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Background: Gerhardtia and Ossicaulis are two genera within the family Lyophyllaceae, which show an apparently poor species diversity worldwide. During the field investigation on wild macrofungi, six interesting collections within Gerhardtia and Ossicaulis genera are discovered in the northeastern China.

Methods: To identify whether these collections of Gerhardtia and Ossicaulis are novel species, we performed phylogenetic analyzes using the following DNA regions: the internal transcribed spacer (ITS) region and the large subunit nuclear ribosomal RNA (nrLSU) region. Moreover, a traditional morphological method also be conducted based on both the macro-morphological and micro-morphological features.

Results: The results indicated that these collections tested formed two independent lineages in each genus with a high support. In addition, they can easily be separated from all other taxa of the two genera in morphology. Based on the combination of morphological and molecular data, Gerhardtia tomentosa and Ossicaulis borealis, are confirmed as two new species to science.

Discussions: This study provided a theoretical basis is for the two lyophylloid genera and indicated that the biodiversity resources of northeastern China might be underestimated.
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1. Introduction

Lyophyllaceae, a highly species-rich family of mushrooms, includes Gerhardtia Bon and Ossicaulis Redhead & Ginns, two genera poor in species. The genus Gerhardtia (Lyophyllaceae, Agaricales) is a fungal taxon with G. borealis (Fr.) Contu and Ortega (2002; p. 176) [syn. G. incarnatobrunnea (Ew. Gerhardt) Contu and Ortega (2002; p. 66)] as a type species (Bon, 1994; Contu and Ortega, 2002; Vizzini et al., 2015). It was initially considered as a subgenus under Lyophyllum P. Karsten (1881; p. 29) (Karsten, 1881; Gerhardt, 1982) and later was raised to the genus level by Bon (1994) who emphasized the presence of minutely verruculose basidiospores, siderophilous basidia, pileipellis organized as a cutis, trichoderm or hymeniderm, and clampless hyphae as the generic concepts of Gerhardtia. Due to the discovery of G. pseudosaponacea Cooper and Leonard with a smooth surface of basidiospores (Cooper, 2014), the morphological circumscriptions of Gerhardtia were redefined as having basidiospores that are smooth or slightly verrucose (Vizzini et al., 2015). Subsequently, the generic definitions were partly amended again with a particular emphasis on basidiospores that are irregular and undulate to nodulose rather than verrucose (Vizzini et al., 2017).

Ossicaulis (Lyophyllaceae, Agaricales) is a very small genus and currently contains only four species: O. lachnopus (Fr.) Contu, O. lignatilis (Pers.) Redhead and Ginns, O. yunnanensis L.P. Tang, N.K. Zeng and S.D. Yang, and O. salomii Siquier and Bellanger (Contu, 2007; Holec and Kolarík, 2013; Yang et al., 2018; Crous et al., 2019). The genus is distinguished by brown-rot fungus, adnexed, adnate, or at most subdecurrent lamellae, central to the eccentric stipe, regular trama, small and ellipsoid basidiospores, coralloid hyphae in the epicutis, presence or absence of cheilocystidia, and presence of clamp connections (Holec and Kolarík, 2013).

In this study, six mushroom collections from northeast China, two of Gerhardtia and four of Ossicaulis, were analyzed and described. Molecular phylogeny based on the combined ITS and nLSU datasets revealed that these collections occupied two independent lineages in each genus. In addition, there are distinctive morphological differences between the two species and all other taxa of the two genera. Detailed descriptions of the two lyophylloid new species are reported here.



2. Materials and methods


2.1. Sampling and morphology

The basidiomes were photographed in the field. Dried specimens were preserved in the Fungal Herbarium of Shenyang Agricultural University (SYAU-FUNGI), Liaoning, China. The voucher numbers of the specimens collected in this study are from SYAU-FUNGI-074 to SYAU-FUNGI-079 (Supplementary Table 1). Tissue blocks were removed from dried specimens for DNA analyses. Colors are coded based on the study by Kornerup and Wanscher (1963). Methods for morphological descriptions followed Pei et al. (2021).



2.2. DNA extractions, amplification, and sequencing

Genomic DNA was extracted from the dried specimens using the cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1987). The universal primer pairs ITS1/ITS4 (White et al., 1990) and LROR/LR5 (Michot et al., 1984) were used for the amplification of the ITS and nrLSU regions, respectively. The PCR protocol and sequencing were conducted, as described by Pei et al. (2021). The newly generated sequences were submitted to GenBank (Supplementary Table 1).



