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Abstract
The family Microthyriaceae is represented by relatively few mycelial cultures and DNA sequences; as a 
result, the taxonomy and classification of this group of organisms remain poorly understood. During the 
investigation of the diversity of aquatic hyphomycetes from southern China, several isolates were col-
lected. These isolates were cultured and sequenced and a BLAST search of its LSU sequences against data 
in GenBank revealed that the closest related taxa are in the genus Microthyrium. Phylogenetic analyses, 
based on the combined sequence data from the internal transcribed spacers (ITS) and the large subunit 
(LSU), revealed that these isolates represent eight new taxa in Microthyriaceae, including two new genera, 
Antidactylaria gen. nov. and Isthmomyces gen. nov. and six new species, Antidactylaria minifimbriata sp. 
nov., Isthmomyces oxysporus sp. nov., I. dissimilis sp. nov., I. macrosporus sp. nov., Triscelophorus anisopteri-
oideus sp. nov. and T. sinensis sp. nov. These new taxa are described, illustrated for their morphologies and 
compared with similar taxa. In addition, two new combinations are proposed in this family.
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Introduction

The family Microthyriaceae (Microthyriales, Dothideomycetes) was established by Sac-
cardo (1883), containing foliar epiphytes and saprobes on dead leaves and stems (Wu 
et al. 2011a). This family is characterised by having superficial, flattened thyriothecia, 
with cells of the upper wall radiating in a parallel arrangement from the central ostiole 
opening; the ostiole may or may not be surrounded by setae. Asci are fusiform or ob-
clavate to cylindro-clavate, bitunicate and fissitunicate and ascospores are two-celled, 
hyaline to brown often with ciliate appendages (Ashton 2009; Wu et al. 2011a; Hyde 
et al. 2013). Ashton et al. (2009) estimated that there were 54 genera and 278 species 
in the family. In a subsequent series of papers, Wu et al. (2010, 2011a, b, c 2014) re-
vised Microthyriaceae by examining the generic type species and restricted Microthyri-
aceae to the species with morphological characteristics similar to Microthyrium Desm. 
Based on morphological characteristics, 11 genera and about 230 species were listed in 
this family (Wijayawardene et al. 2014), but in a subsequent outline of Ascomycota, 
only nine genera were accepted (Wijayawardene et al. 2018a). Recent studies accepted 
11 genera in this family (Hongsanan et al. 2020; Wijayawardene et al. 2020).

Microthyriaceae have been poorly studied and there are few DNA sequences in 
public databases for this group of fungi. In the expanded multigene phylogeny of the 
Dothideomycetes, Microthyriaceae was not included because of the paucity of DNA 
sequences (Schoch et al. 2006). In the class-wide phylogenetic assessment of Doth-
ideomycetes, Schoch et al. (2009) included Microthyriaceae, based on Microthyrium 
microscopicum Desm. (type species of Microthyriaceae). One major contributing rea-
son for the absence of DNA sequences is that few living cultures are available. As a re-
sult, researchers might have assumed that many of these species were obligate parasites 
and could not be cultured (Wu et al. 2011a). Later, Hongsanan et al. (2014) isolated 
cultures of Chaetothyriothecium elegans Hongsanan & K.D. Hyde and Tumidispora 
shoreae Hongsanan & K.D. Hyde (Ariyawansa et al. 2015), but failed to observe 
anamorphs of the two species. Wu et al. (2014) tried to isolate fresh cultures of Mi-
crothyrium propagulensis H.X. Wu & K.D. Hyde, but did not observe the germina-
tion of ascospores. Based on these situations, asexual genera of Microthyriaceae were 
recorded only from the literature. Before Wu revised Microthyriaceae, Asterostomula 
Theiss. and seven other genera were described as asexual morphs (Hyde et al. 2011; 
Wijayawardene et al. 2012). With the exclusion of many genera from Microthyri-
aceae (Wu et al. 2010, 2011a, b, c), only Hansfordiella S. Hughes was retained as an 
asexual genus in Microthyriaceae (Wijayawardene et al. 2018a), but this connection 
was not confirmed by molecular data because sequences of Hansfordiella were unavail-
able. Moreover, Hansfordiella was recorded as the asexual state of Trichothyrium Speg., 
which belongs to Trichothyriaceae (Ashton 2009; Hyde et al. 2011, 2013; Wijaya-
wardene et al. 2012, 2017).

In the early 1990s, molecular methods, in particular DNA sequence data, pro-
vided opportunities for phylogenetic inference and have made a significant impact 
on the taxonomy and classification of fungi (Shenoy et al. 2007). More importantly, 
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sequence analysis can potentially place an asexual-state taxon within an order or even 
link it with a teleomorph genus without having to observe the latter (e.g. in Berbee 
and Taylor 2001). The linkages between asexual and sexual genera have accumulated 
during implementation of the “One fungus: One name” concept, allowing the asexu-
al genera to be placed in a natural biological framework of fungi ( Wijayawardene et 
al. 2014, 2018a; Maharachchikumbura et al. 2015). However, the phylogenetic posi-
tion of about 1530 genera in Ascomycota still remains incertae sedis (Wijayawardene 
et al. 2018a).

Aquatic hyphomycetes colonise allochthonous organic matter in fresh waters 
and are closely involved in the decomposition and conversion of biopolymers in 
aquatic habitats (Brlocher 1992). They are a polyphyletic group of fungi, mainly 
consisting of asexual morphs of Ascomycota and Basidiomycota, which have been 
identified, based on conidium morphology and conidiogenesis (Belliveau and Bar-
locher 2005). Molecular approaches applied to phylogeny of aquatic hyphomycetes 
place some genera in a defined class and found multiple origins of aquatic hypho-
mycetes. Specifically, seven strains (five species) of Tetracladium De Wild. showed 
close relationships to the Ascomycete orders Onygenales, Erysiphales and Leotiales 
(Nikolcheva 2002), but subsequently, Baschien (2006) found Tetracladium located 
in Leotiomycetes, based on combined ITS and 28S analyses. Besides, studies of 31 
species of aquatic hyphomycetes placed the majority (74%) within the Leotiomy-
cetes (Belliveau and Barlocher 2005; Campbell et al. 2006). Duarte et al. (2015) 
constructed an ITS phylogenetic tree for 79 aquatic hyphomycetes, and found Tri-
cladium Ingold and Triscelophorus Ingold are not monophyletic. Of course, with the 
availability of more and more reference sequences and the establishment of backbone 
trees of some classes, new aquatic hyphomycetes related to monophyly have been 
published with confirmed phylogenetic positions (Pratibha et al. 2015; Liu et al. 
2016; Su et al. 2016; Qiao et al. 2018a; Wijayawardene et al. 2018a). Although these 
studies promoted phylogenetic development of aquatic hyphomycetes, the phylo-
genetic positions of most aquatic hyphomycetes have not been determined at the 
family level (Wijayawardene et al. 2018a).

In recent years, we have investigated the diversity and phylogeny of aquatic hy-
phomycetes from southern China which is a hot spot of world biodiversity, such as 
Yunnan, Sichuan, Guizhou, Guangdong and Hainan Provinces. Many new species col-
lected from these regions have been described (Yang et al. 2011, 2012; Bai et al. 2013; 
Li et al. 2013, 2014; Guo et al. 2015, 2019; Qiao et al. 2017a, b, 2018b, 2019a, b, c, 
2020; Peng et al. 2016; Yu et al. 2019; Zheng et al. 2020a, 2021a). In addition, several 
interesting isolates were collected. These isolates were cultured and sequenced and a 
BLAST search of its LSU sequences against data in GenBank revealed that the closest 
related taxa are in the genus Microthyrium. Based on the phylogenetic analysis com-
bined with the internal transcribed spacers (ITS) and the large subunit (LSU) gene se-
quences and morphological features, two new genera and six new species are proposed 
within Microthyriaceae. In addition, we also collected Isthmolongispora quadricellularis 
isolates and describe and illustrate it here.
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Methods

Collection of samples, fungal isolation and morphological characterisation

Submerged leaves were collected from streams in Guangdong, Hainan Provinces 
and Tibet region. Samples were preserved in zip-locked plastic bags, labelled and 
transported to the laboratory at 4 °C. Each leaf was cut into several 3–4 × 4–5 cm-
sized fragments, then these fragments were incubated on corn meal agar (CMA; 
20 g cornmeal, 18 g agar, 40 mg streptomycin, 30 mg ampicillin, 1 litre distilled 
water) plates for 5 days at room temperature. Individual conidia were isolated using 
a sterilised toothpick under a BX51 microscope and cultivated on CMA plates. Mor-
phological characteristics were observed from cultures growing on CMA and potato 
dextrose agar plates (PDA; 200 g potato, 20 g dextrose, 18 g agar, 1 litre distilled 
water) after incubation at 25 °C for one week. Microscopic photographs coming 
from CMA medium were taken with an Olympus BX51 microscope connected to a 
DP controller digital camera.

The pure cultures and dried cultures were deposited in the Herbarium of the 
Laboratory for Conservation and Utilization of Bio-Resources, Yunnan University, 
Kunming (YMF) and the China General Microbiological Culture Collection Center 
(CGMCC).

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted from fresh mycelia grown on PDA at 25 °C as de-
scribed by Turner et al. (1997). Fragments of the internal transcribed spacers (ITS) 
and the large subunit nuclear ribosomal RNA gene (LSU rRNA) were amplified 
with the following primer pairs: ITS4 and ITS5 for ITS (White et al. 1990) and 
LROR/LR7 (Vilgalys and Hester 1990), respectively. Each 25 μl PCR reaction vol-
ume consisted of 12.5 μl T5 Super PCR Mix (Beijing TsingKe Biotech Co., Ltd., 
Beijing, China), 1 μl of forward primer (10 µM), 1 μl of reverse primer (10 µM), 
1μl DNA template, 5 μl of PCR buffer and 4.5 μl sterile water. The PCR thermal 
cycle programmes for the amplifications of these three DNA fragments followed 
those described in Su et al. (2016). PCR products were visualised on 1% agarose 
gel stained with Goldview (Geneshun Biotech, China) with D2000 DNA ladder 
(Realtimes Biotech, Beijing, China) and were then purified using a commercial Kit 
(Bioteke Biotechnology Co., Ltd., Beijing, China). DNA forward and reverse se-
quencing was performed with a LI-COR 4000L automatic sequencer with the same 
primers, using a Thermo Sequenase-kit as described by Kindermann et al. (1998). 
Finally, these new obtained sequences were deposited in the GenBank database at 
the National Center for Bio-technology Information (NCBI) and the accession 
numbers are listed in Table 1.
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Table 1. Species, strains and their corresponding GenBank accession numbers of sequences used for 
phylogenetic analyses. Newly-generated sequences are in bold.

Name Strain GenBank accession number
LSU ITS

Antidactylaria ampulliforma CBS223.59 MH869386 MH857845
Antidactylaria ampulliforma P004 EU107302 —
Antidactylaria ampulliforma P038 EU107303 —
Antidactylaria minifimbriata CGMCC 3.18825 = YMF 1.04578 MK577808 MK569506
Chaetothyriothecium elegans CPC 21375 KF268420 —
Hamatispora phuquocensis VICCF 1219 LC064073 LC064074
Heliocephala elegans MUCL 39003 HQ333478 HQ333478
Heliocephala gracilis MUCL 41200 HQ333479 HQ333479
Heliocephala natarajanii MUCL 43745 HQ333480 HQ333480
Heliocephala zimbabweensis MUCL 40019 HQ333481 HQ333481
Isthmomyces dissimilis CGMCC 3.18826 = YMF 1.04604 MK577811 MF740794
Isthmomyces lanceatus CBS 622.66 MH870563 MH858897
Isthmomyces lanceatus YMF 1.04514 MK577813 MK577895
Isthmomyces lanceatus CGMCC 3.18827 MK577814 MK577896
Isthmomyces macrosporus YMF 1.04518 = CGMCC 3.18824 = YMF 1.04794 MK577812 MF740796
Isthmomyces oxysporus CGMCC 3.18821 = YMF 1.04513 MK577810 MF740793
Lichenopeltella pinophylla CBS 143816 MG844152 —
Microthyrium buxicola MFLUCC 15-0212 KT306551 —
Microthyrium buxicola MFLUCC 15-0213 KT306552 —
Microthyrium chinense HKAS 92487 KY911453 —
Microthyrium fici-septicae NCYUCC 19-0038 MW063251 —
Microthyrium fici-septicae MFLUCC 20-0174 MW063252 —
Microthyrium ilicinum CBS 143808 MG844151 —
Microthyrium macrosporum CBS 143810 MG844159 —
Microthyrium microscopicum CBS 115976 GU301846 —
Microthyrium propagulensis IFRD 9037 KU948989 —
Natipusilla decorospora AF236-1 HM196369 —
Natipusilla naponense AF217-1 HM196371 —
Neoanungitea eucalypti CBS 143173 MG386031 MG386031
Neoscolecobasidium agapanthi CPC 28778 KY173517 KY173426
Ochroconis dracaenae CPC 26115 KX228334 KX228283
Parazalerion indica CBS 125443 MH874977 MH863483
Phaeotrichum benjaminii CBS 541.72 AY004340 MH860561
Pseudomicrothyrium thailandicum MFLU 14-0286 MT741680 —
Pseudopenidiella gallaica CBS 121796 LT984843 LT984842
Pseudopenidiella piceae CBS 131453 JX069852 JX069868
Schismatomma decolorans DUKE 47570 AY548815 AY548808
Scolecobasidium tropicale CBS 380.87 KF156102 —
Sympoventuria capensis CBS 120136 KF156104 DQ885906
Trichodelitschia bisporula CBS 262.69 GU348996 MH859305
Triscelophorus anisopteriodeus CGMCC 3.18978 = YMF 1.04267 MK577818 MK569511
Triscelophorus monosporus CBS 440.54 MH868925 —
Triscelophorus sinensis YMF 1.04065 MK577820 MK569513
Tumidispora shoreae MFLUCC 12-0409 KT314073 —
Tumidispora shoreae MFLUCC 14-0574 KT314074 —
Venturia inaequalis CBS 594.70 GU301879 KF156040
Zeloasperisporium ficusicola MFLUCC 15-0221 KT387733 —
Zeloasperisporium hyphopodioides CBS 218.95 EU035442 EU035442
Zeloasperisporium siamense IFRDCC 2194 JQ036228 —
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Sequence alignment and phylogenetic analysis

Preliminary searches with newly-generated LSU and ITS gene sequences of these iso-
lates against National Center for Biotechnology Information (NCBI) by the Basic Lo-
cal Alignment Search Tool (BLAST) determined species closely related to our isolates. 
Based on this information, sequences of ITS and LSU were downloaded from Micro-
thyriaceae and four sister orders belonging to Dothideomycetes, including 48 strains 
representing 35 species (Table 1), according to recent studies (Hongsanan et al. 2020; 
Iturrieta-González et al. 2020). Schismatomma decolorans (Erichsen) Clauzade & Vězda 
was used as the outgroup taxon.

For Microthyriaceae, the phylogenetic analysis was based on the combined ITS 
and LSU sequences. DNA sequence data of ITS and LSU were aligned using Clustal 
X 1.83 (Thompson et al. 1997) with the default parameters, then the consensus 
sequences were manually adjusted and linked through BioEdit v.7.0 (Hall 1999). 
Manual gap adjustments were carried out to improve the alignment and ambiguous-
ly-aligned regions were also excluded. We finally obtained the combined sequence 
matrix (Fasta file) generated by BioEdit v.7.0, containing 1119 nucleotide positions 
from two genes and the matrix was uploaded to TreeBASE (www.treebase.org; acces-
sion number: S28086). Bayesian Inference (BI) and Maximum Likelihood (ML) were 
used in this study for phylogenetic analyses. BI analysis was conducted with MrBayes 
v.3.2.2 (Ronquist et al. 2012) with NEXUS files converted by MEGA6 (Tamura et 
al. 2013). The Akaike Information Criterion (AIC) implemented in jModelTest 2.0 
(Posada 2008) was used to select the best fit models after likelihood score calcula-
tions were done. GTR+F+I+G4 was estimated as the best-fit model under the output 
strategy of AIC. The parameters used were two simultaneous runs of 1,000,000 gen-
erations, four Markov chains, sampled every 500 generations. The 50% majority-rule 
consensus tree and posterior probability values (PP) were calculated after discarding 
the first 25% of the samples. ML analysis was computed by RAxML (Stamatakis 
2006), using the GTR-GAMMA model. Maximum Likelihood bootstrap propor-
tions (MLBP) were computed with 1000 replicates. Trees were visualised in FigTree 
1.4.3 (http://tree.bio.ed.ac.uk/software/Figtree/, June 2021). Bayesian Inference pos-
terior probabilities (BIPP) ≥ 0.9 and Maximum Likelihood bootstrap proportions 
(MLBP) ≥ 70% are indicated at nodes.

Results

Phylogenetic analyses

The phylogenic tree, based on a combined sequence of the LSU and ITS, indicated that 
eight isolates belong to the Microthyriaceae (Fig. 1). After detailed observations of mor-
phological features, these isolates were considered as six new species and one known spe-
cies. In this tree, five isolates grouped with Isthmolongispora lanceata CBS 622.66 with 
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good support (MLBP/BIPP = 100%/1.0). Combined with morphological differences, 
we proposed the new genus Isthmomyces to accommodate the three new species, desig-
nated as I. dissimilis, I. macrosporus and I. oxysporus and a new combination I. lanceatus. 
Two isolates, which clustered with Triscelophorus monosporus CBS 440.54 (MLBP/BIPP 
= 91%/1.0), were considered as two new Triscelophorus species, designated as Triscelo-
phorus anisopteriodeus and T. sinensis. The isolate YMF 1.04578 is phylogenetically close 
to Isthmolongispora ampulliformis (MLBP/BIPP = 77%/0.96). Considering morpho-
logical characters, we proposed a new genus Antidactylaria to accommodate the new 
species A. minifimbriata and the new combination A. ampulliforma.

Figure 1. Phylogenetic tree generated by the Maximum Likelihood (ML) analysis using combined se-
quences of the nuclear large subunit (LSU) and the internal transcribed spacers (ITS) gene. Bootstrap 
support values for ML over 70% and Bayesian posterior probabilities greater than 0.9 are indicated above 
or below the nodes as MLBP/BIPP. Schismatomma decolorans strain DUKE 47570 is used as the outgroup. 
Novel species are indicated in bold.
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Taxonomy

Microthyriaceae Sacc., Syll. fung. (Abellini) 2: 658 (1883).
MycoBank No: 81008

Description. Hyde et al. 2013.
Type genus. Microthyrium Desm., Annls Sci. Nat., Bot., sér. 2 15: 137 (1841).
Notes. Microthyriales only contains a single family Microthyriaceae, based on 

morphology and phylogeny. Currently, eleven genera are accepted in Microthyriaceae, 
including three asexual genera (Hongsanan et al. 2020; Wijayawardene et al. 2020). 
The asexual morph of this family is characterised by having micronematous or ma-
cronematous, unbranched or branched, septate conidiophores, mono- to polyblastic, 
determinate or sympodial, clavate, subcylindrical, ampulliform or ovoid conidioge-
nous cells and solitary or in branched chains, acrogenous or acropleurogenous, aseptate 
to multi-septate conidia. In this study, we erected two new asexual genera, Antidacty-
laria and Isthmomyces and recognised six new asexual species in Microthyriaceae, based 
on DNA sequences at two gene fragments. In addition, two new combinations are 
proposed in Microthyriaceae combined morphology and phylogeny.

Antidactylaria Z.F. Yu, M. Qiao & R.F. Castañeda, gen. nov.
Index Fungorum number: IF555876
Facesoffungi Number No: FoF05734

Etymology. Greek, Anti, meaning against, Latin, dactylaria, referring to the genus 
Dactylaria.

Description. Asexual morph hyphomycetous. Mycelium superficial and im-
mersed. Conidiophores macronematous, erect, unbranched, septate, hyaline, sometimes 
reduced to conidiogenous cells. Conidiogenous cells denticulate, polyblastic, sympodial 
elongated, integrated, terminal determinate or indeterminate, hyaline. Conidial seces-
sion rhexolytic. Conidia solitary, acrogenous, narrow obclavate, cylindrical to fusiform, 
navicular, attenuate towards the apex, rostrate, unicellular or septate, hyaline or sub-
hyaline, smooth-walled, with a minute basal frill. Sexual state: unknown.

Type species. Antidactylaria minifimbriata Z.F. Yu, M. Qiao & R.F. Castañeda.
Notes. Antidactylaria is superficially similar to the genus Dactylaria Sacc. in mor-

phology. The genus Dactylaria, typified with D. purpurella (Sacc.) Sacc., is character-
ised by unbranched, septate, hyaline or pigmented conidiophores, denticulate, inte-
grated, mostly terminal, sympodially extending conidiogenous cells and cylindrical, 
fusiform, filiform, ellipsoid, clavate, obclavate, unicellular or septate, hyaline or pale 
pigmented conidia that are liberated with schizolytic secession (Goh and Hyde 1997; 
Paulus et al. 2003; Seifert et al. 2011). However, the rhexolytic conidial secession, 
observed in Antidactylaria, is absent in Dactylaria. Paulus et al. (2003) discussed the 
conidiogenous event as an important criterion for generic delimitation. In addition, 
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phylogeny analysis showed that Antidactylaria species belong to Microthyriales, while 
Dactylaria species belong to Helotiales.

Antidactylaria ampulliforma (de Hoog & Hennebert) Z.F. Yu, M. Qiao & R.F. 
Castañeda, comb. nov.
MycoBank No: 108094

Isthmolongispora ampulliformis (Tubaki) de Hoog & Hennebert, Proc. K. Ned. Akad. 
Wet., Ser. C, Biol. Med. Sci. 86(3): 346 (1983)

Diplorhinotrichum ampulliforme Tubaki, J. Hattori bot. Lab. 20: 159 (1958)

Description. Matsush. 1975
Notes. Antidactylaria ampulliforma was originally isolated by Tubaki from leaves of 

Cocos nucifera and was described as Diplorhinotrichum species (Tubaki 1958). In 1983, 
de Hoog and Hennebert included it in the genus Isthmolongispora after examining its 
morphological character. In this study, A. ampulliforma is phylogenetically close to A. 
minifimbriata and they are very similar in morphology. Therefore, we assigned it in the 
newly-established genus Antidactylaria as a new combination.

Antidactylaria minifimbriata Z.F. Yu, M. Qiao & R.F. Castañeda, sp. nov.
Index Fungorum number: IF556121
Facesoffungi Number No: FoF05735
Figs 2, 9a

Etymology. Latin, mini, meaning very small, minute, fimbriata, referring to edged, 
delicately toothed, fringe or frill that remained on the conidial base after rhexolytic 
secession.

Description. Asexual morph hyphomycetous. Colonies on CMA white to rosy buff, 
reverse buff, attaining 2.7 cm diam. after 20 days at 25 °C. Mycelium partly superfi-
cial, partly immersed, composed of branched, slender, septate, hyaline, smooth-walled 
hyphae. Conidiophores semi-macronematous, mononematous, cylindrical, straight or 
slightly flexuous, unbranched, 0–1(–2)-septate, hyaline or pale brown, smooth, some-
times reduced to conidiogenous cells. Conidiogenous cells polyblastic, sympodial elon-
gated, terminal, denticulate, denticles cylindrical, minute fringed. Conidia solitary, 
acrogenous, narrow obclavate, cylindrical to fusiform, attenuate, rostrate or caudate 
towards the apex, 27.7–40 × 2.5–3.3 µm, rostrum 10–19 × 1–1.8 µm, 2-septate, hya-
line to subhyaline, smooth-walled, with a minute basal frill. Sexual state: unknown.

Type. China, Hainan Province, Diaoluoshan National Forest Park, on submerged 
leaves, April 2014, Z.F Yu. Holotype YMF 1.04578, preserved in a metabolically-
inactive state (deep freezing) in the Conservation and Utilization of Bio-Resources in 
Yunnan. Ex-type culture CGMCC 3.18825.
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Notes. Morphologically, Antidactylaria minifimbriata is similar to A. ampulliforma 
(= Isthmolongispora ampulliformis) in conidial shape, but can be easily distinguished 
from it by having wider conidia (2.5–3.3 vs. 2.0–2.5 µm) and longer rostrum (10.0–
19.0 vs. 6.0–10.0 µm) (Yen et al. 2017).

Isthmomyces Z. F. Yu, M. Qiao & R. F. Castañeda, gen. nov.
Index Fungorum number: IF556126
Facesoffungi Number No: FoF05740

Etymology. Latin, isthmus, Greek (isthmós, “neck”) meaning a narrow cellular struc-
ture that connects two larger bodies or cells, Greek, myces, referring to fungus.

Figure 2. Antidactylaria minifimbriata (Holotype YMF 1.04578) a–c conidia d conidiophore and co-
nidiogenous cell e conidia on conidiophore under low objective. Scale bars: 10 µm (a–d); 50 µm (e).
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Description. Asexual morph hyphomycetous. Mycelium superficial and im-
mersed. Conidiophores macronematous, mononematous, erect, unbranched, 
smooth, pale brown or hyaline, septate, sometimes reduced to conidiogenous 
cells. Conidiogenous cells polyblastic, denticulate, integrated, terminal, sympo-
dial extended. Conidial secession schizolytic. Conidia acrogenous, isthmosporous, 
composed two cellular isthmic-segment obclavate, clavate, pyriform, obpyriform, 
lageniform, subulate fusiform to navicular to lanceolate, unicellular or septate, 
smooth, hyaline, connected by a very narrow, distinct or inconspicuous isthmus. 
Sexual state: unknown.

Type species. Isthmomyces oxysporus Z.F. Yu, M. Qiao & R.F. Castañeda.
Notes. Isthmomyces is similar to the genus Isthmolongispora Matsush. in morphol-

ogy. Isthmolongispora was established with I. intermedia Matsush. as type species (Mat-
sushima 1971). The genus is characterised by denticulate, sympodially-extending co-
nidiogenous cells and isthmospore conidia made of two or several cellular structures, 
which are connected by very narrow isthmuses. In this study, specimens with two 
and more cellular isthmic-segments were collected, respectively. Phylogenetic analysis 
inferred from two loci showed that our isolates grouped together with Isthmomyces 
lanceatus (Isthmolongispora lanceata) in Microthyriaceae. Combining morphological 
character and phylogenetic analysis, we finally erected the new genus Isthmomyces to 
accommodate these isolates and I. lanceata.

Isthmomyces dissimilis Z. F. Yu, M. Qiao & R. F. Castañeda, sp. nov.
Index Fungorum number: IF556129 
Facesoffungi Number No: FoF05743
Figs 3, 9b

Etymology. Latin, dissimilis, referring to the variation of the conidial shape related to 
the generic concept of the genus.

Description. Asexual morph hyphomycetous. Colonies on CMA white to 
dark salmon, reverse pale yellow, attaining 2.5 cm diam. after 20 days at 25 °C. 
Mycelium superficial or immersed, composed of branched, septate, brown, hyphae. 
Conidiophores macronematous, mononematous, erect, straight, unbranched 
or slightly branched, 0–1- septate, smooth, subhyaline13.8–51 × 2.3–3.2 µm. 
Conidiogenous cells polyblastic, ampulliform to cylindrical, sympodial extended, 
integrated, terminal, subhyaline. Conidia acrogenous, isthmospore, with 
inconspicuous isthmus, (isthmus mostly reduced to being constricted at the septa) 
subhyaline, guttulate, smooth, composed of 2–3-cellular isthmic-segments, more 
or less symmetrical: A) the larger isthmospore with 2-cellular isthmic-segments: 
i) basal isthmic-segment cylindrical-fusiform, truncate below, 1–3 septate, 35–60 
× 4–4.5 µm, ii) apical isthmic-segment fusiform, rounded at the tip, 0–2 septate, 
17–36.5 × 4–4.5 µm; total long 70–95 µm. B) the smaller isthmospore with 
2-cellular isthmic-segments: i) basal isthmic-segment cylindrical-fusiform, truncate 
below, 0–1 septate, 23–33 × 3.5–4.5 µm; ii) apical isthmic-segment fusiform, 
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Figure 3. Isthmomyces dissimilis (Holotype YMF 1.04604) a the larger isthmospore with 2-cellular isth-
mic-segments b the smaller isthmospore with 2-cellular isthmic-segments c isthmospores with 3-cellular 
isthmic-segments d conidiogenous cell and developing conidia. Scale bars: 10 µm (a–d).

rounded at the tip, 0–1 septate, 17–22 × 3.5–4.5 µm; total long 47–57 µm. C) 
isthmospore with 3-cellular isthmic-segments: i) basal isthmic-segment fusiform, 
truncate below, 2–3-septate, 18.5–38.5 × 2.8–5.0 µm; ii) central isthmic-segment 
cylindrical-fusiform, 2–3-septate, 20.1–44.5 × 3.0–6.2 µm; iii) apical isthmic-
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segment fusiform, rounded or obtuse at the tip, 0–2-septate, 17.4–31.6 × 2.3–4.8 
µm. Sexual state: unknown.

Type. China, Hainan Province, Diaoluo Mountain Nature Reserve, on submerged 
leaves, August 2015, J. Peng. Holotype YMF 1.04604, preserved in a metabolically-
inactive state (deep freezing) in the Conservation and Utilization of Bio-Resources in 
Yunnan. Ex-type culture CGMCC 3.18826.

Notes. The new species, Isthmomyces dissimilis, varies in conidial shape. Although it 
has 3-cellular isthmic-segment conidia, its isthmic-segment is not as distinct as Isthmo-
longispora species. However, the cells of Isthmolongispora are bead-like, while those of I. 
dissimilis are cylindrical to fusiform.

Isthmomyces lanceatus (de Hoog & Hennebert) Z. F. Yu & R. F. Castañeda, comb. nov.
Index Fungorum number: IF556158 
Facesoffungi Number No: FoF05757
Figs 4, 9c

Isthmolongispora lanceata de Hoog & Hennebert, Proc. K. Ned. Akad.Wet., Ser. C, 
Biol. Med. Sci. 86(3): 343 (1983).

Description. Asexual morph hyphomycetous. Colonies on CMA white to dark salmon, 
reverse pale brown, attaining about 2 cm diam. after 20 days at 25 °C. Mycelium partly 
superficial, partly immersed, composed of branched, septate, slender, hyaline hyphae. 
Conidiophores macronematous, mononematous, cylindrical, erect, straight, unbranched, 
0–1- septate, smooth, hyaline, up to 30 µm long, 3–3.5 µm wide. Conidiogenous cells 
polyblastic, cylindrical, denticulate, sympodial extended, integrated, terminal, hyaline. 
Blastoconidia isthmospore, somewhat fusiform, hyaline or subhyaline, smooth, thin-
walled, 21.3–39.7 µm long, strongly constricted at the median septum, narrow, tiny, 
made of two cellular isthmic-segments: i) basal isthmic-segment narrow-clavate, some-
times cylindrical-clavate, truncated at the base, unicellular, 0–1-septate, 12.5–18.5 × 
3.0–4.8 µm; ii) apical isthmic-segment broadly obclavate, obspathulate, rounded at the 
tip, unicellular, 0–1-septate, 13.0–30.0 × 2.3–3.8 µm. Arthroconidia often formed in 
the aerial mycelium, disarticulated from fertile hyphae. Sexual state: unknown.

Type. China, Tibet, Nanyigou Scenic Area, on submerged leaves, October 2016, 
Z.F. Yu, YMF 1.04794 = CGMCC 3.18827. China, Yunnan Province, Jade Dragon 
Snow Mountain, on submerged leaves, September 2015, J. Peng, YMF 1.04514.

Notes. Isthmomyces lanceatus was first isolated by Beverwijk from leaf of Castanea 
vesca in steam (Hoog and Hennebert 1983). However, the taxonomic status of this 
species was Ascomycota incertae sedis. In this study, this is the first report of I. lancea-
tus isolated from Asia. Morphologically, the conidia of our isolates are larger than the 
holotype CBS 622.66. Our phylogenetic analysis of combined LSU and ITS sequences 
reveals that the phylogenetic position of I. lanceatus is in Microthyriaceae and I. lancea-
tus is close to I. dissimilis in this tree.
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Isthmomyces macrosporus Z. F. Yu, M. Qiao & R. F. Castañeda, sp. nov.
Index Fungorum number: IF556128
Facesoffungi Number No: FoF05742
Figs 5, 9d

Etymology. Greek, macrosporus, referring to the large, great conidia.
Description. Asexual morph hyphomycetous. Colonies on PDA amber to fawn, 

reverse fawn, attaining 2 cm diam. after 20 days at 25 °C. Mycelium mostly immersed, 
composed of branched, septate, slender, colourless hyphae. Conidiophores macronema-
tous, mononematous, cylindrical, erect, straight, unbranched, 0–1-septate, smooth, 
pale brown, 25–35 × 3.0–3.5 µm. Conidiogenous cells polyblastic, cylindrical, den-
ticulate, sympodial extended, integrated, terminal, pale brown or subhyaline. Conidia 
acrogenous, isthmospore, long fusiform, hyaline, smooth, 36.5–73.0 µm long, 
strongly constricted at the conspicuous, narrow, tiny central isthmus, sometime not 
differentiated, composed of two cellular isthmic-segments: i) basal isthmic-segment 
clavate, truncated at the base, 1-septate, hyaline or subhyaline, smooth, 19.2–31.1 × 

Figure 4. Isthmomyces lanceatus (YMF 1.04794) a conidia b conidiophores and conidiogenous cells. 
Scale bars: 10 µm (a, b). The arrow indicates septum inside isthmic-segments.
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4.5–6.7 µm; ii) apical isthmic-segment 0–1-septate, narrow obclavate, sometimes sub-
obspathulate, rounded at the tip, unicellular, guttulate, hyaline or subhyaline, smooth, 
21.1–42.0 × 3.3–5.4 µm. Sexual state: unknown.

Type. China, Hainan Province, Limu Mountain National Conservation Area, 
on submerged leaves, April 2015, J. Peng. Holotype YMF 1.04518, preserved in a 

Figure 5. Isthmomyces macroporus (Holotype YMF 1.04518) a conidia b conidiophore with conidia 
under low objective c conidiophore and conidiogenous cell d conidiophore and developing conidia. Scale 
bars: 10 µm (a, c, d); 50 µm (b).
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metabolically-inactive state (deep freezing) in the Conservation and Utilization of Bio-
Resources in Yunnan. Ex-type culture CGMCC 3.18824.

Notes. Phylogenetically, Isthmomyces macrosporus is close to I. dissimilis and I. 
lanceatus. However, I. macrosporus is different from all species within this genus by hav-
ing larger conidia, obviously brown conidiophores and few denticulate conidiogenous 
cells (Hoog and Hennebert 1983).

