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Abstract

Hymenagaricus has small to medium-sized mushrooms and the cap surface with squa-

mulose pellicles, consisting of hymeniform or pseudoparenchymatous cells and yellow-

ish-brown basidiospores. The species of Hymenagaricus are very similar to those of 

Xanthagaricus and it is extremely di昀케cult to differentiate the species of both genera in 
the 昀椀eld. However, phylogenetically, both the genera are clearly distinct. In this study, 
we describe two new species of Hymenagaricus, i.e. H. wadijarzeezicus and H. parvulus 

from the southern part of Oman. Species descriptions are based on a combination of 

morphological characteristics of basidiomata and phylogenetic analyses of three gene 

regions: internal transcribed spacer (ITS1-5.8S-ITS2 = ITS), the large subunit of nuclear 
ribosomal DNA (28S) and translation elongation factor one alpha (EF-1α). Full descrip-

tions, micrographs and illustration of anatomical features, basidiomata photos and phy-

logenetic analyses results of the new taxa are provided. Morphological comparisons of 

new taxa with similar species and a key to species included in the phylogenetic analyses 

are also provided.
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Introduction

Three species previously in Agaricus subgenus Conioagaricus, Agaricus hy-

menopileus, A. alphitochrous and A. nigrovinosus, were placed in a new and 
separate genus called Hymenagaricus Heinem. by Heinemann in 1981. This 
taxonomic change was likely due to the distinct features observed in the cap of 
these species during different stages of their development. At the young stage, 
the pilei are entirely covered with a pellicle, but as they mature, the pellicle is 
disrupted, leaving a single large squamulose pellicle at the centre of the pileus. 
The squamules are composed of hymeniform or pseudoparenchymatous cells, 
which set these species apart from others within the genus Agaricus (Heine-
mann 1981). The genus Hymenagaricus was typi昀椀ed by H. hymenopileus (Hei-
nem.), belonging to the family Agaricaceae Chevall. (Heinemann 1981).

Species of Hymenagaricus are saprotrophic in nature and are mostly dis-
tributed in the Palaeotropical Regions. Members of this genus are recognised 
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by the squamulose pellicle on the pileus surface that mostly consists of hy-
meniform cells or pseudoparenchymatous tissues, yellow to yellowish-brown 
basidiospores and the absence of both pleurocystidia and clamp connections 
(Heinemann and Little Flower 1984; Reid and Eicker 1995; Little Flower et al. 
1997; Hosen et al. 2017; Al-Kharousi et al. 2022a). The number of known spe-
cies in the genus is 17 (Hussain et al. 2018; Kumla et al. 2021, 2023; Syed et 
al. 2023).

Phylogenetically, species of Hymenagaricus are intermixed with the mono-
typic genus Heinemannomyces Watling (Hosen et al. 2017; Hussain et al. 
2018). This intermixing may be due to limited molecular data available for 
the previously-described species of Hymenagaricus. However, morphological-
ly, both genera can be differentiated. Heinemannomyces with single species 
H. splendidissimus Watling, distributed in southeast Asia, has medium-sized 
basidiomata, with woolly 昀椀brillose cap surface, composed of pseudoparenchy-
matous cells and the spore print is leaden-grey to dark blue (Watling 1998).

Four species of Agaricaceae, namely Agaricus arabiensis S. Hussain & Al-
Sadi, Micropsalliota ventricocystidiata Al-Sadi & S. Hussain, Xanthagaricus 

appendiculatus Al-Sadi & S. Hussain and X. omanicus Al‐Kharousi, Al‐Sadi & S. 
Hussain have recently been described from Dhofar Region, Oman (Al-Kharousi 
et al. 2022a, 2022b; Hussain et al. 2022). However, no Hymenagaricus species 
has been reported from the country.

During the years 2022–23, macrofungal exploration missions were conduct-
ed in the Dhofar Region, in which we collected ten (10) collections of Hyme-

nagaricus. Morphological characterisation and multigene (ITS, 28S, EF-1α) phy-
logenetic analyses revealed that the 10 collections represent two new species, 
which are described in this study.

Materials and methods

Study sites and 昀椀eld sampling

The specimens were collected in the Dhofar Region, located in the south of 
the Sultanate of Oman. The region experiences a monsoon-in昀氀uenced climate 
with a distinct wet season known as the Khareef, which occurs from June to 
early September (Bookhagen et al. 2005). During this time period, the moist 
and cool air from the Indian Ocean is drawn in by the southwest monsoon, 
bringing signi昀椀cant rainfall into the region, which is extremely rare in the rest 
of the Arabian Peninsula, including Oman. This seasonal variation supports a 
diverse ecosystem and separates Dhofar from the arid desert conditions that 
prevail in the Arabian Peninsula (El-Sheikh 2013). The Khareef season triggers 
the growth of various plants and trees, including frankincense trees, creating a 
lush and vibrant landscape where a number of saprotrophic mushrooms can 
昀氀ourish (Al-Kharousi et al. 2022a).

In the current study, mushroom specimens were collected from three lo-
calities (Wadi Naheez, Wadi Jahaneen, Wadi Jarzeez) of the Dhofar Region, 
in the months of August–September 2022 to 2023. The specimens were pho-
tographed in the 昀椀eld and 昀椀eld characteristics such as the shape, colour, size 
and smell of basidiomata were noted. The samples were dried using a fruit 
dehydrator with temperature adjusted at 45 °C (Hu et al. 2022). After drying, 
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the specimens were kept in zip lock plastic bags and stored at -80 °C for two 
weeks to kill all the insects/eggs/larvae. After the cold temperature treatment, 
the samples were characterised morpho-anatomically and phylogenetically. All 
the samples are deposited in Oman Animal and Plant Genetic Resources Cen-
ter (Mawarid), AlKhoud, Muscat, Sultanate of Oman.

Morphological investigation

For microscopic study, handmade sections were made from lamellae, cap and 
stipe surfaces and annulus. Thin small sections were initially mounted in 5% 
aqueous potassium hydroxide (KOH) (w/v) and then re-hydrated in 1% aque-
ous Cong red (w/v) for a more obvious appearance. Microscopic features such 
as the size, shape and colour of basidiospores, basidia, cheilocystidia, pellicle 
structure, veil and annulus morphology were studied under a compound micro-
scope (ECLIPSE Ni-U, Nikon Co., Ltd., Japan). For size measurements of these 
structures, Piximetre (http://ach.log.free.fr/Piximetre/) was used. For the mor-
phological terminology, Vellinga and Noordeloos (2001) was followed.

DNA extraction, PCR ampli昀椀cation and sequencing

Genomic DNA was extracted from dried specimens using X-AMP DNA reagent 
kit (Dubuque, Iowa, USA), following the manufacturer’s protocol. A volume of 
200 µl X-AMP DNA reagent was taken in an Eppendorf tube containing the sam-
ple (approximately 5–15 mg of gills) and incubated for 15 minutes at 70 °C. 
After cooling, 2 µl solution from the sample was used as a DNA template di-
rectly for polymerase chain reaction (PCR) without any further treatment. We 
ampli昀椀ed three gene regions, including the internal transcribed spacer (ITS), the 
large subunit of nuc rDNA (28S) and the translation elongation factor 1 alpha 
(EF-1α) gene. The primer combinations were: ITS1F and ITS4 for ITS (White et 
al. 1990; Gardes and Bruns 1993), LR0R and LR5 for 28S (Vilgalys and Hester 
1990; White et al. 1990), EF1-983 and EF1-1567R for EF-1α (Rehner and Buck-
ley 2005). PuReTaqTM Ready-To-Go PCR beads (GE Healthcare UK Limited, 
Buckinghamshire, UK) were used for PCR ampli昀椀cation. We added 1.0 µl of 
each primer (10 µmol/l), 2 µl DNA template and 22 µl Nuclease free water to 
each bead. For ITS ampli昀椀cation, the PCR conditions were optimised as: initial 
denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C 
for 30 s, annealing at 54 °C for 45 s and extension at 72 °C for 1 min. For the 
28S and EF-1α regions, only the annealing temperature was optimised, 52 °C 
for 28S and 60 °C EF-1α, respectively (Hussain et al. 2022). The PCR products 
were puri昀椀ed and then sequenced from Macrogen Inc. © (Seoul, Republic of 
Korea) bidirectionally using the same primers.

Sequence alignment and phylogenetic analyses

Consensus sequences were created from the forward and reverse primer 
reads of the newly-generated ITS, 28S and EF-1α sequences using BioEdit 
v.7.0.9.0 (Hall 1999). We performed BLAST searches for the newly-generated 
sequences; only ITS and 28S regions showed maximum similarity with Hy-

menagaricus species. In the case of EF-1α sequences, the BLAST search re-
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vealed Heinemannomyces sp. (ZRL185) is the most similar species because, 
in GenBank, no EF-1α sequences of Hymenagaricus are available. This is the 
reason that we used only ITS and 28S sequences in the phylogenetic analy-
ses. A combined ITS-28S dataset was constructed from the sequences used 
in the recent studies of Hymenagaricus (Mwanga and Tibuhwa 2014; Hosen 
et al. 2017; Kumla et al. 2021, 2023; Syed et al. 2023). The 昀椀nal ITS-28S data-
set was comprised of 27 specimens, including 26 ITS and 20 28S sequences 
(Table 1). Agaricus campestris L. (LAPAG370) was used as the outgroup tax-
on. Sequences were aligned using MAFFT v.7 (Katoh et al. 2019) and visually 
inspected using BioEdit v.7.0.9.0 (Hall 1999). Maximum Likelihood (ML) and 
Bayesian Inference (BI) methods were used for the phylogenetic analyses. 
Maximum Likelihood (ML) phylogeny was performed with RAxML-HPC Black-
Box, implemented on CIPRES Science Gateway (Miller et al. 2010; Stamatakis 

Table 1. Taxa included in the molecular phylogenetic analyses.

Species Origin Voucher number
GenBank accession

Reference
ITS 28S

Agaricus campestris Spain LAPAG370 KM657927 KP739803 Parra et al. (2016)

Heinemannomyces 

splendidissimus

China Q. Zhao 2591 KY039571 KY039576 Yang and Ge (2017)

Hei. splendidissimus China Z.W. Ge2540 KY039570 KY039575 Yang and Ge (2017)

Hei. splendidissimus China GDGM46633 MF621038 MF621039 Hosen et al. (2017)

Hei. splendidissimus China GDGM46634 – MF621040 Hosen et al. (2017)

Hei. splendidissimus Thailand ecv3586 HM488760 HM488769 Vellinga et al. (2011)

Hei. sp. Thailand ZRL185 KT951346 KT951527 Zhao et al. (2016)

Hymenagaricus ardosiaecolor Togo LAPAF9 JF727840 – Zhao et al. (2011)

H. ardosiaecolor Tanzania Z4 KM360160 – Mwanga and Tibuhwa (2014)

H. cf. kivuensis Burundi BR6089 KM982454 – Mwanga and Tibuhwa (2014)

H. wadijarzeezicus Oman JRZ2-22-015 OR613000 OR613018 This study

H. wadijarzeezicus Oman JRZ2-22-013 OR612999 OR613019 This study

H. wadijarzeezicus Oman NHZ-22-019 OR612997 OR613020 This study

H. wadijarzeezicus Oman JHN-22-019 OR612998 OR613021 This study

H. wadijarzeezicus Oman JRZ-22-005 OR612996 OR613022 This study

H. pakistanicus Pakistan FAK196 OP082405 – Syed et al. (2023)

H. pakistanicus Pakistan FAK195 OP082404 – Syed et al. (2023)

H. parvulus Oman JRZ-22-004 OR612994 OR613017 This study

H. parvulus Oman JRZ2-22-002 OR612995 – This study

H. siamensis Thailand SDBR-CMUWP038 OP837533 OP836600 Kumla et al. (2023)

H. siamensis Thailand SDBR-CMUNK1508 OP836301 OP836385 Kumla et al. (2023)

H. saisamornae Thailand ZRL3103 KM982450 KM982452 Kumla et al. (2021)

H. saisamornae Thailand SDBRCMUNKNW0474 MW349605 MW349603 Kumla et al. (2021)

H. saisamornae Thailand SDBR-CMUNK0369 MW345912 MW345917 Kumla et al. (2021)

H. saisamornae Thailand SDBR-CMUNK0567 MW349602 MW349604 Kumla et al. (2021)

H. saisamornae Thailand LD2012186 KM982451 KM982453 Kumla et al. (2021)

H. sp. Pakistan LAH35329 OQ998344 – Usman (2018)

H. sp. Thailand CA833 JF727858 – Zhao et al. (2011)
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2014). The best model (GTR+F+I+G4) was chosen following jModelTest2 (Dar-
riba et al. 2012). Branch support for the ML phylogeny was executed with 1000 
bootstrap replicates. For BI analyses, we used BEAST v.1.8.2 (Drummond et 
al. 2012). The combined ITS-28S alignment was converted to XML data昀椀le 
using BEAUti v.1.8.2 (Bayesian Evolutionary Analysis Utility; Drummond et al. 
(2012)). A Birth-Death Incomplete Sampling speciation model (Stadler 2009) 
was selected. Four independent runs were performed with BEAST on XSEDE 
tool on the CIPRES Science Gateway (Miller et al. 2010). Resulting log 昀椀les were 
checked in Tracer (Rambaut et al. 2014) for effective sample size (ESS) values. 
All ESS values were well over 200. Tree 昀椀les were combined in LogCombiner 
v.1.8.2 (Drummond and Rambaut 2007). A maximum clade credibility (MCC) 
tree was obtained using the TreeAnnotator v.1.8.2 (Drummond and Rambaut 
2007). The ML bootstrap (BT) percentage ≥ 70 and BI posterior probabilities 
(PPs) ≥ 0.80, respectively, were considered signi昀椀cant. For phylogenetic tree 
visualisation, FigTree v.1.4.2 (Rambaut 2012) was used and the tree was anno-
tated using Adobe Illustrator CC2019. The alignment 昀椀le is submitted to Tree-
Base (http://purl.org/phylo/treebase/phylows/study/TB2:S30802).

Results

Phylogenetic analyses

In this study, 19 new sequences (7 ITS, 6 28S and 6 EF-1α) were generated 
from our collections of Hymenagaricus. There were no EF-1α sequences of the 
genus available in GenBank; therefore, only combined ITS-28S sequences were 
used in the 昀椀nal data matrix. The 昀椀nal ITS-28S dataset was comprised of 1516 
characters including 1272 constant sites, 141 informative sites and 103 unin-
formative sites. The topology of trees revealed similar patterns in both ML and 
BI methods; therefore, the phylogeny inferred from ML analysis is presented 
here with values from both BT and PPs in Fig. 1. In both ML and BI analyses, 
six specimens of Heinemannomyces formed a basal group, sharing a clade 
with Hymenagaricus species. This clade is weakly supported in ML analyses 
and well supported with BI (BT 59%, PPs 0.94). However, the subclade repre-
senting Heinemannomyces specimens is strongly supported in both analyses 
(BT 100%, PPs 1). Species of Hymenagaricus are distributed in three clades. 
Clade-I with good statistical support (BT 93%, PPs 1) consisted of three spe-
cies, the new species Hymenagaricus wadijarzeezicus, H. saisamornae J. Kum-
la & N. Suwannarach and H. cf. kivuensis Heinem. Each of these three spe-
cies has its unique position, con昀椀rming their unique identity. Similarly, clade-II 
was strongly supported (BT 100%, PPs 1), with three taxa, H. pakistanicus M.F. 
Syed & M. Saba, the new species H. parvulus and an unnamed species H. sp. 
(LAH35329). The third is a subclade in the clade consisting of Hymenagaricus 
and Heinemannomyces taxa. This subclade consisted of H. siamensis J. Kum-
la, W. Phonrob, N. Suwannar & S., Lumyong, H. ardosiaecolor Heinem. and an 
unnamed species H. sp. (CA833). However, the two specimens (LAPAF9, Z4) 
representing H. ardosiaecolor, were recovered with different branch lengths. 
This variation in branch length could be the result of using only ITS sequences 
of H. ardosiaecolor in the phylogenetic analyses.
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Taxonomy

Hymenagaricus wadijarzeezicus Al‐Sadi, Al-Yahya’ei, A. Al-Owaisi & S. Hussain, 
sp. nov.
MycoBank No: 850249
Figs 2–4

Diagnosis. The new species Hymenagaricus wadijarzeezicus can be differenti-
ated from other species of the genus by its unique whitish woolly veil, covering 
both the cap and the stipe surfaces.

Holotype. Sultanate of Oman: Dhofar, Salalah, Wadi Jarzeez, on termite 
mounds, under the trees of Anogeissus dhofarica, 11 August 2022, S. Hussain, 
A. Al-Owaisi & Al-Yahya’ei, JRZ2-22-013 (holotype Mawarid-JRZ2-22-013), Gen-
Bank accession: ITS = OR612999, 28S = OR613019, EF-1α = OR729599.

Etymology. The speci昀椀c epithet ‘wadijarzeezicus’ refers to the valley Jarzeez 
in the south of Oman, where the holotype was found.

Description. Basidiomata small to medium-sized. Pileus 30–80 mm in 
diam., at the young stage, broadly ovoid to parabolic, covered completely by 
a smooth, pale brownish pellicle; at mature stage, pulvinate to convex, pelli-
cle disrupting except at the centre where it is retained as one large, smooth, 
brownish squamule, surface is woolly, covered with whitish, strigose to vil-

Figure 1. Maximum Likelihood phylogeny of Hymenagaricus and Heinemannomyces, based on combined ITS-28S se-

quence data, with Agaricus campestris as the outgroup taxon. Values above the node represent ML bootstrap percentag-

es and BI posterior probabilities; the new species are represented in bold fonts.
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lose or 昀氀occose veil towards the margin; margin appendiculate with long, 
whitish, 昀椀brils of veil. Context dark pinkish on cutting, 3–5 mm thick at the 
pileus centre. Lamellae free, pale pinkish at young stage, at mature stage 
greyish-pink to brownish, ventricose, up to 3 mm wide, densely crowded, with 
1–3 series of lamellulae. Stipe 30–60 × 5–10 mm, equal, with a slightly bul-
bous base, with root-like rhizoid structure at the base, annulus 昀氀occose, con-

Figure 2. Basidiomata of Hymenagaricus wadijarzeezicus A–C holotype collection (JRZ2-22-013) D, E NHZ-22-019 
F young fruiting bodies where the cap is entirely covered by pellicle represented by arrows (JRZ2-22-015) G context 

changed into pinkish on cutting, the arrow represents the root-like rhizoid (JRZ2-22-015). Scale bars: 20 mm.
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colorous to veil; stem covered with 昀氀occose veil below the annulus, smooth 
above the annulus, context pinkish on cutting, 昀椀stulose. Smell pleasant. 
Taste not recovered.

Basidiospores (6.5)7.0–8.0(8.5) × (4.0)4.5–5.5(6.0) µm, average size 7.5 × 
5.0 µm, Q = 1.4–1.6, av. Q = 1.5; ellipsoid to broadly ellipsoid, yellowish to dark 
brown, smooth, thick-walled, apiculus visible, germ-pore not observed. Basidia 
20–25 × 7–9 µm, on average 22.5 × 8.0 µm, clavate to cylindrical, smooth, hya-
line in KOH, mostly tetrasporic, rarely bisporic. Cheilocystidia 16–23 × 7–9 µm, 
on average 19.5 × 8.0 µm, ellipsoid to subclavate, smooth, thin-walled, hyaline 
in KOH. Pleurocystidia absent. Lamellar trama regular, with 4–6.6 µm diam., 
cylindrical to in昀氀ated, thin-walled, hyaline hyphae. Subhymenium consisted of 
subglobse to irregular cells, measuring 12–18 µm diam. Pellicle is a hymeni-
form, consisting of chains of two or three elements, measuring 13–17 × 10–
16 µm each element, globose to subglobose or ovoid, hyaline, or pale yellowish, 
smooth, thin-walled, these chains of elements attached to in昀氀ated hyphae with 
encrusted walls. Pileus veil is a cutis to ixocutis, consisting of elongated or cy-
lindrical elements, easily detached, hyaline, thin-walled, each element measur-
ing 13–45 × 6–9 µm. Annulus is an intricate trichoderm, composed of hyaline 
hyphae, 6–8 µm diam., cylindrical, constituted by short elements, constricted at 
septa, easily disarticulated. Stipe veil similar to pileus veil. Clamp connections 
absent in all tissues.

Habit, habitat, and distribution. Occurring in July to early September, as 
saprotrophic, solitary or scattered in small groups, on or near the termite 
mounds, under the trees of Anogeissus dhofarica. Currently only known from 
southern Oman.

Figure 3. Light microscopy of anatomical features of Hymenagaricus wadijarzeezicus (based on holotype collection 

JRZ2-22-013) A basidiospores B, C basidia D cheilocystidia E annulus F veil elements G pellicle structure. Scale bars: 

10 µm (A); 15 µm (B–D); 15 µm (E–G).
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Figure 4. Line drawings of anatomical features of Hymenagaricus wadijarzeezicus (based on holotype collection JRZ2-

22-013) A basidiospores B basidia C cheilocystidia D pellicle structure E annulus F veil elements. Scale bars: 10 µm (A);  
15 µm (B–D); 15 µm (E, F).
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Additional specimens examined. Sultanate of Oman: Dhofar, Salalah, 
Wadi Naheez, on termite mounds, under the trees of Anogeissus dhofar-

ica, 07 August 2022, S. Hussain, A. Al-Owaisi, Al-Yahya’ei & Al-Sadi, NHZ-
22-019 (Mawarid-NHZ-22-019), GenBank accession: ITS = OR612997, 
28S = OR613020, EF-1α = OR729602; Wadi Jarzeez, under the trees of 
Anogeissus dhofarica, 08 August 2022, S. Hussain, A. Al-Owaisi, Al-Ya-
hya’ei & Al-Sadi, JRZ-22-005 (Mawarid-JRZ-22-005), GenBank accession: 
ITS = OR612996, 28S = OR613022, EF-1α = OR729603; Wadi Jaheen, under 
the trees of Anogeissus dhofarica, 10 August 2022, S. Hussain, A. Al-Owaisi, 
Al-Yahya’ei & Al-Sadi, JHN-22-019 (Mawarid-JHN-22-019), GenBank acces-
sion: ITS = OR612998, 28S = OR613021, EF-1α = OR729600; Wadi Jarzeez, 
on termite mounds, under the trees of Anogeissus dhofarica, 11 August 2022, 
S. Hussain, A. Al-Owaisi & Al-Yahya’ei, JRZ2-22-015 (Mawarid-JRZ2-22-015), 
GenBank accession: ITS = OR613000, 28S = OR613018, EF-1α = OR729601; 
Wadi Gogob, on termite mounds, under the trees of Anogeissus dhofarica, 22 
August 2023, S. Hussain & Al-Yahya’ei, GOB-23-008 (Mawarid-GOB-23-008); 
Sahalanawt, on termite mounds, 27 August 2023, S. Hussain & Muhammad 
Salim, Sahalanawt-23-001 (Mawarid-Sahalanawt-23-001); Tetam, on termite 
mounds, 30 August 2023, S. Hussain & Amer Qattan, Tetam-23-001 (Mawar-
id-Tetam-23-001).

Notes. The new species Hymenagaricus wadijarzeezicus with medium-sized 
basidiomata, can be distinguished from the known species of the genus by its 
remarkable woolly cap and stipe surfaces. In Hymenagaricus, there are four 
species with a cap diameter of 50 mm or above, which are: Hymenagaricus cf. 
kivuensis, H. mlimaniensis Mwanga & Tibuhwa, H. ardosiaecolor and H. alphi-

tochrous (Berk & Broome) Heinem. Hymenagaricus wadijarzeezicus is the 5th 
species with a cap diameter above 50 mm. None of these species has a woolly 
basidiomata surface, except Hymenagaricus wadijarzeezicus.

In ML phylogeny, the most similar species to the new species H. wadijar-

zeezicus is H. saisamornae. Hymenagaricus saisamornae is a recently de-
scribed species from Thailand, with substantially smaller basidiomata (10–
25 mm cap diam.), pileus surface covered with minute brownish squamules, 
stipe smooth to 昀椀nely whitish squamulose and smaller basidiospores (5.5–
7.0 × 4.0–4.5 µm; Kumla et al. (2021)). Similarly, Hymenagaricus cf. kivuen-

sis and H. mlimaniensis, both African species, shared medium-sized pileus 
with H. wadijarzeezicus. Hymenagaricus cf. kivuensis has pileus of 50–100 
diam., with smaller basidiospores (4.0–6.5 × 3.0–4.5 µm), narrower basid-
ia (16–20 × 4.5–6) and broader hymeniform cells (Pegler 1977; Heinemann 
1984). Hymenagaricus mlimaniensis has a broadly umbonate, reddish-brown 
disc, with sparsely squamulose surface and smaller basidiospores (4.0–7.0 × 
3.5–4.5 µm; Mwanga and Tibuhwa (2014)) than H. wadijarzeezicus (7.0–8.0 × 
4.5–5.5 µm). Hymenagaricus siamensis differs from H. wadijarzeezicus by its 
smaller basidiomata with brownish cap, measuring 22–32 mm diam., squa-
mules consisting of pseudoparenchymatous cells (Kumla et al. 2023). Anoth-
er small-sized species Hymenagaricus pakistanicus with pileus 24–30 mm 
diam., covered with dark brownish squamules at the cap centre, smaller ba-
sidiospores (5.0–6.0 × 3.5–5.0 µm) and a pseudoparenchymatous pellicle 
(Syed et al. 2023).
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Hymenagaricus parvulus Al‐Kharousi, Al‐Sadi, Al-Yahya’ei, & S. Hussain, sp. nov.
MycoBank No: 850248
Figs 5–7

Diagnosis. The new species Hymenagaricus parvulus can be differentiated 
from other species of the genus by its small-sized, creamy basidiomata, um-
bonate pileus covered with appressed pellicle.

Holotype. Sultanate of Oman: Dhofar, Salalah, Wadi Jarzeez, on termite 
mounds, under the trees of Anogeissus dhofarica, 8 August 2022, S. Hussain, 
A. Al-Owaisi, Al-Yahya’ei & Al-Sadi, JRZ-22-004 (holotype Mawarid-JRZ-22-004), 
GenBank accession: ITS = OR612994, 28S = OR613017, EF-1α = OR735176.

Etymology. The speci昀椀c epithet ‘parvulus’ refers to the small-sized basidi-
omata of the new species.

Description. Basidiomata small-sized. Pileus 15–25 mm in diam., at young 
stage globose to parabolic, surface 昀氀occose squamulose, squamules light pinkish 
to creamy, with appressed pellicle at the centre, margin appendiculate; at mature 
stage cap convex to hemispherical with the broadly umbonate disc, with appressed, 
pale brownish pellicle at the disc, surface 昀椀nely 昀氀occose squamulose, squamules 
pale creamy to light greyish, margins striate, just exceeding the lamellae; context 
membranous, pinkish on cutting. Lamellae free, pale pinkish to brownish, ventri-
cose, sparsely crowded, with 1–2 series of lamellulae. Stipe 25–35 × 2–5 mm, 
equal, annulus cortinate, concolorous to squamules; stem surface creamy, cov-
ered with 昀椀nely 昀氀occose squamules below the annulus, smooth above the annu-
lus, context pinkish on cutting, 昀椀stulose. Smell pleasant. Taste not recorded.

Basidiospores 5.0–6.5 × 4.0–4.5 µm, average size 6.0 × 4.2 µm, Q = 1.3–
1.5, av. Q = 1.4; ellipsoid to broadly ellipsoid, yellowish to dark brown, smooth, 
thick-walled, apiculus visible, germ-pore not observed. Basidia 16.5–22.5 × 
6.5–8.5 µm, on average 19.0 × 7.5 µm, clavate to cylindrical, smooth, hyaline 
in KOH, tetrasporic. Cheilocystidia 19–25 × 9–11 µm, on average 22 × 10 µm, 
clavate to broadly clavate, often turning to one side, with multiseptate base, 
smooth, thin-walled, hyaline in KOH. Pleurocystidia absent. Subhymenium con-
sisting of cylindrical to elongated cells, measuring 6–9 µm diam. Pellicle is a 
hymeniform, consisting of chains of several elements, each element measuring 
14–22 × 12–17 µm, globose to subglobose or ovoid, hyaline or pale yellowish, 
smooth, thin-walled; these chains of elements attached to in昀氀ated hyphae with 
encrusted walls. Veil is a cutis to ixocutis, consisting of elongated or cylindrical 
elements, not easily detached, hyaline, thin-walled, with terminal element fusi-
form with papillate end, each element measuring 15–18 × 5–7 µm. Annulus is 
an intricate trichoderm, composed of hyaline hyphae, 4–7 µm diam., cylindrical, 
constituted by short elements, constricted at septa and easily disarticulated. 
Clamp connections absent in all tissues.

Habit, habitat and distribution. Fruiting body formation occurs in early Au-
gust to early September, saprotrophic, scattered in small groups, found on ter-
mite mounds. Currently only known from southern Oman.

Additional specimens examined. Sultanate of Oman: Dhofar, Salalah, Wadi 
Jarzeez, on termite mounds, under the trees of Anogeissus dhofarica, 11 Au-
gust 2022, S. Hussain, A. Al-Owaisi, Al-Yahya’ei & Al-Sadi, JRZ2-22-002 (Mawar-
id-NHZ-22-002), GenBank accession: ITS = OR612995.
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Figure 5. Basidiomata of Hymenagaricus parvulus (based on holotype collection JRZ-22-004) A mature and young basid-

iomata B mature basidimata.

Notes. Hymenagaricus parvulus is a small, cream-coloured species, differ-
entiated from other species of the genus by its whitish to pale pinkish 昀氀oc-
cose squamules on pileus and stipe surfaces with a broadly umbonate centre. 
Hymenagaricus parvulus shares basidiomata size and basidiospores morphol-
ogy with H. pakistanicus. However, H. pakistanicus can be differentiated from 
the new species by its caesptiose fruiting habit, pileus with pinkish to brown-
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Figure 6. Light microscopy of anatomical features of Hymenagaricus parvulus (based on holotype collection JRZ-22-004) 
A basidiospores B basidia C cheilocystidia D annulus E pellicle structure F veil elements. Scale bars: 5 µm (A); 10 µm (B, 

C); 15 µm (D–F).

ish squamulose pellicle, consisting of pseudoparenchymatous cells (Syed et al. 
2023). Hymenagaricus saisamornae differs from the new species by its smaller 
pileus (up to 15 mm diam. Vs. 15–25 mm of H. parvulus), covered with brownish 
pellicles and larger basidiospores (5.5–7.0 × 4–4.5 µm; Kumla et al. (2021)). Hy-

menagaricus siamensis, another small-sized species is distinguished from the 
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Figure 7. Line drawings of anatomical features of Hymenagaricus parvulus (based on holotype collection JRZ-22-004) 
A basidiospores B basidia C annulus elements D cheilocystidia E pellicle structure F veil elements. Scale bars: 5 µm (A); 
10 µm (B, D); 15 µm (C, E, F).

new species by its pinkish-brown cap, pellicle comprised of pseudoparenchyma-
tous cells and larger basidiospores (6.5–8.0 × 4.0–5.0 µm; Kumla et al. (2023)). 
Similarly, Hymenagaricus canoruber (Berk. & Br.) Heinem. & Little Flower, known 
from India and Sri Lanka, is characterised by a small-sized pileus (15–25 mm 
diam.), with greyish-brown squamules, hymeniform pellicle and smaller basidio-
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spores (4.6–5.7 3.5–4.3 µm; Heinemann and Little Flower (1984)). Hymenagar-

icus pallidodiscus D.A. Reid & Eicker, the smallest mushroom in the genus with 
pileus diam. up to 11 mm, covered with brownish squamules and smaller basid-
iospores (4.2–5.4 × 3.1–3.8 µm; Reid and Eicker (1999)). Hymenagaricus cylin-

drocystis Heinem. & Little Flower another small-sized species, has been report-
ed in Singapore and India, with a brownish cap, larger basidiospores (6.4–8.4 × 
4.5–5.6 µm) and a pseudoparenchymatous pellicle (Heinemann 1956; Heine-
mann and Little Flower 1984). Hymenagaricus cf. kivuensis and H. wadijarzeez-

icus with their medium-sized pilei can be easily differentiated from H. parvulus.

Discussion

Species of Hymenagaricus and Xanthagaricus are morphologically very similar 
and it is extremely di昀케cult to differentiate the species of these genera in the 
昀椀eld. However, in most species of Xanthagaricus, the cap surface is covered 
with small, brownish to purplish scales. These scales are concentrated at the 
pileus centre, while a large central, undisrupted scale at the cap centre has 
been observed in the most species of Hymenagaricus. Phylogenetically, both 
the genera are clearly distinct.

Phylogenetically, the species of Hymenagaricus are closely related to the 
monotypic genus Heinemannomyces. Morphologically, both these genera are 
clearly distinct. Species of Hymenagaricus have a squamulose cap surface 
and these squamules consist of hymeniform or pseudoparenchymatous cells 
and yellowish-brown basidiospores. The monotypic genus with single species 
Heinemannomyces splendidissimus has a brownish to greyish-red pileus, cov-
ered with a 昀椀nely woolly veil and greyish to dark bluish basidiospores (Watling 
1998; Hosen et al. 2017).

In our phylogenetic analyses, the specimens representing Heinemannomyces 
formed a basal group. Species of Hymenagaricus were recovered in three groups. 
One group consisted of Hymenagaricus wadijarzeezicus, the new species, 
H. saisamornae and H. cf. kivuensis. In this group, Hymenagaricus saisamornae 
with small-sized basidiomata intermix with H. cf. kivuensis and H. wadijarzeezi-

cus both with medium-sized basidiomata. Similarly, another group consisting of 
Hymenagaricus pakistanicus, H. parvulus the new species and unnamed species 
H. sp. (LAH35329). All these taxa, including the unnamed species, have a small 
fruiting body. The third group consists of Hymenagaricus ardosiaecolor (medi-
um-sized basidiomata) and H. siamensis, the small-sized species.

Both basidiomata size and pellicle structure are species delimitation characters 
in the genus Hymenagaricus. Based on our analyses, we can predict that these 
characters could be used in the future for infrageneric classi昀椀cation of the genus.

The two new species, Hymenagaricus wadijarzeezicus and H. parvulus, were 
collected in the Dhofar Region, located in the southern part of Oman. Hyme-

nagaricus wadijarzeezicus is medium-sized and H. parvulus is a small-sized 
species. Both are widespread in the Region, under the trees of Anogeissus 

dhofarica. It is interesting to note that both collections of H. parvulus (JRZ-22-
002, JRZ2-22-004) and several collections of H. wadijarzeezicus (NHZ-22-019, 
JRZ2-22-013, JRZ2-22-015, GOB-23-008, Sahalanawt-23-001, Tetam-23-001) 
were found on termite mounds. However, we did not 昀椀nd any study reporting 
the association of Hymenagaricus with termites. However, secotioid fungal ge-
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nus Podaxis Desv. in the family Agaricaceae has an apparent relationship with 
termites (Conlon et al. 2016). It will be interesting to study the relationships of 
these mushrooms with termites.

Several species of Agaricaceae were recently reported from the Dhofar Re-
gion (Al-Kharousi et al. 2022a, 2022b; Hussain et al. 2022). It is evident that the 
area is rich in the diversity of Agaricaceae, including the genus Hymenagaricus. 
More new species of dark-spored agarics are likely occurring in the area.

Taxonomic key to the species of Hymenagaricus

A taxonomic key to the species of Hymenagaricus included in our phylogenetic 
analyses is presented below. This key is based on cap diameter (small-sized 
with cap less than 40 mm in diam. and medium-sized with cap ranging from 
50–100 mm in diam.) and pellicle structure either hymeniform or pseudoparen-
chymatous cells.

1 Basidiomata small-sized, pileus diam. below 40 mm .................................2
– Basidiomata medium-sized, pileus diam. up to 100 mm ...........................5
2 Fruiting bodies solitary or gregarious ..........................................................3
– Fruiting bodies appear in cluster (casepitose), pileus 20-30 mm diam., pellicle 

consisted of pseudoparenchymatous cells ....... Hymenagaricus pakistanicus

3 Pileus whitish or pinkish-brown, pellicle consisted of hymeniform cells ....... 4

– Pileus brownish, pellicle consisted of pseudoparenchymatous cells .........
 .................................................................................................... H. siamensis

4 Pileus 15–25 mm diam., whitish to creamy, pellicle smooth, 昀椀nely ap-
pressed .........................................................................................H. parvulus

– Pileus 10–15 mm diam., pinkish to brownish, squamulose pellicle ............
 ................................................................................................H. saisamornae

5 Pileus covered with brownish squamules ...................................................6
– Pileus and stipe surfaces covered with whitish woolly 昀椀brils ......................

 .......................................................................................... H. wadijarzeezicus

6 Pileus diam. 40–60 mm, basidiospores 5.8–6.5 × 3.9–4.5 µm ...................
 .............................................................................................. H. ardosiaecolor

– Pileus diam. up to 100 mm, hymeniform squamules ......... H. cf. kivuensis
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Abstract

Four species of the genus Sticta are described as new from Bolivia, based on mor-

phological examination and phylogenetic analysis of the fungal ITS barcoding marker. 
Additionally, two species are reported as new to Bolivia (their identi昀椀cation con昀椀rmed by 
molecular data) and one previously reported species is con昀椀rmed by molecular data for 
the 昀椀rst time. Detailed morphological and anatomical descriptions are provided for all 
new species. Two of the new species, S. isidiolobulata Ossowska, B. Moncada, Lücking 

& Kukwa and S. madidiensis Ossowska, B. Moncada, Lücking & Kukwa belong to clade I, 
as de昀椀ned in previous studies. In contrast, S. montepunkuensis Ossowska, B. Moncada, 

Lücking & Kukwa and S. macrolobata Ossowska, B. Moncada, Lücking & Kukwa, also de-

scribed here as new to science, belong to clade III. Sticta isidiolobulata has an irregular 

to suborbicular thallus of medium size, with isidia developing into spathulate lobules, cy-

anobacterial photobiont and apothecia with entire to weakly-crenate margins. The large 

irregular thallus of the cyanobacteria-associated S. macrolobata has broad lobes, apoth-

ecia with verrucous to tomentose margins and cyphellae with raised margins, whereas 

S. madidiensis has a medium-sized, palmate to irregular thallus with a stipe, but without 

vegetative propagules and apothecia. Sticta montepunkuensis has large and irregular 

thalli with green algae as photobiont, apothecia with crenate to verrucous margins and 

urceolate cyphellae with a wide pore and a scabrid basal membrane. Two species, S. 

beauvoisii Delise and S. riparia Merc.-Díaz are reported as new to Bolivia (the latter also 
as new to South America) and belong to clade III. Sticta tomentosa (Sw.) Ach., species 
con昀椀rmed from Bolivia by molecular data, belongs to clade II. Sticta beauvoisii is char-

acterised by a smooth yellowish-brown upper surface with darker apices and abundant, 

marginal isidia and a brown lower surface with golden-chocolate brown primary tomen-

tum and sparse, golden-brown rhizines. Sticta riparia has a strongly branched thallus, 

with undulate lobes and abundant, marginal, palmate, grey to dark brown phyllidia and 

greyish-brown lower surface with the primary tomentum absent towards the margins. 

Sticta tomentosa has palmate, bluish thalli with white cilia and abundant, submarginal 

apothecia and creamy-white lower surface with a sparse, white primary tomentum.
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Introduction

The name Sticta was 昀椀rst introduced by Schreber (1791), who classi昀椀ed these 
lichens as a section within the genus Lichen. Later, Acharius (1803) raised Sticta 
to the rank of a genus. Sticta has a subcosmopolitan distribution and includes 
macrolichens with true cyphellae and tomentum present at least on the lower 
surface of the thalli, for example, Galloway (1994, 1995), Moncada (2012) and 
Moncada et al. (2018, 2020). At the beginning of the 21st century, about 120 spe-
cies were known within the genus (Kirk et al. 2008), but recently, the number of 
known taxa has tripled (Moncada et al. 2021a). This increase is mainly related 
to the application of integrative taxonomy, based on molecular, morphological 
and anatomical data and the exploration of tropical regions, which are often 
habitats of unknown, endemic species (Tønsberg and Goward 2001; Moncada 
2012; Lendemer and Go昀케net 2015; Moncada et al. 2018, 2020; Mercado-Díaz 
et al. 2020; Ossowska et al. 2022a). In Colombia, for example, intensive 昀椀eld 
surveys and laboratory analyses have increased the number of identi昀椀ed Sticta 
from 42 (Sipman et al. 2008) to 150 (Moncada 2012; Moncada et al. 2013a, b, 
2014). Similar explorations have been carried out in other regions of the Neo-
tropics (Dal Forno et al. 2018; Torres et al. 2021; Ossowska 2021; Ossowska et 
al. 2022a, b; Crous et al. 2023), as well as in other parts of the world (McDon-
ald et al. 2003; Simon et al. 2018; Moncada et al. 2020, 2021a; Di Meglio and 
Goward 2023; Kaasalainen et al. 2023). However, in many regions, the genus 
Sticta is still in need of revision, so the number of described species within the 
genus is much lower than estimated (Moncada et al. 2021a, b, c).

In Bolivia, located in the central part of the Neotropical Region of South 
America, research on Sticta has been conducted since the 19th century (Nyland-
er 1859, 1861; Rusby 1896; Herzog 1922, 1923; Feuerer et al. 1998). As a result, 
eleven Sticta species were reported, based solely on their morphological and 
anatomical characters (Ossowska 2021 and literature cited therein). Recently, 
modern approaches in the taxonomy of Sticta, including molecular analyses, 
have been applied to Bolivian collections, resulting in recording nine additional 
species, including seven new to science (Moncada and Lücking 2012; Ossows-
ka et al. 2022a, b; Crous et al. 2023). Here, we present the descriptions and 
records of seven additional species, including four new to science (Sticta isidi-

olobulata Ossowska, B. Moncada, Lücking & Kukwa, S. macrolobata Ossowska, 
B. Moncada, Lücking & Kukwa, S. madidiensis Ossowska, B. Moncada, Lücking 
& Kukwa and S. montepunkuensis Ossowska, B. Moncada, Lücking & Kukwa), 
two new to Bolivia (S. beauvoisii Delise and S. riparia Merc.-Díaz) and the 昀椀rst 
record of S. tomentosa (Sw.) Ach. con昀椀rmed by molecular data.

Material and methods

Taxon sampling

The study was based on specimens collected during 昀椀eldwork in the Yun-
gas and Tucumano-Boliviano Regions of Bolivia and deposited at KRAM, LPB 
and UGDA Herbaria. Morphology and anatomy were examined under stereo- 
and compound microscopes (Nikon SMZ800N and ZEISS Axioskop). Spot 
test reactions were made with K (potassium hydroxide solution), C (sodium 
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hypochlorite solution), Pd (paraphenylenediamine) and KC (K followed by C on 
the same thallus fragments). Secondary compounds were further analysed us-
ing thin-layer chromatography (TLC) in solvents A and C (Orange et al. 2001).

Species, which were distinguished by Moncada (2012), but have not yet been 
formally described are marked with quotes (e.g. ‘S. isidioimpressula’).

DNA extraction, PCR ampli昀椀cation and sequencing

The protocols for DNA extraction and sequencing of the nuITS rDNA marker 
followed Ossowska et al. (2022a).

Sequence alignment and phylogenetic analysis

The obtained sequences were aligned with available sequences of the genus 
Sticta (Suppl. material 1: table S1), using our previous alignment (Ossowska 
et al. 2022a) based on a recent master alignment (Moncada et al. 2020). The 
new sequences were added to the existing alignment using MAFFT 7.164 with 
the “--add” option (Katoh and Frith 2012; Katoh and Standley 2013), with sub-
sequent manual inspection in BIOEDIT 7.0.9 (Hall 2011). Phylogenetic analysis 
was performed using Maximum Likelihood in RAxML 8.2.0 (Stamatakis 2014) 
on the CIPRES Science Gateway (Miller et al. 2010), with non-parametric boot-
strapping using 400 pseudoreplicates (based on an automated saturation crite-
rion) under the universal GTRGAMMA model. Trees were visualised in FigTree 
1.4.2 (Drummond and Rambaut 2007). After initial analysis of the full taxon set 
containing 1,049 terminals, the alignment was reduced to a subset containing 
3–10 accessions per species, for a total of 211 terminals and the phylogenetic 
analysis was repeated using the above approach.

Results and discussion

Seven new nuITS rDNA sequences were generated for this study. Three of 
these clustered into clades of previously-de昀椀ned Sticta (McDonald et al. 2003; 
Moncada 2012; Widhelm et al. 2018; Mercado-Díaz et al. 2020). These are S. 

beauvoisii and S. riparia, which are new to Bolivia, and S. tomentosa, which was 
reported from Bolivia, but not con昀椀rmed with molecular data until now (Fig. 1). 
Notes on all three species are given below.

Four sequences form distinct lineages, suggesting previously undescribed 
taxa, are grouped within clades I (fuliginosa clade) and III (weigelii clade), as 
de昀椀ned by Widhelm et al. (2018) (Fig. 1). Comparison of morphological and an-
atomical features of these specimens with similar and related taxa, as well as 
phylogenetic analysis, con昀椀rmed they represent species new to science. These 
are Sticta isidiolobulata sp. nov. and S. madidiensis sp. nov. in clade I and S. 
montepunkuensis sp. nov. and S. macrolobata sp. nov. placed in clade III sensu 
Widhelm et al. (2018) (Fig. 1). Detailed descriptions of all four new Sticta spe-
cies are given below.

At present, the genus Sticta contains more than 500 species and more than 
one hundred morphological and sixty anatomical characters can be used for 
their circumscriptions (Moncada et al. 2014, 2021a; Ossowska et al. 2022a; 
Kaasalainen et al. 2023). These include the presence and type of vegetative 
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Figure 1. Best-scoring Maximum Likelihood tree of the Sticta target clade containing the new species from Bolivia (red) 
and the species new to Bolivia and phylogenetically con昀椀rmed from Bolivia (blue), based on the fungal ITS barcoding 
marker. Supported clades are thickened. For complete tree with individual support values, see Suppl. material 2.

propagules, such as isidia, phyllidia, soredia or lobules (Galloway 1994, 1995; 
Moncada 2012; Moncada et al. 2014; Ossowska et al. 2022a; Kaasalainen et 
al. 2023). Moreover, some species may develop two types of propagules, like 
the newly-introduced S. isidiolobulata, which has isidia and lobules or S. cyano-

caperata Kaasalainen and S. andina B. Moncada, Lücking & Sérus. having isidia 
and phyllidia (Moncada 2012; Moncada et al. 2021b; Kaasalainen et al. 2023). 
Of the Sticta species known from Bolivia with records con昀椀rmed by molecu-
lar data, seven produce vegetative propagules and most of them have isidia: 
S. andina, S. aymara Ossowska et al., S. beauvoisii, S. isidiokunthii B. Moncada 
& Lücking and S. weigelii (Ach.) Vain. (Moncada et al. 2014; Ossowska 2021; 
Ossowska et al. 2022a). The structure of the isidia and their distribution on the 
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thallus, as well as their colour and size, are diagnostic to distinguish species. 
For example, in S. isidiokunthii, isidia are darker and in S. beauvoisii lighter than 
the thallus; they are cylindrical to squamiform in S. beauvoisii and globular to 
cylindrical in S. aymara, palmate to coralloid in S. andina and cylindrical in other 
isidiate species (Moncada 2012; Moncada and Lücking 2012; Moncada et al. 
2021b; Ossowska 2021; Ossowska et al. 2022a).

Phyllidia resemble isidia, but are 昀氀attened and dorsiventral (Nash 2008); they 
are known in two taxa from Bolivia, S. scabrosa B. Moncada, Merc.-Díaz & Bun-
gartz subsp. scabrosa and S. riparia. They are dark brown in S. riparia, whereas 
of the same colour as the thallus in S. scabrosa subsp. scabrosa (Moncada 
2012; Mercado-Díaz et al. 2020; Moncada et al. 2021b; Ossowska et al. 2022b).

Lobules are like small lobes, i.e. forming minute cyphellae and partly also to-
mentum on the lower surface (Nash 2008; Moncada 2012; Mercado-Díaz et al. 
2020; Moncada et al. 2020, 2021a). To date, only a few Sticta species with lobules 
have been described, for example, S. guilartensis Merc.-Díaz from Puerto Rico or 
S. antoniana B. Moncada & Lücking from Hawaii (Moncada 2012; Mercado-Díaz 
et al. 2020; Moncada et al. 2020, 2021a). Sticta isidiolobulata described here is 
the 昀椀rst lobulate species from Bolivia; in this taxon, the lobules develop from 
isidia, especially at the edges of lobes and it is one of its diagnostic features.

Soredia are the rarest type of propagules found in Sticta (Moncada 2012; 
Moncada et al. 2013b); however, none of the known sorediate taxa has been 
found in Bolivia so far.

Another important diagnostic feature of Sticta is the presence of apothecia. 
The fertile species in Bolivia are: S. amboroensis Ossowska et al., S. bicellulata 
Ossowska et al., S. carrascoensis Ossowska et al., S. catharinae Ossowska et 
al., S. macrolobata, S. monlueckiorum Ossowska, Flakus & Rodr.Flakus, S. mon-

tepunkuensis, S. pseudoimpressula Ossowska et al. and S. tomentosa (Moncada 
2012; Ossowska et al. 2022a, this paper; Crous et al. 2023). The most important 
differences between them are the abundance of apothecia (scarce in S. bicellula-

ta and S. montepunkuensis or abundant in S. catharinae and S. amboroensis), their 
distribution (submarginal in S. tomentosa, laminal to submarginal in S. macrolo-

bata or marginal in S. carrascoensis) or the structure of the apothecial margins 
(crenate to hirsute in S. amboroensis, crenate to verrucose in S. montepunkuensis, 
verrucous to tomentose in S. macrolobata, entire to crenate in S. pseudoimpressu-

la, hirsute to ciliate, but in young apothecia glabrous in S. monlueckiorum) (Mon-
cada 2012; Ossowska et al. 2022a; Crous et al. 2023). In addition, there is a group 
of Sticta species that have two forms: with apothecia and vegetative propagules 
as in S. andina, the newly introduced S. isidiolobulata and S. scabrosa subsp. sca-

brosa (but only in specimens from Bolivia both, phyllidia and apothecia, are pres-
ent) (Moncada et al. 2014, 2021a, b; Ossowska et al. 2022b).

The cyanobacteria-associated Sticta madidiensis lacks both apothecia and 
vegetative propagules. In Sticta, such situations are mostly known in species 
possessing two photosymbiodemes, i.e. lichen thallus can be formed with a 
green alga or a cyanobacteria (e.g. in S. lobarioides B. Moncada & Coca or S. 
pseudolobaria B. Moncada & Coca). In such cases, the green algal form has 
abundant apothecia, whereas the cyanobacterial form usually lacks apothecia 
and vegetative propagules (Moncada 2012; Moncada et al. 2013a) as it is in S. 

madidiensis. Potentially S. madidiensis is a species that also forms photosym-
biodemes, but at present, only the cyanobacterial thalli are known.
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Morphodemes, which are species that are morphologically and anatomically 
similar, but phylogenetically distant, are common in the genus Sticta (Moncada 
et al. 2021b). For instance, S. andina and S. scabrosa are morphodemes of 
S. weigelii (Moncada et al. 2020, 2021b), whereas S. arenosella Di Meglio & 
Goward and S. gretae Goward & Di Meglio are morphodemes of S. fuliginosa 
(Di Meglio and Goward 2023). Such taxa have also been found in Bolivia and 
S. isidiolobulata introduced in this paper and S. pseudoimpressula described by 
Ossowska et al. (2022a) are morphodemes of S. impressula (Nyl.) Zahlbr. They 
all have a pitted to scrobiculate or rugose upper surface with apothecia and 
cilia (Moncada 2012; Ossowska et al. 2022a), but differ in the structure of the 
cyphellae and also in the colour and thickness of the primary and secondary 
tomentum. In addition, S. isidiolobulata also produces isidia and lobules, which 
are absent in S. impressula. Despite similarities to S. impressula, the new S. isid-

iolobulata is closely related to the still undescribed species ‘S. pseudosylvatica’, 
whereas S. pseudoimpressula forms a clade with S. bicellulata (Ossowska et 
al. 2022a). Sticta montepunkuensis belongs to the S. laciniata morphodeme, 
which has a green algal photobiont, a scrobiculate upper surface, with apoth-
ecia and without true cilia, but with a visible extension of the lower tomentum 
(Hooker 1822). The differences are also in the size of the thalli (in S. laciniata 
(Sw.) Ach., the thallus is smaller and highly branched), the distribution of the 
apothecia (in S. montepunkuensis, they are mainly laminal and subaggregated 
and in S. laciniata, submarginal and dispersed), the apothecial margins (in S. 
laciniata apothecia margins are tomentose and, in S. montepunkuensis crenate 
to verrucous) and the density of the cyphellae (S. montepunkuensis has more 
abundant cyphellae towards the margins and in the centre than S. laciniata).

The diversity of lichen species in Bolivia is still not fully understood; however, 
recent results systematically increase the number of species known from this 
country (Flakus et al. 2019; Guzow-Krzemińska et al. 2019; Kukwa and Ossowska 
2022; Kukwa et al. 2023a, b). The knowledge on Sticta in Bolivia is also increas-
ing and recent morphological and anatomical studies supported by phylogenet-
ic analyses have contributed signi昀椀cantly to this (Ossowska 2021; Ossowska 
et al. 2022a, b; Crous et al. 2023). With the taxa described here, Sticta currently 
comprises twenty-six species in Bolivia (three other recorded species are de昀椀-
nitely misidenti昀椀cations; see Ossowska et al. (2022a)), of which twenty-one are 
con昀椀rmed by molecular data. A further 昀椀ve species remain to be veri昀椀ed; these 
are S. dilatata (Nyl.) Vain, S. fuliginosa (Dicks) Ach., S. kunthii Hook., S. laciniata 
and S. sinuosa Pers. (Rodriguez-Flakus et al. (2016) and literature cited therein). 
Literature data suggest that at least S. dilatata and S. fuliginosa can also be pres-
ent in Bolivia as they have been recorded from other South American countries 
(Widhelm et al. 2018). Sticta fuliginosa s.str. is a subcosmopolitan species (Mc-
Donald et al. 2003; Hodkinson et al. 2014; Magain and Sérusiaux 2015; Di Meglio 
and Goward 2023; Kaasalainen et al. 2023) and, in South America, is known only 
from Brazil (Magain and Sérusiaux 2015; Widhelm et al. 2018). However, numer-
ous morphodemes of S. fuliginosa are known from the Neotropics (Moncada et 
al. 2015); therefore, it is likely that Bolivian material may have represented one or 
several of these. It is the same with S. laciniata. Records of the species may be-
long to other species, for example, to S. montepunkuensis, which is described as 
a new species in this paper and belong to the S. laciniata morphodeme. The phy-
logenetic positions of S. kunthii (described from Peru) and S. sinuosa (described 
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from Brazil) have not so far been con昀椀rmed by molecular data (Moncada 2012; 
Kaasalainen et al. 2023), so it may be di昀케cult to prove their presence in Bolivia. 
Sticta kunthii was reported from Africa by Kirika et al. (2012), but Kaasalainen 
et al. (2023) did not 昀椀nd this species amongst the studied species of Sticta. The 
authors concluded that the specimens reported by Kirika et al. (2012) probably 
represent S. umbilicariiformis Hochsc. ex Flotow and/or S. aspratilis Kaasalain-
en & Rikkinen (Kaasalainen et al. 2023).

It is worth noting that the new Sticta species described here have only been 
found in single localities, suggesting their putative endemism. Previously, prob-
ably endemic Sticta species were described from Bolivia by Ossowska et al. 
(2022a), so if all molecularly con昀椀rmed species of Sticta from Bolivia are con-
sidered, 38% of them are endemic. The occurrence of endemic species of Stic-

ta has been noted, for example, in Madagascar and the Mascarenes (Simon 
et al. 2018), as well as in Puerto Rico (Mercado-Díaz et al. 2020). However, as 
the genus is still not well studied in many regions, some species may appear 
more widespread, for example, in this paper, we report the 昀椀rst record of S. 

riparia from Bolivia, which has been known only from Puerto Rico so far (Mer-
cado-Díaz et al. 2020).

The question remains open also in the case of how many species occur in 
Bolivia. The number of Bolivian specimens awaiting revision is still large and 
taking into account all data from neighbouring countries, we estimate that 
around 90 species of Sticta may occur in Bolivia.

Taxonomy

Species new to science described from Bolivia

Sticta isidiolobulata Ossowska, B. Moncada, Lücking & Kukwa, sp. nov.
MycoBank No: 852904
Fig. 2

Diagnosis. Differing from S. impressula in the presence of isidia developing into 
spathulate lobules and apothecia with entire to weakly-crenate margins and the 
presence of sparse, secondary tomentum.

Type. Bolivia. Dept. Cochabamba; Prov. Carrasco, Parque Nacional Carras-
co, between Meruvia and Monte Punku, 17°34'43"S, 65°15'25"W, elev. 3082 m, 
Podocarpus forest, Ceja de Monte Inferior (Altimontano), corticolous, 26 Nov. 
2014, M. Kukwa 15054 (holotype UGDA, isotype LPB).

Description. Primary photobiont cyanobacterial (Nostoc). Stipe absent. 
Thallus irregular to suborbicular, subcoriaceous, up to 15 cm diam., moderately 
branched, with 3–5 branches per 5 cm radius, branching polytomous to aniso-
tomic; lobes ligulate to 昀氀abellate, adjacent, plane to involute, with their apices 
rounded and involute and their margins entire to crenate and not thickened; 
lobe internodes (2–)3–5(–7) mm long, (3–)6–8(–10) mm broad. Upper sur-
face pitted to rugose-foveolate towards the centre, beige brown with slightly 
darker apices when dry, shiny; surface glabrous, without papillae and pruina, 
with orbicular to irregular, scattered, pale beige maculae; marginal cilia ab-
sent, but extension of the lower tomentum visible. Apothecia abundant, most-
ly laminal or submarginal, dispersed or rarely grouped in four, subpedicellate 



28MycoKeys 105: 21–47 (2024), DOI: 10.3897/mycokeys.105.120810

Emilia Anna Ossowska et al.: Additional Sticta species

Figure 2. Morphology of Sticta isidiolobulata (holotype) A upper surface B lower surface C lower tomentum with cyphel-

lae D, E Isidia developing into spathulate lobules and apothecia F section of apothecium. Scale bars: 1 mm (A–D, F, G); 
0.5 mm (E); 50 μm (F).

to pedicellate, without pronounced invagination on lower side, up to 2.5 mm 
diam.; disc orange-brown or yellow (in young apothecia), shiny, concave in 
young apothecia, convex in older; margin entire to weakly crenate, light brown, 
not visible from surface view in mature apothecia. Vegetative propagules in the 
form of 昀氀attened and branched isidia developing especially on margins into 
spathulate lobules, aggregate, branched, horizontal, up to 0.25 mm long and 
0.5 mm broad, darker than the thallus, brown grey, shiny. Lower surface un-
dulate and veined, beige to light brown towards the centre; primary tomentum 
dense, but absent towards the margin, thick, but thinner towards the margin, 
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spongy to fasciculate, soft, beige to brown in older parts; secondary tomentum 
present, pubescent, sparse. Rhizines absent. Cyphellae 1–20 per cm2 towards 
the thallus centre and 21–40 per cm2 towards the margin, scattered, round-
ed or elongated, urceolate with wide pore to cupuliform, prominent, remaining 
below the level of the primary tomentum, with the margin erect to raised and 
involute, cream to brown coloured, with tomentum; pore (0.25–)0.5–0.7 mm 
diam.; basal membrane scabrid, white. Medulla compact, white. Pycnidia pres-
ent, immersed.

Upper cortex paraplectenchymatous, 30–75 μm thick, differentiated into two 
cellular layers with the upper layer consisting of 1–2 cell layers, cells 4.5–12 × 
4.5–7 μm, their walls 1–3.5 μm thick and their lumina rounded to elongated, 
4–11 × 3–6 μm. Photobiont layer 25–55 μm thick, its cells 5–10 μm diam. 
Medulla 50–150 μm thick, its hyphae 2–4 μm broad, without crystals. Lower 
cortex paraplectenchymatous, 30–60 μm thick, of 2–4 cell layers; cells 6–15 × 
6–12 μm diam., their walls 1–3 μm thick. Hairs of lower primary tomentum up 
to 400 μm long, in fascicles more than 20, hyphae unbranched, septate with 
free apices; hairs of secondary tomentum 10–18 μm long, 5–6 μm broad, con-
sisting of two 2–4 cells. Cyphellae cavity up to 250 μm deep; cells of basal 
membrane with many small papillae (up to 0.5 μm high). Apothecia biatorine, 
up to 500 μm high, without or with distinct stipe; excipulum up to 130 μm broad, 
without hairs. Hymenium up to 130 μm high; epihymenium 2.5–5 μm high, yel-
lowish, without gelatinous upper layer; epihymenium pale brown-orange. Asci 
4–8-spored, ascospores fusiform, 1(–3)-septate, 25–35 × 6–8 μm.

Secondary chemistry. No lichen substances detected by TLC. All parts of 
thallus and apothecia K–, C–, KC–, P–.

Habitat and distribution. Sticta isidiolobulata is known only from the type lo-
cality in the Parque Nacional Carrasco in the Cochabamba Department. It was 
found on tree bark in Podocarpus forest.

Etymology. The epithet refers to the presence of isidia that develop into 
spathulate lobules, especially at the lobe margins.

Notes. Sticta isidiolobulata is another morph within the S. impressula mor-
phodeme, like S. pseudoimpressula and the undescribed ‘S. isidioimpressula’ 
(Moncada 2012; Ossowska et al. 2022a). However, the new species is the only 
one in this group characterised by the presence of both vegetative propagules 
and apothecia, isidia developing into spathulate lobules, without true cilia and 
with beige to brown primary tomentum, which is dense, but absent at the mar-
gins. Sticta pseudoimpressula lacks vegetative propagules, the tomentum is 
greyish-brown to black and dense at the margins (Ossowska et al. 2022a). In 
contrast, ‘S. isidioimpressula’ produces laminal, white to grey, cylindrical isidia, 
instead of marginal, greyish-green and spathulate lobules observed in S. isidiol-

obulata. Furthermore, the primary tomentum in S. isidioimpressula is dense and 
sparse towards the margins and without secondary tomentum (Moncada 2012).

The presence of propagules in the form of isidia and lobules is also charac-
teristic of S. macrofuliginosa B. Moncada & Lücking from Colombia (Moncada 
et al. 2015) and S. parvilobata Merc.-Díaz from Puerto Rico (Mercado-Díaz et 
al. 2020). However, in S. macrofuliginosa, isidia are cylindrical, whereas in S. 
parvilobata, they are granular to globular. In contrast, the lobules in both spe-
cies are lobuliform. These taxa also differ from S. isidiolobulata in the upper 
surface of the thallus, which is scrobiculate to foveolate with sparse laminal 
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apothecia in the Colombian species and smooth to scrobiculate without apoth-
ecia in the Puerto Rican species. In addition, the primary tomentum is dense to 
the lobe margins and spongy in S. macrofuliginosa and sparse, but sometimes 
dense and hirsute to fasciculate in S. parvilobata (Moncada 2012; Moncada et 
al. 2015; Mercado-Díaz et al. 2020).

The new species is related to the Colombian ‘S. pseudosylvatica’ (Fig. 1), 
which still awaits formal validation. Both taxa differ in the structure of the upper 
surface, which is smooth to ribbed in ‘S. pseudosylvatica’ and pitted to rugose 
in S. isidiolobulata. Furthermore, ‘S. pseudosylvatica’ has abundant, laminal 
isidia and primary tomentum is dense to the margins (Moncada 2012). The 
abundance of cyphellae also varies between them and, in ‘S. pseudosylvatica’, 
they occur in amounts of 21–40 per cm2 towards the centre and 61–100 per 
cm2 towards the margins, while in the new species, there are 1–20 per cm2 and 
21–40 per cm2, respectively (Moncada 2012).

Sticta macrolobata Ossowska, B. Moncada, Lücking & Kukwa, sp. nov.
MycoBank No: 852905
Fig. 3

Diagnosis. Differing from S. laciniata in cyanobacteria as photobiont, thallus up 
to 25 cm in diam., broad lobes, verrucous (rarely weakly crenate) to tomentose 
apothecial margins, which is often ciliate in the lower part, light to dark brown 
lower surface and cyphellae with elevated margins.

Type. Bolivia. Dept. Santa Cruz; Prov. Florida, Parque Nacional Amboró, 
above la Yunga Village, senda Los Helechos, 18°03'30"S, 63°54'36"W, elev. 
2330 m, Yungas cloud forest, corticolous, 07 June 2011, M. Kukwa 9801 (holo-
type UGDA, isotype LPB).

Description. Primary photobiont cyanobacterial (Nostoc). Stipe absent. Thal-
lus irregular, coriaceous, up to 25 cm diam., moderately branched, with 4–5 
branches per 5 cm radius, branching pleurotomous to polytomous; lobes lac-
iniate to 昀氀abellate, plane, with their apices orbicular and involute, margins en-
tire, not thickened, with brown marginal line; lobe internodes 7–14 mm long, 
7–50 mm broad. Upper surface smooth to shallowly scrobiculate, light brown 
to brown with darker apices when dry, shiny; surface glabrous, without papil-
lae and pruina, but with irregular, scattered, pale beige maculae; marginal cilia 
absent, but extensions of the lower tomentum visible. Apothecia abundant to 
sparse, principally laminal to submarginal, dispersed to aggregated, pedicellate, 
with pronounced invagination on the lower side, up to 5 mm diam.; disc plane, 
brown to chestnut-brown, shiny, epruinose to delicately pruinose; margin per-
sistent, verrucous to tomentose, rarely weakly crenate, often ciliate in the lower 
part, with brown tomentum, abundant in young apothecia, sparse in old ones. 
Vegetative propagules absent. Lower surface plane to uneven, light towards 
the margins and dark brown towards the centre; primary tomentum dense, 
thick, but thinner towards the margin, spongy to fasciculate, golden-brown in 
young parts to brown in older with lighter tips; secondary tomentum present, 
pubescent. Rhizines present, irregularly dispersed, fasciculate to barbate, up 
to 6 mm, dark brown. Cyphellae 1–20 per cm2 towards the thallus centre and 
41–60 per cm2 towards the margin, scattered, rounded to irregular, urceolate 
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Figure 3. Morphology of Sticta macrolobata (holotype) A upper surface B lower surface C apothecia with verrucous to to-

mentose margins D lower tomentum with cyphellae E rhizines F section of apothecium. Scale bars: 1 mm (A–E); 100 μm (F).

with wide pore, erumpent to sessile, remaining below the level of the prima-
ry tomentum, with the margin elevated and involute, brown-coloured, without 
tomentum or with tomentum at the base; pore (0.25–)0.5–1(–1.5) mm diam.; 
basal membrane scabrid, yellow. Medulla compact, yellow. Pycnidia present, 
sparse, immersed.

Upper cortex paraplectenchymatous, 30–40 μm thick, differentiated into 
two cellular layers with the upper layer consisting of 1–2 layers of small cells, 
cells 4–15 × 4–10 μm diam., their walls 1–3 μm thick and their lumina round-
ed to isodiametric, 3–14 μm diam. Photobiont layer 45–75 μm thick, its cells 
10–20 μm diam. Medulla 80–120 μm thick, its hyphae 3–4 μm broad. Lower 
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cortex paraplectenchymatous, 30–40 μm thick, homogeneous, consisting of 
2–3 layers of cells, cells 7–15 × 6–10 μm, their walls 2–4 μm thick. Hairs of 
lower primary tomentum up to 220 μm long, in fascicles of more than 20, hy-
phae simple or rarely branched, 6–8 μm wide with uneven walls, septate with 
free apices; secondary tomentum sparse, locally developed, up to 2 cells and 
up to 10 μm long. Cyphellae cavity up to 250 μm deep; cells of basal membrane 
without papillae. Apothecia biatorine, up to 1 mm high, with distinct stipe; ex-
cipulum up to 150 μm broad, laterally with projecting hairs. Hymenium up to 
125 μm high; epihymenium up to 10 μm high, brown-orange, with gelatinous 
upper layer, covered by tiny granules. Asci 6–8-spored, ascospores fusiform, 
1(–3)-septate, 25–38 × 6–8 μm.

Secondary chemistry. Unidenti昀椀ed substance in Rf classes A2–3 and C2. 
Basal membrane of cyphellae K– to K+ pale yellow, C–, KC–, P–. Medulla K+ 
ochraceous-yellow, C–, KC–, P–.

Habitat and distribution. Sticta macrolobata was found on tree bark in Yun-
gas forest. It was collected from a single locality in the Parque Nacional Ambo-
ró in the Santa Cruz Department.

Etymology. The name refers to the presence of wide lobes, which are up to 
50 mm broad.

Notes. Sticta macrolobata resembles S. laciniata, but the latter has green 
photobiont and the thallus is smaller, up to 10 cm broad and more branched 
than in the new species (Hooker 1822; Moncada 2012). Both species have 
apothecia with tomentose margins, but in the new species, the margins are also 
verrucous to rarely weakly crenate and often ciliate in the lower part, whereas 
in S. laciniata, only tomentose. In addition, in S. macrolobata, the apothecial 
discs are brown to chestnut-brown and in S. laciniata, orange to reddish (Hook-
er 1822; Moncada 2012).

The new species forms a clade with Sticta borinquensis Merc.-Díaz & Lück-
ing, S. densiphyllidiata Merc.-Díaz & Lücking, S. riparia and S. scabrosa (Fig. 1), 
although with low support. All four species produce abundant propagules in 
the form of phyllidia which are absent in the new species (Mercado-Díaz et al. 
2020; Moncada et al. 2021b). Sticta borinquensis and S. densiphyllidiata are 
epiphytic species known so far from Puerto-Rico (Mercado-Díaz et al. 2020) 
and S. riparia is reported here as new to Bolivia (see below). Sticta scabrosa 
subsp. scabrosa was recently con昀椀rmed from Bolivia (Ossowska et al. 2022b) 
and apothecia were observed in the Bolivian specimens for the 昀椀rst time.

Sticta madidiensis Ossowska, B. Moncada, Lücking & Kukwa, sp. nov.
MycoBank No: 852906
Fig. 4

Diagnosis. Differing from other Sticta in having up to 1 cm long stipe, a palmate 
to irregular thalli, without vegetative propagules and apothecia, with scabrid 
upper surface.

Type. Bolivia. Dept. La Paz; Prov. Franz Tamayo, Parque Nacional y Área Nat-
ural de Manejo Integrado Madidi, below Keara Bajo, 14°41'90"S, 69°03'51"W, elev. 
3060 m, open area with shrubs and scattered trees, Ceja de Monte Inferior (Altim-
ontano), on shrubs, 18 Nov 2014, M. Kukwa 14879 (holotype UGDA, isotype LPB).
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Figure 4. Morphology of Sticta madidiensis (holotype) A, B upper surface C, D lower surface E marginal cilia and exten-

sion of the lower tomentum F scabrid upper surface G lower tomentum with cyphellae H section of cyphella. Scale bars: 

1 mm (A–G); 50 μm (H).
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Description. Primary photobiont cyanobacterial (Nostoc). Stipe present, up 
to 1 cm long. Thallus palmate to irregular, coriaceous, up to 15 cm diam., mod-
erately branched, with 3–5 branches per 5 cm radius, branching pleurotomous 
to polytomous; lobes laciniate to ligulate, imbricate, partly involute, with their 
apices obtuse and acute and their margins entire to sinuous, thickened; lobe 
internodes 4(7–)–17(–20) mm long, (5–)8–9(–12) mm broad. Upper surface 
smooth to slightly canaliculate, brown to brownish-grey in central part of thal-
lus when dry, with darker apices and darker marginal line, shiny; surface slightly 
scrobiculate to rugose, with papillae in young parts of lobes and without pruina, 
but with irregular, scattered, beige maculae; marginal cilia sparse to abundant 
fasciculate, white to brown, up to 1 mm, in some areas extension of the lower 
tomentum present. Apothecia absent. Vegetative propagules absent. Lower 
surface smooth, yellow-beige to orange-beige; primary tomentum dense, thick, 
but thinner towards the margin, fasciculate to spongy, soft, whitish-yellow to 
dark brown in the centre; secondary tomentum present, sparse, pubescent. 
Rhizines absent. Cyphellae 1–10 per cm2 towards the thallus centre and 21–40 
per cm2 towards the margin, dispersed, rounded to elongate, urceolate with 
wide pore, erumpent to prominent, remaining below the level of the primary 
tomentum, with the margin raised and involute or rarely erect, cream to dark 
brown-coloured, without tomentum; pore (0.25–)0.5–1(–2) mm diam.; basal 
membrane scabrid, white. Medulla compact, white. Apothecia not found.

Upper cortex paraplectenchymatous, up to 50 μm thick, differentiated into 
two cellular layers with the upper layer consisting of 1–2 layers of smaller cells, 
cells 5–15 × 5–10 μm, their walls 1–3 μm thick and their lumina rounded to 
irregular, 4–14 × 4–9 μm. Photobiont layer 30–60 μm thick, its cells 10–20 μm 
diam. Medulla 110–150 μm thick, its hyphae 4–5 μm broad, without crystals. 
Lower cortex paraplectenchymatous, 30–40 μm thick, with 2–4 cell layers; 
cells 7–16 μm × 6–12 diam., their walls 1–3 μm thick. Hairs of lower primary 
tomentum up to 500 μm long, in fascicles of more than 10, hyphae unbranched, 
septate with free apices; secondary tomentum sparse of up to 10 μm long. 
Cyphellae cavity up to 140 μm deep; cells of basal membrane without or with 
one papilla.

Secondary chemistry. No lichen substances detected by TLC. Basal mem-
brane of cyphellae, K+ yellowish, C–, KC–, P–. Medulla K+ yellowish, C–, KC–, 
P–.

Habitat and distribution. Sticta madidiensis was found on shrubs in moun-
tain vegetation with scattered trees. The species is known only from one local-
ity in in the Madidi protected area in the La Paz Department.

Etymology. The name refers to the type locality.
Notes. The new species has a palmate thallus with a stipe, similar to S. cath-

arinae recently described from Bolivia (Ossowska et al. 2022a), which is, how-
ever, not related to the new species (Fig. 1). However, cilia in the new species 
are sparse to abundant and white to brown, whereas in S. catharinae, they are 
abundant, agglutinated to fasciculate, dark brown with paler tips (Ossowska 
et al. 2022a). Furthermore, S. catharinae produces apothecia, which are not 
known in S. madidiensis (Ossowska et al. 2022a). Another taxon with palmate 
thalli is S. neopulmonarioides B. Moncada & Coca (a form with cyanobacteria), 
but it has abundant, laminal and marginal propagules (phyllidia and lobules) 
without apothecia (the form with green alga has apothecia, but the thallus is 
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larger than in S. madidiensis and irregular). In addition, the primary tomentum 
is absent towards the margins. Sticta neopulmonaroides is known only from 
Colombia (Moncada 2012; Moncada et al. 2013a).

Sticta montepunkuensis Ossowska, B. Moncada, Lücking & Kukwa, sp. nov.
MycoBank No: 852907
Fig. 5

Diagnosis. Differing from other Sticta in the green algal photobiont, large thal-
li up to 30 cm diam., moderately branched, the upper surface scrobiculate to 
pitted or rugose, the margins of the apothecia crenate to verrucous and the 
presence of urceolate cyphellae with wide pores and scabrid, white to yellow-
ish-white basal membrane.

Type. Bolivia. Dept. Cochabamba; Prov. Carrasco, Parque Nacional Carras-
co, Korikaza close to Monte Punku, 17°33'30"S, 65°16'32"W, elev. 2880 m, lower 
montane Yungas cloud forest, corticolous, 27 Nov 2014, M. Kukwa 15115 (ho-
lotype UGDA, isotype LPB).

Description. Primary photobiont green alga. Stipe absent. Thallus irregular, 
up to 30 cm diam., moderately branched, with 3–5 branches per 5 cm radius, 
branching pleurotomous to polytomous; lobes ligulate to laciniate, adjacent to 
interspaced, plane to involute, with their apices rounded to obtuse and plane 
and their margins entire, slightly thickened; lobe internodes (7–)10–18(–
20) mm long, (5–)10–15(–18) mm broad; thallus coriaceous. Upper surface 
scrobiculate, pitted or rarely rugose, yellowish-brown and darkening towards 
the margins when dry, with brown marginal line, shiny; surface glabrous, with-
out papillae, pruina and maculae; marginal cilia absent, but extension of the 
lower tomentum visible. Apothecia sparse, principally laminal, pedicellate, with-
out pronounced invagination on lower side, up to 0.5 mm diam.; disc brown to 
red-brown, shiny; margin crenate to verrucous, light cream-brown. Vegetative 
propagules absent. Lower surface scrobiculate to undulate or faveolate, beige 
to dark brown towards the centre; primary tomentum dense, thick, but thinner 
towards the margin, fasciculate, soft, brown often with whitish tips; secondary 
tomentum present, pubescent to arachnoid. Rhizines sparse, irregularly dis-
persed, often in groups, fasciculate to barbate, brown with paler tips, up to 1 cm 
long. Cyphellae 41–60 per cm2 towards the thallus centre and more than 100 
per cm2 towards the margin, scattered, rounded to slightly elongate, urceolate 
with wide pore, erumpent to sessile, remaining below the level of the primary 
tomentum, with the margin elevated and involute, brown-coloured, without to-
mentum; pore (0.3–)0.5–1.8(–2.5) mm diam.; basal membrane scabrid, white 
to yellowish-white. Medulla compact, white. Pycnidia present.

Upper cortex paraplectenchymatous, not distinctly differentiated into lay-
ers, 50–65 μm thick, consisting of up to nine cell layers, size of cells gradually 
decreasing towards the upper part, cells 5–17 × 4–14 μm, their walls 1–4 μm 
thick and their lumina rounded to isodiametric, 4–16 × 3–13 μm. Photobiont 
layer 30–50 μm thick, its cells 3.5–6 μm diam. Medulla up to 160 μm thick, 
its hyphae 3–4.5 μm broad, without crystals. Lower cortex paraplectenchy-
matous, 35–50 μm thick, with 3–4 cell layers; cells 9–17 × 8–13 μm, their 
walls 1–3 μm thick. Hairs of lower primary tomentum up to 220 μm long, in 
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Figure 5. Morphology of Sticta montepunkuensis (holotype) A, B upper surface C lower surface D apothecia with crenate 

to verrucous margins E, F lower tomentum with cyphellae and rhizines. Scale bars: 1 mm.

fascicles of 6–12, simple or often branched in upper parts, septate with free 
or interlocked apices, up to 8 μm wide; secondary tomentum up to 25 μm 
long. Cyphellae cavity up to 100 μm deep; cells of basal membrane usually 
without or rarely with up to three papillae. Apothecia biatorine, up to 700 μm 
high, with very short stipe; excipulum up to 250 μm broad, laterally with pro-
jecting hairs on the lower side, simple to branched. Hymenium up to 150 μm 
high; epihymenium up to 10 μm high, pale orange-brown, with gelatinous up-
per layer, ca. 4 μm high. Asci 6–8-spored, ascospores fusiform, 1(–3)-septate, 
17–32 × 7–9 μm.
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Secondary chemistry. No lichen substances detected by TLC. All parts of 
thallus and apothecia K–, C–, KC–, P–.

Habitat and distribution. Sticta montepunkuensis is known only from the 
type locality in Yungas cloud forest in Nacional Parque Carrasco, where it was 
collected on the bark of tree, at an elevation of 2880 m.

Etymology. The name refers to the settlement Monte Punku in Parque Nacio-
nal Carrasco, near where the new species was found.

Notes. The new species is related and morphologically similar to other green 
algal Sticta species, such as S. lobarioides and S. pseudolobaria (Fig. 1). All 
these taxa produce apothecia, but they are aggregated, with entire to verru-
cose margins in S. lobarioides, scattered with hairy to verrucous margins in S. 
pseudolobaria and, in S. montepunkuensis, they are subaggregated with cren-
ate to verrucous margins. They also differ in the presence of a stipe (absent 
in S. montepunkuensis) and the different sizes of the thalli (up to 20 cm in S. 
lobarioides and over 15 cm in S. pseudolobaria). The upper surface in these 
species is faveolate rather than scrobiculate to pitted as it is in the new species 
and the primary tomentum is sparse over the entire surface, with no secondary 
tomentum (primary tomentum dense, secondary present in S. montepunkuen-

sis) (Moncada 2012; Moncada et al. 2013a). For the differences between S. 

montepunkuensis and S. laciniata, see the general discussion above.
Other species known from Bolivia with green algae and large thalli include S. 

amboroensis and S. carrascoensis. The species differ in the structure of the to-
mentum. In S. amboroensis, it is spongy to dense, fasciculate, light to dark brown 
and sparse towards the margin (Ossowska et al. 2022a). Sticta carrascoensis has 
a primary tomentum that is dense towards the margin like in S. montepunkuensis, 
but it is spongy, light to dark brown, whereas in the new species, it is fasciculate, 
brown with white tips. Sticta montepunkuensis also has more abundant cyphel-
lae, i.e. 41–60 per cm2, towards the centre and more than 100 per cm2 towards 
the margin, whereas S. carrascoensis has 1–10 per cm2 and 21–40 per cm2, re-
spectively and S. amboroensis 1–20 per cm2 and 21–40 per cm2 (Ossowska et 
al. 2022a). Both, S. amboroensis and S. carrascoensis, have abundant apothecia, 
which are sparse in the new species and are submarginal in S. amboroensis and 
marginal to laminal in S. carrascoensis. Their apothecial margins are crenate to 
hirsute in both species, rather than crenate to verrucous as in S. montepunkuen-

sis (Ossowska et al. 2022a). All three species are not closely related (Fig. 1).

Species newly reported from Bolivia

Sticta beauvoisii Delise

Fig. 6

Description. For the description, see McDonald et al. (2003) and Moncada 
(2012).

Habitat and distribution. The records of S. beauvoisii presented here are the 
昀椀rst from Bolivia. The species was found on the bark of trees in Tucumano-Bo-
liviano forest at elevations of 1815 m and 1900 m in the Tarija and Chuquisaca 
Departments. Before, S. beauvoisii was known from Colombia and North Amer-
ica: Canada and USA (McDonald et al. 2003; Moncada 2012; Moncada et al. 
2020, 2021a).
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Notes. Sticta beauvoisii is characterised by a smooth, yellowish-brown up-
per surface with darker apices, without apothecia, but with abundant, marginal, 
cylindrical to 昀氀attened isidia, which are light to dark brown coloured, a brown 
lower surface, golden-chocolate brown primary tomentum which becomes thin 
and shorter towards the margins and a sparse, golden-brown, 昀椀brillose to fas-
ciculate rhizines (Delise 1825; McDonald et al. 2003; Moncada 2012).

Sticta beauvoisii belongs to clade III sensu Widhelm et al. (2018) (Fig. 1), as 
do, for example, S. weigelii and the undescribed ‘S. luteocyphellata’. However, 
they differ in the colour of the upper and lower surface of the thalli, the isidia 
and the tomentum. In ‘S. luteocyphellata’ the upper surface is light brown, with 
a brown marginal line and dark brown isidia. The lower surface, on the other 
hand, is cream to dark brown, with dense in the centre, but sparse towards 
the margin primary tomentum and greyish-brown with paler apices (Moncada 
2012). In S. weigelii, the upper surface is reddish-brown to dark brown with a 
black marginal line and blackish-brown isidia, while the lower surface is beige 
to reddish-brown with dark brown primary tomentum, dense to the margin 
(Moncada 2012; Ossowska 2021). Both, ‘S. luteocyphellata’ and S. weigelii pro-
duce abundant rhizines, which are white and fasciculate in ‘S. luteocyphellata’ 
and brownish-black and 昀椀brillose to anziform in S. weigelii (Moncada 2012; 
Ossowska 2021; Torres et al. 2021). In contrast, S. beauvoisii has sparse, gold-
en-brown, 昀椀brillose to fasciculate rhizines (McDonald et al. 2003). Another tax-
on with which S. beauvoisii may be confused is the not yet formally described 

Figure 6. Morphology of Sticta beauvoisii A upper surface (Kukwa 16480) B lower surface (Kukwa 16480) C marginal 

isidia (Kukwa 16480) D lower surface with tomentum, cyphellae and sparse rhizines (Kukwa 11103). Scale bars: 1 mm.
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‘S. pseudobeauvoisii’, but it produces narrow phyllidia, rather than isidia and 
the primary tomentum is light grey to brown, dense and sparse towards the 
margins (Moncada 2012). ‘Sticta pseudobeauvoisii’, like S. beauvoisii, belongs 
to clade III of the global Sticta phylogeny (Widhelm et al. 2018; Fig 1).

Specimens examined. Bolivia. Dept. Chuquisaca; Prov. Hernando Siles, 
15 km west of Monte Agudo, 19°48'57"S, 64°05'60"W, elev. 1815 m, disturbed 
Tucumano Boliviano Forest, corticolous, 20 July 2015, M. Kukwa 16480 (LPB, 
UGDA). Dept. Tarija; Prov. Aniceto Arce, Papachacra, 21°41'52"S, 64°29'15"W, 
elev. 1900 m, Tucumano Boliviano Forest, corticolous, 8 Aug 2012, M. Kukwa 
11103 (LPB, UGDA).

Sticta riparia Merc.-Díaz
Fig. 7

Description. For the description, see Mercado-Díaz et al. (2020).
Habitat and distribution. The record of S. riparia presented here is the 昀椀rst 

one from Bolivia and South America, as the species has been previously known 
only from Puerto Rico (Mercado-Díaz et al. 2020). In Bolivia, the species was 
found on tree bark in semi-natural Sub-Andean Amazon forest in the Cocha-
bamba Department.

Figure 7. Morphology of Sticta riparia (Kukwa 18724) A upper surface B lower surface with very sparse tomentum 

C, D marginal phyllidia. Scale bars: 1 mm.
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Notes. Sticta riparia has a strongly branched thallus, with undulate lobes, 
the margins of which are covered with branched, abundant, palmate, grey to 
dark brown phyllidia. The lower surface is greyish-brown, with the primary to-
mentum absent towards the margins. In addition, cyphellae are abundant, with 
a density of 41–60 per cm2 towards the centre and more than 100 per cm2 
towards the margins (Mercado-Díaz et al. 2020). It is similar to S. densiphyllid-

iata as, in both species, the lobe margins are abundantly covered by phyllidia, 
but in S. densiphyllidiata, these are dispersed, coralloid and darker than the 
thallus. Furthermore, the lower surface of the latter taxon is reddish with a 
dense tomentum. The abundance of the cyphellae towards the margins and 
centre is also a feature common to both taxa. However, in S. densiphyllidiata, 
the membrane reacts with K+ weakly pink, whereas in S. riparia, it is K+ pale 
yellow (Mercado-Díaz et al. 2020). Both species belong to clade III of the Sticta 
tree (Fig. 1). Sticta densiphyllidiata is only known from Puerto Rico (Merca-
do-Díaz et al. 2020).

