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Abstract

Bursaphelenchus xylophilus, a pathogenic pine wood nematode (PWN), is responsible for pine wilt
disease (PWD), which has caused significant economic and ecological damage worldwide, particularly
in East Asia. Multiple biological factors, such as the beetle vector Monochamus, symbiotic bacteria and
associated fungi, are involved in the disease infection cycle. This study isolated and identified the fun-
gal communities of Monochamus alternatus larval galleries and pupal chambers from different instars
through field investigation, morphological observation and multi-locus DNA sequence analyses in
Zhejiang Province, China. A total of 255 and 454 fungal strains were isolated from M. alternatus gal-
leries and pupal chambers infected with PWN, from the 2°¢-3 and 4"-5% instar larvae, respectively.
A total of 18 species of fungi were identified, 14 species were isolated from the 2"-3 instar larval
galleries and six species from the galleries and pupal chambers of the 4%—5" instar larvae. Amongst
them were six species belonging to four genera of ophiostomatalean fungi, including two novel spe-

cies, Graphilbum xianjuensis sp. nov. and Ophiostoma taizhouense sp. nov. and four known species,
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Ceratocystiopsis weihaiensis, Ophiostoma ips, Sporothrix zhejiangensis and S. macroconidia. The findings
revealed that the fungal diversity and abundance of the 2"-3 instar larvae differed markedly from
those of the 4"~5" instar larvae. This difference could be the result of fungal succession. This study
provides a thorough understanding of the fungi associated with PWD and lays the groundwork for
future research.
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Introduction

The pine wood nematode (PWN), Bursaphelenchus xylophilus (Steiner & Buhrer)
Nickle, is a pathogenic nematode that is responsible for the devastating epidemic of
pine wilt disease (PWD) worldwide (Mota and Vieira 2008; Robertson et al. 2011),
particularly throughout Japan, Korea and China (Togashi and Jikumaru 2007; Jung
et al. 2010; Abelleira et al. 2011; Foit et al. 2019). Since the first report in Nanjing,
China, in 1982, PWD has spread through more than 700 counties in 19 provinces
(State Forestry Administration of the People’s Republic of China 2021), killing over
one billion pine trees (Zhu et al. 2021). Economic and ecological losses have totalled
thousands of billions of Chinese Yuan. PWN has diverse carriers and hosts. Carriers in-
clude more than eight beetle species and at least 25 hosts are susceptible under natural
conditions (Zheng et al. 2021). In China, the primary PWN vector is the sawyer beetle
Monochamus alternatus Hope (Coleoptera, Cerambycidae), while Pinus massoniana is
one of the earliest and most susceptible hosts (Linit et al. 1983; Kobayashi et al. 1984;
Ye 2019; Ji et al. 2021).

The PWN is the predominant pathogen in this complex ecosystem (Zhao et
al. 2014). The symbiotic interaction between the PWN-vector and fungi is a key
biological factor that promotes PWN pathogenicity and invasiveness (Zhao et al.
2014; Zhao and Sun 2017). Molecular analysis has repeatedly demonstrated that
the fungus and the PWN have a close symbiotic relationship, as evidenced by the
draft genome sequence of a PWN inbred line which revealed that all PWN cel-
lulases were most likely acquired independently from fungi (Kikuchi et al. 2011).
Metagenomic analysis of the PWN microbiome indicates that the PWN and its
microbiome have established a potentially mutualistic symbiotic relationship with
complementary pathways in detoxification metabolism (Kikuchi et al. 2011; Cheng
et al. 2013).

Current research has shown that PWN has an important mycetophagous phase
in its life history (Ryss et al. 2005; Espada et al. 2016). Many airborne fungi,
including endophytes (Botrytis cinerea and Cladosporium herbarum) and pathogens
(Sirococcus conigenus and Sphaeropsis sapinea), are positively correlated with the growth
of the nematode population (Pimentel et al. 2021), with ophiostomatalean fungi
(Ascomycota: Sordariomycetes: Ophiostomatales) particularly important in terms of
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their association with PWN-M. alternatus symbionts. The Ophiostomatales order
includes one family (Ophiostomataceae) and twenty genera (Afroraffaclea, Aureovirgo,
Ceratocystiopsis, Chrysosphaeria, Dryadomyces, Esteya, Fragosphaeria, Graphilbum,
Grosmannia, Hawksworthiomyces, Harringtonia, Heinzbutinia, Intubia, Jamesreidia,
Leptographium, Masuyamyces, Ophiostoma, Paleoambrosia, Raffaclea and Sporothrix) (de
Beer etal. 2014, 2016, 2022; Hyde et al. 2020; Wijayawardene et al. 2022). Sporothrix
sp.1, for example, induces the xylem tissue of the pine tree to produce diacetone
alcohol, which may increase PWN propagation and beetle larvae growth (Zhao et al.
2013). PWN produces ascarosides that promote fungal (Leptographium pini-densiflora
and Sporothrix sp.1) growth and sporulation (Zhao et al. 2018). In addition, some
fungi are detrimental to PWN. Esteya vermicola is an example of direct antagonism
(Wang et al. 2011). The lunate conidia of E. vermicola are highly infectious to PWN
(Liou et al. 1999).

The invasion of beetles altered the internal habitat and mycoflora of pine trees
(Zhang et al. 2021). Fungal invasion patterns in beetle-infested hosts may have been
successional. Ips typographus, for example, attacked Norway spruce with the virulent
Ceratocystis polonica, followed by other beetle-diffused Graphium and Ophiostoma fungi
(Solheim 1992a, 1992b); Tomicus minor invaded Pinus sylvestris with Hormonema
dematioides first, followed by Ophiostoma tingens and O. canum (Jankowiak 2008).
Ophiostoma ips was not isolated from the 2™-3" instar larvae galleries of M. alternatus,
but the isolation rate from the 4*-5® instar larvae galleries was 92.5% (Lun et al.
2019). The diversity and abundance of fungi associated with M. alternatus larvae of
different instars in PWN-infected pines, as well as the successional pattern of fungi
in PWN-M. alteratus symbionts are unknown. To date, 14 ophiostomatalean fungi
have been obtained from M. alternatus galleries and pupal chambers along with PWN
(Zhao et al. 2013, 2014, 2018; Wang et al. 2018; Lun et al. 2019). However, these
studies are sporadic reports and no systematic studies have been conducted.

This research aimed to compare the diversity of fungi in different instars of the
PWN-infected M. alternatus larval galleries and pupal chambers in south-eastern Chi-
na. Field surveys were used in conjunction with integrated morphological observation
and multi-locus DNA sequence analysis to describe the diversity of fungi associated
with PWN and M. alternatus. This study provides a scientifically reliable and theoreti-
cal foundation for effective PWD control from the fungal perspective.

Materials and methods

Collection of samples and fungal isolations

From October to November 2020, fungi were isolated from 380 and 510 samples
of different instars from M. alternatus larvae galleries and pupal chambers in Pinus
massoniana, respectively, in the Huangyan District (28°56'90"N, 121°17'56"E),
Xianju County (28°75'28"N, 120°59'97"E), Zhejiang Province. All the trees used
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in this study showed signs of death and sap stains and PWNs were simultaneously
isolated from galleries and pupal chambers by Behrman funnel. The samples were
collected by hand saw, individually placed in sterile envelopes, stored at 4 °C and
separated within a week. The surfaces of galleries and pupal chambers were disin-
fected with 1.5% sodium hypochlorite for 1 min, rinsed with sterile water three
times and then cut into approximately 3 x 3 mm? tissue blocks. They were then in-
oculated on to a 2% (w/v) water agar medium (20 g agar powder in 1 ] of deionised
water) and cultured in the dark at 25 °C (Seifert et al. 1993; Wang et al. 2019; Wang
etal. 2020). Subsequently, all strains were purified by hyphal tip isolation (Eckhardt
2002) and transferred on to 2% (w/v) malt extract agar (MEA: 20 g malt extract
powder and 20 g agar powder in 1 ] of deionised water) for growth in the dark at
25 °C. All strains were deposited at the Chinese Academy of Forestry (Table 1).
Representative cultures were deposited at the China Forestry Culture Collection

Center (CFCC) (Table 2).

Culture and morphological studies
The growth of representative strains was monitored daily and the culture characteris-

tics of the colonies were recorded. Microscopic features were observed using a BX51

Table 1. Species of the fungi isolated from Pinus massoniana infected by Monochamus alternates and

Bursaphelenchus xylophilus in the current study.

Taxon Species 2_3 jnstar larvae 4%-5% instar larvae
number isolation rate number isolation rate
1 Ceratocystiopsis weihaiensis 3 1.18% N/A N/A
Chaetomium globosum 1 0.39% N/A N/A
Colletotrichum gloeosporioides 8 3.14% N/A N/A
Cytospora sp. 11 4.31% N/A N/A
Diplodia sapinea 27 10.59% 76 16.74%
Fusarium sp. 10 3.92% N/A N/A
2 Graphilbum sp. N/A N/A 12 2.64%
3 Ophiostoma ips N/A N/A 231 50.88%
4 Ophiostoma sp. 62 24.31% N/A N/A
Penicillium sp. 2 0.78% 5 1.10%
Pestalotiopsis sp. N/A N/A 2 0.44%
Phialocephala sp. 45 17.65% N/A N/A
Pseudocosmospora sp. 14 5.49% N/A N/A
Schizophyllum sp. 8 3.14% N/A N/A
5 Sporothrix macroconidia 4 1.57% N/A N/A
S. zhejiangensis 8 3.14% N/A N/A
Trichoderma atroviride N/A N/A 107 23.57%
Xenoacremonium sp. 37 14.51% N/A N/A
Unidentified 15 5.88% 21 4.63%
The total number of strains 255 100% 454 100%

Unseparated data is represented by [N/A].
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Table 2. Strains of ophiostomatalean fungi isolated from Pinus massoniana infested by Monochamus
alternatus and Bursaphelenchus xylophilus in the current study.

Taxon Species Strain no Location GenBank no
ITS TUB2 TEF1-o
1 Ceratocystiopsis weihaiensis CFCC 55742 Huangyan OK104016 OM103280 N/A
CXY4012
CFCC 55743 Huangyan OK104017 OM103281 N/A
CXY4013
CXY4019  Huangyan N/A N/A N/A
2 Graphilbum xianjuensis sp. nov. CFCC 55738"  Xianju = OK104014 OM103285 ONO033177
CXY4010
CFCC55739  Xianju  OKI104015 OM103286 ON033178
CXY4011
CXY4018 Xianju N/A N/A N/A
3 Ophiostoma ips CFCC 55735  Xianju  OK104009 OMO056673 N/A
CXY4005
CFCC 55736 Xianju ~ OK104010 OMO056674 N/A
CXY4006
CFCC55732  Xianju  OK104011 OMO056675 N/A
CXY4007
4 Ophi a taizh sp. nov. CFCC55740" Huangyan OK104005 OM103276 N/A
CXC4001
CFCC 55731 Huangyan OK104006 OM103277 N/A
CXY4002
CFCC 55733 Huangyan OK104007 OM103278 N/A
CXY4003
CFCC 55734 Huangyan OK104008 OM103279 N/A
CXY4004
5 Sporothrix macroconidia CFCC 55741 Huangyan OK104013 OL352730 N/A
CXY4009
CXY4016  Huangyan N/A N/A N/A
CXY4017  Huangyan N/A N/A N/A
6 S. zhejiangensis CFCC 55737 Huangyan OK104012 OM103282 N/A
CXY4008

CXY4014 Huangyan N/A OM103283 N/A
CXY4015  Huangyan N/A OM103284 N/A

Species names in bold are novel species described in this study. “T” indicates ex-type strains.

CFCC: China Forestry Culture Collection Center, Beijing, China.

CXY (Culture Xingyao): Culture collection of the Research Institute of Forest Ecology and Nature Conservation,
Chinese Academy of Forestry.

Sequences missing data are indicated by [N/A]

Olympus microscope (Tokyo, Japan) with differential interference contrast. Fifty
measurements were made for each microscopic taxonomical structure. The formula
(min-) (mean—SD)—(mean+SD) (—max) was used to calculate averages, ranges, stand-
ard deviation (SD), minimum (min) and maximum (max) measurements, respectively.
All relevant data pertaining to type specimens were deposited in MycoBank (www.
MycoBank.org).
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A 7 mm diameter mycelium plug was taken from a flourishing fungal colony using
a sterile puncher and placed at the centre of 90 mm diameter 2% MEA plates, with
one side of mycelium in contact with the media. Five replicate plates for each strain
were incubated in a dark incubator at 5-35 °C with a temperature interval of 5 °C.
The diameter of the colonies on each dish was measured every day by the orthogonal
method until the fastest-growing mycelium reached the edge of the dish. The colony
colour was then described using the Rayner (1970) colour chart.

DNA extraction, amplification and sequencing

Mycelia of representative strains were scraped with a sterile blade from the edge of the
medium and transferred to 2 ml Eppendorf tubes for DNA extraction. DNA extraction
and purification were carried out using the Invisorb Spin Plant Mini Kit (Tiangen, Bei-
jing, China) according to the manufacturer’s instructions. The primer pairs ITS1/I1TS4
(White et al. 1990), BT2a/BT2b (Glass and Donaldson 1995) and EF1/EF2 (Jacobs
et al. 2004) were used for the internal transcribed spacer (ITS) region of the nuclear
ribosomal DNA operon, including spacers 1 and 2 and the 5.8S gene, the -tubulin
(BT) gene region and transcription elongation factor-la (TEF-10), respectively.

Polymerase chain reaction (PCR) amplification was performed using a Veriti 96-
Well Fast Thermal Cycler (Applied Biosystems Veriti96, Foster City, CA, USA). PCR
was carried out in a final volume of 25 ul (2.5 mM MgCl,, 1x PCR buffer, 0.2 mM
dNTP 0.2 mM of each primer and 2.5 U Tag-polymerase enzyme). The cycling con-
ditions were the same as those described for primer design (White et al. 1990; Glass
and Donaldson 1995; Jacobs et al. 2004). The PCR products were purified using the
MSB Spin PCR Apace Kit (250) (Invitek, Berlin, Germany) in accordance with the
manufacturer’s instructions.

Sequencing reactions were performed using a CEQ DTCS Quick Start Kit (Beck-
man Coulter, Brea, CA, USA) according to the manufacturer’s instructions, with the
same PCR primers as above. Nucleotide sequences were determined using a CEQ
2000 XL capillary automated sequencer (Beckman Coulter). Complementary and
overlapping DNA electropherograms were checked and assembled using BioEdit v.
7.2.0. (Hall 1999).

Sequence alignment and phylogenetic analysis

Preliminary identification of the strains was conducted using the standard basic local
alignment search tool (BLAST) searches in NCBI GenBank (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) and sequences with the highest similarity were downloaded from
GenBank. Alignment of the genes was performed using MAFFT 7.0 (https://mafft.
cbre.jp/alignment/server/) (Katoh and Standley 2013), with the E-INS-I option with
a gap-opening penalty of 1.53 and an offset value of 0.00 and edited manually using
Molecular Evolutionary Genetic Analyses (MEGA) 7.0 software (Kumar et al. 2016).
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Maximum Parsimony (MP), Maximum Likelihood (ML) and Bayesian Inference (BI)
were used to infer the phylogenetic trees from each dataset. Two concatenated matrices
of ITS and BT sequences were generated for Ceratocystiopsis and the O. ips complex.

MP analyses were implemented using PAUP* version 4.0b10 (Swofford 2003).
The gaps were treated as the fifth base. Bootstrap analysis (1000 bootstrap repetitions)
was used to determine the confidence level for inferring the nodes in the tree topol-
ogy. Tree bisection and reconnection were selected as the branch swapping option. For
each dataset of the 5000 most-parsimonious trees, the best tree that was automatically
output by PAUP* v. 4.0b10 was selected for use in the figure.

ML analyses were carried out using RAXML-HPC (version 8.2.3; Stamatakis
2014) and the selected GTR-GAMMA model of site substitution included the estima-
tion of gamma-distributed rate heterogeneity and a proportion of invariant sites. ML
analysis included 1000 bootstrap analyses to evaluate the overall reliability of the node
support value and tree topology.

