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Editorial on the Research Topic 


Diversity and molecular diagnostics of fungi and oomycetes in plants


Fungal and oomycete plant pathogens are responsible for the devastation of various ecosystems such as forest and crop species worldwide. Fungi, as a separate kingdom, have the second largest number of species among eukaryotic taxa, while only 6.8% (Globally fungi about 2.2 million, reported 150,000) of the total number has been reported worldwide (Hawksworth & Lücking, 2017). Oomycetes are fungal-like organisms phylogenetically related to algae (Derevnina et al., 2016). Thus, there is still a large amount of fungal “dark matter” in the natural environment waiting to be discovered (Grossart et al., 2016). The discovery of new taxa of fungi and detection of provides a scientific basis for the rich diversity of organisms in nature and contributes to understand its ecological role in ecosystems (Hongsanan et al., 2023). The descriptions and documentation of these new taxa not only increase our knowledge of this group of organisms, but also provide important information for future research on fungi, such as better conservation and management of their unique ecosystems.

Eleven phyla of fungi have been reported (https://www.catalogueoflife.org/, retrieval on 25 Sept. 2023). The most described of these are Ascomycetes and Basidiomycetes fungi. Ascomycetes, which form ascospores, are different from Basidiomycetes composed of multicellular mycelia. There is no doubt that both play important ecological roles in various ecosystems. PCR and RPA-CRISPR/Cas12a detection methods play an increasingly important role in sensitive and accurate detection in various fields. Here, we proposed the Research Topic “Diversity and Molecular Diagnostics of Fungi and Oomycetes in Plants” which ended up with 17 articles from various geographic regions covering 29 new taxa of fungi and molecular detection of fungi and oomycetes.

Ascomycete are the most abundant in the fungal kingdom. The family Herpotrichiellaceae belongs to Ascomycota with setose, ostiolate ascomata, and dematiaceous hyphomycetes of its asexual morphs. They are distributed worldwide, including on insects, plants, rocks, and in the soil. Thitla et al. investigated rock of forests, and isolated 12 strains of rock-inhabiting fungi belong to Herpotrichiellaceae. Based on multi-gene phylogenetic analyses of a combination of ITS, LSU, SSU, TUB, and EF1A regions and morphological characteristics, a novel genus (Petriomyces) and three new species of Cladophialophora (Cl. rupestricola, Cl. sribuabanensis, and Cl. thailandensis) were described and illustrated. Dothideomycetes is the largest and most diverse class of Ascomycota. The class are commonly characterized by bitunicatea and fissitunicate asci. But most of the taxa lack molecular data and possess uncertain morphological features. There are still more than 200 genera that cannot be placed in any family or order. Therefore, further research is needed to determine its taxonomic status more precisely. Hongsanan et al. resolve ambiguous taxa in Phaeothecoidiellaceae and introduced two new genera (Pseudorepetophragma gen. nov. and Pseudostomiopeltis gen. nov.), one new species (Pseudostomiopeltis xishuangbannaensis gen. et sp. nov.), and three new combinations (Pseudorepetophragma zygopetali comb. nov., Pseudostomiopeltis phyllanthi comb. nov., and Exopassalora sinensis comb. nov.). Ascomycete are also considered to have important industrial applications, such as biocontrol agent for managing animal and plant pathogen. Sarocladium terricola has been recognized as a biocontrol agent for managing animal and plant pathogens. Not only that, study has shown that the fungus can also be used as an animal feed additive. Wang W. et al. sequenced, assembled, and annotated the genome of S. terricola. The phylogenomic results supported that S. terricola was closely related to the family Bionectriaceae. Sarocladium terricola cultured in a PDA medium had higher ergosterol content and relevant genes ERG3, ERG5, and ERG25 significantly up-regulated. This offered a scientific basis for the application of S. terricola as an animal feed additive. Basidiomycetes is another large group in the fungal kingdom. Most wood-inhabiting Basidiomycetes are pathogenic and can cause white or brown rot. Hymenochaetaceae has mainly been reported from tropics. Members of the genus Fulvifomes and Pyrrhoderma of Hymenochaetaceae are mostly on angiosperms and cause a white rot. Zhou M. et al. discovered two new species in their investigation on tropical Asian and American hymenochaetaceous fungi. Their taxonomic status was determined by morphological and phylogenetic analysis, and named Fulvifomes acaciae sp. nov. and Pyrrhoderma nigra sp. nov. They also provided an identification key to Fulvifomes and Pyrrhoderma. The genus Leptoporus, another wood-decaying polypore genus, can cause a brown rot on dead conifers and is mainly distributed in the North Hemisphere (North America, Europe, and Asia). Liu et al. reported one undescribed species of Leptoporus in the Hengduan Mountains of Southwest China. According to the molecular phylogenetic analyses of ITS + nLSU + RPB1 + RPB2 + TEF1 sequences and morphological characteristics, L. submollis was described and illustrated. Polyporales are accommodates massive corticioid fungi and cause a white rot on dead wood. Polyporales clade phlebioid, especially corticioid fungi, is mostly based solely on morphology and has not been intensively studied. Zhang Q-Y et al. confirmed their affinity using ITS and nLSU rDNA sequences. Both morphological characteristics and molecular evidence demonstrated that two new species belong to Phanerochaete and Rhizochaete named P. shenghuaii and R. variegate, respectively. The differences of phylogenetically related and morphologically similar species to the two new species were discussed. The results confirmed the existence of more unknown species in China. Haploporus is a cosmopolitan genus, belonging to the Polyporales also. It is characterized by resupinate to pileate basidiomata and can cause a white rot on wood with an important ecological function. Man et al. investigated the diversity of polypore and described two new species of Haploporus from Ecuador and China based on morphological characters and phylogenetic analyses of the ITS, LSU, and mtSSU sequences. The result shows that a high diversity of Haploporus exists in neotropical areas. They also provided an identification key to 25 known poroid Haploporus species. The genus Rigidoporus is an important parasite on cultivated tropical trees and causes a white rot. Wang C-G et al. made a comprehensive study regarding Rigidoporus displayed including morphological and phylogenetic analyses (using ITS + nLSU sequences). Rigidoporus including 18 species were divided into four clades. Three new species (R. imbricatus, R. subcorticola, and R. pterocaryae) and one new combination (R. illavensis) were described from China. They also provided the main morphological characteristics of the currently accepted species of Rigidoporus. Zhang Q-Y et al. investigated the diversity of wood-inhabiting fungi from China and reported two new species of Scytinostroma acystidiatum and S. macrospermum from Southwest China, based on ITS + nLSU dataset and morphological characteristics. They provided an identification key to the morphologically similar and phylogenetically related species known. The genus Steccherinum is wood-inhabiting fungi much known for its type S. ochraceum. Dong et al. explored the diversity and phylogeny of Steccherinum in China and described three new species (S. fissurutum, S. punctatum, and S. subtropicum). The genus Fuscoporia is a poroid, wood-decaying fungi. Chen et al. based on molecular genetic analyses and morphological criteria confirmed that the two new species belonging to Fuscoporia are described as F. hawaiiana and F. minutissima. They also provided an identification key to the North American species of Fuscoporia. Jelly fungi are a special group of wood-inhabiting Basidiomycetes and the diversity of the Chinese Jelly fungi is not well-known. The genus Pseudohydnum typified by P. gelatinosum, with gelatinous basidiomata with conical spines. Zhou H-M et al. collected some samples belonging to Pseudohydnum in the investigation of jelly fungi in North China, and found three unknown species. They determined the taxonomic status based on morphological evidence and phylogenetic analyses of ITS and LSU sequences datasets. They also provided a list about the main characteristics, type localities, and hosts of Pseudohydnum species. Basidiomycetes also include some ectomycorrhiza, which form reciprocal symbionts with plants, promote plant growth, improve host stress resistance, and play important ecological functions. The genus Cortinarius contains important ectomycorrhizal fungi but its diversity is poorly studied in China. Zhang Q-Y et al. described three new species of Cortinarius section Anomali from China based on morphological characters and phylogenetic analysis of the ITS sequences. These results contributed to enriching the diversity of Basidiomycetes worldwide.

Conventional PCR, triple PCR, Real-time fluorescence PCR, and Loop-mediated isothermal amplification (LAMP) were molecular detection methods currently in use for the detection of fungi and oomycetes in Plants. Wang D. et al. established a ddPCR method which enabled sensitive detection and accurate quantification of V. nonalfalfae and V. alboatrum, providing a valuable tool for evaluating disease progression and enacting effective disease control. Zhou H-M et al. provided a loop-mediated isothermal amplification (LAMP) method based on the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) target for diagnosing root and butt rot caused by Heterobasidion annosum and surveillances in the ports of logs imported from Europe. Guo et al. developed a simple, rapid, sensitive, unaided-eye visualization, RPA-CRISPR/Cas12a-based detection system for the molecular identification of P. ramorum and P. sojae that does not require technical expertise or expensive ancillary equipment. All these present novel assays exhibit high specificity and sensitivity, and a short detection time. The method enables visualization of the results without the need for expensive equipment and facilitates the early detection of the pathogen. The assays were sensitive, efficient, and convenient. Practitioners could consider improvements to this assay to increase the sensitivity and expand detection to other pathogens.
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The wood-inhabiting fungi play an integral role in wood degradation and the cycle of matter in the ecological system. They are considered as the “key player” in wood decomposition, because of their ability to produce all kinds of enzymes that break down woody lignin, cellulose and hemicellulose. In the present study, three new wood-inhabiting fungal species, Steccherinum fissurutum, S. punctatum and S. subtropicum spp. nov., collected from southern China, are proposed based on a combination of morphological features and molecular evidence. Steccherinum fissurutum is characterized by the resupinate, subceraceous basidiomata with cracked hymenophore, a monomitic hyphal system with clamped generative hyphae and cylindrical basidiospores; S. punctatum is characterized by the annual, punctate basidiomata with leathery hymenophore, cylindrical, strongly encrusted cystidia and ellipsoid basidiospores (3.6–4.5 ×2.6–3.4 µm); S. subtropicum is characterized by its effuse-reflexed basidiomata, a odontioid hymenophore with pink to lilac hymenial surface and ellipsoid basidiospores measuring as (2.8–3.4 × 2.0–2.7 µm). Sequences of ITS and nLSU rRNA markers of the studied samples were generated, and phylogenetic analyses were performed with maximum likelihood, maximum parsimony, and Bayesian inference methods. The ITS+nLSU analysis of the family Steccherinaceae indicated that the three new species clustered into the genus Steccherinum. Based on further analysis of ITS+nLSU dataset, the phylogenetic analysis confirmed that S. subtropicum was sister to S. enuispinum; S. fissurutum formed a monophyletic lineage; S. punctatum grouped with a clade comprised S. straminellum and S. ciliolatum.




Keywords: biodiversity, molecular systematics, Steccherinaceae, wood-inhabiting fungi, Yunnan Province



Introduction

The phylum Basidiomycota constitute a major group of the kingdom Fungi and is second in species numbers to the phylum Ascomycota (Wijayawardene et al., 2017; Wijayawardene et al., 2018a; Wijayawardene et al., 2018b). Wood-inhabiting fungal is a large group of Basidiomycota with simpler basidiomata with the diverse morphological features, but the phylogenetic diversity of this group is less intensively studied (Larsson et al., 2004; Bernicchia and Gorjón, 2010).

The genus Steccherinum Gray (Steccherinaceae, Polyporales), typified by S. ochraceum (Pers. ex J.F. Gmel.) Gray, was established by Gray (1821). It is a cosmopolitan genus characterized by a combination of resupinate to effused-reflexed or pileate basidiome with a membranaceous consistencey, hymenophore odontioid to hydnoid, a dimitic hyphal structure with clamp connections or simple-septate generative hyphae, cystidia numerous, strongly encrusted in the obtuse apex, basidia subclavate and basidiospores hyaline, thin-walled, smooth, ellipsoid to subcylindrical, acyanophilous and negative in Melzer’s reagent (Fries, 1821; Gray, 1821; Bernicchia and Gorjón, 2010). So far, about 80 species have been accepted in this genus worldwide (Fries, 1821; Banker, 1906; Banker, 1912; Cunningham, 1958; Snell and Dick, 1958; Lindsey and Gilbertson, 1977; Ryvarden, 1978; Lindsey and Gilbertson, 1979; Burdsall and Nakasone, 1981; Melo, 1995; Legon and Roberts, 2002; Yuan and Dai, 2005a; Spirin et al., 2007; Hjortstam and Ryvarden, 2008; Bernicchia and Gorjón, 2010; Miettinen et al., 2012; Yuan and Wu, 2012; Miettinen and Ryvarden, 2016; Westphalen et al., 2018; Liu and Dai, 2021; Westphalen et al., 2021; Wu et al., 2021a; Wu et al., 2021b; Dong et al., 2022). In recent years, several new Steccherinum species were described in China, S. fragile Z.B. Liu & Y.C. Dai, S. hirsutum Y.X. Wu & C.L. Zhao, S. puerense Y.X. Wu, J.H. Dong & C.L. Zhao, S. rubigimaculatum Y.X. Wu, J.H. Dong & C.L. Zhao, S. subcollabens (F. Wu, P. Du & X.M. Tian) Z.B. Liu & Y.C. Dai, S. tenuissimum C.L. Zhao & Y.X. Wu and S. xanthum C.L. Zhao & Y.X. Wu, and S. yunnanense Y.X. Wu & C.L. Zhao (Liu and Dai, 2021; Wu et al., 2021a; Wu et al., 2021b; Dong et al., 2022).

Molecular phylogenies have provided increased knowledge concerning the evolution of Steccherinum (Miettinen et al., 2012; Binder et al., 2013; Justo et al., 2017; Westphalen et al., 2018; Westphalen et al., 2021). Utilizing sequences of the gene regions ITS, nLSU, mtSSU, atp6, rpb2, and tef1, Miettinen et al. (2012) revealed that the phylogeny of the poroid and hydnoid genera Antrodiella Ryvarden and I. Johans., Junghuhnia Corda and Steccherinum (Polyporales, Basidiomycota) grouped together and Steccherinum was shown to contain both hydnoid and poroid species. Using of whole genome sequence data in comparison to extensively sampled multigene datasets indicated that Steccherinum species belonged to the residual polyporoid clade and the generic type (S. ochraceum) was grouped with Junghuhnia nitida (Pers.) Ryvarden (Binder et al., 2013). Justo et al. (2017) clarified family-level classification of eighteen families within the order Polyporales (Basidiomycota), which showed that Steccherinum belonged to family Steccherinaceae Parmasto. Westphalen et al. (2018) worked on morphological and multigene analyses of Junghuhnia s.lat., in which a new species Steccherinum neonitidum Westphalen & Tomšovský and three new combinations, S. meridionale (Rajchenb.) Westphalen, Tomšovský & Rajchenberg, S. polycystidiferum (Rick) Westphalen, Tomšovský & Rajchenb. and S. undigerum (Berk. & M.A. Curtis) Westphalen & Tomšovský were reported. Westphalen et al. (2021) provided the morphological and phylogenetic analyses on hydnoid specimens of Steccherinaceae, in which four genera as Cabalodontia Piatek, Etheirodon Banker, Metuloidea G. Cunn., and Steccherinum were introduced and three new neotropical species was found.

Scientific names are important link to communicate biological information across many spheres of use, in which how to publish a new fungal species is recommended to provide DNA barcode sequences in a public repository for the holotype specimen with the barcode locus (ITS) as well as any additional taxa specific secondary barcode loci (Aime et al., 2021). In order to allow BLAST searches to work optimally, sequences of DNA barcodes should include the generally used region for that marker (Aime et al., 2021). Sometimes, this genus Steccherinum for the barcoding gene ITS is less than 97% of nucleotide difference between different species.

The aim of this study is to explore the diversity and phylogeny of Steccherinum in China. During our investigations on the diversity of wood-inhabiting fungi in southern China, three undescribed species were collected from Yunnan Province, and their morphology corresponds to the concept of Steccherinum. To confirm their placement in Steccherinum, morphological examination and phylogenetic analyses based on the internal transcribed spacer (ITS) and large subunit nuclear ribosomal RNA (nLSU) genens, were carried out.



Materials and methods


Morphological studies

The studied specimens are deposited at the herbarium of Southwest Forestry University (SWFC), Yunnan Province, P.R. China (Herbarium numbers: Steccherinum fissurutum: SWFCF00021634, SWFCF00021673, SWFCF00021675, SWFCF00021680, SWFCF00021703, SWFCF00021744, SWFCF00021754, SWFCF00020803, SWFCF00021808, SWFCF00021811, SWFCF00021826, SWFCF00021841; S. punctatum: SWFCF00009181, SWFCF00009184; S. subtropicum: SWFCF00011059, SWFCF00016901). Macromorphological descriptions are based on field notes. Petersen (1996) was followed for the colour terms. Micromorphological data were obtained from the dried specimens and observed under a light microscope Eclipse E 80i (Nikon, Tokyo) following Dai (2012). The following abbreviations were used for the micro characteristics description: KOH = 5% potassium hydroxide, CB = Cotton Blue, CB– = acyanophilous, IKI = Melzer’s reagent, IKI– = both non-amyloid and non-dextrinoid, L = mean spore length (arithmetic average of all spores), W = mean spore width (arithmetic average of all spores), Q = variation in the L/W ratios between the specimens studied, n (a/b) = number of spores (a) measured from given number (b) of specimens.



Molecular procedures and phylogenetic analyses

CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd, Beijing) was used to obtain genomic DNA from dried specimens, according to the manufacturer’s instructions. ITS region was amplified with primer pairs ITS5 and ITS4 (White et al., 1990). Nuclear LSU region was amplified with primer pairs LR0R and LR7 (https://sites.duke.edu/vilgalyslab/rdna_primers_for_fungi/ ) Table 1.


Table 1 | A list of genes, primers and primer sequences used in this study.



The PCR procedure for ITS was as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles at 94°C for 40 s, 58°C for 45 s and 72°C for 1 min, and a final extension of 72°C for 10 min. The PCR procedure for nLSU was as follows: initial denaturation at 94°C for 1 min, followed by 35 cycles at 94°C for 30 s, 48°C 1 min and 72°C for 1.5 min, and a final extension of 72°C for 10 min. The PCR products were purified and sequenced at Kunming Tsingke Biological Technology Limited Company, Kunming, Yunnan Province, P.R. China. All newly generated sequences were deposited at GenBank (Table 2).


Table 2 | List of species, specimens and GenBank accession numbers of sequences used in this study. * is shown type material, holotype.



The sequences were aligned in MAFFT version 7 (Katoh et al., 2019) using the G-INS-i strategy. The alignment was adjusted manually using AliView version 1.27 (Larsson, 2014). The dataset was aligned first and then ITS and nLSU sequences were combined with Mesquite version 3.51. Alignment datasets were deposited in TreeBASE (submission ID 29889). Sequence of Climacocystis borealis (Fr.) Kotl. & Pouzar obtained from GenBank was used as an outgroup to root trees in the ITS+nLSU analysis in the family Steccherinaceae (Figure 1), and Irpex lacteus (Fr.) Fr. was used as an outgroup in the ITS+nLSU analysis in the genus Steccherinum (Figure 2) (Dong et al., 2022).




Figure 1 | Maximum parsimony strict consensus tree illustrating the phylogeny of three new species and related species in the family Steccherinaceae based on ITS+nLSU sequences. Branches are labeled with maximum likelihood bootstrap values higher than 70%, parsimony bootstrap values higher than 50% and Bayesian posterior probabilities more than 0.95 respectively.






Figure 2 | Maximum parsimony strict consensus tree illustrating the phylogeny of three new species and related species in Steccherinum based on ITS+nLSU sequences. Branches are labeled with maximum likelihood bootstrap values higher than 70%, parsimony bootstrap values higher than 50% and Bayesian posterior probabilities more than 0.95 respectively.



Maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference (BI) analyses were applied to the combined three datasets following previous study (Zhao and Wu, 2017), and the tree construction procedure was performed in PAUP* version 4.0b10 (Swofford, 2002). All characters were equally weighted and gaps were treated as missing data. Trees were inferred using the heuristic search option with TBR branch swapping and 1000 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 using bootstrap (BT) analysis with 1000 replicates (Felsenstein, 1985). Descriptive tree statistics-tree length (TL), consistency index (CI), retention index (RI), rescaled consistency index (RC), and homoplasy index (HI) were calculated for each maximum parsimonious tree generated. The multiple sequence alignment was also analyzed using maximum likelihood (ML) in RAxML-HPC2 through the Cipres Science Gateway (Miller et al., 2012). Branch support (BS) for ML analysis was determined by 1000 bootstrap replicates.

MrModeltest 2.3 (Nylander, 2004) was used to determine the best-fit evolution model for each data set for Bayesian inference (BI), which was performed using MrBayes 3.2.7a with a GTR+I+G model of DNA substitution and a gamma distribution rate variation across sites (Ronquist et al., 2012). A total of 4 Markov chains were run for 2 runs from random starting trees for 2.8 million generations for ITS+nLSU in Steccherinaceae (Figure 1), and 1.7 million generations for ITS+nLSU in Steccherinum (Figure 2) with trees and parameters sampled every 1000 generations. The first one-fourth of all generations was discarded as burn-in. The majority rule consensus tree of all remaining trees was calculated. Branches were considered as significantly supported if they received maximum likelihood bootstrap value (BS) >70%, maximum parsimony bootstrap value (BT) >70%, or Bayesian posterior probabilities (BPP) >0.95.




Results


Molecular phylogeny

The ITS+nLSU dataset (Figure 1) included sequences from 82 fungal specimens representing 50 species. The dataset had an aligned length of 2257 characters, of which 1304 characters are constant, 237 are variable and parsimony uninformative, and 716 are parsimony informative. Maximum parsimony analysis yielded 36 equally parsimonious trees (TL = 3992, CI = 0.3885, HI = 0.6115, RI = 0.6621, and RC = 0.2572). The best model for the ITS+nLSU dataset estimated and applied in the Bayesian analysis was GTR+I+G (lset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1)). Bayesian analysis and ML analysis resulted in a similar topology to MP analysis with an average standard deviation of split frequencies = 0.007830 (BI), and the effective sample size (ESS) across the two runs is the double of the average ESS (avg ESS) = 182.

The phylogram inferred from the ITS+nLSU rDNA gene regions (Figure 1) showed that sixteen genera nested into the family Steccherinaceae as Antella Miettinen, Antrodiella Ryvarden & I.johans, Atraporiella Ryvarden, Butyrea Miettinen, Elaphroporia Z.Q. Wu & C.L. Zhao, Etheirodon Banker, Flaviporus Murrill, Frantisekia Spirin & Zmitr, Junghuhnia Corda, Loweomyces (Kotl. & Pouzar) Jülich, Metuloidea G. Cunn, Mycorrhaphium Maas Geest, Nigroporus Murrill, Steccherinum, Trullella Zmitr and Xanthoporus Audet, in which three new species Steccherinum fissurutum, S. punctatum and S. subtropicum grouped into genus Steccherinum.

The ITS+nLSU dataset (Figure 2) included sequences from 57 fungal specimens representing 27 species. The dataset had an aligned length of 2068 characters, of which 1465 characters are constant, 168 are variable and parsimony-uninformative, and 435 are parsimony-informative. Maximum parsimony analysis yielded 5000 equally parsimonious trees (TL = 1640, CI = 0.5213, HI = 0.4787, RI = 0.7996, RC = 0.4169). Best model for the ITS+nLSU dataset estimated and applied in the Bayesian analysis was GTR+I+G (lset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1). Bayesian analysis and ML analysis resulted in a similar topology to MP analysis with an average standard deviation of split frequencies = 0.009192 (BI), and the effective sample size (ESS) across the two runs is the double of the average ESS (avg ESS) = 198.

The phylogenetic tree (Figure 2) inferred from ITS+nLSU sequences covered 26 species of Steccherinum, which demonstrated that S. subtropicum was sister to S. enuispinum; S. fissurutum formed a monophyletic lineage; S. punctatum grouped with a clade comprised S. straminellum (Bres.) Melo and S. ciliolatum (Berk. & M.A. Curtis) Gilb. & Budington.



Taxonomy

Steccherinum fissurutum J.H. Dong & C.L. Zhao, sp. nov. Figures 3, 4.




Figure 3 | Basidiomata of Steccherinum fissurutum (holotype). Bars: (A) 1 cm; (B) 0.5 mm.






Figure 4 | Microscopic structures of Steccherinum fissurutum (drawn from the holotype). (A) Basidiospores. (B) Basidia and basidioles. (C) Skeletocystidia. (D) A section of hymenium. Bars: (A) 5 µm; (B–D) 10 µm.



Hierarchical information: Fungi, Dikarya, Basidiomycota, Agaricomycotina, Agaricomycetes, Polyporales, Steccherinaceae, Steccherinum.

MycoBank no.: MB 846499.

Diagnosis: differs from other Steccherinum species by its white to buff, cracked, subceraceous, grandinoid hymenial surface, a monomitic hyphal system with clamped generative hyphae and cylindrical basidiospores measuring 4.5–6.0 × 2.5–3.0 µm.

Holotype—China. Yunnan Province, Lijiang, Heilongtan Park, Xiangshan, GPS coordinates 26°53′ N, 100°13′ E, altitude 2, 400 m asl., on the fallen branch of angiosperm, leg. C.L. Zhao, 21 July 2021, CLZhao 21803 (SWFC).

Etymology—fissurutum (Lat.): referring to the cracked hymenophore surface of the type specimens.

Basidiomata: Annual, resupinate, adnate, cracked, subceraceous, without odor or taste when fresh, becoming brittle upon drying, up to 10 cm long, up to 2 cm wide, 50–150 µm thick. Hymenial surface grandinoid, aculei 3–5 per mm, the length of aculei up to 0.2 mm, white (60) when fresh, turning to white (60) to buff (13) upon drying. Sterile margin white, 0.5 mm wide.

Hyphal system: Monomitic, generative hyphae with clamp connections, colorless, thin-walled, frequently branched, interwoven, 2.5–3.5 µm in diam. IKI–, CB–, tissues unchanged in KOH.

Hymenium: Skeletocystidia numerous in the aculei, strongly encrusted in the obtuse apex, 26.5–36 × 6.5–9.5 µm; cystidioles absent. Basidia clavate, with 4 sterigmata and a basal clamp connection, 12.5–16.5 × 4.5–7 µm; basidioles dominant, in shape similar to basidia, but slightly smaller.

Basidiospores: Cylindrical, colorless, thin-walled, with one oil drop inside, IKI–, CB–, 4.5–6.0 × 2.5–3.0 µm, L = 5.23 µm, W = 2.79 µm, Q = 1.75–1.98 (n = 180/6).

Type of rot: White rot.

Additional specimens examined (paratypes): CHINA, Yunnan Province, Lijiang, Heilongtan Park, Xiangshan, GPS coordinates 26°53′ N, 100°13′ E, altitude 2, 400 m asl., on the fallen branch of angiosperm, leg. C.L. Zhao, 21 July 2021, CLZhao 21634, 21673, 21675, 21680, 21703, 21744, 21754, 21808, 21811, 21826, 21841 (SWFC).

Steccherinum punctatum J.H. Dong & C.L. Zhao, sp. nov. Figures 5, 6.




Figure 5 | Basidiomata of Steccherinum punctatum (holotype). Bars: (A) 1 cm; (B) 0.5 mm.






Figure 6 | Microscopic structures of Steccherinum punctatum (drawn from the holotype). (A) Basidiospores. (B) Basidia and basidioles. (C) Skeletocystidia. (D) A section of hymenium. Bars: (A) 5 µm; (B–D) 10 µm.



Hierarchical information: Fungi, Dikarya, Basidiomycota, Agaricomycotina, Agaricomycetes, Polyporales, Steccherinaceae, Steccherinum.

MycoBank no.: MB 846500.

Diagnosis: differs from other Steccherinum species by its cream to buff, punctate, grandinoid hymenial surface, a monomitic hyphal system with clamped generative hyphae and ellipsoid basidiospores measuring 3.6–4.5 × 2.6–3.4 µm.

Holotype—China. Yunnan Province, Yuxi, Xinping County, Jinshan Primeval Forest Park, GPS coordinates 24°07′ N, 101°99′ E, altitude 2, 300 m asl., on the stump of angiosperm, leg. C.L. Zhao, 2 January 2019, CLZhao 9184 (SWFC).

Etymology—punctatum (Lat.): referring to the punctate hymenophore surface.

Basidiomata: Annual, resupinate, adnate, punctate, soft leathery, without odor or taste when fresh, becoming leathery upon drying, up to 15 cm long, up to 5 cm wide, 50–100 µm thick. Hymenial surface grandinoid, aculei 5–9 per mm, the length of aculei up to 0.1 mm, white (60) when fresh, turning to cream (21) to buff (13) upon drying. Sterile margin cream, 0.5 mm wide.

Hyphal system: Monomitic, generative hyphae with clamp connections, colorless, thin-walled, frequently branched, interwoven, 3–4.5 µm in diam. IKI–, CB–, tissues unchanged in KOH.

Hymenium: Skeletocystidia numerous, thin-walled, cylindrical, strongly encrusted in the surface and almost entirely, 36–47 × 7.5–12 µm; cystidioles absent. Basidia subclavate to barrel, with 4 sterigmata and a basal clamp connection, 23–27 × 5.5–7.5 µm; basidioles dominant, in shape similar to basidia, but slightly smaller.

Basidiospores: Ellipsoid, colorless, thin-walled, smooth, with one oil drop inside, IKI–, CB–, 3.6–4.5(–4.7) × 2.6–3.4 µm, L = 4.00 µm, W = 2.88 µm, Q = 1.37–1.42 (n = 60/2).

Type of rot: White rot.

Additional specimen examined (paratype): CHINA, Yunnan Province, Yuxi, Xinping County, Jinshan Primeval Forest Park, GPS coordinates 24°07′ N, 101°99′ E, altitude 2, 300 m asl., on the stump of angiosperm, leg. C.L. Zhao, 2 January 2019, CLZhao 9181 (SWFC).

Steccherinum subtropicum J.H. Dong & C.L. Zhao, sp. nov. Figures 7, 8.




Figure 7 | Basidiomata of Steccherinum subtropicum (holotype). Bars: (A) 1 cm; (B) 0.5 mm.






Figure 8 | Microscopic structures of Steccherinum subtropicum (drawn from the holotype). (A) Basidiospores. (B) Skeletocystidia. (C) Basidia and basidioles. (D) A section of hymenium. Bars: (A) 5 µm; (–D) 10 µm.



Hierarchical information: Fungi, Dikarya, Basidiomycota, Agaricomycotina, Agaricomycetes, Polyporales, Steccherinaceae, Steccherinum.

MycoBank no.: MB 846501.

Diagnosis: differs from other Steccherinum species by its pink to lilac, effuse-reflexed, odontioid hymenial surface, a dimitic hyphal system with clamped generative hyphae and ellipsoid basidiospores measuring 2.8–3.4 × 2.0–2.7 µm.

Holotype—China. Yunnan Province, Wenshan, Xichou County, Xiaoqiaogou National Nature Reserve, GPS coordinates 23°22′ N, 104°47′ E, altitude 1700 m asl., on the fallen branch of angiosperm, leg. C.L. Zhao, 15 January 2019, CLZhao 11059 (SWFC).

Etymology—subtropicum (Lat.): referring to distribution (subtropical zone) of the type specimens.

Basidiomata: Annual, effuse-reflexed, without odor or taste when fresh, becoming leathery upon drying, up to 6 cm long, up to 1.5 cm wide, 100–150 µm thick. Hymenial surface odontioid, aculei 5–7 per mm, the length of aculei 0.5–1 mm long, fresh pink (27) when fresh, turning to rose (28) to lilac (48) upon drying. Sterile margin cream, 0.5–1 mm wide.

Hyphal system: Dimitic, generative hyphae with clamp connections, colorless, thin-walled, branched, more or less interwoven, 2.3–3.5 µm in diam. Skeletal hyphae colorless, thick-walled, 3.5–4.5 µm diam; all hyphae IKI–, CB–, tissues unchanged in KOH.

Hymenium: Skeletocystidia numerous strongly encrusted in the obtuse apex, 20–82 × 5.5–10 µm; cystidioles absent. Basidia clavate, with 4 sterigmata and a basal clamp connection, 14.5–20 × 4–6 µm; basidioles dominant, in shape similar to basidia, but slightly smaller.

Basidiospores: Ellipsoid, colorless, thin-walled, IKI–, CB–, 2.8–3.4 × 2.0–2.7 µm, L = 3.00 µm, W = 2.31 µm, Q = 1.24–1.37 (n = 60/2).

Type of rot: White rot.

Additional specimen examined (paratype): CHINA, Yunnan Province, Wenshan, Xiaojie Town, Laojunshan National Nature Reserve, GPS coordinates 22°56′ N, 104°37′ E, altitude 2500 m asl., on the fallen branch of angiosperm, leg. C.L. Zhao, 15 January 2019, CLZhao 16901 (SWFC).




Discussion

In the present study, three new species, Steccherinum fissurutum, S. punctatum and S. subtropicum are described based on phylogenetic analyses and morphological characters.

Phylogenetically, seven clades were found in Polyporales: the residual polyporoid clade, the phlebioid clade, the antrodia clade, the tyromyces clade, the fragiliporia clade, the core polyporoid clade and the gelatoporia clade (Binder et al., 2005; Binder et al., 2013). Miettinen et al. (2012) employed the molecular systematics of Steccherinum and related genera Antrodiella, and Junghuhnia utilizing sequences of the gene regions ITS, nLSU, mtSSU, ATPase subunit 6 (atp6), RNA polymerase II second largest subunit (rpb2), and translation elongation factor 1-alpha (tef1), to reveal that at least 16 transitions have taken place between poroid and hydnoid hymenophore types within the family Steccherinaceae. In the present study, based on the sequences of the gene regions ITS and nLSU (Figure 1), three new species, S. fissurutum, S. punctatum and S. subtropicum nested within the genus Steccherinum. Amplifying ITS and nLSU genes across genus Steccherinum (Figure 2), S. fissurutum formed a monophyletic lineage; S. punctatum grouped with a clade comprised S. straminellum and S. ciliolatum; S. subtropicum was sister to S. tenuispinum Spirin, Zmitr. & Malysheva. However, morphologically, S. straminellum differs from S. punctatum by having the dimitic hyphal system and narrower basidiospores (3.5–4.5 × 2.0–2.2 µm; Melo, 1995); S. ciliolatum is distinguished from S. punctatum by having narrowly ellipsoid to cylindrical basidiospores (4–4.5 × 2.2–2.5 µm; Maas Geesteranus, 1974). S. tenuispinum differs from S. subtropicum by its fimbriate rhizomorphs and longer aculei (1–4 mm; Spirin et al., 2007).

Morphologically, Steccherinum fissurutum resembles S. litschaueri and S. ciliolatum in having cylindrical basidiospores. However, S. litschaueri is distinguished from S. fissurutum by its rhizomorphic margin and narrower basidiospores (4.5–5.5 × 2.0–2.2 µm; Bernicchia and Gorjón, 2010). Steccherinum ciliolatum differs in having longer aculei (up to 1.5 mm) and longer basidia (18–22 × 4.5–6 µm; Maas Geesteranus, 1974).

Steccherinum punctatum is similar to S. hydneum Rick ex Maas Geest., S. tenuispinum and S. yunnanense in having leathery hymenophore. However, S. hydneum differs from S. punctatum by its longer aculei (2–3 mm) and wider basidiospores (4.2–5.0 × 3.6–4.1 µm; Yuan and Dai, 2005b); S. tenuispinum differs from S. punctatum in having whitish to dirty-ochraceous hymenial surface and narrower basidia (12–24 × 3.5–4.8 µm; Spirin et al., 2007); S. yunnanense differs in its fimbriate margin and shorter basidia (10.5–15 × 5–6 µm; Dong et al., 2022). Steccherinum punctatum resembles S. aggregatum Hjortstam & Spooner, S. fragile and S. xanthum in having a monomitic hyphal system. However, S. aggregatum is distinguished from S. punctatum by having longer cystidia (100–150 × 10–12 µm) and smaller basidia (15–20 × 4–5 µm; Hjortstam et al., 1990); S. fragile differs in having the fragile basidiomata and smaller basidiospores (2.8–3.1 × 2.1–2.2 μm; Liu and Dai, 2021). Steccherinum xanthum is distinguished from S. punctatum in having smaller basidia (10–19.3 × 3–5.2 μm; Wu et al., 2021b).

Steccherinum subtropicum is similar to S. hydneum, S. oreophilum Lindsey & Gilb. and S. rubigimaculatum in the effuse-reflexed basidiomata. However, S. hydneum differs from S. subtropicum by its cinnamon buff hymenial surface and larger basidiospores (4.2–5.0 × 3.6–4.1 µm; Yuan and Dai, 2005b). Steccherinum oreophilum differs in its cottony hymenophore and larger basidiospores (5–6.5 × 3–3.2 µm; Bernicchia and Gorjón, 2010); S. rubigimaculatum differs in having rust hymenial surface and longer basidiospores (3.5–5 × 2.5–3.5 µm; Wu et al., 2021a); S. subtropicum resembles S. fragile, S. ochraceum and S. robustius (J. Erikss. & S. Lundell) J. Erikss. in having ellipsoid basidiospores. However, S. fragile is distinguished from S. subtropicum in having a monomitic hyphal system and shorter basidia (13–14 × 4.0–4.5 µm; Liu and Dai, 2021). S. ochraceum differs in its ocherous hymenial surface and longer cystidia (100 × 7–10 µm; Bernicchia and Gorjón, 2010). The species S. robustius is distinguished from S. subtropicum by its fimbriate margin and longer basidiospores (3.5–5 × 2.5–3 µm; Bernicchia and Gorjón, 2010).

Fungi are one of the most diverse groups of organisms on Earth and play a crucial role in ecosystem processes and functions (Hyde, 2022). New DNA sequencing techniques have revolutionized the researches of fungal taxonomy and diversity, in which about 150 thousand species of fungi have been described (Hyde, 2022). Wood decaying fungi have been studied intensively in recent years (Bernicchia and Gorjón, 2010; Dai, 2011; Cui et al., 2019; Guan et al., 2020; Wang and Zhao, 2021; Westphalen et al., 2021; Wu et al., 2021a; Wu et al., 2021b; Wu et al., 2021b; Luo and Zhao, 2022; Luo et al., 2022; Qu et al., 2022; Wu et al., 2022a; Wu et al., 2022b), but the hydnoid species in the order Polyporales are still not well investigated in China, especially in the subtropics and tropics. In the present study, three new species, Steccherinum fissurutum, S. punctatum and S. subtropicum spp. nov. were found in subtropics, which enriches the fungal diversity of East Asia.


Key to species of Steccherinum sensu lato from China

1. Hyphal system monomitic in subiculum······························2

1. Hyphal system dimitic in subiculum····································8

2. Basidiospores <2 μm wide··········Mycorrhaphium adustum

2. Basidiospores >2 μm wide······················································3

3. Skeletocystidia absent····························Steccherinum fragile

3. Skeletocystidia present·····························································4

4. Aculei >1mm long·············································S. aggregatum

4. Aculei <1 mm long···································································5

5. Aculei <0.3 mm long, basidiospores with oil drops··········6

5. Aculei >0.3 mm long, basidiospores without oil drops···································································Cabalodontia queletii

6. Basidia >20 μm long··········································S. punctatum

6. Basidia <20 μm long································································7

7. Cystidia>35 μm long, basidiospores ellipsoid····S. xanthum

7. Cystidia<35 μm long, basidiospores Cylindrical········································································S. fissurutum

8. Skeletocystidia absent···········································S. hirsutum

8. Skeletocystidia present····························································9

9. Skeletocystidia subulate, apex acute···································10

9. Skeletocystidia clavate, apex blunt······································12

10. Basidiospores >5 μm wide, aculei >1.5 mm long···················································································S. oreophilum

10. Basidiospores <5 μm wide, aculei <1.5 mm long·········11

11. Basidiomata surface reddish to brick, basidiospores <2 μm wide················································································S. laeticolor

11. Basidiomata surface white to buff, basidiospores >2 μm wide····················································································S. subulatum

12. Basidiomata resupinate························································13

12. Basidiomata effused-reflexed··············································16

13. Basidiomata with broom-like rhizomorphs···················································Etheirodon fimbriatum

13. Basidiomata without broom-like rhizomorphs···············14

14. Basidiospores <2 μm wide·································S. mukhinii

14. Basidiospores >2 μm wide··················································15

15. Aculei <0.5 mm long, aculei <4 per mm··················································································S. tenuissimum

15. Aculei >0.5 mm long, aculei >4 per mm·····S. ochraceum

16. Sterile margin fimbriate······················································17

16. Sterile margin not fimbriate··············································18

17. Basidiospores <3.5 μm wide···························S. yunnanense

17. Basidiospores >3.5 μm wide····························S. elongatum

18. Basidiospores <4 μm long·················································19

18. Basidiospores >4 μm long·················································25

19. Aculei <2 mm long·····························································20

19. Aculei >2 mm long·····························································23

20. Aculei >0.5 mm long··························································21

20. Aculei <0.5 mm long··························································22

21 Basidiospores <2 μm wide····························S. subcollabens

21 Basidiospores >2 μm wide····························S. subtropicum

22. Basidiospores subcylindrical to allantoid················································································S. puerense

22. Basidiospores ellipsoid······································S. cremicolor

23. Aculei 3–4 mm long, pileus margin sharp ····································································Metuloidea murashkinskyi

23. Aculei up to 2 mm long, pileus margin blunt···············24

24. Basidiospores >1.5 μm wide····························S. rawakense

24. Basidiospores <1.5 μm wide························S. confragosum

25. Basidiospores subglobose····················································26

25. Basidiospores ellipsoid························································27

26. Aculei <2 mm long, basidiospores with a normal guttule or not··············································································S. subglobosum

26. Aculei >2 mm long, basidiospores with a distinct guttule···················································································S. hydneum

27. Basidia <11 μm long····························S. rubigimaculatum

27. Basidia >11 μm long····························································28

28. Basidiospores >3 μm wide································S. bourdotii

28. Basidiospores <3 μm wide···················································29

29. Aculei >0.5 mm long, pinkish buff to clay buff························································································S. robustius

29. Aculei <0.5 mm long, cream to pale buff·······················································································S. ciliolatum




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

Conceptualization, C-LZ; methodology, C-LZ and J-HD; software, C-LZ and J-HD; validation, C-LZ and J-HD; formal analysis, C-LZ and J-HD; investigation, C-LZ, Z-LZ, and J-HD; resources C-LZ; writing—original draft preparation, C-LZ, J-HD, X-CZ, and J-JC; writing—review and editing, C-LZ and J-HD; visualization, C-LZ and J-HD; supervision, C-LZ; project administration, C-LZ; funding acquisition, C-LZ and Z-LZ. All authors have read and agreed to the published version of the manuscript.



Funding

The research was supported by the National Natural Science Foundation of China (Project No. 32170004), Natural Science Foundation of the Jiangsu Higher Education Institutions of China (Grant 20KJB220003), Yunnan Fundamental Research Project (Grant No. 202001AS070043), the High-level Talents Program of Yunnan Province (YNQR-QNRC-2018-111).



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.



Abbreviations

ITS, internal transcribed spacer; nLSU, large subunit; SWFC, herbarium of Southwest Forestry University, Kunming, China; KOH, 5% potassium hydroxide; CB, Cotton Blue; CB–, acyanophilous; IKI, Melzer’s reagent; IKI–, both inamyloid and indextrinoid; L, mean spore length (arithmetic average for all spores); W, mean spore width (arithmetic average for all spores); Q, variation in the L/W ratios between The studied specimens, n (a/b), number of spores (a) measured from given number (b) of specimens, spore measurements do not include ornamentation; CTAB, cetyltrimethylammonium bromide; DNA, deoxyribonucleic acid; PCR, polymerase chain reaction; MP, maximum parsimony; ML, maximum likelihood; BI, Bayesian inference; TBR, tree-bisection reconnection.



References

 Aime, M. C., Miller, A. N., Aoki, T., Bensch, K., Cai, L., Crous, P. W., et al. (2021). How to publish a new fungal species, or name, version 3.0. IMA Fungus 12, 11. doi: 10.1186/s43008-021-00063-1

 Banker, H. J. (1906). A contribution to a revision of the north American hydnaceae. Memoirs Torrey Botanical Club 12, 99–194. doi: 10.5962/bhl

 Banker, H. J. (1912). Type studies in the hydnaceae II. the genus Steccherinum. Mycologia 4, 309–318. doi: 10.1080/00275514.1912.12017921

 Bernicchia, A., and Gorjón, S. P. (2010). Fungi europaei 12: Corticiaceae s.l. Alassio: Edizioni Candusso., 1–1007.

 Binder, M., Hibbett, D. S., Larsson, K. H., Larsson, E., Langer, E., and Langer, G. (2005). The phylogenetic distribution of resupinate forms across the major clades of mushroom-forming fungi (Homobasidiomycetes). Syst. Biodivers. 3, 113–157. doi: 10.1017/S1477200005001623

 Binder, M., Justo, A., Riley, R., Salamov, A., Lopez-Giraldez, F., Sjokvist, E., et al. (2013). Phylogenetic and phylogenomic overview of the polyporales. Mycologia 105, 1350–1373. doi: 10.3852/13-003

 Burdsall, H. H. Jr., and Nakasone, K. K. (1981). New or little known lignicolous aphyllophorales (Basidiomycotina) from southeastern united states. Mycologia 73, 454–476. doi: 10.1080/00275514.1981.12021368

 Cao, T., Yu, J. R., and Yuan, H. S. (2021). Multiple-marker phylogeny and morphological evidence reveal two new species in steccherinaceae (Polyporales, basidiomycota) from Asia. Mycokeys 78, 169–186. doi: 10.3897/mycokeys.78.57823

 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

 Cunningham, G. H. (1958). Hydnaceae of new zealand. i. the pileate genera Beenakia, Dentinum, Hericium, Hydnum, Phellodon and Steccherinum. Trans. Proc. R. Soc. New Z. 85, 585–601.

 Dai, Y. C. (2011). A revised checklist of corticioid and hydnoid fungi in China for 2010. Mycoscience 52, 69–79. doi: 10.1007/S10267-010-0068-1

 Dai, Y. C. (2012). Polypore diversity in China with an annotated checklist of Chinese polypores. Mycoscience 53, 49–80. doi: 10.1007/s10267-011-0134-3

 Dong, J. H., Wu, Y. X., and Zhao, C. L. (2022). Two new species of Steccherinum (Polyporales, basidiomycota) from southern China based on morphology and DNA sequence data. Mycoscience 63, 65–72. doi: 10.47371/mycosci.2022.02.002

 Du, P., Wu, F., and Tian, X. M. (2020). Three new species of Junghuhnia (Polyporales, basidiomycota) from China. MycoKeys 72, 1–16. doi: 10.3897/mycokeys.72.51872

 Felsenstein, J. (1985). Confidence intervals on phylogenetics: An approach using bootstrap. Evolution 39, 783–791. doi: 10.1111/j.1558-5646.1985.tb00420.x

 Fries, E. M. (1821). Systema mycologicum vol. 1 (Gryphiswaldia: Sumtibus Ernesti Mauritii).

 Gray, S. F. (1821). A natural arrangement of British plants Vol. 1 (London: Baldwin, Cradock, and Joy).

 Guan, Q. X., Liu, C. M., Zhao, T. J., and Zhao, C. L. (2020). Heteroradulum yunnanense sp. nov. (Auriculariales, basidiomycota) evidenced by morphological characters and phylogenetic analyses in China. Phytotaxa 437, 51–59. doi: 10.11646/phytotaxa.437.2.1

 Hai Bang, T., Suhara, H., Doi, K., Ishikawa, H., Fukami, K., Parajuli, G. P., et al. (2014). Wild mushrooms in Nepal: Some potential candidates as antioxidant and ACE-inhibition sources. Evidence-Based Complementary Altern. Med. 2014, 1–11. doi: 10.1155/2014/195305

 Hjortstam, K., and Ryvarden, L. (2008). Some corticioid fungi (Basidiomycotina) from Ecuador. Synopsis Fungorum 25, 14–27.

 Hjortstam, K., Spooner, B. M., and Oldridge, S. G. (1990). Some aphyllophorales and heterobasidiomycetes from sabah, Malaysia. Kew Bull. 45, 303–322. doi: 10.2307/4115688

 Hyde, K. D. (2022). The numbers of fungi. Fungal Divers. 114, 1. doi: 10.1007/s13225-022-00507-y

 Justo, A., Miettinen, O., Floudas, D., Ortiz-Santana, B., Sjökvist, E., Lindner, D., et al. (2017). A revised family-level classification of the polyporales (Basidiomycota). Fungal Biol. 121, 798–824. doi: 10.1016/j.funbio.2017.05.010

 Katoh, K., Rozewicki, J., and Yamada, K. D. (2019). MAFFT online service: Multiple sequence alignment, interactive sequence choice and visualization. Brief. Bioinform. 20, 1160–1166. doi: 10.1093/bib/bbx108

 Larsson, A. (2014). AliView: A fast and lightweight alignment viewer and editor for large data sets. Bioinformatics 30, 3276–3278. doi: 10.1093/bioinformatics/btu531

 Larsson, K. H., Larsson, E., and Kõljalg, U. (2004). High phylogenetic diversity among corticioid homobasidiomycetes. Mycol. Res. 108, 983–1002. doi: 10.1017/S0953756204000851

 Legon, N. W., and Roberts, P. (2002). Steccherinum albidum: A new species from southern England. Czech Mycology 54, 7–9. doi: 10.33585/cmy.54102

 Lindsey, J. P., and Gilbertson, R. L. (1977). A new Steccherinum (Aphyllophorales, steccherinaceae) on quaking aspen. Mycologia 69, 193–197. doi: 10.1080/00275514.1977.12020045

 Lindsey, J. P., and Gilbertson, R. L. (1979). A new Steccherinum (Aphyllophorales, steccherinaceae) from Alaska. Mycologia 71, 1264–1266. doi: 10.1080/00275514.1979.12021141

 Liu, Z. B., and Dai, Y. C. (2021). Steccherinum fragile sp. nov. and S. subcollabens comb. nov. (Steccherinaceae, polyporales), evidenced by morphological characters and phylogenetic analysis. Phytotaxa 483, 106–116. doi: 10.11646/phytotaxa.483.2.3

 Luo, K. Y., Chen, Z. Y., and Zhao, C. L. (2022). Phylogenetic and taxonomic analyses of three new wood-inhabiting fungi of Xylodon (Basidiomycota) in a forest ecological system. J. Fungi 8, 405. doi: 10.3390/jof8040405

 Luo, K. Y., and Zhao, C. L. (2022). Morphology and multigene phylogeny reveal a new order and a new species of wood-inhabiting basidiomycete fungi (Agaricomycetes). Front. Microbiol. 13. doi: 10.3389/fmicb.2022.970731

 Maas Geesteranus, R. A. (1974). Studies in the genera Irpex and. Steccherinum. Persoonia 7, 443–581.

 Melo, I. (1995). Steccherinum straminellum comb. nov. Mycotaxon 54, 125–127.

 Miettinen, O., Larsson, E., Sjökvist, E., and Larsson, K. H. (2012). Comprehensive taxon sampling reveals unaccounted diversity and morphological plasticity in a group of dimitic polypores (Polyporales, basidiomycota). Cladistics 28, 251–270. doi: 10.1111/j.1096-0031.2011.00380.x

 Miettinen, O., and Ryvarden, L. (2016). Polypore genera Antella, Austeria, Butyrea, Citripora, Metuloidea and Trulla (Steccherinaceae, polyporales). Ann. Bot. Fenn. 53, 157–172. doi: 10.5735/085.053.0403

 Miller, M. A., Pfeiffer, W., and Schwartz, T. (2012). The CIPRES science gateway: Enabling high-impact science for phylogenetics researchers with limited resources. Assoc. Comput. Mach. 39, 1–8. doi: 10.1145/2335755.2335836

 Nylander, J. A. A. (2004). MrModeltest v2. program distributed by the author (Uppsala: Evolutionary Biology Centre).

 Petersen, J. H. (1996). Farvekort. the Danish mycological society´s colour-chart. Foreningen til Svampekundskabens Fremme Greve., 1–6.

 Piepenbring, M., Maciá-Vicente, J. G., Codjia, J. E. I., Glatthorn, C., Kirk, P., Meswaet, Y., et al. (2020). Mapping mycological ignorance checklists and diversity patterns of fungi known for West Africa. IMA Fungus 11, 13. doi: 10.1186/s43008-020-00034-y

 Qu, M. H., Wang, D. Q., and Zhao, C. L. (2022). A phylogenetic and taxonomic study on Xylodon (Hymenochaetales): Focusing on three new Xylodon species from southern China. J. Fungi 8, 35. doi: 10.3390/jof8010035

 Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., Hohna, 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

 Ryvarden, L. (1978). A study of Hydnum subcrinale and Odontia laxa. Nord. J. Bot. 25, 293–296.

 Snell, W. H., and Dick, E. A. (1958). Notes on the pileate Hydnum. IV. Lloydia 21, 34–37.

 Spirin, W. A., Zmitrovitch, I., and Malysheva, V. (2007). Steccherinum tenuispinum (Polyporales, basidiomycota), a new species from Russia, and notes on three other species. Ann. Bot. Fenn. 44, 298–302.

 Swofford, D. L. (2002). PAUP*: phylogenetic analysis using parsimony (*and other methods). version 4.0b10 (Sunderland, Massachusetts: Sinauer Associates).

 Vu, D., Groenewald, M., de Vries, M., Gehrmann, T., Stielow, B., Eberhardt, U., et al. (2019). Large-Scale generation and analysis of filamentous fungal DNA barcodes boosts coverage for kingdom fungi and reveals thresholds for fungal species and higher taxon delimitation. Stud. Mycol. 92, 135–154. doi: 10.1016/j.simyco.2018.05.001

 Wang, D. Q., and Zhao, C. L. (2021). Morphological and phylogenetic evidence for recognition of two new species of Phanerochaete from East Asia. J. Fungi 7, 1063. doi: 10.3390/jof7121063

 Westphalen, M. C., Motato-Vásquez, V., Tomšovský, M., and Gugliotta, A. M. (2021). Additions to the knowledge of hydnoid steccherinaceae: Cabalodontia, Etheirodon, Metuloidea, and Steccherinum. Mycologia 113, 791–806. doi: 10.1080/00275514.2021.1894536

 Westphalen, M. C., Rajchenberg, M., Tomšovský, M., and Gugliotta, A. M. (2018). A re-evaluation of neotropical Junghuhnia s.lat. (Polyporales, basidiomycota) based on morphological and multigene analyses. Persoonia 41, 130–141. doi: 10.3767/persoonia.2018.41.07

 White, T. J., Bruns, T., Lee, S., and Taylor, J. (1990). “Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics,” in PCR protocols: A guide to methods and applications. Eds.  M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (San Diego: Academic Press), 315–322. doi: 10.1016/B978-0-12-372180-8.50042-1

 Wijayawardene, N. N., Hyde, K. D., and Fu, L. (2017). Towards incorporating asexual fungi in a natural classification: Checklist and notes 2012–2016. Mycosphere 8 (9), 1457–1555. doi: 10.5943/mycosphere/8/9/10

 Wijayawardene, N. N., Hyde, K. D., and Phookamsak, R. (2018a). Outline of ascomycota: 2017. Fungal Divers. 88 (1), 167–263. doi: 10.1007/s13225-018-0394-8

 Wijayawardene, N. N., Pawlowska, J., and Hyde, K. D. (2018b). Notes for genera: Basal clades of fungi (including aphelidiomycota, basidiobolomycota, blastocladiomycota, calcarisporiellomycota, caulochytriomycota, chytridiomycota, entomophthoromycota, glomeromycota, kickxellomycota, monoblepharomycota, mortierellomycota, mucoromycota, neocallimastigomycota, olpidiomycota, rozellomycota and zoopagomycota). Fungal Divers. 92 (1), 43–129. doi: 10.1007/s13225-018-0409-5

 Wu, Y. X., Dong, J. H., and Zhao, C. L. (2021a). Steccherinum puerense and s. rubigimaculatum spp. nov. (Steccherinaceae, polyporales), two new species from southern China. Nova Hedwigia 113, 243–258. doi: 10.1127/nova_hedwigia/2021/0636

 Wu, F., Man, X. W., Tohtirjap, A., and Dai, Y. C. (2022a). A comparison of polypore funga and species composition in forest ecosystems of China, north America, and Europe. For. Ecosyst. 9, 1–7. doi: 10.1016/j.fecs.2022.100051

 Wu, Z. Q., Shen, S., Luo, K. Y., Wang, Z. H., and Zhao, C. L. (2017). Morphological and molecular identification of a new species of Atraporiella (Polyporales, basidiomycota) in China. Phytotaxa 332, 31–40. doi: 10.11646/phytotaxa.332.1.3

 Wu, Y. X., Wu, J. R., and Zhao, C. L. (2021b). Steccherinum tenuissimum and s. xanthum spp. nov. (Polyporales, basidiomycota): New species from China. PloS One 16, e0244520. doi: 10.1371/journal.pone.0244520

 Wu, Z. Q., Xu, T. M., Shen, S., Liu, X., Luo, K. Y., and Zhao, C. L. (2018). Elaphroporia ailaoshanensis gen. et sp. nov. in polyporales (Basidiomycota). MycoKeys 29, 81–95. doi: 10.3897/mycokeys.29.22086

 Wu, F., Zhou, L. W., Vlasák, J., and Dai, Y. C. (2022b). Global diversity and systematics of hymenochaetaceae with poroid hymenophore. Fungal Divers. 113, 1–192. doi: 10.1007/s13225-021-00496-4

 Yuan, H. S. (2013). Antrodiella chinensis sp. nov., a Chinese representative of the antrodiella americana complex. Mycol. Prog. 12, 437–443. doi: 10.1007/s11557-012-0852-8

 Yuan, H. S. (2014). Molecular phylogenetic evaluation of Antrodiella and morphologically allied genera in China. Mycol. Prog. 13, 353–364. doi: 10.1007/s11557-013-0921-7

 Yuan, H. S., and Dai, Y. C. (2005a). Two new species of Steccherinum (Basidiomycota) from China. Mycotaxon 93, 173–178.

 Yuan, H. S., and Dai, Y. C. (2005b). Two species of Steccherinum (Basidiomycota, aphyllophorales) new to China. Fung. Sci. 20(1 2), 35–39.

 Yuan, H. S., Lu, X., and Qin, W. M. (2019). Molecular and morphological analyses separate Junghuhnia pseudocrustacea sp. nov. (Basidiomycota) from Junghuhnia crustacea complex. Nova Hedwigia 108, 255–264. doi: 10.1127/nova_hedwigia/2018/0497

 Yuan, H. S., and Wu, S. H. (2012). Two new species of Steccherinum (Basidiomycota, polyporales) from Taiwan. Mycoscience 53, 133–138. doi: 10.1007/S10267-011-0139-Y

 Zhao, C. L., and Wu, Z. Q. (2017). Ceriporiopsis kunmingensis sp. nov. (Polyporales, basidiomycota) evidenced by morphological characters and phylogenetic analysis. Mycol. Prog. 16, 93–100. doi: 10.1007/s11557-016-1259-8



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 © 2023 Dong, Zhang, Chen, Zhu and Zhao. 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: 11 January 2023

doi: 10.3389/fcimb.2022.1110684

[image: image2]



A droplet digital PCR assay for detection and quantification of Verticillium nonalfalfae and V. albo-atrum



Di Wang 1†, Enliang Liu 2†, Haiyang Liu 3, Xi Jin 4, Chunyan Niu 1, Yunhua Gao 1* and Xiaofeng Su 5*



1 Center for Advanced Measurement Science, National Institute of Metrology, Beijing, China, 2 Institute of Grain Crops, Xinjiang Academy of Agricultural Sciences, Urumqi, China, 3 Institute of Plant Protection, Xinjiang Academy of Agricultural Sciences, Urumqi, China, 4 Hebei Technology Innovation Center for Green Management of Soil-Borne Diseases, Baoding University, Hebei, China, 5 Biotechnology Research Institute, Chinese Academy of Agricultural Sciences, Beijing, China





Edited by: 

Tingting Dai, Nanjing Forestry University, China

Reviewed by: 

Mir Muhammad Nizamani, Guizhou University, China

Danyu Shen, Nanjing Agricultural University, China


*Correspondence: 

Yunhua Gao
 gaoyh@nim.ac.cn 

Xiaofeng Su
 suxiaofeng@caas.cn



†These authors have contributed equally to this work


Specialty section: 
 
This article was submitted to Fungal Pathogenesis, a section of the journal Frontiers in Cellular and Infection Microbiology




Received: 29 November 2022

Accepted: 20 December 2022

Published: 11 January 2023

Citation:
Wang D, Liu E, Liu H, Jin X, Niu C, Gao Y and Su X (2023) A droplet digital PCR assay for detection and quantification of Verticillium nonalfalfae and V. albo-atrum

. Front. Cell. Infect. Microbiol. 12:1110684. doi: 10.3389/fcimb.2022.1110684




Verticillium nonalfalfae and V. albo-atrum are notorious pathogenic fungi that cause a destructive vascular disease called Verticillium wilt worldwide. Thus, timely and quantitative monitoring of fungal progression is highly desirable for early diagnosis and risk assessment. In this study, we developed a droplet digital polymerase chain reaction (ddPCR) assay to detect and quantify V. nonalfalfae and V. albo-atrum. The performance of this assay was validated in comparison with that of a quantitative real-time polymerase chain reaction (qPCR) assay. The standard curve analysis of the ddPCR assay showed good linearity. The ddPCR assay indicated similar detection sensitivity to that of qPCR on pure genomic DNA, while it enhanced the positive rate for low-abundance fungi, especially in alfalfa stems. Receiver operating characteristic analysis revealed that ddPCR provided superior diagnostic performance on field tissues compared to qPCR, and the area under curve values were 0.94 and 0.90 for alfalfa roots and stems, respectively. Additionally, the quantitative results of the two methods were highly concordant (roots: R2 = 0.91; stems: R2 = 0.76); however, the concentrations determined by ddPCR were generally higher than those determined by qPCR. This discrepancy was potentially caused by differing amplification efficiencies for qPCR between cultured and field samples. Furthermore, the ddPCR assays appreciably improved quantitative precision, as reflected by lower coefficients of variation. Overall, the ddPCR method enables sensitive detection and accurate quantification of V. nonalfalfae and V. albo-atrum, providing a valuable tool for evaluating disease progression and enacting effective disease control.
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1 Introduction

Verticillium wilt (VW), a major vascular plant disease, causes considerable yield and economic losses worldwide. Typical symptoms of VW are plant stunting, discoloration, wilting, and eventual mortality (Klosterman et al., 2011). VW is caused by soil-borne and pathogenic Verticillium spp., mainly V. nonalfalfae and V. albo-atrum, which both have a broad host range (Pegg and Brady, 2002). V. nonalfalfae (a relatively new species in the genus) can infect potato, spinach, solanaceous crops, and trees (Flajsman et al., 2017). The primary hosts of V. albo-atrum are cotton, potato, tomato, hop, ornamental plants, fruit trees, and, especially, alfalfa. Among of them, alfalfa, an important forage resource with high yield and good palatability, is widely planted around the world and known as “the king of forage”. In the United States and Canada, VW is among the most destructive diseases in alfalfa (Larsen et al., 2007). The quarantine of all the alfalfa products from abroad was forcible in China (Announcement No. 351 of the Ministry of Agriculture and Rural Affairs of PRC, 2020). In the field, dormant structures (microsclerotia) are triggered to germinate by exudates from the roots of the host plant. Subsequently, hyphae infect the host through the root hairs or lateral roots (Fradin and Thomma, 2006). After invading the xylem vessels, the hyphae infest the adjacent vasculature and grow along the vascular system toward the tip of the plant (Zhao et al., 2014; Su et al., 2018). Ultimately, the pathogen reproduces and blocks the vascular system, interfering with the transport of water throughout the host and causing wilt symptoms (Floerl et al., 2008; Wang et al., 2021).

Given the tremendously devastating effects and the difficulty of prevention, developing an accurate method to qualitatively and quantitively detect these two fungi provides an effective and economical management strategy. Traditional methods of isolation and biological assays have long operation cycles, poor time efficiency, and relatively low sensitivity, and immunological methods exhibit cross-reactivity, poor reproducibility, and cumbersome operation steps (Isaac, 1946; Skadow, 1966; Griffiths, 1971). Recently, quantitative real-time polymerase chain reaction (qPCR) assays have been widely implemented for pathogen load testing, with greatly improved sensitivity and shortened detection times (Pasche et al., 2013). However, quantification by qPCR depends on external standard curves, which are a major source of variability (Bustin et al., 2009). In practice, applicable reference standards are often not readily available except for the most common target analytes; furthermore, qPCR efficiency often varies within and between laboratories (Svec et al., 2015). Thus, a lack of standardization and relatively poor measurement precision limits its usefulness.

Digital polymerase chain reaction (dPCR) is an emerging technique that performs absolute quantification by counting nucleic acid molecules, providing a simple, standardized quantification strategy (Huggett et al., 2015). It has potentially unique advantages over qPCR, including absolute quantification in a “calibration-free” manner and robustness to variations in PCR efficiency (Sanders et al., 2011). Furthermore, sample partitioning enables dPCR to tolerate inhibitors and decreases background noise, thereby reducing false negatives (Alikian et al., 2017). Additionally, perhaps most importantly, dPCR is reported to improve accuracy and precision in quantification in comparison with qPCR (Pinheiro et al., 2012; Hindson et al., 2013). Therefore, digital PCR technique holds promise as a highly sensitive and accurate measurement method (Baker, 2012).

Although dPCR is increasingly utilized to quantify target nucleic acids in various fields (Whale et al., 2012; Félix-Urquídez et al., 2016; Salipante and Jerome, 2020), its application for the quantitative detection of plant pathogens has been limited; moreover, the systematic evaluation of its performance against a background matrix is understudied. In this study, we established and validated a sensitive and accurate droplet digital PCR (ddPCR) system for the detection and quantification of V. nonalfalfae and V. albo-atrum, to explore whether this method has the advantages over the analog qPCR assay for plant pathogen diagnosis. Key performance parameters, including diagnostic performance, detection sensitivity, quantitative agreement, accuracy, and repeatability regarding field samples, for the ddPCR assay were assessed in comparison with standard qPCR.



2 Materials and methods


2.1 Fungal, bacterial, soil, and plant samples

The V. nonalfalfae and V. albo-atrum strains were stored in our laboratory. Eight fungal isolates (Exserohilum turcicum, V. nigrescens, Magnaporthe oryzae, Bipolaris maydis, Rhizoctonia cerealis, Fusarium oxysporum f. sp. conglutinans, Ustilaginoidea virens, and Fusarium pseudograminearum) and five bacterial isolates (Acidovorax citrulli, Xanthomonas oryzae pv. oryzae, Pseudomonas syringae, Ralstonia solanacearum, and Xanthomonas campestris pv. campestris) were obtained from the Chinese Academy of Agricultural Sciences and China Agricultural University. All samples were stored in 25% glycerol at -80°C.

Samples of alfalfa stems and roots were collected in an experimental field (Langfang, Hebei Province, China, 39°51’N, 116°60’E) and quickly frozen in liquid nitrogen. The plot had been sampled and tested numerous times previously for infection by V. nonalfalfae and V. albo-atrum; therefore, the infection status of each alfalfa plant was known.

We excised 200 mg fresh alfalfa stems and roots from each sample, respectively. They were each homogenized separately in 4 mL lysis buffer. Nucleic acid quality and quantity were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA).



2.2 Phylogenetic tree construction

The internal transcribed spacer regions (ITS) sequences of V. albo-atrum (MH856937.1), V. nonalfalfae (KT362917.1), V. alfalfae (NR 126129.1), V. longisporum (MH864843.1), V. nubilum (MH856939.1), Ilyonectria radicicola (KM503139.1), V. dahliae (MH864842.1), Volutella ciliata (JQ647447.1), V. zaregamsianum (JN188008.1), V. tricorpus (MH857388.1), V. klebahnii (NR 126128.1), V. tricorpus (GO336726.1), Acremonium nepalense (LR590100.1), Plectosphaerella cucumerina (KM357306.1), and Brunneochlamydosporium nepalense (MH860634.1) were downloaded from the National Center for Biological Information (https://www.ncbi.nlm.nih.gov/). To construct a phylogenetic tree, the ITS sequences were compared using the ClustalW program (http://www.clustal.org/clustal2/), and the neighbor-joining approach was applied using the MEGA software (version 7.0.26, Auckland, New Zealand).



2.3 DNA extraction

The biological samples were re-cultured in complete medium and Luria-Bertani liquid medium at temperatures of 25°C and 37°C, respectively. Samples were harvested by centrifugation at 3000 ×g for 10 min. Subsequently, DNA was extracted following the manufacturer’s instructions (KG203; Tiangen, Beijing, China). DNA was extracted from alfalfa stems following the instructions of the Hi-DNAsecure Plant Kit (DP350; Tiangen, Beijing, China). Genomic DNA was isolated from the soil samples using a TIANamp Soil DNA Kit according to the manufacturer’s protocol (DP336; Tiangen, Beijing, China). The quality and concentration of genomic DNA were detected via 1% agarose gel electrophoresis and a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). Subsequently, samples were aliquoted and stored in refrigerator at -80°C.

The ITS sequences were amplified with the primers 5’-TCCGTAGGTGAACCTGCGG-3’ and 5’-TCCTCCGCTTATTGATATGC-3’ in V. nonalfalfae and V. albo-atrum strains and sequenced by Sangon Biotech Co., Ltd. (Shanghai, China). The results were aligned using the Basic Local Alignment Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).



2.4 Primer and probe assessment

The primer/probe sets used in the qPCR and ddPCR experiments (
Table 1
) were preliminarily screened and evaluated to confirm the complete identity using only the target sequences.


Table 1 | 
Primers and probes used in this study.




Probes were synthesized and labeled with 6-carboxy-fluorescein reporter dye and black hole quencher 1 on the 5’- and 3’-terminal nucleotides, respectively (Sangon Biotech). The concentration was diluted to 100 μM as stock solution, stored at -20°C, and diluted to 10 μM for the assay.



2.5 qPCR

The qPCR amplification was accomplished using the ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The final reaction was in a 20 μL volume containing 10 μL of 2×AceQ Universal U+ Probe Master Mix V2 (Vazyme Biotech Co., Ltd, Nanjing, China), 0.4 μL each of the forward and reverse primers, 0.2 μL of the probe solution, 2 μL of genomic DNA, and 7 μL of nuclease-free H2O. The amplification was performed as follows: denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 10 s and annealing and elongation at 60°C for 50 s. The cycle threshold (Ct) values were calculated using 7500 software v2.3 (Applied Biosystems, USA).

A standard curve for qPCR was constructed using the genomic DNA of V. nonalfalfae and V. albo-atrum. DNA concentration was measured using a NanoDrop 2000 (Thermo Scientific). The standard curve was plotted according to the Ct values from qPCR for various sample amounts, which were obtained by serial dilution of the genomic DNA of V. nonalfalfae and V. albo-atrum.



2.6 ddPCR reaction

The ddPCR assay was optimized with respect to the annealing temperature, primer concentration, and probe concentration. Temperatures of 54°C, 56°C, 58°C, 60°C, and 62°C were examined using a Veriti™ 96-Well Thermal Cycler (Applied Biosystems, USA) with a primer/probe concentration of 500 nM/250 nM. Primer/probe concentrations of 600 nM/400 nM, 500 nM/250 nM, and 400 nM/100 nM were examined using a thermal cycler at 56°C.

The ddPCR reactions were performed using 500 nM solutions of each forward and reverse primer, a 250 nM solution of the 2 × ddPCR supermix for probes (Bio-Rad, Pleasanton, CA, USA) (after optimization), and 2 μL of genomic DNA. The total reaction volume was 20 μL. The reaction mixture was added to an 8-well cartridge using a droplet generator (Bio-Rad), and the wells were injected with 70 μL of droplet generation oil (Bio-Rad). The emulsion (70 μL) was transferred to a 96-well ddPCR plate (Bio-Rad) and amplified as follows with a ramp rate of 2°C s−1: denaturation at 94°C for 10 min, followed by 45 cycles of denaturation at 94°C for 30 s and annealing at 56 °C (optimized temperature) for 50 s, followed by a final denaturation at 98°C for 10 min. Subsequently, the 96-well plate was shifted to an QX200 droplet reader (Bio-Rad), and the data analysis was performed using QuantaSoft Version 1.7.4.0917 (Bio-Rad). The ddPCR analysis was performed in triplicate to accurately quantify the amounts of genomic DNA.



2.7 Linear regression curve of the ddPCR assay

Linear regression curves were constructed using ten-fold serial dilutions of genomic DNA as templates, ranging from 4 to 4 ×104 copies/reaction and 6 to 6 ×104 copies/reaction for V. nonalfalfae and V. albo-atrum, respectively. Three independent experiments were performed with four reactions at each concentration. The linear regression curves were generated by plotting the copy number concentrations measured by ddPCR against the expected dilution values.



2.8 Limit of quantification and limit of detection at 95% probability

The limit of quantification (LoQ) was determined as the lowest concentration where all runs were positive and the coefficient of variation (CV) of the measured copy number was up to 25% (Kralik and Ricchi, 2017).

The limit of detection at 95% probability (LoD95%) was defined as the lowest concentration at which at least 95% of the replicates produced positive results, regardless of the accuracy or precision (Forootan et al., 2017). The LoD95% of each assay was estimated using a probit analysis with the target concentration (dilution level) as an explanatory variable and the positive detection rate (positive/total) as a response variable (Corman et al., 2020). The probit analysis was conducted with 95% confidence intervals (95% CI) using the SPSS software (version 20.0; SPSS, Chicago, IL, USA).

To obtain the LoQ and LoD95% of the ddPCR and qPCR assays, a series of two-fold dilutions of genomic DNA (from 1.1 to 294 copies/reaction for V. nonalfalfae and from 1.8 to 236 copies/reaction for V. albo-atrum) were tested to ascertain the end-point dilutions. Two independent experiments were performed over two consecutive days, with five replicates of each concentration on each day (Pavšič et al., 2016). These experiments were tested in parallel, and the template DNA was only frozen and thaw once. The distilled water was used as a negative control.



2.9 Analytical specificity evaluation

A specificity evaluation panel was used to explore the specificity of the ddPCR assays for V. nonalfalfae and V. albo-atrum and included the eight fungal and five bacterial isolates listed in the “Fungal, bacterial, soil, and plant samples” section above.



2.10 Evaluation of diagnostic performance, quantitative agreement, and precision with filed samples

Receiver operating characteristic (ROC) curves were generated to compare the diagnostic performance of the ddPCR and qPCR assays. True positive alfalfa roots and stems that were infected with V. nonalfalfae or V. albo-atrum were used to generate the ROC curves based on previous data. ROC curves were constructed using the SPSS software (version 20.0; SPSS, Chicago, IL, USA).

Quantitative agreement between ddPCR and qPCR was investigated using the method of Bland and Altman (Bland and Altman, 1986), which utilized the log10-transformed concentration of each sample. The inhibition effect of the residual matrix on both ddPCR and qPCR assays was evaluated by quantifying a constant amount of gDNA in the presence of alfalfa stem and root extracts. We spiked the reactions with the same amount of gDNA from cultured isolates (V. nonalfalfae: 1.6 ×104 ITS molecules; V. albo-atrum: 2.4×104 ITS molecules), and 5 μl of extracts from healthy cotton stems and roots. The exact preparation process described by Maheshwari et al. (Maheshwari et al., 2017).

For each alfalfa field sample, CV values for ddPCR and qPCR were determined by calculating the standard deviation within each set of triplicates (n = 4) and dividing each of these by their respective average concentration values. The CV values for qPCR were determined using linear-scale copy number concentrations rather than the Ct values, which were directly comparable to those of ddPCR.




3 Results


3.1 Development of the ddPCR assay

To analyze the position of Verticillium in a broader fungal phylogenetic context, the phylogenetic relationships among major Verticillium spp. and other fungi were analyzed using ITS sequences. Phylogenetic analysis indicated that the 15 selected species were divided into two distinct clades, and V. nonalfalfae and V. albo-atrum had the closest phylogenetic relationship (
Figure 1A
). This is consistent with the fact that both V. nonalfalfae and V. albo-atrum belong to Verticillium and share a similar pathogenic mechanism that results in symptoms of plant stunting, wilting, and early senescence. Hence, we aimed to develop a ddPCR assay that enables the quantitative detection of V. nonalfalfae and V. albo-atrum simultaneously, to improve the efficiency of fungal diagnoses.




Figure 1 | 
Construction of the phylogenetic tree for Verticillium and other fungi. (A) Binding sites of va4 primer/probe sets for ITS sequence in V. nonalfalfae and V. albo-atrum genomes (B). Phylogenetic tree was constructed based on ITS sequence of 15 species of fungi, and the numbers at the nodes exhibit confidence level.




To develop an optimal ddPCR assay, four reported primer/probe sets targeting the different regions of the two fungi (KT362917.1 and MH856937.1 in the Genebank database) were initially validated using qPCR systems. The results showed that Va4 primer/probe set performed better than the other primer/probe sets, obtaining the target amplicons with low Ct values for both fungal samples (
Table S1
; 
Figure S1
). Based on the sequence alignment, the amplification sequence of the Va4 primer/probe set was identical for V. nonalfalfae and V. albo-atrum (
Figure 1B
). Therefore, Va4 primer/probe set was selected for further establishment of the ddPCR assay.

The ddPCR reaction conditions were optimized with respect to annealing temperature and primer/probe concentrations by evaluating five temperatures (ranging from 54°C to 62°C) and three primer/probe concentrations (600/400 nM, 500/250 nM, and 400/100 nM). As shown in 
Figure 2
, the optimal annealing temperature and primer/probe concentrations were 56°C and 500/250 nM, respectively, which enabled the best separation of the positive and negative droplets, with a low abundance of “rain” (droplets falling between the positive and negative populations).




Figure 2 | 
Optimization of annealing temperatures and primer/probe concentrations for V. nonalfalfae (A, B) and V. albo-atrum. (C, D) The blue spots represent positive droplets, and the gray spots represent negative droplets.






3.2 Dynamic range and specificity testing for the ddPCR assay

For the linear regression analysis, serial dilutions of genomic DNA extracted from the two cultured isolates were prepared. The ddPCR assays exhibited good linearity between the measured and anticipated values for each interval for V. nonalfalfae (R2 = 0.9996 and 0.94<Slope<1.03) and V. albo-atrum (R2 = 0.9997 and 0.96<Slope<1.04) over a dynamic range from approximately 101 to 104 copies/reaction (
Figures 3A, B
). The LoQ of the ddPCR assay was 43 and 30 copies for V. nonalfalfae and V. albo-atrum, respectively, which met the criterion for a LoQ with a CV lower than 25% (
Figures 3C, D
).




Figure 3 | 
Linear range and precision analysis for ddPCR quantification of V. nonalfalfae and V. albo-atrum. (A, B) Linear regression of the ddPCR assays for V. nonalfalfae (A) and V. albo-atrum (B) (p < 0.0001). Data are shown as mean and standard deviation for each dilution series (n =4). (C, D) Inter-assay precision profiles for ddPCR at each low-concentration dilution for V. nonalfalfae (C) and V. albo-atrum (D) The LOQ was set at the copies/reaction that corresponded to a CV of 25% (intersecting dotted lines on the plots).




Specificity evaluation indicated that the runs were specific for V. nonalfalfae and V. albo-atrum, and no cross-reactivity was observed with the other eight similar fungal and five bacterial samples (
Table S2
).



3.3 Comparison of the LoD95% between ddPCR and qPCR on pure genomic DNA

To determine the LoD95% for ddPCR and qPCR, a series of two-fold dilutions of genomic DNA of the two fungi were prepared as templates at concentrations near the detection end points determined in preliminary experiments. As shown in 
Figure 4
, the probit analysis of the ddPCR assay indicated a LoD95% of 6.8 copies/reaction (95% CI: 5.1–19.3) for V. nonalfalfae and 7.2 copies/reaction for V. albo-atrum (95% CI: 5.6–14.2) (
Figures 4A, B
). In contrast, the estimated LoD95% values for qPCR were slightly lower, at 5.6 copies/reaction (95% CI: 4.4–12.8) and 5.2 copies/reaction (95% CI: 4.0–15.7) for V. nonalfalfae and V. albo-atrum, respectively (
Figures 4C, D
). The results indicated that the two methods showed similar sensitivity for the pure genomic DNA of both fungi, and the resulting LoD95% values of ddPCR were slightly higher than those of qPCR for the two fungi.




Figure 4 | 
Comparation of the limits of detection of the ddPCR and qPCR assays based on pure genomic DNA of V. nonalfalfae and V. albo-atrum. Probit analysis determined the LoD95% of ddPCR (A, B) and qPCR (C, D). The y axis shows the fraction of positive results in 10 parallel reactions performed at each given concentration, which is indicated on the x axis. The inner line is a probit curve (dose-response rule). The outer lines are the 95% confidence interval (95% CI). Intersecting dotted lines indicate the dilution level where the estimated probability of detection is 95% (LoD95%).






3.4 Evaluation of the diagnostic performance of ddPCR on field samples in comparison with that of qPCR

We further investigated the applicability of ddPCR via a comparison with qPCR using field samples. We collected stems and roots from 60 alfalfa plants in the field, each including 10 healthy tissue controls and 50 V. nonalfalfae- or V. albo-atrum-infected samples, which had been previously confirmed.

ROC analysis showed that for ddPCR, the area under curve (AUC) values were 0.94 (standard error 0.03, 95% CI: 0.88–0.99) and 0.90 (standard error 0.04, 95% CI: 0.82–0.97) for roots and stems, respectively (
Figures 5A, B
). In contrast, the AUC values for qPCR were 0.86 (standard error 0.05, 95% CI: 0.78–0.95) and 0.76 (standard error 0.06, 95% CI: 0.63–0.89) for roots and stems, respectively (
Figures 5C, D
). The AUC values of the ddPCR assays were broader than those of the qPCR assays, especially for the stems. Therefore, the ddPCR method provided a more robust diagnostic performance than that of qPCR for distinguishing the V. nonalfalfae- and V. albo-atrum-positive cases from healthy samples.




Figure 5 | 
Diagnostic performance comparison between ddPCR (A, B) and qPCR (C, D) assays for the identification of healthy and infected alfalfa samples (roots and stems).




In addition, the cut-off points of the qPCR assays were determined based on the ROC curves, with values of 36 for the stem and 35 for the root samples. Among the 50 positive cases, ten stem and eight root samples were reported to be negative by qPCR. However, six out of the ten false-negative stems and four out of the eight false-negative roots tested positive by ddPCR. Furthermore, the qPCR-negative but ddPCR-positive roots and stems had an average load of 17 and 30 copies, respectively. Hence, ddPCR showed improved detection sensitivity compared to qPCR, especially regarding stem samples.



3.5 Evaluation of the quantification performance of ddPCR on field samples in comparison with that of qPCR

The copy number concentrations for ddPCR and qPCR were compared using the samples that tested positive by both methods. Linear regression analysis indicated that the copy numbers determined by ddPCR correlated well with those determined by qPCR in both alfalfa tissues (roots, R2 = 0.91; stems, R2 = 0.76) (
Figures 6A, B
).




Figure 6 | 
Quantitative comparison between ddPCR and qPCR. (A, B) Linear regression of the copy number concentration measured by ddPCR and qPCR assays in alfalfa roots (A) and stems (B). The grey dashed lines represent the line of equality (y = x). The 95% confidence limits (red areas) are interval estimates for the regression line. (C, D) Bland–Altman plot analysis of the differences in log10 concentration for the two methods in alfalfa roots (C) and stems (D). The solid lines in the center indicate average differences in concentration between the two methods and the dashed lines represent 95% limits of agreement (mean ± 1.96 SD) (root, n = 42; stem, n = 40).




Regarding quantitative agreement, ddPCR produced the higher copy numbers of ITS than qPCR in most tested samples. As shown in 
Figures 6C, D
, Band–Altman plots showed that the bias for the agreement ranged from -0.21 to 0.51 log10 and -0.31 to 0.82 log10 for roots and stems, respectively, with most points falling inside the 95% CI. The average difference in quantification between the two methods was 0.16 log10 (a difference of 1.45 times on a normal scale) for roots and 0.25 log10 (1.78 times) for stem samples. Moreover, the intervals defined by the 95% CI for root samples were narrower than those for stem samples. To determine whether the residual matrix of field samples caused the quantification difference, we quantified the samples that spiked with equal amounts of gDNA from cultured isolates and extracts from healthy alfalfa stems and roots. The extracts inhibited the quantification of the spiked DNA by both methods, but the concentrations determined by the ddPCR were significantly higher than qPCR (
Figure 7
).In addition, absolute quantification by ddPCR revealed greater precision in V. nonalfalfae and V. albo-atrum abundance compared to those of qPCR, and the CV values were 18–72% and 28–76% lower than those of qPCR with respect to overall variation for alfalfa roots and stems, respectively (
Figure 8
).




Figure 7 | 
Influence of alfalfa root and stem extracts on quantification of V. nonalfalfae and V. albo-atrum by ddPCR and qPCR assays. Samples spiked with an equal amount of alfalfa root and stem extracts and genomic DNA. Error bars represent the standard error of inhibition between four replicates. Asterisks (*) indicate significantly (p < 0.05) different qPCR tests, compared to ddPCR.







Figure 8 | 
Precision experiments comparing the ddPCR and qPCR assays using CVs for the alfalfa root and stem samples (n=4).







4 Discussion

dPCR offers highly accurate and precise quantification by directly counting nucleic acid molecules and is commonly used as a reference measurement method to assign values for reference materials (Félix-Urquídez et al., 2016; Lee et al., 2022). In this study, we established a ddPCR assay to detect and quantify V. nonalfalfae and V. albo-atrum and compared its performance with that of the qPCR assay to investigate whether this method is more reliable for pathogen diagnosis. Overall, our data suggest that, compared to those of qPCR, ddPCR exhibits higher sensitivity, accuracy, and precision for the quantitative detection of the two fungi in field samples.

Due to sample partitioning and the end-point PCR approach, dPCR exhibits increased tolerance to suboptimal PCR reactions, such as PCR inhibitors in the samples (Dingle et al., 2013; Wang et al., 2022). In contrast, such inhibitory substances markedly influence the amplification efficiency of qPCR, introducing significant variations in its detection sensitivity and quantification accuracy (Bustin et al., 2009).

For the alfalfa field samples, ddPCR was more sensitive than qPCR for diagnosing V. nonalfalfae and V. albo-atrum at low abundances, although the two methods had similar LoD95% values when testing pure genomic DNA. We speculate that the existence of PCR-inhibitory substances in the matrix of the field samples might have been the primary cause of the reduced detection capability of qPCR; this is in agreement with previous observations (Maheshwari et al., 2017; Cao et al., 2020). Interestingly, compared to qPCR, ddPCR largely increased the AUC (from 0.76 to 0.90) for alfalfa stems, whereas for root samples, the difference between the two methods was less (0.86 versus 0.94). Alfalfa stems contain more polysaccharides, a type of amplification inhibitor, than roots do; therefore, the residual matrix inhibitors might have caused these discrepancies in detection sensitivity and diagnostic performance between pure genomic DNA and field samples.

A major advantage of dPCR over qPCR is that it enables absolute quantification without an external calibration curve, which facilitates the robustness of dPCR to variations in PCR efficiency (Sanders et al., 2011; Rački et al., 2014). In this study, the quantitative results of the positive field samples were highly concordant between methods; nevertheless, the concentrations determined by ddPCR were generally higher than those determined by qPCR, which was also found in previous studies (Maheshwari et al., 2017; Persson et al., 2018). Notably, the inhibition analysis showed that ddPCR was more tolerant to residual matrix for the quantification of targets compared with qPCR. Thus, we speculate that the interfering substances in field samples potentially markedly reduced the amplification efficiency of the qPCR, and caused the difference in PCR efficiency between the pure genomic DNA and samples, thereby resulting in the underestimation of the target concentrations (Corbisier et al., 2015). Additionally, the ddPCR assay showed appreciably decreased intra-experiment variability than those of qPCR for the most alfalfa stems and roots we examined. Hence, these strengths enable ddPCR to overcome the drawbacks of qPCR for quantitative detection in a reproducible manner.

Although this study did not further validate more target genes across multiple instruments with different sample types, our approach to ddPCR evaluation provides a valuable step toward ensuring accurate and reliable analytical and field performance for the quantitative monitoring of plant pathogens. Currently, the application of dPCR is limited, largely owing to its complicated operational workflow and high cost. Considering that these issues will likely improve with ongoing technological development, we consider that dPCR methods will play an increasingly important role in sensitive and accurate quantitative detection in various fields.



5 Conclusions

In conclusion, this study aimed to develop and validate a sensitive and accurate ddPCR assay to quantitatively detect V. nonalfalfae and V. albo-atrum. Our results demonstrate that the dPCR method is sensitive and robust for detecting field samples with low-titer pathogens and residual matrix inhibitors. Furthermore, it can provide an accurate and reproducible alternative to qPCR for diagnostic applications. Finally, dPCR is of higher metrological quality, which facilitates measurement standardization and can be used for inter-laboratory comparisons.
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  Two new species in Hymenochaetaceae, Fulvifomes acaciae and Pyrrhoderma nigra, are illustrated and described from tropical Asia and America based on morphology and phylogenetic analyses. F. acaciae is characterized by perennial, pileate, and woody hard basidiomata when fresh; ash gray to dark gray, encrusted, concentrically sulcate, and irregularly cracked pileal surface; circular pores of 7–8 per mm with entire dissepiments; a dimitic hyphal system in trama and context; absence of setal element and presence of cystidioles; and broadly ellipsoid, yellowish brown, thick-walled, and smooth basidiospores measuring 5–6 μm × 4–5 μm. P. nigra is characterized by perennial and resupinate basidiomata with dark gray to almost black pore surface when fresh; small and circular pores of 7–9 per mm, a monomitic hyphal system with generative hyphae simple septate, hyphoid setae dominant in subiculum but not in tube trama, and absence of cystidia; and ellipsoid, hyaline, thin-walled basidiospores measuring 4–5 μm × 3–3.6 μm. The differences between the new species and morphologically similar and phylogenetically related species are discussed. Keys to Fulvifomes and Pyrrhoderma have also been provided.



 Keywords: white rot, Hymenochaetaceae, polypore, taxonomy, wood-decaying fungi 

  1. Introduction.

 Fulvifomes is a monophyletic genus in Hymenochaetaceae (Wagner and Fischer, 2002; Wu et al., 2022). However, it has been treated as a synonym of Phellinus Quél. for several decades (Ryvarden and Johansen, 1980; Gilbertson and Ryvarden, 1986–1987a; Larsen and Cobb-Poulle, 1990; Núñez and Ryvarden, 2000). The genus is characterized by basidiomata annual to perennial, effused-reflexed; pileate or substipitate, corky to woody hard; hyphal system monomitic or dimitic; generative hyphae simple septate; setal elements absent; basidiospores subglobose to ellipsoid, yellowish to brown, fairly thick- to thick-walled, smooth; mostly on angiosperms and cause a white rot (Wu et al., 2022a). Recently, molecular analyses have detected new taxa in the genus (2015c; 2022b; Zhou, 2014; Ji et al., 2017; Salvador-Montoya et al., 2018; Wu et al., 2022a). So far, 49 species have been recorded in the genus (Wu et al., 2022a).

 Pyrrhoderma Imazeki is another monophyletic genus in Hymenochaetaceae (Wu et al., 2022a) and was erected with Pyrrhoderma sendaiense as the generic type by Imazeki (1966). The genus was emended by Zhou et al. (2018). It is characterized by basidiomata annual to perennial, effused-reflexed, pileate to laterally stipitate, corky to woody hard when dry; pileal surface with a cuticle or crust; hyphal system monomitic; generative hyphae simple septate; hyphoid and hymenial setae present or absent; basidiospores ellipsoid to subglobose, hyaline, thin-walled; on angiosperm wood and cause a white rot. Previously, seven species were accepted in Pyrrhoderma (Wu et al., 2022a).

The pioneer phylogeny of Hymenochaetaceae was made by Wagner and Fischer (2001) based on limited samples, and more phylogenetic analyses were contributed based on more samples (2015b; 2016a; 2016b; Dai, 2010; Zhou, 2015a; Rajchenberg et al., 2015; Wu et al., 2016, 2022; Miettinen et al., 2019). Phylogenies of Fulvifomes were recently analyzed, and many new species were described (Zhou, 2015c; Ji et al., 2017; Tchoumi et al., 2020; Hattori, et al., 2022). Pyrrhoderma is a small genus in Hymenochaetaceae, and Zhou et al. (2018) published a comprehensive phylogeny on the genus.

During an investigation on tropical Asian and American hymenochaetaceous fungi, samples with morphological characteristics fit definitions of Fulvifomes and Pyrrhoderma. Phylogenetically, these have formed two distinct lineages within Fulvifomes and Pyrrhoderma, respectively. Therefore, in the present paper, we described two new species in Hymenochaetaceae.


 2. Materials and methods.

 2.1. Morphological studies.

Our studied specimens have been deposited in the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC), the private herbarium of Josef Vlasák (JV), and the National Museum Prague of Czech Republic (PRM). The sections were prepared in 5% potassium hydroxide (KOH), Melzer’s reagent (IKI), and cotton blue (CB). The following abbreviations are used: KOH, 5% potassium hydroxide; IKI, Melzer’s reagent; IKI–, neither amyloid nor dextrinoid; CB, cotton blue; CB–, acyanophilous; CB+, cyanophilous after 12 h stained with cotton blue; L, mean spore length (arithmetic average of spores); W, mean spore width (arithmetic average of spores); Q, variation in the ratios of L/W between specimens studied; and n, number of basidiospores measured from a given number of specimens. The microscopic procedure follows Dai (2010), and the special color terms follow Petersen (1996) and Anonymous (1969). Sections were studied at magnifications up to ×1,000 using a Nikon Eclipse 80i microscope with phase contrast illumination. Drawings were made with the aid of a drawing tube. Microscopic features, measurements, and illustrations were made from the slide preparations stained with CB. Basidiospores were measured from sections cut from the tubes.


 2.2. DNA extraction, amplification, and sequencing.

The extraction of total genomic DNA from frozen specimens followed Góes-Neto et al. (2005) using the protocol of Cetyltrimethyl Ammonium Bromide (CTAB) 2%. The CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd., Beijing) was used to obtain PCR products from dried specimens, following the manufacturer’s instructions with some modifications (2016; Chen et al., 2015). The internal transcribed spacer (ITS) region was amplified with the primer pairs ITS5 and ITS4 (White et al., 1990). For the large subunit nuclear ribosomal RNA gene (nLSU), the primer pairs LR0R and LR7 (Vilgalys and Hester, 1990) and LR0R and LR5 (White et al., 1990) were used for PCR amplification. The PCR procedure for ITS was as follows: initial denaturation at 95°C for 3 min, followed by 34 cycles of denaturation at 94°C for 40 s, annealing at 54°C for 45 s, and extension at 72°C for 1 min, followed by a final extension at 72°C for 10 min. The PCR procedure for 28S was as follows: initial denaturation at 94°C for 1 min followed by 35 cycles at 94°C for 30 s, 50°C for 1 min, 72°C for 1.5 min, and a final extension of 72°C for 10 min. The PCR products were purified and directly sequenced at Beijing Genomics Institute. The sequence quality was checked following Nilsson et al. (2012).