Isthmomyces oxysporus Z. F. Yu, M. Qiao & R. F. Castañeda, sp. nov.
Index Fungorum number: IF556127
Facesoffungi Number No: FoF05741
Figs 6, 9e

Etymology. Greek, oxys, meaning sharp, keen, sporum, referring to the conidia.
Description. Asexual morph hyphomycetous. Colonies on CMA pale mouse grey 

to dark mouse grey, reverse olivaceous-grey, attaining about 2 cm diam. after 20 days 
at 25 °C. Mycelium mostly immersed, composed of branched, septate, subhyaline 
to hyaline hyphae. Conidiophores macronematous, mononematous, cylindrical, erect, 
smooth, 0–1-septate, subhyaline to hyaline, mostly reduced to conidiogenous cells, 
up to 30 µm long, 2.5–3 µm wide, arising from the creeping hyphae. Conidiogenous 
cells polyblastic, cylindrical, denticulate, integrated, terminal, sympodial extended, 
hyaline. Conidia isthmospore, fusiform, hyaline, smooth, 20.5–25.5 µm long, strong-
ly constricted at the narrow, tiny central isthmus, composed of two cellular isthmic-
segments: i) basal isthmic-segment broadly clavate to clavate, unicellular, hyaline 
9.7–13 × 2.0–4.0 µm; ii) apical isthmic-segment narrow obclavate to obclavate, ob-
pyriform or rarely lecythiform, unicellular, hyaline, 9.0–13.0 × 2.0–3.0 µm. Sexual 
state: unknown.

Type. China, Hainan Province, Diaoluo Mountain Natural Reserve, on submerged 
leaves, August 2015, J. Peng. Holotype YMF 1.04513, preserved in a metabolically-
inactive state (deep freezing) in the Conservation and Utilization of Bio-Resources in 
Yunnan. Ex-type culture CGMCC 3.18821.

Notes. Morphologically, Isthmomyces oxysporus resembles Isthmolongispora asym-
metrica Aramb. & Cabello in having both tapering isthmic-segment ends, but Is. asym-
metrica has asymmetrical conidia, in which the basal isthmic-segment is longer (17–
20 µm long) (Arambarri et al. 1987). Besides, I. oxysporusis is somewhat similar to Is. 
rotundata Matsush. in conidial sizes, but the apical isthmic-segments in Is. rotundatus 
are rounded at the tip (Matsushima 1987).

Triscelophorus Ingold, Trans. Br. mycol. Soc. 26(3–4): 151 (1943).
MycoBank No: 10320

Description. Ingold 1943.
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Type species. Triscelophorus monosporus Ingold, Trans. Br. mycol. Soc. 26(3–4): 
152 (1943).

Notes. Triscelophorus was established by Ingold, with T. monosporus as type species 
(Ingold 1943). The genus is characterised by macronematous, mononematous, erect, 
straight or flexuous, sometimes sinuate, septate, unbranched or sparingly branched, 
hyaline, smooth conidiophores. The conidiogenous cells are monoblastic, sometimes 
sympodially extended, integrated, hyaline that produce a solitary, acrogenous, septate, 
staurospore composed of a main axis and 3 or more branches verticillate arranged from 
the basal cell of the main axis (Ingold 1943; Seifert et al. 2011). Duarte et al. (2015) 
found that Triscelophorus was polyphyletic, based on ITS analysis, but our phylogenetic 
analysis, based on two-loci and ITS, showed the genus should be monophyletic. For 
more details, refer to Discussion.

Figure 6. Isthmomyces oxysporus (Holotype YMF 1.04513) a conidia b conidiophores and conidiogenous 
cells. Scale bars: 10 µm (a, b).
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Triscelophorus anisopteriodeus Z. F. Yu, M. Qiao & R. F. Castañeda, sp. nov.
Index Fungorum number: IF556148
Facesoffungi Number No: FoF05747
Figs 7, 9f

Etymology. Latin, anisopteriodeus, referring to the resemblance of the conidial body to 
an adult of Anisoptera sp.

Description. Asexual morph hyphomycetous. Colonies on CMA, attaining about 
1 cm diam. after 20 days at 25 °C, light smoky grey. Reverse smoky grey. Mycelium 
superficial and immersed, composed of branched, septate, hyaline hyphae. Conidi-
ophores macronematous, mononematous, cylindrical, erect, flexuous, unbranched, 
smooth, hyaline, up to 20–110 µm long. Conidiogenous cells monoblastic, cylindri-
cal, terminal, integrated, determinate, smooth, hyaline. Conidia solitary, acrogenous, 
staurospore, septate, composed of a main axis and 2–4 lateral branches: i) the main 
axis elongate obclavate, 2–4-septate, straight, smooth, hyaline, 31.2–48 × 3–5.2 µm; 
ii) 2–4-lateral branches obclavate to broad obclavate, straight, smooth, hyaline, all 
arising divergent, unequal, from the basal cell of the main axis: ii a) upper two lat-
eral branches, 2–3-septate, 8.2–38.7 × 2.5–4.8 µm, more or less opposite, arranged 
just below the supra-basal septum; ii b) lower lateral branches, 0–1-septate, 14–20 
× 5–5.5 µm, sequential opposite arranged near the middle of the basal cell. Sexual 
state: unknown.

Type. China, Hainan Province, Limu Mountain Nature Reserve, on submerged 
leaves, April 2015, J. Peng. Holotype YMF 1.04267, preserved in a metabolically-
inactive state (deep freezing) in the Conservation and Utilization of Bio-Resources in 
Yunnan. Ex-type culture CGMCC 3.18978.

Notes. Triscelophorus anisopteriodeus is differentiated from other known Triscelo-
2like a dragonfly-shape (Seifert et al. 2011). Four lateral branches are not arising from 
the same level at the basal cell of main axis. Two shorter ones are lower and two longer 
ones are upper. Amongst conidia of Triscelophorus spp., three lateral branches are often 
growing in a whorl, while 2 lateral branches are in pairs. Four lateral branches in pairs 
in T. anisopteriodeus make it easily recognisable. Morphologically, T. anisopteriodeus is 
similar to Triramulispora duobinibrachiata K. Ando in conidial shape, but T. anisopte-
riodeus has larger size of conidia (main axis: 31.2–48 × 3–5.2 vs. 19–36 × 2.5–3.5 µm) 
and more septa in branches (Ando 1993).

Triscelophorus sinensis Z. F. Yu, M. Qiao & R. F. Castañeda, sp. nov.
Index Fungorum number: IF558520
Figs 8, 9g

Etymology. Latin, sinensis, referring to the country of origin, China.
Description. Asexual morph hyphomycetous. Colonies on CMA, attaining about 

1 cm diam. after 20 days at 25 °C, pale mouse grey to dark mouse grey. Mycelium su-
perficial and immersed, composed of branched, septate, hyaline hyphae. Conidiophores 
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macronematous, mononematous, lateral or terminal, cylindrical, erect, flexuous, sepa-
rate, smooth, hyaline, up to 12–38 µm long, 1.0–2.4 µm wide. Conidiogenous cells 
monoblastic, cylindrical, terminal, integrated, determinate, smooth, hyaline. Conidia 
solitary, acrogenous, staurospore, septate, composed of a main axis and 2–3 lateral 
branches: i) the main axis obclavate, 2(–3)-septate, slightly constricted at the septa, 
straight, smooth, hyaline, 17.5–30.0 × 3.5–5.0 µm; ii) 2–3-lateral branches obclavate, 
(0–)1-septate, slightly constricted at the septa, straight, smooth, hyaline, 8.5–21.0 × 
3.0–4.5 µm, arising from the basal cell of the main axis arranged in a regular or irregu-
lar verticillate. Sexual state: unknown.

Type. China, Guangdong Province, Guangzhou, on submerged leaves, September 
2011, G.Z. Yang. Holotype YMF 1.04065, preserved in a metabolically-inactive state 
(deep freezing) in the Conservation and Utilization of Bio-Resources in Yunnan.

Figure 7. Triscelophorus anisopteriodeus (Holotype YMF 1.04267) a, c conidia b conidiophores with 
conidia. Scale bars: 10 µm (a–c).
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Notes. In morphology, Triscelophorus sinensis is somewhat similar to T. ponapensis 
in conidia, both having 2–3 lateral arms (Matsushima 1981). However, T. ponapensis 
has shorter (main axis: 12–26 µm; lateral arms: 8–15 µm) and more septate (main axis: 
2–4-septate; lateral arms: 1–4-septate) conidia.

Isthmolongispora quadricellularia Matsush., Icon. microfung. Matsush. lect. (Kobe): 
90 (1975).
MycoBank No: 315952
Fig. 10

Description. Asexual morph hyphomycetous. Colonies on CMA white, gradually 
turning brown, reverse white to pale brown, attaining about 2.5 cm diam. after 20 days 
at 25 °C. Mycelium partly superficial, partly immersed, composed of branched, sep-
tate, slender, hyaline hyphae. Conidiophores macronematous, mononematous, cylin-
drical, erect, straight, unbranched, aseptate, smooth, hyaline, 3.9–9.0 × 2.0–3.2 µm. 

Figure 8. Triscelophorus sinensis (Holotype YMF 1.04065) a, b conidia c, d conidiophores with conidia. 
Scale bars: 10 µm (a–d).
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Conidiogenous cells short, terminal, cylindrical, denticulate, integrated, hyaline. Conidia 
solitary, smooth, beaded, tapering towards both ends, 4–7-celled, generally 5–6-celled, 
hyaline, 44–88 × 3.5–5.0 µm. Sexual state: unknown.

Type. China, Hainan Province, Jianfengling National Nature Reserve, on sub-
merged leaves, Jun 2011, G.Z. Yang, YMF 1.04794, YMF 1.04011, YMF 1.04016, 
YMF 1.04019, preserved in a metabolically-inactive state (deep freezing) in the Con-
servation and Utilization of Bio-Resources in Yunnan.

Notes. Isthmolongispora quadricellularia was first described by Matsush. in 1975 
from Japan. Subsequently, this species has been isolated from leaves many times in Tai-
wan. However, no sequences of I. quadricellularia are available in the public database. 
In this study, it is the first time that I. quadricellularia has been isolated from the aquatic 
environment. In addition, we also submitted sequence data for this species to the pub-
lic database (SSU: MT507103–105; LSU: MT507107–110; ITS: OL412746–749).

Discussion

China is considered an important reservoir of Asian biodiversity (Myers et al. 2000); it is 
estimated that this area harbours an inestimable diversity of fungi. In recent years, more 
and more new genera and species have been identified and classified for the application 
of phylogenetic analysis and have led to a significant expansion of species in Dothidomy-
cetes (Zheng et al. 2019, 2020b, 2021b; Yang et al. 2021). However, comparatively 
speaking, aquatic hyphomycetes have been poorly investigated. In recent years, we have 

Figure 9. Cultural characters of all species in this study after 20 days on PDA at 25 °C.
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been investigating the diversity of aquatic hyphomycetes from southern China. During 
this process, several interesting isolates have been collected. After studying in detail, two 
new asexual genera and six new asexual species have been described in Microthyriaceae.

Triscelophorus Ingold was established with T. monosporus Ingold as type species; 
now, eight species have been accepted in this genus (Ingold 1943; Wijayawardene et 
al. 2017). However, the positions of Triscelophorus in ordinal and familial levels are still 
unclear. In this study, two isolates which have similarity to Triscelophorus species in 
morphology were collected. For further study, the two isolates were identified as two 
new species of Triscelophorus, named as T. anisopteriodeus and T. sinensis. Moreover, 
phylogenetic analysis of combined LSU and ITS sequences places Triscelophorus in 
Microthyriaceae (Fig. 1).

Isthmolongispora Matsush. was established in 1971 and, so far, eleven species were 
accepted in this genus (Matsushima 1971; Wijayawardene et al. 2018b, 2020). In this 
study, ten isolates have similarity to some Isthmolongispora species. Of these, four isolates 
were identified as Isthmolongispora quadricellularis, based on morphology. The combined 
LSU and ITS tree (Fig. 1) showed that the other six isolates formed two clades in Micro-
thyriaceae. Comparing their morphological differences between species of the two clades, 

Figure 10. Isthmolongispora quadricellularia (YMF 1.04794) a conidia b conidiophores and conidiog-
enous cells c conidia under low power microscopy. Scale bars: 10 µm (a, b); 50 µm (c).
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we established two new genera Antidactylaria and Isthmomyces. Antidactylaria includes a 
new species A. minifimbriata and a new combination A. ampulliforma and is phylogeneti-
cally close to two asexual species Scolecobasidium tropicum Matsush. and Neoscolecobasidi-
um agapanthi Crous. Isthmomyces includes three new species, I. dissimilis, I. oxysporus and 
I. macrosporus and a new combination I. lanceatus. Phylogenetically, Isthmomyces is near 
to the sexual genus Microthyrium and the asexual genus Neoanungitea. Although Ishmo-
myces is closely related to Microthyrium, their ITS sequence similarity is low, so we cannot 
determine the connection between them. Based on the two-gene tree, we speculated that 
Isthmolongispora is polyphyletic. So far, at least 14 genera of aquatic hyphomycetes have 
shown to be polyphyletic using sequence information from a single or two genes (Nikol-
cheva 2002; Tsui et al. 2006; Baschien 2006; Campbell et al. 2006; Duarte et al. 2015).

With increasingly widespread use of molecular techniques, multi-genes were con-
catenated to resolve phylogenetic affiliations and taxonomic placements at family or 
higher ranks. For example, SSU, LSU, tef1, rpb1 and rpb2 were combined to assess 
phylogeny (Schoch et al. 2006, 2009; Wijayawardene et al. 2014). However, sequence 
data and cultures of many aquatic hyphomycetes were unavailable. By 2013, over 300 
aquatic hyphomycete species had been described, based on conidia morphology and 
conidiogenesis. However, fewer than 50 species had published ITS sequences in the 
International Nucleotide Sequence Database (Duarte et al. 2013). In addition, most of 
these species with ITS sequences were considered Ascomycota genera are incertae sedis 
because of the limitations of ITS as a phylogenetic marker for these organisms.

Molecular phylogeny of freshwater fungi in Dothideomycetes has been studied by 
Shearer et al. (2009) using SSU and LSU for 84 isolates representing 29 genera. The 
results showed that the majority of freshwater Dothideomycetes belonged to Pleosporo-
mycetidae, including four clades comprised of only freshwater taxa, while the remaining 
freshwater taxa were distributed amongst other clades. In the largest phylogenetic as-
sessment of Dothideomycetes up to 2009, members of the class from various ecological 
niches were included and freshwater taxa were in different clades (Schoch et al. 2009). 
Unfortunately, like other studies, though representative, these two studies of Dothideo-
mycetes and freshwater ascomycetes had very few aquatic asexual genera. In the paper 
of Shearer et al. (2009), only 10 asexual genera were included, while in the paper of 
Schoch et al. (2009), only four asexual genera were included (Monotosporella S. Hughes 
and Beverwykella Tubaki belonging to Melanommataceae G. Winter, while Helicomyces 
Link and Helicosporium Nees belonging to Tubeufiaceae). Amongst the accepted genera 
of Dothideomycetes, only 11 aquatic or aero-aquatic asexual genera have been described 
as belonging to different families of the subclass Pleosporomycetidae (Wijayawardene et 
al. 2014). Our study provides the molecular evidence for asexual aquatic fungi.

Conclusions

This study described two new asexual genera and six new asexual species of aquatic 
hyphomycetes. Our phylogenetic analyses placed several other aquatic genera in the 
family Microthyriaceae. Though we failed to connect teleomorphs and anamorphs 
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at genus level, our results showed close phylogenetic relationships between aquatic 
hyphomycetes and Microthyriaceae at the family rank. This study also revealed the 
importance of obtaining pure cultures of aquatic fungi and multiple gene sequences 
from them to identify the origins and phylogenetic positions of aquatic hyphomycetes 
and their relationships with their terrestrial relatives.
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Introduction

Diaporthe (syn. Phomopsis) is the type genus of Diaporthaceae in Diaporthales, com-
monly occurring as plant endophytes, pathogens and saprobes (Udayanga et al. 2014, 
2015; Guarnaccia et al. 2017, 2018a, 2018b; Tibpromma et al. 2018; Yang et al. 
2020; Dissanayake et al. 2020; Jiang et al. 2021). The sexual morph is characterized 
by immersed perithecial ascomata and an erumpent pseudostroma with more or less 
elongated perithecial necks, unitunicate clavate to cylindrical asci, and fusoid, ellipsoid 
to cylindrical, hyaline uni- to bicellular ascospores (Udayanga et al. 2011; Senanayake 
et al. 2017). The asexual morph is characterized by ostiolate conidiomata, with cylin-
drical phialides producing up to three types of hyaline, aseptate conidia (Udayanga 
2011; Gomes et al. 2013; Yang et al. 2018), and was previously classified as Phomopsis. 
Following the “one fungus one name” nomenclature, Rossman et al. (2015) recom-
mended to use Diaporthe based on priority, necessitating the transfer of numerous 
Phomopsis species to Diaporthe.

Species of Diaporthe are known to cause plant diseases including dieback, can-
ker, leaf spot, fruit rot, pod blights and seed decay. For example, D. citri, D. cyto-
sporella and D. foeniculina caused melanose and stem end rot diseases of Citrus 
spp. (Udayanga et al. 2014), while Daporthe lithocarpi caused leaf spot disease of 
Castanea henryi in China (Jiang et al. 2021). Up to 19 Diaporthe species were con-
firmed to be associated with pear cankers in China (Guo et al. 2020), and eight spe-
cies of Diaporthe were found to be the casual agents of Chinese grapevine dieback 
(Manawasinghe et al. 2019). Seven Diaporthe species were reported from blueberry 
twig blight and dieback diseases in Portugal (Hilário et al. 2020). Diaporthe biconis-
pora and an additional six species were identified as endophytes from healthy Citrus 
tissues in China (Huang et al. 2015). Diaporthe constrictospora and an additional 
11 species were isolated as saprobes from dead wood in karst formations in China 
(Dissanayake et al. 2020).

Diaporthe species were previously classified mainly based on host association and 
morphology (Rehner and Uecker 1994; Santos and Phillips 2009; Udayanga et al. 
2011, 2014). However, several taxonomic studies of Diaporthales proved that phylog-
eny based on multiple genes is suitable to separate species (Voglmayr et al. 2012, 2017; 
Fan et al. 2018; Jiang et al. 2019, 2020; Jaklitsch and Voglmayr 2019, 2020). Species 
of Diaporthe are now characterised and circumscribed both by morphology and phy-
logeny of multi-locus DNA data, which revealed many cryptic species in recent years 
(Diogo et al. 2010; Lombard et al. 2014; Gao et al. 2016, 2017; Long et al. 2019; 
Yang et al. 2020, 2021; Zapata et al. 2020; Huang et al. 2021). To clarify the species 
boundaries of the Diaporthe eres complex, the Genealogical Phylogenetic Species Rec-
ognition principle (GCPSR) and the coalescent-based model Poisson Tree Processes 
(PTPs) were employed, which suggested that the Diaporthe eres species complex actu-
ally represents only a single species, D. eres (Hilário et al. 2021).

In the present study, Diaporthe samples from cankered branches of several tree 
species were collected in the Netherlands, and identified based on modern taxonomic 
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approaches. As a result, two new species and two known species were identified, and 
the new species are described and illustrated herein.

Materials and methods

Collection, examination and isolation

The fresh specimens of cankered branches were sampled from Alnus glutinosa, Fraxinus 
excelsior and Quercus robur in Utrecht, the Netherlands. Morphological characteristics 
of the conidiomata were determined under a Nikon AZ100 dissecting stereomicro-
scope. More than 20 conidiomata were sectioned, and 50 conidia were randomly se-
lected for measurement using a Leica compound microscope (LM, DM 2500). Isolates 
were obtained by removing a mucoid conidial mass from conidiomata, spreading the 
suspension onto the surface of 1.8 % potato dextrose agar (PDA), and incubated at 
25 °C for up to 24 h. Single germinating conidia were removed and plated onto fresh 
PDA plates. Cultural characteristics of isolates incubated on PDA in the dark at 25 
°C were recorded, including the colony color and conidiomata structures. The cultures 
were deposited in the China Forestry Culture Collection Center (CFCC; http://www.
cfcc-caf.org.cn/), and the specimens in the herbarium of the Chinese Academy of For-
estry (CAF; http://museum.caf.ac.cn/).

DNA extraction, PCR amplification and phylogenetic analyses

Genomic DNA was extracted from colonies grown on cellophane-covered PDA using 
a cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle 1990). DNA 
was checked by electrophoresis in 1 % agarose gel, and the quality and quantity were 
measured using a NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA). Five 
partial loci, including the 5.8S nuclear ribosomal DNA gene with the two flanking 
internally transcribed spacer (ITS) regions, the calmodulin (cal), the histone H3 (his3), 
the translation elongation factor 1-alpha (tef1) and the beta-tubulin (tub2) genes were 
amplified by the primer pairs and polymerase chain reaction (PCR) process listed in 
Table 1. The PCR products were assayed via electrophoresis in 2 % agarose gels. DNA 
sequencing was performed using an ABI PRISM 3730XL DNA Analyser with a Big-

Table 1. Genes used in this study with PCR primers and process.

Locus PCR primers PCR: thermal cycles: (Annealing temp. in bold) Reference
ITS ITS1/ITS4 (95 °C: 30 s, 48 °C: 30 s, 72 °C: 1 min) × 35 cycles White et al. 1990
cal CAL228F/CAL737R (95 °C: 15 s, 54 °C: 20 s, 72 °C: 1 min) × 35 cycles Carbone and Kohn 1999
his3 CYLH3F/H3-1b (95 °C: 30 s, 57 °C: 30 s, 72 °C: 1 min) × 35 cycles Crous et al. 2004

Glass and Donaldson 1995
tef1 EF1-728F/EF1-986R (95 °C: 15 s, 54 °C: 20 s, 72 °C: 1 min) × 35 cycles Carbone and Kohn 1999
tub2 T1(Bt2a)/Bt2b (95 °C: 30 s, 55 °C: 30 s, 72 °C: 1 min) × 35 cycles Glass and Donaldson 1995; 

O’Donnell and Cigelnik 1997
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Dye Terminator Kit v.3.1 (Invitrogen, USA) at the Shanghai Invitrogen Biological 
Technology Company Limited (Beijing, China).

The quality of the amplified nucleotide sequences was checked and the sequences 
assembled using SeqMan v.7.1.0. Reference sequences were retrieved from the Na-
tional Center for Biotechnology Information (NCBI), based on recent publications on 
the genus Diaporthe (Dissanayake et al. 2021; Gao et al. 2021; Huang et al. 2021; Sun 
et al. 2021, Wang et al. 2021; Yang et al. 2021). Sequences were aligned using MAFFT 
v. 6 (Katoh and Toh 2010) and corrected manually using MEGA 7.0.21. The best-fit 
nucleotide substitution models for each gene were selected using jModelTest v. 2.1.7 
(Darriba et al. 2012) under the Akaike Information Criterion.

The phylogenetic analyses of the combined gene regions were performed us-
ing Maximum Likelihood (ML) and Bayesian Inference (BI) methods. ML was im-
plemented on the CIPRES Science Gateway portal (https://www.phylo.org) using 
RAxML-HPC BlackBox 8.2.10 (Stamatakis 2014), employing a GTRGAMMA 
substitution model with 1000 bootstrap replicates. While BI was performed using 
a Markov Chain Monte Carlo (MCMC) algorithm in MrBayes v. 3.0 (Ronquist et 
al. 2003). Two MCMC chains, started from random trees for 1000000 generations 
and trees, were sampled every 100th generation, resulting in a total of 10000 trees. 
The first 25 % of trees were discarded as burn-in of each analysis. Branches with 
significant Bayesian Posterior Probabilities (BPP) were estimated in the remaining 
7500 trees. Phylogenetic trees were viewed with FigTree v.1.3.1 and processed by 
Adobe Illustrator CS5. The nucleotide sequence data of the new taxa were deposited 
in GenBank and are listed in Table 2.

Results

Phylogenetic analyses

The five-gene sequence dataset (ITS, cal, his3, tef1 and tub2) was analysed to in-
fer the interspecific relationships within Diaporthe. The dataset consisted of 307 
sequences including one outgroup taxon, Diaporthella corylina (CBS 121124). A 
total of 2649 characters including gaps (516 for ITS, 576 for cal, 526 for his3, 
507 for tef1 and 524 for tub2) were included in the phylogenetic analysis. Of these 
characters, 844 were constant, 318 were variable and parsimony-uninformative, 
and 1487 were parsimony-informative. The topologies resulting from ML and BI 
analyses of the concatenated dataset were congruent (Fig. 1). Isolates from the pre-
sent study formed four individual clades representing four species of Diaporthe, of 
which isolates CFCC 54192, M35, M40-1 and M84 from Quercus robur represent 
D. foeniculacea, while CFCC 54193 and M86 from Q. robur represent D. rudis. 
CFCC 54191 and M79 from Fraxinus excelsior and CFCC 54190 and M2A from 
Alnus glutinosa represent two new species which are here described as D. silvicola 
and D. pseudoalnea, respectively.
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Figure 1. Phylogram of Diaporthe resulting from a maximum likelihood analysis based on a combined 
matrix of ITS, cal, his3, tef1 and tub2. Numbers above the branches indicate ML bootstraps (left, ML 
BS ≥ 50 %) and Bayesian Posterior Probabilities (right, BPP ≥ 0.75). The tree is rooted with Diaporthella 
corylina. Isolates from present study are marked in blue.
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Figure 1. Continued.
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Figure 1. Continued.
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Figure 1. Continued.
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Taxonomy

Diaporthe pseudoalnea N. Jiang, sp. nov.
MycoBank: 840714
Fig. 2

Etymology. With reference to D. alnea, which was described from the same host ge-
nus, Alnus.

Description. Conidiomata pycnidial, discoid, immersed in bark, scattered, 
erumpent through the bark surface, with a solitary locule. Locule 800–1250 μm diam., 
undivided. Conidiophores 22–68.5 × 1.5–3 μm (av. = 39.8 × 2.2 μm, n = 50), cylindri-
cal, attenuate towards the apex, hyaline, slightly brown at base, phialidic, unbranched, 
straight or slightly curved. Alpha conidia (5.8–)7.1–8.9(–11.2) × (1.5–)1.8–2.2(–2.7) 
μm (av. = 7.9 × 2.0 μm, n = 50), L/W = 3.2–4.7 (av. = 3.8, n = 50), hyaline, aseptate, 
subcylindrical with a nearly rounded apex, multi-guttulate, sometimes acute at both 
ends. Beta conidia not observed.

Figure 2. Diaporthe pseudoalnea from Alnus glutinosa A–C habit of conidiomata on branches D trans-
verse section of conidiomata E longitudinal section through conidiomata F, G conidiophores and conidia 
H, I conidia. Scale bars: 2 mm (A), 500 μm (B, C, E), 200 μm (D), 10 μm (F–I).
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Culture characters. Colonies are initially white with fluffy aerial mycelium, be-
coming dirty white after 2 weeks, and conidiomata are randomly distributed with 
orange conidial drops oozing out of the ostioles.

Specimens examined. NETHERLANDS. Utrecht City, on branches of Alnus 
glutinosa, 5°11’32” E, 52°05’22” N, 8 Apr. 2019, N. Jiang (holotype CAF800005 = 
JNH0001; ex-type living culture: CFCC 54190; other living culture: M2A).

Notes. Diaporthe nivosa and D. alnea were recorded from the host genus Alnus. 
Udayanga et al. (2014) investigated the lectotype of Diaporthe nivosa and revealed it 
as a Melanconis species based on a well-developed ectostromata and the ascospores 
characteristics, and Jaklitsch and Voglmayr (2020) treated it as a synonym of Melan-
conis marginalis ssp. marginalis. D. alnea has been reported from the Czech Republic, 
Germany, the Netherlands and the USA, and both sexual and asexual morphs have 
been described (Udayanga et al. 2014). However, applying the GCPSR principle, 
D. alnea has recently been considered to be a synonym of Diaporthe eres (Hilário 
et al. 2021), which has also been confirmed in our analyses where the ex-epitype 
isolate CBS 146.46 of D. alnea is placed within the D. eres clade (Fig. 1). Diaporthe 
pseudoalnea morphologically differs from D. alnea (now D. eres) by its longer con-
idiophores (22–68.5 × 1.5–3 μm in D. pseudoalnea vs. 9–16 × 1–2 μm in D. alnea; 
Udayanga et al. 2014). In our multi-gene analyses, D. pseudoalnea forms a distinct 
phylogenetic lineage which is placed remotely from the isolate CBS 146.46 of D. 
alnea (Fig. 1).

Diaporthe silvicola N. Jiang, sp. nov.
MycoBank: 840715
Fig. 3

Etymology. Name from “silva” = forest and “-cola” = inhabiting; with reference to its 
woody host.

Description. Conidiomata pycnidial, conical, immersed in bark, scattered, 
erumpent through the bark surface, with a solitary locule. Locule 450–700 μm diam., 
undivided. Conidiophores 6.5–25 × 1.5–4 μm (av. = 15.4 × 2.4 μm, n = 50), cylindri-
cal, attenuate towards the apex, hyaline, slightly brown, phialidic, unbranched, slightly 
curved. Alpha conidia (9.2–)10.1–12.3(–13.5) × (3.8–)4.2–4.9(–5.2) μm (av. = 11.5 × 
4.5 μm, n = 50), L/W = 2.0–3.2 (av. = 2.5, n = 50), hyaline, aseptate, fusiform to oval, 
multi-guttulate, acute at both ends. Beta conidia not observed.

Culture characters. Colonies are initially white, aerial mycelium turning grey at 
edges of plate, yellowish pigmentation developing in centre, conidiomata not pro-
duced until 2 weeks.

Specimens examined. NETHERLANDS. Utrecht City, on branches of Fraxi-
nus excelsior in the forest ecosystem, 5°10’36” E, 52°05’32” N, 6 Jun. 2019, N. Jiang 
(holotype CAF800006 = JNH0002; ex-type living culture: CFCC 54191; other living 
culture: M79).
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Notes. Diaporthe fraxini-angustifoliae was reported from Fraxinus angustifolia sub-
sp. oxycarpa cv. Claret Ash in Australia (Tan et al. 2013). D. fraxinicola was described 
from Fraxinus chinensis in China (Yang et al. 2018). However, D. silvicola from Fraxi-
nus excelsior in Netherlands differs from D. fraxini-angustifoliae and D. fraxinicola by 
obviously larger alpha conidia (9.2–13.5 × 3.8–5.2 μm in D. silvicola vs. 4–10 × 2–3 
μm in D. fraxini-angustifoliae vs. 7–10 × 2.9–3.2 μm in D. fraxinicola; Tan et al. 2013; 
Yang et al. 2018).

Discussion

In this study, branch-inhabiting Diaporthe species were sampled from Alnus glutinosa, 
Fraxinus excelsior and Quercus robur in Utrecht, the Netherlands. Ten Diaporthe iso-
lates were obtained and identified based on five combined loci (ITS, cal, his3, tef1 and 
tub2), as well as morphological characters from the natural substrates. The phyloge-
netic and morphological analyses revealed Diaporthe pseudoalnea sp. nov. from Alnus 

Figure 3. Diaporthe silvicola from Fraxinus excelsior A–C habit of conidiomata on branches D transverse 
section of conidiomata E longitudinal section through conidiomata F, I conidia G, H conidiophores and 
conidia. Scale bars: 2 mm (A), 1 mm (B), 500 μm (C), 200 μm (D, E), 10 μm (F–I).
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glutinosa, Diaporthe silvicola sp. nov. from Fraxinus excelsior, and D. foeniculacea and 
D. rudis from Quercus robur.

Phylogenetic analyses were conducted based on a combined DNA sequence matrix 
of five loci (ITS, cal, his3, tef1 and tub2) reported as useful markers to distinguish spe-
cies of Diaporthe (Udayanga et al. 2014, 2015; Guarnaccia et al. 2017, 2018a, 2018b; 
Tibpromma et al. 2018; Yang et al. 2020; Dissanayake et al. 2020; Huang et al. 2021; 
Sun et al. 2021, Wang et al. 2021). The two novel species in this study can be distin-
guished from the other known species by all genes studied, but most effectively by cal, 
his3, tef1 and tub2. The multi-locus phylogenetic analysis grouped the isolates in two 
new clades, which support the introduction of the new species.

The utility of host association for Diaporthe species identification is limited be-
cause several species have wide host ranges (e.g., D. ere inhabits 282 different hosts; 
D. rudis inhabits 44 different hosts), and multiple Diaporthe species can infect a single 
host (e.g., nineteen Diaporthe species are associated with pear cankers in China) (Guo 
et al. 2020; Farr and Rossman 2021). Thus, a polyphasic approach of morphological, 
cultural, ecological and molecular data to identify Diaporthe samples or to introduce 
new species is essential.
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Abstract
Colletotrichum has numerous host range and distribution. Its species are important plant pathogens, endo-
phytes and saprobes. Colletotrichum can cause regular or irregular depressions and necrotic lesions in the 
epidermal tissues of plants. During this research Colletotrichum specimens were collected from Mengyin 
County, Shandong Province, China. A multi-locus phylogenetic analysis of ITS, GAPDH, CHS-1, ACT, 
TUB2, CAL and GS sequence data combined with morphology, revealed a new species and two known 
species, viz. C. mengyinense sp. nov., C. gloeosporioides and C. pandanicola, belonging to the C. gloeospori-
oides species complex. The new species is described and illustrated in this paper and compared with taxa 
in the C. gloeosporioides species complex.

Keywords
Colletotrichum, Glomerellaceae, multi-gene phylogeny, new species, taxonomy

Introduction

Colletotrichum species (Glomerellaceae, Glomerellales) is one of the ten economically 
most important fungal plant pathogens worldwide (Dean et al. 2012). It was first ob-
served by Tode (1790), who divided it into Vermicularia. Corda (1831) established 
Colletotrichum based on the characteristic of the conidiomata with setae in Vermicularia. 

MycoKeys 85: 57–71 (2021)

doi: 10.3897/mycokeys.85.75944

https://mycokeys.pensoft.net

Copyright Taichang Mu et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 
4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

RESEARCH ARTICLE

A peer-reviewed open-access journal

Launched to accelerate biodiversity research



Taichang Mu et al.  /  MycoKeys 85: 57–71 (2021)58

Colletotrichum is based on the type species Colletotrichum lineola which was associated 
with a member of the Apiaceae (Jayawardena et al. 2017). The sexual morph belongs to 
Glomerella. The asexual morph is characterized by acervuli born in the skin of the host, 
often producing brown sharp setae, colorless or brown conidiophores with separate, 
conidia colorless, pseudomonas, cylindrical or crescent-shaped (Damm et al. 2009).

Currently, more than 900 epithets of Colletotrichum are listed in Index Fungo-
rum (http://www.indexfungorum.org/; accessed 22 November 2021). Colletotri-
chum has been studied for more than 200 years and the classification of Colletotri-
chum has undergone major changes (Jayawardena et al. 2016). In order to clarify 
its complex nature, the species are classified into 14 species complexes (Bhunjun et 
al. 2021). Specifically, C. gloeosporioides has been considered as a complex species 
for a long time.