2.3. Sequence alignment and phylogenetic analyses

The sequences obtained in this study were checked and edited using Bioedit v7.0.9 (Hall, 1999) and aligned with those available in GenBank using Blastn. According to the Blastn results and outcomes of recent phylogenetic studies on Lyophyllaceae (Mešic and Tkalcec, 2009; Bellanger et al., 2015; Li et al., 2017; Matheny et al., 2017; Endo et al., 2019, 2021; Mu et al., 2021), high-quality sequences were downloaded from GenBank databases. Alignments were, then, generated for each single ITS and nrLSU dataset using MAFFT v7.313 (Katoh and Standley, 2013). Three combined alignments comprising ITS and nrLSU regions were generated after the concatenation of single ITS and nrLSU datasets. Calocybella pudica for the genus Gerhardtia, Hypsizygus ulmarius for the genus Ossicaulis, as well as Entoloma sericeonitidum and Nolanea sericea for the family Lyophyllaceae were selected as outgroup taxa. The three combined alignments were then imported into PAUP 4.0b4a (Swofford, 2003) for partition homogeneity tests (Farris et al., 1995), and the results indicated that ITS and nrLSU regions can be combined for phylogenetic studies (P-value = 0.71 for Lyophyllaceae; P-value = 0.98 for Gerhardtia; P-value = 0.77 for Ossicaulis). Bayesian inference (BI) and maximum likelihood (ML) were employed to infer the phylogenetic position of the two species. The RAxML-8.2.10-WIN was used to infer the ML tree, with the GTRGAMMA as a default model (Stamatakis, 2014). The MrBayes v.3.2.6 was used to infer the BI tree, with the GTR+I+G as a best-fitting evolution model (Ronquist et al., 2012). The three combined alignments were run for 2,000,000 generations with four chains, and trees were sampled every 1,000 generations. The best trees were viewed in FIGTREE v1.4.4 (Rambaut, 2018) and were compiled in Adobe Illustrator CC (Figures 1–3).
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FIGURE 1
 ML and BI analysis of Lyophyllaceae s.l. based on ITS and nrLSU sequences. PP ≥0.95 (left) and BS ≥60 (right) are indicated on branches. Entoloma sericeonitidum and Nolanea sericea are rooted as the out-groups. Newly generated sequences for Gerhardtia tomentosa and Ossicaulis borealis are highlighted in boxes. GenBank accession numbers are provided after the species name.





3. Results


3.1. Molecular phylogenetic results

For the construction of phylogenetic relationships, three combined datasets for Lyophyllaceae, Gerhardtia, and Ossicaulis were generated as described earlier. Dataset 1 for Lyophyllaceae comprised 52 sequences (six determined in this study), and it was 1,400 bp long; dataset 2 for Gerhardtia includes 31 sequences (two determined in this study), and it was 1,227 bp long; and dataset 3 for Ossicaulis includes 27 sequences (four determined in this study), and it was 1,313 bp long. The almost identical tree topologies were recovered using both the BI and ML approaches in this study, and only the BI trees were displayed with PP and BS values for nodes (Figures 1–3). The phylogenetic analysis of dataset 1 showed the monophyly of Lyophyllaceae with high support (PP = 1, BS = 100) and also suggested that Gerhardtia and Ossicaulis should belong to monophyletic groups (PP = 1, BS = 99 for Gerhardtia; PP = 1, BS = 100 for Ossicaulis). According to the phylogram of Lyophyllaceae (Figure 1), two new species occupied an independent position in Gerhardtia and Ossicaulis, respectively, with strong statistical support (PP = 1, BS = 100 for Gerhardtia tomentosa; PP = 1, BS = 99 for Ossicaulis borealis). The phylograms of Gerhardtia and Ossicaulis resulting from the analysis of dataset 2 and dataset 3, respectively, also confirmed the independent positions of the two new species with high support (Figures 2, 3).
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FIGURE 2
 ML and BI analysis of Gerhardtia based on ITS and nrLSU sequences. PP ≥0.95 (left) and BS ≥60 (right) are indicated on branches. Calocybella pudica is rooted as the out-group. Newly generated sequences for Gerhardtia tomentosa are highlighted in boxes. GenBank accession numbers are provided after the species name.
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FIGURE 3
 ML and BI analysis of Ossicaulis based on ITS and nrLSU sequences. PP ≥0.95 (left) and BS ≥60 (right) are indicated on branches. Hypsizygus ulmarius is rooted as the out-group. Newly generated sequences for Ossicaulis borealis are highlighted in boxes. GenBank accession numbers are provided after the species name.




3.2. Taxonomy

Gerhardtia tomentosa X.D. Yu & H.B. Guo, sp. nov. Figures 4, 5.


