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Abstract

The Red River Basin is located in the Indo-Burma biodiversity hotspot and is rich in ligni-

colous freshwater fungi, but no systematic research has been conducted. A systematic 

study on the species diversity of lignicolous freshwater fungi in the basin is ongoing. 

Seven distoseptispora-like specimens were collected from the Red River Basin in Yun-

nan. Phylogenetic analysis of ITS, LSU, tef1-α, and rpb2 genes and combined morpho-

logical data indicate that there are six distinct species of Distoseptispora, including two 

new species and four known species. Two new species were named D. suae and D. xin-

pingensis, and the four known species were D. bambusae, D. euseptata, D. obpyriformis 

and D. pachyconidia. This study provides detailed descriptions and illustrations of these 

six species and an updated phylogenetic backbone tree of Distoseptispora.
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Introduction

The present study is to establish the species of freshwater fungi along a north-
to-south longitudinal gradient (Hyde et al. 2016). Yunnan is one of the hotspots 
for lignicolous freshwater fungi, where numerous species have been reported 
(Su et al. 2016; Luo et al. 2017, 2018a, b, 2019; Bao et al. 2020; Dong et al. 2020, 
2021). In Yunnan, 278 lignicolous freshwater fungi have been identi昀椀ed in both 
lentic habitats (Cai et al. 2002; Luo et al. 2004) and lotic habitats, including the 
Nu Jiang/Salween River, Lancang River/Mekong River, Dulong River, and Jinsha 
River/Yangtze River (Tsui et al. 2000; Luo et al. 2018a, b, 2019; Bao et al. 2020, 
2021; Dong et al. 2020, 2021; Shen et al. 2022). However, the species diversity 
and distribution of lignicolous freshwater fungi in the Red River Basin remain 
under-explored.

The Red River, one of the largest rivers in Southeast Asia, originates in Weis-
han County, Dali Bai Autonomous Prefecture, Yunnan Province, China, it has a 
total length of 1200 km with a catchment area of 169,000 km2 (Haruyama 1995; 
Van den Bergh et al. 2007). Of this area, 50.3% is in Vietnam, 48.8% in China, 
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and 0.9% in Laos (Van Maren 2007). The portion of the Red River Basin located 
in China is referred to as “Yuanjiang”. This segment has a length of 677 km and 
is characterized by a plateau monsoon climate (Gu et al. 2018). Precipitation 
in the basin generally decreases from downstream to upstream and increases 
from the valleys to the mountains. The basin boasts a wealth of biological re-
sources (Jiang 1980; Zhou and Cui 1997; Chen and Yu 2013; Gu et al. 2018).

Distoseptispora is a well-studied phylogenetic genus introduced by Su et al. 
(2016) to accommodate some Sporidesmium taxa with unbranched, olive green, 
cylindrical conidiophores, monoblastic, integrated, determinate, terminal, cylin-
drical conidiogenous cells, and acrogenous, distoseptate, cylindrical, smooth, 
darker conidia with slightly paler (but not hyaline), rounded apices of indeter-
minate length (Su et al. 2016; Yang et al. 2018, 2021; Zhang et al. 2022). Based 
on morphological and phylogenetic analyses, 73 species have been accepted 
in Distoseptispora in recent years (http://www.indexfungorum.org/Names/
Names.asp; accessed on 2 January 2024; Hu et al. 2023). These include the 
type species D. 昀氀uminicola McKenzie, Hong Y. Su, Z.L. Luo & K.D. Hyde and two 
species transferred from Ellisembia as D. adscendens (Berk.) R. Zhu & H. Zhang 
and D. leonensis (M.B. Ellis) R. Zhu & H. Zhang. Among them, D. hyalina and D. 

licualae are the only two teleomorph taxa in Distoseptispora (Yang et al. 2021; 
Konta et al. 2023). Members of Distoseptispora are primarily saprophytes found 
on woody substrates from freshwater habitats (45 species), predominantly in 
China and Thailand and some also have been found in terrestrial habitats (23 
species); D. bambusae, D. clematidis, D. tectonae, D. thysanolaenae and D. xish-

uangbannaensis have been reported in both freshwater and terrestrial habitats 
(Hyde et al. 2016; Luo et al. 2018a, 2019; Yang et al. 2018, 2021; Monkai et al. 
2020; Phukhamsakda et al. 2020; Sun et al. 2020; Dong et al. 2021; Li et al. 
2021; Shen et al. 2021; Ma et al. 2022; Zhai et al. 2022; Zhang et al. 2022). The 
conidia of Distoseptispora vary signi昀椀cantly in their characteristics, especially 
in terms of shape and size. Zhang et al. (2022) reassessed both the generic 
and speci昀椀c boundaries of Distoseptispora, and summarized the characteristics 
of species in this genus, encompassing various attributes such as the length 
of conidiophores, proliferation, and conidiogenesis in conidiogenous cells, and 
details about conidia, including their type (distoseptate or euseptate), number 
of septa, shape, length, color, proliferation, rostrate nature, and wall thickness. 
Even though Distoseptispora species formed three distinct clades in phylogenet-
ic analysis results that received strong support, the morphological characters of 
these species (such as monoblastic/polyblastic, euseptate/distoseptate) only 
offer species-level differentiation and do not hold taxonomic signi昀椀cance for the 
broader categorization of Distoseptispora (Yang et al. 2021; Zhang et al. 2022).

A systematic investigation of lignicolous freshwater fungal diversity and 
distribution in the Red River Basin is ongoing. This study represents the 昀椀rst 
report of Distoseptispora species in the Red River Basin. A morphological ex-
amination combined with phylogenetic analysis combining internal transcribed 
spacer (ITS), large subunit nuclear ribosomal RNA (LSU), translation elongation 
factor 1-alpha (tef1-α) and second-largest subunit of RNA polymerase II (rpb2) 
sequence data, established that out of seven distoseptispora-like specimens 
collected in the Red River Basin, six species of Distoseptispora were identi昀椀ed, 
including two new species, named as D. suae and D. xinpingensis and four known 
species, viz. D. bambusae, D. euseptata, D. obpyriformis and D. pachyconidia.
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Materials and methods

Specimen collection, examination and isolation

Specimens of submerged decaying wood were collected from the Yuanjiang 
Basin (Red River) in Yunnan, China. The samples were incubated in a plas-
tic box at room temperature for one week. Morphological observations were 
conducted following the methods of Luo et al. (2018a) and Senanayake et al. 
(2020) with a few modi昀椀cations. Macromorphological characteristics of the 
samples were observed using an Optec SZ 760 compound stereomicroscope 
(Chongqing Optec Instrument Co., Ltd, Chongqing, China). Preliminary micro-
scope slides were examined and photographed under a Nikon ECLIPSE Ni-U 
compound stereomicroscope (Nikon, Tokyo, Japan). Colonies’ morphologies 
on native substrates were captured using a Nikon SMZ1000 stereo-zoom mi-
croscope (Nikon, Tokyo, Japan). The measurements of photomicrographs were 
obtained using Tarosoft (R) Image Frame Work version 0.9.7. Images were ed-
ited with Adobe Photoshop CS5 Extended version 12.0.0.0 software (Adobe 
Systems, San Jose, CA, USA).

Single spore isolations were carried out based on the method described by 
Luo et al. (2018a). The individually germinated conidia were transferred to fresh 
potato dextrose agar (PDA, from Beijing Bridge Technology Co., Ltd., Beijing, 
China) plates and incubated at room temperature in the dark. Some of the re-
maining germinated spores, along with their agar, were placed on water-mount-
ed glass slides to photograph the origins of the germ tubes.

After observation and isolation, specimens were air-dried naturally, wrapped 
in absorbent paper, and stored in a ziplock bag with mothballs. These spec-
imens were then deposited in the herbarium of Cryptogams, Kunming Insti-
tute of Botany, Chinese Academy of Sciences (KUN-HKAS), Kunming, China. 
The cultures were deposited with the China General Microbiological Culture 
Collection Center (CGMCC), and Kunming Institute of Botany Culture Collec-
tion (KUNCC). Fungal Names numbers are registered in the Fungal Names 
database (https://nmdc.cn/fungalnames/registe; accessed on 4 August 2023; 
Wang et al. 2023) and Facesoffungi numbers were obtained as described in 
Jayasiri et al. (2015).

DNA extraction, PCR ampli昀椀cation and sequencing

DNA extraction, PCR ampli昀椀cation, sequencing, and phylogenetic analy-
sis were carried out following the methods described by Dissanayake et al. 
(2020). Mycelia used for DNA extraction were cultivated on PDA for 3–4 weeks 
at 24 °C. From each isolate, total genomic DNA was extracted from 100–150 
mg of axenic mycelium, which was carefully scraped from the edges of the 
growing culture with a sterile scalpel. This material was transferred to a 1.5 
mL microcentrifuge tube using sterilized inoculum needles. Mycelium was 
ground to a 昀椀ne powder with liquid nitrogen or quartz sand to break the cells 
for DNA extraction. DNA was extracted with the TreliefTM Plant Genomic DNA 
Kit (TSP101) following manufacturer guidelines (Beijing Tsingke Biological En-
gineering Technology and Services Co., Ltd, Beijing, P.R. China).

Four gene regions, ITS, LSU, tef1-α and rpb2 were ampli昀椀ed using ITS5/
ITS4 (White et al. 1990), LR0R/LR7 (Vilgalys and Hester 1990), EF1-983F/EF1-
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2218R (Liu et al. 1999) and RPB2-5F/RPB2-7cR (Liu et al. 1999) primer pairs, 
respectively. Primer sequences are available at the WASABI database at the 
AFTOL website (aftol.org). The PCR mixture contained 12.5 μL of 2× GS Taq 
PCR MasterMix (mixture of DNA Polymerase, dNTPs, Mg2+ and optimized buf-
fer; Genes and Biotech, Beijing, China), 1 μL of each primer including forward 
primer and reverse primer (10 μM), 1 μL template DNA extract and 9.5 μL dou-
ble-distilled water (Luo et al. 2018a). The PCR thermal cycling conditions were 
performed as presented in Table 1. PCR products were puri昀椀ed using mini-col-
umns, puri昀椀cation resin and buffer according to the manufacturer’s protocols. 
The PCR sequences were carried out at Beijing Tsingke Biological Engineering 
Technology and Services Co., Ltd (Beijing, P.R. China).

Phylogenetic analysis

BLAST searches using the BLASTn algorithm were performed to retrieve simi-
lar sequences from GenBank (http://www.ncbi.nlm.nih.gov, accessed on 2 Jan-
uary 2024) and relevant publications (Ma et al. 2022; Zhang et al. 2022; Hu et 
al. 2023). The sequences were aligned using MAFFT online service: multiple 
alignment program MAFFT v.7 (Kuraku et al. 2013; Katoh et al. 2019; http://
mafft.cbrc.jp/alignment/server/index.html, accessed on 2 January 2024), and 
sequence trimming was performed with trimAl v1.2 with default parameters 
(http://trimal.cgenomics.org for speci昀椀c operation steps; Capella-Gutiérrez et 
al. 2009). The sequence dataset was combined using SquenceMatrix v.1.7.8 
(Vaidya et al. 2011). FASTA alignment formats were changed to PHYLIP and 
NEXUS formats by the website: ALignment Transformation EnviRonment 
(ALTER) (http://sing.ei.uvigo.es/ALTER/, accessed on 2 January 2024).

Maximum likelihood (ML) analysis was performed setting RAxML-HPC2 on 
XSEDE (8.2.12) (Stamatakis 2006; Stamatakis et al. 2008) in CIPRES Science 
Gateway (Miller et al. 2010; http://www.phylo.org/portal2; accessed on 25 Jan-
uary 2022), using the GTR+GAMMA model with 1000 bootstrap repetitions. 
Bayesian analyses were performed in MrBayes 3.2.6 (Ronquist et al. 2012) and 
the best-昀椀t model of sequences evolution was estimated via MrModeltest 2.2 
(Guindon and Gascuel 2003; Nylander 2004; Darriba et al. 2012). The Markov 
Chain Monte Carlo (MCMC) sampling approach was used to calculate posteri-
or probabilities (PP) (Rannala and Yang 1996). Bayesian analyses of six simul-
taneous Markov chains were run for 5 M generations and trees were sampled 
every thousand generations.

Phylogenetic trees were visualized using FigTree v1.4.0 (http://tree.bio.
ed.ac.uk/software/昀椀gtree/), editing and typesetting using Adobe Illustrator (AI) 
(Adobe Systems Inc., San Jose, CA, USA). The new sequences were submitted 
in GenBank and the strain information used in this paper is provided in Table 2.

Table 1. PCR thermocycling conditions for genes used in this paper.

Genes
Initial denaturation Denaturation Annealing Extension No. of 

cycles

Final extension

Temp (°C) Time (min) Temp (°C) Time (s) Temp (°C) Time (s) Temp (°C) Time (s) Temp (°C) Time (min)

ITS 94 3 94 30 56 50 72 60 30 72 10

LSU, tef1-α 94 3 94 50 55 60 72 60 30 72 10

rpb2 94 5 94 60 52 90 72 90 38 72 10
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Table 2. Taxa used in the phylogenetic analyses and their corresponding GenBank accession numbers.

Species Source
GenBank accession number

LSU ITS tef1-α rpb2

Aquapteridospora fusiformis MFLUCC 18–1606T MK849798 MK828652 MN194056 –

A. lignicola MFLUCC 15–0377T KU221018 MZ868774 MZ892980 MZ892986

Distoseptispora adscendens HKUCC 10820 DQ408561 – – DQ435092

D. amniculi MFLUCC 17–2129T MZ868761 MZ868770 – MZ892982

D. appendiculata MFLUCC 18–0259T MN163023 MN163009 MN174866 –

D. aqualignicola KUNCC 21–10729T ON400845 OK341186 OP413480 OP413474

D. aquamyces KUNCC 21–10732T OK341199 OK341187 OP413482 OP413476

D. aquatica MFLUCC 15–0374T KU376268 MF077552 – –

MFLUCC 18-0646 MK849793 MK828648 – –

D. aquisubtropica GZCC 22–0075T ON527941 ON527933 ON533677 ON533685

D. atroviridis GZCC 20–0511T MZ868763 MZ868772 MZ892978 MZ892984

GZCC 19–0531 MZ227223 MW133915 – –

D. bambusae MFLUCC 20–0091T MT232718 MT232713 MT232880 MT232881

MFLUCC 14–0583 MT232717 MT232712 – MT232882

KUNCC 21–10732 OK341200 OK341188 OP413492 OP413487

D. bambusae KUNCC 22–12668 PP068863 PP068486 PP066113 PP066110

D. bambusicola GZCC 21–0667T MZ474872 MZ474873 – –

D. bangkokensis MFLUCC 18–0262T MZ518206 MZ518205 – –

D. cangshanensis MFLUCC 16–0970T MG979761 MG979754 MG988419 –

D. caricis CBS 146041T MN567632 MN562124 – MN556805

CPC 36442T – MN562125 – MN556806

D. chiangraiensis MFLU 21–0105T MZ890139 MZ890145 MZ892970 –

KUNCC 10443 MZ890140 MZ890146 MZ892971 –

D. chinensis GZCC 21–0665T MZ474867 MZ474871 MZ501609 –

D. clematidis MFLUCC 17–2145T MT214617 MT310661 – MT394721

KUMCC 21–10727 OK341197 OK341184 OP413488 OP413483

D. crassispora KUMCC 21–10726T OK341196 OK310698 OP413479 OP413473

D. curvularia KUMCC 21–10725T OK341195 OK310697 OP413478 OP413472

D. cylindricospora HKAS 115796T OK513523 OK491122 OK524220 –

D. dehongensis KUMCC 18–0090T MK079662 MK085061 MK087659 –

MFLUCC 19–0335 OK341201 OK341189 OP413491 OP413486

MFLUCC 17–2326 OK341193 OK341183 OP413493 –

D. effusa GZCC 19–0532T MZ227224 MW133916 MZ206156 –

D. euseptata MFUCC 20–0154T MW081544 MW081539 – MW151860

D. euseptata DLUCC S2024 MW081545 MW081540 MW084994 MW084996

D. euseptata KUNCC 22–12477 PP068864 PP068487 PP066114 –

D. fasciculata KUMCC 19–0081T MW287775 MW286501 MW396656 –

D. 昀氀uminicola MFLUCC 15–0417T KU376270 MF077553 – –

D. fusiformis GZCC 20–0512T MZ868764 MZ868773 MZ892979 MZ892985

D. gasaensis HJAUP C2034T OQ942891 OQ942896 OQ944455 –

D. guanshanensis HJAUP C1063T OQ942898 OQ942894 OQ944452 OQ944458

D. guizhouensis GZCC 21-0666T MZ474869 MZ474868 MZ501610 MZ501611

D. guttulata MFLUCC 16–0183T MF077554 MF077543 MF135651 –

B43 MN163016 MN163011 – –

D. hyalina MFLUCC 17–2128T MZ868760 MZ868769 MZ892976 MZ892981

D. hydei MFLUCC 20–0115T MT742830 MT734661 – MT767128

D. jinghongensis HJAUP C2120T OQ942893 OQ942897 OQ944456 –

D. lancangjiangensis KUN–HKAS 112712T MW879522 MW723055 – –

D. leonensis HKUCC 10822 DQ408566 – – DQ435089

D. licualae MFLUCC 14–1163AT ON650675 ON650686 ON734007 –

MFLUCC 14–1163BT ON650676 ON650687 ON734008 –
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Species Source
GenBank accession number

LSU ITS tef1-α rpb2

D. lignicola MFLUCC 18–0198T MK849797 MK828651 – –

D. longispora HFJAU 0705T MH555357 MH555359 – –

D. longnanensis HJAUP C1040T OQ942886 OQ942887 OQ944451 –

D. martinii CGMCC 3.18651T KX033566 KU999975 – –

D. meilingensis JAUCC 4727T OK562396 OK562390 OK562408 –

D. menghaiensis HJAUP C2045T OQ942900 OQ942890 – –

HJAUP C2170T OQ942888 OQ942899 OQ944457 OQ944461

D. multiseptata MFLUCC 16–1044 MF077555 MF077544 MF135652 MF135644

D. multiseptata MFLUCC 15–0609T KX710140 KX710145 MF135659 –

D. nabanheensis HJAUP C2003T OP787877 OP787873 OP961935 –

D. nanchangensis HJAUP C1074T OQ942895 OQ942889 OQ944454 OQ944460

D. neorostrata MFLUCC 18–0376T MN163017 MN163008 – –

D. nonrostrata KUNCC 21–10730T OK341198 OK310699 OP413481 OP413475

D. obclavata MFLUCC 18–0329T MN163010 MN163012 – –

D. obpyriformis MFLUCC 17–01694T MG979764 – MG988422 MG988415

DLUCC 0867 MG979765 MG979757 MG988423 MG988416

D. obpyriformis KUNCC 23–13047 PP068865 PP068488 PP066115 PP066111

D. pachyconidia KUMCC 21–10724T OK341194 OK310696 OP413477 OP413471

GZCC 22–0074 ON527942 ON527934 ON533678 ON533686

D. pachyconidia KUNCC 23–13047 PP068866 PP068489 – PP066112

D. palmarum MFLUCC 18–1446T MK079663 MK085062 MK087660 MK087670

D. phangngaensis MFLUCC 16–0857T MF077556 MF077545 MF135653 –

D. phragmiticola GUCC 220201T OP749880 OP749887 OP749891 OP752699

GUCC 220201T OP749881 OP749888 OP749892 OP752700

D. rayongensis MFLUCC 18–0415T MH457137 MH457172 MH463253 MH463255

MFLUCC 18–0417 MH457138 MH457173 MH463254 MH463256

MFLU 19–0543 MN163010 MN513037 OP413490 OP413485

D. rostrata MFLUCC 16–0969T MG979766 MG979758 MG988424 MG988417

DLUCC 0885 MG979767 MG979759 MG988425 –

D. saprophytic MFLUCC 18–1238T MW287780 MW286506 MW396651 MW504069

D. septata GZCC 22–0078T ON527947 ON527939 ON533683 ON533690

D. sinensis HJAUP C2044T OP787875 OP787878 OP961936 –

D. songkhlaensis MFLUCC 18–1234T MW287755 MW286482 MW396642 –

D. sp. HKAS 112707 MZ890141 MZ890147 MZ892972 –

HKAS 112711 MZ890142 MZ890148 MZ892973 –

D. suae CGMCC3.24262T OQ732679 OQ874968 OR367670 OQ870341

D. suoluoensis MFLUCC 17–0224T MF077557 MF077546 MF135654 –

MFLUCC 17–1305 MF077558 MF077547 – –

D. tectonae MFLUCC 12–0291T KX751713 KX751711 KX751710 KX751708

MFLUCC 16–0946 MG979768 MG979760 MG988426 MG988418

KUNCC 21–10728 OK348852 OK341185 OP413489 OP413484

MFLUCC 15–0981 MW287763 MW286489 MW396641 –

MFLU 20–0262 MT232719 MT232714 – –

KUNCC 1093 PP140788 PP140786 – –

KUNCC 1094 PP140789 PP140787 – –

MFLU 21–0106 MZ890143 MZ890149 MZ892974 –

MFLU 21–0107 MZ890144 MZ890150 MZ892975 –

D. tectonigena MFLUCC 12–0292T KX751714 KX751712 – KX751709

D. thailandica MFLUCC 16–0270T MH260292 MH275060 MH412767 –

D. thysanolaenae KUN–HKAS 102247T MK064091 MK045851 MK086031 –

D. tropica GZCC 22–0076T ON527943 ON527935 ON533679 ON533687
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Results

Phylogenetic analysis

The dataset comprises the combined LSU, ITS, tef1-α and rpb2 sequences of 
113 taxa of Distoseptisporaceae. It encompasses 3,192 characters (including 
gaps), with Aquapteridospora fusiformis (MFLUCC 18–1606) and A. lignicola 
(MFLUCC 15–0377) serving as the outgroup taxon (Fig. 1). Maximum likeli-
hood (ML) and Bayesian analyses resulted similar topologies that were con-
sistent spread the major clades. Likelihood of the 昀椀nal tree is evaluated and 
optimized under GAMMA. The best RAxML tree with a 昀椀nal likelihood value 
of -31566.210733 is presented (Fig. 1). The matrix contained 1,517 distinct 
alignment patterns, with 26.62% undetermined characters or gaps. Estimated 
base frequencies were as follows: A = 0.238411, C = 0.267281, G = 0.283165, 
T = 0.211143; substitution rates AC = 1.379525, AG = 3.509297, AT = 1.246498, 
CG = 0.856966, CT = 7.193589, GT = 1.000000, α = 0.242260, Tree-Length: 
3.349217. Bayesian analyses generated 3,689 trees (average standard devi-
ation of split frequencies: 0.009995) from which 2,767 were sampled after 
25% of the trees were discarded as burn-in. The alignment contained a to-
tal of 1,517 unique site patterns. Bootstrap support values with a ML greater 
than 65%, and Bayesian posterior probabilities (PP) greater than 0.96 are given 
above the nodes.

Multigene phylogenetic analysis results showed that all members of Dis-

toseptispora clustered into four stable clades (Fig. 1), Clade 1 contains most 
species of the genus with more than 50 species; Clade 2 only one species, 
D. tropica; Clade 3 contains eight species, including D. leonensis (M.B. Ellis) R. 
Zhu & H. Zhang; Clade 4 includes 13 species, and the two known teleomorph 
species of the genus are both in this clade. Four of our seven collections are 
clustered in clade 1, and the other three are clustered in clade 4. Distoseptispo-

ra suae (KUNCC 22–12416) is stably aggregated in clade 4 with the teleomorph 
species D. hyalina (MFLUCC 17–2128). D. xinpingensis (KUNCC 22–12667 and 
KUNCC 22–12669) clustered as a sister clade with D. lignicola (MFLUCC 18–
0198) in clade 1. The new collections, KUNCC 22–12668, KUNCC 22–12477, 
KUNCC 23–13047 and KUNCC 23–13048 clustered with D. bambusae, D. eu-

septata, D. obpyriformis and D. pachyconidia, respectively.

Species Source
GenBank accession number

LSU ITS tef1-α rpb2

D. verrucosa GZCC 20–0434T MZ868762 MZ868771 MZ892977 MZ892983

D. wuzhishanensis GZCC 22–0077T ON527946 ON527938 ON533682 –

D. xingpingensis KUNCC 22–12669 OQ732680 OQ874969 – –

KUNCC 22–12667T OQ732681 OQ874970 OR367671 OQ870340

D. xishuangbannaensis KUMCC 17–0290T MH260293 MH275061 MH412768 MH412754

GZCC 22–0079 ON527944 ON527936 ON533680 ON533688

D. yichunensis HJAUP C1065T OQ942892 OQ942885 OQ944453 OQ944459

D. yongxiuensis JAUCC 4725T OK562394 OK562388 OK562406 –

D. yunjushanensis JAUCC 4723T OK562398 OK562392 OK562410 –

D. yunnanensis MFLUCC 20–0153T MW081546 MW081541 MW084995 MW151861

Notes: The ex-type cultures are indicated using “T” after strain numbers; newly generated sequences are indicated in bold. “–” stands for no sequence data 
in GenBank.
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Figure 1. Maximum likelihood (ML) tree is based on combined LSU, ITS, tef1-α and rpb2 sequence data. Bootstrap 

support values with a ML greater than 65% and Bayesian posterior probabilities (PP) greater than 0.95 are given above 

the nodes, shown as “ML/PP”. The tree is rooted to Aquapteridospora fusiformis (MFLUCC 18–1606) and A. lignicola 

(MFLUCC 15–0377). New species are indicated in blue and type strains are in bold.
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Taxonomy

Distoseptispora bambusae Y.R. Sun, I.D. Goonasekara, Yong. Wang bis & K.D. 
Hyde, Biodiversity Data Journal 8(e53678): 6 (2020)

MycoBank No: 557452
Facesoffungi Number: FoF04194
Fig. 2

Description. Saprobic on submerged decaying wood in a freshwater stream. 
Anamorph: Colonies on wood effuse, hairy, dark brown, glistening, solitary 
or in small group. Mycelium immersed, composed of septate, pale brown to 

Figure 2. Distoseptispora bambusae (HKAS 125826) a, b colonies on woody substrates c–e conidiophores f, g conidiog-

enous cells h–m conidia n germinated conidium o culture on PDA. Scale bars: 50 μm (c–e); 10 μm (f, g); 20 μm (h–n).
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brown hyphae, smooth-walled. Conidiophores (42–)66–103(–115) × 5–6 µm 
(x̄ = 84 × 6 µm, n = 20), macronematous, mononematous, solitary or in groups, 
erect, straight or slightly 昀氀exuous, unbranched, cylindrical, 4–6-septate, brown, 
rounded at the apex, slightly enlarged at the base, mooth and thin-walled. 
Conidiogenous cells (10–)15–22(–25) × 5–6 µm (x̄ = 19 × 5 µm, n = 20), mono-
blastic, terminal, determinate, subcylindrical, brown, smooth-walled. Conidia 
(55–)69–126(–168) × 10–12 µm (x̄ = 98 × 11 µm, n = 25), acrogenous, solitary, 
obclavate, rostrate, olivaceous to pale or dark brown, truncate at base, tapering 
towards the apex, straight or slightly curved, 7–18-euseptate, constricted at the 
septa, guttulate, verrucose, thick-walled. Teleomorph: Undetermined.

Culture characteristics. Conidia germinating on PDA within 12 hrs and germ 
tubes produced from apex and septa of conidium. Colonies growing on PDA 
reaching 3–4 cm in one month at 26 °C in the dark, 昀氀occulent, 昀氀uffy, soft white 
to light brown mycelium from above, dark brown in the middle, light brown at 
the edges from below.

Material examined. China, Yunnan Province, Dali City, Weishan Yi and Hui 
Autonomous County, 25°29′31"N, 100°06′56"E, on submerged decaying branch-
es in a freshwater stream, 19 February 2022, Z.Q. Zhang & Q.X. Yang YJ 14-24-1 
(HKAS 125826, living culture KUNCC 22–12668).

Notes. Phylogenetic analysis showed that our new strain KUNCC 22–12668 
clusters with the type strain of Distoseptispora bambusae (MFLUCC 14–0583) 
with 100% ML/1.00 PP support (Fig. 1). Furthermore, our new collection (Fig. 2) 
exhibits morphological characters identical to those of the type strain Dis-

toseptispora bambusae (MFLUCC 14–0583). However, our collection has lon-
ger conidiophores and conidia. This observation aligns with Yang et al. (2018), 
suggesting that factors such as incubation time and habitat may in昀氀uence the 
lengths of conidiophores and conidia. A comparison of the ITS, LSU, tef1-α 
and rpb2 sequences between our new strain KUNCC 22–12668 and the type 
strain (MFLUCC 14–0583) reveals only minimal base pair differences. There-
fore, based on morphological evidence and phylogenetic a昀케nity, our new strain 
KUNCC 22–12668 is identi昀椀ed as Distoseptispora bambusae and it is reported 
from freshwater habitat for the 昀椀rst time in Yunnan, China.

Distoseptispora euseptata W.L. Li, H.Y. Su & Jian K. Liu, Phytotaxa 520 (1): 
80 (2021)
MycoBank No: 557967
Facesoffungi Number: FoF09450
Fig. 3

Description. Saprobic on submerged decaying wood in a freshwater stream. 
Anamorph: Colonies on wood effuse, brown, solitary or in small group. 
Mycelium mostly immersed, composed of septate, brown hyphae, smooth-
walled. Conidiophores (32–)37–59(–73) × 3–4(–5) µm (x̄ = 48 × 4 µm, n = 25), 
macronematous, mononematous, solitary or in groups, erect, straight or slightly 
昀氀exuous, branched or unbranched, cylindrical, 2–4(–5)-septate, brown, smooth-
walled. Conidiogenous cells (11–)13–15(–16) × 5–6 µm (x̄ = 14 × 5 µm, n = 20), 
monoblastic, terminal, determinate, subcylindrical, brown, smooth-walled. Co-

nidia (36–)52–68(–85) × (7–)8–9 µm (x̄ = 60 × 8 µm, n = 30), acrogenous, soli-
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Figure 3. Distoseptispora euseptata (HKAS 125822) a colony on woody substrates b–e conidiophores f, g conidiogenous 

cells h–m conidia n germinated conidium o culture on PDA. Scale bars: 20 μm (b–e, h–n); 10 μm (f, g).

tary, obclavate, sometimes rostrate, truncate at base, tapering towards the apex, 
straight or slightly curved, guttulate, brown to dark brown, 6–9(–11)-euseptate, 
constricted at the septa, thin and smooth-walled. Teleomorph: Undetermined.

Culture characteristics. Conidia germinating on PDA within 12 hrs and germ 
tubes produced from apex of conidium. Colonies growing on PDA reaching 
4–5 cm in 20 days at 26 °C in the dark, with dense, velvety, pale brown to dark 
brown mycelium from above, dark brown from below.
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Material examined. China, Yunnan Province, Yuxi City, Xinping Yi and Dai 
Autonomous County, Yuanjiang River, 24°02′16"N, 101°34′05"E, on submerged 
decaying branches in a freshwater stream, 22 February 2022, S. Luan & W.P 
Wang YJ 14–49–1 (HKAS 125822, living culture KUNCC 22–12477).

Notes. Polygenetic analysis revealed that our new strain, KUNCC 22–
12477, clustered with two strains of Distoseptispora euseptata (MFUCC 
20–0154 and MFLU 20–0568) with 100% ML/1.00 PP support (Fig. 1). A 
comparison of the ITS and LSU sequence between strain KUNCC 22–12477 
and MFLUCC 20–0153 (from holotype) revealed 0.74% (4/537 bp, including 
1 gap), 0.16% (2/1254 bp, including 2 gaps), respectively. And a comparison 
of the ITS, LSU and rpb2 sequence between strain KUNCC 22–12477 and 
DLUCC S2024 (from paratype) revealed 0.74% (4/537 bp, including 1 gap), 
0% (0/1274 bp), and 0.23% (2/878 bp), respectively. New collection, KUNCC 
22–12477, is morphologically similar to the type species in having obclavate, 
guttulate, euseptate conidia (Li et al. 2021). Although the conidia size and 
color of D. euseptata KUNCC 22–12477 are slightly different from the type 
species, and conidia size is also an important basis for distinguishing Dis-

toseptispora species, some previous studies in this genus found signi昀椀cant 
differences in conidial size between different collections of the same species 
(Yang et al. 2018; Shen et al. 2021; Ma et al. 2022). Based on the currently 
limited morphological and molecular sequence data, we treat the new collec-
tion, KUNCC 22–12477, as D. euseptata, which was 昀椀rst discovered in the Red 
River Basin in Yunnan, China.

Distoseptispora obpyriformis Z.L. Luo & H.Y. Su, Mycosphere 9(3): 452 (2018)
MycoBank No: 554290
Facesoffungi Number: FoF04194
Fig. 4

Description. Saprobic on submerged decaying wood in a freshwater stream. 
Anamorph: Colonies on wood effuse, hairy, dark brown, glistening, solitary or in 
small group. Mycelium immersed, composed of septate, pale brown to brown 
hyphae, smooth-walled. Conidiophores (42–)66–103(–115) × 5–6 µm (x̄ = 84 
× 6 µm, n = 20), macronematous, mononematous, solitary or in groups, erect, 
straight or slightly 昀氀exuous, cylindrical, unbranched, 4–6-septate, brown, round-
ed at the apex, slightly enlarged at the base, smooth-walled. Conidiogenous 

cells (10–)15–22(–25) × 5–6 µm (x̄ = 19 × 5 µm, n = 20), monoblastic, terminal, 
determinate, subcylindrical, brown, smooth-walled. Conidia (55–)69–126(–
168) × 10–12 µm (x̄ = 98 × 11 µm, n = 25), acrogenous, solitary, obclavate, 
olivaceous to pale or dark brown, truncate at base, tapering towards the apex, 
straight or slightly curved, constricted at the septa, 7–18-distoseptate, guttu-
late, thick and smooth-walled. Teleomorph: Undetermined.

Culture characteristics. Conidia germinating on PDA within 12 hrs and germ 
tubes produced from apex and septa of conidium. Colonies growing on PDA 
reaching 4–5 cm in 20 days at 26 °C in the dark, with dense, velvety, middle 
papillae, pale to dark brown mycelium from above; dark brown from below.

Material examined. China, Yunnan Province, Dali City, Weishan Yi and Hui 
Autonomous County, 25°29′31"N, 100°06′56"E, on submerged decaying branch-
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Figure 4. Distoseptispora obpyriformis (HKAS 125823) a, b colonies on woody substrates c conidiophores d, e conidio-

phores with conidia f conidiogenous cell g–j conidia k germinating conidium l culture on PDA. Scale bars: 30 μm (c–e, 

g–k); 20 μm (j).

es in a freshwater stream, 19 February 2022, Z.Q. Zhang & Q.X. Yang YJ 1–19–
1 (HKAS 125823, living culture KUNCC 23–13047).

Notes. Phylogenetic analysis revealed that our new strain KUNCC 23–13047 
clustered with two strains of Distoseptispora obpyriformis (MFLUCC 17–1694 
(ex-type strain) and DLUCC 0867; Fig. 1). A comparison of the LSU, tef1-α and 
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rpb2 gene of type strains between KUNCC 23–13047 (this study) and MFLUCC 
17–1694 (from holotype) revealed 0% (0/1215 bp), 0.37% (3/812 bp, including 
1 gaps), 0% (0/838 bp), 0.29% (3/1034 bp), respectively. Although our collec-
tion differs signi昀椀cantly in conidia size from the original description of D. ob-

pyriformis (Luo et al. 2018a), multigene sequence data do not support this col-
lection as a separate species. Similar results have been reported in previous 
studies and were found in several species in this study (Yang et al. 2018; Shen 
et al. 2021; Ma et al. 2022). Therefore, a new additional record of D. obpyriformis 
is reported from the Red River Basin in Yunnan, China.

Distoseptispora pachyconidia R. Zhu & H. Zhang, J. Fungi. 8(10): 22 (2022)
MycoBank No: 554290
Fig. 5

Description. Saprobic on submerged decaying wood in a freshwater stream. Ana-

morph: Colonies on wood effuse, hairy, dark brown, glistening, solitary or in small 
group. Mycelium immersed, composed of septate, pale brown to brown hyphae, 
smooth-walled. Conidiophores (13–)20–36(–48) × 6–8 µm (x̄ = 28 × 7 µm, n = 30), 
macronematous, mononematous, solitary or in groups, erect, straight or slightly 
昀氀exuous, cylindrical, unbranched, 1–3-septate, brown, rounded at the apex, slight-
ly enlarged at the basal, smooth-walled. Conidiogenous cells 6–8 × 5–6 µm (x̄ = 7 
× 5 µm, n = 25), monoblastic, terminal, determinate, subcylindrical, brown, smooth-
walled. Conidia (82–)137–246(–296) × (9–)13–16 µm (x̄ = 192 × 15 µm, n = 40), 
acrogenous, solitary, obclavate, pale brown to brown, truncate at the base, taper-
ing towards the apex, straight or slightly curved, 14–45-distoseptate, constricted 
at the septa, guttulate, thick and smooth-walled. Teleomorph: Undetermined.

Culture characteristics. Conidia germinating on PDA within 12 hrs and germ 
tubes produced from apex and septa of conidium. Colonies growing on PDA 
reach 2–3 cm in one month at 26 °C in the dark, with dense, velvety, pale brown 
to dark brown mycelium from above; dark brown from below.

Material examined. China, Yunnan Province, Honghe Hani and Yi Autono-
mous Prefecture, Honghe County, 23°19′32"N, 102°20′52"E, on submerged de-
caying branches in a freshwater stream, 23 February 2022, Z.Q. Zhang & Q.X. 
Yang YJ 40–30–1 (HKAS 125824, living culture KUNCC 23–13048).

Notes. Phylogenetically, our new strain KUNCC 23–13048 grouped with the 
strains of Distoseptispora pachyconidia (KUMCC 21–10724 and GZCC 22–0074) 
with 75% ML and 0.96% PP support (Fig. 1). Pairwise comparison of ITS, LSU, 
tef1-α and rpb2 sequences show negligible base pair differences. As previously 
reported, the conidia size and color of our new collection HKAS 125824 are signi昀椀-
cantly different from those originally described for D. pachyconidia (137–246 µm 
vs. 42–136 µm; pale brown to brown vs. pale-brown with a green tinge), as well as 
the number of conidial septa (14–45-distoseptate vs. 8–21-distoseptate) (Yang 
et al. 2018; Shen et al. 2021; Ma et al. 2022). Our new collection is also slightly 
different from the collection described by Ma et al. (2022), especially the number 
of conidial septa (14–45-distoseptate vs. up to 38-distoseptate) (Ma et al. 2022). 
However, based on slight differences in molecular data, this collection was not 
su昀케cient to qualify as a new species, and therefore, identify this collection as D. 

pachyconidia, which was 昀椀rst discovered in the Red River Basin of Yunnan.
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Figure 5. Distoseptispora pachyconidia (HKAS 125824) a, b colonies on woody substrates c conidiophores e conidio-

phores with conidia d conidiogenous cells f, g conidia h germinated conidium i culture on PDA. Scale bars: 20 μm (c, d); 

60 μm (e–h).
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Distoseptispora suae H.W. Shen & Z.L. Luo, sp. nov.
Fungal Names: FN 571689
Figs 6, 7

Etymology. “suae” (Lat.) in memory of the Chinese mycologist Prof. Hong-Yan 
Su (4 April 1967–3 May 2022), who kindly helped the authors in many ways.

Description. Saprobic on submerged decaying wood in a freshwater stream. 
Anamorph: Colonies on wood effuse, brown, solitary or in small group. Mycelium 
immersed, septate, brown hyphae, smooth-walled. Conidiophores (21–)25–
41(–53) × 4–5 µm (x̄ = 33 × 5 µm, n = 20), macronematous, mononematous, 
solitary or in groups, erect, straight or slightly 昀氀exuous, cylindrical, 1–3-septate, 
brown, unbranched, smooth-walled. Conidiogenous cells (11–)13–15(–16) × 
5–6 µm (x̄ = 14 × 5 µm, n = 20), monoblastic, terminal, determinate, subcylin-
drical, brown, smooth-walled. Conidia (77–)81–101(–109) × 8–10 µm (x̄ = 91 
× 9 µm, n = 30), acrogenous, solitary, obclavate to rostrate, truncate at base, ta-
pering towards the apex, straight or slightly curved, bent at the second or third 
cell at the base, brown to dark brown, 3–12-euseptate, guttulate, verrucose, 
thin-walled. Teleomorph: Undetermined.

Culture characteristics. Conidia germinating on PDA within 12 hrs and germ 
tubes produced from the apex. Colonies growing on PDA reaching 4–5 cm in 
one month at 26 °C in the dark, with dense, velvety, brown to dark brown myceli-
um from above; dark brown from below. Sporulation on PDA after two months, 
Mycelium hyaline to brown, septate, branched, smooth-walled. Conidiophores 
(15–)16–56(–110) × 4–6 µm (x̄ = 36 × 5 µm, n = 30), usually form at the end 
of the hyphae, cylindrical, straight or slightly curved, yellowish brown to oliva-
ceous-brown, septate. Conidiogenous cells (9–)11–14(–16) × 4–5 µm (x̄ = 12 × 
5 µm, n = 30) monoblastic, terminal, determinate, cylindrical, brown, sometimes 
reduce conidiophores. Conidia (31–)47–90(–124) × 6–8 µm (x̄ = 68 × 7 µm, 
n = 40) acrogenous, obclavate, elongated, truncate at base, straight or slight-
ly curved, brown, euseptate, thin-wall, sometimes with a gelatinous sheath 
around the septum (Fig. 7).

Material examined. China, Yunnan Province, Yuxi City, Xinping Yi and Dai 
Autonomous County, Yuanjiang River, 24°02′16"N, 101°34′05"E, on submerged 
decaying branches in a freshwater stream, 22 February 2022, H.W. Shen & 
Q.X. Yang YJ 14–35–2 (HKAS: 125819, holotype, ex-type, CGMCC3.24262 = 
KUNCC 22–12476).

Notes. Distoseptispora suae clusters with D. hyalina (MFLU 21–0137) with 
100% ML/1.00 PP support whereas D. yunnanensis (MFLUCC 20–0153) state 
in a basal lineage (Fig. 1). A comparison of the LSU, ITS, tef1-α and rpb2 nu-
cleotide bases between D. suae and D. hyalina revealed differences of 8 bp 
(8/832, including one gap), 11 bp (11/540, including 3 gaps), 21 bp (21/934), 
and 54 bp (54/1087) sequence similarity, respectively. Morphologically, D. suae 
resembles other species in the genus with its euseptate structure, character-
ized by acrogenous, solitary, obclavate to rostrate conidia. D. hyalina, D. suae 
and D. yunnanensis cluster in a stable lineage (Fig. 1). Since only teleomorphs 
were found in D. hyalina (Yang et al. 2021), and only anamorphs were found in 
D. suae (this study), the morphological characteristics of D. suae and D. yunna-

nensis were compared here. D. suae can be distinguished from D. yunnanensis 
by its shorter conidiophores (25–41(–53) µm vs. 131–175 µm) and guttulate, 
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Figure 6. Distoseptispora suae (HKAS 125819, holotype) a, b colonies on woody substrates c–e conidiophores and con-

idiogenous cells f–k conidia l germinated conidium m culture on PDA. Scale bars: 10 μm (c–l).

verrucose conidia (Li et al. 2021). Based on phylogenetic analysis and mor-
phological evidence, following the guidelines of Jeewon and Hyde (2016), we 
therefore introduce D. suae as a new species.
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Figure 7. Distoseptispora suae (ex-type culture KUNCC 22–12476) a culture on PDA, obverse (left) and reverse (right) 

b, c colonies on PDA d mycelium from PDA e mycelium, conidiophores and conidia f conidiophore g–j conidiophores 

with conidia (Arrow in i, j indicate the gelatinous sheath) k conidia. Scale bars: 10 μm (d); 40 μm (e); 20 μm (f–k).
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Distoseptispora xinpingensis H.W. Shen & Z.L. Luo, sp. nov.
Fungal Names: FN 571753
Fig. 8

Etymology. “xinpingensis” refers to the Xinping Yi and Dai Autonomous County, 
Yunnan Province, China, where the species was collected.

Description. Saprobic on submerged decaying wood in a freshwater stream. 
Anamorph: Colonies on wood effuse, brown to dark brown, solitary or gregar-
ious. Mycelium immersed, composed of septate, hyaline to brown hyphae, 
smooth-walled. Conidiophores (97–)105–149(–175) × 4–5 µm (x̄ = 127 × 5 µm, 
n = 40), macronematous, mononematous, solitary or in groups, erect, straight 
or slightly 昀氀exuous, cylindrical, brown, unbranched, slightly paler at the apical 
cell, slightly enlarged at the base, septate, smooth-walled. Conidiogenous cells 
(7–)13–23(–25) × 4–5 µm (x̄ = 18 × 4 µm, n = 30), mono- or poly- blastic, ter-
minal, determinate, subcylindrical, pale brown, smooth-walled. Conidia (95–
)107–139(–155) × (7–)8–9(–10) µm (x̄ = 123 × 8 µm, n = 40), acrogenous, sol-
itary, obclavate, truncate at base, tapering towards the apex, straight or slightly 
curved, brown, 8–12-euseptate, smooth, thin-wall, sometimes a second conidi-
um proliferates at the top of the conidia. Teleomorph: Undetermined.

Culture characteristics. Conidia germinating on PDA within 24 hrs and swollen 
germ tubes produced from both ends and some septate. Colonies growing on 
PDA reaching 2–3 cm in two weeks at 26 °C in the dark, with dense, velvety, dark 
brown mycelium on the surface; in reverse brown to dark brown with entire margin.

Material examined. China, Yunnan Province, Yuxi City, Xinping Yi and Dai 
Autonomous County, Yuanjiang River, 23°48′12"N, 101°47′21"E, on submerged 
decaying branch in a freshwater stream, 22 February 2022, S. Luan & W.P 
Wang YJ 17–2–2 (HKAS: 125818, holotype), ex-type, KUNCC 22–12667; ibid, 
23°48′12"N, 101°47′21"E, on submerged decaying branches in a freshwater 
stream, 22 February 2022, H.W. Shen & Z.Q. Zhang YJ 17–5–2 (HKAS: 125821, 
paratype), ex-paratype, KUNCC 22–12669.

Notes. Phylogenetic analysis showed that the two strains of Distoseptispora 

xinpingensis (KUNCC 22–12669 and KUNCC 22–12667) clustered together and 
formed a sister clade to D. lignicola (MFLUCC 18–0198) and D. menghaiensis 
(HJAUP C2045) with low support (Fig. 1). Based on a megablast search of NCBIs 
GenBank nucleotide database, the best matching result for ITS sequence of 
KUNCC 22–12667 is Distoseptispora sp. (isolate SICAUCC 22–0049, sequence 
ID: ON228626; identities: 499/516 (97%), 4 gaps); the best matching result of 
LSU sequence is D. lignicola (strain MFLUCC 18–0198, sequence ID: MK849797; 
identities: 1223/1245 (98%), no gap); the best matching result of rpb2 sequence 
is D. bambusae (voucher MFLU 17–1653, sequence ID: MT232882; identities: 
1047/1047 (100%), no gap); the best matching result of tef1-α sequence is 
D.  mengsongensis (strain HJAUP C2126, sequence ID: OP961937; identities: 
866/916 (95%), no gap). Distoseptispora xinpingensis conforms to the generic 
concept of Distoseptispora (Su et al. 2016; Yang et al. 2018, 2021; Luo et al. 2019; 
Zhang et al. 2022). The morphological comparison between Distoseptispora 

xinpingensis and the closely related D. lignicola and D. menghaiensis shows that 
D. xinpingensis has longer conidiophores (105–149 µm vs. 84–124 µm) and 
conidia (107–139 µm vs. 60–108 µm), and with more conidial septate (8–12 vs. 
5–9) than D. lignicola. Distoseptispora xinpingensis can be distinguished from 
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Figure 8. Distoseptispora xinpingensis (HKAS 125818, holotype) a, b colonies on woody substrates c, d conidiophores 

e, f conidiogenous cells g–k conidia (Arrow in i–k indicate proliferating conidia) l germinating conidium m culture on 

PDA. Scale bars: 40 μm (c, d); 10 μm (e, f); 30 μm (g–l).

D. menghaiensis by its longer conidiophores (105–149 µm vs. 45.7–82.9 µm) 
and conidia (107–139 µm vs. 35.7–48.6 µm), as well as conidial septation 
(8–12-euseptate vs. 4–8-distoseptate) (Hu et al. 2023). Given the morphological 
distinctions and evidence from phylogenetic analysis, we introduce Distoseptispora 

xinpingensis as a new species from the Red River Basin in Yunnan, China.
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Discussion

Systematic research on lignicolous freshwater fungi is ongoing in the Red Riv-
er Basin. Seven distoseptispora-like species were discovered from submerged 
decaying wood. Based on multigene phylogenetic analysis and morphological 
studies, six Distoseptispora species were identi昀椀ed, D. suae and D. xinpingensis 
were introduced as new species with their unique morphology and phylogenet-
ic placement. Previously introduced species, D. bambusae, D. euseptata, D. ob-

pyriformis and D. pachyconidia were reported in the watershed for the 昀椀rst time. 
The Red River Basin may contain more interesting, particular, and undiscovered 
freshwater fungal species, as no studies have been reported on yet.

In the past seven years, more than 70 Distoseptispora species have been 
introduced based on morphological and molecular evidence. These species 
grow as saprophytes on a variety of decaying wood debris in tropical and sub-
tropical freshwater and terrestrial habitats (Index Fungorum database; Hu et 
al. 2023). 45 species have been reported on submerged bamboo stems and 
unknown wood debris in freshwater habitats, and 23 species have been report-
ed on dead leaves, branches, and stems of various plants in terrestrial habitats, 
such as palms (Hyde et al. 2019), bamboo (Monkai et al. 2020), grasses (Hyde 
et al. 2023), and unknown broad-leaved trees (Hu et al. 2023), etc., and 昀椀ve 
species have been reported in both terrestrial and freshwater habitats (Hyde 
et al. 2016; Tibpromma et al. 2018; Phookamsak et al. 2019; Phukhamsakda et 
al. 2020; Sun et al. 2020; Shen et al. 2021; Ma et al. 2022; Zhang et al. 2022). 
China and Thailand are the countries that contribute the most Distoseptispora 
species, with 50 species reported in China and 25 species reported in Thailand.

Species of Distoseptispora are usually distinguished based on phylogenet-
ic analysis combined with the morphological characteristics of conidiophores 
and conidia (Su et al. 2016; Monkai et al. 2020; Zhang et al. 2022). Important 
morphological characteristics are the color, shape, size, septation type (dis-
toseptate/euseptate) and number of conidia, as well as the length of the co-
nidiophores (Zhang et al. 2022). Phylogenetic studies of Distoseptispora are 
usually based on ITS, LSU, tef1-α, and rpb2 gene loci, and currently, all type 
species are well resolved on the phylogenetic tree (Hu et al. 2023; this study). 
Several previous studies have shown that new specimens of some species of 
Distoseptispora are signi昀椀cantly different in morphology from original descrip-
tions, especially in the color and size of the conidia (Yang et al. 2018; Luo et al. 
2019; Shen et al. 2021; Ma et al. 2022). These new specimens are usually col-
lected from different habitats from the type specimens, and sometimes from 
the same habitat (Yang et al. 2018; Luo et al. 2019; Shen et al. 2021; Ma et al. 
2022). However, the ITS, LSU, tef1-α and rpb2 sequences of these new speci-
mens are not signi昀椀cantly different from the type specimens (Yang et al. 2018; 
Shen et al. 2021; Ma et al. 2022). Habitat and incubation time may affect the 
size of conidia, but this has not yet been determined and needs to be resolved 
in future studies (Yang et al. 2018; Shen et al. 2021; this study). Additionally, 
the brand and photography mode of the compound microscope may affect the 
color of the conidia. Of course, another possibility is that the four loci currently 
used to construct the phylogenetic analysis are not enough to provide more 
information to explain the morphological differences; combining more loci or a 
whole-gene phylogenetic study may explain these morphological differences.
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The multigene phylogeny indicates that members of Distoseptispora are dis-
tributed in four distinct clades. However, there are no pronounced morphologi-
cal differences su昀케cient to separate them (Zhang et al. 2022). Morphologically, 
Distoseptispora martinii stands apart from other species within the genus due to 
its ellipsoid, oblate or subglobose and muriform conidia. These characteristics 
align more closely with the general concept of Junewangia. Therefore, the phy-
logenetic placement of D. martinii requires further examination through nucle-
otide base sequence analysis. In subsequent studies, the culture of D. martinii 
(CGMCC 3.18651) could be encouraged to sporulate to determine if similar con-
idiophores and conidia are produced. Notably, in our study, the ex-type strain of 
D. suae (KUNCC 22–12476) produced conidiophores and conidia that mirrored 
those observed on the natural substrate, con昀椀rming this approach as promising.
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Abstract

The Inonotus linteus complex, predominantly reported from East Asia, Mesoamerica 

and Caribbean countries, was circumscribed into Tropicoporus as one of the new gen-

era, based on morphological and phylogenetic data. The present paper describes four 

new species of Tropicoporus from India. Morphological characteristics and phylogenet-

ic analyses, based on ITS and nLSU data, delimited the new species, which are named 

T. cleistanthicola, T. indicus, T. pseudoindicus and T. tamilnaduensis. The pairwise ho-

moplasy index (PHI) test was done to con昀椀rm the distinctive nature of the new species. 
The traits of Indian species remain distinct from one another, except for the pileate 

basidiome with the mono-dimitic hyphal system, cystidioles and broadly ellipsoid basid-

iospores. Descriptions, illustrations, PHI test results and a phylogenetic tree to show the 

position of the new species are provided. In addition, an identi昀椀cation key to Tropicopo-

rus in Asia and an African species is given.

Key words: DNA, Inonotus linteus complex, mushroom, new species, taxonomy, wood 

decaying fungi

Introduction

The morpho-taxonomy and phylogenetic analyses, based on the nLSU and ITS 
genetic markers, revealed that the Inonotus linteus complex comprises two 
clades and are respectively treated as two new genera, Sanghuangporus and 
Tropicoporus (Zhou et al. 2015). Tropicoporus is characterised by their annual 
to perennial, resupinate, effused-re昀氀exed to pileate basidiome with glabrous, 
uncracked to radially cracked pilear surface, homogeneous to duplex context, 
with or without a black line. A mono-dimitic or dimitic hyphal system with sim-
ple septate generative hyphae, presence or absence of cystidioles, presence 
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of hymenial setae with smooth, fairly thick-walled to thick-walled, yellowish, 
subglobose to ellipsoid basidiospores are microscopic characteristic features 
of Tropicoporus (Zhou et al. 2015; Wu et al. 2022).

A total of forty-eight Tropicoporus species have been recorded in MycoBank 
with 昀椀fteen new species and thirty-three new combinations (as of 12 January 
2024). Two new species, namely Tropicoporus excentrodendri L.W. Zhou & Y.C. 
Dai and T. guanacastensis L.W. Zhou, Y.C. Dai & Vlasák have been delimited, 
based on nLSU and ITS datasets (Zhou et al. 2015). In addition, Tropicoporus 

boehmeriae (L.W. Zhou & F. Wu) Y. C. Dai & F. Wu, T. drechsleri Salvador-Mon-
toya & Popoff, T. 昀氀abellatus V.R.T. Oliveira, J.R.C. Oliveira-Filho, Xavier de Lima & 
Gibertoni, T. nullisetus Xavier de Lima, V.R.T. Oliveira & Gibertoni, T. strati昀椀cans 
Y.C. Dai & F. Wu. and T. texanus A.A. Brown, D.P. Lawr. & K. Baumgartner were 
reported across the world, based on the morphological and molecular data (Wu 
et al. 2015; Coelho et al. 2016; Salvador-Montoya et al. 2018; Brown et al. 2019; 
Lima et al. 2022). Recently, seven new species viz., T. angustisulcatus Y.C. Dai 
& F. Wu, T. hainanicus Y.C. Dai & F. Wu, T. lineatus Y.C. Dai & F. Wu, T. minus Y.C. 
Dai & F. Wu, T. ravidus Y.C. Dai & F. Wu, T. substrati昀椀cans Y.C. Dai & F. Wu and 
T. tenuis Y.C. Dai & F. Wu with twenty-four new combinations were reported, 
based on the combined dataset of ITS and nLSU sequences (Wu et al. 2022). Of 
the forty-eight legitimate Tropicoporus species, only T. nullisetus was reported 
without setae (Lima et al. 2022).

Tropicoporus linteus (also known as Phellinus linteus) is used as a renowned 
Chinese medicine. Due to the presence of P. linteus polysaccharides (PLPs), 
it may play a vital role in anti-aging, anti-bacterial, anti-in昀氀ammation, anti-tu-
mour, anti-oxidant, hepatoprotective and hypoglycaemic processes (Chen et al. 
2019). On the other hand, Tropicoporus tropicalis has been reported to cause 
diseases in humans (Sutton et al. 2005; Haidar et al. 2017; Gupta et al. 2022).

In India, hymenochaetoid fungi from Himachal Pradesh were studied (Kaur 
et al. 2022). Fourteen hymenochaetoid members were documented from Tamil 
Nadu (Natarajan and Kolandavelu 1998). Nevertheless, studies on Indian hy-
menochaetoid fungi, based on molecular data have not been attempted, which 
makes it di昀케cult to understand their evolutionary history, phylogenetic relation-
ships and accuracy of species delimitation. This study is the 昀椀rst attempt to 
describe new Tropicoporus species from India, based on morphology and mo-
lecular evidence. In addition, an identi昀椀cation key to Afro-Asian Tropicoporus 
is given.

Materials and methods

Morphological analyses

Eight specimens were collected from parts of Eastern Ghats and the plain re-
gion of Tamil Nadu, southern India. Macro-morphological characteristics such 
as shape, size of basidiome, perennial or annual, colour, texture, margin (acute 
or obtuse), context (homogenous, duplex with or without black line), tube layer 
(colour, length, strati昀椀cation) and pores (size and shape) were examined in the 
fresh sample and recorded. Colour descriptions were based on the Methuen 
Handbook (Kornerup and Wanscher 1978). To analyse the micro-morphological 
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characteristics, free-hand sections of dry specimens were mounted in water, 5% 
potassium hydroxide (KOH) (v/w), cotton blue (CB) and Melzer’s reagent (IK). 
Sections were studied and photos were taken at magni昀椀cation up to 1000× us-
ing a LABOMED OPTIC-CX BINO LED microscope. The drawings were made us-
ing LABOMED CxL2 compound microscope. Microscopic measurements and 
illustrations were made in 5% KOH solution. Basidiospores measurements (as 
minimum-mean-maximum) and Q values (length/width ratios) were recorded. 
The following abbreviations are used: IKI ̄ (inamyloid), IKI+ (amyloid), CB ̄ (acy-
anophilous), CB+ (cyanophilous), L = mean spore length (arithmetic average 
of all spores), W = mean spore width (arithmetic average of all spores), Q = 
(variation in the L/W ratios; and basidium length excludes the lengths of the 
sterigmata) and n = number of spores measured. For measuring the spores, an 
average of 50 spores were considered. Specimens in this study were deposited 
in the Madras University Botany Laboratory (MUBL), Centre for Advanced Stud-
ies in Botany, University of Madras, India.

Genomic DNA extraction, PCR ampli昀椀cation and sequencing

Extraction of total genomic DNA from mycelium and dried basidiome followed 
the protocol of Doyle and Doyle (1987), modi昀椀ed by Góes-Neto et al. (2005). 
The ITS and nLSU regions were ampli昀椀ed and sequenced with the primers 
ITS1/ITS4 and LR0R/LR7, respectively (Vilgalys and Hester 1990; White et al. 
1990). The polymerase chain reaction (PCR) procedure for ITS was as follows: 
initial denaturation at 95 °C for 3 min, followed by 32 cycles at 95 °C for 30 s, 
52 °C for 30 s and 72 °C for 1 min and a 昀椀nal extension of 72 °C for 3 min. The 
PCR procedure followed for nLSU was as follows: initial denaturation at 94 °C 
for 1 min, followed by 34 cycles at 94 °C for 30 s, 45 °C for 30 s and 72 °C for 
1.5 min and 昀椀nal extension at 72 °C for 10 min. The PCR products were se-
quenced at Euro昀椀ns Genomics India Pvt. Ltd., Karnataka, India.

Phylogenetic analyses

The dataset comprised ITS and nLSU sequences of Fulvifomes, Inonotus, Phell-
inus, Phylloporia, Sanghuangporus and Tropicoporus retrieved from GenBank 
(NCBI), along with the outgroup (Fomitiporella caryophylli, CBS 448.76) and the 
newly-generated sequences (deposited at GenBank (Sayers et al. 2023); for ac-
cession numbers, see Table 1). The dataset was aligned using MEGA X v.10.0.2 
con昀椀gured for Windows and edited manually to increase the alignment similari-
ty (Kumar et al. 2018). The Maximum Likelihood (ML) tree was constructed us-
ing raxmlGUI 2.0 (Edler et al. 2020) with the best-昀椀t evolutionary model estimat-
ed by jModelTest 2.1.10 with 1000 rapid bootstrap inferences (BS) (Guindon 
and Gascuel 2003; Darriba et al. 2012). Bayesian Inference (BI) was performed 
using MrBayes 3.2.7a with two independent runs and six chains of Metropo-
lis-coupled Markov Chain Monte Carlo iterations for 2,000,000 generations and 
trees were sampled every 100 generations (Ronquist et al. 2012). A proportion 
of 0. 25% of all trees (nLSU+ITS, ITS, nLSU) were discarded as burn-in. The 昀椀nal 
alignments and the retrieved topologies were deposited in TreeBASE (http://
purl.org/phylo/treebase/phylows/study/TB2:S31000).
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Table 1. Names, strain numbers, countries of collection and the corresponding GenBank 

accession numbers of the sequences used in this study.

Species Strain numbers Country
Accession numbers

ITS nLSU

Fomitiporella caryophylli CBS 448.76 – AY558611 AY558611

Fulvifomes centroamericanusT JV0611_III Guatemala KX960763 KX960764

F. elaeodendri CMW47825 South Africa MH599094 MH599134

F. nilgheriensis CBS 209.36 USA AY558633 AY059023

F. thailandicusT LWZ 2014073-11 Thailand KR905672 KR905665

Inonotus pachyphloeus Wu 0407.6 Taiwan KP030785 KP030770

Phellinus laevigatus CBS 122.40 USA MH856059 MH867554

P. populicolaT CBS 638.75 Finland MH860960 MH872729

Phylloporia nodostipitata FLOR:51153 Brazil KJ639057 KJ631414

Sanghuangporus alpinus Cui12485 China MF772781 MF772799

S. baumii Cui 11769 China MF772784 MF772803

S. lonicericola Dai 8376 China JQ860308 MF772805

S. lonicerinus Dai 17093 China MF772788 MF772807

S. quercicola Dai 13947 China KY328309 MF772809

S. sanghuang Cui 14419 China MF772789 MF772810

S. vaninii DMR 95-1-T North America KU139198 KU139258

S. vitexicola Wu 2006-21 – MT906620 MZ437416

S. weigelae Dai 16077 China MF772794 MF772815

S. zonatus Dai 10841 China JQ860306 KP030775

Tropicoporus angustisulcatus Dai 17409 Brazil MZ484584 MZ437417

T. angustisulcatusT JV 1808/83 French Guiana MZ484585 MZ437418

T. boehmeriaeT LWZ 20140729-10 Thailand KT223640 MT319393

T. boehmeriae LWZ 20140729-13 Thailand KT223641 MT319394

Dai 20522 China MZ484586 MZ437419

Dai 20617 China MZ484587 MZ437420

T. cleistanthicolaT MUBL1089 India OR272292 OR272337

T. cleistanthicola MUBL1090 India OR272291 OR272336

T. cubensis MUCL 47113 Cuba JQ860324 KP030777

MUCL 47079 Cuba JQ860325 KP030776

T. dependens JV 0409/12-J USA KC778777 MF772818

T. detonsus CBS 617.89 – AF534077 AY059037

IDR 1300012986 USA KF695121 KF695122

T. drechsleriT CTES:570140 Argentina MG242439 MG242444

T. drechsleri CTES:570144 Argentina MG242437 MG242442

T. excentrodendri Yuan 6234 China KP030791 –

Yuan 6229 China KP030789 –

T. 昀氀abellatusT VRTO873 Brazil MT908376 MT906643

T. guanacastensis O 19228 Costa Rica KP030794 –

T. guanacastensisT JV 1408_25 Costa Rica KP030793 KP030778

T. hainanicusT Dai 17705 China MZ484588 MZ437421

T. indicusT MUBL1083 India OR272293 OR272338

T. indicus MUBL1084 India OR272294 OR272339

T. lineatusT Dai 21196 Malaysia MZ484594 MZ437426

T. linteus JV 0904/64 USA JQ860322 JX467701
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Genealogical concordance phylogenetic species recognition analysis

Genealogical concordance phylogenetic species recognition analysis (GCPSR) 
by the pairwise homoplasy index (PHI) test was used to determine the recombi-
nation level within closely-related species (Bruen et al. 2006). The data were an-
alysed by the software SplitsTree 4 (Bruen et al. 2006; Huson and Bryant 2006). 
The relationships between closely related taxa were visualised by constructing 
split graphs from concatenated datasets, using the LogDet transformation and 
splits decomposition options. If the PHI test value is (Φw) ≤ 0.05, it indicates 
signi昀椀cant recombination within the dataset. This is an important method to 
provide further evidence to justify a species. All results are shown in Fig. 1.

Results

Phylogenetic analyses

In total, eight new sequences of the ITS and seven new sequences of the 
nLSU regions were generated and submitted to GenBank (Table 1). Addition-
ally, 62 taxa (52 nLSU and 62 ITS sequences) were retrieved from GenBank 

Species Strain numbers Country
Accession numbers

ITS nLSU

T. linteus JV 0904/140 USA JQ860323 KP030780

T. minorT Dai 21139 China MZ484592 MZ437424

T. minus Dai 18487A China MZ484590 MZ437422

Dai 21183 China MZ484593 MZ437425

T. nullisetusT VXLF616 Brazil MN795129 MN812261

T. nullisetus VRTO195 Brazil MN795118 MN812254

T. pseudoindicusT MUBL1087 India OR272295 OR272340

T. pseudoindicus MUBL1088 India OR272296 OR272341

T. pseudolinteus JV0402/35-K Venezuela KC778781 MF772820

JV 0312/22.10-J Venezuela KC778780 –

T. ravidusT Dai 18165 China MZ484595 MZ437427

T. rudis O 915614 Rwanda KP030796 –

O 915617 Tanzania KP030797 MH101016

T. sideroxylicola JV 1207/4.3-J USA KC778783 –

T. sideroxylicolaT JV 0409/30-J USA KC778782 –

T. strati昀椀cansT SMDB 14732 Brazil KM199689 –

T. strati昀椀cans VRTO884 Brazil MN795124 MN812266

T. substrati昀椀cansT JV 1908/80 French Guiana MZ484597 MZ437429

T. tamilnaduensisT MUBL1085 India OR272297 OR272343

T. tamilnaduensis MUBL1086 India – OR272344

T. tenuisT Dai 19699 China MZ484598 MZ437430

T. tenuis Dai 19724 China MZ484599 MZ437431

T. texanusT CBS 145357 USA NR_168219 NG_068906

T. texanus TX8 USA MN108123 MN113949

T. tropicalis UTHSC 02-617 USA AY641432 –

UAMH 10376 USA AY599487 –

T = Type material and “-” refers to the data unavailability. Sequences generated from the present study are indi-
cated in bold.
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(Table 1). The combined nLSU and ITS dataset were aligned and the multiple 
sequence alignment consists of 1,820 characters (914 for nLSU and 902 for 
ITS) of which 1,017 were constant, 962 were variable and 570 (31%) were par-
simony informative. The best-昀椀t evolutionary model (GAMMA+P-Invar Model) 
was estimated by jModelTest 2.1.10 for the combined datasets. The Maxi-
mum Likelihood (ML) trees were constructed using raxmlGUI 2.0 with 1,000 
rapid bootstrap inferences (BS). The Bayesian analysis was run for 2,000,000 
generations and the average standard deviation reached 0.010166. The phy-
logenetic topology was selected from Bayesian analysis. The Maximum Like-
lihood bootstrap values ≥ 60% and the Bayesian posterior probabilities ≥ 0.90 
are summarised in Fig. 2.

Taxonomical descriptions of the four novel species of Tropicoporus

Tropicoporus cleistanthicola S. Gunaseelan & M. Kaliyaperumal, sp. nov.
MycoBank No: 849484
Figs 3, 4

Etymology. The speci昀椀c epithet cleistanthicola (Lat.) refers to the host Cleistan-

thus collinus.
Diagnosis. Tropicoporus cleistanthicola is characterised by perennial, ef-

fused-re昀氀exed to pileate, applanate to triquetrous basidiome with narrowly 
zonate, glabrous, meagrely warted pilear surface, acute margin, homogenous 
context, mono-dimitic hyphal system, presence of cystidioles and subglobose 
to broadly ellipsoid basidiospores measuring 4.7–5.4 × 4.2–4.9 μm.

Type. India, Tamil Nadu, Thiruvannamalai District, Jawadhu Hills, 12°54'24"N, 
78°87'75"E; 15 Nov 2019; Sugantha Gunaseelan; on a living angiosperm 
tree (Cleistanthus collinus); SMK-PMP11 (MUBL1089; Holotype); GenBank: 
OR272292 (ITS); OR272337 (nLSU).

Description. Basidiome perennial, pileate, solitary, hard corky and without 
distinctive odour or taste when fresh, woody hard and light in weight when dry. 
Pilei effused-re昀氀exed to pileate, dimidiate, triquetrous in section, projecting up 
to 4 cm, 6.5 cm wide and 3 cm thick at the base; Pileal surface narrowly zonate, 
glabrous, meagrely warted near attachment, yellowish-brown (5E6; 5E8) to dark 

Figure 1. Split graphs show the results of the PHI test of the new species, Tropicoporus indicus, T. tamilnaduensis, T. 

pseudoindicus, T. cleistanthicola and their most closely-related species T. rudis, using LogDet transformation and split de-

composition options. The PHI test result Φw ≤ 0.05 indicates that there is a signi昀椀cant recombination within the dataset.
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Figure 2. Molecular phylogeny of four new Indian Tropicoporus species and other hymenochaetoid species inferred from 

combined ITS and nLSU sequences. The topology is from the Bayesian analysis. Maximum Likelihood bootstrap values 

and Bayesian posterior probabilities, above 60% and 0.9, respectively, are labelled at the nodes. The newly-generated 

sequences are coloured and bold; the type specimens are in bold.

brown (6F5), turning dark brown (7F4) to greyish-brown (6F3). Margin acute, 
1 mm thick, light brown (6D5). Pore surface brown (6E6) to dark brown (6F7); 
sterile margin up to 2 mm wide, light brown (6D5); pores circular, 5–7 per mm. 
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Figure 3. Tropicoporus cleistanthicola (MUBL1089 holotype) A basidiomata (Holotype) B pore surface C cross-section of 

basidiome (arrows indicating strati昀椀ed tube layers) D hymenial setae E–H basidiospores: E basidiospores in water F ba-

sidiospores in KOH G basidiospore in cotton blue H basidiospore in Melzer’s reagent. Scale bars: 1 cm (A–C); 5 µm (D–H).

Context homogenous, up to 1.5 cm thick, brown (6E8). Tubes up to 0.5 cm long, 
tube layers distinctly strati昀椀ed, each stratum up to 2 mm, brown (6E7).

Hyphal structures. Hyphal system monomitic in the context and dimitic in 
the trama, tissue darkening with KOH without hyphal swelling.

Context. Generative hyphae, thin to thick-walled, hyaline to golden yellow, 
simple septate, rarely branched, 2–5 μm diam.

Trama. Generative hyphae, dominant, thin to thick-walled, hyaline to pale 
yellow, septate, occasionally branched, 2–4 μm diam. Skeletal hyphae thick-
walled with narrow to wide lumen, yellowish-brown, aseptate, unbranched, 
2–3.5 μm diam.

Hymenium. Hymenial setae dark brown, thick-walled, ventricose to subulate 
with sharp to blunt tips, 5–32 × 4–5.5 μm. Cystidia absent. Cystidioles hyaline, 
thin-walled, ventricose to fusoid with elongated tapering apical portion, 7–45 × 
2–5 μm. Basidia clavate to broadly clavate, 7–15 × 2.7–6.2 μm, with four sterig-
mata and a simple septum at the base. Basidioles clavate, 5–13 × 3.5–6 μm. 
Basidiospores broadly ellipsoid to subglobose, pale yellow in water, turning 
golden yellow to brown in KOH, thick-walled, smooth, CB ̄, IKI ̄, (4.7–) 4.9–5.2 
(–5.4) × (4.2–) 4.5–4.7 (–4.9) μm (n = 50/2), Q = 1.1 (Q range 1.05–1.2).

Habitat and distribution. Basidiomes were found on living trees of Cleistan-

thus collinus (Phyllanthaceae), distributed in Jawadhu Hills, Thiruvannamalai 
District, Tamil Nadu, India.
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Additional material examined. India, Tamil Nadu, Thiruvannamalai District, 
Jawadhu Hills; 12°51'20"N, 78°73'71"E; 15 Nov 2019; Sugantha Gunaseelan; on 
a living angiosperm tree (Cleistanthus collinus); SMK-PMP14 (MUBL1090, Para-
type); GenBank: OR272291 (ITS); OR272336 (nLSU).

Figure 4. Tropicoporus cleistanthicola (MUBL1089 holotype) A contextual hyphae B tramal hyphae C hymenial setae 

D cystidioles E basidioles F basidia G basidiospores. Scale bars: 5 µm.
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Notes. The present phylogenetic study indicated that T. cleistanthicola is 
sister to T. rudis with signi昀椀cant support (92% ML/0.9 BPP). However, T. rudis 
has applanate basidiomes with fulvous, velvety, concentrically zonate, matted, 
rimose pilear surface, whereas T. cleistanthicola has triquetrous basidiome 
and glabrous pilear surface with infrequent warts without cracks. Tropicop-

orus cleistanthicola and T. rudis are comparable only in mono-dimitic hyphal 
system and T. rudis lacks cystidioles and has larger basidiospores (4.9−6 × 
4−4.8 μm) (Wu et al. 2022). Despite sharing pileate basidiomes, mono-dimitic 
hyphal system and presence of cystidioles in T. linteus, T. cleistanthicola dif-
fers by having effused-re昀氀exed to pileate, narrowly zonate, meagrely warted 
pilear surface (Tian et al. 2013; Wu et al. 2022). Tropicoporus cleistanthicola 
resembles T. angustisulcatus, T. dependens, T. excentrodendri, T. substrati昀椀cans 
and T. lineatus by sharing pileate, triquetrous basidiomes with concentrically 
zonation and presence of cystidioles, but T. cleistanthicola differs by having 
a mono-dimitic hyphal system and spore size (4.7–5.4 × 4.2–4.9 μm) (Zhou 
et al. 2015; Wu et al. 2022). Tropicoporus cleistanthicola and T. drechsleri are 
similar in having pileate basidiomes and a mono-dimitic hyphal system with the 
presence of cystidioles, but T. cleistanthicola differs by having smaller pores 
(5–7 pores/mm) and larger basidiospores (Salvador-Montoya et al. 2018). 
Except for sharing a mono-dimitic hyphal system and indistinctly strati昀椀ed 
tube layers, T. cleistanthicola differs from T. 昀氀abellatus and T. guanacastensis in 
pores (size and shape), basidiospore shape and absence of cystidioles (Zhou 
et al. 2015; Lima et al. 2022).

Tropicoporus indicus S. Gunaseelan & M. Kaliyaperumal, sp. nov.
MycoBank No: 849482
Figs 5, 6

Etymology. The species epithet “indicus” (Lat.): referring to the species being 
collected from India.

Diagnosis. Tropicoporus indicus is characterised by applanate to meagre-
ly triquetrous basidiome with concentrically zonate, sulcate, glabrous, deep-
ly cracked to rimose pilear surface, homogenous context, acute margin, mo-
no-dimitic hyphal system, presence of cystidioles, subglobose to broadly 
ellipsoid basidiospores measuring 5–6 × 4.2–4.9 μm.

Type. India, Tamil Nadu, Kallakurichi District, Kalvarayan Hills; 11°91'30"N, 
78°57'86"E; 29 Sep 2022; Sugantha Gunaseelan; on living angiosperm tree of 
Albizia amara; SMK- MK2 (MUBL1083, Holotype); GenBank: OR272293 (ITS); 
OR272338 (nLSU).