The name C. gloeosporioides was first proposed by Penzig based on Vermicularia 
gloeosporioides which was collected from Citrus in Italy (Weir et al. 2012). Early 
in the study of C. gloeosporioides species complex, taxonomic concepts used were 
based on apparent features such as morphological characters, host species, size and 
shape of conidia and appressoria, presence or absence of setae, aspect, color and 
growth rate in culture, whether or not the teleomorph develops, etc (Weir et al. 
2012). Nonetheless, Sutton commented that “no progress in the systematics and 
identification of isolates belonging to this complex is likely to be made based on 
morphology alone”. Fortunately, with the development of molecular systematics, 
gene method is applied to taxonomy of Colletotrichum complexes. Multi-gene phy-
logeny analysis is of great significance to the study of the classification of C. gloe-
osporioides species complex and related concepts of species (Cannon et al. 2012; 
Damm et al. 2012; Weir et al. 2012).

The aim of this study was to explore the diversity of Colletotrichum species from 
symptomatic leaves and diseased fruit of plants in Shandong Province, China. We pre-
sent a new species and two known species, C. mengyinense sp. nov., C. gloeosporioides 
and C. pandanicola based on phylogenetic data and morphology.

Materials and methods

Isolation and morphological studies

The samples were collected from Mengyin County, Shandong Province, China. The 
strains of Colletotrichum were isolated from symptomatic leaves of Rosa chinensis and 
diseased fruit of Juglans regia using single spore and tissue isolation methods (Chom-
nunti et al. 2014). The spore suspension was obtained and spread onto PDA plate 
and incubated for one day under the biochemical incubator. After germination, the 
spores were transferred to a new PDA plate to obtain pure culture. Additionally, the 
surface sterilized plant tissue isolation was used to obtain sterile isolates from the host 
plant. About 25 mm2 tissue fragments were taken from the margin of tissue lesions and 
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surface sterilized by consecutively immersing in 75% ethanol solution for 60 s, 5% 
sodium hypochlorite solution for 30 s, and then rinsed in sterile distilled water for 60 s 
(Gao et al. 2013; Liu et al. 2015). The surface sterilized plant tissue was dried with 
sterilized paper and moved on the PDA plate (Cai et al. 2009). All the PDA plates were 
incubated at biochemical incubator at 25 °C for 3–4 days, then hyphae were picked 
out of the periphery of the colonies and inoculated on to new PDA plates.

Following 5–14 days of incubation, morphological characters were recorded (Cai 
et al. 2009). Photographs of the colonies were taken at 7 days and 14 days using a digi-
tal camera (Canon G7X). Micromorphological characters of colonies were observed 
using stereomicroscope (Olympus SZX10) and microscope (Olympus BX53), both fit-
ted with high definition color digital cameras to photo document conidia and so on of 
fungal structures. All Colletotrichum strains were stored in 10% sterilized glycerin and 
sterile water at 4 °C for deep studies in the future. Every specimen was deposited in the 
Herbarium of the Department of Plant Pathology, Shandong Agricultural University 
(HSAUP). Living cultures were deposited in the Shandong Agricultural University 
Culture Collection (SAUCC). Taxonomic information of the new taxa was submitted 
to MycoBank (http://www.mycobank.org).

DNA extraction and amplification

Genomic DNA was extracted from Colletotrichum fungal mycelia grown on PDA after 
5–7 days, using a modified cetyltrimethylammonium bromide (CTAB) buffer, and 
then it was incubated at 65 °C for 30 min with occasional gentle inverting (Guo 
et al. 2000). Gene sequences were obtained from seven genes loci including the in-
ternal transcribed spacer regions with intervening 5.8S nrRNA gene (ITS), partial 
glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH), partial chitin synthase 1 
gene (CHS-1), partial actin gene (ACT), partial beta-tubulin gene (TUB2), partial 
calmodulin gene (CAL) and partial glutamine synthetase gene (GS) were amplified 
and sequenced using primers pairs (Table 1).

PCR was performed using an Eppendorf Master Thermocycler (Hamburg, Ger-
many). Amplification reactions were performed in a 25 μL reaction volume which 
contained 12.5 μL 2× Taq Plus Master Mix II (Vazyme, Nanjing, China), 1 μL of 
each forward and reverse primer (10 μM) (Tsingke, Qingdao, China), and 1 μL tem-
plate genomic DNA in amplifier, and were adjusted with distilled deionized water to 
a total volume of 25 μL. PCR parameters were as follows: 94 °C for 5 min, followed 
by 35 cycles of denaturation at 94 °C for 30 s, annealing at a suitable temperature for 
30 s, extension at 72 °C for 1 min and a final elongation step at 72 °C for 10 min. 
The annealing temperature for each gene was 52 °C for ITS and GS, 59 °C for CAL, 
60 °C for GAPDH, 58 °C for ACT and CHS-1, 55 °C for TUB2. The PCR products 
were visualized on 1% agarose electrophoresis gel. Sequencing was conducted by the 
Tsingke Company Limited (Qingdao, China) bi-directionally. Consensus sequences 
were obtained using MEGA 7.0 (Kumar et al. 2016). All sequences generated in this 
study were deposited in GenBank (Table 2).
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Phylogenetic analyses

Novel sequences were generated from the nine strains in this study, and all refer-
ence available sequences of Colletotrichum species were downloaded from Gen-
Bank. Multiple sequence alignments for ITS, GAPDH, CHS-1, ACT, TUB2, 
CAL and GS were constructed and carried out using the MAFFT v.7.11 online 
programme (http://mafft.cbrc.jp/alignment/server/, Katoh et al. 2019) with the 
default settings, and manually corrected where necessary. To establish the identity 
of the isolates at species level, phylogenetic analyses were conducted individually 
for each locus and then as combined analyses of seven loci (ITS, GAPDH, CHS-1, 
ACT, TUB2, CAL and GS). Phylogenetic analyses were based on maximum likeli-
hood (ML) and Bayesian.

Inference (BI) for the multi-locus analyses. For BI, the best evolutionary mod-
el for each partition was determined using MrModeltest v. 2.3 (Nylander 2004) 
and incorporated into the analyses. ML and BI were run on the CIPRES Sci-
ence Gateway portal (https://www.phylo.org/) using RaxML-HPC2 on XSEDE 
(8.2.12) (Miller et al. 2012; Stamatakis 2014) and MrBayes on XSEDE (3.2.7a), 
respectively (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003; 
Ronquist et al. 2012). For ML analyses the default parameters were used and BI 
was carried out using the rapid bootstrapping algorithm with the automatic halt 
option. Bayesian analyses included seven parallel runs of 5,000,000 generations, 
with the stop rule option and a sampling frequency of 1000 generations. The burn-
in fraction was set to 0.25 and posterior probabilities (PP) were determined from 
the remaining trees. The resulting trees were plotted using FigTree v. 1.4.4 (http://
tree.bio.ed.ac.uk/software/figtree) and edited with Adobe Illustrator CS6.0. New 
sequences generated in this study were deposited at GenBank (https://www.ncbi.
nlm.nih.gov; Table 2).

Table 1. Gene regions and respective primer pairs used in the study.

Locus Gene Primer Direction Sequence (5'-3')
The internal transcribed spacer regions with 
intervening 5.8S nrRNA gene

ITS ITS5 Forward GGA AGT AAA AGT CGT AAC AAG G
ITS4 Reverse TCC TCC GCT TAT TGA TAT GC

Partial glyceraldehyde-3-phosphate dehydro-
genase gene

GAPDH GDF1 Forward GCC GTC AAC GAC CCC TTC ATT GA
GDR1 Reverse GGG TGG AGT CGT ACT TGA GCA TGT

Partial chitin synthase 1 gene CHS-1 CHS-79F Forward TGG GGC AAG GAT GCT TGG AAG AAG
CHS-354R Reverse TGG AAG AAC CAT CTG TGA GAG TTG

Partial actin gene ACT ACT-512F Forward ATG TGC AAG GCC GGT TTC GC
ACT-783R Reverse TAC GAG TCC TTC TGG CCC AT

Partial beta-tubulin gene TUB2 Bt-2a Forward GGT AAC CAA ATC GGT GCT GCT TTC
Bt-2b Reverse ACC CTC AGT GTA GTG ACC CTT GGC

Partial calmodulin gene CAL CL1 Forward GAR TWC AAG GAG GCC TTC TC

CL2A Reverse TTT TTG CAT CAT GAG TTG GAC
CL1C Forward GAA TTC AAG GAG GCC TTC TC
CL2C Reverse CTT CTG CAT CAT GAG CTG GAC

Partial glutamine synthetase gene GS GSLF3 Forward GAT ACG CCT CTT CCA GCG TT
GSLR1 Reverse AGR CGC ACA TTG TCA GTA TCG
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Results

Phylogenetic analyses

Nine strains of Colletotrichum isolated from leaves of Rosa chinensis and fruit of Juglans 
regia in Mengyin County, Shandong Province, China, were grown in culture. Among 
the nine Colletotrichum isolates were identified a new species and two known species 
based on an analysis of combined ITS, GAPDH, CHS-1, ACT, TUB2, CAL and 
GS gene sequences composed of 69 isolates of C. gloeosporioides species complex and 
C. boninense (CBS 123755) as the outgroup taxon.

A total of 3953 characters including gaps were obtained in the phylogenetic anal-
ysis, viz. ITS: 1–619, GAPDH: 620–929, CHS-1: 930–1229, ACT: 1230–1542, 
TUB2: 1543–2288, CAL: 2289–3028, GS: 3029–3953. Of these characters, 2667 
were constant, 674 were variable and parsimony-uninformative, and 612 were parsi-
mony-informative.

The Bayesian analysis lasted 4,685,000 generations, resulting in 4686 total trees, 
of which 3515 trees were used to calculate the posterior probabilities. The BI posterior 
probabilities were plotted on the ML tree. For the BI and ML analyses, HKY+G for 
GAPDH and ACT, SYM+I+G for ITS, K80+I+G for CHS-1, GTR+G for GS and 
CAL, HKY+I for TUB2 were selected and incorporated into the analyses. The ML tree 
topology confirmed the tree topologies obtained from the BI analyses, and therefore, 
the ML tree is presented (Fig. 1).

ML bootstrap support values (≥ 50%) and Bayesian posterior probability (≥ 0.90) 
are shown as first and second position above nodes, respectively. The 70 strains were 
assigned to 60 species clades based on the seven gene loci phylogeny (Fig. 1). The 
nine strains studied here represented a novel species and two known species. The 
new species of C. mengyinense showed a close relationship to C. fructicola (MFLU 
090228) with full support (ML-BS: 100% and BYPP: 1). The strains SAUCC200952, 
SAUCC200954 and SAUCC201001 belong to C. gloeosporioides (IMI356878) with 
full support (ML-BS: 100% and BYPP: 1) by the multi-locus phylogeny. The strains 
SAUCC200204 and SAUCC201152 belong to C. pandanicola (MFLU 18-0003) with 
good support (ML-BS: 94% and BYPP: 0.99) by the multi-locus phylogeny.

Taxonomy

Colletotrichum gloeosporioides (Penz.) Penz. & Sacc., Atti Reale Ist. Veneto Sci. 
Lett. Arti., ser. 6, 2: 670. 1884
Figure 2

Vermicudaria gloeosporioides Penz., Michelia 2: 450, 1882. Basionym.

Description. Lesion fruit, round or irregular, dark brown slightly sunken center, brown at 
margin. Asexual morph developed on PDA. A mass of orange conidia grows in the white my-
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Figure 1. Phylogram of Colletotrichum gloeosporioides complex based on combined ITS, GAPDH, CHS-
1, ACT, TUB2, CAL and GS genes. The ML and BI bootstrap support values above 50% and 0.90 BYPP 
are shown at the first and second position, respectively. Strains marked with “*” are ex-type or ex-epitype. 
Strains from this study are shown in red. Two branches were shortened to fit the page size-these are indi-
cated by the symbol (//) with an indication number showing how many times they are shortened.
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celium of PDA after 14 days in light at 25 °C. Conidia, hyaline, smooth-walled, subcylindri-
cal, both ends round, 1–3-guttulate, contents granular. Conidia on PDA (10.6–16.5 × 4.3–
5.3 µm, mean ± SD = 14.9 ± 1.5 × 4.9 ± 0.3 μm, L/W ratio = 3.0, n = 40). Sexual morph 
not observed. Conidiogenous cells subcylindrical, straight to curved, 4.7–12.7 × 3.1–4.0 
µm, opening 1.5–2.0 μm diam. Conidiophores hyaline, smooth walled, septate, branched.

Culture characteristics. Colonies on PDA flat with entire margin, aerial my-
celium white, floccose cottony; surface and reverse grayish in the center and white 
margin. PDA attaining max 81 mm in diameter after 7 days, at 25 °C, growth rate 
8.7–11.5 mm/day. Colonies on SNA sparse hyphae, slow growth.

Specimens examined. China, Shandong Province: Mengyin County, Mengshan, 
on diseased fruit of Juglans regia, 25 July 2020, T.C. Mu, paratype HSAUP200952, 
ex-paratype living culture SAUCC200952. China, Shandong Province: Mengyin 

Figure 2. Colletotrichum gloeosporioides (SAUCC201001) a lesion fruit of host plant b, c surface (b) and 
reverse (c) sides of colony after incubation for 7 days on PDA d conidiomata e conidiophores, conidiog-
enous cells and conidia f–h conidia. Scale bars: 10 μm (e–h).
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County, Mengshan, on diseased fruit of Juglans regia, 25 July 2020, T.C. Mu, paratype 
HSAUP200954, ex-paratype living culture SAUCC200954. China, Shandong Prov-
ince: Mengyin County, Mengshan, on diseased fruit of Juglans regia 25 July 2020, T.C. 
Mu, paratype HSAUP201001, ex-paratype living culture SAUCC201001.

Notes. Colletotrichum gloeosporioides was originally described as Vermicularia gloe-
osporioides on fruit of Citrus sinensis in Italy and this species placed in Colletotrichum 
by Corda (Weir et al. 2012; Cannon et al. 2008). In the present study, three strains 
(SAUCC200952, SAUCC200954 and SAUCC201001) are clustered to C. gloeospori-
oides clade in the combined phylogenetic tree (Fig. 1). Morphologically, our strains 
were similar to C. gloeosporioides by conidia (10.6–16.5 × 4.3–5.3 vs. 12.0–17.0 
(–23.5) × 4.5–6.0 μm, mean：14.9 × 4.9 vs. 14.4 × 5.6 μm). We therefore consider 
the isolated strain as C. gloeosporioides.

Colletotrichum mengyinense T.C. Mu, J.W. Xia, X.G. Zhang & Z. Li, sp. nov.
MycoBank No: 841265
Figure 3

Etymology. Named after Mengyin County where the fungus was collected.
Diagnosis. Colletotrichum mengyinense can be distinguished from the phyloge-

netically most closely related species C. fructicola (MFLU 090228) by its large conidia 
(12.5–15.7 × 4.8–6.1 vs. 9.7–14.0 × 3.0–4.3 μm), and five loci (2/509 in the ITS 
region, 1/139 GAPDH, 9/237 ACT, 8/410 TUB2 and 20/727 GS).

Type. China, Shandong Province: Mengyin County, on diseased leaves of Rosa chinensis, 
25 July 2020, T.C. Mu, holotype HSAUP200702, ex-type living culture SAUCC200702.

Description. Leaf spots discoid to irregular, brown or tanned. Asexual morph 
developed on SNA. A yellowish or orange mass appearing just as accumulations of 
conidia on the surface of the medium of SNA after 14 days in light at 25 °C. Conidia 
one-celled, hyaline, smooth-walled, subcylindrical, both ends round, contents granu-
lar. Conidia on SNA (12.5–15.7 × 4.8–6.1 µm, mean ± SD = 14.3 ± 1.1 × 5.3 ± 0.4 
μm, L/W ratio = 2.7, n = 40). Sexual morph not observed. Conidiogenous cells subcy-
lindrical, hyaline, 5.3–15.5 × 2.9–4.9 μm, opening 1.7–2.5 μm diam. Conidiophores 
hyaline, smooth walled, septate, branched.

Culture characteristics. Colonies on PDA flat with entire margin, aerial myce-
lium white or gray, floccose cottony; surface and reverse gray in the center and grayish 
margin. PDA attaining 69.3–75.6 mm in diameter after 7 days, at 25 °C, growth rate 
9.9–10.8 mm/day. Colonies on SNA sparse hyphae, slow growth.

Additional specimen examined. China, Shandong Province: Mengyin County, 
on diseased fruit of Juglans regia, 25 July 2020, T.C. Mu, paratype HSAUP200912, ex-
paratype living culture SAUCC200912. China, Shandong Province: Mengyin County, 
on diseased fruit of Juglans regia, 25 July 2020, T.C. Mu, paratype HSAUP200913, ex-
paratype living culture SAUCC200913. China, Shandong Province: Mengyin County, 
on diseased fruit of Juglans regia, 25 July 2020, T.C. Mu, paratype HSAUP200983, 
ex-paratype living culture SAUCC200983.
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Notes. Phylogenetic analysis of a combined seven gene showed that Colletotri-
chum mengyinense formed an independent clade (Fig. 1) and is phylogenetically dis-
tinct from C. fructicola (Prihastuti et al. 2009). This species can be distinguished from 
C. fructicola by 40 different nucleotides (2/509 in the ITS region, 1/139 in the GAP-
DH region, 9/237 ACT, 8/410 TUB2 and 20/727 GS). What’s more, C. mengyinense 
differs from C. fructicola in having large conidia (12.5–15.7 × 4.8–6.1 vs. 9.7–14.0 
× 3.0–4.3 μm, mean: 14.3 × 5.3 vs. 11.53× 3.55 μm). Therefore, we establish this 
fungus as a novel species.

Colletotrichum pandanicola Tibpromma & K.D. Hyde, MycoKeys 33:47. (2018)
Figure 4

Description. Lesion fruit, round or irregular, dark brown slightly sunken center, 
brown at margin. Asexual morph developed on SNA. A mass of yellowish or orange 

Figure 3. Colletotrichum mengyinense (SAUCC200702) a branch with leaves of host plant b, c surface 
(b) and reverse (c) sides of colony after incubation for 7 days on PDA d conidiomata e-g conidiophores, 
conidiogenous cells and conidia h–j conidia. Scale bars: 10 μm (e–j).
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creamy conidial droplets at the inoculum point on SNA after 14 days in light at 25 °C. 
Born in conidiomata, conidia first take an ovoid shape, then become subcylindrical 
with rounded ends, contents granular. Conidia on SNA (14.2–17.9 × 4.6–6.0 µm, 
mean ± SD = 16.1 ± 0.9 × 5.4 ± 0.3 μm, L/W ratio = 2.9, n = 40). Sexual morph not 
observed. Conidiogenous cells subcylindrical, hyaline, 5.5–23.9 × 2.6–6.3 μm, open-
ing 1.1–1.5 μm diam. Conidiophores branched, hyaline, smooth walled, septate, some 
septa disappeared at the end, contents granular.

Culture characteristics. Colonies on PDA flat with entire margin, aerial myce-
lium white, floccose cottony; light gray in the center and pale white margin, reverse 
white to pale brownish. PDA attaining 58.1–82.6 mm in diameter after 7 days, at 
25 °C, growth rate 8.3–11.8 mm/day. Colonies on SNA sparse hyphae, slow growth.

Figure 4. Colletotrichum pandanicola (SAUCC201152) a lesion fruit of host plant b, c surface (b) and 
reverse (c) sides of colony after incubation for 7 days on PDA d conidiomata e, f conidiophores, conid-
iogenous cells and conidia g, h conidiophores, conidiogenous cells i–k conidia. Scale bars: 10 μm (e–k).
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Specimens examined. China, Shandong Province: Mengyin County, Mengshan, 
on diseased fruit of Juglans regia. 25 July 2020, T.C. Mu, paratype HSAUP200204, 
ex-paratype living culture SAUCC200204. China, Shandong Province: Mengyin 
County, Mengshan, on diseased fruit of Juglans regia. 25 July 2020, T.C. Mu, paratype 
HSAUP201152, ex-paratype living culture SAUCC201152.

Notes. Colletotrichum pandanicola was originally described from the healthy leaves 
of Pandanus sp. (MFLU 18-0003, Pandanaceae) in Thailand (Tibpromma et al. 2018). 
In the present study, two strains (SAUCC200204 and SAUCC201152) are clustered 
to the C. pandanicola clade in the combined phylogenetic tree (Fig. 1). Morphologi-
cally, our strains were similar to C. pandanicola by conidia (14.2–17.9 × 4.6–6.0 vs. 
9.0–18.0 × 4.0–8.0 μm, mean：16.1 × 5.4 vs. 13.39 × 5.35 μm). We therefore con-
sider the isolated strains as C. pandanicola.

Discussion

In this study, the Colletotrichum specimens of diseased leaves and fruits were collected 
in Mengyin, Shandong Province, China. A temperate monsoon climate and an abun-
dance of fruit trees provide the proper conditions for anthracnose propagation. As a re-
sult, 70 reference sequences (including an outgroup taxon: C. boninense CBS 123755) 
were selected based on BLAST searches of NCBI’s GenBank nucleotide database and 
were included in the phylogenetic analyses (Table 2).

Phylogenetic analyses based on seven combined loci (ITS, GAPDH, CHS-1, ACT, 
TUB2, CAL and GS), as well as morphological characters of the asexual morph ob-
tained in culture, were contributed to knowledge of the diversity of Colletotrichum 
species in Shandong Province. Based on a large set of freshly collected specimens from 
Shandong province, China, nine strains of Colletotrichum species were isolated from 
two host genera (Table 2). A new species is proposed: C. mengyinense. In a previous re-
port, C. gloeosporioides has been isolated from Juglans regia (Zhu et al. 2014). Colletotri-
chum pandanicola was described from Pandanus sp. (Pandanaceae) in Thailand (Tib-
promma et al. 2018) and C. pandanicola is first reported from Juglans regia in China. 
In this study, we described and illustrated C. gloeosporioides and C. pandanicola again.

Previously, species identification of Colletotrichum was largely referred to the host-
specificity and pure culture characteristics, leading to the chaos of names (Weir et al. 
2012). On the other hand, based on a polyphasic approach and known morphology, 
more than one species of Colletotrichum can colonize a single host, while one species can 
be associated with different hosts (Damm et al. 2012). It revealed diversity of Colletotri-
chum species from different hosts. Our study supported this result. For example, C. pan-
danicola (SAUCC200204 and SAUCC201152) and C. gloeosporioides (SAUCC200952, 
SAUCC200954 and SAUCC201001) were collected from Juglans regia. In addition, 
isolates of C. mengyinense were obtained from two hosts (Juglans regia and Rosa chin-
ensis). The morphological descriptions and molecular data for species of Colletotrichum 
represent an important resource and basis for plant pathologists and fungus taxonomists.
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Abstract
We studied the genus Chapsa in China based on morphological characteristics, chemical traits and mo-
lecular phylogenetic analysis. One species new to science (C. murioelongata M.Z. Dou & M. Li) and two 
records new to China were found (C. wolseleyana Weerakoon, Lumbsch & Lücking and C. niveocarpa 
Mangold). Chapsa murioelongata sp. nov. is characterised by its lobed thalline margin, orange discs with 
white pruina, clear hymenium, and submuriform and long ascospores. Chapsa wolseleyana was recom-
bined into Astrochapsa based on phenotypic traits. Sequences of this species are for the first time reported 
here and phylogenetic analyses of three loci (mtSSU, ITS and nuLSU) supported the position of this spe-
cies within Chapsa. A key for the Chapsa species known in China is provided.

Keywords
Ascomycota, lichenized fungi, phylogeny, taxonomy

Introduction

The lichen genus Chapsa (Graphidaceae) was first established by Massalongo (1860) 
with C. indica as the type species. This genus was ignored for a long time until 2006, 
when Frisch re-established Chapsa, based on the Chroodiscus-type apothecia, presence 
of periphysoids and Chapsa-type paraphyses. Frisch (2006) also provided a detailed 
description and delimitation of the genus Chapsa, which was widely recognised by 
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subsequent researchers (Mangold 2008; Frisch and Kalb 2009; Rivas Plata et al. 2011; 
Sipman et al. 2012; Xu et al. 2016). The genus Chapsa was considered to be mono-
phyletic in the beginning (Frisch 2006) but with further research, it was suspected 
to be polyphyletic (Mangold 2008; Papong et al. 2010). Subsequently, seven genera, 
Astrochapsa Parnmen, Lücking & Lumbsch, Crutarndina Parnmen, Lücking & Lumb-
sch, Gintarasia Kraichak, Lücking & Lumbsch, Pseudochapsa Parnmen, Lücking & 
Lumbsch, Pseudotopeliopsis Parnmen, Lücking & Lumbsch, Myriochapsa M. Cáceres, 
Lücking & Lumbsch and Nitidochapsa Parnmen, Lücking & Lumbsch were separated 
from Chapsa, based on a combination of molecular evidence, phenotypic and chemical 
characteristics (Parnmen et al. 2012, 2013; Kraichak et al. 2013).

Although China is rich in lichenised fungal species (Wei 2020), there are few stud-
ies and reports on the genus Chapsa. More than 60 species of Chapsa have been re-
ported in the world, of which only three, C. indica A. Massal, C. mirabilis A. (Zahlbr.) 
Lücking and C. leprocarpa (Nyl.) Frisch, have so far been found in China (Rivas Plata 
et al. 2010; Xu et al. 2016; Jia and Lücking 2017; Kalb and Kalb 2017; Wijayawardene 
et al. 2017; de Lima et al. 2019).

During the study of Chapsa A. Massal. in southern China, one species, C. mu-
rioelongata was found new to science, and two species, C. niveocarpa Mangold and 
C. wolseleyana Weerakoon, Lumbsch & Lücking were found new to China. In our 
study, 26 sequences were newly generated from freshly collected specimens.

Materials and methods

Morphological and chemical analyses

The specimens were collected from southern China and deposited in the Fungarium, 
College of Life Sciences, Liaocheng University, China (LCUF). Morphological and 
anatomical characters of thalli and apothecia were examined and photographed under 
an Olympus SZX16 dissecting microscope and an Olympus BX53 compound micro-
scope. The lichen secondary metabolites were detected and identified by thin-layer 
chromatography using solvent C (Orange et al. 2010; Jia and Wei 2016).

DNA extraction, PCR sequencing and phylogenetic analysis

Genomic DNA was extracted from ascomata using the Hi-DNA-secure Plant Kit 
(Tiangen, Beijing, China) according to the manufacturer’s protocol. The nuLSU, 
ITS and mtSSU regions were amplified using the primer pair AL2R/LR6 (Man-
gold et al. 2008, Vilgalys and Hester 1990), ITS1F/ITS4 (Gardes and Bruns 1993, 
White et al. 1990) and mrSSU1/mrSSU3R (Zoller et al. 1999), respectively. The 
PCR amplification progress followed Dou et al. (2018) and the PCR products were 
sequenced by Biosune Inc. (Shanghai). The newly generated sequences were submit-
ted to GenBank (Table1).
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Table 1. Information for the sequences used in this study. Newly generated sequences are shown in bold.

Species Specimen No. Locality ITS nuLSU mtSSU
Pseudochapsa phlyctidioides Lumbsch 20500d Fiji – JX465301 JX421005
Pseudochapsa dilatata Luecking 32101 Venezuela – JX421446 JX420981
Pseudochapsa esslingeri Caceres s.n. Brazil – – JX420983
Pseudochapsa esslingeri Caceres 6006a Brazil – – JX420984
Pseudochapsa esslingeri Rivas Plata 107C (F) Peru – – JX420985
Pseudochapsa esslingeri Rivas Plata 809a (F) Peru – – JX420986
Chapsa alborosella Luecking 31238a Brazil – JX421439 JX420972
Chapsa alborosella Luecking 25587 Guatemala – JX421440 JX420973
Chapsa soredicarpa Luecking 31200 Brazil – JX421462 JX421011
Chapsa soredicarpa Luecking 31240 Brazil – JX421463 JX421012
Chapsa sublilacina Luecking RLD056 Mexico – HQ639624 HQ639600
Chapsa thallotrema Lucking 32019 Venezuela – JX465319 JX421013
Chapsa indica Parnmen018486(RAMK) Thailand – JX465295 JX465280
Chapsa leprocarpa GZ19531 China, Guizhou MW009079 MW007981 MW010276
Chapsa leprocarpa GZ19537 China, Guizhou MW009077 MW007984 MW010278
Chapsa leprocarpa GZ19536 China, Guizhou MW009080 MW007982 MW010274
Chapsa niveocarpa HN19508 China, Hainan MW009076 MW010272 –
Chapsa niveocarpa Lumbsch_19125k2(F) & 

Mangold (F)
Australia, Queensland – – EU675274

Chapsa niveocarpa Lumbsch 19151p & Mangold (F) Australia, Queensland – FJ708487 EU075567
Chapsa patens FJ19131 China, Fujian MT995055 MW007979 MW010275
Chapsa patens FJ19049 China, Fujian MW007918 MW007980 –
Chapsa wolseleyana FJ19158 China, Fujian MW009078 MW010273 MW010277
Chapsa wolseleyana FJ19148 China, Fujian MW009106 MW010270 MW010279
Chapsa murioelongata HN19222 China, Hainan MW009102 MW010271 –
Chapsa murioelongata HN19682 China, Hainan MW009103 MW010269 –
Chapsa pulchra CHAPUL19129t Australia – KC020261 KC020255
Astrochapsa meridensis Luecking 17770 (F) Costa Rica – EU075655 EU075610
Astrochapsa mastersonii Lumbsch 20500f Fiji – – JX420996
Astrochapsa zahlbruckneri Papong 6516 Thailand – JX421467 –
Astrochapsa astroidea Lumbsch 19166n & Mangold(F) Australia, Queensland – EU075614 EU075566
Astrochapsa astroidea Lumbsch 19750a Thailand – JX421441 JX420974
Astrochapsa astroidea Papong 6004 Thailand – JX421442 JX420975
Astrochapsa astroidea Luecking 24006 Thailand – JX421443 JX420977
Astrochapsa astroidea Luecking 24008 Thailand – JX421444 JX420978
Astrochapsa astroidea Luecking 24011 Thailand – JX421445 JX465278
Chroodiscus coccineus Herb. R. Luecking 2000 Costa Rica – AF465441 –

Multi-locus (ITS, mtSSU and nuLSU) phylogenetic analysis was performed. The 
combined analysis included 70 sequences (Table 1) representing 18 in-group taxa and 
one out-group taxon. As many species as possible of Chapsa s. lat. were contained in 
our data matrix including the taxa that were similar in morphology or sequence to the 
new species and the two records. We blasted sequences of the three species in GenBank 
and selected sequence-similar taxa on a pre-determined cut-off.

The alignment was undertaken by applying MAFFT 7 with the option of L-INS-I 
(Katoh and Standley 2013). The three single-locus alignments were concatenated in 
PhyloSuite v1.2.2 (Zhang et al. 2020). The concatenated data matrix comprised 3188 
nucleotide sites (nuLSU 1405 bp, ITS 647 bp and mtSSU 1136 bp). In order to check the 
consistency between the three loci, incongruence length difference test (ILD Test) was 
carried out using PAUP. The P value of ILD Test was 0.65 (>0.5), so the three loci were 
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suitable for polygenic phylogeny. Construction of the ML (Maximum Likelihood) tree 
was undertaken by applying RAxML v.8.2.12 (Stamatakis 2014) and implementing a 
GTRGAMMA model. For BI (Bayesian Inference) analysis, PartitionFinder 2 (Lanfear 
et al. 2017) was used to determine the best-fit model for each partition. For the nuLSU 
region, we used GTR+I+G, for ITS, GTR+G, and for mtSSU, HKY+I+G. BI analysis 
was performed with MrBayes 3.2.7 (Ronquist et al 2012). Markov Chain Monte Carlo 
(MCMC) chains were run for 200,000 generations, sampling every 100th generation, 
at which point, the average standard deviation of split frequencies was 0.001738. ML 
bootstrap values (BS) ≥ 75% and Bayesian posterior probabilities (PP) ≥ 0.95 were 
considered as significantly supported.

Results and discussion

The BI and ML trees showed similar topologies and thus, only the BI tree was provided 
(Fig. 1). The three species were all monophyletic with a high support value: C. mu-

Figure 1. Bayesian phylogenetic tree generated from analysis of combined ITS, nuLSU and mtSSU. 
Chroodiscus coccineus is the out-group taxon. ML-bootstrap values/Bayesian posterior probabilities above 
50% are written next to nodes.
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rioelongata (100%, 1.00), C. wolseleyana (99%, 1.00) and C. niveocarpa (91%, 1.00). 
Chapsa murioelongata is sister to the clade consisting of C. wolseleyana and C. patens 
(Nyl.) Frisch. Chapsa niveocarpa HN19508 and C. niveocarpa Lumbsch form a well-
supported clade and are sisters to C. leprocarpa.

Taxonomy

New species

Chapsa murioelongata M.Z. Dou & M. Li, sp. nov.
Fungal Names: FN 570754
Figure 2

Etymology. The specific epithet murioelongata refers to the elongate, muriform ascospores.
Type. China. Hainan Province: Ledong County, Jianfengling National Forest Park, 

18°42'39"N, 108°52'37"E, alt. 760 m, on bark, 09 Dec 2019, Y. H. Ju HN19222 (LCUF: 
holotype: HN19222; GenBank MW009102 for ITS and MW010271 for LSU).

Description. Thallus corticolous, crustose, olive-grey, surface dull, smooth to 
uneven, ecorticate. Apothecia erumpent, dispersed or two to four aggregated, round-
ed, 1–3 mm diam.; thalline margin lobed with white felt-like inner surface, lobes 

Figure 2. Chapsa murioelongata (LCUF HN19222) A habit of thallus with apothecia at different devel-
opmental stages B apothecium (the pruina of the disc partly scraped off) C section of apothecium with 
periphysoids (direction of arrow) D paraphyses E an ascus containing six ascospores F ascospore. Scale 
bars: 3 mm (A); 0.5 mm (B); 50 μm (C); 8 μm (D); 30 μm (E); 25 μm (F).
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strongly backward curved; disc flesh-coloured, covered by thick, white pruina. Exci-
ple 80–105 μm wide laterally, dark brown; epihymenium 20–40 μm high, with coarse 
greyish granules; hymenium clear, 110–170 μm high, non-amyloid; hypothecium 
colourless, 10–30 μm high; paraphyses simple, tips unbranched; periphysoides pre-
sent, 5–30 μm long. Asci 4–6 (8)-spored, clavate, 100–120 × 35–50 μm; ascospores 
hyaline, bacillary with rounded to subacute ends, submuriform with 20–25 transverse 
septa and 0–2 longitudinal septa per segment, 75–105 × 9.5–16 μm, non-halonate, I-. 
Pycnidia not observed.