Recently, a new phyllidiate species, S. cerradensis T.D. Barbosa, J.-M. Torres, 
Kitaura & A.P. Loren, phylogenetically similar to S. riparia, has been described. 
However, it has larger lobes and the lower surface is light brown to dark. Sticta 

cerradensis is only known from Brazil (Torres et al. 2021).
Specimens examined. Bolivia. Dept. Cochabamba; Prov. Chaparre, Parque 

Nacional Carrasco, Guacharos, 17°03'50"S, 65°28'31"W, elev. 445 m, semi-nat-
ural Sub-Andean Amazon forest, corticolous, 10 Nov 2016, M. Kukwa 18724 
(LPB, UGDA).

Species con昀椀rmed for Bolivia with molecular data

Sticta tomentosa (Sw.) Ach.
Fig. 8

Description. For a description, see Moncada (2012) and Moncada et al. (2021a).
Habitat and distribution. The record of S. tomentosa given here is the 昀椀rst 

from Bolivia supported by a DNA sequence. The taxon was previously reported 
from the country by Nylander (1859, 1861) and Herzog (1922). The specimen 
examined here was found on tree bark in in the lower montane Yungas cloud 
forest in the Cochabamba Department. Outside Bolivia, S. tomentosa has been 
reported from South and North America (Galloway 1995; Moncada 2012) and 
Africa (Galloway 1995; Kaasalainen et al. 2023).

Notes. Sticta tomentosa has palmate, bluish thalli with white cilia, abundant, 
submarginal apothecia with entire to crenate margins; the lower surface is 
creamy-white with a sparse, white primary tomentum (Moncada 2012).

The palmate thallus is characteristic for newly-distinguished S. madidiensis; 
however, the taxa differ in the size of the thallus, which is smaller in S. tomen-

tosa (up to 5 cm) with abundant, fasciculate cilia. In addition, S. tomentosa has 
abundant apothecia, which are absent in S. madidiensis. Both taxa also differ 
in the structure of the tomentum, which in S. tomentosa, is sparse and absent 
towards the margin and white to greyish-white towards the centre, whereas in 
S. madidiensis, the primary tomentum is dense towards the margin and whit-
ish-yellow to dark brown in the centre (Moncada 2012; Moncada et al. 2021a). 
Both species are not closely related (Fig. 1).



41MycoKeys 105: 21–47 (2024), DOI: 10.3897/mycokeys.105.120810

Emilia Anna Ossowska et al.: Additional Sticta species

Figure 8. Morphology of Sticta tomentosa (Kukwa 15138c) A upper surface B lower surface with tomentum and cyphel-

lae C apothecia D marginal cilia. Scale bars: 1 cm (A); 1 mm (B–D).

The species may also be confused with the phylogenetically closely-related 
S. leucoblepharis (Nyl.) Tuck. (Fig. 1), but they differ in the colour of the cilia and 
the density of the tomentum. In S. leucoblepharis, the cilia are golden-brown 
and longer than in S. tomentosa, while the primary tomentum is dense and 
sparse towards the margins. In addition, the apothecia are laminal rather than 
submarginal as in S. tomentosa and smaller (up to 1.5 cm in diameter) and their 
discs are orange (Moncada 2012; Moncada et al. 2021a).

Another phylogenetically similar taxon is S. antoniana B. Moncada & Lücking 
and the two cannot be separated, based on nuITS rDNA sequences (Moncada 
et al. 2020; Moncada et al. 2021a). However, there are important morphological 
differences. Sticta antoniana has an irregular to orbicular and highly-branched 
thallus, without cilia and with abundant lobules, the primary tomentum is thick 
and dense, but without secondary tomentum. In S. tomentosa, on the other 
hand, the thallus is palmate to suborbicular, moderately branched, with abun-
dant cilia and without vegetative propagules, while primary tomentum is sparse 
and absent towards the margin and with secondary tomentum. Both species 
produce apothecia, but unlike S. tomentosa, in S. antoniana, they are laminal 
and with crenate margins (Moncada et al. 2020; Moncada et al. 2021a).

Specimens examined. Bolivia. Dept. Cochabamba; Prov. Carrasco, Parque 
Nacional Carrasco, near Rio Ibrisu, close to Sajtarumi, 17°27'09"S, 65°16'29"W, 
elev. 2059 m, lower montane Yungas cloud forest, corticolous, 28 Nov 2014, M. 
Kukwa 15138c (LPB, UGDA).
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Abstract

The 昀椀rst occurrence of Marasmiellomycena and Pulverulina in the Chinese mycobiota 
are reported, M. tomentosa and P. 昀氀avoalba, two new species and M. albodescendens, 

a new combination, revealed by phylogenetic analyses and morphological study. These 

newly-recorded genera, Marasmiellomycena, which can be distinguished by their agar-

icoid basidiomata, dark-coloured stipe, sarcodimitic tramal structure, stipitipellis with 

yellow to yellowish-brown pigments and yellow-pigmented thick-walled caulocystidia 

and Pulverulina, which differs from other genera of Porotheleaceae by its pruinose stipe, 

decurrent lamellae, inamyloid basidiospores and absence of hymenial cystidia. We also 

formally describe three other new species of Porotheleaceae collected from Chinese 
temperate to subtropical zones of Fujian and Zhejiang Provinces: Clitocybula fuscostria-

ta, Gerronema brunneosquamulosum and Leucoinocybe subglobispora. Furthermore, we 
include the results of a phylogenetic analysis of Porotheleaceae, based on a multi-locus 

(ITS, nrLSU and rpb2) dataset. According to this analysis, Chrysomycena, Clitocybula, 

Delicatula, Hydropodia, Hydropus, Leucoinocybe, Marasmiellomycena, Megacollybia, 

Pulverulina, Trogia and Vizzinia are monophyletic. However, Gerronema is identi昀椀ed as 
polyphyletic and, additionally, Porotheleum does not form a monophyletic group either 

because Porotheleum parvulum and Porotheleum albidum are “unassigned” in phyloge-

netic analysis. The results of our phylogenetic analyses, coupled with morphological 

observations, con昀椀rm recognition of these new taxa. Morphological descriptions, pho-

tographs, line drawings and comparisons with closely-related taxa are presented for 

the new species. A key to the 22 species belonging to nine genera of Porotheleaceae in 

China is also provided.

Key words: cyphelloid polypores, new taxon, Porotheleum, systematics, white-spored 

omphalinoid fungi

Academic editor: Maria-Alice Neves 

Received: 15 January 2024 

Accepted: 4 April 2024 

Published: 25 April 2024

Citation: Na Q, Zeng H, Hu Y, Ding 

H, Ke B, Zeng Z, Liu C, Cheng X, 

Ge Y (2024) Morphological and 

phylogenetic analyses reveal 昀椀ve new 
species of Porotheleaceae (Agaricales, 

Basidiomycota) from China. MycoKeys 

105: 49–95. https://doi.org/10.3897/

mycokeys.105.118826

MycoKeys 105: 49–95 (2024)  

DOI: 10.3897/mycokeys.105.118826



50MycoKeys 105: 49–95 (2024), DOI: 10.3897/mycokeys.105.118826

Qin Na et al.: Five new species of Porotheleaceae (Agaricales, Basidiomycota) from China

Introduction

The family Porotheleaceae (order Agaricales), formally proposed by Murrill 
(1916), comprises saprotrophic, mainly wood-decaying fungi that are primar-
ily agarics, but also include cyphelloid fungi. The type genus, Porotheleum Fr., 
is distinguished by fruiting in clusters of small cup-shaped to tubular cream 
cyphelloid basidiomes, whereas other genera are typically agaricoid (Vizzini et 
al. 2022). Previous taxonomic studies have included 15 genera in Porotheleace-
ae: Chrysomycena Vizzini, Picillo, Perrone & Dovana, Clitocybula (Singer) Singer 
ex Métrod, Delicatula Fayod, Gerronema Singer, Hydropodia Vizzini & Consiglio, 
Hydropus Kühner ex Singer, Leucoinocybe Singer ex Antonín, Borovička, Holec 
& Kolařík, Lignomphalia Antonín, Borovička, Holec & Kolařík, Marasmiellomyce-

na De la Peña-Lastra, Mateos, Kolařík, Ševčíková & Antonín, Megacollybia Kotl. 
& Pouzar, Porotheleum, Pulverulina Matheny & K.W. Hughes, Pseudohydropus 
Vizzini & Consiglio, Trogia Fr. and Vizzinia Ševčíková & Kolařík (Antonín et al. 
2019; Vizzini et al. 2019, 2022; Matheny et al. 2020; Senanayake et al. 2023). 
Most taxa, except for Porotheleum, are well characterised, based on the follow-
ing features: a saprophytic habit; omphalinoid, collybioid, to clitocyboid basidi-
omata; partly to entirely pigmented pileus; adnexed, subdecurrent, to decurrent 
lamellae; smooth, thin-walled basidiospores; and the frequent presence of sar-
codimitic tramal tissues (Singer 1951, 1982; Redhead 1987; Norvell et al. 1994; 
Hughes et al. 2007; Kumar and Manimohan 2009; Yang et al. 2012; Vizzini et al. 
2019; Consiglio et al. 2022; Senanayake et al. 2023). Species of Porotheleaceae 
are widespread in subtropical to tropical regions and tend to be lower diversity 
in temperate zones (Singer 1951, 1970; Norvell et al. 1994; Antonín and Noor-
deloos 2004; Hughes et al. 2007; Antonín et al. 2019; Vizzini et al. 2019; Consi-
glio et al. 2022; Na et al. 2022a; Senanayake et al. 2023). Six new genera have 
recently been recognised: Chrysomycena, Hydropodia, Marasmiellomycena, Pul-

verulina, Pseudohydropus and Vizzinia (Vizzini et al. 2019; Matheny et al. 2020; 
Consiglio et al. 2022; Senanayake et al. 2023). These newly-described genera 
have been found in diverse regions, predominantly in Europe and North Ameri-
ca, with some 昀椀ndings in Oceania, Africa and Asia, but the distribution re昀氀ects 
the broad yet unequal exploration of this family’s species, only one species is 
from Japan, in Asia and none from China (Cooper 2014; Vizzini et al. 2019; Vil-
larreal et al. 2021; Consiglio et al. 2022; Kasuya et al. 2023; Senanayake et al. 
2023). While Index Fungorum (http://www.indexfungorum.org/Names/Names.
asp 2023.3.16) records 670 Porotheleaceae species, only seven species are 
documented from China, indicating a disparity in mycological research within 
the region (Liu 1995; Yang et al. 2012; Liu et al. 2019; Na et al. 2022a).

A comprehensive phylogenetic analysis of Porotheleaceae has not been per-
formed because few sequences are available. Prior to 2012, the family was in-
formally cited in literature as the ‘hydropoid’ clade within the ‘marasmioid’ clade 
(Moncalvo et al. 2002; Matheny et al. 2006; Antonín et al. 2019). Many authors 
have since suggested that members of the hydropoid clade should be placed 
in the phylogenetically de昀椀ned Porotheleaceae clade (Henrici 2012; Redhead 
2013; Cooper 2016; Vizzini et al. 2019, 2022; Kalichman et al. 2020; Matheny et 
al. 2020; Senanayake et al. 2023). According to a study based on the large sub-
unit of nuclear ribosomal DNA (nrLSU) sequences (Moncalvo et al. 2002), eight 
species in 昀椀ve genera (Clitocybula, Gerronema, Hydropus, Megacollybia and 
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Porotheleum) constitute this hydropoid (/hydropoid) clade. The results of that 
study also support the placement of Megacollybia and Clitocybula as close rela-
tives of Hydropus. Moncalvo et al. (2002) also proposed that Gerronema sensu 
Singer (1986) was polyphyletic (Lutzoni 1997; Moncalvo et al. 2000), whereas 
this genus as delineated by Norvell et al. (1994) was monophyletic. However, 
the type species of Gerronema was not included in the molecular phylogeny of 
Moncalvo et al. (2002). The delimitation of Gerronema by Norvell et al. (1994) 
was based solely on morphology in comparison to an epitype, with emphasis 
on the presence of sarcodimitic tissue. The hydropoid clade con昀椀guration de-
昀椀ned by Moncalvo et al. (2002) based on ribosomal LSU is also presented in 
Bodensteiner et al. (2004). In a multigenic analysis (18S, 5.8S, 25S, rpb1 and 
rpb2) performed by Matheny et al. (2006), the hydropoid clade included Clitocy-

bula atrialba (Murrill) Singer [currently Gerronema atrialbum (Murrill) Borovička 
& Kolařík], Clitocybula oculus (Peck) Singer, Henningsomyces candidus (Pers.) 
Kuntze, Hydnopolyporus 昀椀mbriatus (Cooke) DA Reid (currently Irpex rosettiform-

is C.C. Chen & Sheng H. Wu), Hydropus marginellus (Pers.) Singer, Hydropus 
cf. scabripes (Murrill) Singer [currently Mycopan scabripes (Murrill) Redhead, 
Moncalvo & Vilgalys], Megacollybia platyphylla (Pers.) Kotl. & Pouzar and sev-
eral species formerly placed in Mycena (Pers.) Roussel [i.e. Mycena auricoma 
Har. Takah. (currently Leucoinocybe auricoma (Har. Takah.) Matheny), Mycena 

amabilissima (Peck) Sacc. (currently Atheniella amabilissima (Peck) Redhead, 
Moncalvo, Vilgalys, Desjardin & B.A. Perry) and Mycena aurantiidisca (Murrill) 
Murrill (currently Atheniella aurantiidisca (Murrill) Redhead, Moncalvo, Vilgalys, 
Desjardin & B.A. Perry)]. Henrici (2012) combined Megacollybia, Clitocybula and 
Hydropus, along with other genera, into the family Porotheleaceae, comprising 
a total of 19 genera. Redhead (2012, 2013) expanded the ‘hydropoid’ clade by 
introducing Atheniella Redhead, Moncalvo, Vilgalys, Desjardin & B.A. Perry and 
established the genus Phloeomana Redhead within the family Porotheleace-
ae. Cooper (2016) also believes that Porotheleum should belong to the Poro-
theleaceae family, despite the possibility of misidenti昀椀cation in the sequenced 
material of Porotheleum 昀椀mbriatum (generic type). Finally, Antonín et al. (2019) 
introduced the new genera Leucoinocybe and Lignomphalia, which were sepa-
rated from Clitocybula. However, it should be noted that Singer (1943) originally 
proposed Leucoinocybe as a provisional name, rendering the use by Antonín 
et al. (2019) as a validation rather than the establishment of a completely new 
genus. In an analysis by Vizzini et al. (2019), Porotheleaceae was statistically 
well supported (MLB = 100%) when only Hydropus, Clitocybula, Leucoinocybe, 
Megacollybia, Porotheleum, Trogia and some species of Gerronema were in-
cluded. In addition, Chrysomycena formed a distinct monophyletic lineage cor-
responding to a separate genus, sister to a clade formed by Megacollybia, Tro-

gia and some species of Gerronema (Vizzini et al. 2019). Matheny et al. (2020) 
performed a phylogenetic analysis of a combined ITS–28S dataset of 73 taxa 
and found that Delicatula and Pulverulina (representing a new genus) are mem-
bers of Porotheleaceae sensu Vizzini et al. (2019); this was in agreement with 
the concept of Porotheleaceae s.l. of Kalichman et al. (2020), which com-
prises Porotheleaceae sensu Vizzini et al. (2019), Actiniceps Berk. & Broome, 
Atheniella, Calyptella Quél., Chaetotyphula Corner, Hemimycena Singer, Ligno-

mphalia, Phloeomana and Scytinotus P. Karst. Vizzini et al. (2022) considered 
the family Porotheleaceae to be equivalent to Porotheleaceae sensu Vizzini et 
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al. (2019) and included the other taxa in Porotheleaceae s.l. Kalichman et al. 
(2020) in Cyphellaceae Burnett, a sister family to Porotheleaceae. Senanayake 
et al. (2023) agree with the concept and composition of Porotheleaceae as de-
昀椀ned by Vizzini et al. (2019, 2022) and proposed two new genera of the family, 
Marasmiellomycena and Vizzinia. Finally, Hydropus subalpinus (Höhn.) Singer, 
which was not aggregated into clade Hydropus with high statistical support, 
was recently treated as Hydropodia subalpina (Höhn.) Vizzini, Consiglio & M. 
Marchetti by Consiglio et al. (2022). In the same study, Pseudohydropus Vizzini 
& Consiglio was established, with Pseudohydropus 昀氀occipes (Fr.) Vizzini & Con-
siglio designated as the type species, comprising a total of four species.

Seventeen species belonging to seven genera of Porotheleaceae, namely, 
one species of Clitocybula (Singer) Singer ex Métrod, one species of Delicatula, 
seven species of Gerronema, four species of Hydropus, one species of Leu-

coinocybe, two species of Megacollybia and one species of Trogia, have been 
recognised in China as of 2023 (Liu 1995; Dai et al. 2010; Yang et al. 2012; Liu 
et al. 2019; Wang et al. 2021; Na et al. 2022a). Progress has recently been made 
in clarifying the status of mycenoid and omphalinoid fungi in China, including 
the discovery of four new taxa from Anhui, Fujian and Zhejiang Provinces: Ger-

ronema baishanzuense Q. Na, H. Zeng & Y.P. Ge; G. microcarpum Q. Na, H. Zeng 
& Y.P. Ge; G. zhujian Q. Na, H. Zeng & Y.P. Ge; and Leucoinocybe lishuiensis Q. 
Na, H. Zeng & Y.P. Ge (Na et al. 2021, 2022a). As part of our ongoing research 
on omphalinoid fungi, we uncovered the 昀椀rst occurrence of two newly-record-
ed genera, Marasmiellomycena and Pulverulina, including two new species and 
we incorporated one species from Porotheleum into Marasmiellomycena. We 
also discovered three new species belonging to Clitocybula, Gerronema and 
Leucoinocybe in temperate and subtropical China. We accordingly present a 
morphological description of the new species and provide an identi昀椀cation key 
to the 22 species of Porotheleaceae currently known from China.

Materials and methods

Specimens and morphology

Macroscopic descriptions were based on the study of fresh specimens, whereas 
micromorphological descriptions relied on dried materials. In our descriptions, 
colour abbreviations follow the colour standards and colour nomenclature of 
Ridgway (1912). Microscopic observations were made on dried specimens 
mounted in 5% potassium hydroxide (KOH) and stained with Congo red when 
necessary. The prepared specimens were observed under a Lab A1 microscope 
(Carl Zeiss AG, Jena, Germany) and photographed and recorded using ZEN 2.3 
software (Carl Zeiss AG). Melzer’s reagent was used to test whether spores and 
tissues were amyloid (Horak 2005). Twenty mature basidiospores from each 
basidiomata (two basidiomata per holotype) were measured in side view. Sizes 
of basidiospores were recorded, with the notation [a/b/c] used at the beginning 
of each entry in the description to indicate a basidiospores from b basidiomata 
of c specimens were measured. Measured sizes (including Q values) are given 
in the description as (d)e–f–g(h) × (i)j–k–l(m), where d is the smallest length, 
e–g represents the range of at least 90% of values, f is the average length and 
h is the largest value; width (i–m) is expressed in the same way. In addition, 
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Q stands for the length-width ratio of a spore and Q ± av is the average Q of all 
basidiospores ± the sample standard deviation (Ge et al. 2021; Liu et al. 2021, 
2022; Na et al. 2021, 2022a, 2022b). Hyphae of the pileipellis and stipitipellis 
and a total of 20 basidia, cheilocystidia and caulocystidia were measured from 
each collection. The examined collections have been deposited in the fungari-
um of the Fujian Academy of Agricultural Sciences (FFAAS), China. Author ab-
breviations follow Index Fungorum (http://www.indexfungorum.org).

DNA extraction, polymerase chain reaction (PCR) ampli昀椀cation and 
sequencing

Genomic DNAs of the putative new species were extracted from dried mate-
rials using a NuClean PlantGen DNA kit (Kangwei Century Biotechnology Co., 
Beijing, China). Gene regions were ampli昀椀ed using the following primer pairs: 
ITS1/ITS4 (White et al. 1990) for 5.8S and internal transcribed spacer ITS1 and 
ITS2 regions (ITS), LR0R/LR7 (Hopple and Vilgalys 1999) for the large subunit 
of nuclear ribosomal DNA (nrLSU) and bRPB2-6f/bRPB2-7.1R (Matheny 2005) 
for the second largest subunit of RNA polymerase II (rpb2). Ampli昀椀cations were 
performed in 25 µl reaction mixtures consisting of 9.5 μl ddH

2
O, 12.5 µl 2× UTaq 

PCR Master Mix (Zoman Biotechnology Co., Beijing, China), 1 µl of each primer 
(10 mM) and 1 μl DNA template. PCR ampli昀椀cation of the ITS region used the 
following protocol: initial denaturation at 95 °C for 4 min, followed by 34 cycles 
of 94 °C for 45 s, 52 °C for 45 s and 72 °C for 1 min and a 昀椀nal extension at 72 
°C for 10 min. Cycling conditions used for ampli昀椀cation of the nrLSU were as 
follows: initial denaturation at 93 °C for 2 min, followed by 20 cycles of 93 °C 
for 1 min, 50 °C for 1 min and 72 °C for 1 min and a 昀椀nal extension at 72 °C for 
10 min. The PCR protocol for rpb2 ampli昀椀cation was as follows: initial denatur-
ation at 93 °C for 2 min, 20 cycles of 93 °C for 1 min, 50 °C for 1 min and 72 °C 
for 1 min, 20 cycles of 93 °C for 1 min, 53 °C for 1 min and 72 °C for 1 min and a 
昀椀nal extension at 72 °C for 10 min. The PCR products were subjected to Sanger 
dideoxy sequencing at the Beijing Genomics Institute (Beijing, China).

Phylogenetic analysis

For phylogenetic analysis, we constructed a concatenated dataset of 168 ITS, 
87 nrLSU and 14 rpb2 sequences from 58 taxa of 14 genera of Porotheleace-
ae. In addition, six sequences (three ITS and three nrLSU) of Mycena purpureo-

fusca (Peck) Sacc. were included as outgroups according to the results of Na 
et al. (2022a). Sequences retrieved from GenBank and those obtained in this 
study are listed in Table 1. Alignments were performed in Mafft 7.376 (Katoh 
and Standley 2013). Sequence editing and necessary adjustments were carried 
out in BioEdit 7.0.4.1 and Clustal X 1.81 (Thompson et al. 1997; Hall 1999). 
Bayesian Inference (BI) and Maximum Likelihood (ML) bootstrap analyses 
were performed using the best-昀椀t substitution models identi昀椀ed in ModelTest 
3.7 (Posada and Crandall 1998). The BI analysis was carried out in MrBayes 
3.2.6 (Ronquist and Huelsenbeck 2003). Runs of 1,000,000 generations, with 
trees sampled every 100th generation, were initiated for eight heated and one 
cold Markov chain(s). Analyses were automatically terminated when the aver-
age standard deviation of split frequencies reached a value below 0.01 and the 
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Table 1. Specimens used in phylogenetic analysis, with geographic origin and GenBank accession numbers.

No. Taxa Voucher Locality ITS 
Sequence ID

LSU 
Sequence ID

rpb2 
Sequence ID Reference

1 Chrysomycena perplexa MCVE:30184 TYPE Italy NR172974 NG071251 – Vizzini et al. (2019)

2 Clitocybula albida CUH AM064 India MG250188 – – Dutta et al. (2018)

3 Clitocybula albida CUH AM065 India MG250189 – – Dutta et al. (2018)

4 Clitocybula abundans STU:SMNS-B-FU-2017/00898 Germany MF627833 – – Unpublished

5 Clitocybula familia 2319-QFB-25741 Canada KM406970 – – Unpublished

6 Clitocybula familia PRM 921866 Czech Republic JF730327 JF730320 – Antonín et al. (2011)

7 Clitocybula familia BRNM 736053 Slovakia JF730328 JF730323 – Antonín et al. (2011)

8 Clitocybula familia STU:SMNS-B-FU-2017/00926 Germany MF627834 – – Unpublished

9 Clitocybula familia NAMA 2017-349 USA MH979253 – – Unpublished

10 Clitocybula fuscostriata FFAAS1029 China OR238881 OR238893 OR258374 This study

11 Clitocybula fuscostriata FFAAS1030 Holotype China OR238882 OR238894 OR258375 This study

12 Clitocybula fuscostriata FFAAS1031 China OR238883 OR238895 OR258376 This study

13 Clitocybula lacerata LE 6639 Russia HM191746 – – Malysheva and 
Morozova (2011)

14 Clitocybula lacerata LE 262744 Russia HM191747 – – Malysheva and 
Morozova (2011)

15 Clitocybula lacerata LE 262743 Russia HM191748 – – Malysheva and 
Morozova (2011)

16 Clitocybula lacerata PRM 915404 Czech Republic LT854054 LT854030 – Antonín et al. (2019)

17 Clitocybula lacerata WU 19575 Austria LT854053 LT854031 – Antonín et al. (2019)

18 Clitocybula oculus 3512 Canada KM406971 – – Unpublished

19 Clitocybula oculus WU 20008 Canada LT854017 LT854017 – Antonín et al. (2019)

20 Clitocybula oculus S.D. Russell iNaturalist 
# 8606755

India MN906165 – – Unpublished

21 Clitocybula oculus S.D. Russell iNaturalist 
# 8591258

India MN906164 – – Unpublished

22 Clitocybula oculus BIOUG24046-B03 Canada KT695321 – – Telfer et al. (2015)

23 Clitocybula oculus AFTOL-ID 1554 USA DQ192178 DQ192178 – Matheny et al. (2006)

24 Delicatula integrella KA12-1305 Korea KR673538 – – Kim et al. (2015)

25 Delicatula integrella S.D. Russell MycoMap # 6067 USA MN906231 – – Unpublished

26 Delicatula integrella G0060 USA – MK277924 – Varga et al. (2019)

27 Gerronema baishanzuense FFAAS0359 Holotype China OL985962 OL985984 – Na et al. (2022a)

28 Gerronema baishanzuense FFAAS0360 China OL985963 – – Na et al. (2022a)

29 Gerronema baishanzuense FFAAS0361 China OL985964 OL985985 – Na et al. (2022a)

30 Gerronema baishanzuense FFAAS0362 China OL985965 OL985986 – Na et al. (2022a)

31 Gerronema baishanzuense FFAAS0363 China OL985966 OL985987 – Na et al. (2022a)

32 Gerronema baishanzuense FFAAS0366 China OL985967 OL985988 – Na et al. (2022a)

33 Gerronema 

brunneosquamulosum

FFAAS1032 Holotype China OR238884 OR238896 OR258377 This study

34 Gerronema 

brunneosquamulosum

FFAAS1033 China OR238885 OR238897 OR258378 This study

35 Gerronema indigoticum HMJAU 47636 China MK693727 MK693732 – Liu et al. (2019)

36 Gerronema indigoticum HMJAU 47942 China MK693728 MK693733 – Liu et al. (2019)

37 Gerronema indigoticum HMJAU 47943 China MK693729 MK693734 – Liu et al. (2019)

38 Gerronema keralense 2 India MH156555 NG_064531 – Latha et al. (2018)

39 Gerronema keralense BKF10263 Thailand MZ452107 MZ452144 Direct Submission

40 Gerronema kuruvense CAL 1665 India NG_159831 NG_064530 – Latha et al. (2018)

41 Gerronema kuruvense BKF10266 Thailand MZ452090 MZ452669 – Direct Submission

42 Gerronema kuruvense DCY3362(HGASMF01-15010) Chian MZ951144 – – Direct Submission

43 Gerronema microcarpum FFAAS0365 China – OL985989 – Na et al. (2022a)

44 Gerronema microcarpum FFAAS0371 China OL985968 OL985990 – Na et al. (2022a)

45 Gerronema microcarpum FFAAS0372 China OL985969 OL985991 – Na et al. (2022a)
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No. Taxa Voucher Locality ITS 
Sequence ID

LSU 
Sequence ID

rpb2 
Sequence ID Reference

46 Gerronema microcarpum FFAAS0373 Holotype China OL985970 OL985992 – Na et al. (2022a)

47 Gerronema microcarpum FFAAS0374 China OL985971 – – Na et al. (2022a)

48 Gerronema microcarpum FFAAS0375 China OL985972 OL985993 – Na et al. (2022a)

49 Gerronema nemorale KACC 43599 Korea EU883592 – – Unpublished

50 Gerronema nemorale KACC 43600 Korea EU883593 – – Unpublished

51 Gerronema nemorale not indicated Korea EU883594 – – Unpublished

52 Gerronema nemorale FA249 Pakistan MN744686 – – Aqdus and Khalid (2021)

53 Gerronema nemorale FA236 Pakistan MN744687 – – Aqdus and Khalid (2021)

54 Gerronema nemorale FA239 Pakistan MN744688 – – Aqdus and Khalid (2021)

55 Gerronema strombodes DJL05NC72 USA EU623639 – – Hughes et al. (2007)

56 Gerronema strombodes TFB12519/TENN60718 USA EU623640 – – Hughes et al. (2007)

57 Gerronema strombodes TFB12783/TENN61350 USA EU623641 – – Hughes et al. (2007)

58 Gerronema strombodes TFB11947 clone C2 USA KY242503 – – Hughes et al. (2007)

59 Gerronema strombodes TFB11947 clone C3 USA KY242504 – – Hughes et al. (2007)

60 Gerronema strombodes TFB11947 clone C5 USA KY242506 – – Hughes et al. (2007)

61 Gerronema strombodes TFB14234 USA KY242507 – – Hughes et al. (2007)

62 Gerronema strombodes TFB14514 USA KY242509 – – Hughes et al. (2007)

63 Gerronema strombodes TFB11947 USA KY271083 – – from GenBank

64 Gerronema subclavatum Redhead 5175, DAOM not indicated U66434 – – Lutzoni (1997)

65 Gerronema subclavatum FLAS-F-60986 USA MH016932 – – from GenBank

66 Gerronema subclavatum FLAS-F-61518 USA MH211945 – – from GenBank

67 Gerronema subclavatum Smith-2018 USA MK573888 – – Direct Submission

68 Gerronema subclavatum Mushroom Observer # 243440 USA MK607510 – – Direct Submission

69 Gerronema subclavatum iNaturalist # 8545787 India MN906021 – – from GenBank

70 Gerronema subclavatum S.D. Russell MycoMap # 6854 India MN906138 – – from GenBank

71 Gerronema waikanaense PDD:87667 New Zealand JQ694117 – – from GenBank

72 Gerronema wildpretii BRNM 788347 Madeira LT854045 LT854043 – Antonin et al. (2019)

73 Gerronema xanthophyllum PRM 924657 Czech Republic LT854023 LT854023 – Antonin et al. (2019)

74 Gerronema zhujian FFAAS0364 China OL985973 OL985994 – Na et al. (2022a)

75 Gerronema zhujian FFAAS0370 China OL985974 OL985995 – Na et al. (2022a)

76 Gerronema zhujian FFAAS0376 Holotype China OL985975 OL985996 – Na et al. (2022a)

77 Hydropodia subalpina 

(≡Hydropus subalpinus)
STU:SMNS-STU-F-0900123 Germany MF039248 – – Eberhardt et al. (2018)

78 Hydropodia subalpina 

(≡Hydropus subalpinus)
Montri-291 not indicated MK028414 – – Unpublished

79 Hydropodia subalpina 

(≡Hydropus subalpinus)
Montri-312  not indicated MK028415 – – Unpublished

80 Hydropodia subalpina 

(≡Hydropus subalpinus)
Montri-323 not indicated MK028416 – – Unpublished

81 Hydropodia subalpina 

(≡Hydropus subalpinus)
OKA-TR-K364  Turkey MN701620 MN700170 – Unpublished

82 Hydropodia subalpina 

(≡Hydropus subalpinus)
OKA-TR-K380  Turkey MN701621 MN700171 – Unpublished

83 Hydropodia subalpina 

(≡Hydropus subalpinus)
OKA-TR-B400  Turkey MN701622 MN700172 – Unpublished

84 Hydropus atramentosus 918 Italy JF908050 – – Osmundson et al. (2013)

85 Hydropus fuliginarius S.D. Russell ONT iNaturalist # 
130794969

USA OP643427 – – Unpublished

86 Hydropus fuliginarius DAOM196062 USA – AF261368 – Moncalvo et al. (2002)

87 Hydropus marginellus AFTOL-ID 1720 not indicated DQ490627 DQ457674 DQ472722 Matheny et al. (2006)

88 Hydropus marginellus OSC 112834 USA EU669314 EU852808 – Unpublished

89 Hydropus rugosodiscus MGW1257 USA KY777386 – – Unpublished

90 Hydropus rugosodiscus PBM4022 USA KY777390 – – Unpublished

91 Hydropus rugosodiscus Taxon 10 not indicated MW399385 – – Unpublished
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No. Taxa Voucher Locality ITS 
Sequence ID

LSU 
Sequence ID

rpb2 
Sequence ID Reference

92 Leucoinocybe auricoma 

(≡Mycena auricoma)
HKAS126433 China OQ025169 – – Direct Submission

93 Leucoinocybe auricoma 

(≡Mycena auricoma)
AFTOL-ID 1341 (specimen_

voucher HKAS41510)
China DQ490647 – – Matheny et al. (2006)

94 Leucoinocybe danxiashanensis GDGM79543  China MZ667475 MZ667479 – Unpublished

95 Leucoinocybe danxiashanensis GDGM80113 China MZ667476 MZ667480 – Unpublished

96 Leucoinocybe danxiashanensis GDGM80114 China MZ667477 MZ667481 – Unpublished

97 Leucoinocybe danxiashanensis GDGM80184 China MZ667478 MZ667482 – Unpublished

98 Leucoinocybe 昀氀avoaurantia D Italy HM191743 – – Malysheva and 
Morozova (2011)

99 Leucoinocybe 昀氀avoaurantia GDOR Italy HM191744 – – Malysheva and 
Morozova (2011)

100 Leucoinocybe 昀氀avoaurantia LE 262757 Russia HM191745 – – Malysheva and 
Morozova (2011)

101 Leucoinocybe lenta BOZ (EPITYPE) Italy – LT854032 – Antonín et al. (2019)

102 Leucoinocybe lishuiensis FFAAS 0111 (HOLOTYPE) China MW424488 MW424492 – Na et al. (2021)

103 Leucoinocybe lishuiensis FFAAS 0112 China MW424489 MW424493 – Na et al. (2021)

104 Leucoinocybe lishuiensis FFAAS 0113 China MW424490 MW424494 – Na et al. (2021)

105 Leucoinocybe lishuiensis FFAAS 0115 China MW424491 MW424495 – Na et al. (2021)

106 Leucoinocybe sp. KA12-0435 South Korea KR673482 – – Kim et al. (2015)

107 Leucoinocybe subglobispora FFAAS1034 Holotype China OR238886 OR238898 OR258379 This study

108 Leucoinocybe subglobispora FFAAS1035 China OR238887 OR238899 OR258380 This study

109 Leucoinocybe sulcata CAL 1246 (HOLOTYPE) India KR029720 KR029721 – Latha et al. (2015)

110 Leucoinocybe taniae BCN-SCM B-4064 Italy LT854057 LT854028 – Antonín et al. (2019)

111 Marasmiellomycena 

albodescendens

PDD 96142 New Zealand OL998341 OL998380 – Consiglio et al. (2022)

112 Marasmiellomycena 

albodescendens

PDD 96321 New Zealand OL998343 OL998382 – Consiglio et al. (2022)

113 Marasmiellomycena 

omphaliiforme 

(≡Porotheleum omphaliiforme)

WU 16775 Italy OM422777 OM423654 – Direct Submission

114 Marasmiellomycena 

omphaliiforme 

(≡Porotheleum omphaliiforme)

LIP 0401689 France OM422780 OM423655 – Direct Submission

115 Marasmiellomycena 

omphaliiforme 

(≡Porotheleum omphaliiforme)

AMB 18850 France OM422781 OM423656 – Direct Submission

116 Marasmiellomycena 

omphaliiforme 

(≡Porotheleum omphaliiforme)

AMB 18845 France OM422782 – – Direct Submission

117 Marasmiellomycena 

pseudoomphaliiformis

BRNM:552721 USA OR913562 OR913566 – Senanayake et al. (2023)

118 Marasmiellomycena 

pseudoomphaliiformis

BRNM:552654 USA OR913560 OR913564 – Senanayake et al. (2023)

119 Marasmiellomycena 

pseudoomphaliiformis

BRNM:552658 USA OR913561 OR913565 – Senanayake et al. (2023)

120 Marasmiellomycena tomentosa FFAAS1036 Holotype China OR238888 OR238900 OR258381 This study

121 Marasmiellomycena tomentosa FFAAS1037 China OR238889 OR238901 OR258382 This study

122 Marasmiellomycena tomentosa FFAAS1038 China OR238890 OR238902 OR258383 This study

123 Megacollybia clitocyboidea TFB11884/TENN60766 USA EU623658 – – Hughes et al. (2007)

124 Megacollybia clitocyboidea TENN62231 USA EU623664 – – Hughes et al. (2007)

125 Megacollybia clitocyboidea TENN62230 clone c4 USA EU623673 – – Hughes et al. (2007)

126 Megacollybia clitocyboidea TENN62230 clone c5 USA EU623674 – – Hughes et al. (2007)

127 Megacollybia fallax MICH 45002 USA EU623714 – – Hughes et al. (2007)

128 Megacollybia fallax TFB11561/TENN59447 USA EU623723 – – Hughes et al. (2007)

129 Megacollybia fallax DAOM208710 USA EU623724 – – Hughes et al. (2007)

130 Megacollybia fallax Mushroom Observer 291302 USA MN176984 – – Direct Submission
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No. Taxa Voucher Locality ITS 
Sequence ID

LSU 
Sequence ID

rpb2 
Sequence ID Reference

131 Megacollybia fallax Mushroom Observer 286893 USA MT437075 – – Direct Submission

132 Megacollybia marginata PRM 860926 Czech Republic LT854022 – – Antonín et al. (2019)

133 Megacollybia marginata PRM 859785 Czech Republic LT854046 LT854042 – Antonín et al. (2019)

134 Megacollybia marginata HR 91642 Czech Republic LT854050 – – Antonín et al. (2019)

135 Megacollybia marginata HR 91607 Czech Republic LT854051 – – Antonín et al. (2019)

136 Megacollybia platyphylla AFTOL-ID 560 USA DQ249275 AY635778 DQ385887 Unpublished

137 Megacollybia platyphylla BRNM 737654 Czech Republic LT854048 LT854036 – Antonín et al. (2019)

138 Megacollybia platyphylla BRNM 766972 Czech Republic LT854049 LT854037 – Antonín et al. (2019)

141 Megacollybia rodmani BHS2009-06 USA GQ397989 – – from GenBank

149 Megacollybia rodmani PUL F27039 USA MW448576 – – from GenBank

150 Megacollybia subfurfuracea TFB11075/TENN59558 clone c3 USA EU623744 – – Hughes et al. (2007)

151 Megacollybia subfurfuracea TFB11075/TENN59558 clone c8 USA EU623745 – – Hughes et al. (2007)

152 Megacollybia texensis DPL7405/TENN62058 clone c1 USA EU623725 – – Hughes et al. (2007)

153 Megacollybia texensis DPL7405/TENN62058 clone c2 USA EU623726 – – Hughes et al. (2007)

154 Megacollybia texensis FLAS-F-61511 USA MH211940 – – from GenBank

155 Mycena purpureofusca HMJAU 43554 China MG654740 MK629356 – Na and Bau (2018)

156 Mycena purpureofusca HMJAU 43624 China MG654741 MK629357 – Na and Bau (2018)

157 Mycena purpureofusca HMJAU 43640 China MG654742 MK629358 – Na and Bau (2018)

158 Porotheleum 昀椀mbriatum Dai 12276 China KX081137 KX161656 – from GenBank

159 Porotheleum 昀椀mbriatum Dai 12289 China KX081138 KX161654 – from GenBank

160 Porotheleum 昀椀mbriatum CLZhao 1120 China MH114870 – – from GenBank

161 Porotheleum 昀椀mbriatum CLZhao 2368 China MH114871 – – from GenBank

162 Porotheleum 昀椀mbriatum SWFC 006350 China MK894078 – – from GenBank

163 Porotheleum 昀椀mbriatum SWFC 006399 China MK894079 – – from GenBank

164 Porotheleum parvulum JBSD131802 Type Dominican 
Republic

NR_182714 OM423657 – Consiglio et al. (2022)

165 Pseudohydropus 昀氀occipes AMB 18768 Spain – OM423637 – Consiglio et al. (2022)

166 Pseudohydropus 昀氀occipes BRNM 825631 Spain OM422760 OM423636 – Consiglio et al. (2022)

167 Pseudohydropus 昀氀occipes BRNM 751633 Spain OM422759 OM423635 – Consiglio et al. (2022)

168 Pseudohydropus globosporus BAP 661 (Holotype, SFSU) USA OM422758 OM423634 – Cooper et al. (2019)

169 Pseudohydropus sp MushroomObserver490861 Jamaica OR879917 – – Direct Submission

170 Pulverulina 昀氀avoalba FFAAS1039 Holotype China OR238891 OR238903 OR258384 This study

171 Pulverulina 昀氀avoalba FFAAS1040 China OR238892 OR238904 OR258385 This study

172 Pulverulina ulmicola TENN 029208 Holotype USA NR_119887 HQ179668 – Matheny et al. (2020)

173 Pulverulina ulmicola TFB13871 USA MT237476 MT237446 – Matheny et al. (2020)

174 Pulverulina ulmicola KUBOT-KRMK-2020-13 India MW425325 MW425344 – Unpublished

175 Trogia benghalensis CUH AM031 India KU647630 – – Dutta et al. (2017)

176 Trogia benghalensis CUH AM122 India MF967246 – – Dutta et al. (2017)

177 Trogia infundibuliformis KUN_HKAS63661 China JQ031775 JQ031780 – Yang et al. (2012)

178 Trogia infundibuliformis KUN_HKAS56709 China JQ031776 JQ031781 – Yang et al. (2012)

179 Trogia venenata KUN_HKAS54710 China JQ031772 JQ031778 – Yang et al. (2012)

180 Trogia venenata KUN_HKAS56679 China JQ031773 JQ031779 – Yang et al. (2012)

181 Trogia venenata TC2-28 China KT968080 – – Mi et al. (2016)

182 Trogia venenata MHHNU 8750 China KX268227 – – Unpublished

183 Vizzinia domingensis 

(≡Porotheleum domingense)
JBSD131801a Dominican 

Republic
OM422768 OM423646 – Consiglio et al. (2022)

184 Vizzinia nigripes 

(≡Porotheleum nigripes)
JBSD131803 Dominican 

Republic
OM422771 OM423648 – Consiglio et al. (2022)

Note: Newly-generated sequences are in bold.
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昀椀rst 25% of trees were discarded as burn-in (Ronquist and Huelsenbeck 2003). 
The ML analysis was performed in RAxML GUI 2.0 using a rapid bootstrapping 
algorithm involving 1,000 replicates (Edler et al. 2021). The aligned datasets 
for Bayesian and ML analyses have been deposited in TreeBASE (submission 
ID 31062; study accession URL: http://purl.org/phylo/treebase/phylows/study/
TB2:S31062). Phylogenetic trees were displayed using FigTree v.1.4.3.

Results

Phylogenetic analysis

A data matrix was created for 59 taxa, including 58 taxa of Porotheleaceae 
and, as an outgroup, one taxon of Mycena. Including gaps, the aligned dataset 
comprised 2,274 nucleotide sites: 974 for ITS, 610 for nrLSU and 690 for rpb2 
exons (all sites without introns). For the ML analysis, the best-昀椀t substitution 
models selected for ITS, nrLSU and rpb2-exon partitions in the concatenated 
dataset were TPM2uf+I+G4, GTR +I+G4 and TIM2+I+G4, respectively. For the BI 
analysis, the best-昀椀t substitution model selected for each of the three DNA re-
gions (ITS, nrLSU and rbp2 exons) was GTR+I+G. Phylogenetic reconstructions, 
based on BI and ML methods, yielded similar topologies. The BI topology was, 
therefore, selected as a representative phylogeny (Fig. 1).

In the tree shown in Fig. 1, 21 major well-supported clades are evident: Chry-

somycena, Clitocybula, Delicatula, Hydropodia, Hydropus, Leucoinocybe, Maras-

miellomycena, Megacollybia, Pulverulina, Pseudohydropus, Trogia and Vizzinia, 
all of which form monophyletic groups at the generic level. However, within 
Porotheleum, two species, totalling three specimens, form two unassigned 
clades. In addition, Marasmiellomycena, forms a well-supported (MLB = 81%; 
BPP = 0.90) independent clade comprising four species distinct from Vizzinia 
and the unassigned Porotheleum. In the phylogenetic tree, Chrysomycena, Ger-

ronema, Hydropus, Leucoinocybe, Megacollybia, Trogia and 昀椀ve taxa of Clitocy-

bula cluster together with high statistical support (MLB = 96%; BPP = 1.00), but 
one sequence of Delicatula appears outside this large clade in the Maximum 
Likelihood analysis. The variation in the phylogenetic analysis outcomes for 
Delicatula specimens can be ascribed to inconsistent sequence coverage. Of 
the three Delicatula specimens evaluated, two only contained ITS sequences 
clustered together into a clade (MLB = 99%; BPP = 0.68), suggesting some de-
gree of relatedness. In contrast, the remaining specimen, which only included 
an LSU sequence, was placed differently across the analyses. Such disparities 
in sequence coverage are likely to be responsible for the observed discrepan-
cies between different computational algorithms used in the phylogenetic re-
constructions. Hydropodia and Pulverulinaform a large, poorly supported clade. 
Moreover, Hydropus (MLB = 100%; BPP = 1.00), Leucoinocybe (MLB = 99%; BPP 
= 1.00) and Clitocybula (MLB = 82%; BPP = 1.00) are strongly supported as dis-
tinct genera and collectively constitute a distinct clade separate from all other 
clades. However, Gerronema is polyphyletic (Gerronema 1 to Gerronema 6), with 
each individual Gerronema clade sister to Megacollybia or Trogia. Finally, Chry-

somycena and Hydropodia comprise a single species each.
In the phylogenetic tree, samples of the new species and new combination 

are placed in Marasmiellomycena, where they constitute monophyletic lineag-
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es, each with high statistical support (M. albodescendens: MLB = 93%, BPP = 
1.00; M. tomentosa: MLB = 100%, BPP = 1.00). The four other new species are 
strongly supported as members of Gerronema 3, Pulverulina, Leucoinocybe and 
Clitocybula clades (C. fuscostriata: MLB = 92%, BPP = 1.00; G. brunneosqua-

mulosum: MLB = 100%, BPP = 1.00; L. subglobispora: MLB = 100%, BPP = 1.00; 
and Pulverulina 昀氀avoalba: MLB = 100%, BPP = 1.00). Marasmiellomycena to-

mentosa is closely related to a clade containing two species and a new com-
bination, M. albodescendens, M. omphaliiforme and M. pseudoomphaliiformis. 
Pulverulina 昀氀avoalba sp. nov. is grouped with high statistical support (MLB = 
100%; BPP = 1.00) with three sequences of Pulverulina ulmicola (H.E. Bigelow) 
Matheny & K.W. Hughes from India and the USA (including holotype voucher no. 
TENN 029208). Within the Leucoinocybe clade, L. subglobispora constitutes a 
monophyletic lineage that is most closely related to Leucoinocybe lishuiensis, 
a new species recently described from China (Na et al. 2021). Clitocybula fus-

costriata is placed along with C. lacerata (Scop.) Métrod in an unresolved lineage 
that is treated as C. lacerata agg. by Antonín et al. (2019) and in our studies.

Clitocybula albida A.K. Dutta, K. Acharya & Antonín, reported from India as 
a new species, was transferred to Porotheleum [as Porotheleum albidum (A.K. 
Dutta, K. Acharya & Antonín) Vizzini & Consiglio] and Porotheleum parvulum 
Angelini, Vizzini, Consiglio & M. Marchetti as a new species from the Dominican 
Republic (Dutta et al. 2018; Consiglio et al. 2022). The phylogenetic status of 
Clitocybula albida is currently unclear and treated as unassigned clades in the 
study of Senanayake et al. (2023). On the other hand, Porotheleum parvulum is 
known to cluster with Marasmiellomycena and Vizzinia, forming a clade. Within 
this clade, Porotheleum parvulum is speci昀椀cally determined to be a sister group 
to Marasmiellomycena. In the research conducted by Senanayake et al. (2023), 
Pseudohydropus and Pulverulina were identi昀椀ed as forming a monophyletic 
group. Contrastingly, in our phylogenetic tree, Pseudohydropus emerges as an 
independent lineage, receiving robust support (MLB =100%; BPP = 1.00) and 
not aligning as a sister group with any other genera. The observed differences 
might stem from variances in sequence coverage and the evolutionary rates of 
the genes. While Senanayake et al. (2023) utilised ITS and LSU sequences for 
their phylogenetic construction, our study encompassed ITS, LSU and RPB2 in 
the combined phylogenetic analysis. (Fig. 1).

Taxonomy

Clitocybula fuscostriata Q.Na & Y.P.Ge, sp. nov.
MycoBank No: 849407
Figs 2–4

Diagnosis. Pileus with dark-brown striae. Differs from C. striata in having broad-
er basidiospores and lacking hymenial cystidia.

Holotype. China. Zhejiang Province: Baiyun National Forest Park, Liandu Dis-
trict, Lishui City, 2 Aug 2021, Qin Na, Yupeng Ge, Zewei Liu, Yaping Hu, Chang-
jing Liu and Hui Ding, FFAAS1030 (collection number MY0460).

Etymology. Name refers to the pileus with radially fuscous striae.
Description. Pileus 3.0–28.5 mm in diameter, hemispherical at 昀椀rst, then 

convex with depressed centre, expanded with age, infundibuliform with 
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Figure 1. Phylogenetic consensus tree inferred from the Maximum Likelihood (ML) analysis based on a concatenated 
ITS, nrLSU and rpb2 dataset (MLB ≥ 75%, BPP ≥ 0.90 are indicated). The tree is rooted with Mycena purpureofusca. The 

new species and combination are marked by red.
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Figure 1. Continued.



62MycoKeys 105: 49–95 (2024), DOI: 10.3897/mycokeys.105.118826

Qin Na et al.: Five new species of Porotheleaceae (Agaricales, Basidiomycota) from China

deeply umbilicate at the centre when old, thin-昀氀eshed, dry, surface innate-
ly radially Fuscous (XLVI13′′′′k) to Fuscous-Black (XLVI13′′′′m) striate, surface 
somewhat 昀椀brillose, becoming glabrous, radially cracked at margin when old, 
Benzo Brown (XLVI13′′′′i), Hair Brown (XLVI17′′′′i), Fuscous (XLVI13′′′′k) to Fus-
cous-Black (XLVI13′′′′m) at the centre, Pale Smoke Grey (XLVI21′′′′f) in the margin 
when young, Pale Smoke Grey (XLVI21′′′′f) to Smoke Grey (XLVI21′′′′d) with Bone 
Brown (XL13′′′m) at the centre when old. Context thin, white, fragile. Lamellae 
subdecurrent, white, with 1–3 tiers of lamellulae, irregularly intervenose, edges 
concolorous with the face. Stipe 17.0–52.0 × 1.0–2.5 mm, hollow, cylindrical, 
strongly and coarsely grooved, slightly bulbous at the base, fragile, 昀椀nely whit-
ish 昀椀brillose, white in the upper part, Citrine Drab (XL21′′′i) in the base, base 
covered with a few white 昀椀brils. Odour and taste inconspicuous.

Basidiospores (80/4/3) (5.2) 5.4–5.8–6.2 (6.5) × (4.2) 4.3–4.7–5.0 (5.1) μm 
[Q = 1.13–1.34, Q = 1.25 ± 0.050] [holotype (40/2/1) (5.3) 5.5–5.8–6.2 (6.5) × 
(4.2) 4.4–4.6–5.0 (5.1) μm, Q = 1.17–1.32, Q = 1.26 ± 0.040], broadly ellipsoid, 
hyaline in 5% KOH, smooth, thin-walled, guttulate, amyloid. Basidia 22–32 × 
5–9 μm, 2- or 4-spored, clavate, sterigmata 2.5–4.7 × 0.6–1.6 μm. Hymenial 
cystidia absent. Lamellae edge cells scattered, cylindrical, narrowly clavate, 
thin-walled. Lamellar trama subregular; hyphae 3–7 μm wide, thin-walled, hy-
aline, non-dextrinoid. Pileipellis hyphae 4–9 μm wide, smooth; pileocystidia 
70–162 × 7–19 μm, cylindrical or narrowly clavate, apically obtuse, thin-walled, 
hyaline, smooth. Stipitipellis a cutis made up of 3–8 μm wide hyphae, smooth, 
thin-walled; caulocystidia 27–63 × 5–8 μm, cylindrical, clavate, fusoid, apically 
obtuse, thin-walled base, smooth, transparent. Clamps present in all tissues.

Habit and habitat. Scattered on rotten branches or twigs in Acer, Armeniaca, 
Cercidiphyllum, Emmenopterys and Picea mixed forests.

Known distribution. Zhejiang Province, China.
Additional material examined. China. Zhejiang Province: Baiyun National 

Forest Park, Liandu District, Lishui City, 2 Aug 2021, Qin Na, Yupeng Ge, Hui 
Zeng and Yulan Sun, FFAAS1029 (collection number MY0459); Zhejiang Prov-
ince: Baiyun National Forest Park, Liandu District, Lishui City, 2 Aug 2021, Qin 
Na, Yupeng Ge, Zewei Liu, Yaping Hu, Changjing Liu and Hui Ding, FFAAS1031 
(collection number MY0466).

Notes. Clitocybula fuscostriata is considered to be a distinct species in the 
genus on account of its pileus with dark-brown striae, broadly ellipsoid basidio-
spores, absence of cheilocystidia and pleurocystidia and thin-walled pileipellis 
and stipitipellis hyphae. Five recorded species morphologically resemble this 
new species: C. familia (Peck) Singer, C. lacerata (Scop.) Métrod, C. oculata 
(Murrill) H.E. Bigelow, C. striata Dähncke, Contu & Vizzini and C. tilieti (Sing-
er) Singer (Singer 1943; Romagnesi 1968; Bigelow 1973; Lennox 1979; Lud-
wig 2000, 2001; Dähncke et al. 2010; Antonín et al. 2011). Clitocybula striata, 
a new taxon reported from Spain, has certain morphological similarities to C. 

fuscostriata, namely, a grey-brown to brown pileus with dark-brown striae, but 
differs from C. striata in having ellipsoid basidiospores (5–7 × 3.5–4.8 μm; Q 
= 1.5) and presence of utriform or lageniform cheilocystidia (Dähncke et al. 
2010). In contrast to C. fuscostriata, C. tilieti can be easily mistaken for C. stri-

ata, but the pileus of C. tilieti is distinctly viscid and its stipitipellis and caulo-
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Figure 2. Basidiomata of Clitocybula fuscostriata A–D collection FFAAS1029 E–F collection FFAAS1030, holotype 

G–H collection FFAAS1031. Scale bars: 10 mm (A–H).
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Figure 3. Morphological features of Clitocybula fuscostriata (FFAAS1030, holotype) A basidiomata B basidiospores 

C basidia D caulocystidia E pileipellis and pileocystidia. Scale bars: 10 mm (A); 5 μm (B); 10 μm (C–E).
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Figure 4. Microscopic features of Clitocybula fuscostriata (FFAAS1030, holotype) A–E basidiospores F basidia G margin 

of lamellae H lamellar trama I pileipellis and pileocystidia J caulocystidia. Scale bars: 5 μm (A–E); 10 μm (F–J). Struc-

tures were stained with 1% Congo Red aqueous solution before photographing.
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cystidia are thick-walled (Singer 1943; Antonín et al. 2011). Clitocybula lacerata 
(Scop.) Métrod, the type species of Clitocybula, is characterised by its caespi-
tose stipes, beige-grey to pale-grey brown pileus, presence of clavate cheilocys-
tidia and a pileipellis with pale encrusting pigmentation, differentiating it from 
C. fuscostriata (Peck 1878; Breitenbach and Kranzlin 1991; Ludwig 2000, 2001; 
Antonín et al. 2019). Clitocybula oculata (Murrill) H.E. Bigelow and C. familia re-
semble C. fuscostriata in colour and size of the pileus and stipe, but can be dis-
tinguished from the new species by the size and shape of the basidiospores [C. 

oculata basidiospores (8.5–)10–12(–13) × 6–9 μm, broadly ellipsoid or ovate; 
C. familia basidiospores 3.5–5.3(–5.5) × 3.5–5.0 μm, globose, subglobose to 
broadly ellipsoid] (Romagnesi 1968; Bigelow 1973; Lennox 1979; Ludwig 2000, 
2001; Antonín et al. 2011).

Gerronema brunneosquamulosum Q.Na & Y.P.Ge, sp. nov.
MycoBank No: 849408
Figs 5–7

Diagnosis. Differs from G. zhujian in having a fuscous stipe densely covered with 
deep-brown pubescence or scales and by the presence of large basidiospores.

Holotype. China. Zhejiang Province: Baiyun National Forest Park, Liandu 
District, Lishui City, 2 Aug 2021, Qin Na, Yupeng Ge, and Hui Zeng, FFAAS1032 
(collection number MY0481).

Etymology. Name refers to the pileus and stipe covered with dark-brown 
scales.

Description. Pileus 4.5–42.0 mm in diam., applanate and centrally de-
pressed, subumbilicate to umbilicate when young, concave to deeply infundib-
ulate with age, pellucid-striate or sulcate, always ± distinctly radially striped 
with darkened lines, Buffy Brown (XL17′′′k) at the centre, Olive Buff (XL21′′′d) in 
margin when young, Olive Brown (XL17′′′k), Clove Brown (XL17′′′m), Light Grey-
ish-Olive (XLVI21′′′′b) in margin with age, densely covered with tiny, Warm Black-
ish-Brown (XXXIX1′′′m) granules, pubescence or scales, slightly sparse with 
age, dry, lustreless, with a slightly involuted margin. Context white, thin, tough. 
Lamellae narrowly adnexed to subdecurrent, moderately broad, pure white, 
edges concolorous with the sides. Stipe 6.0–32.0 × 1.5–2.0 mm, central, cylin-
drical, almost equal above, white, densely covered with Warm Blackish-Brown 
(XXXIX1′′′m) scales, hollow, base Light Seal Brown (XXXIX9′′′m), slightly swollen 
with tiny, inconspicuous 昀椀ne white hairs. Odourless. Taste mild.

Basidiospores [60/3/2] (9.0) 9.2–10.0–11.2 (12.9) × (4.9) 5.2–5.8–6.6 (7.2) 
μm [Q = 1.54–1.91, Q = 1.73 ± 0.097] [holotype [40/2/1] (9.0) 9.2–10.2–11.2 
(12.9) × (5.3) 5.5–5.9–6.5 (7.2) μm, Q = 1.54–1.90, Q = 1.71 ± 0.086], ellipsoid 
to narrowly ellipsoid, hyaline, guttulate, thin-walled, inamyloid. Basidia 22–39 
× 7–9 μm, hyaline, clavate, 2- or 4-spored, sterigmata 2.3–6.0 × 0.8–2.2 μm. 
Cheilocystidia 23–59 × 6–9 μm, subfusiform, clavate, apex usually swollen, hy-
aline. Pleurocystidia absent. Lamellar trama subregular; hyphae 2–7 μm wide, 
thin-walled, hyaline, inamyloid. Pileus trama subregular, sarcodimitic. Pileipel-
lis hyphae 3–7 μm wide, a cutis, light yellow (2B2); terminal elements clavate 
or utriform with rounded apex, 53–95 × 7–16 μm, Dark Citrine (IV21m), Olive 
Brown (XL17′′′k) to Clove Brown (XL17′′′k) pigmented; true pileocystidia absent. 
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Figure 5. Basidiomata of Gerronema brunneosquamulosum A, B FFAAS1032, holotype C, D collection FFAAS1033 

E, F pileus with granules, fur or scales G, H stipe covered with dark brown scales. Scale bars: 10 mm (A–E); 5 mm (F–H).
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Figure 6. Morphological features of Gerronema brunneosquamulosum (FFAAS1032, holotype) A basidiomata B basidia 

C basidiospores D cheilocystidia E caulocystidia F pileipellis. Scale bars: 10 mm (A); 10 μm (B–F).
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Figure 7. Microscopic features of Gerronema brunneosquamulosum (FFAAS1032, holotype) A–E basidiospores F basidia 

G–J cheilocystidia K lamellar trama L pileipellis and pileocystidia M caulocystidia. Scale bars: 5 μm (A–E); 10 μm (struc-

tures A–K, M were stained with 1% Congo Red aqueous solution and L in 5% KOH aqueous solution before photographing).
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Hyphae of the stipitipellis 5–11 μm wide, hyaline, smooth; caulocystidia long 
cylindrical, sometimes with rounded apex, 40–76 × 5–12 μm, hyaline, thin-
walled. All tissues non-reactive in iodine. Clamps present in all tissues.

Habit and habitat. Solitary to scattered on rotten wood, branches and twigs 
in Acer, Ginkgo, Liriodendron, Picea and Tsuga.

Known distribution. Fujian Province, Zhejiang Province, China.
Additional material examined. China. Fujian Province: Wuyi Mountain, Nan-

ping City, 13 Aug 2021, Qin Na, Yupeng Ge, Junqing Yan, Hui Zeng, and Zewei 
Liu, FFAAS1033 (collection number MY0571).

Notes. Gerronema brunneosquamulosum is unique amongst members of 
Gerronema on account of its fuscous pileus and stipe with dark-brown to black-
ish-brown pubescence or scales, larger basidiospores and a dark-pigmented 
pileipellis. Gerronema zhujian, reported from Anhui and Fujian Provinces in 
China, is the most closely allied congener of G. zhujian on the basis of the brown 
colouration of the umbilicus of its pileus, its whitish stipe and similarly-shaped 
cheilocystidia and terminal elements of the pileipellis (Na et al. 2022a). This 
taxon differs from G. brunneosquamulosum in having a pruinose white stipe, 
subdecurrent to decurrent lamellae and possessing smaller basidiospores (Na 
et al. 2022a). Two species of Omphalina Quél., characterised by dark pigments 
in the pileus, have been described from Argentina–Omphalina depauperata 
(Singer) Raithelh. and O. subpallida (Singer) Raithelh., formerly named Gerrone-

ma subpallidum Singer and G. depauperatum Singer, respectively. These two 
species most closely resemble G. brunneosquamulosum, but differ in having 
an unornamented stipe, ellipsoid basidiospores and no cheilocystidia (Singer 
1970). Other species of Gerronema, such as G. nemorale and G. strombodes, 
are well characterised with a distinctly yellow, yellowish-orange, olive-yellow to 
yellowish-brown pileus and their micromorphological features are also differ-
ent (Singer 1970; Antonín et al. 2008; Latha et al. 2018). Species of Trogia, es-
pecially Trogia fulvochracea Corner (p.31) and Trogia mycenoides (p.53) Corner, 
share some similarities with the new taxon (Corner 1991). Trogia fulvochracea, 
however, has a fulvous or cinnamon-ochraceous pileus, a smooth white stipe 
and smaller basidiospores (7–9.5 × 4.5–6.0 μm). Trogia mycenoides differs in 
having a smaller pileus (5–30 mm in diam.), ellipsoid basidiospores and clav-
ate to subglobose cheilocystidia; in addition, true pileocystidia are present, but 
are soon evanescent (Corner 1991).

Leucoinocybe subglobispora Q.Na & Y.P.Ge, sp. nov.
MycoBank No: 849409
Figs 8–10

Diagnosis. Pileus dark brown. Basidiospores subglobose to broadly ellipsoid. 
Pileocystidia and caulocystidia thick-walled. Differs from L. lishuiensis in hav-
ing broader basidiospores.

Holotype. China. Zhejiang Province: Tianmu Mountain, Hangzhou City, 1 Aug 
2021, Qin Na, Yupeng Ge, Zewei Liu and Yulan Sun, FFAAS1034 (collection num-
ber MY0444).

Etymology. Name refers to the subglobose to broadly ellipsoid basidio-
spores.
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Description. Pileus 2.5–8.0 mm in diameter, hemispherical or campanulate 
when young, becoming campanulate with age, umbilicate at the centre, sul-
cate, 昀椀nely granulose all over, Dark Livid Brown (XXXIX1′′′k), Benzo Brown (XL-
VI13′′′′i) to Fuscous (XLVI13′′′′k) at the centre, Pale Smoke Grey (XLVI21′′′′f) in the 
margin, uplifted or recurved at the margin and sometimes rimose in age, dry. 
Context white, thin, fragile. Lamellae adnexed to slightly subdecurrent, white, 
with 1–2 tiers of lamellulae, edges concolorous with the face. Stipe 9.5–14.0 
× 1.0–1.5 mm, equal or slightly broadened at the base, hollow, fragile, white, 
sometimes inconspicuous Pale Olive-Buff (XL21′′′d) at the base, densely pru-
inose, but sparsely with age, base covered with small white 昀椀brils. Odour and 
taste indistinctive.

Basidiospores (60/3/2) (5.6) 5.8–6.4–7.1 (7.5) × (4.8) 5.0–5.6–6.5 (6.8) μm 
[Q = 1.06–1.27, Q = 1.16 ± 0.054] [holotype (40/2/1) (5.7) 5.9–6.5–7.2 (7.5) × 
(4.9) 5.0–5.5–6.5 (6.8) μm, Q = 1.07–1.27, Q = 1.18 ± 0.052], subglobose to 
broadly ellipsoid, hyaline in 5% KOH, smooth, thin-walled, guttulate, amyloid. 
Basidia 28–37 × 7–9 μm, 4-spored, clavate, sterigmata 1.4–2.7 × 0.8–1.7 μm. 
Cheilocystidia 28–62 × 9–15 μm, distinct, 昀氀exuose, narrowly utriform, fusoid or 
lageniform, subcapitate, thin-walled, hyaline. Pleurocystidia absent. Lamellae 
trama subregular; hyphae 2–6 μm wide, thin-walled, hyaline, amyloid. Pileipellis 
hyphae 2–8 μm wide, smooth; pileocystidia 62–116 × 10–19 μm, lageniform, 
subulate, apically obtuse, distinctly 0.8–1.8 μm thick-walled, with a thin-walled 
base, hyaline, smooth. Stipitipellis a cutis made up of 3–9 μm wide hyphae, 
smooth, thin-walled; caulocystidia 34–62 × 5–10 μm, subulate, fusoid, lageni-
form, sometimes clavate, always thick-walled in the middle part and with a thin-
walled base, smooth, transparent. Clamps present in all tissues.

Habit and habitat. Solitary or scattered on rotten wood or branches in Acer, 
Armeniaca, Cercidiphyllum, Emmenopterys and Picea mixed forests.

Known distribution. Zhejiang Province, China.
Additional material examined. China. Zhejiang Province: Baiyun National 

Forest Park, Liandu District, Lishui City, 2 Aug 2021, Qin Na, Yupeng Ge, Zewei 
Liu, Yaping Hu and Hui Ding, FFAAS1035 (collection number MY0475).

Notes. Leucoinocybe subglobispora is considered to be a distinct species of 
Leucoinocybe on account of its subdecurrent lamellae, subglobose to broadly 
ellipsoid basidiospores, thick-walled pileocystidia and caulocystidia and sapro-
phytic habitat. Leucoinocybe lenta, the type species of Leucoinocybe, also has a 
white stipe and lamellae, similarly-shaped cheilocystidia and thick-walled pile-
ocystidia, but differs from the new species by the presence of a reddish-brown 
pileus with pinkish shades or pale pinkish-beige at the centre that fades to white 
towards the margin, larger basidiomata and ellipsoid basidiospores [(5.3)6.0–
7.3(7.9) × (3.8)4.0–4.5(5.1) μm] (Gröger 2006; Eyssartier and Roux 2011; An-
tonín et al. 2019; Kaygusuz et al. 2020). Leucoinocybe taniae (= Clitocybula 

昀氀avoaurantia) resembles L. subglobispora in having a brown pileus, white and de-
current lamellae and a white stipe with a brownish base, but differs in possess-
ing the following features: a reddish-yellow pileus when old, larger and broadly 
amygdaliform spores (6.2–7.8 × 4.8–7.0 μm) and thin-walled pileocystidia and 
caulocystidia (Vila 2002; Contu 2003; Malysheva and Morozova 2011; Antonín 
et al. 2019). Leucoinocybe sulcata, recently described as a new taxon from India, 
is easily distinguished from the new species by the presence of greyish-orange 
to brown basidiomata, a larger pileus (13–52 mm in diam.), broadly ellipsoid 
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Figure 8. Basidiomata of Leucoinocybe subglobispora A–E collection FFAAS1034, holotype F–G collection FFAAS1035. 

Scale bars: 10 mm (A–G).
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Figure 9. Morphological features of Leucoinocybe subglobispora (FFAAS1034, holotype) A basidiomata B basidiospores 

C cheilocystidia D basidia E caulocystidia F pileocystidia. Scale bars: 5 mm (A); 10 μm (B–F).
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Figure 10. Microscopic features of Leucoinocybe subglobispora (FFAAS1034, holotype) A–E basidiospores F basidia 

G–J cheilocystidia K lamellar trama L pileipellis and pileocystidia M caulocystidia. Scale bars: 5 μm (A–E); 10 μm (F–M). 
Structures were stained with 1% Congo Red aqueous solution before photographing.
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to subamygdaliform basidiospores (5.0–6.5 × 4.0–5.5 μm; Q = 1.1–1.5) and 
thin-walled caulocystidia and the absence of pileocystidia (Latha et al. 2015). 
Leucoinocybe lishuiensis, reported as a new species from south-eastern China 
in our previous study, can be easily mistaken for L. subglobispora on account 
of having an identical habit and habitat, a small, pure-brown pileus, slightly de-
current lamellae, similarly-shaped cheilocystidia and thick-walled pileocystidia 
and caulocystidia; however, the narrowly ellipsoid basidiospores and smaller 
pileocystidia of L. lishuiensis can be used to distinguish this species from L. 

subglobispora (Na et al. 2021). Another new combination of Leucoinocybe, L. au-

ricoma (Har. Takah.) Matheny, originally named Mycena auricoma Har. Takah., is 
also comparable to the present species in having thick-walled pileocystidia and 
caulocystidia; however, L. auricoma has a yellowish-orange 昀氀occulent pileus and 
stipe, ovoid-ellipsoid to ellipsoid basidiospores (5–7 × 3–4 μm) and pileocystidia 
and caulocystidia with yellow contents (Takahashi 1999; Matheny et al. 2020).

Marasmiellomycena albodescendens (J.A. Cooper) Q.Na & Y.P.Ge, comb. nov.
MycoBank No: 851718

Basionym. Porotheleum albodescendens J.A. Cooper, in Consiglio, Vizzini, Coo-
per, Marchetti, Angelini, Brugaletta & Setti, Riv. Micol. 64(2): 117, 2022.

Type specimen. Holotype: New Zealand: North Island, Taupo, Tauhara Cen-
tre, 15 May 2011, PDD 96321.

Selected description. Consiglio et al. (2022).
Distribution. New Zealand.
Notes. Marasmiellomycena albodescendens has marasmielloid basidiomes, 

a pure-white pileus, relatively large spores, no hymenial cystidia and abundant, 
thick-walled pileocystidia and caulocystidia with yellowish contents. Unlike oth-
er species of Marasmiellomycena possessing a yellow, reddish-brown or yel-
lowish-brown pileus, M. albodescendens can be easily recognised by its white 
pileus. The pileus of Marasmiellomycena albodescendens is macromorpholog-
ically more similar to some species of Marasmiellus Murrill (Stevenson 1964); 
however, its micromorphological characteristics place this species in Maras-

miellomycena, consistent with the results of our phylogenetic analysis (Fig. 1). 
Marasmiellomycena albodescendens has been infrequently collected in New 
Zealand, but is probably common and widespread and grows on small, dead, 
fallen branches and twigs in indigenous scrub and broad-leaf forests in late 
summer and autumn (Consiglio et al. 2022).

Marasmiellomycena tomentosa Q.Na & Y.P.Ge, sp. nov.
MycoBank No: 851717
Figs 11–14

Diagnosis. Pileus and stipe distinctly tomentose. Pileus dark brown, subsqua-
mulose. Basidiospores narrowly ellipsoid, slightly amyloid. Hymenial cystid-
ia absent. Pileipellis and stipitipellis sarcodimitic, hyphae thick-walled with 
yellowish-brown pigments. Pileocystidia and caulocystidia thick-walled with 
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yellow contents. Differs from M. pseudoomphaliiformis by possessing a dis-
tinctly tomentose, dark-brown subsquamulose pileus, narrowly ellipsoid basid-
iospores and absence of cheilocystidia.

Holotype. China. Zhejiang Province: Tianmu Mountain, Hangzhou City, 30 
Jul 2021, Qin Na, Zewei Liu, Yulan Sun and Yupeng Ge, FFAAS1036 (collection 
number MY0421).

Etymology. Name refers to the tomentose to subsquamulose pileus.
Description. Pileus 0.5–18.5 mm in diameter, at 昀椀rst convex or campanu-

late, soon expanding to plano-convex, always depressed to umbilicate at the 
centre, surface dry, densely covered with minute white (LIII) pubescence, to-
mentose all over, subsquamulose, ground colour Verona Brown (XXIX13′′k) to 
Warm Sepia (XXIX13′′m), Mustard Yellow (XVI19′b), Old Gold (XVI19′i) to Buffy 
Citrine (XVI19′k), Saccardo’s Olive (XVI19′m) at the centre, fading to Wax Yel-
low (XLVI21′′′′f) when old, margin slightly sulcate, uplifted or recurved in age. 
Context thin, Primrose Yellow (XXX23′′d). Lamellae decurrent to subdecurrent, 
Wax Yellow (XLVI21′′′′f), Mustard Yellow (XVI19′b), with 1–2 tiers of lamellulae, 
edges concolorous with the face, slightly 昀椀mbriate edge. Stipe 7.5–21.0 × 1.0–
1.6 mm, central, terete, curved, equal or slightly broadened at the base, hollow 
or stuffed, dry, Mustard Yellow (XVI19′b) in the upper part, Saccardo’s Olive 
(XVI19′m), Benzo Brown (XLVI13′′′′i), Fuscous (XLVI13′′′′m), Deep Greyish-Olive 
(XLVI21′′′′b) towards the base, densely and minutely silky-昀椀brillose and white 
(LIII) pruinose-昀氀occose to tomentose throughout, base covered with white my-
celium. Odour indistinct to fungoid, taste mild.

Basidiospores (80/4/3) (6.8) 7.2–7.6–8.2 (8.4) × (3.7) 3.9–4.1–4.5 (4.6) μm 
[Q = 1.75–1.98, Q = 1.83 ± 0.052] [holotype (40/2/1) (6.8) 7.2–7.7–8.4 × 3.9–
4.2–4.6 μm, Q = 1.75–1.98, Q = 1.82 ± 0.050], narrowly ellipsoid, hyaline in 5% 
KOH, smooth, thin-walled, multiguttulate, slightly amyloid. Basidia 20–35 × 5–8 
μm, 2- or 4-spored, clavate, sterigmata 2.2–4.8 × 0.6–1.6 μm. Hymenial cystidia 
absent. Lamellar trama subregular; hyphae 3–10 μm wide, with 0.5–1.0 µm 
thick-walled, light yellow, dextrinoid. Pileipellis hyphae 3–8 μm wide, sarcodim-
itic, cutis, smooth, 0.4–1.0 μm thick-walled, with intracellular yellowish-brown 
pigment; pileocystidia 38–223 × 5–12 μm, in clusters, narrowly subulate or nar-
rowly lageniform to fusiform with very long and tapering neck, distinctly 0.6–
1.5 μm thick-walled, yellow, smooth. Stipitipellis made up of cylindrical, 4–9 µm 
wide hyphae, sarcodimitic, smooth, 0.5–1.0 μm thick-walled, with intracellular 
brownish-orange pigment; caulocystidia 45–327 × 5–9 μm, similar to the pileo-
cystidia, but usually longer, 0.5–1.3 μm thick-walled, smooth, with intracellular 
yellowish pigment. Clamps present in all tissues.

Habit and habitat. Solitary or scattered on rotten branches, twigs and wood de-
bris in Acer, Armeniaca, Cercidiphyllum, Emmenopterys and Picea mixed forests.

Known distribution. Zhejiang Province, China.
Additional material examined. China. Zhejiang Province: Tianmu Moun-

tain, Hangzhou City, 30 Jul 2021, Qin Na, Zewei Liu, Yulan Sun and Yupeng Ge, 
FFAAS1037 (collection number MY0422); Zhejiang Province: Tianmu Moun-
tain, Hangzhou City, 1 Aug 2021, Qin Na, Zewei Liu, Yulan Sun and Yupeng Ge, 
FFAAS1038 (collection number MY0443).
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Figure 11. Basidiomata of Marasmiellomycena tomentosa A–D collection FFAAS1036, holotype E, F collection FFAAS1037 

G, H collection FFAAS1038. Scale bars: 10 mm (A–H).
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Figure 12. Morphological features of Marasmiellomycena tomentosa (FFAAS1036, holotype) A basidiomata B basidio-

spores C basidia D pileipellis and pileocystidia. Scale bars: 10 mm (A); 10 μm (B–D).
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Figure 13. Morphological features of Marasmiellomycena tomentosa (FFAAS1036, holo-

type) A stipitipellis and caulocystidia. Scale bars: 10 μm (A).

Notes. Marasmiellomycena tomentosa is a rare thermophilous species report-
ed from south-eastern areas of China from July to August on rotten branches, 
twigs and woody debris of deciduous and coniferous trees (Acer, Armeniaca, Cer-

cidiphyllum, Emmenopterys and Picea). The most distinctive characteristics of 
this species are a tomentose, brown subsquamulose pileus, a tomentose stipe, 
narrowly ellipsoid and slightly amyloid basidiospores, the absence of hymenial 
cystidia and thick-walled pileipellis, stipitipellis, pileocystidia and caulocystidia 
with yellow or brownish-orange contents. Species morphologically most close-
ly allied to Marasmiellomycena tomentosa include M. omphaliiforme, M. pseu-

doomphaliiformis and M. albodescendens. Marasmiellomycena pseudoomphalii-
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Figure 14. Microscopic features of Marasmiellomycena tomentosa (FFAAS1036, holotype) A–E basidiospores F basidia 

G–J lamellae margin. Scale bars: 5 μm (A–E); 10 μm (F–J). Structures were stained in 5% KOH aqueous solution before 
photographing.
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formis resembles M. tomentosa by the presence of a pale beige to brown pileus 
with 昀椀nely tomentose to pubescent pileus, but differs in having white to cream-
white or beige lamellae rather than yellow, ellipsoid to ellipsoid-fusiform basid-
iospores [(6.5–)7.0–9.0(–9.5) × 4.0–5.5 µm] and clavate, fusiform to lageniform 
cheilocystidia (Senanayake et al. 2023). Marasmiellomycena omphaliiforme is 
considered to be a closely-related taxon with evident a昀케nities to M. tomentosa–
not only regarding its phylogenetic placement, but also in terms of morphologi-
cal features (Kühner and Romagnesi 1954; Antonín and Noordeloos 1993, 1997; 
Consiglio et al. 2022; Senanayake et al. 2023). The two species resemble one 
another in having a similarly-coloured pileus and stipe, similarly-shaped basid-
iospores, pileocystidia and caulocystidia and a yellowish-pigmented pileipellis 
and stipitipellis; however, the minutely pubescent, granulose to subsquamulose 
pileus, as well as the relative abundance of cheilocystidia, appear to be vari-
able characters in M. omphaliiforme in contrast to the new species (Kühner and 
Romagnesi 1954; Antonín and Noordeloos 1993, 1997; Consiglio et al. 2022). 
According to the description of Consiglio et al. (2022), Marasmiellomycena albo-

descendens from New Zealand has a pure-white pileus, a thin-walled pileipellis 
and larger basidiospores (9.6 ± 0.7 µm × 5.2 ± 0.4 µm).

Pulverulina 昀氀avoalba Q.Na & Y.P.Ge, sp. nov.
MycoBank No: 849410
Figs 15–17

Diagnosis. Pileus white to light orange yellow. Basidiospores cylindrical. Hy-
menial cystidia absent. Lamellar trama, pileipellis and stipitipellis hyphae thin-
walled. Differs from Pu. ulmicola in having larger and longer basidiospores and 
possessing thin-walled lamellar trama, pileipellis and stipitipellis hyphae.

Holotype. China. Guangxi Zhuang Autonomous Region: Liangfengjiang 
National Forest Park, Nanning City, 13 Jul 2022, Yupeng Ge and Renxiu Wei, 
FFAAS1039 (collection number MY0863).

Etymology. Name refers to the white to light-yellow pileus and stipe.
Description. Pileus 1.2–5.8 mm in diameter, arched or plano-convex with a 

slight depression at the centre when young, becoming more depressed with 
age; translucent striate, 昀氀occose or granulose, glabrescent when old, surface 
dull, dry; white (LIII) when young, aniline yellow (IV19i) or light orange-yellow (II-
I17d) at the centre and in the margin with age, margin decurved. Context white, 
thin, not fragile. Lamellae decurrent, white, orange citrine (IV19k) tinged when 
old, with 1–2 tiers of lamellulae, edges even, medium-broad. Stipe 1.6–14.4 × 
0.5–1.0 mm, terete or slightly broadened at the base, curved, dry, white, with a 
pruinose, pubescent or 昀椀brillose surface, sparser with age, hollow, not fragile, 
white, sometimes aniline yellow (IV19i), light orange-yellow (III17d) in the middle 
and at the base; base covered with white mycelium. Odour absent, taste mild.

Basidiospores (60/3/2) (6.8) 7.0–7.9–8.8 (9.1) × (3.3) 3.7–4.1–4.4 (4.7) μm 
[Q = 1.81–2.19, Q = 1.93 ± 0.099] [holotype (40/2/1) (6.8) 7.0–7.8–8.9 (9.1) × 
(3.3) 3.7–4.1–4.4 (4.7) μm, Q = 1.77–2.19, Q = 1.92 ± 0.084], cylindrical, hyaline 
in 5% KOH, smooth, thin-walled, guttulate, inamyloid, with a small, but discernible 
apiculus. Basidia 21–30 × 4–6 μm, 2- or 4-spored, clavate, sterigmata 1.9–5.6 
× 0.6–1.6 μm. Hymenial cystidia absent. Lamellar trama subregular to interwo-
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Figure 15. Basidiomata of Pulverulina 昀氀avoalba A–D collection FFAAS1039, holotype E–H collection FFAAS1040. Scale 

bars: 5 mm (A–H).
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Figure 16. Morphological features of Pulverulina 昀氀avoalba (FFAAS1039, holotype) A basidiomata B basidia C basidio-

spores D caulocystidia E pileipellis. Scale bars: 2 mm (A); 10 μm (B, D, E); 5 μm (C).
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Figure 17. Microscopic features of Pulverulina 昀氀avoalba (FFAAS1039, holotype) A–E basidiospores F basidia G lamellae 

margin H lamellar trama I pileipellis J caulocystidia. Scale bars: 5 μm (A–E); 10 μm (F–J). Structures A–F were stained 

in 5% KOH aqueous solution and G–J with 1% Congo Red aqueous solution before photographing.
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ven; hyphae 5–15 µm wide, hyaline, thin-walled. Pileipellis a cutis of cylindrical 
hyphae 3–7 µm wide, smooth; end cells often protruding, 35–105 × 3–12 μm, cy-
lindrical, subfusiform, apically obtuse, thin-walled, hyaline, smooth. Stipitipellis 
hyphae 3–8 μm wide, smooth, thin-walled; caulocystidia 19–50 × 4–9 μm, clav-
ate, subfusiform, thin-walled, smooth, transparent. Clamps present in all tissues.

Habit and habitat. Scattered to gregarious on rotten wood, branches or fruits 
in mixed forests of Acacia, Ficus, Ilex, Parashorea, Picea and Trachycarpus etc.

Known distribution. Guangxi Zhuang Autonomous Region, China.
Additional material examined. China. Guangxi Zhuang Autonomous Region: 

Liangfengjiang National Forest Park, Nanning City, 13 Jul 2022, Yupeng Ge and 
Renxiu Wei, FFAAS1040 (collection number MY0865).

Notes. Clitocybe ulmicola H.E. Bigelow was established by Bigelow in 1982 and 
published as a new combination, Pulverulina ulmicola (H.E. Bigelow) Matheny 
& K.W. Hughes (Matheny et al. 2020). The description of Pulverulina ulmicola 
modi昀椀ed from Bigelow (1982) includes observations based on recent American 
material (Matheny et al. 2020). As far as we know, only Pulverulina ulmicola has 
previously been included in the genus and has had morphological features de-
scribed in detail (Bigelow 1982; Matheny et al. 2020). In appearance, Pulverulina 

ulmicola is a small, whitish, marasmioid fungus, with small basidiomata, distant 
decurrent lamellae, a tough texture, interwoven gill trama, long cylindrical cau-
locystidia and short, ellipsoid, smooth basidiospores and occurs on the bark of 
living Ulmus and Quercus trees. Our collections of Pulverulina 昀氀avoalba from the 
Guangxi Zhuang Autonomous Region represent a taxon that is distinct from Pul-

verulina ulmicola, as compared to the macroscopic and microscopic characters 
described by Matheny et al. (2020). Pulverulina ulmicola differs from P. 昀氀avoalba 
in having a white or whitish to very pale brown or faintly greyish pileus, broadly 
ellipsoid to ovoid basidiospores and lamellar trama, pileipellis and stipitipellis 
hyphae with thickened walls (Matheny et al. 2020). The Pulverulina genus com-
prises two additional species besides Pulverulina ulmicola, namely Pulverulina 

cyathella (J. Favre & Schweers ex Kuyper) Chalange & P.-A. Moreau and Pulveru-

lina praticola (Kuyper, Arnolds & P.-J. Keizer) Chalange & P.-A. Morea. These two 
species were transferred to Pulverulina by Chalange and Moreau (2023) from 
their previous classi昀椀cation under Omphalina. Both species can be readily dis-
tinguished from Pulverulina 昀氀avoalba based on their spore size and morphology. 
Speci昀椀cally, the spores of Pulverulina praticola [(6.0-)6.5-8.0(-8.5) × (5.0-)5.5-
6.5(-7.0) μm] are noticeably wider than those of Pulverulina 昀氀avoalba, resulting 
in a signi昀椀cantly lower Q value (Q = 1.1-1.3, Q

mean
 = 1.2) compared to Pulverulina 

昀氀avoalba (Kuyper et al. 1997). Similarly, Pulverulina cyathella also exhibits wider 
spores [(5.5-)6.5-7.0 × (5.0-)6.0-6.5 μm] and are (sub)globose in shape, distin-
guishing them from the cylindrical spores of Pulverulina 昀氀avoalba (Kuyper 1996).