Description. Basidiome perennial, pileate, woody and without distinctive 
odour or taste when fresh, hard when dry. Pilei applanate to meagrely trique-
trous, projecting up to 5.5 cm, 7 cm wide and 4 cm thick at the base; pileal 
surface concentrically zonate, sulcate, glabrous, deeply cracked to rimose near 
attachment, dark brown (7E4), greyish-brown (7F3). Margin velutinate, 2 mm 
thick, acute, brown (6E7). Pore surface light brown (5D5) to yellowish-brown 
(5E7); pores circular, 4–6 per mm. Context homogenous, up to 0.8 cm thick, 
brown (6E8) to dark brown (6F8). Tubes woody hard, up to 2.5 cm long, brown 
(6E7); tube layers strati昀椀ed, each stratum up to 0.5 cm long.
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Hyphal structures. Hyphal system monomitic in the context and dimitic in 
the trama, tissue darkening with KOH without swelling

Context. Generative hyphae, thin to thick-walled, hyaline to golden yellow, 
simple septate, rarely branched, 2–5 μm diam.

Trama. Generative hyphae dominant, thin to thick-walled, hyaline to pale 
yellow, septate, occasionally branched, 2–4.5 μm diam. Skeletal hyphae thick-
walled with narrow to wide lumen, yellowish-brown, aseptate, unbranched, 
2–4 μm diam.

Hymenium. Hymenial setae dark brown, thick-walled, ventricose to subulate 
with sharp to blunt tips, 7–28 × 3–5 μm. Cystidia absent. Cystidioles hyaline, 
thin-walled, ventricose to fusoid with elongated tapering apical portion, 5–21 × 
3–5 μm. Basidia clavate to broadly clavate, 7–17 × 3–6 μm, with four sterigma-
ta and a simple septum at the base. Basidioles clavate, 5–14 × 3–5 μm. Basid-
iospores broadly ellipsoid to subglobose, pale yellow in water, turning golden 

Figure 5. Tropicoporus indicus (MUBL1083 holotype) A basidiomata (Holotype) B basidiome (SMK-MK2a- Isotype) 

C pore surface D cross-section of basidiome (arrows indicating strati昀椀ed tube layers) E hymenial setae F cystidioles 

G–J basidiospores: G basidiospores in water H basidiospores in KOH I basidiospores in cotton blue J basidiospores in 

Melzer’s reagent. Scale bars: 1 cm (A–D); 5 µm (E–J).
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Figure 6. Tropicoporus indicus (MUBL1083 holotype) A contextual hyphae B tramal hyphae C hymenial setae D cystidi-

oles E basidioles F basidia G basidiospores. Scale bars: 5 µm.
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yellow to brown in KOH, thick-walled, smooth, CB ̄, IKI ̄, (5–) 5.3–5.8 (– 6) × 
(4.2–) 4.7–4.9 μm (n = 50/2), Q = 1.16 (Q range 1.05–1.3).

Habitat and distribution. Basidiomes were found on living trees of Fabaceae 
members (Albizia amara and Prosopis cineraria), distributed in Kalvarayan Hills, 
Kallakurichi District, Tamil Nadu, India.

Additional material examined. India, Tamil Nadu, Kallakurichi District, 
Kalvarayan Hills; 11°90'39"N, 78°55'69"E; on a living angiosperm tree (Prosopis 

cineraria); 29 Sep 2022; Kezhocuyi Kezo; SMK-MK2a (MUBL1084, Paratype); 
GenBank: OR272294 (ITS); OR272339 (nLSU).

Notes. Phylogenetically, Tropicoporus indicus was recovered in the T. linteus 
clade. Tropicoporus indicus is similar to T. linteus by sharing, pileate, dimidi-
ate basidiomes, concentrically sulcate pilear surface, zonate context, smaller 
pores (5–7/mm), a mono-dimitic hyphal system and presence of cystidioles. 
While varying in the nature of cracks, T. linteus has more or less cracked ba-
sidiomes, T. indicus has irregular deep cracks in basidiomes, with larger ba-
sidiospores (T. linteus 4.8−5.7 × 3.8–4.8 μm and T. indicus 5–6 × 4.2–4.9 μm) 
(Tian et al. 2013; Wu et al. 2022). Tropicoporus indicus and T. rudis share a mo-
no-dimitic hyphal system, but T. indicus differs from T. rudis in having zonate, 
sulcate, deeply cracked to rimose basidiomes and larger pores (4–6/mm). In 
these regards, T. rudis is characterised by fulvous, velvety, concentrically zo-
nate, matted, rimose basidiome and smaller pores (6–7/mm) (Wu et al. 2022). 
Tropicoporus indicus differs from T. angustisulcatus, T. excentrodendri, T. linea-

tus and T. substrati昀椀cans in having mono-dimitic hyphal system and a cracked 
basidiome (Zhou et al. 2015; Wu et al. 2022). Tropicoporus indicus and T. 昀氀abel-
latus are similar in having a mono-dimitic hyphal system, but differ signi昀椀cantly 
by having concentrical zones, sulcate, glabrous, deeply-cracked to rimose pilear 
surface with larger pores (4–6/mm) and broadly ellipsoid to subglobose spores 
(5–6 × 4.2–4.9 μm). Tropicoporus 昀氀abellatus, in contrast, has a velutinate pilear 
surface, uncracked basidiomes with smaller pores (7–9/mm) and smaller ba-
sidiospores (4.5–5 × 3.5–4 μm) (Lima et al. 2022). Tropicoporus indicus and 
T. guanacastensis are similar in having sulcate, cracked basidiome, strati昀椀ed 
tube, mono-dimitic hyphal system and ventricose setae. However, the former 
differs in larger pores (4–6/mm) and larger basidiospores (T. indicus 5–6 × 
4.2–4.9 μm vs. T. guanacastensis 4.1–5 × 3.1–4 μm) (Zhou et al. 2015). Trop-

icoporus indicus and T. drechsleri share concentrically sulcate deeply-cracked 
pilei with mono-dimitic hyphal system, larger pores (< 6/mm) and presence of 
cystidioles, but the South American species differs in basidiospore size (4–5.5 
× 3–4.5 μm) (Salvador-Montoya et al. 2018).

Tropicoporus pseudoindicus S. Gunaseelan & M. Kaliyaperumal, sp. nov.
MycoBank No: 849483
Figs 7, 8

Etymology. The species pseudoindicus signi昀椀es the close morphological and 
phylogenetic relationships with the species Tropicoporus indicus.

Diagnosis. Tropicoporus pseudoindicus is characterised by applanate to 
meagrely ungulate to triquetrous basidiome with broadly zonate, distinctly 
cracked by radial 昀椀ssures, sulcate pilear surface, duplex context with black line, 
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acute to obtuse margin, pores 6–8/mm, mono-dimitic hyphal system, presence 
of cystidioles, subglobose to broadly ellipsoid basidiospores measuring 4–5.2 
× 3.7–4.7 μm.

Type. India, Tamil Nadu, Kallakurichi District, Kalvarayan Hills; 11°86'98"N, 
78°55'68"E; 29 Sep. 2022; Sugantha Gunaseelan; on a living angiosperm tree 
(Albizia amara); SMK-MK4 (MUBL1087, Holotype); GenBank: OR272295 (ITS); 
OR272340 (nLSU).

Description. Basidiome perennial, pileate, woody and without distinctive 
odour or taste when fresh, hard and light in weight when dry. Pilei applanate, 
meagrely ungulate to triquetrous, dimidiate, projecting up to 5 cm, 8 cm wide 
and 3.5 cm thick at base; pileal surface broadly zonate, distinctly cracked by 
radial 昀椀ssures, sulcate, brown (6E8), dark brown (7F4) to greyish-brown (6F3). 
Margin acute to obtuse, up to 3 mm thick, light brown (6D5). Pore surface 
brown (6E6) to dark brown (7E6); sterile margin brown (6E6), up to 2 mm wide; 
pores circular, 6–8 per mm. Context duplex with black line, woody hard, up to 
1.2 cm thick, several black lines present along context, brown (6E7) to dark 
brown (7F6). Tubes up to 1.5 cm long, annual layers distinct, each stratum up 
to 0.3 cm, brown (7E8) to dark brown (6F8).

Figure 7. Tropicoporus pseudoindicus (MUBL1085 holotype) A basidiomata (Holotype) B pore surface C cross-section 

of basidiome (arrows indicating strati昀椀ed tube layers and duplex context with black line) D hymenial setae E–H basid-

iospores: E basidiospores in water F basidiospores in KOH G basidiospores in cotton blue H basidiospores in Melzer’s 

reagent. Scale bars: 1 cm (A–C); 5 µm (D–H).
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Hyphal structures. Hyphal system monomitic in the context and dimitic in 
the trama, tissue darkening with KOH without swelling.

Context. Generative hyphae, thin to thick-walled, hyaline to golden yellow, 
simple septate, rarely branched, 2–5 μm diam.

Trama. Generative hyphae, dominant, thin to thick-walled, hyaline to pale 
yellow, septate, occasionally branched, 2–4 μm diam. Skeletal hyphae, thick-
walled with narrow to wide lumen, yellowish-brown, aseptate, unbranched, 
2–3.5 μm diam.

Hymenium. Hymenial setae dark brown, thick-walled, ventricose to subulate 
with sharp to blunt tips, rarely with lateral appendage, 5–18 × 3–5.5 μm. Cystid-
ia absent. Cystidioles hyaline, thin-walled, ventricose to fusoid with elongated 
tapering apical portion, 7–52 × 2.5–5.2 μm. Basidia clavate to broadly clavate, 
7–15 × 2.7–6.2 μm, with four sterigmata and a simple septum at the base. Ba-
sidioles clavate, 5–13 × 3.5–6 μm. Basidiospores broadly ellipsoid to subglo-
bose, pale yellow in water, turning golden yellow to brown in KOH, thick-walled, 
smooth, CB ̄, IKI ̄, (4–) 4.2–5 (–5.2) × (3.7–) 4–4.5 (–4.7) μm (n = 50/2) and Q 
= 1.14 (Q range 1.05–1.25).

Habitat and distribution. Basidiomes were found on living trees of Faba-
ceae members (Albizia amara and Peltophorum pterocarpum), distributed in 
Kalvarayan Hills, Kallakurichi District, Tamil Nadu, India.

Additional material examined. India, Tamil Nadu, Kallakurichi District, 
Kalvarayan Hills; 11°87'33"N, 78°42'78"E; 29 Sep 2022; Kezhocuyi Kezo; on a 
living angiosperm tree (Peltophorum pterocarpum); SMK-MK4a (MUBL1088, 
Paratype); GenBank: OR272296 (ITS); OR272341 (nLSU).

Notes. Tropicoporus pseudoindicus and T. drechsleri, share similar character-
istics, such as applanate basidiomes with mono-dimitic hyphal system and the 
presence of cystidioles; however, T. pseudoindicus differs in having smaller pores 
(6–8/mm) and larger basidiospores (T. pseudoindicus 4–5.2 × 3.7–4.7 μm vs. 
T. drechsleri 4–5.5 × 3–4.5 μm) (Salvador-Montoya et al. 2018). Tropicoporus 

pseudoindicus resembles T. rudis in having a mono-dimitic hyphal system, pres-
ence of cystidioles, and basidiospore shape, but differs from T. rudis in having 
distinctly cracked, 昀椀ssured to sulcate pilei, duplex context and smaller basidio-
spores (4–5.2 × 3.7–4.7 μm) (Vlasák et al. 2013). Tropicoporus pseudoindicus 
differs from T. guanacastensis in having cystidioles and subglobose to broadly 
ellipsoidal spores (T. pseudoindicus 4–5.2 × 3.7–4.7 μm vs. T. guanacastensis 
4.1–5.0 × 3.1–4.0 μm) (Tian et al. 2013). Tropicoporus pseudoindicus and T. lin-

teus share similar pileate basidiomes with sulcate pilear surface, smaller pores 
(5–7/mm), mono-dimitic hyphal system and presence of cystidioles. However, 
the former differs in basidiospore size (T. linteus 4.8−5.7 × 3.8–4.8 μm vs. T. 

pseudoindicus 4–5.2 × 3.7–4.7 μm) (Tian et al. 2013; Wu et al. 2022). Tropicopo-

rus pseudoindicus and T. 昀氀abellatus are similar in their mono-dimitic hyphal sys-
tem, but differ signi昀椀cantly in pilear characteristics, absence of cystidioles and 
size and shape of basidiospores (T. 昀氀abellatus 4.5–5 × 3.5–4 μm vs. T. pseudo-

indicus (4–) 4.2–5 (–5.2) × (3.7–) 4–4.5 (–4.7) μm) (Lima et al. 2022). Tropi-

coporus pseudoindicus differs from some other reported Tropicoporus species 
(namely T. angustisulcatus, T. excentrodendri, T. lineatus and T. substrati昀椀cans) 
in having concentrically zonate, glabrous, distinctly cracked pileal surface and a 
mono-dimitic hyphal system (Zhou et al. 2015; Wu et al. 2022).
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Figure 8. Tropicoporus pseudoindicus (MUBL1085 holotype) A contextual hyphae B tramal hyphae C hymenial setae 

D cystidioles E basidioles F basidia G basidiospores. Scale bars: 5 µm.
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Tropicoporus tamilnaduensis M. Kaliyaperumal & S. Gunaseelan, sp. nov.
MycoBank No: 849481
Figs 9, 10

Etymology. The species epithet tamilnaduensis refers to the locality of the type 
specimen (Tamil Nadu).

Diagnosis. Tropicoporus tamilnaduensis is characterised by applanate to 
meagrely ungulate basidiome with glabrous, broadly zonate, sulcate and deeply 
irregularly cracked pilear surface, homogenous context, obtuse margin, pores 
4–5/mm, mono-dimitic hyphal system, presence of cystidioles, subglobose to 
broadly ellipsoid basidiospores measuring 4.5–5.7 × 3.5–4.7 μm.

Type. India, Tamil Nadu, Cuddalore District, Thaiyalkunampattinam, Kanni 
Tamil Nadu; 11°59'18"N, 79°60'17"E; 31 Dec 2022; Malarvizhi Kaliyaperumal; on 
a living angiosperm tree (Madhuca longifolia); MKDM02 (MUBL1085, holotype); 
GenBank: OR272297 (ITS); OR272343 (nLSU).

Description. Basidiome perennial, pileate, without distinctive odour or taste 
when fresh, woody hard and light in weight when dry. Pilei applanate to mea-
grely ungulate, projecting up to 5 cm, 8 cm wide and 4 cm thick at base; pil-
eal surface glabrous, broadly zonate, sulcate, deeply irregularly cracked near 
attachment, brown (6E7), yellowish-brown (5F4) to golden brown (7F7) turning 
greyish-brown (5F3). Margin obtuse, 4 mm thick, light brown (6D5). Pore surface 
brown (6E6), sterile margin yellowish-brown (5E6), up to 2 mm wide; pores cir-
cular, 4–5 per mm; dissepiments thick, entire. Context homogenous, zonate, 
brown (6D7) to dark brown (6F8), woody hard, up to 2 cm thick. Tubes brown 
(6E6), up to 2 cm long, annual layers distinct, each stratum up to 0.3 cm long.

Hyphal structures. Hyphal system monomitic in the context and dimitic in 
the trama, tissue darkening with KOH without hyphal swelling.

Context. Generative hyphae, thin to thick-walled, hyaline to golden yellow, 
simple septate, rarely branched, 2–5 μm diam.

Trama. Generative hyphae, dominant, thin to thick-walled, hyaline to pale 
yellow, septate, occasionally branched, 2–4 μm diam. Skeletal hyphae, thick-
walled with narrow to wide lumen, yellowish-brown, aseptate, unbranched, 
2–3.5 μm diam.

Hymenium. Hymenial setae dark brown, thick-walled, ventricose to subulate 
with sharp to blunt tips, 6–19 × 3.8–5 μm. Cystidia absent. Cystidioles hyaline, 
thin walled, ventricose to fusoid with elongated tapering apical portion, 10–45 × 
2–5 μm. Basidia clavate to broadly clavate, 7–15 × 2.7–6.2 μm, with four sterig-
mata and a simple septum at the base. Basidioles clavate, 5–13 × 3.5–6 μm. 
Basidiospores broadly ellipsoid to subglobose, pale yellow in water, turning 
golden yellow to brown in KOH, thick-walled, smooth, CB ,̄ IKI ,̄ (4.5–) 4.7–5.5 
(–5.7) × (3.5–) 3.7–4.5 (–4.7) μm (n = 50/2), Q = 1.13 (Q range 1.05–1.25).

Habitat and distribution. Basidiomes are found on living trees of Madhuca lon-

gifolia and Prosopis cineraria, distributed in Cuddalore District, Tamil Nadu, India.
Additional material examined. India, Tamil Nadu, Cuddalore District, Thai-

yalkunampattinam, Kanni Tamil Nadu; 11°50'14"N, 79°54'14"E; 31 Dec 2022; 
Malarvizhi Kaliyaperumal; on a living angiosperm tree (Prosopis cineraria); 
MKDM02a (MUBL1086, Paratype); GenBank: OR272344 (nLSU).

Notes. Tropicoporus tamilnaduensis and T. linteus are similar in having pi-
leate sulcate basidiomes, zonate context and a mono-dimitic hyphal system 



46MycoKeys 102: 29–54 (2024), DOI: 10.3897/mycokeys.102.117067

Sugantha Gunaseelan et al.: New species of Tropicoporus from India

Figure 9. Tropicoporus tamilnaduensis (MUBL1085 holotype) A basidiomata (Holotype) B pore surface C cross-section of 

basidiome (arrows indicating strati昀椀ed tube layers) D hymenial setae E–H basidiospores: E basidiospore in water F basid-

iospores in KOH G basidiospores in cotton blue H basidiospores in Melzer’s reagent. Scale bars: 1 cm (A–C); 5 µm (D–H).

with cystidioles. However, T. tamilnaduensis differs from T. linteus in deep-
ly-cracked basidiomes and smaller basidiospores (Tian et al. 2013; Wu et 
al. 2022). Tropicoporus tamilnaduensis and T. rudis share a homogenous 
context, a mono-dimitic hyphal system and subglobose to broadly ellipsoid 
basidiospores, but T.  tamilnaduensis differs in having zonate, sulcate, deep-
ly irregularlycracked basidiome and larger pores (4–5/mm) (Wu et al. 2022). 
Tropicoporus tamilnaduensis differs from T. angustisulcatus, T. lineatus and T. 

substrati昀椀cans in having sulcate and deeply cracked basidiomes and a mo-
no-dimitic hyphal system, while T. angustisulcatus, T. lineatus and T. substrat-

i昀椀cans have basidiomes with velutinate to glabrous, uncracked pilear surface 
and a dimitic hyphal system (Zhou et al. 2015; Wu et al. 2022). Tropicoporus 

tamilnaduensis resembles T. excentrodendri, T. dependens and T. sideroxylicola 
by sharing concentrically zonate, sulcate, cracked to rimose pilear surface; 
however, the former differs by having a mono-dimitic hyphal system (Zhou et 
al. 2015; Salvador-Montoya et al. 2018). Tropicoporus tamilnaduensis and T. 

guanacastensis are similar in having a mono-dimitic hyphal system; howev-
er, T. tamilnaduensis has ungulate, sulcate, deeply irregularly cracked basidi-
omes with larger pores (4–7/mm) and broadly ellipsoid to subglobose spores 
(4.5–5.7 × 3.5–4.7 μm) (Zhou et al. 2015). Although sharing a mono-dimitic 
hyphal system, T. tamilnaduensis differs from T. 昀氀abellatus by having sulcate, 
deeply irregularly cracked basidiomes, cystidioles and larger pores (4–7/mm) 
with homogenous context (Lima et al. 2022). Tropicoporus tamilnaduensis 
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Figure 10. Tropicoporus tamilnaduensis (MUBL1085 holotype) A tramal hyphae B contextual hyphae C hymenial setae 

D cystidioles E basidioles F basidia G Basidiospores. Scale bars: 5 µm.



48MycoKeys 102: 29–54 (2024), DOI: 10.3897/mycokeys.102.117067

Sugantha Gunaseelan et al.: New species of Tropicoporus from India

varies from T. drechsleri by having sulcate, deeply irregularly cracked basidi-
omes and broadly ellipsoid to ellipsoid basidiospores (4.5–5.7 × 3.5–4.7 μm) 
(Salvador-Montoya et al. 2018).

Discussion

Recently, the Inonotus linteus complex has gained attention because of its me-
dicinal values and as an emerging potential pathogen in plants (Dai et al. 2009; 
Dai 2010), humans (Sutton et al. 2005; Haidar et al. 2017; Gupta et al. 2022) 
and dogs (Hevia et al. 2019). Zhou et al. (2015) segregated the I. linteus com-
plex into two new genera viz. Sanghuangporus Sheng H. Wu, L.W. Zhou & Y.C. 
Dai and Tropicoporus L.W. Zhou, Y.C. Dai & Shen. H. Wu. Since then, many new 
species/combinations from tropical countries, especially from China followed 
by the Americas were introduced (Salvador-Montoya et al. 2018; Brown et al. 
2019; Wu et al. 2022). Tropicoporus is characterised by its annual to perennial, 
resupinate, effused-re昀氀exed to pileate basidiomes with mono-dimitic, dimitic 
hyphal system, ellipsoid to subglobose basidiospores. To date, twenty-three le-
gitimate species are accepted under Tropicoporus, of which eleven were from 
tropical American countries, seven were from East Asian countries and one 
each from Africa, Costa Rica, Cuba and French Guiana.

The Bayesian phylogram illustrated in the present study is consistent with 
the previous studies (Coelho et al. 2016; Salvador-Montoya et al. 2018; Brown 
et al. 2019; Lima et al. 2022). The four new Tropicoporus species from Tamil 
Nadu, India, 昀椀t well within the Tropicoporus clade but formed a unique, distinct 
lineage that was the sister clade to T. rudis (earlier treated as Xanthochrous 

rudis). The T. rudis clade consists of strictly African collections (92% BS, 1.00 
BPP) in the phylogeny (Fig. 1). This clade, in turn, forms the sister clade to a 
clade composed of T. strati昀椀cans, T. substrati昀椀cans and T. linteus with 62% BS, 
0.96 BPP.

The Eastern Ghats has discontinuous mountain ranges with hills ranging 
from 1,100 to 1,600 m with luxuriant vegetation of tropical evergreen to de-
ciduous, thorn forest or scrub jungle that harbours diverse groups of wood rot 
fungi. This is the 昀椀rst report of the genus Tropicoporus from the Eastern Ghats 
of Tamil Nadu with three novel species, viz. T. cleistanthicola, T. indicus and 
T. pseudoindicus.

Tropicoporus cleistanthicola, T. tamilnaduensis, T. indicus and T. pseudoindi-

cus are characterised by their perennial, pileate basidiomes with mono-dimit-
ic hyphal system, presence of cystidioles and hymenial setae, smooth, thick-
walled, coloured and inamyloid basidiospores (Table 2). However, there is 
signi昀椀cant variation in their basidiome characteristics, pore (shape and size) 
and basidiospore (shape and size). Tropicoporus cleistanthicola differs from the 
other three species in having effused-re昀氀exed to pileate, sulcate, and narrowly 
zonate basidiome with infrequent warts. Tropicoporus tamilnaduensis differs in 
irregularly cracked basidiome with glabrous, sulcate and irregularly cracked, un-
gulate basidiome and smaller basidiospores (4.5–5.4 × 3.5–4.7 μm), while T. in-

dicus has regularly cracked and concentrical zonate basidiome, glancing pore 
surface and larger basidiospores (5–6 × 4.2–4.9 μm). Morphologically, T. pseu-

doindicus is similar to T. indicus in sharing concentrically zonate, glabrous and 
rimose with maturity, mono-dimitic hyphal system and presence of cystidioles, 
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while T. pseudoindicus differs by having sulcate deeply cracked, radially 昀椀ssured 
basidiome, homogenous context and smaller basidiospores. Our Indian Tropi-

coporus species (Tropicoporus cleistanthicola, T. tamilnaduensis, T. indicus and 
T. pseudoindicus) could be easily distinguished by its pileate basidiomes and 
mono-dimitic hyphal system from the other Tropicoporus resupinate species 
(T. boehmeriae, T. hainanicus, T. minus, T. ravidus, T. strati昀椀cans, T. tenuis and 
T. texanus) (Wu et al. 2015; Coelho et al. 2016; Brown et al. 2019; Wu et al. 2022).

Key to species of Tropicoporus in the Afro-Asian region

1 Basidiocarps resupinate to effused-re昀氀exed ...............................................2
– Basidiocarps distinctly pileate......................................................................7
2 Basidiocarps annual to biennial ...................................................................3
– Basidiocarps perennial .................................................................................6
3 Basidiospores cyanophilic ................................................................T. tenuis

– Basidiospores acyanophilic ..........................................................................4
4 Basidiocarp resupinate to effused re昀氀exed, pileal surface tomentose to 

hispid basidiospores > 3 μm in length ..............................T. excentrodendri

– Basidiocarp resupinate, basidiospores < 3 μm in length ............................5
5 Dissepiments lacerate, context layer present between tube layers .............

 ....................................................................................................T. hainanicus

– Dissepiments entire, context layer absent between tub layers ....................
 .................................................................................................. T. boehmeriae

6 Basidiocarp resupinate, cystidioles present, pores 10–12/mm .......T. minus

– Basidiocarp cushion-shaped, cystidioles absent, pores 8–10/mm .............
 ..........................................................................................................T. ravidus

7 Hyphal system strictly dimitic .......................................................T. lineatus

– Hyphal system mono-dimitic, dimitic in trama ............................................8

Table 2. Synoptic comparison of characteristics amongst species of the newly-reported Tropicoporus from India.

Species Basidiomata Context Margin Pores 

/mm

Hyphal 

system

Setae 

(in μm)
Cystidioles 

(in μm)
Basidiospores 

(in μm)
Q value 

(Q range)

T. cleistanthicola Effused-re昀氀exed to pileate, 
applanate to triquetrous 
basidiome with narrowly 

zonate, glabrous, meagrely 
warted pilear surface

Homogenous Acute 5–7 Mono-Di 5–32 × 
4–5.5

7–45 × 2–5 (4.7–) 4.9–5.2 
(–5.4) × (4.2–) 
4.5–4.7 (–4.9)

1.1 
(1.05–1.2)

T. indicus Applanate to meagrely 
triquetrous basidiome 

with concentrically zonate, 
sulcate, glabrous, deeply 
cracked to rimose pilear 

surface

Homogenous Acute 4–6 Mono-Di 7–28 × 
3–5

5–21 × 3–5 (5–) 5.3–5.8 
(– 6) × (4.2–) 

4.7–4.9

1.16 
(1.05–1.3)

T. pseudoindicus Applanate, meagrely 
ungulate to triquetrous 
basidiome with broadly 

zonate, distinctly cracked 
by radial 昀椀ssures, sulcate 

pilear surface

Duplex with 
blackline

Acute to 
obtuse

6–8 Mono-Di 5–18 × 
3–5.5

7–52 × 2.5–5.2 (4–) 4.2–5 
(–5.2) × (3.7–) 
4–4.5 (–4.7)

1.14 
(1.05–1.25)

T. tamilnaduensis Applanate to meagrely 
ungulate basidiome 

with glabrous, broadly 
zonate, sulcate and deeply 
irregularly cracked pilear 

surface

Homogenous Obtuse 4–5 Mono-Di 6–19 × 
3.8–5

10–45 × 2–5 (4.5–) 4.7–5.4 
(–5.7) × (3.5–) 
3.7–4.5 (–4.7)

1.13 
(1.05–1.25)
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8 Context homogenous ....................................................................................9
– Context duplex with black line ............................................T. pseudoindicus

9 Effused re昀氀exed to pileate, uncracked basidiome ............T. cleistanthicola

– Applanate to ungulate or triquetrous, cracked pilear surface ..................10

10 Pores > 6/mm, cyanophilic basidiospores ........................................T. rudis

– Pores < 6/mm, acyanophilic basidiospores ..............................................11

11 Applanate to triquetrous basidiome with acute velutinate margin, regularly 
cracked pilear surface ..................................................................... T. indicus

– Applanate to meagrely ungulate basidiome with obtuse margin and deep-
ly irregularly cracked pilear surface ................................. T. tamilnaduensis
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Abstract

Peatswamp forest is a unique habitat that supports high biodiversity, particularly fungal 

diversity. The current study collected submerged and dead plant parts from Eleiodoxa 
conferta, Eugeissona tristis and Licuala paludosa from a peatswamp forest in Narathi-

wat Province, Thailand. Morphological features coupled with multigene phylogenetic 

analyses of ITS, LSU, rpb2 and tef1-α sequence data identi昀椀ed our isolates as new Dis-

toseptispora species (viz. D. arecacearum sp. nov., D. eleiodoxae sp. nov. and D. narathi-

watensis sp. nov.). Morphological descriptions, illustrations and notes are provided.

Key words: asexual morph, molecular phylogeny, novel taxa, saprobic fungi, Sordario-

mycetes, taxonomy

Introduction

Most peatswamp forests can be found in tropical rainforests where peat is 
submerged for most of the year and characterised by low nutrient contents and 
high acidity due to lack of fully decomposed plant materials (Page et al. 1999, 
2011; Jackson et al. 2009; Lampela et al. 2016; Ratnayake 2020). Peatswamp 
forests are unique ecosystems due to their high species diversity and signi昀椀-
cant role in maintaining a stable global climate. They function as carbon sinks, 
storing twice as much carbon as all global forest biomass (Hakim et al. 2017; 
Fujimoto et al. 2019; Shuhada et al. 2020). Beyond carbon storage, peatlands 
offer valuable bene昀椀ts. They play vital roles in the water cycle, storing and 昀椀lter-
ing water and mitigating 昀氀oods by slowing peak 昀氀ows. Home to diverse plants 
and animals, these wetlands support millions of people. Additionally, they hold 
archaeological relics and provide insights into past environmental conditions 
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through their peat layers, aiding predictions about the future climate (Parish et 
al. 2008; Posa et al. 2011; Minayeva and Sirin 2012; UNEP 2022). Asian peat-
lands are amongst the most diverse and geographically extensive in the world, 
with over 160 million hectares and the majority of tropical peatlands are found 
in Southeast Asia (e.g. Brunei, Indonesia, Malaysia, Papua New Guinea and 
Thailand) (UNEP 2022).

These habitats support many 昀氀ora, including an extensive number of bryo-
phytes, ferns and palms (Arecaceae) (Prentice 2011; Rieley 2016). Arecaceae 
comprises iconic monocotyledonous 昀氀owering plants belonging to 188 gen-
era and 2,585 species that are distributed throughout tropical and subtrop-
ical areas of the world. However, they are most diverse in highly threatened 
moist tropical forest habitats (Drans昀椀eld et al. 2008; Palmweb 2023; POWO 
2023). In peatswamp forests, many palm species, such as Areca macroca-

lyx Zipp. ex Blume, Calamus concinnus Mart, Cyrtostachys renda Blume, Eu-

geissona tristis Griff, Eleiodoxa conferta (Griff.) Burret, Licuala longicalycata 
Furtado, L. paludosa Griff, Metroxylon sagu Rottb and Nenga pumila (Blume) 
H.Wendl. ex Schaedtler can be found (Calabon et al. 2022), exerting different 
biological functions.

Several studies on palm fungi have focused on saprobic, endophytic and 
plant pathogenic life modes from different habitats worldwide (Hyde 1988; Tay-
lor et al. 1999; Fröhlich and Hyde 2000; Fröhlich et al. 2000; Hyde et al. 2000; 
Taylor and Hyde 2003; Pilantanapak et al. 2005; Lumyong et al. 2009; Liu et al. 
2010; Wikee et al. 2013; Konta et al. 2016a, 2016b, 2016c, 2017, 2020a, 2020b, 
2020c, 2021a, 2021b, 2023; Chou et al. 2019; El Meleigi et al. 2019; Kinge et al. 
2019; Marin-Felix et al. 2019; Chen et al. 2020; Mapook et al. 2020; Zhang et 
al. 2020; Tian et al. 2022). Even though many palm trees grow in peatswamp 
forests, there are few records of fungal studies in these environments, mostly 
reported from Thailand (Pinruan et al. 2002, 2004a, 2004b, 2004c, 2004d, 2007, 
2008, 2010a, 2010b, 2014; Pinnoi et al. 2003a, 2003b, 2004, 2006, 2009, 2010; 
Voglmayr and Yule 2006; Sivichai and Boonyuen 2010; Boonyuen et al. 2012), 
of which many lack molecular data. Pinnoi et al. (2006) studied saprobic fungi 
on dead palm material in the Sirindhorn peatswamp forest, Narathiwat Prov-
ince, Thailand and listed 462 ascomycetous and basidiomycetous taxa from 
various parts of palm materials (such as dry, damp and submerged palm ma-
terials), based on morphological identi昀椀cation and also recorded 昀椀ve sporide-
smium-like taxa. Pinnoi et al. (2009) identi昀椀ed 88 fungal species from 212 
collections of Calamus sp. in Thailand, with six records resembling sporidesmi-
um-like taxa.

Distoseptispora K.D. Hyde, McKenzie & Maharachch belongs to Distoseptis-
poraceae, Distoseptisporales, Sordariomycetes, Ascomycota and comprises 
sporidesmium-like taxa (Wijayawardene et al. 2022). Su et al. (2016) proposed 
Distoseptisporaceae to accommodate sporidesmium-like taxa with Distosep-

tispora as the type genus and D. 昀氀uminicola McKenzie, Hong Y. Su, Z.L. Luo 
& K.D. Hyde as the type species. Subsequently, Luo et al. (2019) introduced 
Distoseptisporales to accommodate Distoseptisporaceae, based on multigene 
phylogenetic analyses of LSU, SSU, rpb2 and tef1-α sequence data. Distoseptis-

pora is characterised by short, septate, olivaceous to brown conidiophores. The 
conidiogenous cells are monoblastic and determinate, bearing acrogenous co-
nidia that are brown, euseptate, distoseptate or muriform and cut off by cross 
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walls at the basal cell with a basal scar (Yang et al. 2018). The genus exhibits 
morphology similar to Sporidesmium, but can be distinguished by having short-
er conidiophores and darker conidia with pale round apexes (Su et al. 2016). To 
date, Distoseptispora comprises 65 species listed in the MycoBank database 
(https://www.mycobank.org/; Accessed in August 2023), with molecular data 
available for all reported species in the GenBank. The estimated divergence 
time for Distoseptisporaceae is approximately 44.21 million years ago (MYA), 
after the Tertiary–Cretaceous extinction event (Hyde et al. 2020), which could 
have created conducive conditions for Distoseptispora to thrive as a saprobe 
on various hosts (Phukhamsakda et al. 2022).

Peatswamp forests are unique, endangered ecosystems and their fungal 
biodiversity is little known. Therefore, in the current study, we aimed to study 
fungal species on different palm materials from peatswamp forests in Thai-
land, based on morphology and phylogeny. This study introduces three new 
species, Distoseptispora arecacearum, D. eleiodoxae and D. narathiwatensis, as-
sociated with Eleiodoxa conferta, Eugeissona tristis and Licuala paludosa from 
a peatswamp forest in Narathiwat Province, Thailand, based on morphological 
characteristics coupled with multigene phylogenetic analyses (ITS, LSU, rpb2 
and tef1-α).

Materials and methods

Sample collection, morphological study and isolation

Decaying leaves of Eleiodoxa conferta, Eugeissona tristis and Licuala paludosa 
were collected from a peatswamp forest in Narathiwat Province, Thailand, in 
April 2022. Wet (submerged) and dry (aerial part) palm specimens were placed 
in plastic bags and brought to the laboratory. The submerged materials were 
kept moist and examined periodically for fungal fruiting structures and the dry 
materials were examined immediately or incubated in moisture chambers. 
Small pieces of the collected specimens were examined under a Leica EZ4 ste-
reomicroscope and isolated into axenic culture using a single spore technique 
(Choi et al. 1999) in the Difco potato dextrose agar (PDA) media supplemented 
with Streptomycin 0.5 g/l. Germinating spores were transferred to new PDA 
and incubated at 25 ± 1 °C in dark conditions for two weeks. The micro-mor-
phological characters were examined and photographed using a digital cam-
era (Canon 600D, Japan) 昀椀tted to a compound microscope (Nikon ECLIPSE 
Ni, Japan) and the measurements were obtained using the Tarosoft (R) Image 
Frame Work programme version 0.9.7 (Tarosoft, Thailand). The ex-type living 
cultures were deposited at the Mae Fah Luang University Culture Collection 
(MFLUCC) and the herbarium specimens at the Mae Fah Luang University Her-
barium (MFLU). The Facesoffungi (FoF) and Index Fungorum numbers were ob-
tained, as explained in Jayasiri et al. (2015) and Index Fungorum (http://www.
indexfungorum.org), respectively.

DNA extraction, PCR ampli昀椀cation and sequencing

Genomic DNA was extracted from fresh fungal mycelia using the Biospin 
Fungus Genomic DNA Extraction Kit (BioFlux, P.R. China), according to the 
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manufacturer’s standard protocol. Polymerase chain reactions (PCR) were 
conducted to amplify the internal transcribed spacer region rDNA (ITS), 28S 
large subunit rDNA (LSU), RNA polymerase II second largest subunit (rpb2) and 
translation elongation factor 1-alpha (tef1-α) using primers and conditions list-
ed in Table 1. The PCR products were visualised on 1% agarose gels, stained 
with 4S Green Stain and sequenced at SolGent Co., Ltd (South Korea).

Sequence alignment and Phylogenetic analyses

The obtained sequences of ITS, LSU, rpb2 and tef1-α were assembled using 
SeqMan software version 7.1.0 (DNASTAR Inc., WI) and subjected to BLASTn 
search against the GenBank nucleotide database at National Center for Bio-
technology Information (NCBI) to identify closely-related sequences. Sequence 
data of related taxa were obtained from previous publications (Su et al. 2016; 
Yang et al. 2018, 2021; Crous et al. 2019; Hyde et al. 2019; Luo et al. 2019; 
Monkai et al. 2020; Phukhamsakda et al. 2020; Sun et al. 2020; Ma et al. 2022; 
Zhai et al. 2022; Zhang et al. 2022; Afshari et al. 2023) and downloaded from 
the GenBank database (Table 2). The sequences were aligned using MAFFT v.7 
online web server (http://mafft.cbrc.jp/alignment/server/index.html, Katoh et 
al. 2019) under default settings and the alignments were trimmed in NGPhy-
logeny online web server (https://ngphylogeny.fr/work昀氀ows/wkmake/3a4ab-
1bef8e7ff3c, Lemoine et al. 2019). The sequence datasets were combined us-
ing SequenceMatrix software version 1.9 (Vaidya et al. 2011). The Maximum 
Likelihood (ML) phylogenetic analysis was run in the CIPRES Science Gateway 
platform (Miller et al. 2010), using RAxMLHPC2 on the XSEDE (v. 8.2.10) tool 
(Stamatakis 2014) under the GTRCAT substitution model and 1,000 non-para-
metric bootstrap replicates. For Bayesian Inference (BI) analysis, the optimal 
substitution model of each region was determined using jModelTest2 on the 
CIPRES Science Gateway under the Akaike Information Criterion (AIC) (Darri-
ba et al. 2012). Bayesian analysis was performed using MrBayes v. 3.2.6 on 
XSEDE at the CIPRES Science Gateway with four simultaneous Markov Chain 
runs for 1,000,000 generations. The resulting trees were visualised in FigTree v. 
1.4.0 (Rambaut 2012) and edited in Microsoft PowerPoint 2019 (Forethought, 
Inc., The United States).

Table 1. Primers and PCR protocols.

Gene regions Primers PCR conditions References

ITS ITS5/ITS4 95 °C for 4 min, 40 cycles of 94 °C 
for 45 s, 56 °C for 1 min and 72 °C 

for 2 min, 72 °C for 10 min

White et al. (1990)

LSU LR0R/LR5 94 °C for 3 min, 40 cycles of 94 °C 
for 30 s, 50 °C for 45 s and 72 °C 

for 2 min, 72 °C for 10 min

Vilgalys and Hester 
(1990), Rehner and 

Samuels (1994)

rpb2 fRPB2-5f/fRPB2-7cR 95 °C for 5 min, 35 cycles of 95 °C 
for 1 min, 55 °C for 1.25 min and 
72 °C for 2 min, 72 °C for 10 min

Liu et al. (1999)

tef1-α EF1-983F/EF1-
2218R

94 °C for 3 min, 40 cycles of 94 °C 
for 30 s, 54 °C for 50 s and 72 °C 

for 2 min, 72 °C for 10 min

Rehner (2001)
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Table 2. GenBank accession numbers used in the phylogenetic analyses.

Taxon Identi昀椀er
GenBank accession number

ITS LSU rpb2 tef1-α

Aquapteridospora aquatica MFLUCC 17-2371* NR172447 NG075413 – –

A. fusiformis MFLU 18-1601* MK828652 MK849798 – MN194056

Distoseptispora adscendens HKUCC 10820 – DQ408561 DQ435092 –

D. amniculi MFLUCC 17-2129* MZ868770 MZ868761 MZ892982 –

D. appendiculata MFLUCC 18-0259* MN163009 MN163023 – MN174866

D. aqualignicola KUNCC 21-10729* OK341186 ON400845 OP413474 OP413480

D. aquamyces KUNCC 21-10732* OK341187 OK341199 OP413476 OP413482

D. aquatica MFLUCC 15-0374* MF077552 KU376268 – –

D. aquatica MFLUCC 16-0904 MK828649 MK849794 – MN194053

D. aquatica MFLUCC 18-0646 MK828648 MK849793 – MN194052

D. aquatica S-965 MK828647 MK849792 MN124537 MN194051

D. aquisubtropica GZCC 22-0075* ON527933 ON527941 ON533685 ON533677

D. arecacearum MFLUCC 23-0211* OR234707 OR510857 OR250439 OR250442

D. arecacearum MFLUCC 23-0212 OR354399  OR510860 OR481048 OR481045

D. atroviridis GZCC 20-0511* MZ868772 MZ868763 MZ892984 MZ892978

D. atroviridis GZCC 19-0531 MW133915 MZ227223 – –

D. bambusae MFLUCC 20-0091* NR170068 NG074430 MT232881 MT232880

D. bambusae MFLU 17-1653 MT232712 MT232717 MT232882 –

D. bangkokensis MFLUCC 18-0262* MZ518205 MZ518206 – –

D. cangshanensis MFLUCC 16-0970* MG979754 MG979761 – MG988419

D. caricis CPC: 36498* NR166325 MN567632 MN556805 –

D. caricis CPC: 36442 MN562125 – MN556806 –

D. chinensis GZCC 21-0665 MZ474871 MZ474867 – MZ501609

D. clematidis MFLUCC 17-2145* MT310661 MT214617 MT394721 –

D. clematidis KUN-HKAS:112708 MW723056 MW879523 – –

D. crassispora KUMCC 21-10726* OK310698 OK341196 OP413473 OP413479

D. curvularia KUMCC 21-10725* OK310697 OK341195 OP413472 OP413478

D. cylindricospora KUN-HKAS:115796* OK491122 OK513523 – OK524220

D. dehongensis KUMCC 18-0090* MK085061 MK079662 – MK087659

D. dipterocarpi MFLUCC 22-0104 * OP600053 OP600052 OP595140 –

D. effusa GZCC 19-0532* MW133916 MZ227224 – –

D. eleiodoxae MFLUCC 23-0213* OR234706 OR510856 OR250438 OR250441

D. eleiodoxae MFLUCC 23-0214 OR354398 OR510859 OR481047 OR481044

D. euseptata MFLUCC 20-0154* MW081539 MW081544 MW151860 –

D.euseptata MFLU 20-0568 MW081540 MW081545 MW084996 MW084994

D. fasciculata KUMCC 19-0081* NR172452 NG075417 – MW396656

D. 昀氀uminicola MFLUCC 15-0417* MF077553 KU376270 – –

D. fusiformis GZCC 20-0512* MZ868773 MZ868764 MZ892985 MZ892979

D. guizhouensis GZCC 21-0666* MZ474868 MZ474869 MZ501611 MZ501610

D. guttulata MFLUCC 16-0183* MF077543 MF077554 – MF135651

D. hyalina MFLUCC 17-2128* MZ868769 MZ868760 MZ892981 MZ892976

D. hydei MFLUCC 20-0115* MT734661 MT742830 MT767128 –

D. lancangjiangensis DLUCC 1864* MW723055 MW879522 – –

D. leonensis HKUCC 10822 – DQ408566 DQ435089 –



60MycoKeys 102: 55–81 (2024), DOI: 10.3897/mycokeys.102.112815

Omid Karimi et al.: Novel peatswamp fungi

Taxon Identi昀椀er
GenBank accession number

ITS LSU rpb2 tef1-α

D. licualae MFLUCC 14-1163* ON650686 ON650675 – ON734007

D. lignicola MFLUCC 18-0198* MK828651 MK849797 – –

D. longispora HFJAU 0705* MH555359 MH555357 – –

D. martinii CGMCC 3.18651 KU999975 KX033566 – –

D. meilingensis JAUCC 4728 OK562391 OK562397 – OK562409

D. mengsongensis HJAUP C2126* OP787876 OP787874 – OP961937

D. multiseptata MFLUCC 15-0609* KX710145 KX710140 – MF135659

D. nabanheensis HJAUP C2003* OP787877 OP787873 – OP961935

D. narathiwatensis MFLUCC 23-0215* OR234708 OR510858 OR250440 OR250443

D. narathiwatensis MFLUCC 23-0216 OR354400 OR510861 OR481049 OR481046

D. neorostrata MFLUCC 18-0376* MN163008 MN163017 – –

D. nonrostrata KUNCC 21-10730* OK310699 OK341198 OP413475 OP413481

D. obclavata MFLUCC 18-0329* MN163012 MN163010 – –

D. obpyriformis MFLUCC 17-1694* – MG979764 MG988415 MG988422

D. obpyriformis DLUCC 0867 MG979757 MG979765 MG988416 MG988423

D. pachyconidia KUMCC 21-10724* OK310696 OK341194 OP413471 OP413477

D. palmarum MFLUCC 18-1446* MK085062 MK079663 MK087670 MK087660

D. palmarum MFLU 18-0588 NR165897 NG067856 – –

D. phangngaensis MFLUCC 16-0857* NR166230 – – MF135653

D. rayongensis MFLUCC 18-0415* NR171938 NG073624 – MH463253

D. rayongensis MFLU 18-1045 MH457172 MH457137 MH463255 –

D. rostrata MFLUCC 16-0969* MG979758 MG979766 MG988417 MG988424

D. rostrata DLUCC 0885 MG979759 MG979767 – MG988425

D. rostrata MFLU 18-0479 NR157552 NG064513 – –

D. saprophytica MFLUCC 18-1238* NR172454 NG075419 MW504069 MW396651

D. septata GZCC 22-0078* ON527939 ON527947 ON533690 ON533683

D. sinensis HJAUP C2044* OP787878 OP787875 – OP961936

D. songkhlaensis MFLUCC 18-1234* MW286482 MW287755 – MW396642

D. submersa MFLUCC 16-0946 MG979760 MG979768 MG988418 MG988426

D. suoluoensis MFLUCC 17-0224* NR168764 NG068552 – MF135654

D. tectonae MFLUCC 12-0291* KX751711 KX751713 KX751708 KX751710

D. tectonigena MFLUCC 12-0292* NR154018 KX751714 KX751709 –

D. thailandica MFLUCC 16-0270* MH275060 MH260292 – MH412767

D. thysanolaenae KUN-HKAS: 112710 MW723057 MW879524 – MW729783

D. thysanolaenae KUMCC 18-0182 MK045851 MK064091 – MK086031

D. tropica GZCC 22-0076* ON527935 ON527943 ON533687 ON533679

D. verrucosa GZCC 20-0434* MZ868771 MZ868762 MZ892983 MZ892977

D. wuzhishanensis GZCC 22-0077* ON527938 ON527946 – ON533682

D. xishuangbannaensis KUMCC 17-0290* MH275061 MH260293 MH412754 MH412768

D. yongxiuensis JAUCC 4725 OK562388 OK562394 – OK562406

D. yongxiuensis JAUCC 4726 OK562389 OK562395 – OK562407

D. yunjushanensis JAUCC 4723 OK562392 OK562398 – OK562411

D. yunjushanensis JAUCC 4724 OK562393 OK562399 – OK562410

D. yunnanensis MFLUCC 20-0153* MW081541 MW081546 MW151861 MW081541

Ex-type strains are indicated with an asterisk (*) after the collection number; “–” indicates unavailable sequences; sequences produced 
in the current study are in bold.
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Abbreviations

CGMCC: China General Microbiological Culture Collection Center, Chinese 
Academy of Sciences, Beijing, China; CPC: Collection of P.W. Crous, Utrecht, 
The Netherlands; DLUCC: Dali University Culture Collection, Yunnan, China; 
GZCC: Guizhou Culture Collection, Gui Yang, China; HFJAU: Herbarium of Fun-
gi, Jiangxi Agricultural University, Nanchang, China; HKUCC: The University of 
Hong Kong Culture Collection, Hong Kong, China; JAUCC: Jiangxi Agricultural 
University Culture Collection, Nanchang, China; KUMCC: Kunming Institute of 
Botany Culture Collection, Kunming, China; KUN-HKAS: Herbarium of Crypto-
gams, Kunming Institute of Botany Academia Sinica; MFLU: Mae Fah Luang 
University Herbarium, Chiang Rai, Thailand; MFLUCC: Mae Fah Luang University 
Culture Collection, Chiang Rai, Thailand.

Results

Phylogenetic analyses

The combined ITS, LSU, rpb2 and tef1-α dataset consisted of 83 strains, with 
Aquapteridospora aquatica X.D. Yu, W. Dong & H. Zhang (MFLUCC 17-2371) 
and A. fusiformis Z.L. Luo, D.F. Bao, H.Y. Su & K.D. Hyde (MFLU 18-1601) as 
outgroup taxa (Table 2). The 昀椀nal alignment comprised 3,383 characters (ITS: 
567 bp, LSU: 855 bp, rpb2: 1,051 bp, tef1-α: 909 bp), including gaps. The 昀椀nal 
ML optimisation likelihood value of the best RAxML tree was -33894.57 and 
the matrix had 1,637 distinct alignment patterns, with 29.85% undetermined 
characters or gaps. Estimated base frequencies were as follows: A = 0.240315, 
C = 0.262752, G = 0.283175, T = 0.213758; substitution rates AC = 1.324179, 
AG = 3.427671, AT = 1.239665, CG = 0.914354, CT = 6.950002, GT = 1.0; gamma 
distribution shape parameter α = 0.273123. The RAxML and Bayesian analyses 
yielded a similar tree topology.

The topology of our phylogenetic tree is nearly identical to previous publica-
tions, but there are some differences, which may be due to different taxon sam-
pling. As new species are introduced into this genus frequently, taxon sampling 
conducted for different studies varies. In our phylogenetic analyses, two strains 
of the new species Distoseptispora arecacearum (MFLUCC 23-0211 and MFLUCC 
23-0212) formed a robust subclade (100% ML, 1.00 PP) independently. The spe-
cies has close relationships with D. amniculi (MFLUCC 17-2129), D. bangkokensis 
(MFLUCC 18-0262), D. cangshanensis (MFLUCC 16-0970) and D. cylindricospora 
(KUN-HKAS:115796) with 82% ML bootstrap support. The other two new species, 
D. eleiodoxae and D. narathiwatensis, clustered with D. saprophytica (MFLUCC 18-
1238), D. palmarum (MFLU 18-0588 and MFLUCC 18-1446) and D. tropica (GZCC 
22-0076) with 0.96 PP support. Distoseptispora eleiodoxae (strains MFLUCC 23-
0213 and MFLUCC 23-0214) formed a robust subclade (100% ML, 1.00 PP) basal 
to D. narathiwatensis (MFLUCC 23-0215 and MFLUCC 23-0216), D. saprophyti-

ca (MFLUCC 18-1238) and D. palmarum (MFLU 18-0588 and MFLUCC 18-1446) 
with 90% ML and 1.00 PP support. Distoseptispora narathiwatensis (MFLUCC 23-
0215 and MFLUCC 23-0216) formed a sister clade with D. saprophytica (MFLUCC 
18-1238) with 100% ML and 1.00 PP support (Fig. 1).
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Figure 1. Maximum Likelihood tree generated from combined ITS, LSU, rpb2 and tef1-α sequence data. Bootstrap sup-

port values ≥ 65% and Bayesian posterior probabilities ≥ 0.95 are demonstrated at the nodes. The new taxa are indicated 
in red bold. Ex-type strains are in black bold.
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Taxonomy

Distoseptispora arecacearum O. Karimi, Q.R. Li & K.D. Hyde, sp. nov.
Index Fungorum number: IF900843
Facesoffungi number: FoF14756
Fig. 2

Etymology. The epithet ‘‘arecacearum’’ refers to host family, Aceraceae.
Holotype. MFLU 23-0276.
Description. Saprobic on submerged rachis of Licuala paludosa in peatswamp 

forest. Sexual morph: Undetermined. Asexual morph: Hyphomycetous. Colo-
nies gregarious or scattered, effuse, hairy, dark brown to black. Mycelium most-
ly immersed, composed of branched, septate, smooth hyphae. Conidiophores 
70–140 × 5.1–6.3 µm (x̄ = 110 × 5.5 µm, n = 20), macronematous, mononema-
tous, unbranched, erect, straight or 昀氀exuous, cylindrical, smooth, thick-walled, 
brown, 4–7 septa, sometimes consists a swollen cell in the middle or towards 
the apex. Conidiogenous cells 13–25 × 4.5–6 µm (x̄ = 17 × 5 µm, n = 20), mono-
blastic or polyblastic, terminal or subterminal, determinate, cylindrical, brown. 
Conidia 25–60 × 7–17 µm (x̄ = 44 × 10 µm, n = 30), acrogenous, solitary, cylin-
drical, obclavate to obpyriform or irregular, straight or curved, 4–10-distosep-
tate, brown, thick-walled, smooth, round apex, truncated base, sometimes with 
percurrent regeneration forming a secondary conidium from the conidial apex.

Culture characteristics. Colonies grown on PDA, reaching 50 mm in diame-
ter after 15 days at 25 °C, under dark conditions, circular, 昀椀mbriate edge, 昀氀at, 
dull surface, radiating outwards, felted, medium dense, without pigment diffu-
sion and sporulation, brown on the top, reverse dark brown to black.

Material examined. Thailand. Narathiwat Province: Yi-ngo District, 
peatswamp forest, on submerged rachis of Licuala paludosa, 06 April 2022, 
Omid Karimi, S5PP3SG (MFLU 23-0276, holotype); ex-type culture MFLUCC 23-
0211, additional living culture MFLUCC 23-0212.

Notes. Morphologically, our proposed new species is similar to Distosep-

tispora dehongensis W. Dong, H. Zhang & K.D. Hyde and D. obpyriformis Z.L. 
Luo & H.Y. Su in having macronematous, mononematous, unbranched, erect, 
straight or 昀氀exuous, cylindrical, septate conidiophores, terminal, determinate, 
cylindrical, brown conidiogenous cells and acrogenous, distoseptate, straight 
or curved conidia (Luo et al. 2018; Hyde et al. 2019). However, our isolate differs 
from D. dehongensis (HKAS 101738) in having longer and wider conidiophores 
(70–140 × 5.1–6.3 µm vs. 45–80 × 4–5 µm), with swollen cells, longer and 
wider conidia (25–60 × 7–17 µm vs. 17–30 × 7.5–10 µm) and more distosepta 
(4–10-distoseptate vs. 3–5-distoseptate). Distoseptispora arecacearum (MFLU 
23-0276) differs from D. obpyriformis (MFLU 18–0476) in having conidiophores 
with swollen cells and shorter conidia (25–60 µm vs. 53–71 µm) (Luo et al. 
2018). The BLASTn searches of the ITS sequence of D. arecacearum (MFLUCC 
23-0211) resulted in D. aquatica Z.L. Luo, H.Y. Su & K.D. Hyde (MFLUCC 18-
0646) with 92.21% similarity across 100% of the query sequence coverage, 
while the LSU sequence of D. arecacearum has 99.09% similarity across 100% 
of the sequence coverage with D. phangngaensis J. Yang, Maharachch. & 
K.D. Hyde (MFLUCC 16-0857). Distoseptispora arecacearum (MFLU 23-0276) 
is easily distinguishable from D. aquatica (HKAS 83991) in having longer 
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Figure 2. Distoseptispora arecacearum (MFLU 23-0276, holotype) a host material b colonies on the substrate c–e conid-

iophores and conidia f–i conidia j, k culture on PDA. Scale bars: 200 µm (b); 50 µm (c–e); 10 µm (f–i).
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conidiophores (70–140 µm vs. 29–41 μm) and shorter conidia (25–60 µm vs. 
110–157 µm) with less distosepta (4–10-distoseptate vs. 15–28-distoseptate) 
(Su et al. 2016). Distoseptispora arecacearum (MFLU 23-0276) differs from D. 

phangngaensis (MFLU 17-0855) in having longer conidiophores (70–140 µm 
vs. 18–30(–40) μm) and shorter conidia (25–60 µm vs. 165–350 µm) (Yang et 
al. 2018). Therefore, we introduced D. arecacearum (MFLU 23-0276) as a novel 
species, based on morphological and phylogenetic analyses.

Distoseptispora eleiodoxae O. Karimi, Q.R. Li & K.D. Hyde, sp. nov.
Index Fungorum number: IF900844
Facesoffungi number: FoF14757
Fig. 3

Etymology. The epithet “eleiodoxae” refers to the name of the host genus, Eleio-

doxa conferta.
Holotype. MFLU 23-0277.
Description. Saprobic on submerged rachis of Eleiodoxa conferta in 

peatswamp forest. Sexual morph: Undetermined. Asexual morph: Hyphomy-
cetous. Mycelium immersed to superfacial, septate, smooth, brown to dark 
brown. Colonies on submerged rachis, solitary, scattered, dark brown to black. 
Conidiophores 71–161 × 5–6.5 µm (x̄ = 110 × 5.7 µm, n = 20), macronematous, 
mononematous, cylindrical, erect, straight to 昀氀exuous, unbranched, smooth or 
昀椀nely verrucose, thick-walled, dark brown, 5–10-septate with lobed basal cells, 
percurrent proliferations at the apex. Conidiogenous cells 13.5–18.8 × 5–6.8 µm 
(x̄ = 15.96 × 5.6 µm, n = 20), holoblastic, monoblastic, terminal, integrated, cylin-
drical to ampulliform, percurrent, brown to dark brown, smooth. Conidia 31.5–
48 × 13.5–15.8 µm (x̄ = 40.8 × 14.8 µm, n = 30), secession schizolytic, solitary, 
obpyriform, rostrate, truncated base, 6–7-euseptate, verrucose, thick-walled, 
brown with dark brown to black cells in the middle, paler towards the apex.

Culture characteristics. Colonies grown on PDA, reaching 30 mm in diame-
ter after 15 days at 25 °C, under dark conditions, circular, entire to radially with 
lobate edge, well-de昀椀ned margin, low convex, dull surface, felted, dense, myce-
lium super昀椀cial to immersed, without pigment diffusion and sporulation, grey-
ish-brown on the top with dark brown margin, reverse brown with dark brown 
centre and margin.

Material examined. Thailand. Narathiwat Province: Yi-ngo District, 
peatswamp forest, on submerged rachis of Eleiodoxa conferta, 06 April 2022, 
Omid Karimi, S5PP8N1SG (MFLU 23-0277, holotype); ex-type culture MFLUCC 
23-0213, additional living culture MFLUCC 23-0214.

Notes. Distoseptispora eleiodoxae (MFLU 23-0277) shares similar character-
istics with D. tropica J. Ma & Y.Z. Lu (HKAS 123761), in having macronematous, 
mononematous, cylindrical, erect, straight, unbranched conidiophores with ho-
loblastic, monoblastic, terminal, cylindrical, thick-walled conidiogenous cells 
and verrucose, rostrate conidia (Ma et al. 2022). However, D. eleiodoxae (MFLU 
23-0277) differs from D. tropica (HKAS 123761) in having shorter and wider 
obpyriform conidia (31.5–48 × 13.5–15.8 µm vs. 39–75 × 7.5–10.5 µm), with 
broad and darker middle cells, no guttules and lacking conspicuous hyphae 
attachment to conidia. The BLAST search against GenBank showed that the 
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Figure 3. Distoseptispora eleiodoxae (MFLU 23-0277, holotype) a host material b, c colonies on the substrate d–f con-

idiophores and conidia g conidiogenous cell h–j conidia k culture on PDA (top and reverse). Scale bars: 100 µm (b, c); 

30 µm (d–f); 10 µm (g–j).
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ITS and LSU sequences of the new isolate, D. eleiodoxae (MFLUCC 23-0213), 
share 84.25% similarity across 100% sequence coverage with D. tropica (GZCC 
22-0076) and 96.09% similarity across 100% sequence coverage with D. effu-

sa L.L. Liu & Z.Y. Liu, respectively. Distoseptispora eleiodoxae (MFLU 23-0277) 
differs from D. effusa (GZAAS 20-0427) in having shorter conidia (31.5–48 
vs. 35.5–113 µm) (Yang et al. 2021). Based on a pairwise comparison of ITS, 
LSU, rpb2 and tef1-α nucleotides, D. eleiodoxae (MFLUCC 23-0213) differs from 
D. tropica (GZCC 22-0076) in 70/536 bp (13.05%) for ITS, 50/834 bp (5.99%) for 
LSU, 141/1052 bp (13.40%) for rpb2 and 96/888 bp (10.8%) for tef1-α (without 
including gaps). Therefore, we introduced D. eleiodoxae (MFLU 23-0277) as a 
novel species, based on the morphological evidence and according to the spe-
cies delimitation guidelines proposed by Chethana et al. (2021) and Maharac-
hchikumbura et al. (2021).

Distoseptispora narathiwatensis O. Karimi, Q.R. Li & K.D. Hyde, sp. nov.
Index Fungorum number: IF900845
Facesoffungi number: FoF14758
Fig. 4

Etymology. The epithet “narathiwatensis” refers to Narathiwat Province, where 
the holotype was collected.

Holotype. MFLU 23-0278.
Description. Saprobic on dead petiole of Eugeissona tristis in peatswamp for-

est. Sexual morph: Undetermined. Asexual morph: Hyphomycetous. Colonies 
super昀椀cial, effuse, hairy, gregarious, brown. Mycelium immersed to super昀椀cial, 
composed of septate, branched, pale brown hyphae. Conidiophores 27–155 × 
3–6.5(–7) μm (x̄ = 104 × 5 μm, n = 50), macronematous, mononematous, cylin-
drical, straight or 昀氀exuous, occasionally slightly curved in the middle and near 
the base and the apex, up to 10 septa, slightly constricted at septa, unbranched, 
brown, thin-walled, smooth, often containing in昀氀ated or constricted cells at the 
apex or middle, sometimes percurrent with annellations. Conidiogenous cells 
7–17 × 4–5.5 μm (x̄ = 12.5 × 5 μm, n = 30), holoblastic, mono- to polyblastic, in-
tegrated, determinate, terminal and intercalary, subcylindrical, brown, smooth. 
Conidia 12–38 × 4.5–8 μm (x̄ = 27 × 6.5 μm, n = 30), secession schizolytic, 
solitary or occasionally catenate, dry, thin-walled, smooth, subcylindrical to 
obclavate to conical, straight or curved, 1–7-distoseptate, slightly constricted 
at septa, olivaceous to brown, apex rounded, truncated base with slightly pig-
mented scar, often the primary cells of conidia are narrower than the second 
ones which are often in昀氀ated.

Culture characteristics. Colonies grown on PDA, reaching 50 mm in di-
ameter after 15 days at 25 °C, under dark conditions, circular, entire margin, 
well-de昀椀ned margin, low convex, dull surface, felted, dense, mycelium mostly 
super昀椀cial, without pigment diffusion and sporulation, medium brown to red-
dish-brown with dark brown edge on the top, reverse-side dark brown to black.

Material examined. Thailand. Narathiwat Province: Yi-ngo District, 
peatswamp forest, on dead petiole of Eugeissona tristis, 06 April 22, Omid 
Karimi, 35Y (MFLU 23-0278, holotype); ex-type culture MFLUCC 23-0215, addi-
tional living culture MFLUCC 23-0216.
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Figure 4. Distoseptispora narathiwatensis (MFLU 23-0278, holotype) a host material b colonies on the substrate 

c–e conidiophores and conidia f conidiogenous cell g–j conidia k, l culture on PDA. Scale bars: 100 μm (b); 50 μm (c–e); 

10 μm (f–j).
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Notes. Distoseptispora narathiwatensis (MFLU 23-0278) is similar to D. sap-

rophytica (MFLU 18-1568), but it can be distinguished in having longer and 
wider conidiophores (27–155 × 3–6.5 (–7) μm vs. 50–140 × 3.2–4.2 μm) and 
conidiogenous cells (7–17 × 4–5.5 μm vs. 5–11.5 × 3–4.5 μm). In D. narathi-

watensis (MFLU 23-0278), the conidiophore is slightly curved at the base, mid-
dle and near the top in contrast to D. saprophytica (MFLU 23-0278), which is 
characterised by sharp curving near the base; also in D. narathiwatensis, the 
conidiophore cells are often in昀氀ated or constricted at the apex or middle which 
is not observed in D. saprophytica (Dong et al. 2021). Conidiogenous cells of 
D. narathiwatensis are terminal and intercalary and their conidia are not acrog-
enous as in D. saprophytica. The primary cell in the conidium is often narrower 
than the second one and the second cell is often in昀氀ated, which is not observed 
in D. saprophytica. The BLAST search against the GenBank showed that the ITS 
and rpb2 sequences of the new isolate, D. narathiwatensis (MFLUCC 23-0215), 
share 98.33% similarity across 100% sequence coverage and 98.63% similarity 
across 78% sequence coverage with D. saprophytica (MFLUCC 18-1238), re-
spectively. In a BLAST search against GenBank, the LSU and tef1-α sequences 
of D. narathiwatensis (MFLUCC 23-0215) share 99.3% similarity across 85% se-
quence coverage and 94.12% similarity across 94% sequence coverage with 
D. palmarum (MFLU 18-0588), respectively. However, D. palmarum is distin-
guished in having longer (12–38 μm vs. 35–180 μm), elongated, greenish-black 
to brown conidia (Hyde et al. 2019). Based on a pairwise comparison of ITS and 
LSU nucleotides, D. narathiwatensis (MFLUCC 23-0215) differs from D. sapro-

phytica (MFLUCC 18-1238) by 22/580 bp (3.8%), 16/870 bp (1.8%) differences, 
respectively (without including gaps). Therefore, we introduced D. narathiwat-

ensis (MFLU 23-0278) as a novel species, based on the morphological evidence 
and according to the species delimitation guidelines proposed by Chethana et 
al. (2021) and Maharachchikumbura et al. (2021).

Discussion

Peatswamp forests are unique habitats found in only a few regions worldwide 
(Jackson et al. 2009). The destruction caused by humans threatens them; 
hence more extensive studies on fungal identi昀椀cation are needed before the 
extinction of fungal species. Pinnoi et al. (2006, 2009) recorded sporidesmi-
um-like taxa on the palm species Eleiodoxa conferta and Calamus sp. in Sirind-
horn peatswamp forest, Narathiwat, Thailand, based on morphological data. 
In this study, three new Distoseptispora species (D. arecacearum, D. eleiodox-

ae and D. narathiwatensis) from peatswamp forest in Thailand are introduced, 
based on multilocus phylogenetic analysis (ITS, LSU, rpb2 and, tef1-α) (Fig. 1) 
and morphology (Figs 2–4).

The fungal diversity in peatswamp forest has not been well studied and a few 
previously studies (Pinruan et al. 2002, 2004a, 2004b, 2007, 2008, 2010a, 2010b, 
2014; Pinnoi et al. 2003a, 2003b, 2004, 2006, 2009, 2010; Voglmayr and Yule 2006; 
Sivichai and Boonyuen 2010; Boonyuen et al. 2012) show a high fungal diversity 
in this habitat, especially in Thailand, but some of the previous studies (Pinruan 
et al. 2002, 2007, 2014; Pinnoi et al. 2003a, 2003b, 2004, 2006, 2009; Sivichai and 
Boonyuen 2010) lack molecular data. As only morphological data are insu昀케cient 
to identify a fungal species (Chethana et al. 2021; Maharachchikumbura et al. 
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2021), studying the fungal diversity by combining morphological and molecular 
data are required and this has been followed in this study.

Except for Distoseptispora hyalina J. Yang & K.D. Hyde and D. licualae Kon-
ta & K.D. Hyde, most Distoseptispora species have been recorded as having 
an asexual morph and their characters, such as size, shape, colour and the 
number of septa in conidiophores and conidia, are crucial for distinguishing 
species. Morphologically, Distoseptispora is similar to Ellisembia Subram and 
Sporidesmium Link; therefore, it is problematic to recognise Distoseptispora 
species by only morphological signatures (Su et al. 2016; Hyde et al. 2019; 
Luo et al. 2019; Yang et al. 2021). Different studies have explored the taxon-
omy of Distoseptispora using various combinations of gene regions, such as 
combined ITS, LSU (Tibpromma et al. 2018), combined LSU, ITS, rpb2 (Monkai 
et al. 2020) or combined LSU, ITS, tef1-α and rpb2 (Zhang et al. 2022). In our 
study, we constructed the phylogenetic tree using concatenated ITS, LSU, rpb2 
and tef1-α. In this study, Distoseptispora clematidis (MFLUCC 17-2145) and 
D. nabanheensis Jing W. Liu, X.G. Zhang & Jian Ma (HJAUP C2003) formed 
a sister clade, consistent with previous research (Liu et al. 2023). However, 
D. clematidis (KUN-HKAS:112708) appeared separated from these two taxa, 
presenting an unresolved relationship. The phylogenetic relationship amongst 
these three taxa is not comparable with the previous studies due to the lack of 
all these taxa together in their phylogenetic trees (Afshari et al. 2023; Liu et al. 
2023). The unresolved clade’s origin may stem from the lack of rpb2 sequence 
data for D. clematidis (KUN HKAS:112708) in contrast to the other two taxa 
where this gene region is available. This suggests that different taxon sampling 
and protein-coding sequences can in昀氀uence the topology of the tree. However, 
further studies are essential to validate this hypothesis.

Morphologically, some taxa that share similarities exhibit distinct phyloge-
nies. For instance, D. arecacearum shares a morphological resemblance with 
D. dehongensis, although they are phylogenetically distinct. Similarly, D. eleio-

doxae shows morphological similarities to D. tropica, but resides in a separate 
clade in the phylogenetic tree. Distoseptispora narathiwatensis forms a sister 
clade with D. saprophytica despite the differences highlighted by the pairwise 
comparison of ITS, LSU and other genetic markers. These encompass 22/580 
bp (3.8%) and 16/870 bp (1.8%) differences for ITS and LSU, respectively, ex-
cluding gaps. Moreover, distinctions in the morphology of conidiophores and 
the absence of acrogenous conidia further contribute to the differentiation be-
tween D. narathiwatensis and D. saprophytica. Our study con昀椀rmed the necessi-
ty of associating molecular data with morphological characters to distinguish 
them, as previously demonstrated in other studies (Su et al. 2016; Hyde et al. 
2019; Luo et al. 2019; Yang et al. 2021; Ma et al. 2022).

To date, the majority of Distoseptispora species have been reported from 
China (42 species) and Thailand (23 species), primarily on dead plant materials 
in freshwater (44 species) and terrestrial (21 species) habitats. In most cases, 
the hosts are unknown. Although in 19 cases, their hosts have been identi昀椀ed, 
two of which have been reported from palm, including D. palmarum from Cocos 

nucifera and D. licualae from dead leaves of Licuala glabra in terrestrial habitats 
(Hyde et al. 2016, 2021; Su et al. 2016; Xia et al. 2017; Tibpromma et al. 2018; 
Yang et al. 2018; Luo et al. 2019; Phookamsak et al. 2019; Monkai et al. 2020; 
Phukhamsakda et al. 2020, 2022; Song et al. 2020; Sun et al. 2020; Dong et al. 
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2021; Li et al. 2021; Shen et al. 2021; Jayawardena et al. 2022; Ma et al. 2022; 
Zhai et al. 2022; Zhang et al. 2022; Konta et al. 2023; Liu et al. 2023). Distosep-

tispora species have been recorded as saprophytes and their reported limited 
geographic distribution (China and Thailand) is most likely due to increased 
attention by mycologists in these areas on saprophytic fungi in aquatic and 
terrestrial habitats. This study shows that there is much to be done in this re-
gard. Ongoing and future investigations will reveal the diversity and functions 
of these microorganisms in this ecosystem.
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Abstract

During our investigation of saprophytic fungi in Guizhou and Hainan provinces, China, 

three hyphomycetes were collected from terrestrial and freshwater habitats. Based on 

morphological characteristics and phylogenetic analyses of combined ITS, LSU, tef1-α, 
and rpb2 sequence data, two new species are introduced: Distoseptispora hainanensis 

and D. lanceolatispora. Additionally, one known species, D. tectonae, previously unreport-

ed from Edgeworthia chrysantha, is newly reported. Detailed descriptions, illustrations, 

and a phylogenetic tree to show the two new species and the new host record of Dis-

toseptispora are provided. In addition, a checklist of Distoseptispora species with their 

locations, lifestyles, habitats, and hosts is provided.

Key words: 2 new taxa, asexual morph, phylogeny, taxonomy

Introduction

Distoseptispora K.D. Hyde, McKenzie & Maharachch. was introduced by Su et al. 
(2016) with D. 昀氀uminicola McKenzie, Hong Y. Su, Z.L. Luo & K.D. Hyde, as the type 
species. Most Distoseptispora species are reported as saprophytes, typically 
found on decaying wood in terrestrial and freshwater habitats (Hyde et al. 2016, 
2019; Su et al. 2016; Xia et al. 2017; Yang et al. 2018; Crous et al. 2019; Luo et 
al. 2019). The initial descriptions of Distoseptispora are derived from its asex-
ual morphology (Hyde et al. 2016, 2019, 2020; Su et al. 2016; Yang et al. 2018, 
2021; Luo et al. 2019; Sun et al. 2020). The 昀椀rst description of a sexual morph 
of Distoseptispora was described by Yang et al. (2021). Recently, Konta et al. 
(2023) identi昀椀ed the second sexual species on dead leaves of Licuala glabra, and 
provided detailed explanations, enhancing our understanding of Distoseptispora 
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sexual morphology. This sexual morph is characterized by solitary or gregarious, 
immersed to semi-immersed, subglobose to ellipsoidal, perithecial, dark brown 
ascomata with a short neck; 8-spored, cylindrical, short pedicellate asci with 
non-amyloid apical annuli; and fusiform, 0–3-septate, hyaline ascospores with 
mucilaginous sheaths (Yang et al. 2021; Konta et al. 2023). The asexual morph of 
Distoseptispora was recently expanded upon by Yang et al. (2021), incorporating 
macronematous, mononematous, solitary or fasciculate conidiophores, blastic, 
terminal, percurrent, cylindrical conidiogenous cells; and acrogenous, solitary, ob-
clavate, ellipsoidal, obovoid or fusiform, rostrate or not, euseptate, distoseptate 
or rarely muriform conidia with or without a septal pore and mucilaginous sheath.

Distoseptispora has been found on various hosts viz. Tectona, Pandanus, 
bamboo, Clematis, Carex, Dipterocarpus, Licuala glabra, Cocos nucifera, Phrag-

mites australis, Thysanolaena maxima, Platanus orientalis, and decaying wood 
and grasses (Shoemaker and White 1985; McKenzie 1995; Hyde et al. 2016, 
2019, 2021, 2023; Su et al. 2016; Tibpromma et al. 2018; Crous et al. 2019; 
Phookamsak et al. 2019; Phukhamsakda et al. 2020, 2022; Sun et al. 2020; 
Zhai et al. 2022; Afshari et al. 2023; Hu et al. 2023; Konta et al. 2023). Most 
Distoseptispora species have been described in Asia, mainly in China, Thailand, 
and Malaysia, and only a few have been described in Europe (Shoemaker and 
White 1985; McKenzie 1995; Phookamsak et al. 2019; Ma et al. 2022; Zhai et 
al. 2022; Zhang et al. 2022; Konta et al. 2023). Distoseptispora comprises 74 
accepted species in Index Fungorum (2024), but there is an ambiguity in the 
taxonomic status of D. submersa Z.L. Luo, K.D. Luo et al. (2019) stated that 
D. submersa is phylogenetically closely related to D. tectonae, and there are only 
minor size differences in conidiophores and conidia between D. tectonae and 
D. submersa. Dong et al. (2021) synonymized D. submersa under D. tectonae, 
thus, Distoseptispora comprises 73 accepted saprobic species, of which 44 
were from freshwater habitats, 29 from terrestrial habitats, and 昀椀ve from both 
terrestrial and freshwater environments (Hyde et al. 2016, 2019; Luo et al. 2019; 
Monkai et al. 2020; Yang et al. 2021; Ma et al. 2022; Zhang et al. 2022; Afshari 
et al. 2023; Hu et al. 2023; Konta et al. 2023; Liu et al. 2023).