 2.3. Phylogenetic analyses.

The phylogenetic trees were constructed using sequences obtained in this study and additional sequences downloaded from GenBank ( Tables 1 ,  2 ). Both ITS and 28S datasets were aligned within MAFFT version 7 (Katoh et al., 2019) and ClustalX (Thompson et al., 1997), followed by manual proofreading in BioEdit (Hall, 1999). Ambiguous regions were deleted, and gaps were manually adjusted to optimize alignment before phylogenetic analyses. Phellinus betulinus (Murrill) Parmasto and P. populicola Niemelä were used as outgroups in the phylogeny of Fulvifomes (Wu et al., 2022a;  Figure 1 ). Oxyporus populinus (Schumach.) Donk was used as an outgroup in the phylogeny of Pyrrhoderma (Zhou et al., 2018;  Figure 2 ). Each data matrix was edited in Mesquite version 3.70 (Maddison and Maddison, 2021).

 Table 1 | Taxa, voucher specimens, and GenBank accession numbers of sequences used in the phylogeny of Fulvifomes. 



 Table 2 | Taxa, voucher specimens, and GenBank accession numbers of sequences used in the phylogeny of Pyrrhoderma. 



 

Figure 1 | Maximum likelihood tree illustrating the phylogeny of Fulvifomes based on the combined dataset of ITS+28S sequences. Phellinus betulinus (MH856059; MH867554) and P. populicola (MH860960; MH872729) were used as outgroups. The maximum likelihood bootstrap values (≥50) and Bayesian posterior probability values (≥0.90) are indicated above the branches. The new species is in bold. 



 

Figure 2 | Maximum likelihood tree illustrating the phylogeny of Pyrrhoderma based on the combined dataset of ITS+28S sequences. Oxyporus populinus (KY131887; KT203323) was used as an outgroup. The maximum likelihood bootstrap values (≥50) and Bayesian posterior probability values (≥0.90) are indicated above the branches. The new species is in bold. 



Phylogenetic analyses were conducted using maximum likelihood (ML) and Bayesian Inference (BI) based on ITS+28S aligned datasets using RAxML version 8.2.12 (Stamatakis, 2014) and MrBayes version 3.2.6 (Ronquist et al., 2012). Sequence alignments were deposited at TreeBase (http://purl.org/phylo/treebase; submission ID 29762 and 29862).

GTR+I+G was estimated as the best-fit evolutionary model for the resulting alignments from these two datasets with jModelTest (Guindon and Gascuel, 2003; Posada, 2008). RAxML version 8.2.12 (Stamatakis, 2014) was applied in the ML analysis. All parameters in the ML analysis were kept at default settings.

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 1.5 million generations that were initiated using random trees. Trees were sampled every 100 generations. The first 25% of the 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).

The two methods constructed nearly congruent topologies for each alignment. Therefore, only the topology generated from the ML analysis is presented along with the bootstrap support for ML (BS) values and BPPs, simultaneously at the nodes. Phylogenetic trees were visualized using FigTree version 1.4.4 (Rambaut, 2018). Branches that received bootstrap support for ML (BS) and BPPs (≥75% for BS and 0.95 for BPPs) were considered as significantly supported.



 3. Results.

 3.1. Phylogeny.

Permission in the phylogenetic analysis of Fulvifomes ( Figure 1 ), 79 fungal collections representing 37 taxa of Fulvifomes were included in the phylogenetic analyses and two samples of genus Phellinus were used as outgroups. The final alignment comprised a total of 1,922 base pairs (bp), including 1,032 bp of ITS and 890 bp of 28S. The best model for the combined ITS+28S dataset was estimated and applied in the Bayesian analysis: GTR+I+G, lset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1). Bayesian analysis resulted in an average standard deviation of split frequencies as 0.009512. As both ML and BI trees resulted in similar topologies, only the topology from the ML analysis is presented along with statistical values from the ML (≥50%) and BPP (≥0.9) algorithms ( Figure 1 ).

In the phylogenetic analysis of Pyrrhoderma ( Figure 2 ), the ITS+28S sequences from 51 fungal collections representing 15 species were used. The final alignment comprised a total of 1,686 bp, including 814 bp of ITS and 872 bp of 28S. The best model for the combined ITS+28S dataset was estimated and applied in the Bayesian analysis: GTR+I+G, lset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1). Bayesian analysis resulted in an average standard deviation of split frequencies = 0.006184. Both ML and BI trees resulted in similar topologies; thus, only the topology from the ML analysis is presented along with statistical values from the ML (≥50%) and BPP (≥0.9) algorithms ( Figure 2 ).


 3.2. Taxonomy.

  Fulvifomes acaciae  Meng Zhou, Yuan & Vlasák, sp. nov.  Figures 3 ,  4 .

 

Figure 3 | A basidiomata of Fulvifomes acaciae (holotype, JV 2203/71-J). Scale bar: 1 cm. 



 

Figure 4 | Microscopic structures of Fulvifomes acaciae (JV 0312/23.4-J). (A) Basidiospores. (B) Basidia and basidioles. (C) Hyphae from context. (D) Hyphae from tube trama. 



MycoBank: MB xxxxxx

 Type. Costa Rica, Mt. Rincon, Guachipelin, on living tree of Acacia, March 2022, JV 2203/71-J (isotype, BJFC).

 Etymology. Acaciae (Lat.): referring to the species growing on Acacia.

 Fruiting body. Basidiomata perennial, pileate, solitary, without distinctive odor or taste and woody hard when fresh, light in weight when dry. Pilei ungulate, projecting up to 20 cm and 15 cm wide and 7 cm thick at base. Pileal surface ash gray to dark gray when dry, encrusted, rough, concentrically sulcate, irregularly cracked; pileal margin dark gray, obtuse. Pore surface umber, glancing; sterile margin distinct, fulvous, up to 3 mm wide; pores circular, 7–8 per mm; dissepiments thick, entire. Context fulvous, woody hard, zonate, up to 5 mm thick. Tubes concolorous with context, woody hard, up to 6.5 cm long, tube layers indistinctly stratified.

 Hyphal structure. Hyphal system dimitic in trama and context; generative hyphae simple septate; tissue becoming blackish brown in KOH.

 Context. Generative hyphae hyaline to pale yellow, thin- to thick-walled, rarely branched, frequently simple septate, 2–3 μm in diameter; skeletal hyphae dominant, yellowish to golden yellow, thick-walled with a narrow to wide lumen, unbranched, aseptate, more or less straight, regularly arranged, 3–4 μm in diameter.

 Tubes. Generative hyphae hyaline to pale yellow, thin- to slightly thick-walled, rarely branched, frequently simple septate, 2–3.5 μm in diameter; skeletal hyphae frequent, yellowish to golden yellow, thick-walled with a narrow to wide lumen, unbranched, aseptate, more or less straight, subparallel along tubes, 3–4.5 μm in diameter. Setae or setal hyphae absent; cystidioles absent; basidia barrel-shaped, with four sterigmata and a simple basal septum, 10–12 μm × 5–6 μm; basidioles in shape similar to basidia, slightly smaller than basidia. Big rhomboid crystals present in hymenia and trama.

 Spores. Basidiospores broadly ellipsoid, yellowish brown, thick-walled, smooth, some collapsed, IKI–, CB–, (4.9–)5–6(–6.1) μm × (3.9–)4–5(–5.1) μm, L = 5.26 μm, W = 4.35 μm, Q = 1.19–1.23 (n = 60/2).

 Additional specimen (paratype) examined. USA, Florida, Florida Keys, Key Largo, John Pennekamp Coral Reef State Park, December 2003, Josef Vlasák leg., on fallen trunk of Acacia, JV 0312/23.4-J (BJFC032898).

  Pyrrhoderma nigra  Meng Zhou, Yuan Yuan & Vlasák, sp. nov.  Figures 5 ,  6  

 

Figure 5 | A basidiomata of Pyrrhoderma nigra (MO 489730). Scale bar: 1 cm. 



 

Figure 6 | Microscopic structures of Pyrrhoderma nigra (holotype, Cui 8546). (A) Basidiospores. (B) Basidia and basidioles. (C) Hyphae from subiculum. (D) Hyphae from tube trama. 



MycoBank: MB xxxxxx.

 Type. China, Yunnan Province, Mengla County, Wangtianshu Forest Park, 2 November 2009, Bao-Kai Cui leg., on fallen angiosperm trunk, Cui 8546 (BJFC 007035).

 Etymology. Nigra (Lat.): referring to having black pore surface when fresh.

 Fruiting body. Basidiomata perennial, resupinate, firmly attached to the substrate, separable, up to 30 cm long, 16 cm wide and 8 mm thick at center, without odor or taste when fresh, woody hard and brittle when dry. Pore surface dark gray to almost black when fresh, becoming grayish brown when dry, glancing; sterile margin very narrow to almost absent, dark brown; pores mostly circular, 7–9 per mm; dissepiments thick, entire. Subiculum chestnut, woody hard, up to 3 mm thick. Tubes deep olive, woody hard to brittle, up to 3 mm long.

 Hyphal structure. Hyphal system monomitic; generative hyphae simple septate; tissue darkening but otherwise unchanged in KOH.

 Subiculum. Subicular hyphae yellowish to golden yellow, thick-walled with a wide lumen, occasionally branched, frequently simple septate, interwoven, some encrusted with fine crystals, 4–5.5 µm diameter; hyphoid setae dark brown, distinctly thick-walled with a narrow lumen, straight, apex obtuse and not encrusted, up to a few hundreds of µm long, 5–8 µm diameter.

 Tubes. Tramal hyphae pale yellowish to yellow, thin- to thick-walled with a wide lumen, gelatinized, frequently branched, frequently simple septate, parallel along the tubes, 3–4.5 µm diameter; hyphoid setae frequent, but not dominant, dark brown, distinctly thick-walled with a narrow lumen, straight, apex obtuse or pointed, and sometimes encrusted with fine hyaline crystals, frequently projecting out of hymenium, up to a few hundreds of micrometers long, 8–12 µm diameter; cystidia and cystidioles absent; basidia barrel-shaped, with four sterigmata and a simple septum at the base, 7–9 µm × 4–4.5 µm; basidioles more or less pyriform, slightly smaller than basidia.

 Spores. Basidiospores ellipsoid, hyaline, thin-walled, some with a big guttule, IKI–, CB–, 4–5 μm × 3–3.6(–4) μm, L = 4.43 µm, W = 3.34 µm, Q = 1.33 (n = 30/1).

 Additional specimens (paratypes) examined. China: Hainan Province, Ledong County, Jianfengling National Nature Reserve, on fallen angiosperm trunk, 1 June 2015, LWZ 20150601-1 (IFP 019170). Costa Rica, Golfito, Playa Cacao, 19.IV.2015, JV 1504/29 (JV), Playa Nicuesa, 18.IV.2017, JV 1704/41(JV). French Guiana, Roura, Camp Cayman, 27.VIII.2018, JV 1808/107 (BJFC032959), St. Laurent du Maroni, Gite Moutouchi, on fallen angiosperm trunk, 31.VIII.2022, JV 2208/97A-J. (JV, BJFC) Puerto Rico, Mayagüez, Miradero, Papaya House, on fallen mango trunk, 4.8.2022, Kurt Miller MO 489730 (JV, BJFC).



 4. Discussion.

Macromorphologically, Fulvifomes krugiodendri has perennial, solitary, ungulate basidiomata; its pileal surface is dark gray, encrusted, concentrically sulcate with narrow zones, cracked with age; its pores as 7–9 per mm with thick and entire dissepiments. Microscopically, it has a dimitic hyphal system in both context and tube trama. Morphologically, F. krugiodendri is similar to F. acaciae, and both species are also closely related in our phylogeny ( Figure 1 ). However, F. krugiodendri differs from F. acaciae by its subglobose basidiospores measuring 4.3–5 μm × 4–4.5 μm, L = 4.6 μm, W = 4.21 μm, Q = 1.08–1.09, interwoven tramal hyphae, and the absence of rhomboid crystals, and it lives on Krugiodendron (Ji et al., 2017). In addition, the nucleotide difference of ITS sequences between the two species is 3%.

Morphologically, Pyrrhoderma nigra is very similar to the resupinate Pyrrhoderma lamaoense (Murrill) L.W. Zhou & Y.C. Dai and P. sublamaensis (Lloyd) Y.C. Dai & F. Wu, but the latter two species have effused-reflexed to pileate basidiomata, the presence of cystidia, especially thinner basidiospores (2–2.4 μm vs. 3–3.6 µm, Wu et al., 2022). P. nigra and Pyrrhoderma thailandicum L. W. Zhou & Y.C. Dai share similar basidiospores (4–5 µm × 3–3.6 µm vs. 4–4.5 µm × 3–3.5 µm), but the latter differs from the former by annual basidiomata, bigger pores (3–5 per mm vs. 7–9 per mm) and the absence of setal elements.

Most species of Fulvifomes and Pyrrhoderma have been recorded in the tropics (Wu et al., 2022). The two new species described in the present study were found from tropical Asia and America. Similar to other polypores, species of Hymenochaetaceae is very rich in the tropics (Dai et al., 2021). So far, 50 and 8 species of Fulvifomes and Pyrrhoderma, respectively, have been identified, and identification keys to the species in the two genera are given below.

 Key to species of Fulvifomes  

1. Basidiocarps annual ..........................................................................2

1. Basidiocarps perennial .....................................................................5

2. Pores 4–5 per mm ....................F. indicus (Massee) L. W. Zhou

2. Pores 7–10 per mm ..........................................................................3

3. Basidiocarps resupinate; basidiospores ellipsoid...........................................F. rigidus (B.K. Cui & Y.C. Dai) X.H. Ji & Jia J. Chen

3. Basidiocarps pileate; basidiospores globose to subglobose......... 4

4. Pileal surface without a black cuticle; hyphal system dimitic........ F. aureobrunneus (J.E. Wright & Blumenf.) Y.C. Dai & F. Wu

4. Pileal surface with a black cuticle; hyphal system monomitic.............................F. luteoumbrinus (Romell) Y. C. Dai et al.

5. Chlamydospores present.................................................................. 6

5. Chlamydospores absent.....................................................................9

6. Basidiospores 5–8 µm long............................................................... 7

6. Basidiospores 4–5 µm long............................................................... 8

7. Pilei ungulate, tube layers separated by a thin context layer..... F. scaber (Berk.) Y.C. Dai & F. Wu

7. Pilei globose, tubes indistinctly stratified without context layer..........F. kravtzevii (Schwarzman) Y.C. Dai & F. Wu

8. Basidiocarps imbricate, pileal surface with a cuticle....................F. kawakamii (M.J. Larsen et al.) T. Wagner & M. Fisch.

8. Basidiocarps solitary, pileal surface without a cuticle.................F. durissimus (Lloyd) Bondartseva & S. Herrera

9. Basidiospores oblong-ellipsoid.......................................................10

9. Basidiospores ellipsoid, broadly ellipsoid, ovoid, subglobose or globose.......................................................................................................11

10. Pores 5–6 per mm; basidiospores 4.2–5.1 µm long....... F. collinus (Y.C. Dai & Niemelä) Y.C. Dai

10. Pores 7–8 per mm; basidiospores 3–3.6 µm long.......................F. fushanianus (T.T. Chang) Y.C. Dai & F. Wu

11. Tramal hyphae monomitic...........................................................12

11. Tramal hyphae dimitic..................................................................14

12. Basidiospores ellipsoid, <4 µm wide............................................F. caligoporus Y.C. Dai & X.H. Ji

12. Basidiospores ovoid or subgolobose, >4 µm wide....................13

13. Context without a granular core, pores 5–7 per mm.....F. lloydii (Cleland) Y.C. Dai & X.H. Ji

13. Context with a granular core, pores 3–4 per mm......................F. resinaceus (Kotl. & Pouzar) Y.C. Dai & F. Wu

14. Hyphae monomitic in context.....................................................15

14. Hyphae dimitic or subdimitic in context....................................25

15. Pileal surface uncracked................................................................16

15. Pileal surface cracked or rimose...................................................20

16. Hyphae at pileal surface with thin-walled and septate tips; on Newtonia buchananii; African species.................................F. newtoniae (Niemelä & Mrema) Y.C. Dai & F. Wu

16. Hyphae at pileal surface without thin-walled and septate tips; on an angiosperm other than Newtonia; Asian or American species............................17

17. Basidiospores >5.5 μm long...................................F. mangrovicus (Imazeki) T. Hatt.

17. Basidiospores <5.5 μm long..........................................................18

18. On Dracaena................................................F. dracaenicola Z.B. Liu & Y.C. Dai

18. On an angiosperm other than Dracaena....................................19

19. Pore surface not glancing; basidiospores CB+; Asian species.......F. subindicus Y.C. Dai & X.H. Ji

19. Pore surface glancing; basidiospores CB–; American species........F. floridanus Y.C. Dai & Vlasák

20. Pileal surface squamose with long scales.........F. squamosus Salvador-Montoya & Drechsler-Santos

20. Pileal surface glabrous or tomentose without long scales........21

21. Basidiospores globose, >5 µm wide...............................F. cedrelae (Murrill) Murrill

21. Basidiospores ovoid, broadly ellipsoid to subglobose, <5 µm wide..........................................................................................................22

22. Pileal surface with a black crust....................................................23

22. Pileal surface without crust...........................................................24

23. Pores 4–7 per mm; basidiospores 3–4 µm wide.................F. grenadensis (Murrill) Murrill

23. Pores 7–8 per mm; basidiospores 4–5 µm wide......................F. siamensis T. Hatt. et al.

24. Pore surface dull chocolate brown, pores 4–5 per mm................F. rimosus (Berk.) Fiasson & Niemelä

24. Pore surface yellowish to reddish brown, pores 7–8 per mm.....................F. robiniae (Murrill) Murrill

25. Pileal surface azonate.....................................................................26

25. Pileal surface concentrically zonate.............................................28

26. Basidiospores 4.5–6 μm wide........................................F. crocatus (Fr.) Y.C. Dai & F. Wu

26. Basidiospores 3–4 μm wide..........................................................27

27. Pore surface not glancing, pores 7–9 per mm...........F. azonatus Y.C. Dai & X.H. Ji

27. Pore surface glancing, pores 5–7 per mm................F. swieteniae Murrill

28. Pileal surface cracked.....................................................................29

28. Pileal surface uncracked................................................................37

29. Pores 7–11 per mm.........................................................................30

29. Pores 4–7 per mm...........................................................................32

30. Pilei triquetrous, pore surface dark brown, not glancing.........F. minutiporus (Bond. & Herrera) Y.C. Dai & F. Wu

30. Pilei ungulate, pore surface grayish brown to umber, glancing............31

31. Basidiospores subglobose, 4.3–5 μm × 4–4.5 μm......................F. krugiodendri Y.C. Dai et al.

31. Basidiospores subglobose broadly ellipsoid, 5–6 μm × 4–5 μm................................................................................................................................ F. acaciae 

32. Growing on Pseudocedrela or Elaeodendron; African species..............................................................................................33

32. Growing on an angiosperm other than Pseudocedrela and Elaeodendron; Asian and American species............................................34

33. Context with a black line; on Elaeodendron croceum...............F. elaeodendri Tchotet et al.

33. Context without a black line; on Pseudocedrela kotschyi.........F. yoroui Olou & F. Langer

34. Basidiospores mostly 5–6 μm wide......................F. coffeatoporus (Kotl. & Pouzar) Y.C. Dai & F. Wu

34. Basidiospores mostly 3.5–5 μm wide..........................................35

35. Pore surface not glancing; American species.............................F. nakasoneae Y.C. Dai & Vlasák

35. Pore surface glancing; Asian species...........................................36

36. Pileal surface matted, not encrusted; cystidioles absent...........F. xylocarpicola T. Hatt. et al.

36. Pileal surface encrusted; cystidioles present........F. thailandicus L.W. Zhou

37. Pores 3–4 per mm.................................F. hainanensis L.W. Zhou

37. Pores 4–11 per mm.........................................................................38

38. Cystidioles present.........................................................................39

38. Cystidioles absent...........................................................................41

39. A thin black line present........................................between context and substrate F. allardii (Bres.) Bondartseva & S. Herrera

39. A thin black line absent.................................................................40

40. Pores 4–5 per mm; basidiospores ellipsoid to reniform..........F. merrillii (Murrill) Baltazar & Gibertoni

40. Pores 6–7 per mm; basidiospores ellipsoid...........F. submerrillii X.H. Ji & Jia J Chen

41. Growing on Abies; context very thin to almost lacking............F. acontextus (Ryvarden) Y.C. Dai & F. Wu

41. Growing angiosperm wood; distinct context present..............42

42. Basidiocarps usually effused-reflexed to pileate........................43

42. Basidiocarps distinctly pileate......................................................44

43. Pileal surface dark brown to black; growing exclusively on Xylocarpus........................................................F. halophilus T. Hatt. et al.

43. Pileal surface luteous brown; growing on an angiosperm other than Xylocarpus..........................................F. mcgregorii (Bres.) Y.C. Dai

44. Basidiospores 5–6 µm long...........................................F. fastuosus (Lév.) Bondartseva & S. Herrera

44. Basidiospores 4–5 µm long...........................................................45

45. Basidiospores globose..............................................F. rhytiphloeus (Mont.) Camp.-Sant. & Robledo

45. Basidiospores broadly ellipsoid to subglobose..........................46

46. Pilei ungulate; basidiospores <3.7 μm wide...................F. jouzaii Y.C. Dai & F. Wu

46. Pilei applanate, dimidiate or semicircular; basidiospores >3.7 μm wide.........................................................................................................47

47. Pileal surface encrusted.................................................................48

47. Pileal surface not encrusted..........................................................49

48. Basidiospores 3.9–4.5 μm long; Central American species......F. centroamericanus Y.C. Dai et al.

48. Basidiospores 4.6–5.1 μm long; Asian species.......F. imbricatus L.W. Zhou

49. Pores 9–11 per mm..................F. costaricense Y.C. Dai & Vlasák

49. Pores 7–9 per mm.....................................F. nilgheriensis (Mont.) Bondartseva & S. Herrera

 Key to species of Pyrrhoderma  

1. Hyphoid setae absent.........................................................................2

1. Hyphoid setae present........................................................................3

2. Pores 5–6 per mm; basidiospores 6–7 μm long...........................P. adamantinum (Berk.) Imazeki

2. Pores 3–5 per mm; basidiospores 4–4.5 μm long........................P. thailandicum L.W. Zhou & Y.C. Dai

3. Pores 2–4 per mm; dissepiments lacerate...............P. luteofulvum (Cleland & Rodway) Y.C. Dai & F. Wu

3. Pores 6–9 per mm; dissepiments entire..........................................4

4. Hymenial setae present..............................................P. yunnanense L.W. Zhou & Y.C. Dai

4. Hymenial setae absent........................................................................5

5. Basidiocarps annual.....................................................P. hainanense L.W. Zhou & Y.C. Dai

5. Basidiocarps perennial.......................................................................6

6. Basidiospores 3–3.6 µm wide................................................P. nigra 

6. Basidiospores 2–2.4 μm wide............................................................7

7. Contextual hyphae interwoven, basidiospores oblong-ellipsoid, 3.2–4.3 μm long...............P. lamaoense (Murrill) L.W. Zhou & Y.C. Dai

7. Contextual hyphae regularly arranged, basidiospores ellipsoid, 2.6–3.3 μm long.....................P. sublamaensis (Lloyd) Y.C. Dai & F. Wu
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Leptoporus is a rare and remarkable genus, mainly occurring in coniferous forests in the Northern Hemisphere. Recent phylogenetic studies showed that Leptoporus belongs to Irpicaceae in the phlebioid clade. It is worth noting that most species in the phlebioid clade can cause white-rot decay, except for the Leptoporus species, which can cause a brown-rot decay. In this study, we performed phylogenetic and taxonomic studies of Leptoporus and related genera. Molecular phylogenetic analyses were conducted based on sequences from multiple loci including the internal transcribed spacer (ITS) regions, the large subunit of nuclear ribosomal RNA gene (nLSU), the largest subunit of RNA polymerase II gene (RPB1), the second largest subunit of RNA polymerase II gene (RPB2), and the translation elongation factor 1-α gene (TEF1). Combined with morphological characteristics, a new species, Leptoporus submollis sp. nov., is discovered and illustrated from Southwest China.




Keywords: brown-rot fungi, Irpicaceae, macro-fungi, multi-gene phylogeny, taxonomy



Introduction

Irpicaceae Spirin & Zmitr. was proposed by Spirin (2003) with Irpex Fr. as type genus. The great majority of the species in Irpicaceae, even in the phlebioid clade, can cause a white rot, except for Leptoporus mollis (Pers.) Quél., which causes a brown rot (Gilbertson and Ryvarden, 1986; Chen et al., 2021). This makes Leptoporus a remarkable genus, which has attracted many mycologists’ attention.

Leptoporus Quél. was established by Quél (1886), with L. mollis as type species, which was described as causing a brown rot on dead conifers and mainly distributed in the Northern Hemisphere (North America, Europe, and Asia) (Gilbertson and Ryvarden, 1986; Ryvarden and Gilbertson, 1993; Núñez and Ryvarden, 2001; Yu et al., 2004; Volobuev, 2019). In North America, L. mollis has been reported in boreal coniferous forests (Gilbertson and Ryvarden, 1986). In Europe, this species was considered as a rare species and needs to be protected (Ryvarden and Gilbertson, 1993; Volobuev, 2019). In Asia, this species has been reported from China and Japan and was also considered as a rare species (Núñez and Ryvarden, 2001; Yu et al., 2004). Previously, Leptoporus was placed in Polyporaceae Fr. ex Corda (Yu et al., 2004; Kirk et al., 2008). Subsequently, some phylogenetic studies showed that Leptoporus was embedded in the phlebioid clade (Binder et al., 2005; Lindner and Banik, 2008; Binder et al., 2013). In recent years, Leptoporus has been proven to belong to Irpicaceae and was closely related to Ceriporia Donk (Justo et al., 2017; Chen et al., 2021). Currently, although the databases Index Fungorum (http://www.indexfungorum.org/) and MycoBank (https://www.mycobank.org/) still record some Leptoporus species, only one species, L. mollis, is accepted in recent studies (Lindner and Banik, 2008; He et al., 2019; Chen et al., 2020; Chen et al., 2021).

During investigations on the diversity of polypores in the Hengduan Mountains of Southwest China, one undescribed species of Leptoporus was discovered. To confirm the affinity of the undescribed species corresponding to Leptoporus, phylogenetic analyses of Irpicaceae were carried out based on the combined sequences datasets of ITS+nLSU and ITS+nLSU+RPB1+RPB2+TEF1.



Materials and methods


Morphological studies

The examined specimens were mostly deposited at the herbarium of the Institute of Microbiology, Beijing Forestry University, China (BJFC), and some specimens were deposited at the Institute of Applied Ecology, Chinese Academy of Sciences, China (IFP). Macromorphological descriptions were based on the field notes and measurements of herbarium specimens. Special color terms followed Petersen (1996). Micromorphological data were obtained from the dried specimens and observed under a light microscope following Ji et al. (2022) and Sun et al. (2022). Sections were studied at a magnification up to ×1,000 using a Nikon Eclipse 80i microscope and phase-contrast illumination (Nikon, Tokyo, Japan). Drawings were made with the aid of a drawing tube. Microscopic features, measurements, and drawings were made from slide preparations stained with Cotton Blue and Melzer’s reagent. Spores were measured from sections cut from the tubes. To present variations in the size of basidiospores, 5% of measurements were excluded from each end of the range and extreme values are given in parentheses.

In the text, the following abbreviations were used: IKI, Melzer’s reagent; IKI–, neither amyloid nor dextrinoid; KOH, 5% potassium hydroxide; CB, Cotton Blue; CB–, acyanophilous; L, mean spore length (arithmetic average of all spores); W, mean spore width (arithmetic average of all spores); Q, variation in the L/W ratios between the specimens studied; n (a/b), number of spores (a) measured from given number (b) of specimens.



Molecular studies and phylogenetic analysis

A cetyl trimethylammonium bromide (CTAB) rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd., Beijing, China) was used to extract total genomic DNA from dried specimens, and the polymerase chain reaction (PCR) was performed according to the manufacturer’s instructions with some modifications as described by Cui et al. (2019) and Shen et al. (2019). The internal transcribed spacer (ITS) regions were amplified with primer pairs ITS5 and ITS4 (White et al., 1990). The large subunit of nuclear ribosomal RNA gene (nLSU) regions were amplified with primer pairs LR0R and LR7 (http://www.biology.duke.edu/fungi/mycolab/primers.htm). RPB1 was amplified with primer pairs RPB1-Af and RPB1-Cr (Matheny et al., 2002). RPB2 was amplified with primer pairs fRPB2-f5F and bRPB2-7.1R (Matheny, 2005). Part of TEF1 was amplified with primer pairs EF1-983F and EF1-1567R (Rehner, 2001).

The PCR cycling schedule for ITS and TEF1 included an initial denaturation at 95°C for 3 min, followed by 35 cycles at 94°C for 40 s, 54°C for ITS, 55°C for TEF1 for 45 s, 72°C for 1 min, and a final extension at 72°C for 10 min. The PCR cycling schedule for nLSU included an initial denaturation at 94°C for 1 min, followed by 35 cycles at 94°C for 30 s, 51°C for 1 min, 72°C for 1.5 min, and a final extension at 72°C for 10 min. The PCR cycling schedule for RPB1 and RPB2 included 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–57°C for 1.5 min, 72°C for 2 min, and a final extension of 72°C for 10 min. The PCR products were purified and sequenced at Beijing Genomics Institute (BGI), China, with the same primers. All newly generated sequences were deposited at GenBank (Table 1).


Table 1 | A list of species, specimens, and GenBank accession number of sequences used for phylogenetic analyses in this study.



Additional sequences were downloaded from GenBank (Table 1). All sequences of ITS, nLSU, RPB1, RPB2, and TEF1 were respectively aligned in MAFFT 7 (Katoh and Standley, 2013; http://mafft.cbrc.jp/alignment/server/) and manually adjusted in BioEdit (Hall, 1999). Alignments were spliced in Mesquite (Maddison and Maddison, 2017). The missing sequences and ambiguous nucleotides were both coded as “N.”

Most parsimonious phylogenies were inferred from the combined 2-gene dataset (ITS+nLSU) and 5-gene dataset (ITS+nLSU+RPB1+RPB2+TEF1), and their congruences 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. Phylogenetic analyses followed Sun et al. (2020). In phylogenetic reconstruction, the sequences of Phanerochaete albida Sheng H. Wu and P. alnea (Fr.) P. Karst. obtained from GenBank were used as outgroups to root trees following Liu et al. (2022c). Maximum parsimony (MP) analysis was applied to the combined multiple gene datasets, and the tree construction procedure was performed in PAUP* version 4.0b10. 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 (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. RAxmL v.7.2.8 was used to construct a maximum likelihood (ML) tree with a GTR+G+I model of site substitution including 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).

MrModeltest 2.3 (Posada and Crandall, 1998; Nylander, 2004) was used to determine the best-fit evolution model for the combined multigene dataset for Bayesian inference (BI). BI was calculated with MrBayes 3.1.2 with a general time-reversible (GTR) model of DNA substitution and a gamma distribution rate variation across sites (Ronquist and Huelsenbeck, 2003). Four Markov chains were run for two runs from random starting trees for 2.5 million generations (ITS+nLSU) and for 4 million generations (ITS+nLSU+RPB1+RPB2+TEF1), and trees were sampled every 100 generations. The first one-fourth generations were discarded as burn-in. A majority rule consensus tree of all remaining trees was calculated. Branches that received BT support for MP, ML, and Bayesian posterior probabilities (BPP) greater than or equal to 75% (MP and ML) and 0.95 (BPP) were considered as significantly supported. Trees were viewed in FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). Sequence alignment was deposited at TreeBase (submission ID: 29921; http://www.treebase.org).




Results


Phylogeny

The combined 2-gene (ITS+nLSU) sequences dataset had an aligned length of 1,556 characters, including gaps (655 characters for ITS, 901 characters for nLSU), of which 998 characters were constant, 78 were variable and parsimony-uninformative, and 480 were parsimony-informative. MP analysis yielded 14 equally parsimonious trees (TL = 2,272, CI = 0.386, RI = 0.760, RC = 0.294, HI = 0.614). The best model for the concatenate sequence dataset estimated and applied in the BI was GTR+I+G with equal frequency of nucleotides. ML analysis resulted in a similar topology as MP and Bayesian analyses, and only the ML topology is shown in Figure 1.




Figure 1 | Maximum likelihood tree illustrating the phylogeny of Irpicaceae based on the combined sequence dataset of ITS+nLSU. 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.



The combined 5-gene (ITS+nLSU+RPB1+RPB2+TEF1) sequences dataset had an aligned length of 4,234 characters, including gaps (655 characters for ITS, 901 characters for nLSU, 1,192 characters for RPB1, 1,019 characters for RPB2, 467 characters for TEF1), of which 2,327 characters were constant, 207 were variable and parsimony-uninformative, and 1,700 were parsimony-informative. MP analysis yielded 33 equally parsimonious trees (TL = 10,223, CI = 0.332, RI = 0.665, RC = 0.221, HI = 0.668). The best model for the concatenate sequence dataset estimated and applied in the BI was GTR+I+G with equal frequency of nucleotides. ML analysis resulted in a similar topology as MP and Bayesian analyses, and only the ML topology is shown in Figure 2.




Figure 2 | Maximum likelihood tree illustrating the phylogeny of Irpicaceae based on the combined sequence dataset of ITS+nLSU+RPB1+RPB2+TEF1. 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.



The combined datasets of ITS+nLSU and ITS+nLSU+RPB1+RPB2+TEF1 contained sequences obtained from 74 fungal samples representing 45 taxa within the phlebioid clade (Figures 1, 2). The phylogenetic trees (Figures 1, 2) generated by MP, ML, and Bayesian analyses show that the new species Leptoporus submollis grouped with L. mollis with strong support (100% MP, 100% ML, 1.00 BPP; Figures 1, 2) within Irpicaceae.



Taxonomy

Leptoporus Quél., Enchiridion Fungorum in Europa media et praesertim in Gallia Vigentium: 175, 1886.

Type species: L. mollis (Pers.) Quél.

MycoBank: MB 17951

Basidiomata annual, effused-reflexed to pileate or resupinate, soft corky to corky or fragile. Pileal surface pale vinaceous to milky coffee, azonate, glabrous to tomentose. Pore surface flesh pink to snuff brown; pores circular to angular. Context pinkish buff to buff, corky. Tubes concolorous with pore surface, corky. Hyphal system monomitic; generative hyphae simple-septate, IKI–, CB–. Cystidia absent, cystidioles present. Basidiospores allantoid, cylindrical to oblong-ellipsoid, hyaline, thin-walled, smooth, IKI–, CB–. Causing a brown rot.

Specimen examined: L. mollis. BELARUS. Brestskaya Voblasts, Belavezhskaya Pushcha National Park, on stump of Picea sp., 19 October 2019, Dai 21062 (BJFC 032721). CHINA. Heilongjiang, Yichun, Fenglin Nature Reserve, on fallen trunk of Picea sp., 5 August 2000, Penttilä 13266 (IFP 014914). FINLAND. Koillissmaa, Oulanka National Park, on rotten wood of Picea sp., 17 September 1997, Dai 2674 (IFP 014915).

Leptoporus submollis B.K. Cui & Shun Liu, sp. nov. (Figures 3, 4)




Figure 3 | Basidiocarps of Leptoporus submollis (Cui 17514) (scale bar = 1.5 cm). Photo by Bao-Kai Cui.






Figure 4 | Microscopic structures of Leptoporus submollis (drawn from the holotype). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidioles. (D) Hyphae from trama. (E) Hyphae from context. Scale bar: A = 5 µm; B–E = 10 µm. Drawings by Shun Liu.



MycoBank: MB 840366

Diagnosis. L. submollis is characterized by its pale vinaceous to pale reddish pileal surface when fresh, becoming grayish brown to milky coffee upon drying, flesh pink to brownish vinaceous pore surface when fresh, becoming isabelline to snuff brown when dry, circular to angular pores (4–6 per mm) and cylindrical to oblong-ellipsoid basidiospores (4–4.8 μm × 1.8–2.3 μm).

Type. CHINA. Sichuan Province, Yanyuan County, on stump of Pinus yunnanensis, elevation 3,100 m, 15 August 2019, Cui 17514 (holotype, BJFC 034373).

Etymology. “submollis” (Lat.) refers to the new species is similar to L. mollis in morphology.

Fruiting body. Basidiomata annual, effused-reflexed to pileate, solitary, soft corky, without odor or taste when fresh, corky and light in weight when dry. Pileus semicircular or irregular, projecting up to 2.5 cm, 5 cm wide, and 2 cm thick at base. Pileal surface pale vinaceous to pale reddish when fresh, becoming grayish brown to milky coffee upon drying, glabrous. Pore surface flesh pink to brownish vinaceous when fresh, becoming isabelline to snuff brown when dry; sterile margin narrow to almost lacking; pores circular to angular, 4–6 per mm; dissepiments slightly thick to thick, entire to lacerate. Context pinkish buff to buff, corky, up to 10 mm thick. Tubes concolorous with pore surface, corky, up to 6 mm long.

Hyphal structure. Hyphal system monomitic; generative hyphae simple-septate, IKI–, CB–; tissues unchanged in KOH.

Context. Generative hyphae hyaline, thin- to slightly thick-walled, occasionally branched, interwoven, 3.5–8.5 μm in diameter.

Tubes. Generative hyphae hyaline, thin- to slightly thick-walled, occasionally branched, 2–5 μm in diameter. Cystidia absent; fusoid cystidioles present, hyaline, thin-walled, 11–17 μm × 2–4 μm. Basidia clavate, bearing four sterigmata and a basal simple-septum, 12–20 μm × 3–5 μm; basidioles dominant, in shape similar to basidia, but smaller.

Spores. Basidiospores cylindrical to oblong-ellipsoid, hyaline, thin-walled, smooth, occasionally with 1–3 small oily inclusions, IKI–, CB–, 4–4.8 μm × 1.8–2.3 μm, L = 4.46 μm, W = 2.06 μm, Q = 2.02–2.13 (n = 90/3).

Type of rot. Brown rot.

Additional specimens examined. CHINA. Sichuan Province, Muli County, on stump of Pinus yunnanensis, elevation 3,050 m, 16 August 2019, Cui 17584 (paratype, BJFC 034443). Xizang Autonomous Region (Tibet), Linzhi, on living gymnosperm tree, elevation 3,100 m, 18 July 2019, Dai 20182 (paratype, BJFC 031853); Mangkang County, on stump of Abies sp., elevation 3,900 m, 8 September 2020, Cui 18379 (paratype, BJFC 035238).




Discussion

Decay mode is one of the most stable characteristics in Polyporales and has been used as the basis for distinguishing genera (Gilbertson and Ryvarden, 1986; Ryvarden, 1991). Among the Polyporales, nearly all of the brown-rot fungi species are clustered in the antrodia clade, which have been widely studied in recent years (Ortiz-Santana et al., 2013; Han et al., 2014; Shen et al., 2014; Song et al., 2014; Han et al., 2015; Han and Cui, 2015; Shen et al., 2015; Chen et al., 2015; Han et al., 2016; Chen and Cui, 2016; Song and Cui, 2017; Song et al., 2018; Shen et al., 2019; Liu et al., 2019; Liu et al., 2021a; Liu et al., 2021b; Liu et al., 2022a; Liu et al., 2022b; Liu et al., 2022d). In the phlebioid clade, most species can produce white-rot decay, with one notable exception, L. mollis, which can produce brown-rot decay (Binder et al., 2013; Chen et al., 2021). This result suggests that brown-rot fungi may have evolved more than once in Polyporales (Floudas and Hibbett, 2015).

In the present study, the phylogenetic analyses of Irpicaceae are inferred from the combined datasets of ITS+nLSU sequences (Figure 1) and ITS+nLSU+RPB1+RPB2+TEF1 sequences (Figure 2). The results show that the genera of Ceriporia and Leptoporus grouped together and formed a highly supported lineage (Figures 1, 2). Morphologically, Ceriporia spp. differs by possessing resupinate basidiomata, absence of cystidioles, and causing a white decay of wood (Chen et al., 2020; Chen et al., 2022). Therefore, Ceriporia and Leptoporus are treated as independent genera in Irpicaceae (Chen et al., 2020; Chen et al., 2021).

In our current phylogenetic analyses, L. mollis and L. submollis grouped together and formed a well-supported lineage (Figures 1, 2). Morphologically, L. mollis may be confused with L. submollis by possessing annual growth habit, soft to corky basidiomata when fresh, and monomitic hyphal system with simple-septate generative hyphae, while L. mollis differs in having larger pores (2–4 per mm), narrower contextual generative hyphae (3–4 μm), and larger basidiospores (4.7–6 μm × 1.6–2.1 μm; Yu et al., 2004). Geographically, L. mollis has been reported in Asia, Europe, and North America (Gilbertson and Ryvarden, 1986; Ryvarden and Gilbertson, 1993; Núñez and Ryvarden, 2001; Yu et al., 2004). Yu et al. (2004) reported Leptoporus in China for the first time, which is distributed in Heilongjiang Province of China. In their study, the morphological characteristics of the studied specimens fit well with L. mollis. Therefore, there are two species of Leptoporus in China, viz., L. mollis is distributed in Northeast China, while L. submollis is distributed in Southwest China. In terms of ecological habits, Leptoporus species mainly grow on fallen trunk or stump of various coniferous trees (especially on Abies sp., Picea sp., and Pinus sp.) in the alpine plateau and cold temperate zone and cause a brown decay of wood.


Nomenclature

BI, Bayesian inference; BJFC, Herbarium of the Institute of Microbiology, Beijing Forestry University; BGI, Beijing Genomics Institute; BPP, Bayesian posterior probabilities; BT, bootstrap; CB, Cotton Blue; CB–, acyanophilous; GTR+I+G, general time reversible+proportion invariant+gamma; IFP, Herbarium of the Institute of Applied Ecology, Chinese Academy of Sciences; IKI, Melzer’s reagent; IKI–, neither amyloid nor dextrinoid; ILD, incongruence length difference test; ITS, internal transcribed spacer; KOH, 5% potassium hydroxide; L, mean spore length (arithmetic average of all spores); ML, maximum likelihood; MP, maximum parsimony; MPT, most parsimonious tree; n (a/b), number of spores (a) measured from given number (b) of specimens; nLSU, large subunit of nuclear ribosomal RNA; Q, variation in the L/W ratios between the specimens studied; RPB1, DNA-directed RNA polymerase II subunit 1; RPB2, DNA-directed RNA polymerase II subunit 2; TL, tree length; W, mean spore width (arithmetic average of all spores); CI, consistency index; RI, retention index; RC, rescaled consistency index; TBR, tree-bisection-reconnection HI, homoplasy index; TEF1, translation elongation factor 1-α.
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Two new corticioid fungi in the family Phanerochaetaceae, Phanerochaete shenghuaii and Rhizochaete variegata, are described and illustrated from Southwest China based on morphological characteristics and molecular data. Phanerochaete shenghuaii is characterized by annual, effused, inseparable basidiocarps from substrate, ivory white to cream hymenial surface when juvenile, buff to yellowish brown with age, buff in KOH, a monomitic hyphal system, smooth cystidia, and ellipsoid basidiospores measuring 4.8–6 × 2.5–3.8 µm. Rhizochaete variegata is characterized by annual, effused, easily separable basidiocarps from substrate, buff-yellow to clay-pink fresh hymenial surface becoming cream to buff upon drying, violet in KOH, a monomitic hyphal system, encrusted cystidia, and ellipsoid basidiospores measuring 3–4 × 2.2–3 µm. The phylogenetic analyses based on ITS + nLSU rDNA sequences confirm the placement of the two new species, respectively, in the Phanerochaete clade and the Rhizochaete clade of Phanerochaetaceae. Phylogenetically related and morphologically similar species to these two new species are discussed.
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Introduction

A phlebioid clade is a large group of Polyporales, comprising three families (Phanerochaetaceae Jülich, Irpicaceae Spirin & Zmitr., and Meruliaceae Rea), which accommodates massive corticioid fungi (Wu et al., 2010; Dai, 2011; Justo et al., 2017; He et al., 2019). Most members of the phlebioid clade are saprotrophs on dead wood, causing white rot, which plays an essential role in the maintenance of forest ecosystems (Justo et al., 2017; Ryvarden and Melo, 2017). However, compared with the antrodia and core polyporoid fungi in Polyporales, the phlebioid clade, especially corticioid fungi, has not been intensively studied, with some corticioid genera being known as paraphyletic or polyphyletic, and their members are scattered in different lineages, not fully consistent with the morphological features (Ortiz-Santana et al., 2013; Justo et al., 2017; Cui et al., 2019).

Phanerochaete P. Karst., established based on P. velutina (DC.) P. Karst., is the largest corticioid genus with more than 100 described species in Phanerochaetaceae (Burdsall, 1985; Kirk et al., 2008; Wu et al., 2010; Ghobad-Nejhad et al., 2015). The genus has a worldwide distribution and is characterized by white-rot, resupinate, and membranaceous basidiocarps; smooth or tuberculate hymenial surface; a monomitic hyphal system; generative hyphae mostly simple septate; the presence of smooth or encrusted cystidia; and thin-walled, non-amyloid, and acyanophilous basidiospores (Wu, 2000; Wu et al., 2010; Floudas and Hibbett, 2015; Ghobad-Nejhad et al., 2015). The diversity and taxonomy of Phanerochaete s.l. in China have been studied for 30 years (Wu, 1990; Wu, 1995; Wu, 1998; Wu, 2000; Wu, 2004; Wu, 2007; Xiong and Dai, 2009; Wu et al., 2010; Ghobad-Nejhad et al., 2015; Liu and He, 2016; Chen et al., 2018; Wu et al., 2018a; Wu et al., 2018b). Early studies focused on fungi of Taiwan Province and were mostly based solely on morphology. Recent studies have confirmed that the genus is highly polyphyletic and its species are distributed throughout the phlebioid clade, comprising a number of Phanerochaete species assembled in a highly supported clade, referred to as the core Phanerochaete clade, containing the type P. velutina (Wu et al., 2010; Floudas and Hibbett, 2015; Justo et al., 2017; Chen et al., 2021).

Rhizochaete is a small genus introduced by Greslebin et al. (2004), based on R. brunnea Gresl. et al., as a segregate of Phanerochaete, differing mainly by the reaction of basidiocarps and rhizomorphs (hyphal cords) with KOH: basidiocarps of Rhizochaete become red or violet in KOH, while they keep unchanged in Phanerochaete. Rhizochaete is characterized by resupinate, loosely adnate basidiocarps, with smooth to tuberculate hymenophore, usually turning red to violet in KOH, a monomitic hyphal system with simple septa or clamp connections, cylindrical to ellipsoid basidiospores, usually non-amyloid and acyanophilous (Nakasone et al., 2017; Gu and Zhao, 2021). Since Rhizochaete was erected, the number of newly named species is increasing continuously. Based on studying the parenthesome structure of some corticioid fungi, Bianchinotti et al. (2005) reported that three Rhizochaete species had perforate septal dolipore caps or parenthesomes. Nakasone et al. (2017) described a new species of Rhizochaete from Belize and transferred three additional species to the genus based on morphological and molecular data. Gu and Zhao (2021) reported two new species based on a combination of morphological features and molecular evidence. So far, approximately 17 species have been accepted in Rhizochaete worldwide (Greslebin et al., 2004; Chikowski et al., 2016; Nakasone et al., 2017; Gu and Zhao, 2021). Recently, a family-level classification of Polyporales or phlebioid fungi has shown that the genus Rhizochaete nested within Phanerochaetaceae, grouped with Hapalopilus P. Karst., Phaeophlebiopsis Floudas & Hibbett, and Phlebiopsis Jülich (Greslebin et al., 2004; Wu et al., 2010; Ghobad-Nejhad et al., 2015; Chen et al., 2021; Zhao et al., 2021).

During investigations on the diversity of wood-rotting fungi from China, four unknown corticioid specimens were collected from Southwest China, and their morphology corresponded to the concepts of Phanerochaete and Rhizochaete. To confirm their affinity, phylogenetic analyses based on the internal transcribed spacer (ITS) and nLSU rDNA sequences were carried out. Both morphological characteristics and molecular evidence demonstrated that these four corticioid specimens represent two new species of Phanerochaetaceae. So, we describe them in the present paper.



Materials and methods


Morphological studies

The studied specimens are deposited in the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC). Macro-morphological descriptions are based on field notes and measurements of herbarium specimens. Micro-morphological data and drawings are obtained from the dried specimens and observed under a light microscope following Chen et al. (2021) and Wu et al. (2022b). Color terms followed Petersen (1996). Sections were studied at a magnification up to ×1,000 using a Nikon Eclipse 80i microscope with phase contrast illumination (Nikon, Tokyo, Japan). Drawings were made with the aid of a drawing tube. Microscopic features, measurements, and drawings were made from slide preparations stained with Cotton Blue and Melzer’s reagent. Basidiospores were measured from sections cut from the hymenophore. To present the variation of basidiospores size, 5% of measurements were excluded from each end of the range and are given in parentheses. The following abbreviations are used: IKI = Melzer’s reagent; IKI− = neither amyloid nor dextrinoid; KOH = 5% potassium hydroxide; CB = Cotton Blue; CB− = acyanophilous; L = arithmetic average of all basidiospores length; W = arithmetic average of all basidiospores width; Q = variation in the L/W ratios between the specimens studied, (n = x/y) = the number of basidiospores (x) measured from a given number of specimens (y).



DNA extraction and sequencing

A cetyltrimethylammonium bromide (CTAB) rapid plant genome extraction kit (Aidlab Biotechnologies, Co., Ltd., Beijing, China) was used to extract DNA (Wu et al., 2020). The following primer pairs were used to amplify the DNA: ITS5 (5′‐GGA AGT AAA AGT CGT AAC AAG G‐3′) and ITS4 (5′‐TCC TCC GCT TAT TGATAT GC‐3′) for the ITS regions (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 (nLSU) (Vilgalys and Hester, 1990). The PCR products were purified with a Gel Extraction and PCR Purification Combo Kit (Spin-column) at Beijing Genomics Institute (BGI), China. The purified products were then sequenced on an ABI-3730-XL DNA Analyzer (Applied Biosystems, Foster City, CA, USA) using the same primers as in the original PCR amplifications. All newly generated sequences were submitted to GenBank and are listed in Table 1.


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





Phylogenetic analyses

New sequences, deposited in GenBank (http://www.ncbi.nlm.nih.gov/genbank/) (Table 1), were aligned with additional sequences retrieved from GenBank (Table 1) using BioEdit 7.0.5.3 (Hall, 1999) and ClustalX 1.83 (Thompson et al., 1997), followed by manual adjustment. Sequence alignment was deposited at TreeBase (http://purl.org/phylo/treebase/; submission ID 29897). Sequences of Bjerkandera adusta (Willd.) P. Karst. and B. centroamericana Kout et al. were used as outgroups (Chen et al., 2021). Maximum likelihood (ML) and Bayesian inference (BI) methods were used for the phylogenetic analysis. The GTR + I + G model was estimated as the best-fit evolutionary model by PhyloSuite 1.2.2 (Zhang et al., 2020) using the Akaike information criterion. The ML analysis was carried out with RAxML 8.2.12 (Stamatakis, 2006; Silvestro and Michalak, 2012), and the BI tree reconstruction was carried out with MrBayes 3.2.5 (Ronquist et al., 2012). Four Markov chains were run for two runs from random starting trees for 10 million generations, and trees were sampled every 1,000 generations. The burn-in was set to discard 25% of the trees. A majority rule consensus tree of all the remaining trees was calculated. Branches that received bootstrap support for ML and Bayesian posterior probabilities (BPP) greater than or equal to 75% (ML) and 0.95 (BPP) were considered as significantly supported.




Results


Phylogeny

The ITS + nLSU dataset included 155 fungal collections representing 101 taxa of the family Phanerochaetaceae. PhyloSuite suggested GTR + I + G to be the best-fit models of nucleotide evolution for BI. Bayesian analysis resulted in a concordant topology with an average standard deviation of split frequencies = 0.006701. The ML and BI analyses resulted in nearly identical topologies, and thus, only the ML tree is presented with the ML and BPP when they were greater than or equal to 50% and 0.90, respectively.

The phylogram inferred from ITS + nLSU sequences within the family Phanerochaetaceae highlighted two undescribed species nested in Phanerochaete and Rhizochaete, respectively. Phanerochaete shenghuaii formed an independent lineage with a robust support (ML = 99, BPP = 1.0) and stably nested within the core Phanerochaete clade. Rhizochaete variegata clustered in Rhizochaete clade with high support (ML = 99, BPP = 1.0) and grouped with Rhizochaete radicata (Henn.) Gresl. et al. and R. grandinosa C.L. Zhao & Z.R. Gu.



Taxonomy

Phanerochaete shenghuaii Q.Y. Zhang, Y.C. Dai & Jing Si, sp. nov., Figures 1, 2




Figure 1 | Basidiocarps of Phanerochaete shenghuaii (holotype, Dai 24610). (A) In situ. (B) Detailed view of the margin. (C) Reaction with KOH. Scale bars: (A) = 1 cm, (B) = 2 mm, (C) = 0.5 cm.






Figure 2 | Microscopic structures of Phanerochaete shenghuaii (drawn from the holotype, Dai 24610). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidia. (D) A vertical section of the subiculum. (E) A vertical section of the hymenium.



MycoBank: 847200

Type — China, Yunnan Province, Zhaotong, Daguan County, Huanglianhe Scenic Spot, on fallen liana branch, 16 July 2022, Dai 24610 (holotype, BJFC038931).

Etymology — Shenghuaii (Lat.): In honor of Professor Sheng-Hua Wu, the Chinese mycologist.

Basidiocarps — Annual, effused, adnate, inseparable from substrate, membranaceous to subceraceous, up to 2.5 cm long, 1.5 cm wide, and 0.2 mm thick in section. Hymenial surface ivory white to cream when juvenile, buff to yellowish brown with age, buff in KOH, smooth, uncracked; margin concolorous with hymenial surface, thinning out, usually rhizomorphic.

Hyphal structure — Hyphal system monomitic; generative hyphae mostly simple septate, occasionally with clamp connections in subiculum, IKI−, CB−; tissue unchanged in KOH.

Subiculum — Subicular hyphae hyaline, slightly thick-walled, frequently simple septate, occasionally with clamp connections, frequently branched, usually strongly encrusted with crystal granules, interwoven, 3–5 μm in diameter.

Hymenophore — Subhymenial hyphae hyaline, thin-walled, smooth, simple septate, frequently branched, interwoven, 2.5–5 μm in diameter; cystidia smooth, immersed or projecting from hymenium, narrowly fusiform or clavate with pointed tips, hyaline, thin-walled, smooth, with a simple septum at the base, 18–35 × 3–5 µm; basidia clavate, with a basal simple septum and four sterigmata, 22–30 × 4–5 µm; basidioles similar to basidia in shape, but slightly smaller.

Basidiospores — Ellipsoid with a distinct apiculus, hyaline, thin-walled, smooth, occasionally with one or two guttules, IKI−, CB−, (4.5–)4.8–6(–6.4) × 2.5–3.8(–4) µm, L = 5.26 µm, W = 3.01 µm, Q = 1.71–1.79 (n = 60/2).

Additional specimen (paratype) examined — China, Yunnan Province, Zhaotong, Daguan County, Huanglianhe Scenic Spot, on fallen angiosperm branch, 16 July 2022, Dai 24609 (BJFC038930).

Rhizochaete variegata Q.Y. Zhang, Y.C. Dai & Jing Si, sp. nov., Figures 3, 4




Figure 3 | Basidiocarps of Rhizochaete variegata (holotype, Dai 24600). (A) In situ. (B) Detailed view of the margin. (C) Reaction with KOH. Scale bars: (A) = 1 cm, (B) = 1 mm, (C) = 0.5 cm.






Figure 4 | Microscopic structures of Rhizochaete variegata (drawn from the holotype, Dai 24600). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidia. (D) A vertical section of the subiculum. (E) A vertical section of the hymenium.



MycoBank: 847201

Type — China, Guizhou Province, Zunyi, Suiyang County, Kuankuoshui Nature Reserve, on fallen angiosperm trunk, 07 July 2022, Dai 24600 (holotype, BJFC038928).

Etymology — Variegata (Lat.): referring to the species having variable cystidia.

Basidiocarps — Annual, effused, loosely adnate, easily separable from substrate, membranaceous, soft, fragile, up to 9 cm long, 3.5 cm wide, and 1 mm thick in section. Hymenial surface buff-yellow to clay-pink when fresh, cream to buff upon drying, violet in KOH, smooth or locally tuberculate, occasionally cracked; margin darker or concolorous with hymenial surface, thinning out, usually rhizomorphic.

Hyphal structure — Hyphal system monomitic; generative hyphae simple septate, IKI−, CB−; tissue unchanged in KOH.

Subiculum — Subicular hyphae hyaline, slightly thick-walled, simple septate, rarely branched, bearing abundant crystal granules, strongly interwoven, 3.5–6 μm in diameter.

Hymenophore — Subhymenial hyphae hyaline, slightly thick-walled, smooth, simple septate, more or less regularly arranged, 3–5 μm in diameter. Hymenium contains a dense palisade of cystidia and basidia, IKI−, CB−; cystidia numerous, immersed or projecting from hymenium, clavate, subfusiform or subulate with an obtuse apex, hyaline, slightly thick-walled, some with thin-walled apex, with a simple septum at the base, some apically or centrally encrusted, 28–52 × 5–8 µm; basidia narrowly clavate, with a basal simple septum and four sterigmata, 30–45 × 4–5 µm; basidioles similar to basidia in shape, but slightly smaller.

Basidiospores — Ellipsoid with a distinct apiculus, hyaline, thin-walled, smooth, occasionally with one or two small guttules, IKI−, CB−, 3–4(–4.2) × (2–)2.2–3(–3.2) µm, L = 3.61 µm, W = 2.72 µm, Q = 1.27–1.38 (n = 60/2).

Additional specimen (paratype) examined — China, Guizhou Province, Zunyi, Suiyang County, Kuankuoshui Nature Reserve, on fallen angiosperm trunk, 07 July 2022, Dai 24601 (BJFC038929).




Discussion

Southwest China has a complex topography and geography, luxuriant vegetation, and virgin forests and has highly variable weather including tropical, subtropical, and alpine climates, thus providing a favorable region for the growth and reproduction of higher fungi (Yuan and Dai, 2008; Dai et al., 2021; Wu et al., 2022a). The extremely high fungal diversity in this area has attracted much attention from mycologists both at home and abroad (Feng and Yang, 2018). It is worth noting that the two new corticioid species P. shenghuaii and R. variegata were collected from Northeast Yunnan and Northwest Guizhou, respectively, and the type locality of the two new species is in a typical subtropical climate.

Phanerochaete shenghuaii is characterized by white to cream basidiocarps with rhizomorphic margin, encrusted subicular hyphae, and smooth cystidia. Morphologically, three species, Phanerochaete rhizomorpha C.C. Chen et al., P. leptocystidiata Y.L. Xu & S.H. He, and P. sinensis Y.L. Xu et al., are similar to P. shenghuaii by sharing similar basidiocarps, rhizomorphic margin, and smooth cystidia. However, P. rhizomorpha is described from Taiwan Province, China, and differs from P. shenghuaii by its subcapitate to cylindrical cystidia with obtuse apices and smaller basidiospores (3.9–5.3 × 2.1–3 μm vs. 4.8–6 × 2.5–3.8 µm, Chen et al., 2021). Phanerochaete leptocystidiata is widely distributed in South China and differs from P. shenghuaii by its basidiocarps easily separable from substrate and longer cystidia (30–70 μm in length vs. 18–35 µm in length, Xu et al., 2020). Phanerochaete sinensis is distinguished from P. shenghuaii in having longer cystidia (35–50 µm in length vs. 18–35 µm in length) and smaller basidiospores (4–5 × 2–2.5 μm vs. 4.8–6 × 2.5–3.8 µm, Xu et al., 2020).

In addition, the diversity of flora of seed plants and the distinctly diverse climates in Yunnan Province both contribute to the suitable substrates and environments for Phanerochaete species. Recently, a large number of Phanerochaete species have been found in Yunnan Province (Xiong and Dai, 2009; Wu et al., 2010; Xu et al., 2020; Chen et al., 2021; Wang and Zhao, 2021). Among them, Phanerochaete yunnanensis Y.L. Xu & S.H. He is similar to P. shenghuaii by growing on dead liana and fallen angiosperm branches but differs by grandinioid basidiocarps and the absence of cystidia. Phanerochaete pruinose C.L. Zhao and D.Q. Wang is similar to P. shenghuaii by sharing white and smooth hymenophore, but differs by lacking cystidia and having thinner basidiospores (1.5–2.7 μm in width vs. 2.5–3.8 µm in width, Wang and Zhao, 2021). It is still noteworthy that P. rhizomorpha C.L. Zhao and D.Q. Wang described from Yunnan Province is an invalid name, attributed to the priority of P. rhizomorpha C.C. Chen et al. (Chen et al., 2021; Wang and Zhao, 2021). In addition, the two taxa represent two independent species according to their distinctive DNA sequences and morphology.

Our phylogenetic analysis demonstrates that Rhizochaete is monophyletic with a low support and clusters as a sister clade to Hapalopilus, Phaeophlebiopsis, and Phlebiopsis. Two specimens of R. variegata form a lineage with a strong support (ML = 99, BPP = 1.0, Figure 5). Rhizochaete variegata is closely related to R. grandinosa and R. radicata (ML = 100, BPP = 1, Figure 5), and these three species share curry-yellow hymenial surface, violet in KOH, thick-walled and encrusted subicular hyphae, and similar-sized basidiospores. However, R. variegata has abundant variable and slightly thick-walled cystidia with a thin-walled apex, which can be readily distinguished from R. grandinosa and R. radicata (Greslebin et al., 2004; Gu and Zhao, 2021). Furthermore, there are differences of more than eight base pairs between their sequences, which amounts to 2% nucleotides in the ITS regions. Morphologically, Rhizochaete sulphurosa (Bres.) Chikowski et al. may be confused with R. variegata by sharing yellow basidiocarps, hymenial surface violet in KOH, and thin or slightly thick-walled (<1 µm) cystidia. Nevertheless, R. sulphurosa differs from R. variegata by its longer basidiospores (4.5–5.5 µm in length vs. 3–4 µm in length, Chikowski et al., 2016).




Figure 5 | Maximum likelihood (ML) tree illustrating the phylogeny of the two new species in Phanerochaetaceae based on ITS + nLSU sequences. Branches are labeled with ML bootstrap >50% and Bayesian posterior probabilities (BPP) >0.90, respectively. New species are highlighted by red text.



Although more taxa of Phanerochaetaceae have been described (Greslebin et al., 2004; Bianchinotti et al., 2005; Chen et al., 2021), the taxonomy of corticioid fungi in Polyporales is woefully understudied. Many closely related genera are difficult to differentiate based on apparently plesiomorphic morphology, such as Phanerochaete, Rhizochaete, Phaeophlebiopsis, and Hapalopilus (Bianchinotti et al., 2005; Chen et al., 2021). Rhizochaete is separated from Phanerochaete mainly by their basidiocarp reaction with KOH (Greslebin et al., 2004; Chen et al., 2021). Indeed, this character is delimited in most species of the two genera. However, there are still some species of Phanerochaete exhibiting red in KOH, such as P. affinis (Burt) Parmasto and P. aurantiobadia Ghob.-Nejh. et al. (Punugu et al., 1980; Ghobad-Nejhad et al., 2015). Therefore, more samples from worldwide and multigene phylogeny analysis are urgently needed for understanding the diversity of corticioid species of Polyporales.

Southwest China is a hotspot for fungal diversity, and numerous taxa of wood-inhabiting fungi have been described from this area based on morphological and molecular phylogenetic analyses (Dai, 2010; Zhao et al., 2015; Zhou et al., 2016; Dai et al., 2021; Guan and Zhao, 2021; Wang et al., 2021; Wu et al., 2021; Wu et al., 2022b). Notably, the species diversity of corticioid fungi in this area is still not well-known, and therefore, the present paper confirms that more unknown species exist in this area.
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Pseudohydnum is characterized by gelatinous basidiomata with hydnoid hymenophores and longitudinally septate basidia. In this study, samples of the genus from North China were examined morphologically and phylogenetically using a dataset of the internal transcribed spacer of the ribosomal RNA gene and the nuclear large subunit rDNA. This study describes three new species, namely Pseudohydnum abietinum, Pseudohydnum candidissimum, and Pseudohydnum sinobisporum. Pseudohydnum abietinum is characterized by pileate and pale clay pink basidiomata when fresh, with a rudimentary stipe base, four-celled basidia, and broadly ellipsoid to ovoid or subglobose basidiospores (6−7.5 × 5−6.3 μm). P. candidissimum is characterized by very white basidiomata when fresh, frequently four-celled basidia, and broadly ellipsoid to subglobose basidiospores (7.2−8.5 × 6−7 μm). P. sinobisporum is characterized by ivory basidiomata when fresh, two-celled basidia, ovoid to broadly ellipsoid, or subglobose basidiospores (7.5−9.5 × 5.8−7.2 μm). The main characteristics, type localities, and hosts of Pseudohydnum species are listed.
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1 Introduction

Pseudohydnum P. Karst., typified by P. gelatinosum (Scop.) P. Karst. (Karsten, 1868), has high nutritional and medicinal values (Wang, 2012; Wu et al., 2019). The genus belongs to Auriculariales and is characterized by gelatinous basidiomata with conical spines, a monomitic hyphal system with clamp connections on generative hyphae, longitudinally septate basidia, and ovoid to ellipsoid or globose basidiospores (Niveiro and Popoff, 2011; Chen et al., 2020). Unlike the transversely septate (auricularioid) basidia, the genus has longitudinally cruciate-septate (tremellioid) basidia and thus was treated in Tremellales (Karsten, 1868; Breitenbach and Kränzlin, 1986; Courtecuisse and Lowy, 1990; Niveiro and Popoff, 2011). However, Ingold (1982; 1985) noted that Pseudohydnum and Exidia have a relatively close relationship based on spore germination. Morphologically, Bandoni (1984) redefined the concept of Auriculariales, and the family Aporpiaceae was used to accommodate taxa with myxarioid basidia, including Pseudohydnum. Weiss and Oberwinkler (2001) verified that Pseudohydnum has a close relationship with Auriculariales based on phylogenetic analyses; however, the position of Pseudohydnum in Auriculariales was ambiguous.

Eight species have been recognized in Pseudohydnum. The type species P. gelatinosum was found in Europe (Scopoli, 1772), and two varieties, P. gelatinosum var. bisporum Lowy & Courtec. and P. gelatinosum var. paucidentatum Lowy, were discovered in North America (Lowy, 1959, 1971; Courtecuisse and Lowy, 1990). Three species were described from Oceania: P. orbiculare J.A. Cooper, P. tasmanicum Y.C. Dai & G.M. Gates, and P. totarae (Lloyd) J.A. Cooper (Zhou et al., 2022). Four species were described from Asia: P. translucens Lloyd, P. brunneiceps Y.L. Chen et al., P. himalayanum Y.C. Dai et al., and P. sinogelatinosum Y.C. Dai et al., of which the last three species were described from China (Chen et al., 2020; Zhou et al., 2022). In addition, two forms, P. gelatinosum f. album (Bres.) Kobayasi and P. gelatinosum f. fuscum (Bres.) Kobayasi, have been described from Japan (Lloyd, 1925; Kobayasi, 1954).

During an investigation of jelly fungi in North China, several samples belonging to Pseudohydnum were collected, and three unknown species were found. To confirm the affinity of the taxa, phylogenetic analysis was performed based on the internal transcribed spacer (ITS) and large subunit nuclear ribosomal RNA gene (LSU) sequences.



2 Materials and methods


2.1 Morphological studies

The specimens were collected from the provinces of Jinlin, Heilongjiang, and Gansu in North China. They were deposited in the herbaria of Beijing Forestry University (BJFC) and the Mycology Department of Jinlin Agriculture University (HMJAU). Samples were photographed when fresh in the field, and their habitats were recorded. Microscopic structures were discussed by Chen et al. (2020), Fan et al. (2021), and Zhou et al. (2022). Special color terms were set by Anonymous (1969) and Petersen (1996). A Nikon Digital Sight DS-L3 or Leica ICC50 HD camera (magnification ×1,000) was used to examine hand-cut sections of basidiomata, which were first treated with 5% KOH for a few minutes and then with 1% phloxine B (C20H4Br4Cl2K2O5). At least 30 basidiospores of each species were examined. The values were expressed as a mean with 5% of the measurements excluded from each end of the range, given in parentheses. Stalks were excluded for basidia measurement, and the hilar appendages were excluded for basidiospore measurement.

The following abbreviations are used in the descriptions: IKI, Melzer’s reagent; IKI−, neither amyloid nor dextrinoid; CB, cotton blue; CB−, acyanophilous in cotton blue; L, the arithmetic average of spore lengths; W, the arithmetic average of spore widths; Q, L/W ratio; and n (a/b), number of spores (a) measured from a given number (b) of specimens.



2.2 DNA extraction, amplification, and sequencing

The CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd., Beijing) was used to obtain DNA from dried specimens and PCR was performed according to the manufacturer’s instructions with some modifications (Chen and Dai, 2021). Two DNA gene fragments, ITS and LSU, were amplified using the primer pairs ITS5/ITS4 (White et al., 1990) and LR0R/LR7, respectively (Hopple and Vilgalys, 1994).

The PCR procedure for ITS was as follows: initial denaturation at 95 °C for 3 min, followed by 35 cycles at 94 °C for 40 s, 54 °C for 45 s, and 72 °C for 1 min; and a final extension at 72 °C for 10 min. The PCR procedure for LSU was as follows: initial denaturation at 94 °C for 1 min, followed by 35 cycles at 94 °C for 30 s, 50 °C for 1 min, and 72 °C for 1.5 min; and a final extension at 72 °C for 10 min. DNA sequencing was performed at the Beijing Genomics Institute. All newly generated sequences were submitted to GenBank and are listed in Table 1.


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



Sequences generated for this study were aligned, with additional sequences downloaded from GenBank. Both ITS and LSU sequences were aligned using MAFFT v.7 (https://mafft.cbrc.jp/alignment/server/), adjusting the direction of nucleotide sequences according to the first sequence (accurate enough for most cases), and selecting the G-INS-i iterative refinement method (Katoh et al., 2019). Alignments were manually adjusted to maximize alignment and minimize gaps with BioEdit v.7.0.9 (Hall, 1999). A dataset composed of concatenated ITS + LSU sequences was used to determine the phylogenetic position of new species. The aligned sequences were deposited in TreeBase (https://www.treebase.org/treebase-web/home.html; submission ID 29962). Protomerulius subreflexus (Lloyd) O. Miettinen & Ryvarden and P. substuppeus (Berk. & Cooke) Ryvarden were selected as outgroups following Chen et al. (2020).

Maximum likelihood (ML) analysis was performed using the CIPRES Science Gateway (Miller et al., 2009) based on the dataset using the RA × ML-HPC BlackBox tool, with setting RA × ML halt bootstrapping automatically and 0.25 for maximum hours and obtaining the best tree using ML search. Other parameters in ML analysis used default settings, and statistical support values were obtained using nonparametric bootstrapping with 1,000 replicates.

Bayesian inference (BI) analysis based on the dataset was performed using MrBayes v.3.2.6 (Ronquist et al., 2012). The best substitution model for the dataset was selected by ModelFinder (Kalyaanamoorthy et al., 2017) using a Bayesian information criterion, and the model was used for Bayesian analysis. Four Markov chains were run from random starting trees for 0.8 million generations. Trees were sampled every 1,000th generation. 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).




3 Results


3.1 Phylogeny

The concatenated ITS + LSU dataset included 30 ITS and 22 LSU sequences from 30 samples representing 14 taxa. The best model for the concatenated ITS + LSU dataset estimated and applied for BI analysis was “SYM + I + G”, datatype = DNA, nucmodel = 4by4, lset nst = 6, rates = invgamma; state frequencies had a Dirichlet prior (1,1,1,1), and the distribution was approximated using four categories. BI analysis yielded a similar topology to ML analysis, with an average standard deviation of split frequencies of 0.007485. The ML tree was provided (Figure 1). Branches that received bootstrap support for ML (ML-BS) and BI (BPP) ≥70% (ML-BS), and 0.85 (BPP) were considered significantly supported, respectively.




Figure 1 | Phylogeny of Pseudohydnum species generated by maximum likelihood (ML) based on ITS + LSU sequences. Branches are labeled with ML bootstrap ≥70% and Bayesian posterior probabilities ≥0.85.



Phylogenetic analysis placed all Pseudohydnum samples in a fully supported clade (100/1, Figure 1). Five specimens from Northeast China formed two lineages, namely P. candidissmum and P. sinobisporum, clustered with P. himalayanum as strong support (100/1, Figure 1). The two specimens from Northwest China were named P. abietinum, sister to P. sinogelatinosum and P. gelatinosum. The samples from North America were treated as “P. gelatinosum-1” and “P. gelatinosum-2.”



3.2 Taxonomy

Pseudohydnum abietinum H.M. Zhou & Jing Si, sp. nov. Figure 2




Figure 2 | Basidiomata and microscopic structures of Pseudohydnum abietinum (holotype, Dai 24185). (A) Basidiomata; (B) Tramal hyphae; (C) A section of hymenium; (D) Basidiospores; (E) Basidia; (F) Hyphidia.



MycoBank: 847486

Type—China. Gansu Province, Gannan, Zhuoni County, Taohe National Nature Reserve, Boyu Valley, on a stump of Abies, elev. 2,900 m, August 19, 2022, Dai 24185 (holotype, BJFC).

Etymology—Abietinum (Lat.): referring to the species growing on Abies.

Diagnosis—Differed from other Pseudohydnum species in having pileate basidiomata, with a rudimentary stipe base, pale clay pink pileal surface when fresh, hymenophore with spines 2−3 per mm at the base, broadly ellipsoid to ovoid or subglobose basidiospores measuring 6−7.5 × 5−6.3 μm, and occurring in Gansu Province, Northwest China.

Basidiomata—Annual, pileate with a rudimentary stipe base, gelatinous when fresh, brittle when dry, usually solitary. Pilei were dimidiated to flabelliform, projecting up to 1.5 cm, 1.4 cm wide, and 1.9 mm thick when dry. Pileal surfaces were pale clay pink when fresh, and hazel when dry. Spines were white and conical when fresh, cream when dry, 2−3 per mm at the base, and up to 1.5-mm long when dry. The context was translucent when fresh.

Hyphal structure—Monomitic; generative hyphae with clamp connections. Contextual hyphae were hyaline, thin- to slightly thick-walled, frequently branched, interwoven, and 2−6 μm in diam. Tramal hyphae were hyaline, thin-walled, frequently branched, interwoven, and 1.5−2 μm in diam. Hyphidia were occasionally branched. Basidia were four-celled, barrel-shaped, globose to subglobose, with guttules, and 9.5−12 × 7.5−12 μm; sterigmata were up to 12-μm long and 1.5−2 μm in diam. Probasidia were fusiform to lageniform and 10−13 × 8−10.5 μm. Basidiospores were broadly ellipsoid to ovoid or subglobose, hyaline, thin-walled, with a big guttule, IKI−, CB−, 6−7.5(−8) × 5−6.3(−6.8) μm, L = 6.84 μm, W = 5.59 μm, and Q = 1.20−1.24 (60/2).

Additional specimen examined (paratype)—China. Gansu Province, Gannan, Zhuoni County, Taohe National Nature Reserve, Boyu Valley, on rotten wood of Abies, elev. 2,900 m, August 19, 2022, Dai 24194 (BJFC).

Pseudohydnum candidissimum H.M. Zhou, T. Bau & Jing Si, sp. nov. Figure 3




Figure 3 | Basidiomata and microscopic structures of Pseudohydnum candidissimum (holotype, Dai 23740). (A) Basidiomata; (B) Tramal hyphae; (C) A section of hymenium; (D) Basidiospores; (E) Basidia; (F) Hyphidia.



Mycobank: 847487

Type—China. Jilin Province, Yanbian, Antu County, Changbaishan Nature Reserve, on a fallen trunk of Larix, July 24, 2022, Dai 23740 (holotype, BJFC).

Etymology—Candidissimum (Lat.): referring to the species having very white basidiomata when fresh.

Diagnosis—Differed from other Pseudohydnum species in having very white basidiomata when fresh, simple hyphidia, broadly ellipsoid to subglobose, measuring 7.2−8.5 × 6−7 μm, and occurring in Northeast China.

Basidiomata—Annual, gelatinous when fresh, brittle when dry, usually solitary, with a lateral stipe. Pilei flabelliform to dimidiate, projecting up to 1.5 cm, 1.2 cm wide, and 0.6-mm thick when dry. The pileal surface was white when fresh and pale mouse-gray when dry. Spines were white and conical when fresh, buff-yellow when dry, 2−3 per mm at the base, and up to 0.5-mm long. The context was translucent when fresh. Stipe concolorous with pileal surface, translucent when fresh, up to 5-mm long and 3 mm in diam. when dry.

Hyphal structure—Monomitic; generative hyphae with clamp connections. Contextual hyphae were hyaline, thin- to slightly thick-walled, frequently branched, interwoven, 1.5−3 μm in diam. Tramal hyphae were hyaline, thin-walled, frequently branched, interwoven, 1.5−2 μm in diam. Hyphidia simple. Basidia were frequently four-celled, occasionally two-celled, barrel-shaped, ellipsoid to subglobose, 11−14 × 10.5−13 μm; sterigmata up to 10-μm long and 2−3.5 μm in diam. Probasidia were fusiform to lageniform, 11−14 × 6.5−10 μm. Basidiospores were broadly ellipsoid to subglobose, hyaline, thin-walled, IKI−, CB−, (7−)7.2−8.5(−9.2) × 6−7(−7.5) μm, L = 7.97 μm, W = 6.56 μm, and Q = 1.19−1.24 (90/3).

Additional specimens examined (paratypes)—China. Heilongjiang Province, Yichun, Fenglin National Nature Reserve, July 25, 2010, HMJAU 23836; Jilin Province, Yanbian, Antu County, Erdaobai River, on rotten wood, September 13, 2007, HMJAU 5312.

Pseudohydnum sinobisporum T. Bau, H.M. Zhou & Jing Si, sp. nov. Figure 4




Figure 4 | Basidiomata and microscopic structures of Pseudohydnum sinobisporum (holotype, SYL 2307). (A) Basidiomata; (B) Tramal hyphae; (C) A section of hymenium; (D) Basidiospores; (E) Basidia; (F) Hyphidia.



MycoBank: 847488

Type—China. Jilin Province, Yanbian, Tianfozhishan National Nature Reserve, on a stump of Quercus mongolica, August 23, 2020, SYL 2307 (holotype, HMJAU).

Etymology—Sinobisporum (Lat.): referring to the species having two spores on each basidium and being found in China.

Diagnosis—Differed from other Pseudohydnum species in having ivory basidiomata, two spores on each basidium, branched hyphidia, ovoid to broadly ellipsoid or subglobose, measuring 7.5−9.5 × 5.8−7.2 μm, and occurring in Northeast China.

Basidiomata—Annual, gelatinous when fresh, brittle when dry, solitary, with a lateral stipe. Pilei was shell-shaped, projecting up to 1.2 cm, 1 cm wide, and 1.2 mm thick when dry. Pileal surfaces were ivory when fresh and hazel when dry. Spines were white and conical when fresh, cream when dry, 2−3 per mm at the base, and up to 1 mm long when dry. The context was translucent when fresh. Stipe concolorous with pileal surface, shrinking to the base, translucent when fresh, up to 5.5-mm long and 5 mm in diam. when dry.

Hyphal structure—Monomitic; generative hyphae with clamp connections. Contextual hyphae were hyaline, thin- to slightly thick-walled, frequently branched, interwoven, and 1.5−3 μm in diam. Tramal hyphae were hyaline, thin-walled, occasionally branched, interwoven, and 1−2 μm in diam. Hyphidia were occasionally branched. Basidia were two-celled, barrel-shaped, ellipsoid to subglobose, 11−11.5 × 9−12 μm; sterigmata were up to 11-μm long and 2−3 μm in diam. Probasidia were fusiform to lageniform, 11−15 × 8−11.5 μm. Basidiospores were ovoid to broadly ellipsoid or subglobose, hyaline, thin-walled, IKI−, CB−, (7.2−)7.5−9.5(−10) × (5.5−)5.8−7.2(−7.5) μm, L = 8.29 μm, W = 6.36 μm, Q = 1.30−1.31 (60/2).

Additional specimen examined (paratype)—China. Heilongjiang Province, Tahe County, on the ground in the forest of Larix, August 19, 2015, HMJAU 33728.




4 Discussion

Morphological examination and phylogenetic analysis identified eight species of Pseudohydnum (Chen et al., 2020; Zhou et al., 2022). In this study, three new species of Pseudohydnum were identified in North China: P. abietinum, P. candidissimum, and P. sinobisporum.

Phylogenetically, P. abietinum formed a sister group with P. gelatinosum, P. sinogelatinosum, and “P. gelatinosum-2” (Figure 1). However, P. gelatinosum had smaller basidiospores than P. abietinum (5−6 × 4.5−5.5 μm vs. 6−7.5 × 5−6.3 μm, Breitenbach and Kränzlin, 1986), and P. sinogelatinosum had wider basidiospores than P. abietinum (6−7.2 μm vs. 5−6.3 μm, Zhou et al., 2022) (Table 2). Samples of “P. gelatinosum-2” were not evaluated in this study.


Table 2 | A comparison of the morphologies, type localities, and hosts of Pseudohydnum species.



Pseudohydnum candidissimum and P. sinobisporum were related to P. himalayanum and “P. gelatinosum-1” (Figure 1); however, P. himalayanum had denser spines at the base (5−6 per mm vs. 2−3 per mm, Zhou et al., 2022) and was clay-pink to cinnamon basidiomata when fresh (Table 2). Samples of “P. gelatinosum-1” were not evaluated in this study.

Morphologically, P. himalayanum and P. abietinum had similar basidiomata and were easily confused; however, P. himalayanum had wider basidiospores than P. abietinum (6−7.2 µm vs. 5−6.3 µm, Zhou et al., 2022). Pseudohydnum tasmanicum and P. abietinum shared a rudimentary stipe; however, P. tasmanicum had wider basidiospores than P. abietinum (6−7.2 µm vs. 5−6.3 µm, Zhou et al., 2022).

Similar to P. candidissimum, P. gelatinosum and P. gelatinosum var. paucidentatum had white basidiomata (Figure 3; Table 2); however, P. gelatinosum had smaller basidiospores than P. candidissimum (5−6 × 4.5−5.5 μm vs. 7.2−8.5 × 6−7 μm, Breitenbach and Kränzlin, 1986). Compared to P. candidissimum, P. gelatinosum var. paucidentatum had widely scattered spines, the color of its basidiomata remained unchanged upon drying (Lowy, 1959, 1971), and it is distributed in tropical America.

Pseudohydnum brunneiceps, P. gelatinosum var. bisporum, and P. sinobisporum had two-celled basidia (Figure 4; Table 2). However, P. brunneiceps had brownish basidiomata and occurs in subtropical China; P. gelatinosum var. bisporum had short elliptical to subglobose basidiospores and is distributed in French Guiana and South America (Courtecuisse and Lowy, 1990), whereas the newly discovered P. sinobisporum had ivory basidiomata, which were ovoid to broadly ellipsoid or subglobose, and is distributed in boreal to temperate China.

Pseudohydnum candidissimum and P. sinobisporum had overlapping distributions in Northeast China; however, P. candidissimum had very white basidiomata and mostly four-celled basidia (Figure 3; Table 2), and P. sinobisporum had ivory basidiomata and two-celled basidia (Figure 4; Table 2).

Jelly fungi are a special group of wood-inhabiting basidiomycetes and most species belong to the taxa form phragmobasidia (Wells, 1994). Most belong to Auriculariales and Tremellales, and some are edible mushrooms (Dai et al., 2010; Luo et al., 2022; Yao et al., 2022; Zhang et al., 2022). However, the diversity of the Chinese jelly fungi is not well-known, and recently, new species were described from China based on both morphology and phylogeny (Wu et al., 2020, 2021; Fan et al., 2021; Zhou et al., 2022). Advanced techniques, including molecular phylogeny and omics, will aid in discovering new species of jelly fungi in the future.
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At present, 25 species are accepted in Haploporus and are distributed in Asia, Europe, North America, South America, Australia, and Africa. In this study, two new species, Haploporus ecuadorensis from Ecuador and H. monomitica from China, are described and illustrated based on morphological examination and phylogenetic analyses. H. ecuadorensis is characterized by annual, resupinate basidiomata with pinkish buff to honey yellow hymenophore when dry, round to angular pores of 2–4 per mm, a dimitic hyphal structure with generative hyphae bearing clamp connections, hyphae at dissepiment edge usually with one or two simple septa, the presence of dendrohyphidia and cystidioles, and oblong to ellipsoid basidiospores measuring 14.9–17.9 × 6.9–8.8 µm. Haploporus monomitica differs from other Haploporus species in that it has a monomitic hyphal system and strongly dextrinoid basidiospores. The differences between the new species and morphologically similar and phylogenetically related species are discussed. In addition, an updated key to 27 species of Haploporus is provided.




Keywords: polyporaceae, wood-rotting fungi, taxonomy, fungi diversity, new taxa



Introduction

The genus Haploporus Bondartsev & Singer, belonging to Polyporaceae, Polyporales, Agaricomycetes, and Basidiomycota, was established by A. S. Bondartsev and R. Singer in 1944 and typified by Haploporus odorus (Sommerf.) Bondartsev & Singer (Singer, 1944). It is characterized by annual to perennial, resupinate to pileate basidiomata, a dimitic to trimitic hyphal system with clamp connections on the generative hyphae, cyanophilous skeletal hyphae, and thick-walled, cyanophilous, and ornamented basidiospores, causing a white rot of wood (Singer, 1944; Dai et al., 2002; Piatek, 2005; Li et al., 2007; Shen et al., 2016; Zhou et al., 2019; Zhou et al., 2021; Wu et al., 2022a).

In 1963, F. Kotlaba and Z. Pouzar proposed the genus Pachykytospora Kotl. & Pouzar (Kotlaba & Pouzar, 1963). However, most species of Pachykytospora, including P. alabamae (Berk. & Cooke) Ryvarden, P. nanospora A. David & Rajchenb, P. nepalensis T. Hatt., P. papyracea (Cooke) Ryvarden, P. thindii Natarajan & Koland, and P. tuberculosa (Fr.) Kotl. & Pouzar, have been transferred to Haploporus according to morphological characteristics and molecular phylogenetic analyses (Dai & Li, 2002; Piatek, 2003; Piatek, 2005; Shen et al., 2016; Zhou et al., 2021).

The genus Haploporus has been extensively studied in Australia, Brazil, China, Kenya, Sri Lanka, Sweden, and the USA (Lira et al., 2018; Zhou et al., 2019; Decock et al., 2021; Zhou et al., 2021). In the last decade, 16 species were described or combined in Haploporus, namely, H. angustisporus Meng Zhou & Y.C. Dai; H. bicolor Y.C. Dai, Meng Zhou, & Yuan; H. brasiliensis Nogueira-Melo & Ryvarden; H. crassus Meng Zhou & Y.C. Dai; H. cylindrosporus L.L. Shen, Y.C. Dai, & B.K. Cui; H. eichelbaumii (Henn.) Decock; H. gilbertsonii Meng Zhou, Vlasák, & Y.C. Dai; H. grandisporus Decock; H. longisporus Y.C. Dai, Meng Zhou, & Vlasák; H. microsporus L.L. Shen, Y.C. Dai, & B.K. Cui; H. pileatus Ryvarden; H. pirongia (G. Cunn.) Meng Zhou, Y.C. Dai, & T.W. May; H. punctatus Y.C. Dai, Meng Zhou, & Yuan; H. septatus L.L. Shen, Y.C. Dai, & B.K. Cui; H. srilankensis Y.C. Dai, Meng Zhou, & Yuan; and H. subpapyraceus L.L. Shen, Y.C. Dai, & B.K. Cui (Shen et al., 2016; Lira et al., 2018; Zhou et al., 2019; Decock et al., 2021; Zhou et al., 2021). Prior to our work, a total of 25 species was accepted in the genus (Dai et al., 2002; Hattori et al., 2002; Piatek, 2005; Li et al., 2007; Dai & Kashiwadani, 2009; Shen et al., 2016; Lira et al., 2018; Zhou et al., 2019; Decock et al., 2021; Zhou et al., 2021).

During a study on polypores from Ecuador and China, we collected specimens that morphologically fit the definition of Haploporus. After further examination and phylogenetic analysis, they formed two distinct lineages within Haploporus, and are morphologically different from the existing species in the genus. Thus, we describe them here as two new species.



Materials and methods


Morphological studies

The studied Haploporus specimens are deposited in the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC), the private herbarium of Josef Vlasák (JV), and the National Museum Prague of Czech Republic (PRM). For the morphological description, we followed the method from a previous study (Wu et al., 2022b). Color terms are from Anonymous (1969) and Petersen (1996).



DNA extraction, PCR, and sequencing

The DNA was extracted from the dried specimens using a rapid plant genome extraction kit (Aidlab Biotechnologies Co., Ltd, Beijing, China), following the manufacturer’s protocol. The internal transcribed spacers (ITS), large subunit of nuclear ribosomal RNA gene (LSU), and small subunit mitochondrial rRNA gene (mtSSU) were amplified with primer pairs ITS 5 (5′‐GGA AGT AAA AGT CGT AAC AAG G‐3′) and ITS 4 (5′‐TCC TCC GCT TAT TGATAT GC‐3′; White et al., 1990), LR0R (5′‐ACC CGC TGA ACT TAA GC‐3′) and LR7 (5′‐TAC TAC CAC CAA GAT CT‐3′; http://www.biology.duke.edu/fungi/mycolab/primers.htm ), and MS1 (5′‐CAG CAG TCA AGA ATA TTA GTC AAT G‐3′) and MS2 5′‐GCG GAT TAT CGA ATT AAA TAA C‐3′; White et al., 1990), respectively. The PCR procedures were as follows: for ITS and mtSSU regions, an initial denaturation at 95°C for 3 min, followed by 34 cycles at 94°C for 40 s, 54°C for ITS and 55°C for mtSSU for 45 s and 72°C for 1 min, and a final extension of 72°C for 10 min; for the LSU 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 and 72°C for 1.5 min, and a final extension of 72°C for 10 min (Zhou et al., 2021; Zhao et al., 2022c). The PCR products were sequenced using BGI Tech Solutions (Beijing Liuhe Co., Ltd., Beijing, China). Finally, all the new sequences were submitted to GenBank, and the accession numbers are shown in Table 1.


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





Phylogenetic analyses

The sequences generated were aligned with sequences downloaded from GenBank (Table 1) using MAFFT (version 7) and then manually adjusted (Katoh & Standley, 2013). A dataset of 34 specimens consisting of ITS, LSU, and mtSSU sequences was analyzed using 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; Zhao et al, 2022a; Zhao et al, 2022b). The ModelTest-NG (version 0.1.7; Darriba et al., 2020) determined the best models of ITS, LSU, and mtSSU sequences. The ML analysis was carried out with 1,000 bootstrap replications using the GTR + I + G substitution model. The MP analysis was conducted using 1,000 bootstrap replications with the heuristic search option. The BI analysis was performed for two million generations with random initial trees, using the GTR + I + G substitution model and the first 25% were set as burn-in.

The phylogenetic tree was visualized using FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/ ). Branches that received bootstrap support for ML, BP, and Bayesian Posterior Probabilities (BPP) greater than or equal to 50% (ML/BP) and 0.95 (BPP) were considered as significantly supported, respectively.




Results


Phylogeny

In this study, the combined ITS + LSU + mtSSU dataset included sequences from 37 specimens, representing 25 species of Haploporus and 2 species of Perenniporia Murrill as the outgroup (Table 1 and Figure 1). The aligned dataset had a length of 1,932 characters, of which 540 were constant characters, 122 were parsimony-uninformative characters, and 221 were parsimony-informative characters. The MP analysis yielded a tree with a length of 812, a consistency index of 0.5246, a homoplasy index of 0.4754, a retention index of 0.7551, and a rescaled consistency index of 0.3961. The best model for the ITS + LSU + mtSSU aligned dataset was GTR + I + G in the Bayesian analysis, and the average standard deviation of split frequencies is 0.00424. The phylograms of Bayesian analysis, MP analysis, and ML analysis are similar in topology, and the ML tree was chosen to represent the phylogenetic relationships (Figure 1).




Figure 1 | A maximum likelihood phylogenetic tree of Haploporus based on ITS, LSU, and mtSSU sequences, with two specimens of Perenniporia hainaniana and P. medulla-panis used as outgroups. The new species Haploporus ecuadorensis and H. monomitica are shaded. Maximum likelihood bootstrap values (≥50%)/maximum parsimony bootstrap values (≥50%)/Bayesian posterior probabilities (≥0.95) of each clade are indicated along branches. A scale bar below indicates the number of substitutions per site.



The phylogenetic tree suggests that the specimen of H. ecuadorensis forms an independent lineage in the Haploporus clade, and specimens of H. monomitica are closely related to H. odorus with strong support.



Taxonomy

Haploporus ecuadorensis Y.C. Dai, Meng Zhou, & Vlasák, sp. nov. (Figures 2 , 3)




Figure 2 | Basidiomata of Haploporus ecuadorensis (Holotype, JV1906/C10-J). Scale bar = 1.0 cm.






Figure 3 | Microscopic characteristics of Haploporus ecuadorensis (Holotype, JV1906/C10-J). (A) Basidiospores. (B) Basidioles and basidia. (C) Cystidioles. (D) Dendrohyphidia. (E) Hyphae from subiculum. (F) Hyphae from tube trama. (G) Dissepiment hyphae. Scale bars: a = 5 μm, b–e = 10 μm.



MycoBank: MB847499

Etymology: ecuadorensis (Lat.): Refers to the occurrence of the species in Ecuador.

Type: Ecuador, Pichincha, Vicodin svah Volcán Pasochoa, on dead angiosperm branch, June 2019 JV1906/C10-J (Holotype PRM, isotypes BJFC 032988 and JV).