BI analyses using Markov Chain Monte Carlo (MCMC) methods were imple-
mented in MrBayes version 3.1.2 (Ronquist et al. 2012), from a random starting tree
for 5,000,000 generations, to calculate posterior probability values for the nodes.
When we run to 5,000,000 generations, the split frequencies of all datasets were less
than 0.01. Chain convergence for all datasets was determined using Tracer 1.7 (Ram-
baut et al. 2018). No lack of convergence was detected. Trees were sampled every 100
generations and the first 25% of trees sampled were discarded as burn-in, while the
remaining trees were used to calculate Bayesian posterior probabilities of the clades.
Phylogenetic trees were edited in Figtree version 1.4.3 (http://tree.bio.ed.ac.uk/sosft-
ware/figtree/) and Adobe Illustrator CS6.

Results

Fungal isolation and sequence comparison

A total of 709 strains of fungi were isolated from the M. alternatus larval galleries
and pupal chambers (2"-5" instars). The strains were divided into 18 taxa, based
on colony morphology and multi-locus DNA sequence alignment (ITS and BT)
analysis. A total of 255 fungal strains, representing 14 taxa, were isolated from the
galleries of 2"-3" instar larvae. Taxon 4 was the dominant taxon accounting for 62
of the 255 strains. A total of 454 fungal strains were isolated from the galleries and
pupal chambers of the 4"-5® instar larvae and divided into six taxa. The dominant
taxon was O. ips, accounting for 231 out of the 454 strains (Table 1). Only two
fungi (Diplodia sapinea and Penicillium sp.) could be isolated from both 24-3
instar larval galleries and 4™-5" instar larval galleries and pupal chambers, except
for unidentified species. In this study, 320 ophiostomatalean fungi strains (320
strains out of 709 fungal strains) were isolated, including six tentative species. Four
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Figure 1. ML tree of the ITS region of Ophiostoma, Sporothrix, Graphilbum, Ceratocystiopsis. Bootstrap
values of ML/MP > 70% are recorded at nodes as ML/MP and bold branches indicate posterior probabil-
ity values > 0.9. ML and MP, Bootstrap values < 70% are indicated by the symbol *. The tree is drawn to
scale (see bar) with branch length measured in the number of substitutions per site. Strains representing
ex-type sequences are marked with “T.” ML, Maximum Likelihood; M, Maximum Parsimony; BI, Bayes-

ian Inference and the final alignment of 734 positions, including gaps.
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of these six species were obtained from the galleries of the 2"-3" instar larvae and
two species were isolated from the galleries and pupal chambers of the 4"-5" instar

larvae (Table 1).

Phylogenetic analyses

There were 709 strains obtained in this study, but some strains have a small number
of strains. In this study, we selected 2—4 representative strains from each Taxon and
nineteen representative strains of Ophiostomatales belonging to six tentative spe-
cies (Taxa 1-6) were selected for phylogenetic analyses (Table 2). All the sequences
used for the phylogenetic trees were submitted to GenBank. The three phyloge-
netic approaches yielded similar topologies, with statistical support varying slightly
for each sequence dataset. Phylograms derived from ML analysis were presented
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Figure 2. ML tree of Ceratocystiopsis generated from the combined (ITS+BT) sequence data. Boot-
strap values of ML/MP > 70% are recorded at nodes as ML/MP and bold branches indicate posterior
probability values > 0.9. ML and MP, Bootstrap values < 70% are indicated by the symbol *. The
tree is drawn to scale (see bar) with branch length measured in the number of substitutions per site.
Strains representing ex-type sequences are marked with “T.” Abbreviations: ML, Maximum Likeli-
hood; MP, Maximum Parsimony; BI, Bayesian Inference and the final alignment of 1040 positions,
including gaps.
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Figure 3. ML tree of the BT region of Graphilbum. Bootstrap values of ML/MP = 70% are recorded at
nodes as ML/MP and bold branches indicate posterior probability values > 0.9. ML and MP, Bootstrap
values < 70% are indicated by the symbol *. The tree is drawn to scale (see bar) with branch length meas-
ured in the number of substitutions per site. Strains representing ex-type sequences are marked with “T.
Abbreviations: ML, Maximum Likelihood; MP, Maximum Parsimony; BI, Bayesian Inference and the
final alignment of 548 positions, including gaps.

for each individual dataset, along with nodal supports derived from the MP and
BI analyses.

The ITS phylogenetic tree showed that six representative taxa (Table 2) belonged
to six phylogenetic clades (Fig. 1). Taxa 1-2 nested within the Ceratocystiopsis and
Graphilbum lineages, respectively; Taxa 3—4 nested within the Ophiostoma lineage,
Taxon 3 belonging to the Ophiostoma minus complex and Taxon 4 belonging to the
O. ips complex (de Beer and Wingfield 2013); Taxa 5-6 belonged to the Sporothrix and
were not placed in any complex defined by de Beer et al. (2016) (Fig. 1).

Taxon 1 included three isolates, all of which were included in the analyses (Ta-
bles 1, 2). Based on the phylogenetic analysis of the combined dataset (ITS+BT), this
taxon forms a well-supported clade with Ceratocystiopsis weihaiensis (Fig. 2). Hence, the
strains in Taxon 1 should be identified as C. weibaiensis.
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Figure 4. ML tree of the TEF region of Graphilbum. Bootstrap values of ML/MP > 70% are recorded at
nodes as ML/MP and bold branches indicate posterior probability values = 0.9. ML and MP, Bootstrap
values < 70% are indicated by the symbol *. The tree is drawn to scale (see bar) with branch length meas-
ured in the number of substitutions per site. Strains representing ex-type sequences are marked with “T.
Abbreviations: ML, Maximum Likelihood; MP, Maximum Parsimony; BI, Bayesian Inference and the
final alignment of 725 positions, including gaps.

Taxon 2 consisted of 12 isolates, three of which were used for phylogenetic analyses
(Tables 1, 2). The phylograms of ITS, BT and TEF-1o datasets revealed that Taxon 2
was an independent clade closely related to Graphilbum acuminatum, G. anningense
and G. translucens (Figs 1, 3, 4). As a result, Taxon 2 should be interpreted as belonging
to a distinct, undescribed Graphilbum species.

Taxon 3 was represented by three sequences that formed a well-supported clade
with O. ips, based on the ITS tree (Fig. 1). Further phylogenetic analysis, based on
combined datasets (ITS+BT) yielded similar results (Fig. 5). Based on ITS and BT
phylogenetic analysis, Taxon 4, represented by three sequences, has a well-supported
independent clade with Ophiostoma sp.1 (CFCC52628) (Wang et al. 2019), which
is closely related to O. allantosporum, O. pseudotsugae and O. wuyingensis (Figs 6, 7).
Thus, Taxon 3 should be identified as a known species of O. ips, whereas Taxon 4
should be interpreted as a distinct, undescribed Ophiostoma species.
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Figure 5. ML tree of the O. ips complex generated from the combined (ITS+BT) sequence data. Boot-
strap values of ML/MP > 70% are recorded at nodes as ML/MP and bold branches indicate posterior
probability values > 0.9. ML and MP, Bootstrap values < 70% are indicated by the symbol *. The tree
is drawn to scale (see bar) with branch length measured in the number of substitutions per site. Strains

representing ex-type sequences are marked with “T.” Abbreviations: ML, Maximum Likelihood; MP,
Maximum Parsimony; BI, Bayesian Inference and the final alignment of 953 positions, including gaps.

Taxon 5 consisted of four isolates, three of which were used for the phylogenetic
analyses. Based on the ITS and BT phylogenetic trees, Taxon 5 grouped with Sporothrix
zhejiangensis (Figs 1, 8). Thus, it should be identified as S. zhejiangensis.

Taxon 6 consisted of eight isolates, three of which were selected for analysis. Taxon
6 grouped with Sporothrix macroconidia, based on the ITS and BT phylogenetic trees
(Figs 1, 8). As a result, Taxon 6 was designated as S. macroconidia.

Taxonomy

According to the ITS and BT phylogenetic analyses, six different taxa (Taxon 1-6) were
identified in this study. They represent four known species, Ceratocystiopsis weibaiensis,
O. ips, S. macroconidia and S. zhejiangensis (Lun et al. 2019; Wang et al. 2019; Chang
etal. 2021), in addition to two novel species. They are described as follows:
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ITS 84/90r O. minus DQ539505
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Figure 6. ML tree of the I'TS region of O. minus complex. Bootstrap values of ML/MP > 70% are record-
ed at nodes as ML/MP and bold branches indicate posterior probability values = 0.9. ML and MP, Boot-
strap values < 70% are indicated by the symbol *. The tree is drawn to scale (see bar) with branch length
measured in the number of substitutions per site. Strains representing ex-type sequences are marked with
“T.” Abbreviations: ML, Maximum Likelihood; MP, Maximum Parsimony; BI, Bayesian Inference and
the final alignment of 537 positions, including gaps.

Graphilbum xianjuensis G. H. Zheng & Q. Lu, sp. nov.
MycoBank No: 842387
Fig. 9

Etymology. The epithet xianju (Latin) refers to the type locality.

Type. CHINa, Zhejiang, Xianju County, from Monochamus alternatus galleries and
pupal chambers of Pinus massoniana infested by Bursaphelenchus xylophilus, December
2020, collected by G. H. Zheng, culture ex-holotype CFCC55738 = CXY4010.

Description. Sexual morph: not observed.

Asexual form: Hyalorhincladiella-like. Conidiogenous cells were simple or loosely

branched, (9.12-) (15.44) — (48.64) (-62.49) x (1.25-) (1.53) — (2.21) (-2.45) pm. Co-
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Figure 7. ML tree of the BT region of O. minus complex. Bootstrap values of ML/MP > 70% are record-
ed at nodes as ML/MP and bold branches indicate posterior probability values > 0.9. ML and MP, Boot-
strap values < 70% are indicated by the symbol *. The tree is drawn to scale (see bar) with branch length
measured in the number of substitutions per site. Strains representing ex-type sequences are marked with
“T.” Abbreviations: ML, Maximum Likelihood; MP, Maximum Parsimony; BI, Bayesian Inference and
the final alignment of 495 positions, including gaps.

nidia hyaline, smooth, cylindrical, aseptate, (4.76-) (6.07) — (9.87) (-13.41) x (0.99 -)
(1.32) — (2.1) (-2.65) pm.

Culture characteristics. Colonies on 2% MEA reaching 44.9 mm diameter, after
incubation in the dark at 25 °C for 3 d, growth rate up to 14.98 mm/d at the fastest
and colony margin irregular. Mycelium superficial to flocculose or floccose, hyaline,
reverse grey-white. The optimal temperature for growth at 30 °C; no growth was ob-
served at 5 °C.

Habitat and distribution. Larval galleries and pupal chambers of Monochamus
alternatus in Pinus massoniana, infested by Bursaphelenchus xylophilus, in Zhejiang
Province, China.
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Figure 8. ML tree of Sporothrix generated from the BT sequence data. Bootstrap values of ML/MP = 70%
are recorded at nodes as ML/MP and bold branches indicate posterior probability values = 0.9. ML and
MP, Bootstrap values < 70% are indicated by the symbol *. The tree is drawn to scale (see bar) with
branch length measured in the number of substitutions per site. Strains representing ex-type sequences
are marked with “T.” Abbreviations: ML, Maximum Likelihood; ME, Maximum Parsimony; BI, Bayesian
Inference and the final alignment of 313 positions, including gaps.

Additional specimens examined. CHINA, Zhejiang, from Monochamus alter-

natus galleries and pupal chambers of Pinus massoniana infested by Bursaphelenchus
xylophilus, December 2020, collected by G. H. Zheng, CFCC55739 = CXY4011,
CXY4018.
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f

Figure 9. Morphological characteristics of Graphilbun xianjuensis sp. nov. (CFCC = 55738, Taxon 2).
a, b thirty-day-old cultures on 2% MEA c~f Hyalorhincladiella-like asexual morph: conidiogenous cells
and conidia. Scale bars: 10 pm (c~f).

Note. Only the Hyalorhincladiella-like asexual form was observed in Graphilbum
xianjuensis. ‘This is closely related to the G. acuminatum, G. anningense and
G. translucens, based on the ITS, BT and TEF1-a phylogenetic trees (Figs 1, 3,
4). Four species differed according to the size of their conidia. The conidia of
G. xianjuensis (6.07-9.87 pm) are longer than those of G. anningense (4.5-6.4
um), G. acuminatum (3.5-6 pm) and G. translucens (2.4-3.5 pm) (Wang et al.
2019; Jankowiak et al. 2020). Besides, G. xianjuensis was found to be associated
with M. alternatus and PWN-infested P massoniana, whereas G. anningense was
reported in galleries of 7" yunnanensis and 1. minor associated with R yunnanensis in
southwest China (Wang et al. 2019), G. acuminatum has been reported in galleries
of Ips acuminatus and Pityogenes bidentatus associated with P sylvestris in Europe
(Jankowiak et al. 2020) and G. translucens was first reported in Cryphalus piceae
associated with P densiflora. In conclusion, four species of Graphilbum differ not
only in geographical distribution, but also in hosts and vectors. The optimum
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growth temperature of G. xianjuensis, G. anningense and G. translucens is 30 °C and
only G. acuminatum had an optimum growth temperature of 25 °C (Wang et al.
2019; Jankowiak et al. 2020).

Ophiostoma taizhouense G. H. Zheng & Q. Lu, sp. nov.
MycoBank No: 842388
Fig. 10

Etymology. ‘taizhow’ (Latin) refers to the type locality.

Type. CHiNa, Zhejiang Province, Taizhou City, from Monochamus alternatus gal-
leries of Pinus massoniana infested by Bursaphelenchus xylophilus, October 2020, col-
lected by G. H. Zheng and Q. Lu, culture ex-holotype CFCC55740 = CXY4001.

Description. Sexual morph: not observed.

Asexual form: Hyalorhincladiella-like. Conidiophores abundant, conidiog-
enous cells single, disposed in a dense rachis (3.08-) (6.6) — (15.63) (-23.07)
x (1.11-) (1.44) — (2.23) (-2.9) pm. Conidia hyaline, smooth, lunate, ellipsoid

Figure 10. Morphological characteristics of Ophiostoma taizhouense sp. nov. (CFCC = 55740, Taxon 4).

a, b twenty-day-old cultures on 2% MEA c—e Hyalorhincladiella-like asexual morph: conidiogenous cells
and conidia. Scale bars: 10 pm (c—e).
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to ovoid, curvulate, aseptate, (3.24-) (4.27) — (7.42) (-10.08) x (1.17-) (1.6) —
(2.39) (-2.86) pm.

Culture characteristics. Colonies on 2% MEA reaching 62.5 mm diameter, after
incubation in the dark at 25 °C for 3 d, growth rate up to 22.83 mm/d at the fastest, col-
ony margin smooth, hyphae are superficial on agar. Some white mycelium was produced
early during growth and became black after 8—15 d, transitioning from brown to dark
brown. The optimal temperature for growth at 30 °C; no growth was observed at 5 °C.

Habitat and distribution. Larval galleries of Monochamus alternatus in Pinus mas-
soniana, infested by Bursaphelenchus xylophilus, in Zhejiang Province, China.

Additional specimen examined. CHINA, Zhejiang, Taizhou City, from Monochamus
alternatus galleries of Pinus massoniana infested by Bursaphelenchus xylophilus,
October 2020, collected by G. H. Zheng and Q. Lu, CFCC55731 = CXY4002,
CFCC55733 = CXY4003, CFCC55734 = CXY4004.

Note. Only the Hyalorhincladiella-like asexual form was observed in Ophiostoma
taizhouense. According to ITS and BT phylogenetic analysis, it has a well-supported
independent clade with Ophiostoma sp.1 (CFCC52628) and is closely related to
O. allantosporum, O. pseudotsugae and O. wuyingensis (Figs 1, 5, 6). Only one strain
of Ophiostoma sp.1 was isolated in our laboratory from P yunnanensis infested with
1" yunnanensis in Yunnan Province, so this strain was not officially named before this
study. Although the geographical location and host of O. taizhouense and Ophiostoma sp.1
are different, their culture characteristics and gene sequences (ITS and BT) are identical
(Figs 1, 5, 6) (Wangetal. 2019). In general, the conidia of O. taizhouense (4.27-7.42 pm)
are longer than those of O. minus (2.5-6 pm) (Upadhyay 1981) and O. pseudotsugae
(2.7-5 pm) (Rumbold 1936). The optimal growth temperature of O. allantosporum and
O. pseudotsugae was 25 °C, that of O. wuyingensiswas 25-30 °C and that of O. taizhouense
was 30 °C (Gorton and Webber 2000, Chang et al. 2019). Both O. wuyingensis and
O. taizhouense showed pigmentation on 2% MEA medium, whereas O. allantosporum
has mid-brown hyphae, O. pseudotsugae has white-grey to snuff-brown, both showed no
agar pigmentation (Rumbold 1936; Villarreal et al. 2005). Ophiostoma wuyingensis was
first isolated from the gallery of Ips typographus on P koraiensis in Heilongjiang Province
(Chang et al. 2019). Ophiostoma allantosporum and O. pseudotsugae were isolated from
P resinosa in the USA and P menziesii were infected with Dendroctonus frontalis in North
America (Gorton and Webber 2000). Strains of O. taizhouense in this study were isolated
from P massoniana infected with PWN and M. alternatus.