In this study, three fresh hyphomycetous fungal collections were encountered 
during a microfungal investigation in Hainan and Guizhou provinces. Based on 
multi-gene phylogeny and morphological comparison, two new species, Dis-

toseptispora hainanensis and D. lanceolatispora are introduced. In addition, a 
new host record of D. tectonae from Edgeworthia chrysantha is also reported.

Materials and methods

Sample collection, isolation, and morphological study

Fresh specimens were collected from Hainan and Guizhou provinces in China. 
Fungal colonies were mounted on a slide with distilled water and were observed 
and examined using a stereomicroscope (SMZ 745, Nikon, Tokyo, Japan). Mi-
cro-morphological characteristics were captured with a Nikon EOS 90D digital 
camera combined with an ECLIPSE Ni-U compound microscope (Nikon, Tokyo, 
Japan). The sizes of the fungal structures were measured using the Tarosoft (R) 
Image Frame Work program (IFW 0.97 version), and the photo plates were pro-
cessed with Adobe Photoshop CC 2019 (Adobe Systems, San Jose, CA, USA).
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Single spore isolations were carried out following the methods described in 
Senanayake et al. (2020). Germinated conidia were transferred to fresh potato 
dextrose agar (PDA) plates and incubated at 25–27 °C for four weeks. Cul-
ture characteristics, including color, shape, and size, were recorded. Herbarium 
specimens were deposited in the herbarium of the Guizhou Academy of Agri-
culture Sciences (GZAAS), Guiyang, China, and the living cultures were depos-
ited at the Guizhou Culture Collection, China (GZCC). Faces of Fungi and Index 
Fungorum numbers were obtained following the protocols outlined by Jayasiri 
et al. (2015) and Index Fungorum (2024), respectively.

DNA extraction, PCR ampli昀椀cation, and sequencing

Fresh mycelia were scraped from cultures that were incubated at 25–27 °C for 
28 days. Fungal genomic DNA was extracted using the Biospin Fungus Genom-
ic DNA Extraction Kit (BioFlux, Shanghai, China), following the manufacturer’s 
instructions. Four gene regions: internal transcribed spacer (ITS), large subunit 
ribosomal DNA (LSU), translation elongation factor 1-alpha (tef1-α), and RNA 
polymerase II second largest subunit (rpb2) were selected. The primers used in 
this study for each gene region were as follows: ITS4 and ITS5 for ITS (White et 
al. 1990), LR0R and LR5 for LSU (Vilgalys and Hester 1990; Cubeta et al. 1991), 
EF1-983F and EF1-2218R for tef1-α (Rehner and Samuels 1994), and rpb2 with 
fRPB2-5F and fRPB2-7cR (Liu et al. 1999).

Polymerase chain reaction (PCR) ampli昀椀cations were carried out in a 50 µL 
reaction volume containing 44 μL of 1.1 × T3 Super PCR Mix (TsingKe Biotech, 
Chongqing, China), 2 µL of DNA template, and 2 µL of each forward and reverse 
primer. The ampli昀椀cation condition for LSU and ITS consisted of initial denatur-
ation at 94 °C for 3 min, followed by 35 cycles of 45 s at 94 °C, 50 s at 56 °C, and 
1 min at 72 °C, and a 昀椀nal extension period of 10 min at 72 °C. The ampli昀椀cation 
condition for the tef1-α gene consisted of initial denaturation at 94 °C for 3 min, 
followed by 30 cycles of 30 s at 94 °C, 50 s at 56 °C, and 1 min at 72 °C, a 昀椀nal ex-
tension period of 10 min at 72 °C. The ampli昀椀cation condition for the rpb2 gene 
consisted of initial denaturation at 95 °C for 5 min, followed by 35 cycles of 15 s 
at 95 °C, 50 s at 56 °C, and 1 min at 72 °C, a 昀椀nal extension period of 10 min at 
72 °C. The quality of PCR ampli昀椀cation products was examined with 1% agarose 
electrophoresis gels stained with ethidium bromide, and the PCR products were 
sent to TsingKe Biotech, Chongqing, China for puri昀椀cation and sequencing.

Phylogenetic analyses

The raw sequences were initially checked with BioEdit v 7.0.5.3 (Hall 1999). 
Forward and reverse sequences were assembled using SeqMan v. 7.0.0 
(DNASTAR, Madison, WI, USA). Sequence data (LSU, ITS, tef1-α, and rpb2) for 
Distoseptispora were downloaded from GenBank based on the blast results 
and recent publications (Table 1). Each individual gene dataset was aligned 
using the online program MAFFT version 7 with the “auto” option (Hall 1999; 
Katoh and Standley 2013). These alignments were visually inspected and 
manually improved in BioEdit v 7.0.5.3. Multi-gene alignments were combined 
by SequenceMatrix (Vaidya et al. 2011). In this study, phylogenetic analyses 
were performed using maximum likelihood (ML), maximum parsimony (MP), 
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Table 1. Names, strain numbers, and corresponding GenBank accession numbers of taxa used in this study.

Taxa names Strain
GenBank Accessions

References
LSU ITS tef1-α rpb2

Aquapteridospora aquatica MFLUCC 17-2371T MW287767 MW286493 N/A N/A Dong et al. (2021)

Distoseptispora adscendens HKUCC 10820 DQ408561 N/A N/A DQ435092 Shenoy et al. (2006)

D. amniculi MFLU 17-2129T MZ868761 MZ868770 N/A MZ892982 Yang et al. (2021)

D. appendiculata MFLUCC 18-0259T MN163023 MN163009 MN174866 N/A Luo et al. (2019)

D. aqualignicola KUNCC 21-10729T ON400845 OK341186 OP413480 OP413474 Zhang et al. (2022)

D. aquamyces KUNCC 21-10731T OK341199 OK341187 OP413482 OP413476 Zhang et al. (2022)

D. aquatica MFLUCC 15-0374T KU376268 MF077552 N/A N/A Su et al. (2016)

MFLUCC 18-0646 MK849793 MK828648 N/A N/A Luo et al. (2019)

D. aquisubtropica GZCC 22-0075T ON527941 ON527933 ON533677 ON533685 Ma et al. (2022)

D. atroviridis GZCC 20-0511T MZ868763 MZ868772 MZ892978 MZ892984 Yang et al. (2021)

D. bambusae MFLUCC 20-0091T MT232718 MT232713 MT232880 MT232881 Sun et al. (2020)

MFLUCC 14-0583 MT232717 MT232712 N/A MT232882 Sun et al. (2020)

D. bambusicola GZCC 21-0667T MZ474872 MZ474873 N/A N/A Hyde et al. (2023)

D. bangkokensis MFLUCC 18-0262T MZ518206 MZ518205 N/A N/A Shen et al. (2021)

D. cangshanensis MFLUCC 16-0970T MG979761 MG979754 MG988419 N/A Luo et al. (2018)

D. caricis CPC 36498T MN567632 MN562124 N/A MN556805 Crous et al. (2019)

CPC 36442 N/A MN562125 N/A MN556806 Crous et al. (2019)

D. chinensis GZCC 21-0665T MZ474867 MZ474871 MZ501609 N/A Hyde et al. (2021)

D. clematidis MFLUCC 17-2145T MT214617 MT310661 N/A MT394721 Phukhamsakda et al. (2020)

D. crassispora KUMCC 21-10726T OK341196 OK310698 OP413479 OP413473 Zhang et al. (2022)

D. curvularia KUMCC 21-10725T OK341195 OK310697 OP413478 OP413472 Zhang et al. (2022)

D. cylindricospora DLUCC 1906T OK513523 OK491122 OK524220 N/A Phukhamsakda et al. (2022)

D. dehongensis KUMCC 18-0090T MK079662 MK085061 MK087659 N/A Hyde et al. (2019)

D. dipterocarpi MFLUCC 22-0104T OP600052 OP600053 N/A OP595140 Afshari et al. (2023)

D. effusa GZCC 19-0532T MZ227224 MW133916 N/A N/A Yang et al. (2021)

D. eusptata MFLUCC 20-0154T MW081544 MW081539 N/A MW151860 Li et al. (2021)

MFLU 20-0568 MW081545 MW081540 MW084994 MW084996 Li et al. (2021)

D. fasciculata KUMCC 19-0081T MW287775 MW286501 MW396656 N/A Dong et al. (2021)

D. 昀氀uminicola MFLUCC 15-0417T KU376270 MF077553 N/A N/A Su et al. (2016)

D. fusiformis GZCC 20-0512T MZ868764 MZ868773 MZ892979 MZ892985 Yang et al. (2021)

D. gasaensis HJAUP C2034T OQ942891 OQ942896 OQ944455 N/A Hu et al. (2023)

D. guanshanensis HJAUP C1063T OQ942898 OQ942894 OQ944452 OQ944458 Hu et al. (2023)

D. guizhouensis GZCC 21-0666T MZ474869 MZ474868 MZ501610 MZ501611 Hyde et al. (2021)

D. guttulata MFLUCC 16-0183T MF077554 MF077543 MF135651 N/A Yang et al. (2018)

DLUCC B43 MN163016 MN163011 N/A N/A Luo et al. (2019)

D. hainanensis GZCC 22-2047T OR438894 OR427328 OR449122 OR449119 This study

D. hyalina MFLUCC 17-2128T MZ868760 MZ868769 MZ892976 MZ892981 Yang et al. (2021)

D. hydei MFLUCC 20-0481T MT742830 MT734661 N/A MT767128 Monkai et al. (2020)

D. jinghongensis HJAUP C2120T OQ942893 OQ942897 OQ944456 N/A Hu et al. (2023)

D. lancangjiangensis KUN-HKAS 112712T MW879522 MW723055 N/A MW882260 Shen et al. (2021)

D. lanceolatispora GZCC 22-2045T OR43BB95 OR427329 OR449123 OR449120 This study

D. leonensis HKUCC 10822 DQ408566 N/A N/A DQ435089 Shenoy et al. (2006)

D. licualae MFLUCC 14-1163AT ON650675 ON650686 ON734007 N/A Konta et al. (2023)

MFLUCC 14-1163BT ON650676 ON650687 ON734008 N/A Konta et al. (2023)
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Taxa names Strain
GenBank Accessions

References
LSU ITS tef1-α rpb2

D. lignicola MFLUCC 18-0198T MK849797 MK828651 N/A N/A Luo et al. (2019)

D. longispora HFJAU 0705T MH555357 MH555359 N/A N/A Song et al. (2020)

D. longnanensis HJAUP C1040T OQ942886 OQ942887 OQ944451 N/A Hu et al. (2023)

D. martinii CGMCC 3.18651T KX033566 KU999975 N/A N/A Xia et al. (2017)

D. meilingensis JAUCC 4727T OK562396 OK562390 OK562408 N/A Zhai et al. (2022)

D. menghaiensis HJAUP C2045T OQ942900 OQ942890 N/A N/A Hu et al. (2023)

HJAUP C2170T OQ942888 OQ942899 OQ944457 OQ944461 Hu et al. (2023)

D. mengsongensis HJAUP C2126T OP78784 OP787876 OP961937 N/A Liu et al. (2023)

D. multiseptata MFLUCC 16-1044 MF077555 MF077544 MF135652 MF135644 Yang et al. (2018)

MFLUCC 15-0609T KX710140 KX710145 MF135659 N/A Hyde et al. (2016)

D. nabanheensis HJAUP C2003T OP787877 OP787873 OP961935 N/A Liu et al. (2023)

D. nanchangensis HJAUP C1074T OQ942895 OQ942889 OQ944454 OQ944460 Hu et al. (2023)

D. neorostrata MFLUCC 18-0376T MN163017 MN163008 N/A N/A Luo et al. (2019)

D. nonrostrata KUNCC 21-10730T OK341198 OK310699 OP413481 OP413475 Zhang et al. (2022)

D. obclavata MFLUCC 18-0329T MN163010 MN163012 N/A N/A Luo et al. (2019)

D. obpyriformis MFLUCC 17-1694T MG979764 N/A MG988422 MG988415 Luo et al. (2018)

DLUCC 0867 MG979765 MG979757 MG988423 MG988416 Luo et al. (2018)

D. pachyconidia KUMCC 21-10724T OK341194 OK310696 OP413477 OP413471 Zhang et al. (2022)

D. palmarum MFLUCC 18-1446T MK079663 MK085062 MK087660 MK087670 Hyde et al. (2019)

D. phangngaensis MFLUCC 16-0857T MF077556 MF077545 MF135653 N/A Yang et al. (2018)

D. phragmiticola GUCC 22-0202T OP749881 OP749888 OP749892 OP752700 Hyde et al. (2023)

D. rayongensis MFLUCC 18-0415T MH457137 MH457172 MH463253 MH463255 Hyde et al. (2020)

MFLUCC 18-0417 MH457138 MH457173 MH463254 MH463256 Hyde et al. (2020)

D. rostrata MFLUCC 16-0969T MG979766 MG979758 MG988424 MG988417 Luo et al. (2018)

DLUCC 0885 MG979767 MG979759 MG988425 N/A Luo et al. (2018)

D. saprophytica MFLUCC 18-1238T MW287780 MW286506 MW396651 MW504069 Dong et al. (2021)

D. septata GZCC 22-0078T ON527947 ON527939 ON533683 ON533690 Ma et al. (2022)

D. sinensis HJAUP C2044T OP787875 OP787878 OP961936 N/A Liu et al. (2023)

D. songkhlaensis MFLUCC 18-1234T MW287755 MW286482 MW396642 N/A Dong et al. (2021)

D. suoluoensis MFLUCC 17-0224T MF077557 MF077546 MF135654 N/A Yang et al. (2018)

MFLUCC 17-1305 MF077558 MF077547 N/A N/A Yang et al. (2018)

D. tectonae MFLUCC 12-0291T KX751713 KX751711 KX751710 KX751708 Hyde et al. (2016)

MFLU 20-0262 MT232719 MT232714 N/A N/A Sun et al. (2020)

MFLUCC 16-0946 MG979768 MG979760 MG988426 MG988418 Dong et al. (2021)

D. tectonae GZCC 22-2046 OR348896 OR427330 OR449124 OR449121 This study

D. tectonigena MFLUCC 12-0292T KX751714 KX751712 N/A KX751709 Hyde et al. (2016)

D. thailandica MFLUCC 16-0270T MH260292 MH275060 MH412767 N/A Tibpromma et al. (2018)

D. thysanolaenae KUN-HKAS 102247T MK064091 MK045851 MK086031 N/A Phukhamsak et al. (2019)

D. tropica GZCC 22-0076T ON527943 ON527935 ON533679 ON533687 Ma et al. (2022)

D. verrucosa GZCC20-0434T MZ868762 MZ868771 MZ892977 MZ892983 Yang et al. (2021)

D. wuzhishanensis GZCC 22-0077T ON527946 ON527938 ON533682 N/A Ma et al. (2022)

D. xishuangbannaensis KUMCC 17-0290T MH260293 MH275061 MH412768 MH412754 Tibpromma et al. (2018)

D. yichunensis HJAUP C1065T OQ942892 OQ942885 OQ944453 OQ944459 Hu et al. (2023)

D. yongxiuensis JAUCC 4725T OK562394 OK562388 OK562406 N/A Zhai et al. (2022)

D. yunjushanensis JAUCC 4723T OK562398 OK562392 OK562410 N/A Zhai et al. (2022)

D. yunnanensis MFLUCC 20-0153T MW081546 MW081541 MW084995 MW151861 Li et al. (2021)

Note: “T” denotes ex-type strain. Newly generated sequences are indicated in black bold. “N/A”: no data available in GenBank.
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and Bayesian posterior probability (BYPP) methods. The analyses were based 
on LSU, ITS, tef1-α, and rpb2 combined sequence datasets.

The phylogenetic analyses were conducted using the CIPRES Science Gate-
way V. 3.3. “RAxML-HPC v.8 on XSEDE”, “PAUP on XSEDE”, and “MrBayes on 
XSEDE (3.2.7a)” were utilized for ML, MP, and BYPP methods, respectively 
(Huelsenbeck and Ronquist 2001; Swofford 2002; Stamatakis et al. 2008; Miller 
et al. 2010; Ronquist et al. 2012). For the ML analysis, the GTRGAMMA model 
of nucleotide evolution was employed, and RAxML rapid bootstrapping with 
1,000 bootstrap replicates was obtained (Stamatakis et al. 2008).

The MP analysis employed 1,000 random taxa additions to infer trees. 
Branches of zero length were collapsed, and all multiple parsimonious trees 
were saved. The maxtrees value was set to 5,000. For trees generated using 
different optimal criteria, parsimony score values were determined for tree 
length (TL), consistency index (CI), retention index (RI), and homoplasy in-
dex (HI). To assess clade stability, the bootstrap (BT) method was used with 
1,000 iterations, each consisting of 100 trials of random stepwise addition of 
taxa (Hillis and Bull 1993).

The posterior probabilities (PP) were determined based on Bayesian Markov 
chain Monte Carlo sampling (Huelsenbeck and Ronquist 2001). The best nu-
cleotide substitution model for each data partition was determined using the 
program MrModeltest 2.2 (Nylander 2004). The GTR + I + G substitution mod-
el with gamma rates and Dirichlet base frequencies was selected for all LSU, 
ITS, tef1-α, and rpb2 sequences. To calculate the posterior probabilities, four 
simultaneous Markov chains were run for one million generations, with trees 
sampled every 100th generation, resulting in a total of 10,000 trees. A burn-in 
parameter of 0.25 was set, indicating that 75% of the trees were remined during 
the burn-in phase, and the remaining trees were used for calculating the poste-
rior probabilities in the majority rule consensus tree.

FigTree v. 1.4.4. was used for visualizing the phylogenetic trees, and Adobe 
Illustrator CC 2019v. 23.1.0 was used to edit trees and 昀椀gure layout.

Phylogenetic analyses results

This study utilized a combined multi-gene dataset encompassing ITS, LSU, 
tef1-α, and rpb2 sequences to assess the phylogenetic relationships among 
Distoseptispora species. The analyses included a total of 90 taxa, designating 
Aquapteridospora aquatica X.D. Yu, W. Dong & H. Zhang (MFLUCC 17-2371) as 
the outgroup taxon. The combined aligned sequence matrix comprised 3,360 
characters, including gaps: LSU (1–840 bp), ITS (841–1406 bp), tef1-α (1407–
2321 bp), and rpb2 (2322–3360 bp). The ML, MP, and Bayesian trees analyzed 
exhibited a high degree of similarity in topology and showed no signi昀椀cant con-
昀氀icts. The RAxML analysis yielded a best-scoring tree (ln = -31666.963504), 
which is presented in Fig. 1. The matrix encompassed 1572 distinct align-
ment patterns, with 27.15% constituted by undetermined characters or gaps. 
The estimated base frequencies were as follows: A = 0.239306, C = 0.265297, 
G = 0.281926, T = 0.213472; substitution rates AC = 1.429077, AG = 3.512798, 
AT = 1.204511, CG = 0.845859, CT = 6.948345, GT = 1.000000; gamma distri-
bution shape parameter α = 0.244431. For the MP analysis, 3360 characters re-
mained unchanged, 330 were variable and parsimoniously uninformative, and 
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Figure 1. Phylogenetic tree generated from ML analysis based on a combination of LSU, ITS, tef1-a, and rpb2 sequence 

data. Bootstrap support values of ML and MP equal to or greater than 75%, and PP value equal to or greater than 0.95 

are given near the nodes as ML/PP/MP. The tree is rooted with Aquapteridospora aquatica (MFLUCC 17-2371). Ex-type 

strains are indicated by the superscript T. The new collections are in bold red text.
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1074 were parsimoniously informative. The most parsimonious tree yielded the 
following values: TL = 5624, CI = 0.400, RI = 0.738, RC = 0.295, HI = 0.600. For 
BYPP analysis, Bayesian posterior probabilities from MCMC were evaluated 
with a 昀椀nal average standard deviation of split frequencies of 0.009754.

In the phylogenetic analyses (Fig. 1), all our newly identi昀椀ed taxa nested with-
in Distoseptispora, a昀케rming their classi昀椀cation within this genus. Distoseptispo-

ra hainanensis (GZCC 22-047) formed a sister clade to D. multiseptata strains 
(MFLUCC 16-1044 and MFLUCC 15-0609) with 98% ML, 1.00 PP, and 93% MP 
statistical support. Distoseptispora lanceolatispora (GZCC 22-2045) formed a sis-
ter clade to D. neorostrata (MFLUCC 18-0376) with 100% ML, 1.00 PP, and 98% MP 
statistical support. In addition, our new collection GZCC 22-2046 clustered togeth-
er with three D. tectonae strains (MFLU 20-0262 and MFLUCC 12-0291) with 98% 
ML and 0.96 PP statistical support, indicating they represent the same species.

Taxonomy

Distoseptispora hainanensis X.M. Chen & Y.Z. Lu, sp. nov.
Index Fungorum: IF900953
Facesoffungi Number: FoF14663
Fig. 2

Etymology. The epithet refers to the location “Hainan Province” where the ho-
lotype was collected.

Holotype. GZAAS 22-2047.
Description. Saprobic on decaying wood in terrestrial habitat. Sexual 

morph: Undetermined. Asexual morph: Colonies on natural substrate super昀椀-
cial, effuse, dark brown, and hairy. Mycelium mostly immersed, composed of 
branched, septate, brown to dark brown, smooth hyphae. Conidiophores 70–
130 × 5–8.5 μm (x– = 103 × 7 μm, n = 20), macronematous, mononematous, 
erect, solitary, straight or slightly 昀氀exuous, brown to dark brown, paler towards 
the apex, cylindrical, 4–6-septate, slightly constricted and darkened at septa, 
unbranched, thick-walled. Conidiogenous cells 6–13 × 3.5–6.5 μm (x– = 10 
× 5 μm, n = 20), holoblastic, monoblastic, integrated, terminal, indeterminate, 
cylindrical, slightly tapering towards the apex, brown, percurrent. Conidia 44–
117 μm × 9–18.5 μm (x– = 90 × 14 μm, n = 20), acrogenous, solitary, obclavate 
or obpyriform, rostrate, truncate at the base, straight or slightly curved, up to 
22-distoseptate, slightly constricted at septa, brown, verrucose.

Culture characteristics. Colonies grown on PDA circular, dense, 昀氀uffy, with 
raised center and lobate edge, pale gray in the center, grayish brown in the out-
er ring from the front view, dark brown in the center, and blackish brown in the 
outer ring from the reverse view.

Material examined. China, Hainan Province, on unidenti昀椀ed decaying wood, 
15 May 2021, Xia Tang, HN02 (GZAAS 22-2047, holotype), ex-type living culture, 
GZCC 22-2047.

Notes. Morphologically, Distoseptispora hainanensis is similar to D. effusa 
L.L. Liu & Z.Y. Liu in having macronematous conidiophores, monoblastic conid-
iogenous cells, and acrogenous, obclavate, rostrate conidia (Yang et al. 2021). 
However, conidia of D. hainanensis are up to 22-distoseptate, whereas those 
of D. effusa are only 4–9-distoseptate. In the phylogenetic analyses, D. hainan-
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Figure 2. Distoseptispora hainanensis (GZAAS 22-2047, holotype) a, b colonies on substrate c–e conidiophores and 

conidia f–h conidiogenous cells bearing conidia i, j conidiophores k–q conidia r, s colony on PDA (r from front s from 

reverse). Scale bars: 50 μm (c, d, f–j, l–q); 30 μm (e, k).
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ensis formed a distinct clade sister to D. multiseptata Jiao Yang & K.D. Hyde 
with 98% ML, 1 PP, and 93% MP statistical support (Fig. 1). Distoseptispora 

hainanensis differs from D. multiseptata in having brown, longer conidiophores 
(70–130 μm vs. 23–65 µm) and obclavate or obpyriform, brown, verrucose, 
smaller conidia (44–117 μm vs. up to 290 µm) (Hyde et al. 2016). Comparing 
DNA sequence data, D. hainanensis diverges from D. multiseptata (MFLUCC 15-
0609) in the ITS by 21/552 bp (3.8% difference), in the LSU by 1/812 bp (0.01% 
difference), in tef1-α by 33/912 bp (3.6% difference), and no data is available 
for rpb2 of D. multiseptata (MFLUCC 15-0609) in GenBank. Hence, the novel 
species, D. hainanensis, is introduced, following the guidelines of Jeewon and 
Hyde (2016) and Chethana et al. (2021).

Distoseptispora lanceolatispora X.M. Chen & Y.Z. Lu, sp. nov.
Index Fungorum: IF900954
Facesoffungi Number: FoF14664
Fig. 3

Etymology. Referring to the lanceolate conidia.
Holotype. GZAAS 22-2045.
Description. Saprobic on submerged decaying wood in freshwater habitat. 

Sexual morph: Undetermined. Asexual morph: Colonies on substrate effuse, 
gregarious, hairy, pale brown to brown. Mycelium mostly immersed, composed 
of septate, yellow-brown to brown, smooth hyphae. Conidiophores 120–190 
× 4–8 µm (x– = 155 × 6.5 µm, n = 20), macronematous, mononematous, erect, 
solitary, straight or slightly 昀氀exuous, grayish brown to dark brown, slightly ta-
pering towards the apex, cylindrical, 7–8-septate, unbranched, thick-walled, 
smooth-walled. Conidiogenous cells 15–27 × 3–5.5 µm (x– = 20.5 × 4.5 µm, 
n = 20), monoblastic, integrated, terminal, cylindrical, slightly tapering towards 
the apex, pale brown, percurrent. Conidia 31–90 × 9.5–15 µm (x– = 58.5 × 13 µm, 
n = 20), acrogenous, solitary, fusiform or lanceolate, rostrate, truncate at the 
base, straight or slightly curved, 5–13-distoseptate, slightly constricted at sep-
ta, olivaceous to olivaceous brown, slightly paler at the apex, verrucous, with or 
without apical, hyaline appendages.

Culture characteristics. Colonies grown on PDA circular, dense, 昀氀at, dry, gray 
to dark gray, radially striated, and a ring in the middle of the colonies with an 
entire edge from the front view, dark brown to black with a circular, gray edge 
from reverse view, not pigmented.

Material examined. China, Hainan Province, on submerged decaying wood 
in a freshwater stream, 23 October 2021, Jian Ma, J13 (GZAAS 22-2045, holo-
type), ex-type living culture, GZCC 22-2045.

Notes. Distoseptispora lanceolatispora is morphologically similar to D. leonen-

sis (M.B. Ellis) R. Zhu & H. Zhang. However, compared to D. lanceolatispora, D. 

leonensis has longer conidiophores (120–190 µm vs. 110–130 µm), longer co-
nidiogenous cells (15–27 µm vs. 5–15 µm), and 5–13-distoseptate, fusiform or 
lanceolate conidia (Zhang et al. 2022). In the phylogenetic analyses (Fig. 1), D. 

lanceolatispora forms a unique clade adjacent to D. neorostrata D.F. Bao, Z.L. Luo 
& H.Y. Su with 100% ML, 1 PP, and 98% MP support. Based on a pairwise nucle-
otide comparison of ITS and LSU sequences, D. lanceolatispora deviates from 
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Figure 3. Distoseptispora lanceolatispora (GZAAS 22-2045, holotype) a, b colonies on substrate c–e conidiophores and 

conidia f, g conidiogenous cells bearing conidia h–k conidia l germinated conidium m, n colony on PDA (m from front 

n from reverse). Scale bars: 50 μm (c–g); 30 μm (h–l).
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D. neorostrata by 39/529 bp (6.8%) for ITS and 14/850 bp (1.6%) for LSU, and 
there is no data available for tef1-α and rpb2 for D. neorostrata (MFLUCC 18-0376) 
in GenBank. Hence, we introduce the new species, D. lanceolatispora, based on 
the criteria established by Jeewon and Hyde (2016) and Chethana et al. (2021).

Distoseptispora tectonae Doilom & K.D. Hyde, Fungal Diversity 80: 222 (2016)
Index Fungorum: IF552223
Facesoffungi number: FoF01877
Fig. 4

Description. Saprobic on dead twigs of Edgeworthia chrysantha. Sexual morph: 
Undetermined. Asexual morph: Colonies on natural substrate abundant, super-
昀椀cial, dark brown, hairy. Conidiophores 35–80 μm × 4–7.5 μm (x– = 58 × 5.5 μm, 
n = 20), macronematous, mononematous, simple, erect to slightly curved, sol-
itary, pale brown to dark brown, cylindrical, 2–4-septate, slightly constricted 
at the septa, unbranched, thick-walled. Conidiogenous cells 6–10 μm × 3.5–
6.5 μm (x– = 8 × 4.5 μm, n = 20), holoblastic, monoblastic, integrated, terminal, 
cylindrical, slightly tapering towards the apex, brown to reddish brown, percur-
rent. Conidia 190–255 μm × 9.5–16 μm (x– = 220 μm × 13 μm, n = 20), 5–16 μm 
(x– = 13 μm, n = 20) wide at the protruding truncate base; 4.5–8 μm (x– = 6.5 μm, 
n = 20) wide in the tapering part, acrogenous, solitary, obclavate, elongate, ros-
trate, straight or curved, tapering towards the apex, 9–39-distoseptate, oliva-
ceous-green when young, dark reddish brown at maturity, verrucose.

Culture characteristics. Conidia germinating on PDA within 24 h, colonies 
circular, dense, umbonate, spreading, 昀氀uffy. The surface is slightly rough with 
reddish-gray mycelium, colonies somewhat raised in the middle, and with a 昀椀li-
form edge. The reverse side is dark gray with a circular, pale reddish-gray edge, 
not pigmented.

Material examined. China, Guizhou Province, Guiyang City, Guiyang Medic-
inal Botanical Garden, on dead twigs of Edgeworthia chrysantha, 20 August 
2022, Xia Tang, JX30 (GZAAS 22-2046), living culture, GZCC 22-2046.

Known host and distribution. Tectona grandis (Thailand, Hyde et al. 2016), on 
dead stems (Thailand, Sun et al. 2020), on dead, submerged, decaying wood of 
unidenti昀椀ed plants (China & Thailand, Luo et al. 2019; Dong et al. 2021; Zhang et 
al. 2022), and dead twig and branch of Edgeworthia chrysantha (China, this study).

Notes. Distoseptispora tectonae was 昀椀rst isolated from a dead twig of 
Tectona grandis in Thailand (Hyde et al. 2016). Since then, this species has 
been identi昀椀ed in various countries on different substrates and hosts (Hyde 
et al. 2016; Sun et al. 2020; Dong et al. 2021; Zhang et al. 2022). In the phy-
logenetic tree (Fig. 1), our new isolate forms a close lineage to D. tectonae 
(GZCC 22-2046) with statistical support of 98% ML and 0.96 PP. Based on 
pairwise nucleotide comparisons of ITS, LSU, tef1-α, and rpb2, our new isolate 
diverges from D. tectonae (MFLUCC 12-0291, ex-type) by 6/554 bp (1%) for 
ITS, 1/852 bp (0.01%) for LSU, 0/980 bp (0%) for tef1-α, and 2/899 bp (0.2%) 
for rpb2. In addition, the morphological characteristics of our isolate match 
well with the holotype description of D. tectonae (Hyde et al. 2016). This study 
reports a new host record of Distoseptispora tectonae on dead twigs of Edge-

worthia chrysantha in China.
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Figure 4. Distoseptispora tectonae (GZAAS 22-2046) a, b colonies on substrate c, d conidiophores and conidia 

e, f conidiophores g–k conidia l germinated conidium m, n colonies on PDA (m from front n from reverse) Scale bars: 

50 μm (c, d, g–l); 20 μm (e, f).
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Discussion

Distoseptispora is one of the sporidesmium-like taxa and is well-known for its 
asexual morph, which has considerable morphological variations (Su et al. 2016; 
Yang et al. 2018, 2021). However, the phylogenetic analyses suggest a lack of cor-
relation between phylogenetic relationships and morphological analyses. For in-
stance, species such as D. appendiculata D.F. Bao, Z.L. Luo & H.Y. Su, D. atroviridis 
J. Yang & K.D. Hyde, D. caricis Crous, D. fusiformis J. Yang & K.D. Hyde, D. lanceo-

latispora, D. leonensis, D. neorostrata, D. palmarum S.N. Zhang, K.D. Hyde & J.K. Liu, 
and D. saprophytica W. Dong, H. Zhang & K.D. Hyde cluster together as a subclade 
in the phylogenetic tree (see Fig. 1). In contrast, morphological analysis reveals 
signi昀椀cant differences, especially in the characteristics of conidiophores, conidiog-
enous cells, and conidia (Crous et al. 2019; Hyde et al. 2019; Luo et al. 2019; Dong 
et al. 2021; Yang et al. 2021; Zhang et al. 2022). This disparity is common within 
the genus. We recommend adopting a combination approach using molecular and 
morphological methods for more effective identi昀椀cation within this genus.

Worth noting, among the various species of Distoseptispora, D. martinii (J.L. 
Crane & Dumont) J.W. Xia & X.G. Zhang stands out due to its unique morpho-
logical characteristics, especially its oblate or subglobose conidia, distinguish-
ing it from other species within Distoseptispora (Xia et al. 2017). The species 
was initially introduced as Acrodictys martinii J.L. Crane & Dumont by Crane 
and Dumont (1975) based on morphological characteristics. Then, it underwent 
several taxonomic revisions based solely on morphology (Baker et al. 2002; 
Delgado 2009). Later, Xia et al. (2017) reclassi昀椀ed Acrodictys martinii as D. mar-

tinii based on genetic analysis. However, the morphological traits of D. martinii 
greatly diverge from typical Distoseptispora features (Crane and Dumont 1975; 
Xia et al. 2017). Therefore, we suggest additional collections and analysis of 
D. martinii specimens to ensure the reliability of the provided DNA sequence 
data.

In recent years, Distoseptispora species have been reported worldwide, such 
as in China, Hungary, Hawaii, Malaysia, and Thailand (Shoemaker and White 
1985; McKenzie 1995; Wu and Zhuang 2005; Zhang et al. 2022). Studies on Dis-

toseptispora have been particularly extensive in China and Thailand (Hyde et al. 
2016, 2019, 2020; Su et al. 2016; Yang et al. 2018, 2021; Luo et al. 2019; Sun et 
al. 2020; Hu et al. 2023). To date, 73 species of Distoseptispora have been doc-
umented, of which 55 have been recorded in China (including known species, 
see Table 2). Our collections further highlight the distribution of the genus in 

Table 2. Distoseptispora species and their locations, lifestyles, habitats, hosts, and corresponding references.

Species Country Habitat Host References

D. adscendens China; Hungary; 
Hawaii

Terrestrial Decaying wood and decaying branches of 
many woody plant species; Platanus orientalis

Shoemaker et al. (1985); McKenzie et al. 
(1995); Wu et al. (2005); Zhang et al. (2022)

D. amniculi Thailand Freshwater Submerged decaying wood Yang et al. (2021)

D. appendiculata Thailand Freshwater Submerged decaying wood Luo et al. (2019)

D. aqualignicola China Freshwater Submerged decaying wood Zhang et al. (2022)

D. aquamyces China Freshwater Submerged decaying wood Zhang et al. (2022)

D. aquatica China Freshwater Submerged decaying wood Su et al. (2016); Luo et al. (2019); Li et al. (2021)

D. aquisubtropica China Freshwater Submerged decaying wood Ma et al. (2022)
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Species Country Habitat Host References

D. atroviridis China Freshwater Submerged decaying wood Yang et al. (2021)

D. bambusae China Terrestrial Decaying bamboo culms Sun et al. (2020)

D. bambusicola China Freshwater Submerged bamboo culms Jayawardena et al. (2022)

D. bangkokensis Thailand Freshwater Submerged decaying wood Shen et al. (2021)

D. cangshanensis China Freshwater Submerged decaying wood Luo et al. (2018)

D. caricis Thailand Terrestrial Leaves of Carex sp. Crous et al. (2019)

D. chinensis China Freshwater Submerged decaying wood Hyde et al. (2021)

D. clematidis China; Thailand Freshwater; 
Terrestrial

Dried stem of Clematis sikkimensis; 
submerged decaying wood

Phukhamsakda et al. (2020); Shen et al. (2021)

D. crassispora China Freshwater Submerged decaying wood Zhang et al. (2022)

D. curvularia China Freshwater Submerged decaying wood Zhang et al. (2022)

D. cylindricospora China Freshwater Submerged decaying wood Phukhamsakda et al. (2022)

D. dehongensis China; Thailand Freshwater Submerged decaying wood Hyde et al. (2019); Zhang et al. (2022)

D. dipterocarpi Thailand Terrestrial Woody litter of Dipterocarpus sp. Afshari et al. (2023)

D. effusa China Freshwater Submerged decaying wood Yang et al. (2021)

D. euseptata China Freshwater Submerged decaying wood Li et al. (2021)

D. fasciculata Thailand Freshwater Submerged decaying wood Dong et al. (2021)

D. 昀氀uminicola China Freshwater Submerged decaying wood Su et al. (2016); Luo et al. (2018)

D. fusiformis China Freshwater Submerged decaying wood Yang et al. (2021)

D. gasaensis China Terrestrial Decaying branches of broadleaf tree Hu et al. (2023)

D. guanshanensis China Terrestrial Decaying branches of broadleaf tree Hu et al. (2023)

D. guizhouensis China Terrestrial Decaying wood Hyde et al. (2021)

D. guttulata Thailand Freshwater Submerged decaying wood Yang et al. (2018); Luo et al. (2019)

D. hainanensis China Terrestrial Decaying wood This study

D. hyalina Thailand Freshwater Submerged decaying wood Yang et al. (2021)

D. hydei Thailand Terrestrial Decaying bamboo culms Monkai et al. (2020)

D. jinghongensis China Terrestrial Decaying branches of broadleaf tree Hu et al. (2023)

D. lancangjiangensis China Freshwater Submerged decaying wood Shen et al. (2021)

D. lanceolatispora China Freshwater Submerged decaying wood This study

D. leonensis China; Malaysia Terrestrial Decaying culms of grasses or decaying 
branches

McKenzie et al. (1995); Wu et al. (2005); Zhang 
et al. (2022)

D. licualae Thailand Terrestrial Decaying leaves of Licuala glabra Konta et al. (2023)

D. lignicola China; Thailand Freshwater Submerged decaying wood Luo et al. (2019); Yang et al. (2021)

D. longispora China Freshwater Submerged decaying wood Song et al. (2020)

D. longnanensis China Terrestrial Decaying branches of broadleaf tree Hu et al. (2023)

D. martinii China Terrestrial Decaying branches Xia et al. (2017)

D. meilingensis China Freshwater Decaying bamboo culms Zhai et al. (2022)

D. menghaiensis China Terrestrial Decaying branches of broadleaf tree Hu et al. (2023)

D. menglunensis China Terrestrial Decaying branches of broadleaf tree Hu et al. (2023)

D. mengsongensis China Terrestrial Decaying branches Liu et al. (2023)

D. multiseptata Thailand Freshwater Submerged decaying wood Hyde et al. (2016); Yang et al. (2018)

D. nabanheensis China Terrestrial Decaying branches Liu et al. (2023)

D. nanchangensis China Terrestrial Decaying branches of broadleaf tree Hu et al. (2023)

D. neorostrata Thailand Freshwater Submerged decaying wood Luo et al. (2019)

D. nonrostrata China Freshwater Submerged decaying wood Zhang et al. (2022)

D. obclavata Thailand Freshwater Submerged decaying wood Luo et al. (2019)

D. obpyriformis China Freshwater Submerged decaying wood Luo et al. (2018)

D. pachyconidia China Freshwater; 
Terrestrial

Submerged decaying wood; decaying wood Ma et al. (2022); Zhang et al. (2022)

D. palmarum Thailand Terrestrial Rachis of Cocos nucifera Hyde et al. (2019)

D. phangngaensis Thailand Freshwater Submerged decaying wood Yang et al. (2018)

D. phragmiticola China Terrestrial Decaying Phragmites australis Hyde et al. (2023)

D. rayongensis Thailand Freshwater Submerged decaying wood Hyde et al. (2020)

D. rostrata China Freshwater Submerged decaying wood Luo et al. (2018)

D. saprophytica Thailand Freshwater Submerged decaying wood Dong et al. (2021)
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China, and we speculate that the country may harbor a greater diversity of the 
genus. Thus, future studies are needed to validate this hypothesis.
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Abstract

The lichenised fungal genus Pyrenula is a very common crustose lichen element in trop-

ical to subtropical forests, but little research has been done on this genus in China. 

During our study on Pyrenula in China, based on morphological characteristics, chemical 

traits and molecular phylogenetic analysis (ITS and nuLSU), three new 3-septate species 

with red or orange oil in over-mature ascospores were found: Pyrenula inspersa sp. nov., 

P. thailandicoides sp. nov. and P. apiculata sp. nov. Compared to the known 3-septate 

species of Pyrenula with red or orange oil, P. inspersa is characterised by the inspersed 

hamathecium; P. thailandicoides is characterised by the IKI+ red hamathecium and the 

existence of an unknown lichen substance; and P. apiculata is characterised by the ab-

sence of endospore layers in the spore tips and the absence of pseudocyphellae. It is 

reported for the 昀椀rst time that the presence of a gelatinous halo around the ascospores 
of Pyrenula is common. A word key for the Pyrenula species with red or orange oil in 

over-mature ascospores is provided.

Key words: morphology, new species, phylogeny, Pyrenulaceae, taxonomy

Introduction

The lichen genus Pyrenula Ach. (Pyrenulaceae) was 昀椀rst established by Acha-
rius, with Pyrenula nitida (Weigel) Ach. as the type species (Acharius 1814). 
Pyrenula is mainly a tropical and subtropical genus (Mendonça et al. 2016) and 
the Neotropics are the centre of diversity of the genus, which typically grow on 
bark (Aptroot 2012). The genus is characterised by UV– or UV+ yellow thallus, 
with or without pseudocyphellae, with or without lichexanthone or anthraqui-
nones, perithecioid ascomata, occasionally inspersed hamathecia, unbranched 
昀椀laments and distoseptate, transversely septate or (sub)muriform ascospores 
(Aptroot 2012; Mendonça et al. 2016).

In a world key of Pyrenula species, Aptroot (2012) accepted 169 species 
out of the ca. 745 named taxa in the genus. Since then, many new species of 
Pyrenula have been described and the genus now comprises ca. 238 species 
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(Aptroot 2012, 2021; Aptroot et al. 2018; Ingle et al. 2018; Miranda-González et 
al. 2022; Mishra et al. 2022; Lücking et al. 2023; Soto-Medina et al. 2023), of 
which 41 species have so far been found in China (Aptroot 2012, 2021; Wang et 
al. 2018; Fu et al. 2018, 2019; Wei 2020; Xie et al. 2021).

Harris (1989) was the 昀椀rst to recognise the presence of red or orange oily 
granules in over-mature ascospores of some Pyrenula species and to point out 
the signi昀椀cance of the degradation stage of spores for the taxonomy of Pyrenu-

la. Aptroot et al (2013) described the degradation process in detail: in a few 
species, the old spores assume a reddish tinge, the wall becomes red-brown 
and the remains of the lumina develop into red or orange granules. Now, a total 
of seven species with red or orange oil in over-mature ascospores have been 
reported, of which four have transverse distoseptate ascospores, viz. P. con-

castroma R.C. Harris, P. bahiana Malme, P. sexlocularis (Nyl.) Müll. Arg. and 
P. thailandica Aptroot; three have (sub)muriform ascospores, viz. P. seminuda 
(Müll. Arg.) Sipman & Aptroot, P. breutelii (Müll. Arg.) Aptroot and P. macularis 
(Zahlbr.) R.C. Harris. Our study adds three septate Pyrenula species with red or 
orange oily granules in over-mature ascospores.

As far as we can tell, there have been no reports of a gelatinous halo around 
the ascospores in Pyrenula. This could mislead lichen taxonomists into believ-
ing that ascospore gelatinous haloes are absent in this genus. However, during 
our study of Pyrenula in southern China, we found that gelatinous haloes are 
common in this genus and present in all the three new species described here.

In term of molecular data, the attempts to infer relationships within Pyrenu-
laceae presented two well-supported groups that do not seem to differ based 
on their morphology, apart from the presence/absence of pseudocyphellae; 
meanwhile, delimitation problems in few taxa, for instance, P. quassiicola and 
P. mamillana, were highlighted (Weerakoon et al. 2012; Gueidan et al. 2016). 
Our phylogenetic analysis using ribosomal genes (nuLSU and ITS) con昀椀rmed 
the above conclusions and supported the description of three new species.

Materials and methods

Morphological and chemical analyses

The specimens were collected in southern China and deposited in the Fungar-
ium, College of Life Sciences, Liaocheng University, China (LCUF). Morphologi-
cal and anatomical characters of thalli and apothecia were examined and pho-
tographed under an Olympus SZX16 dissecting microscope and an Olympus 
BX53 compound microscope. The lichen secondary metabolites were detected 
and identi昀椀ed by thin-layer chromatography using solvent C and B (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 
and ITS regions were ampli昀椀ed using the primer pair AL2R/LR6 (Vilgalys and 
Hester 1990; Mangold et al. 2008) and ITS1F/ITS4 (White et al. 1990; Gardes 
and Bruns 1993). The PCR ampli昀椀cation progress followed Dou et al. (2018) 
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and the PCR products were sequenced by Biosune Inc. (Shanghai). The new-
ly-generated sequences were submitted to GenBank (Table1).

Multi-locus (ITS and nuLSU) phylogenetic analysis was performed. The com-
bined analysis included 187 sequences (Table 1), of which nine sequences 
were newly generated and 178 were downloaded in GenBank (Lutzoni et al. 
2001; Geiser et al. 2006; Weerakoon et al. 2012; Gueidan et al. 2016). The data-
set represented 121 taxa, amongst which two out-group species, Endocarpon 

pusillum and Cyphellophora europaea, were chosen, based on previous studies 
(Weerakoon et al. 2012; Gueidan et al. 2016). All Pyrenula taxa that could be 
found in GenBank were included in our data matrix.

The alignment of sequences for each marker (ITS and nuLSU) was undertak-
en independently by applying MAFFT 7 (Katoh and Standley 2013). We used the 
“maskSegment” function in the R package AlignmentFilter (Zhang et al. 2023) 
to mask ambiguously-aligned or overly-divergent segments (stringency-con-
trolling parameter prob set to 0.05) and then used the “degap” function to re-
move sites with more than 50% gaps. The congruence of the two datasets was 
tested using a 70% reciprocal bootstrap criterion (Mason-Gamer and Kellogg 
1996): the two matrices (nuLSU, ITS) were analysed separately with RAxML 
v.8.2.12 (Stamatakis 2014) using 100 bootstrap pseudoreplicates and imple-
menting a GTRGAMMA model on the CIPRES Web Portal (http://www.phylo.
org). The resulting trees were compared and any hard con昀氀icts detected were 
eliminated by pruning sequences or taxa out of the datasets. The two single-lo-
cus alignments were concatenated in PhyloSuite v.1.2.2 (Zhang et al. 2020). 
The concatenated data matrix comprised 1581 characters (674 for ITS and 
907 for nuLSU). For BI (Bayesian Inference) analysis, PartitionFinder 2 (Lan-
fear et al. 2017) was used to determine the best-昀椀t model for each partition. 
The dataset was partitioned into gene groups, with the GTR+I+G and SYM+I+G 
substitution models applied to ITS gene and nuLSU gene, respectively. BI anal-
ysis was performed with MrBayes 3.2.7 (Ronquist et al 2012). Two runs of four 
chains were carried out for 10,000,000 generations and trees were sampled 
every 1000 generations. The convergence of parameters was checked with the 
programme Tracer v.1.6 (Rambaut et al. 2014). The 昀椀rst 25% of the conver-
gence runs were discarded as burn-in. Construction of the ML (Maximum Like-
lihood) tree was undertaken by applying RAxML v.8.2.12 (Stamatakis 2014), 
using 100 bootstrap pseudoreplicates and a GTRGAMMA model on the CIP-
RES Web Portal (http://www.phylo.org). ML bootstrap values (BS) ≥ 70% and 
Bayesian posterior probabilities (PP) ≥ 0.95 were considered as signi昀椀cantly 
supported. The datasets/alignments were deposited in TreeBase (http://purl.
org/phylo/treebase/phylows/study/TB2:S31046).

Results and discussion

Phylogenetic analyses

The dataset includes 105 ITS sequences and 82 LSU sequences, of which 昀椀ve 
ITS sequences and four LSU sequences are newly generated in this study. The 
BI and ML trees showed similar topologies, so only the BI tree is provided here 
as Fig. 1. Compared with the dataset of Gueidan et al. (2016), our phylogenetic 
analysis includes nine additional species (Pyrenula punctella, P. nitidella, 
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Table 1. Information for the sequences used in this study. Newly-generated sequences are shown in bold.

Species Name Specimen No. Locality
GenBank accession number

ITS nuLSU

P. thailandicoides M.Z. Dou & Z.F. Jia FJ220208 China Fujian OR578593 —

YN18212 China Yunnan OR578589 OR578570

YN18015 China Yunnan OR578590 OR578571

P. inspersa M.Z. Dou & Z.F. Jia HN17058 China Hainan OR578591 OR578572

P. apiculata M.Z. Dou & Z.F. Jia YN18172 China Yunnan OR578592 OR578573

P. cf. acutalis R.C. Harris F_19092_b Australia — DQ329026

P. aff. aggregataspistea Aptroot & M. Cáceres AA11618 Brazil — KT808561

P. aggregataspistea Aptroot & M. Cáceres AA11216 Brazil KT820112 KT808557

P. anomala (Ach.) A. Massal. AA11222 Brazil KT820168 KT808607

AA11607 Brazil KT820116 —

AA15591 Brazil KT820113 —

P. arthoniotheca Upreti AA11887 Brazil KT820120 —

P. aspistea (Ach.) Ach AA11263 Brazil KT820121 KT808560

AA13547 Brazil KT820123 —

CBS_109078 Hong Kong — EF411063

CG3030 Vietnam KT820124 KT808562

CG3060 Vietnam KT820125 KT808564

CG3070 Vietnam KT820126 —

CG3071 Vietnam KT820127 —

GW1042 Sri Lanka JQ927450 JQ927469

GW1044 Sri Lanka JQ927451 JQ927470

RAMK17271 Thailand KT820128 —

RAMK17277 Thailand KT820129 KT808563

P. astroidea (Fée) R.C. Harris RAMK17281 Thailand KT820088 —

P. bahiana Malme RVH1 Laos KT820090 —

RVH2 Laos KT820091 KT808614

RVH3 Laos KT820092 KT808605

P. balia (Kremp.) R.C. Harris CG3063 Vietnam KT820130 KT808566

P. brunnea Fée CG3023 Vietnam KT820093 —

P. cf. subglabrata (Nyl.) Müll. Arg CG3028 Vietnam KT820140 KT808574

P. chlorospila (Nyl.) Arnol CG1520b England JQ927452 JQ927471

P. cornutispora Aptroot & M. Cáceres AA11938 Brazil KT820131 KT808618

ISE_AA11938 Brazil NR_158911 NG_060160

P. corticata (Müll. Arg.) R.C. Harris AA11443 Brazil KT820132 KT808568

AA11466 Brazil KT820133 KT808569

P. con昀椀nis (Nyl.) R.C. Harris AA13575 Brazil — KT808567

P. cruenta (Mont.) Vain Green_PYCR12 USA KC592268 —

Green_PYCR16 USA KC592269 —

Green_PYCR4 USA KC592267 —

Lutzoni_9806174 Puerto Rico — AF279407

P. fetivica (Kremp.) Müll. Arg CG1963 Vietnam KT820134 —

P. fetivica (Kremp.) Müll. Arg GW307A Sri Lanka JQ927453 JQ927472

GW835 Sri Lanka JQ927454 —
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Species Name Specimen No. Locality
GenBank accession number

ITS nuLSU

P. infraleucotrypa Aptroot & M. Cáceres AA11105 Brazil KT820114 KT808558

AA11468 Brazi KT820136 —

AA11499 Brazi KT820115 —

AA15450 Brazi KT820142 KT808575

AA15451 Brazi KT820117 KT808559

P. inframamillana Aptroot & M. Cáceres AA11220 Brazi KT820137 KT808572

AA11272 Brazi KT820138 KT808571

AA11897 Brazi KT820139 KT808573

P. laevigata (Pers.) Arnold OL_206758 Norway MK812685 —

OL_206773 Norway MK812185 —

Palice 5608 Slovakia — AY607736

P. cf. leucostoma Ach. F_19082 Australia — DQ329024

P. macrospora (Degel.) Coppins & P. James CG1520a England JQ927455 JQ927473

P. mamillana (Ach.) Trevis. AA11342 Brazil KT820143 KT808576

AA11610 Brazil KT820144 KT808615

AA11846 Brazil KT820145 KT808617

AA15465 Brazil KT820146 KT808579

CG3014 Vietnam KT820147 KT808580

CG3034 Vietnam KT820149 KT808582

CG3058 Vietnam KT820150 KT808583

CG3059 Vietnam KT820151 KT808584

P. aff. mamillana (Ach.) Trevis. GW818A Sri Lank JQ927456 JQ927474

P. massariospora (Starbäck) R.C. Harris CG3061 Vietnam KT820153 KT808585

CG3062 Vietnam KT820154 KT808586

GW1028 Sri Lanka JQ927457 JQ927475

P. minor Fée AA11505 Brazil KT820155 KT808620

AA13516 Brazil — KT808587

P. minutispora Aptroot & M. Cáceres AA11877 Brazil KT820119 —

ABL_AA11877 Brazil NR_136140 —

P. nitida (Weigel) Ach. 17076 Poland MN387114 —

17081 Poland MN387115 —

17146 Poland MN387116 —

17189 Poland MN387117 —

F_5929 Czech Republic JQ927458 DQ329023

s. n. Germany — AY607737

P. nitidella (Flörke) Müll. Arg. 17082 Poland MN387139 —

CG3027 Vietnam KT820156 —

P. occidentalis (R.C. Harris) R.C. Harris OL_206777 Norway MK811633 —

P. ochraceo昀氀ava (Nyl.) R.C. Harris Gaya_160308_EGB11 USA KC592275 —

P. punctella (Nyl.) Trevis. Tripp4522 — KT232213 —

P. pyrenuloides (Mont.) R.C. Harris CG1545 Vietnam KT820094 —

P. quassiicola Fée CG3001 Vietnam KT820098 KT808588

CG3019 Vietnam KT820101 KT808591

CG3032 Vietnam KT820104 KT808592

CG3033 Vietnam KT820105 KT808593

RVH6 Laos KT820107 KT808595
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Species Name Specimen No. Locality
GenBank accession number

ITS nuLSU

P. sanguinea Aptroot, M. Cáceres & Lücking 15707F Brazil — KF697129

P. leucostoma Aptroot & Gueidan AFTOL_ID387 USA DQ782845 —

DUKE_0047599 — NR_119610 NG_068722

Reeb VR 14 VI 025 USA — AY640962

P. reginae E.L. Lima, Aptroot & M. Cáceres ELL0010 Brazil — KT808596

P. rubronitidula Aptroot & M. Cáceres AA11332 Brazil KT820157 KT808597

AA15603 Brazil KT820158 —

AA11697 Brazil KT820159 KT808616

ISE_AA11697 Brazil NR_158913 NG_06015

P. scutata (Stirt.) Zahlbr CG1635 Vietnam KT820160 KT808598

P. septicollaris (Eschw.) R.C. Harris AA13534 Brazil KT820166 KT808610

AA13546 Brazil KT820161 —

AA13555 Brazil KT820167 —

AA15009 Brazil — KT808599

AA15012 Brazil KT820162 KT808600

AA15021 Brazil KT820163 KT808601

AA15023 Brazil KT820164 KT808602

AA15038 Brazil — KT808603

AA15042 Brazil KT820165 KT808604

P. sexlocularis (Eschw.) R.C. Harris RAMK17261 Thailand KT820108 KT808606

P. sp. F19113n Australia — DQ329027

CG3009 Vietnam KT820110 KT808611

F19082r Australia JQ927461 DQ329025

LHD210 Vietnam AB935436 —

P. subelliptica (Tuck.) R.C. Harris RVH5 Laos KT820106 KT808594

P. subglabrata (Nyl.) Müll. Arg. CG3069 Vietnam KT820169 KT808608

P. subpraelucida Müll. Arg. F_17550_f Costa Rica — DQ329015

P. thelemorpha Tuck. F_19082 Australia JQ927460 —

P. viridipyrgilla Aptroot & M. Cáceres AA11864 Brazil KT820170 KT808619

ISE_AA11864 Brazil NR_158914 —

Cyphellophora europaea (de Hoog, Mayser & 
Haase) Réblová & Unter.

CBS129_96 — EF551553 FJ358248

Endocarpon pusillum Hedw. CG470 — JQ927447 EF643754

P.  cf.  acutalis, P. cf. leucostoma, P. sanguinea, P. occidentalis and three new 
species) and con昀椀rms the presence of two main well-supported monophyletic 
groups in accord with the presence/absence of pseudocyphellae as shown in 
Weerakoon et al. (2012) and Gueidan et al. (2016). Our phylogenetic results also 
indicate that delimitation problems affect several taxa, for example, P. mamillana, 
P. quassiicola and P. rubrostigma, which is consistent with Gueidan et al. (2016).

The three specimens of Pyrenula thailandicoides form a well-supported 
monophyletic group (1/100 and 0.99/83). Pyrenula thailandicoides is sister to 
P. sexlocularis, but with very low support (0.52/-, Suppl. material 1). Pyrenula 
inspersa is sister to P. quassiicola clade 1 with low support (0.79/-) and P. apicu-

lata forms the 昀椀rst diverging lineage in Group 1 with strong support (1/100). 
The three new species all belong to Group 1.
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Figure 1. Phylogeny of the family Pyrenulaceae, based on a two-gene dataset (ITS and nuLSU) and 121 taxa a overview 

of the entire tree and details of Group 1 b details of Group 2. Most likely tree obtained using MrBayes. Support values 

are reported above the branches [posterior probability (PP)/bootstrap value (BS)]. Only signi昀椀cant values (higher than 
95% PP and higher than 70% BS) are shown. Cyphellophora europaea and Endocarpon pusillum are the out-group taxa.
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Figure 1. Continued.
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Taxonomy

1. Pyrenula inspersa M.Z. Dou & Z.F. Jia, sp. nov.
Fungal Names: FN 571675
Fig. 2

Diagnosis. The new species can be distinguished from the most similar spe-
cies Pyrenula thailandica Aptroot by the hamathecium densely inspersed with 
minute granules and colourless oil droplets.

Type. China. Hainan Province: Changjiang County, Bawangling Nature Re-
serve, Yajia, 19°05′07′′N, 109°07′25′′E, alt. 444 m, on bark, 10 December 2017, 
X.H. Wu HN17058 (LCUF:holotype: HN17058; GenBank OR578591 for ITS and 
OR578572 for LSU).

Description. Thallus corticolous, crustose, brown, surface dull, uneven, cor-
ticate with pseudocyphellae, UV-. Ascomata perithecioid, emergent, dispersed, 

Figure 2. Pyrenula inspersa (LCUF HN17058) A thallus with apothecia B apothecia and pseudocyphellae C, F–H asco-

spores at different developmental stages, over-mature ascospores with orange-oil can be seen in C, F and H D section of 

apothecium E section visualised with polarised light showing cortex of apothecium with crystals, red stars in D–H show 

the inspersion in hamathecium I–K young ascospores, red arrows show gelatinous halo. Scale bars: 2 mm (A); 1 mm (B); 

10 μm (C, I); 200 μm (D, E); 50 μm (F, H); 35 μm (G); 20 μm (J, K).
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aggregated occasionally when crowded, hemispherical, 1–1.5 mm diam., with 
crystals, KOH-. Ostioles apical. Hamathecium heavily inspersed with minute 
granules and colourless oil droplets (close-up in Suppl. material 2), IKI-. Asco-

spores 8 per ascus, irregularly biseriate, with gelatinous halo before becoming 
old, 3-septate, 28.5–50 × 10–20 μm; middle lumina diamond-shaped, end lu-
mina triangular, with a thick layer of endospore in the spore tips; hyaline when 
young, brown when mature, over-mature ascospores with orange oil.

Chemistry. Thallus K-, C-, KC-, UV-, hamathecium IKI-.
Ecology and distribution. The new species is currently only known from the 

tropical regions of southern China on bark.
Etymology. The speci昀椀c epithet inspersa refers to the inspersed hamathecium.
Note. This new species is similar to Pyrenula thailandica, P. bahiana and P. con-

castroma in having 3-septate ascospores with red or orange oil when over-ma-
ture. It differs from P. thailandica by an inspersed hamathecium and larger as-
comata, which are in the latter species 0.6–1.1 mm wide (Aptroot 2012; Aptroot 
et al. 2012, 2013; Ingle et al. 2018). This new species differs from P. bahiana by 
larger ascospores, which are in the latter species 26–33(–35) × 10–13(–15) 
μm (Malme 1929; Aptroot 2012; Aptroot et al. 2013; Ingle et al. 2018). Pyrenula 
concastroma differs from the new species by the mostly aggregated ascomata 
with fused walls, but separate ostioles (Aptroot 2012; Schumm and Aptroot 
2021). Although P. quassiicola and P. pyrenuloides are phylogenetically close to 
this new species, they can be distinguished easily by the morphology. P. quassii-

cola has smaller ascomata (0.3–0.7 mm), smaller ascospores (28–35 (–40) × 
12–16 μm) containing colourless oil when over-mature and not inspersed, IKI+ 
(orange) hamathecium (Harris 1989). P. pyrenuloides has smaller ascomata 
(0.5–1.0 mm), larger ascospores (50–62 × 18–24 μm) containing no oil when 
over-mature and not inspersed, IKI+ (orange) hamathecium (Harris 1989).

2. Pyrenula thailandicoides M.Z. Dou & Z.F. Jia, sp. nov.
Fungal Names: FN 571676
Fig. 3

Diagnosis. The new species can be distinguished from the most closely-related 
species Pyrenula thailandica by the IKI+ red hamathecium and an unidenti昀椀ed 
lichen substance.

Type. China. Yunnan Province: Mengla County, Xishuangbanna Tropic Bo-
tanical Garden, Chinese Academy of Sciences, Rainforest Valley, 21°54′51′′N, 
101°11′28′′E, alt. 626 m, on bark, 26 January 2018, X.H. Wu YN18212 (LCUF: 
holotype: YN18212; GenBank OR578589 for ITS and OR578570 for LSU).

Description. Thallus corticolous, crustose, olive-green, corticate with few 
pseudocyphellae, UV-. Ascomata perithecioid, emergent, dispersed, conical, 
0.8–1.6 mm diam., with crystals, KOH-. Ostioles apical, white, 0.25–0.45 mm. 
Hamathecium not inspersed (close-up in Suppl. material 3), IKI+/I+ red (Fig. 2 
and Suppl. material 4). Ascospores 8 per ascus, irregularly biseriate, with ge-
latinous halo before becoming old, 3-septate, (30–)35–55 × (12–)15–23 μm; 
middle lumina diamond-shaped, end lumina triangular, with a thick layer of en-
dospores in the spore tips; hyaline when young, reddish-brown when mature, 
over-mature ascospores with red oil.
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Figure 3. Pyrenula thailandicoides (LCUF YN18212) A, B thallus with apothecia C, D ascospores at different develop-

mental stages, over-mature ascospores with red-oil can be seen in C, red arrows in D show gelatinous halo E IKI+ red 

hamathecium. Scale bars: 2 mm (A); 1 mm (B); 30 μm (C); 20 μm (D); 50 μm (E).

Chemistry. Thallus K+ orange–brown, C-, KC+ yellow, UV-, hamathecium IKI+ red, 
TLC showed an unidenti昀椀ed substance at Rf four of solvent C (Suppl. material 5).

Ecology and distribution. The new species is currently only known from the 
tropical and subtropical regions of southern China on bark.

Etymology. The speci昀椀c epithet thailandicoides refers to the similarity to 
Pyrenula thailandica.

Additional specimens examined. China. Yunnan Province: Mengla Coun-
ty, Xishuangbanna Tropic Botanical Garden, Chinese Academy of Sciences, 
21°55′37′′N, 101°15′27′′E, alt. 555 m, on bark, 25 January 2018, X. Zhao YN18015 
(LCUF; YN18015; GenBank OR578590 for ITS and OR578571 for LSU). China. 
Fujian Province: Longyan City, Dongxiao National Forest Park, Frog Stone, 
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24°58′07′′N, 117°01′14′′E, alt. 679 m, on bark, 12 July 2022, Z.G. Ma FJ220208 
(LCUF; GenBank OR578593 for ITS).

Notes. This new species is similar to Pyrenula thailandica, P. bahiana and 
P. concastroma in having 3-septate ascospores with red or orange oil when 
over-mature. The colour reaction of hamathecium of Pyrenula species in IKI 
is negative (such as Pyrenula thailandica and P. bahiana) or IKI+ red/orangish 
(such as P. concastroma) or IKI+ blue (such as P. massariospora). This new 
species differs from P. thailandica by its IKI+ red hamathecium and an uniden-
ti昀椀ed lichen substance (Aptroot 2012; Aptroot et al. 2012, 2013; Ingle et al. 
2018). This new species differs from P. bahiana by its IKI+ red hamathecium, 
an unidenti昀椀ed lichen substance and larger ascospores, the latter 26–33(–35) 
× 10–13(–15) μm (Malme 1929; Aptroot 2012; Aptroot et al. 2013; Ingle et al. 
2018). P. concastroma differs from the new species by the mostly aggregated 
ascomata with fused walls, but separate ostioles (Aptroot 2012; Schumm and 
Aptroot 2021).

3. Pyrenula apiculata M.Z. Dou & Z.F. Jia, sp. nov.
Fungal Names: FN 571678
Fig. 4

Diagnosis. The new species can be distinguished from the most similar spe-
cies Pyrenula bahiana by the absence of endospore layers in the spore tips and 
the absence of pseudocyphellae.

Type. China. Yunnan Province: Mengla County, Xishuangbanna Tropic Bo-
tanical Garden, Chinese Academy of Sciences, Green Stone Forest, Buttress 
Roots, 21°54′39′′N, 101°17′05′′E, alt. 672 m, on bark, 26 January 2018, X. 
Zhao YN18172 (LCUF: holotype: YN18172; GenBank OR578592 for ITS and 
OR578573 for LSU).

Description. Thallus corticolous, crustose, olive-green, corticate without 
pseudocyphellae, UV-. Ascomata perithecioid, emergent, dispersed, conical, 
昀氀attened, 0.3–0.5 mm diam., with crystals, the sides partly covered by the thal-
lus, KOH-. Ostioles apical, black. Hamathecium not inspersed, IKI-. Ascospores 
8 per ascus, uniseriate, with gelatinous halo before becoming old, 3-septate, 
18–34 × 10–15 μm; middle lumina triangular to round, end lumina triangular, 
without layer of endospore in the spore tips; hyaline when young, reddish-brown 
when mature, over-mature ascospores with red oil.

Chemistry. Thallus K-, C-, KC-, UV-, hamathecium IKI-.
Ecology and distribution. The new species is currently only known from the 

tropical region of southern China on bark.
Etymology. The speci昀椀c epithet apiculata refers to the pointed bulge of the 

end locules of ascospores.
Additional specimens examined. China. Yunnan Province: Mengla County, 

Xishuangbanna Tropic Botanical Garden, Chinese Academy of Sciences, Green 
Stone Forest, Buttress Roots, 21°54′39′′N, 101°17′05′′E, alt. 672 m, on bark, 26 
January 2018, X. Zhao YN18173 (LCUF, GenBank for ITS and for LSU), same 
locality, YN18174; China.

Notes. This new species is similar to Pyrenula thailandica, P. bahiana and 
P. concastroma in having 3-septate ascospores with red or orange oil when 
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Figure 4. Pyrenula apiculata (LCUF YN18172) A, B thallus with apothecia C–E over-mature ascospores with red oil F–I as-

cospores at different developmental stages, red arrow in F shows gelatinous sheath. Scale bars: 2 mm (A); 1 mm (B); 

5 μm (C, E, I); 10 μm (D, F, H); 20 μm (G).

over-mature. It differs from P. thailandica by the absence of pseudocyphellae, 
the absence of endospore layers in the spore tips and reddish-brown and small-
er ascospores, which measure in the latter (30–)35–51 × (10–)14–20 μm (Apt-
root 2012; Aptroot et al. 2012, 2013; Ingle et al. 2018). This new species differs 
from P. bahiana by the reddish-brown ascospores when mature, absence of 
endospore layers in the spore tips and absence of pseudocyphellae (Aptroot 
2012; Aptroot et al. 2013; Ingle et al. 2018). P. concastroma differs from the 
new species by the mostly aggregated ascomata with fused walls, but separate 
ostioles (Aptroot 2012; Schumm and Aptroot 2021).
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Key to Pyrenula with red or orange oil in over-mature ascospores

1 Ascospores transversely septate .................................................................2
– Ascospores submuriform to muriform ........................................................8
2 Ascospores 5-septate, 22–34 × 8–14 µm .....................................................

 .......................................................... Pyrenula sexlocularis (Nyl.) Müll. Arg.
– Ascospores 3-septate ...................................................................................3
3 Ascomata mostly aggregated, with fused walls, but with separate ostioles, 

ascospores 31–40 × 15–16 µm ............. Pyrenula concastroma R.C. Harris

– Ascomata mostly simple, only aggregated by chance when crowded ......4
4 Hamathecium inspersed, ascospores 28.5–50 × 10–20 μm, ascomata ca. 

1–1.5 mm diam ................................Pyrenula inspersa M.Z. Dou & Z.F. Jia
– Hamathecium not inspersed ........................................................................5
5 Ascospores < 35 μm long .............................................................................6
– Ascospores > 35 μm long .............................................................................7
6 Terminal locules directly against the exospore wall; ascospores 18–34 × 

10–15 μm; ascomata ca. 0.3–0.5 mm diam .................................................
 ..........................................................Pyrenula apiculata M.Z. Dou & Z.F. Jia

– Terminal locules separated from the exospore wall by endospore thick-
ening; ascospores 26–33(–35) × 10–13(–15) µm; ascomata ca. 0.4–0.6 
mm diam ................................................................ Pyrenula bahiana Malme

7 Hamathecium IKI-; no substances detected by TLC; ascospores (30–)35–
51 × (10–)14–20 µm; ascomata ca. 0.6–1.1 mm diam ...............................
 .......................................................................... Pyrenula thailandica Aptroot

– Hamathecium IKI+ red; TLC showed an unidenti昀椀ed substance at Rf four 
of solvent C; ascospores (30–)35–55 × (12–)15–23 µm; ascomata ca. 
0.8–1.6 mm diam ..................Pyrenula thailandicoides M.Z. Dou & Z.F. Jia

8 Ascospores submuriform, the sections usually simple, the rest bicellular, 
22–40 × 10–17 µm ...... Pyrenula seminuda (Müll. Arg.) Sipman & Aptroot

– Ascospores muriform ...................................................................................9
9 Ascospores 25–35 × 12–13 µm, with 8 rows of 3–4 lumina per row .........

 .......................................................... Pyrenula breutelii (Müll. Arg.) Aptroot
– Ascospores 35–45 × 14–16 μm, with 8 rows of 1–3 lumina per row .........

 .......................................................Pyrenula macularis (Zahlbr.) R.C. Harris
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Abstract

During the investigations of discomycetes in Yunnan, China, 昀椀ve species of Tatraea were 

discovered on decayed, decorticated oak trees or unidenti昀椀ed wood. All species have 
typical disc-like, large fruiting bodies with grey, brown or greyish-green colors. The ITS 

sequence analysis showed that they belong to Tatraea (Helotiaceae, Helotiales) and the 

LSU and ITS combination revealed a different topology within the genus. Four species, 

T. clepsydriformis, T. griseoturcoisina, T. yunnanensis and T. yuxiensis were established 

as new species, and T. aseptata was collected and described on oak woods. The pair-

wise homoplasy index (PHI) test results indicated that there is no signi昀椀cant genetic 
recombination (Φw = 1.0) between all related species pairs. All the species described 

here are supported by descriptions, illustrations and multi-gene analyses.

Key words: Four new species, Helotiaceae, phylogeny, saprobic fungi, taxonomy

Introduction

Tatraea Svrček belongs to Helotiaceae, Helotiales, Leotiomycetes (Wijay-
awardene et al. 2022) and is characterized by large, brown or grey cupulate 
apothecia with a stipe, distinct dark-colored subhymenium, hyaline medullary 
excipulum, light-brown colored ectal excipulum, large asci and ascospores 
(Velenovský 1934; Baral et al. 1999). The type species, Tatraea dumbirensis 
(Velen.) Svrček was initially recognized as Helotium dumbirense in Leotiaceae 
based on the materials collected in the Nizke Tatra Mountains, Slovakia (Ve-
lenovský 1934). In 1985, Svrček re-observed and measured ascospores, and 
synonymized the species with Rutstroemia macrospora (Peck) Kanouse (Vele-
novský 1934). However, Spooner (1987, 1988) transferred both H. dumbirense 
and R. macrospora to Sclerotiniaceae and synonymized them into Ciboria peck-

iana (Cooke) Korf and Ciboria dumbirensis, respectively, based on their mor-
phological characteristics. After that, Svrček (1993) erected Tatraea based on 
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the distinct characters between the materials from Europe and C. peckiana. 
Baral et al. (1999) also accepted the genus Tatraea and transferred Tatraea 

macrospora (Peck) Baral back. However, Baral et al. (1999) did not observe 
any isodiametric cells in hypothecium, a character signi昀椀cant of Sclerotinia-
ceae. Recent research showed Tatraea belonging to Helotiaceae, and the third 
species was added by a subsequent study (Vasilyeva 2010). To date, there are 
three species accepted in Tatraea (Index Fungorum 2023).

To date, members of Tatraea have been only found as saprobes on the rot-
ting and permanently moist, decorticated trunks of beech wood (Fagus sylvat-
ica), rarely occurring on Fraxinus excelsior or Betula and have been reported in 
Austria, China, Croatia, Denmark, France, Germany, Great Britain, Italy, Slovakia, 
Spain, Sweden and Switzerland (Svrček 1993; Baral et al. 1999, 2013a, 2013b; 
Holec et al. 2015). The signi昀椀cance of fungi in forest ecosystems was reviewed 
by Niego et al. (2023a), highlighting their diverse functional contributions. This 
emphasizes the critical need to integrate fungal contributions into ecological 
conservation policies. Additionally, fungi hold signi昀椀cant value, encompassing 
not only the economic worth of wild and cultivated mushrooms but also the 
augmented value derived from fungal products and their involvement in various 
production processes. Furthermore, fungal involvement in ecosystem process-
es like carbon sequestration and recreational foraging also increases their trad-
ed value. In their study, Niego et al. (2023b) provided estimates to support more 
effective ecological conservation policies for fungal resources, highlighting the 
importance of studying and conserving these organisms. Decay fungi are able 
to produce enzymes that degrade components of wood, such as lignin, cellu-
lose and xylans (Bucher et al. 2004) and are known as lignicolous fungi. Differ-
ent lignicolous fungi prefer dead wood at different stages of decaying, for ex-
ample, Tatraea mainly grows and decomposes the intermediate and late stages 
of wood decay (DS4) (Svrček 1993; Baral et al. 1999, 2013a; Heilmann-Clausen 
2001; Holec et al. 2015; Dvořák 2017; Ujházy et al. 2018; Kunca et al. 2022). Due 
to the high density of managed forests, their low understory vegetation diversity 
compared to that of primary forests as well as the lack of late-stage decayed 
wood, members of Tatraea were rarely discovered in managed forests. Thus 
T. dumbirensis was considered an indicator of the primary forest and forest con-
tinuity, but also rarely collected in beech-dominated managed forests (Dvořák 
2017; Ujházy et al. 2018). In China, only one species (Tatraea aseptata H.L. Su 
& Q. Zhao) was discovered in the protected primary forests, and other species 
were mainly found in the Center of Europe (Baral et al. 1999). Tatraea species 
are mostly found in old, natural primary montane forests (Baral et al. 1999). 
These species may have specialized adaptations to the undisturbed, virgin pri-
mary forests, contributing to overall biodiversity. Hence, they might not thrive or 
even survive in disturbed or secondary forests. These 昀椀ndings stress the impor-
tance of accurate management of primary forests to conserve their fungal di-
versity as well as the fungal gene pool (Baral et al. 1999). Furthermore, the rarity 
of these Tatraea species also highlights the importance of conducting studies 
on rare Leotiomycetes fungi to conserve them before they become extinct.