Key to 22 species belonging to nine genera of Porotheleaceae in China

1 Lamellae not well developed .........................................Delicatula integrella

– Lamellae well developed ...............................................................................2
2 Pileocystidia present .....................................................................................3
– Pileocystidia absent ......................................................................................9
3 Cheilocystidia not seen .............................. Marasmiellomycena tomentosa

– Cheilocystidia abundant ...............................................................................4
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4 Basidiospores inamyloid Megacollybia ........................................................5
– Basidiospores amyloid ..................................................................................6
5 Cheilocystidia digitate, narrowly or broadly clavate or sphaeropeduncu-

late, rarely with short apical outgrowths .......................... Me. clitocyboidea

– Cheilocystidia clavate, without outgrowths ......................... Me. platyphylla

6 Cheilocystidia distinctly thick-walled overall Leucoinocybe .......................7
– Cheilocystidia thin-walled or slightly thick-walled in the base Clitocybula ...8
7 Basidiospores narrowly ellipsoid .............................................L. lishuiensis

– Basidiospores subglobose to broadly ellipsoid................. L. subglobispora

8 Basidiospores (5.2) 5.4–5.8–6.2 (6.5) × (4.2) 4.3–4.7–5.0 (5.1) μm, broad-
ly ellipsoid ............................................................................... C. fuscostriata

– Basidiospores 3.5–5.3(–5.5) × 3.5–5.0 μm, globose, subglobose to broad-
ly elliptic ...........................................................................................C. familia

9 Pileus trama sarcodimitic ...........................................................................10

– Pileus trama not sarcodimitic ....................................................................18

10 Basidiospores inamyloid ...................................................... Trogia venenata

– Basidiospores amyloid Gerronema............................................................. 11

11 Basidiomata distinctly small (Pileus < 9 mm in diam.) ...... G. microcarpum

– Basidiomata moderately small (Pileus > 9 mm in diam.) .........................12

12 Pleurocystidia present ....................................................... G. chrysocarpum

– Pleurocystidia absent ..................................................................................13

13 Pileus blue............................................................................... G. indigoticum

– Pileus not blue .............................................................................................14

14 Pileus and stipe pure white ...........................................................G. albidum

– Pileus yellow to brown, stipe white to yellowish-brown ............................15

15 Pileus without pubescence or scales ........................................................16

– Pileus densely covered with deep brown pubescence or scales .............17

16 Cheilocystidia up to 48 μm long ....................................... G. baishanzuense

– Cheilocystidia less than 35 μm long ..........................................G. nemorale

17 Stipe without fuscous pubescence or scales, basidiospores (6.3) 6.7–
7.4–8.0 (8.5) × (3.2) 3.7–4.1–4.6 (4.8) μm .................................. G. zhujian

– Stipe with deep brown fuscous pubescence or scales, basidiospores (9.0) 
9.2–10.0–11.2 (12.9) × (4.9) 5.2–5.8–6.6 (7.2) μm .....................................
 ................................................................................G. brunneosquamulosum

18 Cheilocystidia absent ...................................................Pulverulina 昀氀avoalba
– Cheilocystidia present .................................................................................19

19 Dermatocystidia inconspicuous and rare ..........Pseudohydropus 昀氀occipes
– Dermatocystidia abundant Hydropus .........................................................20

20 Carpophore blackening when touched or bruised ........................ H. nigrita

– Carpophore not blackening in any part when touched or bruised ...........21

21 Basidiospores ellipsoid ...........................................................H. marginellus

– Basidiospores broadly ellipsoid ...................................................H. atriceps

Discussion

Previous molecular phylogenetic analyses of the so-called hydropoid clade and 
the Porotheleaceae have been conducted, based on various combinations of 
ITS, 28S, 18S, 5.8S, 25S, rpb1 and rpb2 loci (Moncalvo et al. 2002; Matheny et al. 
2006, 2020; Antonín et al. 2019; Vizzini et al. 2019, 2022; Consiglio et al. 2022; 
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Senanayake et al. 2023). In the present study, we chose three regions, namely, 
ITS, nrLSU and rpb2, to analyse phylogenetic relationships in Porotheleaceae. 
Phylogenetic analyses, based on a combined dataset of these three loci, indi-
cated that Marasmiellomycena comprising four species and Pulverulina, com-
prising two species, constitute monophyletic clades within Porotheleaceae. 
We thus report new records in China for two genera, Marasmiellomycena and 
Pulverulina, which cover two new species and a new combination. Marasmi-

ellomycena now includes two new species, namely M. tomentosa and M. al-

bodescendens. Additionally, the species previously identi昀椀ed as Porotheleum 

albodescendens has been combined as Marasmiellomycena albodescendens, 
representing a new combination within the Marasmiellomycena, all well char-
acterised by having agaricoid basidiomata. On the basis of macromorphology 
and phylogenetic a昀케nities, we have only retained one species in Porotheleum–

the type species, Porotheleum 昀椀mbriatum (Pers.) Fr., which is distinguished 
by its fruiting clusters of small cup-shaped to tubular cream cyphelloid basid-
iomes that are densely crowded on a common membranous, resupinate subic-
ulum/stroma with a broad rhizomorphic margin (Cooke 1989). Our results also 
agreed with Senanayake et al. (2023) that the genus Vizzinia contains two spe-
cies V. dominingense and V. nigripes, which forms a well-supported lineage and 
the phylogenetic positions of Porotheleum albidum and Porotheleum parvulum 
are unclear.

Morphologically, Marasmiellomycena is easily recognisable as an omphali-
noid mushroom in the 昀椀eld owing to its pileus that is depressed to umbilicate 
at the centre, decurrent to subdecurrent lamellae, dark-coloured stipe, sarcod-
imitic structure and thick-walled caulocystidia with contents. Marasmiellomy-

cena is most similar to Vizzinia, but Vizzinia differs in basidiomata turning 
brownish on handling, distinctly squamulose pileus, weakly amyloid spores 
and absence of cheilocystidia. Pulverulina resembles Clitocybula in being an 
omphalinoid basidiocarps with decurrent lamellae, but can be distinguished 
by pruinose stipes, inamyloid basidiospores and absence of hymenial cystidia. 
Gerronema, Megacollybia and Trogia are more similar to Marasmiellomycena 
on the basis of their sarcodimitic structure. Marasmiellomycena can be readily 
discriminated in possessing dark-coloured stipe, inamyloid basidiospores and 
thick-walled caulocystidia with yellow to yellowish-brown pigments. Pulveruli-

na species are characterised by their inamyloid basidiospores, non-sarcodim-
itic structure, thin-walled caulocystidia and non-pigmented pileocystidia and 
caulocystidia.

Our multi-gene phylogenetic analysis divided Gerronema into several high-
ly-supported clades. This 昀椀nding is consistent with the analyses of Antonín et 
al. (2019), Vizzini et al. (2019, 2022), Matheny et al. (2020) and Na et al. (2022a), 
who have reported that Gerronema is a non-monophyletic genus comprising 
several unrelated clades. The type of Gerronema has not been sequenced so it 
is unclear which belongs to Gerronema sensu stricto. Other genera in Porothe-
leaceae, namely, Chrysomycena, Clitocybula, Delicatula, Hydropodia, Hydropus, 
Leucoinocybe, Marasmiellomycena, Megacollybia, Pulverulina, Trogia and Vizz-

inia are monophyletic in previous phylogenetic studies as well as the present 
one (Matheny et al. 2020; Consiglio et al. 2022; Vizzini et al. 2022; Senanayake 
et al. 2023). Hydropodia subalpina (Höhn.) Vizzini, Consiglio & M. Marchetti, a 
new combination from Hydropus, is not related to Hydropus s. s.–which corre-
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sponds to the clade including the type species Hydropus fuliginarius (Batsch) 
Singer in the phylogenetic classi昀椀cation of Consiglio et al. (2022). In addition, 
Consiglio et al. (2022) consider Hydropodia to be sister to the Porotheleum 
clade; in our studies, however, Hydropodia is closer to Pseudohydropus and 
forms a sister clade.

Several species of Porotheleaceae have been reported to be edible or 
have toxic or ecological effects. Megacollybia platyphylla (Pers.) Kotl. & Pou-
zar (Dai et al. 2010), are known to be edible, whereas Trogia venenata Zhu 
L. Yang, Yan C. Li & L.P. Tang has caused hundreds of deaths in south-west-
ern China (Yang et al. 2012). Current evidence regarding the edibility and 
ecological functions of other Porotheleaceae species is insu昀케cient. Spe-
ci昀椀cally, whether they engage in symbiotic or saprophytic relationships with 
plants, as well as their roles within ecosystems, remains unclear. Although 
it is uncertain if these species exhibit symbiosis (and likely absent), future 
studies may uncover their capabilities to promote seed germination, simi-
lar to some Mycena species or possessing characteristics like biolumines-
cence. Further research is needed to investigate the edibility and ecological 
role of Porotheleaceae.
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Abstract

Phylogenetic and morphological analyses on Perenniporia s.l. were carried out. Phy-

logenies on Perenniporia s.l. are reconstructed with two loci DNA sequences including 

the internal transcribed spacer (ITS) regions and the large subunit (nLSU). Two new 
species from Yunnan Province, southwest China, Perenniporia prunicola and P. rosicola 

in Perenniporia s.l., are illustrated and described. Perenniporia prunicola is characterised 

by the perennial and resupinate basidiomata with a clay pink pore surface when fresh, 

a trimitic hyphal system, the presence of clavate to fusiform hymenial cystidia, ellipsoid 

to broadly ellipsoid basidiospores measuring 4.8–6.2 × 3.6–4.5 µm. Perenniporia rosi-

cola is characterised by annual and resupinate basidiomata with a white pore surface 

when fresh, a dimitic hyphal system, the presence of dendrohyphidia, broadly ellipsoid 

to subglobose basidiospores measuring 5–5.8 × 4–5.2 μm. In addition, Crassisporus is 

a genus in Perenniporia s.l., in which two new combinations Crassisporus minutus and 

C. mollissimus are proposed. Main morphological characteristics of species related to 

new taxa are also provided.

Key words: Phylogeny, polypore, taxonomy, wood-decaying fungi

Introduction

Perenniporia Murrill (Polyporales, Basidiomycetes) is typi昀椀ed by P. medulla‐pa-

nis (Jacq.) Donk and it is one of the species-rich genera of Polyporales. Tradi-
tionally, it is characterised by annual to perennial, resupinate, effused-re昀氀exed 
to pileate basidiomata with a varied coloured pore surface when fresh, a dimitic 
to trimitic hyphal system with generative hyphae bearing clamp connections, 
variably dextrinoid and cyanophilous skeletal hyphae, ellipsoid, broadly ellip-
soid to subglobose, mostly thick-walled and truncate variably dextrinoid, cyano-
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philous basidiospores and causing a white rot in dead angiosperm and gym-
nosperm woods (Ryvarden and Gilbertson 1994; Decock and Ryvarden 1999; 
Zhao et al. 2013a; Cui et al. 2019; Ji et al. 2023).

Perenniporia was established by Murrill in 1942 just with two species, P. uni-

ta (Pers.) Murrill (Basionym: Polyporus unitus Pers.) and P. nigrescens (Bres.) 
Murrill (Basionym: Poria nigrescens Bres.), none of which was regarded as the 
type species (Murrill 1942). Then P. unita was combined into different genera 
by other mycologists, viz. Fibuloporia unita (Pers.) Bondartsev, Fomes unitus 
(Pers.) J. Lowe and Fomitopsis unita (Pers.) Bondartsev (Bondartsev 1953; 
Lowe 1955), as well as being designated the lectotype of Perenniporia by Cooke 
(1953). Decock and Stalpers (2006) re-discussed the relationship and status of 
Polyporus unitus and Boletus medulla-panis Jacq., though they are synonymous 
and the latter has been normally regarded as the type species of Perenniporia in 
previous studies (Donk 1960; Ryvarden 1972a; Gilbertson and Ryvarden 1987; 
Ryvarden and Gilbertson 1994). In addition, they demonstrated Pol. unitus is 
not a synonym of B. medulla-panis, the latter of which was selected as the type 
of Perenniporia (Decock and Stalpers 2006). For now, Poria nigrescens as a 
synonym of Physisporinus crocatus (Pat.) F. Wu, Jia J. Chen & Y.C. Dai was 
described from Hungary and it has a perennial basidiomata, erubescent pores 
(white when fresh, then “carneo-violaceis”, 昀椀nally black), but no basidiospores 
data (Bresadola 1897).

Previous studies have shown that Perenniporia is a polyphyletic genus 
(Zhao et al. 2013a; Cui et al. 2019; Ji et al. 2023). Species in Perenniporia s.l. 
form seven independent clades, based on phylogenetic analysis with typical 
characteristics (Zhao et al. 2013a). Hornodermoporus, Perenniporiella, Trun-

cospora, Vanderbylia etc. were derived from Perenniporia s.l. Especially, Ji et 
al. (2023) proposed 15 new genera previously addressed in Perenniporia s.l., 
based on phylogenetic and morphological analyses. Perenniporia s.s. con-
tains three species, viz. P. hainaniana B.K. Cui & C.L. Zhao, P. medulla-panis 
and P. substraminea B.K. Cui & C.L. Zhao (Ji et al. 2023). Up to now, more than 
120 taxa were found in Perenniporia s. l. (Ji et al. 2017; Liu et al. 2017; Shen 
et al. 2018; Cui et al. 2019; Zhao and Ma 2019; Ji et al. 2023). In addition, 
some species in Perenniporia s.l. could produce laccase (such as P. tephropo-

ra (Mont.) Ryvarden and Poriella subacida (Peck) C.L. Zhao) and carotenoid 
(such as Vanderbylia fraxinea (Bull.) D.A. Reid) etc. applied in both biomedical 
engineering and biodegradation (Si et al. 2011; Churapa and Lerluck 2016; 
Kim and Lee 2020).

Crassisporus B.K. Cui & Xing Ji was proposed as a new genus (Ji et al. 2019) 
and it has effused-re昀氀exed to pileate basidiomata with a mostly concentrically 
zonate pileal surface, a trimitic hyphal system with inamyloid or non-dextrinoid 
skeletal hyphae, oblong to broadly ellipsoid, slightly thick-walled basidiospores 
(Ji et al. 2019). Four species are included in this genus currently.

During the fungal research work on polypores, the phylogeny, based on a two 
loci dataset (ITS+nLSU), was carried out and two unknown species of Perenni-

poria s.l. are found from southwest China and they are illustrated and described 
in the present paper. In addition, two new combinations in Crassisporus are 
proposed, based on phylogenetic and morphological analyses.



99MycoKeys 105: 97–118 (2024), DOI: 10.3897/mycokeys.105.121858

Chao-Ge Wang et al.: Two new species of Perenniporia

Materials and methods

Morphological studies

The studied specimens are deposited in the Fungarium of the Institute of Mi-
crobiology, Beijing Forestry University (BJFC) and the Institute of Applied Ecolo-
gy, Chinese Academy of Sciences (IFP). Morphological descriptions are based 
on 昀椀eld notes and voucher specimens. The microscopic analysis follows Miet-
tinen et al. (2018) and Wu et al. (2022). Sections were studied at a magni昀椀ca-
tion of up to 1000× using a Nikon Eclipse 80i microscope and phase contrast 
illumination. Microscopic features and measurements were made from slide 
preparations stained with Cotton Blue and Melzer’s reagent. Basidiospores 
were measured from sections cut from the tubes. To represent the variation 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+ = amyloid or dextrinoid, IKI– = neither am-
yloid nor dextrinoid, CB = Cotton Blue, CB+ = cyanophilous in Cotton Blue, CB– = 
acyanophilous in Cotton Blue, L = arithmetic average of spore length, W = arith-
metic average of spore width, Q = L/W ratios and n = number of basidiospores/
measured from given number of specimens. Colour terms follow Anonymous 
(1969) and Petersen (1996).

DNA extraction, ampli昀椀cation and sequencing

A CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd, 
Beijing) was used to obtain DNA from dried specimens and to perform the poly-
merase chain reaction (PCR) according to the manufacturer’s instructions with 
some modi昀椀cations (Shen et al. 2019; Sun et al. 2020). The internal transcribed 
spacer (ITS) and large subunit nuclear ribosomal RNA gene (nLSU) were ampli-
昀椀ed using the primer pairs ITS5/ITS4 and LR0R/LR7 (White et al. 1990; Hopple 
and Vilgalys 1999) (https://sites.duke.edu/vilgalyslab/rdna_primers_for_fungi/).

The PCR procedure for ITS was as follows: initial denaturation at 95 °C for 
3 min, followed by 34 cycles at 94 °C for 40 s, annealing at 54 °C for 45 s and 
extension 72 °C for 1 min and a 昀椀nal extension of 72 °C for 10 min. The PCR pro-
cedure 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 昀椀nal extension at 72 °C for 10 min. The PCR 
products were puri昀椀ed and sequenced at the Beijing Genomics Institute (BGI), 
China, with the same primers. DNA sequencing was performed at the Beijing 
Genomics Institute and the newly-generated sequences were deposited in Gen-
Bank. All sequences analysed in this study are listed in Table 1. Sequences gen-
erated from this study were aligned with additional sequences downloaded from 
GenBank using BioEdit (Hall 1999) and ClustalX (Thompson et al. 1997). The 
昀椀nal ITS and nLSU datasets were subsequently aligned using MAFFT v.7 under 
the E-INS-i strategy with no cost for opening gaps and equal cost for transforma-
tions (command line: mafft –genafpair –maxiterate 1000) (Katoh and Standley 
2013) and visualised in BioEdit (Hall 1999). Alignments were spliced and trans-
formed formats in Mesquite v.3.2. (Maddison and Maddison 2017). Multiple se-
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Table 1. Information for the sequences used in this study.

Species name Sample no. Location
GenBank accession No.

References
ITS nLSU

Abundisporus fuscopurpureus Cui 8638 China JN048771 JN048790 Zhao et al. (2015)
Abundisporus pubertatis Dai 11927 China KC787569 KC787576 Zhao et al. (2015)
Abundisporus pubertatis Dai 12140 China JN048772 JN048791 Zhao et al. (2015)
Abundisporus sclerosetosus MUCL 41438 Singapore FJ411101 FJ393868 Robledo et al. (2009)
Abundisporus violaceus MUCL 38617 Zimbabwe FJ411100 FJ393867 Robledo et al. (2009)
Amylosporia hattorii Cui 10912 China KX900675 KX900725 Cui et al. (2019)
Amylosporia hattorii Dai 10315 China JQ861740 JQ861756 Cui et al. (2019)
Aurantioporia aurantiaca CBS 125867 French Guiana MH863779 MH875242 Vu et al. (2019)
Aurantioporia bambusicola Cui 11050 China KX900668 KX900719 Cui et al. (2019)
Citrinoporia citrinoalba Cui 13615 China MG847215 MG847224 Cui et al. (2019)
Citrinoporia citrinoalba Dai 13643 China KX880622 KX880661 Cui et al. (2019)
Citrinoporia corticola Dai 18633 Malaysia MT117217 MT117222 Wang et al. (2020)
Citrinoporia corticola Dai 18641 Malaysia MT117218 MT117223 Wang et al. (2020)
Citrinoporia corticola Dai 17778 Singapore MT117219 MT117224 Wang et al. (2020)
Citrinoporia corticola Dai 18526 Malaysia MT117216 MT117221 Wang et al. (2020)
Crassisporus imbricatus Dai 10788 China KC867350 KC867425 Cui et al. (2019)
Crassisporus leucoporus Cui 16801 Australia MK116488 MK116497 Ji et al. (2019)
Crassisporus macroporus Cui 14468 China MK116486 MK116495 Ji et al. (2019)
Crassisporus microsporus Dai 16221 China MK116487 MK116496 Ji et al. (2019)
Crassisporus minutus Zhou 120 China JX163055 JX163056 Unpublished
Crassisporus minutus Cui 6595 China KX081079 KX081142 Unpublished
Crassisporus minutus Dai 22571 China PP034100ª PP034116ª Present study

Crassisporus mollissimus Cui 6257 China JX141451 JX141461 Zhao et al. (2015)
Crassisporus mollissimus Dai 10764 China JX141452 JX141462 Zhao et al. (2015)
Cystidioporia piceicola Cui 10460 China JQ861742 JQ861758 Zhao and Cui (2013a)
Cystidioporia piceicola Dai 4181 China JF706328 JF706336 Cui and Zhao (2012)
Daedalea quercina Dai 12659 Finland KP171208 KP171230 Han et al. (2015)
Dendroporia cinereofusca Dai 9289 China KF568893 KF568895 Zhao et al. (2014b)
Dendroporia cinereofusca Cui 5280 China KF568892 KF568894 Zhao et al. (2014b)
Fomitopsis pinicola Cui 10405 China KC844852 KC844857 Unpublished
Hornodermoporus latissima Cui 6625 China HQ876604 HQ876604 Zhao et al. (2014a)
Hornodermoporus latissimus Dai 12054 China KX900639 KX900686 Cui et al. (2019)
Hornodermoporus martius MUCL 41677 Argentina FJ411092 FJ393859 Robledo et al. (2009)
Hornodermoporus martius MUCL 41678 Argentina FJ411093 FJ393860 Robledo et al. (2009)
Hornodermoporus martius Cui 7992 China HQ876603 HQ654114 Zhao et al. (2014a)
Luteoperenniporia australiensis Cui 16742 Australia OK642220 OK642275 Ji et al. (2023)
Luteoperenniporia australiensis Cui 16743 Australia OK642221 OK642276 Ji et al. (2023)
Luteoperenniporia bannaensis Cui 8560 China JQ291727 JQ291729 Zhao and Cui (2013a)
Luteoperenniporia bannaensis Cui 8562 China JQ291728 JQ291730 Zhao and Cui (2013a)
Luteoperenniporia 

mopanshanensis

CLZhao 5145 China MH784912 MH784916 Zhao and Ma (2019)

Luteoperenniporia 

mopanshanensis

CL Zhao 5152 China MH784913 MH784917 Zhao and Ma (2019)

Luteoperenniporia 

yinggelingensis

Cui 13625 China MH427960 MH427967 Cui et al. (2019)

Luteoperenniporia 

yinggelingensis

Cui 13627 China MH427957 MH427965 Cui et al. (2019)

Macroporia lacerata Cui 7220 China JX141448 JX141458 Zhao and Cui (2013a)
Macroporia lacerata Dai 11268 China JX141449 JX141459 Zhao and Cui (2013a)
Macroporia macropora Zhou 280 China JQ861748 JQ861764 Zhao and Cui (2013a)
Macroporia subrhizomorpha LWZ 20190722‐36 China MZ578440 MZ578444 Tian et al. (2021)
Macrosporia nanlingensis Cui 7620 China HQ848477 HQ848486 Zhao and Cui (2013a)
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Species name Sample no. Location
GenBank accession No.

References
ITS nLSU

Macrosporia nanlingensis Cui 7541 China HQ848479 HQ848488 Zhao and Cui (2013a)
Microporellus subadustus Cui 8459 China HQ876606 HQ654113 Ji et al. (2023)
Microporellus violaceo-

cinerascens

MUCL 45229 Ethiopia FJ411106 FJ393874 Robledo et al. (2009)

Minoporus minor Cui 5782 China HQ883475 – Zhao and Cui (2013a)
Minoporus minor Dai 9198 China KF495005 KF495016 Cui et al. (2019)
Neoporia bostonensis CLZhao 2854 USA MG491284 MG491287 Shen et al. (2018)
Neoporia bostonensis CL Zhao 2855 USA MG491285 MG491285 Shen et al. (2018)
Neoporia koreana KUC20091030-32 Korea KJ156313 KJ156305 Jang et al. (2015)
Neoporia koreana KUC20081002J-02 Korea KJ156310 KJ156302 Jang et al. (2015)
Neoporia rhizomorpha Cui 7507 China HQ654107 HQ654117 Zhao and Cui (2013a)
Neoporia rhizomorpha Dai 7248 China JF706330 JF706348 Zhao and Cui (2013a)
Niveoporia decurrata Dai 16637 Thailand KY475566 OP289291 Ji et al. (2017)
Niveoporia decurrata Dai 16660 Thailand KY475567 OP289292 Ji et al. (2017)
Niveoporia russeimarginata Yuan 1244 China JQ861750 JQ861766 Zhao and Cui (2013a)
Niveoporia subrusseimarginata Cui 16991 China OK642224 OK642279 Ji et al. (2023)
Niveoporia subrusseimarginata Cui 16980 China OK642223 OK642278 Ji et al. (2023)
Perenniporia cf. dendrohyphidia Zhou 273 China KX900670 – Cui et al. (2019)
Perenniporia eugeissonae Dai 18600 Malaysia MT232518 MT232512 Wang et al. (2020)
Perenniporia eugeissonae Dai 18605 Malaysia MT232519 MT232513 Wang et al. (2020)
Perenniporia hainaniana Cui 6366 China JQ861745 JQ861761 Zhao and Cui (2013a)
Perenniporia hainaniana Cui 6365 China JQ861744 JQ861760 Zhao and Cui (2013a)
Perenniporia luteola Harkonen 1308a China JX141456 JX141466 Zhao and Cui (2013b)
Perenniporia luteola Harkonen 1308b China JX141457 JX141467 Zhao and Cui (2013b)
Perenniporia medulla-panis Cui 3274 China JN112792 JN112793 Zhao et al. (2014a)
Perenniporia medulla-panis MUCL 43250 Norway FJ411087 FJ393875 Robledo et al. (2009)
Perenniporia nonggangensis GXU 2098 China KT894732 KT894733 Huang et al. (2017)
Perenniporia nonggangensis Dai 17857 Singapore MT232521 MT232515 Huang et al. (2017)
Perenniporia prunicola Dai 24280 China PP034101ª PP034117ª Present study

Perenniporia prunicola Dai 24751 China PP034102ª PP034118ª Present study

Perenniporia prunicola Dai 24752 China PP034103ª – Present study

Perenniporia pseudotephropora Dai 17383 Brazil MT117215 MT117220 Wang et al. (2020)
Perenniporia rosicola Dai 22563 China PP034110ª PP034123ª Present study

Perenniporia straminea Cui 8858 China HQ654104 JF706334 Zhao and Cui (2013a)
Perenniporia straminea Cui 8718 China HQ876600 HQ876600 Zhao and Cui (2013a)
Perenniporia substraminea Cui 10191 China JQ001853 JQ001845 Zhao et al. (2014a)
Perenniporia substraminea Cui 10177 China JQ001852 JQ001844 Zhao et al. (2014a)
Perenniporia subtephropora Dai 10962 China JQ861752 JQ861768 Zhao and Cui (2013a)
Perenniporia subtephropora Dai 24890 China PP034104ª PP034119ª Present study

Perenniporia subtephropora Dai 25025 China PP034105ª PP034120ª Present study

Perenniporia subtephropora Dai 24871 China PP034106ª – Present study

Perenniporia subtephropora Dai 10964 China JQ861753 JQ861769 Zhao and Cui (2013a)
Perenniporia subtephropora Dai 24877 China PP034107ª PP034121ª Present study

Perenniporia tephropora Cui 9029 China HQ876601 JF706339 Zhao and Cui (2013a)
Perenniporia tephropora Cui 6331 China HQ848473 HQ848484 Zhao and Cui (2013a)
Perenniporia tephropora Dai 25106 China PP034108ª – Present study

Perenniporia tephropora Dai 24849 China PP034109ª PP034122ª Present study

Perenniporiella chaquenia MUCL 47647 Argentina FJ411083 FJ393855 Robledo et al. (2009)
Perenniporiella chaquenia MUCL 47648 Argentina FJ411084 FJ393856 Robledo et al. (2009)
Perenniporiella micropora MUCL 43581 Cuba FJ411086 FJ393858 Robledo et al. (2009)
Perenniporiopsis minutissima Cui 10979 China KF495003 KF495013 Cui et al. (2019)
Perenniporiopsis minutissima Dai 12457 China KF495004 KF495014 Cui et al. (2019)
Perenniporiopsis minutissima Dai 17383 Brazil MT117215 MT117220 Wang et al. (2020)
Perenniporiopsis minutissima Dai 24887 China PP034111ª – Present study
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Species name Sample no. Location
GenBank accession No.

References
ITS nLSU

Perenniporiopsis minutissima Dai 24885 China PP034112ª – Present study

Perenniporiopsis minutissima Cui 10221 China KX962546 KX962553 Wu et al. (2017)
Perenniporiopsis sinensis Dai 26477 China PP034113ª PP034124ª Present study

Perenniporiopsis sinensis CLZhao 8278 China OR149913 OR759768 Yang et al. (2024)
Poriella africana Cui 8674 China KF018119 KF018128 Zhao et al. (2015)
Poriella africana Cui 8676 China KF018120 KF018129 Zhao et al. (2015)
Poriella ellipsospora Cui 10284 China JQ861739 KF018133 Shen et al. (2018)
Poriella ellipsospora Cui 10276 China KF018124 KF018132 Shen et al. (2018)
Poriella subacida Dai 8224 China HQ876605 JF713024 Zhao and Cui (2013a)
Poriella valliculorum LE 222974 Russia KM411458 KM411474 Zmitrovich and 

Kovalenko (2016)
Poriella valliculorum Cui 10053 China KF495006 KF495017 Zhao et al. (2014a)
Rhizoperenniporia japonica Cui 7047 China KX900677 KX900727 Cui et al. (2019)
Sparsitubus nelumbiformis Cui 6590 China KX880632 KX880671 Cui et al. (2019)
Sparsitubus nelumbiformis Cui 8497 China KX880631 KX880670 Cui et al. (2019)
Tropicoporia aridula Dai 12398 China JQ001855 JQ001847 Zhao and Cui (2013a)
Tropicoporia aridula Dai 12396 China JQ001854 JQ001846 Zhao and Cui (2013a)
Truncatoporia pyricola Cui 9149 China JN048762 JN048782 Zhao and Cui (2013a)
Truncatoporia pyricola Dai 10265 China JN048761 JN048781 Zhao and Cui (2013a)
Truncatoporia truncatospora Cui 6987 China JN048778 HQ654112 Zhao and Cui (2013a)
Truncatoporia truncatospora Dai 5125 China HQ654098 HQ848481 Zhao and Cui (2013a)
Truncospora detrita MUCL 42649 French Guiana FJ411099 FJ411099 Robledo et al. (2009)
Truncospora macrospora Cui 8106 China JX941573 JX941596 Zhao and Cui (2013c)
Truncospora ochroleuca MUCL 39726 China FJ411098 FJ393865 Robledo et al. (2009)
Truncospora ochroleuca Dai 11486 China HQ654105 JF706349 Zhao and Cui (2012)
Truncospora ochroleuca MUCL 39563 Australia FJ411097 FJ393864 Robledo et al. (2009)
Truncospora ohiensis Cui 5714 China HQ654103 HQ654116 Cui and Zhao (2012)
Truncospora ohiensis MUCL 41036 USA FJ411096 FJ393863 Robledo et al. (2009)
Truncospora ornata SP 6672 Russia KJ410690 – Spirin et al. (2015)
Vanderbylia delavayi Dai 6891 China JQ861738 – Zhao et al. (2014a)
Vanderbylia fraxinea Cui 8871 China JF706329 JF706345 Zhao et al. (2014a)
Vanderbylia fraxinea Cui 8885 China HQ876611 JF706344 Zhao et al. (2014a)
Vanderbylia fraxinea DP 83 Italy AM269789 AM269853 Guglielmo et al. (2007)
Vanderbylia robiniophila Cui 7144 China HQ876608 JF706341 Zhao et al. (2014a)
Vanderbylia robiniophila Cui 5644 China HQ876609 HQ876609 Zhao and Cui (2013a)
Vanderbylia vicina MUCL 44779 Ethiopia FJ411095 FJ393862 Robledo et al. (2009)
Vanderbyliella sp. Knudsen 04‐111 China JQ861737 JQ861755 Zhao and Cui (2013a)
Vanderbyliella tianmuensis Cui 2715 China JX141454 JX141464 Zhao and Cui (2013a)
Vanderbyliella tianmuensis Cui 2648 China JX141453 JX141463 Zhao and Cui (2013a)
Xanthoperenniporia maackiae Dai 8929 China HQ654102 JF706338 Zhao and Cui (2013a)
Xanthoperenniporia maackiae Cui 5605 China JN048760 JN048780 Zhao et al. (2013b)
Xanthoperenniporia punctata Dai 26121 China PP034114ª – Present study

Xanthoperenniporia punctata Dai 26120 China PP034115ª – Present study

Xanthoperenniporia punctata Dai 17916 China MG869686 MG869688 Li et al. (2018)
Xanthoperenniporia subcorticola Dai 7330 China HQ654094 HQ654108 Zhao and Cui (2013a)
Xanthoperenniporia subcorticola Cui 1248 China HQ848472 HQ848482 Zhao and Cui (2013a)
Xanthoperenniporia subcorticola Cui 2655 China HQ654093 HQ654093 Zhao and Cui (2012)
Xanthoperenniporia tenuis Wei 2969 China JQ001859 JQ001849 Zhao and Cui (2013a)
Xanthoperenniporia tenuis Wei 2783 China JQ001858 JQ001848 Zhao and Cui (2013a)
Yuchengia kilemariensis LE 214743 Russia KM411457 KM411473 Zmitrovich and 

Kovalenko (2016)
Yuchengia narymica Dai 10510 China HQ654101 JF706346 Zhao et al. (2013b)

ª Newly-generated sequences in this study.
Bold = new taxa.
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quence alignments were trimmed by trimAI v.1.2 using the -htmlout-gt 0.8 -st 
option to deal with gaps, when necessary (Capella-Gutierrez et al. 2009).

Phylogenetic analyses

In this study, one combined matrix was reconstructed for phylogenetic anal-
yses; a two loci dataset (ITS+nLSU) was used to determine the phylogenetic 
position of the new species. The sequence alignments and the retrieved to-
pologies were deposited in TreeBase (http://www.treebase.org), under acces-
sion ID: 31050 (Reviewer access URL: http://purl.org/phylo/treebase/phylows/
study/TB2:S31050?x-access-code=fa4d2a2edcdd53d63276b66a95c2058d&-
format=html). Sequences of Fomitopsis pinicola (Sw.) P. Karst. and Daedalea 

quercina (L.) Pers., obtained from GenBank, were used as the outgroups (Ji et 
al. 2023). The phylogenetic analyses followed the approach 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-昀椀t evolutionary 
model was selected by Hierarchical Likelihood Ratio Tests (HLRT) and Akaike 
Information Criterion (AIC) in MrModelTest 2.2 (Nylander 2004) after scoring 
24 models of evolution in PAUP* version 4.0b10 (Swofford 2002).

Sequences were analysed using Maximum Likelihood (ML) with RAxML-HPC2 
through the CIPRES Science Gateway (www.phylo.org; Miller et al. 2010). 
Branch support (BT) for ML analysis was determined by 1000 bootstrap rep-
licates. Bayesian phylogenetic inference and Bayesian Posterior Probabilities 
(BPP) were computed with MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003). 
Four Markov chains were run for 5 M generations (two loci dataset) until the 
split deviation frequency value was less than 0.01 and trees were sampled every 
100 generations. The 昀椀rst 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. All trees were 
viewed in FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/software/昀椀gtree/). Branches 
that received bootstrap support for ML (≥ 75% (ML-BS)) and BPP (≥ 0.95 BPP) 
were considered as signi昀椀cantly supported. The ML bootstrap (ML) ≥ 50% and 
BBP (BPP) ≥ 0.90 are presented on topologies from ML analysis, respectively.

Results

Molecular phylogeny

The combined two loci dataset (ITS+nLSU) included sequences from 152 sam-
ples representing 80 taxa. The dataset had an aligned length of 2156 charac-
ters, of which 1385 (64%) characters were constant, 147 (7%) were variable and 
parsimony-uninformative and 624 (29%) were parsimony informative. The phy-
logenetic reconstruction performed with Maximum Likelihood (ML) and Bayes-
ian Inference (BI) analyses for one combined dataset showed similar topolo-
gy and few differences in statistical support. The best model-昀椀t applied in the 
Bayesian analysis was GTR+I+G, lset nst = 6, rates = invgamma and prset state-
freqpr = dirichlet (1, 1, 1, 1). Bayesian analysis resulted in a nearly congruent 
topology with an average standard deviation of split frequencies = 0.007133 to 
ML analysis and, thus, only the ML tree is provided (Fig. 1).
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Figure 1. ML analysis of Perenniporia s.l. based on dataset of ITS+nLSU. ML bootstrap values higher than 50% and Bayes-

ian posterior probabilities values more than 0.90 are shown. New taxa are in bold.
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The phylogeny (Fig. 1) included 28 different genera in Perenniporia s.l., of 
which have eight uncertain species in regard to the generic status without typi-
cal characteristics, viz. P. eugeissonae P. Du & Chao G. Wang, P. luteola B.K. Cui 
& C.L. Zhao, P. nonggangensis F.C. Huang & Bin Liu, P. pseudotephropora Chao 
G. Wang & F. Wu, P. rosicola, P. straminea (Bres.) Ryvarden, P. subtephropora 
B.K. Cui & C.L. Zhao and P. tephropora. Thus, they were adopted in Perenniporia 
temporarily and distinguished from Perenniporia s.s.

Perenniporia prunicola nested in the Perenniporis s.s. clade and formed an in-
dependent lineage in the phylogeny (Fig. 1). In addition, it is related to P. medul-

la-panis, P. substraminea and P. hainaniana, these four species being addressed 
into the Perenniporia s.s. clade. Though Perenniporia rosicola grouped with four 
species of Perenniporia s.s. in a joint subclade, but without support. The se-
quences of Crassisporus minutus and C. mollissimus were obtained from holo-
types and they nested in the genus Crassisporus.

ITS sequences produced signi昀椀cant alignments in NCBI (https://www.ncbi.
nlm.nih.gov/) about Perenniporia prunicola, the top ten of which represent P. 

medulla-panis and the similarities of them were less than 95%. The same goes 
for P. rosicola, the similarities of the top ten ITS sequences in NCBI were less 
than 90% excepting one sequence tagged P. dendrohyphidia (Zhou 273). They 
are consistent with our phylogeny.

Taxonomy

Perenniporia prunicola Y.C. Dai, Yuan Yuan & Chao G. Wang, sp. nov.
MycoBank No: 851532
Figs 2, 3

Holotype. China. Yunnan Province, Zhaotong, Yiliang County, Xiaocaoba Town, 
on living tree of Prunus, 2.IV.2023, Dai 24751 (BJFC040388).

Etymology. Prunicola (Lat.): refers to the species growing on Prunus.
Description. Basidiomata. Perennial, resupinate, corky, without odour or 

taste when fresh, becoming hard corky upon drying, up to 15 cm long, 5 cm 
wide and 16 mm thick at centre. Pore surface clay pink when fresh, becoming 
cream, buff yellow to fawn upon drying; sterile margin very narrow to almost 
absent; pores round to slightly elongated, 4–6 per mm; dissepiments slightly 
thick, entire. Subiculum thin, cream, corky, up to 1 mm thick. Tubes pinkish-buff 
to clay buff when dry, distinctly strati昀椀ed, hard corky, up to 15 mm long.

Hyphal structure. Hyphal system trimitic; generative hyphae bearing clamp 
connections; skeletal and binding hyphae IKI−, weakly CB+; tissues becoming 
orange brown in KOH.

Subiculum. Generative hyphae frequent, hyaline, thin-walled, occasionally 
branched, more or less 昀氀exuous, 2–4 μm in diam.; skeletal hyphae dominant, 
hyaline, thick-walled with a wide lumen, occasionally branched, more or less 
昀氀exuous, 2.5–3 μm in diam.; binding hyphae hyaline, thick-walled with a wide lu-
men, frequently arboriform branched, 昀氀exuous, interwoven, 1.5–2 μm in diam.

Tubes. Generative hyphae infrequent, hyaline, thin-walled, occasionally 
branched, straight, 2–3 μm in diam.; skeletal hyphae dominant, hyaline, thick-
walled with a medium lumen, occasionally branched, slightly 昀氀exuous, inter-
woven, 2–2.5 μm in diam.; binding hyphae hyaline, thick-walled with a medium 
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Figure 2. Basidiomata of Perenniporia prunicola (Holotype, Y.C. Dai 24751). Scale bar: 1 cm.

lumen, frequently arboriform branched, 昀氀exuous, interwoven, 1.2–1.5 μm in 
diam. Hymenial cystidia present, clavate to fusiform, thin-walled, smooth, 25–
31 × 5–5.5 µm; cystidioles present, ventricose to fusiform, hyaline, thin-walled, 
16–20 × 4.5–5 μm. Basidia clavate, with four sterigmata and a basal clamp 
connection, 15–22 × 7–8 μm; basidioles more or less pyriform, but smaller. 
Irregular crystals present among the hymenium.

Spores. Basidiospores ellipsoid to broadly ellipsoid, hyaline, thick-walled, 
smooth, usually with a medium guttule, dextrinoid, weakly CB+, (4.5–)4.8–
6.2(–6.5) × (3.5–)3.6–4.5(–4.9) µm, L = 5.39 μm, W = 4.07 μm, Q = 1.29–1.37 
(n = 90/3).

Type of rot. White rot.
Additional specimens examined. China. Guizhou Province, Zunyi, Suiyang 

County, Kuankuoshui Nature Reserve, on fallen trunk of Prunus, 7.VII.2022, Y.C. 
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Figure 3. Microscopic structures of Perenniporia prunicola (Holotype, Y.C. Dai 24751) a basidiospores b basidia and ba-

sidioles c cystidioles d hymenial cystidia e hyphae from subiculum f hyphae from trama.

Dai 24280 (BJFC039522); Yunnan Province, Zhaotong, Yiliang County, Xiaocao-
ba, on dead tree of Prunus, 2.IV.2023, Y.C. Dai 24752 (BJFC040389).

Notes. Perenniporia prunicola is characterised by perennial and resupinate ba-
sidiomata with a clay pink pore surface when fresh, round to slightly elongated 
pores of 4–6 per mm, a trimitic hyphal system, the presence of clavate to fusiform 
hymenial cystidia, ellipsoid to broadly ellipsoid and thick-walled basidiospores 
measuring 4.8–6.2 × 3.6–4.5 µm and growth on Prunus in southwest China.
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Perenniporia rosicola Y.C. Dai, Yuan Yuan & Chao G. Wang, sp. nov.
MycoBank No: 851529
Figs 4, 5

Holotype. China. Yunnan Province, Mengla County, Xishuangbanna Rainforest 
Valley, on branch of Rosaceae, 4.VII.2021, Y.C. Dai 22563 (BJFC037137).

Etymology. Rosicola (Lat.): refers to the species growing on Rosaceae.
Description. Basidiomata. Annual, resupinate, soft corky, without odour or 

taste when fresh, becoming corky when dry, up to 2 cm long, 1.5 cm wide and 
1.2 mm thick at centre. Pore surface white when fresh, becoming pale orange 
brown upon bruising, eventually honey yellow to clay buff upon drying; sterile 
margin white when fresh, becoming cream upon drying, up to 0.5 mm wide; 
pores round, sometimes elongated, 5–7 per mm; dissepiments thin, entire to 
slightly lacerate. Subiculum very thin, cream, corky, up to 0.2 mm thick. Tubes 
concolorous with pore surface, corky, up to 1 mm long.

Hyphal structure. Hyphal system dimitic; generative hyphae bearing clamp 
connections; skeletal hyphae dextrinoid, weakly CB+; tissues becoming pale 
olivaceous in KOH.

Subiculum. Generative hyphae infrequent, hyaline, thin-walled, occasionally 
branched, straight, 2–2.5 μm in diam.; skeletal hyphae dominant, hyaline, thick-
walled with a medium to narrow lumen, frequently arboriform branched, 昀氀exu-
ous, interwoven, 1.5–2.5 μm in diam.

Tubes. Generative hyphae infrequent, hyaline, thin-walled, more or less 昀氀ex-
uous, 2–2.5 μm in diam.; skeletal hyphae dominant, hyaline, thick-walled with 
a medium lumen, frequently arboriform branched, 昀氀exuous, interwoven, 1.5–
2.5  μm in diam. Hymenial cystidia absent; cystidioles present, ventricose to 
fusiform, hyaline, thin-walled, 14–16 × 5–5.5 μm. Basidia barrel-shaped, with 

Figure 4. Basidiomata of Perenniporia rosicola (Holotype, Y.C. Dai 22563). Scale bar: 1 cm.
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Figure 5. Microscopic structures of Perenniporia rosicola (Holotype, Y.C. Dai 22563) a basidiospores b basidia and basid-

ioles c cystidioles d dendrohyphidia e hyphae from subiculum f hyphae from trama.

four sterigmata and a basal clamp connection, 16–20 × 7–8 μm; basidioles in 
shape similar to basidia, but smaller. Irregular crystals present amongst hyme-
nia. Dendrohyphidia present.

Spores. Basidiospores broadly ellipsoid to subglobose, hyaline, thick-walled, 
smooth, sometimes with a medium guttule, dextrinoid, weakly CB+, 5–5.8(–6) 
× 4–5.2(–5.3) µm, L = 5.39 μm, W = 4.74 μm, Q = 1.14 (n = 30/1).

Type of rot. White rot.



110MycoKeys 105: 97–118 (2024), DOI: 10.3897/mycokeys.105.121858

Chao-Ge Wang et al.: Two new species of Perenniporia

Notes. Perenniporia rosicola is characterised by annual and resupinate ba-
sidiomata with a white pore surface when fresh, round to sometimes elongat-
ed pores of 5–7 per mm, frequently arboriform branched and narrow skeletal 
hyphae, the presence of dendrohyphidia, broadly ellipsoid to subglobose, thick-
walled basidiospores measuring 5–5.8 × 4–5.2 μm and growth on Rosaceae in 
southwest China.

Combinations

In our phylogenetic analyses, Crassisporus minutus and C. mollissimus form two 
independent lineages nested in Crassisporus (Fig. 1) and their characteristics 昀椀t 
the de昀椀nition of Crassisporus. So, we propose the following combinations:

Crassisporus minutus (Y.C. Dai & X.S. Zhou) Y.C. Dai, Yuan Yuan & Chao G. 
Wang, comb. nov.
MycoBank No: 851530

Basionym. Megasporoporia minuta Y.C. Dai & X.S. Zhou, in Zhou & Dai, Myco-
logical Progress 7(4): 254 (2008).

Crassisporus mollissimus (B.K. Cui & C.L. Zhao) Y.C. Dai, Yuan Yuan & Chao 
G. Wang, comb. nov.
MycoBank No: 851531

Basionym. Abundisporus mollissimus B.K. Cui & C.L. Zhao, in Zhao, Chen, Song 
& Cui, Mycological Progress 14(38): 5 (2015).

Discussion

The genus Perenniporia s.s. clade includes four species, viz. P. hainaniana, P. 

medulla-panis, P. prunicola and P. substraminea and these species have the pe-
rennial and resupinate basidiomata with a cream, clay pink, buff yellow, pink-
ish-buff to fawn pore surface, a dimitic to trimitic hyphal system with amyloid 
or dextrinoid skeletal hyphae, ellipsoid, broadly ellipsoid to subglobose and 
thick-walled basidiospores (Table 2).

Perenniporia prunicola is similar to P. medulla-panis by perennial and resupi-
nate basidiomata with a clay pink to buff yellow pore surface, round to slightly 
elongated pores of 4–6 per mm, a trimitic hyphal system and ovoid to broadly el-
lipsoid basidiospores. In addition, both species are phylogenetically related, but 
the latter lacks cystidia and usually has truncate basidiospores (Ryvarden and 
Gilbertson 1994). Perenniporia puerensis C.L. Zhao has annual and thin basidi-
omata, thin dissepiments, thick-walled skeletal hyphal encrusted with pale yellow 
crystals, the absence of hymenial cystidia and relatively smaller basidiospores 
(4.3–5.5 × 3.7–4.7 µm vs. 4.8–6.2 × 3.6–4.5 µm; Q = 1.14–1.21 (n = 120/4) vs. Q 
= 1.29–1.37 (n = 90/3), Liu et al. (2017)), which differ from P. prunicola.

Perenniporia rosicola is morphologically similar and phylogenetically related to 
Perenniporia cf. dendrohyphidia (Fig. 1). We studied the type of P. dendrohyphidia 
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(Rammeloo 6286) and they all have annual and resupinate basidiomata, the pres-
ence of dendrohyphidia and broadly ellipsoid to subglobose and thick-walled ba-
sidiospores. However, P. dendrohyphidia has thick and entire dissepiments, round 
pores of 4–6 per mm, sometimes apically truncate and relatively larger basidio-
spores (5.5–7 × 4.5–6 µm vs. 5–5.8 × 4–5.2 μm) and it occurs in Burundi, central 
Africa. Unfortunately, we did not obtain sequences from the type specimen of P. 

dendrohyphidia. We also studied the specimen of labelled Zhou 273 collected in 
China and it has thin and entire dissepiments, round to slightly elongated pores 
of 6–8 per mm, branched skeletal hyphae measuring 1.5–3.2 µm in diam., broad-
ly ellipsoid to subglobose basidiospores measuring 5–6 × 4–5 µm. These char-
acteristics are somewhat similar to P. dendrohyphidia. Thus, for the time being, 
we treat the specimen Zhou 273 as Perenniporia cf. dendrohyphidia. In addition, 
there are 20 base pairs differences between Perenniporia cf. dendrohyphidia and 
P. rosicola, which amounts to > 3% nucleotide differences in the ITS regions. Pe-

renniporia subdendrohyphidia Decock was originally described by Decock from 
Cameroon, central Africa. However, it has smaller, oblong to oblong-ellipsoid and 
non-dextrinoid basidiospores (4–4.8 × 2.2–3.3 µm vs. 5–5.8 × 4–5.2, Decock 
(2001)). Perenniporia sinuosa Ryvarden was originally described from Amazonas, 
Brazil (Ryvarden 1987) and it differs from P. rosicola by larger pores (2–3 per mm 
vs. 5–7 per mm) and smaller truncate basidiospores (4–5 × 3–4 µm vs. 5–5.8 
× 4–5.2 µm, Ryvarden (1987)). Perenniporia adnata Corner, P. albocinnamomea 
Corner, P. ferruginea Corner and P. penangiana Corner were all originally described 
from Southeast Asia and lack dendrohyphidia. In addition, the former three spe-
cies above differ from P. rosicola by smaller basidiospores (4–4.5 × 3.5 µm in P. 

adnate; 3.7–4.7 × 2.5–3 µm in P. albocinnamomea; 3.5–4.5 × 3–3.5 µm in P. ferru-

ginea vs. 5–5.8 × 4–5.2 µm, Corner (1989)). Perenniporia penangiana has pileate 
basidiomata with a stipe, which is different from P. rosicola (Corner 1989).

All species in the Perenniporia s.s. clade have perennial basidiomata with a 
cream, clay pink, buff yellow, pinkish-buff to fawn pore surface, a dimitic to trim-
itic hyphal system, sometimes the presence of dendrohyphidia and truncate 
basidiospores. Perenniporia cf. dendrohyphidia and P. rosicola both have an-
nual basidiomata with a white to cream pore surface, a dimitic hyphal system, 
the presence of dendrohyphidia and broadly ellipsoid to globose basidiospores 
without truncation. All in all, some morphological characteristics of above taxa 
are overlapping, but the Perenniporia s.s. clade is unrelated to the Perenniporia 

rosicola clade in our phylogeny (Fig. 1).
Crassisporus minutus was originally described in Megasporoporia by Dai 

and Zhou from China and it is characterised by resupinate basidiomata with 
a cream to pale buff pore surface when fresh, distinct sterile margin, round 
pores of 4–6 per mm, a dimitic hyphal system; thick-walled to subsolid skele-
tal hyphae, cylindrical to oblong-ellipsoid basidiospores measuring 7.7–9.7 × 
3.6–4.9 µm (Zhou and Dai 2008). The type specimen of M. minutus Zhou 120 
grouped with other samples Dai 22571 and Cui 6595 nested in Crassisporus in 
our phylogenetic analysis (Fig. 1). However, we studied the sample Dai 22571 
and it has slightly thick-walled basidiospores. Thus, the new combination Cras-

sisporus minutus is proposed.
Crassisporus mollissimus was originally described in Abundisporus by Cui 

and Zhao from China and it is characterised by perennial, effused-re昀氀exed 
to pileate basidiomata with a concentrically zonate pileal surface, a buff to 
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buff yellow pore surface when fresh, round pores of 7–8 per mm, ellipsoid 
and slightly thick-walled basidiospores measuring 4–4.5 × 3–3.5 µm (Zhao 
et al. 2015). In addition, Crassisporus and Abundisporus are phylogenetically 
unrelated (Fig. 1).
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Abstract

The genus Sidera (Hymenochaetales, Basidiomycota) comprises white-rot, mono- or 
dimitic fungi with poroid or hydnoid hymenophore. It has a worldwide distribution al-
beit with fewer species present in the Southern Hemisphere. Although recent studies 

revealed the existence of several new Sidera species, there are still taxonomic incon-

sistencies and obscure phylogenetic relationships amongst certain taxa of the genus. 

In this work, a large number of Sidera collections were used to obtain an updated phy-

logeny, based on ITS and 28S rDNA sequences by including new material from Medi-
terranean Europe. The monophyly of the genus was strongly supported and all species 
with poroid hymenophore formed a highly-supported lineage with two major subclades. 

In total, 23 putative species were recognised. Amongst those, 昀椀ve are considered to 
possibly represent entities new to science, but further work is required since they are 

represented by single specimens or environmental sequences. Examined collections 
originally named S. lenis from southern Europe were grouped within S. vulgaris. Similarly, 

several collections under various names were hereby identi昀椀ed as S. vulgaris, including 

those of the recently described species S. tibetica. Furthermore, a critical discussion 
(based on morphoanatomical 昀椀ndings) is made on the key features that could be used 
to distinguish S. lenis from S. vulgaris.

Key words: Basidiomycetes, biodiversity, fungal phylogeny, Mediterranean Europe, 
mushroom, white-rot fungi

Introduction

The genus Sidera Miettinen & K.H. Larss. (Sideraceae, Hymenochaetales, Ba-
sidiomycota) was established to harbour four resupinate, wood-inhabiting, 
white-rot species, in accordance with morphological and phylogenetic evi-
dence: S. lenis (P. Karst.) Miettinen (type species), S. lowei (Rajchenb.) Mietti-
nen, S. lunata (Romell ex Bourdot & Galzin) K.H. Larsson and S. vulgaris (Fr.) 
Miettinen (Miettinen and Larsson 2011). Amongst them, S. lowei was origi-
nally described from Brazil (Rajchenberg 1987), while all the others were de-
scribed from material collected in Europe. Recently, the diversity of the genus 
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was signi昀椀cantly expanded as a result of phylogenetic studies using nuclear 
ribosomal markers (ITS and LSU) to describe new taxa from boreal, temperate 
and tropical habitats (Du et al. 2019, 2020; Liu et al. 2021, 2022, 2023; Xu et 
al. 2023).

Morphologically, Sidera species are characterised by resupinate, whitish to 
cream-coloured, yellowish or buff, rarely pinkish or bluish basidiomata, poroid 
hymenophore with middle-sized to small pores (and, in only one case, hydnoid 
hymenophore; i.e. S. lunata), monomitic or dimitic hyphal system, generative 
hyphae with clamps, rather loosely arranged skeletal hyphae, presence of ro-
sette-like crystals in subiculum and/or trama, hymenial cystidia as thin-walled 
hyphidia (cystidioles) and minute, allantoid to lunate, hyaline, thin-walled, nega-
tive in Melzer’s reagent and acyanophilous basidiospores (Miettinen and Lars-
son 2011).

After re-examining the lectotype of Physisporus lenis (designated by Lowe 
1956), Niemelä and Dai (1997) recognised two morphologically distinct spe-
cies: one that was more common in boreal, mostly pine-inhabiting old-growth 
forests, i.e. Skeletocutis lenis (P. Karst.) Niemelä and another species that 
came across more as generalist – in terms of substrate preference – and 
with a more southern distribution, i.e. Sk. vulgaris (Fr.) Niemelä & Y.C. Dai. 
In the original description of the genus Sidera, Miettinen and Larsson (2011) 
used two sequences which were then considered to represent S. vulgaris, both 
originating from Oceania (Tasmania, Gates FF257; New Zealand, Ryvarden 
37198). However, no sequences from European collections were included 
in their phylogenetic analysis. The sequence from Tasmania nested close to 
S. lowei, while the sequence from New Zealand appeared as sister to S. le-

nis, indicating that they possibly correspond to two distinct species. Recent 
phylogenetic studies in the genus Sidera repeatedly used the aforementioned 
two specimens (Du et al. 2019, 2020) without including any S. vulgaris ma-
terial from Europe. In fact, in one of these publications (Du et al. 2020), the 
specimen from Tasmania was identi昀椀ed as S. minutipora (Rodway & Cleland) 
Y.C. Dai, F. Wu, G.M. Gates & Rui Du. Moreover, Liu et al. (2021) used the term 
“Sidera vulgaris sensu lato” to refer to the New Zealand sequence and to some 
newly-generated sequences from Chinese collections, which were later linked 
to several new species, i.e. S. americana Z.B. Liu & Yuan Yuan, S. borealis Z.B. 
Liu & Yuan Yuan, and S. tibetica Z.B. Liu, J. Yu & F. Wu (Liu et al. 2022, 2023). 
Therefore, the phylogenetic position of S. vulgaris within the genus remains 
obscure and controversial.

In order to resolve this issue and provide an updated phylogeny of the ge-
nus Sidera, several collections from Mediterranean Europe, initially identi昀椀ed 
as Skeletocutis sp., Sk. lenis and Sk. vulgaris from Mediterranean Europe, were 
included in this study, together with a large number of publicly available se-
quences. In addition, answers were sought to the following key questions: (a) 
Could available specimens con昀椀rm the presence of S. lenis in the Mediterra-
nean Region? (b) Is there adequate evidence that S. vulgaris indeed has a cos-
mopolitan distribution? (c) Which Sidera taxa are accommodated within S. vul-

garis sensu lato and are they related to new species correctly introduced in this 
genus? (d) What are the key morphological features to distinguish S. vulgaris 
from S. lenis?



121MycoKeys 105: 119–137 (2024), DOI: 10.3897/mycokeys.105.121601

Vassiliki Fryssouli et al.: Phylogeny and taxonomy of the genus Sidera

Methods

Biological material – Morphology

Voucher specimens studied were deposited in the fungaria of the Laboratory of 
General and Agricultural Microbiology (Agricultural University of Athens, ACAM), 
the University of Oslo (O, HUBO) and the University of Salamanca (Salamanca, 
SALA-Fungi). Pore density was studied using a stereomicroscope (Zeiss Stemi 
2000‐C) at 10–20× magni昀椀cation by measuring the number of pores per mm. 
Microscopic examination was performed with a Zeiss AxioImager A2 micro-
scope under bright 昀椀eld and differential interference contrast (DIC) and micro-
photographs were taken with the aid of a mounted digital camera (Axiocam). 
Examination of microscopic features were performed in Cotton Blue, Melzer’s 
reagent and 5% potassium hydroxide (KOH) mounting media. Measurements 
were taken in KOH under 1,000× magni昀椀cation and DIC. For each specimen 
studied, a minimum number of 25 basidiospores were measured and their size 
(with standard deviation, SD) is provided as minimum and maximum average 
(average – SD and average + SD, respectively). In addition, the quotient (Q) for 
each basidiospore was calculated and is presented together with the respec-
tive average values (Qav). Length and width of basidia and hymenial cystidioles 
are also presented with the same formula: (n = x/y) refers to x measurements 
(of pores/mm, basidiospores, basidia and cystidioles) from y specimens. Other 
essential microscopical features which were also examined, including genera-
tive and skeletal hyphae from subiculum and hymenophoral trama (tubes) and 
the presence of stellate crystals and capitate hyphal tips.

DNA extraction, ampli昀椀cation and sequencing

Total genomic DNA was extracted from dried material using the Nucleospin 
Plant II kit (Macherey and Nagel, USA) according to manufacturer’s protocol 
with minor modi昀椀cations (Zervakis et al. 2019). The two regions of the nuclear 
ribosomal repeat unit – namely the ITS region and a fragment of the ribosomal 
large subunit gene (28S/LSU) – were ampli昀椀ed through the polymerase chain re-
action (PCR) in a MiniAmp Plus Thermal Cycler (Applied Biosystems, CA, USA). 
The ITS sequences were generated using the forward and backward primers 
ITS1 and ITS4 (White et al. 1990) to include partial 18S, complete ITS and partial 
28S rDNA. The 28S rDNA sequences included the D1/D2 domain by employing 
the primers LROR and LR5 (Vilgalys and Hester 1990; Stielow et al. 2015). 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 sec, 52 °C for 45 sec and 72 °C for 1 min 
and a 昀椀nal extension step of 72 °C for 10 min. The PCR procedure for 28S rDNA 
was as follows: initial denaturation at 94 °C for 3 min, followed by 35 cycles at 
94 °C for 30 sec, 48 °C for 1 min and 72 °C for 1.5 min and a 昀椀nal extension of 
72 °C for 10 min. The PCR products were puri昀椀ed with Pure Clean spin columns 
(Invitrogen, California, USA) following the manufacturer’s instructions.

The PCR products were sequenced using the same forward and backward 
primers with the ampli昀椀cation procedure in an automated ABI sequencer 
(Life Technology) at CeMIA Inc. (Larissa, Greece). Trace 昀椀les obtained from 
the sequencer were aligned using MEGA 11 (Tamura et al. 2021). Consensus 
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sequences were manually edited to remove or replace all ambiguous charac-
ters and were cross-checked against local and public databases, including the 
international nucleotide sequence database collaboration (INSDC, Arita et al. 
(2021)) and UNITE (Nilsson et al. 2019). Validated sequences were submitted 
to GenBank (Sayers et al. 2024) to obtain accession numbers (Table 1).

Phylogenetic analysis

Phylogenetic analysis of the genus Sidera was performed using Maximum Like-
lihood (ML) and Bayesian Inference (BI) approaches with separate ITS and 28S 
rDNA datasets. In addition, a concatenated two-marker dataset was analysed 
by including specimens with data available for both markers. Besides the new-
ly-generated sequences, additional reference sequences were retrieved from 
INSDC and UNITE using BLASTn searches. Skvortzovia furfurella (Bres.) Bononi 
& Hjortstam and Skvortzovia furfuracea (Bres.) G. Gruhn & Hallenberg were used 
as outgroups (Liu et al. 2022), while two additional Hymenochaetales species, 
i.e. Alloclavaria purpurea (O.F. Müll.) Dentinger & D.J. McLaughlin and Rickenella 

mellea (Singer & Clémençon) Lamoure, were also included in the analysis. A de-
tailed list of specimens examined in the present study, along with corresponding 
information, for example, initial identi昀椀cation, habitat, sequence database acces-
sion number and pertinent publication (when available), is provided in Table 1.

Sequences were aligned by the online version of MAFFT v. 7 (Katoh et al. 
2019) using the “G-INS-i” and “Q-INS-I” strategies for ITS for 28S rDNA bar-
codes, respectively. The alignments were visually inspected and manually ad-
justed for conspicuous errors and gapped sites in Mesquite 3.81 (Maddison 
and Maddison 2023). The MUMSA tool (Lassmann and Sonnhammer 2006) 
was used to select the best alignment.

ML analysis was performed using IQ-TREE v. 2.2.7 (Minh et al. 2022) via 
the CIPRES Science Gateway (Miller et al. 2015) with a random starting tree. 
All model parameters were estimated by the software. The best Maximum 
Likelihood tree was retained from all searches and the Maximum Likelihood 
bootstrap values (ML-BS) were determined using ultrafast bootstrapping algo-
rithm with 10,000 replicates. BI analysis was implemented in MrBayes v.3.2.7a 
(Ronquist et al. 2012) employing optimal models of evolution determined for 
ITS and 28S rDNA with jModelTest2 v.2.1.6 (Darriba et al. 2012) under the 
Bayesian Information Criterion (BIC). Two parallel runs, each one consisting of 
four incrementally heated Monte Carlo Markov Chains, were initiated from pro-
gramme-generated random trees. The analysis involved sampling every 1,000th 
generation until the average standard deviation of split frequency fell below 
0.005. The burn-in phase (昀椀rst 25% of sampled trees) was discarded. The re-
maining trees were used to generate a 50% majority rule consensus tree and 
to estimate the Bayesian posterior probabilities (BPPs). Branches with ML-BS 
and BPPs equal to or above 65% and 0.95, respectively, were considered as 
signi昀椀cantly supported.

The best topologies from MP analyses are presented and the 昀椀nal alignments 
and the phylograms are deposited in TreeBASE (http://www.treebase.org) un-
der accession ID: 31153. The sequence identity was calculated using MAFFT, 
accessed through EMBL-EBI (https://www.ebi.ac.uk/Tools/msa/mafft/).
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Table 1. Biological material used in the phylogenetic analysis of genus Sidera. Information includes 昀椀nal identi昀椀cation of 
taxa (as derived from the present study; in bold typeface), initial identi昀椀cation of taxa as submitted in public databases 
or as it appeared on the material examined here for 昀椀rst time (when another name appears in parenthesis, it corresponds 
to the one subsequently used when this collection served as type material), specimen code, geographic origin, substrate 
and corresponding GenBank accession numbers for ITS and 28S rDNA. The reference for each entry is also provided; 
asterisk (*) indicates those not accompanied by a publication. Collections serving as type material are indicated with 
superscript letters, i.e., H: holotype, L: lectotype, and P: paratype; ‘n.a.’ denotes not available information.

Species Collection code
Geographic 

origin Substrate
GenBank accession no.

Reference
ITS 28S rDNA

S. americana

Sidera sp. (S. americana) Dai 12730H USA: CT on rotten stump of Pinus MW198478 n.a. Liu et al. (2021, 2023)

S. malaysiana Dai 19173 Canada on rotten angiosperm 
wood

MW198477 MW192005 Liu et al. (2022, 2023)

Sidera sp. TUF101553 Estonia Pinus sylvestris UDB015767 n.a. Runnel (2010)*

S. vulgaris Alden Dirks: ACD0413 USA: MI n.a. OL756000 OL742443 Dirks (2021)*

S. borealis

Sidera sp. (S. borealis) Cui 11216H China: SN fallen angiosperm trunk MW198485 n.a. Liu et al. (2021, 2023)

S. cf. vulgaris Dai 22822 China: YN on rotten
wood of Picea

OM974254 OM974246 Liu et al. (2022, 2023)

Sidera sp. TUF122801 Estonia Pinus sylvestris UDB023006 UDB023006 Runnel (2013)*

S. in昀氀ata

S. in昀氀ata Cui 13610H China: HI on rotten angiosperm 
wood

MW198480 n.a. Liu et al. (2021)

S. lenis

S. lenis O. Miettinen 11036.1L Finland n.a. FN907914 FN907914 Miettinen and Larsson 
(2011)

S. lenis NSK 1017015 Russia n.a. OR364533 n.a. Vlasenko (2023)*

S. lenis Dai 22834 China: YN on rotten wood of Picea OQ134538 n.a. Liu et al. (2023)

S. lenis TUF111091 Sweden Pinus sylvestris UDB032409 n.a. Sell (2015)* 

S. lowei

S. lowei Dollinger 922 USA: FL Quercus KY264044 n.a. Dollinger and Vlasak 
(2016)*

S. lowei Ryvarden 40576 Venezuela n.a. FN907917 FN907917 Miettinen and Larsson 
(2011)

S. lunata 

Athelopsis lunata JS 15063 (1717) Norway n.a. DQ873593 DQ873593 Larsson et al. (2006)

S. lunata S851 Estonia soil UDB0662815 n.a. Tedersoo et al. (2018)*

S. malaysiana

S. malaysiana Dai 18570H Malaysia on rotten angiosperm 
wood

MW198481 MW192007 Liu et al. (2021)

S. minutipora

S. minutipora Cui 16720 Australia: 
Tasmania

on rotten stump of 
Eucalyptus

MN621349 MN621348 Du et al. (2020)

S. vulgaris G. Gates FF257 Australia: 
Tasmania

n.a. FN907922 FN907922 Miettinen and Larsson 
(2011)

S. minutissima

S. minutissima Dai 19529 H Sri Lanka on rotten angiosperm 
branch

MN621352 MN621350 Du et al. (2020)

S. minutissima Dai 22495 China n.a. OM974248 OM974240 Liu et al. (2022)

Sidera sp. KAS: L1620 Réunion Island n.a. UDB024833 n.a. Ordynets (2015)*

Sidera sp. TUF123971 Seychelles n.a. UDB039740 n.a. Kõljalg (2018)*
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Species Collection code
Geographic 

origin Substrate
GenBank accession no.

Reference
ITS 28S rDNA

S. parallela

S. parallela Cui 10346H China: YN on rotten angiosperm 
trunk

MK346145 n.a. Du et al. (2020)

S. parallela Cui 10361P China: YN on fallen angiosperm 
trunk

MK346144 n.a. Du et al. (2020)

S. parallela Dai 22038 China n.a. MW477793 MW474964 Liu et al. (2022)

S. punctata

S. punctata Dai 22119H China: HI on rotten angiosperm 
wood

MW418438 MW418437 Liu et al. (2021)

unc. fungus L042880-122-
060-A02

Ocean air 昀椀lter sample GQ999131 n.a. Fröhlich-Nowoisky et 
al. (2012)

unc. fungus L042881-122-
061-B08

Taiwan air 昀椀lter sample GQ999432 n.a. Fröhlich-Nowoisky et 
al. (2012)

S. roseo-bubalina

S. roseo-bubalina Dai 11277T China: HA under decay Quercus MW198483 n.a. Liu et al. (2021)

S. salmonea

S. salmonea Dai 23354P China: Tibet Abies OM974250 OM974242 Liu et al. (2022)

S. salmonea Dai 23428 China: Tibet Pinus armandii OM974251 OM974243 Liu et al. (2022)

S. srilankensis

S. srilankensis Dai 19654H Sri Lanka on rotten angiosperm 
wood

MN621344 MN621346 Du et al. (2020)

S. srilankensis Dai 19581P Sri Lanka on rotten angiosperm 
wood

MN621345 MN621347 Du et al. (2020)

S. tenuis

S. tenuis Dai 18697H Australia: 
Tasmania

on rotten stump of 
Eucalyptus

MK331865 MK331867 Du et al. (2020)

S. tenuis Dai 18698P Australia on rotten stump of 
Eucalyptus

MK331866 MK331868 Du et al. (2020)

S. tianshanensis

S. tianshanensis Cui 19143H China: XJ on fallen trunk of Picea 

schrenkiana

OP920995 OP920987 Xu et al. (2023)

S. tianshanensis Cui 19132 China: XJ on stump of Picea 

schrenkiana

OP920994 OP920986 Xu et al. (2023)

S. vesiculosa

S. vesiculosa BJFC025377T Singapore on rotten angiosperm MH636564 MH636566 Du et al. (2019)

S. vesiculosa BJFC025367P Singapore on rotten angiosperm MH636565 MH636567 Du et al. (2019)

Sidera sp. TUE002764 Papua New 
Guinea

soil UDB07018609 n.a. Tedersoo et al. (2020)*

S. vulgaris 

S. vulgaris ACAM 2013-0017 Greece Pinus halepensis PP275215 PP275225 present work

S. vulgaris ACAM DD2559 Greece Abies cephalonica PP275216 PP275226 present work

Skeletocutis vulgaris HUBO 7745 Italy Pinus sylvestris PP275217 PP275227 present work

Skeletocutis lenis HUBO 8296 Italy Fagus PP275218 PP275228 present work

Skeletocutis vulgaris HUBO 8465 Italy Pinus nigra ssp. laricio PP275219 PP275229 present work

Skeletocutis lenis SALA-Fungi 3749 Spain Eucalyptus 

camaldulensis

PP275220 n.a. present work

Skeletocutis lenis SALA-Fungi 3752 Spain Pinus pinaster PP275221 n.a. present work

Skeletocutis sp. SALA-Fungi 4105 Spain Pinus pinaster PP275222 n.a. present work

Skeletocutis sp. SALA-Fungi 4111 Spain Acer monspessulatum PP275223 n.a. present work

S. vulgaris TU114503 Estonia Populus tremula UDB034888 n.a. Sell (2017)* 

S. vulgaris TU135349 Estonia Picea abies UDB0754207 n.a. Sell (2018)*

Sidera sp. (S. tibetica) Dai 23648H China: Tibet Pinus armandii OM974253 OM974245 Liu et al. (2022)
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Species Collection code
Geographic 

origin Substrate
GenBank accession no.

Reference
ITS 28S rDNA

Sidera sp. (S. tibetica) Dai 23407P China: Tibet n.a. OM974252 OM974244 Liu et al. (2022)

S. tibetica Dai 22151 China n.a. MW477794 MW477794 Liu et al. (2021)

S. tibetica Dai 21057 Belarus on rotten wood of Picea MW198484 MW192009 Liu et al. (2021)

S. tibetica LE F-342597 Russia Pinus brutia var. eldarica OR457651 n.a. Volobuev (2023)

Schizopora sp. 206 Spain Castanea sativa EM 
root tips

MN947225 n.a. Santolamazza-Carbone 
(2020)*

Schizopora sp. DLL2009-014 USA: MN Populus spp. JQ673191 n.a. Brazee et al. (2012)

Schizopora sp. FH:BHI-F453 USA: MA n.a. MF161274 n.a. Haelewaters et al. 
(2018)

Sidera sp. UC2022907 USA: CA on litter or well decayed 
wood in pinaceous 

forest

KP814250 n.a. Rosenthal et al. (2017)

unc. Hyphodontia 1Bart548S USA: NH n.a. HQ022192 n.a. Vineis (2011)

unc. fungus S38 Germany air sample FJ820526 n.a. Fröhlich-Nowoisky et 
al. (2012)

Sidera sp. 1

S. vulgaris Ryvarden 37198 New Zealand n.a. FN907918 FN907918 Miettinen and Larsson 
(2011)

Sidera sp. 2

Sidera sp. UC2023008 USA: MS decayed wood in 
pinaceous forest

KP814157 n.a. Rosenthal et al. (2017)

Sidera sp. 3

S. lowei Ryvarden 38817 New Zealand n.a. FN907919 FN907919 Miettinen and Larsson 
(2011)

Sidera sp. 4

unc. fungus L042886-122-
066-F04

Taiwan air 昀椀lter GQ999509 n.a. Fröhlich-Nowoisky et 
al. (2012)

unc. fungus L042881-122-
061-B09

Taiwan air 昀椀lter GQ999433 n.a. Fröhlich-Nowoisky et 
al. (2012)

Sidera sp. 5

Sidera sp. MEL:2382752 Australia: NT n.a. n.a. KP012935 Bonito et al. (2014)*

Outgroups

Alloclavaria purpurea Miettinen 18831 ΗΠΑ: WA old-growth forest with 
conifers

ON188807 ON188807 Viner (2022)*

Rickenella mellea Lamoure 74 n.a. n.a. U66438 U66438 Lutzoni (1997)

Resinicium furfuraceum 

(Skvortzovia furfuracea)
KHL 11738 Finland n.a. DQ873648 DQ873648 Larsson et al. (2006)

Skvortzovia furfurella KHL 10180 Puerto Rico n.a. DQ873649 DQ873649 Larsson et al. (2006)

Results

Taxonomy – Morphology

Sidera vulgaris (Fr.) Miettinen, Mycological Progress 10 (2): 136 (2011)
Figs 1, 2

Polyporus vulgaris Fr., Systema Mycologicum 1: 381 (1821). Basionym.
Skeletocutis vulgaris (Fr.) Niemelä & Y.C. Dai, Annales Botanici Fennici 34 (2): 

135 (1997). Synonyms.

Description. Basidioma—Annual to biennial, resupinate, soft when fresh and 
rather tough, soft-corky after drying, con昀氀uent and widely effused covering ex-
tended under-surface of decaying logs, 0.8–2.0 mm thick at the centre; pore 
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surface white to cream when fresh, becoming yellowish to buff when dry; ster-
ile margin indistinct, cottony, white, thinning-out; pores very small, roundish, (5) 
6–8 (10) per mm (n = 273/13); dissepiments thin, entire to slightly lacerate; 
subiculum very thin, cottony, concolorous with the tube layer; tubes concolor-
ous with the poroid surface, up to 2 mm long.

Hyphal system dimitic in all parts of the basidioma; generative hyphae 
smooth, without encrustations, septa with clamp connections; skeletal hyphae 
not reacting with Cotton Blue, Melzer’s reagent or KOH.

Subiculum—Hyphae interwoven, skeletal hyphae dominating, skeletals (1.7) 
2–3.5 (4.0) μm in diameter, rosette-like crystal clusters rare to common.

Tubes—Hyphae subparallel to moderately interwoven. Generative hyphae, 
thin to slightly thick-walled, poorly branched, 1.7–3.0 μm in diameter. Skele-
tal hyphae, thick-walled to subsolid, hyaline, rarely branched, 昀氀exuous, 1.7–
3.5 μm in diameter, with scattered swellings up to 7 μm. Dissepiment edges 
with both generative and skeletal hyphae that often bear a swollen, capitate 
apex, generative hyphae sometimes covered by a mucous droplet, rosette-like 
crystals frequent in mature basidiomata. Cystidioles seldom to abundant, fu-
soid, thin-walled, hyaline, basally swollen, with hyphoid neck and mostly obtuse 
or capitate tip, some bearing crystals at apex (asterocystidia), a few modi昀椀ed 
as halocystidia were also observed, (9.3) 12.4–19.9 (25.0) × (2.2) 2.8–4.0 
(5.3) μm (n = 125/15). Basidia barrel-shaped to somewhat short-clavate, with 
four sterigmata and a basal clamp, (6.2) 6.8–9.9 (14.6) × (3.1) 3.8–4.7 (5.6) μm 
(n = 185/15); basidioles barrel-shaped, slightly shorter than the basidia.

Basidiospores—Cylindrical, moderately curved to lunate, thin-walled, hyaline, 
smooth, negative in Melzer’s reagent, acyanophilous, (3.0) 3.4–3.9 (4.3) × (1.2) 
1.4–1.6 (1.8) μm, Average = 3.6 × 1.5 μm, Q = (1.95) 2.24–2.60 (3.08) Q

AV
 = 2.41 

(n = 399/15).
Distribution and hosts. The species is reported from Mediterranean Europe 

(e.g. Portugal, Spain, France, Italy, Croatia and Greece), Germany, Slovakia, Po-
land, Estonia, Sweden, Belarus, Russia, as well as from Armenia, Georgia, Iran, 
Kazakhstan, China, USA and Canada (Niemelä and Dai 1997; Ghobad-Nejhad 
2011; Bernicchia et al. 2020; Liu et al. 2022; this work). It occurs on various broad-
leaved trees of (Alnus, Eucalyptus, Fagus, Populus, Quercus, Sorbus and Ulmus), 
as well as on coniferous trees, i.e. Picea, Pinus (P. halepensis, P. nigra ssp. laricio, 
P. pinaster, P. sylvestris) or Juniperus and on Abies cephalonica (this work).

Figure 1. S. vulgaris specimen in situ (ΑCAM 2013-0017). Scale bar: 5 cm (left); 2 cm (right).
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Figure 2. Micromorphological features of S. vulgaris; scale bar 5 μm [except of f and g 10 μm] a basidiospores (all speci-

mens) b basidia (ACAM 2013-0017, ACAM DD2559, HUBO 7745, HUBO 8296, HUBO 8465, SALA-Fungi 3752) c hymenium 

with basidia and basidioles (HUBO 8465) d branched and unbranched cystidioles bearing crystals at apex (asterocystidia) 
(ACAM DD2559, SALA-Fungi 3752, SALA-Fungi 4111) e hymenial cystidioles (ACAM DD2559, HUBO 8296, SALA-Fungi 3749) 
f hyphae of the subiculum with dominating skeletals (ACAM 2013-0017) g dissepiment edges with skeletal and generative 

hyphal ends (HUBO 7745) h details of the rosette-like crystal clusters from tramal hyphae (HUBO 7745) i capitate ends of gen-

erative hyphae from dissepiments and hymenium (with mucous droplets) (HUBO 8296, SALA-Fungi 3749, SALA-Fungi 3752) 
j skeletal hyphae from dissepiments with swellings (ACAM 2013-0017, HUBO 7745, SALA-Fungi 3752, SALA-Fungi 4111).
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Specimens examined. Greece: Sterea Ellas, Fthiotida, Gardiki, on trunk of 
Abies cephalonica, 28 April 2007, ACAM DD2559, coll. D. Dimou. Attica, Mt. 
Parnitha, on trunk of P. halepensis, 30 May 2013, ACAM 2013-0017. coll. E. Po-
lemis. ITALY: Emilia Romana, Forli, Pian del Pero Cullacea, on Ulmus glabra, 
7 October 2002, HUBO 7629, coll. A. Bernicchia (as Sk. vulgaris); ibidem. on 
Fagus sp. 11 October 2006, HUBO 8296, coll. A. Bernicchia (as Sk. lenis); Ferr-
ara, Bosco della Mesola, on Populus sp. 12 November 2003, HUBO 7701, coll. 
A. Bernicchia (as Sk. lenis); Bologna, Parko la Martina, on P. sylvestris, 16 July 
2003, HUBO 7745, coll. A. Bernicchia (as Sk. vulgaris); Ravena, Pineta San Vi-
tale, on Populus alba, 4 November 2003, HUBO 7811, coll./det. A. Bernicchia 
(as Sk. vulgaris). Sardinia, Tonara, Isca de sa Mela, on P. nigra ssp. laricio, 14 
October 2007, HUBO 8465, coll. L. Arras (as Sk. vulgaris); Sorgono, Isca de sa 
Mela, on P. nigra ssp. laricio, 18 November 2009, HUBO 8522, coll. A. Bernicchia 
(as Sk. lenis). SPAIN: Castile-Leon, Garcibuey, on Eucalyptus camaldulensis, 7 
November 2005, SALA-Fungi 3749, ibidem. on P. pinaster, 22 November 2006, 
SALA-Fungi 3747, coll. S.P. Gorjón (as Sk. lenis); Herguijuela de la Sierra, on 
P. pinaster, 18 November 2007, SALA-Fungi 3752, coll. S.P. Gorjón (as Sk. lenis); 
Miranda del Castañar, on P. pinaster, 22 November 2006, SALA-Fungi 4105, coll. 
S.P. Gorjón (as Skeletocutis sp.); San Martín del Castañar, on Acer monspes-

sulatum, 14 October 2007, SALA-Fungi 4111, coll. S.P. Gorjón (as Skeletocutis 
sp.); Cepeda, on Alnus glutinosa, 29 November 2006, SALA-Fungi 3745, coll. 
S.P. Gorjón (as Sk. lenis).

Phylogenetic analysis

To estimate the phylogeny of the genus Sidera, datasets of ITS and 28S rDNA 
sequences were compiled, including sequences from collections with a Medi-
terranean distribution, as well as from pertinent specimens and environmental 
samples deposited in INSDC and UNITE in order to cover as much as possible 
the diversity and distribution of the genus. The total dataset consisted of 69 
collections represented by 68 ITS and 36 28S sequences (Table 1). The mate-
rial examined for the 昀椀rst time in the present study included nine collections 
from Mediterranean Europe, from which nine ITS and 昀椀ve 28S sequences were 
obtained. Additional information on the phylogenetic analyses performed for 
each dataset is provided in Suppl. material 1. Both applied phylogenetic strate-
gies, ML and BI, produced phylograms characterised by a consistent topology, 
devoid of any supported con昀氀icts.

The phylogenetic reconstruction, based on the ITS sequences (Fig. 3), re-
covered Sidera as a strongly-supported monophyletic clade (ML-BS 100%, 
BPP 1.00), which is further segregated into three well-supported main 
clades, A through to C. In total, 22 highly-supported terminal clades were 
recovered including those corresponding to the 18 formally described taxa; 
amongst them, 14 are represented by type sequences (plus one representing 
S. tibetica, which, however, should be considered as synonym of S. vulgar-

is as explained below). No sequences from type specimens were available 
for S. lunata, S. vulgaris, S. lowei or S. minutipora. In addition, four terminal 
clades do not correspond to the already known taxa and they could repre-
sent undescribed species. They are provisionally referred to as ‘Sidera sp. 1, 
2, 3 and 4’.
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Figure 3. Phylogenetic relationships within the genus Sidera inferred by using ML analysis on the ITS sequence dataset. 
ML BS ≥ 65% and BPP ≥ 0.95 are appended to nodes; asterisk denotes 100% ML BS and/or 1.00 BBP. Specimens studied 
are followed by their voucher code and geographic origin. Sequences determined in the present study appear in bold, 

while those representing type material are underlined. The phylogram is rooted with Skvortzovia furfuracea and Skvortzo-

via furfurella. The scale bar indicates 0.1 expected change per site per branch.

Clade A (100%, 1.00) includes only S. lunata, which is distantly related to the 
rest of the Sidera spp. and it has a hydnoid hymenophore. All other taxa have po-
roid hymenophores and are grouped with signi昀椀cant support (95%, 0.98). They are 
further subdivided into clades B (100%, 1.00) and C (99%, 1.00) consisting of eight 
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and 13 species, respectively. Clade B includes S. lenis – the type species of the 
genus – represented by collections from Sweden, Finland, Russia and China, as 
well as a cluster composed of S. borealis and two closely-related taxonomic enti-
ties. The 昀椀rst of them is hereby designated ‘Sidera sp. 1’ (UNITE DOI: SH1110196.
09FU); it corresponds to the specimen Ryvarden 37198 from New Zealand, initially 
identi昀椀ed as S. vulgaris, but apparently not related to the real S. vulgaris, which is 
grouped in Clade C and includes material from the Northern Hemisphere. The sec-
ond is represented by the specimen Sidera sp. UC2023008 from USA. Although 
closely positioned to S. borealis, it is considered as distinct from the latter species 
since it shows a rather low ITS sequence identity (96.5–98.4%) and distant geo-
graphic occurrence (S. borealis is reported from Europe and China). We provision-
ally call it ‘Sidera sp. 2’ (UNITE DOI: SH1110192.09FU). Moreover, clade B includes 
two pairs of sister species (100%, 1.00), i.e. S. tianshanensis B.K. Cui & T.M. Xu 
and S. salmonea Z.B. Liu, Jian Yu & F. Wu (both from Asia), as well as S. parallela 
Y.C. Dai, F. Wu, G.M. Gates & Rui Du and S. americana (the former originates from 
Asia, while the latter from North America and north Europe).

Clade C comprises the main diversity of the genus by accommodating 11 spe-
cies and two entities possibly corresponding to new taxa. S. srilankensis Y.C. Dai, 
F. Wu, G.M. Gates & Rui Du and S. malaysiana Z.B. Liu & Y.C. Dai form a robust-
ly-supported clade (100%, 1.00) consisting of Asian specimens. Similarly, se-
quences deriving from the Neotropics correspond to S. lowei. However, another 
collection (Ryvarden 38817) – initially identi昀椀ed as S. lowei from New Zealand – 
is phylogenetically separated from the previous species and seems to represent 
a distinct taxon (ITS sequence identity: 83.0–83.8%), herein called ‘Sidera sp. 3’ 
(UNITE DOI: SH1110192.09FU). Furthermore, S. roseobubalina Z.B. Liu & Y.C. Dai 
is represented only by the holotype, originating from China. It is related to two se-
quences derived from environmental samples (air 昀椀lters, Taiwan; ITS sequence 
identity to S. roseobubalina: 93.5–93.6%); hence, the latter could possibly corre-
spond to an undescribed taxon which is provisionally named ‘Sidera sp. 4’ (UNITE 
DOI: SH1111516.09FU). The aforementioned taxa are strongly linked (96%, 1.00) 
with a group consisting of S. punctata Z.B. Liu & Y.C. Dai and S. vesiculosa Rui 
Du & M. Zhou; these four species are represented by sequences from material of 
Asian origin. Finally, a well-supported cluster (97%, 1.00) is composed by S. minu-

tissima Y.C. Dai, F. Wu, G.M. Gates & Rui Du (including specimens from islands of 
the Indian Ocean and China), S. in昀氀ata Z.B. Liu & Y.C. Dai from China (sequence 
data available only from the type collection), the sister species S. minutipora 
(Rodway & Cleland) Y.C. Dai, F. Wu, G.M. Gates & Rui Du and S. tenuis Y.C. Dai, F. 
Wu, G.M. Gates & Rui Du (consisting of material from Australia) and S. vulgaris.