Discussion

In the current study, 255 (containing 14 species) and 454 (containing six species)
strains were obtained from M. alternatus larval galleries and pupal chambers of 2"
34 and 45" instar, respectively, in P massoniana infested with PWN in the Zheji-
ang Province, south-eastern China (Table 1). A total of 320 ophiostomatalean fun-
gal strains out of overall 709 strains were obtained. The fungal diversity of 23"
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instar larvae was higher than that of 4*—5® instar larvae (Table 1; Fig. 11). Ophiostoma
taizhouense is the dominant species in the 2"-3 instar and O. ips is the primary spe-
cies at the 4*—5" instar. This is both similar and distinct from the previous research.
Some studies found Trichoderma sp. or Sporothrix sp.1 to be the most common fungus
associated with PWD (Zeng et al. 2006; Zhao et al. 2013), while others found the
same to be O. ips (Lun et al. 2019), as was found here. The phenomenon could be
caused by fungal succession, which occurs when PWN and M. alternatus select fungal
companions that are more conducive to their own growth and reproduction at differ-
ent life cycle stages. Therefore, future research on fungal diversity and abundance will
necessitate a more comprehensive sampling analysis.

Only two common fungal species were obtained from both 2*-3* instar larval gal-
leries, 4*—5™ instar larval galleries and pupal chambers. The abundance of D. sapinea
(103 out of 709) was higher than that of Penicillium sp. (7 out of 709). Diplodia sapinea
is commonly isolated from P nigra tip blight, P halepensis and P pinaster branch cankers
worldwide (Luchi et al. 2014). It is an important pathogen of the Pinus spp. In addition,
research has shown that D. sapinea can promote PWN reproduction and settlement (Kob-
ayashi et al. 1974; Sriwati et al. 2007). Penicillium sp. is a common fungus in nature that
also serves as an important biocontrol fungus (Sartaj et al. 2011; Win et al. 2021). How-
ever, there are no reports of Penicillium sp. affecting PWN, either negatively or positively.

Ophiostoma ips was first reported in pine trees associated with bark beetles in the
south-eastern United States (Rumbold 1936) and it has since been confirmed, using

Figure I I. Diagram showing the species of fungi were isolated from the galleries and pupae chambers of
different instar larvae of Monochamus alternates.
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microsatellite markers, to be distributed worldwide (Zhou et al. 2007). Unfortunately,
the study did not include Chinese strains. However, O. ips is regarded as one of the
most stable natural associates of PWN in the wild of China (Zhao et al. 2013; Lun et
al. 2019). According to Lun et al. (2019), O. ips was the dominant strain associated
with PWN and was frequently isolated at the late stage of PWD. In a study by Zhao
et al. (2013), O. ips was one of the three dominant ophiostomatoid fungi associated
with PWN, with an isolation rate of 36%. Although O. ips was not found in the galler-
ies of M. alternatus 2"—3 instar larvae in this study, it was the primary species at the
4*—5% instar, with an isolation rate of 50.88% and fungal abundance was much higher
than that of other fungi during this period. Experiments with nematode propagation
revealed that O. ips could breed nematodes, but not as effectively as Bozrytis cinerea
(Pimentel et al. 2021). In addition, biochemical analysis results revealed that O. ips
could produce a wide range of volatile chemical substances (Cale et al. 2019). The
4*5% instar larvae of M. alternatus are closely related to pinewood nematode dispersal
stage ], (the fourth-stage dispersal juvenile). However, the mechanism underlying the
interaction between O. ips and dispersal nematode juveniles is still lacking.

Ophiostoma taizhouense was the second most frequently isolated species of ophi-
ostomatalean fungi in our study (62 out of the 255 strains); nevertheless, it was only
associated with 2"-3 instar larvae. The association between O. tizhouense and PWD
needs further experimental verification as a new species. Although the isolation rate
of Phialocephala sp. and Xenoacremonium sp. is relatively high in 2-3" instar larvae,
these two fungi are both endophytes and there are no reports relating them to PWD.

In addition, three known ophiostomatalean fungi (C. weibaiensis, S. macroconidia
and S. zhejiangensis) and one new species (G. xianjuensis) were revealed with low iso-
lation rates during the survey. Simultaneously, some common endophytic and sap-
rophytic fungi were isolated from the galleries and pupal chambers of M. alternatus
larvae. The relationship between these fungi and PWN has not yet been reported.

In this study, a relatively large diversity of fungal species was obtained and identi-
fied as associated with PWN and M. alternatus in south-eastern China. The results
showed that the fungal diversity and abundance of the 2*-3" instar larvae differed
from those of the 4®—5" instar larvae. Fungi play an important role during the suc-
cessful survival, reproduction and spread of PWN (Zhao et al. 2014; Zhao and Sun
2017). Hence, it is vital to explore the relationship between fungi and PWDs. This
study provides a research basis for the fungi-PWN-M. alternatus symbiosis.
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Abstract

Species of Arthrinium s. . are usually known as endophytes, pathogens or saprobes occurring on various
hosts and substrates and are characterised by globose to subglobose, sometimes irregular, dark brown and
smooth-walled or finely verruculose conidia, always with a truncate basal scar. Currently, Arthrinium s. |.
contains two phylogenetically distinct clades, namely, Apiospora and Arthrinium s. s. However, Arthrinium
trachycarpi and Ar. urticae have still not been properly classified. With new isolates from diseased leaves
of Lithocarpus glaber collected in China, we propose the new Arthrinium-like genus Neoarthrinium in
Amphisphaeriales. Based on the morphology and phylogeny of multiple loci, the new genus is established
with the type species, V. lithocarpicola and three new combinations, V. moseri (syn. Wardomyces moseri),
N. trachycarpi (syn. Ar. trachycarpi) and N. urticae (syn. Ar. urticae) are added to this genus.

Keywords
Apiospora, Arthrinium, Neoarthrinium, phylogeny, taxonomy

Introduction

Apiosporaceae, including Arthrinium-like taxa, was proposed to accommodate genera
with apiosporous hyaline ascospores and a basauxic, Arthrinium-like conidiogenesis
(Hyde et al. 1998). In a recent outline of Sordariomycetes, Hyde et al. (2020)
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accepted five genera viz. Appendicospora, Arthrinium, Dictyoarthrinium, Endocalyx and
Nigrospora in family Apiosporaceae. Soon thereafter, Dictyoarthrinium was transferred
to Didymosphaeriaceae, based on a multigene phylogeny (Samarakoon et al. 2020).
Subsequently, Pintos and Alvarado (2021) separated Apiospora from Arthrinium, based
on the study of the type species of both genera and on multigene phylogeny. Recently,
Konta et al. (2021) transferred Endocalyx to Cainiaceae, based on morphological
and phylogenetic evidence and Samarakoon et al. (2022) described the new family
Appendicosporaceae for Appendicospora. Therefore, Apiosporaceae currently contains
three genera, viz. Apiospora, Arthrinium and Nigrospora.

Until the study of Pintos and Alvarado (2021), the genera Apiospora and
Arthrinium were considered synonymous, the first being used for the sexual morph
and the second for the asexual morph in dual nomenclature (Réblovd et al. 2016).
Following the abandonment of dual nomenclature, the older name Arthrinium was
recommended for use in unitary nomenclature (Réblovd et al. 2016). The genus
Arthrinium was proposed by Kunze and Schmidt (1817) and validated by Fries (1832)
with Ar. caricicola as the generic type. Apiospora, the type genus of Apiosporaceae,
was typified with Ap. montagnei, a new name for Sphaeria apiospora (Saccardo 1875).
However, the phylogenetic identity of Ap. montagnei has been confused because
multiple names in Arthrinium have similar sexual morphs that have been referred to
as Apiospora montagnei (Hudson et al. 1976; Pintos et al. 2019; Pintos and Alvarado
2021). New collections from the original region and hosts (Arundo, Piptatherum)
of Ap. montagnei have been isolated in pure culture and sequenced (Crous and
Groenewald 2013; Pintos et al. 2019). Five species, previously placed in Arthrinium,
are classified in Apiospora. Two of these phylogenetically distinct species, Ap. marii
and Ap. phragmitis, are morphologically similar to Ap. montagnei (Pintos and Alvarado
2021), but due to a lack of sequence data from the type, it cannot be determined which
of these two species should become a synonym of Ap. montagnei. Irrespective of these
taxonomic uncertainties in species concept, recent multigene phylogenies revealed
that Arthrinium and Apiospora represent two well-supported, distinct lineages close
to Nigrospora in Apiosporaceae (Pintos and Alvarado 2021; Samarakoon et al. 2022).
However, two Arthrinium species resembling Apiospora in conidial morphology, viz.
Ar. trachycarpi and Ar. urticae, were not considered in these studies.

Arthrinium-like species are globally distributed, inhabiting various substrates,
mainly associated with plant tissues as endophytes, pathogens and saprobes (Cooke
1954; Minter 1985; Larrondo and Calvo 1992; Senanayake et al. 2020; Feng et al.
2021; Jiang and Tian 2021; Tian et al. 2021). Some species are important plant path-
ogens; for example, Ap. arundinis causes bamboo brown culm streak, chestnut leaf
spot and barley kernel blight (Martinez-Cano et al. 1992; Chen et al. 2014; Jiang
et al. 2021), while Ap. sacchari causes damping-off of durum wheat (Mavragani et
al. 2007). Another species, Ar. phaeospermum, can cause dermatomycosis in humans
(Zhao et al. 1990).

In the present study, new Arthrinium-like isolates were collected and morpho-
logically examined and their phylogenetic affiliation was determined by analyses of
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a combined matrix of ITS, LSU, refl and b2 sequences. The aim of this study was
to determine the phylogenetic placement of Ar. zrachycarpi, Ar. urticae and our new
isolates within Amphisphaeriales, which resulted in the identification of a new phylo-
genetic lineage with isolates belonging to neither Arthrinium nor Apiospora. As a result,
a new genus is established for these isolates.

Materials and methods

Isolation and morphology

Diseased leaves of Lithocarpus glaber were observed and collected in Guangdong Prov-
ince of China (39 m elevation; 23°8'52"N, 113°27'18"E), packed in paper bags and
transferred to the laboratory for pure culture isolation. The samples were first surface-
sterilised for 1 min in 75% ethanol, 3 min in 1.25% sodium hypochlorite and 1 min
in 75% ethanol, rinsed for 2 min in distilled water and blotted on dry sterile filter
paper. Then, the diseased areas of the leaves were cut into 0.5 x 0.5 cm pieces using an
aseptic razor blade, transferred on to the surface of potato dextrose agar plates (PDA;
200 g potatoes, 20 g dextrose, 20 g agar per litre) and incubated at 25 °C to obtain pure
cultures. The cultures were deposited in the China Forestry Culture Collection Center
(CFCG; http://cfec.cafiac.cn/) and the specimen was deposited in the Herbarium of
the Chinese Academy of Forestry (CAF; http://museum.caf.ac.cn/).

The morphology of the isolates was studied, based on sporulating axenic cultures
grown on PDA in the dark at 25 °C. The conidiomata were observed and photo-
graphed under a dissecting microscope (M205 C, Leica, Wetzlar, Germany). The co-
nidiogenous cells and conidia were immersed in tap water and then the microscopic
photographs were captured with an Axio Imager 2 microscope (Zeiss, Oberkochen,
Germany), equipped with an Axiocam 506 colour camera using differential interfer-
ence contrast (DIC) illumination. For measurements, 50 conidiogenous cells and co-
nidia were randomly selected. Culture characteristics were recorded from PDA after
10 d of incubation at 25 °C in the dark.

DNA extraction, PCR amplification and phylogenetic analyses

Genomic DNA was extracted from colonies grown on cellophane-covered PDA using
a cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle 1990). DNA
was checked by electrophoresis in a 1% agarose gel and the quality and quantity were
measured using a NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA). The
following primer pairs were used for amplification of the gene regions sequenced in
the present study: ITS1/1TS4 for the ITS1-5.85-ITS2 nrtDNA region (ITS) (White et
al. 1990); LROR/LR5 for the 28S nrDNA region (LSU) (Vilgalys and Hester 1990);
EF1-728F/EF2 for the translation elongation factor 1-o (zefI) gene (O’Donnell and
Cigelnik 1997; Carbone and Kohn 1999); Bt2a/Bt2b for the beta-tubulin (z1262) gene
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(Glass and Donaldson 1995). The PCR conditions were set as follows: an initial dena-
turation step of 5 min at 94 °C, followed by 35 cycles of 30 s at 94 °C, 50 s at 52 °C
(ITS and LSU) or 54 °C (zefl and r#b2) and 1 min at 72 °C and a final elongation step
of 7 min at 72 °C. The PCR products were assayed via electrophoresis in 2% agarose
gels. DNA sequencing was performed using an ABI PRISM 3730XL DNA Analyser
with a BigDye Terminator Kit v.3.1 (Invitrogen, USA) at the Shanghai Invitrogen
Biological Technology Company Limited (Beijing, China).

The quality of the chromatograms obtained was checked and the nucleotide se-
quences were assembled using SeqMan v.7.1.0, the DNASTAR lasergene core suite
software (DNASTAR Inc, Madison, WI, USA). Reference sequences were retrieved
from the National Center for Biotechnology Information (NCBI; https://www.ncbi.
nlm.nih.gov), based on related publications (Crous and Groenewald 2013; Wang et al.
2018; Liu et al. 2019; Pintos and Alvarado 2021; Samarakoon et al. 2022). Sequences
were aligned using MAFFT v. 6 (Katoh and Toh 2010) and corrected manually using
MEGA 7.0.21 (Kumar et al. 2016).

The phylogenetic analyses of the combined loci were performed using Maximum
Likelihood (ML) and Bayesian Inference (BI) methods. The ML was implemented
on the CIPRES Science Gateway portal (https://www.phylo.org) using RAxML-
HPC BlackBox 8.2.10 (Stamatakis 2014), employing a GTRGAMMA substitution
model with 1000 bootstrap replicates. The Bayesian posterior probabilities (BPP)
were determined by Markov Chain Monte Carlo (MCMC) sampling in MrBayes v.
3.2.6 (Ronquist et al. 2012). The six simultaneous Markov chains were run for 1 M
generations, starting from random trees and sampling trees every 100" generation and
25% of aging samples were discarded, running until the average standard deviation
of the split frequencies dropped below 0.01. The phylogram was visualised in FigTree
v.1.3.1 (htep://tree.bio.ed.ac.uk/software) and edited in Adobe Illustrator CS5 (Adobe
Systems Inc., USA). The newly-generated nucleotide sequences were deposited in

GenBank (Table 1).

Results

Phylogenetic analyses

The combined sequence dataset (ITS, LSU, ref7 and r1b2) was analysed to infer the
phylogenetic placement of our new isolates within Amphisphaeriales. The dataset con-
sisted of 136 sequences, including two outgroup taxa, Chypeosphaeria mamillana (CBS
140735) and Pseudosporidesmium knawiae (CBS 123529). A total of 3526 characters,
including gaps (793 for ITS, 859 for LSU, 762 for zefI and 1112 for tub2), were in-
cluded in the phylogenetic analysis. Of these characters, 1543 were constant, 284 were
variable, but parsimony-uninformative and 1699 were parsimony-informative. The
best ML tree (InL = - 72640.48) revealed by RAXML is shown in Fig. 1. The topologies
resulting from ML and BI analyses of the concatenated dataset were congruent (Fig. 1).