We have been conducting comprehensive studies on discomycetes, en-
compassing investigations into taxonomy, species diversity and evolutionary 
research, among other aspects (Ekanayaka et al. 2017, 2018, 2019; Lestari et 
al. 2022, 2023; Phutthacharoen et al. 2022). In this study, the authors aim to 
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investigate the diversity of discomycetes in Yunnan Province, China. During our 
exploration, we discovered and collected the rare Tatraea species. In this study, 
we identi昀椀ed four new species of Tatraea on decayed and decorticated wood 
with detailed morphological descriptions and illustrations as recommended by 
Chethana et al. (2021). In previous studies, the classi昀椀cation of Tatraea mainly 
relied on morphological evidence, and only ITS sequences were available for 
phylogenetic analysis. Here, we provide additional gene regions and complete 
morphologies for future taxonomic and evolutionary research.

Materials and methods

Sample collection and morphological studies

Specimens were collected from decayed wood in Yunnan Province, China, 
during 昀椀eld investigations conducted from June, 2021 to October, 2022. All 
samples were obtained from highly humid natural broadleaf forests and pro-
tected areas rarely accessed by humans. During the collection period, the tem-
perature of the collection site was basically in the range of 17 °C to 27 °C, and 
the temperature of Jingdong County, Puer City was 14 °C to 16 °C due to the 
in昀氀uence of high altitude. The fruiting bodies were found on the surface of ex-
tremely wet decaying wood following rainfall events. The specimens with their 
substrates were gently wrapped in a single layer of tissue, rotated and pinched 
ends tightly with a hollow center to prevent squeezing the specimen. The spec-
imens dried naturally in air, re-wrapped in a hard-paper boxes containing a small 
amount of silica gel and rehydrated before being observed in the laboratory.

Fresh apothecia were photographed in the 昀椀eld by a Canon EOS M100 camera 
(Canon Co. LTD, Japan). The dried and partially fresh apothecia were captured us-
ing a Canon EOS 70D(W) digital camera attached to a C-PSN stereomicroscope 
(Nikon Corporation Tokyo, Japan). The dried apothecia were sectioned by hand 
using razor blades and photographed by a charge-coupled device SC 2000C at-
tached to a Nikon ECLIPSE Ni-U compound microscope (Nikon Corporation Tokyo, 
Japan). Vertical sections were used to observe the excipulum and hymenium. Asci, 
ascospores and paraphyses were observed by mounting squashed mature apoth-
ecia in water. Melzer’s reagent checked the blue iodine reaction of the ascus apex.

All measurements were carried out using Tarosoft (R) Image Framework pro-
gram (IFW) and modi昀椀ed in Adobe Photoshop 2020 (Adobe system, USA). Q 
value indicates the length to width ratio of ascospores, n indicates the number 
of measured structures, and Q

m
 indicates the average of Q value. The size of 

apothecia was de昀椀ned as large (greater than 3.5 mm wide), moderate (greater 
than 2.5 mm and less than 3.5 mm wide) and small (less than 2.5 mm wide) 
based on mean and extreme values. The length of stipes was de昀椀ned as long 
(longer than 1.1 mm), moderate (greater than 0.4 mm and less than 1.1 mm) 
and short (shorter than 0.4 mm). The colors of apothecia were determined fol-
lowing Kornerup and Wanscher (1967). The dried specimens were deposited 
at the Herbarium of Cryptogams, Kunming Institute of Botany Academia Sinica 
(KUN-HKAS). Facesoffungi numbers were obtained as in Jayasiri et al. (2015), 
and Index Fungorum numbers were obtained as in Index Fungorum (2023). 
Furthermore, details of all the species described in this study were uploaded 
to the Discomycetes website (https://discomycetes.org/, Lestari et al. 2023).
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DNA extraction, PCR ampli昀椀cation, and sequencing

Two to three mature fruit bodies were carefully selected and thoroughly 
cleaned using sterilized water and 75% alcoholic solution. Subsequently, 
several layers of epidermal cells were meticulously removed using sterilized 
surgical blades.Following this step, approximately 1 mm3 of tissue was me-
ticulously collected from both the receptacles and stipes using new sterile 
surgical blades. The collected tissue was then transferred into a sterile 1.5 
mL centrifuge tube. Total genomic DNA was extracted using the TriliefTM 
Plant Genomic DNA Kit (Tsingke Biological Technology Co., LTD, Beijing, Chi-
na). The total reaction volume for the Polymerase Chain Reaction (PCR) was 
25 μl, containing 12.5 μl of 2 × Power Taq PCR MasterMix, 7.5 μl of sterile 
deionized water, 1 μl of each primer (100 μM stock), and 3 μl of DNA tem-
plate. The ampli昀椀cations were performed in a TC-type gene ampli昀椀er (LifeE-
CO) (Hangzhou Bori Technology Co., LTD, Hangzhou City, Zhejiang Province, 
China). The primers used in this study are shown in Table 1. The conditions 
of PCR for each gene are as follows: for the ITS, LSU, mtSSU and RPB1, ini-
tial denaturation at 94 °C for 3 min, 35 cycles of denaturation at 94 °C for 30 
s, 40 s of annealing at 53 °C, 1 min elongation at 72 °C, followed by a 昀椀nal 
extension for 10 min at 72 °C; for the RPB2 initial denaturation at 94 °C for 5 
min, 35 cycles of denaturation at 94 °C for 1 min, 1 min of annealing at 56 °C 
for RPB2, 1 min elongation at 72 °C, followed by a 昀椀nal extension for 10 min 
at 72 °C. The PCR products were veri昀椀ed by 1% agarose gel electrophoresis 
followed by staining with TS-GelRed Ver.2 10,000 × in Water (Tsingke Biologi-
cal Technology Co., LTD, Beijing, China). Products were sequenced at Tsingke 
biological technology Co., LTD, Beijing, China.

Sequence assembly and alignment

Sequences were assembled in ContigExpress (Invitrogen, USA), and then 
checked and edited in BioEdit 7.2.5.0 (Hall 1999). The homologous sequences 
were selected based on the results of the BLASTn search performed against 
the GenBank database available at NCBI. All new and related sequences used 
in this study were derived from GenBank and used for phylogenetic analyses. 
Two species in Chlorociboria (Chlorociboriaceae, Helotiales) were selected as 
the outgroup taxa.

Table 1. Primers used for the PCR ampli昀椀cations in this study.

Locus Primers Nucleotide sequence (5’- 3’) Reference

ITS ITS1-F (F) 5’-TCCGTAGGTGAACCTGCGG-3’ (White et al. 1990)

ITS4 (R) 5’-TCCTCCGCTTATTGATATGC-3’

LSU LR0R (F) 5’-ACCCGCTGAACTTAAGC-3’ (Vilgalys and Hester 1990)

LR5 (R) 5’-TCCTGAGGGAAACTTCG-3’

mtSSU mrSSU1 (F) 5’-AGCAGTGAGGAATATTGGTC-3’ (Zoller et al. 1999)

mrSSU3R (R) 5’-ATGTGGCACGTCTATAGCCC-3’

RPB1 RPB1-Af (F) 5’-GARTGYCCDGGDCAYTTYGG-3’ (Stiller and Hall 1997)

RPB1-Cr (R) 5’-CCNGCDATNTCRTTRTCCATRTA-3’

RPB2 fRPB2-5F (F) 5’-GAYGAYMGWGATCAYTTYGG-3’ (Liu et al. 1999)

fRPB2-7cR (R) 5’-CCCATWGCYTGCTTMCCCAT-3’
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The datasets were aligned in MAFFT v. 7 (Katoh et al. 2019) with G-INS-i 
as the iterative re昀椀nement and default parameters were applied except for the 
gap penalty, which was changed to 1.00, and improved manually in BioEdit v. 
7.2.5.0. Then, datasets were trimmed in TrimAl v.1.3 using the gappyout option 
(Capella-Gutiérrez et al. 2009). The multiple loci association matrixes were con-
catenated to a combined dataset in SequenceMatrix 1.7.8. (Vaidya et al. 2011). 
Due to the lack of sequence data for protein genes, the phylogenetic tree was 
constructed using the ITS gene and the combined LSU and ITS gene regions 
(Figs 1, 2). The combined ITS, LSU, mtSSU, RPB1 and RPB2 dataset was used 
to analyze the recombination level within phylogenetically and closely related 
species (Fig. 3). The ALTER (Alignment Transformation EnviRonment) online 
tool was used to convert from “.fasta” to “.nexus” format. The newly generated 
sequences in this study were deposited in GenBank (Table 2), and the com-
bined alignment was deposited at the TreeBASE (submission ID: 30884).

Phylogenetic analyses

Maximum likelihood (ML) analysis was performed in RAxML-HPC2 on XSEDE 
(8.2.12) on the CIPRES Science Gateway platform (http://www.phylo.org/por-
tal2) using the GTR model with 1,000 bootstrap replications. Bayesian infer-
ence (BI) analysis was performed using MrBayes v. 3.1.2. The Markov Chain 
Monte Carlo sampling (MCMC) was used to evaluate the posterior probabili-
ties (PP). The general time-reversible model with a discrete gamma distribution 
coupled with a proportion of an invariant (GTR+I+G) was selected for nLSU 
and ITS as the best model using MrModeltest v.2.3 (Nylander et al. 2004). Four 
simultaneous Markov Chains were run for 2,000,000 generations, with trees 
sampling at every 100th generation. The 25% of the trees representing the burn-
in phase were discarded, and the remaining trees were used to calculate the 
posterior probability. The 昀椀nalized phylogenetic tree was visualized in Figtree 
v.1.4.0 (Rambaut 2012) and edited in Adobe Illustrator 2020 and Adobe Pho-
toshop 2020 (https://www.adobe.com/). Splitstree4 4.17.1 was used to deter-
mine the recombination level between phylogenetically and closely related but 
ambiguous species based on the PHI (pairwise homoplasy index) value (Taylor 
et al. 2000; Silvestro and Michalak 2012). The relationships between the two 
species were shown in splits graphs with the Log-Det transformation option. 
The relationship between T. macrospora and T. yunnanensis was visualized by 
constructing a split graph (Fig. 3A) from ITS. The relationship between the oth-
er two pairs (T. yuxiensis and T. aseptata, and T. griseoturcoisina and T. clepsy-

driformis) were visualized by constructing splits graphs, Fig. 3B and Fig. 3C, 
respectively, from 5-locus concatenated dataset. A pairwise homoplasy index 
below a 0.05 threshold (Φw < 0.05) indicates the presence of signi昀椀cant recom-
bination between the two species (Chethana et al. 2017).

Results

Phylogenetic analyses

The dataset for the phylogenetic analysis based on the ITS gene consists of 69 taxa, 
represented by 81 isolates, including two outgroup taxa, Chlorociboria aeruginosa 
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Figure 1. Maximum likelihood tree based on the ITS sequence, showing the phylogenetic position of Tatraea. The ML 

bootstrap proportions (ML-BP) equal to or higher than 70% and Bayesian posterior proportions (BI-PP) equal to or higher 

than 0.90 are shown near the branches of the phylogenetic tree. Newly generated isolates of the current study are shown 

in blue and ex-types in bold.
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(TNS:F13596) and Chlorociboria aeruginascens (TNS:F36241). The dataset con-
tains 550 total characters with gaps. The combined alignment contains 239 con-
stant characters, 54 variable and parsimony uninformative characters and 254 
parsimony-informative characters. The RAxML analysis of the ITS gene dataset 
yielded the best-scoring tree with a 昀椀nal likelihood value of -8336.600892 (Fig. 1). 
The maximum likelihood matrix comprises 366 distinct alignment patterns with 
8.85% undetermined characters or gaps. Estimated base frequencies are as fol-
lows: A = 0.219317, C = 0.265186, G = 0.257196, T = 0.258302; substitution rates 
AC = 1.749614, AG = 2.352229, AT = 1.537478, CG = 0.647334, CT = 5.060114, GT 
= 1.000000; gamma distribution shape parameter α = 0.360268. The LSU and ITS 
concatenated dataset consists of 9 taxa, represented by 21 isolates, including 
two outgroup taxa, Hymenoscyphus aurantiacus (HMAS 264143) and Phaeohelo-

tium epiphyllum (TNS:F40042). The concatenated dataset contains 1744 aligned 
nucleotide sites, including 1256 bp for the LSU region and 488 bp for the ITS re-
gion with gaps. The combined alignment contains 1471 constant characters, 89 
variable and parsimony uninformative characters and 184 parsimony-informative 
characters. The RAxML analysis of the combined dataset (LSU and ITS) yielded 
the best-scoring tree with a 昀椀nal likelihood value of -4243.290550 (Fig. 2). The 
dataset comprises 259 distinct alignment patterns with 31.66% undetermined 
characters or gaps. Estimated base frequencies are as follows: A = 0.227902, C 
= 0.244223, G = 0.295968, T = 0.231906; substitution rates AC = 0.961500, AG = 

Figure 2. Maximum likelihood tree based on a combined dataset of LSU and ITS sequences for the genus Tatraea. The 

ML bootstrap proportions (ML-BP) equal to or higher than 70% and Bayesian posterior proportions (BI-PP) equal to or 

higher than 0.90 are shown near the branches on the phylogenetic tree. Newly generated isolates of the current study are 

shown in blue and ex-types are shown in bold.
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2.058057, AT = 0.608426, CG = 0.460988, CT = 7.662978, GT = 1.000000; gamma 
distribution shape parameter α = 0.183205. Species in Hymenoscyphus showed 
different topologies in ML and BI analyses, but the support values for the nodes 
are less. Despite the different taxon sampling, the topological structure of the 
phylogenetic tree shown in Fig. 1 is similar to that of Johnston et al. (2019). In the 
ML and Bayes analyses, Tatraea formed a monophyletic clade within Helotiaceae 
with 67% ML bootstrap support and 0.98 Bayesian probability in the ITS phyloge-
ny (Fig. 1). Some nodes in Clade II and Clade III have low support values (Fig. 1). 
In Clade I, our collections of Tatraea aseptata clustered with the type species and 
formed a sub-clade sister to T. yuxiensis with 98% ML support and 1.00 Bayesian 
probability support. However, this clade comprising T. aseptata and T. yuxiensis 
separated from T. dumbirensis with 74% ML bootstrap support and 0.57 Bayes-
ian probability. Collections of T. clepsydriformis and T. griseoturcoisina formed 
two individual clades in Fig. 1 with 50% ML bootstrap support and 0.80 Bayesian 
probability, and 52% ML bootstrap support and 0.92 Bayesian probability, respec-
tively. However, these two species clustered as a separate sub-clade with 85% 

Figure 3. The results of the pairwise homoplasy index (PHI) test for the closely related species in Tatraea using LogDet 

transformation. A. PHI test for Tatraea yunnanensis vs. Tatraea macrospora. B. PHI test for Tatraea yuxiensis vs. Tatraea 

aseptata. C. PHI test for Tatraea clepsydriformis vs. Tatraea griseoturcoisina. PHI test results (Φw < 0.05) indicate signif-

icant recombination within the dataset.
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Table 2. Detailed information and corresponding GenBank accession numbers of the taxa used in the phylogenetic analyses of 

this study. ‘†’ Denotes type species. Newly generated sequences are shown in bold. ‘-’: indicates sequence data is not available.

Taxon name Voucher
Gene accession No.

ITS LSU mtSSU RPB1 RPB2

Bryoscyphus rhytidiadelphi H.B. 7214 OM808923 – – – –

Chlorociboria aeruginosa TNS-F-13596 LC425047 – – – –

C. aeruginascens TNS-F-36241 LC425045 – – – –

Cyathicula coronata CBS:197.62 MH858141 – – – –

Cy. culmicola F-171,707 FJ005119 – – – –

Cy. culmicola F-112,249 FJ005121 – – – –

Dicephalospora albolutea† HMAS 279693 MK425601 – – – –

D. chiangraiensis† MFLU 21-0018 MZ241817 – – – –

D. dentata 3093 KP204263 – – – –

D. huangshanica MFLU 18-1828 MK584979 – – – –

D. irregularis† CM 31 ON511117 – – – –

D. rufocornea MFLU 18-1827 MK584978 – – – –

D. sessilis† MFLU 18-1823 NR_163779 – – – –

D. shennongjiana† HMAS 279698 MK425606 – – – –

Glarea lozoyensis† ATCC 20868 NR_137138 – – – –

Gloeotinia granigena 1931. S Z81432 – – – –

Helicodendron microsporum† CBS:100.149 NR_137974 – – – –

Hymenoscyphus albidoides† HMAS 264140 NR_154903 – – – –

H. aurantiacus† HMAS 264143 NR_154907 NG_059509 – – –

H. brevicellulus HMAS 264015 JX977149 – – – –

H. calyculus HMAS 264146 KJ472291 – – – –

H. caudatus FeF217 MZ492984 – – – –

H. cf. calyculus MFLU 16-1865 MK584966 – – – –

H. fraxineus† ZT Myc 2022 NR_111479 – – – –

H. fructigenus CBS:186.47 MH856211 – – – –

H. fucatus 1149-1 MW959791 – – – –

H. ginkgonis† KUS F51352 NR_119669 – – – –

H. kiko† ICMP:19613 NR_137110 – – – –

H. lepismoides† H.B. 9832 KM199777 – – – –

H. linearis† Chic_18 KM114535 – – – –

H. macrodiscus† HMAS 264158 NR_154908 – – – –

H. menthae P6291 MH063781 – – – –

H. microcaudatus† HMAS 264020 JX977156 – – – –

H. microserotinus† HMAS 68520 NR_132814 – – – –

H. occultus† CBS:139.469 NR_147434 – – – –

H. ohakune† ICMP:19601 NR_137109 – – – –

H. pusillus† HMC 21525 MH476516 – – – –

H. repandus 420526MF0293 MG712335 – – – –

H. scutula CBS:101.66 MH858736 – – – –

H. seminis-alni H.B. 4974 KM114536 – – – –

H. serotinus H.B. 8023 KM114541 – – – –

H. subpallescens HMAS 264022 JX977154 – – – –

H. subsymmetricus† HMAS 264021 JX977153 – – – –

H. tetrasporus† 490 KJ472302 – – – –

H. trichosporus H.B. 6456 KM114538 – – – –
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ML support and 0.96 Bayesian probability support in the ITS and LSU combined 
phylogeny (Fig. 2). Tatraea yunnanensis clustered with T. macrospora with 98% 
ML bootstrap support and 0.99 Bayesian probability support in the LSU and ITS 
phylogeny (Fig. 2). A pairwise homoplasy index below 0.05 typically indicated 
the presence of signi昀椀cant recombination among the groups. In our analysis, the 
pairwise homoplasy index (PHI or Φw) for three pairs of species (T. macrospora 

vs. T. yunnanensis, T. yuxiensis vs. T. aseptata and T. griseoturcoisina vs. T. clep-

sydriformis) were 1.0, 1.0 and 0.4185, respectively. These results indicated no 
signi昀椀cant recombination among these pairs.

Taxon name Voucher
Gene accession No.

ITS LSU mtSSU RPB1 RPB2

H. waikaia† PDD:102886 NR_137111 – – – –

Hymenotorrendiella andina PRJ SA193 KJ606682 – – – –

Hy. brevisetosa ICMP:18823 JN225946 – – – –

Hy. cannibalensis ICMP:18818 JN225947 – – – –

Hy. clelandii D1492 OK346623 – – – –

Hy. communis† CPC:32835 NR_170836 – – – –

Hy. dingleyae PDD:112191 MK039692 – – – –

Hy. eucalypti AH7636 KF588379 – – – –

Hy. indonesiana CPC:11049 DQ195787 – – – –

Hy. madsenii PRJ:D672 AY755336 – – – –

Neocrinula lambertiae† CBS:143.423 NR_156388 – – – –

N. xanthorrhoeae† CPC:29474 NR_154252 – – – –

Phaeohelotium epiphyllum TNS:F40042 AB926061 AB926130

Roesleria subterranea TNS:F38701 AB628057 – – – –

Symphyosirinia clematidis H.B. 7075 OM808922 – – – –

Tatraea dumbirensis SNMH59 MK907417 – – – –

T. macrospora S.D. Russell ONT iNaturalist 
# 130844630

OP643029 – – – –

T. macrospora S.D. Russell iNaturalist 
# 31593044

OM473784 – – – –

T. aseptata HKAS 124624 OP538031 – – – –

T. aseptata† HKAS 124623 OP538030 – – – –

T. aseptata HKAS 128269 OQ921780 OR214956 – OR703635 –

T. aseptata HKAS 128274 OQ921783 OR214952 OR237204 OR703633 OR735340

T. aseptata HKAS 128271 OQ921782 OR220038 OR237210 OR703636 OR735342

T. aseptata HKAS 128265 OQ921777 OR214955 OR237207 OR703634 OR735341

T. clepsydriformis HKAS 128266 OQ520277 OR214945 OR271555 OR703642 OR735348

T. clepsydriformis† HKAS 128275 OQ520268 OR214946 OR237205 OR703641 OR735347

T. clepsydriformis HKAS 128264 OQ921768 OR214949 OR237203 OR703643 –

T. clepsydriformis HKAS 128267 OQ921773 OR214951 OR271554 OR703644 OR735349

T. griseoturcoisina† HKAS 128276 OQ520299 OR214959 OR237211 OR703646 OR735351

T. griseoturcoisina HKAS 128277 OQ520298 OR214965 OR237207 OR703645 OR735350

T. yunnanensis HKAS 128272 OQ546436 OR220043 OR237209 OR703639 OR735345

T. yunnanensis† HKAS 128273 OQ520294 OR220044 OR237212 OR703640 OR735346

T. yuxiensis† HKAS 128268 OQ546437 OR220042 OR237202 OR703637 OR735343

T. yuxiensis HKAS 128270 OQ546435 OR220039 OR237208 OR703638 OR735344
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Taxonomy

Tatraea aseptata H.L. Su & Q. Zhao
Index Fungorum: IF559987
Facesoffungi Number: FoF12892
Fig. 4

Type material. Holotype. HKAS 124623.
Description. Saprobic on the decayed branches of oak trees. Sexual morph: 

Apothecia 2.5–4.7 mm wide (x– = 3.3 ± 0.5 mm, n = 27) when fresh, 1–2.4 mm 
wide × 0.6–1.2 mm high (x– = 1.6 ± 0.3 × 0.9 ± 0.1 mm, n = 28) when dry, 
scattered or gregarious, super昀椀cial, discoid with glabrous, short stipe. Disc 
昀氀at and circular, light brown (7D5–7D6) in wet habitat, slightly dark alabaster 
grey (5B2) in slightly dried habitat when fresh, edge undulating and slight-
ly curl inward towards the disc, dark brown (8F5–8F6) to dull green (30E4) 
or greyish green (30E5) when dry, sometimes orange white to pale greenish 
white (29A2) or dull yellow (3B4) to greyish yellow (3B5–3B6) near center. 
Margins white when immature and fresh, concolorous to the disc when ma-
ture and fresh, white to pale yellow or concolorous to the receptacles when 
dry. Receptacle smooth and brown (6D7–6D8) when fresh, yellowish brown 
(5E5–5E6), 昀氀ank darker when dry, rough and 昀椀ne pustules on the surface. 
Stipe 280–725 μm wide × 340–735 μm long (x– = 500 ± 148 × 540 ± 125 μm, n 
= 11), short, broad at upside part, narrower at lower part, golden brown (5D7) 
when fresh, light brown when dry, 昀椀nely granular pustules, ridged at maturity. 
Hymenium 142–190 μm (x– = 160 ± 14 μm, n = 15), hyaline. Subhymenium 
35–52 μm (x– = 44 ± 4 μm, n = 25), dense brown hyphae forming a textura 

intricata, hyphae 3.4–4.3 μm (x– = 3.8 ± 0.3 μm, n = 25) diam., gather with 
excipulum at the margin. Medullary excipulum 120–145 μm (x– = 133 ± 7 μm, 
n = 15), thick, well-developed, comprised of thin-walled, septate, pale brown 
and slightly loose hyphae of textura intricata, hyphae 4.3–7.4 μm (x– = 6.0 ± 
0.8 μm, n = 25) diam., hyaline, becoming dense and well-organized, parallel 
near to the ectal excipulum, non-gelatinous. Ectal excipulum visible, differ-
ent from the medullary excipulum, the inner layers generally consists of 3–4 
layers textura globulosa to textura angularis cells, 30–48 μm (x– = 38 ± 4 μm, 
n = 35) thick, moderately thick-walled, cells 8.4–16.5 μm (x– = 13.0 ± 1.9 
μm, n = 50) diam., wall 0.63–1.54 μm (x– = 1.01 ± 0.18 μm, n = 70) thick; 
the outer layers partially uneven proliferous to 8–12 layers, stack into trian-
gles to trapezoids, 50–89 μm (x– = 69 ± 9 μm, n = 60) thick (including the 
inner layers), cells 3–11 μm (x– = 8 ± 1.7 μm, n = 75) diam., wall 0.6–1.7 μm 
(x– = 0.95 ± 0.21 μm, n = 65) thick; cells from the outer to the inner layers 
gradually increase in diameter, brown to colorless; terminal cells of 3–4 lay-
ers at 昀氀ank stretch to 13.1–15.3 μm long × 2.6–3.8 μm wide (x– = 14.1 ± 
0.8 × 3.3 ± 0.5 mm, n = 10), straight, ends narrow and slightly sharp, thin-
walled, brown. Paraphyses 1.9–3.7 μm (x– = 2.6 ± 0.4 μm, n = 50) wide, hya-
line, 昀椀liform, rounded apex, 0–2-septate, unbranched, with conspicuous lipid 
bodies, scarcely extending beyond the asci. Asci (132–)136.7–157.8(–172) 
× (12.5–)13.2–16.0(–17.3) μm (x– = 148.2 ± 7.8 × 14.5 ± 1.0 μm, n = 40), uni-
tunicate, 8-spored, almost 昀椀lling the whole asci, clavate, slightly curved, api-
cally rounded with an amyloid apical pore in Melzer’s reagent, an incrassated 
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Figure 4. Tatraea aseptata (HKAS 128275) a–c Fresh ascomata on the wood d–g dried ascomata on the wood h vertical 

section of an ascoma i–j excipulum k paraphyses l–p asci (o–p asci in Meltzer’s reagent) q–v ascospores. Scale bars: 

1.5 mm (d); 400 μm (e); 800 μm (f–g); 1000 μm (h); 200 μm (i); 100 μm (j); 70 μm (k–p); 15 μm (q–v).
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wall at apex, 7.4–11.1 μm wide × 3.7–6.1 μm high (x– = 9.0 ± 0.7 × 4.8 ± 0.5 
μm, n = 40), slightly constricted downward, tapering to obconical or short 
subtruncated base, sometimes not obvious, croziers present. Ascospore 
(21.8–)24.6–31.6(–33.7) × (7.6–)7.8–10.0(–10.8) μm (x– = 27.4 ± 2.3 × 8.8 ± 
0.7 μm, n = 80), Q = (2.3–)2.5–3.7(–4.0), Qm = 3.1 ± 0.3, overlapping uniseri-
ate, slightly asymmetrical, reniform with a large guttule and several multiple 
granules, obtusely rounded at the apex, slightly pointed at the base, hyaline, 
thin-walled, smooth and aseptate. Asexual morph: Undetermined.

Material examined. China, Yunnan Province, Puer City, Jingdong Coun-
ty, altitude 2455 m, on the decayed oak tree twig, 23 August 2022, Cuijinyi Li, 
LCJY-1221 (HKAS 128274); ibid., Ailao Mountain, altitude 2520 m, on mossy, 
decaying unknown wood, 9 June 2022, Cuijinyi Li, LCJY-743 (HKAS 128271); 
ibid., Kunming City, Panlong District, altitude 1920 m, on the decayed oak tree 
twig, 25 May 2022, Cuijinyi Li, LCJY-477 (HKAS 128265); ibid., Yuxi City, Xinping 
County, altitude 1920 m, on soft decayed unknown wood, 5 June 2022, Cuijinyi 
Li, LCJY-601 (HKAS 128269).

Notes. Our collections are clustered with T. aseptata H.L. Su & Q. Zhao with 
100% ML bootstrap support and 1.0 Bayesian probability. Fruiting bodies are 
mostly founded on decayed oak tree branches and share similar characteristics 
with T. aseptata by having fresh apothecia of similar size, brown receptacles 
when dry and the same reniform ascospores. In contrast, our collection also 
showed differences in their outer ectal excipulum comprising 8–12 layers of 
uneven proliferous cells with no hairs, thinner medullary excipulum and shorter 
asci (136.7–157.8 μm vs. 150–185 μm).

Tatraea clepsydriformis C.J.Y. Li & Q. Zhao, sp. nov.
Index Fungorum: IF901178
Facesoffungi Number: Fo15190
Fig. 5

Etymology. The speci昀椀c epithet refers to the hourglass shape apothecia.
Holotype. HKAS 128275.
Description. Saprobic on the decayed branches of oak tree. Sexual 

morph: Apothecia 1.3–3.5 mm wide (x– = 2.5 ± 0.7 mm, n = 13) when fresh, 
0.9–1.3 mm wide × 0.6–0.9 mm high (x– = 1.1 ± 0.15 × 0.7 ± 0.12 mm, n = 
13) when dry, gregarious, super昀椀cial, hourglass shape or cupulate, glabrous, 
with a wide stipe. Disc 昀氀at and circular, pale grey (5C1) when fresh, edge 
slightly curl inward towards the disc, melon yellow (5A6) to apricot yellow 
(5B6) or pale orange (5A2) near the center, darken to concolorous as recep-
tacle near the edge when dry, or dark blue (20E7) when immature. Margins 
concolorous to the disc when fresh, white, smooth or dentate when dry. Re-
ceptacle slightly rough and dark yellowish brown (5D8) when fresh, slightly 
rough, light brown (6D8) to hazel brown (6E8) when mature and dry, some-
times edge with white narrow-band, smooth and dark blackish blue (20F8) 
when immature and dry. Stipe 360–596 μm wide × 463–571 μm long (x– = 
470 ± 85 × 515 ± 47 μm, n = 13), short and broad, concolorous to the recepta-
cle or pale yellow when fresh, concolorous to dried receptacle when mature, 
butter yellow (4A5) when immature, slightly rough on surface. Hymenium 
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Figure 5. Tatraea clepsydriformis (HKAS 128275, holotype) a–b fresh ascomata on the wood c–f dried ascomata on the 

wood g vertical section of an ascoma h–j excipulum k paraphyses l–p asci (o–p asci in Meltzer’s reagent) q–r ascospores. 

Scale bars: 2 mm (c); 600 μm (d); 700 μm (e); 250 μm (f); 800 μm (g); 150 μm (h, j); 100 μm (i); 60 μm (k–p); 40 μm (q–r).
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122–155 μm (x– = 135 ± 12 μm, n = 30), hyaline. Subhymenium (24–)36–60(–
65) μm (x– = 44 ± 8 μm, n = 37), dense golden brown (5D7) hyphae, forming 
textura intricata, hyphae 2.2–2.9 μm (x– = 2.6 ± 0.2 μm, n = 25) wide. Medul-
lary excipulum 335–535 μm (x– = 415 ± 51 μm, n = 15) thick, well-developed, 
comprised of thin-walled, septate, branched, pale brown and slightly loose 
hyphae of textura intricata in center, hyphae 3.3–5.1 μm (x– = 4.2 ± 0.5 μm, 
n = 45) diam., hyaline, near the ectal excipulum becoming well-organized 
parallel, non-gelatinous. Ectal excipulum 29–80 μm (x– = 50 ± 14 μm, n = 48) 
thick, comprised of 3–5 layers, large cells inside and several outer layers 
of smaller cells of textura angularis, 4.9–15.3 μm (x– = 8.9 ± 2.4 μm, n = 64) 
diam., wall moderately thick, 0.5–1.1 μm (x– = 0.7 ± 0.1 μm, n = 52) thick, pale 
brown to pale yellow from the outer inward the inner layers; proliferous cells 
not observed; terminal cells at margin inconspicuous elongated. Paraphyses 
2.1–3.4 μm (x– = 2.6 ± 0.3 μm, n = 45) wide, hyaline, straight and 昀椀liform, 
apically round, 1–3-septate, unbranched, no conspicuous contents, scarce-
ly extending beyond the asci. Asci (104.0–)112.4–135.8 × 8.2–12.2 μm 
(x– = 121.5 ± 5.7 × 10.1 ± 0.9 μm, n = 40), unitunicate, 8-spored, cylindric or 
subclavate, apically rounded with an amyloid apical pore in Melzer’s reagent, 
apical wall incrassated, 5.0–8.5 μm wide × 2.0–3.7(–4.4) μm high (x– = 6.8 
± 0.7 × 3.1 ± 0.5 μm, n = 40), slightly constricted downward when imma-
ture, tapering to a cylindric and aporhynchous, subtruncated base, croziers 
present. Ascospore (12.9–)14.0–17.9 × 5.1–6.8 μm (x– = 15.2 ± 0.9 × 5.7 ± 
0.4 μm, n = 65), Q = 2.1–3.2, Qm = 2.7 ± 0.1, overlapping uniseriate, ellip-
soidal with a large guttule, obtusely rounded at both ends, slightly pointed 
at the base, hyaline, almost symmetrical, thin-walled, smooth and aseptate. 
Asexual morph: Undetermined.

Material examined. China, Yunnan Province, Puer City, Jingdong County, 
altitude 2455 m, on the decayed oak tree twig, 23 August 2022, Cuijinyi Li, 
LCJY-1226 (HKAS 128275, holotype); ibid., Kunming City, Panlong District, 
altitude 1920 m, on the decayed oak tree twig with ant nests, 29 May 2022, 
Cuijinyi Li, LCJY-497 (HKAS 128266, paratype); ibid., Yeya Lake, altitude 
1900 m, on the decayed oak tree twig with ant nests, 3 July 2021, Cuijinyi 
Li, LCJY-127 (HKAS 128264, paratype); ibid., Sanjian Mountain, altitude 
1950 m, on decayed wood, 18 December 2021, Cuijinyi Li, LCJY-392 (HKAS 
128267, paratype).

Notes. The distinctive characteristics of T. clepsydriformis are moder-
ate-sized apothecia (2.5 mm wide when fresh), with fresh brown receptacles 
and stipes, light brown to hazel brown at dry condition, stipes concolorous to 
receptacles, pale yellow, proliferous cells of ectal excipulum not observed, apo-
rhynchous asci and small, ellipsoidal ascospores without septa.

Phylogenetically, our collections clustered with T. griseoturcoisina with 85% 
ML bootstrap support and 0.96 Bayesian probability in the combined LSU and 
ITS phylogeny (Fig. 2). Morphologically, both species have small ascospores 
shown in Suppl. material 1 (shorter than 23 μm). Tatraea clepsydriformis are 
distinguished from other species by their shorter asci and smaller ascospores 
except for T. griseoturcoisina (Suppl. material 1). Tatraea clepsydriformis differs 
from T. griseoturcoisina by having brown receptacles, a broader medullary ex-
cipulum (335–535 μm vs. 164–308 μm) and shorter ascospores (15.2 × 5.7 μm 
vs. 17.1 × 5.4 μm).
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Tatraea griseoturcoisina C.J.Y. Li & Q. Zhao, sp. nov.
Index Fungorum: IF901179
Facesoffungi Number: Fo15191
Fig. 6

Etymology. The speci昀椀c epithet refers to the greyish turquoise color of the disc.
Holotype. HKAS 128276.
Description. Saprobic on decayed branches. Sexual morph: Apothecia 

2.5–4.0 mm wide (x– = 3.1 ± 0.4 mm, n = 27) when fresh, 1.0–2.1 mm wide 
× 0.6–0.8 mm high (x– = 1.6 ± 0.3 × 0.7 ± 0.1 mm, n = 20) when dry, scattered 
or gregarious, super昀椀cial, discoid with thin and short stipitate, glabrous. Disc 
昀氀at and circular, greyish turquoise (24E5) when fresh in wet habitat, slightly 
concave in the center, edge slightly curved upwards, deep green (28E8) with 
greyish green (28D5) to dark greyish green (28F7) when fresh in slightly dried 
habitat, edge slightly fold inward towards the discs, yellowish white (1A2) to 
snow white (1A1) when dry. Margins concolorous to the discs when fresh 
in wet habitat, white when dry or living in the dried habitat. Receptacle not 
observed when fresh, rough and 昀椀nely pustules, dark brown to nearly black 
when dry, with some slightly dark and irregular veins on the surface. Stipe 
330–360 μm wide × 220–440 μm long (x– = 350 ± 89 × 330 ± 8 μm, n = 5), short 
and thin, rough and 昀椀nely pustules, concolorous to the receptacle. Hymenium 
103–138 μm (x– = 117 ± 8 μm, n = 25), hyaline. Subhymenium 43–66 μm (x– = 
53 ± 6 μm, n = 15), dense brownish-orange (6C8) hyphae of textura intrica-

ta, hyphae 1.3–2.9(–3.9) μm (x– = 2.2 ± 0.5 μm, n = 50) diam., appear with 
excipulum at the margin, non-gelatinous. Medullary excipulum 164–308 μm 
(x– = 238 ± 33 μm, n = 15) thick, well-developed, comprised of thin-walled, sep-
tate, pale brown to pale yellow cells of textura intricata, hyphae 2.6–5.2 μm 
(x– = 3.9 ± 0.5 μm, n = 30) diam., hyaline, slightly loose in the center, becoming 
well-organized, parallel and strongly dense near the ectal excipulum, narrow 
hyphae 1.3–3.2 μm (x– = 2.3 ± 0.4 μm, n = 30) diam., non-gelatinous. Ectal ex-
cipulum well-differentiated from the medullary part, the inner layers generally 
consists of 5–6 layers textura angularis cells, 27–68 μm (x– = 42 ± 9 μm, n = 
37) thick, cells 6.6–14.4 μm (x– = 10.2 ± 2.4 μm, n = 100) diam., wall moderately 
thick 0.41–0.84 μm (x– = 0.6 ± 0.1 μm, n = 50); the outer layers partially uneven 
proliferous to some gradually smaller brown cells, stack into short and broad 
triangles to trapezoids, 20–46(–63) μm (x– = 31 ± 12 μm, n = 20) thick (exclud-
ing the inner layers), cells 4.5–10.2 μm (x– = 7.8 ± 1.6 μm, n = 80) diam., wall 
moderate; cells from the outer inward the inner layers gradually increase in di-
ameter, brown to pale yellow; terminal cells at the margin stretch to elongated 
textura prismatica cells 10–13 μm × 3.3–4.1 μm with rounded ends, wall mod-
erately thick, brown, non-gelatinous. Paraphyses 1.7–2.7 μm (x– = 2.3 ± 0.2 μm, 
n = 35), hyaline, 昀椀liform, rounded apex, 2-septate at the middle, unbranched, 
conspicuous contents not observed, scarcely extending beyond the asci. Asci 
(91–)109–122 × 8.2–11.5 μm (x– = 113 ± 5 × 9.5 ± 0.7 μm, n = 25), unitunicate, 
8-spored, almost 昀椀lling the whole asci, clavate, rounded apex with an amyloid 
apical pore in Melzer’s reagent, wall incrassated at the apex, 5.5–6.8 μm wide × 
2.3–4.2 μm high (x– = 6.0 ± 0.5 × 3.2 ± 0.4 μm, n = 25), slightly constricted down-
ward when developing, tapering to a cylindric and aporhynchous subtruncate 
base, croziers present. Ascospore 14.6–20.4(–22.5) × 4.9–6.2 μm (x– = 17.1 
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Figure 6. Tatraea griseoturcoisina (HKAS 128276, holotype) a fresh ascomata on the wood d–g dried ascomata on the 

wood d vertical section of an ascoma e–h excipulum i paraphyses j–n asci (o–n asci in Meltzer’s reagent) o–t asco-

spores. Scale bars: 900 μm (b); 600 μm (c); 1000 μm (d); 80 μm (e, g); 40 μm (f); 60 μm (h–n); 10 μm (o–t).
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± 1.7 × 5.4 ± 0.4 μm, n = 60), Q = 2.4–3.7(–4.2), Qm = 3.1 ± 0.1, overlapping 
uniseriate, slightly narrow ellipsoidal with a large guttule, ends rounded at the 
base, slightly pointed at the apex, slightly curved on the lateral view, hyaline, 
thin-walled, smooth and aseptate. Asexual morph: Undetermined.

Material examined. China, Yunnan Province, Xishuangbanna City, Menghai 
County, altitude 1660 m, on decayed oak tree branches in a managed planta-
tion, 8 September 2022, Cuijinyi Li, LCJY-1402 (HKAS 128276, holotype); ibid., 
Menghai County, altitude 1500 m, on decayed oak tree branches in a managed 
plantation, 8 September 2022, Cuijinyi Li, 22-9-8-5 (HKAS 128277, paratype).

Notes. The distinctive characteristics of Tatraea griseoturcoisina are grey-
ish-green apothecia, with yellowish-white to snow white discs when dry, narrow 
hyphae of medullary excipulum, short aporhynchous asci and slightly narrow 
ellipsoidal ascospores without septa.

Phylogenetically, T. griseoturcoisina grouped with T. clepsydriformis with 
85% ML bootstrap support and 0.96 Bayesian probability in the combined LSU 
and ITS phylogeny (Fig. 2). A pairwise homoplasy index (PHI) test was con-
ducted using a 昀椀ve-gene dataset (ITS, LSU, mtSSU, RPB1 and RPB2) to assess 
the recombination level between clades of T. griseoturcoisina and T. clepsy-

driformis. The results revealed that there were no signi昀椀cant recombination 
events observed between these two groups (Фw > 0.05), indicating that they 
are genetically isolated and thus supporting them as distinct species (Fig. 3). 
Tatraea griseoturcoisina is distinct from all other species based on its unique 
macro-characteristics of greyish-green apothecia, dried discs and receptacles. 
Micro-characteristics of T. griseoturcoisina resemble T. clepsydriformis by hav-
ing narrow hyphae of medullary excipulum, short asci and smaller ellipsoidal 
ascospores, but it is distinct from T. clepsydriformis by having a thinner medul-
lary excipulum (164–308 μm vs.335–535 μm), longer (17.1 × 5.4 μm vs. 15.2 × 
5.7 μm) and curved ascospores. Tatraea griseoturcoisina can be distinguished 
from the other 昀椀ve species (T. aseptata, T. dumbirensis, T. macrospora, T. yunna-

nensis and T. yuxiensis) based on its short asci (109–122 μm) and ascospores 
(14.6–20.4 μm) (see Suppl. material 1).

Tatraea yunnanensis C.J.Y. Li & Q. Zhao, sp. nov.
Index Fungorum: IF901180
Facesoffungi Number: Fo15192
Fig. 7

Etymology. The speci昀椀c epithet refers to the locality from where the type spe-
cies was collected.

Holotype. HKAS 128273.
Description. Saprobic on the decayed wood. Sexual morph: Apothecia 3.8–

5.0 mm wide × 2.5–4.1 mm high (x– = 4.8 ± 0.8 × 3.7 ± 0.8 mm, n = 10) when dry, 
scattered, super昀椀cial when fresh, short stipitate, glabrous. Disc circular, 昀氀at or 
slightly concave when fresh, yellowish white (4A2) to orange white (5A2), edge 
strongly curl inward towards the disc when dry, pastel green (29A4-30A4) to 
light green (29A5), dull green (29E4) near the edge. Margins concolorous to the 
disc when fresh, white or concolorous to the disc when dry. Receptacle rough 
and pale greyish orange (5B3) with loose, 昀椀nely yellowish brown (5E8) pustules 
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when fresh, rough and light brown (5E4) with 昀椀nely dark pustules and irregular 
patches when dry, center of vertical section appears white powder, outwardly 
yellowish waxy materials. Stipe 0.5 mm wide × 1.1 mm long, concolorous to the 
receptacle, dense 昀椀nely granular pustules. Hymenium 173–213 μm (x– = 192 ± 
10 μm, n = 20) thick, hyaline. Subhymenium 51.5–68.5 μm (x– = 60.5 ± 5.0 μm, 
n = 27) thick, slightly indistinguishable from the medullary excipulum, com-
prised of dense and unordered brown (5D4) hyphae of textura intricata, hyphae 
2.2–5.4 μm (x– = 3.9 ± 0.9 μm, n = 20) diam., with excipulum at the margin. Med-
ullary excipulum 435–560 μm (x– = 518 ± 48 μm, n = 10) thick, well-developed, 
comprised of thin-walled, septate, branched, hyaline and lose hyphae of textura 

intricata in the center, partially cells of hyphae becoming swollen, hyphae 3.6–
7.8(–8.9) μm (x– = 5.3 ± 0.9 μm, n = 77) diam., becoming well-organized, parallel 
near to the ectal excipulum, hyphae narrower, non-gelatinous. Ectal excipulum 
of the inner layers usually comprised of 3–5 layers of textura angularis to textura 

prismatica cells oriented vertically to the receptacle, brown to hyaline from the 
outside to inside, 37–65 μm (x– = 49.5 ± 8.8 μm, n = 70) thick, cells 8.4–16.5 μm 
(x– = 13.0 ± 1.1 μm, n = 50) diam., wall moderately thick 0.56–0.9 μm (x– = 0.72 
± 0.11 μm, n = 84) thick; the outer layers uneven dense proliferous 2–10 layers 
of textura angularis to textura prismatica cells, 20–74 μm (x– = 49 ± 12 μm, n = 
43) thick (out of the inner layers), usually parallel to receptacle, forming an in-
verted arched or irregular shaped, not obvious change in textura angularis cells 
on diameter, slightly larger on textura prismatica cells, brown; terminal cells at 
the margin, indistinctively elongated. Paraphyses 1.5–2.8 μm (x– = 2.1 ± 0.4 μm, 
n = 80) wide, hyaline, 昀椀liform, rounded apex, 3–4-septate, sometimes branched 
at mid and base, with conspicuous contents and 昀椀ne oil drops, scarcely extend-
ing beyond the asci. Asci (163.8–)170.9–197.4 × 10.1–15.5 μm (x– = 180.5 ± 
7.2 × 12.6 ± 1.4 μm, n = 50), unitunicate, 8-spored, almost 昀椀lling in some short 
asci, cylindric or subclavate, rounded apex with an amyloid apical pore in Mel-
zer’s reagent, apical wall incrassated, 6.4–9.3(–10.3) × 2.7–5.1(–6.0) (x– = 7.8 
± 0.8 × 3.8 ± 0.7 μm, n = 40), thicken when immature, tapering to subtruncated 
base, croziers present. Ascospore 32.5–42.4 × 4.8–7.1 μm (x– = 36.3 ± 2.6 × 6.5 
± 0.4 μm, n = 50), Q = 4.4–6.5(–7.2), Qm = 5.6 ± 0.4, uniseriate or overlapping 
uniseriate, elongated to narrow fusiform with 1–2 guttules to multiple granules, 
hyaline, slightly curved, bluntly rounded at the base, slightly pointed at the apex, 
thin-walled, smooth and aseptate. Asexual morph: Undetermined.

Material examined. China, Yunnan Province, Puer City, Jingdong County, al-
titude 1455 m, on the decayed wood, 23 August 2022, Cuijinyi Li, LCJY-1218 
(HKAS 128273, holotype); ibid., Tengchong City, altitude 1714 m, on decayed 
wood, 16 August 2022, Cuijinyi Li, LCJY-1119-2 (HKAS 128272, paratype).

Notes. The distinctive characteristics of T. yunnanensis are large (4.8 mm 
wide), brown apothecia with pastel green to light green discs and short stipes, 
thick medullary excipulum comprising 2–10 layers of inverted proliferous cells, 
arched or irregular shaped, pleurorhynchous asci with J+ pores, 昀椀liform, 3-sep-
tate paraphyses and elongated fusiform ascospores without septa.

Phylogenetically, our collections clustered sister to T. macrospora with 98% 
ML bootstrap support and 1.0 Bayesian probability in the combined LSU and 
ITS phylogeny (Fig. 2). It was shown that the two species do not have any ge-
netic recombination (Φw = 1.0) based on the pairwise homoplasy index (PHI) 
value (Fig. 3). Tatraea yunnanensis resembles T. macrospora in having cupulate 
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Figure 7. Tatraea yunnanensis (HKAS 128273, holotype) a–b fresh ascomata on the wood c dried ascomata on the wood 

d vertical section of an ascoma e–g excipulum h paraphyses i–m asci (m asci in Meltzer’s reagent) n–s ascospores. 

Scale bars: 3.5 mm (c); 1200 μm (d); 300 μm (e); 50 μm (f); 100 μm (g); 80 μm (h–m); 20 μm (n–s).
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apothecia, yellowish-white to orange-white discs when fresh and large asco-
spores. In contrast, our species differ from T. macrospora by having longer as-
cospores (32.5–42.4 μm vs. 22-40 μm) with 3–8-septate ascospores (Baral et 
al. 1999). For T. macrospora, the morphological descriptions provided in previ-
ous studies are incomplete and lack details on the apothecial size and color, 
stalk and spores.

Tatraea yuxiensis C.J.Y. Li & Q. Zhao, sp. nov.
Index Fungorum: IF901187
Facesoffungi Number: Fo15193
Fig. 8

Etymology. The speci昀椀c epithet refers to the locality from where the type spe-
cies was collected.

Holotype. HKAS 128268.
Description. Saprobic on the decayed wood. Sexual morph: Apothecia 2.3–

4.2 mm wide (x– = 3.0 ± 0.6 mm, n = 15) when fresh, 1.2–2.0(–2.5) mm wide × 
0.47–0.72 mm high (x– = 1.6 ± 0.3 × 0.58 ± 0.09 mm, n = 18) when dry, scattered 
or gregarious, disk-like with short stipitate, glabrous, developing on the surface 
of the substrate. Disc 昀氀at and circular, slightly convex at the center and down-
ward at the edge when fresh, edge slightly curls inward towards the center, 
edge of large ascoma somewhat undulating, orange grey (5B2) to brownish 
grey (5C2) when fresh, dark brownish black or deep green (1D8) to olive (1E8) 
when dry. Margins concolorous to the disc when fresh, white to pale yellow 
or concolorous to the receptacles when dry. Receptacle dark brownish black 
or dark ochraceous-brown when dry, slightly rough and 昀椀nely pustules when 
mature. Stipe 270–480(–650) μm wide × 190–400 μm long (x– = 400 ± 86 × 
320 ± 76 μm, n = 18), short, regular cylindrical, concolorous to the recepta-
cle or nearly black, almost smooth on the surface. Hymenium 173–227 μm 
(x– = 210 ± 17 μm, n = 15), hyaline. Subhymenium not obvious. Medullary excip-
ulum 273–330 μm (x– = 307 ± 22 μm, n = 15) thick, well-developed, comprised 
of thin-walled, septate, pale brown and slightly loose hyphae of textura intricata, 
hyphae (3.5–)4.2–8.7 μm (x– = 6.2 ± 1.5 μm, n = 70) diam., hyaline, becoming 
dense near to the hymenium, darkening, dense and well-organized parallel near 
to the ectal excipulum, non-gelatinous. Ectal excipulum of the inner layers gen-
erally comprised of 3–6 layers vertically oriented textura angularis cells, 34–
62(–77) μm (x– = 49 ± 10 μm, n = 60) thick, pale brown to hyaline toward inwards, 
cells of inner layers 10.5–18.5(–20.4) μm (x– = 14.0 ± 2.6 μm, n = 100) diam., 
wall (0.49–)0.65–1.09(–1.3) μm (x– = 0.87 ± 0.15 μm, n = 100) thick; proliferate 
3–4 layers irregular-shaped and minimal textura angularis or textura prismatica 
cells, 4.0–8.4 μm (x– = 6.3 ± 1.3 μm, n = 100) diam., wall 0.59–0.94 μm (x– = 
0.77 ± 0.12 μm, n = 70) thick; terminal cells at margin obviously elongated to 
17–33 μm × 3.6–5.9 μm, slightly curved and soft, apex rounded and sometimes 
swollen, thin-walled, pale brown or hyaline. Paraphyses 1.9–3.3 μm (x– = 2.6 ± 
0.5 μm, n = 70) wide, hyaline, 昀椀liform, rounded apex, 1–2-septate, unbranched, 
with conspicuous contents in Melzer’s reagent, scarcely extending beyond the 
asci. Asci (159.6–)167.4–190.7(–200.0) × 11.3–15.8 μm (x– = 177.5 ± 8.7 × 
13.1 ± 1.2 μm, n = 30), unitunicate, 8-spored, cylindric or subclavate, apical-
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Figure 8. Tatraea yuxiensis (HKAS 128268, holotype) a fresh ascomata on the wood b–e dried ascomata on the wood 

f vertical section of an ascoma g–i excipulum j–k paraphyses l–o asci (o–p asci in Meltzer’s reagent) p–v ascospores. Scale 

bars: 1.5 mm (b); 700 μm (d–c); 400 μm (e); 800 μm (f–g); 1000 μm (h); 200 μm (i); 100 μm (j); 70 μm (k–p); 15 μm (q–v).
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ly rounded with an amyloid apical pore in Melzer’s reagent, thickened wall at 
apex, 7.2–11.5 × 3.0–5.7 (x– = 9.2 ± 1.5 × 4.2 ± 0.7 μm, n = 40), tapering to a 
pleurorhynchous subtruncate base, croziers present. Ascospore (24.1–)26.2–
34.9(–36.5) × (6.3–)7.0–8.9(–9.5) μm (x– = 30.0 ± 2.8 × 7.9 ± 0.6 μm, n = 100), 
Q = (2.8–)3.2–4.6(–5.2), Qm = 3.8 ± 0.2, uniseriate, elongated ellipsoidal with a 
large guttule, slightly curved and asymmetrical on the lateral view, ends round-
ed, hyaline, thin-walled, smooth, aseptate, appearing 1-septate when germinat-
ing. Asexual morph: Undetermined.

Material examined. China, Yunnan Province, Yuxi City, Xinping County, altitude 
2090 m, on soft decayed unknown wood in managed plantation, 5 June 2022, 
Cuijinyi Li, LCJY-633 (HKAS 128268, holotype); ibid., altitude 2340 m, on decayed 
unknown wood, 6 June 2022, Cuijinyi Li, LCJY-634 (HKAS 128270, paratype).

Notes. The distinctive characteristics of T. yuxiensis are orange-grey to 
brownish-grey discs when fresh, dark brownish-black or dark ochraceous-brown 
when dry, short and regular cylindrical stipe, 3–4 layers of proliferous minimal 
cells, pleurorhynchous asci and elongated ellipsoidal and laterally asymmetri-
cal ascospores.

Morphologically, T. yuxiensis resembles T. aseptata with their similar-sized 
and disk-like apothecia with a short stipe, 昀椀liform paraphyses, cylindric asci 
and ellipsoidal ascospores. In contrast to T. aseptata, T. yuxiensis has dark-
er receptacles, regular cylindrical stipes, inconspicuous subhymenium, thick-
er medullary excipulum (273–330 μm vs. 120–145 μm) with larger terminal 
cells (17–33 μm × 3.6–5.9 μm vs. 13.1–15.3 μm × 2.6–3.8 μm) that almost 
appear as 3–4 layers of proliferous minimal cells and ascospores with high-
er length-width ratio (3.8 vs. 2.97). Furthermore, our collections of T. aseptata 
(HKAS 128265, HKAS 128269, HKAS 128271, HKAS 128274) have shorter asci 
(136.7–157.8 μm vs. 167.4–190.7 μm) and 8–12 layers of proliferous cells, 
compared to T. yuxiensis.

Phylogenetically, T. yuxiensis clustered sister to T. aseptata with 100% ML 
bootstrap support and 1.0 Bayesian probability in the combined LSU and ITS 
phylogeny (Fig. 2). The pairwise homoplasy index (PHI) indicated no signi昀椀cant 
genetic recombination (Φw = 1.0) between T. yuxiensis and T. aseptata and 
con昀椀rmed that they are different species (Fig. 3).

Discussion

Tatraea was initially collected a 100 years ago from the Nizke Tatra Mountains 
in Europe and was subsequently found in several countries (Velenovský 1934; 
Baral et al. 1999). In Britain and Croatia, T. dumbirensis is listed on the Red List 
as a threatened species (Ujházy et al. 2018). Tatraea macrospora appeared in 
some countries, but no o昀케cial records were found. Therefore, the accuracy of 
species identi昀椀cation could not be con昀椀rmed. Since the study in 1999, there 
have been no new species reports in Tatraea from other continents. All col-
lections in this study were collected from Yunnan, China, of which most were 
collected from protected natural forests and from areas comprising mainly 
oak trees. Some species are found in plantations that have been protected and 
nursed for many years, however, the host is too decayed to identify. In most 
cases, the decayed oak wood is still the main nutrient provider in forests. After 
the addition of our collections (T. clepsydriformis and T. griseoturcoisina), the 



150MycoKeys 102: 127–154 (2024), DOI: 10.3897/mycokeys.102.112565

Cui-Jin-Yi Li et al.: Additional four species of Tatraea in Yunnan Province, China

description of Tatraea should be extended from long asci and large ascospores 
to include slightly shorter asci and smaller spores, as well as the initial greyish 
turquoise color of the apothecia.

In the past, the type species, T. dumbirensis was incorrectly recognized to 
be a member of the Leotiaceae or Sclerotiniaceae (Velenovský 1934; Baral et 
al. 1999). The exclusion from the Sclerotiniaceae was due to the absence of 
darkening and sclerotia formation in the cultures (Baral et al. 1999). In the pres-
ent taxonomic study, Tatraea was included in Helotiaceae, and we also agreed 
on this treatment based on the ITS analysis in our study (Vasilyeva 2010). The 
genus-level placements of each species in Tatraea changed after adding data 
from other genera into the analysis. Previously, T. clepsydriformis and T. gris-

eoturcoisina clustered into separate clades, later clustered into a single main 
clade as sister sub-clades after adding more taxa, and their micro-morpholog-
ical characteristics were more similar. In the phylogenetic analyses, the taxo-
nomic status of species is provisional due to the lack of genetic information 
for the type species. To assess the signi昀椀cant recombination levels of related 
species, we performed 昀椀ve gene analyses individually and for the combined 
dataset, both of which provided evidence for them being different species. The 
dilemma for conducting research is the paucity of available molecular informa-
tion for the known species. More informative loci were provided in this study, 
including mitochondrial genes and protein genes, hence, future taxonomy, phy-
logeny research and evolutionary studies in Helotiaceae can be bene昀椀ted from 
this study. Additionally, some species with similar morphological characteris-
tics to Tatraea, such as Ciboria fusispora, are currently unable to transfer due 
to a lack of evidence and fresh samples. Therefore, more research with more 
fresh specimens is essential to facilitate the classi昀椀cation of these species.
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Research Article

Abstract

Loxospora is a genus of crustose lichens containing 13 accepted species that can 

be separated into two groups, based on differences in secondary chemistry that 

correlate with differences in characters of the sexual reproductive structures (asci 

and ascospores). Molecular phylogenetic analyses recovered these groups as 

monophyletic and support their recognition as distinct genera that differ in phenotypic 

characters. Species containing 2’-O-methylperlatolic acid are transferred to the new 

genus, Chicitaea Guzow-Krzem., Kukwa & Lendemer and four new combinations are 

proposed: C. assateaguensis (Lendemer) Guzow-Krzem., Kukwa & Lendemer, C. confusa 

(Lendemer) Guzow-Krzem., Kukwa & Lendemer, C. cristinae (Guzow-Krzem., Łubek, 
Kubiak & Kukwa) Guzow-Krzem., Kukwa & Lendemer and C. lecanoriformis (Lumbsch, 

A.W. Archer & Elix) Guzow-Krzem., Kukwa & Lendemer. The remaining species produce 

thamnolic acid and represent Loxospora s.str. Haplotype analyses recovered sequences 

of L. elatina in two distinct groups, one corresponding to L. elatina s.str. and one to 

Pertusaria chloropolia, the latter being resurrected from synonymy of L. elatina and, thus, 

requiring the combination, L. chloropolia (Erichsen) Ptach-Styn, Guzow-Krzem., Tønsberg 

& Kukwa. Sequences of L. ochrophaea were found to be intermixed within the otherwise 

monophyletic L. elatina s.str. These two taxa, which differ in contrasting reproductive 

mode and overall geographic distributions, are maintained as distinct, pending further 

studies with additional molecular loci. Lectotypes are selected for Lecanora elatina, 

Pertusaria chloropolia and P. chloropolia f. cana. The latter is a synonym of Loxospora 

chloropolia. New primers for the ampli昀椀cation of mtSSU are also presented.

Key words: Lichenised fungi, mtSSU, nuITS, phylogeny, RPB1, Sarrameanaceae, 

secondary metabolites, sorediate lichens, sterile lichens, taxonomy

Introduction

Lichens are specialised fungi that associate in symbiotic relationships with pho-
toautotrophic partners, termed photobionts, which are mainly represented by 
green microalgae or cyanobacteria (Büdel and Scheidegger 2008). Numerous 
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lichenised fungi have developed special vegetative diaspores (usually isidia and 
soredia), which allow the co-dispersal of symbiotic partners and maintenance 
of the symbiosis (Poelt 1970; Werth and Scheidegger 2012; Sanders 2014; 
Onuț-Brännström et al. 2018). Lichen species that produce specialised vegeta-
tive diaspores are frequently sterile, rarely producing sexual reproductive struc-
tures and ascospores (Poelt 1970). This complicates, especially in the case of 
taxa with crustose thalli, the determination of their systematic position and can 
render identi昀椀cation di昀케cult due to the scarcity of diagnostic morphological 
characters (e.g. Ekman and Tønsberg (2002); Kukwa and Pérez-Ortega (2010); 
Hodkinson and Lendemer (2012, 2013); Guzow-Krzemińska et al. (2017, 2018, 
2019); Malíček et al. (2018); Orange (2020); Kukwa et al. (2023)).

Some species that produce lichenised vegetative diaspores are morpholog-
ically (except for the development of such diaspores) and chemically almost 
identical to the taxa that lack those structures and such cases are referred to as 
species pairs (Poelt 1970; Crespo and Pérez-Ortega 2009). Molecular phyloge-
netic studies of such pairs and of species with lichenised vegetative diaspores 
generally, however, suggest that the situation is more complex and nuanced than 
binary pairs of species that either lack vegetative diaspores and are sexually re-
producing or produce vegetative diaspores and are only infrequently sexually re-
producing. In some cases, neither species delimited by the presence or absence 
of vegetative diaspores was found to be monophyletic and, instead, represen-
tatives of each were intermingled suggesting that independent lineages do not 
correspond to reproductive mode (e.g. Lohtander et al. (1998); Buschbom and 
Mueller (2006); Myllys et al. (2011); Tehler et al. (2013); Ertz et al. (2018)). In 
other cases, such pairs of species have been recovered as reciprocally mono-
phyletic and sister (e.g. Miadlikowska et al. (2011); Lendemer and Harris (2014); 
Yakovchenko et al. (2017); Ohmura (2020)). Further, there are recent examples 
where next generation sequence data have provided support for species pair 
delimitations that lacked support from analyses of traditionally used loci that 
are typically more conserved and fewer in number (e.g. Grewe et al. (2018)).

The genus Loxospora A. Massal. was described by Massalongo (1852) 
and, at present, includes thirteen accepted species (Kalb and Hafellner 1992; 
Kantvilas 2000; Lumbsch et al. 2007; Lendemer 2013; Lücking et al. 2017; Gu-
zow-Krzemińska et al. 2018). Loxospora species have been reported from many 
regions globally (e.g. Kalb and Hafellner (1992); Kantvilas (2000); Lumbsch et 
al. (2007); Papong et al. (2009); Kelly et al. (2011); Lendemer (2013); Hafellner 
and Türk (2016); Berger et al. (2018); Guzow-Krzemińska et al. (2018); Wirth 
et al. (2018); Marthinsen et al. (2019); Urbanavichus et al. (2020); Westberg 
et al. (2021)). The genus is classi昀椀ed at present in Sarrameanales B.P. Hodk. 
& Lendemer in Lecanoromycetes O.E. Erikss. & Winka (Lücking et al. 2017). 
Previous molecular phylogenetic studies have recovered Loxospora to form a 
well-supported clade, with members divided into two distinct clades (Lumbsch 
et al. 2007; Lendemer 2013; Guzow-Krzemińska et al. 2018). The species in one 
clade are characterised by asci having uniformly amyloid apical dome, septate, 
fusiform to ellipsoidal ascospores and the production of thamnolic acid as the 
main secondary metabolite (Hafellner 1984; Kantvilas 2000; Guzow-Krzemińska 
et al. 2018). This clade corresponds to Loxospora s.str. and contains the type 
species, L. elatina (Ach.) A. Massal. (Massalongo 1852; Galloway 2007). The 
second clade comprises four species producing 2’-O-methylperlatolic acid 
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(Lumbsch et al. 2007; Lendemer 2013; Guzow-Krzemińska et al. 2018). Asco-
mata are known only in one of those species, L. lecanoriformis Lumbsch, A.W. 
Archer & Elix and, in that taxon, the asci lack an amyloid apical dome and have 
simple ascospores (Lumbsch et al. 2007; Papong et al. 2009). The chemical 
and anatomical characters, especially the ascus apical dome amyloidy, com-
bined with the monophyletic resolution as distinct from Loxospora s.str., sug-
gest that this latter group merits recognition at the genus level.

In summer 2021, while performing 昀椀eld lichen studies in northern Poland, 
we collected specimens resembling Loxospora elatina growing on bark of Al-
nus glutinosa in black alder forest. They contained thamnolic acid as the main 
secondary metabolite; however, the thallus was continuous to areolate, in con-
trast to the tuberculate thalli typically found in L. elatina (e.g. Stenroos et al. 
(2016)). Molecular analyses showed that these specimens and some other 
samples published by Kelly et al. (2011) formed a group distinct from samples 
of L. elatina with typical tuberculate thalli. Recognising the need to re-evaluate 
the delimitation of L. elatina based on this material, we analysed additional 
sequences and specimens of other Loxospora species to con昀椀rm the relation-
ships amongst currently recognised species, especially L. ochrophaea (Tuck.) 
R.C.Harris, which has been presumed to be the strictly sexual, esorediate coun-
terpart to L. elatina (Brodo et al. 2001; Guzow-Krzemińska et al. 2018). Based 
on these analyses, we recognise the material of L. elatina with continuous to 
areolate thalli as distinct and introduce a new combination for it, discuss the 
status of L. elatina s.str. and L. ochrophaea (Tuck.) R.C. Harris and introduce the 
genus Chicitaea for the clade of Loxospora species producing 2’-O-methylperla-
tolic acid, which necessitates four new combinations.

Materials and methods

Taxon sampling

Lichen material was studied from BG, BM, BILAS, E, HBG, H-ACH, NY, O, UGDA 
and herb. Maliček. Morphology was examined using a Nikon SMZ 800N stereo-
microscope. Secondary lichen metabolites were studied by thin layer chroma-
tography (TLC) (Culberson and Kristinsson 1970; Orange et al. 2001). For ref-
erence of squamatic acid and thamnolic acid, we used extracts from Cladonia 
glauca Flörke and C. digitata (L.) Baumg., respectively.

DNA extraction, PCR ampli昀椀cation and DNA sequencing

Small pieces of thalli (approx. 2 mm2) were put into Eppendorf tubes. Then DNA 
was extracted using a GeneMATRIX Plant & Fungi DNA Puri昀椀cation Kit (EURX) 
or a modi昀椀ed CTAB method (Guzow-Krzemińska and Węgrzyn 2000). Sequenc-
es of three molecular markers were ampli昀椀ed: nuITS rDNA using ITS1F (Gardes 
and Bruns 1993) or ITS5 (White et al. 1990) and ITS4 (White et al. 1990) primers, 
RPB1 using g-RPB1-A for (Stiller and Hall 1997) and f-RPB1-C rev (Matheny et 
al. 2002) primers and mtSSU using mrSSU1 (Zoller et al. 1999) and mrSSU3R 
(Zoller et al. 1999) primers. Due to di昀케culties in mtSSU ampli昀椀cation, new prim-
ers were designed by one of the authors (Beata Guzow-Krzemińska; primers 
here referred to as “Lox_mtSSU620_For”: 5’-TTTACCTATATGTCTTGACCAA-3’ 
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and “Lox_mtSSU620_Rev”: 5’-CTCTTATCATATTCCAATATAATG-3’). PCR set-
tings for each set of primers are shown in Suppl. material 1. Electrophoresis 
was performed on a 1% agarose gel to determine whether ampli昀椀cation of target 
molecular markers was successful. PCR products were puri昀椀ed using Clean-Up 
Concentrator (A&A Biotechnology). Sequencing was performed by Macrogen 
(The Netherlands). All newly-generated sequences were deposited in GenBank 
and their GenBank Acc. Numbers are presented in Table 1.

Sequence alignments and phylogenetic analyses

The newly-obtained sequences were trimmed using the Chromas programme 
(http://technelysium.com.au/wp/). All sequences were analysed using BLASTn 
search (Altschul et al. 1990). Independent alignments of nuITS, mtSSU rDNA 
and RPB1 markers were prepared using Seaview software (Galtier et al. 1996; 
Gouy et al. 2010) employing muscle option and guidance2 software imple-
mented on an online website (Sela et al. 2015; https://guidance.tau.ac.il/). Sin-
gle locus alignments consisted of 68 nuITS rDNA sequences with 548 sites, 
47 mtSSU rDNA sequences with 635 sites and 13 RPB1 sequences with 562 
sites. Then, datasets were concatenated into one matrix which consisted of 83 
terminals with 1745 positions. The concatenated dataset was subjected to IQ-
TREE analysis to 昀椀nd best-昀椀tting nucleotide substitution models for each parti-
tion (Nguyen et al. 2015; Chernomor et al. 2016; Kalyaanamoorthy et al. 2017; 
Hoang et al. 2018). The model selection was restricted to models implemented 
in MrBayes and the following nucleotide substitution models for the three pre-
de昀椀ned subsets were selected: HKY+F+I for mtSSU rDNA, K2P+F+G4 for nuITS 
and K2P+F+I for RPB1. The search for the Maximum Likelihood tree was per-
formed in IQ-TREE and followed with 1000 bootstrap replicates (Nguyen et al. 
2015; Chernomor et al. 2016; Kalyaanamoorthy et al. 2017; Hoang et al. 2018).

The Bayesian analysis was conducted using MrBayes 3.2.7a (Huelsenbeck 
and Ronquist 2001; Ronquist and Huelsenbeck 2003) on the CIPRES Sci-
ence Gateway (Miller et al. 2010). The analyses were conducted by running 
10,000,000 generations. The chain was sampled every 1000th generation. Pos-
terior probabilities (PP) were determined by calculating a majority-rule consen-
sus tree after discarding the initial 25% trees of each chain as the burn-in. All 
trees were visualised in FigTree v.1.4. (Rambaut 2009) and further modi昀椀ed in 
Inkscape (https://inkscape.org/). Bootstrap support (BS values ≥ 75) and PP 
values (values ≥ 0.95) are given near the branches on the phylogenetic tree.

Sequences obtained from GenBank and used in phylogenetic analyses are 
listed in Suppl. material 2.

Preparation of haplotype networks

Moreover, independent alignments of each marker for specimens of L. elatina, 
L. ochrophaea and L. chloropolia were prepared using Seaview software (Galtier 
et al. 1996; Gouy et al. 2010) employing muscle option and followed with man-
ual correction. The 昀椀nal nuITS rDNA alignment consisted of 46 sequences with 
443 sites, while RPB1 alignment consisted of 11 sequences with 723 sites. Hap-
lotype analyses were performed using PopART software (https://popart.maths.
otago.ac.nz) employing TCS network option (Clement et al. 2002). Moreover, 
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Table 1. Specimen data and the GenBank accession numbers of newly-obtained sequences of the taxa used in the phy-

logenetic analyses. A dash provides information about lack of DNA sequence. For sequences obtained from GenBank, 

see Suppl. material 2.

Species Origin Collection and herbarium
GenBank accession numbers

nuITS mtSSU RPB1

Chicitaea confusa 3 U.S.A. North Carolina. Carteret Co. Lendemer 35738 (NY-1885635) PP080079 PP080125 –

Chicitaea confusa 4 U.S.A. North Carolina. Jones Co. Lendemer 35691 (NY-1885682) PP080080 PP080126 –

Chicitaea confusa 5 U.S.A. North Carolina. Carteret Co. Lendemer 35485 (NY-1885425) PP080081 PP080127 –

Chicitaea aff. confusa 6 U.S.A. North Carolina. Jones Co. Lendemer 35655 (NY-1885717) PP080082 PP080128 –

Chicitaea confusa 7 U.S.A. North Carolina. Craven Co. Lendemer 35418 (NY-1885382) PP080083 PP080129 –

Chicitaea confusa 8 U.S.A. North Carolina. Dare Co. Lendemer 36747 (NY-1885847) PP080084 – –

Chicitaea confusa 9 U.S.A. North Carolina. Tyrrell Co. Lendemer 36584 (NY-1886010) PP080085 – –

Chicitaea confusa 10 U.S.A. North Carolina. Washington Co. Lendemer 36398 (NY-1886197) PP080086 – –

Chicitaea cristinae 10 Poland. Carpathians, Bieszczady Szymczyk s.n. (UGDA L-60232) PP080087 PP080130 –

Loxospora chloropolia 5 Poland. Wybrzeże Słowińskie Ptach-Styn, Kukwa Lox. 1 (UGDA L-60093) PP080088 – PP083715

Loxospora chloropolia 6 Poland. Wybrzeże Słowińskie Ptach-Styn, Kukwa Lox. 2 (UGDA L-60094) PP080089 – PP083716

Loxospora chloropolia 7 Poland. Wybrzeże Słowińskie Ptach-Styn, Kukwa Lox. 3 (UGDA L-60095) PP080090 – PP083717

Loxospora chloropolia 8 Poland. Wybrzeże Słowińskie Ptach-Styn, Kukwa Lox. 4 (UGDA L-60096) PP080091 – PP083718

Loxospora chloropolia 9 Poland. Wybrzeże Słowińskie Ptach-Styn, Kukwa Lox. 5 (UGDA L-60097) PP080092 – –

Loxospora chloropolia 10 Poland. Wybrzeże Słowińskie Ptach-Styn, Kukwa Lox. 6 (UGDA L-60098) PP080093 – PP083720

Loxospora chloropolia 11 Poland. Wybrzeże Słowińskie Ptach et al. B1 (UGDA L-47764) PP080094 PP080131 PP083721

Loxospora chloropolia 12 Poland. Wybrzeże Słowińskie Ptach et al. B2 (UGDA L-47765) PP080095 PP080132 PP083714

Loxospora chloropolia 13 Poland. Wybrzeże Słowińskie Ptach et al. B3 (UGDA L-47766) PP080096 PP080133 –

Loxospora cismonica 2 U.S.A. Tennessee. Blount Co. Lendemer 44526 (NY-2438341) PP080097 – –

Loxospora cismonica 3 Canada. New Brunswick. Charlotte Co. Harris 61785 (NY-2712391) PP080098 PP080134 –

Loxospora cismonica 4 Romania. Carpathians Malíček 14899, Steinová (herb. Malíček) – PP080135 –

Loxospora elatina 6 Poland. Carpathians, Bieszczady Szymczyk s.n. (UGDA L-47757) PP080099 PP080136 –

Loxospora elatina 7 Poland. Carpathians, Bieszczady Szymczyk s.n. (UGDA L-47759) PP080100 PP080137 –

Loxospora elatina 8 Poland. Carpathians, Bieszczady Szymczyk s.n. (UGDA L-47760) PP080101 PP080138 –

Loxospora elatina 9 Poland. Carpathians, Bieszczady Szymczyk s.n. (UGDA L-47761) PP080102 PP080139 –

Loxospora elatina 10 Poland. Carpathians, Bieszczady Szymczyk s.n. (UGDA L-47762) PP080103 PP080140 –

Loxospora elatina 11 Poland. Białowieski National Park Szymczyk 883 (UGDA L-47745) PP080104 – –

Loxospora elatina 12 Poland. Białowieski National Park Szymczyk 1076 (UGDA L-47746) PP080105 PP080141 –

Loxospora elatina 13 Poland. Białowieski National Park Szymczyk 1085 (UGDA L-47747) PP080106 – –

Loxospora elatina 14 Poland. Białowieski National Park Szymczyk 1208 (UGDA L-47748) PP080107 – –

Loxospora elatina 15 Poland. Białowieski National Park Szymczyk 1255 (UGDA L-47750) PP080108 – –

Loxospora elatina 16 Poland. Białowieski National Park Szymczyk 1295 (UGDA L-47751) PP080109 PP080142 –

Loxospora elatina 17 Poland. Równina Bielska Szymczyk 1405 (UGDA L-47752) PP080120 – –

Loxospora elatina 18 Poland. Równina Bielska Szymczyk 1464 (UGDA L-47755) PP080121 – –

Loxospora elatina 19 Estonia. Pärnu Co. Kukwa 20481 (UGDA L-34378) – PP080147 –

Loxospora elatina 20 U.S.A. Maine. Washington Co. Harris 60661 (NY-1818725) PP080119 – –

Loxospora elatina 21 U.S.A. Michigan Cheboygan Co. Lendemer 45025 (NY-2439450) PP080117 – –

Loxospora elatina 22 U.S.A. New York. Greene Co. Lendemer 52960 (NY-3217196) PP080114 – –

Loxospora elatina 23 U.S.A. North Carolina. Haywood Co. Lendemer 53286 (NY-3218018) PP080115 – –

Loxospora elatina 24 U.S.A. North Carolina. Macon Co. Lendemer 46493 (NY-2795153) – PP080145 –

Loxospora elatina 25 U.S.A. Tennessee. Sevier Co. Tripp 5040 (NY-2358356) PP080110 PP080143 –

Loxospora elatina 26 Canada. Newfoundland McCarthy 4138 (NBM) PP080122 – PP083719

Loxospora elatina 27 Canada. Newfoundland McCarthy 4139 (NBM) PP080123 – –

Loxospora elatina 28 Russia. Caucasus Mts Malíček et al. 10346 (herb. Malíček) – PP080146 –

Loxospora elatina 29 Czechia. Southern Bohemia Malíček 14726 (herb. Malíček) – PP080148 –

Loxospora elatina 30 Czechia. Silesia Malíček et al. 8916 (herb. Malíček) – PP080149 –

Loxospora elatina 31 Russia. Caucasus Mts Malíček et al. 10515 (herb. Malíček) – PP080150 –

Loxospora ochrophaea 3 U.S.A. Maine. Washington Co. Harris 60662 (NY-1818726) PP080116 – –

Loxospora ochrophaea 4 U.S.A. North Carolina. Yancey Co. Kraus 44 (NY-2607571) PP080124 – –

Loxospora ochrophaea 5 U.S.A. North Carolina. Haywood Co. Lendemer 45473 (NY-2440690) PP080111 – –

Loxospora ochrophaea 6 U.S.A. Tennessee. Sevier Co. Lendemer 47245 (NY-2795450) PP080112 PP080144 –

Loxospora ochrophaea 7 U.S.A. Tennessee. Sevier Co. Lendemer 46150 (NY-2606798) PP080113 PP091207 –

Loxospora ochrophaea 8 U.S.A. Tennessee. Sevier Co. Lendemer 45684 (NY-2441234) PP080118 – –
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variable sites that distinguish these taxa were identi昀椀ed. Similar analyses were 
done for specimens of L. assateaguensis, L. confusa and L. lecanoriformis. The 
昀椀nal alignment of nuITS rDNA consisted of 11 sequences with 534 sites, while 
mtSSU rDNA alignment consisted of eight sequences and 613 sites.