S. vulgaris forms a highly-supported terminal clade (100%, 1.00) composed 
of 22 sequences labelled with various names, for example, S. vulgaris, S. lenis, 
S. tibetica, Sidera sp., Skeletocutis sp. and Schizopora sp. All samples originat-
ed from the Northern Hemisphere (Europe, Asia and North America). In particu-
lar, the clade includes all material studied for the 昀椀rst time in the framework the 
present study (collected from various substrates in Spain, Italy and Greece), as 
well as sequences from Germany, Estonia, Belarus, Russia, China (incl. Tibet) 
and the USA (UNITE DOI: SH1262165.09FU).

Although represented by fewer sequences, the phylogenetic reconstructions 
that were based on 28S or on the concatenated ITS and 28S sequences (Suppl. 
material 2 and Fig. 4, respectively) provided similar topologies as the ITS tree by 
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maintaining the same phylogenetic positions of S. lunata and of species within 
Clades B and C (100%, 1.00). It is also interesting that the unnamed taxa ‘Sid-

era sp. 1’ and ‘Sidera sp. 3’ seem to be well-separated from the already known 
species, as indicated above (Fig. 3). In addition, the specimen MEL:2382752 
(Australia), originally identi昀椀ed as Sidera sp., appears to be distinct from the 
two most closely-related taxa, i.e. S. srilankensis and S. malaysiana; therefore, 
it is assigned with the provisional name ‘Sidera sp. 5’ (Suppl. material 2).

Discussion

This study mainly deals with the taxonomic uncertainty associated with collec-
tions under the names S. vulgaris and S. lenis. A great deal of confusion stems 
from the erroneous initial identi昀椀cations of such specimens and, as explained 
below, further obstacles were raised by the description of the (allegedly) new 
species S. tibetica (Liu et al. 2022).

Miettinen and Larsson (2011), who introduced Sidera as a new genus to ac-
commodate – amongst others – the dimitic polypores Sk. vulgaris and Sk. le-

nis, studied the former by examining three collections: one European (Poland, 
Niemelä 5981) and two from the Southern Hemisphere. However, sequence 
data were available only from the latter two. As our results show, the collec-
tion from New Zealand (Ryvarden 37198), that was considered to represent 

Figure 4. Phylogenetic relationships within the genus Sidera inferred by using ML analysis on the concatenated ITS and 
28S rDNA sequence dataset. ML BS ≥ 65% and BPP ≥ 0.95 are appended to nodes; asterisk denotes 100% ML BS and/
or 1.00 BBP. Specimens studied are followed by their voucher code and geographic origin. Sequences determined in the 
present study appear in bold, while those representing type material are underlined. The phylogram is rooted with Skvort-

zovia furfuracea and Skvortzovia furfurella. The scale bar indicates 0.1 expected change per site per branch.



132MycoKeys 105: 119–137 (2024), DOI: 10.3897/mycokeys.105.121601

Vassiliki Fryssouli et al.: Phylogeny and taxonomy of the genus Sidera

S. vulgaris and was included as such in several phylogenetic studies, was as-
signed to clade B in the present study (as ‘Sidera sp. 1’). Furthermore, the collec-
tion from Tasmania (G. Gates FF257) was grouped in clade C and was identi昀椀ed 
as S. minutipora (Du et al. 2020). Therefore, it is clear that these two collections 
are not related to S. vulgaris. Moreover, several specimens included either as 
S. vulgaris or S. vulgaris sensu lato in the previous publications (Liu et al. 2021, 
2022) were later linked to other species of this genus by the same group of 
authors (Liu et al. 2023), for example, to S. americana (Dai 12730 from USA and 
Dai 19173 from Canada) and S. borealis (Cui 11216 and Dai 22822 from China).

Most importantly, another new Sidera species was recently introduced un-
der the name S. tibetica (Liu et al. 2022). It was described on the basis of two 
sequenced specimens from Tibet, but without being examined versus any real/
authentic S. vulgaris collections. In fact, the three “S. vulgaris” collections in-
cluded in the aforementioned study were Ryvarden 37198 (New Zealand), Dai 
19173 (Canada) and Dai 22822 (China). However, the 昀椀rst of these corresponds 
to Sidera sp. 1 (as the present work demonstrated), the second to S. americana 
and the third to S. borealis. In addition, all S. tibetica sequences from the work of 
Liu et al. (2022) [and from other recent publications where this name was also 
erroneously used (e.g. Volobuev (2023))] were grouped (100%, 1.00) together 
with a large number of S. vulgaris specimens originating from Europe (#15), 
Asia (#3) and USA (#4). It should additionally be noted that Liu et al. (2021) had 
indications that the allegedly new species occurred also in Europe (since they 
have examined the specimen Dai 21057, initially identi昀椀ed as S. vulgaris sensu 

lato from Belarus). However, they did not include it in the description of S. tibet-

ica (Liu et al. 2022), whereas it was used in their more recent study under this 
name (Liu et al. 2023). Therefore, it is evident that S. tibetica was erroneously in-
troduced as a new species since the respective examined material corresponds 
to S. vulgaris, i.e. the already existing species, previously described from speci-
mens originating from Sweden (Niemelä and Dai 1997). Apparently, the lack of 
sequence data from the type material of S. vulgaris and not including correctly 
identi昀椀ed collections of the appropriate geographic origin (e.g. Europe) were 
the main reasons for this major issue detected in the publication of Liu et al. 
(2022). Hence, S. tibetica should be considered as a synonym of S. vulgaris.

The molecular evidence provided by the phylogenetic analyses (Fig. 3, Fig. 4 
and Suppl. material 2) shows that S. vulgaris is well discriminated from S. lenis 
since the respective terminal clades are properly de昀椀ned and clearly separat-
ed. On the other hand, distinguishing S. vulgaris from S. lenis morphologically 
remains a di昀케cult task; this resulted in incorrect identi昀椀cations of the two spe-
cies in Europe and elsewhere. Until very recently, the distribution of S. vulgaris in 
south Europe was considered to be unknown because, as stated, “… it was easi-
ly confused with S. lenis” (Bernicchia et al. 2020). It is now clear that S. vulgaris 
is the only species of the genus which is also present in Mediterranean Europe.

Our morphological studies, in conjunction with the veri昀椀ed identity of speci-
mens from DNA sequencing, revealed that the most stable and reliable charac-
ter to distinguish these two species is the pore size, which is clearly smaller in 
S. vulgaris, on average, more than six pores per mm, as opposed to less than six 
pores per mm in S. lenis (Table 2). The length of the basidia, furthermore, seems 
to be important in this regard, as they hardly exceed 10 μm in S. vulgaris, while 
they are always longer in S. lenis. Regarding the size and shape of basidiospores, 
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our measurements indicate a much wider deviation, particularly with regards to 
the width, which largely affects the quotient (Q, length/width). Our work also 
suggests that S. vulgaris basidiospores may exceed 1.5 μm in width; this contra-
dicts pertinent generic keys which placed a clear-cut value of 1.5 μm between 
these species (i.e. Ryvarden and Melo (2017); Bernicchia et al. (2020)). Appar-
ently, this tiny value – and variations thereof – are very di昀케cult to detect with 
accuracy. In contrast, the average spore length seems to be a more reliable char-
acter, since it does not exceed 4 μm in S. vulgaris, in contrast to S. lenis whose 
spores are usually longer. In our opinion, the presence of the stellate crystal 
agglomerations and the mucous deposit on the capitate generative hyphal tips 
are unstable characters, most likely affected by the age of basidiomata and the 
microscopy techniques used; thus, they are of questionable taxonomic value. In 
addition, the most important taxonomic features mentioned in the description 
of S. tibetica (Liu et al. 2022) are similar to (or not differing considerably from) 
those of S. vulgaris (Table 2). The deviations observed in spore size (especially) 
and pore density are small and they cannot be considered as signi昀椀cant since 
only three specimens of S. tibetica were used for its original description.

Conclusions

In this work, a large number of Sidera sequences (ITS and LSU rDNA) were ana-
lysed which included new material from Mediterranean Europe, as well as pub-
licly available sequences. The monophyletic nature of the genus was strongly 
supported in the generated trees. Sidera lunata (characterised by a hydnoid hy-
menophore) was identi昀椀ed as the sister group to the remainder of the genus 
in the derived phylogeny, while species with poroid hymenophore formed a ro-
bustly supported lineage that was subdivided into two major clades. Amongst 
23 species in total, 昀椀ve are possibly new to science, but since they are mostly 
represented by single collections, further work is needed before any de昀椀nite con-
clusions could be drawn. The presence of S. lenis was assessed in north Europe, 
Russia and China, while examined collections from south Europe under this 
name were recovered within S. vulgaris. The latter species exhibits a Holarctic 
distribution. It occurs on dead wood of angiosperms and gymnosperms, includ-
ing the regions of Eurasia where it was erroneously reported as S. tibetica. As we 
demonstrate, the description of this allegedly new species was based on collec-
tions that are hereby identi昀椀ed as S. vulgaris. This observation also emphasises 
the need to proceed with the epitypi昀椀cation of S. vulgaris since the type material 
maintained in Herbarium UPS may be too old for successful sequencing.

Table 2. Comparison of key morphological features from collections of Sidera vulgaris (this work; Niemelä and Dai 1997), 
S. tibetica (Liu et al. 2022) and S. lenis (Niemelä and Dai 1997).

S. vulgaris (this work) S. vulgaris (Niemelࠀ愃 and Dai 1997) S. tibetica (Liu et al. 2022) S. lenis (Niemelࠀ愃 and Dai 1997)

Pores (per mm) 6–8 6–8 7–8 4–6

Spores 3.2–4.0×1.3–1.7 μm, 
av. 3.64×1.51 μm Q = 2.24–2.60

2.9–3.6×0.9–1.4 μm, av. 
3.14×1.08 μm Q = 2.44–3.11

2.9–3.1×1.0–1.1 μm, 
av. 3.01×1.05 μm Q = 2.78–2.91

3.9–4.9×1.5–2 μm, 
av. 4.35×1.76 μm Q = 2.29–2.74

Basidia length 6.8–11 μm 6.5–8.5 μm 8–9.5 μm 10–13.5 μm

Skeletals in KOH 1.7–3.5 μm 2.7–3.5 μm 2.0–4.0 μm 3.5–4.8 μm

Stellate crystals frequent very rare frequent frequent
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Abstract

Teunia, belonging to the family Cryptococcaceae of the order Tremellales, is a genus of 
plant-inhabiting fungi distributed across the globe. Its members form associations with 
different plant parts, including 昀氀owers, fruits, leaves, seeds, and twigs. Recent efforts 
have aimed to explore the diversity of Teunia in China, however, many geographical re-

gions have not yet been explored. In this study, we included results of 昀椀ve Teunia yeast 

strains that were isolated from plant materials collected in Fujian, Guizhou and Henan 
provinces, with descriptions, illustrations, and phylogenetic analyses of three new spe-

cies: T. acericola, T. mussaendrae isolated from leaf surfaces in Fujian, Guizhou and 
Henan Provinces, and T. qingyuanensis obtained from rotting wood in Fujian Province.

Key words: Basidiomycota, fungal diversity, new species, plant, taxonomy

Introduction

Teunia is a recently established genus by Li et al. (2020), based on the phylo-
genetic analysis of a seven-gene dataset consisting of SSU rRNA, D1/D2 LSU 
rRNA domain, ITS region, RPB1, RPB2, TEF1-α, and CYTB. This analysis revealed 
a well-supported clade encompassing Cryptococcus cuniculi K.S. Shin & Y.H. 
Park, Fonsecazyma tronadorensis Yurkov (= Cryptococcus tronadorensis V. de 
García, Zalar, Brizzio, Gunde-Cim & Van Broock), Fonsecazyma betulae Yurkov, 
Kachalkin & Boekhout (= Kwoniella betulae K. Sylvester, Q.M. Wang & Hittinger), 
along with three new species T. globosa Q.M. Wang, F.Y. Bai & A.H. Li, T. helan-

ensis Q.M. Wang, F.Y. Bai & A.H. Li, and T. korlaensis Q.M. Wang, F.Y. Bai & A.H. 
Li that was designated as the type species of the genus (Li et al. 2020). Since 
then, the increasing accessibility of sequencing services and a large quantity 
of available molecular data have led to a rapid expansion in the knowledge of 
the genus, and seven new species have been described: T. rosae Q.M. Wang, 
A.H. Li, G.S. Wang & Wangmu, T. rudbeckiae Q.M. Wang, A.H. Li, G.S. Wang & 
Wangmu (Wang et al. 2020), T. siamensis Khanam & Limtong (Khunnamwong 
et al. 2020), T. lichenophila Kachalkin, M.A. Tomashevskaya & T.A. Pankrato 
(Crous et al. 2021), T. nitrariae X.Z. Liu, F.Y. Bai & X.Y. Wei (Wei et al. 2022), 
and T. virginiahalliae Y.P. Tan & G.S. Pegg (Tan and Pegg 2023). In the case of 
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T. virginiahalliae, which has been proposed based only on the ITS sequence, a 
representative reference culture has not been deposited in a culture collection, 
which hampers further studies on this species.

Until now, 12 species have been accepted in Teunia (www.indexfungorum.
org/; www.mycobank.org). They all share cream to yellow-colored colonies, 
polar budding, non-fermentative nature, and inability to form pseudohyphae, 
hyphae, and ballistoconidia (Li et al. 2020). The members of Teunia have been 
found in diverse habitats and are frequently isolated as epiphytes from 昀氀owers 
(Wang et al. 2020), leaves (Sylvester al. 2015; Li et al. 2020), and tree barks 
(Sylvester et al. 2015), T. lichenophila was isolated as endophyte from Cladonia 

rangiferina and C. stellaris (Crous et al. 2021). Species of Teunia have also been 
isolated from soil (Khunnamwong et al. 2020; Li et al. 2020), barley from wild 
rabbit feces (Shin et al. 2006) and glacial biomes (de Garcia et al. 2012). Fur-
thermore, it is hypothesized that an excess of 30 undescribed or erroneously 
identi昀椀ed strains may represent an additional 20 Teunia species (Wang et al. 
2020). These potential members originate from various diverse substrates, in-
cluding plant materials such as 昀氀owers (Herzberg et al. 2002; Mittelbach et al. 
2015), 昀氀oral nectars (Alvarez-Pérez and Herrera 2013), seeds (Fernández et al. 
2012), fruits, leaves, and twigs. Others have been collected from soil (Takashi-
ma et al. 2012; Yurkov et al. 2016), coastal seawater, and extreme acidic envi-
ronments (Gadanho et al. 2006). Taken together, these previous 昀椀ndings could 
be an indication that the habitat of these fungi is different plant parts.

Currently, half of the accepted species in Teunia were described from China, 
T. globosa, T. helanensi, T. korlaensis (Li et al. 2020), T. rosae, T. rudbeckiae 
(Wang et al. 2020), and T. nitrariae (Wei et al. 2022). However, these species 
have been collected from limited geographical ranges, and it is hoped that 
broader 昀椀eld investigations will reveal additional members of the genus.

During our investigation, we isolated 昀椀ve strains of Teunia from various 
substrates across different regions of China. Our phylogenetic analyses and 
examination of phenotypic features determined that the isolates represent 
three new species. The objective of this paper is to describe these species with 
morphological and molecular characters and contribute to knowledge of the 
diversity of Teunia in China.

Materials and methods

Sample collection and yeast isolation

Materials were collected from the Fujian, Guizhou, and Henan Provinces of 
China. One of the yeast strains was isolated from rotting wood through the 
enrichment method described by Shi et al. (2021). Four additional strains 
were harvested from leaf surfaces using the improved ballistospore-fall meth-
od described by Nakase and Takashima (1993). Based on this method, fresh 
leaves were cut into small pieces and adhered with a thin layer of petroleum 
jelly to the inner lid of a Petri dish containing yeast extract-malt extract (YM) 
agar (0.3% yeast extract, 0.3% malt extract, 0.5% peptone, 1% glucose, and 2% 
agar). The mixture was supplemented with 0.01% chloramphenicol to avoid 
bacterial growth. Plates were incubated at 20 °C and monitored daily for colony 
formation. Selected colonies were streaked onto separate YM agar plates for 
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puri昀椀cation. Following puri昀椀cation, strains were suspended in YM broth supple-
mented with 20% (v/v) glycerol and stored at –80 °C for future use. Cultures of 
all obtained isolates were preserved at the Microbiology Lab, Nanyang Normal 
University, Henan, China.

Phenotypic characterization

Morphological, physiological, and biochemical analyses were performed ac-
cording to the standard methods described by Kurtzman et al. (2011). To exam-
ine the inducibility of the sexual state in each isolate, single or double strains 
were mixed on corn meal agar (CMA), potato dextrose agar (PDA), and V8 agar 
(10% V8 juice, 2% agar) at 20 °C for up to 8 weeks (Wang et al. 2020). Glucose 
fermentation was tested in a liquid medium with Durham fermentation tubes. 
Carbon and nitrogen assimilation capabilities were examined in a liquid me-
dium, with starved inoculum used for nitrogen testing (Kurtzman et al. 2011). 
Growth at various temperatures (15, 20, 25, 30, 35, and 37 °C) was assessed 
through cultivation on YM agar plates. Cell morphology was examined with LEI-
CA DM2500 cameras (LECIA Co, Wetzlar, Germany) and LASV4.13 software. All 
proposed names and descriptions were deposited in the MycoBank database 
(http://www.mycobank.org; 8 February 2024).

DNA extraction, PCR ampli昀椀cation, and sequencing

Genomic DNA was extracted from each strain using the Ezup Column Yeast 
Genomic DNA Puri昀椀cation Kit, according to the manufacturer’s instructions 
(Sangon Biotech Co., Shanghai, China). The ITS region, D1/D2 domain of the 
LSU rRNA, and a partial segment RPB1 were ampli昀椀ed with primers ITS1/ITS4 
(White et al. 1990), NL1/NL4 (Kurtzman and Robnett 1998), and RPB1-Af and 
RPB1-Cr (Kurtzman and Robnett 2003), respectively. Ampli昀椀cations were per-
formed in a 25 µL reaction-volume tube containing 9.5 µL ddH

2
O, 12.5 µL Taq 

2X PCR Master Mix with blue dye (Sangon Biotech Co., Shanghai, China), 1 
µL DNA template, and 1 µL of each primer. The ITS region and D1/D2 domain 
were ampli昀椀ed with an initial denaturation step of 2 min at 95 °C, followed by 
35 cycles of 30 s at 95 °C, 30 s at 51 °C, 40 s at 72 °C, and a 昀椀nal extension of 
10 min at 72 °C (Toome et al. 2013). Ampli昀椀cation of the partial RPB1 gene 
was conducted using a touchdown PCR protocol as described by Wang et al. 
(2014). PCR products were then puri昀椀ed and sequenced by Sangon Biotech 
Co., Ltd (Shanghai, China) using the same primers. The identity and accuracy 
of each sequence were determined by comparison to sequences in GenBank. 
Assembly was performed with BioEdit v.7.1.3.0 (Hall 1999). All newly gener-
ated sequences were deposited in the GenBank database (https://www.ncbi.
nlm.nih.gov/genbank/).

Phylogenetic analysis

Phylogenetic analyses were conducted based on LSU sequences alone and 
a combination of the ITS, LSU, and RPB1 dataset. Cryptococcus amylolentus 
CBS 6039T and Cryptococcus neoformans CBS 8710T were designated as 
outgroups (Crous et al. 2021). Individual loci sequences were aligned using 
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MAFFT v.7.110 (Katoh and Standley 2013) under the G-INI-I option. Poorly 
aligned regions were removed and adjusted manually using MEGA v.11 (Tamu-
ra et al. 2021). Aligned sequences of the different loci were concatenated with 
Phylosuit v.1.2.2 (Zhang et al. 2020).

Maximum likelihood (ML) analysis was conducted using RAxML v.8.2.3 with 
the GTRGAMMA model (Stamatakis 2014). Node ML bootstrap values (MLBS) 
were evaluated using 1,000 rapid replicates. The Best-昀椀t evolution model for 
Bayesian inference (BI) was determined with ModelFinder (Kalyaanamoorthy 
et al. 2017). BI analysis was performed using MrBayes v.3.2.7a (Ronquist et al. 
2012) through the CIPRES Science Gateway. Six simultaneous Markov chains 
were run for 50 million generations, with trees sampled every 1,000th gener-
ation. The 昀椀rst 25% of trees were discarded, representing the burn-in phase. 
Remaining trees were used to calculate the Bayesian posterior probabilities 
(BPP) of each clade. Trees were examined using FigTree v.1.4.3 (Andrew 2016). 
Branches exhibiting MLBS values ≥50% and BPP values ≥0.95 were shown at 
the nodes.

Results

Molecular phylogeny

A total of 昀椀ve yeast strains preliminarily identi昀椀ed as Teunia were studied fur-
ther (Table 1). Besides the newly generated sequences, additional related se-
quences were also downloaded from GenBank (Table 2) for inclusion in the 
phylogenetic analyses.

The LSU dataset consisted of 32 sequences representing 25 species. The 
aligned set had a length of 603 characters, of which 480 were constant, 34 were 
variable and parsimony-uninformative, and 89 were parsimony-informative. The 
BI yielded a topology similar to the ML analysis, with an average standard devi-
ation of split frequencies equal to 0.009938. In the LSU based phylogenetic tree 
(Fig. 1), 昀椀ve newly isolated strains formed three distinct and well-supported 
lineages that are distant from other Teunia species. Since T. virginiahalliae only 
has ITS sequence data, the phylogenetic analysis based on the ITS dataset was 
also performed. The phylogenetic tree (Suppl. material 1) recovered 12 known 
species of Teunia, while the newly isolated strains formed three independent 
lineages as in the phylogeny inferred from the LSU dataset.

The combined ITS, LSU, and RPB1 dataset encompassed sequences from 
28 yeast strains representing 26 species. Including gaps, the dataset had an 
aligned length of 1,978 characters (549, 603, and 826 characters for ITS, LSU, 
and RPB1, respectively), of which 873 were constant, 381 were variable and par-
simony-uninformative, and 724 were parsimony-informative. The best-昀椀t model 
of the combined dataset for BI analysis was determined to be GTR+I+G, with 
equal nucleotide frequencies. The BI yielded a topology similar to the ML anal-
ysis, with an average standard deviation of split frequencies equal to 0.009550. 
The ITS, LSU, and RPB1 based phylogenetic tree (Fig. 2) produced a topology 
similar to that generated by the LSU based phylogenetic tree, and further con-
昀椀rmed the groupings of the three new species within Teunia.

Strains NYNU 2111141 and NYNU 2111157 were isolated from different 
leaves, but possess identical D1/D2 and ITS sequences. Both phylogenetic 
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Table 1. Yeast strains and origins investigated in this study.

Strain Source Location

Teunia acericola Y.Z. Qiao & F.L. Hui

NYNU 2111141T Leaf of Acer palmatum Baotianman Nature Reserve, Neixiang County, Henan Province, China

NYNU 2111157 Leaf of Rhus chinensis Baotianman Nature Reserve, Neixiang County, Henan Province, China

Teunia qingyuanensis Y.Z. Qiao & F.L. Hui

NYNU 22475T Rotting wood Qingyuan Mountain, Quanzhou City, Fujian Province, China

Teunia mussaendrae Y.Z. Qiao & F.L. Hui

NYNU 23232T Leaf of Mussaenda pubescens Sifangjing Village, Pingtang County, Guizhou Province, China 

NYNU 23257 Leaf of Viburnum sp. Sifangjing Village, Pingtang County, Guizhou Province, China 

Table 2. Species name, strain/clone numbers, and GenBank accession numbers included in phylogenetic analyses. En-

tries in bold represent newly generated materials.

Species name Strain/clone number
GenBank accession numbers

ITS LSU D1/D2 RPB1

Cryptococcus amylolentus CBS 6039T NR_111372 KY106966 KF036342
Cryptococcus neoformans CBS 8710T NR_171785 NG_058766 KF036472
Kwoniella bestiolae CBS 10118T NR_111373 NG_042482 KF036351
Kwoniella dejecticola CBS 10117T NR_111374 NG_042483 KF036362
Kwoniella dendrophila CBS 6074T NR_073257 NG_058326 KF036320
Kwoniella endophytica CBS 15359T MH237945 MH237945 LS992197

Kwoniella heveanensis CBS 569T NR_073210 AF075467 FJ534921
Kwoniella mangrovensis CBS 8507T NR_073332 AF444742 KF036498
Kwoniella ovata CGMCC 2.3439T NR_174734 MK050289 MK849160
Kwoniella pini CBS 10737T NR_111269 KY108203 KF036395
Kwoniella shivajii  CBS 11374T NR_165977 NG_042515 KF036401
Teunia acericola NYNU 2111141T OM017172 OM017170 PP236726

Teunia acericola NYNU 2111157 PP239073 PP239062 PP236727

Teunia acericola BI226 – EU678944 –
Teunia acericola HB31-3 – KJ507251 –
Teunia acericola MUCC1912 – LC715712 –
Teunia acericola MUCC2071 – LC715721 –
Teunia acericola F3-5 – AB618905 –
Teunia betulae NRRL Y-63732T KM384102 KM408130 –
Teunia cuniculi CBS 10309T NR_137887 KY106982 MN014082
Teunia globosa CGMCC 2.5648T NR_174733 MK050288 MK849235
Teunia helanensis CGMCC 2.4450T NR_174732 MK050287 MK849208
Teunia korlaensis CGMCC 2.3835T NR_174731 MK050286 MK849194
Teunia lichenophila CBS 16716T MN128421 MN128421 HG992858
Teunia mussaendrae NYNU 23232T OQ851888 OQ851887 PP236729

Teunia mussaendrae NYNU 23257 PP239074 PP239072 PP236730

Teunia nitrariae CGMCC 2.6797T OM417183 OM417183 –
Teunia qingyuanensis NYNU 22475T OP269841 OP269842 PP236728

Teunia rosae CGMCC 2.5830T MK942578 MK942560 MT268696
Teunia rudbeckiae CGMCC 2.5840T MK942577 MK9425595 MT268698
Teunia siamensis DMKU-XD44T LC440108 LC420623 –
Teunia tronadorensis DSM 26994T MF959620 MF959620 –
Teunia virginiahalliae BRIP 64084eT OR660683  – –

T, type strain. Species obtained in this study are in bold.
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trees (Figs 1, 2) revealed that these two strains clustered with T. korlaensis, T. 

nitrariae, T. rosae, and T. rudbeckiae, with variations of eight to10 nt (~1.3–1.7%) 
substitutions in the D1/D2 domain and more than 19 nt (~3.7%) mismatches in 
the ITS region. This suggests that the strains represent a novel Teunia species. 
A search of GenBank for entries associated with our test isolates unveiled the 
sequences of four unpublished strains: ‘Cryptococcus’ sp. BI226 (EU678944), 

Figure 1. Maximum likelihood phylogenetic tree of Teunia generated from the LSU se-

quence data. The tree is rooted with Cryptococcus amylolentus CBS 6039T and Cryp-

tococcus neoformans CBS 8710T. Bootstrap values (MLBS ≥ 50% and BPP ≥ 0.95) are 
displayed near branches. Type strain sequences are marked with (T).
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‘Kwoniella’ sp. HB31-3 (KJ507251), Teunia sp. MUCC1912 (LC715712), and 
Teunia sp. MUCC2071 (LC715721), along with an uncultured fungus clone F3-5 
(AB618905) (Fig. 1). These sequences exhibit highly similar D1/D2 domain 
(0–2 nt differences) when compared with NYNU 2111141 and NYNU 2111157. 
This suggests they may all belong to the same novel species, for which we pro-
pose the name Teunia acericola sp. nov.

Isolated from rotting wood, strain NYNU 22475 formed a branch distant from 
the other Teunia species in the D1/D2 phylogenetic tree (Fig. 1). However, the 
tree based on the combined ITS, LSU, and RPB1 dataset weakly supported a 
cluster with T. cuniculi CBS 10309 (Fig. 2). The two strains differed by 16 nt 
(~2.9%) substitutions in the D1/D2 domain and 22 nt (~4.3%) mismatches in 
the ITS region, suggesting they are closely related but do not belong to the 

Figure 2. Maximum likelihood phylogenetic tree of Teunia generated from the com-

bined ITS, LSU, and RPB1 sequence data. The tree is rooted with Cryptococcus amylo-

lentus CBS 6039T and Cryptococcus neoformans CBS 8710T. Bootstrap values (MLBS ≥ 
50% and BPP ≥ 0.95) are displayed near branches. Type strain sequences are marked 
with (T).
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same species. Taken together, these 昀椀ndings indicate that NYNU 22475 rep-
resents a novel Teunia species, for which we propose the name Teunia qingyu-

anensis sp. nov.
Finally, isolated from separate leaves, strains NYNU 23232 and NYNU 23257 

were found to possess identical sequences and formed an independent sin-
gle-species lineage in the D1/D2 phylogenetic tree (Fig. 1). The ITS, LSU, and 
RPB1 combined tree presented a non-supported cluster with T. cuniculi and the 
newly discovered T. qingyuanensis sp. nov. (Fig. 2). BLASTn searches using D1/
D2 sequences indicated that novel strains were most closely related to T. glo-

bosa, with variations of eight nt (~1.4%) substitutions in the D1/D2 domain and 
28 nt (~5%) mismatches in the ITS region. Based on the ITS region, T. virginia-

halliae represented the closest relative, differing by 19 nt (~3.4%) substitutions. 
The D1/D2 sequence of T. virginiahalliae was not available for comparison. 
Thus, it was determined that NYNU 23232 and NYNU 23257 represent a novel 
Teunia species, for which we propose the name Teunia mussaendrae sp. nov.

Taxonomy

Teunia acericola Y.Z. Qiao & F.L. Hui, sp. nov.
MycoBank No: 852101
Fig. 3A

Etymology. Referring to Acer, the genus of the plant where the type strain was 
isolated.

Typus. China. Henan Prov. Neixiang Co., Baotianman Nature Reserve; in the 
phylloplane of Acer palmatum; Nov 2021; R.R.Jia & W.T.Hu; NYNU 2111141 
(holotype CICC 33544T, culture ex-type JCM 35732; GenBank Nos: OM017172, 
OM017170, PP236726).

Description. On YM agar after seven days at 20 °C, the streak culture was 
cream, mucoid, smooth, with entire margin. After seven days in YM broth at 
20 °C, single cells were globose to ovoid, 2.5–5.5 × 4–6 μm, budding polar. After 
one month at 20 °C, sediment was present. In Dalmau plate culture on CMA, no 
hyphae or pseudohyphae were formed. Sexual structures were not observed 
in any of the strains or when strains are paired on PDA, CMA or V8 agar. Glu-
cose fermentation was absent. Glucose, inulin, sucrose, ra昀케nose, melibiose, 
galactose, lactose, trehalose, maltose, melezitose, cellobiose, salicin, L-sor-
bose, L-rhamnose, D-xylose, L-arabinose, D-arabinose (weak), 5-keto-D-gluco-
nate, D-ribose, ethanol (weak), glycerol, ribitol, galactitol, D-mannitol, D-gluci-
tol, myo-inositol, DL-lactate, succinate, D-gluconate, D-glucosamine (weak), 
2-keto-D-gluconate, D-glucuronate, and glucono-1,5-lactone were assimilated 
as carbon sources; methanol, erythritol, and N-acetyl-D-glucosamine were not 
assimilated. Ethylamine and L-lysine were assimilated as nitrogen sources, ni-
trate, nitrite, and cadaverine were not assimilated. Maximum growth tempera-
ture was 35 °C. Growth in vitamin-free medium was negative. Growth on 50% 
(w/w) glucose-yeast extract agar was negative. Starch-like substances were 
not produced. Urease activity and Diazonium Blue B reaction were positive.

Additional strain examined. China. Henan Prov. Neixiang Co., Baotianman 
Nature Reserve; in the phylloplane of Rhus chinensis; Nov 2021; R.R.Jia & 
W.T.Hu; NYNU 2111157 (GenBank No: PP239073, PP239062, PP236727).
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Note. In the molecular analysis (Figs 1, 2), T. acericola sp. nov. was clus-
tered with T. korlaensis, T. nitrariae, T. rosae, and T. rudbeckiae. T. acericola sp. 
nov. can be differentiated from those four species by its ability to assimilate 
ra昀케nose and its growth capacity at 35 °C.

Teunia qingyuanensis Y.Z. Qiao & F.L. Hui, sp. nov.
MycoBank No: 852102
Fig. 3B

Etymology. Referring to the locality, Qingyuan Mountain, where the type strain 
was collected.

Typus. China. Fujian Prov. Quanzhou City, Qingyuan Mountain; in rotting 
wood; Mar 2022; W.T.Hu & S.B.Chu; NYNU 22475 (holotype GDMCC 2.294T, 
culture ex-type PYCC 9929; GenBank Nos: OP269841, OP269842, PP236728).

Description. On YM agar after seven days at 20 °C, the streak culture was 
cream, mucoid and smooth, with an entire margin. After seven days in YM 
broth at 20 °C, single cells were ovoid to ellipsoidal, 3–7 × 4–7.5 μm, bud-
ding polar. After one month at 20 °C, sediment was present. In Dalmau plate 
culture on CMA, no hyphae or pseudohyphae were formed. Sexual struc-
tures were not observed on PDA, CMA or V8 agar. Glucose fermentation 
was absent. Glucose, inulin, sucrose, raffinose, melibiose, galactose, lac-
tose, trehalose, maltose, melezitose, cellobiose, salicin, L-sorbose (weak), 
L-rhamnose, D-xylose, L-arabinose, D-arabinose, 5-keto-D-gluconate, D-ri-
bose, ethanol, glycerol, ribitol, galactitol, D-mannitol, D-glucitol, myo-inosi-
tol, DL-lactate, succinate, D-gluconate, 2-keto-D-gluconate, D-glucuronate, 
and glucono-1,5-lactone were assimilated as carbon sources; methanol, 
erythritol, and D-glucosamine were not assimilated. Ethylamine and L-lysine 
were assimilated as nitrogen sources; nitrate, nitrite, and cadaverine were 
not assimilated. Maximum growth temperature was 30 °C. Growth in vita-
min-free medium was positive. Growth on 50% (w/w) glucose-yeast extract 
agar was negative. Starch-like substances were not produced. Urease activ-
ity and Diazonium Blue B reaction were positive.

Figure 3. Vegetative cells of A T. acericola sp. nov. NYNU 2111141T B T. qingyuanensis sp. nov. NYNU 22475T and 

C T. mussaendrae sp. nov. NYNU 23232T, following 7 days of growth in YM broth at 20 °C. Scale bars: 10 μm.
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Note. In the molecular analysis (Fig. 2), T. qingyuanensis sp. nov. formed a 
distinct clade together with T. cuniculi. They can be differentiated by the ability 
of T. qingyuanensis sp. nov. to grow in vitamin-free medium and to assimilate 
ra昀케nose, melibiose, and DL-Lactate.

Teunia mussaendrae Y.Z. Qiao & F.L. Hui, sp. nov.
MycoBank No: 852103
Fig. 3C

Etymology. Referring to Mussaenda, the genus of the plant where the type 
strain was isolated.

Typus. China. Guizhou Prov. Pingtang Co., Sifangjing Vil.; in the phylloplane 
of Mussaenda pubescens; Feb 2023; D.Lu; NYNU 23232 (holotype CICC 33594T, 
culture ex-type PYCC 9974; GenBank Nos OQ851888, OQ851887, PP236729).

Description. On YM agar after seven days at 20 °C, the streak culture was yel-
lowish-cream, mucoid and smooth, entire margin. After seven days in YM broth 
at 20 °C, cells isolated were globose to ovoid, 3.5–5 × 4.5–6 μm, budding polar. 
After one month at 20 °C, a ring and sediment was present. In Dalmau plate cul-
ture on CMA, no hyphae or pseudohyphae were formed. Sexual structures were 
not observed in any of the strains or when strains were paired on PDA, CMA or 
V8 agar. Glucose fermentation was absent. Glucose, inulin, sucrose, galactose, 
lactose, trehalose, maltose, melezitose, cellobiose, salicin, L-sorbose, L-rham-
nose, D-xylose, L-arabinose, D-arabinose, 5-keto-D-gluconate, D-ribose, ethanol 
(weak), glycerol (weak), ribitol, galactitol, D-mannitol, D-glucitol, myo-inositol, 
DL-lactate, succinate, D-gluconate, D-glucosamine (weak), 2-keto-D-gluconate, 
D-glucuronate, and glucono-1,5-lactone were assimilated as carbon sources; 
ra昀케nose, melibiose, methanol, erythritol, and N-acetyl-D-glucosamine were not 
assimilated. Ethylamine (delayed), L-lysine, and cadaverine (delayed) were as-
similated as nitrogen sources; nitrate and nitrite were not assimilated. Max-
imum growth temperature was 25 °C. Starch-like substances were not pro-
duced. Urease activity and Diazonium Blue B reaction were positive.

Additional strain examined. China. Guizhou Prov. Pingtang Co., Sifangjing 
Vil.; in the phylloplane of Viburnum sp.; Feb 2023; D.Lu; NYNU 23257 (GenBank 
Nos: PP239074, PP239072, PP236730).

Note. Based on the D1/D2 sequences, T. mussaendrae sp. nov. was most 
closely related to T. globosa. It can be differentiated from T. globosa by the abil-
ity to assimilate L-sorbose, L-arabinose, D-arabinose, ribitol, galactitol, D-glu-
citol, and D-gluconate. Additionally, T. mussaendrae sp. nov. can grow in vita-
min-free medium at 25 °C, while T. globosa cannot.

Discussion

Our study con昀椀rms that three species with similar colors, colony morphology, 
and cell shapes, can be distinguished from previously described species us-
ing the polyphasic approach recommended by Li et al. (2020) and Wang et al. 
(2020). In this case we use physiological and biochemical characters as well as 
morphological and phylogenetic ones.
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The genus Teunia is widely distributed in China, but knowledge about it is still 
in its infancy. The six species previously reported, come mainly from the north-
ern regions (Li et al. 2020; Wang et al. 2020; Wei et al. 2022). The exploration of 
new territories, such as that carried out in the provinces of Fujian, Guizhou and 
Henan, is necessary to have a more exact knowledge of their distribution and 
ecology. The results presented in this paper increase the total number of Teunia 
species from six to nine.

Furthermore, four unpublished strains, BI226 from Brazil, HB31-3 from South 
Korea, MUCC1912 and MUCC2071 from Japan, as well as an uncultured fungus 
clone F3-5 from Japan, are conspeci昀椀c with T. acerica sp. nov. These observa-
tions suggest that this species can have a wide distribution area. Therefore, a 
broader taxon sampling effort, coupled with molecular, phenotypic, physiologi-
cal and biochemical data, is needed to fully understand the species diversity of 
Torula in the world.

The species of Teunia are frequently isolated as epiphytes from different 
parts of herbaceous plants, more rarely from tree barks or lichens; in this case, 
we isolated 昀椀ve yeast strains, which led to the discovery of three new species: 
T. acericola sp. nov., T. mussaendrae sp. nov. isolated from leaf surfaces, and 
T. qingyuanensis sp. nov. from rotting wood. We have found no previous reports 
of the presence of Teunia in rotting wood in China, hence our study is the 昀椀rst 
to report the presence of Teunia in rotten wood in China.

Teunia korlaensis and T. nitrariae are versatile extremophilic species that 
have been frequently found in plants inhabiting dry and alkaline environments 
(Wei et al. 2022), implying that these species may help plants survive in dry 
areas. We also isolated four strains of two novel Teunia species - T. acericola 
sp. nov. and T. mussaendrae sp. nov. - from plant leaves, and it is possible that 
these species provide similar ecological functions’ bene昀椀ts to their hosts as do 
T. korlaensis and T. nitrariae.
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Abstract

Four new wood-inhabiting fungi, Trechispora albofarinosa, T. bisterigmata, T. pileata 

and T. wenshanensis spp. nov., are proposed based on a combination of morphological 

features and molecular evidence. Trechispora albofarinosa is characterized by the 

farinose basidiomata with 昀氀occulence hymenial surface, a monomitic hyphal system 
with clamped generative hyphae, and ellipsoid, warted basidiospores. Trechispora 

bisterigmata is characterized by the membranous basidiomata with odontioid hymenial 

surface, rhizomorphic sterile margin, barrelled basidia and subglobose to broad ellipsoid, 

smooth basidiospores. Trechispora pileata is characterized by the laterally contracted 

base, solitary or imbricate basidiomata, fan shaped pileus, radially striate-covered 

surface with appressed scales, odontioid hymenophore surface, and subglobose 

to broad ellipsoid, thin-walled, smooth basidiospores. Trechispora wenshanensis is 

characterized by a cottony basidiomata with a smooth hymenial surface, and ellipsoid, 

thin-walled, warted basidiospores. Sequences of ITS and LSU marker of the studied 
samples were generated, and phylogenetic analyses were performed with the maximum 

likelihood, maximum parsimony, and Bayesian inference methods. The phylogenetic 

tree inferred from the ITS+nLSU sequences highlighted that four new species 
were grouped into the genus Trechispora.

Key words: East Asia, macrofungi, molecular systematics, taxonomy, 4 new taxa

Introduction

Fungi represent one of the most diverse groups of organisms on earth, with an 
indispensable role in the processes and functioning of ecosystems (Wu et al. 
2020, 2021; Wang et al. 2021; Hyde 2022; Guan and Zhao 2023). Wood-inhab-
iting fungi play an important role in the carbon cycle (Dai et al. 2015; Wu et al. 
2017; Chen and Zhao 2020; Guan et al. 2021; Liu et al. 2022a, b; Luo and Zhao 
2022; Mardones et al. 2023; Yuan et al. 2023; Zhang et al. 2023; Zhao et al. 
2023a, b; Zhou et al. 2023). The wood-inhabiting fungal order Trechisporales 
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K.H. Larss. is a species-poor order, compared with most other orders within 
Agaricomycetes, Basidiomycota (Wijayawardene et al. 2022).

Trechispora P. Karst. (Hydnodontaceae) typi昀椀ed by T. onusta P. Karst., which 
is characterized by resupinate to effused basidiomata; a smooth to hydnoid 
to poroid hymenophore; ampullaceous septa; short cylindric basidia; and 
smooth to verrucose or aculeate basidiospores (Karsten 1890; Bernicchia and 
Gorjón 2010). Currently, MycoBank and Index Fungorum have registered 163 
recorded and 156 recorded intraspeci昀椀c names in Trechispora, respectively. 
About 100 species are currently accepted in Trechispora worldwide (Karsten 
1890; Bondartsev and Singer 1941; Rogers and Jackson 1943; Rogers 1944; 
Bondartsev 1953; Liberta 1966, 1973; Parmasto 1968; Burdsall and Gilbertson 
1982; Gilbertson and Budington 1970; Jülich 1975, 1976; Ryvarden 1975; 
Ryvarden and Liberta 1978; Hallenberg 1978, 1980; Jülich and Stalpers 1980; 
Rauschert 1987; Vries 1987; Larsson 1992, 1994, 1995, 1996; Hjortstam and 
Larsson 1995; Ryvarden 2002; Trichies and Schultheis 2002; Ryvarden et al. 
2003; Miettinen and Larsson 2006; Dai 2011; Yuan and Dai 2012; Ordynets 
et al. 2015; Phookamsak et al. 2019; Xu et al. 2019; Chikowski et al. 2020; 
Haelewaters et al. 2020; Crous et al. 2021; de Meiras-Ottoni et al. 2021; Zhao 
and Zhao 2021; Liu et al. 2022a, b; Luo and Zhao 2022; Sommai et al. 2023), of 
which 38 species of the genus have been found in China (Dai 2011; Yuan and 
Dai 2012; Xu et al. 2019; Dai et al. 2021; Zhao and Zhao 2021; He et al. 2022; Liu 
et al. 2022a, b; Luo and Zhao 2022; Deng et al. 2023; Liu et al. 2024a, b).

There have been many studies on the phylogeny of this genus in recent years. 
A high phylogenetic diversity on the corticioid Agaricomycetes based on two 
genes, 5.8S and 28S showed that nine taxa of Trechispora nested into trechis-
poroid clade (Larsson et al. 2004). The molecular systematics suggested that 
Trechispora belonged to Hydnodontaceae and was related to genera Brevicel-

licium K.H. Larss. & Hjortstam, Porpomyces Jülich, Sistotremastrum J. Erikss., 
and Subulicystidium Parmasto (Telleria et al. 2013). Based on the ITS and nLSU 
datasets, the phylogenetic study of Trechispora reported two new Trechispora 
species as T. cyatheae Ordynets, Langer & K.H. Larss. and T. echinocristallina 
Ordynets, Langer & K.H. Larss., on La Réunion Island (Ordynets et al. 2015). The 
phylogeny of Trechisporales was inferred from a combined ITS-nLSU sequenc-
es, which revealed that two related genera Porpomyces, Scytinopogon Singer, 
grouped closely together with Trechispora and all of them nested within Hyd-
nodontaceae (Liu et al. 2019). Based on ITS dataset, the three new species of 
Trechispora were described and used to evaluate the phylogenetic relationship 
with other species of this genus, in which T. murina was retrieved as a sister 
to T. bambusicola with moderate supports, and T. odontioidea formed a single 
lineage and then grouped with T. 昀椀mbriata and T. nivea, while T. olivacea formed 
a monophyletic lineage with T. farinacea, T. hondurensis, and T. mollis (Luo and 
Zhao 2022). Recently, based on the morphological features and molecular evi-
dence, three new species of Trechispora have been reported from Northern and 
Northeastern Thailand (Sommai et al. 2023).

During investigations into the wood-inhabiting fungi in the Yunnan-Guizhou 
Plateau of China, samples representing four additional species belonging to 
genus Trechispora were collected. To clarify the placement and relationships 
of the four species, we carried out a phylogenetic and taxonomic study on 
Trechispora, based on the ITS+nLSU.
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Materials and methods

Morphology

The specimens studied were deposited at the herbarium of Southwest Forestry 
University (SWFC), Kunming, Yunnan Province, China. The macromorphological 
descriptions were based on 昀椀eld notes and photos captured in the 昀椀eld and lab-
oratory. Color, texture, taste and odor of basidiomata were mostly based on au-
thors’ 昀椀eld trips. Color terminology followed Kornerup and Wanscher (1978). All 
materials were examined under a Nikon 80i microscope. Drawings were made 
with the aid of a drawing tube. The measurements and drawings of the micro-
scopic structures were made (Wu et al. 2022). The following abbreviations were 
used: KOH = 5% potassium hydroxide water solution, CB = cotton blue, CB– = 
acyanophilous, IKI = Melzer’s reagent, IKI– = both inamyloid and indextrinoid, L 
= spore length (arithmetic average for all spores), W = spore width (arithmetic 
average for all spores), Q = L/W ratios of the specimens studied, and n = a/b (a 
= total number of spores measured, from b = number of specimens).

Molecular phylogeny

The CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., 
Ltd, Beijing) was used to obtain genomic DNA from the dried specimens follow-
ing the manufacturer’s instructions (Zhao and Wu 2017). The nuclear ribosom-
al ITS region was ampli昀椀ed with the primers ITS5 and ITS4 (White et al. 1990). 
The nuclear ribosomal LSU gene was ampli昀椀ed with the primers LR0R and LR7 
(Vilgalys and Hester 1990; Rehner and Samuels 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, 58 °C for 45 s and 72 °C for 1 min, and a 昀椀nal 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 for 1 min and 
72 °C for 1.5 min, and a 昀椀nal extension of 72 °C for 10 min. The PCR products 
were puri昀椀ed and directly sequenced at Kunming Tsingke Biological Technolo-
gy Limited Company, Yunnan Province, China. All newly-generated sequences 
were deposited in NCBI GenBank (Table 1).

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 ver-
sion 1.27 (Larsson 2014). Each dataset was aligned separately at 昀椀rst and then 
the ITS+nLSU regions were combined with Mesquite version 3.51. The com-
bined dataset was deposited in TreeBASE (submission ID 31349). Sequences 
of Fibrodontia alba Yurchenko & Sheng H. Wu and F. brevidens (Pat.) Hjorts-
tam & Ryvarden retrieved from GenBank were used as an outgroup in the ITS 
analysis (Luo and Zhao 2022).

Maximum parsimony analysis in PAUP* version 4.0a169 (http://phy-
losolutions.com/paup-test/) was applied to ITS+nLSU following a previ-
ous study (Zhao and Wu 2017). 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 addi-
tions. Max-trees were set to 5,000, branches of zero length were collapsed 
and all parsimonious trees were saved. Clade robustness was assessed us-
ing bootstrap (BT) analysis with 1,000 pseudo replicates (Felsenstein 1985). 
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Table 1. List of species, specimens and GenBank accession numbers of sequences used in this study.

Species name Specimen No.
GenBank accession No.

References
ITS LSU

Fibrodontia alba TNM F24944 NR153983 NG060401 Yurchenko and Wu 2014

F. brevidens Wu 9807-16 KC928276 KC928277 Yurchenko and Wu 2014

Trechispora alba CH21384 OR557258 – Liu et al. 2024a

T. albofarinosa CLZhao 4356 OQ241383 OQ282703 This study

T. amianthina CBS 202.54 – MH868822 Vu et al. 2019

T. araneosa KHL 8570 AF347084 – Larsson et al. 2004

T. bambusicola CLZhao 3302 MW544021 MW520171 Zhao and Zhao 2021

T. bambusicola CLZhao 3305 MW544022 MW520172 Zhao and Zhao 2021

T. bispora CBS 142.63 MH858241 MH869842 Larsson et al. 2004

T. bisterigmata CLZhao 2522 OQ241386 – This study

T. bisterigmata CLZhao 7870 OQ241387 – This study

T. byssinella UC 2023068 KP814481 – Unpublished

T. chartacea FLOR56185 MK458775 – Liu et al. 2022a

T. clancularis FRDBI 4426619 MW487976 – Unpublished

T. cohaerens HHB-19445 MW740327 – Unpublished

T. copiosa AMO427 MN701015 MN687973 de Meiras-Ottoni et al. 2021

T. copiosa AMO450 MN701017 MN687974 de Meiras-Ottoni et al. 2021

T. crystallina LWZ 20170729-2 OM523419 OM339238 Liu et al. 2022a

T. cyatheae FR0219443 UDB024016 UDB024017 Ordynets et al. 2015

T. cyatheae FR0219446 UDB024020 UDB024021 Ordynets et al. 2015

T. dentata Dai 22565 OK298491 OM049408 Liu et al. 2022b

T. dimitiella Dai 21181 OK298493 OK298949 Liu et al. 2022b

T. dimitiella Dai 21931 OK298492 OK298948 Liu et al. 2022b

T. echinospora E11/37-10 JX392850 JX392851 Telleria et al. 2013

T. echinospora E11/37-12 JX392853 JX392854 Telleria et al. 2013

T. farinacea 356 AF347089 – Larsson et al. 2004

T. farinacea MA-Fungi 79474 JX392855 JX392856 Telleria et al. 2013

T. 昀椀mbriata CLZhao 7969 MW544024 MW520174 Zhao and Zhao 2021

T. 昀椀mbriata CLZhao 9006 MW544025 MW520175 Zhao and Zhao 2021

T. foetida FLOR 56315 MK458769 – Liu et al. 2022a

T. fragilis Dai 20535 OK298494 OK298950 Liu et al. 2022b

T. gelatinosa AMO824 MN701020 MN687977 de Meiras-Ottoni et al. 2021

T. gelatinosa AMO1139 MN701021 MN687978 de Meiras-Ottoni et al. 2021

T. gracilis LWZ 20170814-17 OM523435 OM339253 Liu et al. 2022a

T. havencampii DED8300 NR154418 NG059993 Desjardin and Perry 2015

T. hondurensis HONDURAS19-F016 NR178152 NG081479 Haelewaters et al. 2020

T. hondurensis HONDURAS19-F016a MT571523 MT636540 Haelewaters et al. 2020

T. hymenocystis KHL 8795 AF347090 – Unpublished

T. hymenocystis KHL 16444 MT816397 – Unpublished

T. incisa GB0090521 KU747093 KU747086 Unpublished

T. incisa GB0090648 KU747095 KU747087 Unpublished

T. invisitata 5425_537 ON963772 – Unpublished

T. invisitata UC2023088 KP814425 – Unpublished
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Species name Specimen No.
GenBank accession No.

References
ITS LSU

T. kavinioides KGN 981002 AF347086 – Unpublished

T. laevispora Dai 21655 OK298495 OM108710 Liu et al. 2022b

T. larssonii LWZ 20190817-11a OM523442 OM339259 Liu et al. 2022a

T. longiramosa HG 140168 OM523448 OM339264 Liu et al. 2022a

T. mellina URM85756 – MH280000 Unpublished

T. microspora FRDBI 18772216 OL828778 – Unpublished

T. mollis URM85884 MK514945 MK514945 Unpublished

T. mollis URM85885 – MT423667 Unpublished

T. mollusca iNAT 30809943 MZ269232 – Unpublished

T. mollusca CFMR:DLL2011-186 KJ140681 – Unpublished

T. nivea MA-Fungi 76238 JX392824 JX392825 Telleria et al. 2013

T. nivea MA-Fungi 76257 JX392826 JX392827 Telleria et al. 2013

T. pallescens FLOR56184 MK458767 – Unpublished

T. pallescens FLOR56188 MK458774 – Unpublished

T. papillosa AMO713 MN701022 MN687979 de Meiras-Ottoni et al. 2021

T. papillosa AMO795 MN701023 MN687981 de Meiras-Ottoni et al. 2021

T. patawaensis VPapp-GF1901 OL314550 OL314546 Unpublished

T. perminispora LWZ2019081639a OM523525 OM339329 Liu et al. 2024a

T. pileata CLZhao 4456 OQ241388 OQ282715 This study

T. praefocata FRDBI 18819116 OL828784 – Unpublished

T. regularis KHL 10881 AF347087 – Unpublished

T. rigida URM85754 MT406381 MH279999 Unpublished

T. sinensis LWZ 20170816-35 OM523479 OM339287 Liu et al. 2022a

T. stellulata 14153 MW023104 – Unpublished

T. stellulata 33962903 ON364078 – Unpublished

T. stellulata UC2023099 KP814451 – Unpublished

T. stellulata UC2023230 KP814491 – Unpublished

T. stevensonii MA-Fungi 70669 JX392841 JX392842 Telleria et al. 2013

T. stevensonii MA-Fungi 70645 JX392843 JX392844 Telleria et al. 2013

T. subfarinacea LWZ2020092133a OM523528 OM339331 Liu et al. 2024a

T. subhelvetica 7089 JN710601 – Unpublished

T. subhymenocystis LWZ 20190818-29b OM523492 OM339299 Liu et al. 2022a

T. subregularis VPapp-GF2103 OL331097 OL314548 Unpublished

T. subsinensis LWZ 20190611-9 OM523497 OM339304 Liu et al. 2022a

T. subsphaerospora KHL 8511 AF347080 – Unpublished

T. termitophila AMO396 MN701025 MN687983 de Meiras-Ottoni et al. 2021

T. termitophila AMO893 MN701026 MN687984 de Meiras-Ottoni et al. 2021

T. torrendii URM85886 MK515148 MH280004 Unpublished

T. tropica LWZ 20170613-16 OM523503 OM339311 Liu et al. 2022a

T. tuberculata Dai17433 OM523507 OM339314 Liu et al. 2024a

T. wenshanensis CLZhao 11649 OQ241389 OQ282716 This study

T. wenshanensis CLZhao 11715 PP712100 – This study

T. wenshanensis CLZhao 22940 PP712101 – This study

T. yunnanensis CLZhao 210 NR177488 MN654918 Xu et al. 2019

T. yunnanensis CLZhao 214 MN654922 MN654919 Xu et al. 2019
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Descriptive tree statistics - tree length (TL), composite consistency index (CI), 
composite retention index (RI), composite rescaled consistency index (RC) and 
composite homoplasy index (HI) - were calculated for each maximum parsi-
monious tree generated. The combined dataset was also analysed using Max-
imum Likelihood (ML) in RAxML-HPC2 through the CIPRES Science Gateway 
(Miller et al. 2012). Branch support (BS) for the ML analysis was determined by 
1000 bootstrap pseudoreplicates.

MrModeltest 2.3 (Nylander 2004) was used to determine the best-昀椀t evolu-
tion model for each dataset for the purposes of Bayesian inference (BI), Bayes-
ian inference was performed using MrBayes 3.2.7a with a GTR+I+G model of 
DNA substitution and a gamma distribution rate variation across sites (Ron-
quist et al. 2012). A total of four Markov chains were run for two runs from 
random starting trees for 1.7 million generations for ITS+nLSU with tree and 
parameters sampled every 1,000 generations. The 昀椀rst quarter of all of the 
generations were discarded as burn-ins. A majority rule consensus tree was 
computed from the remaining trees. Branches were considered as signi昀椀cantly 
supported if they received a maximum likelihood bootstrap support value (BS) 
of > 70%, a maximum parsimony bootstrap support value (BT) of > 70% or a 
Bayesian posterior probability (BPP) of > 0.95.

Results

Molecular phylogeny

The ITS+nLSU dataset comprised sequences from 88 fungal specimens rep-
resenting 64 taxa. The dataset had an aligned length of 2271 characters, of 
which 1376 characters were constant, 190 were variable and parsimony-unin-
formative and 705 were parsimony-informative. Maximum parsimony analysis 
yielded 300 equally parsimonious tree (TL = 5543, CI = 0.2979, HI = 0.7021, 
RI = 0.5278 and RC = 0.1572). The best model of nucleotide evolution for the 
ITS+nLSU dataset estimated and applied in the Bayesian analysis was found to 
be GTR+I+G. Bayesian analysis and ML analysis resulted in a similar topology 
as in the MP analysis. The Bayesian analysis had an average standard deviation 
of split frequencies = 0.012925 (BI) and the effective sample size (ESS) across 
the two runs is double the average ESS (avg. ESS) = 389. The phylogenetic tree 
inferred from the ITS+nLSU sequences highlighted that four new species were 
grouped into the genus Trechispora (Fig. 1).

Taxonomy

Trechispora albofarinosa K.Y. Luo & C.L. Zhao, sp. nov.
MycoBank No: 849463
Figs 2, 3

Holotype. China. Yunnan Province, Pu’er, Jingdong County, Huangcaoling, 
Wuliangshan National Nature Reserve, 24°23′N, 100°45′E, altitude 2350 m a.s.l., on 
the fallen branch of Pinus, leg. C.L. Zhao, 5 October 2017, CLZhao 4356 (SWFC).

Etymology. Albofarinosa (Lat.): referring to the farinose basidiomata with 
white hymenial surface.
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Figure 1. Maximum parsimony strict consensus tree illustrating the phylogeny of the four new species and related spe-

cies in Trechispora, based on ITS+nLSU sequences. Branches are labelled with maximum likelihood bootstrap values 
> 70%, parsimony bootstrap values > 50% and Bayesian posterior probabilities > 0.95, respectively.
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Figure 2. Basidiomata of Trechispora albofarinosa (holotype) A the front of the basidiomata B characteristic hymeno-

phore. Scale bars: 1 cm (A); 1 mm (B).

Figure 3. Microscopic structures of Trechispora albofarinosa (holotype) A basidio-

spores B basidia and basidioles C a cross section of basidiomata. Scale bars: 5 μm (A); 
10 µm (B, C).
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Description. Basidiomata annual, resupinate, farinose, without odor or taste 
when fresh, up to 3.5 cm long, 1.5 cm wide, and 300–500 µm thick. Hymenial 
surface 昀氀occulence, white when fresh, white to cream on drying. Sterile margin 
indistinct, white, and up to 0.5 mm wide.

Hyphal system monomitic, generative hyphae with clamp connections with 
ampullaceous septa, colorless, thick-walled, frequently branched, interwoven, 
2–3.5 µm in diameter; IKI–, CB–, tissues unchanged in KOH.

Cystidia and cystidioles absent; basidia clavate, with four sterigmata and a 
basal clamp connection, 6.5–10 × 3.5–5 µm.

Basidiospores ellipsoid, colorless, thin-walled, aculeate, IKI–, CB–, 2.5–3.5 
(–4) × 2–2.5 (–3.5) μm, L = 3.18 µm, W = 2.44 µm, Q = 1.3 (n = 30/1).

Trechispora bisterigmata K.Y. Luo & C.L. Zhao, sp. nov.
MycoBank No: 849464
Figs 4, 5

Holotype. China. Yunnan Province, Yuxi, Xinping County, Mopanshan National 
Forestry Park, 23°56′N, 101°29′E, altitude 2200 m a.s.l., on the trunk of Albizia 

julibrissin, leg. C.L. Zhao, 20 Aguest 2017, CLZhao 2522 (SWFC).
Etymology. Bisterigmata (Lat.): referring to the basidia mainly with two 

sterigmata.
Description. Basidiomata annual, resupinate, adnate, membranous, without 

odor or taste when fresh, up to 2.5 cm long, 1.5 cm wide, and 4 mm thick. Hy-
menial surface odontioid, cream. Sterile margin indistinct, white, rhizomorphic, 
up to 0.5 mm wide.

Hyphal system monomitic, generative hyphae with clamp connections, col-
orless, slightly thick-walled, ampullate septa frequently present in subiculum 
and hymenium with crystals, up to 6 µm wide, branched, interwoven, 2.5–4 µm 
in diameter; IKI–, CB–, tissues unchanged in KOH.

Cystidia and cystidioles are absent; basidia barrelled, slightly constricted, with 
two or four sterigmata and a basal clamp connection, 6.5–14.5 × 3.5–5.5 µm.

Figure 4. Basidiomata of Trechispora bisterigmata (holotype) A the front of the basidiomata B characteristic hymeno-

phore. Scale bars: 1 cm (A); 1 mm (B).
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Figure 5. Microscopic structures of Trechispora bisterigmata (holotype) A basidiospores 

B basidia and basidioles C a cross section of basidiomata. Scale bars: 5 μm (A); 10 µm (B, C).

Basidiospores subglobose to broad ellipsoid, colorless, slightly thick-walled, 
smooth, IKI–, CB–, (2–) 2.5–4 × 2–3.5 µm, L = 3.03 µm, W = 2.41 µm, Q = 1.23–
1.28 (n = 60/2).

Additional specimen examined (paratype). China. Yunnan Province, Yuxi, 
Xinping County, Mopanshan National Forestry Park, 23°56′N, 101°29′E, altitude 
2200 m a.s.l., on the living angiosperm tree, leg. C.L. Zhao, 19 August 2018, 
CLZhao 7870 (SWFC).
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Trechispora pileata K.Y. Luo & C.L. Zhao, sp. nov.
MycoBank No: 849465
Figs 6, 7

Holotype. China. Yunnan Province, Pu’er, Jingdong County, Wuliangshan Na-
tional Nature Reserve, 24°23′N, 100°45′E, altitude 2350 m a.s.l., on the angio-
sperm trunk, leg. C.L. Zhao, 6 October 2017, CLZhao 4456 (SWFC).

Etymology. Pileata (Lat.): referring to the pileate basidiomata.
Description. Basidiomata annual, with a laterally contracted base, solitary or 

imbricate. Pileus fan shaped, cortical to corky, up to 1.5 cm long, 1 cm wide, and 
2 mm thick, yellowish to yellowish brown, the surface radially striate covered 
with appressed scales, azonate; the hymenophore surface odontioid, yellowish 
brown, up to 1 mm long. Context cream, 1 mm thick. Sterile margin indistinct, 
slightly buff, and 0.5 mm wide.

Hyphal system monomitic, generative hyphae with clamp connections, color-
less, thick-walled, frequently branched, interwoven, hyphae in spines 2.5–4 µm 
in diameter, IKI–, CB–, tissues unchanged in KOH. Hyphae in context colorless, 
thin- to thick-walled, unbranched, interwoven, 4.5–6 µm in diameter, IKI–, CB–, 
tissues unchanged in KOH.

Cystidia and cystidioles absent; basidia subcylindrical, constricted, with four 
sterigmata and a basal clamp connection, 5–7 × 2.5–4 µm.

Figure 6. Basidiomata of Trechispora pileata (holotype) A, B the front of the basidiomata C, D the back of the basidioma-

ta. Scale bars: 0.5 cm (A); 1 mm (B); 0.5 cm (C); 1 mm (D).
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Figure 7. Microscopic structures of Trechispora pileata (holotype) A basidiospores B 

basidia and basidioles C hyphae of context of pileus D a spine trama of basidiomata. 

Scale bars: 5 μm (A); 10 µm (B, C).
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Basidiospores subglobose to broad ellipsoid, colorless, thin-walled, smooth, 
IKI–, CB–, (2.5–) 2.8–5 (–5.5) × (2.5–) 3–4.7 µm, L = 4 µm, W = 3.56 µm, 
Q = 1.12 (n = 30/1).

Trechispora wenshanensis K.Y. Luo & C.L. Zhao, sp. nov.
MycoBank No: 849466
Figs 8, 9

Holotype. China. Yunnan Province, Wenshan, Babao Town, Balao battle site, 
23°22′N, 104°15′E, altitude 1300 m a.s.l., on the fallen angiosperm branch, leg. 
C.L. Zhao, 19 January 2019, CLZhao 11649 (SWFC).

Etymology. Wenshanensis (Lat.): referring to the locality (Wenshan) of the 
type specimen.

Description. Basidiomata annual, resupinate, adnate, cottony, easily to 
separate from substrate, without odor or taste when fresh, up to 5.5 cm long, 
4 cm wide, and 200–400 µm thick. Hymenial surface smooth, slightly cream 
when fresh, cream to buff on drying. Sterile margin indistinct, cream, and 
1–2 mm wide.

Hyphal system monomitic, generative hyphae with clamp connections, col-
orless, thin- to thick-walled, branched, interwoven, 1–2 µm in diameter; IKI–, 
CB–, tissues unchanged in KOH.

Cystidia and cystidioles are absent; basidia barrelled, with four sterigmata 
and a basal clamp connection, 7–10 × 3–5 μm.

Basidiospores ellipsoid, colorless, thin-walled, warted, IKI–, CB–, (2–) 2.5–
3.7 (–4) × (1.5–) 2–3 µm, L = 3.02 µm, W = 2.37 µm, Q = 1.25–1.30 (n = 90/3).

Additional specimens examined (paratypes). China. Yunnan Province, Wen-
shan, Funing county, Guying village, 23°42′N, 105°53′E, altitude 1000 m a.s.l., on 
the fallen angiosperm branch, leg. C.L. Zhao, 20 January 2019, CLZhao 11715; 
Yunnan Province, Lincang, Lancangjiang Forestry Region, 25°37′N, 97°30′E, al-
titude 1750 m a.s.l., on the fallen angiosperm branch, leg. C.L. Zhao, 21 July 
2022, CLZhao 22940 (SWFC).

Figure 8. Basidiomata of Trechispora wenshanensis (holotype) A the front of the basidiomata B characteristic hymeno-

phore. Scale bars: 1 cm (A); 1 mm (B).
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Figure 9. Microscopic structures of Trechispora wenshanensis (holotype) A basidio-

spores B basidia and basidioles C a cross section of basidiomata. Scale bars: 5 μm (A); 
10 µm (B, C).

Discussion

Many recently described wood-inhabiting fungal taxa have been reported in the 
subtropics and tropics, including in the genus Trechispora (Ordynets et al. 2015; 
Phookamsak et al. 2019; Xu et al. 2019; Chikowski et al. 2020; Haelewaters et 
al. 2020; Crous et al. 2021; de Meiras-Ottoni et al. 2021; Zhao and Zhao 2021; 
Liu et al. 2022a, b; Luo and Zhao 2022; Deng et al. 2023; Sommai et al. 2023). 
The present study reports four new species in Trechispora, based on a combi-
nation of morphological features and molecular evidence.

Based on ITS+nLSU topology (Fig. 1), four new species were grouped into 
the genus Trechispora, in which T. albofarinosa was sister to T. araneosa (Höhn. 
& Litsch.) K.H. Larss., However, morphologically, T. araneosa can be delimited 
from T. albofarinosa by its odontioid to poroid hymenial surface and larger ba-
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sidiospores (5–6.5 × 4–5 µm; Larsson 1995). The second new species T. bis-

terigmata grouped closely with T. cohaerens (Schwein.) Jülich & Stalpers and 
T. laevispora Z.B. Liu, Y.D. Wu & Yuan Yuan. However, morphologically, T. cohaer-

ens is different from T. bisterigmata by its thin-walled hyphal (Jülich and Stalp-
ers 1980); T. laevispora can be delimited from T. bisterigmata by having the 
smooth hymenial surface, and thin-walled basidiospores (Liu et al. 2022b). The 
third species T. pileata formed a monophyletic lineage. The species T. wenshan-

ensis grouped closely with T. mellina (Bres.) K.H. Larss. However, morpholog-
ically, T. mellina can be delimited from T. wenshanensis by having the longer 
basidia (15–20 × 4.5–5 µm) and smooth basidiospores (Chikowski et al. 2020).

Morphologically, Trechispora albofarinosa resembles T. olivacea K.Y. Luo & 
C.L. Zhao and T. yunnanensis C.L. Zhao by sharing the farinosa basidiomata. 
However, T. olivacea differs from T. albofarinosa by olivaceous hymenial sur-
face and thick-walled basidiospores (Luo and Zhao 2022); T. yunnanensis can 
be delimited from T. albofarinosa due to its thick-walled, larger basidiospores 
(7–8.5 × 5–5.5 µm; Xu et al. 2019). The new species T. albofarinosa is similar 
to T. bambusicola C.L. Zhao, T. 昀椀mbriata C.L. Zhao, T. 昀椀ssurata C.L. Zhao and 
T. murina K.Y. Luo & C.L. Zhao in its presence of ellipsoid basidiospores. T. bam-

busicola can be delimited from T. albofarinosa by odontioid hymenial surface 
with aculei cylindrical to conical (0.3–0.5 mm long), and thick-walled basidio-
spores (Zhao and Zhao 2021); T. 昀椀mbriata can be delimited from T. albofarinosa 
due to its hydnoid hymenial surface, and thick-walled basidiospores (Zhao and 
Zhao 2021); T. 昀椀ssurata is different from T. albofarinosa by hydnoid hymenial 
surface and thick-walled, broadly basidiospores (3.3–4 × 2.8–3.5 µm; Zhao and 
Zhao 2021); T. murina can be delimited from T. albofarinosa due to its grand-
inioid hymenial surface and thick-walled basidiospores (Luo and Zhao 2022).

Trechispora bisterigmata is similar to T. fastidiosa (Pers.) Liberta by sharing 
the membranous basidiomata. However, T. fastidiosa differs from T. bisterig-

mata by smooth hymenial surface and larger basidiospores (6–7 × 4.5–5.5 µm; 
Bernicchia and Gorjón 2010). T. bisterigmata resembles T. bambusicola C.L. 
Zhao, T. canariensis Ryvarden & Liberta and T. christiansenii (Parmasto) Lib-
erta in its monomitic hyphal system and presence of the crystals. However, 
T. bambusicola differs from T. bisterigmata by its odontioid hymenial surface 
and ornamented basidiospores (Zhao and Zhao 2021); T. canariensis differs 
from T. bisterigmata due to its larger basidia (15–20 × 5–6 μm) and thin-walled, 
larger basidiospores (5–7 × 3–3.5 μm; Ryvarden and Liberta 1978); T. chris-

tiansenii can be delimited from T. bisterigmata by its larger basidia (15–20 × 
6–7 μm) and larger basidiospores (5.5–7 × 4–4.5 μm; Liberta 1966).

Trechispora pileata is similar to T. byssinella (Bourdot) Liberta, T. kavinioides B. 
de Vries, T. silvae-ryae (J. Erikss. & Ryvarden) K.H. Larss. and T. subsphaerospora 
(Litsch.) Liberta by sharing smooth basidiospores. However, T. byssinella differs 
from T. pileata by having narrower ellipsoid basidiospores (Bernicchia and Gorjón 
2010); T. kavinioides can be delimited from T. pileata by its odontioid hymenial sur-
face, and narrower ellipsoid to lacrymiform basidiospores (Bernicchia and Gorjón 
2010); T. silvae-ryae is different from T. pileata by dimitic hyphal system (Bernicchia 
and Gorjón 2010); T. subsphaerospora differs from T. pileata by having angular ba-
sidiospores (Bernicchia and Gorjón 2010). In addition, the delimitation character-
istics of the genus have full resupinate basidiomata, but this new species has the 
pileate basidiomata with a laterally contracted base. Based on the phylogenetic 
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analyses, this new species groups with Trechispora species, therefore, we propose 
that the genus Trechispora accommodate this new species in the present study.

Trechispora wenshanensis resembles T. fastidiosa and T. laevispora Z.B. Liu, 
Y.D. Wu & Yuan Yuan by sharing a smooth hymenial surface. However, T. fastidio-

sa differs from T. wenshanensis by larger basidiospores (6–7 × 4.5–5.5 µm; Ber-
nicchia and Gorjón 2010); T. laevispora differs from T. wenshanensis by 昀椀mbri-
ate margin of the basidiomata and smooth basidiospores (Liu et al. 2022b). The 
new species T. wenshanensis is similar to T. bambusicola C.L. Zhao, T. 昀椀mbriata 
C.L. Zhao, T. 昀椀ssurata C.L. Zhao, T. murina K.Y. Luo & C.L. Zhao and T. yunnanen-

sis C.L. Zhao due to its ellipsoid basidiospores. However, T. bambusicola can be 
delimited from T. wenshanensis by odontioid hymenial surface, and thick-walled 
basidiospores (Zhao and Zhao 2021); T. 昀椀mbriata differs from T. wenshanensis 
due to its hydnoid hymenial surface, and thick-walled basidiospores (Zhao and 
Zhao 2021); T. 昀椀ssurata is different from T. wenshanensis by hydnoid hymenial 
surface, and thick-walled, broadly basidiospores (3.3–4 × 2.8–3.5 µm; Zhao and 
Zhao 2021); T. murina can be delimited from T. wenshanensis due to its grand-
inioid hymenial surface, and thick-walled basidiospores (Luo and Zhao 2022); 
T. yunnanensis is different from T. wenshanensis by farinaceous hymenial sur-
face and thick-walled, larger basidiospores (7–8.5 × 5–5.5 µm; Xu et al. 2019).

Key to 42 accepted species of Trechispora in China

1 Basidiomata with clavarioid .........................................................................2
– Basidiomata without clavarioid ....................................................................6
2 Basidiomata grayish brown to pale purple ..................................................3
– Basidiomata pure white to pale yellow ........................................................4
3 Basidiomata with dense branches and long terminal branches ..................

 ................................................................................................. T. longiramosa

– Basidiomata with loose branches ....................................................... T. laxa

4 Basidiomata with 昀氀attened branches ..........................................................5
– Basidiomata without 昀氀attened branches ............................ T. tongdaoensis

5 Basidiomata branches polychotomous .............................................. T. alba

– Basidiomata branches dichotomous ................................. T. khokpasiensis

6 Basidiomata pileate .........................................................................T. pileata

– Basidiomata resupinate to effused ..............................................................7
7 Hymenophore poroid ....................................................................................8
– Hymenophore smooth, colliculose, irpicoid, grandinioid, odontioid, hyd-

noid ...............................................................................................................13

8 Hyphal system dimitic ..................................................................T. dimitiella

– Hyphal system monomitic ............................................................................9
9 Subicular hyphae thick-walled ....................................................................10

– Subicular hyphae thin-walled ......................................................................11

10 Ampullate septa present on subicular hyphae ...........................T. mollusca

– Ampullate septa absent on subicular hyphae ............................T. suberosa

11 Crystals in subiculum as numerous rodlets ........................T. candidissima

– Crystals in subiculum as rhomboidal plates or various shapes...............12

12 Sphaerocysts present in cords and the adjacent part of subiculum ...........
 ...............................................................................................T. hymenocystis

– Sphaerocysts absent ......................................................T. subhymenocystis
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13 Basidiospores smooth ................................................................................14

– Basidiospores ornamented.........................................................................16

14 Basidiomata with rhizomorph ...............................................T. bisterigmata

– Basidiomata without rhizomorph ...............................................................15

15 Basidiospores subglobose, angular to turbinate ..........................T. con昀椀nis
– Basidiospores ellipsoid ..............................................................T. laevispora

16 Basidiomata < 50 µm thick .........................................................................17

– Basidiomata > 50 µm thick .........................................................................19

17 Crystals absent ................................................................................T. gracilis

– Crystals present...........................................................................................18

18 Crystals aggregated, rhomboidal fakes ...............................T. perminispora

– Crystals butter昀氀y-like, easily broken into irregular shapes ....T. subaraneosa

19 Hymenophore smooth ................................................................................20

– Hymenophore colliculose, irpicoid, grandinioid, odontioid, hydnoid ........27

20 Basidiospores slightly cyanophilous ................................................ T. incisa

– Basidiospores acyanophilous.....................................................................21

21 Basidiospores > 6.5 µm long ................................................. T. yunnanensis

– Basidiospores < 6.5 µm long ......................................................................22

22 Generative hyphae < 2 µm in diameter............................... T. wenshanensis

– Generative hyphae > 2 µm in diameter ......................................................23

23 Generative hyphae thin-walled ....................................................................24

– Generative hyphae thick-walled ..................................................................25

24 Hymenophore farinaceous ...........................................................T. larssonii

– Hymenophore arachnoid ...................................................... T. subfarinacea

25 Generative hyphae > 3.5 µm in diameter ...................................T. latehypha

– Generative hyphae < 3.5 µm in diameter ...................................................26

26 Basidiospores ellipsoid, thin-walled ...................................... T. albofarinosa

– Basidiospores broadly ellipsoid to globose, thick-walled ........... T. olivacea

27 Hymenial surface colliculose, irpicoid or grandinioid ...............................28

– Hymenial surface odontioid or hydnoid .....................................................30

28 Generative hyphae thick-walled ...................................................... T. murina

– Generative hyphae thin-walled ....................................................................29

29 Growth on bamboo .................................................................. T. taiwanensis

– Growth on other plant ................................................................T. crystallina

30 Tramal hyphae thin-walled or slightly thick-walled ...................................31

– Tramal hyphae distinctly thick-walled ........................................................35

31 Crystals absent in trama ................................................................. T. tropica

– Crystals present in trama ............................................................................32

32 Basidiospores subglobose to globose................................... T. odontioidea

– Basidiospores ellipsoid or broadly ellipsoid ..............................................33

33 Tramal hyphae 3–6 µm wide, spines of basidiospores constricted ............
 ..................................................................................................... T. constricta

– Tramal hyphae 2–4 µm wide, spines of basidiospores not constricted ...34

34 Cystidia present .................................................................... T. chaibuxiensis

– Cystidia absent ................................................................................... T. nivea

35 Hymenophore aculei > 0.4 mm long ..........................................................36

– Hymenophore aculei < 0.4 mm long ..........................................................39

36 Margin smooth ............................................................................. T. 昀椀ssurata
– Margin 昀椀mbriate ..........................................................................................37
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37 Basidiomata irpicoid ...................................................................... T. dentata

– Basidiomata odontioid or hydnoid .............................................................38

38 Hymenophore aculei sparse, cream to buff-yellow when fresh ... T. 昀椀mbriata
– Hymenophore aculei dense, white when fresh .............................. T. fragilis

39 Generative hyphae ampullate septa absent .........................T. bambusicola

– Generative hyphae ampullate septa present .............................................40

40 Basidiospores with sharp spines .......................................... T. sub昀椀ssurata
– Basidiospores without sharp spines ..........................................................41

41 Spines of basidiospores constricted ..................................... T. subsinensis

– Spines of basidiospores not constricted ..................................... T. sinensis
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Research Article

Abstract

Species of the family Polycephalomycetaceae grow on insects or entomopathogenic 

fungi and are distributed from tropical to subtropical regions. This study proposed four 

new species of hyperparasitic fungi from China based on six molecular markers (ITS, 
SSU, LSU, TEF-1α, RPB1 and RPB2) phylogenetic analyses and morphological character-
istics. The four new species, i.e. Pleurocordyceps litangensis, Polycephalomyces jinghon-

gensis, Po. multiperitheciatae and Po. myrmecophilus, were described and illustrated. 

Pl. litangensis, exhibiting a hyperparasitic lifestyle on Ophiocordyceps sinensis, differed 

from Pleurocordyceps other species in producing subulate β-phialides and ovoid or el-
liptic α-conidia. Po. jinghongensis was distinct from Polycephalomyces other species, 

being parasitic on Ophiocordyceps sp., as producing oval or long oval-shaped α-conidia 
and columns of β-conidia. Po. multiperitheciatae differed from Polycephalomyces other 

species as having synnemata with fertile head, linear β-conidia and parasitic on Ophio-

cordyceps multiperitheciata. Po. myrmecophilus was distinct from Polycephalomyces 

other species, being parasitic on the fungus Ophiocordyceps acroasca, as producing 

round or ovoid α-conidia and elliptical β-conidia without synnemata from the colonies. 
These four species were clearly distinguished from other species in the family Polyceph-

alomycetaceae by phylogenetic and morphological characteristics. The morphological 

features were discussed and compared to relevant species in the present paper.

Key words: entomogenous fungi, hyperparasite, micromorphology, phylogenetic analy-

ses, taxonomy

Introduction

The new family Polycephalomycetaceae was established within clavicipitoid 
fungi to accommodate Perennicordyceps, Pleurocordyceps and Polycephalo-

myces based on morphology and phylogenetic analyses (Xiao et al. 2023). The 
genus Polycephalomyces Kobayasi was determined to be a monotypic ana-
morph genus for the species Polycephalomyces formosus Kobayasi (Kobayasi 
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1941). In the later taxonomic treatment of this genus, Seifert (1985) accepted 
four species, i.e. Po. formosus, Po. ramosus (Peck) Mains, Po. cylindrosporus 
Samson & H.C. Evans and Po. tomentosus (Schrader) Seifert. Polycephalomy-

ces ditmarii Van Vooren & Audibert has been described as the asexual morph 
of Ophiocordyceps ditmarii (Quél.) G.H. Sung, J.M. Sung, Hywel-Jones & Spa-
tafora (Van Vooren and Audibert 2005). Paecilomyces sinensis C.T. Chen, S.R. 
Xiao & Z.Y. Shi was recombined into Polycephalomyces sinensis (Q.T. Chen, S.R. 
Xiao & Z.Y. Shi) W.J. Wang, X.L. Wang, Y. Li, S.R. Xiao & Y.J. Yao (Wang et al. 
2012). The taxon has had a long history of being recognised as incertae sedis 
in Hypocreales (Kepler et al. 2013; Matočec et al. 2014). Matočec et al. (2014) 
established the genus Perennicordyceps and separated it from Polycephalomy-

ces to accommodate Perennicordyceps cuboidea, Pe. paracuboidea, Pe. proli-

昀椀ca and Pe. ryogamiensis. Perennicordyceps was characterised by acremoni-
um-like and hirsutella-like asexual morphs and perithecia (Xiao et al. 2023). 
Pleurocordyceps was established by combining the species originally assigned 
to the Polycephalomyces. Pl. sinensis was designated as the type species of 
the genus Pleurocordyceps (Wang et al. 2021).

Species of Polycephalomycetaceae grow on insects or other fungi, particu-
larly Ophiocordyceps species and are distributed from tropical to subtropical 
regions (Bischof et al. 2003; Wang et al. 2012, 2015a, b; Matočec et al. 2014; 
Crous et al. 2017; Xiao et al. 2018; Poinar and Vega 2020). Several species 
of Polycephalomycetaceae have also been reported as hyperparasitic fungi, 
involving species of Cordyceps, Elaphomyces, Hirsutella, Myxomycetes and 
Ophiocordyceps (Seifert 1985; Bischof et al. 2003; Wang et al. 2012, 2015a, b).

South-western China is an area of high fungal biodiversity (Hyde et al. 2018). 
The rich biodiversity uncovered suggested that further collections could result 
in the discovery of numerous new taxa (Hyde et al. 2020a, b). In this study, 
the four novel species presented herein were collected from Yunnan Province 
and Sichuan Province in China. Morphological observations and phylogenetic 
analyses showed that these four species were novel and distinct from all other 
previously-described species in the family Polycephalomycetaceae. The four 
new species were discovered to be hyperparasites of Ophiocordyceps species. 
Pl. litangensis, Po. jinghongensis, Po. multiperitheciatae and Po. myrmecophilus 
were hyperparasitic on O. sinensis, Ophiocordyceps sp., O. multiperitheciata and 
O. acroasca, respectively. At present, relatively little is known about the mech-
anisms responsible for hyperparasitism in species of the family Polycephalo-
mycetaceae and our 昀椀ndings provide ideal material for these studies. These 
昀椀ndings have expanded the diversity of fungal species in the family Polyceph-
alomycetaceae, providing taxonomic data to support species resource conser-
vation and rational exploitation and utilisation of resources.

Materials and methods

Specimens and isolates

Fungal specimens parasitising Ophiocordyceps sp. were collected from differ-
ent regions of south-western China, including Sichuan Province (Litang County) 
and Yunnan Province (Jinghong City, Yuanyang County, Pu'er City). The spec-
imens were found in moist soils. Geographic information (longitude, latitude 
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and altitude) of collection were recorded in the 昀椀eld, then specimens were col-
lected in sterilised plastic containers and transported to the laboratory. The mi-
cro-morphological characters (Synnemata) were examined using an Olympus 
SZ61 stereomicroscope (Olympus Corporation, Tokyo, Japan). To obtain axen-
ic culture, the stromata was divided into 2–4 segments with sterilised blades. 
Each segment was immersed in hydrogen peroxide 30% (H

2
O

2
) for 5 min and 

then rinsed 昀椀ve times in sterile water. After drying on sterilised 昀椀lter paper, these 
segments were inoculated on Potato Dextrose Agar (PDA) plates. The conidial 
masses at the apex of the stipes were picked with an inoculating needle and 
immersed in 5 ml of sterilised water for blending. The homogenates were then 
spread on PDA plates containing 0.1 g/l streptomycin and 0.05 g/l tetracycline. 
The plates were maintained in a culture room at 25 °C. After puri昀椀cation, the 
cultures were stored at 4 °C (Wang et al. 2015a). Dry specimens were depos-
ited in the Yunnan Herbal Herbarium (YHH) of Yunnan University. The cultures 
were stored in Yunnan Fungal Culture Collection (YFCC) of Yunnan University.

Morphological studies

Cultures on potato extract agar (PDA) were incubated for 21 days at 25 °C and 
photographed using a Canon 750 D camera (Canon Inc., Tokyo, Japan). For 
asexual morphological descriptions, microscope slide cultures were prepared 
by placing a small amount of mycelium on 5 mm diameter PDA medium blocks 
that were overlaid by a cover slip (Wang et al. 2015a; Tang et al. 2023b). The ob-
servations, measurements and photographs of the phialides and conidia were 
made using a light microscope (Olympus BX53).