[image: Figure 4]
FIGURE 4
 Gerhardtia tomentosa (Holotype, SYAU-FUNGI-074). (A) macroscopic habitat (B) surface of basidiospores. Scale bars: 1 cm (A); 3 μm (B).
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FIGURE 5
 Line drawings of Gerhardtia tomentosa (Holotype, SYAU-FUNGI-074). (a) Basidiospores, (b) basidia and basidioles, (c) Pileipellis, and (d) hyphae from trama.


MycoBank No. MB 846452.

Etymology: The epithet “tomentosa” refers to the minute, white tomentose pileus surface.

Diagnosis: Distinguished by its tricholomatoid basidiomata, cream to yellowish gray pileus with the tomentose surface, stipe with white basal tomentum, ellipsoid to cylindrical, smooth or minutely verrucose basidiospores, (5.0–) 5.5–6.5 (−7.2) × (1.8–) 2.0–3.0 (−3.2) μm, and absence of cystidia.

Type: CHINA. Liaoning Province: Shenyang City, Shenyang Institute of Applied Ecology, on the soil in meadows, 30 Sep. 2012, X.D. Yu (holotype: SYAU-FUNGI-074).

Description: Basidiomata medium-sized. Pileus 45–65 mm broad, slightly hemispherical to convex, then expanding to plano-convex when mature; margin regular to wavy, not translucently striate; surface dry, dull, non-smooth, with minutely, whitish tomentous, especially when young and then with a cream (4A2 to 4A3) to yellowish gray (4B2 to 4B3) coating, cracked with time, exposing white background. Lamellae 4–7 mm broad, adnate to adnexed, moderately crowded, with several levels of lamellae, concolorous with pileus, with entire to undulate, concolorous edge. Stipe 30–65 mm × 10–15 mm diam., central, solid, subcylindrical, or tapering toward the base, sometimes thickened in the middle, whitish to light brown (5D4), finely tomentose at the base. Context white. Odor and taste not distinctive. Spore deposit creamy.

Basidiospores (85/6/5) (5.0–) 5.5–6.5 (−7.2) × (1.8–) 2.0–3.0 (−3.2) μm, Q = 1.55–2.13, Qm = 1.98 ± 0.10, ellipsoid to cylindrical, thin-walled, hyaline, cyanophilous, inamyloid, apiculus small, approximately 0.6 μm long, basidiospores wall smooth and then slightly undulate under the light microscope, sometimes with very minute verrucae under SEM. Basidia 25.0–35.0 × 5.0–7.0 μm, narrowly clavate or cylindrical, thin-walled, with cyanophilous and siderophilous granulations, four-spored, with sterigmata up to 2.0–3.0 μm long. Cheilocystidia and pleurocystidia absent. Hymenophoral trama composed of regular, densely parallel hyphae, and hyphae 4.0–9.0 μm wide. Pileipellis, a cutis composed of interwoven hyphae, hyphae 6.0–7.0 μm wide. Stipitipellis similar to the pileipellis, hyphae 6.0–7.0 μm wide. Clamp connections absent.

Habitat and distribution: Scattered on the soil, on the grass, and in the woods. Known only from Liaoning province in northeastern China.

Additional material studied: CHINA. Liaoning Province: Shenyang City, Dongling Park, on the soil in meadows, 21 Jul. 2019, X.D. Yu (SYAU-FUNGI-075).

Notes: Gerhardtia tomentosa can be separated from most Gerhardtia species by the pileus color—Gerhardtia borealis (Bon, 1994), G. cibaria (Matheny et al., 2017), G. foliicola (Endo et al., 2019), G. leucopaxilloides (Bigelow and Smith, 1969), and G. yunnanensis (Mu et al., 2021) have brownish pileus; G. venosolamellata (Endo et al., 2021) and G. highlandensis (Bigelow and Smith, 1969) have white to pale pink pileus; G. citrinolobata (Vizzini et al., 2017) is characterized by a lemon yellow pileus; G. suburens (Clémençon, 1968) has a grayish pileus, and G. marasmioides (Singer and Digilio, 1952) possesses an ochraceous pileus, which differs from G. tomentosa, characterized by a cream to yellowish gray pileus. Gerhardtia piperata (Mešic and Tkalcec, 2009), G. pseudosaponacea (Cooper, 2014; Vizzini et al., 2015), and G. sinensis (Li et al., 2017) have a great resemblance to G. tomentosa because all of them have a pale yellow pileus and tricholomatoid basidiomata; however, G. piperata can be delimited by its much larger basidiomata up to 120 mm broad, longer basidiospores up to 7.8 μm, and more undulate spore surface (Mešic and Tkalcec, 2009); G. pseudosaponacea can distinguish from G. tomentosa by its possession of glabrous stipe base, closer lamellae, cheilocystidia and basidiospores with a smooth surface (outline) under the light microscope (Cooper, 2014; Vizzini et al., 2015); G. sinensis differs from G. tomentosa by its distant and intervenose lamellae as well as basidiospores with a smooth surface (outline) under the light microscope (Li et al., 2017).