Results and discussion

The representatives of the genus Loxospora s.l. are split into two highly-sup-
ported major clades (Fig. 1). The larger clade corresponds to Loxospora s.str. 
(type: L. elatina), all containing thamnolic acid as the main secondary lichen 
substance and having asci with a uniformly amyloid apical dome and asco-
spores that are septate, fusiform to ellipsoidal and somewhat curved or twisted 
(Tønsberg 1992; Brodo et al. 2001; Sanderson et al. 2008). This clade is divided 
into two subclades. The smaller one consists of representatives of L. cismonica 
(Beltr.) Hafellner, while the larger subclade consists of two poorly-supported 
lineages, which might be the result of uneven coverage of sequences for each 
species in this subclade (see Table 1, Suppl. material 2). However, the phyloge-
netic analyses, based only on nuITS (not shown here) and the nuITS haplotype 
network analysis (Fig. 2), recovered these two groups as different and with high 
con昀椀dence. In the nuITS rDNA haplotype network analysis, these groups differ 
from each other in 21 nucleotide positions and the variability within the groups 
is up to three substitutions. Moreover, RPB1 haplotype network analysis also 
supports distinction of these two groups as they differ in 10 positions (Fig. 3), 
while the mtSSU rDNA marker showed very low variation (data not shown). The 
larger group includes sequences of specimens with at least partly tuberculate 
thalli with soralia, which are often fusing (i.e. corresponding to L. elatina s.str.) 
and thalli that uniformly lack soralia, but are typically fertile (i.e. correspond-
ing to L. ochrophaea). The smaller group consists of sequences of samples in 
which the thalli are continuous to slightly cracked-areolate, but never tubercu-
late and soralia are usually discrete, rarely fusing and, if so, then only in older 
parts of the thallus.

The specimens whose sequences were recovered in this latter group corre-
spond morphologically to the type material of Pertusaria chloropolia Erichsen 
(≡ Lecanora chloropolia (Erichsen) Almb.), not to the type of Lecanora elatina 
Ach. (basionym of Loxospora elatina). Pertusaria chloropolia was synonymised 
with Loxospora elatina by Laundon (1963), a treatment followed subsequently 
by Hafellner and Türk (2016) and Westberg et al. (2021). All of the existing 
herbarium specimens corresponding to the type of Pertusaria chloropolia and 
presented in this present paper were initially identi昀椀ed as L. elatina and 昀椀led 
under that name in herbaria. However, as the molecular data show, this mate-
rial corresponds to a phenotypically distinct monophyletic group for which the 
name P. chloropolia is available. The name is resurrected from synonymy and 
a new combination is proposed below. The revised circumscriptions of both 
Loxospora chloropolia and L. elatina are presented below and lectotypes are 
selected for both names. Moreover, in addition to morphology, their nuITS rDNA 
and RPB1 sequences differ in numerous positions of which several may be 
used as diagnostic characters to distinguish these taxa (Tables 2, 3).

The smaller clade of Loxospora s.l. is represented by L. assateaguensis 
Lendemer, L. confusa Lendemer, L. cristinae Guzow-Krzem., Łubek, Kubiak & 
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Figure 1. IQ-tree based on a combined nuITS rDNA, mtSSU and RPB1 dataset for Loxospora s.l. The names of species 

are followed with sample number (see Table 1, Suppl. material 2). Bootstrap supports from IQ-tree analysis ≥ 70 (昀椀rst 
value) and posterior probabilities from BA ≥ 0.95 (second value) are indicated near the branches. Umbilicaria spp. were 

used as outgroup. Loxospora chloropolia clade is marked with blue box and Chicitaea gen. nov. is marked with green box.
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Kukwa and L. lecanoriformis (Fig. 1). All these species produce 2’-O-methylp-
erlatolic acid and it has been repeatedly suggested that they represent a group 
distinct from the thamnolic acid producing species of Loxospora s. str. which 
likely merits recognition as a distinct genus (Lumbsch et al. 2007; Lendemer 
2013; Guzow-Krzemińska et al. 2018). While apothecia are known only in L. le-

canoriformis, in that species, the asci lack an amyloid apical dome, unlike in 
Loxospora s.str. and the ascospores are simple, ellipsoidal, straight or slightly 
bent (Lumbsch et al. 2007; Papong et al. 2009). Due to the consistent differ-
ences from Loxospora s.str. in secondary lichen substances, the differences 
in ascus amyloidy and the strongly-supported monophyly of this group in mo-
lecular phylogenetic analyses, we recognise it as a distinct genus under the 
name Chicitaea below. Four new combinations are proposed for the species 
currently known to belong to this clade. Chicitaea cristinae was recovered as 
monophyletic and sister to the rest of the species, which form a well-support-
ed clade, but with poorly resolved relationships between Ch. confusa and Ch. 

lecanoriformis. The fertile Ch. lecanoriformis, known from Australia and Thai-
land (Lumbsch et al. 2007; Papong et al. 2009), is nested within a subclade of 
sequences of Ch. confusa, an isidioid species which occurs in North America 
and is not known to occur in the Southern Hemisphere or Australasia (Len-
demer 2013). Due to the lack of nuITS rDNA sequence for Ch. lecanoriformis 
and very low variation found in mtSSU sequences (Fig. 4), the relationship be-
tween these species cannot be resolved. Nevertheless, both species clearly 
differ morphologically and have disjunctive distributions (Lumbsch et al. 2007; 
Papong et al. 2009; Lendemer 2013). Chicitaea confusa seems to be paraphy-
letic and may represent two cryptic species (Fig. 1). This conclusion is also 
supported by the haplotype analyses of mtSSU and nuITS sequences (Figs 
4, 5) which also show that two specimens (Ch. confusa 1 and 2) signi昀椀cantly 
differ from all the newly-sequenced representatives of Ch. confusa, but more 
material is needed to solve this problem. The sequences of one specimen, 
initially determined as Ch. confusa (Ch. aff. confusa 6; Figs 1, 4, 5), is identical 
in mtSSU and nuITS sequences with Ch. assateaguensis. This suggests that 
Ch. assateaguensis can represent a cryptic species, even though, as stated by 
Lendemer (2013), the species differed from Ch. confusa, but more material is 
necessary before 昀椀nal conclusions.

Loxospora elatina s.str. and L. ochrophaea are morphologically similar in 
terms of thallus and apothecia and both produce thamnolic acid often with 
elatinic acid and trace amounts of squamatic acid (Tønsberg 1992; Brodo et 
al. 2001; Sanderson et al. 2008). The only difference between L. elatina s.str. 
and L. ochrophaea is the consistent presence of soralia in L. elatina (apothecia 
are very rare) and the absence of soralia in L. ochrophaea which is, instead, 
consistently fertile and routinely produces apothecia (Kalb and Hafellner 1992; 
Tønsberg 1992; Brodo et al. 2001; Sanderson et al. 2008). From a phenotypic 
perspective, these two taxa can be considered a species pair (cf. Poelt (1970); 
Crespo and Pérez-Ortega (2009)).

Although both species are frequently found on the acidic bark of trees and 
both are distributed in the Northern Hemisphere, their distributions are divergent 
and not entirely sympatric. Loxospora elatina is widely distributed in boreal and 
northern temperate areas of the Northern Hemisphere with oceanic climates 
(e.g. Sanderson et al. (2008); Urbanavichus (2010); Stenroos et al. (2016)). 



163MycoKeys 102: 155–181 (2024), DOI: 10.3897/mycokeys.102.116196

Łucja Ptach-Styn et al.: Phylogeny of Loxospora s.l.

Figure 2. Haplotype network showing relationships between nuITS rDNA sequences from Loxospora chloropolia, L. elatina and 

L. ochrophaea. The names of species are followed with sample numbers (see Table 1, Suppl. material 2). Newly-sequenced 

samples are marked in bold. Mutational changes are presented as numbers in brackets near lines between haplotypes.

Figure 3. Haplotype network showing relationships between RPB1 sequences from Loxospora chloropolia, L. elatina and L. 

ochrophaea. The names of species are followed with sample numbers (see Table 1, Suppl. material 2). Newly-sequenced 

samples are marked in bold. Mutational changes are presented as numbers in brackets near lines between haplotypes.

In contrast, L. ochrophaea has a narrower, disjunct distribution between the 
Appalachian-Great Lakes regions of eastern North America and north-east-
ern Asia (Japan and the Russian Far East) (e.g. Tuckerman (1848); Brodo et 
al. (2001); Urbanavichus (2010); Ohmura and Kashiwadani (2018)). Indeed, the 
distributions of these two taxa follow the predictions of the species pair hypoth-
esis, wherein the species with vegetative diaspores has a much larger range 
compared to that of the strictly sexual species that lacks vegetative diaspores 
(Poelt 1970; Mattsson and Lumbsch 1989).
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Figure 4. Haplotype network showing relationships between mtSSU rDNA sequences from Chicitaea assateaguensis, Ch. 

confusa and Ch. lecanoriformis. The names of species are followed with sample numbers (see Table 1, Suppl. material 

2). Newly-sequenced samples are marked in bold. Mutational changes are presented as numbers in brackets near lines 

between haplotypes.

In our analyses, sequences of Loxospora elatina s.str. were intermingled with 
L. ochrophaea within the same clade (Fig. 1). Six different nuITS haplotypes were 
found in these species which differed up to three nucleotide substitutions be-
tween each other (Fig. 2). The most common haplotype was found in 20 speci-
mens of L. elatina collected in Poland, Switzerland and two geographically distant 
locations in Appalachian eastern North America (sample L. elatina 22 is from 
New York, U.S.A. and sample L. elatina 23 is from North Carolina, U.S.A.; Table 
1). Moreover, in the nuITS haplotype network, four samples of L. elatina and four 
samples of L. ochrophaea share the same haplotype (Fig. 2). While these sam-
ples were all collected in eastern North America, they include samples of each 
species that were collected at very distant locations (e.g. sample L. ochrophaea 
3 is from coastal Maine, U.S.A., while samples L. ochrophaea 5, 6 and 7 are from 
Appalachian North Carolina and Tennessee, U.S.A.; sample L. elatina 20 is from 
coastal Maine, U.S.A, sample L. elatina 21 is from the Great Lakes of Michigan, 
U.S.A., while samples L. elatina 26 and L. elatina 27 are from Newfoundland, 
Canada; Table 1). Interestingly, a sample of each species was collected in close 
proximity at the same locality (samples L. ochrophaea 3 and L. elatina 20, both 
from the same location on Roque Island in Maine, U.S.A.; Table 1). Given their 
phenotypic similarity and the lack of resolution using nuITS rDNA, the molecular 
barcoding marker for fungi, it is possible that L. elatina and L. ochrophaea may 
represent variants of a single species. On the other hand, it is also possible that 
our data were insu昀케cient to distinguish between two closely-related species 
and more detailed study would allow to 昀椀nd differences between them. Recently, 
in the case of Usnea antarctica Du Rietz and U. aurantiacoatra (Jacq.) Bory, RAD-
seq and comparative genomics supported recognition of a species pair that had 
previously been proposed to be synonyms (Grewe et al. 2018). Given that the 
species have strongly divergent distributions and that they are morphologically 
distinct when they co-occur, we refrain from synonymising them at this time.
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Figure 5. Haplotype network showing relationships between nuITS rDNA sequences from Chicitaea assateaguensis and 

Ch. confusa. The names of species are followed with sample numbers (see Table 1, Suppl. material 2). Newly-sequenced 

samples are marked in bold. Mutational changes are presented as numbers in brackets near lines between haplotypes.

Taxonomy

Chicitaea Guzow-Krzem., Kukwa & Lendemer, gen. nov.
MycoBank No: 851779

Diagnosis. Differs from Loxospora s.str. in the presence of 2’-O-methylperla-
tolic acid (vs. thamnolic acid), asci without an amyloid apical dome (vs. asci 
with a uniformly amyloid apical dome) and simple, broadly ellipsoid, straight 
or slightly bent ascospores (known only in the type species; vs. transversely 
septate ascospores).

Generic type. Chicitaea lecanoriformis (Lumbsch, A.W. Archer & Elix) Gu-
zow-Krzem., Kukwa & Lendemer.

Etymology. The generic epithet honours Chicita F. Culberson (1931–2023), 
Senior Research Scientist at Duke University, U.S.A., for her foundational, pio-
neering and lifelong contributions to the 昀椀elds of lichen chemistry and lichen 
taxonomy. In addition to establishing standardised protocols to study lichen 
secondary chemistry that have been routinely used by workers worldwide for 
more than half a century, she was an in昀氀uence for generations of lichenologists 
with whom she generously shared her knowledge and experience.

Description. Thallus corticolous, pale grey-green to olive-grey, thin or thick, sur-
face smooth to verrucose, sorediate, isidate or without vegetative propagules. 
Apothecia known in one species, lecanorine, up to 1.5 mm diam., sessile, concave. 
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Thalline margin present, scabrid when young, later entire, dentate, persistent, of-
ten 昀氀exuose. Disc dark reddish-brown to black, epruinose. Hymenium colourless, 
inspersed with infrequent oil droplets. Paraphyses simple, unbranched. Hypoth-
ecium colourless or pale yellow-brown. Asci claviform to obovate, I–, KI+ slightly 
blue-green, damaged asci amyloid. Ascospores 6–8 per ascus, broadly ellipsoid, 
straight or slightly bent, with a single thin wall. Pycnidia found in one species, 
immersed, visible as minute black dots. Conidia bacilliform.

Chemistry. 2’-O-methylperlatolic acid (major) and perlatolic acid (minor or 
trace; reported only from Chicitaea lecanoriformis). Spot tests: cortex K–, C–, 
KC–, P–, UV–; medulla and soralia K–, C–, KC–, P–, UV+ white.

For morphology of Chicitaea species, see Lumbsch et al. (2007), Papong et 
al. (2009), Lendemer (2013), Guzow-Krzemińska et al. (2018) and Fig. 6.

Chicitaea assateaguensis (Lendemer) Guzow-Krzem., Kukwa & Lendemer, 
comb. nov.

MycoBank No: 851780

Loxospora assateaguensis Lendemer, J. North Carolina Acad. Sci. 129(3): 74 
(2013). Basionym.

Figure 6. Morphology of two species of Chicitaea A Thallus of Ch. confusa on tree trunk (taken by J. Hollinger in the 昀椀eld) 
B thallus of Ch. cristinae on tree trunk (taken by D. Kubiak in the 昀椀eld) C, D Thalli of Ch. cristinae showing soralia (para-

types of L. cristinae C UGDA L-22396 D UGDA L-20385). Scale bars: 1 mm (C, D).
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Chicitaea confusa (Lendemer) Guzow-Krzem., Kukwa & Lendemer, comb. nov.
MycoBank No: 851781

Loxospora confusa Lendemer, J. North Carolina Acad. Sci. 129(3): 77 (2013). 
Basionym.

Chicitaea cristinae (Guzow-Krzem., Łubek, Kubiak & Kukwa) Guzow-Krzem., 
Kukwa & Lendemer, comb. nov.
MycoBank No: 851782

Loxospora cristinae Guzow-Krzem., Łubek, Kubiak & Kukwa, in Guzow-Krzemińs-
ka, Łubek, Kubiak, Ossowska & Kukwa, Phytotaxa 348(3): 216 (2018). Ba-
sionym.

Chicitaea lecanoriformis (Lumbsch, A.W. Archer & Elix) Guzow-Krzem., 
Kukwa & Lendemer, comb. nov.
MycoBank No: 851783

Loxospora lecanoriformis Lumbsch, A.W. Archer & Elix, Lichenologist 39(6): 514 
(2007). Basionym.

Loxospora A. Massal.

Ric. Auton. Lich. Crost.: 137 (1852).

Notes. Three species, L. cyamidia (Stirt.) Kantvilas, L. septata (Sipman & Ap-
troot) Kantvilas and L. solenospora (Müll. Arg.) Kantvilas (syn. Sarrameana 

tasmanica Vězda & Kantvilas), from the Southern Hemisphere have not been 
sequenced so far. However, they have ascospores similar in shape to other 
Loxospora spp. (although, in L. cyamidia and L. solenospora, they are rarely sep-
tate), asci with an amyloid apical dome and contain thamnolic acid (although 
L. solenospora may sometimes contain additionally gyrophoric acid or only the 
latter substance) (Kantvilas 2000, 2004). Given the morphological and chemi-
cal similarities to the type species L. elatina and other members of Loxospora 
s.str., they are treated here as belonging to this genus. Loxospora isidiata Kalb 
(described from the Philippines) and L. ochrophaeoides Kalb & Hafellner (de-
scribed from Madeira), introduced by Kalb and Hafellner (1992) and L. glau-

comiza (Nyl.) Kalb & Staiger (described from Japan) treated by Staiger and Kalb 
(1995) are also treated as belonging to Loxospora s.str. due to the production 
of thamnolic acid.

The name Loxospora pustulata (Brodo & W.L. Culb.) Egan was applied to a 
common and widespread pustulose-sorediate crustose species with thamno-
lic acid that occurs throughout eastern North America (Brodo and Culberson 
1986; Lendemer and Noell 2018). The discovery of fertile material led to its 
being transferred to the genus Lepra Scop. as L. pustulata (Brodo & W.L. Culb.) 
Lendemer & R.C. Harris (Lendemer and Harris 2017).
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Loxospora chloropolia (Erichsen) Ptach-Styn, Guzow-Krzem., Tønsberg & 
Kukwa, comb. nov.

MycoBank No: 851745
Fig. 7

Pertusaria chloropolia Erichsen, in Zahlbr., Rabenh. Krypt.-Fl. Ed. 2, 9(5[1]): 645 
(1935[1936]). Basionym. Type. [Switzerland. Jura Mts:] Mont de Baulmes, 
1100 m elev., [on Abies] 1934, Meylan (lectotype: HBG!, selected here; Myco-
Bank No: MBT 10017691).

Pertusaria chloropolia f. cana Erichsen, in Zahlbr., Rabenh. Krypt.-Fl. Ed. 2, 
9(5[1]): 646 (1935[1936]). Syn. nov. Type. [Ukraine. Carpathians:] Lopušan-
ka, 500 m elev., [corticolous] 1931, Nádvorník (lectotype: HBG!, selected 
here; MycoBank No: MBT 10017692).

Typi昀椀cations. The type specimen of Pertusaria chloropolia consists of thin, 
continuous thallus with discrete soralia forming from 昀氀at parts of thalli or from 
slightly convex areoles and contains thamnolic acid (detected by I. M. Brodo). 
In the type specimen of P. chloropolia f. cana, soralia are partly damaged, but, 
similarly to the type of P. chloropolia, the type consists of thin, continuous thal-
lus with discrete soralia and contains thamnolic acid (detected by I. M. Bro-
do). In the protologue of P. chloropolia f. cana, the type locality was cited as 
‘Tschechoslowakei: Karpathoruβland, Lopusanka’ (Erichsen 1935), but to our 
knowledge, it is now located in western Ukraine. The name ‘Lopusanka’ is a 
spelling error as, on the label, it is ‘Lopušanka’.

Erichsen (1935) cited only one locality for both names. However, the lecto-
types are selected, because it is not known if, at the time of describing both 
taxa, C. F. E. Erichsen used only one element upon which the validating descrip-
tions were based (Art. 9.3; Turland et al. (2018); see also McNeill (2014)).

Description. Thallus crustose, grey, matt or more often shiny, thin, continu-
ous, slightly folded, cracked to cracked areolate. Areoles 昀氀at or rarely convex, 
not constricted at the base. Soralia whitish to greenish-grey, 昀氀at or more of-
ten convex, rounded or irregular, mostly discrete and separated, bursting from 
昀氀at parts of thallus or from areoles, sometimes crowded and the neighbouring 
soralia more or less fused, but still the boundaries often visible between them 
or, very rarely, soralia fused into irregular patches in older parts of thallus. Sore-
dia up to 50 µm in diam., often in consoredia up to 100 µm wide. Apothecia very 
rare, single, up to 1.2 mm in diam. Thalline margin present, esorediate or partly 
to completely sorediate. Excipulum proporium not evident. Disc reddish-brown, 
thinly white pruinose. Hymenium up to 100 µm high. Epihymenium straw-brown 
(K+ pale reddish-brown), with dense granules dissolving in K. Paraphyses not 
capitate, sometimes anastomosing. Asci 8-spored, with uniformly KI+ blue 
apical dome. Ascospores 0–3(–5)-septate, spiralled in asci, hyaline, fusiform, 
curved, 35–48 × 5–7 µm. Pycnidia not known. Photobiont chlorococcoid, cells 
up to 12 µm in diam.

Chemistry. Thamnolic acid (major), elatinic acid (minor, trace or absent) and 
squamatic acid (trace or absent). Spot tests: cortex, apothecial section, soralia 
and medulla K+ lemon-yellow, Pd+ yellow to orange, UV–.

Notes. Loxospora chloropolia differs from L. elatina in having a thin, contin-
uous to cracked-areolate thallus with mostly regular soralia, which are discrete 
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Figure 7. Morphology of Loxospora chloropolia (for details of specimens, see Table 1, Suppl. material 3) A−C smooth to fold-

ed thalli with mostly discrete soralia (A UGDA L-60095 B UGDA L-31983 C UGDA L-54253) D, E thalli with folded to areolate 

areas (D UGDA L-60093 E UGDA L-60096) F apothecia with sorediate margins (Ellis L456, E 01043201). Scale bars: 1 mm.

at least in young parts of thalli (Fig. 7). Areoles in the central parts of larger 
thalli may become convex (in few specimens; Fig. 7E), but are never tubercu-
late or isidia-like as in L. elatina (Fig. 8). Soralia develop by breaking the cortex 
and are mostly regular, discrete and convex, rarely 昀氀at. Sometimes the neigh-
bouring soralia are fused; however it is still possible to detect the boundaries 
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between individual soralia in most cases. Loxospora elatina, in contrast, has 
thalli which are, in most cases, tuberculate (sometimes only locally) or with 
areoles that resemble coarse isidia (Fig. 8). Tuberculate areoles are grouped or 
dispersed and constricted at the base. Soralia develop from the top of the tu-
berculate or pustulate areoles and are never regular as in L. chloropolia and, in 
most thalli, form granular-sorediate patches covering large areas (sometimes 
almost the entire thallus is covered with soredia; Fig. 8D). Moreover, these spe-
cies differ in several nucleotide positions in both nuITS rDNA and RPB1 mark-
ers (Tables 2, 3).

Loxospora chloropolia can be confused with sorediate species of Chicitaea, 
but they contain 2’-O-methylperlatolic acid and the thallus is K negative (Len-
demer 2013; Guzow-Krzemińska et al. 2018). Lecanora norvegica Tønsberg is 
another similar species, which occurs on similar substrates, but it contains at-
ranorin and protocetraric acid (Tønsberg 1992; Kukwa and Kubiak 2007).

Habitat and distribution. The species is corticolous and grows in deciduous 
or mixed forests on bark of Abies alba, Acer pseudoplatanus, Alnus glutinosa, 
Betula spp., Corylus avellana, Fagus sylvatica, Juniperus communis, Larix decid-

ua, Picea abies, Pinus sylvestris, Populus tremula, Quercus spp., Sorbus aucu-

paria and Tilia cordata. So far, it is known from Czechia, Great Britain, Latvia, 
Norway, Poland, Sweden, Switzerland (type locality) and Ukraine.

Specimens examined. See Suppl. material 3.

Loxospora elatina (Ach.) A. Massal.

Fig. 8

Ric. Auton. Lich. Crost.: 138 (1852). – Lecanora elatina Ach., Lich. Univ.: 387 
(1810).

Type. Lusatia, [corticolous], Mosig? (lectotype: H-ACH 1199A!, selected here; 
MycoBank No: MBT 10017693).

Typi昀椀cation. In the protologue of Lecanora elatina, Acharius (1810) cited the 
locality as “Habitat in cortice Pini Abietis Silesiae. Mosig”. The type collection 
in H-ACH consists of four pieces of bark covered with thalli of Loxospora ela-

tina. Three (H-ACH 1199A, 1199B and 1199C) are annotated “Lusatia” with a 
very faint pencil note next to H-ACH 1199A deciphered as possibly “Mosig” 
(this note probably not added by Acharius himself as the handwriting in pencil 
differs from all notes made in ink). The fourth specimen, H-ACH 1199D is anno-
tated “Germania. Schrader”. According to the label added in modern times and 
attached to the type collection, Lusatia was part of Silesia, therefore, the three 
specimens annotated “Lusatia” can be considered original material; however, it 
is impossible to verify whether all three were collected by Mosig. Nevertheless, 
the largest sample (H-ACH 1199A) is fertile and apothecia were mentioned in 
the diagnosis, therefore it is selected as lectotype. The Acharius collection in 
BM also contains a specimen of Lecanora elatina, however without any locality 
details; therefore, it cannot be considered as an isolectotype.

Description. Thallus crustose, grey, matt, thin (at the margin) or more usually 
thick, continuous or cracked, slightly folded at least the margins, later areo-
late-verrucose to tuberculate (sometimes only part of the thallus tuberculate). 
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Figure 8. Morphology of Loxospora elatina (for details of specimens, see Table 1, Suppl. material 3) A, B thalli with tuber-

culate areoles and irregular and partly fused soralia (A UGDA L-47757 B UGDA L- 47762) C thallus with soralia bursting 

from areoles and later fused (UGDA L-47761) D soralia covering most parts of the thallus (UGDA L-47760) E, F apothecia 

with sorediate or esorediate margins (O L-97759). Scale bars: 1 mm.

Areoles usually strongly convex, tuberculate and constricted at the base or re-
sembling coarse isidia, sometimes pustulate, dispersed or aggregated. Sora-
lia whitish to greenish-grey, 昀氀at or more often convex, rounded or more often 
irregular, bursting from the top of areoles, often fused and tending to coalesce 
locally on the thallus or covering most parts of the thallus, sometimes devel-
oping from irregular cracks of the thallus. Soredia up to 60 µm in diam., often 
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in consoredia up to 120 µm wide. Apothecia rare, up to 1.2 mm in diam., single 
or grouped up to 昀椀ve apothecia. Thalline margin present in young apothecia, 
smooth to 昀氀exuose, verrucose or dentate, sometimes with small soralia, later 
excluded. Excipulum proprium thin, 昀氀esh-coloured to white grey in surface view, 
orange-brown in section, smooth or more often 昀氀exuous, up to 100 µm wide in 
section. Disc reddish-brown, thinly white pruinose. Hymenium up to 125  µm 
high. Epihymenium straw-brown (K+ pale reddish-brown), with dense gran-
ules dissolving in K. Paraphyses not capitate, sometimes anastomosing. Asci 
8-spored, with uniformly KI+ blue apical dome. Ascospores 0–5-septate, spi-
ralled in asci, hyaline, fusiform, curved, 35–53(–64) × 4.5–6.5(–7) µm. Pycnidia 
not known. Photobiont chlorococcoid, cells up to 12 µm in diam.

Chemistry. Thamnolic acid (major), elatinic acid (minor, trace or absent) and 
squamatic acid (trace or absent). Spot tests: cortex, apothecial section, soralia 
and medulla K+ lemon-yellow, Pd+ yellow to orange, UV–.

Notes. Loxospora elatina is similar to L. chloropolia; for differences, see un-
der that species. The name (often as Haematomma elatinum (Ach.) A. Massal.) 
was often used in the past for the non-sorediate specimens currently referred 
to as L. ochrophaea. Both species, as mentioned above, are indeed morpholog-
ically (except for the production of soralia) and chemically almost identical and 
may represent the same species.

Loxospora ochrophaeoides, when described, was compared with L. ochro-

phaea and characterised as differing only in the presence of semi-globose sora-
lia (Kalb and Hafellner 1992). Whether this taxon is distinct or synonymous with 
L. elatina or L. chloropolia, needs further studies using molecular techniques.

Some specimens of L. elatina were found to be determined as Ochrolechia 
androgyna (Hoffm.) Arnold, but that species and the recently segregated O. 

bahusiensis H. Magn. and O. mahluensis Räsänen differ in the production of 
gyrophoric acid and simple, larger ascospores (Tønsberg 1992; Kukwa 2011).

Habitat and distribution. The species is corticolous or lignicolous and grows 
on bark of various coniferous and deciduous tree in forests. The species was 
reported from many countries in the Northern Hemisphere; however, as some 
records may belong to L. chloropolia, its distribution needs revision. In the 
course of this study, we examined specimens from Austria, Czechia, Estonia, 
Finland, Latvia, Lithuania, Poland, Slovakia, United Kingdom, Ukraine and USA.

Specimens of Loxospora elatina and L. ochrophaea examined. See Suppl. 
material 3.
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Abstract

During an investigation of lignicolous freshwater fungi in the Tibetan Plateau, three 

Aquapteridospora taxa were collected from freshwater habitats in Xizang, China. The 

new species possess polyblastic, sympodial, denticles conidiogenous cells and fu-

siform, septate, with or without sheath conidial, that 昀椀t within the generic concept of 
Aquapteridospora, and multi-gene phylogeny placed these species within Aquapterido-

spora. Detailed morphological observations clearly demarcate three of these from extant 

species and are hence described as new taxa. The multi-gene phylogeny of the combined 

LSU, TEF1-α, and ITS sequence data to infer phylogenetic relationships and discuss phy-

logenetic a昀케nities with morphologically similar species. Based on morphological char-
acteristics and phylogenetic analyses, three new species viz. A. linzhiensis, A. yadon-

gensis, and A. submersa are introduced. Details of asexual morphs are described, and 

justi昀椀cations for establishing these new species are also provided in this study.

Key words: 3 new taxa, freshwater fungi, morphology, phylogeny, Sordariomycetes, 

taxonomy

Introduction

Freshwater ascomycetes are the ecological groups that occur saprobically on 
submerged or partially submerged plant substrates in aquatic habitats (Shearer 
1993). Lignicolous freshwater fungi represent a highly diverse taxonomic group 
with a substantial population. These fungi play a pivotal role in the transfer of 
nutrients and the 昀氀ow of energy between trophic levels in the food chain. They 
achieve this by breaking down complex organic compounds into simpler inor-
ganic materials derived from dead 昀氀ora and fauna (Krauss et al. 2011; Sridhar 
et al. 2013; Wurzbacher et al. 2014; Tsui et al. 2016). Recent research showed 
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that lignicolous freshwater fungi comprise a diverse taxonomic assemblage, 
with more than 3,870 species listed (Calabon et al. 2022). Among them, most 
are in the classes Dothideomycetes and Sordariomycetes (Hyde et al. 2016; 
Maharachchikumbura et al. 2016; Luo et al. 2019; Dong et al. 2020; Calabon 
et al. 2022; Wijayawardene et al. 2022). Sordariomycetes is a prominent class 
within Ascomycota, encompassing a wide variety of fungi (Luo et al. 2019; Cala-
bon et al. 2022; Yang et al. 2023). In freshwater environments, Sordariomycetes 
stands out as a signi昀椀cant fungal group, playing a pivotal role in ecosystems. 
This class is renowned for its production of bioactive compounds (e.g., penicil-
lins, tetracyclines, macrolides, aminoglycosides, and cephalosporins) (Poch et 
al. 1992; Jones et al. 2014; Wright et al. 2014; Calabon et al. 2023).

Aquapteridospora was initially introduced and classi昀椀ed within the Diaport-
homycetidae genera incertae sedis, based on morphological and phylogenetic 
analyses by Yang et al. (2015). Aquapteridospora, with A. lignicola as the type 
species, is characterized by polyblastic, sympodial, denticles conidiogenous 
cells and fusiform, with pale to dark brown central cells and subhyaline end 
cells, with or without sheath conidia. Furthermore, Hyde et al. (2021a) intro-
duced the family Aquapteridosporaceae to accommodate Aquapteridospora 
and placed this family in order Distoseptisporales based on divergence esti-
mates, morphological characters, and phylogenetic analyses.

Aquapteridospora is a hyphomycetous genus that are commonly found in fresh-
water habitats, but only a few terrestrial species, such as A. bambusinum (≡Pleu-

rophragmium bambusinum) was collected from dead culms of bamboo (Yang et 
al. 2015; Dai et al. 2017; Luo et al. 2019; Bao et al. 2021; Dong et al. 2021; Ma et al. 
2022; Peng et al. 2022). These fungi play an important role in the decomposition 
of organics and nutrient cycling in aquatic environments (Hyde et al. 2016; Luo et 
al. 2018). In recent years, an increasing number of species in Aquapteridospora 
have been described and documented, including A. aquatica, A. bambusinum, A. 

fusiformis, A. hyalina, A. jiangxiensis and A. lignicola (Yang et al. 2015; Luo et al. 
2019; Bao et al. 2021; Dong et al. 2021; Ma et al. 2022; Peng et al. 2022).

During an investigation of freshwater fungal diversity on the Tibetan Plateau, 
six collections possessing morphological characteristics that 昀椀t within the ge-
nus Aquapteridospora were collected. In particular, their morphological char-
acteristics revealed that these collections were morphologically different from 
the other species in Aquapteridospora. In addition, phylogenetic analyses of a 
combined LSU, TEF1-α and ITS sequence data show that our new collections 
belong to distinct clades, which are distinct from other species in Aquapterido-

spora. Therefore, three new species viz. Aquapteridospora linzhiensis, A. sub-

mersa and A. yadongensis are introduced, as well as details of asexual morphs 
being described, and justi昀椀cations for establishing these new species are pro-
vided in this study.

Materials and methods

Collection, morphological examination and isolation

Submerged decaying wood samples were collected from freshwater habitats in 
southeast Xizang, China. Fresh specimens were studied following the methods 
of Senanayake et al. (2020). Microscopic structures were examined by using a 
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stereomicroscope (SteREO Discovery.V12, Carl Zeiss Microscopy GmBH, Ger-
many), photographed by using a Nikon ECLIPSE 80i compound microscope 昀椀t-
ted with a Nikon DS-Ri2 digital camera, and measured by using the Tarosoft (R) 
Image Frame Work program. Illustrated 昀椀gures were processed by using Adobe 
Photoshop CS6 version 10.0 software (Adobe Systems, San Jose, CA, USA).

Single spore isolation was performed on potato dextrose agar (PDA) plates 
following the methods described in Senanayake et al. (2020). Fungal herbarium 
specimens and axenic living cultures were deposited in the Herbarium of Cryp-
togams of the Kunming Institute of Botany, Chinese Academy of Sciences (KUN-
HKAS) and Kunming Institute of Botany Culture Collection (KUNCC), Kunming, 
China. Faceoffungi and Index Fungorum numbers of novel species were regis-
tered (Jayasiri et al. 2015, http://www.indexfungorum.org/Names/Names.asp).

DNA extraction, PCR ampli昀椀cation, and sequencing

Fresh mycelia were scraped off from colonies on PDA plates and transferred 
to a 1.5-ml microcentrifuge tube using a sterilized lancet for genomic DNA ex-
traction. The TOLOBIO Plant Genomic DNA Extraction Kit, Shanghai Co. Ltd. 
P.R. China was used to extract fungal genomic DNA, following the protocols in 
the manufacturer’s instructions. The DNA polymerase chain reaction (PCR) am-
pli昀椀cations were performed by using primer pairs as follows: ITS5/ITS4 for in-
ternal transcribed spacer rDNA region and covered 5.8S ribosomal (ITS); LR0R/
LR5 for the nuclear ribosomal large subunit 28S rDNA gene (LSU), and TEF1-
983F/TEF1-2218R for TEF1-α (Vilgalys and Hester 1990; White et al. 1990). 
DNA template was carried out in 25 μL reaction volume containing 21 μL of 
1 × Power Taq PCR Master Mix, 1 μL of each primer (10 μL stock) and 2 μL of 
genomic DNA template. Ampli昀椀cations were carried out by using the BioTeke 
GT9612 thermocycler (Beijing City, China). The PCR ampli昀椀cation conditions 
for ITS and LSU consisted of initial denaturation at 98 °C for 3 minutes, fol-
lowed by 35 cycles of denaturation at 98 °C for 20 seconds, annealing at 53 °C 
for 10 seconds, extension at 72 °C for 20 seconds, 昀椀nal extension at 72 °C for 5 
minutes; the PCR ampli昀椀cation conditions for TEF1-α consisted of initial dena-
turation at 98 °C for 3 minutes, followed by 35 cycles of denaturation at 98 °C 
for 20 seconds, annealing at 64 °C for 10 seconds, extension at 72 °C for 20 
seconds, 昀椀nal extension at 72 °C for 5 minutes. PCR products were visualized 
by using 1% agarose gel electrophoresis stained with ethidium bromide and 
distinct bands were checked in Gel documentation system (Compact Desktop 
UV Transilluminator analyzer GL-3120). The PCR products were sequenced by 
Tsingke Company, Beijing, P.R. China.

Phylogenetic analyses

The sequences were uploaded in GenBank database (http://www.ncbi.nlm.
nih.gov/blast/) to search for similar taxa. Sequences generated from the LSU, 
TEF1-α and ITS gene regions were carefully veri昀椀ed before further analyses. The 
new sequences were submitted to GenBank, and the strain information used in 
this paper was provided in Table 1. Multiple sequence alignments were aligned 
with MAFFT v.7 (Katoh and Standley 2016) http://mafft.cbrc.jp/alignment/
server/index.html] and dataset was trimmed by TrimAlv.1.3 using the gappyout 
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option (http://phylemon.bioinfo.cipf.es/utilities.html) (Capella-Gutierrez et al. 
2009). A combined sequence dataset was performed with the SquenceMatrix 
v.1.7.8 (Vaidya et al. 2011).

Table 1. Strains used for phylogenetic analyses and their corresponding GenBank numbers. The newly generated se-

quences are in cells with light grey shading and the type strain are in bold font.

Species Voucher number
GenBank accession number

Reference
LSU ITS TEF1-α

Aquapteridospora aquatic MFLUCC 17-2371 MW287767 MW286493 / Dong et al. (2021)

A. bambusinum MFLUCC 12-0850 KU863149 KU940161 KU940213 Dai et al. (2017)

A. bambusinum MFLUCC_21_0027 MZ412526 MZ412514 MZ442688 Bao et al. (2021)

A. hyalina GZCC 22-0072 ON527945 ON527937 ON533681 Ma et al. (2022)

A. hyalina GZCC 22-0073 ON527948 ON527940 ON533684 Ma et al. (2022)

A. jiangxiensis JAUCC 3008 MZ871502 MZ871501 MZ855767 Peng et al. (2022)

A. fusiformis MFLUCC 18-1606 MK849798 MK828652 MN194056 Luo et al. (2019)

A. lignicola MFLUCC 15-0377 KU221018 MZ868774 MZ892980 Yang et al. (2015)

A. linzhiensis KUNCC 10420 OQ970576 OP626343 OR597592 This study

A. linzhiensis KUNCC 10444 OQ970575 OQ847781 OR597591 This study

A. submersa KUNCC 10446 OQ970579 OQ847783 OR597595 This study

A. submersa KUNCC 10449 OQ970580 OQ970557 OR597596 This study

A. yadongensis KUNCC 10445 OQ970577 OQ847782 OR597593 This study

A. yadongensis KUNCC 10448 OQ970578 OQ970556 OR597594 This study

Distoseptispora atroviridis GZCC 20-0511 MZ868763 MZ868772 MZ892978 Yang et al. (2021)

D. bambusae MFLUCC 20-0091 MT232718 MT232713 MT232880 Sun et al. (2020)

D. euseptata MFLU 20-0568 MW081545 MW081540 MW084994 Li et al. (2021)

D. fusiformis GZCC 20-0512 MZ868764 MZ868773 MZ892979 Yang et al. (2021)

D. guizhouensis GZCC 21-0666 MZ474869 MZ474868 MZ501610 Hyde et al. (2021b)

D. hyalina MFLUCC 17-2128 MZ868760 MZ868769 MZ892976 Yang et al. (2021)

D. multiseptata MFLU 17-0856 MF077555 MF077544 MF135652 Yang et al. (2018)

D. rayongensis MFLUCC 18-0415 MH457137 MH457172 MH463253 Hyde et al. (2020)

D. rayongensis MFLUCC 18-0417 MH457138 MH457173 MH463254 Hyde et al. (2020)

D. rostrata MFLUCC 16-0969 MG979766 MG979758 MG988424 Luo et al. (2018)

D. saprophytica MFLUCC 18-1238 MW287780 MW286506 MW396651 Dong et al. (2021)

D. verrucosa GZCC 20-0434 MZ868762 MZ868771 MZ892977 Yang et al. (2021)

D. xishuangbannaensis KUMCC 17-0290 MH260293 MH275061 MH412768 Tibpromma et al. (2018)

D. yunnansis MFLUCC 20-0153 MW081546 MW081541 MW084995 Li et al. (2021)

Pseudostanjehughesia 

aquitropica

MFLUCC 16-0569 MF077559 MF077548 MF135655 Yang et al. (2018)

P. lignicola MFLUCC 15-0352 MK849787 MK828643 MN194047 Luo et al. (2019)

Sporidesmium dulongense MFLUCC 17-0116 MH795817 MH795812 MH801191 Luo et al. (2019)

S. lageniforme DLUCC 0880 MK849782 MK828640 MN194044 Luo et al. (2019)

S. pyriformatum MFLUCC 15-0620 KX710141 KX710146 MF135662 Hyde et al. (2016)

S. thailandense MFLUCC 15-0617 MF077561 MF077550 MF135657 Yang et al. (2018)

S. thailandense MFLUCC 15-0964 MF374370 MF374361 MF370957 Zhang et al. (2017)

Myrmecridium aquaticum MFLUCC 15-0366 MK849804 / / Luo et al. (2019)

M. aquaticum S-1158 MK849803 MK828656 MN194061 Luo et al. (2019)

M. banksiae CBS 132536 JX069855 JX069871 / Crous et al. (2012)

M. schulzeri CBS 100.54 EU041826 EU041769 / Arzanlou et al. (2007)
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Maximum likelihood (ML) analysis was performed by RAxML-HPC2 v.8.2.12 
(Stamatakis 2014) in the CIPRES Science Gateway web server (http://www.phy-
lo.org/portal2) by using 1,000 rapid bootstrap replicates and the GTRGAMMA+I 
model. Bootstrap support values for ML equal to or greater than 75% were giv-
en above the nodes in the phylogenetic tree (Fig. 1). The model of evolution 
for the Bayesian inference (BI) analysis was performed by using MrModeltest 
v2.3 (Nylander 2004). GTR+I+G was selected as the best-昀椀tting model for LSU, 
TEF1-α and ITS dataset. The Markov chain Monte Carlo sampling (BMCMC) 
was carried out to assess posterior probabilities (PP) by using MrBayes v.3.2.7 
(Ronquist et al. 2012). Six simultaneous Markov chains were run for random 
trees for 1,000,000 generations, and trees were sampled every 200th generation. 
Bayesian posterior probabilities (PP) equal to or greater than 0.95 were given 
above the nodes in the phylogenetic tree (Fig. 1). Phylograms were visualized 
by using FigTree v1.4.0 (Rambaut 2012) and rearranged in Adobe Photoshop 

Figure 1. Maximum likelihood (ML) tree is based on combined LSU, TEF1-α and ITS sequence data. ML bootstrap support 
values equal to or greater than 70% and Bayesian posterior probabilities (PP) equal to or greater than 0.95 given above 

the nodes, shown as “ML/PP”. The tree is rooted with Pseudostanjehughesia aquitropica (MFLUCC 16-0569) and P. ligni-
cla (MFLUCC 15-0352). New species are indicated in red and type strains are in bold.



188MycoKeys 102: 183–200 (2024), DOI: 10.3897/mycokeys.102.112905

Rong-Ju Xu et al.: Three new species A. guttulata, A. yadongensis and A. submersa are introduced

CS6 software (Adobe Systems, USA). The new sequences were deposited in 
GenBank (Table 1), and the 昀椀nal alignments and phylogenetic tree were regis-
tered in TreeBASE under the submission ID: 30133 (http://www.treebase.org/).

Results

Phylogenetic analyses

The concatenated sequence dataset of LSU, TEF1-α and ITS, comprised 39 
strains with Pseudostanjehughesia aquitropica (MFLUCC 16-0569) and P. ligni-
cola (MFLUCC 15-0352) as the outgroup taxa (Fig. 1). The datasets contained 
2,168 characters including gaps after alignments (LSU: 1–763 bp, -α = 764–
1,660 bp, ITS: 1,661–2,168 bp). The RAxML analysis of the combined data-
sets yielded a best scoring tree with a 昀椀nal ML optimization likelihood value 
of -15404.143090. The aligned sequences matrix comprised 849 distinct 
alignment patterns with 6.45% of undetermined characters or gaps. Estimated 
base frequencies were as follows: A = 0.229844, C = 0.282249, G = 0.282387, 
T = 0.205520, with substitution rates AC = 0.921073, AG = 2.039438, 
AT = 1.172967, CG = 0.817703, CT = 5.518393, GT = 1.000000; gamma distri-
bution shape parameter α = 0.0010000000. The tree topologies of combined 
sequence data obtained from ML and BI analyses were not signi昀椀cantly differ-
ent (Fig. 1).

The phylogenetic analyses showed that our six strains nested within the 
genus Aquapteridospora represent three species. Two strains of A. linzhien-

sis (KUNCC 10420 and KUNCC 10444) formed a well resolved subclade sis-
ter to A. fusiformis (93% ML/1.00 PP support); while strains of A. yadongen-

sis (KUNCC 10445 and KUNCC 10448) formed a distinct subclade sister to 
A. submersa (KUNCC 10446 and KUNCC 10449) with a high support (100% 
ML/1.00 PP) and clustered with A. lignicola (MFLUCC 15-10377) with a signi昀椀-
cant support (75% ML/0.96 PP) (Fig. 1).

Taxonomy

Aquapteridospora linzhiensis R.J. Xu, Q. Zhao & Boonmee, sp. nov.
Index Fungorum: IF901109
Facesoffungi Number: FoF14348
Fig. 2

Etymology. Referring to the location “Linzhi City, China” where the holotype of 
this fungus was collected.

Holotype. HKAS 128991.
Description. Saprobic on decaying wood submerged in freshwater. Sexual 

morph: Undetermined. Asexual morph: Colonies on the natural substrate ef-
fuse, hairy, pale brown to brown, scattered or in small groups. Mycelium mostly 
super昀椀cial, consisting of branched, septate, smooth, pale brown to brown hy-
phae. Conidiophores 113–210 × 4–6 μm (x– = 162 × 4 μm, n = 15), macronema-
tous, mononematous, solitary or 2–3 group, erect, straight or slightly 昀氀exuous, 
simple, unbranched, smooth, cylindrical, 6–12-septate, brown at the base, pale 
brown towards apex. Conidiogenous cells polyblastic, monoblastic, terminal, 
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Figure 2. Aquapteridospora linzhiensis (HKAS 128991, holotype) a colonies on the substratum b–e conidiophores, conid-

iogenous cells with conidia f, g conidiogenous cells with developmental conidia h–k conidia l, m culture on PDA. Scale 

bars: 50 μm (b–e); 20 μm (f, g); 10 μm (h–k).



190MycoKeys 102: 183–200 (2024), DOI: 10.3897/mycokeys.102.112905

Rong-Ju Xu et al.: Three new species A. guttulata, A. yadongensis and A. submersa are introduced

becoming intercalary, cylindrical, pale brown, integrated, with several sympodial 
proliferations, conspicuous denticles, bearing tiny, protuberant, circular scars. 
Conidia 10–14 × 5–6 μm (x– = 12 × 6 μm, n = 25), solitary or acropleurogenous, 
fusiform or elliptical, smooth, 2-septate, truncate at base, dark brown in central 
cells and subhyaline at end cells, guttulate. Conidial secession schizolytic.

Culture characteristics. Conidia were germinated on PDA within 48 hours. 
Germ tubes produced from each end. Colonies grown on PDA, circular, 昀氀at, su-
per昀椀cial, dark brown from above, reverse-side brown in the centre, with greyish 
white near the edge.

Material examined. China, Xizang, Linzhi City, Motuo County, on submerged 
decaying wood, 1675 msl, 29°10'56"N, 95°8'53"E, 11 July 2022, R.J. Xu, XK-
33–3 (HKAS 128991, holotype), ex-type living culture (KUNCC 10420). Xi-
zang, Linzhi City, Motuo County, Gelin Village, on submerged decaying wood, 
1143 msl, 29°1'43"N, 94°48'5.7"E, 12 July 2022, R.J. Xu, XK-32, (HKAS 128990), 
living culture (KUNCC 10444).

Notes. Phylogenetic analyses show that Aquapteridospora linzhiensis 
(KUNCC 10420 and KUNCC 10444) clustered into a distinct subclade and sister 
to A. fusiformis (MFLUCC 18-1606) with bootstrap support (93% ML/1.00 PP, 
Fig. 1). However, A. linzhiensis differs from A. fusiformis in having obvious, gut-
tulate conidia and less septate on maturity (2-septate vs. 3–4-septate) (Luo 
et al. 2019). Additionally, comparisons of ITS sequences demonstrate a 6.7% 
(39/586 bp, excluding gaps) difference between A. linzhiensis and A. fusiformis 
Jeewon and Hyde (2016). Therefore, A. linzhiensis was identi昀椀ed as a new spe-
cies supported with both morphological and phylogenetic evidences.

Aquapteridospora yadongensis R.J. Xu, Q. Zhao & Boonmee, sp. nov.
Index Fungorum: IF901110
Facesoffungi Number: FoF14349
Fig. 3

Etymology. Referring to the location “Yadong County, China” where the holo-
type of this fungus was collected.

Holotype. HKAS 128992.
Description. Saprobic on decaying wood submerged in freshwater. Sexual 

morph: Undetermined. Asexual morph: Colonies on the natural substrate ef-
fuse, hairy, pale brown to brown, scattered or in small groups, usually retiform. 
Mycelium mostly super昀椀cial, consisting of branched, septate, smooth, pale 
brown to brown hyphae. Conidiophores 440–856 × 4–6 μm (x– = 581 × 5 μm, 
n = 20), macronematous, mononematous, solitary, erect, straight or slight-
ly 昀氀exuous, unbranched, smooth, cylindrical, multi-septate, tapering towards 
apex, brown to pale brown, slightly constricted at some septa. Conidiogenous 

cells polyblastic, monoblastic, terminal, becoming intercalary, cylindrical, pale 
brown, integrated, denticles, bearing tiny, protuberant, circular scars. Conidia 
14–20 × 4–7 μm (x– = 17 × 5 μm, n = 30), acropleurogenous, fusiform, smooth, 
3-septate, rounded at apex, truncate at base, dark brown in central cells and 
light at end cells. Conidial secession schizolytic.

Culture characteristics. Conidia were germinated on PDA within 48 hours. 
Germ tubes produced from each end. Colonies grown on PDA, regular concentric 
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Figure 3. Aquapteridospora yadongensis (HKAS 128992, holotype) a colonies on the substratum b, c conidiophore and 

conidiogenous cell d-g conidiogenous cells with developmental conidia h–k conidia l germinating conidium m culture 

on PDA. Scale bars: 100 μm (b, c); 20 μm (d, g); 10 μm (h–l).
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circles, 昀氀at, super昀椀cial, with dense mycelium at around, grey brown from above, 
dark brown from below.

Material examined. China, Xizang, Shigatse City, Yadong County, on sub-
merged decaying wood, 3061 msl, 27°21'11"N, 88°58'10"E, 01 July 2022, R.J. 
Xu, LTS-20 (HKAS 128992, holotype), ex-type living culture (KUNCC 10445). Xi-
zang, Shigatse City, Dingjie County, on submerged decaying wood, 3042 msl, 
27°53'8.7"N, 87°27'36"E, 05 July 2022, L.T. Shun, LTS-20–1, (HKAS 128993), 
living culture (KUNCC 10448).

Notes. Aquapteridospora yadongensis possess its conidial characteris-
tics that 昀椀t with Aquapteridospora (Yang et al. 2015). In phylogenetic analy-
ses, A. yadongensis formed a distinct lineage close to A. submersa with high 
bootstrap support (100% ML/1.00 PP, Fig. 1). A comparison of ITS nucleotide 
shows that A. yadongensis (KUNCC 10445) differs from A. submersa (KUNCC 
10446) in 10/572 bp (1.8%, excluding gap), a comparison of TEF1-α nucleotide 
shows that A. yadongensis (KUNCC 10445) differs from A. submersa (KUNCC 
10446) in 8/821 bp (0.8%, excluding gap) (Jeewon and Hyde 2016). In addi-
tion, A. yadongensis differs from A. submersa in having narrower conidiophores 
(4–6 vs. 5–12 μm), while conidia of A. submersa have slightly constricted sep-
ta; the culture of A. yadongensis have regular concentric circles differing from 
A. submersa having pale mycelium in the centre. Furthermore, A. yadongensis 
differs from A. lignicola in having long conidiophores (440–856 vs. 70–200 μm) 
and conidia without a conspicuous sheath (Yang et al. 2015).

Aquapteridospora submersa R.J. Xu, Q. Zhao & Boonmee, sp. nov.
Index Fungorum: IF901111
Facesoffungi Number: FoF14350
Fig. 4

Etymology. Referring to the fungus’s habitat “decaying wood submerged in 
freshwater habitats”.

Holotype. HKAS 128980.
Description. Saprobic on decaying wood submerged in freshwater. Sexual 

morph: Undetermined. Asexual morph: Colonies on the natural substrate ef-
fuse, glistening, pale brown to brown, scattered or in small groups. Mycelium 
mostly super昀椀cial, consisting of branched, septate, smooth, pale brown to 
brown hyphae. Conidiophores 376–708 × 5–12 μm (x– = 451 × 7 μm, n = 20), 
macronematous, mononematous, solitary, erect, straight or slightly 昀氀exu-
ous, unbranched, smooth, cylindrical, multi-septate, tapering towards apex, 
brown to pale brown. Conidiogenous cells polyblastic, monoblastic, termi-
nal, becoming intercalary, cylindrical, pale brown, integrated, with several 
sympodial proliferations, conspicuous denticles, bearing tiny, protuberant, 
circular scars. Conidia 19–22 × 6–8 μm (x– = 21 × 7 μm, n = 20), solitary 
or acropleurogenous, fusiform, smooth, 2–3-septate, rounded at apex, trun-
cate at base, slightly constricted at septa, hyaline when young, sub-hyaline 
to pale brown when mature, two big guttulate when young. Conidial seces-
sion schizolytic.

Culture characteristics. Conidia were germinated on PDA within 48 hours. 
Germ tubes produced from each end. Colonies grown on PDA, circular, 昀氀at, 
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Figure 4. Aquapteridospora submersa (HKAS 128980, holotype) a colonies on the substratum b–d conidiophores, con-

idiogenous cells with conidia e–g conidiogenous cells with developmental conidia h–k conidia l germinating conidium 

m, n culture on PDA. Scale bars: 50 μm (b–d); 20 μm (e–g); 10 μm (h–l).
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super昀椀cial, raised, with dense, pale mycelium in the centre. Grey brown from 
above, dark brown from below.

Material examined. China, Xizang, Linzhi City, Motuo County, on submerged 
decaying wood, 677 msl, 29°19'43"N, 95°21'19"E, 13 July 2022, R.J. Xu, LJN-
15 (HKAS 128980, holotype), ex-type living culture (KUNCC 10446). Xizang, 
Linzhi City, Motuo County, Gelin Village, on submerged decaying wood, 677 msl, 
29°19'43"N, 95°21'19"E, 12 July 2022, R.J. Xu, LJN-15–5, (HKAS 128981), living 
culture (KUNCC 10444).

Notes. Phylogenetic analyses show that Aquapteridospora submersa 
(KUNCC 10446, KUNCC 10444), formed a sister grouped with A. yadongensis 
(KUNCC 10445 and KUNCC 10488) and was close to A. lignicola (MFLUCC 15-
0377) with 75% ML/0.96 PP, Fig. 1. However, the comparison of conidial charac-
teristics and nucleotides shows that A. submersa differs from A. yadongensis 
(see the notes of A. yadongensis). Indeed, A. submersa differs from A. lignicola 
in having long conidiophores (376–708 vs. 70–200 μm) and conidia without a 
conspicuous sheath (Yang et al. 2015). Aquapteridospora submersa is intro-
duced here as a new species.

Discussion

Species of Aquapteridospora are morphologically unique in the taxonomic 
characteristics, especially in the features of the conidiophores and conidia 
(Table 2). In most species, the conidia are fusiform and pigmented, featuring 
brown to dark brown central cells and subhyaline end cells. However, some 
species exhibit conidia with a distinct sheath, such as A. aquatica, A. jiangx-

iensis and A. lignicola (Yang et al. 2015; Dong et al. 2021; Peng et al. 2022). 
Additionally, a few species are characterized by hyaline to sub-hyaline co-
nidia, as observed in A. hyalina (Ma et al. 2022). In addition, the length of 
conidiophores in species of Aquapteridospora varies signi昀椀cantly. Most spe-
cies have conidiophores ranging in length from 70 to 305 μm, as observed in 
species like A. aquatica, A. fusiformis, A. hyaline, A. jiangxiensis, A. lignicola 
and A. linzhiensis (Yang et al. 2015; Luo et al. 2019; Dong et al. 2021; Ma et al. 
2022; Peng et al. 2022), a few species exhibit conidiophores exceeding 400 
μm in length, with the longest reaching 856 μm. This is the case for species 
such as A. bambusinum, A. yadongensis and A. submersa (Bao et al. 2021, 
this study).

Molecular phylogenetic analyses play a crucial role in elucidating the clas-
si昀椀cation of hyphomycetous fungi (Dhanasekaran et al. 2006; Tekpinar and 
Kalmer 2019). Pleurophragmium bambusinum was initially described by Dai 
et al. (2017), and was previously assigned to Sordariomycetes incertae se-

dis based on its morphological characteristics. According to the phylogenetic 
analysis conducted by Dong et al. (2021), P. bambusinum was found to cluster 
within the Aquapteridospora clade with (100% ML/1.00 PP) support. However, 
their studies did not synonymize P. bambusinum under Aquapteridospora due 
to the ellipsoidal and conidia without a sheath, which indicate that it does 
not 昀椀t within the characteristics of Aquapteridospora species. Subsequently, 
Bao et al. (2021) transferred P. bambusinum to Aquapteridospora and syn-
onymized A. bambusinum instead of P. bambusinum, based on both phyloge-
ny and morphology.
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The Tibetan Plateau is renowned for its distinctive biological diversity and 
extensive array of aquatic habitats, encompassing lakes, rivers, and wetlands, 
which provide sustenance for various fungal communities (Yao et al. 2019). 
While freshwater fungi play a crucial role in the ecosystem, they have remained 
understudied in this region, primarily due to the limited number of researchers 
focusing on freshwater fungi in the Tibetan Plateau. During our investigation 
into freshwater fungal diversity on the Tibetan Plateau, we introduced three 
new species within the genus Aquapteridospora, supported by both phylogenet-
ic analysis and morphology. The discovery of these new species revealed the 
abundant fungal diversity in Tibetan Plateau and more scienti昀椀c studies in this 
region are expected in the future.
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Table 2. Synopsis of known species in Aquapteridospora.

Species
Conidiophores 

(μm)
Conidiogenous cells 

(μm) Conidia (μm) Host Habitat Distribution Reference

Aquapteridospora 

aquatic

125–215 × 
3–5

10–85 × 4–5.5, 
Polyblastic, terminal, 
intercalary, denticles

19–27.5 × 5–7.5, acropleurogenous, 
solitary, olivaceous or brown in the 
middle cells, fusiform, 3-septate, 

gelatinous, thin sheath

Unidenti昀椀ed, 
submerged 

wood

Freshwater Thailand Dong et 
al. (2021)

A. bambusinum 615–715 × 
9–13

Polyblastic, sympodial, 
denticulate, integrated, 

terminal

15–18 × 5.5–7, acrogenous, solitary, 
pale brown to dark brown, ellipsoid to 

fusiform, 3-septate, straight

Unidenti昀椀ed, 
submerged 

wood

Freshwater Thailand Bao et al. 
(2021)

A. fusiformis (88–) 134–
188 × 5–7

Polyblastic, terminal, 
intercalary, sympodial 

proliferations 

14–18 × 5–7, solitary, brown to dark 
brown in central cells and subhyaline 
at end cells, fusiform, 3–4-septate, 

Unidenti昀椀ed, 
submerged 

wood

Freshwater China Luo et al. 
(2019)

A. hyalina 68–130 × 
4.5–6.5

25–62 × 4–6.5, 
polyblastic, 

monoblastic, denticles

17–28 × 4–6, acropleurogenous, 
solitary, sub-hyaline to pale brown, 

fusiform, 1–3-septate, 

Unidenti昀椀ed, 
submerged 

wood

Freshwater China Ma et al. 
(2022)

A. jiangxiensis 78–305 × 4–7 20–68 × 4–6, 
integrated, terminal, 

intercalary

20–25 × 6–7.5, acrogenous or lateral, 
dark brown to black, fusiform to 

subclavate, 3-septate, sometimes 
with a sheath

Unidenti昀椀ed, 
submerged 

wood

Freshwater China Peng et 
al. (2022)

A. lignicola 70–200 × 4–7 14.5–30 × 4.5–7.5, 
polyblastic, terminal, 

intercalary

15–24 × 6–8, solitary, 
acropleurogenous, with pale to dark 
brown central cells and subhyaline 

end cells, fusiform, 3-septate, with a 
conspicuous sheath

Unidenti昀椀ed, 
submerged 

wood

Freshwater Thailand Yang et al. 
(2015)

A. linzhiensis 113–210 × 
4–6 

Polyblastic, terminal, 
intercalary, denticles

10–14 × 5–6, solitary or 
acropleurogenous, dark brown 

in central cells and subhyaline at 
end cells, fusiform or elliptical, 

2-septate, guttulate

Unidenti昀椀ed, 
submerged 

wood

Freshwater China This study

A. yadongensis 440–856 × 
4–6

Polyblastic, 
monoblastic, terminal, 
intercalary, denticles

14–20 × 4–7, acropleurogenous, dark 
brown in central cells and subhyaline 

at end cells, fusiform, 3-septate

Unidenti昀椀ed, 
submerged 

wood 

Freshwater China This study

A. submersa 376–708 × 
5–12

Polyblastic, 
monoblastic, terminal, 
intercalary, denticles

19–22 × 6–8, solitary or 
acropleurogenous, hyaline when 

young, sub-hyaline to pale brown when 
mature, fusiform, 2–3-septate, two big 

guttulate when young

Unidenti昀椀ed, 
submerged 

wood 

Freshwater China This study
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Abstract

Chinese yew, Taxus chinensis var. mairei is an endangered shrub native to south-

eastern China and is widely known for its medicinal value. The increased cultivation 

of Chinese yew has increased the incidence of various fungal diseases. In this study, 

Pestalotioid fungi associated with needle spot of Chinese yew were isolated from 

Guangxi Province. Based on morphological examinations and multi-locus (ITS, tub2, 

tef-1α) phylogenies, these isolates were identi昀椀ed to 昀椀ve species, including two new 
species, Pestalotiopsis taxicola and P. multicolor, two potential novel Neopestalotiopsis 

species, Neopestalotiopsis sp. 3 and Neopestalotiopsis sp. 4, with a known 

Pestalotiopsis species (Pestalotiopsis trachycarpicola), 昀椀rstly recorded from Chinese 
yew. These two new Pestalotiopsis species were morphologically and phylogenetically 

distinct from the extant Pestalotioid species in Chinese yew. Pathogenicity and culture 

characteristic tests of these 昀椀ve Pestalotioid species were also performed in this study. 
The pathogenicity test results revealed that Neopestalotiopsis sp. 3 can cause diseases 

in Chinese yew needles. These results have indicated that the diversity of Pestalotioid 

species associated with Chinese yew was greater than previously determined and 

provided helpful information for Chinese yew disease diagnosis and management.

Key words: Neopestalotiopsis, Pestalotiopsis, phylogeny, taxonomy, two new species

Introduction

The Chinese yew (Taxus chinensis var. mairei (Lemée et Lévl) Cheng et L.K. Fu) 
is an evergreen tall tree unique to south-eastern China and is widely known as 
a signi昀椀cant variety of medicinal plants because it contains taxol (paclitaxel) 
which is a natural antitumour drug with unique physiological functions in the 
bark, branches and leaves (Pyo et al. 2004; Li et al. 2008; Wu et al. 2013). Chi-
nese yew has been listed on the IUCN Red List as an endangered species and 
has been under 昀椀rst-class protection in China, as it grows slowly and has poor 
regeneration ability, making it unable to meet strong medical demands (Ru 2006; 
Liu et al. 2019). Many natural reserves and conservation parks have been estab-
lished to protect the Chinese yew. It has been widely cultivated in 17 provinces of 
China over the past few decades (Gao 2006; Zhang et al. 2018; Li et al. 2021a).
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The expansion of Chinese yew cultivation in recent years has led to the 
emergence of various diseases that pose a signi昀椀cant threat to the Chinese 
yew industry (Zhang et al. 2018). Many fungal pathogens have been report-
ed to cause Chinese yew diseases during their growth, such as needle spot 
caused by Neopestalotiopsis clavispora and Pestalotiopsis a昀케nis (Chen et al. 
2002; Wang et al. 2019), needle blight caused by Pestalotiopsis microspora (Li 
2017), anthracnose disease caused by Colletotrichum gloeosporioides (Fan et 
al. 2006) and wilt disease caused by Phoma sp., while Fusarium oxysporum is 
responsible for root rot (Qian et al. 2015). Needle diseases caused by Pestalo-
tioid fungal species (e.g. N. clavispora, P. a昀케nis and P. microspora) are a seri-
ous threat to Chinese yew in Fujian and Yunnan Provinces, China (Chen et al. 
2002; Li 2017; Wang et al. 2019). Up to 40% of the Chinese yew are severely 
affected in the 昀椀eld (Wang et al. 2019). The needles of Chinese yew became 
brown and reddish-brown from the leaf margin to the main vein, with irregular 
or round spots. Eventually, the spots coalesced and the needles withered and 
abscised (Li 2017; Wang et al. 2019). Jeon and Cheon (2014) reported that 
P. microspora also caused leaf blight in Japanese yew (Taxus cuspidata Sieb. 
& Zucc.) in South Korea. This disease developed on needles, particularly under 
high humidity, producing brown or tan spots that coalesce to form large lesions 
(Jeon and Cheon 2014).

Pestalotioid fungi (Pestalotiopsis-like fungi) represent an important fungal 
group that commonly occur as plant pathogens, endophytes and saprophytes 
in a wide range of hosts (Maharachchikumbura et al. 2014; Reddy et al. 2016; 
Ran et al. 2017; Freitas et al. 2019; Yang et al. 2021; Xiong et al. 2022). This 
group, which comprise Neopestalotiopsis, Pestalotiopsis and Pseudopestalo-

tiopsis, belongs to the order Amphisphaeriales (Jiang et al. 2022; Zhang et 
al. 2022). The two genera Neopestalotiopsis and Pseudopestalotiopsis were 
segregated from Pestalotiopsis by Maharachchikumbura et al. (2014) based 
on multigene phylogenetic analysis and morphological differences (conidiog-
enous cells and colour intensities of the median conidial cell). Pestalotiopsis is 
characterised by lightly pigmented concolorous median cells, whereas Neope-

stalotiopsis species are characterised by versicolorous median cells and indis-
tinct conidiophores and Pseudopestalotiopsis by darkly coloured concolorous 
median conidial cells (Maharachchikumbura et al. 2014). Many Pestalotiopsis 
species have been isolated from Taxus spp. as endophytes rich in secondary 
metabolites. For example, Pestalotiopsis versicolor has been isolated from 
healthy leaves of Taxus cuspidata and is an excellent alternative source of pacl-
itaxel supply (Kumaran et al. 2010). Furthermore, P. microspora, which causes 
Chinese yew leaf blight, is an endophyte of the Himalayan yew (Taxus wallichi-
ana), which produces taxol (Strobel et al. 1996).

During a survey of diseases in Chinese yew, moderate-to-severe incidences 
of needle spot and stem canker diseases were observed in some planting ar-
eas in Guangxi Province in 2020, and several Pestalotioid fungi were isolated 
from the diseased Chinese yew. The objectives of our study were to: (i) identify 
the Pestalotioid fungi recovered from symptomatic Chinese yew using morpho-
logical features and molecular data analyses; (ii) evaluate the pathogenicity of 
different fungal species on detached Chinese yew; and (iii) evaluate the effects 
of temperature, light duration and carbon source on the mycelial growth rate of 
different fungal species.
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Materials and methods

Sample collections and Fungal Isolation

In May 2020, twenty symptomatic Chinese yew specimens were collected from 
the Guangxi Province. Small sections (5 × 5 mm) were cut from the margins of the 
infected needles and stems, surface-sterilised in 75% ethanol for 30 s, sterilised 
in 3% (vol/vol) sodium hypochlorite for 1 min, followed by three rinses in sterile 
distilled water and 昀椀nally dried on sterilised 昀椀lter paper (Rubini et al. 2005; Li et al. 
2021b). The sections were plated on PDA plates and incubated at 25 °C. The iso-
lates were aseptically transferred to fresh PDA and puri昀椀ed using a single-spore 
culture. The holotype specimens in this study are deposited in the Museum of Bei-
jing Forestry University (Herbarium Code: BJFC). The pure fungal cultures in this 
study are deposited in China Forestry Culture Collection Center (Acronym: CFCC).

Morphological and culture characterisation

The colony characteristics (colour and texture) of each isolate on PDA were ob-
served after 7 d incubation at 25 °C and the morphological characters of conidio-
phores, conidiogenous cells and conidia of each isolate on PDA were observed 
after 14 d incubation at 25 °C (Li et al. 2021b). The size was determined by mea-
suring the length and width of 50 randomly chosen conidia using an Olympus 
SZX2-FOF Light microscope (Tokyo, Japan) according to the method described 
by Shu et al. (2020). Descriptions, nomenclature and illustrations of taxonomic 
novelties have been deposited in MycoBank (https://www.mycobank.org/).

DNA extraction and PCR ampli昀椀cation

Genomic DNA was extracted from 7 day-old colonies grown on PDA using the 
cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle 1990). Three 
loci were ampli昀椀ed: the internal transcribed spacer region of ribosomal DNA (ITS) 
with primers ITS1/ITS4 (White et al. 1990); beta-tubulin (tub2) with primers Bt2a/
Bt2b (Glass and Donaldson 1995) and the translation elongation factor 1-alpha 
gene (tef-1α) with EF1-688F/EF1-1251R (Alves et al. 2008). The PCR mixture con-
sisted of 10 μl TopTaq Master Mix, 7 μl nuclease-free H

2
O, 1 μl of each primer and 

1 μl DNA samples were made up to the 昀椀nal volume of 20 μl. Primer sequences 
and reaction conditions were shown in Suppl. material 1. The PCR products were 
sent for sequencing at Beijing Tsingke Biotech Company, Ltd., Beijing, China. The 
DNA sequences have been deposited in GenBank (Suppl. material 2).

Sequence alignment and phylogenetic analyses

The taxa used in the analyses were obtained from the sequence data of Pestalo-

tiopsis and Neopestalotiopsis downloaded from GenBank (Suppl. material 2). 
Sequence alignments were performed using MAFFT v.7 (mafft.cbrc.jp/align-
ment/server) (Katoh and Standley 2013). Phylogenetic analyses, based on a 
combined dataset of ITS, tub2 and tef-1α sequence data, were performed with 
Maximum Parsimony (MP), Maximum Likelihood (ML) and Bayesian Inference 
(BI). MP analysis was performed with PAUP 4.0b using a heuristic search algo-
rithm (1,000 random-addition sequences) with tree bisection and reconnection 
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(TBR) branch swapping. MaxTrees were set to 5,000, branches of zero length 
were collapsed and all equally parsimonious trees were saved (Swofford 2003). 
ML analysis was performed using RAxML-HPC BlackBox v. 8.2.12, with 1000 rap-
id bootstrap replicate runs using the GTRGAMMA model of nucleotide evolution 
(Stamatakis 2014). For BI analysis, the best-昀椀t evolutionary models for each par-
titioned locus were deduced on the AIC (ITS: GTR+I+G, tub2: HKY+I+G and tef-1α: 
TrN+I+G) which were estimated in MrModelTest v. 2.3. The BI analysis was per-
formed using MrBayes v.3.1.2, with a Markov Chain Monte Carlo (MCMC) algo-
rithm running from random trees for 1,000,000 generations. The resulting trees 
were edited using FigTree v.1.4.2 (Rambaut 2016) and Adobe Illustrator CS5.

Culture characteristics

Five Pestalotioid species were selected to evaluate the effects of temperature, 
light duration and carbon source on mycelial growth. Mycelial plugs of each spe-
cies were taken from the colony margins of 3-day-old cultures and transferred 
to fresh plates (20 ml of culture medium, pH 6). The effects of temperature 
were tested in the range 19 to 31 °C with a 3 °C gradient on PDA and incubated 
in dark. To monitor the effects of light duration, the isolates were tested under 
three diel light cycles (24 h dark, 12 h light/12 h dark and 24 h light per day) on 
PDA and incubated at 25 °C. The effects of the carbon source were tested using 
sucrose, maltose and dextrose with the same carbon content. Three replicates 
were used for the temperature and light duration tests and two replicates were 
used for the carbon test. The colony diameters were measured daily.

Pathogenicity testing

Healthy needles were collected from 昀椀ve-year old and healthy Chinese yew grown 
in a greenhouse. The needles were washed with tap water, submerged in 70% 
ethanol for 2 min and rinsed twice with sterile water (Li et al. 2021b). Clean dry 
needles were placed on Petri dishes with moist 昀椀lter paper underneath. Puncture 
wounds were made in the middle of each needle using a sterilised needle. The 
wounded needles were inoculated with mycelial PDA plugs (3 mm in diameter) 
and spore suspensions (18 µl, 106 conidia/ml) of 昀椀ve Pestalotioid isolates, re-
spectively. Three replicates were used for the mycelial PDA plug test and 10 repli-
cates were used for the spore suspension test. Lesion length was recorded daily.