Isolates CFCC 54456 and CFCC 55883 from the present study, together with CFCC
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53038, CFCC 53039, CBS 164.80 and IMI 326344, formed a clade distinct from
Apiosporaceae and the other families in Amphisphaeriales. Hence, a new genus named
Neoarthrinium is proposed herein for this clade. Arthrinium trachycarpi, Ar. urticae and
Wardomyces moseri are transterred to Neoarthrinium. In addition, the two new isolates
(CFCC 54456 and CFCC 55883) that form a sister clade to V. moseri, N. trachycarpi

and N. urticae are described here as the new species N. lithocarpicola.

Table 1. Isolates and GenBank accession numbers used in the phylogenetic analyses.

Species Strain Host Origin GenBank accession numbers
ITS LSU tub2 tefl
Allelochaeta acuta CPC 16629 Eucalyptus dives Australia ~ MH554086 MH554297 MH554758 MHS554519
Allelochaeta neoacuta CBS 115131 Eucabyptus smithii South Africa  JN871200  JN871209 MH704627 MH704602
Amphisphaeria micheliae MFLUCC 20-0121 Michelia alba China MT756626 MT756620 MT774371 NA
Apiospora acutiapica KUMCC 20-0209 Bambusa bambos China MT946342 MT946338 MT947365 MT947359
Apiospora acutiapica KUMCC 20-0210 Bambusa bambos China MT946343 MT946339 MT947366 MT947360
Apiospora arundinis CBS 114316 Hordeum vulgare Iran KF144884  KF144928 KF144974 KF145016
Apiospora aurea CBS 244.83 Air Spain AB220251  KF144935 KF144981  KF145023
Apiospora balearica CBS 145129 Poaceae Spain MKO014869 MKO014836 MKO017975 NA
Apiospora biserialis CGMCC 3.20135 Bamboo China MW481708 MW478885 MW522955 MW522938
Apiospora camelliae-sinensis LC8181 Brassica campestris China KY494761  KY494837  KY705229 NA
Apiospora camelliae-sinensis ~ CGMCC 3.18333 Camellia sinensis China KY494704  KY494780 KY705173  KY705103
Apiospora cyclobalanopsidis ~ CGMCC 3.20136  Gyclobalanapsis glauca China MW481713 MW478892 MW522962 MW522945
Apiospora descalsii CBS 145130 Ampelodesmos Spain MKO014870 MKO014837 MKO017976 NA
maunritanicus
Apiospora dichotomanthi LC8175 Dichotomanthes China KY494755  KY494831  KY705223 KY705151
tristaniiaecarpa
Apiospora dichotomanthi CGMCC 3.18332 Dichotomanthes China KY494697  KY494773  KY705167  KY705096
tristaniiaecarpa
Apiospora esporlensis CBS 145136 Phyllostachys aurea Spain MKO014878 MKO014845 MK017983 NA
Apiospora gelatinosa GZAAS 20-0107 Bamboo China MW481707 MW478889 MW522959 MW522942
Apiospora guizhouensis LC5318 Air China KY494708  KY494784  KY705177  KY705107
Apiospora guizhouensis CGMCC 3.18334 Air China KY494709  KY494785 KY705178  KY705108
Apiospora hydei CBS 114990 Bamboo China KF144890 KF144936  KF144982  KF145024
Apiospora iberica CBS 145137 Arundo donax Portugal MKO014879 MKO014846 MKO017984 NA
Apiospora intestini CBS 135835 Gut of a grasshopper India KRO11352 MHS877577 KRO011350 NA
Apiospora italica CBS 145138 Arundo donax Traly MKO014880 MKO014847 MK017985 NA
Apiospora jiangxiensis CGMCC 3.18381 Maesa sp. China KY494693  KY494769  KY705163  KY705092
Apiospora kogelbergensis CBS 113332 Cannomois virgata South Africa  KF144891  KF144937  KF144983  KF145025
Apiospora kogelbergensis CBS 113333 Restionaceae South Africa  KF144892  KF144938  KF144984  KF145026
Apiospora malaysiana CBS 102053 Macaranga hullettii Malaysia  KF144896  KF144942  KF144988  KF145030
Apiospora marii CBS 497.90 Air Spain AB220252  KF144947  KF144993  KF145035
Apiospora neobambusae CGMCC 3.18335 Bamboo China KY494718  KY494794 KY705186  KY806204
Apiospora neobambusae LC7107 Bamboo China KY494719  KY494795  KY705187  KY705117
Apiospora obovata CGMCC 3.18331 Lithocarpus sp. China KY494696  KY494772  KY705166  KY705095
Apiospora obovata LC8177 Lithocarpus sp. China KY494757  KY494833  KY705225 KY705153
Apiospora ovata CBS 115042 Arundinaria bindsii China KF144903  KF144950 KF144995 KF145037
Apiospora phragmitis CBS 135458 Phragmites australis Ttaly KF144909  KF144956  KF145001  KF145043
Apiospora phyllostachydis MFLUCC 18-1101  Phyllostachys heteroclada China MK351842 MH368077 MK291949 MK340918
Apiospora CGMCC 3.18336 Bamboo China KY494743  KY494819  KY705211  KY705139
pseudoparenchymatica
Apiospora pseudospegazzinii CBS 102052 Macaranga hullettii Malaysia KF144911  KF144958 KF145002  KF145045
Apiospora pterosperma CBS 134000 Machaerina sinclairii Australia KF144913  KF144960  KF145004 KF145046
Apiospora saccharicola CBS 191.73 Air Netherlands  KF144920  KF144966 ~ KF145009  KF145051
Apiospora septata CGMCC 3.20134 Bamboo China MW481711 MW478890 MW522960 MW522943
Apiospora serenensis IMI 326869 NA Spain AB220250  AB220344  AB220297 NA
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Apiospora subrosea LC7291 Bamboo China KY494751  KY494827  KY705219  KY705147
Apiospora subrosea CGMCC 3.18337 Bamboo China KY494752  KY494828 KY705220 KY705148
Apiospora xenocordella CBS 595.66 Soil Austria KF144926  KF144971 KF145013  KF145055
Arthrinium caricicola CBS 145127 Carex ericetorum Germany ~ MKO014871 MK014838 MKO017977 NA
Arthrinium crenatum CBS 146353 Grass France MW208931 MW208861 MW221923 MW221917
Arthrinium curvatum CBS 145131 Carex sp. Germany ~ MKO014872 MKO014839 MK017978 NA
Arthrinium japonicum IFO 30500 Carex despalata Japan AB220262  AB220356  AB220309 NA
Arthrinium japonicum IFO 31098 Carex despalata Japan AB220264  AB220358  AB220311 NA
Arthrinium luzulae AP7619-3 Lugula sylvatica Spain MW208937 MW208863 MW221925 MW221919
Arthrinium morthieri GZU 345043 Carex digitata Austria  MW208938 MW208864 MW221926 MW221920
Arthrinium puccinioides CBS 549.86 Lepidosperma gladiatum ~ Germany — AB220253  AB220347  AB220300 NA
Arthrinium sphaerospermum CBS 146355 Poaceae Norway ~ MW208943 MW208865 NA NA
Arthrinium sporophleum CBS 145154 Juncus sp. Spain MKO014898 MKO014865 MKO018001 NA
Bartalinia bella CBS 125525 Maytenus abbottii South Africa  GU291796 MH554214 MH554663 MH554421
Bartalinia pini CBS 143891 Pinus patula Uganda MH554125 MH554330 MH554797 MHS554559
Beltrania pseudorhombica CBS 138003 Pinus tabulaeformis China MH554124  KJ869215 NA MH554558
Beltrania rhombica CBS 123.58 Sand near mangrove  Mozambique MH553990 MH554209 MH704631 MH704606

swamp
Beltraniopsis neolitseae CPC 22168 Neolitsea australiensis Australia KJ869126  KJ869183 NA NA
Broomella vitalbae HPC 1154 NA NA MH554173 MHS554367 MH554846 MHS554608
Castanediella cagnizarii CBS 542.96 Leaf litter Cuba MHS862597 MH874222 NA NA
Ciliochorella phanericola MFLUCC 12-0310 Dead leaves Thailand KF827444  KF827445 KF827478  KF827477
Clypeophysalospora latitans CBS 141463 Eucalyptus sp. Portugal ~ NR_153929 NG_058958 NA NA
Clypeosphaeria mamillana CBS 140735 Cornus alba France KT949897 MH554225 MH704637 MH704610
Gylindrium elongatum CBS 115974 Fagus sp. The Nether- KM231853 KM231733 KM232123 KM231989
lands
Diploceras hypericinum CBS 109058 Hypericum sp. New Zealand MH553955 MH554178 MH554614 MH554373
Disaeta arbuti CBS 143903 Acacia pycnantha Australia  MH554148 MH554346 MH554821 MH554583
Discosia artocreas CBS 124848 Fagus sylvatica Germany ~ MH553994 MH554213 MH554662 MH554420
Discosia brasiliensis MFLUCC 12-0429 Dead leaf ‘Thailand KF827432  KF827436  KF827469  KF827465
Distononappendiculata CBS 131308 Banksia marginata Australia JQO044422  JQ044442 MH554670 MHS554428
banksiae
Distononappendiculata CBS 143884 Casuarina sp. Australia  MH554093 MH554303 MH554766 MH554527
casuarinae
Diversimediispora humicola CBS 302.86 Soil USA MH554028 MH554247 MH554705 MH554463
Heterotruncatella acacigena CBS 143880 Acacia pedina Australia  MH554084 MH554295 MH554756 MH554517
Heterotruncatella aspera CBS 144140 Acacia glaucoptera Australia. ~ MH554156 MH554352 MH554829 MH554591
Hyalotiella spartii MFLUCC 13-0397  Spartium junceum Traly KP757756  KP757752 NA NA
Hyalotiella transvalensis CBS 303.65 Leaf litter and topsoil ~ South Africa  MH554029 MH554248 MH554706 MH554464
of Acacia karroo
community

Hymenaopleella austroafricana ~ CBS 143886 Gleditsia triacanthos  South Africa MH554115 MH554320 MH554788 MH554549
Hymenaopleella CBS 113687 Hippophaé rhamnoides Sweden MH553969 MH554188 MH554628 MHS554387
hippophaéicola
Immersidiscosia eucalypti NBRC 104195 Quercus myrsinifolia Japan AB594790  AB593722 NA NA
Lepteutypa fuckelii CBS 140409 Tilia cordata Belgium  NR_154123 KT949902 MH554677 MH554435
Lepteutypa sambuci CBS 131707 Sambucus nigra UK NR_154124 MH554219 MH704632 MH704612
Monochaetia monochaeta CBS 115004 Quercus robur Netherlands ~ AY853243  MH554198 MH554639 MH554398
Monochaetia quercus CBS 144034 Quercus eduardi Mexico  MH554171 MH554365 MH554844 MH554606
Morinia acaciae CBS 137994 Acacia melanoxylon France MHS554002 MH554221 MH554673 MH554431
Morinia crini CBS 143888 Crinum bulbispermum ~ South Africa MH554118 MH554323 MH554791 MH554552
Neoarthrinium CFCC 54456 Lithocarpus glaber China ON427580 ON427582 ON456914 NA
lithocarpicola
Neoarthrinium CFCC 55883 Lithocarpus glaber China ON427581 ON427583 ON456915 NA
lithocarpicola
Noarthrinium moseri CBS 164.80 Dead petiole Colombia ~ LN850995 LN851049 LN851154 NA
Neoarthrinium trachycarpi CFCC 53038 Trachycarpus fortunei China MK301098 NA MK303394 MK303396
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Neoarthrinium trachycarpi CFCC 53039 Trachycarpus fortunei China MK301099 NA MK303395 MK303397
Neoarthrinium urticae IMI 326344 Leaf licter India AB220245  AB220339 NA NA
Neopestalotiopsis cubana CBS 600.96 Leaf licter Cuba KM199347 KM116253 KM199438 KM199521
Neophysalospora eucalypti CBS 138864 Corymbia henryi Mozambique KP004462 MH878627 NA NA
Nigrospora aurantiaca CGMCC 3.18130 Nelumbo sp. China KX986064 KX986098 KY019465 KY019295
Nigrospora camelliae-sinensis CGMCC 3.18125 Camellia sinensis China KX985986  KX986103  KY019460  KY019293
Nigrospora chinensis CGMCC3.18127  Machilus breviflora China KX986023  KX986107 KY019462  KY019422
Nigrospora gorlenkoana CBS 480.73 Vitis vinifera Kazakhstan ~ KX986048  KX986109  KY019456  KY019420
Nigrospora guilinensis CGMCC 3.18124 Camellia sinensis China KX985983  KX986113  KY019459  KY019292
Nigrospora hainanensis CGMCC 3.18129 Musa paradisiaca China KX986091  KX986112  KY019464 KY019415
Nigrospora lacticolonia CGMCC 3.18123 Camellia sinensis China KX985978  KX986105 KY019458 KY019291
Nigrospora musae CBS 319.34 Musa sp. Australia  MH855545 KX986110  KY019455 KY019419
Nigrospora oryzae LC2693 Neolitsea sp. China KX985944 KX986101  KY019471 KY019299
Nigrospora osmanthi CGMCC 3.18126 Osmanthus sp. China KX986010 KX986106 KY019461  KY019421
Nigrospora pyriformis CGMCC 3.18122 Citrus sinensis China KX985940 KX986100 KY019457  KY019290
Nigrospora rubi LC2698 Rubus sp. China KX985948  KX986102 KY019475 KY019302
Nigrospora sphaerica LC7298 Nelumbo sp. China KX985937  KX986097 KY019606 KY019401
Nigrospora vesicularis CGMCC 3.18128 Musa paradisiaca China KX986088  KX986099 KY019463  KY019294
Nonappendiculata quercina CBS 116061 Quercus suber Ttaly MH553982 MH554199 MH554641 MH554400
Parabartalinia lateralis CBS 399.71 Acacia karroo South Africa MH554043 MH554256 MH554719 MH554478
Parapleurotheciopsis MUCL 41089 Rotten leaf Brazil EU040235 EU040235 NA NA
inaequiseptata
Parapleurotheciopsis CBS 519.93 Syzygium cordatum ~ South Africa  MH862437 NG_066263 NA NA
caespitosa
Pestalotiopsis adusta CBS 263.33 Rhododendron ponticum ~ Netherlands  KM199316  KM116198  KM199414 KM199489
Pestalotiopsis australasiae CBS 114126 Knightia sp. New Zealand KM199297 KM116218 KM199409 KM199499
Phlogicylindrium eucalypti CBS 120080 Eucalyptus globulus Australia ~ NR_132813 DQ923534 MH704633 MH704607
Phlogicylindrium CBS 120221 Eucalyptus globus Australia ~ EU040223 MH554204 MH704635 MH704608
eucalyptorum
Pseudopestalotiopsis ampul- LC6618 Camellia sinensis China KX895025 KX895039 KX895358 KX895244
lacea
Pseudopestalotiopsis LC3009 Camellia sinensis China KX894935 KX895050 KX895267 KX895152
camelliae-sinensis
Pseudosarcostroma osyridicola CBS 103.76 Osyris alba France MH553954 MHS554177 MH554613 MH554372
Pseudosporidesmium CBS 123529 NA NA MHS863299 MH874823 NA NA
knawiae
Robillarda africana CBS 122.75 NA South Africa  KR873253 KR873281 MH554656 MH554414
Robillarda terrae CBS 587.71 Soil India KJ710484  KJ710459 MH554734 MH554493
Sarcostroma afvicanum CBS 143879 Pelargonium cucullatum ~ South Africa  MH554078 MH554289 MH554752 MH554513
Sarcostroma australiense CBS 144160 Daviesia latifolia Australia ~ MH554138 MHS554340 MH554811 MH554573
Seimatosporium germanicum CBS 437.87 NA Germany ~ MH554047 MH554259 MH554723 MH554482
Seimatosporium luteosporum CBS 142599 Vitis vinifera USA KY706284  KY706309  KY706259  KY706334
Seiridium cancrinum CBS 226.55 Cupressus macrocarpa Kenya LT853089 MHS554241 11853236  LT853186
Seiridium cupressi CBS 224.55 Cupressus macrocarpa Kenya LT853083 MH554240 IT853230  LT853180
Sporocadus biseptatus CBS 110324 NA NA MH553956 MH554179 MH554615 MH554374
Sporocadus cornicola CBS 143889 Cornus sanguinea Germany ~ MH554121 MH554326  MH554794 MH554555
Sporocadus trimorphus CBS 114203 Rosa canina Sweden MH553977 MH554196 MH554636  MH554395
Strickeria kochii CBS 140411 Robinia pseudoacacia Austria NR_154423 KT949918 MH554679 MHS554437
Subramaniomyces CBS 418.95 Leaf licter Cuba EU040241  EU040241 NA NA
Sfusisaprophyticus
Synnemapestaloides juniperi CBS 477.77 Juniperus phoenicea France MH554053 MH554266 MH554729 MH554488
Truncatella angustata CBS 113.11 Picea abies Germany ~ MH553966 MH554185 MH554625 MH554384
Xenoseimatosporium CBS 129171 Rhododendron sp. Latvia MH553997 MH554216 MHS554666 MH554424
quercinum
Xyladictyochaeta lusitanica CBS 143502 Eucabyptus sp. Australia  MH107926  MH107972 MH108053 MH108033

Note: NA, not applicable. Strains in this study are marked in bold.



