mtDNA sequences by the Neighbor-Joining method (Tajima-Nei model) with 1,000 times of Bootstrap resampling (Saitou and Nei, 1987).



Mitochondrial gene annotation

The protein-coding genes, tRNAs, and introns in the mtDNA were annotated by MFannot and RNAweasel3 with manual corrections. The mtDNA sequences were deposited to GenBank with the accession numbers summarized in Table 1.



Homing endonuclease and other protein analysis

The polypeptide sequence of homing endonucleases (HEGs) in the introns of mitochondrial genes were obtained through direct translation by Translate program4 using the genetic code of ‘Mold, protozoan and coelenterate mitochondrial, mycoplasma/spiroplasma’. Multiple sequence analysis on the HEGs was performed by Clustal Omega5 using default parameters. Unrooted tree was constructed by Neighbor-Joining method. InterPro at EBI6 was used for protein domain analysis. The transmembrane domain in a putative protein between pol1 and atp8 was predicted using Phobius program (Käll et al., 2007).



Transposon and repeated sequence analyses

Transposons in the mtDNA of L. eoddes were analyzed using CENSOR server (Kohany et al., 2006) and GIRI database7. Tandem repeats were identified using Tandem Repeat Finder8 (Benson, 1999).




Results


Mitochondrial DNA diversity

The mtDNAs of 21 strains of L. edodes were assembled using genomic DNA reads. The sizes of the assembled mtDNAs were ranging from 119,219 bp to 121,671 bp (Table 1), which were similar to the previously published L. edodes mtDNA, such as AB697988.1 (121,394 bp), KY217797.1 (116,897 bp), MF774812.1 (119,134 bp), and MF774813.1 (115,116 bp; Yang et al., 2017; Song et al., 2019). The mtDNA of L. edodes was bigger than that of Pleurotus ostreatus (73,242 bp; Wang et al., 2008) and Flammulina velutipes (88,508 bp; Yoon et al., 2012), but smaller than that of Agaricus bisporus (135,005 bp; Férandon et al., 2013). SJ102_MT, which was the mtDNA from the SJ102 strain, containing rare composition of the A mating types (A17 and A22), was the largest with the length of 121,671 bp. GC contents were mostly 30.7% while the mtDNAs of SL10, Yujiro, L54, and MF774812.1 showed slightly higher GC content (30.8%). Interestingly, MF774813.1, the smallest mtDNA in this study, had the highest GC content (31.8%). The mtDNAs of some other mushrooms, such as A. bisporus, P. ostreatus, F. velutipes, and Moniliophthora roreri, had GC contents of 35.9, 26.4, 16.5, and 27.6%, respectively.

Phylogenetic analysis of the mtDNA sequences revealed the diversification of L. edodes mtDNA (Figure 1). Nonetheless, all the sequences were highly homologous, showing near 99% identity each other (Table 1). MF774813.1 was the least related sequence, showing 98.53% sequence homology with AB697988.1. The mtDNAs of 10 cultivated strains, including SJ701, SJ707, SJ301, SJ302, Suhyang, Baekhwa, Chunbaek, Chunjang, Dasan, and SL7, were highly homologous together with AB697988.1. Sequence identity among these sequences is more than 99.9%. The strains with these mtDNAs carry nuclei with the A mating type pairs mainly consisted of A1, A5, and A7, which are the major A mating types found in the cultivated strains (Kim et al., 2019). This indicates that the cultivated strains have been bred within very narrow genetic pool. The mtDNAs found from the strains with rare A mating types, such as Gaeul (A11, A28), Yeoreum (A18, A30), SJ102 (A17, A22), SL9 (A27, A29), and SL10 (A1, A31), had more mtDNA sequence variations, showing 99.86%, 99.79%, 99.63%, 99.26%, and 99.62% sequence identity, respectively, with AB697988.1 (Table 1). There was a tendency that the strains with rare A mating types have the mtDNAs of higher sequence variations.
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FIGURE 1
 Phylogenetic analysis of Lentinula edodes mtDNAs. Phylogenetic tree was constructed using complete mtDNA sequences by the Neighbor-Joining method with 1,000 times of Bootstrap resampling. Bootstrap values greater than 70% are shown at branching points. Numbers enclosed in parentheses represent the branch lengths, and those shorter than 0.0005 are omitted. The mtDNA of Moniliophthora roreri (NC_015400.1) was used as an outgroup. Detailed information of the mtDNAs are summarized in Table 1.




Structure of the Lentinula edodes mtDNAs

The L. edodes mtDNAs consisted of 15 protein-coding genes (cob, atp6, 8, 9, nad1-6, 4 l, cox1-3, and rps3), two rRNAs (rns and rnl), 26 tRNAs, and three putative DNA polymerase genes (Figure 2), showing the same result with previously published paper (Song et al., 2019). The only difference in the gene number of all the assembled mtDNAs was the presence two additional trnGs, tRNA genes having anticodon for glycine, in the mtDNA of Cham-B17 (Supplementary Figure S1). The four identical copies of trnGs with three single nucleotide polymorphisms (SNPs) were tandemly arranged and separated by the ATTTAA motif. The SNP analysis revealed that the trnG1-trnG2 unit was duplicated in Cham-B17_MT (Supplementary Figure S1). The spatial arrangement of genes was essentially identical among the 25 mtDNAs but was highly different from that of M. roreri (NC_015400.1), a mushroom species belonged to Marasmiaceae family with the genus Lentinula (Supplementary Figure S2). Comparative analysis on the mtDNA structure revealed some major variations in the six mtDNA sequences (SL10_MT, L54_MT, Yujiro_MT, MF774812.1, MF774813.1, and KY217797.1; Figure 2, indicated by red arrows). The mtDNA of SL10 was shortened in rnl and rns by 954 bp and 1,353 bp, respectively. Deletion at the intergenic region (~2 kb) was observed in between pol1 and atp8 in the mtDNAs of L54, Yujiro, and MF774812.1. KY217797.1 was found to have two deleted regions, at the cox1 gene and the intergenic region described above. MF774813.1 contained multiple variations. It has the same deletion at rns with SL10_MT. The cox1 gene had an additional insertion which made it 1-kb larger than ordinary cox1 found in other mtDNAs (See below). Moreover, MF774813.1 was found to have a large deletion (6.8 kb) in between nad4 and pol3 in which pol2 was included. The pol2 gene was assumed to be non-functional because its ORF was broken into two pieces.
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FIGURE 2
 Gene arrangement of selected mtDNAs in different strains of Lentinula edodes. The mtDNA genes were annotated by MFannot. Regions of sequence variations are indicated by red arrows. Capital letters under the five tRNA regions indicate tRNAs having anticodons for corresponding amino acids. Two predicted tRNAs with unknown isotypes are colored in pink.




Intron mobilization in cox1

The major variations among the protein-coding genes were found in cox1 of KY217797.1 and MF774813.1. The cox1 gene of L. edodes mtDNA consisted of 8 exons separated by 7 introns (Figure 3A). All of the introns were group I introns, except for intron4 (group II; Supplementary Data S2) and have intronic ORFs encoding HEG of LAGRIDADG or GIY-YIG family. However, KY217797.1 lacked intron2 and intron3 which resulted in direct connection of exons 2–4 to a single exon. MF774813.1 was also devoid of intron2 but not intron3. Interestingly, MF774813.1 had a new intron insertion (2,653 bp) in exon5, dividing the exon5 (131 bp) into two exons of 34 bp and 100 bp. The inserted intron was a group II intron containing intronic ORFs homologous to reverse transcriptase/maturase found in Amanita thiersii (Li et al., 2020).
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FIGURE 3
 Gene structure variations of cox1. (A) Comparison of Lentinula edodes cox1 (Le_cox1) with archetypal cox1 in the mtDNA of Penicillium citrinum (Pc_cox1). Intronic homing nuclease genes are shaded inside introns. Intron insertion sites at Pc_cox1 are depicted by white lines with their positions from the 5′-end. The split exon by a group II intron in MF774813.1 is red-boxed. (B) Intron insertion sequences in cox1. Exonic regions are blue-shaded. The spilt exon in MF774813.1 are red-shaded. (C) The presence of homologous group II intron in different cox1 of fungal mtDNAs. Exons are colored in blue. The intron insertion sequence and the length of the group II inton are provided at the top of the introns.


The intron incorporation in the cox1 gene appears to occur independently. BLAST search with the exon sequence of L. edodes cox1 found intronless cox1s from various fungal mtDNAs, such as cox1 in the mtDNA of Penicillium citrinum (NC_047444.1) and P. chrysogenum (AM920464.1). The lengths of cox1 in these organisms are 1,527 bp (P. citrinum) and 1,608 bp (P. chrysogenum) which are close to the length of cox1 mRNA (1,602 bp) after removal of introns from 11 kb-long cox1 gene in L. edodes mtDNA. Comparative sequence analysis of the cox1 genes in L. edodes mtDNAs with that in P. citrinum revealed that each intron was inserted into a specific site possibly recognized by an HEG encoded by the intron (Figure 3A). For example, the first intron in cox1 of L. edodes was inserted into an exonic consensus sequence composed of AGGTTTTGGT and AATTATTTTT, which was conserved in P. citrinum as TGGTTTTGGT and AACTTCTTAT (Figure 3B). Similar insertion to a specific consensus sequence was also observed in the introns 2–7 (Figure 3B). Loss of introns in KY217797.1 and MF774813.1 resulted in the connection of the consensus sequences thereby connecting exons. These consensus sequences may serve for recognition and cleavage sites for intronic HEGs (summarized in Supplementary Table S1; Megarioti and Kouvelis, 2020). Exon4 in MF774813.1 (corresponding to exon5 in AB697988.1) was particularly of interest since it was divided by a unique intron, not observed in other mtDNAs of L. edodes. BLAST analysis using the intron sequence found that the homologous sequences were present in the mtDNA cox1 gene of A. thiersii, Heterodermia speciosa, and Leptogium corticola. All share a consensus sequence of AAAAT-ATT(C/T)(T/A) and encode a reverse transcriptase/maturase (Figure 3C).



Variations in rnl

Lentinula edodes mtDNA had a large rnl which encodes rRNA for ribosomal large subunit (LSU). rnl of L. edodes, 9,870 bp, was exceptionally large among LSU rRNAs of fungal mtDNAs (Figure 4). Fungi have rnl with the sizes ranging from 2.8 Kb to 5.3 Kb: 2,822 bp for Schizosaccharomyces pombe (NC_001326.1), 3,303 bp for Saccharomyces cerevisiae (NC_027264.1), 2,878 bp for Rhizopus oryzae (AY863212.1), 4,204 bp for Moniliophthora roreri (HQ259115.1), 5,070 bp for Flammulina velutipes (NC_021373.1), and 5,277 bp for Pleurotus ostreatus (NC_009905.1). Sequence analysis revealed that rnl of L. edodes contained three genes for intronic HEGs with the sizes of 1,498 bp, 947 bp, and 2,078 bp (Figure 4B). Each HEG gene encodes homing nuclease of GIY-YIG or LAGRIDADG. rnl of SL10_MT was the only mtDNA lacking the intronic region (934 bp) which contains the second LAGRIDADG HEG gene.
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FIGURE 4
 Variations of rnl in fungal mtDNAs. (A) Diversification of rnl in ascomycetes. The consensus sequences and the positions are depicted at the top of the gene scheme with arrows. Intron insertion splits the second consensus sequence into two pieces. (B) Diversification of rnl in basidiomycetes by intron insertion. The conserved sequences regions are color-boxed. The consensus sequences found in ascomycetes are also present in basidiomycetes (arrows). rnl in the mtDNA of L. edodes generally contains three introns with intronic HEG gene. However, SL10_MT lacked the second intron, resulting in the direct connection of the second and the third intron insertion sequences. Rnl of A. bisporus mtDNA has a new intron in between the third and the fourth intron insertion sequence.


For better understanding of the rnl size polymorphism, we performed detailed sequence analysis using rnl sequences in mtDNAs of dikaryotic fungi. Firstly, we found that the fungi have common signature sequences which include GGAAACAGCC at the 5′-region and ACGCTAGGGAT-AACAGGC at the 3′-region (Figure 4A). In ascomycetes, the latter sequence serves as the site of intron incorporation (ACGCTAGGGAT-intron-AACAGGC), resulting in increase of the size of rnl by the intron insertion (~1.7 kb) as shown in rnl of Aspergillus niger (NC_007445.1, 4,633 bp) and Penicillium citrinum (NC_047444.1, 5,277 bp; Figure 4A). However, basidiomycetes were found to use other signature sequences for the intron incorporation although the ACGCTAGGGAT-AACAGGC signature was highly conserved across fungal groups. Instead, basidiomycetes have a characteristic sequence less than 1 kb before ACGCTAGGGAT-AACAGGC that is a sequential combination of TTAATAGCGGTCT, TAACCATGAGGAT, and CCTAAGGTAGCA-115-NTs-GGGACGGGAAG (Figure 4B). These sequences were found as a connected sequence in basidiomycetes of intronless rnls such as P. ostreatus (5,277 bp), Moniliophthora rorei (4,204 bp), and F. velutipes (5,070 bp). However, these sequences became the signatures of intron insertion in the intron-containing rnl of mtDNAs. In L. edodes, the three sequences were separated by three units of introns, each of which encodes its own homing nuclease (Figure 4B). All the rnls in mtDNAs of L. edodes in this study, except for SL10_MT, had the triple incorporation of introns with the total size of 4,530 bp, resulting in increase of rnl to the size of 9,870 bp. This mobilization of intron in rnl through the signature sequences was further supported by the deletion of the second intron in SL10_MT, leaving TAACCATGAGGAT and CCTAAGGTAGCA-115-NTs-GGGACGGGAAG as a connected sequence. It was also supported by the mode of intron insertion in rnl of mtDNA in A. bisporus. The rnl in A. bisporus lacked the first intron encoding GIY-YIG homing nuclease, leaving TTAATAGCGGTCT and TAACTATGAGGAT as a connected sequence, while maintaining the second and the third introns in between TAACTATGAGGAT and CCTAAGGTAGCA and after GGGACGGGAAG (Figure 4B). One interesting finding here was the presence of an additional intron found inside the CCTAAGGTAGCA-115-NTs-GGGACGGGAAG signature in which the intron replaced the 115-bp internal sequence. It contains a truncated gene encoding the C-terminus of LAGRIDADG homing endonuclease. Therefore, it was suggested that basidiomycetes use the three consensus sequences as the sites of intron incorporation for the diversification of rnl in the mtDNA while ascomycetes use a single consensus sequence, also conserved in but not used by basidiomycetes.



Variation in rns and intergenic deletions

The rns gene of L. edodes mtDNA, encoding rRNA for small subunit of ribosome (SSU), was also larger than that of other fungi, due to the intron incorporation dividing rns into two fragments (1,330 and 833 bp; Figure 5A). The 1,353 bp-long intron encoded a LAGRIDADG HEG. SL10_MT and MF774813.1 were the two mtDNAs lacking this intron among the 25 l. edodes mtDNAs. The consensus sequence at the intron insertion site was GAAATCCCTG-TTA(G)TATATTT (Supplementary Table S1).
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FIGURE 5
 Sequence variations in rns and other deletions in the mtDNA. (A) The occurrence of intronless rns in MF774813.1 and SL10_MT. (B) Deletion of sequence region found in four mtDNAs. The deleted region contains a putative protein-coding gene. Domain analysis failed to find any conserved domain but the putative protein was predicted to be a membrane protein with 5 transmembrane domains. (C) A large deletion found from MF774813.1.


Some mtDNAs, including MF774812.1, L54_MT, Yujiro_MT, and KY217797.1, lacked 1.9 kb DNA region located in between pol1 and atp8 (Figure 5B). The lacking region contained a gene (1,053 bp) which encodes a putative protein (350 aa) with 5 transmembrane domains. Lastly, there was a large deletion (6.8 kb) in between nad4 and pol3 in MF774813.1 (Figure 5C). Because of this deletion, MF774813.1 becomes the smallest among all L. edodes mtDNAs in spite of the large insertion at cox1 (Figure 3). pol2 was the only gene included in this region. BLAST analysis of the deleted pol2-encoding protein revealed that it was homologous to RNA polymerase of P. ostreatus linear mitochondrial plasmid mlp2 while pol3 was similar to DNA pol of M. roreri mitochondrial plasmid pMR3. Further phylogenetic analysis of pol1-pol3 showed that they were related to the mitochondrial plasmid DNAs of fungi, such as pPE1A of Pichia etchellsii and pHC2 of Hebeloma circinans (Supplementary Figure S3).



Homing endonucleases in Lentinula edodes mtDNAs

Thirteen homing endonuclease genes (HEGs) were discovered from the introns within cox1 (7), cox3 (1), nad1 (1), LSU rRNA (3), and SSU rRNA (1). Ten of them were LAGRIDADG domain containing HEGs while the remaining three, including intronic ORFs found in intron5 of cox1, intron1 of LSU, and intron7 of cox1, were GIY-YIG HEGs. Comparative sequence analysis with six S. cerevisiae HEGs, including I-SceI-IV, AI1 and AI2, and seven M. roreri HEGs, including MR_cox1 intron1-5, and MR_cox3 intron1 and intron2, showed that the HEGs were distributed in seven subgroups (Figure 6). The two LAGRIDADG domain-containing HEGs from intron 4 of cox1, intron 1 of cox3, which share significant homology with yeast mitochondrial I-SceI, forms a distinct group. The two LAGRIDADG domains were separated by 101 amino acid (aa) residues for both HEGs while 92 aa residues for I-SceI (Table 2). The yeast I-SceII (556 aa) and I-SceIV (630 aa) are long mtDNA intronic HEGs, which share highly homologous N-termini while the LAGRIDADG-containing C-termini are heterogeneous (Supplementary Data S1). The C-term of I-SceII was rather similar to HEG from intron3 of cox1. Both have two LAGRIDADG domains with the sequences of LAGLIDGDG and FS(V)GFFDADG separated by 97 aa residues. HEGs encoded by intron1 of nad1, intron of SSU, and intron1 of MR_cox3 formed a distinct group (Figure 6). HEGs in this group contained heterogeneous LAGRIDADG domains: VTGFFDAEA and ISGFVSGEG for SSU intron, WTGLIDGEG and IAGFVTGEG for MR_cox3 intron1, and VIGFSYAEV for nad1 intron1 (Table 2). Interestingly, HEG of nad1 lacked the second LAGRIDADG domain that makes this HEG as one of the two single LAGRIDADG domain-containing HEG among all L. edodes mitochondrial LAGRIDADG HEGs. HEG encoded by intron1 of cox1 shared high homology with I-SceIII, MR_cox1_intron2, and MR_cox3_intron2 (Supplementary Data S1). HEGs in intron2 and intron3 of LSU showed significant homology around the LAGRIDADG-domain, however, the former was a short HEG (196 aa) with a single LAGRIDADG whereas the latter was a long HEG (365 aa) with two LAGRIDADG-domains (Supplementary Data S1). HEG in intron2 of cox1 was highly homologous to HEG in intron1 of MR_cox1. There was three GIY-YIG HEGs in the mtDNA of L. edodes, which were found from intron5 and intron7 of cox1, and intron1 of LSU. Homologous protein was also found from intron5 of MR_cox1, which showed better homology with HEG from intron7 of cox1 than that from intron 5 of cox1 (Supplementary Data S1).
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FIGURE 6
 Grouping of intronic HEGs. Similar HEG groups are color-shaded. HEGs from introns in the genes of M. roreri are described as ‘MR gene name intron’ while HEGs of Saccharomyces cerevisiae are described following HEG naming rule. The unrooted tree was constructed using translated protein sequences by Neighbor-Joining method.