DNA extraction, PCR and sequencing

DNA templates were obtained from cultures using the CTAB method, following 
that described in Liu et al. (2001). The polymerase chain reaction (PCR) was 
used to amplify genetic markers using the following primer pairs: ITS4/ITS5 
for ITS (internal transcribed spacer gene region) (White et al. 1990), NS1/NS4 
for SSU (small subunit ribosomal RNA gene region) (White et al. 1990), LR0R/
LR5 for LSU (large subunit rRNA gene region) (Hopple 1994) 2218R/983F for 
TEF-1α (translation elongation factor 1-alpha gene region) (Rehner and Buckley 
2005), CRPB1/RPB1Croph for RPB1 (RNA polymerase II largest subunit gene 
region) (Castlebury et al. 2004; Araújo et al. 2018), fRPB2-7cR/fRPB2-5F for 
RPB2 (RNA polymerase II second largest subunit) (Liu et al. 1999). A total of 25 
µl PCR matrix contained PCR 2.5 µl Buffer (Transgen Biotech, Beijing, China), 
17.25 µl sterile water, 4 µl dNTP, 1 µl each forward and reverse primer, 0.25 µl 
Taq DNA polymerase (Transgen Biotech, Beijing, China) and 1 µl DNA template. 
The matrix and reactions conditions were prepared and performed according 
to the methods described in previous studies (Xiao et al. 2023).

Phylogenetic analysis

In order to construct a phylogeny of the major lineages in the family Polycepha-
lomycetaceae, most of the DNA sequences used in this work were derived from 
previous phylogenetic studies (Xiao et al. 2023). Phylogenetic analyses were 
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based on sequences of six molecular markers (ITS, SSU, LSU, TEF-1α, RPB1 and 
RPB2), all of which were downloaded from NCBI (https://www.ncbi.nlm.nih.
gov/). Then the nucleotide sequences were combined with those generated in 
our study (Table 1). Sequences were aligned using ClustalX v.2.0 (Larkin et al. 
2007), adjusted manually and then concatenated in BioEdit v.7.1.1 (Hall 1999). 
Poorly-aligned regions were removed and adjusted manually using MEGA6 
(v.6.0) (Tamura et al. 2013). ModelFinder (Kalyaanamoorthy et al. 2017) was 
used to select the best-昀椀tting likelihood model for the Maximum likelihood 
(ML) analyses and the Bayesian inference (BI) analyses were carried out for 
the fungi datasets. For ML analyses, tree searches were performed in IQ-tree 
(v.2.1.3) (Nguyen et al. 2015), based on the best-昀椀t model GTR+F+I+I+R3 with 
5000 ultrafast bootstraps (Hoang et al. 2017) in a single run. The BI search 
was according to the best-昀椀t model GTR+F+I+G4, resorting to MrBayes (v.3.2.2) 
for BI analysis (Ronquist et al. 2012). The phylogenetic trees constructed us-
ing the ML and the BI analyses were largely congruent and strongly supported 
in most branches (Fig. 1). The 昀椀nal phylogenetic tree was visualised with its 
Maximum-Likelihood bootstrap proportions (ML-BS) and Bayesian posteri-
or probability (BI-BPP) performed using FigTree v.1.4.2 and edited via Adobe 
Illustrator CS6.

Table 1. Sources of selected isolates and GenBank accession number for ITS and 昀椀ve genes of three genera within 
Polycephalomycetaceae were used in this study.

Species name Voucher ITS SSU LSU TEF-1α RPB1 RPB2 References

Cordyceps pleuricapitata NBRC 109979 AB925941 AB925978 Unpublished

Cordyceps pleuricapitata NBRC 109978 AB925940 AB925977 Unpublished

Cordyceps pleuricapitata NBRC 109977 AB925939 AB925976 Unpublished

Cordyceps pleuricapitata NBRC 100746 JN943306 JN941749 JN941392 KF049680 JN992483 KF049668 Kepler et al. 
(2013)

Cordyceps pleuricapitata NBRC 100745 JN943304 JN941750 JN941391 KF049679 Kepler et al. 
(2013)

Perennicordyceps 
elaphomyceticola

MFLU 21-0262 OQ172064 OQ172101 OQ172032 OQ459718 OQ459747 OQ459792 Xiao et al. (2023)

Perennicordyceps cuboidea NBRC 100941 JN943329 JN941725 JN941416 JN992459 Schoch et al. 
(2012)

Perennicordyceps cuboidea NBRC 103834 JN943330 JN941723 JN941418 JN992457 Schoch et al. 
(2012)

Perennicordyceps cuboidea NBRC 103835 JN943333 JN941722 JN941419 JN992456 Schoch et al. 
(2012)

Perennicordyceps 
elaphomyceticola

MFLU 21-0264 OQ172067 OQ172103 OQ172035 OQ459720 OQ459749 OQ459794 Xiao et al. (2023)

Perennicordyceps 
elaphomyceticola

MFLU 21-0266 OQ172068 OQ172112 OQ172036 OQ459732 OQ459760 OQ459806 Xiao et al. (2023)

Perennicordyceps 
elaphomyceticola

MFLU 21-0263 OQ172065 OQ172102 OQ172033 OQ459719 OQ459748 OQ459793 Xiao et al. (2023)

Perennicordyceps 
elaphomyceticola

NTUCC 17-022 MK840824 MK840813 MK839230 MK839221 MK839212 Yang et al. (2020)

Perennicordyceps lutea KUMCC 3004 OQ474910 Xiao et al. (2023)

Perennicordyceps 
paracuboidea

NBRC 100942 JN943337 JN941711 JN941430 JN992445 AB972958 Schoch et al. 
(2012)

Perennicordyceps proli昀椀ca NBRC 103839 JN943342 JN941706 JN941435 JN992440 Schoch et al. 
(2012)

Perennicordyceps proli昀椀ca NBRC 103838 JN943339 JN941707 JN941434 JN992441 Schoch et al. 
(2012)

Perennicordyceps proli昀椀ca TNS-F-18547 KF049660 KF049613 KF049632 KF049687 KF049649 KF049670 Kepler et al. 
(2013)
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Species name Voucher ITS SSU LSU TEF-1α RPB1 RPB2 References

Perennicordyceps proli昀椀ca TNS-F-18481 KF049659 KF049612 KF049631 KF049686 KF049648 Kepler et al. 
(2013)

Perennicordyceps 
ryogamiensis

NBRC 101751 JN943343 JN941703 JN941438 KF049688 JN992437 Schoch et al. 
(2012)

Perennicordyceps 
ryogamiensis

NBRC 103837 JN943346 JN941702 JN941439 JN992436 Schoch et al. 
(2012)

Perennicordyceps 
ryogamiensis

NBRC 103842 JN943345 JN941701 JN941440 JN992435 Schoch et al. 
(2012)

Pleurocordyceps parvicapitata MFLU 21-0270 OQ172082 OQ172105 OQ172054 OQ459722 OQ459751 OQ459796 Xiao et al. (2023)

Pleurocordyceps agarica YHHPA 1305T KP276651 KP276655 KP276659 KP276663 KP276667 Wang et al. 
(2015b)

Pleurocordyceps agarica YHCPA1307 KP276654 KP276658 KP276662 KP276666 KP276670 Wang et al. 
(2015b)

Pleurocordyceps agarica YHCPA 1303 KP276653 KP276657 KP276661 KP276665 KP276669 Wang et al. 
(2015b)

Pleurocordyceps aurantiaca MFLUCC 17-
2113T

MG136916 MG136904 MG136910 MG136875 MG136866 MG136870 Xiao et al. (2019)

Pleurocordyceps aurantiaca MFLUCC 17-
2114

MG136917 MG136905 MG136911 MG136874 MG136871 Xiao et al. (2019)

Pleurocordyceps aurantiaca MFLU 17-1394 MG136918 MG136906 MG136912 MG136876 MG136867 MG136872 Xiao et al. (2019)

Pleurocordyceps aurantiaca MFLU 17-1393T MG136907 MG136913 MG136877 MG136868 MG136873 Xiao et al. (2019)

Pleurocordyceps ramosus like NBRC 101760 MN586827 MN586818 MN586836 MN598051 MN598042 MN598060 Wang et al. (2020)

Pleurocordyceps ramosus like NBRC 109984 MN586828 MN586819 MN586837 MN598052 MN598043 Wang et al. (2020)

Pleurocordyceps ramosus like NBRC 109985 MN586829 MN586820 MN586838 MN598053 MN598044 Wang et al. (2020)

Pleurocordyceps 
heilongtanensis

KUMCC 3008 OQ172091 OQ172111 OQ172063 OQ459731 OQ459759 OQ459805 Xiao et al. (2023)

Pleurocordyceps 
kanzashianus

AB027371 AB027325 AB027371 Nikoh et al. 
(2000)

Pleurocordyceps lanceolatus GACP 17-2004T OQ172076 OQ172110 OQ172046 OQ459726 OQ459754 OQ459800 Xiao et al. (2023)

Pleurocordyceps lanceolatus GACP 17-2005T OQ172109 OQ172047 OQ459727 OQ459755 OQ459801 Xiao et al. (2023)

Pleurocordyceps 
lianzhouensis

HIMGD20918T EU149921 KF226245 KF226246 KF226248 KF226247 Zhang et al. 
(2007)

Pleurocordyceps 
lianzhouensis

GIMYY9603 EU149922 KF226249 KF226250 KF226252 KF226251 Zhang et al. 
(2007)

Pleurocordyceps 
marginaliradians

MFLU 17-1582T MG136920 MG136908 MG136914 MG136878 MG136869 MG271931 Xiao et al. (2019)

Pleurocordyceps 
marginaliradians

MFLUCC 17-
2276T

MG136921 MG136909 MG136915 MG136879 MG271930 Xiao et al. (2019)

Pleurocordyceps nipponica BCC 1682 KF049664 KF049620 KF049638 KF049694 Kepler et al. 
(2013)

Pleurocordyceps nipponica BCC 18108 KF049657 MF416624 MF416569 MF416517 MF416676 MF416462 Kepler et al. 
(2013)

Pleurocordyceps nipponica NBRC 101407 JN943302 JN941752 JN941389 JN992486 Schoch et al. 
(2012)

Pleurocordyceps nipponica NBRC 101405 JN943442 JN941754 JN941387 JN992488 Schoch et al. 
(2012)

Pleurocordyceps nipponica BCC 2325 KF049665 KF049622 KF049640 KF049696 KF049655 KF049677 Kepler et al. 
(2013)

Pleurocordyceps nipponica NHJ 4268 KF049621 KF049639 KF049695 KF049654 KF049676 Kepler et al. 
(2013)

Pleurocordyceps nipponica BCC 1881 KF049618 KF049636 KF049692 KF049674 Kepler et al. 
(2013)

Pleurocordyceps nutansis GACP 19-1906 OQ172079 OQ172117 OQ172049 OQ459737 OQ459763 OQ459809 Xiao et al. (2023)

Pleurocordyceps nutansis GACP 19-1907 OQ172087 OQ172118 OQ172059 OQ459738 OQ459764 OQ459810 Xiao et al. (2023)

Pleurocordyceps nutansis GACP 19-3019T OQ172086 OQ172120 OQ172058 OQ459740 OQ459766 OQ459812 Xiao et al. (2023)

Pleurocordyceps nutansis MFLU 21-0275T OQ172073 OQ172119 OQ172048 OQ459739 OQ459765 OQ459811 Xiao et al. (2023)

Pleurocordyceps onorei BRA CR23904 KU898843 Crous et al. 
(2017)

Pleurocordyceps onorei BRA CR23902T KU898841 Crous et al. 
(2017)

Pleurocordyceps 
ophiocordycipiticola

MFLUCC 22-
0187

NR185465 NG229093 Wei et al. (2022)
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Species name Voucher ITS SSU LSU TEF-1α RPB1 RPB2 References

Pleurocordyceps 
ophiocordycipiticola

MFLU:22-0265 OQ127364 OQ127326 OQ127397 OQ186388 OQ186435 Wei et al. (2022)

Pleurocordyceps parvicapitata MFLU 21-0271T OQ172083 OQ172106 OQ172055 OQ459723 OQ459752 OQ459797 Xiao et al. (2019)

Pleurocordyceps parvicapitata MFLU 21-0272 OQ172084 OQ172099 OQ172056 OQ459716 OQ459745 OQ459790 Xiao et al. (2023)

Pleurocordyceps parvicapitata MFLU 21-0273 OQ172085 OQ172100 OQ172057 OQ459717 OQ459746 OQ459791 Xiao et al. (2023)

Pleurocordyceps 
phaothaiensis

BCC84553T MF959733 MF959737 MF959742 MF959745 Crous et al. 
(2017)

Pleurocordyceps 
phaothaiensis

BCC84552 MF959732 MF959736 MF959740 MF959744 Crous et al. 
(2017)

Pleurocordyceps 
phaothaiensis

BCC84551 MF959731 MF959735 MF959739 MF959743 Crous et al. 
(2017)

Pleurocordyceps 
ramosopulvinata

EFCC 5566 KF049627 KF049682 KF049645 Kepler et al. 
(2013)

Pleurocordyceps 
ramosopulvinata

SU 65 DQ118742 DQ118753 DQ127244 Chaverri et al. 
(2005)

Pleurocordyceps sinensis ARSEF 1424 KF049661 KF049615 KF049634 KF049689 KF049671 Kepler et al. 
(2013)

Pleurocordyceps sinensis CN 80-2T HQ832884 HQ832887 HQ832886 HQ832890 HQ832888 HQ832889 Wang et al. (2012)

Pleurocordyceps sinensis HMAS 43720T NR119928 NG042573 Wang et al. (2012)

Pleurocordyceps sinensis MFLU 21-0269 OQ172080 OQ172122 OQ172050 OQ459742 OQ459768 Xiao et al. (2023)

Pleurocordyceps sinensis GACP 20-2305 OQ172075 OQ172108 OQ172045 OQ459725 OQ459753 OQ459799 Xiao et al. (2023)

Pleurocordyceps sinensis GACP 20-2304 OQ172074 OQ172107 OQ172044 OQ459724 OQ459798 Xiao et al. (2023)

Pleurocordyceps sinensis GZU 20-0865 OQ172071 OQ172096 OQ172043 OQ459713 Xiao et al. (2023)

Pleurocordyceps sinensis MFLU 21-0268 OQ172070 OQ172123 OQ172052 OQ459743 OQ459815 Xiao et al. (2023)

Pleurocordyceps sinensis MFLU 21-0267 OQ172121 OQ172051 Xiao et al. (2023)

Pleurocordyceps sinensis MFLU 18-0162 MK863250 MK863043 MK863050 MK860188 Unpublished

Pleurocordyceps sp. BCC 2637 KF049663 KF049637 KF049693 KF049675 Kepler et al. 
(2013)

Pleurocordyceps sp. JB07.08. 16_8 KF049662 KF049616 KF049635 KF049690 KF049652 KF049672 Kepler et al. 
(2013)

Pleurocordyceps sp. JB07.08.17_07b KF049617 KF049691 KF049653 KF049673 Kepler et al. 
(2013)

Pleurocordyceps sp. NBRC 109987 AB925983 Unpublished

Pleurocordyceps sp. NBRC 109988 AB925984 Unpublished

Pleurocordyceps sp. NBRC 109990 AB925968 Unpublished

Pleurocordyceps sp. NBRC 110224 AB925969 Unpublished

Pleurocordyceps litangensis YFCC 06109293 PP410597 PP541902 PP410593 PP550103 PP697751 This study

Pleurocordyceps litangensis YFCC 06109294 PP410598 PP541903 PP410594 PP550104 PP697752 PP550107 This study

Pleurocordyceps litangensis YFCC 06109295 PP410600 PP541905 PP410596 PP550106 PP697754 This study

Pleurocordyceps litangensis YFCC 06109296 PP410599 PP541904 PP410595 PP550105 PP697753 PP550108 This study

Pleurocordyceps sp. GIMCC 3.570 JX006097 JX006098 JX006100 JX006101 Zhong et al. 
(2016)

Pleurocordyceps tomentosus BL4 KF049666 KF049623 KF049641 KF049697 KF049656 KF049678 Kepler et al. 
(2013)

Pleurocordyceps vitellina KUMCC 3005 OQ172088 OQ172060 OQ459728 OQ459756 OQ459802 Xiao et al. (2023)

Pleurocordyceps vitellina KUMCC 3006 OQ172089 OQ172061 OQ459729 OQ459757 OQ459803 Xiao et al. (2023)

Pleurocordyceps vitellina KUMCC 3007 OQ172090 OQ172062 OQ459730 OQ459758 OQ459804 Xiao et al. (2023)

Pleurocordyceps yunnanensis YHCPY1005 KF977848 KF977850 KF977852 KF977854 Wang et al. 
(2015a)

Pleurocordyceps yunnanensis YHHPY1006T KF977849 KF977851 KF977853 KF977855 Wang et al. 
(2015a)

Polycephalomyces albiramus GACP 21-XS08T OQ172092 OQ172115 OQ172037 OQ459735 OQ459761 OQ459807 Xiao et al. (2023)

Polycephalomyces albiramus GACPCC 
21-XS08T

OQ172093 OQ172116 OQ172038 OQ459736 OQ459762 OQ459808 Xiao et al. (2023)

Polycephalomyces formosus NBRC 109993T MN586833 MN586824 MN586842 MN598057 MN598048 MN598064 Wang et al. (2021)

Polycephalomyces formosus NBRC 109994 MN586834 MN586825 MN586843 MN598058 MN598049 MN598065 Wang et al. (2021)

Polycephalomyces formosus NBRC 109995 MN586835 MN586826 MN586844 MN598059 MN598050 MN598066 Wang et al. (2021)
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Species name Voucher ITS SSU LSU TEF-1α RPB1 RPB2 References

Polycephalomyces formosus GACP 21-
WFKQ04

OQ172095 OQ172114 OQ172040 OQ459734 Xiao et al. (2023)

Polycephalomyces 
jinghongensis

YFCC 02959283  PP274089 PP274093 PP274109 PP581803 PP697747 PP581819 This study

Polycephalomyces 
jinghongensis

YFCC 02959284 PP274090 PP274094 PP274110 PP581804 PP697748 PP581820 This study

Polycephalomyces 
jinghongensis

YFCC 02959285 PP274091 PP274095 PP274111 PP581805 PP697749 PP581821 This study

Polycephalomyces 
jinghongensis

YFCC 02959286 PP274092 PP274096 PP274112 PP581806 PP697750 PP581822 This study

Polycephalomyces 
multiperitheciatae

YFCC 06149287 PP274102 PP274108 PP274118 PP581802 PP581818 This study

Polycephalomyces 
multiperitheciatae

YFCC 06149288 PP274098 PP274104 PP274114 PP581798 PP697743 PP581815 This study

Polycephalomyces 
multiperitheciatae

YFCC 06149289 PP274101 PP274107 PP274117 PP581801 PP697746 PP581817 This study

Polycephalomyces 
multiperitheciatae

YFCC 06149290 PP274097 PP274103 PP274113 PP581797 PP697742 PP581814 This study

Polycephalomyces 
multiperitheciatae

YFCC 06149291 PP274100 PP274106 PP274116 PP581800 PP697745 This study

Polycephalomyces 
multiperitheciatae

YFCC 06149292 PP274099 PP274105 PP274115 PP581799 PP697744 PP581816 This study

Polycephalomyces 
myrmecophilus

YFCC 09289443 PP410602 PP410608 PP410605 PP581795 PP697740 PP581812 This study

Polycephalomyces 
myrmecophilus

YFCC 09289444 PP410603 PP410609 PP410606 PP581796 PP697741 PP581813 This study

Polycephalomyces 
myrmecophilus

YFCC 09289445 PP410601 PP410607 PP410604 PP581794 PP697739 PP581811 This study

Tolypocladium 
ophioglossoides

NBRC 100998 JN943319 JN941735 JN941406 AB968602 JN992469 AB968563 Ban et al. (2015)

Tolypocladium 
ophioglossoides

NBRC 106330 JN943321 JN941734 JN941407 AB968603 JN992468 AB968564 Ban et al. (2015)

Results

Phylogenetic tree

Sequences of 113 samples were used for phylogenetic analysis. Tolypocladium 

ophioglossoides (NBRC 106330) and T. ophioglossoides (NBRC 100998) were 
designated as the outgroup taxa (Xiao et al. 2023). The total length of the con-
catenated dataset of six genes across the 113 samples was 6384 bp, including 
859 bp for ITS, 1548 bp for SSU, 930 bp for LSU, 1037 bp for TEF-1α, 797 bp for 
RPB1 and 1213 bp for RPB2. The phylogenetic relationships show three ma-
jor clades within the family Polycephalomycetaceae (Fig. 1), consisting of the 
clade Pleurocordyceps (16 species; BS = 100%, BPP = 1.00), the clade Perenni-

cordyceps (6 species; BS = 100%, BPP = 1.00) and the clade Polycephalomyces 
(6 species; BS = 100%, BPP = 1.00). Pleurocordyceps nutansis, Pleurocordyceps 

sinensis (MFLU 21-0268, GZU 20-0865) are adjacent clades. Similarly, Pleu-

rocordyceps ramosus like and Pleurocordyceps yunnanensis are contiguous 
branches. In addition, Pleurocordyceps kanzashianus is included in the clade 
Pleurocordyceps nipponica. Cordyceps pleuricapitata strains also formed a 
monophyletic clade (BS = 100%, BPP = 1.00). The four species collected and 
described in this work are clustered in the clade Pleurocordyceps (Pl. litangen-

sis) and the clade Polycephalomyces (Po. jinghongensis, Po. multiperitheciatae 
and Po. myrmecophilus), respectively.
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Figure 1. Phylogenetic tree of Polycephalomycetaceae, based on the concatenation of ITS, SSU, LSU, TEF-1α, RPB1 and 

RPB2 sequence data. The tree was generated from an alignment of 6,384 sites and 113 taxa. The phylogeny was inferred 
using the IQ-tree. The Maximum likelihood bootstrap values greater than 75% (on the left) and the Bayesian posterior 
probabilities over 0.75 (on the right) were indicated above the nodes. The new species were indicated in back bold font.
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Taxonomy

Pleurocordyceps litangensis Hong Yu bis, Z.H. Liu & D.X. Tang, sp. nov.
MycoBank No: 851497
Fig. 2

Etymology. litangensis = Litang County, the epithet referred to the nature study 
trail in Litang County, the locality where the type specimen was collected.

Diagnosis. Pleurocordyceps litangensis and Pl. sinensis have the same 
host (O. sinensis) and β-Conidia, but the phialides (lanceolate or narrowly la-
geniform vs. spear point or subulate), α-conidia (Ovoid vs. Ovoid or ellipticare) 
are different.

Holotype. China, Sichuan Province, Ganzi Tibetan Autonomous Prefecture, 
Litang County, parasitic on Ophiocordyceps sinensis (Ophiocordycipitaceae), 
on insects buried in soil, with erect stromata, 30°43′00″N, 100°52′00″E, alt. 
4750 m, 10 June 2023, Hong Yu bis (YHH 2306055).

Sexual morph. Undetermined.
Asexual morph. Synnemata arising from the stromata of O. sinensis, sol-

itary or alternating; clavate or spatulate, branched and unbranched, straight 
or sinuous. Terminal portion of a synnemata covered by a viscous mass, kha-
ki. Colonies on PDA growing slowly, attaining a diameter of 1.4–1.6 cm in 3 
weeks at 25 °C, 昀椀liform, dark yellow and reverse dry yellow. Phialides exist-
ing in two types: α- and β-phialides. Both types of phialides often reproduce 
new phialides at their own apices and yield catenulate β-conidia, collarettes 
not 昀氀ared, periclinal thickening not visible. α-phialides acropleurogenous sol-
itary on hyphae; spear point, tapering gradually from the base to the apex, 
11.2–12.8 μm long, 1.9–2.6 μm wide at the base and 0.7–0.9 μm wide at the 
apex. β-phialides terminal on solitary on hyphae; subulate, tapering abruptly 
from the base to the apex, 9.9–27.8 μm long, 1.6–2.5 μm wide at the base 
and 0.6–1.4 μm wide at the apex. α-conidia ovoid or elliptic and occurring on 
the 昀椀nal portion of synnemata, 3.2–6.1 × 1.8–3.9 μm; β-conidia fusiform, and 
produce on the surface mycelium of colony, multiple, usually in chains on a 
phialide, 3.5–6.1 × 1.4–2.5 μm.

Host. Parasitic on Ophiocordyceps sinensis (Ophiocordycipitaceae).
Distribution. China, Sichuan Province.
Material examined. China, Sichuan Province, Ganzi Tibetan Autono-

mous Prefecture, Litang County, parasitic on Ophiocordyceps sinensis 
(Ophiocordycipitaceae), on insects buried in soil, with erect stromata, 
30°43′00″N, 100°52′00″E, alt. 4750 m, 10 June 2023, Tao Sun. Paratypes: 
YHH 2306058; other collections: YHH 2306059; Culture ex-type: YFCC 
06109293; Other living cultures: YFCC 06109294, YFCC 06109295, YFCC 
06109296.

Notes. Four strains, Pleurocordyceps sp. NBRC109990, Pl. sp. NBRC109987, 
Pl. sp. NBRC110224, Pl. sp. NBRC109988, were aggregated Pl. litangensis into 
one branch (Fig. 1 BS = 100%, BPP = 1.00). Pl. litangensis was distinct from oth-
er species of Pleurocordyceps by α-phialides spear point, β-phialides subulate, 
α-conidia ovoid or elliptic (Table 2). Thus, Pl. litangensis was introduced as a 
new species under the genus Pleurocordyceps.
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Figure 2. Morphological features of Pleurocordyceps litangensis (Holotype: YHH 2306055) a overview of Pleurocordy-

ceps litangensis and its host b synnemata on the insects c, d colony obverse and reverse e–h, k α-phialides i α-conidia 
j β-conidia and β-phialides. Scale Bars: 2 cm (a–d); 20 μm (e–j); 10 μm (k); 5 μm (g–i).
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Table 2. Morphological comparison of asexual morph species of Pleurocordyceps.

Species Host Synnemata Phialides Conidia References

Pl. agarica Ophiocordyceps sp. or 
melolonthid larvae

Solitary, unbranched, 
agaricshaped; conidial mass 
pileus-like, light yellow to pale 

brown

α-phialides lanceolate; 
β-phialides narrowly lageniform 

or subulate

α-conidia globose to 
subglobose; β-conidia 

fusiform, catenate or clump 
together

Wang et al. 
(2015b)

Pl. aurantiacus Coleoptera larvae or O. 

barnesii

Emerging after 30 days, solitary 
or not solitary, branched or 
unbranched, showing 1–2 

radiating ring like distributions

α-phialides, narrowly lageniform. 
β-phialides, lanceolate or 

narrowly lageniform

α-conidia, globose to 
subglobose. β-conidia, 

fusiform

Xiao et al. 
(2018)

Pl. lanceolatus Lepidoptera larvae Lanceolate to corniform, solitary 
to crowded, stipitate, usually 
unbranched, rarely branched 

on the PDA, yellow to yellowish 
on the fresh specimen, covered 
with conidial masses, white on 

the PDA

α-phialides directly from hyphae, 
solitary, usually unbranched, 

subulate, at the base, tapering 
into a long neck; β-phialides 

branched into 2 or 3 phial 
ides, narrowly lageniform to 

lanceolate

α-conidia spherical, forming 
slimy conidial masses along 

the Synnemata; β-conidia 
fusiform

Xiao et al. 
(2023)

Pl. 

marginaliradians

Cossidae larva Emerging after 14 days, 
single or branched into 2 or 
3 branched, showing 1–2 

radiating ring like distributions

α-phialides, elongate lageniform; 
β-phialides, narrow slender to 

narrow lageniform

α-conidia globose, catenate, 
one-celled, pale yellow slimy 
in mass. β-conidia fusiform, 

one-celled

Xiao et al. 
(2018)

Pl. parvicapitata Perennicordyceps 

elaphomyceticola

Absent Phialides, cylindrical at the base, 
tapering into a long neck

globose to subglobose  Xiao et al. 
(2023)

Pl. sinensis Lepidoptera larvae 
or Ophiocordyceps 

sinensis

Solitary, crowded, branched 
or unbranched, conidial mass 

yellow or yellow-orange

Lanceolate or narrowly 
lageniform

α-conidia, ovoid; β-conidia, 
fusiform

Chen et al. 
(1984); Wang 
et al. (2012)

Pl. vitellina Ophiocordyceps 

nigrella

Absent α-phialides, hyaline, smooth, 
elongated lageniform, crowed, 

gathered in the middle of 
colony. β-phialides, hyaline, 

smooth, directly growing from 
hyphae, with or without metula 
at the base, solitary, lanceolate, 
ovate at the base, tapering into 

a short neck

α-conidia spherical, one-
celled, smooth-walled. 

β-conidia fusiform, 
catenulate

Xiao et al. 
(2023)

Pl. yunnanensis Hemiptera adults 

or Ophiocordyceps 

nutans

Solitary, caespitose or crowded, 
branched or unbranched; 

conidial mass white to yellow–
brown

α-phialides cylindrical to 
subulate; β-phialides narrowly 

lageniform or subulate

α-conidia subglobose, 
ellipsoidal; β-conidia 

fusiform, catenate or clump 
together

Wang et al. 
(2015a)

Pl. nutansis Ophiocordyceps 

nutans

Cylindrical, clavate, capitate, 
stipitate, crowded, simple, white 

to yellowish

Two types, both of the types 
observed on the same 

synnemata. α-phialides, 
gathered at the apex of the 
synnemata, arranged in a 
parallel palisade-like layer 

around the apex of the fertile 
head, hyaline, usually branched 

into 2–6 phialides, narrowly 
slender lanceolate; β-phialides 
, solitary, scattered along the 
stipe, lanceolate, ovate at the 

base, tapering into a long neck

α-conidia, spherical, forming 
slimy conidial masses on 
the fertile head; β-conidia 
fusiform, produced along 
stipe of the synnemata

Xiao et al. 
(2023)

Pl. 

heilongtanensis

Ophiocordyceps sp. Scattered on the surface of 
host, cylindrical, stipitate, 
unbranched, white, with or 

without fertile head

α-phialides, hyaline, smooth, 
elongated lageniform, 

caespitose, palisade-like, 
crowed, gathered in the top of 
synnemata, mostly branched 
into 2–4 phialides. β-phialides 

hyaline, smooth, solitary, 
branched into 2 or 3 phial ides, 
with or without metula at the 
base, directly growing from 

hyphae

α-conidia, subglobose to 
ovoid,in yellowish slimy 

mass. β-conidia fusiform, 
one-celled

Xiao et al. 
(2023)

Pl. lianzhouensis Lepidoptera larva 

or Ophiocordyceps 

crinalis

Unbranched or dichotomously 
branched, conidial mass not 

seen

In whorls or intercalary and 
terminal, terminally awl-shaped

Ellipsoidal, oblong to 
cylindrical

Wang et al. 
(2014)

 Pl. litangensis  Ophiocordyceps 

sinensis

 Absent  α-phialides acropleurogenous 
solitary on hyphae; spear point. 
β-phialides terminal on solitary 

on hyphae; subulate

 α-conidia ovoid or elliptical; 
β-conidia fusiform

 This study



190MycoKeys 105: 179–202 (2024), DOI: 10.3897/mycokeys.105.119893

Zuoheng Liu et al.: Four new species within Polycephalomycetaceae

Polycephalomyces jinghongensis Hong Yu bis, Z.H. Liu & D.X. Tang, sp. nov. 
MycoBank No: 851498
Fig. 3

Etymology. jinghongensis = Jinghong City, the epithet referred to the nature 
study trail in Jinghong City, the locality where the type specimen was collected.

Diagnosis. Polycephalomyces jinghongensis are similar to that of Po. multi-

peritheciatae regarding the production of α-conidia oval, but Po. jinghongensis 
differ by synnemata caespitose, white to orange-yellow colour, producing cylin-
drical β-conidia, parasitic on Ophiocordyceps sp.

Holotype. China, Yunnan Province, Xishuangbanna Dai Autonomous Prefec-
ture, Jinghong City, parasitic on Ophiocordyceps sp. (Ophiocordycipitaceae), on 
insects buried in soil, with erect synnemata, 23°47′9″N, 102°51′41″E, alt. 2053 
m, 25 September 2022, Hong Yu bis (YHH 2206047).

Sexual morph. Undetermined.
Asexual morph. Synnemata arising from the stromata of Ophiocordyceps 

sp., 0.8–1.6 cm long 0.1–0.3 cm thick, caespitose, unbranched or branched, 
white to orange-yellow colour. Colonies on PDA growing slowly, attaining a 
diameter of 1.3–1.7 cm in 3 weeks at 25 °C, clustered, white and reverse dry 
yellow. Synnemata emerging after 14 days, tufted, branched and 0.6–10 mm 
long, showing radiating distributions. Phialides existing in two types: α- and 
β-phialides. Both types of phialides often reproduce new phialides at their 
own apices or sides, collarettes not 昀氀ared, periclinal thickening not visible. 
α-phialides verticillate and acropleurogenous on conidiophores and solitary 
on hyphae; lanceolate, tapering gradually from the base to the apex, 4.5–19.5 
μm long, 1.4–2.5 μm wide at the base and 0.8–1.6 μm wide at the apex. β-phi-
alides acropleurogenous in whorls of 2–3 or intercalary and terminal on co-
nidiophores and solitary on hyphae; diamond-shaped; tapering abruptly from 
the base to the apex, 10.4–17.5 μm long, 1.1–2.7 μm wide at the base, and 
0.4–1.1 μm wide at the apex. α-conidia oval or long oval shape and occurring 
in the conidial mass on the agar or on the 昀椀nal portion of synnemata, 1.1–3.4 
× 0.8–1.9 μm; β-conidia columns and produced on the surface mycelium of 
colony, multiple, usually formed as spore balls at the phialidic apex, 2.3–3.1 
× 1.2–1.3 μm.

Host. Parasitic on Ophiocordyceps sp. (Ophiocordycipitaceae).
Distribution. China, Yunnan Province.
Material examined. China, Yunnan Province, Xishuangbanna Dai Autonomous 

Prefecture, Jinghong City, parasitic on Ophiocordyceps sp. (Ophiocordycipita-
ceae), on insects buried in soil, with erect synnemata, 23°47′9″N, 102°51′41″E, 
alt. 2053 m, 25 September 2022, D.X. Tang. Paratypes: YHH 2206010; other col-
lections: YHH 2207049; YHH 2206053. Culture ex-type: YFCC 02959283; Other 
cultures: YFCC 02959284, YFCC 02959285, YFCC 02959286.

Notes. Polycephalomyces jinghongensis was sister to Po. multiperitheci-

atae (Fig. 1: BS = 100%, BPP = 1.00). However, Po. multiperitheciatae differs 
by 6/556 bp in ITS, 3/898 bp in SSU, 2/829 bp in LSU, 23/913 bp in TEF-1α, 
4/679 bp in RPB2 from Po. jinghongensis. Po. jinghongensis was distinct from 
other species of Polycephalomyces by the white to orange-yellow colour of the 
caespitose synnemata (Table 3). Thus, Po. jinghongensis was introduced as a 
new species under the genus Polycephalomyces.
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Figure 3. Morphological features of Polycephalomyces jinghongensis (Holotype: YHH 2209031) a overview of Polyceph-

alomyces jinghongensis and its host b synnemata on the insect c, d colony obverse and reverse e–g β-phialides h β-co-

nidia i, k, l α-phialides j α-conidia. Scale Bars: 2 cm (a, c, d); 0.5 cm (b); 20 μm (e–h, j); 10 μm (i, k. l).

Polycephalomyces multiperitheciatae Hong Yu bis, Z.H. Liu & D.X. Tang, sp. nov.
MycoBank No: 851499
Fig. 4

Etymology. The species name referred to the host species, Ophiocordyceps 

multiperitheciata.
Diagnosis. Polycephalomyces multiperitheciatae are similar to that of Po. 

jinghongensis regarding the production of α-conidia oval, but Po. jinghongensis 
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differ by being parasitic on O. multiperitheciata, synnemata clustered, white, 
β-conidia, linear.

Holotype. China, Yunnan Province, Honghe Hani and Yi Autonomous Prefec-
ture, Yuanyang County, parasitic on Ophiocordyceps multiperitheciata (Ophio-
cordycipitaceae), on insects buried in soil, with erect stromata, 22°1′51″N, 
100°52′42″E, alt. 703 m, 25 September 2022, Hong Yu bis (YHH 2206031).

Sexual morph. Undetermined.
Asexual morph. Synnemata arising from the stromata of Ophiocordyceps 

multiperitheciata, 0.8–1.8 cm long 0.2–0.5 cm thick, clustered, white to pale 
yellow, numerous, branched, with fertile head. Colonies on PDA growing slowly, 

Figure 4. Morphological features of Polycephalomyces multiperitheciatae (Holotype: YHH 2206047) a overview of 

Polycephalomyces multiperitheciatae and its host b Synnemata on the insect c, d colony obverse and reverse g, j α-phial-
ides e, f, h, i β-phialides k α-conidia l β-conidia. Scale Bars: 2 cm (a, c, d); 0.6 cm (b);  20 μm (e–i, k); 50 μm (j); 10 μm (l).
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attaining a diameter of 1.8–2.1 cm in 3 weeks at 25 °C, clustered, white and 
reverse dry yellow. Synnemata emerging after 15 days, solitary, branched and 
0.8–2.1 cm long, showing radiating distributions. Phialides existing in two 
types: α- and β-phialides. Both types of phialides often reproduce new conid-
ia at their own apices or sides, collarettes not 昀氀ared, periclinal thickening not 
visible. α-phialides verticillate and acropleurogenous on conidiophores and 
solitary on hyphae; spear point, tapering gradually from the base to the apex, 
10.5–18.7 μm long, 1.1–1.9 μm wide at the base and 0.4–0.6 μm wide at the 
apex. β-phialides acropleurogenous in whorls of 2–3 or intercalary and termi-
nal on conidiophores and solitary on hyphae; subulate, tapering abruptly from 
the base to the apex, 11.3–28.8 μm long, 1.2–2.5 μm wide at the base and 
0.5–1.1 μm wide at the apex. α-conidia,oval and occurring in the conidial mass 
on the agar or on the 昀椀nal portion of synnemata, 0.6–1.1 × 0.3–0.6 μm; β-co-
nidia, linear and produced on the surface mycelium of colony, multiple, usually 
formed as spore balls at the phialidic apex, 0.8–1.3 × 0.3–0.7 μm.

Host. Parasitic on Ophiocordyceps multiperitheciata (Ophiocordycipitaceae).
Distribution. China, Yunnan Province.
Material examined. China, Yunnan Province, Honghe Hani and Yi Autono-

mous Prefecture, Yuanyang County, parasitic on Ophiocordyceps multiperith-

eciata (Ophiocordycipitaceae), on insects buried in soil, with erect stromata, 
22°1′51″N, 100°52′42″E, alt. 703 m, 25 September 2022, D.X. Tang. Paratypes: 
YHH 2209032; other collections: YHH 2209033; YHH 2209034. Culture ex-
type: YFCC 06149287; Other cultures: YFCC 06149288, YFCC 06149289, YFCC 
06149290, YFCC 06149291, YFCC 06149292.

Notes. Polycephalomyces multiperitheciatae is sister to Po. jinghongensis 
(Fig. 1: BS = 100%, BPP = 1.00). Po. multiperitheciatae is distinct from other spe-
cies of Polycephalomyces, parasitising Ophiocordyceps multiperitheciata synne-
mata clustered, with fertile head, β-conidia, linear (Table 3). Thus, Po. multiperith-

eciatae was introduced as a new species under the genus Polycephalomyces.

Polycephalomyces myrmecophilus Hong Yu bis, Z.H. Liu & D.X. Tang, sp. nov. 
MycoBank No: 851500
Fig. 5

Etymology. myrmecophilus = myrmecophilous, the epithet referred to the spe-
cies parasitising myrmecophilous Ophiocordyceps species.

Diagnosis. Polycephalomyces myrmecophilus are similar to that of Po. ramo-

sus regarding the production of two types of conidia, but Po. myrmecophilus 
differ by α-conidia round or ovoid, β-conidia elliptical.

Holotype. China, Yunnan Province, Pu’er City, The Sun River National Forest 
Park, parasitic on Ophiocordyceps acroasca (Ophiocordycipitaceae), on insects 
underside of leaves, with erect stromata, 30°34′34″N, 101°6′24″E, alt. 1095 m, 
28 September 2020, Hong Yu bis (YHH 2009001);

Sexual morph. Undetermined.
Asexual morph. Synnemata arising from the Ophiocordyceps acroasca or Colo-

bopsis sp. corpses, tomentose, white. Colonies on PDA growing slowly, attaining 
a diameter of 1.7–2.1 cm in 3 weeks at 25 °C, villous, cinerous, and reverse black 
yellow. Phialides existing in two types: α- and β-phialides. Both types of phialides 
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often reproduce new phialides at their own apices, collarettes not 昀氀ared, periclinal 
thickening not visible. α-phialides verticillate and acropleurogenous on conidio-
phores and solitary on hyphae; lanceolate, tapering gradually from the base to the 
apex, 6.1–14.5 μm long, 1.4–2.3 μm wide at the base and 0.8–1.8 μm wide at the 
apex. β-phialides acropleurogenous in whorls of 2–3 or intercalary and terminal 
on conidiophores and solitary on hyphae; sickle-shaped, tapering abruptly from 
the base to the apex, 9.8–17.6 μm long, 0.9–1.6 μm wide at the base and 0.4–1.1 
μm wide at the apex. α-conidia round or ovoid, and occurring in the conidial mass 
on the agar or on the 昀椀nal portion of synnemata, 0.4–0.9 × 0.3–0.9 μm; β-conidia 
elliptical and produced on the surface mycelium of colony, single or multiple, usu-
ally in the form of spore balls at the phialidic apex, 0.6–1.3 × 0.3–0.8 μm.

Figure 5. Morphological features of Polycephalomyces myrmecophilus (Holotype: YHH 2009001) a overview of Polyceph-

alomyces myrmecophilus and its host b, c colony obverse and reverse d α-phialides f–h β-phialides e α-conidia i β-conid-

ia. Scale Bars: 2 cm (a–c); 20 μm (d–h); 10 μm (i).
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Table 3. Morphology of asexual morph species of the genus Polycephalomyces.

Species Host Synnemata Phialides Conidia References

Po. albiramus Gryllotalpa sp. 
(Orthoptera, 

Gryllotalpidae)

Stipitate, gathered, 
branched, white to 

pale yellow, numerous, 
cylindrical and tapering at 

the apex, without fertile 
head

Phialides narrowly subulate, awl-shaped Conidia cylindrical to 
obovoid or subglobose

Xiao et al. 
(2023)

Po. baltica Nymph or short-
winged female bark 
louse (Psocoptera: 

Troctopsocidae)

Synnemata, simple, 
roundish

Phialides, light colored, micronematous, 
昀氀ask-shaped

Conidia globose, 
catenulate

Poinar and 
Vega (2020)

Po. cylindrosporus Coleoptera, Formicidae 
and Pentatomidae

Synnemata cylindrical to 
capitate, stipitate, slender, 

branched

Phialides on verticils and/or 
acropleurogenously forming loosely 

arranged 昀氀ared hymenia

Conidia one-type, 
cylindrical to bacilliform

Matočec et 
al. (2014)

Po. ditmarii Paravespula vulgaris 

(Wasp)
Synnemata 2 to 3 distinct 

branches, yellowish 
to white, darkening at 
the base; surmounted 
by a small subsurface 
capitulum, dotted with 

numerous small blisters of 
orange-yellow colour

Phialides elongate, cylindrical, 
attenuating at the apex

globose to subglobose Van Vooren 
and Audibert 

(2005)

Po. formosus 

(Type)
Coleoptera larvae 
or Ophiocordyceps 

barnesii

Synnemata 2 long, 
gathered, branched, with 

cylindrical stipe, with fertile 
head, spherical, white

cylindrical, tapering gradually Conidia one-type, 
ellipsoid or ovoid

Kobayasi 
(1941)

In culture (PDA) Synnemata 2–3 
branches,arising as several 

radiating rings on the 
colony

Phialides terminal parts of Synnemata, 
cylindrical to subulate at the base;

Conidia of one type, one-
celled, smooth-walled, 

ellipsoid to ovoid, arising 
in a conidial mass on the 
agar or on the terminal 
portions of synnemata

Wang et al. 
(2021)

In slide culture Phialides monothetic and solitary or 
acropleurogenous in the whorls of 1–4, 

narrowly lageniform or subulate

Conidia obovoid to 
oblong ellipsoidal or 
cylindrical, forming 

irregular spore balls near 
the apex of phialides

Wang et al. 
(2021)

Po. ramosus Lepidoptera larvae or 
Hirsutella guignardii

Synnemata solitary, 
crowded or caespitose, 

unbranched or branched, 
conidial mass yellow to 

orange-yellow

α-phialides cylindrical to narrowly 
lageniform; β-phialides narrowly 

lageniform or subulate

α-conidia, ovoid; 
β-conidia, fusiform

Seifert 
(1985); 

Bischof et al. 
(2003)

Po. paludosus Lepidoptera larva Capitate, cinnamon brown, 
branched, the branches at 

right angles

Subulate, phialides occurring scattered 
on the branches below the heads, 

ventricose, occasionally stellate above

Conidia produced 
singly, hyaline, obovoid, 
covered by agglutinated 

mucus

Mains (1948)

Po. tomentosus Myxomycetes Fructi昀椀cation a synnemata Conidia three-type, 
globose or ellipsoidal or 

cylindrical

Seifert 
(1985)

Po. jinghongensis Ophiocordyceps sp. 
(Ophiocordycipitaceae)

Synnemata caespitose, 
unbranched or branched, 

white to orange-yellow 
colour

 α-phialides verticillate and 
acropleurogenous on conidiophores,and 

solitary on hyphae; lanceolate. 
β-phialides acropleurogenous in whorls 

of 2–3 or intercalary and terminal on 
conidiophores and solitary on hyphae; 

diamond-shaped.

α-conidia oval or long 
oval shape, β-conidia 

cylindrical

This study

Po. 

multiperitheciatae

Ophiocordyceps 

multiperitheciata

Synnemata white to 
pale yellow, numerous, 

branched, with fertile head

α-phialides verticillate and 
acropleurogenous on conidiophores, 
and solitary on hyphae; spear point. 

β-phialides acropleurogenous in whorls 
of 2–3 or intercalary and terminal on 

conidiophores and solitary on hyphae; 
subulate.

α-conidia oval 
β-conidia linear

This study

Po. 

myrmecophilus

Ophiocordyceps 

acroasca and 

Ophiocordyceps sp.

Absent α-phialides verticillate and 
acropleurogenous on conidiophores, 
and solitary on hyphae; lanceolate, 

β-phialides acropleurogenous in whorls 
of 2–3 or intercalary and terminal on 

conidiophores and solitary on hyphae; 
sickle shape.

α-conidia round or ovoid; 
β-conidia, elliptical

This study
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Host. Parasitic on Ophiocordyceps acroasca and Ophiocordyceps sp.
Distribution. China, Yunnan Province.
Material examined. China, Yunnan Province, Pu’er City, The Sun River Nation-

al Forest Park, parasitic on Ophiocordyceps acroasca (Ophiocordycipitaceae), 
on insects underside of leaves, with erect stromata, 30°34′34″N, 101°6′24″E, 
alt. 1095 m, 28 September 2020, D.X. Tang. Paratype: YHH 2006020. Culture 
ex-type: YFCC 09289443; Other cultures: YFCC 09289444.

Notes. Polycephalomyces myrmecophilus was sister to Cordyceps pleuricap-

itata (Fig.1: BS = 100%, BPP = 1.00). Po. myrmecophilus was distinct from other 
species of Polycephalomyces, being parasitic on Ophiocordyceps acroasca and 
Ophiocordyceps sp. and producing β-phialides sickle-shaped, α-conidia round 
or ovoid, β-conidia elliptical (Table 3). Thus, Po. myrmecophilus was introduced 
as a new species under the genus of Polycephalomyces.

Discussion

Our taxonomic investigations revealed four new species of the family Polyceph-
alomycetaceae, Pl. litangensis, Po. jinghongensis, Po. multiperitheciatae and Po. 

myrmecophilus. Morphological observations suggested that four species have 
su昀케cient morphological differences to justify their segregation into four species. 
A new species, Pl. litangensis, was described in the genus Pleurocordyceps. Pleu-

rocordyceps litangensis was similar to Pl. agaricus, Pl. aurantiacus, Pl. lanceolatus, 
Pl. marginaliradians, Pl. sinensis, Pl. vitellina, Pl. yunnanensis, Pl. nutansis and Pl. 

heilongtanensis, by producing two types of conidia, while Pl. Parvicapitata and Pl. 

lianzhouensis had only one type of conidia. Pl. litangensis was distinct from other 
species of Pleurocordyceps, with having α-phialides spear point, β-phialides subu-
late, α-conidia ovoid or elliptic. Moreover, Pl. litangensis and Pl. sinensis both had 
the same host (O. sinensis) and β-Conidia, but their phialides, α-conidia size and 
shape were different (Table 2). Herein, we described three new species, name-
ly, Po. jinghongensis, Po. multiperitheciatae and Po. myrmecophilus, enriching the 
species diversity in the genus Polycephalomyces. Six additional species are includ-
ed in this genus (Table 1): Polycephalomyces baltica (Poinar and Vega 2020), Po. 

cylindrosporus (Matočec et al. 2014), Po. ditmarii (Van Vooren and Audibert, 2005), 
Po. paludosus (Mains 1948), Po. ramosus (Seifert 1985; Bischof et al. 2003) and 
Po. tomentosus (Seifert 1985). These species either lacked molecular data or their 
updated strain descriptions did not match those of the protologue (Wang et al. 
2021). These three new species were similar to Po. ramosus, producing two types 
of conidia, while Po. baltica, Po. cylindrosporus, Po. ditmarii, Po. paludosus and Po. 
albiramus (Xiao et al. 2023) had only one type of conidia. Po. jinghongensis was 
distinct from Po. ramosus, being parasitic on Ophiocordyceps sp. producing longer 
α-conidia oval or long oval shape and β-conidia columns. Po. multiperitheciatae 
differed from Po. ramosus, being parasitic on O. multiperitheciata, having synne-
mata with fertile head and β-conidia linear. Po. myrmecophilus was distinguished 
from Po. ramosus, being parasitic on the fungus O. acroasca, producing synnema-
ta, α-conidia round or ovoid, and β-conidia elliptical, without producing synnemata 
from the colonies, whereas Po. ramosus was parasitic on Lepidoptera larvae or 
Hirsutella guignardii, with α-conidia ovoid and β-conidia fusiform (Table 3).

Some species of the family Polycephalomycetaceae have been reported 
from more than one host, indicating their non-host speci昀椀c nature (Bischof et 
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al. 2003; Wang et al. 2012, 2015a, b; Matočec et al. 2014; Crous et al. 2017; 
Xiao et al. 2018). Pl. lianzhouensis (Wang et al. 2014) was found to parasitise 
insects along with the species of the genus Ophiocordyceps. The 昀椀eld investi-
gation and studies showed that Pl. litangensis also parasitised O. sinensis, a 
phenomenon known as hyperparasitism. Most species of the genus Polyceph-

alomyces parasitise insects in the orders Coleoptera and Hemiptera, and we 
have already discovered that Po. jinghongensis, Po. multiperitheciatae and Po. 

myrmecophilus are hyperparasitic on the species of Ophiocordyceps, expanding 
the diversity of hosts in Polycephalomyces. In subsequent studies, we should 
delve deeper into the ecological habits and hyperparasitic phenomena of the 
family Polycephalomycetaceae, explore the evolutionary relationship between 
hyperparasitic species and entomophytic fungi and promote their development 
and utilisation.

Xiao et al. (2023) introduced Pl. nutansis as a new species under the ge-
nus Pleurocordyceps. However, Pl. sinensis and Pl. nutansis were found to be 
grouped together in the phylogenetic tree, which may be the reason and they are 
sister taxa to each other. Similarly, molecular phylogenetic analysis has shown 
that Pl. nipponica and Pl. kanzashianus are clustered together. Nevertheless, 
Wang et al. (2021) pointed out that they were distinct species, based on their 
sexual morphology characteristics. In addition, Wang et al. (2021) noted the de-
scription of the spore type of Pl. lianzhouensis was not clear and future research 
should strengthen the observation of its asexual morphology to determine its 
more accurate classi昀椀cation position. Cordyceps pleuricapitata has formed a 
monophyletic branch in the genus Polycephalomyces. Xiao et al. (2023) noted 
the paratype of C. pleuricapitata lacks molecular data and the two strains (NBRC 
100745, NBRC 100746) named C. pleuricapitata for which there are molecular 
data lack morphological information. Hence, it was not possible to clarify the 
precise position of C. pleuricapitata and its classi昀椀cation at this time. These 
classi昀椀cations issues require further research. Phylogeny based on our concat-
enated data also supported that our four new species belonged to the family 
Polycephalomycetaceae and were distinct from each other (Fig. 1). Four strains, 
namely, Pleurocordyceps sp. NBRC109990, Pleurocordyceps sp. NBRC109987, 
Pleurocordyceps sp. NBRC110224 and Pleurocordyceps sp. NBRC109988 and 
Pl. litangensis were aggregated into one branch. However, the four strains had 
only LSU sequences in the NCBI database and were classi昀椀ed as unde昀椀ned spe-
cies in Pleurocordyceps incertae sedis. Future research will require additional 
morphological and phylogenetic work to clarify their taxonomic status.
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Abstract

In the present study, two new Conidiobolus s.s. species were described relying on the 

morphological studies and phylogenetic analysis utilizing nuclear large subunit of rDNA 

(nucLSU), mitochondrial small subunit of rDNA (mtSSU), and elongation-factor-like gene 
(EFL) sequences. Conidiobolus jiangxiensis sp. nov. is distinguished by its short primary 

conidiophores, a feature not commonly observed in other Conidiobolus s.s. species. Con-

versely, Conidiobolus marcoconidius sp. nov. is characterized by larger primary conidia 

and the emergence of 2–5 secondary conidia from each branched secondary conidio-

phores. Additionally, the taxonomic reassessment of C. polyspermus con昀椀rms its distinct 
status within the genus Conidiobolus s.s. Moreover, molecular analyses, incorporating the 

nucLSU, mtSSU, and EFL sequences, provide robust support for the phylogenetic place-

ment of the two newly described species and the taxonomic identity of C. polyspermus. 

This investigation contributes valuable insights into the species diversity of Conidiobola-

ceae in China, enhancing our understanding of the taxonomy within this fungal family.

Key words: Basal fungi, EFL, mtSSU, new species, nucLSU, taxonomic position

Introduction

The reclassi昀椀cation of conidiobolus-like fungi into three families based on phy-
logenetic and morphological evidence led to the establishment of the family 
Conidiobolaceae (Entomophthorales), housing three genera i.e. Azygosporus B. 
Huang & Y. Nie, Conidiobolus s.s. B. Huang & Y. Nie, and Microconidiobolus B. 
Huang & Y. Nie (Gryganskyi et al. 2022).Members of this family primarily ex-
hibit a saprobic lifestyle, thriving in soil and plant debris. However, exceptions 
exist, with C. coronatus distinguished for its capacity to infect both insects 
and humans, and C. lunulus being isolated from leafcutter ants in Argentina 
(Goffre et al. 2020; Möckel et al. 2022).
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A comprehensive taxonomy of conidiobolus-like fungi has identi昀椀ed Conid-

iobolus s.s. as distinct from four other genera (Nie et al. 2020a, b, 2023; Cai et 
al. 2021). However, the synonymy of C. megalotocus (= C. polyspermus, = C. eu-

rypus), introduced by King (1976b), remains unexplored, and requiring re-evalu-
ation. Additionally, our previous study con昀椀rmed the synonymy of C. 昀椀rmipilleus 
(= C. chlamydosporus). Thus, this study aims to add taxonomic clarity by re-eval-
uating the aforementioned synonym and introducing additional taxonomic taxa.

Previous phylogenetic analyses revealed two main clades within Conidiobolus 
s.s. when Capillidiaceae and Neoconidiobolaceae species were used as outgroups 
(Nie et al. 2020a, b; Gryganskyi et al. 2022). However, distinctive traits within each 
clade were not elucidated. Notably, both clades included species lacking micro-
spore observations, such as C. iuxtagenitus, C. margaritatus, C. lichenicolus, C. tai-

hushanensis, C. dabieshanensis, and C. longiconidiophorus (Srinivasan and Thirum-
alachar 1968; Waters and Callaghan 1989; Huang et al. 2007; Nie et al. 2017, 2020b, 
2023). Particularly, C. iuxtagenitus, potentially forming a separate lineage, produces 
fusiform secondary conidia, and its zygospores form via a short beak near lateral 
conjugation (Waters and Callaghan 1989; Nie et al. 2023). Regrettably, molecular 
data for C. margaritatus are currently unavailable, leaving unanswered questions 
about the relationships among these morphologically distinct species and the pos-
sibility of undiscovered lineages within this fungal group. Resolving these issues 
requires additional members for phylogenetic and morphological studies.

Over the last decades, only six new Conidiobolus s.s. species and three new re-
cords were reported from China (Wang et al. 2010; Nie et al. 2017, 2020b, 2023). 
Additionally, the understanding of phylogenetic relationships within the accepted 
species of Azygosporus and Microconidiobolus remains limited. Consequently, 
a comprehensive exploration of the species diversity within Conidiobolaceae is 
imperative to unravel the relationships within this intricate fungal group. This 
article aims to identify two new Conidiobolus s.s. species using morphological 
characters and phylogenetic analyses of nucLSU, mtSSU, and EFL sequences. 
Simultaneously, the taxonomic status of C. polyspermus will be clari昀椀ed.

Materials and methods

Isolation and morphology

Plant debris and soil samples were collected from Dashushan and Binhu National 
Forest Park, Hefei City, Anhui Province, and Aixihu Forest Wetland Park, Nanchang 
City, Jiangxi Province, during 2022. For isolation of conidiobolus-like fungi, we are 
following the previous described methods (King 1976a; Nie et al. 2012). All sam-
ples were preserved in sterilized plastic bags and transported to the laboratory as 
soon as possible. Plant debris samples were cut into several approximately 2 cm 
sized fragments and placed evenly on the Petri dishes cover. Then, using a Petri 
dish with potato dextrose agar (PDA; potato 200 g, dextrose 20 g, agar 20 g, H

2
O 

1 L) inverted over the treated samples to obtain discharged conidia, and incubating 
at 21 °C for daily examining by a stereomicroscope (SMZ1500, Nikon Corporation, 
Japan) for 7 days. When conidiobolus-like fungi observed, they were transferred to 
new PDA plate for puri昀椀cation and morphological observation.

The micro-morphological structure of mycelium, primary conidia and conidio-
phores, secondary conidia, and resting spores at 400× magni昀椀cation was observed 
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under a BX51 microscope (Olympus Corporation, Tokyo, Japan) and imaged using 
a DP25 microscope-camera system (Olympus Corporation, Tokyo, Japan) under 
differential interference contrast (DIC) condition. Each character was made more 
than 35 measurements and the description was made with the method by King 
(1976a). The puri昀椀cation isolates were deposited at the Engineering Research Cen-
ter of Bio昀椀lm Water Puri昀椀cation and Utilization Technology of Ministry of Education 
at Anhui University of Technology, Anhui Province, China (BWPU), and duplicated 
at Research Center for Entomogenous Fungi at Anhui Agricultural University, An-
hui Province, China (RCEF). In addition, 14 ex-types of Conidiobolus s.l. were pur-
chased from the American Type Culture Collection, Manassas, VA, USA (ATCC).

DNA extraction, PCR ampli昀椀cation and sequencing

Pure cultures were grown on PDA for 7 days at 21 °C. Fresh fungal mycelia were 
scraped from the surface of PDA and transferred to Eppendorf tubes. Genomic DNA 
was extracted using a modi昀椀ed cetyltrimethylammonium bromide (CTAB) method 
(Watanabe et al. 2010). Primers used for PCR ampli昀椀cation of the nucLSU (LR0R/
LR5), mtSSU (mtSSU1/mtSSU2R), and EFL (EF983/EF1aZ-1R) genes were followed 
as described previously (Vilgalys and Hester 1990; Zoller et al. 1999; Nie et al. 2012).

DNA ampli昀椀cation was performed in a 50 μl reaction volume which contained 
1 μL dNTPs (200 μM), 1 μL MgCl

2
 (2.5 mM), 10 µL Phusion HF buffer (5×), 1 μL 

primers each (0.5 μM), 100 ng genomic DNA, and 0.5 μL Taq polymerase (0.04 
Unit/L, Super Pfx DNA Polymerase, Cowinbioscience Co. Ltd., Shanghai, Chi-
na). PCR ampli昀椀cated program followed Nie et al. (2020a). Sequencing was 
generated by Shanghai Genecore Biotechnologies Company (Shanghai, China), 
and were processed with Geneious 9.0.2 (Kearse et al. 2012) to obtain consen-
sus sequences. All sequences were deposited in GenBank (Table 1).

Phylogenetic analyses

DNA sequences of three loci (nucLSU, mtSSU, and EFL) originated from Conid-

iobolus s.s. species were downloaded from GenBank database (Table 1) with two 
Azygosporus and three Microconidiobolus species served as outgroups. Sequence 
alignment of each locus was performed with MUSCLE 3.8.31 (Edgar 2004). Then, 
the alignments were checked and manually adjusted in BioEdit 7.0.1 (Hall 1999). 
The concatenated matrices were assembled by SequenceMatrix 1.7.8 (Vaidya et 
al. 2011). The obtained matrix was deposited in TreeBase (https://treebase.org) 
with the submission ID 31051. The best-昀椀t likelihood models were estimated for 
each partition with MrModeltest v.2.3 (Nylander 2004). Maximum likelihood (ML) 
analyses were conducted with RAxML 8.1.17 using 1000 bootstrap replicates 
(Stamatakis 2014). Bayesian Inference (BI) analyses were calculated with MrBayes 
3.2 (Ronquist and Huelsenbeck 2003). Bayesian posterior probabilities (PP) were 
estimated by the Metropolis-coupled Markov chain Monte Carlo method (Geyer 
1991). Four simultaneous Markov chains were run starting from random trees for 
1 million generations, keeping one tree every 100th generation until the average 
standard deviation of split frequencies was below 0.01. The value of burn-in was 
set to discard 25% of trees and posterior probabilities (PP) were determined from 
the remaining trees. The phylogenetic tree was visualized in FigTree 1.4 (Rambaut 
2012) and improved with Adobe Illustrator CS6.0.
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Results

Phylogenetic analyses

The concatenated dataset comprised 1883 nucleotide sites, with speci昀椀c contri-
butions of 981 for nucLSU, 501 for SSU, and 401 for EFL. Within this dataset, 964 
characters remained constant, 656 were parsimony-informative, and 308 were par-
simony-uninformative. Model selection for individual data from each partition in 
both ML and BI phylogenetic analyses resulted in the application of the GTR+I+G 
model. The ML optimization likelihood reached a 昀椀nal value of -13813.01, and the 
average standard deviation of the split frequencies at the end of the analyses was 
0.00619. The resulting phylogram from the ML analysis is depicted in Fig. 1.

Table 1. The species useduin phylogenetic analyses.

Species Strains*
GenBank accession numbers

nucLSU EFL mtSSU
Azygosporus macropapillatus CGMCC 3.16068 (T) MZ542006 MZ555650 MZ542279
A. parvus ATCC 14634 (T) KX752051 KY402207 MK301192
Conidiobolus bifurcatus CGMCC 3.15889 (T) MN061285 MN061482 MN061288
C. brefeldianus ARSEF 452 (T) EF392382 – EF392495
C. chlamydosporus ATCC 12242 (T) JF816212 JF816234 MK301178
C. coronatus NRRL 28638 AY546691 DQ275337 –
C. coronatus RCEF 4518 JN131537 JN131543 –
C. dabieshanensis CGMCC 3.15763 (T) KY398125 KY402206 MK301180
C. 昀椀rmipilleus ARSEF 6384 JX242592 – JX242632
C. gonimodes ATCC 14445 (T) JF816221 JF816226 MK301182
C. humicolus ATCC 28849 (T) JF816220 JF816231 MK301184
C. incongruus NRRL 28636 (T) AF113457 – –
C. iuxtagenitus ARSEF 6378 (T) KC788410 – –
C. iuxtagenitus RCEF 4445 JX946695 JX946700 MK333391
C. jiangxiensis sp.nov. RCEF 7484 (T) PP034291 PP035215 PP034295

C. jiangxiensis sp.nov. RCEF 7485 PP034292 PP035216 PP034296

C. khandalensis ATCC 15162 (T) KX686994 KY402204 MK301185
C. lichenicolus ATCC 16200 (T) JF816216 JF816232 MK301186
C. longiconidiophorus RCEF 6563 (T) OQ540746 OQ550509 OQ540744
C. marcoconidius sp.nov. RCEF 6918 (T) PP034289 PP035213 PP034293

C. marcoconidius sp.nov. RCEF 7412 PP034290 PP035214 PP034294

C. marcosporus ATCC 16578 (T) KY398124 KY402209 MK301188
C. megalotocus ATCC 28854 (T) MF616383 MF616385 MK301189
C. mycophagus ATCC 16201 (T) JX946694 JX946698 MK301190
C. mycophilus ATCC 16199 (T) KX686995 KY402205 MK301191
C. polyspermus ATCC 14444 (T) MF616382 MF616384 MK301193
C. polysporus RCEF 7058 (T) OQ540747 OQ550510 OQ540745
C. polytocus ATCC 12244 (T) JF816213 JF816227 MK301194
C. taihushanensis CGMCC 3.15900 (T) MT250086 MT274290 MT250088
C. variabilis CGMCC 3.15901 (T) MT250085 MT274289 MT250087
Microconidiobolus nodosus ATCC 16577 (T) JF816217 JF816235 MK333388
M. paulus ARSEF 450 (T) KC788409 – –
M. terrestris ATCC 16198 (T) KX752050 KY402208 MK301199

*ARSEF, ARS Entomopathogenic Fungus Collection (Ithaca, U.S.A.). ATCC, American Type Culture Collection (Manassas, U.S.A). CGMCC, 
China General Microbiological Culture Collection Center (Beijing, China). NRRL, ARS Culture Collection (Peoria, U.S.A). RCEF, Research 
Center for Entomogenous Fungi (Hefei, China). T = ex-type. The new species reported in this study are indicated in bold.
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Contrary to previous studies (Nie et al. 2020a, b; Gryganskyi et al. 2022), the 
current phylogenetic tree did not exhibit the grouping of all Conidiobolus s.s. 
members into two main clades. Notably, the phylogeny revealed that the four 
newly isolated strains (RCEF 6918, RCEF 7412, RCEF 7484, and RCEF 7485) 
were situated within the genus Conidiobolus s.s. Speci昀椀cally, strains RCEF 7484 
and RCEF 7485 clustered with C. mycophilus, garnering high to full support 
(100/1.00), while strains RCEF 6918 and RCEF 7412 formed a distinct clade with 
full support (100/1.00). Additionally, a subclade was formed by C. polyspermus, 
C. mycophilus, C. gonimodes, RCEF 7484, and RCEF 7485. However, C. polysper-

mus exhibited a distinct genetic distance from the other three species.

Taxonomy

Conidiobolus jiangxiensis B. Huang & Y. Nie, sp. nov.
MycoBank No: 851495
Fig. 2

Etymology. jiangxiensis (Lat.), referring to the region where the fungus was isolated.
Known distribution. Jiangxi Province, China.

Figure 1. Maximum likelihood (ML) tree obtained by phylogenetic analyses of the combined nucLSU, EFL and mtSSU 
sequences. Two Azygosporus and three Microconidiobolus species were served as outgroups. The proposed new spe-

cies is in boldface. Maximum Likelihood bootstrap values (≥70%) / Bayesian posterior probabilities (≥0.95) of clades are 
provided alongside the branches. The scale bar at the bottom left indicates substitutions per site.
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Figure 2. Conidiobolus jiangxiensis RCEF 7484 a colony on PDA after 3 d at 21 °C b mycelia unbranched at the edge of the 

colony c hyphal segments d–g primary conidiophores bearing a single primary conidia h–k primary conidia l, m primary 

conidia bearing a single secondary conidium n, o zygospores formed between adjacent segments of the same hypha 

p young zygospores q mature zygospores. Scale bars: 100 μm (b); 20 μm (d–q).
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Typi昀椀cation. China, Jiangxi Province, Nanchang City, Aixihu Forest Wetland 
Park, 28°69′N, 115°99′E, from soil, 7 Dec. 2022, Y. Nie, holotype BWPU 221207. 
Ex-type culture RCEF 7484. GenBank: nucLSU = PP034291; EFL = PP035215; 
mtSSU = PP034295.

Additional specimens examined. China, Jiangxi Province, Nanchang City, Aix-
ihu Forest Wetland Park, 28°69′N, 115°99′E, from soil, 7 Dec. 2022, Y. Nie culture 
RCEF 7485. GenBank: nucLSU = PP034292; EFL = PP035216; mtSSU = PP034296.

Description. Colonies on PDA at 21 °C after 3 d, white, reaching ca 11 mm in 
diameter. Mycelia white, 8–15 μm wide, often unbranched at the edge of colo-
ny, non-septate when young, and distended to segment after 7 d. Primary con-
idiophores often arising from hyphae, short, 30–95 × 7–10 μm, unbranched and 
producing a single primary conidium, without widening upward near the tip. Pri-
mary conidia forcibly discharged, globose to subglobose, 30–41 × 24–36 μm, 
papilla bluntly-round, 8–13 μm wide, 3.5–9 μm long. Secondary conidiophores 
arising from primary conidia, bearing a single similar but smaller replicative 
conidium to primary conidia. Microspores not observed on the PDA culture and 
on the 2% water agar. Zygospores formed in axial alignment with conjugating 
segments after 10 days, mature zygospores smooth, usually globose, some-
times subglobose, 20–30 μm in diameter, with a 2–3 μm thick wall.

Notes. Conidiobolus jiangxiensis, C. polyspermus and C. mycophilus ex-
hibit close phylogenetic relatedness. However, the primary conidia and zy-
gospores of C. jiangxiensis are smaller than those of C. polyspermus, and 
C. jiangxiensis is further set apart from C. mycophilus by its longer prima-
ry conidiophores and larger primary conidia (Drechsler 1961; Srinivasan 
and Thirumalachar 1965). Despite the high similarities in nucLSU and EFL 
between C. jiangxiensis and C. polyspermus, their differentiation becomes 
evident through morphological traits. Similar instances of this phenome-
non are observed in C. coronatus and C. megalotocus, as well as C. myco-

phagus and C. lichenicolus. Morphologically, C. jiangxiensis presents short-
er primary conidiophores (no more than 95 μm) compared to the majority 
of other Conidiobolus s.s. members. It closely resembles C. marcosporus 
(50–100 μm), C. lichenicolus (30–100 μm), and C. gonimodes (20–80 μm) 
according to the length of primary conidiophores. Distinguishing features in-
clude its smaller primary conidia and zygospores in comparison to C. marco-

sporus (Srinivasan & Thirumalachar, 1967) and larger primary conidia, as well 
as the absence of primary conidia arising as upward branches from hyphal 
knots, distinguishing it from C. lichenicolus (Srinivasan and Thirumalachar 
1968). Notably, C. jiangxiensis aligns with C. gonimodes based on primary 
conidia size, yet it differs by the distinct width of mycelia and the presence 
of unbranched primary conidiophores (Drechsler 1961). Furthermore, in the 
phylogenetic tree, C. jiangxiensis is distantly related to C. gonimodes. (Fig. 1)

Conidiobolus marcoconidius B. Huang & Y. Nie, sp. nov.
MycoBank No: 851496
Fig. 3

Etymology. marcoconidius (Lat.), referring to its large primary conidia.
Known distribution. Anhui Provinces, China.
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Typi昀椀cation. China, Anhui Province, Hefei City, Dashushan National Forest 
Park, 31°84′N, 117°17′E, from plant debris, 15 Mar. 2022, Y. Yin, holotype 
DSS 20220315. Ex-type culture RCEF 6918. GenBank: nucLSU = PP034289; 
EFL = PP035213; mtSSU = PP034293.

Figure 3. Conidiobolus marcoconidius RCEF 6918 a colony on PDA after 3 d at 21 °C b mycelia unbranched at the edge 

of the colony c hyphal segments d–f primary conidiophores g–j primary conidia k, l primary conidia bearing a single 

secondary conidium m secondary conidiophore branched at the base and bearing two secondary conidia at each tip 

n secondary conidiophore branched at the tip o secondary conidiophore branched at the base bearing 2-5 secondary 
conidia at each branch p, q zygospores formed between adjacent segments of the same hypha r mature zygospores. 

Scale bars: 100 μm (b, n); 20 μm (c–m, o–r).
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Additional specimens examined. China, Anhui Province, Hefei City, Binhu 
National Forest Park, 31°73'N, 117°38'E, from plant debris, 10 May 2022, Y. Yin,, 
culture RCEF 7412. GenBank: GenBank: nucLSU = PP034290; EFL = PP035214; 
mtSSU = PP034294.

Description. Colonies on PDA at 21 °C after 3 d white, reaching ca 8 mm in di-
ameter. Mycelia colorless, unbranched at the edge of colony, distended to a width 
of 9–20 μm segment after 5 d. Primary conidiophores unbranched, slightly curved 
at the tip, producing a single primary conidium, without widening upward near the 
tip, 105–230 × 10–16 μm. Primary conidia forcibly discharged, mostly globose, 
sometimes obovoid, 45–67 × 42–58 μm, with a sharp or round papilla, 13–22 μm 
wide, 4–13 μm long. Secondary conidia arising from primary conidia, with a short 
or long secondary condiophore, similar and smaller to the primary conidia. Sec-
ondary conidiophores branched at the base or tip, thus bearing 2 secondary conid-
ia at each tip. Sometimes form 2–5 secondary conidia like “tomatoes on sticks” 
from small to large at each branch. Microconidia not observed on the PDA culture 
and on the 2% water agar. Zygospores formed between adjacent segments after 7 
days, smooth, globose, 30–45 μm in diameter, with a 2–4 μm thick wall.

Notes. Conidiobolus marcoconidius is distinguished morphologically by its 
larger primary conidia compared to other Conidiobolus s.s. species, with the 
exception of C. coronatus (King 1977). Notably, it can be readily differentiated 
from C. coronatus by the absence of villose spores (Batko 1964). Additionally, 
C. marcoconidius is characterized by secondary conidiophores that branch at 
the base, giving rise to 2–5 secondary conidia resembling “tomatoes on sticks” 
at each branch, varying in size from small to large. In the phylogenetic tree, it 
forms a discrete clade, setting it apart from other Conidiobolus s.s. species.

Conidiobolus polyspermus Drechsler, Mycologia, 53: 279. 1961.
MycoBank No: 328763

Specimens examined. United States, Maryland, 26 July 1955, Drechsler, 
ATCC 14444.

Description. Refer to Drechsler (1961).
Notes. In accordance with King’s numerical taxonomy of Conidiobolus (King 

1976b), C. polyspermus was initially identi昀椀ed as a synonym of C. megalotocus. 
However, upon a thorough comparison of morphological traits based on the orig-
inal descriptions, it became evident that C. polyspermus (15–55 × 12–48 μm) 
produces larger conidia than those of C. megalotocus (12–44 × 10–42 μm). 
Notably, C. polyspermus is not reported to form microconidia, distinguishing it 
from C. megalotocus (Drechsler 1956; 1961). Furthermore, the phylogenetic tree 
(Fig. 1) revealed a distinct relationship between C. polyspermus and C. megalo-

tocus. In light of these 昀椀ndings, we propose the separation of C. polyspermus 
from C. megalotocus, a昀케rming its taxonomic status at the species level.

Discussion

Over an extended period, DNA-based techniques have played a pivotal role 
in uncovering both inter- and intra-species phylogenetic variations, essential 
for describing new species (Kidd et al. 2023). While the ITS region stands as 
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a universal barcode marker for fungal identi昀椀cation, its applicability to ento-
mophthoroid fungi is hindered by high intragenomic variation (Schoch et al. 
2012; Hyde et al. 2023). Fortunately, the development of the full ribosomal 
operon and additional gene loci encoding proteins as fungal barcodes has 
addressed some of these challenges (James et al. 2006; Wurzbacher et al. 
2019; Voigt et al. 2021; Zhao et al. 2023). In understanding the phylogeny of 
entomophthoroid fungi, reclassi昀椀cations based on molecular sequences of 
nucLSU-SSU, mtSSU, and RPB2 have led to an updated taxonomic system pro-
posed by Humber (2012), building upon the work of Gryganskyi et al. (2012, 
2013). However, with only 31 fungal taxa having molecular data, constituting 
a mere fraction of entomophthoroid fungi, further phylogenetic analyses are 
imperative for a comprehensive understanding.

In light of the aforementioned phylogenetic framework, our study employed 
the same loci (excluding EFL instead of RPB2 for ease of ampli昀椀cation) to in-
vestigate the phylogeny of conidiobolus-like fungi. This endeavor resulted in 
the establishment of four new genera, i.e. Azygosporus B. Huang & Y. Nie, Cap-

illidium B. Huang & Y. Nie, Microconidiobolus B. Huang & Y. Nie, and Neoconid-

iobolus B. Huang & Y. Nie, through a combination of molecular and morpholog-
ical evidence. Additionally, Conidiobolus s.s. was proposed to accommodate 
members in the subgenus Delacroixia (Nie et al. 2020a; Cai et al. 2021). The 
evolution of phylogenomic studies in various fungal groups (Spatafora et al. 
2016; Vandepol et al. 2020; Li et al. 2021) has further revealed a polyphyletic 
relationship among conidiobolus-like fungi, leading to the introduction of three 
new families, i.e. Capillidiaceae Y. Nie, Stajich & K.T. Hodge, Conidiobolaceae 
B. Huang, Stajich & K.T. Hodge, and Neoconidiobolaceae X.Y. Liu, Stajich & K.T. 
Hodge, grounded in morphological evidence and ancestral lifestyle consider-
ations (Gryganskyi et al. 2022).

Furthermore, our molecular analyses underscored the high sensitivity of 
both nucLSU and EFL sequences in delineating conidiobolus-like fungi (Nie et 
al. 2012). Considering the balance between ampli昀椀cation e昀케ciency, data in-
tegrity, and diversity, three loci of nucLSU, mtSSU, and EFL were selected for 
species recognition within Conidiobolus s.s. (Nie et al. 2020b, 2023).

In this study, we recovered the species status of C. polyspermus, while 
C. eurypus was synonymized with C. megalotocus. This synonymy will be sub-
ject to re-evaluation with the inclusion of molecular data for C. eurypus. Notably, 
C. polyspermus was also not reported to produce microconidia, a trait shared with 
six other Conidiobolus s.s. species. With the addition of descriptions for two new 
species in this manuscript, the count of Conidiobolus s.s. species lacking obser-
vation of microconidia has risen to nine. The morphological variation or genetic 
mutation behind this phenomenon remains a question that could be addressed 
not only through phylogenomic analyses but also by conducting comparative 
genomics analyses within a broader spectrum of Conidiobolus s.s. species.

With the introduction of two new Conidiobolus s.s. species, namely C. jiangx-

iensis and C. marcoconidius in the family Conidiobolaceae herein, the number 
of known Conidiobolus s.s. species are up to 22. However, limited reports of 
new species within the genera Azygosporus and Microconidiobolus in China 
underscore the need for an in-depth exploration of advanced species diversity 
within Conidiobolaceae from China in our future studies.
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Abstract

Tea plant is one of the most important commercial crops worldwide. The Didymellaceae 

fungi can cause leaf blight disease of tea plant. In this study, 240 isolates were isolated 
from tea plant leaves of 10 provinces in China. Combined with multi-locus (ITS, LSU, 
RPB2 and TUB2) phylogenetic analysis and morphological characteristics, these isolates 
were identi昀椀ed as 25 species of six genera in Didymellaceae, including 19 known spe-

cies Didymella coffeae-arabicae, D. pomorum, D. segeticola, D. sinensis, Epicoccum cat-

enisporum, E. dendrobii, E. draconis, E. italicum, E. latusicollum, E. mackenzie, E. oryzae, 

E. poaceicola, E. rosae, E. sorghinum, E. tobaicum, Neoascochyta mortariensis, Parabo-

eremia litseae, Remotididymella anemophila and Stagonosporopsis caricae, of which 15 
species were new record species and six novel species, named D. yunnanensis, E. an-

huiense, E. jingdongense, E. puerense, N. yunnanensis and N. zhejiangensis. Amongst all 

isolates, D. segeticola was the most dominant species. Pathogenicity tests on tea plant 

leaves showed that E. anhuiense had the strongest virulence, while E. puerense had the 

weakest virulence. Besides, D. pomorum, D. yunnanensis, E. dendrobii, E. italicum, E. jing-

dongense, E. mackenziei, E. oryzae, E. rosae, E. tobaicum, N. mortariensis, N. yunnanen-

sis, N. zhejiangensis and R. anemophila were non-pathogenic to the tea plant.

Key words: Camellia inhibiting fungi, Didymella, distribution, Epicoccum, leaf blight, Neo-

ascochyta, new species, pathogenicity

Introduction

Pleosporales is a predominant order with a worldwide distribution in terrestrial 
and aquatic environments (An et al. 2022). In these environments, Pleosporales 
mainly survives as saprophytic fungi on dead leaves or stems (Kodsueb et al. 
2006; Zhang et al. 2009a, 2009b). It also can be endophytes, epiphytes and par-
asites of green leaves or stems and lichens (Calatayud et al. 2001; Kruys et al. 
2006; Huang et al. 2008). Didymellaceae is one of the largest family in Pleospo-

rales, which was established by de Gruyter et al. (2009). It is widely distributed 
geographically, existing in different ecosystems, such as air, soil, water, house 
dust and coral and parasitising in other fungi and lichens (Sutton 1980; Chen 
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et al. 2017; Wanasinghe et al. 2018a). Previous studies have reported that this 
family included three main genera: Ascochyta, Didymella and Phoma, as well 
as other allied phoma-like genera which grouped in the Didymellaceae (Chen et 
al. 2017). Besides, Leptosphaerulina and Macroventura were genetically closely 
similar and classi昀椀ed into Didymellaceae (Silva-Hanlin and Hanlin 1999; Kod-
sueb et al. 2006; Aveskamp et al. 2010). Aveskamp et al. (2010) divided the fam-
ily into at least 18 different clusters according to the sequence data obtained 
from 324 strains, rede昀椀ning Epicoccum, Peyronellaea and Stagonosporopsis and 
demonstrating that Ascochyta, Phoma and Didymella were highly polyphyletic. 
As an extremely species-rich family, more than 5400 species belonging to 44 ac-
cepted genera have been recorded in Didymellaceae (Kularathnage et al. 2023).

Although the basic taxonomy of Didymellaceae has been established, the 
problem of multi-source of many genera has not been solved. Morphological 
characteristics, coupled with multi-gene molecular phylogeny, have developed 
as a more effective strategy for the identi昀椀cation of Didymellaceae, which has 
improved the understanding of the taxonomy (Hou et al. 2020a). For example, 
combining morphological observation and multi-locus phylogenetic analysis, 
based on ITS (the internal transcribed spacer region of the rDNA gene), LSU (par-
tial large subunit nrDNA nucleotide sequences), RPB2 (the RNA polymerase II 
second largest subunit gene) and TUB2 (partial gene regions of β-tubulin), Chen 
et al. (2015a) clari昀椀ed the generic delimitation in Didymellaceae. Seventeen ful-
ly-supported monophyletic branches in Didymellaceae were revealed and the 
generic circumscriptions of Ascochyta, Phoma and Didymella emended. Recent-
ly, 108 Didymellaceae isolates newly obtained from 40 host plant species in 27 
plant families in China and other countries were investigated (Chen et al. 2017). 
Amongst these, 68 isolates representing 32 new taxa are recognised, based on 
morphological differences and the multi-locus phylogeny using sequences of ITS, 
LSU, RPB2 and TUB2 and a total of 19 genera are recognised in the Didymellaceae 
family (Chen et al. 2017). Wanasinghe et al. (2018a) isolated didymellaceous taxa 
from Alhagi pseudalhagi, Coronilla emerus, Cytisus sp., Elaeagnus angustifolia and 
Spartium junceum in Italy, Russia and Uzbekistan and present comprehensive 
morphological descriptions and in-depth phylogenetic investigation of 昀椀ve new 
species, including Ascochyta coronillae-emeri, Microsphaeropsis spartii-juncei, 
Neomicrosphaeropsis alhagi-pseudalhagi, N. cytisicola and N. elaeagni. Further-
more, as a cosmopolitan family, 1124 Didymellaceae strains globally collected 
from 92 countries, 121 plant families and 55 other substrates were examined via 
multi-locus phylogenetic analyses and detailed morphological comparisons (Hou 
et al. 2020b). Seven new genera, including Dimorphoma, Ectodidymella, Longidid-

ymella, Macroascochyta, Paramicrosphaeropsis, Pseudopeyronellaea and Sclero-

tiophoma were newly introduced in Didymellaceae (Hou et al. 2020b). In addition, 
40 new species were identi昀椀ed combining phylogenetic analyses, based on con-
catenated DNA sequence dataset (ITS, LSU, RPB2 and TUB2) and morphological 
examination (Hou et al. 2020b). Given the above, phylogenetic analyses, based on 
a combined ITS-LSU- RPB2-TUB2 DNA sequence dataset, have been demonstrat-
ed as an effective method for the identi昀椀cation of Didymellaceae at species level 
(Hou et al. 2020a; Yuan et al. 2021; Kularathnage et al. 2023; Yang et al. 2023a).

Tea plant (Camellia sinensis) is one of the important commercial crops, 
which is widely cultivated in tropical and subtropical areas (Manawasinghe et 
al. 2021). Leaf blight disease caused by phytopathogens from Didymellaceae 
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threatens the healthy growth of tea plants (Chen et al. 2017; Manawasinghe et 
al. 2021; Kumhar et al. 2022; Huang et al. 2023). Some species of Didymellace-
ae, such as Didymella segeticola, D. bellidis, Epicoccum camelliae, E. latusicol-

lum, E. layuense and E. sorghinum, were isolated from diseased tissues (Chen et 
al. 2017; Ren et al. 2019; Manawasinghe et al. 2021; Wang et al. 2021). Howev-
er, comprehensive understanding on the biodiversity and pathogenicity of Did-
ymellaceae on tea plants remains unknown. Thus, to systematically and com-
prehensively elaborate the species of Didymellaceae in tea plant can provide 
further insight into the understanding of pathogens causing leaf blight disease.

In this study, 240 isolates of Didymellaceae were obtained from tea plant 
leaves of ten provinces in China. We aimed to clarify the classi昀椀cation of these 
isolates using phylogenetic analyses, based on the multi-locus (ITS, LSU, RPB2 
and TUB2) DNA sequences and, thus, determined the biodiversity of Didymel-
laceae on tea plants. In addition, to evaluate the pathogenicity of isolates, we 
performed pathogenicity tests with 36 representative isolates on leaves of 
C. sinensis cv. Longjing43 (LJ43), a relative susceptible cultivar (Wang et al. 
2016). The pathogenicity results will preliminarily determine the dominant spe-
cies associated with leaf blight.