Basidiomata resupinate, annual, inseparable from the substrate, more or less corky when dry, up to 5 cm long, 1.5 cm wide, and 1.5 mm thick at the center. Hymenophore pinkish buff to honey yellow when dry, without distinct margin; pores angular to round, 2–4 per mm; dissepiments thick, entire. Subiculum paler than tubes, more or less corky, up to 0.5 mm thick. Tubes olivaceous buff, hard corky, up to 1.0 mm long.

Hyphal system dimitic; generative hyphae with clamp connections; skeletal hyphae thick-walled, frequently branched, neither amyloid nor dextrinoid in Melzer’s reagent, cyanophilous in Cotton Blue; tissues unchanged in 5% potassium hydroxide.

Subicular generative hyphae hyaline, thin-walled, sometimes branched, 2.2–3.3 µm in diameter; skeletal hyphae dominant, with a narrow to wide lumen, usually branched, flexuous, interwoven, 3–5.2 µm in diameter.

Tube tramal generative hyphae hyaline, thin-walled, usually branched, 1.6–3.2 µm in diameter; skeletal hyphae dominant, with a narrow lumen, usually branched, strongly flexuous, distinctly interwoven, 2.2–4 µm in diameter. Cystidioles fusiform with a sharp tip, thin-walled, hyaline, 23–34 × 4–6 µm. Basidia more or less capitate to pyriform, with four sterigmata, sometimes with a few small guttules, 40–45 × 13–15 µm, clamped at the base; basidioles capitate to pyriform, almost the same size as basidia. Dissepiment hyphae thick-walled with one or two simple septa. Dendrohyphidia present among hymenium, thin-walled, hyaline. Large and irregularly shaped crystals sometimes present among trama.

Basidiospores oblong to ellipsoid, thick-walled, tuberculate, hyaline, some with a guttule, neither amyloid nor dextrinoid in Melzer’s reagent, cyanophilous in Cotton Blue, (14.3–)14.9–17.9(–19) × (6.5–)6.9–8.8(–9) µm, arithmetic average length L = 15.94 µm, arithmetic average width W = 7.67 µm, and L/W ratio Q = 2.07 (n = 30/1).

Distribution and ecology: Haploporus ecuadorensis is distributed in tropical areas of Pichincha, Ecuador; it grows on dead angiosperm branch and causes a white rot.

Haploporus monomitica Y.C. Dai, sp. nov. (Figures 4, 5)




Figure 4 | Basidiomata of Haploporus monomitica (Holotype, Dai 24446). Scale bar = 1 cm. Photo by Yu-Cheng Dai.






Figure 5 | Microscopic structures of Haploporus monomitica (Holotype Dai 24446). (A) Basidiospores. (B) Basidia. (C) Basidioles. (D) Cystidioles. (E) Hyphae from subiculum. (F) Hyphae from trama.



MycoBank: MB838450

Etymology: monomitica (Lat.): refers to the species having a monomitic hyphal system.

Type: China, Beijing, Mentougou, Xiaolongmen National Forest Park, on fallen trunk of Quercus sp., 30 August 2022, Yu-Cheng Dai, Dai 24446 (Holotype BJFC 038932).

Basidiomata annual, resupinate, difficult to separate from the substrate, soft and white when fresh, become soft corky to fragile and white to cream when dry, up to 3 cm long, 1 cm wide, and 1 mm thick at the center. Sterile margin distinct, white, cottony, up to 1 mm; pores round to angular, 3–4 per mm; dissepiments thick, entire. Subiculum white, soft corky, up to 0.2 mm thick. Tubes concolorous with pores, fragile, up to 0.8 mm long.

Hyphal system monomitic; generative hyphae bearing clamp connections, hyaline, thin-walled, frequently branched, neither amyloid nor dextrinoid in Melzer’s reagent, cyanophilous in Cotton Blue; tissues unchanging in 5% potassium hydroxide.

Subicular generative hyphae hyaline, thin-walled, frequently branched, flexuous, interwoven, 2–3.3 µm in diameter.

Tube tramal generative hyphae hyaline, thin-walled, frequently branched, flexuous, interwoven, 2–3 µm in diameter. Cystidia absent; cystidioles present, clavate to fusiform, hyaline, thin-walled, 17–25 × 3–5 µm. Basidia clavate with 4-sterigmata and a basal clamp connection, 15–32 × 6–9 µm; basidioles pyriform, slightly smaller than basidia. Dendrohyphidia absent.

Basidiospores broadly ellipsoid, hyaline, thick-walled with echinulate ornamentation, dextrinoid in Melzer’s reagent, cyanophilous in Cotton Blue, (4.2–)4.9–6.5 × (3.0–)3.2–4.8(–5.0) µm, arithmetic average length L = 5.37 µm, arithmetic average width W = 3.90 µm, and L/W ratio Q = 1.32–1.43 (n =90/3).

Additional materials studied: China, Beijing, Mentougou, Xiaolongmen National Forest Park, on fallen trunk of Quercus sp., 30 August 2022, Yu-Cheng Dai, Dai 24429, Dai 24451.

Distribution and ecology: Haploporus monomitica is distributed in temperate area of Beijing, China; it grows on fallen trunk of Quercus, and causes a white rot.




Discussion

In a combined ITS + LSU + mtSSU dataset-based phylogeny (Figure 1) Haploporus ecuadorensis forms an independent lineage that is closely related to H. grandisporus Decock, H. eichelbaumii (Henn.) Decock and H. sp. (Decock et al., 2021). Morphologically, H. eichelbaumii is different from H. ecuadorensis in that it has smaller basidiospores (11–14 × 5.3–6.5 µm vs. 14.9–17.9 × 6.9–8.8 µm; Decock et al., 2021). H. grandisporus is readily distinguished from H. ecuadorensis by larger pores (1.5–2.5 per mm vs. 2–4 per mm) and narrower basidiospores (14–17.5 × 6–7.3 µm vs. 14.9–17.9 × 6.9–8.8 µm; Decock et al., 2021). Haploporus sp. From Malawi is also an independent lineage within the Haploporus clade in a previous study (Decock et al., 2021). This taxon differs from H. ecuadorensis in that it has distinctly smaller pores (4–5 vs. 2–4 per mm Decock et al., 2021). In addition, there are more than 2% nucleotide difference in the ITS sequences between Haploporus sp. and H. ecuadorensis.

Haploporus ecuadorensis, H. crassus, H. pirongia, and H. septatus share thick-walled dissepiment hyphae with a simple septum or a few septa. Haploporuscrassus can be differentiated from H. ecuadorensis by its thick-walled basidia, the ventricose cystidioles occasionally with a simple septum, and the absence of dendrohyphidia (Zhou et al., 2019). Haploporus pirongia is distinguished from H. ecuadorensis by smaller basidiospores (11–14 × 5.2–7 µm vs. 14.9–17.9 × 6.9–8.8 µm; Zhou et al., 2019). Haploporus septatus is different from H. ecuadorensis in that it has dextrinoid skeletal hyphae in Melzer’s reagent and smaller pores and basidiospores (5–6 per mm vs. 2–4 per mm, 8.5–11 × 5–6 μm vs. 14.9–17.9 × 6.9–8.8 µm; Shen et al., 2016).

Haploporus longisporus resembles H. ecuadorensis in terms of resupinate basidiomata, similar pore dimension (2–3 per mm vs. 2–4 per mm), non-dextrinoid skeletal hyphae in Melzer’s reagent, and the presence of dendrohyphidia and cystidioles. Although both species have an overlapping distribution in Ecuador, H. longisporus is readily distinguished from H. ecuadorensis by bigger basidiospores (18.2–22 × 7–9 µm vs. 14.9–17.9 × 6.9–8.8 µm; Zhou et al., 2021).

Haploporus gilbertsonii was described from the USA recently (Zhou et al., 2021). It is similar to H. ecuadorensis in terms of resupinate basidiomata, similar pore dimension (2–3 per mm vs. 2–4 per mm; Zhou et al., 2019), non-dextrinoid skeletal hyphae in Melzer’s reagent, and the presence of cystidioles, but the former differs from the latter by the absence of dendrohyphidia and smaller basidiospores (12–15 × 6–8 µm vs. 14.9–17.9 × 6.9–8.8 µm; Zhou et al., 2021).

Our phylogeny shows that Haploporus monomitica forms a sister group to H. odorus with strong support (BP: 91%, MP: 84%, and BPP 1.0). However, H. odorus has pileate basidiomata with a strong fragrant odor, a dimitic hyphae system, non-dextrinoid or very weakly dextrinoid basidiospores, and grows exclusively on Salix (Niemelä, 2005; Zhou et al., 2021). Moreover, in Siberia and North America, the fungus grows on another member of the Salicaceae family, Populus tremula (Zmitrovich et al., 2019).

The dimitic or trimitic hyphal structure was mentioned in the previous definition of Haploporus (Ryvarden & Melo, 2014; Shen et al., 2016; Zhou et al., 2019; Decock et al., 2021; Zhou et al., 2021); however, a monomitic hyphal system is found in the new species Haploporus monomitica, and phylogenetically, it is nested in Haploporus. Therefore, the updated definition of the genus is as follows: basidiomata annual to perennial, resupinate to pileate, hyphal system monomitic, dimitic to trimitic with clamped generative hyphae, cyanophilous skeletal hyphae, thick-walled, cyanophilous, and ornamented basidiospores, and causing a white rot.

Like other genera of wood-decaying fungi having a rich diversity of species in tropical areas (Wu et al., 2017; Cui et al., 2019; Wu et al., 2020; Dai et al., 2021; Guan & Zhao, 2021; Wang et al., 2021; Wu et al., 2021; Ma et al., 2022), our result shows that a high diversity of Haploporus exists in neotropical areas.



Key to species of Haploporus

	1. Hyphal system monomitic.................................H. monomitica

	1. Hyphal system dimitic to trimitic.............................................2

	2. Basidiospores < 8 µm long..........................................................3

	2. Basidiospores > 8 µm long..........................................................6

	3. Pores 7–9 per mm.........................................................................4

	3. Pores < 6 per mm..........................................................................5

	4. Cystidioles absent...................................................H. nanosporus

	4. Cystidioles present................................................H. microsporus

	5. Pores 1–3 per mm; skeletal hyphae strongly dextrinoid...............................................................H. brasiliensis

	5. Pores 4–5 per mm; skeletal hyphae weakly dextrinoid...............................................................H. odorus

	6. Basidiomata annual to perennial................................................7

	6. Basidiomata annual.......................................................................9

	7. Skeletal hyphae dextrinoid...................................H. srilankensis

	7. Skeletal hyphae non-dextrinoid..................................................8

	8. Basidiospores cylindrical...............................................H. thindii

	8. Basidiospores oblong ellipsoid to ellipsoid..................................

	...........................................................................H. subtrameteus

	9. Hyphal system trimitic...............................................................10

	9. Hyphal system dimitic................................................................12

	10. Skeletal hyphae dextrinoid...............................H. tuberculosus

	10. Skeletal hyphae non-dextrinoid..............................................11

	11. Basidiospores ovoid to ellipsoid...........................H. alabamae

	11. Basidiospores oblong-ellipsoid to cylindrical.......H. pirongia

	12. Cystidioles absent......................................................................13

	12. Cystidioles present....................................................................15

	13. Basidiomata pileate....................................................H. pileatus

	13. Basidiomata resupinate............................................................14

	14. Pores 4–5 per mm, basidiospores cylindrical, 10–11.5 × 4.5–5 µm..................................H. cylindrosporus

	14. Pores 1.5–4 per mm, basidiospores ellipsoid to oblong, 10–15 × 5–6.8 µm.................................H. eichelbaumii

	15. Dendrohyphidia present..........................................................16

	15. Dendrohyphidia absent............................................................20

	16. Pores 5–7 per mm.........................................................H. bicolor

	16. Pores < 4 per mm.......................................................................17

	17. Basidiospores cylindrical..........................................................18

	17. Basidiospores ellipsoid to oblong...........................................19

	18. Basidiospores 18.2–22 × 7–9 µm.......................H. longisporus

	18. Basidiospores 13–15 × 5–6 µm...........................H. papyraceus

	19. Hyphal system trimitic, skeletal hyphae dextrinoid.............................H. grandisporus

	19. Hyphal system dimitic, skeletal hyphae non-dextrinoid.......................................................................H. ecuadorensis

	20. Pores > 3 per mm.......................................................................21

	20. Pores < 3 per mm.......................................................................25

	21. Pores 5–6 per mm......................................................H. septatus

	21. Pores 3–5 per mm......................................................................22

	22. Skeletal hyphae non-dextrinoid................................H. crassus

	22. Skeletal hyphae dextrinoid.......................................................23

	23. Cystidioles without septum............................H. angustisporus

	23. Cystidioles with a simple septum............................................24

	24. Basidiospores 9–10.8 × 3.8–5 µm.........................H. punctatus

	24. Basidiospores 9–12 × 5.5–8 µm...................H. subpapyraceus

	25. Basidiospores 9–10 µm wide.................................H. latisporus

	25. Basidiospores < 9 µm wide.......................................................26

	26. Basidiospores 12–15 × 6–8 µm...........................H. gilbertsonii

	26. Basidiospores 8.5–11.5 × 4.5–6.5 µm.................H. nepalensis
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Sarocladium terricola is a species of ascomycete fungus that has been recognized as a biocontrol agent for managing animal and plant pathogens, and exhibits significant potential as a feed additive. In this study, we utilized a combination of short-read Illumina sequencing and long-read PacBio sequencing to sequence, assemble, and analyze the genome of S. terricola. The resulting genome consisted of 11 scaffolds encompassing 30.27 Mb, with a GC content of 54.07%, and 10,326 predicted protein coding gene models. We utilized 268 single-copy ortholog genes to reconstruct the phylogenomic relationships among 26 ascomycetes, and found that S. terricola was closely related to two Acremonium species. We also determined that the ergosterol content of S. terricola was synthesized to nearly double levels when cultured in potato dextrose media compared to bean media (4509 mg/kg vs. 2382 mg/kg). Furthermore, transcriptome analyses of differentially expressed genes suggested that the ergosterol synthesis genes ERG3, ERG5, and ERG25 were significantly up-regulated in potato dextrose media. These results will help us to recognize metabolic pathway of ergosterol biosynthesis of S. terricloa comprehensivelly.
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Introduction

The genus Sarocladium W. Gams & D. Hawksw. (Sarocladiaceae, Hypocreales, Sordariomycetes, Ascomycota) is a diverse group of fungi proposed by Gams and Hawksworth in 1975, which includes important animal and plant pathogenic species (Gams and Hawksworth, 1975; Giraldo et al., 2015). Sarocladium comprises 30 species (http://www.indexfungorum.org, accessed on 13 November 13, 2022) with S. oryzae (Sawada) W. Gams & D. Hawksw as its type species (Gams and Hawksworth, 1975). Notably, S. terricola (J.H. Mill., Giddens & A.A. Foster) A. Giraldo, Gené & Guarro, originally classified as Acremonium, was transferred based on molecular evidence and morphological features (Giraldo et al., 2015).

Sarocladium terricola culture (well-known as Acremonium terricola culture or ATC) is an important feed additive, possessing various biological properties such as antioxidant, immunomodulatory, and anti-inflammatory activities (Li et al., 2016; Li et al., 2018). Previous studies suggested that ATC plays anti-inflammatory and antioxidant roles in lipopolysaccharide-induced mastitis in rats (Li et al., 2020), and improved rumen fermentation, decreased somatic cell counts in milk, and enhanced milk yield in cows or sheep when used as an animal feed additive (Jiang et al., 2018; Li et al., 2018; Kong et al., 2022). S. terricola is known to synthesize various metabolites, including D-mannitol, galactomannan, ergosterol, cordycepin, and essential amino acids (Li et al., 2020). Among these, ergosterol, an essential component of fungal cell membranes that plays an important role in maintaining structure and function, is the main focus of this study (White et al., 1998; Abe et al., 2009; Guan et al., 2009). Ergosterol is a clinically available target for most antifungal agents, and it exhibits anti-inflammatory and antioxidant properties (Dopont et al., 2012; Dhingra and Cramer, 2017). Additionally, the content of ergosterol in S. terricola is higher than other metabolites, making it a potential main contributor to the anti-inflammatory activity of ATC.

As the cost of sequencing has decreased, the number of species with genome sequence assemblies has rapidly increased. For example, the NCBI database contains more than 2,770 genomes from Ascomycota (https://www.ncbi.nlm.nih.gov/genome/, accessed on November 13, 2022). Genome and transcriptome sequences have provided novel insights into fungal phylogenomics, biosynthesis of metabolites, mechanisms of symbiosis, and others (Zhao et al., 2010; Ren et al., 2021; Sun et al., 2022; Wu et al., 2022; Zhao et al., 2022b; Zhao et al., 2022a). Although genome and mitochondrial genome sequences in the genus Sarocladium have been published (Hittalmani et al., 2016; Yao et al., 2016; Tian et al., 2022), phylogenomic relationships, transcriptome sequences, and characterization of the ergosterol biosynthesis pathway have not been studied. Transcriptome analyses mainly study gene transcription and regulation, revealing the molecular mechanisms of specific biological processes, such as symbiotic interactions between fungi and plants (Ren et al., 2021).

In this study, we generated a high-quality genome sequence assembly of S. terricola and characterized the S. terricola ergosterol biosynthesis pathway using transcriptome analyses combined with high performance liquid chromatography (HPLC).





Materials and methods




Strains, media, and fermentation

In this study, Sarocladium terricola was isolated from soil in Anhui Province, China, and deposited in the Anhui Agricultural University with the accession number RCEF 6201. The morphological trait is mainly as followed: Mycelia hyaline, 1.5–1.9 µm wide; Phialides subulate, solitary, 12–24 µm long, 2–3 µm wide at the base; Conidia fusiform, hyaline, sharply, 7–9 × 3–4 µm; Chlamydospores not observed.

Strains were incubated with potato dextrose agar media (PDA: potato 200 g/L, glucose 20 g/L, agar 20 g/L, and 1 L distilled water) at 25°C for 1 week to produce spores and then collected using sterile water. The spore suspension was adjusted to a concentration of 1 × 106/mL, then 1 mL spore suspension was inoculated into a 500 mL flask containing either 200 mL potato dextrose media (potato 200 g/L, glucose 20 g/L, and 1 L distilled water) or bean media (bean 30 g/L, glucose 20 g/L, and 1 L distilled water). Finally, the two types of media including HCBe (cluturing in bean media) and HCPo (cluturing in potato dextrose media) with difference in nitrogen source were incubated at 25°C with 150 rpm shaking for three days, and ergosterol was then detected using high performance liquid chromatography (HPLC). Three biological replicates were performed for each type of media.





Ergosterol measurement

We referred and improved the previous study (Nout et al., 1987): after three days, fresh mycelium was collected using a circulating water multi-purpose vacuum pump and placed in an oven at 45°C and allowed to equilibrate. To extract ergosterols, 0.5 g mycelium was mixed with 50 mL methanol in a 100 mL flask, disrupted with ultrasonic waves at 60°C for 30 min, and then centrifuged at 4000 g for 5 min to obtain supernatant. As a standard, 0.01 g ergosterol was placed in a 100 mL volumetric flask with methanol solvent added until volume reached 100 mL.

The ergosterol profiles were assayed using HPLC with a C18 column (250 mm × 4.6 mm × 5 µm). The analytical conditions were as follows: solvent system, anhydrous methanol; temperature, 35°C; injection volume, 10 µL; flow rate, 1 mL/min; and UV wavelength, 268 nm. Three technical replicates were assayed. The amount of ergosterol in the sample was determined by mass fraction (ω, unit is expressed in mg/kg), and the formula used for calculation was as follows:

	

A: peak area of ergosterol in sample.

As: peak area of ergosterol in standard working solution.

 : mass concentration of ergosterol in standard working solution (unit: μg/mL).

V: final constant volume of sample solution (unit: mL).

m: mass of the test portion (unit: g).

f: sample dilution ratio.





Genome sequencing and assembly, gene prediction, and functional annotation

S. terricola was incubated in potato dextrose agar media (PDA: potato 200 g/L, glucose 20 g/L, agar 20 g/L, and 1 L distilled water) and cultured for two weeks. Total cell DNA was extracted from mycelia using methods as described in a previous study (Zhao et al., 2022b) and detected using the DNA/Protein Analyzer and 1% agarose gel electrophoresis. Two approaches were used for sequencing: paired-end short reads (300 bp) using the Illumina NovaSeq 6000 platform and long reads (more than 20 kb) using the PacBio Sequel II platform. Low-quality reads were removed (end-polished, A-tailed, and ligated with the full-length adaptor for Illumina sequencing, and short reads less than 1000 bp for PacBio sequencing), leaving only high-quality reads. The high-quality reads were de novo assembled using SMRT (version 5.1.0) downloads from https://www.pacb.com/support/software-downloads with default parameters (Chin et al., 2013) and assessed using BUSCO (version 5.2.2) with Ascomycota gene set downloaded from https://busco-data.ezlab.org/v4/data/lineages/ascomycota_odb10.2020-09-10.tar.gz (Simão et al., 2015).

Gene prediction was performed using four tools, Augustus (version 3.2.1) (Stanke et al., 2008), Genemark-ES (version 4.21) (Ter-Hovhannisyan et al., 2008), Genewise (version 2.20) (Birney et al., 2004), and SNAP (version 2010-07-28) (Johnson et al., 2008), and EvidenceModeler (version 1.1.1) (Haas et al., 2008) was then used to make integrated gene models. A total of ten databases were used to functionally annotate genes, namely Gene Ontology (GO) (Ashburner et al., 2000), Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2016), Cluster of Orthologous Groups of proteins (COG) (Galperin et al., 2015), Swiss-Prot (Consortium, 2015), nr (https://www.ncbi.nlm.nih.gov/protein/), Pathogen Host Interactions (PHI) (Torto-Alalibo et al., 2009), Fungal Cytochrome P450 (Fischer et al., 2007), Carbohydrate-Active Enzymes (CAZy) (Levasseur et al., 2013), Virulence Factor Database (VFDB) (Chen et al., 2016), and Type III secretion system Effector protein (T3SS) (Vargas et al., 2012) using Diamond with an e-value less than 1 × 10−5. In addition, antiSMASH (fungal version) (Medema et al., 2011), Extensive de novo TE Annotator (EDTA) pipeline (version 1.9.5) (Ou et al., 2019), RNAmmer (version 1.2) (Lagesen et al., 2007), and tRNAscan-SE (version 2.0.5) (Lowe and Eddy, 1997) were used to predict gene clusters of secondary metabolites, repetitive elements, rRNAs, and tRNAs, respectively.





Phylogenomic analysis

In this study, a total of 26 species of ascomycetes (Table S1), including 25 genomes downloaded from genomic databases on the NCBI website and the strain of S. terricola (RCEF 6201) sequenced in this study, were used for phylogenomic analysis. This was performed using single copy ortholog genes that were identified using OrthoFinder (version 2.5.4) (Emms and Kelly, 2019) and aligned using MAFFT (version 7) with default parameters (Katoh and Standley, 2013). A Maximum Likelihood (ML) tree was reconstructed with RaxML (version 8.2.12) (Stamatakis, 2014) using the best optimal model of PROTGAMMAILGF with 100 bootstrap replicates.





Transcriptome sequencing and assembly

Six samples (three biological replicates from both types of growth media) of S. terricola were collected, and total RNA was extracted and purified using methods as described in a previous study (Ren et al., 2021). The transcriptome libraries were constructed and sequenced using the Illumina NovaSeq 6000 platform. After quality control and cleaning of raw reads, the high-quality reads were aligned and assembled using HISAT2 (version 0.1.6-beta) (Kim et al., 2015) and Cufflinks (version 2.2.1) (Trapnell et al., 2012), respectively.





Differential gene expression and enrichment analyses

Bowtie2 (version 2.2.5) (Langmead and Salzberg, 2012) was used to count the proportion of high-quality reads of each sample gene compared to the genome of S. terricola, and RSEM (version 1.2.12) (Li and Dewey, 2011) was then used to convert to standardized gene expression levels, viz. reads per kilobase of exon model per million mapped reads (FPKM values). DESeq2 (Wang et al., 2009) was used to identify differentially expressed genes (DEGs), using the criteria of fold change (FC) ≥ 2 and false discovery rate (FDR)< 0.05. Functional enrichments of DEGs were performed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases.






Results




Ergosterol content in different media

The present study measured the ergosterol content in Sarocladium terricola grown in two different growth media: potato dextrose media and bean media. The study found that ergosterol synthesis was more efficient in potato dextrose media, which resulted in a significantly higher content of ergosterol compared to bean media. Specifically, the ergosterol content in potato dextrose media was 4509 mg/kg, while in bean media, it was only 2382 mg/kg. This difference in ergosterol content between the two growth media was statistically significant with a p-value less than 0.01, as shown in Figure 1.




Figure 1 | The ergosterol content in two types of media. Notes: HCBe, bean media; HCPo, potato dextrose media.







Genomic characteristics of the S. terricola assembly

The genome assembly of S. terricola spans 11 scaffolds and contains 30.27 Mb with a GC content of 54.07% (Table 1; Figure 2). We predicted a total of 10,326 protein-coding gene (PCG) models using four gene prediction tools. Among these gene models, 5,926, 4,220, 1,277, 3,044, 9,055, 1,425, 124, 321, 42, and 3,661 were functionally annotated using GO, KEGG, COG, Swiss-Prot, nr, PHI, P450, CAZy, VFDB, and T3SS databases, respectively. In addition, we predicted 41 gene clusters of secondary metabolites, including 9 NRPS-like, 11 NRPS, 12 T1PKS, 2 T2PKS, 5 terpene, and a single cluster of both beta-lactone and phosphonate. Repetitive elements accounted for 0.81% of the whole genome. Moreover, we detected 282 non-coding RNAs (ncRNAs) in this genome.


Table 1 | Genomic features of Sarocladium terricola sequence assembly.






Figure 2 | Genome features of Sarocladium terricola (RCEF6201). From outer to inner: 1: Genome scaffolds (sorted by length); 2: Gene density (in 50000bp nonoverlapping windows); 3: ncRNA density (in 100000bp nonoverlapping windows); 4: Repeats coverage (in 50000bp nonoverlapping windows); 5: GC content (in 20000bp nonoverlapping windows); 6: GC skew (in 20000bp nonoverlapping windows).







Phylogenomic analysis

A phylogenomic tree was reconstructed using single copy ortholog genes from 26 species, with Agaricus bisporus, Mortierella alpina, and Backusella circina serving as outgroups. A total of 268 single copy ortholog genes were identified through OrthoFinder (Emms and Kelly, 2019), and were used to create an alignment dataset with a length of 339,589 characters. In the Maximum Likelihood phylogenomic tree, S. terricola of the family Sarocladiaceae was found to be within a clade that included members of the family Bionectriaceae, such as Acremonium chrysogenum and A. citrinum (refer to Figure 3).




Figure 3 | Maximum Likelihood phylogenomic tree based on the amino acids encoded by 268 single copy ortholog genes from 26 ascomycetes. The new genome sequence from the present study is highlighted in blue. Maximum Likelihood bootstrap values (≥ 95%) are indicated along branches. A scale bar in the upper left indicates substitutions per site.







Transcriptome sequence analyses and differentially expressed genes

To investigate the impact of ergosterol biosynthesis in different media, we performed transcriptome analyses of S. terricola. We sequenced six transcriptome libraries, three from both bean and potato dextrose media, resulting in a total of 37,043,298 to 42,033,580 clean reads per sample. A total of 5.56 Gb to 6.31 Gb of clean reads were generated, with more than 95.93% of clean reads meeting the Q30 quality threshold (Table S2). Furthermore, over 97.65% of the clean reads mapped to the genome of S. terricola. In each sample, a total of 9,176-9,738 genes (88.86-94.31% of the total number of genes) were found to be expressed.

The differential expression analysis indicated that the HCBe group had a slightly higher number of down-regulated genes compared to up-regulated genes (2221 vs. 1919) when compared to the HCPo group. Furthermore, 5880 genes did not exhibit any significant differences in their expression levels between the two groups, as depicted in Figure 4. To gain insights into the biological functions of the differentially expressed genes, we performed GO and KEGG pathway enrichment analyses, which are shown in Figures 5, S1. Nineteen GO categories were significantly enriched with over 100 DEGs, including cellular processes, metabolic processes, membrane, membrane parts, catalytic activity, and binding, as illustrated in Figures 5A, S1A. Additionally, the KEGG pathway enrichment analysis identified several major pathways associated with the set of DEGs, including global and overview maps, carbohydrate metabolism, signal transduction, cell growth and death, and amino acid metabolism, as shown in Figures 5B, S1B.




Figure 4 | The differentially expressed genes of S. terricola from two types of media. (A) The heat map of expression levels of differentially expressed genes, (B) Volcano plot for HCBe vs. HCPo based on the DESeq2 method. “Up” and “Down” refer to levels in potato dextrose media as compared to bean media.






Figure 5 | GO function and KEGG pathway enrichment analyses for DEGs of Sarocladium terricola cultured in two types of media. (A) GO analysis, (B) KEGG analysis. Differentially expressed genes were classified into biological process, cellular component, and molecular function categories in the GO analysis, and cellular processes, environmental information processing, genetic information processing, metabolism and organismal systems in the KEGG analysis.







Ergosterol biosynthesis in S. terricola

In this study, we annotated eleven genes (Figure 5) associated with ergosterol biosynthesis from the KEGG database, which were lanosterol synthase (ERG7; S2G02520), sterol 14alpha-demethylase (CYP51; S1G01142), delta7-sterol 5-desaturase (ERG24; S3G03213), methylsterol monooxygenase (ERG25; S5G06091), sterol-4alpha-carboxylate 3-dehydrogenase (ERG26; S2G02191), 3-keto steroid reductase (ERG27; S7G08361), sterol 24-C-methyltransferase (ERG6-1: S10G10199 and ERG6-2: S1G00302), Delta7-sterol 5-desaturase (ERG3; S7G08143), sterol 22-desaturase (ERG5; S5G06474), and delta24(24(1))-sterol reductase (ERG4; S1G00326). Out of these genes, five genes (S3G03213, S2G02191, S1G00302, S1G00326, and S7G08361) were significantly down-regulated in the HCPo group, whereas three genes (S5G06474, S5G06091, and S7G08143) were significantly up-regulated, as shown in Figure 6.




Figure 6 | The heat map of expression levels of genes associated with ergosterol biosynthesis in Sarocladium terricola. ERG3 (S7G08143, delta7-sterol 5-desaturase), ERG25 (S5G06091, methylsterol monooxygenase), ERG5 (S5G06474, sterol 22-desaturase), ERG26 (S2G02191, sterol-4alpha-carboxylate 3-dehydrogenase), ERG27 (S7G08361, 3-keto steroid reductase), ERG6-2 (S1G00302, sterol 24-C-methyltransferase), ERG24 (S3G03213, delta14-sterol reductase), ERG4 (S1G00326, delta24 (24(1))-sterol reductase), ERG7 (S2G02520, lanosterol synthase), CYP51 (S1G01142, sterol 14alpha-demethylase), and ERG6-1 (S10G10199, delta24(24(1))-sterol reductase). Fold change refers to expression levels in potato dextrose media as compared to bean media.








Discussion

With the advent of genome and transcriptome sequencing, omics technology has been increasingly utilized to investigate various biological processes, discover novel natural products, and reconstruct phylogenomic relationships (Hittalmani et al., 2016; Ren et al., 2021; Tian et al., 2022; Wu et al., 2022; Zhao et al., 2022b; Zhao et al., 2022a). Although the Sarocladium genus encompasses 30 species (http://www.indexfungorum.org, accessed on 13 November 2022), genome-scale studies of Sarocladium remain scarce. The first genome sequence analysis of Sarocladium oryzae, a pathogen causing sheath rot disease in rice, identified genes associated with helvolic acid and cerulenin biosynthesis pathways and identified approximately 9.37% of S. oryzae genes as pathogenicity genes (Hittalmani et al., 2016). In the present study, we identified 1,425 genes from the S. terricola genome assembly in the Pathogen Host Interactions (PHI) database, accounting for 13.8% of predicted protein-coding gene models (Table 1). This finding implies that Sarocladium species harbor a vast array of pathogenic genes. Moreover, S. oryzae and S. terricola have been reported to contain numerous natural biosynthetic gene clusters (Hittalmani et al., 2016; Tian et al., 2022). For example, 33 secondary metabolite gene clusters were discovered in the S. terricola strain TR, including ten NRPS clusters, thirteen PKS clusters, one PKS-NRPS hybrid cluster, and five terpene clusters (Tian et al., 2022). This study identified slightly more gene clusters in the S. terricola genome assembly (Table 1).

Ergosterol is a crucial component of fungal cell membranes and has numerous biological and physiological functions, including delaying aging, preventing cancer, reducing inflammation and fever, and exhibiting anti-oxidative and antibacterial activities (Fernandes and Cabral, 2007; Abe et al., 2009; Guan et al., 2009; Caspeta et al., 2014; Dhingra and Cramer, 2017). Although fungi can accumulate ergosterol, its content is influenced by several factors, such as biomass, growth temperature, oxygen concentration, and the availability of carbon and nitrogen sources (Shang et al., 2006; He et al., 2007). In this study, significant differences in ergosterol content were observed when S. terricola was cultured in different media, including bean and potato dextrose media. To investigate the mechanism of ergosterol biosynthesis, we analyzed gene expression using transcriptome sequences from cultures grown in different media. Our analysis revealed that ERG3, ERG5, and ERG25 were up-regulated in potato dextrose media compared to bean media, while ERG4, ERG6, ERG24, ERG26, and ERG27 were down-regulated. In Saccharomyces cerevisiae, the enzymes essential for ergosterol biosynthesis include ERG9, ERG1, ERG7, ERG11, ERG24, ERG25, ERG26, ERG27, ERG6, ERG2, ERG3, ERG4, and ERG5 (Hu et al., 2018). The catalytic steps of ERG3, ERG5, and ERG25 require oxygen (Onyewu et al., 2003). Therefore, the up-regulation of ERG3, ERG5, and ERG25 in S. terricola grown in potato media may promote the synthesis of ergosterol. We also found no significant difference in the expression of three genes (S2G02520, S1G01142, and S10G10199). The three genes with significantly increased expression in potato dextrose media were ERG3, ERG25, and ERG5, which participate in the final steps of ergosterol synthesis and require the participation of oxygen. The down-regulated genes, ERG26, ERG27, and ERG6, have similar functions to ERG25, catalyzing the synthesis of fecosterol from 4,4-dimethylzymosterol. ERG4 and ERG5 participate in the synthesis of ergosta-5,7,24(28)-stienol, which is a precursor to ergosterol. Thus, the down-regulated genes, ERG26, ERG27, ERG6, and ERG4, have a limited effect in potato media.

To reconstruct the evolutionary history of S. terricola, we performed a maximum likelihood (ML) analysis using 268 single-copy orthologous genes from 26 genomes. The resulting ML tree revealed that S. terricola did not form a clade with Acremonium chrysogenum and A. citrinum, which supported the transfer of A. terricola to the genus Sarocladium (Giraldo et al., 2015).





Conclusion

In the present study, we sequenced, assembled, and annotated the genome of S. terricola. Our HPLC results indicated that the ergosterol levels of S. terricola were almost twice as high when cultured in potato dextrose media compared to bean media. Furthermore, our transcriptome analyses suggested that ERG3, ERG5, and ERG25 were significantly up-regulated in potato dextrose media, which may contribute to the increased ergosterol levels. Our phylogenomic analysis demonstrated that S. terricola is closely related to the family Bionectriaceae. The findings of this study hold great promise for the application of S. terricola as an animal feed additive. Additionally, we plan to conduct further studies to explore the relative genes involved in ergosterol biosynthesis, with the aim of further enhancing the ergosterol content of this strain in future work.
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Heterobasidion annosum is one of the most aggressive pathogens of Pinus forests in Europe, causing considerable economic losses. To detect H. annosum for disease diagnosis and control, we developed a loop-mediated isothermal amplification (LAMP) reaction with a primer set designed from the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) DNA sequences of H. annosum. In our study, this LAMP assay was found to be capable of efficiently amplifying the target gene within 60 min at 63°C. In specificity tests, H. annosum was positively detected, and other species were negative. The detection limit of this assay was found to be 100 pg·μL-1, and the assay was also successfully tested for use with basidiospore suspensions and wood samples. This study provides a rapid method for diagnosing root and butt rot caused by H. annosum, which will be of use in port surveillance of logs imported from Europe.
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Introduction

Heterobasidion annosum (Fr.) Bref. sensu lato (s.l.) has been studied intensively over several decades, with interfertility studies showing that H. annosum s.l. is a species complex (Korhonen, 1978; Dai and Korhonen, 1999; Dai et al., 2003). Recently, species of Heterobasidion have been divided into three groups using multilocus phylogenetic approaches; furthermore, the pathogenic species H. annosum sensu stricto (s.s.) has been found to be a sister to H. irregulare Garbel. & Otrosina. Most taxa of H. annosum s.l. are distributed in the conifer forests of the northern hemisphere (Chen et al., 2015; Dai et al., 2021a, b; Yuan et al., 2021; Wu et al., 2022).

Heterobasidion annosum is one of the most aggressive pathogens in the destruction of pine plantations in Europe (Edmonds et al., 1989; Woodward et al., 1998; Dai and Korhonen, 1999). The root and butt rot caused by Heterobasidion s.l. species can destroy the most valuable part of the tree (Korhonen and Stenlid, 1998; Niemelä and Korhonen, 1998; Seifert, 2007), depreciating the usability of the timber (Aza et al., 2021) and lowering the tree’s resistance to strong winds (Oliva et al., 2008). Furthermore, H. annosum s.l. may remain active in residual stumps and roots for decades until the next rotation (Rishbeth, 1951; Greig and Pratt, 1976). Significantly, H. annosum s.l. grows more quickly in dead trees than in living trees (Bendz-Hellgren et al., 1999). Hence, poor thinning and logging operations may increase the incidence of annosum-related rot (Shaw et al., 1995; Morrison and Johnson, 1999). Dai et al. (2021a) proposed that the most aggressive conifer pathogens, H. abietinum, H. annosum s. s., H. irregulare, H. occidentale, and H. parviporum, should be identified as quarantine fungi, as they are not found in China. Therefore, effective detection of annosum-related rot is important.

Over the past several decades, various methods for H. annosum detection have been developed, mainly focusing on morphological characters, mating tests, and molecular strategies. Traditionally, morphological identification of H. annosum has relied on macroscopic and microscopic observations (Rishbeth, 1951; Greig and Pratt, 1976; Tokuda et al., 2009; Aberg et al., 2016). However, once the basidiomata can be observed, it is already too late to protect the trees in question from decay (Garbelotto and Gonthier, 2013). Although mating tests are a relatively reliable method to determine compatibility with known species, they take time (Korhonen, 1978; Mitchelson and Korhonen, 1998; Dai and Korhonen, 1999; Dai et al., 2002). In fact, as all the classical diagnostic methods are complicated, time-consuming, and require professional skill, researchers have been investigating molecular methods of assay. A potential polymerase chain reaction (PCR) method offers great promise for detection of pathogenic fungi because of its speed and specificity (Schulze, 1999). Multiplex real-time PCR assay, with better resolution than traditional technology, has already been conducted by several researchers (Hietala et al., 2003; Ioos et al., 2019), and qPCR technology has been used to measure the distribution of species of Heterobasidion (Oliva et al., 2017).

Although PCR technology has already been applied in detection of H. annosum due to its sensitivity and specificity, long periods of time and expensive laboratory instruments are still required for these procedures. These intrinsic disadvantages prevent this method from being used in resource-limited regions. Loop-mediated isothermal amplification (LAMP) is an alternative method that amplifies target DNA sequences with high sensitivity and specificity under isothermal conditions (Notomi et al., 2000). The technology has previously been applied in pathogen detection (Sillo et al., 2017; Kong et al., 2020; Vettraino et al., 2021). So far, LAMP technology has been widely used in the medical field (Parida et al., 2005; Parida et al., 2007; Santiago, 2021), food science (Petersen et al., 2021), and plant protection (Franco Ortega et al., 2019; Enicks et al., 2020). The North American species H. irregulare Garbel. & Otrosina was detected by LAMP using a HirrSC3 gene within cytochrome P450 monooxygenase (Sillo et al., 2017). However, methods for rapid detection of H. annosum have rarely been reported.

LAMP utilizes a Bst DNA polymerase with stand-displacement activity, along with two inner primers (FIP, BIP) and two outer primers (F3, B3) that recognize six separate regions within a target DNA sequence (Notomi et al., 2000). Correct recognition of all six regions by the primers ensures the specificity of the assay. Positive reactions can be examined in the products, as follows: turbidity of magnesium phosphate increases (Mori et al., 2001); ladder-like bands can be observed on gel electrophoresis; and color changes can be induced in the reaction system through the addition of DNA-intercalating dyes (Goto et al., 2009). The metal ion hydroxynaphthol blue (HNB) is a reliable indicator of DNA amplification because of the low risk of cross-contamination along with sensitivity equivalent to that of SYBR green, and the results can easily be judged with the naked eye (Goto et al., 2009).

In this study, we aimed to develop a simple LAMP detection method for specific identification of H. annosum and to evaluate its accuracy in detecting wood decay caused by H. annosum.





Materials and methods




Culture conditions and DNA extraction

This study used forty-five cultures and specimens which were maintained at the Institute of Microbiology, the Beijing Forestry University (BJFC, Beijing, P.R. China), Jiangsu Vocational College of Agriculture and Forestry (JSAFC), and the Natural Resources Institute, Finland (Luke, Helsinki, Finland) (Table 1). Fungal strains were cultured on potato dextrose agar (PDA) (Caten and Jinks, 1968; Gams et al., 1998) in 90 mm petri dishes at 25°C for 28 days. In order to obtain abundant mycelia, fungal strains were cultured on potato dextrose agar for 7 days.


Table 1 | Fungal isolates and basidiomata used in this study.



Mycelia and basidiomata were ground in liquid nitrogen and subsequently collected in 1.5-mL microfuge tubes. Genomic DNA was extracted using the CTAB rapid plant genome extraction kit (Aidlab Biotechnologies Co., Ltd., Beijing, China) according to the manufacturer’s instructions, with some modifications (Chen et al., 2015). The concentration of the extracted DNA was evaluated using a Nanodrop spectrophotometer (Thermo Fisher Scientific, USA) following Kong et al. (2020); this was then diluted in 10-fold serial dilutions to produce concentrations from 10 ng·μL-1 to 10 fg·μL-1 and stored at –20°C. The cultures and specimens used were identified by morphological examination, and/or by sequencing Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Chen et al., 2015) or the internal transcribed spacer (ITS) (Table 1).





Optimization of the LAMP reaction

The LAMP reaction was performed according to previously described methods (Niu et al., 2012; Duan et al., 2014; Kong et al., 2020; Vettraino et al., 2021). The final LAMP reaction (26 μL volume) was performed by combining 2.5 μL 10 × ThermoPol buffer, 1.6 μmol·L-1 forward inner primer (FIP) and backward inner primer (BIP), 0.2 μmol·L-1 B3 and F3 primers, 0.8 μmol·L-1 LB and LF primers, 5 mmol·L-1 Mg2+, 0.8 mol·L-1 betaine, 1.4 mmol·L-1 dNTPs, 300 μmol·L-1 HNB, 8 U of Bst DNA polymerase, and 2 μL DNA template.

The LAMP reaction mixtures were heated at a range of reaction temperatures (viz., 61°C, 62°C, 63°C, 64°C, and 65°C) for 60 min to select the optimal temperature (Figure S1). Additionally, LAMP reactions were performed at the optimal reaction temperature (63°C) for 15 min, 30 min, 60 min, and 90 min in order to select the shortest viable reaction time (Figure S2). Runs were performed with positive controls (H. annosum), negative controls (14 Heterobasidion spp. and 24 other fungi), and controls consisting of distilled water without DNA. The assays were evaluated by observation of the HNB color change from violet to blue, which denotes positive amplification, while a negative assay remains violet. The optimum temperature and shortest viable time were identified as 63°C for 60 min. Each condition was repeated at least three times.





DNA extraction from basidiospore suspensions

Basidiospore suspensions were prepared by scraping four-week-old PDA-cultured mycelium with sterile distilled water. The concentration was determined using a hemacytometer and then adjusted in sterile water to obtain the desired final concentrations, containing 104, 103, 102, 50, 10, and 0 basidiospores per 1 μL. DNA was extracted from these basidiospore suspensions in order to evaluate the effectiveness of the LAMP assay in detecting basidiospores of H. annosum.





LAMP assay on wood samples

In order to evaluate the ability of LAMP to detect H. annosum in wood, trials were conducted following Li (2014). Pinus sylvestris, a cultivar highly susceptible to Heterobasidion spp., was selected for this experiment. Six pieces of P. sylvestris almost 20 cm long and 30–35 cm in diameter were prepared for this assay. Each piece was disinfected with 75% ethanol, wiped with distilled water, and air dried. Three pieces of wood were inoculated with strains of H. annosum; the other three were sprayed only with sterile distilled water. The pieces of wood were incubated in a partially darkened room for five weeks, with the surface kept moist during this period. DNA was extracted from each piece of wood and stored at –80°C until used.






Results




Design of LAMP primers

The primers were designed using the PRIMEREXPLORER V5 software program (http://primerexplorer.jp/lampv5e/index.html) based on GAPDH. Sequences were aligned using MAFFT 7 (https://mafft.cbrc.jp/alignment/server/). Regions conserved among all tested H. annosum populations but differentiating between closely related fungal species were selected for the design of LAMP primers (Figure 1). We designed a set of four primers to identify six regions of the target DNA, consisting of two inner primers (a forward inner primer FIP and a backward inner primer BIP) and two outer primers (a forward primer F3 and an outer backward primer B3). Additionally, we designed a loop forward primer (LF) and a loop backward primer (LB) to expedite the LAMP reaction. These primers were synthesized by Sangon Biotech. Nineteen sets of primers were designed for H. annosum; the set deemed suitable are listed in Table 2.




Figure 1 | Genomic alignment between Heterobasidion annosum and H. insulare, H. irregulare, and H. occidentale at the locus selected for design of the LAMP primer sets. The locations of the designed primers (F3–B3) are shown: forward primer FIP includes the F1 and F2 regions; backward primer BIP includes the B1 and B2 regions; and loop primers include the LB and LF regions. (Red color represents the forward primers, and blue color represents the reverse primers).




Table 2 | Primers used in this study.







Specificity of the LAMP assay

DNA from the isolates and specimens of Heterobasidion and others, as listed in Table 1, were used to validate the specificity of the assay. The LAMP primers were found to detect the species of H. annosum accurately. A positive reaction is indicated by a color change from violet to blue in the presence of the HNB indicator (Figure 2). GAPDH primers were able to distinguish H. annosum from other Heterobasidion species, along with fungi commonly detected in wood samples. Based on visual detection using HNB, only samples of H. annosum displayed a blue color (Figure 3).




Figure 2 | LAMP detection of the GAPDH gene in different isolates of Heterobasidion annosum. 1–7: H. annosum strains; “-”: negative control.






Figure 3 | Ability of the LAMP assay to distinguish H. annosum from other species in Russulales. “-”: negative control.







Sensitivity of the LAMP assay

LAMP sensitivity was tested using 10-fold serial dilutions of target genomic DNA prepared with distilled water (10 ng·μL-1, 1 ng·μL-1, 100 pg·μL-1, 10 pg·μL-1, 1 pg·μL-1, 100 fg μL-1, 10 fg·μL-1). A Nanodrop spectrophotometer was used to measure DNA concentration. The results showed that a blue color could be detected up to the point where the DNA concentration was as low as 100 pg·μL-1. However, the color remained violet when the DNA concentration was reduced further to 10 pg·μL-1, 1 pg·μL-1, 100 fg μL-1, or 10 fg·μL-1 (Figure 4).




Figure 4 | The sensitivity of the LAMP assay using a H. annosum s.s. 93961/6 DNA concentration gradient. “+”: positive control; “-”: negative control.







LAMP assay for basidiospore suspensions

The color changed from violet to blue in the suspension of basidiospores from the positive control and other treatments containing 104, 103, 102, 50, or 10 basidiospores per 1 μL. However, in the case of the treatment without basidiospores and the negative control, the color remained violet. This pattern indicated that the LAMP assay could detect the presence of at least ten basidiospores of H. annosum per 1 μL in suspension (Figure 5).




Figure 5 | LAMP assay detection of H. annosum in basidiospore suspensions containing different numbers of basidiospores. “+”: positive control; “-”: negative control.







Detection in wood

The LAMP assay was applied to samples of wood infected with H. annosum. DNA was extracted from diseased pieces of wood under simulated field conditions; as shown in Figure 6, H. annosum was successfully detected in diseased wood samples.




Figure 6 | LAMP assay detection of H. annosum in wood samples. ”+”: positive control; “-”: negative control.








Discussion

Detection of wood decay based on symptoms is relatively difficult. Trees are usually asymptomatic for decades after infection by butt rot, much less for root rot. The external symptoms mostly occur after the sapwood of the tree has decayed (Greig, 1998). Omdal et al. (2004) suggested that aboveground variables can be used as reasonable indicators of root disease. However, the detection of infections caused by slow-growing wood pathogens and with less obvious outer symptoms, such as H. annosum, often requires considerable professional knowledge, especially to distinguish closely related species.

Several fragments of genes have been described for detection of species of Heterobasidion (Fabritius and Karjalainen, 1993; Kasuga and Mitchelson, 1993; Kasuga et al., 1993; Johannesson and Stenlid, 2003; Linzer et al., 2008; Chen et al., 2014, Chen, 2015; Shamoun et al., 2019; Pellicciaro et al., 2021; Yuan et al., 2021). Although the use of PCR techniques is more successful as a method of detection, it still requires specialized equipment and highly trained personnel, and it is difficult and time-consuming to implement the technique in remote areas and ports. A delay in the identification of wood pathogens causes a major threat to wood production and international trade in timber. We have developed a rapid, specific, and sensitive method of detecting wood decay caused by H. annosum, based on GAPDH sequences; furthermore we have evaluated the accuracy of this method in detecting this fungus directly on wood samples. The LAMP method is far more convenient and effective for detecting H. annosum in time- and resource- limited conditions. This fungus mostly infects pine (Pinus spp.), especially Pinus sylvestris (Chen et al., 2015), but also it can be associated with other conifer forests, such as Abies sp., Larix sp., and Picea sp. (Korhonen, 1978). Genetic evidence has confirmed the major significance of stump infection by H. annosum s.l. (Swedjemark and Stenlid, 1993) in managed forests. The fungus infects freshly cut stumps through the spores and then progresses to the roots, and is able to spread to adjacent trees through root contact (Rishbeth, 1951; Wallis, 1962; Garbelotto and Gonthier, 2013). Thus, our assay may have value during thinning periods in conifer forests.

In general, most PCR amplifications are carried out with a DNA concentration of 20 ng/μL. Conventional PCR amplifications used to detect Heterobasidion species are carried out with a DNA concentration of 20 pg/μL (Shamoun et al., 2019). However, the LAMP assay tested in our study was found to detect H. annosum with a DNA concentration of 100 pg/μL. With adjustments to the temperature and time, the sensitivity of LAMP assay for detection of H. annosum failed to increase. This point necessitates further analysis.

When wood is infected with H. annosum, the pathogen may remain active in residual stumps and roots for decades until the next rotation (Rishbeth, 1951; Greig and Pratt, 1976). Significantly, H. annosum s.l. grows more quickly in dead trees than living trees. Thus, the method presented here is applicable to the analysis of samples stored for long periods or sent over long distances.

China is one of the biggest timber importers in the world, especially in regard to logs. Conifer logs account for a large proportion of wood imports, and this proportion has climbed from 68.8% to 78.5% since 2017 (Han, 2021). Economic losses to wood decay caused by H. annosum should not be ignored, and our LAMP assay provides a quarantine tool for reducing such losses through accurate testing of wood samples.
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SUPPLEMENTARY FIGURE 1 | The LAMP assay at different temperatures. The negative control was performed at 63°C for 60 min.

SUPPLEMENTARY FIGURE 2 | The LAMP assay at different times. The negative control was performed at 63°C for 60 min.
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Two new species of Scytinostroma viz. S. acystidiatum and S. macrospermum, are described from southwest China. Phylogeny based on ITS + nLSU dataset demonstrates that samples of the two species form two independent lineages and are different in morphology from the existing species of Scytinostroma. Scytinostroma acystidiatum is characterized by resupinate, coriaceous basidiomata with cream to pale yellow hymenophore, a dimitic hyphal structure with generative hyphae bearing simple septa, the absence of cystidia, and amyloid, broadly ellipsoid basidiospores measuring 4.7–7 × 3.5–4.7 μm. Scytinostroma macrospermum is characterized by resupinate, coriaceous basidiomata with cream to straw yellow hymenophore, a dimitic hyphal structure with generative hyphae bearing simple septa, numerous cystidia embedded or projecting from hymenium, and inamyloid, ellipsoid basidiospores measuring 9–11 × 4.5–5.5 μm. The differences between the new species and morphologically similar and phylogenetically related species are discussed.




Keywords: new taxa, Peniophoraceae, phylogeny, taxonomy, wood-rotting fungi




1 Introduction

The genus Scytinostroma Donk (Russulales, Basidiomycota), typified by S. portentosum (Berk. & M.A. Curtis) Donk, was established by Donk (1956). It is traditionally characterized by resupinate, coriaceous basidiomata, smooth to tuberculate hymenophore and a dimitic hyphal structure with simple septa or clamps on generative hyphae, filiform and dichotomously branched skeletal hyphae which are dextrinoid and cyanophilous, and subglobose to ellipsoid, thin-walled, variably amyloid basidiospores, and a white-rotting ecology (Donk, 1956; Rattan, 1974; Bernicchia and Gorjón, 2010; Wang et al., 2020; Tabish and Daniel, 2021).

The genus accommodated seven species derived from Corticium Fr. (without gloeocystidia) and Gloeocystidium P. Karst. (with gloeocystidia) when it was established. Later, Scytinostroma was gradually recognized by taxonomists, and the number of new species and new combinations has been increasing continuously (Donk, 1956; Gilbertson, 1962; Boidin, 1967; Rattan, 1974; Boidin and Lanquetin, 1977; Lanquetin, 1984; Boidin and Lanquetin, 1987; Boidin and Gilles, 1988; Hjortstam, 1990; Stalpers, 1996). So far, 36 species have been accepted in Scytinostroma worldwide (Nakasone, 2008; Liu, 2019; Wang et al., 2020). Recently, molecular phylogenetic studies demonstrated that Scytinostroma nested in Peniophoraceae within Russulales; furthermore, Scytinostroma was polyphyletic and formed four stable clades, as well as related to Gloiothele Bres., Vararia P. Karst., and Dichostereum Pilát (Nakasone and Micales, 1988; Larsson and Larsson, 2003; Miller et al., 2006; Larsson, 2007). Morphologically, Scytinostroma species are separated from other corticioid fungi of Russulales mainly by their tough and leathery texture of the basidiomata, as well as dextrinoid and dichotomously branched skeletal hyphae (Rattan, 1974; Liu, 2019).

During investigations on the diversity of wood-rotting fungi from China, two unknown corticioid specimens were collected from southwest China, and their morphology corresponded to the concepts of Scytinostroma. To confirm their affinity, phylogenetic analyses based on the ITS+ nLSU rDNA sequences were carried out. The two newly sequenced samples from Guizhou and Chongqing formed two well-supported lineages clustered with two sequences from Korea (KJ668461, Jang et al., 2016) and Japan (LC327052, Ogura-Tsujita et al., 2018), respectively. Based on morphological and phylogenetic evidences, we hereby propose two new species of Scytinostroma.




2 Materials and methods



2.1 Morphological studies

The studied specimens are deposited in the herbarium of the Institute of Microbiology, Beijing Forestry University (BJFC). Macro-morphological descriptions are based on field notes and dried specimens. Color terms followed Petersen (1996). Microscopic structures and abbreviations used in this study followed Wu et al. (2020) and Liu et al. (2022).




2.2 DNA extraction and sequencing

A CTAB rapid plant genome extraction kit (Aidlab Biotechnologies, Co., Ltd., Beijing, China) was used to obtain DNA products from voucher specimens, according to the manufacturer’s instructions with some modifications (Yuan et al., 2021; Yuan et al., 2022). The following primer pairs were used to amplify the DNA: 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 (ITS) regions (White et al., 1990); LR0R (5′-ACC CGC TGA ACT 6 TAA GC-3′) and LR7 (5′-TAC TAC CAC CAA GAT CT-3′) for nuclear large subunit (nLSU) rDNA (Vilgalys and Hester, 1990).

The procedures for DNA extraction and polymerase chain reaction (PCR) used in this study were the same as described by Wu et al. (2022b). The PCR products were purified and sequenced by Beijing Genomics Institute (BGI), China. All newly generated sequences in this study were deposited in GenBank (http://www.ncbi.nlm.nih.gov/genbank/) and listed in Table 1.


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






2.3 Phylogenetic analyses

Phylogenetic analyses were performed with the Maximum Parsimony (MP), Maximum Likelihood (ML), and Bayesian Inference (BI) methods. New sequences generated in this study, along with reference sequences retrieved from GenBank (Table 1), were aligned by MAFFT 7 (Katoh et al., 2019; http://mafft.cbrc.jp/alignment/server/) using the “G-INS-i” strategy and manually adjusted in BioEdit (Hall, 1999). Unreliably aligned sections were removed before the analyses, and efforts were made to manually inspect and improve the alignment. The data matrix was edited in Mesquite v3.70. Confertobasidium olivaceoalbum (Bourdot & Galzin) Jülich and Metulodontia nivea (P. Karst.) Parmasto were selected as outgroups (Larsson and Larsson, 2003).

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 5,000, 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 the combined dataset with the GTR+I+G model of site substitution, including estimation of Gamma-distributed rate heterogeneity and a proportion of invariant sites (Stamatakis, 2006). The branch support was evaluated with a bootstrapping method of 1000 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 5 million generations and started from random trees (Ronquist and Huelsenbeck, 2003). Trees were sampled every 1,000 generations. The first 25% of the sampled trees were discarded as burn-in, and the remaining ones were used to reconstruct a majority rule consensus and calculate Bayesian Posterior Probabilities (BPP) of the clades.

Branches that received BT supports for Maximum Parsimony (BP) and Maximum Likelihood (BS) greater than or equal to 75%, and BPP greater than or equal to 0.95 were considered as significantly supported. FigTree v1.4.4 and Treeview (Page, 1996) were used to visualize the resulting tree.





3 Results



3.1 Phylogenetic results

Two ITS and two nLSU sequences were generated in this study and were deposited in GenBank. Their accession numbers are specified in the phylogenetic tree (Figure 1). The final ITS + nLSU dataset included 60 sequences representing 28 species and resulted in an alignment of 1,826 characters. Maximum parsimony analysis yielded one equally parsimonious tree (TL = 2833, CI = 0.502, HI = 0.846, RI = 0.424, and RC = 0.498). BI analysis and ML analysis resulted in a similar topology to the MP analysis, with an average standard deviation of split frequencies of 0.002601 (BI).




Figure 1 | Phylogeny of Scytinostroma by Maximum Parsimony (MP) analysis based on combined ITS + nLSU dataset. Branches are labeled with bootstrap supports for Maximum Parsimony (BP) > 70%, Maximum Likelihood bootstrap (BS) > 70%, and Bayesian Posterior Probabilities (BPP) > 0.95, respectively. The new species are in bold.



The phylogeny (Figure 1) inferred from the ITS + nLSU dataset demonstrated that two new species, Scytinostroma acystidiatum and S. macrospermum, clustered in the Scytinostroma clade. Moreover, Scytinostroma acystidiatum clustered with one sample from Korea (KUC20121019-32) formed an independent lineage with a robust support (BP = 100%, BS = 100%, and BPP = 1.00) and then closely related to S. renisporum Boidin, Lanq. & Gilles. S. macrospermum clustered with one sample from Japan (M2138), forming an independent lineage with a strong support (BP = 100%, BS = 100%, and BPP = 1.00).




3.2 Taxonomy

Scytinostroma acystidiatum Q.Y. Zhang, L.S. Bian & Q. Chen, sp. nov., Figures 2, 3




Figure 2 | Basidiomata of Scytinostroma acystidiatum (Holotype, Dai 24608). Scale bar = 1.0 cm. Photo by: Qiu-Yue Zhang.






Figure 3 | Microscopic structures of Scytinostroma acystidiatum (Holotype, Dai 24608). (A) Basidiospores. (B) Cystidioles. (C) Basidia and basidioles. (D) A section of basidiomata. Drawings by: Qiu-Yue Zhang.



MycoBank no.: 848524

Type — China, Guizhou Province, Tongren, Fanjingshan, on fallen angiosperm branch, 13 July 2022, Dai 24608 (BJFC039842).

Etymology — Acystidiatum (Lat.): refers to the species lacking cystidia.

Basidiomata —Annual, resupinate, coriaceous, not separable from substrate, up to 7 cm long, 2 cm wide, and less than 0.1 mm thick at center. Hymenial surface smooth to locally tuberculate, cream to pale yellow; margin concolorous with hymenial surface, thinning out, and adnate.

Hyphal structure —Hyphal system dimitic; generative hyphae infrequent, simple septate, hyaline, thin-walled, rarely branched, 2–3 μm in diameter, IKI–, CB–; skeletal hyphae dominant, frequently dichotomously branched, tortuous, interwoven, thick-walled, dextrinoid, cyanophilous, 1–2.5 μm in diameter; tissues unchanged in KOH.

Hymenium —Cystidia absent; cystidioles present, clavate, some gradually tapering to the apex, thin-walled, hyaline, smooth, 12–18 × 2–4 μm; basidia clavate, with a basal simple septum and four sterigmata, thin-walled, smooth, 13–21 × 3.5–5 μm; basidioles similar to basidia in shape, but slightly smaller.

Spores —Basidiospores broadly ellipsoid with an apiculus, hyaline, thin-walled, smooth, occasionally with one or two guttules, amyloid, acyanophilous, (4.5–)4.7–7 × (3–)3.5–4.7(–5) μm, L = 5.68 μm, W = 4.02 μm, Q = 1.41 (n = 30/1).

Scytinostroma macrospermum Q.Y. Zhang, L.S. Bian & Q. Chen, sp. nov., Figures 4, 5




Figure 4 | Basidiomata of Scytinostroma macrospermum (Holotype, Dai 24606). Scale bar = 1.0 cm. Photo by: Qiu-Yue Zhang.






Figure 5 | Microscopic structures of Scytinostroma macrospermum (Holotype, Dai 24606). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidia. (D) A section of basidiomata. Drawings by: Qiu-Yue Zhang.



MycoBank no.: 848525

Type —China, Chongqing, Jiangjin District, Simianshan National Scenic Spot, on rotten angiosperm wood, 10 July 2022, Dai 24606 (BJFC039838).

Etymology — Macrospermum (Lat.): refers to the species having large basidiospores.

Basidiomata —Annual, resupinate, coriaceous, not separable from substrate, up to 13.5 cm long, 3 cm wide, and less than 0.2 mm thick at center. Hymenial surface smooth to locally tuberculate, cream to straw yellow; margin concolorous with hymenial surface, slightly fimbricate.

Hyphal structure —Hyphal system dimitic; generative hyphae infrequent, simple septate, thin-walled, hyaline, rarely branched, 1.5–3 μm in diameter, IKI–, CB–; skeletal hyphae dominant, frequently dichotomously branched, interwoven, thick-walled, dextrinoid, cyanophilous, 1–3 μm in diameter; tissues unchanged in KOH.

Hymenium —Cystidia numerous, narrowly fusoid to cylindrical, thin-walled, smooth, 25–107 × 2.5–10 μm, embedded or projecting from hymenium up to 25 µm; basidia clavate, with a basal simple septum and four sterigmata, thin-walled, smooth, with some guttules, 30–45 × 6–8 μm; basidioles dominant, similar to basidia in shape, but slightly smaller.

Spores —Basidiospores ellipsoid with an apiculus, hyaline, thin-walled, smooth, occasionally with one or two guttules, inamyloid, acyanophilous, 9–11(–12) × (4–)4.5–5.5(–6) μm, L = 9.89 μm, W = 4.94 μm, Q = 2.00 (n = 30/1).





4 Discussion

Two new species, Scytinostroma acystidiatum and S. macrospermum, are described in this study based on morphological characteristics and phylogenetic analyses. The ITS + nLSU-based phylogeny (Figure 1) shows the phylogenetic positions of the two new species in the genus Scytinostroma. In detail, the sequence of KUC20121019-32 from Korea, clustered together with Scytinostroma acystidiatum, and shares less than 1.5% sequence (ITS) dissimilarity (Jang et al., 2016). The sample KUC20121019-32 was collected in Odaesan National Park, South Korea, which has geographical proximity (eastern Asia) and a similar climate (subtropical climate) to Guizhou, China. So, we treat KUC20121019-32 as Scytinostroma acystidiatum. In addition, Scytinostroma acystidiatum grouped with S. renisporum with strong support (100% BP, 100% BS, 1.00 BPP, Figure 1). Scytinostroma renisporum is morphologically distinguished from S. acystidiatum by its membranaceous to paper-like basidiomata and larger gloeocystidia measuring 20–35 × 6–10 µm (Boidin and Lanquetin, 1987).

Morphologically, Scytinostroma alutum Lanq., S. arachnoideum (Peck) Gilb., S. cystidiatum Boidin, S. hemidichophyticum Pouzar, S. portentosum (Berk. & M.A. Curtis) Donk, and S. yunnanense C.L. Zhao are similar to S. acystidiatum by sharing amyloid basidiospores. However, S. alutum differs from S. acystidiatum by its resupinate to effuse-reflexed basidiomata with cracked hymenophore, larger basidia (40–65 × 5–6 µm vs. 13–21 × 3.5–5 μm), and bigger basidiospores (5.3–7.2 × 5.7–7.3 μm vs. 4.7–7 × 3.5–4.7 μm; Lanquetin, 1984). Scytinostroma arachnoideum is separated from S. acystidiatum by its cottony basidiomata with white rhizomorphs and smaller basidiospores (3.5–4.5 × 3–3.5 μm vs. 4.7–7 × 3.5–4.7 μm; Gilbertson, 1962). Scytinostroma cystidiatum, S. hemidichophyticum, and S. portentosum are separated from S. acystidiatum by the presence of cystidia (Donk, 1956; Boidin, 1960; Pouzar, 1966). S. yunnanense differs from S. acystidiatum by its white to cream basidiomata and shorter basidiospores (4.5–5.5 μm vs. 4.7–7 μm in length; Wang et al., 2020).

Phylogenetically, the sequence of M2138 from Japan, clustered together with Scytinostroma macrospermum and formed an independent lineage with less than 1.5% sequence (ITS) dissimilarity (Ogura-Tsujita et al., 2018). The sample M2138 was collected in Kagoshima, Japan, which has geographical proximity (eastern Asia) and a similar climate (subtropical climate) to Chongqing, China. So, we treat M2138 as Scytinostroma macrospermum (Figure 1). Morphologically, Scytinostroma ochroleucum (Bres. & Torrend) Donk resembles S. macrospermum by resupinate, cream-colored to pale ochraceous basidiomata, but the former is different from the latter by its larger basidia (35–85 × 6.5–9 µm vs. 30–45 × 6–8 μm), and larger basidiospores (9–14 × 5–7 µm vs. 9–11 × 4.5–5.5 μm; Donk, 1956). Scytinostroma phaeosarcum Boidin & Lanq. resembles S. macrospermum by the approximately same size of basidiospores (8–10 × 4.5–5.5 μm), while S. phaeosarcum differs from S. macrospermum by its basidiomata becoming brown when bruised and thinner basidia (3–5 μm vs. 6–8 μm in width; Boidin and Lanquetin, 1977). In addition, Scytinostroma macrospermum is similar to S. decidens Boidin, Gilles & Lanq., S. jacksonii Boidin and S. mediterraneense Boidin & Lanq. by sharing large cystidia (> 100 μm in length) and inamyloid basidiospores. However, the latter three species distinctly differ from S. macrospermum by their obviously narrower basidiospores (2.5–3.5 μm in width vs. 4.5–5.5 μm in width, Boidin, 1981; Boidin and Lanquetin, 1987; Nakasone and Micales, 1988).

Wood-rotting fungi as an important group within the Basidiomycota are known for their ecological role in the forest ecosystem in terms of decaying living and dead trees and recycling nutrients in forest ecosystems (Dai et al., 2007; Yuan et al., 2021; Yuan et al., 2022). However, the diversity and taxonomy of these fungi remain not well known, and many new species have been described recently because of the application of molecular phylogeny (Dai et al., 2021; Mao et al., 2023; Wang et al., 2021; Wang et al., 2022; Wu et al., 2022a; Wu et al., 2022b; Zhou et al., 2021). Similarly, despite numerous species of Scytinostroma have been described, many unknown species or unnamed sequences still exist (Scytinostroma sp., Figure 1). Consequently, with the application of molecular phylogeny, the diversity and systematics will be outlined by further studies based on more samples worldwide.
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Introduction

Phytophthora sojae is among the most devastating pathogens of soybean (Glycine max) and severely impacts soybean production in several countries. The resulting disease can be difficult to diagnose and other Phytophthora species can also infect soybean. Accurate diagnosis is important for management of the disease caused by P. sojae.





Methods

In this study, recombinase polymerase amplification (RPA) in combination with the CRISPR/Cas12a system were used for detection of P. sojae. The assay was highly specific to P. sojae.





Results

The test results were positive for 29 isolates of P. sojae, but negative for 64 isolates of 29 Phytophthora species, 7 Phytopythium and Pythium species, 32 fungal species, and 2 Bursaphelenchus species. The method was highly sensitive, detecting as little as 10 pg.µL−1 of P. sojae genomic DNA at 37°C in 20 min. The test results were visible under UV light and readout coming from fluorophores. In addition, P. sojae was detected from natural inoculated hypocotyls of soybean seedlings using this novel assay. The rapidity and accuracy of the method were verified using 30 soybean rhizosphere samples.





Discussion

In conclusion, the RPA-CRISPR/Cas12a detection assay developed here is sensitive, efficient, and convenient, and has potential for further development as a kit for monitoring root rot of soybean in the field.
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Introduction

Phytophthora sojae is among the most destructive pathogens of soybean (Glycine max). An estimated annual worldwide loss of US$1–2 billion is caused by P. sojae, which was first identified as a soybean pathogen in the 1950s in Indiana, Ohio, and North Carolina (Schmitthenner, 1985; Tyler, 2007; Dorrance, 2018). The pathogen has gradually spread to many soybean-producing regions of the world, including Brazil, Canada, China, and Argentina, where it has become a major impediment to soybean production (Wrather and Koenning, 2006).

China is the third-largest producer of soybeans in the world, following the United States and Brazil (Zhang et al., 2010; Roese and Pereira Goulart, 2013). P. sojae was first detected in Heilongjiang Province of China in 1989 (Su and Shen, 1993; Cui et al., 2010). After assessing its potential risk to economic and agricultural security, the Ministry of Agriculture of the People’s Republic of China listed P. sojae as a quarantine pathogen in 2007. The disease has caused severe soybean losses in China and has shown a trend for gradual expansion in the country (Chen et al., 2004).

Rapid detection of P. sojae is a crucial step towards effective control of soybean root rot and seedling blight. Traditionally, methods to identify P. sojae involve direct isolation from diseased plant tissues and baiting from soil on semi-selective media (Davison, 1998). Subsequent identification based on pathogen morphology and DNA sequences are usually time-consuming and requires trained personnel. The development of a PCR-based assay for rapid and sensitive detection of P. sojae may facilitate efficient pathogen identification and lead to effective disease management. A variety of molecular detection methods for phytopathogens have been developed, including PCR (Wang et al., 2006; Bienapfl et al., 2011; Xiong et al., 2019), real-time fluorescent PCR, loop-mediated isothermal amplification (LAMP), and recombinase polymerase amplification–lateral flow dipstick (RPA-LFD) assays (Cullen et al., 2001; Cullen et al., 2002; Lees et al., 2002; Dai et al., 2012; Dai et al., 2015; Rojas et al., 2017; Dai et al., 2019). However, these detection procedures rely on thermal-cycling instruments and other specialized equipment for sample treatment and result output, which limits the application of these methods to diagnose diseases in the field and by gel electrophoresis (Cullen et al., 2001; Cullen et al., 2002; Lees et al., 2002; Filion et al., 2003; Zhu et al., 2021).

In recent years, several molecular detection technologies based on isothermal amplification reactions have been developed and applied to pathogen detection, such as nuclear acid sequence-based amplification (NASBA), rolling circle amplification (RCA), helicase-dependent amplification (HAD), LAMP, and recombinase polymerase amplification (RPA) (Polstra et al., 2002; Andresen et al., 2009; Clancy et al., 2015; Magriñá Lobato and O’Sullivan, 2018; Huang et al., 2019; Zhang et al., 2020; Xu Z. C. et al., 2022). In 2018, a new DNA detection method [DNA endonuclease targeted CRISPR trans reporter (DETECTR)] by combining CRISPR/Cas with isothermal amplification was developed (Chen et al., 2018). DETECTR uses RPA to amplify targeted double-stranded DNA (dsDNA) at a constant temperature. When Cas12a specifically recognises and cleaves the amplified product under the control of a programmable specific CRISPR RNA(crRNA), non-specific trans-cleavage activity is activated, which cleaves the single-stranded DNA (ssDNA) reporter in the system, generating a fluorescence signal. DETECTR is used for the rapid detection of viruses, and the sensitivity can reach the attomole level (Barrangou and Marraffini, 2014; Le et al., 2021; Wang et al., 2021; Yue et al., 2021).

Because the adjustable properties of CRISPR-Cas effectors, such as simplicity of design, easy operation, collateral cleavage activity, and high biocompatibility, CRISPR-Cas systems have been widely used in genome editing and transcriptional regulation (Kadam et al., 2023). The first biological evidence that CRISPR-Cas systems play a role in adaptive immunity was reported in 2007 when S. thermophilus CRISPR loci were shown to acquire novel spacers derived from the invasive phage DNA (Barrangou et al., 2007). In recent years, technologies based on CRISPR/Cas12a and Cas13a collateral cleavage activity have been used to detect COVID-19, nCOV-2019, African swine fever virus (ASFV), Zika virus (ZIKV), Dengue virus (DENV), and other important viruses (Myhrvold et al., 2018; Bai et al., 2019; Broughton et al., 2020). In addition, this novel technique can be used for rapid detection of Salmonella, Brucella, Helicobacter, and other bacteria (Dai et al., 2022; Liu et al., 2022; Xu J. H. et al., 2022). To date, the method has been used to detect not only bacteria, viruses, and mycoplasmas, but also phytopathogenic fungi causing diseases such as citus black star disease, citrus scab, and wheat blast (Shi, 2021; Shin et al., 2021; Li et al., 2022).

In this study, a novel RPA-CRISPR/Cas12a assay was developed for detection of P. sojae, targeting the Ypt1 gene, comprising 10 min for crude DNA extraction, 5 min for the RPA reaction, and 15 min for the CRISPR/Cas12a reaction. The results can be observed as green fluorescence under a blue LED transilluminator at a wavelength of 470 nm or detected using a multifunctional microplate reader (fluorescence excitation wavelength [λex] 485 nm, fluorescence emission wavelength [λem] 520 nm). The specificity of the assay was evaluated by testing against P. sansomeana, P. melonis, P. vignae, and other oomycete and fungal species. The analytical sensitivity and feasibility of this method were confirmed using artificially inoculated samples.





Materials and methods




Maintenance of isolates and DNA extraction

Twenty-nine isolates of Phytophthora sojae were recovered from roots, stems, and rhizosphere soil of diseased soybean plants in the Jiangsu, Anhui, and Heilongjiang provinces in China from 2002 to 2022 (Table 1). Sixty-four isolates of 29 Phytophthora species, 7 isolates of five species of other oomycetes, 32 isolates of 31 fungal species, and 2 isolates of Bursaphelenchus species used in this study were obtained from a collection maintained at the Department of Plant Pathology of Nanjing Forestry University (Nanjing, China) (Table 1). Phytophthora sojae and other oomycete isolates were grown on 10% clarified V8 juice agar in a 70-mm Petri dish and maintained in the dark at 20–25°C. After culture for 3–5 days, the mycelium was scraped from the medium surface. The fungal isolates were grown on potato glucose agar in 90-mm Petri dishes and maintained at 20°C in the dark. Genomic DNA (gDNA) was extracted from all isolates using the DNAsecure Plant Kit (Tiangen Biotech, Beijing, China) and quantified using a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). All gDNA samples were stored at-20°C until use.


Table 1 | Information and Crisp-cas12a deteciton results of Phytophthora and other oomycete and fungal isolates used in this study.







Design of RPA primers, crRNA, and ssDNA reporter

The Ypt1 gene was selected as the target for the design of gene-specific RPA primers (Dai et al., 2019). The RPA primers were designed using Primer Premier 6.0 (Premier Biosoft, Palo Alto, CA, USA) and based on the recommendations in the DNA Amplification Kit manual which were listed in Supplementary Figure S1. The CHOPCHOP web tool (http://chopchop.cbu.uib.no/) was used to design the CRISPR RNA (crRNA) ssDNA reporters (Zhao et al., 2022). The crRNA sequence did not overlap with that of the RPA primers and target conserved regions of the RPA amplicon (crRNA: UAAUUUCUACUAAGUGUAGAUCGAUCCAGUUGCAGUUGCUGACAAUA) (Figure S1). The 5′-end of the ssDNA reporter was tagged with 6-FAM and the 3′-end was tagged with the BHQ-1 quencher (5′ 6-FAM-TTATT-BHQ-1 3′) (Chen et al., 2018; Li et al., 2018). The crRNA and ssDNA reporter were synthesized by GenScript (Nanjing, China) and stored at -80°C until use.





RPA-CRISPR/Cas12a assay

The 30-min assay included a two-step approach (5 min for the RPA reaction and 15 min for the CRISPR/Cas12a assay). First, the pair of RPA primers (Ypt1RPA-F/Ypt1RPA-R) were used to amplify the Ypt1 gene of P. sojae in a 5-min RPA step. Second, the CRISPR/Cas12a system was used to detect and visualize the amplified products within 15 min.

The detection process involved in the RPA-CRISPR/Cas12a analysis is shown in Figure 1. The RPA assay was performed in a 50-µL reaction mixture using the Test Strip Kit (LeShang Ltd., WuXi, China) in accordance with the manufacturer’s instructions. Each reaction mixture initially contained 2 µL of each forward and reverse primer (Ypt1RPA-F/Ypt1RPA-R, 10 µM), 25 µL rehydration buffer, 2 µL gDNA (10 ng.µL−1), and 16 µL double-distilled H2O (ddH2O), amounting to 47 µL in volume. After centrifugation of this mixture at 4000 rpm for 5 s, 3 μL of activator (supplied with the kit) was added to the lid of the reaction unit. The reaction unit was closed tightly, centrifuged at 4,000 rpm for 5 s, and then shaken manually for 3 s so that the mixture and activator were well mixed. Reactions were conducted at 37°C. After 4 min, the reactions were shaken manually and centrifuged at 4000 rpm for 5 s. The reaction tube was incubated at 37°C for 20 min. The RPA products were then analyzed using the CRISPR/Cas12a system.




Figure 1 | Schematic diagram of the RPA-CRISPR/Cas12a assay for detection of Phytophthora sojae. (A) Recombinase polymerase amplification. (B) Cas12a protein can combine with each amplicon and target-specific crRNA to form a complex with indiscriminate ssDNA cleavage activity. The FAM-labeled ssDNA reporter is cleaved and produces visible green fluorescence under excitation at a wavelength of 470 nm. (C) Positive result: visible green fluorescence. Negative result: no green fluorescence visible.



The ssDNA reporter labeled with 6-FAM and BHQ-1 was added to the reaction tube of the CRISPR/Cas12a system. The Cas12a/crRNA recognized the target protospacer-adjacent motif sequence, the cleavage activity of Cas12a was generated, and the ssDNA reporter was cleaved, resulting in fluorescence. Various concentrations of crRNA (40 nM, 300 nM, 0.5 µM, 1 µM, 2 µM, 5 µM, and 10 µM) and ssDNA reporter (40 nM, 300 nM, 1 µM, 2 µM, 5 µM, and 10 µM) were used to screen the optimal concentration combination (Table S1). The optimal incubation time of the RPA reaction and the cleavage time of Cas12a were tested separately with eight time points (5, 10, 15, 20, 25, 30, 35, and 40 min). The CRISPR/Cas12a reaction was performed in a 50-μL reaction mixture, comprising 38 μL ddH2O, 5 μL reaction buffer, 3 μL crRNA, 1 μL Cas12a, 1 μL ssDNA reporter, and 2 μL RPA product. The reaction mixture was centrifuged at 4000 rpm for 5 s, then incubated at 37°C. The results of the RPA-CRISPR/Cas12a assay can be detected by two methods. Strong fluorescence signals were detected by a multifunctional microplate reader (λex 485 nm, λem 520 nm) or visible green fluorescence was detected under a blue LED transilluminator at 470 nm wavelength, whereas no fluorescent signal or visible green fluorescence was detected in the negative controls. All RPA-CRISPR/Cas12a reactions were repeated at least three times. The STDEVP function was used to analyze the three results (number 1, number 2, and number 3) obtained by repeating CRISPR/Cas12a analysis three times to calculate the standard deviation. Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). The experimental group and control group were compared by performing the Student’s t-test for a difference analysis by calculating P value. P <0.05 (*) was considered statistically significan.





Specificity and sensitivity of the RPA-CRISPR/Cas12a assay

Specificity of the RPA-CRISPR/Cas12a assay was evaluated against all isolates (22 isolates of P.sojae, 64 isolates of 29 other Phytophthora species, 7 isolates of other oomycetes, 32 isolates of fungal species, and 2 isolates of Bursaphelenchus species) listed in Table 1. Purified gDNA samples (100 ng) were used as templates and a positive control (100 ng P. sojae isolate) and double-distilled H2O as a no template control (NTC) were included in each set of reactions. To determine sensitivity, 10-fold dilutions of P. sojae gDNA (isolate P6497) ranging from 100 to 0.0001 ng.µL−1 were used as DNA templates in the RPA-CRISPR/Cas12a assay. A negative control (NC; ddH2O) was included in each set of reactions. All RPA-CRISPR/Cas12a reactions were repeated at least three times. The STDEVP function was used to analyze the three results (number 1, number 2, and number 3) obtained by repeating CRISPR/Cas12a analysis three times to calculate the standard deviation. Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). The experimental group and control group were compared by performing the Student’s t-test for a difference analysis by calculating P value. P <0.05 (*) was considered statistically significan.





Detection of P. sojae in naturally infected soybean plants using the RPA-CRISPR/Cas12a assay

After inoculation of P. sojae, soybean plants seedlings had severe wilting with discoloration. Using a five-point sampling method, five soybean plants were collected at the booting stage at each sampling point from a field infected with soybean root rot. For sample processing, each of the ground tissues of 25 soybean plants were cut into 2-cm-long segments, and 250 g fresh samples were taken from each plant. The samples were ground for 1 min with a grinder (XB-M101, Lingrui, China). A sample (1 g) was placed in a 1.5-mL centrifuge tube containing 1 mL PEG-OH extraction buffer (1 g NaOH was dissolved in 900 mL ddH2O, 60 mL PEG200 was added, and the volume adjusted to 1 L with ddH2O, and sterilized with a bacterial filter) and incubated at room temperature (25°C) for 8 min. The supernatant was collected as the template for the RPA-CRISPR/Cas12a assay. Purified gDNA (10 ng.µL−1) extracted from healthy soybean plants and ddH2O were included in each repeat as a NC and NTC, respectively. The STDEVP function was used to analyze the three results (number 1, number 2, and number 3) obtained by repeating CRISPR/Cas12a analysis three times to calculate the standard deviation. Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). The experimental group and control group were compared by performing the Student’s t-test for a difference analysis by calculating P value. P <0.05 (*) was considered statistically significan.






Results




Optimization of the RPA-CRISPR/Cas12a assay for detection of P. sojae

Various concentrations of crRNA and ssDNA reporter for the RPA-CRISPR/Cas12a assay were used to determine the optimal concentration (Table S1). The visible green fluorescence and fluorescence intensity results indicated that 10 μM crRNA and 10 μM ssDNA reporter were the optimal concentrations for the RPA-CRISPR/Cas12a assay (Figures 2A, B). Subsequently, 10 μM crRNA and 10 μM ssDNA reporter were used to test for the optimal RPA reaction time (assessed at the time points 5, 10, 15, 20, 25, 30, 35, and 40 min). Strong green fluorescence was observed with the blue LED transilluminator after 5 min and the fluorescence intensity increased from 5 min (Figures 3A, B). Therefore, the optimal RPA reaction time was 5 min. Assessment of the optimal Cas12a cleavage time (at 5, 10, 15, 20, 25, 30, 35, and 40 min) using the product of the 5 min RPA reaction revealed that the optimal cleavage time was 15 min (Figures 3C, D). In conclusion, green fluorescence was clearly visible after 20 min (with 5 min for the RPA reaction and 15 min for Cas12a cleavage) (Figure 3).




Figure 2 | Optimization of the crRNA and ssDNA reporter concentrations for the RPA-CRISPR/Cas12a assay. The crRNA and ssDNA reporter concentrations were set to the following values: 1: 40 nM crRNA, 40 nM ssDNA reporter; 2: 300 nM crRNA, 40 nM ssDNA reporter; 3: 500 nM crRNA, 300 nM ssDNA reporter; 4: 1 µM crRNA, 1 µM ssDNA reporter; 5: 1 µM crRNA, 2 µM ssDNA reporter; 6: 2 µM crRNA, 1 µM ssDNA reporter; 7: 5 µM crRNA, 1 µM ssDNA reporter; 8: 1 µM crRNA, 5 µM ssDNA reporter; 9: 10 µM crRNA, 5 µM ssDNA reporter; and 10: 10 µM crRNA, 10 µM ssDNA reporter. NC, Negative control (double-distilled H2O). (A) Fluorescence detection using a multifunctional microplate reader (λex: 485 nm, λem: 520 nm). (B) Visible green fluorescence detection under a blue LED transilluminator at a wavelength of 470 nm. By measuring the fluorescence value, one-way ANOVA was performed on the fluorescence value with fluorescence and the fluorescence value of the negative control to obtain the result of P <0.0001. This indicates that the difference between fluorescence and non fluorescence is very significant, represented by "****".






Figure 3 | Optimization of the recombinase polymerase amplification (RPA) reaction time and Cas12a cleavage time for the RPA-CRISPR/Cas12a assay. (A, B) RPA reaction times: 1, 3, 5, 7, 9, 11, 13, and 15: 5, 10, 15, 20, 25, 30, 35, and 40 min; 2, 4, 6, 8, 10, 12, 14, and 16: NC (negative control, double-distilled H2O). (C, D) Cas12a cleavage times: 1, 3, 5, 7, 9, 11, 13, and 15: 5, 10, 15, 20, 25, 30, 35, and 40 min; 2, 4, 6, 8, 10, 12, 14, and 16: NC (negative control, double-distilled H2O). (A, C) Fluorescence detection using a multifunctional microplate reader (λex: 485 nm, λem: 520 nm). (B, D) Visible green fluorescence detection under a blue LED transilluminator at a wavelength of 470 nm.







Specificity of the RPA-CRISPR/Cas12a assay for rapid detection of P. sojae

A PCR amplification product of approximately 239 bp was amplified in the RPA reaction from the gDNA of P. sojae with the primers Ypt1RPA-F and Ypt1RPA-R. No PCR amplicons were detected in the reactions with gDNA of P. sansomeana, P. melonis, P. vignae, P. cinnamomi, P. cryptogea, P. citrophthora, Alternaria alternata, Botrytis cinerea, Colletotrichum truncatum, Endothia parasitica, Fusarium oxysporium, F. solani, and the NC (Figure 4). In the specificity assessment for the RPA-CRISPR/Cas12a assay, a multifunctional microplate reader detected a strong fluorescence signal for gDNA of P. sojae, whereas no fluorescence signal was observed for gDNAs of other oomycetes and nematodes (Figures 5B, D). Green fluorescence from gDNA of P. sojae was clearly observed under a blue LED transilluminator at a wavelength of 470 nm, whereas no green fluorescence was detected for the gDNAs of other oomycete isolates, fungal isolates, and nematodes (Figures 5A, C). The specificity tests were replicated three times and each replicate yielded identical results.




Figure 4 | Primers designed based on the Ypt1 gene sequence were screened for specificity using conventional PCR assays, and detected by 1.5% agarose gel electrophoresis. PCR amplicons (239 bp) were only detected in the P. sojae sample, indicating specificity for detection of P. sojae DNA. Marker DL2000 (Takara Shuzo, Shiga, Japan). NC, Negative control (double-distilled H2O).






Figure 5 | Evaluation of the specificity of the RPA-CRISPR/Cas12a assay. (A, B) Evaluation using genomic DNA isolated from 1: Phytophthora sojae, 2: P. melonis, 3: P. cambivora, 4: P. cinnamomi, 5: P. citricola, 6: P. cactorum, 7: P. pini, and 8: negative control (NC; no template). (C, D) Evaluation using genomic DNA from 1: P. sojae, 2: Alternaria alternata, 3: Botrytis cinerea, 4: Colletotrichum truncatum, 5: Endothia parasitica, 6: Fusarium oxysporium, 7: F. solani, and 8: negative control (NC; no template).







Sensitivity of the RPA-CRISPR/Cas12a assay for rapid detection of P. sojae

To evaluate the sensitivity of the RPA-CRISPR/Cas12a assay for detection of P. sojae, 2 µL of P. sojae gDNA of various concentrations (10 ng.µL−1, 10 ng.µL−1, 1 ng.µL−1, 100 pg.µL−1, 10 pg.µL−1, 1 pg.µL−1, 100 fg.µL−1 and 10 fg.µL−1) were used. The gDNA concentrations of 10 ng.µL−1, 1 ng.µL−1, 100 pg.µL−1, and 10 pg.µL−1 resulted in visible green fluorescence, whereas the remaining gDNA concentrations and the NC did not produce visible fluorescence. All results were consistent among three replicates. These results indicated that the minimum detectable gDNA concentration was 10 pg.μL−1 gDNA (Figure 6). The RPA-CRISPR/Cas12a assay was repeated three times for each concentration of gDNA template under identical experimental conditions as described above.




Figure 6 | Evaluation of the sensitivity of the RPA-CRISPR/Cas12a assay for detection of Phytophthora sojae. The pathogen was detected at a minimum genomic DNA concentration of 10 pg µL−1 using (A) a multifunctional microplate reader (λex: 485 nm, λem: 520 nm) or (B) a blue LED transilluminator at a wavelength of 470 nm. 1–8: 10 ng µL−1, 1 ng µL−1, 100 pg µL−1, 10 pg µL−1, 1 pg µL−1, 100 fg µL−1, 10 fg µL−1 and NC (negative control, double-distilled H2O). By measuring the fluorescence value, one-way ANOVA was performed on the fluorescence value with fluorescence and the fluorescence value of the negative control to obtain the result of P <0.0001. This indicates that the difference between fluorescence and non fluorescence is very significant, represented by "****".







Detection of P. sojae in naturally infected soybean plants using the RPA-CRISPR/Cas12a assay

Based on combination of the simplified PEG-NaOH method and the RPA-

CRISPR/Cas12a assay, we detected P. sojae in naturally infected soybean samples. Using the RPA-CRISPR/Cas12a assay, green fluorescence was detected based on DNA extracted from the positive control and diseased samples, whereas no fluorescence was detected based on the DNA obtained from the NIS (non-inoculated samples) or the NC. All samples generated visible green fluorescence that was detected by a multifunctional microplate reader and yielded identical results (Figures 7A, B). These results demonstrated that the RPA-CRISPR/Cas12a assay combined with the simplified PEG-NaOH method could be used for effective detection of P. sojae in field-collected samples.




Figure 7 | Detection of Phytophthora sojae in naturally infected soybean root samples using the RPA-CRISPR/Cas12a assay combined with a simple DNA extraction method. (A) Strong fluorescence signals were detected by a multifunctional microplate reader (λex: 485 nm, λem: 520 nm). 1: Positive control, PC; 2-4: naturally infected soybean root samples; 5: healthy soybean root sample; NC: negative control. (B) Visible green fluorescence was detected under a blue LED transilluminator at a wavelength of 470 nm. 1-4: Naturally infected soybean root samples; 5: healthy soybean root sample; NC: negative control. By measuring the fluorescence value, one-way ANOVA was performed on the fluorescence value with fluorescence and the fluorescence value of the negative control to obtain the result of P <0.0001. This indicates that the difference between fluorescence and non fluorescence is very significant, represented by "****".








Discussion

P. sojae is a destructive soilborne pathogen of soybean, present in most soybean-growing regions of the world, that can be difficult to diagnose and causes severe economic losses. The pathogen thrives in wet conditions and in compacted or heavy clay soils. Motile, water-borne zoospores were released from sporangia and were attracted to soybean root exudates (Morris and Ward, 1992). This pathogen can infect seeds, seedlings, and plants at all stages of growth when the soil conditions favor pathogen reproduction and infection. Symptoms are usually apparent 1–2 weeks after heavy rains and are most common where soils are poorly drained. Soybean root rot is among the most serious diseases in China. Accurate and rapid detection of P. sojae in plants and the soil is a critical step towards effective prevention and management of soybean root and crown rot and seedling damping-off.

Molecular detection technology is useful to rapidly monitor the incidence of P. sojae. P. sojae is easily mistaken for P. megasperma. Indeed, P. sojae and P. medicaginis were formerly known as P. megasperma f. sp. glycinea and P. megasperma f. sp. medicaginis, respectively. Molecular analysis of the mitochondrial region and isozyme analysis provided evidence that these were distinct species (Forster et al., 1989). Given the unique symptoms of soybean root rot in infected tissues, we aimed to establish a rapid detection technology to assist in early diagnosis of soybean root rot and the formulation of disease control strategies (Wang and Fang, 2005).

This is the first report of a RPA-CRISPR/Cas12a assay for rapid detection of P. sojae. The total amplification time was limited to 20 min (5 min for the RPA reaction and 15 min for the CRISPR/Cas12a assay) and the test results were visible under UV light and readout coming from fluorophores. The crRNA and ssDNA concentrations strongly influence the results of the RPA-CRISPR/Cas12a assay. Accordingly, different combinations of crRNA and ssDNA reporter concentrations were screened and the fluorescence intensity peaked with crRNA and ssDNA reporter concentrations of 10 μM and 10 μM, respectively. As demonstrated in the specificity evaluation, the present novel RPA-CRISPR/Cas12a system specifically detected gDNA of P. sojae, whereas no positive reactions to gDNA of 29 other Phytophthora species, including P. medicaginis, P. megasperma, P. sansomeana, P. melonis, and P. vignae (Table 1). This indicates that the method meets the requirements for specific detection of P. sojae. In addition, the lowest detectable gDNA concentration of P. sojae was 10 pg.µL−1 using the RPA-CRISPR/Cas12a assay. The feasibility of using this assay was investigated using soybean samples from a field infected with soybean root rot. The results demonstrated that the assay showed high accuracy, indicating its potential for early diagnosis of P. sojae.