TABLE 2 Homing endonucleases in L. edodes mtDNAs.
[image: Table2]



Transposons and repeated sequences in the mtDNA

Transposable elements (TEs) are some of the major factors in the genome modification. Computational analysis predicted that the L. edodes mtDNA contained 106.3 TE-related sequences in average (Figure 7A). However, there was no intact form remained. All of them were fragments of TEs with the sizes ranging from 50 bp to 250 bp. Sum of the total TE fragments was 13,322 bp per 120,700 bp mtDNA which covered 11.04% of the mitogenome (Figure 7A; Supplementary Table S2). LTR retrotransposon and DNA transposon were the major TEs with the composition of 7.08% (8,083 bp) and 3.96% (4,778 bp), respectively, while NonLTR retrotransposon (460 bp) was a minor TE family (Figure 7B). In LTR retrotransposon, LTR/gypsy and LTR/copia were most of the retrotransposons, covering 6,242 bp (53 count) and 1,777 bp (14.2 count), respectively, of the total retrotransposon content (8,543 bp; Figure 7A; Supplementary Table S3). Various DNA transposons, such as hAT, ExSpm/CACTA, and Mariner, were discovered with hAT as the sole major DNA transposon. 22.4 copies of hATs with the total length of 3,691 bp were scattered in different locations in the mtDNA (Figure 7A; Supplementary Table S3). TEs were largely located intronic and intergenic regions (Figure 8A, blue color). Ten of the 106.3 REs were found in the exonic regions of the protein-coding genes, including cox2 (2), nad6 (1), nad5 (2), cox1 (1), nad2 (2), and nad4 (2) (Figure 8A, black arrows). Of the protein-coding genes, cob, cox3, cox1, and nad1were found to carry TEs only in the intronic regions. Rnl had 7 TEs whereas none was included in rns.
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FIGURE 7
 Transposable elements (TEs) in the mtDNA of L. edodes. TEs in 25 mtDNAs were predicted by Censor program. (A) Average contents of TEs. Retrotransposons are orange-colored while DNA transposons are in blue. Average number of each TE is described in parenthesis. (B) Total length of TEs in different mtDNAs.
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FIGURE 8
 Repeated sequences in the mtDNA of L. edodes. (A) Locations of the repeated sequences (red rectangle) together with TEs (blue circle) along with the mtDNA sequence. The axis depicts the length of each TE or repeated sequence. Arrows indicate the positions of TEs in exons. (B) Sequence structure of repeated sequences at various locations in the mtDNA of different strains. The repeating units are colored differently.


Repeated sequences are frequently occurring DNA sequences in the genomes of living organisms. In our RepeatFinder analysis using AB697988.1, L. edodes mtDNA was found to contain 115 repeat sequences with the total length of 5,641 bp (4.6% of total mitogenome; Supplementary Data S2). Average length and copy number of the repeating unit were 12.7 bp and 5.2 copies. All of the repeats were found either inside the intron or in the intergenic region. In the intronic regions of protein-coding genes, 7 repeated sequences were found from nad1and cob, and 2 from cox1 and cox3 (Figure 8A; Supplementary Data S2). Some of the most frequent repeated sequences were ACCCTTCCC, TAGGGCAGGGA, GCTCCGC, TCCCTCCCCTA, and GGGAAGGGT as we previously reported (Kim et al., 2019). There were two types of repeats: one is the symmetrical repeats paring ACCCTTCCC with TAGGGCAGGGA occurred in intron1 of nad1 and intron2 of cob and TCCCTCCCCTA with GGGAAGGGT in intron1 of cob and intergenic region between trnC and trnR, another is direct repeats of GCTCCGC (nad1 intron1, nad6-atp6, and trnY-trnN), GCGTAGC (trnC-trnR), TATAA (atp9-nad4), etc. (Figure 8B). The repeating units occurred in different copy numbers in different mtDNAs. For example, a single copy of TCCCTCCCCTA was present in AB697988, SL7_MT, Cham-B17_MT, Yujiro_MT, and MF774812 while SL10_MT, L54_MT, and KY217797 had 5 copies and SL9_MT had 6 copies. GGGAAGGGT units occurred in 4–5 copies in opposite sides (Figure 8B).




Discussion

In most eukaryotic species, the mitochondria are crucial cellular organelles in charge of energy metabolism. They have mtDNAs with a variety of sizes that contain their own genetic information, depending on the type of organism. The mtDNA size in higher fungi, which include ascomycetes and basidiomycetes, varies from 18.8 kb in the yeast H. uvarum (Pramateftaki et al., 2006) to 332 kb in the plant pathogen G. cichoracearum (Zaccaron and Stergiopoulos, 2021). The huge mtDNA of G. cichoracearum comprises extraordinarily large quantities of intron (207 kb, 62% of total mtDNA) and intergenic regions (104 kb, 31%), whereas the mtDNA of H. uvarum has primarily intronless genes and short intergenic sequences, suggesting that lateral gene transfer plays a great role in the evolution of mitochondria in fungal species.

In this study, we assessed the strain-level mtDNA variations using the mtDNA sequences of 25 different strains of L. edodes whose sizes range from 115,116 bp to 121,671 bp. The mtDNAs are homologous to each other with high sequence identity (Table 1). Particularly, the mtDNAs from the strains having frequently found A mating type pairs, consisted of A1, A5, and A7 (Kim et al., 2019), are essentially identical by sharing more than 99.9% sequence identity. The mtDNAs from the strains with the uncommon A mating types, however, show larger sequence variations (Table 1). The tendency found here shows that very few nuclear and mitochondrial genetic pools have been used to breed the cultivated strains.

The total number of mitochondrial genes within the 25 mtDNAs of L. edodes was constant, except for two mtDNAs. Cham-B17_MT carries two extra copies of homologous trnG separated by ATTTAA motifs, totaling four tandem trnGs, through duplication of trnG1-trnG2 unit (Figure 2; Supplementary Figure S1). The duplication found here could arise from replication slippage as discussed by Moritz and Brown (1987) using the ATTTAA motif as the repeating unit. Similar duplication of two tRNA unit has been found from the mtDNAs of Tagiades vajuna (Liu et al., 2017) and Odontoptilum angulatum (Liu et al., 2021). Another gene number variation was found from MF774813.1 in which the pol2 gene was deleted together with a large non-coding region (Figure 5C). The pol2 gene product is homologous to DNA polymerase type B (YP_009710628) of Amanita brunnescens, and is thought to be non-functional since it is broken. Since mtDNA replication depends on the activity of a nucleus-encoded DNA polymerase γ (MIP1; Foury, 1989), the true physiological function of the pol genes (pol1-pol3) is unknown. They can be remnants of mitochondrial plasmid DNAs which had been integrated into mtDNA and modified during further evolution (Weber et al., 1995; Wang et al., 2008; Férandon et al., 2013). Given the fact that the deletion only occurred in MF774813.1, the effect of the pol2 loss there deserves further investigation. Additionally, there was deletion of a putative gene in the intergenic region between pol1 and atp8 which was predicted to encode a 350 aa-membrane protein (Figure 5B). It appears to be nonessential since several mtDNAs are devoid of this sequence.

Some of the mitochondrial genes, including cox1, rnl, and rns, showed size variation that was caused by intron mobilization. For example, we found that L. edodes cox1 (Le_cox1) has been expanded to 11,087 bp by seven independent events of Group I intron insertion by the sequence comparison with an archetypal intronless cox1 from P. citrinum (1, 527 bp; Figure 3). Each intron insertion site retains its own consensus sequence, presumably recognized by an intronic HEG. In fact, most of the consensus sequences discovered here are homologous to the insertion sequences of HEGs in fungal mtDNAs described by Megarioti and Kouvelis (2020). The size variations in Le_cox1 were found from KY217797.1 and MF774813.1; the former has a variant Le_cox1 with a size of 8,390 bp, and the latter with a size of 12,028 bp. The size reduction in Le_cox1 of KY217797.1 is attributed to the absence of intron2 (1,720 bp) and intron3 (972 bp), resulting in the smallest Le_cox1. Providing the fact that KY217797.1 is more ancient mtDNA as shown by our phylogenetic analysis (Figure 1), Le_cox1 in KY217797.1 is conceivably an earlier version in which the intron insertion has not yet taken place. This is further corroborated by the finding of Le_cox1 in MF774813.1, which has intron3 but not intron2. Sequential insertion of intron3 and intron2 may occur to generate Le_cox1 of full size. Le_cox1 of MF774813.1 has another intriguing characteristic in that it evolves into a new form of cox1 by incorporating a new group II intron (2,653 bp) into exon4. The new intron is the only Group II intron discovered from the mtDNA of L. edodes, and because of its rarity, it is thought to have been recently acquired. Homologs have been discovered from cox1 of A. thiersii, Heterodermia speciosa, and Leptogium corticola (Figure 3C) with a distinct intron insertion sequence homologous to the exon binding sequence in cox1 of S. cerevisiae (Eskes et al., 2000; Lambowitz and Zimmerly, 2004), indicating lateral gene transfer may have mobilized this retroelement beyond the boundaries of species. The mtDNA of L. edodes has relatively large rnl (9,870 bp) for mushrooms when compared with rnls in P. ostreatus (5,277 bp), M. roreri (4,204 bp), and F. velutipes (5,070 bp; Figure 4). The size expansion here is attributed to the presence of three Group I introns, totaling 4,530 bp. Removal of them can result in rnl of the size close to above mentioned mushrooms. Investigation of the intron insertion sites reveals a serial connection of consensus sequence units composed of TTAATAGCGGTCT, TAACCATGAGGAT, CCTAAGGTAGCA, and GGGACGGGAAG through which mushrooms can incorporate at least three introns (Chen et al., 2021). In contrast to mushrooms, rnls of ascomycetes in this study have different consensus sequences which are composed of ACGCTAGGGAT and AACAGGC. A single intron with the size of 1.7 kb has been inserted in between these sequences. One noteworthy feature of these sequences is that they are also present in basidiomycetes but are never used for intron insertion.

Together with gene number variation and intron mobilization, transposable elements (TEs) and repeated sequences (RSs) also contributed to the mtDNA size variations in L. edodes. TEs and RSs cover 11.04 and 4.6% of the mtDNA, respectively, mostly locating intronic and intergenic regions. TEs in this study are predicted to be inactive since all of them are fragments of TEs. They may have originated from the nuclear genome (Farrelly and Butow, 1983; Alverson et al., 2010), but more research is need to verify their exact origin and significance in the evolution of mitochondria. RSs appear to occur in a random manner since different numbers of RSs have been detected even in the closely related mtDNAs (Figure 8B). They can occur during DNA replication through polymerase slippage and possibly in the DNA repair process (Bzymek and Lovett, 2001; Phadnis et al., 2005). Lastly, plasmid insertion is one of the factors causing mtDNA size expansion (Sederoff, 1984; Férandon et al., 2013; Mardanov et al., 2014). The mtDNA of Agaricus bisporus was reported to contain plasmid-related sequences in two separated regions, covering 5% of mtDNA size (Férandon et al., 2013). Genes found in these regions were DNA polymerase and RNA polymerase genes, which originated from pEM plasmid. Similarly, the mtDNA of Sclerotinia borealis has plasmid-related DNA pol and RNA pol genes with additional related remnant sequences (Mardanov et al., 2014). The mtDNA of L. edodes in this study also carries two complete pol genes and an incomplete one in two separated regions. Considering the region between pol2-pol3 and pol1-atp8 as plasmid-related sequences, they can contribute more than 10% of the total mtDNA in L. edodes.

In conclusion, our research demonstrates that replication errors, such as gene duplication and RS generation, and the mobilization of DNA fragments, including introns, TEs, and plasmids, are the primary factors that allow persistent evolution of mtDNA even within a species.
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mtDNA

Strains Origin® A mating type GC (%) | Sequence - ooierage (%)  Accession No.

length (bp) identity (%)
Chunbeak MT KR As A7 121,641 307 9991 100 OP345457
Chunjang MT KR Al A 121,504 307 9991 100 OP345459
Backwha_MT KR At A7 121,491 307 9991 100 OP345454
Dasan_MT KR Al A5 121,506 307 9991 100 OP345455
KR As A7 121,487 307 9993 100 OP345463
KR Al A7 121,489 307 9993 100 OP345456
S1701_MT KR Al A5 121,489 307 9993 100 OP315462
AB697988.1 » NA NA 121,391 307 100 100 AB697988.1
SL7_MT KR Al Al5 121,487 307 9993 100 0P328152
S1301_MT KR Al AlS 121,486 307 9992 100 OP345464
§1302_M KR Al A7 121,486 307 99.92 100 OP345465
Gaeul M KR Al A2 121,440 307 99.86 100 OP345453
Cham-BI7_MT KR Al A5 121617 307 9975 9 0P328157
L808_MT [eN Al A2 121,440 307 9975 9 0OP345461
Yeoreum_MT KR Al8 A30 121,491 307 99.79 9 OP345452
Yujiro_MT » Al A5 119,233 308 99.67 98 OP328156
ME774812.1 [eN NA NA 19,134 308 9.7 98 ME774812.1
SJ102_MT KR A7 AR 121,671 307 99.63 9 OP328158
SMRI_MT KR Al Al 121,299 307 99.62 9 OP345460
KY217797.1 o NA NA 116,897 307 987 9% KY217797.1
L54_MT o Al A2 119,500 308 995 98 0P328155
9_MT KR A27 A2 121,481 307 9929 9 0P328153
10.MT KR Al A31 19219 308 99.62 9 OP328154
Pungayun MT KR Al A7 121,508 307 9957 9 OP345458
ME774813.1 o NA NA 15116 318 9853 8 ME774813.1
Moniliophthora roreri 93,722 274 8598 4 NC_015400.1
Pleurotus ostreatus 73242 264 79.88 6 NC_009905
Flammulina velutipes 88395 165 79.19 6 JF799107
Agaricus bisporus var. bisporus H97 135,005 359 90.1 4 JX271275

Origin of strains: CN, China; J, Japan; KR, Korea
"Sequence identity was measured against ABG97988. 1 as a reference sequence.
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Grifola frondosa
Gymnopilus picreus
Hydnoporia lamellata
Inonotus griseus

Jaapia argilacea

Lepiota cristata
Leptosporomyces raunkiaeri
Neurospora crassa
Onnia kesiyae

Onnia leporina

Onnia microspora

Onnia himalayana
Onnia subtriquetra

Onnia tibetica

Onnia triquetra

Onnia tomentosa

Phelinopsis conchata
Phelinopsis andina
Phellinus igniarius
Porodaedalea chinensis
P. pini

P. yunnanensis
Ramaria rubella
Sanghuangporus sanghuang
Suillus pictus

Thelephora ganbajun
Trametes versicolor
Trechispora alnicola

Ustilago maydis

New sequences are in bold;

Sample

HHB 2808
ML 4413
CBS 418.72
Xiaoheimao
AFTOL 1527
AFTOL 452
Cui 10318
AFTOL 1552
AFTOL 454
MUCL 53551
MUCL 46375
AFTOL 688
Wilcox-388
MB 95-038
AFTOL 701
ZRL2015011
Cui 7629
Dai 13436
CBS 262.74
ZRL20151133
HHB 7628
OR74A
Dai 18415
Dai 13501
Dai 20866
JV0B09/15
V120772
Phaeot
Dai 11886
Dai 11897
Dai 22620
Dai 23686
Dai 23687
MB2
IV0410/12J
JVO109/D6J
Cui 12254
Dai 23621
Dai 23622
Dai 23642
Dai 23643
Yuan 1964
©BS 278,55
V141073
Dai 148068
Dai 18900
Dai 22935
Dai 23682
Dai 23683
Dai 23685
Vampola 2010
FP-100585-5p
OTSlu
. Niemela 9079
SFG20170810-01
Cui 9986
HHB-18573
LOO-13789-Q
W 445
L7601
MR 1203
85-917
Cui 10252
No-6170-T
FP102111T
Dai 3072
AFTOL 724
Cui 14419
AFTOL 717
ZRL20151295
ZRL20151477
AFTOL 665
AFTOL 505

" represents missing data.

ITs

GU187506
GU187500
GU187504
LT716074
DQ484064
DQ200923
KU360686
DQ645516
AY854070
JX093789
EF429242
AY854080
HM536091
DQs534570
AY854084
LT716066
JQ279603
KX364802
GU187524
LT716026
GU187528
HQ271348
NR_160600
KT281958
OM677245
KT281959
KT281960
KF996514
KT281956
KT281957
OM677247
OM677244
OM967274
KT281955
KT281954
KT281953
KT281961
OM967275
‘OM677246
OM967276
KT281962
MH867481
KT281963
KT281965
OM677241
OM677242
OM967277
OM677243
OM967279
KT281966
KF996516
KF996518
MF3190756
MT044403
KT281964
KT955001
KF996517

KU139188
KP347542
AY340048
KX673606
JX110037
JX110036
MG586282
AY854078
MF772789
AY854069
LT716082
LT716079
DQ411529
AY854090

GenBank accession nos.

LSU rDNA

GU187561
GU187559
GU187557
KY418890
DQ1564112
DQ234539
KJ000224
DQB45514
AY701625
JX093833
EF420225
AY684157
HM536061
DQ534669
AY629318
KY418882
JQ279617
KX364823
GU187581
KY418841
GU187588
AF286411
NG_068811

OM677252

KT281972
KT281970
KT281971
OM677254
OM677251
OM967335
KT281969
KT281968
KT281967
KT281973
OM967336
OM967337
OM677253
OM967338
KT281974
MH869023
KT281975
KT281976
OM677248
OM677249
OM967339
‘OM677250
OM967341
KT281977

MF319006

AF311023

KU139257

KP347528
AF311027
MH152358
JX110081

JX110080
MH1562380
AY645057
MF772810
AY684154
KY418908
KY418903
AY635768
AF453938

b1

GU187439
GU187441
GU187436
Ky418982
GU187494
DQ256049

GU187459
AY864876
KY418980
KX364871

GU187463
KY418963
GU187471

ON007278

OMO007279

MF972246
AY858965
KY418987
KY418984

b2

GU187770
GU187766
GU187769
KY419035
GU187820
AY218474
DQ645517
AY786054
JX093877
AY803748
HM536109
Gu187818
AY786057
KY419027
KX364919
GU187788
KY418992
GU187791
AF107789

‘OM937019

OM937015
OM937016

OM937017

MH101479

AY786064
MF973483
AY883429
KY419043
KY419041

AY485636

teflo

GU187675
GU187677
GU187672
KY419083
GU187763
DQO59044
DQB45519
AY881020
JX093746
Av8g5149
HM536110
GU187702
AY885153
KY419077
MFQ77775
GU187711
KY419048
GU187719
XM959775
'OM800827

'OM800829

MG585301
JX109993
MG586292
AY883436
MF977790
AY883429
KY419093
KY419091
DQO59052
AY885160

Country

United States
Canada
Netherlands
China
United States
Canada
China

Estonia
United States

United States
Germany

China
China
China

Netherlands
China
United States
Vietnam
China
China
Czechia
Czechia
Italy
China
China
China

United States

United States

United States

United States

United States
China
China
China
China
China
China

Germany
Czechia
China
China
China

United States

United States

United States

Czechia
Canada
Sweden
Finland
Russia
China
United States
United States
Germany
United States
Argentina
Germany
China

United States

United States
China

United States
China

China
China
United States.
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Genus/Species

O. tomentosa
O. leporina

O. kesiyae

O. microspora
O. triquetra
O. himalayana
O. tibetica

O. subtriquetra

Means of stem age
(Mya)/95% HPD
(Mya)/Posterior

probabilities

56.9/35.9-81.6/1.0
28.6/15.5-46.2/1.0
13.9/7.3-23.6/1.0
3.9/1.4-7.6/1.0
3.9/1.4-7.6/1.0
3.2/0.7-7.1/0.9
3.2/0.7-7.1/0.9
4.8/1.9-9.0/-
4.8/1.9-9.0/-

Means of crown age
(Mya)/95% HPD
(Mya)/Posterior

probabilities

28.6/15.5-46.2/1.0
5.8/2.0-12.0/1.0
1.7/0.1-5.6/1.0
3.9/1.4-7.6/1.0
1.8/0.4-4.1/1.0
3.2/0.7-7.1/0.9
3.2/0.7-7.1/0.9
0.56/0-1.8/1.0
2.8/0.5-6.4/-

Hyphen “=” represents a posterior probability (PP) < 0.8.
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100/1.00/1001 Onnia microspora Dai 11886
100/100/1&[‘; Onnia microspora Dai 11897
Onnia kesiya Dai 18415

0.03
Onnia leporina JV0609/15
100/1.00/99 —_
~1| Onnia leporina Dai 13501
— Onnia leporina JV1207/2
100/1.00/98~d | Onnia triquetra JV1410/3
66/0.82/57 —|_
T~ Onnia triquetra CBS278.55
New species 60/-/- = Onnia himalayana Dai 22620
- Onnia subtriquetra MB2
86/0.99/70
| Onnia subtriquetra JV0410/12]
64/-/50\ Onnia subtriquetra JV0109/D6J
9?&2%?/%{ Onnia subtriquetra Dai 23686
Onnia subtriquetra Dai 23687
— Onnia tibetica Dai 23622
! Onnia tibetica Dai 23621
Onnia tibetica Dai 23643
| Onnia tibetica Dai 23642
99/1.00795 - ,
96/1.00/100 5| Onnia tibetica Cui 12254
93/-/7

94

100/1.00/100

94/1.00/100

88/1.00/88.[

Onnia tibetica Yuan 1964

/1.00/83[ Onnia tomentosa Dai 14806B

Onnia tomentosa Vampola 2010

Onnia tomentosa F-100585-5p
Onnia tomentosa Dai 23683
Onnia tomentosa Dai 23682
Onnia tomentosa Dai 23684
Onnia tomentosa Dai 23685

100/1.00/100|
I

Porodaedalea pini FP102122T

Phellinopsis conchata L7601
Phellinopsis andina MR 12003
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Onnia

1.7/1

28.6/1.0]

4.6/0.9
5:8/1.0

56.9/1.
3.5/1.0
11.7/1.04
73.0/1.0

IVAVAN (=

ol

89£i§@
55.4/1.04]
97.6/1.0

Hymenochaetaceae

120.6/1.0

B =

144.9/1.0

176.3/1.0]

199.2/1.0

169.2/1.0 |

210.4/1

154.7/0.9.