Results

Field observations and fungal isolation

A 昀椀eld survey was conducted from April to October 2020 in a forest farm in north-
ern Guangxi, China, where more than 500 Chinese yew trees were maintained. Nee-
dle spot disease in Chinese yew causes serious damage, with an incidence of 58– 
70% in plants. The spots on the needles were initially small, brown to black and oval 
to irregular. Subsequently, they gradually expand and 昀椀nally coalesce, forming large 
black spots. In severe cases, lesions can develop in large portions of a single nee-
dle. Over time, the heavily infected leaves dried and died. Lesions were also visible 
on the stems and the spots on the stems darkened and became necrotic (Fig. 1).
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Thirty-six isolates were obtained from the diseased needles and stems of Chi-
nese yew and 18 isolates of Pestalotioid fungi were identi昀椀ed based on their cul-
ture characteristics and conidial morphology. Eight isolates were grouped into 
Neopestalotiopsis species with versicolorous median cells and ten isolates were 
identi昀椀ed as Pestalotiopsis with lightly pigmented concolorous median cells. 
Colonies of most Pestalotioid stains were initially whitish and later greyish or yel-
low on PDA. Conidia varied from 14.5 to 25.0 µm mean length and 3.5 to 8.0 µm 
mean width. The apical appendages showed the largest variation in size, with 
a mean length of 5.0 to 23.0 µm. The number of apical appendages varied be-
tween two and four, with three being the most common. Basal appendages were 
hyaline, straight or slightly curved and varied from 1.0 to 5.0 µm mean length.

Phylogenetic analyses

The phylogenetic tree (Pestalotiopsis), based on the concatenated sequences 
of ITS, tub2 and tef-1α, comprised 121 ingroups and one outgroup, Pseudope-

stalotiopsis cocos (CBS 272.29). A total of 1,496 characters including gaps 
(401 for ITS, 313 for tub2 and 860 for tef-1α) were included in the phylogenetic 
analysis. Similar tree topologies were obtained using the MP, ML and BI meth-
ods and the best-scoring MP tree obtained from a heuristic search with 1000 
random taxon additions is presented (Fig. 2). The phylogenetic tree placed the 
six Pestalotiopsis isolates into three well-supported monophyletic clades, rep-
resenting two novel and one known species. Two of our isolates (CFCC59981 
and CFCC59982), described as Pestalotiopsis multicolor, formed monophylet-
ic groups with high support values (100% MP and ML, 1.00 BI). Two isolates 
(CFCC59976 and CFCC59978), identi昀椀ed as Pestalotiopsis taxicola, constituted 
an independent and strongly-supported subclade (100% MP and ML, 1.00 BI), 
sharing close a昀케nity with Pestalotiopsis unicolor and Pestalotiopsis jiangxien-

sis. Two strains (BJFUCC42 and BJFUCC42-2) clustered with Pestalotiopsis 
trachycarpicola and were, therefore, described as known species.

The phylogenetic tree (Neopestalotiopsis), based on the concatenated gene 
sequences of ITS, tub2 and tef-1α, comprised 95 ingroups and one outgroup, 
Pestalotiopsis diversiseta (MFLUCC 12-0287). A total of 1, 386 characters in-
cluding gaps (411 for ITS, 393 for tub2 and 582 for tef-1α) were included in 

Figure 1. a healthy Chinese yew needles b, c chinese yew needles with spots.
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Figure 2. A phylogenetic tree of Pestalotiopsis generated from MP analysis, based on combined ITS, tub2 and tef-1α 

sequence data. Maximum Parsimony and Maximum Likelihood bootstrap values ≥ 65% are given at the nodes. The 
branches with Bayesian Inference posterior probabilities ≥ 0.90 are bold. Strains from this study are marked in blue. Ex-
type strains are labelled with *.
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the phylogenetic analysis. Similar tree topologies were obtained using the 
MP, ML and BI methods and the best-scoring MP tree obtained from a heu-
ristic search with 1000 random taxon additions is presented (Fig. 3). Two of 
our isolates (CFCC59989 and CFCC59990) clustered together and nested in a 
clade containing two different Neopestalotiopsis sp. 2 isolates (CFCC 54340 
and ZX22B). In contrast, two isolates (CFCC59985 and CFCC59986), grouped 
Neopestalotiopsis rhapidis (Fig. 3).

Figure 3. A phylogenetic tree of Neopestalotiopsis generated from MP analysis, based on combined ITS, tub2 and tef-

1α sequence data. Maximum Parsimony and Maximum Likelihood bootstrap values ≥ 65% are given at the nodes. The 
branches with Bayesian Inference posterior probabilities ≥ 0.90 are bold. Strains from this study are marked in blue. Ex-
type strains are labelled with *.
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Taxonomy

Pestalotiopsis trachycarpicola Yan M. Zhang & K.D. Hyde, 2012
Fig. 4

Conidiogenesis. Conidiophores reduced to conidiogenous cells, indistinct. 
Conidiogenous cells were discrete, ampulliform, thin-walled, hyaline, smooth. 
Conidia fusiform to clavate, straight or slightly curved, olivaceous to brown, 
4-septate, 18.5–25 × 4–6 μm, with apical and basal appendages. Basal cell ob-
conic, hyaline, thin-walled, smooth, 3–5 µm; the three median cells dolioform, 
versicolor, pale brown to brown with septa darker than the rest of the cells, 
11.5–13.5 µm, the second cell from base 3.5–6 µm; the third cell 3.5–4.5 µm; 
the fourth cell 3.5–5 µm; apical cell 2.5–4 µm, cylindrical, hyaline; 2–4 tubular 
apical appendages, arising from the apex of the apical cell each at different 
point, 昀椀liform, 5–15 µm; basal appendage present most of the time, single, tu-
bular, unbranched, 3.5–4.5 µm (Fig. 4c-e). Sexual morph not observed.

Culture characteristics. Colonies on PDA reaching 90 mm diameter after 
seven days at 25 °C, with an undulate and radial edge, with dense aerial my-
celium on surface, white to faint yellow on front, pale honey-coloured on the 
reverse side (Fig. 4a). Conidiomata acervular in culture on PDA, globose, 100–
500 μm in diameter, solitary or aggregated in clusters, exuding black conidial 
masses (Fig. 4b).

Figure 4. Pestalotiopsis trachycarpicola (BJFUCC42) a culture on PDA b conidiomata formed on PDA c–e conidia. Scale 

bars: 500 µm (b); 10 µm (c–e).
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Material examined. China, Guangxi Province, from diseased needles of Chinese 
yew, May 2020, Y. F. Wang (BJFC-S1955); living cultures BJFUCC42, BJFUCC42-2.

Notes. Pestalotiopsis trachycarpicola was originally described from leaves of 
Trachycarpus fortunei in Kunming Botany Garden, Kunming, Yunnan Province, 
China (Zhang et al. 2012). In the present study, the two isolates clustered with 
P. trachycarpicola and P. kenyana with high support values (MP/ML = 86/100). 
P. kenyana (CBS 442.67, ex-type) and P. trachycarpicola (OP068, ex-type 
MFLUCC 12-0263) were demonstrated to be the same species, as there was no 
genetic distance between the two samples (Suppl. material 3). Morphologically, 
our new collections resembled P. trachycarpicola in colour and size of the co-
nidiogenous cells, conidia and appendages (Zhang et al. 2012). Therefore, we 
reported the two isolates as a new host record of P. trachycarpicola from yews.

Pestalotiopsis taxicola Y. F. Wang & C. J. You, sp. nov.
MycoBank No: 847791
Fig. 5

Etymology. Named after the host species, Taxus chinensis.
Holotype. BJFC-S1954.
Conidiogenesis. Conidiophores reduced to conidiogenous cells, indistinct. 

Conidiogenous cells were discrete, ampulliform, thin-walled, hyaline, smooth. 
Conidia fusiform to clavate, straight or slightly curved, olivaceous to brown, 
4-septate, 16.5–21 × 4–6 μm, with apical and basal appendages. Basal cell ob-
conic, hyaline, thin-walled, smooth, 2.5–4 µm; the three median cells dolioform, 
versicolor, pale brown to brown with septa darker than the rest of the cells, 
10.5–12 µm, the second cell from base 3–4 µm; the third cell 3.5–4 µm; the 
fourth cell 3.5–4 µm; apical cell 2.5–4 µm, cylindrical, hyaline; 3 tubular apical 
appendages, arising from the apex of the apical cell each at a different point, 
昀椀liform, 9.5–15 µm; basal appendage present most of the time, single, tubular, 
unbranched, 2–5 µm (Fig. 5c-e). Sexual morph not observed.

Culture characteristics. Colonies on PDA reaching 90 mm diameter after 
seven days at 25 °C, with an undulate and radial edge, with dense aerial myceli-
um on surface, initially yellow in the centre, becoming white at the margin, with 
white appressed mycelia radiating outwards (Fig. 5a). Conidiomata acervular 
in culture on PDA, globose, 200–700 μm in diameter, solitary or aggregated in 
clusters, exuding black conidial masses (Fig. 5b).

Material examined. China, Guangxi Province, from diseased needles of 
Chinese yew, May 2020, Y. F. Wang (BJFC-S1954, holotype); ex-type living cul-
ture CFCC59976, living cultures CFCC59978, CFCC59979 and CFCC59980.

Notes. Pestalotiopsis taxicola was phylogenetically placed in a clade encom-
passing P. unicolor, but as a unique lineage with high support (MP/ML = 100/100) 
(Fig. 2). Compared with P. unicolor (MFLUCC 12-0276, ex-type) and P. taxicola 
(CFCC59976, ex-type), there were one nucleotide difference in the ITS region 
and nine nucleotide differences in the tef-1α region. Morphologically, P. taxicola 
had smaller conidia (16.5–21 × 4–6 µm) than P. unicolor (20–24.5 × 4–6 µm). 
In addition, P. taxicola had only one basal appendage, whereas P. unicolor had 
1–2 basal appendages (Maharachchikumbura et al. 2012). Therefore, the four 
isolates were designated as a new species.
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Pestalotiopsis multicolor Y. F. Wang & C. J. You, sp. nov.
MycoBank No: 847792
Fig. 6

Etymology. In reference to the multicoloured median cells.
Holotype. BJFC-S1956.
Conidiogenesis. Conidiophores reduced to conidiogenous cells, short, subcy-

lindrical and hyaline. Conidiogenous cells were discrete, ampulliform, thin-walled, 
hyaline, smooth. Conidia fusiform to clavate, straight or slightly curved, olivaceous 
to brown, 4-septate, 14.5–20 × 3.5–5.5 μm, with apical and basal appendages. 
Basal cell obconic, hyaline, thin-walled, smooth, 2–4.5 µm; the three median cells 
dolioform, versicolor, pale brown to brown with septa darker than the rest of the 
cells, 9.5–13 µm, the second cell from base 2.5–4.5 µm; the third cell 3–4.5 µm; 
the fourth cell 3–4 µm; apical cell 2.5–3.5 µm, cylindrical, hyaline; 2–3 (mostly 3) 
tubular apical appendages, arising from the apex of the apical cell each at a dif-
ferent point, 昀椀liform, 8–16 µm; basal appendage present most of the time, single, 
tubular, unbranched, 2.5–4.5 µm (Fig. 6c–e). Sexual morph not observed.

Culture characteristics. Colonies on PDA reaching 90 mm diameter after 
seven days at 25 °C, with an undulate and radial edge, white aerial mycelium 
on surface 昀氀at or raised (Fig. 6a). Conidiomata acervular in culture on PDA, glo-

Figure 5. Pestalotiopsis taxicola (CFCC59976) a culture on PDA b conidiomata formed on PDA c conidiogenous cells 

d–f conidia. Scale bars: 500 µm (b); 10 µm (c–f).
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bose, 200–800 μm in diameter, solitary or aggregated in clusters, exuding black 
conidial masses (Fig. 5b).

Material examined. China, Guangxi Province, from diseased needles of Chi-
nese yew, May 2020, Y. F. Wang (BJFC-S1956, holotype); ex-type living culture 
CFCC59981, living cultures CFCC59982, CFCC59983, and CFCC59984.

Notes. The two isolates (CFCC59981 and CFCC59982) formed a distinct lin-
eage with high support values (MP/ML = 100/100) in the phylogenetic tree. 
The morphology of the two isolates was distinctive within the Pestalotiopsis 
genus because the conidia were far smaller than those of any other species. In 
addition, the colour of median cells in our new collections changed from light 
concolorous to versicolorous. Therefore, four isolates in the present study were 
designated as a new species.

Neopestalotiopsis sp. 3

Fig. 7

Conidiogenesis. Conidiophores reduced to conidiogenous cells, hyaline, smooth. 
Conidiogenous cells were discrete, ampulliform, thin-walled, hyaline to light 
brown, smooth. Conidia fusiform to clavate, straight or slightly curved, olivaceous 
to brown, 4-septate, 15.5–19 × 6–7.5 μm, with apical and basal appendages. Bas-

Figure 6. Pestalotiopsis multicolor (CFCC59981) a culture on PDA b conidiomata form on PDA c conidiogenous cells 

d–f conidia. Scale bars: 500 µm (b); 10 µm (c–f).
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al cell obconic, hyaline, thin-walled, smooth, 2–4 µm; the three median cells 10.5–
12 µm, dolioform, versicolor, pale brown to brown with septa darker than the rest 
of the cells, the second cell from base 2.5–4.5 µm; the third cell 3.5–4.5 µm; the 
fourth cell 3–4 µm; apical cell 1.5–3 µm, cylindrical, hyaline; 3–4 (mostly 3) tubu-
lar apical appendages, arising from the apex of the apical cell each at a different 
point, 昀椀liform, 16–23 µm; basal appendage present most of the time, single, tubu-
lar, unbranched, 1–2.5 µm (Fig. 7c–e). Sexual morph not observed.

Culture characteristics. Colonies on PDA reaching 90 mm diameter after 
seven days at 25 °C, white aerial mycelium on surface, 昀氀at or raised, radiating 
outwards with an undulate and radial edge (Fig. 7a). Conidiomata acervular in 
culture on PDA, globose, 80–800 μm diameter, solitary or aggregated in clus-
ters, exuding black conidial masses (Fig. 7b).

Material examined. China, Guangxi Province, from diseased shoots of Chi-
nese yew, May 2020, Y. F. Wang (BJFC-S1957); living cultures CFCC59985, 
CFCC59986, CFCC59987, CFCC59988.

Notes. Neopestalotiopsis sp. 3 (CFCC59985 and CFCC59986) was phyloge-
netically close to N. rhapidis (Yang et al. 2021) (Fig. 3) but differed in conidial 
size (15.5–19 × 6–7.5 µm in Neopestalotiopsis sp. 3 vs. 22–25.5 × 4–6 µm in 
N. rhapidis). Furthermore, Neopestalotiopsis sp. 3 had longer apical append-
ages (16–23 µm vs. 11–16 µm) and shorter basal appendage (1–2.5 µm vs. 
2–5.5 µm) than N. rhapidis. Compared with N. rhapidis (GUCC 21501, ex-type) 
and Neopestalotiopsis sp. 3, there were eleven nucleotide differences in the 
ITS region, four nucleotide differences in the tef-1α region and six nucleotide 
differences in the tub2 region. In the genus Neopestalotiopsis, the interspe-

Figure 7. Neopestalotiopsis sp. 3 (CFCC59985) a culture on PDA b conidiomata form on PDA c–e conidia. Scale bars: 

500 µm (b); 10 µm (c–e).
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ci昀椀c relationship remains unclear (Li et al. 2021b), as some clades were not 
unanimously strongly supported, meaning the genus will be largely revised in 
the near future. Many taxa are likely to be synonymised in future publications. 
Therefore, CFCC59985 and CFCC59986 were not proposed as a new species.

Neopestalotiopsis sp. 4

Fig. 8

Conidiogenesis. Conidiophores reduced to conidiogenous cells, hyaline, smooth. 
Conidiogenous cells were discrete, ampulliform, thin-walled, hyaline to light 
brown, smooth. Conidia fusiform to clavate, straight or slightly curved, olivaceous 
to brown, 4–septate, 15.5–18.5 × 6–8 μm, with apical and basal appendages. 
Basal cell obconic, hyaline, thin-walled, smooth, 2.5–4 µm; the three median cells 
10.5–12 µm, dolioform, versicolor, pale brown to brown with septa darker than 
the rest of the cells, the second cell from base 3–3.5 µm; the third cell 3–4.5 µm; 
the fourth cell 3–5.5 µm; apical cell 1–2.5 µm, cylindrical, hyaline; 3–4 (mostly 
3) tubular apical appendages, arising from the apex of the apical cell each at a 
different point, 昀椀liform, 9.5–15.5 µm; basal appendage present most of the time, 
single, tubular, unbranched, 1.5–4.5 µm (Fig. 8c–e). Sexual morph not observed.

Culture characteristics. Colonies on PDA reaching 90 mm diameter after seven 
days at 25 °C, radiating outwards with an undulate and radial edge, white aerial 
mycelium was 昀氀at on the centres of the colony, while raised sharply in the outer 
ring (Fig. 8a). Conidiomata acervular in culture on PDA, globose, 100–900 μm di-
ameter, solitary or aggregated in clusters, exuding black conidial masses (Fig. 8b).

Figure 8. Neopestalotiopsis sp. 4 (CFCC59989) a culture on PDA b conidiomata form on PDA c–e conidia. Scale bars: 

500 µm (b); 10 µm (c–e).
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Material examined. China, Gungxi Province, from diseased branches of 
Chinese yew, May 2020, Y. F. Wang (BJFC-S1958); living cultures CFCC59989, 
CFCC59990, CFCC59991 and CFCC59992.

Notes. Neopestalotiopsis sp. 4 (CFCC59989 and CFCC59990) was phyloge-
netically placed in a clade encompassing two Neopestalotiopsis sp. 2 isolates 
(CFCC54340 and ZX22B) from Yaan City, Sichuan Province (Jiang et al. 2021) 
(Fig. 3). Morphologically, Neopestalotiopsis sp. 4 had shorter conidia and lon-
ger apical appendages (15.5–18.5 × 6–8 µm, 9.5–15.5 µm) than CFCC54340 
and ZX22B (22–25.2 × 6.2–7.7 µm, 5–10 µm). In addition, Neopestalotiopsis 
sp. 4 had more tubular apical appendages (3–4, mostly 3) than Neopestalotio-

psis sp. 2 (2, seldom 3). Compared with Neopestalotiopsis sp. 2 (ZX22B) and 
Neopestalotiopsis sp. 4, there were six nucleotide differences in the ITS region, 
昀椀ve nucleotide differences in the tef-1α region and three nucleotide differences 
in the tub2 region. The taxonomy of the genera and species in this group re-
mains unclear (Li et al. 2021b), as some clades were not unanimously strongly 
supported, meaning the genus will be largely revised in near future. Many taxa 
are likely to be synonymised in future publications. Therefore, CFCC59989 and 
CFCC59990 were not proposed as a new species.

Culture characteristics

The effects of temperature on the growth of the 昀椀ve Pestalotioid species were 
shown in Fig. 9. When grown on PDA in the dark, all isolates grew at a tempera-
ture range of 19 to 31 °C, with optimum growth between 22 °C and 28 °C. The 
growth rate was drastically reduced below 22 °C and started to decline above 
28 °C. The regression analysis showed the optimum temperatures for P. trachy-

carpicola, P. taxicola, P. multicolor, Neopestalotiopsis sp. 3 and Neopestalotio-

psis sp. 4 were 25 °C, 24–26 °C, 22–25 °C, 25–28 °C and 25 °C, respectively. 
Within four days, the diameter of the majority of the isolates was approximately 
90 mm, which is the diameter of the PDA plate.

Light duration had no effect on the mycelial growth of the two Pestalotioid 
species (P. trachycarpicola and P. multicolor) and the best growth of the three 
Pestalotioid fungi (P. taxicola, P. multicolor and Neopestalotiopsis sp. 4) was ob-
served under continuous light (Suppl. material 4). The growth rate was highest 
for P. taxicola in 24 h light, which reached 66.4 mm diameter after four days. 
The growth rate was lowest for P. trachycarpicola in 12 h light/12 h dark, which 
reached only 55.5 mm in diameter after four days.

Five Pestalotioid species grew on all three tested carbon sources (Suppl. 
material 5). Maltose utilisation was the least e昀케cient and the medium with dex-
trose showed comparatively high growth of the three tested fungi (P. trachycar-

picola, P. multicolor and Neopestalotiopsis sp. 3). For P. taxicola, the utilisation 
of dextrose appeared to be higher than that of sucrose.

Pathogenicity assay

The pathogenicity of two Neopestalotiopsis isolates (Neopestalotiopsis sp. 
3 and Neopestalotiopsis sp. 4) and three Pestalotiopsis isolates (P. trachy-

carpicola, P. taxicola and P. multicolor) was tested by inoculating detached 
healthy needles according to Keith et al. (2003). Dark brown lesions and a 
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necrotic zone, which resembled the symptoms that occurred in the 昀椀eld, 
were observed on the needles 20 days after inoculation with mycelium plugs 
of Neopestalotiopsis sp. 3, which did not occur in the control inoculated with 
agar media or with the other four Pestalotioid species (Fig. 10). Neopestalo-

tiopsis sp. 3 was re-isolated from the infected needles and was con昀椀rmed to 
be the same as the inoculated pathogen through morphological and phylo-
genetic analyses. However, none of the 昀椀ve isolates produced typical symp-
toms in the wounded needles inoculated with the spore suspension (Fig. 
10). The results revealed that only Neopestalotiopsis sp. 3 is pathogenic to 
Chinese yew needles.

Figure 9. Effects of temperature on growth of isolates.
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Discussion

Cultivation of Chinese yew in some regions (e.g. Guangxi) has resulted in an in-
crease in yew diseases, including new needle spot diseases, which have caused 
great losses in production. However, very little is known about the pathogens and 
the presence and prevalence of needle diseases in Chinese yew (Wang et al. 2019). 
During the investigation of Pestalotioid fungi isolated from diseased Chinese yew 
in the Guangxi Province of China, Neopestalotiopsis sp. 3 was found to cause nee-
dle spots on Chinese yew. Two new species of Pestalotiopsis were identi昀椀ed in 
association with symptomatic Chinese yew, namely, P. taxicola and P. multicolor 
and one known species, P. trachycarpicola, was identi昀椀ed, based on morphology 
and multi-locus phylogeny. The results indicated that the diversity of Pestalotioid 
species associated with Chinese yew was greater than previously determined.

Figure 10. Lesions of the Chinese yew needles after 20 days. CK is the blank control. The black spots in the mid-region 

of the needles are puncture wounds made by sterilised needles.
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In the present study, the two species were distinct from other Pestalotioid 
species found in Chinese yew (Chen et al. 2002; Ding et al. 2009; Liu et al. 2010; 
Ismail et al. 2013; Li 2017; Subban et al. 2019; Qi et al. 2022; Sun et al. 2023). 
Morphologically, the conidia of P. taxicola and P. multicolor are smaller (16.5–21 
× 4–6 μm and 14.5–20 × 3.5–5.5 μm, respectively). Phylogenetically, the two 
novel species in the present study were distantly related to four known Pestalo-
tioid species, with the exception of P. a昀케nis, which was known only from its 
morphological descriptions; there were no DNA-based sequence data to com-
pare the phylogenetic relationship with our novel species (Chaiwan et al. 2020).

Pestalotioid fungi represent a diverse group of more than 593 taxa (http://www.
indexfungorum.org/). However, the taxonomy of the genera and species in this 
group remains unclear (Maharachchikumbura et al. 2014). In recent years, multi-
gene phylogenetic analyses (Combined ITS, tub2 and tef-1α sequence data) have 
been increasingly utilised to distinguish taxa in the group (Maharachchikumbura 
et al. 2012). In this study, the low statistical support for some species in the phy-
logenetic tree of Neopestalotiopsis may be due to the absence of tub2 and tef-1α 
data in some taxa (Yang et al. 2021). The interspeci昀椀c relationships in the genus 
Neopestalotiopsis are ambiguous (Li et al. 2021b), as some clades are not unan-
imously strongly supported, indicating that the relationships amongst different 
species should be revised and re-evaluated. We decided against describing Ne-

opestalotiopsis sp. 3 and sp. 4 as novel species in the genus. These two potential-
ly novel species may be synonymised with existing species during revision and/or 
monography. Additional examination of archived specimens and sequence data 
is required for a better resolution and circumscription of Neopestalotiopsis.

In the present study, P. trachycarpicola was isolated from diseased needles. This 
is the 昀椀rst report of P. trachycarpicola isolated from yews in China. Under the trial 
conditions, no symptom development occurred in any of the inoculated needles, 
suggesting that P. trachycarpicola may behave as an endophyte in Chinese yew. P. 

trachycarpicola was 昀椀rst described in Trachycarpus fortunei in the Yunnan Prov-
ince of China, causing leaf spot (Zhang et al. 2012) and has already been isolated 
from a wide range of hosts and locations worldwide (Fan et al. 2021; Khalilabad 
and Fotouhifar 2022; Araujo et al. 2023; Lan et al. 2023). For example, this fungus 
has been identi昀椀ed as the causal agent of leaf spots on Sorghum bicolor and Pa-

nax notoginseng in China (Fan et al. 2021; Lan et al. 2023), Codiaeum variegatum 
in Iran (Khalilabad and Fotouhifar 2022) and blueberry in Brazil (Araujo et al. 2023).

In the present study, various Neopestalotiopsis and Pestalotiopsis species 
were isolated from infected Chinese yew samples with similar symptoms. 
Moreover, pathogenicity tests showed that only Neopestalotiopsis sp. 3 was 
pathogenic to Chinese yew, causing dark brown lesions on wounded needles, 
suggesting that Neopestalotiopsis sp. 3 is responsible for needle-spot disease 
in Chinese yew. The four other Pestalotioid fungi that do not produce typical 
disease symptoms may be due to their relatively low virulence or endophytes 
(Reddy et al. 2016; Ma et al. 2019). Alternatively, the development of needle 
spots disease is the result of more than one biotic or abiotic factor. Different 
studies have indicated that some Neopestalotiopsis and Pestalotiopsis species 
have been isolated from healthy and dead tissues and reported as endophytic 
fungi. Several Pestalotiopsis species have been isolated as endophytes, but 
have been reported as pathogens in various hosts and in different regions 
(Moslemi and Taylor 2015; Nozawa et al. 2019; Wang et al. 2019; Chen et al. 
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2021; Jiang et al. 2021). This suggests that some species may have inter-
changeable lifestyles such as endophytes, pathogens and saprobes within the 
same host. Understanding the external factors that in昀氀uence fungal lifestyles 
can have major implications for plant health (Sun et al. 2023). Furthermore, the 
inoculation of wounded needles with mycelial plugs and spore suspensions of 
Neopestalotiopsis sp. 3 was found to be ineffective against disease infection 
and development. In future studies, the inoculum form and 昀椀eld conditions, 
such as relative humidity and temperature, should be considered. Furthermore, 
Neopestalotiopsis sp. 3 grew faster than other Pestalotioid species on all three 
carbon sources tested (p < 0.01), possibly contributing to its greater virulence 
than the others, but its growth on dextrose was not signi昀椀cantly different from 
that on the other two carbon sources (sucrose and maltose). In the present 
study, our results showed that temperature affected mycelial growth and Ne-

opestalotiopsis sp. 3 grew well at 25–28 °C. The average monthly temperature 
between May and September is 25.6 °C and 26.8 °C, respectively, at our study 
site (http://www.weather.com.cn/). This is consistent with the most severe ep-
idemic incidence and events observed during 昀椀eld surveillance and observa-
tion. Therefore, the culture characteristics of pathogenic fungi can be utilised 
to forecast and model disease spread.

In conclusion, the present study illustrates the diversity of Pestalotioid spe-
cies associated with needle spot disease in Chinese yew. Understanding the 
taxonomy, biology and pathogenicity of Pestalotioid species associated with 
the Chinese yew will provide a foundation for monitoring disease development 
and provide information for management strategies for these pathogens.
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Abstract

Tea-oil tree (Camellia oleifera Abel.) is an important edible oil woody plant with a plant-

ing area over 3,800,000 hectares in southern China. Species of Diaporthe inhabit a wide 

range of plant hosts as plant pathogens, endophytes and saprobes. Here, we conduct-

ed an extensive 昀椀eld survey in Hainan Province to identify and characterise Diaporthe 

species associated with tea-oil leaf spots. As a result, eight isolates of Diaporthe were 

obtained from symptomatic C. oleifera leaves. These isolates were studied, based on 

morphological and phylogenetic analyses of partial ITS, cal, his3, tef1 and tub2 gene 

regions. Two new Diaporthe species (D. hainanensis and D. pseudofoliicola) were pro-

posed and described herein.

Key words: DNA phylogeny, systematics, taxonomy, tea-oil tree, two new taxa

Introduction

Tea-oil tree, Camellia oleifera Abel., is a unique woody edible oil species in 
China, mainly distributed in the Qinling-Huaihe River area. It has a long histo-
ry of cultivation and utilisation for more than 2300 years since ancient China 
(Zhuang 2008). Camellia oil, obtained from C. oleifera seeds, is rich in unsatu-
rated fatty acids and unique 昀氀avours and has become a rising high-quality ed-
ible vegetable oil in China. The edible of tea-oil is also conducive to preventing 
cardiovascular sclerosis, anti-tumour, lowering blood lipid, protecting liver and 
enhancing human immunity (Wang et al. 2007). According to the Three-year Ac-
tion Plan for Accelerating the Development of oil tea Industry, Hainan Province 
is listed as a key development area of oil tea and the total area of oil tea plant-
ing in the Province is planned to reach 16,667 hm2 by 2025. The development 
of C. oleifera industry is of great signi昀椀cance for the economic development of 
Hainan Province and the poverty alleviation of local farmers.
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The expanding cultivation of C. oleifera over the last several decades has 
attracted increasing attention from plant pathologists to infectious diseases 
on this crop. Therein, diseases caused by Diaporthe species have become 
the emerging Camellia leaf diseases in southern China (Zhou and Hou 2019; 
Yang et al. 2021). During July and August of 2022, new leaf spots were de-
tected on tea-oil tree with irregular, brownish-grey lesions, often associated 
with leaf margins. Infected leaves cultured on medium had dark pycnidia 
producing ellipsoid guttulate conidia, similar to that of Diaporthe species 
(Yang et al. 2021). The asexual morph is characterised by ostiolate con-
idiomata, with cylindrical phialides producing three types (alpha, beta and 
gamma conidia) of hyaline, aseptate conidia (Udayanga et al. 2011; Gomes 
et al. 2013).

Species identi昀椀cation criteria in Diaporthe has mainly relied on host associ-
ation, morphology and culture characteristics (Mostert et al. 2001; Santos and 
Phillips 2009; Udayanga et al. 2011), which resulted in the description of over 
200 species. Some species of Diaporthe were reported to colonise a single 
host plant, while other species were found to be associated with different host 
plants (Santos and Phillips 2009; Diogo et al. 2010; Santos et al. 2011; Gomes 
et al. 2013). In addition, considerable variability of the phenotypic characters 
was found to be present within a species (Rehner and Uecker 1994; Mostert 
et al. 2001; Udayanga et al. 2011). During the past decade, a polyphasic ap-
proach, based on multi-locus DNA data, morphological, phytopathological and 
phylogenetical analyses, has been employed for species boundaries in the ge-
nus Diaporthe (Huang et al. 2015; Gao et al. 2016, 2017; Guarnaccia and Crous 
2017, 2018; Guarnaccia et al. 2018; Yang et al. 2018, 2020, 2021; Cao et al. 
2022; Bai et al. 2023; Zhu et al. 2023).

The classi昀椀cation of Diaporthe has been on-going; however, little is known 
about species able to infect C. oleifera. Thus, the objective of the present study 
was to identify the prevalence of Diaporthe spp. associated with tea-oil tree leaf 
spot in the major plantations in Hainan Province, based on morphological and 
phylogenetic features.

Materials and methods

Fungal isolation

Leaves of C. oleifera with typical symptoms of leaf spots were collected from 
the main tea-oil camellia production 昀椀elds in Hainan Province. Small sections 
(3 × 3 mm) were cut from the margins of infected tissues and surface-ster-
ilised in 75% ethanol for 30 s, then sterilised in 5% sodium hypochlorite for 
1 min, followed by three rinses with sterilised water and 昀椀nally dried on ster-
ilised 昀椀lter paper (Yang et al. 2021). The sections were then plated on to PDA 
plates and incubated at 25 °C. Fungal growth was examined daily for up to 
7 d. Isolates were then transferred aseptically to fresh PDA and puri昀椀ed by 
single-spore culturing (Fan et al. 2015). All fungal isolates were placed on PDA 
slants and stored at 4 °C. Specimens and axenic cultures are maintained in 
the Central South University of Forestry and Technology (CSUFT) in Changsha, 
Hunan Province.
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Morphological and cultural characterisation

Agar plugs (6 mm diam.) were taken from the edge of actively growing cultures on 
PDA and transferred on to the centre of 9 cm diam. Petri dishes containing 2% tap 
water agar supplemented with sterile pine needles (PNA; Smith et al. (1996)) and 
potato dextrose agar (PDA) and incubated at 25 °C under a 12 h near-ultraviolet 
light/12 h dark cycle to induce sporulation as described in recent studies (Gomes 
et al. 2013; Lombard et al. 2014). Colony characters and pigment production on 
PNA and PDA were noted after 10 d. Colony colours were rated according to Ray-
ner (1970). Cultures were examined periodically for the development of ascomata 
and conidiomata. The morphological characteristics were examined by mounting 
fungal structures in clear lactic acid and 30 measurements at 1000× magni昀椀cation 
were determined for each isolate using a Leica compound microscope (DM 2500) 
with interference contrast (DIC) optics. Descriptions, nomenclature and illustra-
tions of taxonomic novelties are deposited in MycoBank (Crous et al. 2004a).

DNA extraction, PCR ampli昀椀cation and sequencing

Genomic DNA was extracted from colonies grown on cellophane-covered PDA 
using a CTAB (cetyltrimethylammonium bromide) method (Doyle and Doyle 
1990). DNA was estimated by electrophoresis in 1% agarose gel and the qual-
ity was measured using the NanoDrop 2000 (Thermo Scienti昀椀c, Waltham, MA, 
USA), following the user manual (Desjardins et al. 2009). PCR ampli昀椀cations 
were performed in a DNA Engine Peltier Thermal Cycler (PTC-200; Bio-Rad Lab-
oratories, Hercules, CA, USA). The primer set ITS1/ITS4 (White et al. 1990) was 
used to amplify the ITS region. The primer pair CAL228F/CAL737R (Carbone 
and Kohn 1999) was used to amplify the calmodulin gene (cal) and the prim-
ers CYLH4F (Crous et al. 2004b) and H3-1b (Glass and Donaldson 1995) were 
used to amplify part of the histone H3 (his3) gene. The primer pair EF1-728F/
EF1-986R (Carbone and Kohn 1999) was used to amplify a partial fragment of 
the translation elongation factor 1-α gene (tef1). The primer set T1 (O’Donnell 
and Cigelnik 1997) and Bt2b (Glass and Donaldson 1995) was used to amplify 
the beta-tubulin gene (tub2); the additional combination of Bt2a/Bt2b (Glass 
and Donaldson 1995) was used in case of ampli昀椀cation failure of the T1/Bt2b 
primer pair. The PCR ampli昀椀cations of the genomic DNA with the phylogenet-
ic markers were undertaken using the same primer pairs and conditions as in 
Yang et al. (2018). PCR ampli昀椀cation products were assayed via electrophore-
sis in 2% agarose gels. DNA sequencing was performed using an ABI PRISM 
3730XL DNA Analyzer with a BigDye Terminater Kit v.3.1 (Invitrogen, USA) at the 
Shanghai Invitrogen Biological Technology Company Limited (Beijing, China).

Phylogenetic analyses

The quality of the ampli昀椀ed nucleotide sequences was checked and combined 
using SeqMan v.7.1.0 and reference sequences were retrieved from the Nation-
al Center for Biotechnology Information (NCBI), based on recent publications 
on the genus Diaporthe (Guarnaccia et al. 2018; Yang et al. 2018, 2020, 2021; 
Cao et al. 2022). Sequences were aligned using MAFFT v.6 (Katoh and Toh 
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2010) and corrected manually using Bioedit 7.0.9.0 (Hall 1999). The best-昀椀t 
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 
using Maximum Likelihood (ML) and Bayesian Inference (BI) methods. ML was 
conducted using PhyML v.3.0 (Guindon et al. 2010), with 1000 bootstrap repli-
cates, while BI was performed using a Markov Chain Monte Carlo (MCMC) algo-
rithm in MrBayes v.3.0 (Ronquist and Huelsenbeck 2003). Two MCMC chains, 
started from random trees for 1,000,000 generations and trees, were sampled 
every 100th generation, resulting in a total of 10,000 trees. The 昀椀rst 25% of trees 
were discarded as burn-in of each analysis. Branches with signi昀椀cant Bayesian 
Posterior Probabilities (BPP) were estimated in the remaining 7500 trees. Phylo-
genetic trees were viewed with FigTree v.1.3.1 (Rambaut and Drummond 2010) 
and processed by Adobe Illustrator CS5. The nucleotide sequence data of the 
new taxa were deposited in GenBank (Table 1). The multilocus sequence align-
ments were deposited in TreeBASE (www.treebase.org) as accession S30780.

Table 1. Isolates and GenBank accession numbers used in the phylogenetic analyses of Diaporthe.

Species Isolate
GenBank accession numbers

ITS cal his3 tef1 tub2

Diaporthe acaciigena CBS 129521 KC343005 KC343247 KC343489 KC343731 KC343973

Diaporthe acericola MFLUCC 17-0956 KY964224 KY964137 NA KY964180 KY964074

Diaporthe acerigena CFCC 52554 MH121489 MH121413 MH121449 MH121531 NA

Diaporthe acuta PSCG 047 MK626957 MK691125 MK726161 MK654802 MK691225

Diaporthe acutispora LC6161 KX986764 KX999274 KX999235 KX999155 KX999195

Diaporthe aestuarium BRIP 59930a OM918686 NA NA OM960595 OM960613

Diaporthe alangii CFCC 52556 MH121491 MH121415 MH121451 MH121533 MH121573

Diaporthe albosinensis CFCC 53066 MK432659 MK442979 MK443004 MK578133 MK578059

Diaporthe alleghaniensis CBS 495.72 KC343007 KC343249 KC343491 KC343733 KC343975

Diaporthe ambigua CBS 114015 KC343010 KC343252 KC343494 KC343736 KC343978

Diaporthe ampelina STE-U 2660 AF230751 AY745026 NA AY745056 JX275452

Diaporthe amygdali CBS 126679 MH864208 KC343264 KC343506 KC343748 KC343990

Diaporthe amygdali syn. D. chongqingensis PSCG 435 MK626916 MK691209 MK726257 MK654866 MK691321

Diaporthe amygdali syn. D. fusicola CGMCC 3.17087 KF576281 KF576233 NA KF576256 KF576305

Diaporthe amygdali syn. D. garethjonesii MFLUCC 12-
0542a

KT459423 KT459470 NA KT459457 KT459441

Diaporthe amygdali syn. D. kadsurae CFCC 52586 MH121521 MH121439 MH121479 MH121563 MH121600

Diaporthe amygdali syn. D. mediterranea SAUCC194.111 MT822639 MT855718 MT855606 MT855836 MT855951

Diaporthe amygdali syn. D. ovoicicola CGMCC 3.17093 KF576265 KF576223 NA KF576240 KF576289

Diaporthe amygdali syn. D. sterilis CBS 136969 KJ160579 KJ160548 MF418350 KJ160611 KJ160528

Diaporthe amygdali syn. D. ternstroemiae CGMCC 3.15183 KC153098 NA NA KC153089 NA

Diaporthe anacardii CBS 720.97 KC343024 KC343266 KC343508 KC343750 KC343992

Diaporthe angelicae CBS 111592 KC343027 KC343269 KC343511 KC343753 KC343995

Diaporthe annellsiae BRIP 59731a OM918687 NA NA OM960596 OM960614

Diaporthe apiculata CFCC 53068 MK432651 MK442973 MK442998 MK578127 MK578054

Diaporthe aquatica IFRDCC 3051 JQ797437 NA NA NA NA

Diaporthe arctii DP0482 KJ590736 KJ612133 KJ659218 KJ590776 KJ610891

Diaporthe arecae CBS 161.64 KC343032 KC343274 KC343516 KC343758 KC344000
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Species Isolate
GenBank accession numbers

ITS cal his3 tef1 tub2

Diaporthe arengae CBS 114979 KC343034 KC343276 KC343518 KC343760 KC344002

Diaporthe aseana MFLUCC 12-0299a KT459414 KT459464 NA KT459448 KT459432

Diaporthe asheicola CBS 136967 KJ160562 KJ160542 NA KJ160594 KJ160518

Diaporthe aspalathi CBS 117169 KC343036 KC343278 KC343520 KC343762 KC344004

Diaporthe australafricana CBS 111886 KC343038 KC343280 KC343522 KC343764 KC344006

Diaporthe australiana CBS 146457 MN708222 NA NA MN696522 MN696530

Diaporthe australpaci昀椀ca BRIP 60163d OM918688 NA NA OM960597 OM960615

Diaporthe baccae CBS 136972 KJ160565 MG281695 MF418264 KJ160597 MF418509

Diaporthe batatas CBS 122.21 KC343040 KC343282 KC343524 KC343766 KC344008

Diaporthe bauhiniae CFCC 53071 MK432648 MK442970 MK442995 MK578124 MK578051

Diaporthe beasleyi BRIP 59326a OM918689 NA NA OM960598 OM960616

Diaporthe beilharziae BRIP 54792 JX862529 NA NA JX862535 KF170921

Diaporthe benedicti SBen914 KM669929 KM669862 NA KM669785 NA

Diaporthe betulae CFCC 50469 KT732950 KT732997 KT732999 KT733016 KT733020

Diaporthe betulicola CFCC 51128 KX024653 KX024659 KX024661 KX024655 KX024657

Diaporthe betulina CFCC 52560 MH121495 MH121419 MH121455 MH121537 MH121577

Diaporthe biconispora ZJUD62 KJ490597 NA KJ490539 KJ490476 KJ490418

Diaporthe biguttulata ZJUD47 KJ490582 NA KJ490524 KJ490461 KJ490403

CFCC 52584 MH121519 MH121437 MH121477 MH121561 MH121598

Diaporthe bohemiae CBS 143347 MG281015 MG281710 MG281361 MG281536 MG281188

Diaporthe bounty BRIP 59361a OM918690 NA NA OM960599 OM960617

Diaporthe brasiliensis CBS 133183 KC343042 KC343284 KC343526 KC343768 KC344010

Diaporthe breyniae CBS 148910 ON400846 ON409189 ON409187 ON409188 ON409186

Diaporthe brumptoniae BRIP 59403a OM918702 NA NA OM960611 OM960629

Diaporthe caatingaensis URM7486 KY085927 KY115597 KY115605 KY115603 KY115600

Diaporthe camelliae-sinensis SAUCC194.92 MT822620 MT855699 MT855588 MT855932 MT855817

Diaporthe camelliae-oleiferae HNZZ027 MZ509555 MZ504685 MZ504696 MZ504707 MZ504718

Diaporthe canthii CPC 19740 JX069864 KC843174 NA KC843120 KC843230

Diaporthe carriae BRIP 59932a OM918691 NA NA OM960600 OM960618

Diaporthe caryae CFCC 52563 MH121498 MH121422 MH121458 MH121540 MH121580

Diaporthe cassines CPC 21916 KF777155 NA NA KF777244 NA

Diaporthe caulivora CBS 127268 MH864501 KC343287 KC343529 KC343771 KC344013

Diaporthe celticola CFCC 53074 MK573948 MK574587 MK574603 MK574623 MK574643

Diaporthe cercidis CFCC 52565 MH121500 MH121424 MH121460 MH121542 MH121582

Diaporthe chamaeropis CBS 454.81 KC343048 KC343290 KC343532 KC343774 KC344016

Diaporthe charlesworthii BRIP 54884m KJ197288 NA NA KJ197250 KJ197268

Diaporthe chiangmaiensis MFLU 18-1305 OK393702 NA NA OL439482 OK490918

Diaporthe chrysalidocarpi SAUCC194.35 MT822563 MT855646 MT855532 MT855760 MT855876

Diaporthe cichorii MFLUCC 17-1023 KY964220 KY964133 NA KY964176 KY964104

Diaporthe cinnamomi CFCC 52569 MH121504 NA MH121464 MH121546 MH121586

Diaporthe cissampeli CPC 27302 KX228273 NA KX228366 NA KX228384

Diaporthe citri AR3405 KC843311 KC843157 KJ420881 KC843071 KC843187

Diaporthe chensiensis CFCC 52567 MH121502 MH121426 MH121462 MH121544 MH121584

Diaporthe citriasiana CGMCC 3.15224 JQ954645 KC357491 KJ490515 JQ954663 KC357459

Diaporthe citrichinensis CGMCC 3.15225 JQ954648 KC357494 KJ420880 JQ954666 KJ490396

Diaporthe collariana MFLU 17-2770 MG806115 MG783042 NA MG783040 MG783041

Diaporthe compactum LC3083 KP267854 NA KP293508 KP267928 KP293434
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Species Isolate
GenBank accession numbers

ITS cal his3 tef1 tub2

Diaporthe conica CFCC 52571 MH121506 MH121428 MH121466 MH121548 MH121588

Diaporthe convolvuli CBS 124654 KC343054 KC343296 KC343538 KC343780 KC344022

Diaporthe coryli CFCC 53083 MK432661 MK442981 MK443006 MK578135 MK578061

Diaporthe crotalariae CBS 162.33 MH855395 JX197439 KC343540 GQ250307 KC344024

Diaporthe crousii CAA 823 MK792311 MK883835 MK871450 MK828081 MK837932

Diaporthe cucurbitae DAOM 42078 KM453210 NA KM453212 KM453211 KP118848

Diaporthe cuppatea CBS 117499 MH863021 KC343299 KC343541 KC343783 KC344025

Diaporthe cynaroidis CBS 122676 KC343058 KC343300 KC343542 KC343784 KC344026

Diaporthe cytosporella FAU461 KC843307 KC843141 MF418283 KC843116 KC843221

Diaporthe diospyricola CPC 21169 KF777156 NA NA NA NA

Diaporthe discoidispora ZJUD89 KJ490624 NA KJ490566 KJ490503 KJ490445

Diaporthe dorycnii MFLUCC 17-1015 KY964215 NA NA KY964171 KY964099

Diaporthe drenthii CBS 146453 MN708229 NA NA MN696526 MN696537

Diaporthe durionigena VTCC 930005 MN453530 NA NA MT276157 MT276159

Diaporthe elaeagni-glabrae LC4802 KX986779 KX999281 KX999251 KX999171 KX999212

Diaporthe endophytica CBS 133811 KC343065 KC343307 KC343549 KC343791 KC344033

Diaporthe eres AR5193 KJ210529 KJ434999 KJ420850 KJ210550 KJ420799

Diaporthe etinsideae BRIP 64096a OM918692 NA NA OM960601 OM960619

Diaporthe eucalyptorum CBS 132525 MH305525 NA NA NA NA

Diaporthe foeniculacea CBS 111553 KC343101 KC343343 KC343585 KC343827 KC344069

Diaporthe fraxini-angustifoliae BRIP 54781 JX862528 NA NA JX862534 KF170920

Diaporthe fraxinicola CFCC 52582 MH121517 MH121435 NA MH121559 NA

Diaporthe fructicola MAFF 246408 LC342734 LC342738 LC342737 LC342735 LC342736

Diaporthe fulvicolor PSCG 051 MK626859 MK691132 MK726163 MK654806 MK691236

Diaporthe ganjae CBS 180.91 KC343112 KC343354 KC343596 KC343838 KC344080

Diaporthe ganzhouensis CFCC 53087 MK432665 MK442985 MK443010 MK578139 MK578065

Diaporthe goulteri BRIP 55657a KJ197290 NA NA KJ197252 KJ197270

Diaporthe gossiae BRIP 59730a OM918693 NA NA OM960602 OM960620

Diaporthe grandi昀氀ori SAUCC194.84 MT822612 MT855691 MT855580 MT855809 MT855924

Diaporthe griceae BRIP 67014a OM918694 NA NA OM960603 OM960621

Diaporthe guangxiensis JZB320087 MK335765 MK736720 NA MK500161 MK523560

Diaporthe gulyae BRIP 54025 JF431299 NA NA JN645803 KJ197271

Diaporthe guttulata CGMCC 3.20100 MT385950 MW022470 MW022491 MT424685 MT424705

Diaporthe hainanenesis HNCM049 OR647684 NA OR671936 OR671944 OR671952

HNCM050 OR647685 NA OR671937 OR671945 OR671953

HNCM051 OR647686 NA OR671938 OR671946 OR671954

HNCM052 OR647687 NA OR671939 OR671947 OR671955

Diaporthe helianthi CBS 592.81 KC343115 KC343357 KC343599 KC343841 KC344083

Diaporthe heliconiae SAUCC194.77 MT822605 MT855684 MT855573 MT855802 MT855917

Diaporthe heterophyllae CPC 26215 MG600222 MG600218 MG600220 MG600224 MG600226

Diaporthe heterostemmatis SAUCC194.85 MT822613 MT855692 MT855581 MT855810 MT855925

Diaporthe hickoriae CBS 145.26 KC343118 KC343360 KC343620 KC343844 KC344086

Diaporthe hispaniae CBS 143351 MG281123 MG281820 MG281471 MG281644 MG281296

Diaporthe hongkongensis CBS 115448 KC343119 KC343361 KC343603 KC343845 KC344087

Diaporthe howardiae BRIP 59697a OM918695 NA NA OM960604 OM960622

Diaporthe hubeiensis JZB320123 MK335809 MK500235 NA MK523570 MK500148

Diaporthe hunanensis HNZZ023 MZ509550 MZ504680 MZ504691 MZ504702 MZ504713
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Species Isolate
GenBank accession numbers

ITS cal his3 tef1 tub2

Diaporthe incompleta LC6754 KX986794 KX999289 KX999265 KX999186 KX999226

Diaporthe inconspicua CBS 133813 KC343123 KC343365 KC343607 KC343849 KC344091

Diaporthe infecunda CBS 133812 KC343126 KC343368 KC343610 KC343852 KC344094

Diaporthe irregularis CGMCC 3.20092 MT385951 MT424721 NA MT424686 MT424706

Diaporthe isoberliniae CPC 22549 KJ869190 NA NA NA KJ869245

Diaporthe juglandicola CFCC 51134 KU985101 KX024616 KX024622 KX024628 KX024634

Diaporthe kochmanii BRIP 54033 JF431295 NA NA JN645809 NA

Diaporthe kongii BRIP 54031 JF431301 NA NA JN645797 KJ197272

Diaporthe krabiensis MFLUCC 17-2481 MN047100 NA NA MN433215 MN431495

Diaporthe lenispora CGMCC 3.20101 MT385952 MW022472 MW022493 MT424687 MT424707

Diaporthe litchicola BRIP 54900 JX862533 NA NA JX862539 KF170925

Diaporthe litchii SAUCC194.22 MT822550 MT855635 MT855519 MT855747 MT855863

Diaporthe lithocarpi CGMCC 3.15175 KC135104 KF576235 NA KC153095 KF576311

Diaporthe longicolla FAU599 KJ590728 KJ612124 KJ659188 KJ590767 KJ610883

Diaporthe longispora CBS 194.36 MH855769 KC343377 KC343619 KC343861 KC344103

Diaporthe lovelaceae BRIP 60163a OM918696 NA NA OM960605 OM960623

Diaporthe lusitanicae CBS 123212 MH863279 KC343378 KC343620 KC343862 KC344104

Diaporthe lutescens SAUCC194.36 MT822564 MT855647 MT855533 MT855761 MT855877

Diaporthe macadamiae CBS 146455 MN708230 NA NA MN696528 MN696539

Diaporthe macintoshii BRIP 55064a KJ197289 NA NA KJ197251 KJ197269

Diaporthe malorum CAA 734 KY435638 KY435658 KY435648 KY435627 KY435668

Diaporthe marina MFLU 17-2622 MN047102 NA NA NA NA

Diaporthe masirevicii BRIP 54256 KJ197276 NA NA KJ197238 KJ197256

Diaporthe mayteni CBS 133185 KC343139 KC343381 KC343623 KC343865 KC344107

Diaporthe maytenicola CPC 21896 KF777157 NA NA NA KF777250

Diaporthe mclennaniae BRIP 60072a OM918697 NA NA OM960606 OM960624

Diaporthe melastomatis SAUCC194.55 MT822583 MT855664 MT855551 MT855780 MT855896

Diaporthe melonis CBS 435.87 KC343141 KC343383 KC343625 KC343867 KC344109

Diaporthe middletonii BRIP 54884e KJ197286 NA NA KJ197248 KJ197266

Diaporthe minima CGMCC 3.20097 MT385953 MT424722 MW022496 MT424688 MT424708

Diaporthe minusculata CGMCC 3.20098 MT385957 MW022475 MW022499 MT424692 MT424712

Diaporthe miriciae BRIP 54736j KJ197282 NA NA KJ197244 KJ197262

Diaporthe monetii MF-Ha18-048 MW008493 MZ671938 MZ671964 MW008515 MW008504

Diaporthe moriniae BRIP 60190a OM918698 NA NA OM960607 OM960625

Diaporthe multigutullata CFCC 53095 MK432645 MK442967 MK442992 MK578121 MK578048

Diaporthe musigena CBS 129519 KC343143 KC343385 KC343267 KC343869 KC344111

Diaporthe myracrodruonis URM 7972 MK205289 MK205290 NA MK213408 MK205291

Diaporthe neoarctii CBS 109490 KC343145 KC343387 KC343629 KC343871 KC344113

Diaporthe neoraonikayaporum MFLUCC 14-1136 KU712449 KU749356 NA KU749369 KU743988

Diaporthe norfolkensis BRIP 59718a OM918699 NA NA OM960608 OM960626

Diaporthe nothofagi BRIP 54801 JX862530 NA NA JX862536 KF170922

Diaporthe novem CBS 127269 KC343155 KC343397 KC343639 KC343881 KC344123

Diaporthe ocoteae CPC 26217 KX228293 NA NA NA KX228388

Diaporthe oraccinii LC3166 KP267863 NA KP293517 KP267937 KP293443

Diaporthe ovalispora ZJUD93 KJ490628 NA KJ490570 KJ490507 KJ490449

Diaporthe oxe CBS 133186 KC343164 KC343406 KC343648 KC343890 KC344132

Diaporthe padina CFCC 52590 MH121525 MH121443 MH121483 MH121567 MH121604
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Species Isolate
GenBank accession numbers

ITS cal his3 tef1 tub2

Diaporthe pandanicola MFLUCC 17-0607 MG646974 NA NA NA MG646930

Diaporthe paranensis CBS 133184 KC343171 KC343413 KC343655 KC343897 KC344139

Diaporthe parapterocarpi CPC 22729 KJ869138 NA NA NA KJ869248

Diaporthe parvae PSCG 035 MK626920 MK691169 MK726211 MK654859 MK691249

Diaporthe pascoei BRIP 54847 JX862538 NA NA JX862538 KF170924

Diaporthe passi昀氀orae CPC 19183 JX069860 KY435644 KY435654 KY435623 KY435674

Diaporthe passi昀氀oricola CPC 27480 KX228292 NA KX228367 NA KX228387

Diaporthe penetriteum LC3215 KP267879 NA KP293532 KP267953 NA

Diaporthe perjuncta CBS 109745 KC343172 KC343414 KC343656 KC343898 KC344140

Diaporthe perseae CBS 151.73 KC343173 KC343415 KC343657 KC343899 KC343141

Diaporthe pescicola MFLUCC 16-0105 KU557555 KU557603 NA KU557623 KU557579

Diaporthe phaseolorum AR4203 KJ590738 KJ612135 KJ659220 KJ590739 KJ610893

Diaporthe platzii BRIP 60353a OM918700 NA NA OM960609 OM960627

Diaporthe phillipsii CAA 817 MK792305 MK883831 MK871445 MK828076 MN000351

Diaporthe podocarpi-macrophylli LC6155 KX986774 KX999278 KX999246 KX999167 KX999207

Diaporthe pometiae SAUCC194.72 MT822600 MT855679 MT855568 MT855797 MT855912

Diaporthe pseudoalnea CFCC 54190 MZ727037 MZ753468 MZ781302 MZ816343 MZ753487

Diaporthe pseudofoliicola HNCM045 OR647680 NA OR671932 OR671940 OR671948

HNCM046 OR647681 NA OR671933 OR671941 OR671949

HNCM047 OR647682 NA OR671934 OR671942 OR671950

HNCM048 OR647683 NA OR671935 OR671943 OR671951

Diaporthe pseudomangiferae CBS 101339 KC343181 KC343423 KC343665 KC343907 KC344149

Diaporthe pseudophoenicicola CBS 176.77 KC343183 KC343425 KC343667 KC343909 KC344151

Diaporthe psoraleae CPC 21634 KF777158 NA NA KF777245 KF777251

Diaporthe psoraleae-pinnatae CPC 21638 KF777159 NA NA NA KF777252

Diaporthe pterocarpi CPC 22729 JQ619899 JX197451 NA JX275416 JX275460

Diaporthe pterocarpicola MFLUCC 10-0580a JQ619887 JX197433 NA JX275403 JX275441

Diaporthe pungensis SAUCC194.112 MT822640 MT855719 MT855607 MT855837 MT855952

Diaporthe pyracanthae CAA483 KY435635 KY435656 KY435645 KY435625 KY435666

Diaporthe racemosae CPC 26646 MG600223 MG600219 MG600221 MG600225 MG600227

Diaporthe raonikayaporum CBS 133182 KC343188 KC343430 KC343672 KC343914 KC344156

Diaporthe ravennica MFLUCC 16-0997 NA NA NA MT394670 NA

Diaporthe rhodomyrti CFCC 53101 MK432643 MK442965 MK442990 MK578119 MK578046

Diaporthe rhusicola CPC 18191 JF951146 KC843124 NA KC843100 KC843205

Diaporthe rosae MFLUCC 17-2658 MG828894 MG829273 NA NA MG843878

Diaporthe rosiphthora COAD 2914 MT311197 MT313691 NA MT313693 NA

Diaporthe rossmaniae CAA 762 MK792290 MK883822 MK871432 MK828063 MK837914

Diaporthe rostrata CFCC 50062 KP208847 KP208849 KP208851 KP208853 KP208855

Diaporthe rudis AR3422 KC843331 KC843146 NA KC843090 KC843177

Diaporthe saccarata CBS 116311 KC343190 KC343432 KC343674 KC343916 KC344158

Diaporthe sackstonii BRIP 54669b KJ197287 NA NA KJ197249 KJ197267

Diaporthe salicicola BRIP 54825 JX862531 NA NA JX862537 KF170923

Diaporthe sambucusii CFCC 51986 KY852495 KY852499 KY852503 KY852507 KY852511

Diaporthe schimae CFCC 53103 MK442640 MK442962 MK442987 MK578116 MK578043

Diaporthe schini CBS 133181 KC343191 KC343433 KC343675 KC343917 KC344159

Diaporthe schisandrae CFCC 51988 KY852497 KY852501 KY852505 KY852509 KY852513
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Species Isolate
GenBank accession numbers

ITS cal his3 tef1 tub2

Diaporthe schoeni MFLU 15-1279 KY964226 KY964139 NA KY964182 KY964109

Diaporthe sclerotioides CBS 296.67 MH858974 KC343435 KC343677 KC343919 KC344161

Diaporthe searlei BRIP 66528 MN708231 NA NA NA MN696540

Diaporthe sennae CFCC 51636 KY203724 KY228875 NA KY228885 KY228891

Diaporthe sennicola CFCC 51634 KY203722 KY228873 KY228879 KY228883 KY228889

Diaporthe sera昀椀niae BRIP 55665a KJ197274 NA NA KJ197236 KJ197254

Diaporthe shaanxiensis CFCC 53106 MK432654 MK442976 MK443001 MK578130 NA

Diaporthe shawiae BRIP 64534a OM918701 NA NA OM960610 OM960628

Diaporthe siamensis MFLUCC 10-0573a JQ619879 JX197423 NA JX275393 JX275429

Diaporthe silvicola CFCC 54191 MZ727041 MZ753472 MZ753481 MZ816347 MZ753491

Diaporthe sojae FAU635 KJ590719 KJ612116 KJ659208 KJ590762 KJ610875

Diaporthe spinosa PSCG 383 MK626849 MK691129 MK726156 MK654811 MK691234

Diaporthe stictica CBS 370.54 KC343212 KC343454 KC343696 KC343938 KC344180

Diaporthe subclavata ZJUD95 KJ490630 NA KJ490572 KJ490509 KJ490451

Diaporthe subcylindrospora KUMCC 17-0151 MG746629 NA NA MG746630 MG746631

Diaporthe subellipicola KUMCC 17-0153 MG746632 NA NA MG746633 MG746634

Diaporthe subordinaria CBS 464.90 KC343214 KC343456 KC343698 KC343940 KC344182

Diaporthe taoicola MFLUCC 16-0117 KU557567 NA NA KU557635 KU557591

Diaporthe tectonae MFLUCC 12-0777 KU712430 KU749345 NA KU749359 KU743977

Diaporthe tectonendophytica MFLUCC 13-0471 KU712439 KU749354 NA KU749367 KU743986

Diaporthe tectonigena MFLUCC 12-0767 KX986782 KX999284 KX999254 KX999174 KX999214

Diaporthe terebinthifolii CBS 133180 KC343216 KC343458 KC343700 KC343942 KC344184

Diaporthe thunbergii MFLUCC 10-0576a JQ619893 JX197440 NA JX275409 JX275449

Diaporthe thunbergiicola MFLUCC 12-0033 KP715097 NA NA KP715098 NA

Diaporthe tibetensis CFCC 51999 MF279843 MF279888 MF279828 MF279858 MF279873

Diaporthe tulliensis BRIP 62248a KR936130 NA NA KR936133 KR936132

Diaporthe trevorrowii BRIP 70737a OM918703 NA NA OM960612 OM960630

Diaporthe ueckerae FAU656 KJ590726 KJ612122 KJ659215 KJ590747 KJ610881

Diaporthe ukurunduensis CFCC 52592 MH121527 MH121445 MH121485 MH121569 NA

Diaporthe undulata LC6624 KX986798 NA KX999269 KX999190 KX999230

Diaporthe unshiuensis CFCC 52594 MH121529 MH121447 MH121487 MH121571 MH121606

CFCC 52595 MH121530 MH121448 MH121488 MH121572 MH121607

Diaporthe vaccinii CBS 160.32 KC343228 KC343470 KC343712 KC343954 KC343196

Diaporthe vangoghii MF-Ha18-045 MW008491 MZ671936 MZ671962 MW008513 MW008502

Diaporthe vangueriae CBS 137985 KJ869137 NA NA NA KJ869247

Diaporthe vawdreyi BRIP 57887a KR936126 NA NA KR936129 KR936128

Diaporthe velutina LC4421 KX986790 NA KX999261 KX999182 KX999223

Diaporthe verniciicola CFCC 53109 MK573944 MK574583 MK574599 MK574619 MK574639

Diaporthe viniferae JZB320071 MK341551 MK500119 NA MK500107 MK500112

Diaporthe virgiliae CMW 40748 KP247556 NA NA NA KP247575

Diaporthe xishuangbanica LC6707 KX986783 NA KX999255 KX999175 KX999216

Diaporthe xunwuensis CFCC 53085 MK432663 MK442983 MK443008 MK578137 MK578063

Diaporthe yunnanensis LC6168 KX986796 KX999290 KX999267 KX999188 KX999228

Diaporthe zaobaisu PSCG 031 MK626922 NA MK726207 MK654855 MK691245

Diaporthella corylina CBS 121124 KC343004 KC343246 KC343488 KC343730 KC343972

Note: NA, not applicable. Strains in this study are marked in bold.
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Results

Phylogenetic analyses

The 昀椀ve-gene sequence dataset (ITS, cal, his3, tef1 and tub2) was analysed 
to infer the interspeci昀椀c relationships within Diaporthe. The dataset consist-
ed of 259 sequences including the outgroup taxon, Diaporthella corylina (CBS 
121124). A total of 2909 characters including gaps (528 for ITS, 608 for cal, 
563 for his3, 646 for tef1 and 564 for tub2) were included in the phylogenetic 
analysis. The best nucleotide substitution model for ITS, his3 and tub2 was 
TrN+I+G, while HKY+I+G was selected for both cal and tef1. The topologies 
resulting from ML and BI analyses of the concatenated dataset were congruent 
(Fig. 1). According to the phylogenetic tree, D. hainanensis and D. pseudofolii-
cola are new to science, based on the distinct and well-supported molecular 
phylogenetic placement with their closest described relatives. Phylogenetical-
ly, D. pseudofoliicola clustered together with D. longicolla and D. unshiuensis. 
Diaporthe hainanensis clustered together with D. cercidis and D. guangxiensis.

Figure 1. Phylogram of Diaporthe resulting from a Maximum Likelihood analysis, based on combined ITS, cal, his3, tef1 

and tub2. Numbers above the branches indicate ML bootstraps (left, ML BS ≥ 50%) and Bayesian Posterior Probabilities 
(right, BPP ≥ 0.9). The tree is rooted with Diaporthella corylina. Isolates in the current study are in blue. “-” indicates ML 

BS < 50% or BI PP < 0.9.
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Taxonomy

Diaporthe hainanensis Q. Yang, sp. nov.
MycoBank No: 848328
Fig. 2

Diagnosis. Distinguished from D. cercidis in narrower alpha conidia; from 
D. guangxiensis in shorter beta conidia.

Etymology. In reference to the Hainan Province, from where the fungus was 
昀椀rst collected.

Description. Asexual morph: Conidiomata on PNA pycnidial, globose or ros-
trated, black, erumpent in tissue, erumpent at maturity, 450–600 μm diam., often 
with pale yellowish conidial drops exuding from the ostioles. Conidiophores 

Figure 1. Continued.
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reduced to conidiogenous cells. Conidiogenous cells (10.5–)14.5–20(–21.5) × 
1.4–1.8 μm (n = 30), aseptate, cylindrical, phialidic, straight or slightly curved. 
Alpha conidia (5.5–)7–8(–8.5) × 2.1–2.9 μm (n = 30), aseptate, hyaline, ellipsoi-
dal, biguttulate. Beta conidia (21.5–)23–25 × 1.1 µm (n = 30), hyaline, aseptate, 
昀椀liform, sinuous at one end, eguttulate.

Culture characters. Culture incubated on PNA at 25 °C, originally white, 昀氀uffy 
aerial mycelium, becoming pale yellow with age, with visible solitary conidi-
omata pine needles after 15 days.

Specimens examined. China. Hainan Province: Chengmai County, on leaves 
of Camellia oleifera, 19°34'10"N, 110°18'09"E, 25 July 2022, Q. Yang (holotype 
CSUFT055; ex-type living culture: HNCM049; other living cultures: HNCM050, 
HNCM051 and HNCM052).

Notes. Four isolates representing D. hainanensis cluster in a well-supported 
clade (ML/BI = 100/1) and appear most closely related to D. cercidis on Cercis 

chinensis and D. guangxiensis on Macadamia sp. Diaporthe hainanensis can 
be distinguished from D. cercidis, based on ITS, his3, tef1and tub2 loci (13/458 
in ITS, 5/455 in his3, 33/341 in tef1 and 5/401 in tub2); from D. guangxiensis, 
based on ITS, tef1 and tub2 loci (5/457 in ITS, 2/339 in tef1 and 16/403 in tub2). 
Morphologically, D. hainanensis differs from D. cercidis in narrower alpha conid-
ia (2.1–2.9 μm vs. 3–3.5 μm) (Yang et al. 2018); from D. guangxiensis in shorter 
beta conidia (23–25 μm vs. 20–32 μm) (Manawasinghe et al. 2019).

Figure 1. Continued.
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Diaporthe pseudofoliicola Q. Yang, sp. nov.
MycoBank No: 848327
Fig. 3

Diagnosis. Distinguished from D. longicolla in having smaller alpha conidia; 
from D. unshiuensis in having narrower conidiophores.

Etymology. The epithet “pseudofoliicola” refers to its habitat similar to Dia-

porthe foliicola.
Description. Asexual morph: Conidiomata on PDA pycnidial, 190–330 μm 

in diam., super昀椀cial, scattered on PDA, dark brown to black, globose, solitary 
or clustered in groups of 1–3 pycnidia. Pale yellow conidial drops exuding 
from ostioles. Conidiophores reduced to conidiogenous cells. Conidiogenous 

cells (10.5–)12.5–18(–22) × 1.3–1.5 μm (n = 30), phialidic, aseptate, cylindri-
cal, straight, densely aggregated, terminal, slightly tapered towards the apex. 
Alpha conidia 5–6.5(–7) × 2.3–3.0 μm (n = 30), aseptate, hyaline, ellipsoidal to 
fusiform, biguttulate, both ends obtuse. Beta conidia (27.5–)30–33(–35.5) × 
1.2–1.4 µm (n = 30), hyaline, aseptate, 昀椀liform, sinuous at one end, eguttulate.

Culture characters. Culture incubated on PDA at 25 °C, originally 昀氀at with 
white 昀氀uffy aerial mycelium, becoming pale brown due to pigment formation, 
with yellowish-cream conidial drops exuding from the ostioles after 20 days.

Specimens examined. China. Hainan Province: Chengmai County, on leaves 
of Camellia oleifera, 110°15'16"E, 19°23'20"N, 25 July 2022, Q. Yang (holotype 

Figure 1. Continued.
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CSUFT050; ex-type living culture: HNCM045; other living cultures: HNCM046, 
HNCM047 and HNCM048).

Notes. Four isolates representing D. pseudofoliicola cluster in a well-sup-
ported clade (ML/BI = 100/1) and appear most closely related to D. longicolla 
on Glycine max and D. unshiuensis on Citrus unshiu. Diaporthe pseudofolii-
cola can be distinguished from D. longicolla, based on ITS, tef1 and tub2 loci 
(9/462 in ITS, 16/318 in tef1 and 4/444 in tub2); from D. unshiuensis, based 
on his3 and tef1 loci (51/457 in his3 and 17/318 in tef1). Morphologically, 
D. pseudofoliicola differs from D. longicolla in having smaller alpha conidia 

Figure 2. Diaporthe hainanensis (HNCM049) A culture on PNA B, C conidiomata D conidiogenous cells E alpha conidia 

F beta conidia. Scale bars: 500 μm (B, C); 10 μm (C, F), 20 μm (E).
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(5–6.5 × 2.3–3.0 μm vs. 6.9–7.2 × 1.6–2.8 μm) (Santos et al. 2011); from D. 

unshiuensis in having narrower conidiophores (1.3–1.5 μm vs. 1.4–2.6 μm) 
(Huang et al. 2015).

Discussion

In this study, an important oil-tea tree species, Camellia oleifera was investigat-
ed and Camellia leaf disease was found as a common disease in plantations in 
Hainan Province. Identi昀椀cation of our collections was conducted, based on iso-
lates from symptomatic leaves of C. oleifera using 昀椀ve combined loci (ITS, cal, 
his3, tef1 and tub2), as well as morphological characters. Two new Diaporthe 
species were described, i.e. D. hainanensis and D. pseudofoliicola.

According to the USDA Fungal-host interaction database, there are six re-
cords of Diaporthe species associated with C. oleifera (https://nt.ars-grin.gov/
fungaldatabases; accessed on 18 Sep 2023). These records are related to 
the following six Diaporthe species: D. eres, D. camelliae-oleiferae, D. hubeien-

sis, D. hunanensis, D. huangshanensis and D. sojae (Zhou and Hou 2019; Yang 
et al. 2021). Diaporthe eres, the type species of the genus, was described by 
Nitschke (1870) on Ulmus sp. collected in Germany, which has a widespread 
distribution and a broad host range as pathogens, endophytes or saprobes 
(Udayanga et al. 2014). Diaporthe eres differs from D. pseudofoliicola and 
D. hainanensis in having wider alpha conidia (3–4 μm in D. eres vs. 2.3–3.0 μm 
in D. pseudofoliicola vs. 2.1–2.9 μm in D. hainanensis) (Gomes et al. 2013); 
D. huangshanensis differs from D. pseudofoliicola in having shorter beta co-

Figure 3. Diaporthe pseudofoliicola (HNCM045) A culture on PDA B, C conidiomata D conidiogenous cells E alpha and 

beta conidia. Scale bars: 200 μm (B, C), 10 μm (D), 20 μm (E).
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nidia (19.5–30 μm vs. 30–33 μm); from D. hainanensis in having wider alpha 
conidia (2.7–4.5 μm vs. 2.1–2.9 μm) (Zhou and Hou 2019). Yang et al. (2021) 
recorded four Diaporthe species, D. camelliae-oleiferae, D. hubeiensis, D. hunan-

ensis and D. sojae, which were isolated from Camellia oleifera in Hunan Prov-
ince and which can be distinguished from D. pseudofoliicola and D. hainanensis, 
based on DNA sequence data (Fig. 1).

As the species concept of Diaporthe has been greatly improved by using 
molecular data (Huang et al. 2015; Gao et al. 2016, 2017; Guarnaccia and Crous 
2017; Guarnaccia et al. 2018; Yang et al. 2018, 2020, 2021; Manawasinghe et al. 
2019; Guo et al. 2020; Jiang et al. 2021; Cao et al. 2022; Bai et al. 2023; Zhu et 
al. 2023), many new species have been discovered and reported in recent years. 
In this study, the Diaporthe isolates from C. oleifera were identi昀椀ed, based on 
sequence analysis and morphological characteristics. Future studies should 
focus on pathogenicity, epidemiology and fungicide sensitivity of the important 
plant fungal pathogen to develop effective management of C. oleifera disease 
and on the pathogenic molecular mechanism.
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Research Article

Abstract

Ophiocordyceps is the largest genus in Ophiocordycipitaceae and has a broad distribu-

tion with high diversity in subtropical and tropical regions. In this study, two new species, 

pathogenic on lepidopteran larvae are introduced, based on morphological observation 

and molecular phylogeny. Ophiocordyceps fenggangensis sp. nov. is characterised by 

having 昀椀brous, stalked stroma with a sterile tip, immersed perithecia, cylindrical asci 
and 昀椀liform ascospores disarticulating into secondary spores. Ophiocordyceps liangii 
sp. nov. has the characteristics of 昀椀brous, brown, stipitate, 昀椀liform stroma, super昀椀cial 
perithecia, cylindrical asci and cylindrical-昀椀liform, non-disarticulating ascospores. A 
new combination Ophiocordyceps musicaudata (syn. Cordyceps musicaudata) is estab-

lished employing molecular analysis and morphological characteristics. Ophiocordy-

ceps musicaudata is characterised by wiry, stipitate, solitary, paired to multiple stromata, 

yellowish, branched fertile part, brown stipe, immersed perithecia, cylindrical asci and 

cylindrical-昀椀liform, non-disarticulating ascospores.

Key words: Entomopathogenic fungi, morphology, phylogenetic, two new taxa

Introduction

Hypocreales is a fungal order enriched in arthropod-pathogens, which are tax-
onomically placed in Clavicipitaceae, Cordycipitaceae, Ophiocordycipitaceae 
and Polycephalomycetaceae (Luangsa-Ard et al. 2018; Wei et al. 2021a; Xiao 
et al. 2023). Entomopathogens in these four families can infect many orders 
of insects and arachnids (Luangsa-Ard et al. 2018; Wei et al. 2022). Hypoc-
realean entomopathogens can infect various developmental stages of the 
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insect, from larva, pupa to nymph and adults (Luangsa-Ard et al. 2018). For 
example, Ophiocordyceps acicularis is a parasite on larvae of Coleoptera (Sung 
et al. 2007), Cordyceps morakotii on pupa of Hymenoptera (Tasanathai et al. 
2016), Cordyceps cocoonihabita on cocoons of Lepidoptera (Wang et al. 2020), 
Ophiocordyceps asiana on adults of Hemiptera (Khao-ngam et al. 2021), Ophio-

cordyceps dipterigena on adults of Diptera (Quandt et al. 2014) and Simplicilli-
um yunnanense on the Araneae (Wang et al. 2020).

Ophiocordycipitaceae contains more than 500 species and about three out 
of 昀椀ve species are distributed in its type genus Ophiocordyceps. Ophiocordy-

ceps was established by Petch (1931) to accommodate four species with 
non-disarticulating ascospores, as well as clavate asci with thickened api-
ces: Ophiocordyceps blattae, O. unilateralis, O. rhizoidea and O. peltata. Sub-
sequently, an increasing number of species were transferred from Cordyceps 
into Ophiocordyceps (Sung et al. 2007; Quandt et al. 2014). Ophiocordyceps are 
characterised by dark, 昀椀brous, wiry, pliant stromata, super昀椀cial to completely 
immersed perithecia, cylindrical asci with thickened cap, fusiform to 昀椀liform 
ascospores disarticulating or non-disarticulating (Sung et al. 2007; Xiao et al. 
2019). The asexual genera associated with Ophiocordyceps are Hirsutella, Hy-

menostilbe, Paraisaria, Stilbella and Syngliocladium (Sung et al. 2007; Quandt 
et al. 2014; Yang et al. 2021). By employing multigene phylogeny, Quandt et al. 
(2014) updated the generic composition of Ophiocordycipitaceae and accepted 
Drechmeria, Harposporium, Ophiocordyceps, Polycephalomyces, Purpureocilli-
um and Tolypocladium in this family; meanwhile, twelve genera including Cordy-

cepioideus, Didymobotryopsis, Didymobotrys, Hirsutella, Hymenostilbe, Mahevia, 
Paraisaria, Sorosporella, Syngliocladium, Synnematium, Trichosterigma and Tro-

globiomyces were rejected in favour of Ophiocordyceps, following the principle 
of “one fungus one name”. Mongkolsamrit et al. (2019) resurrected the genus 
Paraisaria in Ophiocordycipitaceae. Crous et al. (2020) and Araújo et al. (2022) 
established Hantamomyces and Torrubiellomyces, respectively. Xiao et al. 
(2023) transferred Polycephalomyces, Perennicordyceps and Pleurocordyceps 
from Ophiocordycipitaceae to a new family, Polycephalomycetaceae, based on 
biphasic analyses. Therefore, Ophiocordycipitaceae currently contains eight 
genera, namely Drechmeria, Hantamomyces, Harposporium, Ophiocordyceps, 
Paraisaria, Purpureocillium, Tolypocladium and Torrubiellomyces.