Materials and methods

Collection and isolates

The isolates were collected from tea plants in 15 cities of ten provinces in Chi-
na, including Hangzhou (30°18'N, 120°09'E), Lishui (28°66'N, 120°09'E) and 
Shaoxing (30°08'N, 120°49'E) Cities in Zhejiang Province, Huangshan (29°72'N, 
118°32'E) and Anqing (30°69'N, 116°40'E) Cities in Anhui Province, Yixing 
(31°28'N, 119°72'E) and Wuxi (31°47'N, 120°27'E) Cities in Jiangsu Province, 
Chengdu (30°24'N, 103°51'E) and Guangyuan (32°64'N, 105°89'E) Cities in Si-
chuan Province, Wuhan (30°30'N, 114°14'E) City in Hubei Province, Nanchang 
(28°55'N, 115°94'E) City in Jiangxi Province, Tongren (27°96'N, 109°28'E) City in 
Guizhou Province, Xinyang (32°12'N, 114°06'E) City in Henan Province, Yingde 
City (39°91'N, 116°52'E) in Guangdong Province and Puer (24°45'N, 100°83'E) 
City in Yunnan Province. The fungal strains were obtained by two different 
methods, one was tissue isolation from healthy leaves and the other was single 
spore isolation by scraping diseased spots from diseased leaves (Fig. 1) (Cai 
et al. 2009; Wang et al. 2016). For single spore isolation, spores were isolated 
from diseased leaves and suspended in sterilised ddH

2
O under sterilised con-

ditions, then were coated on potato dextrose agar (PDA) plates and cultured 
at 25 °C in the dark. For tissue isolation, healthy leaves were surface-sterilised 
and then cultured on PDA plates at 25 °C in the dark. After 2 days, single colo-
nies were selected and transferred to new PDA plates for further pure cultiva-
tion. For further study, pure cultures were stored in 25% glycerol at -80 °C.

Type specimens of new species from this study were deposited in the My-
cological Herbarium, Institute of Microbiology, Chinese Academy of Sciences, 
Beijing, China (HMAS) and ex-type living cultures were deposited in the China 
General Microbiological Culture Collection Center (CGMCC). The descriptions 
of the novel species reported in this study were submitted to the MycoBank 
database (https://www.mycobank.org).
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DNA extraction, PCR ampli昀椀cation and sequencing

Isolates were cultured at 28 °C in the dark for 7 days. Genomic DNA was ex-
tracted from fresh mycelia using Genomic DNA Puri昀椀cation Kit (Sangon Bio-
technology (Shanghai) Co., Ltd., China). The fragments of ITS, LSU, RPB2 and 
TUB2 were ampli昀椀ed by PCR using the genomic DNA as the template (Chen et 
al. 2015a). PCR ampli昀椀cations were performed in a reaction mixture consisting 
of 12 μl 2× Taq Master Mix, 1 μl 10 μM forward primer, 1 μl 10 μM reverse primer, 
1 μl DNA template, adjusted to a 昀椀nal volume of 25 μl with ddH

2
O. Primer pairs 

used in this study were listed in Table 1. The PCR ampli昀椀cation procedures 
of four loci were as follows: ITS, predenaturation at 95 °C for 5 min, followed 
by 35 cycles of denaturation at 95 °C for 30 s, annealing at 48 °C for 30 s and 
extension at 72 °C for 2 min, with the 昀椀nal extension at 72 °C for 10 min; LSU, 
predenaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at 
95 °C for 45 s, annealing at 48 °C for 45 s and extension at 72 °C for 2 min, 
with the 昀椀nal extension at 72 °C for 10 min; RPB2, predenaturation at 94 °C 
for 5 min, followed by 35 cycles of denaturation at 95 °C for 45 s, annealing at 

Figure 1. Disease symptoms on Camellia sinensis caused by Didymellaceae A leaf symptom B fungal fruitbody struc-

tures formed on leaves C close-up of fungal fruitbody structures D conidia. Scale bars: 10 μm.
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56 °C for 80 s and extension at 72 °C for 2 min, with the 昀椀nal extension at 72 °C 
for 10 min; TUB2, predenaturation at 95 °C for 5 min, followed by 35 cycles of 
denaturation at 95 °C for 30 s, annealing at 52 °C for 30 s and extension at 72 °C 
for 80 s, with the 昀椀nal extension at 72 °C for 10 min. The PCR products were 
visualised using 1% agarose electrophoresis gels. Sequencing was performed 
by Youkang Biotechnology (Hangzhou) Co., Ltd., China.

Phylogenetic analysis

Sequences of the ITS, LSU, RPB2 and TUB2 loci for all the isolates were blast-
ed against the National Center for Biotechnology Information (NCBI) GenBank 
nucleotide datasets (http://www.ncbi.nlm.nih.gov/Blast.cgi) (Suppl. material 
1). Alignments of ITS, LSU, RPB2 and TUB2 sequences were generated with 
MAFFT v.7.525 (Katoh et al. 2019) and MEGA v.6.0 software was used for man-
ual correction (Tamura et al. 2013). To investigate the phylogenetic relation-
ships between different isolates, both Bayesian Inference (BI) and Maximum 
Likelihood (ML) methods were used and followed by the concatenated align-
ments (Han et al. 2023). For BI analysis, Markov Chain Monte Carlo (MCMC) 
sampling was used to reconstruct phylogenies in MrBayes v.3.2 (Ronquist 
and Huelsenbeck 2003). For ML analysis, the substitution model (GTR + I + G 
model with gamma-distributed rate) were selected (Wang et al. 2016). Phylo-
grams were created in FigTree v. 1.3.1 (Rambaut and Drummond 2008) and 
edited in Adobe Illustrator 2022 (available from https://www.adobe.com/cn/
creativecloud/roc/business.html).

Morphology

Isolates were grown on oatmeal agar (OA) and PDA plates and cultured at 28 °C 
for 7 days (Hou et al. 2020b). Colony diameters of each strain with three repli-
cates were then measured and repeated at least three times. The morphologi-
cal characteristics were determined after another 7 days (Boerema et al. 2004). 
The shape, colour and size of mature pycnidia and conidia were observed un-
der light microscopy (SOPTOP-CX40RFL, China). Sizes of at least 30 conidia 
were measured with the light microscopy. The description of new species is 
mainly based on the morphology of colony, conidia and pycnidia, conidia size, 
colony growth rate and aerial hyphae on OA and PDA.

Table 1. Primer pairs used in this study.

Gene Primer Primer sequence (5’-3’)

ITS ITS5 GGAAGTAAAAGTCGTAACAAGG

ITS4 TCCTCCGCTTATTGATATGC

LSU LROR GTACCCGCTGAACTTAAGC

LR7 TACTACCACCAAGATCT

RPB2 RPB2-5f2 GGGGWGAYCAGAAGAAGGC

RPB2-7cR CCCATRGCTTGYTTRCCCAT

TUB2 Btub2Fd GTBCACCTYCARACCGGYCARTG

Btub4Rd CCRGAYTGRCCRAARACRAAGTTGTC
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Pathogenicity tests

Asymptomatic leaves were collected from 5-year-old LJ43 grown in a tea garden 
in Hangzhou, Zhejiang Province, China. The fourth leaf of current-growth branch-
es was cut off for the analysis. The detached leaves were surface-sterilised with 
75% alcohol and washed with sterilised ddH

2
O twice and air dried. A 5-mm my-

celial disc cut from the edge of 7-day-old cultures was inoculated both sides 
of leaves after wounding with a sterilised needle (using a pattern of puncture 
perpendicular to the leaf to create the same number of wounds and this pattern 
was applied uniformly across all leaves) and cultured directly on a moist surface 
in the dark with 100% humidity at 28 °C for 3 days (Solarte et al. 2017). After 3 
days, the lesion diameters were measured and photographed. Each strain with 
at least three replicates was repeated three times. Thirty-six representative iso-
lates were selected for the pathogenicity test, including D. pomorum YCW196, 
D. segeticola YCW109, YCW192, YCW1135, YCW1289 and YCW2007, D. sinensis 
YCW1884 and YCW2118, D. yunnanensis CGMCC 3.24241 (YCW1909), E. anhui-

ense YCW961 and YCW1829, E. dendrobii YCW1866, E. draconis YCW101 and 
YCW187, E. italicum YCW2005, E. jingdongense YCW1868 and YCW1937, E. latu-

sicollum YCW1921, E. mackenziei YCW1965 and YCW1967, E. oryzae YCW2010, 
E. poaceicola YCW1948 and YCW2115, E. rosae YCW331, E. poerense YCW224 
and YCW2117, E. tobaicum YCW372, Neoascochyta mortariensis YCW1346, 
N. yunnanensis YCW1883, N. zhejiangensis YCW1361 and YCW1107, Paraboere-

mia litseae YCW1356 and YCW1363, Remotididymella anemophila YCW434 and 
Stagonosporopsis caricae YCW1928 and YCW1977.

Statistical analysis

The average value of all measurements was analysed using the SPSS Inc. soft-
ware (IBM, New York, USA). The lesion sizes data were analysed with one-way 
ANOVA (analysis of variance) and the least signi昀椀cant difference (LSD) test and 
the values were presented as the mean ± SE (standard error) of three repeats. 
A P value < 0.05 was considered statistically signi昀椀cant according to the LSD test.

Results

Isolates and phylogenetic analysis

In this study, 240 isolates were obtained from tea plant leaves of ten prov-
inces in China. A multi-locus phylogeny was constructed, based on four loci 
(ITS, LSU, RPB2 and TUB2). The ML tree from each alignment is presented, 
with bootstrap support values and Bayesian posterior values plotted at each 
node. All isolates were recognised and clustered into six genera in Didy-
mellaceae, including Didymella, Epicoccum, Neoascochyta, Paraboeremia, 
Remotididymella and Stagonosporopsis.

For Didymella genus, phylogenetic analysis was performed with the combined 
sequence data from 227 isolates, including 45 referenced strains and 182 new-
ly-sequenced strains. The 227 isolates comprised 2453 characters (ITS = 1–540 
bp, LSU = 1504–2465 bp, RPB2 = 545–1146 bp and TUB2 = 1151–1499 bp) 
after alignment. Pleiochaeta setosa CBS 118.25 / CBS 496.63 and Coniothyrium 
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palmarum CBS 400.71 were used as the outgroup. Of the 182 new isolates, 171 
isolates clustered with D. segeticola and retrieved 92% ML and 0.90 PP support, 
eight clustered with D. sinensis (99% in ML and 1 in PP), one clustered with 
D. pomorum (100% in ML and 1 in PP) and one clustered with D. coffeae-arabi-

cae (94% in ML and 1 in PP). One isolate formed a new clade named D. yunnan-

ensis (88% in ML and 0.92 in PP), which showed a close phylogenetic a昀케nity to 
D. prosopidis (CBS 136414, CPC 21704 and BRIP 69579) (Fig. 2).
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Figure 2. Phylogenetic tree generated by Maximum Likelihood analysis, based on the combined ITS, LSU, RPB2 and TUB2 

dataset of Didymella species. Bootstrap support values above 50% and Bayesian posterior values above 0.75 are shown 
at each node (ML/PP). Pleiochaeta setosa CBS 118.25 / CBS 496.63 and Coniothyrium palmarum CBS 400.71 are used 
as outgroups. Ex-type strains are emphasised in bold.
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For Epicoccum genus, phylogenetic analysis was performed with the com-
bined sequence data from 114 isolates, including 68 referenced strains and 
46 newly-sequenced strains. The 114 isolates comprised 2466 characters 
(ITS = 1–559 bp, LSU = 1516–2478 bp, RPB2 = 564–1162 bp and TUB2 = 
1167–1511 bp) after alignment. Pleiochaeta setosa CBS 118.25 / CBS 496.63 
and Co. palmarum CBS 400.71 were used as the outgroups. Of the 46 new iso-
lates, seven isolates clustered with E. poaceicola (78% in ML and 0.96 in PP), 
three clustered with E. latusicollum (84% in ML and 1 in PP), one clustered with 
E. sorghinum (99% in ML and 1 in PP), one clustered with E. catenisporum (99% 
in ML and 1 in PP), three clustered with E. dendrobii (89% in ML and 0.95 in PP), 
two clustered with E. draconis (96% in ML and 0.76 in PP), 昀椀ve clustered with 
E. tobaicum (96% in ML and 0.90 in PP), three clustered with E. rosae (97% in 
ML and 1 in PP), two clustered with E. mackenzie (88% in ML and 0.98 in PP), 
one clustered with E. oryzae (99% in ML and 1 in PP), one clustered with E. ital-

icum (100% in ML and 1 in PP) and 17 unidenti昀椀ed isolates did not match any 
known lineage of Epicoccum species. Amongst the 17 unidenti昀椀ed isolates, six 
isolates formed a new monophyletic clade named E. anhuiense with support 
values 96% in ML and 0.68 in PP, six formed a new clade named E. jingdongense 
showing a close phylogenetic a昀케nity to E. dendrobii in the combined phylogeny 
with 83% ML and 0.99 PP support and 昀椀ve formed a new monophyletic clade 
named E. puerense with high support (98% in ML and 0.92 in PP) (Fig. 3).

For other genera, phylogenetic analysis was performed with the combined 
sequence data from 56 isolates, including 44 referenced strains and 12 new-
ly-sequenced strains. The 56 isolates comprised 2385 characters (ITS = 1–480 
bp, LSU = 1435–2397 bp, RPB2 = 485–1080 bp and TUB2 = 1085–1430 bp) 
after alignment. Pleiochaeta setosa CBS 118.25 / CBS 496.63 was used as the 
outgroup. Of the 12 new isolates, two isolates clustered with Stagonosporop-

sis caricae (99% in ML and 1 in PP), three clustered with Remotididymella an-

emophila (100% in ML and 1 in PP), two clustered with Paraboeremia litseae 
(94% in ML and 1 in PP) and one clustered with Neoascochyta mortariensis 
(100% in ML and 1 in PP). One isolate formed a new clade named N. yunnanen-

sis and showed a close phylogenetic a昀케nity to N. rosicola (MFLUCC 15-0048) 
in the combined phylogeny and this relationship retrieved 99% ML and 1 PP 
support. Two isolates formed a new monophyletic clade named N. zhejiangen-

sis with high support (100% in ML and 1 in PP). Unfortunately, the non-viability 
of YCW1124 resulted in the failure of identi昀椀cation, so it was tentatively deter-
mined as unidenti昀椀ed species Neoascochyta sp. (Fig. 4).

Morphology and taxonomy

Based on the multi-locus phylogenetic analysis, six species are delineated as 
new and their morphological characteristics are described below. In addition, 
15 new record species and three known species are noted.

Didymella coffeae-arabicae (M. M. Aveskamp et al.) Q. Chen et al., Studies in 
Mycology. 82: 175. 2015a

Description. see Aveskamp et al. (2009).
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Figure 3. Phylogenetic tree generated by Maximum Likelihood analysis, based on the combined ITS, LSU, RPB2 and 

TUB2 dataset of Epicoccum species. Bootstrap support values above 50% and Bayesian posterior values above 0.75 are 
shown at each node (ML/PP). Pleiochaeta setosa CBS 118.25 / CBS 496.63 and Co. palmarum CBS 400.71 are used as 
outgroups. Ex-type strains are emphasised in bold.

Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu 
Autonomous County, from healthy leaves of C. sinensis cv. Longjing43, 13 Jun 
2020, Y. C. Wang, culture YCW1972.

Notes. Didymella coffeae-arabicae was introduced as Phoma coffeae-arabi-

cae before the comprehensive revision of Didymellaceae (Chen et al. 2015a). 
The sexual morph of D. coffeae-arabicae was reported by Samaradiwakara et al. 
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Figure 4. Phylogenetic tree generated by Maximum Likelihood analysis, based on the combined ITS, LSU, RPB2 and 

TUB2 dataset of Neoascochyta, Paraboeremia, Remotididymella and Stagonosporopsis species. Bootstrap support val-

ues above 50% and Bayesian posterior values above 0.75 are shown at each node (ML/PP). Pleiochaeta setosa CBS 
118.25 / CBS 496.63 is used as the outgroup. Ex-type strains are emphasised in bold.

0.02

Neoascochyta desmazieri CBS 247.79

Stagonosporopsis rudbeckiae CBS 109180
Stagonosporopsis caricae YCW1928

Neoascochyta paspali CBS 560.81

Remotididymella anemophila YCW1118

Neoascochyta zhejiangensis YCW1107

Stagonosporopsis oculo-hominis CBS 634.92

Neoascochyta yunnanensis YCW1883

Neoascochyta desmazieri CBS 297.69

Neoascochyta mortariensis YCW1346

Pleiochaeta setosa CBS 496.63

Stagonosporopsis artemisiicola CBS 102636

Neoascochyta europaea CBS 820.84

Neoascochyta cylindrispora DI16-352

Neoascochyta sp. YCW1124

Stagonosporopsis chrysanthemi CBS 137.96

Neoascochyta fusiformis CBS 876.72

Remotididymella anemophila CGMCC 3.19990

Stagonosporopsis caricae CBS 120720

Paraboeremia litseae YCW1363

Neoascochyta desmazieri CBS 758.97

Stagonosporopsis caricae CBS 248.90

Stagonosporopsis caricae PD 06/03082531

Neoascochyta humicola CBS 127323

Neoascochyta tardicrescens CBS 689.97

Paraboeremia litseae CGMCC 3.18110

Neoascochyta tardicrescens CBS 140510

Neoascochyta longispora CBS 113420

Paraboeremia camelliae CGMCC 3.18106

Paraboeremia rekkeri CBS 144955

Neoascochyta soli CGMCC 3.18365

Remotididymella ageratinae CGMCC 3.19991

Paraboeremia selaginellae CBS 122.93

Remotididymella anemophila YCW499

Neoascochyta cylindrispora CBS 142456

Stagonosporopsis caricae CBS 102399

Remotididymella humicola CBS 120117

Neoascochyta triticicola CBS 544.74

Paraboeremia truiniorum CBS 144952

Remotididymella bauhiniae MFLUCC 17-2281

Remotididymella destructiva CBS 378.73

Paraboeremia litseae YCW1356

Neoascochyta mortariensis CBS 516.81

Remotididymella anemophila YCW434

Paraboeremia litseae CGMCC 3.18109

Remotididymella anemophila A609

Paraboeremia litseae JW 157001

Remotididymella brunnea CBS 993.95

Stagonosporopsis caricae YCW1977

Neoascochyta zhejiangensis YCW1361

Stagonosporopsis trachelii CBS 379.91

Stagonosporopsis dennisii CBS 631.68

Pleiochaeta setosa CBS 118.25

Paraboeremia putaminum CBS 130.69

Neoascochyta rosicola MFLUCC 15-0048

Stagonosporopsis trachelii CBS 384.68

Neoascochyta graminicola CBS 102789

Stagonosporopsis actaeae CBS 106.96

Neoascochyta argentina CBS 112524

Stagonosporopsis inoxydabilis CBS 425.90

100/1

91/0.99

90/0.96

100/1

100/1

100/1

99/1

94/1

98/1

90/0.93

96/1

99/1

100/1

100/1

97/0.96

89/0.95

99/1

96/1

99/1

100/1

82/0.77

100/1

84/0.93

99/1

83/0.86

81/0.95

98/1

99/1

100/1

92/0.99

100/1

97/1
100/1

86/0.90

100/1

81/0.89

100/1

99/1

93/1

100/1

100/1

80/0.97

Stagonosporopsis caricae

Remotididymella anemophila

Paraboeremia litseae

Neoascochyta mortariensis

Neoascochyta yunnanensis

Neoascochyta zhejiangensis 

Neoascochyta sp. 

(2023). It forms pseudo-sclerotioid chlamydospores and is easily recognised 
by its conspicuously wide ostiole and is phylogenetically related to a group that 
mainly comprises Peyronellaea species forming alternarioid-botryoid chlam-
ydospores (Aveskamp et al. 2009). Didymella coffeae-arabicae caused leaf can-
kers of Castanea mollissima in China (Jiang et al. 2021). In the present study, 
one isolate from healthy tea plant leaves grouped with D. coffeae-arabicae with 
high statistical support (Fig. 2). This is the 昀椀rst report of D. coffeae-arabicae 
isolated from C. sinensis.

Didymella pomorum (Thüm.) Q. Chen & L. Cai, Studies in Mycology. 82: 
179. 2015a

Description. see Boerema (1993).
Materials examined. China, Yunnan Province, from diseased leaves of 

C. sinensis cv. Dalicha, 22 Jun 2019, Y. C. Wang, culture YCW196.
Notes. Didymella pomorum was introduced as Phoma pomorum before 

the comprehensive revision of Didymellaceae (Chen et al. 2015a). Chen et al. 
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(2015a) regarded four taxa of the respective Phoma pomorum varieties, viz. 
vars. circinata (CBS 285.76), cyanea (CBS 388.80) and pomorum (CBS 539.66) 
and the species Ph. triticina (CBS 354.52) to be conspeci昀椀c and treated them 
as a single species D. pomorum. Pycnidia produced by this species are usually 
subglobose-ampulliform with a distinct ostiole (Boerema 1993). It can cause 
leaf spots on many plants (Boerema 1993; Romero et al. 2021). In the present 
study, one isolate from diseased tea plant leaves is closely related to D. sinen-

sis with high statistical support (Fig. 2). This is the 昀椀rst report of D. pomorum 
isolated from C. sinensis.

Didymella segeticola (Q. Chen) Q. Chen et al., Studies in Mycology. 87: 138. 2017

Description. see Chen et al. (2015b).
Materials examined. China, Jiangsu Province, Yixing City, Zhangzhu Town, 

Furong Village, from diseased leaves of C. sinensis cv. Longjing43, 19 Jun 2019, 
Y. C. Wang, culture YCW109. Zhejiang Province, Lishui City, from diseased leaves 
of C. sinensis cv. Baiye1, 22 Jun 2019, Y. C. Wang, culture YCW192. Zhejiang 
Province, Hangzhou City, from diseased leaves of C. sinensis cv. Longjing43, 6 
Jun 2018, Y. C. Wang, culture YCW1289.

Notes. Didymella segeticola was introduced as Phoma segeticola before 
the comprehensive revision of Didymellaceae (Chen et al. 2015a). Under 
the current circumstance of Didymellaceae, it belongs to Didymella. Didy-

mella segeticola can develop abundant aerial mycelium and black pycnid-
ia on oatmeal agar (OA) plates (Chen et al. 2015b). Zhao et al. (2018) 
first reported that D. segeticola can cause tea leaf spot in the tea planta-
tions in Guizhou Province, which results in leaf fall and a huge loss of tea 
leaves. In the present study, 171 isolates from diseased tea plant leaves 
formed a monophyletic subclade, closely related to D. bellidis with high sta-
tistical support (Fig. 2).

Didymella sinensis (Q. Chen) Q. Chen et al., Studies in Mycology. 87: 138. 2017

Description. see Chen et al. (2017).
Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Au-

tonomous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, 
culture YCW2118.

Notes. Didymella sinensis is closely related to D. pomorum. It can be ob-
served from different host plants in a wide range, such as Cerasus pseudoc-

erasus (Rosaceae), Dendrobium o昀케cinale (Orchidaceae) and Urticaceae. The 
sexual morph was characterised by ascomata aggregated, globose to irregu-
lar, brown, small and papillate. Asci were bitunicate, clavate to short cylindri-
cal; Ascospores were biseriate, ellipsoidal, straight to slightly curved, hyaline, 
apex obtuse, medianly 1-septate (Chen et al. 2017). In the present study, eight 
isolates from healthy tea plant leaves phylogenetically grouped with D. sinen-

sis with high statistical support (Fig. 2). This is the 昀椀rst report of D. sinensis 
isolated from C. sinensis.
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Didymella yunnanensis Y. Wang, Y. Tu, X. Chen, H. Jiang, H. Ren, Q. Lu, C. Wei 
& W. Lv, sp. nov.
MycoBank No: 848984
Fig. 5

Etymology. Named after the location where it was collected, Yunnan Province.
Description. Sexual morph: undetermined. Asexual morph: Pycnidia smooth, 

subglobose to ellipsoidal, hyaline. Conidia ellipsoidal to subcylindrical, pale, 
smooth- and thin-walled, abundant, generated from pycnidia, aseptate, 4–6.5 × 
1.8–2.6 µm (av. = 5.2 ± 0.5 × 2.3 ± 0.2 µm, n = 30). Mycelia sparsely branched 
from subapical hyphal compartments (lateral branching), septate, hyaline.

Culture characteristics. Colonies on PDA have scarce aerial mycelium reach-
ing 24–27 mm diam. after being cultured for 7 days at 28 °C in the dark, mar-
gin regular, olive in the centre, white edges; black on the reverse, white edges. 
Pycnidia and conidia produced on the colony surface after being cultured for 
14 days at 28 °C in the dark. Colonies on OA reaching 18–21 mm diam. after 7 
days at 28 °C in the dark, margin regular, aerial mycelium 昀氀at, black in the cen-
tre, white edges; olive on the reverse, white edges.

Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Auton-
omous County, from healthy leaves of C. sinensis cv. Longjing43, 16 Jun 2020, Y. 
C. Wang, Holotype HMAS 352387, culture ex-type CGMCC 3.24241 = YCW1909.

Notes. Didymella yunnanensis is closely related to D. prosopidis with high 
statistical support (88%/0.92, ML/PP, Fig. 2). Didymella yunnanensis has 85 bp 
differences in LSU locus from D. prosopidis. In addition, D. yunnanensis can be 
distinguished from D. prosopidis by the morphological features of conidia and 
the conidia size of D. yunnanensis (4–6.5 × 1.8–2.6 µm) is smaller than that of 
D. prosopidis (5–7 × 2.5–3.5 µm). In the present study, Didymella yunnanensis 
was isolated from healthy tea plant leaves.

Epicoccum anhuiense Y. Wang, Y. Tu, X. Chen, H. Jiang, H. Ren, Q. Lu, C. Wei 
& W. Lv, sp. nov.
MycoBank No: 848998
Fig. 6

Etymology. Named after the location where it was collected, Anhui Province.
Description. Sexual morph: undetermined. Asexual morph: Pycnidia smooth, 

subglobose to ellipsoidal, pale brown, attached to mycelium. Conidia ellipsoi-
dal to subcylindrical, pale yellow to green, smooth- and thin-walled, abundant, 
generated from pycnidia, composed of a single cell, 10.5–16 × 4.5–8 µm (av. 
= 13.4 ± 1.4 × 6.3 ± 0.7 µm, n = 30). Mycelia lateral branching, septate, hyaline.

Culture characteristics. Colonies on PDA reaching 75–79 mm diam. after 
7 days at 28 °C in the dark, margin regular, covered by 昀氀occose aerial myceli-
um, greyish; reverse pale brown to pale buff, white edges. Pycnidia and conidia 
produced on the colony surface after being cultured for 14 days at 28 °C in the 
dark. Colonies on OA reaching 81–85 mm diam. after 7 days at 28 °C in the 
dark, margin irregular, aerial mycelium 昀氀at, whitish; reverse concolorous.

Materials examined. China, Anhui Province, Anqing City, from diseased 
leaves of C. sinensis cv. Longjingchangye, 16 Nov 2019, Y. C. Wang, Holotype 
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HMAS 352388, culture ex-type CGMCC 3.24242 = YCW961. Yunnan Province, 
Puer City, Jingdong Yizu Autonomous County, from health leaves of C. sinensis, 
13 Jun 2020, Y. C. Wang, culture ex-type CGMCC 3.24246 = YCW1829.

Notes. Epicoccum anhuiense is closely related to E. latusicollum with high 
statistical support (Fig. 3). Epicoccum anhuiense has 5 bp differences in the 
TUB2 sequence from E. latusicollum. In addition, E. anhuiense can be distin-
guished from E. latusicollum by the morphological features of its conidia and 
the conidia size of E. anhuiense (10.5–16 × 4.5–8 µm) is larger than that of 
D. prosopidis (4–6.5 × 2–3 µm). In the present study, eight strains were isolated 
from healthy or diseased tea plant leaves.

Figure 5. Didymella yunnanensis CGMCC 3.24241 (YCW1909) A, B colony on PDA (front and reverse) C, D colony on OA 

(front and reverse) E myceli F pycnidia forming on PDA G conidia. Scale bars: 10 μm (E–G).

Figure 6. Epicoccum anhuiense YCW961 A, B colony on PDA (front and reverse) C, D colony on OA (front and reverse) E 

mycelia F pycnidia forming on PDA G conidia. Scale bars: 10 μm (E–G).
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Epicoccum catenisporum N. Valenzuela-Lopez et al., Studies in Mycology. 
90: 30. 2018

Description. see Valenzuela-Lopez et al. (2018).
Materials examined. China, Jiangxi Province, Nanchang City, from diseased 

leaves of C. sinensis cv. Zhenong139, 22 Jun 2019, Y. C. Wang, culture YCW142.
Notes. Epicoccum catenisporum was introduced as Phoma catenisporum 

before the comprehensive revision of Epicoccum (Chen et al. 2015a). It was 
昀椀rst isolated from a leaf spot of Oryza sativa in Guinea-Bissau and morpho-
logically characterised by the production of pycnidia as observed in several 
other members of Epicoccum (Valenzuela-Lopez et al. 2018). Conidiogenous 
cells were phialidic, hyaline, doliiform or ampulliform and conidia were asep-
tate, hyaline ovoid or ellipsoidal and guttulate (Valenzuela-Lopez et al. 2018). 
In the present study, one isolate from diseased tea plant leaves grouped with 
E. catenisporum (CBS 181.80) with high statistical support (Fig. 3). This is the 
昀椀rst report of E. catenisporum isolated from C. sinensis.

Epicoccum dendrobii Q. Chen et al., Studies in Mycology. 87: 140. 2017

Description. see Chen et al. (2017).
Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Au-

tonomous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, 
culture YCW1866.

Notes. Epicoccum dendrobii formed a distinct clade, closely related to 
E. jingdongense and E. puerense (Fig. 3). It produced typical epicoccoid conidia 
(multicellular-phragmosporous, verrucose). In the present study, three strains 
were isolated from healthy or diseased tea plant leaves. This is the 昀椀rst report 
of E. dendrobii isolated from C. sinensis.

Epicoccum draconis (Berk. ex Cooke) Q. Chen et al., Studies in Mycology. 82: 
172. 2015b

Description. see de Gruyter et al. (1998).
Materials examined. China, Jiangsu Province, Yixing City, Zhangzhu Town, 

Furong Village, from diseased leaves of C. sinensis cv. Longjing43, 19 Jun 2019, 
Y. C. Wang, culture YCW101.

Notes. Epicoccum draconis was introduced as Phyllosticta draconis and 
Phoma draconis previously (Chen et al. 2017). It formed a new combina-
tion by the ellipsoidal conidia (Chen et al. 2017). In the present study, two 
isolates from diseased tea plant leaves grouped with E. draconis with high 
statistical support (Fig. 3). This is the first report of E. draconis causing leaf 
blight on C. sinensis.

Epicoccum italicum Q. Chen et al., Studies in Mycology. 87: 144. 2017

Description. see Chen et al. (2017).
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Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Au-
tonomous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, 
culture YCW2005.

Notes. Phylogenetically, Epicoccum italicum formed a distinct lineage close-
ly related to E. oryzae (Fig. 3). Epicoccum italicum produced epicoccoid conidia 
and clavate conidiomata (Chen et al. 2017). It was 昀椀rst isolated from seedlings 
of Acca sellowiana in Italy (Chen et al. 2017) and reported in the dairy setting 
(Rodríguez et al. 2023). In addition, this species signi昀椀cantly reduced both leaf 
area of soybean consumed aboveground by caterpillars and number of cysts 
produced belowground by nematodes (Rivera-Vega et al. 2022). In the present 
study, one strain was isolated from healthy tea plant leaves. This is the 昀椀rst 
report of E. italicum isolated from C. sinensis.

Epicoccum jingdongense Y. Wang, Y. Tu, X. Chen, H. Jiang, H. Ren, Q. Lu, C. 
Wei & W. Lv, sp. nov.
MycoBank No: 849000
Fig. 7

Etymology. Named after the location where it was collected, Jingdong Yizu Au-
tonomous County.

Description. Sexual morph: undetermined. Asexual morph: Pycnidia smooth, 
subglobose, pale brown. Conidia ellipsoidal to subcylindrical, pale yellow, 
smooth, generated from pycnidia, aseptate, 7.1–16 × 4–9 µm (av. = 10.7 ± 1.2 
× 5.4 ± 0.6 µm, n = 30). Mycelia extensively branched from subapical hyphal 
compartments, septate, hyaline.

Culture characteristics. Colonies on PDA reaching 35–42 mm diam. after 
7 days at 28 °C in the dark, margin irregular, aerial mycelium 昀氀at, pale brown 
to rosy, white edges; reverse black to brown, pale buff edges. Pycnidia and co-
nidia produced on the colony surface after being cultured for 14 days at 28 °C 
in the dark. Colonies on OA reaching 49–55 mm diam. after 7 days at 28 °C 
in the dark, margin regular, aerial mycelium 昀氀at, pale buff to whitish; reverse 
concolorous.

Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Au-
tonomous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, 
Holotype HMAS 352389, culture ex-type CGMCC 3.24247 = YCW1868. Yunnan 
Province, Puer City, Jingdong Yizu Autonomous County, from healthy leaves of 
C. sinensis, 13 Jun 2020, Y. C. Wang, culture ex-type CGMCC 3.24248 = YCW1937.

Notes. Epicoccum jingdongense is closely related to E. dendrobii and E. puer-

ense with high statistical support (83%/0.99, ML/PP, Fig. 3). Epicoccum puer-

ense differs in 1 bp in ITS and 40 bp in TUB2 from E. dendrobii. The conidia size 
is larger than that of E. dendrobii. In the present study, six strains were isolated 
from healthy tea plant leaves. It was isolated and identi昀椀ed from tea plant for 
the 昀椀rst time.

Epicoccum latusicollum Q. Chen et al., Studies in Mycology. 87: 144. 2017

Description. see Chen et al. (2017).
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Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Au-
tonomous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, 
culture YCW1921.

Notes. Isolates of Epicoccum latusicollum were clustered into a sister clade to 
E. poaceicola and E. sorghi (Fig. 3). Pycnidia were black-brown and mostly spheroid 
and conidia were ellipsoidal to oblong, aseptate and hyaline (Chen et al. 2017; Li 
et al. 2023). It was 昀椀rst discovered from Acer palmatum (Aceraceae), Camellia sin-

ensis (Theaceae), Podocarpus macrophyllus (Podocarpaceae) and Vitex negundo 
(Verbenaceae) (Chen et al. 2017). As a phytopathogen, it can cause leaf spot, leaf 
blight and stalk rot on many plants (Xu et al. 2022; Li et al. 2023; Wang et al. 2023). 
In the present study, three strains were isolated from healthy tea plant leaves.

Epicoccum mackenziei S. C. Jayasiri et al., Mycosphere 8: 1093. 2017

Description. see Jayasiri et al. (2017).
Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Autono-

mous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, culture ex-
type CGMCC 3.24244 = YCW1965 and culture ex-type CGMCC 3.24245 = YCW1967.

Notes. Epicoccum mackenziei formed a distinct clade basal to E. endophyt-

icum (Fig. 3). It was found as the sexual morph in nature and as chlamydo-
spores in culture. Zhang et al. (2023) 昀椀rst reported that E. mackenziei caused 
dark brown spot of tea leaf in China. In the present study, two strains were 
isolated from healthy tea plant leaves.

Epicoccum oryzae S. Ito & Iwadare, Report of the Hokkaido Prefectural 
Agricultural Experiment Station 31: 1. 1934

Description. see Hou et al. (2020b).

Figure 7. Epicoccum jingdongense YCW1868 A, B colony on PDA (front and reverse) C, D colony on OA (front and reverse) 
E mycelia F pycnidia forming on PDA G conidia. Scale bars: 10 μm (E–G).
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Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu 
Autonomous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. 
Wang, culture YCW2010.

Notes. Epicoccum oryzae was synonymised as E. nigrum previously (Schol 
– Schwarz 1959). It was resurrected as a separate species, distant from 
E. nigrum and CBS 173.34 was proposed as the ex-neotype of E. oryzae (Hou et 
al. 2020b). Epicoccum oryzae is characterised by “olivaceous hyphae, globose 
or subglobose sporodochia and globose, subglobose or pyriform, granular, ver-
rucose, olivaceous conidia, consisting of one to 昀椀ve cells” (Hou et al. 2020b). 
It clustered into a sister clade to E. endophyticum and E. mackenziei (Fig. 3). In 
the present study, one isolate from healthy tea plant leaves grouped with E. dra-

conis (CBS 173.34 and CBS 174.34) with high statistical support (Fig. 3). This 
is the 昀椀rst report of E. oryzae isolated from C. sinensis.

Epicoccum poaceicola Thambugala & K.D. Hyde, Mycosphere. 8: 711. 2017

Description. see Thambugala et al. (2017).
Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Au-

tonomous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, 
culture YCW1948.

Notes. Epicoccum poaceicola is described as a new phoma-like species, 
based on phylogenetic analysis. It formed a distinct lineage closely related to 
E. sorghi (Fig. 3). Conidia produced by E. poaceicola were ellipsoidal to cylindri-
cal and sometimes with small guttules (Thambugala et al. 2017). Epicoccum 

poaceicola can cause leaf spot in bamboo, camphor tree and eggplant (Liu et 
al. 2020; Li et al. 2022; Aementado and Balendres 2023). In the present study, 
seven strains were isolated from healthy tea plant leaves. This is the 昀椀rst report 
of E. poaceicola isolated from C. sinensis.

Epicoccum puerense Y. Wang, Y. Tu, X. Chen, H. Jiang, H. Ren, Q. Lu, C. Wei & 
W. Lv, sp. nov.
MycoBank No: 848999
Fig. 8

Etymology. Named after the location where it was collected, Puer City.
Description. Sexual morph: undetermined. Asexual morph: Pycnidia smooth, 

subglobose to ellipsoidal, hyaline. Conidia were not of uniform size, ellipsoi-
dal to subcylindrical, pale yellow to green, smooth- and thin-walled, abundant, 
generated from pycnidia, aseptate, 6.8–15 × 3.6–7.2 µm (av. = 9.7 ± 1.9 × 4.7 ± 
0.7 µm, n = 30). Mycelia lateral branching, septate, hyaline.

Culture characteristics. Colonies on PDA reaching 32–41 mm diam. after 7 
days at 28 °C in the dark, margin irregular, aerial mycelium 昀氀at, olivaceous to 
buff, white edges; reverse black to brown, pale buff edges. Pycnidia and conidia 
produced on the colony surface after cultured for 14 days at 28 °C in the dark. 
Colonies on OA reaching 51–58 mm diam. after 7 days at 28 °C in the dark, 
margin regular, aerial mycelium 昀氀at, rosy to pale green, white edges; reverse 
pale buff to whitish.
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Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Au-
tonomous County, from diseased leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, 
Holotype HMAS 352390, culture ex-type CGMCC 3.24249 = YCW2117. Yunnan 
Province, from healthy leaves of C. sinensis cv. Dalicha, 22 Jun 2019, Y. C. Wang, 
culture ex-type CGMCC 3.24243 = YCW224.

Notes. Epicoccum puerense is closely related to E. dendrobii with high sta-
tistical support (Fig. 3). Epicoccum puerense has 1 bp difference in ITS from 
E. dendrobii. The conidia size is larger than that of E. dendrobii. In the present 
study, 昀椀ve strains were isolated from healthy or diseased tea plant leaves. It 
was isolated and identi昀椀ed from tea plant for the 昀椀rst time.

Epicoccum rosae D. N. Wanasinghe et al., Fungal Diversity. 89: 29. 2018

Description. see Wanasinghe et al. (2018b).
Materials examined. China, Hubei Province, Wuhan City, Jiangxia District, from 

diseased leaves of C. sinensis cv. Yulv, 10 Jul 2019, Y. C. Wang, culture YCW331.
Notes. Epicoccum rosae had pycnidial conidiomata with hyaline conidia and 

hyphomycetous dark sporodochia with branched conidiophores and verruculose, 
muriform chlamydospores. It formed a distinct lineage closely related to E. toba-

icum (Fig. 3). In the present study, three strains were isolated from diseased tea 
plant leaves. This is the 昀椀rst report of E. rosae isolated from C. sinensis.

Epicoccum tobaicum (Svilv.) L.W. Hou et al., Studies in Mycology. 96: 348. 2020

Description. see von Szilvinyi (1936).
Materials examined. China, Anhui Province, Huangshan City, from diseased 

leaves of C. sinensis cv. Zhonghuang1, 2 Jul 2019, Y.C. Wang, culture YCW372.
Notes. Epicoccum tobaicum was synonymised as E. nigrum previously (Hou 

et al. 2020b). It was resurrected as a separate species, distant from E. nigrum 
(Hou et al. 2020b). Conidia were globular to pear-shaped, dark, verrucose and 
multicellular (Han et al. 2021). It formed a distinct lineage closely related to E. 

rosae (Fig. 3). This species as a pathogen was isolated from diseased leaves 
showing leaf spot of 昀氀owering cherry and oat (Han et al. 2021; Jeong et al. 
2022a). In the present study, 昀椀ve strains were isolated from diseased tea plant 
leaves. This is the 昀椀rst report of E. tobaicum isolated from C. sinensis.

Neoascochyta mortariensis L.W. Hou et al., Studies in Mycology. 96: 391. 2020

Description. see Hou et al. (2020b).
Materials examined. China, Zhejiang Province, Hangzhou City, from healthy 

leaves of C. sinensis cv. Longjing43, 16 Nov. 2017 Y. C. Wang, culture ex-type 
CGMCC 3.24251 = YCW1346.

Notes. Neoascochyta mortariensis was introduced as Didymella graminicola 
previously. It was described as a new species in Neoascochyta, distant from the 
authentic culture of D. graminicola (currently: Neoascochyta graminicola) (Hou 
et al. 2020b). Neoascochyta mortariensis was 昀椀rst isolated from Oryza sativa in 
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Italy and formed colonies on PDA covered by dense felty aerial mycelium (Hou 
et al. 2020b). It formed a distinct lineage closely related to N. tardicrescens 
(Fig. 4). In the present study, one strain was isolated from diseased tea plant 
leaves. This is the 昀椀rst report of N. mortariensis isolated from C. sinensis.

Neoascochyta yunnanensis Y. Wang, Y. Tu, X. Chen, H. Jiang, H. Ren, Q. Lu, 
C. Wei & W. Lv, sp. nov.
MycoBank No: 849001
Fig. 9

Etymology. Named after the location where it was collected, Yunnan Province.
Description. Sexual morph: undetermined. Asexual morph: Pycnidia smooth, 

subglobose to ellipsoidal, hyaline. Conidia ellipsoidal to subcylindrical, pale 
yellow to green, smooth- and thin-walled, abundant, generated from pycnidia, 
aseptate, 8.5–11.7 × 4.5–7 µm (av. = 9.9 ± 0.9 × 5.4 ± 0.6 µm, n = 30). Mycelia 
lateral branching, septate, hyaline.

Culture characteristics. Colonies on PDA reaching 42–45 mm diam. after 
7 days 28 °C in the dark, margin regular, aerial mycelium 昀氀at, whitish; reverse 
black to pale buff. Pycnidia and conidia produced on the colony surface after 
being cultured for 14 days at 28 °C in the dark. Colonies on OA reaching 34 – 39 
mm diam. after 7 days at 28 °C in the dark, margin irregular, aerial mycelium 
昀氀at, black in the centre, white edges; reverse concolorous.

Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Au-
tonomous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, 
Holotype HMAS 352391, culture ex-type CGMCC 3.24253 = YCW1883.

Notes. Neoascochyta yunnanensis is closely related to N. rosicola with high sta-
tistical support (99%/1, ML/PP, Fig. 4). Neoascochyta yunnanensis has 2 bp differ-
ences in ITS from N. rosicola. In the present study, one strain was isolated from 
healthy tea plant leaves. It was isolated and identi昀椀ed from tea plant for the 昀椀rst time.

Figure 8. Epicoccum puerense YCW2117 A, B colony on PDA (front and reverse) C, D colony on OA (front and reverse) 
E mycelia F pycnidia forming on PDA G conidia. Scale bars: 10 μm (E–G).
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Neoascochyta zhejiangensis Y. Wang, Y. Tu, X. Chen, H. Jiang, H. Ren, Q. Lu, 
C. Wei & W. Lv, sp. nov.
MycoBank No: 849002
Fig. 10

Etymology. Named after the location where it was collected, Zhejiang Province.
Description. Sexual morph: undetermined. Asexual morph: Pycnidia smooth, 

subglobose to ellipsoidal, hyaline. Conidia biconical to subcylindrical, hyaline, 
smooth- and thin-walled, abundant, generated from pycnidia, aseptate, 4.8–6.5 
× 2.9–4.2 µm (av. = 5.6 ± 0.5 × 3.6 ± 0.3 µm, n = 30). Mycelia lateral branching 
or uniaxial branching, septate, hyaline.

Culture characteristics. Colonies on PDA reaching 65–69 mm diam. after 7 
days at 28 °C in the dark, margin regular, aerial mycelium 昀氀at, whitish; reverse 
black, white edges. Pycnidia and conidia produced on the colony surface after 
being cultured for 14 days at 28 °C in the dark. Colonies on OA reaching 53–
57 mm diam. after 7 days at 28 °C in the dark, margin regular, aerial mycelium 
昀氀at, whitish; reverse olivaceous, white edges.

Materials examined. China, Zhejiang Province, Hangzhou City, from dis-
eased leaves of C. sinensis cv. Longjing43, Jun 2014, Y. C. Wang, Holotype 
HMAS 352392, culture ex-type CGMCC 3.24250 = YCW1107. Yunnan Province, 
from diseased leaves of C. sinensis, 23 Mar 2020, Y. C. Wang, culture CGMCC 
3. YCW1361.

Notes. Neoascochyta zhejiangensis is closely related to N. cylindrispora with 
high statistical support (82%/77, ML/PP, Fig. 4). Neoascochyta Cylindrispora 
differs in 1 bp in ITS, 16 bp in TUB2 and 95 bp in LSU from N. zhejiangensis. In 
the present study, two strains were isolated from healthy tea plant leaves.

Paraboeremia litseae J. R. Jiang et al., Mycological Progress. 16: 291. 2017

Description. see Jiang et al. (2017).

Figure 9. Neoascochyta yunnanensis YCW1883 A, B colony on PDA (front and reverse) C, D colony on OA (front and re-

verse) E mycelia F pycnidia forming on PDA G conidia. Scale bars: 10 μm (E–G).
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Materials examined. China, Yunnan Province, from diseased leaves of C. sin-

ensis, 23 Mar 2020, Y. C. Wang, culture YCW1356 and culture YCW1363.
Notes. Isolates of Paraboeremia litseae clustered into a sister clade to P. se-

laginellae (Fig. 5). It was 昀椀rst isolated from Litsea sp. (Jiang et al. 2017). Conidia 
produced by P. litseae are oblong to ellipsoidal and aseptate with two large polar 
guttules (Jiang et al. 2017). This species as an endophytic fungus in Coptis chinen-

sis exhibited obvious inhibition against methicillin-resistant Staphylococcus aureus 
(Ming et al. 2022). In the present study, two strains were isolated from diseased tea 
plant leaves. This is the 昀椀rst report of P. litseae causing leaf blight on C. sinensis.

Remotididymella anemophila A. L. Yang et al., International Journal of 
Systematic Evolutional Microbiology. 71: 10. 2021

Description. see Yang et al. (2021).
Materials examined. China, Anhui Province, Huangshan City, from diseased 

leaves of C. sinensis cv. Fenglixiang, 2 Jul 2019, Y. C. Wang, culture YCW499. 
Zhejiang Province, Hangzhou City, from diseased leaves of C. sinensis cv. Long-

jing43, Jun 2014, Y. C. Wang, culture YCW1118.
Notes. Remotididymella anemophila was clustered into a sister clade to 

R. bauhiniae (Fig. 4), characterised by shorter ascospores, longer asci and 
larger conidia. It was 昀椀rst isolated from canopy air of Ageratina adenophora 
(Spreng.) in China (Yang et al. 2021). In the present study, three strains were 
isolated from diseased tea plant leaves. This is the 昀椀rst report of R. anemophila 
causing leaf blight on C. sinensis.

Stagonosporopsis caricae (Sydow & P. Sydow) M. M. Aveskamp et al., 
Studies in Mycology. 65: 45. 2010

Description. see Sivanesan (1990).

Figure 10. Neoascochyta zhejiangensis YCW1107 A, B colony on PDA (front and reverse) C, D colony on OA (front and 

reverse) E mycelia F pycnidia forming on PDA G conidia. Scale bars: 10 μm (E–G).
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Materials examined. China, Yunnan Province, Puer City, Jingdong Yizu Auton-
omous County, from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, cul-
ture YCW1928. Yunnan Province, Puer City, Jingdong Yizu Autonomous County, 
from healthy leaves of C. sinensis, 13 Jun 2020, Y. C. Wang, culture YCW1977.

Notes. Stagonosporopsis caricae was synonymised as Phoma caricae with 
Mycosphaerella caricae previously (Sivanesan 1990). It formed a distinct lineage 
in Stagonosporopsis (Fig. 4). Zhang et al. (2022) observed its sexual morph and 
is characterised by ascomata pseudothecioid, subglobose, 121 × 142 μm, osti-
olate, walls of brown textura angularis and smooth. Asci were bitunicate, cylin-
drical to clavate, 7 × 90 μm, 8-spored, ascospores elliptical, straight to slightly 
curved, 5 × 17 μm, 1-septate, constricted at the septum, sub-hyaline and smooth. 
As one of three Stagonosporopsis species, S. caricae caused gummy stem blight 
(Jeong et al. 2022b; Seblani et al. 2023). In the present study, two isolates from 
healthy tea plant leaves grouped with S. caricae with high statistical support 
(Fig. 4). This is the 昀椀rst report of S. caricae isolated from C. sinensis.

Pathogenicity tests

To determine the pathogenicity of isolates from these 22 species, 36 represen-
tative isolates were selected for the analysis on the healthy leaves of C. sinensis 
cv. Longjing43 with the wound-inoculation method. Amongst the tested strains, 
the sizes of necrotic lesions caused by the strain YCW1829 of E. anhuiense 
were largest (av. 8.00 ± 0.42 mm); on the contrary, the size of that caused by the 
strain YCW224 of E. puerense was smallest (av. 1.35 ± 0.70 mm) (Figs 11, 12). 
Didymella segeticola, E. draconis, E. latusicollum and E. poaceicola could also 
cause necrotic lesions on the inoculated leaves. Furthermore, the other strains 
caused no necrotic lesions on tea plant leaves (Fig. 11). The results indicated 
that E. anhuiense had the strongest virulence; on the contrary, E. puerense dis-
played the weakest virulence. In addition, D. pomorum, D. yunnanensis, E. dend-

robii, E. italicum, E. mackenziei, E. oryzae, E. rosae, E. tobaicum, E. jingdongense, 
N. mortariensis, N. yunnanensis, N. zhejiangensis and R. anemophila were not 
pathogenic to tea plants.

Geographical distribution

To explore the geographical distribution of Didymellaceae family strains asso-
ciated with C. sinensis in China, we combined our data with these from Chen 
et al. (2017) and Ren et al. (2019) for the analysis (Table 2). Amongst the 240 
isolates that we collected from ten provinces in China, most of the isolates 
were distributed in Yunnan Province. Amongst the 25 species, D. segeticola 
(171 isolates in this study and 14 isolates from Ren et al. (2019) had the widest 
geographical distribution, in nine provinces. Fourteen species, D. coffeae-ara-

bicae, D. pomorum, D. sinensis, D. yunnanensis, E. dendrobii, E. italicum, E. jing-

dongense, E. mackenziei, E. oryzae, E. poaceicola, E. puerense, N. rosicola, P. 

litseae and S. caricae, were only distributed in Yunnan Province. One species, 
E. catenisporum, was only distributed in Jiangxi Province. These results sug-
gest that D. segeticola as the most widely distributed species may be the dom-
inant species causing leaf blight disease in tea plants.
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Figure 11. Symptoms of Didymellaceae family strains on tea plant leaves at 3 days after inoculation.
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Discussion

In this study, 240 isolates were obtained from tea plant leaves in ten provinc-
es of four major tea regions (southwest China, south China, south Yangtze and 
north Yangtze) in China (Yang et al. 2023b). Based on the multi-locus (ITS, LSU, 
RPB2 and TUB2) sequences, three phylogenetic trees were constructed to iden-
tify the species of the tested isolates. Six novel species, named Didymella yun-

nanensis, Epicoccum anhuiense, Epicoccum jingdongense, Epicoccum puerense, 
Neoascochyta yunnanensis and Neoascochyta zhejiangensis, were identi昀椀ed and 
their morphological characteristics were described in detail (Figs 4–9). As one 
of the most species-rich genera in the Didymellaceae, Didymella was introduced 
by Saccardo (1880) with Didymella exigua (Niessl) Sacc. as the type species of 
the genus (Thambugala et al. 2017; Wang et al. 2021). Most species in the genus 
produced chlamydospores in culture (Chen et al. 2015a), whereas D. yunnanen-

sis as one novel species of Didymella did not form chlamydospores on PDA or 
OA cultures (Fig. 5), which may be the result of suitable culture conditions in the 
incubator not being favourable for the production of the resting spores. Pycnidia 
of D. yunnanensis formed on PDA was smooth, subglobose to ellipsoidal, hyaline, 
which con昀氀icts with the pigmented outer wall of pycnidia of Didymella genus 
(Chen et al. 2015a). However, based on multi-locus phylogenetic analyses, D. yun-

nanensis belonged to this genus as a novel species. We believed that multi-lo-
cus phylogenetic analyses were the more reliable method to clarify the genetic 
delimitation in Didymellaceae compared with the morphological observations. 
Here, we provide phylogenetic trees for Didymella, Epicoccum, Neoascochyta, 

Figure 12. Lesion diameters of Didymellaceae family strains on tea plant leaves at 3 
days after inoculation. Error bars represent standard deviation.
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Paraboeremia, Remotididymella and Stagonosporopsis using as much vouchered 
sequence data as possible. Six new species and 15 new records are proposed 
herein with support from our analysis of ITS, LSU, RPB2 and TUB2 sequences.

The genus Epicoccum is known as a hyphomycetous asexual morph in the Didy-
mellaceae family (Hyde et al. 2013). However, it was emended with coelomycetous 
synanamorph by Chen et al. (2015a) and 昀椀ve Phoma species were recombined into 
the genus, based on multi-gene phylogenetic analysis (Thambugala et al. 2017). 
Epicoccum anhuiense is phylogenetically distinct from other Epicoccum species 
with close phylogenetic a昀케nity to E. latusicollum (5 bp difference within the TUB2 
sequence). Epicoccum jingdongense and E. puerense are also phylogenetically dis-
tinct from other Epicoccum species with close phylogenetic a昀케nity to E. dendrobii 
(40 bp difference within the TUB2 sequence and 1 bp difference within the ITS 
sequence, respectively). Asexual morphs of the three novel species accommodat-
ed in Epicoccum were also determined and formed the coelomycetous asexual 
morphs (Figs 6–8), which is consistent with the characteristics of Epicoccum coe-
lomycetous synasexual stage that is characterised by the formation of doliiform 
to 昀氀ask-shaped conidiogenous cells that produce unicellular, hyaline conidia under 
culture conditions (Aveskamp et al. 2010; Jayasiri et al. 2017). Therefore, these 
species are introduced, based on the synasexual morphs and phylogenetic data.

Table 2. Geographical distribution of Didymellaceae family associated with C. sinensis 

in China.

Species
Collecting location

AH GD GZ HB HN JS JX SC YN ZJ

D. coffeae-arabicae √
D. pomorum √
D. segeticola √ √ √⊥ √ √ √ √ √ √
D. sinensis √
D. yunnanensis √
E. anhuiense √ √
E. catenisporum √
E. dendrobii √
E. draconis √ √
E. italicum √
E. jingdongense √
E. latusicollum * √
E. mackenzie √
E. oryzae √
E. poaceicola √
E. puerense √
E. rosae √ √ √
E. sorghinum * √
E. tobaicum √ √ √ √
N. mortariensis √
N. rosicola √
N. zhejiangensis √ √
P. litseae √
R. anemophila √ √
S. caricae √

AH: Anhui; GD: Guangdong; GZ: Guizhou; HB: Hubei; HN: Henan; JS: Jiangsu; JX: Jiangxi; SC: 
Sichuan; YN: Yunnan; ZJ: Zhejiang. This table includes data from Chen et al. (2017) (*), Ren et al. 
(2019) (⊥), and our study (√).
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In Neoascochyta, three different groups are observable based on conidial 
morphology: species with one-septate conidia, such as N. dactylidis, N. euro-

paea, N. exitialis and N. graminicola; species with mainly one-septate conidia, 
but occasionally aseptate, such as N. argentina, N. cylindrispora, N. desmazieri, 
N. rosicola, N. tardicrescens and N. triticicola; and species with aseptate co-
nidia, such as N. fuci, N. paspali and N. soli (Gonçalves et al. 2020). Two nov-
el species, N. yunnanensis and N. zhejiangensis, produced aseptate conidia 
(Figs 9G, 10G), which 昀椀t within the last group. All the same, N. yunnanensis 
and N. zhejiangensis phylogenetically have a close relationship with N. rosicola 
and N. cylindrispora, respectively (Fig. 4). Conidia produced by N. zhejiangensis 
were hyaline, biconical to subcylindrical (Fig. 10G), keeping consistent with the 
conidial characteristics of Neoascochyta genus. By contrast, N. yunnanensis 
formed pale yellow conidia (Fig. 9G), which was a typical characteristic of Neo-

ascochyta conidia. Besides, pycnidia of the two species formed on PDA was hy-
aline (Figs 9F, 10F), which is also a non-representative characteristic. This may 
be due to the culture conditions. The majority of Neoascochyta species was 
found in association with various Poaceae plant species, appearing to have 
some host preference (Gonçalves et al. 2020). In this study, we reported two 
novel species isolated from the tea plant for the 昀椀rst time.

Didymella and Neoascochyta genera have sexual morphs (Woudenberg et al. 
2009; Jayasiri et al. 2017). However, sexual morphs of the isolates belonging to 
two genera were not observed under culture conditions and then undetermined. 
In the future, the detailed description of sexual morphs of the isolates, especially 
the three novel species D. yunnanensis, N. yunnanensis and N. zhejiangensis, will 
provide more morphological evidence for the identi昀椀cation of the novel species.

Amongst six new species in this study, most isolates were obtained from 
Yunnan Province (Table 2). Yunnan Province, as the oldest tea region in China, 
is rich in tea plant resources and is also the centre of fungi biodiversity. Molecu-
lar evidence suggested that many fungi belonging to the family Didymellaceae 
may be seedborne and can co-spread with the host through seeds (Fang et al. 
2021; Yang et al. 2023a). Therefore, we speculated that Yunnan as the birth-
place of tea plants has more abundant germplasm resources and is prone to 
fungal transmission. The remaining isolates were collected from Zhejiang and 
Anhui Provinces (Table 2), which provide the most suitable environment for 
tea plant growth. This warm and humid climate are also conducive to the rapid 
growth of fungi (Du et al. 2012).

More than half of the strains isolated from tea plants were clustered into Did-

ymella segeticola species, indicating that this species in Didymellaceae family 
is probably more dominant in tea plants. They were isolated from diseased tea 
plant leaves and had strong virulence (Figs 11, 12), suggesting that D. segetico-

la may be the causal agent of foliar diseases in tea plants. Didymella species 
have been reported to cause leaf spot on many plants, such as Angelica dahuri-

ca (Xu et al. 2016), Bellis perennis (Chen et al. 2015a), Chrysanthemum morifo-

lium (Liu et al. 2019), C. sinensis (Ren et al. 2019; Wang et al. 2021), Eleocharis 

dulcis (Lv et al. 2011), Lodium multi昀氀orum (Liu et al. 2022) and Zanthoxylum 

bungeanum (Yang et al. 2022). Especially, Ren et al. (2019) have also proved 
that D. segeticola is a causal agent of leaf spot on tea plants in China. How-
ever, the morphological characteristics of D. segeticola shared some similari-
ties with those of Discula theae-sinensis, the causal agent of tea anthracnose 
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(Moriwaki and Sato 2009), especially the conidial morphology. We thus specu-
lated that D. segeticola could also be the pathogen causing anthracnose on tea 
plant leaves. The pathogenicity of isolates in the Epicoccum genus is different; 
E. dendrobii, E. italicum, E. jingdongense, E. mackenziei, E. oryzae, E. rosae and 
E. tobaicum did not cause any disease symptoms, whereas E. anhuiense, E. dra-

conis, E. latusicollum, E. poaceicola and E. puerense caused necrotic lesions on 
the tea plant leaves (Figs 11, 12). Epicoccum commonly display an endophytic 
lifestyle (Braga et al. 2018), so we speculated that the difference in pathogenic-
ity may be due to the wound-inoculation method, which may result in the tran-
sition of some endophytes, such as E. anhuiense and E. puerense isolated from 
healthy leaves, to phytopathogens and the invasion of leaves from the arti昀椀cial 
wounds. Therefore, the spray inoculation of healthy leaves in the future with co-
nidia suspensions will help elucidate the pathogenic mechanism of all isolates. 
On the other hand, some Epicoccum species, such as E. draconis, E. latusicol-

lum and E. poaceicola isolated from diseased leaves, were also reported as 
phytopathogens causing leaf spot on many plants, such as Eugenia involucrata 
(Bernardi et al. 2022), 昀氀owering cherry (Han et al. 2021), tobacco (Guo et al. 
2020) and Weigela 昀氀orida (Tian et al. 2021). Besides, Epicoccum species were 
mainly known as biocontrol agents against phytopathogens via inhibiting their 
growth and conidial germination (Braga et al. 2018). For example, E. nigrum 
limited the development of Rhizoctonia solani in potato plants by growing along 
its hyphae and inducing lysis (Lahlali and Hijri 2010). In addition, Epicoccum 
species as endophytes can produce antifungal compounds, such as epicolac-
tone that exhibits an inhibitory activity against Remotididymella solani, epicoc-
camide D that induces morphogenesis and pigment formation in phytopatho-
genic fungus Phoma destructiva and 昀氀avipin that inhibits the growth of several 
fungal phytopathogens (Madrigal et al. 1991; Wangun et al. 2007; Fávaro et 
al. 2012; Talontsi et al. 2013). Therefore, endophytes isolated from tea plants, 
E. dendrobii, E. italicum, E. jingdongense, E. mackenziei, E. oryzae, E. rosae and 
E. tobaicum, may be bene昀椀cial species with biological control potential. Future 
studies could determine the inhibitory activity of these endophytes against the 
dominant pathogens in tea plants, such as Colletotrichum camelliae, C. fruc-

ticola, Didymella segeticola, Exobasidium vexans, Discula theae-sinensis and 
Pestalotiopsis theae and then identify the antifungal compounds.

The potential factors in昀氀uencing the prevalence and pathogenicity of tested 
species in Epicoccum genus may be the different host-pathogen interaction 
patterns. Various infection strategies were deployed by pathogens to facilitate 
their own infection, such as secreting effectors, reprogramming the host tran-
scriptome, rewiring host phytohormone signalling and disarming plant immune 
outputs (Wang et al. 2022). For E. nigrum, many strains secreted enzymes 
including amylases and proteases expected to participate mainly in the later 
stages of the infection (Ogórek et al. 2020). Epicoccum sorghi secreted poly-
glycine hydrolases to cleave the polyglycine linker of chitinases, antifungal pro-
teins from Zea mays (Naumann et al. 2014; Naumann et al. 2017). To defend 
against diverse pathogens, plants have also evolved a robust innate immune 
system (Wang et al. 2022). Then, we speculated that E. anhuiense, E. draco-

nis, E. latusicollum, E. poaceicola and E. puerense may adopt different infection 
strategies to invade tea plant (LJ43) leaves, resulting in the different outcome 
of host plant-pathogen interactions.
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In summary, this study represents a comprehensive investigation of Didy-
mellaceae family strains isolated from tea plant leaves of ten provinces in Chi-
na. Combined with multi-locus (ITS, LSU, RPB2 and TUB2) phylogenetic anal-
ysis and morphological characteristics, a total of 240 isolates were identi昀椀ed 
as 25 species of six genera, including 19 known species and six novel species. 
Amongst all isolates, Didymella segeticola was the most dominant species. 
Pathogenicity analysis showed that their virulence varied. These results help 
us comprehend the diversity of Didymellaceae family in tea plants and provide 
a reference for disease management.
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Short Communication

Abstract

This paper, with Italy as a case-study, provides a general overview on the ecology of 
lichenicolous lichens, i.e. those which start their life-cycle on the thallus of other li-

chens. It aims at testing whether some ecological factors do exert a positive selective 
pressure on the lichenicolous lifestyle. The incidence of some biological traits (photobi-

onts, growth-forms and reproductive strategies) in lichenicolous and non-lichenicolous 
lichens was compared, on a set of 3005 infrageneric taxa potentially occurring in Italy, 
189 of which are lichenicolous. Lichenicolous lichens have a much higher incidence of 
coccoid (non-trentepohlioid) green algae, crustose growth-forms and sexual reproduc-

tion. A matrix of the 2762 species with phycobionts and some main ecological descrip-

tors was subjected to ordination. Lichenicolous lichens occupy a well-de昀椀ned portion 
of the ecological space, tending to grow on rocks in dry, well-lit habitats where a ger-

minating spore is likely to have a short life-span, at all altitudes. This corroborates the 

hypothesis that at least some of them are not true “parasites”, as they are often called, 

but gather the photobionts - which have already adapted to local ecological conditions 

- from their hosts, eventually developing an independent thallus.

Key words: Algal theft, host, lichenised fungi, photobiont, sexual reproduction, symbioses

Introduction

Lichens are a symbiosis between a fungal partner, the mycobiont and one or 
more photosynthetic partners, the photobionts, which is either a cyanobacte-
rium (cyanobiont), a green microalga (phycobiont) or both (Hawksworth 1988; 
Spribille et al. 2022; Sanders 2023, 2024). The photobiont is a carbon source 
for the heterotrophic mycobiont (Nash 2008) and a nitrogen source for cyan-
olichens, due to the cyanobacterium 昀椀xing the atmospheric nitrogen (Rikkinen 
2002). In return, the mycobiont provides the photobiont with optimal living con-
ditions, protecting it from high temperatures, light (UV radiation) and drought 
(Palmqvist et al. 2008; Grube 2018). Some authors regard lichens as an exam-
ple of controlled-parasitism, since the fungus seems to obtain most of the ben-
e昀椀ts from the photobionts and to control them (Richardson 1999; Nash 2008). 
Many other organisms have been found dwelling on the surface of or within li-
chen thalli (Honegger 1992; Bates et al. 2011), such as non-photosynthetic bac-
teria (Grube 2018), unicellular basidiomycete yeasts (Spribille et al. 2016) and 
non-lichenised fungi (Hawksworth 1988; Arnold et al. 2009; Muggia et al. 2016; 

Academic editor: Thorsten Lumbsch 

Received: 15 February 2024 

Accepted: 28 March 2024 

Published: 31 May 2024

Citation: Nimis PL, Pittao E, Caramia 

M, Pitacco P, Martellos S, Muggia L 

(2024) The ecology of lichenicolous 

lichens: a case-study in Italy. 

MycoKeys 105: 253–266. https://doi.

org/10.3897/mycokeys.105.121001

MycoKeys 105: 253–266 (2024)  

DOI: 10.3897/mycokeys.105.121001



254MycoKeys 105: 253–266 (2024), DOI: 10.3897/mycokeys.105.121001

Pier Luigi Nimis et al.: Lichenicolous lichens in Italy

Diederich et al. 2018). Thus, lichens were recently re-de昀椀ned as self-sustaining 
microecosystems (Insarova and Blagoveshchenskaya 2016; Hawksworth and 
Grube 2020, but see also the criticism by Sanders 2024)). Additional complex-
ity was reported inside a single lichen thallus by the co-existence of multiple 
phycobionts (del Campo et al. 2012; Muggia et al. 2014; Moya et al. 2017; Moya 
et al. 2020) which respond differently to abiotic stressors and perhaps also of 
multiple mycobionts (Ament-Velásquez et al. 2021). Phycobiont co-existence 
is advantageous for lichens under extreme environmental conditions, in which 
this phenomenon seems to be common (del Hoyo et al. 2011; Casano et al. 
2011, 2015). Lichens also host many lichenicolous, non-lichenised fungi which 
gain their nutrition from the host lichen thallus, draining it of its photosynthetic 
products, thus being regarded as parasitic or saprophytic (Hawksworth 1988; 
Rambold and Triebel 1992; Hafellner 2018) going as far as being necrotrophic 
when they have devastating effects on either the mycobiont (Diederich 1996; 
de los Rìos and Grube 2000) or the photobiont (Grube and Hafellner 1990).

A peculiar case is that of lichenicolous lichens, which regularly start their 
life-cycle on the thalli of other lichen species, eventually building their own li-
chenised thallus (Poelt 1958, 1990; Rambold and Triebel 1992, Diederich et al. 
2018). Some of them are specialists, i.e. they can only grow on a certain species 
of lichen, others are more generalists (Moya et al. 2020). Some lichenicolous 
lichens simply overgrow other lichens in ecological successions because of 
space competition (Armstrong and Welch 2007). Others, the so-called cyano-
trophic lichens, are green algal lichens that grow on free-living cyanobacteria or 
cyanobacterial lichens, probably to bene昀椀t from their nitrogen-昀椀xing capability 
(Poelt and Mayrhofer 1988; Rikkinen 2002; Honegger 2012a). Finally, others al-
ways start the life-cycle on lichens with the same general type of photobiont. The 
latter, which are the object of the present study, are often referred to as “para-
sites” (Poelt 1958; Honegger 2012b), although according to several authors (e.g., 
Richardson (1999); Diederich et al. (2018); Moya et al. (2020)), they take over 
the photobiont from the host to avoid re-establishing the symbiosis by search-
ing for a new photobiont of their own. Once the photobiont has been acquired, 
it can be maintained or be substituted with a different and often more favour-
able algal partner through algal switching (Friedl 1987; Piercey-Normore and De 
Priest 2001; Moya et al. 2020). To our knowledge, no large-scale assessment of 
species traits and ecology of the total lichenicolous lichen biota across a broad 
spectrum of ecological conditions was ever attempted. Taking advantage of the 
availability of ecological indicator values for all lichens of Italy (Nimis 2016), we 
have tried to provide such an overview at the level of a well-known, rich lichen 
昀氀ora encompassing several biomes, as that of Italy. The main aim of this paper 
is to test whether lichenicolous lichens differ from non-lichenicolous lichens in 
their ecology, i.e. whether some ecological factors could be detected, which may 
exert a positive selective pressure on the acquisition of a lichenicolous life-style.

Material and methods

The list of lichenicolous and non-lichenicolous lichens, their bio-morphological 
traits and their ecological descriptors were retrieved from Nimis and Martellos 
(2023). We have considered all lichen species reported from Italy, plus those 
known from neighbouring countries, whose presence in Italy is possible.
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The bio-morphological traits are:

a. Photobionts: Ch (phycobiont: green algae other than Trentepohlia), Tr 
(phycobiont: Trentepohlia), Cy.h (cyanobiont, 昀椀lamentous), Cy.c (cyanobi-
ont, coccoid);

b. Reproductive strategies: A.f (mainly asexual, by thallus fragmentation), 
A.i (mainly asexual, by isidia or isidia-like structures), A.s (mainly asexual, 
by soredia or soredia-like structures), S (mainly sexual, meiotic spores of 
the mycobiont);

c. Growth forms: Cr (crustose), Fol (foliose), Frut (fruticose), Lepr (leprose), 
Sq (squamulose).

The ecological descriptors are:

d. Substrata: Epiph (epiphytic: on bark, leaves, lignum), Sax (saxicolous: on 
rocks), Terr (terricolous: on soil, terricolous mosses and plant debris);

e. Phytoclimatic range: Oc (oceanic: restricted to areas with a humid-warm 
oceanic climate), Suboc (suboceanic: most common in areas with a 
humid-warm climate), Subc (subcontinental: restricted to areas with a 
dry-subcontinental climate);

f. Altitudinal distribution (vegetation belts, as a proxy of temperature): A1 
(eu-Mediterranean), A2 (submediterranean), A3 (montane), A4 (subalpine 
and oroboreal), A5 (alpine), A6 (nival);

g. Poleotolerance (tolerance to anthropization): from Pol3 (species occur-
ring in heavily disturbed areas) to Pol0 (species exclusively occurring on 
old trees in ancient, undisturbed forests);

h. Ecological indicator values: these are “expert assessments” that qualita-
tively express the ecological range of species with respect to different 
factors on a 5-class ordinal scale (see Nimis (2016)). The predictivity of 
the values used in this study was tested against real data (Nimis and Mar-
tellos 2001) and proved to be high.
• pH of the substratum: from pH1 (very acid substrata) to pH5 (basic 

substrata);
• Light (solar irradiation): from L1 (in very shaded situations) to L5 (in 

sites with high direct solar irradiation);
• Xerophytism (aridity): from X1 (hydro- and hygrophytic, in aquatic or 

marine situations or sites with a very high frequency of fog) to X5 (very 
xerophytic);

• Eutrophication: from E1 (not resistant to eutrophication) to E5 (occur-
ring in highly eutrophicated situations).

Data analysis was performed with the R 4.3.0 software (R Core Team 2023). 
Differences between lichenicolous and non-lichenicolous lichens were test-
ed separately for growth forms, photobionts and reproductive strategies us-
ing Pearson’s Chi-squared test in the package Rcmdr (Fox and Bouchet-Valat 
2023). In order to test whether lichenicolous lichens occupy a well-delimited 
portion of the ecological space, as compared with non-lichenicolous lichens, 
the presence-absence matrix of species and ecological descriptors was sub-
jected to Non-metric Multidimensional Scaling (NMDS) ordination after loading 
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the vegan package (Oksanen et al. 2022). The function metaMDS, with Jaccard 
as dissimilarity index was used. The statistical signi昀椀cance of differences in 
ecological space occupancy was also tested on the same dissimilarity matrix 
used for NMDS, with an analysis of multivariate homogeneity of groups disper-
sions (function BetaDispersion 2.0, Bacaro et al. (2012, 2013)) and a Permuta-
tional Multivariate Analysis of Variance (function adonis2). Due to the absence 
of lichenicolous lichens with cyanobacteria as the main photobiont (see Re-
sults), cyanolichens were excluded from this analysis.

Results

On a total of 3005 lichenised species potentially occurring in Italy, 189 were 
retained as “lichenicolous”. The mycobionts of the latter are phylogenetically 
clustered, most of the species in our dataset belonging to the Lecanoromycetes 
(84.4%), followed by the Eurotiomycetes (14.5%). The same applies for their 
hosts, which mostly belong to the Lecanoromycetes (95.3%), followed by the 
Eurotiomycetes (4%).

Table 1 compares the bio-morphological traits of lichenicolous and non-li-
chenicolous taxa. Lichenicolous lichens signi昀椀cantly differ from the other lichen 
species in growth forms, photobionts and reproductive strategies (Pearson’s 
Chi-squared test, p < 0.001) and show the highest incidence of crustose forms 
reproducing sexually, most of them with a green, non-trentepohlioid photobiont.

Fig. 1 shows the NMDS ordination (stress value 0.226) of ecological descrip-
tors (a) and species (b), limited to the 2762 phycolichens. In Fig. 1a, the 昀椀rst 
axis, from negative to positive scores, re昀氀ects a gradient of increasing aridity 
and solar irradiation, with epiphytic species tending to have negative scores, 

Table 1. Comparison of some main biological traits between lichenicolous and non-li-
chenicolous lichens potentially occurring in Italy (3005 species). All differences are 
highly signi昀椀cant (p < 0.001).

Bio-morphological traits

Lichenicolous Non-lichenicolous

189 taxa 2816 taxa

n % n %

Crustose 182 96 2041 72

Foliose 0 0 358 13

Fruticose 0 0 244 9

Leprose 0 0 32 1

Squamulose 7 4 141 5

Cyanobacteria coccaceous 1 1 52 2

Cyanobacteria 昀椀lamentous 0 0 190 7

Green algae(excl. Trentepohlia) 186 98 2322 82

Trentepohlia 2 1 252 9

Asexual (fragmentation) 0 0 39 1

Asexual (isidia) 4 2 113 4

Asexual (soredia) 5 3 480 17

Asexual (other) 1 1 5 0

Sexual 179 95 2184 78
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saxicolous species positive scores and terricolous species occupying an in-
termediate position. The second axis re昀氀ects a gradient, from positive to neg-
ative scores, of increasing altitude/decreasing temperatures. Thus, the two 
axes in Fig. 1a describe an ecological space mainly de昀椀ned by water (昀椀rst axis) 
and temperature (second axis). Tolerance to eutrophication is most frequent 
amongst species growing in dry sites at low elevations, i.e. where human in昀氀u-
ence (agriculture, urbanisation) is the highest. The pH of the substrate seems to 
be less relevant, with a tendency for species growing on basic substrata to be 
most frequent on rocks in arid and well-lit situations, probably due to the preva-
lence of calcareous substrata throughout the country. Oceanic and suboceanic 
species tend to be bound, as it could be expected, to undisturbed, low-elevation, 
humid-shaded situations, for example, in lowland forests, while subcontinental 
species appear to be mostly saxicolous in dry situations. Lichenicolous lichens 
signi昀椀cantly differ (p < 0.001) from the other lichen species in ecological space 
occupation. Fig. 1b shows the occupancy of the ecological space depicted in 
Fig. 1a by phycolichens: lichenicolous taxa clearly tend to occupy a well-de-
昀椀ned portion of the ecological space, i.e. to have positive scores on the 昀椀rst 
axis. Table 2 shows the distribution of the values of ecological descriptors in 
lichenicolous and non-lichenicolous phycolichens. Lichenicolous species differ 
from non-lichenicolous species in the higher percentage of saxicolous species 
and the higher values of the xerophytism index, followed by that, partly related, 
of solar irradiation, while the incidence of oceanic and suboceanic species is 
lower and that of subcontinental species is higher. Altitude/temperature, eu-
trophication, pH and poleophoby do not differentiate between the two groups.

Discussion

Lichenicolous lichens proved to be a biologically and ecologically very well-de-
昀椀ned guild of species. Most of them reproduce sexually, have a crustose 
growth-form, a green, non-trentepohlioid photobiont and live on rocks in dry 
and very well-lit situations, at all altitudes.

Figure 1. NMDS ordination of ecological descriptors (a) and of the 2762 species of phycolichens potentially occurring in 
Italy, with lichenicolous taxa 昀氀agged by larger dots (b). For abbreviations, see Material and methods.
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Sexual reproduction requires the fungal hypha of the mycobiont to encoun-
ter a suitable photobiont to re-establish the symbiosis (Seymour et al. 2005). 
On the other hand, asexual reproduction consists of vegetative propagules, 
for example, isidia and soredia, which contain both the fungal and photosyn-
thetic partner, being dispersed simultaneously and establishing a new thallus 
(Ott 1987). According to Poelt (1993), soredia are the smallest form of a min-
iaturised lichen and the most successful way to ensure co-dispersion of the 
two symbionts in a new site. The mycobiont is considered an obligate biont 

Table 2. Distribution of the values of ecological descriptors in lichenicolous and non-li-

chenicolous phycolichens.

Ecological descriptors
Lichenicolous Non-lichenicolous

(188 taxa) (2574 taxa)
n % n %

Epiph 7 4 978 38

Sax 173 92 1394 54

Terr 15 8 460 18

Oc 0 0 48 2

Suboc 9 5 434 17

Subc 17 9 84 3

A1 75 40 955 37

A2 82 44 1248 48

A3 101 54 1590 62

A4 113 60 1377 53

A5 106 56 879 34

A6 10 5 137 5

Pol3 3 2 99 4

Pol2 23 12 514 20

Pol1 186 99 2340 91

Pol0 1 1 212 8

pH1 50 27 969 38

pH2 106 56 1635 64

pH3 96 51 1281 50

pH4 65 35 747 29

pH5 56 30 548 21

L1 2 1 64 2

L2 6 3 476 18

L3 42 22 1577 61

L4 175 93 1927 75

L5 109 58 831 32

X1 4 2 359 14

X2 10 5 1169 45

X3 87 46 1529 59

X4 159 85 981 38

X5 128 68 225 9

E1 99 53 1902 74

E2 121 64 1260 49

E3 79 42 777 30

E4 38 20 284 11

E5 7 4 72 3
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since it cannot occur free-living, because of its slow growth in isolation and 
incapability to compete with other fungi, while free-living photobionts may be 
common, especially in humid and moist terrestrial habitats (Nash 2008). One 
may, therefore, assume that asexual reproduction should be most common 
amongst lichens dwelling in dry and well-lit conditions, which may be unfavour-
able to a delicate germinating spore and perhaps also to free-living green algae. 
However, Nimis and Martellos (2003) have shown that sorediate lichens have 
a higher incidence in humid-shaded situations and are scarce both in dry, well-
lit habitats and in periodically submerged sites, where sexual reproduction is 
prevalent. The very few lichenicolous lichens in our dataset which do not occur 
in dry sites – see Fig. 1b – are almost all hydrophytic species.

Both sexual and asexual reproduction have their disadvantages: sexual repro-
duction has a high metabolic cost and subjects the lichen to low biotic pressures 
in high-stress environments (Seymour et al. 2005); asexual reproduction implies 
low genetic recombination and, hence, a lower potential for evolutionary devel-
opment (Nash 2008). Sexual reproduction could, thus, be essential to lichens 
of high-stress environments, providing enhanced genetic variability and a high 
chance of adaptation and survival. This implies also that the mycobiont is more 
昀氀exible in creating a symbiosis with the better-adapted photobiont amongst those 
that are compatible. Lichenicolous mycobionts would take advantage of the al-
gae available in the host thallus, thus avoiding the effort of 昀椀nding an appropriate 
algal partner (Friedl 1987; Wedin et al. 2016; Moya et al. 2020) and, at the same 
time, being totally constrained by the photobionts associated with their host. One 
could object that in a highly stressful environment, such as city downtowns, spe-
cies with vegetative propagules could prevail (see, for example, Gilbert (1990)). 
However, Nimis and Martellos (2003) showed that, at least in Italy, the prevalence 
of lichens with asexual reproduction in urban environments is overestimated, as it 
involves only very few (less than l% of the total), abundant and common species. 
In this case, asexual reproduction could be an advantageous propagation strate-
gy of a few r-selected species which can be accommodated within the strategy 
group of stress-tolerant ruderals (see also Rogers (1990); Jahns and Ott (1997)).

The absolute prevalence of crustose, saxicolous life-forms in lichenicolous 
lichens may be related to their high frequency in dry situations. Crustose li-
chens are the slowest growing of all lichens, which allows them to have a lower 
demand for nutrients than foliose or fruticose lichens, therefore enabling col-
onisation of harsher environments (Armstrong and Bradwell 2010). They are 
also intimately associated with the substratum and their metabolic growth rate 
relies on its water holding capacity, which is generally much lower in rocks than 
in bark or soil (Green and Lange 1995).

The scarcity of trentepohlioid photobionts in lichenicolous lichens is prob-
ably due to the fact that Trentepohlia, a genus of 昀椀lamentous green algae, is 
bound to shaded-humid and warm conditions, where it often occurs in the free 
state. Trentepohlioid lichens indeed have their maximum diversity in tropical ev-
ergreen rainforests, where solar irradiance is low and air humidity is high (Friedl 
and Büdel 2012; Matos et al. 2015; Martellos et al. 2020). Finally, the scarcity 
of lichenicolous cyanolichens may be due to a different reason. Cyanobacte-
ria dominate many extreme, arid environments, reaching temperatures up to 
73 °C, thanks to their tolerance of desiccation and water stress, being abun-
dantly available in the free state for lichen symbiosis in dry sites (Pentecost 
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and Whitton 2000; Whitton and Potts 2000; Nimis et al. 2020). It has long been 
known that very dry, steeply inclined rocks surfaces host visually conspicuous 
cyanobacterial 昀椀lms (“Tintenstriche”, Lüttge (1997)), with a very rich diversity in 
species (Pentecost and Whitton 2000; Nimis et al. 2020). Many mycobionts of 
cyanolichens may, therefore, not need to develop a lichenicolous lifestyle for ac-
quiring their photobionts, as they would 昀椀nd ecologically adapted cyanobionts 
already available in the environment. There could be, however, an alternative rea-
son for the scarcity of lichenicolous species in cyanolichens and phycolichens 
with Trentepohlia; the fact that fungi in lichenicolous lichens mostly belong to 
the Lecanoromycetes. The process of host colonisation could be related not 
only to the photobiont of the host, but also to certain mycobiont traits, such as 
biochemical defences to fungal invasion, likely having a relevant role in the dis-
tribution of lichenicolous fungi across the lichenised lineages of Ascomycota.

The ecological conditions prevailing on well-lit, dry rock surfaces with low wa-
ter-holding capacity may be unfavourable for the establishment of lichens repro-
ducing sexually. Once a spore falls in a suitable habitat it germinates, generating 
a delicate mycelium which eagerly looks for a compatible photosynthetic partner 
to re-build the lichen symbiosis before being destroyed by a hostile environment 
where water is scarce and temperatures may be high due to strong solar irra-
diation (Pyatt 1973; Ott 1987). It is not clear whether the possible scarcity of 
free-living algae in dry sites could also play a role in the acquisition of a lichen-
icolous life-style. For lichens of dry habitats, the probability for a germinating 
spore to 昀椀nd a suitable alga has been estimated to be extremely low by Scott 
(1971) and some authors (e.g. Guillitte (1993)) have found that free-living green 
algae are quite rare on dry rock surfaces. However, other authors (e.g. Yung et 
al. (2014)) have demonstrated the presence of algal species, able to lichenise, in 
dry environments where mycobiont species have not been recorded. In any case, 
an original solution to the di昀케culties in the lichenisation of sexually reproducing 
species in very dry sites, suggested by several authors, might be that of “steal-
ing” the photobiont from the thalli of other species (Rambold and Triebel 1992; 
Richardson 1999), which would explain their lichenicolous lifestyle. Lichenico-
lous phycolichens are commonly referred to as “parasites” (Poelt and Doppel-
baur 1956; Poelt 1958) and as such they are usually 昀氀agged in several modern 
昀氀oras and checklists (e.g. Clauzade and Roux (1985); Wirth et al. (2013); Nimis 
et al. (2018)). According to Smith and Smith (2015), a parasite is an organism 
which bene昀椀ts from the tight and prolonged association with the host, which 
is progressively damaged and exploited to derive nourishment and a habitat. A 
parasite was also de昀椀ned as an organism that lives on and at the expense of a 
host, implying a metabolic dependence from it (Esch and Fernandez 1993). Con-
sidering these de昀椀nitions, the term “parasite” may not be appropriate for many 
lichenicolous lichens, since, at least in later life-stages, they derive nutrients 
from their own photobionts and not from the lichen host, as instead the lichen-
icolous, non-lichenised fungi do. The prolonged persistence upon the host was 
considered a characteristic of a parasite by Poelt and Doppelbaur (1956). While 
some lichenicolous lichens may be con昀椀ned to the host thalli throughout their 
lifetime, others can become independent, not using the host as a lifelong habitat 
(Richardson 1999; Honegger 2012b; Moya et al. 2020). Moreover, the degree of 
colonisation and, thus, of damage to the host, also varies, as its thallus can be ei-
ther locally or completely overgrown and replaced (Richardson 1999; Honegger 
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2012b). Hence, since the range of interactions is broad and the transitions 昀氀uid, 
the term “parasite” for lichenicolous phycolichens should be best reserved for 
those producing clear damage or even the disappearance of the host thallus.

The concept of “stealing of the phycobiont”, though, should also be re-con-
sidered. Indeed, the lichenicolous mycobiont does not depredate the lichen 
host from its photosynthetic partner, but it takes some of the phycobiont cells 
to develop its own symbiosis and grow further using the thallus host as sub-
strate. Moya et al. (2020) analysed the microalgal diversity and interaction pat-
terns in crustose lichens and lichenicolous lichens on gypsum by amplicon se-
quencing analysis of the nuclear internal transcribed spacer (nrITS) region and 
characterised the microalgae by ultrastructure analyses. They found that three 
microalgal genera formed the pool of potential phycobionts and were available 
for the lichenicolous lichens.