186.9/1.0;

0
=
235.3/1.0| >

278.0/1.0!

3028/1.0]

Basidiomycota
241.8/1.0_|

|
l

319.3/0.8

151.2/1.0]
206.8/1.0 '

261.7/1.0,
s

.

338.0/1.0

151.7/1.0]

395.5) |

419.3/1.0

465.4/1.0

Outgroup

295.7/1.0]
|

Mya

-600

-500 -400 -300 -200

Onnia subtriquetra Dai 23686

Onnia subtriquetra JV0410/12J

Onnia tibetica Cui 12254

Onnia tibetica Dai 23642

Onnia himalayana Dai 22620

Onnia triquetra JV1410/3

Onnia microspora Dai 11886

Onnia microspora Dai 11897

Onnia kesiyae Dai 18415

Onnia leporina Dai 20866

Onnia leporina JV1207/2

Onnia tomentosa Dai 18900

Onnia tomentosa Dai 22935

Onnia tomentosa Dai 23683
Porodaedalea chinensis Cui 10252
Porodaedalea pini No-6170-T
Porodaedalea yunnanensis Dai 3072
Hydnoporia lamellata Cui 7629
Inonotus griseus Dai 13436
Sanghuangporus sanghuang Cui 14419
Phellinus igniarius 85-917
Fomitiporia hartigii MUCL 53551
Fomitiporia mediterranea AFTOL 688
Fomitiporia langloisii MUCL 46375
Coltricia perennis Cui 10318
Auricularia heimuer Xiaoheimao
Boletopsis leucomelaena AFTOL 1527
Thelephora ganbajun ZRL20151295
Trametes versicolor ZRL20151477
Anomoloma myceliosum MJL 4413
Gomphidius roseus MB 95 038
Gymnopilus picreus ZRL2015011
Lepiota cristata ZRL20151133
Leptosporomyces raunkiaeri HHB 7628
Suillus pictus AFTOL 717
Amylocorticium cebennense HHB 2808
Athelia arachnoidea CBS 418.72
Ramaria rubella AFTOL 724
Trechispora alnicola AFTOL 665
Grifola frondosa AFTOL 701
Gloeophyllum sepiarium Wilcox 3BB
Jaapia argillacea CBS 252 74
Bondarzewia montana AFTOL 452
Dacryopinax spathularia AFTOL 454
Cryptococcus humicola AFTOL 1552
Ustilago maydis AFTOL 505
Neurospora crassa OR74A





OPS/images/fmicb-13-907961/fmicb-13-907961-g003.jpg
LEGEND
* AC (A) Onnia tibetica Da1 23642
A B
AB_ BC_ (C) Onnia subtriquetra Dai 23686
. E (B) Onnia triquetra JV1410/3
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Craterellus luteus GDGM48105 d

hern China hol.

* without clamp connections
# with clamp connections
Aunclear, the clamp connections

u145 (FH U6549) Jiang
will be observed in the future

eng3141 (FHM

Craterellus luteus GDGM49495 Guangdon
M.S. Su196 (FHMU6550) Jiangxi, eastern

Craterellus odoratus 14026h1 USA
Craterellus odoratus 14026h2 USA
Craterellus odoratus UPSF-11799 USA

sp. DOB 2489 y
100/0.99 Ci sp. LAM 0257 Mal
88/— N.K. Zeng4912 (FHMU6556) Haman southern China

G llus sp. LAM 0254

llus sp. AWW263 Malaysi
Craterellus sp. GMB- 2014 MEL:2382717 Australi
100/1.0— Craterellus sp. GMB-2014 MEL:2383015 Australi
or Craterellus atrocinereus JLF3750 USA

N.K. Zeng4911 (FHMU6557) Hainan, southern China
N.K.Zeng4913 (FHMU6555) Hainan, southern China holotype

Craterellus luteus GDGM46432 Guangdong, southern China
N.K. Zen91057 (FHMU2407) Hainan, southern China
M.S. St astern China
an, southern China
LK. Zen? 139 (FHMUZ1 00) Hainan, southern China
ute

Lineage 1 Craterellus aureus/luteus *

, southern China
ina

MHHNU32154 (FHMU6552) An Hui, eastern China = &
V.. Ha02080 (FIMUSS51) An Hui, éactern China | Lineage 2 Craterellus sp.

Lineage 3 Craterellus parvopullus sp. nov. *

1a
ia

Craterellus atrocinereus Arora15001 USA holotype
C{_arerelll s atrobrunneolus Yuan13878 Yunnar'\“, ESg‘chma holotype | Lineage 4 Craterellus atrobrunneolus *

Yuan 14520 L

X Yuan 14721 Li; ing, Ni
| ———|L craterellus s NC-8338 USA

E China | Lineage 5 Craterellus squamatus *

cCratereIIus macrosporus Yuan 14782 Li

NE China holotype I Li ge 6 Craterellus macrosporus *

i

C) cor
85/— —_| Craterellus cornucopioides CNF 1/7292 Croatia

87/——

Craterellus calicornucopioides JLF3744 USA

Yuan 14623 Liaoning, NE China hol ) ¢
i llus croceialb Y::::14647l ing’ NE China - |Lmeage7Craterelluscrocelalbus*

Tibet, western China | Lineage 8 Craterellus sp. A
Craterellus cornucopioides WA0000071019 Poland

Craterellus cornucopioides Groc11399 clone 1 USA
Craterellus cahcarnuc?lmdes Arora15002 USA holotype

100/1.0==] Craterellus fallax AFTOL-ID 286 USA
818/50/‘96 —~ Craterellus cornucopioides var. mediosporus 268-06 India
00/ T Craterellus cornucopioides AFTOL-ID 286 USA

Craterellus fallax MQ15002 Canada
Craterellus fallax PBM3290 USA
Craterellus cornucopioides UPS F-11792 Sweden
Craterellus cornucopioides HbO 53302 Norway
Craterellus sp. 610723MF0035

Craterellus cinereus AST2015 Pakistan
99/1.0) Craterellus cinereus AST12B Pakistan
90/ Craterellus cinereus 107-08 India
1.0 [ Craterellus caeruleofuscus MH17001 USA
Craterellus indicus PUN3884 India
Craterellus indicus MSR6 India
Craterellus sp. G2070 Guyana
Craterellus inusitatus CAL1625 India

88— |

86/1.0|
100/1.0 ]
78/—— |

Craterellus sp. LMAC6b-09 France
Craterellus sinuosus TF1802 USA

96/1.0 —
99/—
85/0.98~]
83/— |

Craterellus shoreae CAL_F_1396 India
Craterellus sp. CY14_025_1 New Caledonia

Craterellus carolinensis FLAS-F-59997 USA
Craterellus sp. BB 09.079 India

Craterellus albostrigosus CAL1624 India
Craterellus sp. PGK14_052 New Caledonia
Craterellus atratus MN21-2006 Thailand
Craterellus sp. 16450 India

97/—~

[[]] ]

74/1.0.

ciner TH8999 G
| Craterellus cinereofimbriatus TH9075 G
Craterellus excelsus TH8235 Guyana isotype
Craterellus aff. excelsius G3279 Guyana
Craterellus aff. excelsius G3184 Guyana
<

Craterellus excelsus TH7515 Gu ana
Craterellus excelsus MCA3107 Guyana
*without clamp connections 93/5/1.0 “Craterellus tubaeformis” 1D3 Japan
# with clamp connections
A unclear, the clamp connections
will be observed in the future
99/1.0—

“Craterellus tubaeformls 2A4 Japan
[« 7 Canada

@ ] is TRTC52235 Belgi
Craterellus melanoxeros SSS76 Sweden
G 0891 China

Craterellus tubaeformis DM1094 Denmark
Ci baef s TRTC52516 Belgit
C Il b is GCB1905 Bel:
Craterellus sp. YM226 Japan
Craterellus sp. YM835 Japan

C
e h
Cmterellu:f tubaefarm:s DAVFP26257 Canada

100/0.95— |
97/— ——

ver.org/31

m haeformic Much

98/— Craterellus sp. CM13 278U;SNew Caledonla

Craterellus F-11795 USA

74—

99/—

65/——|
95/—

Craterellus sp. OTU_236 Germany
Craterellus sr LM3266 France
Craterellus sp. 14044 Spain
Craterellus sp. OTU_506s Europe
Craterellus sp. M66A9 Mexico

Craterellus sp. CYMy31E2 New Caledonia

Craterellus sp. RSEM26_64 Austria

Craterellus lutescens UPSF-11790 Sweden

Craterellus lutescens UPSF-11791 Spain

Craterellus lutescens UPSF-11789 Sweden

L.P.Tang1705 (FHMU6548) Yunnan, SW China

L.P. Tang1647 (FHMU6547) Yunnan, SW China
W.H. Zhang441-3 (FHMU6546) Yunnan, SW China

W.H. Zhang441-2 (FHMU6545) Yunnan, SW China
W.H. Zhan?M1 -1 (FHMU6544) Yunnan, SW China

Craterellus lutescens 104198 Ireland

Craterellus sp. RSEM15_01 Austria

Craterellus sp. RSEM16_35 Austria

Craterellus sp. RSEM26 Austria

78110~ |1 Craterellus lutescens $5575 Sweden

72/——— ]

90/0.96/

90/1.0\\

Craterellus sp. RSEM26_17 Austria
100/1.0; Craterellus pleurotoides TH9220 Guyana
Craterellus pleurotoides MCA3124 Guyana
Craterellus olivaceoluteus TH9205 Gtgana holotype
"0 ! Craterellus olivaceoluteus MCA3186 Guyana

Craterellus strigosus TH9204 Guyana holotype
1.0 ! Craterellus strigosus MCA1750 Guyana

Craterellus atratus MCA1070 Guyana

100/1.0} Craterellus atratus TH9203 Guyana
Craterellus atratus MCA990 Guyana

1%‘;’/1 0] ] 1001 Craterellus atratus AMV1 832 Colombla
i G
\ Craterellus sp. G3112 Guyana
82/0.95 100/"1 Craterellus sp. G3228 Guyana

1.0 L Craterellus sp. G3237 Guyana
Craferellus sp. G1340 Guyana
Ci AMV1992 f' lombi
100/1.0 L ¢ JOH16 Col
L;Imterellus sp. G2070 Guyana i
Craterellus atratoides TH9232 Gu ana holotype
Craterellus Craterellus atratoides MCA1313 ({uyana
100/1.0 G ides TH8473 Guyana
Craterellus atraroldes TH8243 Guyana
/y Ci AMV1965a Colombi

C
Craterellus sp. G3154 Guyan
100/1.0 Jdnum minus N.K. Zeng2819 (FHMU2461) Yunnan, SW China
0.1 E lnum cremeoalbum N.K. Zeng2511(FHMU2153) Hainan, southern China

Craterellus badiogriseus Yuan 14776 Liaoning, NE China holotype H i i *
Craterellus badlogrlseus Yuan 14779 Liaoning, NE China I Lmeage 9 Craterellus badmg"seus

Craterellus parvogriseus CAL1533 India holotype
Cratarellat albichs HGASMEGT- 10046 Guizhou, SW Chi

raterellus albidus uizhou, ina . 2
Craterellus albidus HGASMF01-3581 Guizhou, SW China holotype | Lineage 10 Craterellus albidus *

Craterellus calyculus Mushroom Observer #321697 USA

T gratere!'lus cmereoﬁmbnatus TH9264 Guyana

uyana
uyana holotype

MHHNU10567 (FHMU6553) Hunan, cental China holotypel Lineage 11 Craterellus fulviceps sp. nov. #

MHHNU32505 (FHMU6554) Hunan, central China holotype | Lineage 12 Craterellus minor sp. nov. #

2399 USA

ver.org/230696 USA
Observer # 289652 Mexico

Craterellus tubaeformis Herb. acc. nr. UPSF-11793 Sweden

Craterellus sp. ECM90 Zhejiang, eastern China | Lineage 13 Craterellus sp. A

Lineage 14 Craterellus lutescens #
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Species Voucher number  GenBank accession
number
ITs nLsu
Adustochaete rava KHL15526 MK391517  MK391526
Adustochaete interrupta LR23435 MK391518  MK391527
Aloexidiopsis australlensis  LWZ20180513-22  OM801933  OMB01918
A. australiensis LWZ20180514-18  OM801934  OMB01919
A calcea MW 331 AF291280  AF291326
A. calcea LWZ 20180904-14 ‘OM801935 OM801920
A caloea LWZ20180904-19  OMS01936  OM801921
A. calcea LWZ 20180904-22 OM801922
A caloea LWZ20180904-24  OMS01937  OM801923
A caloea LWZ20191104-20  OM801938  OM801924
A nivea CLzhao 11204 MZ352047  MZ352932
A nivea ClLZhao 11210 MZ352048  MZ352933
A. nivea CLZhao 16260 MZ352040  MZ352934
A. nivea CLZhao 16280 MZ352041  MZ352935
A nivea CLZhao 16398 MZ352042  MZ352936
A. nivea CLzhao 16424 MZ352943  MZ352937
A nivea CLZhao 16432 MZ352044
A. nivea ClZhao 16472 MZ352945 MZ352938
A nivea CLZhao 16483 MZ352046  MZ352939
A. nivea LWZ 20171014-11 ‘OM801941 OM801926
A. nivea TUFC34333 ABBT1764  ABBTIT4S
A. schistacea LWZ 20200819-21a  OM801939  OM801932
A, yunnanensis CLZhao 4023 MT215568  MT215564
A. yunnanensis CLZhao 8106 MT215569  MT215565
A yunnanensis CLZhao 9182 MT215570  MT215566
A. yunnanensis CLZhao 9200 MT215571  MT215567
A sp. LWZ20171014-1  OMS01940  OM801925
A. sp. LWZ 20180920-9 OM801943  OM801928
A sp. LWZ20180920-16  OMS01942  OM801927
Amphistereum leveileanum  FP-106715 KX262119  KX262168
A schrenkii Burdsall 8476 KX262130  KX262178
Aporpium canescens Mietinen 13352.2  JX044152
A. caryae Miettinen 14774 JX044145
A caryae WD2207 ABB71751  ABST1730
A. hexagonoides ML297 ABB71754  ABBTA735
Auricularia mesenterica  FO 25132 AF2O1271  AF291292
A mesenterica TUFC12805 ABO1S192  ABY15191
A. polytricha TUFC12920 ABB71752 AB871733
Basidiodendron eyrei VS 12003 MTO040880  MT040854
B. globisporum VS 12929 MT040884 MT040864
B. luteogriseum KHL 16022 MTO40881  MT040861
B. pelinum KHL 16014 MTO040875  MT040862
Bourdotia galzini OM 15900.4 MG757511  MG757511
Crystallodon RC MN475888  MN475834
subgelatinosum 1609-URMO3444
C. subgelatinosum TBG BF-18001- MN476889 MN475885
URM93445
C. subgelatinosum TBG 4b-URM93446  MN475830 MN475886
C. subgelatinosum VXLF MN475887
166-URM93443
Ductifera pululahuana KW 1733 AF291315
D. sucina Wells 2155 AYS09551  AY509551
Eichleriella crocata TAAM 101077 KX262100  KX262147
E. leucophaea LE 303261 K@E2111  KX262161
Elmerina cladophora OMX1902 MG757509  MG757509
E. sclerodontia OM X38269 MG757512  MG757512
Endoperplexa dartmorica VS 11781 MT235621  MT235602
Exidla candida O F160269 KYB01872  KY801897
E. candida Spirin 8450 KY801875  KY801900
E. glandulosa TUFC34008 ABSTI761  ABB71742
E. pithya MW 313 AF291275 AF291321
Exidliopsis effusa Miettinen 19136 KX262145  KX262193
E. grisea RK 162 AF291281  AF201328
E. grisea TUFC100049 ABS71765  ABB71746
E. plumbescens RUB 13036 AF395309  AF395309
E sp. FO 46291 AF291282  AF291329
Gelacantha pura LE 254018 MK098882  MK098930
Heterochaste andina Lagerheim KX262187
Heterochastella RK96 AF291337
brachyspora
Heteroradulum adnatum  Ryvarden23453 KX262116  KX262165
H. australiense LWZ20180512-20  MZ325254  MZ310424
H. australiense LWZ 2018051225 ~ MZ325255  MZ310425
H. australiense LWZ 2018051526  MZ325256  MZ310426
H. deglubens FO12006 AF291272 AF291318
H. deglubens LE38182 K62112  KX262162
H. labyrinthinus Yuan 1600 KM379139  KM379140
H. labyrinthinus Yuan 1759 KM379137  KM379138
H. kmetii Ginns 2529 KX262135  KX262183
H. kmei Kmet KX262124  KX262173
H. kmetii LWZ20200813-6a  OM801944  OMBS01929
H. ket LWZ20200813-7b  OM801945
H. kmeli LWZ20200813-23b  OM801946  OMBS01930
H. ket LWZ 20200028-30c  OM801947 ~ OMB01931
H. semis OM10618 KX262146 KX262194
Himeolina himeoloices USJ 55480 AF291283  AF201334
Hyalodon antui Niemela 6389 MG735416 MG735424
H. piceicola VS 2689 MG735414  MG735422
Hydrophana sphaerospora VS 11133 MK098883  MK098931
H. sphaerospora VS 11622 MK098884  MK098932
Metulochaste AM 0678 MKA84085  MK480575
sanctae-catharinae
Mycostila vermiformis VS 11330 MG785417  MGT735425
M. vermitormis VS 11621 MG857093  MG857098
Myxarielum concinnum VS 8398¢ MK098885  MK098933
M. tenerum VS 8685 MK098886  MK098934
Myxarium cinnamomescens O F160494 KY801882  KY801909
M. nucleatum LE 206820 KYB01869  KY801894
M. populinum Haikonen 24623 KYy801883 KY801910
Ofella glaira VS 11809 MK098920  MK098964
Protoacia delicata VS 4615 MK098923  MK098967
P delicata VS 7824 MK098922  MKO98966
Protodaedialea folacea  Yuan 5691 JQ764666  JQ764644
P hispida E701 ABSTI767  ABBT1748
P, hispida WD 548 ABS71768  ABB71749
Protodontia subgelatinosa V'S 11038 MK098926  MK098969
P subgelatinosa VS 11079 MG735412  MG735420
Protohydnum cartilagineum  SP467240 MG785419  MG735426
Protomeruius brasilensis  Ryv.19735 AF201359
P subreflexus OM 14402 MG757508
P substuppeus 019171 JX134482  JQ764649
Pseudohydnum F14063 AF384861 AF384861
gelatinosum
P, gelatinosum MW 298 DQ520094
Sclerotrema Niomel 2722 KX262144  KX262192
griseobrunneum
S. griseobrunneum Spirin 7674 KX262140  KX262188
Sistotrema brinkmannii  Isolate 236 JX635169  JX535170
Stypella papillata KHL 11751 EU118672 EU118672
Stypellopsis farlowi Larsson 12337 MG857095  MG857099
. hyperborea Spirin 11086 MG857096  MG857102
Tremellochaete japonica  LE 308446 KX262110  KX262160
Tremellodendopsis sp. Usy 54427 AF201375
Tremiscus helvelloices MW 337 AF291377

Newly generated sequences are in bold.
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Adustochaete

Alloexidlopsis

Amphistereum

Crystallodon

Exidliopsis
(Heterochaete)