Chemistry. Thallus K-, C-, PD-; no compounds detectable by TLC.
Ecology and distribution. On the bark in semi-exposed forest of Hainan Province.
Additional specimens examined. China. Hainan Province: Changjiang County, 

Bawangling Nature Reserve, Yajia Scenic Area, 10°04'54"N, 109°07'04"E, alt. 810 m, 
on bark, 08 Dec 2019, Y. H. Ju HN19167 (LCUF); China. Hainan Province: Lingshui 
County, Diaoluo Mountain, 18°43'35"N, 109°52'02"E, alt. 900 m, on bark, 14 Dec 2019, 
M. Li HN19682 (LCUF) (GenBank MW009103 for ITS and MW010269 for LSU).

Note. Chapsa murioelongata is characterised by its olive-grey thallus; white pru-
inose discs; distinct periphysoids; clear hymenium; 4–8-spored asci; submuriform as-
cospores with 20–25 transverse septa and 0–2 longitudinal septa per segment. Chapsa 
microspora Kalb, C. asteliae (Kantvilas & Vězda) Mangold, Astrochapsa elongata Poengs. 
& Lumbsch and C. patens are morphologically similar to the new species. Chapsa mi-
crospora can be distinguished from C. murioelongata by the smaller apothecia (0.6–1.2 
mm diam.), transversely septate and smaller ascospores (7–9 × 4 μm) (Lumbsch et al. 
2011). Chapsa asteliae differs in amyloid and shorter ascospores (30–80 μm) (Kantvilas 
and Vězda 2000; Mangold 2008). Astrochapsa elongata differs from C. murioelongata in 
having shorter ascospores (40–65 μm) and less longitudinal septa per segment (0–1) 
(Poengsungnoen et al. 2019). Chapsa patens differs from C. murioelongata chiefly in the 
single-spored asci and broader ascospores (22–35 μm) (Frisch et al. 2006).

Blast searches of nuLSU sequences indicate Chapsa murioelongata has close affini-
ties with C. patens (98.36% identity), C. wolseleyana (95.63% identity), C. leprocarpa 
(91.97% identity) and C. indica (90.81% identity), so all these species were included 
in the phylogenetic analyses. Chapsa murioelongata was well separated from any other 
species in the tree and strongly supported as the monophyletic (PP = 1; ML = 100%).

New records

Chapsa wolseleyana Weerakoon, Lumbsch & Lücking, in Weerakoon, Rivas Plata, 
Lumbsch & Lücking, Lichenologist 44(3): 377 (2012)
Figure 3

Astrochapsa wolseleyana (Weerakoon, Lumbsch & Lücking) Parnmen, Lücking & 
Lumbsch, in Parnmen et al., PLoS ONE 7(12): 10 (2012)

Description. Thallus crustose, corticolous, grey-brown, surface dull to slightly shiny, 
uneven, fissured. Apothecia erumpent, dispersed, sometimes two or three fused, most-
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ly rounded to seldom slightly angular, 0.7–1.2 mm diam.; thalline margin raised to 
lobulate, lobes erected to recurved, inner part brown, covered with rose-red or white 
pruina; disc exposed, rose-red, covered with thick, rose-red pruina. Exciple fused, cu-
pular, laterally 180–250 μm wide, yellowish-brown to brown; epihymenium rose-red 
with granules, 20–50 μm high, K+ green; hymenium 140–230 μm high, clear, col-
ourless, non-amyloid; hypothecium indistinct; paraphyses septate, tips rose-red and 
moniliform with oval or rectangular cells; periphysoides present, 50–100 μm long. 
Asci clavate, 1-spored, 110–135 × 35–50 μm; ascospores densely muriform, oblong-
ellipsoid, with hemispherical to roundish ends, 105–130 × 30–45 μm, first reddish, 
becoming hyaline to slightly olive-brown at maturity, I-. Pycnidia not observed.

Chemistry. No substances detected by TLC but apothecial disc with pigment pro-
ducing K+ yellow-green efflux, suggesting presence of isohypocrelline.

Ecology and distribution. Growing on bark exposed to wind and high light in-
tensity in montane forests. Worldwide distribution: Sri Lanka (Weerakoon et al. 2012) 
and newly reported for China.

Selected specimens examined. China. Fujian Province: Quanzhou City, Jiuxian 
Mountain, Reflecting Pool, 25°42'57"N, 118°07'14"E, alt. 1540 m, on bark, 5 Jul 2019, 
F.Y. Liu FJ19148-b (LCUF) (GenBank MW009106 for ITS, MW010270 for LSU and 
MW010279 for SSU); China. Fujian Province: Quanzhou City, Jiuxian Mountain, 
Natural Observation Path, 25°42'44"N, 118°07'17"E, alt. 1460 m, on bark, 25 Jul 
2019, F.Y. Liu FJ19158 (LCUF) (GenBank MW009078 for ITS, MW010273 for LSU 
and MW010277 for SSU). China. Fujian Province: Quanzhou City, Jiuxian Mountain, 

Figure 3. Chapsa wolseleyana (LCUF FJ19148-b) A habit of thallus with apothecia B apothecia at dif-
ferent developmental stages C apothecium (part of pruina scraped off) D section of apothecium with 
periphysoids (direction of arrow) E paraphyses F young and mature ascospores. Scale bars: 1.5 mm (A); 
1 mm (B); 0.25 mm (C); 120 μm (D); 10 μm (E); 25 μm (F).
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Reflecting Pool, 25°42'57"N, 118°07'14"E, alt. 1540 m, on bark, 25 Jul 2019, F.Y. Liu 
FJ19127-2, same locality, FJ19128-2, FJ19141-2 (LCUF).

Note. Chapsa wolseleyana is characterised by its grey-brown, uneven thallus, apo-
thecia with raised to lobed thalline margin, rose-red discs with similar coloured pruina, 
rose-red epihymenium and paraphyses tips, distinct periphysoids, 1-spored asci, mu-
riform ascospores, red when young and hyaline to olive-brown when old. Only a few 
species of Chapsa have pigmented discs and among them C. rubropulveracea Hale ex 
Mangold, Lücking & Lumbsch is morphologically most similar to C. wolseleyana, but 
its thallus is farinose and its ascospores are 8 per ascus, smaller (15–20 ×5–6 μm) and 
transversely septate (Lumbsch et al. 2011).

Chapsa wolseleyana was transferred to Astrochapsa, based on a phenotype-based 
analysis (not molecular phylogeny) (Parnmen et al. 2012). However, our phylogenetic 
analysis shows that this species belongs in Chapsa, rather than Astrochapsa. Chapsa 
wolseleyana was associated phylogenetically with a strongly-supported clade (100/1) 
with C. patens, but with sufficient distance to be considered a distinct species. In ad-
dition, the latter differs from C. wolseleyana in having larger pale brown apothecia (up 
to 2 mm diam.) with white pruina, unpigmented epihymenium and unpigmented 
paraphyses adspersed with fine greyish to brownish granules, hyaline ascospores (Frisch 
et al. 2006; Joshi et al. 2012; Joshi et al. 2018).

Chapsa niveocarpa Mangold in Mangold, Elix & Lumbsch, Flora of Australia, 
57:654 (2009)
Figure 4

Description. Thallus corticolous, crustose, pale grayish-green surface dull and fluc-
tuating along the bark. Apothecia erumpent, solitary to fused, angular rounded to 
slightly elongate, 0.5–1.8 × 0.5–1.2 mm; thalline margin split and recurved, inside-
with thick white pruina; disc exposed, yellowish-brown, covered by white pruina. Ex-
ciple laterally 12–75 μm wide, dark brown; epihymenium 10–20 μm high; hymenium 
120–200 μm high, grey-brown, inspersed by granules, non-amyloid; hypothecium 
indistinct; paraphyses unbranched; tips distinctly thickened; periphysoides present, 
but obscured by granular inclusions. Asci 1-spored, clavate, 120–140 × 27–36 μm; 
ascospores densely muriform, with thick halo at both ends, oblong, hyaline, 115–135 
× 25–34 μm, I-. Pycnidia not observed.

Chemistry. Thallus K-, C-, PD-; no compounds detectable by TLC.
Ecology and distribution. Growing on tree bark in tropical rainforests in altitudes 

ranging from 500 to 1100 m. Australia, Queensland (Mangold 2008); newly reported 
for China.

Selected specimens examined. China. Hainan Province: Wuzhishan City, Wu-
zhishan Nature Reserve, 18°54'13"N, 109°41'04"E, alt. 870 m, on bark, 12 Dec 2019, 
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M. Li HN19508 (LCUF) (GenBank MW009076 for ITS and MW010272 for LSU); 
China. Hainan Province: Wuzhishan City, Wuzhishan Nature Reserve, 18°53'13"N, 
109°41'04"E, alt. 1020 m, on bark, 12 Dec 2019, M. Li HN19530 (LCUF); Chi-
na. Hainan Province: Wuzhishan City, Wuzhishan Nature Reserve, 18°54'13'N, 
109°41'04'E, alt. 870 m, on bark, 12 Dec 2019, M. Li HN19499 (LCUF); China. 
Hainan Province: Lingshui County, Diaoluo Mountain, 18°43'35"N, 109°52'02"E, 
alt. 900 m, on bark, 14 Dec 2019, M. Li HN19687 (LCUF); China. Hainan Prov-
ince: Lingshui County, Diaoluo Mountain, 18°43'35"N, 109°52'02"E, alt. 900 m, on 
bark, 14 Dec 2019, M. Li HN19679 (LCUF).

Note. Chapsa niveocarpa is characterised by its crustose, pale greyish-green thallus; 
rounded to elongate apothecia, yellowish-brown discs with white pruina, obscured 
periphysoids, inspersed hymenium, 1-spored(rare 2-spored)ascus and muriform and 
hyalineascospores with halo. Chapsa niveocarpa is morphologically similar and phylo-
genetically related to C. leprocarpa, and both species occur on bark in tropical forests 
(Frisch 2006; Mangold 2008; Parnmen et al. 2012). Chapsa leprocarpa differs from 
C. niveocarpa in having a lower hymenium (100–130 μm) and smaller ascospores (up 
to 111 μm long) (Frisch 2006). The specimen (HN19508) we collected in China is 
allocated phylogenetically to a strongly-supported (1/91) clade with C. niveocarpa. The 
collections cited above are the first reports for China.

Figure 4. Chapsa niveocarpa (LCUF HN19508) A habit of thallus with apothecia B apothecium (part 
of pruina scraped off) C section of apothecium with periphysoids (direction of arrow) D paraphyses 
with hyaline granules E ascus F ascospore with halo. Scale bars: 1 mm (A); 0.5 mm (B); 50 μm (C); 
25 μm (D); 30 μm (E); 25 μm (F).
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1	 Disc with red pruina; ascospores 1/ascus, muriform, 105–135 × 30–50 μm..
..............................................................................................C. wolseleyana

–	 Disc with white pruina................................................................................2
2	 Ascospores transversely septate; ascospores 4–8/ascus, 50–110 × 6–12 µm....

....................................................................................................... C. indica
–	 Ascospores (sub)muriform...........................................................................3
3	 Hamathecium inspersed; ascospores 1/ascus, 80–190 × 20–50 μm................

....................................................................................................................4
–	 Hamathecium clear......................................................................................5
4	 Ascospores 1/ascus, 80–190 × 20–50 μm................................ C. niveocarpa
–	 Ascospores 8/ascus, 40–50 × 11–15 μm......................................C. mirabilis
5	 Asci 4‒6 (8)-spored; acsospores oblong to cylindrical with rounded to suba-

cute ends, submuriform with 20–25 transverse septa and 0–2 longitudinal 
septa per segment, 75–105 × 9.5‒16 μm...........................C. murioelongata

–	 Asci 4-spored; acsospores oblong to slightly ellipsoid, with roundish ends, 
60–130 × 20–40 μm................................................................C. leprocarpa
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Abstract
An accurate identification of poisonous mushrooms and the confirmation of the toxins involved are both 
of great importance in the treatment of mushroom poisoning incidents. In recent years, cases of mush-
room poisoning by Inosperma spp. have been repeatedly reported from tropical Asia. It is urgent to know 
the real species diversity of Inosperma in this region. In the present study, we proposed two new Inosperma 
species from tropical Asia, namely I. muscarium and I. hainanense. They were described based on mor-
phology and multilocus phylogeny. Detailed descriptions, color photographs and the discussion with 
other closely related species of the two new taxa were provided. In addition, a comprehensive muscarine 
determination of these two new species using ultrahigh performance liquid chromatography tandem mass 
spectrometry (UPLC-MS/MS) approach has been performed. Results showed that these two species were 
muscarine positive, with a content of 16.03 ± 1.23 g/kg in I. muscarium and a content of 11.87 ± 3.02 g/
kg in I. hainanense, much higher than the known species I. virosum. Recovery of muscarine ranged from 
93.45% to 97.25%, and the average recovery is 95.56%.
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Introduction

Muscarine C9H20NO2
+, CAS number: 300–54–9, is a toxic alkaloid found in Ino-

cybaceae, Clitocybe and several other mushroom genera (Patocka et al. 2021). The 
ingestion of muscarine-containing mushrooms would cause diaphoresis, salivation, 
urination, nausea, vomiting, gastrointestinal effects and muscular cramp, and fatal 
muscarinic syndromes like miosis, bronchoconstriction, and bradycardias in humans 
(Wilson 1947; Lurie et al. 2009; Chandrasekharan et al. 2020; Latha et al. 2020; 
Patocka et al. 2021), or even death (Pauli et al. 2005; Işıloğlu et al. 2009; Zosel et 
al. 2015). Many species of Inocybaceae are known to contain muscarine (Malone et 
al. 1962), especially in Inocybe sensu stricto, and Pseudosperma (Kosentka et al. 2013; 
Matheny et al. 2020). Inosperma, a genus in Inocybaceae, is supposed to contain only 
a small number of muscarine positive species (Kosentka et al. 2013). However, mush-
room poisoning events caused by Inosperma species were repeatedly reported from 
tropical Asia in recent years (Chandrasekharan et al. 2020; Li et al. 2021; Parnmen et 
al. 2021). Accordingly, it is urgent to enrich the knowledge of species diversity of the 
genus and to detect their muscarine toxin contents in tropical Asia.

Inosperma was erected as a subgenus of Inocybe with Inocybe calamistrata (Fr.) Gillet as 
type (Kühner 1980), and is now treated as genus rank (Matheny et al. 2020). Members 
in this genus are characterized by small to medium-sized basidiomata, rimose to scaly 
pileus, often rubescent context, phaseoliform to subglobose basidiospores, thin-walled 
cheilocystidia, lack of pleurocystidia, and often with distinctive odors. Inosperma spe-
cies are widespread and there are seventy-one taxa documented globally (http://www.
indexfungorum.org, retrieved 7 Oct. 2021). The tropical elements of Inosperma comprise 
several recently described, and still a few undescribed taxa, which were divided into two 
separate Old World tropical clades (Kropp et al. 2013; Matheny et al. 2020; Aïgnon et al. 
2021; Deng et al. 2021). Interestingly, most of the taxa from Old World tropical clade 1 
were mainly distributed in western Africa (Matheny et al. 2020; Aïgnon et al. 2021), and 
species in Old World tropical clade 2 were mainly from tropical Asia (Deng et al. 2021).

During our field works around the tropical China, two new Inosperma species were 
discovered. The present study aims to describe these two new tropical species using a 
combined data of morphology and phylogeny, and to determine their muscarine con-
tents, in order to provide an accurate data for the prevention and clinical treatment of 
potential Inosperma poisoning accidents.

Materials and methods

Research area and specimens sampling

Our collections were made from Castanopsis dominated forests in Hainan, Guangdong 
Provinces, and Guangxi Zhuang Autonomous Region of China, with a tropical or sub-
tropical climate. Specimens were photographed in the field using a digital camera and 



New Inosperma species with unexpected muscarine contents from tropical China 89

then described soon after collection. The specimens were dried through an electronic 
drier at 45 °C overnight, and were then preserved in plastic bags and sealed. After 
study, dried specimens were deposited in the Fungal Herbarium of Hainan Medical 
University (FHMU), Haikou City, Hainan Province of China, or in the Fungarium of 
Guangdong Institute of Microbiology (GDGM), Guangzhou, China.

Morphological study

Marcoscopic features were made from field notes and photographs. Color notations 
follow Kornerup and Wanscher (1978). Microscopic characters from dried materials 
mounted in KOH (5%) or mixed with Congo Red (1%) solution were observed with 
a microscope and photographed using a digital camera. Randomly selected twenty 
basidiospores and ten basidia for each specimen, the length and width of each basidio-
spore and basidium were measured, excluding the apiculus and sterigmata respectively 
(Kobayashi 2009). Numbers in square brackets [n/m/p] represent “n” basidiospores 
measured from “m” basidiomata of “p” specimens (Zhang et al. 2019). The dimensions 
of basidiospores and Q values are expressed as (a) b–c (d), “a” and “d” denote extreme 
values (“a” < 5th percentile; “d” > 95th percentile), while the ranges “b–c” means 5th to 
95th percentile values. The quotient Q = length/width ratio for individual basidiospore, 
and Qm means the average of Q values (Dramani et al. 2020).

DNA extraction, PCR and sequencing

Genomic DNA was extracted from dried specimens using the NuClean Plant Genom-
ic DNA kit (ComWin Biotech, Beijing). The following primers were used: ITS1F/
ITS4 for ITS (Gardes and Bruns 1993), LR0R/LR7 for LSU (Vilgalys and Herster 
1990), bRPB2-6F/bRPB2-7.1R for rpb2 (Matheny 2005). The volume of polymerase 
chain reaction (PCR) mixture solution was 25 μL, containing 9.5 μL dd H2O, 12.5 μL 
2×Taq Plus MasterMix (Dye), 1 μL of each primer, and 1 μL of template DNA. PCR 
conditions for ITS, LSU and rpb2 followed Wang et al. (2021), that the conditions 
of PCR for three different gene regions are all the same as denaturation at 95 °C for 
1 min at first, then followed by 35 cycles of denaturation at 95 °C for 30 s, annealing 
at 52 °C for 1 min, extension at 72 °C for 1 min, and a final extension at 72 °C for 
8 min. Afterwards, the products of amplifications were sent to the Beijing Genomics 
Institute for purification and sequenced as soon as possible.

Analysis of sequence data

Sequences in this study were prepared and compared with closely related Inosperma se-
quences that were retrieved from GenBank (https://www.ncbi.nlm.nih.gov/) through 
BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) or literature survey (Larsson et 
al. 2009; Kropp et al. 2013; Horak et al. 2015; Nasser et al. 2017; Bau and Fan 2018; 
Matheny and Kudzma 2019; Matheny et al. 2020; Deng et al. 2021; Aïgnon et al. 



Lun-Sha Deng et al.  /  MycoKeys 85: 87–108 (2021)90

2021; Cervini et al. 2021; Bandini et al. 2021). Then sequences from three genes were 
aligned respectively using MAFFT online service (https://mafft.cbrc.jp/alignment/
server/) (Katoh et al. 2019) and were edited by BioEdit version 7.0.9.0 (Hall 1999). 
Two taxa in Auritella (A. hispida and A. spiculosa) were served as outgroups (Matheny 
et al. 2020). MrModeltest v2.3 was used to select the best-fit model for each gene par-
tition for Bayes analysis (Nylander 2004). The datasets of each locus were combined 
in MEGA 5.02 (Tamura 2011). Maximum likelihood (ML) was inferred under parti-
tioned models using W-IQ-TREE Web Service (http://iqtree.cibiv.univie.ac.at/), and 
the ultrafast bootstrapping was done with 1000 replicates (Trifinopoulos et al. 2016). 
Bayesian analysis was performed in MrBayes v.3.2.7a (Ronquist et al. 2012).

Muscarine toxin detection

Methods for sample preparation and analysis through UPLC-MS/MS were followed 
by Xu et al. (2020) with some modifications. Dried samples were ground to a fine pow-
er respectively, to 20 mg of each homogenised portion, 2 mL methanol-water solution 
(5:95 v/v) was added. The extraction was vortexed in a vortex mixer for 30 min, the 
mixture was further extracted by using an ultrasonic bath for another 30 min, and cen-
trifuged for 5 min with 10000 rpm speed. Total supernatant was collected, using 0.22 
μm organic filter membrane to filtrate for UPLC-MS/MS analysis and diluted with 
methanol-water (5:95, v/v) when necessary. The blank sample used here was Lentinula 
edodes. The optimal MS parameters and product ion confirmation settings followed 
Xu et al. (2020), while the chromatographic column we used was ACQUITY UPLC 
BEH Amide (2.1 mm × 100 mm, 1.7 µm). The muscarine content was estimated in 
the mushroom extract by using standard muscarine (Sigma-Aldrich, Chemical purity 
≥ 98%). The analytical results are reported as Mean ± SD g/kg, where Mean is the 
average content of muscarine in the mushroom from each experimental species, and 
SD represents its standard deviation.

Results

Phylogenetic inference

The final multilocus dataset (Table 1) includes 94 taxa and 3130 characters, and 
37 new sequences (14 ITS, 12 LSU and 11 rpb2) were generated in this study and then 
submitted to GenBank. The alignment was deposited in TreeBase (28515). The best-fit 
models for each gene selected by MrModelGUI are GTR+I+G equally. The Maximum 
likelihood (ML) and Bayesian analyses for the combined dataset provide a best scor-
ing tree is shown in Fig. 1. Three ectomycorrhizal samples (KIC27, KI54, and KIB1) 
and an environmental sample grouped together with eight specimens of I. muscarium 
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Figure 1. Phylogram generated by Bayesian Inference (BI) analyses based on sequences of a combined 
data set from nuclear genes (rDNA-ITS, nrLSU, and rpb2), rooted with Auritella hispida and A. spiculosa. 
Bayesian Inference posterior probabilities (BI-PP) ≥0.95 and ML bootstrap proportions (ML-BP) ≥70 are 
represented as BI-PP/ML-BP. I. muscarium sp. nov. and I. hainanense sp. nov. are two newly described taxa.
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Table 1. Taxon sampling information and DNA sequences used for phylogenetic analyses

Taxa
Collection 
number/

Herbaium
Locality

GenBank accession number
Reference

ITS LSU rpb2

Auritella hispida TH10009 Cameroon KT378203 KT378207 KT378215 Matheny et al. (2020)
Auritella spiculosa TH9866 Cameroon KT378204 KT378206 KT378214 Matheny et al. (2020)
Inosperma adaequatum JV16501F Finland – AY380364 AY333771 Matheny et al. (2020)
Inosperma aff. lanatodiscum PBM3051 USA JQ801401 JN975026 JQ846485 Pradeep et al. (2016)
Inosperma aff. calamistratum DED8134 Thailand GQ892983 GQ892937 – Pradeep et al. (2016)
Inosperma aff. calamistratum REH8420 Costa Rica JQ801390 JN975018 JQ846471 Pradeep et al. (2016)
Inosperma aff. fastigiellum PBM3325 USA JQ801399 JQ815419 JQ846477 Pradeep et al. (2016)

Inosperma aff. latericium TR109-02
Papua New 

Guinea
JQ801405 JN975023 JQ846487 Pradeep et al. (2016)

Inosperma aff. maculatum PBM2446 USA DQ241778 AY745700 EU569863 Pradeep et al. (2016)
Inosperma africanum MR00387 Togo MN096189 MN097881 MT770739 Aïgnon et al. (2021)
Inosperma africanum HLA0383 (Type) Benin MT534298 MT560733 – Aïgnon et al. (2021)
Inosperma africanum HLA0353 Benin MT534299 – – Aïgnon et al. (2021)
Inosperma akirnum CAL1358 India KY440085 KY549115 KY553236 Matheny et al. (2020)
Inosperma apiosmotum PBM3020 USA JQ801385 JN975021 JQ846463 Matheny et al. (2020)
Inosperma bicoloratum ZT12187 Malaysia GQ892984 GQ892938 JQ846464 Pradeep et al. (2016)
Inosperma bongardii JV7450F Finland – EU555448 – Pradeep et al. (2016)
Inosperma bulbomarginatum MR00357 (Type) Benin MN096190 MN097882 MN200775 Aïgnon et al. (2021)
Inosperma bulbomarginatum HLA0417 Benin MT534300 MT560734 – Aïgnon et al. (2021)
Inosperma bulbomarginatum HLA0373 Benin MT534301 – – Aïgnon et al. (2021)
Inosperma bulbomarginatum HLA0389 Benin MT534302 – – Aïgnon et al. (2021)
Inosperma bulbomarginatum PC96082 Benin JQ801412 JN975027 – Aïgnon et al. (2021)
Inosperma calamistratoides PBM3384 Australia JQ801393 JQ815415 KJ729949 Pradeep et al. (2016)
Inosperma calamistratum PBM1105 USA JQ801386 JQ815409 JQ846466 Pradeep et al. (2016)
Inosperma calamistratum EL1904 Sweden AM882938 AM882938 – Pradeep et al. (2016)
Inosperma calamistratum PBM2351 USA – AY380368 AY333764 Pradeep et al. (2016)

Inosperma calamistratum TR74-06
Papua New 

Guinea
JQ801391 JN975020 JQ846472 Pradeep et al. (2016)

Inosperma carnosibulbosum TBGT12047 India KT329448 KT329454 KT329443 Pradeep et al. (2016)
Inosperma cervicolor TURA4761 Finland JQ801395 JQ815417 JQ846474 Pradeep et al. (2016)
Inosperma cf. lanatodiscum TURA1812 Finland JQ408763 JQ319694 JQ846484 Pradeep et al. (2016)
Inosperma cf. reisneri MCA646 Japan – EU555463 – Pradeep et al. (2016)

Inosperma changbaiense
FYG2010156 

(Type)
China MH047251 MG844976 MT086755 Bau and Fan (2018)

Inosperma cyanotrichium I37 Australia JQ801396 JN975033 JQ846476 Pradeep et al. (2016)

Inosperma dodonae
SMNS-

STU-F-0901253
Netherlands MW647615 – – Bandini et al. (2021)

Inosperma erubescens JV9070F Finland EU569846 – Pradeep et al. (2016)
Inosperma flavobrunneum HLA0372 Benin MT534290 MT536756 – Aïgnon et al. (2021)
Inosperma flavobrunneum HLA0367 (Type) Benin MN096199 MT536754 – Aïgnon et al. (2021)
Inosperma geraniodorum EL10606 Sweden FN550945 FN550945 – Pradeep et al. (2016)
Inosperma gregarium ZT8944 India – EU600903 EU600902 Pradeep et al. (2016)

Inosperma gregarium CAL1309 India KX852305 KX852306 KX852307
Latha and Manimohan. 

(2016)
Inosperma hainanense Zeng4936 China MZ374069 MZ374760 MZ388103 The present study
Inosperma hainanense Zeng4937 (Type) China MZ374070 MZ374761 MZ388104 The present study
Inosperma hainanense Zeng4935 China MZ374071 MZ374762 MZ388105 The present study
Inosperma hainanense FYG4386 China MZ374072 – – The present study
Inosperma hainanense FYG4390 China MZ374073 MZ374763 – The present study
Inosperma hainanense FYG4394 China MZ374068 – – The present study

Inosperma ismeneanum
STU:SMNS-

STU-F-0901561
Germany MW647625 – – Bandini et al. (2021)
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Taxa
Collection 
number/

Herbaium
Locality

GenBank accession number
Reference

ITS LSU rpb2

Inosperma lanatodiscum PBM2451 USA JQ408759 JQ319690 JQ846483 Pradeep et al. (2016)

Inosperma latericium PDD92382
New 

Zealand
GU233367 GU233413 – Pradeep et al. (2016)

Inosperma maculatum EL12604 Sweden AM882964 AM882964 – Pradeep et al. (2016)
Inosperma maximum PBM2222 USA EU569854 – Pradeep et al. (2016)
Inosperma misakaense PC96234 Zambia JQ801409 EU569875 AY333767 Pradeep et al. (2016)

Inosperma monastichum
STU:SMNS-

STU-F-0901533
Germany MW647631 – – Bandini et al. (2021)

Inosperma mucidiolens DG1824 (Type) Canada HQ201339 HQ201340 – Pradeep et al. (2016)
Inosperma muscarium Zeng4720 China MZ373978 MZ373988 MZ388089 The present study
Inosperma muscarium Zeng4736 China MZ373979 MZ373989 MZ388090 The present study
Inosperma muscarium Zeng4737 China MZ373980 – MZ388091 The present study
Inosperma muscarium Zeng4719 China MZ373981 MZ373990 MZ388092 The present study
Inosperma muscarium FYG6091 (Type) China MZ373982 MZ373991 MZ388093 The present study
Inosperma muscarium FYG6092 China MZ373983 MZ373992 MZ388094 The present study
Inosperma muscarium FYG6093 China MZ373984 MZ373993 MZ388095 The present study
Inosperma muscarium GDGM76077 China MZ520549 MZ520550 MZ542730 The present study
Inosperma neobrunnescens PBM2452 USA – EU569868 EU569867 Pradeep et al. (2016)
Inosperma neobrunnescens 
var. leucothelotum

SAT0427406 USA JQ801411 JN975025 JQ846489 Pradeep et al. (2016)

Inosperma proximum ZT13015 Thailand EU600839 EU600840 Matheny et al. (2020)
Inosperma quietiodor EL11504 Sweden AM882960 AM882960 Pradeep et al. (2016)
Inosperma rhodiolum EL223-06 France FJ904175 FJ904175 Pradeep et al. (2016)
Inosperma rimosoides PBM2459 USA DQ404391 AY702014 DQ385884 Pradeep et al. (2016)
Inosperma rubricosum PBM3784 Australia KP308817 KP170990 KM406230 Pradeep et al. (2016)

Inosperma saragum CAL1360 India KY440103 KY549133 KY553249
Latha and Manimohan 

(2017)
Inosperma shawarense ASSE79 Pakistan KY616964 KY616966 Naseer et al. (2018)
Inosperma sp. PBM2871 USA HQ201348 HQ201348 JQ846475 Pradeep et al. (2016)
Inosperma sp. BB3233 Zambia JQ801415 EU600885 Pradeep et al. (2016)

Inosperma sp. L-GN3a
Papua New 

Guinea
JX316732 JX316732 Pradeep et al. (2016)

Inosperma sp. TJB10045 Thailand KT600658 KT600659 KT600660 Pradeep et al. (2016)

Inosperma sp. TR22006
Papua New 

Guinea
JQ801416 JN975017 JQ846496 Pradeep et al. (2016)

Inosperma sp. China LS983441 Unpublished
Inosperma sp. CROP China MF532817 Unpublished
Inosperma sp. China LS975930 Unpublished
Inosperma sp. NW972 Thailand MN492637 Unpublished
Inosperma sp. KIB1 China JX456867 Unpublished
Inosperma sp. KIC27 China JX456949 Unpublished
Inosperma sp. KI54 China JX456860 Unpublished
Inosperma sp. PC96013 Zambia JQ801383 EU600883 EU600882 Pradeep et al. (2016)
Inosperma sp. PC96073 Zambia JQ801417 EU600870 EU600869 Pradeep et al. (2016)
Inosperma subhirsutum JV11950 Latvia EU555452 AY333763 Pradeep et al. (2016)
Inosperma subsphaerosproum FYG5848 (Type) China MW403825 MW397171 MW404237 Deng et al. (2021)
Inosperma subsphaerosproum FYG5847 China MW403826 MW397172 MW404238 Deng et al. (2021)
Inosperma subsphaerosproum FYG5846 China MW403827 MW397173 MW404239 Deng et al. (2021)
Inosperma vinaceobrunneum PBM2951 USA HQ201353 JQ846478 Pradeep et al. (2016)
Inosperma vinaceum AMB18747 Italy MW561108 MW561120 Cervini et al. (2021)
Inosperma viridipes I153 Australia KP641646 KP171095 KM656139 Pradeep et al. (2016)
Inosperma virosum TBGT753 India KT329452 KT329458 KT329446 Pradeep et al. (2016)

Inosperma virosum CAL1383 India KY440108 KY549138 KY553253
Latha and Manimohan 

(2017)
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with significant support (BP = 100%, PP = 1). In addition, two specimens (TJB10045 
and NW972) from Thailand and an environmental sample (CROP denovo 1461) 
from China grouped together with six specimens of I. hainanense with high support 
(BP = 99%, PP = 0.99). The two new Inosperma species formed separate lineages and 
were sister with significant support (BP = 88%, PP = 0.96) to each other. These two 
new species formed a subclade in the Old World tropical clade 2. The subclade was 
sister to I. virosum (K.B. Vrinda, C.K. Pradeep, A.V. Joseph & T.K. Abraham ex C.K. 
Pradeep, K.B. Vrinda & Matheny) Matheny & Esteve-Rav., I. gregarium (K.P.D. Latha 
& Manimohan) Matheny & Esteve-Rav., and an undescribed specimen I. sp. (TR220-
06) from Papua New Guinea with full support (BP = 100%, PP = 1).

Taxonomy

Inosperma muscarium Y.G. Fan, L.S. Deng, W.J. Yu & N.K. Zeng, sp. nov.
MycoBank: MB840527
Figures 2, 3

Etymology. “muscarium” refers to its high content of muscarine.
Holotype. China, Hainan Province, Ledong Li Autonomous County, Yinggeling 

substation of Hainan Tropical Rainforest National Park, under Castanopsis forest, at 
19°1'20"N, 109°23'33"E, alt. 550 m, 26 April 2021, FYG6091 (FHMU3162), Gen-
Bank accession number: ITS (MZ373982); LSU (MZ373991) and rpb2 (MZ388093).

Diagnosis. Basidiomata small to medium-sized. Pileus rimulose to rimose with an 
indistinct umbo, lamellae rather crowded. Basidiospores smooth, enlongate ellipsoid 
to ellipsoid. Cheilocystidia clavate. Under Castanopsis forest. Differs from I. hainanense 
by its more robust habit, elongate basidiospores, and narrower cheilocystidia.

Basidiomata. small to medium-sized. Pileus 25–60 mm diam., conical convex to 
convex when young, becoming broadly convex to plano-convex with a small indistinct 
umbo when mature, margin slightly incurved when young, becoming somewhat re-
flexed with age. Surface dry, smooth with distinct ivory white (5A1) veil layer around 
the disc when young, then appressed with indistinct veil remnants, fibrillose-rimulose 
elsewhere, margin usually strongly rimose with age; yellowish brown (5D8) to choco-
late brown (5E8) around the center and on the fibrils, yellowish brown (5C6) else-
where, yellowish brown (6C6) to slightly dark brown (6E7) all over the basidiomata 
when overmatured. Lamellae rather crowded, adnexed, initially pure white to pale 
off-white (4B1), becoming grayish white (5B1) to yellowish white (4A2), dirty yellow 
(4A3) to yellowish brown (5B4) when overmatured, 1.5–3 mm wide, edge fimbriate, 
faint serrate to somewhat wavy. Stipe 35–72 × 3–8 mm, central, solid, terete, equal 
with a slightly swollen apex and base; with sparse fibrils at apex, longitudinally fibril-
lose downwards the stipe, with white tomentose hyphae at the base; initially white 
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Figure 2. Basidiomata of Inosperma muscarium a–e basidiomata f–h rimose to rimulose pileus i la-
mellae j–k lamellae edge l–m stipe surface. a–b, d, f–g, i–m FHMU3162 (holotype) c, e FYG6092 
(FHMU3163) h FYG6093 (FHMU3164). Scale bars: 10 mm (a–m). Photos by Y.-G. Fan.
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Figure 3. Microscopic features of Inosperma muscarium (FHMU3162, holotype) a–b basidiospores c–d ba-
sidia e–h cheilocystidia in clusters i oleiferous hyphae j pileipellis and pileal trama k terminal hyphae at the stipe 
apex l hymenophoral trama m stipitipellis and stipe trama. Scale bars: 10 μm (a–m). Photos by L.-S. Deng
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(5A1) to cream white(3A2), yellowish (4A3) or brownish (5A3) with age, brown (5B6) 
to dark brown (5C5) when old. Context solid, fleshy in pileus, 0.5–1 mm thick at mid-
radius, 1.5–4.5 mm under the umbo, white to ivory white (5A1) at first, becoming 
brownish white (5B2); fibrillose and striate in the stipe, white to yellowish (4A2) or 
flesh color (4B3). Odor fungoid, slightly grassy or mild.