Diederich et al. (2018) reported a total of 257 species of lichenicolous li-
chens worldwide. It is likely that, in dry sites, the strategy of “stealing” the phy-
cobiont is more widespread than currently assumed and that the 257 species 
listed by Diederich et al. (2018), as the 189 Italian species considered in this 
study, are the most specialised and evidently lichenicolous ones, just the “tip 
of the iceberg” of what could be the real lichenicolous lichens biota. Further re-
search, using DNA amplicon sequencing and metagenomics, could lead to the 
discovery of new lichenicolous lichens species, from obligate to occasional, 
the latter stealing the phycobiont only in harsh environments.

Conclusions

The results of the present study may be summarised as follows:

1. most lichenicolous lichens are crustose, with a non-trentepohlioid phyco-
biont;

2. they are clearly bound to sunny-dry habitats (rocks and soil);
3. such habitats seem to exert a positive selective pressure towards sexual 

reproduction of the mycobiont;
4. sexually reproducing species of dry habitats may encounter problems in the 

early stages of lichenisation and this has led to the evolution of “algal thieves”;
5. the number of “algal thieves” in dry habitats may be higher than currently 

assumed.
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Abstract

Panus is a typical wood-rotting fungi, which plays considerable roles in ecosystems and 

has signi昀椀cant economic value. The genus Panus currently consists of more than 100 
species; however, only eight species have been reported from China. This study aims 
to distinguish and describe two novel species from the Panus similis complex, namely 

Panus minisporus and Panus baishanzuensis, one new record species from Zhejiang 

Province, Panus similis and three common species, Panus conchatus, Panus neostrigo-

sus and Panus rudis, based on detailed morphological and phylogenetic studies, relying 

on Chinese specimens. Panus minisporus is characterised by its reddish-brown pileus, 

decurrent lamellae with cross-veins, slender stipe, smaller basidiospores, wider gener-

ative hyphae and absence of sclerocystidia. Panus baishanzuensis is featured by its 

pileus with concentric and darker ring zone, decurrent lamellae with cross-veins, shorter 

stipe, longer basidiospores, diverse and shorter cheilocystidia and smaller sclerocystid-

ia. Internal transcribed spacer (ITS) regions, large subunit nuclear ribosomal RNA gene 
(nLSU) and translation elongation factor 1-α gene (tef-1α) were employed to perform 
a thorough phylogenetic analysis for genus Panus and related genera, using Bayesian 

Inference and Maximum Likelihood analysis. The results indicate that Panus minisporus 

and Panus baishanzuensis form two independent clades within the Panus similis com-

plex themselves. Detailed descriptions, taxonomic notes, illustrations etc. were provid-

ed. In addition, a key to the reported species of Panus from China is also provided.

Key words: Hyphal system, novel species, Panus similis, phylogenetic

Introduction

The genus Panus Fr. is one of the wood-rotting fungi with signi昀椀cant econom-
ic and ecological value. Its taxonomic history has been carried out for a long 
time. In 1787, Bulliard (1786) described a new species Agaricus conchatus Bull 
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(≡Panus conchatus (Bull.) Fr.). When the genus Panus was established, it was 
designated as the type species (Fries 1838). From then on, a large number of 
new taxa were described around the world (Berkeley and Broome 1883; Steven-
son 1964; Senthilarasu 2015; Tibpromma et al. 2017). Till now, there are cur-
rently described 113 taxa of Panus, including 101 species, 10 varieties, and two 
metamorphs, according to Index Fungorum (http://www.indexfungorum.org). 
However, these species were mainly reported from Europe and North America, 
rarely described from Asia.

The taxonomic status between Panus and allies was often disputed, leading 
to confusion amongst these genera. The key characteristics to separate the 
genus Lentinus Fr. and Panus were hugely different in the history research, thus, 
leading to indistinct boundaries between these genera. Hymenophoral trama 
structures were adopted by Singer (1961a, 1961b, 1962) and Kühner (1980) to 
separate Panus and Lentinus. However, Pegler (1971, 1975) and Corner (1981) 
employed the hyphal systems as the key features to separate these two gen-
era. These led to confusing and unstable taxonomic systems. Later, hyphal 
systems were proved to be the more reasonable key characteristics in distin-
guishing these species (Kibby et al. 1978; Corner 1981; Singer 1986) and treat-
ed Lentinus and Panus as distinctly separate genera. However, Pegler (1983) 
disagreed that Panus was an independent genus and treated it as a subgenus 
of Lentinus. That also led to mutual confusion between the Panus and Lenti-

nus species. With the application of phylogenetic analysis in researching these 
groups, the view held by Corner (1981) was con昀椀rmed; furthermore, this group 
was divided into three separate genera, viz. Lentinus, Panus and Neolentinus 
Redhead & Ginns (Hibbett and Vilgalys 1991; Thorn et al. 2000). Meanwhile, the 
family status of Panus has been changed several times and it has been placed 
in Agaricaceae, Polyporaceae, Tricholomataceae and Meruliaceae (Fries 1838; 
Imai 1938; Singer 1961a, 1961b, 1962; Miller 1972; Douanla-Meli and Langer 
2010; Zmitrovich and Kovalenko 2016). However, in recent years, the taxonom-
ic status of Panus has been signi昀椀cantly changed again, due to phylogenetic 
studies and it has been upgraded to a separate family rank, Panaceae (Justo 
et al. 2017).

Now, genus Panus could be clearly distinguished from the genus Lentinus 
because of its skeletal hyphae (Corner 1981; Pegler 1983). However, Panus is 
not easy to distinguish from the genus Pleurotus (Fr.) P. Kumm. It is well known 
that the fungi of the genus Pleurotus have unique nematode-feeding properties 
(Li and Bau 2014). Its softer texture, on the other hand, was once thought to 
be a monomitic hyphal system with only generative hyphae. In contrast, the 
fungi of Panus have a 昀椀rmer texture with a typical dimitic hyphal system, which 
can be distinguished from Pleurotus. However, as research continued, many 
species in the genus Panus were found to have nematode-predatory functions, 
which corresponded precisely to the characteristics of Pleurotus and, thus, a 
large number of species were moved into Pleurotus, such as Pleurotus gigan-

teus (Berk.) Karun. & K.D. Hyde and Pleurotus tuber-regium (Fr.) Singer (Singer 
1951; Klomklung et al. 2012). Yet these species that have migrated into Pleuro-

tus have the same dimitic hyphal system as Panus, which is quite different from 
the commonly known characteristics of Pleurotus. This has led to a blurring of 
the line between Panus and Pleurotus, making it di昀케cult to distinguish.
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In addition, there are some species similar in appearance, for example, Lenti-

nus ciliatus Lév., Lentinus similis Berk. & Broome and Lentinus hookerianus Berk. 
etc. These belonged to the sect. Velutini sensu Pegler and shared a similar 
appearance, because of its velutinate to strigose basidiomes and thick-walled 
skeletocystidia (Pegler 1983). However, later, four of them were recombined 
into Panus, due to the presence of skeletal hyphae and phylogenetic studies, 
leaving L. velutinus and L. fasciatus behind (Pegler 1983; May and Wood 1995), 
but these two species also show close a昀케nity with genus Panus (Pegler 1983; 
Douanla-Meli and Langer 2010; Luangharn et al. 2019).

Due to the omission of the taxonomic studies, the species diversity of Panus is 
still unclear in China and lacks systematic research. Teng (1963) described three 
Panus species, viz. Panus torulosus (Pers.) Fr. (≡P. conchatus), Panus rudis Fr. and 
Panus setiger (Lév.) Teng in his book—Fungi of China. Later, Tai (1979) record-
ed four species, P. conchatus, P. rudis, P. setiger and Panus tigrinus (Bull.) Singer 
(≡Lentinus tigrinus (Bull.) Fr.), in “Sylloge Fungorum Sinicorum”. Subsequently, the 
species diversity of Panus has been performed locally in China (Li et al. 1978; Du 
et al. 1983; Xu et al. 1986; Li and Qin 1991; Li et al. 2004; Shao and Xiang 2006). In 
2014, the 昀椀rst monograph about pleurotoid and lentinoid fungi in China was pub-
lished, in which 11 species of Panus were recorded (Li and Bau 2014). Then, “the 

Atlas of Chinese Macrofungal Resources” described six species (Li et al. 2015).
Therefore, up to now, there are only a total of eight Panus species that have 

been recorded from China, viz. Panus ciliatus (Lév.) T.W. May & A.E. Wood, 
P. conchatus, Panus neostrigosus Drechsler-Santos & Wartchow, P. rudis, P. se-

tiger, Panus similis (Berk. & Broome) T.W. May & A.E. Wood, Panus strigellus 
(Berk.) Chardón & Toro and Panus velutinus (Fr.) Sacc. (≡L. velutinus). In ad-
dition, most of them are located in southwest China, northwest China, south 
China, central China and Northeast China. Panus resources in east China and 
north China are in urgent need of development, especially in previously undoc-
umented areas such as Zhejiang Province.

In this study, a combined morphological and phylogenetic study of six Panus 
species from China is carried out. Two new species, Panus minisporus and 
Panus baishanzuensis and a new record, P. similis, from Zhejiang Province are 
described in detail, along with illustrations and colour photographs.

Materials and methods

Sampling and morphological studies

All examined specimens in this study were collected from China. The pictures 
of fruit-body were taken in the 昀椀eld. After measuring and describing the fresh 
macroscopic characteristics, the specimens were dried at 40–50 °C in a dryer, 
then they were stored in the Fungarium of Jilin Agricultural University (FJAU).

Macroscopic characteristics were based on the 昀椀eld notes and the colours 
were described according to Küppers (2002). The descriptions of size were 
referred to Yue et al. (2023). Then microscopic characteristics were observed 
from the dried specimens using a Zeiss Axio lab. A1 light microscope. The dried 
specimens were rehydrated in 94% ethanol 昀椀rst, then mounted in 3% potassium 
hydroxide (KOH) to observe the colour, sealed in 1% Congo red to measure the 
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data and Melzer’s reagent was used to check if the spores were amyloid or 
dextrinoid (Hu et al. 2022a, b). As to each specimen, at least 40 values were 
measured separately from different basidiomata for each feature. The mea-
surements are given as (a)b–c(d), the range of b–c contains a minimum of 90% 
of the measured values and the extreme values (i.e. a and d) are given in paren-
theses. The extent for basidiospores is given as length × width (L × W), Q values 
equal to the ratio of length and width of each basidiospore in the side view, “n” 
represents the number of measured basidiospores, “lm” represents the arithme-
tic mean of the length, “wm” represents the arithmetic mean of the width and 
“q” represents the average Q value of all basidiospores ± standard deviation.

DNA extraction, PCR ampli昀椀cation and sequencing

The total DNA was extracted using the new plant genomic DNA extraction kit 
from Jiangsu Kangwei Century Biotechnology Company Limited, following the 
instructions. Primer pairs ITS1-F/ITS4-B (Gardes and Bruns 1993), LR0R/LR5 
(Cubeta et al. 1991) and 983F/2212R (Rehner and Buckley 2005) were used 
for amplifying and sequencing these sequences: internal transcribed spacer 
(ITS) regions, large subunit nuclear ribosomal RNA gene (nLSU) and translation 
elongation factor 1-α gene (tef-1α), respectively. The ampli昀椀cation reactions 
were carried out in a total 25 μl system, which is as follows: dd H

2
O 13.5 μl, 

2 × Es Taq MasterMix (Dye) 8 μl, 10 mM of each primer 1 μl and DNA solution 
1.5 μl. The PCR reaction procedures were as follows: for ITS, 1) 95 °C for 2 min 
to initial denaturation, 2) 35 cycles of denaturation for 40 s at 94 °C, annealing 
for 1 min at 50 °C and extension for 2 min at 75 °C, 3) leave at 75 °C for 10 min 
(Zmitrovich and Kovalenko 2016); for nLSU, 1) 95 °C for 3 min to initial denatur-
ation, 2) 30 cycles of denaturation for 30 s at 94 °C, annealing for 45 s at 47 °C 
and extension for 1 min and 30 s at 72 °C, 3) leave at 72 °C for 10 min (Hu et 
al. 2022b); and for tef-1α, 1) 95 °C for 2 min to initial denaturation, 2) 9 cycles 
of denaturation for 40 s at 95 °C, annealing for 40 s at 60 °C and extension for 
2 min at 70 °C, 3) then 36 cycles of denaturation for 45 s at 95 °C, annealing 
for 1 min and 30 s at 50 °C and extension for 2 min at 70 °C, 4) leave at 70 °C 
for 10 min (Zmitrovich and Kovalenko 2016). The PCR products were detected 
by 1.2% agarose gel electrophoresis, then Comate Bioscience (Jilin) Compa-
ny Limited was employed to carry out puri昀椀cation and sequencing. Finally, the 
sequencing results were uploaded to GenBank (https://www.ncbi.nlm.nih.gov/
genbank/), Table 1.

Data analysis

By searching in GenBank, 68 ITS sequences, 46 nLSU sequences and 23 tef-1α 
sequences of related taxa were downloaded. A total of 10 ITS sequences, 10 
nLSU sequences and three tef-1α sequences were newly obtained in this study. 
All sequences used in this paper are listed in Table 1. Each single-gene dataset 
was aligned in MAFFT 7 using the E-INS-i strategy (Katoh and Standley 2013) 
and manually adjusted where necessary in BioEdit 7.0.9 (Hall 1999). The data-
sets (ITS+nLSU+tef-1α) were then concatenated using PhyloSuite 1.2.3 (Zhang 
et al. 2020; Xiang et al. 2023) for multi-phylogenetic analyses. ModelFinder 
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2.2.0 (Kalyaanamoorthy et al. 2017) was used to select the best-昀椀t partition 
model (Edge-linked).

The datasets were analysed separately using Maximum Likelihood (ML) and 
Bayesian Inference (BI). For the ML analysis, it was performed using IQ-Tree 
1.6.12 (Schmidt et al. 2014). The tree topology was veri昀椀ed under both 1000 
bootstrap and 1000 replicates of the SH-aLRT branch test. For the BI analy-
sis, it was performed using MrBayes 3.2.6 (Ronquist et al. 2012). The analy-
sis employed a general time-reversible DNA substitution model and a gamma 
distribution to account for rate variation across the sites. Four Markov chains 
were executed for two runs, starting from random trees, the chains being ter-
minated when the split deviation frequency value fell below 0.01. Tree samples 
were sampled every 1000 generations. The 昀椀rst 25% of the sampled trees were 
discarded as burn-in, while the remaining trees were used to construct a 50% 
majority consensus tree and to calculate the Bayesian posterior probabilities 
(BIPP). Then the phylogenetic trees were visualised using FigTree 1.4.3 (An-
drew 2016).

Results

Phylogenetic analyses

Three gene fragments (ITS, nLSU and tef-1α) from representative species of 
昀椀ve orders in the Agaricomycetes were selected to construct a phylogenetic 
analysis, which included 71 species belonging to 31 genera of 19 families. The 
aims are to explore the phylogenetic status within Panus and its relationship 
with allies. A total of 160 sequences were used for phylogenetic analysis in this 
study. The best-昀椀t model is GTR+F+I+G4, TIM3+F+I+G4, TPM3+TNe+I for ITS, 
nLSU and tef-1α datasets, respectively. The topologies of ML and BI, based on 
the concatenated datasets, were consistent and typically increased support 
values; thus, only the result inferred from ML analysis was displayed (Fig. 1).

In the phylogenetic tree, four clades corresponding to Agaricales, Boletales, 
Polyporales and Gloeophyllales were revealed, with Hymenochaetales as out-
group (Fig. 1). As indicated in the tree, four families were selected as repre-
sentatives of Agaricales. It is worth noting that Pleurotus is divided into two 
deeply-divergent clades. One represents the monomitic hyphal system species 
and the other is the dimitic hyphal system species (Fig. 1). Boletales is located 
between Agaricales and Polyporales. In the Polyporales clade, a total of sev-
en families were selected to reconstruct the phylogenetic analysis, with the 
family Panaceae as the main group (Fig. 1). Amongst them, the genus Panus 
is divided into three clades, viz. clade A, clade B and P. similis complex clade. 
Thirty-one specimens we sampled formed two new species, Panus minisporus 
L. Yue, J.J. Hu, B. Zhang & Y. Li, sp. nov. and Panus baishanzuensis L. Yue, B. 
Zhang & Y. Li, sp. nov., one new record species from Zhejiang Province, P. similis 
and three common species, P. conchatus, P. neostrigosus and P. rudis, which 
were clustered in Panus. Further morphological research of other related spe-
cies was consistent with supporting the classi昀椀cation of these two new spe-
cies. Additionally, the order Gloeophyllales is located between the orders Poly-
porales and Hymenochaetales (Fig. 1).
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Table 1. Voucher/specimen ID, GenBank accession numbers and origin of the specimens included in this study. Se-

quences produced in this study are in bold.

Taxon
Voucher/ 
specimen ID

GenBank Accession Number
Origin Reference

ITS (5.8S) nLSU tef-1α

Agaricus campestris MA Fungi 80998 NR_151745 - - USA Unpublished

A. campestris LAPAG370 KM657927 KR006607 KR006636 China Zhou et al. (2016)

Antella americana HHB-4100-Sp KP135316 KP135196 - USA Floudas and Hibbett (2015)

Antrodiella stipitata FD-136 KP135314 KP135197 - USA Floudas and Hibbett (2015)

Aurantiporus albidus CIEFAP-117 KY948739 KY948848 - USA Justo et al. (2017)

Boletus edulis HMJAU4637 - KF112455 KF112202 China Wu et al. (2014)

Coniophora arida FP-104367 GU187510 GU187573 GU187684 USA Binder et al. (2010)

Fomitiporella austroasiana Dai 16244 MG657328 MG657320 - China Ji et al. (2018)

Fulvifomes hainanensis Dai 11573 KC879263 JX866779 - China Zhou (2014)

Gloeophyllum sepiarium Wilcox-3BB HM536091 HM536061 HM536110 USA Garcia-Sandoval et al. (2011)

G. trabeum 1320 HM536094 HM536067 HM536113 USA Garcia-Sandoval et al. (2011)

Hydnoporia subrigidula He1157 JQ716403 JQ716409 - China He and Li (2013)

Hygrophoropsis aurantiaca AFTOL-ID 714 AY854067 AY684156 AY883427 USA Matheny et al. (2006)

Hymenochaete 

bambusicola

He 4116 KY425674 KY425681 - China Nie et al. (2017)

Hyphodermella rosae FP-150552 KP134978 KP135223 - USA Floudas and Hibbett (2015)

Imleria badius MB 03-098a - KF030355 KF030423 USA Nuhn et al. (2013)

Irpex lacteus FD-9 KP135026 KP135224 - USA Floudas and Hibbett (2015)

Lentinula boryana TENN58368 MW508930 - MW553225 Brazi Menolli et al. (2022)

L. edodes TMI1633 MW508938 - MW553232 Thailand Menolli et al. (2022)

L. madagasikarensis PC0142531 MW810301 MW810299 OK598120 Madagascar Menolli et al. (2022)

L. raphanica TENN56555 MW508963 - MW553250 Costa Rica Menolli et al. (2022)

Lentinus crinitus SA37 OK393677 OK383448 - Brazil Unpublished

L. tigrinus LE214778 KM411459 KM411475 KM411490 Russia Zmitrovich and Kovalenko 
(2016)

Merulius hydnoidea HHB-1993-sp KY948778 KY948853 - USA Justo et al. (2017)

Neolentinus adhaerens DAOM 214911 HM536096 HM536071 HM536117 Canada Garcia-Sandoval et al. (2011)

Neolentinus kauffmanii DAOM 214904 HM536097 HM536073 HM536118 USA Garcia-Sandoval et al. (2011)

Oxyporus corticola ZRL20151459 LT716075 KY418899 - China Zhao et al. (2017)

Panus baishanzuensis FJAU67793 PP273985 PP273975 PP590553 China This study

P. baishanzuensis FJAU67793 PP273986 PP273976 PP590554 China This study

P. baishanzuensis FJAU67793 PP273987 PP273977 PP590555 China This study

P. ciliatus SP446150 MT669118 MT669140 - Brazil Unpublished

P. conchatus FJAU67795 PP273979 PP273969 PP590545 China This study

P. conchatus LE265028 KM411463 KM434323 KM411496 Russia Zmitrovich and Kovalenko 
(2016)

P. fulvus DS1687 MT669122 MT669143 - Brazil Unpublished

P. minisporus FJAU67792 PP273980 PP273970 PP590550 China This study

P. minisporus FJAU67792 PP273981 PP273971 PP590551 China This study

P. minisporus FJAU67792 PP273982 PP273972 PP590552 China This study

P. neostrigosus FJAU67796 PP273983 PP273973 PP590547 China This study

P. neostrigosus LE5829 KM411451 KM411468 KM411483 Russia Zmitrovich and Kovalenko 
(2016)
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Taxon
Voucher/ 
specimen ID

GenBank Accession Number
Origin Reference

ITS (5.8S) nLSU tef-1α

P. parvus URM80840 MT669125 MT669145 - Brazil Unpublished

P. rudis FJAU7824 PP273988 PP273978 PP590546 China This study

P. rudis ZJ1005DKJO2 KU863049 OR772972 - China Luangharn et al. (2019)

P. similis FJAU67794 PP273984 PP273974 PP590548 China This study

P. similis LE287548 KM411466 KM411482 - Russia Zmitrovich and Kovalenko 
(2016)

P. strigellus INPA239979 JQ955724 JQ955731 - Brazil Vargas-Isla et al. (2015)

P. tephroleucus CMINPA 1860 MN602052 - - Brazil Unpublished

P. velutinus VOG30 MT669139 MT669155 - Brazil Unpublished

Phanerochaete australis HHB-7105-Sp KP135081 KP135240 - USA Floudas and Hibbett (2015)

Pleurotus abieticola 6554 AY450348 - - Russia Petersen and Hughes (1997)

Pl. australis VT1953 AY315758 - - Australia Zervakis et al. (2004)

Pl. calyptratus HMAS 63355 AY562495 AY562496 - China Luangharn et al. (2019)

Pl. citrinopileatus FSCC1 (PCY1) JN234853 - - Malaysia Avin et al. (2012)

Pl. cornucopiae H-14 JQ837484 - - Russia Shnyreva et al. (2012) 

Pl. cystidiosus D419 AY315774 - - USA Zervakis et al. (2004)

Pl. djamor CBS 665.85 EU424288 EU365645 - China Luangharn et al. (2019)

Pl. dryinus ECS-1108 GU722278 - - Mexico Huerta et al. (2010)

Pl. eous P109 MG282448 - - South Korea Unpublished

Pl. eryngii LGAMP63 HM998811 - - Greece Zervakis et al. (2014)

Pl. euosmus CBS 307.29 EU424298 EU365654 - United 
Kingdom

Unpublished

Pl. fossulatus D1821 EU233946 U04136 - USA Vilgalys and Sun (1994)

Pl. fuscosquamulosus LGAMP50 AY315789 - - Greece Zervakis et al. (2004)

Pl. giganteus CMU54-1 JQ724360 JQ724361 - Thailand Kumla et al. (2013)

Pl. nebrodensis UPA28 HM998818 - - Italy Zervakis et al. (2014)

Pl. opuntiae SAF 251 MH620771 MK182780 - Italy Zervakis et al. (2019)

Pl. ostreatus TENN 53662 AY854077 AY645052 AY883432 USA Unpublished

Pl. placentodes HKAS57781 KR827694 KR827696 KR827700 China Liu et al. (2016)

Pl. populinus ATCC 90083 AY368667 - - USA Zervakis et al. (2019)

Pl. pulmonarius ICMP 18163 MH395973 MH395998 - New Zealand Unpublished

Pl. tuber-regium FRI 3611 KX018290 - - Malaysia Karunarathna et al. (2016)

Polyporus tuberaster MUCL31757 - AB368103 - Japan Sotome et al. (2008)

Pterula echo DJM302S58 DQ494693 AY629315 GU187743 USA Matheny et al. (2006)

Radlodon yunnanensis BJFC 010487 NR_182985 - OM982705 China Wang and Dai (2022)

R. americanus RLG6350 JQ070175 - - USA Nakasone and Lindner 
(2012)

R. casearius CLZhao 3796 MH114880 - - China Unpublished

Serpula lacrymans REG_383 GU187542 GU187596 GU187752 USA Binder et al. (2010)

Steccherinum bourdotii HHB-9743-sp KY948818 - - USA Justo et al. (2017)

Trametopsis cervina AJ-185 JN165020 JN164796 - USA Justo and Hibbett (2011)

Tricholoma 昀氀avovirens AP2l EU186294 - EU186270 Portugal Unpublished

T. megalophgeum WTU F:073091 NR_175704 - - USA Unpublished

Veluticeps africana CBS 403.83 MH861619 - - Gabon Vu et al. (2019)

V. berkeleyi HHB-8594-Sp HM536099 HM536081 HM536126 USA Garcia-Sandoval et al. (2011)
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Figure 1. The 50% majority rule Maximum Likelihood analysis of Panus and the related groups, based on ITS, nLSU and 
tef-1α sequences, with Hymenochaetales as outgroup. Support values of internal nodes respectively represent the Maxi-

mum Likelihood bootstrap (MLBP ≥ 70) and Bayesian posterior probability (BIPP ≥ 70%). The Voucher or specimen ID and 
the country are marked after the species name and the sequence from the type specimen is also marked as “T” at the end.
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Taxonomy

Panus minisporus L. Yue, J.J. Hu, B. Zhang & Y. Li, sp. nov.
Fungal Names: FN 571875
Figs 2, 3

Etymology. The epithet ‘minisporus’ refers to the small basidiospores of the 
new species.

Diagnosis. This species is distinguished from closed species by the cyathiform 
or 昀氀ared and reddish-brown (N60Y90M60) pileus, white or dirty white (N00Y10-20M00-10) 
lamellae with cross-veins and two tiers of lamellulae, slender stipe, smaller ba-
sidiospores, wider generative hyphae and absence of sclerocystidia.

Figure 2. Habitat of Panus minisporus (FJAU67792, holotype) A basidiocarp B pileus C lamellae D stipe. Scale bars: 1 cm.
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Holotype. China. Guizhou Province: Qiannan Buyi and Miao Autonomous 
Prefecture, Libo County, Maolan National Nature Reserve, 25.32°N, 108.08°E, 8 
August 2017, Jiajun Hu, FJAU67792 (GenBank accession no.: ITS: PP273980, 

Figure 3. Microscopic characteristics of Panus minisporus (FJAU67792, holotype) A basidiospores B cheilocystidia 

C basidia D generative hyphae of context E pileipellis hyphae F skeletal hyphae of context. Scale bars: 10 μm.
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PP273981, PP273982; nLSU: PP273970, PP273971, PP273972; tef-1α: 
PP590550, PP590551, PP590552).

Description. Basidiomata solitary, large. Pileus 2.5–6.5 cm in diameter, thin, 
coriaceous, applanate, cyathiform or 昀氀ared, reddish-brown (N60Y90M60), darker 
at the centre, covered with reddish-brown (N60Y90M60) puberulent, stripe dense 
and slender, radially parallel distributed, margin integer and ciliate slightly 
dense. Lamellae decurrent, crowded, white or dirty white (N00Y10-20M00-10), with 
cross-veins and two tiers of lamellulae, edge entire. Stipe 4.4–9 × 0.2–0.5 cm, 
inverted clavate, central, solid, coriaceous, surface reddish-brown (N60Y90M60) 
or more often darker, with dense velutinus, slightly expanded at the base. Pseu-
dosclerotium absent. Context thin, up to 1 mm thick, white (N00Y10M00), coria-
ceous, consisting of a dimitic hyphal system with skeletal hyphae.

Generative hyphae 3–5(7) μm diameter, cylindrical, not in昀氀ated, hyaline, 
thin-walled, frequently branched, with prominent clamp connections. Skeletal 
hyphae 2–3 μm diameter, sinuous cylindrical, hyaline, with a thick-walled and 
continuous lumen, unbranched. Basidiospores 4.5–5(5.5) × 2.5-3 μm (n = 40, 
lm = 5 μm, wm = 3 μm, Q = 1.5–1.83, q = 1.67), ellipsoid to oblong, smooth, 
hyaline, thin-walled. Basidia (16)19–26 × 5–6 μm, clavate or elongated, bear-
ing 4 sterigmata. Lamella-edge sterile, with small cheilocystidia. Cheilocystidia 
crowded, 16–22 × 5–6 μm, with median constriction, nodulose-clavate, fusoid, 
irregular, hyaline, thin-walled. Sclerocystidia absent. Hymenophoral trama irreg-
ular, radiate construction, hyaline, similar in structure to the context. Pileipellis 
on epicutis, made up of thick-walled generative hyphae, 3–5.5(7) μm diameter, 
occasionally bunched, not in昀氀ated, light brown. Stipitipellis similar to pileipellis.

Ecology. Solitary on rotten wood in broad-leaved forest.
Distribution. China (Guizhou Province).
Notes. This species is characterised by the reddish-brown pileus and stipe, 

white or dirty white lamellae with cross-veins and two tiers of lamellulae, slen-
der stipe, smaller basidiospores and absence of sclerocystidia.

Panus minisporus is close to P. velutinus and P. similis in morphology, because 
of the velutinate pileus and slender stipe. However, the pileus and stipe of P. mini-

sporus are both reddish-brown, which is different from the pale greyish-cinna-
mon to rufous or tawny-brown tints of P. velutinus and the cinnamon-brown to 
dark chestnut-brown, with violaceous or purplish tints of P. similis. Meanwhile, 
the lamellae of P. minisporus are white or dirty white, with cross-veins and two 
tiers of lamellulae, but the lamellae of P. velutinus and P. similis have no cross-
veins and with 3 or 4 and 5 tiers of lamellulae, respectively. In addition, the 
pseudosclerotium of P. minisporus is absent, but P. velutinus and P. similis often 
have distinct pseudosclerotium. In terms of micromorphology, P. minisporus 
has smaller spores and Q values, wider generative hyphae and absent sclero-
cystidia, all of which can be distinguished from P. velutinus and P. similis.

Panus baishanzuensis L. Yue, B. Zhang & Y. Li, sp. nov.
Fungal Names: FN 571876
Figs 4, 5

Etymology. The epithet ‘baishanzuensis’ refers to the type locality, Baishanzu 
National Park, of this species.
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Diagnosis. This species differs from closely-related species by pileus with 
concentric darker zones, crowded lamellae with cross-veins, shorter stipe, lack 
of pseudosclerotium, longer basidiospores, greater Q values, diverse and short-
er cheilocystidia and smaller sclerocystidia.

Holotype. China. Zhejiang Province: Lishui City, Qingyuan County, Bais-
hanzu National Park, 27.62°N, 118.92°E, 28 July 2023, Yingkun Yang & Lei Yue, 
FJAU67794 (GenBank accession no.: ITS: PP273985, PP273986, PP273987; 
nLSU: PP273975, PP273976, PP273977; tef-1α: PP590553, PP590554, 
PP590555).

Description. Basidiomata solitary, medium. Pileus 6–6.8 cm in diameter, 
thin, coriaceous, infundibuliformis or 昀氀ared, ochre-brown (N70Y99

M60), with 
concentric darker zones, densely covered with brown (N50Y80M30) farinaceus 

Figure 4. Habitat of Panus baishanzuensis (FJAU67794, holotype) A basidiocarp B pileus C lamellae D, E stipe. Scale 

bars: 1 cm.
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Figure 5. Microscopic characteristics of Panus baishanzuensis (FJAU67794, holotype) A basidia B basidiospores 

C sclerocystidia D cheilocystidia E pileipellis hyphae F generative hyphae of context G skeletal hyphae of context. Scale 

bars: 10 μm.
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pilosus, stripe dense and slender, radially parallel distributed, margin sinuatus. 
Lamellae decurrent, crowded, pale yellow (A60M00C00), with cross-veins and six 
tiers of lamellulae, edge entire. Stipe 2.3–3.1 × 0.3–0.6 cm, short clavate, ex-
centric, solid, coriaceous, surface concolorous with the pileus or more often 
darker, with densely velutinus, slightly expanded at the apex. Pseudosclerotium 
absent. Context thin, up to 1 mm thick, white (N00Y10M00), coriaceous, consist-
ing of a dimitic hyphal system with skeletal hyphae.

Generative hyphae 2–3 μm diameter, cylindrical, not in昀氀ated, hyaline, thin-
walled, frequently branched, with prominent clamp connections. Skeletal hy-
phae 2–3 μm diameter, sinuous cylindrical, hyaline, with a thick-walled and 
continuous lumen, unbranched. Basidiospores 7–8(9) × 3–3.5 μm (n = 40, 
lm = 7.6 μm, wm = 3.07 μm, Q = 2.14–2.67, q = 2.48), cylindrical, smooth, hya-
line, thin-walled. Basidia (16)20–25 × 5.5–7 μm, clavate or elongated, bearing 
four sterigmata. Lamella-edge sterile, with short cheilocystidia. Cheilocystidia 
crowded, (12)14–19 × (5.5)6–7(8) μm, with median constriction, ellipsoid or 
utriform and apical protrusion, hyaline, thin-walled. Sclerocystidia abundant, 
(16.5)19–24 × (5)5.5–6.5(7) μm, clavate to irregularly fusoid, with a thickened 
wall, hyaline. Hymenophoral trama irregular, radiate construction, hyaline, simi-
lar with context. Pileipellis epicutis, made up of thick-walled generative hyphae, 
3–5 μm diameter, occasionally brunched, not in昀氀ated, light brown. Stipitipellis 
similar to pileipellis.

Ecology. Solitary on rotten wood in broad-leaved forest.
Distribution. China (Zhejiang Province).
Notes. This species is characterised by the concentric darker zones pileus, 

decurrent lamellae with cross-veins, shorter stipe, longer basidiospores, di-
verse and shorter cheilocystidia and smaller sclerocystidia.

Panus baishanzuensis is close to P. similis and P. velutinus in morphology, 
because of the similar pileus and lamellae. However, the pileus of P. velutinus 

and P. similis without concentric darker zones distinguished them from P. bais-

hanzuensis. Meanwhile, the stipe of P. baishanzuensis is extremely short, while 
the stipe of P. velutinus and P. similis is long and slender. In addition, the lamel-
lae of P. baishanzuensis have cross-veins with six tiers of lamellulae, but P. ve-

lutinus and P. similis have no cross-veins and with three or four and 昀椀ve tiers of 
lamellulae. At the same time, P. velutinus and P. similis both have pseudoscle-
rotia, while the pseudosclerotium of P. baishanzuensis is absent. Lastly and 
most importantly, P. baishanzuensis has longer basidiospores, graeter Q values, 
shorter cheilocystidia and smaller sclerocystidia than P. similis and P. velutinus.

New record of Zhejiang Province, China

Panus similis (Berk. & Broome) T.W. May & A.E. Wood, Mycotaxon 54: 148 
(1995)
Figs 6, 7

Description. Basidiomata solitary, medium to large. Pileus 3–5.5 cm in diam-
eter, thin, coriaceous, infundibuliform to cyathiform, cinnamon-brown or pale 
brown (N50Y40-60M20-40), glabrous, radially plicate-sulcate with striae extending 
almost to the centre, without concentric zones; margin curved, ciliate not ap-
parent. Lamellae decurrent, crowded, neither furcate nor anatomosing, buff or 
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pale brown (N10A50-60M10-20), with 昀椀ve tiers of lamellulae, edge entire. Stipe 7.5–
9 × 0.35–0.9 cm, clavate, central, solid, coriaceous, surface chestnut brown, 
with velutinus, slightly expanded at base. Pseudosclerotium slightly small, ir-
regular. Context thin, up to 1 mm thick, white (N00Y10M00), coriaceous, consist-
ing of a dimitic hyphal system with skeletal hyphae.

Generative hyphae 3–5.5 μm wide, cylindrical, not in昀氀ated, hyaline, thin-
walled, frequently branched, with prominent clamp connections. Skeletal hy-
phae 2–3 μm diameter, sinuous cylindrical, with hyaline or pale brown thick-
walled and continuous lumen, unbranched. Basidiospores 5.5–7 × 3–3.5 μm 
(n = 40, lm = 6.24 μm, wm = 3.03 μm, Q = 1.57–2.33, q = 2.06), cylindrical, 
smooth, hyaline, thin-walled. Basidia (18)20–25 × (4)5–6 μm, clavate, cylindri-
cal, bearing four sterigmata. Lamella-edge sterile, with smaller cheilocystidia. 
Cheilocystidia crowded, (13)14–21 × 5.5–7 μm, nodulose-clavate, irregular, hy-
aline, thin-walled. Sclerocystidia abundant, 21(22)–32(35) × 5–6(6.5) μm, clav-
ate to irregularly fusoid, with a thick, hyaline or brownish wall. Hymenophoral 
trama irregular, of radiate construction, hyaline, similar to context. Pileipellis 
epicutis, made up of thick-walled generative hyphae, 5–6.5 μm wide, occasion-
ally bunched, not in昀氀ated, light brown. Stipitipellis similar to pileipellis.

Ecology. Solitary on rotten wood in broad-leaved forest.
Distribution. Angola, Australia, Brunei, China, Congo, India, Ivory Coast, Ken-

ya, Malay Peninsula, Papua New Guinea, Philippines, Sabah, Sarawak, Sri Lan-
ka, Tanzania, Thailand, Uganda, Vietnam, Zanzibar.

Figure 6. Habitat of Panus similis (FJAU67793) A basidiocarps B pileus C lamellae D stipe. Scale bars: 1 cm.
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Figure 7. Microscopic characteristics of Panus similis (FJAU67793) A basidia B basidiospores C cheilocystidia D sclero-

cystidia E pileipellis hyphae F skeletal hyphae of context G generative hyphae of context. Scale bars: 10 μm.

Specimen examined. China. Zhejiang Province: Lishui City, Qingyuan Coun-
ty, Baishanzu National Park, 27.62°N, 118.92°E, 28 July 2023, Yingkun Yang & 
Lei Yue, FJAU67793.
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Notes. This species was originally described by Berkeley and Broome (1873) 
as Lentinus similis Berk. & Broome, then it was treated as Panus fulvus var. si-

milis (Berk. & Broome) Corner (Corner 1981). However, Pegler (1983) disagreed 
with Corner and still accepted it as a member of Lentinus. Until 1995, it was 昀椀rst 
raised to a species rank as P. similis (May and Wood 1995).

Based on morphological research, there are some differences between our 
collected specimen and the original description.

Our specimen has distinct plicate-sulcate similar to the original description; 
however, its pseudosclerotium is smaller, whereas the original is very large. In 
addition, its hyphae structure is the same as that of the original description, but 
its spores are larger and its cheilocystidia are smaller compared to the latter.

Before this study, this species was not recorded from Zhejiang Province, 
China; thus it is the 昀椀rst report of P. similis from Zhejiang Province.

Panus conchatus (Bull.) Fr., Epicr. Syst. mycol. (Upsaliae): 396 (1838) [1836–
1838]

Fig. 8A, B

Ecology. Solitary on rotten wood.
Distribution. Austria, Belgium, Bulgaria, China, Denmark, Eire, England, Esto-

nia, Germany, India, Norway, Philippines, Russia, Scotland, Sri Lanka, Sweden 
and Wales.

Specimens examined. China. Jilin Province: Baishan City, Fusong County, 
Quanyang Town, 4 July 2019, Bo Zhang & Jiajun Hu, FJAU67795; Baishan City, 
Fusong County, Quanyang Town, 4 July 2019, Bo Zhang & Jiajun Hu, FJAU67797; 
Baishan City, Fusong County, Quanyang Town, 4 July 2019, Bo Zhang & Jiajun 
Hu, FJAU67798; Dunhua City, Hancongling Scenic Area, 5 July 2019, Bo Zhang 
& Jiajun Hu, FJAU67799; Sichuan Province: Ganzi Tibetan Autonomous Prefec-
ture, Jiulong County, Baitai Mountain, 16 July 2023, Xiaolan He, SAAS4904.

Notes. Panus is typi昀椀ed as this species and is widely distributed worldwide. 
It is recorded from Hainan, Hunan, Inner Mongolia etc. from China (Li and 
Bau 2014).

The appearance of this species is varied. The stipe is easily in昀氀uenced by 
the environment, from short to long. Additionally, when aged, due to the appear-
ance of skeletal hyphae, it becomes tough from the soft 昀氀esh.

Panus neostrigosus Drechsler-Santos & Wartchow, J. Torrey bot. Soc. 139(4): 
438 (2012)
Fig. 8C

Ecology. Solitary on rotten wood.
Distribution. Argentina, Aru, Australia, Austria, Brazil, Bulgaria, Burma, Can-

ada, China, Colombia, Cuba, Dominica, French Guiana, Germany, Galapagos, 
Hungary, Iran, India, Japan, Madagascar, Malay Peninsula, Mexico, Nepal, New 
Britain, Pakistan, Papua New Guinea, Philippine, Romania, Sabah, Santo Do-
mingo, Sri Lanka, Russia, Thailand, Trinidad, Turkey, Uganda, U.S.A., Venezuela 
and Zaire.
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Specimens examined. China. Henan Province: Zhumadian City, Biyang 
County, Minzhuang Forest Farm, 32.52°N, 113.36°E, 2 August 2023, Yajie Liu, 
FJAU67796; Zhumadian City, Biyang County, Yihezhai Forest Farm, 32.39°N, 
113.34°E, 19 August 2022, Yajie Liu, FJAU67800; Sichuan Province: Ganzi Ti-
betan Autonomous Prefecture, Jiulong County, Baitai Mountain, 16 July 2023, 
Xiaolan He, FJAU67801.

Notes. This species is one of the most widely distributed in the genus Panus, 
which was originally described as Lentinus strigosus Fr. (Fries 1825) in North 
Carolina, USA and was transferred to Panus by Drechsler-Santos et al. (2012). 
Due to its densely villous to hispid-strigose pileus, this species is often con-
fused with P. similis complex. However, it can be distinguished from the com-
plex by its metuloids.

Panus rudis Fr., Epicr. Syst. mycol. (Upsaliae): 398 (1838) [1836–1838]
Fig. 8D

Ecology. Solitary on rotten wood.
Distribution. Brazil, China, France and the Czech Republic (Czechia).
Specimens examined. China. Inner Mongolia Autonomous Region: Xing’an 

League, Arshan City, Yiershi Town, 47.29°N, 119.84°E, 9 September 2002, Tolgor 

Figure 8. Habitat of Panus common species A, B Panus conchatus C Panus neostrigosus D Panus rudis. Scale bars: 1 cm.



285MycoKeys 105: 267–294 (2024), DOI: 10.3897/mycokeys.105.121025

Lei Yue et al.: Taxonomy and phylogeny of Panus in China

Bau, FJAU7824; Henan Province: Zhumadian City, Biyang County, Minzhuang 
Forest Farm, 32.52°N, 113.36°E, 2 August 2023, Yajie Liu, FJAU67802; Zhuma-
dian City, Biyang County, Yihezhai Forest Farm, 32.39°N, 113.35°E, 31 August 
2022, Yajie Liu, FJAU67803.

Notes. This species is extremely similar to P. neostrigosus in appearance 
and has been treated as the same species (e.g. Pegler 1983; Li and Bau 2014; Li 
et al. 2015; Vargas-Isla et al. 2015). However, in our conception, these two spe-
cies should be considered as two independent species. Panus rudis differed 
from P. neostrigosus in morphology by shorter metuloids and wider cheilocys-
tidia. Moreover, the phylogenetic analysis results also support this conclusion.

Key to the reported species of Panus from China

1 Hymenial cystidia present and conspicuous, either with refractive gloeo-
cystidia or thick-walled and metuloidal .......................................................2

– Gloeocystidia and metuloids absent, sometimes small skeletocystidia 
present ...........................................................................................................5

2 Pileus shortly villous to hispid-strigose .......................................................3
– Pileus glabrous, glabrescent or with a few 昀椀brillose squamules ...............4
3 Cheilocystidia wide > 6 μm, metuloids projecting up to 15 μm beyond the 

basidia ..................................................................................................P. rudis

– Cheilocystidia wide < 6 μm, metuloids projecting up to 35 μm beyond the 
basidia .................................................................................... P. neostrigosus

4 Elongate fusoid gloeocystidis present ........................................P. strigellus

– Clavate to lageniform metuloidal cystidia present ..................P. conchatus

5 Lamellae is equal..............................................................................P. setiger

– Lamellae is unequal ......................................................................................6
6 Lamellae with cross-veins ............................................................................7
– Lamellae without cross-veins .......................................................................8
7 With lamellulae of two lengths .................................................P. minisporus

– With lamellulae of six lengths ........................................... P. baishanzuensis

8 Pileus neither strongly striate nor plicate-sulcate, at times 昀椀nely striate on 
weathered specimens .................................................................. P. velutinus

– Pileus radially striate, plicate-sulcate or with concentric zoning, glabres-
cent .................................................................................................................9

9 Lamellae densely crowded; pileus 昀椀nely hispid, radially striate but not sul-
cate ................................................................................................... P. ciliatus

– Lamellae moderately crowded: pileus almost glabrous, strongly plicate 
sulcate, stipe often very long ........................................................... P. similis

Discussion

In this study, 31 specimens of Panus from China were carefully examined. 
Through the combination of morphological and phylogenetic studies, two new 
species, P. minisporus and P. baishanzuensis and one new record from Zhejiang 
Province, China, viz. P. similis, have been discovered and described in detail, 
which increased the species diversity of Panus and expanded the distribution 
range of P. similis. According to Pegler, species belonging to P. similis complex 
were usually found near the Equator in Africa, South America, Australasia and 
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Southeast Asia etc. (Pegler 1983). Additionally, there are also a few records in 
south China and southwest China (Li and Bau 2014). In contrast, P. baishanzu-

ensis is located in east China, which greatly increases the distribution range of 
species in the P. similis complex.

There are quite a few species that are confusing and extremely similar in ap-
pearance. Species belonging to sect. Velutini sensu Pegler, such as L. ciliatus, 
L. similis, L. hookerianus, L. tephroleucus, L. velutinus and L. fasciatus belong 
to the Lentinus at 昀椀rst, because of their velutinate to strigose basidiomes and 
thick-walled skeletocystidia (Pegler 1983). However, with the changes in ge-
nus conceptions (Corner 1981; May and Wood 1995) and the consistency of 
phylogenetic and ontogenic studies (Hibbett and Vilgalys 1991; Hibbett et al. 
1993), as a result, four species were combined as Panus, viz. P. ciliatus, P. si-

milis, Panus hookerianus (Berk.) T.W. May & A.E. Wood and Panus tephroleucus 
(Mont.) T.W. May & A.E. Wood, which have a dimitic hyphal system consisting 
of thick-walled skeletal hyphae and generative hyphae (May and Wood 1995) 
and leaving L. velutinus and L. fasciatus within Lentinus. According to phyloge-
netic analysis, L. fasciatus and P. ciliatus are clustered with P. rudis and far away 
from L. velutinus (Douanla-Meli and Langer 2010), which is also consistent with 
the morphological characters. In the light of Douanla-Meli and Langer (2010), 
species of the P. similis complex usually have slender stipe (which can be up 
to twice as long as the diameter of the pileus). At the same time, the stipes of 
L. fasciatus and P. ciliatus are only sometimes slender, but usually short and 
stocky, which coincides with the stipe characteristics of P. rudis (Pegler 1983; 
Douanla-Meli and Langer 2010; Li and Bau 2014). Similar results were also ob-
tained in this study.

Furthermore, some species within this complex were full of arguments. 
Lentinus velutinus was proposed by Fries (1830); later, it was combined into 
P. velutinus (Fries 1838). Meanwhile, Berkeley (1843) described a new species, 
Lentinus fulvus Berk. Then, Pegler and Rayner (1969) transferred L. fulvus into 
Panus fulvus (Berk.) Pegler & R.W. Rayner. Afterwards, Corner described three 
varieties of P. fulvus from Malaysia, based on the pileus structure and dense 
lamellae (Corner 1981), which, together with P. velutinus, were rehabilitated 
by Pegler (1983) as L. velutinus. However, according to morphological studies 
(Pegler 1972, 1983; Corner 1981), L. velutinus does not have the skeleto-ligative 
hyphae typical of Lentinus, but has the skeletal hyphae typical of Panus, which 
coincides with the phylogenetic analysis (Douanla-Meli and Langer 2010; Lu-
angharn et al. 2019). Thus, L. velutinus is more closely related to Panus than to 
Lentinus. Lentinus fasciatus was another controversial species; it was treated 
as a member of Panus in Singer and Pegler’s conception (Singer 1962; Pegler 
1965). Later, the combination was rejected by Pegler (1983). However, the pres-
ence of skeletal hyphae and phylogenetic studies indicate a close genetic rela-
tionship with Panus (Pegler 1983; Douanla-Meli and Langer 2010).

In addition, some taxonomic problems exist in researching Panus. Firstly, 
synonyms led to confusion in species identi昀椀cation, such as P. ciliatus sensu 
May & Wood and Panus brunneipes Corner. According to the description given 
by Corner (1981) for P. brunneipes and Pegler (1983) for P. ciliatus (= L. cilia-

tus), all these collections refer to the same species. However, based on the 
legitimate name, both names are accepted by Index Fungorum (http://www.
indexfungorum.org) at the same time. However, the epithet ‘ciliatus’ is retained 
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as the oldest one and has priority over ‘brunneipes’. Secondly, the boundary 
between Pleurotus and Panus needs to be re昀椀ned. Species belonging to Panus 
are known to have a dimitic hyphal system with skeletal hyphae (Corner 1981; 
Pegler 1983). However, Panus giganteus (Berk.) Corner and Panus tuber-regium 
(Fr.) Corner, which also have skeletal hyphal, were transferred into Pleurotus 
(Singer 1951; Karunarathna et al. 2012). Phylogenetic analysis, based on ITS 
fragments, showed that they are closely related to species of Pleurotus subg. 
Coremiopleurotus (Klomklung et al. 2012; Karunarathna et al. 2016). It is worth 
mentioning that almost all of them have skeletal hyphae. Based on phyloge-
netic analyses (Stajic et al. 2005; Menolli et al. 2014; Shnyreva and Shnyre-
va 2015), species of the monomitic hyphal system and species of the dimitic 
hyphal system were clustered into a single unit, respectively. Obviously, these 
species are intermediate between Panus and the monomitic hyphal system 
species in Pleurotus (Fig. 1). Perhaps these species are attributed to a new ge-
nus-level unit that could serve as a boundary to distinguish between Panus and 
the remaining monomitic hyphal system species in Pleurotus. Thirdly, some 
species were always problematic for identi昀椀cation, for example, P. neostrigo-

sus and P. rudis (Li and Bau 2014; Li et al. 2015). There are obvious differences 
between these two species. The metuloids of P. neostrigosus project up to 35 
μm longer than P. rudis and the width of cheilocystidia is thinner than the latter. 
Thus, it is possible to distinguish these confusing species by combing the two 
characteristics (Pegler 1983; Douanla-Meli and Langer 2010; Li and Bau 2014; 
Luangharn et al. 2019). In addition, P. neostrigosus is clearly separate from P. ru-

dis through phylogenetic analysis (Douanla-Meli and Langer 2010; Luangharn 
et al. 2019). Last, but not least, taxonomic research of the genus Panus is not 
evenly developed in China. The taxonomic research relating to Panus is mainly 
focused on northeast, southwest and south China. Additionally, the resources 
of Panus are waiting to be employed, especially in east and northwest China.

To address these issues, a more comprehensive study of Panus species that 
integrates morphological and systematic approaches to elucidate the relation-
ships between different species is necessary. Reviewing the type specimens 
of every species in Panus is an essential task. At the same time, more gene 
fragments need to be obtained to construct more objective phylogenetic trees. 
With these preliminary preparations, the evolutionary relationship between the 
Chinese Panus data and the world’s species will be the subject of the next study.
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Research Article

Abstract

Apiospora species are widely distributed fungi with diverse lifestyles, primarily function-

ing as plant pathogens, as well as exhibiting saprophytic and endophytic behaviors. This 

study reports the discovery of three new species of Apiospora, namely A. gongcheniae, 

A. paragongcheniae, and A. neogongcheniae, isolated from healthy Poaceae plants in 

China. These novel species were identi昀椀ed through a multi-gene phylogenetic analysis. 
The phylogenetic analysis of the combined ITS, LSU, tef1, and tub2 sequence data re-

vealed that the three new species formed a robustly supported clade with A. garethjone-

sii, A. neogarethjonesii, A. setostroma, A. subrosea, A. mytilomorpha, and A. neobambu-

sae. Detailed descriptions of the newly discovered species are provided and compared 

with closely related species to enhance our understanding of the genus Apiospora.

Key words: Apiospora, Ascomycota, endophyte, phylogeny, taxonomy

Introduction

Apiospora is an important genus of fungal Sordariomycetes, that produces a 
basauxic, arthrinium-like conidiogenesis (Hyde et al. 2020). The family Apiospo-
raceae was established to accommodate the genus Apiospora with the special 
conidiogenesis (Hyde et al. 1998). Over time, the membership of Apiosporace-
ae has undergone several revisions. It presently comprises several genera of 
fungi with similar morphology, including Apiospora, Arthrinium, Nigrospora, and 
Neoarthrinium (Wang et al. 2017; Pintos and Alvarado 2021; Jiang et al. 2022).

Within the family Apiosporaceae, Apiospora is closely related to Arthrinium 
and they were once considered as two life stages of a single taxon (Ellis 1965; 
Crous and Groenewald 2013; Réblová et al. 2016; Jiang et al. 2019). Morpho-
logically, Apiospora and Arthrinium lack clear diagnostic features, although spe-
cies of Arthrinium often produce conidia of various shapes (Minter and Can-
non 2018; Pintos and Alvarado 2021), while most species of Apiospora have 
rounded lenticular conidia (Li et al. 2023; Liao et al. 2023). Ecologically, most 
sequenced collections of Arthrinium were found on Cyperaceae or Juncaceae 
in temperate, cold, or alpine habitats, while those of Apiospora were mainly col-
lected on Poaceae, as well as various other plant host families, in a wide range 
of habitats, including tropical and subtropical regions (Dai et al. 2016; Jiang et 
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al. 2018; Wang et al. 2018; Feng et al. 2021; Tian et al. 2021; Kwon et al. 2022; 
Monkai et al. 2022). With the addition of molecular evidence and the expansion 
of the sample, the latest phylogenetic analysis suggests that Arthrinium s. str. 
and Apiospora represent independent lineages within Apiosporaceae (Pintos 
and Alvarado 2021). Consequently, most species of Arthrinium have been re-
classi昀椀ed under Apiospora. Furthermore, Pintos and Alvarado de昀椀ned the exact 
identity of Apiospora montagnei (the type species of Apiospora) and delineated 
the phylogenetic boundaries of Apiospora (Pintos and Alvarado 2022).

Currently, there are 176 records in Apiospora (Index Fungorum; http://www.
indexfungorum.org/; accessed on 8 Mar 2024). These fungi primarily act as 
plant pathogens, causing diseases in a wide range of host plants. For exam-
ple, A. arundinis is the causal agent for several important plant diseases, such 
as kernel blight of barley (Martínez-Cano et al. 1992), brown culm streak of 
Phyllostachys praecox (Chen et al. 2014), moldy sugarcane (Liao et al. 2022), 
and leaf spot on Polygonatum cyrtonema (Gong et al. 2023). A. marii causes 
dieback of olive trees (Gerin et al. 2020), while A. kogelbergense leads to blight 
of Bambusa intermedi (Yin et al. 2020). Whereas, many Apiospora species are 
saprophytes, such as A. acutiapica (Senanayake et al. 2020), A. garethjonesii 
(Dai et al. 2016), A. magnispora (Zhao et al. 2023), A. sasae (Crous et al. 2021), 
and A. thailandicum (Dai et al. 2017). In addition, certain Apiospora species are 
reported as endophytes with wide host range, including bamboo (Wang et al. 
2018), Camellia sinensis (Wang et al. 2018), Wurfbainia villosa (Liao et al. 2023), 
and even hive-stored pollen (Zhao et al. 2018).

Endophytic fungi exhibit rich diversity and play a signi昀椀cant role in the eco-
system. In a previous study, we collected and isolated endophytic fungi from 
healthy Poaceae plants in China (Liu et al. 2021). In this study, three new en-
dophytic species of Apiospora were identi昀椀ed and described based on mor-
phological characteristics and a multi-gene phylogenetic analysis, utilizing a 
dataset comprising the combined nuclear ribosomal DNA internal transcribed 
spacer (ITS), nuclear ribosomal DNA large subunit (LSU), the translation elon-
gation factor 1-alpha (tef1), and β-tubulin (tub2) sequences.

Materials and methods

Fungal isolation

In the present work, Poaceae plant samples were collected from three loca-
tions in China: Xilingol Grassland National Nature Reserve in Inner Mongolia, 
Xishuangbanna, Naban River Watershed National Nature Reserve in Yunnan 
province, and Baishanzu National Nature Reserve in Zhejiang province (Liu et 
al. 2021). To isolate endophytic Apiospora strains, healthy tissues of asymp-
tomatic plants were 昀椀rst disinfected for 3 min in 75% ethanol and 10 min in 
1% sodium hypochlorite, followed by three washes in sterile distilled water. 
The disinfected tissues were excised, and then incubated on malt extract agar 
(MEA) medium at 25 °C. Subsequently, the growing hyphae were transferred to 
potato dextrose agar (PDA) medium to obtain pure cultures.

All strains of Apiospora were stored in the Ministry of Agriculture Key Lab-
oratory of Molecular Biology of Crop Pathogens and Insects, Institute of Bio-
technology, Zhejiang University, Hangzhou, China. In addition, the holotype and 
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ex-type culture were deposited in the Guangdong Microbial Culture Collection 
Center (GDMCC). Fungal names were registered in the Fungal Names, one of the 
recognised repositories of fungal taxonomy (https://nmdc.cn/fungalnames/).

Morphological study

Morphological descriptions were recorded on PDA and MEA. The morpholog-
ical characteristics of the colonies were captured with a digital camera (Can-
on EOS700D). The fungal structures were observed and photographed using a 
stereomicroscope (Leica S9D) and a Leica DM2500 microscope equipped with 
differential interference contrast (DIC). Measurements of conidiogenous cells 
and conidia were reported as follows: a-b × c-d (mean, n), where “a” and “c” 
represent the minimum values, “b” and “d” represent the maximum values, and 
the mean value and number of measurements (n) are shown in parentheses 
(Wang et al. 2018).

DNA extraction, PCR ampli昀椀cation and sequencing

Fresh fungal mycelia from pure cultures grown on PDA at 25 °C for 5–7 d were 
used for DNA extraction. Genomic DNA was extracted following the method as 
described in Chi et al. (2009).

Polymerase chain reaction (PCR) ampli昀椀cation was applied to amplify four 
gene fragments, including ITS, LSU, tef1, and tub2. The primer pairs were used: 
ITS1/ITS4 for ITS (White et al. 1990), LR0R/LR5 for LSU (Rehner and Samuels 
1995), EF1-728F/EF2 for tef1 (O’Donnell et al, 1998; Carbone and Kohn 1999), 
and T1/Bt2b for tub2 (Glass and Donaldson 1995; O’Donnell and Cigelnik 1997). 
PCR program for ITS ampli昀椀cation was conducted with an initial denaturation 
at 95 °C for 3 min, followed by 35 cycles of 95 °C for 30 s, annealing at 58 °C for 
30 s, extension at 72 °C for 1 min, and a 昀椀nal extension at 72 °C for 7 min. The 
annealing temperatures were adjusted to 56 °C for LSU, tef1, and tub2.

PCR was performed using a Veriti Thermal Cycler (Waltham, MA, USA). Am-
pli昀椀cation reactions contained 10 μL of 2× Taq Plus Master Mix II (Vazyme, 
Nanjing, China), 0.8 μL of each primer (10 μM) (Sunya, Hangzhou, China), 0.8 μL 
of DNA template, and double-distilled water to reach a total volume of 20 μL. 
Puri昀椀cation and sequencing of PCR products were performed by Sunya Bio-
technology Company (Hangzhou, China). All sequences generated in this study 
were deposited in GenBank (Table 1).

Phylogenetic analyses

The quality of obtained sequences was assessed using Chromas v.2.6.6 
and the sequences were assembled using SeqMan v.7.1.0. The refer-
ence sequences were retrieved from GenBank. All sequences, includ-
ing the reference sequences, were aligned in batches with MAFFT (Katoh 
and Standley 2013), manually correcting the resulting alignment by MEGA 
v.11.0.13 where necessary. A single alignment was made using ITS, LSU, 
tef1 region including partial exon 4 and partial exon 5 (the largest exon), 
tub2 region including exon 2, exon 3, and partial exon 4. Then phylogenet-
ic analyses were conducted using partial sequences of the above four loci. 
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Table 1. Species of Apiosporaceae used in the phylogenetic analyses. Notes: Strains in this study are marked in bold. 

“T” indicates a type culture. NA = not available.

Species Strain Numbers Host and Substrates Locality
GenBank accession numbers

ITS LSU tef1 tub2

Apiospora acutiapica KUMCC 20-0209 Bambusa bambos China MT946342 MT946338 MT947359 MT947365

Apiospora acutiapica KUMCC 20-0210 T Bambusa bambos China MT946343 MT946339 MT947360 MT947366

Apiospora adinandrae SAUCC 1282B-1 T Diseased leaves of Adinandra 

glischroloma

China OR739431 OR739572 OR753448 OR757128

Apiospora adinandrae SAUCC 1282B-2 Diseased leaves of Adinandra 

glischroloma

China OR739432 OR739573 OR753449 OR757129

Apiospora agari KUC21333, 
SFC20161014-M18 T

Agarum cribrosum South Korea MH498520 MH498440 MH544663 MH498478

Apiospora aquatic MFLU 18-1628, 
S-642 T

Submerged wood China MK828608 MK835806 NA NA

Apiospora arctoscopi KUC21331, 
SFC20200506-M05 T

Eggs of Arctoscopus japonicus South Korea MH498529 MH498449 MN868918 MH498487

Apiospora arundinis CBS 124788 Living leaves of Fagus sylvatica Switzerland KF144885 KF144929 KF145017 KF144975

Apiospora arundinis LC4951 Dichotomanthes tristaniicarpa China KY494698 KY494774 KY705097 KY705168

Apiospora aseptata KUNCC 23-14169 T Living roots of Dicranopteris 

pedata

China OR590341 OR590335 OR634949 OR634943

Apiospora aurea CBS 244.83 T Air Spain AB220251 KF144935 KF145023 KF144981

Apiospora balearica CBS 145129, 
AP24118 T

Poaceae plant Spain MK014869 MK014836 MK017946 MK017975

Apiospora bambusicola MFLUCC 20-0144 T Schizostachyum brachycladum Thailand MW173030 MW173087 MW183262 NA

Apiospora 

bawanglingensis

SAUCC BW0444 T Leaves of Indocalamus 

longiauritus

China OR739429 OR739570 OR753446 OR757126

Apiospora biserialis CGMCC 3.20135 T Bamboo China MW481708 MW478885 MW522938 MW522955

Apiospora camelliae-

sinensis

CGMCC 3.18333, 
LC5007 T

Camellia sinensis China KY494704 KY494780 KY705103 KY705173

Apiospora camelliae-

sinensis

LC8181 Brassica rapa China KY494761 KY494837 KY705157 KY705229

Apiospora cannae ZHKUCC 22-0139 Leaves of Canna sp. China OR164902 OR164949 OR166286 OR166322

Apiospora cannae ZHKUCC 22-0127 T Leaves of Canna sp. China OR164901 OR164948 OR166285 OR166321

Apiospora chiangraiense MFLUCC 21-0053 T Dead culms of bamboo Thailand MZ542520 MZ542524 NA MZ546409

Apiospora 

chromolaenae

MFLUCC 17-1505 T Chromolaena odorata Thailand MT214342 MT214436 MT235802 NA

Apiospora cordylinae GUCC 10026 Cordyline fruticosa China MT040105 NA MT040126 MT040147

Apiospora cordylinae GUCC 10027 T Cordyline fruticosa China MT040106 NA MT040127 MT040148

Apiospora coryli CFCC 58978 T Dead plant culms of Corylus 

yunnanensis

China OR125564 OR133586 OR139974 OR139978

Apiospora coryli CFCC 58979 T Dead plant culms of Corylus 

yunnanensis

China OR125565 OR133587 OR139975 OR139979

Apiospora 

cyclobalanopsidis

CGMCC 3.20136 T Cyclobalanopsidis glauca China MW481713 MW478892 MW522945 MW522962

Apiospora 

cyclobalanopsidis

GZCC 20-0103 Cyclobalanopsidis glauca China MW481714 MW478893 MW522946 MW522963

Apiospora dendrobii MFLUCC 14-0152 T Roots of Dendrobium 

harveyanum

Thailand MZ463151 MZ463192 NA NA

Apiospora dematiacea KUNCC 23-14202 T Living stems of Dicranopteris 

ampla

China OR590346 OR590339 OR634953 OR634948

Apiospora descalsii CBS 145130 T Ampelodesmos mauritanicus Spain MK014870 MK014837 MK017947 MK017976

Apiospora 

dichotomanthi

CGMCC 3.18332, 
LC4950 T

Dichotomanthes tristaniicarpa China KY494697 KY494773 KY705096 KY705167

Apiospora 

dichotomanthi

LC8175 Dichotomanthes tristaniicarpa China KY494755 KY494831 KY705151 KY705223

Apiospora 

dicranopteridis

KUNCC23-14171 T Living stems of Dicranopteris 

pedata

China OR590342 OR590336 OR634950 OR634944

Apiospora 

dicranopteridis

KUNCC23-14177 Roots of Dicranopteris pedata China OR590343 OR590337 OR634951 OR634945

Apiospora 

dongyingensis

SAUCC 0302 T Leaves of bamboo China OP563375 OP572424 OP573264 OP573270
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Species Strain Numbers Host and Substrates Locality
GenBank accession numbers

ITS LSU tef1 tub2

Apiospora 

dongyingensis

SAUCC 0303 Leaves of bamboo China OP563374 OP572423 OP573263 OP573269

Apiospora elliptica ZHKUCC 22-0131 T Dead stems of unknown plant China OR164905 OR164952 OR166284 OR166323

Apiospora elliptica ZHKUCC 22-0140 Dead stems of unknown plant China OR164906 OR164953 NA OR166324

Apiospora endophytica ZHKUCC 23-0006 T Living leaves of Wurfbainia 

villosa

China OQ587996 OQ587984 OQ586062 OQ586075

Apiospora endophytica ZHKUCC 23-0007 Living leaves of Wurfbainia 

villosa

China OQ587997 OQ587985 OQ586063 OQ586076

Apiospora esporlensis CBS 145136 T Phyllostachys aurea Spain MK014878 MK014845 MK017954 MK017983

Apiospora esporlensis UNIPAMPA010 Living leaves of the Antarctic 
Hairgrass Deschampsia 

antarctica

Antarctica MN947641 genome genome genome

Apiospora euphorbiae IMI 285638b Bambusa sp. Bangladesh AB220241 AB220335 NA AB220288

Apiospora fermenti KUC21288, 
SFC20140423-M86

Seaweeds South Korea MF615230 NA MH544668 MF615235

Apiospora fermenti KUC21289 T Seaweeds South Korea MF615226 MF615213 MH544667 MF615231

Apiospora gaoyouensis CFCC 52301T Phragmites australis China MH197124 NA MH236793 MH236789

Apiospora gaoyouensis CFCC 52302 Phragmites australis China MH197125 NA MH236794 MH236790

Apiospora garethjonesii GZCC 20-0115 Dead culms of bamboo China MW481715 MW478894 MW522947 NA

Apiospora garethjonesii KUMCC 16-0202, 
JHB004, HKAS 

96289 T

Dead culms of bamboo China KY356086 KY356091 NA NA

Apiospora garethjonesii SICAUCC 22-0027 Bamboo China ON228603 ON228659 NA ON237651

Apiospora garethjonesii SICAUCC 22-0028 Bamboo China ON228606 ON228662 NA ON237654

Apiospora gelatinosa GZAAS 20-0107 Bamboo China MW481707 MW478889 MW522942 MW522959

Apiospora gelatinosa HKAS 11962 T Bamboo China MW481706 MW478888 MW522941 MW522958

Apiospora globosa KUNCC 23-14210 T Living stems of Dicranopteris 

linearis

China OR590347 OR590340 OR634954 NA

Apiospora gongcheniae GDMCC 3.1045, 
YNE00465 T

Living stems of Oryza meyeriana 
subsp. granulata

China PP033259 PP033102 PP034683 PP034691

Apiospora gongcheniae YNE00565 Living stems of Oryza meyeriana 
subsp. granulata

China PP033260 PP033103 PP034684 PP034692

Apiospora 

guangdongensis

ZHKUCC 23-0004 T Living leaves of Wurfbainia 

villosa

China OQ587994 OQ587982 OQ586060 OQ586073

Apiospora 

guangdongensis

ZHKUCC 23-0005 Living leaves of Wurfbainia 

villosa

China OQ587995 OQ587983 OQ586061 OQ586074

Apiospora guiyangensis HKAS 102403 T Dead culms of Poaceae China MW240647 MW240577 MW759535 MW775604

Apiospora guiyangensis KUNCC 22-12539 Poaceae plant China OQ029540 OQ029613 OQ186444 OQ186446

Apiospora guizhouensis CGMCC 3.18334, 
LC5322 T

Air in karst cave China KY494709 KY494785 KY705108 KY705178

Apiospora guizhouensis LC5318 Air in karst cave China KY494708 KY494784 KY705107 KY705177

Apiospora hainanensis SAUCC 1681 T Leaves of bamboo China OP563373 OP572422 OP573262 OP573268

Apiospora hainanensis SAUCC 1682 Leaves of bamboo China OP563372 OP572421 OP573261 OP573267

Apiospora hispanica IMI 326877 T Beach sands Spain AB220242 AB220336 NA AB220289

Apiospora hydei CBS 114990 T Culms of Bambusa tuldoides China KF144890 KF144936 KF145024 KF144982

Apiospora hydei LC7103 Leaves of bamboo China KY494715 KY494791 KY705114 KY705183

Apiospora hyphopodii JHB003, HKAS 
96288

Bamboo China KY356088 KY356093 NA NA

Apiospora hyphopodii MFLUCC 15-003 T Bambusa tuldoides Thailand KR069110 NA NA NA

Apiospora hyphopodii SICAUCC 22-0034 Bamboo China ON228605 ON228661 NA ON237653

Apiospora hysterina AP12118 Phyllostachys aurea Spain MK014877 KM014844 MK017953 MK017982

Apiospora hysterina AP29717 Phyllostachys aurea Spain MK014875 MK014842 MK017952 MK017981

Apiospora hysterina ICPM 6889 T Bamboo New 
Zealand

MK014874 MK014841 MK017951 MK017980

Apiospora iberica CBS 145137, 
AP10118 T

Arundo donax Portugal MK014879 MK014846 MK017955 MK017984

Apiospora intestine CBS 135835 Gut of grasshopper India KR011352 MH877577 KR011351 KR011350

Apiospora intestine MFLUCC 21-0052 T Dead culms of bamboo Thailand MZ542521 MZ542525 MZ546406 MZ546410
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ITS LSU tef1 tub2

Apiospora italic CBS 145138, 
AP221017 T

Arundo donax Italy MK014880 MK014847 MK017956 MK017985

Apiospora italic CBS 145139 Phragmites australis Spain MK014881 MK014848 NA MK017986

Apiospora jatrophae CBS 134262, 
MMI00052 T

Living Jatropha podagrica India JQ246355 NA NA NA

Apiospora jiangxiensis CGMCC 3.18381, 
LC4577 T

Maesa sp. China KY494693 KY494769 KY705092 KY705163

Apiospora jiangxiensis LC4578 Camellia sinensis China KY494694 KY494770 KY705093 KY705164

Apiospora 

kogelbergensis

CBS 113332 Cannomois virgata South Africa KF144891 KF144937 KF145025 KF144983

Apiospora 

kogelbergensis

CBS 113333 T Dead culms of Restionaceae South Africa KF144892 KF144938 KF145026 KF144984

Apiospora koreanum KUC21332, 
SFC20200506-M06 T

Eggs of Arctoscopus japonicus South Korea MH498524 MH498444 MH544664 MH498482

Apiospora koreanum KUC21348 Eggs of Arctoscopus japonicus South Korea MH498523 NA MN868927 MH498481

Apiospora lageniformis KUC21686 T Culms of Phyllostachys nigra Korea ON764022 ON787761 ON806626 ON806636

Apiospora lageniformis KUC21687 Culms of Phyllostachys nigra Korea ON764023 ON787764 ON806627 ON806637

Apiospora locuta-

pollinis

LC11683 T Brassica campestris China MF939595 NA MF939616 MF939622

Apiospora longistroma MFLUCC 11-0479 Dead culms of bamboo Thailand KU940142 KU863130 NA NA

Apiospora longistroma MFLUCC11-0481 T Dead culms of bamboo Thailand KU940141 KU863129 NA NA

Apiospora lophatheri CFCC 58975 T Diseased leaves of Lophatherum 

gracile

China OR125566 OR133588 OR139970 OR139980

Apiospora lophatheri CFCC 58976 T Diseased leaves of Lophatherum 

gracile

China OR125567 OR133589 OR139971 OR139981

Apiospora machili SAUCC 1175A-4 T Diseased leaves of Machilus 

nanmu

of Machilus nanmu

China OR739433 OR739574 OR753450 OR757130

Apiospora machili SAUCC 1175 Diseased leaves of Machilus 

nanmu

of Machilus nanmu

China OQ592560 OQ615289 OQ613333 OQ613307

Apiospora magnispora ZHKUCC 22-0001 T Dead stems of Bambusa textilis China OM728647 OM486971 OM543543 OM543544

Apiospora malaysiana CBS 102053 T Macaranga hullettii Malaysia KF144896 KF144942 KF145030 KF144988

Apiospora marianiae AP18219 T Dead stems of Phleum pratense Spain ON692406 ON692422 ON677180 ON677186

Apiospora marii CBS 497.90 T Beach sands Spain AB220252 KF144947 KF145035 KF144993

Apiospora marinum KUC21328, 
SFC20140423-M02 T

Seaweeds South Korea MH498538 MH498458 MH544669 MH498496

Apiospora mediterranea IMI 326875 T Air Spain AB220243 AB220337 NA AB220290

Apiospora minutispora 1.70E-042 T Mountain soils South Korea LC517882 NA LC518889 LC518888

Apiospora montagnei AP19421 Arundo micrantha Spain ON692418 ON692425 ON677183 ON677189

Apiospora montagnei AP301120, CBS 
148707, PC:0125164 

T

Arundo micrantha Spain ON692408 ON692424 ON677182 ON677188

Apiospora mori MFLUCC 20-0181 T Dead leaves of Morus australis China MW114313 MW114393 NA NA

Apiospora mori NCYUCC 19-0340 Dead leaves of Morus australis China MW114314 MW114394 NA NA

Apiospora 

mukdahanensis

MFLUCC 22-0056 T Dead leaves of bamboo Thailand OP377735 OP377742 NA NA

Apiospora multiloculata MFLUCC 21-0023 T Dead culms of Bambusae Thailand OL873137 OL873138 NA OL874718

Apiospora mytilomorpha DAOM 214595 T Dead blades of Andropogon sp. India KY494685 NA NA NA

Apiospora 

neobambusae

CGMCC 3.18335, 
LC7106 T

Leaves of bamboo China KY494718 KY494794 KY806204 KY705186

Apiospora 

neobambusae

LC7107 Leaves of bamboo China KY494719 KY494795 KY705117 KY705187

Apiospora 

neobambusae

LC7124 Leaves of bamboo China KY494727 KY494803 KY806206 KY705195

Apiospora neochinensis CFCC 53036 T Fargesia qinlingensis China MK819291 NA MK818545 MK818547

Apiospora neochinensis CFCC 53037 Fargesia qinlingensis China MK819292 NA MK818546 MK818548

Apiospora 

neogarethjonesii

KUMCC 18-0192, 
HKAS 102408 T

Dead culms of Bambusae China MK070897 MK070898 NA NA

Apiospora 

neogongcheniae

GDMCC 3.1047, 
YNE01248 T

Living stems of Poaceae plant China PP033263 PP033106 PP034687 PP034695
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Apiospora 

neogongcheniae

YNE01260 Living stems of Poaceae plant China PP033264 PP033107 PP034688 PP034696

Apiospora 

neosubglobosa

JHB 006 Bamboo China KY356089 KY356094 NA NA

Apiospora 

neosubglobosa

JHB 007 T Bamboo China KY356090 KY356095 NA NA

Apiospora obovata CGMCC 3.18331, 
LC4940 T

Lithocarpus sp. China KY494696 KY494772 KY705095 KY705166

Apiospora obovata LC8177 Lithocarpus sp. China KY494757 KY494833 KY705153 KY705225

Apiospora oenotherae CFCC 58972 Diseased leaves of Oenothera 

biennis

China OR125568 OR133590 OR139972 OR139982

Apiospora oenotherae LS 395 Diseased leaves of Oenothera 

biennis

China OR125569 OR133591 OR139973 OR139983

Apiospora ovate CBS 115042 T Arundinaria hindsii China KF144903 KF144950 KF145037 KF144995

Apiospora pallidesporae ZHKUCC 22-0129 T Dead wood of unknown host China OR164903 OR164950 NA NA

Apiospora pallidesporae ZHKUCC 22-0142 Dead wood of unknown host China OR164904 OR164951 NA NA

Apiospora 

paragongcheniae

GDMCC 3.1046, 
YNE00992 T

Living stems of Poaceae plant China PP033261 PP033104 PP034685 PP034693

Apiospora 

paragongcheniae

YNE01259 Living stems of Poaceae plant China PP033262 PP033105 PP034686 PP034694

Apiospora 

paraphaeosperma

MFLUCC 13-0644 T Dead culms of bamboo Thailand KX822128 KX822124 NA NA

Apiospora 

paraphaeosperma

KUC21488 Culms of bamboo Korea ON764024 ON787763 ON806628 ON806638

Apiospora phragmitis CPC 18900 T Phragmites australis Italy KF144909 KF144956 KF145043 KF145001

Apiospora 

phyllostachydis

MFLUCC 18-1101 T Phyllostachys heteroclada China MK351842 MH368077 MK340918 MK291949

Apiospora piptatheri CBS 145149, 
AP4817A T

Piptatherum miliaceum Spain MK014893 MK014860 MK017969 NA

Apiospora piptatheri SAUCC BW0455 Diseased leaves of Indocalamus 

longiauritus

China OR739430 OR739571 OR753447 OR757127

Apiospora pseudomarii GUCC 10228 T Leaves of Aristolochia debilis China MT040124 NA MT040145 MT040166

Apiospora 

pseudohyphopodii

KUC21680 T Culms of Phyllostachys 

pubescens

Korea ON764026 ON787765 ON806630 ON806640

Apiospora 

pseudohyphopodii

KUC21684 Culms of Phyllostachys 

pubescens

Korea ON764027 ON787766 ON806631 ON806641

Apiospora 

pseudoparenchymatica

CGMCC 3.18336, 
LC7234 T

Leaves of bamboo China KY494743 KY494819 KY705139 KY705211

Apiospora 

pseudoparenchymatica

LC8173 Leaves of bamboo China KY494753 KY494829 KY705149 KY705221

Apiospora 

pseudorasikravindrae

KUMCC 20-0208 T Bambusa dolichoclada China MT946344 NA MT947361 MT947367

Apiospora 

pseudosinensis

CPC 21546 T Leaves of bamboo Netherlands KF144910 KF144957 KF145044 MN868936

Apiospora 

pseudosinensis

SAUCC 0221 Leaves of bamboo China OP563377 OP572426 OP573266 OP573272

Apiospora 

pseudospegazzinii

CBS 102052 T Macaranga hullettii Malaysia KF144911 KF144958 KF145045 KF145002

Apiospora pterosperma CBS 123185 Machaerina sinclairii New 
Zealand

KF144912 KF144959 NA KF145003

Apiospora pterosperma CPC 20193, CBS 
134000 T

Lepidosperma gladiatum Australia KF144913 KF144960 KF145046 KF145004

Apiospora 

pusillispermum

KUC21321 T Seaweeds South Korea MH498533 MH498453 MN868930 MH498491

Apiospora 

pusillispermum

KUC21357 Seaweeds South Korea MH498532 NA MN868931 MH498490

Apiospora qinlingensis CFCC 52303 T Fargesia qinlingensis China MH197120 NA MH236795 MH236791

Apiospora qinlingensis CFCC 52304 Fargesia qinlingensis China MH197121 NA MH236796 MH236792

Apiospora rasikravindrae LC8179 Brassica rapa China KY494759 KY494835 KY705155 KY705227

Apiospora rasikravindrae MFLUCC 21-0051 Dead culms of bamboo Thailand MZ542523 MZ542527 MZ546408 MZ546412
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Apiospora sacchari CBS 372.67 Air Not 
mentioned

KF144918 KF144964 KF145049 KF145007

Apiospora sacchari CBS 664.74 Soils under Calluna vulgaris Netherlands KF144919 KF144965 KF145050 KF145008

Apiospora saccharicola CBS 191.73 Air Netherlands KF144920 KF144966 KF145051 KF145009
Apiospora saccharicola CBS 831.71 Not mentioned Netherlands KF144922 KF144969 KF145054 KF145012
Apiospora sargassi KUC21228 T Sargassum fulvellum South Korea KT207746 KT207696 MH544677 KT207644
Apiospora sargassi KUC21232 Seaweeds South Korea KT207750 NA MH544676 KT207648
Apiospora sasae CPC 38165, CBS 

146808 T
Dead culms of Sasa veitchii Netherlands MW883402 MW883797 MW890104 MW890120

Apiospora septata CGMCC 3.20134, 
CS19-8 T

Bamboo China MW481711 MW478890 MW522943 MW522960

Apiospora septata GZCC 20-0109 Bamboo Food China MW481712 MW478891 MW522944 MW522961
Apiospora serenensis IMI 326869 T Excipients, atmosphere and 

home dust
Spain AB220250 AB220344 NA AB220297

Apiospora setariae CFCC 54041 T Decaying culms of Setaria viridis China MT492004 NA MW118456 MT497466
Apiospora setariae MT492005 Setaria viridis China MT492005 NA MW118457 MT497467
Apiospora setostroma KUMCC 19-0217 Dead branches of bamboo China MN528012 MN528011 MN527357 NA

Apiospora sichuanensis HKAS 107008 T Dead culms of Poaceae China MW240648 MW240578 MW759536 MW775605
Apiospora sorghi URM 93000, URM 

7417 T
Sorghum bicolor Brazil MK371706 NA NA MK348526

Apiospora 

sphaerosperma

CBS 114314 Leaves of Hordeum vulgare Iran KF144904 KF144951 KF145038 KF144996

Apiospora 

sphaerosperma

CBS 114315 Leaves of Hordeum vulgare Iran KF144905 KF144952 KF145039 KF144997

Apiospora stipae CPC 38101, CBS 
146804 T

Dead culms of Stipa gigantea Spain MW883403 MW883798 MW890082 MW890121

Apiospora subglobosa MFLUCC 11-0397 T Dead culms of bamboo Thailand KR069112 KR069113 NA NA

Apiospora subrosea CGMCC 3.18337, 
LC7292 T

Leaves of bamboo China KY494752 KY494828 KY705148 KY705220

Apiospora subrosea LC7291 Leaves of bamboo China KY494751 KY494827 KY705147 KY705219
Apiospora taeanense KUC21322T Seaweeds South Korea MH498515 NA MH544662 MH498473
Apiospora taeanense KUC21359 Seaweeds South Korea MH498513 NA MN868935 MH498471
Apiospora thailandica MFLUCC 15-0199 Dead culms of bamboo Thailand KU940146 KU863134 NA NA

Apiospora thailandica MFLUCC 15-0202 T Dead culms of bamboo Thailand KU940145 KU863133 NA NA

Apiospora tropica MFLUCC 21-0056 Dead culms of Bambusoideae Thailand OK491657 OK491653 NA OK560922
Apiospora wurfbainiae ZHKUCC 23-0008 T Wurfbainia villosa China OQ587998 OQ587986 OQ586064 OQ586077
Apiospora wurfbainiae ZHKUCC 23-0009 Wurfbainia villosa China OQ587999 OQ587987 OQ586065 OQ586078
Apiospora vietnamensis IMI 99670 T Citrus sinensis Vietnam KX986096 KX986111 NA KY019466
Apiospora xenocordella CBS 478.86 T Soils from roadway Zimbabwe KF144925 KF144970 KF145055 KF145013
Apiospora xenocordella CBS 595.66 Soils Austria KF144926 KF144971 NA NA

Apiospora 

xishuangbannaensis

KUMCC 21-0695 T Rhinolophus pusillus China ON426832 OP363248 OR025969 OR025930

Apiospora 

xishuangbannaensis

KUMCC 21-0696 Rhinolophus pusillus China ON426833 OP363249 OR025970 OR025931

Apiospora yunnana DDQ 00281 Phyllostachys nigra China KU940148 KU863136 NA NA

Apiospora yunnana MFLUCC 15-1002 T Phyllostachys nigra China KU940147 KU863135 NA NA

Apiospora yunnanensis ZHKUCC 23-0014 T Dead stems of grass China OQ588004 OQ587992 OQ586070 OQ586083
Apiospora yunnanensis ZHKUCC 23-0015 Dead stems of grass China OQ588005 OQ587993 OQ586071 OQ586084
Arthrinium austriacum GZU 345004 Carex pendula Austria MW208928 NA NA NA

Arthrinium austriacum GZU 345006 Carex pendula Austria MW208929 MW208860 NA NA

Arthrinium caricicola CBS 145127, 
AP23518

Carex ericetorum China MK014871 MK014838 MK017948 MK017977

Arthrinium caricicola CBS 145903, 
CPC33297 T

Dead and attached leaves Germany MN313782 MN317266 NA MN313861

Arthrinium crenatum AG19066, CBS 
146353 T

Carex sp. France MW208931 MW208861 MW221917 MW221923

Arthrinium curvatum AP25418 Leaves of Carex sp. China MK014872 MK014839 MK017949 NA

Arthrinium japonicum IFO 30500 Carex despalata Japan AB220262 AB220356 NA AB220309
Arthrinium japonicum IFO 31098 Leaves of Carex despalata Japan AB220264 AB220358 NA AB220311
Arthrinium luzulae AP7619-3 Luzula sylvatica Spain MW208937 MW208863 MW221919 MW221925
Arthrinium morthieri GZU 345043 Cyperaceae carex Austria MW208938 MW208864 MW221920 MW221926
Arthrinium 

phaeospermum

AP25619, CBS 
146355

Poaceae plant Norway MW208943 MW208865 NA NA
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Arthrinium puccinioides CBS 549.86 Lepidosperma gladiatum Germany AB220253 AB220347 NA AB220300
Arthrinium 

sporophleoides

GZU 345102 Carex 昀椀rma Austria MW208944 MW208866 NA MW221927

Arthrinium sporophleum AP21118, CBS 
145154

Dead leaves of Juncus sp. Spain MK014898 MK014865 MK017973 MK018001

Nigrospora guilinensis CGMCC 3.18124, LC 
3481 T

Camellia sinensis China KX985983 KX986113 KY019292 KY019459

Nigrospora guilinensis LC 7301 Stems of Nelumbo sp. China KX986063 NA KY019404 KY019608
Nigrospora hainanensis CGMCC 3.18129, LC 

7030 T
Leaves of Musa paradisiaca China KX986091 KX986112 KY019415 KY019464

Nigrospora hainanensis LC 6979 Leaves of Musa paradisiaca China KX986079 NA KY019416 KY019586
Nigrospora pyriformis CGMCC 3.18122, LC 

2045 T
Citrus sinensis China KX985940 KX986100 KY019290 KY019457

Nigrospora pyriformis LC 2688 Lindera aggregata China KX985941 NA KY019297 KY019468
Nigrospora vesicularis CGMCC 3.18128, LC 

7010 T
Leaves of Musa paradisiaca China KX986088 KX986099 KY019294 KY019463

Nigrospora vesicularis LC 0322 Unknown host plant Thailand KX985939 NA KY019296 KY019467
Neoarthrinium 

lithocarpicola

CFCC 54456 T Lithocarpus glaber China ON427580 ON427582 NA ON456914

Neoarthrinium 

lithocarpicola

CFCC 55883 Lithocarpus glaber China ON427581 ON427583 NA ON456915

Neoarthrinium 

trachycarpi

CFCC 53038 Trachycarpus fortune China MK301098 NA MK303396 MK303394

Neoarthrinium 

trachycarpi

CFCC 53039 Trachycarpus fortune China MK301099 NA MK303397 MK303395

Sporocadus trimorphus CFCC 55171 Rose China OK655798 OK560389 OL814555 OM401677
Sporocadus trimorphus ROC 113 Rose China OK655799 OK560390 OL814556 OM401678

The sequences were trimmed and concatenated, and subsequent phylogenetic 
analyses were performed in PhyloSuite platform (Zhang et al. 2020). Mod-
elFinder (Kalyaanamoorthy et al. 2017) was used to select the best-昀椀t partition 
model (Edge-unlinked) using the BIC criterion. Maximum likelihood (ML) phy-
logenies were inferred using IQ-TREE (Nguyen et al. 2015) under Edge-linked 
partition model for 5000 ultrafast (Minh et al. 2013) bootstraps. Bayesian Infer-
ence (BI) phylogenies were inferred using MrBayes 3.2.6 (Ronquist et al. 2012) 
under partition model, in which the initial 27% of sampled data were discard-
ed as burn-in. The resulting phylogenetic tree was visualized in FigTree v1.4.3. 
(http:/tree.bio.ed.ac.uk/software/昀椀gtree/) with maximum likelihood bootstrap 
proportions (MLBP) greater than 70% and Bayesian inference posterior prob-
abilities (BIPP) greater than 0.90, as shown at the nodes. The phylogram was 
edited in Adobe Illustrator v.27.5 (Adobe Systems Inc., USA). All GenBank ac-
cession numbers of sequences used in this study are provided in Table 1.