Heteroradulum

Metulochaete

Proterochaete

Sclerotrema

Basidiomes

Annual, small-sized,
orbicular, waxy

Annual, effused, leathery

Annual or perennial,
cupulate-orbicular, hard
leathery

Annual, effused,
gelatinous to
crustaceous

Annual, effused or
effused-reflexed, waxy
gelatinous, arid waxy or
coriaceous

Annual or perennial,
effused-reflexed,
leathery

Effused, gelatinous to
waxy-arid

Annual, orbicular, arid

Perennial, orbicular,
leathery

Hymenophore

Spiny or tuberculate,
grayish to brownish

Smooth or with sterile
spines, more or less
grayish

Smooth, pale-colored

Covered by
sharp-pointed sterlle
spines, brownish
Smooth or with sterile
spines, gray, buff,
ochraceous

Smooth, with sterile
spines, pinkish or
reddish

Smooth or covered by
sterile spines,
pale-colored

Smooth or iregularly
spiny, cream-colored to
grayish or pale
oochraceous

Smooth, grayish brown

Hyphal system

Monomitic

Monomitic

Dimitic

Monomitic

Monomitic

Mono- or dimitic

Monomitic

Monomitic

Monomitic

Cystidia

Clavate to fusiform,
thin-walled

Oyiindrical to clavate,
thin-walled

Rare, narrowly clavate,
thin-walled

Fusiform to cylindrical,
often sinuous,
thin-walled

Present or absent,
cylindical, ctavate or
fusiform, thin-walled

Clavate to fusiform, thin
to thick-walled

Metuioid, covering
hymenial spines,
thick-walled
Occasional, sinuous,
accidentally
dichotomously
branched, thin-walled

Hyphoid to fusiform,
thick-walled

Hyphidia

Variably
branched

Nodulose or
richly branched

Richly branched

Branched

Simple or richly
branched

Richly branched

Richly branched

Richly or
sparsely
branched

Richly branched

Basidiospores

Gyindrical to broadly
cyindrical, straight or
curved

Gyindrical to broadly
cyiindical, slightly
curved

Gyiindrical to broadly
cyindrical, slightly
curved

Gyiindrical to broadly
cyindrical, slightly
curved

Subglobose, elipsoid,
cyindrical to allantoid

Cylindrical to broadly
cylindical, sometimes
curved

Alantoid, straight to
slightly curved

Gylindical to broadly
cylindrical, slightly
curved

Allantoid, distinctly
curved





OPS/images/fmicb-13-894641/fmicb-13-894641-g002.gif





OPS/images/fmicb-13-942603/fmicb-13-942603-g004.gif





OPS/images/fmicb-13-942603/fmicb-13-942603-g003.gif





OPS/images/fmicb-13-942603/fmicb-13-942603-g002.gif





OPS/images/fmicb-13-942603/fmicb-13-942603-g001.gif
 Phacolus schweinitzit SFC20170810_18 Siberia, Russia
Phacolus schmelnic Mistiocn 2042 Porugal
[ Phocosschveniz Haikonen U382 Finand

JFC 038545 Xinjang, China
Phocolus shwenici 173 Crcshia
Phocos s IV OS073041 Crshia
Phocos sehwenici IV 15082 Crechia

 China

Placols asse-rintlis D 21647 Aran, China
Phacols asae.orintls i 21783 i, Chins
“Phocolus el 03075 Parsyvans, USA

D 16036 Msachncts, USA
D 23688 Conaccticw, USA
“Phocolus sclmeinii1” Ds 23689 Connctict, USA
Phocous selmenii1”Da 23691 Conpecticw, USA
“Phocolus sclmeiniil” DA Wisconsn, USA
“Phaolus schinici1” FP-102447-5p Micigan, USA
“Phaclus shwenih2”Mishruom Observer 426394 iz, USA
Phocols schveniza 2" JF S317 Asizon, USA
“Phoclus sohwenizi2” WLF $377 Arsors. USA
Phacolus auiacornis Dolinger$73 o, USA
Phacotus ablacfornis PiSeh Flis, USA

Phacolus yunnanensis Dai 22527 Yonnan, C

o Woliporia cocos MD-106
oo Woliporia cocos MD-275

Wolfporiaholen D 20001

s Woifpori hclen Dong 50

Sporassis ool i 201
Sparassis lrifolia Dai 12549






OPS/images/fmicb-13-942603/crossmark.jpg
(®) Check for updates





OPS/images/fmicb-13-965934/inline_1.gif





OPS/images/fmicb-13-965934/fmicb-13-965934-g002.gif
Nutraceuticals Pharmaceuticals

. Sanghuang

Polysaccharide §
e el

e @

st
e Tty ond? N
Biomaterials Cosmeceuticals






OPS/images/fmicb-13-965934/fmicb-13-965934-g001.gif
FEE N
R

it

] mm'm






OPS/images/fmicb-13-965934/crossmark.jpg
(®) Check for updates





OPS/images/fmicb-13-942603/fmicb-13-942603-g005.gif





OPS/images/cover.jpg
@ frontiers | Research Topics

Basidiomycete fungi:
From biosystematics
and biodiversity to
biotechnology

Edited by
"Masoomeh Ghobad-Nejhad, Baokai Cui, Balint Dima and Jing Si

Published in
Frontiers in Microbiology






OPS/images/fmicb-13-1006446/fmicb-13-1006446-t003.jpg
MEROP Class

Single culture
(P. mangrovi)

0
1
4
12

Single culture
(A cornea)

2

Co-culture
(P. mangrovi)
0
3
7
7
0
o

Co-culture
(A. cornea)

21
8
1

6

Class description

Aspartic Peptidases
Cysteine Peptidases
Peptidase Inhibitors
Metallo Peptidases
Serine Peptidases
Threonine Peptidases
Peptidases of Unknown
Catalytic Type





OPS/images/fmicb-13-1006446/fmicb-13-1006446-t002.jpg
CAZymes family Single culture Single culture Co-culture Co-culture  Family description

(P. mangrovi) (A. cornea) (P. mangrovi) (A. cornea)
AA 2 0 4 5 Auxiliary activity
CBM 3 3 0 4 Carbohydrate binding modules
CE 4 2 5 4 Carbohydrate esterases
GH 12 13 12 13 Glycoside hydrolases
GT 29 7 29 10 Glycosyltransferases

PL 0 2 0 1 Polysaccharide Iyases
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Extracellular 40





OPS/images/fmicb-13-1006446/fmicb-13-1006446-g006.jpg
Network 1 Network 2

4

o
Network 12 Network 13

o v
S iz
w y
LY
oz oz

Network 14

=
e

O Peeudonocardia
‘ Auricuaria






OPS/images/fmicb-13-1006446/fmicb-13-1006446-g005.jpg
— Co-culture of A. comea and TBRC-BCC 21728
— Co-culture of A, comea and TBRC-BCC 42794

- Co-culture of A. comea and TBRC 5398
Co-culture of A. comea and TBRC 5646
- Co-culture of A. comea and TBRC 5787

Single culture of A. cornea





OPS/images/fmicb-13-1006446/fmicb-13-1006446-g004.jpg
5 RS

Haimons:

Jﬂwnac«er e v s

teimonas

fEroviras assens

ceanstadlis chrbnony

Seichacterin teeogglinarum
i

= I -
i
I et

ZREXEABBER

NN [ T [ Group 15 Group
Luteimonas composti
Paracoccus pantotrophus
Pseudonocardia mangrovi
‘Sphingabium jiangsuense
Microvirga massiliensis

ErPrPPrPOEOO@

=

Gro
| Aquamicrobium aestuzrii
Bacilus forts

Bacilus martimus.

Bacilus sedminis

I Caldimonas hydrothermale
‘Candidimonas bauzanensis

Chelatococous caent

Comamanas zonglani
loraea tepidiphia
Glacimonas mmobilis
Fyphomicrabum niativorans
Leucobacler margarfiomis
Microvirga massilensis
Nitrosorianas halophia
|Qxalicibactsrium 7semgslhnawm
|Paracoceis pantoiro
|Earapusilimbnas grani
peddmicronum manganicum
Phenyiobacterlum panacis

I Phylcbacierum Caacumbae

romicromonospar Gitea
Pseucofulvimonas gallinari

Pseudonocardia spinosa
|PSeudonocardia mangrovi
_Rhodobacter blasticus
 Seflegellla thermodepolymerens

1 High yield
s [

ZEhingotum langsuchse
, Thalera fumbcaccens

Group
I Hioh e
1 Low yie





OPS/images/fmicb-13-1006446/fmicb-13-1006446-g003.jpg
NMDS2

02 -01 00 01 02 03

0.3

* High yield
* Lowyield

-0.3

-0.2

NMDS1

03 04






OPS/images/fmicb-13-1006446/fmicb-13-1006446-g002.jpg
750-

[

~
o
S

Number of Species
>
&
g

=3
=1
S

' '
High yield Low yield

Group
450-
S 4.25-
=
f=
2
& 4.00
3.75
I
350- ' '
High yield Low yield
Group

impson

S

675~

650- ' '
High yield Low yield

Group
0.98-

0.96-

0.94-

0.92-

' '
High yield Low yield
Group





OPS/images/fmicb-13-1006446/fmicb-13-1006446-g001.jpg
Abundance

Abundance

High ol

MR As A AS
Sample.

U=l

36

Lonyed

Phyium

W e
J—
Sucoies

| —
e
E——

Acdabactern

[S—
Deecresis
Vonabasi
o
Genus
i fo—
mssetvs || saarum
[y [ye—"
sy -
swoiscs [l rcutniscis
Connele [—
oot | | G
soseia s
W o [ P
[ wiun [ sstmotanaiom
[~ .

Abundance

Hayela

 dp s

s A5 A1 A AR s

Sample

Farmily

|

[—
Sligotactolacsas

Chtnopnagasess
Xenlhobctacney

[ —

1 o o
PR [
- Scelconn
o P

[ — Fiphomicrobincens.

Alersobsciaceae Xenthomonadaseae
sprgomonadacese [ Pryfonacterscese

Planocossacons





OPS/images/fmicb-13-1006446/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-968617/fmicb-13-968617-t001.jpg
Country Voucher/specimen numbers  GenBank accession numbers ~ Reference
Scientific name

ITS LsU

Gymnopus allifoetidissimus ~ China GDGM76695 MT023344 MT017526 Lietal, 2021a
G. androsaceus France CB$239.53 MH857174 MHS68713 Vuetal, 2019
G. androsaceus Russia TENN-F-59594 KY026663 KY026663 Petersen and Hughes, 2016
G. atlanticus Brazil URM87728 KT222654 KY302698 Coimbra et al., 2015
G. barbipes usa TENN67858 Kj416269 KY019642 Petersen and Hughes, 2014
G. brassicolens Russia TENNS55550 DQ449989 Mata et al,, 2006
G. ceraceicola New Zealand PDDS7181 KC248405 Cooper and Leonard, 2013
G. eystidiosus China HMJAU60992 ON259024 ON259036 This study
G. cystidiosus China HMJAUG0993 ON259025 ON259037 This study
G. eystidiosus China HMJAUG0994 ON259026 ON259035 This study
G. densilamellatus China HMJAU49128 MT023351 MT017529 Lietal, 2021a
G. densilamellatus China HMJAU61015 ON259034 ON259045 This study

. densilamellatus Republic of Korea BRNM714927 KP336685 KP336694 Ryoo et al, 2016
G. dryophilus Crech Republic BRNM695586 JX536143 Antonin etal, 2013
G. dryophilus Germany BRNM?737691 JX536139 Antonin etal, 2013
G. dryophioides Republic of Korea BRNM781447 MH589967 MHS589985 Ryoo et al, 2020
G. dysodes Republic of Korea BRNM766741 KP336693 KP336701 Ryoo et al, 2016
G. epiphylius China HMJAUG0990 ON259030 ON259038 This study
G. epiphyllus China HMJAU60991 ON259029 ON259039 This study
G. erythropus Crech Republic BRNM714784 JX536136 Antonin etal, 2013

. erythropus USA JEA12910 DQ449998 Mata etal., 2006

: foetidus usa TENN-F-69323 KY026739 KY026739 Petersen and Hughes, 2016
G. fusipes Austria TENN59300 AF505777 Mata et al., 2006
G. fusipes France TENN59217 AY256710 AY256710 Mata et al,, 2004
G. graveolens France FF17084 MH422573 MH422572 Unpublished
G. hakaroa New Zealand PDD87315 KC248410 Cooper and Leonard, 2013
G. imbricatus New Zealand PDD95489 KC248390 Cooper and Leonard, 2013
G. impudicus Usa BRNM714849 LT594119 LT594119 Ryoo etal, 2016
G. inusitatus Spain SCMB-4058 JN247553 JN247557 Antonin et al, 2013
G. iocephalus Usa TENN52970 DQ449984 KY019630 Mata et al,, 2006
G. montagnei Brazil URMS7715 K1222652 Coimbra etal, 2015
G. pallipes China GDGMS81513 MW582856 Lietal, 2021b
G. polyphyllus Usa TENN59455 AY256695 Ryoo etal, 2016

. pygmaeus Brazil URM90003 KX869966 KY088273 Crous etal, 2016

G. salakensis Indonesia SFSUAWW29 AY263447 Wilson etal., 2004

imilis China GDGM78308 MT023352 MT017530 Lietal, 2021a

G. similis Republic of Korea BRNM766739 KP336692 KP336699 Ryoo etal, 2016
G. subdensilamellatus China HMJAUG0997 ON259032 ON259042 This study
G. subdensilamellatus China HMJAUG0998 ON259033 ON259041 This study
G. subpolyphyllus China HMJAUG60999 ON259028 ON259043 This study
G. subpolyphyllus China HMJAU61006 ON259027 ON259044 This study
G. talisiae Brazil URMS$7730 KT222655 KX958401 Coimbra etal, 2015
G. trabzonensis Turkey KATO Fungi 3375 KT271754 Vizzini etal, 2015
G. variicolor Republic of Korea BRNM714959 LT594121 KP348011 Ryooetal, 2016
Mycetinis alliaceus Russia TENN-F-55630 KY696784 KY696752 Petersen and Hughes, 2017
M. opacus UsA TENN-E-59451 KY696755 Petersen and Hughes, 2017
Paragymnopus foliiphilus UsA TENN-F-68183 KY026705 KY026705 Petersen and Hughes, 2016
P. perforans Sweden TENN-F-50319 KY026625 KY026625 Petersen and Hughes, 2016
P. pinophilus UsA TENN-F-69207 KY026725 KY026725 Petersen and Hughes, 2016
Rhodocollybia butyracea Sweden TENN53580 AY313293 Mata et al,, 2006

R. maculata Dominican Republic ~ TFB11720 KT205402 Mata etal, 2016
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Species

Phacolus asiae-orientalis
P. asiac-orientalis
P. asiac-orientalis
P. asiac-orientalis
P. asiac-orientalis

P. schweinit

P. schweini
P. schweinitzii
P. schwein:
P. schweinitzii
P. schweinitzii
P. schweinitzii
P. tabulacformis
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P. yunnanensis

P. yunnanensis

P. yunnanensis

P, schweinitzii-1”

»
»

“P. schweinitz
“P. schweinitz

“P. schweinit

“P. schweinit

“P. schweinitzii-1”

“P. sclweinitzii-2”
“P. schweinitzii-2"
“P. sclnweinitzii-2”
Sparassis latifolia
s. latifolia
Wolfiporia cocos
W. cocos

W. hoelen

W. hoelen

New sequences are shown in bold.

Collection

Dai 20867
Dai 21647

Dai 21783

Dai 21784

Dai 21785

BJFC 038545
Haikonen 30382
JV0407/30-H
V150812
Miettinen 22042
SFC20170810_18
123

Dollinger 873
Phsch

Dai 20426

Dai 22527

Dai 22528
DA38

Dai 16036

Dai 23688

Dai 23689

Dai 23691
FP-102447-Sp
IV 0307/5-)

JLF 5317
JLES377
Mushroom Observer 426394
Dai 2441

Dai 12549
MD-106
MD-275

Dai 20041

Dong 750

Geographic origin

Jilin, China

Arxan, China

Portugal

Siberia, Russia

Florida, USA
Florida, USA
Yunnan, China
Yunnan, China
Yunnan, China
Wisconsin, USA
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Connecticut, USA
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China

China
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China
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Pinus
Prunus

Pinus pinea

Pinus yunnanensis
Pinus yunnanensis
Pinus yunnanensis
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Larix
Larix
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GenBank accessions
ITS nLSU
ON310980 ON310967
ON310981 -
ON310982 ON310968
ON310983 ON310969
ON310984 ON310970
MWS551143 MW520024
ON310986 ON310972
ON310987 -
ON310988 -
ON310985 ON310971
MT044415 -
LN714583 -
ON310989 -
MW795374 -
ON310995 ON310977
ON310996 ON310978
ON310997 ON310979
EU402585 EU402514
ON310991 ON310976
ON310992 ON310973
ON310993 ON310974
ON310994 ON310975
KC585368 KC585197
ON310990 -
MH277963 -
MH277964 -
OK058472 -
JQ743075 JQ743085
Q743076 JQ743086
EU402594 EU402519
EU402595 EU402520
MW251878 MW251867
MW251873 MW251862
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Distribution in the Distribution in China
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Fomitopsis caribensis
Fomitopsis durescens
Fomitopsis durescens
Fomitopsis eucalypticola
Fomitopsis eucalypticola
Fomitopsis ginkgonis
Fomitopsis ginkgonis
Fomitopsis hemitephra
Fomitopsis hengduanensis
Fomitopsis hengduanensis
Fomitopsis iberica
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Fomitopsis kesiyae
Fomitopsis massoniana
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Fomitopsis nivosa
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Fomitopsis ochracea
Fomitopsis ochracea
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Cui 9743
Miettinen 9166.1
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Cui 7258
Dai 13660
JV 0906/15-J
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Cui 10124
Dai 12659
Cui 8575
VS 8315
LY BR 3450
X 1372
Cui 10521
Cui 10532 holotype
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Dai 22116 holotype
Cui 17121
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Dai 11449
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China
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Vietnam
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MG787582
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KU866267
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MWe37874
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KR605798
JQ700277
JQ700275
JX435777
JX435776
MK852559
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MK852560
MK852562
MK852563
MK852564
KR605770
MN148232
MN148233
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KR605775
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KF169624
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JQ700275
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MK860115
KR605709
0OL621247*
OL621248*
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KR605711
0OL621249%
OL621250*
OL621261*
oL621252°
KR605714
KR605715
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KR60571

GenBank accessions

mtssu

KR606009
MG787674
MG787677
KR606014
MG787679
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MG787683
KR606007
KR606001
KR605978
KR605985
KR605990
KR605991

0OL621756*
OL621757*
MWo37888
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OL621753*
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KR605934
KR605933
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KR605941

KR605940
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MK860121
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MK860123
KR605947
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MG787689
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0OL621762*
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Species

Agaricus arvensis Schaeff.

Agaricus bisporus (LE. Lange) Imbach
Agaricus bitorquis (Quél) Sacc.
Agaricus bresadolanus Bohus

Lange) Pildt

Agaricus brunneolis ()
Agaricus campestris L.
Agaricus depauperatus (EH. Moller) Pilit
Agaricus devoniensis PD, Orton
Agaricus gennadii (Chatin & Boud.) PD.

Orton

Agaricus iodosmus Heinem.

Agaricus iranicus Mahdizadeh, Safaie,
Goltapeh, LA, Parra & Callac

‘Agaricus langei (EH. Moller) EH. Moller
Agaricus litoralis (Wakef. & A, Pearson)
Pilit

Agaricus moelleri Wasser

Agaricus nevoi Wasser

Agaricus phacolepidotus (EH. Moller)
EH. Moller

Agaricus pseudolutosus (G. Moreno,
Esteve-Rav, Tllana & Heykoop) G.
Moreno, LA, Parra, Esteve-Rav. &
Heykoop

Agaricus pseudopratensis (Bohus) Wasser
Agaricus subrufescens Peck

Agaricus xanthodermus Genev.

Agrocybe acericola (Peck) Singer
Agrocybe dura (Bolton) Singer

Agrocybe ochracea Nauta

Agrocybe paludosa (1E. Lange) Kihner &
Romagn. ex Bon
Agrocybe pediades (Fr) Fayo

Agrocybe praccox (Pers.) Fayod

Agrocybe pusiola (Fr) R. Heim

Agrocybe tabacina (DC.) Konrad &
Maubl.

Agrocybe vervacti (Fr.) Singer

Alnicola escharioides (Fr.) Romagn.
Amanita atkinsoniana Coker

Amanita battarrae (Boud.) Bon
Amanita caesarea (Scop.) Pers.

Amanita ceciliae (Berk. & Broome) Bas
Amanita erocea (Quél) Singer

Amanita eliae Quél.