This method has several advantages compared with conventional methods. First, the RPA-CRISPR/Cas12a reactions can be performed at a constant and relatively low temperature (37°C). Human body temperature, USB-powered holding boxes or thermostatic heaters can provide the required temperature conditions without the need for complex temperature control equipment, thereby eliminating a requirement for expensive specialized instruments, such as thermocyclers. Second, the entire diagnostic process can be completed within approximately 20 min. In contrast, a PCR-based detection method requires at least 2.5 h, including 90 min for the PCR reaction and 30 min for gel electrophoresis (Shin et al., 2021). Third, Some substances in the RPA reaction interfere with the antibodies on the test paper may causes non-specific binding and false positive signals to occur, which are not sufficiently diluted. Binding RPA to CRISPR-Cas12a allows us to detect the target twice, once for the recognition of the RPA primer and the second time for the recognition of the RPA amplification product by CRISPR-Cas12a when the RPA reaction is performed, which effectively avoids the problem of false positives during RPA amplification. Forth, it is not necessary to use high quality and purified DNA for amplification template which is required for conventional PCR-based diagnosis (Shin et al., 2021). That maked it an ideal choice for establishing a rapid on-site detection technology platform. A novel RPA-LFD assay was previously developed for accurate, simple, and rapid detection of P. sojae (Dai et al., 2019). The sensitivity of the RPA-CRISPR/Cas12a assay reported here is comparable, if not higher, than most previously developed detection methods. The detection limit for the RPA-CRISPR/Cas12a assay was 10 pg in a 50-μL reaction. Although the sensitivity was limited to 10 pg.μL−1, which is same with the RPA-LFD assay, the RPA-CRISPR/Cas12a assay sensitivity was sufficient to reliably detect P. sojae. The sensitivity is higher than that of a LAMP assay (Dai et al., 2012). Compared with the RPA-LFD assay, the present RPA-CRISPR/Cas12a detection system exhibits a number of promising advantages, including multiplexed detection capability, low requirement for sophisticated instruments and specialist personnel, and enhanced testing accuracy (Dai et al., 2019). Compared with the RPA-LFD method, the RPA-CRISPR/Cas12a technology enables isothermal label-free detection of target genes by designing RPA primers and performing isothermal amplification of the products obtained as amplification reporters to generate the CRISPR/Cas12a cleavage products has. Thus, the method offers the opportunity for development of an accurate, user-friendly, inexpensive platform for point-of-care testing application of CRISPR-based diagnostics.

This research aimed to develop a RPA-CRISPR/Cas12a assay for detection of P. sojae. The assay is easy to perform and portable, and does not require expensive equipment. Although these diverse properties of the CRISPR/Cas12a system provide potential for the development of versatile tools for pathogen detection (Kim et al., 2016a; Kim et al., 2016b; Li et al., 2018), there remain challenges to overcome, including few currently identified orthologs of Cas12a, limited genomic targeting coverage, and relatively low editing efficiency (Kleinstiver et al., 2016; Kim et al., 2017; Tu et al., 2017). In addition, different crRNA scaffolds affect the activities of the Cas12a–crRNA complex (Li et al., 2017). These scaffolds will help to elucidate the exact mechanisms of the reactions and enable improvements in the future. Meanwhile, the lyophilization application of CRISPR reaction needs to be further explored, and the reagents required for CRISPR reaction need to be lyophilized before use, which makes the application of CRISPR assay limited. The lyophilization application of the whole CRISPR reaction system has been reported (Nguyen et al., 2021; Rybnicky et al., 2022), and the lyophilization application of CRISPR reaction can be further explored in the future, so that the reagents can be stored for a long time at room temperature and really put into large-scale application. In addition, consecutive base changes and deletions were not investigated in this study, and there is still much room to explore whether RPA-CRISPR/Cas12a can recognize single-base differences.

The proposed CRISPR/Cas12a assay can be used for detection and identification of P. sojae in the field and laboratory. The RPA-CRISPR/Cas12a can complete the rapid detection of P. sojae at 37°C for 30 min.The accuracy of RPA-CRISPR/Cas12a was verified by collecting 30 soybean rhizosphere samples and has potentially significant applications to detect P. sojae. In-field diagnosis of soybean root rot would help to create an effective and accurate control strategy for farmers.





Conclusions

The present novel RPA-CRISPR/Cas12a-based assay exhibits high specificity and sensitivity, and a short detection time. The test results were visible under UV light and readout coming from fluorophores (Table S3) without the need for expensive equipment and facilitates the early detection of P. sojae. The assay is sensitive, efficient, and convenient. Practitioners could consider improvements to this assay to increase the sensitivity and expand detection to other pathogens.
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Cortinarius is a globally distributed agaricoid genus that has been well studied in Europe and America with over 1,000 described species. However, as part of an ongoing effort to investigate the diversity of Cortinarius section Anomali in China, the resource investigation and classification research are still limited, and the species diversity has not been clarified by far. During the re-examination of the Chinese Cortinarius specimens, C. cinnamomeolilacinus, C. subclackamasensis, and C. tropicus, belonging to the sect. Anomali, were described in China as new to science based on morphological examination and phylogenetic analysis. The three new species are described and illustrated in detail according to the Chinese materials. The phylogenetic analysis based on internal transcribed spacer sequences confirmed the placement of the three species in the Cortinarius sect. Anomali clade. Phylogenetically related and morphologically similar species to these three new species are discussed.
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1 Introduction

Cortinarius (Pers.) Gray, established based on Cortinarius violaceus (L.) Gray, is the largest genus of Agaricales with a worldwide distribution (Clements and Shear, 1931; Garnica et al., 2016; Varga et al., 2019). It is mainly marked by a fugacious veil enveloping the basidiocarp and a cortina, which initially covers the lamellae, but later vanishes in expanding basidiocarps (Stensrud et al., 2014). Macroscopically, members of this genus are highly variable, with their basidiocarps, lamellae, and basidiospores varying considerably in size, shape, or color (Peintner et al., 2004; Frøslev et al., 2006; Niskanen et al., 2009; Niskanen et al., 2013; Liimatainen et al., 2014; Liimatainen et al., 2015; Niskanen et al., 2016). Cortinarius species are widely reported in temperate and subtropical forests and form mycorrhizal associations with ectotrophic trees, such as plants of the Cistaceae, Fagaceae, Malvaceae, Nothofagaceae, Pinaceae, and Salicaceae families (Singer, 1986; Frøslev et al., 2006; Soop et al., 2018). With the advances in taxonomy and molecular biology techniques, increases have been detected in the number of species in the genus Cortinarius. To date, more than 5,000 scientific names in the genus have been published as listed in the Index Fungorum (http://www.indexfungorum.org/Names/names.asp, 2023), and about 2,000 species are estimated in the Dictionary of Fungi, 10th edition (Ammirati et al., 2007; Kirk et al., 2008; Brandrud et al., 2014).

Owing to the considerable morphological variations in this genus, the subdivision of Cortinarius into subgeneric units has caused some problems (Peintner et al., 2004). Morphologically, Cortinarius has been divided into several different subgenera and infrageneric sections by various taxonomists, which results in taxonomic chaos and indicates that morphology alone is insufficient for recognizing natural units in this group of fungi (Garnica et al., 2005; Garnica et al., 2009). In recent research, phylogenetic analyses of the genus have contributed to the delimitation of taxonomic entities within the genus (Peintner et al., 2003; Suarez-Santiago et al., 2009; Dima et al., 2016; Dima et al., 2021).

Cortinarius sect. Anomali Konrad & Maubl., a species-rich group, is established based on Cortinarius anomalus (Fr.) Fr. It is characterized by a telamonioid/sericeocyboid appearance, often with yellowish to brownish universal veil remnants on the stipe, typically young bluish lamellae, and subglobose to broadly ellipsoid or rarely ellipsoid, verrucose spores (Dima et al., 2016; Dima et al., 2021). Anomali was originally placed by Brandrud et al. (1989) as a section of subgenus Telamonia Melot but not belong to the subgenus Telamonia s. str. based on later phylogenetic data (Høiland and Holst-Jensen, 2000; Peintner et al., 2004; Garnica et al., 2005; Niskanen et al., 2009). Later, many species were added or transferred to sect. Anomali, causing confusions in the classification of sect. Anomali. No consensus on the content or placement of this section have been reached to date (Bidaud et al., 1992; Bidaud et al., 1994; Consiglio et al., 2005; Consiglio et al., 2006; Consiglio, 2012; Dima et al., 2016). For instances, C. spilomeus (Fr.) Fr. and C. bolaris (Pers.) Fr. have been included in the section, and sometimes have been separated in another sect. Spilomei (Moënne-Locc. & Reumaux) Consiglio, D. Antonini & M. Antonini (Dima et al., 2016). Some phylogenetic studies show that sect. Anomali is a monophyletic group in the genus Cortinarius, without any traditional subgenera (Dima et al., 2016; Dima et al., 2021). The classification of sect. Anomali has been studied previously and systematically in Europe and North America, but rarely in Asia and Africa (Kauffman, 1905; Murrill, 1946; Dima et al., 2016; Ammirati et al., 2017). In China, about 163 Cortinarius species, including dozens of new species, have been described in the past 10 years, with only three species belonging to the sect. Anomali (Wei and Yao, 2013; Xie et al., 2019; Luo and Bau, 2021; Xie et al., 2021; Xie, 2022). On this basis, more taxa of the genus are waiting to be discovered in China.

In this study, we conducted taxonomic and phylogenetic studies of Cortinarius sect. Anomali in China. Three new species were found during the intensive fieldwork and are described here based on their morphological and ecological characteristics, as well as phylogenetic evidence.




2 Materials and methods



2.1 Morphological studies

All specimens have been deposited in the National Institute of Occupational Health and Poison Control, Chinese Center for Disease Control (NIOHP, China CDC). Macro-morphological descriptions were based on field notes and dried specimens. Microscopic features were examined and described in 5% KOH, Congo Red, or Melzer’s reagent and observed under a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) with a magnification of up to ×1,000. Thirty basidiospores were measured per collection (excluding apiculus and ornamentation), and the averages (av. X) and quotients (av. Q = L/B) were calculated. Color terms are cited from Anonymous (1969) as well as Kornerup and Wanscher (1978).




2.2 DNA extraction and sequencing

A Phire® Plant Direct PCR Kit (Finnzymes Oy, Finland) was used to obtain PCR products from dried specimens, according to the manufacturer’s instructions and as described previously by Li et al. (2015), with some modifications. The following primer pairs were used to amplify the internal transcribed spacer (ITS): ITS5 (5′‐GGA AGT AAA AGT CGT AAC AAG G‐3′) and ITS4 (5′‐TCC TCC GCT TAT TGATAT GC‐3′) (White et al., 1990). The PCR procedure was as follows: initial denaturation at 98 °C for 5 min, followed by 35 cycles at 98 °C for 5 s, 58 °C for 5 s, and 72 °C for 5 s, and a final extension of 72 °C for 10 min. The PCR products were purified and sequenced by Sangon Biotech, China. The newly generated sequences from this study have been deposited in GenBank and are listed in Table 1.


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






2.3 Phylogenetic analysis

New sequences generated in this study and additional sequences retrieved from GenBank (Table 1) were aligned using BioEdit 7.0.5.3 (Hall, 1999) and ClustalX 1.83 (Thompson et al., 1997), followed by manual adjustments. Sequences of Cortinarius bolaris (sect. Bolares) were used as outgroups (Hughes et al., 2009; Dima et al., 2021). The maximum likelihood (ML) and Bayesian inference (BI) methods were used for the phylogenetic analysis. The best-fit model was selected by ModelFinder (Kalyaanamoorthy et al., 2017), adopting Akaike information criterion (AIC). The ML analysis was carried out using RAxML 8.2.12 (Stamatakis, 2006; Silvestro and Michalak, 2012), and the BI tree reconstruction was reconstructed using MrBayes 3.2.5 (Ronquist et al., 2012). Four Markov chains were run for two runs from random starting trees for 10 million generations, and the trees were sampled every 1,000 generations. The burn-in was set to discard 25% of the trees. A majority rule consensus tree of all remaining trees was calculated. The sequence alignment was deposited at TreeBase (submission ID: 30414). Branches that received bootstrap supports for ML and Bayesian posterior probabilities (BPP) greater than or equal to 75% (ML) and 0.95 (BPP) were considered significantly supported.





3 Results



3.1 Phylogeny

The ITS dataset comprised 229 fungal collections representing approximately 81 taxa of the genus Cortinarius. ModelFinder suggested that GTR + I + G was the best-fit model of nucleotide evolution for BI. The Bayesian analysis resulted in a concordant topology with an average standard deviation of split frequencies of 0.005575. The ML and BI analyses resulted in nearly identical topologies, and thus only the ML tree is presented with the bootstrap supports for ML and BPP when they were greater than or equal to 50% and 0.90, respectively.

Our phylogeny, which is inferred from ITS sequences (Figure 1), is similar to those of Dima et al (Dima et al., 2016; Dima et al., 2021). The phylogenetic analysis showed five sections, and each section formed separate monophyletic lineages with strong statistical support. Section Anomali formed a distinct highly supported clade (ML = 99 and BPP = 1) and was separated from other sections. Three new species, namely, C. cinnamomeolilacinus (ML = 98 and BPP = 1), C. subclackamasensis (ML = 86 and BPP = 0.99), and C. tropicus (ML = 100 and BPP = 1), nested within the sect. Anomali clade, and formed an independent lineage with high statistical supports, respectively. It is worth noting that collections of C. cinnamomeolilacinus had genetic distances in our phylogeny. However, there were only four base pair differences between them, which were below 1.5% nucleotide differences in the ITS regions. Morphologically, there were no obvious differences of these C. cinnamomeolilacinus collections.




Figure 1 | Maximum likelihood (ML) tree illustrating the phylogeny of Cortinarius section Anomali based on ITS sequences. Branches are labeled with ML bootstrap > 50% and Bayesian posterior probabilities (BPP) > 0.90, respectively. New species are highlighted in bold.






3.2 Taxonomy

Cortinarius cinnamomeolilacinus Q.Y. Zhang, Jing Si & Hai J. Li, sp. nov. Figure 2.




Figure 2 | Basidiomata and microscopic structures of Cortinarius cinnamomeolilacinus. (A-G) Basidiomata (A, B) TCWH007; (C, D) Li 180825-21; (E) LLLJ20170805-002; (F) tcmb005; (G) 180825-21), (H) Basidiospores, (I-J) Basidia and basidioles, (K) Pileipellis, (L) Hypodermium of pileipellis, and (M) Context hyphae.



MycoBank: 848613

Diagnosis. — This species is characterized by its small basidiomata, more or less hygrophanous, lilac pileal surface with cinnamon buff to brownish cinnamon center, and pale gray to whitish toward margin, subglobose to broadly ellipsoid basidiospores (7−8.5 × 5.8−6.8 μm); it is gregarious on ground dominant with Fagaceae or Pinaceae.

Type. — China, Yunnan Province, Baoshan, Tengchong, Wuhe Town, Lushan, Alt: 1989 m, N: 24°54′06.98″, E: 98°36′30.37″, on ground dominant with Fagaceae, 8 August 2016, TCWH 007 (holotype), and GenBank accession number for ITS: OQ913384.

Etymology. — cinnamomeolilacinus refers to its more or less lilac pileal surface with a cinnamon center.

Habitat and distribution. — Scattered or gregarious on ground dominant with Fagaceae or Pinaceae. Currently, it is only found in tropical Guizhou and Yunnan (nine collections) in summer and autumn.

Macrostructures. — Basidiomata small. Pileus 15−52 mm in diam., hemispheric when young, then convex to plano-convex, some with a low umbo, margin narrowly when young, surface smooth to finely felty, color evenly pale silvery gray to lilac [15A(2−4)], the disc slightly more brownish, cinnamon buff, cinnamon to brownish cinnamon [5B(4−5)], pale gray to whitish (1A1−1B1) toward margin, even to rugulose, hygrophanous. Lamellae adnate with decurrent tooth to slightly adnexed, close, violet (16A4−16A5) when young, then grayish violet [16B4−16C5], pale silvery gray to pale drab gray (16B2−16D2), finally pale brown to cinnamon [6D(4−8)]. Stipe 30- to 70- mm long, apex 4−6 mm in diam., and base 5−10 mm in diam., usually clavate to cylindrical, even or slightly bulbous at base, fragile, shiny, covered with white fibrillose, apex violet [16A(4−5)] when young, later pale brownish (6B2−6D2), other part pale silvery gray [15A(2−3)], pale white veil (1A2) usually sparse, forming yellow [3A(3−4)] floccose-girdles on the stipe, often becoming pale yellow [4B(3−5)], sometimes indistinct, basal mycelium white (1A1). Context in pileus solid, firm, sometimes hollow in stipe, pale silvery gray [16B4−16C5] when fresh, finally pale brown to cinnamon in age [6D(4−8)]. Odor and taste of context strongly fungoid.

Microstructures. — Basidiospores [150/5/5] (6.8−) 7−8.5 (−8.8) × (5.5−) 5.8−6.8 (−7) μm, av. 7.7 × 6.1 μm, Q = 1.22−1.29, av. Q = 1.26, subglobose to broadly ellipsoid, buff to cinnamon-buff, coarsely verrucose, non-dextrinoid. Basidia 4-spored, 29−33 × 6−7 μm, clavate, colorless, or yellowish. Lamella trama hyphae smooth, parallel, 5- to 12- μm wide. Lamellae edge fertile, with some small clavate sterile cells. Pileipellis duplex: Epicutis thin to ± well developed, hyphae ± cylindrical, moderately to strongly interwoven, 5- to 8- μm wide, hyaline or yellowish, smooth to encrusted; hypocutis ± cellular or hyphae more interwoven and radially arranged, cylindrical to enlarged, hyaline to yellowish, smooth to encrusted, (3.5) 4−18 (20) μm wide. Clamp connections present.

Remarks. — Cortinarius albomalus Liimat. & Niskanen and C. cinnamomeolilacinus have similar basidiomata. However, C. albomalus has smaller basidiospores (6.5−7.5 × 5.5−6 µm) and is distributed in North America (Dima et al., 2021; Liimatainen and Niskanen, 2021). Cortinarius pastoralis Soop, H. Lindstr., Dima, Niskanen, Liimat. & Kytöv. and C. cinnamomeolilacinus share pale buff or brownish pilei, but C. pastoralis has larger basidiospores (8.5−9 × 7−8 μm; Dima et al., 2016). Cortinarius albocyaneus Fr. is similar to C. cinnamomeolilacinus with grayish ochraceous to whitish pilei, but C. albocyaneus has larger basidiomata (40−70 mm) and basidiospores (8.5−9.0 × 6.0−7.5 μm), is found in Europe, and is common in northeastern North America (Dima et al., 2021). Cortinarius anomalovelatus Ammirati, Berbee, E. Harrower, Liimat. & Niskanen has grayish-to-white basidiomata and subglobose to broadly ellipsoid basidiospores, which are similar to those of C. cinnamomeolilacinus, but C. anomalovelatus has a heavier universal veil and a grayish-blue to violet pileal surface, and is usually found in western North America (Dima et al., 2021).

Additional specimens (paratypes) examined. — China, Guizhou Province, Liupanshui, Lingshan Temple, on ground of Fagaceae, Alt: 1929 m, N: 26°37′35.94″, E: 104°48′54.95″, October 15, 2016, Li 161015-10; Yunnan Province, Baoshan, Longling County, Longjiang Town, Laohuangtian, on ground dominant with Fagaceae, Alt: 1773 m, N: 24°41′31.01″, E: 98°42′55.24″, 5 August 2017, LLLJ 20170805-002; Longyang District, Wafang Town, Dapingdi, on ground of Pinus yunnanensis, Alt: 1921.9 m, N: 25°21′35.82″, E: 99°4′45.73″, 6 August 2018, LYWF015; Tengchong, Mangbang Town, Hongdoushu, on ground dominant with Fagaceae, Alt: 1772 m, N: 24°54′52″, E: 98°37′59″, 8 August 2018, tcmb 005; Menglian Town, Xiamenglian Village, on ground of mixed forests composed of Fagaceae and P. yunnanensis, 5 August 2014, Li 140805-18; Chuxiong Yi Autonomous Prefecture, Zixi Mountain, near King Baotou, on ground of mixed forest composed of Fagaceae and P. yunnanensis, Alt: 1926 m, N: 25°1′3″, E: 101°24′7″, 25 August 2018, Li 180825-21; Yuxi, Huaning County, on ground dominant with Fagaceae, 8 September 2013, Li 130908-29; Zhaotong, Weixin County, Miaogou Town, Zhashigou Village, on ground dominant with Fagaceae, Alt: 1450 m, N: 27°47′6″, E: 104°49′18″, 22 September 2017, WX 20170922065.

Cortinarius subclackamasensis Q.Y. Zhang, Jing Si & Hai J. Li, sp. nov. Figure 3.




Figure 3 | Basidiomata and microscopic structures of Cortinarius subclackamasensis. (A-C) Basidiomata (A Li 170818-16; B Li 170818-02; C Li 170818-01), (D) Basidiospores, (E) Hymenium in trama, (F) One basidium, (G) Epicutis of pileipellis, (H) Hypodermium of pileipellis, and (I) Context hyphae.



MycoBank: 848614

Diagnosis. — This species notably has small- to medium-sized basidiomata, buff-yellow and plano-convex pilei, ellipsoid to oblong ellipsoid basidiospores (9.5−10.8 × 5.8−6.8 μm); it is gregarious on ground of Salix or other deciduous trees and distributed in temperate China.

Type. — China, Heilongjiang Province, Huzhong, Huzhong Forest Farm, near Dongfanghong Line 31, on ground of Salix, 18 August 2017, Li 170818-16 (holotype), GenBank accession number for ITS: OQ913394.

Etymology. — Subclackamasensis refers to its morphological similarity to C. clackamasensis.

Habitat and distribution. — Scattered or gregarious on ground of Salix or other deciduous trees. Currently, it is found in Northeast and North China in summer.

Macrostructures. — Basidiomata small to medium sized. Pileus 30−60 mm in diam., hemispheric to subhemispheric when young, becoming plano-convex, then depressed at center and wrinkled, margin sharp sometimes waves; surface moist to hygrophanous when young, with fibrous veil remnants; buff yellow (4A4), to light honey yellow (4/5B4), somewhat lighter olivaceous buff (4C4) at margin, finely radially striate with age. Lamellae adnexed-emarginate, moderately crowded to crowded, vinaceous (9F6) or peach (6A6) when young, somewhat darkening on manipulation, edge even, somewhat lighter. Stipe 40- to 60- mm long, 5- to 10- mm thick above, qual to somewhat clavate, white, and cream with age. Universal veil usually sparse, thin, and somewhat glossy, cream (4A2/3) to light yellow (4A4), flocculose or forming a week girdle on the stipe. Context rather thick, especially in pileus center, brittle, weakly light honey yellow (4/5B4) with age. Odor and taste of context strongly fungoid.

Microstructures. — Basidiospores [90/3/3] 9.5−10.8 (−11) × (5.5−) 5.8−6.8 μm, av. 9.9 × 6.3 μm, Q = 1.56−1.60, av. Q = 1.59, ellipsoid to oblong ellipsoid, weekly to moderately, but distinctly verrucose, indextrinoid to weakly dextrinoid. Basidia 4-spored, 22−25 × 8−11 μm, clavate, colorless or yellowish. Lamella trama hyphae smooth, parallel, 4- to 12- μm wide. Lamellae edge fertile, with some small clavate sterile cells. Pileipellis duplex: Epicutis about 27- to 32 -μm thick, hyphae (6−) 11- to 16- μm wide, in upper part loosely entangled; hypocutis distinct well-developed, colorless or yellowish, irregular, interwoven, with some intracellular pigments, 18−28.5 μm in diam. Clamp connections present.

Remarks. — Phylogenetically, C. latiodistributus Dima, Ammirati, Niskanen, Kytöv., Liimat. & Brandrud, C. clackamasensis Ammirati, Liimat., Niskanen & Dima, and Cortinarius sp. 12 are closely related to C. subclackamasensis. Cortinarius latiodistributus has violet to pallid brown pilei, and shorter basidiospores (7−9.5 μm). Cortinarius clackamasensis has wider basidiospores (9−11 × 6.5−7.5 μm, av. 9.7 × 6.5 μm, Q = 1.4−1.5), grows on the ground under mixed conifers composed of Picea, Pinus, and Abies, and is distributed in the US (Dima et al., 2021). Similar to C. subclackamasensis, C. clintonianus Peck, and C. anomalopacificus Bojantchev, Liimat., Niskanen, Dima & Ammirati have yellowish and plano-convex basidiomata. However, the basidiospores in C. clintonianus and C. anomalopacificus are shorter (6.7−8.1 × 5.6−6.3 μm vs. 6.5−7 × 5−6 μm; Dima et al., 2021).

Additional specimens (paratypes) examined. — China, Beijing, Mentougou District, Xiaolongmen National Forest Park, 30 August 2017, BJMTG20170830-34; Hebei Province, Baoding, Fuping County, Dongxiaguan Town, Zhujiaying Village, Tianshengqiao, 22 August 2019, 20190822-11; Heilongjiang Province, Huzhong, Huzhong forest farm, near Dongfanghong Line 31, on ground of Salix, 18 August 2017, Li 170818-01 and Li 170818-02.

Cortinarius tropicus Q.Y. Zhang, Jing Si & Hai J. Li, sp. nov. Figure 4.




Figure 4 | Basidiomata and microscopic structures of Cortinarius tropicus. (A-E) Basidiomata (tcqushi 006, Holotype), (F) Basidiospores, (G-H) Basidia and basidioles, (I) Epicutis of pileipellis, (J) Hypodermium of pileipellis, and (K) Context hyphae.



MycoBank: 848616

Diagnosis. — This species notably has small basidiomata, violet to dark violet pileal surface with fibrillose disc and nearly glabrous, cream to pale violet margin, subglobose to broadly ellipsoid basidiospores (6−8 × 5−6 μm); it is scattered or gregarious on ground dominant with Fagaceae.

Type. — China, Yunnan Province, Baoshan, Tengchong, Qushi Town, Qingqiao Village, Alt: 1490 m, N: 25°17′17″, E: 98°35′26″, on ground dominant with Fagaceae, 6 August 2016, tcqushi 006 (holotype), GenBank accession number for ITS: OQ913379.

Etymology. — tropicus refers to its tropical distribution in Southwest China.

Habitat and distribution. — Scattered or gregarious on ground dominant with Fagaceae. Currently, it is only found in tropical Yunnan (three collections) in summer.

Macrostructures. — Basidiomata small. Pileus 20−45 mm in diam., hemispheric to subhemispheric when young, becoming obtusely conical, conico-convex, broadly umbonate, pale brown [5D(4−5)] at center and gradually paler toward margin when young, violet (17B8) to dark violet (17F8) when mature, disc grayish violet (15E5) to dark violet (17F8), margin cream (4A2/3) to pale violet [16A(2−3)], fibrillose at disc and nearly glabrous near margin, somewhat hygrophanous, margin decurved. Lamellae adnexed-emarginate, subclose, purplish to pale violet lilac [16D(4−6)], finally ± pale brown to cinnamon (16D3-16E3). Stipe 50- to 80- mm long, apex 3 to 5 mm in diam., base 5−10 mm in diam., enlarged, narrowly clavate, surface grayish (16B2) with dark violet [16F(3−4)] streaks or silvery violet (16A3) on upper half and watery brownish below, veil usually sparse, forming floccose-girdles on the stipe, often at first brownish (6B2-6C2) then becoming pale yellow [4A(2-3)], sometimes indistinct, and basal mycelium whitish. Context in pileus solid, firm, violet to silvery violet [16C(4−6)] when fresh, finally pale brown to cinnamon (16D4−16F4) in age. Odor and taste of context strongly fungoid.

Microstructures. — Basidiospores [90/3/3] 6−8 × 5−6 μm, av. 7.4 × 5.9 μm, Q = 1.21−1.29, av. Q = 1.25, subglobose to broadly ellipsoid, buff to cinnamon-buff, coarsely verrucose, non-dextrinoid to slightly dextrinoid. Basidia 4-spored, 30−42 × 7−11 μm, clavate, colorless or yellowish. Lamella trama hyphae hyaline, smooth, parallel, 5- to 13- μm wide. Pileipellis duplex: Epicutis well developed, hyaline or yellow to ochraceous, smooth, cylindrical, radially arranged, ± interwoven, 4−10 μm wide; hypocutis distinct, colorless or yellowish, smooth to slightly encrusted, cylindrical to enlarged, radially oriented, ± interwoven, (4)6- to 15(17)- μm wide. Clamp connections present.

Remarks. — Cortinarius perviolaceus Murrill is easily confused with C. tropicus because of its violet pilei, but C. perviolaceus has smaller basidiomata (8−22 mm vs. 20−45 mm) and wider basidiospores (6−6.5 μm vs. 5−6 μm; Dima et al., 2021). Cortinarius anomalus has similar pilei with blue tinge when young and larger basidiospores (8−9 × 6−7 μm; Dima et al., 2016). Cortinarius anomalovelatus, C. deceptivus Kauffman, and C. harvardensis L. Nagy, Dima & Ammirati formed a sister group with C. tropicus. Compared with the new species, C. anomalovelatus has wider basidiospores (6.3−7 μm vs. 5−6 μm), C. deceptivus produces larger basidiospores (7.8−9.3 × 6−7.4 μm), and C. harvardensis has bluish to violet pileus, lamellae, and stipe, and slightly bigger basidiospores (7.5−8.5 × 5.5−6.5 μm; Dima et al., 2021).

Additional specimens (paratypes) examined. — CHINA. Yunnan Province, Dehong Dai and Jingpo Autonomous Prefecture, Mang City, Jiangdong Town, Daxinzhai, Alt: 1619 m, N: 24°27′54″, E: 98°18′56″, on ground dominant with Fagaceae, 28 July 2015, Li 150728-56 and Li 150728-63.





4 Discussion

Cortinarius, the largest agaric genus worldwide, contains important ectomycorrhizal fungi, among which sect. Anomali represents a monophyletic, species-rich group of this genus (Dima et al., 2016; Garnica et al., 2016; Soop et al., 2019; Dima et al., 2021; Liimatainen and Niskanen, 2021; Xie, 2022). Species recognition based on morphology is difficult in Cortinarius lineages due to overlapping characteristics and variations within species. Notably, the basidiospore size helps identify some species when used in correlation with other characteristics (Frøslev et al., 2006; Niskanen et al., 2013; Liimatainen et al., 2014; Liimatainen et al., 2015; Niskanen et al., 2016).

According to our phylogenetic analysis, sect. Anomali indicated a widely distributed lineage of Cortinarius in both the northern and southern Hemispheres. Furthermore, certain patterns of distribution correlated with ecology and plant hosts. Cortinarius albocyaneus exhibited regional patterns of distribution with conifers in northern Michigan and northern Europe. Several species, including Cortinarius brevissimus Peck, C. caeruleoanomalus Dima, Matheny, K. Hughes & Ammirati, C. deceptivus, C. harvardensis, C. modestus Rob. Henry, C. perrotensis A. Paul, Matheny & Lebeuf, and C. perviolaceus, occurred in hardwood, mixed hardwood conifer, and/or conifer forests in eastern North America. Cortinarius rarus Bojantchev, Ammirati, Parker, Liimat., Niskanen & Dima displayed regional patterns of distribution associated with mountain conifer forests (Dima et al., 2016; Dima et al., 2021).

Current studies related to this genus have indicated significant regional variations. Classical European species were examined and typified by Dima et al. (2016) before species from other parts of the world were studied. In sect. Anomali, more than 50 binomials were introduced in the last century, mainly from Europe, with fewer from elsewhere, but only about 20% of these names have been in general use (Dima et al., 2021). China is geographically located in East Asia and has a land area comparable with that of the entire Europe, various climate types ranging from the temperate to the tropical climate, as well as a complex and diverse habitat, which provides an ideal place for the survival of Cortinarius species. However, the resource investigation and taxonomic research on Cortinarius have not yet been extensively carried out in China. Currently, there have been reports of a total of 163 taxa of the genus in China, with only three species in the sect. Anomali, viz. C. caninus (Fr.) Fr., C. albocyaneus, and C. tabularis (Fr.) Fr. Therefore, the collection of more samples from China and exploration of multigene phylogeny are urgently needed to systematically elucidate the diversity of Cortinarius s.l.
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Phylogenetic and morphological analyses on Rigidoporus were carried out. The genus Rigidoporus (Hymenochaetales, Basidiomycota), typified by R. microporus (Fr.) Overeem. (synonym Polyporus micromegas Mont.), was established by Murrill in 1905. The genus is mainly characterized by annual to perennial, resupinate, effused-reflexed to pileate or stipitate basidiomata with azonate or concentrically zonate and sulcate upper surface, a monomitic to pseudo-dimitic hyphal structure, simple-septate generative hyphae, and ellipsoid to globose basidiospores. Phylogeny on species of the genus is reconstructed with two loci DNA sequences including the internal transcribed spacer regions and the large subunit. Three new species in Rigidoporus are described and illustrated from Asia, and one new combination in the genus is proposed. The main morphological characteristics of the currently accepted species of Rigidoporus are provided.
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1 Introduction

The genus Rigidoporus Murrill (Hymenochaetales, Basidiomycota), typified by Rigidoporus microporus (Fr.) Overeem. (synonym Polyporus micromegas Mont.), was established by Murrill (1905). This type of species is an important parasite on cultivated tropical trees, widely distributed in the tropical zone (Ryvarden and Melo, 2017). Traditionally, the genus is characterized by a fawn, reddish to dark tube layer, which is very hard in dried material contrasting with corky to waxy consistency of the context, a monomitic or pseudo-dimitic hyphal system with simple-septate, often in part strongly sclerified generative hyphae, ovoid to globose basidiospores, inamyloid and indextrinoid walls of hyphae and spores, and causing a white rot (Murrill, 1905; Pouzar, 1966; Ryvarden and Melo, 2017).

Later, Rigidoporus was often recognized as a confusing genus with Oxyporus (Bourdot & Galzin) Donk, which was established by Donk (1933) for species with similar hyphae and spores but tubes of waxy consistency. Pouzar (1966) treated Oxyporus as a subgenus of Rigidoporus. However, light-colored basidiomata with thick-walled, encrusted, hymenial cystidia are mostly present in species of Oxyporus, while basidiomata with colored pore surface, thick-walled encrusted hyphoid cystidia, and mammillate cystidioles are mostly in Rigidoporus (Ryvarden and Melo, 2017).

Rigidoporus is also morphologically similar to Physisporinus P. Karst., but this similarity is evidently of only a superficial character. Many taxa had been described in Rigidoporus according to morphology (Ryvarden, 1972a; Ryvarden, 1972b; Ryvarden, 1983; Dai, 1998; Núñez and Ryvarden, 1999; Buchanan and Ryvarden, 2000; Núñez et al., 2001; Vampola and Vlasák, 2012; Ryvarden, 2015), but phylogenetic studies demonstrated that they should be classified into Physisporinus belonging to Polyporales (Wu et al., 2017).

Wu et al. (2017) revealed that Rigidoporus belongs to Hymenochaetales Oberw., and Oxyporus was considered as a synonym of Rigidoporus. Currently, Rigidoporus and Oxyporus are merged as one genus based on phylogenetic and morphological studies and absorbed into Oxyporaceae Zmitr. & Malysheva (Zmitrovich and Malysheva, 2014; Wu et al., 2017). Then, Wang et al. (2023) reactivated Rigidoporaceae Jülich and Oxyporaceae as its synonyms. However, only 14 species have been accepted in Rigidoporus based on phylogenetic analyses until now (Wu et al., 2017; Yuan et al., 2020), and many lack molecular data. In this study, a comprehensive study about Rigidoporus is displayed including phylogenetic and morphological analyses. Phylogeny based on a two-gene dataset (ITS + nLSU) is carried out. Three new species that occur in Asia in the genus are described and illustrated, and one new combination in the genus is proposed. The main morphological characteristics of the currently accepted species of Rigidoporus are provided.




2 Materials and methods



2.1 Morphological studies

The studied specimens are deposited in the fungoria of the Institute of Microbiology, Beijing Forestry University (BJFC) and the Institute of Applied Ecology, Chinese Academy of Sciences (IFP), Museum Vysociny Jihlava, Czech Republic (MJ), herbarium of V.N. Karazin National University, Kharkiv, Ukraine (CWU), the private fungorium of Josef Vlasák (JV), which will be later deposited at the National Museum Prague of Czech Republic (PRM). Morphological descriptions are conducted based on field notes and fungoria specimens. The microscopic analysis refers to Miettinen et al. (2018) and Wu et al. (2022). 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. Spores were measured from sections cut from the tubes. To represent variations in the size of spores, 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 spore length, W = arithmetic average of spore width, Q = L/W ratios, and n = number of basidiospores/measured from given number of specimens. Color terms are recognized from Anonymous (1969) and Petersen (1996).




2.2 DNA extraction, amplification, and sequencing

A Hexadecyl trimethyl ammonium bromide (CTAB) rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd, Beijing) was used to obtain DNA from dried specimens and to perform the polymerase chain reaction (PCR) according to the manufacturer’s instructions with some modifications (Li et al., 2014; Shen et al., 2019). Two DNA gene fragments, i.e., internal transcribed spacer (ITS) and large subunit nuclear ribosomal RNA gene (nLSU), were amplified using the primer pairs ITS5/ITS4 and LR0R/LR7 (White et al., 1990; Hopple and Vilgalys, 1999) (http://www.biology.duke.edu/fungi/mycolab/primers.htm). The PCR procedure for ITS was as follows: initial denaturation at 95°C for 3 min, followed by 34 cycles of denaturation at 94°C for 40 s, annealing at 54°C for 45 s, and extension at 72°C for 1 min, and a final extension of 72°C for 10 min. The PCR procedure for nLSU was as follows: initial denaturation at 94°C for 1 min, followed by 34 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 1 min, and extension at 72°C for 1.5 min, and a final extension at 72°C for 10 min. All sequences analyzed in this study are listed in Table 1.


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






2.3 Phylogenetic analyses

In this study, one combined matrix was reconstructed for phylogenetic analysis and a two-gene dataset (ITS + nLSU) was used to determine the phylogenetic position of new species. The sequence alignments and retrieved topologies were deposited in TreeBase (http://www.treebase.org), under accession ID: 30342 (Reviewer access URL: http://purl.org/phylo/treebase/phylows/study/TB2:S30342?x-access-code=32520482eef1e868d55c54893e12e2e3&format=html). Sequences of Exidiopsis calcea KHL 11075, obtained from GenBank, were used as the outgroup (Wu et al., 2017). Phylogenetic analyses were carried out using the approaches of Han et al. (2016) and Zhu et al. (2019). Maximum likelihood (ML) and Bayesian inference (BI) analyses were performed based on the two datasets. The best-fit evolutionary model was selected by hierarchical likelihood ratio tests (HLRTs) and Akaike information criterion (AIC) in MrModeltest 2.2 (Nylander, 2004) after scoring 24 models of evolution in PAUP* v.4.0b10 (Swofford, 2002).

Sequences were analyzed using ML with RAxML-HPC2 through the CIPRES Science Gateway (www.phylo.org; Miller et al., 2009). Branch support (BT) for ML analysis was determined by 1,000 bootstrap replicates. Bayesian phylogenetic inference and Bayesian posterior probabilities (BPPs) were computed with MrBayes v.3.1.2 (Ronquist and Huelsenbeck, 2003). Four Markov chains were run for 1,000,000 generations (two-gene dataset) until the split deviation frequency value was less than 0.01, and trees were sampled every 100 generations. The first 25% of the sampled trees were discarded as burn-in, and the remaining ones were used to reconstruct a majority rule consensus and calculate the BPP of the clades. All trees were viewed in FigTree v.1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). Branches that received bootstrap supports for ML [≥75% (ML-BS)], and BPP (≥0.95 BPP) were considered as significantly supported. The ML bootstrap (ML) ≥ 50% and BBP (BPP) ≥ 0.90 are displayed on topologies from ML analyses, respectively.





3 Results



3.1 Molecular phylogeny

The combined two-gene dataset (ITS + nLSU) included sequences from 98 samples representing 45 taxa. The dataset had an aligned length of 2,244 characters, of which 1,296 (58%) characters were constant, 174 (8%) were variable and parsimony uninformative, and 774 (34%) were parsimony informative. The phylogenetic reconstruction performed with ML and BI analyses for two combined datasets showed similar topology and few differences in statistical support. The best model-fit applied in the Bayesian analysis was GTR + I + G, lset nst = 6, rates = invgamma, and prset statefreqpr = dirichlet (1, 1, 1, 1). Bayesian analysis resulted in a nearly congruent topology with an average standard deviation of split frequencies as 0.005047 to ML analysis, and thus, only the ML tree is provided (Figure 1). The phylogeny reveals that Rigidoporus belongs to Hymenochaetales and Physisporinus belongs to Polyporales. There form three independent lineages in Rigidoporus as new species.




Figure 1 | Maximum likelihood (ML) analysis of Rigidoporus based on the dataset of ITS + nLSU. ML bootstrap values higher than 50% and Bayesian posterior probability values more than 0.90 are shown. New taxa are in bold.






3.2 Taxonomy

Rigidoporus Murrill, Bull. Torrey bot. Club 32(9): 478 (1905) — MycoBank: MB18478

Type species. — Rigidoporus microporus (Sw.) Overeem, Icon. Fung. Malay. 5: 1 (1924).

Synonymy. — Polyporus micromegas Mont., Ann. Sci. Nat., Bot., sér. 2 17: 128 (1842).

Basidiomata annual to perennial, resupinate, effused-reflexed to pileate or stipitate, soft to corky when fresh, becoming soft corky to hard when dry. Pileal surface cinnamon to fawn, glabrous or velutinate, azonate or concentrically zonate and sulcate. Pore surface white, fawn, orange to brown black. Hyphal system monomitic to pseudo-dimitic; generative hyphae simple septate, thin- to thick-walled, sometimes subsolid. Hyphoid or hymenial cystidia mostly present, thin- to thick-walled, usually apically encrusted; mammillate cystidioles sometimes present. Basidiospores ovoid, ellipsoid to globose, hyaline, thin- to thick-walled, sometimes with one big guttule, IKI−, CB− or weakly CB+. Causing a white rot.

Notes. — Rigidoporus is a cosmopolitan genus growth on both angiosperm and gymnosperm woods (Wu et al., 2022). Up to now, 54 taxa in Rigidoporus and 18 taxa in Oxyporus are recorded in Index Fungorum (http://www.indexfungorum.org/), and among them, 18 species have available DNA sequences (Table 2). In this study, three new species are described and illustrated.


Table 2 | The type locality and main morphological characteristics of species in Rigidoporus.



Rigidoporus imbricatus Chao G. Wang, Jing Si & Y.C. Dai, sp. nov. — MycoBank: MB848605; Figures 2, 3.




Figure 2 | Basidiome of Rigidoporus imbricatus (holotype, Dai 17515).






Figure 3 | Microscopic structures of R. imbricatus (drawn from the holotype, Dai 17515). (A) Basidiospores; (B) Basidia and basidioles; (C) Cystidioles; (D) Hyphae from trama; (E) Hyphae from context. — Scale bars: a = 5 µm; b−e = 10 µm.



Etymology. — Imbricatus (Lat.), refers to the species having distinct imbricate basidiomata.

Holotype. — China. Yunnan Province, Mengla County, Wangtianshu Nature Reserve, on fallen angiosperm trunk, 18.VI.2017, Dai 17515 (BJFC025047).

Additional specimen examined. — Malaysia, Selangor, Kota Damansara, Community Forest Reserve, on dead angiosperm tree, 7.XII.2019, Dai 21180 (BJFC032834).

Fruiting body. — Basidiomata annual, effused-reflexed to pileate, corky, without odor or taste when fresh, becoming hard corky upon drying, up to 5 cm long, 4 cm wide when resupinate; pilei applanate to flabelliform, projecting up to 6 cm, 12 cm wide and 14 mm thick at base. Pileal surface yellowish brown to brownish orange when fresh, cinnamon to fawn, glabrous, concentrically zonate and sulcate, sometimes tuberculate when dry; margin blunt. Pore surface clay pink to flesh pink when fresh, becoming orange brown upon bruising, eventually honey-yellow to grayish brown when dry; sterile margin distinct, white when fresh, buff yellow when dry, up to 2.5 mm wide; pores round to angular, 7−9 per mm; dissepiments thin, entire to slightly lacerate. Context buff, corky when dry, up to 6 mm thick. Tubes stratified, cream near the context part, concolorous with pore surface near the pores part, hard corky when dry, up to 8 mm long.

Hyphal structure. — Hyphal system monomitic; generative hyphae simple septate, hyaline to yellowish, smooth, IKI−, CB−; tissues becoming black in KOH.

Context. — Contextual hyphae thick-walled with a wide lumen, rarely branched, rarely simple septate, straight to slightly flexuous, interwoven, 4−6 µm in diam.

Tubes. — Tramal hyphae distinctly thick-walled with a wide lumen, unbranched, straight to slightly flexuous, subparallel along the tubes, strongly agglutinated, 3−5.5 µm in diam. Cystidia absent; cystidioles ventricose with a pointed tip, thin-walled, smooth, 15−17 × 5−8 µm; basidia broadly clavate to barrel-shaped, bearing four sterigmata and a simple basal septum, 12−13 × 5−6 µm; basidioles of similar shape to basidia, but smaller.

Spores. — Basidiospores broadly ellipsoid to subglobose, hyaline, thin-walled, smooth, IKI−, CB−, (3.2−)3.4−4 × (2.7−)2.8−3.2(−3.5) µm, L = 3.64 µm, W = 3.05 µm, Q = 1.17−1.21 (n = 60/2).

Notes. — R. imbricatus is characterized by annual and imbricate basidiomata, concentrically zonate and sulcate upper surface, clay pink to flesh pink pore surface when fresh, ventricose cystidioles, broadly ellipsoid to subglobose, thin-walled basidiospores measuring 3.4−4 × 2.8−3.2 µm, and occurrence in tropical Asia.

R. imbricatus, R. aurantiacus Ryvarden & Iturr., and R. pterocaryae are phylogenetically related (Figure 1) but different in morphology. R. aurantiacus has deep-orange to ochraceous pore surface, globose basidiospores measuring 3 × 4 µm, and occurrence in South America (Ryvarden and Iturriaga, 2003). R. pterocaryae has azonate and smooth upper surface and larger thick-walled basidiospores (6.8−7.2 × 5.8−6.8 µm vs. 3.4−4 × 2.8−3.2 µm).

R, dimiticus (Corner) T. Hatt., R. malayanus (Corner) T. Hatt., and R. pendulus Ryvarden were originally described from Southeast Asia and have effused-reflexed to pileate or stipitate basidiomata. However, R. dimiticus has a dimitic hyphal system and larger basidiospores (4−4.7 × 3.5−4 µm vs. 3.4−4 × 2.8−3.2 µm; Hattori, 2001a); R. malayanus has effused-reflexed basidiomata with azonate upper surface, whitish pore surface, angular pores of 1−3 per mm and larger basidiospores (5−6 × 3−3.5 µm vs. 3.4−4 × 2.8−3.2 µm; Hattori, 2003); R. pendulus has violaceous pore surface when fresh, thick-walled hyphoid cystidia encrusted with crystals and globose basidiospores (3.4−4 µm vs. 3.4−4 × 2.8−3.2 µm; Ryvarden, 1990). Thus, they are all different from R. imbricatus.

Rigidoporus pterocaryae Chao G. Wang, Jing Si & Y.C. Dai, sp. nov. — MycoBank: MB848606; Figures 4, 5.




Figure 4 | Basidiome of R. pterocaryae (holotype, Cui 4195).






Figure 5 | Microscopic structures of R. pterocaryae (drawn from the holotype, Cui 4195). (A) Basidiospores; (B) basidia and basidioles; (C) cystidioles; (D) hyphae from trama; and (E) hyphae from context. — Scale bars: a = 5 µm; b−e = 10 µm.



Etymology. — pterocaryae (Lat.), refers to the species growth on Pterocarya sp.

Holotype. — China. Fujian Province, Wuyishan, Wuyi Palace, on living tree of Pterocarya, 29.VIII.2006, Cui 4195 (BJFC002245).

Fruiting body. — Basidiomata annual, pileate, corky, without odor or taste when fresh, becoming hard corky upon drying. Pilei petaloid, projecting up to 6 cm, 6.5 cm wide and 9 mm thick at base. Pileal surface honey yellow, glabrous, azonate, tuberculate when dry; margin irregularly lobed to slightly petaloid, blunt, slightly recurved when dry. Pore surface buff, honey yellow to fawn when dry, shiny; sterile margin distinct, cream when dry, up to 2.5 mm wide; pores round to angular, 7−9 per mm; dissepiments thin, slightly lacerate. Context curry yellow, corky when dry, up to 4 mm thick. Tubes concolorous with pore surface, hard corky when dry, up to 5 mm long.

Hyphal structure. — Hyphal system monomitic; generative hyphae simple septate, hyaline to yellowish, smooth, IKI−, CB+; tissues becoming black in KOH.

Context. — Contextual hyphae slightly thick- to thick-walled with a wide lumen, rarely branched, moderately simple septate, straight to flexuous, interwoven, 3−5 µm in diam.

Tubes. — Tramal hyphae slightly thick-walled with a wide lumen, unbranched, straight to slightly flexuous, subparallel along the tubes, agglutinated, 2.5−4 µm in diam. Cystidia absent; cystidioles ventricose with a pointed tip, thin-walled, smooth, 16−17 × 8−9 µm; basidia broadly barrel-shaped, bearing four sterigmata and a simple basal septum, 12−15 × 10−11 µm; basidioles of similar shape to basidia, but smaller. Rhomboid or irregular hyaline crystals present among hymenium.

Spores. — Basidiospores subglobose, hyaline, thick-walled, smooth, with one big or two small guttules, IKI−, CB−, (6.2−)6.8−7.5(−7.8) × (5.5−)5.8−7(−7.2) µm, L = 7.2 µm, W = 6.21 µm, Q = 1.15 (n = 30/1).

Notes. — R. pterocaryae is characterized by annual and pileate basidiomata, petaloid pilei, azonate and smooth upper surface, buff, honey yellow to fawn pore surface when dry, ventricose cystidioles, subglobose, thick-walled basidiospores measuring 6.8−7.5 × 5.8−7 µm, and growth on Pterocarya in China.

R. pterocaryae and R. ulmarius (Sowerby) Imazeki are similar in morphology, and share pileate basidiomata, azonate upper surface, subglobose, thick-walled, and almost the same size of basidiospores (this study). However, the latter has concentrically sulcate upper surface, and phylogenetically, they are distantly related (Figure 1).

One sequence of sample d1 from China was identified as R. ulmarius in GenBank (GenBank accession NO. KC414238). In our phylogenetic analysis, it nested together with R. pterocaryae.

Rigidoporus subcorticola Chao G. Wang, Jing Si & Y.C. Dai, sp. nov. — MycoBank: MB848607; Figures 6, 7.




Figure 6 | Basidiome of R. subcorticola (holotype, Dai 24419).






Figure 7 | Microscopic structures of R. subcorticola (drawn from the holotype, Dai 24419). (A) Basidiospores; (B) basidia and basidioles; (C) cystidia and cystidioles; (D) hyphae from trama; and (E) hyphae from context. — Scale bars: a = 5 µm; b−e = 10 µm.



Etymology. — subcorticola (Lat.), refers to the species being similar to R. corticola.

Holotype. — China. Beijing, Xiaolongmen Forest Park, on fallen angiosperm trunk, 30.VIII.2022, Dai 24419 (BJFC039662).

Additional specimens examined. — China. Heilongjiang Province, Ning’an County, Jingpo Lake Forest Park, on Pinus koraiensis, Dai 8895 (IFP 011351); Henan Province, Neixiang County, Baotianman Nature Reserve, on Juglans sp., 23.IX.2009, Dai 11319 (BJFC007465).

Fruiting body. — Basidiomata annual, resupinate to effused-reflexed, soft, without odor or taste when fresh, becoming soft corky upon drying, up to 8 cm long and 2 cm wide when resupinate; pilei flabelliform, projecting up to 1.7 cm, 3 cm wide, 3 mm thick at base. Pileal surface white to cream when fresh, becoming cream to pinkish buff, glabrous, azonate and tuberculate upon drying; margin slightly acute. Pore surface white to cream when fresh, becoming cream to buff yellow upon drying; sterile margin white to cream when fresh, buff when dry, thinning out, somewhat incised, up to 1 mm wide; pores angular, 2−4 per mm; dissepiments thin, lacerate. Context cream, soft corky when dry, up to 0.4 mm thick. Tubes concolorous with pore surface, soft corky when dry, up to 0.8 mm long.

Hyphal structure. — Hyphal system monomitic; generative hyphae simple septate, hyaline, IKI−, CB+; tissues unchanged in KOH.

Context. — Contextual hyphae thick-walled with a wide lumen, occasionally branched, straight to flexuous, interwoven, 3−6 µm in diam.

Tubes. — Tramal hyphae thick-walled with a wide lumen, occasionally branched, straight to flexuous, subparallel along the tubes, 2−3.5 µm in diam. Cystidia present, arising from tramal hyphae and projecting from the hymenium, thick-walled, apically encrusted with crown crystals, 15−16 × 4.5−5 µm; cystidioles fusoid to ventricose, thin-walled, smooth or encrusted with tiny crystals, 12−15 × 5−6 µm; basidia barrel-shaped, with four sterigmata and a simple basal septum, 14−16 × 5.5−7 µm; basidioles of similar shape to basidia.

Spores. — Basidiospores oblong ellipsoid to ellipsoid, hyaline, thin-walled, smooth, IKI−, weakly CB+, 5−5.8(−6) × 3−4 µm, L = 5.44 µm, W = 3.48 µm, Q = 1.56 (n = 30/1).

Notes. — R. subcorticola is characterized by annual, resupinate to effused-reflexed basidiomata, azonate and tuberculate upper surface, cream to buff yellow pore surface when dry, big angular pores of 2−4 per mm, thick-walled and encrusted hymenial cystidia, fusoid to ventricose cystidioles, oblong ellipsoid to ellipsoid basidiospores measuring 5−5.8 × 3−4 µm, and often occur in the north temperate zone.

R. subcorticola and R. macroporus (Y.C. Dai & Y.L. Wei) F. Wu et al. are closely related in our phylogeny (Figure 1), share cream to buff yellow pore surface, clavate to ventricose cystidioles, and ellipsoid basidiospores, as well as are distributed in China. However, the later has resupinate basidiomata, thin-walled tramal hyphae and larger basidiospores (7−8 × 3.5−4.1 µm vs. 5−5.8 × 3−4 µm; Dai et al., 2004). R. subcorticola and R. corticola (Fr.) Pouzarare are very similar in morphology and share resupinate to effused-reflexed basidiomata with light-colored pore surface and ellipsoid basidiospores (5−6 × 3.5−4.5 µm vs. 5−5.8 × 3−4 µm; Ryvarden and Gilbertson, 1994). However, the latter has slightly zonate and somewhat radially wrinkled upper surface. The three species form different independent lineages in Rigidoporus (Figure 1).

Rigidoporus millavensis (Bourdot & Galzin) Chao G. Wang, Jing Si & Y.C. Dai, comb. et stat. nov. — MycoBank: MB848608; Figure 8.




Figure 8 | Basidiomata of two species: (A) R. millavensis (Dai 24509) and (B) R. philadelphi (Dai 24218).



Basionym. — Poria mucida subsp. millavensis Bourdot & Galzin, Bull. trimest. Soc. mycol. Fr. 41(2): 238 (1925)

≡ Oxyporus millavensis (Bourdot & Galzin) Ryvarden & Melo, Syn. Fung. (Oslo) 31: 293 (2014).

Specimens examined. — China. Gansu Province, Zhangye, Qilianshan Nature Reserve, on the dead tree of Juniperus przewalskii, Dai 18970 (BJFC027439); Inner Mongolia, Alxa County, Helanshan Nature Reserve, on the fallen branch of Picea, Dai 24509 (BJFC039751); on the fallen trunk of Picea, Dai 24503 (BJFC039745); Xinjiang, Xinyuan County, Nalati Nature Reserve, on the fallen trunk of Populus euphratica, Wei 1622 (BJFC010351).

Descriptions for one known species and one uncertain species

Rigidoporus microporus — Figures 9 and 10




Figure 9 | Basidiome of R. microporus (Dai 17402).






Figure 10 | Microscopic structures of R. microporus (drawn from sample Dai 17402). (A) Basidiospores; (B) basidia and basidioles; (C) cystidioles; (D) hyphae from trama; and (E) hyphae from context. — Scale bars: a = 5 µm; b−e = 10 µm.



Specimens examined. — Brazil. Manaus, parque Municipal Cachoeira das Orquídeas, on a fallen angiosperm trunk, 12.V.2017, Dai 17402 (BJFC024937); Dai 17392 (BJFC024928).

Fruiting body. — Basidiomata annual to perennial, resupinate, effused-reflexed to pileate, corky, without odor or taste when fresh, becoming hard corky upon drying, up to 6 cm long, 5 cm wide when resupinate; pilei flabelliform, projecting up to 6 cm, 7.5 cm wide and 4 mm thick at base. Pileal surface cinnamon to fawn, glabrous, concentrically zonate and sulcate when dry; margin acute. Pore surface fawn to reddish brown when dry; sterile margin thinning out, pinkish buff when dry; pores round to angular, 12−14 per mm; dissepiments thin, entire to lacerate. Context buff, corky when dry, up to 1 mm thick. Tubes honey yellow to fawn when dry, paler than pore surface, hard corky when dry, up to 3 mm long.

Hyphal structure. — Hyphal system monomitic; generative hyphae simple septate, hyaline, smooth, IKI−, weakly CB+; tissues becoming black in KOH.

Context. — Contextual hyphae thick-walled with a wide lumen, unbranched, rarely simple septate, straight to slightly flexuous, interwoven, 3.5−5.5 µm in diam.

Tubes. — Tramal hyphae distinctly thick-walled with a wide lumen, unbranched, straight to slightly flexuous, subparallel along the tubes, strongly agglutinated, 3.5−5 µm in diam. Cystidia absent; cystidioles ventricose with a pointed tip, thin-walled, smooth, 10−15 × 7−8 µm; basidia broadly clavate to barrel-shaped, bearing four sterigmata and a simple basal septum, 10−12 × 4.5−6 µm; basidioles of similar shape to basidia, but smaller. Rhomboid or irregular crystals sometimes present among hymenium.

Spores. — Basidiospores broadly ellipsoid to subglobose, hyaline, thin-walled, smooth, IKI−, CB−, (3.6−)3.8−4.3 × (3−)3.2−3.8(−4) µm, L = 3.98 µm, W = 3.42 µm, Q = 1.16−1.17 (n = 60/2).

“Rigidoporus ulmarius” — Figures 11 and 12




Figure 11 | Basidiome of “Rigidoporus ulmarius” (JV 1909/17-J).






Figure 12 | Microscopic structures of “Rigidoporus ulmarius” (drawn from sample JV 1909/17-J). (A) Basidiospores; (B) basidia and basidioles; (C) cystidioles; (D) hyphae from trama; and (E) hyphae from context. — Scale bars: a = 5 µm; b−e = 10 µm.



Specimen examined. — French Guiana. Roura, Amazon Lodge, 2.IX.2019, JV 1909/17-J (JV, isotype in BJFC033010).

Fruiting body. — Basidiomata annual, pileate, corky, without odor or taste when fresh, becoming hard corky upon drying. Pilei flabelliform, projecting up to 8 cm, 15 cm wide and 7 mm thick at base. Pileal surface buff to cinnamon buff, glabrous, azonate, distinctly radially wrinkled to ribbed and slightly squamose when dry; margin acute, incurved when dry. Pore surface clay buff to fawn when dry; sterile margin indistinct, almost absent; pores angular, 8−10 per mm; dissepiments thin, slightly lacerate. Context ochraceous, corky when dry, up to 3 mm thick. Tubes concolorous with pore surface, distinctly deeper-colored than the context, hard corky when dry, up to 4 mm long.

Hyphal structure. — Hyphal system monomitic; generative hyphae simple septate, yellowish, smooth, IKI−, CB−; tissues unchanged in KOH.

Context. — Contextual hyphae thick-walled with a wide lumen, unbranched, moderately simple septate, more or less flexuous, interwoven, 3−6 µm in diam.

Tubes. — Tramal hyphae distinctly thick-walled with a wide lumen, unbranched, flexuous, subparallel along the tubes, 3.5−6 µm in diam. Cystidia absent; cystidioles ventricose with a pointed tip, thin-walled, smooth, 14−17 × 6−8 µm; basidia broadly barrel-shaped, bearing four sterigmata and a simple basal septum, 15−17 × 9−10 µm; basidioles of similar shape to basidia but smaller. Rhomboid or irregular hyaline crystals present among hymenium.

Spores. — Basidiospores subglobose, sometimes collapsed, hyaline, slightly thick-walled, smooth, sometimes with one big guttule, IKI−, CB+, (5.5−)6−7 × 5−6.2(−6.3) µm, L = 6.36 µm, W = 5.66 µm, Q = 1.12 (n = 30/1).





4 Discussion

In the present study, 18 species of Rigidoporus with available sequences were divided into four clades. Clade I includes six species, viz., R. aurantiacus Ryvarden & Iturriaga, R. imbricatus, R. microporus, R. pterocaryae, R. submicroporus F. Wu et al., and R. ulmarius (Figure 1), and these species share pileate and hard corky basidiomata with azonate, tuberculate or concentrically zonate, and sulcate upper surface (except R. submicroporus), slightly dark-colored (cinnamon to fawn or reddish brown) pore surface when dry, and sometimes thick-walled basidiospores. R. corticola, R. ginkgonis (Y.C. Dai) F. Wu et al., R. macroporus, R. millavensis, R. philadelphi (Parmasto) Pouzar, and R. subcorticola form a subclade as Clade II (Figure 1), and all have resupinate or resupinate to effused-reflexed, soft corky basidiomata with light-colored (white to cream or buff) pore surface. Clade III is composed of R. obducens (Pers.) Pouzar, R. piceicola (B.K. Cui & Y.C. Dai) F. Wu et al., R. populinus (Schumach.) Pouzar, and R. subpopulinus (B.K. Cui & Y.C. Dai) F. Wu et al. (Figure 1), and species in this clade have resupinate or resupinate to effused-reflexed basidiomata and thick-walled cystidia encrusted with coarse crystals. Clade IV contains two taxa, i.e., R. cuneatus (Murrill) F. Wu et al. and R. juniperinus Gafforov et al., but these two species are not similar in morphology. R. cuneatus has resupinate to effused-reflexed basidiomata with white to isabelline pore surface, angular to irregular pores of 1−3 per mm, thin-walled hymenial cystidia encrusted with crystals, and globose basidiospores measuring 3−5 µm (Yuan et al., 2020). R. juniperinus has resupinate basidiomata with white to pale ochraceous pore surface, round to angular pores of 4−5 per mm, thin-walled hymenial cystidia encrusted with crystals, thick-walled encrusted hyphoid cystidia, and broadly ellipsoid to globose basidiospores measuring 4.2−4.5 × 2.9−3 µm (Yuan et al., 2020). Clades I, II, and III above represent traditional genera Rigidoporus (s. str.), Chaetoporus P. Karst., and Oxyporus Donk, which were however united in Rigidoporus by Wu et al. (2017).

Boletus ulmarius Sowerby was originally described by Sowerby (1797) growing on rotted Ulmus campestris from the UK and then combined as R. ulmarius by Imazeki (1952). It is characterized by perennial, pileate basidiomata with concentrically sulcate or irregularly tuberculate upper surface, pinkish buff to orange brown pore surface when fresh, angular pores of 5−6 per mm, a monomitic hyphal system, fusoid cystidioles, subglobose and thick-walled basidiospores measuring 6−8 × 5−6.5 µm, and mostly growth on angiosperm wood in the north temperate zone (Gerber and Loguercio-Leite, 1997; Ryvarden and Melo, 2017). The Chinese sample Dai 18490A nests together with two British samples KM 178999 and KM 155306 and Hawaiian sample JV 2211/H3-J, forming an independent lineage with a robust support, and is treated as R. ulmarius in our phylogeny (Figure 1). Morphologically, the Chinese sample Dai 18490A also has pileate basidiomata, slightly zonate, concentrically sulcate and radially wrinkled upper surface, round to angular pores of 5−7 per mm, and subglobose, thick-walled basidiospores measuring 5.5−7 × 5−6.5 µm. The Chinese sample Cui 4195 and American sample JV1909/17-J are very similar with R. ulmarius by pileate basidiomata with azonate upper surface, and subglobose, thick-walled and almost the same size of basidiospores (6.8−7.5 × 5.8−7 µm in Cui 4195, 6−7 × 5−6.2 µm in JV1909/17-J). However, they have smaller pores (7−9 per mm in Cui 4195, 8−10 per mm in JV1909/17-J, vs. 5−6 per mm in Dai 18490A) and form respectively independent lineages distinctive from Dai 18490A etc. Polyporus cytisinus Berk., Po. actinobolus Mont., Po. sublinguaeformis Schulzer, Po. geotropus Cooke, Placodes incanus Quél., and Po. fraxineus Lloyd are listed as synonyms of R. ulmarius in Index Fungorum (http://www.indexfungorum.org/). Unfortunately, we did not study the types of these taxa, and for the time being, we treat the three American samples JV 1909/17-J, JV 1403/5-J, and JV 1504/40 as “Rigidoporus ulmarius” in our study.

Boletus microporus Sw. was originally described by Swartz (1788) from Jamaica. It is characterized by occasionally resupinate but mostly pileate basidiomata with concentrically zonate and sulcate upper surface, bright orange to reddish-brown pore surface, the absence of cystidia, ventricose smooth cystidiols, and broadly ellipsoid to subglobose basidiospores measuring 3.5−5 × 3.5−4 µm. Three America samples Dai 17402, Dai 17392, and JV 2110/1 form an independent lineage in Rigidoporus, and they also have completely resupinate or effused-reflexed to pileate basidiomata, concentrically zonate and sulcate upper surface, broadly ellipsoid to subglobose basidiospores measuring 3.8−4.3 × 3.2−3.8 µm, which is in accordance with the descriptions of R. microporus. In addition, four sequences of R. microporus (GenBank: KJ559458, KJ559468, AB697722, and HQ400709) deposited in GenBank form another lineage in our study, and they are from Africa (Nigeria and Cameroon) and Southeast Asia (Indonesia and Malaysia). Many synonyms of R. microporus are listed in Index Fungorum (http://www.indexfungorum.org/), and in order to avoid conflict with them, four Asian and African samples FRIM 646, taxon 219653, ED 310, and N 402 are regarded as “Rigidoporus microporus” in our study. O. mollis Gibertoni & Ryvarden, R. amazonicus Ryvarden, R. grandisporus Ryvarden et al., and R. mariae Gibertoni et al. were also originally described from South America (Brazil). However, O. mollis has bigger pores than three America samples (5–6 per mm vs. 12–14 per mm; Gibertoni et al., 2012), the other three species have stipitate basidiomata (Ryvarden, 1987; Gomes-Silva et al., 2014).

O. millavensis (Bourdot & Galzin) Ryvarden & Melo is morphologically similar and phylogenetically related to R. philadelphi (Figure 1). In addition, Ryvarden and Melo (2017) thought that they are synonymous species. P. mucida subsp. millavensis Bourdot & Galzin (1925) as the basionym of O. millavensis was originally described from France growth on rotting wood of Juniperus and Pinus. It also has resupinate basidiomata with grayish white to ochraceous pore surface, lacerate dissepiments, two types of smooth cystidia, and ovoid, broadly ellipsoid to subglobose basidiospores measuring 4.5−6.5 × 3.5−4.7 µm (Michel et al., 2005). Chaetoporus philadelphi Parmasto was originally described by Parmasto (1959) growth on the bark of Philadelphus coronarius from Estonia and then combined as R. philadelphi by Pouzar (1966). It is characterized by annual, resupinate basidiomata with white to pale-yellow pore surface, reticulated, angular pores of 2−3 per mm, encrusted or smooth cystidia, and broadly ellipsoid basidiospores measuring 4.5−5.5 × 3.8−4.5 µm (Parmasto, 1959). Four Chinese samples Dai 24503, Dai 24509, Dai 18970, and Wei 1622 and two Chinese samples Dai 24218 and Dai 24219 form two independent lineages nested in Rigidoporus, and all these six samples are very similar by resupinate basidiomata with cream, buff-yellow to gray pore surface, angular pores of 2−3 per mm, lacerate dissepiments, numerous small crystals, two type cystidia, and broadly ellipsoid and almost the same size of basidiospores (4.8−5.8 × 4−4.8 µm in the former four samples; 5.2−6.2 × 4.5−5.6 µm in the latter two samples), which is in accordance with the descriptions of R. millavensis and R. philadelphi. However, the former grows on both gymnosperm and angiosperm woods (Juniperus, Picea, and Populus), while the latter only grows on angiosperm wood. In addition, there are 14-base pair differences between them, which accounts for > 2% nucleotide differences in the ITS regions (610 bp in total). Thus, the four Chinese samples Dai 24503, Dai 24509, Dai 18970, and Wei 1622 are treated as R. millavensis and the two samples Dai 24218 and Dai 24219 are treated as R. philadelphi in this study.

Three new species of Rigidoporus are described in the present paper, and most of them are from tropical Asia. Most of these new species have rather similar morphology as existing species but formed independent lineages in phylogeny; thus, we deal with as new species. The same phenomenon was found in several other polypore genera (Yuan et al., 2021; Wang et al., 2022; Yuan et al., 2022; Si et al., 2023; Zhang et al., 2023; Zhou et al., 2023), and it seems that more new taxa will be found after further investigation and phylogenetic analyses.
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Fuscoporia is a cosmopolitan, poroid, wood-decaying genus, belonging to the Hymenochaetales. During a study of wood-inhabiting fungi in the USA, four unknown specimens were collected from Hawaii. Both morphological criteria and molecular genetic analyses based on the ITS+nLSU+EF1-α datasets and the nLSU dataset confirmed that these four specimens represent two new species of Fuscoporia, and they are described as F. hawaiiana and F. minutissima. Fuscoporia hawaiiana is characterized by pileate basidiocarps, the absence of cystidioles, hooked hymenial setae, broadly ellipsoid to subglobose basidiospores measuring 4−6 × 3.5−4.5 μm. Fuscoporia minutissima is distinguished by small pores (10−13 per mm) and basidiospores (3.4−4 × 2.4−3 μm). The taxonomic status of the two new species is briefly discussed. A key to the North American species of Fuscoporia is provided.
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1 Introduction

Most wood-rotting fungi, belonging to Basidiomycetes, can use different types of wood as their nutritional source and are indispensable participants and important biological regeneration resources in natural ecosystems. The genus Fuscoporia Murrill (Hymenochaetales, Basidiomycota), erected by Murrill (1907) with F. ferruginosa (Schrad.) as generic type, is a cosmopolitan fungal group that encompasses also important species with medicinal effects, such as F. gilva (Schwein.) T. Wagner & M. Fisch. and F. torulosa (Pers.) T. Wagner & M. Fisch. (Wu et al., 2019). Fuscoporia is widely distributed in Asia, Europe, Oceania, and America. The genus has been considered a synonym of Poria Adans. or Phellinus Quél. for a long time (Overholts, 1953; Lowe, 1966; Ryvarden and Johansen, 1980; Gilbertson and Ryvarden, 1987; Larsen and Cobb-Poulle, 1990). However, Fiasson and Niemela (1984) recognized the genus as monophyletic morphologically, characterized by annual to perennial and resupinate to pileate basidiomata, a dimitic hyphal system with crystal encrustations on generative hyphae, the presence of hymenial setae, and hyaline, thin-walled and smooth basidiospores. Later, Wagner and Fischer, 2001; Wagner and Fischer, 2002) by means of nLSU sequence data and morphological studies of European Hymenochaetales reconfirmed the taxonomic status of the genus of Fuscoporia, with six species of Phellinus being classified into it.

Large number of Fuscoporia new species and new combinations have been discovered in recent years, and at present, more than 90 species are accepted in the genus (Chen et al., 2020; Tchoumi et al., 2020; Vlasák et al, 2020; Yuan et al., 2020; Dai et al., 2021; Chen et al., 2022; Hussain et al., 2022; Wu et al., 2022a, b). Fuscoporia is considered to be a complex genus with still unsettled taxonomy.

Striking diversity in the Hawaiian Islands with multiple co-occurring species leads to many species unreported in the literature. During a study of wood-inhabiting fungi, four unknown specimens were collected from Hawaii, with the features of Fuscoporia. To explore their relationships, phylogenetic analyses based on the ITS+nLSU+EF1-α datasets and the nLSU dataset were carried out. Both morphological criteria and molecular genetic analyses confirmed that these four specimens represent two new species of Fuscoporia. So, we describe them as F. hawaiiana and F. minutissima in the present paper. A key to the North American species of Fuscoporia is also provided.




2 Materials and methods



2.1 Morphological studies

Some studied specimen materials are deposited in the fungoria of the Institute of Microbiology, Beijing Forestry University (BJFC).  The other ones are deposited in private fungoria of Josef Vlasak (JV) and then will be transferred into Prague Museum Herbarium (PRM). Morphological descriptions are based on field notes and herbarium specimens. The macroscopic color terms cited from Anonymous (1969) and Petersen (1996). Sections were studied at a magnification up to × 1,000 using a Nikon Eclipse 80i microscope with phase contrast illumination (Nikon, Tokyo, Japan). The microscopic analyses were performed accroding to Liu et al. (2022) and Si et al. (2023). Microscopic features, measurements, and drawings were prepared from slides stained with Cotton Blue. The following abbreviations are used: KOH = 5% potassium hydroxide, CB− = acyanophilous in Cotton Blue, IKI− = neither amyloid nor dextrinoid in Melzer’s reagent, L = arithmetic average of all spore length, W = arithmetic average of all spore width, Q = variation in the L/W ratios, and (n = x/y) = number of measured spores (x) measured from a given number of specimens (y).




2.2 DNA extraction, PCR, and sequencing

A CTAB rapid plant genome extraction kit (Aidlab Biotechnologies Co., Ltd., Beijing, China) was used to extract total genomic DNA from dried specimens following the manufacturer’s instructions with some modifications (Chen et al., 2020; Zhang et al., 2023; Zhou et al., 2023). For generation of PCR amplicons, the following primer pairs were used: ITS5 (GGA AGT AAA AGT CGT AAC AAG G) and ITS4 (TCC TCC GCT TAT TGATAT GC) for internal transcribed spacer (ITS, White et al., 1990); LR0R (ACC CGC TGA ACT TAA GC) and LR7 (TAC TAC CAC CAA GAT CT) for nuclear large subunit rDNA (nLSU, Vilgalys and Hester, 1990); EF1-983F (GCY CCY GGH CAY CGT GAY TTY AT) and EF1-1567R (ACH GTR CCR ATA CCA CCR ATC TT) for translation elongation factor-1 alpha (EF1-α, Rehner and Buckley, 2005). The PCR procedures for ITS and EF1-α were as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles of denaturation at 94°C for 40 s, annealing at 54°C for 45 s and extension at 72°C for 1 min, and a final extension at 72°C for 10 min. The PCR procedure for nLSU was as follows: initial denaturation at 94°C for 1 min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min and extension at 72°C for 1.5 min, and a final extension at 72°C for 10 min. The PCR products were purified and sequenced at the Beijing Genomics Institute with the same primers and the sequences are deposited in GenBank. All newly generated sequences were deposited in GenBank (http://www.ncbi.nlm.nih.gov ) and are listed in Table 1.


Table 1 | Species, specimens, and GenBank accession numbers of sequences used in ITS+nLSU+EF1-α phylogenetic analyses.






2.3 Phylogenetic analysis

The following softwares were used for data processing and phylogenetic analyses: Mesquite, MAFFT 7.110, BioEdit 7.0.1 (Hall, 1999), ClustalX 2.0P10 (Thompson et al., 1997), MrModeltest 2.3 (Posada and Crandall, 1998; Nylander, 2004), PAUP* 4.0b10 (MP, Swofford, 2002), raxmlGUI 1.2 (ML, Stamatakis, 2006; Silvestro and Michalak, 2012), TreeView 1.5.0, and PowerPoint. Maximum parsimony (MP) and maximum likelihood (ML) methods were adopted to perform phylogenetic analyses of the two aligned datasets. The two phylogenetic methods resulted in similar topology for each data set. Thus, only the topology of the MP analysis appears along and branches that received bootstrap supports greater than or equal to 75% (MP and ML) were considered as significantly supported at the nodes.

To explore the phylogenetic position of Fuscoporia in Hymenochaetaceae, representatives of 28 genera of Hymenochaetaceae were included in nLSU dataset (not shown in Table 1 except for Fuscoporia; shown in Figure 1). Oxyporus populinus (Schumach.) Donk and Hyphodontia pallidula (Bres.) J. Erikss. were used as outgroups (Larsson et al., 2006; Zmitrovich and Malysheva, 2014; Zhou et al., 2016; Chen et al., 2019).




Figure 1 | Phylogeny of Fuscoporia and related species generated inferred from nLSU sequences. Statistical values (MP/ML) are indicated for each node. Names of new species are in bold.



In addition to the newly generated sequences, additional ITS, nLSU, and EF1-α sequences of Fuscoporia based on formerly studies (Chen et al., 2019; Chen et al., 2020; Du et al., 2020; Wu et al., 2022a) were obtained from GenBank (Table 1) to explore the phylogenetic position of our specimens in Fuscoporia. A total of 251 sequences, 100 samples of Fuscoporia were analyzed in the ITS+nLSU+EF1-α dataset (Figure 2). Coniferiporia weirii (Murrill) L.W. Zhou et al (2016) and Phellinidium fragrans (M.J. Larsen & Lombard) Nuss (1986) were selected as outgroups (Zhou et al., 2016; Chen and Yuan, 2017).




Figure 2 | Phylogeny of Fuscoporia and related species generated inferred from ITS+nLSU+EF1-α dataset. Statistical values (MP/ML) are indicated for each node. Names of new species are in bold.







3 Results



3.1 Phylogeny

To explore the phylogenetic position of Fuscoporia in Hymenochaetaceae, 81 taxa of the family Hymenochaetaceae were included in nLSU-alone dataset (Figure 1). The dataset had an aligned length of 1436 characters, of which 1019 were constant, 98 variable but parsimony-uninformative, and 291 parsimony-informative. Maximum parsimony analysis yielded 140 equally topologies (TL = 1723, CI = 0.327, RI = 0.672, RC = 0.220, HI = 0.673). Fuscoporia is a powerfully supported lineage (100/100) within the Hymenochaetaceae family based on phylogenetic tree inferred from the nLSU dataset (Figure 1).

The ITS+nLSU+EF1-α dataset (Figure 2) included 98 ITS, 92 nLSU, and 62 EF1-α sequences from 100 fungal specimens representing 52 pecies of Fuscoporia. The dataset had an aligned length of 2705 characters, of which 1721 were constant, 99 variable but parsimony-uninformative, and 885 parsimony-informative. Maximum parsimony analysis yielded six equally topologies (TL = 4489, CI = 0.389, RI = 0.807, RC = 0.314, HI = 0.611). Two well-supported lineages (100/100) clustered within Fuscoporia and distincted from other species in phylogeny (Figure 2). Taking morphological characters into consideration, these two new lineages represent two new species, F. hawaiiana and F. minutissima, which are described below.




3.2 Taxonomy

Fuscoporia hawaiiana Q. Chen, Jing Si & Vlasák, sp. nov., Figures 3, 4




Figure 3 | Basidiocarps of Fuscoporia hawaiiana (holotype, JV 2208/H22-J). Bars: (A) = 1 cm. (B) = 1 mm.






Figure 4 | Microscopic structures of Fuscoporia hawaiiana (holotype, JV 2208/H22-J). (A) Basidiospores. (B) Basidia and basidioles. (C) Hymenial setae. (D) Generative hyphae at dissepiment edge. (E) Hyphae from tube trama. (F) Hyphae from subiculum.



MycoBank no. — MB 847960

Holotype. — USA. Hawaii, Big Island, Kalopa State Park, on living tree of Eucalyptus, August 2022, JV 2208/H22-J (PRM, isotype JV, BJFC 039915).

Etymology. — Hawaiiana (Lat.): refers to the place (Hawaii) where the species was collected.

Fruiting body. — Basidiocarps perennial, pileate, laterally fused to imbricate, without odor or taste when fresh, hard corky when dry. Pilei mostly semicircular, projecting up to 11 cm long, 5 cm wide, and 5 cm thick at the base, more or less convex towards margin. Pileal surface reddish brown, concentrically sulcate with zones, glabrous, sometimes covered with mosses; margin obtuse, yellowish brown, up to 5 mm wide. Pore surface honey-yellow to deep olive, slight glancing; margin narrow, olivaceous buff, up to 1 mm wide; pores circular, 5−7 per mm; dissepiments thin to fairly thick, entire, abundant hymenial setae in tube cavities (under anatomical lens). Context clay-buff, hard corky, about 8 mm thick. Tubes olivaceous buff, hard corky, up to 2 cm long.

Hyphal structure. — Hyphal system dimitic; generative hyphae simple septate; tissue darkening but otherwise unchanged in KOH.

Context. — Generative hyphae rare, hyaline, thin- to slightly thick-walled, branched, frequently simple septate, 2−2.5 μm in diam; skeletal hyphae dominant, rust-brown, thick-walled with a medium to wide lumen, unbranched, occasionally septate, straight, more or less straight and regularly arranged, 2.5−3.5 μm in diam.

Tubes. — Generative hyphae rare, mostly present at dissepiment edges and subhymenium, hyaline, thin-walled, frequently branched and simple septate, 1.5−2.5 μm in diam, some of them encrusted at dissepiment edges and in the hymenium; skeletal hyphae dominant, yellowish brown, thick-walled with a medium to wide lumen, frequently septate, more or less straight, subparallel along the tubes, 2.5−3.5 μm in diam. Hymenial setae subulate, occasionally hooked, mostly originating from tramal hyphae, dark brown, thick-walled, 30−45 × 4−7 μm; basidia broadly clavate, with four sterigmata and a simple septum at the base, 12−18 × 5−7 μm; basidioles dominating the hymenium, in shape similar to basidia, but slightly smaller.

Spores. — Basidiospores broadly ellipsoid, hyaline, thin-walled, smooth, IKI−, CB−, some of them bearing a guttule, 4−6 × (3.4−)3.5−4.5(−4.7) μm, L = 4.77 μm, W = 3.90 μm, Q = 1.14−1.31 (n = 60/2).

Other material examined (paratype). — USA. Hawaii, Big Island, Volcano, on dead tree of Metrosideros polymorpha, August 2022, JV 2208/H30-J (JV, BJFC 039918).

Fuscoporia minutissima Q. Chen, Jing Si & Vlasák, sp. nov., Figures 5, 6 MycoBank no. — MB 847964




Figure 5 | Basidiocarps of Fuscoporia minutissima. (A–C)JV 2208/H16-J (holotype). (D) JV 2208/H12-J. Bars: (A, B, D) = 1 cm. (C) = 1 mm.






Figure 6 | Microscopic structures of Fuscoporia minutissima (holotype, JV 2208/H16-J). (A) Basidiospores. (B) Basidia and basidioles. (C) Cystidioles. (D) Hymenial setae. (E) Generative hyphae at dissepiment edge. (F) Hyphae from tube trama. (G) Hyphae from subiculum.



Holotype. — USA. Hawaii, Big Island, Makuala O’oma Trail, August 2022, JV 2208/H16-J (PRM, isotype JV, BJFC 039911).

Etymology. — Minutissima (Lat.): refers to the very small size of the pores exhibiting by these species.

Fruiting body. — Basidiocarps perennial, pileate, imbricate, without odor or taste when fresh, hard corky when dry. Pilei mostly imbricate, projecting up to 5 cm long, 3 cm wide, and 1 cm thick at the base. Pileal surface reddish brown, concentrically sulcate with zones, nodulose; margin obtuse to slightly acute, honey-yellow, up to 1 mm wide. Pore surface greyish brown to deep olive, glancing; margin narrow, honey-yellow, up to 1 mm wide; pores circular, 10−13 per mm; dissepiments fairly thick, entire and matted, abundant hymenial setae in tube cavities (under anatomical lens). Context honey-yellow, hard corky, up to 5 mm thick. Tubes olivaceous buff, paler than pores, hard corky, up to 4 mm long.

Hyphal structure. — Hyphal system dimitic; generative hyphae simple septate; tissue darkening but otherwise unchanged in KOH.

Context. — Generative hyphae rare, hyaline, thin- to slightly thick-walled, unbranched, frequently simple septate, 2−3 μm in diam; skeletal hyphae dominant, rust-brown, thick-walled with a medium to narrow lumen, unbranched, occasionally septate, straight, regularly arranged, 3−4 μm in diam.

Tubes. — Generative hyphae rare, mostly present at dissepiment edges and subhymenium, hyaline, thin-walled, frequently branched and simple septate, 2−3 μm in diam, some of them encrusted at dissepiment edges and in the hymenium; skeletal hyphae dominant, yellowish brown, thick-walled with a medium to narrow lumen, frequently septate, more or less straight, subparallel along the tubes, 3−4 μm in diam. Hymenial setae subulate, mostly originating from tramal hyphae, dark brown, thick-walled, 18−40 × 6−9 μm; fusoid cystidioles hyaline and thin-walled, 9.5−12 × 4−5.5 μm; basidia short clavate to barrel-shaped, with four sterigmata and a simple septum at the base, 10−15 × 4−6.5 μm; basidioles dominating the hymenium, in shape similar to basidia, but slightly smaller.

Spores. — Basidiospores broadly ellipsoid to subglobose, hyaline, thin-walled, smooth, IKI−, CB−, bearing a guttule, (3−)3.4−4 × (2.2−)2.4−3(−3.8) μm, L = 3.60 μm, W = 2.79 μm, Q = 1.24−1.30 (n = 52/2).

Other material examined (paratype). — USA. Hawaii, Kauai Island, Koke’e State Park, on dead tree of Acacia koa, August 2022, JV 2208/H12-J (JV, BJFC 039910).





4 Discussion

The islands far from the mainland have attracted scientific researchers for a long time, due to the close combination of ecological environment and evolution process here that deepen our understanding of the formation process of biological diversity (Cotoras et al., 2018). Hawaii is a biological hotspot with a variety of climates and habitats. 160 genera and 400 species of wood-rotting basidiomycetes are reported from 110 native and exotic substrate species on the Hawaiian Islands (Gilbertson et al., 2002; Ashiglar et al., 2015). There are few natural forests on the Hawaii islands (Chambers et al., 2007). Most forests are filled with introduced trees, and our new species may be introduced as well. The two new wood-rotting fungal species Fuscoporia hawaiiana and F. minutissima were collected from the northernmost and oldest Kauai Island, and the largest island Big Island in the Hawaiian Islands, both with a tropical sea climate.

Fuscoporia hawaiiana is characterized by perennial and pileate basidiocarps, circular and medium pores (5−7 per mm), the absence of cystidioles, hooked hymenial setae, broadly ellipsoid to subglobose basidiospores measuring 4−6 × 3.5−4.5 μm. Fuscoporia hawaiiana may also be distributed in Yunnan Province, China, considered to be F. torulosa derived from CLZhao 10146 (OM959398) on GenBank. The ITS of CLZhao 10146 shows that only 2 base differences from our new samples, but unfortunately, it lacks nLSU or EF1-α sequence. Furthermore, F. torulosa can be easily distinguished from F. hawaiiana by its subungulate basidiocarps and straight hymenial setae. Morphologically, seven species, F. semihispida (Ryvarden) Y.C. Dai & F. Wu, F. australasica Q. Chen, F. Wu & Y.C. Dai, F. marquesiana Gibertoni & C.R.S. de Lira, F. atlantica Motato-Vásq., R.M. Pires & Gugliotta, F. wahlbergii (Fr.) T. Wagner & M. Fisch., F. eucalypti Q. Chen, F. Wu & Y.C. Dai, and F. rufa (Bres.) Y.C. Dai & F. Wu., are similar to F. hawaiiana by sharing similar pileate basidiocarps and hooked hymenial setae. However, F. hawaiiana is distant from F. atlantica, F. marquesiana, F. wahlbergii, F. eucalypti, and F. australasica both in the phylogenetic analyses (Figures 1, 2) and morphology. F. atlantica differs from F. hawaiiana by its annual basidiocarps (Pires et al., 2015); F. australasica is described from Southern China and Viet Nam and differs from F. hawaiiana by its glabrous basidiocarps and the presence of cystidioles (Chen et al., 2020); F. wahlbergii is described from Europe, East-African, Australia, and USA, and distinguishes from F. hawaiiana by its smaller pores (7−9 per mm) and the presence of cystidioles (Chen et al., 2020); F. eucalypti is distributed Australia, and differs from F. hawaiiana by its spores effused-reflexed to pileate and wider (4.3−5.5 × 4−4.5 μm) (Chen et al., 2020); F. marquesiana is a South American species, and can be easily distinguished from F. hawaiiana by its smaller pores (8−9 per mm) (Wu et al., 2022b). Even without molecular data, F. semihispida and F. rufa can be easily distinguished from F. hawaiiana by narrower or wider spores (2−2.5 μm in F. semihispida; 4−4.5 μm in F. rufa) (Wu et al., 2022a).

Fuscoporia minutissima stands out in the genus by its perennial and pileate basidiocarps, and very small pores (10−13 per mm) and spores (3.4−4 × 2.4−3 μm). Fuscoporia minutissima is usually sterile after collecting, and such specimens are very similar to F. gilva by pileate basidiocarps, glabrous to rugose sometimes with nodulose pileal surface and broadly ellipsoid to subglobose spores, but the later differs by having bigger pores (6−8 per mm). Fuscoporia plumeriae Q. Chen, F. Wu & Y.C. Dai and F. chinensis Q. Chen, F. Wu & Y.C. Dai clustered together with F. minutissima into a group with a strong support (100/100, Figures 1, 2). Morphologically, these species share the effused-reflexed to pileate basidiocarps with lacerate dissepiments and ellipsoid basidiospores; but F. plumeriae and F. chinensis have annual basidiocarps and bigger pores (10−13 per mm in F. minutissima; 8−10 per mm in F. plumeriae; 7−8 per mm in F. chinensis; Chen et al., 2020). Fuscoporia rhabarbarina (Berk.) Groposo, Log.-Leite & Góes-Neto is a common fungus on hardwoods along streams in South America and subtropical and tropical Asia. But the type locality of this species remains unknown, probably in Brazil (Wu et al., 2022b). Fuscoporia minutissima may be confused with F. rhabarbarina in field, but the pileal surface of F. rhabarbarina is glabrous and dark brown crust at the base. Moreover, the two species are not closely related in the phylogenetic tree (Figure 1).

Fuscoporia hawaiiana and F. minutissima are described in this study. Traditionally, they were most probably treated as F. wahlbergii and F. gilva, respectively. The phylogenetic analyses provide molecular evidence to support these two new species derive from the F. wahlbergii complex and the F. gilva complex (Figures 1, 2). The similar results are demonstrated in many polypores complex, for instances, Megasporoporia setulosa (Henn.) Rajchenb. (Wang et al., 2021; Wang et al., 2022), Heterobasidion annosum (Fr.) Bref. (Yuan et al., 2021), Porogramme epimiltina (Berk. & Broome) Y.C. Dai (Mao et al., 2023), Sidera vulgaris (Fr.) Miettinen (Liu et al., 2021), and Phaeolus schweinitzii (Fr.) Pat. (Yuan et al., 2022). It seems that the diversity of wood-inhabiting fungi is extremely rich in tropics, some traditional definition on tropical species should be re-evaluated, and the concepts of taxa in tropics should be modified after molecular phylogeny.

A key to North American species of Fuscoporia.

	1. Basidiocarps completely resupinate...........................................1

	- Basidiocarps pileate, effused-reflexed or substipitate................7

	2. Mycelial setae absent .........................F. ferrea (Pers.) G. Cunn.

	- Mycelial setae present.....................................................................3

	3. Pores 5−9 per mm..........................................................................4

	- Pores 2−4 per mm...........................................................................5

	4. Pores 7−9 per mm, skeletal hyphae septate ................ ............................................................................................................ ......F. rufitincta (Berk. & M.A. Curtis ex A.L. Sm.) Murrill

	- Pores 5−6 per mm, skeletal hyphae aseptate F. ambigua P. Du, Q. Chen & J. Vlasák

	5. Basidiocarps perennial ..........................F. contigua (Pers.) G. Cunn.

	- Basidiocarps annual.................................................................................6

	6. Spores broadly ellipsoid, 4.8−6.0 × 3.2−4.2 μm ....................................F. americana Y.C. Dai, Q. Chen & J. Vlasák

	- Spores cylindric, 6.0−7.0 × 2.0−3.0 μm ............................F. septiseta Y.C. Dai, Q. Chen & J. Vlasák

	7. Hymenial setae hooked ........................................................................8

	- Hymenial setae straight...........................................................................9

	8. Pores 7−9 per mm, cystidioles present..........................F. wahlbergii

	- Pores 5−7 per mm, cystidioles absent.............................F. hawaiiana

	9. Basidiocarps annual.........................F. palomari Vlasák & Ryvarden

	- Basidiocarps perennial..........................................................................10

	10. Spores cylindric, 7−9 × 1.5−2 μm, Q > 2...........................F. viticola (Schwein.) Murrill

	- Spores broadly ellipsoid to ellipsoid, Q < 2.......................................11

	11. Pileal surface velutinate to glabrous.......................F. rhabarbarina

	- Pileal surface tomentose, hispid, rugose............................................12

	12. Pores 10−13 per mm...................................................F. minutissima

	- Pores 6−9 per mm..................................................................................13

	13. Pileal surface not sulcate...........................................................F. gilva

	- Pileal surface concentrically sulcate....................................................14

	14. Basidiocarps subungulate, pileal surface grayish brown.....................................................................................F. torulosa

	- Basidiocarps usually applanate, pileal surface fuscous to black........................................F. senex (Nees & Mont.) Ghob.-Nejh
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Introduction

Phytophthora ramorum is a quarantine pathogen that causes leaf blight and shoot dieback of the crown, bark cankers and death on a number of both ornamental and forest trees, especially in North America and northern Europe, where it has produced severe outbreaks. Symptoms caused by P. ramorum can be confused with those by other Phytophthora and fungal species. Early and accurate detection of the causal pathogen P. ramorum is crucial for effective prevention and control of Sudden Oak Death.





Methods

In this study, we developed a P. ramorum detection technique based on a combination of recombinase polymerase amplification (RPA) with CRISPR/Cas12a technology (termed RPACRISPR/ Cas12a).





Results

This novel method can be utilized for the molecular identification of P. ramorum under UV light and readout coming from fluorophores, and can specifically detect P. ramorum at DNA concentrations as low as 100 pg within 25 min at 37°C.