34

50/0.99

68/0.99

77N

53/0.93

-10.9

100/1

Ning Jiang et al. / MycoKeys 92: 2743 (2022)

CBS 137994 Morinia acaciae

CBS 143888 Morinia crini

CBS 113687 Hymenopleella hippophaicola
CBS 143886 Hymenopleella austroafricana
CBS 144140 Heterotruncatella aspera
CBS 143880 Heterotruncatella acacigena
CBS 143891 Bartalinia pini

CBS 125525 Bartalinia bella

CBS 399.71 Parabartalinia lateralis

CBS 103.76 Pseudosarcostroma osyridicola
CBS 303.65 Hyalotiella transvalensis
MFLUCC 13-0397 Hyalotiella spartii

CBS 113.11 Truncatella angustata

CBS 302.86 Diversimediispora humicola

HPC 1154 vitalbae

CBS 122.75 Robillarda africana

CBS 587.71 Robillarda terrae

CBS 144160 Sarcostroma australiense

CBS 143879 Sarcostroma africanum

CBS 115131 Allelochaeta neoacuta
CPC 16629 Allelochaeta acuta

CBS 129171 Xenoseimatosporium quercinum
CBS 143903 Disaeta arbuti
CBS 110324 Sporocadus biseptatus

CBS 143889 Sporocadus cornicola

891 CBS 114203 Sporocadus trimorphus

CBS 437.87 Seil rium germanicum

CBS 142599 Seimatosporium luteosporum
CBS 109058 Diploceras hypericinum

| ————————— CBS 477.77 Synnemapestaloides juniperi

ws 124848 Discosia artocreas
MFLUCC 12-0429 Discosia brasiliensis

73/0.96

100/1

10011

81/1

100/

1001 LC3009 P
LC6618 Pseudopestalotiopsis ampullacea
CBS 600.96 Neopestalotiopsis cubana
CBS 114126 Pestalotiopsis australasiae

CBS 263.33 Pestalotiopsis adusta

MFLUCC 12-0310 Ciliochorella phanericola

CBS 144034 Monochaetia quercus

CBS 115004 Monochaetia monochaeta

CBS 116061 Nonappendiculata quercina

CBS 140411 Strickeria kochii

CBS 224.55 Seiridium cupressi

CBS 226.55 Seiridium cancrinum

$‘_— CBS 131308 Distononappendiculata banksiae
CBS 143884 Distonc i i

NBRC 104195 Immersidiscosia eucalypti
100/1 CBS 138864 Neoph, pora eucalypti
CBS 141463 Clypeophysalospora latitans
CBS 115974 Cylindrium elongatum
CFCC 53039 Neoarthrinium trachycarpi comb. nov.
CFCC 53038 Neoarthrinium trachycarpi comb. nov.
IMI 326344 Neoarthrinium urticae comb. nov.
(10041 CBS 164.80 Neoarthrinium moseri comb. nov.

100/1

98/1

10011 | CFCC 55883 Neoarthrinium lithocarpicola sp. nov.
CFCC 54456 Neoarthrinium lithocarpicola sp. nov.

100/1 MFLU 20-0172 Amphisphaeria micheliae
&|:L CBS 131707 Lepteutypa sambuci
CBS 140409 Lepteutypa fuckelii

100/1 CBS 138003 Beltrania pseudorhombica

CBS 123.58 Beltrania rhombica

CPC 22168 Beltraniopsis neolitseae

CBS 418.95 i isaprophytic

100/1 EMUCLMOBQ Parap iopsis i E
CBS 519.93 Parapleurotheciopsis caespitosa

CBS 542.96 Castanediella cagnizarii

1001 CBS 120221 Phlogicylindrium eucalyptorum
7 |: CBS 120080 Phlogicylindrium eucalypti
CBS 143502 Xyladit ta lusitanica

Sporocadaceae

Clypeophysalosporaceae

Cylindriaceae

Amphisphaeriales genus incertae sedis

Amphisphaeriaceae

Beltraniaceae

Castanediellaceae
Phlogicylindriaceae

Xyladictyochaetaceae

Figure I. Phylogram of Amphisphaeriales resulting from a Maximum Likelihood analysis, based on
a combined matrix of ITS, LSU, tef] and mmb2. Numbers above the branches indicate ML bootstraps
(left, ML BS = 50%) and Bayesian Posterior Probabilities (right, BPP > 0.90). The tree is rooted with
Clypeosphaeria mamillana (CBS 140735) and Pseudosporidesmium knawiae (CBS 123529). New species

and combinations proposed in the present study are marked in blue.



100/0.99

Neoarthrinium lithocarpicola gen. et sp. nov. 35

100/1

59/0.96 |

53095 |

el TE

100/1 95/

97/0.99

87/0.99

961

1001

100/1

w|—‘!— CBS 123529 Pseudosporidesmium knawiae

CBS 140735

02

Figure 1. Continued.



36 Ning Jiang et al. / MycoKeys 92: 27-43 (2022)

Taxonomy

Neoarthrinium Ning Jiang, gen. nov.
MycoBank No: 843845

Etymology. Named after its morphological similarity to Arthrinium.

Type species. Neoarthrinium lithocarpicola Ning Jiang

Description. Hyphae formed on PDA hyaline, branched, septate. Asexual morph:
Conidiophores cylindrical, septate, verrucose, flexuous, sometimes reduced to conidioge-
nous cells. Conidiogenous cells erect, blastic, aggregated in clusters on hyphae, hyaline to
pale brown, smooth, doliiform, subglobose to lageniform, branched. Conidia brown to
dark brown, smooth to finely roughened, subglobose, ellipsoid to lenticular, with a lon-
gitudinal germ slit, occasionally elongated to ellipsoidal. Sexual morph: Undetermined.

Neoarthrinium lithocarpicola Ning Jiang, sp. nov.
MycoBank No: 843846
Fig. 2

Etymology. Named for its host genus “Lithocarpus” and “-cola” = inhabiting.

Description. Hyphae 1.5-4.5 pm diam., hyaline, branched, septate. Asexual
morph: Conidiophores cylindrical, septate, verrucose, flexuous, sometimes reduced
to conidiogenous cells. Conidiogenous cells erect, blastic, aggregated in clusters on
hyphae, hyaline to pale brown, smooth, globose to subglobose, branched, (4-)5.5—
8 x 2.5-3.5(—4) pm, mean * SD = 6.6 £ 1.3 x 3.1 + 0.4 pm, n = 50. Conidia
brown to dark brown, smooth to finely roughened, subglobose to lenticular, with a
longitudinal germ slit, occasionally elongated to ellipsoidal, (5-)6—8(-8.5) x (4.5-)5—
5.5(=6) um, mean £ SD =7 £ 0.8 x 5.3 £ 0.5 pm, L/W = 1.1-1.8, n = 50. Sexual
morph: Undetermined.

Culture characters. Colonies on PDA flat, spreading, with flocculent aerial my-
celium forming concentric rings, edge entire, mouse grey to greyish-green, reaching
60 mm diam. after 10 d at 25 °C, forming abundant conidiomata.

Specimens examined. CHINA. Guangdong Province, Guangzhou City, on leaf spots
of Lithocarpus glaber (Thunb.) Nakai, Shang Sun (holotype CAF800050 = JNH0046;
ex-type living culture: CFCC 54456; other living culture: CFCC 55883).

Notes. Two isolates of Neoarthrinium lithocarpicola from Lithocarpus glaber
(Thunb.) Nakai formed a well-supported monophyletic clade, distinct from V.
moseri, N. trachycarpi and N. wrticae (Fig. 1). Morphologically, N. lithocarpicola is
distinguished from /NV. moseri in smaller conidia (5-8.5 x 4.5—6 um in V. lithocarpicola
vs. 10-14 x 3-4.5 um in N. moseri; Gams 1995). Neoarthrinium lithocarpicola is
different from N. urticae by lacking thick blackish septa in conidiophores (Ellis 1965).
Neoarthrinium lithocarpicola is similar to N. trachycarpi in the size of its conidiogenous
cells and conidia, but it can be distinguished by its globose to subglobose conidiogenous
cells (Yan et al. 2019).
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Figure 2. Neoarthrinium lithocarpicola A colony on PDA B conidiomata formed in culture C—F conid-
iogenous cells giving rise to conidia G-I conidia. Scale bars: 500 um (B), 10 pm (C-1).

Neoarthrinium moseri (W. Gams) Voglmayr, comb. nov.
MycoBank No: 844772

Basionym. Wardomyces moseri W. Gams, Beih. Sydowia 10: 67 (1995)

Notes. Based on a placement within Xylariales in phylogenetic analyses, Sandoval-
Denis et al. (2016) excluded this species from the genus (Microascales); however,
they did not suggest an alternative generic classification. The blastic hyaline, smooth,
lageniform conidiogenous cells aggregated in clusters and the subglobose to ellipsoid
dark brown conidia with a longitudinal germ slit (Gams 1995) fully matched the
genus Neoarthrinum. The ITS, LSU and b2 sequences of the ex-holotype strain of
N. moseri (CBS 164.80) are almost identical to those of N. trachycarpi, indicating that
they may be synonymous. Both species were isolated from petioles of palms: N. moseri
from Mauritia minor Burret in Colombia and . trachycarpi from Trachycarpus fortunei
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(Hook.) H.Wendl. in China. However, the two species were reported to differ in conidial
size (1014 x 3—4.5 pm in N. moseri vs. 6.1-8.5 x 4.2-5.8 um in V. trachycarpi; Gams
1995; Yan et al. 2019) and for the time being, we therefore kept them separate.

Neoarthrinium trachycarpi (C.M. Tian & H. Yan) Ning Jiang, comb. nov.
MycoBank No: 843847

Basionym. Arthrinium trachycarpi C.M. Tian & H. Yan [as ‘trachycarpun’], Phytotaxa
400(3): 208 (2019)

Neoarthrinium urticae (M.B. Ellis) Ning Jiang, comb. nov.
MycoBank No: 843848

Basionym. Arthrinium urticae M.B. Ellis, Mycol. Pap. 103: 16 (1965)

Notes. The possibility that Apiosporella urticae (Rehm) Hohn. is the sexual morph
of Arthrinium urticae is raised by the fact that both share the same host (Urtica) and are
classified as members of the Apiosporaceae (Index Fungorum, accessed 4 July 2022).
This evidence would have far reaching nomenclatural consequences not only for spe-
cies, but also for generic classification, as Apiosporella (Hohnel 1909) may then qualify
for an older genus name to be used for Neoarthrinium. However, according to L. Holm,
the holotype specimen of its basionym, Apiospora urticae (S-F12119), represents a very
different fungus, Didymella eupyrena (Didymellaceae, Pleosporales, Dothideomycetes;
https://herbarium.nrm.se/specimens/F12119, accessed 4 July 2022). The status of the
genus Apiosporella is still unclear because Hohnel (1909) did not choose a type from
the six different species included in the genus. However, none of the original species
is a close relative of Apiosporaceae or Neoarthriniums; therefore, Apiosporella should be
excluded from Apiosporaceae.

No sequence data are available for isolates from the type host Urtica dioica L.
(Urticaceae). The single culture sequenced (IMI 326344) was isolated from unidentified
leaf litter collected in India. Additional molecular studies on verified isolates from
Urtica collected in Europe are necessary to reveal whether IMI 326344 represents true
N. urticae. However, N. urticae appears to be very rare and we are unaware of any
additional collections with the exception of the type.

Discussion

Arthrinium and related genera are important fungal taxa whose concepts and
classification have undergone many changes and additions (e.g. Cooke 1954;
Samuels et al. 1981; Larrondo and Calvo 1990; Hyde et al. 1998; Jaklitsch and
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Voglmayr 2012; Crous and Groenewald 2013; Singh et al. 2013; Sharma et al. 2014;
Dai et al. 2016, 2017; Hyde et al. 2016; Jiang et al. 2018, 2020; Wang et al. 2018;
Pintos et al. 2019; Pintos and Alvarado 2021). In recent years, substantial changes
in classification were implemented in the course of unitary nomenclature. A large
number of newly-discovered species have been described as a result of extensive
sampling of new isolates, based on multigene phylogenies (e.g. Crous and Groenewald
2013; Wang et al. 2018; Pintos and Alvarado 2021). Currently, Arthrinium-like
asexual morphs are shared by three distinct lineages within Amphisphaeriales, viz.
Apiospora, Arthrinium s. s. and Neoarthrinium as shown in Fig. 1. Arthrinium s.
s. is the sister genus to Nigrospora, which morphologically differs from Apiospora,
Arthrinium and Neoarthrinium in conidial ontogeny (Wang et al. 2017). The
phylogram shown in Fig. 1 is consistent with that shown in Tian et al. (2021) in
placing Apiospora, Arthrinium and Nigrospora within a clade that is distinct from
the new genus Neoarthrinium, although Apiospora and Arthrinium share conidial
morphology similar to that of Neoarthrinium.

Morphologically, Apiospora, Arthrinium and Neoarthrinium are similar in having
basauxic conidiogenesis. Conidia of Apiospora and Neoarthrinium are generally more
or less rounded in face view and lenticular in side view, while those of Arthrinium
are variously shaped, viz. globose, angular, polygonal, curved, fusiform or navicular
(Yan et al. 2019; Pintos and Alvarado 2021). However, the conidiophores of several
Arthrinium and Neoarthrinium species have thick blackish septa, which are rarely ob-
served in Apiospora (Ellis 1965; Wang et al. 2018; Pintos and Alvarado 2021). Hence,
these three genera are difficult to distinguish by only asexual morphology.

Regarding their hosts, there are some tendencies in host preferences, while
Arthrinium species are predominantly found in Cyperaceae and Juncaceae (Pintos
and Alvarado 2021) and species of Apiospora primarily occur on Poaceae (but also
on many other hosts; Wang et al. 2018). Four Neoarthrinium species were discovered
on four hosts from three distantly-related host families (i.e. N. lithocarpicola from
Lithocarpus glaber (Thunb.) Nakai, Fagaceae; N. moseri from Mauritia minor Burret,
Arecaceae; V. trachycarpi from Trachycarpus fortune (Hook.) H.Wendl., Arecaceae;
and N. urticae from Urtica dioica L., Urticaceae; Ellis 1965; Yan et al. 2019). Hence,
host association is not a fully reliable feature to distinguish Apiospora, Arthrinium and
Neoarthrinium.