Amanita excelsa (Fr) Bertill.

Amanita gemmata (Fr.) Bertill

Amanita lividopallescens (Secr. ex Boud.)
Kihner & Romagn. agg.

Amanita pantherina (DC.) Krombh.
Amanita phalloides (Fe) Link

Amanita rubescens Pers.

Amanita strobiliformis (Paulet ex Vittad.)
Bertill,

Amanita unibrinolutea (Secr. ex Gillet)
Bataille

Amanita vaginata (Bull) Lam. s1.
Amanita verna (Bull) Lam.
Ampulloclitocybe clavipes (Pers.) Redhead,
Lutzoni, Moncalvo, and Vilgalys

Armillaria borealis Marxm. & Korhonen
Armillaria cepistpes Velen.

Armillaria gallica Marxm. & Romagn.
Armillaria mellea (Vah) P. Kumm,
Arrhenia griseopallida (Desm.) Watling
Asterophora lycoperdoides (Bull) Ditmar
Atheniella flavoalba (Fr) Redhead,
Monclvo, Vilgalys, Desjardin, and BA.
Perry

Bacospora myosura (Fr.) Singer.

Battarrea stevenii (Libosch.) Fr.
Bolbitius reticulatus (Pers.) Ricken
Bolbitius titubans (Bull) Fr.
Calocybe carnea (Bull) Donk
Calocybe chrysenteron (Bull) Singer
Calocybe gambosa (Fr) Donk
Calocybe ionides (Bull.) Donk
Calocybe persicolor (Fr.) Singer

‘Candolleomyces candolleanus (Fr) D.
‘Wiicht. & A. Melzer

Cantharellus alborufescens (Malengon)
Papetti & . Alberti

Cantharellus cibarius Fr.

Cantharellus ferruginascens PD. Orton
Chlorophyllum brunneum (Farl. & Burt)
Vellinga

Chlorophyllum rhacodes (Vittad.) Vellinga
Clitocybe angustissima (Lasch) P. Kumm.
Clitocybe barbularum (Romagn.) PD.
Orton

Clitocybe diatreta (F
Clitoeybe metachroa (Fe) P. Kumm.
Clitocybe nebularis (Batsch) P. Kumm.
Clitocybe phyllophila (Pers.) P. Kumm.
Clitocybe rufuloalutacea Métrod ex Bon
Clitocybe vibecina (Fx) Quél.
Clitopaxillus alexandri (Gillet) G.
Consiglio &P. Abvarado
Clitopilus prunulus (Scop.) P. Kumm.
Clitopilus scyphoides (Fr,) Singer

Collybia tuberosa (BulL) P. Kumm,
Conocybe albipes (G.H. Otth) Hauskn.
Conocybe apala (Fr) Arnolds

P Kumm.

Moreno, Vizzin

Conocybe dunensis T). Wallace
Conocybe juniana (Velen.) Hauskn. &
Svréek

Conocybe leucopus Kihner ex Kihner &
Watling

Conocybe macrocephala Kithner &
Watling

Conocybe microspora (Velen.) Dennis
Conacybe ochracea Kiihner ex Singer
Conacybe olivaceopileata E.F. Malysheva*
Conocybe pilosella (Pers.) Kihner
Conocybe rickenti (Jul. Schiff) Kihner
Conocybe subovalis Kiihner & Watling
Conocybe tenera (Schaeff) Fayod
‘Contumyees rosellus (MM. Moser)
Redhead, Moncalvo, Vilgalys, and
Lutzoni

Coprinellus angulatus (Peck) Redhead

Coprinellus disseminatus (Pes)

Lange
Coprinellus domesticus (Bolton) Vilgalys,
Hopple & Jacq. Johnson

Coprinelus flocculosus (DC) Vilgalys,
Hopple & Jacg. Johnson

Coprinellus impatiens (Fr) | E. Lange
Coprinellus micaceus (Bull.) Vilgalys,
Hopple & Jacq. Johnson

Coprinellus radians (Desm.) Vilgalys,
Hopple & Jacg. Johnson

Coprinellus silvaticus (Peck) Gminder
Coprinelus subimpatiens (M. Lange &
AH.Sm.) Redhead, Vilgalys, and
Moncalvo

Coprinellus truncorum (Scop.) Redhead,
Vilgalys, and Moncalvo

Coprinellus xanthothrix (Romagn.)
Vilgalys, Hopple & Jacq. Johnson
Coprinapsis atramentaria (Bull) Redhead,
Vilgalys, and Moncalvo

Coprinapsis brunneofibrillosa (Dennis)
Redhead, Vilgalys, and Moncalvo
Coprinopsis cinerea (Schaeff) Redhead,
Vilgalys, and Moncalvo

Coprinapsis ephemeroides (DC.) G.
Moreno

Coprinopsis friesii (Quél) P. Karst.
Coprinopsis gonophylla (Quél) Redhead,
Vilgalys & Moncalvo

Coprinopsis lagopides (P. Karst.) Redhead,
Vilgalys & Moncalvo

Coprinopsis lagopus (Fr.) Redhead,
Vilgalys & Moncalvo

Coprinapsis macrocephala (Berk.)
Redhead, Vilgalys & Moncalvo
Coprinapsis marcescibilis (Britzelm.)
Orstadius & E. Larss.

Coprinapsis martinii (P, Orton)
Redhead, Vilgalys & Moncalvo
Coprinopsis nivea (Pers.) Redhead,
Vilgalys & Moncalvo

Coprinapsis patouillardii (Quél) Gminder
Coprinapsis picacea (Bull) Redhead,
Vilgalys & Moncalvo

Coprinapsis sclerotiger (Watling) Redhead,
Vilgalys & Moncalvo

Coprinopsis scobicola (PD. Orton)
Redhead, Vilgalys & Moncalvo
Copritapsis urticicola (Berk. & Broome)
Redhead, Vilgalys & Moncalvo

all) Pers.

Coprinus comatus (O

Coprinus sterquilinus (Fr) Fr.
Cortinarius bivelus (Fr.) Fr.
Cortinarius cacsiocortinatus Jul. Schif.
Cortinarius casimirii (Velen.) Huijsman
Cortinarius causticus Fr.

Cortinarius cinnabarinus Fr.
Cortinarius cinnamomeus (L.) Gray
Cortinarius cotoneus Fr.

Cortinarius decipiens Fr.

Cortinarius diasemospermus Lamoure
Cortinarius erumpens Rob. Henry
Cortinarius ferrugineovelatus Kytov..
Liimat, & Niskanen

Cortinarius luryi (M.M. Moser) M.M.
Moser

Cortinarius hildegardiae Schmidt-Stohn,
Brandrud & Dima

Cortinarius hinnuleus Fr.

Cortinarius infractus (Pers) Fr.
Cortinarius olivaceofuscus Kithner

Corti

s paracephalixus Bohus
Cortinarius parvannulatus Kithner
Cortinarius persoonianus Bidaud
Cortinarius pluviorum ul. Schaff. ex
M.M. Moser

Cortinarius uraceonemoralis Niskanen,

at., Dima, Kytov., Bojantchev & H.
Lindstr.

Cortinarius valgus Fr.

Cortinarius vernus H. Lindstr, & Melot
Cortinarius vespertinus (Fr.) Fr.
Cortinarius vibratilis (Fr.) Fr.
Cortinarius violaceus (1.) Gray
Craterellus cinereus (Pers.: Fr.) Maire
Craterellus cornucopioides (L.) Pers.
Craterellus tubaeformis (Fr.) Quél.
Crepidotus applanatus (Pers.) P. Kumm.
Crepidotus caspari Velen.

Crepidotus cesatii (Rabenh.) Sace.
Crepidotus crocophyllus (Berk) Sace.
Crepidotus molls (Schaeff) Staude
Crepidotus subverrucisporus Pt
Crinipells scabella (Alb, & Schwein.)
Murrill

Cuphophyllus virgineus (Walfen)
Kovalenko

Cyclocybe cylindracea (DC.) Vizzini &
Angelini

Cystoderma aureum (Matt.) Kithner &
Romagn.

Deconica coprophila (Bull) P. Karst,
Deconica crobula (Fc) Romagn.
Delicatula inegrella (Pers) Fayod
Dermoloma cuneifolium (Fr) Singer ex
Bon

Echinoderma asperun (Pers.) Bon
Entoloma clypeatum (1) P. Kumm.

Entoloma griseoluridum (Kuhner) MM.
Moser

Entoloma griscorubellum (Lasch)
Kalamees & Urbonas

Entoloma hirtipes (Schumach.) MM,
Moser

Entoloma incanun (F) Hesler
Entoloma majaloides P>, Orton
Entoloma manimosum (1) Hesler
Entoloma niphoides Noordel.

Entoloma rhodopolium (Fr) P. Kumm.
Entoloma sericellum (Fr) P Kumm.
Entoloma sinuatum (Bull. ex Pers) P.
Kumm.

Entoloma subcollariatun (Kahner) Bon
Entoloma vernu S. Lundell

Flammula alnicola (Fr) P. Kumm.

Flammulaster erinaceellus (Peck) Watling
Flammulaster ferrugineus (Maire) Watling
Flammulaster gracilis (Quél) Watling
Flammulaster granulosus (J.E. Lange)
Watling

Flammulina velutipes (Curts) Singer
Galerina hypnorum (Schrank) Kihner
Galerina marginata (Batsch) Kiihner
Galeriva miophila (Lasch) Kahner
Galerina pumila (Pers.) M. Lange
Galerina sphagnorum (Pers) Kishner

Gymnopilus penetrans (Fr) Murril

Gymnopilus spectabilis (Weinm.) A.H,

Sm.

Gymnopus androsaceus (1..) ].1. Mata &
R.H. Petersen

Gymnopus aguosus (Bull) Antonin &
Noordel.

Gymnopus brassicolens (Romagn.)
Antonin & Noordel.

Gymopus dryophilus (Bull) Murril

Gymnopus erythropus (Pers.) Antoni
Halling & Noordel.

Gymniopus oetidus (Sowerby) L. Mata &
R.H. Petersen

Gymnopus fusipes (Bull) Gray

Gymnopus hybridus (Kihner & Romagn.)
Antonin & Noordel.

Gymnopus inodorus (Pat.) Antonin &
Noordel.

Gyminopus terginus (Fr.) Antonin &
Noordel.

Hebeloma birrus (F) Gillet

Hebeloma crustuliniforme (Bull) Quél.
Hebeloma hiemale Bres.

Hebeloma incarnatulum AH. Sm.
Hebeloma mesophaeu (Pers) Quél.
Hebeloma sinapizans (Paule) Gillet
Hemimycena cucullata (Pers.)

ger

Hadophilus hymenocephalus (A, Sm. &
Hesler) Birkebak & Adamdik
Hohenbuchelia atrocoerulea (Fx) Singer
Holenbuehelia auriscalpium (Maire)
Singer

Hohenbuehelia petaloides (Bull) Schulzer
Homophron spadiceum (P, Kumm.)
Orstadius & E. Larss.

Hydropus marginellus (Pers.) Singer

Hygrocybe acutoconica (Clem,) Singer
Hygrocybe chlorophana (Fr) Winsche
Hygrophorus eburneus (Bull) Fr.
Hygrophorus mesotephrus Berk. &
Broome

Hygrophorus persoonii Arnolds
Hymenapells radicata (Relhan) R H,
Petersen

Hypholoma capnoides (Fr.) P Kumm.
Hypholoma fasciculare (Huds.) P, Kumm.
Hypholoma lateritium (Schaeff) P.

Kumm,

Hypholoma radicosum ) E. Lange

Hypholoma subericaeum (Fr.) Kithner
Hypsizygus ubmarits (Bull) Redhead
Infundibulicybe geotropa (Bull.ex DC.)

Harmaja

Infundibulicybe gibba (Pers.) Harmaja
Infundibulicybe trullformis (Fr) Gminder
Inacybe amethystina Kuyper

Inocybe asterospora Quél.

Inocybe castaneicolor A. La Rosa, Bizio,
Saitta & Tedersoo

Inocybe cincinnata (Fr.) Quél.

Inocybe corydalina Quél.

Inacybe decemgibbosa (Kiihner) Vauras
Inocybe flocculosa Sacc.

Inocybe geophylla (Sowerby) P. Kumm,
Inacybe godeyi Gillet

Inocybe hirtela Bres.

Inocybe hujsmanii Kuyper

Inocybe ionolepis Cullington & E. Larss.*
Inacybe langei R. Heim

Inacybe leptocystis G.E. Atk.

Inocybe lilacina (Peck) Kauffman

Inacybe mixtilis (Britzelm.) Sacc.

Inocybe mystica Stangl & Glowinski
Inacybe napipes .
Inacybe paludinella (Peck) Sacc.
Inocybe praetervisa Quél.

. Lange

Inocybe pusio P. Karst.

Inocybe submudipes Kaher

Inocybe tabacina Furrer-Ziogas

Inacybe terrifera Kihner

Inosperma adacquatum (Britzelm.)
Matheny & Esteve-Rav.

Inosperma bongardii (Weinm.) Matheny
& Esteve-Rav.

Inosperma cookei (Bres.) Matheny &
Esteve-Rav.

Inosperma erubescens (A. Blyto) Matheny
&Esteve-Rav.

Inosperma maculatum (Boud.) Matheny
& Esteve-Rav.

Laccaria amethystina Cooke

Laccaria bicolor (Maire) P, Orton
Laccaria laccata (Scop.) Cooke

Lacearia tortilis (Bolton) Cooke
Lacrymaria lacrymabunda (Bull) Pat.
Lactarius acris (Bolton) Gray

Lactarius circellatus Fr.

Lactarius deliciosus (1. Gray

Lactarius fulgissimus Romagn.

Lactarius rubrocinctus F

Lactarius scrobiculatus (Scop.) Fr.
Lactarius seriftuus (DC.) Fr.
Lactarius subulcis (Pers.) Gray
Lactarivs tabidus Fr.

Lactarius zonarius (Bull) Fr.

Lactiflus glaucescens (Cross)) Verbeken
Lactiflus piperatus (L.) Roussel

Lactifluus vellereus (Fr) Kuntze

Lactifluus volemus (Fr) Kuntze
Lentinellus cochleatus (Pers.) P. Karst.
Lentinellus ursinus (Fr) Kiihner

Lentinellus valpinus (Sowerby) Kibner &
Maire
Lentinus cyathiformis (SchacfF) Bres.

Lentinus lepideus (Fr.) Fr.

Lentinus sajor-caju (Fr) Fr.
Lentinus strigosus Fr.

Lentinus tigrinus (Bull) Fr.

Lepiota antiomyces (Berk. & Broome)
Sace.

Lepiota brunneoincarnata Chodat & C.
Martin

Lepiota castanea Quél.

Lepiota cristata (Bolton) P. Kumm.

Lepiota echinella Quél. & G.E. Bernacd
Lepiota felina (Pers.) P Karst.

Lepiota helveola Bres.

Lepiota leprica (Berk. & Broome) Sacc.
Lepiota llacea Bres.

Lepiota metulispora (Berk. & Broome)
Sace.

Lepiota micropholis (Berk. & Broome)
Sace.

Lepiota subalba Kithner ex PD. Orton
Lepiota subincarnata | E. Lange
Lepista irina (Fr) HLE. Bigelow

Lepista nuda (Bull) Cooke
Lepista saeva (F) PD, Orton.
Leratiomyces squamosus (Pers.) Bridge &
Spooner

Leucoagaricus americanus (Peck) Vellinga
Leucoagaricus badhanii (Berk. &
Broome) Singer

Leucoagaricus carncifolius (Gilet) Wasser
Leucoagaricus holospilotus (Berk. &
Broome) Bon

Lencoagaricus ewcothites (Vittad.) Wasser

Leucoagaricus nympharum (Kalchbr)
Bon

Leucoagaricus roseoalbus (Henn.)
Heinem.

Leucoagaricus serenus (Fe) Bon &
Boiffard

Leucocoprinus birnbaumii (Corda) Singer
Leucocaprinus brebissonii (Godey) Locq.
Leucocoprinus cepistipes (Sowerby) Pat.
Leucocoprinus magnusianus (Henn.)
Singer

Leucocybe candicans (Pers.) Vizzini, P
Alvarado, G. Moreno & Consiglio
Leucocybe houghtonii (W, Phillips)
Halama & Pencakowski

Leucopaxillus compactus (P. Karst.)
Neuhoff

Leucopaxillus giganteus (Sowerby) Singer

Leucopaxillus pinicola ]. Favre
Lyophyliiam atratum (F.) Singer
Lyophylim bacospermum Romagn.
Macrocybe gigantea (Massee) Pegler &
Lodge

Macrolepiota excoriata (Schaeff.) Wasser

Macrolepiota mastoidea (Fr) Singer
Macrolepiota permixta (Barla) Pacioni

Macrolepiota procera (Scop.) Singer

Mallocybe dulcamara (Pers) Vizzini
Mallocybe terrigena (Fr) Matheny, Vizini
& Esteve-Rav.

Marasnriellus candidus (F) Singer
Marasmiellus confluens (Pers.) 1.
Oliveira

Marasniellus peronatus (Bolton) 1.

Oliveira

Marasmiellus ramealis (Bull) Singer
Marasmius atrorubens (Berk.) Mont.

Marasmius corrugatiformi

inger
Marasmius epiphyllus (Pers.) Fr.
Marasmius favoloides Henn.

Marasnius ferrugineus Berk. & M.A.
Curtis

Marasnius haematocephalus (Mont.) Fr.
Marasmius oreades (Bolion) Fr.
Marasmius rotula (Scop.) Fr.
Marasmius rubroflavus (Theiss.) Singer
Marasmius wynneac Berk. & Broome
Megacollybia platyphylla (Pers.) Kotl. &
Pouzar

Melanoleuca cognata (F) Konrad &
Maubl.

Melanoleuca exscissa (Fr) Singer
Melatioleuca graminicola (Velen.) Kihner
& Maire

Melanoleuca grammopodia (BulL) Fayod
Melanoleuca srictipes (P. Karst) Jul.
Schiff.

Melanoleuca subpulverulenta (Pers.)
Métrod

Note: synonym to M. fiesif (Bres.) Bon
(Autonin et al, 2022) but identification
probably tentative.

Montagnea arenaria (DC.) Zeller
Montagnea haussknechtii Rabenh.
‘Myeena acicula (Schaeff) P Kumm.
Mycena clavicularis (Fr.) Gillet

Mycena crocata (Schrad) P: Kumm.
Mycena flopes (Bull) P. Kumm,

Mycena galericulata (Scop.) Gray
Mycena galopus (Pers.) P. Kumm.

Mycena haematopus (Pers) P. Kumm.

Mycena inclinata (Fr) Quél.
Mycena metata (Fr.) P Kumm,
Myeena pearsoniana Dennis ex Singer
Mycena pelianthina (Fr) Quél.
Mycena polygramma (Bull) Gray

Mycena pura (Pers.) P Kumm,

Mycena rapiolens ). Favee

Mycena sanguinalenta (Alb. & Schwein.)
P Kumm,

Mycena xantholeuca Kihner
Mycenastrum corium (Guers.) Desv.

Mycenella salicina (Velen) Singer
Mycetinis alliaceus (Jacq,) Earle
Mycetinis scorodonius (Fr.) A.W. Wilson &
Desjardin

Myxomphalia maura (Fr.) Hora
Neofavolus suavissimus (Fr) 1. Seelan,
Justo & Hibbett

Neolentinus adhacrens (Alb. & Schywein.)
Redhead & Ginns

Omphaliaster asterosporus (1E. Lange)
Lamoure

Omphalina mutila (Fr.) PD. Orton.
Omphalina pyxidata (Bull) Quél.
Omphalotus olearius (DC.) Singer
Ossicaulis lignatilis (Pers.) Redhead &
Ginns

Ossicaulis salomii Siquicr & Bellanger
‘Panacolus acuninatus (P. Kumm.) Quél.
Panacolus campanulatus (1.) Quél.
Panacolus fimicola (Fr) Quél.

Panacolus olivaceus EH. Moller
Panaeolus papilionaceus (Bull.) Quél.
Panacolus plantaginiformis (Lebedeva)
EF Malysheva

Panaeolus rickenii Hora

Panacolus semiovatus (Sowerby) .
Lundell & Nannf.

Panacolus speciosus D, Orton
Panaeolus teutonicus Bride & Métrod
Panellus stipticus (Bull) P. Karst.