Discussion

We have developed a simple, rapid, sensitive, unaided-eye visualization, RPA CRISPR/Cas12a-based detection system for the molecular identification of P. ramorum that does not require technical expertise or expensive ancillary equipment. And this system is sensitive for both standard laboratory samples and samples from the field.
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Introduction

Phytophthora is a genus of plant pathogens that can cause significant harm to plants, for example, leaf necrosis, shoot blight, and fruit rot and even cause plant death (Erwin and Ribeiro, 2002; Jung et al., 2011; Jung et al., 2016; Kroon et al., 2012). Recently, European scientists have found P. ramorum from the laurosilva forests between Indochina and southwest Japan (Jung et al., 2021). Phytophthora ramorum is a highly damaging pathogen that affects 70 species of trees and shrubs around the world, which was first observed attacking Rhododendron and Viburnum species in Germany and the Netherlands, and causing widespread devastation through diseases such as sudden oak death, and ramorum blight. (Werres et al., 2001; Grünwald et al., 2008; Brasier and Webber, 2010; Kamoun et al., 2015). This pathogen has now become established in forests on the central coast of California and is causing widespread destruction of native oak trees (Notholithocarpus densiflora, Quercus agrifolia, Q. kelloggii, and Q. parvula var. shrevei) (Kroon et al., 2004). Nowadays, P. ramorum has been listed as the key quarantine regulated pathogen in North American, European and Asian countries and regions around the world (Blomquist et al., 2020). Although there have been no documented cases of P. ramorum causing sudden oak death in China, it is still regarded as a significant threat to forestry and has been included on China’s quarantine pathogen list since 2009.

Controlling diseases caused by P. ramorum is a challenging task. Therefore, it is crucial to achive early detection of P. ramorum in order to minimize its impact. The current methods to identify P. ramorum by morphology are time-consuming, insensitive, require high conditions and often produce inaccurate results, limiting their effectiveness (Cooke et al., 2007; O’Brien et al., 2009; Yang et al., 2017; Yang et al., 2023; Wang et al., 2023). Diverse molecular techniques have been developed for detection and identification of plant pathogenic Oomycetes (Cooke et al., 2000). Currently, there are several molecular detection techniques available for identifying P. ramorum, including PCR, real-time PCR, and nested PCR (Kroon et al., 2004; Tomlinson et al., 2005; Gagnon et al., 2014). However, the use of specialized equipment for sample treatment, amplification reaction, and result output can limit the applicability of these methods for on-site disease diagnosis. To address this issue, researchers have developed and implemented several molecular detection technologies based on isothermal amplification reactions, such as sequence-based amplification (NASBA), helicase-dependent amplification (HAD), rolling circle amplification (RCA), loop-mediated isothermal amplification (LAMP) and recombinase polymerase amplification (RPA) (Tomlinson et al., 2010; Hieno et al., 2021). Unlike DNA extraction-based strategies, RPA is an isothermal nucleic acid amplification technique that overcomes many of the associated limitations (Piepenburg et al., 2006). The compatibility of RPA is excellent since it can be widely combined with other analytic techniques, including gel electrophoresis, enzyme-linked immunosorbent assay (Toldrà et al., 2018), real-time fluorescent quantitative (Srivastava et al., 2019), and lateral-flow dipstick (LFD) (Rosser et al., 2015).

The CRISPR-Cas system, which involves Cas enzymes and guide RNA, has recently gained significant attention as a diagnostic tool due to its ability to specifically target genes (Kadam et al., 2023). The first biological evidence that CRISPR-Cas systems play a role in adaptive immunity was reported in 2007 when S. thermophilus CRISPR loci were shown to acquire novel spacers derived from the invasive phage DNA (Barrangou et al., 2007). This technique allows for precise genetic engineering by cleaving the target DNA or RNA based on the sequence of the guide RNA (gRNA). Additionally, some Cas proteins, such as Cas12a and Cas13a, have been found to exhibit trans-cleavage activity, which involves cleaving surrounding single-stranded DNA or RNA upon the binding of the Cas-gRNA complex to the target (Barrangou et al., 2007; Wiedenheft et al., 2012; Chen et al., 2018; Li et al., 2018; Kim et al., 2021; Kadam et al., 2023), including pathogen detection (Wang et al., 2020). In the CRISPR/Cas12a system, a CRISPR RNA (crRNA)/Cas12a complex specifically recognizes and guides the cleavage of target double-stranded DNA (dsDNA) via a protospacer adjacent motif (PAM) (Chen et al., 2018; Xiao et al., 2021). After the in vitro reaction, the cleavage products can be observed using a fluorescence reader. This requires the introduction of a single-stranded DNA reporter that has been labeled with both a fluorophore and quencher (Xiong et al., 2020; Zhu et al., 2021; Li et al., 2022). The effectiveness and sensitivity of the CRISPR/Cas12a assay are very low when the assay is used alone (Chen et al., 2018; Li et al., 2018; Xiao et al., 2021). To address this, an assay combining RPA with CRISPR/Cas12a (RPA-CRISPR/Cas12a)-based detection has recently been developed and applied for the detection of viral pathogens (for example SARS-CoV-2, Bai et al., 2019), bacterial pathogens (for example Escherichia coli, Chen et al., 2020), and fungal pathogens (for example Elsinoë fawcettii, Shin et al., 2021b).

In this research, we have established a system that can effectively detect P. ramorum. The method involves a quick 10-minute DNA extraction process, followed by RPA-mediated amplification of the Pr52094 gene within 20 minutes at 37°C. This is then followed by CRISPR/Cas12a-based detection, which takes only 5 minutes at 37°C. The results can be visualized through green fluorescence under a Blue LED Transilluminator with a wavelength of 470 nm or detected using a multifunctional microplate reader with an excitation wavelength of 485 nm and an emission wavelength of 520 nm. We have confirmed the method’s feasibility, as well as its analytical sensitivity and specificity, by testing artificially inoculated samples. This is a significant development in the rapid detection of P. ramorum and its associated diseases.





Materials and methods




Maintenance of isolates and DNA extraction

The types of P. ramorum strains and the isolates of fungal, oomycete, and Bursaphelenchus species that were examined in this study are listed in Table 1. The P. ramorum isolates were obtained from the Animal, Plant, and Food Inspection Center of Nanjing and Shanghai Customs. The other Phytophthora species and fungal isolates used in this study are kept in a collection at the Department of Plant Pathology, Nanjing Forestry University (NFU) in China. All isolates were identified using both morphological and molecular biology methods. Fungal isolates were grown on potato dextrose agar (PDA) at a temperature of 25°C in the dark for 3 to 5 days. Isolates of oomycete species were cultured on 10% clarified V8 juice agar at a temperature of 18 to 25°C in the dark (Xiao et al., 2023). Bursaphelchus xylophilus and B. mucronatus were propagated for one generation using the mycelia of Botrytis cinerea at 25°C for 4 to 5 days. Genomic DNA (gDNA) was extracted from all the isolates using the DNA secure Plant Kit (Tiangen Biotech, Beijing, China). The extracted gDNA was quantified using a NanoDrop 1000c spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA) and diluted accordingly. All DNA samples were stored at a temperature of -20°C until use.


Table 1 | Information and Crisp-cas12a deteciton results of Phytophthora and other oomycete and fungal isolates used in this study.







Design of RPA primers, crRNA, and the ssDNA reporter

The Pr52094 gene was selected as a target sequence for designing P. ramorum-specific RPA primers (Pr52094RPA-F:CAGTCCGACAGTGAGCAACTATAGTATCTCCGAG 102-135 nt, Pr52094RPA-R:CGTACTCTTGGAGAGTCAAGGCCCATCTGTG 268-298 nt) based on comparative whole-genome sequence analysis among Phytophthora species (Xu et al., 2022). The RPA primers were designed based on the recommendation listed in the manual of the TwistAmp DNA Amplification Kit (https://www.twistdx.co.uk/docs/default-source/RPA-assay-design/twistamp-assay-design-manual-v2-5.pdf?sfvrsn=29). Primer details are listed in Supplementary Figure S1.

The CHOPCHOP web tool (http://chopchop.cbu.uib.no/) was used to design the crRNA probe (Zhao et al., 2022). Two factors must be considered when designing the crRNA(crRNA : UAAUUUCUACUAAGUGUAGAUCGCCCAUAGAGAUGCGGUCG)(Figure S1), namely, the crRNA sequence must not overlap with that of the RPA primers, and the crRNA must target a conserved region of the RPA amplicon (Supplementary Figure S1). The single-stranded DNA (ssDNA) reporter used in the study had a 6-FAM label at its 5’ end and was blocked with the BHQ-1 quencher at its 3’ end (5’ 6-FAM-TTATT-BHQ-1 3’) (Chen et al., 2018; Li et al., 2018). Both the crRNA and ssDNA reporter were synthesized by GenScript in Nanjing, China and stored at a temperature of -20°C until further use.





The RPA-CRISPR/Cas12a assay

The process of detecting P. ramorum using the RPA-CRISPR/Cas12a assay is illustrated in Figure 1. The assay takes only 20 minutes and involves a two-step process, with 15 minutes allocated for the RPA reaction and 5 minutes for the CRISPR/Cas12a assay. The first step uses a pair of primers, Pr52094RPA-F/Pr52094RPA-R, to amplify the Pr52094 gene of P. ramorum through recombinase polymerase amplification (RPA) in just 15 minutes. The second step employs the CRISPR/Cas12a system to detect and visualize the presence of the target gene within 5 minutes. RPA reactions were performed in 50-µl reactions according to the quick guide of the Test Strip Kit (Lesunbio, WuXi, China). Each reaction mixture initially contained 2 µl of each forward and reverse primer (Pr52094RPA-F/Pr52094RPA-R, 10 µM), 25 µl of rehydration buffer (supplied with the kit), gDNA (100 ng), and 16 µl of double-distilled H2O (total 47 µl). For each sample, a centrifugation step was performed at 4,000 rpm for 5 seconds, followed by the addition of 3 µl of activator to the cap of the reaction tube, which was then carefully tightened. The activator was added to the premix by centrifuging at 4,000 rpm for 5 seconds. Reactions were conducted at 37°C, and after 5 minutes, the samples were mixed by hand, centrifuged at 4,000 rpm for 5 seconds, and further incubated for 20 minutes at 37°C. 25 minutes were the actual time spent for the detection test. To eliminate false positives, each set of reactions included a no-template control (NTC) and a positive control (PTC). The RPA products were analyzed using 1.5% agarose gel electrophoresis or the CRISPR/Cas12a system. The appropriate assay conditions were determined using the RPA amplification product as the template and different concentrations of crRNA (40 nM, 80 nM, 300 nM, 0.5 µM, 0.6 µM, 1 µM, 2 µM, 5 µM, and 10 µM) and ssDNA reporter (40 nM, 500 nM, 1.4 µM, 2 µM, 5 µM, and 10 µM).




Figure 1 | Schematic diagram of the RPA-CRISPR/Cas12a assay for the detection of Phytophthora ramorum. (A) Recombinase polymerase amplification (RPA). (B) Cas12a protein can combine with each amplicon and target-specific crRNA to form a complex with an indiscriminate ssDNA cleavage activity. The FAM-labeled ssDNA reporter is cleaved and produces visible green fluorescence under excitation at a wavelength of 470 nm. (C) Positive result: visible green fluorescence. Negative result: non-visible green fluorescence.



The CRISPR/Cas12a assay was conducted in 50-µl reactions consisting of various components. These included 38 µl of double-distilled H2O (ddH2O), 5 µl of 10× Reaction Buffer 1, 3 µl of crRNA (at a concentration of 1 µM), 1 µl of Cas12a (at a concentration of 2 µM) (Magigen, Guangzhou, China), 1 µl of the ssDNA reporter (at a concentration of 10 µM), and 2 µl of RPA products. Once the reaction mixture was assembled, it was immediately incubated at 37°C for 5 minutes. Fluorescence was then observed using a Blue LED Transilluminator (Baisai Ltd, Shanghai, China) at a wavelength of 470 nm, or detected using a multifunctional microplate reader (λex: 485 nm, λem: 520 nm). All template concentrations and assays were evaluated three times, and statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). All template concentrations and all assays were evaluated three times. The CRISPR/Cas12a assay was repeated three times and we got three results, then we use STDEVP(number1,number2, number 3) to get the standard error. Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). The experimental group and control group were compared by performing the Student’s t-test for a difference analysis by calculating P value. P <0.05 (*) was considered statistically significan.





Conventional PCR assay

A conventional PCR was conducted in 50-µl reactions using the following components: 25 µl of Prime STAR Max Premix 2×(Takara Bio, DaLian, China), 21 µl of dd H2O, 100 ng of purified gDNA, and 1 µl each of forward and reverse primers (10 µM). The thermal cycling program comprised 94°C for 3 min, followed by 33 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 45 s, and a final extension step of 72°C for 10 min. The amplification was performed using an Applied Biosystems Veriti Dx 96-Well Thermal Cycler (Thermo Fisher Scientific). Each set of reactions included a positive template control (PTC) and a no-template control (NTC). After amplification, the PCR products were subjected to electrophoresis on a 1.5% agarose gel at 130 V for approximately 30 min and then visualized under a UV transilluminator. The PCR assay was repeated three times.





Determining the specificity and sensitivity of the RPA-CRISPR/Cas12a assay

Conducting a comparative analysis to assess the specificity and sensitivity of the RPA-CRISPR/Cas12a assay for detecting P. ramorum. The study involved testing the assay against conventional PCR under optimal conditions using purified isolate gDNA (100 ng) as a template for both methods. The assay’s specificity was determined by testing against the isolates listed in Table 1, with a positive control (P. ramorum isolate, 100 ng) and a NTC included in each set of reactions. We carried out this experiment three times.

To evaluate the assay’s sensitivity, we utilized nine serial dilutions of P. ramorum gDNA (100 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg and 100 fg) as templates for both the conventional PCR and RPA-CRISPR/Cas12a assays. We included a NTC in each set of reactions and performed three replicates for each template concentration in both methods.





Detection of Phytophthora ramorum in artificially inoculated Rhododendron × pulchrum using the RPA-CRISPR/Cas12a assay

To detect P. ramorum, leaves of Rhododendron × pulchrum (NJFU, Nanjing, China) were used in an RPA-CRISPR/Cas12a assay. Before inoculation, the leaves were washed with distilled water for 10 minutes, then immersed in 70% ethanol for 10 seconds, and finally rinsed with distilled water. P. ramorum strains were cultured on V8 agar medium in the dark at 25°C, and a 5-day-old V8 plug (0.5 × 0.5 cm) from the actively growing area of the colonies was placed onto the wound site in three replicate leaves. Three leaves were treated with a sterile PDA plug as a control.

All leaves were then placed in a container with two layers of wet filter paper, stored in a dark incubator at 25°C with 100% relative humidity, and subjected to a 12-hour light/12-hour dark photoperiod. After 120 hours, crude DNAs were extracted from 100 mg stem segments at the inoculation site using NaOH lysate solution, which consisted of 20 mM sodium hydroxide, 5% polyethylene glycol 200, and 5% dimethyl sulfoxide. To extract the DNA, 1mL NaOH lysate and 100 mg of P. ramorum-inoculated samples in liquid nitrogen powder were mixed vigorously and incubated at room temperature (25°C) for 10 minutes. The tubes were tapped three times during incubation. After incubation, 2 µL of lysate solution was used as the RPA assay template, with P. ramorum (100 ng) and dd H2O serving as the PTC and NTC, respectively. This experiment was performed three times.






Results




Optimizing the RPA-CRISPR/Cas12a assay for the detection of P. ramorum

In order to optimize the concentrations of the crRNA probe and the ssDNA reporter for the RPA-CRISPR/Cas12a assay, various concentrations were tested and the results indicated that the fluorescence intensity plateaued at 10 µM for both the crRNA probe and the ssDNA reporter (Figure 2). To improve the efficiency of the assay and minimize the time required, different RPA reaction times (5, 10, 15, 20, 25, 30, and 35 minutes) and Cas12a cleavage times (5, 10, 15, 20, 25, 30, 35, and 40 minutes) were tested using a constant amount of P. ramorum gDNA template (100 ng). The results revealed that fluorescence could be clearly observed after 20 minutes (Figures 3A, B). After evaluating the results, 5 minutes was determined to be the optimal time for both the RPA reaction and Cas12a-mediated cleavage (Figures 3C, D). This approach enabled the assay to be completed more rapidly without compromising its effectiveness.




Figure 2 | Screening for the optimal crRNA and ssDNA reporter concentrations for the RPA-CRISPR/Cas12a assay. The crRNA and ssDNA reporter concentrations were set. 1: 40 nM crRNA, 40 nM ssDNA reporter; 2: 80 nM crRNA, 40 nM ssDNA reporter; 3: 300 nM crRNA, 40 nM ssDNA reporter; 4: 300 nM crRNA, 500 nM ssDNA reporter; 5: 2 µM crRNA, 2 µM ssDNA reporter; 6: 1 µM crRNA, 10 µM ssDNA reporter; 7: 5 µM crRNA, 10 µM ssDNA reporter; 8: 5 µM crRNA, 5 µM ssDNA reporter; 9: 2 µM crRNA, 10 µM ssDNA reporter; 10: 10 µM crRNA, 10 µM ssDNA reporter; All other parameters were identical. N: negative (no-template) controls (NTC). (A) Fluorescence detection using a multifunctional microplate reader (λex: 485 nm, λem: 520 nm), *P <0.05 was considered statistically significant. ****P <0.0001 indicates that the difference between fluorescence and non fluorescence is very significant. (B) Detection of visible green fluorescence under the Blue LED Transilluminator at a wavelength of 470 nm.






Figure 3 | Optimizing the RPA reaction time and the Cas12a cleavage time. (A, B) 5-35 (RPA reaction time): 5, 10, 15, 20, 25, 30, and 35 min; N and NC: negative (no-template) control (NTC). (C, D) 5, 10, 15, 20, 25, 30, 35 and 40 (Cas12a cleavage time): 5, 10, 15, 20, 25, 30, 35, and 40 min; N: negative control. (A, C) Fluorescence detection using a multifunctional microplate reader (λex: 485 nm, λem: 520 nm), P<0.0001(****) was considered statistically significant. (B, D) Detection of visible green fluorescence under the Blue LED Transilluminator at a wavelength of 470 nm.







Specificity of RPA-CRISPR/Cas12a assay in rapid detection of P. ramorum

A PCR amplification product of approximately 254 bp was amplified in the RPA reaction from the gDNA of P. ramorum with the primers Pr52094RPA-F and Pr52094RPA-R. No PCR amplicons were detected in the reactions with gDNA of P. cambivora, P. cinnamomi, P. nicotianae, P. citrophthora, P. hibernalis, P. litchii, Fusarium verticillioides, F. proliferatum, F. oxysporum, F. fujikuroi, F. asiaticum, F. graminearum, F. circinatum and the NC (Figure 4). The researchers used the DNA of 32 different Phytophthora species, 5 oomycete species, 31 fungal species, and 2 Bursaphelenchus species to test the specificity of their developed RPA-CRISPR/Cas12a assay (Table 1). The results demonstrated that only when P. ramorum gDNA was used as the RPA reaction template, could visible green fluorescence be detected using a Blue LED Transilluminator at a 470-nm wavelength (Figures 5B, D) or a multifunctional microplate reader with λex: 485 nm, λem: 520 nm (Figures 5A, C). These findings indicate that the RPA-CRISPR/Cas12a assay is highly specific for P. ramorum.




Figure 4 | Primers designed based on the Pr52094 gene were screened for specificity using conventional PCR assays, and detected by 1.5% agarose gel electrophoresis. PCR amplicons (254 bp) were only detected in the P. sojae sample, indicating specificity regarding the detection of P. ramorum DNA. The Pr52094 gene was found to be specific for detecting P. ramorum. Marker DL500 (Takara Shuzo, Shiga, Japan). NC (Negative control, double-distilled H2O). (A) Specificity evaluation of the PCR assay based on the target gene Pr52094 among Phytophthora species. Approximately 254 bp-long PCR amplicons were detected in reactions containing gDNA of P. ramorum isolates. No PCR amplicons were detected among reactions containing gDNA of other Phytophthora species or NTCs. (B) Specificity evaluation of the PCR assays based on Pr52094 using other fungal. Approximately 254 bp-long PCR amplicons were detected in reactions containing gDNA of P.ramorum isolates. No PCR amplicons were detected among reactions containing gDNA of other fungal, or NTCs." after "NC (Negative control, double-distilled H2O).






Figure 5 | Evaluation of the specificity of the novel RPA-CRISPR/Cas12a assay. (A, B) Evaluation using 1: Phytophthora ramorum, 2: P. pini, 3: P. syringae, 4: P. hydrogena, 5: P.parasitica, 6: P. drydrogena, 7: P. cryptogea and 8: negative (no template) control (NC). (C, D) Evaluation using 1: P. sojae, 2: Alternaria alternata, 3: Botrytis cinerea, 4: Colletotrichum truncatum, 5: Endothia parasitica, 6: Fusarium oxysporium, 7: Fusarium solani, and 8: negative (no template) control (NC).







Sensitivity of the RPA-CRISPR/Cas12a assay in the rapid detection of P. ramorum

To assess the sensitivity of the RPA-CRISPR/Cas12a assay for detecting P. ramorum, different concentrations of P. ramorum gDNA or dd H2O were used as templates for the RPA reaction. The concentrations used were 100 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, and 100 fg. Subsequently, 2 μl of the RPA products generated were analyzed using the CRISPR/Cas12a cleavage assay. The results showed that the samples that could be detected by a multifunctional microplate reader (λex: 485 nm, λem: 520 nm) in the RPA-CRISPR/Cas12a assay were as low as 100 fg (Figure 6A). However, when using a Blue LED Transilluminator at a wavelength of 470 nm, the lowest detectable concentration was 100 pg of gDNA (Figure 6B).




Figure 6 | Comparison of the sensitivity of the RPA-CRISPR/Cas12a assay and conventional PCR for the detection of Phytophthora ramorum. (A) P. ramorum can be detected at the concentration of 100 fg using a multifunctional microplate reader (λex: 485 nm, λem: 520 nm). *P <0.05 was considered statistically significant. ****P <0.0001 indicates that the difference between fluorescence and non fluorescence is very significant. (B) P. ramorumcan be detected at the concentration of 100 pg using a Blue LED Transilluminator at a wavelength of 470 nm.







Detection of P. ramorum in artificially inoculated Rhododendron × pulchrum using RPA-CRISPR/Cas12a assay

Crude DNA was extracted from R. pulchrum plants inoculated with P. ramorum for 1, 2, and 3 days, as well as from non-inoculated plants, using a NaOH lysis method. The extracted DNA was used as a template for the RPA-CRISPR/Cas12a assay. A positive control containing purified gDNA (100 ng) of P. ramorum isolates and a negative control containing ddH2O were also included. The RPA-CRISPR/Cas12a assay was able to detect the presence of P. ramorum in the crude DNA samples from the positive control and the P. ramorum-inoculated plants, as evidenced by green fluorescence. This was observed both under a Blue LED Transilluminator at a wavelength of 470 nm and when using a multifunctional microplate reader with excitation and emission wavelengths of 485 nm and 520 nm (Figure 7), respectively. No fluorescence was detected in the control check or the NTC samples.




Figure 7 | Detection of Phytophthora ramorum in artificially inoculated Cedrus deodara using the RPA-CRISPR/Cas12a assay. (A) Strong fluorescence signals were detected by a multifunctional microplate reader (λex: 485 nm, λem: 520 nm). PC: Positive control; 1: Control check (CK); 2-4: the first, sencond and third days of the inoculated Rhododendron × pulchrum leaves; NC: negative control. (B) Visible green fluorescence was detected under a Blue LED Transilluminator at a 470-nm wavelength. PC: Positive control; 1: Control check (CK); 2-4: the first, sencond and third days of the inoculated Rhododendron × pulchrum leaves; NC: negative control. ****P <0.0001 indicates that the difference between fluorescence and non fluorescence is very significant.








Discussion

Phytophthora ramorum, an oomycete responsible for sudden oak death in the United States and in Europe, has been found to affect over 70 species of trees and shrubs (Werres et al., 2001). P. ramorum causes resinous ulcers in the host trunk, necrosis in female flowers and pinecones, the spoilage of seeds, and the withering of saplings (Viljoen et al., 1994; Storer et al., 1998). Since P. ramorum has not been identified in China, early and accurate detection of this pathogen is crucial for effective prevention and disease management, thus avoiding unnecessary costs resulting from misdiagnosis or delayed diagnosis.

In our study, we utilized comparative whole-genome sequence analysis among Phytophthora species to identify a conserved region of the Pr52094 gene that exhibited significant differences compared to other Phytophthora species. Based on this information, we designed RPA primers and crRNA specific for this region (Supplementary Figure S1). To visualize the products generated by CRISPR/Cas12a-mediated cleavage, we introduced ssDNA reporters labeled with fluorophores and quenchers (5′ 6-FAM-TTATT-BHQ-1 3′) in vitro, as described in previous studies (Xiong et al., 2020; Zhu et al., 2021; Li et al., 2022). We also discovered that the concentrations of crRNA and ssDNA reporters were crucial for the success of the RPA-CRISPR/Cas12a assay. To optimize the assay, we tested 11 different concentrations of crRNA and ssDNA reporters and found that the fluorescence intensity was highest at concentrations of 10 μM for both crRNA and ssDNA reporters (Table S1). The assay was able to distinguish P. ramorum from other related species, including 31 Phytophthora species, 5 oomycete species, 31 non-Phytophthora species, and 2 Bursaphelenchus species, by generating green fluorescence only in DNA samples obtained from P. ramorum (Figure 5). The effectiveness of the assay was also demonstrated through artificial inoculation of P. ramorum in plants, where DNA samples extracted using the NaOH method (Wang et al., 1993) were successfully amplified using the RPA-CRISPR/Cas12a assay. Additionally, inoculated samples, not non-inoculated ones, generated green fluorescence that could be detected under the Blue LED Transilluminator (Figure 7). These results indicate that the assay has high accuracy in detecting P. ramorum and has the potential for early diagnosis of this pathogen.

This method has several advantages compared with conventional methods. First, previous assays for detecting P. ramorum, such as conventional PCR (Steenkamp et al., 1999) and real-time PCR (Schweigkofler et al., 2004), were time-consuming and required expensive equipment. A more convenient and field-friendly isothermal amplification technique, LAMP, was subsequently developed but still required an amplification time of 1 hour (Stehlíková et al., 2020). But the RPA-CRISPR/Cas12a assay does not require complex equipment and has a shorter amplification time of only 25 minutes (Figure 1). Second, RPA-CRISPR/Cas12a reactions could be performed at 37°C, a temperature that human body temperature, USB-powered incubators or thermostatic heaters can provide. However, the detection of pathogenic bacteria, such as the PCR method, requires a higher temperature (Xiao et al., 2023). Third, this new assay also offers dual specificity using both RPA and CRISPR/Cas12a technologies. Some substances in the RPA reaction interfere with the antibodies on the test paper may causes non-specific binding and false positive signals to occur (Miao et al., 2019), which are not sufficiently diluted. Binding RPA to CRISPR-Cas12a allows us to detect the target twice, including the recognition of the RPA primer and the RPA amplification product by CRISPR-Cas12a when the RPA reaction is performed, which effectively avoids the problem of false positives during RPA amplification. Forth, roughly extracted DNA can also be used in this method without the need for high-quality and high-purity DNA which is required for conventional PCR-based diagnosis (Shin et al., 2021a), which maked it an ideal choice for establishing a rapid on-site detection technology platform. As a result, the RPA-CRISPR/Cas12a assay offers a faster and more efficient alternative to currently employed P. ramorum diagnostic methods.

Although these diverse properties of the CRISPR/Cas12a system provide potential for the development of versatile tools for pathogen detection (Kim et al., 2016; Li et al., 2018), there remain challenges to overcome. First, different crRNA scaffolds affect the activities of the Cas12a–crRNA complex (Li et al., 2017), which will help to elucidate the exact mechanisms of the reactions and enable improvements in the future. Secondly, the reagents required for CRISPR reactions currently need to be cryopreserved before use, which limits the application of CRISPR detection (Nguyen et al., 2021; Rybnicky et al., 2022). In the future, further exploration of the freeze-drying use of CRISPR reactions can be carried out, allowing the reagents to be stored for a long time at room temperature and truly put into large-scale application. Third, The 3′ end of crRNA is crucial for accurately interrogating DNA targets by DNA-RNA pairing. The changes and deletions of consecutive bases may affect the recognition of crRNA, thereby affecting the cleavage of Cas12a (Hu et al., 2017; Shi, 2021). Overall, the RPA-CRISPR/Cas12a assay developed in this study offers a rapid and reliable method for detecting P. ramorum that does not require expensive laboratory equipment, making it a promising tool for disease diagnosis and surveillance.





Conclusions

The objective of this study was to develop a detection method for P. ramorum using RPA-CRISPR/Cas12a assay. Based on the experimental findings (Figure S3), it can be concluded that this method is highly sensitive, efficient, and convenient. It does not require complex equipment and allows for early detection and prediction of P. ramorum. The assay’s effectiveness makes it a viable option for improving pathogen detection and increasing sensitivity. Additionally, the RPA-CRISPR/Cas12a-based assay has the potential to be applied in areas with limited resources. This research provides a useful reference for practitioners looking to develop similar detection methods for other pathogens.
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Supplementary Figure 1 | Sequence of the Pr52094 gene of Phytophthora ramorum. The nucleotides targeted by the forward (Pr52094RPA-F) and reverse (Pr52094RPA-R) primers and the sequence of the crRNA are shown below the respective arrows. Arrows indicate the direction of amplification.
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Members of the family Herpotrichiellaceae are distributed worldwide and can be found in various habitats including on insects, plants, rocks, and in the soil. They are also known to be opportunistic human pathogens. In this study, 12 strains of rock-inhabiting fungi that belong to Herpotrichiellaceae were isolated from rock samples collected from forests located in Lamphun and Sukhothai provinces of northern Thailand during the period from 2021 to 2022. On the basis of the morphological characteristics, growth temperature, and multi-gene phylogenetic analyses of a combination of the internal transcribed spacer, the large subunit, and the small subunit of ribosomal RNA, beta tubulin and the translation elongation factor 1-a  genes, the new genus, Petriomyces gen. nov., has been established to accommodate the single species, Pe. obovoidisporus sp. nov. In addition, three new species of Cladophialophora have also been introduced, namely, Cl. rupestricola, Cl. sribuabanensis, and Cl. thailandensis. Descriptions, illustrations, and a phylogenetic trees indicating the placement of these new taxa are provided. Here, we provide updates and discussions on the phylogenetic placement of other fungal genera within Herpotrichiellaceae.
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Introduction

Herpotrichiellaceae is a family within order Chaetothyriales (class Eurotiomycetes), which was introduced by Munk (1953) to accommodate Herpotrichiella, with H. moravica as the type species. Accordingly, Herpotrichiella moravica is now considered a synonym of Capronia moravica based on the teleomorph–anamorph connection of Herpotrichiellaceae (Müller et al., 1987). Likewise, the morphology of Capronia moravica and Ca. pilosella has been found to be identical; thus, Ca. moravica is now synonymized under Ca. pilosella (Untereiner, 1997). Capronia is the older name that was introduced by Saccardo (1883); therefore, Capronia has been retained over Herpotrichiella (Untereiner, 1997; Quan et al., 2020). Herpotrichiellaceae is characterized by having setose, ostiolate ascomata, and bitunicate asci with endotunica; by appearing greenish gray to brown; and by having didymosporous, phragmosporous, or dictyosporous ascospores (Müller et al., 1987; Untereiner et al., 1995; Untereiner, 1997; Tian et al., 2021). The asexual morphs of the family are characterized as dematiaceous hyphomycetes, and commonly referred to as black yeast (Müller et al., 1987; Untereiner et al., 1995; Tian et al., 2021). This family is well-known to consist of a sexual morph as a genus Capronia and several asexual morph genera, such as Cladophialophora, Exophiala, Fonsecaea, Phialophora, and Rhinocladiella (de Hoog et al., 2011; Phukhamsakda et al., 2022). Due to the similar morphological features of these asexual genera, the morphological identification of these asexual genera can be challenging (Badali et al., 2008; Yang et al., 2021). Therefore, a combination of morphological and molecular data is needed to identify the species in this family and to clarify their phylogenetic placement. Twenty genera are currently accepted in Herpotrichiellaceae; namely, Aculeata, Atrokylindriopsis, Brycekendrickomyces, Capronia, Cladophialophora, Exophiala, Fonsecaea, Marinophialophora, Melanoctona, Metulocladosporiella, Minimelanolocus, Neosorocybe, Phialophora, Pleomelogramma, Rhinocladiella, Sorocybe, Thysanorea, Uncispora, Valentiella, and Veronaea (Wijayawardene et al., 2020; Tian et al., 2021; Bezerra et al., 2022; Wijayawardene et al., 2022). The members of Herpotrichiellaceae have been collected from several sources worldwide. These consist of air, insects, lichens, plants, rocks, and soil (Diederich et al., 2013; Feng et al., 2014; Das et al., 2019; Libert et al., 2019; Lima et al., 2020; Sun et al., 2020; Thitla et al., 2022). In addition, numerous studies have reported that some herpotrichiellaceous fungi are opportunistic fungi in humans and other animals (Badali et al., 2008; de Hoog et al., 2011; Li et al., 2017). Several herpotrichiellaceous fungi were reported to survive under extreme conditions (high and low temperatures, desiccation, lack of nutrients, and UV radiation), such as the species within genera Exophiala and Cladophialophora (Seyedmousavi et al., 2011; Gostinčar et al., 2022; Tesei, 2022). The accumulation of melanin in the cell walls of these fungi is one of the key factors to survival in extreme conditions (de Hoog et al., 2011; Li et al., 2017; Coleine and Selbmann, 2021).

Cladophialophora is one of the genera in the family Herpotrichiellaceae and has been reported in many regions of the world including Africa, Asia, Europe, North America, Oceania, and South America (de Hoog et al., 1995; de Hoog et al., 2007; Badali et al., 2008; Badali et al., 2011; Madrid et al., 2016; Sun et al., 2020; Nascimento et al., 2021). The genus was introduced by Borelli (1980) with Cl. ajelloi Borelli as the type species [currently named Cl. carrionii (Badali et al., 2008; Boonmee et al., 2021). Presently, there are 53 records of Cladophialophora in the Index Fungorum database (Index Fungorum, 2023). Of those, some species may belong to different genera. For example, Cl. brevicatenata, Cl. hachijoensis, and Cl. kellermaniana were subsequently transferred to Tyrannosorus hanlinianus, Pseudocladosporium hachijoense, and Chalastospora gossypii, respectively (Braun, 1998; Crous et al., 2009; Shen et al., 2020). However, 49 Cladophialophora species have currently been validated and accepted.

Rocks are one of the interesting natural habitats of fungi. Rock-inhabiting fungi were divided into two groups on the basis of their ecology and taxonomy. The first group comprises hyphomycetes of soil and epiphytic fungi (such as Aureobasidium or Phoma), whereas the second group includes melanized cell-walled fungi that exhibit slow growth, meristematic growth, or the production of yeast-like cells, typically belonging to the orders Capnodoales, Chaetothyriales, and Dothideales (Wollenzien et al., 1995; Gorbushina, 2007; Coleine and Selbmann, 2021). There are numerous reports on the biotechnological capabilities of rock-inhabiting fungi in astrobiology, radioprotection, biomedical, and bioremediation fields (Aureli et al., 2020; Lin and Xu, 2020; Tran-Ly et al., 2020; Coleine and Selbmann, 2021; Mattoon et al., 2021; Cassaro et al., 2022; Liu et al., 2022). Several species of herpotrichiellaceous fungi were previously isolated from rocks, such as Cladophialophora nyingchiensis, Cl. tumulicola, Exophiala bonariae, Ex. clavispora, and Ex. siamensis (Isola et al., 2016; Kiyuna et al., 2018; Sun et al., 2020; Thitla et al., 2022). In addition, numerous prior reports have highlighted Thailand as a hot spot for discovering new fungal species (Hyde et al., 2018; Khuna et al., 2022). Nonetheless, information on the rock-inhabiting fungi in Thailand is still limited. Thus, the main objective of this study is to study the diversity of rock-inhabiting fungi in Thailand. During our investigation, we identified 12 herpotrichiellaceous fungi, viz., 10 strains of Cladophialophora and two strains of unrecognized fungal taxa. Morphology, growth temperature, and multi-gene phylogenetic analyses indicate that four herpotrichiellaceous fungi are novel in Herpotrichiellaceae. In addition, we have updated the existing reference data on the members of Herpotrichiellaceae.





Materials and methods




Sample collection and fungal isolation

Rock samples appearing black fungal mycelia were collected from a dipterocarp forests in Lamphun (18°32′13″N 99°07′31″E, elevation at 432 m; and 18°32′11″N 99°07′22″E, elevation at 444 m) and Sukhothai (17°32′58″N 99°29′49″E, elevation at 153 m) provinces, Thailand, in 2021−2022. During the collection period, Lamphun province had daily rainfall of 6.5 mm, whereas Sukhothai province received daily rainfall of 2.3 mm. Temperatures in Lamphun province ranged from 22°C to 36°C, whereas temperatures in Sukhothai province ranged from 24°C to 38°C. Rock samples were obtained following the method described by Thitla et al. (2022). Fungi were isolated using an adaptation of the technique reported by Selbmann et al. (2014). Rock samples were cleaned in 1% sodium hypochlorite for 10 min before being rinsed five times with sterile and deionized water to eliminate any trace of detergent. To obtain the fungal strain, pounding rock samples and seeding rock shards were sprinkled onto malt extract agar (MEA; Gibco, Life Technologies Corporation, USA) and dichloran-rose bengal agar (DRBC; Difco, Becton, Dickinson and Company, USA) supplemented with chloramphenicol 100 mg/L. Plates were incubated at 25°C for 4 weeks, with daily inspections. Dark mycelia fungi were aseptically transferred to a MEA plates. Pure fungal strains were kept in 15% glycerol and deposited in the Culture Collection of Sustainable Development of Biological Resources Laboratory (SDBR), Faculty of Science, Chiang Mai University, Chiang Mai, Thailand. In addition, new fungal taxa were registered in the MycoBank database (MycoBank, 2023).





Morphology and growth temperature

Macro-morphologies, including colony characterization, pigment production, and colony diameter, were investigated on potato dextrose agar (PDA; Condalab, Laboratorios Conda S.A., Spain), MEA, and oatmeal agar (OA; Difco, Becton, Dickinson and Company, USA) at 25°C in the dark for 28 days. To examine the fungal growth at different temperatures, the colony diameter was measured on MEA at 4°C, 10°C, 15°C, 20°C, 25°C, 28°C, 30°C, 35°C, 37°C, and 40°C for 4 weeks in darkness. Three replicates were performed for each fungal strain at each temperature. Micromorphological features were investigated using a light microscope (Nikon Eclipse Ni-U, Japan). The Tarosoft (R) Image was used to calculate the size of fungal structures (e.g., hyphae, conidiophore, conidiogenous cell, conidia, and chlamydospore).





DNA extraction, amplification, and sequencing

Fungal genomic DNA of each fungal strain was extracted from mycelia grown on MEA at 25°C for 3 weeks, using s DNA extraction kit (FAVORGEN, Ping-Tung, Taiwan). The internal transcribed spacer (ITS), large subunit (nrLSU), and small subunit (nrSSU) of ribosomal RNA, beta tubulin gene (tub2), and the translation elongation factor 1-α (tef1-α) genes were amplified by polymerase chain reaction (PCR) using ITS5/ITS4 (White et al., 1990), LROR/LR5 (Vilgalys and Hester, 1990; Rehner and Samuels, 1994), NS1/NS4 (White et al., 1990), Bt2a/Bt2b (Glass and Donaldson, 1995), and EF1-728F/EF1-986R (Carbone and Kohn, 1999) primers, respectively. PCR amplifications were performed using 20 µL of reaction mixtures, consisting of 1 µL of genomic DNA, 1 µL of each primer, 10 µL of Quick TaqTM HS Dye-Mix (TOYOBO, Japan), and 7 µL of deionized water. The conditions of PCR reactions consisted of a first denaturation step performed at 95°C for 5 min and denaturation step at 95°C for 30 s; then, to amplify the ITS region, an annealing step was performed at 55°C for 30 s, an annealing step of nrSSU and nrLSU region was performed at 52°C for 45 s, whereas annealing step of the tub2 gene was performed at 52°C for 30 s; an elongation step were performed at 72°C for 1 min; lastly to amplify the tef1-α gene, annealing step at 57°C for 1 min and an elongation step at 72°C for 1.30 min were was performed. Cycles were performed 35 times, with a final extension at 72°C for 10 min on a peqSTAR thermal cycler (PEQLAB Ltd., Fareham, UK). PCR products were checked on 1% agarose gel electrophoresis and measured quantity with NanoDrop OneC (Thermo Scientific, USA). Then, the PCR clean-up Gel Extraction NucleoSpin® Gel and the PCR Clean-up Kit (Macherey-Nagel, Düren, Germany) were used to purify PCR products. Purified PCR products were sequenced by 1st BASE Company (Kembangan, Malaysia).





Sequence alignment and phylogenetic analyses

The ITS, nrLSU, nrSSU, tub2, and tef1-α sequence data were assembled using the software Sequencher 5.4.6 (Nishimura, 2000). The consensus sequences were blasted in the BLAST search tool via NCBI website. Two datasets were prepared to construct the phylogenetic trees for clarifying the family Herpotrichiellaceae (Table 1) and genus Cladophialophora (Table 2). Multiple sequence alignment was performed by MUSCLE using MEGA 6 (Edgar, 2004) and adjusted manually in BioEdit v.7.2.5 (Hall, 2004). Phylogenetic analysis of the family Herpotrichiellaceae (analysis I) was carried out on the basis of only the ITS, nrLSU, and SSU sequences because the amount of available sequence data in the tub2 and tef1-α genes is practically limited. To construct a phylogenetic tree of Cladophialophora (analysis II), five gene datasets (ITS, nrLSU, nrSSU, tub2, and tef1-α) were used. Maximum likelihood (ML) analysis was generated with 25 categories and 1,000 bootstrap (BS) replications under the GTRCAT model using the RAxML-HPC2 on XSEDE (v.8.2.12) in the CIPRES web portal (Felsenstein, 1985; Stamatakis, 2006; Miller et al., 2009). Bayesian inference (BI) analysis was performed using MrBayes v.3.2.6 (Ronquist and Huelsenbeck, 2003). Bayesian posterior probability (PP) was determined by Markov chain Monte Carlo (MCMC) sampling. Six simultaneous Markov chains were run for 5 million generations for analysis I and 2 million generations for analysis II with random initial trees, wherein every 100th generations were sampled. The first 20% of generated trees representing the burn-in phase of the analysis were discarded, whereas the remaining trees were used for calculating PP in the majority-rule consensus tree. Branches with BS support and PP values of more than or equal to 75% and 0.95, respectively, were deemed to have been substantially supported. The tree topologies were visualized in FigTree v1.4.0 (Rambaut, 2019).


Table 1 | GenBank accession numbers of herpotrichiellaceous fungi used in the molecular phylogenetic analysis.




Table 2 | GenBank accession numbers of Cladophialophora in the family Herpotrichiellaceae used in the molecular phylogenetic analysis.








Results




Fungal isolation, morphological study, and growth temperature

A total of 12 fungal strains were obtained from different rock samples. Ten fungal strains (SDBR-CMU446, SDBR-CMU447, SDBR-CMU448, SDBR-CMU449, SDBR-CMU450, SDBR-CMU451, SDBR-CMU452, SDBR-CMU453, SDBR-CMU476, and SDBR-CMU477) exhibited similar characteristics by appearing one-celled and hyaline and by forming conidial chains. Initially, these 10 fungal strains were identified as Cladophialophora species according to their micromorphological features. However, they were divided into three different groups on the basis of their colony characteristics on culture media, micromorphological, and growth temperature profiles (Table 3). In addition, two fungal strains (SDBR-CMU478 and SDBR-CMU479) appeared similar in their characteristics with produced sympodial conidial formation on conidiogenous loci and by appearing one-celled, hyaline to subhyaline, and obovoidal conidia. On the basis of morphological characteristics, these two fungal strains could not be assigned to any genera. Therefore, multi-gene phylogenetic analyses were used to identify their species-level and phylogenetic placement.


Table 3 | Colony diameter of obtained fungi cultured on MEA at various temperatures for 28 days in the dark.



The observation of fungal growth at various temperatures (4°C−40°C) revealed that temperature had a strong influence on the fungal growth of the obtained fungi. The average colony diameter of each fungal strain is presented in Table 3. The results indicate that all 12 fungal strains could not grow at 4°C, 37°C, and 40°C. Three strains (SDBR-CMU446, SDBR-CMU447, and SDBR-CMU448) could not grow at 10°C but grew at temperatures ranging from 25°C to 30°C. Five strains (SDBR-CMU449, SDBR-CMU450, SDBR-CMU451, SDBR-CMU452, and SDBR-CMU453) exhibited the highest average colony diameter at 28°C. Two strains (SDBR-CMU476 and SDBR-CMU477) could not grow at 10°C and 35°C, yet they showed the greatest average colony diameter at 28°C. Two fungal strains (SDBR-CMU478 and SDBR-CMU479) grew at temperatures ranging from 10°C to 30°C and grew well at 28°C.





Phylogenetic study

For analysis I, a phylogenetic tree of the family Herpotrichiellaceae was constructed from a combined ITS, nrLSU, and nrSSU sequence dataset. The dataset comprised 159 sequence strains from representatives in the families Herpotrichiellaceae and Trichomeriaceae, including the new strains that were proposed in this study. Epibryon interlamellare CBS 126286 and Ep. turfosorum CBS 126587 (famliy Epibryaceae) were selected as the outgroup. The concatenated dataset comprised 3,022 positions (ITS, 1−928 base pair (bp); nrLSU, 929−1,842 bp; and nrSSU, 1,843−3,022 bp) including gaps. RAxML analysis of the integrated dataset yielded the best scoring tree with a final ML optimization likelihood value of −45,154.8753. The matrix contained 1,610 distinct alignment patterns with 38.67% undetermined characters or gaps. The estimated base frequencies were recorded as follows: A = 0.2716, C = 0.2009, G = 0.2559, and T = 0.2714; whereas the substitution rates were established as AC = 0.9883, AG = 1.7181, AT = 0.9613, CG = 0.7406, CT = 2.9999, and GT = 1.0000. The gamma distribution shape parameter alpha value was equal to 0.1267, whereas the tree length was equal to 17.4438. At the end of the total MCMC generations, the final average standard deviation of the split frequencies was calculated to be 0.009866 through BI analysis. According to the topological results, ML and BI phylogenetic analyses produced similar topologies. Therefore, only the phylogenetic tree constructed from the ML analysis is shown in Figure 1. The phylogenetic tree clearly separates the family Herpotrichiellaceae from the family Trichomeriaceae with strong support (100% BS and 1.00 PP). In this study, all fungal strains obtained belonged to the family Herpotrichiellaceae and were separated from the previously known species (Figure 1). Cladophiophora rupestricola (SDBR-CMU446, SDBR-CMU447, and SDBR-CMU448) forms a distinct lineage sister clade to Cl. sribuabanensis (SDBR-CMU476 and SDBR-CMU477) with 100% BS and 1.00 PP support values. Accordingly, five fungal strains (SDBR-CMU449, SDBR-CMU450, SDBR-CMU451, SDBR-CMU452, and SDBR-CMU453) of Cl. thailandensis form a distinct lineage closely related to Cl. inabaensis (EUCL1) and Cl. lanosa (KNU 16032). In addition, two fungal strains of Petriomyces obovoidisporus (SDBR-CMU478 and SDBR-CMU479) formed a well-resolved clade (100% BS and 1.00 PP; Figure 1) in Herpotrichiellaceae, with Atrokylindriopsis setulose (HMAS245592) and Exophiala siamensis (SDBR-CMU417) as the sister clade.




Figure 1 | Phylogenetic tree generated from maximum likelihood analysis of 159 fungal strains based on a combined ITS, nrLSU, and nrSSU sequence dataset. Epibryon interlamellare CBS 126286 and Ep. turfosorum CBS 126587 were used as the outgroup. The numbers above branches show bootstrap percentages (left) and Bayesian posterior probabilities (right). Bootstrap values ≥75% and Bayesian posterior probabilities ≥0.95 are shown. The scale bar reflects the estimated number of nucleotide substitutions per site. The newly generated sequences are in blue. The ex-type species are in bold.



In our phylogenetic tree for clarifying the family Herpotrichiellaceae (Figure 1), 15 previously known herpotrichiellaceous genera (Aculeata, Atrokylindriopsis, Capronia, Cladophialophora, Exophiala, Fonsecaea, Marinophialophora, Melanoctona, Minimelanolocus, Phialophora, Rhinocladiella, Thysanorea, Uncispora, Valentiella, and Veronaea) and a new genus (Petriomyces) identified in this study were assigned to the Herpotrichiellaceae clade. The genera Brycekendrickomyces and Metulocladosporiella were placed in the Trichomeriaceae clade. The clade of genera Neosorocybe and Sorocybe was clearly separated from the clade of the families Herpotrichiellaceae and Trichomeriaceae with strong support of 100% BS and 1.00 PP (Figure 1).

For analysis II, the phylogenetic placement of the genus Cladophialophora within Herpotrichiellaceae was established by combining five gene sequence datasets (ITS, nrLSU, nrSSU, tub2, and tef1-α) from a total of 71 taxa. The concatenated dataset comprised 3,931 positions including gaps (ITS, 1−692 bp; nrLSU, 693−1,512 bp; nrSSU, 1,513−3,185 bp; tub2, 3,186−3,698; and tef1-α, 3,699−3,931 bp). RAxML analysis of the integrated dataset yielded the best scoring tree with a final ML optimization likelihood value of −21,115.8911. The matrix contained 1,300 distinct alignment patterns with 48.15% undetermined characters or gaps. The estimated base frequencies were recorded as follows: A = 0.2256, C = 0.2775, G = 0.2336, and T = 0.2632; whereas the substitution rates were established as AC = 1.0546, AG = 2.0969, AT = 0.9937, CG = 0.5923, CT = 3.1988, and GT = 1.0000. The gamma distribution shape parameter alpha value was equal to 0.4693, whereas the tree length was equal to 4.6134. The final average standard deviation of split frequencies at the end of total MCMC generations was calculated as 0.007796 through the BI analysis. The phylogram demonstrated that all three new species of Cladophialophora discovered in this study were distinctly separate from the previously known species. Cladophialophora rupestricola and Cl. sribuabanensis remained a sister group with strong support (100% BS and 1.00 PP), which was consistent with the findings of analysis I. Furthermore, Cl. thailandensis was a distinct lineage that is still related to Cl. inabaensis and Cl. lanosa.





Taxonomic descriptions




New genus

Petriomyces, T. Thitla and N. Suwannarach, gen. nov.

MycoBank number: MB849334

Etymology: “Petriomyces” refers to the fungus that dwells in rocks.

Mycelium: hyaline, smooth, branched, and septate hyphae. Conidiophores: semi-micronematous, arising vertically from creeping hyphae at right angles, straight, branched, subhyaline to pale brown, smooth, thin-walled, and septate. Conidiogenous cells: integrated, intercalary or terminal, sympodial, polyblastic, subconspicuous to conspicuous conidiogenous loci, subcylindrical, subdenticulate, smooth, and thin-walled. Conidia: obovoid or pyriform, aseptate, hyaline to subhyaline, smooth, and hilum conspicuous.

Habitat and distribution: sandstone on natural forest; known from Sukhothai province, Thailand.

Type species: Petriomyces obovoidisporus, T. Thitla, J. Kumla, and N. Suwannarach

Petriomyces obovoidisporus, T. Thitla, J. Kumla, and N. Suwannarach, sp. nov. (Figure 2)




Figure 2 | Petriomyces obovoidisporus (SDBR-CMU478, ex-type). (A) Colonies at 25°C for 28 days on PDA, MEA, and OA, respectively. (B–G) Conidiophore, conidiogenous cells, and conidia. (B–H) Conidia. Scale bars: (A) 2 cm and (B–G) 10 µm.



MycoBank number: MB849367

Etymology: “obovoidisporus” refers to the obovoid shape of the conidia.

Holotype: Thailand, Sukhothai province, Si Satchanalai District, 17°32′58″N 99°29′49″E, elevation at 153 m, isolated from the sandstone of natural forest, June 2021, T. Thitla; dried culture, SDBR-SKT3-6; ex-type culture, SDBR-CMU478.

GenBank number: OQ991180 (ITS), OQ979610 (nrLSU), OR141870 (nrSSU), OR139228 (tef1-α), and OR139240 (tub2)

Culture characteristics: Colonies on PDA at 25°C: attaining 20-mm to 25-mm diameter in 28 days, restricted, circular, flat, slimy, and grayish green to dull green with grayish green and entire margin; dark green in reverse; on MEA: attaining 16-mm to 20-mm diameter, restricted, circular, convex, slimy, and dark green with grayish green and entire margin; reverse grayish green to deep green; and on OA: attaining 18-mm to 22-mm diameter, restricted, circular, flat, velvety, and greenish gray with black and entire margin; reverse greenish gray. No diffusible pigment produced on any media. Submerged hyphae smooth, thin-walled, hyaline to light brown, 1-µm to 2-µm wide, and aerial hyphae subhyaline to pale brown with branched hyphae. Conidiophores: semi-micronematous, arising vertically from hyphae at right angles, straight, sometimes branched, thin-walled, subhyaline to pale brown, 1−3 septate, cylindrical, and 8−35.5 µm × 1−2 µm (mean = 18.3 µm × 1.5 µm, n = 30). Conidiogenous cell: integrated, intercalary or terminal, polyblastic, subconspicuous to conspicuous conidiogenous loci, subcylindrical, subdenticulate, smooth, thin-walled, cylindrical, slightly paler than conidiophore, and 13−65 µm × 1−2 µm (mean = 27.3 µm × 1.5 µm, n = 30). Conidia: one-celled, smooth, hyaline to subhyaline, obovoid or pyriform, 2−4 µm × 1−2 µm (mean = 2.8 µm × 1.7 µm, n = 50), and hilum conspicuous. Chlamydospores and sexual morph were not produced on media.

Growth temperature: minimum at 10°C, optimum at the range of 25°C−28°C, maximum at 30°C, and no growth at 4°C and 35°C

Additional specimens examined: Thailand, Sukhothai province, Si Satchanalai District, 17°32′58″N 99°29′49″E, elevation at 153 m, isolated from the rock of natural forest, June 2021, T. Thitla: SDBR-CMU479 [GenBank number: OQ991181 (ITS), OQ979611 (nrLSU), OR141871 (nrSSU),OR139229 (tef1-α), and OR139241 (tub2)].

Habitat and distribution: sandstone; collected from Sukhothai province, Thailand.

Notes: Some herpotrichiellacious fungi are known to be rock-inhabiting fungi, including Cladophialophora, Exophiala, Phialophora, and Rhinocladiella (Coleine and Selbmann, 2021; Liu et al., 2022). Cladophialophora is characterized by the production of branched or unbranched chains of one-cell conidia (Badali et al., 2008). Exophiala produced annellidic conidiogenesis and yeast-like states (de Hoog et al., 2011). Phialophora exhibited the basic morphological characteristics of conidial production through large phialidic conidiogenesis (Li et al., 2017). Rhinocladiella and Petriomyces share morphological characteristics of being polyblastic, as well as sympodial conidial formation on conidiogenous loci and aseptate conidia (Arzanlou et al., 2007). In addition, the conidia of Rhinocladiella appears in various shapes, including subglobose, ellipsoidal, obovoid, and subcylindrical to clavate, and is similar to Petriomyces, which appears obovoid or pyriform conidia. However, Rhinocladiella commonly produces thick-walled and brown conidiophores (Arzanlou et al., 2007), whereas Petriomyces has semi-micronematous, thin-walled, subhyaline, and pale brown conidiophores.

A multi-gene phylogenetic study revealed that Petriomyces formed a unique monophyletic clade in Herprotrichiellaceae with strong support values (100% BS and 1.00 PP) and formed a sister clade to Atrokylindriopsis setulose (HMAS245592) and Exophiala siamensis (SDBR-CMU417) (Figure 1). Atrokylindriopsis setulose was isolated from dead branches of an unidentified broadleaf tree and produced monophialidic conidiogenesis with setulate conidia (Ma et al., 2015). On the other hand, Petriomyces was isolated from rocks and produced a sympodial conidial formation with obovoidal conidia. Petriomyces obovoidisporus and Ex. siamensis were also isolated from rocks. However, Ex. siamensis produces short conidiophores, subspherical conidia, and pale brown chlamydospores, whereas Pe. obovoidisporus produces long conidiophores and obovoidal conidia and does not produce chlamydospores (Thitla et al., 2022). In addition, a pairwise nucleotide comparison of ITS and nrLSU sequencing data between Petriomyces obovoidisporus and Atrokylindriopsis setulose revealed different values of 12.5% (76/607 bp) and 2.7% (15/548 bp) including gaps. Notably, Pe. obovoidisporus and Ex. siamensis revealed pairwise nucleotide comparison values of 12.3% (75/609 bp) for ITS, 0.7% (7/1,007 bp) for nrSSU, 26.4% (58/220 bp) for tef1-α, and 25.8% (132/512 bp) for tub2 genes.





New species

Cladophialophora rupestricola, T. Thitla, J. Kumla, and N. Suwannarach, sp. nov. (Figure 3)




Figure 3 | Cladophialophora rupestricola (SDBR-CMU446, ex-type). (A) Colonies at 25°C for 28 days on PDA, MEA, and OA, respectively. (B−D) Conidiophore and conidial chains. (E−I) Conidial chains on hyphae. Scale bars: (A) 2 cm and (B−I) 10 µm.



MycoBank number: MB846945

Etymology: “rupestricola” refers to the rock, where the habitat of the fungus.

Holotype: Thailand, Lamphun province, Mueang Lamphun District, Sribuaban Subdistrict, 18°32′11″N 99°07′22″E, elevation at 444 m, isolated from the sandstone of dipterocarp forest, July 2021, T. Thitla; dried culture, CMULPN5-5; ex-type culture, SDBR-CMU446.

GenBank number: OP903465 (ITS), OP903502 (nrLSU), OR141860 (nrSSU), OP923695 (tef1-α), and OR139230 (tub2)

Culture characteristics: Colonies on PDA, MEA, and OA were described after 28 days of incubation at 25°C in darkness: on PDA: attaining 15-mm to 17-mm diameter, restricted, circular, convex, velvety, gray in the center with black, and undulate margin; black in reverse; on MEA: attaining 8-mm to 13-mm diameter, restricted, circular, velvety, and dull green with dark green and entire margin; reverse dark green; on OA: attaining 36-mm to 40-mm diameter, restricted, circular, raised centrally, and gray aerial mycelium with greenish gray and entire margin; reverse dark green. A soluble olive and dull green pigment were observed around the fungal colonies on PDA and MEA, respectively. Hyphae smooth-walled, septate, hyaline to brown, 1.5-µm to 3-µm wide. Conidiophores reduced to conidiogenous cells, lateral or terminal on undifferentiated hyphae, smooth, hyaline to pale olivaceous, cylindrical, and 2.5-µm to 5-µm wide. Conidia spherical to ellipsoidal, aseptate, smooth, subhyaline to hyaline, forming branched acropetal chains at hyphae and conidiophore, 6−13.5 µm × 3−6 µm (mean = 9.5 µm × 4.6 µm, n = 50); Chlamydospores absent. Sexual morph was not produced on media.

Growth temperature: minimum at 15°C, optimum at the range of 25°C−30°C, maximum at 35°C, and no growth at 10°C and 37°C.

Additional specimens examined: Thailand, Lamphun province, Mueang Lamphun District, Sribuaban Subdistrict, 18°32′11″N 99°07′22″E, elevation at 444 m, isolated from the rock of dipterocarp forest, July 2021, isolated by T. Thitla: SDBR-CMU447 [GenBank number: OP903466 (ITS), OP903503 (nrLSU), OR141861 (nrSSU), OP923696 (tef1-α), and OR139231 (tub2)] and SDBR-CMU448 [GenBank: OP903467 (ITS), OP903504 (nrLSU), OR141862 (nrSSU), OP923697 (tef1-α), and OR139232 (tub2)].

Habitat and distribution: sandstone; collected from Lamphun province, Thailand.

Notes: The colony characteristics of Cl. rupestricola resembled those of Cl. chaetospira and Cl. floridana that were isolated from the decaying bamboo and sclerotia of Cenococcum geophilum, respectively. However, the conidial size of Cl. rupestricola differs from that of Cl. chaetospira and Cl. floridana. Specifically, the conidia of Cl. rupestricola (6−13.5 µm × 3−6 µm) were significantly shorter than that of Cl. chaetospira (20−45 µm × 3−5 µm) and slightly broader than that of Cl. floridana (3.5−8 µm × 2.0−3µm) (Crous et al., 2007; Obase et al., 2016). In addition, these three species also exhibit distinct conidiophore and conidial characteristics. Cladophialophora floridana displayed narrower conidiophores (2-µm to 3-µm wide) than Cl. repestricola, which produced broader cylindrical, 2.5-µm- to 5-µm-wide conidiophores (Obase et al., 2016). In terms of conidial characteristics, Cl. chaetospira produced 1−3 septate of conidia that is in contrast to Cl. repestricola, which produced aseptate conidia (Crous et al., 2007). The multi-gene phylogenetic analyses indicated that Cl. rupestricola is a distinct species in Cladophialophora and it is closely related to Cl. sribuabanensis (Figure 4). Cladophialophora rupestricola differs from Cl. sribuabanensis in terms of the temperature growth profile. Cladophialophora rupestricola has a maximum temperature of 35°C, whereas Cl. sribuabanensis has a maximum temperature of 30°C. In addition, Cl. rupestricola produced a soluble pigment on PDA and MEA, whereas Cl. sribuabanensis did not produce any pigment. Furthermore, a pairwise nucleotide comparison of Cl. rupestricola and Cl. sribuabanensis resulted in differences of 7.0% (45/642 bp) in ITS, 0.2% (2/903 bp) in nrLSU, 0.3% (3/1037 bp) in nrSSU, 9.8% (20/205 bp) in tef1-α, and 10.6% (54/509 bp) in tub2 sequences including gaps.




Figure 4 | Phylogenetic relationships of Cladophialophora within the family Herpotrichiellaceae reconstructed by maximum likelihood analysis based on a combined dataset of ITS, nrLSU, nrSSU, tub2, and tef1-α genes. Bradymyces alpinus CCFEE 5493 and Br. oncorhynchi CCF 4369 were used as the outgroup. The values presented above branches represent the bootstrap percentages (left) and Bayesian posterior probabilities (right). Bootstrap values ≥75% and Bayesian posterior probabilities ≥0.95 are displayed. The scale bar indicates the estimated number of nucleotide substitutions per site. The newly generated sequences are in blue, whereas the ex-type species are indicated in bold.



Cladophialophora sribuabanensis, T. Thitla, N. Suwannarach, and S. Lumyong, sp. nov. (Figure 5).




Figure 5 | Cladophialophora sribuabanensis (SDBR-CMU446, ex-type). (A) Colonies at 25°C for 28 days on PDA, MEA, and OA, respectively. (B–D) Conidiophore and conidia. (E−F) Conidia on hyphae. Scale bars: (A) 2–cm and (B–F) 10 µm.



MycoBank number: MB849333

Etymology: “sribuabanensis” refers to Sribuaban Subdistrict, Lamphun province, Thailand, where the rock samples were collected.

Holotype: Thailand, Lamphun province, Mueang Lamphun District, Sribuaban Subdistrict, 18°32′11″N 99°07′22″E, elevation at 444 m, isolated from the sandstone of dipterocarp forest, July 2021, T. Thitla; dried culture, CMULPN5-9; ex-type culture, SDBR-CMU476.

GenBank number: OQ991178 (ITS), OQ979608 (nrLSU), OR141868 (nrSSU), OR139226 (tef1-α), and OR139238 (tub2)

Culture characteristics: Colonies on PDA and MEA at 25°C extremely slow growing: on PDA: attaining 8-mm to 15-mm diameter; and on MEA: attaining 12-mm to 14-mm diameter in 28 days. The colony character on PDA spreading, circular, flat, olive brown, and undulate margin; brown in reverse; on MEA: circular, spreading, flat, velvety, and grayish green to olive with entire margin; reverse grayish green; on OA: attaining 32-mm to 38-mm diameter, restricted, circular, flat, velvety, and olive brown to olive gray with entire margin; reverse olive gray. No diffusible pigment produced on any media. Hyphae: thin and smooth-walled, hyaline to light brown, 2-µm to 3-µm wide. Conidiophores: reduced to conidiogenous cells, semi-micronematous, lateral or terminal, smooth, thin-walled, hyaline to pale brown, sub-cylindrical, and 2-µm to 4-µm wide. Conidia: subglobose to fusiform, aseptate, guttules, smooth, thin-walled, hyaline to pale brown, forming to unbranched conidial chain at hyphae and conidiophore, and 7−16 µm × 3−6 µm (mean = 11.2 µm × 3.8 µm, n = 50). Chlamydospores and sexual structures were not produced on any media.

Growth temperature: minimum at 15°C, optimum at the range of 28°C, maximum at 30°C, and no growth at 10°C and 35°C.

Additional specimens examined: Thailand, Lamphun province, Mueang Lamphun District, Sribuaban Subdistrict, 18°32′11″N 99°07′22″E, elevation at 444 m, isolated from the rock of dipterocarp forest, July 2021, isolated by T. Thitla: SDBR-CMU477 [GenBank number: OQ991179 (ITS), OQ979609 (nrLSU), OR141869 (nrSSU), OR139227 (tef1-α), and OR139239 (tub2)].

Habitat and distribution: sandstone; collected from Lamphun province, Thailand.

Notes: Cladophialophora sribuabanensis was isolated from rock samples along with several other species, including Cl. nyingchiensis, Cl. rupestricola, Cl. tengchongensis, Cl. thailandensis, Cl. tumbae, and Cl. tumulicola, all of which were also isolated from rocks (Kiyuna et al., 2018; Sun et al., 2020). However, the conidial size of Cl. sribuabanensis (7−16 µm × 3−6 µm) was obviously larger than that of Cl. tumbae (4.5−6 µm × 2−2.5 µm) and longer than that of Cl. tumulicola (5−7 µm × 3−4 µm). Furthermore, Cl. nyingchiensis produced septate conidia, which differs from Cl. sribuabanensis, which produced aseptate conidia. Cladophialophora sribuabanensis showed an exceptionally slow growth rate, reaching only 8−15 mm and 12−14 mm in diameter at 25°C for 28 days on PDA and MEA, respectively. In contrast, both Cl. tumbae and Cl. tumulicola achieved significantly larger diameters of 15−16 mm and 22−25 mm on PDA, respectively, within just 14 days at 25°C (Kiyuna et al., 2018). Cladophialophora nyingchiensis, Cl. tengchongensis, and Cl. thailandensis also displayed faster growth rates on MEA, attaining diameters of 21 mm, 28 mm, and 23–30 mm, respectively, compared to Cl. sribuabanensis at the same temperature (Sun et al., 2020). Cladophialophora sribuabanensis also differs from Cl. thailandensis, which does not produce chlamydospores on any media, whereas Cl. thailandensis produces subspherical chlamydospores (7.5−17 µm × 4.5−14 µm). The temperature profile of growth revealed that Cl. sribuabanensis has a minimum growth temperature of 15°C, whereas Cl. nyingchiensis and Cl. tengchongensis could grow at 4°C. In addition, the maximum growth temperature of Cl. sribuabanensis is 30°C, whereas Cl. rupestricola has a maximum growth temperature of 35°C. Phylogenetically, Cl. sribuabanensis forms a sister clade to Cl. rupestricola (Figure 4). Cladophialophora sribuabanensis differs from Cl. rupestricola at different maximum growth temperatures (as mentioned above). Moreover, Cl. sribuabanensis does not produce any pigments in contrast to Cl. rupestricola, which produces olive and dull green pigments on PDA and MEA, respectively. Also, a pairwise nucleotide comparison of Cl. rupestricola and Cl. sribuabanensis revealed differences of 7.0% (45/642 bp) in the ITS, 0.2% (2/903 bp) in nrLSU, 0.3% (3/1,037 bp) in nrSSU, 9.8% (20/205 bp) in tef1-α, and 10.6% (54/509 bp) in tub2 sequences including gaps.

Cladophialophora thailandensis, T. Thitla, J. Kumla, and N. Suwannarach, sp. nov. (Figure 6)




Figure 6 | Cladophialophora thailandensis (SDBR-CMU451, ex-type), (A) Colonies at 25°C for 28 days on PDA, MEA, and OA, respectively. (B−E) Conidiophore and conidial chains. (F, G) Chlamydospores. Scale bars: (A) 2 cm and (B−G) 5 µm.



MycoBank number: MB846946

Etymology: “thailandensis” referring to Thailand, where the new species was found.

Holotype: Thailand, Lamphun province, Mueang Lamphun District, Sribuaban Subdistrict, 18°32′13″N 99°07′31″E, elevation at 432 m, isolated from the sandstone of dipterocarp forest, July 2021, T. Thitla; dried culture, CMULPN13-12; ex-type culture, SDBR-CMU451.

GenBank number: OP903470 (ITS), OP903507 (nrLSU), OR141865 (nrSSU), OP923700 (tef1-α), and OR139235 (tub2).

Culture characteristics: Colonies on PDA, MEA, and OA were described at 25°C in the dark after 28 days: on PDA: attaining 28-mm to 34-mm diameter, irregularly circular, flat, center velvety gray to black with grayish green and entire to undulate margin; black to grayish green in reverse; on MEA: attaining 23-mm to 30-mm diameter, spreading, circular, velvety, and greenish gray to dark green with grayish green and entire margin; reverse black to grayish green; on OA: attaining 32-mm to 39-mm diameter, restricted, circular, convex, and olive brown aerial mycelium with dark green and entire margin; reverse dark green to dull green. No diffusible pigment produced on any media. Hyphae smooth-walled, septate, hyaline to pale brown, 1.5-µm to 4-µm wide. Conidiophores: reduced to conidiogenous cells, lateral on undifferentiated hyphae, producing long chains conidia, smooth, pale olivaceous, cylindrical to subcylindrical, and 2-µm to 4-µm wide. Conidia: subspherical to fusiform, aseptate, subhyaline to hyaline, smooth, acropetal, catenulate, and 5−11 µm × 3−4 µm (mean = 7.3 µm × 3.3 µm, n = 50). Chlamydospores: subspherical, smooth, light to dark brown, and 7.5−17 µm × 4.5−14 µm (mean = 10.7 µm × 7.2 µm, n = 20). Sexual morph was not produced on media.

Growth temperature: minimum at 10°C, optimum at 28°C, maximum at 35°C, and no growth at 4°C and 37°C.

Additional specimens examined: Thailand, Lamphun province, Mueang Lamphun District, Sribuaban Subdistrict, 18°32′13″N 99°07′31″E, elevation at 432 m, isolated from the rock of dipterocarp forest, July 2021, isolated by T. Thitla SDBR-CMU449 [GenBank number: OP903468 (ITS), OP903505 (nrLSU), OR141863 (nrSSU), OP923698 (tef1-α), and OR139233 (tub2)], SDBR-CMU450 [GenBank number: OP903469 (ITS), OP903506 (nrLSU), OR141864 (nrSSU), OP923699 (tef1-α), and OR139234 (tub2)], and SDBR-CMU452 [GenBank number: OP903471 (ITS), OP903508 (nrLSU), OR141866 (nrSSU), OP923701 (tef1-α), and OR139236 (tub2)]; rock from dipterocarp forest, August 2022, isolated by T. Thitla SDBR-CMU453 [GenBank number: OP903472 (ITS), OP903509 (nrLSU), OR141867 (nrSSU), OP923702 (tef1-α), and OR139237 (tub2)].

Habitat and distribution: sandstone; known from Lamphun province, Thailand.

Notes: Cladophialophora thailandensis produced a greenish gray colony on MEA. This outcome was similar to that of Cl. eucalypti, Cl. immunda, Cl. mycetomatis, and Cl. pseudocarrionii. Nevertheless, Cl. thailandensis has distinct habitats from these species. Cladophialophora eucalypti was isolated from leaves of Eucalyptus dunnii, whereas Cl. pseudocarrionii originated from soil, and both Cl. immunda and Cl. mycetomatis were isolated from humans (Badali et al., 2008; Madrid et al., 2016; Crous et al., 2019a). Furthermore, the conidial size of Cl. thailandensis (5−11 µm × 3−4 µm) is shorter than that of Cl. eucalypti (8−20 µm × 2.5−3 µm) (Crous et al., 2019a) but longer than that of Cl. immunda (3−4.5 µm × 2.5−4 µm) and Cl. mycetomatis (2.5−3 µm × 2−3 µm) (Badali et al., 2008). Cladophialophora thailandensis can be distinguished from Cl. pseudocarrionii by having a subspherical chlamydospore, whereas the chlamydospore production of Cl. pseudocarrionii was not observed (Madrid et al., 2016). In terms of the growth temperature, Cl. thailandensis also differs from Cl. immunda, Cl. mycetomatis, and Cl. pseudocarrionii, as Cl. thailandensis is unable to grow at 37°C (Badali et al., 2008; Madrid et al., 2016).

The multi-gene phylogenetic analyses indicated that Cl. thailandensis formed a distinct monophyletic clade within Cladophialophora and was closely related to Cl. inabaensis and Cl. lanosa isolated from soil samples (Figure 4). However, the absence of chlamydospore formation in Cl. inabaensis is differentiated from Cl. thailandensis (Usui et al., 2016). In contrast to Cl. thailandensis, which exhibited a maximum growth temperature of 35°C, Cl. inabaensis could grow at 37°C, indicating a higher tolerance to elevated temperatures (Usui et al., 2016). Moreover, the conidia of Cl. thailandensis are longer than those of Cl. lanosa (2−4 µm × 2−3 µm) (Das et al., 2019). A pairwise nucleotide comparison between the ITS sequence data of Cl. thailandensis to Cl. inabaensis and Cl. lanosa indicated base pair differences of 8.8% (45/510 bp) and 6.9% (36/515 bp), respectively. In addition, a pairwise nucleotide comparison of nrLSU data also indicated that Cl. thailandensis differs from Cl. lanosa by 0.5% (4/764 bp) including gaps.







Discussion

Herpotrichiellaceae is one of the well-known families in the order Chaetothyriales (Wijayawardene et al., 2020; Tian et al., 2021; Bezerra et al., 2022; Wijayawardene et al., 2022). Presently, four genera in Herpotrichiellaceae have been discovered on rocks, viz., Cladophialophora, Exophiala, Phialophora, and Rhinocladiella (Sun et al., 2020; Liu et al., 2022; Thitla et al., 2022). In this study, we introduced new taxa of rock-inhabiting fungi in the family Herpotrichiellaceae that were collected from northern Thailand. These taxa comprised a novel genus, named Petriomyces and three new species of Cladophialophora. The genus Petriomyces has been introduced on the basis of its fungal habitat, morphological characteristics, growth temperature, and phylogenetic analysis. Consequently, the number of rock-inhabiting fungal genera in the family Herpotrichiellaceae has increased to five genera.

Prior to this study, 20 genera (Aculeata, Atrokylindriopsis, Brycekendrickomyces, Capronia, Cladophialophora, Exophiala, Fonsecaea, Marinophialophora, Melanoctona, Metulocladosporiella, Minimelanolocus, Neosorocybe, Phialophora, Pleomelogramma, Rhinocladiella, Sorocybe, Thysanorea, Uncispora, Valentiella, and Veronaea) have been accepted into the family Herpotrichiellaceae (Wijayawardene et al., 2020; Tian et al., 2021; Bezerra et al., 2022; Wijayawardene et al., 2022). However, the number of genera in Herpotrichiellaceae has been a subject of debate in previous studies due to the variability of their morphological characteristics (Quan et al., 2020; Tian et al., 2021). Therefore, molecular phylogeny has been recognized as a valuable tool for researchers in the identification of fungi within Herpotrichiellaceae. Consequently, the aim of this study was to inspect and update the members of this family through molecular phylogeny using combined ITS, nrLSU, and nrSSU sequences. In our phylogenetic tree (Figure 1) indicated that species of herpotrichiellaceous fungi are paraphyletic and polyphyletic within the family Herpotrichiellaceae and Trichomeriaceae and this is concurred with previous studies (Quan et al., 2020; Wan et al., 2021).

A new genus (Petriomyces) obtained from this study formed within Herpotrichiellaceae (Figure 1). Regarding species Brycekendrickomyces and Metulocladosporiella, which were previously placed in the family Herpotrichiellaceae (Crous et al., 2006; Crous et al., 2009; Wijayawardene et al., 2020; Tian et al., 2021; Bezerra et al., 2022; Wijayawardene et al., 2022), our phylogenetic analysis placed their type sequences within the family Trichomeriaceae. Morphologically, these two species were reported from asexual characters, whereas the members of family Trichomeriaceae are predominantly known for their sexual characters. Although, there have been reports of asexual reproduction in certain species within family Trichomeriaceae, the specific asexual characters vary within the family. Because of the variability of asexual characters within the family Trichomeriaceae, we have tentatively transferred genera Brycekendrickomyces and Metulocladosporiella to the family Trichomeriaceae based solely on their phylogenetic placement. However, further studies, including additional collections and the linkage of sexual and asexual morphs for these two species, are necessary to confirm their phylogenetic placement and to gain a better understanding of the diversity of asexual characters within the family Trichomeriaceae. Furthermore, Neosorocybe and Sorocybe were also previously classified into Herpotrichiellaceae (Crous et al., 2020b; Wijayawardene et al., 2022). However, the phylogenetic analysis in this study revealed that these genera formed a unique clade to be clearly distinct from Herpotrichiellaceae and Trichomeriaceae (Figure 1). These two genera should be excluded from the family Herpotrichiellaceae. Therefore, we propose that the family Herpotrichiellaceae should contain 17 fungal genera (Table 4). However, there is still a need for the molecular data of the genus Pleomelogramma (Spegazzini, 1909) to confirm its phylogenetic placement. Most herpotrichiellaceous fungi still have a broadly paraphyletic and polyphyletic relationship. Therefore, further resolutions and characterizations are required to achieve a better understanding of their taxonomic classification within Herpotrichiellaceae.


Table 4 | Comparison of fungal genera belonging to the family Herpotrichiellaceae from previous reports and this study. .



In this study, the phylogenetic results indicate that Cladophialophora is a polyphyletic group, as is consistent with the findings of previous studies that reported the polyphyletic nature of the Cladophialophora species (Badali et al., 2008; Teixeira et al., 2017; Quan et al., 2020). Our three new species of Cladophialophora (Cl. rupestricola, Cl. sribuabanensis, and Cl. thailandensis) were established on the basis of comprehensive analyses of morphological characteristics, growth temperature, and multi-gene phylogeny. Furthermore, the nucleotide comparisons of the ITS, tef1-α, or tub2 genes with phylogenetically related species revealed nucleotide differences that were greater than 1.5%. This is in line with the suggestion made by Jeewon and Hyde (2016) that nucleotide differences above 1.5% are necessary to justify the recognition of a new species. Therefore, Cl. rupestricola, Cl. sribuabanensis, and Cl. thailandensis can be considered new species, whereas the total number of accepted Cladophialophora species globally has increased to 52. On the basis of our phylogenetic analysis, a total of 38 Cladophialophora species were classified as members of Herpotrichiellaceae. Three species (Cl. eucalypti, Cl. proteae, and Cl. pucciniophila) were placed in Trichomeriaceae, which is consistent with the study of Quan et al. (2020). Moreover, Quan et al. (2020) reported that Cl. humicola, Cl. minutissima, and Cl. sylvestris were placed in Epibryaceae. Accordingly, Cl. behniae, Cl. modesta, Cl. scillae, and Cl. hostae have been assigned in an incertae sedis clade Chaetothyriales (Quan et al., 2020; Crous et al., 2021). However, the phylogenetic placements of the remaining four species (Cl. cladoniae, Cl. hawksworthii, Cl. megalosporae, and Cl. normandinae) are uncertain and the acquisition of further molecular data will be necessary.

An investigation of fungal grown at variant temperatures indicates that our fungi could grow under a wide range of temperature conditions. Three new species of Cladophialophora could thrive at temperatures ranging from 10°C to 35°C. Moreover, a new genus Pe. obovoidisporus could thrive at temperatures ranging between 10°C and 30°C. Accordingly, these temperatures were within a range of 10°C−38°C in the dipterocarp forest in Lamphun and Sukhothai provinces, Thailand, respectively. As has become evident, both fungi have adapted to survive in their respective environments. Remarkably, growth temperature is one of the factors that can limit fungal ability to infect human and animal bodies due to their high body temperatures (Garcia-Solache and Casadevall, 2010). Some herpotrichiellaceous fungi that are known to infect humans and animals can grow at high temperatures. For example, Cl. arxii, Cl. carrionii, Phia. chinensis, and Phia. expanda can grow at temperatures of 37°C or higher (de Hoog et al., 1995; Li et al., 2017). The growth temperature of herpotrichiellaceous fungi is often associated with clinical predilections with the species growing at 40°C often causing systemic infections (de Hoog et al., 2000; Badali et al., 2008). Three new species of Cladophialophora and Petriomyces identified in this study may not be the source pathogen in humans and animals because they cannot grow at temperatures above 37°C. However, their ability to be the causal agents of infections in humans and animals needs to be further investigated. Currently, global temperatures are rising because of climate change, which can affect all aspects of a given ecosystem (Gadre et al., 2022). As a result, this environment may have an impact on the global diversity and distribution of herpotrichiellaceous fungi. Some herpotrichiellace fungi can survive and grow at high temperatures, but others cannot survive at higher temperatures and die.

In conclusion, we investigated the rock-inhabiting fungi belonged to the family Herpotrichiellaceae collected from northern Thailand. Three new species of Cladophialophora (Cl. rupestricola, Cl. sribuabanensis, and Cl. thailandensis) and a new genus (Petriomyces) were identified on the basis of the relevant morphological characteristics, growth temperature, and multi-gene phylogeny. Furthermore, the relevant data on the genera in Herpotrichiellaceae have been updated. In this study, we propose that Herpotrichiellaceae consists of 17 genera, including Aculeata, Atrokylindriopsis, Capronia, Cladophialophora, Exophiala, Fonsecaea, Marinophialophora, Melanoctona, Minimelanolocus, Petriomyces, Phialophora, Pleomelogramma, Rhinocladiella, Thysanorea, Uncispora, Valentiella, and Veronaea. However, the classification of several genera in this family is still problematic due to variabilities in some of the morphological characteristics, their existing polyphyletic relationships, and the limited amount of molecular data, especially protein coding genes. Therefore, further studies involving morphology, ecology, and molecular investigations, as well as in-depth evolutionary studies, should be conducted to further clarify the family Herpotrichiellaceae.





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

NS and SL: conceptualization in this study. TT, JK, and NS: methodology. TT, JK, SH, CS, and NS: software. TT, JK, and NS: validation. TT, SK, and JK: formal analysis. TT, JK, and NS: investigation. TT, SK, JK, and NS: resources. TT and JK: data curation. TT, JK, and NS: writing—original draft preparation. TT, JK, SH, CS, SK, SL, and NS: writing—review and editing. JK, SH, and NS: visualization. SL and NS: supervision. NS and JK: project administration. SL and NS: funding acquisition. All authors have read and agreed to the published version of the manuscript.





Funding

This study was supported by Fundamental Fund 2023 (grant number: FF66/065), Chiang Mai University, Thailand. Saisamorn Lumyong thanks National Research Council of Thailand for the support (grant number: N42A650198).




Acknowledgments

The authors gratefully acknowledge the TA & RA Scholarship, graduate school, Chiang Mai University, Thailand. The authors are grateful to Russell Kirk Hollis for the English correction of this 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.





References

 Abliz, P., Fukushima, K., Takizawa, K., Nieda, N., Miyaji, M., and Nishimura, K. (2003). Rapid identification of the genus Fonsecaea by PCR with specific oligonucleotide primers. J. Clin. Microbiol. 41, 873–876. doi: 10.1128/JCM.41.2.873-876.2003

 Abliz, P., Fukushima, K., Takizawa, K., and Nishimura, K. (2004). Specific oligonucleotide primers for identification of Cladophialophora carrionii, a causative agent of chromoblastomycosis. J. Clin. Microbiol. 42, 404–407. doi: 10.1128/JCM.42.1.404-407.2004

 Arzanlou, M., and Crous, P. W. (2006). “Strelitziana africana,” in Fungal Planet No. 8 (Utrecht, The Netherlands: CBS-KNAW Fungal Biodiversity Centre).

 Arzanlou, M., Groenewald, J. Z., Gams, W., Braun, U., Shin, H. D., and Crous, P. W. (2007). Phylogenetic and morphotaxonomic revision of Ramichloridium and allied genera. Stud. Mycol. 58, 57–93. doi: 10.3114/sim.2007.58.03

 Attili-Angelis, D., Duarte, A. P. M., Pagnocca, F. C., Nagamoto, N. S., de Vries, M., Stielow, J. B., et al. (2014). Novel Phialophora species from leaf-cutting ants (tribe Attini). Fungal Divers. 65, 65–75. doi: 10.1007/s13225-013-0275-0

 Aureli, L., Pacelli, C., Cassaro, A., Fujimori, A., Moeller, R., and Onofri, S. (2020). Iron ion particle radiation resistance of dried colonies of Cryomyces antarcticus embedded in Martian Regolith Analogues. Life 10, 306. doi: 10.3390/life10120306

 Ávila, A., Groenewald, J. Z., Trapero, A., and Crous, P. W. (2005). Characterisation and epitypification of Pseudocercospora cladosporioides, the causal organism of Cercospora leaf spot of olives. Mycol. Res. 109, 881–888. doi: 10.1017/S0953756205003503

 Badali, H., Carvalho, V. O., Vicente, V., Attili-Angelis, D., Kwiatkowski, I. B., Gerrits Van Den Ende, A. H., et al. (2009). Cladophialophora saturnica sp. nov., a new opportunistic species of Chaetothyriales revealed using molecular data. Med. Mycol. 47, 51–62. doi: 10.1080/13693780802291452

 Badali, H., Gueidan, C., Najafzadeh, M. J., Bonifaz, A., Gerrits van den Ende, A. H. G., and de Hoog, G. S. (2008). Biodiversity of the genus cladophialophora. Stud. Mycol. 61, 175191. doi: 10.3114/sim.2008.61.18

 Badali, H., Prenafeta-Boldu, F. X., Guarro, J., Klaassen, C. H., Meis, J. F., and de Hoog, G. S. (2011). Cladophialophora psammophila, a novel species of Chaetothyriales with a potential use in the bioremediation of volatile aromatic hydrocarbons. Fungal Biol. 115, 1019–1029. doi: 10.1016/j.funbio.2011.04.005

 Bezerra, J. D. P., Navarro, H. M. C., Almeida, J. H., Félix, C. R., and Landell, M. F. (2022). Valentiella maceioensis gen. et sp. nov. (Herpotrichiellaceae, Chaetothyriales), a new black yeast-like fungus isolated from bromeliads in Brazil. Mycol. Prog. 21, 30. doi: 10.1007/s11557-022-01783-3

 Boonmee, S., Wanasinghe, D. N., Calabon, M. S., Huanraluek, N., Chandrasiri, S. K. U., Jones, G. E. B., et al. (2021). Fungal diversity notes 1387−1511: taxonomic and phylogenetic contributions on genera and species of fungal taxa. Fungal Divers. 111, 1–335. doi: 10.1007/s13225-021-00489-3

 Borelli, D. (1980). “Causal agents of chromoblastomycosis (Chromomycetes),” in Proceedings of the 5th International Conference on Mycoses: Superficial, cutaneous and subcutaneous infections, Scientific Publication No. 396, Pan American Health Organization, Caracas.

 Braun, U. (1998). A monograph of Cercosporella, Ramularia and allied genera (phytopathogenic hyphomycetes) Vol. 2 (IHW-Verlag, Eching, Germany). 493 pp.

 Braun, U., Crous, P. W., Dugan, F., Groenewald, J. Z., and de Hoog, G. S. (2003). Phylogeny and taxonomy of Cladosporium-like hyphomycetes, including Davidiella gen. nov., the teleomorph of Cladosporium s. str. Mycol. Prog. 2, 3–18. doi: 10.1007/s11557-006-0039-2

 Carbone, I., and Kohn, L. M. (1999). A method for designing primer sets for speciation studies in filamentous ascomycetes. Mycologia 91, 553–556. doi: 10.1080/00275514.1999.12061051

 Cassaro, A., Pacelli, C., and Onofri, S. (2022). Survival, metabolic activity, and ultrastructural damages of Antarctic black fungus in perchlorates media. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.992077

 Cheewangkoon, R., Groenewald, J. Z., Summerell, B. A., Hyde, K. D., To-Anun, C., and Crous, P. W. (2009). Myrtaceae, a cache of fungal biodiversity. Persoonia 23, 55–85. doi: 10.3767/003158509X474752

 Chomnunti, P., Schoch, C. L., Aguirre-Hudson, B., Ko-Ko, T. W., Hongsanan, S., Jones, E. B., et al. (2011). Capnodiaceae. Fungal Divers. 51, 103–134. doi: 10.1007/s13225-011-0145-6

 Coleine, C., and Selbmann, L. (2021). “2.1 Black fungi inhabiting rock surfaces,” in Life at Rock Surfaces: Challenged by Extreme Light, Temperature and Hydration Fluctuations. Eds.  B. Büdel, and T. Friedl (Berlin, Boston: De Gruyter), 57–86. doi: 10.1515/9783110646467-003

 Crous, P. W., Braun, U., Wingfield, M. J., Wood, A. R., Shin, H. D., Summerell, B. A., et al. (2009). Phylogeny and taxonomy of obscure genera of microfungi. Persoonia 22, 139–161. doi: 10.3767/003158509X461701

 Crous, P. W., Carnegie, A. J., Wingfield, M. J., Sharma, R., Mughini, G., Noordeloos, M. E., et al. (2019a). Fungal Planet description sheets: 868–950. Persoonia 42, 291–473. doi: 10.3767/persoonia.2019.42.11

 Crous, P. W., Cowan, D. A., Maggs-Kölling, G., Yilmaz, N., Thangavel, R., Wingfield, M. J., et al. (2021). Fungal planet description sheets: 1182-1283. Persoonia 46, 313–528. doi: 10.3767/persoonia.2021.46.11

 Crous, P. W., Schroers, H. J., Groenewald, J. Z., Braun, U., and Schubert, K. (2006). Metulocladosporiella gen. nov. for the causal organism of Cladosporium speckle disease of banana. Mycol. Res. 110, 264–275. doi: 10.1016/j.mycres.2005.10.003

 Crous, P. W., Schubert, K., Braun, U., de Hoog, G. S., Hocking, A. D., Shin, H. D., et al. (2007). Opportunistic, human-pathogenic species in the Herpotrichiellaceae are phenotypically similar to saprobic or phytopathogenic species in the Venturiaceae. Stud. Mycol. 58, 185–217. doi: 10.3114/sim.2007.58.07

 Crous, P. W., Schumacher, R. K., Akulov, A., Thangavel, R., Hernández-Restrepo, M., Carnegie, A. J., et al. (2019b). New and interesting fungi. 2. Fungal Syst. Evol. 3, 57–134. doi: 10.3114/fuse.2019.03.06

 Crous, P. W., Schumacher, R. K., Wingfield, M. J., Akulov, A., Denman, S., Roux, J., et al. (2018a). New and interesting fungi. 1. Fungal Syst. Evol. 1, 169–216. doi: 10.3114/fuse.2018.01.08

 Crous, P. W., Wingfield, M. J., Burgess, T. I., Hardy, G. E., Crane, C., Barrett, S., et al. (2016). Fungal Planet description sheets: 469−557. Persoonia 37, 218–403. doi: 10.3767/003158516X694499

 Crous, P. W., Wingfield, M. J., Burgess, T. I., Hardy, G. E. S. J., Gené, J., Guarro, J., et al. (2018b). Fungal Planet description sheets: 716−784. Persoonia 40, 240–393. doi: 10.3767/persoonia.2018.40.10

 Crous, P. W., Wingfield, M. J., Chooi, Y. H., Gilchrist, C. L. M., Lacey, E., Pitt, J. I., et al. (2020a). Fungal Planet description sheets: 1042–1111. Persoonia 44, 301–459. doi: 10.3767/persoonia.2020.44.11

 Crous, P. W., Wingfield, M. J., Guarro, J., Cheewangkoon, R., van der Bank, M., Swart, W. J., et al. (2013). Fungal Planet description sheets: 154–213. Persoonia 31, 188–296. doi: 10.3767/003158513X675925

 Crous, P. W., Wingfield, M. J., Guarro, J., Hernández-Restrepo, M., Sutton, D. A., Acharya, K., et al. (2015). Fungal Planet description sheets: 320–370. Persoonia 34, 167–266. doi: 10.3767/003158515X688433

 Crous, P. W., Wingfield, M. J., Lombard, L., Roets, F., Swart, W. J., Alvarado, P., et al. (2019c). Fungal Planet description sheets: 951–1041. Persoonia 43, 223–425. doi: 10.3767/persoonia.2019.43.06

 Crous, P. W., Wingfield, M. J., Schumacher, R. K., Akulov, A., Bulgakov, T. S., Carnegie, A. J., et al. (2020b). New and interesting fungi. 3. Fungal Syst. Evol. 6, 157–231. doi: 10.3114/fuse.2020.06.09

 Crous, P. W., Wingfield, M. J., Schumacher, R. K., Summerell, B. A., Giraldo, A., Gené, J., et al. (2014). Fungal Planet description sheets: 281–319. Persoonia 33, 212–289. doi: 10.3767/003158514X685680

 Das, K., Lee, S. Y., and Jung, H. Y. (2019). Cladophialophora lanosa sp. nov., a new species isolated from soil. Mycobiology 47, 173–179. doi: 10.1080/12298093.2019.1611242

 de Hoog, G. S. (2010). Persoonial Reflections, Beware of your dishwasher! Persoonia 25, 117–159. doi: 10.3767/003158510X552636

 de Hoog, G. S., Guarro, J., and Gené, J. (2000). Atlas of Clinical Fungi. 2nd edn (Washington, DC: American Society for Microbiology Press).

 de Hoog, G. S., Guého, E., Masclaux, F., Gerrits van den Ende, A. H. G., Kwon-Chung, K. J., and McGinnis, M. R. (1995). Nutritional physiology and taxonomy of human-pathogenic Cladosporium-Xylohypha species. J. Med. Vet. Mycol. 33, 339–347. doi: 10.1080/02681219580000661

 de Hoog, G. S., Nishikaku, A. S., Fernandez-Zeppenfeldt, G., Padín-González, C., Burger, E., Badali, H., et al. (2007). Molecular analysis and pathogenicity of the Cladophialophora carrionii complex, with the description of a novel species. Stud. Mycol. 58, 219–234. doi: 10.3114/sim.2007.58.08

 de Hoog, G. S., Vicente, V., Caligiorne, R. B., Kantarcioglu, S., Tintelnot, K., Gerrits van den Ende, A. H., et al. (2003). Species diversity and polymorphism in the Exophiala spinifera clade containing opportunistic black yeast-like fungi. J. Clin. Microbiol. 41, 4767–4778. doi: 10.1128/JCM.41.10.4767-4778.2003

 de Hoog, G. S., Vicente, V. A., Najafzadeh, M. J., Harrak, M. J., Badali, H., and Seyedmousavi, S. (2011). Waterborne Exophiala species causing disease in cold-blooded animals. Persoonia 27, 46–72. doi: 10.3767/003158511X614258

 Diederich, P., Ertz, D., Lawrey, J. D., Sikaroodi, M., and Untereiner, W. A. (2013). Molecular data place the hyphomycetous lichenicolous genus Sclerococcum close to Dactylospora (Eurotiomycetes) and S. parmeliae in Cladophialophora (Chaetothyriales). Fungal Divers. 58, 61–72. doi: 10.1007/s13225-012-0179-4

 Dong, W., Hyde, K. D., Bhat, D. J., and Zhang, H. (2018). Introducing Aculeata aquatica gen. et sp. nov., Minimelanolocus Thailandensis sp. nov. and Thysanorea aquatica sp. nov. (Herpotrichiellaceae, Chaetothyriales) from freshwater in northern Thailand. Mycol. Prog. 17, 617–629. doi: 10.1007/s11557-018-1389-2

 Edgar, R. C. (2004). MUSCLE: a multiple sequence alignment method with reduced time and space complexity. BMC Bioinform. 5, 113. doi: 10.1186/1471-2105-5-113

 Felsenstein, J. (1985). Confidence limits on phylogenies: an approach using the bootstrap. Evolution 39, 783–791. doi: 10.2307/2408678

 Feng, P. Y., de Hoog, G. S., Najafzadeh, M. J., Gerrits van den Ende, A. H. G., Stielow, J. B., Badali, H., et al. (2014). Cladophialophora abundans, a novel species of Chaetothyriales isolated from the natural environment. Mycol. Prog. 13, 381–391. doi: 10.1007/s11557-013-0924-4

 Gadre, A., Enbiale, W., Andersen, L. K., and Coates, S. J. (2022). The effects of climate change on fungal diseases with cutaneous manifes-tations: a report from the international society of dermatology climate change committee. J. Clim. Change Health 6, 100156. doi: 10.1016/j.joclim.2022.100156

 Garcia-Solache, M. A., and Casadevall, A. (2010). Global warming will bring new fungal diseases for mammals. MBio 1, 00061–00010. doi: 10.1128/mBio.00061-10

 Geiser, D. M., Gueidan, C., Miadlikowska, J., Lutzoni, F., Kauff, F., Hofstetter, V., et al. (2006). Eurotiomycetes: eurotiomycetidae and chaetothyriomycetidae. Mycologia 98, 1053–1064. doi: 10.3852/mycologia.98.6.1053

 Glass, N. L., and Donaldson, G. C. (1995). Development of primer sets designed for use with the PCR to amplify conserved genes from filamentous ascomycetes. Appl. Environ. Microbiol. 61, 1323–1330. doi: 10.1128/aem.61.4.1323-1330.1995

 Glynou, K., Ali, T., Buch, A. K., Haghi Kia, S., Ploch, S., Xia, X., et al. (2016). The local environment determines the assembly of root endophytic fungi at a continental scale. Environ. Microbiol. 18, 2418–2434. doi: 10.1111/1462-2920.13112

 Gorbushina, A. A. (2007). Life on the rocks. Environ. Microbiol. 9, 1613–1631. doi: 10.1111/j.1462-2920.2007.01301.x

 Gostinčar, C., Zalar, P., and Gunde-Cimerman, N. (2022). No need for speed: slow development of fungi in extreme environments. Fungal Biol. Rev. 39, 1–14. doi: 10.1016/j.fbr.2021.11.002

 Gueidan, C., Aptroot, A., da Silva Cáceres, M. E., Badali, H., and Stenroos, S. (2014). A reappraisal of orders and families within the subclass Chaetothyriomycetidae (Eurotiomycetes, Ascomycota). Mycol. Prog. 13, 990. doi: 10.1007/s11557-014-0990-2

 Gueidan, C., Villaseñor, C. R., de Hoog, G. S., Gorbushina, A. A., Untereiner, W. A., and Lutzoni, F. (2008). A rock-inhabiting ancestor for mutualistic and pathogen-rich fungal lineages. Stud. Mycol. 61, 111–119. doi: 10.3114/sim.2008.61.11

 Haase, G., Sonntag, L., Melzer-Krick, B., and de Hoog, G. S. (1999). Phylogenetic inference by SSU gene analysis of members of the Herpotrichiellaceae, with special reference to human pathogenic species. Stud. Mycol. 43, 80–97.