Ossicaulis borealis X.D. Yu & H.B. Guo, sp. nov. Figures 6, 7.


[image: Figure 6]
FIGURE 6
 Ossicaulis borealis (Holotype, SYAU-FUNGI-076). (A) Macroscopic habitat and (B,C,D) surface of basidiospores. Scale bars: 1 cm (A); 2 μm (B).
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FIGURE 7
 Line drawings of Ossicaulis borealis (Holotype, SYAU-FUNGI-076). (a) Basidiospores, (b) basidia and basidioles, (c) Pileipellis, and (d) hyphae from trama.


MycoBank no. MB 846453.

Etymology: The epithet “borealis” refers to the northern part of China, the holotype locality.

Diagnosis: Distinguished by its medium to large basidiomata, white to grayish orange or brownish orange pileus, central to the eccentric and often curved stipe, ellipsoid basidiospores ornamented with irregularly reticulate ridges, (2.8–) 3.0–4.0 × (−1.8) 2.0–2.4 (−2.8) μm, and absence of cystidia.

Type: CHINA. Jilin Province: Yanbian autonomous prefecture, Baihe nature reserve, growing on the dying or decaying woods of deciduous trees in a broad-leaved forest, 4 Sep. 2019, X.D. Yu & H.B. Guo (SYAU-FUNGI-076).

Description: Basidiomata medium to large. Pileus 20–100 mm, hemispherical to convex at first, becoming applanate to depressed at the center when mature, sometimes even clitocyboid; margin entire when young, expanding to flexuous when mature, sometimes slightly lobed; surface white to grayish orange (5B3) to brownish orange (5C3 to 5C4). Lamellae thin, narrow, very crowded, adnate, adnexed, or subdecurrent, with several levels of lamellae; margin entire or flexuous, whitish when young, then becoming pale grayish orange (5B3) when mature. Stipe 20–80 mm × 3–10 mm diam., central to eccentric, solid to hollow, subcylindrical, slightly broadened toward the base, often curved; surface white to grayish orange (5B4 to 6B4) to brownish orange (6C4), white mycelium present at the base. Context thin, white. Odor and taste not distinctive. Spore deposit white.

Basidiospores (96/8/5) (2.8–) 3.0–4.0 × (−1.8) 2.0–2.4 (−2.8) μm, Q = 1.32–1.65, Qm = 1.45 ± 0.10, ellipsoid, thin-walled, hyaline, cyanophilous, inamyloid, apiculus small, approximately 0.3 μm long, smooth under the light microscope, with irregular ridges under SEM. Basidia 20.0–25.0 × 4.0–5.0 μm, narrowly clavate or cylindrical, thin-walled, with cyanophilous and siderophilous granulations, four-spored, with sterigmata up to 2.0–3.0 μm long. Cheilocystidia and pleurocystidia absent. Hymenophoral trama composed of regular, densely parallel hyphae, hyphae 4.0–10.0 μm wide. Pileipellis, a trichoderm composed of interwoven hyphae, hyphae 6.0–8.0 μm wide, sometimes with obtuse tubercles to short outgrowths. Stipitipellis similar to the pileipellis, hyphae 6.0–9.0 μm wide. Clamp connections present in all tissue.

Habitat and distribution: Cespitose, on the dying or decaying woods of deciduous trees, in a mesotemperate forest. Known only from Jilin province, Heilongjiang province, and Inner Mongolia in northern China.

Additional material studied: CHINA. Jilin Province: Yanbian Korean autonomous prefecture, Baihe Nature Reserve, growing on the dying or decaying woods of deciduous trees, 19 Aug. 2019, X.D. Yu & H.B. Guo (SYAU-FUNGI-077); CHINA. Inner Mongolia: Arxan National Forest Park, growing on the dying or decaying woods of deciduous trees, 18 Aug. 2017, X.D. Yu (SYAU-FUNGI-078); CHINA. Heilongjiang Province: Yichun City, Wuying National Forest Park, growing on the dying or decaying woods of deciduous trees, 28 Aug. 2015, H.B. Guo (SYAU-FUNGI-079).