Panus conchatus (Bull) Fr
Paragymuopus perforans (Hoffm.) 1.
Oliveira

Paralepista flaccida (Sowerby) Vizzini
Parasola auricoma (Pat.) Redhead,
Vilgalys & Hopple

Parasola hemerobia (Fr,) Redhead,
Vilgalys & Hopple

Parasola leiocephala (PD. Orton)
Redhead, Vilgalys & Hopple

Parasola miser (P, Karst) Redhead,
Vilgalys & Hopple

Parasola plicatils (Curtis) Redhead,
Vilgalys & Hopple

Paraxerula caussei (Maire) Petersen
Phacomarasmivs erinaceus (Fe) Scherfl,

ex Romag

Phaconematoloma myosotis (F) Bon
Phellorinia herculeana (Pers.) Kreisel
Phlocomana speirea (Fr) Redhead
Pholota adiposa (Batsch) P. Kum,
Pholiota astragalina (Fr) Singer

Pholiota gummosa (Lasch) Singer
Pholiota highlandensis (Peck) AH. Sm. &
Hesler

Pholiota jalnii Tiall.-Beuk. & Bas
Pholiota populnea (Pers.) Kuyper & Tjall.-
Beuk.

Pholiota scamba (Fr.) MM, Moser
Pholiota spumosa (Fr) Singer

Pholiota squarrosa (Oeder) . Kumm.

Pholiota squarrosoides (Peck) Sacc.

Pholiotina aporos (Kits van Wav.)
Clémengon

Phaliotina arrhenii (Fe) Singer
Pholiotina striipes (Cooke) M.M. Moser
Pholiotina vexans (BD, Orton) Bon
Phyllotopsis nidulans (Pess) Singer
Pleurotellus chioneus (Pers.) Kihner
Pleurotus calyptratus (Lindblad ex Fr)
Sacc.

Pleurotus cornucopiae (Paulet) Rolland
Pleurotus djamor (Rumph. ex Fr) Boedijn
Pleurotus dryinus (Pers.) P. Kumm.
Pleurotus clongatipes Peck

Pleurotus eryngii (DC.) Quél.
Pleurotus fossulatus (Cooke) Sace.
Pleurotus nebrodensis (Inzenga) Quél.
Pleurotus ostreatus (Jacq.) P. Kummm.
Pleuratus pubmonarius (Fr) Quél.
Pluteus aurantiorugosus (Trog) Sace.
Pluteus cervinus (Schaeft) P. Kumm,
Pluteus chrysophacus (Schaeff) Quél.
Pluteus cinereofuscus | E. Lange
Pluteus depauperatus Romagn.

Pluteus exiguus (Pat.) Sace.

Pluteus leoninus (SchaefF) P: Kumm.
Pluteus nanus (Pers.) P, Kumm,

Pluteus pellitus (Pers.) P. Kumm.
Pluteus petasatus (Fr) Gillex

Pluteus purctipes P.D. Orton

Pluteus romelli (Britzelm.) Sac.

Pluteus salicinus (Pers.) P. Kumm.

Pluteus semibulbosus (Lasch) Gillet
Pluteus thomsonii (Berk. & Broome)
Dennis

Pluteus umbrosus (Pers.) P. Kumm.
Pogonoloma macrocephalum (Schutz)
Sénchez-Garcia

Peathyrella bivelata Contu

Psathyrella clivensis (Berk. & Broome)
PD. Orton

Psathyrella fatua (Fr) Konrad & Maubl.
Psathyrella hellebosensis D. Deschuytencer
8 A Melzer

Peathyrella laevissima (Romagn.) Singer
Psathyrella microrhiza (Lasch) Konrad &
Maubl.

Psathyrella multipedata (Peck) A.H. Sm.
Psathyrella obtusata (Fr) A.H. Sm.
Psathyrella pennata (Fr) A. Pearson &
Dennis

Peathyrella piluliformis (Bull) BD. Orton
Psathyrella prona (Fe) Gillet

Psathyrella pseudogracilis (Romagn.)
M.M. Moser

Psathyrella spadiceogrisea (Schaeff) Maire
Peathyrella squanosa (P. Karst.) A.H. Sm.

Peathyrella tephrophylla (Romagn.) MM.

Moser
Preudoclitocybe cyathiforniis (Bull) Singer
Pseudosperma perlatum (Cooke) Matheny
& Esteve-Rav.

Pseudosperma rimosum (Bull.) Matheny
& Esteve-Rav.

Pilocybe atrobrunnea (Lasch) Gillet
Pilocybe cyanescens Wakef.

Plocybe serbica MM. Moser & E. Horak
Resupinatus applicatus (Batsch) Gray
Rhodocollybia maculata (Alb. & Schwein.)
Singer

Rhodocollybia prolixa (Fr) Antonin &
Noordel.

Rhodotus palmatus (Bull) Maire

Russula acetolens Rauschert

Russula alutacea (Pers.) Fr.

Russula anthvacina Romagn.

Russula atropurpurea Peck [non R.
atropurpurca (Krombh.) Britzelm. (= R.
undulata Velen)|

Russula atrorubens Quél.

Russula brunncoviolacea Crawshay
Russula carminipes |. Blum

Russula claroflava Grove

Rusula cyanoxantha (Schaeff) Fr

Russula delica Fr.

Russula emetica (Schaeff.) Pers.

Russula emeticolor ). Schaeffer
Russula farinipes Romell

Russula foetens Pers.

Russula graveolens Romell
Russula grisea Fr.

Russula heterophylla (Fr) Fr.
Russula integra (1.) Fr.
Russula ionochlora Romagn.
Russula lilacea Quél.

Russula luteotacta Rea

Russula nigricans Fr,

Russula ochroleuca Pers.

Russula ochroleucoides Kauffman
Russula olivacea Pers.
Russula pectinata Fr.

Russula pectinatoides Peck

Russula persicina Krombh,
Russula perlactea Murrill
Russula puellaris Fr.

Russula queletii Fr.

Russula rsigallina (Batsch) Sace.

Russula romellii Maire

Russula rosea Pers.

Russula ilvestris (Singer) Reumaux
Russula solaris Ferd. & Winge
Russula sororia (Fr.) Romell
Russula torulosa Bres.

Russula versicolor Jul. Schiff.
Russula veternosa Fr.

Russula vinosopurpurea Jul. Schif.
Russula virescens (Schaeff)

Russula xerampelina (Schaeff) Fr.
Saproamanita codinae (Maire) Redhead,
Vizzini, Drehmel & Contu

Sarcomyxa serotina (Pers.) V. Papp
‘Simocybe centunculus (Fr.) P.Karst.
‘Sphagnurus paluster (eck) Redhead & V.
Hofst.

Steabilurus esculentus (Wolfen) Singer
Strobilurus tenacellus (Pers.) Singer
Stropharia aeruginosa (Curtis) Quél.

Stropharia coronilla (Bull) Quél.
Stropharia melanosperma (Bull.) Quél.
Tricholoma acerbum (Bull) Quél.

Tricholoma argyraceu (Bull) Gillet
Tricholoma caligatum (Viv) Ricken
Tricholoma cingulatum (Almfelt ex Fr)
Jacobasch

Tricholoma equestre (L.) P, Kumm.

Tricholoma fulvum (Fr.) Bigeard & H.
Guill.

Tricholoma lascivum (Fr) Gillet

oloma orirubens Quél.
Tricholoma psammopus (Kalchbr) Quél.
Tricholoma robusturm (Alb. & Schwein.)
Ricken

Tricholoma scalpturatum (Fr.) Quél.

Tricholoma sulphureum (BulL) P. Kumm.
Tricholoma terreun (Schaeff) P. Kumm.
Tricholoma ustale (Fr.) P. Kumm.
Tricholoma ustaloides Romagn.
“Tricholoma vaccinum (Schaeff) P. Kumm.
Tricholomopsis formosa (Murrill) Singer
Tubaria confragosa (Fr.) Harmaja

“Tubaria conspersa (Pers) Fayod

Tubaria frfuracea (Pers) Gillet

Tubaria pallidospora 1

Lange
Volvariella iranica (Fallahyan) Seczepka

Volvariella bombycina (Schaeft) Singer
Volvariella hypopithys (Fx) Shaffer
Volvariella murinella (Quél) MM. Moser
ex Dennis, PDD. Orton & Hora

Volvariella pusilla (Pess.) Singer
Volvariella volvacea (Bull.) Singer
Volvopluteus gloiocephalus (D) Vizzini,
Contu & Justo

Xerula pudens (Pers) Singer
Zhuliangomyees ochracealuteus (RD.
Orton) Redhead

Edibility

® ©0O00000 060

o ®

©0®0e o

X

o

o
o

o e

®®0

ex

o

o
®

°®

(seems to be toxic
afer consumption
with alcohol)

o

o

o

o

X

X

X

%o o

© 0" e

X
©e

(edible in the
Crech Republic)

o

oPP

0% 000”06

HH g X KK

O @ % % % # %%

X®

X

X

(toxic after
consumption with
alcohol)

X

Xe

@
(considered edible in
Europe and also

cultivated)

K@@ % R KKK X
P

o0 =%

o

]

XK KEKQEOO® KR

X

@

ox

(generally edible, but
some health problems
described afer eating)
@x

X

X

X

®

©

(frequently caten in
the Crech Republic,
considered poisonous
in China®)

X

]

#*®
P

®%@%o0

o

®

o6
(considered edibl
the Crech Republic)
X

X
X
X

“H*eee

X
ex

(considered inedible
inthe Crech Republic)
ex

(considered inedible
inthe Crech Republic)
X

©

<]

(considered poisonous
in China)

@

ox
(only young
basidiomata edible)
X

X

©

©@0 e * .

©

@x

X
(considered edible in
China)

X

©

€]

(considered poisonous
in China)

©

X

®
®
@

PRI 0OREEO OO

®

@

"HEO*AOO000
=4

@ ®
%

ox

®

o

(edible in Iran,
inedible in Europe)
X

©®e

(edible after special
preparation)
eex

(reported as edible in
Turkey by Dogan and.
Aydin (2013):as
inedible in Europe by
Heleno e al. (2012))
®©

©

=l

(inedible in Europe)
X

©

(inedible in Europe)
o

Ginedible in Europe)
©

X
®©
[e]
®
®
X

(considered poisonous

in China)

C®0 606 *

>

X
@

®e
(ediblefinedible in the
Europe)

®

©

@x

X
o

o6

(reported edible in
Turkey by Aslin und
Osturk (2011); edible
but sometimes caused
health problems)

®

o

©

(edible in Europe,
considered poisonous
in China)

o]

X
X
e

©e

(edible in Europe)
©

©

©

(poisonous in China)
®

x

(edible in China)
X

X

X
(considered edible/

poisonous in China)

M owomomox %

®e % %o~

@

R X KKK KQ

(edible in China)
@x

oo s

X

X
ox

(inedible in Europe)
X

®

ox

X

ex

Ce®®e®0 o0 %%

@

X
ex

©

(edible but very tough;
considered poisonous
in China)

X

(considered edible/
poisonous in China)

X

@ % @ % % %

POHOO*EXRREXAXPFOPOOO®OOOO

(considered edible in
China)

X

X

(]

o

=

X

X
X

“

X®
(maybe poisonous;

edibility considered
unknown by Icleno
ctal (2012))

©

©

(considered poisonous
in China)

©

©© 0 0%

©e

(European R. emetica
extremely pungent
and inedible/toxic:
reported by
Koewnarin et al.
(2016) s popular
edible mushroom in
Thailand)

©

*

(edible/poisonous in
China)

@x

{may cause health
problems)

O 00Ppoe

(ediblefpoisonous in
China)

©

©

X
©

X

©x

(edible only when very
young)

QOPrRRERAATOOOE®O0 R

©

X

©ex

(edible in the
Crech Republic)
©

©

@ex
(inedible in the
Crech Republic)
€]

©

©

©e

(considered poisonous
last years, but may
include more species)
eex

(inedible in the
Crech Republic)

@

(considered edible in
China)

©

X

ox

(inedible in southern
Europe)

©

(considered poisonous
in China)

®

[}

ex

X

ex

X

%@ % %

o
(probably inedible)
ox

X

X

8o

@
©

Ecological guild

> 55050 50 0 0

* 0

> s 0

.

o1

(saprothrophic on soil,
but on decaying woody
remnants)

LY |

(saprothrophic on o,
but on decaying woody
remnants)

-

-

Ly |

(saprothrophic on sail
on decaying woody
remmants)

.

.

e

% ERE I

#

@
@
@
@

.

(on conifer cones)

> 5550 o mo

* »

>0 0 5 5 »

»

»

* 25020 2 0

-1
(on burnt ground/

wood)

-
%
%
%
%
%
£
%
%
x}
%
=

%

LR O I

%

P EmmmEmmE S P E S BB BB

s mo o

P

PR R

> >

> mmm

]
.
]
.
.
.
[ |

.

ok oo ow

S
| 3

(most frequently
wood-inhabiting)
.

- mEmE m % %> o m mm mm

PR R

L -

%

SRR R E R R R %

e

> mmm

»>

> 9 0 0 0 0

*

>

>0 0 0

> 0

> o+ 0o m

me > mo o>

smr s> e

me > o m

520000 m mm> o

*»

»

P mmmm >

mmm e

-t mmmm

*m mm

* »
-

>
--

smo o 0

%

oo s

@ omonow B onow

%

EEE I

I E R E R R R E

> --

»

%

% B

me > P mmB s B & B

»

Luminescent

Desjarndin et a, (2008)
Mitail (2015)

Kotlobay et al, (2018)
Kotlobay et al. (2018)

Malakauskiené (201%)

Desjardin et al, (2008)

Treu and Agerer
(1990)

Bermudes et al

(1992)

Desjardin et al. (2008)

Trewand Agerer
(1990)
Trew and Agerer
(1990)

Desjardin et al. (2008)

Kotlobay etal, (2018)

Kotlobay et al. (2018)
(chemiluminescence:
Shimonurs, 1991)

(chemiluminescence:
Bondar etal,, 2012
Gitelson etal., 2012)

(chemiluminescence:
Bondar et al, 2012;
012)
(chemiluminescence:
Bondar ctal, 2012;
Gitelson etal,, 2012)

Gitelson et al..

(chemiluminescence:
Gitelson et al,, 2012)

{(chemiluminescence:
Bondar et al. 2012;
Gitelson etal,,2012)

Antioxidant  GenBank accession no.
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ITS
MT535720
ON952490
MT535709
DQI8S569
KU975082
NR_I51745.1
DQI82530
EU363036
KT951318

MT535702
KY474556

JE797181
MT535711

KT824787
MHI73866
MHS62921

KT951329

ON952491
KT983412
KT824789
MN860126
M1535714

ON952487,
ON952488
MT535701

DQ389732

MW425942
MW243076
MZ668014
MH508267
MZ005548
OK299150
KJ638266
KE780872
MW258873
MKS80689
MT535691
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and in valleys
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Species Muscarine Psilocybin Ibotenic acid Muscimol

Inosperma longisporum MHHNU32337 - - = =

Inosperma longisporum MHHNU33070 = = 392 £073 4397 +£8.18
Inosperma nivalellum MHHNU31689 969.11 £ 180.25 - = -
Inosperma sphaerobulbosum MHHNU32266 - = - =
Inosperma squamulosobrunneum MHHNU32162 - - = 9530+ 18.72
Inosperma squamulosobrunneum MHHNU32351 - = - 167.16 & 31.09
Inosperma squamulosobrunneum MHHNU32359 - - = 341.22 £63.47

Inosperma squamulosohinnuleurn MHHNU32195 - - - _
Inosperma squamulosohinnuleurn MHHNU32362 - - 1.89 +£0.35 18.23 £3.39

Unit: mg/kg.
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Compounds Q1 Mass Q3 Mass DP CE Chromatographic condition RT

(Da) (Da) V) V) (min)
Muscarine 174.2 57.13,97.2b 73,70 32,26 Mobile phase solvent: 10 mmol/L ammonium acetate — 1.30
0.05% formic acid aqueous solution (A), acetonitrile
(B)

Gradient elution: 0.1-2.0 min, 5% B; 2.0-3.5 min,
5-80% B; 3.5-4.5 min, 80% B; 4.5-5.0 min, 80-5% B,
5.0-7.0 min, 5% B

Ibotenic acid 158.9 113.28,142.1° 50, 50 16,17 Mobile phase solvent: 0.2% formic acid aqueous 0.88
solution (A), acetonitrile (B)
Muscimol 115.1 98.0%, 68.1° 43, 40 17,20 Gradient elution: 0.1-2.0 min, 2% B; 2.0-3.5 min, 0.88

2-80% B; 3.5-4.5 min, 80% B; 4.5-5.0 min, 80-2% B,
5.0-7.0 min, 2% B
Psilocybin 285.2 205.3%, 58.1° 62, 62 26,53 Mobile phase solvent: 10 mmol/L ammonium acetate 1.31
aqueous solution (A), acetonitrile (B)
Gradient elution: 0.5-3.5 min, 5-90% B; 3.5-5.0 min,
90% B; 5.0-7.0 min, 90-5% B; 7.0-10.0 min, 5%B

DP, declustering potential; CE, collision energy; RT, retention time. a, quantitative ion; b, qualitative ion.
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Diversity parameters®

Neutrality test

Sequence set

n s ND 0 NM Tajima’sD  FuandLi's D*  Fuand Li's F* Re
TS-only* 91 96 0.05515 18.88 139 0.43 (NS)* 0.588 (NS) 0.62 (NS) 4
Multi-gene 64 227 0.053 90.308 469 1.49 (NS) 1.61(NS) 1.82(NS) 50

"All calculations were made using DnaSP 6.0 software.

'n, number of strains; S, total number of segregating sites; ND, Nucleotide diversity; 6,.=Watterson's theta; and NM, number of mutations.

‘number of recombination events.

While calculating various parameter in the ITS-only sequence sefs, four T. barclayana sequences which formed outgroups were removed from the calculation.