Results

Phylogeny

The combined ITS, LSU, tef1, and tub2 dataset encompassed 215 strains, includ-
ing six newly sequenced strains, with Sporocadus trimorphus CFCC 55171 and 
ROC 113 serving as the outgroup taxa, and representative species of Arthrinium, 
Nigrospora, and Neoarthrinium as the sister groups. The multi-locus sequence 
dataset comprised 2,081 characters, including gaps, with the following character 
ranges: ITS (1-352), LSU (353-1149), tef1 (1150-1775), and tub2 (1776-2081). The 
topologies of phylogenetic trees generated by ML and BI analyses were congru-
ent, and the BI tree with MLBP and BIPP is presented in Fig. 1.
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Figure 1. Phylogenetic tree of Apiospora based on the combined ITS, LSU, tef1, and tub2 sequences alignment. Maximum 

likelihood bootstrap proportions ≥70% (left) and Bayesian inference posterior probability ≥0.90 (right) are indicated at 
nodes (MLBP/BIPP). Sporocadus trimorphus (CFCC 55171 and ROC 113) are chosen as the outgroup taxa. The novel 
species from this study are highlighted in red.
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Figure 1. Continued.

The phylogenetic analysis revealed that the species of Apiospora, Arthrin-

ium, Nigrospora, and Neoarthrinium formed four well-supported distinct lin-
eages. Within the genus Apiospora, the 187 strains, encompassing six new-
ly sequenced strains, formed twelve well-supported major clades. The six 
endophytic strains clustered within one of the major clades H, along with 
A. garethjonesii, A. neogarethjonesii, A. setostroma, A. subrosea, A. mytilo-

morpha, and A. neobambusae. Concurrently, the six endophytic strains segre-
gated into three independent clades with robust supported values, indicating 
the presence of three novel species. These novel taxa are formally described 
herein and assigned the new names A. gongcheniae, A. paragongcheniae, and 
A. neogongcheniae.
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Taxonomy

Apiospora gongcheniae C. L. Zhang, sp. nov.
Fungal Names: FN 571885
Fig. 2

Etymology. Named after Prof. Gongchen Wang in recognition of her signi昀椀cant 
contribution to the 昀椀elds of mycology and plant pathology in China.

Type. China, Yunnan Province: Xishuangbanna, Naban River Watershed Na-
tional Nature Reserve, 22°04'N, 100°32'E, on the stems of Oryza meyeriana sub-
sp. granulata, Aug 2015, J.J. Chen, YNE00465 (holotype GDMCC 3.1045, stored 
in a metabolically inactive state); ex-type culture YNE00465.

Description. Asexual morph: Hyphae hyaline, branched, septate, smooth, 
1.1–2.6 μm diameter (mean = 1.7 μm, n = 30). Conidiophores reduced to con-
idiogenous cells. Conidiogenous cells hyaline to pale brown, erect, verrucose, 
cylindrical with tiny denticles, clustered in groups, sometimes aggregated in 
clusters on hyphae or sporodochia, 3.5–9.4 × 1.9–5.2 μm (mean = 5.6 × 3.1 μm, 
n = 30). Conidia pale brown to dark brown, smooth, granular, globose to sub-
globose in surface view, lenticular to side view with a pale longitudinal germ 
slit, with obvious central basal scar, 8.0–17.0 × 6.8–16.1 μm (mean = 13.6 × 
11.6 μm, n = 50). Sexual morph: Undetermined.

Culture characteristics. On PDA, colonies 昀氀at, cottony, dense, margin circu-
lar, greyish, reverse light orange, covering the 90 mm plate after 7 days at 25 °C. 
On MEA, colonies dusty pink, dense, covering the 90 mm plate after 7 days at 
25 °C. Conidiomata black, globose, abundant, attach to surface of substrate, 
forming on PDA and MEA after 7–10 days.

Additional specimens examined. China, Yunnan Province: Xishuangbanna, 
Naban River Watershed National Nature Reserve, 22°04'N, 100°32'E, on the 
stems of Oryza meyeriana subsp. granulata, Aug 2015, J.J. Chen, YNE00565.

Note. Phylogenetic analyses con昀椀rmed that A. gongcheniae formed an inde-
pendent clade, exhibiting a close evolutionary relationship with A. garethjonesii, 
A. neogarethjonesii and A. subrosea. Based on a BLASTN search of the Gen-
Bank database, it was found that A. paragongcheniae shares high similarities 
with the following strains: A. garethjonesii strain HKAS 96289 (93.76% in ITS, 
99.81% in LSU), strain GZCC 20-0115 (93.76% in ITS, 99.24% in LSU, 94.06% in 
tef1), strain SICAUCC 22-0027 (93.76% in ITS, 99.81% in LSU, 94.51% in tub2), 
strain SICAUCC 22-0028 (93.76% in ITS, 99.81% in LSU, 93.63% in tub2); A. sub-

rosea strain CGMCC 3.18337 (96.94% in ITS, 99.42% in LSU, 93.47% in tef1, 
91.87% in tub2), strain LC7291 (90.09% in ITS, 99.41% in LSU, 93.47% in tef1, 
91.87% in tub2); and A. neogarethjonesii strain HKAS 102408 (92.86% in ITS, 
99.82% in LSU). The tef1 and tub2 sequence data are currently unavailable for 
A. neogarethjonesii to compare with A. gongcheniae.

As a synopsis of the morphological characteristics presented in Table 2, 
A. gongcheniae differs from A. garethjonesii and A. neogarethjonesii in having 
smaller conidia (8.0–17.0 × 6.8–16.1 μm, mean = 13.6 × 11.6 μm) compared 
to A. garethjonesii (surface view: 16–19 µm diam, side view: 17–22 µm diam) 
and A. neogarethjonesii (20–35 × 15–30 µm, mean = 28.5 × 25.6 µm). Addi-
tionally, A. gongcheniae exhibits shorter conidiogenous cells (3.5–9.4 × 1.9–
5.2 μm, mean = 5.6 × 3.1 μm) in contrast to A. garethjonesii (6–19 × 3–5 µm, 
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mean = 11 × 4 µm) and A. neogarethjonesii (10–48 × 4–5.5 µm, mean = 35.4 × 
4.3 µm). While A. gongcheniae shares a similar size range for conidia and con-
idiogenous cells with A. subrosea, it is distinguished by A. gongcheniae having 
conidia featuring a central basal scar and cylindrical conidiogenous cells with 
tiny denticles. Based on molecular and morphological evidence, we propose 
A. gongcheniae as a new species.

Apiospora paragongcheniae C. L. Zhang, sp. nov.
Fungal Names: FN 571886
Fig. 3

Etymology. Named after its phylogenetic close related to A. gongcheniae.
Type. China, Yunnan Province: Xishuangbanna, Naban River Watershed Na-

tional Nature Reserve, 22°04'N, 100°32'E, on the stems of unidenti昀椀ed Poaceae 
plant, Sep 2016, J.J. Chen, YNE00992 (Holotype GDMCC 3.1046, stored in a 
metabolically inactive state); ex-type culture YNE00992.

Description. Asexual morph: Hyphae hyaline, branched, septate, smooth, 
1.1–2.2 μm diameter (mean = 1.6 μm, n = 30). Conidiophores hyaline, erect, ba-
sauxic, doliiform, subspherical to barrel-shaped, aggregated in clusters on pale 
brown sporodochia, sometimes reduced to conidiogenous cells, 12.2–35.1 × 
2.1–8.8 μm (mean = 24.5 × 4.3 μm, n = 30). Conidiogenous cells hyaline, am-
pulliform, doliiform to clavate, verrucose, 5.0–13.1 × 2.1–6.0 μm (mean = 8.2 × 
3.9 μm, n = 30). Conidia pale brown to dark brown, smooth to granular, subglo-
bose to oval, occasionally swollen into pyriform to reniform, with a pale longi-
tudinal germ slit in side view, 8.2–18.7 × 6.4–13.4 μm (mean = 12.4 × 10.0 μm, 
n = 50). Sexual morph: Undetermined.

Figure 2. Apiospora gongcheniae (YNE00465, ex-type culture) a colonies after 7 d at 25 °C on PDA b colonies after 7 d at 

25 °C on MEA c conidiomata on MEA d-g conidiogenous cells giving rise to conidia h–i conidia with pale germ slit. Scale 

bars: 500 μm (e); 10 μm (f–k).
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Culture characteristics. On PDA, colonies 昀氀at, rounded, initially white, be-
coming yellowish-white, with sparse aerial mycelia, mycelium partly immersed 
in the medium, covering the 90 mm plate after 6 days at 25 °C. On MEA, col-
onies white, more abundant aerial mycelia, covering the 90 mm plate after 6 
days at 25 °C. Conidiomata black, globose to irregular shape, sparse, solitary, 
semi-immersed in the substrate, observed on MEA after 21–30 days.

Additional specimens examined. China, Yunnan Province: Xishuangban-
na, Naban River Watershed National Nature Reserve, 21°10'N, 99°55'E, on the 
stems of unidenti昀椀ed Poaceae plant, Oct 2018, X.X. Feng, YNE001259.

Note. Phylogenetic analyses con昀椀rmed that A. paragongcheniae formed an 
independent clade, exhibiting a close evolutionary relationship with A. subro-

sea, A. neobambusae and A. neogarethjonesii. Based on a BLASTN search of 
the GenBank database, it was found that A. paragongcheniae shares high sim-
ilarities to the following strains: A. subrosea strain CGMCC 3.18337 (98.05% 
in ITS, 99.23% in LSU, 95.93% in tef1, 93.63% in tub2), strain LC7291 (98.05% 
in ITS, 99.22% in LSU, 95.93% in tef1, 93.63% in tub2); A. neobambusae strain 
CGMCC 3.18335 (98.05% in ITS, 100% in LSU, 97.13% in tef1, 93.48% in tub2), 
strain LC7107 (98.03% in ITS, 100% in LSU, 94.44% in tef1, 93.48% in tub2), 
strain LC7124 (98.05% in ITS, 100% in LSU, 96.82% in tef1, 93.47% in tub2); and 
A. neogarethjonesii strain HKAS 102408 (95.43% in ITS, 99.63% in LSU). The 
tef1 and tub2 sequence data are currently unavailable for A. neogarethjonesii to 
compare with A. paragongcheniae.

As a synopsis of morphological characteristics presented in Table 2, A. par-

agongcheniae distinguishes itself from A. neobambusae, A. neogarethjonesii, 
and A. subrosea in the shapes and sizes of its conidia. The conidia of A. para-

gongcheniae range from subglobose to oval, occasionally swollen into pyriform 
to reniform shapes, measuring 8.2–18.7 × 6.4–13.4 μm. This contrasts with 
A. neobambusae (subglobose to ellipsoid, 11.5–15.5 × 7.0–14.0 µm), A. neog-

arethjonesii (globose to subglobose, 20–35 × 15–30 µm), and A. subrosea 
(globose to subglobose or ellipsoidal, 12.0–17.5 × 9.0–16.0 µm). Furthermore, 

Figure 3. Apiospora paragongcheniae (YNE00992, ex-type culture) a colonies after 7 d at 25 °C on PDA b colonies af-

ter 6 d at 25 °C on MEA c conidioma on MEA d–i conidiogenous cells giving rise to conidia j–o conidia. Scale bars: 

500 μm (c); 10 μm (d–o).
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A. paragongcheniae exhibits elongated conidiogenous cells (5.0–13.1 × 2.1–
6.0 μm, mean = 8.2 × 3.9 μm) compared to A. neobambusae (4.0–12.0 × 3.0–
7.0 µm, mean = 6.6 × 4.8 μm) and A. subrosea (3.0–6.5 × 2.0–5.0 µm, mean 
= 4.7 × 3.7 μm). Additionally, A. paragongcheniae exhibits shorter conidioge-
nous cells (5.0–13.1 × 2.1–6.0 μm) compared to A. neogarethjonesii (10–48 × 
4–5.5 µm). Moreover, these species differ in the morphology of their conidio-
phores. A. paragongcheniae displays hyaline, basauxic, doliiform, subspherical 
to barrel-shaped conidiophores, whereas A. neogarethjonesii has shorter con-
idiophores, and A. subrosea has hyaline to pale brown, simple, subcylindrical 
conidiophores. Notably, the conidiophores of A. neobambusae have reduced to 
conidiogenous cells.

Apiospora neogongcheniae C. L. Zhang, sp. nov.
Fungal Names: FN 571887
Fig. 4

Etymology. Named after its phylogenetic close related to A. gongcheniae.
Type. China, Yunnan Province: Xishuangbanna, Naban River Watershed Na-

tional Nature Reserve, 21°10'N, 99°55'E, on the stems of unidenti昀椀ed Poaceae 
plant, Oct 2018, X.X. Feng, YNE01248 (holotype GDMCC 3.1047, stored in a 
metabolically inactive state); ex-type culture YNE01248.

Description. Asexual morph: Hyphae hyaline, branched, septate, smooth, 
1.0–2.5 μm diameter (mean = 1.5 μm, n = 30). Conidia not observed. Chlam-
ydospores single, terminal, globose, rare. Sexual morph: Undetermined.

Culture characteristics. On PDA, colonies 昀氀at, rounded, initially white, be-
coming yellowish-white, cottony, with moderate aerial mycelia, covering the 
90 mm plate after 7 days at 25 °C. On MEA, colonies white, dense aerial myce-
lia, forming multiple circles around the center, covering the 90 mm plate after 7 
days at 25 °C. Conidiomata were not observed.

Additional specimens examined. China, Yunnan Province: Xishuangban-
na, Naban River Watershed National Nature Reserve, 21°10'N, 99°55'E, on the 
stems of unidenti昀椀ed Poaceae plant, Oct 2018, X.X. Feng, YNE001260.

Note. Phylogenetic analyses con昀椀rmed that A. neogongcheniae formed an 
independent clade, exhibiting a close evolutionary relationship with A. gareth-

jonesii, A. neogarethjonesii and A. subrosea. Based on a BLASTN search of the 
GenBank database, it was found that A. neogongcheniae shares high similar-
ities with the following strains: A. garethjonesii strain HKAS 96289 (94.88% in 
ITS, 100% in LSU), strain GZCC 20-0115 (94.88% in ITS, 99.41% in LSU, 96.67% 
in tef1), strain SICAUCC 22-0027 (94.88% in ITS, 100% in LSU, 96.69% in tub2), 
strain SICAUCC 22-0028 (94.88% in ITS, 100% in LSU; 96.79% in tub2); A. sub-

rosea strain CGMCC 3.18337 (98.35% in ITS, 99.80% in LSU, 94.61% in tef1, 
94.99% in tub2), strain LC7291 (91.41% in ITS, 99.80% in LSU, 94.38% in tef1, 
94.99% in tub2); and A. neogarethjonesii strain HKAS 102408 (93.97% in ITS, 
100% in LSU). The tef1 and tub2 sequence data are currently unavailable for 
A. neogarethjonesii to compare with A. neogongcheniae.

Due to the absence of sexual and asexual sporulation characters in 
A. neogongcheniae, a comparison of its culture characteristics with those of 
A. garethjonesii, A. neogarethjonesii and A. subrosea was conducted. On PDA, 
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A. neogongcheniae exhibits a yellowish-white surface and reverse color, where-
as A. garethjonesii displays a white surface with a reddish reverse, A. neoga-

rethjonesii shows a white to black surface coloration, and A. subrosea presents 
a light pink surface with a peach-puff reverse. Phylogenetically, A. neogongche-

niae strains YNE01248 and YNE01260 form a distinct branch with 99% MLBP 
and 0.95 BIPP. Therefore, we propose A. neogongcheniae as a novel species.

Discussion

In the present study, three new species of endophytic Apiospora were exam-
ined: A. gongcheniae, A. paragongcheniae, and A. neogongcheniae, all of them 
isolated from the stems of Poaceae plants in Yunnan province of China. Ac-
cording to morphological and molecular identi昀椀cation, the taxonomic position 
of the three new species was veri昀椀ed.

The generic circumscription of Apiospora was primarily de昀椀ned through phy-
logenetic analysis, given the limited morphological characteristics of Apiospora 
and Arthrinium. The results of a multi-locus phylogenetic analysis in this study, 
utilizing a combined dataset of ITS, LSU, tef1, and tub2 sequences, supported 
the previous classi昀椀cation that Apiospora and Arthrinium are distinct lineages 
rather than synonyms (Pintos and Alvarado 2021). Unlike the six major clades 
identi昀椀ed in a previous study (Pintos and Alvarado 2022), the current study 
revealed twelve major clades with robust support through the phylogenetic 
analysis of 114 Apiospora species, including all known species with available 
sequences. Apiospora minutispora (Das et al. 2020) and Apiospora marianiae 
AP18219 (Pintos and Alvarado 2022) were not classi昀椀ed within these twelve 
major clades due to their representation by a single record. The delineation of 
most Apiospora species into major clades remained consistent across both 
studies. Notably, A. garethjonesii, A.neogarethjonesii, A. neobambusae, A. myti-

lomorpha, A. subrosea, and A.setostroma clustered together in a strongly sup-
ported major clade H, aligning with 昀椀ndings from previous studies (Crous et 

Figure 4. Apiospora neogongcheniae (YNE01248, ex-type culture) a colonies after 7 d at 25 °C on PDA b colonies after 

7 d at 25 °C on MEA c colonies after 7 d at 25 °C on SNA d colonies after 7 d at 25 °C on PDA with rice leaves e colonies 

after 7 d at 25 °C on MEA with rice leaves f colonies after 7 d at 25 °C on SNA with rice leaves g–h chlamydospores. 

Scale bars: 20 μm.
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al. 2021; Monkai et al. 2022; Pintos and Alvarado 2022; Liao et al. 2023; Liu et 
al. 2024). Within this major clade, three distinct clades representing three new 
species were identi昀椀ed (Fig. 1). A. gongcheniae is distinguished from A. gareth-

jonesii by 34/545 nucleotides in the ITS sequences, from A. neogarethjonesii by 
39/546, and from A. subrosea by 13/425. A. paragongcheniae is distinguished 
from A. subrosea by 10/512, from A. neobambusae by 10/512, and from A. neog-

arethjonesii by 24/525 nucleotides in the ITS sequences. A. neogongcheniae 
is distinguished from A. garethjonesii by 28/547, from A. neogarethjonesii by 
34/547, and from A. subrosea by 7/425 nucleotides in the ITS sequences.

Apiospora exhibits ecological diversity, as evidenced by its wide host ranges. 
Most reported Apiospora species show a host preference within the Poaceae 
family, as noted by Monkai et al. (Monkai et al. 2022). Our new species were 
also found growing on plant hosts of the Poaceae family. Speci昀椀cally, A. gong-

cheniae was discovered on the stems of Oryza meyeriana subsp. granulata, a 
member of the plant family Poaceae. The other two new species, A. paragong-

cheniae and A. neogongcheniae, were found on the stems of unidenti昀椀ed Poa-
ceae plants. Their close relatives, A. garethjonesii, A. neogarethjonesii, A. neo-

bambusae, and A. subrosea, were found on bamboo plants. Most Apiospora 
species exhibit saprobic and endophytic lifestyles, which are likely associated 
with the prevalence of Apiospora (Liao et al. 2023). Our new species occurred 
as endophytic fungi. Further investigation into endophytic Apiospora species 
will signi昀椀cantly enhance the diversity within the Apiospora genus.

Morphological characteristics, including asexual and sexual structures, serve 
as a fundamental basis for fungal systematics and phylogenetic studies, playing a 
vital role in the comprehensive examination of fungi. However, many endophytes 
do not form distinct asexual and sexual structures, as observed in A. neogong-

cheniae in this study, posing challenges in determining their taxonomic status 
based on morphological features. Recent advances in fungal taxonomy and phy-
logeny have provided new insights into many species with limited morphological 
features. Future taxonomic efforts necessitate the integration of morphological 
traits with molecular evidence to elucidate the natural and stable phylogenetic 
relationships among Apiospora species and their related Arthrinium species.
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Abstract

Neohelicomyces species are a group of helicosporous hyphomycetes with the potential 

to produce secondary metabolites. During our investigation of helicosporous fungi, six 

collections were isolated from both terrestrial and freshwater habitats in Guizhou Prov-

ince, China. Based on multigene phylogenetic analysis (ITS, LSU, tef1α and rpb2), cou-

pled with morphological data, three new Neohelicomyces species, viz. N. guizhouensis, 

N. helicosporus and N. hydei were established. A list of accepted Neohelicomyces spe-

cies with molecular data was provided. The strain of Neohelicomyces pallidus (UAMH 
10535) was synonymised under N. denticulatus based on molecular data.

Key words: Asexual morphs, Dothideomycetes, new taxa, phylogeny, taxonomy

Introduction

Genus Neohelicomyces Z.L. Luo, Bhat & K.D. Hyde (Tubeu昀椀aceae) is a group of 
helicosporous hyphomycetes which are characterised by coiled and helical co-
nidia (Luo et al. 2017; Lu et al. 2018b; Tibpromma et al. 2018; Crous et al. 2019a, 
2019b; Dong et al. 2020; Hsieh et al. 2021; Lu et al. 2022; Yang et al. 2023). That 
genus, typi昀椀ed by N. aquaticus, was established by Luo et al. (2017), based on 
morphological characterisation and phylogenetic analysis of the combined ITS, 
LSU and tef1α sequence data. In their study, three new species (including the 
type species), N. aquaticus, N. grandisporus and N. submersus, were collected 
from submerged decaying wood substrata in Yunnan Province, China. There-
after, Tibpromma et al. (2018) reported the fourth Neohelicomyces species, N. 
pandanicola from Pandanus sp. in the same province, China. Moreover, Lu et 
al. (2018b) re-assessed Tubeu昀椀ales, based on multi-locus phylogeny and mor-
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phology and introduced a new species, N. hyalosporus, but synonymised the fol-
lowing four strains under Neohelicomyces pallidus, i.e. Helicosporium pallidum 
(CBS 962.69 and UAMH 10535), Tubeu昀椀a helicomyces (CBS 271.52) and T. pa-

ludosa (CBS 245.49) (Linder 1929; Goos 1986; Tsui et al. 2006; Zhao et al. 2007; 
Ruibal et al. 2009). More recently, Crous et al. (2019a, 2019b) have introduced 
two species, Neohelicomyces deschampsiae and N. melaleucae, collected from 
terrestrial habitats in Europe (Germany) and North America (USA), respectively. 
Subsequent studies reporting novel Neohelicomyces species are listed chrono-
logically as follows: N. dehongensis and N. thailandicus – collected from fresh-
water bodies in China and Thailand (Dong et al. 2020); N. longisetosus – col-
lected from submerged decaying culm of Miscanthus 昀氀oridulus (Poaceae) in 
Taiwan Province, China (Hsieh et al. 2021); N. hainanensis – collected from de-
caying wood in a terrestrial habitat in China (Lu et al. 2022); and N. dehongensis 
– collected from decaying submerged wood in China (Yang et al. 2023).

To date, Neohelicomyces comprises 13 species, all of which have molecu-
lar data (Table 2) and are distributed in Asia (mostly in China), Europe (Ger-
many, Czechia, Italy and Netherlands) and North America (USA). They occur 
as saprobes on various plant litter in both freshwater and terrestrial habitats 
(e.g. on Deschampsia cespitosa, Fraxinus excelsior, Melaleuca styphelioides, 
Miscanthus 昀氀oridulus, Pandanus sp. and Quercus robur), according to Linder 
(1929), Goos (1989), Tsui et al. (2006), Zhao et al. (2007); Luo et al. (2017), 
Lu et al. (2018b), Tibpromma et al. (2018), Crous et al. (2019a, 2019b), Dong 
et al. (2020), Hsieh et al. (2021), Lu et al. (2022) and Yang et al. (2023). All of 
the Neohelicomyces species that have been reported so far only occur in the 
asexual morph. Their sexual morph is yet to be documented. Neohelicomyces 
genus is characterised by gregarious colonies on natural substrates, with co-
lours ranging from white, greyish-brown, to yellowish-green and pinkish. In ad-
dition, this genus is depicted by macronematous, branched and/or unbranched 
conidiophores, monoblastic to polyblastic, integrated, terminal or intercalary 
conidiogenous cells with lateral minute denticles and acropleurogenous or 
pleurogenous, helicoid conidia (Luo et al. 2017; Lu et al. 2018b; Tibpromma et 
al. 2018; Crous et al. 2019a, 2019b; Dong et al. 2020; Hsieh et al. 2021; Lu et al. 
2022; Yang et al. 2023).

Previous studies have primarily focused on systematics and taxonomic re-
search of helicosporous hyphomycetes (Abdel-Wahab et al. 2010; Boonmee et 
al. 2011, 2014; Lu et al. 2017a, 2017b, 2017c, 2018a, 2023a, 2023b; Kuo and 
Goh 2018; Lu and Kang 2020; Li et al. 2022a, 2022b; Ma et al. 2023a, 2023b; 
Xiao et al. 2023; Zhang et al. 2023). Recent studies on the natural products of 
some members from Neohelicomyces genus have shown that two compounds 
from N. hyalosporus (PF11-1) exhibited moderate cytotoxicity against human 
cancer cells (A549, TCA, RD) (Zheng et al. 2023). Therefore, the metabolites of 
Neohelicomyces species may be a potential source for preparing and develop-
ing drugs for human tumour prevention and management.

In this study, six helicosporous taxa were collected from both freshwater and 
terrestrial habitats in Zunyi City, Qianxinan Buyi and Miao Autonomous Prefec-
ture, Guizhou Province, China. Based on morphological descriptions, illustra-
tions and multi-gene phylogenetic analyses, three novel species are herein in-
troduced, namely Neohelicomyces guizhouensis, N. helicosporus and N. hydei.
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Materials and methods

Sampling of the collections, macro- and micro- morphological 
examinations

Specimens were collected from freshwater and terrestrial habitats from August 
2021 to March 2022 in Zunyi City and Qianxinan Buyi and Miao Autonomous 
Prefecture, Guizhou Province, China. Specimens from freshwater habitats were 
cultured at room temperatures, with moisture maintained for 1–2 weeks. Fun-
gal colonies and micromorphological structures on the surface of the natural 
substrates were observed using a stereomicroscope (SMZ-168, Nikon, Japan) 
and photographed using an ECLIPSE Ni compound microscope (Nikon, Tokyo, 
Japan), equipped with a Canon 90D digital camera.

Isolations and material deposition

Single spore isolations were conducted following the method described 
by Chomnunti et al. (2014). Subsequently, the germinating spores were 
aseptically transferred to fresh potato dextrose agar (PDA) plates, following 
the method outlined in Senanayake et al. (2020). Fungal mycelia were 
cultured on PDA and incubated at 25 °C for 45 to 50 days. Their colony 
characteristics, such as shape, colour, size, margin and elevation, were 
monitored and recorded.

Dried fungal specimens were deposited in the Herbarium of Kunming In-
stitute of Botany, Chinese Academy of Sciences (Herb. HKAS), Kunming, Chi-
na and the Herbarium of Guizhou Academy of Agriculture Sciences (Herb. 
GZAAS), Guiyang, China. Cultures were deposited at the Guizhou Culture Col-
lection (GZCC), Guiyang, China. The descriptions of the newly-introduced taxa 
were uploaded in the Faces of Fungi webpage following the guidelines outlined 
in Jayasiri et al. (2015). The new species were registered in the MycoBank da-
tabase (https://www.mycobank.org/).

DNA extraction, PCR ampli昀椀cation and sequencing

Fresh mycelia were scraped with a sterilised toothpick and transferred to a 
1.5 ml microcentrifuge tube. Genomic DNA was extracted using the Biospin 
Fungus Genomic DNA Extraction Kit (BioFlux, China), following the manufac-
turer’s protocol. Primer pairs ITS5/ITS4 (White et al. 1990), LR0R/LR5 (Vilgalys 
and Hester 1990), EF1-983F/EF1-2218R (Rehner and Buckley 2005) and fRPB2-
5F/fRPB2-7cR (Liu et al. 1999) were used to amplify ITS, LSU, tef1α and rpb2 
sequence fragments, respectively. The PCR ampli昀椀cation reactions were car-
ried out in a 50 µl reaction volume, including 2 µl DNA, 2 µl of the forward and 
reverse primer each and 44 µl of 1.1 × T3 Supper PCR Mix (Qingke Biotech, 
Chongqing, China). The thermal-cycling parameters of the ITS, LSU, tef1α and 
rpb2 regions were as follows: initial denaturation at 98 °C for 2 min, followed by 
35 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for 1 min, elonga-
tion at 72 °C for 10 s and 昀椀nal extension at 72 °C for 2 min. The PCR products 
were detected by 1% agarose gel electrophoresis and the sequencing results 
were provided by Beijing Qingke Biotechnology Co., Ltd.
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Phylogenetic analyses

The sequence data of our new taxa were veri昀椀ed using BioEdit v. 7.0.5.3 (Hall 
1999). The forward and reverse sequence data of LSU, tef1α and rpb2 regions 
were assembled using SeqMan v. 7.0.0 (DNASTAR, Madison, WI, USA; Swindell 
and Plasterer (1997)). The sequences incorporated in this study were down-
loaded from GenBank (Table 1; https://www.ncbi.nlm.nih.gov/). The single 
gene datasets were aligned using MAFFT v.7.473 (https://mafft.cbrc.jp/align-
ment/server/, Katoh et al. (2019)) and trimmed using trimAl.v1.2rev59 soft-
ware (Capella-Gutiérrez et al. 2009). The aligned datasets were concatenated 
(LSU-ITS-tef1α-rpb2) using SequenceMatrix-Windows-1.7.8 software (Vaidya et 
al. 2011). The Maximum Likelihood (ML) tree was performed in IQ Tree web-
server (http://iqtree.cibiv.univie.ac.at/, Nguyen et al. (2015); Zeng et al. (2023)). 
To obtain a well-resolved taxonomic placement of Neohelicomyces spp., we 
added Muripulchra and a few Tubeu昀椀a species as ingroup taxa in our analyses. 
Helicotubeu昀椀a hydei (MFLUCC 17-1980) and H. jonesii (MFLUCC 17-0043) were 
selected as the outgroup taxa (Liu et al. 2018).

Bayesian Inference (BI) was performed using OFPT methods described by 
Zeng et al. (2023). The aligned Fasta 昀椀le was converted to a Nexus format 昀椀le 
for Bayesian analysis using AliView v. 1.27 (Daniel et al. 2010). The best-昀椀t sub-
stitution model of the four gene matrices was selected using MrModelTest 2.3 
under the Akaike Information Criterion (AIC) (Nylander et al. 2008).

The multi-gene phylogenetic trees were visualised using FigTree v. 1.4.4 and 
the 昀椀nal layout of the phylogram was edited using Adobe Illustrator CC 2019v. 
23.1.0 (Adobe Systems, USA). Photo-plates and scale bars were processed us-
ing Adobe Photoshop CC 2019 (Adobe Systems, USA) and Tarosoft (R) Image 
Frame Work programme, respectively.

Phylogenetic results

The phylogenetic positions of our newly-introduced species were determined, 
based on multi-gene (ITS-LSU-tef1α-rpb2) phylogenetic analysis. The concat-
enated sequence matrix comprised 3,353 characters (ITS: 1–547, LSU: 548–
1,405, tef1α: 1,406–2,308 and rpb2: 2,309–3,353) across 40 ingroup and two 
outgroup taxa (Helicotubeu昀椀a hydei and H. jonesii). Both the ML and BI analy-
ses of the concatenated ITS, LSU, tef1α and rpb2 datasets yielded similar tree 
topologies. Fig. 1 illustrates the best scoring ML tree, with a 昀椀nal likelihood val-
ue of -17,148.363. The decision to introduce new species based on a polypha-
sic approach follow the guidelines of Chethana et al. (2021).

With reference to the multi-gene phylogram (Fig. 1), our collections represent 
three distinct Neohelicomyces species within Tubeu昀椀aceae. Our isolates, GZCC 
23–0725 and GZCC 23–0726, cluster together with the clade comprising N. 
denticulatus, N. deschampsiae, N. pallidus and N. pandanicola. GZCC 23–0633 
and GZCC 23–0634 group together and this clade forms a distinct lineage with 
N. hyalosporus (GZCC 16–0086) with 100% ML and 1.00 PP support. In addi-
tion, GZCC 23–0727 and GZCC 23–0728 form a clade together and are sister 
to N. aquaticus (MFLUCC 16–0993 and KUMCC 15–0463) with 100% ML and 
0.95 PP support.
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Table 1. Taxa used in this study and their GenBank accession numbers.

Taxon Strain
GenBank Accessions

ITS LSU tef1α rpb2

Helicotubeu昀椀a hydei MFLUCC 17-1980T MH290021 MH290026 MH290031 MH290036

H. jonesii MFLUCC 17-0043T MH290020 MH290025 MH290030 MH290035

Muripulchra aquatica DLUCC 0571 KY320531 KY320548 – –

M. aquatica KUMCC 15-0245 KY320533 KY320550 KY320563 MH551057

M. aquatica KUMCC 15-0276 KY320534 KY320551 KY320564 MH551058

M. aquatica MFLUCC 15-0249T KY320532 KY320549 – –

Neohelicomyces aquaticus KUMCC 15-0463 KY320529 KY320546 KY320562 MH551065

N. aquaticus MFLUCC 16-0993T KY320528 KY320545 KY320561 MH551066

N. dehongensis MFLUCC 18-1029T NR_171880 MN913709 MT954393 –

N. denticulatus GZCC 19-0444T OP377832 MW133855 – –

N. denticulatus UAMH 10535 AY916462 AY856913 – –

N. deschampsiae CPC 33686T MK442602 MK442538 – –

N. guizhouensis GZCC 23-0725T PP512969 PP512973 PP526727 PP526733

N. guizhouensis GZCC 23-0726 PP512970 PP512974 PP526728 PP526734

N. grandisporus KUMCC 15-0470T KX454173 KX454174 – MH551067

N. hainanensis GZCC 22-2009T OP508734 OP508774 OP698085 OP698074

N. hainanensis GZCC 22-2027 OP508735 OP508775 OP698086 OP698075

N. helicosporus GZCC 23-0633T PP512971 PP512975 PP526729 PP526735

N. helicosporus GZCC 23-0634 PP512972 PP512976 PP526730 PP526736

N. hyalosporus GZCC 16-0086T MH558745 MH558870 MH550936 MH551064

N. hydei GZCC 23-0727T – PP512977 PP526731 PP526737

N. hydei GZCC 23-0728 – PP512978 PP526732 PP526738

N. longisetosus NCYU-106H1-1-1T MT939303 – – –

N. melaleucae CPC 38042T MN562154 MN567661 MN556835 –

N. pallidus CBS 245.49 MH856510 – – –

N. pallidus CBS 271.52 AY916461 AY856887 – –

N. pallidus CBS 962.69 AY916460 AY856886 – –

N. pandanicola KUMCC 16-0143T MH275073 MH260307 MH412779 –

N. ubmersus MFLUCC 16-1106T KY320530 KY320547 – MH551068

N. thailandicus MFLUCC 11-0005T NR_171882 MN913696 – –

Tubeu昀椀aceae sp. ATCC 42524 AY916458 AY856911 – –

Tubeu昀椀a guttulata GZCC 23-040T OR030841 OR030834 OR046678 OR046684

T. hainanensis GZCC 22-2015T OR030842 OR030835 OR046679 OR046685

T. javanica MFLUCC 12-0545T KJ880034 KJ880036 KJ880037 –

T. krabiensis MFLUCC 16-0228T MH558792 MH558917 MH550985 MH551118

T. latispora MFLUCC 16-0027T KY092417 KY092412 KY117033 MH551119

T. laxispora MFLUCC 16-0232T KY092413 KY092408 KY117029 MF535287

T. machaerinae MFLUCC 17-0055 MH558795 MH558920 MH550988 MH551122

T. mackenziei MFLUCC 16-0222T KY092415 KY092410 KY117031 MF535288

T. muriformis GZCC 22-2039T OR030843 OR030836 OR046680 OR046686

T. nigroseptum CGMCC 3.20430T MZ092716 MZ853187 OM022002 OM022001

T. pandanicola MFLUCC 16-0321T MH275091 MH260325 – –

Note: “T” indicates ex-type strains. Newly-generated sequences are typed in bold. “–” indicates the unavailable data in GenBank.
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Figure 1. Phylogenetic tree generated from Maximum Likelihood (ML) analysis, based on the combined ITS, LSU, tef1α and 

rpb2 sequence data. Bootstrap support values of ML equal to or greater than 75% and Bayesian posterior probabilities (PP) 
equal to or greater than 0.95 are given near the nodes as ML/PP, respectively. Helicotubeu昀椀a hydei (MFLUCC 17–1980) and H. 

jonesii (MFLUCC 17–0043) were selected as outgroup taxa. The new species are typed in bold red; “T” denotes ex-type strains.
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Taxonomy

Neohelicomyces guizhouensis J. Ma, Y.Z. Lu & K.D. Hyde, sp. nov.
MycoBank No: 901915
Facesoffungi Number: FoF15563
Fig. 2

Etymology. The epithet “guizhouensis” refers to Guizhou Province, from where 
the specimen was collected.

Holotype. HKAS 134924.
Description. Saprobic on decaying wood in a freshwater habitat. Sexual 

morph Unknown from natural habitat. Asexual morph Hyphomycetous, helico-
sporous. Colonies on natural substrate super昀椀cial, effuse, gregarious, white to 
light pink. Mycelium semi-immersed, hyaline to pale brown, septate, branched hy-
phae, smooth, comprising glistening conidial mass. Conidiophores 78–288 μm 
long, 4–6 μm wide (x̄ = 179.5 × 5 μm, n = 20), macronematous, mononematous, 
erect, 昀氀exuous, cylindrical, sometimes branched, septate, hyaline to pale brown, 
smooth, thick-walled. Conidiogenous cells 9–18 μm long, 2.5–4.5 μm wide (x̄ = 
14 × 3.5 μm, n = 25), holoblastic, mono- to poly-blastic, integrated, sympodial, in-
tercalary or terminal, cylindrical, with a denticulate protrusion, truncate at apex 
after conidial secession, hyaline to pale brown, smooth-walled. Conidia solitary, 
acropleurogenous, helicoid, rounded at the tips, 18–21.5 μm in diameter and 
conidial 昀椀lament 2–2.7 μm wide (x̄ = 20 × 2.3 μm, n = 20), 94.5–148.5 μm long 
(x̄ = 126.5 μm, n = 30), multi-septate, coiled 2¾–3½ times, becoming loosely 
coiled in water, guttulate, hyaline, smooth-walled.

Culture characteristics. Conidia producing germ tubes on PDA within 9 
hours of incubation at 25 °C. Colonies on PDA are circular with 昀氀at surface and 
undulate edge, reaching 40 mm diameter after 45 days of incubation at 25 °C, 
top view of colony pale pink to brown, reverse brown to dark brown.

Material examined. China, Guizhou Province, Zunyi City, Renhuai City, Daba 
Town, on decaying wood in a freshwater habitat, 17 August 2021, Jian Ma, RH4 
(HKAS 134924, holotype; GZAAS 23–0619, isotype), ex-type living cultures 
GZCC 23–0725; Ibid., RH4.1 (GZAAS 23–0620, paratype), living culture GZCC 
23–0726.

Notes. The newly-identi昀椀ed strains (GZCC 23–0725 and GZCC 23–0726) 
are phylogenetically grouped with N. denticulatus, N. deschampsiae, N. pal-

lidus and N. pandanicola (Fig. 1). However, it is most closely related to N. 
deschampsiae (CPC 33686) phylogenetically and a comparison of polymor-
phic nucleotides across ITS and LSU sequences between GZCC 23–0725 
and N. deschampsiae (CPC 33686) revealed nucleotide base disparities 
of 34/546 bp (6.3%, including fourteen gaps) and 4/860 bp (0.5%, includ-
ing 0 gap), respectively. Morphologically, N. guizhouensis is most similar to 
N. dehongensis in having macronematous, mononematous, erect, 昀氀exuous 
branched conidiophores and solitary, helicoid, hyaline conidia (Dong et al. 
2020). However, N. dehongensis can be delineated from N. guizhouensis by 
its longer conidia (145–210 μm vs. 94.5–148.5 μm) and wider conidial 昀椀la-
ments (20–25 μm vs. 18–21.5 μm) (Dong et al. 2020). Therefore, based on 
the 昀椀ndings from both molecular and morphological evidence, we propose 
N. guizhouensis as a new species.
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Figure 2. Neohelicomyces guizhouensis (HKAS 134924, holotype) a, b colonies on the host surface c, d conidiophores, 

conidiogenous cells and conidia e–g conidiogenous cells h–l conidia m germinated conidium n, o surface and reverse 

colonies on PDA after 45 days of incubation at 25 °C. Scale bars: 50 μm (c); 30 μm (d); 10 μm (e, g, m); 5 μm (f, h–l).
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Neohelicomyces helicosporus J. Ma, Y.Z. Lu & K.D. Hyde, sp. nov.
MycoBank No: 901916
Facesoffungi Number: FoF15564
Fig. 3

Etymology. The epithet “helicosporus” refers to the helicoid form of conidia.
Holotype. HKAS 134923.
Description. Saprobic on decaying wood in a terrestrial habitat. Sexual 

morph Unknown from natural habitat. Asexual morph Hyphomycetous, he-
licosporous. Colonies on natural substrate super昀椀cial, effuse, gregarious, 
white. Mycelium semi-immersed, hyaline to pale brown, septate, branched 
hyphae, smooth, comprising glistening conidial mass. Conidiophores 105–
199 μm long, 3–5.5 μm wide (x̄ = 160.5 × 4 μm, n = 25), macronematous, 
mononematous, erect, curved, 昀氀exible at the tip, cylindrical, unbranched, 
septate, hyaline, smooth-, thick-walled. Conidiogenous cells 13–22 μm 
long, 2.5–4.5 μm wide (x̄ = 16 × 3.5 μm, n = 20), holoblastic, monoblastic 
to polyblastic, integrated, sympodial, intercalary or terminal, cylindrical, with 
a denticulate protrusion, truncate at apex after conidial secession, hyaline, 
smooth-walled. Conidia solitary, acropleurogenous, helicoid, rounded at the 
tips, 15.5–18 μm in diameter and conidial 昀椀lament 2.5–5 μm wide (x̄ = 16.5 × 
3.5 μm, n = 25), 103–170 μm long (x̄ = 130 μm, n = 30), indistinctly multi-sep-
tate, coiled up to 3¾ times, becoming loosely coiled in water, guttulate, hya-
line, smooth-walled.

Culture characteristics. Conidia producing germ tubes on PDA within 9 
hours of incubation at 25 °C. Colonies on PDA are irregular with umbonate 
surface and 昀椀liform edge, reaching 43 mm diameter after 48 days of incuba-
tion at 25 °C, top view of colony reddish-brown to black brown, reverse brown 
to black brown.

Material examined. China, Guizhou Province, Qianxinan Buyi and Miao Au-
tonomous Prefecture, Lianhuan Town, on decaying wood in a terrestrial habitat, 
17 March 2022, Jian Ma, LHX8 (HKAS 134923, holotype; GZAAS 23–0623, iso-
type), ex-type living cultures GZCC 23–0633; Ibid., LHX8.1 (GZAAS 23–0624, 
paratype), living culture GZCC 23–0634.

Notes. Our isolates (GZCC 23–0633 and GZCC 23–0634) are morphological-
ly similar to Neohelicomyces hainanensis (Lu et al. 2022), but the phylogenetic 
analyses revealed that GZCC 23–0633 and GZCC 23–0634 cluster together 
and this clade is sister to N. hyalosporus (GZCC 16–0086) with 100% ML/1.00 
PP support (Fig. 1). The polymorphism nucleotides comparison of ITS, LSU, 
tef1α and rpb2 sequence data between GZCC 23–0633 and Neohelicomyces 

hyalosporus (GZCC 16–0086), reveals nucleotide base differences of 29/527 
bp (5.5%, including thirteen gaps), 2/844 bp (0.2%, including 0 gap), 27/892 bp 
(3.0%, including 0 gap) and 37/893 bp (4.1%, including 0 gap), respectively. Ad-
ditionally, our species displays a reddish-brown pigmentation on PDA, but this 
feature was not observed in N. hainanensis and N. hyalosporus (Lu et al. 2018b, 
2022). Furthermore, our species differs from N. hainanensis in having longer 
conidia (103–170 μm vs. up to 136 μm) and from N. hyalosporus in having 
shorter conidiophores (105–199 μm vs. 210–290 μm) (Lu et al. 2018b, 2022). 
Therefore, based on the phylogenetic and morphological differences, we intro-
duce N. helicosporus herein as a novel species.
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Figure 3. Neohelicomyces helicosporus (HKAS 134923, holotype) a, b colonies on the host surface c–f conidiophores 

and conidiogenous cells g–j conidiogenous cells k germinated conidium l–s conidia t, u surface and reverse colonies on 

PDA after 48 days of incubation at 25 °C. Scale bars: 50 μm (c–e); 20 μm (f–h, k–s); 10 μm (i); 5 μm (j).
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Neohelicomyces hydei J. Ma, Y.Z. Lu & K.D. Hyde, sp. nov.
MycoBank No: 901917
Facesoffungi Number: FoF15565
Fig. 4

Etymology. The epithet “hydei” is named in honour of Prof. Kevin D. Hyde for his 
contributions to mycology.

Holotype. HKAS 134925.
Description. Saprobic on decaying wood in a freshwater habitat. Sexual 

morph Unknown from natural habitat. Asexual morph Hyphomycetous, he-
licosporous. Colonies on natural substrate super昀椀cial, effuse, gregarious, 
white to pale brown. Mycelium semi-immersed, hyaline to pale brown, septate, 
branched hyphae, smooth, comprising glistening conidial mass. Conidiophores 
262–410 μm long, 5.5–7 μm wide (x̄ = 335 × 6 μm, n = 30), macronematous, 
mononematous, erect, 昀氀exuous, cylindrical, branched, up to 20–septate, hyaline 
to pale brown, smooth, thick-walled. Conidiogenous cells 7.5–19.5 μm long, 
3.5–6 μm wide (x̄ = 16.5 × 4 μm, n = 35), holoblastic, monoblastic to polyblas-
tic, integrated, intercalary or terminal, cylindrical, with a denticulate protrusion, 
truncate at apex after conidial secession, hyaline to pale brown, smooth-walled. 
Conidia solitary, acropleurogenous, helicoid, rounded at tip, up to 18.5 μm in di-
ameter and conidial 昀椀laments 2–3 μm wide, 137.5–171.5 μm long (x̄ = 158 μm, 
n = 25), indistinctly multiseptate, coiled up to 4 times, becoming loosely coiled 
in water, guttulate, hyaline, smooth-walled.

Culture characteristics. Conidia producing germ tubes on PDA within 12 
hours of incubation at 25 °C. Colonies on PDA are circular with umbonate 
surface and entire edge, reaching 42 mm in diameter after 50 days of incu-
bation at 25 °C, top view of colony brown to black brown, reverse pale brown 
to black brown.

Material examined. China, Guizhou Province, Qianxinan Buyi and Miao Au-
tonomous Prefecture, Xianheping National Forest Park, 24°97′N, 105°63′E, on 
decaying wood in a freshwater habitat, 16 March 2022, Jian Ma, XHP1 (HKAS 
134925, holotype; GZAAS 23–0621, isotype), ex-type living cultures GZCC 23–
0727; Ibid., XHP1.1 (GZAAS 23–0622, paratype), living culture GZCC 23–0728.

Notes. Our isolates, GZCC 23–0727 and GZCC 23–0728 cluster together 
and form a sister clade to N. aquaticus (MFLUCC 16–0993 and KUMCC 15–
0463) with 96% ML/0.95 PP support. Upon comparison of the nucleotide bases 
between our isolates and Neohelicomyces aquaticus (MFLUCC 16–0993), the 
following differences were observed: 1/851 bp (0.1%, including 1 gap) across 
LSU, 13/869 bp (1.5%, including 1 gap) across tef1α and 46/945 bp (4.9%, with 
no gaps) across rpb2. Unfortunately, we were unable to compare the differenc-
es in nucleotide bases across ITS as our isolates (GZCC 23–0727 and GZCC 
23–0728) lack ITS sequence data. Despite several trials using different PCR 
conditions, we were unable to amplify the ITS locus for our strain (GZCC 23–
0727 and GZCC 23–0728) successfully. Morphologically, our isolates (GZAAS 
23–0621 and GZAAS 23–0622) differ from N. aquaticus (MFLU 16–2543) as 
they have mostly branched and hyaline conidiophores, polyblastic, terminal and 
hyaline conidiogenous cells and acropleurogenous conidia (Luo et al. 2017). 
Based on phylogenetic placement and morphology, we identify GZCC 23–0727 
and GZCC 23–0728 as a single species, Neohelicomyces hydei.
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Figure 4. Neohelicomyces hydei (HKAS 134925, holotype) a, b colonies on the host surface c–e conidiophores and con-

idiogenous cells f–h conidiogenous cells i–m conidia n germinated conidium o, p surface and reverse colonies on PDA 

after 50 days of incubation at 25 °C. Scale bars: 50 μm (c–e); 10 μm (f–n).
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Discussion

In this study, six helicosporous taxa were collected for the 昀椀rst time in northern 
and south-western regions of Guizhou Province, China. Based on multigene 
(ITS-LSU-tef1α-rpb2) phylogenetic analysis, coupled with morphological de-
scriptions and illustrations, we establish three novel Neohelicomyces species, 
namely N. guizhouensis, N. helicosporus and N. hydei.

A list of accepted Neohelicomyces species with known sequence data is 
also provided (Table 2). There are 16 species (including three new species de-
scribed in the present study) in Neohelicomyces, of which ten were found from 
freshwater habitats, while the remaining six ones were reported from terrestrial 
habitats, with 13 species collected from China (Linder 1929; Goos 1989; Tsui 
et al. 2006; Zhao et al. 2007; Luo et al. 2017; Lu et al. 2018b, 2022; Tibpromma 
et al. 2018; Crous et al. 2019a, 2019b; Dong et al. 2020; Hsieh et al. 2021; Yang 
et al. 2023). Neohelicomyces pallidus is the most widely distributed member 
of Neohelicomyces genus and has been reported from terrestrial habitats in 
various regions of the world, including China, Czechia, Italy, Japan, Netherlands 
and USA (Linder 1929; Goos 1989; Tsui et al. 2006; Zhao et al. 2007; Lu et 
al. 2018b). Given that most Neohelicomyces species and many helicosporous 
genera (Berkleasmium, Helicoma, Helicosporium, Helicotubeu昀椀a, Neohelicospo-

rium, Parahelicomyces, Pleurohelicosporium, Pseudotubeu昀椀a and Tubeu昀椀a) in 
Tubeu昀椀aceae were reported from China, we infer that China is a biodiversity 
hotspot for helicosporous fungi (Lu et al. 2018b; Hsieh et al. 2021; Ma et al. 
2023a). Therefore, we anticipate to discover and classify more helicosporous 
taxa from different habitats. A plausible explanation for the prevalent number 

Table 2. Checklist of accepted Neohelicomyces species with molecular data.

No. Species Distribution Habitat References

1 N. aquaticus China Freshwater Luo et al. (2017)

2 N. dehongensis China Freshwater Dong et al. (2020)

3 N. denticulatus China Freshwater Yang et al. (2023)

4 N. deschampsiae Germany Terrestrial Crous et al. (2019a)

5 N. guizhouensis China Freshwater In this study

6 N. grandisporus China Freshwater Luo et al. (2017)

7 N. hainanensis China Terrestrial Lu et al. (2022)

8 N. helicosporus China Terrestrial In this study

9 N. hyalosporus China Freshwater Lu et al. (2018b)

10 N. hydei China Freshwater In this study

11 N. longisetosus China Freshwater Hsieh et al. (2021)

12 N. melaleucae USA Terrestrial Crous et al. (2019b)

13 N. pallidus China, Czech Republic, Italy, Japan, 
Netherlands, USA

Terrestrial Linder (1929); Goos (1989); Zhao et al. (2007); 
Lu et al. (2018b)

14 N. pandanicola China Terrestrial Tibpromma et al. (2018)

15 N. submersus China Freshwater Luo et al. (2017)

16 N. thailandicus Thailand Freshwater Dong et al. (2020)

Note: The newly-isolated species in this study are typed in bold.
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of Neohelicomyces species in China might be attributed to limited sampling in 
other areas or they probably occur in understudied hosts and substrates.

The conidial morphology of most Neohelicomyces species closely resem-
bles those of Helicomyces and the typical helicoid Tubeu昀椀a genera (Zhao et 
al. 2007; Luo et al. 2017; Lu et al. 2018b; Ma et al. 2023b). However, most Neo-

helicomyces species can easily be distinguished by their longer, hyphae-like 
and conspicuous conidiophores, when compared to those of Helicomyces and 
Tubeu昀椀a (Morgan 1892; Linder 1929; Rao and Rao 1964; Goos 1985; Zhao et al. 
2007; Hyde et al. 2016; Lu et al. 2017b, 2018b, 2023b; Kuo and Goh 2018; Tian et 
al. 2022; Ma et al. 2023b). Only two species, Neohelicomyces longisetosus and 
N. thailandicus, exhibit morphological variations in conidiophores when com-
pared to other Neohelicomyces species. However, molecular data con昀椀rm their 
taxonomic placement in Neohelicomyces (Dong et al. 2020; Hsieh et al. 2021). 
For example, Neohelicomyces longisetosus resembles Helicosporium 昀氀avum in 
having shorter, unbranched and less septate conidiophores and terminal, am-
pulliform conidiogenous cells. Nonetheless, they are delineated, based on their 
distinct conidial morphology and DNA molecular data (Brahmanage et al. 2017; 
Hsieh et al. 2021).

Herein, based on multigene phylogenetic analyses, we reclassify Neohelico-

myces pallidus (UAMH 10535) under N. denticulatus. Nevertheless, we were 
unable to compare its morphology as this taxon lacks morphological data 
(Kodsueb et al. 2006; Tsui and Berbee 2006; Tsui et al. 2006; Lu et al. 2018b). 
In our phylogenetic analyses, Neohelicomyces pallidus (UAMH 10535) clusters 
with Neohelicomyces denticulatus (GZCC 19-0444) with 93% ML and 1.00 PP 
support. In comparison of their sequence data, there were only four nucleo-
tide differences across ITS and one nucleotide difference across LSU (Lu et al. 
2018b; Yang et al. 2023). Additionally, our phylogenetic analyses showed that 
Tubeu昀椀a amazonensis (ATCC 42524) shares a sister relationship to Neohelico-

myces species, which suggests that this taxon neither belongs to genus Neo-

helicomyces nor to genus Tubeu昀椀a. However, due to the lack of morphological 
data about Tubeu昀椀a amazonensis (ATCC 42524), we were unable to compare 
its features with other Neohelicomyces and Tubeu昀椀a species. Therefore, Tubeu-

昀椀a amazonensis (ATCC 42524) is re-categorised here as a member of Tubeu昀椀-
aceae (ATCC 42524). Further studies focusing on the re-collections, isolations 
and morphological examinations of these strains are a prerequisite to having a 
more stable and resolved taxonomy.
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Abstract

Sun昀氀ower (Helianthus annuus L.) is a widely cultivated, fast-growing crop known for its 
seeds and oil, with substantial ecological and economic importance globally. Howev-

er, it faces challenges from leaf diseases caused by Alternaria species, which threaten 

its yield. Three small-spored Alternaria species were isolated from leaf spot and blight 

symptoms on sun昀氀ower in Myanmar. All the species were determined based on mor-
phological characterization and a multi-locus phylogenetic assessment of seven genes, 

including the internal transcribed spacer of rDNA region (ITS), glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH), RNA polymerase second largest subunit (RPB2), trans-

lation elongation factor 1-α (TEF1), Alternaria major allergen gene (Alt a 1), endopoly-

galacturonase gene (EndoPG), and an anonymous gene region (OPA10-2). The results 
introduced two new Alternaria species, A. myanmarensis sp. nov. and A. yamethinensis 

sp. nov., and a known species of A. burnsii, 昀椀rstly reported from sun昀氀ower.

Key words: Alternaria, morphology, new host record, novel species, phylogeny

Introduction

The genus Alternaria Nees, 1816, which belongs to the family Pleosporaceae, or-
der Pleosporales, and phylum Ascomycota, is a widely distributed dematiaceous 
fungus frequently found in plants, soil, food, and indoor air environments (Thomma 
2003). It includes more than 790 species epithets, and approximately 382 species 
have been accepted (Hongsanan et al. 2020; Wijayawardene et al. 2020; Gannibal 
et al. 2022; Li et al. 2023; Liao et al. 2023). The identi昀椀cation and classi昀椀cation 
of Alternaria commonly rely on cultural features, conidial characteristics (shape, 
size, septation, beak formation), sporulation patterns, and hosts (Zhang 2003; 
Simmons 2007; Yu 2015). Normally, Alternaria is categorized into two obviously 
distinct groups: large-spored and small-spored Alternaria (Simmons 2007). The co-
nidial bodies of large-spored species typically measure 60–100 μm in length and 
the small-spored species are less than 60 μm. The morphological criteria can be 

Academic editor: Rui-Lin Zhao 

Received: 23 March 2024 

Accepted: 13 May 2024 

Published: 7 June 2024

Citation: Nwe ZM, Htut KN, Aung 

SLL, Gou Y-N, Huang C-X, Deng 

J-X (2024) Two novel species and 

a new host record of Alternaria 

(Pleosporales, Pleosporaceae) from 

sun昀氀ower (Compositae) in Myanmar. 
MycoKeys 105: 337–354. https://doi.

org/10.3897/mycokeys.105.123790

MycoKeys 105: 337–354 (2024)  

DOI: 10.3897/mycokeys.105.123790

This article is part of:  

Diversity, taxonomy, and systematics of 

macrofungi from tropical Asia  

Edited by Olivier Raspé, Rui-Lin Zhao, 

Jennifer Luangsa-ard



338MycoKeys 105: 337–354 (2024), DOI: 10.3897/mycokeys.105.123790

Zin Mar Nwe et al.: Two novel species and a new host record of Alternaria

in昀氀uenced by growth conditions, including substrate, light, and humidity, potentially 
undermining their reliability in characterizing the genus (Woudenberg et al. 2013).

Nowadays, diverse molecular techniques have been utilized to clarify the 
variability among and within Alternaria species (Lawrence et al. 2016). The 
classi昀椀cation has been signi昀椀cantly informed through phylogenetic analysis by 
utilizing more than ten distinct genetic loci. These loci include the regions of 
rDNA (nuclear small subunit (SSU), large subunit (LSU), and internal transcribed 
spacer (ITS)), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), RNA poly-
merase second largest subunit (RPB2), translation elongation factor 1-α (TEF1), 
Alternaria major allergen (Alt a 1), endopolygalacturonase (EndoPG), an anon-
ymous genomic region (OPA10-2), calmodulin (CAL), and eukaryotic ortholo-
gous groups (KOG) (Liu et al. 2024). The genus is found to encompass 29 sec-
tions through comprehensive multi-locus phylogenetic analyses (Ghafri et al. 
2019; Gannibal et al. 2022). Among them, the section Alternaria, which includes 
members with catenate and small-spored conidia, is recognized as having only 
11 phylogenetic species and one species complex (Woudenberg et al. 2015).

Leaf spot and blight disease on sun昀氀ower (Helianthus annuus L.) caused by 
Alternaria signi昀椀cantly decreases head diameters and seed production (Kgatle 
et al. 2020). Sun昀氀ower, belonging to the Compositae family and native to North 
America, is an oilseed crop cultivated worldwide, with its oil ranking as the sec-
ond most important source of edible vegetable oils (Zhang et al. 2021). The plant 
is also commercialized for livestock feed (Yegorov et al. 2019). It was introduced 
to Myanmar in 1968 (Favre and Myint 2009) and covered 0.224 million hectares 
with a yield of 9245 kg/ha in 2022 (http://faostat.fao.org/site/567/default.aspx-
#ancor). In the Central Dry Zone of Myanmar (Mandalay, Sagaing, and Magway 
Regions), it contributes to more than 77% of the overall oilseed crop production 
(DOA 2020). During the monsoon season in 2023, three small-spored Alternaria 
species were isolated from leaf symptoms of sun昀氀ower collected in a plantation 
in Mandalay, Myanmar. In this study, those species were meticulously identi昀椀ed 
and illustrated through morphological and phylogenetic approaches.

Materials and methods

Sample collection and fungal isolation

In August 2023, sun昀氀ower leaves displaying spot and blight symptoms were 
randomly collected from plantations in Myanmar, Mandalay Region, Yamethin 
Township, Segyi Village (30°21'28.188"N, 112°08'32.136"E). From each 昀椀eld, 
samples were randomly collected at 昀椀ve different points, placed in separate 
clean zip bags and transported to the laboratory. For fungal isolation, leaf frag-
ments from the edges of the lesions were excised, treated with a 1% sodium 
hypochlorite solution for three minutes, rinsed three times with distilled water, 
plated on moist 昀椀lter papers in Petri dishes and then incubated at 25 °C in the 
dark for sporulation. A single spore was picked using a sterile glass needle un-
der a stereomicroscope and inoculated onto potato dextrose agar (PDA: Difco, 
Montreal, Canada). Once su昀케ciently grown, pure cultures were isolated by a 
single spore and preserved in test tube slants at 4 °C in the Fungi Herbarium at 
Yangtze University (YZU) in Jingzhou, Hubei, China. MycoBank numbers were 
obtained by following the protocols outlined on (https://www.mycobank.org/).
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Morphological characterization

To study the characteristics of the culture, mycelial plugs (6 mm diameter) 
were extracted from the periphery of 5-day-old colonies growing on PDA, trans-
ferred to fresh 90 mm PDA plates, and incubated in darkness at 25 °C for 7 
days. For the examination of conidial morphology, mycelia were cultured on V8 
juice agar (V8A) and potato carrot agar (PCA) under white 昀氀uorescent light at 
22 °C with an 8-hour light/16-hour dark period (Simmons 2007). After a 7-day 
incubation period, the sporulation patterns and conidial characteristics were 
determined under an ECLIPSE Ni-U microscopic system (Nikon, Japan). The 
conidia were observed using a lactophenol-picric acid solution. Fifty randomly 
selected conidia were recorded.

DNA extraction, PCR ampli昀椀cation, and Sequencing

Genomic DNA extraction involved scraping fresh mycelia from colonies culti-
vated on PDA for 5 days at 25 °C, following the method outlined by Watanabe 
et al. (2010). Polymerase chain reaction (PCR) ampli昀椀cation and sequencing 
targeted speci昀椀c genes of the internal transcribed spacer region of rDNA (ITS), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), RNA polymerase second 
largest subunit (RPB2), translation elongation factor 1-α (TEF1), Alternaria major 
allergen (Alt a 1), endopolygalacturonase gene (EndoPG), and an anonymous 
genomic region (OPA10-2). In the PCR processes, a 25 μL reaction mixture was 
prepared, consisting of 21 μL of 1.1× Taq PCR Star Mix (TSINGKE), 2 μL of tem-
plate DNA, and 1 μL of each primer. The ampli昀椀cation reaction was performed 
using a Bio-Rad T100 thermocycler according to the conditions listed in (Table 
1). The generated products underwent electrophoresis in a 1% agarose gel and 
were visualized by UV transillumination. Subsequently, the ampli昀椀ed products 
were puri昀椀ed and sequenced in both directions, facilitated by TSINGKE Com-
pany (Beijing, China). Initially, sequences from both ends were examined and 
manually edited using BioEdit v. 7.0.9 (Hall 1999). Following this, the sequenc-
es were aligned and further edited with the PHYDIT v3.2 software (Chun 1995) 
before being submitted to GenBank (https://www.ncbi.nlm.nih.gov/) (Table 2).

Table 1. Primers and PCR protocols.

Gene regions Primers PCR conditions References

ITS ITS5/ITS4 94 °C for 3 min, 34 cycles of 94 °C for 30 s, 55 °C for 30 s 
and 72 °C for 2 min, 72 °C for 10 min

White et al. 1990

GAPDH gpd1/gpd2 95 °C for 2 min, 32 cycles of 95 °C for 30 s, 56 °C for 30 s 
and 72 °C for 42 s, 72 °C for 5 min

Berbee et al. 1999

RPB2 RPB2-5F/ RPB2-7cR 94 °C for 5 min, 34 cycles of 94 °C for 45 s, 57 °C for 45 s 
and 72 °C for 1 min, 72 °C for 10 min

Sung et al. 2007

TEF1 EF1-728F/ EF1-986R 94 °C for 3 min, 35 cycles of 94 °C for 30 s, 55 °C for 45 s 
and 72 °C for 1 min, 72 °C for 10 min

Carbone and Kohn et al. 1999

Alt a 1 Alt-for/ Alt-rev 94 °C for 2 min, 33 cycles of 94 °C for 30 s, 60 °C for 30 s 
and 72 °C for 30 s, 72 °C for 10 min

Hong et al. 2005

EndoPG PG3/ PG2b 94 °C for 3 min, 33 cycles of 94 °C for 30 s, 50 °C for 30 s 
and 72 °C for 59 s, 72 °C for 5 min

Andrew et al. 2009

OPA10-2 OPA10-2L/ OPA10-
2R

94 °C for 2 min, 33 cycles of 94 °C for 30 s, 56 °C for 30 s 
and 72 °C for 30 s, 72 °C for 10 min

Andrew et al. 2009
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Phylogenetic analysis

The resulting sequences were processed in the GenBank database at the Na-
tional Center for Biotechnology Information (NCBI) using BLAST searches. The 
relevant sequences were downloaded and derived from newly reported se-
quences of recent publications (Woudenberg et al. 2015; Luo et al. 2018; Htun 
et al. 2022; Li et al. 2022, 2023; Romain et al. 2022) used in the present analysis 
(Table 2). The adjustments, alignments, and comparative analyses of the gene 
sequences were executed using ClustalX (Larkin et al. 2007) within the MEGA 
11 software platform (Tamura et al. 2021) and gaps were treated as missing 
data. Maximum-likelihood (ML) and Bayesian inference (BI) methods were uti-
lized to elucidate the phylogenetic relationships among Alternaria species. The 
ML analyses were constructed using the GTRGAMMAI model of nucleotide evo-
lution, and 1000 bootstrap (BS) replicates were performed to assess branch 
support with RAxML v. 7.0.3 (Stamatakis et al. 2008). Bayesian analysis was 
conducted with MrBayes v.3.2.6 (Ronquist et al. 2012) with the best-昀椀t model 
of nucleotide substitution, GTR+I+G, determined by MrModeltest v.2.3 (Posada 
and Crandall 1998) with the Akaike Information Criterion (AIC). The “MrModel-
block” 昀椀le in MrModeltest was run using both the PAUP path (Swofford 2002) 
and the MrMt path (Nylander 2004). The two simultaneous Markov Chain Monte 
Carlo (MCMC) algorithms were launched from random trees, covering 106 gener-
ations, with data collected every 100 generations (Rannala and Yang 1996). The 
analysis was stopped when the standard deviation of split frequencies dropped 
below 0.01. A burn-in parameter of 25% was established, signifying that 75% 
of the trees were retained during the burn-in phase, with the remaining trees 
utilized for calculating the posterior probabilities in the majority-rule consensus 
tree. Subsequently, the phylogenetic tree was visualized and modi昀椀ed using Fig-
Tree v. 1.4.3 (Rambaut 2016). In the phylogram, branch support is indicated by 
(posterior probability PP/bootstrap value BS) equal to or above 0.6/60%.

Results

Phylogenetic analyses

The combined dataset, comprising sequences from seven gene loci (ITS, GAPDH, 
RPB2, TEF1, Alt a 1, EndoPG, and OPA10-2), included 59 Alternaria strains, contain-
ing the present 6 strains. It had 2,722 characters with gaps, allocated as follows: 
466 characters for ITS, 302 for GAPDH, 307 for RPB2, 216 for TEF1, 421 for Alt 

a1, 391 for EndoPG, and 619 for OPA10-2. The phylogenetic tree was construct-
ed and rooted using Alternaria alternantherae CBS 124392 as the outgroup. The 
Maximum Likelihood (ML) phylogeny was used as the foundational tree. Four 
strains fell into two independent clades and two, YZU 231747 and YZU 231748, 
were clustered with the strains of known species A. burnsii (Fig. 1). One of the 
individual clades comprising YZU 231738 and YZU 231739, with PP/BS values of 
1.0/100% was found to be sister to A. betae-kenyensis, A. eichhorniae, A. iridiaus-

tralis, and A. salicicola. It also fell into a subclade with A. eichhorniae and A. be-

tae-kenyensis (PP/BS=1.0/85%). Another clade, consisting of YZU 231735 and 
YZU 231736, exhibited PP/BS values of 0.98/96%, falling into a group with A. oro-

banches, A. koreana, and A. ovoidea, which is highly supported by PP/BS values 
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of 1.0/94%. Additionally, the strains YZU 231747 and YZU 231748 were clustered 
with the previously reported A. burnsii strains. They also formed a subclade with 
a strain from Myanmar, YZU 191003, supported by PP/BS values of 0.98/65% 
(Fig. 1). The results indicated that the current strains represented two new spe-
cies and a known species of Alternaria, all belonging to the section Alternaria.

Taxonomy

Alternaria myanmarensis M.N. Zin & J.X. Deng, sp. nov.
MycoBank No: 853961
Fig. 2

Etymology. The speci昀椀c epithet refers to the location, Myanmar.
Holotype. Myanmar, Mandalay Region, Yamethin Township, Segyi Vil-

lage (30°21'28.188"N, 112°08'32.136"E), collected from infected leaves of 

Figure 1. Phylogenetic tree generated from maximum likelihood analyses using aligned ITS, GAPDH, RPB2, TEF1, Alt a 

1, EndoPG, and OPA10-2 gene sequences of the present Alternaria strains and their related species. Bootstrap support 

(BS) values ≥ 60% and Bayesian posterior probability (PP) scores ≥ 0.60 were shown at the nodes (ML/PP). Alternaria 

alternantherae CBS 124392 was used as an outgroup. Type strains are marked ‘T’. Representative strains are marked ‘R’. 
The strains from the present study are highlighted in bold. 



344MycoKeys 105: 337–354 (2024), DOI: 10.3897/mycokeys.105.123790

Zin Mar Nwe et al.: Two novel species and a new host record of Alternaria

Helianthus annuus in August 2023 by Khin Nayyi Htut (YZU–H–2023154, holo-
type). Ex-type culture (YZU 231736) was also obtained.

Description. Colonies on PDA are circular, light vinaceous buff with a white 
halo at the edge, velvety, cottony, honey to white in reverse, 68–70 mm in diame-
ter (Fig. 2a). On PCA, conidiophores arise directly from lateral or apical aerial hy-
phae or medium, lightly 昀氀exuous, sometimes geniculate at the apex, 27.5–85(–
90) × 2–4.5 μm, conidia emerge from the apex or geniculate loci, short to long 
ellipsoid or narrow-ovoid,10–30(–42) × 7–11 μm, 2–5 transverse septa, 2–6 
units per chain, beak 3–12 μm (Fig. 2c, e, g). On V8A, conidiophores arise from 
near the apex of the terminal hyphae, 24–65(–70) × 3–5 μm, conidia 8–29(–33) 
× 3–14 μm, 2–5 transverse septa, 3–6 units per chain, beak 1–9 μm (Fig. 2b, d, f).

Additional isolate examined. Myanmar, Mandalay Region, Yamethin Town-
ship, Segyi Village (30°21'28.188"N, 112°08'32.136"E) from the infected leaves of 
Helianthus annuus, August 2023, Khin Nayyi Htut, living cultures (YZU 231735).

Notes. This species is phylogenetically grouped with A. koreana, A. orobanch-

es, and A. ovoidea, based on sequences from ITS, GAPDH, RPB2, TEF1, Alt a 1, 
EndoPG, and OPA10-2 genes. It is distinct from A. koreana and A. ovoidea in its 
smaller conidial body size, particularly in width, and its sporulation patterns which 
produce catenulate conidia up to 6 units on PCA and V8A media, rather than 
those of the two closely related species (up to 2 units) on SNA and PDA (Table 3).

Figure 2. Morphology of Alternaria myanmarensis sp. nov. from Helianthus annuus: Colony on PDA for 7 days at 25 °C (a); 
Sporulation patterns on V8A (b) and on PCA (c); Conidiophores on V8A (d) and on PCA (e); Conidia on V8A (f) and on 
PCA (g) at 22 °C. Scale bars: 50 μm (b, c);  25 μm (d–g).



345MycoKeys 105: 337–354 (2024), DOI: 10.3897/mycokeys.105.123790

Zin Mar Nwe et al.: Two novel species and a new host record of Alternaria

Alternaria yamethinensis M.N. Zin & J.X. Deng, sp. nov.
MycoBank No: 851391
Fig. 3

Etymology. The epithet designation is attributed to the Yamethin township, 
which was the location where the holotype was originally collected.

Holotype. Myanmar, Mandalay Region, Yamethin Township, Segyi Village 
(30°21'28.188"N, 112°08'32.136"E) on infected leaves of Helianthus annuus, 
August 2023, Khin Nayyi Htut, (YZU–H–2023154, holotype), ex-type culture 
(YZU 231739).

Description. Colonies on PDA are light yellow in the center, white at the edge, 
with 昀氀occulent hyphae, and sulfur yellow to pure yellow in reverse, 38–50 mm 
in diameter (Fig. 3a). On PCA, conidiophores arise from the substrate, are sim-
ple, straight or 昀氀exuous, septate, light to brown, 19–85 (–95) × 3–6.5 μm. Co-
nidia arise from the apex or near the apex of the conidiophores, rarely from 
lateral hyphae, and are narrow ovoid or subellipsoid, blunt-pointed, 17–50 
(–65) × 8–14 µm, with 2–7 transverse septa and 2–6 units per chain with 
a beak 5–15 µm (Fig. 3c, e, g). On V8A, conidiophores are 17–65 (–85.5) × 
2–5.5 μm, and conidia are 32–57 (–63) × 8–15 µm with 2–7 transverse septa, 
2–9 units per chain and a beak 1.5–8 µm (Fig. 3b, d, f).

Table 3. Morphological comparison of the present Alternaria and their relevant species.

Species Conidia Conidia 
per chain

Medium References

Shape Body (μm) Beak (μm) Septa

A. burnsii Ovoid or ellipsoid 30–50 × 9–13 – 5–8 Short 
chain

Host Simmons (2007)

Narrow-ovoid or narrow-
ellipsoid

30–40 × 8–14 Beakless 3–7 – PCA , 
V8A

Simmons (2007)

Narrow ovoid or ellipsoid 20–50 × 8–15 3–30 4–7 5–9 PCA Htun et al. (2020)
Ovoid or ellipsoid, tapering 

beak
16–42(–50) × 5–15 2–30(–40) 2–6 2–6 PCA This study

9–55(–65) × 7–12 2–23(–35) 2–6 2–9 V8A This study

A. tomato Ellipsoid to long-ovoid 39–65 × 13–22 60–105 × 2 6–9 Solitary Host Simmons (2007)
A. myanmarensis 
sp. nov.

Short to long ellipsoid or 
narrow-ovoid

10–30(–42) × 7–11 3–12 2–5 2–6 PCA This study

8–29(–33) × 3–14 1–9 2–5 3–6 V8A This study

A. koreana Short to long ovoid 12.9–61.2 × 8.6–20.7 – 2–7 1–2 SNA Romain et al. (2022)
A. ovoidea Ovoid 48–65 × 15.5–30 – 1–3 Solitary PDA Li et al. (2022)
A. orobanches Obclavate to ovoid 20–50 × 10–20 – 3–6 1–2 PCA Li et al. (2023)
A. yamethinensis 
sp. nov.

Narrow ovoid or Subellipsoid, 
blunt-pointed

17–50(–65) × 8–14 5–15 × 2–6 2–7 2–6 PCA This study

32–57(–63) × 8–15 1.5–8 × 1–4 2–7 2–9 V8A This study

A. betae-

kenyensis

Ovoid or subellipsoid 20–28 × 8–10 – 5–7 15–25 PCA Simmons (2007)

A. eichhorniae Narrow ovoid or subellipsoid, 
with a blunt-pointed or 

rounded apical cell

50–70 × 12–18 50–150 × 
4–5

7–9 1–2 V8A Simmons (2007)

A. iridiaustralis Ovoid and short broad 
ellipsoid

30–40 × 16–24 – 3–4 3–5 PCA Simmons (2007)

Ellipsoid or long ellipsoid 20–50 × 15–24 15–100(–
133) × 

3.5–4.5

1–4 1–2 PCA Luo et al. (2018)

A. salicicola Straight or curved, 
subglobose to obclavate or 

obpyriform

10–50 × 12–38 – 1–6 At least 2 PCA Li et al. (2023)
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Additional isolate examined. Myanmar, Mandalay Region, Yamethin Town-
ship, Segyi Village (30°21'28.188"N, 112°08'32.136"E) on infected leaves of 
Helianthus annuus, August 2023, Khin Nayyi Htut, living culture (YZU 231738).

Notes. Phylogenetic analysis based on combined gene regions of ITS, GAP-

DH, RPB2, TEF1, Alt a 1, EndoPG, and OPA10-2, along with morphological char-
acteristics, clearly separates this species from others. It can be differentiated 
from A. betae-kenyensis (20–28 × 8–10 µm) by conidial size,  A. eichhorniae 
(50–150 × 4–5 µm) and A. iridiaustralis (15–100(–133) × 3.5–4.5 µm) by conid-
ial beak, and A. salicicola (12–38 µm) by conidial body width. Moreover, it is sig-
ni昀椀cantly distinct from those four species by conidial units per chain (Table 3).

Alternaria burnsii Uppal, Patel & Kamat, Indian J.Agric.Sci.8:61 (1938)
MycoBank No: 259164
Fig. 4

Description. Colonies on PDA are dark, surface buff to honey, cottony to vina-
ceous buff, with a united margin, measuring 62–64 mm in diameter (Fig. 4a). 
On PCA, conidiophores are single, arising laterally from hyphae, and are either 
straight or curved, 15–110(–115) × (3–5.5) μm. Conidia emerge from the apex 
and are ovoid or ellipsoid with a tapering beak, 16–42(–50) × 5–15 μm, with 2–6 

Figure 3. Morphology of Alternaria yamethinensis sp. nov. from Helianthus annuus: Colony on PDA for 7 days at 25 °C (a); 
Sporulation patterns on V8A (b) and on PCA (c); Conidiophores on V8A (d) and on PCA (e); Conidia on V8A (f) and on 
PCA (g) at 22 °C. Scale bars: 50 μm (b, c); 25 μm (d–g).
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transverse septa, 2–6 in a chain, and beaks are 2–30(–40) μm (Fig. 4c, e, g). On 
V8A, conidiophores 12–95(–103) × (2–4) μm, conidia 9–55(–65) × 7–12 μm, 
and 2–6 transverse septa, 2–9 in a chain, beaks 2–23(–35) μm (Fig. 4b, d, f).

Additional isolate examined. In Myanmar, Mandalay Region, Yamethin 
Township, Segyi Village (30°21'28.188"N, 112°08'32.136"E), samples showing 
disease symptoms on Helianthus annuus were collected in August 2023 by 
Khin Nayyi Htut. The living culture is designated as YZU 231747.

Notes. A. burnsii has been found in many countries on different hosts and 
substrates. The host range of A. burnsii is reported to include Apiaceae: Cum-

inum cyminum (Uppal et al. 1938), Bunium persicum (Mondal et al. 2002), Api-

um graveolens (Zhang 2003; Zhuang 2005), Cumin (Shekhawat et al. 2013); 
Cucurbitaceae: Cucurbita maxima (Paul et al. 2015), Triticum aestivum and 
Phoenix dactylifera (Al-Nadabi et al. 2018), Coconut (Sunpapao et al. 2022), 
Phoenix dactylifera (Al-Nadabi et al. 2020); Liliaceae: Allium cepa (Htun et al. 
2022), and Orchidaceae: Bletilla striata (Yin et al. 2023). In the present study, 
A. burnsii was 昀椀rstly reported from Helianthus annuus in Myanmar. Phyloge-
netically, the present strains fall into a sub-branch with A. burnsii YZU 191003 
from Allium cepa reported in Myanmar with consistent morphology and nucle-
otide sequences of ITS, GAPDH, RPB2, TEF1, and Alt a 1, gene regions (Htun 
et al. 2022) (Fig. 1).

Figure 4. Morphology of Alternaria burnsii from Helianthus annuus: Colony on PDA for 7 days at 25 °C (a); Sporulation 
patterns on V8A (b) and on PCA (c); Conidiophores on V8A (d) and on PCA (e); Conidia on V8A (f) and on PCA (g) at 
22 °C. Scale bars: 50 μm (b, c); 25 μm (d–g).
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Discussion

In this study, two new small-spored species, Alternaria myanmarensis sp. nov. 
and A. yamethinensis sp. nov., and a known species of A. burnsii were identi-
昀椀ed and illustrated based on morphology and phylogenetic analyses. Molecular 
research has demonstrated signi昀椀cant separation between large- and small-
spored Alternaria species (Peever et al. 2004; Hong et al. 2005). The taxonomy 
of small-spored Alternaria species has faced controversies because they ex-
hibit similar morphological characteristics (Wang et al. 2021). Molecular-based 
assays could facilitate the correct identi昀椀cation alongside morphological traits 
(Woudenberg et al. 2015; Lawrence et al. 2016). However, molecular analysis 
has encountered di昀케culties because the section Alternaria could not be clearly 
determined using standard markers due to minimal or no variation (Andrew 
et al. 2009; Prencipe et al. 2023). Previous studies indicated that the identify-
ing criteria of small-spored Alternaria become signi昀椀cant only when utilizing a 
combination of different genes (Woudenberg et al. 2015; Zhang et al. 2023). 
Agreeing with Romain et al. (2022), the present species are also clearly dis-
tinguished based on a multigene sequence analysis, indicating which species 
belong to the section Alternaria. To date, this section includes more than 91 
species, according to recent publications (Gannibal and Lawrence (2016); Ni-
shikawa and Nakashima (2020); Gou et al. 2022, 2023; Li et al. 2023; Liao et al. 
2023; He et al. 2024).

Phylogenetically, A. myanmarensis sp. nov. and A. yamethinensis sp. nov. 
fall into individual lineages representing new taxa. A. myanmarensis sp. nov. 
is characterized by small conidial body (10–30(–42) × 7–11 μm) catenating in 
a longer chain (2 to 6 units), compared with its relevant species (solitary or 2 
conidia in a chain), A. koreana from Atractylodes ovata in Korea (Romain et al. 
2022), A. orobanches from Orobanche sp. in Italy (Li et al. 2023) and A. ovoidea 
from Dactylis glomerata in Italy (Li et al. 2022). Morphologically, A. yamethinen-

sis sp. nov. (conidial width 8–14 μm and 2–6 conidial units per chain) is quite 
different from its closely related species of A. iridiaustralis (conidial width 15–
24 μm) from Iris spp. (Luo et al. 2018), A. salicicola (conidial width 12–38 μm) 
from Salix alba in Russia (Li et al. 2023), A. betae-kenyensis (15 to 25 conidial 
units per chain) from Beta vulgaris in Kenya (Simmons 2007) and A. eichhorniae 
(solitary or two conidia in a chain) from Eichhornia crassipes in India (Simmons 
2007). Additionally, either RPB2 or OPA10-2 region serves as great marker for 
the delimitation of the above species.

The genus Alternaria ranks 10th among fungal genera for infecting over 4,000 
plant species (Thomma 2003). The 昀椀rst record of Alternaria helianthi (named 
Helminthosporium helianthi) on sun昀氀ower in Uganda was done by Hansford 
(1943). Later, 12 more species were found in various sun昀氀ower-growing coun-
tries globally, including A. helianthin昀椀ciens (Simmons 1986), A. leucanthemi 
(Carson 1987), A. longissima (Prathuangwong et al. 1991), A. carthami (Chow-
dhury 1994), A. zinniae (Bhutta et al. 1997), A. alternata (Lagopodi and Thanas-
soulopoulos 1998), A. protenta (Cho and Yu 2000), A. heliophytonis (Simmons 
2007), A. roseogrisea (Roberts 2008), A. helianthicola (Rajender et al. 2016), 
A. tenuissima (Wang et al. 2019), and A. solani and A. tomatophila (Zhang et al. 
2021). However, it has been established that Alternaria helianthi, which is the 
synonym of Alternariaster helianthi, was based on morphology and phylogeny 
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(Simmons 2007; Wei et al. 2022). In this study, three Alternaria species associat-
ed with sun昀氀ower in Myanmar have been identi昀椀ed, and pathogenicity tests re-
veal that these present Alternaria species are causal pathogens for sun昀氀ower, of 
which A. yamethinensis sp. nov. is identi昀椀ed as the most pathogenic one (Suppl. 
material 1). This discovery underscores the importance of Alternaria leaf spot 
and blight on sun昀氀ower and helps in disease management in Myanmar.
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