Notes: Ossicaulis borealis resembles O. lachnopus and O. lignatilis from Europe as well as O. yunnanensis from China in macro-morphological features. However, O. borealis can be delimited from the three taxa in the following ways. Considering the size of basidiospores, O. lignatilis is characterized by relatively larger basidiospores (4.0–5.6 × 2.4–3.6 μm), and O. yunnanensis has slightly smaller basidiospores (2.6–3.0 × 1.8–2.0 μm) than O. borealis (3.0–4.0 × 2.0–2.4 μm) (Holec and Kolarík, 2013; Yang et al., 2018). In terms of habitat, O. yunnanensis grows on the living tree trunk of Rhododendron, whereas O. borealis grows on the dying or decaying tree trunks such as O. lachnopus and O. lignatilis (Holec and Kolarík, 2013; Yang et al., 2018). Furthermore, the absence of all types of cystidia can also make O. borealis distinguishable from these three Ossicaulis species (Crous et al., 2019). Ossicaulis salomii, originally discovered in Spain, is very easily distinguishable by its much smaller basidiocarps approximately only 11 mm broad, pileus with white rimulose coating, larger basidiospores (4.0–5.0 × 3.0–4.0 μm), unique habitat next to the sea, and so on (Crous et al., 2019).




4. Discussion

Basidiomata morphology and molecular data suggest that Gerhardtia tomentosa and Ossicaulis borealis are two new species to science. Morphological differences between the two new species and other Gerhardtia and Ossicaulis species are described in detail. Phylogenetic analyses based on ITS and nrLSU regions indicate that Gerhardtia and Ossicaulis belong to monophyletic groups (Figures 1–3), which are consistent with the result of the comprehensive phylogenetic overview of Lyophyllaceae (Bellanger et al., 2015). In addition, collections of the two species occupy two independent lineages in each genus (Figures 1–3). Gerhardtia tomentosa, far from other species of Gerhardtia, is relatively close to the three taxa—Gerhardtia foliicola, G. yunnanensis, and G. borealis. However, Gerhardtia tomentosa could differ from them by a whitish pileus. G. foliicola (Endo et al., 2019) has brown to dark brown pileus; G. yunnanensis (Mu et al., 2021) has yellowish to reddish brown pileus; and G. borealis (Bon, 1994) has reddish brown pileus. Furthermore, G. foliicola also differs by its slightly smaller pileus approximately 25–40 mm broad, very crowded lamellae, slightly shorter basidiospores (3.5–5.5 × 2.0–3.0 μm), and presence of cystidia covered with granules on living cultured mycelium (Endo et al., 2019); G. yunnanensis can be distinguished by its slightly larger pileus up to 160 mm broad, translucent-striate pileus margin, and presence of narrowly clavate to irregular or curved clavate cystidia (Mu et al., 2021); G. borealis differs by its much larger basidiospores (6.0–8.5 × 4.0–5.0 μm) (Vizzini et al., 2015). Ossicaulis borealis forms a separate clade sister to that containing O. lachnopus and O. yunnanensis with very low statistical support.

Until now, 20 species of Gerhardtia and 4 species of Ossicaulis have been validly published all over the world, according to Index Fungorum (2022). Among these species, only three taxa have been originally reported from China, including two species of G. sinensis and G. yunnanensis and one species of O. yunnanensis. The discovery of G. tomentosa and O. borealis extends the species diversity of the two poor lyophylloid genera, which also indicates that the biodiversity resources of northeastern China may be underestimated.

The genus Gerhardtia is characterized by a small to large, collybioid, tricholomatoid, or marasmioid basidiomata with pileus ranging from white to pale pink, grayish, lemon yellow, pale yellow, and yellowish to reddish brown; pileipellis organized as either a cutis, trichoderm, or hymeniderm; basidiospores with the smooth or slightly undulate surface (outline) under the light microscope, and presence or absence of cystidia (Mešic and Tkalcec, 2009; Li et al., 2017; Matheny et al., 2017; Endo et al., 2019, 2021; Mu et al., 2021). The morphological heterogeneity suggests that these characteristics may be only significant at the infrageneric level rather than the generic level; the genus lacks uniform morphological features to be used as the generic definition. With the exception of O. salomii, the other four Ossicaulis species share many common characteristics, making it difficult to distinguish these taxa with morphology methods (Redhead and Ginns, 1985; Holec and Kolarík, 2013; Yang et al., 2018; Crous et al., 2019). In addition, molecular data available on GenBank databases are insufficient, especially molecular markers of protein coding genes, such as rpb2 and tef1α, which restrict the multi-gene phylogenetic studies of Ossicaulis. Therefore, further field investigations and molecular studies on these two lyophylloid genera are still needed.



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

X-DY and R-HY: conceptualization, validation, and funding acquisition. YQ and J-XH: methodology and software. A-GX: formal analysis. X-DY and H-BG: investigation. FX and Z-QY: resources. YQ: data curation and writing—original draft preparation. YQ and X-DY: writing—review and editing. H-BG and Z-QY: visualization. X-DY: supervision. R-HY: project administration. All authors have read and agreed to the published version of the manuscript.