 Hall, T. (2004) Bioedit Version 6.0.7. Available at: http://www.mbio.ncsu.edu/bioedit/bioedit (Accessed 28 March 2023).

 Hernández-Restrepo, M., Giraldo, A., van Doorn, R., Wingfield, M. J., Groenewald, J. Z., Barreto, R. W., et al. (2010). The genera of fungi - G6: Arthrographis, Kramasamuha, Melnikomyces, Thysanorea, and Verruconis. Fungal Syst. Evol. 6, 1–24. doi: 10.3114/fuse.2020.06.01

 Hernández-Restrepo, M., Schumacher, R. K., Wingfield, M. J., Ahmad, I., Cai, L., Duong, T. A., et al. (2016). Fungal systematics and evolution: FUSE 2. Sydowia 68, 193–230. doi: 10.12905/0380.sydowia68-2016-0193

 Hubka, V., Réblová, M., Rehulka, J., Selbmann, L., Isola, D., de Hoog, S. G., et al. (2014). Bradymyces gen. nov. (Chaetothyriales, Trichomeriaceae), a new ascomycete genus accommodating poorly differentiated melanized fungi. Antonie van Leeuwenhoek 106, 979–992. doi: 10.1007/s10482-014-0267-4

 Hyde, K. D., Norphanphoun, C., Chen, J., Dissanayake, A. J., Doilom, M., Hongsanan, S., et al. (2018). Thailand’s amazing diversity: up to 96% of fungi in northern Thailand may be novel. Fungal Divers. 93, 215–239. doi: 10.1007/s13225-018-0415-7

 Index Fungorum. (2023). Available at: http://www.indexfungorum.org (Accessed 20 February 2023).

 Isola, D., Zucconi, L., Onofri, S., Caneva, G., de Hoog, G. S., and Selbmann, L. (2016). Extremotolerant rock inhabiting black fungi from Italian monumental sites. Fungal Divers. 76, 75–96. doi: 10.1007/s13225-015-0342-9

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

 Jeewon, R., and Hyde, K. D. (2016). Establishing species boundaries and new taxa among fungi: recommendations to resolve taxonomic ambiguities. Mycosphere 7, 1669–1677. doi: 10.5943/mycosphere/7/11/4

 Khuna, S., Kumla, J., Thitla, T., Nuangmek, W., Lumyong, S., and Suwannarach, N. (2022). Morphology, molecular identification, and pathogenicity of two novel Fusarium species associated with postharvest fruit rot of cucurbits in northern Thailand. J. Fungi 8, 1135. doi: 10.3390/jof8111135

 Kiyuna, T., An, K. D., Kigawa, R., Sano, C., and Sugiyama, J. (2018). Two new Cladophialophora species, C. tumbae sp. nov. and C. tumulicola sp. nov., and chaetothyrialean fungi from biodeteriorated samples in the Takamatsuzuka and Kitora Tumuli. Mycoscience 59, 7584. doi: 10.1016/j.myc.2017.08.008

 Koukol, O. (2010). Revision of “Septonema ochraceum“ revealed three new species of Venturiaceae and Herpotrichiellaceae. Mycol. Prog. 9, 369–378. doi: 10.1007/s11557-009-0645-x

 Li, D. M., de Hoog, G. S., Saunte, D. M., van den Ende, A. H., and Chen, X. R. (2008). Coniosporium epidermidis sp. nov., a new species from human skin. Stud. Mycol. 61, 131–136. doi: 10.3114/sim.2008.61.13

 Li, J., Jeewon, R., Phookamsak, R., Bhat, D. J., Mapook, A., Chukeatirote, E., et al. (2018). Marinophialophora garethjonesii gen. et sp. nov.: a new hyphomycete associated with Halocyphina from marine habitats in Thailand. Phytotaxa 345, 001–012. doi: 10.11646/phytotaxa.345.1.1

 Li, Y., Xiao, J., de Hoog, G. S., Wang, X., Wan, Z., Yu, J., et al. (2017). Biodiversity and human-pathogenicity of Phialophora verrucosa and relatives in Chaetothyriales. Persoonia 38, 1–19. doi: 10.3767/003158517X692779

 Libert, X., Chasseur, C., Packeu, A., Bureau, F., Roosens, N. H., and De Keersmaecker, S. C. J. (2019). Exploiting the advantages of molecular tools for the monitoring of fungal indoor air contamination: first detection of Exophiala jeanselmei in indoor air of air-conditioned offices. Microorganisms 7, 674. doi: 10.3390/microorganisms7120674

 Lima, B. J. F. S., Voidaleski, M. F., Gomes, R. R., Fornari, G., Soares, J. M. B., Bombassaro, A., et al. (2020). Selective isolation of agents of chromoblastomycosis from insect-associated environmental sources. Fungal Biol. 124, 194–204. doi: 10.1016/j.funbio.2020.02.002

 Lin, L., and Xu, J. (2020). Fungal pigments and their roles associated with human health. J. Fungi 6, 280. doi: 10.3390/jof6040280

 Liu, L. N., Abdul, R., Atri, N. S., Bau, T., Belbahri, L., Bouket, A. C., et al. (2018). Fungal systematics and evolution: FUSE 4. Sydowia 70, 211–286. doi: 10.12905/0380.sydowia70-2018-0211

 Liu, B., Fu, R., Wu, B., Liu, X., and Xiang, M. (2022). Rock-inhabiting fungi: terminology, diversity, evolution and adaptation mechanisms. Mycology 13, 131. doi: 10.1080/21501203.2021.2002452

 Liu, X. Y., Udayanga, D., Luo, Z. L., Chen, L. J., Zhou, D. Q., Su, H. Y., et al. (2015). Backbone tree for Chaetothyriales with four new species of Minimelanolocus from aquatic habitats. Fungal Biol. 119, 1046–1062. doi: 10.1016/j.funbio.2015.08.005

 Lumbsch, H. T., Mangold, A., Lücking, R., García, M. A., and Martín, M. P. (2004). Phylogeneticposition of the genera Nadvornikia and Pyrgillus (Ascomycota) based on molecular data. Symb. Bot. Ups. 34, 9–17.

 Lumbsch, H. T., Schmitt, I., Lindemuth, R., Miller, A., Mangold, A., Fernandez, F., et al. (2005). Performance of four ribosomal DNA regions to infer higher-level phylogenetic relationships of inoperculate euascomycetes (Leotiomyceta). Mol. Phylogenet. Evol. 34, 512–524. doi: 10.1016/j.ympev.2004.11.007

 Ma, Y. R., Xia, J. W., Gao, J. M., Li, X. Y., Castañeda Ruíz, R. F., Zhang, X. G., et al. (2015). Atrokylindriopsis, a new genus of hyphomycetes from Hainan, China, with relationship to Chaetothyriales. Mycol. Prog. 14, 77. doi: 10.1007/s11557-015-1071-x

 Maciá-Vicente, J. G., Glynou, K., and Piepenbring, M. (2016). A new species of Exophiala associated with roots. Mycol. Prog. 15, 18. doi: 10.1007/s11557-016-1161-4

 Madrid, H., Hernández-Restrepo, M., Gené, J., Cano, J., Guarro, J., and Silva, V. (2016). New and interesting chaetothyrialean fungi from Spain. Mycol. Prog. 15, 1179–1201. doi: 10.1007/s11557-016-1239-z

 Marincowitz, S., Crous, P. W., Groenewald, J. Z., and Wingfield, M. J. (2008). Microfungi Occurring on Proteaceae in the Fynbos (Utrecht, the Netherlands: CBS Fungal Biodiversity Centre). 166 pp.

 Mattoon, E. R., Cordero, R. J. B., and Casadevall, A. (2021). Fungal melanins and applications in healthcare, bioremediation and industry. J. Fungi 7, 488. doi: 10.3390/jof7060488

 Miller, M. A., Holder, M. T., Vos, R., Midford, P. E., Liebowitz, T., Chan, L., et al. (2009) The CIPRES Portals. Available at: http://www.phylo.org/sub_sections/portal (Accessed 12 June 2023).

 Müller, E., Petrini, O., Fisher, P. J., Samuels, G. J., and Rossman, A. Y. (1987). Taxonomy and anamorphs of the Herpotrichiellaceae with notes on generic synonymy. Trans. Br. Mycol. Soc 88, 63–74. doi: 10.1016/S0007-1536(87)80186-9

 Munk, A. (1953). The system of the pyrenomycetes. Dansk Botanisk Arkiv Udgivet af Dansk Botanisk Forening 15, 1–163.

 Mycobank Database. Available at: https://www.mycobank.org/ (Accessed 29 June 2023).

 Nai, C., Wong, H. Y., Pannenbecker, A., Broughton, W. J., Benoit, I., de Vries, R. P., et al. (2013). Nutritional physiology of a rock-inhabiting, model microcolonial fungus from an ancestral lineage of the Chaetothyriales (Ascomycetes). Fungal Genet. Biol. 56, 54–66. doi: 10.1016/j.fgb.2013.04.001

 Najafzadeh, M. J., Gueidan, C., Badali, H., Van Den Ende, A. H., Xi, L., and de Hoog, G. S. (2009). Genetic diversity and species delimitation in the opportunistic genus Fonsecaea. Med. Mycol. 47, 17–25. doi: 10.1080/13693780802527178

 Najafzadeh, M. J., Vicente, V. A., Sun, J., Meis, J. F., and de Hoog, G. S. (2011). Fonsecaea multimorphosa sp. nov., a new species of Chaetothyriales isolated from a feline cerebral abscess. Fungal Biol. 115, 1066–1076. doi: 10.1016/j.funbio.2011.06.007

 Nascimento, S. S., Ferro, L. O., Freire, K. T. L. S., Barbosa, R. N., Paiva, L. M., Souza-Motta, C. M., et al. (2021). Cladophialophora bromeliacearum (Herpotrichiellaceae, Chaetothyriales), a novel endophytic species from the Brazilian tropical dry forest. Phytotaxa 509, 211–224. doi: 10.11646/phytotaxa.509.2.4

 Nascimento, M. M. F., Selbmann, L., Sharifynia, S., Al-Hatmi, A. M. S., Voglmayr, H., Vicente, V. A., et al. (2016). Arthrocladium, an unexpected human opportunist in Trichomeriaceae (Chaetothyriales). Fungal Biol. 120, 207–218. doi: 10.1016/j.funbio.2015.08.018

 Nascimento, M. M. F., Vicente, V. A., Bittencourt, J. V. M., Gelinski, J. M. L., Prenafeta-Boldú, F. X., Romero-Güiza, M., et al. (2017). Diversity of opportunistic black fungi on babassu coconut shells, a rich source of esters and hydrocarbons. Fungal Biol. 121, 488–500. doi: 10.1016/j.funbio.2017.01.006

 Nishimura, D. (2000). Sequencher 3.1.1. Biotech softw. Internet Rep. 1, 24–30. doi: 10.1089/152791600319231

 Obase, K., Douhan, G. E., Matsuda, Y., and Smith, M. E. (2016). Cladophialophora floridana and Cladophialophora tortuosa, new species isolated from sclerotia of Cenococcum geophilum in forest soils of Florida, USA. Mycoscience 57, 26–34. doi: 10.1016/j.myc.2015.07.005

 Park, M. J., and Shin, H. D. (2011). Cladophialophora pucciniophila, a new hyphomycete parasitizing a rust fungus. Mycotaxon 116, 449–456. doi: 10.5248/116.449

 Phookamsak, R., Hyde, K. D., Jeewon, R., Bhat, D. J., Jones, E. B. G., Maharachchikumbura, S. S. N., et al. (2019). Fungal diversity notes 929–1035: taxonomic and phylogenetic contributions on genera and species of fungi. Fungal Divers. 95, 1–273. doi: 10.1007/s13225-019-00421-w

 Phukhamsakda, C., Nilsson, R. H., Bhunjun, C. S., de Farias, A. R. G., Sun, Y. R., Wijesinghe, S. N., et al. (2022). The numbers of fungi: contributions from traditional taxonomic studies and challenges of metabarcoding. Fungal Divers. 114, 327–386. doi: 10.1007/s13225-022-00502-3

 Prenafeta-Boldú, F. X., Summerbell, R., and de Hoog, G. S. (2006). Fungi growing on aromatic hydrocarbons: biotechnology's unexpected encounter with biohazard? FEMS Microbiol. Rev. 30, 109–130. doi: 10.1111/j.1574-6976.2005.00007.x

 Quan, Y., Muggia, L., Moreno, L. F., Wang, M., Al-Hatmi, A. M. S., Menezes, N. D. S., et al. (2020). A re-evaluation of the Chaetothyriales using criteria of comparative biology. Fungal Divers. 103, 47–85. doi: 10.1007/s13225-020-00452-8

 Rakeman, J. L., Bui, U., Lafe, K., Chen, Y. C., Honeycutt, R. J., and Cookson, B. T. (2005). Multilocus DNA sequence comparisons rapidly identify pathogenic molds. J. Clin. Microbiol. 43, 3324–3333. doi: 10.1128/JCM.43.7.3324-3333.2005

 Rambaut, A. (2019) FigTree tree figure drawing tool version 131; Institute of Evolutionary 623 Biology (Edinburgh, Scotland: University of Edinburgh). Available at: http://treebioedacuk/software/figtree/ (Accessed 12 June 2023).

 Réblová, M., Hubka, V., Thureborn, O., Lundberg, J., Sallstedt, T., Wedin, M., et al. (2016). From the tunnels into the treetops: new lineages of black yeasts from biofilm in the Stockholm metro system and their relatives among ant-associated fungi in the Chaetothyriales. PloS One 11, 163396. doi: 10.1371/journal.pone.0163396

 Rehner, S. A., and Samuels, G. J. (1994). Taxonomy and phylogeny of gliocladium analyzed from nuclear large subunit ribosomal DNA sequences. Mycol. Res. 98, 625–634. doi: 10.1016/S0953-7562(09)80409-7

 Rodríguez-Andrade, E., Stchigel, A. M., Guarro, J., and Cano-Lira, J. F. (2019). Fungal diversity of deteriorated sparkling wine and cork stoppers in Catalonia, Spain. Microorganisms 8, 12. doi: 10.3390/microorganisms8010012

 Ronquist, F., and Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 19, 1572–1574. doi: 10.1093/bioinformatics/btg180

 Saccardo, P. A. (1883). “Sylloge Pyrenomycetum, Vol. II,” in Sylloge Fungorum, vol. 2, Johnson Reprint Corperation, New York.1–288.

 Sánchez, R. M., Miller, A. N., and Bianchinotti, M. V. (2019). New species of Capronia (Herpotrichiellaceae, Ascomycota) from Patagonian forests, Argentina. Plant Fungal Syst. 64, 81–90. doi: 10.2478/pfs-2019-0009

 Scott, J. A., Untereiner, W. A., Ewaze, J. O., Wong, B., and Doyle, D. (2007). Baudoinia, a new genus to accommodate Torula compniacensis. Mycologia 99, 592–601. doi: 10.3852/mycologia.99.4.592

 Seifert, K. A., Hughes, S. J., Boulay, H., and Louis-Seize, G. (2007). Taxonomy, nomenclature and phylogeny of three cladosporium-like hyphomycetes, Sorocybe resinae, Seifertia azaleae and the Hormoconis anamorph of Amorphotheca resinae. Stud. Mycol. 58, 235–245. doi: 10.3114/sim.2007.58.09

 Selbmann, L., Isola, D., Egidi, E., Zucconi, L., Gueidan, C., de Hoog, G. S., et al. (2014). Mountain tips as reservoirs for new rock-fungal entities: Saxomyces gen. nov. and four new species from the Alps. Fungal Divers. 65, 167–182. doi: 10.1007/s13225-013-0234-9

 Seyedmousavi, S., Badali, H., Chlebicki, A., Zhao, J., Prenafeta-Boldú, F. X., and de Hoog, G. S. (2011). Exophiala sideris, a novel black yeast isolated from environments polluted with toxic alkyl benzenes and arsenic. Fungal Biol. 115, 1030–1037. doi: 10.1016/j.funbio.2011.06.004

 Shen, M., Zhang, J. Q., Zhao, L. L., Groenewald, J. Z., Crous, P. W., and Zhang, Y. (2020). Venturiales. Stud. Mycol. 96, 185–308. doi: 10.1016/j.simyco.2020.03.001

 Spegazzini, C. (1909). Mycetes argentinenses. Series IV. Anales Mus. Nac. Hist. Nat. Buenos Aires 3, 257–458.

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

 Sun, W., Su, L., Yang, S., Sun, J., Liu, B., Fu, R., et al. (2020). Unveiling the hidden diversity of rock-inhabiting fungi: Chaetothyriales from China. J. Fungi 6, e187. doi: 10.3390/jof6040187

 Tanabe, H., Kawasaki, M., Mochizuki, T., and Ishizaki, H. (2004). Species identification and strain typing of Fonsecaea pedrosoi using ribosomal RNA gene internal transcribed spacer regions. Jpn. J. Med. Mycol. 45, 105–112. doi: 10.3314/jjmm.45.105

 Teixeira, M. M., Moreno, L. F., Stielow, B. J., Muszewska, A., Hainaut, M., Gonzaga, L., et al. (2017). Exploring the genomic diversity of black yeasts and relatives (Chaetothyriales, Ascomycota). Stud. Mycol. 86, 1–28. doi: 10.1016/j.simyco.2017.01.001

 Tesei, D. (2022). Black fungi research: out-of-this-world implications. Encyclopedia 2, 212–229. doi: 10.3390/encyclopedia2010013

 Thitla, T., Kumla, J., Khuna, S., Lumyong, S., and Suwannarach, N. (2022). Species diversity, distribution, and phylogeny of Exophiala with the addition of four new species from Thailand. J. Fungi 8, 766. doi: 10.3390/jof8080766

 Tian, Q., Chomnunti, P., Lumyong, S., Liu, J. K., and Hyde, K. D. (2021). Phylogenetic relationships and morphological reappraisal of Chaetothyriales. Mycosphere 12, 1157–1261. doi: 10.5943/mycosphere/12/1/15

 Tian, Q., Doilom, M., Luo, Z., Chomnunti, P., Bhat, J. D., Xu, J., et al. (2016). Introducing Melanoctona tectonae gen. et sp. nov. and Minimelanolocus yunnanensis sp. nov. (Herpotrichiellaceae, Chaetothyriales). Cryptogam. Mycol. 37, 477–492. doi: 10.7872/crym/v37.iss4.2016.477

 Tran-Ly, A. N., Reyes, C., Schwarze, F. W. M. R., and Ribera, J. (2020). Microbial production of melanin and its various applications. World J. Microbiol. Biotechnol. 36, 170. doi: 10.1007/s11274-020-02941-z

 Tsuneda, A., Hambleton, S., and Currah, R. S. (2011). The anamorph genus Knufia and its phylogenetically allied species in Coniosporium, Sarcinomyces, and Phaeococcomyces. Botany 89, 523–536. doi: 10.1139/b11-041

 Untereiner, W. A. (1997). Taxonomy of selected members of the ascomycete genus Capronia with notes on anamorph-teleomorph connections. Mycologia 89, 120–131. doi: 10.2307/3761181

 Untereiner, W. A., and Naveau, F. A. (1999). Molecular systematics of the Herpotrichiellaceae with an assessment of the phylogenetic positions of Exophiala dermatitidis and Phialophora americana. Mycologia 91, 67–83. doi: 10.1080/00275514.1999.12060994

 Untereiner, W. A., Straus, N. A., and Malloch, D. (1995). A molecular-morphotaxonomic approach to the systematics of the Herpotrichiellaceae and allied black yeasts. Mycol. Res. 99, 897–913. doi: 10.1016/s0953-7562(09)80748-x

 Usui, E., Takashima, Y., and Narisawa, K. (2016). Cladophialophora inabaensis sp. nov., a new species among the dark septate endophytes from a secondary forest in Tottori, Japan. Microbes Environ. 31, 357–360. doi: 10.1264/jsme2.ME16016

 Vasse, M., Voglmayr, H., Mayer, V., Gueidan, C., Nepel, M., Moreno, L., et al. (2017). A phylogenetic perspective on the association between ants (Hymenoptera: Formicidae) and black yeasts (Ascomycota: Chaetothyriales). Proc. R. Soc B 284, 20162519. doi: 10.1098/rspb.2016.2519

 Vicente, V. A., Najafzadeh, M. J., Sun, J., Gomes, R. R., Robl, D., Marques, S. G., et al. (2014). Environmental siblings of black agents of human chromoblastomycosis. Fungal Divers. 65, 47–63. doi: 10.1007/s13225-013-0246-5

 Vicente, V. A., Orélis-Ribeiro, R., Najafzadeh, M. J., Sun, J., Guerra, R. S., Miesch, S., et al. (2012). Black yeast-like fungi associated with Lethargic Crab Disease (LCD) in the mangrove-land crab, Ucides cordatus (Ocypodidae). Vet. Microbiol. 158, 109–122. doi: 10.1016/j.vetmic.2012.01.031

 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

 Vitale, R. G., and de Hoog, G. S. (2002). Molecular diversity, new species and antifungal susceptibilities in the Exophiala spinifera clade. Med. Mycol. 40, 545–556. doi: 10.1080/mmy.40.6.545.556

 Vu, D., Groenewald, M., de Vries, M., Gehrmann, T., Stielow, B., Eberhardt, U., et al. (2019). Large-scale generation and analysis of filamentous fungal DNA barcodes boosts coverage for kingdom fungi and reveals thresholds for fungal species and higher taxon delimitation. Stud. Mycol. 92, 135–154. doi: 10.1016/j.simyco.2018.05.001

 Wan, Y., Bao, D. F., Luo, Z. L., Bhat, D. J., Xu, Y. X., Su, H. Y., et al. (2021). Two new species of Minimelanolocus (Herpotrichiellaceae, Chaetothyriales) from submerged wood in Yunnan, China. Phytotaxa 480, 45–56. doi: 10.11646/phytotaxa.480.1.4

 White, T. J., Bruns, T., Lee, S., and Taylor, J. W. (1990). “Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics,” in PCR Protocols: A Guide to Methods and Applications. Eds.  M. A. Innes, D. H. Gelfand, J. J. Sninsky, and T. J. White (San Diego, CA, USA: Academic Press), 315–322.

 Wijayawardene, N. N., Hyde, K. D., Al-Ani, L. K. T., Tedersoo, L., Haelewaters, D., Rajeshkumar, K. C., et al. (2020). Outline of Fungi and fungus-like taxa. Mycosphere 11, 1060–1456. doi: 10.5943/mycosphere/11/1/8

 Wijayawardene, N. N., Hyde, K. D., Dai, D. Q., Sánchez-García, M., Goto, B. T., Saxena, R. K., et al. (2022). Outline of Fungi and fungus-like taxa – 2021. Mycosphere 13, 53–453. doi: 10.5943/mycosphere/13/1/2

 Wollenzien, U., de Hoog, G. S., Krumbein, W. E., and Urzí, C. (1995). On the isolation of microcolonial fungi occurring on and in marble and other calcareous rocks. Sci. Total Environ. 167, 1–3. doi: 10.1016/0048-9697(95)04589-S

 Woo, P. C., Ngan, A. H., Tsang, C. C., Ling, I. W., Chan, J. F., Leung, S. Y., et al. (2013). Clinical spectrum of exophiala infections and a novel Exophiala species, Exophiala hongkongensis. J. Clin. Microbiol. 51, 260–267. doi: 10.1128/JCM.02336-12

 Yang, X. Q., Feng, M. Y., and Yu, Z. F. (2021). Exophiala pseudooligosperma sp. nov., a novel black yeast from soil in southern China. Int. J. Syst. Evol. Microbiol. 71, 5116. doi: 10.1099/ijsem.0.005116

 Yang, G. Z., Lu, J., Yu, Z., Zhang, K., and Qiao, M. (2011). Uncispora sinensis, a new species from China. Mycotaxon 116, 171–174. doi: 10.5248/116.171

 Zeng, J. S., and de Hoog, G. S. (2008). Exophiala spinifera and its allies: diagnostics from morphology to DNA barcoding. Med. Mycol. 46, 193–208. doi: 10.1080/13693780701799217




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 © 2023 Thitla, Kumla, Hongsanan, Senwanna, Khuna, Lumyong and Suwannarach. 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: 04 September 2023

doi: 10.3389/fcimb.2023.1252387

[image: image2]


Exploring ascomycete diversity in Yunnan, China I: resolving ambiguous taxa in Phaeothecoidiellaceae and investigating conservation implications of fungi


Sinang Hongsanan 1,2, Rungtiwa Phookamsak 3,4,5*, Darbhe Jayarama Bhat 6,7, Dhanushka N. Wanasinghe 3,4,5, Itthayakorn Promputtha 8, Nakarin Suwannarach 1, Diana Sandamali 9, Saisamorn Lumyong 1,8,10, Jianchu Xu 3,4,5 and Ning Xie 2


1 Center of Excellence in Microbial Diversity and Sustainable Utilization, Chiang Mai University, Chiang Mai, Thailand, 2 Shenzhen Key Laboratory of Microbial Genetic Engineering, College of Life Sciences and Oceanography, Shenzhen University, Shenzhen, China, 3 Honghe Center for Mountain Futures, Kunming Institute of Botany, Chinese Academy of Sciences, Honghe, Yunnan, China, 4 CIFOR-ICRAF China Country Program, Kunming, Yunnan, China, 5 Centre for Mountain Futures (CMF), Kunming Institute of Botany, Kunming, Yunnan, China, 6 Department of Botany and Microbiology, College of Science, King Saud University, Riyadh, Saudi Arabia, 7 Vishnugupta Vishwavidyapeetam, Gokarna, India, 8 Department of Biology, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand, 9 Center of Excellence in Fungal Research, Mae Fah Luang University, Chiang Rai, Thailand, 10 Academy of Science, The Royal Society of Thailand, Bangkok, Thailand




Edited by: 

Yusufjon Gafforov, Academy of Sciences Republic of Uzbekistan (UzAS), Uzbekistan

Reviewed by: 

Qing Tian, University of Electronic Science and Technology of China, China

Hai-Xia Wu, Chinese Academy of Forestry, China

*Correspondence: 

Rungtiwa Phookamsak
 jomjam.rp2@gmail.com


Received: 03 July 2023

Accepted: 02 August 2023

Published: 04 September 2023

Citation:
Hongsanan S, Phookamsak R, Bhat DJ, Wanasinghe DN, Promputtha I, Suwannarach N, Sandamali D, Lumyong S, Xu J and Xie N (2023) Exploring ascomycete diversity in Yunnan, China I: resolving ambiguous taxa in Phaeothecoidiellaceae and investigating conservation implications of fungi. Front. Cell. Infect. Microbiol. 13:1252387. doi: 10.3389/fcimb.2023.1252387



Yunnan, located in southwestern China, is known for its high fungal diversity, and many of which are endemic to the region. As part of our ongoing studies on fungi in Yunnan, we introduce two new genera in Phaeothecoidiellaceae (Mycosphaerellales), to accommodate one Repetophragma-like and another Stomiopeltis-like taxa. Pseudorepetophragma gen. nov. is introduced herein as a monotypic genus to accommodate P. zygopetali comb. nov.(≡ Repetophragma zygopetali), whereas Pseudostomiopeltis gen. nov. is introduced to accommodate Ps. xishuangbannaensis gen. et sp. nov. and Ps. phyllanthi comb. nov.(≡ Stomiopeltis phyllanthi), based on a new collection from Yunnan. In addition, Stomiopeltis sinensis is transferred to Exopassalora as E. sinensis comb. nov. due to its phylogenetic affinity and grouped with E. zambiae, the generic type of Exopassalora. This study provides new insights into the biodiversity of fungal species in this region and adds to our understanding of their ecological roles, as well as the resolution to ambiguous taxa in Phaeothecoidiellaceae.
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1 Introduction

China is home to diverse climates and environments containing four of the world’s 36 biodiversity hotspots; of which, three hotspots, the mountain ranges of Southwest China, Eastern Himalaya, and Indo-Burma, intersect with the Yunnan Province (Feng and Yang, 2018; Cai et al., 2019). Yunnan has diverse climate types and environments and is significantly affected by the monsoon rains (abundant rainfall and resultant humid tropical evergreen rainforests). Diverse environments, complex topography and geography, and highly variable plant species allow fungi to specialize and flourish, and these also affect the fungal growth and distribution (Yang et al., 2004; Zhu et al., 2006; Feng and Yang, 2018; Wanasinghe et al., 2020). Furthermore, Yunnan is an agricultural province that cultivates a wide variety of agricultural and horticultural crops such as coffee (Arabica), commercial flowers, fruits (e.g., grapes, passion fruits, bananas, and mangoes), grains (e.g., rice), rubber, sugarcane, tea (Pu’er), tobacco, plantation trees (e.g., Yunnan pine, bamboo, and teak), vegetables as well as wild edible mushrooms (Li et al., 2011; Frayer et al., 2014; Zhang et al., 2014; Shen et al., 2017; ORO Yunnan Commerce, 2023). This also led Yunnan to host a high diversity of fungi that has not been studied so far.

According to Feng and Yang (2018), there may be approximately 104,000 fungal species existing in Yunnan, but only 6,000 are described, including roughly 3,000 species of higher fungi (Ascomycota and Basidiomycota), indicating that fewer than 5% of known species have been described in this province. Two prominent regions of Yunnan have been well documented on fungal diversity, viz., the Eastern Himalayas and Hengduan Mountains in northwestern Yunnan and the tropical region in southern and southwestern Yunnan, while the other parts remain a huge challenge (Feng and Yang, 2018).

Dothideomycetes is the largest and most diverse class of Ascomycota, containing 49 orders, 223 families, 1,765 genera, and over 19,000 species (Hongsanan et al., 2020a; Hongsanan et al., 2020b; Wijayawardene et al., 2022). Dothideomycetes was previously known as Loculoascomycetes (Nannfeldt, 1932; Luttrell, 1955; Barr, 1979; Eriksson, 1981; Barr and Huhndorf, 2001). The taxa in this class are commonly characterized by bitunicate, fissitunicate asci that are also shared with taxa in Arthoniomycetes and Eurotiomycetes (Hyde et al., 2013; Hongsanan et al., 2020a; Hongsanan et al., 2020b; Pem et al., 2021). However, Dothideomycetes can be distinguished from these two classes based on multigene phylogeny, their evolutionary relationships from molecular clock analysis, and ecological niches (Geiser et al., 2015; Schoch and Grube, 2015; Liu et al., 2017; Hongsanan et al., 2020a; Hongsanan et al., 2020b; Wijayawardene et al., 2022). Even though several genera and families of Dothideomycetes have been well-resolved based on molecular phylogeny in the past two decades, there are still over 200 genera that could not be classified into any families or orders due to the lack of informative phylogenetic markers and uncertain morphological features (Thambugala et al., 2014; Phillips et al., 2019; Abdollahzadeh et al., 2020; Haridas et al., 2020; Hongsanan et al., 2020a; Hongsanan et al., 2020b; Pem et al., 2021; Wijayawardene et al., 2022).

One of the Dothideomycetes orders, Mycosphaerellales, comprises eight families, 230 genera (including the doubtful taxa of Mycosphaerellaceae and genera incertae sedis), and over 4,200 species (Abdollahzadeh et al., 2020; Wijayawardene et al., 2022). The order encompassed ecologically and morphologically diverse fungi, including endophytes, epiphytes, lichenicolous fungi, phytopathogens, and saprobes (Abdollahzadeh et al., 2020). Of these, many genera of Mycosphaerellaceae are well-known as important plant pathogens that are quarantine regulated, such as Pseudocercospora angolensis causing fruit and leaf spot disease on citrus, and Septoria malagutii causing angular leaf spot on potato (Quaedvlieg et al., 2012; Videira et al., 2017). Mycosphaerellales was introduced by Kirk et al. (2001) to accommodate Mycosphaerellaceae and is characterized by small perithecial ascomata, often immersed to erumpent through the host surface by black papilla with lysigenous ostiole; the peridium composed of thin pseudoparenchymatous cells; lacking interascal tissue; asci fissitunicate, ovoid to saccate; and ascospores hyaline, septate, lacking mucilaginous sheath. Subsequently, Schoch et al. (2006) and Kirk et al. (2008) placed Mycosphaerellaceae in Capnodiales, and hence Mycosphaerellales was treated as a synonym of Capnodiales. Phylogenetic analyses of a concatenated large subunit (LSU), tef1-α, and rpb2 sequence dataset conducted by Abdollahzadeh et al. (2020) revealed that Mycosphaerellales represents a robust clade, accommodating eight families, viz., Cystocoleaceae, Dissoconiaceae, Extremaceae, Mycosphaerellaceae, Neodevriesiaceae, Phaeothecoidiellaceae, Schizothyriaceae, and Teratosphaeriaceae. Hence, Abdollahzadeh et al. (2020) resurrected the order Mycosphaerellales as distinct from Capnodiales and also provided an amended description for the order.

Family Phaeothecoidiellaceae, a member of Mycosphaerellales, was introduced by Hongsanan et al. (2017) to accommodate the genera Chaetothyrina, Houjia, and Phaeothecoidiella. Members of this family are well-known as sooty blotch/flyspeck fungi which were frequently found as epiphytes or pathogens on fruits, leaves, and stems (Hongsanan et al., 2017; Hongsanan et al., 2020b). Subsequently, Zeng et al. (2018) introduced a new genus Translucidithyrium to this family. Hongsanan et al. (2020b) updated the taxonomic status of Phaeothecoidiellaceae and treated Nowamycetaceae as a synonym of Phaeothecoidiellaceae by transferring Nowamyces to Phaeothecoidiellaceae. Therefore, Hongsanan et al. (2020b) accepted five genera in Phaeothecoidiellaceae, while Wijayawardene et al. (2022) listed nine genera in this family, viz., Chaetothyrina, Exopassalora, Houjia, Neochaetothyrina, Nowamyces, Phaeothecoidiella, Rivilata, Sporidesmajora, and Translucidithyrium.

Exopassalora was established by Videira et al. (2017) to accommodate a single species, previously described as Passalora zambiae (Crous et al., 2004). The genus is characterized by irregularly branched, septate mycelium, composed of brown hyphae, with dark brown chlamydospore-like hyphal swellings; medium brown, smooth, simple or branched conidiophore-bearing terminal and intercalary, subcylindrical, pale to medium brown sympodially proliferating, polyblastic, conidiogenous cells, with darkened, conspicuous conidiogenous loci, and medium brown, smooth, narrowly ellipsoidal, tapering to subtruncate conidia with thickened and darkened hila and produced in simple or branched chains (Videira et al., 2017). According to Videira et al. (2017), Exopassalora zambiae formed a clade with Exopassalora sp. CBS 118964 in Phaeothecoidiellaceae and was phylogenetically distant from other Passalora species in Mycosphaerellaceae. Videira et al. (2017) reassigned most Passalora sensu lata into new genera.

Repetophragma, typified by R. biseptatum (≡Sporidesmium biseptatum), was introduced by Subramanian (1992), to accommodate Sporidesmium-like species with holoblastic, annellidic, percurrently proliferating conidiogenous cells and phragmoseptate conidia and initially included nine species previously known in Sporidesmium. Subsequently, many species were accommodated in Repetophragma based solely on morphological characterizations (McKenzie, 1995; Mena-Portales et al., 2000; Wu and Zhuang, 2005; Castañeda-Ruiz et al., 2006; Marincowitz et al., 2008; Silvera-Simón et al., 2009; Castañeda-Ruiz et al., 2011; Rambelli et al., 2011; Castañeda-Ruiz et al., 2013; Ma et al., 2014; Buyck et al., 2017; Wang et al., 2017; Ai et al., 2019). Even though, there are 40 species epithets available for Repetophragma in Index Fungorum (2023), most of them lack molecular data to clarify their phylogenetic placements. Only four species, namely, R. goidanichii, R. inflatum, R. ontariense, and R. zygopetali, have molecular data available in GenBank. Of these, R. ontariense was treated as a synonym of Vargamyces aquaticus (Amniculicolaceae, Pleosporales) by Hernández-Restrepo et al. (2017), whereas R. goidanichii was placed in Venturiaceae (Venturiales, Dothideomycetes) and R. inflatum was placed in Xylariales incertae sedis (Hernández-Restrepo et al., 2017). This concurs with the phylogenetic studies conducted by Shenoy et al. (2006). Unfortunately, the genus has not yet been clarified in terms of its generic placement based on the molecular data of the type species, R. biseptatum. Hence, the phylogenetic affinity of Repetophragma sensu stricto remains uncertain pending further study.

Stomiopeltis was introduced by Theissen (1914) to initially accommodate a single species S. aspersa which was collected on the leaves of Laurus sp. in India. Subsequently, many species—mostly in the 19th century—that lacked molecular data to clarify their phylogenetic placement were included in the genus (Luttrell, 1946; Müller and von Arx, 1962; Index Fungorum, 2023). Stomiopeltis has been reported as a pathogen causing sooty blotch/flyspeck disease but has also been found as a saprobe on fruits (Mayfield et al., 2013; Ajitomi et al., 2017; Jayasiri et al., 2019; Batzer et al., 2022). The genus is scarcely known, and only a few species have molecular data available in GenBank (Crous et al., 2019; Jayasiri et al., 2019; Renard et al., 2020). Most Stomiopeltis-like isolates were treated as Stomiopeltis sp. (Ajitomi et al., 2017; Batzer et al., 2022). An updated taxonomic treatment of Stomiopeltis was carried out by Zeng et al. (2019) who treated the genus in Capnodiales incertae sedis, and this was followed by Hongsanan et al. (2020b) and Wijayawardene et al. (2022). Whereas Renard et al. (2020) demonstrated that Stomiopeltis is polyphyletic, forming clades within the orders Microthyriales and Venturiales. Since the type species of Stomiopeltis, S. aspersa, has not yet been sequenced, the phylogenetic status of Stomiopeltis remains doubtful and also pending further study.

Several taxonomic studies of Dothideomycetes in Yunnan have been published in the past few years (Tibpromma et al., 2018; Phookamsak et al., 2019; Dong et al., 2020; Hyde et al., 2020; Li et al., 2020; Mortimer et al., 2021; Wanasinghe et al., 2021; Yang et al., 2022). Even though these studies resulted in a substantial increase in the number of described microfungi in Yunnan, there is still a glaring knowledge gap in our understanding of the fungi in this region. The present study aims to introduce two novel genera, one novel species, and three new combinations of Phaeothecoidiellaceae in Yunnan, based on molecular phylogeny coupled with morphological characteristics.




2 Materials and methods



2.1 Sample collection, morphological examination, isolation, and preservation

The sample was collected from Xishuangbanna, Yunnan Province, China in 2021. The sample was stored in a plastic Ziploc bag and returned to the laboratory for observation and examination. Fungal fruiting bodies on host substrates were observed using an Olympus SZ61 series stereomicroscope. Micro-morphologies on squash-mount slides were observed and photographed using a Nikon ECLIPSE Ni-U compound microscope equipped with a Nikon DS-Ri2 camera. Congo red was used to stain the conidiomatal centrum for clarity of conidiophores and conidiogenous cells. Lacto-glycerol was added to preserve important morphological features on permanent slides and edges of the coverslip were sealed with nail polish. All morphological features were measured using Tarosoft (R) Image FrameWork version 0.9.7., and the photographic plate was processed using Adobe Photoshop CS6 software (Adobe Systems Inc., San Jose, CA, USA).

Fungal pure culture was obtained by single spore isolation, according to the methods described in Senanayake et al. (2020). The germinated spores were transferred to freshly sterilized potato dextrose agar (PDA) and incubated under normal light at 20°C–25°C. Culture characteristics were observed and recorded after one- and four-week intervals. The specimen was deposited in the Herbarium of Cryptogams Kunming Institute of Botany Academia Sinica (KUN-HKAS), China. Axenic living cultures were preserved at the collection of Rungtiwa Phookamsak housed at Honghe Center for Mountain Futures (RPC) and duplicated in the Culture Collection of the Herbarium of Cryptogams Kunming Institute of Botany, Academia Sinica (KUNCC) Kunming, China. Index Fungorum numbers are provided for the newly described taxa.




2.2 DNA extraction, PCR amplification, and sequencing

Fungal genomic DNA was extracted from mycelia that grow on PDA for four weeks by using the Biospin Fungus Genomic DNA Extraction Kit (BioFlux®, Hangzhou, China) according to the manufacturer’s protocol. The conditions for the polymerase chain reaction (PCR) were determined using the primer pairs LR0R/LR5 (Vilgalys and Hester, 1990) to amplify the 28S large subunit region (LSU), and ITS4/ITS5 (White et al., 1990) to amplify the internal transcribed spacer region (ITS: ITS1-5.8S-ITS2). The amplification of ITS and LSU was carried out with setting times and temperatures for the initialization, denaturation, annealing, and final extension periods following Phookamsak et al. (2017).

The final PCR reaction component was 25 µl, containing 12.5 μl Master Mix (mixture of EasyTaqTM DNA Polymerase, dNTPs, and optimized buffer; Beijing TransGen Biotech Co., Ltd., Chaoyang District, Beijing, China), 8.5 µl of double-distilled water (ddH2O), 1 μl of each forward and reverse primer (10 μm), and 2 μl DNA template. The PCR products were sent to TsingKe Biological Technology, Kunming City, Yunnan Province, China, for purification and Sanger sequencing. The consensus sequences of the newly generated strains are available to the scientific community via submission to GenBank.




2.3 Sequence alignment and phylogenetic analyses

The chromatograms of sequence results were checked, manually edited, trimmed, and assembled into consensus sequences using SeqMan Pro version 11.1.0 (DNASTAR, Inc. Madison, WI, USA). The consensus sequences of the newly generated strains were blasted using the nucleotide BLAST search tool on the NCBI website to search for closely related species in the GenBank database. Sequence data obtained from this study, the closely related species from nucleotide BLAST search, and previous studies were downloaded from GenBank to supplement the datasets (Table 1). The dataset was prepared to generate the phylogenetic trees for taxa in Mycosphaerellales. Each sequence dataset was aligned using MAFFT (Katoh et al., 2019) and checked manually in Bioedit (Hall, 2004). Maximum likelihood (ML) and Bayesian analysis (BI) were conducted based on the individual datasets.


Table 1 | Species details and GenBank accession numbers used in the phylogenetic analysis of Phaeothecoidiellaceae (Mycosphaerellales) and other related families and orders.



Maximum likelihood analyses were performed in RAxML-HPC v.8 on the XSEDE (8.2.12) tool in the online web portal CIPRES Science Gateway v. 3.3 using default settings but following adjustments with 1,000 bootstrap replications. The BI analyses were conducted via the same web portal as in ML, with two different runs, and six chains were executed. The initial 25% of sample trees were treated as burn-in and discarded. The trees were visualized using Figtree v. 1.4.0 (Rambaut, 2014) and edited in Adobe Illustrator version 20.0.0.





3 Results



3.1 Molecular phylogeny

The phylogenetic tree which represented novel taxa in Phaeothecoidiellaceae was constructed using sequence data from ITS and LSU genes. A total of 66 strains of taxa in the family Phaeothecoidiellaceae, representative of other related families in Capnodiales, Cladosporiales, Microthyriales, and Mycosphaerellales, were included, with two strains of Botryosphaeria fusispora (MFLUCC 10-0098) and Lasiodiplodia gonubiensis (CBS 115812) as the outgroup. The aligned dataset contained 1,808 characters, including gaps. The best-scoring RAxML tree was selected to represent the relationships among taxa, with a final likelihood value of -17,660.527024. The matrix contained 1,121 distinct alignment patterns, with estimated base frequencies of A = 0.240165, C = 0.248028, G = 0.296115, T = 0.215692; substitution rates AC = 1.209829, AG = 1.862907, AT = 1.368661, CG = 1.131373, CT = 4.503418, GT = 1.000000; and gamma distribution shape parameter α = 0.495210 (Figure 1). For BI analysis, GTR + I + G was selected as the best-fit model by AIC in MrModeltest for each gene (ITS and LSU). Six simultaneous Markov chains were run for 3,000,000 generations, and trees were sampled every 100 generations. The first 25% of trees were discarded as the burn-in phase of the analyses, and the remaining trees were used for calculating posterior probabilities in the majority rule consensus tree (the critical value for the topological convergence diagnostic is 0.01), of which the final average standard deviation of split frequencies at the end of total MCMC generations was 0.009273.




Figure 1 | Phylogram of the best-scoring maximum likelihood (ML) consensus tree based on a combined dataset (ITS and LSU) of Pseudostomiopeltis. The new species is indicated in blue, and the new combination species are indicated in green. Isolates from type materials are in bold. The ML ultrafast bootstrap and Bayesian PP values greater than 70% and 0.95 are shown at the nodes. The tree is rooted with Botryosphaeria fusispora (MFLUCC 10-0098) and Lasiodiplodia gonubiensis (CBS 115812).



Our new isolate shared the branch length with Stomiopeltis sp. (RS7.2), with significant support (93% ML, 0.99 BYPP, Figure 1), and formed a well-resolved subclade with Stomiopeltis sp. (strains RS7 SP5_150Ca and RS7.1) within Phaeothecoidiellaceae (Mycosphaerellales). According to Renard et al. (2020), Stomiopeltis is polyphyletic. Moreover, in comparison with the type of Stomiopeltis examined by Zeng et al. (2018), our new isolate is morphologically distinguishable from S. aspersa, the generic type of Stomiopeltis, based on the upper wall arrangement. Hence, the new genus Pseudostomiopeltis is introduced herein to accommodate the new species, Ps. xishuangbannaensis, and Stomiopeltis sensu lato in this subclade. Furthermore, Repetophragma zygopetali (VIC 42946, ex-type strain) formed an independent lineage basal to the genus Chaetothyrina and Stomiopeltis spp. (strains It-s, To-f, RS3.3 SP8_291Ca, RS3.4 SP12_391Ca, RS3.1 SP13_438Fb, and RS3.1 MI3_24F1a). According to Shenoy et al. (2006), Repetophragma has shown to be polyphyletic, affiliating in different families and orders of Dothideomycetes and Sordariomycetes. Moreover, the generic type of Repetophragma, R. biseptatum, lacks molecular data to clarify its phylogenetic placement. Hence, the new genus Pseudorepetophragma is introduced herein to accommodate R. zygopetali as Pseudorepetophragma zygopetali comb. nov. based on phylogenetic evidence and morphological distinction in the conidiogenous proliferations, whereas Stomiopeltis sinensis clustered with Exopassalora zambiae (CBS 125225, ex-type strain) and Stomiopeltis spp. (strains S1-13.G3 M6.CHS#5, MHCRS11R-Gp010, RS4.1 TN1_6.3E2a, and RS4.1/T58C4d) with significant support (84% ML, 0.98 BYPP; Figure 1). Thus, S. sinensis is also transferred to Exopassalora as E. sinensis comb. nov.




3.2 Taxonomy

Exopassalora sinensis (Jayasiri, E.B.G. Jones and K.D. Hyde) Phookamsak and Hongsanan, comb. nov.

Index Fungorum number: IF 900623

≡ Stomiopeltis sinensis Jayasiri, E.B.G. Jones and K.D. Hyde, in Jayasiri, Hyde, Jones, McKenzie, Jeewon, Phillips, Bhat, Wanasinghe, Liu, Lu, Kang, Xu and Karunarathna, Mycosphere 10(1): 129 (2019)

Detailed description: See Jayasiri et al. (2019).

Notes: Exopassalora sinensis was first introduced as a saprobic fungus on decaying fruit pericarp of Harpephyllum in Yunnan, China (Jayasiri et al., 2019). The species is represented by its sexual morph having superficial, rounded thyriothecia, dark brown, textura angularis cell-layered peridium, 4-spored, fissitunicate, oblong to subglobose asci embedded in filiform, unbranched, septate pseudoparaphyses, and hyaline, obovoid to ellipsoid, 1-septate ascospores (Jayasiri et al., 2019). Phylogenetic analyses (Figure 1) demonstrated that the species formed a well-resolved clade with Exopassalora zambiae (CBS 125225, ex-type strain) and unnamed Stomiopeltis spp. within Phaeothecoidiellaceae. Morphologically, the species could not be compared with E. zambiae due to the representative different morphs. Therefore, the species is transferred to Exopassalora herein based on phylogenetic evidence.

Pseudorepetophragma Phookamsak, Bhat and Hongsanan, gen. nov.

Index Fungorum number: IF 900624

Etymology: The generic epithet “Pseudorepetophragma” refers to the genus that is morphologically resembling Repetophragma.

Fungus associated with sooty blotch on living leaves of Zygopetalum mackayi (Orchidaceae). Sexual morph: Undetermined. Asexual morph: Colonies effuse, black, forming a dark mycelial mat. Mycelium superficial, composed of septate, branched, dark brown hyphae. Conidiophores macronematous, mononematous, simple, erect, septate, straight, or slightly narrow toward the apex, percurrently proliferating, septate, dark brown to brown. Conidiogenous cells monoblastic, enteroblastic, integrated, terminal, conspicuously percurrent, with apices remaining wavy or uneven after each conidial secession. Conidia acrogenous, solitary, brown, dark brown, cylindrical to obclavate, with truncate base, septate, thick, and smooth-walled. Conidial secession schizolytic (adapted from Buyck et al., 2017).

Type species: Pseudorepetophragma zygopetali (O.L. Pereira, Meir. Silva and R.F. Castañeda) Phookamsak, Bhat and Hongsanan

Notes: Subramanian (1992) established the genus Repetophragma and accommodated some species previously described as Sporidesmium. The genus is characterized by macronematous, brown, solitary, septate conidiophores, with monoblastic, enteroblastic, integrated, terminal, percurrently proliferating, and distinctly annellidic conidiogenous cells and acrogenous, solitary, dry, euseptate, conidia with a truncate base (Subramanian, 1992; Castañeda-Ruiz et al., 2011). Castañeda-Ruiz et al. (2011) re-illustrated the genus by providing the synopsis table of morphological features and key to the species of Repetophragma. Based on this comprehensive study, Castañeda-Ruiz et al. (2011) introduced a novel species, R. paracambrense, and 12 new combinations in the genus. Of these, most species were previously known in Endophragmiella and Sporidesmium. Considering the species of Repetophragma, most of the accepted species have annellidic, percurrent proliferations of the conidiogenous cells bearing euseptate conidia with apically rounded, well-defined, and without rostrate or appendiculate apical cell (Iturriaga et al., 2008; Silvera-Simón et al., 2009). This led to the inclusion of morphologically diverse species in Repetophragma. The phylogenetic analyses inferred by Shenoy et al. (2006) and Hernández-Restrepo et al. (2017) also revealed the status of  some Repetophragma to be polyphyletic. Unfortunately, the phylogenetic affinity of Repetophragma is uncertain due to the lack of molecular data for the type species of Repetophragma. Furthermore, R. zygopetali formed an independent lineage within the Phaeothecoidiellaceae. Morphologically, R. zygopetali is similar to R. biseptatum in having monoblastic, enteroblastic, conspicuously percurrent conidiogenous cells. However, R. zygopetali can be distinguished from the rest of Repetophragma in having integrated, monoblastic, conspicuously percurrent but irregularly distanced conidiogenous cells with wavy or uneven apices after each conidial secession [Figure 29a in Buyck et al. (2017)] rather than equidistantly laid annellidic conidiogenous cells with even apices after each conidial secession (Subramanian, 1992; Seifert et al., 2011). Based on the morphological differences in the conidiogenous cells and phylogenetic analyses, we introduce the new genus Pseudorepetophragma to accommodate R. zygopetali as P. zygopetali comb. nov.

Pseudorepetophragma zygopetali (O.L. Pereira, Meir. Silva and R.F. Castañeda) Phookamsak, Bhat and Hongsanan, comb. nov.

Index Fungorum number: IF 900625

≡ Repetophragma zygopetali O.L. Pereira, Meir. Silva and R.F. Castañeda, in Buyck, Duhem, Das, Jayawardena, Niveiro, Pereira, Prasher, Adhikari, Alberto, Bulgakov, Castañeda-Ruíz, Hembrom, Hyde, Lewis, Michlig, Nuytinck, Parihar, Popoff, Ramirez, Da Silva, Verma and Hofstetter, Cryptog. Mycol. 38(1): 135 (2017)

Detailed description: See Buyck et al. (2017).

Notes: Pseudorepetophragma zygopetali was first introduced as Repetophragma zygopetali by Buyck et al. (2017) due to its morphological resemblance with R. dennisii, but differing in the size of conidiophores and conidia (Castañeda-Ruiz et al., 2011; Buyck et al., 2017). The species was reported as a sooty blotch fungus that occurred on Zygopetalum mackayi in Brazil, while other species of Repetophragma have been mostly reported as hyperparasites or saprobes (Ellis, 1963; Castañeda-Ruiz et al., 2011; Index Fungorun, 2023). Its life mode is fitted well with the genera in Phaeothecoidiellaceae, and this was confirmed by phylogenetic evidence.

Pseudostomiopeltis Phookamsak and Hongsanan, gen. nov.

Index Fungorum number: IF 900626

Etymology: The generic epithet “Pseudostomiopeltis” refers to the genus that resembles Stomiopeltis.

Epiphytic or saprobic on leaves and fruits. Sexual morph: Mycelium absence. Ascomata thyriothecial, black, solitary, gregarious, superficial, rounded, easily removed from the host surface. Upper wall composed of a thin layer of neatly arranged dark cells of textura angularis. Hamathecium lacking pseudoparaphyses. Asci 4-spored, bitunicate, fissitunicate, oblong to subglobose, with a minute pedicel. Ascospores uniseriate, hyaline, asymmetric, obovoid to ellipsoid, 1-septate, constricted at the septum, upper cell slightly broader than the lower cell (Adopted from Jayasiri et al., 2019). Asexual morph: Mycelium absence. Conidiomata thyriothecial, superficial, scattered, or in a small group, hemispherical, dimidiate-scutate, uniloculate, with a central, pore-like ostiole. Upper wall composed of a thin layer, of brown, radiating cells, with loosely irregular lobed cells at the margin. Peridium composed of 1–2 strata of textura angularis. Conidiophores reduced to conidiogenous cells. Conidiogenous cells arising from the innermost wall cells of the conidiomata, hyaline, enteroblastic, phialidic, lageniform to ampulliform, determinate, discrete, smooth-walled, with minute channel and collarette. Conidia solitary, hyaline, ellipsoidal to oblong, slightly truncate at the base, with obtuse apex, aseptate, smooth-walled, occasionally with attached conidiogenous cell. Sporulation in vitro forming dense, brown, compact hyphae on OA medium, with cream spore masses. Conidiophores hyaline, cylindrical to subcylindrical, septate, branched or unbranched, smooth-walled. Conidiogenous cells hyaline, enteroblastic, phialidic, terminal and intercalary, cylindrical to subcylindrical, aseptate, smooth-walled, with minute channel and collarette. Conidia solitary, hyaline, subglobose to ellipsoidal to oblong, with obtuse ends, aseptate, smooth-walled.

Type species: Pseudostomiopeltis xishuangbannaensis Phookamsak, Hongsanan, Wanas. and Bhat

Notes: Luttrell (1946) re-circumscribed the genus Stomiopeltis based on morphological studies and divided the species of Stomiopeltis into two groups based on the difference in the types of upper wall cell arrangements. The first group included the type species (S. aspersa) that has non-radiating upper wall cells, composed of disorderly arranged, irregularly lobed pseudoparenchymatous cells, while the second group has radiating upper wall cells, somewhat obscured by the curving and twisting of the radiating hyphae and by the irregularly lobed cells, which may be termed as “meandering plectenchyma”. Luttrell (1946) mentioned that the second group should be placed in Microthyriaceae. The phylogenetic analyses conducted by Renard et al. (2020) also showed that Stomiopeltis is polyphyletic due to S. betulae forming a clade within Microthyriales, while two Stomiopeltis-like species formed a clade with Tothia fuscella in Venturiales. The present phylogenetic analyses of a concatenated ITS and LSU sequence dataset demonstrated that our new isolate formed a well-resolved subclade with other Stomiopeltis sensu lato in Phaeothecoidiellaceae, Mycosphaerellales. Besides, the type species of Stomiopeltis, S. aspersa, has not yet been sequenced, and hence the phylogenetic affinity of Stomiopeltis sensu stricto is still uncertain.

Zeng et al. (2018) re-examined the holotype of Stomiopeltis aspersa and provided an updated morphological description that is characterized by superficial, brown, reticulate hyphae, flattened, circular, brown, thyriothecia with an irregular central ostiole. The upper wall comprises brown, meandrous, compact hyphae, lacking a basal plate. Asci are 8-spored, ellipsoidal, short-pedicellate, with an ocular chamber and ascospores are overlapping 2–3-seriate, hyaline, cylindrical, 1-septate, not constricted at the septum, with the upper cell shorter and broader than the lower cell. Morphologically, our new isolate could not be compared with the type of S. aspersa because they form different morphs. However, the new isolate is clearly distinguished from S. aspersa by the absence of superficial, brown, reticulate hyphae that penetrate the host and form hemispherical, dimidiate-scutate thyriothecia. Additionally, the upper wall of the thyriothecia radiates, and the cells at the margin are loosely and irregularly lobed, while S. aspersa has a non-radiating upper wall composed of sinuous, irregularly lobed cells [Figures 20c, d in Zeng et al. (2018)]. Furthermore, S. phyllanthi which formed a clade with our new isolate, is also different from S. aspersa in lacking superficial, reticulate hyphae on the host and pseudoparaphyses (Jayasiri et al., 2019). Based on phylogenetic evidence and morphological distinctiveness with the type of Stomiopeltis, we introduced the new genus Pseudostomiopeltis to accommodate the new species, Ps. xishuangbannaensis, while Stomiopeltis phyllanthi is also transferred to the new genus as Pseudostomiopeltis phyllanthi comb. nov.

Pseudostomiopeltis phyllanthi (Jayasiri, E.B.G. Jones and K.D. Hyde) Phookamsak and Hongsanan, comb. nov.

Index Fungorum number: IF 900639

≡ Stomiopeltis phyllanthi Jayasiri, E.B.G. Jones and K.D. Hyde, in Jayasiri, Hyde, Jones, McKenzie, Jeewon, Phillips, Bhat, Wanasinghe, Liu, Lu, Kang, Xu and Karunarathna, Mycosphere 10(1): 131 (2019)

Detailed description: See Jayasiri et al. (2019).

Notes: Pseudostomiopeltis phyllanthi was first introduced as Stomiopeltis phyllanthi by Jayasiri et al. (2019) which was found as a saprobe on the fruits of Phyllanthus emblica. The species formed a sexual morph and is characterized by black, superficial, rounded thyriothecia, with the upper wall neatly lined by dark cells of textura angularis, lacking pseudoparaphyses, with 4-spored, fissitunicate, oblong to subglobose asci, and hyaline, obovoid to ellipsoid, 1-septate ascospores (Jayasiri et al., 2019). The present phylogenetic analyses of a concatenated ITS and LSU sequence dataset demonstrated that the species formed a separate branch and is basal to the clade Pseudostomiopeltis with significant support (90% ML, 0.98 PP; Figure 1). Therefore, we transferred S. phyllanthi to Pseudostomiopeltis as Ps. phyllanthi comb. nov.

Pseudostomiopeltis xishuangbannaensis Phookamsak, Hongsanan, Wanas. and Bhat, sp. nov., Figure 2




Figure 2 | Pseudostomiopeltis xishuangbannaensis (KUN-HKAS 129044, holotype). (A) The appearance of conidiomata on host substrate. (B) Upper view of conidioma. (C) Vertical section of conidioma. (D) Section through the peridium. (E–G) Conidiogenous cells bearing conidia, arising from the inner cavities (note: G = stained with Congo red). (H–L) Conidia. (M) Sporulation on OA with cream conidial masses. (N) Conidiophores and conidiogenous cells in vitro. (O) Conidia sporulated in vitro. Scale bars: (B, C) = 20 μm, (D–L, N, O) = 5 μm.



Index Fungorum number: IF 900640

Etymology: The specific epithet “xishuangbannaensis” refers to the locality, Xishuangbanna Dai Autonomous Prefecture, Yunnan, China, where the holotype was collected.

Holotype: KUN-HKAS 129044

Epiphytic or saprobic on dead leaves of an unidentified dicot, hypophyllous, visible as small, circular, black dots, easily removed from the host surface. Sexual morph: Undetermined. Asexual morph: Conidiomata 85–120 µm high, 70–135 µm, thyriothecial, scattered, or in a small group, hemispherical, dimidiate-scutate, uni-loculate, with a central, pore-like ostiole. Upper wall composed of a thin layer, of brown, radiating cells, with loosely irregular lobed cells at the margin. Peridium 1.5–4 µm wide, composed of 1–2 strata of textura angularis. Conidiophores reduced to the conidiogenous cells. Conidiogenous cells 2.5–5 × 1.5–3 µm (x̄ = 3.9 × 2.3, n = 30), arising from the innermost wall cells of the conidiomata, hyaline, enteroblastic, phialidic, lageniform to ampulliform, determinate, discrete, smooth-walled, with minute channel and collarette. Conidia 7–9 × 2–4 µm (x̄ = 8.1 × 3.2, n = 30), solitary, hyaline, ellipsoidal to oblong, slightly truncate at the base, with obtuse apex, aseptate, smooth-walled, occasionally with attached conidiogenous cell.

Culture characteristics: Conidia germinated on PDA within 24 h. Colonies on OA reaching 25–28 mm in diam. after two weeks at room temperature (15°C–20°C). Colonies dense, circular, flattened to slightly raised, surface smooth with an entire edge, fairly fluffy to floccose; from above gray at the margin, becoming dark gray toward the center, with cream conidial masses; from below dark gray to black at the margin, white-gray at the middle, dark gray to black at the center, radiating. Sporulation in OA after two weeks, forming dense, brown, compact hyphae on OA medium, with cream spore masses. Mycelium 1.5–3 µm thick, brown, branched, septate, with compact hyphae. Conidiophores 10–30 × 1–3 µm (x̄ = 13.9 × 2.2, n = 30), hyaline, cylindrical to subcylindrical, septate, branched or unbranched, smooth-walled. Conidiogenous cells (5–)7–9 × 1–3 µm (x̄ = 7.8 × 1.9, n = 30), hyaline, enteroblastic, phialidic, terminal, cylindrical to subcylindrical, aseptate, smooth-walled, with minute channel and collarette. Conidia 2.5–4 × 1–2 µm (x̄ = 3 × 1.7, n = 30), solitary, hyaline, subglobose to ellipsoidal to oblong, with obtuse ends, aseptate, smooth-walled.

Material examined: China, Yunnan Province, Xishuangbanna Dai Autonomous Prefecture, Mengla County, Menglun, Xishuangbanna Tropical Botanical Garden, on dead leaves of an unidentified dicot, 11 January 2021, D.N. Wanasinghe, Xh5 (KUN-HKAS 129044, holotype), ex-type living culture, RPC 21-031 = KUNCC.

Notes: The NCBI nucleotide BLAST search of ITS sequence indicated that Pseudostomiopeltis xishuangbannaensis (RPC 21-031) is similar to Stomiopeltis sp. T49A1c with 99.82% similarity (identities = 557/558 with no gap), Stomiopeltis sp. T36A1b with 97.32% similarity (identities = 545/560 with 5 gaps), Stomiopeltis sp. RS7 with 96.25% similarity (identities = 539/560 with 5 gaps), and S. phyllanthi MFLU 18-2115 with 92.36% similarity (identities = 447/484 with 9 gaps). Similarly, the NCBI nucleotide BLAST search of LSU sequence indicated that Ps. xishuangbannaensis (RPC 21-031) is similar to Cf. Stomiopeltis sp. RS7.2 with 100% similarity (identities = 765/765, with no gap), Cf. Stomiopeltis sp. RS7.1 with 99.87% similarity (identities = 764/765, with no gap), and Stomiopeltis sp. RS7 with 99.76% similarity (identities = 834/836, with 1 gap), while the LSU of S. phyllanthi MFLU 18-2115 is misidentified. The closest hit using the LSU sequence of S. phyllanthi is Meyerozyma guilliermondii culture CBS:8105 with 100% similarity.

The phylogenetic analyses of a concatenated ITS and LSU sequence dataset (Figure 1) revealed that Pseudostomiopeltis xishuangbannaensis (RPC 21-031) has a close relationship with Ps. phyllanthi MFLU 18-2115 (≡ Stomiopeltis phyllanthi). A nucleotide pairwise comparison of ITS sequence indicated that Ps. xishuangbannaensis (RPC 21-031) differs from Ps. phyllanthi (MFLU 18-2115) in 38/485 bp (7.8%). Morphologically, Ps. xishuangbannaensis (RPC 21-031) could not be compared with Ps. phyllanthi as they formed different morphs.





4 Discussion

In the present study, two new genera, one new species, and three new combinations are described and illustrated based on morphology and phylogeny. The new genus, Pseudostomiopeltis, is introduced to accommodate the type species, Ps. xishuangbannaensis sp. nov. and Ps. phyllanthi com. nov. This genus belongs to Phaeothecoidiellaceae (Mycosphaerellales). The members of Pseudostomiopeltis share certain similar characteristics with Stomiopeltis which has been classified as a genus incertae sedis in Capnodiales by Wijayawardene et al. (2022). Stomiopeltis is a polyphyletic genus, and the sequence data of the type species are not available (Renard et al., 2020). It is interesting to note that the morphology of Stomiopeltis shows remarkable similarities to the species in Micropeltidaceae (Micropeltidales, Lecanoromycetes). However, molecular analysis has revealed that the majority of Stomiopeltis strains are classified in Phaeothecoidiellaceae (Mycosphaerellales), and most of these strains have not yet been identified at the species level. In the phylogenetic tree constructed using ITS and LSU sequence data (Figure 1), our new isolate clustered together with Cf. Stomiopeltis sp. RS7.2. Since the strain Cf. Stomiopeltis sp. RS7.2 has not been identified as its morphology is not available, we thus establish our strain as a new species. Whereas, S. phyllanthi is grouped with the clade of Pseudostomiopeltis with significant support (90% ML, 0.98 BYPP; Figure 1). Therefore, we transfer S. phyllanthi to Pseudostomiopeltis based on phylogenetic evidence, although the upper wall structure of S. phyllanthi could not be determined in this study.

Stomiopeltis syzygii is morphologically similar to Pseudostomiopeltis xishuangbannaensis sporulated in vitro in having subcylindrical, septate, branched or unbranched conidiophores, terminal and intercalary, phialidic, subcylindrical, hyaline conidiogenous cells, and hyaline, smooth, aseptate conidia (Crous et al., 2019). However, S. syzygii has slightly larger [(5–)8–10(–12) × 1.5 µm vs. 2.5–4 × 1–2 µm], subcylindrical conidia, whereas Ps. xishuangbannaensis sporulated in vitro has subglobose to ellipsoidal or oblong conidia. The phylogenetic analyses demonstrated that S. syzygii (CPC 36323, ex-type strain) formed a subclade with Stomiopeltis sp. RS1 PEC6a basal to Pseudostomiopeltis with low support. Hence, the species is tentatively excluded from Pseudostomiopeltis until taxon samplings are increased, providing a better phylogenetic resolution of Pseudostomiopeltis with uncertain Stomiopeltis spp. within Phaeothecoidiellaceae. It is notable that S. betulae clustered within Microthyriales. However, the phylogenetic placements of Stomiopeltis and its relationships with other genera remain unclear. Further sequence data and morphological studies are needed to confirm the placement of this genus.

Besides the phylogenetic investigation of Stomiopeltis sensu lato in Phaeothecoidiellaceae, Repetophragma zygopetali formed an independent lineage within Phaeothecoidiellaceae in the present study. Buyck et al. (2017) treated R. zygopetali in Micropeltidaceae (Micropeltidales, Lecanoromycetes) based on phylogenetic evidence that R. zygopetali formed a basal clade with Sporidesmajora pennsylvaniensis (CPC 16112), Houjia pomigena (CPC 16109), and H. yanglingensis (CPC 16110, CPC 16111, CPC 16113, and CPC 16114) in their analysis. Unfortunately, most Repetophragma species were identified based solely on morphological characteristics that distinguished them from Sporidesmium in having conidiophores with terminal annellations, suggestive of repeated percurrent proliferative conidiogenous cells (Subramanian, 1992). Whereas Sporidesmium species have non-hyphopodiate mycelium, simple non-proliferating conidiophores, or with irregularly distanced percurrent proliferations (Subramanian, 1992). Presently, Sporidesmium was accommodated in its own family (Sporidesmiaceae, Sporidesmiales, Sordariomycetes), whereas the phylogenetic affinity of Repetophragma sensu stricto is uncertain. Based solely on morphology, the taxonomy of Repetophragma remains ambiguous. Molecular data of species in Repetophragma is urgently needed to verify their congeneric status within Repetophragma and also clarify the phylogenetic affinity of Repetophragma.

Exopassalora was established to accommodate Passalora zambiae (Crous et al., 2004). The species was isolated from leaf spots of Eucalyptus globulus in Zambia. Crous et al. (2004) classified the species into Passalora due to its being phylogenetically distinct from other Mycosphaerella spp. known from Eucalyptus. Later, Videira et al. (2017) introduced many novel genera to accommodate Passalora sensu lato, including Exopassalora, based on multigene phylogenetic evidence. The sexual morph of E. zambiae is known only for its asci and ascospores, prepared onto the slide (Crous et al., 2004). In the present phylogenetic analyses, Stomiopeltis sinensis formed a separate branch basal to Exopassalora. Hence, the species is transferred to Exopassalora, as E. sinensis comb. nov., based on phylogenetic evidence. Morphologically, E. sinensis could be only compared with E. zambiae in ascospore characters that are similar in having hyaline, 1-septate ascospores (Crous et al., 2004; Jayasiri et al., 2019). Moreover, E. zambiae was found on leaf spots of Eucalyptus globulus, while Stomiopeltis spp. clustered in the subclade of Exopassalora were found as sooty blotch and flyspeck fungi on apples and pears (Batzer, 2005; Ismail et al., 2016). In contrast, E. sinensis was isolated from decaying fruit pericarp of Harpephyllum sp. (wild plum). It is presumable that the species may occur on fresh fruits of Harpephyllum as parasites and continue living on dead fruits as a saprobe, similar to Pseudostomiopeltis xishuangbannaensis. However, the change in life mode may need further study for a better understanding of the pathogenic capabilities of these species.

Most genera of Phaeothecoidiellaceae were known as pathogenic fungi causing sooty blotch and flyspeck or leaf spot diseases on various hosts worldwide (Crous et al., 2004; Batzer, 2005; Yang et al., 2010; Ismail et al., 2016; Buyck et al., 2017; Hongsanan et al., 2017; Zeng et al., 2018; Crous et al., 2019; Hongsanan et al., 2020b; Crous et al., 2021). Species of Chaetothyrina, Houjia, Phaeothecoidiella, Sporidesmajora, Stomiopeltis-like spp., and Translucidithyrium have been reported as sooty blotch and flyspeck fungi, mainly occurring on apples and pears (Batzer, 2005; Yang et al., 2010; Ismail et al., 2016; Hongsanan et al., 2017; Zeng et al., 2018; Hongsanan et al., 2020b; Li et al., 2020), while species of Exopassalora and Nowamyces have been reported as fungi associated with leaf spot diseases (Crous et al., 2004; Crous et al., 2019). Neochaetothyrina, on the other hand, has been reported as a saprobe on Syzygium (Crous et al., 2021). In the present study, Pseudostomiopeltis phyllanthi and Ps. xishuangbannaensis were found as saprobes on fruits and leaves of dicots. However, Stomiopeltis-like spp. clustered with Pseudostomiopeltis were reported as sooty blotch and flyspeck fungi on apples (Mayfield et al., 2013). This leads to questioning that Pseudostomiopeltis may also be capable of causing sooty blotch and flyspeck disease.

Yunnan is a region known for its high biodiversity, serving as a critical habitat for numerous species. However, this region is under threat from habitat loss, climate change, and various human activities. Among these factors, climate change is a major threat to the biodiversity in Yunnan. As global temperatures continue to rise, the region may experience changes in precipitation patterns and temperature regimes that could potentially impact the distribution and survival of numerous species, including fungi. Despite these challenges, there are also opportunities for biodiversity conservation in Yunnan. Scientific research and monitoring play crucial roles in providing valuable information for the biodiversity conservation efforts in the region. The discovery of novel taxa highlights the rich fungal diversity in Yunnan and contributes to our understanding of the ecological roles of fungi in forest ecosystems. The description and documentation of these new taxa not only provide important information on fungi useful in future research but also enhance our knowledge of conservation efforts in the region. By expanding our understanding of the biodiversity of Yunnan, we can better protect and manage its unique ecosystems and ensure the long-term survival of its species.
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GenBank accession no.

Species Specimen no. REEE
ITS nLsU
Fuscoporia acutimarginata Dai 15137 MHO050751 MHO050765 MN848821 Chen and Dai, 2019
F. acutimarginata Dai 16892 MHO050752 MHO050766 MN848822 Chen and Dai, 2019
F. ambigua Cui 9244 MN816706 MN809995 MN848804 Du et al,, 2020
F. ambigua JV 0509/151 MN816707 MN809996 = Du et al,, 2020
F. americana JV 1209/3-] - MG008466 - Chen et al,, 2019
F. americana JV 1209/100 KJ940022 MG008467 MH636384 Chen et al,, 2019
F. atlantica SP 445618 KP058515 KP058517 e Pires et al,, 2015
F. atlantica SP 465829 KP058514 KP058516 = Pires et al., 2015
F. australasica Dai 15625 MN816726 MN810018 MN848829 Chen et al,, 2020
F. australasica Dai 15636 MG008397 MG008450 MH636408 Chen et al,, 2019
F. australiana Dai 18672 MN816703 MN810014 MN848848 Chen et al,, 2020
F. australiana Dai 18879 MN816705 MNB810015 MNB848850 Chen et al,, 2020
F. bambusae Dai 16599 MNS816711 MN809999 MN848808 Chen et al,, 2020
F. bambusae Dai 16615 MNS816715 MN810001 MN848810 Chen et al,, 2020
F. callimorpha Dai 17388 MNI121765 MNI121824 = Chen and Dai, 2019
F. callimorpha Doll 868 MN816701 MN809992 MN848840 Chen et al,, 2020
F. caymanensis JV 1908/74 MT676832 MT676833 - Vlasak et al., 2020
F. caymanensis JV 1408/5 MWO009110 MWO009109 - Vlasak et al., 2020
F. centroamericana JV 1607/93 MG008444 MG008460 MH636389 Chen et al,, 2019
F. centroamericana 0908267 MGO008443 - - Chen et al,, 2019
F. chinensis Dai 15713 MN816721 MN810008 MN848846 Chen et al., 2020
F. chinensis Cui 11209 MNI121767 MN121826 = Chen and Dai, 2019
F. chrysea JV 1607/106-] MN816736 MN810027 MN848818 Chen et al,, 2020
F. cinchonensis Dai 19815 0P603023 OP600561 = Present study
F. contigua Dai 16025 MG008401 MG008454 MH636386 Chen et al,, 2019
F. contigua Dai 13567A MG008402 MG008455 MN848817 Chen and Dai, 2019
FE. costaricana JV 1407/92 MG008446 MG008461 MH636400 Chen et al,, 2019
F. costaricana JV 1504/85 MG008413 MG478454 MH636401 Chen et al,, 2019
F. dhofarensis ATN-007 OP593104 OP593105 OP597768 Hussain et al.,, 2022
F. eucalypti Dai 18783 MN816730 MN810021 MN848832 Chen et al,, 2020
F. eucalypti Dai 18792 MN816731 MN810022 MN848831 Chen et al,, 2020
F. ferrea MUCL 45984 KX961112 KY189112 MH636403 Chen and Yuan, 2017
F. ferrea Cui 11801 KX961101 KY189101 MN848823 Chen and Yuan, 2017
F. ferruginosa JV 0408/28 KX961103 KY189103 MH636397 Chen and Yuan, 2017
F. ferruginosa Dai 13200 MN816702 MN809993 MN848802 Chen et al,, 2020
‘ F. gilva JV 0709/75 USA MN816720 MN810007 MN848852 Chen et al,, 2020
F. gilva JV 1209/65 MN816719 MN810006 MN848851 Chen et al,, 2020
°F. gilva’ URM 83957 MH392545 MH407344 = Yuan et al., 2020
°F. gilva’ URM 91223 MH392550 MH407349 - Yuan et al., 2020
F. hainanensis Dai 16105 = (ON520809 ON616518 Chen et al,, 2022
F. hainanensis Dai 16110 = ON520810 ON616519 Chen et al,, 2022
F. hawaiiana JV 2208/H22-] 0Q817709 0Q817855 0Q849746 Present study
F. hawaiiana JV 2208/H30-] 0Q817710 0Q817856 0Q849747 Present study
F. insolita Spirin 5251 KJ677113 - - Spirin et al,, 2014
F. insolita Spirin 5208 MN816724 MN810016 MN848800 Chen et al,, 2020
F. karsteniana Dai 16552 MN816716 MN810002 MN848806 Chen et al,, 2020
F. karsteniana Dai 11403 MNB816717 MN810003 MN848807 Chen et al,, 2020
F. latispora JV 1109/48 MG008439 MG008468 MH636395 Chen et al,, 2019
F. latispora JV 0610/VII-Kout MG008436 MG008469 MH636396 Chen et al,, 2019
F. licnoides URM 84107 MH392556 MH407355 o Yuan et al., 2020
F. licnoides ‘URM 83001 MH392561 MH407357 = Yuan et al,, 2020
F. marquesiana URMS83094 MH392544 MH407343 = Yuan et al,, 2020
F. minutissima JV 2208/H12-] 0Q817711 0Q817857 0Q849748 Present study
F. minutissima JV 2208/H16-] 0Q817712 0Q817858 0Q849749 Present study
F. monticola Dai 10909 MG008410 . = Chen et al,, 2019
F. monticola Dai 11860 MG008406 MG008457 MH636390 Chen et al,, 2019
F. palomari JV 1004/5-] MN816737 = - Chen et al,, 2020
F. palomari JV 1305/3-] MN816738 MN810028 MN848801 Chen et al,, 2020
F. plumeriae Dai 17814 MNB816714 MNB810011 MNB48845 Chen et al,, 2020
F. plumeriae Dai 18858 MN816712 MN810010 MN848843 Chen et al,, 2020
F. pulviniformis CMW 48060 MH599101 MH599125 MT108959 Tchoumi et al,, 2020
F. pulviniformis CMW 48600 MH599102 MH599127 MT108960 Tchoumi et al,, 2020
F. punctatiformis Dai 17443 MHO050755 MHO050764 = Chen and Dai, 2019
F. punctatiformis Doll#872a MHO050753 = = Chen and Dai, 2019
F. ramulicola Dai 15723 MHO050749 MHO050762 MN848824 Chen and Dai, 2019
F. ramulicola Dai 16155 MHO050750 MHO050763 MN848825 Chen and Dai, 2019
F. roseocinerea JV 1407/84 MN816740 MN810030 MN848819 Chen et al,, 2020
F. roseocinerea JV 1109/78-] MN816742 MN810032 MN848820 Chen et al,, 2020
F. rufitincta JV 1008/25 KJ940029 KX058575 = Chen et al,, 2020
F. rufitincta JV 0904/142 KJ940030 KX058574 - Chen et al,, 2019
FE. sarcites JV 0402/20K MZ264225 MZ264218 = Wu et al,, 2022a
F. scruposa CMW 47749 MH599106 MH599129 MT108963 Yuan et al,, 2020
F. scruposa CMW 48145 MH599105 MH599130 MT108962 Yuan et al,, 2020
F. semiarida URMS3800 MH392562 MH407361 = Yuan et al., 2020
F. semiarida ‘URM82510 MH392563 MH407362 - Yuan et al,, 2020
F. senex MEL 2382630 KP012992 KP012992 - Chen et al,, 2020
F. senex KAUNP MK41 KP794600 s = Chen et al,, 2020
F. septiseta Dai 12820 MG008405 MN810033 MH636394 Chen et al,, 2019
F. septiseta JV 0509/78 MG008404 - - Chen et al., 2019
F. setifera Dai 15710 MHO050758 MH050767 MN848841 Chen and Dai, 2019
F. setifera Dai 15706 MHO050759 MHO050769 MN848842 Chen and Dai, 2019
F. shoreae Dai 17806 MNB816734 MNB810025 MNB848815 Chen et al,, 2020
F. shoreae Dai 17818 MNB816735 MN810026 MN848816 Chen et al,, 2020
F. sinica Dai 15468 MG008412 MG008459 MH636392 Chen et al,, 2019
F. sinica Dai 15489 MG008407 MG008458 MH636393 Chen et al,, 2019
F. sinuosa Dai 20498 MZ264226 MZ264219 = Wu et al,, 2022a
F. sinuosa Dai 20499 MZ264227 MZ264220 = Wau et al,, 2022a
F. subchrysea Dai 16201 MN816708 MN809997 MN848811 Chen et al,, 2020
F. subchrysea Dai 17656 MN816709 MN809998 MN848812 Chen et al,, 2020
F. subferrea Dai 16326 KX961097 KY053472 MN848826 Chen and Yuan, 2017
F. subferrea Dai 16327 KX961098 KY053473 e Chen and Yuan, 2017
F. submurina Dai 19501 MZ264229 MZ264222 = Wu et al,, 2022b
F. submurina Dai 19655 MZ264228 MZ264221 = Wu et al,, 2022b
F. torulosa JV 1405/2 KX961106 KY189106 MH636405 Chen and Yuan, 2017
F. torulosa Dai 15518 MN816732 MN810023 MN848827 Chen et al,, 2020
F. viticola JV 0911/6 KX961110 - - Chen and Yuan, 2017
F. viticola He 2123 MN816725 MN810017 = Chen et al,, 2020
F. wahlbergii JV 1312/20-Kout MNB816727 MG008462 == Chen et al,, 2020
F. wahlbergii JV 0709/169-] MNB816728 =2 = Chen et al,, 2020
F. yunnanensis Cui 8182 MHO050756 MN810029 = Chen and Dai, 2019
F. yunnanensis Dai 15637 MHO050757 MHO050768 = Chen and Dai, 2019
Outgroups
Coniferiporia weirii CES 504 AY829341 AY829345 - Zhou et al,, 2016
Phellinidium fragrans CBS 202.90 AY558619 AY059027 = Zhou et al,, 2016

Newly generated sequences for this study and new species are in bold.
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pecies Specimen cality ITS nLSU Literature
Confertobasidium olivaceoalbum FP 90196 USA AF511648 AF511648 Larsson and Larsson, 2003
Metulodontia nivea NH 13108 Russia AF506423 AF506423 Larsson and Larsson, 2003
Scytinostroma acystidiatum Dai 24608 China 0Q689127 0Q629351 Present study
S. acystidiatum KUC20121019-32 Korea KJ668461 ™ Jang et al., 2016
S. aluta CBS 762.81 France MH861482 MH873221 Vu et al, 2019
S. alutum CBS 763.81 France MH861483 MH873222 Vu et al,, 2019
S. alutum CBS 764.81 France MHB861484 MH873223 Vu et al,, 2019
S. alutum CBS 765.81 France MH861485 MH873224 Vu etal, 2019
S. alutum CBS 766.81 France MHB861486 MHB873225 Vu et al, 2019
S. caudisporum CBS 746.86 Gabon MH862030 NG073580 Vu et al,, 2019
S. crispulum CBS 716.86 Reunion MH862013 MHS873703 Vu et al,, 2019
S. crispulum CBS 717.86 France MH862014 MH873704 Vu et al, 2019
S. crispulum CBS 718.86 France MHS862015 MH873705 Vu et al,, 2019
S. crispulum CBS 776.86 France MHS862053 MH873741 Vu et al,, 2019
S. decidens CBS 714.86 France MH862011 MH873701 Vu et al,, 2019
S. decidens CBS 715.86 France MH862012 MH873702 Vu et al, 2019
S. duriusculum CBS 757.81 France MH861477 MH873216 Vu et al,, 2019
S. duriusculum CBS 758.81 France MHB861478 MH873217 Vu et al, 2019
S. hemidichophyticum CBS 702.84 Belgium MH861818 MH873509 Vu et al,, 2019
S. hemidichophyticum CBS 759.81 France MHB861479 MHS873218 Vu et al, 2019
S. hemidichophyticum CBS 760.81 France MH861480 MH873219 Vu et al,, 2019
S. jacksonii NH 6626 Canada AF506467 AF506467 Larsson and Larsson, 2003
S. jacksonii CBS 239.87 Canada MHB862071 MH873759 Vu et al, 2019
S. macrospermum Dai 24606 China 0Q689126 0Q629350 Present study
S. macrospermum M2138 Japan LC327052 = Ogura-Tsujita et al., 2018
S. mediterraneense CBS 764.86 France MH862045 MH873732 Vu et al, 2019
S. mediterraneense CBS 765.86 France MH862046 MH873733 Vu etal, 2019
S. mediterraneense CBS 766.86 France MH862047 MH873734 Vu et al, 2019
S. microspermum CBS 238.87 Guadeloupe MHS862070 - Vu et al, 2019
S. ochroleucum CBS 767.86 France MHB862048 = Vu etal, 2019
S. ochroleucum CBS 768.86 France MHB862049 MH873735 Vu et al, 2019
S. ochroleucum CBS 126049 USA MHB864062 MH875517 Vu etal, 2019
S. odoratum KHL 8546 Sweden AF506469 AF506469 Larsson and Larsson, 2003
S. phaeosarcum CBS 728.81 Cote d’Ivoire MHB861481 MHS873205 Vu et al, 2019
S. portentosum CBS 503.48 Canada MH856447 MH873220 Vu et al,, 2019
| S. pseudopraestans CBS 737.91 N MH862322 MH873994 Vu et al,, 2019
: S. pseudopraestans CBS 73891 - MH862323 MH873995 Vu et al, 2019
S. pseudopraestans CBS 739.91 = MH862324 MH873996 Vu et al,, 2019
S. pseudopraestans CBS 740.91 = MHS862325 MHB873997 Vu et al, 2019
S. pseudopraestans CBS 741.91 - MH862326 MH873998 Vu et al,, 2019
S. pseudopraestans CBS 742.91 = MH862327 = Vu et al,, 2019
S. quintasianum CBS 749.86 Cote d’Ivoire MH862031 MH873719 Vu et al,, 2019
S. quintasianum CBS 750.86 = MH862032 MHS873720 Vu et al, 2019
S. quintasianum CBS 751.86 = MH862033 = Vu et al,, 2019
S. renisporum CBS 771.86 Indonesia MH862051 MHB873738 Vu et al, 2019
S. renisporum CBS 772.86 Indonesia MH862052 MH873739 Vu et al,, 2019
S. yunnanense CLZhao 10758 China MT611445 = Wang et al,, 2020
S. yunnanense CLZhao 10802 China MT611446 - ‘Wang et al,, 2020
S. yunnanense CLZhao 11010 China MT611447 = Wang et al,, 2020
S.spl KUC20130725-13 Korea KJ668460 . Jang et al., 2016
S. sp2 MEL:2382679 Australia KP013042 - Rosenthal et al., 2017
S. sp3 UC2022985 USA KP814265 - Rosenthal et al., 2017
| S. sp3 UC2022946 USA KP814564 = Rosenthal et al., 2017
S. sp4 MEL:2382745 Australia KP012928 = Rosenthal et al., 2017
S. sp5 LR-40 Chile MT366713 = Direct Submission
S. sp6 Het 803-1 USA 01989828 = Otto et al,, 2021
S. sp6 NO 6-1-B USA OK173822 = Otto et al,, 2021
S. sp6 iNAT:30809947 USA MZ267776 = Direct Submission
S. sp7 UoA SVB-F86 = MT975590 b Direct Submission
S. sp7 UC2023098 Canada KP814402 = Rosenthal et al., 2017

The new species are in bold.

represents the absence of a certainsequence in the species.
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Annual to
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Annual,
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Perennial,
resupinate
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Annual, laterally
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resupinate

Annual, pileate
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Annual,
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reflexed

Annual to
perennial,
resupinate

Annual, effused-
reflexed
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Orange brown to reddish brown when
fresh, pale reddish brown when dry;
concentrically zonate and sulcate

White to cream when fresh, pale straw-
colored when dry; azonate to slightly
zonate, often somewhat radially wrinkled

White to isabelline; azonate or faintly
zonate

Yellowish brown to brownish orange
when fresh, cinnamon to fawn when
dry; concentrically zonate and sulcate,
sometimes tuberculate

Orange-brown when fresh, wood-colored
when dry; concentrically zonate and
sulcate

Whitish, pallid ochraceous, cream or
clay-colored; azonate

Honey yellow when dry; azonate and
tuberculate

White to cream when fresh, cream to
pinkish buff when dry; azonate and
tuberculate

White, eream to pale buff; azonate

White to cream when fresh, ochraceous
to pale tan when dry; azonate,
concentrically sulcate, radially wrinkled
or irregularly tuberculate

Ochraceous with some olivaceous tints;
azonate and wrinkled

Orange or reddish-orange when fresh,
tobacco-brown or black when dry;
concentrically zonate or radiall striate

Pale tan, fulvous to dark ochraceous;
concentrically zonate and sulcate

Pale fuscous ochraceous; concentrically
zonate and slightly sulcate

Fawn to pale cinnamon; zonate and
slightly suleate

Pale umber to date brown; concentrically
zonate and sulcate

Dark rubiginous baybrown; minutely
velutinate-sulcate

Ochraceous to gray; zonate

Orange or orange-rufous; radially striate

Pallid cream, yellowish to isabelline;
azonate

Cinnamon, fulvous to snuff brown:
concentrically zonate

Pale pinkish to beige; azonate

White, pale gray, or brown when fresh,
dark gray to reddish brown when dry;
radially striate

Ochraceous; azonate

Pale ochraceous; faintly zonate

Pale rufous ochraceous; wrinkled and
slightly sulcate

Pale ochraceous to black; concentrically
zonate and tuberculate

Dark brown; concentrically zonate and
sulcate

White, cream to pinkish buff; zonate

Orange-cinnamon; wrinkled

Latericeous to bay; zonate and radially
wrinkled

Ochraceous; slightly concentrically zonate

Fawn drab to fuscous blackishs zonate
and sulcate

Beige when fresh, light chestnut to
grayish when dry; azonate

Light cinnamon vinaceous to pinkish
flesh when fresh, dingy vinaceous when
dry; faintly zonate and distinetly sulcate
or wrinkled

Deep orange, fading to ochraceous

Cream to pale tan

White to yellowish

White to cream when fresh, cream to
yellowish when dry

Clay pink to flesh pink when fresh,
orange brown when dry

White when fresh, cream to pale
ochraccous when dry

Cream to buff when fresh, pale
brownish when dry

Bright orange to reddish-brown, then
pale brown or gray

Grayish white to ochraceous

Pale cream to pale straw-colored

White to pale cream

Cream to cinnamon buff when dry

Ochreaceous to pale ferruginous

Buff, honey yellow to fawn when
dry

white to cream when fresh, cream to

buff yellow when dry

Olivaceous buff when fresh, fawn
when dry

Cream to pale buff

Pinkish salmon to orange brown,
then smoky gray

White to pale ochraceous when fresh,
to pinkish ochraceous when dry

Pale ochraceous

Isabelline

Orange-rufous when fresh, reddish
brown or dark brick red when dry

Dark ochraceous to pale dirty brown

Bright golden orange, rich cinnamon

orange to golden fulvous or lurid
ferruginous ochraceous when fresh,
lurid mustard yellow when dry

Cream when fresh, light golden
brown when dry

Pale ochraceous, cork-colored to very
pale brown with a whitish tint

Brownish orange

White to grayish orange

Cream to pale buf when fresh,
pinkish buff when dry

Dark buff to pale snuff brown

Drab brown

Deep pinkish buff to pale cinnamon
Pale reddish brown, probably more
pinkish when fresh

Orange or orange-rufous to deep
brick red

Pallid cream, yellowish to isabelline

Fulvous

‘White to cream and staining reddish
when fresh

‘White, peach colored to saffron when
fresh, ochraceous to pale straw-
colored when dry

Cream to pale orange

‘White when fresh, ochraceous to
wood-colored when dry

Pale ochraceous

Pale cream

Cream, ochraceous to pale brown

violaceous when fresh, black when
dry

Ochraceous when fresh, pale brown
when dry

Cream to pale pinkish buff

White to cream

‘White to pallid white

Whitish gray

‘Wood-colored

White then pale fuscous ochraceous

White when fresh, slightly pinkish
red when dry

Pinkish orange to brownish orange
with a white bloom

Thin-walled hymenial
cystidia with fine
crown erystals; thin-
walled gloeocystidia

Thin-walled cystidia
with capitate crystals

‘Thin-walled hymenial
eystidia with crysta

cystidia with erystals

Thin- to thick-walled
hymenial cystidia with
crystals; thin-walled
glococystidia

‘Thin-walled hymenial
cystidia with fine
erystals or smooth;
thin-walled
gloeocystidia

Thick-walled
glococystidia with
crystals

Thin-walled hymenial
cystidia with fine
crystals or smooth;
thin-walled
gloeocystidia

Thin- to thick-walled
hyphoid cystidia with
erystals

Thin- to thick-walled
hymenial cystidia with
coarse erystals

Thick-walled hymenial
cystidia with coarse
crystals

Ventricose, thin-walled
hymenial cystidia,
smooth

Thick-walled hyphoid
eystidia with coarse
erystals

hyphoid cystidia with
erystals

Thin- to thick-walled
hyphoid cystidia with
erystals or smooth

Thick-walled hyphoid
cystidia with crystals

Hyphoid cystidia with
erystals

Cylindric to
subventricose, thin-
walled hymenial
cystidia, smooth

Ventricose, slightly
thick-walled hyphoid
cystidia with erystals

Hyphoid cystidia,
smooth

Thick-walled hyphoid
cystidia with crystals

Thick-walled hyphoid
cystidia with crystals

Ventricose acute to
ate, thin-walled
hyphoid cystidia,
smooth

acus

Thick-walled hyphoid
cystidia with erystals

Thick-walled hyphoid
cystidia with crystals

Thick-walled hyphoid
cystidia with crystals

Hyphoid eystidia with

crystals

Club-shaped hyphoid
cystidia with crystals;
llate hymenial
cystidia, smooth

Thick-walled hyphoid
cystidia with erystals

Thick-walled hyphoid
cystidia with crystals

Ventricose, hymenial
cystidia, smooth

Globose

Ovoid to broadly
ellipsoid

Globose

Broadly ellipsoid
to subglobose

Broadly ellipsoid
to subglobose

Broadly ellipsoid
to subglobose or
globose

Ellipsoid

Subglobose:

Subglobose to
globose

Broadly ellipsoid
to subglobose

Subglobose to
globose

Ellipsoid

Broadly ellipsoid
to Subglobose

Subglobose

Oblong ellipsoid
to ellipsoid

Subglobose

Ellipsoid

Subglobose to
globose

Ellipsoid

Ovoid

Drop-shaped to
ellipsoid

Subglobose to
globose

Globose

Broadly ellipsoid
to subglobose

Subglobose

Ellipsoid

Subglobose
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Broadly ellipsoid
to subglobose

Globose

Pip-shaped
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to subglobose

Globose

Subglobose to
gobose
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Bridgeoporus nobilissimus
Bridgeoporus sinensis
Bridgeoporus sinensis
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Flaviporus minutus
Flaviporus minutus
Flavodon subulatus
Flavodon subulatus
Hyphoderma litschaueri
Hyphoderma setigerum
Hyphodontia abieticola
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Hyphodontia paradoxa
Hyphodontia radula
Irpex laceratus
Irpex laceratus
Leifia brevispora
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Leifia sp.
Leifia sp.
Leifia sp.
Leucophellinus hobsonii
Leucophellinus irpicoides
Leucophellinus irpicoides
Meruliopsis nanlingensis
Phanerina mellea
Phanerina mellea
Phellinotus neoaridus
Phellinus ferrugineovelutinus
Physisporinus sp.
Physisporinus eminens
Physisporinus eminens
Physisporinus sanguinolentus
Physisporinus sanguinolentus
Rigidoporus aurantiacus
Rigidoporus aurantiacus
Rigidoporus corticola
Rigidoporus corticola
Rigidoporus corticola
Rigidoporus cuneatus
Rigidoporus cuneatus
Rigidoporus cuneatus
Rigidoporus cuneatus
Rigidoporus ginkgonis
Rigidoporus ginkgonis
Rigidoporus ginkgonis
Rigidoporus ginkgonis
Rigidoporus imbricatus
Rigidoporus imbricatus
Rigidoporus juniperinus
Rigidoporus juniperinus
Rigidoporus juniperinus
Rigidoporus macroporus
Rigidoporus macroporus
Rigidoporus macroporus
“Rigidoporus microporus”
“Rigidoporus microporus”
“Rigidoporus microporus”
“Rigidoporus microporus”
Rigidoporus microporus
Rigidoporus microporus
Rigidoporus microporus
Rigidoporus millavensis
Rigidoporus millavensis
Rigidoporus millavensis
Rigidoporus millavensis
Rigidoporus obducens
Rigidoporus obducens
Rigidoporus obducens

» Rigidoporus philadelphi
Rigidoporus philadelphi
Rigidoporus piceicola
Rigidoporus piceicola
Rigidoporus populinus
Rigidoporus populinus
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Rigidoporus pterocaryae
Rigidoporus subcorticola
Rigidoporus subcorticola
Rigidoporus subcorticola
Rigidoporus submicroporus
Rigidoporus submicroporus
Rigidoporus submicroporus
Rigidoporus submicroporus
Rigidoporus subpopulinus
Rigidoporus subpopulinus
Rigidoporus subpopulinus
Rigidoporus ulmarius
Rigidoporus ulmarius
Rigidoporus ulmarius
Rigidoporus ulmarius
“Rigidoporus ulmarius”
“Rigidoporus ulmarius”

“Rigidoporus ulmarius”

Dai 15665
Dai 21193
SP-K

RN-B

Dai 11367
Cui 13490
KHL 11075
Dai 21167
Dai 16222
Dai 21164
Dai 13102
Dai 13143
FP-101740-Sp
FD 312
5181b
3069b
FCUG 2425
PDD 91616
Dai 11682
Dai 13393
LWZ 20170820-46
KG Nilsson 36270
LWZ 20171015-36
Cui 13659
Dai 12013
Cui 6468
Dai 8277
Dai 6356
Dai 8173
Dai 19585
Dai 19592
URM 80362
Cui 10042
Dai 19793
Dai 11400
Dai 20832
Dai 20995
Dai 21030
JV 2106/103-]
JV 1906/M8
Dai 12632
Dai 15941
Cui 9862
Dai 6404
Cui 10855
Cui 10857
Dai 24344
Cui 5558
Dai 24460
Dai 1330
Dai 15789
Dai 17515
Dai 21180
Dai 17100
YG 1070
Dai 17101
Dai 4044
Dai 4146
Dai 24198
ED 310

N 402
FRIM 646
taxon 219653
Dai 17402
Dai 17392
JV 2110/1
Dai 18970
Wei 1622
Dai 24509
Dai 24503
Dai 6451
Dai 11898
Dai 18458
Dai 24219
Dai 24218
Dai 12793
Dai 5033
Dai 12664
Dai 22806
d1

Cui 4195
Dai 24419
Dai 11319
Dai 8895
Dai 16682
Dai 17499
Dai 19429
Cui 12235
Cui 2236
Cui 2240
Dai 24042
KM 178999
Dai 18490A
KM 155306
JV 2211/H3-]
JV 1909/17-]
JV 1504/40

JV 1403/5-]

Newly generated sequences in this study. Bold = new taxa.