In this study, we collected three entomoapthogenic fungi from lepidoptera 
larvae found in disturbed forests in Guizhou Province, China. These specimens 
have typical characters of Ophiocordyceps in terms of the macro- and mi-
cro-morphologies. This study attempts to reveal their taxonomic placements, 
based on morphological characteristics and molecular analysis of the com-
bined LSU, ITS, SSU, tef1-α, rpb1 and rpb2 dataset.

Materials and methods

Collection, isolation and morphological study

Specimens were scanned from the ground of disturbed forests in Guizhou Prov-
ince, China. Three species were found to infect lepidopteran larvae and their 
stromata protruded from the ground. Amongst them, the hosts of specimen 
HKAS 125848 were found completely immersed into soil. The host of specimen 
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GACP SY22072880 was found semi-immersed into soil. The specimen HKAS 
125845 was found on leaf litter. Macro-morphological characteristics of fresh 
collections were documented with a camera (Canon 6D) and locations were re-
corded with Biotracks in the 昀椀eld. The specimens were collected into a plastic 
box and transported to the laboratory for subsequent studies. The culture of the 
specimens was obtained by transferring a small mass of mycelium inside the 
body of the host into potato dextrose agar (PDA) using a sterile inoculation nee-
dle and incubated at 25 °C (Wei et al. 2021b). A Leica stereomicroscope (Leica 
S9E) was used to examine and section the fruiting bodies. Sections of fertile 
head were mounted on glass slides with a drop of ultrapure water and covered 
with a cover slip. A Leica compound microscope (Leica DM2500) was used to 
photograph and measure perithecia, asci, peridium, apical cap, ascospores and 
secondary ascospores. The fruiting bodies were dried with allochroic silica gel 
and deposited in the Herbarium of Cryptogams, Kunming Institute of Botany of 
the Chinese Academy of Sciences (KUN-HKAS), the cultures being deposited 
in the Herbarium of Guizhou University (GACP).

DNA extraction, PCR ampli昀椀cation and sequencing

DNA was extracted from mycelium inside the body of insect hosts and from 
fresh mycelium on PDA medium using DNA extraction kit (Fungal gDNA Iso-
lation Kit, Biomiga, CA, USA), following the protocol of the manufacturer. The 
obtained total genomic DNA was stored at -20 °C. Six loci including the partial 
large subunit rRNA gene (LSU), internal transcribed spacer including the 5.8S 
rDNA gene (ITS), the partial small subunit rRNA gene (SSU), the translation 
elongation factor 1-alpha gene (tef1-α), the partial RNA polymerase II largest 
subunit (rpb1) and the partial RNA polymerase II second largest subunit (rpb2) 
were ampli昀椀ed and sequenced. The primers LROR/LR5 were used for LSU (Vil-
galys and Hester 1990), ITS5/ITS4 for ITS (White et al. 1990), NS1/NS4 for 
SSU (White et al. 1990), EF1-983F/EF1-2218R for tef1-α (Rehner and Buckley 
2005), CRPB1A/RPB1Cr for rpb1 (Castlebury et al. 2004) and fRPB2-5f/fRPB2-
7cR for rpb2 (Castlebury et al. 2004). The Polymerase Chain Reaction (PCR) 
was performed in a 50 µl volumes consisting of 22 µl PCR mixture (2× Taq 
PCR StarMix with Loading Dye, GenStar) which contains Taq DNA polymerase, 
dNTPs, Mg2+, a reaction buffer and stabiliser, 20 µl of double distilled water, 2 µl 
of each primer and 4 µl of DNA template. Ampli昀椀cations were carried out using 
a BioRAD T100 Thermal Cycler (Singapore) with the following conditions: (1) 
initialisation at 94 °C for 3 min, for ITS (2) 33 cycles of denaturation at 94 °C for 
30 sec, annealing at 51 °C for 50 sec and extension at 72 °C for 45 sec; for SSU 
and LSU (2) 33 cycles of denaturation at 94 °C for 30 sec, annealing at 50 °C 
for 30 sec and extension at 72 °C for 2 min; for tef1-α (2) 33 cycles of denatur-
ation at 94 °C for 30 sec, annealing at 58 °C for 50 sec and extension at 72 °C 
for 1 min; for rpb1 and rpb2 (2) 33 cycles of denaturation at 94 °C for 30 sec, 
annealing at 51 °C for 40 sec and extension at 72 °C for 1 min 20 sec and fol-
lowed by (3) 昀椀nal extension at 72 °C for 10 min. The PCR products were sent to 
Tsingke Biological Technology in Chongqing, China, for sequencing using the 
above primers. The generated sequences were edited manually for excluding 
ambiguous region with BioEdit v.7.0.5.3 (Hall et al. 2011). The accession num-
bers and hosts are listed in Table 1.



248MycoKeys 102: 245–266 (2024), DOI: 10.3897/mycokeys.102.113351

Xing-Can Peng et al.: 2 new species and 1 new combination

Table 1. GenBank accession numbers of the taxa used in the phylogenetic analyses, the newly- generated sequences are 

in bold, T Represents type strain, type specimens or neotype.

Current name Voucher host LSU ITS SSU tef1-α rpb1 rpb2 References

Cordyceps militaris OSC 93623 Lepidoptera AY184966 JN049825 AY184977 DQ522332 DQ522377 AY545732 Kepler et al. 2012

YFCC 6587 MN576818 MN576762 MN576988 MN576878 MN576932 Wang et al. 2020

Drechmeria 

balanoides
CBS 250.82T AF339539 AF339588 DQ522342 DQ522442 Sung et al. 2007

D. gunnii OSC 76404 Lepidoptera AF339522 JN049822 AF339572 AY489616 AY489650 DQ522426 Luangsa-Ard et 
al. 2018

D. panacis CBS 142798T Apiales MF588897 MF588878 MF588890 MF614144 Yeh et al. 2021

D. zeospora CBS 335.80T AF339540 MH861269 AF339589 EF469062 EF469091 EF469109 Vu et al. 2019

Harposporium 

anguillulae
ARSEF 5593 AY636081 Chaverri et al. 

2005

Har. cycloides ARSEF 5599 AY636083 Chaverri et al. 
2005

Har. harposporiferum ARSEF 5472T NG_060621 AF339569 Sung et al. 2001

Har. helicoides ARSEF 5354 Nematode AF339527 AF339577 Sung et al. 2001

Hirsutella citriformis ARSEF1 035 Hemiptera KM652105 KM652153 KM652064 KM651989 KM652030 Simmons et al. 
2015

ARSEF 1446 Hemiptera KM652106 KM652154 KM652065 KM651990 KM652031 Simmons et al. 
2015

Hir. fusiformis ARSEF 5474 Coleoptera KM652110 KM652067 KM651993 KM652033 Simmons et al. 
2015

Hir. gigantea ARSEF 30 Hymenoptera JX566977 JX566980 KM652034 Simmons et al. 
2015

Hir. 

kuankuoshuiensis

GZUIFR-
2012KKS3-1

Lepidoptera KY415582 KY415575 KY415590 KY945360 Qu et al. 2021

Hir. radiata ARSEF 1369 Diptera KM652119 KM652076 KM652002 KM652042 Simmons et al. 
2015

Hir. shennongjiaensis GZUIFR-
Snj121022T

Dermaptera KY945357 KT390721 KY945364 Zou et al. 2016

Ophiocordyceps 

acicularis
OSC 110987 Coleoptera EF468805 EF468950 EF468744 EF468852 Sung et al. 2007

O. agriotidis ARSEF 5692 Coleoptera DQ518754 JN049819 DQ522540 DQ522322 DQ522368 DQ522418 Kepler et al. 
2012

O. alboperitheciata YHH 16755T Lepidoptera MT222278 MT222279 MT222280 MT222281 Fan et al. 2021

O. appendiculata NBRC 106959 Coleoptera JN941412 JN943325 JN941729 AB968578 JN992463 AB968540 Ban et al. 2015

O. araracuarensis HUA 186135 Hemiptera KC610769 KP200891 KC610788 KC610738 KF658665 KC610716 Sanjuan et al. 
2015

O. asiatica BCC 86435 Blattodea MH753676 MH754723 MK214106 MK214092 Tasanathai et al. 
2019

O. bidoupensis YHH 20036T Coleoptera OK571396 OK556893 OK556897 OK556899 Zou et al. 2022

O. 

brunneiperitheciata

TBRC 8100 Lepidoptera MF614658 MF614643 MF614685 Luangsa-Ard et 
al. 2018

BCC 49312 Lepidoptera MF614660 MF614642 MF614686 Luangsa-Ard et 
al. 2018

O. coccidiicola NBRC 100682 AB968419 AB968404 AB968391 AB968583 AB968545 Ban et al. 2015

O. communis BCC 1874 Blattodea MH753679 MH754725 MK284267 MK214109 MK214095 Tasanathai et al. 
2019

O. crinalis GDGM 17327 Lepidoptera KF226254 KF226253 KF226256 KF226255 Wang et al. 2014

O. delicatula ARSEF 14442T Hemiptera MZ198251 MZ246828 MZ246829 Clifton et al. 
2021

O. elongata OSC 110989 Lepidoptera EF468808 EF468748 EF468856 Sung et al. 2007

O. entomorrhiza KEW 53484 Lepidoptera EF468809 JN049850 EF468954 EF468749 EF468857 EF468911 Quandt et al. 
2014

Ophiocordyceps 

fenggangensis

HKAS 125848T Lepidoptera OR527542 OR527535 OR526346 OR526351 This study

GACP 

FG21042850

Lepidoptera OR527541 OR527534 OR527538 OR526345 OR526350 OR526353 This study

O. 昀氀abellata YFCC 8795T Hymenoptera OL310724 OL310721 OL322688 OL322687 OL322695 Tang et al. 2023b

O. formosana TNM F13893 Coleoptera KJ878908 KJ878956 KJ878988 KJ878943 Quandt et al. 
2014

O. fusiformis BCC 93025T Blattodea MZ675422 MZ676743 MZ707849 MZ707855 MZ707805 Tasanathai et al. 
2022
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Current name Voucher host LSU ITS SSU tef1-α rpb1 rpb2 References

O. gracillima HUA 186132 Coleoptera KC610768 KF937353 KC610744 KF658666 Sanjuan et al. 
2015

Ophiocordyceps 

liangii

HKAS 125845T Lepidoptera OR527543 OR527536 OR527539 OR526347 This study

GACP 

LB22071253

Lepidoptera OR527544 OR527537 OR527540 OR526348 OR526354 This study

O. macroacicularis NBRC 105888 Lepidoptera AB968417 AB968401 AB968389 AB968575 AB968537 Ban et al. 2015

O. melolonthae OSC 110993 Coleoptera DQ518762 DQ522548 DQ522331 DQ522376 Spatafora et al. 
2007

O. monacidis MF74 Hymenoptera KX713605 KX713647 KX713712 Araújo et al. 2018

O. mosingtoensis BCC 30904 Blattodea MH753686 MH754732 MK284273 MK214115 MK214100 Tasanathai et al. 
2019

O. multiperitheciata BCC 22861 Lepidoptera MF614656 MF614640 MF614670 MF614683 Araújo et al. 
2018

Ophiocordyceps 

musicaudata

GACP 

SY22072879

Lepidoptera OR527545 OR526349 OR526352 This study

O. naomipierceae DAWKSANT Hymenoptera KX713589 KX713664 KX713701 Araújo et al. 2018

O. nigra TNS 16250 Coleoptera KJ878942 KJ878987 KJ879021 Quandt et al. 
2014

O. nigrella EFCC 9247 Lepidoptera EF468818 JN049853 EF468963 EF468758 EF468866 EF468920 Sung et al. 2007

O. nooreniae BRIP 55363T Hymenoptera KX673810 KX673811 KX673812 KX673809 Crous et al. 2016

O. ovatospora YHH 2206001T Blattodea OP295113 OP295105 OP295110 OP313801 OP313803 OP313805 Tang et al. 2022

O. pseudocommunis BCC 16757 Blattodea MH753687 MH754733 MK284274 MK214117 MK214101 Tasanathai et al. 
2019

O. pseudorhizoidea BCC 86431 Blattodea MH753674 MH754721 MK284262 MK751469 MK214090 Tasanathai et al. 
2019

O. purpureostromata TNS F18430 Coleoptera KJ878897 KJ878931 KJ878977 KJ879011 Quandt et al. 
2014

O. ravenelii OSC 110995 Coleoptera DQ518764 DQ522550 DQ522334 DQ522379 DQ522430 Spatafora et al. 
2007

O. robertsii KEW 27083 Lepidoptera EF468826 EF468766 Sung et al. 2007

O. sinensis EFCC 7287 Lepidoptera EF468827 JN049854 EF468971 EF468767 EF468874 EF468924 Sung et al. 2007

O. spataforae OSC 128575 Hemiptera EF469079 JN049845 EF469126 EF469064 EF469093 EF469110 Sung et al. 2007

O. unilateralis OSC 128574 Hymenoptera DQ518768 DQ522554 DQ522339 DQ522385 DQ522436 Spatafora et al. 
2007

Paraisaria amazonica HUA 186143 Orthoptera KJ917571 KJ917562 KM411989 KP212902 KM411982 Sanjuan et al. 
2015

Par. blattarioides HUA 186093 Blattodea KJ917570 KJ917559 KM411992 KP212910 Sanjuan et al. 
2015

HUA 186108 Blattodea KJ917569 KJ917558 KP212912 KM411984 Sanjuan et al. 
2015

Par. coenomyiae NBRC 108993T Diptera AB968412 AB968396 AB968384 AB968570 AB968532 Ban et al. 2015

Par. gracilioides HUA 186092 Coleoptera KJ130992 KJ917555 KP212915 Araújo et al. 2018

Par. gracilis EFCC 3101 Lepidoptera EF468810 EF468955 EF468750 EF468858 EF468913 Araújo et al. 2018

Par. heteropoda EFCC 10125 Hemiptera EF468812 JN049852 EF468957 EF468752 EF468860 EF468914 Sung et al. 2007

Par. orthopterorum TBRC 9710 Orthoptera MK332582 MH754743 MK214081 MK214085 Mongkolsamrit 
et al. 2019

Par. phuwiangensis BBH 43491 Coleoptera MK192058 MH188542 MH211351 Mongkolsamrit 
et al. 2019

Par. tettigonia GZUH 
CS14062709T

Orthoptera KT345954 KT345955 KT375440 KT375441 Wen et al. 2016

Par. yodhathaii TBRC 8502 Coleoptera MH201168 MH188540 MH211354 MH211350 Mongkolsamrit 
et al. 2019

Pur. lavendulum FMR 10376 Soil FR775489 FR775516 FR775512 Perdomo et al. 
2013

Pur. lilacinum CBS 431.87 Tylenchida EF468844 AY624188 EF468791 EF468897 EF468940 Kepler et al. 2012

Pur. 

takamizusanense

NHJ 3582 Hemiptera EU369034 EU369097 EU369015 Johnson et al. 
2009

Tolypocladium 
bacillisporum

C53T Eurotiales LC684523 LC684523 LC684523 LC684526 Yamamoto et al. 
2022

Tol. cylindrosporum ARSEF 2920T Soil MH871712 MG228381 MG228390 MG228384 MG228387 Vu et al. 2019

Tol. in昀氀atum OSC 71235 Coleoptera EF469077 JN049844 EF469124 EF469061 EF469090 EF469108 Kepler et al. 2012

Tol. ophioglossoides NBRC 106332 Eurotiales JN941409 JN943322 JN941732 JN992466 Schoch et al. 
2012
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Current name Voucher host LSU ITS SSU tef1-α rpb1 rpb2 References

Tol. paradoxum NBRC 100945 JN941410 JN943323 JN941731 AB968599 JN992465 AB968560 Ban et al. 2015

Torrubiellomyces 
zombiae

NY04434801T Hypocreales ON493602 ON493543 ON513396 ON513398 ON513402 Araújo et al. 2022

Polyceph Hypocreales ON513394 Araújo et al. 2022

Abbreviations: ARSEF: Agricultural Research Service Entomopathogenic Fungus Collection, USDA, USA; BBH: BIOTEC Bangkok Herbarium, Thailand; BCC: 
BIOTEC Culture Collection, Klong Luang, Thailand; BRIP: Queensland Plant Pathology Herbarium, Australia; C: Medical Mycology Research Center, Chiba 
University, Japan; CBS: Centraalbureau voor Schimmelcultures, Utrecht, the Netherlands; EFCC: Entomopathogenic Fungal Culture Collection, Chuncheon, 
Korea; FMR: Culture Collection, Facultat de Medicina i Ciències de la Salut, Reus, Spain; GDGM: the Fungal Herbarium of Guangdong Institute of Microbi-
ology, China; GZUH/GACP: Herbarium of Guizhou University, China; GZUIFR: Institute of Fungal Resources of Guizhou University, China; HKAS: Kunming 
Institute of Botany, Academia Sinica, China; HUA: Herbarium Antioquia University, Medellin, COL; KEW: mycology collection of Royal Botanical Garden, 
Surrey, UK; NBRC: Biological Resource Center, the National Institute of Technology and Evaluation, Japan; NHJ: Nigel Hywel-Jones personal collection, Thai-
land; NY: The New York Botanical Garden Herbarium, US; OSC: Oregon State University Herbarium, Corvallis, Oregon, USA; TBRC: Thailand Bioresources 
Research Center, Thailand; YFCC: Yunnan Fungal Culture Collection of Yunnan University, China; YHH: Yunnan Herbal Herbarium, China.

Sequence alignment and phylogenetic analyses

The taxa used for phylogenetic analyses were selected, based on BLAST search 
results and related references (Sung et al. 2007; Quandt et al. 2014; Sanjuan et 
al. 2015; Araújo et al. 2018; Luangsa-Ard et al. 2018). Each locus was inde-
pendently aligned with the representative sequences using MAFFT v.7 (Katoh 
and Standley 2013; Katoh et al. 2019). Uninformative gaps and ambiguous re-
gions were removed using Trimal v.1.2 (Capella-Gutiérrez et al. 2009). Trimmed 
alignments were combined with SequenceMatrix 1.8 (Vaidya et al. 2011). The 
昀椀nal combined dataset was deposited on TreeBASE (accession URL: http://
purl.org/phylo/treebase/phylows/study/TB2:S30990) and used for Maximum 
Likelihood analysis and Bayesian analysis. AliView (Larsson 2014) was used 
to convert format with NEXUS 昀椀le for Bayesian Inference analysis and FASTA 
昀椀le for Maximum Likelihood analysis. Two strains of Cordyceps militaris (BCC 
56302 and YFCC 6587) were selected as outgroup taxa.

Maximum Likelihood (ML) analysis was performed using IQ-TREE 1.6.12 with 
branch support being estimated from 5000 ultrafast bootstraps (http://iqtree.
cibiv.univie.ac.at/, accessed on 04 Sep 2023, Minh et al. (2020)). MrModelTest 
v. 2.3 (Nylander 2004) as implemented in MrMTgui v.1.0. (Nuin 2007) was used 
to determine the best-昀椀t evolution model for Bayesian Inference analyses under 
the Akaike Information Criterion (AIC). The best-昀椀t substitution model GTR+I+G 
was decided for LSU, ITS, SSU, tef1-α and rpb2 and HKY+I+G for rpb1. MrBayes 
on XSEDE (3.2.7a) in the CIPRES Science Gateway was utilised to perform 
Bayesian analysis using Markov Chain Monte Carlo sampling (MCMC). Six 
simultaneous Markov chains were run for 100,000,000 generations and trees 
were sampled every 1000 generations. The 昀椀rst 20% of the trees were discard-
ed, as they represented the burn-in phase of the analyses, while the remaining 
trees were used for calculating posterior probabilities (PP) in the majority rule 
consensus tree. Bayesian Inference trees convergence was declared when the 
average standard deviation reached 0.01. The trees were viewed with FigTree 
v.1.4.0 programme (Rambaut 2016) and edited with Adobe illustrator CS6.

Results

Phylogenetic analyses

Phylogenetic analyses were constructed with combined 6-locus sequences 
data representing 73 taxa of Ophiocordycipitaceae. The concatenated LSU-
ITS-SSU-tef1-α-rpb1-rpb2 data matrix was subjected to Maximum Likelihood 
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Figure 1. Phylogram generated from Maximum Likelihood analysis, based on combined LSU, ITS, SSU, tef1-α, rpb1 and 

rpb2 sequence data. ML bootstrap values equal to or greater than 95% and the PP equal to or greater than 0.90 are giv-

en above each node. The newly-generated sequences are indicated in blue. Type strain, type specimens or neotype are 

denoted in black bold.



252MycoKeys 102: 245–266 (2024), DOI: 10.3897/mycokeys.102.113351

Xing-Can Peng et al.: 2 new species and 1 new combination

(ML) and Bayesian Inference (BI) analyses. Trees were rooted to Cordyceps 

militaris in Cordycipitaceae. The alignment contains 4831 characters, including 
gaps (834 bp for LSU, 506 bp for ITS, 1022 bp for SSU, 918 bp for tef1-α, 665 
bp for rpb1 and 886 bp for rpb2). The likelihood of the best scoring ML tree 
was -50301.608. The respective best-昀椀t models determined by ModelFinder on 
IQ-TREE were GTR+F+I+G4 for LSU, TIM3+F+I+G4 for ITS, K2P+I+G4 for SSU, 
TIM2+F+I+G4 for TEF1-α, TN+F+I+G4 for RPB1 and RPB2. 

In the phylogenetic analyses (Fig. 1), seven genera of Ophiocordycipitaceae 
are included and their names were labelled on the right side of the tree. The phy-
logenetic results indicated that the two new species Ophiocordyceps fenggan-

gensis, O. liangii and one new combination O. musicaudata are distinct from oth-
er known species. Ophiocordyceps fenggangensis and O. musicaudata form a 
monophyletic clade close to O. alboperitheciata and Hirsutella kuankuoshuiensis 
with strong support (100% ML / 1.00 PP, Fig. 1). Ophiocordyceps liangii (HKAS 
102546) sister to O. agriotidis with strong support (100% ML/1.00 PP, Fig. 1).

Taxonomy

Ophiocordyceps fenggangensis X. C. Peng & T. C. Wen, sp. nov.
Index Fungorum: IF901112
Facesoffungi Number: FoF14887
Fig. 2

Etymology. Named after the location where the type specimen was found, 
Fenggang County, Guizhou Province, China.

Diagnosis. Parasitic on a larva of Lepidoptera. Stroma arising from the junc-
tion between head and thorax of lepidopteran larva, with a sterile tip. Perithecia 
immersed, grey-white.

Sexual morph. Stroma solitary, unbranched, brown to grey-white, 102 × 
1–1.5 mm. Fertile part up to 24 × 1.5 mm, cylindrical, attenuated toward the apex, 
grey-white when fresh, yellowish when dry, surface spinous due to the protruding 
ostioles, with a sterile tip (ca. 0.5 mm in length). Stipe cylindrical, brown to 
black, 昀椀brous, 77.5 × 1–1.2 mm. Perithecia 306–496 × 134–223 μm (x–= 388.4 × 
175.9 µm, σ = 57.35 × 31.05, n = 15), immersed, ovoid to oblong-ovate. Asci 91–
176 × 2–8 μm (x–= 136.5 × 5.3 µm, σ = 38.22 × 2.63, n = 20), cylindrical, hyaline, 
with thickened apex. Apical cap 2.5–5.0 × 3.5–5.6 μm (x–= 3.6 × 4.7 µm, σ = 0.78 
× 0.48, n = 20), hyaline, hemispherical. Ascospores 0.3–0.7 µm (x–= 0.4 µm, 
σ = 38.22 × 2.63, n = 20) wide, 昀椀liform, hyaline, easily breaking into part-spores. 
Secondary ascospores 2.8–6.0 × 0.3–0.7 μm (x–= 4.0 × 0.4 µm, σ = 0.89 × 0.08, 
n = 20), cylindrical, smooth-walled. Asexual morph: undetermined.

Culture characteristics. Colonies on PDA, attaining a diameter of 28–32 mm 
within 39 d at 20 °C, dense, leathery, cream white, convex, undulate margin, 
reverse brown, radial striation, no sporulation observed.

Material examined. China, Guizhou Province, Fenggang County, Yongan 
Town (28°05′30.83″N, 107°31′53.38″E, alt. 1149 m), on dead larva of Lepidop-
tara, 28 April 2021, Xing-Can Peng, FG21042850 (HKAS 125848 holotype, GACP 
FG21042850 ex-type living culture).

Notes. Multigene phylogenetic analysis showed that Ophiocordyceps feng-

gangensis forms a sister clade to O. musicaudata with a high support value (98% 
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Figure 2. Ophiocordyceps fenggangensis (holotype HKAS 125848) a habitat b host imbedded into the soil with the stroma 

emerging from the ground c stroma arising from the larva of Lepidoptera d host e, f reverse and front view of the culture 

on PDA g part of fertile head h part of fertile head with sterile tip (arrow indicate) i perithecia j–m asci n ascus cap o part 
of ascospores p secondary ascospores. Scale bars: 2 cm (c, e, f); 5 mm (d); 1 mm (g, h); 100 µm (i, j); 25 µm (k–m); 

10 µm (n); 5 µm (o); 2 µm (p).

ML / 0.93 PP) and grouped with O. alboperitheciata and Hirsutella kuankuoshui-
ensis (Fig. 1). Ophiocordyceps fenggangensis GACP FG21042850 and O. musi-
caudata GACP SY22072879 have 8 bp differences of nucleotides (0 bp in LSU, 
3 bp in tef1-α and 5 bp in rpb1). Morphologically, Ophiocordyceps fenggangensis 
is distinguished from O. musicaudata in having a solitary unbranched shorter 
stroma, longer perithecia, smaller asci, narrower ascospores and disarticulating 
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ascospores. Ophiocordyceps alboperitheciata is distinct from O. fenggangensis 
by its super昀椀cial, white to nearly light brown fertile part and ovoid perithecia 
(Fan et al. 2021), whereas our new species has grey-white to yellowish fertile 
part and immersed, ovoid to oblong-ovate perithecia. Additionally, the stroma of 
O. fenggangensis is longer than that of O. alboperitheciata. Perithecia and asci of 
O. fenggangensis are smaller than those of O. alboperitheciata. Hirsutella kuan-

kuoshuiensis was described only from its asexual morph which is character-
ised by clavate, narrow fusiform or botuliform conidia; and subulate or slender 
columnar phialides tapering gradually to a long narrow neck (Qu et al. 2021). 
BLAST search result showed that the ex-type strain (GACP FG21042850) match-
es Hirsutella kuankuoshuiensis GZUIFR-2012KKS3-1; however, they are different 
in 59 bp (including 1 gap) and 8 bp (including 1 gap) within ITS and rpb1 sequenc-
es, respectively. The detailed comparisons of the morphologies between these 
four aforementioned species are shown in Table 2. Based on the morphological 
differences, we introduce this fungus as a new species of Ophiocordyceps.

Ophiocordyceps liangii X. C. Peng & T. C. Wen, sp. nov.
Index Fungorum: IF901113
Facesoffungi Number: FoF14888
Fig. 3

Etymology. Named in honour of Prof. Zong-Qi Liang, who has made a signi昀椀-
cant contribution to the studies of Cordyceps sensu lato.

Diagnosis. Parasitic on lepidoptaran larva. Stroma arising from the back and 
tail of host, no sterile tip. Perithecia super昀椀cial, dark brown.

Sexual morph. Stroma paired, 昀氀exuous, 昀椀brous, 昀椀liform, tapering gradual-
ly towards the apex, unbranched, brown to dark brown, 11.3–18.8 × 0.2 cm. 
Fertile part cylindrical, dark brown, 5.4–6.1 × 0.2 cm. Stipe 昀氀exuous, brown, 
5.1–13.5 × 0.1–0.2 cm. Perithecia 350–548 × 203.5–446 μm (x–= 430.5 × 296 
µm, σ = 56.45 × 60.83, n = 25), super昀椀cial, brown, obovoid. Asci 122–271.5 × 
3.5–13.5 μm (x–= 204.8 × 8.0 µm, σ = 38.22 × 2.63, n = 40), 昀椀liform, 8-spored, 
cylindrical, with thickened apices. Apical cap 1.7–4.5 × 4.0–6.6 μm (x–= 3.2 × 
5.4 µm, σ = 0.56 × 0.59, n = 40), hyaline, conspicuous. Ascospores 67.5–270.5 
× 1.5–4.0 µm (x–= 151.3 × 2.6 µm, σ = 36.31 × 0.61, n = 55), fusiform to 昀椀liform, 
aseptate, guttulate, non-disarticulating. Asexual morph: undetermined.

Culture characters. Colonies on PDA, attaining a diameter of 21–27 mm 
within 25 d at 25 °C, dense, leathery, pale yellow at centre, white at periphery, 
radially striate, with brown or translucent droplets, reverse black brown, produc-
ing brown pigment. Sporulation not observed.

Material examined. China, Guizhou Province, Libo County, Xiaoqikong Sce-
nic Area (25°15′15.68″N, 107°43′43.98″E, alt. 458 m), on dead larva of Lepidop-
tara, on leaf litter, 12 July 2022, Xing-Can Peng, LB22071253 (HKAS 125845 
holotype, GACP LB22071253 ex-type culture).

Notes. Phylogenetic analyses revealed that Ophiocordyceps liangii is close-
ly related to O. agriotidis and O. brunneiperitheciata with high support (100% 
ML/1.00 PP, Fig. 1). Ophiocordyceps liangii differs from O. brunneiperitheciata 
and O. agriotidis in having longer stroma, larger perithecia and asci (see Ta-
ble 2). The comparison of the nucleotide sequences between O. liangii (GACP 
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Figure 3. Ophiocordyceps liangii (holotype HKAS 125845) a habitat b, c stromata arising from host d super昀椀cial perithecia e 

host f, g section of perithecia h–k asci h–i immature j, k mature l, m ascus cap n–p ascospores q–s reverse and front view of 

culture on PDA. Scale bars: 4 cm (b, c), 1 mm (d), 5 mm (e), 100 µm (f, g), 50 µm (h–k), 20 µm (l, m), 30 µm (n–p), 2 cm (q–s).

LB22071253) and O. brunneiperitheciata (TBRC 8100) showed 23 bp (including 
3 gaps) differences in LSU, 102 bp in tef1-α and 88 bp in rpb2 sequences. Ophio-

cordyceps liangii differs from O. agriotidis ARSEF 5692 by 3 bp in SSU, 70 bp (in-
cluding 20 gaps) in ITS, 20 bp (including 1 gap) in LSU, 106 bp in tef1-α and 79 bp 
in rpb2. Henceforth, we describe this taxon as a new species in Ophiocordyceps.
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Ophiocordyceps musicaudata (Z. Q. Liang & A. Y. Liu) X. C. Peng & T. C. Wen, 
comb. nov.

Index Fungorum: IF901114
Facesoffungi Number: FoF14889
Fig. 4

Cordyceps musicaudata Z. Q. Liang & A. Y. Liu. Basionym.

Diagnosis. Parasitic on larvae of insect (Lasiocampidae, Lepidoptera). Stroma 
arising from body of the host, no sterile tip. Perithecia immersed, yellowish.

Sexual morph. Stroma solitary, paired to multiple, simple or branched, 昀氀exuous, 
cylindrical with acute or round ends, 13–14 × 0.1–0.2 cm. Fertile part cylindrical, 
yellowish, 2–4.3 × 0.1–0.2 cm. Stipe 昀氀exuous, brown, 10–12 × 0.1 cm. Peridium 
15–49 µm (x–= 33 µm, σ = 8.41, n = 40) wide, composed of brown cells of textura 

angularis. Perithecia 260–492 × 144–314 μm (x–= 378 × 221 µm, σ = 37.29 × 1.57, 
n = 25), immersed, 昀氀ask-shaped. Asci 123–264 × 5–13 μm (x–= 191 × 8.1 µm, σ 
= 58.76 × 48.94, n = 80), cylindrical, 8-spored, with inconspicuous thickened cap. 
Ascospores 114–298 × 1.5–4.0 µm (x–= 198 × 2.3 µm, σ = 46.03 × 0.48, n = 45), 昀椀li-
form, irregular multi-septate, non-disarticulating. Asexual morph: undetermined.

Culture characteristics. Colonies on PDA, attaining a diameter of 21–27 mm 
within 43 d at 25 °C, dense, velvety, off-white, wrinkled bulge, reverse brown. No 
sporulation observed.

Epitype designated here. China, Guizhou Province, Suiyang County, Kuanku-
oshui National Nature Reserve (28°13′N, 107°09′E, alt. 1470–1507 m), on dead 
larva of Lepidoptera sp. buried in soil, 28 July 2022, Xing-Can Peng, SY22072880 
(HKAS 131911 epitype); Ting-Chi Wen, SY22072879 (HKAS 131912, GACP 
SY22072879, live culture).

Notes. Liang et al. (1996) published a new species, Cordyceps musicaudata 
solely based on morphological observation. The type specimen (CGAC89-62301) 
was found on the insect (Lasiocampidae, Lepidoptera) in the Kuankuoshui Nation-
al Nature Reserve, Guizhou Province, China. It is regrettable that the type specimen 
has been destroyed, thus its DNA and morphological observations could not be 
obtained. Liang et al. (1996) stated that the type specimen has characteristics of 
paired rat-tailed stromata, white to pale brown fertile part, brown stipe, immersed 
perithecia, cylindrical asci with thickened apices and 昀椀liform, multi-septate asco-
spores. In this study, we collected two fresh specimens from the same location to 
the type specimen. The fresh specimen shares similar morphology with the type 
specimen of C. musicaudata in the lepidopteran hosts, stipitate rat-tailed stroma-
ta with yellowish fertile part, immersed perithecia and 昀椀liform, multi-septate, in-
tact ascospores. Phylogenetic analysis indicated that C. musicaudata has close 
a昀케nity with O. alboperitheciata and O. fenggangensis with adequate support (99% 
ML / 1 PP, Fig. 1). The differences between C. musicaudata and O. fenggangensis 
have been mentioned in the notes of O. fenggangensis. The difference between 
C. musicaudata and O. alboperitheciata is the size and the arrangements of the 
perithecia. Ophiocordyceps musicaudata has smaller and immersed perithecia, 
whereas O. alboperitheciata has larger and super昀椀cial perithecia. The detailed 
comparisons of morphologies between our specimen and related species includ-
ing species without molecular data are shown in Table 2 (Cordyceps ochraceos-

tromata, Ophiocordyceps alboperitheciata, O. dayiensis, O. emeiensis, O. fenggan-



257MycoKeys 102: 245–266 (2024), DOI: 10.3897/mycokeys.102.113351

Xing-Can Peng et al.: 2 new species and 1 new combination

Figure 4. Ophiocordyceps musicaudata (HKAS 131911) a redrawn of Liang (2007) b habitat c, d stromata arising from 

host e fertile parts f, g reverse and front view of culture on PDA h, i perithecia j–l asci m ascus cap n–p ascospores, the 

arrows in the n, p indicating septate. Scale bars: 2 cm (c, d); 5 mm (e); 1 cm (f, g); 100 µm (h, i); 50 µm (j–l, n–p); 5 um (m).

gensis, O. laojunshanensis, O. larvarum, O. zhangjiajiensis and O. paludosa). Our 
specimen morphologically more matches Cordyceps musicaudata rather than 
other Ophiocordyceps species included in the Table 2. Therefore, we determined 
these specimens as Cordyceps musicaudata and move this species into the ge-
nus Ophiocordyceps, based on the phylogenetic a昀케liation of this new collection.
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Discussion

It has been observed that there are eight genera in Ophiocordycipitaceae that 
possess versatile lifestyles (Crous et al. 2020; Araújo et al. 2022; Xiao et al. 
2023). Drechmeria typically live as endoparasites inside nematodes and lepi-
dopteran larvae (Yu et al. 2018). Hantamomyces is a monotypic genus that was 
established by Crous et al. (2020), based on H. aloidendri found on the leaves of 
Aloidendron dichotomum. Most species of Harposporium parasitise free-living 
nematodes and rotifers; however, the taxonomic status of some species in this 
genus is still di昀케cult to determine (Crous et al. 2023). Paraisaria accommodate 
18 species that were established due to their distinctive features, such as the 
昀氀eshy, robust solitary stroma, globose to ovoid fertile head and brighter co-
lour. These characteristics are different from other Ophiocordycipitaceae spe-
cies (Mongkolsamrit et al. 2019). Purpureocillium contains six species that are 
entomopathogenic fungi or pathogenic to humans (Luangsa-Ard et al. 2011). 
Species of Tolypocladium infect hosts crossing animals, plants and fungi, 
showing highly diverse lifestyles (Yu et al. 2021). Torrubiellomyces is a ge-
nus with only one species that is a mycoparasite. The species has super昀椀cial 
perithecia that grow directly on the host’s surface (Araújo et al. 2022). Genera 
of Ophiocordycipitaceae are monophyletic with the exception of Ophiocordy-

ceps which has been split into three clades due to erection of Paraisaria (Mon-
gkolsamrit et al. 2019; Wei et al. 2021b; Wei et al. 2022). So far, there are 419 
species in the Ophiocordyceps, including 98 unclari昀椀ed Hirsutella species (until 
28 Aug 2023). Amongst them, molecular data are not available for 194 species. 
In this study, 75 taxa representing 70 species of Ophiocordyceps are sampled 
and used for phylogenetic analysis. The topologies of the main clades are simi-
lar to previous studies (Wei et al. 2022; Xiao et al. 2023). Insertion of Paraisaria 
causes paraphyly of Ophiocordyceps; Drechmeria and Purpureocillium form a 
clade sister and Harposporium forms a clade sister with Ophiocordyceps s. s. 
and Paraisaria (Xiao et al. 2023). The sexual morphs of Ophiocordyceps spe-
cies phenotypically share a darkly or brightly coloured, 昀椀brous stromata often 
with aperithecial apices or lateral pads. Perithecia are super昀椀cial to completely 
immersed, ordinal or oblique in arrangement. Asci are cylindrical to 昀椀liform with 
thickened apex. Ascospores are cylindrical, multi-septate, disarticulating into 
secondary spores or not (Sung et al. 2007). However, they can be distinguished 
according to their associated host, arrangement of perithecia, size, shape, co-
lour of fertile part and morphologies of ascospores and part-spores. Notably, 
combined molecular phylogenetic analysis provides further evidence of their 
interspeci昀椀c relationship.

Most of the fungal species published before the 1990s relied on classical 
morphology to determine the taxonomic status. It is di昀케cult to gain access to 
their molecular data and morphological illustration and other related informa-
tion as well as their type specimens. These issues emphasise the importance 
of collecting fresh specimens and clarifying them with modern approaches. 
Such work has been conducted by Sung et al. (2007) who systematically clas-
si昀椀ed Cordyceps and clavicipitaceous fungi through molecular phylogenetic 
analysis and revised most of the species of Cordyceps s. l. Henceforth, an 
increasing number of new species were described and the natural classi昀椀-
cation of hypocrealean entomopathogens were gradually elucidated, based 
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on more su昀케cient taxa sampling (Ban et al. 2009; Evans et al. 2011; Sanjuan 
et al. 2015; Simmons et al. 2015; Spatafora et al. 2015; Araújo et al. 2018; 
Khonsanit et al. 2019; Araújo et al. 2020; Mongkolsamrit et al. 2021; Yang 
et al. 2021; Araújo et al. 2022; Mongkolsamrit et al. 2022; Tang et al. 2022; 
Mongkolsamrit et al. 2023; Tang et al. 2023a, b). However, Cordyceps musi-

caudata has not been revised because there are no specimens available for 
study of its morphological and molecular data. We have conducted a study 
wherein fresh specimens were collected from the same location as the type 
of Cordyceps musicaudata. Our observations reveal that there are certain sim-
ilarities between the fresh specimen and some species mentioned in Table 
2, both at a macroscopic and microscopic level. However, we also observed 
noticeable differences between them. For example, the perithecia of Ophio-

cordyceps larvarum and O. zhangjiajiensis are pseudo-immersed; O. emeiensis 
and O. paludosa have super昀椀cial perithecia; the ascospores of O. dayiensis 
are slender; the stromata of O. laojunshanensis are short and the perithecia 
are globoid; and the ascospores of Cordyceps ochraceostromata disarticulate 
into secondary spores (see Table 2). Based on molecular analysis and updat-
ed morphological illustration, we identi昀椀ed the specimen as Cordyceps musi-

caudata and synonymised it as O. musicaudata. Moreover, two new species, 
O. fenggangensis and O. liangii are described from their sexual morphs and 
phylogenetic results support their novelty.
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Abstract

Species of Grifola are famous edible mushrooms and are deeply loved by consumers 

around the world. Most species of this genus have been described and recorded in 

Oceania, Europe and South America, with only Grifola frondosa being recorded in Asia. 

In this study, two novel species of Grifola from southwestern China (Asia) are intro-

duced. Macro and micromorphological characters are described. Grifola edulis sp. nov. 

present medium-size basidiomata with gray to gray-brown lobes upper surface, mostly 

tibiiform or narrowly clavate, rarely narrowly lageniform or ellipsoid chlamydospores, 

cuticle hyphae terminal segments slightly enlarged. Grifola sinensis sp. nov. has white 

to grayish white lobes upper surface, mostly ellipsoid, rarely narrowly utriform chlam-

ydospores, and broadly ellipsoid to ellipsoid basidiospores (4.6–7.9 × 3.0–5.9 μm). The 
two new species are supported by phylogenetic analyses of combined nuclear rDNA 

internal transcribed spacer ITS1-5.8S-ITS2 rDNA (ITS) and β-tubulin (TUBB). Moreover, 

the genetic distance between TUBB sequences of those specimen from GenBank was 

1.76–1.9%. Thus, the conspeci昀椀city relationship of our specimens remains uncertain, 
and further specimens are required to conclusively con昀椀rm its identity.

Key words: 2 new species, morphology, multi-gene phylogeny, Southeast Asia, taxonomy, 

Yunnan

Introduction

Grifola Gray (1821) was established based on the type species, G. frondosa 
(Dicks.) Gray (Gray 1821). Grifola species are characterized by their com-
pound basidiomata developing on the ground from roots at the base of trees 
or stumps and causing white-rot (Gray 1821; Rajchenberg 2002; Ryvarden and 
Melo 2014). The genus presents monomitic or dimitic hyphal system with 
clamped generative hyphae, basidiospores ovoid to ellipsoid, inamyloid, and 
abundant chlamydospores in culture (Rugolo et al. 2023).

To date, six species of Grifola have been described worldwide, of which two 
reported from North Hemisphere (G. frondosa (Dicks.) Gray is widely distributed 
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in Asia, North America and Europe (Rajchenberg 2002) and G. amazonica 
Ryvarden is only known from Brazil (Ryvarden 2004)), four species reported 
from South Hemisphere (G. sordulenta (Mont.) Singer from Argentina, Chile, 
New Zealand and Patagonia, G. colensoi (Berk.) G. Cunn. from Australia and 
New Zealand, G. gargal Singer from Argentina and Chile and G. odorata Hood, 
M. Rugolo & Rajchenb. from New Zealand) (Cunningham 1948; Singer 1962; 
Cunningham 1965; Singer 1969; Buchanan and Ryvarden 2000; Rajchenberg 
2006; Rugolo et al. 2022; Rugolo et al. 2023).

Grifola species were formerly placed in several different genera, including 
Boletus (Dickson 1785), Polyporus (Hooker 1855), Cautinia (Maas Geesteranus 
1967) and Hydnum (Bresadola 1925). In 1821, Grifola was erected with the in-
troduction of six new species (Gray 1821), but later, only two species, G. frondo-

sa and G. platypora Gray, have been accepted (Rugolo et al. 2023), four species 
have been recombined into different genera as synonyms, Grifola varia (Pers.) 
Gray as Cerioporus varius (Pers.) Zmitr. & Kovalenko (Zmitrovich and Kovalen-
ko 2016), Grifola lucida (Curtis) Gray as Ganoderma lucidum (Curtis) P. Karst. 
synonyms (Karsten 1881), Grifola cristata (Schaeff.) Gray as Laeticutis cristata 
(Schaeff.) Audet synonyms (Audet 2010), Grifola badia (Pers.) Gray as Picipes 

badius (Oer.) Zmitr. & Kovalenko synonyms (Zmitrovich and Kovalenko 2016).
Grifola frondosa is an edible mushroom cultivated in different countries, 

known as “hen of the woods” or “maitake”. It is reported for producing anti-di-
abetic (n-hexane extract, glycoprotein, and ergosterol peroxide (Konno et al. 
2013; Shen et al. 2015; He et al. 2016); anti-tumor (glycoprotein, water soluble 
extract (Shomori et al. 2009; Cui et al. 2013), anti-virus (protein, Gu et al. 2007) 
and antioxidant (protein and ergosterol, ergostra-4, 6, 8 (14), 22-tetraen-3-one, 
and 1-oleoyl-2-linoleoyl-3-palmitoylglycerol (Zhang et al. 2002)) compounds.

Recently, molecular phylogenetic approaches have increasingly been ap-
plied to investigate phylogenetic relationships among genera and species of 
Polyporales (Justo and Hibbett 2011; Justo et al. 2017). Through these stud-
ies, Grifola is strongly supported as Grifolaceae, with close relationship to the 
Polyporaceae (Justo and Hibbett 2011; Justo et al. 2017).

For the past 50 years, Grifola species have been described based only on 
morphological characteristics, until the advent of molecular phylogeny. Rugolo 
et al. (2023) provided molecular markers (ITS and TUBB), bringing more evi-
dence for the classi昀椀cation of Grifola species.

During investigations on Grifola across southwestern China, several Grifola 
collections were made. Amongst them, two Grifola species from Yunnan, China, 
are newly described herein. In addition to the morphological descriptions and 
illustrations, molecular phylogenetic analyses based on the ITS1-5.8S-ITS2, 
and TUBB supported the two new species.

Materials and methods

Morphological studies

Macro-morphological characteristics and habitat descriptions were gathered from 
photographs and 昀椀eld notes. Color codes were assigned according to Kornerup 
and Wanscher’s (1978). After recording the macromorphological characteristics, 
specimens were subjected to drying at 40 °C in a food dehydrator until all moisture 
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was eliminated. The dried specimens were then stored in sealed plastic bags. In 
the microscopic study, dried mushroom materials were sliced and placed in a 5% 
KOH solution and 1% Congo red for mounting. Microscopic features such as ba-
sidia, basidiospores, and cystidia were examined and photographed using a light 
microscope (Nikon Eclipse 80i) equipped for the purpose. In the descriptions of mi-
croscopic characters, measurements were conducted on 60–100 basidiospores 
and 20 basidia randomly selected. The notation [x/y/z] indicates x basidiospores 
measured from y basidiomata of z collections. Basidiospore dimensions are denot-
ed as (a–) b–c (–d), where the range b–c represents 95% of the measured values, 
and “a” and “d” are extreme values. Q refers to the length/width ratio of individual 
basidiospores, while Q

m
 refers to the average Q value ± standard deviation. Speci-

mens of the two newly discovered Grifola species were stored at the herbarium of 
the Kunming Institute of Botany, Chinese Academy of Sciences (KUN-HKAS).

DNA extraction, PCR ampli昀椀cation and sequencing

Genomic DNA extraction from dry specimens was performed using the Ezup Col-
umn Fungi Genomic DNA Extraction Kit (Genesand Biotech Co., Ltd, China, Beijing), 
following the manufacturer’s protocol. Subsequent steps included PCR ampli昀椀ca-
tion, puri昀椀cation of PCR products, and sequencing. The primers used for TUBB am-
pli昀椀cation were BTG3F and BTG5G (Shen et al. 2002). The ITS gene region was am-
pli昀椀ed using the primers ITS4 and ITS5, ITS2 and ITS3 (White and Hedenquist 1990).

Sequence alignment and phylogenetic analyses

The sequences of Grifola species obtained in this study, along with sequences re-
trieved from GenBank (refer to Table 1), were aligned using MAFFT version 7 (Katoh 
and Standley 2013) and veri昀椀ed in BioEdit version 7.0.5 (Hall 2007). Consistent with 
previous phylogenetic investigations, Polyporus umbellatus (Pers.) Fr. and P. squa-

mosus P.K. Buchanan & Ryvarden were employed as outgroup taxa (Shen et al. 2002).
Phylogenies and node support were initially deduced through Maximum 

Likelihood (ML) using RAxML-HPC2 version 8.2.12 (Stamatakis 2014). This 
process involved separate analyses of the three single-gene alignments, with 
1,000 rapid bootstraps, and was executed on the Cipres portal (Miller et al. 
2010). Since there was no identi昀椀ed con昀氀ict with substantial support (boot-
strap support value (BS) ≥ 70%) among the topologies, the three single-gene 
alignments were concatenated using SequenceMatrix (Vaidya et al. 2011). For 
partitioned Maximum Likelihood (ML) the concatenated dataset was analyzed, 
following the previously mentioned procedure. In the case of Bayesian Inference 
(BI), the optimal substitution model for each character set was identi昀椀ed using 
the program MrModeltest 2.3 (Nylander et al. 2004) on the CIPRES platform. 
The selected models were K80+I for 5.8S, TIM1ef+G for ITS1+ITS2, JC+I+G for 
TUBB extron, F81+G for TUBB intron. Bayesian analysis was performed using 
MrBayes version 3.2.7a (Ronquist et al. 2011) as implemented on the Cipres 
portal (Miller et al. 2010); two runs of six chains each were conducted by set-
ting generations to 800,000 and stoprul command with the stopval set to 0.01, 
and trees sampled every 200 generations. A clade was considered to be strong-
ly supported if showing a BS ≥ 70% and a posterior probability (PP) ≥ 0.90. The 
alignment was submitted to Figshare (10.6084/m9.昀椀gshare.24923559).
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Results

Phylogenetic analyses

A total of 10 newly generated sequences and 16 sequences from GenBank were 
used as ingroup. Four sequences of Polyporus umbellatus and P. squamosus 
retrieved from GenBank were used as outgroup. The alignments of the 5.8S, 
ITS1+ITS2, TUBB extron and TUBB intron sequences were 158, 396, 404, and 
180 characters long after trimming, respectively. The combined data set had an 
aligned length of 1,138 characters, of which 721 characters were constant, 417 
were variable but parsimony-uninformative, and 288 were parsimony-informative.

ML and BI analyses generated nearly identical tree topologies with little vari-
ation in statistical support. Therefore, only the ML tree is displayed (Fig. 1). 
Phylogenetic data together with thorough morphological analysis (see be-
low) showed that the two newly described taxa in this study are signi昀椀cantly 
different from other known Grifola species.

Taxonomy

Grifola edulis S.M. Tang & S.H Li, sp. nov.
MycoBank No: 851587
Figs 2–4, 10A, B

Etymology. The epithet “edulis” refers to the edibility of this species, locally 
considered a delicacy.

Table 1. Names, specimen vouchers, origin, and corresponding GenBank accession numbers of the sequences used in 

this study. New taxa are in bold; “*” following a species name indicates that the specimen is the type of that species and 

“N/A” refers to the unavailability of data.

Taxon
Voucher 

specimen
Origin Host

GenBank accession no.
Reference

ITS TUBB

Grifola colensoi MEL 2320791 Australia Eucalyptus OP168968 N/A Rugolo et al. 2023

MEL 2106744 Australia Lophozonia Cunninghamii OP168967 N/A Rugolo et al. 2023

G. edulis HKAS 131996* China Lithocarpus corneus PP079954 PP097725 This study

HKAS 131997 China Lithocarpus corneus PP079955 PP097726 This study

G. gargal CIEFAPcc-700 Argentina Lophozonia obliqua OP168980 OP455971 Rugolo et al. 2023

CIEFAPcc-327 Argentina Populus nigra OP168991 N/A Rugolo et al. 2023

HCFC 3143 Argentina Lophozonia alpina OP168989 OP455976 Rugolo et al. 2023

SGO 092562* Chile N/A N/A OP455979 Rugolo et al. 2023

G. odorata NZFRIM 1676* New Zealand Podocarpus sp. OP168994 N/A Rugolo et al. 2023

PDD 86931 New Zealand Fuscospora solandri GU222266 OP455985 Rugolo et al. 2023

G. sinensis HKAS 131995* China Lithocarpus corneus PP079956 PP097727 This study

HKAS 131998 China Lithocarpus corneus PP079957 PP097728 This study

HKAS 131994 China Lithocarpus corneus PP079958 PP097729 This study

G. sordulenta CIEFAPcc-699 Argentina Nothofagus dombeyi OP168974 N/A Rugolo et al. 2023

CIEFAPcc-280 Argentina Nothofagus dombeyi OP168973 OP455969 Rugolo et al. 2023

G. frondosa WC493 Norway Quercus robur AY049128 AY049180 Shen et al. 2002

Polyporus umbellatus Pen13513 China N/A KU189772 KU189862 Zhou et al. 2016

P. squamosus Cui 10595 China N/A KU189778 KU189868 Zhou et al. 2016
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Holotype. China. Yunnan province: Nujiang prefecture, Liuku town, elev. 
2,300 m, 8 September 2019, Shu-Hong Li, L5366 (holotype:HKAS 131996!).

Diagnosis. Differs from other Grifola species in having variable and longer 
chlamydospores (13–) 22–94 (–115) × 7–12 μm, av. 49.8 ± 28.5 × 9.4 ± 1.4 μm, 
medium-sized basidiomata 12 × 10 × 18 cm, and growing at the base of Litho-

carpus corneus.
Description. Basidiomata medium-sized, developing a fruiting structure 

composed of multiple 昀氀attened lobes that emanate from a central base, up to 
12 × 10 × 18 cm. Lobes 5–7 cm wide, 8–10 cm long, upper surface gray to gray-
brown, lower surface white. Thin cuticle. Context white, 0.5–1 mm. Pores are 
sizable and often have a convoluted, maze-like appearance, 2–4 per mm, tube 
layer 2–3 mm deep. Texture 昀氀eshy to cartilaginous, becoming hard and woody 
upon drying, emitting a pronounced almond scent when fresh or dry.

Skeletal hyphae with repent and abundant suberect, thin, aligned parallel 
longitudinal alone lobe, non-staining in IKI– and 5% NaOH solution, hyphae 
5–7 μm wide, terminal slightly enlarged, hyphae 8–10 μm wide. Pores edge 
heteromorphous, more in number of parallel hyphae, thin-walled, colorless in 
5% NaOH solution, 2–4 μm wide; pores trama regular, parallel, 80–120 μm wide, 
made up of thin-walled, cylindrical hyphae, 2–5 μm wide.

Basidia 17–29 × 5–7 μm, av. 24.6 ± 4.7 × 6.5 ± 0.5 μm, clavate, thin-walled, 
mostly 4–spored, rarely 2–spored; sterigmata 2–5 μm long. Basidiospores 
[100/2/2] (3.7–) 4.4–6.8 × 2.5–5.6 μm, av. 5.5 ± 0.5 × 4.1 ± 0.5 μm, Q = 1.1–
1.8 (–2.2), Q

m
 = 1.40 ± 0.18, broadly ellipsoid to ellipsoid, colorless in IKI– and 

5% NaOH solution, thin-walled, irregular ornamented (Fig. 10); basidiospores 
scatter plot see Fig. 5.

Figure 1. Strict consensus tree illustrating the phylogeny based on the combined 5.8S, ITS1+ITS2, TUBB extron and TUBB 

intron data set. Maximum likelihood bootstrap proportions equal to or higher than 70%, and Bayesian posterior probabili-

ties equal to or higher than 0.90 are indicated at nodes. The two Polyporus species were used as the outgroup. Holotype 

specimens are in bold.
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Culture feature (Fig. 4). Colony regular, circular, greenish gray (1B2) to gray-
ish yellow (1B3); reverse pale yellow (1A3). Dimitic hyphal system, generative 
hyphae rarely branched. Texture sub felty and farinaceous. Growth slow, 4 cm 
in 3 weeks, on Potato Dextrose Agar with Chloramphenicol and 24 °C. Myceli-
um with no distinctive odor, hyphae clamped, thin-walled, and colorless in 5% 
NaOH solution, 3–6 μm wide. Chlamydospores terminal or intercalary, irregular-
ly, thin-walled, mostly tibiiform or narrowly clavate, rarely narrowly lageniform 
or ellipsoid, (13–) 22–94 (–115) × 7–12 μm, av. 49.8 ± 28.5 × 9.4 ± 1.4 μm, 
Q = 1.4–8.3 (–15.9), Q

m
 = 5.4 ± 3.5, colorless in 5% NaOH solution.

Figure 2. Fresh basidiomata of Grifola edulis (holotype HKAS131996) A wild basidiomata B–D cultivated basidiomata 

E view of pores by stereoscope F side view of pore zone and context by stereoscope.  Photographs by Song-Ming Tang. 

Scale bars: 1 cm (A–D); 1 mm (E, F).
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Figure 3. Micromorphological features of Grifola edulis (holotype HKAS131996) A cuticle hyphae B pore edge C basidio-

spores D basidia. Photographs by Song-Ming Tang. Scale bars: 10 μm.

Habitat and distribution. Grifola edulis occurs in native forests in Yunnan, 
on Lithocarpus corneus at the base of trees, producing an aromatic white rot.

Edibility. This mushroom is highly appreciated by local communities.
Additional material examined. China. Yunnan province: Lushui city, Laowo 

town, altitude 1,755 m, 12 August 2020, Shu-Hong Li, HKAS 131997.
Notes. Grifola edulis is close to G. frondosa and G. amazonica, until now 

the only species that have been described and recorded from the Northern 
Hemisphere (Shen et al. 2002; Rugolo et al. 2023). However, in G. frondosa, 
lobes’ upper surface is gray to brown tomentose, basidiospores 5.5–6.5 × 3.5–
4.5 μm, fruiting bodies occur from September to October, growing on Quercus, 
Castanea, Fagus, and Carpinus (Rugolo et al. 2023); G. edulis presents lobes’ 
upper surface gray to gray brown, smooth, smaller basidiospores av. 5.5 ± 
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0.5 × 4.1 ± 0.5 μm, and fruiting bodies occur from August to September, on 
Lithocarpus corneus. Grifola amazonica from Brazil, has lobes’ upper surface 
evenly brown, glabrous to smooth, smaller basidiospores 4–4.5 × 3–3.5 μm, 
and pore surface pale grayish brown (Ryvarden 2004).

In our multi-locus phylogeny, G. frondosa and G. sinensis are sister to the 
clade of G. edulis. Specimen WC493 (from Norway) has the representative 
sequence for G. frondosa, given the original collection of G. frondosa in Eu-
rope (Britain). The TUBB genetic distances between G. edulis (holotype HKAS 

Figure 4. Grifola edulis culture characters (holotype HKAS131996) A colony obverse on PDA B colony in reverse C terminal 

chlamydospore D clamped generative hyphae E–F chlamydospores. Photographs by Song-Ming Tang. Scale bars: 10 μm 
(C–F).
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131996) and other accessions in the latter clade were 4.50% (26/578) for Gri-

fola frondosa (WC493), 1.21% (7/578) for G. sinensis (holotype HKAS 131995), 
thus classifying them as heterospeci昀椀c.

Grifola sinensis S.M. Tang & S.H. Li, sp. nov.
MycoBank No: 851588
Figs 6–8, 10C, D

Etymology. The epithet “sinensis” refers to the country China where this fungus 
was 昀椀rst discovered.

Holotype. China. Yunnan province: Nujiang prefecture, Fugong city, elev. 
2,230 m, 8 September 2019, Shu-Hong Li, L5453 (holotype: HKAS 131995!).

Diagnosis. Differs from other Grifola species in having a medium-sized basid-
iomata, with white to olive yellow lobes, smaller and irregular pore (2–4/mm), 
and ellipsoid to narrowly utriform chlamydospores.

Description. Basidiomata medium-sized, developing a fruiting structure 
composed of multiple 昀氀attened lobes that emanate from a central base, up to 
10 × 12 × 15 cm. Lobes 4–7 cm wide, 7–10 cm long, lower and upper surface 
white (1A1) to grayish white (1A2) when young, changing to olive yellow (2C–
D7) with age or when soaked. Thin cuticle. Context white, 1–2 mm thick. Pores 
often with a convoluted, maze-like appearance, 2–4 per mm, tubes 2–3 mm 
deep. Texture 昀氀eshy to cartilaginous, becoming hard and woody upon drying, 
and emitting a pronounced almond scent when fresh or dry.

Skeletal hyphae aligned parallel longitudinal alone lobe, with repent and 
abundant suberect terminal segments, hyphae thin-walled, non-staining 
in IKI and 5% NaOH solution, 5–7 μm wide. Pores edge heteromorphous, 
hyphae thin-walled, colorless in 5% NaOH solution, 2–4 μm wide; trama of 
tubes regular, parallel, 120–190 μm wide, made up of thin-walled hyphae, 
2–5 μm wide.

Basidia 15–28 (–32) × 5–8 μm, av. 23.0 ± 5.4 × 6.7 ± 0.7 μm, clavate, thin-
walled, mostly 2–spored, rarely 4–spored; sterigmata 2–5 μm long. Basidio-
spores [68/2/2] 4.6–7.9 × 3.0–5.9 μm, av. 5.9 ± 0.6 × 4.2 ± 0.5 μm, Q = 1.1–1.6 
(–1.8), Q

m
 = 1.42 ± 0.15, broadly ellipsoid to ellipsoid, colorless in IKI and 5% 

NaOH solution, thin-walled, irregular ornamented (Fig. 10); basidiospores scat-
ter plot, see Fig. 9.

Figure 5. Basidiospores scatter plot of Grifola edulis.
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Culture feature (Fig. 8). Colony regular, circular, greenish gray (1B2) to gray-
ish yellow (1B3); reverse pale yellow (1A3). Dimitic hyphal system, generative 
hyphae rarely branched. Texture sub felty and farinaceous. Growth slow, 4 cm 
in 3 weeks on Potato Dextrose Agar with Chloramphenicol and 24 °C. Mycelium 
with no distinctive odor, generative hyphae clamped, thin-walled, and colorless 
in 5% NaOH solution, 3–5 μm wide. Presence of chlamydospores terminal or 
intercalary, mostly ellipsoid, rarely narrowly utriform, 9.6–16.1 (–21.9) × 7.4–
11.9 μm, av. 13.4 ± 2.9 × 9.2 ± 1.2 μm, Q = 1.1–2.0 (–2.9), Q

m
 = 1.5 ± 0.5, color-

less in 5% NaOH solution, thin-walled. Generative hyphae hyaline, thin walled, 
clamped, 2.7–4.3 μm, av 3.6 ± 0.6 μm, hyphal endings arranged singly or in 
groups, with contents stained red in Congo solution.

Habitat and distribution. Grifola sinensis occurs in native forests in Yunnan, 
on Lithocarpus corneus, at the base of trees, causing an aromatic white rot.

Figure 6. Fresh basidiomata of Grifola sinensis (holotype HKAS 131995) A view of wild basidiomata pilei B view of wild 

basidiomata pores C, D cultivated basidiomata E view of pores by stereoscope F side view of pore zone and context by 

stereoscope. Photographs by Song-Ming Tang. Scale bars: 1 cm (A–D); 1 mm (E, F).
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Edibility. This species is much appreciated by the locals in Yunnan, stir-frying 
it over high heat with green peppers; it has a robust almond essence that per-
meates through the palate, accompanied by a hearty, meat-like texture.

Additional species examined. China. Yunnan Province, Nujiang prefecture, 
Fugong city, elev. 2,120 m, 5 September 2019, Shu-Hong Li, HKAS 131998; Nu-
jiang prefecture, Bingzhongluo county, elev. 1,980 m 15 October 2023, Song-
Ming Tang, HKAS 131994.

Notes. Morphologically, G. sinensis is similar to G. amazonica Ryvarden 
in having small irregular pores 2–4/mm. However, G. amazonica has evenly 
brown lobes, smaller basidiospores 4–4.5 × 3–3.5 μm, and basidia 12–14 × 

Figure 7. Micromorphological features of Grifola sinensis (holotype HKAS 131995) A cuticle hyphae B pore edge 

C basidiospores D basidia. Photographs by Song-Ming Tang. Scale bars: 10 μm.
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3.5–4.5 μm, grows on dead hardwood trees, and its distribution is in the North 
Hemisphere (Ryvarden 2004).

Grifola gargal Singer is close to G. sinensis, both having cream yellow pilei, 
and pores 1–2/mm. However, G. gargal has larger basidiospores, 7–8 × 5–6 μm, 
and monomitic hyphal system (Singer 1969; Rugolo et al. 2023).

Figure 8. Grifola sinensis cultures characters (holotype HKAS 131995) A colony obverse on PDA B colony in reverse 

C terminal chlamydospore D clamped generative hyphae E, F chlamydospores. Photographs by Song-Ming Tang. Scale 

bars: 10 μm (C–F).
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In our multi-locus phylogeny, G. sinensis is closely related to G. frondosa and G. 

edulis. However, G. frondosa has dark to pale gray pilei, larger basidiomata, up to 
40–50 cm, and white pores. Grifola edulis has irregular, mostly tibiiform or narrow-
ly clavate, rarely narrowly lageniform or ellipsoid and relatively larger chlamydo-
spores, (13–) 22–94 (–115) × 7–12 μm, av. 49.8 ± 28.5 × 9.4 ± 1.4 μm, gray to gray-
brown pilei and cuticle hyphae terminal segments slightly enlarged (this study).

Discussion

In this study, we combined sequences of four non-translated loci (5.8S, 
ITS1+ITS2, TUBB extron and TUBB intron) to carry out phylogenetic analyses of 

Figure 9. Basidiospores scatter plot of Grifola sinensis.

Figure 10. Characteristics of basidiospores ornamentations A, B Grifola edulis (HKAS 131996) C, D Grifola sinensis 

(HKAS 131995).

A B

C D
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Grifola species, in order to investigate the phylogenetic relationships between 
the two new species we described and other Grifola species. At present, eight 
Grifola species have been described in the world, including this study two novel 
species, each species are given in the Table 2.

Chlamydospores size and shape are important characters for identifying 
species of Grifola, but ignored in previous studies, being Rugolo et al. (2023) 
the 昀椀rst to provide the description of G. odorata chlamydospores. Chlamydo-
spores of G. edulis and G. sinensis clearly differ in size and shape, in G. edulis 
chlamydospores are irregular, mostly tibiiform or narrowly clavate, rarely nar-
rowly lageniform or ellipsoid, (13–) 22–94 (–115) × 7–12 μm, av. 49.8 ± 28.5 × 
9.4 ± 1.4 μm; in G. sinensis chlamydospores are mostly ellipsoid, rarely narrowly 
utriform, 9.6–16.1 (–21.9) × 7.4–11.9 μm, av. 13.4 ± 2.9 × 9.2 ± 1.2 μm, Q = 
1.1–2.0 (–2.9).

The phylogenetic analysis conducted by Rugolo et al. (2023) revealed that 
Grifola taxa form two well clades, one from the northern Hemispheres and an-

Table 2. Synopsis of the species of Grifola.

Species Basidiospores Basidia Pilei surface Pores Chlamydospores

Basidiomata 

size and hyphal 

system

Host Reference

G. amazonica Ellipsoid; 
4–4.5 × 3–3.5 

μm

12–14 × 
3.5–4.5 

μm

Deep purplish 
bay to dark 

brown

Pore surface pale 
grayish brown; pores 
3–5 per mm; tubes 

concolorous, 5 mm deep

– Up to 8 cm 
wide; dimitic 

hyphal system

On dead 
hardwood tree

Ryvarden L. 
2004

G. colensoi 4–5 × 4–5 μm – Smoky brown, 
dark brown or 

purplish
black

Pores large, irregular, 
usually rather elongated 

laterally, radially 
arranged

– 32 × 27 × 25 
cm; dimitic 

hyphal system

Fuscospora 

fusca and 
Eucalyptus

Cunningham 
1965; 

Rugolo et al. 
2023

G. edulis (3.7–) 4.4–6.8 

× 2.5–5.6 μm; 
av. 5.5 ± 0.5 × 

4.1 ± 0.5 μm

17–29 

× 5–7 

μm

Gray to gray-
brown

Pore surface white; 
tubes 2–3 mm deep; 
pores 2–4 per mm

Mostly tibiiform or 

narrowly clavate, 

rarely narrowly 

lageniform or 
ellipsoid, (13–) 

22–94 (–115) × 

7–12 μm

12 × 10 × 18 

cm; dimitic 
hyphal system

Lithocarpus 

corneus

This study

G. gargal Ellipsoid; 
7–8×5–6 μm

– Cream yellow, 
light brown or 

gray

Pore surface white; 
tubes up to 5 mm deep; 

pores 1–2 per mm

– Up to 30 
cm wide; 

monomitic 
hyphal
system

Lophozonia 

obliqua, L. alpina, 
Weinmania, 

Amomyrtus, and 
Eucryphia

Singer 1969; 
Rajchenberg 
2002, 2006

G. odorata Subglobose 
to broadly 
ellipsoid, 

5.8–8.5 × 5–7 
μm

30 × 8 
μm

Gray, brown, 
light brown, or 

white

Pore surface white; 
pores 1–2 per mm

Subglobose, 
10–11 × 7–8 μm

35 × 22 × 24 
cm; monomitic 
hyphal system

Metrosideros 

robusta, 
M. excelsa, 
Fuscospora 

solandri, and F. 

fusca

Rugolo et al. 
2023

G. sinensis 4.6–7.9 × 

3.0–5.9 μm, 
av. 5.9 ± 0.6 × 

4.2 ± 0.5 μm

15–28 

(–32) 

× 5–8 

μm

White to 
grayish white 
when young, 
changing to 
olive yellow 

with age or 
when soaked

Pore surface white to 

grayish white when 
young, changing to olive 
yellow with age or when 
soaked; tubes 2–3 mm 

deep, pores 2–4 per mm

Mostly ellipsoid, 

rarely narrowly 

utriform, 9.6–16.1 

(–21.9) × 

7.4–11.9 μm

10 × 12 × 15 

cm; dimitic 
hyphal system

Lithocarpus 

corneus

This study

G. sordulenta Ellipsoid to 
ovoid; 6–7×4–

5 μm

– Cream color, 
light cinnamon 

or grayish

Pore surface cream-
color; pores 1–2 per mm

– 35 × 15 × 30 
cm; monomitic 
hyphal system

Nothofagus 

dombeyi

Singer 1969; 
Rajchenberg 
2002, 2006

G. frondosa 5.5–6.5 (–7) × 
3.5–4.5 μm

– Pale gray Pore surface white; 
pores 2–4 per mm

– Up to 40–50 
cm wide; 

dimitic hyphal 
system

Quercus, 
Castanea, Fagus 

and Carpinu

Gray 1821; 
Rugolo et al. 

2023
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other from the southern Hemisphere; our research also con昀椀rms this result. 
The North Hemisphere clade includes G. frondosa, as well as our collections of 
G. edulis and G. sinensis. Shen et al. (2002) studied the isolation of G. frondo-

sa worldwide, and identi昀椀ed partition in different phylogenetic species. In this 
study, we designated specimen WC493 (from Norway) as G. frondosa, follow-
ing the type specimen from Europe (Shen et al. 2002), and the three species 
are clearly separated in our phylogenetic tree (Fig. 1). The south Hemisphere 
clade comprises G. sordulenta, G. colensoi, G. gargal and G. odorata; species 
of G. sordulenta and G. colensoi form a sister clade, are characterized by dark 
brown or purplish black pilei, with no distinct odor (Rajchenberg 2006).

Previously, Asian Grifola isolates were all considered as of G. frondosa (Shen 
et al. 2002). Studies only based on morphology or molecular analyses were 
insu昀케ciently informative. Combining morphological and phylogenetic analysis, 
we introduce two new species from Asia, very close to G. frondosa (WC493) 
(Fig. 1). Approximately four decades ago, maitake mushrooms were exclusive-
ly sourced from their natural habitat. Grifola frondosa commercial cultivation 
commenced in Japan, as documented by Takama et al. (1981). Since that time, 
Japan has emerged as the predominant global producer of maitake, contrib-
uting to 98% of the total worldwide production (Chang 1999). Subsequently, 
industrial cultivation of maitake in China also rapidly developed. In 2022, the 
annual maitake production in China reached approximately 50,000 tons (from 
the China Edible Fungi Association). As Grifola frondosa, G. edulis and G. sin-

ensis form a clade, this implies that G. edulis and G. sinensis may also have 
potential cultivation value.

Species of Grifola host are variable, including genera Eucalyptus, Lophozonia, 
Lithocarpus, Populus, Podocarpus, Fuscospora, Nothofagus, and Quercus, most 
Grifola species have different hosts, rarely Grifola species only found under the 
same host (Cunningham 1948; Singer 1962; Cunningham 1965; Singer 1969; 
Buchanan and Ryvarden 2000; Rajchenberg 2006; Rugolo et al. 2023).

We use 750 mL plastic bottles to cultivate G. edulis and G. sinensis at room 
temperature of 20 °C–25 °C and air humidity of 70%–85%; the cultivated mate-
rial is 80% sawdust, 18% wheat bran, 1% sugar and 1% gypsum, the biological 
conversion rate of G. edulis and G. sinensis is approximately 20%.

Grifola edulis and G. sinensis are widely distributed in the subtropical broad-
leaved forests of Gongshan city in Yunnan, where the annual average tempera-
ture is 11–22 °C, and the elevation is between 1,170–5,128 m (Wang 2018). 
In China, Yunnan, there is a tropical to subtropical climate suitable for abun-
dance of fungal resources, so certainly more Grifola species will be discovered 
in the future.
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Abstract

Members of the lichen-forming fungal genus Oxneriaria are known to occur in cold polar 

and high altitudinal environments. Two new species, Oxneriaria crittendenii and O. deo-

saiensis, are now described from the high altitude Deosai Plains, Pakistan, based on phe-

notypic, multigene phylogenetic and chemical evidence. Phenotypically, O. crittendenii is 

characterised by orbicular light-brown thalli 1.5–5 cm across, spot tests (K, C, KC) nega-

tive, apothecia pruinose, hymenium initially blue then dark orange in response to Lugol’s 

solution. Oxneriaria deosaiensis is characterised by irregular areolate grey thalli 1.5–2 cm 

across, K test (light brown), KC test (dark brown), apothecia epruinose, hymenium initially 

blue then dark blue in response to Lugol’s solution. Both species share the same char-

acters of thalli with black margins and polarilocular ascospores. The closest previously 

reported species, O. pruinosa, differs from O. crittendenii and O. deosaiensis in having 

non-lobate margins, thin thalline exciple (45–80 μm thick), short asci (55–80 × 25–42 μm) 
and K positive (yellow) and KC negative tests and divergent DNA sequence in the ITS, LSU 

and mt SSU regions. The newly-described Oxneriaria species add to growing evidence of 

the Deosai Plains as a region of important arctic-alpine biodiversity.

Key words: Aspicilia, Gilgit-Baltistan, Himalaya, Karakorum, Maximum Likelihood, 

Pertusariales, Skardu

Introduction

The Deosai Plains are located between the Himalaya and Karakorum, two of the 
world’s most famous mountain ranges, with an average elevation of over 4,000 m 
(Woods et al. 1997). They represent one of the most important high altitude alpine 
grasslands and summer pastures of the trans-Himalayan range in Pakistan. Three 
important river systems originate from the Deosai Plains, namely the Shatung, 
Bara Pani and Kala Pani, which combine to form the Shigar River, an important 
tributary of the Indus River (Hussain 2014). The Deosai Plains are characterised 
by an undulating topography with a range of edaphic conditions and ecological 
niches present that are subject to extreme cold conditions for long periods of the 
year. A diverse range of 昀氀ora and fauna have been recorded, which are considered 
to be adapted for survival under such conditions (Woods et al. 1997; Usman et al. 
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2021). The highland arctic-alpine ecosystem includes herbaceous perennial grass-
es and sedges which dominate the vegetation of the plateau, forming dense moist 
grasslands in the valley plains, whilst dwarfed and stunted vegetation, 昀氀ower 昀椀elds, 
rocky outcrops and soil crusts are also present (Stewart 1961; Hussain et al. 2015).

Members of the lichen-forming genus Oxneriaria S.Y. Kondr. & Lőkös are dis-
tributed in cold polar and high-altitude localities of Eurasia and the Northern 
Hemisphere (Nordin et al. 2011; Haji-Moniri et al. 2017; Chesnokov et al. 2018; 
Halıcı et al. 2018). They are characterised by the presence of a radiating lichen 
thallus with a wrinkled or lobate peripheral zone, relatively small ascospores, 
production of substictic acid and positioning as a distinct branch on phyloge-
netic trees in the Megasporaceae. They grow on rocks and have been observed 
growing side by side with other taxa of the same and other genera (Haji-Moniri 
et al. 2017). The genus was 昀椀rst named by Haji-Moniri et al. (2017) who trans-
ferred over nine species that were previously included in the genus Aspicilia. A 
total of fourteen species have, so far, been described for the genus Oxneriaria 
(Haji-Moniri et al. 2017; Asghar et al. 2023; Iqbal et al. 2023; Zul昀椀qar et al. 2023).

Four species of the genus Oxneriaria have, so far, been described from Pakistan 
with a distance of 300 to 650 km from Deosai Plains, namely O. iqbalii R. Zul昀椀qar, 
H. S. Asghar, K. Habib & Khalid from Kohistan (350 km) and Swat (500 km), O. ko-

histaniensis R. Zul昀椀qar, K. Habib & Khalid from Kohistan (350 km), O. pakistan-

ica M. S. Iqbal, Usman, K. Habib & Khalid from Darel (300 km) and O. pruinosa 
H. S. Asghar., Usman, K. Habib & Khalid from Chitral (650 km). These were all 
found at relatively high altitudes up to ca. 2,500 m (Asghar et al. 2023; Iqbal et 
al. 2023; Zul昀椀qar et al. 2023). During the period 2019 to 2020, several collections 
of lichens were made from the Deosai Plains and adjacent localities at altitudes 
above 4,000 m. From this collection, four samples were attributed to the genus 
Oxneriaria, which comprised two new species as will be described in this study.

Materials and methods

Sample collection

More than half of the Deosai Plains are situated between an elevation (elev.) 
of 4,000 and 4,500 m with an average daily temperature ranging from -20 °C 
(January-February) to 12 °C (July-August). Annual precipitation varies from 350 
to 550 mm, mostly received during winter as snow (WAPDA 2012; Usman et al. 
2021). Lichen collections were made from both rock and soil crusts during the 
period May 2019 to Sept 2020 from various locations in the Deosai Plains Na-
tional Park, Gilgit Baltistan, Pakistan (see later for precise collection site details 
for particular specimens) at altitudes between 4,177 and 4,689 m. Samples 
were air dried before storage and examination.

Morpho-anatomical and chemical studies

Methods for the examination of external morphology, macroscopic and mi-
croscopic characters and their measurements were followed and recorded 
according to the terminology of Ryan et al. (2002). All the measurements of 
anatomical structures were noted in water with an average of 25 ascospores 
per collection and 5 - 6 sections were prepared for the thallus, apothecia and 
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pycnidia. The algal partner was identi昀椀ed by following Friedl and Büdel (2008). 
For thallus chemical reactions, standard K (5% potassium hydroxide aqueous 
solution), C (commercial bleach), KC (commercial bleach after 5% potassium 
hydroxide aqueous solution) and ultra-violet (UV) tests were done. Solvents A 
(toluene/dioxane/ acetic acid as 180:45:5) and G (toluene/ ethyl acetate/ for-
mic acid as 139:83:8) were used for the detection of secondary metabolites 
through thin layer chromatography (TLC) as described by Orange et al. (2010).

Molecular and phylogenetic analyses

Nuclear DNA was extracted from apothecia present on thalli using a GF1 Plant 
DNA extraction kit according to the manufacturer’s instruction (Vivantis, Selan-
gor Darul Ehsan, Malaysia). Primers used for ampli昀椀cations were ITS1F 5'-CCT 
GGT CAT TTA GAG GAA GT A A-3 ' and ITS4 5'-TCC TCC GCT CTA TTG ATA 
TGC-3' for the internal transcribed spacer (ITS1-5.8S-ITS2) region, while LROR 
5'-ACC CGC TGA ACT TAA GC-3' and LR5 5'-TCC TGA GGG AAA CTT CG-3' were 
used for the nuclear large subunit (LSU) ribosomal RNA region (White et al. 
1990; Gardes and Bruns 1993). For the mitochondrial (mt) small subunit (SSU) 
ribosomal RNA region, SSU1 5'-AGC AGT GAG GAA TAT TGG TC-3' and SSU3R 
5'-ATG TGG CAC GTC TAT AGC CC-3' were used (Zoller et al. 1999). Polymerase 
chain reaction (PCR) conditions adapted from those of Gardes and Bruns 
(1993) were followed according to Zoller et al. (1999) and Usman and Khalid 
(2020). The PCR amplicons were puri昀椀ed using a QIAquick PCR Puri昀椀cation Kit 
(Qiagen, Valencia, CA, USA) and then sent for sequencing to TsingKe, China.

Forward and reverse sequences of the ITS, LSU and mt SSU regions were ob-
tained in FASTA format and sequences were assembled using BIOEDIT v. 7.2.5 
(Hall 1999). These were compared with related DNA sequences available online 
through BLAST at NCBI (https://www.ncbi.nlm.nih.gov/guide). The sequences 
used in the ITS, LSU and mt SSU dataset were retrieved from the NCBI database, 
based on similarity of 93% identity or greater, plus all published sequences from 
the genus Oxneriaria (Nordin et al. 2007; Nordin et al. 2011; Asghar et al. 2023; 
Iqbal et al. 2023; Zul昀椀qar et al. 2023). Sequences of Megaspora cretacea Gaspar-
yan, Zakeri & Aptroot were used as an outgroup in the ITS phylogenetic tree, while 
Megaspora verrucosa (Ach.) Arcadia & A. Nordin was used as outgroup in the 
LSU and mt SSU phylogenetic trees (Nordin et al. 2010; Sohrabi et al. 2013; Zakeri 
et al. 2016). Sequences used for the phylogenetic analyses are presented in Ta-
ble 1 together with GenBank accession numbers, voucher numbers and country 
distribution. The 昀椀nal alignments of sequences were made in SEAVIEW software 
version 5.0.5 using the CLUSTAL W method (Gouy et al. 2010). Maximum Likeli-
hood phylogenetic trees were inferred in RAxML-HPC2 using XSEDE (8.2.10) us-
ing the GTR+GAMMMA nucleotide substitution model and with 1000 bootstrap 
replicates. Phylogenetic analyses were undertaken using the CIPRES online por-
tal (https://www.phylo.org/), with substitution model veri昀椀ed using jModelTest 
2.1.6 and the Akaike Information Criterion (Akaike 1974; Darriba et al. 2012) to 
determine the best nucleotide substitution model. Phylogenetic trees were visu-
alised using FigTree v. 1.4.2 (Rambaut 2012). Newly-generated sequences were 
deposited in GenBank (accession numbers OR037219–OR037226, OR037259–
OR037262, Table 1). These were investigated further by DNA-based phylogenetic 
analyses and detailed morpho-anatomical and chemical studies as follows.
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Table 1. Sequences used in the phylogenetic analyses. Novel sequences generated during this study are shown in bold. 

Note that sequences were not available for all regions for certain taxa.

Taxon name Voucher number
GenBank accession

Country
ITS LSU mt SSU

Oxneriaria crittendenii LAH37193 OR037223 OR037219 OR037259 Pakistan

Oxneriaria crittendenii LAH37194 OR037224 OR037220 OR037260 Pakistan

Oxneriaria dendroplaca UPS:Nordin 5952 HQ259259 HM060744 HM060706 Sweden

Oxneriaria dendroplaca UPS:Nordin 6366 HQ259260 HM060758 – Finland

Oxneriaria deosaiensis LAH37200 OR037225 OR037221 OR037261 Pakistan

Oxneriaria deosaiensis LAH37416 OR037226 OR037222 OR037262 Pakistan

Oxneriaria iqbalii LAH37155 ON392710 – Pakistan

Oxneriaria iqbalii LAH37156 ON392709 ON392708 Pakistan

Oxneriaria kohistaniensis LAH37152 ON392707 ON392711 – Pakistan

Oxneriaria kohistaniensis LAH37151 ON454505 – – Pakistan

Oxneriaria mashiginensis Nordin 5790 (UPS) EU057912 HM060732 HM060694 Sweden

Oxneriaria mashiginensis UPS:Tibell 23557 HQ259266 – – Sweden

Oxneriaria pakistanica LAH37495 OP114649 – – Pakistan

Oxneriaria pakistanica LAH37501 OP627196 – – Pakistan

Oxneriaria permutata Nordin 6027 (UPS) EU057918 HM060747 HM060709 Sweden

Oxneriaria permutata Nordin 6029 (UPS) EU057919 – – Sweden

Oxneriaria permutata Nordin 6039 (UPS) EU057921 – – Sweden

Oxneriaria permutata Nordin 5980 (UPS) EU057930 – – Sweden

Oxneriaria permutata Wheeler 4463 – – MW424810 Alaska, USA

Oxneriaria pruinosa LAH37556 OP352770 – – Pakistan

Oxneriaria pruinosa LAH37555 OP352771 – – Pakistan

Oxneriaria rivulicola Nordin 5957 (UPS) EU057922 HM060753 – Sweden

Oxneriaria rivulicola Nordin 5960 (UPS) EU057923 – – Sweden

Oxneriaria sp Nordin 6003 (UPS) EU057931 – – Sweden

Oxneriaria sp Nordin 6004 (UPS) EU057932 – – Sweden

Oxneriaria supertegens Owe-Larsson H-168a (UPS) EU057935 – – Sweden

Oxneriaria supertegens Owe-Larsson 9011 (UPS) EU057937 – – Norway

Oxneriaria supertegens Nordin 6023 (UPS) EU057938 HM060751 – Sweden

Oxneriaria supertegens Owe-Larsson 9002 (UPS) – HM060742 HM060704 Norway

Oxneriaria verruculosa Owe-Larsson 9007 (UPS) EU057940 HM060741 HM060703 Norway

Oxneriaria verruculosa Owe-Larsson 9003 (UPS) EU057941 – – Norway

Oxneriaria verruculosa Nordin 5942 (UPS) EU057942 – – Sweden

Oxneriaria virginea UPS:Nordin 6017a HQ259270 – – Sweden

Oxneriaria virginea UPS:Ebbestad SVL1-1 HQ259271 – – Svalbard

Oxneriaria virginea Wheeler 7153 (hb. Wheeler) – – MW424818 Montana, USA

Outgroup

Megaspora cretacea B 600200932 KX253974 – – Armenia

Megaspora cretacea B 600199170 KX253975 – – Armenia

Megaspora verrucosa St. Clair C54042 (BRY) – KC667062 – Colorado, USA

Megaspora verrucosa UPS:Nordin 6495 – – HM060687 Sweden
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Results

Out of almost 300 samples collected from the Deosai plains and its adjacent 
areas during the 2019 and 2020 surveys, four lichen thalli were putatively as-
signed to the genus Oxneriaria on the basis of gross morphological features 
(Figs 1, 2).

Multigene phylogenetic analyses

DNA was extracted from the four different collections and used successful-
ly in PCR to generate amplicons for the ITS, LSU and mt SSU regions, which 
ranged in size from 500–800, 900–950 and 900–960 base pairs, respectively. 
Sequence data of amplicons were aligned and used to construct separate ITS, 
LSU and mt SSU trees via Maximum Likelihood analyses to examine phylo-
genetic relationships. Distinct, well-supported clades were recovered from all 
datasets with minimal con昀氀ict, each taxon showing a unique position in all phy-
logenetic analyses with sequence divergence from other taxa. Clade names 
were provisionally assigned.

The ITS phylogenetic tree (Fig. 3) consisted of sequences from a total of 34 
taxa including the outgroup clade A comprised of two sequences of Megaspora 

cretacea (KX253975, KX253974) and 32 sequences representing an Oxneriaria 
ingroup (Clade B), which could be further subdivided into two main clades C 
and D. Clade D consisted of a total of seven species of Oxneriaria including 
new, well-supported sequences named here O. crittendenii and O. deosaiensis, 
each represented by two of the four 昀椀eld collections. Within clade D, Oxneriaria 

deosaiensis formed a separate branch, sister to a clade which consisted of four 
species, namely O. crittendenii, O. pakistanica, O. pruinosa and O. rivulicola (H. 
Magn.) S. Y. Kondr. et L. Lőkös and showed 5%, 7.2%, 5.1% and 5% bp differ-
ences with O. deosaiensis in the sequences of ITS region, respectively, whilst 
O. crittendenii showed 6.1%, 5.3% and 5% bp differences with O. pakistanica, 
O. pruinosa and O. rivulicola, respectively. The closest species to O. crittendenii 
and O. deosaiensis was O. pruinosa, forming a separate branch.

The LSU phylogenetic tree (Fig. 4) similarly revealed that O. crittendenii and 
O. deosaiensis are positioned on well-supported branches and are monophylet-
ic. The tree consisted of a total 15 available sequences of which 14 sequences 
represent an Oxneriaria ingroup (Clade B), while Megaspora verrucosa (Ach.) Ar-
cadia & A. Nordin (KC667062) formed an outgroup (Clade A). Clade B could be 
further subdivided into Clades C and D. Oxneriaria deosaiensis, O. crittendenii, 
O. dendroplaca (H. Magn.) S. Y. Kondr. et L. Lőkös., O. rivulicola and O. mashig-

inensis (Zahlbr.) S. Y. Kondr. et L. Lőkös. were all positioned in the same clade 
(Clade D), where they each formed separate branches. Sequences of O. deo-

saiensis for the LSU region showed 1.2%, 1.5%, 1.2% and 2%, bp differences to 
O. crittendenii, O. dendroplaca, O. rivulicola and O. mashiginensis, respectively, 
whilst Oxneriaria crittendenii showed 1.5%, 1.4%, 1.5 and 2% bp differences with 
O. rivulicola, O. dendroplaca and O. mashiginensis, respectively.

The mt SSU phylogenetic tree (Fig. 5) consisted of a total 12 available se-
quences of which 11 sequences represented an Oxneriaria ingroup (Clade B), 
while Megaspora verrucosa (HM060087) was used as an outgroup (Clade A). 
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Oxneriaria deosaiensis, O. crittendenii, O. dendroplaca and O. mashiginensis 
formed a clade (Clade D) distinct from O. verruculosa forming clade C. Se-
quences of O. deosaiensis from the mt SSU region showed 1%, 2% and 2.5% 
bp differences with the sequences of closest species O. crittendenii, O. dendro-

Figure 1. Oxneriaria crittendenii sp. nov. holotype (LAH37193) A thallus B margins C apothecia under stereomicroscope 

D ascospores in Lugol’s solution E conidia F pycnidium. Photos by Muhammad Usman. Scale bars: 5 cm (A); 1 mm (B, 

C); 20 μm (D, E); 100 μm (F).

BA

C D

E F
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placa and O. mashiginensis, respectively, whilst the O. crittendenii showed 2.1% 
and 2.4% bp differences with O. dendroplaca and O. mashiginensis, respectively. 
Thus, the mt SSU analysis again showed that sequences of O. crittendenii and 
O. deosaiensis are positioned on well-supported branches.

Figure 2. Oxneriaria deosaiensis sp. nov. holotype (LAH37200) A thallus B margins C apothecia under stereomicroscope 

D ascospores in Lugol’s solution E conidia F pycnidium. Photos by Muhammad Usman. Scale bars: 1 cm (A); 1 mm (B, 

C); 20 μm (D); 30 μm (E); 100 μm (F).

A B

C D

E F
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Taxonomy

Oxneriaria crittendenii Usman & Khalid
MycoBank No: 848889
Fig. 1

Etymology. The speci昀椀c epithet “crittendenii” refers to the British lichenolo-
gist Prof. Peter D Crittenden in recognition for his outstanding contributions 
to lichenology.

Holotype. Pakistan. Gilgit Baltistan: Deosai Plains (35°0'45.73"N, 
75°13'25.95"E, elev. 4,651 m) on rocks, 13 May 2019, M. Usman DEO117 (LAH, 
holotype; LAH37193). GenBank OR037223 [ITS], OR037219 [LSU], OR037259 
[mt SSU].

Diagnosis. It differs from its closest species O. pruinosa by having lo-
bate black margins (vs. non-lobate), orbicular thallus 1.5–5 cm (vs. irreg-
ular 3–8 cm), K test negative (vs. K positive yellow), distinct proper-exciple 
17–40 µm wide (vs. indistinct) and polarilocular ellipsoid ascospores (vs. sim-
ple ellipsoid).

Description. Thallus crustose, epilithic, orbicular, 1.5–5 cm across, zonate, 
昀椀ne bullate to areolate in the centre to poorly areolate towards margin, in the 
centre areoles 0.5–1 mm diam. and a few areoles changing to squamules up 
to 1.8 mm in length, lobate at margins, determinate and radiate. Hypothallus 
distinct, shiny light brown. Upper surface grey with white powdery texture and 
black at margins. Thallus heteromerous, upper cortex 20–60 µm thick, globose 
to sub-globose hyaline paraplectenchymatous cells, 6–11 µm in diam. Algal 

layer discontinuous, 90–140 µm thick, photobiont Trebouxia sp, coccoid cells, 
globose to sub-globose 6–14 µm in diam. Medulla and lower cortex not dif-
ferentiated and consisting of paraplectenchymatous, globose to sub-globose 
hyaline cells 25–45 µm in diam.

Apothecia without stipe, aspicilioid, one apothecium per areole, rounded, 
600–950 µm in diam., pruinose with black disc 450–700 µm, dull and concave. 
Proper exciple 17–40 µm thick. Thalline exciple 140–190 µm thick. Epihymeni-

um brown, 10–20 µm thick. Hymenium hyaline, 85–110 µm thick. Hypothecium 
hyaline, 35–55 µm thick. Asci clavate, 8–spored, 60–100 × 22–30 µm. Asco-

spores hyaline, ellipsoid, polarilocular, 13–18 × 7–11 µm. Paraphyses monili-
form, septate, cylindrical cells 3–10 × 1–2.5 µm, with internally brown terminal 
cells. Pycnidia roccella type (Ryan et al. 2002), globose to pyriform, 115–200 
× 85–200 µm dark brown ostiole, long 昀椀liform hyaline conidia, 17–24 × 1 µm.

Ecology. Saxicolous, calcareous, known only from Deosai Plains, Gilg-
it-Baltistan, occurring at elevations between 4,117 m and 4,651 m in extremely 
cold conditions.

Chemical study: K -ve, C -ve, KC -ve, UV +ve (light green), hymenium initially 
blue then turning dark orange after Lugol’s solution. Substictic acid detected 
through TLC.

Additional material examined. Pakistan. GILGIT BALTISTAN: Deosai Plains, 
35°7'22.48"N, 75°36'35.09"E, elev. 4,177 m, on rocks, 3 September 2020, M. Us-
man & M. Sha昀椀q DEO129 (LAH, paratype; LAH37194; GenBank OR037224 [ITS], 
OR037220 [LSU], OR037260 [mt SSU].
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Oxneriaria deosaiensis Khalid & Usman
MycoBank No: 848890
Fig. 2

Etymology. The speci昀椀c epithet “deosaiensis” refers to the Deosai Plains, the 
type locality.

Holotype. Pakistan. Gilgit Baltistan: Deosai Plains (35°0'10.06"N, 
75°15'0.45"E, elev. 4,689 m) on soil, 13 May 2019, M. Usman DEO206 (LAH, 
holotype; LAH37200). GenBank OR037225 [ITS], OR037221 [LSU], OR037261 
[mt SSU].

Figure 3. Phylogenetic tree of the genus Oxneriaria as generated by Maximum Likelihood (ML) analyses, based on ITS 

sequences. Bootstrap values > 70%, based on 1,000 replicates are shown at the branches. Novel sequences, generated 

during this study, are shown in bold.



294MycoKeys 102: 285–299 (2024), DOI: 10.3897/mycokeys.102.113310

Muhammad Usman et al.: Two novel species of arctic-alpine lichen

Diagnosis. It differs from its closest species O. pruinosa by having lobate 
black margins (vs. non-lobate), K test positive light brown (vs. K positive yel-
low), KC test positive dark brown (vs. KC negative), apothecia epruinose (vs. 
densely pruinose), distinct proper-exciple 30–50 µm wide (vs. indistinct) and 
polarilocular ellipsoid ascospores (vs. simple ellipsoid).

Description. Thallus crustose, epilithic, irregular, 1.5–2 cm across, zonate, 
areolate to poorly bullate up to 0.8 mm in diam. to lobate up to 1.5 mm at mar-
gins, determinate and radiate. Hypothallus light grey. Upper surface dull grey, 
black at margins. Thallus heteromerous, upper cortex 20–55 µm thick, para-
plectenchymatous hyaline cells 6–15 µm in diam. Algal layer discontinuous, 
50–90 µm thick, photobiont Trebouxia sp, coccoid cells, globose to sub-globose, 
13–21 µm in diam. Medulla and lower cortex not differentiated and consisting 
of paraplectenchymatous, globose to sub-globose hyaline cells, 5–12 µm diam.

Apothecia without stipe, aspicilioid, epruinose, one apothecium per areole, 
rounded, 520–700 µm in diam., with black disc 350–550 µm in diam., dull, con-
cave. Proper exciple, 30–50 µm thick. Thalline exciple 90–145 µm thick. Epihyme-

nium brown, 10–24 µm thick. Hymenium hyaline, 90–160 µm thick. Hypothecium 
hyaline, 50–90 µm thick. Asci clavate, 8–spored, 75–110 × 16–27 µm. Asco-

spores hyaline, ellipsoid, polarilocular 11–18 × 7–10 µm. Paraphyses moniliform, 
septate, cylindrical cells 4–10 × 1–2 µm, with internally brown terminal cells. 
Pycnidia roccella type (Ryan et al. 2002), globose to pyriform, 230–320 × 210–
280 µm dark brown ostiole, long 昀椀liform hyaline conidia, 19–35 × 1 µm.

Ecology. Saxicolous, Quartz, known only from Deosai Plains, Gilgit-Baltistan, 
occurring at elevations between 4,364 m and 4,689 m in extreme cold conditions.

Figure 4. Phylogenetic tree of the genus Oxneriaria as generated by Maximum Likeli-

hood (ML) analyses, based on LSU sequences. Bootstrap values > 70%, based on 1,000 

replicates are shown at the branches. Novel sequences, generated during this study, are 

shown in bold.
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Chemical study. K +ve (light brown), C -ve, KC +ve (dark brown), UV +ve (light 
green), hymenium initially blue then turning dark blue after Lugol’s solution. 
Substictic acid and two unknown substances detected through TLC.

Additional material examined. Pakistan. GILGIT BALTISTAN: Deosai Plains, 
35°6'28.58"N, 75°44'27.37"E, 4,364 m, on rocks, 15 May 2019, M. Usman & 
Kamran Habib DEO666 (LAH, paratype; LAH37416; GenBank OR037226 [ITS], 
OR037222 [LSU], OR037262 [mt SSU].

Discussion

The genus Oxneriaria was introduced by Haji-Moniri et al. (2017) and is char-
acterised by the presence of radiating thalli with a wrinkled or lobate periph-
eral zone, relatively small ascospores, the possible presence of substictic 
acid and phylogenetic divergence from neighbouring taxa. Four species of 
the genus Oxneriaria have recently been described from Pakistan from rel-
atively high altitude locations, namely O. iqbalii from Dassu and Miandam 
(at elev. 1,607 m and 1,800 m), O. kohistaniensis from Dassu and Razika 
Seo Valley (at elev. 1,607 m and 1,811 m), O. pakistanica from Darel Valley 
(at elev. 1,900 m and 2,000 m) and O. pruinosa from Chitral (at elev. 2,550 
m) (Asghar et al. 2023; Iqbal et al. 2023; Zulfiqar et al. 2023). By contrast, 
the two proposed new species, O. crittendenii and O. deosaiensis, reported 
in the current study, were found occurring at very high altitude elevations 
between 4,117 m and 4,689 m in environments subject to periodic extremely 
cold conditions.

Figure 5. Phylogenetic tree of the genus Oxneriaria as generated by Maximum Likeli-

hood (ML) analyses, based on mt SSU sequences. Bootstrap values > 70%, based on 

1,000 replicates are shown at the branches. Novel sequences, generated during this 

study, are shown in bold.
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The two new proposed species share some morphological similarities to 
each other such as dull coloured grey to brown, areolate to bullate, heteromer-
ous thalli with black lobate margins, a discontinuous algal layer, medulla con-
sisting of paraplectenchymatous cells and concave black apothecia showing 
as light green in response to UV. However, the two species, O. crittendenii and 
O. deosaiensis, also exhibit differences from each other in thallus growth- pat-
tern (orbicular vs. irregular), hypothallus appearance (shiny brown vs. light 
grey), algal layer (90–140 µm vs. 50–90 µm), size of algal cells (6–14 µm vs. 
13–21 µm), size of lower cortex cells (25–45 µm vs. 5–12 µm), apothecia 
(pruinose 0.6–0.95 mm diam. vs. epruinose 0.52–0.7 mm diam.) and thalline 
exciple (140–190 µm vs. 90–145 μm thick) and hypothecium (35–55 µm vs. 
50–90 µm thick), respectively. Additionally, in response to Lugol’s solution, the 
hymenium of O. crittendenii turned dark orange, whilst that of O. deosaiensis 
turned dark blue.

The two new proposed species O. crittendenii and O. deosaiensis were found 
to be phylogenetically closely related to certain other Oxneriaria species, in 
particular O. pakistanica, O. pruinosa and O. rivulicola, although clear molecu-
lar differences were apparent in the ITS, LSU and mt SSU sequences. There 
were, in addition, some striking phenotypic characters showing the distinctive 
characteristics of the novel taxa along with the closest species and these are 
shown in Table 2.

In addition to the differences of Table 2, O. crittendenii and O. deosaien-

sis have polarilocular ellipsoid ascospores whilst O. pakistanica, O. pruinosa 
and O. rivulicola have simple ellipsoid ascospores. Chemically, O. crittendenii 
showed no change to K and KC tests, whilst the thalli of O. deosaiensis turned 
light brown and dark brown in response to K and KC tests, respectively. By con-
trast to these tests, O. pakistanica showed positive K (yellowish green) and KC 
(light green) tests, O. pruinosa showed K positive (yellow) and KC negative tests 
(Asghar et al. 2023; Iqbal et al. 2023), whilst O. rivulicola showed no change to 
K and KC tests (Magnusson 1923; Nordin et al. 2011).

Table 2. Comparison of closely-related species of Oxneriaria with novel taxa.

Characters O. crittendenii O. deosaiensis O. pakistanica O. pruinosa O. rivulicola

Margins lobate, determinate, 
black

lobate, determinate, 
black

areolate, 
indeterminate, 

whitish-grey

lobate, determinate, 
whitish-grey

Non-elongate 
areoles

Hypothallus shiny light brown light grey light brown light grey light grey

Upper Cortex 20–60 µm thick 20–55 µm thick 10–25 μm thick 30–50 μm thick 25–40 μm thick

Algal Layer (thick) 90–140 µm 50–90 µm 30–50 μm 70–140 μm 30–50 μm

Algal Cells (in diam.) 6–14 µm 13–21 µm 10–15 μm 10–17 μm 7–15 μm

Apothecia (in diam.) pruinose, 
450–700 µm

epruinose, 
520–700 µm

epruinose,  up to 2 
mm

densely pruinose,  
up to 1 mm

up to 2 mm

Hypothecium (thick) 35–55 µm 50–90 µm 90–170 μm 50–120 μm 80–100 μm

Asci 60–100 × 22–30 µm 75–110 × 16–27 µm. 60–80 × 30–40 μm 55–80 × 25–42 μm 70–85 × 20–24 μm

Pycnidia  roccella type roccella type absent globose globose

Conidia 17–24 × 1 µm 19–35 × 1 µm absent 14–18 × 1 µm 30–37 × 1 µm

References This Study This Study Iqbal et al. (2023) Asgar et al. (2023) Magnusson (1923); 
Nordin et al. (2011)
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Conclusions

In summary, as a result of all the distinct phenotypic and phylogenetic charac-
ters, we here propose the addition of two new species in the genus Oxneriaria 
from high altitudinal environments in Pakistan. Whilst these were found infre-
quently, the detection of the two new species O. crittendenii and O. deosaiensis 
add to reports of the discovery of other new species of lichen-forming fungi 
from the Deosai Plains in Pakistan (Usman et al. 2021, 2023), emphasising the 
importance of this region as a site of arctic-alpine biodiversity.
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Abstract

Rich and diverse fungal species occur in different habitats on the earth. Many new taxa 

are being reported and described in increasing numbers with the advent of molecular 

phylogenetics. However, there are still a number of unknown fungi that have not yet 

been discovered and described. During a survey of fungal diversity in different habitats 

in China, we identi昀椀ed and proposed two new species, based on the morphology and 
multi-gene phylogenetic analyses. Herein, we report the descriptions, illustrations and 

molecular phylogeny of the two new species, Bisifusarium keratinophilum sp. nov. and 

Ovatospora sinensis sp. nov.

Key words: Fungal taxonomy, mesophilic fungus, phylogeny, thermophilic fungus, two 

new taxa

Introduction

The species diversity of fungi on earth is extremely rich, with some studies sug-
gesting that there are as many as 5.1 million species of fungi (Blackwell 2011), 
while others believe that there are 3.8 million species of fungi on the earth 
(Hawksworth and Lücking 2017). More recent estimates suggest 2.5 million 
fungal species (Niskanen et al. 2023). With the rapid increase in fungal DNA se-
quence data obtained, the species names and numbers of fungi are constantly 
updated (Wijayawardene et al. 2020). Fungi are one of the most diverse micro-
bial communities on Earth and play a vital role in ecosystem processes and 
functions (Hyde et al. 2020). Meanwhile, fungi have an important in昀氀uence on 
human life and production. On the one hand, they can produce a large number 
of biometabolites available to humans, such as various amino acids, enzymes, 
sugars, lipids, vitamins and antibiotics (Zhang et al. 2013; de Cassia Pereira et 
al. 2015; Pejin et al. 2019; Yokokawa et al. 2021; Arsenault et al. 2022; Mapook 
et al. 2022). On the other hand, they also infect humans, animals and plants and 
then cause great harm to human health and national economies (Fisher et al. 
2012; Fisher et al. 2020; Zhang et al. 2023). At the same time, fungi widely exist 
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in various habitats, such as forests, grasslands, zoos, hospitals, agricultural 
land (Li et al. 2014; Shao et al. 2021; Yao et al. 2021; Liu et al. 2022).

Due to factors such as global climate change, urban growth and environ-
mental pollution, there is an increasingly accelerated loss of natural habitats 
worldwide, which, in turn, leads to a decrease in species diversity and the abun-
dance of non-human organisms (Driscoll et al. 2018; Kurth et al. 2021). At pres-
ent, the threat to species and their extinction rates have risen to dangerous 
levels threatening biological diversity. Latest data from the International Union 
for Conservation of Nature (IUCN) has fuelled growing societal concern, indi-
cating that 28% of all assessed species are threatened with extinction, which 
is a nerve-wrackingly high 昀椀gure (Löbl et al. 2023). In times of a biodiversity 
crisis, the community structure and species diversity of fungi are also inevitably 
affected by various factors. In many habitats, it is suspected that species are 
disappearing before they are discovered (Wang et al. 2018; Löbl et al. 2023). 
Therefore, it is necessary to accelerate the intensity and speed of investigating. 
Study on the diversity of fungal species on the earth should be one of the im-
portant issues of modern biology (Löbl et al. 2023).

Fortunately, our team has discovered many new fungal species during the 
investigation of fungal diversity in different habitats in China (Li et al. 2022a, b; 
Ren et al. 2022; Zhang et al. 2023; Wang et al. 2023). In this study, based on the 
morphology and multi-gene phylogenetic analyses, two new species from zoo 
soils were identi昀椀ed and described, respectively.

Materials and methods

Sample collection and fungal isolation

Soil samples were collected from two zoos, Shandong Province, China. Sam-
ples from 3–10 cm below the soil surface were collected, and placed in Ziploc 
plastic bags and brought back to the laboratory. Then, the 2 g collected sam-
ples were placed into a sterile conical 昀氀ask containing 20 ml sterile water and 
thoroughly shaken using a Vortex vibration meter. Next, the suspension was 
diluted to a concentration of 10-3. Subsequently, 1 ml of the diluted sample was 
added to a sterile Petri dish and mixed with Sabouraud’s dextrose agar (SDA; 
peptone 10 g/l, dextrose 40 g/l, agar 20 g/l, 3.3 ml of 1% Bengal red aqueous 
solution) medium containing 50 mg/l penicillin and 50 mg/l streptomycin. After 
the plates were incubated at 25 °C and 45 °C for 1–2 weeks, single colonies 
were transferred from the plates to new potato dextrose agar (PDA, potato 
200 g/l, dextrose 20 g/l, agar 20 g/l) plates.

Morphological study

The target strains were transferred to plates of malt extract agar (MEA), oat-
meal agar (OA) and potato dextrose agar (PDA) and were incubated at 25 °C 
and 45 °C. After seven days, their colony characteristics (the colony colours and 
diameters) on the surface and reverse of inoculated Petri dishes were observed 
and recorded and microscopic characteristics (fungal hyphae and conidioge-
nous structures) were examined and captured by making direct wet mounts 
with 25% lactic acid on PDA, with an optical microscope (DM4 B, Leica). The 
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ex-types of two new species were deposited in the China General Microbio-
logical Culture Collection Center (CGMCC) and living cultures and dried holo-
types were deposited in the Institute of Fungus Resources, Guizhou University 
(GZUIFR = GZAC). Taxonomic descriptions and nomenclature of two new spe-
cies were recorded in MycoBank (https://www.mycobank.org/).

DNA extraction, PCR ampli昀椀cation and sequencing

Total genomic DNA was extracted using the BioTeke Fungus Genomic DNA Ex-
traction kit (DP2032, BioTeke) following the manufacturer’s instruction. Primer 
combinations such as ITS1/ITS4 (White et al. 1990), LR0R/LR5 (Wang et al. 2022a), 
EF1-728F/EF2 (O’Donnell et al. 1998; Carbone and Kohn 1999), CAL-228F/CAL-
2Rd (Carbone and Kohn 1999; Lombard et al. 2015), rpb2-5F2/rpb2-7CR (Sung 
et al. 2007; O’Donnell et al. 2007) and T1/TUB4Rd (O’Donnell and Cigelnik 1997; 
Woudenberg et al. 2009) were used for ampli昀椀cation of the internal transcribed 
spacers (ITS), the 28S nrRNA locus (LSU), translation elongation factor 1-alpha 
gene region (tef1), calmodulin gene (cmdA), RNA polymerase II second largest 
subunit gene (rpb2) and beta-tubulin gene (tub2), respectively. The PCR products 
were sent to Quintarabio (Wuhan, China) for puri昀椀cation and sequencing. The new 
sequences were submitted to GenBank (https://www.ncbi.nlm.nih.gov/) (Table 1).

Table 1. Strain and GenBank accession included in phylogenetic analyses.

Species Strains ITS LSU tef1 cmdA rpb2 tub2 Reference

Bisifusarium aseptatum LC13607 MW016390 MW016390 MW580430 MW566257 MW474376 MW533717 Wang et al. (2022b)

LC13608 MW016391 MW016391 MW580431 MW566258 MW474377 MW533718 Wang et al. (2022b)

Bisifusarium allantoides UBOCC-A-120035 MW654536 MW654511 MW811075 MW811017 MW811060 MW811090 Savary et al. (2021)

UBOCC-A-120036T MW654548 MW654523 MW811087 MW811029 MW811072 MW811102 Savary et al. (2021)

UBOCC-A-120037 MW654549 MW654524 MW811088 MW811030 MW811073 MW811103 Savary et al. (2021)

Bisifusarium biseptatum CBS 110311T MW654547 MW654522 MW811086 MW811028 MW811071 MW811101 Savary et al. (2021)

Bisifusarium dimerum MNHN-RF-05625T MW654546 MW654521 MW811085 MW811027 – MW811100 Savary et al. (2021)

CBS 108944T JQ434586 JQ434514 KR673912 KM231365 KM232363 EU926400 Lombard et al. (2015)

Bisifusarium penicilloides UBOCC-A-120021T MW654542 MW654517 MW811081 MW811023 MW811066 MW811096 Savary et al. (2021)

UBOCC-A-120034 MW654541 MW654516 MW811080 MW811022 MW811065 MW811095 Savary et al. (2021)

VTT-D-041022 MW654535 MW654510 MW811074 MW811016 MW811059 MW811089 Savary et al. (2021)

Bisifusarium delphinoides CBS 120718T EU926229 EU926229 EU926296 KM231363 – EU926362 Lombard et al. (2015)

CBS 110140 MW827603 – EU926302 – – EU926368 Park et al. (2019)

CBS 110310 EU926240 EU926240 EU926307 – – EU926373 Sun et al. (2017)

Bisifusarium nectrioides CBS 176.31T EU926245 EU926245 EU926312 KM231362 – EU926378 Lombard et al. (2015)

Bisifusarium penzigii CBS 116508 EU926256 EU926256 EU926323 – – EU926389 Sun et al. (2017)

Bisifusarium domesticum CBS 102407 EU926221 EU926221 EU926288 – – EU926355 Sun et al. (2017)

CBS 244.82 EU926220 EU926220 EU926287 – – EU926354 Sun et al. (2017)

Bisifusarium lunatum CBS 632.76T EU926224 EU926224 EU926291 KM231367 – EU926357 Lombard et al. (2015)

Bisifusarium tonghuanum CGMCC3.17369 KX790413 KX790414 KX790418 – – KX790417 Sun et al. (2017)

CGMCC3.17370 KX790415 KX790416 KX790420 – – KX790419 Sun et al. (2017)

Bisifusarium lovelliae BRIP 75047a OQ629340 – – – OQ626864 – Tan et al. (2023)

Bisifusarium 

keratinophilum

CGMCC 3.23621T OP693473 OP693469 OR168082 OR043998 OR168079 OR168085 This study

GZUIFR 22.371 OP693474 OP693470 OR168083 OR043999 OR168080 OR168086 This study

GZUIFR 22.372 OP693475 OP693471 OR168084 OR044000 OR168081 OR168087 This study
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Species Strains ITS LSU tef1 cmdA rpb2 tub2 Reference

Longinectria lagenoides UBOCC-A-120039 MW654539 MW654514 MW811078 MW811020 MW811063 MW811093 Savary et al. (2021)

Longinectria verticilliforme UBOCC-A-120043 MW654540 MW654515 MW811079 MW811021 MW811064 MW811094 Savary et al. (2021)

Ovatospora amygdalispora CBS 672.82T – – – – MZ342991 MZ343030 Wang et al. (2022a)

Ovatospora angularis LC3973 KP336768 KP336817 – – KT149491 KP336866 Wang et al. (2022a)

Ovatospora unipora CBS 109.83T KX976689 KX976787 – – KX976902 KX977037 Wang et al. (2016)

Ovatospora brasiliensis CBS 140.50 KX976683 KX976781 – – KX976896 KX977031 Wang et al. (2016)

Ovatospora medusarum CBS 148.67T KX976684 KX976782 – – KX976897 KX977032 Wang et al. (2016)

Ovatospora mollicella CBS 583.83T KX976685 KX976783 – – KX976898 KX977033 Wang et al. (2016)

Ovatospora 

pseudomollicella
CBS 251.75T KX976686 KX976784 – – KX976899 KX977034 Wang et al. (2016)

Ovatospora senegalensis CBS 728.84T KX976687 KX976785 – – KX976900 KX977035 Wang et al. (2016)

Trichocladium asperum CBS 903.85T LT993632 LT993632 – – LT993551 LT993713 Wang et al. (2022a)

Trichocladium acropullum CBS 114580T LT993626 LT993626 – – LT993545 LT993707 Wang et al. (2022a)

Trichocladium amorphum CBS 127763T LT993628 LT993628 – – LT993547 LT993709 Wang et al. (2022a)

Trichocladium antarcticum CBS 123565T LT993629 LT993629 – – LT993548 LT993710 Wang et al. (2022a)

Trichocladium 
beniowskiae

CBS 757.74T LT993635 LT993635 – – LT993554 LT993716 Wang et al. (2022a)

Trichocladium gilmaniellae CBS 388.75T LT993638 LT993638 – – LT993557 LT993719 Wang et al. (2022a)

Thermochaetoides dissita CBS 180.67T – MK919319 – – MK919375 MK919433 Wang et al. (2022a)

Thermochaetoides 

thermophila
CBS 144.50T – MK919314 – – KM655436 MK919428 Wang et al. (2022a)

Ovatospora sinensis CGMCC40675T OR016676 OR016679 – – OR043992 OR043995 This study

GZUIFR 23.002 OR016677 OR016680 – – OR043993 OR043996 This study

GZUIFR 23.003 OR016678 OR016681 – – OR043994 OR043997 This study

Triangularia verruculosa CBS 148.77 MK926874 MK926874 – – MK876836 MK926974 Wang et al. (2022a)

Triangularia 
allahabadensis

CBS 724.68T MK926865 MK926865 – – MK876827 MK926965 Wang et al. (2022a)

Note: T=Ex-type; New isolates are in bold; The line “–” represents the absence of GenBank record; BRIP: Queensland Plant Pathology Herbarium, Australia; 
CBS: CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands; CGMCC: The China General Microbiological Culture Collection Centre; GZUIFR: 
The Institute of Fungus Resources, Guizhou University, China; LC: Lei Cai’s personal culture collection, Beijing, China; MNHN: Museum National d’Histoire 
Naturelle culture collection, France; UBOCC: Universitée de Bretagne Occidentale Culture Collection, France; VTT: Culture Collection, Finland; cmdA: calm-
odulin; ITS: the internal transcribed spacer region and intervening 5.8S nrRNA; LSU: 28S large subunit; rpb2: RNA polymerase II second largest subunit; tef1: 
translation elongation factor 1-alpha; tub2: β-tubulin.

Phylogenetic analysis

In this study, the relevant sequences were obtained from GenBank (Table1). The 
sequence set was aligned and trimmed in MEGA v.6.06 (Tamura et al. 2013). 
We performed single gene and multi-gene phylogenetic analysis using ITS, LSU, 
tef1, cmdA, rpb2 and tub2 gene and found that the topology structures of the 
single-gene and multi-gene phylogenetic trees were consistent in PhyloSuite 
v.1.16. Therefore, multi-gene phylogenetic analysis was chosen in this study. 
The concatenation of loci and phylogenetic analysis were processed, using the 
“Concatenate Sequence” function in PhyloSuite v.1.16 (Zhang et al. 2020). The 
Maximum Likelihood (ML) and the Bayesian Inference (BI) methods were used 
for the phylogenetic construction of each loci dataset. The ML analysis was 
conducted in IQ-TREE v.1.6.11 (Nguyen et al. 2015) with 1000 bootstrap tests 
using the ultrafast algorithm (Minh et al. 2013). The BI analysis was performed 
in MrBayes v.3.2 (Ronquist et al. 2012) and Markov chain Monte Carlo (MCMC) 
simulations were used for 2,000,000 generations with a sampling frequency of 
every 100 generations. The phylogenetic trees were visualised using FigTree 
version 1.4.3 and subsequently edited in Adobe Photoshop.
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Results

Phylogenetic analysis

The ITS regions of all isolates were sequenced and BLASTn searched in NCBI. 
Our isolates were identi昀椀ed as two genera, Bisifusarium L. Lombard, Crous & 
W. Gams and Ovatospora X.Wei Wang, Samson & Crous, respectively. The ITS 
sequences of the isolated strains were less than 97% similarity to the closest 
strains in GenBank and were considered as the potential new species.

To further determine the phylogenetic position of these isolated strains, we 
performed a multi-locus phylogenetic analysis, based on ITS, LSU, tef1, cmdA, 
rpb2 and tub2 gene. The phylogenetic trees (Figs 1, 3) using ML and BI analyses 
were consistent and strongly supported in most branches. The ML analysis for 
the combined dataset provided the best scoring tree. The best-昀椀t evolutionary 
models for ML analysis and BI analysis are shown in Table 2.

In this study, three isolates of the genus Bisifusarium clustered in a well-sep-
arated clade with a high support value (BI/ML 1/100) (Fig. 1). Three isolates 
of the genus Ovatospora clustered together with a high support value (BI/ML 

Figure 1. Phylogenetic tree of the genus Bisifusarium constructed from the dataset of ITS, LSU, tef1, cmdA, rpb2 and tub2. 

Notes: Statistical support values (BI/ML) were shown at nodes. ML bootstrap values ≥ 75% and posterior probabilities ≥ 
0.90 are shown above the internal branches. ‘–’ indicates the absence of statistical support (< 75% for bootstrap proportions 

from ML analysis; < 0.90 for posterior probabilities from Bayesian analysis). Three new strains are shown in blue font. BRIP: 

Queensland Plant Pathology Herbarium, Australia; CBS: CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands; CG-

MCC: The China General Microbiological Culture Collection Centre; GZUIFR: The Institute of Fungus Resources, Guizhou Uni-

versity, China; LC: Lei Cai’s personal culture collection, Beijing, China; MNHN: Museum National d’Histoire Naturelle culture 

collection, France; UBOCC: Universitée de Bretagne Occidentale Culture Collection, France; VTT: Culture Collection, Finland.
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Table 2. The best-昀椀t evolutionary models.

Genus ITS LSU tef1 cmdA rpb2 tub2

Bisifusarium ML analysis 
BI analysis

TIM2e+I+G4 
SYM+I+G4

K2P  
K2P

TNe+R2 
K2P+G4

TIM3e+I+G4 
SYM+I+G4

TIM3e+I+G4 
SYM+I+G4

TIM3e+I+G4 
SYM+I+G4

Ovatospora ML analysis 
BI analysis

GTR+F+G4 
GTR+F+G4

TIM3+F+I 
GTR+F+I

TIM3+F+G4 
GTR+F+I+G4

HKY+F+I+G4 
HKY+F+I+G4

1/100) (Fig. 3). Therefore, Bisifusarium keratinophilum H.Y. Wang, X. Li & Y.F. 
Han, sp. nov. and Ovatospora sinensis H.Y. Wang & Y.F. Han, sp. nov. are pro-
posed according to the phylogenetic analysis.

Taxonomy

Sordariomycetes O.E. Erikss. & Winka
Hypocreales Lindau

Nectriaceae Tul. & C. Tul.
Bisifusarium L. Lombard, Crous & W. Gams

Bisifusarium keratinophilum H.Y. Wang, X. Li & Y.F. Han, sp. nov.
MycoBank No: 849504
Fig. 2

Etymology. Referring to degradation properties of chicken feathers.
Type. China: Shandong Province, Jinan City, Jinan Zoo (36°42'14"N, 

116°58'55"E), soil, July 2021, Xin Li & Yan-Feng Han, ex-type CGMCC 3.23621 = 
GZUIFR 22.370, dried holotype GZAC 22.370.

Description. Culture characteristics: Colonies growing on MEA, OA and PDA 
after 7 days of incubation at 25 °C. On MEA, reaching up 20–25 mm diam., thick 
villiform, cream (RAL9001) at the centre, oyster white (RAL1013) at the edge, 
mostly regular in the margin, reverse light ivory (RAL 1015); On OA, reaching up 
25–35 mm diam.; pure white (RAL9010), thin, villiform, mostly regular in the 
margin, reverse tele grey 4 (RAL7047); On PDA, reaching up 25–30 mm diam.; 
cream (RAL9001), thin, short villiform, mostly regular in the margin, reverse 
cream (RAL9001).

On PDA medium, Hyphae septate, hyaline, smooth, thick-walled, 1.5–3.5 μm 
wide. Conidiophores arising from hyphae, solitary, smooth, mostly clavate, 5–25 
× 1–2.5 μm. Phialidic pegs arising from hyphae. Monophialides laterally on hy-
phae or phialidic pegs, cylindrical, erect. Polyphialides absent. Macroconidia 
produced by monophialidic conidiophores, mostly 0-1septate, rarely 2-septate, 
mostly crescent, rarely clavate, 12–23.0 × 2.0–3.5 μm (av. 16 × 2.5 μm, n = 50). 
Microconidia produced by later phialidic pegs, monocelled, cymbiform, 6.0–9.5 
× 1.5–2.5 μm (av. 7.5 × 2.0 μm, n = 50).

Additional materials examined. China: Shandong Province, Jinan City, Jinan 
Zoo (36°42'14"N, 116°58'55"E), soil, July 2021, living cultures GZUIFR 22.371, 
GZUIFR 22.372.

Notes. Phylogenetically, our three strains (CGMCC 3.23621, GZUIFR 22.371 
and GZUIFR 22.372) of Bisifusarium keratinophilum H.Y. Wang, X. Li & Y.F. Han 
sp. nov. clustered in a single separate clade with a high support value (BI/ML 
1/100). Although it was closely related to B. allantoides O. Savary, M. Coton, E. 
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Figure 2. Morphological characteristics of Bisifusarium keratinophilum sp. nov. a–c front and reverse of colony on MEA, 

OA and PDA after 7 days at 25 °C d, e conidiophores and macroconidia f phialidic pegs g hyphae h, i microconidia. Scale 

bars: 10 μm (d–i).

Coton & J.L. Jany and B. penicilloides O. Savary, M. Coton, E. Coton & J.L. Jany 
in the phylogenetic tree, B. allantoides had allantoidal macroconidia (Savary et 
al. 2021) and B. penicilloides had ellipsoidal and reniform macroconidia and 
absent microconidia (Savary et al. 2021). Bisifusarium keratinophilum can be 
distinguished from the other previously described species by having crescent 
and clavate macroconidia and cymbiform microconidia.

Our team found that B. keratinophilum has the ability to degrade chicken 
feathers. Speci昀椀c method: the spore suspension (107spores per millilitre) was 
inoculated into the fermentation medium containing 1g chicken feathers and 
cultured in a shaking table at 150 rpm, 30 °C for 96 h, then the chicken feather 
residue was 昀椀ltered, dried and weighed. This fungus had a good degradation 
effect on chicken feathers with the degradation rate of 52.02%.

Sordariomycetes O.E. Erikss. & Winka
Sordariales Chadef. ex D. Hawksw. & O.E. Erikss.
Chaetomiaceae G. Winter
Ovatospora X.Wei Wang, Samson & Crous
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Figure 3. Phylogenetic tree of the genus Ovatospora constructed from ITS, LSU, tub2 and rpb2. Notes: Statistical support 

values (BI/ML) were shown at nodes. ML bootstrap values ≥ 75% and posterior probabilities ≥ 0.90 are shown above the 
internal branches. ‘–’ indicates the absence of statistical support (< 75% for bootstrap proportions from ML analysis; < 

0.90 for posterior probabilities from Bayesian analysis). Three new strains are shown in blue. CBS: CBS-KNAW Fungal Bio-

diversity Centre, Utrecht, The Netherlands; CGMCC: The China General Microbiological Culture Collection Centre; GZUIFR: 

The Institute of Fungus Resources, Guizhou University, China; LC: Lei Cai’s personal culture collection, Beijing, China.

Ovatospora sinensis H.Y. Wang &Y.F. Han, sp. nov.
MycoBank No: 850259
Fig. 4

Etymology. Refers to China where the species was discovered.
Type. China: Shandong Province, Qingdao City, Qingdao Zoo (35°59'14"N, 

120°3'53"E), soil, July 2021, Hai-Yan Wang & Yan-Feng Han, ex-type CGMCC 
40675=GZUIFR 23. 001, dried holotype GZAC 23. 001.

Description. Culture characteristics: Colonies growing on MEA, OA and PDA 
after 7 days of incubation at 45 °C. Colony on MEA reaching about 35–45 mm 
diam., pure white (RAL9010), densely villiform; irregular in the margin; reverse 
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Figure 4. Morphological characteristics of Ovatospora sinensis sp. nov. a–c reverse and front of colony on MEA, OA and 

PDA after7 days at 45 °C d–h conidiophores and conidia i hyphae. Scale bars: 10 μm (d–i).

light ivory (RAL1015), radial lines, irregular in the margin. Colony on OA reach-
ing about 80–90 mm diam., grey white (RAL9002), sparsely aerial mycelium, 
mostly regular in the margin; reverse grey white (RAL9002). Colony on PDA 
reaching about 45–50 mm diam., creamy (RAL9001), densely villiform obvi-
ously powdery conidia group, sparsely spongy, irregular in the margin; reverse 
creamy (RAL9001), plicated at the centre, irregular in the margin.

Hyphae septate, hyaline, smooth, thin-walled, 1.5–3.5 μm wide. Conidio-

phores arising from hyphae, 2–30 × 1.5–3.5 μm, solitary or branched, smooth, 
mostly clavate, septate. Conidiogenous cell reduced to Conidiophores. Conidia 
on conidiogenous or acrogenous directly on the hyphae, hyaline or light-brown, 
mostly globose, rarely obovate, thick-walled, 6.0–10.5 μm diam. (av. 8.0 μm). 
Sexual morph unknown.

Additional specimens examined. China. Shandong Province, Qingdao City, 
Qingdao Zoo (35°59'14"N, 120°3'53"E), soil, July 2021, Hai-Yan Wang & Yan-
Yeng Han, living cultures GZUIFR 23.002, GZUIFR 23.003.

Notes. Phylogenetically, our three strains (CGMCC 40675, GZUIFR 23.002 
and GZUIFR 23.003) of Ovatospora sinensis H.Y. Wang &Y.F. Han sp. nov. 
clustered together in a single clade with a high support value (BI/ML 1/100). 
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Although it was closely related to O. amygdalispora (Udagawa & T. Muroi) X.
Wei Wang & Houbraken and O. senegalensis (Ames) X. Wei Wang & Samson, 
it has an apparent separate subclade. Morphologically, O. amygdalispora and 
O. senegalensis only have the sexual structures, while Ovatospora sinensis sp. 
nov. only produce an asexual morph with clavate and solitary or ramiform con-
idiophores and globose conidia. So far, Ovatospora sinensis sp. nov. is the only 
species that produces an asexual morph and is a thermophilic fungus in the 
genus Ovatospora.

Discussion

Lombard et al. (2015) re-estimated the status of those genera lacking DNA se-
quence data in Nectriaceae, based on the morphology and multi-gene phyloge-
netic analyses and the new genus Bisifusarium with the type B. dimerum (Penz.) 
L. Lombard & Crous was proposed, which formed a well-supported clade (ML = 
100%, BYPP = 1.0) and separated from the clade of Fusarium. Therefore, these 
fusarium-like species including B. biseptatum (Schroers, Summerbell & O’Don-
nell) L. Lombard & Crous, B. delphinoides (Schroers, Summerbell, O’Donnell & 
Lampr.) L. Lombard & Crous, B. dimerum, B. domesticum (Fr.) L. Lombard & 
Crous, B. lunatum (Ellis & Everh.) L. Lombard & Crous, B. nectrioides (Wollenw.) 
L. Lombard & Crous Schroers, Summerbell & O’Donnell) and B. penzigii (Schro-
ers, Summerbell & O’Donnell) L. Lombard & Crous, were transferred from the 
genus Fusarium Link to this new genus Bisifusarium. The genus Bisifusarium 
produces macroconidia below three septa and forms lateral phialidic pegs aris-
ing from the hyphae, which can be distinguished from the other species in the 
genus Fusarium (Schroers et al. 2009; Lombard et al. 2015). Recently, several 
new species in genus Bisifusarium have been published. Presently, Bisifusarium 
contains 昀椀fteen species records in the Index Fungorum (http://www.indexfun-
gorum.org/Names/Names.asp, retrieval on 18 October 2023). Here, excluding 
synonyms and adding B. keratinophilum sp. nov., the genus Bisifusarium has a 
total of fourteen species.

Based on the morphology and phylogenetic analysis of a combined data-
set of ITS, LSU, rpb2and tub2 sequence data, Wang et al. (2016) rede昀椀ned the 
generic concept of Chaetomium Kunze and Ovatospora X. Wei Wang, Sam-
son & Crous with the type O. brasiliensis (Batista & Pontual) X. Wei Wang & 
Samson was proposed, which formed a well-supported clade and separated 
from the Chaetomium clade. Therefore, these chaetomium-like species includ-
ed O. brasiliensis (Batista & Pontual) X. Wei Wang & Samson, O. medusarum 
(Meyer & Lanneau) X. Wei Wang & Samson, O. mollicella (Ames) X. Wei Wang 
& Samson, O. senegalensis (Ames) X. Wei Wang & Samson and O. unipora (Aue 
& Müller) X. Wei Wang & Samson. Simultaneously, O. pseudomollicella X. Wei 
Wang & Samson sp. nov. was introduced. In addition, based on the results of 
the phylogeny and molecular data analyses, two new combinations, O. amyg-

dalispora (Udagawa & T. Muroi) X.Wei Wang & Houbraken and O. angularis (Yu 
Zhang & L. Cai) X.Wei Wang & Houbraken from Chaetomium were proposed by 
Wang et al. (2022a). As of October 2023, the genus Ovatospora contains nine 
species: O. amygdalispora, O. angularis, O. brasiliensis, O. medusarum, O. molli-
cella, O. pseudomollicella, O. senegalensis, Ovatospora sinensis and O. unipora.
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Table 3. Taxa and corresponding GenBank accession numbers of sequences used in the phylogenetic analysis of Didy-

mosphaeriaceae, Roussoellaceae and Nigrogranaceae.

Species Strain
GenBank accession numbers

References
ITS SSU LSU tef1 rpb2

Alloconiothyrium camelliae NTUCC 17-032-1T MT112294 MT071221 MT071270 MT232967 — (Kolařík et al. 2017)

Arthopyrenia sp. UTHSC DI16–362 LT796905 LN907505 — LT797145 LT797065 (Crous et al. 2015)

Austropleospora ochracea KUMCC 20-0020T MT799859 MT808321 MT799860 MT872714 — (Dissanayake et al. 2021)

A. keteleeriae MFLUCC 18-1551T NR_163349 MK347910 NG_070075 MK360045 — (Mapook et al. 2020)

Biatriospora antibiotica CCF 1998 LT221894 — — — — (Kolařík et al. 2017)

B. carollii CCF 4484T LN626657 — — LN626668 — (Kolařík et al. 2017)

B. mackinnonii E9303e — — — LN626673 — (Kolařík et al. 2017)

B. peruviensis CCF 4485T LN626658 — — LN626671 — (Kolařík et al. 2017)

Bimuria omanensis SQUCC 15280T NR_173301 — NG_071257 MT279046 — (Wijesinghe et al. 2020)

B. novae-zelandiae CBS 107.79T MH861181 AY016338 AY016356 DQ471087 — (Vu et al. 2019)

Chromolaenicola nanensis MFLUCC 17-1477 MN325014 MN325008 MN325002 MN335647 — (Liu et al. 2014)

C. siamensis MFLUCC 17-2527T NR_163337 MK347866 NG_066311 MK360048 — (Mapook et al. 2020)

C. thailandensis MFLUCC 17-1475 MN325019 MN325013 MN325007 MN335652 — (Liu et al. 2014)

C. lampangensis MFLUCC 17-1462T MN325016 MN325010 MN325004 MN335649 — (Liu et al. 2014)

Cylindroaseptospora leucaenae MFLUCC 17-2424 NR_163333 MK347856 NG_066310 MK360047 — (Mapook et al. 2020)

Deniquelata hypolithi CBS 146988T MZ064429 — NG_076735 MZ078250 — (Ariyawansa et al. 2020b)

D. barringtoniae MFLUCC 16-0271 MH275059 — MH260291 MH412766 — (Tibpromma et al. 2018)

Didymocrea sadasivanii CBS 438.65 MH858658 DQ384066 DQ384103 — — (Vu et al. 2019)

Didymosphaeria rubi-ulmifolii MFLUCC 14-0023T — NG_063557 KJ436586 — — (Jayasiri et al. 2019)

Kalmusia erioi MFLU 18-0832T MN473058 MN473046 MN473052 MN481599 — (Vu et al. 2019)

K. italica MFLUCC 13-0066T KP325440 KP325442 KP325441 — — (Vu et al. 2019)

K. variispora CBS 121517T NR_145165 NG_070452 — — — (Wijesinghe et al. 2020)

K. ebuli CBS 123120T KF796674 JN851818 JN644073 — — (Dissanayake et al. 2021)

Kalmusibambusa triseptata MFLUCC 13-0232 KY682697 KY682696 KY682695 — — (Tibpromma et al. 2018)

Karstenula rhodostoma CBS 690.94 — GU296154 GU301821 GU349067 — (Crous et al. 2021)

Laburnicola hawksworthii MFLUCC 13-0602T KU743194 KU743196 KU743195 — — (Ariyawansa et al. 2014)

Letendraea helminthicola CBS 884.85 MK404145 AY016345 AY016362 MK404174 — (Tibpromma et al. 2018)

L. muriformis MFLUCC 16-0290T KU743197 KU743199 KU743198 KU743213 — (Ariyawansa et al. 2014)

L. padouk CBS 485.70 — GU296162 AY849951 — — (Zhang et al. 2013)

L. cordylinicola MFLUCC 11 0148T NR_154118 KM214001 NG_059530 — — (Wijayawardene et al. 2020)

Montagnula chromolaenicola MFLUCC 17-1469T NR_168866 NG_070157 NG_070948 MT235773 — (Liu et al. 2014)

M. cirsii MFLUCC 13 0680 KX274242 KX274255 KX274249 KX284707 — (Hyde et al. 2020)

M. krabiensis MFLUCC 16-0250T MH275070 MH260343 MH260303 MH412776 — (Tibpromma et al. 2018)

M. thailandica MFLUCC 17-1508T MT214352 NG_070158 NG_070949 MT235774 — (Liu et al. 2014)

M. bellevaliae MFLUCC 14-0924T NR_155377 KT443904 KT443902 KX949743 — (Ariyawansa et al. 2014)

Neoroussoella alishanense FU31016 MK503816 MK503822 — MK336181 MN037756 (Verkley et al. 2014)

N. bambusae MFLUCC 11–0124 KJ474827 KJ474839 — KJ474848 KJ474856 (Dissanayake et al. 2021)

N. heveae MFLUCC 17–1983 MH590693 MH590689 — — — (Wanasinghe et al. 2018)

N. lenispora GZCC 16-0020T — KX791431 — — — (Hyde et al. 2020)

N. leucaenae MFLUCC 18–1544 MK347767 MK347984 — MK360067 MK434876 (Mapook et al. 2020)

N. solani CPC 26331T KX228261 KX228312 — — — (Wijayawardene et al. 2014)

Neokalmusia arundinis MFLUCC 15-0463T NR_165852 NG_068372 NG_068237 KY244024 — (Thambugala et al. 2015)

N. brevispora KT2313T LC014574 AB524460 AB524601 AB539113 — (Tanaka et al. 2015)
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Species Strain
GenBank accession numbers

References
ITS SSU LSU tef1 rpb2

N. brevispora KT1466 LC014573 AB524459 AB524600 AB539112 — (Tanaka et al. 2015)

N. didymospora MFLUCC 11-0613 — KP091435 KP091434 — — (Haridas et al. 2020)

N. jonahhulmei KUMCC 21-0819 ON007044 ON007040 ON007049 ON009134 — (Wanasinghe et al. 2016)

N. karka GMB0494T OR120445 OR120442 OR120432 OR150020 — This study

N. karka GMB0500 OR120438 OR120433 OR120443 OR150021 — This study

N. kunmingensis KUMCC 18-0120T MK079886 MK079887 MK079889 MK070172 — (Vu et al. 2019)

N. scabrispora KT1023 LC014575 AB524452 AB524593 AB539106 — (Tanaka et al. 2015)

N. thailandica MFLUCC 16-0405T NR_154255 KY706137 NG_059792 KY706145 — (Thambugala et al. 2015)

Nigrograna antibiotica CCF 4378T JX570932 — — JX570934 — (Kolařík et al. 2018)

N. antibiotica CCF 1998 LT221894 — — — — (Kolařík et al. 2018)

N. cangshanensis MFLUCC15-0253T KY511063 — — KY511066 — (Crous et al. 2015)

N. carollii CCF 4484T LN626657 — — LN626668 — (Kolařík et al. 2018)

N. chromolaenae MFLUCC 17-1437T MT214379 — — MT235801 — (Liu et al. 2014)

N. fuscidula CBS 141556T KX650550 — — KX650525 — (Feng et al. 2019)

N. fuscidula CBS 141476 KX650547 — — KX650522 — (Feng et al. 2019)

N. hydei GZCC 19-0050T NR_172415 — — MN389249 — (Zhang et al. 2020)

N. impatientis GZCC 19-0042T NR_172416 — — MN389250 — (Zhang et al. 2020)

N. locuta-pollinis CGMCC 3.18784 MF939601 — — MF939613 — (Ahmed et al. 2014)

N. locuta-pollinis LC11690 MF939603 — — MF939614 — (Ahmed et al. 2014)

N. mackinnonii CBS 674.75T NR_132037 — — KF407986 — (Ariyawansa et al. 2015)

N. mackinnonii E5202H JX264157 — — JX264154 — (Phukhamsakda et al. 2018)

N. mackinnonii E9303e — — — LN626673 — (Kolařík et al. 2017)

N. magnoliae GZCC 17-0057 MF399066 — — MF498583 — (Zhang et al. 2020)

N. magnoliae MFLUCC 20-0020T MT159628 — — MT159605 — (Liu et al. 2014)

N. mycophila CBS 141478T KX650553 — — KX650526 — (Feng et al. 2019)

N. mycophila CBS 141483 KX650555 — — KX650528 — (Feng et al. 2019)

N. norvegica CBS 141485T KX650556 — — — — (Feng et al. 2019)

N. obliqua CBS 141477T KX650560 — — KX650531 — (Feng et al. 2019)

N. obliqua CBS 141475 KX650558 — — KX650530 — (Feng et al. 2019)

N. peruviensis CCF 4485T LN626658 — — LN626671 — (Kolařík et al. 2018)

N. rhizophorae MFLUCC 18-0397T MN047085 — — MN077064 — (Poli et al. 2020)

N. samueliana NFCCI-4383T MK358817 — — MK330937 — (Poli et al. 2020)

N. schinifolium GMB0498T OR120434 — — OR150022 — This study

N. schinifolium GMB0504 OR120441 — — OR150023 — This study

N. thymi MFLUCC 14-1096T KY775576 — — KY775578 — (Crous et al. 2015)

N. trachycarpus GMB0499T OR120437 — — OR150024 — This study

N. trachycarpus GMB0505 OR120440 — — OR150025 — This study

N. yasuniana YU.101026T HQ108005 — — LN626670 — (Kolařík et al. 2018)

Occultibambusa pustula MFLUCC 11-0502T KU940126 — — — — (Crous et al. 2014)

O. bambusae MFLUCC 13-0855T KU940123 — — KU940193 — (Crous et al. 2014)

Paracamarosporium fagi CPC 24890T NR_154318 — NG_070630 — — (Ariyawansa et al. 2014)

P. cyclothyrioides CBS 972.95 JX496119 AY642524 JX496232 — — (Schoch et al. 2009)

P. estuarinum CBS 109850T JX496016 AY642522 JX496129 — — (Verkley et al. 2014)

P. hawaiiense CBS 120025T JX496027 EU295655 JX496140 — — (Verkley et al. 2014)

P. robiniae MFLUCC 14–1119T KY511142 KY511141 — KY549682 — (Crous et al. 2015)

P. rosarum MFLUCC 17–6054T NR_157529 NG_059872 — MG829224 — (Hyde et al. 2016)
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Species Strain
GenBank accession numbers

References
ITS SSU LSU tef1 rpb2

P. rosicola MFLUCC 15-0042 NR_157528 MG829153 MG829047 — — (Hyde et al. 2016)

Paramassariosphaeria 

anthostomoides

CBS 615.86 MH862005 GU205246 GU205223 — — (Vu et al. 2019)

Paraphaeosphaeria rosae MFLUCC 17-2547T MG828935 MG829150 MG829044 MG829222 — (Hyde et al. 2016)

Pararoussoella mukdahanensis KUMCC 18-0121 MH453489 MH453485 — MH453478 MH453482 (Flakus et al. 2019)

Parathyridaria ramulicola CBS 141479T KX650565 KX650565 — KX650536 KX650584 (Feng et al. 2019)

Phaeodothis winteri CBS 182.58 — GU296183 GU301857 — — (Zhang et al. 2013)

Pseudocamarosporium 

propinquum

MFLUCC 13-0544T KJ747049 KJ819949 KJ813280 — — (Thambugala et al. 2017)

Pseudodidymocyrtis lobariellae KRAM Flakus 
25130T

NR_169714 NG_070349 NG_068933 — — (Tanaka et al. 2015)

Pseudoneoconiothyrium 

euonymi

CBS 143426T MH107915 MH107961 — — MH108007 (Valenzuela-Lopez et al. 
2017)

Pseudopithomyces entadae MFLUCC 17-0917T — MK347835 NG_066305 MK360083 — (Mapook et al. 2020)

Pseudoroussoella chromolaenae MFLUCC 17–1492T MT214345 MT214439 — MT235769 — (Liu et al. 2014)

P. elaeicola MFLUCC 15–0276a MH742329 MH742326 — — — (Liu et al. 2014)

P. kunmingnensis MFLUCC 17-0314 MF173607 MF173606 MF173605 — — (Mapook et al. 2020)

P. pteleae MFLUCC 17-0724T NR_157536 MG829166 MG829061 MG829233 — (Hyde et al. 2016)

P. rosae MFLUCC 15-0035T MG828953 MG829168 MG829064 — — (Hyde et al. 2016)

P. ulmi-minoris MFLUCC 17-0671T NR_157537 MG829167 MG829062 — — (Hyde et al. 2016)

Roussoella acaciae CBS:138873T KP004469 KP004497 — — — (Karunarathna et al. 2019)

R. aquatic MFLUCC 18-1040T NR171975 NG073797 — — — (Liu et al. 2014)

R. chiangraina MFLUCC 10-0556T NR155712 NG059510 — — — (Dissanayake et al. 2021)

R. doimaesalongensis MFLUCC 14-0584T NR165856 NG068241 — KY651249 KY678394 (Thambugala et al. 2015)

R. doimaesalongensis GMB0497 OR116188 OR117732 — OR150026 — This study

R. doimaesalongensis GMB0503 OR120435 OR120444 — OR150027 — This study

R. elaeicola MFLUCC 15-15-
0276a

MH742329 MH742326 — — — (Crous et al. 2015)

R. euonymi CBS:143426T MH107915 MH107961 — — MH108007 (Valenzuela-Lopez et al. 
2017)

R. guttulata MFLUCC 20-0102T NR172428 NG075383 — — (Senwanna et al. 2018)

R. hysterioides CBS 546.94 MH862484 MH874129 — KF443399 KF443392 (Vilgalys et al. 1990)

R. intermedia CBS 170.96 KF443407 KF443382 — KF443398 KF443394 (Crous et al. 2013)

R. japanensis MAFF 239636T NR155713 — — — — (Dissanayake et al. 2021)

R. kunmingensis HKAS 101773T MH453491 MH453487 — MH453480 MH453484 (Flakus et al. 2019)

R. magnatum MFLUCC 15-0185T — KT281980 — — — (Jiang et al. 2019)

R. mangrovei MFLU 17-1542T MH025951 MH023318 — MH028246 MH028250 (Jaklitsch and Voglmayr 
2016)

R. margidorensis MUT 5329T NR169906 MN556322 — MN605897 MN605917 (Tibpromma et al. 2017)

R. mediterranea MUT5369T KU314947 MN556324 — MN605899 MN605919 (Tibpromma et al. 2017)

R. mexicana CPC 25355T KT950848 KT950862 — — — (Crous et al. 2015a)

R. mukdahanensis MFLU 11-0237T NR155722 — — — — (Crous et al. 2014)

R. multiplex GMB0316T ON479891 — ON479892 — — (Dong et al. 2020)

R. neopustulans MFLUCC 11-0609T KJ474833 KJ474841 — KJ474850 — (Dissanayake et al. 2021)

R. neopustulans GMB0496 OR120436 OR120446 This study

R. neopustulans GMB0502 OR116176 OR117714 This study

R. nitidula MFLUCC 11-0634 KJ474834 KJ474842 — KJ474851 KJ474858 (Dissanayake et al. 2021)

R. padinae MUT 5503T — MN556327 — MN605902 MN605922 (Tibpromma et al. 2017)



321MycoKeys 102: 317–322 (2024), DOI: 10.3897/mycokeys.102.116896

Hongmin Hu et al.: Taxonomic and phylogenetic characterizations of six species of Pleosporales

Additional information

Con昀氀ict of interest
The authors have declared that no competing interests exist.

Ethical statement

No ethical statement was reported.

Funding
This research was supported by National Natural Science Foundation of China 

(31960005, 32000009 and 32170019); Science and Technology Department Foundation 

of Guizhou Province ([2018]2322); Qianhe Talents, Science and Technology Department 

of Guizhou Province ([2015]4029); Guizhou Provincial Education Department Scienti昀椀c 
Research Project for Higher Education Institutions ([2022]064); National Natural Sci-

ence Foundation of China Karst Centre Project U1812403-4-4.

Species Strain
GenBank accession numbers

References
ITS SSU LSU tef1 rpb2

R. percutanea CBS 868.95 KF322118 KF366449 — KF407987 KF366452 (Ahmed et al. 2014a)

R. pseudohysterioides GMBC0009T MW881445 MW881451 — — MW883345 (Zhang et al. 2020)

R. pseudohysterioides GMB0495 OR116175 OR117737 — OR150028 — This study

R. pseudohysterioides GMB0501 OR120447 OR120439 — OR150029 — This study

R. pustulans KT 1709 — AB524623 — AB539116 AB539103 (Zhang et al. 2020)

R. scabrispora MFLUCC 14-0582 KY026583 KY000660 — — — (Zhang et al. 2020)

R. siamensis MFLUCC 11-0149T KJ474837 KJ474845 — KJ474854 KJ474861 (Dissanayake et al. 2021)

R. thailandica MFLUCC 11-0621T KJ474838 KJ474846 — — — (Dissanayake et al. 2021)

R. tuberculata MFLUCC 13-0854T KU940132 KU863121 — KU940199 (Crous et al. 2014)

R. verrucispora CBS 125434T KJ474832 — — — — (Dissanayake et al. 2021)

R. yunnanensis HKAS 101762 MH453492 MH453488 — MH453481 — (Flakus et al. 2019)

Roussoellopsis macrospora MFLUCC 12-0005 — KJ474847 — KJ474855 KJ474862 (Dissanayake et al. 2021)

R. tosaensis KT 1659 — AB524625 — AB539117 AB539104 (Zhang et al. 2020)

Setoarthopyrenia 

chromolaenae
MFLUCC 17–1444 MT214344 MT214438 — MT235768 MT235805 (Liu et al. 2014)

Spegazzinia deightonii yone 212 — AB797292 AB807582 AB808558 — (Tanaka et al. 2015)

S. radermacherae MFLUCC 17-2285T MK347740 MK347848 MK347957 MK360088 — (Mapook et al. 2020)

S. tessarthra NRRL 54913 JQ673429 AB797294 AB807584 AB808560 — (Tanaka et al. 2015)

Thyridaria acaciae CBS 138873 KP004469 KP004497 — — — (Liu et al. 2014)

T. broussonetiae CBS 141481 NR_147658 KX650568 — KX650539 KX650586 (Karunarathna et al. 2019)

Torula herbarum CBS 111855 KF443409 KF443386 — KF443403 KF443396 (Crous et al. 2013)

T. hollandica CBS 220.69 KF443406 KF443384 — — KF443393 (Crous et al. 2013)

Tremateia arundicola MFLU 16-1275 KX274241 KX274254 KX274248 KX284706 — (Hyde et al. 2020)

T. chromolaenae MFLUCC 17-1425T NR_168868 NG_070160 NG_068710 MT235778 — (Tanaka et al. 2015)

T. guiyangensis GZAAS01 KX274240 KX274253 KX274247 KX284705 — (Hyde et al. 2020)

T. murispora GZCC 18-2787 NR_165916 MK972750 MK972751 MK986482 — (Feng et al. 2019)

T. thailandensis MFLUCC 17-1430T NR_168869 NG_070161 NG_068711 MT235781 — (Liu et al. 2014)

Verrucoconiothyrium nitidae CBS:119209 EU552112 — EU552112 — — (Wanasinghe et al. 2018)

Xenocamarosporium acaciae CPC 24755T NR_137982 — NG_058163 — — (Crous et al. 2015b)

Xenoroussoella triseptata MFLUCC 17–1438 MT214343 MT214437 — MT235767 MT235804 (Liu et al. 2014)
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