‘NS, not significant.
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Cantharellus subg. Cantharellus

T Z.H. Chen MHHNU32137 (FHMU6844) Hubei, central China
N.K. Zeng5040 (FHMU6841) Yunnan, SW China
| Cantharellus yunnanensis Yuan14539 Llaonlng, NE China
Cantharellus yunnanensis Yuan14636 LlaonlnP NE China
— Cantharellus applanatus PUN 3964 (121-08) India holotype
— Cantharellus cibarius 90 In
Cantharellus natarajanu PUN 3963(1 06-08) India holotype
N.K. Zeng2777 (FHMU1766) Yunnan, SW China
Cantharellus yunnanensis ZhangJP117 Yunnan, SW China
N.K. Zeng4084 (FHMU3735) Guangdong, southern China
| 4 Cantharellus yunnanensis Yuan13983 ‘unnan, SW China
.|'| Cantharellus unnanensls Yuan13985 Yunnan, SW China
K. Zeng2778 (FHMU1767) Yunnan, SW China
N.K. eng3875 (FHMU6842) Chin
Cantharellus elongatipes PUN 3966 (184-08) India holotype
Cantharellus anzutake C-2 Japan
Cantharellus anzutake C-84 Japan holotype
Cantharellus yunnanensis Herrera 263C Yunnan, SW China epitype
Cantharellus yunnanensis SSC 1 Yunnan, SW
Cantharellus yunnanensis XieXD174 Yunnan, SW Chlna
Z.H. Chen MHHNU31318 (FHMU6843) Yunnan, SW China
Cantharellus phasmatis C074 USA

80/0.96

81/0.99

8/—
BRI Cantharellus phasmatis C057 USA
Cantharellus flavus C067
64/— —1 Cantharellus tenuithrix BB 14.099 USA
94/1.0 —}+—+"' Cantharellus tenuithrix BB 07.035 USA
93/1.0 Cantharellus tenuithrix BB 07.125 USA holotype
, Cantharellus pallens AH44799 Spain
75/1.0—_[™{_ || Cantharellus pallens AH39124 Morocco
54/— \\ Cantharellus pallens BB 09.441 Ital
55/—] Cantharellus pallens BB 09.430 Ita 8{
~ Canthatrellus deceptivus 1079/J) NC-CANT-5 USA

Cantharellus subalbidus 0OSC81782 USA
73/1.0; Cantharellus sp. C-141 Japan
5 Cantharellus cibarius WXH 2580 Jilin, NE China
Cantharellus cibarius BB 07.300 Slovakia
Cantharellus cibarius WXH 2296 Finland
Cantharellus cibarius GE 07.025 France
Cantharellus cibarius AFTOL-ID 607 German
Cantharellus roseocanus DAOM220724 Canada
Cantharellus roseocanus DAOM220723 Canada
3 Cantharellus roseocanus MO 245717
73/ Cantharellus roseocanus CC29 USA
Cantharellus cascadensis OSC 75917 USA

Cantharellus macrocarpus N.K. Zeng4036 (FHMU3303) Hainan, southern Chlna

100/1.0 [ Cantharellus macrocarpus N.K. Zeng5235 (FHMU6385) Hainan, southern Chin
Cantharellus macrocarpus N.K. Zeng4050 (FHMU3304) Hainan, southern China
Cantharellus formosus OSC 30 USA
Cantharellus formosus OSC 76054 USA
Cantharellus camphoratus 12.09.06.av01 USA
Cantharellus sp. C-106 Ja

;
[/
}

100/1.0

96/0.95\\ 80/

100/1.0_

q 99/ | Cantharellus versicolor |an 160 Yunnan, SW Chlna
0.98 Cantharellus versicolor YU 24 Yunnan, S
m Cantharellus iuventateviridis 1543/SH14. 7 201 2 USA
Cantharellus iuventateviridis 1542/SH13.7.2012 USA
Cantharellus chicagoensis 1073/J) MO-CANT-1 USA
50/0.97 Cantharellus roseofagetorum AH44786 Georgia
- 75/0.9 Cantharellus roseofagetorum AH44789 Georgia
Cantharellus lilacinopruinatus BB 07.221 Slovakia
Cantharellus ferruginascens BB 07.283 Slovakia

99/1.0
Cantharellus indicus MSR2 India
56/0'97\ Cantharellus alborufescens BIO-Fungi 11689 Spain
- Cantharellus velutinus DM WV13.36 USA
80/0.97 99/1.011 Cantharellus velutinus WR WV
~ Cantharellus velutinus BB 14.038 (PC0142227) U

] i SA "
Cantharellus ravus N.K. Zeng4176 (FHMU6845) Hunan, central China | Lin
Cantharellus californicus OSC 122878 USA
63/— Cantharellus altipes BB 07.112 USA
Cantharellus altipes BB 07.019 USA
| 99/1.0 Cantharellus altipes BB 07.055 USA

96/1.0 Cantharellus altlpes BB 07.162 USA

Cantharellus altlfes BB 07.005 USA
Cantharellus sp. C-53 Japan
Cantharellus quercophilus BB 07.097 USA
Cantharellus lateritius BB 07.004 USA
100/1.0 Cantharellus lateritius BB 07.025 USA
Cantharellus lateritius BB 07.058 USA

Cantharellus lateritius BB 06.319 USA
100/ ; Cantharellus flavolateritius 1078/J) NC-CANT-4 USA
1.0 Cantharellus flavolateritius 1076/J) NC-CANT-2 USA

100/1. Cantharellus Iaewhymenmus Yuan13900 Yunnan, SW China

Cantharellus sp. S. Jiang106 (FH U4592) Hainan, southern China
: “Cantharellus lateritius” 161 India
Cantharellus hainanensis N.K. Zeng2289 Hainan, southern China holotype
99/1.0, Cantharellus chuiweifanii N.K. Zeng4596 (FHMU6846) Ha|nan southern China
Cantharellus chuiweifanii N.K. Zeng3474 (FHMU5335) Hainan, southern China
Cantharellus chuiweifanii N.K. Zeng4559 (FHMU6847) Hainan, southern China
Cantharellus chuiweifanii N.K. Zeng2608 (FHMU1703) Hainan, southern China
Cantharellus chuiweifanii N.K. Zeng3452 (FHMU5260) Hainan, southern China
Cantharellus chuiweifanii N.K. Zeng4558 (FHMU6848) Hainan, southern China
Cantharellus chuiweifanii N.K. Zeng4897 (FHMU6849) Hainan, southern China
100/1.0 Cantharellus chuiweifanii N.K. Zeng1 524 (FHMU241 2) Hainan, southern China
=l Cantharellus chuiweifanii N.K. Zeng3463 (FHMU2839) Hainan, southern China
Cantharellus chuiweifanii N.K. Zeng3392 (FHMU5268) Hainan, southern China
Cantharellus chuiweifanii N.K. Zeng5322 (FHMU3236) Hainan, southern China
Cantharellus pinetorus N.K. Zeng4181 (FHMU3749) Hunan, central China
Cantharellus pinetorus N.K. Zen%4180 (FHMU3759) Hunan, central China
Canthatrellus albopileatus W.F. Lin7 ( FHMU6850) Zhejlang, eastern China
Cantharellus albopl eatus N.K. Zeng3026 (FHMU1987) Hainan, southern China
Cantharellus s
LWF-1-2 (FHMU6852§)ZheJ|ang, central China

89/— __|

100/1.0

LWF-1-1 (FHMU6851 ) Zhejiang, central China
M. 0 (FHMU6855) Jiangxi, eastern China

M.S. Su201 (FHMU6853) Jiangxi, eastern China
N.K. Zeng3000 (FHMU1961) Hainan, southern China
N.K. Zeng3009 (FHMU1970) Hainan, southern China
N.K. Zeng2521 (FHMU1638) Hainan, southern China

N.K.Zeng2281 (FHMU1 533) Hainan, southern Chin
Cantharellus subvagmat 692/Anton|n V.13. 163/PC01 42458 Korea isotype

.Chen MHHNU31942 (FH U6854) Hunan, central China
Cantharellus vaglnatus HKAS 55731 Yunnan, SW China
Cantharellus vaginatus HKAS 55728 Yunnan, SW China
— Cantharellus vaginatus HKAS 55730 Yunnan, SW Chma holotype
100/1.0— Cantharellus pseudoformosus SMR-2009a India
“Cantharellus umbonatus” PUN 3968 India
Cantharellus lewisii BB 07.003 USA
Cantharellus lewisii BB 02.197 USA
100/ | Cantharellus violaceovinosus Bandala 4513 Mexico
Cantharellus violaceovinosus Corona 648 Mexico
67/— L Cantharellus subamethysteus DS 06.218 Malaysia
79/— Cantharellus persicinus 1085/J) MO-CANT- Us
100/1.0{ Cantharellus persicinus 1685/MH 15.001 USA

Cantharellus spectaculus C081

85/0.98 53

65/—
Cantharellus amethysteus BB 07.284 Slovakia
Cantharellus amethysteus BB 07.309 Slovakia

100/1.0 | Cantharellus ibityensis BB 08.203 Madagascar

0.01

! Cantharellus ibityensis BB 08. 196 Madagascar

holotype

eage 1 C. ravus sp. nov.

Cantharellus laevihymeninus Yuan13902 Yunnan, SW Chma holotype

| Lineage 2 C. sp.

Lineage 3 C. chuiweifanii sp. nov.

| Lineage 4 C. pinetorus sp. nov.

| Lineage 5 C. albopileatus sp. nov.

N.K. Zeng3406 (FHMU5266) Hainan, southern China | L|neage 6 C. sp.

SA
Cantharellus sp. N.K. Zeng4113 (FHMU3834) Guangdong, southern China | Lineage 7 C. sp.
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Name Locus  Primers (5-3) oy, 2009 References
nternal s TS1: TCC GTA 505  Feletal, 2000
ranscriber GGT GAA GCT 521
space GCGG
ITS4: TCC TCC
GCT TAT TGA TAT
ac
D1/D2 Lsu F63:GCATATCAA 542
domains of TAA GCG GAG 562
the large GAAAAG
vl LR3: GGT CCG
FNA TGT TIC AAG
ACGG
Eongation ~ EF-fa  EF1-983F: GOY 612 Wangetal.
Factor CCY GGH CAY 60.9 2014
CGT GAY TTY AT
EF1-2218R: ATG
ACA CCRACR
GCRACRGTY TG
argest RPBT  RPBI-AfGAR 578
subunit of TGY CCD GGD 542
RNA CAYTTY GG
polymerase I RPB1-Cr: CCN
GCD ATNTCR
TIRTCC ATR TA

Melting temperature of the primer.
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Name of Isolate Strain name NCBI accession no. Host Country of origin  References

T australiensis BRIP 51874 MH231774.1 Oryza rufipogon Australia McTaggart and Shivas, 2018
T. barclayana 5637 AF310170.1 Paspalum distichum  United States Levy etal., 2001

T. barclayana $828 AF310169.1 Paspalum obtusum  United States Levy etal., 2001

T barclayana 832 AF310168.1 Paspalum distichum ~ United States Levy et al., 2001

T barciayana DAOM236425 HQ317521.1 Oryza sativa United States Livetal., 2014

T barciayana DAOM238028 HQ317541.1 Oryza sativa United States Livetal., 2014

T. barclayana 104 AF399894.1 Pennisetum orientale  China Zhang et al,, 2001

T. horrida T 54899 MH231786.1 Oryza sativa Australia McTaggart and Shivas, 2018
T horrida Q81 LAXH01000427.1 Rice China Wang et al,, 2015

T horrida N1 DQ827699.1 Oryza sativa China Zhou et al,, 2006

T. horrida CN2 DQ827700.1 Oryza sativa China Zhou et al,, 2006

T. horrida CN3 DQ827701.1 Oryza sativa China Zhou et al,, 2006

T. horrida CN4 DQ827702.1 Oryza sativa China Zhou et al., 2006

T horrida CNs DQ827703.1 Oryza sativa China Zhou et al,, 2006

T horrida D95 DQ827704.1 Oryza sativa China Zhou et al,, 2006

T. horrida D97 DQ827705.1 Oryza sativa China Zhou et al,, 2006

T. horrida S080 AF398435.1 Oryza sativa China Zhang et al., 2001

T. horrida S145 AF399892.1 Oryza sativa China Zhang et al., 2001

T horrida 150 AF399893.1 Oryza sativa China Zhang et al,, 2001

T horrida INT DQ827706.1 - India Zhou et al,, 2006

T. horrida Isolate 2 AY560653.2 - India Thirumalaisamy et al., 2007b
T. horrida RB1 AY425727.2 - India Thirumalaisamy et al., 2007a
T horrida JA1 DQ827707.1 Oryza sativa Japan Zhou et al,, 2006

T horrida Kot DQ827714.1 Oryza sativa South Korea Zhou et al,, 2006

T horrida 17,069 1C494385.1 Oryza sativa Taiwan Ouand Chen, 2019

T. horrida PT1 DQ827708.1 Oryza sativa Pakistan Zhou et al., 2006

T. horrida ust DQ827709.1 Oryza sativa United States Zhou et al., 2006

T horrida us2 DQ827710.1 Oryza sativa United States Zhou et al,, 2006

T horrida us3 DQ827711.1 - United States Zhou et al,, 2006

T. horrida Us4 DQ827712.1 - United States Zhou et al,, 2006

T. horrida 338 AF310172.1 Oryza sativa United States Levy etal., 2001

T. horrida 358 AF310173.1 Oryza sativa United States Levy et al., 2001

T horrida WSP69539 AF310171.1 Oryza sativa United States Levy etal., 2001

T. horrida NI DQ827713.1 Oryza sativa Vietnam Zhou et al,, 2006

“Host information was not provided in the database.
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Taxon Voucher Locality GenBank accession nos. References

288 TEF1
Cantharellus albopileatus  N.K. Zeng3026 (FHMU1987) Hainan, Southern China 0OM691480 OM811321  Presentstudy
Cantharellus albopileatus  W.F. Lin7 (FHMUG850) Zhejiang, Eastern China OM691481 OM811322  Presentstudy
Cantharsilus alborufescens  BIO-Fungi 11689 Spain KX828802 KX828832  Olariaga et al. (2017)
Cantharsilus altipes BB 07.019 United States KF294627 GQO14939  Buycketal. (2011, 2014)
Cantharsilus altipes BB 07.162 United States KF294636 GQO14945  Buycketal. (2011, 2014)
Cantharsilus altipes BB 07.005 United States - GQ914938  Buycketal. (2011)
Cantharellus altipes BB 07.055 United States - GQO14940  Buycketal. (2011)
Cantharellus altipes BBO7.112 United States - GQO14941  Buycketal. (2011)
Cantharsilus amethysteus BB07.284 Slovakia KF294639 GQO14953  Buycketal. (2011, 2014)
Cantharsllus amethysteus BB 07.309 Slovakia KF294642 GQO14954  Buycketal. (2011, 2014)
Cantharellus anzutake c2 Jspen LC085416 LCO85470  Ogawa et al. (2017)
Cantharsllus anzutake ce4 Japan LC085415 LC179800  Ogawa etal. (2017)
Cantharellus applanatus PUN 3964 India HM750918 - Kumer et al. (2013)
Cantharsilus calfornicus 05C122878 United States KX828795 KX828820  Olariaga et al. (2017)
Cantharellus camphoratus 12.09.06.av01 Urited States KX592734 KX§92735  Thom etal. (2017)
Cantharsilus cascadensis 08075917 United States AY041158 - Dunham et al. (2003)
Cantharellus chicagoensis 1078/JJMO-CANT-1 United States - KX857025  Buyck et al. (2016a)
Cantharellus chuiweifanii  N.K. Zeng3474 (FHMU5335) Hainan, Southern China oM717946 OM811340  Presentstudy
Cantharellus chuiweifanii  N.K. Zengd596 (FHMU6846) Hainan, Southern China om717947 OM811341  Presentstudy
Cantharellus chuiweifanii  N.K. Zengd559 (FHMU6847) Hainan, Southern China oM717948 OM811342  Presentstudy
Cantharellus chuiweifanii  N.K. Zeng2608 (FHMU1703) Hainan, Southern China oM717949 OM811343  Presentstudy
Cantharellus chuiweifanii  N.K. Zeng3452 (FHMU5260) Hainan, Southern China OM717950 OM811344  Presentstudy
Cantharellus chuiweifanii  N.K. Zeng4558 (FHMU684g) Hainan, Southern China oM717951 OM811345  Presentstudy
Cantharellus chuiweifanii  N.K. Zengd897 (FHMU6849) Hainan, Southern China oM717952 OM811346  Presentstudy
Cantharellus chuiweifanii  N.K. Zeng1524 (FHMU2412) Hainan, Southern China oM717953 OM811347  Presentstudy
Cantharellus chuiweifanii  N.K. Zeng3463 (FHMU2839) Hainan, Southern China oM717954 OM811348  Present study
Cantharellus chuiweifanii  N.K. Zeng5322 (FHMU3236) Hainan, Southern China OM717955 OM811349  Present study
Cantharellus chuiweifanii  N.K. Zeng3392 (FHMU5268) Hainan, Southern China OM717956 OM811350  Presentstudy
Cantharsilus cibarius WXH 2580 Jilin, NE China - KM893847  Unpublished
Cantharsilus cibarius BB 07.300 Slovakia KF294641 GQO14950  Buycketal. (2011, 2014)
Cantharsilus cibarius GE 07.025 s KF294658 GQO14949  Buycketal. (2011, 2014)
Cantharsilus cibarius WXH 2296 Finland - KM893842  Unpublished
Cantharsilus cibarius AFTOL-ID 607 Germany - DQOS9050  Matheny et al. (2007)
Cantharsilus deceptivus 1079/JJ NC-CANT5 United States - KX857030  Buyck et al. (2016a)
Cantharellus elongatioes PUN 3966 India HM750929 - Kumari et al. (2013)
Cantharsilus ferruginascens BB 07.283 Slovakia KF294638 GQO14952  Buycketal. (2011, 2014)
Cantharsilus ferruginascens BB 07.221 Slovakia KF294637 GQO14951  Buycketal. (2011, 2014)
Cantharellus flavolateritius 1078/JJ NC-CANT-4 United States - KX857029  Buyck et al. (2016a)
Cantharsllus flavolateritius 1076/JJ NC-CANT-2 United States - KX857027  Buyck et al. (2016a)
Cantharsilus flavus coe7 United States - JX030416  Foltz et al. (2013)
Cantharsilus formosus 0SC 75930 United States AY041164 - Dunham et al. (2003)
Cantharsilus formosus 0SC 76054 United States AY041165 - Dunham et al. (2003)
Cantharellus hainanensis N.K. Zeng2289 (FHMU1931) Hainan, Southern China. KY407524 KY407636  Anetal. (2017)
Cantharsilus ibityensis BB 08.196 Madagascar KF294650 GQO14980  Buycketal. (2011, 2014)
Cantharsllus ibityensis BB 08.203 Madagascar KF294651 JX192985  Buyck et al. (2013, 2014)
Cantharellus indlicus PUN 3962 India HM750924 - Kumari et al. (2013)
Cantharsilus iuventateviridis ~ 1542/SH13.7.2012 United States - KX857063  Herrera et al. (2018)
Cantharsilus iuventateviridis ~ 1543/SH14.7.2012 United States - KX857064  Herrera et al. (2018)
Cantharsilus laevirymeninus ~ Yuan 13900 Yunnan, SW China. MW979520 MWO99418  Gao et al. (2021)
Cantharsllus laevirymeninus ~ Yuan 13902 Yunnan, SW China. MW979521 MWO99419  Gao et al. (2021)
“Cantharelus lateritius” PUN 3958 India HM750919 - Kumari et al. (2013)
Cantharellus lateritius BB 06.319 United States - GQO14958  Buycketal. (2011)
Cantharellus lateritius BB 07.004 United States e GQ914955 Buyck et al. (2011)
Cantharellus lateritius BB 07.025 United States KF294628 GQ914957 Buyck et al. (2011, 2014)
Cantharellus lateritius BB 07.058 United States KF294633 GQ914959 Buyck et al. (2011, 2014)
Cantharellus lewisit BB 02.197 United States KF294623 GQ914961 Buyck et al. (2011, 2014)
Cantharellus lewisii BB 07.003 United States JN940597 GQ914962 Unpublished; Buyck et al. (2011)
Cantharellus macrocarpus NK. Zeng4036 (FHMU3303) Hainan, Southern China MT986060 MT990633 Zhang Y. Z. etal., 2021
Cantharellus macrocarpus NK. Zeng4050 (FHMU3304) Hainan, Southern China MT86061 MT990634  Zhang Y. Z. et al., 2021
Cantharellus macrocarpus  N.K. Zeng5235 (FHMUG385) Hainan, Southern China oM717045 OM811339  Present study
Cantharellus natarajanii PUN 2963 India HM750026 - Kumari et al. (2013)
Cantharellus pallens AH44799 Spain KR677537 KX828833 Olariaga et al. (2015, 2017)
Cantharellus pallens AH39124 Morocco KX828804 KX828834 Olariaga et al. (2017)
Cantharellus pallens BB 09.441 Italy KX907218 KX834411 De Kesel et al. (2016)
Cantharellus pallens BB 09.420 Italy KXQ07217 KX834410 De Kesel et al. (2016)
Cantharellus persicinus 1085/JJ MO-CANT-4 United States s KX857033 Buyck et al. (20162)
Cantharellus persicinus 1685/MH 15.001 United States - KX857080 Buyck et al. (20162)
Cantharellus phasmatis cos7 United States IX030431 JX030417 Foltz et al. (2013)
Cantharellus phasmatis cora United States o JX030418 Foltz et al. (2013)
Cantharellus pinetorus N.K. Zeng4180 (FHMUS759) Hunan, Central China OM601482 OM811323  Present study
Cantharellus pinetorus N.K. Zeng4181 (FHMUS749) Hunan, Central China OM691483 OM811324  Present study
Cantharellus pseudoformosus  SMR-2009a India GU237071 = Kumari et al. (2011)
Cantharellus quercophilus BB 07.097 United States KF294644 JX192981 Buyck et al. (2013, 2014)
Cantharellus ravus N.K. Zeng4176 (FHMUGB45) Hunan, Central China oM717044 OM811338  Present study
Cantharellus roseocanus co29 United States - JX030415 Foltz et al. (2013)
Cantharellus roseocanus DAOM220723 Canada KX828810 KX828837 Olariaga et al. (2017)
Cantharellus roseocanus DAOM220724 Canada Kxe2eg11 KX828838 Olariaga et al. (2017)
Cantharellus roseocanus MO 245717 - — MF784581 Unpublished
Cantharellus roseofagetorum  AH44786 Georgia KX828813 KX828840 Olariaga et al. (2017)
Cantharellus roseofagetorum  AH44789 Georgia Kx828812 KX828839 Olariaga et al. (2017)
Cantharellus sp. c-53 Japan Lco85421 LC085475 Ogawa et al. (2017)
Cantharelus sp. c-141 Japan LCo85422 LC085476 Ogawa et al. (2017)
Cantharellus sp. N.K. Zeng4113 (FHMU3834) Guangdong, Southern China  OM691493 OM811334  Present study
Cantharellus sp. N.K. Zeng3406 (FHMU5266) Hainan, Southern China OM691494 OM811335  Present study
Cantharellus sp. S. Jiang106 (FHMU4592) Hainan, Southern China OM691495 OM811336  Present study
Cantharellus sp. c-106 Japan LC085418 LC085473 Ogawa et al. (2017)
Cantharellus spectaculus cost United States IX030421 JX030414 Foltz et al. (2013)
Cantharellus subalbidus 0sC81782 United States Kx828814 KX828841 Olariaga et al. (2017)
Cantharellus subamethysteus DS 06.218 Malaysia KF294664 e Buyck et al. (2014)
Cantharellus subvaginatus 1692 Korea MG450678 o Buyck et al. (2018)
Cantharellus tenuithrix BB 07.035 United States KF294629 GQ914946 Buyck et al. (2011, 2014)
Cantharellus tenuithrix BB 07.125 United States JIN940600 GQ914947 Unpublished; Buyck et al. (2011)
Cantharellus tenuithrix BB 14.099 United States o KX857054 Buyck et al. (20162)
“Cantherellus umbonatus” PUN 3968 India HM750016 = Kumari et al. (2013)
Cantharellus vaginatus HKAS 55728 Yunnan, SW China HM594680 = Shao et al. 2011)
Cantharellus vaginatus HKAS 55730 Yunnan, SW China HM594681 = Shao et al. 2011)
Cantharellus vaginatus HKAS 55731 Yunnan, SW China HM594682 . Shao et al. (2011)
Cantharellus vaginatus LWF-1-1 (FHMUG851) Zhejiang, Eastern China OM691484 OM811325  Present study
Cantharellus vaginatus LWF-1-2 (FHMUG852) Zhejiang, Eastern China OM691485 OM811326  Present study
Cantharellus vaginatus M.S. Su201 (FHMU6853) Jiangxi, Eastern China OM691486 OM811327  Present study
Cantharellus vaginatus M.S. Su200 (FHMUG855) Jiangxi, Eastern China OM691492 OM811333  Present study
Cantharellus vaginatus N.K. Zeng3000 (FHMU1961) Hainan, Southern China OM6o1487 OM811328  Present study
Cantharellus vaginatus N.K. Zena3009 (FHMU1970) Hainan, Southern China OM691488 OM811320  Present study
Cantharellus vaginatus N.K. Zeng2281 (FHMU1533) Hainan, Southern China OM691489 OMB811330  Present study
Cantharellus vaginatus N.K. Zeng2521 (FHMU1638) Hainan, Southern China OM691490 OMB811331  Present study
Cantharellus vaginatus Z.H. Chen MHHNU31942 (FHMUG854) Hunan, Central China OM691491 OMB811332  Present study
Cantharellus velutinus BB 14.038 (PC0O142227) Urited States KX896789 KX857049  Buyck et al. (2016b)
Cantharellus velutinus WR WV07.074 Urited States - KX857068  Buyck et al. (2016b)
Cantharellus velutinus DM WV13.36 Urited States - KX857070  Buyck et al. (2016b)
Cantharelus versicolor KUN-HKAS 55761 Yunnan, SW China - KMB93856  Shao etal. (2016b)
Cantharellus versicolor KUN-HKAS 58242 Yunnan, SW China - KMB93857  Shao etal. (2016b)
Cantharelus violaceovinosus  Bandala 4513 Mexico MF618524 MF616520  Herrera et al. (2018)
Cantharelus violaceovinosus ~ Corona 648 Mexico MF616525 MF616521  Herrera et al. (2018)
Cantharellus yunnanensis XieXD174 Yurnan, SW China KU720333 KU720337  Unpublished
Cantharellus yunnanensis ZhangJP117 Yunnan, SW China KU720336 - Unpublished
Cantharellus yunnanensis s5C1 Yurnan, SW China - KMB93834  Shao etal. (2021)
Cantharellus yunnanensis N.K. Zeng2778 (FHMU1767) Hainan, Southern China OK570080 OKS62592  Tian et al. (2022)
Cantharellus yunnanensis  N.K.Zeng2777 (FHMU1766) Yunnan, SW China 0M319633 - Present study
Cantharellus yunnanensis  N.K. Zeng4084 (FHMU3735) Guangdong, Southern China ~ OM319632 OM811337  Present study
Cantharellus yunnanensis  N.K. Zeng5040 (FHMUG841) Yunnan, SW China OM319634 OM321043  Present study
Cantharellus yunnanensis  N.K.Zeng3875 (FHMU6842) China OM319635 OM321044  Present study
Cantharellus yunnanensis ~ Z.H. Chen MHHNU31318 (FHMUG843) Yunnan, SW China OM319636 OM321045  Present study
Cantharellus yunnanensis ~ Z.H. Chen MHHNU32137 (FHMUG844) Hubei, Central China OM319637 OM321046  Present study
Cantharellus yunnanensis Yuan 13983 China MW979527 MW999428  Cao et al. (2021)
Cantharellus yunnanensis Yuan 13985 China MW979528 MW999429  Cao et al. (2021)
Cantharellus yunnanensis Yuan 14589 China MW979514 MW99422  Cao et al. (2021)
Cantharellus yunnanensis Yuan 14636 China MW979515 MW99423  Cao et al. (2021)