Basidiospores. [180/9/9] 8–10(11) × 5–6 (6.5) μm, Q = (1.15)1.42–1.86(2.00), 
Qm=1.63, mostly ellipsoid to enlongate ellipsoid, occasionally sub-phaseoliform, 
smooth, thick-walled, yellowish, apiculus small, indistinct, with a spherical to ellip-
soid yellowish brown oil-droplet inside. Basidia 17–24 × 7–9 μm, clavate to broadly 
clavate, obtuse at apex, slightly tapering towards the base, 4-spored, sterigmata 2–4 μm 
in length, thin-walled, hyaline or pale yellow, with oily drops in various sizes with 
age. Pleurocystidia none. Lamella edge sterile. Cheilocystidia 36–50 × 9–14 μm, 
abundant and crowded, mostly clavate, broadly clavate to enlongate-clavate, rarely 
balloon-shaped, apices rounded to obtuse, or occasionally subcapitate, thin- to slightly 
thick-walled, septate, often constricted at septa, colorless to yellowish, sometimes with 
golden yellow inclusions. Hymenophoral trama 75–108 μm thick, sub-regular, color-
less to yellowish, composed of thin-walled, smooth, cylindric to mostly inflated, hy-
phae 12–25 μm wide, somewhat constricted at the both ends of per hyphae. Pileipellis 
a cutis, sub-regular, composed of thin-walled, brown to yellowish brown, cylindrical, 
slightly encrusted hyphae 4–10 μm wide. Pileal trama colorless, regular to subregu-
lar, hyphae 12–25 μm wide. Stipitipellis a cutis, regularly arranged, occasionally with 
small clusters of terminal cheilocystidoid cells at the stipe apex, cheilocystidoid cells 
31–47 × 9–10 μm, rare, clavate to enlongate clavate, hyaline or pale yellow, thin- to 
slightly thick-walled, some with golden yellow inclusions. Caulocystidia not observed. 
Oleiferous hyphae 4–13 μm wide, scattered in pileus and stipe tramal tissue, yellow or 
bright golden yellow, smooth, often bent, sometimes diverticulate. Clamp connections 
present, common in all tissues.

Habitat. Gregarious in clusters, usually scattered with numerous clusters under 
Castanopsis forest, late March to August in tropical China.

Known distribution. China (Hainan, Guangdong, Guangxi), Thailand.
Additional materials examined. China. Hainan Province, Ledong Li Autono-

mous County, Yinggeling substation of Hainan Tropical Rainforest National Forest 
Park, under Castanopsis forest, 13 August 2020, N.K. Zeng, Zeng4720 (FHMU3158); 
Same location, under Castanopsis forest, 14 August 2020, N.K. Zeng Zeng4736 
(FHMU3159); Zeng4737 (FHMU3160), Same location, 26 April 2021, Y.G. Fan, L.S. 
Deng & Q.Q. Chen, FYG6092 (FHMU3163); FYG6093 (FHMU3164); FYG6094 
(FHMU3173); Guangdong Province, Yangchun City, Gangmei Town, Lunshui Vil-
lage, under Castanopsis forest, 29 March 2019, W.Y. Huang, GDGM76077; Guangxi 
Zhuang Autonomous Region: Wuzhou City, Cangwu Country, Wangfu Town, 
23°40'28"N, 111°29'6"E, alt. 30 m, Under Castanopsis dominated forest, 29  May 
2021, L.L. Qi, WSW10286, (FHMU3174).
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Inosperma hainanense Y.G. Fan, L.S. Deng, W.J. Yu & N.K. Zeng, sp. nov.
MycoBank: MB840528
Figures 4, 5

Etymology. “hainanense” refers to the its type locality.
Holotype. China, Hainan Province, Changjiang Li Autonomous County, Bawan-

gling substation of Hainan Tropical Rainforest National Park, under Castanopsis domi-
nated forest, at 19°7'12.43"N, 109°7'6.29"E, alt. 630 m, 2 September, 2020, N.K. 
Zeng, Zeng4937 (FHMU3166), GenBank accession number: ITS (MZ374070); LSU 
(MZ374761) and rpb2 (MZ388104).

Diagnosis. Distinguishes from I. muscarium by its slender basidiomata, ellipsoid 
to ovoid basidiospores, and mostly vesiculose cheilocystidia.

Basidiomata. small to medium-sized. Pileus 25–53 mm diam., conical to con-
vex at young age, becoming applanate to uplifted with age, with a broad to subacute 
umbo, margin initially decurved, straight to somewhat wavy when mature; surface dry, 
smooth when young, fibrillose-rimulose elsewhere, strongly rimose towards the margin 
with age; chocolate brown (5D8) to somewhat dark brown (5F7) around the disc, 
straw yellow (4A6) to yellowish brown (4B5) elsewhere, background pallid to cream 
white (4B1), becoming brown (5B4) to dark brown (5C6) with age; Lamellae rather 
crowded, adnexed, initially ivory white (5A1) to grayish white (5B2), becoming dirty 
yellowish (5B5) to brownish (5C7) when matured, completely brown (5D6) after dry-
ing, 2–3 mm in width, edge fimbriate, slightly serrate. Stipe 40–72 × 3–5 mm, central, 
nearly terete, equal with a slightly swollen apex, base somewhat swollen; nearly smooth 
and longitudinally striate all over the stipe; initially ivory (5A1) to yellowish white 
(5A2) at the upper half, yellowish to brownish (4B5) downwards, becoming uniformly 
yellowish brown (4B7) to brown (4C7) with age. Context solid, fleshy in pileus, white 
to grayish white (4B1), pale brown under the umbo (4B2), 1–2 mm thick at mid-
radius, 4–5 mm thick under the umbo, fibrillose in stipe, pallid to yellowish (4A2) or 
brownish (4B2), striate, shiny. Odor indistinct or slightly acid.

Basidiospores. [180/9/9] 8–9(10.5) × 5–7 μm, Q = (1.18)1.28–1.64 (1.78), 
Qm =  1.43, mostly ellipsoid to ovoid, occasionally subphaseoliform, smooth, slightly 
thick-walled, brown to yellowish brown, apiculus small, indistinct, with a spherical to 
ellipsoid yellowish brown oil-droplet. Basidia 21–28 × 6–9 μm, clavate, often obtuse at 
apex, slightly tapered towards the base, thin-walled, 4-spored, sometimes 2-spored, ster-
igmata 4–6 μm in length, with spherical yellowish brown to golden yellow brown oily 
inclusions. Pleurocystidia absent. Lamella edge sterile. Cheilocystidia 34–55 × 15–25 μm, 
abundant and crowded, mostly obovoid to balloon-shaped, occasionally broadly clavate, 
rarely enlongate-clavate, thin- to slightly thick-walled (up to 1 μm thick); often rounded 
or slightly obtuse at apex, colorless to pale yellow, sometimes with golden yellow pigments. 
Hymenophoral trama 75–138 μm thick, sub-regular, hyaline to slightly yellow, composed 
of cylindric to inflated hyphae 20–33 μm wide, slightly constricted at septa. Pileipellis a 
cutis, hyphae 2.5–10 μm wide, thin-walled, pale yellow to yellowish brown, cylindrical, 
sometimes slightly encrusted. Pileal trama regular to subregular, hyphae 12–30 μm wide, 
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Figure 4. Basidiomata of Inosperma hainanense a–e basidiomata f–g rimose to rimulose pileus h lamellae 
i lamellae edge j–k stipe surface. c FHMU3166 (holotype) a–b, d–g, i–k FHMU6511 h FHMU3168. 
Scale bars: 10 mm (a–k). a–b, d–k: photos by L.-S. Deng; c: photos by N.-K. Zeng
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Figure 5. Microscopic features of Inosperma hainanense (FHMU3166, holotype) a–b basidiospores 
c–d basidia e–k cheilocystidia in clusters l pileipellis and pileal trama n hymenophoral trama m, o oleif-
erous hyphae p stipitipellis and stipe trama. Scale bars: 10 μm (a–k). Photos by L.-S. Deng
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thin-walled, colorless. Stipitipellis a cutis, regularly arranged, walls yellowish to bright yel-
low. Oleiferous hyphae 2.5–10 μm wide, commonly scattered in pileus and stipe tramal 
tissues, straw yellow or bright golden yellow, smooth, often bent or diverticulate. Clamp 
connections observed in all tissues.

Habitat. Scattered or gregarious in small clusters under Castanopsis dominated 
forest, June to September in tropical China.

Known distribution. China (Hainan, Guangdong).
Additional materials examined. China. Hainan Province, Wuzhishan City, 

Maoyang Town, Maoyang Village, 11 August 2021, Y.G. Fan & L.S. Deng, FYG6440 
(FHMU6513); Ganshiling Provincial Nature Reserve, L.S. Deng & Y.G. Fan, 
DLS0043 (FHMU6512); Changjiang Li Autonomous County, Bawangling substa-
tion of Hainan Tropical Rainforest National Park, under Castanopsis dominated forest, 
2 September 2020, N.K. Zeng, Zeng4936 (FHMU3165); Zeng4935 (FHMU3167); 
Guangdong Province, Guangzhou City, Tianluhu Forest Park, 2 June 2019, Y.G. Fan 
& W.J. Yu, FYG4386 (FHMU3168); Shaoguan City, Danxiashan Nature Reserve, 
4 June 2019, Y.G. Fan & W.J. Yu, FYG4388 (FHMU3175); 4390 (FHMU3169); 
FYG4394 (FHMU3170).

Muscarine detection

Representative chromatograms of muscarine were shown in Fig. 8. The muscarine toxin 
content was confirmed by linear equation according to the analysis of UPLC-MS/MS, it 
was found that both of the two new species contained muscarine toxin, and the content of 
Inosperma muscarium was 16.03 ± 1.23 g/kg while I. hainanense was 11.87 ± 3.02 g/kg. 
Muscarine was identified by comparing retention time (1.22 min) and relative deviation 
(0.82%) in the allowable relative range of 25 % base on the qualitative analysis. The cali-
bration curve for muscarine generated during the validation was y = 2083.17 x–209.297 
(r = 0.9988) for muscarine concentration in the range of 2–200 ng/mL (y represents the 
peak area, and x is muscarine concentration, r is correlation coefficient). Recovery of mus-
carine ranged from 93.45% to 97.25%, and the average recovery was 95.56%.

Discussion

New species delimitation

The phylogenetic results place both the two new species in the Old World tropical clade 
2 in genus Inosperma (Kropp et al. 2013; Pradeep et al. 2016; Deng et al. 2021), and 
they are sister to each other with significant support (BP = 88%, PP = 0.96). Morpholog-
ically, they share yellowish brown pileus, longitudinally striate stipe, crowded lamellae, 
and elliptic basidiospores. It is really difficult to distinguish the two new species by their 
macromorphology, in spite of the fact that I. hainanense has a relatively more slender 
habit, more finely rimulose in pileus, and a smoother stipe surface. However, they could 
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be easily distinguished by their outlines of basidiospores and cheilocystidia. As is shown 
in Figs 6–7, I. muscarium has more elongated basidiospores in outline, as well as narrow-
er cheilocystidia (I. muscarium: 36–50 × 9–14 μm; I. hainanense: 34–55 × 15–25 μm).

In Old World tropical clade 2, I. gregarium and I. virosum, both of which described 
from India, formed a sister lineage with the two new species. They also share fibrillose-

Figure 6. The comparisons of the two new species in their outline of basidiospores and cheilocystidia shape 
a, c basidiospores and cheilocystidia of I. hainanense (FHMU3162, holotype); b, d Basidiospores and cheilo-
cystidia of I. muscarium (FHMU3166, holotype). Scale bars: 10 μm (a–d). Photos by L.-S. Deng
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rimose pileus, longitudinally striate stipe, crowded lamellae, and elliptic basidiospores 
(Vrinda et al. 1996; Latha and Manimohan 2016). However, I. gregarium differs from 
the two new species by its smaller basidiospores (7–8.5 × 5–5.5 μm, Q = 1.3–1.8, 
Qm = 1.6), versiform and longer cheilocystidia (24–60 × 16–24 µm), the presence of 
caulocystidia, and an association with Dipterocarpaceae trees (Latha and Manimohan 
2016). Inosperma virosum differs in having smaller basidiospores (6.5–8.5 × 5–6 µm, Q 
= 1.3–1.6, Qm = 1.4), and an association also with Dipterocarpaceae trees (Vrinda et al. 
1996; Latha and Manimohan 2017). The remaining species in this subgrouping resem-
ble the two new species to some extent; however, they have appressed-scaly or appressed-
fibrillose pileus and different phylogenetic positions (Latha and Manimohan 2017).

There are eight described species in Old World tropical clade 2 so far, three of which 
were described from China in Fagaceae forest (Deng et al. 2021), and the rest five 
species were all described from India under Dipterocarpaceae forest or among ginger 
plants (Pradeep et al. 2016; Latha and Manimohan 2017). By our current knowledge, 
members in this subgrouping usually have medium-sized basidiomata, gregarious habit, 
appressed-scaly or fibrillose-rimose pileus, rather crowded lamellae, longitudinally stri-
ate stipe, non-changing context, subglobose to elliptic basidiospores, and the lack of 
distinctive odors (Pradeep et al. 2016; Latha and Manimohan 2017; Deng et al. 2021).

Muscarine toxin in Inosperma

The compound muscarine was initially isolated and identified from Amanita mus-
caria with the content at about 0.0003% of the fresh weight (Spoerke and Rumack 
1994). However, muscarine was more commonly found in Inocybaceae and Clitocybe 
spp. with significant concentrations reached the highest record of 1.6%. (Lurie et 

Figure 7. The comparisons of the two new species in their dimensions of basidiospores.
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al. 2009). Many Inocybaceae species were well known to contain muscarine (Peredy 
et al. 2014; Patocka et al. 2021), and various methods have been used to detect this 
toxin in the past years (Fahrig 1920; Eugster 1957; Brown et al. 1962; Robbers 1964; 
Kosentka et al. 2013; Latha et al. 2020). Five Inosperma species were reported as mus-
carine positive, including I. cervicolor (Pers.) Matheny & Esteve-Rav., I. erubescens 
(A. Blytt) Matheny & Esteve-Rav., I. maculatum (Boud.) Matheny & Esteve-Rav., 
I. vinaceobrunneum (Matheny, Ovrebo & Kudzma) Haelew. and I. virosum (K.B. 
Vrinda, C.K. Pradeep, A.V. Joseph & T.K. Abraham ex C.K. Pradeep, K.B. Vrinda 
& Matheny) Matheny & Esteve-Rav. (Kosentka et al. 2013; Latha et al. 2020). In 
addition, I. carnosibulbosum (C.K. Pradeep & Matheny) Matheny & Esteve-Rav., a 
species described from India, is probably a muscarine positive species due to a recent 
report of poisonous case (Chandrasekharan et al. 2020). Among these muscarine pos-
itive species in Inosperma, I. virosum described from India, is more extensively studied 
in toxin detection, toxicity in vitro using NCM460 colon epithelial cell line, toxic 
effects in vivo and pharmacokinetics of muscarine (Latha et al. 2020). The muscarine 
content of I. virosum is 270 or 300 mg/kg reported by separate studies (Sailatha et al. 
2014; Latha et al. 2020).

Surprisingly, of the two new species we assayed, both of them have a high content 
of muscarine that is about 30 to 50 times higher than I. virosum (Sailatha et al. 2014; 
Latha et al. 2020). For humans, a lethal dose of muscarine is estimated from 40 mg to 
495 mg (Pauli et al. 2005). Based on the muscarine concentrations of between 0.1% 
to 0.33% (dry weight) in Inocybaceae spp., a single mushroom can be lethal (Puschner 
2018; Patocka et al. 2021). Consequently, the two new species proposed by the present 
study were considered to be more dangerous when mistakenly ingested by humans. 
In particular, for I. muscarium, a species often with a medium-sized basidiomata, a 
gregarious, large, discrete clusters habitat, and the lack of aposematic coloration make 
it extremely easily collected by local people as an edible mushroom. The publicity and 

Figure 8. Representative chromatograms of muscarine.
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education of the two new species were essential to prevent mushroom poisoning from 
tropical areas where they distributed.

The accurate identification of poisonous mushrooms and the knowledge of toxin 
type and contents are crucial for the treatment of mushroom poisoning patients 
(Li et al. 2021). However, species identification can usually be difficult for doctors 
when faced with mushroom-poisoned patients, mainly because of the insufficient 
identification data of wild poisoning mushrooms (Hall et al. 1987). Our present 
study provides detailed knowledge for a better prevention of potential Inosperma 
poisoning from tropical Asia.
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Abstract
Two new Phallus species, P. cremeo-ochraceus and P. rigidiindusiatus were discovered in southwestern and 
southern China, respectively. Phallus cremeo-ochraceus is morphologically characterized by its cream to 
ochraceous receptacle, white to very slightly pinkish indusium, white to pinkish pseudostipe and white 
to slightly purplish pink volva. Phallus rigidiindusiatus is characterized by a white to yellowish white 
receptacle, a strongly rigid indusium usually without serrated margin and smaller basidiospores than those 
of P. serratus. Phylogenetic positions of the two species are located in two independent lineages respectively. 
Detailed descriptions, color photographs, illustrations and a key to the related species are presented.

Keywords
Edible mushrooms, Gasteromycetes, Phallus indusiatus, phylogeny, taxonomy

Introduction

Phallus Junius ex L. (1798) is a well-known and widespread gasteroid genus from 
tropical to temperate zones. Studies based on molecular phylogenetic analyses about 
a dozen years ago have shown that the existence of an indusium and a perforate pore 
at top of receptacle has no phylogenetic significance at generic level, and members 
of Dictyophora Desv. (1809), which are mainly characterized by possession of an 
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indusium, should be merged into genus Phallus (Cabral et al. 2012; Moreno et al. 
2013). In the last decade, quite a lot of species with or without an indusium have been 
discovered under the genus of Phallus (Mohanan 2011; Li et al. 2014; Rebriev et al. 
2014; Adamčík et al. 2015; Li et al. 2016; Medeiros et al. 2017; Trierveiler-Pereira et 
al. 2017; Song et al. 2018; Cabral et al. 2019; Li et al. 2020a).

Thirty-one species, nearly one-third of the world’s total members of known Phal-
lus species, have been recorded in China, and sixteen of them were originally reported 
from there. Many of them are notably edible mushrooms, for instance, Phallus fragrans 
M. Zang, P. haitangensis H.L. Li, P.E. Mortimer, J.C. Xu & K.D. Hyde, P. lutescens 
T.H. Li, T. Li & W.Q. Deng and P. luteus (Liou & L. Hwang) T. Kasuya; and some 
have even been produced commercially, e. g. P. dongsun T.H. Li, T. Li, Chun Y. Deng, 
W.Q. Deng & Zhu L. Yang, P. echinovolvatus (M. Zang, D.R. Zheng & Z.X. Hu) 
Kreisel, P. rubrovolvatus (M. Zang, D.G. Ji & X.X. Liu) Kreisel and P. serratus H. Li Li, 
L. Ye, P.E. Mortimer, J.C. Xu & K.D. Hyde (Zang end Ji 1985, 1988; Kreisel 1996; 
Kasuya 2008; Li et al. 2014, 2016, 2020a).

In the past decades, Phallus indusiatus Vent. (1798), characterized by a white and 
touching-ground indusium, had been reported from the tropical and subtropical 
Africa and Asia, temperate China, Japan, South Pacific islands, Australia and South 
America (Dring 1964; Kobayasi 1965; Liu et al. 2005; Young 2005; Cabral et al. 
2019). However, recent studies revealed that many collections named as “Phallus in-
dusiatus” or “Dictyophora indusiata (Vent.) Desv. (1809)” were misidentified, and P. 
indusiatus might be only distributed in Brazil and adjacent countries in South America, 
rather than widespread from the temperate and subtropical zones (Zang end  Ji 1985; 
Calonge et al. 2005; Song et al. 2018; Cabral et al. 2019). Phallus indusiatus s.s. has 
recently been redescribed with a neotype, which strongly suggested that the P. indu-
siatus-like species from other continents should be considered different taxa from P. 
indusiatus s.s. (Cabral et al. 2019).

During these years, the authors further investigated the diversity of Phallus species 
from China with some new collections. Based on detailed morphological data and 
DNA-based phylogenetic analyses, two additional new P. indusiatus-like species to sci-
ence were confirmed, and then formally introduced in this study.

Materials and methods

Morphological studies

Fresh specimens of Phallus with white or nearly white indusium were collected from 
various sites in southern and southwestern China. Photographs of the basidiomata 
were taken in the field with digital cameras in natural light. Voucher samples were 
dried with an electronic dryer and deposited in the Fungorum of Guangdong Institute 
of Microbiology (GDGM), Guangzhou, China. Methods for morphological descrip-
tions followed the previous study by Li et al. (2020a). Color codes mentioned in the 
description were referenced from Kornerup and Wanscher (1978). Basidiospore di-



Two new species of Phallus 111

mensions were given as: (a) b–c (d), in which b–c contains 90% of the measured values 
and a or d represent extreme values. Q denotes to length/width ratio of an individual 
basidiospore, Qm refers to the average Q value of all basidiospores.

Molecular studies

Genomic DNA were extracted from the dried materials using Fungi Genomic DNA 
Purification Kit (Sangon Biotech Co., Ltd.) following the instructions. The nuclear ri-
bosomal large subunit (LSU) and internal transcribed spacer (ITS) regions were ampli-
fied using primer pairs LROR/LR5 and ITS1-F/ITS4, respectively (Vilgalys and Hester 
1990; White et al. 1990). Newly generated sequences in this study were deposited 
to GenBank (https://www.ncbi.nlm.nih.gov/genbank). Available sequences of related 
species of Phallus and Mutinus were retrieved from the databases of GenBank or Unite 
Community (https://unite.ut.ee/), whereafter, aligned and edited the matrix of se-
quences using MAFFT v.7 (Katoh and Standley 2013) and BioEdit v.7.0.9 (Hall 1999).

In order to infer the phylogenetic relationships among new species and other 
known taxa of Phallus, two analyses were run; one for the ITS dataset and the other for 
ITS and LSU concatenated dataset. Maximum Likelihood (ML) and Bayesian Infer-
ence (BI) analyses were performed with MEGA v.7.0 (Hall 2013) and MrBayes v.3.1.2 
(Ronquist and Huelsenbeck 2003), respectively. The best substitution model (Tamu-
ra 3-parameter+G+I) was chosen for both ITS and concatenated ITS-LSU analyses. 
Bootstrap (BS) analysis was implemented with 1,000 replicates. BI was calculated with 
4 million and 14 million generations for ITS and ITS-LSU datasets, respectively, and 
stoprule command with the value of stoprule set to 0.01. Trees were sampled every 
100 generations and obtained using the sump and sumt commands with the first 25% 
generations discarded as burn-ins. Branches corresponding to partitions reproduced 
<50% BS replicates were collapsed; the confidence values of BI were estimated with 
Posterior probabilities (PP), and discarded the values without reaching 0.95 PP. Trees 
were edited using FigTree version 1.4.2.

Results

Molecular phylogenetic results

In this study, sixteen sequences were newly generated from specimens of Phallus 
spp. and deposited in GenBank (Table 1), all of which were collected from China. 
In phylogenetic analyses, ITS dataset included 66 sequences from 27 taxa; ITS-LSU 
concatenated dataset included 77 assembled sequences consisting of 32 taxa; Muti-
nus zenkeri (Henn.) E. Fisch. (1900) was chosen as the outgroup (ITS: KC128650; 
LSU: KC128654) (Table 1). The ITS dataset contained 771 nucleotide sites (gaps 
included), and the concatenated dataset (ITS-LSU) contained 1687 nucleotide sites 
(gaps included) for each sample, of which 766 were ITS, 921 were LSU. In MrBays 
analyses, BI generations reached 3,458,000 for ITS dataset and 13,007,000 for ITS-
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Figure 1. Phylogenetic overview of the genus Phallus inferred from ITS data using Maximum Likelihood 
(ML) and Bayesian Inference (BI). Mutinus zenkeri was selected as outgroup. Bootstrap values (≥50%) and 
Posterior probabilities (≥0.95) were presented around the branches.
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Table 1. Sequences information of samples used for the ITS and ITS-LSU combined tree. Newly gener-
ated sequences were bold. The star “*” indicates the holotype or neotype specimens.

Name of the speices Voucher/collection no. Locality LSU ITS
Phallus atrovolvatus MEL:2382871 Australia KP012745 KP012745

MEL:2382962 Australia KP012823 KP012823
P. aureolatus ICN 176962* Brazil MF372127 MF372135
P. calongei AH31862 Pakistan FJ785522 –
P. campanulatus ICN 176970 Brazil MF372130 MF372138
P. cinnabarinus INPA:255835 – – KJ764821
P. costatus MB02040 – DQ218513 –
P. cremeo-ochraceus GDGM 80070* China MZ890577 MZ890332

GDGM 85857 China MZ890578 MZ890333
P. denigricans INPA:272383* Brazil MG678455 MG678486
P. dongsun GDGM 29086 China MN264676 MN303794

GDGM 75343 China MN264678 MN303796
GDGM 75346 China MN264677 MN303795
GDGM 75402* China MN264679 MN303797
GDGM 75582 China MN264680 MN303798

P. echinovolvatus TNS-F-34480 Thailand MF372129 MF372137
GDGM 79020 China – MN523216
GDGM 79013 China MN611444 MN613536

P. fuscoechinovolvatus GDGM 48589* China MF039585 MF039581
GDGM 48677 China MF039586 MF039583

P. hadriani OSC KH 11092003-1 Reference material – NG_060067 NR_119579
TNS Kasuya B2045 Japan KP222544 KP222542

TNS-F-70036 Japan KU516107 KU516100
GDGM 83732 China MW031865 MW031862

P. haitangensis HKAS:88197* China – NR_155668
HKAS:88199 China – KU705384

P. impudicus CBS 294.53 U.K. MH868748 –
FO 46622 Germany AY152404 –

GDGM 77656 North Macedonia MN264675 MN303793
TU118231 Estonia – UDB015413

O-F-248130 Norway – UDB038029
KA13-1262 South Korea – KR673719

TNS-F-70035 Japan KU516106 KU516099
TNS-F-70037 Japan KU516108 KU516101

KH-TGB11-1034 (TNS) Japan KF783249 –
Mushroom Observer # 181359 Mexico – MF428417

OSC36088 Japan DQ218627 –

LSU dataset as the value of stoprule became to 0.01, and the number of burn-in was 
864.5 and 3251.75, respectively. Both ML and BI analyses had a very similar topologi-
cal structure, but differed in minimum support values. Six collections (GDGM 54237, 
GDGM 81179, GDGM 81195, GDGM 81196, GDGM 85470 and Dcy 2517) are 
nested in a paraphyletic group containing P. serratus and P. haitangensis with strong 
supports (91%/1.00 BS/PP, Figure 1; 75%/0.99 BS/PP, Figure 2); while two other col-
lections (GDGM 80700 and GDGM 85857), formed a monophyletic group contain-
ing P. luteus, P. fuscoechinovolvatus, P. multicolor, P. echinovolvatus with moderate sup-
ports in the ML analysis (76%/- BS/PP, Figure 1). However, in the ITS-LSU dataset 
analysis, both GDGM 80700 and GDGM 85857 separate from them and formed an 
independent clade with strong supports (99%/1.00 BS/PP, Figure 2).
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Taxonomy

Phallus cremeo-ochraceus T. Li, T.H. Li & W.Q. Deng, sp. nov.
MycoBank No: 840963
Figures 3, 5a–c

Diagnosis. Similar to Phallus indusiatus with an indusium almost touching ground, but 
mainly characterized by the cream to ochraceous receptacle, white to very slightly pinkish 
indusium and pseudostipe, white to pinkish volva, and basidiospores up to 4.0 × 1.7 µm.

Holotype. China. Guizhou Province, Libo County, Xiaoqikong Scenic Area 
(25°15'12"N, 107°44'16"E, alt. 428 m), Zhang Ming, 2 July 2020 (GDGM 80700).

Name of the speices Voucher/collection no. Locality LSU ITS
P. indusiatus INPA264931* Brazil MG678463 MG678502
P. lutescens GDGM 49991 China MN131077 MN131081

GDGM 71306 China MN131074 MN131080
GDGM 72218* China NG_073753 NR_171847
GDGM 76604 China MN131076 MN131078

P. luteus TNS Kasuya B218 Japan KP222545 KP222543
GDGM 26326 China MT261793 MT261850
GDGM 43986 China MT261794 MT261851

P. mengsongensis HKAS:78345 China – KF052625
HKAS:78343* China – NR_158805

P. merulinus CJL-120214-03 Guiana KF783250 –
P. multicolor MEL:2382891 Australia KP012762 KP012762
P. cf. multicolor ICN 176976 Guiana MF372128 MF372136
P. purpurascens UFRN-Fungos 2808* Brazil MG678456 MG678487
P. ravenelii UMO(USA-MO):0001 USA KP779906 –

CUW s.n – DQ218515 –
P. rigidiindusiatus GDGM 54237 China MZ890579 MZ890334

GDGM 81179 China MZ890580 MZ890335
GDGM 81195 China MZ890581 MZ890336
GDGM 81196* China MZ890582 MZ890337
GDGM 85470 China MZ890583 MZ890338

Dcy 2517 China MZ890584 MZ890339
P. rubicundus CLO 3220 USA MK652718 –

CLO 4473 USA MK652720 –
P. rubrovolvatus D20 China – MH381785

YZS040 China – KF939503
YZS018 China – KF939513
YZS044 China – KF939515

P. rugulosus TNS-F-46049 China, Taiwan MF372134 MF372142
ASI 32004 - - AF324169

GDGM 58232 China MT261858 MT361864
GDGM 73550 China MT261859 MT361865

P. serratus HKAS:78341 China – KF052623
HKAS:78340* China – KF052622
GDGM 78709 China MZ508445 MZ508443

P. squamulosus UFRN-Fungos 2806* Brazil – MG678497
P. ultraduplicatus HMAS:253050* China KJ591586 KJ591584

HMAS:253051 China KJ591587 KJ591585
Phallus sp. HKAS:78339 China – KF052621
Mutinus zenkeri MA-2013 JD781 São Tomé and 

Principe (Africa)
KC128654 KC128650
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Figure 2. Phylogenetic overview of the genus Phallus inferred from concatenated data (ITS-LSU) using 
Maximum Likelihood (ML) and Bayesian Inference (BI). Mutinus zenkeri was selected as outgroup. Boot-
strap values (≥50%) and Posterior probabilities (≥0.95) were presented around the branches.
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Immature basidioma globose to subglobose, 55 × 50 mm, white to pinkish (9A2), 
purplish pink (14A4) when injured, smooth to very slightly rimose-areolate, attached 
to substrate by pinkish white to pinkish (9A2) rhizomorphs. Exoperidium membra-
nous; endoperidium gelatinous, hyaline. Expanded basidioma up to 240 mm high 
when fresh. Receptacle 42–50 mm high, 50–60 mm broad, campanulate, cream to 
ochraceous (4A3-5), reticulated with irregularly ridges up to 4.0 mm deep, covered 
with gleba; apex truncate, with a pale yellow (4A2), prominent disc up to 15 mm 
in diam. Gleba olive brown (4E4-6, 4F5-8), mucilaginous. Pseudostipe subcylindri-
cal, constricted at apex, enlarged downwards, 200–220 mm high when mature, 22–
27/32–38/40–45 mm broad (apex/middle/base), white (9A1) to slightly pinkish white 
(9A2), spongiform, hollow; pseudostipe wall 6–9 mm thick, usually consisting of small 
irregular chambers up to 3 mm. Volva obovate, 47–52 mm high, 40–45 mm broad, 
smooth, pinkish (9A2). Indusium well-developed, almost touching ground, white to 
very slightly pinkish, 190–210 mm in length, attached to the apex of pseudostipe, with 
polygonal to irregular meshes; meshes 7–20 mm wide, 2–4 mm thick. Rhizomorphs 
simple, yellowish white (4A2) to pinkish (9A2), 1–2 mm thick, about 20 mm long. 
Odour foetid (mainly from gleba). Taste mild.

Basidiospores (3.2–)3.5–3.8(–4.0) × 1.2–1.5(–1.7) μm, Q= (2.0–)2.3–2.7(–3.0), 
Qm= 2.5 ± 0.5, cylindrical to long ellipsoid, hyaline and light olivaceous in H2O and 
5% KOH solution, inamyloid, thin-walled, smooth under light microscope. Hyphae 
of receptacle, pseudostipe and indusium hyaline or slightly yellowish, thin-walled, 

Figure 3. Basidiomata of Phallus cremeo-ochraceus a-c GDGM 80700 d GDGM 85857. Scale bars: 
5 cm (a), 2 cm (b, d), 1 cm (c).
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pseudoparenchymatic, consisting of globose to subglobose or irregularly globose cells 
up to 30 μm in diam. Hyphae of volva tubular and branched, 4–8 μm in diam., thin-
walled, smooth, septate, with clamp-connections. Hyphae of rhizomorphs filamen-
tous, up to 8.0 μm in diam., thin-walled, smooth, septate, rarely branched.

Habitat and distribution. Solitary or scattered on soil with decaying litter under 
bamboo groves. So far known only from southwestern China (Guizhou). Season: July.

Etymology. With reference to the cream to ochraceous color of receptacle.
Additional specimens examined. China. Guizhou Province, Libo county, Xiao-

qikong Scenic Area (25°15'46"N, 107°41'4"E, alt. 480 m), Zhang Ming, 2 July 2020, 
(GDGM 85857).

Phallus rigidiindusiatus T. Li, T.H. Li & W.Q. Deng, sp. nov.
MycoBank No: 840965
Figures 4, 5d–f

Diagnosis. Characterized by a well-developed indusium with thick meshes, morpho-
logically similar to Phallus serratus, but different in its rigid, round or irregular meshes 
of indusium without serrated margin, and in smaller basidiospores.