Funding

This research was funded by the Shanghai Action Plan for Scientific and Technological Innovation (20310741800 and 19391901400), the Science and Technology Plan Project of Liaoning Province (2020-MZLH-33), Key Research and Development Plan of Tibet (XZ202201ZY0010N), the National Natural Science Foundation of China (No. 31770014), and the research and development of wild macrofungal germplasm resources collection and preservation technology in Tibet Germplasm Resource Bank (ZDZ×2018000017).



Conflict of interest

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



Publisher's note

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1118853/full#supplementary-material



References

 Bellanger, J. M., Moreau, P. A., Corriol, G., Bidaud, A., Chalange, R., Dudova, Z., et al. (2015). Plunging hands into the mushroom jar: a phylogenetic framework for Lyophyllaceae (Agaricales, Basidiomycota). Genetica 143, 1–28. doi: 10.1007/s10709-015-9823-8

 Bigelow, H. E., and Smith, A. H. (1969). The status of Lepista – a new section of Clitocybe. Brittonia 21, 144–177. doi: 10.2307/2805523

 Bon, M. (1994). Deux Lyophylloideae intéressantes et le genere Gerhardtia st. et nom. nov. (in French). Documents Mycologiques 24, 65–68.

 Clémençon, H. (1968). Contributions to the knowledge of the genera Lyophyllum and Calocybe (Agaricales, Basidiomycetes) III. Two chlamydospore forming Lyophyllum species. Nova Hedwigia 16, 417–427.

 Contu, M. (2007). Agarics of sardinia: Notes and descriptions–VII. Micologia e Vegetazione Mediterranea 22, 29–40.

 Contu, M., and Ortega, A. (2002). Studi sulle Lyophyllaceae della Sardegna. V. Morfologia sporale di Rugosomyces pudicus ed implicazioni sulla sua posizione sistematica. Boletín de la Sociedad Micológica de Madrid 26, 171–176.

 Cooper, J. A. (2014). New species and combinations of some New Zealand agarics belonging to Clitopilus, Lyophyllum, Gerhardtia, Clitocybe, Hydnangium, Mycena, Rhodocollybia and Gerronema. Mycosphere 5, 263–288. doi: 10.5943/mycosphere/5/2/2

 Crous, P. W., Carnegie, A. J., Wingfield, M. J., et al. (2019). (2019). Fungal planet description sheets: 868–950. Persoonia 42, 291–473. doi: 10.3767/persoonia.4211

 Doyle, J. J., and Doyle, J. L. (1987). A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochem. Bullet. 19, 11–15.

 Endo, N., Takahashib, M., Nagamuneb, K., Oguchib, K., Sugawarac, R., Sotomea, K., et al. (2021). Description of a new species of Gerhardtia (Lyophyllaceae, Agaricales) from Japan based on morphological and molecular phylogenetic analyses and live culture characteristics Mycoscience. 63, 12–25. doi: 10.47371/mycosci.2021.09.001

 Endo, N., Ushijima, S., Nagasawa, E., Sugawara, R., Okuda, Y., Sotome, K., et al. (2019). Taxonomic reconsideration of Tricholoma foliicola (Agaricales, Basidiomycota) based on basidiomata morphology, living culture characteristics, and phylogenetic analyses. Mycoscience 60:323–330.

 Farris, J. S., Källersjö, M., Kluge, A. G., and Bult, C. (1995). Constructing a significance test for incongruence. Sys. Biol. 44, 570–572. doi: 10.2307/2413663

 Gerhardt, E. (1982). Über zwei neue Tricholomataceen: Collybia hebelomoides und Lyophyllum incarnatobrunneum, gefunden in Berlin. Zeitschrift für Mykol. 48, 239–243.

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

 Holec, J., and Kolarík, M. (2013). Ossicaulis lachnopus (Agaricales, Lyophylaceae), a species similar to O. lignatilis, is verifified by morphological and molecular methods. Mycol. Prog. 12, 587–597. doi: 10.1007/s11557-012-0866-2

 Index Fungorum (2022). Available online at: http://www.indexfungorum.org (accessed November 7, 2022).

 Karsten, P. A. (1881). Hymenomycetes Fennici enumerati. Acta Soc. pro Fauna et Flora Fenn. 2, 1–40.

 Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software version 7: improvements in performance and usability. Mol. Biol. Evolut. 30, 772–780. doi: 10.1093/molbev/mst010

 Kornerup, A., and Wanscher, J. H. (1963). Methuen Handbook of Colour. London: Methuen and Co., Ltd. 242p.