China: Yunnan
Malaysia

USA

USA

China: Jilin
China: Jilin
Sweden
Malaysia
China: Hainan
Malaysia
China: Yunnan
China: Yunnan
USA

USA

Sweden
Sweden

Russia

New Zealand
China: Hunan
China: Zhejiang
China

Sweden

Viet Nam
China: Hainan
China: Hainan
China: Hainan
China: Jilin
China: Zhejiang
China: Hunan
Sri Lanka

Sri Lanka
Brazil

China: Jilin
China: Yunnan
China: Jilin
China: Jilin
Belarus

Belarus
Ecuador
Ecuador
Finland

China: Xinjiang
China: Heilongjiang
China: Zhejiang
China: Sichuan
China: Sichuan
China: Guizhou
China: Beijing
China: Beijing
China: Beijing
China: Shandong
China: Yunnan
Malaysia
Uzbekistan
Uzbekistan
Uzbekistan
China: Sichuan
China: Sichuan
China: Gansu
Nigeria
Cameroon
Malaysia
Indonesia
Brazil

Brazil

Ecuador

China: Gansu
China: Xinjiang
China: Inner Mongolia
China: Inner Mongolia
China: Zhejiang
China: Anhui
China: Jiangsu
China: Gansu
China: Gansu
USA

China: Qinghai
Finland

China: Yunnan
China

China: Fujian
China: Beijing
China: Henan
China: Heilongjiang
Thailand
China: Yunnan
China: Yunnan
China: Tibet
China: Gansu
China: Gansu
China: Qinghai
UK

China: Hainan
UK

USA

French Guiana
Costa Rica

USA

MWS507098
0Q930240°
AF508346
AF508338
KY131833
0Q930241°
AY463406
0Q930242°
KY131881
0Q930243*
0Q930244°
0Q930245°
KP135295
KP135297
DQ873601
DQ873618
AF145571
GQ411525
0Q930246*
0Q930247°
MK343469
DQ873635
MK343471
0Q930248°
0Q930249*
KT203288
KY131841
KY131840
JX623942
0Q930250°
0Q930251°
NRI58813
KC782527
OM669891
KY131852
MT279689
MT309483
MT309482
0Q941871°
0Q941872°
KF111018
0Q930252°
0Q930253°
KY131876
0Q930254°
0Q930255"
0Q930256*
KT203296
0Q930257°
MT309490
0Q930258*
0Q930259*
0Q930260°
0Q930261°
MK433641
0Q930262°
KT203298
KY131880
0Q930263°
KJ559458
KJ559468
HQ400709
AB697722
0Q930264*
0Q930265°
0Q930266°
0Q930267*
KT203300
0Q930268*
0Q930269*
KY131884
0Q930271°
0Q930270°
0Q930272°
0Q930273*
KF111019
KT203301
KT203303
0Q930274*
KC414238
KY131890
0Q930275°
0Q930276
KY131875
0Q930277*
0Q930278*
0Q930279°
KY131888
KT203305
KY131889
0Q930280°
KJ559446
0Q930281°
MZ159373
0Q941873*
0Q930282°
0Q930283*

0Q930284"

MW520205

0Q924520°

KY131892

AY586654
0Q924521*
KY131938
0Q924522°
0Q924523°
0Q924524°
KP135219
KP135222
DQ873601
DQ873618
AY059067

AJ406466

0Q924525"
MK343473
DQ873635

MK343475

KT203309
KY131900
KY131899
JX644053
0Q924526*

0Q924527*

KC782529
OM669975
KY131909

MT279689

KF111020
0QY24528*
0Q924529°
KY131932
0Q924530°
0Q924531°
0Q924532°
KT203317
0Q924533*
MT309473
0Q924534°
0Q924535*
0Q924536*
0Q924537°

MK433643

KT203319
KY131937
0Q924538*
KJ559523

KJ559525

0Q924539°
KT203321
0Q924540°
0QY24541°
KY131941
0Q924543°

0Q924542°

0Q924544*

KF111021
KT203322
KT203324

0Q924545°

KY131947

0Q924546°

KY131931

0Q924547"

KY131945
KT203326
KY131946
0Q924548"

0Q924549°
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OMH856937.1 Verticillium albo-atrum
0KT362917.1 Verticillium nonalfalfae
NR 126129.1 Verticillium alfalfae
MH864843.1 Verticillium longisporum
MH856939.1 Verticillium nubilum
KM503139.1 Ilyonectria radicicola
MH864842.1 Verticillium dahliae
JQ647447.1 Volutella ciliata
JN188008.1 Verticillium zaregamsianum
MH857388.1 Verticillium tricorpus
NR 126128.1 Verticillium klebahnii
GQ336726.1 Verticillium tricorpus

LR590100.1 Acremonium nepalense
KM357306.1 Plectosphaerella cucumerina
MH860634.1 Brunneochlamydosporium nepalense

B

& 10 20 30 40 50 60
(AT C CGGTACATCAGTCTCTTTATTCATACCAACGATACTTCTGAGTGTTCTTAGCGAACTAT
4 CCGGTACATCAGTCTCTTTATTCATACCAACGATACTTCTGAGTGTTCTTAGCGAACTAT,

Forward
7[_) 8(? 9!? 10(? 11(_) 129
| TAAAACTT TTAACAACGGATCTCTTGGCTCTAGCATCGATGAAGAACGCAGCGAAACGCG
| AT AAAACT T TTAACAACGGATCTCTTGGCTCTAGCATCGATGAAGAACGCAGCGAAACGCG]
13(? 149 15(? 16(? 179 189
|1 T IA TATGTAGTGT GAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATGGCGCC
(A (A TATGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATGGCGCC
19(? 20(.J 219 229 23(_) 249
(AL T T CCAGTATCCTGGGAGGCATGCCTGTCCGAGCGTCGTTTCAACCCTCGAGCCCCAGTGG]
AT T CCAGTATCCTGGGAGGCATGCCTGTCCGAGCGTCGTTTCAACCCTCGAGCCCCAGTGE)

Probe

259 259 270_ 289 299 30(?
1 Y RNIC CCGGTGTTGGGGATCTACGTCTGTAGGCCCTTAAAAGCAGTGGCGGACCCGCGTGGCCC
I CCCGGTGT TGGGGATCTACGTCTGTAGGCCCTTAAAAGCAGTGGCGGACCCGCGTGGCCC

310 320 330

(AT TCCTTGCGTAGTAATTACAGC TCGCATCGGAG
(AT T CCTTGCGTAGTAATTACAGC TCGCATCGGAG

Reverse
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Fragment of amplification ~ Name of primer  Primer base sequence (5'-3) ® References

TS5 GGA AGT AAA AGT CGT AAC AAG G
1Ts White et al., 1990
1TS4 TCC TCC GCT TAT TGA TAT GC
LROR ACC CGC TGA ACT TAA GC
nLSU http://www.biology.duke.edu/fungi/mycolab/primers.htm
LR7 TAC TAC CAC CAA GAT CT

“degenerate base: R = A or G,Y = Cor T, N=Aor Tor Cor G,V =Gor A.
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Species
Cortinarius albidipes

C. albidipes

9]

albidipes

0

albidipes

9]

albidipes

9]

albidoavellaneus

5]

albocyaneus

C. albocyaneus

C. albocyaneus

C. albomalus

C. albomalus

C. albomalus

C. anocorium

C. anomalodelicatus
C. anomalodelicatus
C. anomalomontanus
C. anomalomontanus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalopacificus
C. anomalovelatus

C. anomalovelatus

C. anomalovelatus

C. anomalovelatus

C. anomalus

C. anomalus

C. anomalus

C. anomalus

C. anomalus

C. anomalus

C. barlowensis

C. barlowensis

C. barlowensis

C. bolaris

C. bolaris

C. bolaris

C. brevissimus

C. brevissimus

C. caeruleoanomalus
C. caeruleoanomalus
C. caesiellus

C. caesiifolius

C. caesiifolius

C. caesiifolius

C. caesiifolius

C. caesiifolius

C. caesiifolius

C. caesiifolius

C. caesiifolius

C. caesiifolius

C. camphoratus

C. caninus

C. caninus

C. caninus

C. caninus

C. caninus

C. caninus

C. caninus

C. caninus

C. caninus

C. caninus

C. caninus

C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. cinnamomeolilacinus
C. clackamasensis

C. clackamasensis

C. clackamasensis

C. clackamasensis

C. clintonianus

C. clintonianus

C. clintonianus

C. clintonianus

C. clintonianus

C. clintonianus

C. clintonianus

C. deceptivus

C. deceptivus

C. deceptivus

C. deceptivus

C. deceptivus

C. durifoliorum

C. dysodes

C. epsomiensis

C. epsomiensis

C. eunomalus

C. ferrusinus

C. harvardensis

C. harvardensis

C. harvardensis

C. harvardensis

C. holophaeus

C. holophaeus

C. huddartensis

C. huddartensis

C. ionomataius

C. jonimitchelliae

C. kranabetteri

C. kranabetteri

C. kranabetteri

C. latiodistributus

C. latiodistributus

C. latiodistributus

C. latiodistributus

C. latiodistributus

C. latiodistributus

C. latiodistributus

C. latiodistributus

C. latiodistributus

C. lepidopus

C. lepidopus

C. lepidopus

C. lividomalvaceus

C. modestus

C. modestus

C. modestus

C. modestus

C. modestus

C. modestus

C. nettieae

C. nettieae

C. nettieae

C. nettieae

C. nettieae

C. ochraceodiscus

C. ochraceodiscus

C. pelerinii

C. perrotensis

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. perviolaceus

C. putorius

C. rarus

C. rarus

C. rarus

C. rarus

C. rarus

C. rattinoides

C. sclerophyllarum

C. sericeolazulinus

C. spilomeus

C. spilomeus

C. subclackamasensis
C. subclackamasensis
C. subclackamasensis
C. subclackamasensis
C. subclackamasensis
C. subclackamasensis
C. subclackamasensis
C. subclackamasensis
C. subclackamasensis
C. suecicolor

C. tabularis

C. tabularis

C. tabularis

C. tasmacamphoratus
C. tasmacamphoratus
C. tetonensis

C. tetonensis

C. tetonensis

C. tetonensis

C. tetonensis

C. tetonensis

C. tristis s. Garnica
C. tropicus

C. tropicus

C. tropicus
Cortinarius aff. nettiae
Cortinarius aff. nettiae
Cortinarius LHJ sp. 1
Cortinarius LHJ sp. 2
Cortinarius LHJ sp. 3

Cortinarius sp.

Cortinarius sp.
Cortinarius sp. 2
Cortinarius sp. 3
Cortinarius sp. 4
Cortinarius sp. 5
Cortinarius sp. 6
Cortinarius sp. 6
Cortinarius sp. 7
Cortinarius sp. 8

Cortinarius sp. 9

Cortinarius sp. 10

Cortinarius sp.

Cortinarius sp. 12

Cortinarius sp. 12

Cortinarius sp. 12

Cortinarius sp. 13

Cortinarius sp. 13

Cortinarius sp. 15

Cortinarius sp. 15

Cortinarius sp. 16

Cortinarius sp. 17

3

Cortinarius sp.
Cortinarius sp. 18
Cortinarius sp. 19
Cortinarius sp. 20
Cortinarius sp. 20

Cortinarius sp. 21

New species are in bold, Newly generated sequences are marked with asterisk (*).

Specimen no.
WTU: JFA12420
NYS-F-000129 (holotype)
MQI18-CMMF001826
HRLO614

CNV98

MICH10313 (holotype)
CFP1482

CFP1177 (epitype)
NYS-F-000864 (holotype)
iNAT59505932
H7000816 (holotype)
HRL2777

H7068022 (holotype)
TN11-241

JFA8146 (holotype)
JEA9919 (holotype)
JEA9973

JEA11887

DBB11745 (holotype)
DBB27748

TN12-271

TN12-301

TN12-093

TN12-074

TN12-253

TN12-091

TNI12-161

TN12-164

JFA13109 (holotype)
DBB23800

PK4741

JFA13109 (holotype)
NL-5414

CNV9
MQI8-HL1492-QFB30079
TENNO067720
TENNO067730
CFP1154 (neotype)
TN07-366

MN

JFA13140 (holotype)
3861

CFP1008 (neotype)
TENNG61650

Cort H2QY2
NYS-F-000541 (holotype)
JFA13084 (holotype)
TENNO068383
MICH10325 (holotype)
SAT13-298-15
MICH10326 (holotype)
TNI12-136

TN07-489

DBB37600
JMB10-20-2007-15
TN12-066

TN12-136

TN12-118

EH23

JFA7985

NS18

JEA10347

JEA9425

JEA12434

JEA9470

JFA10348

JFA8009

JEA9920

CFP627 (epitype)
TH4Cc

Li 140805-18

tcmb 005

TCWH 007 (holotype)
LLLJ 20170805-002
WX 20170922065
LYWF015

Li 180825-21
YNLF20220814-155
Li 130908-29

Li 161015-10
JEA11616 (holotype)
0SC114858
TN11-451
08C109672
DBB21645

JFA8329

MIN896348
NYS-F-000786 (holotype)
MQI18-CMMF002618
136C

SDL13
iNAT56430786
NL-5180
WTU-F-69333
WTU-F-69313
MICH10343 (syntype)
PDD101829 (holotype)
PDD70499 (holotype)
K(M)74963 (holotype)
TN06-165

PDD94040 (holotype)
JB8106 13 (holotype)
NL-5415 (holotype)
MQI18-HL1449-QFB30070
MQ17058-QFB29566
clone ads9.e
UBC-F17161
UBC-F17157
DBBI2118 (holotype)
srcl74

PDD89089 (holotype)
HL03-339 (holotype)
TN11-287 (holotype)
UBC-F16436
UBC-F16435
JEA13487

YM187

0SCl115143

DB6359

TNO02-490

SMIA46

0SC114595

DB6139 (holotype)
SMI16

DB6253

170817-24

170817-29
JMT-15102001 (holotype)
TN10-035
MQ17140-QFB29648
NYS-F-001966 (holotype)
MQ17272-QFB29780
MQI8-HL0629-QFB30005
2313-QFB25737
JFA9613 (holotype)
JEA8747

TN09-167

TN09-176
DAVFP27503
DJM2195 (holotype)
DJM2194

XC2012-21 (holotype)
TENNO071126 (holotype)
FN05_2

HBK-M11-2
FLAS-F61753
JEA9132

JEA9124
FLAS-F32992 (holotype)
JFA13070

JEA9128

3Bart56R

NL-5173
FLAS-F61648
‘WU-Myc 44566
FLAS-MES-2177
TN12-230

JLF8707

JLF8771

JLF3304
ADP-140531-1
DBB04712 (holotype)
PDD88283 (holotype)
HO-A20430A6 (paratype)
JEA12053 (holotype)
CFP1137 (neotype)
SMI297
BJMTG20170830-34
20190822-11

Li 170818-16 (holotype)
Li 170818-01

YJ4

HBAU15437
HBAU15679
HBAU15672
110116MFBPC490
PDD74698 (holotype)
CFP949 (epitype)
1K98-1190

TN11-219

HO A20606A0
BH2055F

MEI12-B10

MEI12-B4

MEI12-D3

JEA10350 (holotype)
JFA10349

36_N343

TUB011917

Li 150728-63
tcqushi006 (holotype)
Li 150728-56
MQ17280-QFB29788
MQ17300-QFB29808
$C20170921-025
190527-01

170805-35
Pj3-mOTU024
7-70M6

YM73

GO-2010-171

F18506

TN10-141

0uUCY7234
HRL1598-QFB32934
YM1162

0uUC7199

JLP2431

QFB28611

Pdmt24

HV_D8

MEI12-D2
MEN-]G-096

Russell iNaturalist 8602253
YM873
MQ21-HRL2477-QFB32937
PERTH06437109
PDD1059%6

NVE433

NVE219
PERTH06659462
BH3573F

SWUBC741
‘WUBC747

PDD:107722

Locality
Colorado, US

New York, US
Québec, Canada
Québec, Canada
New Hampshire, US
Michigan, US

Ttaly

Sweden

New York, US

New Jersey, US
Ontario, Canada
Ontario, Canada
Florida, US

Alaska, US
Colorado, US
Wyoming, US
Wyoming, US
California, US
California, US
California, US
California, US
California, US
California, US
California, US
California, US
California, US
California, US
California, US
Washington, US
Oregon, US

British Columbia, Canada
Washington, US
Massachusetts, US
New Hampshire, US
Québec, Canada
North Carolina, US
North Carolina, US
Sweden
Washington, US
British Columbia, Canada
Washington, US
Québec, Canada
Sweden

Tennessee, US

New York, US

New York, US
Tennessee, US
North Carolina, US
Michigan, US
Oregon, US
Washington, US
California, US
Washington, US
Minnesota, US
Washington, US
California, US
California, US
California, US
British Columbia, Canada
Ontario, Canada
California, US
Wyoming, US
Wyoming, US
Wyoming, US
Wyoming, US
Wyoming, US
Minnesota, US
Wyoming, US
Sweden

British Columbia, Canada
Yunnan, China
Yunnan, China
Yunnan, China
Yunnan, China
Yunnan, China
Yunnan, China
Yunnan, China
Yunnan, China
Yunnan, China
Guizhou, China
Oregon, US
Oregon, US
Washington, US
Oregon, US

British Columbia, Canada
Ontario, Canada
Minnesota, US

New York, US
Québec, Canada
Michigan, US
British Columbia, Canada
New York, US

New York, US

New Hampshire, US
Massachusetts, US
New York, US

New Zealand

New Zealand

UK

Finland

New Zealand

Spain
Massachusetts, US
Québec, Canada
Québec, Canada
Nova Scotia, Canada
British Columbia, Canada
British Columbia, Canada
California, US
California, US

New Zealand
Sweden

Alberta, Canada
British Columbia, Canada
British Columbia, Canada
Washington, US
Japan

Washington, US
Norway

Finland

British Columbia, Canada
Washington, US
Sweden

British Columbia, Canada
Hungary
Heilongjiang, China
Heilongjiang, China
France

Québec, Canada
Québec, Canada
New York, US
Québec, Canada
Québec, Canada
Queébec, Canada
Washington, US
Oregon, US
Oregon, US
Oregon, US

British Columbia, Canada
Minnesota, US
Minnesota, US
France

Québec, Canada
New York, US
Tennessee, US
Florida, US

Florida, US

Florida, US

Florida, US
Tennessee, US
Florida, US

New Hampshire, US
Massachusetts, US
Florida, US

Georgia, US
Florida, US
California, US
Oregon, US
Oregon, US
California, US
Washington, US
California, US

New Zealand
Australia

Costa Rica

Sweden

British Columbia, Canada
Beijing, China
Hebei, China
Heilongjiang, China
Heilongjiang, China
China

China

China

China

China

New Zealand
Sweden

Finland

Alaska, US
Tasmania, Australia
Tasmania, Australia
Alaska, US

Alaska, US

Alaska, US
Wyoming, US
Wyoming, US
Svalbard, Norway
Chile

Yunnan, China
Yunnan, China
Yunnan, China
Québec, Canada
Québec, Canada
Guizhou, China
Tibet, China
Yunnan, China
Japan

California, US

Japan

Mexico

British Columbia, Canada
Québec, Canada
British Columbia, Canada
Québec, Canada
Japan

British Columbia, Canada
Oregon, US
Québec, Canada
Japan

Alaska, US

Alaska, US
Svalbard, Norway
Indiana, US

Japan

Queébec, Canada
Australia

New Zealand
Colombia

Colombia

Australia

Tasmania, Australia
British Columbia, Canada
British Columbia, Canada

New Zealand

Sectiol
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Bolares
Bolares
Bolares
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Camphorati
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Camphorati
Anomali
Anomali
incertae sedis
Spilomei
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
incertae sedis
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Camphorati
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Spilomei
Spilomei
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Camphorati
Camphorati
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Anomali
Camphorati
Spilomei
Spilomei

incertae sedis

ITS no.

MZ580486
MZ580485
MN750945
KJ705108
MT345274
MZ580483
KX302202
KX302206
MZ580482
MW305253
MZ568645
MN751632
MZ568646
MZ580481
MZ580480
MZ580478
MZ580479
MZ580471
MZ663774
MZ663775
MZ663776
MZ663777
MZ580473
MZ580469
MZ580468
MZ580472
MZ580474
MZ580475
FJ717605
MZ663776
FJ039655
KJ019014
MZ663777
MT345186
MN750971
MZ663778
MZ663779
KX302224
KJ019015
FJ157009
FJ717554
KJ705110
KX302233
FJ596851
JX030219
MZ580467
MZ663780
KY744156
MZ580484
MZ048733
MZ580462
MZ580465
MZ580466
MZ663781
FJ717517
MZ580463
MZ580465
MZ580464
FJ717505
MZ580454
MZ663782
MZ580459
MZ580461
MZ580456
MZ580457
MZ580460
MZ580455
MZ580458
KX302250
KF753582
0Q913389*
0Q913388*
0Q913384*
0Q913386*
0Q913392*
0Q913387*
0Q913390*
0Q913393*
0Q913391*
0Q913385*
MZ580452
EU669315
MZ580453
EU652360
MZ663783
MZ580451
MZ663784
MZ580450
MN751121
FJ769528
KM403009
MT939445
MZ663785
MZ663786
MZ663787
MZ663788
KJ635210
GU233340
MK010952
KX302258
Q287690
KY657254
MZ663789
MN751560
MN751559
MK131480
GQ159904
GQ159900
MZ663790
DQY74719
GU222303
KX302253
MZ580449
FJ039657
FJ039656
MZ663793
AB848436
EU652359
MZ663792
MZ580448
FJ039658
EU$37213
MZ663791_
FJ157134
MZ663794
0QY13382*
0QY13383*
KY315416
MZ580447
MN751561
MZ580446
MN751565
MN751564
KJ705109
MZ580442
MZ580443
MZ580444
MZ580445
EUS21675
MZ663795
MZ66379%
MH784627
KX897405
KU878589
MG982536
MH281882
MZ580441
MZ580439
MZ580438
MZ663799
MZ580440
HQ022110
MZ663798
MH212024
MZ663797
MT415970
KRO11123
MW341328
MW341331
MF135162
MZ663801
MZ663800
JX000375
AY669637
EF420146
KX302267
FJ039659
0Q913395*
0Q913396*
0Q913394*
0Q913397*
OM867684
MW862347
MZ145077
MZ145076
MWS554249
7X000360
KX302275
KX302269
MZ580437
AY669633
JF960672
JX436875
JX436874
JX436876
MZ580436
U56024
HQ445618
AY669648
0Q913381*
0Q913379*
0Q913380*
MN750925
MN750926
0Q920005*
0Q920004* 1
0Q920003*
LC260432
Q393041
LC175532
KC152091
FJ157104
MZ821030
DQ97877
MW845268
LC175062
DQ93855
DQ377379
MN992356
AB251830
JX630733
JX436862
JF304376
MZ710565
AB848465
MW845269
MG553013
MH101576
KF937326
KF937328
MG553083
JF960738
DQ481671
DQ481752

KT875175
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Antella americana KHL 11949 JN710509 JN710509
A. americana HHB-4100 KP135316 KP135196
A. chinensis Dai 8874 JX110843 KC485541
A. chinensis Dai 9019 JX110844 KC485542
A. niemelaei Renvall 3218 AF126876 _—

A. niemelaei Haikonen 14727 AF126877 —
Antrodiella onychoides Miettinen 2312 JN710517 JN710517
A. pallescens Nordén 8.8.2008 JN710518 JN710518

GenBank Accession No.

Species Name Sample No.

ITS nLSU

Cao et al,, 2021
Cao et al,, 2021

Yuan, 2013

Yuan, 2013

Cao et al,, 2021
Cao et al,, 2021
Miettinen et al., 2012

Miettinen et al,, 2012

References

GenBank Accession No.

A. romellii Miettinen 7429 JN710520 JN710520 Miettinen et al., 2012
A. semisupina Labrecque & Labbé 372 JN710521 JN710521 Miettinen et al., 2012
A. stipitata FD-136 KP135314 KP135197 Westphalen et al,, 2021
A. stipitata Yuan 5640 KC485525 KC485544 Yuan, 2014
Atraporiella neotropica Miettinen X1021 HQ659221 HQ659221 Cao et al., 2021
A. yunnanensis CLZhao 604 MF962482 MF962485 Wu et al, 2017
A. yunnanensis CLZhao 605 MF962483 | MF962486 Wu et al,, 2017
Butyrea japonica MN 1065 JN710556 JN710556 ‘ Cao et al., 2021
B. luteoalba FP-105786 KP135320 KP135226 Dong et al., 2022
B. luteoalba KHL 13238b JN710558 JN710558 Dong et al., 2022
Climacocystis borealis KHL 13318 JN710527 JN710527 Cao et al., 2021
Elaphroporia ailaoshanensis CLZhao 596 MG231572 [ MG748855 Wu et al,, 2018
E. ailaoshanensis CLZhao 597 MG231847 MG748856 ‘ Wu et al,, 2018
Etheirodon fimbriatum KHL 11905 JN710530 JN710530 Cao et al,, 2021
E. fimbriatum HR 98811 MT849300 — Westphalen et al,, 2021
E. purpureum MCW 642/18 MT849301 MT849301 Westphalen et al.,, 2021
Flaviporus brownii MCW 362/12 KY175008 KY175008 Westphalen et al., 2018
F. brownie X 462 JN710538 JN710538 ‘ Cao et al,, 2021
F. liebmannii X 249 JN710539 JN710539 Cao et al,, 2021
F. liebmannii Yuan 1766 KC502914 — Yuan, 2014
F. subundatus MCW 367/12 KY175004 KY175004 Westphalen et al,, 2018
F. subundatus MCW 457/13 KY175005 KY175005 Westphalen et al., 2018
F. tenuis MCW 442/13 KY175001 KY175001 ‘ Westphalen et al,, 2018
I F. tenuis MCW 356/12 KY175002 KY175002 Westphalen et al, 2018
Frantisekia fissiliformis CBS 435.72 MH860521 MH872232 Vu et al, 2019
F. mentschulensis BRNM 710170 FJ496670 FJ496728 Dong et al., 2022
F. mentschulensis AH 1377 JN710544 JN710544 Dong et al., 2022
F. ussurii Wei 3081 KC485527 KC485545 Yuan, 2014
I F. ussurii Dai 8249 KC485526 - Yuan, 2014
Irpex lacteus DO 421/951208 JX109852 JX109852 Dong et al., 2022
Junghuhnia crustacea X 262 JN710553 JN710553 Miettinen et al., 2012
J. delicate MCW 564/17 MT849295 MT849295 Du et al,, 2020
J. delicate MCW 693/19 MT849297 MT849297 Du et al,, 2020
I J. pseudocrustacea Yuan 6160 MF139551 [ — Yuan et al., 2019
J. pseudocrustacea Zhou 283 MF139552 — Yuan et al., 2019
Loweomyces fractipes X 1149 JN710570 JN710570 Cao et al., 2021

GenBank Accession No.

Species Name Sample No.

ITS nLSU

Species Name Sample No. References
ITS nLSU
L. fractipes MT 13/2012 KX378866 KX378866 Cao et al,, 2021
L. spissus MCW 488/14 KX378869 KX378869 ' Cao et al,, 2021
V L. tomentosus MCW 366/12 KX378870 KX378870 Cao et al,, 2021
L. wynneae X 1215 JN710604 JN710604 Cao et al,, 2021
Metuloidea cinnamomea X 1228 KU926963 — Cao et al,, 2021
M. fragrans LE 295277 KC858281 — Cao et al,, 2021
M. murashkinskyi X 449 JN710588 JN710588 Cao et al,, 2021
I M. reniformis MCW 542/17 MT849303 MT849303 Westphalen et al,, 2021
M. reniformis MCW 523/17 MT849302 MT849302 Westphalen et al., 2021
M. rhinocephala X 460 JN710562 JN710562 Cao et al., 2021
Mycorrhaphium hispidum MCW 363/12 MH475306 MH475306 Cao et al,, 2021
M. hispidum MCW 429/13 MH475307 MH475307 Cao et al,, 2021
M. subadustum Yuan 12976 MW491378 MW488040 ' Cao et al,, 2021
M. subadustum Dai 10173 KC485537 KC485554 Cao et al,, 2021
Nigroporus stipitatus KaiR 116 MT110231 MT110231 Piepenbring et al., 2020
N. vinosus MQN 015 AB811861 ABS811861 Hai Bang et al,, 2014
N. vinosus X 839 JN710575 JN710575 Cao et al,, 2021
Steccherinum autumnale Spirin 2957 JN710549 JN710549 ' Liu and Dai, 2021
S. bourdotii HR99893 MT849311 Westphalen et al., 2021
S. bourdotii Saarenoksa 10195 JN710584 JN710584 Miettinen et al., 2012
S. ciliolatum Ryvarden 47033 JN710585 JN710585 Miettinen et al., 2012
S. collabens KHL 11848 JN710552 JN710552 Liu and Dai, 2021
| S. fissurutum CLZhao 21803 * 0P799385 OP799397 ' Present study
S. fissurutum CLZhao 21841 0P799388 0OP799400 Present study
S. fissurutum CLZhao 21808 0P799386 0P799398 Present study
S. fissurutum CLZhao 21675 0P799380 0P799392 Present study
S. fissurutum CLZhao 21811 0P799389 0P799399 Present study
S. fissurutum CLZhao 21680 0P799381 0P799393 Present study
S. fissurutum CLZhao 21703 0P799382 0P799394 Present study
S. fissurutum CLZhao 21744 0P799383 OP799395 Present study
S. fissurutum CLZhao 21826 OP799387 - Present study
S. fissurutum CLZhao 21634 0P799378 — Present study
I S. fissurutum CLZhao 21673 OP799379 — Present study
S. fissurutum CLZhao 21754 0P799384 0P799396 Present study
S. fragile Dai 19972 MW364629 MW364627 Liu and Dai, 2021
GenBank Accession No.
Species Name Sample No. References
ITS nLSU
S. hirsutum CLZhao 4222 MW290040 MW290054 Dong et al,, 2022
S. hirsutum CLZhao 4523 MW290041 MW290055 Dong et al,, 2022
S. larssonii MCW 593/17 MT849306 MT849306 Westphalen et al., 2021
S. larssonii MCW 594/17 MT849307 MT849307 Westphalen et al., 2021
S. meridionalis MR 10466 KY174994 KY174994 Westphalen et al., 2018
S. meridionalis MR 284 KY174992 KY174992 Westphalen et al., 2018
S. neonitidum MCW 371/12 KY174990 KY174990 Westphalen et al,, 2018
S. neonitidum RP 79 KY174991 KY174991 Westphalen et al., 2018
S. nitidum KHL 11903 JN710560 JN710560 Westphalen et al., 2018
S. nitidum MT 33/12 KY174989 KY174989 Westphalen et al., 2018
S. ochraceum KHL11902 JN710590 JN710590 Westphalen et al., 2021
S. ochraceum 2060 JN710589 JN710589 Liu and Dai, 2021
S. polycystidiferum RP 140 KY174996 KY174996 Westphalen et al., 2018
S. polycystidiferum MCW 419/12 KY174995 KY174995 Westphalen et al., 2018
S. pseudozilingianum Kulju 1004 JN710561 JN710561 Liu and Dai, 2021
S. puerense CLZhao 3122 MW682341 — Wu et al, 2021a
S. puerense CLZhao 3644 MW682342 MW682338 Wu et al,, 2021a
S. punctatum CLZhao 9181 OP799375 OP799401 Present study
S. punctatum CLZhao 9184 * OP799376 OP799402 Present study
S. robustius G1195 JN710591 | JN710591 Cao et al,, 2021
S. rubigimaculatum CLZhao 4069 MW682343 MW682339 Wu et al, 2021a
S. rubigimaculatum CLZhao 10638 MW682344 | MW682340 Wu et al, 2021a
S. straminellum KHL 13849 JN710597 JN710597 Cao et al,, 2021
S. subcollabens Dai 19344 MNB871758 MN877771 Liu and Dai, 2021
S. subcollabens Dai 19345 MN871759 MNB877772 Liu and Dai, 2021
S. subtropicum CLZhao 16901 OP799391 — Present study
S. subtropicum CLZhao 11059 * 0P799390 OP799377 Present study
S. tenue FP-102082 KY948817 — Liu and Dai, 2021
S. tenue KHL 12316 JN710598 JN710598 Liu and Dai, 2021
S. tenuispinum Spirin 2116 JN710600 JN710600 Miettinen et al., 2012
S. tenuispinum Miettinen 8065 JN710599 JN710599 Miettinen et al., 2012
S. undigerum MCW 472/13 KY174987 KY174987 Westphalen et al., 2018
S. undigerum MCW 426/13 KY174986 KY174986 Westphalen et al,, 2018
S. xanthum CLZhao 5030 MW204588 MW204577 Wu et al,, 2021b
S. xanthum CLZhao 5032 MW204589 MW204578 Wau et al,, 2021b
S. yunnanense CLZhao 1445 MW290042 MW290056 Dong et al,, 2022

References

S. yunnanense CLZhao 2822 MW290043 MW290057 Dong et al., 2022
Trullella conifericola Cui 2851 MT269764 — Cao et al,, 2021
T. conifericola Yuan 12655 » MT269760 MT259326 Cao et al,, 2021
T. dentipora X 200 JN710512 JN710512 Cao et al,, 2021
T. duracina MCW 410/13 MH475309 MH475309 Cao et al,, 2021
T. duracina RP 96 MH475310 MH475310 Cao et al,, 2021
Xanthoporus syringae Jeppson 2264 JN710607 JN710607 Cao et al,, 2021
X. syringae AFTOL-ID 774 » AY789078 AY684166 Cao et al,, 2021

* is shown type material, holotype.
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clade results

Species Isolate Host/substrate Source
1 Phytophthora sojae (R2) R2 Glycine max B. M. Tyler +
2 P. sojae (R3) R3 Glycine max J. H. Peng +
3 P. sojae (R6) R6 Glycine max J. H. Peng +
4 P. sojae (R8) R8 Glycine max J. H. Peng +
5 P. sojae (R12) RI12 Glycine max J. H. Peng +
6 P. sojae (R14) R14 Glycine max J. H. Peng +
7 P. sojae (R17) R17 Glycine max J. H. Peng +
8 P. sojae (R19) RI9 Glycine max B. M. Tyler +
9 P. sojae (R20) R20 Glycine max J. H. Peng +
10 P. sojae (R28) R28 Glycine max J. H. Peng +
11 P. sojae (R31) R31 Glycine max J. H. Peng +
12 P. sojae Psl Glycine max JS, China +
13 P. sojae Ps2 Glycine max JS, China +
14 P. sojae Ps3 Glycine max JS, China +
15 P. sojae Ps4 Glycine max JS, China +
16 P. sojae Ps5 Glycine max JS, China +
17 P. sojae Psfl Glycine max FJ, China +
18 P. sojae Psf2 Glycine max FJ, China +
19 b P. sojac Psf3 Glycine max FJ, China +
20 P. sojae Psfa Glycine max FJ, China +
21 P. sojae Psf5 Glycine max FJ, China +
22 P. sojae Psyl Glycine max YN, China +
23 P. sojae Psy2 Glycine max YN, China +
24 P. sojae Psy3 Glycine max YN, China +
25 P. sojae Psy4 Glycine max YN, China +
26 P. sojae Psy5 Glycine max YN, China +
27 P. sojae Psy6 Glycine max YN, China +
28 P. sojae Psy7 Glycine max YN, China +
29 P. sojae Psy8 Glycine max YN, China +
30 P. vignae CPHSS: BL Vigna sp. M. D. Coffey -
31 P. melonis PMNJHG1 Cucumis sativus JS, China 2
32 P. melonis PMNJHG2 Cucumis sativus ]S, China -
33 P. melonis PMNJHG3 Cucumis sativus ]S, China -
34 P. melonis PMNJDG1 Benincasa hispida JS, China -
35 P. melonis PMNJDG2 Benincasa hispida JS, China 5
36 P. melonis PMNJDG3 Benincasa hispida JS, China -
37 7a P. fragariae CBS$209.46 Fragaria x ananassa England, UK -
38 P. rubi CBS 967.95 Rubus idaeus Scotland, UK z
39 P. cambivora CBS 248.60 Castanea sativa USA =
40 P. cambivora Pl Malus domestica Borkh SH, China =
41 P. parvispora CBS132771 Arbutus unedo Italy -
42 | P. parvispora CBS132772 Arbutus unedo Italy -
43 P.cinnamomi Pcil Pinus sp. AH,China -
44 P.cinnamomi Pci2 Rhododendron simsii JS, China -
45 P.cinnamomi Pci3 Cedrus deodara ]S, China -
46 P.cinnamomi Pci4 Camellia oleifera Abel. ]S, China -
47 e P.cinnamomi Pci5 Pinus sp. JS, China -
48 P.cinnamomi Pci6 Rhododendron simsii AH,China -
49 P.cinnamomi Pci7 Rhododendron simsii SD, China -
50 P.cinnamomi Pci8 Cedrus deodara SD, China -
51 P.cinnamomi Pci9 Cedrus deodara AH,China -
52 P.cinnamomi Pcil0 Pinus sp. SD, China -
53 P. citricola Pcit Rhododendron pulchrum JS, China -
54 P. cactorum Gl Malus pumila JS, China -
55 P. cactorum c2 Malus pumila JS, China 3
56 P. cactorum Cc3 Rosa chinensis JS, China -
57 P. infestans Pil Solanum tuberosum FJ, China -
58 1 P. infestans Pi2 Solanum tuberosum YN, China -
59 P. nicotianae Pnl Nicotiana tabacum FJ, China -
60 P. nicotianae Pn2 Lycopersicum sp. JS, China -
61 P. nicotianae Pn3 Sophora sinensis JS, China z
62 P. nicotianae Pnd Citrus sp. JS, China =
63 P.tentaculata Pt1 Aucklandia lappa YN, China -

65 P. pini Ppinil Rhododendron pulchrum JS, China
66 P. pini Ppini2 R. pulchrum JS, China :
70 P. capsici Pel Capsicum annuum JS, China =
71 P. capsici Pc2 Capsicum annuum YN, China .
72 2 P. capsici Pc3 Capsicum annuum SH, China -

73 P.colocasiae Peoll Calocasie: sculents (L) YN;,China
Schott -

74 P.citricola Pcitrl Persea americana JS, China

75 P. plurivora Pplul Manihot esculenta HN,China
76 3 P. ilicis CBS114348 Tlex aquifolium Netherlands -
77 P. palmivora Pp1 Iridaceae YN, China -
78 ! P. quercetorum 15C7 Soil USA -
79 5. P. castaneae CBS587.85 Soil Taiwan -
80 P. megasperma CBS$305.36 Matthiola incana USA -
81 6 P. mississippiae 57]3 Irrigation water Mississippi, USA -

© P. drechsleri CBS 292.35" | Beta vulgaris var. altissima California (CA),
USA ]
83 P. drechsleri ATCC 56353 Citrus sinensis Australia -
84 P. hibernalis CBS 270.31 Cirrus sinensis USA -
85 8 P. syringae ATCC 34002 Citrus sp. CA -
86 P. lateralis CBS168.42 Cedrus deodara Canada =
87 P. ramorum EU1 2275 Quercus palustris United Kingdom -
88 P. medicaginis ATCC 44390 Medicago sativa USA -
89 P. boehmeriae Pbl Boehmeria nivea JS, China -
90 P. boehmeriae Pb2 Gossypium sp. JS, China -
91 ° P. boehmeriae Pb3 B. nivea JS, China -
92 P. boehmeriae Pb4 Gossypium sp. JS, China -
93 12 P. quercina CBS 789.95 Quercus petraea Australia -
94 Oomycete Phytopythium litorale PC-djl Rhododendron simsii JS, China =
95 P. helicoides PH-C Rhododendron simsii JS, China =
96 P. helicoides PF-he2 Photinia x fraseri Dress JS, China =
97 P. helicoides PF-he3 Photinia x fraseri Dress JS, China a
98 Pythium ultimum Pull Citrus sinensis JS, China -
99 Py. spinosum Pspl Oryza sativa L. JS, China =
100 Py. aphanidermatum Papl Nicotiana tabacum JS, China -
102 Fungi Fusarium oxysporium Foxl Gossypium sp. JS, China =
103 F. solani Fsol Gossypium sp. JS, China =
104 F. solani Fso2 Glycine max ]S, China -
105 F. circinatum A045-1 Pinus sp. SH, China =
106 F. fujikuroi Fful Oryza sativa JS, China -
107 F. graminearum Fgrl Triticum aestivum JS, China -
108 F. acuminatum Facl Rhizophora apiculata SC, China B
109 F. asiaticum Fasl Triticum aestivum ]S, China -
110 F. avenaceum Favl Glycine max JS, China -
111 F. culmorum Feul Glycine max SC, China -
112 F. commune Feol Soil HLJ, China =
113 F. equiseti Feql Glycine max JS, China -
114 F. lateritium Flatl Soil ]S, China -
115 F. moniforme Fmol Oryza sativa JS, China -
116 F. nivale Fniv Triticum aestivum JS, China -
117 F. proliferatum Fprl Pinus sp. JS, China =
118 F. incarnatum IL3HQ Medicago sativa JS, China -
119 Colletotrichum truncatum Ctrl Glycine max JS, China -
120 C. glycines Cgll Glycine max JS, China -
121 C. orbiculare Corl Citrullus lanatus JS, China -
122 Verticilium dahliae Vdal Gossypium sp. JS, China -
123 Rhizoctonia solani Rsol Gossypium sp. JS, China =
124 Magnaporthe grisea Guyll Oryza sativa Japan -
125 Endothia parasitica Epal Castanea mollissima JS, China -
126 Bremia lactucae Blal Lactuca sativa JS, China -
127 Aspergillus flavus NJCo3 Actinidia chinensis SX, China 2
128 Botrytis cinerea Beil Cucumis sativus JS, China B
129 Alternaria alternata Aall Soil ]S, China -
130 Tilletia indica Tinl Triticum aestivum JS, China -
131 Diaporthe mahothocarpus DT1 Kerria japonica JS, China -
132 D. sapindicola WHZ3 Sapindus mukorossi JS, China =
133 Botryosphaeria dothidea Bcil Koelreuteria paniculata JS, China -
134 Bursaphelenchus Jo-1 Pinus thunbergii JS, China =
Nemaeie xylophilus

135 B.mucronatus Bmucro Pinus sp. JS, China -
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Chaetothyriothecium elegans
Cladosporium herbarum
Dissoconium aciculare
Exopassalora sinensis
Exopassalora zambiae
Heliocephala elegans
Heliocephala zimbabweensis
Houjia pomigena

Houjia yanglingensis
Lasiodiplodia gonubiensis
Microthyrium microscopicum
Microthyrium propagulensis
Neochaetothyrina syzygii
Nowamyces globulus
Nowamyces piperitae
Phacothecoidiella illinoisensis
Phaeothecoidiella missouriensis
Polyphialoseptoria terminaliae
Pseudopenidiella piceae
Pseudorepetophragma zygopali
Pseudostomiopeltis phyllanthi
Pseudostomiopeltis xishuangbannaensis
Pseudoveronaea ellipsoidea
Rachicladosporium luculiae
Ramularia eucalypti
Ramularia pusilla
Readerielliopsis fuscoporiae
Readeriellopsis guyanensis
Schizothyrium pomi
Schizothyrium sp.
Schizothyrium sp.
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Stomiopeltis-like sp.
Toxicocladosporium irritans
Translucidithyrium chinense
Translucidithyrium thailandicum

Uwebraunia dekkeri

The newly generated sequences are indicated in red, and the ex-type strains are in bold. The missing sequences are indicated by “-".

Strain no.
MFLUCC 10-0098
MFLUCC 10-0069
CPC 14327

MFLUCC 15-1081
MFLUCC 15-0383
CPC 21375
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CBS 124973
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CBS 125229
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RS 5.2 NCI_18C1d
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CCRS4R-Gp002
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It-s

To-f

RS3.3 SP8_291Ca/SP8-291
RS$3.4 SP12_391Ca

RS3.1 SP13_438Fb/SP13-438
RS7 SP5_150Ca/SP5-158
$1-13.G3 M6.CHS#5
R$4.1/T58C4d

CPC 36323
GA3_23C2b/RS5.1

R$4.1 TN1_63E2a

RS1 PEC6a

R$2.1 AHC3a

RS3.2 KY4 11.2F2b

RS$3.1 MI3_24Fla
RS7.2/T49A1c

RS$7.1/T36A1b

CBS 18558

IFRDCC 3000

MFLUCC 16-0362

STE-U 1535/CBS 567.89

ITS

JX646789

NR_153923

KX372275

MH863124
NR_119427
MK347799
AY725523
HQ333478
HQ333481
NR_156364
MH863464

AY639595

NR_173054
NR_165606
NR_165607
MH863463
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Q358788
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LsuU

JX646806
NG_058834
GU301807
NG_058932
KU710171
KF268420
MH874676
NG_059076
MK348018
DQ246264
HQ333478
HQ333481
NG_058486
NG_064220
DQ377902
GU301846
KU948989
NG_076743
NG_067915
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MH874963
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KF251717
JX069852
KT732418
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OR233594
MH877464
MH874675
KF251834
NG_058152
KRA476755
FJ493211
AY598894
MN065462
MN065460
AY598897

MH874965

GU214701

FJ147164

AY598919

AY598920
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MNO065477
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MN065476

MNO065479

JX042482
NG_068323
FJ147163
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AY598921
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FJ147160
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NG_081480
MG993048

EU019268
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“The fungal family is represented by a color symbol; Herpotrichiellaceae is shown by M, Trichomeriaceae is indicated by @, incertae sedis in class Chaetothyriales is indicated by 4, and not reported
is indicated by “NR”
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Colony diameter (mm)*

Fungal taxa

2556 28°C

Cladophialophora rupestricola

SDBR-CMU446 = 7.58 £ 0.67 7.83 £0.72 10.56 + 1.85 10.67 + 0.98 10.75 + 0.62 825 +0.62
SDBR-CMU447 = 6.92 +0.29 7.58 +0.67 10.17 £ 1.62 10.25 + 0.87 10.50 + 0.67 7.17 £ 0.58
SDBR-CMU448 - 7.25 + 0.87 8.08 + 1.08 9.50 + 0.92 9.75 £ 0.97 9.83 + 0.58 733 +0.78

Cl. thailandensis

SDBR-CMU449 6.67 + 0.52 13.67 £ 0.52 18.50 + 0.55 28.75 + 1.60 3433 £0.52 22.33+£0.82 8.83 +0.41
SDBR-CMU450 6.12 + 0.44 13.82 £0.72 17.87 £ 0.94 2792 122 3236 +0.71 21.74 £ 0.65 879 £0.63
SDBR-CMU451 6.25 + 0.45 16.67 + 1.15 18.58 + 0.67 2622 135 31.00 + 0.82 23.00 + 0.60 892 +0.29
SDBR-CMU452 6.45 + 0.61 1578 £ 1.12 1837 £ 0.95 2852 + 1.34 33.74 + 0.64 22.26 + 0.67 8.11 +£0.74
SDBR-CMU453 6.42 + 0.51 14.33 £ 1.56 18.75 £ 0.87 28.06 + 1.06 33.17 £ 0.94 25.50 + 1.68 8.50 + 0.80

Cl. sribuabanensis ‘
SDBR-CMU476 - 533 049 850 £ 0.71 12.89 £ 0.76 1717 + 1.04 14.06 + 0.94 -
SDBR-CMU477 - 544 + 051 8.61 +0.61 13.06 + 0.94 17.28 + 1.02 13.94 094 -

Petriomyces obovoidisporus ‘

SDBR-CMU478 7.00 + 0.43 10.17 £ 0.39 12.92 +0.90 17.50 + 0.86 17.33 £ 0.65 7.58 + 0.90 =
SDBR-CMU479 7.08 + 0.51 9.67 + 0.49 12.25 £ 0.97 17.28 £ 0.83 17.33 £ 0.98 7.42 +0.79 =

*The results are average colony diameter + standard deviation, and “~* represents no growth.
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GenBank Accession No.

Species Strains References
ITS nrLSU nrSsU
Cladophialophora abundans ~ CBS 126736" KC776592 | KC812100  — = = Feng et al. (2014)
Cl abundans MFLUCC 21-0105 MT864354 MT860432 m ™ 7= Boonmee et al. (2021)
Cl. aquatica MFLUCC 21-0108" | MT864355 MT860433 - = = Boonmee et al. (2021)
ClL. arxii CBS 306.94" EU103986 KX822320 AJ232948 = EU140593 Haase et al. (1999); Badali et al.

(2009); Vasse et al. (2017)

Cl. arxii IFM 52022 AB109181 LT883516 = - - Abliz et al. (2004)
Cl. australiensis CBS 112793 EU035402 EU035402 KX822275 - - Crous et al. (2007); Vasse et al. (2017)
Cl. bantiana CBS 173.52" EU103989 KF155189 AY554284 = EU140585 Haase et al. (1999); Badali et al.

(2009); Vicente et al. (2014)

Cl. bantiana CBS 119719 EU103991 = N - EU140589 Badali et al. (2009)

CL boppii CBS 110029 EU103998 = = = EU140597 Badali et al. (2009)

CL boppii CBS 126.86" EU103997 FJ358233 FJ358301 = EU140596 Gueidan et al. (2008); Badali et al.
(2009)

CL. bromeliacearum URM 8085 MW794272 | MW794274 - MW810487 - Nascimento et al. (2021)

CL. bromeliacearum FCCUFG 04 MW794273 | MW794275 - MW810488 = Nascimento et al. (2021)

Cl. cabanerensis CBS 146718" MN310213 MN308512 = = o= Crous et al. (2020a)

Cl. cabanerensis P6479 - MN308510 | - = = Crous et al. (2020a)

Cl. carrionii CBS 114393 EU137268 KF928516 = EU137151 EU137212 de Hoog et al. (2007); Attili-Angelis
etal. (2014)

Cl. carrionii CBS 160.54" EU137266 KF928517 FJ358302 EU137201 EU137210 de Hoog et al. (2007); Gueidan et al.
(2008); Attili-Angelis et al. (2014)

Cl. chaetospira CBS 491.70" EU035405 EU035405 KX822276 = - Crous et al. (2007); Vasse et al. (2017)

Cl. chaetospira CBS 114747 EU035403 EU035403 = KF928578 = Crous et al. (2007); Attili-Angelis et al.
(2014)

CL. devriesii CBS 147.847 EU103985 KC809989 AJ232947 = EU140595 Badali et al. (2009); Vicente et al.
(2014)

CL. devriesii CBS 127019 MH864392 MH875832 - = - Vu et al. (2019)

Cl. emmonsii CBS 640.96 EU103995 KC809995 = - EU140584 Feng et al. (2014); Vicente et al.
(2014)

Cl. emmonsii ) CBS 979.96" EU103996 = - [ = EU140583 Vicente et al. (2014)

Cl. exuberans CMRP1219 KY680430 KY570930 - KY689827 - Nascimento et al. (2017)

Cl. exuberans CMRP1227" KY680429 KY570931 = KY689826 = Nascimento et al. (2017)

Cl. floridana NRRL 662827 AB986343 AB986343 - - - Obase et al. (2016)

Cl. floridana NRRL 66283 AB986344 AB986344 - - - Obase et al. (2016)

CL immunda CBS 110551 FJ385274 - - EU137207 EU137261 Badali et al. (2008)

Cl. immunda CBS 834.96" EU137318 KC809990 KF155194 EU137203, EU137257 Badali et al. (2008); Feng et al. (2014);
Vicente et al. (2014)

Cl. inabaensis EUCL1" LC128795 LC128795 = = = Usui et al. (2016)

Cl. lanosa KNU16-032" LC387460 LC387461 - = - Das et al. (2019)

CL. matsushimae MFC-1P384" FN549916 FN400758 o - s Koukol (2010)

Cl. matsushimae CMRP1198 KY680416 = = = = Nascimento et al. (2017)

CL. minourae CBS 556.83" AY251087 FJ358235 FJ358303 = EU140598 Braun et al. (2003); Badali et al.
(2008); Gueidan et al. (2008)

CL. multiseptata CBS 136675" HG003668 HG003671 - = = Crous et al. (2013)

CL. multiseptata dH21520 = KX712345 = = = Teixeira et al. (2017)

CL. mycetomatis CBS 122637" FJ385276 KX822321 KX822278 - - Badali et al. (2008); Vasse et al. (2017)

CL. mycetomatis CBS 454.82 EU137293 KC809991 KX822279 EU137176 EU137235 Badali et al. (2008); Feng et al. (2014);
Vasse et al. (2017)

CL nyingchiensis CGMCC 3.17329 MG012700 MG197825 MGO012729  MGO012748 MGO12707 | Sun et al. (2020)

CL. nyingchiensis CGMCC 3.17330" MGO012699 MG197824 MGO012728  MGO012747 MGO012706 | Sun et al. (2020)

CL. parmeliae CBS 129337 JQ342180 JQ342182 - - - Diederich et al. (2013)

Cl parmeliae CBS 132232 = 7X081671 = = = Diederich et al. (2013)

CI. potulentorum CBS 1151447 DQO0814l | — = = = Crous et al. (2007)

Cl. potulentorum CBS 112222 EU035409 - - - - Badali et al. (2008)

CL. psammophila CBS 110553" AY857517 KX712346 - - & Prenafeta-Boldu et al. (2006); Teixeira
etal. (2017)

Cl. pseudocarrionii CBS 1385917 KU705827 KU705844 - e e Madrid et al. (2016)

Cl. recurvata CBS 143843" LT985878 LT985879 = =: - Rodriguez-Andrade et al. (2019)

CI. rupestricola SDBR-CMU446" 0P903465 0P903502 OR141860 = OR139230 0P923695  This study

CL rupestricola SDBR-CMU447 0P903466 OP903503 OR141861 OR139231 0P923696 This study

CI. rupestricola SDBR-CMU448 0OP903467 OP903504 OR141862  OR139232 0P923697  This study

CL samoensis CBS 259.83" EU137291 KC809992 KX822281 EU137174 EU137233 Badali et al. (2008); Feng et al. (2014);
Vasse et al. (2017)

Cl. saturnica CBS 102230 AY857508 KC809993 KX822282 = EU140600 Prenafeta-Boldu et al. (2006); Badali
et al. (2008); Feng et al. (2014); Vasse
et al. (2017)

Cl. saturnica CBS 1187247 EU103984 = = - EU140602 Badali et al. (2009)

Cl. sribuabanensis SDBR-CMU476" 0Q991178 0Q979608 OR141868  OR139238 OR139226  This study

Cl. sribuabanensis SDBR-CMU477 0Q991179 0Q979609 OR141869  OR139239 OR139227  This study

CL. subtilis CBS 1226427 FJ385273 KX822322 KX822283 = - Badali et al. (2008); Vasse et al. (2017) ‘

Cl. tengchongensis CGMCC3.15201" MG012702 MG197827 MG012731 MG012750 MG012709 Sun et al. (2020) ‘

Cl. tengchongensis CGMCC3.15204 MG012703 MG197828 MG012732  MGO012751 MG012710 Sun et al. (2020)

CI. thailandensis SDBR-CMU449 0P903468 0OP903505 OR141863 = OR139233 0P923698  This study

CI. thailandensis SDBR-CMU450 0P903469 OP903506 OR141864  OR139234 0P923699  This study

CI. thailandensis SDBR-CMU451" 0P903470 OP903507 OR141865 = OR139235 0P923700  This study

CI. thailandensis SDBR-CMU452 0P903471 OP903508 OR141866 = OR139236 0P923701  This study

CL. thailandensis SDBR-CMU453 0P903472 OP903509 OR141867 OR139237 0P923702 This study

CL. tortuosa ATCC TSD-9" AB986424 AB986424 = - “ Obase et al. (2016)

Cl. tumbae JCM 28749" LC192107 LC192072 = = . Kiyuna et al. (2018)

Cl. tumbae JCM 28753 LC192108 LC192073 - - - Kiyuna et al. (2018)

Cl. tumulicola JCM 28766 LC192098 LC192063 - - - Kiyuna et al. (2018)

Cl. tumulicola JCM 28758 LC192094 LC192059 - - - Kiyuna et al. (2018)

Cl. yegresii CBS 114405" EU137322 KX822323 KX822284 EU137209 EU137262 de Hoog et al. (2007); Vasse et al.
(2017)

Cl. yegresii CBS 114406 EU137323 = o] EU137208 EU137263 de Hoog et al. (2007)

Bradymyces alpinus CCFEE 5493" HG793052 GU250396 GU250354 | LN589970 = Hubka et al. (2014)

Br. oncorhynchi CCF 4369" HG426062 HG426063 HG426064  HG426060 = Hubka et al. (2014)

Species obtained in this study are in bold. Superscript “T” represents ex-type species. “~” represents the absence of sequence data in GenBank database.
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100/99/1.00 | Steccherinum larssonii MCW 593/17
100/100/1.00 [ Steccherinum larssonii MCW 594/17
97/91/0.96 Steccherinum bourdotii HR 99893
85/54/1.00 . -
l Steccherinum bourdotii Saarenoksa 10195

100/100/1.00 S Steccherinum rubigimaculatum CLZhao 4069
Steccherinum rubigimaculatum CLZhao 10638

00/1.00/ 1.00  Steccherinum tenuispinum Spirin 2116
Steccherinum tenuispinum Miettinen 8065

93/100/1.00 | | Steccherinum subtropicum CLZhao 16901

98/99/1.00 L Steccherinum subtropicum CLZhao 11059

9799004 | Steccherinum hirsutum CLZhao 4222

-1541 - ‘E L— Steccherinum hirsutum CLZhao 4523

Steccherinum ochraceum KHL 11902
99/98/1.00 L Steccherinum ochraceum 2060

U Steccherinum undigerum MCW 472/13

100/100/1.00 ! Steccherinum undigerum MCW 426/13

155/ - |— Steccherinum puerense CLZhao 3122

100/100/1.00 ! Steccherinum puerense CLZhao 3644

Steccherinum tenue FP-102082
0/100/]

200 U steccherinum tenue KHL 12316
Steccherinum pseudozilingianum Kulju 1004
Steccherinum autumnale Spirin 2957

00/100/L0D ~  Steccherinum neonitidum MCW 371/12
tm:s/l oo ™

‘Steccherinum neonitidum RP79
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‘Steccherinum meridionalis MR 10466

| Steccherinum nitidum KHL 11903

98/96/1.00 | Steccherinum nitidum MT 33/12
Steccherinum polycystidiferum RP 140

100[100/1
Steccherinum polycystidiferum MCW 419/12
100/100/1.00 [smcchmnumyunnamm CLZhao 1445

Steccherinum yunnanens CLZhao 2822

-151/ - 93/100/1.00 - Steccherinum subcollabens Dai 19344

77/95/0.98 [ Steccherinum subcollabens Dai 19345

=51 77/78/1.00

'— Steccherinum collabens KHL 11848

100/100/1.00 [Slmhannumfmgilv Dai 19972
Steccherinum fiagile Dai 20479

100/100/1.00 | Steccherinum punctatum CLZhao 9181

Steccherinum punctatum CLZhao9184

100/99/1.00 ———— Steccherinum straminellum KHL 13849

[100/100/1.00

- /95/1.00

Iipex lacteus DO 421/95120¢

50

Steccherinum ciliolatum Ryvarden 47033
Steccherinum fissurutum CLZhao21803
Steccherinum flssurutum CLZhao 21841
Steccherinum fissurutum CLZhao 21808
Steccherinum fissurutum CLZhao 21675
Steccherinum fissurutum CLZhao 21811
Steccherinum fissurutum CLZhao 21680
Steccherinum fissurutum CLZhao 21703
Steccherinum fissurutum CLZhao 21744
Steccherinum fissurutum CLZhao 21826
Steccherinum fissurutum CLZha021634
Steccherinum fissurutum CLZhao 21673
Steccherinum fissurutum CLZhao 21754

Steccherinum robustius  G1195

100£100/1.00 [Stecchennumxamhum CLZhao 5030
Steccherinum xanthum CLZhao 5032

8

*





OPS/images/fcimb.2023.1181287/table1.jpg
Species

Sarocladium terricola (RCEF6201)

Genome size (Mb) 30.27
Scaffolds 11
Largest scaffolds (Mb) 4.61
GC (%) 54.07
N50 (Mb) 349
L50 4
Assembly BUSCO coverage (%) 96.7
PCG models 10,326
GO 5,926
KEGG 4,220
COG 1,277
Swiss-Prot 3,004
nr 9,055
PHI 1425
P450 124
CAZy 321
VFDB 42
T3SS 3,661
Gene clusters of secondary metabolites
NRPS-like 9
NRPS 11
T1PKS 12
T3PKS 2
Terpene 5
Beta-lactone 1
Phosphonate 1
Total 41
Repetitive elements (% in genomes)
LTR 0.25%
TIR 0.50%
nonTIR 0.06%
Total 0.81%
ncRNA
rRNA 39
tRNA 103
SRNA 45
snRNA 20
miRNA 75
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Y Type species
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80/66/ -

100/99/1.00

100/92/1.00

100/100/1.00

Nigroporus vinosus X 839

Nigroporus vinosus MQN 015

Nigroporus stipitatus KaiR 116

Trullella conifericola Cui 2851

100/100/1.00 “ Trullella conifericola Yuan 12655
100/100/1.00 [ Trullella duracina MCW 410/13

Trullella duracina RP 96

Trullella dentipora X200
100/100/1.00 p Mycorrhaphium subadustum Yuan 12976
Mycorrhaphium subadustum Dai 10173
Mycorrhaphium hispidun MCW 363/12

100/100/1.00 'Afycorrhaphium hispidun MCW 429/13

Ol
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/1100
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—5l
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100/100/1.00 - Flaviporus tenuis MCW 356/12

00 Atraporiella neotropica Miettinen X1021
Atraporiella yunnanensis CLZhao 604

100/100/1.00 ' Atraporiella yunnanensis CLZhao 605

100/100/1.00 [ Elaphroporia ailaoshanensis CLZhao 596
Elaphroporia ailaoshanensis CLZhao 597

100/100/1.00 [ Junghulmia crustacea X262

Junghuhnia pseudocrustacea Yuan 6160

100/100/1.00 ' Junghuhnia pseudocrustacea Zhou 283
100/100/1.00 - Junghuhnia delicata MCW 564/17
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Junghuhnia delicata MCW 693/19

100/10D/1.00  Steccherinumxanthum CLZhao 5030
Steccherinum xanthum CLZhao 5032
Steccherinum robustius G1195
100/100/1.00 | Steccherinum punctatum CLZhao 9181
Steccherinum punctatum CLZhao 9184

100{100/1.00  Steccherinum fissurutum CLZhao 21841

Steccherinum fissurutum CLZhao 21811

98/94/1.00 — Steccherinum hirsutum CLZhao 4222

Steccherinum hirsutum CLZhao 4523
Steccherinum ochraceum KHL 11902
Steccherinum ochraceum 2060
Steccherinum subtropicum CLZhao 16901
Steccherinum subtropicum CLZhao 11059
100/100/1}00 |Steccherinum bowrdotit HR 99893
Steccherinum bourdotii Saarenoksa 10195

Loweomyces spissus MCW 488/14

Loweomyces tomentosus MCW 366/12
00/100/1.00 | Loweomyces fractipes X 1149
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Loweomyces wynneae X 1215

*
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References

Aculeata aquatica MFLUCC 11-0529" | MG922571 MG922575 MG922579 | Dong et al. (2018)

Ac. ramosa CGMCC 3.16372" KP174844 KP174923 KP174883 Sun et al. (2020)

Ac. saxincola CGMCC 3.17315" KP174843 KP174924 KP174880 Sun et al. (2020)

Arthrocladium caudatum CBS 457.67" LT558701 KT337443 LT558701 Nascimento et al. (2016); Réblova et al. (2016)

Ar. fulminans CBS 136243" KT337439 KT337444 = Nascimento et al., 2016

Ar. tropicale CBS 134926" KX822543 KX822350 KX822310 Vasse et al. (2017)

Atrokylindriopsis setulosa HMAS245592" KP337330 KP337329 - Ma et al. (2015)

Bradymyces alpinus CCFEE 54937 HG793052 | GU250396 | GU250354 | Hubka et al. (2014)

Br. graniticola CBS 140773" LT558704 LT558704 LT558704 Reblova et al. (2016)

Br. oncorhynchi CCF 4369" HG426062 HG426063 HG426064 | Hubka et al. (2014)

Brycekendrickomyces acaciae CBS 1241047 FJ839606 FJ839641 - Crous et al. (2009)

Capronia acutiseta CBS 618.96" AF050241 KF155191 AJ232942 Untereiner and Naveau (1999); Vicente et al. (2014)
Ca. camelliae-yunnanensis CGMCC 3.19061" MHS807377 MHB807378 MH807379 | Phookamsak et al. (2019)

Ca. capucina BBB561" MHS809170 MH791322 = Sanchez et al. (2019)

Ca. coronata CBS 617.96" JE747040 AF050242 JN856009 Untereiner and Naveau (1999); de Hoog et al. (2011)
Ca. dactylotricha CBS 604.96" AF050243 KX712343 AJ232943 Untereiner and Naveau (1999); Teixeira et al. (2017)
Ca. fungicola CBS 614.96" KY484990 FJ358224 FJ358292 Gueidan et al. (2008)

Ca. leucadendri CBS 1226727 EU552108 MH874754 - Marincowitz et al. (2008); Vu et al. (2019)

Ca. mansonii CBS 101.67" AF050247 AY004338 X79318 Untereiner and Naveau (1999); Lumbsch et al. (2005)
Ca. munkii CBS 615.96" MH862601 - - Vu et al. (2019)

Ca. nigerrima CBS 513.69 MH859363 AY605075 AY541478 Lumbsch et al. (2004); Lumbsch et al. (2005); Vu et al. (2019)
Ca. parasitica CBS 123.88 AF050252 FJ358225 JN941212 Untereiner and Naveau (1999); Gueidan et al. (2008)
Ca. pilosella AFTOL-ID 657 DQ826737 DQ823099 DQ823106 James et al. (2006)

Ca. rubiginosa BBB 536" MHS809171 MH791323 = Sanchez et al. (2019)

Cladophialophora abundans CBS 126736" KC776592 KC812100 = Feng et al. (2014)

Cl. aquatica MFLUCC 21-0108" | MT864355 MT860433 MT860446 | Boonmee et al. (2021)

Cl. arxii CBS 306.94" EU103986 KX822320 AJ232948 Haase et al. (1999); Badali et al. (2009); Vasse et al. (2017)
Cl. australiensis CBS 112793" EU137331 EU035402 KX822275 Crous et al. (2007); Feng et al. (2014); Vasse et al. (2017)
CI. bantiana CBS 173.52" EU103989 KF155189 AY554284 Badali et al. (2009); Vicente et al. (2014)

CL. boppii CBS 126.86" MH861932 | FJ358233 FJ358301 Gueidan et al. (2008); Vu et al. (2019)

CI. bromeliacearum URM 8085" MW794272 = MW794274 | — Nascimento et al. (2021)

Cl. cabanerensis CBS 146718" MN310213 MN308512 = Crous et al. (2020a)

ClL. carrionii CBS 160.54" EU137266 FJ358234 FJ358302 de Hoog et al. (2007); Gueidan et al. (2008)

Cl. chaetospira CBS 491.70" EU035405 EU035405 KX822276 | Crous et al. (2007); Vasse et al. (2017)

CL devriesii CBS 147.84" EU103985 KC809989  AJ232947 Haase et al. (1999); Badali et al. (2009); Feng et al. (2014)
CL emmonsii CBS 979.96" EU103996 - = Badali et al. (2009)

Cl. eucalypti CBS 145551" MKB876380 MK876419 = Crous et al. (2019a)

Cl. exuberans CMRP1227" KY680429 KY570931 = Nascimento et al. (2017)

Cl. floridana NRRL 66282" AB986343 AB986343 = Obase et al. (2016)

Cl immunda CBS 834.96" MH862619  KC809990 KF155194 Feng et al. (2014); Vu et al. (2019)

Cl. inabaensis EUCLI™ LC128795 = - Usui et al. (2016)

Cl. lanosa KNU 16032" LC387460 LC387461 - Das et al. (2019)

CI. matsushimae MFC-1P384" EN549916 FN400758 - Koukol (2010)

CI. minourae CBS 556.83" AY251087 FJ358235 FJ358303 Braun et al. (2003); Gueidan et al. (2008)

CI. multiseptata CBS 136675 HG003668 HG003671 - Crous et al. (2013)

Cl. mycetomatis CBS 1226377 FJ385276 KX822321 KX822278 Badali et al. (2008); Vasse et al. (2017)

CI. nyingchiensis CGMCC 3.17330" MG012699 MG197824 MGO012728 | Sun et al. (2020)

CI. parmeliae CBS 129337 JQ342180 JQ342182 = Diederich et al. (2013)

CI. potulentorum CBS 115144 DQO08141 - - Badali et al. (2009)

CL. proteae CBS 111667" EU035411 EU035411 KJ636039 Crous et al. (2007); Gueidan et al. (2014)

CI. psammophila CBS 110553" AY857517 KX712346 = Prenafeta-Boldu et al. (2006); Teixeira et al. (2017)
CI. pseudocarrionii CBS 138591" KU705827 KU705844 ™ Madrid et al. (2016)

CI. pucciniophila KACC 43957 JF263533 JF263534 - Park and Shin (2011)

CL recurvata CBS 1438437 LT985878 LT985879 - Rodriguez-Andrade et al. (2019)

Cl. rupestricola SDBR-CMU446" OP903465 0P903502 OR141860 | This study

CI. rupestricola SDBR-CMU447 OP903466 0P903503 OR141861 | This study

CL. rupestricola SDBR-CMU448 0P903467 0OP903504 OR141862 | This study

Cl. samoensis CBS 259.83" MH861581 KC809992 KX822281 Feng et al. (2014); Vasse et al. (2017); Vu et al. (2019)
CL. saturnica CBS 118724 EU103984 ol = Badali et al. (2009)

CI. sribuabanensis SDBR-CMU476" 0Q991178 0Q979608 OR141868 | This study

Cl. sribuabanensis SDBR-CMU477 0Q991179 0Q979609 OR141869 | This study

Clsubtilis CBS 1226427 FJ385273 KX822322 KX822283 Badali et al. (2008); Vasse et al. (2017)

CI. tengchongensis CGMCC3.15201" MG012702 | MG197827 | MGO12731 | Sun et al. (2020)

Cl. thailandensis SDBR-CMU449 OP903468 0P903505 OR141863 | This study

Cl. thailandensis SDBR-CMU450 OP903469 0P903506 OR141864 This study

CI. thailandensis SDBR-CMU451" OP903470 0P903507 OR141865 | This study

CI. thailandensis SDBR-CMU452 0P903471 0OP903508 OR141866  This study

CI. thailandensis SDBR-CMU453 0P903472 OP903509 OR141867 | This study

Cl. tortuosa ATCC TSD-9" AB986424 AB986424 = Obase et al. (2016)

CI. tumbae JCM 28749" LC192107 LC192072 = Kiyuna et al. (2018)

CI. tumulicola JCM 28766 LC192098 LC192063 ] Kiyuna et al. (2018)

Cl. yegresii CBS 114405" EU137322 KC809994 KX822284 | de Hoog et al. (2007); Feng et al. (2014); Vasse et al. (2017)
Epibryon interlamellare CBS 126286 MH863958 ~ MH875417 | — Vu etal. (2019)

Ep. turfosorum CBS 126587 MH864165 = MH875627 = — Vu et al. (2019)

Exophiala abietophila CBS 145038" MK442581 MK442523 | - Crous et al. (2019b)

Ex. alcalophila CBS 520827 MH861524 | AF361051 JN856010 | de Hoog et al. (2011); Vu et al. (2019)

Ex. angulospora CBS 482.92" MH862370 KF155190 JN856011 de Hoog et al. (2011); Vicente et al. (2014); Vu et al. (2019)
Ex. bergeri CBS 353.52" MH857080 FJ358240 FJ358308 Gueidan et al. (2008); Vu et al. (2019)

Ex. bonariae CBS 139957" JX681046 KR781083 = Isola et al. (2016)

Ex. brunnea CBS 587.66" MH858890 KX712342 JN856013 de Hoog et al. (2011); Teixeira et al. (2017); Vu et al. (2019)
Ex. castellanii CBS 158.58" MHS857734 | KF928522 JN856014 | de Hoog et al. (2011); Attili-Angelis et al. (2014); Vu et al. (2019)
Ex. crusticola CBS 119970" MHB863070 KF155180 KF155199 Vicente et al. (2014); Vu et al. (2019)

Ex. dermatitidis CBS 207.35" MH855649 KF928508 = Attili-Angelis et al. (2014); Vu et al. (2019)

Ex. encephalarti CBS 128210" HQ599588 HQ599589 = de Hoog (2010)

Ex. eucalypti CBS 142069 KY173411 KY173502 - Crous et al. (2016)

Ex. eucalypticola CBS 1434127 MH107891 MH107938 - Crous et al. (2018a)

Ex. jeanselmei CBS 507.90" AY156963 KJ930161 FJ358310 Vitale and de Hoog (2002); Gueidan et al. (2008)

Ex. lecanii-corni CBS 123337 MHS855383 | FJ358243 FJ358311 Gueidan et al. (2008); Vu et al. (2019)

Ex. mesophila CBS 402.95" MH862536 = KX712349 JN856016 de Hoog et al. (2011); Teixeira et al. (2017); Vu et al. (2019)
Ex. nidicola CBS 138589 MG701055 MG701056 - Crous et al. (2018b)

Ex. nishimurae CBS 101538" TX473274 KX712351 KX822288 | Woo et al. (2013); Teixeira et al. (2017); Vasse et al. (2017)
Ex. oligosperma CBS 725.88" AY163551 FJ358245 AY554287 | Haase et al. (1999); de Hoog et al. (2003); Gueidan et al. (2008)
Ex. opportunisticica CBS 1098117 KF928437  KF928501 | — Attili-Angelis et al. (2014)

Ex. pisciphila CBS 537.73" DQ826739 AF050272 DQ823108 Untereiner and Naveau (1999); James et al. (2006)
Ex. placitae CBS 121716" MH863143 MH874694 = Vu et al. (2019)

Ex. quercina CBS 146024" MT223797 MT223892 = Crous et al. (2020b)

Ex.radicis P2854" KT099204 KT723448 KT723453 Glynou et al. (2016); Macia-Vicente et al. (2016)

Ex. salmonis CBS 157.67" JE747137 AY213702 EF413608 Rakeman et al. (2005); Geiser et al. (2006); de Hoog et al. (2011)
Ex. siamensis SDBR-CMU417" ON555811 s ON555826 Thitla et al. (2022)

Ex. siamensis SDBR-CMU418 ON555812 - ON555827 Thitla et al. (2022)

Ex. sideris CBS 121818" HQ452311 = HQ441174 | Seyedmousavi et al. (2011)

Ex. spinifera CBS 899.68" MH859248 MH870977 = Vu et al. (2019)

Fonsecaea brasiliensis CBS 1197107 IN173784 KF155183 KF155203 | Vicente et al. (2012); Vicente et al. (2014)

F. erecta CBS 125763 KC886414 KF155186 KF155210 Vicente et al. (2014)

F. monophora CBS 1022437 EU938579 | FJ358247 FJ358315 Gueidan et al. (2008); Najafzadeh et al. (2009)

F. multimorphosa CBS 980.96" JF267657 KF155188 JF433950 Najafzadeh et al. (2011); Vicente et al. (2014)

F. pedrosoi CBS 271.37" AB114127 KJ930166 AY554290 Haase et al. (1999); Tanabe et al. (2004); Li et al. (2017)
Knufia cryptophialidica DAOM 216555" JN040501 JN040500 EF137364 Scott et al. (2007); Tsuneda et al. (2011)

K. epidermidis CBS 120353 © EU730589 FJ355954 FJ355953 Li et al. (2008)

K. marmoricola CBS 139726 © KP791775 KR781063 i Isola et al. (2016)

K. mediterranea CBS 139721 © KP791791 KR781078 - Isola et al. (2016)

K. petricola CBS 726.95" KC978746 KC978741 KC978739 Nai et al. (2013)

Lithohypha aloicola CPC 35996" MN562103 ~ MN567611 | — Crous et al. (2019¢)

L. catenulata CGMCC 3.14885" JN650519 KP174917 KP174911 Sun et al. (2020)

L. guttulata CBS 1397237 KP791773 KR781061 = Isola et al. (2016)

Marinophialophora garethjonesii = KUMCC 16-0066" KY305175 KY305177 KY305179 Li et al. (2018)

Melanoctona tectonae MFLUCC 12-0389" | KX258778 KX258779 KX258780 Tian et al. (2016)

Metulocladosporiella musae CBS 161.747 DQO08137 DQ008161 - Avila et al. (2005)

Met. musicola CBS 110960" DQO08127 | DQO08IS3 | - Avila et al. (2005)

Minimelanolocus clavatus DLU 3022" MT271774 MT271772 MT271777 | Wan et al. (2021)

Mi. yunnanensis MFLUCC 16-07647 | KX258781 KX258782 KX258783 Tian et al. (2016)

Neosorocybe pini CBS 146085 MT223824 MT223916 - Crous et al. (2020b)

Neostrelitziana acaciigena CBS 139903" KR476730 KR476765 we Crous et al. (2015)

Petriomyces obovoidisporus SDBR-CMU478" 0Q991180 0Q979610 OR141870 | This study

Pe. obovoidisporus SDBR-CMU479 0Q991181 0Q979611 OR141871 This study

Phialophora chinensis CBS 140326" KF881964 KJ930093 KM658060 Li et al. (2017)

Phia. ellipsoidea CBS 286.47" AF050282 AF050282 - Untereiner and Naveau (1999)

Phia. expanda BMU 02323" KF881937 MHS878677 = - Li et al. (2017); Vu et al. (2019)

Phia. macrospora CBS 273.37" AF050281 AF050281 = Untereiner and Naveau (1999)

Phia. verrucosa CBS 140325" KF881960 KJ930073 KM658059 | Li et al. (2017)

Rhinocladiella amoena CBS 138590" KU705840 KU705857 = Madrid et al. (2016)

Rhin. anceps CBS 181.65" EU041805 EU041862 AY554292 Haase et al. (1999); Arzanlou et al. (2007)

Rhin. atrovirens CBS 317337 AB091215 MH866906 = Abliz et al. (2003); Vu et al. (2019)

Rhin. basitona CBS 101460 EU041806 EU041863 - Arzanlou et al. (2007)

Rhin. coryli CBS 141407" KX306768 KX306793 - Hernandez-Restrepo et al. (2016)

Rhin. mackenziei CBS 650.93" AY857540 AF050288 - Untereiner and Naveau (1999); Prenafeta-Boldu et al. (2006)
Rhin. phaeophora CBS 496.78" EU041811 EU041868 EF137366 Arzanlou et al. (2007); Scott et al. (2007)

Rhin. pyriformis CBS 469.94" MH862476 - Vu et al. (2019)

Rhin. quercus CBS 141448" KX306769 KX306794 ] Hernandez-Restrepo et al. (2016)

Rhin. similis CBS 111763 EF551461 = ] Zeng and de Hoog (2008)

Sorocybe oblongispora DAOMC 251618" MN114116 =~ MN114118 | — Crous et al. (2019¢)

So. resinae DAOM 239134 EU030275 EU030277 = Seifert et al. (2007)

Strelitziana africana CBS 1200377 DQ885895 DQ885895 - Arzanlou and Crous (2006)

St. albiziae CBS 126497 HQ599584 | HQ599585  — de Hoog (2010).

St. australiensis CBS 1247787 GQ303295 = GQ303326 | — Cheewangkoon et al. (2009)

Thysanorea cantrelliae CBS 145909" MN794376 MN794353 MN794382 Hernandez-Restrepo et al. (2010)

Th. papuana CBS 212.96" MH862572 MH874198 = Vu et al. (2019)

Th. seifertii CBS 145910" MN794377 MN794354 MN794383 | Hernandez-Restrepo et al. (2010)

Th. thailandensis MEFLUCC 15-0971" | MG922573 MG922577 MG922581 Dong et al. (2018)

Th. yunnanensis MFLUCC 15-04147 | KR215607 KR215612 KR215617 Liu et al. (2015)

Trichomerium dioscoreae CBS 138870 KP004468 KP004496 - Crous et al. (2014)

Tr. foliicola MFLUCC 10-0078" | JX313655 JX313661 = Chomnunti et al. (2011)

Tr. gloeosporum MFLUCC 10-0087" | JX313656 JX313662 - Chomnunti et al. (2011)

Uncispora sinensis YMEF 1.03683" KU173860 KU558914 KU558913 Yang et al. (2011)

U. wuzhishanensis YMF 1.04080" KU173859 KU558912 KU558911 Liu et al. (2018)

Valentiella maceioensis BSS 376 MZ042488 MZ042486 = Bezerra et al. (2022)

Va. maceioensis CBS 141892 KY305141 KX348014 - Bezerra et al. (2022)

Veronaea botryosa CBS 254.57" MH857711 MH869255 JN856021 de Hoog et al. (2011); Vu et al. (2019)

Ve. japonica CBS 776.83" EU041818 EU041875 - Arzanlou et al. (2007)

Species obtained in this study are in bold. Superscript “I” represents ex-type species. “~" represents the absence of sequence data in GenBank database.
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Cladophialophora thailandensis SDBR-CMU453
Cladophialophora thailandensis SDBR-CMU451
[100/1.00 c/adophialophora thailandensis SDBR-CMU452
Cladophialophora thailandensis SDBR-CMU449
e Cladophialophora inabaensis EUCL1
E Cladophialophora lanosa KNU 16032
100/1.00 L Cladophialophora rupestricola SDBR-CMU447
-/0.99 00/1.00] Cladophialophora rupestricola SDBR-CMU446
Cladophialophora rupestricola SDBR-CMU448
Cladophialophora sribuabanensis SDBR-CMU476
Cladophialophora sribuabanensis SDBR-CMU477
91/1.00 Cladophialophora tumulicola JCM 28766
Cladophialophora recurvata CBS 143843

100/1.00

-/0.97 Cladophialophora exuberans CMRP1227
A0 Cladophialophora mycetomatis CBS 122637
AV Cladophialophora matsushimae MFC-1P384
Cladophialophora tumbae JCM 28749
96/0.99 Fonsecaea brasiliensis CBS 119710

86/1.00 98/0.98 Cladophialophora devriesii CBS 147.84

90/1.00 Cladophialophora immunda CBS 834.96
+/1.00 Cladophialophora saturnica CBS 118724
85/0.95 1 Fonsecaea multimorphosa CBS 980.96
80/0.98 == Fonsecaea erecta CBS 125763
gm-gg ] M Cladophialophora psammophila CBS 110553
’ r Cladophialophora bantiana CBS 173.52
I Cladophialophora emmonsii CBS 979.96
1;);)//;.88 n ] Cladophialophora arxii CBS 306.94

Cladophialophora minourae CBS 556.83
Cladophialophora potulentorum CBS 115144
Cladophialophora australiensis CBS 112793
100/1.00; Valentiella maceioensis BSS 376
Valentiella maceioensis CBS 141892
Exophiala alcalophila CBS 520.82
100/1.00- Capronia pilosella AFTOL-ID 657
Capronia camelliae-yunnanensis CGMCC 3.19061
I 98/1.00— Exophiala angulospora CBS 482.92
Capronia coronata CBS 617.96
Melanoctona tectonae MFLUCC 12-0389
Capronia acutiseta CBS 618.96
Rhinocladiella mackenziei CBS 650.93
88/1.00 Rhinocladiella phaeophora CBS 496.78
Rhinocladiella anceps CBS 181.65
Rhinocladiella coryli CBS 141407
Exophiala eucalypticola CBS 143412
100/1.00 Capronia leucadendri CBS 122672
Rhinocladiella atrovirens CBS 317.33
Capronia dactylotricha CBS 604.96
Rhinocladiella quercus CBS 141448
96/1.00 Exophiala abietophila CBS 145038
Exophiala quercina CBS 146024
Capronia fungicola CBS 614.96
76/- Rhinocladiella similis CBS 111763
99/1.00 Exophiala oligosperma CBS 725.88
80/ Exophiala spinifera CBS 899.68
S0 Rhinocladiella basitona CBS 101460
{00 Q00 Exophiala jeanselmei CBS 507.90
— Exophiala nishimurae CBS 101538
.Hh Aculeata aquatica MFLUCC 11-0529
Exophiala bergeri CBS 353.52
Exophiala sideris CBS 121818
98/1.00f Capronia munkii CBS 615.96
Capronia mansonii CBS 101.67
99/1.00 Exophiala nidicola CBS 138589
Exophiala dermatitidis CBS 207.35
100/1.00; Exophiala siamensis SDBR-CMU417
Exophiala siamensis SDBR-CMU418
Atrokylindriopsis setulosa HMAS245592
100/1.00; Petriomyces obovoidisporus SDBR-CMU478
Petriomyces obovoidisporus SDBR-CMU479

i Fonsecaea pedrosoi CBS 271.37
Fonsecaea monophora CBS 102243
97/1.00 I

-/0.96
-/0.95—

-/1.00

-/0.98

76/0.98

92/1.00
99/1.00

apaJIv||alyaiijodiaH

86/1.00r Minimelanolocus clavatus DLU 3022
89/0.99[L Thysanorea yunnanensis MFLUCC 15-0414
Thysanorea thailandensis MFLUCC 15-0971
-/0.99 75/1.00
Minimelanolocus yunnanensis MFLUCC 16-0764
-/1.00 Thysanorea papuana CBS 212.96
l 100/1.00 Thysanorea seifertii CBS 145910
L Thysanorea cantrelliae CBS 145909
Uncispora sinensis YMF 1.03683

99/1.00
100/1.00

| Uncispora wuzhishanensis YMF 1.04080
100/1.00 Exophiala castellanii CBS 158.58
Exophiala mesophila CBS 402.95
Exophiala lecanii-corni CBS 123.33
Exophiala salmonis CBS 157.67
Exophiala radicis P2854
Exophiala opportunistica CBS 109811
Exophiala bonariae CBS 139957
Exophiala pisciphila CBS 537.73
Exophiala brunnea CBS 587.66
Veronaea japonica CBS 776.83
Veronaea botryosa CBS 254.57
Exophiala crusticola CBS 119970
Exophiala eucalypti CBS 142069
90/1.00 Capronia parasitica CBS 123.88
Capronia nigerrima CBS 513.69
Marinophialophora garethjonesii KUMCC 16-0066
Rhinocladiella amoena CBS 138590
93/1.00 Bradymyces oncorhynchi CCF 4369
100/1.00 Bradymyces alpinus CCFEE 5493
90/1.00 Bradymyces graniticola CBS 140773
Neostrelitziana acaciigena CBS 139903
-/1.00 Strelitziana australiensis CBS 124778
/08 100/1.00 Strelitziana africana CBS 120037
Strelitziana albiziae CBS 126497
-/1.00 .