Holotype. China. Guangdong Province, Jiangmen City, Yunkaishan Nation-
al Nature Reserve. (22°17'57"N, 111°12'37"E, alt. 1350 m), Song Bin and Wen 
Huashu,10 June 2020 (GDGM 81196).

Immature basidioma globose to subglobose, 55–65 × 50–57 mm, white (1A1), 
slightly yellowish white (4A2) to orange white (7A2) or pinkish white (10A2), partially 
darker to grayish brown (7D3), smooth, attached to substrate by grayish violet (17D5-
7) rhizomorphs. Exoperidium membranous; endoperidium gelatinous, hyaline. Ex-
panded basidioma big-sized, 220–240 mm high when fresh. Receptacle 40–50 mm 
high, 50–60 mm broad, campanulate to subconical, white (1A1) to yellowish white 
(3A2), reticulated with irregularly ridges up to 4.5 mm deep, covered with gleba; apex 
truncate, perforated, or with a white spongy expansion up to 8 mm high, 10 mm in 
diam. Gleba yellowish brown to linoleum brown (5E5-7), mucilaginous. Pseudostipe 
subcylindrical, constricted at apex, enlarged toward base, white (1A1), spongiform, 
hollow, 170–190 mm high, 15–20/28–35/35–40 mm broad (apex/middle/base); pseu-
dostipe wall 5–9 mm thick, usually consisting of small irregular chambers in 1–3 mm 
width. Volva obovate, 55–65 mm high, 50–60 mm broad, smooth, brownish orange 
(7C6) to light brown (7D8). Indusium well-developed, expanded to 3/4–5/6 portion 
of pseudostipe, white, up to 170 mm in length, attached to apex of pseudostipe, with 
rigid polygonal to irregular meshes becoming gradually smaller from top to bottom, 
margin entire; meshes usually not serrated at margin, 5–20 mm wide, up to 7 mm 
thick. Rhizomorphs simple, grayish orange (6C5) to brown (7E4), up to 3 mm thick, 
4 cm long. Odour foetid (mainly from gleba). Taste mild.

Basidiospores (3.5–)3.7–4.2(–4.5) × 1.6–2.0(–2.3) μm, Q= (1.7–)2.1–2.4 (–2.6), 
Qm= 2.3 ± 0.2, cylindrical to long ellipsoid, hyaline and light olivaceous in H2O and 
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5% KOH solution, inamyloid, thin-walled, smooth, truncate at one end under light 
microscope. Hyphae of receptacle, pseudostipe and indusium hyaline, thin-walled, 
pseudoparenchymatic, consisting of globose to subglobose or irregularly globose struc-
tures, up to 25 μm in diam. Hyphae of volva tubular and branched, 3–5 μm in diam., 
thin-walled, smooth, septate, with clamp-connections. Hyphae of rhizomorphs fila-
mentous, up to 6.0 μm in diam., thin-walled, smooth, septate, rarely branched.

Habitat and distribution. Solitary or scattered on soil with decaying litter in for-
ests dominated by broad-leaved trees and bamboo groves. So far known only from 
southern China and southwestern China (Guizhou). Season: May to June.

Etymology. With reference to the rigid indusium.
Additional specimens examined. China. Hunan Province, Rucheng County, Ji-

ulongjiang National Forest Park (25°26'49"N, 113°48'10"E, alt. 555 m), Huang Hao, 
7 May 2015 (GDGM 54237); Guizhou Province, Duyun County, Doupengshan sce-
nic place (26°21'17"N, 107°22'49"E, alt. 1300 m), Deng Chunying, 16 May 2020 
(Dcy2517); Guangdong Province, Shaoguan City, Nanling National Nature Reserve 
(24°49'54"N, 113°7'22"E, alt. 994 m), Song Bin and Xie Dechun, 27 May 2021 
(GDGM 85470); Guangdong Province, Jiangmen City, Yunkaishan National Nature 
Reserve. (22°15'22"N, 111°9'23"E, alt. 1480 m), Song Bin and Wen Huashu, 10 June 
2020 (GDGM 81179); Guangdong Province, Jiangmen City, Yunkaishan National 
Nature Reserve. (22°17'58"N, 111°12'36"E, alt. 1420 m), Song Bin and Wen Huashu, 
10 June 2020 (GDGM 81195).

Figure 4. Basidiomata of Phallus rigidiindusiatus. a GDGM 54237 b GDGM 85470 c, e, f GDGM 
81196 d 81195. Scale bars: 5 cm (a-c), 3 cm (d), 2 cm (e), 1 cm (f).
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Discussion

Based on the ITS dataset P. cremeo-ochraceus nested in a group containing P. luteus, P. 
echinovolvatus, P. fuscoechinovolvatus and P. multicolor (Figure 1). However, in the ITS-
LSU dataset P. cremeo-ochraceus separates from them and formed an independent clade 
(Figure 2). Therefore, the sister relationships of P. cremeo-ochraceus remain unclear. 
Morphologically, all of them have similar color in receptacle except P. multicolor and 
P. luteus which have a bright yellow to orange indusium (Berkeley and Broome 1883; 
Kasuya 2008).

Phylogenetically, P. rigidiindusiatus is closely related to P. serratus and P. haitangensis 
with strong support (Figures 1, 2). Morphologically, P. serratus resembles P. rigidiindu-
siatus in having a white and strongly reticulate receptacle, a white and well-developed 
indusium and a brownish-gray volva. However, P. serratus can be easily distinguished 
from the new species in having the serrated meshes of indusium and larger basidi-
ospores (4–5 × 2–3 µm) (Li et al. 2014); Phallus haitangensis is another closely related 
taxon, which is different in its golden orange receptacle and a well-developed, light or-
ange indusium (Li et al. 2016). Interestingly, P. haitangensis and P. serratus have distinct 
morphological characteristics but shared with a 98.4% similarity of ITS sequence (Li 
et al. 2014, 2016). Both two new species were separated from P. indusiatus in phylo-
genetical analyses.

Other Phallus species with a white indusium are relatively easier to be distinguished 
from the new species P. cremeo-ochraceus and P. rigidiindusiatus (Table 2). For example, the 
Chinese species P. echinovolvatus and P. fuscoechinovolvatus are distinguished by having 

Figure 5. Characteristics of Phallus cremeo-ochraceus a-c and Phallus rigidiindusiatus d-e under the light 
microscope. a, d basidiospores b, e pseudoparenchymatous hyphae from pseudostipe c, f hyphae from 
volva. Scale bars 5 µm (a–f).
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an obviously echinate volva (Zang et al. 1988; Song et al. 2018); and P. atrovolvatus 
Kreisel & Calonge, described from the Central America, can be easily distinguished by 
having a rugulose to merulioid receptacle, a black volva, and an indusium expanded to 
midway from the receptacle and volva (Calonge 2005). Although the Brazilian species 
P. aureolatus L. Trierveiler-Pereira & A.A.R. de Meijer has a rigid, white and almost 
touching ground indusium which is similar to that of P. rigidiindusiatus, it differs in 
having a rugulose to merulioid receptacle, a shorter pseudostipe (up to 10 cm high) 
and a shorter basidiospores (3.0–4.1 × 1.5–2.0 μm) (Trierveiler-Pereira et al. 2017).

Among the complex members of P. indusiatus s.l. published by Cabral et al. (2019), 
P. denigricans T.S. Cabral, B.D.B. Silva & Baseia has a volva varying from white to dark 
brown and basidiospores up to 4.6 × 2.5 µm; Phallus purpurascens T.S. Cabral, B.D.B. 
Silva & Baseia has a white receptacle, a purplish volva and larger basidiospores (4.4–5 
× 2.5–3.4 µm); and P. squamulosus T.S. Cabral, B.D.B. Silva & Baseia is character-
ized by its squamous surfaces of immature basidioma and volva. Besides, P. maderensis 
Calonge, described from the Atlantic Island of Africa, has an interesting indusium at-
taching to the base of pseudostipe and is not hanging from the receptacle (Calonge et 
al. 2008); and P. merulinus (Berk.) Cooke from Indonesia differs in a rugose receptacle 
with minutely convoluted folds (Lloyd 1909). The Chinese species P. rubrovolvatus is 
distinguished by the red purple volva, although it also has a rigid indusium reaching on 

Table 2. Type location, receptacle, volva, indusium, and basidiospores of the Phallus indusiatus-like species.

Species name Type location Receptacle Volva Indusium Basidiospores
Phallus cremeo-
ochraceus

China, 
Guizhou

Pale yellow to 
light yellow, 
reticulated

Pinkish, smooth surface Almost touching the 
ground

3.2–4.0×1.2–1.7 μm

P. echinovolvatus China, 
Hunan

White to 
yellow, 

reticulated

Whitish or pale 
brown, with echinulate 

projections

Almost touching the 
ground

3.0–4.0×1.3–2.0 μm

P. fuscoechinovolvatus China, 
Guangdong

Yellowish, 
reticulated

Dark brown or blackish, 
with many white to pale 

yellow echinules

Almost touching the 
ground

2.5–4.0×1.0–2.0 μm

P. indusiatus Brazil, Pará White, 
reticulated

White, with pinkish 
pigments

Extending to the ground 3.6–4.1×1.5–2.2 µm

P. merulinus Indonesia, 
Java

White, 
minutely 

convoluted 
folds

Dull white Expanded to 1/2 portion 
of pseudostipe

3.3–4.0×1.4–1.8 μm

P. rigidiindusiatus Southern and 
Southwestern 

of China

White to 
yellowish, 
reticulated

Brownish orange to light 
brown, smooth surface

Expanded to 3/4–5/6 
portion of pseudostipe, 
with rigid polygonal to 

irregular meshes, without 
serrated margin.

3.5–4.5×1.6–2.3 μm

P. rubrovolvatus China, 
Yunnan

Yellowish, 
reticulated

Dark purple, smooth 
surface

Expanded to 1/2 portion 
of pseudostipe

3.7–4.0×1.5–2.5 μm

P. serratus China, 
Yunnan

White, 
reticulated

Brownish-gray, without 
scales

Almost touching the 
ground, with the serrated 

margin in hole of 
indusium.

4.0–5.0×2.0–3.0 µm

P. ultraduplicatus China, 
Liaoning

White, 
reticulated

Flesh-ocher Short, 20–40 mm long, 4.0–5.0×1.5–2.0 µm
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the midway or 3/4 portion of the pseudostipe (Liu et al. 2005); and P. ultraduplicatus 
X.D. Yu, W. Lv, S.X. Lv, Xu H. Chen & Qin Wang from northeastern China has a 
shorter indusium hanging down less than 1/2 portion of the pseudostipe and longer 
and narrower basidiospores than those of P. rigidiindusiatus (Adamčík et al. 2015).

According to the original description, Phallus indusiatus, a South American spe-
cies, is characterized by the campanulate and reticulated receptacle and the white in-
dusium touching the ground (Ventenat 1798). However, it was not possible to find 
the original material in herbarium for comparison due to the unspecific information 
(Ventenat 1798). Recently, based on same characteristics as the original description, 
close geographical location with the same forest domain, and submitted the available 
molecular sequences to GenBank, a neotype of P. indusiatus was designated, which 
has a campanulate and reticulated receptacle, a white and fully developed indusium, 
a white volva and elongated and smooth basidiospores (3.6–4.1 × 1.5–2.2 µm); ac-
cording to all known data about the Phallus taxa, its distribution is presumed to be 
restricted to South America (Cabral et al. 2019).

In phalloid fungi, macro-characters, such as the shape, the surface characters 
and color of the main structures (receptacle, pseudostipe, indusium, volva and rhizo-
morphs), are generally more important than micro-characters for infrageneric classifi-
cation (Kreisel 1996). Therefore, if without any molecular phylogenetic analyses, two 
or more species shared similar macro-characters, then these could easily be confused 
for the same species. However, when geographical distribution has been taken into ac-
count as the taxonomic evidence, they tend to become easily distinguishable, because 
phalloid fungi have a passive basidiospore dispersal mechanism that depends mainly 
on insects as transporters, and this factor together with environmental conditions 
(such as temperature, humidity, illumination, soil nutrition and dominated plants) 
arguably limit their geographical distributions (Wilson et al. 2011). According to our 
previous studies, for example, quite a lot of Asian specimens labeled as “P. impudicus” 
were actually identical to P. dongsun from China, and Phallus rubicundus (Bosc) Fr. 
originally described from America was probably not naturally distributed in China, 
even in Asia (Li et al. 2020a, b). Therefore, morphological analyses and geographical 
distributions, as well as molecular phylogeny are the most useful evidences to identify 
the phalloid fungi. The two Phallus indusiatus-like species from China were proven as 
new to science with strong supports of those evidences in this study while the natural 
distribution of P. indusiatus in China becomes more suspicious.

Key to Phallus species with a white or nearly white indusium

1	 Volva squamulose or echinulate...................................................................2
–	 Volva smooth or nearly so, not squamulose or echinulate.............................4
2	 Volva surface squamulose, white............................................P. squamulosus
–	 Volva surface obviously echinulate...............................................................3
3	 Volva dark brown or blackish..................................... P. fuscoechinovolvatus
–	 Volva generally white......................................................... P. echinovolvatus
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4	 Volva discoloring from white to dark brown............................P. denigricans
–	 Volva unchanging in color or only slightly discoloring, not discoloring to 

dark brown..................................................................................................5
5	 Receptacle rugulose to merulioid ................................................................6
–	 Receptacle reticulate....................................................................................8
6	 Volva black............................................................................ P. atrovolvatus
–	 Volva pinkish or white.................................................................................7
7	 Vovla pinkish; indusium almost touching ground .................... P. aureolatus
–	 Volva white, with minutely convoluted folds; indusium not touching 

ground.......................................................................................P. merulinus
8	 Indusium attached to the base of the pseudostipe and free from receptacle....

................................................................................................ P. maderensis
–	 Indusium attached to the apex of the pseudostipe........................................9
9	 Volva white............................................................................... P. indusiatus
–	 Volva colored.............................................................................................10
10	 Indusium shorter than 40 mm when mature.................... P. ultraduplicatus
–	 Indusium longer than 40 mm when mature...............................................11
11	 Receptacle cream to ochreous........................................ P. cremeo-ochraceus
–	 Receptacle white........................................................................................12
12	 Indusium with obviously serrated meshes..................................... P. serratus
–	 Indusium with round or irregular meshes, but without obviously serrated 

meshes.......................................................................................................13
13	 Volva brownish orange to light brown, not red to purple obviously; indusium 

strongly rigid; basidiospores narrower, (3.5–)3.7–4.2(–4.5) × 1.6–2.0(–2.3) μm.
........................................................................................ P. rigidiindusiatus

–	 Volva obviously red to purple; basidiospores broader.................................14
14	 Volva deep red; basidiospores smaller, 3.7–4 × 2–2.5 µm.....P. rubrovolvatus
–	 Volva purplish or becoming purple; basidiospores larger, 4.4–5 × 2.5–3.4 µm...

.............................................................................................P. purpurascens
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Introduction

The brown Parmeliae (Esslinger 1977) have been an object of numerous studies 
(Guzow-Krzemińska and Węgrzyn 2003; Blanco et al. 2005; Crespo et al. 2010, 2011; 
Nelsen et al. 2011; Divakar et al. 2012; Thell et al. 2012; Leavitt et al. 2014, 2015) 
and, due to this exceptional attention, they are one of the best-studied assemblages in 
the family Parmeliaceae. These lichens are a polyphyletic group possessing foliose, a 
dark to medium brown thallus and usually lacking atranorin or usnic acid in the cortex 
(Esslinger 1977; Blanco et al. 2004).

For many years, one of the largest genera within this group was Melanelia Essl., segre-
gated from Parmelia Ach. by Esslinger (1978) to accommodate species with brown, foliose 
thalli and an N– cortex layer. However, during the following years, it has been demon-
strated that the genus Melanelia s. lat. was polyphyletic and several new genera were distin-
guished within it, such as Melanelixia O. Blanco et al., Melanohalea O. Blanco et al. (Blan-
co et al. 2004) and Montanelia Divakar et al. (Divakar et al. 2012). In traditional terms, 
brown Parmeliae includes other genera, such as Allantoparmelia (Vain.) Essl., Pleurosticta 
Petr. and some species of Xanthoparmelia (Vain.) Hale. Moreover, due to the historical 
taxonomic approach (Thell 1995; Rico et al. 2005) and the similarity in the morphological 
and anatomical features of thalli, Cetraria commixta is also referred to this group.

Our studies have focused on the saxicolous species of Melanelia and Montanelia 
genera. According to Otte et al. (2005), species of these genera are arctic-alpine, cir-
cumpolar and occur on silicate rocks in the mountain areas of the Northern Hemi-
sphere, including Arctic Regions (Divakar et al. 2012). Nowadays, Melanelia s. str. is 
restricted to a small clade of saxicolous, cetrarioid lichens and includes four species: 
M. agnata (Nyl.) A. Thell, M. hepatizon (Ach.) A. Thell, M. pseudoglabra (Essl.) Essl. 
and M. stygia (L.) Essl. According to Thell (1995), these species are characterised by 
broadly clavate asci with a small tholus and a broad axial body, a thick, paraplecten-
chymatous cortex and dumb-bell-shaped pycnoconidia. Montanelia, representing the 
parmelioid clade, includes eight species: M. disjuncta (Erichsen) Divakar, A. Crespo, 
Wedin & Essl., M. occultipanniformis S.D. Leav., Essl., Divakar, A. Crespo & Lumb-
sch, M. panniformis (Nyl.) Divakar, A. Crespo, Wedin & Essl., M. predisjuncta (Essl.) 
Divakar, A. Crespo, Wedin & Essl., M. saximontana (R.A. Anderson & W.A. Weber) 
S.D. Leav., Essl., Divakar, A. Crespo & Lumbsch, M. secwepemc S.D. Leav., Essl., Di-
vakar, A. Crespo & Lumbsch, M. sorediata (Ach.) Divakar, A. Crespo, Wedin & Essl. 
and M. tominii (Oxner) Divakar, A. Crespo, Wedin & Essl. (Divakar et al. 2012; Leav-
itt et al. 2015; Leavitt et al. 2016). The characteristic features of the Montanelia genus 
are short and narrow lobes, with flat to convex lobe margins, a non-pored epicortex, 
cylindrical to fusiform conidia, a medulla containing orcinol depsides and flat, effigu-
rate pseudocyphellae (absent only in M. sorediata; Divakar et al. 2012). Three of these 
species (M. disjuncta, M. panniformis and M. sorediata) have broad, intercontinental 
distributions, with no evidence of phylogeographic substructure (Leavitt et al. 2015).

The genera Melanelia and Montanelia have been the subject of a critical revision in 
Poland and data concerning their distribution, ecology and morphological, anatomi-
cal and chemical features are presented in previous papers (Szczepańska et al. 2015; 
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Szczepańska and Kossowska 2017). However, recent molecular studies imply that both 
genera may include previously unrecognised species-level diversity (Divakar et al. 2012; 
Leavitt et al. 2014), especially within Icelandic populations of M. stygia (Xu et al. 2017).

One of the goals of this study was to assess the intraspecific internal transcribed 
spacer (ITS) rDNA variability in brown Parmeliae species. Investigations of genetic 
variation in lichen-forming symbionts have advanced considerably in recent years and 
resulted in interesting conclusions (Palice and Printzen 2004; Lindblom and Ekman 
2006; Domaschke et al. 2012; Starosta and Svoboda 2020). Although brown Parmeliae 
appear to be well studied in taxonomic terms, there are insufficient molecular data to 
estimate their genetic variation. Most of the available data concern samples collected 
in a few regions of the world, such as Europe and North America. The North Ameri-
can species of this group were studied in Greenland and Canada (Leavitt et al. 2014; 
Leavitt et al. 2015), while samples from Europe originated mainly from the north – 
Iceland, Finland, Norway and Sweden (Blanco et al. 2004; Divakar et al. 2012; Xu et 
al. 2017). Therefore, we decided to fill in the gap in sampling and focused our study on 
samples collected in Central Europe. We have used phylogenetic trees and haplotype 
networks to investigate the extent of molecular differences between newly-generated 
sequences from samples collected in Central Europe (Austria, Czech Republic, Ger-
many, Poland and Slovakia) and others originating from different geographical regions. 
Due to additional samplings from previously unexplored areas, it was possible to evalu-
ate and compare the genetic variability of the studied specimens in Central Europe 
with samples from other regions of the world and to identify areas with the greatest 
haplotype diversity. In addition, we analysed morphological, anatomical and chemical 
characters of collected specimens to find a potential correlation between phenotypic 
characters and genetic variation of the studied taxa. By analysing genetic diversity and 
geographical distribution of identified haplotypes, as well as phenotypic characters of 
collected samples, we tried to better define and designate the species boundaries within 
analysed taxa. Special emphasis was placed on analysis of European, Greenlandic and 
Icelandic samples of M. agnata and M. stygia to revise the hypothesis assuming a semi-
cryptic or cryptic nature of their potential species-level diversity.

Materials and methods

Taxon sampling

The study is based on collections from the AMNH, C and WRSL Herbaria, as well 
as the private material of Dr Maria Kossowska (hb. Kossowska). Our sampling fo-
cused on saxicolous representatives of the Parmeliaceae family occurring in Poland, 
with brown, foliose thalli, such as Cetraria commixta, Melanelia agnata, M. hepatizon, 
M. stygia, Montanelia disjuncta and M. sorediata. We also included the holotype of 
Melanelia agnata (Platysma agnatum; Austria, Tirol, Gerölle unter dem Gneissfelsen 
zum wilden see. Auf dem Kraxentrag, Tirol, Brenner 225, Aug 1871, H-NYL 36086), 
borrowed from Herbarium of W. Nylander in Helsinki in our analyses.
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Specimens for molecular study were selected after detailed morphological and 
chemical analyses. Due to DNA degradation, it was not possible to use samples col-
lected more than three years prior to the DNA extraction procedure in most cases. 
As the Melanelia agnata and M. stygia specimens from Greenland and Iceland were 
collected more than 10 years ago, we had to limit our phylogenetic analyses to ITS 
rDNA markers and used the sequences stored in GenBank. Before phylogenetic analy-
sis, newly-obtained ITS rDNA sequences were subjected to a BLAST search (Altschul 
et al. 1997). The final ITS dataset used in this study includes 52 sequences newly gen-
erated and 117 sequences downloaded from GenBank (Table 1).

Morphology and chemistry

The morphology and anatomy of the specimens were studied in detail with dissecting 
and light microscopes, following routine techniques. All specimens were examined for 
the assessment of the morphological characters, such as lobe width and morphology (flat/
convex), the appearance of the upper surface (dull/glossy), the appearance of the lower 
surface (light/dark), apothecia morphology (sessile/constricted), appearance and position 
of pycnidia (marginal/laminal), appearance and position of the pseudocyphellae (mar-
ginal/laminal), size and shape of conidia (bacilliform/bifusiform), as well as ascospore 
size. For light microscopy, vertical sections of apothecia were cut by hand using a razor 
blade and mounted in water. Hymenium and conidia measurements were made in water 
and ascospore measurements were made in 10% potassium hydroxide (KOH). At least 
ten measurements of morphological variables and measurements of 20 spores and conid-
ia were made for each sample and their minimum and maximum values were calculated.

The TLC analyses were undertaken in A and C solvent systems using the standard-
ised method of Culberson (1972) and following Orange et al. (2001).

DNA extraction, PCR amplification and DNA sequencing

Genomic DNA was extracted from specimens after cell disruption in a Mixer Mill 
MM400 (Retsch, Haan, Germany) using a CTAB method according to the standard 
protocol of isolation (Doyle and Doyle 1987). The quality of the isolated DNA was de-
termined using 1% TBE agarose electrophoresis. PCR reactions were performed in 20 
μl reaction tubes that contained a Dream Taq reaction buffer containing MgCl2, a 0.2 
mM dNTP mix, 1u DreamTaq DNA polymerase (Thermo Fisher Scientific, Waltham, 
MA, USA), 0.5 mM each ITS1 and ITS4 primers and 0.8 μl of total genomic DNA. 
The adequate annealing temperature was determined using the gradient method. The 
PCR programme consisted of an initial denaturation at 95 °C for 6 min, according to 
a previous study (Szczepańska et al. 2020), followed by 30 cycles at 95 °C for 30 sec, 
51.2 °C for 45 sec, 72 °C for 45 sec, with a final extension at 72 °C for 10 min. While 
performing PCR, the Veriti Thermal Cycler (Life Technologies, Carlsbad, CA, USA) 
was used. Amplification products were separated in 1% agarose gel, photographed and 
compared with the DNA mass ruler (Thermo Fisher Scientific Waltham, MA, USA). 
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Table 1. The species and specimens used in the phylogenetic analyses and/or haplotype network analyses, 
sequences newly generated for this study are in bold.

Species Year of 
collection

Isolate Locality Collector (-s) Voucher specimens 
(herbarium)

GenBank 
no. (ITS)

Cetrariella commixta 2007 36 Poland, Sudety 
Mts

Kossowska, M. Kossowska 107 (personal 
herbarium)

MZ029708

Cetrariella commixta 2008 37 Poland, Sudety 
Mts

Kossowska, M. Kossowska 231 (personal 
herbarium)

MZ029709

Cetrariella commixta 2016 97 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1137 
(WRSL)

MZ029733

Cetrariella commixta 2016 124 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1184 
(WRSL)

MZ029753

Cetrariella commixta 2018 129 Germany, 
Bayerischer Wald

Szczepańska, K. Szczepańska 1267 
(WRSL)

MZ029758

Cetrariella commixta Finland Haikonen, V. Haikonen 19093 (H) AF451796
Cetrariella commixta 1996 Canada, British 

Columbia
Miao, V. & 
Taylor, T. 

AF451797

Cetrariella commixta Sweden Wedin, M. Wedin 8143 (UPS) GU994554
Cetrariella commixta Spain, Segovia Rico, V. J. 15555 (MAF) GU994555
Cetrariella commixta 2004 CCO 01 Sweden, Lule 

Lappmark
1273926 (LD) KC990132

Cetrariella commixta 6543 Greenland, SEm, 
Tasilaq

Hansen, E. S. Hansen ESH-10B.139 (C) KF257934

Cetrariella commixta 6547 Greenland, SWm, 
Qeqertaq

Hansen, E. S. Hansen ESH-09.087 (C) KF257935

Cetrariella commixta 6567 Greenland, S, 
Igaliku

Hansen, E. S. Hansen ESH-08.173 (C) KF257936

Cetrariella commixta 6570 Greenland, SWm, 
Midgard

Hansen, E. S. Hansen ES-09.030 (C) KF257937

Cetrariella commixta 6572 Greenland, S, 
Aappilattoq

Hansen, E. S. Hansen ES-04.070 (C) KF257938

Cetrariella commixta 6573 Greenland, SWm, 
Qeqertaq

Hansen, E. S. Hansen ES-09.064 (C) KF257939

Cetrariella commixta 2014 Norway, Finnmark Westberg, M. O-L-195926 KY266843
Melanelia agnata 2016 102 Poland, Karpaty 

Mts
Szczepańska, K. Szczepańska 1151 

(WRSL)
MZ029737

Melanelia agnata 2016 103 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1150 
(WRSL)

MZ029738

Melanelia agnata 2009 6549 Greenland, SW m, 
Jensens Nunatakker

Hansen, E. S. Hansen ESH-09.478 (C) KF257940

Melanelia agnata 2009 6553 Greenland, SW m, 
Jensens Nunatakker

Hansen, E. S. Hansen ESH-09.435 (C) KF257941

Melanelia agnata 2007 6563 Greenland, N, 
Constable Bugt

Hansen, E. S. Hansen ESH-07.464 (C) KF257942

Melanelia agnata 2002 MX_MS2 Iceland, Imi Heiðmarsson, S.   LA29683 (AMHN) KY508672
Melanelia agnata 2005 MX_MS3 Iceland, Ino Kristinsson, H. LA27562 (AMHN) KY963373
Melanelia agnata 2008 MX_MS4 Iceland, Isu Hjaltadóttir, A.   LA30974 (AMHN) KY508673
Melanelia agnata 2012 MX_MS5 Iceland, Ino Heiðmarsson, S.   LA31859 (AMHN) KY963374
Melanelia agnata 2014 Norway, Sor-

Trondelag
Timdal, E. O-L-196376 MK812394

Melanelia culbersonii USA Lendemer, J.  Lendemer 13821 (NY) KR995286
Melanelia hepatizon 2016 83 Poland, Sudety 

Mts
Szczepańska, K. Szczepańska 1051 

(WRSL)
MZ029723

Melanelia hepatizon 2016 91 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1120 
(WRSL)

MZ029717

Melanelia hepatizon 2016 95 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1136A 
(WRSL)

MZ029731

Melanelia hepatizon 2016 96 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1136B 
(WRSL)

MZ029732
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Species Year of 
collection

Isolate Locality Collector (-s) Voucher specimens 
(herbarium)

GenBank 
no. (ITS)

Melanelia hepatizon 2016 98 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1138 
(WRSL)

MZ029734

Melanelia hepatizon 2016 109 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1153 
(WRSL)

MZ029741

Melanelia hepatizon 2016 110 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1154A 
(WRSL)

MZ029730

Melanelia hepatizon 2016 111 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1154B 
(WRSL)

MZ029743

Melanelia hepatizon 2016 113 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1144 
(WRSL)

MZ029745

Melanelia hepatizon 2016 116 Slovakia, Karpaty 
Mts

Szczepańska, K. Szczepańska 1146 
(WRSL)

MZ029746

Melanelia hepatizon 2016 117 Slovakia, Karpaty 
Mts

Szczepańska, K. Szczepańska 1147 
(WRSL)

MZ029747

Melanelia hepatizon 2016 119 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1180 
(WRSL)

MZ029748

Melanelia hepatizon 2016 122 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1182 
(WRSL)

MZ029751

Melanelia hepatizon 2018 128 Germany, 
Bayerischer Wald

Szczepańska, K. Szczepańska 1269 
(WRSL)

MZ029757

Melanelia hepatizon 1996 Canada, British 
Columbia

Thell & Veer BC-9677 
(LD)

AF141369

Melanelia hepatizon 2001 DNA-AT934 Italy, Trentino-
Alto Adige (south 

Tirolia)

Feuerer T. & 
Thell A. s. n.

LD, HBG AF451776

Melanelia hepatizon Sweden Wedin, M. Wedin 6812 (UPS) DQ980016
Melanelia hepatizon Greenland, NWn, 

Siorapuluk
Hansen, E. S. Hansen ESH-09B.164 (C) KF257943

Melanelia hepatizon Greenland, NWn, 
Qaanaaq

Hansen, E. S. Hansen ESH-09B.026 (C) KF257944

Melanelia hepatizon Greenland, SEm, 
Tasilaq

Hansen, E. S. Hansen ESH-10B.014 (C) KF257945

Melanelia hepatizon Greenland, SWm, 
Nuuq

Hansen, E. S. Hansen ESH-10A.019 (C) KF257946

Melanelia hepatizon Greenland, S, 
Qaqortoq

Hansen, E. S. Hansen ESH-08.036 (C) KF257947

Melanelia hepatizon Greenland, S, 
Igaliku

Hansen, E. S. Hansen ESH-08.170 (C) KF257948

Melanelia hepatizon Greenland, S, 
Narssarsuag

Hansen, E. S. Hansen ESH-08.263 (C) KF257949

Melanelia hepatizon Greenland, S, 
Igaliku

Hansen, E. S. Hansen ESH-08.215 (C) KF257950

Melanelia hepatizon Greenland, SWm, 
Midgard

Hansen, E. S. Hansen ESH-09.386 (C) KF257951

Melanelia hepatizon Greenland, SWm, 
Frederikshab 

Isblink

Hansen, E. S. Hansen ESH-09.324 (C) KF257952

Melanelia hepatizon Greenland, S, 
Igaliku

Hansen, E. S. Hansen ESH-08.477 (C) KF257953

Melanelia hepatizon 2014 Norway, Finnmark Westberg, M. O-L-195864 KY266879
Melanelia hepatizon 2003 MH1 Iceland, IAu LA30501 (AMHN) KY508674
Melanelia hepatizon 2007 MH3 Iceland, IVe LA30676 (AMHN) KY508675
Melanelia hepatizon 2007 MH4 Iceland, IVe LA30674 (AMHN) KY508676
Melanelia hepatizon 2007 MH5 Iceland, IVe LA30675 (AMHN) KY508677
Melanelia hepatizon 2007 MH6 Iceland, IVe LA30673 (AMHN) KY508678
Melanelia hepatizon 2014 MH9 Iceland, INo LA20781 (AMHN) KY508679
Melanelia hepatizon 2013 MH10 Iceland, INv LA30117 (AMHN) KY508680
Melanelia hepatizon 2012 MH11 Iceland, Inv LA31861 (AMHN) KY963376
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Species Year of 
collection

Isolate Locality Collector (-s) Voucher specimens 
(herbarium)

GenBank 
no. (ITS)

Melanelia hepatizon 2014 Norway, 
Hordaland

Timdal, E. O-L-195807 MK812512

Melanelia hepatizon 2015 Norway, Nord-
Trondelag

Bendiksby, M. 
et al.

O-L-201254 MK812070

Melanelia hepatizon 2013 Norway, Buskerud Rui, S. & 
Timdal, E.