Compared to species, generic delimitation is much more subjective. However, there
is a broad agreement that genera, along with all taxonomic classification units at all
ranks, should be monophyletic. As morphology is frequently insufficient for phyloge-
netic classification, molecular evidence is regarded as significant data or even an essential
characteristic in the classification and identification of fungal taxa. In the present study,
Neoarthrinium is proposed as a new genus for a group of species phylogenetically distinct
from Apiospora, Arthrinium and Nigrospora to maintain monophyletic Arthrinium-like
genera. Using morphological and phylogenetic data, however, we need more samples to
improve our understanding of Arzhrinium-like taxa and genera in the Amphisphaeriales.
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Abstract

During the Second Tibetan Plateau Scientific Expedition and Research Program, we discovered that white
terricolous lichenized fungal species of Buellia De Not. were widely distributed across the Tibetan Plateau.
After examining their morphology, chemistry and phylogeny, we describe Buellia alpina Xin'Y. Wang & Li
S. Wang, sp. nov. as new to science. It is present in alpine meadows, and is characterized by its effigurate
thallus, distinct linear marginal lobes, cover of thick white pruina and four-spored asci. This is also the
first report of Buellia elegans Poelt and Buellia epigaea (Pers.) Tuck from China. The Buellia epigaca-group
has previously been characterized by white and often effigurate thalli that occur mainly on soil. However,
our results show that species in this group actually belong to two distinct clades. This conclusion is based
on analyses of the nuI TS region and the combined regions dataset (nul TS-nuLSU-mtSSU-B-tubulin). We
discuss differences in morphology, anatomy, chemistry and ecology among the putative Bucllia epigaea-
group. Detailed descriptions and figures for the three species from China and a key for species of Buellia
epigaea-group are provided.
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Introduction

The lichen genus Buellia De Not. (Caliciales, Caliciaceae) comprises approximately
400 species worldwide (Bungartz et al. 2007). Buellia s.1. is characterized by a crustose
thallus, black lecideine apothecia, Bacidia-type asci, brown ascospores with one or more
septate and reddish-brown or rarely hyaline hypothecia. Several other genera, which
were previously included in Buellia s.1. (such as Amandinea M. Choisy, Diplotomma
Flot. and 7Zetramelas Norman), have since been segregated based on their morphology,
anatomy, chemistry and ecological environment (Scheidegger 1993; Marbach 2000;
Nordin 2000). However, there remain other Buellia s.1. species with distinct morpho-
logical characters currently placed in groups instead of defined genera. Two examples
are the species related to Buellia aethalea (Ach.) Th. Fr. or B. epigaea (Pers.) Tuck, which
are currently treated as aethalea-group or epigaea-group, respectively (Poelt and Sulzer
1974; Scheidegger 1993). Their current classification is based solely on external mor-
phology, without the support of molecular data, therefore strict phylogenetic relation-
ships between Buellia s.]. species remain unclear.

More than 64 species of the genus Buellia s.l. were previously reported from China,
mostly located in the Tibetan Plateau region (Wei 2020; Wang et al. 2020). During the
Second Tibetan Plateau Scientific Expedition and Research Program (STEP), a large num-
ber of additional lichen specimens were collected, including Buellia epigaea-group species.

The Buellia epigaca-group contains seven species; these are characterized by white
and often effigurate thalli that occur mainly on soil. Buellia epigaea, which was re-
ported from Europe, is the core species of this group. Buellia asterella Poelt & Sulzer
and B. elegans were reported from Europe, and B. zoharyi Galun was reported from
Asia and Europe by Poelt and Sulzer (1974). Trinkaus and Mayrhofer (2000) pub-
lished a revision of the four species above. A further three new species were described
from Australia: Buellia dijiana Trinkaus, B. georgei Trinkaus, Mayrhofer & Elix, and
B. lobata Trinkaus & Elix (Trinkaus et al. 2001). B. epigaca, B. dijiana and B. georgei
formed a monophyletic clade, but data is still lacking for the remaining species (Grube
and Arup 2001).

The aim of this study is to determine which Buellia epigaea-group species are dis-
tributed in China and whether they form a monophyletic clade. For this purpose, we
carried out a phylogenetic study of the Buellia epigaea-group based on four loci.

Materials and methods

Morphological and chemical analyses

During STEP, 92 specimens of the Buellia epigaea-group were collected from the Qing-
hai-Tibetan Plateau and deposited in the Lichen Herbarium, Kunming Institute of
Botany, China (KUN). Morphological characteristics of thalli and apothecia were ex-
amined under a dissecting microscope (Nikon SMZ 745T). Anatomical characteristics
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of apothecia were examined under an optical microscope (Nikon Eclipse Ci-S). Photo-
graphs were taken using a digital camera (Nikon DS-Fi2). Descriptions of the range of
anatomical characteristics for each species were determined by the smallest and largest
single values measured for all specimens. Thin-layer chromatography (TLC) was per-
formed in order to identify secondary metabolites using solvent systems C (toluene:
acetic acid = 85:15), according to Orange et al. (2001).

DNA extraction, amplification and sequencing

DNA was extracted from fresh apothecia or thallus pieces with a DNA secure Plant
Kit (TTANGEN) according to the manufacturer’s instructions. Amplified gene mark-
ers and their corresponding primers are shown in Table 1. PCR amplifications were
achieved using 1.1 x T3 Super PCR Mix (TSINGKE) in a 25 pL total volume, con-
taining 1 puL of genomic DNA, 1 pL of a 10 mM solution for each primer and 22 pL
of 1.1 x T3 Super PCR Mix. The PCR program was: initial denaturation at 98 °C for
3 min, followed by 35 cycles of 98 °C for 10 s, 54-56 °C for 10 s, 72 °C for 15 s, fol-
lowed by a final extension at 72 °C for 2 min. The PCR products were sequenced with
the same amplification primers using Sanger technology by Tsingke Biotechnology
Co., Ltd. (Kunming).

Table . Gene markers and primer pairs used in this study.

Gene markers Primers Sequences of Primers 5’-3’ References
nulTS ITS1F CTTGGTCATTTAGAGGAAGTAA Gardes and Bruns 1993
ITS4 TCCTCCGCTTATTGATATGC White et al. 1990
nulLSU LROR GTACCCGCTGAACTTAAGC Rehner and Samuels 1994
LR5 ATCCTGAGGGAAACTTC Vilgalys and Hester 1990
mtSSU SSU1 AGCAGTGAGGAATATTGGTC
Zoller et al. 1999
SSU3R ATGTGGCACGTCTATAGCCC
B-tubulin Bt3-LM GAACGTCTACTTCAACGAG
Myllys et al. 2001
Bt10-LM TCGGAAGCAGCCATCATGTTCTT

Phylogenetic analyses

All newly obtained original sequences were edited manually using GENEIOUS
v8.0.2. Their taxon name, voucher and GenBank accession number are shown in Ta-
ble 2. All sequences, including those downloaded from GenBank, were aligned using
MAFFT v7 with the option of E-INS-I (Katoh et al. 2005). Ambiguous regions were
excluded using GBLOCKS (Talavera and Castresana 2007) with the default settings.
Congruence between different gene regions was analyzed before combining. Bayesian
inference (BI) and maximum likelihood (ML) were employed to determine the phy-
logenetic relationships. The best-fit partition substitution models were selected based
on the lowest Bayesian information criterion (BIC) using PARTITION FINDER 2
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(Guindon et al. 2010; Lanfear et al. 2012, 2017): nulTS dataset (TIM2e+G4) and the
combined regions dataset (GTR+G for ITS1, ITS2 and mtSSU; GTR+I1+G for 5.8S,
nuLSU and B-tubulin), respectively.

ML analyses were performed with RAXML v8.2.12 (Stamatakis 2006). Bootstrap
support values (MLBS) were estimated from the 70% majority rule tree of all saved
trees obtained from 2000 non-parametric bootstrapping pseudo-replicates. BI analyses
were performed with MrBayes v3.2.7 (Ronquist et al. 2012) running for 2 million gen-
erations. The trees were sampled every 100 generations and the first 25% of the trees
were discarded as burn-in, since the average SD of split frequencies had converged at
the step of 20% of the total. Bayesian posterior probabilities (BPP) were obtained from
the 95% majority rule consensus tree of all saved trees. The final trees were visualized in
FigTree v1.4.0 (Rambaut 2012). The final matrices were submitted to TreeBASE: TB2:
29562 for nulTS and TB2: 29563 for the combined regions dataset.

Results

The nulTS matrix (478bp) comprised 55 sequences including 15 newly generated
sequences for new species and new records. The combined regions dataset (478bp for
43 nul TS sequences; 740bp for 27 mtSSU sequences; 899bp for 33 nuLSU sequenc-
es; 755bp for 23 B-tubulin sequences) comprised 126 terminals, including 31 newly
generated sequences (Table 2). In the two phylogenetic analyses, eight representative
monophyletic genera (Acolium (Ach.) Gray, Amandinea, Buellia s.str., Calicium Pers.,
Diplotomma, Pyxine Fr., Tetramelas, Thelomma A. Massal.) were selected from Calici-
aceae Chevall. and six Physciaceae Zahlbr. species were selected as the outgroup. The
results of the phylogenetic analyses showed that the species in the Buellia epigaea-group
formed two clades (Figs 1, 2).

In clade 1: B. dijiana, B. georgei and B. epigaea formed an independent clade with
strong support (100% BS and 1.00 PP in Figs 1, 2). The specimens designated as
B. epigaea (including one sequence from GenBank) clustered as a single lineage with
high support (96% BS and 1.00 PP in Fig. 1). These specimens had identical morpho-
logical and chemical characters to those described for B. epigaea, and thus have been
confirmed as a new record for China.

In clade 2: specimens here described as B. alpina formed a well-supported sister
clade to B. zoharyi (100% BS and 1.00 PP in Figs 1, 2). These two species are distinc-
tively different in their anatomical and chemical characteristics. We therefore recognize
B. alpina as a new species within Buellia epigaea-group. The collections designated as
B. elegans also formed a highly supported monophyletic lineage, clustering with se-
quences downloaded from GenBank (96% BS and 1.00 PP in Fig. 1). This constitutes
the first record of B. elegans from China. These three species (B. zobaryi, B. alpina and
B. elegans) formed a monophyletic clade with strong support (100% BS and 1.00 PP
in Figs 1, 2). Clade 2 was sister to the genus Zeramelas (previously included in Buellia
s.1.), which also contains alpine terricolous species.
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Table 2. Specimens used in this study, with taxon name, voucher and GenBank accession number. Newly

obtained sequences are in bold font.

o

gions’ dataset analysis. “NA” indicates that there is no sequence available.

indicates that the sample was not included in the combined re-

Taxon Voucher Accession number

nulTS mtSSU nulLSU 8-tubulin
Acolium inquinans Wedin 6352 (UPS) AY450583 AY143404 AY453639 KX529023
Ac. karelicum Hermansson 16472 (UPS) KX512897 NA KX512879 NA
Amandinea punctata 1 18-60759 (KUN) 01467351 NA NA NA
Am. punctata 2 AFTOL 1306 HQ650627.1 NA DQY86756.1 NA
Buellia alpina 16-53720 (KUN) OM914626 NA NA NA
B. alpina 16-53737 (KUN) OM914627 NA OPr060154 OM925561
B. dijiana - AF250788 NA NA NA
B. disciformis 1 EDNA09-01524 FR799139 NA NA NA
B. disciformis 2 EDNA09-02095 FR799136 NA NA NA
B. disciformis 3 EDNA09-02116 FR799138 NA NA NA
B. elegans 18-60340 (KUN) OM914622 NA OM935566 OM925559
B. clegans 20-68266 (KUN) OM914634 NA OM935569 0OM925562
B. elegans XY19-272 (KUN) 0OM914624 NA OM935567 OM925560
B. elegans 18-59513 (KUN) OM914623 NA NA NA
*B. elegans 18-62336 (KUN) OM914630 / / /
*B. elegans XY19-1907 (KUN) 0OM914632 / / /
*B. elegans XY19-1372 (KUN) OM914631 / / /
*B. elegans XY19-2308 (KUN) 0OM914633 / / /
*B. elegans 12-34754 (KUN) OM914625 / / /
*B. elegans 10-0089 (KUN) OM914636 / / /
*B. elegans 16-0084 (NXAC) MN103116 / / /
*B. elegans Beck 242 (GZU) AY143411 / / /
*B. elegans Leavitr 19085 MZ922074 / / /
B. epigaea XY19-1218 (KUN) OM914628 OM913210 OM935568 NA
B. epigaea XY19-2294 (KUN) OM914629 OM913211 NA NA
“B. epigaca . AF250785 / / /
*B. epigaea 18-59162 (KUN) OM914635 / / /
B. georgei Trinkaus 356a (GZU) AJ421416 NA NA NA
B. zoharyi 1 SA2 MG592314  MG592321 MG592328  MG592346
B. zoharyi 2 MT30 MG592315 MG592322 MG592329 MG592347
B. zoharyi 3 SAG MG592316 MG592323 MG592330 MG592348
B. zoharyi 4 TE13 MG592317  MG592324  MG592331 MG592349
Calicium nobile 1 Tibell 21968 (UPS) KX512913 KX512988 KX529070 NA
C. nobile 2 Tibell 23396 (UPS) KX512914 KX512987 KX529071 NA
Diplotomma alboatrum 1 18-60034 (KUN) MNG615696 OL467286 01444781 0OM925557
Di. alboatrum 2 18-60448 (KUN) MZ224658 OL467287 OL444782 OM925558
Di. venustum 1 18-58557 (KUN) OL467349 01467284 OL444779 0OM925555
Di. venustum 2 18-58102 (KUN) OL467350 OL467285 OL444780 OM925556
* Di. venustum 3 XY19-252 (KUN) OL467353 / / /
Heterodermia speciosa Wetmore (S) KX512927 KX512975 KX512868 KX529000
He. vulgaris Frisch 11/Ugl1226 (UPS) KX512928 KX512989 KX512857 NA
Phaeophyscia ciliata Prieto (S) KX512929 KX512958 KX512886 KX529012
Ph. orbicularis Prieto 3012 (S) KX512930 KX512967 KX512876 NA
Physcia aipolia Wedin 6145 (UPS) KX512931 AY143406 AY300857 KX529021
P, tenella Odelvik and Hellstrom 0827 (S) KX512932 KX512974 KX512869 NA
Pyxine coccoes Prieto (S) KX512936 KX512964 NA KX529010
Py. subcinerea - HQ650705 NA DQ883802 NA
Py. sorediata Wetmore 91254 (S) KX512937 KX512973 KX512870 KX529001
Tetramelas chloroleucus Westberg 10-001 (S) KX512938 NA KX512875 KX529006
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Taxon Voucher Accession number
nulTS mtSSU nuLSU 8-tubulin

Te. geophilus 20-67496 (KUN) OL467354 01467291 OL444785 0OM925563
Te. pulverulentus Nordin 6368 (UPS) KX512940 KX512983 KX512860 KX528990
Thelomma mammosum 1 Tibell 23775 (UPS) KX512942 KX512954 KX512888 KX529016
Th. mammosum 2 Herndndez et al. 2002 (UPS) KX512943 KX512953 KX512851 KX529017
Th. santessonii 1 Nordin 4011 (UPS) KX512944 KX512951 KX512889 NA

Th. santessonii 2 Nash 38262 (UPS) KX512945 KX512950 KX512890 NA
Discussion

Although species in Buellia epigaea-group share common characters, there are still ad-
ditional diagnostic traits which could be used to distinguish between species within
this group. The monophyletic clade 1 is formed by B. dijiana and B. georgei, together
with B. epigaea. These three species share the characters of having no distinct marginal
lobes and lacking atranorin. Within clade 1, only B. georgei has effigurate thalli; it also
has short marginal lobes which often form rosettes. Both B. georgei and B. dijiana con-
tain arthothelin acid and were described from Australia. However, their habitat differs:
B. georgei occurs primarily on soft limestone or calcareous outcrops but never directly
on calcareous soil, whereas B. dijiana is present on soil in open mallee vegetation
(Trinkaus et al. 2001). In contrast, B. epigaea lacks secondary metabolites and could be
reliably recognized by its crusty thallus, which is often uneven to wrinkled.

We propose a new species: Buellia alpina. It was clustered with B. zoharyi and
B. elegans within clade 2. The common features of clade 2 are: having slim effigurate
thalli covered with granulose pruina, obvious marginal lobes and always containing
atranorin. The most distinctive features of the new species B. alpina are: heavily white
pruinose apothecia and four-spored asci. B. elegans is similar to B. zoharyi in its external
morphology. However, B. elegans can still be reliably distinguished from B. zoharyi,
based on the ornamentation of ascospores. B. elegans has a loosely regulate surface
(Fig. 3B and Fig. 4B), whereas the surface of B. zoharyi is microfoveate (Fig. 3G). In
addition, the two species differ in their secondary metabolites: B. zoharyi contains atra-
norin, stictic acid and norstictic acid, while B. elegans has four chemotypes (Trinkaus
and Mayrhofer 2000). One of these chemotypes (atranorin and 2’-O-methylperlatolic
acid) is widely distributed in Asia, and was detected in most of the specimens from
Yunnan, Qinghai and Xizang Provinces, China.