 Li, T., Wang, C., Deng, W., and Song, B. (2017). Gerhardtia sinensis (Agaricales, Lyophyllaceae), a new species and a newly recorded genus for China. Phytotaxa 332, 172–180. doi: 10.11646/phytotaxa.332.2.4

 Matheny, P. B., Baroni, T. J., Simoni, A., Holgado Rojas, M., Sánchez-García, E. M., and Gates, G. M. (2017). The wild edible mushroom Pleurocollybia cibaria from Peru is a species of Gerhardtia in the Lyophyllaceae (Agaricales). Cryptog. Mycol. 38, 205–212. doi: 10.7872/crym/v38.iss2.2017.205

 Mešic, A., and Tkalcec, Z. (2009). Studies on Croatian Basidiomycota 1: Gerhardtia piperata (Agaricales). Mycotaxon 110, 413–421. doi: 10.5248/110.413

 Michot, B., Hassouna, N., and Bachellerie, J. (1984). Secondary structure of mouse 28S rRNA and a general model for the folding of the large rRNA in eucaryotes. Nucl. Acids Res. 12, 4259–4279. doi: 10.1093/nar/12.10.4259

 Mu, M., Huang, H. Y., Huang, T., Yang, S. D., and Tang, L. P. (2021). Gerhardtia yunnanensis (Agaricales, Lyophyllaceae), a new species from southwest China. Phytotaxa 484, 217–226. doi: 10.11646/phytotaxa.484.2.6

 Pei, Y., Guo, H. B., Liu, T. Z., Qin, W. Q., Zhao, D., Qi, X. J., et al. (2021). Three new Melanoleuca species (Agaricales, Basidiomycota) from northeastern China, supported by morphological and molecular data. MycoKeys 80, 133–148. doi: 10.3897/mycokeys.80.64369

 Rambaut, A. (2018). FigTree v1.4.4: Tree Figure Drawing Tool. Available online at: https://github.com/rambaut/figtree/releases (accessed December 16, 2019).

 Redhead, S. A., and Ginns, J. H. (1985). A reappraisal of agaric genera associated with brown rots of wood. Transact. Mycol. Soc. of Japan 26, 349–381.

 Ronquist, F., Teslenko, M., Pvander, M., Ayres, D. L., Darling, A., Höhna, S., et al. (2012). MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large model space. Sys. Biol. 61, 539–542. doi: 10.1093/sysbio/sys029

 Singer, R., and Digilio, A. P. L. (1952). Pródromo de la Flora Agaricina Argentina [In French]. Lilloa 25, 5–461.

 Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30, 1312–1313. doi: 10.1093/bioinformatics/btu033

 Swofford, D. L. (2003). PAUP*. Phylogenetic Analysis Using Parsimony (*and Other Methods), Version 4. Sunderland: Sinauer Associates.

 Vizzini, A., Angelini, C., and Ercole, E. (2017). Is the species diversity in the lyophylloid genera Calocybella and Gerhardtia (Agaricales, Basidiomycota) underestimated? Two new species from the Dominican Republic. Phytotaxa 291, 241–252. doi: 10.11646/phytotaxa.291.4.1

 Vizzini, A., Consiglio, G., Setti, L., and Ercole, E. (2015). Calocybella, a new genus for Rugosomyces pudicus (Agaricales, Lyophyllaceae) and emendation of the genus Gerhardtia. IMA Fun. 6, 1–11. doi: 10.5598/imafungus.06.01.01

 White, T. J., Bruns, T., Lee, S., and Taylor, J. (1990). “Amplification and direct sequencing of fungal ribosomal RNA genes from phylogenetics,” in PCR Protocols: Methods and Applications, eds Innes M. A., D. H. Gelfand, J. S. Sninsky, 13/14White TJ. (London: Academic Press) p. 315–322. doi: 10.1016./B978-0-12-372180-8.50042-1

 Yang, S. D., Huang, H. Y., and Zhao, J. (2018). Ossicaulis yunnanensis sp. nov. (Lyophyllaceae, Agaricales) from southwestern China. Mycoscience 59, 33–37. doi: 10.1016/j.myc.0708