O-L-184723 MK812188

Melanelia stygia 2007 40 Poland, Sudety 
Mts

Kossowska, M. Kossowska 123 (personal 
herbarium)

MZ029710

Melanelia stygia 2009 42 Austria, Tyrol Szczepańska, K. Szczepańska 737 
(WRSL)

MZ029712

Melanelia stygia 2016 94 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1134 
(WRSL)

MZ029719

Melanelia stygia 2016 104 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1152 
(WRSL)

MZ029739

Melanelia stygia 2016 108 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1149 
(WRSL)

MZ029740

Melanelia stygia 2016 112 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1160 
(WRSL)

MZ029744

Melanelia stygia 2018 127 Czech Republic, 
Šumava

Szczepańska, K. Szczepańska 1265 
(WRSL)

MZ029756

Melanelia stygia Finland, Nyland Kuusinen, M. FIN-9714 (LD) AF115763
Melanelia stygia Italy Feurerer, T & 

Thell, A.
DNA-AT922 (LD) AF451775

Melanelia stygia Finland, Enonkoski Haikonen, V. Haikonen 20365 AY611097
Melanelia stygia Austria, Steiermark Hafellner, J. Hafellner 51658 AY611121
Melanelia stygia 2008 6551 Greenland, S, 

Qaqortoq
Hansen, E. S. Hansen ESH-08.036 (C) KF257954

Melanelia stygia 2008 6569 Greenland, S, 
Igaliku

Hansen, E. S. Hansen ESH-08.478 (C) KF257955

Melanelia stygia 1998 MX_MS1 Iceland, IAu Kristinsson, H. LA19972 (AMHN) KY508681
Melanelia stygia 2014 MX_MS3 Iceland, IAu Kristinsson, H. LA20775 (AMHN) KY508682
Melanelia stygia 2013 MX_MS4 Iceland, IAu Kristinsson, H. LA16894 (AMHN) KY508683
Melanelia stygia 2000 MX_MS2 Iceland, IAu Kristinsson, H. LA28243 (AMHN) KY963375
Melanelia stygia 2013 Norway, Buskerud Rui, S. & 

Timdal, E.
O-L-184736 MK812608

Melanelia stygia 2014 Norway, Sor-
Trondelag

Timdal, E. O-L-196377 MK812312

Montanelia disjuncta 2013 50 Poland, Sudsty 
Forelands

Szczepańska, K. Szczepańska 969 
(WRSL)

MZ029713

Montanelia disjuncta 2014 51 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 989 
(WRSL)

MZ029714

Montanelia disjuncta 2015 57 Poland, Sudety 
Foothills

Szczepańska, K. Szczepańska 1023 
(WRSL)

MZ029715

Montanelia disjuncta 2015 78 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1034 
(WRSL)

MZ029716

Montanelia disjuncta 2015 79 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1038 
(WRSL)

MZ029711

Montanelia disjuncta 2015 80 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1039 
(WRSL)

MZ029720

Montanelia disjuncta 2016 81 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1047 
(WRSL)

MZ029721

Montanelia disjuncta 2016 82 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1048 
(WRSL)

MZ029722

Montanelia disjuncta 2016 85 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1054 
(WRSL)

MZ029724

Montanelia disjuncta 2016 86 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1081 
(WRSL)

MZ029725

Montanelia disjuncta 2016 87 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1082 
(WRSL)

MZ029726
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Species Year of 
collection

Isolate Locality Collector (-s) Voucher specimens 
(herbarium)

GenBank 
no. (ITS)

Montanelia disjuncta 2016 88 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1110 
(WRSL)

MZ029727

Montanelia disjuncta 2016 89 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1111 
(WRSL)

MZ029728

Montanelia disjuncta 2016 90 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1119 
(WRSL)

MZ029729

Montanelia disjuncta 2016 92 Pland, Sudety 
Foothils

Szczepańska, K. Szczepańska 1127 
(WRSL)

MZ029755

Montanelia disjuncta 2016 93 Pland, Sudety 
Foothils

Szczepańska, K. Szczepańska 1128 
(WRSL)

MZ029718

Montanelia disjuncta 2016 120 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1181A 
(WRSL)

MZ029749

Montanelia disjuncta 2016 121 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1181B 
(WRSL)

MZ029750

Montanelia disjuncta 2016 123 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1183 
(WRSL)

MZ029752

Montanelia disjuncta 2016 125 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1185 
(WRSL)

MZ029754

Montanelia disjuncta 2016 126 Poland, Sudety 
Mts

Szczepańska, K. Szczepańska 1230 
(WRSL)

MZ029742

Montanelia disjuncta 2018 130 Czech Republic, 
Šumava

Szczepańska, K. Szczepańska 1271 
(WRSL)

MZ029759

Montanelia disjuncta Austria, Steiermark Mayrhofer 13743 AY611077
Montanelia disjuncta India MAF-Lich 15512 GU994556
Montanelia disjuncta United Kingdom Coppins 637 JX974654
Montanelia disjuncta Greenland, NWn, 

Siorapaluk
Hansen, E. S. Hansen ESH-09B.363 (C) KF257957

Montanelia disjuncta 3921 Canada, Yukon 
Territory

Spribille, T. Spribille s.n. KP771824

Montanelia disjuncta 3963 Greenland, 
Northwest

Hansen, E. S. Hansen ESH-09B.051 (C) KP771827

Montanelia disjuncta 3995 USA, Maine Harris, R. Harris 52938 (NY) KP771828
Montanelia disjuncta 4503 Norway, Tromso Bjerke, J.W. Bjerke WP286-2 (TLE) KP771829
Montanelia disjuncta 4851 Canada, Yukon 

Territory
Esslinger, T. L. Esslinger BP94-3 (TLE) KP771830

Montanelia disjuncta 5970 USA, Alaska Esslinger, T. L. Esslinger 19403 (TLE) KP771831
Montanelia disjuncta 6575 Greenland, 

Northwest, 
Siorapaluk

Hansen, E. S. Hansen ESH-09B.323 (C) KP771833

Montanelia disjuncta MDISJUNCT Sweden, Lycksele 
Lappmark

Wedin, M. Wedin 7143 (UPS) KP771834

Montanelia disjuncta MEDI637 United Kingdom, 
Scotland

Coppins, B. Coppins s.n (MAF) KP771835

Montanelia disjuncta MESO773 India, Uttaranchal Divakar, P. K. MAF-Lich 15512 KP771837
Montanelia disjuncta 2014 Norway, Finnmark, 

Vadso
Haugan, R. O-L-198675 KY266910

Montanelia disjuncta 2007 MD8 Iceland, INo LA30657 (AMHN) KY508686
Montanelia disjuncta Sweden Wedin, M. Wedin 7143 (UPS) DQ980015
Montanelia disjuncta USA Lumbsch, H. T. Lumbsch 2010/M7 (F) JX126181
Montanelia disjuncta USA, Maine Harris 55589 (NY) KF257960
Montanelia disjuncta USA, Alaska Esslinger 19403 (TLE) KF257968
Montanelia disjuncta Canada Goward 08 JX974658
Montanelia disjuncta Canada, Yukon Spribille s.n. (GZU) KF257956
Montanelia disjuncta Canada, Alberta Holzinger 1061 (UBC) KF257962
Montanelia disjuncta Canada, British 

Columbia
Esslinger BP109-1 (TLE) KF257964

Montanelia disjuncta Canada, British 
Columbia

Esslinger BP97-01 (TLE) KF257965
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Species Year of 
collection

Isolate Locality Collector (-s) Voucher specimens 
(herbarium)

GenBank 
no. (ITS)

Montanelia disjuncta Canada, Yukon Esslinger BP94-2 (TLE) KF257966
Montanelia disjuncta Canada, Yukon Esslinger BP94-3 (TLE) KF257967
Montanelia disjuncta Canada, New 

Brunswick
McMullin 7483 (TLE) KF257969

Montanelia disjuncta Canada, British 
Columbia

Goward 2008 (MAF) KP771836

Montanelia disjuncta Greenland, S, 
Igaliku

Hansen, E. S. Hansen ESH-08.304 (C) KF257958

Montanelia disjuncta Greenland, NWn, 
Qaanaaq

Hansen, E. S. Hansen ESH-09B.051 (C) KF257959

Montanelia disjuncta Greenland, S, 
Igaliku

Hansen, E. S. Hansen ESH-08.216 (C) KF257970

Montanelia disjuncta Greenland, NWn, 
Siorapuluk

Hansen, E. S. Hansen ESH-09B.323 (C) KF257971

Montanelia disjuncta 3956 Greenland, 
Northwest

Hansen, E. S. Hansen ESH-09B.363 (C) KP771825

Montanelia disjuncta 3957 Greenland, South Hansen, E. S. Hansen ESH-08.304 (C) KP771826
Montanelia disjuncta 6574 Greenland, South, 

Igaliku
Hansen, E. S. Hansen ESH-08.216 (C) KP771832

Montanelia disjuncta Norway, Tromso Bjerke WP286-2 (TLE) KF257961
Montanelia disjuncta India, Uttar 

Pradesh
Divakar 15512 (MAF-

Lich)
KF257972

Montanelia disjuncta 2000 MD2 Iceland, Iau LA28245 (AMHN) KY963377
Montanelia disjuncta 2009 MD5 Iceland, Ino LA31552 (AMHN) KY963378
Montanelia disjuncta 2007 MD3 Iceland, Ino LA30617 (AMHN) KY508684
Montanelia disjuncta Canada, British 

Columbia
Goward 10-19 (UBC) KF257963

Montanelia disjuncta 2014 Norway, Sor-
Trondelag

Timdal, E. O-L-196357 MK811711

Montanelia disjuncta 2014 Norway, Finnmark Timdal, E. O-L-195590 MK811852
Montanelia disjuncta 2006 MD4 Iceland, Ino LA27588 KY508685
Montanelia sorediata 2016 100 Poland, Karpaty 

Mts
Szczepańska, K. Szczepańska 1156 

(WRSL)
MZ029735

Montanelia sorediata 2016 101 Poland, Karpaty 
Mts

Szczepańska, K. Szczepańska 1155 
(WRSL)

MZ029736

Montanelia sorediata 4001 USA, Pennsylvania Lendemer, J. Lendemer 13329 (NY) KF257978
Montanelia sorediata 4824 Canada, British 

Columbia
Esslinger, T.L. Esslinger BP111-1 (TLE) KF257979

Montanelia sorediata 4884 USA, Alaska Esslinger, T.L. Esslinger BP73-6 (TLE) KF257980
Montanelia sorediata 5981 Russia, 

Khabarovskiy Krai
Spribille, T. Spribille 31972 (GZU) KF257981

Montanelia sorediata 6380 Canada, Ontario McMullin, T. McMullin 8139 (TLE) KF257982
Montanelia sorediata B_8600 Japan, Mt. 

Ohyama
Ohmura, Y. Ohmura 9666 (TNS) KM386101

Montanelia sorediata MESO778 Sweden, 
Vasterbotten

Wedin, M. Wedin 6862 (UPS) KP771845

Montanelia sorediata 4001 USA, Pennsylvania Lendemer, J. Lendemer 13329 (NY) KP771846
Montanelia sorediata 5981 Russia, 

Khabarovskiy Krai
Spribille, T. Spribille 31972 (GZU) KP771847

Montanelia sorediata 2014 Norway, Telemark Timdal, E. O-L-195791 MK811963
Montanelia sorediata 2014 Norway, Troms Timdal, E. O-L-195658 MK811965
Montanelia sorediata 2016 Norway, Buskerud Dahl, M. S., 

Kistenich, S. 
D., Timdal, E., 
Toreskaas, A. K.

O-L-204941 MK811977

Montanelia sorediata C_4670 Canada, British 
Columbia

Bjork, C. Bjork 15153 (UBC) KM386102
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Bands corresponding to the ITS region were excised from the agarose gel and then 
purified by ethanol precipitation. Cleaned samples were sent to a sequencing service 
(Genomed, Warszawa, Poland). All laboratory analyses were performed at the Depart-
ment of Botany and Plant Ecology at the Wrocław University of Environmental and 
Life Sciences.

Sequence alignment and phylogenetic analysis

The newly-generated sequences and selected representatives of brown saxicolous Par-
meliaceae were aligned using the Guidance 2 server (Landan and Graur 2008; Penn et 
al. 2010; Sela et al. 2015) employing the MAFFT algorithm (Katoh et al. 2002) fol-
lowed by elimination of terminal ends. The final alignment consisted of 117 sequences 
of 535 sites. Further, we used Partition Finder 2 (Lanfear et al. 2016) implemented at 
the CIPRES Science Gateway (Miller et al. 2010). Two different models were found 
for partitions: GTR+G for ITS1 and ITS2 and K80+G for the 18S and 5.8S regions.

Moreover, phylogenetic analysis of all Melanelia sequences was also performed. 
Newly-generated sequences and these downloaded from GenBank, together with 
representatives of Cetraria commixta, which were further used as an outgroup, were 
aligned using the Guidance 2 server (Landan and Graur 2008; Penn et al. 2010; Sela et 
al. 2015) employing the MAFFT algorithm (Katoh et al. 2002) followed by elimina-
tion of unreliable columns. The final alignment consisted of 76 sequences of 803 sites. 
Further, we used jModeltest 2.1 (Darriba et al. 2012) implemented at the CIPRES 
Science Gateway (Miller et al. 2010) and the K80+G model was selected.

Bayesian analysis was carried out using a Markov Chain Monte Carlo (MCMC) 
method, in MrBayes v. 3.2.6 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsen-
beck 2003) on the CIPRES Web Portal (Miller et al. 2010) using best models. Two 
parallel MCMC runs were performed, each using four independent chains and four 
million generations, sampling every 1000th tree. Posterior probabilities (PP) were de-
termined by calculating a majority-rule consensus tree after discarding the initial 25% 
trees of each chain as the burn-in.

A Maximum Likelihood (ML) analysis was performed using RAxML-HPC2 
v.8.2.10 (Stamatakis 2014) with 1000 ML bootstrap iterations (BS) and the GTR-
GAMMAI model for both analyses. Phylogenetic trees were visualised using FigTree v. 
1.4.2 (Rambaut 2012) and modified in Inkscape (https://inkscape.org/).

Haplotype networks

Newly-generated sequences of the ITS rDNA marker, together with sequences download-
ed from GenBank from specimens of Cetraria commixta, Melanelia agnata, M. hepatizon, 
M. stygia, Montanelia disjuncta and M. sorediata, were aligned separately for each species 
using Seaview software (Galtier et al. 1996; Gouy et al. 2010). TCS networks (Clement et 
al. 2002) were created as implemented in PopART software (http://popart.otago.ac.nz). 
Nucleotide diversity per site was calculated using DnaSP v.6 software (Rozas et al. 2017).
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Results

Phylogeny and haplotype networks

A total of 169 sequences were analysed in this study.
The RAxML tree did not contradict the Bayesian trees topologies for the strongly-

supported branches and only the latter is shown with posterior probabilities. The bootstrap 
support values BS ≥ 70 and PP ≥ 0.95 were considered to be significant and are shown near 
the branches. In Fig. S1, three main, highly supported lineages representing Melanelia spp. 
(i.e. M. agnata, M. hepatizon and M. stygia), Montanelia spp. (i.e. M. disjuncta and M. sore-
diata) and Cetraria commixta were distinguished. The newly-sequenced specimens clustered 
together with other representatives of the species downloaded from GenBank. Amongst 
them, Melanelia stygia is not monophyletic, but forms two separate well-supported clades.

Moreover, to better understand phylogenetic relationships in the Melanelia, we per-
formed additional analysis for all available ITS rDNA sequences from representatives of 
this genus. The Bayesian tree is presented in Fig. 1 with posterior probabilities and the 
bootstrap support values presented near the branches and with Cetraria commixta as an 
outgroup. In this tree, Melanelia stygia also forms two separate, highly-supported clades.

We constructed haplotype networks (Figs 2–7) to assess genetic variability within ITS 
rDNA marker for each species, including newly-collected specimens and data were down-
loaded from GenBank. The number of haplotypes found for each taxon ranged from five 
(in Melanelia stygia) to 12 (in Melanelia hepatizon and Montanelia disjuncta); however, their 
numbers seem to be correlated with the abundance of specimens tested, which ranged 
from 10 (in Melanelia agnata) to 67 (in Montanelia disjuncta). Moreover, we also calculated 
nucleotide diversity for each dataset and found lower values for Montanelia disjuncta and 
Cetraria commixta (0.00380 and 0.00405, respectively) and higher values for Melanelia 
agnata, M. hepatizon and M. stygia (0.01552, 0.01421 and 0.01418, respectively) (Table 2).

Characteristics of the studied species

Cetraria commixta (Nyl.) Th. Fr.

Lichenographia Scandinavica 1:109 (1871) ≡ Platysma commixtum Nyl., Synopsis 
methodica lichenum 1:310 (1860) ≡ Melanelia commixta (Nyl.) A. Thell, Nova 
Hedwigia 60:417 (1995) ≡ Cetrariella commixta (Nyl.) A. Thell & Kärnefelt, My-
cological Progress 3:309 (2004).

Description. C. commixta is a foliose species with elongated, smooth and flat lobes, 0.25–
2.5 mm broad, which are thick on the margins and rounded at the ends (Szczepańska 
and Kossowska 2017). Its upper surface is glossy, olive-brown to dark brown or almost 
black. The lower surface is pale brown, but darker in the centre, with single, dark rhizines. 
C. commixta possess rounded or slightly elongated pseudocyphellae, which are present 
only on the margins and edges of lobes and cylindrical, marginal pycnidia, producing 
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Figure 1. Phylogenetic relationships of Melanelia spp., based on Bayesian analysis of the ITS rDNA 
dataset. Posterior probabilities and Maximum Likelihood bootstrap values are shown near the internal 
branches. Newly-generated sequences are additionally described with isolate numbers following the spe-
cies names and are marked in bold. GenBank accession numbers of sequences downloaded from GenBank 
are listed on the tree with species names.
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hyaline, citriform conidia (3–4 × 1–1.5 µm). Apothecia are marginal, constricted at base, 
0.2–7 mm diam., with hyaline, ellipsoid to oblong-ellipsoid ascospores (6–8 × 4–6 μm).

Chemistry. α-collatolic acid (chemotype I) or no substances (chemotype III).
Distribution. C. commixta is a circumpolar and arctic-alpine species (Otte et al. 

2005), growing mainly in mountain sites, in open places with high precipitation, on 
natural acid, siliceous rocks in North America and Europe. Available molecular data 
concern samples collected in North America (Canada, Greenland), as well as North 
(Finland, Norway, Sweden) and West (Spain) Europe.

Haplotypes differentiation. We identified seven different haplotypes (Fig. 2, Table 
2) within C. commixta (n = 17) that differ from each other in one or two positions, except 
for a single Canadian sample that differs in at least eight positions. The most common 
haplotype was found in ten specimens occurring in Greenland and North and Central 
Europe, amongst them being three newly-sequenced specimens (samples 37 and 97 from 
Poland and sample 129 from Germany). Moreover, two Polish specimens (samples 36 and 
124 from the Sudety Mountains) represent a unique haplotype that differs from the most 
common one in a single position. Five haplotypes identified in our dataset were repre-
sented by single specimens originating from Greenland (3 haplotypes), Canada or Spain.

Figure 2. Haplotype network, based on ITS rDNA sequences from specimens of Cetraria commixta. 
Newly-generated sequences are described with isolate numbers preceding the species names. Sequences 
downloaded from GenBank are described with their accession numbers. Mutational changes are presented 
as numbers in brackets near lines between haplotypes.

Melanelia agnata (Nyl.) A. Thell

Nova Hedwigia 60:416 (1995) ≡ Platysma agnatum Nyl., Flora, Jena 60:562 
(1877) ≡ Cetraria agnata (Nyl.) Kristinsson, Lichenologist 6:144 (1974).

Description. M. agnata has foliose thallus with flat, smooth, 0.25–2 mm broad lobes 
which are thicker on the margins and rounded at the ends (Szczepańska and Kossowska 
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Table 2. List of haplotypes identified in this study and their geographical distribution. Nucleotide diver-
sity for each species is also presented, and the newly generated sequences are in bold.

Haplotypes 
number

North America North Europe Central Europe West Europe Asia Nucleotide 
diversity

Cetraria commixta
1 KF257934 Greenland AF451796 Finland 37 Poland

KF257937 Greenland KY266843 Norway 97 Poland 0.00405
KF257938 Greenland KC990132 Sweden 129 Germany

GU994554 Sweden
2 36 Poland

124 Poland
3 AF451797 Canada
4 KF257939 Greenland
5 KF257936 Greenland
6 KF257935 Greenland
7 GU994555 Spain

Melanelia agnata
1 KY508672 Iceland

KY508673 Iceland 0.01552
KY963373 Iceland
KY963374 Iceland

2 102 Poland
103 Poland

3 KF257940 Greenland
4 KF257941 Greenland
5 KF257942 Greenland
6 MK257942 Norway

Melanelia hepatizon
1 KF257943 Greenland KY508678 Iceland 98 Poland

KF257944 Greenland KY508680 Iceland 111 Poland 0.01421
KY508679 Norway 128 Germany
MK812188 Norway

2 KF257945 Greenland KY508675 Iceland 109 Poland
KF257946 Greenland KY508676 Iceland
KF257947 Greenland
KF257949 Greenland
KF257951 Greenland

3 KY508674 Iceland 95 Poland
KY508677 Iceland 110 Poland
KY266879 Iceland
KY266879 Norway
DQ980016 Sweden

4 83 Poland AF451776 Italy
96 Poland

113 Poland
116 Slovakia
119 Poland
122 Poland

5 KF257950 Greenland
KF257953 Greenland

6 KF257952 Greenland
7 KF257948 Greenland
8 AF141369 Canada
9 KY963376 Iceland
10 MK812512 Norway
11 91 Poland
12 117 Slovakia



Genetic variability within brown Parmeliae 141

Haplotypes 
number

North America North Europe Central Europe West Europe Asia Nucleotide 
diversity

Melanelia stygia
1 AY611097 Finland AY611121 Austria AF451775 Italy

MK812608 Norway 40 Poland 0.01418
42 Austria
94 Poland

104 Poland
108 Poland
112 Poland

127 Czech Re-
public

2 KY508681 Island
KY508682 Island
KY508683 Island
KY963375 Island

3 KF257954 Greenland
KF257955 Greenland

4 AF115763 Finland
5 MK812312 Norway

Montanelia disjuncta
1 KF257964 Canada KY963378 Iceland AY611077 Austria GU994556 India

KF257967 Canada KF257961 Norway 50 Poland KF257972 India 0.00380
KF257969 Canada KP771829 Norway 51 Poland KP771837 India
KP771830 Canada KP771834 Sweden 57 Poland

JX126181 USA 80 Poland
81 Poland
82 Poland
85 Poland
86 Poland
87 Poland
88 Poland
93 Poland

121 Poland
125 Poland
126 Poland

130 Czech Re-
public

2 KF257962 Canada KY963377 Iceland 90 Poland
KF257965 Canada KY266910 Norway 120 Poland
KF257966 Canada DQ980015 Sweden

KP771832 Greenland
KF257958 Greenland
KF257970 Greenland
KP771826 Greenland

3 KF257957 Greenland KY508684 Iceland
KF257971 Greenland KY508685 Iceland
KP771825 Greenland KY508686 Iceland
KP771833 Greenland

4 - 78 Poland
JX974654 United 

Kingdom
79 Poland

KP771835 United 
Kingdom

89 Poland

92 Poland
123 Poland
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2017). The upper surface is glossy, olive-brown to dark brown. The lower surface is 
pale brown to dark brown in the centre, with single, dark rhizines. M. agnata possess 
pseudocyphellae which are larger on the lobe margins and smaller, punctiform on the 
upper surface of the lobes. Pycnidia are mainly marginal to laminal, partially immersed 
and globose with hyaline bacilliform conidia (4.5–5.5 × 1 µm). Apothecia are not seen 
in examined material.

Chemistry. No secondary metabolites were detected by TLC.
Distribution. M agnata is a rare taxon occurring in arctic and boreal regions in 

North America and Europe, growing in open stands on siliceous and basalt rocks (Otte 
et al. 2005). Available molecular data concern samples collected only in North Ameri-
ca (Greenland) and North Europe (Iceland, Norway).

Haplotypes differentiation. Six different haplotypes were identified in M. agnata 
(n = 10), of which two Polish specimens, collected in the Karpaty Mountains, have the 
same, not previously known, haplotype (Fig. 3, Table 2). It differs from other haplotypes 
in at least seven positions. However, the remaining specimens originate from Greenland, 
Iceland or Norway and no other samples from Central Europe have been sequenced until 
now. Four Icelandic specimens have the same haplotype, which is similar to the haplotype 
from Norwegian specimens. In contrast, Icelandic haplotypes differ from Greenlandic 
haplotypes in at least eight positions. Whether their genetic diversity supports conclu-
sions from previous papers suggesting potentially unrecognised species lineages in the 
M. agnata genus (Leavitt et al. 2014; Xu et al. 2017) remains unresolved and should be 
further studied.

Haplotypes 
number

North America North Europe Central Europe West Europe Asia Nucleotide 
diversity

5 KF257956 Canada
KP771824 Canada

6 JX974658 Canada
KP771836 Canada

7 KF257963 Canada
8 KF257959 Greenland

KP771827 Greenland
9 KF257968 USA

KP771831 USA
10 KF257960 USA

KP771828 USA
11 MK811852 Norway
12 MK811711 Norway

Montanelia sorediata
1 MK811977 Norway 100 Poland

MK811965 Norway 0.00830
GU994557 Sweden
KP771845 Sweden

2 KF257978 USA KF257981 Russia
KP771846 USA KP771847 Russia

KM386101 Japan
3 KF257980 USA 101 Poland
4 KM386102 Canada

KF257982 Canada
5 KF257979 Canada
6 MK811963 Norway
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Melanelia hepatizon (Ach.) A. Thell

Nova Hedwigia 60:419 (1995) ≡ Lichen hepatizon Ach., Lichenographiae Sueciae Prodromus 
110 (1798) ≡ Cetraria hepatizon (Ach.) Vain., Termeszetrajzi Füzetek 22:278 (1899).

Description. M. hepatizon is foliose species with flat lobes that are 0.25–2.5 mm 
broad and thick at the margins (Szczepańska and Kossowska 2017). Its upper surface 
is glossy, brown to almost black. The lower surface is dark brown to black, paler near 
the margins, with single, dark rhizines. Pseudocyphellae are mainly present on the 
margins and edges of lobes. Pycnidia are marginal, but sometimes also laminal, sessile, 
globose to stalked, slightly elongated or cylindrical with hyaline, bacilliform conidia 
(3–5 × 1 µm). Apothecia are marginal to laminal, sessile, with hyaline, ellipsoid to 
oblong-ellipsoid ascospores (6–8 × 4–6 μm).

Chemistry. Stictic and norstictic acids.

Figure 3. Haplotype network, based on ITS rDNA sequences from specimens of Melanelia agnata. 
Newly-generated sequences are described with isolate numbers preceding the species names. Sequences 
downloaded from GenBank are described with their accession numbers. Mutational changes are presented 
as numbers in brackets near lines between haplotypes.
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Melanelia stygia (L.) Essl.

Mycotaxon 7:47 (1978) ≡ Lichen stygius L., Species Plantarum 2:1143 (1753).

Description. M. stygia has foliose thallus, composed of 0.25–1.5 mm broad, smooth 
and usually distinctly convex lobes (Szczepańska and Kossowska 2017). The upper 

Figure 4. Haplotype network, based on ITS rDNA sequences from specimens of Melanelia hepatizon. 
Newly-generated sequences are described with isolate numbers preceding the species names. Sequences 
downloaded from GenBank are described with their accession numbers. Mutational changes are presented 
as numbers in brackets near lines between haplotypes.

Distribution. M. hepatizon is a circumpolar and arctic-alpine species occurring from 
oceanic to continental sites on siliceous rocks in North America and Europe (Otte et al. 
2005). Available molecular data concern samples collected in North America (Canada, 
Greenland) as well as North (Iceland, Norway, Sweden) and West (Italy) Europe.

Haplotypes differentiation. A higher number of haplotypes was detected in 
M. hepatizon (n = 40), in which we identified 12 haplotypes (Fig. 4, Table 2). Amongst 
newly-sequenced specimens, we identified six haplotypes. Some are more common 
and were previously found in Greenland, Iceland, Italy, Norway or Sweden. In con-
trast, others were only found in newly-sequenced specimens, such as sample 91 from 
the Sudety Mountains in Poland and sample 117 from the Karpaty Mountains in 
Slovakia. However, no geographic pattern was found in the dataset.
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surface is glossy, dark brown to almost black. The lower surface is dark brown to black, 
paler near the margins, with single, dark rhizines. Pseudocyphellae in this species are 
numerous, rounded or slightly elongated and laminal – clearly visible on the upper 
surface of the lobes. Pycnidia are also common, globose, laminal and immersed with 
hyaline, bacilliform conidia (3.5–5 × 1 µm). Apothecia are laminal, constricted at the 

Figure 5. Haplotype network, based on ITS rDNA sequences from specimens of Melanelia stygia. New-
ly-generated sequences are described with isolate numbers preceding the species names. Sequences down-
loaded from GenBank are described with their accession numbers. Mutational changes are presented as 
numbers in brackets near lines between haplotypes.

base and 0.5–6 mm in diameter. Ascospores are hyaline, ellipsoid to oblong-ellipsoid, 
6–8 × 4–6 μm in size.

Chemistry. Protocetraric and fumarprotocetraric acids (Race 1) or no substances 
detected (Race 6).

Distribution. M. stygia is a circumpolar and arctic-alpine species occurring mainly 
on siliceous rocks in upper mountain areas in North America and Europe (Otte et 
al. 2005). Available molecular data concern only a few samples collected in North 
America (Greenland) and North (Iceland, Finland, Norway) and West (Italy) Europe.
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Haplotypes differentiation. Amongst five identified haplotypes in Melanelia sty-
gia (n = 19), all newly-sequenced specimens (five from Poland, one from Austria and 
one from the Czech Republic) have the same haplotype, previously reported from 
Austria, Finland, Italy and Norway (Fig. 5, Table 2). It differs from the haplotype 
identified in another Finnish specimen in two positions. Two Greenlandic specimens 
have the same haplotype that differs from the most common one in five positions. Four 
Icelandic samples have an identical haplotype that differs from the Norwegian sam-
ple in five positions; however, these samples differ in at least 13 positions from other 
haplotypes of M. stygia. Moreover, these Icelandic and one Norwegian samples form 
a separate clade shown in Fig. 1, in contrast to the remaining specimens of M. stygia. 
These molecular data suggest that these lineages may represent phenotypically indis-
tinguishable cryptic species.

Montanelia disjuncta (Erichsen) Divakar, A. Crespo, Wedin & Essl.

American Journal of Botany 99:2022 (2012) ≡ Parmelia disjuncta Erichsen, Annales 
Mycologici 37:78 (1939) ≡ Melanelia disjuncta (Erichsen) Essl., Mycotaxon 7:46 
(1978).

Description. M. disjuncta possess foliose thallus composed of 0.6–1.2 mm broad, flat to 
slightly convex and glossy lobes (Szczepańska et al. 2015). Its upper surface is smooth, ol-
ive-brown to dark brown. Pseudocyphellae are small, rather indistinct and submarginal. 
Its characteristic feature is the presence of the soralia (0.2–0.5 mm in diameter), which 
are punctiform, irregular, usually capitate and arise on the surface or at the margins of the 
lobes. Soredia are granular to isidioid, dark, but appearing white when abraded. Pycnidia 
are rare, conidia are 6–7 × 1 μm. Apothecia are not seen in the examined material.

Chemistry. Perlatolic and stenosporic acids.
Distribution. M. disjuncta is a circumpolar species growing mainly on siliceous 

rocks. The geographical range of this species consists of both continental and oce-
anic areas of Europe and North America (Esslinger 1977; Otte et al. 2005; Hansen 
2013). Available molecular data concern samples collected in North America (Canada, 
Greenland, USA), North (Iceland, Norway, Sweden, United Kingdom) and Central 
(Austria) Europe, as well as Asia (India).

Haplotypes differentiation. Twelve different haplotypes were identified in 
M. disjuncta (n = 67), of which the most common haplotype occurs in Europe, 
North America and Asia (Fig. 6, Table 2). The highest diversity was observed in 
North America (Canada, Greenland, USA), for which a total of nine different hap-
lotypes were found, including six that were exclusive for this region. We identified 
three different haplotypes amongst the newly-collected samples (n = 22). The most 
common one also occurs in other European countries, Asia and North America. 
The second most common also occurs in Northern Europe and North America, 
while the third haplotype was previously identified in specimens collected in the 
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United Kingdom. Moreover, four different haplotypes were identified amongst 
specimens collected in Norway, while five haplotypes were identified in Canadian 
samples, of which three are unique to Canada. Three haplotypes were identified in 
samples from both Iceland and Greenland, two of which are common for these ar-
eas and one haplotype is unique to Greenland. Some haplotypes are represented by 
more than one sample originating from particular areas, such as Alaska and Maine 
(USA), the Yukon Territory (Canada) or Greenland. The haplotypes identified in 
our dataset originated from different geographical areas and two of the most com-
mon haplotypes are widely distributed in the Northern Hemisphere. Based on the 
presented sampling, we could not indicate any geographical pattern, neither locally 
nor worldwide.

Figure 6. Haplotype network, based on ITS rDNA sequences from specimens of Montanelia disjuncta. 
Newly-generated sequences are described with isolate numbers preceding the species names. Sequences 
downloaded from GenBank are described with their accession numbers. Mutational changes are presented 
as numbers in brackets near lines between haplotypes.
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Montanelia sorediata (Ach.) Divakar, A. Crespo, Wedin & Essl.

American Journal of Botany 99:2023 (2012) ≡ Parmelia stygia var. sorediata Ach., 
Lichenographia Universalis 471 (1810) ≡ Melanelia sorediosa (Almb) Essl., My-
cotaxon 7:47 (1978) ≡ Melanelia sorediata (Ach.) Goward & Ahti, Mycotaxon 
28:94 (1987).

Description. M. sorediata is a foliose species. Its lobes are flat to slightly convex, 0.2–
0.6 mm broad, distinctly rugged and pitted at the ends (Szczepańska et al. 2017). 
The upper surface is smooth, dull, olive brown to dark brown. Characteristic soralia 
arise on the ends of the main lobes or on the smaller, erect side lobes. They are usually 
distinctly convex and capitate with granular to isidioid, dark soredia. Pseudocyphellae 
and pycnidia are absent. Apothecia are not seen in the examined material.

Chemistry. Perlatolic and stenosporic acids.
Distribution. M. sorediata is a probably circumpolar species that prefers siliceous 

substrates, usually in open and well-lit places. The species is mentioned as occurring 

Figure 7. Haplotype network, based on ITS rDNA sequences from specimens of Montanelia sorediata. 
Newly-generated sequences are described with isolate numbers preceding the species names. Sequences 
downloaded from GenBank are described with their accession numbers. Mutational changes are presented 
as numbers in brackets near lines between haplotypes.
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in North America and Europe (Esslinger 1977; Otte et al. 2005). Available molecular 
data concern only a few samples collected in North America (Canada, USA), North 
Europe (Norway, Sweden) and Asia (India).

Haplotypes differentiation. Six different haplotypes were identified in M. soredia-
ta (n = 16), of which two Polish specimens, collected in the Karpaty Mountains, have 
two different haplotypes that differ in a single position (Fig. 7, Table 2). Interestingly, 
sample 101 has the same haplotype as the specimen collected in Alaska (KF257980), 
while sample 100 has the same haplotype as four Scandinavian specimens collected 
in Norway and Sweden. Another of the most common haplotypes is represented by 
specimens collected in Japan, Russia and the USA. Therefore, no specific geographic 
pattern was observed in the dataset.

Discussion

Although several studies focused on the phylogeny of brown Parmeliae, in the ana-
lysed datasets, there was an evident lack of molecular data concerning this group 
from Central Europe. The available data included only North America (mainly 
Greenland), Northern Europe (Scandinavian countries) and single sequences from 
specimens collected in Western Europe (Spain, Italy) and Asia (India, Russia). Hav-
ing the opportunity to collect data from Poland, we focused on taxa occurring in 
this country, such as Cetraria commixta, Melanelia agnata, M. hepatizon, M. stygia, 
Montanelia disjuncta and M. sorediata. Additionally, in analyses, we also included 
newly-generated sequences from samples collected in Austria, Czech Republic, 
Germany and Slovakia. By supplementing the dataset with new sequences from 
a previously-unexplored area, we wanted to study the intraspecific internal tran-
scribed spacer (ITS) rDNA variability of mentioned species and analyse distribu-
tion patterns of individual haplotypes. Previously, Leavitt et al. (2014) reported 
mean genetic distance (given as the number of nucleotide substitutions per site) 
in brown Parmeliae and found higher values in the case of Melanelia agnata and 
M. hepatizon (0.013) in contrast to Cetraria commixta and M. stygia (0.002 and 
0.007, respectively). In this study, we found the highest nucleotide diversity in 
Melanelia agnata and M. hepatizon (0.01552 and 0.01421, respectively), but also 
in M. stygia (0.01418) as a result of additional sampling.