GenBank numbers in bold indicate the newly generated sequences; SW Southwestern China, NE Northeastern China.
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100/0.99 Tomentella pilosa TU124067 Estonia
68/0.99[ Tomentella pilosa TU124234 Estonia
100/1fky Zomentella capitatocystidiata Yuan 11459 Northeastern China
97/1| ' Tomentella capitatocystidiata Yuan 11494 Northeastern China
100/ Tomentella gloeocystidiata Yuan 11200 Northeastern China
63/0.99 Tomentella gloeocystidiata Yuan 11171 Northeastern China
100/} Tomentella cystidiata Yuan 10620 Northeastern China
Tomentella cystidiata Yuan 10693 Northeastern China
100/1y Tomentella agereri RA 13793 Benin
Tomentella agereri M RA 13793 Benin
-Tomentella sp. TU110906 Vietnam
Tomentella sp. TU116522b Thailand
Tomentella sp. CP048 Thailand Clade 1
100/y Tomentella capitata SYN 860 Benin
omentella capitata RA13785 Benin
Tomentella brunneocystidia SYN 839 Benin
idia RA 13779 Benin .
omentella tenuirhizomorpha Yuan 11964 Northeastern China
Tomentella tenuirhizomorpha Yuan 12059 Northeastern China
Tomentella atroarenicolor TU115438 Estonia
99/ Tomentella atroarenicolor TU100676 Estonia
Tomentella agb. is M SYN 981 Benin
Tomentella agha sis SYN 981 Benin
Tomentella inconspicua Yuan 11107 Northeastern China
nentella inconspicua Yuan 11060 Northeastern China_
omentella atrocastanea Yuan 12170 Northeastern China
Tomentella atrocastanea Yuan 12179 Northeastern China .
1 M"Ibmemcl/u aureomarginata Yuan 10671 Northeastern China
omentella aureomarginata Yuan 10683 Northeastern China
Tomentella brunneoflava Yuan 12162 Northeastern China
Tomentella brunneoflava Yuan 12161 Northeastern China
Tomentella separata Yuan 10664 Northeastern China Clade 2
Tomentella .\‘;’ arata Yuan 10654 Northeastern China
/Il'mnen/e la punicea TU110254 Estonia
Tomentella /nmicea KHL11908 Sweden
omentella sp. TU110900 Vietnam
omentella sp. TU110899 Vietnam
omentella fuscogranulosa Yuan 10733 Northeastern China
Tomentella fuscogranulosa Yuan 10725 Northeastern China
Tomentella umbrinospora TAAM 149462 Estonia
Tomentella umbrinospora TU111379 Italy -
omentella incrustata Yuan 12189 Northeastern China Clade 3
Tomentella incrustata Yuan 11158 Northeastern China
100/i- Tomentella botryoides TAAM 149614 Russian
Tomentella botryoides KHL8453 Sweden
Tomentella sp. TU115024 Southwest China
00/ Tomentella parvispora Yuan 11196 Northeastern China
L[ YTomentella parvispora Yuan 11144 Northeastern China
‘omentella o;ivuceu Yuan 11043 Northeastern China
omentella olivacea Yuan 11139 Northeastern China Clade 4
Yot omentella gingyuanensis Yuan 10616 Northeastern China
Tomentella qingyuanensis Yuan 11109 Northeastern China
Tomentella efibulata Yuan 11167 Northeastern China
Tomentella efibulata Yuan 10699 Northeastern China
b Tomentella flavidobadia Yuan 11044 Northeastern China
100/ 7 omentella flavidobadia Yuan 11061 Northeastern China
looip Tomentella africana SYN 890 Benin
omentella africana SYN 991 Benin
100/ Tomentella lateritia TU108551 Estonia
Tomentella lateritia NF S045 Norway
Tomentella brevis Yuan 11328 Northeastern China | Clade 5
100/ 7omentella brevis Yuan 11332 Northeastern China
9_4._1{ Tomentella fuscocinerea TAAM149918 Estonia
91 “Tomentella fuscocinerea KHL11906 Sweden
1001y Tomentella patagonic BAFC52372 Argentina. |Clade 6
Tomentella patagonica BAFC52373 Argentina
100/y Tomentella amyloapiculata TU102067 Zambia
—— Tomentella amyloapiculata M SYN 893 Benin
Tomentella tenuissima FK]{OI 1 Argentina
1007 Tomentella tenuissima BAFC52369

7709

/a sp. TU115897 Thailand
96/l Tomentella lapida TU115604 Estonia
Tomentella lapida TU115440 Estonia

100/l Tomentella pallidomarginata Yuan 11474 Northeastern China
57-["Tomentella pallidomarginata Yuan 11404 Northeastern China
L Thelephora ellisii TU115347 Finland
00/ Thelephora ellisii TU123494 Germany
100/l Tomentella pisoniae TU103671 Seychelles
Tomentella pisoniae TU103655 Seychelles . Clade 7
100/1| 100/l Tomentella fuiscocrustosa Yuan 11420 Northeastern China
Tomentella fuscocrustosa Yuan 11399 Northeastern China
100/ lL— Tomentella hjortstamiana Toohyp24 Australia
Tomentella hjortstamiana TU 10%)41 Seychelles
Thelephora caryophyllea ELarsson89-09 Sweden
Thelephora caryophyllea TAAM172626 Estonia
Thelephora anthocephala UBCF28410 Canada_
98/1— Thelephora anthocephala TAAM165304 Estonia
100/1r Tomentella terrestris TU100886 France Clade 8
Tomentella terrestris EL9897 USA
M]’mnenlellu nitellina src675 USA
Tomentella nitellina L2ZAA1 USA
———————Tomentella sp TU110898 Vietnam
-99!7:(1/778!7/8/11.1 sp.TU115879 Thailand

7510930 Tomentella sp. TU115858 Thailand
Tomentella sp. TU110905 Vietnam Clade 9
100/ Tomentella parmastoana TU103691 Seychelles
Tomentella parmastoana TU105091 Seychelles

100/1y Tomentella castanea B923 Iran
Tomentella castanea TL-6886 Denmark
Thelephora wakefieldiae TU115353 Finland
Thelephora wakefieldiae TU115350 Finland | Clade 10
Tomentella radiosa NF.S010 Norway
Tomentella radiosa TU110022 Ecuador

100/1y Tomentella beaverae TU103595 Seychelles

‘omentella beaverae TU105060 Seychelles
100/1r Tomentella farinosa Yuan 10656 Northeastern China
Tomentella farinosa Yuan 10666 Northeastern China
Iy Tomentella maroana M SYN 878 Benin
Tomentella maroana SYN 878 Benin
100/l Tomentella guineensis M SYN 2331 Guinea
Tomentella guineensis SYN 2331 Guinea ~ |Clade 11

100/ Tomentella pallidocastanea Yuan 11416 Northeastern China
Tomentella pallidocastanea Yuan 12034 Northeastern China
_ (Tomentella sp. TU110912 Vietnam
MU Tomentella sp. TU110910 Vietnam

1001} Y7omentella sp. TU110914 Vietnam
100/1;7omentella sp. 94831 China Pinus ma.
omentella sp. ECM6 China Castanopsis fargesii
100/1y Tomentella tedersooi TU103664 Seychelles
Tomentella tedersooi TU103673 Seychelles
100/ Tomentella pileocystidiata TUlOSOgg Seychelles
Tomentella pileocystidiata TU105054 Seychelles
99/1r Tomentella subclavigera TU115594 Finlang
Tomentella subclavigera TU115593 Finland
Tomentella clavigera TU115532 Estonia Clade 13
00/ Tomentella griseomarginata Yuan 11458 Northeastern China
Tomentella comarginata Yuan 11468 Northeastern China
91/0.99r Tomentella pulvinulata BAFC52371 Argentina
Tomentella pulvinulata BAFC52370 Argentina
100/ Tomentella atrobadia Yuan 11099 Northeastern China
/ Tomentella atrobadia Yuan 11114 Northeastern China Clade 14
100/1y Tomentella fuscofarinosa Yuan 12142 Northeastern China ade
Tomentella fusco osa Yuan 12125 Northeastern China
Tomentella sp. QLO75 China Quercus liaotungensis
Tomentella sp. TU110897 Vietnam X
100/l Tomentella bryophila TU116131 Estonia
79-[" YTomentella bryophila TU124259 Estonia X
100/1 _ﬂulnenlc//u changbaiensis Yuan 11477 Northeastern China
Tomentella changbaiensis Yuan 11496 Northeastern China
omentella pallidobrunnea Yuan 11493 Northeastern China
85/1 omentella pallidobrunnea Yuan 11481 Northeastern China
i Tomentella longiaculeifera Yuan 10744 Northeastern China | Clade 15
Tomentella longiaculeifera Yuan 11119 Northeastern China
Tomentella interrupta Yuan 10775 Northeastern China
Tomentella interrupta Yuan 11203 Northeastern China
Tomentella megaspora Yuan 11326 Northeastern China
Tomentella megaspora Yuan 11472 Northeastern China

Clade 12

0o/l omentella asiae-orientalis Yuan 11918 Northeastern China
Tomentella asiae-orientalis Yuan 12022 Northeastern China
_i—hnwnlellu lammiensis Yuan 11617 Finland
071 Tomentella lammiensis Yuan 11597 Finland X
100/ Tomentella stipitata Yuan 11160 Northeastern China
I'mMeIm@lIu xli’:ilura Yu§]!1U11221349352l(§nhe§s}lern China
100/y Tomentella intsiae eychelles
Tomentella intsiae TU105130 Seychelles .
100_/1|7'mnenlellu globospora Yuan 10668 Northeastern China
Tomentella globospora Yuan 10748Northeastern China
(—— Tomentella sp. TU115027 China . |Clade 16
100/y Tomentella segregata Yuan 10650 Northeastern China
Tomentella segregata Yuan 11256 Northeastern China
,_ﬂbmun/ulla pertenuis Yuan 11064 Northeastern China
Tomentella pertenuis Yuan 11131 Northeastern China X
100/1 Tomentella brunneogrisea Yuan 12147 Northwestern China
Tomentella brunneogrisea Yuan 12146 Northwestern China
Tomentella sp. TU115009 China
/1 Tomentella liaoningensis Yuan 10681 Northeastern China
Tomentella liaoningensis Yuan 10707 Northeastern China
- Tomentella dimidiata Yuan 11205 Northeastern China
M Tomentella dimidiata Yuan 11267 Northeastern China
100/l Tomentella fuscopelliculosa Yuan 11316 Northeastern China
Tomentella fuscopelliculosa Yuan 11305 Northeastern China
/ = l}zmen;lellu sp]._ 81 |()5%57 8C l&l}l;l_a |
omentella sp. na
L antelirop, TUT1 5043 Southwestern China| C12d€ 17

*

99/l Tomentella conclusa Yuan 11986 Northeastern China
Tomentella conclusa Yuan 12086 Northeastern China__
Tomentella longiechinuli Yuan 11979 Northeastern China
Tomentella longiechinuli Yuan 12083 Northeastern China

Tomentella longisterigmata Yuan 11602 Finland
Tomentella longisterigmata Yuan 11610 Finland
omentella griseofisca Yuan 11104 Northeastern China
‘omentella griseofusca Yuan 11094 Northeastern China
omentella sp. TU110917 Vietnam

Al 1000y Fomentelli dplea Yuan 12302 Northeastern China

9. 1Tomentella dhiplexa Yuan 12207 Northeastern China

JTomentella bresadolae TUI 15447 Esto

10011 Tonentella bresadolge TUI13616 Slovenia
ly Zomentella stuposa TU1 stonia
4095 U romentella stiposa ThOT64 Norway Clade 18

Tomentella glohosa Yuan 11618 Finland
Tomentella globosa Yuan 11603 Finland
Tomentella'sp. TUI10893 Vietnam
A Tomentella sp. TU110908 Vietnam
Tomentella sp. TUT10866 Vietnam
Tomentella sp. CP007 Thailand
1007 Tomentella sp. ECM4 China Castanopsis fargesii
L {Tomentella alpina B20060331 Austria
(0071 Zomentella alpina B 20060231 Austria
100f— Tomentella sp. P51 Central China Pinus massoniana
T Tomentella'sp. TUT 15018 Southwest China
Tomentella coffede Yuan 10629 Northeastern China
G0N Tomentella coffeae Yuan 11100 Northeastern China
100/ Tomentella afrostuposa SYN 2292 Guinea
Tomentella frostiposa M SYN 2292 Guinea
n ulatd Yuan 12680 Vietnam
ci ‘uan 12684 Vietnam
(Tomentella bidoupensis Yuan 12707 Vietnam
\Tomentella bidoupensis Yuan 12685 Vietnam
100}y Fomentella olivaceobrunnea Yuan 12148 Northeastern China Clade 19
cobrunnea Yuan 11194 Northeastern China
\ Tomentella griseocasianea Yuan 11401 Northeastern China
Tomentella griseocastanea Yuan 11409 Northeastern China
Tomentella'sp. TUT15022 Southwestern China
s\ Tomentella asperul MT7 Germany
Tomentella aspérula TU108147 Estonia
99y Tomentella muricata TU100729 Finland
z l TU100771 Estonia
12713 Vietnam

12691 Vietnam

‘uan |

mentell g uan 1270
Tomentella sp. TUL15005 Southwestern
100\ Tomentella storea Yuan 10749 Northeastern China Clade 20
Tomentella storea Yuan 10623 Northeastern China
Tomentella lilacinogrisea TU10189 Estonia
o fomentella [ilacinogrisea TUL11381 Finland
10011 Tomentella citrinocysiidiata Yuan 10680 Northeastern China
Tomentella citrinocystidiata Yuan 10743 Northeastern China
Tomentella sp. QLO84 China Quercus liaofungensis
- Tomentefla sp. TU115037 Southwestern China
Tomentella coerulea TAAM153804 Estonia
100099 Tomentella coerulea TU115602 Estonia
90 Tomentella sp. TU115032 Southwestern China
981l 7omentella sp. TU1 15046 Southwestern China
Tomentella sp. QLO34 China Quercus lidotungensis
Tomentella galzinii 2007BBF2 France Quercus lex
[omenicla galzini RS27093 Einland "~
00/ Tomentélla subestacea TU115374 Ukraine
Tomentella sublestacea TU115482 Estonia Clade 21
Tomeniella sp. TU115035 Southwestern China
Tomentella pyrolac TAAMO05998 Switzerland
— Tomentella viridula TU108038 Estonia
‘omentellg viridula TU115536 Estonia
L— Tomentella sp. TU1 15020 Southwesiern China
1004 Tomentella efibulis Yuan 11241 Northeastern China
7V Tomentella ofibulis Yuan 11329 Northeastern China
mentella sp, QLO11 China Quercus liaoiungensis
omentella sp. TU110953Vietnam Clade 22
L {fomentella cinerascens TUI08037 Estonia
o9 Tomentella cinerascens TULT1378 Ttaly
Tomentella brunneorufa TAAM159857 Australia
omentella badia UK427 Estonia
s9022 Rusia
7 a Vietnam
ntella | gzz\fﬁm‘im
Tomentella sp. H1-7 southwestern China Kereleeria davidiana var. calcerea
o Tomentella cinereoumbrina TUL11371 Ital
Tomentella cinereoumbrina TUL15342 Finland Clade 23
-~ Thelephora aira TAAMI49211 Russia
L helephora arra 19579 lialy i
Tomentellasp. TUL16318 Thailand
L Jomentella'sp. TU110911 VietNam
Tomentella sp. TU115846 Thailand
)\ Tomentella larssoniana TU103690 Seychelles
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