OPS/images/fmicb-14-1118853-g005.gif





OPS/images/fmicb-14-1118853-g006.gif





OPS/images/fmicb-14-1118853-g003.gif
Osslcandls lachnopus HEG4906E HEG49056
099 Osiculs lachnopus HEGAS355 HEB45955
05854 Ossiculs lachnopus MGG74709 -
ot Ossicauls ahnopus HEG49957 -
Ossicaus ochnopus HES45953 -
Ossicaus ochropus HES43959 -
' osicauts nchropus HEG49950 -
0 ssicuks yunnaensis KY411961 -
Ossicaus yurnannsis KY311962 -
[OadsGreals SYAU-FUNGLOTS
6933 Ossicats borels SYAU.FUNGLO77|
Ossicausbvess SYAU-FUNGLO76
Ossicus baesis SYAU FUNGL07E
Osskauls lgnals HEO49547 -
| osscauts gnaiis HEG49548 -
0592 Gssicaus gatis HEG49549 -
Ossicaus gnts HEG49950 -
Gssiculs g HES4995 -
Ossicaus ignats HEG49952 HEG49952
Ossicaus lgnats HEG49954 HEG49953
Gssicauls Ignatils HEG49953..
Ossicaus slomi KGS0044
o Ossicauls ssomiMWSTSG07 -
Ossicaus sl NTS35733 MTS5:327
Osicals sl MT792530 -
00 - Wypsioyus uimaris €F421105 -
Hypsirgusumrius MG262474 MG2825%

0. lachnopus

. yunnanensis

0. boreatis

0. lignatiis

0. salomil





OPS/images/fmicb-14-1118853-g004.gif





OPS/images/fmicb-14-1118853-g007.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Gerhardtia tomentosa and Ossicaulis borealis (Agaricales, Lyophyllaceae)—Two new species from northeast China



		1. Introduction



		2. Materials and methods



		2.1. Sampling and morphology



		2.2. DNA extractions, amplification, and sequencing



		2.3. Sequence alignment and phylogenetic analyses







		3. Results



		3.1. Molecular phylogenetic results



		3.2. Taxonomy







		4. Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Gerhardtia tomentosa and
Ossicaulis borealis (Agaricales,
Lyophyllaceae)—Two new species
from northeast China





OPS/images/fmicb-14-1118853-g001.gif
S GRS SRS T LCOSTER0
! Gapwi veresobmuion 037675 O 1
g Gt sonss KYAGS428 KVAES420.

0 Tepoopoboudr
Tohatyaa ot 67045 AF225201
Tamionyees mroeupus AF357023 AF042587
o s conscons AFIET052 220200
Lyopyiun shosponn AFSSTOSO AT 223205
vl Lyt e 357040 AF 12561
ey Tophacybo scaph AFSETOSS AF223212
w Toonocyo s AF 57053 AFZZE210
s Tepoybnambusta AFISTOST AFZ23216
iptylum hcses AF357050 AF0A253)

Tevocytoghbees A7 57001 AFZZSTST
Topcyi ico AFSSTOR0 AF223135
Trenonil consica A SSTOBAF229188
i Atwephaspues FSSTO35 AF223101
st L aswpbons opuiaoes AFISTOV AE223150
Tophocyh SIS AF 357048 AF223200
- Lyopylun kophnsum AFIETO2 220202
popyln o EF421102 AF223184
onn - Calcyon cocuins AF357031 AFZZ3181
Cobeyon ones AF57020 AF223170
e Cltyocunis 5351028 AFEZNT
Culeyba il A0 AF223TTE

ypings s 7121105 AFOI2564
Lyepim contum EF321104 AFOR2E00

ol sty DCO740 0007423

Entiams susontam 21108 AF26315





OPS/images/fmicb-14-1118853-g002.gif
[ Soharddo yuananensis BTS14922 MTYS1AVS
ot s MTSTAS23 NTS14019
| G uraris TS 4924 TS 14521
G ans's MTS14525 NTS14620
Gt aers's TS34660 TS34552
Gt arers's W WO40072
ututolls CA55531 LG4850
1 Gurcs s s LCasosaz
ool 4583 CAsaea1
| Gutarts bt - 93449
Gt o 850004
o [Gurdiomatsa SYAUFUNGIOTE
(Gahucs rerivs SYAU £UNGL075
Gutri s T950180 -
|| ot Bohnsnsts G4 Erssszrs
0 Gart s KYTT7304
Gutwtisians KOE02033 K1520%4
7 et sors 465426 65421
Gt s V55428 V455429
- ot Gt osslaretaa CE972 G378
| Gutarcts s LCES7873 1 G557585
| Guarts s LCES7878 557580
! Gurdi sl LSS5 LCBTE81
| Guarcs erosaonis LCETETE S85TETS
| Gubaris enossomtas LCESTET? LS35TeES
Gutardis ossonis LCESTET8 LGSSTeE2
G s KHGR1665
Gt prosonces - K3461911
Gutrtisclnolonsts KT KVIBS6TS
Gl s KP003 KPB53008
Gl s KPS0 358005

. yunnanenss

G toicols
. oress
6. tomenoss

. ighiandonsis

G.sinnsis

G.venosclomelis

oers










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology





