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Abstract

'The genus Erioscyphella Kirschst., which was morphologically confused with Lachnum, was herein exam-
ined. Based on molecular phylogenetic analyses using a combined dataset of ITS, LSU, mtSSU, and RPB2
and morphological examinations, Erioscyphella was distinguished from Lachnum and redefined by longer
ascospores and the presence of apical amorphous materials and/or resinous materials equipped on hairs.
Species boundaries recognized by morphology/ecology and phylogenetic analyses were cross-checked us-
ing species delimitation analyses based on DNA barcode sequences downloaded from UNITE, resulting
in that species’ taxonomic problems being uncovered. Six new species (E. boninensis, E. insulae, E. otanii,
E. papillaris, E. paralushanensis, and E. sasibrevispora) and two new combinations (E. hainanensis and

E. sinensis) were proposed.

Keywords
ITS, morphology, phylogeny, species delimitation, species hypothesis, taxonomy, UNITE

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



2 Yukito Tochihara & Tsuyoshi Hosoya / MycoKeys 87: 1-52 (2022)

Introduction

The genus Erioscyphella Kirschst belongs to the family Lachnaceae Raitv. (Helotiales,
Ascomycota) and includes 11 species: E. abnormis (Mont.) Baral, Sandové & B. Peri¢
[lectotype of Erioscyphella (Haines and Dumont 1984); as ‘E. longispora (P. Karst.)
Kirschst.” in the original description (Kirschstein 1938)], E. a/ba Ekanayaka & K.D.
Hyde, E. aseptata Ekanayaka & K.D. Hyde, E. bambusina (Bres.) Kirschst., E. brasil-
iensis (Mont.) Baral, Sandovd & B. Peri¢, F. curvispora B. Peri¢ & Baral, E. euterpes
(S.A. Cantrell & J.H. Haines) Guatim., R.W. Barreto & Crous, E. fusiformis (Ekanay-
aka & K.D. Hyde) Ekanayaka & K.D. Hyde, E. lunata (W.Y. Zhuang & Spooner) B.
Peri¢ & Baral, E. lushanensis (\W.Y. Zhuang & Zheng Wang) Guatim., R.W. Barreto &
Crous, and E. sclerotii (A.L. Sm.) Baral, Sandova & B. Perié. (Index Fungorum 2021).

Erioscyphella has been suggested as a monophyletic group by molecular phyloge-
netic analyses by Cantrell and Hanlin (1997), Hosoya et al. (2010), Peri¢ and Baral
(2014), and Guatimosim et al. (2016). However, the morphological delimitation
of the genus is currently ill-defined. In the original description (Kirschstein 1938),
Erioscyphella was misleadingly defined based on features that are not taxonomical-
ly informative, such as filiform, colored, and pigmented ascospores and lanceolate
paraphyses (Korf 1978; Peri¢ and Baral 2014). After that, in the genus Lachnum
Retz. [type genus of Lachnaceae], species of so-called ‘long-spored Lachnum’, which
were characterized by longer ascospores and the occurrence in tropical areas, were
suggested as members of Erioscyphella (Haines and Dumont 1984) and have been
transferred into Erioscyphella based on molecular phylogenetic analyses by Peri¢ and
Baral (2014) and Guatimosim et al. (2016). However, in fact, as morphology of
Erioscyphella, including ‘long-spored Lachnun’, is consecutive with that of the genus
Lachnum especially regarding the ascospore length and shape of ectal excipular cells
(Haines and Dumont 1984), the morphological delimitation of Erioscyphella has
not been sufficiently discussed. Since much more potential species are thought to be
included in Erioscyphella, its morphological concept must be discussed and updated
based on a wider size of taxon sampling.

In the present study, the authors aimed to: a) clarify the generic boundaries of
Erioscyphella using molecular and morphological/ecological data, and b) propose new
species or new combinations based on more objectively defined species boundaries. To
reach our first goal, we used specimens from the herbarium of the National Museum
of Nature and Science (TNS) (Tsukuba, Japan) as most of them were accompanied
by culture and/or DNA extracts. In TNS, only three identified species of Erioscyphella
were recognized (E. abnormis, E. brasiliensis, and E. sclerotii); however, we presumed
that many unidentified species of Erioscyphella were housed therein. To reach our sec-
ond goal, for species recognition, we tested DNA barcoding using the internal tran-
scribed spacer region of nuclear ribosomal DNA (ITS), widely accepted as fungal DNA
barcode (Begerow et al. 2010; Schoch et al. 2012; Hosoya 2021). ITS-based species
boundaries were explored based on multiple methods, and the results were compared
to species boundaries based on morphology, ecology, and phylogenetic relationships.
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Materials and methods

Taxon sampling

In TNS, specimens labeled as Erioscyphella were initially searched, and closely related
specimens to Erioscyphella were searched based on the sequence similarities of ITS.
Selected specimens were tentatively identified based on morphology following Dennis
(1954), Haines (1980), Haines and Dumont (1984), Spooner (1987), and Peri¢ and
Baral (2014).

Morphological observation, DNA extraction, and sequencing

Micromorphology was examined using cotton blue (CB) dissolved in lactic acid (LA)
(CB/LA; 0.5 g CB and 99.5 mL LA) as a mounting fluid. To check the ascal apex io-
dine reaction, Melzer’s reagent (MLZ; 0.5 g 1,, 1.5gKI, 20 g chloral hydrate, and 20
g water) was initially used without KOH pretreatment, and Lugol’s iodine (IKI; 1 g I,
and 1 g KI, and 100 mL H,O) and MLZ with 3% KOH pretreatment were used when
necessary. World Geodetic System 84 was used for the geographic coordinates. URLs
herein shown were accessed on April 15, 2021, except for GBIF website accessed on
Feb 10, 2020.

DNA was extracted from cultivated isolates in 2% malt extract broth (MEB) using
the modified cetyltrimethylammonium bromide (CTAB) method (Hosaka and Castel-
lano 2008; Tochihara and Hosoya 2019). When isolates are not available, DNA was
extracted directly from a crushed apothecium using DNA extraction buffer following
Tochihara and Hosoya (2019). The isolates from which DNA extracted were deposited
in the NITE National Biological Resource Center (NBRC) (Kisarazu, Japan), except
for isolates with restriction on transition by Japanese laws and those unavailable be-
cause of contracts with private companies.

Polymerase chain reaction (PCR) was used to amplify the following regions: I'TS
(= ITS1-5.85-1TS2), the partial large subunit nuclear ribosomal RNA gene (LSU), the
partial mitochondrial small subunit (mtSSU), and section ‘6-7" of the second larg-
est subunit of the nuclear RNA polymerase II gene (RPB2). Primer pairs for PCR
reactions of ITS, LSU and mtSSU were ITS1F (5—CTTGGTCATTTAGAGGAAG-
TAA-3’) (Gardes and Bruns 1993) or ITS1 (5-TCCGTAGGTGAACCTCGGG-3’)
(White et al. 1990) and ITS4 (5-TCCTCCGCTTATTGATATGC-3’) (White et
al. 1990), LROR (5-~ACCCGCTGAACTTAAGC-3’) and LR5 (5-TCCTGAGG-
GAAACTTCG-3’) (Vilgalys and Hester 1990), and mrSSU1 (5-AGCAGTGAG-
GAATATTGGTC-3") and mrSSU3R (5-ATGTGGCACGTCTATAGCCC-3))
(Zoller et al. 1999) respectively. The PCR program consisted of an initial denaturation
at 95 °C for 3 min, followed by 30 cycles of 94 °C for 35 s, 51 °C for 30 s, and 72 °C
for 1 min, and a final extension at 72 °C for 10 min. When appropriate PCR products
were not obtained, a modified PCR program was applied first, and then alternative
primer pairs were tested. For RPB2, an alternative forward primer fRPB2-5F (5-GAY-
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GAYMGWGATCAYTTYGG-3) (Liuetal. 1999) or RPB2-P6Fa (5-TGGGGRYTK
GTBTGYCCKGCHGA-3’) (Hansen et al. 2005) and a reverse primer bRPB2-7.1R2
(5-CCCATNGCYTGYTTVCCCATDGC-3’) (modified from bRPB2-7.1R) (Ma-
theny 2005; Matheny et al. 2007; Gelardi et al. 2015) were used.

Sequencing was conducted on an ABI PRISM 3500xL Genetic Analyzer (Applied
Biosystems; Thermo Fisher Scientific, Waltham, MA, USA) with a BigDye Terminator
3.1 Cycle Sequencing Kit (Applied Biosystems). The obtained sequences were assem-
bled using ATGC 7 (Genetyx, Tokyo, Japan). Assembled sequences were deposited
in the International Nucleotide Sequence Database Collaboration (INSDC) via the
DNA Data Bank of Japan (DDB]J), and acquired INSDC accession numbers. Assem-
bled ITS sequences were also deposited in the UNITE database (https://unite.ut.ee/)
via the PlutoF workbench (https://plutof.ut.ce/) (Abarenkov et al. 2010) and acquired
UNITE accession numbers.

Phylogenetic analyses

The specimens obtained from TNS were included in the phylogenetic analyses as
candidate members of Erioscyphella (‘f in Table 1). From other genera of the family
Lachnaceae, four species of Lachnum, two species of Albotricha, Brunnipila, Capitotri-
cha, Dasyscyphella, Incrucipulum, and Lachnellula, and one species of Neodasyscypha
and Proliferodiscus were used (‘1 in Table 1). Among the eight genera, seven of them
(except Proliferodiscus) included type species. Three species of Helotiales were selected
as outgroups following Tochihara and Hosoya (2019) (Table 1).

A concatenated dataset of ITS, LSU, mtSSU, and RPB2 was used in the phy-
logenetic analyses. Each region was aligned separately using MAFFT 7 (Katoh and
Standley 2013). The Q-INS-i option was used for ITS, LSU, and mtSSU to accom-
modate the secondary structures of RNA, and the G-INS-1 option was used for RPB2
to assume global alignment using the entire region. The aligned sequences were edited
manually using BioEdit 7.0.5.2 (Hall 1999).

Phylogenetic conflicts among gene partitions were checked before the phylogenet-
ic analyses using the concatenated matrix. Maximum likelihood (ML) trees with 1,000
bootstrap replications (Felsenstein 1985) using the ITS, LSU, mtSSU, and RPB2 data-
sets separately were constructed using MEGA X (Kumar et al. 2018) with the GTR+G
model; branches with bootstrap values > 70% were compared among trees. For meSSU
and RPB2, specimens containing missing data were excluded from the analyses.

The concatenated dataset was analyzed using ML, maximum parsimony (MP),
and Bayesian inference (BI). For the ML and BI analyses, substitution models were
estimated for each partition (ITS, LSU, mtSSU, and each codon position of RPB2)
based on Akaike’s information criterion (AIC) (Akaike 1974) using Modeltest-NG
0.1.6 (Darriba et al. 2019).

ML tree search (Felsenstein 1984) and bootstrapping (Felsenstein 1985; Lemoine
et al. 2018) was performed using RAXML-NG 0.9.0 (Kozlov et al. 2019) with 1,000
bootstrap replications under the substitution model SYM+1+G4 for ITS, TIM1+1+G4
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10 Yukito Tochihara & Tsuyoshi Hosoya / MycoKeys 87: 1-52 (2022)

for LSU, TPM1uf+I+G4 for mtSSU and RPB2 third codon position, GTR+I+G4
for RPB2 first codon position, and TPM3uf+I1+G4 for RPB2 second codon position.
Sequence matrix containing missing data typically yield multiple trees residing on a
phylogenetic terrace (Sanderson et al. 2011; Biczok et al. 2018). Therefore, we checked
if the best-scored-tree did not lie on a terrace using the Python tool called ‘terraphy’
implemented in RAXML-NG 0.9.0.

MP analysis was conducted using PAUP* 4.0a 167 (Swofford 2002). All substitu-
tions were treated as unordered and of equal weights. All gaps were treated as missing
data. A heuristic parsimony search was carried out with 1,000 replicates of random
step addition, with a tree bisection reconnection (TBR) branch swapping algorithm,
Multrees option on, Steepest descent modification option on, and branch collapse
option set to MinBrlen. Bootstrap values (MPBP; Felsenstein 1985) were estimated
from 1,000 replicates of heuristic searches, with random taxon addition, TBR branch
swapping, and Multrees options off.

Bl analysis was based on MrBayes 3.2.7a (Ronquist et al. 2012) under the substitu-
tion model SYM+1+G4 for ITS, GTR+1+G4 for LSU and RPB2 first codon positions,
HKY+1+G4 for mtSSU and RPB2 third codon positions, and F81+I for RPB2 second
codon position. Two separate Metropolis-Coupled Markov Chains of Monte Carlo
(MCMCMC) ran simultaneously starting from random trees for 20 million genera-
tions, and trees were sampled every 500 generations. The average standard deviation of
split frequencies (ASDSF) and effective sample size (ESS) were checked using Tracer
1.7.1 (Rambaut 2018a) as an indication of convergence. Using post-burn-in trees, a
50% majority rule consensus tree was generated, and Bayesian posterior probabilities
(BPP) were calculated to evaluate node supports. Trees were visualized using FigTree
1.4.4 (Rambaut 2018b) based on the ML, MP, and BI analyses respectively. Branches
with MLBP and MPBP > 90% and BPP > 0.95 were regarded as strongly supported.

ITS-based species delimitation analyses (Fig. 2)

To maximize the number of I'TS sequences, we used the UNITE Species Hypoth-
eses (SH) system provided by the UNITE database (Kéljalg et al. 2013; Nilsson et
al. 2015; GBIF 2018; Koljalg et al. 2020). In the UNITE SH system, all fungal ITS
sequences are periodically divided into species-level clusters (species hypothesis; SH)
at optional sequence-distance thresholds (0%—3% in 0.5% steps), each of which is as-
signed to a unique UNITE SH code represented by a digital objective identifier (DOI)
accessible from internet (Koljalg et al. 2016, 2020; Nilsson et al. 2015).

Based on the UNITE SH system, we collected ITS sequences of Erioscyphella in
the following process: a) selectivity of closely related sequences: for every ITS sequence
newly obtained from TNS specimens (= query sequences, 49 sequences), UNITE SH
code at the 3% threshold value were searched in the UNITE database to gather se-
quences in wider scope, and all sequences within the UNITE SH code were download-
ed. b) selectivity based on taxon names: using the UNITE search page, ITS sequences
named Erioscyphella were searched, because only closely related sequences to query
sequences are filtered under the a) criterion. Sequences with synonyms of Eriosyphella
species were also searched, because the UNITE lookup function is not supported by
any backbone taxonomies to integrate synonyms. Sequences satisfying criterion a) or
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Figure 2. Diagrammatic representation showing the species delimitation analyses using ITS sequences.

b) were downloaded for ITS-based species recognition. The obtained ITS sequences
were clustered into SHs based on an OTU clustering method, hierarchical cluster-
ing method, and two coalescent-based methods. For all ITS sequences, ITS1, 5.8S,
and ITS2 regions were extracted using I'TSx (Nilsson et al. 2010) to construct an
accurate I'TS dataset, because the inclusion of segments of adjacent regions (such as a
small subunit of 185 rRNA or LSU) may decrease the accuracy of the calculation of
ITS distances (Nilsson et al. 2010). OTU clustering was executed using VSEARCH
v2.17.2 (Rognes et al. 2016) implemented in the Qiime 2 microbiome analysis plat-
form (Bolyen et al. 2019).

The concatenated dataset of extracted ITS1, 5.8S, and ITS2 was incorporated
into VSEARCH, and OTU clustering at 97% and 98.5% similarity thresholds were
performed using the ‘-cluster_fast’ option. Hierarchical clustering based on pairwise
sequence distances was executed using the Assemble Species by Automatic Partition-
ing (ASAP) method (Puillandre et al. 2021). The datasets of extracted ITS1, 5.8S, and
ITS2 were separately aligned using MAFFT 7 under the Q-INS-i option and edited
using trimAl v1.2 (Capella-Gutiérrez et al. 2009) under the ‘-gappyout’ option. The
concatenated dataset of the three aligned partitions was analyzed using ASAP web
(hteps://bioinfo.mnhn.fr/abi/public/asap/asapweb.html). Jukes-Cantor (JC69) was
selected as a substitution model for computing pairwise distances of sequences. As
phylogeny-based species delimitation methods, the generalized mixed Yule-coalescent
(GMYC) model (Pons et al. 2006; Fujisawa and Barraclough 2013) and the Poisson
Tree Processes (PTP) model (Zhang et al. 2013) were used. In both models, specia-
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tion (species-level differentiation) and coalescence (population-level differentiation)
are identified based on the length of phylogenetic trees. GMYC requires the use of
phylogenetic trees following the molecular clock model (= ultrametric tree) because
it detects transition points from speciation to coalescence focusing on the time axis,
while PTP does not require ultrametric tree as it focuses on the number of nucleo-
tide substitutions. Ultrametric trees were estimated using BEAST v2.6.3. (Bouckaert
et al. 2019). The ITS dataset was divided into ITS1, 5.8S, and ITS2, and suitable
substitution models GTR+G for ITS1 and JC+G for 5.8S and ITS2 estimated using
Modeltest-NG 0.1.6. were applied. To estimate branch length, a Yule model and a
relaxed clock with a log-normal distribution were selected. MCMC chains were run
for 1.5x10°® generations and sampled every 1,000 generations. After each run, conver-
gence was checked using Tracer 1.7.1, and the first 10% were discarded as burn-in. A
consensus tree was generated using TreeAnnotator v1.10.4 in BEAST package, from
150,000 generated trees except for the first 10% regarded as burn-in. A single-thresh-
old species delimitation analysis based on GMYC was conducted using the R package
‘splits’ (Fujisawa and Barraclough 2013).

For the species delimitation analyses using PTP, an unrooted ML phylogenetic tree
was constructed using RAXML-NG 0.9.0. The analysis used ITS1, 5.8S, and ITS2 par-
titions, aligned as previously described, under the substitution models TIM2+G4 for
ITS1, TPM2+1+G4 for 5.8S, and GTR+1+G4 for ITS2, estimated using Modeltest-
NG 0.1.6. based on the AIC. The species delimitation analysis was executed using the
generated ML best-scored tree with the bPTP web server (https://species.h-its.org/).
The MCMC run was set to 500,000 generations and burn-in rate was set to 0.1. The
convergence of MCMC runs was visually checked. In ML and Bayesian results, a result
generating fewer SHs was adopted to avoid excessive species division.

SHs generated in the species delimitation analyses and the UNITE SHs at 3% and
1.5% threshold values were compared with one another.

Species recognition

In the present study, we initially recognized species boundaries based on the two criteria:

1. Forming a monophyletic group in the phylogenetic analyses based on multi-
gene data (Fig. 1).

2. Members can be distinguished based on morphological and/or common eco-
logical features (such as host plants).

Species boundaries recognized by 1.and 2. were cross-checked based on the results
of ITS-based species delimitation analyses. When the species boundaries are supported
by the majority (= more than four methods) of the seven species delimitation methods
(UNITE SH at 3% threshold, UNITE SH at 1.5% threshold, VSEARCH 97% simi-
larity, VSEARCH 98.5% similarity, ASAP, GMYC, and PTP) (Fig. 3), we regard the

species as reasonable and carry out taxonomic treatments if necessary.
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Results
Taxon sampling from TNS specimens

Forty-nine specimens in TNS were identified as candidates of Erioscyphella and mor-
phologically identified as E. abnormis, E. brasiliensis, E. sclerotii, Lachnum hainanense
W.Y. Zhuang & Zheng Wang, L. mapirianum (Pat. & Gaillard) M.P. Sharma, Lach-
num mapirianum var. sinense Z.H. Yu, W.Y. Zhuang, Lachnum novoguineense var. yun-
nanicum W.Y. Zhuang, and L. palmae (Kanouse) Spooner (Table 1), together with
six species of Erioscyphella described here as new ([E. boninensis, E. insulae, E. otanii,
E. papillaris, E. paralushanensis, and E. sasibrevispora], Table 1).

Phylogenetic analyses

The molecular phylogenetic analyses were based on 70 specimens selected from TNS
(Table 1). The concatenated sequence matrix was composed of 2488 bp (sites 1-332
for ITS, 333-1108 for LSU, 1109-1828 for mtSSU, and 1829-2488 for RPB2). In
the matrix, the following parts were treated as missing data: TNS-F-17245, 17249,
and 81229 for mtSSU, and TNS-F-17567 for RPB2. The matrix was registered in
TreeBase (http://purl.org/phylo/treebase/phylows/study/TB2:528477).

Among the four ML trees based on each region, no conflicts were found in clades
with support > 70% (Suppl. material 1: Fig. S1). Therefore, we considered these four
regions to be combinable, and phylogenetic analyses were based on the concatenated
sequence matrix. In the ML analysis, the best-scored tree generated did not reside
on the phylogenetic terrace. In the MP analysis, 766 nucleotide substitution sites
were detected, 601 of which were parsimony-informative. A total of 182,630 equally
parsimonious trees were generated with tree length = 2,985 steps, consistency index
(CI) = 0.38, retention index (RI) = 0.73, and rescaled consistency index (RC) = 0.28.
In the BI analysis, when two runs reached 20 million generations and the first 10,000
trees (25%) of generated trees were excluded, ASDSF was observed to fall below 0.004
and ESS of all parameters was over 200. The first 10,000 trees were discarded as burn-
in. A 50% majority rule consensus tree was constructed and BPP was calculated based
on the remaining 30,000 trees.

As no topological contradictions occurred among the ML best-scored tree, MP
50% majority-rule consensus tree, and BI 50% majority-rule consensus tree, only ML
tree was illustrated, and MLBS, MPBS, and BPP were plotted on its branches (Fig. 1).

Based on the phylogenetic analyses, 49 candidates of Erioscyphella formed a strongly
supported clade (= Clade A, MLBP = 100%/MPBP = 100%/BPP = 1.00), apart from the
clade of Lachnum sensu stricto (= L. asiaticum (Y. Otani) Raitv., L. pudibundum (Quél.)
J. Schrée., L. rachidicola ].G. Han, Raitv. & H.D. Shin, and L. virgineum (Batsch) P.
Karst.) [type of Lachnuml]) (Fig. 1). Clade A and Proliferodiscus alboviridis formed a rela-
tively strongly supported clade (Clade B, MLBP = 78%, MPBP = 82%, BPP = 1.00).

Within Clade A, each morphologically identified species and variety formed strong-
ly supported monophyletic groups of their own (Fig. 1), and five strongly supported
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subclades were recognized (Clade I-V, Fig. 1). Lachnum mapirianum (TNS-F-17545,
17249) and E. insulae (TNS-F-26500, 39720) did not belong to any subclade. Clade
I was composed of E. boninensis, E. paralushanensis, L. hainanense, and L. mapirianum
var. sinense. Within Clade I, only E. paralushanensis occurred on bamboo sheaths, while
others occurred on fallen leaves of broad-leaved trees. Clade II was composed only of
L. palmae, which occurred on the palm petioles. Clade III was composed of E. otanii
and E. papillaris occurring on bamboo leaves. Clade IV was composed of L. novogu-
ineense var. yunnanicum, and E. sasibrevispora, occurring on bamboo sheaths. Clade V
was composed of E. abnormis, E. brasiliensis, and E. sclerotii, occurring on wood.

Morphological characters within Clade A

Members of Clade A had totally and densely granulate, hyaline to brown, thin-walled
hairs, fusiform to long filiform ascospores, ectal excipulum composed of rexzura pris-
matica to textura angularis, asci lacking croziers at the bases, and smooth walled ectal
excipulum cells. Exceptionally, E. sasibrevispora, L. hainanense (Hosoya et al. 2013),
and L. novoguineense var. yunnanicum \X.Y. Zhuang had croziers and E. boninensis had
granulated ectal excipulum.

Moreover, hairs of Clade A lacked crystals, but were equipped with apical amor-
phous materials and/or resinous materials. In the present study, “crystals” refers to am-
ber colored materials that positioned near the hair apices and were regular-shaped (e.g.
tetrahedral materials, masses of needle-like materials, or cross-shaped materials), de-
scribed by Raitviir (2002), Sukova (2005) or Tochihara and Hosoya (2019). “Resinous
materials” refers to colored, refractive, irregular-shaped materials attached on any parts
of hairs, described by Spooner (1987). Crystals and resinous materials are easily de-
tatched from hairs and broken into fragments in the squash mount. “Apical amorphous
materials” is termed uniquely in this study, and refers to hyaline to brown, refractive,
irregular-shaped materials positioned outside the hair apices. They are usually small
and inconspicuous cap-like shaped, and conspicuously globular in some species. Apical
amorphous materials do not grow to big masses and are not easily detached from hairs
in the squash mount.

In Clade A, members except for E. boninensis, E. sasibrevispora and L. novoguineense
var. yunnanicum had apical amorphous materials, and E. boninensis, E. paralushanensis,
and L. palmae complex also had resinous materials (see figures of described species and
Suppl. material 1: Fig. §2).

ITS-based species delimitation analyses

In UNITE v8.3, 87 I'TS sequences were clustered into 23 SHs at 3% and 26 SHs at
1.5% threshold values (Table 2, Fig. 3). The UNITE SH code for each SH is presented
in Table 2. In OTU clustering using VSEARCH, 87 I'TS sequences were clustered into
25 SHs at 97% similarity and 28 SHs at 98.5% similarity (Table 2, Fig. 3). VSEARCH
SH codes (allocated in this study uniquely; VSH97_1 to VSH97_25, VSH985_1 to
VSH985_28) are shown in Table 2.
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The extracted and aligned ITS sequences were composed of three partitions, ITS1
(162 bp), 5.8S (157 bp), and ITS2 (142 bp). The concatenated I'TS sequence matrix was
registered in TreeBase (http://purl.org/phylo/treebase/phylows/study/TB2:528473).
In the ASAP analysis, the concatenated dataset of these partitions (461 bp) was input,
and 87 ITS sequences were clustered into 18 SHs with the lowest asap-score, reflect-
ing better partitioning (Suppl. material 1: Fig. $3). In the GMYC analysis, 29 SHs
were delimited (Suppl. material 1: Fig. S4). The ultrametric tree constructed for the
GMYC analysis is available in TreeBase (http://purl.org/phylo/treebase/phylows/study/
TB2:S28473). For the PTP analyses, an ML best-scored tree was constructed (Suppl.
material 1: Fig. §5). PTP analyses delimited 23 SHs in the Bayesian support and 26
SHs in the ML support (Suppl. material 1 Fig. S6), and the former was adopted.

Comparing the number of SHs generated by different clustering methods and
applied thresholds, 18 SHs by ASAP, and 23 SHs by UNITE SH at 3% threshold
represented the lowest SH numbers (Fig. 3; Table 2). The ASAP results were too rough
to delimit the boundaries of E. abnormis, E. boninensis, E. brasiliensis, E. curvispora,
and E. sclerotii. SH-classification recognized by UNITE SH at 3% threshold mostly
corresponded to taxon names originally assigned to sequences.

Comparing the results of seven species delimitation methods (UNITE SH at 3%
threshold, UNITE SH at 1.5% threshold, VSEARCH 97% similarity, VSEARCH 98.5%
similarity, ASAR, GMYC, and PTP), sequences labeled as E. alba, E. brasiliensis, E. curvis-
pora, E. euterpes, E. fusiformis, E. lunata, E. sclerotii, L. mapirianum, L. mapirianum var. sin-
ense, L. novoguineense var. yunnanica, and six new species candidates were distinguished as
separate clusters by more than four delimitation methods (Fig. 3). These species clusters did
not contradict with morphological/ecological and phylogenetic relationships (Fig. 1). Seven
sequences labeled as L. hainanense were clustered into one SH by four species delimitation
analyses, and part of the SHs included a sequence labeled as Lachnum albidulum (Fig. 3).

Erioscyphella abnormis, E. aseptate, and L. palmae did not form separate clusters
supported by majority of four species delimitation analyses (Fig. 3). Sequences labeled
as E. abnormis were clustered into one to four SHs, and some SHs included sequences
labeled as Chapsa patens (Nyl.) Frisch, E. aseptata, E. brasiliensis, and E. sclerotii (Fig. 3).
Twelve sequences labeled as L. palmae were clustered into four to six SHs (Fig. 3).

Discussion

Generic delimitation and generic concept of Erioscyphella

We accepted Clade A as a monophyletic unit for Erioscyphella which is supported by
morphology. Although Clade B comprised Clade A together with P alboviridis, Clade
B should not be regarded as a genus delimitation of Erioscyphella, because Proliferodis-
cus differs from members of Clade A in having apothecia proliferating from the mar-
gins continuously and thick-walled and coarsely warted hairs (Haines and Dumont
1983; Spooner 1987). All members of Clade A are distinguishable from the other
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lachnacenous genera. In contrast to Erioscyphella, Albotricha and Dasyscyphella are dis-
tinguished by hair apices with no granulation (Hosoya et al. 2010), Brunnipila, Capi-
totricha, and Incrucipulum by hair-crystals (Baral and Krieglsteiner 1985; Tochihara
and Hosoya 2019), and Lachnellula by ectal excipulum composed of zextura globose
to textura oblita (Dharne 1965). Typical members of Clade A can be easily segregated
from Neodasyscypha, because the characteristic features of Neodasyscypha, such as dark-
brown hairs, ectal-excipulum structure, and ellipsoid to fusoid ascospores < 10 pum
long (Spooner 1987), are rare in Clade A. Among members of Clade A and Lachnum
sensu stricto, the shape and length of ascospores were continuous (Fig. 4), as indicated
by Haines and Dumont (1984). However, ascospores longer than 15-20 um were re-
stricted to Clade A (Fig. 4). Moreover, most members of Clade A have hairs with apical
amorphous materials, which are not seen in Lachnum sensu stricto. Members of Clade
A usually also have hairs not swelling at the apices and distantly septate, as Peri¢ and
Baral (2014) pointed out for three tropical members, while members of Lachnum have
swelling apices. The combination of such characters allows us to differentiate typical
members of Erioscyphella from Lachnum.

In summary, Erioscyphella is still difficult to define solely based on morphology
because of multiple exceptional characters continuous to other genera, but its typical
members could be recognizable mainly by the hair structures and ascospore length.
Based on members of Clade A, Erioscyphella is tentatively described as follows: apothe-
cia occurring on dead hardwood leaves, rotten wood, bamboo sheaths, bamboo leaves
or palm leaves; asci mostly arising from simple septa, but occasionally from croziers;
ascospores fusiform to long needle-shaped, aseptate to multi-septate; paraphyses fili-
form to narrowly lanceolate, shortly exceeding the asci, but rarely lanceolate and long
exceeding the asci; hairs straight or irregularly curved, usually not swollen at the apices,
thin-walled, hyaline, but sometimes brown, totally and densely granulated, usually
distantly septate, without needle-like or three-dimensional shaped crystals but mostly
equipped with hyaline to brown apical amorphous materials, and/or resinous materials
at any part of hairs; walls of ectal excipulum cells smooth but granulate in one species.

Peri¢ and Baral (2014) pointed out that “yellow hymenium derived from carotenoid” is
one of the common characters of Erioscyphella. This feature was not discussed in this study
because some specimens were not observed when fresh; the hymenium color is variable (usu-
ally white hymenium becomes yellow) between fresh and dried states in lachnaceous species.

Host selectivity of Erioscyphella

In Erioscyphella, the tendency of selectivity of species to host plants or parts occurs
across the genus. Each subclade within Erioscyphella (Clade 1-V) generally shared
tendencies toward host selectivity as follows: Clade I on leaves of broad-leaved trees,
except for E. paralushanensis occurring on bamboo sheaths, Clade II on palm leaves,
Clade III on bamboo leaves, Clade IV on bamboo sheaths, and Clade V on rotten
wood (Fig. 1). The results showed that selectivity to host plants, and parts of Erios-
cyphella, was acquired as apomorphic characters during speciation.
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Figure 4. Comparison of ascospores of Clade A (= Erioscyphella) and the clade of Lachnum sensu stricto
in Fig. 1. Subclade numbers for members of Clade A in Fig. 1 are shown in parentheses. Bars show varia-

tion of ascospore length within each species.

Is Erioscyphella limited to ‘tropical’ zones?

Erioscyphella (long-spored Lachnum) has long been known as the tropical genus in
Lachnaceae (Dennis 1954; Spooner 1987; Guatimosim et al. 2016). Most long-spored
species were described from tropical areas of Latin America (Dennis 1954) and tropi-
cal to temperate areas of Australasia (Spooner 1987). However, the new species or
new combinations proposed in this study were reported from Japan in subtropical
areas (E. boninensis and E. insulae), temperate area (E. hainanensis, E. palalushanen-
sis, and E. sinensis) and cool-temperate to subarctic areas (E. otanii, E. papillaris, and
E. sasibrevispora), showing that Erioscyphella is not limited to tropical zones, but is also
distributed in temperate to subarctic zones in the northern hemisphere.
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Ascal iodine reactions seen in E. papillaris

Iodine reactions of the ascus apical apparatus have been classified into several types (in-
amyloid, hemiamyloid [Type RB and RR, and euamyloid Type BB]) (Baral 2009), and
the reaction ‘MLZ- without KOH pretreatment and MLZ+ with KOH pretreatment’,
observed in E. papillaris (Fig. 11E1 and Fig. E2) has been restricted to the type of
hemiamyloid. However, the apical apparatus of E. papillaris showed a dark blue reac-
tion in IKI without KOH pretreatment (Fig. 11E3), while the hemiamyloid apparatus
usually shows a red reaction under these conditions. The hemiamyloid ascal apparatus
could show IKI-blue without KOH pretreatment due to long storage in the herbarium
(Baral 2009), but this is not applicable for the material of E. papillaris, which has been
maintained for only two years in herbarium until observed. Therefore, we assessed the
iodine reaction of E. papillaris as a new type, and color reactions with various solutions
of the species should be further examined using new materials, because there are few
apothecia in the type specimen.

Species-level taxonomic treatment of Erioscyphella

In this study, we carried out taxonomic treatment for species which were distinguished
by morphology/ecology and phylogenetic analyses, and formed single clusters in spe-
cies delimitation analyses. Based on this criteria, six undescribed species of Erioscyphella
have been proposed as new species of Erioscyphella [E. boninensis, E. insulae, E. otanii,
E. papillaris, E. paralushanensis, and E. sasibrevispora), and Lachnum hainanense and
L. mapirianum var. sinense have been proposed as new members of Erioscyphella. Inter-
pretation of species boundaries of L. hainanense was discussed in the taxonomy chap-
ter. For new species and new combinations, Japanese names were also denominated for
wider use of Japanese mycologists or amateurs.

In the phylogenetic analyses, Malaysian materials of L. mapirianum (TNS-
F-17245, 17249) and Japanese materials of L. novoguineense var. yunnanicum (TNS-
F-16442, 16642) were also found to be members of Erioscyphella (Fig. 1). However,
we hesitate to transfer the two species into Erioscyphella, as we cannot guarantee the
identification accuracy of the materials, because of inadequate type information of
the two species.

Taxonomic assessments of E. abnormis, L. aseptate, and L. palmae, which were not
accepted as independent species in species delimitation analyses, are discussed below.

Taxonomy of E. abnormis and its related species

In the species delimitation analyses, sequences labeled as E. abnormis formed a single
SH at UNITE SH 3% threshold (DOI: SH1155612.08FU) and divided into two to
four SHs at UNITE SH 1.5% threshold, VSEARCH, and GMYC (Fig. 3).

In ASAPD, sequences labeled as E. abnormis belong to a single SH, but the SH also
contained sequences labeled as Chapsa patens, E. aseptata, E. brasiliensis, E. curvispora,
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and E. sclerotii (Fig. 3). However, the phylogenetic analyses revealed that E. brasiliensis,
and E. sclerotii are separate from the clade of E. abnormis (Fig. 1), suggesting that the
two species are different from E. abnormis. Although E. curvispora was not included
in the phylogenetic analyses (Fig. 1), the apparent morphological and ecological dif-
ferentiation (Peri¢ and Baral 2014) and low similarity of ITS (< 97%) with members of
E. abnormis (Fig. 3) suggest that E. curvispora is different from E. abnormis.

Erioscyphella aseptata was originally described in Thailand and characterized by
having aseptate ascospores, unlike E. abnormis or E. sclerotii with septate ascospores
(Ekanayaka et al. 2019). However, the species delimitation analyses in this study sug-
gested the difficulty of delimiting E. aseptata (MK584957) from E. abnormis (Fig. 3),
suggesting that E. aseptata is a morphologically atypical (aseptate-ascospored) indi-
vidual of E. abnormis.

Although two ITS sequences of C. patens (MT995055 = specimen no. FJ19131
and MWO007918 = specimen no. FJ19049) were positioned in SHs dominated by
E. abnormis, LSU and mtSSU sequences of FJ19131 and LSU sequence of FJ19049
were closely related to Chapsa spp. [Graphidaceae, Ostropales]. Since Lachnaceae and
Graphidaceae are phylogenetically distant, the two ITS sequences MT995055 and
MW007918 have been misidentified.

Considering that the monophyly of E. abnormis is strongly supported
(Fig. 1) and members of the species share high ITS similarities (> 97%, compiled into
SH1155612.08FU) (Fig. 3, Table 2), E. abnormis is accepted here as a species with
some intraspecific morphological and phylogenetic variation.

Taxonomy of ‘Lachnum’ palmae

Lachnum palmae formed a strongly supported clade in the phylogenetic analyses
(Clade II in Fig. 1). They also shared strong selectivity to palm leaves and character-
istic morphology such as thick-walled asci, hairs with resinous materials and apical
amorphous materials (Suppl. material 1: Fig. S2) and ectal excipulum composed of
thick-walled prismatic cells and interwoven hyphae. However, sequences labeled as
L. palmae were divided into 4 to 7 SHs in all species delimitation analyses (Fig. 3),
indicating that L. palmae is a species complex that includes multiple potential sister
species. At present, we avoid creating new species from the complex, because the mor-
phological and ecological differences detected among SHs are not enough to delimit
species boundaries, although the size of asci and ascospores differ among some SHs,
as shown in Fig. 4. Phylogenetic analyses revealed that members of the L. palmae
complex belonged to Erioscyphella (Fig. 1). However, we could not judge which SH
within the complex is equivalent to L. palmae as originally described from Honduras
by Kanouse (1941) and redescribed by Spooner (1987) from the type plus another
specimen from New Zealand. There are no L. palmae sequences from the tropical
American type locality, so phylogenetic characterization and recombination of the
species were avoided in the present study.
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Taxonomy

Erioscyphella boninensis Tochihara & Hosoya, sp. nov.
MycoBank No: 835702
Figs 5, 6

Diagnosis. Differs from all other Erioscyphella species by the granulate walls of the
ectal excipular cells.

Holotype. Jaran, Bonin Islands, Chichijima Island, Mt. Tsutsujiyama, 27.060556,
142.222500, ca 270 m, 28 Jun. 2009, on fallen leaves of Pittosporum boninense,
T.Hosoya (TNS-F-26520).

GenBank/UNITE no. ex holotype. LC669437/UDB0779049 (ITS), LC533151
(LSU), LC533254 (mtSSU), LC533196 (RPB2).

Etymology. Referring to the type locality Bonin Islands.

Japanese name. Ogasawara-cha-hina-no-chawantake.

Description. Apothecia scattered, superficial, 0.5-1.0 mm in diameter, having
well-developed stipes, up to 1.5 mm high, cream to pale brown, externally cov-
ered with short and shiny hairs. Disc concave, cream to pale yellow. Ectal excipu-
lum textura prismatica composed of long elongated cells to zextura angularis, 6-25
x 5—13 um, hyaline to relatively brown colored, somewhat thick-walled; cell walls
covered by granules with a similar appearance to those on hairs. Stipe composed of
textura prismatica with a granulate surface as ectal excipular cells. Medullary excipu-
lum rextura intricata of hyaline hyphae up to 3 um wide. Hairs straight, cylindrical,
38-62 x 2.5-4.0 pm, hyaline, completely covered by brown granules, 2—3-septate,
thin-walled, arising from swelling cells completely covered by granules; apex lacking
crystals or apical amorphous materials, equipped with amber-colored resinous ma-
terials dissolvable with CB/LA at a little below the apex. Asci (36-)37.7-44(-46) x
(3.5-)3.6-4.2(—4.5) pm (av. 41 £3.2 x 3.9 £ 0.3 pm, n = 16), 8-spored, cylindrical-
clavate; pore blue in MLZ without 3% KOH pretreatment; croziers absent at the
basal septa. Ascospores (9—)10-12.3(-13) x 1.2-1.7(-1.8) um (av. 11 £ 1.2 x 1.5 £
0.2 pm, n = 16), Q = (6.3-)6.9-9.2(-10) (av. 7.8 * 1.5, n = 16), fusiform, aseprate.
Paraphyses straight, up to 2.5 pm wide, septate, exceeding the asci up to 5 pm, nar-
rowly lanceolate.

Culture characteristics. Colony of NBRC 114447/TNS-F-26520 on PDA um-
bonate forming a dome-shape, slightly sulcate. Context not shiny, velvety, buff at the
center, paler toward the margin, dark buff from the reverse. Sectors and zonation ab-
sent. Aerial mycelium white or buff, dense cottony, forming white mycelium strands
except in the margin. Margin distinct, entire, flat. Asexual morph absent.

Distribution. Jaran. (Bonin Islands). Known only from the type locality.

Notes. Granulation on the surface of the ectal excipular cells has been observed
only in Incrucipulum in Lachnaceae (Baral and Krieglsteiner 1985; Tochihara and Ho-
soya 2019), and E. boninensis is the first report for such a character in Erioscyphella
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Figure 5. Erioscyphella boninensis TNS-F-26520 (Holotype) A dried apothecia B pure culture on PDA
(NBRC 114447) C ascus D ascal pore MLZ (+) E ascospores F paraphyses G ectal excipular cells H ectal
excipular cells with red granules I hairs with resinous matters arising from ectal excipular cells. Mounted

in CB/LA (C, E-l), MLZ (D). Scale bars: 1 mm (A); 10 pm (C-I).

(Fig. 5H, 6E). Phylogenetic analysis revealed that E. boninensis is closely related to
E. paralushanensis (Fig. 1). The two species (Clade IA, Fig. 1) have colored granules on
hairs and forming red mycelia on PDA. However, granulation of ectal excipulum is
seen only in E. boninensis.

Erioscyphella hainanensis (W.Y. Zhuang and Zheng Wang) Hosoya and Tochiha-
ra, comb. nov.
MycoBank No: 835707

= Lachnum hainanense W.Y. Zhuang & Zheng Wang, Mycotaxon 67: 25 (1998).

Diagnosis. Forming apothecia with long stipes and long hairs. Differing E. sinensis in
much shorter ascospores.

Japanese name. Shii-Kashi-hina-no-chawantake.

Specimens examined. Japan, Niigata, Minamiuonuma, 37.056808,
138.80705, ca 720 m, 14 May 2010, on fallen leaves of Quercus glauca, T.Hosoya
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Figure 6. Erioscyphella boninensis TNS-F-26520 (Holotype) A ascospores B apothecium € vertical sec-

tion of an apothecium D expansion of a vertical section of an apothecium E ectal excipular cells F asci

G paraphyses H hairs.

(TNS-F-35049). Ibid (TNS-F-35056). Jaran, Kanagawa, Hiratsuka, 35.33861111,
139.285, ca 80 m, 12 Apr. 2015, on fallen leaves of Q. myrsinifolia, M.Nakajima
(TNS-F-61775). JAPAN, Kanagawa, Kamakura, 35.30756, 139.51958, ca 40 m,
24 Apr. 2015, on fallen leaves of Q. serrata, M.Nakajima (TNS-F-61941). Jaran,
Gunma, Midori, 36.476684, 139.242771, ca 510 m, 9 May 2016, on fallen leaves
of Q. serrata, K.Furuya (TNS-F-65722). JaraN, Kanagawa, Hiratsuka, 35.340139,
139.287167, ca 60 m, 18 May 2017, on fallen leaves of Q. glauca, Y.Tochiara
(TNS-F-80356). The same locality, on fallen leaves of Castanopsis sieboldii, Y.
Tochihara (TNS-F-80371).

Distribution. Crina (Hainan), Jaran (Honshu: Kanto region).

Notes. Based on the UNITE SH system at a 3% threshold, ITS sequences of this
species were integrated into a single SH (DOI: SH1155844.08FU). SH1155844.08FU
included sequences labeled as ‘Hyaloscyphaceae’ (JX984680) in UNITE and ‘L. albid-
ulum’ (MK282242) in INSDC (Table 2). JX984680 was sequenced from air samples
in Seoul, South Korea, and was not tied to any fungal specimens or cultures. Lach-
num albidulum is common on leathery dicot leaves of the old and new world tropics
(Haines 1992). Erioscyphella hainanensis resembles L. albidulum in morphology, but
L. albidulum has yellow resinous substances at the tip of apothecial hairs and occurs
on dead leaves of Rubiaceae (Haines 1992), whereas E. hainanensis lacks resinous sub-
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stances and occurs on leaves of broad-leaved trees (Zhuang and Wang 1998b; Hosoya
etal. 2013). Therefore, we presume that MK282242, coexisting with L. hainanense in
every SH, was misidentified as L. albidulum. No sequences are available for L. albidu-
lum specimens from the type locality. Lachnum hainanense was therefore judged as
acceptable species, and recombined into Erioscyphella.

Erioscyphella hainanensis resembles E. sinensis in occurring on dead leaves of
Quercus spp. or Castanopsis spp. However, E. hainanensis has much shorter ascospores
than E. sinensis. In this study, presence of minute, hyaline apical amorphous materi-
als and absence of any crystals or resinous materials were confirmed in both species

(Suppl. material 1: Fig. S2).

Erioscyphella insulae Tochihara & Hosoya, sp. nov.
MycoBank No: 835703
Figs 7, 8

Diagnosis. Characterized by pure white apothecia unlike related species Lachnum
nothofagi, and two-layered ectal excipulum.

Holotype. Jaran, Okinawa, Yaeyama, Taketomi, Iriomote Island, Otomi,
24.297458, 123.866128, ca 50 m, 12 Jun. 2011, on fallen bark of unidentified tree,
T.Fukiharu (TNS-F-39720).

GenBank/UNITE no. ex holotype. LC669451/UDB0779063 (ITS), LC533177
(LSU), LC533261 (mtSSU), LC533207 (RPB2).

Other specimens examined. JaraN, Bonin Islands, Hahajima Island, Sekimon,
26.666686, 142.152222, ca 260 m, 24 Jun. 2009, on fallen bark of unidentified tree,
T.Hosoya (TNS-F-26485, 26500).

Etymology. Referring to the occurrence of the species on remote islands in Japan.

Japanese name. Shima-hina-no-chawantake.

Description. Apothecia gregarious, superficial, 0.7-1.4(-2.5) mm in diameter, short-
and thick-stipitate, up to 0.8 mm high, externally white to cream throughout but some-
times pale brown in the lower parts, covered with white hairs. Disc concave, cream to pale
yellow (fresh state not observed). Ectal excipulum composed of two layers: outer layer
textura angularis, up to 20 pm thick, 3-28 x 2—8 um, hyaline, thin to relatively thick-
walled, with cell walls smooth; inner layer up to 15 pm thick, texzura porrecta composed
of hyaline hyphae up to 5 pm wide. Medullary excipulum up to 100 pm thick, composed
of hyaline hyphae forming texzura intricata; hyphae up to 3 pm wide. Hairs straight or ir-
regularly curved, cylindrical, sometimes branched, up to 125 x 2.5-3.0 um, hyaline, com-
pletely granulate, thin-walled; lacking crystals or resinous materials; apex usually equipped
with hyaline apical amorphous materials. Asci (88-)92-101(-106) x 6-7.3(-8) um (av.
96 £ 4.5 x 6.7 £ 0.6 um, n = 18), 8-spored, thick-walled, cylindrical-clavate, arising
from ascogenous hyphae branching several times; pore blue in MLZ without 3% KOH
pretreatment; croziers absent at the basal septa. Ascospores (24-)26.7-34.5(-39) x (1.8—
)1.9-2.3(=2.5) pm (av. 31 £ 3.9 x 2.1 £ 0.2 pm, n = 18), Q = (11-)12.5-17(-20)
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Figure 7. Erioscyphella insulae TNS-F-39720 (Holotype) A dried apothecia B a pure culture on PDA
(NBRC 114459) € asci D ascal pore MLZ (+) E ascospores F ascogenous hyphae G paraphyses H layer

structures of excipulum H1 medullary excipulum H2 inner layer of ectal excipulum composed of hyphae

H3 outer layer of ectal excipulum composed of textura angularis 1, J hairs with apical amorphous materi-

als. Mounted in CB/LA (C, E-J), MLZ (D). Scale bars: 1 mm (A); 10 um (A-)).

(av. 14.7 £ 2.3, n = 18), showing various shapes and lengths, usually long fusiform and
sometimes hypsiloid or sigmoid due to bending of both ends, sometimes swelling or
constricted irregularly, aseptate or one- to three-septate (usually one-septate). Paraphyses
straight, narrowly lanceolate, up to 2.5 pm wide, septate, exceeding the asci up to 7.5 pm.

Culture characteristics. Colony of NBRC 114445/TNS-F-26500 and NBRC
114459/TNS-F-39720 on PDA relatively thick-planar, pruinose, white to cream, ivo-
ry at the margin, pale sepia. Sectors and zonation absent. Aerial mycelium white to pale
ocher, mainly developed except in the margin, not forming mycelial strands. Soluble
pigment amber colored produced at the center. Margin unclear, flat and immersed into
agar, radially undulate. Anamorph not seen.

Distribution. JaraN (Bonin Islands, Yaeyama Islands).

Notes. This fungus resembles Lachnum nothofagi (Dennis) Spooner in the size and
shape of apothecia, ascospores, asci, and hairs. However, E. insulae has completely hyaline
hairs and ectal excipulum, and hairs are equipped with apical materials (Fig. 7], 8A),
whereas L. nothofagi has partly to totally brown hairs and ectal excipulum (Spooner 1987).
Lachnum nothofagi is currently known only from New Zealand and Australia and mainly
arises from Nothofagus spp., which are native in the southern hemisphere (Spooner 1987).
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Figure 8. Erioscyphella insulae TNS-F-39720 (Holotype) A expansion of a vertical section of an apo-
thecium B ascospores € apothecium D vertical section of an apothecium E asci F paraphyses G layer
structures of excipulum.

Erioscyphella otanii Tochihara, sp. nov.
MycoBank No: 835704
Figs 9, 10

Diagnosis. Characterized by pure white minute apothecia (< 0.3 mm in diameter) un-
like L. diminutum with rather colored apothecia, and smaller asci compared to similar
species Lachnum minutum.

Holotype. Jaran, Hokkaido, Horonobe, Toikambetsu, Teshio Experimental For-
est, Field Science Center for Northern Biosphere, Hokkaido University, 44.993978,
142.130125, ca 400 m, 11 Jul. 2018, on fallen leaves of Sasa senanensis, Y. Tochihara
& K.Kaneko (TNS-F-81472).

GenBank/UNITE no. ex holotype. LC669471/UDB0779083 (ITS), LC533179
(LSU), LC533286 (mtSSU), LC533226 (RPB2).

Other specimen examined. Jaran, Hokkaido, Sapporo, Mt. Moiwa, 43.024718,
141.318427, ca 530 m, 21 Jun. 1965, on fallen leaves of Sasa kurilensis, Y.Otani (TNS-
F-50482, in poor condition).

Etymology. Referring to the name of Dr Yoshio Otani, the first discoverer of this
species.

Japanese name. Kita-sasaba-hina-no-chawantake.
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Figure 9. Erioscyphella oranii TNS-F-81472 (Holotype) A dried apothecia B pure culture on PDA
(NBRC 114476) C asci D ascal pore MLZ (+) E ascospore F paraphyses G a hair H hair-apex with a
apical amorphous material I ectal excipular cells. Mounted in CB/LA (C, E-I), MLZ (D). Scale bars:
0.5 mm (A); 10 um (C-I).

Description. Apothecia scattered, superficial, minute, 0.1-0.3 mm in diameter,
at first spherical and later urceolate, having well-developed stipes, up to 0.3 mm high,
pure white, externally covered with short white hairs, never colored brown. Disc con-
cave, almost enclosed by an incurving margin when fresh and dry, cream to pale yellow
when dry (not observed when fresh). Ectal excipulum textura prismatica like stone
pavings arranged in rows, 3-25 x 3-8 pm, hyaline, relatively thick-walled; cell walls
smooth. Medullary excipulum textura intricata; hyphae up to 2.5 um wide. Hairs
straight, cylindrical or tapering toward the apices, up to 60 pm long, up to 5 pm
wide near the bases and 2.5-3.0 pm wide near the apices, arising from swollen ectal
excipular cells, hyaline, up to 3-septate (usually 1- or 2-septate), thin-walled, com-
pletely granulated; granules dense near the apices and coarse toward the bases; apex
sometimes with a hyaline and inconspicuous apical amorphous materials not dissolved
with CB/LA, lacking any crystals or resinous materials. Asci (33—)34-38.8(—41) x 4-5
pum (av. 37 £ 2.2 x 4.4 £ 0.4 pm, n = 15), 8-spored, cylindrical-clavate, relatively
thick-walled; pore blue in MLZ without 3% KOH pretreatment; croziers absent at
the basal septa. Ascospores (11.5-)12.3-14.6(~15) x (1.2-)1.36-1.7(~1.8) um (av.
134%£1.2x1.6%0.2 um, n=15), Q = (6.7-)7.8-9.6(-10.8) (av. 8.7 £ 0.9, n = 15),
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Figure 10. Erioscyphella otanii TNS-F-81472 (Holotype) A ascospores B apothecium C vertical section

of an apothecium D hairs with cap-like structures arising from ectal excipular cells E expansion of a verti-
cal section of an apothecium F paraphyses G asci.

fusiform, aseptate. Paraphyses straight, narrowly lanceolate to lanceolate, up to 2.5 pm
wide, septate, exceeding the asci up to 10 pm.

Culture characteristics. Colony of NBRC 114476/TNS-F-81472 on PDA flat,
partially protruding and forming mycelial mass, divided into two sectors. One sector
flat, wooly to velvety, white to cream; dark ocher from the reverse. The other sector
with wooly context, white and partly yellow; pale ocher from the reverse. Aerial myce-
lia developed throughout the colony, white, sparse to cottony, not forming mycelium
strands. Margin distinct, flat and immersed into the agar. Soluble pigment absent.
Asexual morph absent.

Distribution. Jaran (Hokkaido; subarctic zone).

Notes. Erioscyphella otanii was first collected and documented by Otani (1967)
under the misapplied name Dasyscyphus diminutus (TNS-F-50482). Based on the de-
scription, we concluded that the specimen was the same species as TNS-F-81472. The
present species is very similar to Lachnum diminutum (Roberge ex Desm.) Rehm in
the minute apothecia, ascospore size, and narrow paraphyses; however, E. otanii is pure
white when fresh and dry (Fig. 9A, in dried state) and occurs on bamboo leaves, while
L. diminutum is somewhat brown in the exterior parts of apothecia and occurs on
sheaths of Juncus spp. (Dennis 1949). In the mature state, the apothecia of E. otanii be-
come urceolate (Fig. 9A and Fig. 10B), whereas the apothecia of L. diminutum are flat
(Dennis 1949). The I'TS sequence of TNS-F-81472 showed low similarity (< 80%) with
that of L. diminutum collected in France (GenBank accession number: MH857306).
Based on the French sequence, L. diminutum is phylogenetically a good Lachnum.



Generic concept and species boundaries of the genus Erioscyphella 35

The appearance of E. otanii is also similar to that of the graminicolous species
Lachnum minutum W.Y. Zhuang and M. Ye documented in China (Ye and Zhuang
2003). Erioscyphella otanii is distinguished from L. minutum in having smaller asci,
although DNA sequences of the species are not available.

Erioscyphella papillaris Tochihara, sp. nov.
MycoBank No: 835705
Figs 11, 12

Diagnosis. Characterized by protruding papillary hairs with hyaline apical amorphous
materials.

Holotype. Jaran, Gunma, Minakami, Yubiso, Mt. Tanigawadake, 36.064014,
141.344653, ca 710 m, 16 Jul. 2017, on both sides of a fallen leaf of bamboo,
Y.Tochihara (TNS-F-81272).

Figure 1. Erioscyphella papillaris TNS-F-81272 (Holotype) A dried apothecia B pure culture on PDA
(NBRC 113937) € Ascus arising from ascogenous hyphae D an ascus E ascal pore iodine reactions El MLZ (-)
without 3% KOH pretreatment E2 MLZ (-) with 3% KOH pretreatment E3 IKI (+) without 3% KOH pre-
treatment F paraphysis G ascospores with guttules H ectal excipulum I hair-apex with a apical amorphous ma-

terial J hairs. Mounted in CB/LA (C, D, F-J), MLZ (El, E2), IKI (E3). Scale bars: 0.5 mm (A); 10 um (C-J).



36 Yukito Tochihara & Tsuyoshi Hosoya / MycoKeys 87: 1-52 (2022)

Figure 12. Erioscyphella papillaris TNS-F-81272 (Holotype) A apothecium B vertical section of an apo-
thecium € ascospores D expansion of an vertical section of an apothecium E ectal excipular cells F asci
G paraphyses H hairs with cap-like structures.

GenBank/UNITE no. ex holotype. LC669473/UDB0779085 (ITS), LC533161
(LSU), LC533285 (mtSSU), LC533204 (RPB2).

Etymology. Referring to papillate hair apices.

Japanese name. Sasaba-hina-no-chawantake.

Description. Apothecia gregarious, superficial, minute, 0.1-0.3 mm in diameter,
short-stipitate, up to 0.25 mm high, externally densely covered with pure white short
hairs. Disc concave, white to lemon yellow when fresh and dry. Ectal excipulum zextura
prismatica composed of cuboid cells, 3-13 x 2.5-7 um, hyaline, thin-walled, lacking
carotenoid pigments; cell walls smooth. Medullary excipulum zextura intricata of hya-
line hyphae up to 3 pm wide. Hairs straight, cylindrical, 45-75 x 3—5 pm, 2—3-septate,
hyaline, totally granulate, thin-walled, arising from swollen cells; apical cells rather
longer than other cells, 30-40 pum long, with papillate at the apex, sometimes swelling,
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equipped with hyaline and globose apical amorphous materials not dissolved with CB/
LA, lacking any crystals or resinous matters. Asci (59-)59.8-66(-69) x (7.5-)7.6—
8.3(-9) pum (av. 63 + 2.9 x 8.0 £ 0.4 um, n = 16), 8-spored, cylindrical-clavate; pore
inamyloid with MLZ without 3% KOH pretreatment, faint blue with MLZ with 3%
KOH pretreatment, dark blue with IKI with and without KOH pretreatment; vesicle
apparatus inverted-v-shaped present near the apices; croziers absent at the basal septa;
base sympodially branched. Ascospores (16-)17.5-21.7(-24) x (2-)2.3-2.8(-3) pm
(av.20 £ 2.1 x 2.6 £ 0.3 pm, n = 20), Q = (6.4-)6.8-8.9(-9.8) (av. 7.8 + 1.0, n = 20),
fusiform, aseptate, or one-septate (rarely two-septate), filled with hyaline oil drops.
Paraphyses straight, cylindrical, up to 3 um wide, septate, containing small hyaline
lipid bodies, equal or scarcely exceeding the asci.

Culture characteristics. Colony of NBRC 113937/TNS-F-81272 on PDA di-
vided into two semicircular zones. The first zone umbonate, pruinose, white, pro-
ducing white aerial mycelia densely, presenting wooly appearance; margin distinct,
entire, flat. The second zone flat, glutinous, white to beige with concentric patterns,
producing few aerial mycelia; margin entire, flat and immersed into agar, irregularly
undulate. The reverse uniform unrelated to the zoning position, beige to pale dark
brown throughout. Soluble pigment and asexual morph absent throughout the colony.

Distribution. Jaran (Mt. Tanigawa). Currently known only from the type locality.

Notes. This species is similar to Lachnum sclerotii var. microascum in the dimen-
sion and shape of asci and ascospores, habitats, and inconspicuous ascus apex reaction
in MLZ (Zhuang 2004). However, E. papillaris has ascospores containing conspicu-
ous guttules in any mount (Fig. 11G) and filiform paraphyses rarely exceeding the
asci (Fig. 11F Fig. 12D, and Fig. 12G), whereas L. sclerotii var. microascum has non-
guttulate asci and narrowly lanceolate to lanceolate paraphyses exceeding the asci by
15-18 pm (Zhuang 2004). Although DNA sequences of L. sclerotii var. microascum are
not available, we judged the present fungus as different from it, because the presence
or absence of guttules in ascospores is a significant taxonomic character at the species
level (Baral 2015).

Papillate hairs are also shown in the line drawings of Lachnum gahniae Spooner
(Spooner 1987), suggesting the relationship of the present fungus to Australasian spe-
cies. However, L. gahniae can be distinguished by having longer hairs, occurring on
different substrates (leaves of Cyperaceae) and showing different ascal-iodine reactions
(MLZ+) (Spooner 1987), although DNA sequences of L. gahnia are not available.

Erioscyphella paralushanensis Tochihara and Hosoya, sp. nov.
MycoBank No: 839618
Figs 13, 14

Diagnosis. Characterized by throughout red apothecia occurring on bamboo sheaths.
Similar to E. lushanensis in macro- and micromorphology and habitats, but has larger
asci and ascospores.
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Figure 13. Erioscyphella paralushanensis TNS-F-61920 (Holotype) A apothecia B pure culture on PDA
(NBRC 114468) € ascus D ascal pore iodine reactions DI MLZ (faintly +) without 3% KOH pretreat-
ment D2 MLZ (+) with 3% KOH pretreatment D3 IKI (+) without 3% KOH pretreatment E paraphysis
F ascospores G ectal excipular cells H marginal section of an apothecium generating hairs I hairs with red
resinous materials ] apical amorphous materials of hairs. Mounted in CB/LA (C, E-J), MLZ (D1, D2),
IKI (D3). Scale bars: 0.5 mm (A); 10 pm (C-J).

Holotype. Jaran, Shizuoka, Atami, Izusan, 35.128834, 139.051194, ca 620 m,
8 Jun. 2015, on fallen sheaths of Pleioblastus argenteostriatus, M.Nakajima (TNS-
F-61920).

GenBank/UNITE no. ex holotype. LC669463/UDB0779075 (ITS), LC533141
(LSU), LC533267 (mtSSU), LC533220 (RPB2).

Etymology. Referring to the similarity with E. lushanensis.

Japanese name. Akage-hina-no-chawantake.

Description. Apothecia scattered, superficial, 0.7-1.5 mm in diameter, long-stipi-
tate, up to 2.0 mm high, externally covered with dark-red hairs. Disc concave, cream to
pale yellow. Ectal excipulum well-developed textura prismatica and partly . angularis,
6-13 x 2.0-2.5 pm, hyaline, relatively thick-walled, with smooth walls. Medullary ex-
cipulum textura intricata of hyaline hyphae up to 2 um wide. Hairs straight, cylindri-
cal, up to 160 pm long, 2.0-3.0 pm wide, pale brown but hyaline near the bases; hair
cells narrowly septate, > 7 pm long, covered by big and amber-colored granules; gran-
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Figure 14. Erioscyphella paralushanensis TNS-F-61920 (Holotype) A apothecia B vertical section of
an apothecium C expansion of an vertical section of an apothecium D asci E hairs F ectal excipulum

G paraphyses H ascospores.

ules big and dense near the apices and smaller and sparse near the bases, up to 2 pm
in diameter near the apices, equipped with amber-colored resinous materials that dis-
solves in CB/LA at any position of hairs; apices with amber-colored apical amorphous
materials, lacking any crystals. Asci (59-)61.4-70.2(=73) x (4.5-)4.7-5.6(=6) pm (av.
65.8 £ 44 x52 %04 pm, n =15), Q = (11.5-)12-13.6(-14.6) (av. 12.8 £ 0.8,
n = 15), 8-spored, cylindrical-clavate; pore faintly blue in MLZ without 3% pretreat-
ment, clear blue in MLZ with 3% KOH pretreatment and IKI without 3% KOH pre-
treatment. Ascospores (14-)15.8-20.7(-22) x (1.5-)1.7-2.0 um (av. 18.2 + 2.5 x 1.8
0.2 um, n=15), Q = (7.5-)8.7-11.2(-12.6) (av. 9.9 £ 1.3, n = 15), septate, some-
times bent to U-shaped or S-shaped, containing conspicuous guttules; guttules hyaline
but sometimes red. Paraphyses straight, up to 2 pm wide, septate, exceeding the asci
5—10 pm, initially cylindrical to clavate, later becoming narrowly lanceolate.

Culture characteristics. Colony of NBRC 114468/TNS-F-61920 on PDA flat,
sparse, dendritically spread. Context wooly, ocher to pale buff, dark buff from the re-
verse. Sectors and zonation absent. Aerial mycelium ocher to pale buff, dense cottony,
developed near the center, forming white mycelium strands; margin distinct, flat and
partly immersed into the agar. Asexual morph absent. Soluble pigments present, buff,
dyeing agar without colony pale buff.

Distribution. Jaran (Shizuoka). Currently known only from the type locality.

Notes. Erioscyphella paralushanensis is closely related to E. lushanensis in having red
hairs (Fig. 131) and the ectal excipulum composed of well-developed rectangular cells
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in common (Fig. 13H, Fig. 14C, and Fig. 14F) (Zhuang and Wang 1998a). Compared
with E. lushanensis, E. paralushanensis has slightly larger asci, ascospores and hairs. Red
guttules in ascospores were observed only in E. paralushanensis (Fig. 13F). In this study,
we proposed the present fungus as a new species, because species delimitation analyses
based on ITS sequences strongly supported that E. paralushanensis is different from E.
lushanensis (Fig. 3).

Erioscyphella sasibrevispora Tochihara & Hosoya, sp. nov.
MycoBank No: 835706
Figs 15, 16

Diagnosis. Characterized by wooly appearance and yellow to orange discs, and distin-
guished from similar species Lachnum novoguineense var. yunnanicum in having shorter
ascospores.

Holotype. Jaran, Hokkaido, Tomakomai, Utonai, 42.705314, 141.7346, ca 10
m, 16 Jun. 2018, on fallen sheaths of Sasa nipponica, Y. Tochihara & T.Hosoya (TNS-
F-81401).

GenBank/UNITE no. ex holotype. LC669470/UDB0779082 (ITS), LC533174
(LSU), LC533269 (mtSSU), LC533217 (RPB2).

Other specimen examined. JaraN, Gunma, Higashiagatsuma, 36.562253,
138.724139, ca 1330 m, 6 Jun. 2017, on fallen sheaths of Sasaz veitchii, Y. Tochihara &
T.Hosoya (TNS-F-80399, in bad condition).

Etymology. “sasi” means bamboo [host plants] and “brevispora” means shorter
ascospores compared to L. novoguineense var. yunnanicum.

Japanese name. Sasa-no-youmou-chawantake.

Description. Apothecia gregarious, superficial, 0.6—-1.3 mm in diameter, short-stip-
itate, up to 0.8 mm high, pure white, externally covered with long white hairs. Disc con-
cave, yellow to pale orange when fresh and dry. Ectal excipulum zextura prismatica to r.
angularis, 3-16 x 2—10 pm, hyaline, thin-walled; surface smooth. Medullary excipulum
textura intricata of hyaline hyphae up to 2 um wide. Hairs straight, delicate, cylindrical
with relatively acute apices, up to 190 x 2—3 um, hyaline, totally granulate, thin-walled;
apical cell a little longer than other cells, lacking any crystals, resinous materials, or api-
cal amorphous materials. Asci (79-)82.5-90(-95) x (6-)6.6-8.1(=9) pm (av. 86 *+ 4.0
x 7.4+ 0.8 pm, n = 15), 8-spored, cylindrical-clavate; lateral parts sometimes swelling
irregularly; pore blue in MLZ without 3% KOH pretreatment; croziers with perforation
present at the basal septa. Ascospores (26-)27.9-36.1(-39) x (1.5-)1.7-2 pum (av. 32 £
41x1.81+0.2pm,n=17),Q =(13-)15-19.7(-21) (av. 17.5 + 2.3, n = 17), long fusi-
form, usually 3-septate, rarely 0- to 2-septate (only observed in TNS-F-81401 because
TNS-F-80399 was immature). Paraphyses straight, lanceolate, 2.5-4 pm wide, densely
septate, exceeding the asci up to 15 pm. Note that the description is solely based on the
holotype because another examined specimen TNS-F-80399 was in bad condition.
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Figure 15. Erioscyphella sasibrevispora TNS-F-81401 (Holotype, A=F, H=)). Lachnum novoguineense var.
yunnanicum TNS-F-16442 (G) A dried apothecia B a pure culture on PDA (NBRC 114475) C ectal

excipular cells D ascus E an ascal pore MLZ (+) F ascal base with a perforated crozier G ascal base with a

perforated crozier H septated paraphyses | ascospores J vertical section through the apothecium. Mounted
in CB/LA (D, F=J), MLZ (E). Scale bars: 1 mm (A); 10 um (C=J).

Culture characteristics. Colony of NBRC 114475/TNS-F-81401 on PDA wrin-
kled. Context cottony and partially funiculose, white, turning ocher at the center;
almost ocher except for the white margin from the reverse. Sectors and zonation ab-
sent. Aerial mycelium developed throughout the colony, concolous, forming myce-
lium strands. Margin indistinct, flat and immersed into agar. Soluble pigment absent.
Asexual morph absent.

Distribution. JaraN (cool-temperate zone, subarctic zone).

Notes. Erioscyphella sasibrevispora is closely related to L. novoguineensis var. yun-
nanicum (TNS-F-16442, 16642) (Fig. 1) and occurs in the same habitats (that is,
bamboo sheaths) but has shorter asci and ascospores. The ascal bases of the two
species are very characteristic, in that they have croziers with perforations (Fig. 15G
and Fig. 16E). In Lachnaceae, this type of crozier has only been reported in Lachnel-
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Figure 16. Erioscyphella sasibrevispora TNS-F-81401 (Holotype A-D, F, G). Lachnum novoguineense var.
yunnanicum TNS-F-16642 (E) A apothecium B vertical section of an apothecium € ascospores D asci
(with basal structures sometimes with perforation) E ascal base arising from a crozier with perforation
F paraphyses G ectal excipular cells H hairs.

lula (Baral 1984). Additionally, both species exceptionally lack any hair materials in
Erioscyphella.

The tropical species E. bambusina and Lachnum albidum var. americanum (Den-
nis) W.Y. Zhuang also occur on bamboo sheaths. However, compared with the present
fungus, the former has smaller ascospores and filiform paraphyses (Dennis 1954), and
the latter has extremely large asci and ascospores (Dennis 1960). In cool-temperate
to subarctic zones, L. asiaticum and Lachnum sasae Raitv. occur on bamboo sheaths
(Otani 1967; Raitviir 1985), but their ascospores are much shorter than those of the
present fungus.

The wooly appearance and yellow disc of this species (Fig. 15A) resemble those of
Capitotricha rubi (Bres.) Baral; however, microscopic observations easily distinguish
the two species.
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Erioscyphella sinensis (Z.H. Yu and W.Y. Zhuang) Sasagawa, Tochihara & Hosoya,
comb. et stat. nov.
MycoBank No: 835709

= Lachnum mapirianum var. sinense Z.H. Yu and W.Y. Zhuang, Nova Hedwigia 74(3-
4): 422 (2002).

Diagnosis. Occurring on fallen leaves of of Quercus spp. or Castanopsis spp. in early
summer and having needle-like ascospores.

Japanese name. Shii-Kashi-hina-no-chawantake-modoki.

Specimen examined. JaraN, Ibaraki, Tsukuba, Mt. Tsukuba, 36.228539, 140.103504,
ca 870 m, 23 Jun. 2007, on fallen leaves of Castanopsis sieboldii, R.Sasagawa (TNS-
F-16841). Jaran, Ibaraki, Tsukuba, Amakubo, Tsukuba Botanical Garden, 36.101472,
140.110944, ca 20 m, 15 Jun. 2007, on fallen leaves of C. sieboldii, R.Sasagawa (TNS-
F-16838). JAPAN, Tottori, Yonago, Yonago Castle, 35.42437, 133.325472, ca 50 m, 3
Jun. 2018, on fallen leaves of C. sieboldii, Y. Tochihara (TNS-F-81383).

Distribution. CaiNa (Hainan, Yunnan; Yu and Zhuang 2003). JaraN (warm-
temperate zone).

Notes. The present fungus was treated as Lachnum sp. 13 by Hosoya et al. (2010).
This fungus occurs in the same habitats as E. hainanensis, but it is easily distinguished in
having longer and needle-like ascospores. Erioscyphella sinensis resembles L. mapirianum
in the shape of ascospores, but the two species are different in that L. mapirianum has
long slender apothecial stipes, larger asci, longer ascospores, and wider paraphyses.

In the present study, we transferred this fungus to Erioscyphella and upgraded it
from variety to species level, because this fungus is not phylogenetically related to
‘L. mapirianum (Fig. 1). The presence of apical amorphous materials of hairs was con-
firmed in this study (Suppl. material 1: Fig. S2).
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Supplementary material |

Figure S1. ML trees

Authors: Yukito Tochihara, Tsuyoshi Hosoya

Data type: Image.

Explanation note: ML trees based on ITS (A), LSU (B), mtSSU (C) and RPB2 (D)
constructed using MEGA X. Bootstrap values > 50% are indicated on branches and
branches with MLBS > 70% are shown bold.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/mycokeys.87.73082.suppl1
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Figure S2. Hair apices

Authors: Yukito Tochihara, Tsuyoshi Hosoya

Data type: Image.

Explanation note: Hair apices of members of Clade A Erioscyphella abnormis TNS-
F-32163 B E. abnormis TNS-F-61773 C E. brasiliensis TNS-F-46419 D E. sclerotii
TNS-F-26492 E ‘Lachnum’ mapirianum TNS-F-17245 F ‘Lachnum’ palmae TNS-
F-17567 F1 Hair with resinous matters F2 Hair with apical amorphous material G
‘Lachnum’ palmae TNS-F-24600 G1 Hair with a resinous matter G2 Hair with api-
cal amorphous materials H E. hainanensis TNS-F-80371 1 E. sinensis TNS-F-80354.
Mounted in CB/LA. Scale bars: 10 mm. Arrowheads show hair apical materials.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/mycokeys.87.73082.suppl2
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Figure S3. Result of the ASAP species delimitation analysis

Authors: Yukito Tochihara, Tsuyoshi Hosoya

Data type: Image.

Explanation note: The graph shows the distribution of ASAP scores according to parti-
tioning results, and the phylogenetic tree shows the way of partitioning.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/mycokeys.87.73082.suppl3

Supplementary material 4

Figure S4. Result of the GMYC species delimitation analysis

Authors: Yukito Tochihara, Tsuyoshi Hosoya

Data type: Image.

Explanation note: Number with each node shows the support value that each cluster
is an independent species.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/mycokeys.87.73082.suppl4
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Figure S5. ML best-scored phylogenetic tree based on concatenated dataset of

ITS1, 5.8S, and ITS2 constructed by RAXML-NG

Authors: Yukito Tochihara, Tsuyoshi Hosoya

Data type: Image.

Explanation note: GenBank/UNITE accession number and TNS specimen number (if
any) is shown for each taxon. MLBP > 50% were attached on branches.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/mycokeys.87.73082.suppl5
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Figure S6. Results of PTP species delimitation analyses

Authors: Yukito Tochihara, Tsuyoshi Hosoya

Data type: Image.

Explanation note: Number with each node shows the probability of the likelihood
that each cluster is an independent species. Clusters showed by red branches are
regarded as species.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the

original source and author(s) are credited.
Link: https://doi.org/10.3897/mycokeys.87.73082.suppl6
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Abstract

Fusarium is one of the most important fungal genera of plant pathogens that affect the cultivation of a
wide range of crops. Agricultural losses caused by Fusarium oxysporum £. sp. cubense (Foc) directly affect
the income, subsistence, and nourishment of thousands of farmers worldwide. For Viet Nam, predictions
on the impact of Foc for the future are dramatic, with an estimated loss in the banana production area of
8% within the next five years and up to 71% within the next 25 years. In the current study, we applied
a combined morphological-molecular approach to assess the taxonomic identity and phylogenetic posi-
tion of the different Foc isolates collected in northern Viet Nam. In addition, we aimed to estimate the

proportion of the different Fusarium races infecting bananas in northern Viet Nam. The morphology of
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the isolates was investigated by growing the collected Fusarium isolates on four distinct nutritious media
(PDA, SNA, CLA, and OMA). Molecular phylogenetic relationships were inferred by sequencing partial
mpbl1, rpb2, and tefla genes and adding the obtained sequences into a phylogenetic framework. Molecular
characterization shows that c. 74% of the Fusarium isolates obtained from infected banana pseudostem
tissue belong to £ zardichlamydosporum. Compared to F tardichlamydosporum, E odoratissimum accounts
for ¢.10% of the Fusarium wilt in northern Viet Nam, demonstrating that Foc TR4 is not yet a dominant
strain in the region. Fusarium cugenangense — considered to cause Race 2 infections among bananas — is
only found in c. 10% of the tissue material that was obtained from infected Vietnamese bananas. Addi-
tionally, one of the isolates cultured from diseased bananas was phylogenetically not positioned within the
E oxysporum species complex (FOSC), but in contrast, fell within the Fusarium fujikuroi species complex
(FFSC). As a result, a possible new pathogen for bananas may have been found. Besides being present on
several ABB “Tay banana’, F mrdichlamydosporum was also derived from infected tissue of a wild Musa
lutea, showing the importance of wild bananas as a possible sink for Foc.

Keywords
AAA Cavendish, ABB Tay banana, banana disease, Foc-Race 1, Foc-TR4, FOSC, fungal diversity, Musa
[utea, Viet Nam

Introduction

For millions of people, bananas are an important food crop. With an annual global pro-
duction of 153 million tons produced on 5.6 million hectares of land, a revenue of more
than 26.5 billion Euro was generated in 2017 (FAO 2018). Particularly in Asia, Africa,
Latin America, and the Caribbean, bananas support rural livelihood as most grown
bananas are self-consumed or locally traded. As a result, any reduction in crop harvest
directly affects the income, subsistence, and nourishment of thousands of smallholders.
One of the most important fungal plant pathogens impacting the cultivation of
numerous agricultural crops is the ascomycete Fusarium (e.g., rice, coffee, tomato,
melon, wheat; Dean et al. 2012). Fusarium has a considerable economic, social and
biological impact on the daily livelihood of millions of people worldwide. Within the
genus, F oxysporum is one of the two most devastating pathogens, besides £ gramine-
um. The E oxysporum species complex (FOSC) is responsible for wilt diseases of various
crops (e.g., cotton and tomato wilt) but is mainly known from its massive impact on
the banana industry (Panama disease). For more than 100 years, the fungus has af-
fected banana production worldwide (Ploetz and Pegg 1997; Ploetz 2015a).
Nowadays, the worldwide banana export is still seriously affected by Foc, as most
of its current production depends on the cultivation of members of the Cavendish
subgroup (Buddenhagen 2009; Ploetz 2009). Although the triploid ‘AAA’ Cavendish
cultivars were selected in the past century for their resistance against £ oxysporum f.
sp. cubense Race 1 (Foc-Race 1), to which the initially grown Gros Michel cultivars
were highly susceptible (Stover 1962a), Cavendish cultivars (e.g., Grand Naine, Wil-
liams) are highly susceptible to Foc-TR4. All Foc strains currently known (e.g., Race 1,
Race 2, STR4, TR4) pose a huge threat for banana cultivation worldwide. Moreover,
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knowing that nearly half of the global banana production is derived from Cavendish
clones and has become more popular for domestic use, a Foc-TR4 pandemic is still not
averted to date (Ploetz 2015b; Zheng et al. 2018).

In the near future, Foc will further intensively spread in Asia, thereby significantly
affecting important banana-producing countries such as China, the Philippines, Paki-
stan, and Viet Nam (Scheerer et al. 2018). For Viet Nam, the predictions are dramatic,
estimating a loss in the banana production area for the country of 8% within the next
five years and up to 71% within the next 25 years (Scheerer et al. 2018).

As a soil-borne fungus, Foc invades the root system from where it subsequently
moves into the vascular tissue that gradually deteriorates. When reaching the corm,
wilt occurs eventually, resulting in the death of the contaminated plant (Stover 1962a).
A particular problem that arises with Foc infections is the remaining presence of Foc
spores (microconidia, macroconidia, and chlamydospores) in the soil surrounding the
infected plants for at least 20 years after the complete removal of all infected plants or
plant tissue (Stover 1962b; Buddenhagen 2009; Dita et al. 2018). As a result, reinfec-
tion of new banana accessions in the same area is very likely to happen in the absence
of complete soil disinfection or if one has not waited long enough for planting new
Muysa cultivars (Moore et al. 2001; Huang et al. 2012). Therefore, Fusarium wilt not
only has an impact on the overall yield during the time of infection but also on the land
use for banana cultivars during the coming 20 years.

Whereas pathogenic Foc lineages were usually classified into three races (Foc 1, 2
& 4) based on the different Musa cultivars they had infected, the development of the
Vegetative Compatibility Group (VCG) system resulted in a more in-depth identifica-
tion tool of Foc strains into 24 unique entities (Fourie et al. 2011; O’Donnell et al.
2009; Perez-Vicente et al. 2014; Mostert et al. 2017). The fact that isolated Foc line-
ages could already be split up into compatible vegetative groups already indicated that
there are more natural lineages in the FOSC than can be reflected by the number of
races. In addition, the polyphyletic nature of £ oxysporum f. sp. cubense isolates is also
demonstrated by Maryani et al. (2019a), who used a combined molecular phylogenetic
approach to delineate natural lineages within the FOSC (O’Donnell and Cigelnik
1997), thereby describing 11 new Fusarium species which were formerly considered
as F oxysporum. A result of Maryani et al. (2019a) also indicated that the VCG system
is perhaps slightly prone to an oversimplification of the categorization of different Foc
strains that cause Fusarium wilt in bananas and plantains.

In 1968, Vakili and coworkers published the first survey on Fusarium infecting ba-
nanas in Southern Viet Nam (Vakili et al. 1968). Later studies showed that by the end
of the 20™ century, Foc infections were omnipresent in the whole country (Mai Van
Tri 1997; Bentdley et al. 1998; Vinh et al. 2001). The characterization of the Fusarium
isolates in the studies mentioned above demonstrated that Fusarium wilt on bananas in
Viet Nam was derived from different Foc VCG’s (e.g., VCG 0123, VCG 0124, VCG
0124/5, VCG 0125). Hung et al. (2017) reported the first observation of Foc-TR4 (VCG
01213/16) on Cavendish bananas in Viet Nam using a combined molecular (polymerase
chain reaction (PCR) approach) and morphological characterization. However, Zheng et
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al. (2018) claimed that they made the earliest collected records of Foc-TR4 in Viet Nam
in 2016 by assessing the pathogenicity of the collected strains and characterizing them
molecularly using whole-genome sequencing methodology. The study of Mostert et al.
(2017) also used a molecular-morphological characterization approach to determine the
origin of the different Fusarium infections in Viet Nam. Their results showed the pres-
ence of at least five different VCG’s (VCG 0123, VCG 0124, VCG 0124/5, VCG 0128,
VCG 01221), of which the latter two were not yet detected in earlier studies.

In the current study, we aim to assess the overall diversity of Foc wilt in northern
Viet Nam by using a combined morphological-molecular phylogenetic approach in
which the different VCG’s are included. With this approach, we provide the overall
species identity and phylogenetic position of Foc infections in the northern Vietnam-
ese region and examine the genetic diversity between the different Foc isolates (from
wild and cultivated bananas) collected from various provinces in northern Viet Nam.
Furthermore, our results will indicate the proportion of the different Foc strains (and
linked VCGs) that are currently infecting bananas in northern Viet Nam.

Material and methods

Sampling

From April 2018 until December 2019, several field trips were carried out focusing
on the presence of banana Fusarium wilt in northern Viet Nam. During these surveys,
banana Fusarium wilt samples were collected at 19 locations in three large geographic
regions; North-eastern region, North Central region and Red River Delta, with most
specimens collected in the latter region (Table 1, Fig. 1). Fusarium infected banana
plants were identified by following a set of diagnostic characters in which (mostly
older) leaves were clearly yellow (initiated from the leaf margin) or even completely
collapsed, halfway along the petiole forming a ring of dead leaves around a dying plant,
combined with brown discoloration and longitudinally fissuring of the pseudostems
leaf sheaths (Fig. 2). From symptomatic plants observed in the field, discoloured
brownish vascular tissue was collected from pseudostems and roots. Subsequent to the
collection, infected tissue samples were stored in paper bags and put in a refrigerator
or cooling box to avoid quality loss upon the further analysis in the molecular lab. For
each sample collected, notes were taken about the altitude, longitude and latitude, site
location, and the host specimen. Collected Fusarium samples were stored at the Plant
Resources Center (PRC), Ha Noi, Viet Nam (Table 1).

Isolate cultivation

In order to observe possible morphological differences between the Fusarium wilt iso-
lates collected from the wild and cultivated northern Vietnamese Musa accessions, we
followed the approach of Groenewald et al. (2006) in which different Foc isolates were
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Table 1. List of collected Fusarium (Foc) wilt samples on bananas in northern Viet Nam.

Isolate Locality Cultivar or Spe- Altitude  Latitude Longitude
cies (m)
FOC1 Yen Binh town, Quang Binh district, Ha Tay banana (ABB) 78 2254.0'104°32 ,"5.28'23°"
Giang province
FOC2 Dong Cay village, Yen Thang commune, Tay banana (ABB) 188 22°05'46.2", 104°45'34.0"
Luc Yen district, Yen Bai province

FOC4 Khe Chao village, Ngoi A commune, Van Tay banana (ABB) 76 21°54'21.4", 104°43'48.3"
Yen district, Yen Bai province

FOC5  No 7 village, Dai Son commune, Van Yen Musa lutea 351 21°48'17.6", 104°36'01.0"

district, Yen Bai province
FOC6-1 No 4 village, Dai Son commune, Van Yen Tay banana (ABB) 352 21°48'16.9", 104°36'02.5"
district, Yen Bai province

FOC7 No 18 village, Lam Giang commune, Van Tay banana (ABB) 137 22°02'35.3", 104°30'52.3"
Yen district, Yen Bai province

FOC10 Hai Son 1 village, Phu Nhuan commune, Tay banana (ABB) 370 22°13'58.6", 104°08'14.9"

Bao Thang district, Lao Cai province
FOC11 Khanh Yen town, Van Ban district, Lao  Tay banana (ABB) 383 22°06'53.9", 104°14'37.9"
Cai province
FOC16  Hoang An commune, Hiep Hoa district, Tay banana (ABB) 20 21°23'00.2", 105°58'40.5"
Bac Giang province

FOC18 Hoang Thanh commune, Hiep Hoa Tay banana (ABB) 18 21°23'22.1", 106°00'24.9"

district, Bac Giang provinse

FOC21  Thinh Long town, Hai Hau district, Nam Tay banana (ABB) 4 20°01'59", 106°12'49.0"
Dinh province
FOC23-2 Thanh Chau commune, Phu Ly district, Tay banana (ABB) 7 20°31'24.2", 105°55'31.1"

Ha Nam province
FOC24 Hung Thanh commune, Tuyen Quang ~ Tay banana (ABB) 26 21°48'19.4",105°11'39.7"
city, Tuyen Quang province

FOC25-1 Le Chi commune, Gia Lam district, Ha ~ Tay banana (ABB) 11 21°18'20.5", 106°00'24.6"
Noi province
FOC25-2 Le Chi commune, Gia Lam district, Ha  Tay banana (ABB) 11 21°18'20.5", 106°00'24.6"

Noi province
FOC38  Quan Mia village, Nghia Tan commune, Tay banana (ABB) 85 19°19'07.5", 105°21'53.7"
Nghia Dan district, Nghe An province
FOC56  Agriculture University, Trau Quy town,  Tay banana (ABB) 11 21°18'20.5", 106°00'24.6"
Gia Lam district, Ha Noi province
FOC58  Nui Ngam, Minh Tan commune, Vu Ban Tay banana (ABB) 3 20°21'59.1"N, 106°04'02.9"E
district, Nam Dinh province
FOC61 Hong Chau commune, Yen Lac district, ~ Cavendish (AAA) 3 21°10'17.1"N, 105°34'37.0"E
Vinh Phuc province

grown on different media. Infected discoloured pseudostem tissue samples were cut
into 2-3 cm pieces and placed on the Komada medium (Komada 1975). After a few
days, fungal Fusarium colonies were transferred to plates with different media and then
put in a growing chamber at 25 °C until the colonies reached 2-3 c¢m. The different
isolates were grown on four distinct nutritious media to observe the Fusarium wilt in
different culture conditions: PDA (Potato Dextrose Agar), SNA (Spezieller Nihrstoffa-
rmer Agar), CLA (Carnation Leaf Agar), and OMA (Oatmeal Agar) (Nirenberg 1976).
The PDA medium consisted of 200g potato dextrose, 20g D-glucose, and 20g agar dis-
solved in 1000ml distilled water, whereas the SNA medium consisted of 1g KH,PO,,
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Figure 1. Distribution map of localities in northern Viet Nam where Fusarium wilt was observed. Col-
ours indicate different Fusarium strains or species. Squares indicate Fusarium infections of wild bananas;
circles indicate infections of cultivated bananas.

1g KNO,, 0.5g MgSO,*7H,0O, 0.5g KCl, 0.2g D-glucose and 0.2g D-sucrose dis-
solved in 1000ml distilled water. The CLA medium contained aseptic carnation leaves
and 20g agar dissolved in 1000ml distilled water. The OMA medium consisted of 50g
oatmeal and 20g agar dissolved in 1000ml distilled water. The growth of the Fusarium
isolates on the different media took place under in-vitro conditions with temperatures
between 23 and 27 °C (Pérez et al. 2003). After seven days of incubation, the develop-
ing colonies were morphologically investigated under a light microscope (400x mag-
nification). The coloration of the colony, the morphology, and the size of the conidia
were determined. The colony reverse colour was determined on PDA medium after
incubation at room temperature, using the colour charts of Rayner (1970). In addition
to colony colour, the aroma of the different cultures was assessed as a strong rank odour
generated by mature cultures which is a typical characteristic for TR4 infections. In the
first stage of culturing, we characterized the isolates as Fusarium spp. emanated from
mycelium morphology and the presence of different types of conidia. The study of
Maryani et al. (2019a) was used as a reference to classify the Foc lineages into different

sublineages further. All obtained Fusarium isolates were stored in the Plant Resources
Center (PRC), Ha Noi, Viet Nam.
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Figure 2. A overall view of a banana plant infected by Fusarium wilt B detailed view of wilted plant

C radial cutting of Fusarium-infected banana pseudostem D tangential cutting of Fusarium-infected ba-
nana pseudostem.

Molecular protocols

In order to extract high-quality DNA from the Fusarium wilt isolates collected and
cultured, we used the pure mycelium cultures generated for the morphological charac-
terization of the banana wilt. Total genomic DNA was isolated using a modified CTAB
protocol based on the study of Lin et al. (2008) and Dellaporte et al. (1983). After
the addition of 5ml TNE buffer (100 mM Tris-HCI, 50 mM EDTA, 50 mM NaCl, 8
uM B-mercaptoethanol, 1% SDS, pH 8.0) to the sampled mycelium, the samples were
incubated for 1 h (65 °C). Subsequent to the lysis phase, 1.66ml NaOAc (5M) was
added and centrifuged. Chloroform-isoamylalcohol (24/1 v/v) extraction was done
twice, followed by isopropanol precipitation at -32 °C for 12h. After centrifugation at
4 °C, the pellet was washed twice (75% ethanol), air-dried, and dissolved in 100ul TE
buffer (10mM TrisHCI, 0.1mM EDTA; pH 8)

Amplification reactions of 7pb1, rpb2, and tefla were carried out using standard
PCR (20pl). Reactions were initiated with a 3 min heating at 95 °C followed by 30
cycles consisting of 95 °C for 30s, 55-65 °C (rpbI and 7pb2) and 53°-59 °C (tefla)
for 60s, and 72 °C for 60s. Reactions ended with a 3 min incubation at 72 °C. Prim-
ers designed by O’Donnell et al. (1998) were used to sequence zef1a, whereas primers
for mpb1 and rpb2 were adopted from O’Donnell et al. (2010). PCR products were
purified using an ExoSap purification protocol. Purified amplification products were
sequenced by the Macrogen sequencing facilities (Macrogen, Seoul, South Korea).

Phylogenetic analyses

Raw sequences were assembled using Geneious Prime (Biomatters, New Zealand). Auto-
matic alignment was conducted with MAFFT (Katoh et al. 2002) using an E-INS-i al-
gorithm, a 100PAM/k = 2 scoring matrix, a gap open penalty of 1.3, and an offset value
of 0.123. Manual fine-tuning of the aligned dataset was performed in Geneious Prime.
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Fusarium sequence data of 7pbl, rpb2, and tefla was extracted from GenBank
(September 20, 2020) using the ‘NCBI Nucleotide extraction’ tool in Geneious Prime.
Together with the newly generated sequences for the 19 Vietnamese Fusarium wilt ac-
cessions, the total sequence data matrix consisted of 529 specimens divided over 201
species (Suppl. material 1: Table S1). Of those, 72 species belong to different closely
related genera of Fusarium within the Nectriaceae family were chosen as outgroup (A/-
bonectria, Bisifusarium, Cosmospora, Cyanonectria, Cylindrocarpon, Fusicolla, Geejayes-
sia, Luteonectria, Macroconia, Microcera, Neocosmospora, Pymoﬁmrz'um, Rectifusarium,
Setofusarium; sensu Crous et al. 2021). Newly generated sequences were deposited
in the GenBank sequence database (Table 1). Furthermore, in order to compare the
newly collected Vietnamese Foc accessions with the known VCGs, the sequence dataset
included Foc samples representing all VCGs (see Table S1; Ordonez et al. 2015), except
for VCG01212 and VCGO0129, from which only one locus was available, thereby caus-
ing phylogenetic biases due to the occurrence of too much missing data.

Possible incongruency between the different datasets was inferred by conducting
an ILD test (Farris et al. 1995) as implemented in PAUP* v.4.0b10 (Swofford 2003)
with the following parameters applied: simple taxon addition, TBR branch swapping,
and heuristic searches of 1000 repartitions of the data. Despite the well-known sensi-
tivity of the ILD test (Barker and Lutzoni 2002), the results of this test were compared
in light of the resolution and support values for each of the single gene topologies. As
a result, the possible conflict between data matrices was visually inspected by searching
for conflicting relationships within each topology (obtained per single sequence data
matrix) that were supported by a Maximum Likelihood (ML) support value > 70%
(hard vs. soft incongruence; Johnson and Soltis 1998; Pirie 2015). A conflict was as-
sumed to be significant if two different relationships for the same set of taxa (one be-
ing monophyletic and the other non-monophyletic) were observed in rival trees. ML
analyses were conducted under the RAXML search algorithm (Stamatakis 2014) with
the GTRGAMMAI approximation of rate heterogeneity for each gene. ML bootstrap-
ping was carried out on five hundred bootstrapped datasets using the RAXML Rapid
bootstrap algorithm (ML-BS).

The best-fit nucleotide substitution model for each dataset was selected us-
ing jModelTest 2.1.4. (Posada 2008) out of 88 possible models under the Akaike
information criterion (AIC). The GTR+I+G, TVM+G, and HKY+I+G were de-
termined as the best-fit substitution models for 7pbl, tefla, and rpb2 markers,
respectively. Consequently, we used a mixed-model approach to apply different
evolutionary models on each DNA region of the combined dataset (Ronquist and
Huelsenbeck 2003). Bayesian inference analyses were conducted with MrBayes
v3.2.6 (Ronquist et al. 2012) on three individual data partitions and a combined
data matrix. Each analysis was run twice for 20 million generations. Trees were
sampled every 5000™ generation. Chain convergence and ESS parameters were
inspected with TRACER v.1.4 (Rambaut and Drummond 2007). Only nodes with
Bayesian posterior probabilities (BPP) above 0.95 were considered as well sup-
ported by the data (Suzuki et al. 2002).
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Results

Fusarium wilt infections are prevalent in most of northern Viet Nam as they have been
observed in all provinces of northern Viet Nam that were sampled in this study. The
19 Fusarium wilt infections collected based on the typical plant Fusariosis symptoms
(old leaves turning yellow, leaves gradually collapsing, petioles broken close to the
midrib with dead leaves remaining attached to the pseudostem, pseudostem sheaths
longitudinally splitting near the base, and vascular necrosis) (Fig. 2) were cultured and
further morphologically and molecularly analysed. Despite the fact that tissue which
showed signs of Fusariosis disease symptoms was used to further morphologically and
molecularly characterize the Fusarium wilt, we cannot draw eminent conclusions on
the pathogenicity of the isolates as no real pathogenicity test was carried out and there-
fore Koch’s postulates were not fully fulfilled.

Morphological characterization of the cultured pathogenic Fusarium wilt isolates
showed that when the isolates were grown on CLA medium, they produced macro-
conidia that were uniform in size and form. On SNA medium, the morphology of
the macroconidia was sometimes less uniform in size than when SLA medium was
used. Except for two accessions (FOC56 and FOC61), no aroma was observed among
the Fusarium isolates collected in northern Viet Nam. In general, for all isolates, we
observed that macroconidia are sickle-shaped, 3—7 septate, and thin-walled. Microco-
nidia are oval to kidney-shaped, 0-1 septate. Chlamydospores were round and thick-
walled. Subtle differences have been observed in the colony morphology and colora-
tion. Based on these morphological differences, we tried to identify different groups
within the Fusarium isolates analysed.

The first group, consisting of 14 isolates (FOCI, 2, 5, 6-1, 7, 11, 16, 18, 21,
23-2, 24, 251, 25-2, 38), is characterized by a purple reverse in the centre, white-
greyish towards the periphery. The colony surface is dry and is filamentous at the edge.
On CLA medium, it produces ample macroconidia, yet only little microconidia. On
PDA and SNA medium, it produces prolific microconidia. The second group has a
reverse colony colour containing a small touch of dark purple in the centre, gradually
discolouring to white towards the edge. This type is observed for isolates FOC 4 and
10. The surface of these colonies is also dry and filamentous at the margin. On CLA
medium, ample macroconidia are produced, whereas on PDA and SNA medium, the
presence of macroconidia is less profound. On the latter two media, prolific microco-
nidia are produced. The third group of isolates (FOC56 and 61) is characterized by
an unpigmented, white colony reverse and a dry colony surface with a filamentous
margin. On CLA medium, many macroconidia are produced, while on PDA and SNA
medium, macroconidia are hardly formed. On PDA and SNA, prolific microconidia
are produced, whereas on CLA medium, only a few microconidia were observed. In
addition, FOC 56 and 61 isolates are characterized by a typical strong odour of the
older cultures. FOC 58 falls a bit amidst the first and second group, containing a pale
purple colony reverse colour that becomes whitish towards the periphery and with a
dry colony surface appearance.
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Table 2. Alignment and sequence characteristics of the different partitions (including outgroup specimens).

rpbl rpb2 tefla
N° taxa 457 525 271
Sequence length range 558-1574 597-859 343-636
Aligned sequence range 1578 917 797
Variable characters 1103 (70%) 572 (62%) 529 (66%)
Constant characters 474 345 268

Phylogenetic analyses of Fusarium wilt isolates from northern Viet Nam

Sequence characteristics of all data matrices analysed are summarized in Table 2. Despite
the fact that sometimes not all gene markers could be sequenced, their absence did not
influence the overall phylogenetic results, as sufficient nucleotide variation was present.
The partition homogeneity test found no significant incongruence between all three
sequence datasets (with all P-values being larger than 0.05). Visual examination of the
two different partitions of the combined dataset corroborates this congruency analysis.
Phylogenetic analyses of the 19 Fusarium wilt isolates found in various north-
ern Vietnamese bananas showed that although overall morphological characterisation
pointed towards £ oxysporum f. sp. cubense, it was clear that they had various evolu-
tionary origins (Fig. 3c, d). Of the 19 accessions analysed, two (FOC61 and FOC506)
were placed within the F odoratissimum clade (as defined by Maryani et al. 2019a,
Fig. 3d) and for which pathogenicity tests by Maryani et al. (2019a) showed that the
members of this group caused infections in Cavendish and Gros Michel AAA banana
varieties. In addition, VCG 01213 and VCG 01216 are positioned close to FOC61
and FOC56. As a result, two of the 19 (10.5%) northern Vietnamese Fusarium wilt
isolates are assumed to be Foc-TR4 (also taking the morphological characterization
into account). Interestingly, one of the two isolates characterised as Foc-TR4 (FOC61)
infected a Cavendish plantation in Vinh Phuc province, whereas the other infection of
Foc-TR4 (FOC56) took place on ABB Tay banana cultivars situated on a smallholder
farm in Nam Dinh province (Table 1). The largest group (13 accessions; 68.5%) of
Fusarium wilt isolates in northern Vietnamese bananas belong to the recently deline-
ated £ rardichlamydosporum clade (Fig. 3d). Pathogenicity tests carried out for this
clade by Maryani et al. (2019a) have indicated a large infection rate in Gros Michel
cultivars for this lineage, and therefore members of the £ zardichlamydosporum clade
are consequently classified as Foc-Race 1. Furthermore, the isolates that fell within the
E tardichlamydosporum were also most closely related to VCG 0125, a known Foc-Race
1 representative. In northern Viet Nam, infections of Foc-Race 1 occurred both on
wild and cultivated accessions. For the cultivated accessions, the Foc-Race 1 was only
found on the ABB Tay banana cultivar, yet was clearly spread in northern Viet Nam
as it was found in eight different provinces (Ha Giang, Yen Bai, Lao Cai, Bac Giang,
Nam Dinh, Ha Nam, Tuyen Quang, Ha Noi; Table 1). Most interestingly, Foc-Race
1 was also identified (isolate FOC5) in an individual of the wild banana Musa lutea
(section Callimusa). Here the infected accession grew sympatrically with other indi-
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Figure 3. Maximum Likelihood topology obtained via heuristic search algorithm of the combined rpb1,
7pb2 and refla data matrix. Bootstrap support (ML-BS) values above 50 are indicated with a dot, ML-BS
values above 75 are indicated with an asterisk. No indication above the branches indicates a ML-BS value
below 50. Newly included accessions are indicated in red. FOSC: Fusarium oxysporum species complex,

FFSC: Fusarium fujikuroi species complex.
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Figure 3. Continuation.
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viduals of M. lutea as well as with M. itinerans. The area where this infection occurred
was a steep, abandoned rice terrace in Yen Bai province where hundreds of individuals
of both wild species co-occurred and were rather close to one of the smallholder farms
where Foc-Race 1 was also detected (isolate FOCG6-1). In addition to the Foc-Race 1
infections caused by Fusarium tardichlamydosporum, E duoseptatum is also classified as
a Foc-Race 1 Fusarium wilt (see Maryani et al. 2019a). An infection of this latter Foc
isolate (FOC38) was found only once in northern Viet Nam (Nghe An province; c.
5% of the Fusarium wilt infections), where it infected the ABB Tay banana cultivars
that were grown on a smallholder farm. The VCGs that occurred in the same clade as
FOC38 are VCG 01223 and VCG 01217, with the latter being known as a Foc-Race
1 representative (e.g., Katan 1999; Fraser-Smith et al. 2014).

In addition to the Foc-Race 1 and Foc-TR4 infections, two Foc isolates (FOC4
and FOC10) were found in northern Viet Nam (10.5%) that belong to the recently
described £ cugenangense (Maryani et al. 2019a; Fig. 3d). Hitherto, this Fusarium spe-
cies was considered to be strictly Indonesian (see Maryani et al. 2019a). Pathogenicity
tests conducted for representatives of £ cugenangense by Maryani et al. (2019a) have
demonstrated that it only causes a mild infection in Gros Michel and Cavendish and
is regarded as non-pathogenic for the above-mentioned AAA cultivars. However, our
results clearly show that the infection of this isolate also occurred on ABB Tay banana
cultivars in northern Viet Nam, where it had a large impact on the fitness of the in-
fected host plants. Although additional confirmation is needed, Maryani et al. (2019a)
assume that representatives of the % cugenangense clade should be considered as Foc-
Race 2 (Maryani et al. 2019a; Fig. 3d), yet more thorough analyses need to be carried
out in order to further confirm this hypothesis. The VCG that occurred in the same
clade as FOC4 and FOC10 is VCG 01221.

A final Fusarium wilt infection (FOC58) that was regarded upon collection in the
field and during morphological screening as a Foc infection (c. 5% of the Fusarium wilt
infections observed in this study) was not situated in the £ oxysporum species complex
(FOSC) but was a distinct lineage sister to £ fujikuroi (Fig. 3¢), a well-known patho-
gen of rice (e.g., Wulff et al. 2010; Choi et al. 2018). This Fusarium isolate was the
prime infection source of ABB Tay bananas cultivated on a small plantation for local
use in Nam Dinh province (Fig. 1).

Discussion

Fusarium wilt in Vietnam: lineage identification

To better manage the significant threat of Foc dispersion in northern Viet Nam, the
correct identification and abundance of the Foc strains that cause Fusarium wilt in
bananas in the region are necessary. This is the basis for eradication-confinement and
suppression-contention measures (Perez-Vicente et al. 2014). Since the survey of Vakili
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etal. (1968), Foc Race 1 has been considered as the main Foc infecting edible bananas
in Viet Nam. With the emergence of Foc TR4 it remained unclear how abundant this
new pathogenic Foc strain had become in Viet Nam. Although officially present in Viet
Nam for only a few years (Hung et al. 2017; Zheng et al. 2018), Foc TR4 was already
observed on Cavendish bananas in 1998 in Southern China (Hu et al. 2006). A few
years later, in 2002, Foc TR4 was also found in Chinese regions adjacent to northern
Viet Nam (Hu et al. 2006; Li et al. 2013). With the current shift of Cavendish cultiva-
tion in Asia from China to its neighbouring countries Laos, Myanmar, and Viet Nam,
there is also an active spread of Fusarium pathogens through transportation of planting
material, farming equipment, and contaminated soil from China (Zheng et al. 2018),
so that Foc TR4 can quickly become the most dominant Foc race in Viet Nam affecting
banana cultivation.

The present study applies the FOSC species delimitation concept of Maryani et al.
(2019) to delineate the Foc lineages sampled in northern Viet Nam more thoroughly.
Furthermore, incorporating the different VCGs in the current phylogenetic dataset
allowed us to link the Vietnamese Foc isolates with one of the currently known VCGs
that have been assessed in the past. Based on the compatibility of the novel material
with the VCGs present in the same clade and their specific species allocation follow-
ing the species delineation concept of Maryani et al. (2019), we linked the northern
Vietnamese Foc isolates to one of the known Foc Races. Accordingly, our results show
that Foc isolates that are phylogenetically situated within a lineage containing Foc Race
1 are among the most common isolates in northern Viet Nam, causing 74% of all
the infections. A more in-depth molecular characterisation shows that of these, 13
out of 14 isolates are representatives of £ rardichlamydosporum, whereas one isolate
is a representative of F duoseptatum. Whereas E tardichlamydosporum is commonly
present throughout the northernly oriented Northeastern region and Red River Delta,
F duoseptatum is not present in these more northerly oriented geographic regions but
occurs in the more centrally oriented North Central region in Viet Nam. Also, from
a global distributional perspective, E rardichlamydosporum is much more widespread
than £ duoseptarum, with the first species located in Australia, Indonesia, Malaysia,
Honduras, and Brazil, and the latter is only known to date from Indonesia and Malay-
sia (Maryani et al. 2019a).

Interestingly, the Foc isolates that are phylogenetically situated within the £ odor-
atissimum species lineage (linked to Foc-TR4 infections; Maryani et al. 2019a) account
for only 10% of the Fusarium wilt in northern Viet Nam, demonstrating that Foc-
TR4 has not yet become a dominant banana pathogen, unlike other countries in Asia
where there is a tendency to grow Cavendish cultivars as large monocultures, such as
in China, the Philippines, and Taiwan. The £ odoratissimum accessions found in the
current study were located in the River Delta region of northern Vietnam, provinces
Vinh Phuc and Nam Dinh, which are rather distant from Foc-TR4 infected regions in
Southern China. This indicates a gradual spreading in Viet Nam of £ odoratissimum
(=F oxysporum £. sp. cubense TR4) towards the south as the TR4 isolates analysed by
Zheng et al. (2018) were collected in the upper North of Viet Nam in the Lao Cai
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province at only a few kilometres from the border with China (Yunnan). At the mo-
ment, it is unclear whether the occurrence of Foc-TR4 in Viet Nam is still in an initial
lag phase, with the potential of largely increasing its distribution range in the country
if conditions would enable the disease to spread (Pegg et al. 2019). Especially the re-
placement of citrus plantations and maize fields by Cavendish monocultures provides
an ideal basis for Foc-TR4 to rapidly spread as plants available for infection become less
limited. A more worrying observation is that Foc-TR4 is not only found in Cavendish
bananas in Viet Nam, but it also poses a threat to local banana varieties as is observed
in the current study where £ odoratissimum is found in ABB Tay banana cultivars.

The current study demonstrates that the presence of £ cugenangense (linked to
Foc-Race 2 infections; Maryani et al. 2019a) also accounts for 10% of the Fusarium
wilt in northern Viet Nam. In general, Foc-Race 2 infections occur on triploid ABB
Bluggoe varieties and its closely related cooking cultivars (Jones, 2000). Besides Blug-
goe cooking bananas, Foc-Race 2 also infects the tetraploid AAAA Bodles Altafort
hybrid between Gros Michel (AAA) and Pisang Lilin (AA) (Stover and Simmonds
1987). In addition, experimental infection of Ensete ventricosum demonstrated that
this important Ethiopian crop is highly susceptible to Foc-Race 2 (Ploetz, 2005). With
the confirmation of £ cugenangense also present in representatives of infected ABB Tay
banana cultivars, it is clear that Fusarium wilt caused by Foc-Race 2 is potentially more
widespread than has often been assumed.

Fusarium cf. fujikuroi; a new Fusarium lineage found within bananas

In addition to the Fusarium isolates collected from northern Vietnamese bananas be-
longing to FOSC, an infection with symptoms similar to Foc wilt was observed, yet
the cultured isolate did not belong to FOSC. The morphological colony characteristics
were comparable to those observed for FOSC cultures through having a pale purple
colony reverse colour that became whitish towards the periphery with a dry colony
surface appearance. However, when considering its phylogenetic position within the
Fusarium genus, this isolate did not fall within £ oxysporum representatives, but was
a member of the £ fujikuroi species complex (FFSC) where it is the sister lineage of
E fujikuroi. It is not uncommon that several Fusarium species cause the same disease
pattern as this phenomenon has also been identified in mango deformity (Lima et al.
2009) and sugar beet wilt (Burlakoti et al. 2012). Within the FFSC, some species are
known to be pathogenic for some Musa cultivars (£ proliferatum, E verticillioides, E
sacchari, F lumajangense, E desaboruense and E musae; Maldonado-Bonilla et al. 2019;
Van Hove et al. 2002; Huang et al. 2019; Maryani et al. 2019b), yet to date, no other
species of the FFSC - except for the above-mentioned - was identified as a pathogen for
Muysa. From a phylogenetic point of view, the novel Fusarium isolate that was obtained
from the infected tissue of a triploid ABB Tay banana cultivar in Nam Dinh province
is sister to E fujikuroi. Fusarium fujikuroi is a widespread phytopathogen causing the
bakanae disease in various Oryza sativa cultivars (rice), but it is also known to have a
major impact on many other economically important crops (e.g., maize, wheat). This
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result increases our knowledge of the diversity of the Fusarium species that cause wilt
symptoms on bananas. More importantly, it also demonstrates the urgent need to ac-
curately identify plant pathogens that are morphologically very difficult to distinguish
from each other in the field.

Fusarium wilt on wild bananas

Although mainly observed on cultivated bananas, Foc has also been rarely recorded on
wild Musa species (Ploetz and Pegg 2000). Waite (1954) noticed that Fusarium wilt
also occurred on M. acuminata, M. balbisiana, M. schizocarpa and M. textilis. Since
these specific Musa species belong to different sections in the genus - section Musa and
Callimusa (Australimusa) - it is therefore likely that Foc can also infect other wild ba-
nanas. The current finding of a Foc isolate - phylogenetically situated within a Foc-Race
1 lineage - on a wild representative of M. lutea, could indicate that wild species are
perhaps more susceptible to Fusarium wilt than previously assumed. Besides the visual
symptoms of Fusarium wilt on this single specimen of M. /utea, none of the hundreds
of individuals of M. itinerans and M. lutea surveyed in the same population showed
any sign of Foc infection. This lack of visual symptoms either implies that £ oxysporum
f. sp. cubense could have been absent from all those other wild accessions or that this
Fusarium isolate related to Foc-Race 1 was present but failed to cause the disease in
the other wild bananas. If the latter assumption is true, this could indicate that the
pathogen has not necessarily co-evolved together with its host in Southeast Asia as
postulated by Vakili, (1965). Nevertheless, it is evident that £ oxysporum is omnipres-
ent throughout the native distribution range of the Musa genus, and its infections take
place when the plant is weakened due to external biotic or abiotic stressors, and the
endophytic equilibrium is disturbed.

The current study demonstrates that bananas in northern Viet Nam which are
infected by Fusarium wilt are characterised by a various range of Fusarium species
(E cugenangense, F odoratissimum, E duoseptatum and E tardichlamydosporum) that
belong to the Fusarium oxysporum species complex. Of these, the latter was most com-
monly present in cultivated bananas infected by Fusarium wilt, whereas the other spe-
cies are less prominently present, yet in equal amounts. Fusarium tardichlamydosporum
also occurred in a wild accession of Musa lutea, indicating that wild bananas might
function as a sink for Foc.
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Introduction

Medicinal plants are a rich source of natural products with biological and chemical
properties. They are used in health care or treatment of human ailments and have been
used since prehistoric times worldwide (Rasool-Hassan 2012). Many fungi have been
found on medicinal plants and are members of Dothideomycetes and Sordariomycetes
(Bhagat et al. 2012; Long et al. 2019; Ma et al. 2019; Hyde et al. 2020; Tennakoon et
al. 2021). They form important associations with medicinal plants and as pathogens
or saprobes (Long et al. 2019; Tennakoon et al. 2021), sources of medicines (Strobel
etal. 1993; Huang et al. 2008; Hyde et al. 2019), involved in nutrient recycling (Bon-
nardeaux et al. 2007) and some are used in biological control (Hyde et al. 2019).

Pleosporales is the largest order in Dothideomycetes, which accounts for about a
quarter of the class (Zhang et al. 2012; Hyde et al. 2013; Hongsanan et al. 2020a). They
have a worldwide distribution with diverse lifestyles, including saprobes, pathogens of
plants and humans, endophytes, epiphytes and hyperparasites (Ramesh 2003; Kirk et
al. 2008; Zhang et al. 2012; Hyde et al. 2013; Sun et al. 2019; Ferdinandez et al.
2021). Many species in Alternaria Nees, Curvularia Boedijn and Corynespora Giissow,
can invade medicinal plants and cause leaf spots and other diseases, as economically im-
portant plant pathogens (Mathiyazhagan et al. 2004; Abtahi and Nourani 2017; Zhang
et al. 2020), and some also pose a threat to human health (Hyde et al. 2018; Iturrieta-
Gonzdlez et al. 2020). Endophytes in Pleosporales also show important biocontrol value
(Su et al. 2014; De Silva et al. 2019; Hyde et al. 2019), for example, an extract from
Cochliobolus spicifer R.R. Nelson has mosquito-larvicidal activity (Abutaha et al. 2015).

The sexual morph of Pleosporales is characterized by uniloculate ascomata typi-
cally with papillae, ostioles and pseudoparaphyses, generally fissitunicate asci bearing
mostly septate ascospores of different colours and shapes (Ramesh 2003; Kirk et al.
2008; Zhang et al. 2012; Hyde et al. 2013). Coelomycetes and hyphomycetes are the
asexual morphs of pleosporalean taxa (Zhang et al. 2012; Hongsanan et al. 2020a).
Recent comprehensive studies on Dothideomycetes treated 91 families in Pleosporales
(Hongsanan et al. 2020a). More than 40 genera are recognized as genera incertae sedis
in Pleosporales (Hongsanan et al. 2020a; Wijayawardene et al. 2020, 2021). This un-
certainty in genetic placement occurs for the following reasons: 1) some genera lack
sufficient collections even though molecular data is available, they are not included in
any families in phylogenetic analyses, eg. Aegeanispora E.B.G. Jones & Abdel-Wahab,
Antealophiotrema A. Hashim. & Kaz. Tanaka and Perthomyces Crous (Li et al. 2016;
Abdel-Wahab et al. 2017; Crous et al. 2017); 2) due to the diverse morphology of hy-
phomycetous asexual morphs, it is difficult to determine their familial placement with-
out the sexual morph and molecular data. Examples are Briansuttonia R.F. Castafieda,
Minter & Saikawa, Cheiromoniliophora Tzean & ].L. Chen, Dangeardiella Sacc. & T.
Syd and Pleosphaerellula Naumov & Czerepan (Obrist 1959; Téth 1975; Tzean and
Chen 1990; Castafeda-Ruiz et al. 2004).

During the examination of collections from medicinal plants in northern Thai-
land (Sun et al. 2021), two isolates representing a new species were obtained from
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Clerodendrum quadriloculare and Tarenna stellulata. Morphology and phylogenetic
analyses confirmed that it was distinct in Pleosporales, but its familial placement was
uncertain. Thus, we introduced a new genus, Pleocatenata (Pleosporales, genera incer-
tae sedis) to accommodate the new species, P chiangraiensis.

Materials and methods

Collection, examination and isolation

The isolates used in this study were collected from decaying twigs of Clerodendrum
quadriloculare and Tarenna stellulata from Mae Fah Luang University, Chiang Rai,
Thailand during June to July 2020 in terrestrial habitat. The samples were packaged
in envelopes and returned to the laboratory as described in Senanayake et al. (2020).
The fruiting bodies on natural substrates were observed and photographed using a
stereo-microscope (SteREO Discovery, V12, Carl Zeiss Microscopy GmBH, Germa-
ny). Morphological characters were observed using a Nikon ECLIPSE Ni compound
microscope (Nikon, Japan) and photographed with a Nikon DS-Ri2 digital camera
(Nikon, Japan). The Adobe Photoshop CS6 Extended v. 13.0 software was used to
make photo-plates. Measurements were done with the Tarosoft (R) Image Frame
Work software.

Single spore isolations were used to obtain pure cultures following the methods
described by Senanayake et al. (2020). Germinated conidia were transferred to new
potato dextrose agar (PDA) plates and incubated at 26 °C for four weeks. The pure
cultures obtained were deposited in Mae Fah Luang University Culture Collection
(MFLUCC), Chiang Rai, Thailand. Herbaria materials were deposited in the herbari-
um of Mae Fah Luang University (MFLU), Chiang Rai, Thailand. Facesoffungi (FoF)
and Index Fungorum numbers were acquired as described in Jayasiri et al. (2015) and
Index Fungorum (2022).

DNA extraction, PCR amplification and sequencing

Fresh fungal mycelia grown on PDA medium for 4 weeks at 26 °C were scraped
with a sterile scalpel. Genomic DNA was extracted from scraped mycelia using the
BIOMIGA Fungus Genomic DNA Extraction Kit (GD2416, BIOMIGA, San Diego,
California, USA) following the manufacture’s protocol. Five genes were selected in
this study: the 28S subunit rDNA (LSU), the 18S subunit rDNA (SSU), the internal
transcribed spacers (ITS), the translation elongation factor 1 (z¢fl-), and the RNA
polymerase II subunit 2 (7p42). Polymerase chain reaction (PCR) was carried out in 20
puL reaction volume which contained 10 pL 2 x PCR Master Mix, 7 pL ddH,O, 1 pL
of each primer, and 1 pL template DNA. The PCR thermal cycle program and primers
are given (Table 1). Purification and sequencing of PCR products were carried out at
SinoGenoMax (Beijing) Co., China.
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Table I. Primers and PCR procedures used in this study.

Primers

Locus PCR procedures References
Name Sequence (5’-3’)
Large subunit LROR ACCCGCTGAACTTAAGC 94 °C 3 min; 35 cycles of 94 °C Vilgalys and Hester
(LSU) LRS TCCTGAGGGAAACTTCG 305s,52°C30s,72°C 1 min; (1990), Rehner and
72 °C 8 min; 4 °C on hold Samuels (1994)

Small subunit NS1 GTAGTCATATGCTTGTCTC White et al. (1990)
(SSU) NS4 CTTCCGTCAATTCCTTTAAG
Internal transcribed 1TSS GGAAGTAAAAGTCGTAACAAGG
spacer (ITS) ITS4 TCCTCCGCTTATTGATATGC
Elongation factor-1 EF1-983F  GCYCCYGGHCAYCGTGAYTTYAT 94 °C 2 min; 36 cycles of 66 °C—  Rehner and
alpha (zef1-x) EF1-2218R  ATGACACCRACRGCRACRGTYTG 56 °C (touchdown 9 cycles), 94 °C  Buckley (2005)

30 sec, 56 °C 1 min, 72 °C 1 min;
72 °C 10 min; 4 °C on hold
RNA polymerase IT fRPB2-5F  GAYGAYMGWGATCAYTTYGG 94 °C 3 min; 40 cycles of 94 °C Liu et al. 1999

subunit (7p62) fRPB2-7cR  CCCATRGCTTGYTTRCCCAT 20 sec, 55 °C 30 sec, 72 °C 1 min;
72 °C 10 min; 4 °C on hold

Phylogenetic analyses

BLASTn (https://blast.ncbi.nlm.nih.gov//Blast.cgi) was used to evaluate closely re-
lated strains to our new taxa. Other sequences used in this study were obtained from
GenBank referring to Zhang et al. (2012, 2018) and Hongsanan et al. (2020a, 2021)
(Table 2). The single gene sequences were viewed using BioEdit v. 7.0.9.0 (Hall 1999).
Alignments for each locus were generated with MAFFT v.7 (https://mafft.cbre.jp/
alignment/server/) and manually improved using AliView (Larsson 2014) for maxi-
mum alignment and minimum gaps. The final single gene alignments were combined
by SequenceMatrix 1.7.8 (Vaidya et al. 2011).

The single locus and combined analyses were carried out for maximum likelihood
(ML) and Bayesian posterior probability (BYPP). The ML analyses were carried out
using IQ-TREE (Nguyen et al. 2015; Trifinopoulos et al. 2016) on the IQ-TREE web
server (http://iqtree.cibiv.univie.ac.at, 30 September 2021) under partitioned mod-
els. The best-fit substitution models were determined by WIQ-TREE (Chernomor
et al. 2016): SYM+1+G4 for LSU and SSU; TIM+F+1+G4 for tefI-o; GTR+F+1+G4
for 7pb2; TIM2+F+1+G4 for ITS. Ultrafast bootstrap analysis was implemented with
1,000 replicates (Minh et al. 2013; Hoang et al. 2018).

The BYPP analyses were performed in CIPRES (Miller et al. 2010) with MrBayes
on XSEDE 3.2.7a (Ronquist et al. 2012). The best nucleotide substitution model for
each data partition was evaluated by MrModeltest 2.2 (Nylander 2004). The substi-
tution model GTR+I+G was decided for LSU, SSU, ITS, zefI-a and pb2 sequences.
The Markov chain Monte Carlo (MCMC) sampling approach was used to calcu-
late posterior probabilities (PP) (Rannala and Yang 1996). Six simultaneous Markov
chains were run for 10 million generations and trees were sampled every 1,000 gen-
eration. The first 20% of trees, representing the burn-in phase of the analyses, were
discarded and the remaining trees were used for calculating posterior probabilities
(PP) in the majority rule consensus tree.
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Table 2. Taxa of Pleosporales used in the phylogenetic analysis with the corresponding GenBank acces-

sion numbers. The newly generated strains are indicated in bold. N/A: Not available.

Species names Strain number LSU SSU ITS tefl-u rpb2
Acrocalymma aquatica MFLUCC 11-0208 JX276952  JX276953  JX276951 N/A N/A
Acrocalymma pterocarpi MFLUCC 17-0926 ~ MK347949 MK347840 MK347732 MK360040 N/A
Acuminatispora palmarum MFLUCC 18-0264 MH390437 MH390401 NR_163327 MH399248 N/A

MFLUCC 18-0460  MH390438 MH390402 MN749106 MH399249 N/A
Aigialus grandis BCC 20000 GU479775  GU479739 N/A GU479839 N/A
Alternaria alternata AFTOL ID-1610 DQG678082 KC584507  KF465761  KC584634 KC584375
Amniculicola aquatica MFLUCC 16-1123  MK106096 MK106108 N/A MK109800 N/A
Amorocoelophoma cassia MFLUCC 17-2283  MK347956 NG_065775 MK347739 MK360041 MK434894
Angustimassarina lonicerae MFLUCC 15-0087  KY496724 N/A KY496759 N/A N/A
Anteaglonium parvulum SMH5223 GQ221909 N/A N/A GQ221918 N/A
Aquasubmersa japonica HHUF 30469 NG_057138 NG_062426 NR_154739 LC194384 L1C194421
Aquasubmersa mircensis MFLUCC 11-0401  NG_042699 NG_061141 JX276954 N/A N/A
Ascocylindrica marina MD6011 KT252905 KT252907 N/A N/A N/A
MF416 MKO007123 MKO007124 N/A N/A N/A
Astragalicola vasilyevae MFLUCC 17-0832  MG828986 MG829098 NR_157504 MG829193 MG829248
Astrosphaeriella fusispora MFLUCC 10-0555 KT955462  KT955443 N/A KT955425 KT955413
Atrocalyx acutisporus KT 2436 LC194341 LC194299 LC194475 LC194386 LC194423
Bahusandbika indica GUEFCC 18001 KF460274 N/A KF460273 N/A N/A
Bambusicola bambusae MFLUCC 11-0614  ]X442035  ]X442039  ]X442031 N/A KP761718
Berkleasmium crunisia BCC 17023 DQ280271 N/A DQ280265 N/A N/A
Berkleasmium typhae BCC 12536 DQ280275 N/A DQ280264 N/A N/A
Brevicollum hyalosporum MFLUCC 17-0071  MG602200 MG602202 MG602204 MG739516 N/A
Brevicollum versicolor HHUF 30591 NG_058716 NG_065124 NR_156335 LC271246 LC271250
Camarosporidiella caraganicola MFLUCCC 14-0605 KP711381  KP711382  KP711380 N/A N/A
Camarosporium quaternatum CPC 31081 NG_064442 KY929123 NR_159756 KY929201 N/A
Camarosporomyces flavigenus CBS 314.80 GU238076 NG_061093 MH861266 N/A N/A
Coniothyrium palmarum CBS 400.71 JX681084  EU754054 MH860184 N/A KT389592
Corynespora cassiicola CBS 100822 GU301808 GU296144 N/A GU349052 GU371742
Corynespora torulosa CPC 15989 KF777207 N/A NR_145181 N/A N/A
Crassiperidium octosporum MAFF 246406 LC373116  LC373092 LC373104 LC373128 LC373140
Cryptocoryneum japonicum HHUF 30482 NG_059035 NG_065118 NR_153938 LC096144 LC194438
Cryptocoryneum pseudorilstonei CBS 113641 NG_059036 LC194322 NR_153941 LC096152 LC194446
Cucurbitaria berberidis MFLUCC 11-0387  KC506796  KC506800 N/A N/A N/A
Cyclothyriella rubronorara CBS 141486 KX650544 NG_061252 NR_147651 KX650519  KX650574
Gylindroaseptospora leucaenicola MFLUCC 17-2424  MK347966 MK347856 NR_163333 MK360047 N/A
Dacampia engeliana Hafellner 72868 KT383791 N/A N/A N/A N/A
Dacampia hookeri Hafellner 73897 KT383792 N/A N/A N/A N/A
Delitschia chaetomioides SMH 3253.2 GU390656 N/A N/A GU327753 N/A
Delitschia winteri AFTOL ID-1599 DQ678077 DQ678026 N/A DQ677922  DQ677975
Dendryphion fluminicola MFLUCC 17-1689  MG208141 N/A NR_157490 MG207992 N/A
Dictyocheirospora bannica KH 332 AB807513  AB797223 LC014543  AB808489 N/A
Dictyosporium elegans NBRC 32502 DQO018100 DQ018079 DQO018087 N/A N/A
Didymella exigua CBS 183.55 MHS868977 GU296147 MH857436 N/A N/A
Didymella rumicicola CBS 683.79 MH873007 N/A KT389503 N/A KT389622
Didymosphaeria rubi-ulmifolii MFLUCC 14-0023 KJ436586  KJ436588 MKG646049 N/A N/A
Dimorphosporicola tragani CBS 570.85 KU728536 N/A KU728497 N/A N/A
Dothidotthia aceris MFLUCC 16-1183 MK751816 MK751761 MK751726 N/A N/A
Fissuroma calami MFLUCC 13-0836 MF588993 NG_062430 N/A MF588975 N/A
Flammeascoma bambusae MFLU 11-0143 NG_059553 KP753952 NR_132915 N/A N/A
Flavomyces fulophazii CBS 135761 NG_058131 NG_061191 NR_137960 N/A N/A
Foliophoma fallens CBS 161.78 GU238074 GU238215 KY940772 N/A KC584502
CBS 284.70 GU238078 GU238218 MH859609 N/A N/A
Fuscostagonospora cytisi MFLUCC 16-0622  KY770978  KY770977 N/A KY770979 N/A
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Species names Strain number LSU SSU ITS tefl-« rpb2
Fuscostagonospora sasae HHUF 29106 AB807548  AB797258  AB809636  AB808524 N/A
Fusculina eucalypti CBS 120083 DQ923531 N/A DQ923531 N/A N/A
Fusculina eucalyptorum CBS 145083 MKO047499 N/A NR_161140 N/A N/A
Halojulella avicenniae BCC 20173 GU371822 GU371830 N/A GU371815 GU371786
Halotthia posidoniae BBH 22481 GU479786  GU479752 N/A N/A N/A
Hazslinszkyomyces aloes CBS 136437 KF777198 N/A KF777142 N/A N/A
Helminthosporium veluti L131 KY984352 KY984432 KY984352 KY984463 KY984413
Hermatomyces iriomotensis HHUF 30518 LC194367 LC194325 1C194483 LC194394 LC194449
Hermatomyces tectonae MFLUCC 14-1140  KU764695 KU712465 KU144917 KU872757 KU712486
Hypsostroma caimitalense GKM1165 GU385180 N/A N/A N/A N/A
Hypsostroma saxicola SMH5005 GU385181 N/A N/A N/A N/A
Hysterium angustatum CBS 123334 FJ161207 N/A N/A N/A N/A
Hysterobrevium smilacis CBS 114601 FJ161174 FJ161135 N/A FJ161091 FJ161114
Latorua caligans CBS 576.65 NG_058180 N/A N/A N/A N/A
Latorua grootfonteinensis CBS 369.72 NG_058181 N/A N/A N/A N/A
Lentimurispora urniformis MFLUCC 18-0497 MH179144 MH179160 N/A MH188055 N/A
Lentithecium clioninum HHUF 28199 NG_059391 NG_064845 NR_154137 AB808515 N/A
Lentithecium pseudoclioninum HHUF 29055 NG_059392 NG_064847 AB809633 AB808521 N/A
Lepidosphaeria nicotiae AFTOL ID-1576 DQ678067 N/A N/A DQ677910 DQ677963
Leptosphaeria cichorium MFLUCC 14-1063  KT454712 KT454728 KT454720 N/A N/A
Leucaenicola phraeana MFLUCC 18-0472  MK348003 NG_065784 MK347785 MK360060 MK434867
Libertasomyces myopori CPC 27354 NG_058241 N/A KX228281 N/A N/A
Ligninsphaeria jonesii MFLUCC 15-0641  NG_059642 N/A N/A N/A N/A
Lindgomyces cigarospora G619 KX655804  KX655805 KX655794 N/A N/A
Lindgomyces ingoldianus ATCC 200398 AB521736  NG_016531 NR_119938 N/A N/A
Longiostiolum tectonae MFLUCC 12-0562  KU764700 N/A KU712447 N/A N/A
Longipedicellata aptrootii MEFLU 10-0297 KU238894 KU238895 KU238893 KU238892 KU238891
Lophiostoma macrostomum KT508 ABG619010  AB618691 N/A LC001751 N/A
Lophiotrema eburnoides KT 1424.1 LC001707  LC001706  LCO001709 LC194403 LC194458
Macrodiplodiopsis desmazieri CBS 140062 NG_058182 N/A NR_132924 N/A N/A
Massaria anomia CBS 59178 GU301839 GU296169 N/A N/A GU371769
Massaria inquinans M19 N/A HQ599444 HQ599402 HQ599342 HQ599460
Melanomma japonicum MAFF 239634 NG_060360 NG_065122 NR_154215 LC203367 LC203395
Melanomma pulvis pyrius CBS 124080 MH874873 GU456302 MHS863349 GU456265 GU456350
Mi; sphaeria au. GKM 1238 NG_059927 N/A N/A GU327761 N/A
Morosphaeria muthupetensis NFCCI4219 MFG614796  MF614797  MF614795  MF614798 N/A
Morosphaeria velatispora KH221 AB807556  AB797266 LC014572 AB808532 N/A
Multilocularia bambusae MFLUCC 11-0180  KU693438 KUG693442 KUG693446 N/A N/A
Murispora galii MFLUCC 13-0819  KT709175 KT709182 KT736081 KT709189 N/A
Neocamarosporium goegapense CPC 23676 KJ869220 N/A KJ869163 N/A N/A
Neoconiothyrium persooniae CBS 143175 MG386094 N/A MG386041 N/A N/A
Neomassaria fabacearum MFLUCC 16-1875 KX524145 NG_061245 N/A KX524149 N/A
Neomassaria formosana NTUCC 17-007 MH714756 MH714759 N/A MH714762 MH714765
Neomassarina thailandica MFLU 11-0144 NG_059718 N/A NR154244 N/A N/A

MFLUCC 17-1432  MT214467 MT214420 MT214373 N/A N/A
Neopaucispora rosaecae MFLUCC 17-0807  MG829033 NG_061293 MG828924 MG829217 N/A
Neophaeosphaeria agaves CPC 21264 KF777227 N/A KF777174 N/A N/A
Neophaeosphaeria fil CBS 102202 GQ387577 GQ387516  JF740259  GU349084 GU371773
Neophaeosphaeria phragmiticola KUMCC 16-0216  MG837009 NG_065735 N/A MG838020 N/A
Neoplatysporoides aloes CPC 36068 MNS567619 N/A NR_166316 N/A N/A
Neopyrenochaeta cercidis MFLUCC 18-2089  MK347932 MK347823 MK347718 N/A MK434908
Neopyrenochaetopsis hominis UTHSC DI16 238 LN907381 N/A 1592923 N/A LT593061
Neoroussoella bambusae MFLUCC 11-0124 KJ474839 N/A KJ474827  KJ474848  KJ474856
Neotestudina rosatii CBS 690.82 DQ384107 DQ384069 N/A N/A N/A
Neoyrenochaeta acicola CBS 812.95 GQ387602 GQ387541 NR_160055 N/A LT623271
Nigrograna fuscidula CBS 141556 KX650550 N/A NR_147653 KX650525 N/A
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Species names Strain number LSU SSU ITS tefl-« rpb2
Nigrograna mackinnonii CBS 674.75 GQ387613 NG_061081 NR_132037 KF407986  KF015703
Occultibambusa bambusae MFLUCC 13-0855  KU863112 N/A KU940123 KU940193 KU940170
Occultibambusa jonesii GZCC 16-0117 KY628322  KY628324 N/A KY814756  KY814758
Parabambusicola bambusina KH 139 AB807537  AB797247 LC014579  AB808512 N/A
Paradictyoarthrinium aquatica MFLUCC 16-1116  NG_064501 N/A NR_158861 N/A N/A
Paradictyoarthrinium diffractum MFLUCC 13-0466 ~ KP744498  KP753960  KP744455 N/A KX437764
Paralophiostoma hysterioides PUFNI 17617 MT912850 MN582762 MN582758 N/A MT926117
Parapyrenochaeta protearum CBS 131315 JQ044453 N/A JQO044434 N/A LT717683
Periconia delonicis MFLUCC 17-2584 NG_068611 NG_065770 N/A N/A MK434901
Periconia pseudodigitata KT 1395 AB807564  AB797274  LC014591 N/A N/A
Phaceoseptum mali MFLUCC 17-2108  MK625197 N/A MKG659580 MKG647990 MKG647991
Phaceoseptum terricola MFLUCC 10-0102 ~ MH105779 MH105780 MH105778 MH105781 MH105782
Phacosphaeria oryzae CBS 110110 KF251689 GQ387530 KF251186 N/A KF252193
Phaeosphaeriopsis triseptata MFLUCC 13-0271 KJ522479  KJ522484  KJ522475 MG520919  KJ522485
Plenodomus salvia MFLUCC 13-0219  KT454717 KT454732 KT454725 N/A N/A
Pleocatenatium chiangraiense MFLUCC 21-0222  OL986398 N/A OL986396 OM240638 OM117709
MFLUCC 21-0223  OL986399 N/A OL986397 OM240637 OM117708
Pleohelicoon richonis CBS 282.54 N/A AY856952 MH857332 N/A N/A
Pleomonodictys descalsii FMR 12716 KY853522 N/A KY853461 N/A N/A
Preussia_funiculate CBS 659.74 GU301864 GU296187 N/A GU349032  GU371799
Pseudoastrosphaeriella longicolla MFLUCC 11-0171  KT955476 N/A N/A KT955438 KT955420
Pseudoastrosphaeriella thailandensis ~ MFLUCC 11-0144 ~ KT955478  KT955457 N/A KT955440 KT955416
Pseudoberkleasmium chiangmaiense  MFLUCC 17-1809 ~ MK131260 N/A MK131259 MKI131261 N/A
Pseudoberkleasmium pandanicola KUMCC 17-0178 ~ MH260304 MH260344 MH275071 N/A N/A
Pseudocoleodictyospora tectonae MFLUCC 12-0385  KU764709 NG_061232 NR_154338 N/A KU712491
Pseudocoleodictyospora thailandica ~ MFLUCC 12-0565  KU764701 NG_062417 NR_154337 N/A KU712494
Pseudodidymosphaeria spartii MFLUCC 13-0273 ~ KP325436  KP325438  KP325434 N/A N/A
Pseudopyrenochaeta lycopersici FMR 15746 EU754205 NG_062728 NR_103581 N/A LT717680
Pseudopyrenochaeta terretris FMR 15327 LT623216 N/A LT623228 N/A LT623287
Pseudotetraploa longissima HC 4933 AB524612  AB524471  AB524796  AB524827 N/A
Pseudoxylomyces elegans KT 2887 AB807598  AB797308 LC014593  AB808576 N/A
Pyrenochaetopsis leptospora CBS 101635 GQ387627 NG_063097 JF740262  MF795881  LT623282
Pyrenochaetopsis tabarestanensis IBRC M 30051 KF803343 NG_065034 NR_155636 N/A N/A
Quadyricrura bicornis yone 153 AB524613  AB524472  AB524797  AB524828 N/A
Quercicola fusiformis MFLUCC 18-0479  MK348009 MK347898 MK347790 MK360085 MK434864
Quercicola guttulospora MFLUCC 18-0481  MK348010 MK347899 MK347791 MK360086 N/A
Quixadomyces cearensis HUEFS 238438 MG970695 N/A NR_160606 N/A N/A
Roussoella nitidula MELUCC 110634 KJ474842 N/A KJ474834  KJ474851  KJ474858
Salsuginea phoenicis MFLU 19-0015 MK405280 N/A N/A MK404650 N/A
Salsuginea ramicola KT 2597.2 GU479801  GU479768 N/A GU479862 GU479834
Seltsamia ulmi CBS 143002 MF795794 MF795794 MF795794 MF795882 MF795836
Shiraia bambusicola GZAAS2.629 KC460980 N/A GQ845415 N/A N/A
Splanchnonema platani CBS 222.37 KR909316 KR909318 MHS855895 KR909319 KR909322
Sporormia fimetaria UPS Dissing Gr.81.194 GQ203729 N/A GQ203769 N/A N/A
Sporormiella isomera CBS 166.73 MH872355 N/A AY943053 N/A N/A
Stemphylium herbarum CBS 191.86 GU238160 GU238232 NR_111243 KC584731 DQ247794
Striatiguttula nypae MFLUCC 18-0265  MK035992 MK035977 MK035969 MKO034432 MKO034440
Striatiguttula phoenicis MFLUCC 18-0266  MK035995 MK035980 MK035972 MKO034435 MKO034442
Sublophiostoma thailandica MFLUCC 11-0185  KX534216 KX534222 MW136275 KX550080 MWO088718
MFLUCC 11-0207 KX534212  KX534218 MW136257 KX550077 MWO088714
Subplenodomus violicola CBS 306.68 MHS870849 GU238231 MH859138 N/A N/A
Sulcatispora acerina KT 2982 LC014610 LCO014605 LCO014597 LCO014615 N/A
Sulcatispora berchemiae KT 1607 AB807534  AB797244  AB809635  AB808509 N/A
Sulcosporium thailandica MFLUCC 12-0004  KT426563 KT426564 MG520958 N/A N/A
Teichospora trabicola Cl134 KU601591 N/A KU601591 KU601601  KU601600
Tetraplosphaeria sasicola KT 563 AB524631  AB524490 AB524807  AB524838 N/A
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Species names Strain number LSU SSU ITS tefl-« rpb2
Thyridaria acaciae CBS 138873 NG_058127 N/A KP004469 N/A N/A
Thyridaria broussonetiae TB1 KX650568 KX650515 KX650568 KX650539  KX650586
Torula aquatica MFLUCC 16-1115  MG208146 N/A MG208167 N/A MG207977
Torula pluriseptata MFLUCC 14-0437 KY197855  KY197862 MNO061338 KY197875  KY197869
Tremateia arundicola MEFLU 16-1275 KX274248 KX274254 KX274241 KX284706 N/A
Trematosphaeria grisea CBS 332.50 NG_057979 NG_062930 NR_132039 KF015698 KF015720
Trematosphaeria pertusa CBS 122368 NG_057809 FJ201991 NR_132040 KF015701 FJ795476
Tzeanania taiwanensis NTUCC 17-006 MH461121 MH461127 MH461124 MH461131 N/A
Wicklowia aquatica CBS 125634 MHS875044 NG_061099 N/A N/A N/A
Wicklowia submersa MFLUCC 18-0373  MK637644 MKG637643 N/A N/A N/A
Xenopyrenochaetopsis pratorum CBS 445.81 GU238136 NG_062792 MH861363 N/A KT389671

Phylogenetic trees were viewed using FigTree v1.4.0 (Rambaut and Drummond
2008) and modified in Microsoft Office PowerPoint 2010 and converted to jpg file us-
ing Adobe Photoshop CS6 Extended 10.0 (Adobe Systems, San Jose, CA, USA). The
new sequences derived from this study were deposited in GenBank. The final align-
ment and tree were deposited in TreeBase (http://purl.org/phylo/treebase/phylows/
study/TB2:529199).

Results

Phylogenetic analyses

Blast searches of LSU, ref1-o, rpb2 and ITS sequences data in NCBI showed that
our sequences were related to Acrocalymmaceae, Amorosiaceae, Sporormiaceae and
Sublophiostomataceae. One hundred and seventy-six taxa, representing all families
in Pleosporales, with Hysterium angustatum Alb. & Schwein (CBS 123334) and
Hysterobrevium smilacis (Schwein.) E. Boehm & C.L. Schoch (CBS 114601) as the
outgroups, were selected for the analyses. The final combined dataset consisted of
4,953 characters (LSU: 1-850 bp, SSU: 851-1,851 bp, ref1-a: 1,852-2,720 bp,
rpb2: 2,721-3,701 bp, ITS: 3,702-4,953 bp), including alignment gaps. Among
them, 2,336 characters were constant, 608 variable characters were parsimony-
uninformative, and 2,009 characters were parsimony informative. The most
likely tree (-In = 98,965.704) is presented (Figure. 1) to show the phylogenetic
placement of the newly introduced genus and its relationship with other members
in Pleosporales.

Analyses of both ML and BYPP (not shown) yielded almost identical results, and
the topology of the trees were similar to previous studies (Zhang et al. 2018; Hong-
sanan et al. 2020a, 2021). The combined analyses showed that two suborders Mas-
sarineae and Pleosporineae were well-supported and formed an upper clade in Pleospo-
rales. Our two newly obtained fungal isolates (MFLUCC 21-0222 and MFLUCC
21-0223) clustered together and formed a distinct clade with maximum support (ML-
BS = 100%, BYPP = 1.00) and they grouped with Amorosiaceae, Sporormiaceae and
Sublophiostomataceae with weak support.
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Figure |. Maximum likelihood tree generated by IQ-Tree, based on analysis of a combined dataset of
LSU, SSU, zefl-a, rpb2 and ITS sequence data. Bootstrap support values for ML greater than 75% and
Bayesian posterior probabilities greater than 0.95 are given near nodes, respectively. Ex-type strains are in

bold, the new isolates are in red.
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Taxonomy

Pleocatenata Y.R. Sun, Yong Wang bis & K.D. Hyde, gen. nov.
Index Fungorum number: IF559457
Facesoffungi number: FoF 10630

Etymology. “Pleo-” an abbreviation of Pleosporales, the order in which this fungus is
classified; “-catenata” refers to the catenate conidia of this fungus.

Description. Saprobic on decaying twigs in terrestrial habitats. Asexual morph:
Hyphomycetous. Colonies on natural substrate effuse, dark, velvety. Conidiophores ma-
cronematous, mononematous, straight or slightly curved, cylindrical, unbranched,
septate, brown or dark brown. Conidiogenous cells monotretic, integrated, terminal, cy-
lindrical, brown to dark brown. Conidia catenate, formed in acropetal chains, straight
or bent, obclavate, olivaceous to dark brown, multi-euseptate, slightly constricted at
septa, distal conidia rounded at apex, truncate at base, intercalary conidia truncate at
both ends, with thickened and darkened scars at base or both ends. Sexual morph:
Undetermined.

Type species. Pleocatenata chiangraiensis Y.R. Sun, Yong Wang bis & K.D. Hyde

Notes. The morphology of Pleocatenata is distinguished from members in other
families in Pleosporales by its tretic conidiogenous cells and catenate, euseptate co-
nidia, and phylogenic analyses indicated it does not belong to any existing families. To
avoid establishing a new family with only one species, Pleocatenara is introduced as a
new genus and assigned to Pleosporales, genera incertae sedis. Pleocatenata is a mono-
typic genus reported from terrestrial habitats but without a known sexual morph. Fur-
ther discovery of other species in Pleocatenata or phylogenetic related genera with sup-
ported monophyly will determine the familial level of Pleocatenata.

Pleocatenata chiangraiensis Y.R. Sun, Yong Wang bis & K.D. Hyde, sp. nov.
Index Fungorum number: IF559458

Facesoffungi number: FoF 10631

Fig. 2

Etymology. The epithet referring to the location in which the fungus was collected.

Holotype. MFLU: 22-0002

Description. Saprobic on twigs of Clerodendrum quadriloculare and Tarenna stel-
lulata. Asexual morph: Hyphomycetous. Colonies on natural substrate effuse, dark,
velvety. Mycelium immersed, composed of septate, branched, hyaline to subhyaline
hyphae. Conidiophores macronematous, mononematous, erect, straight or slightly
curved, cylindrical, unbranched, robust, 4—6-septate, brown or dark brown, rough,
35-100 um long, 5.5-8.5 pm wide. Conidiogenous cells monotretic, integrated, termi-
nal, determinate, cylindrical, dark brown. Conidia catenate, formed in acropetal chains
of 2-3, straight or curved, obclavate, olivaceous to brown when young, blackish brown
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Figure 2. Pleocatenata chiangraiensis (MFLU 22-0002, holotype) a host (Zarenna stellulata) b, ¢ colo-
nies on natural substrate d, e conidiophores with conidia f conidiogenous cells g—k conidia I germi-

nated conidium m, n colonies on PDA (upper view and lower view). Scale bars: 1 mm (b); 100 pm (c);
20 pm (d-1).
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when mature, 5-8-cuseptate, slightly constricted at septa, distal conidia rounded at
apex, truncate at base, intercalary conidia truncate at both ends, with thickened and
darkened scars at base or both ends, 34-70 pm long, 6.5-12 um at the widest. Sexual
morph: Unknown.

Culture characteristics. Conidia germinated on PDA within 12 hours at 26 °C.
Germ tubes were produced from both ends. Colony reached 20-25 mm diameter after
4 weeks at room temperature on PDA media. Mycelia superficial, irregularly circular,
entire edge, dark brown from above, black from below, pigment produced which turns
the media reddish brown.

Material examined. Thailand, Chiang Rai Province, Mae Fah Luang University,
on twigs of Tarenna stellulata, 3 July 2020, Y.R. Sun, MFU5 (MFLU 22-0002, hol-
otype, ex-type living culture MFLUCC 21-0222). Thailand, Chiang Rai Province,
Medicinal Plants Garden, on twigs of Clerodendrum quadriloculare, 7 June 2020, Y.R.
Sun, B45 (MFLU 22-0001, living culture MEFLUCC 21-0223).

Notes. Two isolates collected from different hosts share similar morphology and
clustered together in the phylogenic tree. There are no base pair differences in LSU and
tefl-o. genes between these two isolates. One base pair and two base pair differences
(without gaps) are observed in ITS and 7pb2, respectively. Therefore, the two isolates
MFLUCC 21-0222 and MFLUCC 21-0223 are identified as conspecific.

Discussion

Pleocatenata is phylogenetically related to Amorosiaceae, Sporormiaceae, and Sub-
lophiostomataceae in our multi-gene analyses, but their monophyly was not well-sup-
ported, indicating their uncertain phylogenetic affinities. No hyphomycetous asexual
morph has been reported in Sporormiaceae or Sublophiostomataceae (Hongsanan et
al. 2020a, 2021). However, in Amorosiaceae, only two known hyphomycetous gen-
era, Amorosia and Angustimassarina, are characterized by micronematous to semima-
cronematous, pale brown conidiophores, monoblastic conidiogenous cells, and single,
elongate-clavate conidia (Mantle et al. 2006; Thambugala et al. 2015; Hongsanan et al.
2020a). Pleocatenata can be distinguished from these two genera by having monotretic
conidiogenous cells and catenate, obclavate conidia.

A recently introduced species, Corynespora sinensis Jian Ma, X.G. Zhang & R.E
Castafieda, resembles Pleocatenata in its unbranched, cylindrical conidiophores and
monotretic, terminal conidiogenous cells that produce catenate, obclavate conidia (Xu
et al. 2020). Morphologically, Corynespora sinensis is more similar to P chiangraiensis
than to the type species of Corynespora, C. cassiicola (Berk. & M.A. Curtis) C.T. Wei
(Wei 1950). Since Corynespora (Corynesporascaceae, Pleosporales) is a polyphyletic
genus (Schoch et al. 2009; Voglmayr and Jaklitsch 2017), and there is no available
sequence data for C. sinensis, we presume that C. sinensis may belong to Pleocatenata.
However, due to lack of molecular data, and since morphology-based classification is
not reliable for many hyphomycetous genera (Shenoy et al. 2006; Su et al. 2016; Yang
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Table 3. Comparison between Corynespora cassiicola, C. sinensis, and Pleocatenata chiangraiensis.
Species Conidiophores Conidiogenous cells Conidia References
Corynespora cassiicola | Unbranched, cylindrical Monotretic, Solitary or in chains of 2-6, obclavate to |  Wei 1950
proliferations, pale to mid | cylindrical, pale to | cylindrical, subhyaline to pale olivaceous
brown, up to 9 septate, mid brown brown or brown, 4-20 distoseptate,
110-850 x 4-11 pm 40-220 x 9-22 pm
Corynespora sinensis Unbranched, cylindrical, Monotretic, In chains of 2, primary conidia obclavate | Xu et al. 2020
(HJAUP M0156) brown to dark, 4-8-septate, | cylindrical, brown, or fusiform, 3(~4)-distoseptate, 31.5-42
53-96.5 x 7-8.5 pm x 8-9.5 pum. secondary conidia ellipsoid,
3-distoseptate, 21-28.5 x 8-9.5 pm
Pleocatenata Unbranched, cylindrical, Monotretic, In chains of 2-3, obclavate, olivaceous This study
chiangraiensis (MFLU  |brown or dark brown, cylindrical, dark to brown when young, blackish brown
21-0222) 4—6-septate, 35-100 x brown when mature, 5-8-cuseptate, 34-70 pm
5.5-8.5 um x 6.5-12 pm

et al. 2018), we retain the current classification. Sequences of C. sinensis are needed
to resolve its phylogenetic placement. Detailed morphological comparison among C.
cassiicola, C. sinensis and P chiangraiensis is provided (Table 3).

Pleocatenata is similar to Sporidesmium sensu stricto, which is characterized by dis-
tinctive, unbranched conidiophores, monoblastic, determinate or proliferating conid-
iogenous cells, and acrogenous, solitary, transversely septate conidia (Ellis 1958, 1971;
Shenoy et al. 2006; Boonmee et al. 2012; Su et al. 2016; Yang et al. 2018). However,
Pleocatenata is different from Sporidesmium by having catenate conidia. Additionally,
Pleocatenata is phylogenetically distinct from Sporidesmium, supporting the introduc-
tion of the new genus.

The catenate, obclavate phragmoconidia of P chiangraiensis are similar to capno-
dendron asexual morph of Antennulariella Woron (Antennulariellaceae, Capnodiales)
(Hughes 1976, 2000; Seifert et al. 2011). Although sequence data of Antennulariella
is not available, morphological characters, such as holoblastic conidiogenous cells and
branched conidiophores of Antennulariella, support its separation from P, chiangraiensis
(Hughes 1976, 2000; Seifert et al. 2011). Pleocatenata is also similar to Corynesporina
Subram (Pezizomycotina, incertae sedis) in having unbranched, robust conidiophores
and catenate conidia (Seifert et al. 2011). However, they differ in that the distoseptate
conidia form in basipetal chains in Corynesporina and euseptate conidia form in acro-
petal chains in Pleocatenata.
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Abstract

The species Immersaria cupreoatra has been included in Bellemerea. This caused us to reconsider the
relationships between Bellemerea and the lecanorine species of Immersaria and to question the monophyly
of Immersaria. Amongst 25 genera of the family Lecideaceae, most have lecideine apothecia, the exceptions
being Bellemerea and Koerberiella, which have lecanorine apothecia. According to previous classifications,
Immersaria included species with both lecanorine and lecideine apothecia. A five-loci phylogenetic tree
(nrITS, nrLSU, RPBI, RPB2, and mtSSU) for Lecideaceae showed that fmmersaria was split into two
clades: firstly, all the lecideine apotheciate species and secondly, all the lecanorine apotheciate species.
The latter clade was closely related to the remaining lecanorine apotheciate genera: Bellemerea and
Koerberiella. Therefore, the genus concept of Immersaria is revised accordingly and a new lecanorine genus
Lecaimmeria is proposed. Furthermore, four new species for fmmersaria and seven new species and three
new combinations for the new genus Lecaimmeria are proposed. Keys to Immersaria and the new genus
Lecaimmeria are provided.
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Introduction

The lichen genus Immersaria Rambold & Pietschm. (Rambold 1989) was originally
split from the genus Lecidea Ach. in order to accommodate the species Immersaria
athroocarpa (Ach.) Rambold & Pietschm. The genus Immersaria was characterised by
its brown thallus with an epinecral layer, a pruinose margin and an amyloid medulla,
immersed apothecia with a somewhat reduced proper margin and Porpidia-type asci
with eight, simple, halonate ascospores (Rambold 1989). Subsequently, Calatayud and
Rambold (1998) enlarged the scope of the genus by including the lecanorine species,
Immersaria mehadiana Calat. & Rambold and 1. cupreoatra (Nyl.) Calat. & Rambold,
based on morphological characters only. Currently, eight species of Immersaria are
known worldwide (Liicking et al. 2017), three of which have lecanorine apothecia. Four
of these species were previously reported from China (Hertel 1977; Zhang et al. 2015).

The species Immersaria cupreoatra (Nyl.) Calat. & Rambold (= Lecanora cupreoatra
Nyl.) was previously included in Bellemerea Hafellner & Cl. Roux (Clauzade and Roux
1984), then into Immersaria by Calatayud and Rambold (1998). This caused us to
reconsider the relationships between Bellemerea and the lecanorine species of Immersaria
and to question the monophyly of Immersaria. The family Lecideaceae Chevall
originally included all the crustose lecideoid genera, but now only 25 genera have been
retained. Most of these are monospecific genera or small genera with under five species
(Fryday and Hertel 2014; McCune et al. 2017). Most genera in Lecideaceae have
lecideine apothecia. Three exceptions are Bellemerea, Immersaria and Koerberiella Stein,
which have lecanorine apothecia. Only Immersaria has both lecanorine and lecideine
apothecia, according to the previous circumscription (Calatayud and Rambold 1998;
Valadbeigi et al. 2011). Calatayud and Rambold (1998) indicated that the presence
of “two types of ascomata” represent different stages of ontogeny. However, there was
no molecular evidence that could clarify the species-level phylogenetic relationships
within fmmersaria. In the two-loci phylogenetic tree of Buschbom and Mueller
(2004), the lecideine species Immersaria usbekica (Hertel) M. Barbero, Nav.-Ros. &
Cl. Roux was related to Lecidea tessellata Florke. However, because only two loci of one
lecideine species were included, this tree was insufficient to clarify the relationship of
the lecanorine apotheciate species in Immersaria.

In this study, a phylogenetic tree of Lecideaceae, based on five loci, is established in
order to verify the monophyly of Immersaria. The results show that Immersaria is split
into two clades. One clade includes all the lecideine apotheciate species, which is sister
to Lecidea tessellata, L. auriculata Th. Fr., Cyclohymenia epilithica McCune & M.]. Cur-
tis and the Porpidia albocaerulescens group and the Porpidia speirea group. The second
clade contains all the lecanorine apotheciate species and is closely related to the rest
of the lecanorine apotheciate genera within this family: Bellemerea and Koerberiella.
Therefore, the genus concept of Immersaria is revised, retaining only the species with
lecideine apothecia. The lecanorine species of Immersaria are excluded and proposed as
a new genus, Lecaimmeria C.M. Xie, Lu L. Zhang & Li S. Wang. Furthermore, four
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new species for Immersaria and seven new species and three new combinations for the
new genus Lecaimmeria are proposed, based on the four-loci phylogenetic trees. Keys
to Immersaria and the new genus are provided below.

Methods

Morphological analysis

All the materials for this study were collected in mainland China, mostly from the Qinghai-
Tibetan Plateau, during the authors’ participation in The Second Tibetan Plateau Scientific
Expedition and Research Program. These specimens were stored in the Herbarium of the
Kunming Institute of Botany, Chinese Academy of Sciences (KUN) and the Lichen Section
of the Botanical Herbarium, Shandong Normal University (SDNU). Type specimens
were loaned from the University of Helsinki (H) and Universitit Wien (WU). High-
resolution photographs of type specimens were provided by the curators of H or obtained
from the website Global Plants (https://plants.jstor.org/). Morphological descriptions were
made from under a dissecting microscope COIX. Anatomical descriptions were based
on observations made from hand-cut sections, mounted in water and using a NIKON
microscope. Usually, twenty ascospores were measured and the values of measurement means
smallest measured-largest measured, with outlying values in brackets. Photographs were
captured with a NIKON Eclipse 50i microscope, equipped with a NIKON digital camera
(DSFi2 high-definition colour camera head, NIKON, Japan). The specimens were tested
with a 10% aqueous solution of potassium hydroxide (K), a solution of aqueous sodium
hypochlorite (C) and 3% Lugol’s iodine (I) in the medulla and the surface of the thallus.
Secondary metabolites of all the specimens were examined by thin-layer chromatography
(TLC) methods, using Solvents A, B and C, as described by Orange et al. (2001).

Phylogenetic analysis

Molecular analysis was carried out on the selected specimens. Genomic DNA was
extracted from dry or fresh specimens using a DNAsecure Plant Kit (Tiangen), following
the manufacturer’s instructions. Five gene loci were amplified by using the following
primers: ITSIF (Larena et al. 1999), ITS4 (White et al. 1990), LROR (Rehner and
Samuels 1994), LR5 (Vilgalys and Hester 1990), gRPBla (Stiller and Hall 1997),
fRPB1c (Matheny et al. 2002), RPB2-6f, RPB2—7cr (Liu et al. 1999), mrSSU1 and
mrSSU3R (Zoller et al. 1999). The 25 pl PCR mixture consisted of 2 pl DNA, 1 pl of
each primer, 12.5 pl 2 x Taq PCR MasterMix (Aidlab) (Taq DNA Polymerase [0.1 unit/
ml]; 4 mM MgCl; and 0.4 mM dNTPs) and 8.5 ul ddH,O. Conditions for PCR of
nrl TS, nrL.SU and mtSSU were set for an initial denaturation at 94 °C for 10 min,
followed by 34 cycles of denaturation at 95 °C for 45 s, annealing at 50 °C for 45 s,
extension at 72 °C for 90 s and a final extension at 72 °C for 10 min. For RPB1 and
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RPB2, the parameters were set to an initial denaturation at 94 °C for 10 min, followed by
34 cycles of denaturation at 95 °C for 45 s, annealing at 52 °C for 50 s, extension at 72 °C
for 60 s and a final extension at 72 °C for 5 min. The PCR products were sequenced
using Sanger technology by the company of Tsingke Biological Technology (Beijing).

The raw sequences were assembled and edited using SeqMan v.7.0 (DNAstar
packages). Sequences extracted from new materials with each genelocus werealigned with
additional sequences that were available from GenBank (Suppl. material 1: Table S1),
by using MEGA v.10.0 and an online version of MAFFT v.7.0 to generate nrITS-
nrLSU-RPB1-RPB2-mtSSU or nrlTS-nrLSU-RPB1-RPB2 matrices. The five or
four gene matrices were combined by SequenceMatrix v.1.7.8. and the concatenated
alignments were estimated by PartitionFinder 2 (Lanfear et al. 2017), based on the
Bayesian Information Criterion (BIC), to find the most appropriate nucleotide
substitution model for each of the five loci.

Phylogenetic relationships were inferred using Bayesian Inference (BI) and Maximum
Likelihood (ML). ML analyses were performed with RAXMLHPC using the general time
reversible model of nucleotide substitution with the gamma model of rate heterogeneity
(GTRGAMMA or GTRCAT). The analyses were run with a rapid bootstrap analysis using
1000 replicates with data partitioned. The Bayesian method was performed with MrBayes
v.3.1.2 (Huelsenbeck and Ronquist 2001). Four Markov chains were run with 2 million
generations for each dataset and trees were sampled every 100 generations. It was ensured
that the average standard deviation of split frequencies was lower than 0.01. Posterior
probabilities above 0.9 and bootstrap support above 70% were considered significant
supporting values. All the trees were visualised with FigTree v. 1.4.0 (Rambaut 2012).

Results

A total of 172 sequences of the nrITS, nrLSU, RPBI1, RPB2, and mtSSU were
generated from 61 specimens representing 57 species. Although the five-loci tree only
poorly resolved the hierarchy of genera within the family Lecideaceae and the split
between the lecanorine and lecideine genera of Lecideaceae was without robust support,
nonetheless the results revealed that the genus /mmersaria was not a monophyletic
lineage. Rather, it was divided into two distant and well-supported lineages: clade 1
which contained the lecideine apotheciate species and clade 2 which contained the
lecanorine apotheciate species (Fig. 1).

Clade 1, together with Amygdalaria Norman, Cyclohymenia McCune & M.].
Curtis, Lecidea s str. and Porpidia Korb. (Fig. 1) formed a well-supported clade (93%

MLBS and 0.99 PP), all of which have lecideine apothecia. Amygdalaria, Porpidia
and Lecidea s str. were nested together, which was consistent with the results of previous
research (Buschbom and Mueller 2004; Fryday et al. 2014). However, the relationships
between these genera still need further research. There was a high level of support for a
monophyletic lineage of lecideine apotheciate species of mmersaria, with these being
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Figure I. Phylogenetic tree constructed from Maximum Likelihood analyses in Lecideaceae, based on the
concatenated nrITS-nrLSU-RPB1-RPB2-mtSSU dataset. Maximum Likelihood bootstrap probabilities
above 70% (left) and Bayesian Inference posterior probabilities above 0.9 (right) are given at the nodes.

sister to the Lecidea tessellata, L. auriculata, Cyclohymenia, the Porpidia albocaerulescens
group and the Porpidia speirea group. The type species of Immersaria (1. athroocarpa) was
included in the lineage. Thus, only those Immersaria species with lecideine apothecia
belong to Immersaria s. str. This revised concept of the genus Immersaria is as follows:
a glossy surface of thallus with an epinecral layer, immersed lecideine apothecia with a
reduced margin and Porpidia-type asci with halonate ascospores.
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There was also a high level of support for clade 2 as a monophyletic lineage (100%
MLBS and 1.00 PP), which was clustered with other genera of Lecideales with lecanorine
apothecia: Bellemerea and Koerberiella (Fig. 1). Bellemerea could be distinguished from
Clade 2 by its amyloid ascospores and Koerberiella by its adnate apothecia. Although the
topology of clade 2 for Bellemerea and Koerberiella is not robust, there are conspicuous
differences in their morphology and significant differences between the bases in their
nucleotide sequences. Since clade 2 is monophyletic with strong support, a new genus,
Lecaimmeria, is proposed to accommodate clade 2. The new genus has immersed
lecanorine apothecia with a white margin and a distinct plectenchyma developed on
top of the orange epihymenium.

Two additional phylogenetic trees were constructed, based on four loci (nrITS,
nrLSU, RPB1, and RPB2), in order to assess the phylogenetic position of species
within Immersaria and Lecaimmeria, respectively. The phylogenetic tree of Immersaria
was comprised of one highly supported clade with five separate lineages, based on 105
sequences from 37 specimens (Fig. 2). All the species with brown, orange, irregular
or aggregate thalli formed respective monophyletic lineages. Immersaria shangrilaensis
C.M. Xie & Lu L. Zhang formed a well-supported clade and the aggregate areolae
clearly distinguished 7. shangrilaensis from other species. Immersaria ferruginea C.M.
Xie & Li S. Wang also formed a well-supported clade and differed from other species
by its greyish-brown thallus. It seems that Immersaria shangrilaensis is sister to I fer-
ruginea, but the nodes were without support. In addition, the morphology is distinct
between Immersaria shangrilaensis and 1. ferruginea. The robust lineage Immersaria
aurantia C.M. Xie & Li S. Wang was distinguished by its irregular, conspicuously
orange thallus and green epihymenium. Immersaria athroocarpa was sister to 1. venusta
C.M. Xie & Xin Y. Wang, but differed in its convex, polygon areolaec and densely
crowded apothecia.

The phylogenetic tree of Lecaimmeria was comprised of one well-supported clade
with nine separate lineages, based on 140 sequences from 61 specimens (Fig. 3).
“Immersaria” sp. and Lecaimmeria iranica (Valadb., Sipman & Rambold) C.M. Xie
comprised the basal group. “Immersaria” sp. has only been recorded from Macedonia
and Lecaimmeria iranica has been recorded from Inner Mongolia in China and from
Iran. Lecaimmeria tuberculosa C.M. Xie & Xin Y. Wang was sister to L. ginghaiensis
C.M. Xie & Li S. Wang, but conspicuously differed in its tuberculiform conidiomata.
Lecaimmeriamongolica C.M.Xie & Lu L. Zhang formed awell-supported monophyletic
lineage and its population was mainly recognised by its orange, irregular areolae and
gyrophoric acid content. Lecaimmeria botryoides C.M. Xie & Li S. Wang formed a
highly supported sister group to L. orbicularis C.M. Xie & Lu L. Zhang, L. lygaea
C.M. Xie & Lu L. Zhang and L. tibetica C.M. Xie & Xin Y. Wang, but differed in its
crowded apothecia. Lecaimmeria orbicularis formed a highly supported sister group to
L. lygaea and L. tibetica, but differed in its round apothecia and the white margin of
the apothecia. Lecaimmeria lygaea was seemingly sister to L. tibetica and differed in its
areolae having a black margin and with a well-developed prothallus between areolae.
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Figure 2. Phylogenetic tree constructed from Maximum Likelihood analyses in mmersaria, based on
the concatenated nrITS-nrLSU-RPB1-RPB2 dataset. Maximum Likelihood bootstrap probabilities above
70% (left) and Bayesian Inference posterior probabilities above 0.9 (right) are given at the nodes. Solid
brown rectangle: thallus brown; solid orange rectangle: thallus yellow brown to orange brown; solid red
rectangle: thallus rusty; hollow brown rectangle: thallus pale yellow brown. Solid green circle: green
epihymenium; solid grey circle: without apothecia; hollow green circular: brown epihymenium.

Discussion

Revised boundaries of Immersaria

Formerly, the boundaries for Immersaria species were: lecanorine or lecideine type of
immersed apothecia, production of confluentic acid and gyrophoric acid and ostiole
or stellate shapes of conidiomata. However, these characters were not good characters
by which to distinguish this genus. The lecanorine species Immersaria cupreoatra was
previously included in Bellemerea. Based on many specimens from China, it was also
discovered that the ostiole or stellate shapes of conidiomata appeared in different stages
of ontogeny. The main substances produced in the genus are confluentic acid and
gyrophoric acid; confluentic acid only occurs in lecideine species, whereas gyrophoric
acid appears in lecanorine species, with the exception of one lecideine species
Immersaria usbekica. Furthermore, these characters, the types of apothecia and the
shapes of conidiomata could not be applied as proper delimitations to classify species
within Immersaria, neither were they supported by the phylogeny.
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Figure 3. Phylogenetic tree constructed from Maximum Likelihood analyses in Lecaimmeria, based on
the concatenated nrITS-nrLSU-RPB1-RPB2 dataset. Maximum Likelihood bootstrap probabilities above
70% (left) and Bayesian Inference posterior probabilities above 0.9 (right) are given at the nodes. Solid
purple rectangle: areolae margin white; solid grey rectangle: areolae margin black; hollow purple rectangle:
areolae margin jade green pigmented. Solid blue circle gyrophoric acid; hollow blue circle: none.

The five-loci based analysis (Fig. 1) was incompatible with previous circumscriptions
of the genus Immersaria, the members of which in this study are defined by their
lecideine immersed apothecia, brown areolae with an epinecral layer and brown/green
epihymenium without a plectenchyma. Consequently, a new genus, Lecaimmeria,
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is established to accommodate the excluded lecanorine species. The new taxonomic
system, proposed here, revised the classification boundaries between Immersaria and
Lecaimmeria, but it may still be difficult to distinguish between them in cases when
apothecia are absent. In this case, they could be distinguished by the substances
produced or by molecular methods.

Diagnostic traits within species of Immersaria and Lecaimmeria

Species of Immersaria could be identified by their different thallus colours
(indicated in Fig. 2). Immersaria ferruginea has a conspicuously greyish-brown
thallus, whereas 1. athroocarpa, 1. aurantia, 1. shangrilaensis and 1. venusta have a
reddish-brown thallus. Immersaria athroocarpa (indicated in Fig. 2) is the species
that mostly has a green epihymenium, whereas the other species mostly have a
brown epihymenium. Almost all these species contain confluentic acid, which
is often accompanied by 2’-O-methylmicrophyllinic acid. Planaic acid, which
is newly reported from this genus, is only presented in specimens of Immersaria
aurantia, 1. shangrilaensis and I. venusta. All the characters discussed above were
supported by the phylogeny, thus could be used as key characters to differentiate
species in Immersaria.

Species of the new genus Lecaimmeria could be delimited by the colours of their
areolae and margins, the existence of an apothecial margin and usually by the lack of
substances. The margin of areolae (indicated in Fig. 3) was usually white, but rarely
black or jade green. Lecaimmeria lygaea could be easily distinguished by the black
margin of the areolae. The jade green margin occurs in Lecaimmeria tuberculosa,
which grows on Qilian jade. The areolae margin of Lecaimmeria qinghaiensis is white,
but is occasionally pigmented with very slightly green colour. The margin of the
apothecia is absent in Lecaimmeria tuberculosa and L. iranica, whereas the apothecia
of the other species have white margins. Most species of Lecaimmeria lack secondary
metabolites, while gyrophoric acid was detected only in Lecaimmeria botryoides,
L. iranica and L. mongolica (indicated in Fig. 3). In addition, an orange thallus
appeared only in Lecaimmeria mongolica and L. tibetica, whereas the remaining
species were brownish.

Taxonomy

Immersaria Rambold & Pietschm., Bibliotheca Lichenologica 34: 239 (1989).

Type species. Immersaria athroocarpa (Ach.) Rambold & Pietschm., in Rambold,
Biblioth. Lichenol. 34: 240 (1989).

Description. Thallus crustose, yellow-brown, red-brown, orange-brown or
brown, sometimes rust coloured, continuous; areolae irregular or tending to
rectangular, with a glossy surface (atrobrunnea-type) caused by a layer of dead,
colourless cells above the upper cortex, areolae sometimes aggregate with black
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prothallus and forming larger areolae; margin pruinose; prothallus distinct at
the margin of thallus or absent. Upper cortex orange pigmented; epinecral layer
colourless; algal layer continuous; medulla filled with grey granules. Apothecia
lecideine, immersed, sometimes aggregate, round or irregular; disc black, flat, less
concave, sometimes slightly raised, often poorly developed in section, pruinose
or not; margin reduced. Exciple almost absent, sometimes developed, brown.
Hymenium colourless; paraphyses simple, rarely branched, anastomosing or not;
epihymenium brown, green or brown green, without plectenchyma; subhymenium
colourless, sometimes pale brown; hypothecium pale brown to brown. Asci Porpidia-
type, cylindrical, eight-spored; ascospores ellipsoid, halonate, non-amyloid.
Conidiomata present or not, immersed, linear or stellate, black, margin pruinose;
conidia bacilliform.

Chemistry. Thallus K-, C—. Medulla I+ violet. Confluentic acid, often accompa-
nied with 2’-O-methylmicophyllinic acid, planaic acid or no substances detected by
TLC. The compound planaic acid is newly reported in this genus.

Ecology and distribution. In China, growing on bare rock, sandstone or granite,
from elevations of 3800 to 4500 m in the alpine zone of west China and elevations of
1200 to 1900 m in the steppe of north China. Worldwide distribution.

Notes. Species with lecanorine apothecia were previously included in
Immersaria (Calatayud and Rambold 1998; Valadbeigi et al. 2011), but the five-loci
phylogenetic analysis excluded these species from Immersaria. This exclusion entails
a restricted concept of the genus. mmersaria is now defined by its orange-brown,
yellow-brown, sometimes rusty coloured thallus, the amyloid medulla, the glossy
surface of areolae with a pruinose margin, the black immersed lecideine apothecia
with a reduced proper margin, the brown epihymenium and the Porpidia-type asci
with eight halonate and non-amyloid ascospores. The members of this genus occur
in alpine habitats.

Species of Sporastatia A. Massal. might be misidentified as members of Immersaria
because of field observations of their glossy areolae and the immersed lecideine
apothecia. However, they are characterised by multi-spored asci and their yellow-
brown thallus. Additionally, Miriguidica Hertel & Rambold resembles lmmersaria by
its glossy areolae and the lecideine apothecia, but differs in its black brown thallus,
its Lecanora-type asci with non-halonate ascospores and often containing miriquidic
acid. The immersed apothecia of /mmersaria may resemble Aspicilia A. Massal. and
Acarospora A. Massal., but Aspicilia has a white or grey thallus, the Aspicilia-type asci
with non-halonate ascospores; Acarospora has multi-spored asci.

Although four known species, Immersaria carbonoidea (J.W. Thomson) Esnault
& Cl. Roux, I fuliginosa Fryday, I olivacea Calat. & Rambold and I wusbekica,
currently lack molecular data, they are temporarily left in Immersaria due to
their morphology which corresponds to that of /mmersaria. Our morphological
comparisons were based on high-resolution photographs of type materials and the
original descriptions.
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Immersaria athroocarpa (Ach.) Rambold & Pietschm., in Rambold, Biblioth.
Lichenol. 34: 240 (1989).
Figure 4a—e

Type. SWEDEN [no locality, no date, no collector], H9508237 (H-Ach-lectotype!-
designated in Hertel 1977). High-resolution photographs seen.

Description. Thallus areolate, yellow-brown, orange-brown, continuous; areolae
0.2-1.0 mm across, often convex, regular polygons, tends to be squamalose at the
margin, epruinose; margin pruinose; prothallus black, not distinct, sometimes absent.
Upper cortex ca. 32.0 pm thick, yellow-brown; epinecral layer ca. 7.0 um thick;
algal layer ca. 82.0 pm thick, cells 8.0-10.0 x 7.5 um in diam., ellipsoid. Apothecia
frequent, densely crowded, immersed, 0.3-1.3 mm in diam.; disc black, rare pruinose,
flat, epruinose; margin reduced. Exciple sometimes developed, 25.0-30.0 um wide,
brown. Hymenium 100-115 pm thick, colourless; paraphyses 1.0-2.0 um wide,
branched, not anastomosing; epihymenium 20.0-25.0 pm thick, brown, rarely green;
subhymenium ca. 90.0 um thick, colourless; hypothecium pale brown to brown. Asci
Porpidia-type, cylindrical, eight-spored; ascospores 17.5-20.0 x 10.0 um, ellipsoid,
halonate. Conidiomata immersed, stellate, black, margin pruinose; conidia 7.5-10.0 x
1.0 pm in diam., bacilliform.

Chemistry. Thallus K-, C—. Medulla I+ violet. Chemotype I: Confluentic acid.
Chemotype II: Unknown substance.

Ecology and distribution. In China, growing on granite in arid and semi-arid
steppe habitats at elevations of 1200-1950 m. Worldwide distribution. This species
is known from Inner Mongolia and Mt. Changbai (Hertel and Zhao 1982) in China.

Notes. The lectotype grows on siliceous rock and contains several intact apothecia.
The materials from Inner Mongolia are identical with the lectotype, based on compari-
sons with high-resolution photographs and the description given by Hertel (1977). It is,
therefore, treated as Immersaria athroocarpa at present. Some Inner Mongolian materials
contain an unknown substance, but form a well-supported clade with other materials.
Immersaria athroocarpa is characterised by the convex, yellow-brown areolae and the large
sizes of ascospores. In this genus, only this species has ascospores up to 20.0 pm long.

Immersaria usbekica is similar to 1. athroocarpa in its brown thallus and dense apo-
thecia, but differs in its flat areolae, the brown epihymenium and the presence of con-
fluentic acid and gyrophoric acid. By comparison with high-resolution photographs
and the original descriptions (Hertel 1977) of Immersaria usbekica, we discovered that
previous reports of this species from China (Zhang et al. 2015) were due to misiden-
tification. It is known from Algeria, Iran, Spain, and the USSR (Barbero et al. 1990).

Specimens examined (SDNU). CHiNa. Inner Mongolia: Chifeng City, Balin
Yougqi, Hongshilazi, 1403.2 m elev., 44°13'N, 118°44'E, on rock, 2019, Ling Hu et
al. SDNU20190035; Rongshen, Wangfengou, 1217.4 m elev., 44°16'N, 118°22'E,
Ling Hu et al. SDNU20190140, SDNU20190143; Erlinba, 1915.2 m elev., 44°26'N,
118°41'E, Ling Hu et al. SDNU20190227.
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Figure 4. Immersaria athroocarpa (a—e SDNU20190227): a=b thallus ¢ apothecial anatomy d ascus
e ascospores. 1. aurantia (f—j KUN XY19-1290): f=g thallus h apothecial anatomy i ascus j ascospores.
Scale bars: 1 mm (a-b, f~g); 20 um (c, h); 10 pm (d-e, ij).
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Immersaria aurantia C.M. Xie & Li S. Wang, sp. nov.
MycoBank No: 839738
Figure 41

Etymology. The name “aurantia” refers to the orange thallus.

Type. Crina. Tibet: Sajia Co., Mula Village, 4752 m elev., 28°40'N, 88°45'E, on
rock, 28 Jun 2019, Xin-Yu Wang et al. XY19-1814 (KUN-holotype).

Description. Thallus areolate, orange, dark orange, pale orange to pale red-
brown, continuous; areolae 0.7—1.3 mm across, flat, epruinose, irregular; margin thin
pruinose; prothallus not seen. Upper cortex 25.0-45.0 pm thick, orange; epinecral
layer (12.0-) 37.0-63.0 pm thick, uneven; algal layer 50.0-93.0 pm thick, cells
5.0-15.0 x 5.0-10.0 pm in diam., round to ellipsoid. Apothecia frequent, scattered,
immersed or isolated from areolae, 0.3—1.3 mm in diam.; disc black, flat or concave,
sometimes pruinose; margin reduced. Exciple sometimes developed, ca. 30.0 pm wide,
brown. Hymenium 55.0-83.0 pm thick, colourless; paraphyses 2.0-3.0 pm wide, only
branched and anastomosing at apex; epihymenium ca. 20.0 um thick, green or green-
brown; subhymenium colourless, not distinct or absent; hypothecium brown. Asci
Porpidia-type, cylindrical, eight-spored; ascospores 8.0-15.0 x 5.0-7.5 pm in diam.,
ellipsoid, halonate. Conidiomata rare, immersed, oblate, black, margin white; conidia
7.5 x 1.0 pm, bacilliform.

Chemistry. Thallus K-, C—. Medulla I + violet. Chemotype I: Confluentic acid,
often accompanied with 2’-O-methylmicrophyllinic acid. Chemotype II: Planaic acid.
Chemotype III: none (rare).

Ecology and distribution. In China, growing on rock at elevations of 3900
4300 m in the alpine zone. This species is known from Qinghai, Sichuan Province and
Tibet of China.

Notes. [mmersaria aurantia is characterised by its distinct orange, irregular areolae
and the mostly green epihymenium. /mmersaria athroocarpa and I. venusta are similar
to 1. aurantia, but I athroocarpa differs in the convex, regularly polygonal areolae and
the more crowded apothecia; /. venusta differs in having yellow-brown, often rusty,
cracked areolae and flat apothecia. Additionally, confluentic acid and planiaic acid do
not appear simultaneously in /mmersaria aurantia, whereas I. venusta always contains
both compounds.

Specimens examined (KUN). Cuina. Qinghai Province: Banma Co., 3933 m
elev., 32°40'N, 100°48'E, on rock, 2020, Li-Song Wang et al. 20-66886, 3932 m
elev., Li-Song Wang et al. 20-66897; Jiuzhi Co., Baiyu Village, 4285 m elev., 33°14'N,
100°58'E, Li-Song Wang et al. 20-67809. Sichuan Province: Rangtang Co., Mt. Haizi,
4223 m elev., 32°20'N, 101°25'E, on rock, 2020, Li-Song Wang et al. 20-66701,
4229 m elev., Li-Song Wang et al. 20-66693, 4217 m elev., Li-Song Wang et al. 20—
66680, 4221 m elev., Li-Song Wang et al. 20-66692. Tibet: Changdu City, Mangkang
Co., Luoni Village, 4145 m elev., 29°56'N, 98°33'E, on rock, 2020, Li-Song Wang
et al. 20-69091, 4138 m elev., Li-Song Wang et al. 20-69091, 20-69094; Gatuo
Town, 29°39'N, 98°35'E, 3831 m elev., Li-Song Wang et al. 20-69114, 3850 m elev.,
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Li-Song Wang et al. 20-69122; Gongga Co., Jiangtang Town, 29°12'N, 90°38'E,
2019.7.23, 4560 m elev., Xin-Yu Wang et al. XY19-1287, 4556 m elev., XY19-1290;
Sajia Co., Mula Village, 28°40'N, 88°45'E, 2019.7.28, 4752 m elev., Xin-Yu Wang
et al. XY19-1814; Angren Co., Kerangla, 29°19'N, 87°01'E, 4530 m elev., Li-Song
Wang et al. 19-63635.

Immersaria ferruginea C.M. Xie & Li S. Wang, sp. nov.
MycoBank No: 839739
Figure 5a—c

Etymology. The name “ferruginea” refers to the rusty brown colour of the thallus.

Type. Cuina. Tibet: Changdu City, Mangkang Co., Quzika Village, 4093 m elev.,
29°15'N, 98°40'E, on rock, 25 Sept 2020, Li-Song Wang et al. 20-69144 (KUN-
holotype).

Description. Thallus areolate, greyish-brown, continuous; areolae 0.5-1.3 mm
across, flat, less often convex, rectangular to polygonal, epruinose; margin pruinose;
prothallus black, not distinct. Upper cortex 50.0-68.0 pm thick, brown; epinecral
layer 17.0-40.0 um thick; algal layer 75.0-78.0 pm thick, cells (4.0-) 7.0-13.0 pm
diam., round. Apothecia frequent, densely crowded, immersed, 0.7-1.3 mm
in diam.; disc black, flat, pruinose; margin pruinose, slightly raised. Exciple
sometimes developed, 25.0-28.0 pm wide, brown. Hymenium 57.0-100.0 pm
thick, colourless; paraphyses 1.0-3.0 pum wide, not branched, anastomosing;
epihymenium 15.0-33.0 um thick, brown; subhymenium 25.0-63.0 pum thick,
colourless to pale brown, rusty or dark pink; hypothecium pale brown. Asci
Porpidia-type, cylindrical; ascospores rare, 7.5-10.0 x 5.0 um in diam., ellipsoid,
halonate. Conidiomata not seen.

Chemistry. Thallus K-, C—. Medulla I+ violet. Confluentic acid, often accompa-
nied with 2’-O-methylmicrophyllinic acid.

Ecology and distribution. In China, growing on quartz sandstone or granite at
elevations of 3800-4300 m in the alpine zone. This species is known from Sichuan
Province and Tibet of China.

Notes. Immersaria ferruginea is characterised by its brown, rusty thallus, its densely
crowded apothecia and its brown epihymenium. The morphology of Immersaria
ferruginea resembles L. carbonoidea, but the latter differs in its dark black-brown thallus
containing norstictic acid and black-brown hypothecium.

Specimens examined (KUN). Cuina. Sichuan Province: Rangtang Co., Mrt.
Haizi, 4227 m elev., 32°20'N, 101°25'E, on rock, 2020, Li-Song Wang et al. 20—
66697, 4221 m elev., Li-Song Wang et al. 20-67670. Tibet: Changdu City, Mangkang
Co., Quzika Village, 4093 m elev., 29°15'N, 98°40'E, Li-Song Wang et al. 20-69144,
4101, Li-Song Wang et al. 20-69146, 4122 m elev., Li-Song Wang et al. 20-69148;
Gatuo Town, 3848 m elev., 29°39'N, 98°35'E, Li-Song Wang et al. 20-69105.
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Immersaria shangrilaensis C.M. Xie & Lu L. Zhang, sp. nov.
MycoBank No: 839741
Figure 5d—f

Etymology. The name “shangrilaensis” refers to the location at which the holotype was
collected: “Shangri-La”, a county of Yunnan Province in China.

Type. CHiNA. Yunnan Province: Shangri-La County., Mt. Hong Shan, 4363 m elev.,
28°7'N, 99°54'E, on rock, 18 Aug 2018, Li-Song Wang et al. 18-60447 (KUN-holotype).

Description. Thallus areolate, yellow-brown, orange-brown, often appears as
greyish-brown, generally heavily pruinose, continuous, 5.7-10.0 cm across; areolae
aggregated by 4-14 small areolae (often surrounded by black prothallus), small areolae
up to 0.1 mm across, concave or flat, irregular, pruinose; margin pruinose; prothallus
black, distinct. Upper cortex 32.0-50.0 pm thick, yellow-brown granules pigmented;
epinecral layer 15.0-20.0 um thick; algal layer 47.5-65.0 pm thick, cells 7.5-8.0
x 5.0 um in diam., ellipsoid. Apothecia frequent, crowded, immersed or isolated
from areolae, 0.3-0.8 mm in diam.; disc black, concave to flat, aggregated, cracked
once mature, thin pruinose; margin reduced, slightly raised. Exciple almost absent.
Hymenium 100.0-138.0 pm thick, colourless; paraphyses ca. 2.5 um wide, branched,
anastomosing or not; epihymenium ca. 15.0 pm thick, brown; subhymenium ca.
55.0 pm thick, colourless; hypothecium pale brown to brown. Asci Porpidia-type,
cylindrical, eight-spored; ascospores 7.0-9.0 x 3.0-4.0 um, ellipsoid, halonate
(sometimes not distinct). Conidiomata immersed, oblate, black, margin heavily
pruinose; conidia 7.5 x 1.0 um, bacilliform.

Chemistry. Thallus K-, C—. Medulla I+ violet. Confluentic acid, planaic acid and/
or 2’-O-methylmicophyllinic acid.

Ecology and distribution. In China, growing on granite at elevations of 4300—
4500 m in the alpine zone. This species is known from Yunnan Province of China.

Notes. The materials of Immersaria athroocarpa from the Shangri-La County of
Yunnan Province are morphologically identical with the specimen Hertel (1977) re-
ported from the same locality, but differ from the lectotype in its aggregate areolae, the
aggregate apothecia and the smaller size of ascospores (7.0-9.0 x 3.0-4.0 pm). Based
on the phenotypic and phylogenetic results, the material from Shangri-La is treated as
a new species, Immersaria shangrilaensis. It is characterised by its large thallus, up to
10.0 cm in diam., the aggregate areolae and apothecia and the small size of ascospores.

Specimens examined. CHINA. Yunnan Province: Shangri-La County, 4350-4500
m elev.,, on rock, 1915, Handel-Mazzetti no. 6945 = WU-Lichenes0037752 (WU);
Mt. Hong Shan, 4363 m elev., 28°7'N, 99°54'E, on rock, 2018, Li-Song Wang et al.
18-60430 (KUN), Li-Song Wang et al. 18-60447 (KUN) 4503.1 m elev., Chun-
Xiao Wang et al. SDNU20181696 (SDNU), 4361.9 m elev., Chun-Xiao Wang et
al. SDNU20181675 (SDNU); Luquan Co., Mt. Jiaozixueshan, 3800 m elev., 2008,
Hai-Ying Wang SDNU20082253 (SDNU); Lijiang City, Mt. Laojun, 3981 m elev.,
26°37'N, 99°43'E, 2018, Li-Song Wang et al. 1860555, 18-60602 (KUN).
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Figure 5. Immersaria ferruginea (a—c KUN 20-69144): a-b thallus ¢ apothecial anatomy. 7. shangrilaen-
sis (d—f KUN 18-60430): d—e thallus f apothecial anatomy. Scale bars: 1 mm (a-b, d—e); 20 pm (c, f).

Immersaria venusta C.M. Xie & Xin Y. Wang, sp. nov.
MycoBank No: 839742
Figure 6a—d

Etymology. The name “venusta” refers to the beautiful appearance of the thallus.

Type. CHiNa. Qinghai Province: Maqing Co., Xueshan Village, 4187 m elev,,
34°37'N, 99°42'E, on rock, 11 Sept 2020, Li-Song Wang et al. 20-67969 (KUN-
holotype).
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Description. Thallus areolate, brown, orange-brown, more or less rusty, continuous;
areolae 0.5-1.3 mm across, flat or slightly convex, irregular, tending to rectangular,
often cracked, sometimes pruinose; margin pruinose; prothallus not seen. Upper cortex
ca. 38.0 pm thick, yellow brown granules pigmented; epinecral layer ca. 12.0 pm thick;
algal layer ca. 128.0 pm thick, cells 5.0-10.0 x 5.0—7.5 pm in diam., round to ellipsoid.
Apothecia frequent, crowded, immersed or isolated from areolae, 0.6-1.0 mm in diam.;
disc black, flat, epruinose; margin reduced, sometimes developed. Exciple sometimes
developed, ca. 35.0 pm wide, brown. Hymenium 92.0-113.0 pm thick, colourless;
paraphyses ca. 2.0 um wide, anastomosing; epihymenium 27.5-30.0 pm thick, brown;
subhymenium ca. 62.0 um thick, colourless; hypothecium brown. Asci Porpidia-type,
cylindrical, eight-spored; ascospores 10.0-12.5 x 5.0-7.5 pm, ellipsoid, halonate.
Conidiomata immersed, linear, black, margin pruinose; conidia not seen.

Chemistry. Thallus K-, C—. Medulla I+ violet. Chemotype I: Confluentic acid,
often accompanied with 2’-O-methylmicrophyllinic acid. Chemotype II: Planaic acid.
Chemotype III: none (rare).

Ecology and distribution. In China, growing on quartz sandstone or granite at
elevations of 3900—4300 m in the alpine zone. This species is known from Qinghai
Province of China.

Notes. Immersaria venusta is characterised by its yellow-brown, cracked areolae,
its flat apothecia and brown epihymenium. It resembles /mmersaria shangrilaensis
by its cracked areolae, but its areolac have the tendency to split into several
patches, but not aggregate like those of . shangrilaensis. Immersaria athroocarpa is
similar to /. venusta in the brown appearance of its thallus and in forming a sister
group in the phylogenetic tree, but it differs in its yellow brown thallus, convex
areolae, densely crowded apothecia and larger ascospores (17.5-20.0 x 10.0 pm).
Immersaria venusta is also similar to I. aurantia (see notes for I. aurantia). The
brown thallus of /mmersaria venusta possibly resembles that of 7. o/ivacea, but the
latter differs in its simple or one-septate ascospores, pyriform conidia and dark
bluish-green epihymenium.

Specimens examined (KUN). CHiNa. Qinghai Province: Maging Co., Xueshan
Village, 4187 m elev., 34°37'N, 99°42'E, on rock, 2020, Li-Song Wang et al. 20—
67969, 20-67965; Banma Co., Yaertang Village, 3930 m elev., 32°42'N, 100°42'E,
Li-Song Wang et al. 20-66940. Sichuan Province: Shiqu Co., Xinrong Village, 4043
m elev., 32°59'N, 98°19'E, on rock, 2020, Li-Song Wang et al. 20-68802; Rangtang
Co., Mt. Haizi, 4246 m elev., 32°21'N, 101°24'E, Li-Song Wang et al. 20-66721,
20-66725.

Selected additional comparative material was examined.

Bellemerea alpina (Sommerf.) Clauzade & Cl. Roux Russia, Lps. Petsamo, Pummangin
vuonon N-puoli, 1938, Risinen, V., H9503269 (H); Lps. Petsamo, inter Vaitolahti

et Kervanto, 1938, Risinen, V., H9503270 (H).

Bellemerea cinereorufescens (Ach.) Clauzade & Cl. Roux Finranp, Ob. Simo.

Anteroinen. Rantakivelld, 1920, Risinen, V., H9503267 (H); Le. Enontekio,

Kirkonkyld, 1925, Kari, L.E., H9503268 (H).



116 Cong-Miao Xie et al. / MycoKeys 87: 99-132 (2022)

High-resolution photographs seen.

Immersaria carbonoidea (J.W. Thomson) Esnault & Cl. Roux USA, Alaska, along the
Pitmegea River, 15 miles upstream from Cape Sabine, 1958, Thomson, J.W.,
MO0082171 (M-isotype!), G00126754 (G-isotype!).

Immersaria olivacea Calat. & Rambold SpaiN, Espana, Castellé: Benicassim, Parreta
Alta, 390 m elev., 1993, Calatayud, V., M0101779 (M-isotype!).

Immersaria usbekica (Hertel) M. Barbero, Nav.-Ros. & CI. Roux ALGERIA Algerie-Atlas
Tellieu, Larba, Piste de Bougara 4 Tablat au S-E de I'arboretum de Meindja, 1985,
Esnault, J., M0101787 (M-paratype!).

Lecaimmeria C.M. Xie, Lu L. Zhang & Li S. Wang, gen. nov.
MycoBank No: 839743

Etymology. The name “Lecaimmeria” refers to the immersed lecanorine apothecia of
all known species.

Type species. Lecaimmeria orbicularis CM. Xie & Lu L. Zhang, sp. nov.

Description. Thallus crustose, red-brown, orange-brown or dark brown,
continuous or not; areolae irregular or tending to rectangular, with a glossy surface
(atrobrunnea-type) caused by a layer of dead, colourless cells above the upper cortex;
margin white or black; prothallus distinct at the margin of thallus or absent, sometimes
developed between areolae. Upper cortex orange; epinecral layer colourless; algal layer
continuous; medulla filled with grey granules. Apothecia lecanorine, immersed, round
or irregular; disc red-brown, dark red-brown or dark orange-brown, flat or concave;
margin present or absent, black or white, rarely green, pruinose or not. Exciple reduced,
tissue at the lateral sides of the hymenium corresponding to the upper cortex and the
algal layer of the vegetative areolae and to hypothecial hyphal cells when apothecia
reach the margin of the areole (indicated in Figs. 7c, g, 8¢, 9¢, h, 10c, h). Hymenium
colourless; paraphyses simple, rarely branched, anastomosing or not; epihymeinum
orange, orange-brown, rarely brown, with a plectenchyma. Asci Porpidia-type
(indicated in Fig 9d), cylindrical, eight-spored; ascospores ellipsoid, halonate, non-
amyloid. Conidiomata present or absent, immersed, rarely convex, linear or stellate,
rarely tuberculiform; conidia bacilliform.

Chemistry. Thallus K-, C+/—. Medulla I+ violet. Gyrophoric acid, 4-O-demethyl-
planaic acid or no substances detected by TLC.

Ecology and distribution. In China, growing on rock, sandstone, granite or
Qilian jade (rare), from elevations of 3100 to 4800 m in the alpine zone of west China
and from 1200 to 1900 m in the steppe of north China. This genus is known from
China, Europe, Iran, Mongolia, Romania, Russia, and USA.

Notes. The five-loci phylogenetic analysis showed that the species with lecanorine
apothecia formed a novel lineage and should be excluded from Immersaria; thus, they
are here treated as a new genus Lecaimmeria. Lecaimmeria is distinguished from related
genera by its glossy surface, orange or red-brown areolae with margins, the amyloid
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Figure 6. Immersaria venusta (a=d KUN 20-66725): a=b thallus ¢ apothecial anatomy d ascus. Scale
bars: 1 mm (a=b); 20 pm (c); 10 pm (d).

medulla, the red-brown immersed lecanorine apothecia, the orange epihymenium
with a plectenchyma and the Porpidia-type asci with eight halonate and non-amyloid
ascospores. In China, the genus is distributed in alpine areas, high altitude desert-
steppe areas or high latitude steppe. Almost all the species of Lecaimmeria grow on
granite or sandstone, with the exception of one species, L. tuberculosa, which grows on
jade. Interestingly, the margin of conidiomata and areolae of Lecaimmeria tuberculosa
appear with heavily jade-green pruinose.

The immersed apothecia and brown thallus of Lecaimmeria often resemble those
of Immersaria, but Lecaimmeria differs in its red-brown lecanorine apothecia, often
with a white margin, their orange epihymenium with a plectenchyma and the thallus
containing gyrophoric acid. This genus might be confused with Bellemerea by its
lecanorine apothecia and the Porpidia-type asci with halonate ascospores, but the latter
genus differs in its amyloid ascospores.

Three species, previously included in Immersaria, I. cupreoatra, I iranica and 1.
mehadiana, have lecanorine apothecia, but two of these, 1. cupreoatra and 1. mehadiana,
currently lack molecular sequences. We suggest that these three species should be
transferred to Lecaimmeria, based on the following factors. Their morphology is consistent
with Lecaimmeria according to molecular results and comparisons with type specimens,
high-resolution photographs of the type materials and the original descriptions. One
unknown “Immersaria’ species from Macedonia is sister to Lecaimmeria iranica in



118 Cong-Miao Xie et al. / MycoKeys 87: 99-132 (2022)

the phylogenetic tree (Fig. 3), but comparison with high-resolution photograph and
previous records (Mali¢ek and Mayrhofer 2017) show that it differs in its black margin
of areolae and absence of gyrophoric acid. This unknown species with lecanorine
apothecia is possibly a member of Lecaimmeria, but descriptions are lacking and the
specimens were not seen. Thus, this species is temporarily retained in Immersaria.

Lecaimmeria botryoides C.M. Xie & Li S. Wang, sp. nov.
MycoBank No: 839744
Figure 7a—d

Etymology. The name “botryoides” refers to the crowded apothecia while immature.

Type. CHiNa. Sichuan Province: Aba City, Rangtang County, Haizi Mt., 4225 m
elev.,, 32°21'N, 101°24'E, on rock, 6 Sept 2020, Li-Song Wang et al. 20-66730
(KUN-holotype).

Description. Thallus areolate, red-brown, discontinuous; areolae 0.2—-1.0 mm
across, flat, slightly concave or convex, pruinose, polygonal, tending to be rectangular,
margins heavily pruinose. Prothallus black, distinct in the margin of thallus. Upper
cortex 20.0-25.0 um thick, brown; epinecral layer 22.0-48.0 pum thick; algal layer
ca. 37.0 pm thick, cells 7.5-10.0 pm diam., round. Apothecia frequent, irregular,
densely crowded while immature (3—6/areolae), aggregate once mature, immersed,
0.2-1.3 mm in diam.; disc red-brown, flat, or concave, epruinose; margin pruinose,
slightly raised. Hymenium 67.0-100.0 (~155.0) pm thick, colourless; paraphyses ca.
2.0 um wide, simple, only branched at the top, not anastomosing; epihymenium 25.0—
30.0 um thick, orange; plectenchyma 2.0-8.0 pm thick; subhymenium 17.0-38.0 pm
thick, colourless; hypothecium pale brown to brown. Asci Porpidia-type, cylindrical,
eight-spored; ascospores 7.5-8.0 x 4.0-6.0 pm in diam., ellipsoid, halonate. Conidi-
omata not seen; conidia not seen.

Chemistry. Thallus K-, C+/—. Medulla I+ violet. Chemotype I: Gyrophoric acid.
Chemotype II: none.

Ecology and distribution. In China, growing on rock at elevations of 3100-4300 m
in the alpine zone. This species is known from Qinghai and Sichuan Provinces of China.

Notes. Lecaimmeria botryoides is characterised by its discontinuous thallus, densely
crowded apothecia while immature and the orange epihymenium. Lecaimmeria or-
bicularis is similar to L. botryoides in its red-brown thallus, but differs in its round, flat
apothecia and continuous thallus. The red-brown thallus of Lecaimmeria botryoides
resembles L. cupreoatra, but the latter differs in the black margin of its apothecia and
its distinct black prothallus between areolae.

Specimens examined (KUN). Cuina. Qinghai Province: Banma Co., 3958 m
elev., 32°40'N, 100°48'E, on rock, 2020, Li-Song Wang et al. 20-66900, 3932 m elev.,
Li-Song Wang et al. 20-66898, 3935 m elev., Li-Song Wang et al. 20-66891, 3178
m elev., Li-Song Wang et al. 20-66765. Sichuan Province: Rangtang Co., Mt. Haizi,
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4256 m elev., 32°21'N, 101°24'E, on rock, 2020, Li-Song Wang et al. 20-66721,
4300 m elev., Li-Song Wang et al. 20-67706, 4276 m elev., Li-Song Wang et al.
20-66706, 4255 m elev., Li-Song Wang et al. 20-66707, 4274 m elev., Li-Song Wang
et al. 20-66713, 4274 m elev., Li-Song Wang et al. 20-66711, 20-66705, 4225 m
elev., Li-Song Wang et al. 20-66730, 4220 m elev., 32°20'N, 101°25'E, Li-Song Wang
et al. 20-66683.

Lecaimmeria cupreoatra (Nyl.) C.M. Xie, comb. nov.
MycoBank No: 839745

Basionyms. Lecanora cupreoatra Nyl., Lichens Lapponiae orientalis: 181 (18606).

Type. Russia. “Medvaschiigora, ad Onegam”, 13 June 1863, Th. Simming,
H9508237 (H-lectotype!).

Description. Nylander (1866) and Clauzade and Roux (1985).

Notes. The lectotype grows on siliceous rock and contains several intact apothecia.
As “Immersaria” cupreoatra has lecanorine apothecia and is related to L /ygeae in our
phylogeny, it is, therefore, transferred to Lecaimmeria. This species has not been cor-
rectly recorded in China (see notes for Lecaimmeria mongolica). The species is known
from Europe, Mongolia, Russia, and USA (Calatayud and Rambold 1998).

Specimens examined (H). Russia. Kl. Kurkijoki, Kuuppala, Himohirsi, 12 May
1934, Risinen, V., H9503417, H9510194.

Lecaimmeria iranica (Valadb., Sipman & Rambold) C.M. Xie, comb. nov.
MycoBank No: 839746

Basionyms. /mmersaria iranica Valadb., Sipman & Rambold, Lichenologist 43(3):
204 (2011).

Type. IraN. Mazandaran, Haraz Road, 20 km to Aamol, 36°17'N, 52°21'E, on
calcareous rock, 1475 m, 7 Apr 20006, T. Valadbeigi 9008 (TARI-holotype; B, hb.
Valadbeigi-isotype). Not seen.

Description. Valadbeigi et al. (2011).

Notes. “Immersaria’ iranica has lecanorine apothecia, a distinct epinecral layer and
halonate ascospores (Valadbeigi etal. 2011). The materials from China are in accordance
with the materials of Iran, based on comparisons with the original descriptions and
the photographs given by Valadbeigi et al. (2011). The characters of this species are
consistent with the new genus and the phylogenetic results showed that it was clustered
with species of Lecaimmeria. Therefore, it was transferred to Lecaimmeria. This species
is currently known from Iran and China.

Specimens examined (SDNU). CHina. Xinjiang: Urumgi, Mt. Tianshan-glacier
No.1, alt. 3800 m, on rock, 2011, Z.L. Huang SDNU20126106, SDNU20129049.
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Figure 7. Lecaimmeria botryoides (a=d KUN 20-66730): a=b thallus ¢ apothecial anatomy. L. lyagea

(e=h KUN 20-69070): e—f thallus g apothecial anatomy h scospores. Scale bars: 1 mm (a-b, e—f);
20 pum (c, g); 10 pm (d, h).
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Lecaimmeria lygaea C.M. Xie & Lu L. Zhang, sp. nov.
MycoBank No: 839747
Figure 7e~h

Etymology. The name “lygaea” refers to the dark appearance of the thallus.

Type. Cuina. Tibet: Changdu City, Mangkang County, Luoni Village, 4127 m
elev.,, 29°56'N, 98°33'E, on rock, 24 Sept 2020, Li-Song Wang et al. 20-69072
(KUN-holotype).

Description. Thallus areolate, dark red-brown, dark brown, continuous; areolae
0.5-1.0 mm across, flat, epruinose, irregular pentagonal, sometimes rectangular,
fissures between areolae often filled with black prothallus; margin black, thinly
pruinose; prothallus black, developed between areolae, also distinct in the margin.
Upper cortex ca. 20.0 um thick, orange-brown; epinecral layer ca. 15.0 pm thick;
algal layer ca. 50.0 pm thick, cells 7.0-13.0 pm in diam., round. Apothecia frequent,
round, crowded, immersed, 0.2—0.8 mm in diam.; disc red-brown, flat, or concave,
epruinose; margin black, moderately thick, pruinose, raised. Hymenium 75.0—
93.0 um thick, colourless; paraphyses ca. 2.0 pm wide, simple, unbranched, not
anastomosing; epihymenium 25.0-38.0 um thick, orange brown; plectenchyma ca.
7.0 pm thick; subhymenium 20.0-25.0 pm thick, colourless; hypothecium brown
Asci Porpidia-type, cylindrical, eight-spored; ascospores 12.5-20.0 x 5.0-7.5 pm in
diam., ellipsoid, halonate. Conidiomata immersed, stellate, black, margin pruinose;
conidia 5.0 x 1.0 pum, bacilliform.

Chemistry. Thallus K-, C—. Medulla I+ violet. Unknown fatty acid by TLC.

Ecology and distribution. In China, growing on sandstone at elevations of
4000-4200 m in the alpine zone. This species is known from the Tibet Region of
China.

Notes. Lecaimmeria lygaea is characterised by its dark brown thallus, black
margin of its areolae, black prothallus which fills the fissures between areolae, dark
orange apothecia and its orange brown epihymenium. Lecaimmeria cupreoatra and
L. mehadiana are similar to L. lygaea, but L. cupreoatra has a discontinuous thallus,
with each areola surrounded by black prothallus, dark red-brown to black-brown
apothecia without a margin. Lecaimmeria mehadiana has areolae with a white margin,
black-brown apothecia, brown epihymenium and contains 4-O-demethylplanaic
acid. The phylogenetic results show that Lecaimmeria tibetica is the sister species to
L. lygaea. They are similar in chemistry, but differ in its orange-brown thallus and
dark orange brown apothecia.

Specimens examined (KUN). Cuina. Tibet: Changdu City, Mangkang Co.,
Luoni Village, 4099 m elev., 29°56'N, 98°33'E, on rock, 2020, Li-Song Wang et al.
20-69054, 4131 m elev., Li-Song Wang et al. 20-69070, 4127 m elev., Li-Song Wang
etal. 20-69072, 4095 m elev., Li-Song Wang et al.20-69053.
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Lecaimmeria mehadiana (Calatayud & Rambold) C.M. Xie, comb. nov.
MycoBank No: 839748

Basionyms. [mmersaria mehadiana Calat & Rambold, Lichenologist 30(3): 233 (1998).

Type. Romania. Caras-Severin Comitat, Mehadia, Strdjot Mtn., on rock, 1994,
Rambold, G.W., M0101781 (M-holotype!), M0101780, M0101782, M0101783
(M-isotype!). High-resolution photographs seen.

Description. Calatayud and Rambold (1998).

Notes. As “Immersaria” mehadiana has lecanorine apothecia and resembles
L. lygaea and L. cupreoatra, having a dark brown thallus, it is, therefore, transferred to
Lecaimmeria. This species is characterised by its greyish prothallus, dark brown apo-
thecia and the brown epihymenium. It is only known from Romania (Calatayud and

Rambold 1998).

Lecaimmeria mongolica C.M. Xie & Lu L. Zhang, sp. nov.
MycoBank No: 839749
Figure 8a—d

Etymology. The name “mongolica” refers to the collection of the holotype within
Inner Mongolia, an autonomous region of China.

Type. Cuina. Inner Mongolia: Chifeng City, Balinyouqi, Han Mountain, 1445m
elev., 44°11'N, 118°44'E, on rock, 22 Jul 2019, Zun-Tian Zhao et al. SDNU20190354
(SDNU-holotype).

Description. Thallus areolate, orange, continuous; areolae 0.4—0.8 mm across, epru-
inose, neatly arranged, irregular, tending to be rectangular, margin pruinose; prothallus
black, not distinct. Upper cortex ca. 20.0 um thick, brown; epinecral layer 5.0-8.0 um
thick; algal layer ca. 87.0 um thick, cells 7.5-12.5 pm diam., round. Apothecia frequent,
crowded, immersed or isolated from areolae, 0.2-0.8 mm in diam.; disc red-brown,
flat, slightly convex, epruinose; margin pruinose. Hymenium 62.0-83.0 um thick, col-
ourless; paraphyses ca. 2.0 um wide, unbranched, not anastomosing; epihymenium ca.
42.0 um thick, orange; plectenchyma 5.0-10.0 pm thick; subhymenium 30.0-38.0 um
thick, colourless; hypothecium brown. Asci Porpidia-type, cylindrical, eight-spored; as-
cospores 10.0-17.5 x 6.0-7.5 um in diam., ellipsoid, halonate. Conidiomata immersed,
oblate, rare ellipsoid, black, margin pruinose; conidia 5.0 x 1.0 um, bacilliform.

Chemistry. Thallus K-, C+. Medulla I+ violet. Gyrophoric acid.

Ecology and distribution. In China, growing on granite at elevations of 1400—
2000 m in steppe or mountains. This species is known from Inner Mongolia of China.

Notes. This species was once reported as “Immersaria” cupreoatra from China
(Zhang et al. 2015), but after comparing our collections with the type material, this was
found to be a misclassification. Additionally, the phylogenetic results showed that these
collections formed a well-supported lineage belonging to Lecaimmeria. Therefore, it is
here treated as a new species, Lecaimmeria mongolica, characterised by its orange-brown
thallus, red-brown apothecia with a distinct white margin and the thallus containing
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Figure 8. Lecaimmeria mongolica (a=d SDNU20190354): a=b thallus ¢ apothecial anatomy d ascospores.
Scale bars: 1 mm (a=b); 20 um (c); 10 pm (d).

gyrophoric acid. Lecaimmeria cupreoatra resembles L. mongolica by containing
gyrophoric acid, but it differs in its dark black brown thallus and the black margin of its
apothecia. Lecaimmeria tibetica is similar to L. mongolica in its orange thallus, but differs
in its smaller, dark orange apothecia and that no substance can be detected by TLC.

Specimens examined (SDNU). CHiNa. Inner Mongolia: Chifeng City, Balin
Yougqi, Mt. Qingyangcheng, 1445 m elev., 43°35'N, 117°30'E, on rock, 2019, Zun-
Tian Zhao et al. SDNU20190350; Han Shan, 1563 m elev., 44°11'N, 118°44'E, on
rock, Zun-Tian Zhao et al. SDNU20190354; A’ershan City, Mt. Jiguan, 1500 m
elev., on rock, 2011, Yu-Liang Cheng SDNU20124912, 1400 m elev., Dai-Feng Jiang
SDNU20124859; Ke Qi, Huanggangliang, 2000 m elev., on rock, Pan-Meng Wang
SDNU20117613, Xing-Ran Kou SDNU20117399.

Lecaimmeria orbicularis C.M. Xie & Lu L. Zhang, sp. nov.
MycoBank No: 839750
Figure 9a—e

Etymology. The name “orbicularis” refers to the round shape of the apothecia.
Type. CHiNA. Sichuan Province: Rangtang Co., Gangmuda Village, 3800 m elev.,
32°18'N, 101°3'E, on rock, 7 Sept 2020, Li-Song Wang et al. 20-66753 (KUN-holotype).
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Description. Thallus areolate, red-brown, rarely orange-brown, continuous;
areolae 0.2—1.0 mm across, flat, occasionally wrinkled, tending to rectangular, fissures
between areolae often filled with black prothallus, margin pruinose; prothallus black,
developed between areolae, also distinct in the margin. Upper cortex 42.0-58.0 pm
thick, brown; epinecral layer 5.0-20.0 pm thick; algal layer 70.0-113.0 pm thick,
cells 10.0-15.0 x 7.5-10.0 um in diam., ellipsoid to round. Apothecia frequent,
scattered, immersed or isolated from areolae, 0.5—1.3 mm in diam.; disc red-brown,
flat, round, epruinose; margin white, slightly raised. Hymenium 75.0-113.0 pm
thick, colourless; paraphyses ca. 2.0 pm wide, simple, unbranched, not anastomosing;
epihymenium 17.5-30.0 pm thick, orange; plectenchyma 5.0-15.0 pm thick;
subhymenium 30.0-63.0 um thick, colourless; hypothecium brown. Asci Porpidia-
type, cylindrical, eight-spored; ascospores 12.5-15.0 x 5.0-6.0 pm, ellipsoid,
halonate. Conidiomata not seen.

Chemistry. Thallus K-, C—. Medulla I+ violet. None.

Ecology and distribution. In China, growing on granite or sandstone at eleva-
tions of 3700-4200 m in the alpine zone. This species is known from Qinghai and
Sichuan Provinces of China.

Notes. Lecaimmeria orbicularis is characterised by its orange brown thallus, neatly
arranged areolae and round, flat apothecia. Lecaimmeria botryoides is similar to L. or-
bicularis (see notes for L. botryoides). Lecaimmeria mongolica might be confused with
L. orbicularis due to its large apothecia with a white margin, but differs in its red-brown
thallus and distribution in steppes. The red-brown thallus of Lecaimmeria cupreoatra
resembles that of L. orbicularis, but differs in the black margin of its apothecia and its
distinct black prothallus between areolae.

Specimens examined (KUN). CHiNa. Qinghai Province: Jiuzhi Co., Nianbaoy-
uze, 4200 m elev., 33°14'N, 100°58'E, on rock, 2020, Li-Song Wang et al. 20-66811,
20—66829, 20—-66801, 20—66826A, 20-66821, 20-66805, 20-66833, 20-66817,
20-66841; Banma Co., Nianbaoyuze, 3930 m elev., 32°40'N, 100°48'E, Li-Song
Wang et al. 20-66909, 20-66908, 20-66896, 20—-66886B, 2066899, 2066935,
20-66943; Zhiqingsongduo Town, 3712 m elev., 33°24'N, 101°25'E, Li-Song Wang
et al. 20-66965; Suohurima Village, 4029 m elev., 33°23'N, 100°57'E, Li-Song Wang
et al. 20-66979. Sichuan Province: Rangtang Co., Gangmuda Village, 3800 m elev.,
32°18'N, 101°3'E, on rock, 2020, Li-Song Wang et al. 20-66753, 20—-66750, 3793 m
elev., Li-Song Wang et al. 20-66747, Shangrangtang Village, 3730 m elev., 32°16'N,
101°21'E, Li-Song Wang et al. 20-66743.

Lecaimmeria qinghaiensis C.M. Xie & Li S. Wang, sp. nov.
MycoBank No: 839751
Figure 9f—i

Etymology. The name “ginghaiensis” refers to the location in which the holotype was
collected, in “Qinghai”, a province of China.
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Figure 9. Lecaimmeria orbicularis (a=e KUN 20-66753): a=b thallus ¢ apothecial anatomy d ascus (Lu-

gol’s iodine) e ascospores. L. ginghaiensis (f=i KUN 20-68696): f~g thallus h apothecial anatomy i ascus.
Scale bars: 1 mm (a=b, f~g); 20 um (c, h); 10 um (d, e, i).



126 Cong-Miao Xie et al. / MycoKeys 87: 99-132 (2022)

Type. Cuina. Qinghai Province: Yushu City, Zaduo County, Sahuteng Town,
4634 m elev., 32°55'N, 95°46'E, on rock, 20 Sept 2020, Li-Song Wang et al. 20—
68698 (KUN-holotype).

Description. Thallus areolate, yellow-brown, rusty, continuous; areolae 0.5—
1.5 mm across, flat, epruinose; margin pruinose, occasionally green pigmented;
prothallus black, distinct at the margin. Upper cortex 27.0-38.0 um thick, brown;
epinecral layer 12.0-20.0 pm thick; algal layer 57.0-93.0 um thick, cells 7.5-12.5 x
5.0-12.5 pm in diam., ellipsoid to round. Apothecia frequent, immersed or isolated
from areolae, round or somewhat irregular while immature, ellipsoid and tending to
be rectangular or occupying the whole areolae once mature, 0.2-1.3 mm in diam.;
disc brown, dark red-brown, flat, occasionally with a fissure when mature, epruinose;
margin white, slightly raised. Hymenium 52.0—-63.0 um thick, colourless; paraphyses
2.0-3.0 um wide, unbranched, not anastomosing; epihymenium 25.0-30.0 um thick,
dark orange-brown; plectenchyma 7.0-18.0 um thick; subhymenium 50.0-63.0 um
thick, colourless; hypothecium brown. Asci Porpidia-type, cylindrical, eight-spored;
ascospores 8.0-15.0 x 5.0-7.5 pm in diam., ellipsoid, not distinctly halonate.
Conidiomata rare, immersed, flat, slightly convex, liner, stellate, graphidoid once
mature, black, margin pruinose; conidia not seen.

Chemistry. Thallus K-, C—. Medulla I+ violet. None.

Ecology and distribution. In China, growing on rock at elevations of 4600—
4900 m in the alpine zone. This species is known from Qinghai Province of China.

Notes. Lecaimmeria qinghaiensis is characterised by the yellow-brown, rusty thal-
lus, the red-brown apothecia often occupying the whole areolae at maturity and the
dark orange-brown epihymenium. The phylogenetic results showed that Lecaimmeria
tuberculosa is the sister species to L. ginghaiensis which is similar in the appearance
of the thallus, but differs in the brown, never rusty thallus, the red-brown apothecia
and the green, tuberculiform conidiomata. The red-brown apothecia of Lecaimmeria
qginghaiensis resembles L. iranica, but differs in the rusty thallus and the white margin
of the apothecia.

Specimens examined (KUN). Cuina. Qinghai Province: Zaduo Co., Sahuteng
Town, 4634 m elev., 32°55'N, 95°46'E, on rock, 2020, Li-Song Wang et al. 20-68698,
4637 m elev., Li-Song Wang et al. 20-68687, 4622 m elev., Li-Song Wang et al. 20—
68696; 4790 m elev., 33°31'N, 95°8'E, Xin-Yu Wang et al. 20-3115, 4791 m elev,,
Xin-Yu Wang et al. 20-3127; Zaqing Village, 4815 m elev., Xin-Yu Wang et al. 20-849.

Lecaimmeria tibetica C.M. Xie & Xin'Y. ‘Wang, sp. nov.
MycoBank No: 839752
Figure 10a—e

Etymology. The name “tibetica” refers to the location from which the holotype was
collected: “Tibet”, an autonomous region of China.

Type. Cuina. Tibet: Gongga Co., Jiangtang Town, 4557 m elev., 29°12'N,
90°38'E, on rock, 9 Sept 2019, Xin-Yu Wang et al. XY19-1291 (KUN-holotype).
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Description. Thallus areolate, orange-brown, epruinose; areolae 0.3-0.5 mm
across, irregular, upper surface uneven, margin lacking, pruinose; prothallus black,
distinct at the margin. Upper cortex 17.0-33.0 um thick, brown; epinecral layer
10.0-20.0 pm thick; algal layer ca. 75.0 pm thick, cells 7.0-10.0 diam., round.
Apothecia rare, immersed or isolated from areolae, 0.2-0.5 mm in diam.; disc dark
orange-brown, epruinose, flat, slightly convex; margin pruinose. Hymenium 105.0—
138.0 um thick, colourless; paraphyses ca. 2.0 um wide, unbranched, not anasto-
mosing; epihymenium ca. 25.0 pm thick, orange; plectenchyma ca. 12.0 pm thick;
subhymenium almost absent, colourless; hypothecium brown. Asci Porpidia-type,
cylindrical, eight-spored; ascospores 12.5-15.0 x 5.0-6.0 um, ellipsoid, halonate.
Conidiomata immersed, oblate, black, margin pruinose; conidia 5.0 x 1.5-2.0 pm
in diam., bacilliform.

Chemistry. Thallus K-, C—. Medulla I+ violet. None.

Ecology and distribution. In China, growing on quartz sandstone at elevations of
4300—4600 m in the alpine zone. This species is known from Tibet, China.

Notes. Lecaimmeria tibetica is characterised by the orange-brown thallus, the black
pigmentation of the areolae margin and the dark orange-brown and small size of the
apothecia. Lecaimmeria tibetica is similar to L. mongolica (see notes for L. mongolica).
The red-brown apothecia of Lecaimmeria cupreoatra resembles L. tibetica, but that spe-
cies differs in its dark red-brown thallus and the presence of gyrophoric acid.

Specimens examined (KUN). Cuina. Tibet: Gongga Co., Jiangtang Town,
4583 m elev., 29°12'N, 90°38'E, on rock, 2019, Xin-Yu Wang et al. XY19-1288,
4557 m elev., XY19-1291, 4560 m elev., XY19-1280; Dingri Co., Zhaguozhong,
4310 m elev., 28°35'N, 86°53'E, Li-Song Wang et al. 19-64071.

Lecaimmeria tuberculosa C.M. Xie & Xin Y. Wang, sp. nov.
MycoBank No: 839754
Figure 10f=i

Etymology. The name “tuberculosa” refers to the tuberculiform conidiomata.

Type. Crina. Gansu Province: Zhangye City, Sunan Co., Along the way from
Sunan to Qilian, 3928 m elev., 38°37'N, 99°28'E, on rock, 30 May 2018, Li-Song
Wang et al. 18-58865 (KUN-holotype).

Description. Thallus areolate, red-brown, continuous; areolae 0.5-1.3 mm across,
slightly convex, epruinose; margin pruinose, often jade-green pigmented; prothallus
not distinct. Upper cortex ca. 27.0 pm thick, orange; epinecral layer up to 28.0 pm
thick, uneven, sometimes absent; algal layer ca. 50.0 um thick, cells 6.0-10.0 pm
diam., round. Apothecia frequent, scattered, immersed, 0.3—-0.6 mm in diam.; disc red-
brown, concave, epruinose; margin absent. Hymenium 55.0-83.0 pm thick, colourless;
paraphyses ca. 2.0 pm wide, unbranched, not anastomosing; epihymenium 15.0—
30.0 pm thick, orange; plectenchyma ca. 5.0 pm thick, discontinuous; subhymenium
ca. 38.0 pm thick, colourless; hypothecium brown. Asci Porpidia-type, cylindrical,
eight-spored; ascospores 6.0-12.5 x 3.0-5.0 um in diam., ellipsoid, halonate.
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Figure 10. Lecaimmeria tibetica (a—e KUN XY19-1288): a-b thallus ¢ apothecial anatomy d ascus
e ascospore. L. mberculosa (f~<i KUN 18-58864): f thallus g conidiomata h apothecial anatomy
i ascospores. Scale bars: 1 mm (a=b, f-g); 20 pm (c); 50 pm (h); 10 pm (d, e, i).
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Conidiomata stellate, strongly convex, rarely immersed, forming tuberculiform, black,
margin pruinose, jade-green pigmented; conidia 3.0-4.5 x 1.0 pm in diam., oblong
to bacilliform.

Chemistry. Thallus K-, C—. Medulla I+ violet. No substances by TLC.

Ecology and distribution. In China, growing on the Qilian jade or sandstone at
elevations of 3900—4200 m in the alpine zone. This species is known from Qinghai
Province and Gansu Province of China.

Notes. Lecaimmeria tuberculosa is characterised by its red-brown thallus, the jade-
green pruinose colour at the margin of its areolae, its red-brown, concave apothecia
without a proper margin and tuberculiform conidiomata. Lecaimmeria qinghaiensis is
similar to L. tuberculosa (see notes for L. ginghaiensis). Lecaimmeria tuberculosa usually
grows on jade and, interestingly, the margin of the conidiomata and areolae of the
species are heavily jade-green pigmented. Lecaimmeria iranica resembles L. tuberculosa
by the absence of an apothecial margin, but differs in its immersed conidiomata and
the white margin of its areolae.

Specimens examined (KUN). Crina. Qinghai Province: Gande Co., Qingzhen
Village, 4124 m elev., 34°11'N, 100°12'E, on rock, 2020, Li-Song Wang et al. 20—
68077, 4145 m elev., Li-Song Wang et al. 20-68055. Gansu Province: Zhangye City,
Sunan Co., along the way from Sunan to Qilian, 3928 m elev., 38°37'N, 99°28'E, on
rock, 2018, Li-Song Wang et al. 18-58856, 18-58857, 18-58865, 18-59835.

Key to species of Immersaria in China

1 Thallus greyish-brown; apothecia crowded............ccccoovvvieucnnne. L ferruginea
- Thallus reddish-brown; apothecia rarely crowded........cccoeoeriiuiinicinncnnee 2
2 Thallus orange; areolae irregular..........cccccovvvvivciiinnicciinn. L aurantia
- Thallus not orange; areolae irregular, polygonal or rectangular .................... 3
3 Thallus large, 6-10 cm across; areolae aggregated by several smaller areolae

and black prothallus...........cococcoeviiiiniiiiicis I shangrilaensis
- Thallus smaller, 2—5 cm across; areolae not aggregated...........ceeueueiinennnnee 4
4 Thallus areolae convex, not rusty, not cracked; ascospores over 15 um long ..

.............................................................................................. L athroocarpa
- Thallus areolae flat, often rusty, cracked; ascospores never over 15 um long ..

..................................................................................................... I venusta
Key to species of Lecaimmeria in China
1 Prothallus distinct and filling the fissures between areolae............... L. lygaea
- Prothallus only distinct at the margin .........cccoccevvveiiiinnniccrce, 2
2 Thallus Orange ........ccceeivirieieiiiiiieecce e 3
- Thallus reddish-brown .........c.ccccoviiiiiiiiiceces 4
3 Apothecia red-brown; containing gyrophoric acid.................... L. mongolica

- Apothecia dark orange; no substance detected by TLC ................ L. tibetica
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4 Apothecia margin absent...........cccciviririiiciiiiiniiiece s 5
Apothecia Margin Present .......o.eecivirirueieueiiinirieieieeeeeeeeeeeeee e 6
5 Areolae margin white; epihymenium brown; pycindia immersed, linear or
Stellate.....oviiiiiiiiiii L. iranica
- Areolae margin green; epihymenium orange; pycindia convex, tuberculi-
FOIM Lo L. tuberculosa
6 Thallus rusty; apothecia occupy the whole areolae................. L. ginghaiensis
- Thallus not rusty; apothecia do not occupy the areolae ........ccccevveuererueunnnee 7
7 Apothecia irregular, crowded while immature, aggregate when mature..........
................................................................................................ L. botryoides
- Apothecia round, rarely crowded, not aggregate...................... L. orbicularis
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Abstract

Trichoderma isolates were collected from moist soils near a water source in different areas
of China. ITS sequences were submitted to MIST (Multiloci Identification System for
Trichoderma) and meets the Trichoderma [ITS ] standard. Combined analyses of phylo-
genetic analyses of both phylograms (zef7-« and 7p62) and morphological characteristics,
revealed five new species of Trichoderma, namely Trichoderma hailarense, T. macrofascicu-
latum, T nordicum, 1. shangrilaense and 1. vadicola. Phylogenetic analyses showed 7. mac-
rofasciculatum and T. shangrilaense belong to the Polysporum clade, 7 hailarense, while
1" nordicum and T. vadicola belong to the Viride clade. Each new taxon formed a distinct
clade in phylogenetic analysis and have unique sequences of z¢fI-o and 7pb2 that meet the
Trichoderma new species standard. The conidiation of 7 macrofasciculatum typically ap-
peared in white pustules in concentric rings on PDA or MEA and its conidia had one or
few distinctly verrucose. Conidiophores of 7. shangrilaense are short and rarely branched,
phialides usually curved and irregularly disposed. The aerial mycelium of 77 hailarense and
1. vadicola formed strands to floccose mat, conidiation tardy and scattered in tufts, con-
idiophores repeatedly rebranching in dendriform structure. The phialides of 7. nordicum
lageniform are curved on PDA and its conidia are globose to obovoidal and large.
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Copyright Guang-Zhi Zhang et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.



134 Guang-Zhi Zhang et al. / MycoKeys 87: 133-157 (2022)

Introduction

The genus Trichoderma belongs to one of the most useful groups of microbes to have
had an impact on human welfare in recent times. They are most widely used as bio-
fungicides and plant growth modifiers and are sources of enzymes of industrial utility,
including those used in the biofuels industry (Mukherjee et al. 2013). Some Zricho-
derma species have great potential applications to remediate soil and water pollution
(Tripathi et al. 2013). Trichoderma is a hyperdiverse fungal genus (Jaklitsch and Vogl-
mayr 2015). Formerly the species-level identification of 7richoderma was performed,
based on their morphological characteristics (Gams and Bissett 1998) and is becoming
more and more difficult because there are only a few relatively invariable morphologi-
cal characteristics, leading to overlap amongst species (Samuels 2006).

DNA sequence analysis was introduced and provided more reliable identification
of Trichoderma species (Druzhinina et al. 2006; Samuels 2006; Samuels et al. 20006).
Given their low sequence variability or missing adequate sequence data, ITS, ¢ca/I and
chil8-5 are rarely used for new Trichoderma species identifications (Bissett et al. 2015;
Cai and Druzhinina 2021). 7ef7-« and 7pb2 facilitate reliable species identifications
through phylogenetic analyses (Bissett et al. 2015; Jaklitsch and Voglmayr 2015; Cai
and Druzhinina 2021) and have been used in the phylogenetic analysis and identifica-
tion of new Trichoderma species in recent years. This has resulted in the exponential
expansion of Trichoderma taxonomy, with up to 20 new species recognised per year
(Cai and Druzhinina 2021). As of July 2021, a total of 405 species has been reported
and recognised (Bustamante et al. 2021; Cai and Druzhinina 2021; Rodriguez et al.
2021; Zheng et al. 2021). The new molecular identification protocol provides a stand-
ard for the molecular identification of Trichoderma (Cai and Druzhinina 2021; www.
trichoderma.info). According to this protocol, the new species should meet the Zricho-
derma [ITS, ] standard and has unique sequences of 7pb2 or efl (does not meet the
spAl(rpb2, ;= tefl, ) standard for known species).

Trichoderma species are cosmopolitan and prevalent components of different eco-
systems in a wide range of climatic zones (Kubicek et al. 2008). They are mainly found
in natural soils and decaying wood and plant material (Kredics et al. 2014). Many
new Trichoderma species were first discovered in China, with up to 115 new Tricho-
derma species being reported since 2016 (Zhu and Zhuang 2015a, b, 2018; Chen and
Zhuang 2016, 2017a, b, ¢, d; Qin and Zhuang 2016a, b, ¢, 2017; Sun et al. 2016;
Zeng and Zhuang 2017, 2019; Zhang and Zhuang 2017, 2018, 2019; Li et al. 2018;
Qiao et al. 2018; Zhao et al. 2018; Ding et al. 2020; Gu et al. 2020; Liu et al. 2020;
Zheng et al. 2021). Amongst these 115 species, 75 were isolated from soils, 36 were
collected from the plant branch or rotten twigs, while the other four species were col-
lected from mushroom, pollen or rotten fruit.

Trichoderma has been segregated into many clades (Bissett 1991; Atanasova et al.
2013). The Polysporum clade (formerly section Pachybasium) was first defined by Bis-
sett (1991), including 20 species. However, molecular phylogeny has shown that it is
paraphyletic (Kindermann et al. 1998; Kullnig-Gradinger et al. 2002) and the species
composition was subdivided subsequently into five unrelated clades, such as Ceram-
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ica, Chlorospora, Harzianum, Semiorbis, Strictipilosa or Stromaticum (Chaverri and
Samuels 2003; Jaklitsch 2009; Jaklitsch 2011). Trichoderma hamatum and some other
species were found to belong to the section Trichoderma. The removal of 7" hamatum
determined that Bissett’s sectional name could not be used anymore. Lu et al. (2004)
refined the clade containing the remaining species around 7. polysporum/Hypocrea
pachybasioides and it was named the Pachybasium core group by Jaklitsch (2011), which
includes 13 species. In subsequent years, several new species were added to this clade,
increasing the number of Trichoderma species to 21 species (Jaklitsch and Voglmayr
2015; Zhu and Zhuang 2015; Qin and Zhuang 2016¢; Chen and Zhuang 2017b).

The Virde clade is basically in accordance with Bissetts (1991) concept, but later,
some other species have been added constantly. As of 2015, this large clade has 72 species
to be confirmed and described, amongst which 55 species have been well located in the
six subclades (Hamatum/Asperellum, Koningii, Neorufum, Rogersonii, Viride and Viri-
descens) and 17 species have not been located in the unnamed branches (Park et al. 2014;
Bissett et al. 2015; Jaklitsch and Voglmayr 2015). In subsequent years, 25 new species
were added to this clade, increasing the number of 77ichoderma species to 97 (Montoya
etal. 2016; Qin and Zhuang 2016a; Chen and Zhuang 2017¢; Zeng et al. 2017; Zhang
and Zhuang 2017; du Plessis et al. 2018; Qiao et al. 2018; Zhang and Zhuang 2018;
Crous et al. 2019; Ding et al. 2020; Tomah et al. 2020). Cai and Druzhinina (2021)
reconstructed the core topology of the phylogram, based on the Maximum Likelihood
(ML) phylogeny of the 361 rpb2-barcoded Trichoderma species and 361 species have
been located in the eight main clades (numerically named 1-8). All Zrichoderma species
in the adjacent Polysporum and Viride clades were remerged into the 5" clade, which
also included several Trichoderma species from the Harzianum and lone lineage clades
(Jaklitsch and Voglmayr 2015; Sun et al. 2016; Zhang and Zhuang 2017).

The present study performed the phylogenetic analysis of the five new species of
Trichoderma to establish their new status. Five new species were collected from moist
soils near water in different areas of China. 7é¢f7-o and 7pb2 sequences were used for
the phylogenetic reconstruction of the five new species in the present study and meet
the Trichoderma new species standard (Cai and Druzhinina 2021).

Materials and methods

Isolates and specimens

Specimens were collected from Sichuan, Yunnan, Beijing, Shandong and Inner Mon-
golia. Trichoderma strains were isolated from soils on 7richoderma Selective Medium
(K,HPO, 0.90 g5 MgSO,-7H,0 0.20 g; NH,NO, 1.0 g; KCI 0.15 g; glucose 3.0 g;
Rose Bengal 0.15 g; Agar 15.0 g; distilled water 1.0 litre. Post autoclaving, chloro-
mycetin (0.25 g), streptomycin (0.03 g) and pentachloronitrobenzene (0.2 g) were
added) (Martin 1950). Ex-type living cultures of new species were deposited in the
Agricultural Culture Collection of China (ACCC) (Institute of Agricultural Resources
and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing, China).
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Morphological characterisations

Morphological observation of the colonies and conidium-bearing structures was based
on isolates grown on PDA (potato dextrose agar, Difco), CMD (Difco cornmeal agar
+ 2% w/v dextrose), MEA (malt extract agar, Difco) and Nirenberg’s SNA medium
(Nirenberg 1976) for 2 weeks in an incubator at 25 °C with alternating 12 h/12 h
fluorescent light/darkness. Microscopic observations were conducted with an Olym-
pus BX53 microscope and a MicroPublisher 5.0 RTV digital camera (Olympus Corp.,
Tokyo, Japan). Continuous characters, such as length and width, were measured with
the CellSens Standard Image software (Olympus Corp., Tokyo, Japan). Continuous
measurements were based on 10-30 measured units and were reported as the extremes
(maximum and minimum) in brackets separated by the mean plus and minus one
standard deviation. Colour standards were from Kornerup and Wanscher (1978).
Growth-rate trials were performed on 9 cm Petri dishes with 20 ml of CMD, PDA,
MEA and SNA at 15 °C, 20 °C, 25 °C, 30 °C, and 35 °C. Petri dishes were incubated
in darkness up to 1 week or until the colony covered the agar surface. Colony radii
were measured daily. Trials were replicated three times.

DNA extraction, polymerase chain reaction (PCR) and sequencing

Strains were grown in 9 cm-diameter Petri dishes containing PDA (potato dextrose
agar, Difco). Cultures were incubated at 25 °C for ca. 3-5 days. Genomic DNA was ex-
tracted from the mycelial mat harvested from the surface of the broth with the Fungal
Genomic DNA Extraction Kit (Aidlab Biotechnologies Co. Ltd., Beijing, China). The
amplification of ITS was performed using the primer pair ITS5 and ITS4 (White et al.
1990), for zefI-o, primer pair EF1-728F (Carbone and Kohn 1999) and tefl1-ALLErev
(Jaklitsch et al. 2005) was used and, for 7p42, primer pair frpb2-5f and frpb2-7cr (Liu
et al. 1999) was used. PCR amplification of each gene was performed as described
by Park et al. (2014) and Chaverri et al. (2011). PCR products were purified and se-
quenced by ABI3730 Gene Analyzer at Sangon (Sangon Biotech (Shanghai) Co., Ltd.).

Molecular identification and phylogenetic analyses

We followed the molecular identification protocol for a single 7richoderma isolate (Cai
and Druzhinina 2021; www.trichoderma.info) and estimated the pairwise similarity
between the ITS sequence of the query strain and the sequences that are given in
the ITS56 datasets (Cai and Druzhinina 2021). 7¢f7-« and 7pb2 sequences were sub-
jected to Multiloci Identification System for Zrichoderma (MMIT) (mmit.china-cctc.
org) (Dou et al. 2020) and NCBI nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) to detect the most closely related species. A sufficient number of representa-
tive sequences (n > 6) of Trichoderma species (Bissett et al. 2015; Cai and Druzhinina
2021) that are closely related to the new species were chosen for phylogenetic analyses.
Protocrea illinoensis and Protocrea farinose were selected as outgroups.
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Sequences were aligned with Clustal W (Thompson et al. 1994) and adjusted man-
ually. Gaps were treated as missing data. Phylogenetic analyses were performed with
tefl-o. or rpb2 with MEGA-X software (Kumar et al. 2018). Model testing was used
to find the best DNA model for ML analyses. The stability of clades was evaluated by
bootstrap tests with 1000 replications. Bootstrap values above 50% were indicated
on the corresponding branches. Maximum Parsimony (MP) analyses were performed
with MEGA-X software (Kumar et al. 2018) using 1000 replicates of heuristic search
with the random addition of sequences and tree bisection reconnection as the MP
search method. All molecular characters were weighted equally and gaps were treated
as missing data. Bootstrap proportions were calculated from 1000 replicates, each with
10 replicates of random addition of taxa.

Results

Molecular identification and sequence analyses

We estimated the pairwise similarity between the ITS sequence of the query strain and
the sequences that are given in the ITS56 datasets. All the query strain belongs to the
genus T7ichoderma spp. with similarity value > 81% compared to the sequences in the
datasets. The query strain has unique sequences of zef7-« and 7pb2 (does not meet the
spAl(rpb2, ;= tefl, ) standard for known Trichoderma species).

Tefl-o. or rpb2 sequences of new taxon were subjected to MMIT and NCBI
nucleotide BLAST and 34 representative sequences of Trichoderma species (all the
species with similarity 7p62 and zefI-a > 92% in the Viride clade) that are closely
related to the new species, were chosen for phylogenetic analyses of 7. hailarense,
1. nordicum and T. vadicola. The accession numbers for the sequences are provid-
ed in Table 1. Model testing suggested using the Hasegawa-Kishino-Yano model
(HKY; Hasegawa 1985) with gamma distributed with invariant sites (HKY+G+I)
for ML analyses of zef7-o and the Tamura-Nei model (TN93; Tamura 1993) with
gamma distributed substitution rates (TN93+G) for 7pb2. The phylogenetic trees
from 7pb2 or tefl-o analyses are shown in Figs 1 and 2, respectively. Sequence align-
ments and the trees obtained were deposited in TreeBASE (http://purl.org/phylo/
treebase/phylows/study/TB2:529166). Twenty representative sequences of closely-
related Trichoderma species (all the Trichoderma species in the Polysporum clade)
were chosen for phylogenetic analyses of 7. macrofasciculatum and T. shangrilaense
(Table 1). Model testing suggested using the Hasegawa-Kishino-Yano model (HKY;
Hasegawa 1985) with gamma distributed substitution rates (HKY+G) for ML
analyses of zefl-o and the Kimura 2-parameter (K2; Kimura 1980) with gamma
distributed substitution rates (K2+G) for 7pb2. The phylogenetic trees from rpb2
or tef]-o analyses are shown in Figs 3 and 4, respectively. Sequence alignments and
the trees obtained were deposited in TreeBASE (http://purl.org/phylo/treebase/phy-
lows/study/TB2:529166).
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Table I. Strain numbers and GenBank accession numbers of sequences used for phylogenetic analyses.

Species Clade Strain GenBank accession numbers
ITS tefl-u rpb2
T. adaptatum Viride HMAS 248800 - KX428024  KX428042
1. albofulvopsis Viride HMAS 273760 - KU529127  KU529138
T alutaceum Polysporum CBS 120535 FJ860725 FJ179567 FJ179600
1. appalachiense Viride GJS 97-243 DQ315419 DQ307503  DQ307503
1. atlanticum Polysporum CBS 120632 FJ860781 FJ860649 FJ860546
1. atroviride Viride CBS 119499 FJ860726 FJ860611 FJ860518
T bavaricum Polysporum CBS 120538 FJ860737 FJ860621 FJ860527
1. beijingense Viride HMAS 248804 - KX428025  KX428043
1. bifurcatum Viride HMAS 248795 - KX428018  KX428036
T caerulescens Viride S195 JN715589 JN715621 JN715604
1. composticola Viride §590=CBS 133497 - KC285631  KC285754
1. europaeum Polysporum S611 - KJ665489 KJ665268
1. foliicola Polysporum Hypo 645 JQ685871 JQ685862 JQ685876
1. gamsii Viride $488 - JN715613 KJ665270
T. hailarense Viride WT17901*= ACCC 39711 MH287485 MH287505 MH287506
T. hailarense Viride ‘WT17803 MH606226 MH606229 MH606232
1. hispanicum Viride $453=CBS 130540 JN715595  JN715659  JN715600
T istrianum Viride S123 - KJ665521 KJ665280
T laevisporum Viride HMAS 273756 - KU529128  KU529139
T lacuwombatense Polysporum GJS 99-198 - KJ665547 KJ665286
1 leucopus Polysporum CBS 122499 FJ860764 FJ179571 FJ179605
T luteffusum Polysporum CBS 120537 FJ860773 FJ860645 FJ860543
T. macrofasciculatum  Polysporum WT37805* = ACCC 39712 MH287487 MH287509 MH287493
T. macrofasciculatum  Polysporum 'WT37810 MH287488 MH287510 MH287494
1. mediterraneum Polysporum S190 - KJ665568 KJ665296
1. minutisporum Polysporum GJS 90-82 - KJ665618 KJ665316
1. neokoningii Viride CBS 120070=GJS 04-216  DQ841734  KJ665620 KJ665318
T. nordicum Viride WT13001* =ACCC 39713 MH287483 MH287501 MH287502
T. nordicum Viride WT61001 MH287484 MH287503 MH287504
1. nybergianum Polysporum CBS 122500 FJ860791 FJ179575 FJ179611
T ochroleucum Viride CBS 119502 FJ860793 FJ860659 FJ860556
T olivascens Viride S475=CBS 132574 - KC285624  KC285752
1. pachypallidum Polysporum CBS 122126 FJ860798 FJ860662 JQ685879
1. palidulum Viride HMAS 275665 - MG383493 MG383487
1. paratroviride Viride CBS136489 - KJ665627 KJ665321
1. paraviridescens Viride CBS 119321 DQ677651  DQ672610  KC285763
T. parapiluliferum Polysporum CBS 120921 FJ860799 FJ179578 FJ179614
1. piluliferum Polysporum CBS 120927 FJ860810 FJ860674 FJ179615
1. placentula Polysporum CBS 120924 - FJ179580 FJ179616
1. polysporum Polysporum CPK 3131 - FJ860661 FJ860558
1. pruinosum Polysporum HMAS 247217 - MF371227  MF371212
1. samuelsii Viride S$5=CBS 130537 JN715593  JN715651 JN715599
1. sempervirentis Viride $599=CBS 133498 - KC285632  KC285755
T seppoi Polysporum CBS 122498 - FJ179581 FJ179617
T. shangrilaense Polysporum WT34004*= ACCC 39714 MH287489 MH287495 MH287496
T. shangrilaense Polysporum WT40502 MHG606224 MHG606227 MHG606230
1. shaoguanicum Viride HMAS 248809 - KX428031  KX428049
T sinoluteum Polysporum HMAS 252868 - KJ634777 KJ634744
T. speciosum Viride CGMCC 3.19079 MH113929 MH183184 MHI155270
1. sphaerosporum Viride HMAS 273763 - KU529134  KU529145
T. subviride Viride HMAS 273761 - KU529131  KU529142
T tardum Viride HMAS 248798 - KX428020 KX428038
T trixiae Viride ATCC 32630 DQ315445 DQ307526  KC285770
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Species Clade Strain GenBank accession numbers
ITS tefl-u rpb2

T. vadicola Viride WT10708*= ACCC 39716 MH287491 MH287499 MH287511
T. vadicola Viride WT32801 MH606225 MHG606228 MHG606231
T valdunense Viride CBS 120923 FJ860863 FJ860717 FJ860605

1. vinosum Viride GJS 99-158=CBS 119087 AY380904 AY376047 KC285779
T viridarium Viride $136=CBS 132568 - KC285658  KC285760
T viride Viride CBS 119327 DQ677655 DQ672617  EU711362
1. viridescens Viride S$452=CBS 132573 - KC285646  KC285758
1. viridialbum Viride $250=CBS 133495 - KC285706  KC285774
1. virilente Viride $281=CBS 132569 - KC285692  KC285767
1. vulgatum Viride HMAS 248796 - KX428019 KX428037
Protocrea illinoensis Outgroup TFC 96-98 EU703930  EU703905  EU703952
Protocrea farinosa Outgroup CPK 3144 EU703917  EU703894  EU703938

Newly-sequenced material is indicated in bold type.

T. composticola S590

T. sempervirentis S599

T. olivascens S475

T. appalachiense GJS 97243

T. paraviridescens CBS 119321
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T. viridescens S452

T. viridarium S136

T. virilente S281

T. viridialbum $250
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Figure |. Phylogenetic tree, based on the Maximum Likelihood analysis of the 7p42 (left; InL = -5930.92)
and 7efl-o (right; InL = -7681.95) dataset. Bootstrap values of Maximum Likelihood (left) and Maximum
Parsimony (right) above 50% are indicated at the nodes. The tree is rooted with Protocrea illinoensis TEC
9698 and P, farinose CPK 3144. New species proposed here are indicated in bold. The type strains are indi-
cated with an asterisk (*) after the strain number. Results of the pairwise sequence similarity are illustrated on

the dashed lines between the query strain and its closely-related species (arrows point to the reference strains).

The MP analyses using zefl-o and 7pb2 (Fig. 1) resulted in topologically similar
trees with minor differences. Each new taxon of Trichoderma formed a distinct clade
and meets the Trichoderma new species standard (does not meet the sp3!(1ph2, =tef1, )
standard for known 7richoderma species) (Cai and Druzhinina 2021). The similarity
value between the new species and the reference strain is shown in the number on the
right side of the phylogenetic trees.
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Figure 2. Phylogenetic tree based on the Maximum Likelihood analysis of the 7p42 (left; InL = -5912.02)
and zef1-o (right; InL = -9060.53) dataset. Maximum Likelihood bootstrap values (left) and MPBP (right)
above 50% are indicated at the nodes. The tree is rooted with Protocrea illinoensis TFC 9698 and P fa-
rinose CPK 3144. New species proposed here are indicated in bold. The type strains are indicated with
an asterisk (*) after the strain number. Results of the pairwise sequence similarity are illustrated on the

dashed lines between the query strain and its closely-related species (arrows point to the reference strains).

Trichoderma hailarense clearly separated from 77 gamsii S488 (with similarity 7pb2
=97.32% and refl-o = 97.43%) and 7. neokoningii CBS120070 (with similarity rpb2
= 96.86% and zefl-a = 96.66%). Trichoderma nordicum was associated, but clearly
separated from 7 paratroviride CBS136489 with similarity 7p62 = 98.15% and zef] =
94.43%. Trichoderma vadicola was associated, but clearly separated from 7. caerulescens
S195 (with similarity 95.26%), 7. tardum HMAS 248798 (with similarity 95.57%)
and 7. bifurcatum S195 (with similarity 95.76%) in the phylogenetic tree of the 7pb2.
However, there were differences in the phylogenetic tree of the refl-u; 7. vadicola was
associated and separated from 7. palidulum HMAS 275665 (with similarity 94.52%),
T istrianum S123 (with similarity 96.14%), 1" ochroleucum CBS 119502 (with similar-
ity 93.49%) and 7. albofulvopsis HMAS 273760 (with similarity 93.16%) (Fig. 1). The
strains of 7. macrofasciculatum were associated, but clearly separated from 7. polysporum
C.PK. 3131 with similarity 7p62 = 96.41% and tefI-o = 92.81%; 1. shangrilaense was
closely related and separated from 7. parapiluliferum CBS 120927 with similarity rpb2
=98.93% and refl-o = 96.35% (Fig. 2).

Taxonomy

Trichoderma hailarense G.Z. Zhang, sp. nov.
MycoBank no: MB 821318
Fig. 3

Etymology. The specific epithet “hailarense” refers to the locality, the Hailar River
Basin in Inner Mongolia of China where the holotype was found.
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Figure 3. Trichoderma hailarense A-D cultures on different media incubated at 25 °C for 14 days
(A on PDA B on MEA C on CMD D on SNA) E, G-K conidiophores and phialides F chlamydospores
L, M conidia. Notes: E on MEA F-M on PDA A-M from WT17901. Scale bars: 10 pm (E-J).

Typification. CHINA. Inner Mongolia, Hailar River Basin, 618 m (altitude), iso-
lated from soil, 17 September 2016, G.Z. Zhang (Holotype WT 17901).

Diagnosis. Phylogenetically, Trichoderma hailarense formed a distinct clade and
is related to 7. gamsii and 1. neokoningii (Fig. 1). The sequence similarity of rpb2




142 Guang-Zhi Zhang et al. / MycoKeys 87: 133-157 (2022)

with 77 gamsii S488 and 1. neokoningii CBS120070 was 97.32% and 96.86%, re-
spectively and the sequence similarity of zefl-a with 7 gamsii S488 and 1. neokoningii
CBS120070 was 97.43% and 96.66%, respectively. Colonies of 7. hailarense did not
form conidia on PDA and conidia of 7. hailarense on other media were obovoid, deli-
cately roughened and easily distinguished from those of 7. gamsii and 1. neokoningii.

Teleomorph. Unknown.

Growth optimal at 30 °C, slow at 35 °C on all media. Colony radius after 72 h at
30 °C 53—56 mm on PDA, 54—56 mm on CMD, 33—37 mm on MEA and 33-36 mm
on SNA. Colony radius after 72 h at 35 °C 13-15 mm on PDA, 10-14 mm on CMD,
9-12 mm on MEA and 10-12 mm on SNA. Aerial mycelia abundant, arachnoid on
PDA after 72 h at 25 °C under 12 h photoperiod. Conidiation started around the
inoculation point after 7 days on PDA, with relatively few or small conidia. Diffus-
ing pigment or distinctive odour absent. Conidiation started around the inoculation
point after 7 days on MEA, forming a few large pustules, cream yellow. On SNA,
aerial mycelia were few, forming a few large pustules around the inoculation point in
age, cream-yellow. Conidiophores and branches narrow and flexuous, tending to be
regularly verticillate, forming a pyramidal structure, with each branch terminating in a
cruciate whorl of up to five phialides. Phialides, lageniform, (8.0-)9.4-13.1(-15.5) x
(2.5-)3.0-3.5(=3.6) um (mean = 11.2 x 3.3 pm), base 1.8-2.5 pm (mean = 2.1 pm);
phialide length/width ratio (2.33-)2.7-4.4(-5.9) (mean = 3.4). Conidia obovoid, (4.2—
)4.3-4.7(-4.9) x (3.4-)3.6-3.9(—4.1) pm (mean = 4.5 x 3.7 um), length/width ratio
1.1-1.4 (mean = 1.2), delicately roughened. Chlamydospores: (7.0-)7.5-8.2(-8.5) x
(6.5-)7.0-7.5(-8.3) pm.

Distribution. China. Inner Mongolia.

Additional specimen examined. CHiNA. Inner Mongolia, Hulun Buir, 610 m
(altitude), isolated from soil, 17 September 2016, J.D. Hu (WT17905).

Notes. Phylogenetically 7richoderma hailarense is related to 1. gamsii and
1. neokoningii (Fig. 1) and does not meet the sp3!(1pb2, =tefl, ) standard for 1 gam-
sii or 1. neokoningii. Morphologically, colonies of 7. gamsii and 1. neokoningii on
PDA formed conidia sporadically or in hemispherical pustules and conidia of 7. gamsii
and 77 neokoningii were ellipsoidal to oblong, smooth-walled (Jaklitsch et al. 2006).
However, colonies of 7. hailarense did not form conidia on PDA and conidia of 7 haila-
rense on other media were obovoid, delicately roughened and easily distinguished from
those of 7. gamsii and 1. neokoningii.

Trichoderma macrofasciculatum G.Z. Zhang, sp. nov.
MycoBank no: MB 821299
Fig. 4

Etymology. The specific epithet “macrofasciculatum’ refers to the morphological feature
of the conidiation, conidiophores aggregated into large fascicles in concentric rings.

Typification. CHINa, Sichuan, Nine-Village Valley, 2405 m (altitude), isolated
from soil, 24 September 2016, G.Z. Zhang (Holotype WT 37805).
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Figure 4. Trichoderma macrofasciculatum A—C cultures on different media incubated at 25 °C for 7 days
(A on PDA B on MEA C on CM) D-G conidiophores and phialides H conidia with guttules. Notes:
A, D, E from WT37810 B, C,F, G from WT37805. Scale bars: 10 pm (D-H).

Diagnosis. Phylogenetically, Trichoderma macrofasciculatum WT37805 and
WT37810 formed a distinct clade and is related to 7. polysporum C.PK. 3131 in the
Polysporum clade, but the similarities of 7p62 and zefI-o between these two species
were only 96.41% and 92.81%, respectively. Trichoderma macrofasciculatum cannot
grow at 35 °C as 7. polysporum and the former formed large and white pustules in con-
centric rings at 25 °C, elongations were rarely observed and conidia had few guttules,
which are distinct from 77 polysporum.
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Teleomorph. Unknown.

Growth optimum at 20 °C, slow or limited at 30 °C, absent at 35 °C. Colony
radius after 72 h at 25 °C 21-24 mm on PDA, 23-27 mm on CMD, 17-20 mm on
MEA and 12-16 mm on SNA. Aerial mycelia abundant on PDA and MEA after incu-
bation for 72 h at 25 °C under a 12 h photoperiod. Conidiation typically in pustules
in concentric rings on PDA, solitary or aggregated, producing a farinose to granular
mat. Diameter of pustules up to 2.2 mm, pompon-like, white. Diffusing pigment and
distinct odour absent. Conidiation on MEA typically in pustules in concentric rings,
pompon-like as on PDA. On CMD, aerial mycelia sparsely developed. Conidiation
aggregated in sporadic pustules near the colony margin, white. On SNA, aerial mycelia
few and conidiation not observed. Conidiophores and branches irregularly branched
in a dendriform structure, with each branch terminating in a cruciate whortl of up
to five phialides. Hyphal septa clearly visible. Phialides flask-shaped, often curved,
(4.9-)5.6-7.8(-8.8) x (2.8-)3.0-3.2(-3.4) pm (mean = 6.7 x 3.1 um), 1.8-2.6 pm
(mean = 2.2 pm) near the base; phialide length/width ratio (1.5-)1.8-2.4(-2.8) (mean
= 2.1). Conidia subglobose to ellipsoid, hyaline, smooth, with one or few distinctly
verrucose, (2.6-)2.8-3.3(-3.60) x (2.4-)2.5-2.7(-2.9) pm (mean = 3.0 x 2.6 um),
length/width ratio 1.0-1.3 (mean = 1.2). Chlamydospores not observed.

Distribution. China, Sichuan Province.

Additional material examined. CHiNa, Sichuan, Nine-Village Valley, 2405 m
(altitude), isolated from soil, 24 September 2016, G.Z. Zhang (W'T 37810).

Notes. Phylogenetically 7richoderma macrofasciculatum W'T 37805 is related to
1 polysporum C.PK. 3131 in the Polysporum clade (Fig. 1), but the similarities of 7p6.2
and ref1-o between these two species were only 96.41% and 92.81% respectively, with
94 and 41 bp differences amongst 1311 and 1152 bp. Trichoderma macrofasciculatum
cannot grow at 35 °C as 7. polysporum and the former formed large and white pustules
in concentric rings at 25 °C, elongations were rarely observed and conidia had few gut-
tules, which are distinct from 7. polysporum (Lu et al. 2004).

Trichoderma nordicum G.Z. Zhang, sp. nov.
MycoBank no: MB 8212301
Fig. 5

Etymology. “nord” means found in the north of China.

Holotype. CHiNa, Beijing, Yu-yuan-tan Park, 43 m (altitude), isolated from soil,
27 October 2016, G.Z. Zhang (Holotype WT 13001), ex-type culture ACCC 39713.

Diagnosis. Phylogenetically Zrichoderma nordicum is related to 1. paratroviride,
but the sequence similarities of 7p62 and zef1-o were 98.15% and 94.43%, respectively.
That does not meet the sp3!(1pb2, =tefl, ) standard for 1 paratroviride or other known
Trichoderma species. Morphologically, conidiophores of 7. paratroviride consisting of a
main axis and often distantly-spaced side branches, not re-branching. Conidiophores
of T nordicum are branched in a more complex manner; conidia are larger than those
of T paratroviride.
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Figure 5. Trichoderma nordicum A=D cultures on different media at 25 °C after 10 days (A on PDA
B on MEA € on CMD D on SNA) E-G, I, conidiophores and phialides H conidia. Notes: E on PDA
F-J on MEA A-D from WT13001 E~J from WT61001. Scale bars: 10 um (E=]J).

Teleomorph. Unknown.

Growth optimal at 25 °C, slow or limited at 30 °C, absent at 35 °C. Colonies grew
fast on PDA, CMD and MEA and slow on SNA. Colony radius after 72 h at 25 °C
67-71 mm on PDA, 6871 mm on CMD, 51-55 mm on MEA and 21-24 mm on
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SNA. Aerial mycelia sparse on PDA after 72 h at 25 °C under 12 h photoperiod and
conidiation developed within 48 h beginning at the inoculation point and progressed
around, grey-white at first and slowly turning green. Diffusing pigment or distinctive
odour absent. Aerial mycelia sparse and flocculence on MEA after 72 h at 20 °C under
12 h photoperiod. Conidia developed within 48 h beginning near the colony margin
on MEA, grey-white at first and slowly turning green, transparent liquid secreted.
Aerial mycelia few on SNA and CMD after 72 h at 25 °C, conidia formed around the
inoculation point and in distinct concentric rings after 96 h under 12 h photoperiod
on SNA and CMD, diffusing pigment not produced. Conidiophores and branches
narrow and flexuous, tending to be regularly verticillate forming a pyramidal struc-
ture, each branch terminating in a cruciate whorl of up to five phialides. Phialides,
lageniform, (6.2-)7.2-10.3(-12.9) x (2.6-)2.9-3.2(-3.4) pm (mean = 8.8 x 3.1 um),
1.6-2.3 pm (mean = 1.9 pum) near the base; phialide length/width ratio (2.1-)2.4—
3.4(—4.3) (mean = 2.9). On PDA, phialides curved, distinguished from those on other
media. Conidia, globose to obovoidal, (4.1-)4.4-4.8(=5.0) x (4.0-)4.1-4.4(—4.6) pm
(mean = 4.6 x 4.3 pum), length/width ratio 1.0-1.2 (mean = 1.1). Chlamydospores
sometimes present, (8.7-)9.8 x 10.4(~12.5) pm.

Distribution. China, Beijing and Hebei.

Additional specimen examined. China. Hebei, Bai-yang Lake, 19 m (altitude),
isolated from soil, 15 September 2016, /.S. Li (WT 61001).

Notes. Phylogenetically, Trichoderma nordicum is related to 1. paratroviride
(Fig. 1), but the sequence similarities of 7pb2 and refl-o were 98.15% and 94.43%,
respectively. That does not meet the sp3!(1pb2, ,=tef1, ) standard for 7. paratroviride or
other known Trichoderma species. Morphologically, conidiophores of 7. paratroviride
consist of a main axis and often distantly-spaced side branches, not re-branching.
Conidiophores of 7. nordicum are branched in a more complex manner; conidia are

larger than those of 7. paratroviride (Jaklitsch and Voglmayr 2015).

Trichoderma shangrilaense G.Z. Zhang, sp. nov.
MycoBank no: MB 821300
Fig. 6

Etymology. “shangrilaense” was originally found at Shangrila in Yunnan Province of China.

Typification. CHiNA. Yunnan, Pudacuo National Park, 3611 m (altitude), isolated
from soil, 21 June 2016, G.Z. Zhang (Holotype WT 34004), Ex-type culture ACCC
39714.

Diagnosis. Phylogenetically, Trichoderma shangrilaense is related to 1. parapilulif-
erum (CBS 120921) (Fig. 1), but the sequence similarity of 7p42 between these two
species was 98.93% and the sequence similarity of z¢f-o was 96.35%. That does not
meet the sp3(rpb2, =tefl, ) standard for 7. parapiluliferum or other known Trichoder-
ma species. Conidiophore main axis of 7. shangrilaense fertile to apex, conidia obovoid
to ellipsoid, easily distinguished from that of 7. parapiluliferum.
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days € on MEA, 25 °C, 21 days D on CMD, 25 °C, 21 days) E=G, I-K conidiophores and phialides
H conidia A=K from WT34004. Scale bars: 10 pm (E-K).

Teleomorph. Unknown.

Growth optimal at 20 °C, slow, limited at 25 °C and absent at 30 °C or 35 °C.
Colony radius after 72 h at 20 °C 19-21 mm on PDA, 23-24 mm on CMD, 19—
21 mm on MEA and 8-11 mm on SNA. Aerial mycelia abundant, compact on PDA
after 7 days at 20 °C under 12 h photoperiod, conidiation not easily formed and a
yellow diffusing pigment developed near the inoculation point; conidiation formed
unequal in size, white pustules after 14 days. Conidiophores and branches narrow and
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flexuous, forming a dendriform structure and irregularly branched, not rebranched,
main axis to 4.3-5.0 pm wide, fertile to apex. Phialides, flask-shaped, often curved,
(4.5-)5.7-9.0(-11.1) x (2.9-)3.2-3.5(-4.1) pm (mean = 7.4 x 3.4 pm), 1.6-3.4 pm
wide (mean = 2.6 pm) near the base; phialide length/width ratio (1.5-)2.0-2.6(-3.0)
(mean = 2.3). Conidia, obovoid to ellipsoidal, smooth, (3.3-)3.5-4.0(-4.4) x
(2.8-)3.0-3.3(-3.5) pm (mean = 3.8 x 3.19 pm), length/width ratio 1.1-1.4 (mean =
1.2). Chlamydospores not observed.

Colony radius 28-33 mm, aerial mycelia abundant and floccose after 7 days at
20 °C under 12 h photoperiod. Conidiation slowly developing on MEA. After about
14 days, pompon-like, white fascicles developed. No diffusing pigment observed. On
CMD after 7 days at 20 °C under 12 h photoperiod, colony radius 28—-33 mm, aerial
mycelia few. Conidiation formed flat or cushion-shaped pustules near the colony mar-
gin after 21 days and a yellow diffusing pigment developed near the inoculation point.
On SNA after 7 days at 20 °C under 12 h photoperiod, colony mycelia sparse and
no conidiation formed. After 10 days, pustules scattered around the periphery of the
colony. Diffusing pigment not developed.

Distribution. China. Yunnan and Sichuan.

Additional specimen examined. CHiNa. Sichuan, Huanglong Nature Reserve,
3561 m (altitude), isolated from soil, 25 September 2016, Z. Li (WT 34012).

Notes. Phylogenetically, Trichoderma shangrilaense is related to T. parapiluliferum
(CBS 120921) (Fig. 1), but the sequence similarity of 7p42 between these two species
was 98.93% and the sequence similarity of zef7-o was 96.35%. The sequence similarity
of tefl-o with the ex-type culture G.]J.S. 91-60 (GenBank accession no. AY937444)
was only 92%. Optimum temperature for growth of 7" shangrilaense was 20 °C, no
growth occurred at 30 °C as in 7. parapiluliferum and conidiation structures consist of
flat or cushion-shaped pustules, formed near the colony margin on MEA, SNA and
CMD. Conidiophore main axis of Trichoderma parapiluliferum has conspicuous spiral
sterile apical elongations, conidia ellipsoidal to oblong (Lu et al. 2004). Conidiophore
main axis of 7. shangrilaense fertile to apex, conidia obovoid to ellipsoid, easily distin-

guished from that of 77 parapiluliferum.

Trichoderma vadicola G.Z. Zhang, sp. nov.
MycoBank no: MB 821316
Fig. 7

Etymology. The specific epithet “vadicola”, from the noun “vadum”, reflects the eco-
logical environment and means that the species inhabits shallow water.
Typification. China. Shandong, 2 m (altitude), isolated from soil, 13 August
2016, G.Z. Zhang (Holotype WT 10708), Ex-type culture ACCC 39716.
Diagnosis. Phylogenetically, 7richoderma vadicola is related to T. caerulescens in the
Viride clade (Fig. 1), but the sequence similarity of z¢f7-« and 7pb2 between these spe-
cies was all 95%. Morphologically, colonies of 7. vadicola and T. caerulescens on PDA



New species of Trichoderma 149

B on MEA, after 7 days € on CMD after 7 days D on SNA after 7 days) E=l conidiophores and phialides
J conidia. Notes: E, F, H=J on MEA G on SNA A~ from WT10708. Scale bars: 10 um (E=]J).

have similar features, such as abundant aerial hyphae, forming strands and a whitish
hairy or floccose mat. However, the former 7richoderma vadicola formed no or rela-
tively few conidia and the latter forming greyish-bluish patches around the plug. On
CMD, T caerulescens peculiar greyish-blue pigment formed after 1-2 months and co-
nidiophores simply or slightly branched; the former had no observed diffusing pigment
and conidiophores branched in a complex manner in pyramidal structure or tree-like.

Teleomorph. Unknown.

Growth optimal at 25 °C, no grow at 35 °C on all media. Colony radius after
72 h at 25 °C 25-29 mm on PDA, 24-27 mm on CMD, 23-26 mm on MEA and
22-26 mm on SNA. Aerial mycelia abundant on PDA after 72 h at 25 °C under 12 h
photoperiod, forming strands and floccose mat. Conidiation not formed or relatively
few. No diffusing pigment or distinctive odour was produced. On MEA after 72 h at
25 °C under 12 h photoperiod, aerial mycelia abundant, floccose. After 7 days, myce-
lia covered the plate and conidia appeared, effuse, granuliform. On CMD after 72 h
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at 25 °C under 12 h photoperiod, aerial mycelia not observed. After 7 days, mycelia
covered the plate and conidia developed near the colony margin. On SNA after 72 h at
25 °C under 12 h photoperiod, aerial mycelia not observed. After 7 days, mycelia cov-
ered the plate, aerial mycelia floccose and conidia formed, effuse. Conidiophores and
branches regularly verticillate, formed a pyramidal structure, each branch terminating
in a cruciate whortl of 3—5 phialides. Phialides lageniform, (8.3-)9.9-12.3(-15.1) x
(2.0-)2.6-3.2(-3.4) pm (mean = 11.1 x 2.9 pm), 1.1-2.9 pm wide (mean = 1.9 um)
near the base; phialide length/width ratio (2.7-)3.2-4.6(~6.6) (mean = 3.9). Conidia
subglobose or obovoidal, (3.5-)3.7-4.3(—4.8) x (3.2-)3.4-3.6(~3.8) pm (mean = 4.0
x 3.5 pm), length/width ratio 1.0-1.3 (mean = 1.1). Chlamydospores not observed.

Distribution. China. Shandong and Yunnan Provinces.

Additional specimen examined. CHINA. Yunnan, Shangri-La, Pudacuo Na-
tional Park, 3551 m (altitude), isolated from soil, 21 September 2016, H.T. Yang
(WT 10713).

Notes. Phylogenetically, Trichoderma vadicola is related to 1. caerulescens in the
Viride clade (Fig. 1), but the sequence similarity of zef7-o and 7pb2 between these
species was all 95%, with 62 and 60 bp differences amongst 1218 and 1130 bp, re-
spectively. Morphologically, colonies of 7. vadicola and 1. caerulescens on PDA have
similar features, such as abundant aerial hyphae, forming strands and a whitish hairy
or floccose mat. However, the former 7richoderma vadicola formed no or relatively few
conidia, with the latter forming greyish-bluish patches around the plug. On CMD,
17 caerulescens formed peculiar greyish-blue pigment after 1-2 months and conidi-
ophores simply or slightly branched (Jaklitsch et al. 2012); the former had no observed
diffusing pigment and conidiophores branched in a complex manner in pyramidal
structure or tree-like.

Discussion

In this paper, five new species of Trichoderma were described from wetland soils. An
ML tree was reconstructed, based on individual zefI-o and 7pb2, to explore the taxo-
nomic positions of the new species. Our phylogenetic analyses showed that the five new
Trichoderma species belong to the Polysporum clade or the Virde clade. Trichoderma
macrofasciculatum and T. shangrilaense belong to the Polysporum clade (as Pachybasium
core group; Jaklitsch 2011) (Fig. 2). Here, we added two new species, 1. macrofascicu-
latum and 1. shangrilaense, which are close to 1. polysporum and T. parapiluliferum.
Morphologically, species in this clade are heterogeneous, comprising teleomorphs with
upright, stipitate or small pulvinate stromata. The teleomorphs of 7 macrofasciculatum
and 7. shangrilaense have not been found at present, but their asexual characteristics,
such as conidiation in white pustules, resemble other species in this clade.
Trichoderma nordicum, 1. vadicola, and 1. hailarense belong to the Viride clade
(formerly section Trichoderma) (Fig. 1). Here, we added three new species, 7. hailarense
T nordicum and T, vadicola, which are all located in the unnamed branches and close
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to 1. gamsiil T. neokoningii, T. paratroviride and T caerulescens, respectively. Phenotypi-
cally, phialides of three new species are lageniform and have green conidia, which is
consistent with the characteristics of Trichoderma species in the Viride clade. Only
1 hailarense has coarsely warted conidia, two other species being smooth-walled.

At present, the identification of T7ichoderma species is mainly based on phyloge-
netic analysis and morphological characteristics. The new species hypothesis needs to
be supported by the topology of both phylograms (7p62 and zef1-a). However, there
are no numerical standards of the similarity threshold at the level which is sufficient
for identification for most of the existing species (Cai and Druzhinina 2021) and
this has led to many inaccuracies in the original identification of Zrichoderma. In the
phylogenetic tree constructed in this paper, some 77ichoderma species combinations
showed low bootstrap values (Figs 1 and 2) and have high similarity, which meet the
spAl(rpb2,,=tefl, ) standard developed by Cai and Druzhinina (2021). They may be
identified as the same 7richoderma species: for example, 7. viridialbum, T. viridarium
and 7. sempervirentis, which belong to the Trichoderma viridescens complex (Jaklitsch
et al. 2013), may still be identified as 7. viridescens. 1. paraviridescens, T. trixiae and
1" appalachiense may be identified as the same Zrichoderma species.

Trichoderma species cannot be identified by phylogenetic analysis without consid-
ering the sequence similarity values. Therefore, Cai and Druzhinina (2021) developed
a protocol for molecular identification of 77ichoderma that requires analysis of the three
DNA barcodes (ITS, zefI-o and 7pb2). Molecular identification of Trichoderma species
can be achieved, based on the analysis of sequence similarities between the query strain
and the reference strains that are analysed for zefl-o (= 97%) and 7pb2 (= 99%). If this
condition is not met, the query strain may be a new species of Trichoderma and the
new species hypothesis can be made, based on sequence similarities and phylogenetic
concordance, i.e. analysis of single loci tree topologies for zef7-a and 7pb2 and must
be verified, based on morphology. In the identification process of the new species, we
made full reference to this protocol and there were sufficient differences in sequence
similarity between the newly-identified species and the reference species, as well as
significant differences in morphological characteristics. According to Jaklitsch et al.
(2013), the morphology of 7. viridialbum, T. viridarium and 1. sempervirentis (meeting
the sp3!(rpb2, ;= tefl, ) standard) shows a high degree of similarity and should still be
identified as 7" viridescens. This also fully verified that the identification protocol devel-
oped by Cai and Druzhinina (2021) is helpful to ensure the accuracy of Trichoderma
species identification, which is worth promoting and applying, especially for the iden-
tification of Trichoderma species.
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Abstract

Rinodina salicis Lee & Hur and Rinodina zeorina Lee & Hur are described as new lichen-forming fungi
from forested wetlands or a humid forest in South Korea. Rinodina salicis is distinguishable from Rinodina
excrescens Vain., the most similar species, by its olive-gray thallus with smaller areoles without having blas-
tidia, contiguous apothecia, non-pruinose discs, paler disc color, wider ascospores in the Pachysporaria-
type II, and the absence of secondary metabolites. Rinodina zeorina differs from Rinodina hypobadia
Sheard by areolate and brownish thallus, non-pruinose apothecia, colorless and wider parathecium, nar-
rower paraphyses with non-pigmented and unswollen tips, longer and narrower ascospores with angular
to globose lumina, and the absence of pannarin. Molecular analyses employing internal transcribed spacer
(ITS) sequences strongly support the two new species to be unique in the genus Rinodina. An updated key
is provided to assist in the identification of all 63 taxa in Rinodina of the far eastern Asia.

Keywords

Biodiversity, corticolous, phylogeny, Physciaceae, taxonomy

Introduction

Rinodina, the largest genus in the family Physciaceae, comprises about three hundred
species worldwide (Sheard et al. 2017; Wijayawardene et al. 2020). Several infrage-
neric groups have been studied since Malme (1902) introduced the ascospore-type
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concept for the groups in Rinodina (Poelt 1965; Grube and Arup 2001). Although the
classification based on different ascospore types has been coarsely accepted, the variety
of ascospores does not always correspond to the infrageneric classification. As the pat-
tern of ascospore ontogeny is considered more important than the spore type itself; it
is understood that the ascospore types should be respected in developmental stages of a
spore (Giralt 1994; Grube and Arup 2001; Sheard 2010; Resl et al. 2016).

The Rinodina has been studied in Europe (Mayrhofer and Poelt 1979; Giralt et
al. 1995; Giralt 2001; Mayrhofer and Moberg 2002), North America (Sheard and
Mayrhofer 2002; Sheard 2004, 2010, 2018; Sheard et al. 2011, 2012; Lendemer et
al. 2012, 2019; Morse and Sheard 2020), islands of South America (Bungartz et al.
2016), Australia to New Zealand (Mayrhofer 1983, 1984b; Kaschik 2006; Elix 2011;
Elix et al. 2020), Asia to Russian Far East (Mayrhofer 1984a; Galanina et al. 2011;
Lendemer et al. 2012; Sheard et al. 2017; Galanina et al. 2018; Galanina and Ezhkin
2019; Zheng and Ren 2020; Galanina et al. 2021; Kumar et al. 2021), and South
Africa (Matzer and Mayrhofer 1996; Mayrhofer et al. 2014). Molecular works have
been accomplished over the continents (Grube and Arup 2001; Wedin et al. 2002;
Nadyeina et al. 2010; Resl et al. 2016).

Sheard et al. (2017) achieved the first and comprehensive study on the genus Rino-
dina of the far eastern Asia (Korea, Japan, and Russian Far East). Several studies an-
nounced further more species in the genus, such as R. badiexcipula Sheard, R. convexula
H. Magn., R occulta (Korb.) Sheard, R oxneriana S.Y. Kondr., L8kés & Hur and
R. tephraspis (Tuck.) Herre from South Korea (Kondratyuk et al. 2016, 2017; Yako-
vchenko 2018; Kondratyuk et al. 2020) and R. colobinoides (Nyl.) Mill. Arg., R. herrei
H. Magn., R. laevigata (Ach.) Malme, and R. parasitica H. Mayrhofer & Poelt from
the Kuril Islands and the Magadan region, Russian Far East (Galanina and Ezhkin
2019; Galanina et al. 2021). Among them, R. oxneriana was discovered as a new spe-
cies and other eight species were reported as new records to the far eastern Asia. The
species of Rinodina in the far eastern Asia are mainly corticolous and the main genera
of the substrate trees are Quercus, Picea, Salix, Betula and Alnus (Fig. 1) (Lendemer et
al. 2012; Sheard et al. 2012; Joshi et al. 2013; Kondratyuk et al. 2013, 2016, 2017,
2020; Aptroot and Moon 2014; Sheard et al. 2017; Yakovchenko et al. 2018; Galanina
and Ezhkin 2019; Gananina et al. 2021). Those main substrates vigorously grow in a
humid forest, a valley or a wetland, and particularly the genera Salix and Alnus often
inhabit the water. Inhabiting those tree barks, diverse Rinodina species are easily de-
tected in shaded forests and forested wetlands in which are one of the representative
lichens of the ecosystems.

This study describes two new lichen-forming fungi in the genus Rinodina. Field
surveys for the lichen biodiversity in the forested wetlands of South Korea were carried
out during the summer of 2020, and a couple of specimens of Rinodina were col-
lected from barks of Quercus and Salix, the most common genera of the substrates for
corticolous Rinodina species in the far eastern Asia, in a humid forest and a forested
wetland on mountains (Fig. 2). The specimens were comprehensively analyzed in ecol-
ogy, morphology, chemistry and molecular phylogeny and did not correspond to any
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Figure 1. Substrates of Rinodina species in the far eastern Asia. Rinodina species of the far eastern Asia

occur mainly on bark, and the genera Quercus, Picea, Salix, Betula and Alnus are the main substrates for
corticolous Rinodina species of the far eastern Asia.

previously known species. We describe them as new species, Rinodina salicis and R. zeo-
rina, and this discovery contributes to the taxonomy with overall 63 taxa in the genus
Rinodina of the far eastern Asia. The type specimens are deposited in the herbarium of
the Backdudaegan National Arboretum (KBA, the herbarium acronym in the Index
Herbariorum), South Korea.
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Figure 2. Specific collection sites for two new species A habitat/landscape for R. salicis B habitat/land-
scape for R. zeorina C location for R. salicis (a black star); locations for R. zeorina (two black diamonds).

Materials and methods
Morphological and chemical analyses

Hand sections were prepared manually with a razor blade under a stereomicroscope
(Olympus optical SZ51; Olympus, Tokyo, Japan), scrutinized under a compound
microscope (Nikon Eclipse E400; Nikon, Tokyo, Japan) and pictured using a soft-
ware program (NIS-Elements D; Nikon, Tokyo, Japan) and a DS-Fi3 camera (Nikon,
Tokyo, Japan) mounted on a Nikon Eclipse Ni-U microscope (Nikon, Tokyo, Japan).
The ascospores were examined at 1000x magnification in water. The length and width
of the ascospores were measured and the range of spore sizes was shown with average,
standard deviation (SD), length-to-width ratio, and the number of measured spores.
Thin-layer chromatography (TLC) was performed using solvent systems A and C ac-
cording to standard methods (Orange et al. 2001).

Isolation, DNA extraction, amplification, and sequencing

Hand-cut sections of ten to twenty ascomata per collected specimen were prepared for
DNA isolation and DNA was extracted with a NucleoSpin Plant IT Kit in line with the
manufacturer’s instructions (Macherey-Nagel, Diiren, Germany). PCR amplifications
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for the internal transcribed spacer region (ITS1-5.8S-ITS2 rDNA) RNA genes were
achieved using Bioneer’s AccuPower PCR Premix (Bioneer, Daejeon, Korea) in 20-pl
tubes with 16 pl of distilled water, 2 pl of DNA extracts and 2 pl of the primers ITS5
and ITS4 (White et al. 1990). The PCR thermal cycling parameters used were 95 °C
(15 sec), followed by 35 cycles of 95 °C (45 sec), 54 °C (45 sec), and 72 °C (1 min),
and a final extension at 72 °C (7 min) based on Ekman (2001). The annealing tem-
perature was occasionally altered by £1 degree in order to get a better result. PCR pu-
rification and DNA sequencing were accomplished by the genomic research company
Macrogen (Seoul, Korea).

Phylogenetic analyses

Al TTS sequences (Table 1) were aligned and edited manually using Clustal W in Bi-
oedit V7.2.6.1 (Hall 1999). All missing and ambiguously aligned data and parsimony-
uninformative positions were removed and only parsimony-informative regions were fi-
nally analyzed in MEGA X (Stecher et al. 2020). The final alignment comprised 974 bp
in which 167 variable regions were detected. The phylogenetically informative regions
were 523. Phylogenetic trees with bootstrap values were obtained in RAXML GUI 2.0
beta (Edler et al. 2019) using the maximum likelihood method with a rapid bootstrap
with 1000 bootstrap replications and GTR GAMMA for the substitution matrix. The
posterior probabilities were obtained in BEAST 2.6.4 (Bouckaert et al. 2019) using the
GTR 121343 model, as the appropriate model of nucleotide substitution produced by
the bayesian model averaging methods with bModelTest (Bouckaert and Drummond
2017), empirical base frequencies, gamma for the site heterogeneity model, four cat-
egories for gamma, and a 10,000,000 Markov chain Monte Carlo chain length with
a 10,000-echo state screening and 1000 log parameters. Then, a consensus tree was
constructed in TreeAnnotator 2.6.4 (Bouckaert et al. 2019) with no discard of burnin,
no posterior probability limit, a maximum clade credibility tree for the target tree type,
and median node heights. All trees were displayed in FigTree 1.4.2 (Rambaut 2014)
and edited in Microsoft Paint. The bootstrapping and posterior probability analyses
were repeated three times for the result consistency and no significant differences were
shown for the tree shapes and branch values. The phylogenetic trees and DNA sequence
alignments are deposited in TreeBASE under the study ID 28192. Overall analyses in
the materials and methods were accomplished based on Lee and Hur (2020).

Results and discussion

Phylogenetic analyses

An independent phylogenetic tree for the genus Rinodina and related genera was pro-
duced from 67 sequences from GenBank and 11 newly generated sequences for the two
new species and related species (Table 1). The two new species were positioned in the ge-
nus Rinodina in the I'TS tree. The I'TS tree describes that R. salicis, a new species, is com-
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Table 1. Species list and DNA sequence information employed for phylogenetic analysis.

No. Species ID (ITS) Voucher

1 Amandinea lignicola JX878521 Tonsberg 36426 (BG)

2 Amandinea punctata HQ650627 AFTOL-ID 1306

3 Buellia badia MG250192 TS1767 (LCU)

4 Buellia boseongensis ME399000 KoLRI 041680

5 Buellia numerosa LC153799 CBM:Watanuki:L01034

6 Rinodina afghanica MT260860 500103 (XJU-L)

7 Rinodina alba GU553290 GZU 000272655

8 Rinodina albana GU553297 GZU 000272651

9 Rinodina anomala MN587028 Sipman 62934

10 Rinodina archaea DQ849292 H. Mayrhofer 15752 (GZU)
11 Rinodina atrocinerea AF540544 H. Mayrhofer 13.740 & U. Arup (GZU)
12 Rinodina balanina KY266842 0O-L-195705

13 Rinodina bischoffii DQ849291 M. Lambauer 0031 (GZU)
14 Rinodina cacaotina DQ849295 H. Mayrhofer 10770 (HO)
15 Rinodina calcarea GU553292 GZU 000272654

16 Rinodina cana MN587029 Sipman 63008

17 Rinodina capensis DQ849296 W. Obermayer 09230 (GZU)
18 Rinodina confragosa DQ849297 W. Obermayer 09091 (GZU)
19 Rinodina confragosula DQ849298 M. Lambauer 0044 (GZU)
20 Rinodina degeliana KX015681 Tonsberg 42631

21 Rinodina destituta KT695382 BIOUG24047-H02

22 Rinodina disjuncta MK812529 TRH-L-15387

23 Rinodina efflorescens KX015683 Malicek 5462

24 Rinodina exigua GU553294 GZU 000272652

25 Rinodina gallowayi DQ849299 M. Lambauer 0125 (GZU)
26 Rinodina gennarii AJ544187 B44435

27 Rinodina glanca GU553295 GZU 000272662

28 Rinodina herteliana DQ849300 M. Lambauer 0177 (GZU)
29 Rinodina immersa DQ849301 M. Lambauer 0129 (GZU)
30 Rinodina interpolata AF250809 M263

31 Rinodina jamesii DQ849303 H. Mayrhofer 10810 (GZU)
32 Rinodina lecanorina AF540545 H. Mayrhofer 13.120 (GZU)
33 Rinodina lepida AY143413 Trinkaus 137

34 Rinodina luridata DQ849304 H. Mayrhofer 12122 (GZU)
35 Rinodina luridescens AJ544183 B42835

36 Rinodina metaboliza MT260864 20080224 (XJU-L)

37 Rinodina milvina GU553299 KW 63379

38 Rinodina mniaroea KX015689 Spribille 20101 (GZU)

39 Rinodina mniaroea KX015691 V. Wagner, 15.07.06/1 (GZU)
40 Rinodina mniaroea KX015692 Spribille 20391 (GZU)

41 Rinodina moziana DQ849307 H. Mayrhofer 6729 (GZU)
42 Rinodina moziana var. moziana DQ849305 M. Lambauer 0214 (GZU)
43 Rinodina nimisii AJ544184 B42685

44 Rinodina obnascens AJ544185 B42477

45 Rinodina oleae DQ849308 M. Lambauer 0178 (GZU)
46 Rinodina oleae GU553301 GZU 000272565

47 Rinodina olivaceobrunnea AF540547 J. Romeike 2.090300 (GOET)
48 Rinodina orculata DQ849309 H. Mayrhofer 15754 (GZU)
49 Rinodina orientalis MW832807 BDNA-L-0000284

50 Rinodina orientalis MW832808 BDNA-L-0000653

51 Rinodina orientalis MW832809 BDNA-L-0000774

52 Rinodina oxydata DQ849313 H. Mayrhofer 11406 (GZU)
53 Rinodina plana AF250812 E34

54 Rinodina pyrina AF540549 P. Bilovitz & H. Mayrhofer 483 (GZU)
55 Rinodina ramboldii DQ849315 G. Rambold 5094 (M)

56 Rinodina reagens DQ849316 M. Lambauer 0218 (GZU)
57 Rinodina roboris MKB811851 O-L-206765

58 Rinodina roscida DQ849317 S. Kholod plot515 (GZU)
59 Rinodina salicis MW832810 BDNA-L-0000558

60 Rinodina salicis MW832811 BDNA-L-0000560

61 Rinodina septentrionalis GU553303 GZU 000272561

62 Rinodina sheardii MK778639 J. Malicek 10238

63 Rinodina sheardii MK778640 J. Vondrak 15298 (PRA)
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No. Species ID (ITS) Voucher
64 Rinodina sophodes AF540550 P. Bilovitz 968 (GZU)
65 Rinodina teichophila GU553305 GZU 000272659
66 Rinodina trevisanii KX015684 de Bruyn s.n. 2011 (GZU)
67 Rinodina tunicata AF540551 H. Mayrhofer 13.749 & R. Erd (GZU)
68 Rinodina turfacea AF224362 Moberg 10422
69 Rinodina vezdae DQ849318 H. Mayrhofer 15757 (GZU)
70 Rinodina zeorina MW832812 BDNA-L-0000642
71 Rinodina zeorina MW832813 BDNA-L-0000646
72 Rinodina zeorina MW832814 BDNA-L-0000650
73 Rinodina zeorina MW832815 BDNA-L-0000651
74 Rinodina zeorina MW832816 BDNA-L-0000668
75 Rinodina zeorina MW832817 BDNA-L-0000933
76 Rinodina zwackhiana AF540552 H. Mayrhofer 13.848 (GZU)
77 Rinodinella controversa AF250814 M281
78 Rinodinella dubyanoides AF250815 E29
Overall 78

DNA sequences which were generated in this study, i.e., two new species such as Rinodina salicis and R. zeorina, and another compared
species, R. orientalis, are presented in bold. All others were obtained from GenBank. The species names are followed by GenBank acces-
sion numbers and voucher information. ITS, internal transcribed spacer; Voucher, voucher information.

ing alone in a single clade. Several species such as R. mniaroea (Ach.) Korb., R. roscida
(Sommerf.) Arnold, R. bischoffii (Hepp) A. Massal., R. luridata (Kérb.) H. Mayrhofer,
Scheid. & Sheard, R. metaboliza Vain., R. albana (A. Massal.) A. Massal., R. afghanica M.
Steiner & Poelt, R. zwackhiana (Kremp.) Korb., R. calcarea (Hepp ex Arnold) Arnold, R
immersa (Korb.) J. Steiner, R. tunicata H. Mayrhofer & Poelt, Rinodinella controversa (A.
Massal.) H. Mayrhofer & Poelt, and R. dubyanoides (Hepp) H. Mayrhofer & Poelt, are
situated close to the new species; this particular clade lacks statistical support (bootstrap
value of 58 and a posterior probability of 0.75). Rinodina zeorina, the other new species,
was located in a clade with R. sheardii Tonsberg, represented by a bootstrap value of 89
and a posterior probability of 0.88 (not shown) for the branch (Fig. 3).

Taxonomy

Rinodina salicis B.G. Lee & J.-S. Hur sp. nov.
No: MB839186
Fig. 4

Diagnosis. Rinodina salicis differs from R. excrescens by olive-gray thallus with smaller are-
oles without blastidia, contiguous apothecia, the absence of pruina on disc, paler disc color,
wider ascospores in the Pachysporaria-type, and the absence of secondary metabolites.

Type. SoutH Korea, Gangwon Province, Gangneung, Seongsan-myeon, Eoheul-
ri, a forested wetland, 37°43.61'N, 128°48.13'E, 212 m alt., on bark of Salix koreen-
sis Andersson, 02 June 2020, B.G.Lee & H.]J.Lee 2020-000358 (holotype: BDNA-
L-0000558; GenBank MW832810 for ITS); same locality, on bark of Salix koreensis,
02 June 2020, B.G.Lee & H.]J.Lee 2020-000360, with Caloplaca gordejevii (Tomin)
Oxner, Lecanora sp., and Phaeophyscia sp. (paratype: BDNA-L-0000560; GenBank
MW832811 for ITS).

Thallus corticolous, crustose, minutely bullate, some developing to conglomerate
and continuous, rarely lobulated, thin, grayish-green to olive green, margin indeter-
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Figure 3. Phylogenetic relationships among available species in the genus Rinodina based on a maximum
likelihood analysis of the dataset of ITS sequences. The tree was rooted with the sequences of the genera
Amandinea and Buellia. Maximum likelihood bootstrap values > 70% and posterior probabilities = 95%
are shown above internal branches. Branches with bootstrap values = 90% are shown as fatty lines. Two
new species, R. salicis and R. zeorina are presented in bold as their DNA sequences were produced from
this study. All species names are followed by the Genbank accession numbers.
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Figure 4. Rinodina salicis (BDNA-L-0000558, holotype) in morphology A=D habitus and apothecia.
Thallus olive-gray composed of tiny areoles and non-pruinose apothecia E well-developed amphithecium
and algal layer extending to the base F asci clavate with eight spores G ascospores simple in the beginning
and developed 1-septate, Pachysporaria-type 11, rarely Physcia-type at mature. Scale bars: 1 mm (A-D);
200 pm (E); 10 pm (F, G).

minate, vegetative propagules absent, areoles 0.1-0.2 mm diam., 85-90 pm thick;
cortex hyaline, 10 pm thick, cortical cells 5-9 pm diam.; medulla 60-65 pum thick,
intermixed with algal cells, without crystals (PL-); photobiont coccoid, cells globose,
5-15 pm. Prothallus absent.

Apothecia abundant, rounded, often contiguous, emerging on the surface of thal-
lus and sessile when mature, constricted at the base, 0.2—1.3 mm diam. Disc flat, not
pruinose, pale brown or dark brown from early stages, 220-260 pum thick; margin
persistent, prominent, generally entire or somewhat flexuous, a little crenulate, thal-
line margin concolorous to thallus but proper margin near disc distinctly pale brown.
Amphithecium well-developed, with small crystals in both cortical layer and the algal-
containing medulla, crystals extending to the base, not dissolving in K, 60-70 pm
wide laterally, algal layers continuous to the base or solitary, algal cells 5-15 um diam.,
cortical layer hyaline, 10—20 pm thick. Parathecium hyaline but light brown at periph-
ery, 45-50 pm wide laterally and 70-80 pm wide at periphery. Epihymenium brown,
not granular, pigment slightly paler in K but not diluted, 5-10 pm high. Hymenium
hyaline, 70-90 pum high. Hypothecium generally hyaline, with pale yellow pigment,
prosoplectenchymatous (irregular), 70-80 um high. Oil droplets are present mainly in
hypothecium and a little in hymenium. Paraphyses septate, anastomosing, 1-1.5 um
wide, simple or branched at tips, tips swollen, pigmented, epihymenium pigmented
by paraphysial tips, 4.5-7.5 pm wide. Asci clavate, 8-spored, 68-90 x 20-25 um (n
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= 5). Ascospores ellipsoid, 1-septate, Pachysporaria-type 11, rarely Physcia-type, Type
A development, hyaline when young and light brown to brown in mature, 14-24 x
8-13.5 um (mean = 18.2 x 10.5 um; SD = 2.12(L), 1.19(W); L/W ratio 1.2-2.4, ratio
mean = 1.7, ratio SD = 0.2; n = 105). Pycnidia not detected.

Chemistry. Thallus K-, KC-, C-, Pd-. Hymenium I+ purple-blue. UV-. No
lichen substance was detected by TLC.

Distribution and ecology. The species occurs on the bark of Salix koreensis. The
species is currently known from the type collections.

Etymology. The species epithet indicates the lichen’s substrate preference, namely
the substrate tree Salix koreensis.

Notes. The new species is similar to R. excrescens and R. bullata Sheard & Lend-
emer in having bullate thallus. However, the new species differs from R. excrescens by
olive-gray thallus with smaller areoles without having blastidia, contiguous apothecia,
the absence of pruina on disc, paler disc color, ascospore type, larger ascospore, and the
absence of secondary metabolites (Sheard 1966; Sheard et al. 2012).

The new species is closer to R. bullata in having small bullate areoles without hav-
ing blastidia. However, the new species differs from the latter by olive-gray thallus,
contiguous and larger apothecia, proper margin with pale brown color, crystals present
in both cortex and medulla in amphithecium, larger ascospores, K— reaction on thal-
lus, and the absence of lichen substance (Sheard et al. 2012, 2017).

The new species is comparable to R. granulans Vain. as the latter represents thallus
with minute areoles. However, the new species differs from the latter by thallus color,
slightly smaller areoles without blastidia, abundance of apothecia without pruina,
Pachysporaria-type 11 ascospores, K— reaction on thallus, and the absence of lichen
substance (Giralt et al. 1994; Galanina et al. 2011). Reference Table 2 provides the key
characteristics distinguishing R. salicis from the compared species above.

Table 2. Comparison of Rinodina salicis with closely-related species.

Rinodina salicis Rinodina bull, Rinodi

bullate without blastidia

Species
Thallus growth form

excrescens Rinodina granulans

bullate with blastidia,

bullate without bullate with blastidia

blastidia forming leprose crust
Areoles (mm in diam.) 0.1-0.2 0.1-0.15(=0.2) up to c. 1.98 (0.1-)0.2-0.3(=0.5)
Thallus color olive-gray light gray gray gray to gray-brown
Apothecia (mm in diam.) 0.2-1.3 0.3-0.6 up toc. 1.26 upto 0.3

Apothecia contiguation

often contiguous

not contiguous

not contiguous

not contiguous

Apothecia abundance abundant abundant abundant very rare
Pruina absent on disc - often present on disc often present on disc
Disc color pale to dark brown brown brown to black reddish brown
Proper margin pale brown indistinct - indistinct
Crystals in amphithecium | present in medulla and cortex | present in cortex - present
Ascospore type Pachysporaria-type 11 Pachysporaria- Physcia-type Physcia-type to Milvina-
type II type
Ascospores (um) 14-24 x 8-13.5 14.5-16.5 x 8-9 17.5-19.5 x 8.5-9.5 18-25 x 10-14
Spot test thallus K- thallus K+ yellow thallus K— thallus K+ faint yellow
Substance absent atranorin pannarin, (rarely zeorin) pannarin
Reference BDNA-L-0000558 Sheard et al. 2012, | Sheard 1966; Sheard et Giralt et al. 1994;
(holotype), 2017 al. 2012, 2017 Galanina et al. 2011

BDNA-L-0000560 (paratype)

‘The morphological and chemical characteristics of several species close to the new species are referenced from the previous literature. All
information on the new species is produced from type specimens (BDNA-L-0000558 and BDNA-L-0000560) in this study.
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Rinodina zeorina B.G. Lee & J.-S. Hur sp. nov.
No: MB839187
Fig. 5

Diagnosis. Rinodina zeorina differs from R. hypobadia by areolate, brownish thallus,
apothecia without pruina, hyaline and wider parathecium, narrower paraphyses with
hyaline and unswollen tips, longer and narrower ascospores with just angular to glo-
bose lumina, and the absence of pannarin.

Type. Soutn Korea, North Gyeongsang Province, Bonghwa-gun, Seokpo-my-
eon, Mt. Cheongok, 37°01.89'N, 128°58.65'E, 1,104 m alt., on bark of Quercus mon-
golica, 16 June 2020, B.G. Lee & H.]. Lee 2020-000733, with Biatora sp., Lecidella
euphorea (Florke) Kremp., Pertusaria multipuncta (Turner) Nyl., and Sagiolechia sp.
(holotype: BDNA-L-0000933; GenBank MW832817 for ITS).

Thallus corticolous, crustose, areolate, rimose to continuous, thin, light gray to
light brownish gray, margin indeterminate or determinate with prothallus, vegetative
propagules absent, 160-250 mm diam., 80—170 um thick, areoles 0.1-0.5 mm diam.;
cortex brown, 5-8 pm thick, with epinecral layer, hyaline, 3—7 um thick; medulla
35-40 pm thick, intermixed with algal cells, without crystals (PL-); photobiont coc-
coid, cells globose, 5-9 pm. Prothallus absent or brownish black when present.

Apothecia abundant, rounded, erumpent in the beginning and sessile when mature,
constricted at the base, 0.2-0.6 mm diam. Disc flat, not pruinose but epinecral debris
shown in water, black to dark brown from early stages, 150-200 pm thick; margin persis-
tent, prominent, generally entire or a little crenulate, concolorous to thallus. Amphithe-
cium well-developed, with small crystals in the algal-containing medulla and particularly
near the base, dissolving in K, 70-90 pm wide laterally, algal cells evenly distributed from
periphery to base, 10-15 pm diam., cortical layer brownish, cortical cells granular, 2-3
pm diam., with epinecral layer, up to 5 pm thick. Parathecium hyaline but light brown at
periphery, 5-10 pm wide laterally and 20-50 pm wide at periphery. Epihymenium red-
brown, small granules not dissolving in K, 8-10 um high. Hymenium hyaline, 90-95 pm
high. Hypothecium brown with olive pigment in upper part, prosoplectenchymatous (ir-
regular), 60-65 pm high. Oil droplets present a little in hypothecium. Paraphyses septate,
anastomosing, 0.5—1 pm wide, simple or branched at tips, tips generally not swollen or lit-
tle swollen, not pigmented, epihymenium pigmented by small granules, not by paraphy-
sial tips, up to 1.5 um wide. Asci clavate, 8-spored, 60—75 x 15-21 pum (n = 3). Ascospores
ellipsoid, 1-septate, Dirinaria-type but lumina angular to globose, Type B development
not detected, septum inflated a little or not, without a torus, hyaline when young and
generally brown or dark brown in mature, 11-20 x 5-8.5 pm (mean = 15.4 x 7.1 pm;
SD = 1.77(L), 0.70(W); L/W ratio 1.5-3.4, ratio mean = 2.2, ratio SD = 0.3; n = 105).
Pycnidia raised, asymmetric, 175-225 pm wide. Pycnoconidia bacilliform, 3—4 x 0.5 pm.

Chemistry. Thallus K-, KC-, C—, Pd-. Hymenium I+ blue. UV-. Zeorin was
detected by TLC.

Distribution and ecology. The species occurs on the bark of Quercus mongolica,
Tilia amurensis Rupr., and Maackia amurensis Rupr. & Maxim. The species is currently
known from a humid forest and a forested wetland of two mountainous sites.



170 Beeyoung Gun Lee & Jae-Seoun Hur / MycoKeys 87: 159-182 (2022)

NS
- 5 \\‘IL“SJ‘ %M
Figure 5. Rinodina zeorina (BDNA-L-0000933, holotype for A-G; BDNA-L-0000668 for H-K) in
morphology A-C habitus and apothecia on bark of Quercus mongolica. Thallus brownish and areolate and

non-pruinose apothecia D well-developed amphithecium and pigmented hypothecium E epihymenium
with brown pigment which extending to the cortical layer of amphithecium. Parathecium light brown
at periphery F hypothecium with light (olive-)brown pigment G ascospores 1-septate, Dirinaria-type
but lumina angular to globose H habitus and apothecia on bark of T7/ia amurensis. Thallus more grayish
I apothecial section representing well-developed amphithecium and pigmented hypothecium J asci clavate
with eight spores K ascospores 1-septate, Dirinaria-type but lumina angular to globose. Scale bars: 1 mm

(A=C); 200 pm (D); 50 pm (E, F); 10 um (G); 1 mm (H); 200 pm (I); 10 pm (J, K).

Etymology. The species epithet indicates that the lichen’s substance, zeorin, is a
major compound.

Notes. The new species is similar to R. hypobadia, R. sheardii, and R. sp. A in hav-
ing a pigmented hypothecium. However, the new species differs from R. hypobadia by
areolate, brownish thallus, apothecia without pruina, hyaline and wider parathecium,
narrower paraphyses with hyaline and unswollen tips, longer and narrower ascospores
with just angular to globose lumina, and the absence of pannarin (Sheard et al. 2017).

The new species differs from Rinodina sheardii by the absence of vegetative prop-
agules, and Dirinaria-type ascospores in smaller size (Sheard et al. 2017).

The new species differs from Rinodina sp. A by wider parathecium, narrower para-
physes with swollen tips, smaller ascospores Dirinaria-type, and the absence of pan-
narin (Sheard et al. 2017).
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Table 3. Comparison of Rinodina zeorina with closely-related species.
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Species Rinodina zeorina Rinodi Rinodi; Rinodi; Rinodina aff. | Rinodi
hypobadia manshurica sheardii oleae sp. A
Thallus growth areolate, rimose to | rimose, not areolate | rimose, rimose- +areolate to continuous, | continuous to
from continuous areolate +continuous, rimose- areolate
sorediate areolate
Thallus color light gray to light | light to dark gray gray-brown yellow, yellow- | (dark gray to | dark gray to
brownish gray brown, or pale olive-green) | gray-brown
brown or greenish
Pruina absent, but epinecral | slightly pruinose absent absent (absent) -
debris shown in water
Parathecium color hyaline and light red-brown - red-brown to (hyaline to -
brown at periphery brown brownish)
Parathecium at 20-50 10-20 c. 20 c. 30 (up to 30) c. 25
periphery (um)
Paraphyses (um) upto 1.5 2-2.5 2.0 2.0 (1-2) 3.0
Paraphysial tips not or little swollen, | 3—4 pm, lightly | c. 3 pm, light c.3um - c. 4.5 pm,
not pigmented pigmented pigmented pigmented
Hypothecium color| brown with olive | reddish or chestnut hyaline dilute brown to hyaline light brown
pigment brown red-brown
Crystals in present in medulla present in both absent present - present in
amphithecium cortex and medulla medulla
Ascospore type Dirinaria-type with Dirinaria-type | Dirinaria-type, | Pachysporaria- | Dirinaria-type | Pachysporaria-
angular-globose with Physcia- or | with Physcia-like type I with Physcia- type |
lumina Physconia-like lumina like lumina
lumina
Ascospores (um) 11-20 x 5-8.5 12.5-18.5 x 14-16.5 x 16-35 x 8-17 15.5-19 x 22-28.5 x
6.5-10 7.5-8.5 6.5-9.5 10.5-15.5
Pycnidia 175-225 up to 300 - - - -
Pycnoconidia (pm) 3-4x0.5 3.5x 1.0 - - (4-5x 1) -
Substance zeorin pannarin, zeorin absent zeorin (absent) pannarin,
zeorin
Reference BDNA-L-0000933 | Sheard et al. 2017 |  Sheard et al. Tonsberg 1992; Joshietal. | Sheard etal.
(holotype), 2017 Sheard et al. 2017 | 2013; Smith 2017
BDNA-L-0000642, et al. 2009;
BDNA-L-0000646, Sheard et al.
BDNA-L-0000650, 2017
BDNA-L-0000651,
BDNA-L-0000668

The morphological and chemical characteristics of several species close to the new species are referenced from the previous literature.
All information on the new species is produced mainly from the type specimen (BDNA-L-0000933) in comparing with additional
specimens (BDNA-L-0000642, BDNA-L-0000646, BDNA-L-0000650, BDNA-L-0000651, BDNA-L-0000668) in this study . The
brackets in the column of R. aff. oleae are referenced from R. oleae as some information of R. aff. oleac is not mentioned in the reference.

The new species can be compared with R manshurica and R. aff. oleae in having
erumpent apothecia, small ascospores(<21 um long) with swollen septum among corticol-
ous species. However, the new species differs from R. manshurica by crystals present in the
amphithecium, wider parathecium, narrower paraphyses without swollen tips, pigmented
hypothecium, and longer and narrower ascospores (Tonsberg 1992; Sheard et al. 2017).

The new species is distinguished from R. aff. oleae by narrower ascospores, and pig-
mented hypothecium (vs. hyaline hypothecium) (Sheard et al. 2017). Reference Table 3
provides the key characteristics distinguishing R. zeorina from the compared species above.

The new species is compared further with other Rinodina species having the sub-
stance zeorin, R. ascociscana (Tuck.) Tuck., R. buckii Sheard, R. efflorescens Malme, R.
luteonigra Zahlbr., R. subalbida (Nyl.) Vain., R. subminuta H. Magn., and R. willeyi
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Sheard & Giralt. However, all of them are different from the new species because
those species represent larger ascospores in Physcia- to Physconia-type for R. ascocisca-
na; sorediate thallus, mostly light brown hypothecium and Zeichophila-type ascospores
and the presence of pannarin for R. buckii; sorediate thallus, colorless hypothecium,
Pachysporaria-type ascospores and the presence of pannarin and secalonic acid A for R
¢fflorescens; colorless hypothecium, larger ascospores in Pachysporaria-type and the pres-
ence of thiomelin for R. luteonigra; larger spores in Pachysporaria-type and the presence
of pannarin for R. subalbida; larger spores in Physcia-type for R. subminuta; sorediate
thallus and the presence of pannarin for R. willeyi (Sheard et al. 2012, 2017).
Additional specimens examined. SoutH Korea, Gangwon Province, Pyeo-
ngchang-gun, Daegwallyeong-myeon, Heonggye-ri, a forested wetland, 37°46.00'N,
128°42.33'E, 1,047 m alt., on bark of Maackia amurensis, 03 June 2020, B.G. Lee &
H.J.Lee 2020-000442, with Buellia disciformis (Fr.) Mudd, Buellia sp., Catillaria ni-
groclavata (Nyl.) J. Steiner, Lecanora megalocheila (Hue) H. Miyaw., Lecanora symmic-
ta (Ach.) Ach., Lecidella euphorea, and Lambiella cf. caeca (J. Lowe) Resl & T. Sprib.
(BDNA-L-0000642; GenBank MW832812 for ITS); same locality, 37°46'0.02"N,
128°42'19.58"E, 1,047 m alt., on bark of Maackia amurensis, 03 June 2020, B.G. Lee
& H.J.Lee 2020-000446 (BDNA-L-0000646; GenBank MW832813 for ITS); same
locality, 37°46.00'N, 128°42.33'E, 1,047 m alt., on bark of Maackia amurensis, 03 June
2020, B.G. Lee & H.]J.Lee 2020-000450 (BDNA-L-0000650; GenBank M\W832814
for I'TS); same locality, 37°46.00'N, 128°42.33'E, 1,047 m alt., on bark of Maackia amu-
rensis, 03 June 2020, B.G. Lee & H.J.Lee 2020-000451 (BDNA-L-0000651; GenBank
MW832815 for ITS); same locality, 37°46.00'N, 128°42.33'E, 1,047 m alt., on bark
of Tilia amurensis, 03 June 2020, B.G. Lee & H.].Lee 2020-000468, with Amandinea
punctata (Hoffm.) Coppins & Scheid., Bacidia aff. beckhausii Korb., Catillaria sp., Mi-
carea prasina ¥r., Phaeophyscia limbata (Poelt) Kashiw., Rinodina cf. oleae Bagl., Traponora
aff. varians (Ach.) J. Kalb & Kalb (BDNA-L-0000668; GenBank MW832816 for ITS).

Key to the species of Rinodina from the far eastern Asia (63 taxa)

Eleven more species have been recorded since Sheard et al. (2017), such as Rinodina
badiexcipula, R. colobinoides, R. convexula, R. herrei, R. laevigata, R. occulta, R. oxneriana,
R. parasitica, R. tephraspis, and two new species from this study (Kondratyuk et al. 2016,
2017; Yakovchenko et al. 2018; Galanina and Ezhkin 2019; Kondratyuk et al. 2020;
Galanina et al. 2021). Particularly, R. laevigata of Aptroot and Moon (2014) was rejected
by Sheard et al. (2017), but Galanina et al. (2021) confirmed the species in the far east-
ern Asia. This key includes all above species except for R. convexula because the species
was just announced for a new record to Korea without any specific description for refer-
ence (Kondratyuk et al. 2020). Rinodina confragosa (Ach.) Korb., R. milvina (Wahlenb.)
Th. Fr., and R olivaceobrunnea C.¥. Dodge & G.E. Baker were reported from Korea
and Russian Far East (Kondratyuk et al. 2016; Galanina et al. 2021) as expected to occur
(Sheard et al. 2017). All expected species are remained with an asterisk mark(*).

Overall, 63 taxa of Rinodina are currently recorded or expected to the far eastern
Asia (Korea, Japan and Russian Far East).
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SubStratim FOCK......cooiiiiieiiiiiiiccc s 2
Substratum bark, wood, soil, decaying ground vegetation, bone or other lichens

....................................................................................................................... 17
Thalli with vegetative propagules............cccouvieiiiinniiiiiinecceeee 3
Thalli lacking vegetative propagules..........cooeueiiiiiniciiiiinincccereeeee 4
Thallus effigurate, typically with isidia; when fertile spores belong to the Physco-
nia-type; associated with seabird colonies; northern ......c..ccceveenie. R. balanina
Thallus not effigurate, vegetative propagules blastidia with budding soredia;
spores Pachysporaria-type II; not coastal; southern............... R. placynthielloides

Always maritime, typically on coastal rocks; spores Dirinaria-type....R. gennarii
Generally inland or occasionally maritime; spores belonging to a different type 5
Medulla orange, K+ red-violet; spores Pachysporaria-type 1, ultimately developing

satellite apical lumina........c.oeoveiiiiniiiiiininiccce R. cervina
Medulla not orange, not K+ red-violet; spores of various types but never develop-
ing apical lumina..........ccocoooiiiiiiiiii 6
Thallus and apothecium margins K+ yellow, atranorin in cortex .........coeuueeee. 7
Thallus and apothecium margins K-, atranorin absent..........cccccoeeeiiinnne. 10

Spores with angular lumina, walls thickened at septum and apices, Physcia-type;
proper exciple hyaline throughout, or if lightly pigmented not aeruginose (N-);
thalline margin never pigmented...........ocoeeiiiininiiiiiicccecce 8
Spores with ‘hourglass’-shaped lumina, Mischoblastia-type; proper exciple typi-
cally aeruginose at periphery (N+ red under microscope); thalline margin often
becoming pigmented ... 9
Apothecia 0.1-0.3 mm diam., hymenium 80-100 um high, hypothecium 65-135
pm high, asci 75-80 x 16-19 pm, spores 17-27 x 8-13 pm........... R. confragosa
Apothecia 0.6-1.5 mm diam., hymenium 55-85 pm high, hypothecium 10-55
pm high, asci 45-50 x 13—-20 um, spores 11-16 x 5-9 pm................. R. occulta
Thallus plane; spores averaging <21 um in length, rarely swollen at septum ........
.......................................................................................................... R. oxydata
Thallus verrucose; spores averaging >21 pm in length, often swollen at septum
When Mature.....oooeveeieeiiiiece e R. moziana (syn. R. destituta)
Spores elongately ellipsoid, I/w ratio c. 2.0, Pachysporaria-type....R. cinereovirescens
Spores broadly ellipsoid, I/w ratio <2.0, belonging to various types.................. 11
Spores >20 pm long at maximum, 7eichophila-type, often swollen at septum,
more 50 in KOH ..., 12
Spores <20 pm long, never swollen at septum, belonging to another type....... 13
Spores 18.5-25 x 10—12.5 PM c.ccveuiirueinieiiinieiniecieecenieceeeeenen R. tephraspis
Spores 20-32 x 11-19 UM ..ccviiiiiiiiiiiiciiiccccs R. teichophila
Spores with broad pigmented band around septum, Bischoffii-type.... R. bischoffii*
Spores lacking a broad pigmented band around septum, belonging to another

T PCu ettt et sttt a ettt ettt et b ettt e a et a bt b e st e et e b et beene b 14
Spores with Physcia-like lumina when immature, becoming rounded especially at
the apices, lateral walls thin.......ccccooiiiiiiiniicccee 15

Spores with rounded lumina from beginning, lateral walls relatively thick....... 16
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Thallus thick, dark brown; spores constricted at septum when mature, Milvina-

type; secondary metabolites absent.........cccoeevecininiiiiininiininc R. milvina
Thallus thin, gray to light brown; spores Physconia-type; thalline margin C+ red
(under microscope), gyrophoric acid in medulla ..........ccccoovviiiiinnnn. R. sicula
Apothecial discs pruinose; spores Pachysporaria-type .................... R. compensata
Apothecial discs not pruinose; spores Pachysporaria- to Milvina-like.... R. kozukensis
On soil, decaying ground vegetation, wood, bone or lichenicolous ................. 18
Strictly corticolous or lignicolous ... 27
SPOIES 1-SEPTALE w.evvenrinriiieiieiieitetente sttt s st n e sre 19
Spores 3-septate or SUDMUIIOIML....cveviuirieiiieiiirieirieicrce e 20
Spores 1eichophila-type ..........coeucuiioivivieiiiiiiieceeieeeeee e R. herrei
Spores Physcia-type, rarely with apical satellite lumina.........ccccccoovviiiinnnnn 21
Spores strictly 3-septate, type B development (apical wall thickened prior to sep-
tum formation); secondary metabolites absent..........cccouvveiriccninucnne R. conradii

Spores 3-septate at first, typically becoming submuriform, type A development
(apical wall thickening after septum formation); deoxylichesterinic acid present .

.................................................................................................... R. intermedia
Strictly lichenicolous, on Aspicilia or Rhizocarpon ......................... R. parasitica
Generally not lichenicolous..........ccoeiririiniiniiinicccccccee 22
Sphaerophorin crystals in medulla (sometimes lichenicolous)............ R. turfacea
Sphaerophorin lacking in medulla (never lichenicolous).........cccccoevrieiiinnnnn 23
Cortex K+ yellow or medulla orange, K+ red .......ccoooviiiiiiiiiiii 24
Cortex reaction absent ..........ccccuvviiiiiiiiiiiiiiii 25
Thallus light gray; K+ yellow, atranorin in cortex ..........cceeueee. R. mniaroeiza*
Thallus a shade of brown; medulla orange, K+ red, skyrin or other anthraqui-
NONES PIESEIIE ...vviiiiiierscecacicisssaesesesesese ettt R. cinnamomea*
Spores averaging <23 pm in length........ccococooeiiiinai. R. olivaceobrunnea
Spores averaging >23 pm in length........cccccooiiiiiiiiii, 26

Thallus and apothecia not pruinose; apothecial discs becoming convex, thalline
margin then excluded; spores averaging 24.5-25.5 pm in length, 1/w ratio 2.0—
2.2 s R. mniaroea
Thallus and apothecia typically pruinose; apothecial discs plane or concave, not
convex, thalline margin never excluded; spores averaging 30-32 pm in length, l/w

A0 2.2-2.5 it R. roscida
Vegetative propagules present.........coceveiiiiiiiiiiiiinciiiincese s 28
Vegetative propagules absent.........ccccccvviviiiiiiiiiiiiiiiii 37
Thallus typically golden yellow...........cccciiviniiiciininiicceccceee 29
Thallus a shade of gray or brown ..........ccccociviviiiiiiinniicciicccce 30
Thallus with small, dense isidia; very rarely with apothecia; spores Pachysporaria-
EYPE L e R. chrysidiata
Thallus with marginal, labriform soralia, sometimes becoming pustulate; fre-
quently, but not always, with apothecia; spores Physcia-type.......R. xanthophaea
Phyllidia Present ..c.coveeeieverinieinieieineereceereeeee s R. oxneriana

Blastidia or soredia Present.......coccveeverieirenieieinierieieesceee e 31
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Thallus mainly blastidiate, blastidia 35-60 pm diam................... R. colobinoides
Thallus generally not blastidiate, but sorediate or sometimes blastidiate .......... 32
Blastidia present at margin, no substance, spores Zeichophila-type......... R. herrei
Soredia and/or blastidia present, atranorin or pannarin present, spores in various
EYPES vttt ettt ettt s h e e e s st 33
Thallus light gray; soralia labriform at first, soredia whitish; K+, P+ yellow, corti-
cal atranorin present, pannarin absent.............. R. subparieta (syn. R. degeliana)
Thallus darker gray; soredia never whitish; K-, P+ cinnabar, atranorin absent,
PANNATIN PIESEIIT .evverenrererterteeitenreteste st et eeetesresbesreeseesnesessesreeneennesnesnesaesues 34
Thallus usually of convex to bullate areoles; blastidia often present, sometimes
breaking into soredia; zeorin typically absent, when fertile pannarin also in epihy-

IMENIUIN oo R. excrescens
Thallus never consisting of bullate areoles; soredia always present; zeorin typically
present, pannarin never in epihymenium ......c..ccoeeoiveiniicnincinececceeene 35
Soredia typically yellowish, secalonic acid A present; spores Physcia-type when
fertile, averaging <20 pum in length.......cococciiiiiniii R. efflorescens
Soredia never yellowish, secalonic acid A absent; spores not Physcia-type, averag-
ing >20 pm in length ..o 36

Thallus minutely verrucose, verrucae central on areoles, quickly forming raised
soralia, later spreading over thallus surface; soredia >40 pum diam.; spores
1eichophila-type ........ccooovuvueuiuiiiiiiiciiieeeeet s R. buckii
Thallus with plane areoles, soredia developing marginally on areoles, never raised
centrally on verrucae, later spreading over thallus surface; soredia <40 um diam.;

spores Lachysporaria-type L .........cccccccveivvieiciininniicceeeeeeceaes R. willeyi
Ascospores 3-septate or submuriform..........ccceveerrierineinnenneeeee 38
Ascospores 1-septate, rarely with satellite apical cells .......ccoceoirieiniiinicnnee. 39
Spores strictly 3-septate, type B development (apical wall thickened prior to sep-
tum formation); secondary metabolites absent.........cccouvveinuecnnucnne R. conradii

Spores 3-septate at first, becoming submuriform, type A development (apical wall
thickening after septum formation); deoxylichesterinic acid present....................
.................................................................................................... R. intermedia
Thallus brightly pigmented; xanthone present, UV+ orange.........cccccceueuennnnne. 40
Thallus a shade of gray or brown; xanthone absent, UV-.......c.coccciinnnn 41
Thallus citrine, thiomelin present; spores averaging 31.0-34.5x16.0-17.5 pm, Pach-
ysporaria-type I; not sorediate; subtropical, Tsushima Island, Japan......R. luteonigra
Thallus golden yellow, secalonic acid A present; spores averaging 23.5-28.5x2.0—
15.0 pm, Physcia-type; frequently sorediate; temperate, widely distributed..........
.................................................................................................. R. xanthophaea

Thallus K+ yellow or P+ cinnabar, atranorin or pannarin present.................... 42
Thallus K-, P-, both atranorin and pannarin absent........c.cccceeeeneininrccnnnne. 49
Thallus K+ yellow, atranorin present, pannarin absent.........cccoeeeeneennrcennnne. 43
Thallus P+ cinnabar, pannarin present, atranorin absent .........cccccceveerveveennnne. 45
Spores averaging >33 um long, Pachysporaria-typel................... R. megistospora

Spores averaging <33 um long, Physcia- or Physconia-type..........ccccevuvueueucnne. 44
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Spores averaging >26 um long, strictly Physcia-type; never sorediate; distribution
limited to coastal foreshores .........coeeeirveeninirinciniicccce R. macrospora
Spores averaging <26 pm long, Physcia- to Physconia-type; most frequently soredi-
ate; distribution inland.........cccoveiniinninnn R. subparieta (syn. R. degeliana)
Hypothecium pigmented dark reddish brown; spores Dirinaria-type, (12-)14—
16.5(-18)x (6.5-)7.0-8.5(=9.5) um, lightly pigmented................ R. hypobadia
Hypothecium never strongly pigmented; spore type otherwise.........cccccuvuenee. 46
Spores averaging <20 um in length, Physcia-type; thallus becoming bullate, often
with minute blastidia ........cccoooiviviiiiiiiiicice R. excrescens
Spores averaging >20 pm in length, not Physcia-type; thallus sometimes verrucate
but never bullate or blastidiate ............ccoceiviiiiiiiii 47
Thallus persistently plane; epihymenium lacking crystals, P-; spores averaging
>29 P ettt R. tenuis (syn. R. adirondackii)
Thallus becoming verrucate; epihymenium with or without crystals, P+ or P—;
Spores averaging <29 M ........c.coovveieuiiieiininieineceee s 48
Epihymenium typically possessing pannarin crystals, P+ cinnabar; spores lacking
apical canals; widely distributed in Japan and adjacent mainland..... R. subalbida
Epihymenium lacking pannarin crystals, P-; spores with very obvious apical ca-

nals; Cheju Island, Korea ........cocvveivincincinncinccnccncce Rinodina sp. A
SPOIES 16 PEI ASCUS .vvevvirvieieiieieienie ettt R. polyspora
SPOLes 4—8 PEI ASCUS ....veuveuruiiueieiieiirtcretete ettt ettt sttt 50
Medulla with sphaerophorin crystals, PL+ ..c.coeiviiiiinieiniiiincinccccnene 51
Medulla lacking sphaerophorin crystals, PL— ........ccccccooiviiiiiiiniccine 52

Thallus dark gray, typically dark brown; areoles becoming contiguous, plane, 0.40—
0.55 mm wide; spores averaging 26.5-27.5 x 13.5-14.5 ym........R. badiexcipula
Thallus light gray, sometimes brownish; areoles remaining discrete, convex, 0.20—
0.30 mm wide; spores averaging 23.0-25.5 x 11.5-13.5 um .... R. cinereovirens
Spores swollen at septum, more so in KOH, type B development (apical wall

thickening prior to septum formation), Dirinaria-type ...........ccoevueecucnennnne. 53
Spores not swollen at septum, even in KOH, type A development (apical wall
thickening after septum formation), various types...........coceeueuerireruruerecennnnnn 59
Spores averaging >21 pm long.........ccccciviiiiiiiiiiiiiiiiic, R. endospora
Spores averaging <21 pm long........cccoovviiiiiiiiiiiiiii 54
Spores lacking wall thickening at maturity (septal and apical thickenings may be
present briefly in immature SPOres) ........coeeeirueiriierinciniiececee 55
Spore lumina Physcia-like, with persistent apical wall thickening..................... 56

Thallus gray to ochraceous, rugose, areoles to 0.7 mm wide; apothecia to 0.8 mm
in diam., discs plane, never convex; spores averaging 15.5-18.0 x 8.0-8.5 pm,
I/w ratio 1.9-2.1 ..o R. mongolica
Thallus gray, never ochraceous, continuous to rimose; apothecia to 0.30-0.50 mm
in diam., discs often becoming convex; spores averaging 12.5-13.5 x 5.5-6.0
pm, /w ratio 2.1-24 oo R. pyrina*
Apothecia not erumpent; spores averaging 17.5-21.5 x 9-11 um.... R. metaboliza
Apothecia erumpent; spores smaller ......c.oo.eerireineiinniineineccecene 57
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66

67

68

69
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Hypothecium pigmented with brown, spores 11-20 x 5-8.5 pum, zeorin present
.......................................................................................................... R. zeorina

Hypothecium colorless, spores 15.5-18 x 89 pum, no substance..................... 58
Spores averaging 15.5-16.0 pm in length.......ccccoveniviiiiiccnnes R. manshurica
Spores averaging 16.5-18.0 pm in length.......ccccoeeiiinnniiinne. R. aff. oleae
Spores averaging >22 pm in length...........ccccooiiiiiiiiie 60
Spores averaging <22 pm in length...........ccccooiviiiiiiiiie 61

Margins of apothecia often radially cracked; spores Physcia- to Physconia-type ....
............................................. R. ascociscana (syn. R. akagiensis, R. melancholica)
Margins of apothecia not radially cracked; spores Pachysporaria-type I ................
.................................................................................................. R. dolichospora

Spores Pachysporaria-type 11 ........ccccccvvuvuiiiiiiininiiciiicceeeeeeenes R. salicis
Spores Physcia- Or PHYSCONIA-TYPE .......c.ccvvuvueuiuiiiiieieieiciiiieieeeeieeeseeee s 62
Spores Physcia- to Physconia-type, some lumina becoming rounded at apices, at
maturity thin-walled ........cccoiiniiiiiiie e 63
Spores strictly Physcia-type, apical walls remaining thick..........ccccccoonniiinan 67
Thallus dark brown, spores darkly pigmented at maturity, torus prominent; oro-
arctic t0 Coastal .....ooviiiiiiiiiiii 64
Thallus a shade of gray, sometimes brownish, spores typically pigmented at matu-
rity, torus present but not prominent; boreal..........cc.ccoceviiiiiininiininiiinns 66

Thallus inconspicuous; apothecia mostly crowded, typically broadly attached .....
.......................................................................................... R. olivaceobrunnea*
Thallus of dispersed or contiguous areoles; apothecia mostly dispersed, narrowly
or broadly attached ........c.cooiiniiiiiiiii 65
Ascospores 20-21.5 x 10-11.5 pm, thallus well-developed, flat, scurfy or thick
rugose areolate, apothecia broadly attached in the beginning then becoming nar-
row and even stipitate, discs convex when mature .......c.coccccevrveeneenee. R. sibirica
Ascospores 18.5-19.5 x 8.5-9.0 pm, thallus poorly developed, evanescent, thin
or scabrid, sometimes areolate, apothecia broadly attached to thallus, discs typi-

Cally Hat ..o R. laevigata
Thallus thick, rugose, areolate; apothecia crowded, discs persistently plane, thal-
line margins Persistent..........cccuvueuiviiiiiiniiiiiiiiiiiiccee R. archaea*
Thallus thin, plane, continuous or rimose-areolate; apothecia dispersed, discs be-
coming convex, often excluding thalline margin .........cccceeueniee. R. trevisanii*
Spores averaging >18 pum long, zeorin present..........cccecceviiucunnne R. subminuta
Spores averaging <18 pum long, zeorin absent ...........cccccoiviiiiiiiiiininn. 68
Apothecia erumpent at first, discs often becoming strongly convex; spores with
lightly pigmented tori at MatUrity .....ccccveveveveueiiiniiccccceeee R. orientalis
Apothecia never erumpent, discs persistently plane; spores with very dark, promi-
NENE TOIT AL MATULILY .vvevenreiiiteteiietesteree ettt et ettt sa et sae et sae e enens 69
Apothecia crowded, broadly attached; thalli associated with leaf scars or other
mesic microhabitats; areoles plane, contiguous, to >0.2 mm in diam. ..... R. freyi

Apothecia mostly scattered, narrowly attached; thalli typically in more xeric mi-
crohabitats; areoles convex, scattered, to 0.2 mm in diam. ......R. septentrionalis
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Abstract

Based on phylogenetic analyses, some newly studied Chinese mushroom specimens were found to
represent two distinct species within the genus Gymnopus. Along with G. fusipes (sect. Gymnopus) they
form a distinct clade with high support, although their macromorphological characters seem to be closer
to members of Gymnopus sect. Levipedes or sect. Vestipedes (Collybiopsis). When examined in detail,
their micromorphological characters, especially the type of pileipellis, support them as new members of
G. sect. Gymnopus. Therefore, two new species, G. omphalinoides and G. schizophyllus, and the emended
circumscription of sect. Gymnopus are proposed in this paper. Detailed morphological descriptions,
colour photos, illustrations of the two new species, morphological comparisons with similar taxa and
the molecular-phylogenetic analyses of the combined nrITS and nrLSU data are presented. A key to the
known species of G. sect. Gymnopus is also presented.
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Introduction

Gymnopus (Pers.) Roussel sect. Gymnopus is a monotypic section and its type species,
Gymnopus fusipes (Bull.) Gray, also typifies the genus (Antonin and Noordeloos 2010).
The sectional name, therefore, was proposed automatically. Formerly, G. fusipes was
placed in Collybia (Fr.) Staude sect. Striipedes (Fr.) Quél. as C. fusipes (Bull.) Quél.
(Singer 1986). Based on morphology, several species, in fact, several sections, were
moved from Collybia to Gymnopus, a genus that was defined mainly based on American
and European material (Antonin etal. 1997). Since then, the character of the pileipellis,
especially the terminal cells, has become a significant factor in the delimitation of the
sections within the genus. After undergoing a series of revisions, Gymnopus sensu lato
(s.I.) was restricted as a monophyletic genus (Gymnopus sensu stricto (s. str.)) that
comprised four sections. The other three sections are G. sect. Androsacei (Kiihner)
Antonin & Noordel, sect. Impudicae (Antonin & Noordel.) Antonin & Noordel. and
sect. Levipedes (Quél.) Halling (Oliveira et al. 2019).

Morphologically, the current circumscription of G. sect. Gymnopus was adopted
from Clémengon (1981) as Collybia sect. Striipedes. As a monotypic section, its
circumscription is dominated by its type species which is characterised by a fleshy
pileus, fusoid stipe with a distinct pseudorrhiza and a pileipellis made up of inflated,
irregular, often coralloid elements, similar to the Dryophila-type structure (Antonin
and Noordeloos 2010; Oliveira et al. 2019). It stands in stark contrast to other sections.
Many studies published in recent years with an emphasis on Gymnopus reported or
described species from the other sections, and discussions relating to the type species
or G. sect. Gymnopus were hardly addressed. Wilson and Desjardin (2005) and Mata
et al. (2007) noted that G. fusipes and members of G. sect. Levipedes share a similar
pileipellis and that the type species of the genus mainly differs in the stipe with a
pseudorrhiza. Besides, only Collybia subsulcatipes A.-H. Sm. was considered a probable
member of G. sect. Gymnopus based on morphology (Antonin and Noordeloos 1997,
as Collybia sulcatipes A.H. Smith). It is characterised by a smooth or longitudinally
grooved to subsulcate stipe with a long pseudorrhiza (Smith 1944). Nevertheless,
whether this species belongs to this section is difficult to confirm because of the lack
of molecular data.

Phylogenetically, Mata et al. (2004) reported on the phylogenetic position
of G. fusipes and showed that it forms a distinct clade that is closely related to
Setulipes androsaceus (L.) Antonin and always among other clades dominated by
Gymnopus taxa. Wilson and Desjardin (2005) also produced a similar phylogenetic
result. As the species typified the genus, these results had repercussions on the generic
relationships. Hence, S. androsaceus was transferred to Gymnopus (Mata et al. 2004)
and was designated as the type species of G. sect. Androsacei (Noordeloos and Antonin
2008). Subsequently, Oliveira et al. (2019) used a multi-gene phylogenetic analysis to
restrict the concept of genus Gymnopus and to further confirm that G. sect. Androsacei
is the closest group to G. sect. Gymnopus. However, there was no update on the
phylogenetic nature of G. sect. Gymnopus due to the lack of new material.
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In this study, two new species of G. sect. Gymnopus are described based on
morphology and phylogenetic analysis. Detailed morphological descriptions,
colour photos, illustrations of the species, morphological comparisons with similar
taxa and molecular-phylogenetic analyses of combined nuclear ribosomal internal
transcribed spacer (nrITS) and nuclear ribosomal large subunit (nrLSU) data
are presented. An emended circumscription and a key to the species of G. sect.
Gymnopus are provided.

Material and methods

Abbreviations

For Latin names: G. = Gymnopus; Ma. = Marasmius; Mi. = Mz’cmmp/m/e; My. = Mycetinis;
P. = Paragymnopus.

For phylogenetic analysis: ML = Maximum Likelihood; BI = Bayesian Inference;
BP = Bootstrap Proportions; PP = Posterior Probability.

For collection locality: FNNR = Fanjingshan National Nature Reserve;
MC = Maguan County; MR = Meizihu Reservoir; TFP = Tianluhu Forest Park;
WSA = Wutongshan Scenic Area; YNNR = Yunkaishan National Nature Reserve.

For climate: AAT = average annual temperature; AAR = average annual rainfall;
MST = major soil type; MMMM = mid-subtropical mountain moist monsoon;
SEM = subtropical eastern monsoon; SM = subtropical monsoon; SSM = south
subtropical monsoon; SSO = south subtropical oceanic.

For soil type: B = brown; DBS = dark brown soil; La = laterite; LRS = lateritic red soil;
MSMS = mountain shrub meadow soils; MRS = mountain red soil; RS = red soil;
YBS = yellow brown soil; YS = yellow soil.

Specimen collection and drying treatment

Nine collections from China were examined in this study: one came from the
Guizhou Province (Tongren City), three collections from the Yunnan Province
(one from Pu’er City and two from Maguan County) and five collections from the
Guangdong Province (one from Guangzhou City, one from Shenzhen City and three
from Xinyi City). The exact localities and their environmental characteristics are
shown in Table 1. The fresh basidiomata of each collection were wrapped in separate
mesh bags and dried in an electric drier operated below 50 °C. Dried collections
were deposited in the Fungarium of Guangdong Institute of Microbiology, China
(GDGM), Fungarium of the Herbarium of Kunming Institute of Botany, Chinese
Academy of Sciences (KUN-HKAS) or Herbarium Mycology of Jilin Agricultural
Science and Technology University (HMJU). The herbarium abbreviations
follow Thiers (2021).
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Table I. The environmental characteristics of localities for each collection.

Locality Climate Average annual Average annual Major soil type References

temperature rainfall
FNNR MMMM 16.9°C 1351 mm YS Xiao et al. 1998; Zhong et al. 2011
MC SEM 16.9°C 1345 mm La, LRS, RS, YS, Zhao 2007

YBS, BS, DBS

MR SM 17.8°C 1514.6 mm La, LRS, RS Tao 2002, 2006
TFP SSM 22°C 1725 mm LRS Huang and Li 2006; Kong et al. 2013
WSA SSO 22.4°C 1948.4 mm LRS, RS, MSMS Xv et al. 2009; Zhou et al. 2011
YNNR SSM 18 °C 2300-2600 mm  LRS, MRS, YS Huang (1998); Li et al. 2021b

Morphological studies

Fresh basidiomata were photographed and used for macromorphological descriptions.
The colours are coded from Kornerup and Wanscher (1978). The ecology of the
specimens is presented below. Lamellae were counted where ‘L refers to the number of
full-length lamellae and ‘I’ refers to the number of lamellulae tiers.

Micromorphological structures were observed via a ZEISS Axio Lab. A1 microscope
based on the hand-made sections of dried basidiomata mounted in 5 % KOH on a glass
slide. When necessary, Congo Red solution was used as a stain and Melzer’s reagent was
used to test amyloid or dextrinoid reactions. For the various microscopic structures,
‘n’ refers to the number of measured elements. For basidiospores, ‘E’ represents the
quotient of length and width in any one spore, and ‘Q’ represents the mean of E values.
Basidiospore measurements do not include apiculus and are presented as ‘(a)b—c(d)’,
where ‘b—¢” represents the minimum of 90 % of the measured values and @ and ‘d’
represent the extreme values. The main body (sterigmata or excrescences not included)
of basidia, basidioles, pleurocystidia and cheilocystidia were measured (if present).

DNA extraction, amplification and sequencing

Genomic DNA was extracted from dried tissue via a Magen HiPure Fungal DNA Kit
(Magen Biotech Co., Ltd., Guangzhou) Fungal DNA Kit as in Li et al. (2021a). The
nrlI TS (the nuclear ribosomal internal transcribed spacer) region and the nrLSU (nuclear
ribosomal large subunit) gene were amplified by the polymerase chain reaction (PCR)
technique using the primers ITS5 and ITS4 (nrITS; White et al. 1990), and LROR and
LR5 (nrLSU; Vilgalys and Hester 1990; Cubeta et al. 1991), respectively. A common
PCR programme was used for amplification of both markers and is given below: 4 min
at 95 °C; 35 cycles of 45 s at 95 °C, 45 s at 53 °C, 60 s at 72 °C; 10 min at 72 °C.
Amplified products were used for Sanger dideoxy sequencing performed by Beijing
Genomics Institute (BGI). The newly generated sequences were assembled from two
overlapping reads and trimmed via BioEdit v.7.0.9 (Hall 2011). Before depositing in
GenBank (Sayers et al. 2021; Table 2), quality control was done following the methods
in Nilsson et al. (2012).
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Phylogenetic analyses

Representative species and their sequences were selected to cover all sections of Gymnopuss.
str. based on recent publications (Mata et al. 2004; Petersen and Hughes 2016; Oliveira et
al. 2019; César et al. 2020). In addition, four sequences annotated as Marasmius otagensis
were added to the matrix following an unpublished phylogenetic tree provided by
Dr Jerry Cooper (Landcare Research, New Zealand). Two species of Mycetinis Earle were
selected as the outgroup according to the phylogenetic results of Oliveira et al. (2019),
Lietal. (2021a) and Li et al. (2021b). Our two-marker dataset, composed of ITS1-5.8S-
ITS2-LSU sequences, was partitioned and used for the phylogenetic analyses. The samples
NEHU MBSRJ48, HAKS 107312 and SESU:DED 8209 have only ITS sequences
available, and their LSU data were treated as missing data in the dataset. Information on
sequences used in the phylogenetic analysis of this study is shown in Table 2. Sequences of
each marker (nrI TS and nrLSU) were aligned using MAFFT v.7.313 (Katoh and Standley
2013), applying the L-INS-I strategy, and manually concatenated and adjusted in BioEdit
v.7.0.9 (Hall 2011). The combined dataset comprised four partitions (ITS1, the 5.8S
gene, ITS2 and the LSU gene) and was analysed in the Maximum Likelihood (ML) and
Bayesian Inference (BI) methods. The ML analysis was performed in RAXML v.8.2.10
(Stamatakis 2014), and the BI analysis was performed in MrBayes v.3.2.6 (Ronquist et
al. 2012). The optimal substitution model for BI analysis was chosen by Modelfinder
(Kalyaanamoorthy et al. 2017) using the Bayesian Information Criterion (BIC). The
ML analysis was conducted using the GTRGAMMA substitution model, applying
rapid bootstrap algorithm, with 5000 replicates. The BI analysis was implemented using
two runs with four chains each for ten million generations sampling every hundredth
generation. The average standard deviation of split frequencies was examined to make
sure that the value was below 0.01. After discarding the first 25 % of trees as burn-in, a
50% majority rule consensus tree was generated from the remaining trees. Convergence of
the MCMC chains was visualised in Tracer v. 1.7.1 (Rambaut et al. 2018) and examined
manually. The tree files were viewed and edited in FigTree v1.4.3 (Rambaut 2009). The
multiple sequence alignment and the ML and BI tree files were deposited in TreeBASE as
Study ID 28774 (https://www.treebase.org).

Table 2. Information on DNA sequences used in the phylogenetic analyses. Newly generated sequences
are highlighted in bold and type specimen is marked with an asterisk (*).

Taxon name ITS LSU Collection No. Locality Reference
Agaricales sp. AB859204  AB859204 Sw2-1 Japan GenBank
G. adventitius nom.  KY026760  KY026760  SFSU:DED8813  Notgiven Petersen and Hughes (2016)

prov.

G. alliifoetidissimus ~ MT023348 MTO017526 GDGM 76695 China Lietal. (2021a)
G. androsaceus KY026750  KY026750  CULTENN5609 USA Petersen and Hughes (2016)
G. androsaceus MHS857175 MH868714 CBS 240.53 France Vu et al. 2019
G. androsaceus MHS857174 MH868713 CBS 239.53 France Vu etal. 2019
G. androsaceus KY026748 KY026748 CULTENN5021h2  Canada  Petersen and Hughes (2016)

G. androsaceus KY026663  KY026663 TENN:F-59594 Russia Petersen and Hughes (2016)
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Taxon name ITS LSU Collection No. Locality Reference
G. atlanticus KT222654 KY302698 URM 87728 Brazil Coimbra et al. (2015)
G. aurantiipes AY263432  AY639410 SESU:AWW118 Indonesia Wilson et al. (2004)
G. brunneiniger MT232388 MW187069 XAL: Cesar50 Mexico César et al. (2020)
G. brunneodiscus MH589973 MH589988  BRNM 714974  South Korea Ryoo et al. (2020)
G. cremeostipitatus KF251071  KF251091 BRNM 747547  South Korea Antonin et al. (2014)
G. densilamellatus KP336685  KP336694 BRNM 714927  South Korea Ryoo et al. (2016)
G. dryophiloides MH589967 MH589985  BRNM 781447  South Korea Ryoo et al. (2020)
G. dryophilus DQ241781 AY640619  TENN:F-57012  Not given Matheny et al. (2006)
G. dysodes KY026666  FJ750265 TENN:F-61125 USA Hughes and Petersen (2016)
G. foetidus KY026739  KY026739 TENN:F-69323 USA Hughes and Petersen (2016)
G. frigidomarginatus ' KY026648  KY026648 TENN:F-55679 USA Hughes and Petersen (2016)
nom. prov.
G. fusipes AY256711  AY256711 TENN:F-59300 Austria Mata et al. (2004)
G. fusipes KY026727  KY026727  TENN:F-69254 Slovakia ~ Hughes and Petersen (2016)
G. fusipes AY256710  AY256710 TENN:F-59217 France Mata et al. (2004)
G. impudicus LT594119  LT594119 BRNM 714849 Czech Ryoo et al. (2016)
Republic
G. inflatotrama KY026619  KY026619  TENN:F-48143 USA Hughes and Petersen (2016)
nom. prov.
G. inflatotrama KY026744  KY026744 TFB 4529 USA Hughes and Petersen (2016)
nom. prov.
G. inflatotrama KY026640  KY026640  TENN:F-53490 USA Hughes and Petersen (2016)
nom. prov.
G. inflatotrama KY026632  KY026632  TENN:F-51233 USA Hughes and Petersen (2016)
nom. prov.
G. inusitatus JN247553  JN247557 BCN:SCM B-4058 Spain Antonin et al. (2012)
G. iocephalus DQ449984 KY019630  TENN:F-52970 USA Mata et al. (2007)
G. irresolutus MF100973  Unavailable ~ SFSU:DED 8209  Sio Tomé  Desjardin and Perry (2017)
G. montagnei DQ449988  AF261327 JMCR 143 Not given Mata et al. (2007)
G. neobrevipes MHG673477 MHG673477  TENN:F-14505 USA Petersen and Hughes (2019)
G. novae-angliae KY026745 KY026745  CULTENN4975 USA Hughes and Petersen (2016)
nom. prov.
G. novomundi nom. KY026759  KY026759  SFSU-DED5097 USA Hughes and Petersen (2016)
prov.
G. ocior KY026678  KY026678 TENN:F-65135 Belgium  Hughes and Petersen (2016)
G. omphalinoides MW134044 MW134730 *GDGM 78318 China This study
sp. nov.
G. omphalinoides MW134047 MW134733  HM]JU 00506 China This study
sp. nov.
G. omphalinoides MW134040 MW134726  GDGM 44411 China This study
sp. nov.
G. omphalinoides MW134045 MW134731  GDGM 78483 China This study
sp. nov.
G. omphalinoides OKO087326 Unavailable KUN-HKAS China This study
sp. nov. 107312
G. pallipes MW582856 OKO087327 GDGM 81513 China Li et al. (2021b) and this
study
G. portoricensis KY026627  KY026627 TENN:F-50999  Puerto Rico  Hughes and Petersen (2016)
G. schizophyllus ~ MW134041 MW134727  GDGM 76287 China This study
sp. nov.
G. schizophyllus ~ MW134042 MW134728 GDGM 77038 China This study

sp. nov.
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Taxon name ITS LSU Collection No. Locality Reference

G. schizophyllus ~ MW134043 MW134729 *GDGM 77165 China This study
sp. nov.
G. schizophyllus ~ MW134046 MW134732 KUN-HKAS 96494  China This study
sp. nov.
G. similis KP336690  KP336697 BRNM 714981  South Korea Ryoo et al. (2016)
G. spongiosus KY026686  KY026686 TENN:F-65912 USA Hughes and Petersen (2016)
G. subsupinus KM975399 KM975375 PDD:96595 New GenBank

Zealand
G. talisiae KT222655 KX958401 URM 87730 Brazil Coimbra et al. (2015)
Ma. androsaceus JN943605  JN941145 Sara Sweden Antonin et al. (2014)

Landvik:NN008037

Ma. androsaceus AF519893  AF519891 MUCL35155 Not given Klonowska et al. (2013)
Ma. otagensis MT974597 MT974601 PDD:106823 New GenBank

Zealand
Ma. otagensis MT974600 MT974602 PDD:113265 New GenBank

Zealand
Mi. foetidum KP877447  Unavailable NEHU.MBSRJ.48 India Borthakur and Joshi (2016)
My. alliaceus KY696752 KY696752  TENN:F-55630 Russia Petersen and Hughes (2017)
My. scorodonius KY696748  KY696748  TENN:F-53474 USA Petersen and Hughes (2017)
Pa. perforans KY026625  KY026625 TENN:F-50319 Sweden  Petersen and Hughes (2017)
Results

Phylogenetic results

A BLAST search of nrITS sequences revealed that a sequence annotated as
“Micromphale foetidum” (KP877447) was the most similar (7-8 different sites or more
than 98.16% similarity) to the two new species described in this study.

The combined dataset comprised 113 sequences including 58 nrITS and 55 nrLSU.
The alignment is 1,716 bases long, of which 1,263 are constant sites, 139 are variable
and parsimony-uninformative sites and 314 (18 %) are parsimony-informative sites. The
best-fit model for each partition applied in the BI analysis was HKY+F+I+G4 (for the
nrITS1, nrITS2 and nrL.SU markers) and K2P (for the nr5.8S gene). ML and BI analyses
produced nearly identical topologies and only the ML phylogram is presented (Fig. 1). The
ML-BP and BI-PP support values are shown above and below the branches, respectively.

In the generated phylogenetic tree (Fig. 1), Gymnopus s. str. formed a strongly
supported clade (BI-PP/ML-BP = 1.00/100 %). Inside this clade, four samples from
China (GDGM 76287, 77038, 77165 and KUN-HKAS 96494) of one morphospecies
and five samples from China (GDGM 44411, 78318, 78483, KUN-HKAS 107312
and HMJU 00506) of the other morphospecies grouped in two different lineages
implying two distinct species within Gymmnopus s. str. The nine samples from China
along with a sample from India (NEHU MBSRJ48) formed a single clade with
high support (BI-PP/ML-BP = 1.0/88 %). This clade and two samples from New
Zealand (PDD: 106823, 113265) grouped in one clade as sister to G. fusipes (G. sect.
Gymnopus). Furthermore, they formed a distinct group as a monophyletic clade with
high support (BI-PP/ML-BP = 1.00/98 %).
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Tree scale: 0.03 ————
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Figure I. Phylogram generated by ML analysis of the combined dataset (ITS1-5.85-ITS2-LSU region).
ML-BP 2> 70 % and BI-PP > 0.95 are shown above and below the branches, respectively.
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Taxonomy

Gymnopus omphalinoides J.P. Li, T.H. Li & Y. Li, sp. nov.
MycoBank No: 837641
Figs 2, 3

Typification. China, Guangdong Province, Shenzhen City, Wutongshan Scenic Area,
16 September 2019, H. Huang, L.Q. Wu & N. Zhan (GDGM 78318, holotype!).

Etymology. The epithet ‘omphalinoides (Lat.) refers to the omphalinoid or
Omphalina-like basidiomata of the new species.

Diagnosis. Differs from G. volkertii Murrill in its striate or grooved pileus and
smaller basidiospores (4.0-5.5 x 2.5-3 um). Basidiomata mainly gregarious on
decayed wood in broadleaf forest; pileus disc reddish orange to dark brown becoming
paler with age; lamellae broad, adnate and ventricose; stipe glabrous.

Description. Basidiomata omphalinoid, collybioid or gymnopoid. Pileus
10-40 mm broad, membranous, hemispheric when young, becoming convex,
plano-convex to applanate, generally umbilicate to sometimes slightly depressed at
the centre, inflexed then straight or reflexed at margin, with a marginal zone often
undulating with age, glabrous, radially striate or grooved towards the margin, orange
(6B7) or reddish orange (7B7) to brown (7D8) overall when young, somewhat reddish
orange (7B7) or dark brown (7F8), then paler towards the margin, white or pale
orange (6A3) to light brown (6D4), often greyish orange (6B4) to dark brown (6F8)
at the disc. Lamellae adnate, broad, ventricose to broadly ventricose, white when fresh,
sometimes with greyish red (7B4) to brown (7E7) tint somewhere, margin entire to
split and sometimes grooved, L = 12-17, | = 3-5. Stipe 10-30 mm long, 2—4 mm
thick in the middle, central, cylindrical, or compressed, with dense basal mycelium
when young that disappears when old, hollow, fibrous, glabrous, slightly longitudinally
striate when old, rooting deep in the substrate, but eventually attaches to the stump,
dull white to greyish red (7B4) when young, soon darker towards the base, white to
reddish orange (7A7) at apex, finally entirely dark brown (7F8). Odour not distinctive.

Basidiospores  [n=80] (3.5-) 4.0-5.5 (-6.0) x 2.5-3 (-3.5) pm
(average= 4.63 x 2.93 um, E = 1.33-1.83 (-2), Q=1.58), obovoid, ellipsoid to
subellipsoid, sometimes amygdaliform. Basidia [n=20] 17-31 x 3-5 pm, clavate,
4-spored. Basidioles [n=20] 17-32 x 4-5.5 um, clavate, cylindrical. Lamellar edge sterile.
Cheilocystidia [n=20] 17-32 x 4-10 pm, irregularly clavate, sphacropedunculate or
almost so, with tendency to be inflated, with or without finger-like apical projection(s)
or more or less diverticulate elements. Pileipellis a cutis composed of cylindrical, thin-
walled hyphae, up to 12.5 um wide, smooth or with scattered diverticula, hyaline to
slightly brownish; Rameales-like structures present, rare to abundant; terminal cells
short, broad, mostly inflated, vesiculose or pyriform to cystidioid (clavate), obtuse
and sometimes diverticulate, mixed with a few irregularly branched, slightly coralloid
elements and some resembling Dryophila-type structures. Stipitipellis a cutis composed
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Figure 2. Basidiomata of Gymnopus omphalinoidesa GDGM 78483 b GDGM 78318 holotype! (with
magnifying slightly longitudinally striate stipe) ¢ KUN-HKAS 107312 d, e GDGM 44411 f HMJU
00506. a photographed by M. Zhang b photographed by L.Q. Wu, ¢ photographed by X.H. Wang
d, e photographed by J.P. Li f photographed by J.Z. Xu. For a detailed display, the slightly longitudinally

striate stipe is magnified in b, and the split lamellar edge is magnified in e, f. Scale bars: 1 cm.

of cylindrical, slightly thick to thick-walled, smooth, non-dextrinoid, parallelly arranged
hyphae, up to 12 um wide, with or without Rameales-like structure. Caulocystidia
absent. Clamp connections present.

Ecology. Saprotrophic, gregarious or in small clusters, usually rooting around the
roots and stumps in broadleaf forests.
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Figure 3. Microscopic features of Gymnaopus omphalinoides (GDGM 78318, holotype!) a Basidiospores
b Basidia ¢ Basidioles d Cheilocystidia e Stipitipellis f terminal elements of the pileipellis. Drawing by J.P.
Li. Sale bars: 10 pm (a—d), 20 um (e, f).

Additional specimens examined. CHiNa, Guangdong Province, Guangzhou City,
Tianluhu Forest Park, longitude and latitude not recorded, alt. not recorded, 4 April 2019,
T.H. Li, W.Q. Deng, J.Y. Xu & J.P. Li (GDGM 44411); Guizhou Province, Tongren
City, Fanjingshan National Nature Reserve, 27°48'33"N, 108°44'45"E, alt. 640 m, 14
July 2019, J.Z. Xu (HMJU 00506); Yunnan Province, Pu’er City, Meizihu Reservoir,
22°45'0"N, 100°58'48"E, alt. 1300 m, 19 September 2019, M. Zhang, T. Li & ].Y.
Xu (GDGM 78483); Yunnan Province, Maguan County, Nanlao Village, 23°03'21"N,
104°31'12"E, alt. 1190 m, 5 August 2017, X.H. Wang (KUN-HKAS 107312).

Remarks. Gymnopus omphalinoides is a very distinct species due to its generally
omphalinoid basidiomata, by a membranous and striate or grooved, reddish brown to
brown pileus that becomes paler with age, by the broad, adnate, ventricose lamellae
that are sometimes split to grooved at the edge, and by a pileipellis often with scattered
cystidioid (clavate) or vesiculose to pyriform terminal elements. Collection GDGM
78318 is characterised by having cheilocystidia with more or less finger-like apical
projection(s) and by a pileipellis with scattered Rameales-like structures, but the
collection GDGM 44411 differs in its cheilocystidia with diverticulate elements and
pileipellis with more Rameales-like structures.

Among the known species of Gymnopus with a striate or grooved pileus and
ventricose lamellae, G. bisporus (J. Carbé & Pérez-De-Greg.) ]J. Carbé & Pérez-
De-Greg., G. dentarus Murrill, G. discipes (Clem.) Murrill, G. dysosmus Polemis
& Noordel., G. fuscotramus Mesi¢, Tkal¢ec & Chun Y. Deng, G. pubipes Antonin,
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A. Ortega & Esteve-Rav. and G. wvolkertii are similar to the new species. However,
G. bisporus, belonging to sect. Levipedes, has a brown to reddish brown pileus and larger
basidiospores (9.0-11 x 4.5-5.5 um), and true cheilocystidia are absent (Antonin and
Noordeloos 2010); G. dentatus has a dentate pileus margin, a white stipe and larger
basidiospores (7-8.5 x 6—7 pm), growing on lawns (Murrill 1916); G. discipes has free
lamellae and a white stipe arising from a hypogaeous disk (Murrill 1916); G. dysosmus,
sect. Impudicae, has garlic-smelling basidiomata, dark greyish brown lamellae, larger
basidiospores (8.0-11 x 3.3—4.5 pm), and caulocystidia (Antonin and Noordeloos
2010); G. fuscotramus, belonging to sect. Vestipedes [= Marasmiellus fuscotramus
(Mesi¢, Tkal¢ec & Chun Y. Deng) J.S. Oliveira], has abundant rhizomorphs, larger
basidiospores (8.2-9.6 x 3.7—4.4), and pale grey-brown lamellar and pileus trama
(Mesi¢ et al. 2011); G. pubipes, sect. Levipedes, has deeply emarginate to adnexed
lamellae and an entirely pubescent stipe with numerous caulocystidia (Antonin and
Noordeloos 2010); and G. volkertii hasa umbonate and estriate pileus, adnexed lamellae,
and larger basidiospores (8.2-9.6 x 3.7—4.4 pm), growing on lawn (Murrill 1916).

Gymnopus schizophyllus J.P. Li, TH. Li & Y. Li, sp. nov.
MycoBank No: 837642
Figs 4, 5

Typification. China, Guangdong Province, Xinyi City, Yunkaishan National Nature
Reserve, 22°17'08"N, 111°12'47"E, alt. 1453 m, 26 July 2019, B. Song, H.S. Wen
& J.P. Li (GDGM 77165, holotype!).

Etymology. The epithet “schizophyllus” (Lat.) refers to the split edge of lamellae
which is not so common in the genus.

Diagnosis. Differs from G. omphalinoides in its more or less depressed to slightly
umbilicate pileus and more often split lamellar edge. Basidiomata mainly gregarious
on decayed wood in broadleaf forest; pileus often pale orange to light brown; lamellae,
adnate and generally split at the edge; stipe glabrous.

Description. Basidiomata gymnopoid or collybioid. Pileus 10-20 mm broad,
membranous, hemispherical when young, then convex, with slightly inflexed margin,
expanding to plano -convex , with a depressed disc, undulating at the margin, glabrous,
radially striate or grooved towards the margin, often pale orange (6A3) to light brown
(6D8), darker at the centre, sometimes to dark brown (6F8), white to light brown
(6D8) towards the margin. Lamellae adnate, linear to arcuate, sometimes furcate to
branched or venose, generally split at the edge, dull white to brownish orange (7C7),
pale at the edge, sometimes with brown (7E8) to dark brown (7F8) tints somewhere, L
=10-20,1=3—4. Stipe 11-21 mm long, 0.8—1 mm thick in middle, central, cylindrical,
straight or sometimes curved, insititious, hollow, fibrous, glabrous, rooting deep in the
substrate, but eventually attaches to the stump, white to orange-white (6A2) at first,
slightly darker at base, then darker towards the apex, finally entirely light brown (7D8)
to brown (7E8). Odour not distinctive.
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Figure 4. Basidiomata of Gymnopus schizophyllus a GDGM 77038 b GDGM 76287 ¢ GDGM
77165 holotype! d KUN-HKAS 96494 a, c photographed by J.P. Li b photographed by H.S. Wen
d photographed by S.H. Li. For a detailed display, the split lamellar edge is magnified in a. Scale bar: 1 cm.

Basidiospores [n=80] 4-6 (-6.5) x 2.5-3 (=3.5) um (average = 4.90 x 2.93 pm,
E = (1.29-) 1.33-2.00 (-2.20), Q = 1.68) or [n=20] 6.5-8 x 2.5-3 um (average
= 7.35 x 2.86 pm, E = 2.17-3.2, Q = 2.65), obovoid, ellipsoid to subellipsoid,
sometimes amygdaliform. Basidia [n=20] 15-32 x 4-6 um, clavate, 4-spored, rarely
1-3-spored. Basidioles [n=20] 17-27.5 x 4—6.5 pm, clavate, cylindrical. Lamellar edge
sterile. Cheilocystidia [n=20] 20—43 x 4.5-9 um, irregularly clavate, tending to inflated,
with finger-like apical projection(s) or more or less diverticulate elements. Pileipellis a
cutis composed of thin-walled, cylindrical hyphae up to 18 pm wide, smooth or with
scattered diverticula, hyaline to slightly greyish; Rameales-like structures present but
very few; terminal elements short, broad, mostly inflated, vesiculose or pyriform to
cystidioid (clavate), obtuse and sometimes diverticulate, mixed with a few irregularly
branched elements, some resembling Dryophila-type structures. Stipitipellis a cutis
composed of cylindrical hyphae, up to 19 pm wide, thin- to thick-walled, smooth,
non-dextrinoid, diverticulate, parallelly arranged. Caulocystidia absent. Clamp
connections present.

Ecology. Saprotrophic, gregarious or in small clusters, usually rooting around
roots and stumps in broadleaf forests.
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Figure 5. Microscopic features of Gymnopus schizophyllus (GDGM 77165, holotype!) a Basidiospores
b Basidia ¢ Basidioles d Cheilocystidia e terminal elements of the pileipellis. Drawing by J.P. Li. Scale
bars: 10 pm (a—c), 20 um (d, e).
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Additional specimens examined. CHiNaA, Guangdong Province, Xinyi City,
Yunkaishan National Nature Reserve, 22°17'10"N, 111°12'50"E, alt. 1450 m, 26 July
2019, B. Song, H.S. Wen & J.P. Li (GDGM 77038); Guangdong Province, Xinyi
City, Yunkaishan National Nature Reserve, 22°17'06"N, 111°12'51"E, alt. 1450 m,
29 May 2019, B. Song, H.S. Wen & J.P. Li (GDGM 76287); Yunnan Province,
Maguan County, Laojunshan Moutain, 22°56'49"N, 104°32'44"E, alt. 1960 m,
11 August 2016, X.H. Wang (KUN-HKAS 96494).

Remarks. Gymnopus schizophyllus is a very distinct species by the orange to brown
pileus that becomes paler with age; by the lamellae with generally split edge; by the
two sizes of basidiospores: 1) 4-6 (—6.5) x 2.5-3 (=3.5) pm from the usual 4-spored
basidia and 2) a few larger basidiospores up to 8 um long from the 1-3-spored basidia;
and by a pileipellis often with scattered cystidioid (clavate) or vesiculose to pyriform
terminal elements.

Morphologically, among the known species of Gymnopus with a striate or grooved
pileus and similarly sized basidiospores, G. discipes, G. expallens (Peck) Murrill,
G. fusipes (Bull.) Gray, G. micromphaloides R.H. Petersen & K.W. Hughes, G. oculatus
Murrill, G. omphalinoides, G. pseudomphalodes (Dennis) ].L. Mata, G. purpureicollus
(Corner) A.W. Wilson, Desjardin & E. Horak, G. sepiiconicus (Corner) A.W. Wilson,
Desjardin & E. Horak and G. subflavescens Murrill are similar to the new species.
However, G. discipes has a subfleshy pileus with a wide umbo, free and ventricose
lamellae and a white stipe (Murrill 1916); G. expallens has basidiomata with a distinct
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odour, a hygrophanous pileus, adnexed and ventricose lamellae, and a broad stipe
up to 4 mm (Murrill 1916); G. fusipes has a fleshy pileus and a fusoid stipe with
pseudorrhiza (Antonin and Noordeloos 2010); G. micromphaloides, sect. Vestipedes
(= Collybiopsis micromphaloides (R.H. Petersen & K.W. Hughes) R.H. Petersen],
has adnexed and ventricose lamellae, a scurfy-vestured stipe, and strongly encrusted
hyphae of the pileipellis (Petersen and Hughes 2014); G. oculatus has a white pileus
in general, nearly free lamellae and a whitish pruinose, larger stipe (Murrill 1916);
G. omphalinoides generally has a deeply umbilicate pileus, broad, adnate and ventricose
lamellae; G. pseudomphalodes has a cream pileus and regularly cylindrical cheilocystidia
(Dennis 1961); G. purpureicollus has a hygrophanous pileus, subfree to adnate lamellae
with a decurrent tooth and a lamellar edge without cheilocystidia (Wilson et al. 2004);
G. sepiiconicus, sect. Levipedes, has hyphae with annular incrustations in the stipitipellis
(Wilson et al. 2004); and G. subflavescens has white basidiomata overall, crowded
lamellae and small, globose basidiospores (Murrill 1916).

Discussion

According to the phylogenetic results, the two new species could be taken to represent
a new section within Gymnopus s. s.tr., a new subsection of Gymnopus sect. Gymnopus
or a new member of G. sect. Gymnopus. Suppose the two new species and samples
from India represent a new section or subsection? In that case, the samples from New
Zealand may occupy a taxonomic position at the same level due to their phylogenetic
relationship. Thus, given the three alternative systematic interpretations for the two
new species and the monophyletic group they form, we argue that the morphological
features and evidence from the molecular data strongly support the two new species as
members of G. sect. Gymnopus.

Morphologically, the taxonomic placement of G. omphalinoides and G. schizophyllus
can be correlated with the pileipellis features, particularly its terminal cells. After
comparison, the two new species with glabrous stipe and at least the part of Dryophila-
like structures in pileipellis are easily confused with species within the G. sect. Levipedes
(Fr.) Halling (Antonin and Noordeloos 2010). However, the new species have additional
inflated and broad pileipellis terminal elements and are only distantly related to that
section. Gymnopus sect. Androsacei and G. sect. Gymnopus are included in a strongly
supported clade, indicating they are close. But G. sect. Androsacei has rhizomorphs,
dextrinoid trama (at least in the stipe apex) and a pileipellis mixed with broom cells
(Antonin and Noordeloos 2010). Furthermore, G. sect. Androsacei does not form a
distinct monophyletic clade neither in this study nor in Oliveira et al. (2019), César et
al. (2020), and so forth. This issue needs to be addressed in future studies. Currently,
known species with molecular data are very few, which perhaps could explain this
topologic structure. Additionally, a phylogenetic tree based on more genetic markers
might provide an improved result. Besides, G. sect. Impudicae is characterised by
basidiomata with distinctive odour and often inconspicuous cheilocystidia (Antonin
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and Noordeloos 2010). These divergent morphological features reflect the non-trivial
phylogenetic distance from the two new species. Unexpectedly, the two new species
have a membranous pileus and non-fusoid stipe devoid of pseudorrhiza, contrary
to the traditional circumscription of G. sect. Gymnopus in macro-morphology.
However, the molecular phylogenetic results reveal that the clade they form is the
most closely related group to G. sect. Gymnopus except for the two samples from
New Zealand. After examining the micromorphological structures intensively, the
synapomorphy eventually came to the surface. Cheilocystidia of both newly described
species are versiform diverticulated cells and generally agree in size and shape with
those of G. fusipes (Fig. 6). Also, the pileipellis, composed of inflated elements with
some resembling Dryophila-type structures, is similar to G. fusipes and follows the
key rule for sectional delimitation in Gymnopus s. str. [for a detailed macro- and
micromorphological description of G. fusipes see Antonin and Noordeloos (1997,
2010)]. Besides, the two new species lack a typical Rameales-type pileipellis and any
well-developed caulocystidia, in contrast to G. sect. Vestipedes which is already a part of
Collybiopsis (Antonin and Noordeloos 2010; Oliveira et al. 2019; Petersen and Hughes
2021). Furthermore, the original G. sect. Perforantia is currently considered a distinct
genus — Paragymnopus — whose members usually have non-glabrous stipe and lack
cheilocystidia (Petersen and Hughes 2016; Oliveira et al. 2019).

As the characteristic of the pileipellis is a significant factor for sectional delimitation
in Gymnopus, the features in macro-morphology are second. The current sectional
concept was summarised based on features from one species, G. fusipes. That means
the single known species circumscribes the current knowledge at the sectional level.
This is also why only minor divergence in micro-morphology occurs between G. sect.
Gymnopus and the two new species. Following the indication from phylogenetic results
and similarity of micro-morphology, thus, an emended and improved concept of G. sect.
Gymnopus is proposed herein by including G. omphalinoides and G. schizophyllus.

A very interesting and unusual characteristic is a splitting lamellar edge in both
newly described species. What advantage such split lamellar edge could confer is
difficult to surmise, but Antonin and Herink (1999) described the same characteristic
in Gymnopus luxurians (Peck) Murrill [recently Collybiopsis luxurians (Peck) R.H.
Petersen]. They proposed that this may be a reaction to specific climatic conditions
(the higher humidity, the better hymenium development) because it was most distinct
in the collections from greenhouses, botanic gardens and tropical Africa.

Borthakur and Joshi (2016) provided a nrITS sequence and a few morphological
characteristics of the collection NEHU MBSRJ48 annotated as Micromphale
Jfoetidum which comes from a subtropical forest of Northeast India, quite similar to
G. schizophyllus. However, the sequence is quite different from the sequences more
well-recognised for the current Gymnopus foetidus (Sowerby) PM. Kirk. It likely
represents an incorrectly determined ITS sequence in GenBank like several others
as argued by Nilsson et al. (2006) and Hofstetter et al. (2019). The specimen has a
depressed to umbilicate pileus, a glabrous stipe and similarly sized basidiospores (5.2
x 2.88 um). The nrITS sequence is highly similar to that of G. schizophyllus, implying
they are possibly conspecific. The collection from India clearly belongs in G. sect.



Revision of Gymnopus sect. Gymnopus 199

/. &7@%
i

Figure 6. Gymnopus fusipes (Mokra near Brno, place called Nad dlouhym (Sivicky les forest), 18 June
2002, A. Vigner, BRNM 670783) a Cheilocystidia b Pileipellis terminal cells. Drawings by V. Antonin.
Scale bar: 20 pum.

b

Gymnopus. The collections from New Zealand, named as Marasmius otagensis, are
characterised by a depressed to umbilicate pileus, glabrous stipe and a pileipellis
with broad, mostly inflated terminal elements (according to photos from Dr. Jerry
Cooper). The phylogenetic placement indicates that this is another member of G.
sect. Gymnopus.

Gymnopus sect. Gymnopus, emend.

Emended circumscription. Pileus membranous or fleshy; stipe smooth or slightly
to deeply sulcate-striate, with a well-developed or reduced pseudorrhiza; spore print
white to pale ochraceous; cheilocystidia versiform, clavate, fusoid, tending inflated,
sometimes with more or less finger-like apical projection(s), or diverticulate elements;
pileipellis a cutis, or this transitioning to a trichoderm, with broad terminal elements,
mostly inflated, mixed with irregularly branched elements and some resembling
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Dryophila-type structures; no dextrinoid or cyanophilous structures; rooting in the
substrate, frequently on roots or stumps.

Type species. Gymnopus fusipes (Bull.) Gray

Other currently recognised species. G. omphalinoides J.P. Li, TH. Li & Y. Li,
G. schizophyllus ].P. Li, TH. Li & Y. Li

A key to species of Gymnopus sect. Gymnopus

1 Pileus fleshy; stipe with a distinct pseudorrhiza.........ccooeceinicanee. G. fusipes
- Pileus membranous; stipe without a pseudorrhiza but rooting in the

SUDSTIATE L.t 2
2 Pileus generally deeply umbilicate; lamellae broad, adnate and ventricose......

........................................................................................ G. omphalinoides
- Pileus more or less depressed; lamellae adnate, linear to arcuate.....................

........................................................................................... G. schizophyllus
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