In our study, the haplotype networks illustrated that single-locus haplotypes and 
clades have no geographic clustering and cannot be useful in defining the species 
boundaries within brown Parmeliae. Haplotypes are dispersed amongst the sites and 
clades do not show apparent association with spatial location, as reported in literature 
data (Werth and Sork 2008; Starosta and Svoboda 2020). In addition, many of the 
analysed haplotypes of brown Parmeliae are widely distributed and, in many cases, 
the same haplotypes are shared between temperate and polar populations. What is 
more, all taxa, except Melanelia stygia, seem to be monophyletic and newly-sequenced 
specimens cluster together with other representatives of the species downloaded from 
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GenBank. The extremely wide geographical distribution of mycobiont haplotypes has 
been observed in some other species, such as Cavernularia hultenii (Printzen et al. 
2003), Cetraria aculeata (Fernández-Mendoza et al. 2011) and Cladonia subcervicornis 
(Printzen and Ekman 2003). In the first two cases, this phenomenon is assigned to li-
chens characterised by vegetative propagation and interpreted as evidence for ancestral 
polymorphisms and slow genetic drift (Printzen et al. 2003). This finding conforms 
well with the results of our study on Parmeliaceae, which are usually sterile species, 
reproducing by soredia (Montanelia) and conidia (Cetraria, Melanelia).

Although representatives of brown Parmeliae are known from both Hemispheres 
(Otte et al. 2005), all species studied in this paper represent circumpolar distribution 
and occur only on northern continents. The specimens used for the analyses origi-
nated mainly from mountain areas of Poland, both the Carpathians and the Sudetes; 
however, the range of sampling seems to be representative for this part of Europe. 
The number of analysed haplotypes representing different geographical regions was 
comparable for each taxon; nevertheless, the number of Melanelia agnata and Mon-
tanelia sorediata samples remain very small. Due to the newly-generated molecular 
data covering Central Europe, we were able to compare the haplotype distribution in 
this area with other parts of the world. Unfortunately, the data available for discussed 
lichens taxa include, almost exclusively, specimens from North America and Northern 
Europe; the data concerning Asia and Southern Europe are not sufficient to make a 
reliable comparison possible. In almost all analysed taxa, stronger genetic differentia-
tion was found amongst North American populations, with a few haplotypes unique 
for this part of the world, especially for Greenland. Specimens occurring in Central 
Europe have lower haplotype diversification and many of these haplotypes have wide 
geographical distribution (Table 2). Nevertheless, it seems that the number of analysed 
sequences is still insufficient to indicate high diversity areas (hotspots), species specia-
tion centres or glacial refugia. Although the numbers of haplotypes correlated with the 
number of specimens tested, two species occurring in Poland (Melanelia agnata and 
M. stygia) clearly indicate a very low level of genetic diversity. Both species are rare in 
Poland and their distribution is limited to the high mountain regions (Szczepańska and 
Kossowska 2017). Low genetic diversity and limited occurrence suggest considering 
both taxa as critically endangered in Poland.

In recent years, it has been proved that cryptic species-level lineages are very com-
mon amongst lichen-forming fungi (Crespo and Pérez-Ortega 2009; Crespo and Lumb-
sch 2010; Lumbsch and Leavitt 2011). At the same time, it has been shown that phe-
notypic variation is not always ‘sensitive’ enough for delimitation and description of 
new taxa. Modern methods of genetic analysis are recommended as an additional tool 
for this purpose (Molina et al. 2011; de Paz et al. 2012; Leavitt et al. 2013; Renner 
2016). At the same time, it is necessary to include other evidence, such as chemistry, 
ecology, geography and morphology, for the proper delimitation of lichenised fungi 
species (Hawksworth 1976; Dayrat 2005; Crespo and Pérez-Ortega 2009). Such care-
ful and versatile analysis of distinct phylogenetic lineages may lead to recognising some 
previously-overlooked characteristics (Kroken and Taylor 2001; del Prado et al. 2007; 
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Frolov et al. 2016; Leavitt et al. 2016; Szczepańska et al. 2020). In the recent review 
paper, Lücking et al. (2021) proposed a detailed protocol for consistent taxonomy of 
lichen-forming fungi. The integrative taxonomy employing phylogeny, reproductive bi-
ology and phenotype should be used to delimit species (Lücking et al. 2020). Aime et al. 
(2021) recommended circumscription of new taxa, based on an appropriate sampling of 
multiple representatives from different collections for which multi-loci analyses should 
be performed. They also noted that description of a new species, based on single-locus 
phylogenetic analyses, could only be done in exceptional cases. The errors caused by con-
taminant sequences, laboratory mix-ups and chimeric sequences should be avoided for 
proper establishment of novel taxa, based on molecular data only (Lücking et al. 2021). 
Therefore, it is crucial to employ unlinked loci from different parts of the genome, even 
though the ITS rDNA marker is widely used in DNA barcoding of fungal taxa.

We analysed phenotypic diversity of samples representing individual haplo-
types in our studies. However, in morphological, anatomical and chemical analy-
ses, we observed that phenotypic characters of individuals representing different 
haplotypes are homogeneous and no visible distinctive features for samples with 
different geographic distribution were recognised. Recent molecular studies of one 
of the analysed genus – Melanelia, suggested previously unrecognised species-level 
diversity within this taxon (Divakar et al. 2012; Leavitt et al. 2014; Xu et al. 
2017). However, the authors based their assumptions primarily on phylogenetic 
analyses without considering phenotypic features. Therefore, we have decided to 
analyse differences in morphology, anatomy and chemistry of M. stygia and M. ag-
nata specimens originating from different geographic regions (Greenland, Iceland 
and Central Europe).

Melanelia agnata is a rare lichen recorded in North America and some European 
countries, such as Austria, Iceland, Norway, Poland, Russia, Sweden, Switzerland 
and Slovakia (Westberg et al. 2004; Hawksworth et al. 2008; Szczepańska and Kos-
sowska 2017). The analysed holotype of Melanelia agnata is characterised by small 
(ca. 3.0 cm in diam.), foliose, olive-brown to dark-brown thallus, composed of flat, 
shiny, 0.25–2 mm broad, smooth lobes with thicker margins (Fig. 8A). Its lower 
surface is pale brown with single, dark rhizines. Polish (Figs. 8G and H) and Green-
landic (Fig. 8E and F) specimens comply with the type. However, Icelandic material 
differs in a larger thallus size (up to 10 cm in diam.) and the appearance of the lobes, 
which are more convex than flat, 1–5 mm broad and distinctly wrinkled (Fig. 8C). 
Thell (1995) made an interesting taxonomic description of M. agnata, in which 
he noted that its thallus could reach up to 10 cm diam. However, in his research, 
Thell (1995) analysed only a few specimens, including one from Iceland (Kristinsson 
14781, GZU, LD) and treated them all as a single taxon. A similar situation applies 
to conidia, reaching 5–7.5 µm in M. agnata, according to Thell (1995). Pycnidia 
observed in Icelandic specimens are usually marginal (Fig. 8D), very often double 
and produce bifusiform conidia, 4.5–6 × 1 µm, in contrast to the type specimen, 
which pycnidia are simple, marginal to laminal (Fig. 8B) with smaller conidia, at 
3.5–5 × 1 µm. Pseudocyphellae are always whitish, rounded or irregular, marginal 
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and laminal in all analysed material; they are much more abundant in specimens 
from Iceland (Fig. 8D). None of the Icelandic specimens had apothecia, so their ana-
tomical analysis was impossible. All material was chemically homogeneous and no 
secondary metabolites were detected by thin-layer chromatography (TLC), which is 
consistent with other descriptions (Thell 1995; Xu et al. 2017).

Melanelia stygia is a much more common species than M. agnata. In Europe, 
it was recorded in the upper mountain areas of Austria, the Czech Republic, Ger-
many, Great Britain, Poland, Romania, Russia, Slovakia, Switzerland and Ukraine 
(Hawksworth et al. 2008).

After phenotypic studies, we have concluded that all material is homogeneous 
and none of the analysed morphological and anatomical features coincides with geo-
graphically-distinct M. stygia populations (Fig. 9A–F). However, some differences may 
be observed in the secondary chemistry. In his paper, Esslinger (1977) recognised six 
chemical races within M. stygia. He stated that some of them are broadly distributed 
and others are more frequent in particular regions. All the currently-examined samples 
originating from Greenland and Central Europe belong to Race 1, containing fumaro-
protocetraric and protocetraric acids. Specimens from Iceland represent Race 6, with-
out secondary metabolites. Both races are known to occur in Japan, North America 
and Europe; however, there is a possibility that Race 6 is the only chemical Race occur-
ring in Iceland. Production of some secondary metabolites may be induced by environ-
mental factors (Culberson 1986; Leavitt et al. 2011) and does not always correspond 
with molecular data. Moreover, chemical differences can be observed within some rec-
ognised haplotype groups and even in the same haplotype (Matteucci et al. 2017). At 
the same time, chemical characters may be successfully used to support delimitation of 
lichen taxa, but in any case, they cannot be treated as an exclusive diagnostic trait (Elix 
et al. 2009; Spribille et al. 2011; Leavitt et al. 2013; Onut-Brännström et al. 2018; 
Mark et al. 2019,).

In conclusion, we can state that all of the potential species lineages within Mela-
nelia agnata and M. stygia are cryptic, with very slight morphological, anatomical and 
chemical variation. We were unable to distinguish any distinctive feature that could be 
considered diagnostic and useful for the delimitation of new species, except molecular 
variation. The phenotypic differences mentioned above may reflect environmental or 
climate conditions, such as temperature, light, humidity or substrate and may not be 
connected with genetic differences. However, this study was limited to a small number 
of samples and one genetic marker, ITS; therefore, we refrain from describing new spe-
cies because further study is pending. We suggest that an extended phylogeographic 
study is necessary and an increase in the number of herbarium specimens would proba-
bly give additional information. Even though our analyses complement the knowledge 
on lichens in Central Europe, many areas remain insufficiently explored. Additional 
sampling from Asia and Southern Europe may bring new data on the phylogenetic and 
phenotypic diversity of species from the brown Parmeliae group.
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Figure 8. Melanelia agnata specimens treated A Melanelia agnata H-NYL 36086 (holotype) B Mela-
nelia agnata, H-NYL 36086 (holotype) C M. agnata, AMNH 27562 (Iceland) D M. agnata, AMNH 
30974 (Iceland) E M. agnata, C 19019 (Greenland) F M. agnata, C 19019 (Greenland) G M. agnata, 
Szczepańska 1050, WRSL (Poland) H M. agnata, Szczepańska 1050, WRSL (Poland). Scale bars: 0.5 cm 
(A, C, E, G); 0.5 mm (B, D, F); 1 mm (H).
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Abstract
The fungal genus Conidiobolus sensu lato was delimited into four genera based on morphology and phy-
logeny. However, the taxonomic placement of C. parvus has not been determined until now. Here, we 
show that C. parvus belongs to a distinct lineage based on mitochondrial (mtSSU) and nuclear (TEF1 and 
nrLSU) phylogenetic analyses. Phylogenetic analyses further revealed a new species as sister to C. parvus. 
We identified a synapomorphy uniting these lineages (azygospore production) that was not observed 
in other allied genera of the family Ancylistaceae, and erected a new genus Azygosporus gen. nov. for 
this monophyletic group, with a new combination, A. parvus comb. nov. as the type species. Within 
Azygosporus, the novel species A. macropapillatus sp. nov. was introduced from China based on morpho-
logical characteristics and molecular evidence, which is characterized by its prominent basal papilla, in 
comparison to other closely related species, measuring 7.5–10.0×5.0–10.0 µm. Our study resolved the 
phylogenetic placement of C. parvus and improved the taxonomic system of the Ancylistaceae family.
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Introduction

Conidiobolus is the largest genus within the family Ancylistaceae, and includes mainly 
saprotrophs occurring in soil and plant debris, but also parasites of insects and animals 
(Vilela et al. 2010; Gryganskyi et al. 2012). After decades of study on more than 35 
American and Indian Conidoioblus taxa (Drechsler 1952, 1953, 1954, 1955a, b, 1957, 
1960, 1962; Srinivasan and Thirumalachar 1961, 1962a, b, 1967, 1968b), a numeri-
cal taxonomy was proposed that included 27 distinct species (King 1976a, b, 1977). 
Subsequently, the genus Conidiobolus was divided into three subgenera according to 
secondary conidia types (Ben-Ze’ev and Kenneth 1982). However, these morphologies 
can be difficult to distinguish and possess limited phylogenetic information that has 
limited our understanding of the evolution of Conidiobolus (Humber 1989). Since 
the division of Conidiobolus, several singe- and multi-locus phylogenetic analyses of 
the genus have shown that the proposed groups are polyphyletic (Jensen et al. 1998; 
Gryganskyi et al. 2013; Nie et al. 2018). The latest taxonomic revision of Conidiobolus, 
based on morphology and four genetic loci, revealed four lineages, and four genera 
(Capillidium, Conidiobolus sensu stricto, Microconidiobolus and Neoconidiobolus) were 
established (Nie et al. 2020a).

In addition to the size of primary conidia and the type of secondary conidia, resting 
spores are another character with taxonomic importance for recognizing Conidiobolus 
species (Humber 1997). Until now, four styles of resting spores have been reported: 
villose spores in C. coronatus and C. lunulus (Nie et al. 2020a; Goffre et al. 2020), 
zygospores and chlamydosporus in most members (King 1977; Nie et al. 2020a), and 
azygospores found only in C. parvus (Drechsler 1962; King 1977). Consequently, the 
taxonomic status of C. parvus remained uncertain, as a monotypic lineage in the most 
recent phylogeny analysis (Nie et al. 2020a, b).

Previous phylogenetic analyses have shown that is it not only Conidiobolus parvus 
that has questionable taxonomic placement. Our recent research has indicated that 
C. lampragues and C. nanodes should be assigned into the genus Neoconidiobolus (Nie et 
al. 2021). In this article, we describe a new genus, Azygosporus gen. nov., and a new spe-
cies, A. macropapillatus sp. nov., and compare them to other allied taxa. We construct a 
multilocus (nrLSU, mtSSU, and TEF1) phylogeny that supports morphological results 
and confirm the treatment of ex-type cultures of C. parvus as a new combination in 
Azygosporus gen. nov., named A. parvus (Drechsler) B. Huang & Y. Nie, comb. nov.

Materials and methods

Isolates and morphology

Plant debris was collected from Tiantangzhai National Forest Parks (31°17'48" N, 
115°78'18") and Fangtang (30°30'57" N, 118°42'17" E), Anhui Province, China. Iso-
lations were carried out using the canopy-plating approach (King 1976a). A Petri dish 
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with potato dextrose agar (PDA; potato 200 g, dextrose 20 g, agar 20 g, H2O 1000 
ml) was inverted over the plant debris and incubated at 21 °C. We surveyed the PDA 
canopy daily for entomophthoroid fungi, which were transferred to new PDA for pu-
rification when detected. Morphological characters of mycelia, primary conidiophores, 
primary and secondary conidia, and resting spores were described with the method of 
King (1976a). The length and width of 35 primary conidia, 35 conidiophores and 50 
azygospores were measured using an Olympus BX50 research microscope, and then 
photographed by an Olympus DP25 microscope-camera. Meanwhile, we observed the 
morphology of secondary conidia grown on 2% agar plates (agar 20 g, H2O 1000 ml) 
under a light microscope (Olympus BX50, Japan). The living culture was deposited in 
the Research Center for Entomogenous Fungi of Anhui Agricultural University, Anhui 
Province, China (RCEF), and duplicated in the China General Microbiological Cul-
ture Collection Center, Beijing, China (CGMCC). The dried cultures were deposited 
in the Herbarium Mycologicum Academiae Sinicae, Beijing, China (HMAS).

DNA extraction, PCR amplification and sequencing

Fungal mycelia were incubated on PDA for 7 d at 21 °C. Total genomic DNA was 
extracted from fresh fungal mycelia by using a CTAB method followed Watanabe et 
al. (2010). We targeted three genetic loci for phylogenetic analyses: the large subunit 
of the nuclear ribosomal RNA (nrLSU), the small ribosomal subunit of the mitochon-
dria (mtSSU), and translation elongation factor 1-alpha gene 1 (TEF1) were used for 
phylogenetic analysis. Details of the PCR primers and reactions can be found in Nie 
et al. (2020b). PCR products were purified according to the manufacturer protocol of 
Bioteke’s Purification Kit (Bioteke Corporation, Beijing, China). The sequences of the 
PCR products were determined on both strands by using dideoxy-nucleotide chain 
termination on an ABI 3700 automated sequencer at Shanghai Genecore Biotechnolo-
gies Company (Shanghai, China). Sequence chromatograms were proofread and as-
sembled with Geneious 9.0.2 (http://www.geneious.com) and the nine new nucleotide 
sequences were deposited in GenBank (Table 1).

Phylogenetic analyses

We downloaded nrLSU, mtSSU, and TEF1 sequences of 5 Capillidium species, 19 
Conidiobolus s.s. strains, four Microconidiobolus strains, 12 Neoconidiobolus spe-
cies, C. parvus, and two outgroup taxa (Entomophthora muscae and Erynia conica) 
from GenBank. Individual sequences of each locus were aligned using MUSCLE 
3.8.31 (Edgar 2004) and concatenated matrices were assembled by SequenceMa-
trix 1.7.8 (Vaidya et al. 2011). We partitioned the concatenated matrix by select-
ing the best model of sequence evolution for each gene according to the Akaike 
Information Criterion (AIC) using Modeltest 3.7 (Posada and Crandall 1998). We 
then conducted a Maximum Likelihood (ML) phylogenetic analysis using the best 
model using RAxML 8.1.17 with 1000 bootstrap replicates (Stamatakis 2014). We 
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also built a phylogeny using Bayesian Inference (BI) with MrBayes 3.2.2 (Ron-
quist and Huelsenbeck 2003). We ran four Markov chains for 400,000 genera-
tions, sampling every 100th generation, and chains were run until the standard 

Table 1. Accession information for samples used in phylogenetic analyses.

Species Strains* GenBank accession numbers
nucLSU TEF1 mtSSU

Azygosporus macropapillatus RCEF 4444 MZ542004 MZ555648 MZ542277
A. macropapillatus RCEF 6334 MZ542005 MZ555649 MZ542278
A. macropapillatus CGMCC 3.16068 (T) MZ542006 MZ555650 MZ542279
A. parvus ATCC 14634 (T) KX752051 KY402207 MK301192
Capillidium adiaeretum CGMCC 3.15888 MN061284 MN061481 MN061287
Ca. bangalorense ARSEF 449 (T) DQ364204 – DQ364225
Ca. heterosporum RCEF 4430 JF816225 JF816239 MK301183
Ca. lobatum ATCC 18153 (T) JF816218 JF816233 MK301187
Ca. rhysosporum ATCC 12588 (T) JN131540 JN131546 MK301195
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. dabieshanensis CGMCC 3.15763 (T) KY398125 KY402206 MK301180
C. firmipilleus ARSEF 6384 JX242592 – JX242632
C. gonimodes ATCC 14445 (T) JF816221 JF816226 MK301182
C. humicolus ATCC 28849 (T) JF816220 JF816231 MK301184
C. iuxtagenitus ARSEF 6378 (T) KC788410 – –
C. khandalensis ATCC 15162 (T) KX686994 KY402204 MK301185
C. lichenicolus ATCC 16200 (T) JF816216 JF816232 MK301186
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. polytocus ATCC 12244 (T) JF816213 JF816227 MK301194
C. taihushanensis CGMCC 3.16016 (T) MT250088 MT274290 MT250086
C. variabilis CGMCC 3.16015 (T) MT250087 MT274289 MT250085
Erynia conica ARSEF 1439 EF392396 – EF392506
Entomophthora muscae ARSEF 3074 DQ273772 DQ275343 –
Microconidiobolus nodosus ATCC 16577 (T) JF816217 JF816235 MK333391
M. paulus ARSEF 450 (T) KC788409 – –
M. terrestris ATCC 16198 (T) KX752050 KY402208 MK301199
M. undulatus ATCC 12943 (T) JX946693 JX946699 MK301201
Neoconidiobolus couchii ATCC 18152 (T) JN131538 JN131544 MK301179
N. kunyushanensis CGMCC 3.15890 (T) MN061286 MN061483 MN061289
N. lamprauges CBS 461.97 MH874268 – –
N. lachnodes ARSEF 700 KC788408 – –
N. mirabilis CGMCC 3.17763 (T) MH282852 MH282853 MK333392
N. nanodes CBS 154.56 (T) MH869096 – –
N. osmodes ARSEF 79 EF392371 – DQ364219
N. pachyzygosporus CGMCC 3.17764 (T) KP218521 KP218524 MK333393 
N. sinensis RCEF 4952 (T) JF816224 JF816238 MK301196
N. stilbeus RCEF 5584 (T) KP218522 KP218525 MK301197
N. stromoideus ATCC 15430 (T) JF816219 JF816229 MK301198
N. thromboides ATCC 12587 (T) JF816214 JF816230 MK301200

*ARSEF, ARS Entomopathogenic Fungus Collection (Ithaca, U.S.A.). ATCC, American Type Culture Collection (Manassas, U.S.A). 
CBS, Westerdijk Fungal Biodiversity Institute (Utrecht, The Netherlands). CGMCC, China General Microbiological Culture Collec-
tion Center (Beijing, China). FSU, Jena Microbial Resource Collection (Friedrich-Schiller-University of Jena, Germany). NRRL, ARS 
Culture Collection (Peoria, U.S.A). RCEF, Research Center for Entomogenous Fungi (Hefei, China). T = ex-type.
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deviation of split frequencies fell below 0.01. Maximum Parsimony (MP) analyses 
were performed with PAUP* 4.0b10 (Swofford 2002) using the heuristic research 
option with random stepwise addition, random taxon addition of sequences, tree 
bisection and reconnection (TBR) as the branch swapping algorithm, and 1000 
replicates. All characters were weighted equally and character state transitions were 
treated as unordered. Parameters measured for parsimony included tree length 
(TL), consistency index (CI), rescaled consistency index (RC), retention index 
(RI), and homoplasy index (HI). The sequence matrix was deposited at TreeBase 
(No. S28467). Phylogenetic trees were viewed in TreeView (Page 1996) and edited 
in FigTree 1.4 (Rambaut 2012).

Results

Phylogenetic analyses

The total alignment length of the 46 taxa was 2,002: nrLSU, 1–1,095; TEF1, 
1,096–1,597; and mtSSU, 1,598–2,002. The concatenated matrix contained 957 
parsimony-informative and 225 parsimony-uninformative sites. The MP tree had 
a length of 5,463 with CI = 0.3815, RC = 0.2467, RI = 0.6404, and HI = 0.6471. 
We found that the optimal model of sequence evolution for nrLSU and TEF1 
were GTR+I+G4, while TVM+I+G4 was selected for mtSSU, and the resulting BI, 
ML, and MP trees had similar topologies; the ML tree was selected to represent 
the phylogeny with MP/ML/BI support values (Fig. 1). Samples from Azygospo-
rus macropapillatus sp. nov. were sister to C. parvus (= A. parvus) in a single clade 
mostly related to the genus Conidiobolus s.s. in the phylogenetic tree. Both the 
clades of Azygosporus gen. nov. and A. macropapillatus sp. nov. were monophyletic 
with strong support (100/100/1.00).

Taxonomy

Azygosporus B. Huang & Y. Nie, gen. nov.
MycoBank No: 840849

Etymology. Referring to produce azygospores.
Type species. Azygosporus parvus (Drechsler) B. Huang & Y. Nie.
Description. Mycelia colorless. Primary conidiophores simple, bearing single pri-

mary conidia. Primary conidia forcibly discharged multinucleate, colourless, globose 
to subglobose, small, less than 22.5 μm. Producing only globose or subglobose replica-
tive conidia, similar to and smaller than primary conidia. Azygospores formed in the 
middle region of the old hyphal segments. Mature azygospores colourless or yellowish, 
smooth, without thickening or less thickening (0.5–1.2 μm).

Notes. Azygosporus is strongly supported as monophyletic and is distinguished 
from other Ancylistaceae lineages by the synapomorphy of azygospore production. 
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Therefore, we classify this lineage as a new genus, named Azygosporus gen. nov. Azy-
gosporus currently contains only two members: C. parvus (= A. parvus) and A. macro-
papillatus sp. nov. (Fig. 1). Morphologically, Azygosporus is most similar to Microcon-
idiobolus, which forms small primary conidia (less than 22.5 μm) (Table 2). However, 
the synapomorphy of azygospore production clearly distinguishes Azygosporus from 
Microconidiobolus and other allied genera of the family.

Figure 1. ML tree of Coniobolus s.l. using nrLSU + TEF1 + mtSSU sequences. Entomophthora muscae 
and Erynia conica are selected as outgroups. Support for each node is shown as MP bootstrap support/
ML bootstrap support/Bayesian posterior probability (MPBS/MLBS/BPP) for nodes with MPBS≧70%, 
MLBS≧70%) and BPP≧0.95. The new genus, Azyosporus, and new species, A. macropapillatus, are 
shown in red, and the new combination is shown in blue.



A new genus in Ancylistaceae 167

Azygosporus parvus (Drechsler) B. Huang & Y. Nie, comb. nov.
MycoBank No: 840850

Conidiobolus parvus Drechsler, Bull. Torrey bot. Club 89: 233 (1962) Basionym.

Description. Refer to Drechsler (1962).
Host and distribution. Isolated from decaying leaves in Maryland, United States.
Notes. The ex-type living culture is ATCC 14634 (United States, Maryland, Cumber-

land, 4 November 1962, Drechsler). It was reported to produce azygospores in Conidiobolus 
(King 1977); therefore, we recognize it as the type species of the genus Azygosporus gen. nov.

Azygosporus macropapillatus B. Huang & Y. Nie, sp. nov. 
MycoBank No: 840548
Fig. 2

Etymology. macropapillatus (Lat.), named by its prominent basal papilla.
Host and known distribution. Isolated from plant debris and mosses in Anhui 

Province, China.

Table 2. Morphological measurements of A. macropapillatus and other related species.

Species Growth rate 
(mm/d) at 

21oC on PDA

Diameter 
of mycelia 

(μm)

Primary conidio-
phores (μm)

Primary conidia 
(μm)

Basal papilla 
(μm)

Resting 
spores (μm)

References

A. macro-
papillatus

5.7–7.7 3.0–7.5 37.0–150.0×5.0–
8.5

16.5–22.5×12.0–
19.0

7.5–10.0×5.0–
10.0

azygosporus, 
25.0–

30.0×27.0–
34.0

This article

A. parvus 1.5 1.4–8.0 
(3.5–5)

15.0–30.0×3.0–8.0 6.0–20.0×4.5–17.0 1.5–6.0×1.5–4.5 azygosporus, 
20.0–

25.0×8.0–
20.0

Drechsler 1962

M. 
nodosus

7.1 3.5–6.5 30.0–50.0 17.0–22.0×13.0–
16.0

2.5–5.0×1.5–2.5 chlamydo-
sporus

Srinivasan and 
Thirumalachar 

1967; King 
1977

M. paulus 1.3–3.3 1.5–7.0 
(4.0–5.0)

15.0–30.0×3.5–7.0 5.0–19.0×4.0–14.0 2.0–7.0×1.0–5.0 zygosporus, 
10.0–15.0

Drechsler 1957

M. ter-
restris

2.6 2.8–4.5 15.0–80.0 
×3.0–5.0

8.0–12.0 2.0–4.0×1.5–2.0 chlamydo-
sporus

Srinivasan and 
Thirumalachar 
1968a; King 

1977
N. lam-
prauges

less than 5.0 3.0–8.0 
(4.0–7.0)

25.0–100.0 (25.0–
50.0)×4.0–8.0 

(5.0–15.0)

15.0–22.0×12.5–
20.0

2.5–7.0×1.5–4.0 zygosporus, 
12.0–18.0

Drechsler 1953

N. kuny-
ushanensis

8.3–10.0 3.5–9.0 62.0–121.0×7.0–
12.0

15.0–21.0×13.0–
17.0

4.0–8.0×1.0–4.0 zygosporus, 
12.0–25.0

Nie et al. 2021

N. 
pachyzy-
gosporus

12.0 3.0–14.0 34.0–156.0×6.0–
12.0

15.5–23.0×11.0–
18.0

3.0–5.0×1.0–4.0 zygosporus, 
15.0–25.0

Nie et al. 2018
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Figure 2. Morphological characters of Azygosporus macropapillatus: a) colony on PDA after 3 d at 21 °C, 
b) mycelia rarely branched at the colony edge, c-f ) primary conidiophores bearing primary conidia, g-h) 
Primary conidia with prominent basal papillum, j-k) secondary conidia arising from primary conidia, i-m) 
azygospores formed in the middle region of the old hyphal segment, n) immature azygospore, and o-q) 
mature azygospores. Scale bars: a) 10 mm, b) 100 μm, and c-q) 20 μm.
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Type specimens examined. China, Anhui Province, Ningguo City, Fangtang 
Town, 30°30'57" N, 118°42'17" E, from plant debris, 12 Nov 2020, Y. Nie, HMAS 
350621, holotype, culture ex-holotype CGMCC 3.16068 (= RCEF 6680). GenBank: 
nrLSU = MZ542006; TEF1 = MZ555650; mtSSU = MZ542279.

Additional specimens examined. China, Anhui Province, Jinzhai County, Tian-
tangzhai National Forest Park, 31°20'68" N, 115°81'25" E, from mosses, 6 Nov 2008, 
C.F. Wang, culture RCEF 4444. GenBank: nrLSU = MZ542004; TEF1 = MZ555648; 
mtSSU = MZ542277. China, Anhui Province, Jinzhai County, Tiantangzhai National 
Forest Park, 31°17'34" N, 115°78'13" E, from plant debris, 3 Dec 2015, Y. Nie and 
X.X. Tang, culture RCEF 6334. GenBank: nrLSU = MZ542005; TEF1 = MZ555649; 
mtSSU = MZ542278.

Description. Colonies white, reaching ca 17.0–23.0 mm diameter on PDA after 3 
d at 21°C. Mycelia colorless, 3.0–7.5 µm wide, usually unbranched at the colony edge. 
Primary conidiophores colorless, without widening upward near the tip, unbranched 
and producing a single conidium, 37.0–150.0 × 5.0–8.5 µm. Primary conidia forcibly 
discharged, colorless, subglobose, 12.0–19.0 µm wide and 16.5–22.5 µm long, most 
primary conidia possessed a prominent basal papilla 5.0–10.0 µm wide and 7.5–10.0 
µm long. Secondary conidia arising from the primary ones with a similar shape and 
a smaller size. Resting spores (azygospores) observed after 10 d, and the young spores 
formed in the middle region of the old hyphal segments. The young spores enlarge 
gradually to form mature azygpspores with less thickening. Mature azygospores color-
less, subglobose 25.0–30.0 × 27.0–34.0 μm with a wall 0.5–1.0 μm thick.

Notes. Morphologically, Azygosporus macropapillatus sp. nov. has conidial dimen-
sions similar to six Conidiobolus s.l. species without capilliconidia and microconidia: 
C. parvus, M. nodosus, M. paulus, N. kunyushanensis, N. lamprauges, and N. pachyzy-
gosporus (Drechsler 1953, 1957, 1962; Srinivasan and Thirumalachar 1967; Nie et al. 
2018, 2021). However, A. macropapillatus sp. nov. produces a prominent basal papilla 
of primary conidia that differs from other related species (see detailed morphological 
comparisons in Table 2). A. macropapillatus sp. nov. forms azygospores most closely 
resembling those of C. parvus (= A. parvus), which is its closest known relative with ro-
bust support (100/100/1.00). A. macropapillatus sp. nov. is distinguished from C. par-
vus (= A. parvus) by its longer primary conidiophore and its prominent basal papilla.

Discussion

The genus Microconidiobolus, typified by M. paulus, was recently established as a monotyp-
ic genus based on its small discharged primary conidia (less than 20 μm) (Nie et al. 2020a). 
Besides the species shown in Table 2, we note that overlapping small primary conidial di-
mensions occur in other related genera such as, Capillidium pumilum (7.3–14 × 9–18 µm) 
(Drechsler 1955a) and Conidiobolus khandalensis (15–18 × 17–21 µm) (Srinivasan and 
Thirumalachar 1962b). Therefore, taxonomic definitions in this fungal group, as in all life, 
should be revised to follow phylogenetic relationships. Phylogenetically, Ca. pumilum and 
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C. khandalensis were distinct from Microconidiobolus spp. and C. parvus (= A. parvus) (Nie 
et al. 2018; 2020a). However, our previous phylogeny recovered C. parvus (= A. parvus) as 
distinct lineage within Conidiobolus s.s. (Nie et al. 2018; 2020b), but its taxonomic place-
ment was uncertain due to its affinity with members of Microconidiobolus.

The phylogeny presented here (Fig. 1) is congruent with previous studies (Nie et 
al. 2018; 2020b) that investigated the placement of C. parvus (= A. parvus). Here, we 
demonstrate that C. parvus (= A. parvus) is sister to a new taxon, A. macropapillatus sp. 
nov., in a clade most closely related to Conidiobolus s.s., which we name Azygosporus. 
The primary character distinguishing Azygosporus from Conidiobolus s.s. is the produc-
tion of microspores. Furthermore, Azygosporus can be distinguished from the related 
genus Microconidiobolus, by the production of azygospores, while members of Micro-
conidiobolus form zygospores or chlamydospores. Azygospores were not observed in 
other related genera of the family Ancylistaceae. Consequently, we proposed a new 
genus, Azygosporus gen. nov., based on morphology and phylogeny. In addition, C. 
parvus (= A. parvus) was recognized as a new combination in the genus Azygosporus 
gen. nov. and introduced A. macropapillatus sp. nov. by its prominent basal papilla.

For decades, most published Conidiobolus species had been described by only one 
strain, with the exception of some pandemic species (e.g., C. coronatus, N. osmodes, 
and N. thromboides) (Nie et al. 2021). Unfortunately, the type species C. utriculosus 
Brefeld, along with other important ex-types are missing, which makes it difficult to 
determine the exact taxonomic placement of some questionable Conidiobolus spp. Ex-
panding our descriptions of fungal diversity and improving the taxonomic system of 
this fungal group are continuing goals. Herein, we introduced a new genus and a new 
species, which are contributions to fungal taxonomy.
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