In addition to the species discussed above, Buellia epigaea-group also contains the
species B. asterella and B. lobata. These have not been included in this phylogenetic
study due to the lack of available sequences. Morphologically, B. asterella and B. lobata
are similar to B. alpina in their possession of four mature ascospores within each ascus
(Trinkaus and Mayrhofer 2000; Trinkaus et al. 2001). B. alpina differs from these two
species by its heavily white pruinose apothecia, granular pruina on the thallus surface
and atranorin content. Furthermore, B. alpina has Callispora-type ascospores (with
lateral (subapical) thickening, always with tapering ends). However, B. asterella and
B. lobata both have fine pruina on their thallus surface and Buellia-type ascospores
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Figure 1. Phylogenetic relationships of Caliciaceae based on a Maximum Likelihood analysis of the
nul TS matrix. Species positioned in clade 1 and clade 2 belong to the Buellia epigaea-group. Maximum
Likelihood bootstrap values and posterior probabilities are shown near the nodes. New species and records

are shown in bold.
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Figure 2. Phylogenetic relationships within Caliciaceae, based on a Maximum Likelihood analysis of a
combined regions dataset (nulTS-nuLSU-mtSSU-B-tubulin). Species positioned in clade 1 and clade 2
belong to the Buellia epigaea-group. Maximum Likelihood bootstrap values and posterior probabilities are
shown near the nodes. New species and records are shown in bold.

(lacking distinct wall thickening). B. asterella contains atranorin, norstictic acid and
trace quantities of stictic acid, whereas B. lobata contains atranorin and thuringione.
The Buellia species in this study have all been classified as belonging to the Buellia
epigaea-group, based on their terricolous habitat and distinct morphological characters of
white and effigurate thalli. However, the phylogenetic trees in this study suggest that this
group is not monophyletic. Thus, the previous definition of Buellia epigaea-group may be
artificial, without support from molecular data. Phylogenetic study of both a single region
(nulTS) and combined regions (nul TS-nuLSU-mtSSU-B-tubulin) showed that both clad-
es do not group together. Therefore, the fundamental concept of the Buellia epigaea-group
requires further research, including additional samples from across its global distribution.
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Figure 3. Ornamentation of ascospores A Buellia alpina B Buellia elegans C Buellia epigaca D Buellia
lobata € Buellia dijiana F Buellia asterella G Buellia zoharyi H Buellia georgei (R—=C were drawn by Qiu
Yi Zhong D-H are from Trinkaus and Mayrhofer 2000; Trinkaus et al. 2001).

Figure 4. Ornamentation of ascospores (6000x magnification photograph under scanning electron mi-

croscope) A Buellia alpina B Buellia elegans C Buellia epigaea Scale bars: 2 pm (A=C).

In conclusion, species of Buellia epigaca-group share common characters which
can be reliably recognized. There are distinct morphological and chemical differences
which could be used to distinguish between different species in this group. Ornamen-
tation of ascospores is a useful character by which to distinguish species in Buellia

epigaea-group (Figs 3, 4; Table 3).
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Table 3. Key characteristics of the Buellia epigaea-group.

Species Thallus Apothecia | Exciple | Spores | Or ion| Major chemistry | Pycnidia | Parasitic
of spores fungi
B. alpina effigurate, lobes linear, flac, dispersa- | Callispora- | densely rugulate, atranorin not seen | not seen
closely aggregate; covered | margin type | type; four- | resulting in
with granulose pruina | wavy and spored rough surface
irregular
B. asterella | efhigurate, lobes shortand | convex | aethalea-| Buellia- microfoveate | atranorin, stictic acid, rare not seen
connected; surface with type | type; often norstictic acid
fine pruina four well
developed
spores
B. dijiana | not effigurate, crustose to soon | aethalea- | Buellia-type warty, arthothelin filiform rare
granulose-squamulose; | irregularly | type microrugulate conidia
surface with fine pruina; | convex
dispersive
B. elegans | effigurate, lobes short to flatto | dispersa- | Buellia-type Loosely a) atranorin; b) not seen | common
slender, multi-forked; convex type rugulate, atranorin and
covered with granulose resulting in | 2'-O-methylperlatoric
pruina rough surface (in Asia)
B. epigaea not effigurate, crusty, flac aethalea- | Callispora- | surface densely no secondary rare rare
uneven to wrinkled; type type areolate and metabolite
surface with fine pruina rough
B. georgei | effigurate, marginal lobes | flator | aethalea- | Buellia-type | surface densely arthothelin filiform | common
short and often forming | sometimes| type areolate and conidia
rosettes; surface with white | slightly rough
granulose pruina convex
B. lobata | effigurate, marginal lobes | apothecia | aethalea- | Buellia- warty, arthothelin, filiform | common
distinct but short, the tips | disc below | type | type; often | microrugulate thuringione conidia
of lobes dark; surface with | margin four well
lightly fine pruina developed
spores
B. zoharyi | effigurate, lobes obvious; flatto | dispersa- | Buellia-type| microfoveate atranorin, norstictic | common rare
covered with granulose convex type acid, stictic acid
pruina
Taxonomy

Buellia alpina Xin Y. Wang & Li S. Wang, sp. nov.
MycoBank No: 843376
Fig. 5

Diagnosis. The species is distinguished from its closest relatives B. elegans and B. zo-
haryi by its linear lobate thallus, heavily pruinose apothecia and lobes, Callispora-type
ascospores and four-spored asci.

Type. CHiNa. Xizang Prov.: Lasa Ci., Namucuo Nature Reserve, on soil beside a
lake, 30°46'46"N, 90°52'24"E, alt. 4730 m, 28 Sep. 2016, L.S. Wang et al. 16-53720
(KUN-Holotype; SDNU-Isotype).

Description. Thallus effigurate, lobate and linear, lobes tightly aggregated, 0.5—
1.5 mm wide, prothallus absent; upper surface white to grayish white, dull, covered
with granulose pruina; medulla white, non-amyloid (I-). Apothecia sparse to dense,
sometimes aggregate, adnate to the thallus, lecideine, margin covered with white pruina
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Figure 5. Morphology of Buellia alpina (16-53720 KUN) A thallus on soil within meadow B black
lecideine apothecia covered with white pruina € the section of apothecium, exciple dispersa-type D as-
cospores with 1-septate, Callispora-type, with tapered ends E mature ascus containing four spores, Bacidia-
type F young ascus containing four spores. Scale bars: 2 mm (A); 0.5 mm (B); 50 um (C); 10 pm (D-F).

which resemble lecanorine apothecia; disc black, roundish, (0.3-)0.5-1.4(~1.6) mm
in diam., heavily pruinose, roundish when immature, marginal part becoming wavy
and irregular when mature; margin persistent; exciple dispersa-type (Bungartz et al.
2007), dark brown, without aeruginose pigments (HN03—); epihymenium brown to
dark brown; hymenium hyaline, 80-100 um tall, without oil droplets, paraphyses
simple to moderately branched, apically swollen, with a brown pigment cap; hypothe-
cium dark brown; asci oval-clavate, Bacidia-type, four-spored; spores 1-septate, hya-
line when young, turning brown when mature, Callispora-type (Bungartz et al. 2007),
ellipsoid, with tapering ends, proper septum narrow, not thickening during spore on-
togeny, (13—)15-20(-22) x (6-)7-9(-~10) pm. Pycnidia not seen.
Chemistry. Thallus K+ yellow, C—, PD—, UV—, medulla I-; containing atranorin.
Distribution and ecology. This species is mainly distributed in alpine meadows of the
Tibetan Plateau, growing on soil within meadows, between elevations of 4700-5000 m.
Etymology. The epithet “alpina’ refers to the alpine distribution of this species.
Note. This new species could be distinguished from all other Buellia species by
its linear lobate thallus, covered with granulose pruina, black lecideine apothecia
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with heavy whitish pruina, four-spored asci and its alpine distribution. It might be
misidentified as subsquamulose or subfoliose species of Sguamarina Poelt, but could be
distinguished by the white thickened edges and hyaline simple ascospores.

Specimens examined. CHINA. Xizang Prov.: Lasa Ci., Namucuo Nature Reserve,
on soil beside a lake, 30°46'46"N, 90°52'24"E, alt. 4730 m, 28 Sep. 2016, L.S. Wang
etal.16-53737.

Buellia elegans Poelt, Nova Hedwigia 25(1-2): 184-186 (1974)
Fig. 6

Type. Itary. Ad terram calcaream supra Clavennam (Madesimo), Anzi M. (M!
-Holotype).

Description. Thallus effigurate with distinct marginal lobes slim, 0.5-1 mm wide, the
edge usually separated from the substrate and clearly foliaceous, thallus radiate, 1-2 cm in
diam., prothallus absent; upper surface white, dull, usually covered with granular pruina;
the upper cortex about 20 pm thick, with granular crystals, and the lower surface light

Figure 6. Morphology of Buellia elegans (16-51770 KUN) A thallus on soil within meadow B lecideine ap-

othecia C the section of apothecium, exciple dispersa-type D ascospores with 1-septate, Buellia-type E mature
ascus containing eight spores, Bacidia-type. Scale bars: 2 mm (A); 1 mm (B); 50 pm (C); 10 pm (D, E).
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brown to white, without cortex; medulla white, without calcium oxalate crystals. Apothe-
cia sparse, lecideine; disc and margin black, sometimes lightly pruinose, roundish, 0.3-1.0
mm in diam., immersed and smooth when young but adnate and convex when mature;
margin persistent; exciple thick, dispersa-type, without aeruginose pigments (HNO -);
epihymenium brown to dark brown; hymenium hyaline, 70-90 pm tall, without oil
droplets, paraphyses simple to moderately branched, apically swollen, with a brown pig-
ment cap; hypothecium dark brown; asci oval-clavate, Bacidia-type, eight-spored; spores
1-septate, hyaline when young, turning brown when mature, Buellia-type, ellipsoid, not
thickening during spore ontogeny, 15-22 x 7-10 um. Pycnidia not seen.

Chemistry. Thallus K+ yellow, C—, KC—, PD—, UV+ yellow, medulla I-; contain-
ing atranorin and norstictic acid (trace) or atranorin and 2’-O-methylperlatolic acid.

Distribution and ecology. This species is mainly distributed in open and dry soil or
soil over rock or within meadows between elevations of 14004730 m. This species has
been recorded in Asia, Afghanistan, Europe and North America (Thomson, 1997). In
China, it is mainly distributed in Gansu, Ningxia, Qinghai, Xizang and Yunnan Provinces.

Note. This is a new record for China, and is unique among species of Buellia
due to its effigurate thallus, marginal lobes linear and slim, branched near the tips. It
resembles folicolous species of Physconia Poelt, but could be differentiated by its slim
lobes and lack of lower surface. It has a wide distribution across the Tibetan Plateau,
especially in arid deserts and meadows. Four chemotypes of the species were previously
reported (Trinkaus and Mayrhofer 2000). Only two chemotypes have been detected in
Chinese materials: atranorin and 2’-O-methylperlatolic acid account for the majority,
atranorin and norstictic acid (trace) constitute only a small proportion.

Selected specimens examined. CHINA. Gansu Prov.: Jiayuguan Ci., Xigou, min-
eral, on soil, 39°39'34"N, 97°56'15"E, alt. 2198 m, 28 May 2018, L.S. Wang et al.
18-59611; Yumen Ci., meadow along the route from Yumen to Yuerhong, on soil,
39°57'45"N, 96°39'23"E, alt. 2395 m, 27 May 2018, L.S. Wangetal. 18-59513. Ningx-
ia Prov.: Zhongwei Ci., Shanpotou, Mengjiawan, on soil, 37°36'12"N, 104°55'06"E,
alt. 1403 m, 18 Sep. 2010, D.L. Niu et al. 10-0089. Qinghai Prov.: Wulan Co., de-
sert along the route from Wulan to Delingha, on soil, 37°02'08"N, 98°12'29"E, alt.
3072 m, 20 May 2018, L.S. Wang et al. 18-58303; Dulan Co., Xiangjia Vil., on sandy
rock, 36°00'53"N, 97°44'36"E, alt. 3056 m, 15 Sep. 2020, L.S. Wang et al. 20-68266.
Xizang Prov.: Dazi Dis., Bangdui Vil., on soil, 29°44'06"N, 91°24'55"E, alt. 3709 m,
16 Jul. 2019, L.S. Wang et al. 19-64615; Basu Co., beside Ranwu Lake, on soil over
rock, 29°23'34"N, 96°50'20"E, alt. 3901 m, 15 Jul. 2019, X.Y. Wang et al. (XY19-278;
XY19-272); Geji Co., beside S301 road, on soil, 32°14'47"N, 82°10'27"E, alt. 4514 m,
21 Jul. 2019, L.S. Wang et al. 19-63808; Bomi Co., along the route to Basu Co., on
soil, 29°40'31"N,96°12'38"E, alt. 2920 m, 10 Nov. 2018, L.S. Wang et al. 18-62336;
Langkazi Co., Simila Mt., on soil over rock, 28°50'37"N, 89°51'54"E, alt. 4343 m, 24
Jul. 2019, X.Y. Wang et al. XY19-1372; Sangri Co., Sangri Town, on soil over rock,
29°17'29"N, 92°05'30"E, alt. 3595 m, 30 Jul. 2019, X.Y. Wang et al. (XY19-1899;
XY19-1907); Jangzi Co., Simila Mt., on soil over rock, 28°50'30"N, 89°51'48"E, alt.
4223 m, 24 Jul. 2019, X.Y. Wang et al. XY19-2308; Jiangda Co., Kakong Vil., on
soil over rock, 31°20'22"N, 98°08'01"E, alt. 3785 m, 23 Sep. 2020, L.S. Wang et al.
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20-68931. Yunnan Prov.: Deqin Co., Benzilan Vil., on soil over rock, 28°10'27"N,
99°22'53"E, alt. 2007 m, 26 Sep. 2020, L.S. Wang et al. 20-69241; Deqin Co., Ben-
zilan Vil., beside JinSha river, on soil, 28°11'36"N, 99°21'08"E, alt. 2108 m, 19 Aug,.
2018, L.S. Wang et al. 18-60340; Degin Co., Benzilan Vil., on soil, 28°13'38"N,
99°19'20"E, alt. 2110 m, 3 Jul. 2012, L.S. Wang et al. 12-34754.

Buellia epigaea (Pers.) Tuck. Gen. lich.: 185 (1872)
Fig. 7

Type. Germany. Hesse, ad terram inter muscos non procul a Monte Meissner, 1794,
Persoon (H-Ach-Isotype, not seen).

Description. Thallus terricolous, tightly attached to the substrate, upper surface white
or greyish white, usually with white fine pruina, thallus crusty, uneven to wrinkled, 0.2-1
mm thick, prothallus absent; the upper cortex 60—150 um thick, with granular crystals,
pith completely interspersed with Ca oxalate crystals; medulla white. Apothecia sparse to
dense, lecideine, but usually surrounded by a thalline collar (pseudolecanorine); disc black,
always with finely white pruina, roundish, 0.5-1.0 mm in diam., mostly flat, rarely slight-
ly convex; young apothecia immersed and margin with finely white pruina breaking out
broadly, mature apothecia adnate and margin absent or not obvious; exciple aethalea-type,
up to 50 um thick, without aeruginose pigments (HNO,-); epihymenium brown to dark
brown; hymenium hyaline, 60—-80 pm tall, without oil droplets, paraphyses simple to mod-
erately branched, apically swollen, with a brown pigment cap; hypothecium hyaline to light
brown, up to 100 um high; asci oval-clavate, Bacidia-type, eight-spored; spores 1-septate,
hyaline when young, turning brown when mature, with tapering ends, Callispora-type,
often curved, not thickening during spore ontogeny, 12-20 x 6-10 um. Pycnidia not seen.

Chemistry. Thallus K-, C—, KC-, PD-, UV—; without secondary metabolites.

Distribution and ecology. This species mainly occurs on open and dry soil, soil
within meadows or on soil over rock, between elevations of 2300-4700 m. This spe-
cies has been recorded in Asia, Europe and North America (Trinkaus and Mayrhofer
2000). In China, it is mainly distributed in Gansu, Qinghai and Xizang Provinces.