100/1.00

-/1.00

©
N
1=
18

Ay

100/1.00
99/1.00

78/1.00

78/1.00
92/1.00

[ [

75/0.97

100/1.00 1 Lithohypha aloicola CPC 35996
Lithohypha guttulata CBS 139723
Lithohypha catenulata CGMCC 3.14885
97/1.007— Knufia petricola CBS 726.95
Knufia marmoricola CBS 139726
Knufia cryptophialidica DAOM 216555
77/1.00 Knufia epidermidis CBS 120353
99/1.00 Arthrocladium fulminans CBS 136243
100/1.00 Arthrocladium caudatum CBS 457.67
Arthrocladium tropicale CBS 134926
Knufia mediterranea CBS 139721
| 100/1.00 Metulocladosporiella musae CBS 161.74
89/1.00 Metulocladosporiella musicola CBS 110960
Cladophialophora pucciniophila KACC 43957
83/1.00 100/1.00— Anthracina saxicola CGMCC 3.17315
Anthracina ramosa CGMCC 3.16372
89/1.00 100/1.00— Trichomerium gleosporum MFLUCC 10-0087
100/1.00 Trichomerium foliicola MFLUCC 10-0078
97/1.00 Trichomerium dioscoreae CBS 138870
Exophiala placitae CBS 121716
100/1.00 Cladophialophora proteae CBS 111667
Brycekendrickomyces acaciae CBS 124104
Exophiala encephalarti CBS 128210
Cladophialophora eucalypti CBS 145551
98/1.00 Sorocybe resinae DAOM 239134
100/1.00 Sorocybe oblongispora DAOMC 251618
Neosorocybe pini CBS 146085
Epibryon turfosorum CBS 126587
Epibryon interlamellare CBS 126286

100/1.00

100/1.00

94/1.00

0.2

Ince

Rhinocladiella pyriformis CBS 469.94
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Number Species Isolate Origin Crisp-cas12a deteciton results

Host/substrate Source
1 P. ramorum EU1 2275 Quercus palustris United Kingdom +
2 P. vignae CPHST BL 30 Vigna sp. M. D. Coffey =
3 P. melonis PMNJHG1 Cucumis sativus JS, China -
4 P. melonis PMNJHG2 Cucumis sativus ]S, China -
5 P. melonis PMNJHG3 Cucumis sativus JS, China &=
6 P. melonis PMNJDG1 Benincasa hispida ]S, China -
7 P. melonis PMNJDG2 Benincasa hispida JS, China -
8 P. melonis PMNJDG3 Benincasa hispida JS, China =
9 P. fragariae CBS209.46 Fragaria x ananassa England, UK -
10 P. rubi CBS 967.95 Rubus idaeus Scotland, UK -
11 P. cambivora CBS 248.60 Castanea sativa USA =
12 P. cambivora Pcl ‘Malus domestica Borkh SH, China -
13 P. parvispora CBS132771 Arbutus unedo Ttaly -
14 P. parvispora CBS132772 Arbutus unedo Italy -
15 P.cinnamomi Pcil Pinus sp. AH,China =
16 P.cinnamomi Pci2 Rhododendron simsii ]S, China -
17 P.cinnamomi Pci3 Cedrus deodara ]S, China -
18 P.cinnamomi Pcid Camellia oleifera Abel. JS, China -
19 P.cinnamomi Pci5 Pinus sp. JS, China -
20 P.cinnamomi Pci6 Rhododendron simsii AH,China -
21 P.cinnamomi Pci7 Rhododendron simsii SD, China =
22 P.cinnamomi Pci8 Cedrus deodara SD, China =
23 P.cinnamomi Pci9 Cedrus deodara AH,China -
24 P.cinnamomi Pcil0 Pinus sp. SD, China -
25 P. citricola Pit Rhododendron pulchrum JS, China -
26 P. cactorum Cl Malus pumila JS, China -
27 P. cactorum c2 Malus pumila ]S, China -
28 P. cactorum C3 Rosa chinensis ]S, China -
29 P. infestans Pil Solanum tuberosum FJ, China -
30 P. infestans Pi2 Solanum tuberosum YN, China -
31 P. nicotianae Pnl Nicotiana tabacum FJ, China ]
32 P. nicotianae Pn2 Lycopersicum sp. JS, China =
33 P. nicotianae Pn3 Sophora sinensis JS, China -
34 P. nicotianae Pn4 Citrus sp. JS, China -
35 ‘ P.tentaculata Pt1 Aucklandia lappa YN, China -
36 P. pini Ppinil Rhododendron pulchrum JS, China -
37 P. pini Ppini2 R. pulchrum JS, China -
38 P. capsici Pcl Capsicum annuum JS, China -
39 P. capsici Pc2 Capsicum annuum YN, China -
40 P. capsici Pc3 Capsicum annuum SH, China -
41 P.colocasiae Pcoll Colocasia esculenta (L.) Schott YN, China -
42 P.citricola Peitrl Persea americana JS, China -
43 P. plurivora Pplul Manihot esculenta HN,China -
44 P. ilicis CBS114348 Ilex aquifolium Netherlands =
45 P. palmivora Ppl1 Iridaceae YN, China -
46 P. quercetorum 15C7 Soil USA =
47 P. castaneae CBS587.85 Soil Taiwan =
48 P. megasperma CBS$305.36 Matthiola incana USA =
49 P. mississippiae 57]3 Irrigation water Mississippi, USA -
50 P. drechsleri CBS 292.35" Beta vulgaris var. altissima California (CA), USA -
51 P. drechsleri ATCC 56353 Citrus sinensis Australia =}
52 P. hibernalis CBS 270.31 Cirrus sinensis USA =
53 P. syringae ATCC 34002 Citrus sp. CA -
54 P. lateralis CBS168.42 Cedrus deodara Canada -
55 P. medicaginis ATCC 44390 Medicago sativa USA =
56 | P. boehmeriae Pbl Boehmeria nivea ]S, China -
57 P. boehmeriae Pb2 Gossypium sp. JS, China -
58 P. boehmeriae Pb3 B. nivea JS, China -
59 P. boehmeriae Pb4 Gossypium sp. JS, China -
60 P. quercina CBS 789.95 Quercus petraca Australia -
61 Phytophthora sojae (R2) R2 Glycine max B. M. Tyler -
62 Phytopythium litorale PC-dj1 Rhododendron simsii JS, China =
63 P. helicoides PH-C Rhododendron simsii ]S, China -
64 P. helicoides PF-he2 Photinia x fraseri Dress JS, China =
65 P. helicoides PF-he3 Photinia x fraseri Dress JS, China -
66 Pythium ultimum Pull Citrus sinensis JS, China d
67 Py. spinosum Pspl Oryza sativa L. JS, China =
68 Py. aphanidermatum Papl Nicotiana tabacum JS, China =
69 Fusarium oxysporium Foxl Gossypium sp. JS, China =
70 F. solani Fsol Gossypium sp. JS, China -
71 F. solani Fso2 Glycine max JS, China -
72 F. circinatum A045-1 Pinus sp. SH, China -
73 F. fujikuroi Fful Oryza sativa JS, China 5
74 F. graminearum Fgrl Triticum aestivum JS, China -
75 F. acuminatum Facl Rhizophora apiculata SC, China -
76 F. asiaticum Fasl Triticum aestivum JS, China -
77 F. avenaceum Favl Glycine max JS, China -
78 F. culmorum Feul Glycine max SC, China =
79 F. commune Fcol Soil HLJ, China =
80 F. equiseti Feql Glycine max JS, China =
81 F. lateritium Flatl Soil JS, China -
82 F. moniforme Fmol Oryza sativa JS, China -
83 F. nivale Fniv Triticum aestivum JS, China -
84 F. proliferatum Fprl Pinus sp. JS, China -
85 F. incarnatum IL3HQ Medicago sativa JS, China =
86 Colletotrichum truncatum Ctrl Glycine max ]S, China -
87 C. glycines Cgll Glycine max JS, China -
| 88 C. orbiculare Corl Citrullus lanatus JS, China -
89 Verticilium dahliae Vdal Gossypium sp. JS, China =
90 Rhizoctonia solani Rsol Gossypium sp. JS, China =
91 Magnaporthe grisea Guyll Oryza sativa Japan =
92 Endothia parasitica Epal Castanea mollissima JS, China -
93 Bremia lactucae Blal Lactuca sativa ]S, China -
94 Aspergillus flavus NJCo03 Actinidia chinensis SX, China -
95 Botrytis cinerea Bcil Cucumis sativus JS, China -
96 Alternaria alternata Aall Soil JS, China -
97 Tilletia indica Tinl Triticum aestivum ]S, China -
98 Diaporthe mahothocarpus DT1 Kerria japonica JS, China -
99 D. sapindicola ‘WHZ3 1 Sapindus mukorossi JS, China | -
100 Botryosphaeria dothidea Beil Koelreuteria paniculata JS, China -
101 Bursaphelenchus xylophilus Js-1 Pinus thunbergii JS, China -
102 B.mucronatus Bmucro Pinus sp. JS, China =

a Isolate identification abbreviations: CBS, Centraalbureau voor Schimmelcultures Fungal Biodiversity Centre, Utrecht, The Netherlands; ATCC, American Type Culture Collection, Manassas,
Virginia, USA.

b Abbreviations of provinces in China: J$ = Jiangsu province; YN = Yunnan province; FJ = Fujian province; SD = Shandong province; GZ = Guizhou province; NMG = Neimenggu province; HL]
= Heilongjiang province; JX = Jiangxi province; SX = Shanxi province; HN = Hunan province; SH = Shanghai.

¢ Positive (+) or negative (-) reaction result in the RPA-CRISPR/Cas12a assay for detecting F. circinatum.
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Seytinostroma alutum CBS 762.81
Scytinostroma alutum CBS 765.81
100/100/1 Scytz:nostroma alutum CBS 764.81
100/100/1 Seytinostroma alutum CBS 763.81
Scytinostroma alutum CBS 766.81
Seytinostroma spl KUC20130725-13
Scytinostroma hemidichophyticum CBS 759.81
100/100/1} Seytinostroma hemidichophyticum CBS 760.81
85/-/1 Seytinostroma hemidichophyticum CBS 702.84
Scytinostroma portentosum CBS 503.48
100/100/1y Scytinostroma duriusculum CBS 757.81
Seytinostroma duriusculum CBS 758.81
83/100/1| 1001001 Seyrinostroma sp2 MEL:2382679
100/100/]) Scytinostroma acystidiatum Dai 24608 China: Guizhou
100/100/1 Scytinostroma acystidiatum KUC20121019-32 Korea
Scytinostroma renisporum CBS 771.86
100/100/1 100/T00/11 Seytinostroma renisporum CBS 772.86
Scytinostroma yunnanense CLZhao 10758
Scytinostroma yunnanense CLZhao 11010
Seytinostroma yunnanense CLZhao 10802
Seytinostroma caudisporum CBS 746 86
99/100/1] Scytinostroma sp3 UC2022946
Il Scytinostroma sp3 UC2022985
81/86/0.9N Seytinostroma ochroleucum CBS 126049
100/100/1 |~ Scytinostroma ochroleucum CBS 767.86
. 00/11%00/ /1100/ 1l 1 Seytinostroma ochroleucum CBS 768.86
73/80/0.99 = Scytinostroma macrospermum Dai 24606 China: Chongqing
82/1005NT" Scytinostroma macrospermum M2138 Japan
100/-/1 Scytinostroma sp4 MEL:2382745
Scytinostroma sp5 LR40
Scytinostroma phaeosarcum CBS 728.81
Scytinostroma crispulum CBS 716.86
100/100/1| Scytinostroma crispulum CBS 776.86
Scytinostroma crispulum CBS 718.86 .
Seytinostroma crispulum CBS 717.86
Seytinostroma sp6 Het 803-1 Scy tln OStroma
97/100/0.98} Scytinostroma sp6 NO6-1-B
100/100/1| ' Scytinostroma sp6 iNAT-30809947
100/-/2 100/100/1 ’-‘ Seytinostroma sp7 UC2023098
100/100/1 Scytinostroma sp7 UoASVB-F86
Seytinostroma quintasianum CBS 749.86
10070071 Scytinostroma quintasianum CBS 751.86
Scytinostroma quintasianum CBS 750.86
Scytinostroma pseudopraestans CBS 737.91
Scytinostroma pseudopraestans CBS 742.91
Scytinostroma pseudopraestans CBS 741.91
1007100/ Scytinostroma pseudopraestans CBS 740.91
Scytinostroma pseudopraestans CBS 739.91
Scytinostroma pseudopraestans CBS 738.91
Scytinostroma mediterraneense CBS 764.86
T L Scytinostroma mediterraneense CBS 766.86
97/100/ Scytinostroma mediterraneense CBS 765.86
00/100/1 Scytinostroma decidens CBS 714.86
Scytinostroma decidens CBS 715.86
Seytinostroma odoratum KHL 8546
Seytinostroma microspermum CBS 238.87
Scytinostroma jacksonii CBS 239.87
100/100/1= Scytinostroma jacksonii NH 6626

Confertobasidium olivaceoalbum FP 90196
Metulodontia nivea NH 13108 Outgroups

100/T007T|

10
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GenBank accession

s Specimen : Reference or GenBank
Species N Location = Result o
0. S GAPDH accessions
O d in forest of Pi X
Albatrellus alpinus Cui 17023 n grounc In forest of imus sp China - MW534154 | — Zhou et al., 2021
and Quercus sp.
Al tidiell - KU559340 - Liu et al., 2017
fecharin He 3159 Quercus sp. China BE
disciformis
Ghobad- - KU559342 — Liuetal, 2017
; ies sp. hi
Aleurodiscus amorphus Nejhad2464 Abies sp. China
Amylf)no{us Yuan 1475 Adgiosperm China — KM107860 — Liu et al,, 2017
labyrinthinus
Amylosporus Dai 7802 Tava Chisi - KM213669 | — Liuetal, 2017
succulentus
Amylostereum orientale He 479 Cunninghamia lanceolata China - 1X049987 _— Liu et al,, 2017
Bonda i - KJ583204 — Ch t al, 2016
ndarzewia Cui 10345 Podocarpus sp. China ] et
submesenterica
Bondarzewia podocarpi | Cui 6380 Podocarpus China - KJ583206 — Chen et al., 2016
Dentipellis coniferarum | Cui 10063 Abies sp. China - JQ349106  — Chen et al., 2016
Echinodonti = KY172887 et Liu et al,, 2017
cungaoum Dai 7378 Angiosperm China BH#E
Jjaponicum
Echinodontium HHB 12866~ - KY172888 - Liu et al,, 2017
N . Tsuga sp. USA
tinctorium Sp
Heterobasidion 06071/1 Pinus pinea Ttaly + - KJ651761 Chen et al,, 2015
annosum
Het idi — KJ651762 “h t al,, 2015
eterdbastdion 06125/2 Pinus sylvestris Russia * 16317 Chemetd
annosum
Heterobasidi + - KJ651763 Chen et al,, 2015
clerobasidion 06129/6 Pinus sylvestris Russia d et
annosum
Heterobasidion . + — KJ651765 | Chen et al., 2015
09001/1 Pinus sp. Ttaly
annosum
Heterobasidi + - 651760 Chen et al., 2015
eterobasidion 365106 o England KJ en et al
annosum
Heterobasidion Dai 6540 Pinus sp. Ttaly + — = Chen, 2015
annosum
Heterobasidion Dai 14857 Pinus sp. Poland 4 — = Chen, 2015
annosum
Heterobasidi - — AJG42512 Ch t al,, 2015
clerovasidion 00051/1 Picea sp. Italy JG et
abietinum
idic - = al,, 201
Helero.basxdmn L1878 Gyiriosgei China KJ651758 Chen et al -]
amyloideum
Heterobasidi - - KJ651766 he t al., 2015
clerovasidion 65008 Araucaria sp. Australia J Clienierl
araucariae
Hetemhn:sxdwn Dai 17605 Piniis ep; China - MT146482 — Yuan et al,, 2021
armandii
Heterobasidion australe | Y 05054/1 Gymnosperm China - = - Chen, 2015
Heterobasidion insulare | Dai 15095 Pinus sp. China - — MT157728 | Yuan et al, 2021
g = — tal,, 20
{-Iererabasxdwn 01056 Touga sp. Canada KJ651780 Chen et al 15
irregulare
Heterobasidi - — KJ651788 Ch t al,, 2015
eterobasidion Dai 5408 Abies sp. China 4y enets
linzhiense
h = = hen et al., 2
Het.erohastdwn 79034/VE o USA AJG42548 Chen et al,, 2015
occidentale
Heterobasidi - = KJ651794 Che t al., 2015
ereronasidion N 9701177 = China ) e
orientale
Heterobasidi - - KJ651800 Chen et al,, 2015
clerovasidion 041213 Picea sp. Finland 4 neta
parviporum
Heterobasidion . . . = — MT157733 | Yuan et al,, 2021
. Li 140804-30 Pinus sp. China
subinsulare
Herembz.mdwn Cui 6961 Larix sp. China - — KJ651809 Yuan et al,, 2021
subparviporum
Heterobasidi = = KJ651810 Che t al., 2015
2 E.m asdion 104031/1 Gymnosperm China 4y e
tibeticum
iporic - KM1 — Liu et al,, 201
Larssoniporia’ Dai 13607 Angiosperm China 07863 el 2017
incrustatocystidiata
He 20120916- - KY172894 -_— Liu et al,, 201
Laurilia sulcata 5 ¢ Abies sp. China e ’
Lauriliella taxodii FP-105464-Sp Taxodium distichum USA - KY172896 - Liu et al,, 2017
Peniophora erikssonii Cui 11871 - China - MKS588771 - Xu et al, 2023
Peniophora albobadia He 2159 — USA - MK588755 | — Xu et al, 2023
Peniophora bicornis He3609 - China - MK588763 - Xu et al, 2023
Penw.phn.ra He 3814 _ China - MK588770 —_ Xu et al, 2023
crassitunicata
P.emophom. He 5242 _ Vietnam - MK588760 | — Xu et al, 2023
vietnamensis
Peniophora yunnanensi CLZhao3978 - China - OP380617 - Xu et al,, 2023
Perplexost - KY172899 -— Liu et al,, 2017
e exasv bl Dai 15998 Gymnosperm China SRS
endocrocinum
: . = 132! — hen,
I.’seud.awrxghtopona Dt 13686 Angiosperm China KJ513293 Chen, 2015
Jjaponica
. . _ — 5
Wrightoporia Dai 11484 Pinus China KJ513295 Chen, 2015
subavellanea
Wrightoporiopsis Yuan 3460 Angiosperm China - KM107875 - Chen, 2015
amylohypha
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Target name Primer

Primer sequences

ference

GAPDH GAPDH-F YGGTGTCTTCACCACCACYGASSA Johannesson et al. (2000)
GAPDH-R RTANCCCCAYTCRTTRTCRTACCA
TS TS5 GGAAGTAAAAGTCGTAAC AAG G White et al. (1990)
1TS4 TCCTCCGCTTATTGATATGC
anno-GAPDH-5 BIP GGACCTTCCATGAAGGACTGGC- This study
CAGCACCAGTGGACGAAG
FIP TAGCAGTGGTGGCGTGGATG-
GTCATCCACGACAAGTACGG
B3 GGAATGACCTTGCCGACG
F3 GTCCTGCACGACCAACTG
LB GTGGCGGTCGTGGTGTT

LF

CTCATCAAGCCCTCAACGATG
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6: Dai 6540
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“.”: negative control
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: Heterobasidion annosum

: Albatrellus alpinus

: Aleurocystidiellum disciformis
: Aleurodiscus amorphus

: Ampylonotus labyrinthinus

: Amylosporus succulentus

: Ampylostereum orientale

: Bondarzewia submesenterica
: Bondarzewia podocarpi

: Dentipellis coniferarum

: Echinodontium japonicum
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99/1 1 Pseudohydnum himalayanum Cui 17065 Yunnan China
Pseudohydnum himalayanum Cui 17045 Yunnan China
“Pseudohydnum gelatinosum-1" ANT187-QFB28623 Canada
“Pseudohydnum gelatinosum-1" ANT017-QFB28581 Canada
83/0.85 . Pseudohydnum candidissimum Dai 23740 Jilin China
100/1 N~ Pseudohydnum candidissimum HMJAU 23836 Heilongjiang China
Pseudohydnum candidissimum HMJAU 5312 Jilin China
100/1 | Pseudohydnum sinobisporum HMJAU 33728 Heilongjiang China
Pseudohydnum sinobisporum SYL 2307 Jilin China
99/1 | Pseudohydnum brunneiceps JXSB 1063 Jiangxi China
Pseudohydnum brunneiceps JXSB 0967 Jiangxi China
Pseudohydnum gelatinosum K(M): 250843 UK
70/0.91 Pseudohydnum gelatinosum DMS-9327933 Denmark
P Pseudohydnum gelatinosum MW 298 Germany
04/0.98 221 Pseudohydnum gelatinosum Dai 21665 Inner Mongolia China
‘; “Pseudohydnum gelatinosum-2" S.D. Russell MycoMap # 1379 USA
80/- “Pseudohydnum gelatinosum-2"" UBC F19746 Canada
93/0.99N Pseudohydnum sinogelatinosum Cui 17064 Yunnan China

99/1

Pseudohydnum sinogelatinosum Cui 17074 Yunnan China
Pseudohydnum abietinum Dai 24194 Gansu China
870098 Pseudohydnum abietinum Dai 24185 Gansu China
100/1 96/- Pseudohydnum totarae PDD 96246 New Zealand
10071 Pseudohydnum totarae PDD 112652 New Zealand
Pseudohydnum totarae PDD 112655 New Zealand
93/11 Pseudohydnum tasmanicum Cui 16721 Australia
98/1 Pseudohydnum tasmanicum Dai 18724 Australia
Pseudohydnum orbiculare PDD 112653 New Zealand
930.9 - Pseudohydnum orbiculare PDD 112654 New Zealand
100/ Protomerulius substuppeus O 19171 Costa Rica
Protomerulius subreflexus OM 14402.1 Indonesia
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1001.0

10010 Bjerkandera adusta HHB-12826-Sp

Bjerkandera centroamericana L-13104-Sp

006

Phanerochaete citinosanguinea FP-1093385 Sp
Phanerochagte citinosanguinea FP-105385
Phanerochagte citinosanguinea FD-287
Phanerochaete pseudosanguinea FD-244
Phanerochaete sanguinea HHB-7524
Phanerochaete sanguinea Niemela 7993

Phanerochaete calotricha VVanhanen 382
Phanerochaete sinensis GC 1809-56

Phanerochaete sinensis He 4660
Phanerochaete leptocystidiata He 5853
Phanerochaete leptocystidiata Dai 10468
100105 Phanerochaete burtii FD-171
Phanerochaete burtiHHB-4618 Sp
62 soonor  Phanerochaete rhizomorpha GC 1708-335
Phanerochaete rhizomompha GC 1708-354
Phanerochaete sanguineocamosa FD 359
Phanerochaete camosa HHB-919%5
Phanerochaete australosanguinea MA Fungi 91309
Phanerochaete australosanguinea MA Fungi 91308
10010 Phanerochaete canolutea \Wu 9211-105
Phanerochaete canolutea\Wu 9712-18
Phanerochaete sordlida FD-241

Phanerochaete arizonica RLG10248
L o098 Phanerochaete alnea Larsson 12054
sl Phanerochaete alnea FP-151125
7|~y Phanerochaete alnea ssp. lubrica Spirin 8229
e Phanerochaete alnea ssp. lubrica HHB-13753
5 Phanerochaete rhodella FD-18
- Phanerochaete velutina Kofiranta 25567
1oonor  Phanerochaete taiwaniana Wu 0112 -13
Phanerochaete taiwaniana \Wu 880824-17
wonor Phanerochaete albida GC 1407-14
Phanerochaete albida WEI 18-365
Phanerochaete cumulodentata LE 298935
Phanerochaete cumulodentata \Wu 1708-91
Phanerochaete aculeata GC 1703117
Phanerochaete aculeata \Wu 880701-2
Phanerodontia magnoliae HHB-9829 Sp
Phanerodontia inflata Dai 10376
Phanerochaete bambusicola Wu 0707-2
Phanerochaete pseudomagnoliae PP-25
a0 Phanerochaete concrescens CHWC 1507-39
auto] ' Phanerochaete concrescens Spiin 7322
Phanerochaete livescens GC 1612-119
Phanerochaete livescens FD-106
Phanerochaete australis GC 1704-27
100191 Phanerochaete australis HHB-7105-Sp
st~ Phanerodontia chrysosporium PC139
Phanerodontia chrysosporium HHB-6251-Sp
Phanerochaete kiikophora GC 1602-73
Phanerochaete krikophora HHB-6736
10010y Phanerochaete crystallina Chen 3576
Phanerochaete crystalina GC 1409-7
Phanerochaete brunneaHe 1873
Phanerochaete subrosea He 2421
10010 Phanerochagte minorHe 3977
Phanerochaete minor He 3988
10010y Phanerochaete pamastoi \Wu 8803136

Phanerochaete pamastol WEI 16481
10010; Phanerochaete incamata WEI 16-075

Phanerochaete incamata WEI 16-078

Phanerochaete ginnsii Wu 9210-22
Phanerochaete cinerea He 6003

Phanerochaete cinerea He 5998

Phanerochaete thailandica \Wu 1710-3

Phanerochaete thailandica 2015 07
Phanerochaete stereoides He 2309
10107 Phanerochaete fusca \Wu 1409-161
%10l L Phanerochaete fusca Wu 1409-163
210 Phanerochaete porostereoides He 1902
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Phanerochaete subceracea FP-105974 R
Phanerochaete sp. FCUG 2777
Phanerochaete ericina HHB-2714
S0 Phanerochaete ericina HHB-2283
Phanerochaete alpina\Wu 130861
Phanerochaete alpina Wu 1308-77
Phanerochaete deflectens GQ470644
au10) Phanerochagte burdsalliHe 2066
Phanerochaete burdsalliFP-101018

100-] Phanerochaete spadlicea \Wu 0504-15
Phanerochaete spadicea \Wu 0504-11
Phanerochaete laevis Wu 030940
%10l Phanerochaete lagvis HHB-15519
Phanerochaete laevis KHL11839
10010y Phanerochaete metuloidea He 2565
Phanerochaete metuloidea He 2766
Phanerochaete hymenochagtoides He 5988
Phanerochaete canobrunnea CHWC 1506-66

Phanerochaete robusta Wu 110969

709

10or— Phanerochaete yunnanensis He 2697

Phanerochaete yunnanensis He 2719
Phanerochaete granulata GC 17035
Phanerochaete granulata Wu 9210 57
oo Phanerochaete pruinosa CLZhao 7713

Phanerochaete pruinosa CLZhao 7712

971.0

10010 00/1.0

Phanerochaete cysticiata GC 1708 358
Phanerochaete cystidiata \Wu 1708 326
100101 Phanerochaete guangdongensis Wu 1809 348

Phanerochaete guangdongensis Wu 1809 359

Rhizochaete radicata FD-123
100108 Rhizochaete radicata FD-338
83098 Rhizochaete radicata HHB-1909
Rhizochaete variegata Dai 24600
Rhizochaete variegata Dai 24601
Rhizochaete grandinosa CL.Zhao 3117
Rhizochaete fissurata CLZhao 7965
1o00| Rhizochaete fissurata CLZhao 2200
Rhizochaete fissurata CLZhao 10418
Rhizochaete fissurata CLZhao 10407

Rhizochaete belizensis FP-150712
Rhizochaete rubescens Wu0910-45

10010 Rhizochaete fouquieriae KKN-121
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Rhizochaete brunnea MR11455
1010y Rhizochaete flava PR3148

Rhizochaete flava PR 1141
Rhizochaete sulphurina HHB5604

Rhizochaete sulphurina DLL2014 176
1010 Rhizochaete sulphurosa URM87190
Rhizochaete sujphurosa KHL16087
Rhizochaete bomeensis WEI16 426
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9970
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8110}
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oo~ Rhizochaete americana HHB 2004

Rhizochaete americana FP-102188

Rhizochaete lutea Wu 880417-5
10010

Rhizochaete filamentosa HHB-3169
Rhizochaete flamentosa FP105240
oo Phaeaphlebiopsis peniophoroides FP-150577
0010 Phiebiopsis himalayensis He 3854
aooeer Phaeophlebiopsis raveneli FCUG 2216
Phaeophlebiopsis raveneliiCBS 411-5
Phaeophlebiopsis caribbeana HHB-6990
9 Hapalopilus rutilans JV0206-2
Hapalopilus eupatori Dammrich 10744

Hapalopilus percoctus Miettinen 2008
Phlebiopsis sinensis He 4673
Phlebiopsis brunneocystidiata Chen 666
Phlebiopsis friesii He 5820
Phlebiopsis crassa He 5205
Phlebiopsis membranacea He 3849
Phlebiopsis yunnanensis CLZhao 3990

Phlebiopsis cylindrospora He 5984
Phiebiopsis magnicystidiata He 5648

ouror Phanerochaete queleti FP-102166
Phanerochaete queletii HHB-11463
ot Phanerochaetella xerophila KKN-172

Phanerochaetella xerophila HHB-8509-Sp
Phanerochaete s.|. sp. RLG-13408-Sp
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10010y Phanerochaete allantospora RLG-10478
Phanerochaete allantospora KKN-111-Sp
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Species Specimen n ocality ITS nLSU erature
Bjerkandera adusta HHB-12826-Sp Alaska, United States KP134983 KP135198 Justo et al. (2017)

B. centroamericana L-13104-sp Costa Rica KY948791 KY948855 Wu et al. (2010)
Hapalopilus eupatorii Dammrich 10744 Germany KX752620 KX752620 Miettinen et al. (2016)

H. nidulans JV0206/2 Sweden KX752623 KX752623 Miettinen et al. (2016)

H. percoctus Miettinen 2008 Botswana KX752597 KX752597 Miettinen et al. (2016)
Phaeophlebiopsis caribbeana HHB-6990 United States KP135415 KP135243 Floudas and Hibbett (2015)
P. himalayensis He 3854 Hainan, China MT386378 MT447410 Zhao et al. (2021)

P. peniophoroides FP-150577 United States KP135417 KP135273 Floudas and Hibbett (2015)
P. ravenelii CBS 411.5 France MH856691 MH868208 Vu et al. (2019)

P. ravenelii FCUG 2216 France = GQ470674 Wu et al. (2010)
Phanerochaete aculeata GC 1703-117 Taiwan, China MZ422785 MZ637177 Chen et al. (2021)

P. aculeata ‘Wu 880701-2 Taiwan, China MZ422787 GQ470636 Chen et al. (2021)

P. albida GC 1407-14 Taiwan, China MZA422788 MZ637179 Chen et al. (2021)

P. albida ‘WEI 18-365 Taiwan, China MZ422789 MZ637180 Chen et al. (2021)

P. allantospora KKN-111-Sp Arizona, United States KP135038 KP135238 Chen et al. (2021)

P. allantospora RLG-10478* Arizona, United States KP135039 - Chen et al. (2021)

P. alnea Larsson 12054 (GB) Norway KX538924 - Floudas and Hibbett (2015)
P. alnea FP-151125 Michigan, United States KP135177 MZ637181 Spirin et al. (2017)

P. alnea ssp. lubrica Spirin 8229 Washington, United States KU893876 - Floudas and Hibbett (2015)
P. alnea ssp. lubrica HHB-13753 Alaska, United States KP135178 - Spirin et al. (2017)

P. alpina Wu 1308-61* Yunnan, China MZ422790 MZ637182 Chen et al. (2021)

P. alpina ‘Wu 1308-77 Yunnan, China MZ422791 MZ637183 Chen et al. (2021)

P. arizonica RLG-10248-Sp United States KP135170 KP135239 Floudas and Hibbett (2015)
P. australis GC 1704-27 Taiwan, China MZ422793 MZ637185 Floudas and Hibbett (2015)
P. australis HHB-7105-Sp United States KP135081 KP135240 Floudas and Hibbett (2015)
P. australosanguinea MA-Fungi 91308 Chile MH233925 MH233928 Phookamsak et al. (2019)
P. australosanguinea MA-Fungi 91309* Chile MH233926 MH233929 Phookamsak et al. (2019)
P. bambusicola Wu 0707-2 Taiwan, China MF399404 MF399395 Wu et al. (2018b)

P. brunnea He 1873 Zhejiang, China KX212220 KX212224 Liu and He (2016)

P. burdsallii FP-101018-sp Minnesota, United States AY219348 - Liu and He (2016)

P. burdsallii He 2066* ‘Wisconsin, United States MT235690 MT248177 de Koker et al. (2003)

P. burtii FD-171 Massachusetts, United States KP135116 = Floudas and Hibbett (2015)
P. burtii HHB-4618-Sp United States KP135117 KP135241 Floudas and Hibbett (2015)
P. calotricha Vanhanen-382 Finland KP135107 - Floudas and Hibbett (2015)
P. canobrunnea CHWC 1506-66 Taiwan, China LC412095 LC412104 Wu et al. (2018a)

P. canolutea Wu 9712-18 Taiwan, China MZ422796 - Chen et al. (2021)

P. canolutea Wu 9211-105* Taiwan, China MZ422795 GQ470641 Chen et al. (2021)

P. carnosa HHB-9195 United States KP135129 KP135242 Floudas and Hibbett (2015)
P. chrysosporium HHB-6251-Sp United States KP135094 KP135246 Floudas and Hibbett (2015)
‘ P. chrysosporium PC139 Taiwan, China MZ422797 MZ637186 Floudas and Hibbett (2015) ‘
‘ P. cinerea He 5998* Hainan, China - MT248171 Xu et al. (2020) ‘

P. cinerea He 6003 Hainan, China e MT248172 Xu et al. (2020)
P. citrinosanguinea FP-105385 Massachusetts, United States KP135100 KP135234 Floudas and Hibbett (2015)
P. citrinosanguinea FD-287* Massachusetts, United States KP135095 - Floudas and Hibbett (2015)
P. citrinosanguinea FP-105385-Sp United States KP135100 KP135234 Floudas and Hibbett (2015)
P. concrescens Spirin 7322 Russia KP994380 KP994382 Volobuev et al. (2015)
P. concrescens CHWC 1507-39 Taiwan, China MZ422798 - Chen et al. (2021)
P. crystallina Chen 3576* Taiwan, China MZ422801 - Chen et al. (2021)
P. crystallina GC 1409-7 Taiwan, China MZ422803 MZ637189 Chen et al. (2021)
P. cumulodentata ‘Wu 1708-91 Liaoning, China MZA422804 MZ637190 Volobuev et al. (2015)
P. cumulodentata LE 298935 Russia KP994359 KP994386 Volobuev et al. (2015)
P. cystidiata GC 1708-358* Liaoning, China LC412096 - Wu et al. (2018a)
P. cystidiata Wu 1708-326 Taiwan, China LC412097 LC412100 Wu et al. (2018a)
P. deflectens FCUG 2777 Turkey = GQ470644 Wu et al. (2010)
P. ericina HHB-2288 United States KP135167 KP135247 Floudas and Hibbett (2015)
P. ericina HHB-2714 North Carolina, United States KP135169 - Floudas and Hibbett (2015)
P. fusca Wu 1409-163 Hubei, China LC412099 LC412106 Wu et al. (2018a)
P. fusca Wu 1409-161* Hubei, China LC412098 LC412105 Wu et al. (2018a)
P. fuscomarginata RLG-10834-Sp New Mexico, United States MZ422806 MZ637192 Chen et al. (2021)
P. ginnsii Wu 9210-22* Hubei, China MZ422807 MZ637193 Chen et al. (2021)
P. granulate GC 1703-5 Hubei, China MZ422809 MZ637195 Chen et al. (2021)
P. granulate ‘Wu 9210-57* Hubei, China MZ422810 MZ637196 Chen et al. (2021)
P. guangdongensis Wu 1809-348* Guangdong, China MZ7422813 MZ637199 Chen et al. (2021)
P. guangdongensis Wu 1809-359 Guangdong, China MZ422814 MZ637200 Chen et al. (2021)
P. hymenochaetoides He 5988* Hainan, China = MT248173 Xu et al. (2020)
P. incarnata WEI 16-075 Taiwan, China MF399406 MF399397 Wu et al. (2018b)
P. incarnata WEI 16-078* Taiwan, China MF399407 MF399398 Wu et al. (2018b)
P. inflata Dai 10376 Jiangxi, China 1X623929 JX644062 Jia et al. (2014)
P. krikophora GC 1602-73 Taiwan, China MZ422816 MZ637202 Chen et al. (2021)
P. krikophora HHB-6736-Sp Florida, United States MZ422817 MZ637203 Chen et al. (2021)
P. laevis KHL11839 Sweden EU118652 EU118652 Larsson (2007)
P. laevis ‘Wu 0309-40 Jilin, China MZ422818 = Chen et al. (2021)
P. laevis HHB-15519 United States KP135149 KP135249 Floudas and Hibbett (2015)
P. leptocystidiata Dai 10468 Jiangxi, China MT235684 MT248167 Xu et al. (2020)
P. leptocystidiata He 5853* Guangdong, China MT235685 MT248168 Xu et al. (2020)
P. livescens GC 1612-11 Taiwan, China MZ422819 MZ637204 Floudas and Hibbett (2015)
P. livescens FD-106 United States KP135070 KP135253 Floudas and Hibbett (2015)
P. magnoliae HHB-9829-Sp United States KP135089 KP135237 Floudas and Hibbett (2015)
P. metuloidea He 2565* Yunnan, China - MT248163 Xu et al. (2020)
P. metuloidea He 2766 Yunnan, China MT235682 MT248164 Xu et al. (2020)
P. minor He 3977 Hainan, China - MT248169 Xu et al. (2020)
P. minor He 3988* Hainan, China MT235686 MT248170 Xu et al. (2020)
P. parmastoi ‘WEI 16-481 Taiwan, China MZ7422822 MZ637207 Chen et al. (2021)
P. parmastoi Wu 880313-6* Taiwan, China MZ422823 GQ470654 Chen et al. (2021)
P. porostereoides He 1902 Shanxi, China KX212217 KX212221 Liu and He (2016)
P. pruinose CLZhao 7112 Yunnan, China MZ435346 MZ435350 Wang and Zhao (2021)
P. pruinose CLZhao 7113* Yunnan, China MZ435347 MZ435351 Wang and Zhao (2021)
P. pseudomagnoliae PP-25 South Africa KP135091 KP135250 Floudas and Hibbett (2015)
P. pseudosanguinea FD-244 United States KP135098 KP135251 Floudas and Hibbett (2015)
P. queletii HHB-11463 ‘Wisconsin, United States KP134994 KP135235 Floudas and Hibbett (2015)
P. queletii FP-102166 Tllinois, United States KP134995 - Floudas and Hibbett (2015)
P. rhizomorpha GC 1708-335* Taiwan, China MZ422824 MZ637208 Chen et al. (2021)
P. rhizomorpha GC 1708-354 Taiwan, China MZ422825 MZ637209 Chen et al. (2021)
P. rhodella FD-18 United States KP135187 KP135258 Floudas and Hibbett (2015)
P. robusta ‘Wu 1109-69 Jilin, China MF399409 MEF399400 Wu et al. (2018b)
P. sanguinea HHB-7524 United States KP135101 KP135244 Floudas and Hibbett (2015)
P. sanguinea Niemela 7993 Finland KP135105 = Floudas and Hibbett (2015)
P. sanguineocarnosa ED-359 United States KP135122 KP135245 Floudas and Hibbett (2015)
P. shenghuaii Dai 24610* Yunnan, China 0P874925 OP874920 Present study
P. shenghuaii Dai 24609 Yunnan, China 0OP874924 OP874919 Present study
P. sinensis GC 1809-56 Taiwan, China MT235689 MT248176 Xu et al. (2020)
P. sinensis He 4660* Liaoning, China MT235688 MT248175 Xu et al. (2020)
P. sordida FD-241 United States KP135136 KP135252 Floudas and Hibbett (2015)
Phanerochaete s.l. sp. TJV-93-262-T Louisiana, United States KP135021 - Floudas and Hibbett (2015)
Phanerochaete s.l. sp. RLG-13408-Sp Louisiana, United States KP135020 - Floudas and Hibbett (2015)
Phanerochaete sp. FCUG 2777 Turkey MZ422830 = Wu et al. (2010)
P. spadicea ‘Wu 0504-11 Yunnan, China MZ422836 - Chen et al. (2021)
P. spadicea ‘Wu 0504-15* Yunnan, China MZ422837 - Chen et al. (2021)
P. stereoides He 2309 Hunan, China KX212219 KX212223 Liu and He (2016)
P. subceracea FP-105974-R United States KP135162 KP135255 Floudas and Hibbett (2015)
P. subrosea He 2421* Ningxia, China MT235687 MT248174 Xu et al. (2020)
P. taiwaniana Wu 880824-17* Taiwan, China MZ422842 GQ470666 Chen et al. (2021)
P. taiwaniana Wu 0112-13 Taiwan, China MF399412 MF399403 Wu et al. (2018b)
P. thailandica 2015-07* Thailand MF467737 - Chen et al. (2021)
P. thailandica Wu 1710-3 Vietnam MZA422843 MZ637223 Chen et al. (2021)
P. velutina Kotiranta 25567 Russia KP994354 KP994387 Volobuev et al. (2015)
P. xerophila HHB-8509-Sp Arizona, United States KP134996 KP135259 Floudas and Hibbett (2015)
P. xerophila KKN-172 Arizona, United States KP134997 o Floudas and Hibbett (2015)
P. yunnanensis He 2697 Yunnan, China = MT248165 Xu et al. (2020)
‘ P. yunnanensis He 2719* Yunnan, China MT235683 MT248166 Xu et al. (2020) ‘
‘ Phlebiopsis brunneocystidiata Chen 666 Taiwan, China MT561707 GQ470640 Wu et al. (2010) ‘
P. crassa He 5205 Vietnam MT452523 MT447448 Zhao et al. (2021)
P. ¢ylindrospora He 5984* Hainan, China MT386404 MT447445 Zhao et al. (2021)
P. friesii He 5820 Sri Lanka MT452530 MT447415 Zhao et al. (2021)
P. magnicystidiata He 5648* Hunan, China MT386377 MT447409 Zhao et al. (2021)
P. membranacea He 3849* Hainan, China MT386401 MT447441 Zhao et al. (2021)
P. sinensis He 4673* Sichuan, China MT386397 MT447435 Zhao et al. (2021)
P. yunnanensis CLZhao 3990 Yunnan, China MH744141 MH744143 Zhao et al. (2019)
Rhizochaete americana FP-102188 Tllinois, United States KP135409 KP135277 Floudas and Hibbett (2015)
R. americana HHB2004 Georgia, United States AY219391 AY219391 Greslebin et al. (2004)
R. belizensis FP150712 Belize KP135408 KP135280 Floudas and Hibbett (2015)
R. borneensis ‘WEI16-426 Taiwan, China MZ637070 MZ637270 Chen et al. (2021)
R. brunnea MR11455 Argentina AY219389 AY219389 Greslebin et al. (2004)
R. filamentosa FP105240 Indiana, United States KP135411 AY219393 Nakasone et al. (2017)
R. filamentosa HHB 3169 Maryland, United States KP135410 KP135278 Floudas and Hibbett (2015)
R. fissurata CLZha02200 Yunnan, China MZ713640 MZ713844 Gu and Zhao (2021)
R. fissurata CLZhao7965 Yunnan, China MZ713641 MZ713845 Gu and Zhao (2021)
R. fissurata CLZhao10407* Yunnan, China MZ713642 MZ713846 Gu and Zhao (2021)
R. fissurata CLZhao10418 Yunnan, China MZ713643 MZ713847 Gu and Zhao (2021)
R. flava PR 1141 Puerto Rico KY273030 KY273033 Nakasone et al. (2017)
R. flava PR3148 Puerto Rico KY273029 = Nakasone et al. (2017)
R. fouquieriae KKN-121 Arizona, United States AY219390 GU187608 Nakasone et al. (2017)
R. fouquieriae KKN-121sp United States KY948786 KY948858 Justo et al. (2017)
R. grandinosa CLZhao3117* Yunnan, China MZ713644 MZ713848 Gu and Zhao (2021)
R. lutea Wu 880417-5 Taiwan, China MZ637072 GQ470651 Chen et al. (2021)
R. radicata FD123 Massachusetts, United States KP135407 KP135279 Floudas and Hibbett (2015)
R. radicata FD338 Massachusetts, United States KP135406 - Floudas and Hibbett (2015)
R. radicata HHB1909 Highlands, United States AY219392 AY219392 Greslebin et al. (2004)
R. rubescens ‘Wu0910-45 Beijing, China LC387335 MF110294 Chen et al. (2018)
R. sulphurina DLL2014-176 Idaho, United States KY273032 = Nakasone et al. (2017)
R. sulphurina HHB5604 Montana, United States KY273031 GU187610 Nakasone et al. (2017)
R. sulphurina KHL16087 Brazil KT003523 = Chikowski et al. (2016)
R. sulphurina URM87190 Brazil KT003522 KT003519 Chikowski et al. (2016)
R. variegata Dai 24600* Guizhou, China 0OP874926 OP874921 Present study
R. variegata Dai 24601 Guizhou, China 0OP874927 OP874922 Present study

New species are in bold with type specimens marked with an asterisk (*).
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Species Sample no. GenBank Accession no.

LSU
Haploporus alabamae Dollinger 895 KY264038 MK433606 MW463004 USA
H. alabamae JV 1704/75 MK429754 MK433607 MW463005 Costa Rica
H. angustisporus Dai 10951 KX900634 KX900681 MW463006 ‘ China
H. bicolor Dai 19951 MW465684 MW462995 - ‘ China
H. crassus Dai 13580 MW465669 KU941865 - China
H. cylindrosporus Dai 15664 KU941854 KU941878 KU941903 China
H. ecuadorensis JV1906/C10-J MW465661 0P948227 0P948226 Ecuador
H. eichelbaumii Congo 1 MT758256 MT758256 - Congo
H. eichelbaumii KE-17-238 MT758261 MT758261 - Kenya
H. gilbertsonii JV 1611/5-] MK429756 MK433609 MW463007 USA
H. grandisporus KE-16-130 MT758242 MT758242 - Kenya
H. grandisporus KE-17-228 MT758244 MT758244 - Kenya
H. latisporus Dai 11873 KU9%41847 KU941871 MW463008 China
H. longisporus JV 1906/C11-] MW465685 MW462996 - Ecuador
H. microsporus Dai 12147 KU941861 KU941885 - China
H. monomitica Dai 24429 OP725709 OP725712 = China
H. monomitica Dai 24446 0P725710 OP725713 OP725715 China
H. monomitica Dai 24451 0OP725711 OP725714 0P725716 China
H. nanosporus MUCL 47447 MT782648 MT777438 - Gabon
H. nanosporus MUCL 47559 MT782650 MT777440 - Gabon
H. nepalensis Dai 12937 KU941855 KU941879 KU941904 China
H. odorus Dai 11296 KU941845 KU941869 KU941894 China
H. odorus Yuan 2365 KU941846 KU941870 KU941895 China
H. papyraceus Dai 10778 KU941839 KU941863 KU941888 China
H. pirongia Dai 18659 MH631017 MH631021 MW463009 Australia
H. punctatus Dail9628 MW465687 MW462998 MW463011 Sri Lanka
H. septatus Cui 4100 KU9%41844 KU941868 KU941893 China
H. srilankensis Dail9523 MW465688 MW462999 MW463012 Sri Lanka
H. subpapyraceus Cui 2651 KU941842 KU941866 KU941891 China
H. subpapyraceus Dai 9324 KU941841 KU941865 KU941890 China
H. subtrameteus KUC20121102-36 KJ668536 KJ668389 - Korea
Haploporus sp. 1 LR11231 MT758249 MT758249 - Malawi
H. thindii Cui 9373 KU941851 KU941875 KU941900 China
H. thindii Cui 9682 KU941852 KU941876 KU941901 China
H. tuberculosus 15559 KU941857 KU941881 KU941906 Sweden
Perenniporia hainaniana Cui 6364 JQ861743 JQ861759 KF051044 China
P. medulla-panis Cui 3274 JN112792 JN112793 KF051043 China

The sequences generated in this study are in bold. “” represents sequences unavailable in GenBank.
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100/99/1.00| Haploporus grandisporus KE-17-228

91/63/1.00 Haploporus grandisporus KE-16-130

100/87/1.00 l Haploporus eichelbaumii KE-17-238
84/62/1.0Q
Haploporus eichelbaumii Congol
Haploporus sp. 1 LR11231

Haploporus ecuadorensis JV1906/C10-J

96/97/1.00
100/100/1.00

89/64/1.00 Haploporus longisporus JV1906/C11-J

Haploporus gilbertsonii JV1611/5-]
50/63/0.99| 67/64/-[ Haploporus thindii Cui 9682
100/64/1.00 i Haploporus thindii Cui 9373
100/100/1.004] _
Haploporus cylindrosporus Dai 15664

58/63/1.00 .
90/79/1.00f5 Haploporus nepalensis Dai 12937

Haploporus tuberculosus 15559
Haploporus subtrameteus KUC20121102-36
100/57/1.00| Haploporus subpapyraceus Dai 2651
100/90/1.00| ' Haploporus subpapyraceus Dai 9324

99/85/1.00 Haploporus crassus Dai 13580

94/91/1.00 2ER9c Haploporus papyraceus Dai 10778
Haploporus bicolor Dai 19951
99/91/1.00 Haploporus septatus Cui 4100
99/100/1.00 Haploporus monomitica Dai 24451
100/100/1.00 | Haploporus monomitica Dai 24446
91/84/1.00 Haploporus monomitica Dai 24429
100/100/1 oo Haploporus odorus Yuan 2365
Haploporus odorus Dai 11296
100/99/1.00 Haploporus latisporus Dai 11873
Haploporus pirongia Dai 18659
86/100/1.00 Haploporus srilankensis Dai 19523
100/100/1.09 = Haploporus punctatus Dai 19628
100/100/1.00 Haploporus angustisporus Dai 10951
Haploporus alabamae JV1704/75
100/97/1.00 TRC00/1.L0 Haploporus alabamae Dollinger 895

100/100/1.00 Haploporus nanosporus MUCL 47447

Haploporus nanosporus MUCL 47559
68/79/- . N

Haploporus microsporus Dai 12147

Perenniporia medulla-panis Cui 3274

100/99/1.00 Perenniporia hainaniana Cui 6364

0.03
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Species

Pseudohydnum abietinum

P. abietinum

Pseudohydnum brunneiceps
P. brunneiceps
Pseudohydnum candidissmum
P. candidissmum

P. candidissmum
Pseudohydnum gelatinosum
P. gelatinosum

P. gelatinosum

P. gelatinosum

“P. gelatinosum-1"

“P. gelatinosum-1"

“P. gelatinosum-2"

“P. gelatinosum-2"
Pseudohydnum himalayanum
P. himalayanum
Pseudohydnum orbiculare

P. orbiculare

Pseudohydnum sinobisporum
P. sinobisporum
Pseudohydnum sinogelatinosum
P. sinogelatinosum
Pseudohydnum tasmanicum
P. tasmanicum
Pseudohydnum totarae

P. totarae

P. totarae

Protomerulius subreflexus

Protomerulius substuppeus

ocality
China
China
China
China
China
China
China
China
Denmark
Germany
UK
Canada
Canada
Canada
USA
China
China
New Zealand
New Zealand
China
China
China
China
Australia
Australia
New Zealand
New Zealand
New Zealand
Indonesia

Costa Rica

New sequences are in bold. The symbol "-" represents that there is no sequence.

Vo

er
Dai 24185
Dai 24194
JXSB 0967
JXSB 1063
Dai 23740
HMJAU 5312
HMJAU 23836
Dai 21665
DMS-9327933
MW 298
K(M): 250843
ANT 187-QFB 28623
ANT 017-QFB 28581
UBC: F19746
S.D. Russell MycoMap # 1379
Cui 17045
Cui 17065
PDD 112653
PDD 112654
HMJAU 33728
SYL 2307
Cui 17064
Cui 17074
Cui 16721
Dai 18724
PDD 96246
PDD 112652
PDD 112655
OM 14402.1

019171

ITS
OP965350
OP965351
MN497254
MN497257
OP965345
OP965346
OP965347
ON243826
MT644890
DQ520094
MZ159722
MN992495
MN992496
HQ604801
MK575262
ON243829
ON243830
ON243832

ON24383
OP965349
OP965348
ON243833
ON243834
ON243838
ON243839
ON243840
ON243841
ON243842
MG757508

JX134482

U
0OP965370
OP965371
MN497259
MN497258
OP965365
0P965366
0P965367
ON243924
MT644890

DQ520094

HQ604801

ON243927

ON243928

ON243929
0OP965369

0OP965368

ON243930
ON243934

ON243935

ON243936
MG757508

Q764649
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Spines size at
the base (per

Type Pileal surface

Basidiospores Basidia References

localit; when fresh ) )
y i) (um) (um)
9.5-12
Pseudohydnm China Pale clay pink 2-3 Absent 6-7.5 x 5-6.3 75-12,4-  Abies This study
abietinum
celled
Seeuditiviiam Pale yellowish brown, 9-13x6
b China dark reddish brown to - Present 6-8 x 5.5-7 -10,2-4-  Cryptomeria Chen et al. (2020)
brunneiceps 0
blackish celled
11-14 x
Pseudoh
seudohydnunm China White 2-3 Present = 7.2-8.5x 6-7 10.5-13,2  Larix This study
candidissimum
~4-celled
Poeudihviiium 10-115 x Breitenbach and
aory Croatia  White 5-7 = 5-6 x4.5-5.5 12-13,4-  Larix Krinzlin (1986);
gelatinosum -
celled this study
Pseudohyd
e French ssssxssgs | 10FB2 g o | Coucaisseand
gelatinosum var. e cige-grayis 5-8.5 X 5.5-7. i otten woo ey (16909
bisporum
Pseudohydnum 125-15x 9
gelatinosum var. Bolivia  White - - 7-9 % 6-8.5 -11,2-4-  Dicot wood Lowy (1959)
paucidentatum celled
) 12-175 % 6
Peeudoliydniin China Gy pikto 5-6 Present | 7-85x 6-7.2 -135,4-  Abies Zhou et al. (2022)
himalayanum cinnamon
celled
White to grayish
Pseudohyd; N 10-14 x 10,
seudonydnm o brown to reddish 05-1 Absent | 6.5-7.9 x 5.6-68 x = Zhou et al. (2022)
orbiculare Zealand 4-celled
brown
11-115 x 9
Eseudobiydmom, China Ivory 2-3 Present  7.5-9.5 x 5.8-7.2 c12,2. | Querewsand This study
sinobisporum Larix
celled
- 12-15x10 )
Pseudohydum China Pinkish bufl to 3-4 Present 7-9x 6-7.2 cipop | P Abies Zhou et al. (2022)
sinogelatinosum cinnamon-buff and Picea
celled
i 12-15 x 10
Pseudohydnum Australia | Wght vinaceous gray 2-3 Absent 72-9 % 6-7.2 11,24, | Ducabptusand | o 2022)
tasmanicum to smoke gray Nothofagus
celled
‘White to grayish Podocarpus,
Pseudohyd; N 9-13 x 8,4
i e brown to reddish 08-12 Present | 5.5-6.5x 48-5.7 x Agathis, and Zhou et al. (2022)
totarae Zealand celled y
brown Dacrydium
Pseudohydnum Japan Pure white = 2 4-5x 4-5 = = Lioyd (1925)
translucens

New species are in bold. The symbol "-" represents that there is no sequence.
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69/0.924

100/1.0

97/1.0

Phellinus populicola CBS 638.75 Finland
Phellinus betulinus CBS 122.40 USA

0.1

Fulvifomes nakasoneae JV 1109/77 USA Holotype
Fulvifomes nakasoneae JV1109/62 USA
100/1.0 Fulvifomes nakasoneae JV 0904/68 USA
90/1L.0| | Fulvifomes nakasoneae JV 0312/22.11 USA
Fulvifomes acaciae JV 2203/71-J Costa Rica
100/1.0~ Fulvifomes acaciae JV 0312/23.4 USA
100/1.0 Fulvifomes krugiodendri IV 0312/24.10] USA
I~} Fulvifomes krugiodendri JV 0904/1 USA Holotype
Fulvifomes krugiodendri JV 1008/21 USA
Fulvifomes xylocarpicola MU 8 Thailand
og/1.0r Fulvifomes grenadensis 1607/66 Costa Rica
99/L.0I' | Fulvifomes grenadensis IV 1212/2] USA
100/1.0 Fulvifomes thailandicus LWZ 20140731-1 Thailand Holotype
Fulvifomes hainanensis Dai 11573 China Holotype
Fulvifomes rimosus M 2392655 Australia
Fulvifomes sp PM 950703-1 -
95/1.0 86/1.0b Fulvifomes sp PM 950703-1 -
100/1L.O* Fulvifomes sp PM 950703-1 -

Fulvifomes submerrillii Dai 17911 China Holotype
100710t Fylvifomes submerrillii Dai 17917 China
70/- Fulvifomes squamosus USM 258349 Peru

100/1.01 Fulvifomes squamosus USM 250536 Peru
100/1.0f Fulvifomes centroamericanus JV 0611/8P USA
Fulvifomes centroamericanus JV 0611/111 Guatemala Holotype
93/1.0 Fulvifomes elaeodendri CMW 47808 South Africa
98/LA Fylvifomes elaeodendri CMW 48610 South Africa
Fulvifomes elaeodendri CMW 47909 South Africa Holotype
1007104 ulvifomes elaeodendri CMW 48154 South Africa
Fulvifomes elaeodendri CMW 47825 South Africa
Fulvifomes fastuosus LWZ 20140731-13 Thailand
98/LO- Fulvifomes fastuosus LWZ 20140718-29 Thailand
Fulvifomes fastuosus Dai 18292 Vietnam
Fulvifomes imbricatus LWZ 20140729-26 Thailand
Fulvifomes imbricatus LWZ 20140728-16 Thailand Holotype
* Fulvifomes imbricatus LWZ 20140729-25 Thailand
96/1.0— Fulvifomes costaricense JV 1408/14 Costa Rica
Fulvifomes costaricense JV 1407/87 Costa Rica
-/0.99) 10010 Fylvifomes costaricense JV 1607/103 Costa Rica Holotype
90/0.99p Fulvifomes nilgheriensis CBS 209.36 USA
00/L.0[ L Fulvifomes nilgheriensis URM 3028 Brazil
Fulvifomes kawakamii CBS 428.86 USA
80/0.97 Fulvifomes merrillii Dai 12094 China
69/- 100/1.0L Fulvifomes merrillii Kout-6 Thailand
& l 100/1.0 Fulvifomes dracaenicola Dai 22097 China Holotype
98/0.99 Fulvifomes dracaenicola Dai 22093 China
5 1/098 Fulvifomes siamensis Dai 18309 Vietnam
L Fulvifomes siamensis XG 2 Thailand
97/1.0 Fulvifomes lloydii Dai 10809 China
Fulvifomes Iloydii Dai 9642 China
Fulvifomes lloydii Dai 11978 China
Fulvifomes floridanus JV 0312/23.1 USA
100/1.00 Fulvifomes floridanus JV 0904/65 USA
Fulvifomes floridanus JV 0904/76 USA Holotype
56/0.97} 100/1.0p Fulvifomes robiniae EF088656 -
Fulvifomes robiniae CBS 211.36 USA
100/1.0y Fulvifomes caligoporus Dai 17668 China
Fulvifomes caligoporus Dai 17660 China Holotype
58/1.0 100/1.0p Fulvifomes halophilus XG 4 Thailand
Fulvifomes halophilus JV 1502/4 USA
00/1 o1 Fulvifomes subindicus Dai 17743 China Holotype
100/1.0| Fulvifomes subindicus Cui 13908 China
Fulvifomes indicus Yuan 5932 China
100/1.0 Fulvifomes indicus O 25034 Zimbabwe
Fulvifomes luteoumbrinus (= F. porrectus) CBS 296.56 USA
Fulvifomes rhytiphloeus JV 1808/76 French Guiana
100/1.0] 1 Fulvifomes rhytiphloeus JV 1809/1 French Guiana
51 Fulvifomes rhytiphloeus JV 1704/71 Costa Rica
100/1.0y Fulvifomes rigidus Dai 17496 China
99/1.0 Fulvifomes rigidus Dai 17507 China
Fulvifomes azonatus Cui 8452 China
96/1.0 100/1.0[1 Fulvifomes azonatus Dai 17470 China Holotype
Fulvifomes azonatus Dai 17203 China
100/1.0y Fulvifomes jouzaii JV 1504/16 Costa Rica
Fulvifomes jouzaii JV 1504/39 Costa Rica Holotype
Inocutis tamaricis CBS 384.72 Turkmenistan
Fomitiporella caryophylli CBS 448.76 India
Inonotus hispidus S 45 Spain

99/1.0

99/1.0

100/1.0

62/0.98 100/1.0

96/1.0}

100/1.0
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Pyrrhoderma sublamaensis (P. noxium) Dai 10292
Pyrrhoderma sublamaensis (P. noxium) Dai 17754
Pyrrhoderma sublamaensis (P. noxium) LWZ 201506013
Pyrrhoderma sublamaensis (P. noxium) LWZ 201506016
Pyrrhoderma sublamaensis (P. noxium) Dai 9250
Pyrrhoderma sublamaensis (P. noxium) Cui 10958
Pyrrhoderma yunnanense Cui 8566
Pyrrhoderma yunnanense LWZ, 2014071913
Pyrrhoderma yunnanense Cui 8590
Pyrrhoderma yunnanense LWZ 2014071912
Pyrrhoderma lamaense Dai 16227
Pyrrhoderma lamaense Dai 16292
91 11| Pyrrhoderma lamaense LWZ 201406174
9211 & Pyrrhoderma lamaense Dail 7500
Pyrrhoderma lamaense Dai 17877
Pyrrhoderma hainanense Cui 6395
1Pyrrhodernm hainanense LWZ 201505301
Pyrrhoderma nigra JV 1704/41
Pyrrhoderma nigra MO 489730
641098 Pyrrhoderma nigra JV 2208/97A-J
Pyrrhoderma nigra JV 1504/29
Pyrrhoderma nigra Cui 6308
Pyrrhoderma nigra LWZ 20140801-3
Pyrrhoderma nigra Dai 17895
Pyrrhoderma nigra LWZ 20150601-1
1001 | Pyrrhoderma nigra Dai 17745
Pyrrhoderma nigra Dai 13594
Pyrrhoderma nigra Cui 8546
Pyrrhoderma thailandicum LWZ 201407311-7
Pyrrhoderma adamantinum Dai 13832
Pyrrhoderma adamantinum Dai 13084
10071 Pyrrhoderma adamantinum Dai 17592
Pyrrhoderma adamantinum Cui 8114
Pyrrhoderma adamantinum Dai 7957
Pyrrhoderma adamantinum Dai 12138
Pyrrhoderma adamantinum Cui 6088
100/1 Pyrrhoderma adamantinum Q 23
Pyrrhoderma adamantinum Cui 10056
Pyrrhoderma adamantinum Dai 17593
WO Pyrrhoderma adamantinum MN 1094
Pyrrhoderma adamantinum Cui 6105
Pyrrhoderma adamantinum xsd 08129
Cylindrosporus flavidus Dai 13213
10011 - Porodaedalea chinensis Cui 10252
99/1 Porodaedalea pini BRNM 737548
100/1 100/1 | Inonotus rigidus Dai 17496
Inonotus rigidus Dai 17507
Onnia tomentosa Niemela 9079
100/1 Coniferiporia qgilianensis Yuan 6424
Phellinidium ferrugineofuscum Cui 10042
Oxyporus populinus Dai 8908

100/1

73/-
97/-

100/

78/-

91/1
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Product length

) Citation

Oligo sequence (5'-3')

F: GGCCACGCTAGCCTTCACTA
val SCAR (DQ333342) R: CGAGTTCGCGGCAGGTA 75 (Larsen et al., 2007)
P: TTTCGACCTGCCGTGCGCG

F: GGCTTTTGCTTTCTCTTG

V3571
va2 R: GACCAAATGTAATTGTCCAG 150 (Maurer et al., 2013)
(DQ266246.1)

P: AGGTATAAGGTCCATATCCAACACGAG

B
CGTACGATTGAGAAGTTTGAGATAAGTG
3 tefla (LR026334.1) 100 (General Administration of Customs of the
Vi %
@ e R: CGTCGGAAACCATGAAAACA People's Republic of China., 2019)

P: CTGCTTGAATCTACAC

F: CCGGTACATCAGTCTCTTTA
(General Administration of Quality Supervision,
vad ITS (MH856937.1) R: CTCCGATGCGAGCTGTAAT 330 Inspection and Quarantine of the People’s

Republic of China., 2014)
P: ATGCCTGTCCGAGCGTCGTTTCA
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Species

Byssomerulius corium
Byssomerulius corium
Byssomerulius corium

Ceriporia
bubalinomarginata

Ceriporia
bubalinomarginata

Ceriporia viridans
Ceriporia viridans

Crystallicutis cf. serpens
Crystallicutis cf. serpens

Crystallicutis serpens
Cytidiella albida

Cytidiella albomarginata
Cytidiella albomarginata

Cytidiella albomellea

Cytidiella nitidula

Efibula gracilis

Efibula intertexta
Efibula intertexta
Efibula matsuensis

Efibula tropica
Efibula tropica

Efibula yunnanensis
Gloeoporus orientalis
Gloeoporus pannocinctus
Irpex flavus

Irpex flavus
Irpex hydnoides

Irpex laceratus

Irpex lacteus

Irpex lacteus

JIrpex latemarginatus
Irpex latemarginatus

Irpex lenis

Irpex rosettiformis

Irpex sp.

Leptoporus mollis
Leptoporus mollis

Leptoporus mollis
Leptoporus mollis

Leptoporus submollis
Leptoporus submollis
Leptoporus submollis
Leptoporus submollis

Meruliopsis
albostramineus

Meruliopsis crassitunicata

Meruliopsis
leptocystidiata

Meruliopsis parvispora
Meruliopsis taxicola

Phanerochaete albida

Phanerochaete alnea

Phanerochaetella
angustocystidiata

Phanerochaetella
angustocystidiata

Phanerochaetella exilis

Phanerochaetella
formosana

Phanerochaetella
leptoderma

Phanerochaetella sp.
Phanerochactella sp.

Phanerochaetella
xerophila

Raduliporus aneirinus
Raduliporus aneirinus

Resiniporus
pseudogilvescens

Resiniporus
pseudogilvescens

Resiniporus resinascens

Trametopsis aborigena
Trametopsis aborigena
Trametopsis brasiliensis
Trametopsis cervina
Trametopsis cervina
Trametopsis cervina
Trametopsis montana
Trametopsis montana
Trametopsis tasmanica

Trametopsis tasmanica

FCUG 2701
‘Wu 1207-55

FP-102382

Dai 11327

Dai 12499

Spirin 5909

Miettinen
1170

‘Wu 1608-130
‘Wu 1608-81

HHB-15692

GB-1833

Wei 18-474
‘Wu 0108-86

FP-102339

T-407

FD-455

‘Wu 1707-93
‘Wu 1707-96
Wu 1011-18

Wei 18-149

Chen 3596

‘Wu 880515-1
Wei 16-485
L-15726
Wu 0705-1
Wu 0705-2

KUC
20121109-01

WHC 1372
DO 421
FD-9
FP-55521-T
Dai 7165

Wu 1608-14

Meijer 3729

‘Wu 910807-
35

LE BIN 3849
Dai 21062

JV 12117

RLG-7163

Cui 17584
Cui 17514
Cui 18379

Dai 20182

HHB 10729

CHWC 1506-
46

Wu 1708-43

‘Wu 1209-58
GC 1704-60

GC 1407-14

FP-151125

‘Wu 9606-39

Wu 1109-56

HHB-6988

Chen 479

Chen 1362

HHB-11463

HHB-18104

HHB-8509

HHB-15629

‘Wu 0409-199

Wu 9508-54

Wu 1209-46

BRNM
710169

Robledo 1236
Robledo 1238
Meijer 3637
Cui 18017
Dai 21820
TJV-93-216T
Cui 18363
Cui 18383
Cui 16606

Cui 16607

Locality

Russia
China

USA

China

China

Finland

Netherlands

China
China

USA

Spain

China
China

USA

USA

USA

China
China
China
China

China
(Taiwan)

China
China
USA

China
China

South
Korea

China
Sweden
USA
USA
China

China

Brazil

China

Russia
Belarus

USA

USA

China
China
China

China

USA

China

China

China
China

China

USA

China

China

USA

China

China

USA

New
Zealand

USA

USA

China

China

China

Czech
Republic

Argentina
Argentina
Brazil
China
China
USA
China
China
Australia

Australia

Newly generated sequences for this study are shown in bold.

MZ636931
MZ636932

KP135007

JX623953

JX623954

KX236481

KX752600

MZ636946
MZ636947

KP135031

KY948748

MZ636948
MZ636949

MZ636950

KY948747

KP135027

MZ636953
MZ636954
MZ636956

MZ636967

MZ636966

MZ636977
MZ636980
KP135060
MZ636988

MZ636989

KJ668510

MZ636990
JX109852
KP135026
KP135024
KY131834

MZ636991

JN649346

MZ636994

MG735341
MW377302

MW377303

KY948794

MW377305
MW377304
ON468433

ON468434

KP135051

LC427010

LC427013

LC427017
LC427028

MZ422788

KP135177

MZ637020

MZ637019

KP135001

MZ637023

MZ637025

KP134994

KP135003

KP134996

KP135023

MZ637068

MZ637069

KY688203

FJ496675

KY655336
KY655337
JN710510
ONO41041
ONO41044
JN165020
ON041038
ON041039
ON041048

ON041049

GenBank accessions

nLSU
GQ470630
MZ637096

KP135230

JX644045

JX644044

KX236481

KX752600

MZ637108
MZ637109

KP135200

KY948889

MZ637110
MZ637111

MZ637112

MZ637113

MZ637116

MZ637117
MZ637118
MZ637119

MZ637129

MZ637128

GQ470672
MZ637141
KP135214
MZ637149

MZ637150

KJ668362

MZ637151
JX109852
KP135224
KP135202
KY131893

MZ637152

JN649346

GQ470627

MW377381

MZ637155

MW377383
MW377382
ON468245

ON468246

KP135229

LC427034

LC427033

LC427039
LC427050

MZ637179

MZ637181

GQ470638

MZ637227

KP135236

GQ470650

GQ470646

KP135235

KP135254

KP135259

KP135207

MZ637267

MZ637269

MZ637268

FJ496698

KY655338
KY655339
JN710510
ON041057
ON041060
JN164796
ON041054
ON041055
ON041064

ON041065

RPBI1

MZ748415

KP134802

MZ748435

KP134785

KY948960

MZ748429
MZ748430

MZ748431

KY948961

KP134804

MZ748416
MZ748417
MZ748418

MZ748419

MZ748420
MZ748443
KP134867

MZ748432

KP134806

KP134805

MZ748434

MZ748433

KY948956

MW337195
MW337194
ON468447

ON468448

KP134787

LC427070

LC427065
LC427063

MZ748384

MZ748385

MZ748422

MZ748421

KP134799

MZ748424

MZ748423

KP134797

KP134798

KP134800

KP134795

MZ748436

ON099407
IN164839
ON099403
ON099404
ON099409

ON099410

RPB2

OK136068

KP134921

OK136094

KP134914

OK136069

OK136070

OK136071

OK136072

OK136077

OK136085
OK136086
OK136078

OK136079

OK136080
OK136095
KP134973

OK136087

JX109882

KP134915

JX109875

OK136088

MW337062

OK136101

MW337064
MW337063
ON468449

ON468450

OK136013

OK136014

OK136082

OK136081

KP134918

OK136084

OK136083

KP134892

KP134917

KP134919

OK136096

OK136097

ON099414
ON099416
JN164877
ON099411
ON099412
ON099419

ON099420

MZ913668

MZ913699

MZ913675

MZ913678

MZ913677

MZ913676

MZ913679

MZ913680

MZ913681

MZ913682

MZ913709

MZ913683

MZ913685

JX109904

MZ913684

MW337129

MZ913693

MW337131
MW337130
ON468451

ON468452

MZ913704

MZ913641

MZ913687

MZ913686

MZ913718

MZ913689

MZ913688

MZ913712

MZ913713

ON083780
ON083783
JN164882
ON083777
ON083778
ON083787

ON083788
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GenBank accession no.

Species Ssample no. Locality Reference
TS nLsu
Coniferiporia gilianensis Yuan 6424 China NRIS8318 NGOG0411 Zhou et al,, 20162
Cylindrosporus flavidus Dai 13213 China KP875564 KP§75561 Zhou, 20152
Inonotus rigidus Dai 17496 China MH390432 MH390398 GenBank
L rigidus Dai 17507 China MH390433 MH390399 GenBank
Onnia tomentosa Niemela 9079 Finland ME319075 ME318931 GenBank
Phellnidivum ferrugineofuscum Cui 10042 China KR350573 KR350559 Zhou et al, 20162
Porodaedalea chinensis Cui 10252 China KX673606 MH152358 Dai etal. 2017
P. pini BRNM 737548 (CEMR) Turkey jQ772470 N/A Tomsovsky and Kout, 2013
P adamantinum Cui 6088 Jiangi, China MF860783 NA Zhou et al, 2018
P adamantinum Cui 6105 Jiangi, China MES60784 MEF860733 Zhou etal, 2018
P. adamantinum Cui 8114 Yunnan, China MF860785 MF860734 Zhou et al, 2018
P adamantinum Cui 10056 Jilin, China MES60786 N/A Zhou etal,, 2018
P adamantinum Dai 7957 Hainan, China MF860787 N/A Zhou et al,, 2018
P adamantinum Dai 12138 Hunan, China MF860788 NA Zhou et al, 2018
P adamantinum Dai 13084 Yunnan, China MES60789 MF860735 Zhou etal, 2018
P adamantinum Dai 13832 Yunnan, China MES60790 MES60736 Zhou et al,, 2018
P adamantinum Dai 17592 Yunnan, China MF860791 MES60737 Zhou et al., 2018
P adamantinum Dai 17593 Yunnan, China MES60792 MES60738 Zhou et al., 2018
P. adamantinum MN 1094 Japan N/A AY059031 Wagner and Fischer, 2002
P adamantinum Qx China KCA14229 N/A GenBank
P adamantinum xsd 08129 China 481040 N/A GenBank
P. hainanense Cui 6395 Hainan, China MF860793 N/A Zhou et al,, 2018
P. hainanense LWZ 20150530-1 Hainan, China MES60794 MES60739 Zhou et al,, 2018
P, lamaoense Dai 16227 Hainan, China MF860802 MF860743 Zhou et . 2018
P lamaoense Dai 16292 Hainan, China MES60803 MES60744 Zhou et al, 2018
P. lamaoense Dai 17500 Yunnan, CI MF860804 MES60748 Zhou et al,, 2018
P lamaoense Dai 17877 Singapore MF860805 MF860749 Zhou et al, 2018
P lamaoense LWZ 201406174 Guangxi, China MES60806 MES60746 Zhou et al,, 2018
 nigra Cui 6308 Hainan, China N/A MES60757 Zhou et al, 2018
P. nigra Cui 8546 Yunnan, China MF860816 ME860758 Zhou et al,, 2018
GenBank accession no.
Species Sample no. Locality Reference
s nLsu
P. nigra Dai 13594 Yunnan, China NA MF860759 Zhou et al. 2018
P. nigra Dai 17745 Hainan, China, NA MF860760 Zhou et al, 2018
P. nigra Dai 17895 Singapore NA MF860761 Zhou et al, 2018
P. nigra V150429 Costa Rica MF860817 MF860762 Zhou et al, 2018
P. nigra V1704141 Costa Rica MF860818 MF860763 Zhou etal. 2018
P. nigra IV 2208974 French Guiana oP824782 NA “This study
P. nigra LWZ 201408013 Thailand MF860819 MF860764 Zhou et al, 2018
P. nigra LWZ 20150601-1 Hainan, China MF860820 MF860765 Zhou etal, 2018
P. nigra MO 489730 Puerto Rico OP60s521 N/A “This study
P. sublamaensis (. noxium) Cui 10958 Hainan, China ME860807 NA Zhou et al, 2018
P, sublamaensis (P. noxium) Dai 9250 Hainan, China ME860808 N/A Zhou et al, 2018
P. sublamaensis (P. noxium) Dai 10292 Hainan, China KX058573 HQ328532 Dai, 2010
P, sublamaensis (P. noxium) Dai 17754 Hainan, China MF§60809 MF860752 Zhou et al. 2018
P. sublamaensis (P. noxium) LWZ 20150601-3 Hainan, China MES60810 MES60750 Zhou et al. 2018
P. sublamaensis (P. noxium) LWZ 20150601-6 Hainan, China MES60811 MES60751 Zhou et al, 2018
P. thailandicum LWZ 2014073117 Thailand MF860812 MF860753 Zhou et al, 2018
P yunnanense Cui 8566 Yunnan, China MES60813 N/A Zhou et al, 2018
P yunnanense Cui 8590 Yunnan, China N/A MF860754 Zhou etal, 2018
P, yunnanense LWZ 20140719-12 Yunnan, China MES60814 MES60755 Zhou et al, 2018
P. yunnanense LWZ 20140719-13 Yunnan, Ci MES60815 ME860756 Zhou et al, 2018
Oxyporus populinus (Outgroup) Dai 8908 China KY131887 KT203323 W etal, 2017

New taxon i in bold.
NIA, Not applicable
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85/87/0 95 Ilrpex lacteus DO 421
Generic type 100/100/1.00 Irpex lacteus FD 9 *
-/551- Irpex hydnoides KUC 20121109 01
93/89/1 00 100/100/1.00 Irpex flavus Wu 0705-1
Irpex flavus Wu 0705-2
75/74)/- Imex sp Wu 910807-35
75/78/-¢ lrpex latemarginatus FP 55521 T
100/100/1.00 Irpex latemarginatus Dai 7165
99AD0ASS Irpex laceratus WHC 1372
Imex lenis Wu 1608-14
95/93/1.00 Irpex rosettiformis Meijer 3729
71/74/- 100/100/1.00 Efibula tropica Wel 18-149
77/78l- Efibula tropica Chen 3596 *
96/97/1.00 Efibula yunnanensis Wu 880515-1
76/78/- Efibula matsuensis Wu 1011-18
-/521- Efibula gracilis FD 455
il 100/100/1.00 Efibula intertexta Wu 1707-93

Efibula intertexta Wu 1707-96
100/100/1.00— BYyssomerulius corium Wu 1207-35

65/68/- Byssomerulius corium FP 102382 *
100G L8 Byssomerulius corium FCUG 2701
76/75/- Cytidiella albomellea FP 102339 *
68/71/- Cytidiella albida GB 1833
100/100/1.00 Cytidiella nitidula T 407
Cytidiella albomarginata Wei 18-474
100/100/1.00 99/98/1.00L  Cytidiella albomarginata Wu 0108-86

76/73/0.95¢ Phanerochaetella angustocystidiata Wu 9606-39 *
Phanerochaetella angustocystidiata Wu 1109-56
Phanerochaetella sp HHB 11463
Phanerochaetella exilis HHB 6988
Phanerochaetella xerophila HHB 8509
Phanerochaetella leptoderma Chen 1362
Phanerochaetella sp HHB 18104
Phanerochaetella formosana Chen 479
100/100/1.00y Trametopsis aborigena Robledo 1236
Trametopsis aborigena Robledo 12338
95/98/1 00 Trametopsis cervina Dai 21820
Trametopsis cervina Cui 18017 *
ssee.| | Trametopsis cervina TJV 93 216T
100/100/1.00 ——_ Trametopsis tasmanica Cui 16606
— Trametopsis tasmanica Cui 16607
73/711- Trametopsis montana Cui 18383
100/100/1.00L  Trametopsis montana Cui 18363
Trametopsis brasiliensis Meijer 3637
61/59/-p Resiniporus pseudogilvescens Wu 1209-46
Resiniporus pseudogilvescens Wu 9508-54

Resiniporus resinascens BRNM 710169 *
100/100/1.00¢ Raduliporus aneirinus HHB 15629

Raduliporus aneirinus Wu 0409-199 *
100/100/1.00y Crystallicutis cf serpens Wu 1608-130
Crystallicutis cf serpens Wu 1608-81
Crystallicutis serpens HHB 15692
89/90/1.00 Meruliopsis crassitunicata CHWC 1506-46
Meruliopsis parvispora Wu 1209-58
Meruliopsis albostramineus HHB 10729
98/99/1 00 Meruliopsis leptocystidiata Wu 1708-43
Meruliopsis taxicola GC 1704-60 W
100/100/1.00 Leptoporus submollis Cui 17584
Leptoporus submollis Cui 18379
100/100/1.001 | eptoporus submollis Dai 20182
Leptoporus submollis Cui 17514
Leptoporus mollis JV 12117
Leptoporus mollis Dai 21062 *
T o . Leptoporus ITIO//I.S LE BIN 3849
Leptoporus mollis RLG 7163
100/100/1.00 Ceriporia bubalinomarginata Dai 12499

Ceriporia bubalinomarginata Dai 11327
95/93/1.00 100/100/1.00 Ceriporia viridans Miettinen 11701

Ceriporia viridans Spirin 5909 *
Gloeoporus pannocinctus L 15726

Gloeoporus orientalis Wei 16-485

100/100/1.00

100/99/1.00

96/94/1.00 100/100/1.00

100/100/1.00 100/100/1.00

100/100/1.00

100/100/1.00

100/100/1.00

Phanerochaete alnea FP 151125 *

Phanerochaete albida GC 1407-14
0.04

Irpex

Efibula

Byssomerulius

Cytidiella

Phanerochaetella

Trametopsis

Resiniporus

Raduliporus

Crystallicutis

Meruliopsis

Leptoporus

Ceriporia

Gloeoporus

Outgroup
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82/79/0.96r Irpex lacteus FD 9 *
100/100/1.00 Irpex lacteus DO 421
100/100/1.00 Irpex hydnoides KUC 20121109 01
Irpex flavus Wu 0705-1
Irpex flavus Wu 0705-2
Irpex sp Wu 910807-35
86/83/0.98F Irpex latemarginatus FP 55521 T
100/100/1.00 Irpex latemarginatus Dai 7165
Irpex laceratus WHC 1372
Irpex lenis Wu 1608-14
Irpex rosettiformis Meijer 3729
Phanerochaetella angustocystidiata Wu 9606-39 *
Phanerochaetella angustocystidiata Wu 1109-56
Phanerochaetella sp HHB 11463
Phanerochaetella xerophila HHB 8509
Phanerochaetella exilis HHB 6988
Phanerochaetella leptoderma Chen 1362
Phanerochaetella formosana Chen 479
Phanerochaetella sp HHB 18104
Byssomerulius corium FP 102382
Byssomerulius corium Wu 1207-55 Y
Byssomerulius corium FCUG 2701
100/100/1.00 Efibula tropica Chen 3596 *
100/99/1.00 Efibula tropica Wei 18-149
100/100/1.00 Efibula yunnanensis Wu 880515-1
100M0041.00 Efibula matsuensis Wu 1011-18
Efibula gracilis FD 455
Efibula intertexta Wu 1707-96
Efibula intertexta Wu 1707-93
Cytidiella albomellea FP 102339 *
Cytidiella albida GB 1833
Cytidiella nitidula T 407
Cytidiella albomarginata Wu 0108-86
Cytidiella albomarginata Wei 18-474
Trametopsis aborigena Robledo 1236
Trametopsis aborigena Robledo 1238
Trametopsis cervina Dai 21820
Trametopsis cervina Cui 18017 *
Trametopsis cervina TJV 93 216T
09/99/1.001 Trametopsis tasmanica Cui 16607
Trametopsis tasmanica Cui 16606
86/83/0.96|  Trametopsis montana Cui 18363
100/100/1.00  Trametopsis montana Cui 18383
Trametopsis brasiliensis Meijer 3637
Resiniporus pseudogilvescens Wu 9508-54 *
Resiniporus pseudogilvescens Wu 1209-46
Resiniporus resinascens BRNM 710169
Raduliporus aneirinus Wu 0409-199 *
Raduliporus aneirinus HHB 15629
Crystallicutis cf serpens Wu 1608-81
Crystallicutis cf serpens Wu 1608-130
Crystallicutis serpens HHB 15692
Leptoporus mollis JV 12117
Leptoporus mollis LE BIN 3849
Leptoporus mollis Dai 21062 *
Leptoporus mollis RLG 7163
Leptoporus submollis Cui 17584
Leptoporus submollis Dai 20182
Leptoporus submollis Cui 18379

Generic type

100/100/1.00

100/100/1.00

96/98/1.00

100/100/1.00
65/68/-
100/100/1.00

98/99/1.00

77/79/0.95 l
100/100/1.00

75/78/-

71/72/-
100/100/1.00
100/100/1.00

100/100/1.00

97/99/1.00
100/100/1.00
-/51/-

93/91/0.99
74177/-

100/100/1.00

99/99/1.00
88/86/0.97

100/100/1.00

66/64/-

100/100/1.00
100/100/1.00
100/100/1.00

100/100/1.00
100/100/1.00

100/100/1.00

100/100/1.00
100/100/1.00

100/99/1.00

100/100/1.00

100/100/1.00

e 10071001.00] ) entoporus submollis Cui 17514
100/100/1.00 Ceriporia bubalinomarginata Dai 11327
LEEELL A Ceriporia bubalinomarginata Dai 12499
97/95/1.00 100/100/1.00 Ceriporia viridans Spirin 5909 *

Ceriporia viridans Miettinen 11701
Meruliopsis crassitunicata CHWC 1506-46
Meruliopsis parvispora Wu 1209-58
Meruliopsis leptocystidiata Wu 1708-43
Meruliopsis albostramineus HHB 10729
Meruliopsis taxicola GC 1704-60 *

Gloeoporus orientalis Wei 16-485

Gloeoporus pannocinctus L 15726
Phanerochaete albida GC 1407-14
Phanerochaete alnea FP 151125 *

75/74/-
98/97/1.00
69/74/-

64/62/-

100/100/1.00

100/100/1.00
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GenBank accessions

Species Sample no. Locality Reference
ITS nLSU

Fomitiporella caryophylli CBS 448.76 India AY558611 AY059021 Jeong et al., 2005

Fulvifomes acaciae JV 2203/71-] Costa Rica 0OP828594 0OP828596 This study

F. acaciae JV 0312/23.4 USA 0OP828595 0P828597 This study

F. azonatus Cui 8452 China MH390417 MH390396 Wu et al,, 2022a

F. azonatus Dai 17470 China MH390418 MH390395 Wau et al,, 2022a

F. azonatus Dai 17203 China MH390419 MH390397 Wau et al,, 2022a

F. caligoporus Dai 17668 China MH390420 MH390390 Wu et al,, 2022a

FE. caligoporus Dai 17660 China MH390421 MH390391 Wu et al, 2022a

F. centroamericanus JV 0611/111 Guatemala KX960763 KX960764 I Ji etal, 2017

F. centroamericanus JV 0611/8P USA KX960757 N/A Ji etal, 2017

F. costaricense JV 1407/87 Costa Rica MH390412 MH390387 Wu et al,, 2022a

F. costaricense JV 1408/14 Costa Rica MH390413 MH390385 ‘Wu et al,, 2022a

F. costaricense JV 1607/103 Costa Rica MH390414 MH390386 Wu et al, 2022a

F. dracaenicola Dai 22097 China MW559800 MW559805 Du et al,, 2021

F. dracaenicola Dai 22093 China MW559799 MW559804 Du et al,, 2021

F. elaeodendri CMW 47808 South Africa MH599093 MH599131 Wu et al,, 2022a

F. elacodendri CMW 47825 South Africa MH599094 MH599134 Wu et al, 2022a

F. elaeodendri CMW 47909 South Africa » MH599096 MH599132 Wu et al,, 20222

F. elaeodendri CMW 48154 South Africa MH599097 MH599135 » Wau et al,, 2022a

F. elaeodendri CMW 48610 South Africa MH599095 MH599133 Wu et al,, 2022a

F. fastuosus LWZ 20140731-13 Thailand KR905674 KR905668 Zhou, 2015¢

F. fastuosus LWZ 20140718-29 Thailand KR905673 N/A Zhou, 2015¢

F. fastuosus Dai 18292 Vietnam MH390411 MH390381 Wu et al, 2022a

F. floridanus JV 0904/65 USA MH390422 N/A ' Wu et al,, 2022a

F. floridanus JV 0312/23.1 USA MH390423 N/A ' Wu et al, 2022a

F. floridanus JV 0904/76 USA MH390424 MH390388 Wu et al,, 2022a

F. grenadensis JV 1212/2] USA KX960756 N/A Ji etal, 2017

FE. grenadensis 1607/66 Costa Rica KX960758 N/A Ji etal, 2017

F. hainanensis Dai 11573 China KC879263 1X866779 Zhou, 2014

F. halophilus XG4 Thailand JX104705 JX104752 KC879259

F. halophilus JV 1502/4 USA MH390427 MH390392 Wu et al, 2022a

F. imbricatus LWZ 20140728-16 Thailand KR905677 KR905670 Zhou, 2015¢

F. imbricatus LWZ 20140729-25 Thailand KR905678 N/A Zhou, 2015¢

F. imbricatus LWZ 20140729-26 Thailand KR905679 KR905671 Zhou, 2015¢

F. indicus Yuan 5932 China KC879261 1X866777 Zhou, 2014

F. indicus 0 25034 Zimbabwe KC879262 KC879259 Wu et al,, 2022a

F. jouzaii JV 1504/16 Costa Rica MH390425 MH390400 Wu et al,, 2022a

F. jouzaii JV 1504/39 Costa Rica MH390426 N/A Wu et al,, 2022a

F. kawakamii CBS 428.86 USA N/A AY059028 Wagner and Fischer, 2002
GenBank accessions

Species Sample no. Locality Reference
S nLSU

F. krugiodendri JV 0904/1 USA KX960762 KX960765 Ji etal, 2017)

F. krugiodendri JV 0312/24.10] USA KX960760 KX960766 Ji etal, 2017)

F. krugiodendri JV1008/21 USA KX960761 KX960767 Ji et al,, 2017)

F. lloydii Dai 10809 China MH390428 MH390378 Wu et al, 2022a

F. lloydii Dai 9642 China MH390429 MH390379 Wu et al,, 2022a

F. lloydii Dai 11978 China MH390430 MH390380 Wu et al,, 2022a

F. luteoumbrinus CBS 296.56 USA AY558603 AY059051 Wagner and Fischer, 2002

F. merrillii Dai 12094 China MH390415 MH390382 Wu et al, 2022a

F. merrillii Kout-6 Thailand MH390416 MH390383 Wu et al, 2022a

F. nakasoneae JV 1109/62 USA MH390407 MH390376 Wu et al, 2022a

F. nakasoneae JV 0904/68 USA MH390408 MH390373 Wu et al,, 2022a

F. nakasoneae JV 1109/77 USA MH390409 MH390374 Wu et al,, 2022a

F. nakasoneae JV 0312/22.11 USA MH390410 MH390375 Wu et al,, 2022a

F. nilgheriensis CBS 209.36 USA AY558633 AY059023 Wagner and Fischer, 2002

F. nilgheriensis URM 3028 | Brazil MH390431 MH390384 Wu et al,, 2022a

F. rhytiphloeus JV 1704/71 Costa Rica MZ506738 MZ505207 Wu et al,, 2022a

F. rhytiphloeus JV 1808/76 ‘ French Guiana MZ506739 MZ505208 Wu et al,, 2022a

F. rhytiphloeus JV 1809/10 ‘ French Guiana MZ506740 MZ505209 Wu et al,, 2022a

F. rigidus Dai 17496 China MH390432 MH390398 Wu et al, 2022a

F. rigidus Dai 17507 China MH390433 MH390399 Wu et al,, 2022a

F. rimosus M 2392655 Australia MH628255 MH628017 Wu et al,, 2022a

F. robiniae CBS 211.36 USA AY558646 AF411825 ‘Wagner and Ryvarden, 2002

F. robiniae Unknown Unknown [ EF088656 N/A GenBank

F. siamensis XG2 ‘ Thailand JX104709 JX104756 Zhou, 2014

F. siamensis Dai 18309 ‘ Vietnam MH390434 MH390389 Wu et al, 2022a

F. sp. PM 950703-1 Unknown EU035311 N/A GenBank

F. sp. PM 950703-1 Unknown EU035312 N/A GenBank

F. sp. PM 950703-1 Unknown EU035313 N/A GenBank

F. squamosus USM 250536 Peru MF479268 MF479265 Salvador-Montoya et al., 2018

F. squamosus USM 258349 Peru MF479269 MF479264 Salvador-Montoya et al., 2018

F. subindicus Dai 17743 China MH390435 MH390393 Wu et al,, 2022a

F. subindicus Cui 13908 ‘ China MH390436 MH390394 Wu et al, 2022a

F. submerrillii Dai 17911 China MH390405 MH390371 Wu et al,, 2022a

F. submerrillii Dai 17917 China ‘ MH390406 MH390372 Wu et al, 2022a

F. thailandicus LWZ 20140731-1 Thailand KR905672 KR905665 Zhou, 2015¢

F. xylocarpicola MU 8 Thailand JX104676 JX104723 Zhou, 2014

Inocutis tamaricis CBS 384.72 Turkmenistan AY558604 MH872221 Vu et al, 2018

GenBank accessions

Species Sample no. Locality Reference
ITS nLSU

Inonotus hispidus S45 Spain EU282482 ‘ EU282484 GenBank

Phellinus betulinus (Outgroup) CBS 122.40 | USA MHB856059 ‘ MH867554 Wu et al,, 2022a

P. populicola (Outgroup) CBS 638.75 Finland MH860960 ‘ MH872729 Wu et al,, 2022a

New taxon s in bold.
N/A, Not applicable.