Note. The species is a new record for China; it could be distinguished from all the other
terricolous Buellia species reported in China by the combination of the following charac-
teristics: thallus white crustose, uneven to wrinkled, always covered by finely white pruina,
apothecia pseudolecanorine, the ornamentation of the ascospore surface densely areolate
and rough, pycnidia rare, Callispora-type ascospores and absence of secondary metabolites.
This species is close to Tetramelas species in phylogeny and similar in morphology, but
could be distinguished by absence of the secondary metabolites 6-O-methylarthothelin or
related xanthones, and pseudolecanorine apothecia covered with white pruina.

Selected specimens examined. CHINA. Gansu Prov.: Sunan Co., along the route
from Linze to Sunan, on soil over rock, 38°52'26"N, 99°44'21"E, alt. 2294 m, 29 May
2018, L.S. Wang et al. 18-58766; Sunan Co., along the route from Linze to Sunan, on
soil over rock, 38°52'47"N, 99°43'57"E, alt. 2296 m, 29 May 2018, L.S. Wang et al.
18-59699. Qinghai Prov.: Gonghe Co., meadow beside Qinghai Lake, on soil within
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Figure 7. Morphology of Buellia epigaea (XY19-2294 KUN) A thallus growing on the soil B lecideine
apothecia with white pruina, surrounded by a thalline collar (pseudolecanorine) € the section of apothe-
cium, exciple aethalea-type D ascospores with 1-septate, Callispora-type E ascus Bacidia-type. Scale bars:
2 mm (A); 1 mm (B); 50 um (C); 10 um (D, E).

meadow, 36°33'26"N, 100°28'45"E, alt. 3431 m, 18 May 2018, L.S. Wang et al. 18-
59162. Xizang Prov.: Qushui Co., Niedang Vil., on soil, 29°30'24"N, 90°56'17"E,
alt. 3527 m, 22 Jul. 2019, X.Y. Wang et al. XY19-1234; Qushui Co., Niedang Vil., on
soil over rock, 29°30'22"N, 90°56'15"E, alt. 3624 m, 22 Jul. 2019, X.Y. Wang et al.
XY19-1218; Langkazi Co., entrance to Karuola Glacier, on soil over rock, 28°53'54"N,
90°13'32"E, alt. 4774 m, 24 Jul. 2019, X.Y. Wang et al. XY19-2294.

Key to species of Buellia epigaea-group

1 Thallus effigurate and marginal lobes long and obvious; containing atranor-
1S OO ORTEURTR 2
- Thallus either not effigurate or effigurate but with marginal lobes short and
closely aggregate; lacking atranorin ...........cccccvvvvieecuciciiinnicccceceee 4
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2 Ascus four-spored .......cooueerieeninieiniiceeee s Buellia alpina
Ascus eight-Spored .........cciiiiiiiiciiiiiiiee s 3
3 Spores large, up to 23 pm long, ornamentation of spores rugulate................

............................................................................................. Buellia elegans
- Spores smaller, less than 17 pm long, ornamentation of spores microfoveate.
............................................................................................ Buellia zoharyi
4 Thallus not effIGUIALE .....ooveviiiiiiiiiccce e 5
Thallus effigurate, usually with short lobes.........ccccooiiiiinniiiins 6
5 Thallus crustose to granulose-squamulose; containing arthothelin.................
............................................................................................ Buellia dijiana
- Thallus crusty, uneven to wrinkled; lacking secondary metabolites................
............................................................................................ Buellia epigaea
6 On rock; ascus eight-spored; marginal lobes forming rosettes...... Buellia georgei
- On soil; usually four mature spores in each ascus........cccceeeeircinicnneenns 7
7 Containing atranorin and thuringione; ornamentation of spores warty, mi-
CLOTUGUIALE. ... Buellia lobata
— Containing atranorin, norstictic acid and stictic acid (trace); ornamentation
of spores MICrOfOVEALe. ....c.evveviirueiinieiiirieirieceiceeeceeeaes Buellia asterella
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Abstract

In the present work, an epitype for Sphaeria apiospora, the basionym of the type species of the genus
Apiospora, Apiospora montagnei, is selected among collections growing in the host plant species reported
in the original protologue, Arundo micrantha. Most samples obtained from localities near that of the
lectotype (Perpignan, France) belong to the same species, which is not significantly different from the
clade previously named Ap. phragmitis, suggesting that this name is a later synonym of Ap. montagnei. In
addition, the name Ap. marianiae is here proposed to accommodate a newly discovered species found in
the Balearic Islands (Spain), and the asexual state of Ap. sichuanensis is described for the first time from
samples growing in the same islands.
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Introduction

Apiospora Sacc. is the type genus of family Apiosporaceae K.D. Hyde, ]. Frohl., Joanne
E. Taylor & M.E. Barr. It occurs worldwide, and includes important pathogens
and saprophytes of animals, plants and seaweeds (Heo et al. 2018, Park et al. 2018,
Wang et al. 2018, Kwon et al. 2021). Genus Apiospora was built around Apiospora
montagnei Sacc. (Saccardo 1875), a replacement name for Sphaeria apiospora Durieu
& Mont. (Bory de Saint-Vincent and Durieu de Maisonneuve 1849). For a long
time, Apiospora was considered a sexual state of genus Arthrinium Kunze, and both
were even formally synonymyzed by Crous and Groenewald (2013), but recently
shown to represent independent clades and separated again by Pintos and Alvarado
(2021). These authors concluded that although the morphology of the original
collections of S. apiospora (= Ap. montagnei) does not allow to link them with a
unique phylogenetic clade, they should nest inside the clade containing most other
species with basauxically-generated rounded/lenticular conidia that occur mainly
on Poaceae (but also many other plant families, seaweeds and animals) worldwide
(including tropical and subtropical regions), and differ from species in the clade of
Arthrinium, which have variously shaped conidia, a narrower host range (mainly, but
not exclusively, Cyperaceae and Juncaceae), and occur in temperate, cold or alpine
(but not tropical or subtropical) regions. This way, Pintos and Alvarado (2021)
selected a lectotype for S. apiospora (= Ap. montagnei), and fixed the phylogenetic
limits of Apiospora, proposing the necessary combinations at species rank. Later
authors followed this approach (Crous et al. 2021; Tian et al. 2021), and genomic
analyses seem to confirm their taxonomic decision (Serensen et al. 2022). A third
group of species formerly placed within Arthrinium, including Ar. urticae M.B. Ellis
(Ellis 1965) and Ar. trachycarpi C.M. Tian & H. Yan (Yan et al. 2019), are probably
unrelated to Arthrinium or Apiospora (Tang et al. 2021), and therefore deserve to be
classified in a different genus.

Despite these important taxonomic changes, the exact identity of the type species of
Apiospora, Ap. montagnei, still remains uncertain. Pintos and Alvarado (2021) discussed
the host plants mentioned by Bory de Saint-Vincent and Durieu de Maisonneuve
(1849), concluding that the lectotype (collected near Perpignan, France) was found
on Arundo micrantha or Aru. donaciformis. Only four species of Apiospora, Ap. iberica
(Pintos & P. Alvarado) Pintos & P. Alvarado, Ap. italica (Pintos & P. Alvarado)
Pintos & P. Alvarado, Ap. marii (Larrondo & Calvo) Pintos & P. Alvarado and Ap.
phragmitis (Crous) Pintos & P. Alvarado had been recorded in Arundo spp. (Pintos et
al. 2019, Pintos and Alvarado 2021), but since Ap. iberica and Ap. italica are relatively
rare, Ap. marii and Ap. phragmitis were considered the most probable synonyms of
Ap. montagnei (Pintos and Alvarado 2021).

In the present work, several collections of Apiospora growing on Arundo aff.
micrantha in northeastern Spain and the Balearic Islands were analyzed, and an epitype
of Ap. montagnei selected among them to fix the identity of this species. In addition,
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a newly discovered species found in the same region is described and given a new
name, and the asexual state of Ap. sichuanensis Samarak., Jian K. Liu & K.D. Hyde is
described for the first time.

Materials and methods

Isolates

Methods employed to isolate the sexual and asexual states are described in Pintos and
Alvarado (2021). The samples were deposited in the fungarium of the Muséum Na-
tional d"Histoire Naturelle (PC; Paris, France) and the Fungarium of the University of
Vienna (WU; Vienna, Austria). Living cultures were deposited in Fungal collection at
the Westerdijk Fungal Biodiversity Institute (CBS; Utrecht, The Netherlands).

Morphology

Samples were studied with a Zeiss Axioscope compound microscope operating with
differential interference contrast (DIC). Images were obtained with a FLIR camera us-
ing open source software Microscopia Oberta (A. Coloma). Measurements were taken
with FIJI win64 Imaje] software, and reported as follows: maximum value in parenthe-
ses, range between the mean plus and minus the standard deviation, minimum value
in parentheses, and the number of elements measured in parentheses. For some images
of conidiophores, the image stacking software Zerene Stacker v. 1.04 (Zerene Systems
LLC, Richland, WA, USA) was employed. Morphological descriptions were based on
fertile cultures growing on 2% MEA (20 g/L malt extract, 20 g/L soy peptone, 15 g/L
agar, pH 7) at room temperature.

Phylogenetic analysis

Total DNA was extracted from cultured isolates and dried fungarium specimens em-
ploying a modified protocol based on Murray and Thompson (1980). Amplification
reactions (Mullis and Faloona 1987) included 35 cycles with an annealing temperature
of 54 °C. Primers ITS1F and ITS4 (White et al. 1990, Gardes and Bruns 1993) were
employed to amplify the ITS1-5.85-ITS2 ntDNA region (ITS), while LROR and LR5
(Vilgalys and Hester 1990, Cubeta et al. 1991) were used for the 28S nrDNA region
(LSU), EF1-728FE EF1-983F and EF1-1567R (Carbone and Kohn 1999, Rehner and
Buckley 2005) for the translation elongation factor 1 alpha (tefl) gene, and T1, Bt2a,
and B2b (Glass and Donaldson 1995; O’Donnell and Cigelnik 1997) for the B-tubulin
gene (tub2). PCR products were checked in 1% agarose gels, and positive reactions were
sequenced with one or both PCR primers. Chromatograms were checked searching for
putative reading errors in MEGA v. 5.0 (Tamura et al. 2011), and these were corrected.
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A single alignment was made using: 1) ITS1-5.85-1TS2 nrDNA, 2) 28S nrDNA,
3) tefl region between 3 extreme of intron 1 and the 5’ extreme of the exon between
introns 2 and 3, and 4) tub2 region between intron 3 and the 5’ extreme of the exon
between introns 5 and 6. Homologous sequences of selected samples of Apiospora avail-
able in public databases (International Nucleotide Sequence Database Collaboration,
INSDC, Arita et al. 2021) were included, adding also sequences of Arzhrinium as out-
group. The sequences employed (Suppl. material 1) were mainly retrieved from Smith
et al. (2003), Singh et al. (2012), Crous and Groenewald (2013), Crous et al. (2015,
2020), Senanayake et al. (2015), Dai et al. (2016, 2017), Wang et al. (2017, 2018), Ji-
ang et al. (2018, 2019, 2020), Liu et al. (2019), Pintos et al. (2019), Yan et al. (2019),
Yang et al. (2019), Senanayake et al. (2020), Pintos and Alvarado (2021), Kwon et al.
(2021), Phukhamsakda et al. (2022) and Samarakoon et al. (2022). Sequences first
were aligned in MEGA software with its Clustal W application and then corrected
manually. Gblocks (Castresana 2000) was employed to remove 191 ambiguously
aligned positions from ITS rDNA, resulting in a final alignment with 188/463/82
(ITS rDNA), 126/786/64 (28S rDNA), 358/847/52 (tefl) and 576/807/47 (tub2)

variable sites/ total sites/ sequences.

Results

The phylogenetic analysis of sequenced species of Apiospora including ITS1-5.8S-1TS2
and LSU rDNA, as well as exon and intron regions from tefl and tub2 genes (Fig. 1)
resulted in six significantly supported major clades: 1) /sorghi (apparently containing a
single species, Ap. sorghi (J.D.P. Bezerra, C.M. Gongalves & C.M. Souza-Motta) X.G.
Tian & Tibpromma = Ar. taeanense S.L. Kwon, S. Jang & J.J. Kim), 2) /jatrophae, 3) /
hysterina, 4) /arundinis, 5) /montagnei, and 6) /phacospermum. These clades, identi-
fied in the present work for the first time, maybe represent monophyletic lineages that
could be interpreted as sections or subgenera inside Apiospora. However, this hypoth-
esis should be further tested with additional data from less variable DNA regions, since
ITS1 rDNA and introns can be easily misaligned.

Among the samples analyzed in the present study (Suppl. material 2), five collec-
tions of Apiospora were found growing on Arundo aff. micrantha (the supposed host
plant of the lectotype of Sphaeria apiospora) in Girona (northeastern Spain) and Mal-
lorca (Balearic Islands, Spain). Four of them were not genetically different from Ap.
phragmitis, and one matched Ap. sichuanensis. Another seven samples found growing
on Arundo donax in Mallorca matched Ap. phragmitis, and one Ap. sichuanensis. Due to
these results and the data available from Mediterranean species of Apiospora, Ap. phrag-
mitis is here considered the most probable synonym of Ap. montagnei, and an epitype
for this species selected among the samples analyzed in the present work. Finally, two
samples found on Phleum pratense in Mallorca turned out to represent a previously
unknown phylogenetic lineage, which is given a new name below.
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100/100 146353 (CBS) Arthrinium crenatum TYPE
- AP26418 Arthrini inioii
o.08/57 | 345006 (GZU) Arthrinium austriacum
067/9

345043 (GZU) Arthrinium morthieri

1.00/100

1.00/100

Figure 1.

osporaceae
Bayesian P

APIOSPORA

1.00/100  AP23518 Arthrinium caricicola

145903 (CBS) Arthrinium caricicola EPITYPE
X 30500 (IFO) Arthrinium japonicum
03/87 VK-P-4047/24 Arthrinium sporophleum
AP7619-3 Arthrinium luzulae

1.00/52

Majority rule consensus (50%) ITS rDNA- 28S rDNA- tefl- tub2 phylogram of the Api-
obtained in MrBayes from 4 875 sampled trees. Nodes were annotated if supported by > 0.95
P (left) or > 70% ML BP (right).
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Taxonomy

Apiospora montagnei Sacc., Atti Soc. Veneto-Trent. Sci. Nat. 4: 85. 1875.
Fig. 2C-2N

Sphaeria apiospora Durieu & Mont., Expl. Sci. Alg., FL. Algér. 1, livr. 13: 492. 1849.
[replaced name]

Hypopteris apiospora (Durieu & Mont.) Berk., Hooker’s J. Bot. Kew Gard. Misc. 6:
227.1854.

Arthrinium phragmitis Crous, IMA Fungus 4: 147. 2013.

Apiospora phragmitis (Crous) Pintos & P. Alvarado, Fungal Systematics and Evolution
7:206. 2021.

Sexual morph. Stromata solitary to gregarious, immersed to erumpent, fusiform, with
the long axis broken at the top by one or two cracks, (0.5-)2.1-2.9(-4) x (0.2-)0.25—
0.35(-0.5) mm (n = 20). Ascomata uniseriate or irregularly arranged beneath stro-
mata, pseudothecial, black, globose to subglobose with a flattened base, (150-)159—
183(-200) pm high x (200-)247-278(~300) um wide (n = 35), with a conspicuous
periphysate ostiole. Peridium composed of 5 or 6 layers of brown to hyaline cells ar-
ranged in textura angularis. Hamathecium paraphyses hyphae-like, up to 4 pm wide.
Asci broadly cylindrical, clavate, with an indistinct pedicel, rounded at the apex,
lacking apical apparatus, (72-)99-111(-115) x (14-)15.5-16.5(-18) pum (n = 25).
Ascospores uniseriate or biseriate, clavate to fusiform, straight or slightly curved, with
narrowly rounded ends, composed of a large upper cell and a small lower cell, hyaline,
smooth-walled, measuring (21-)23-24.5(-25) x (6-)6.3-7.1(=8) pm (n = 30).

Asexual morph. Mycelium consisting of hyaline, smooth, branched, septate hy-
phae 1-4 pm in diam. (n = 20). Conidiophore mother cell from hyaline to brown,
solitary or aggregated in groups on hyphae, subsphaerical to lageniform or ampuli-
form, measuring (4-)6.6-8(-10) x (3—)4.5-5.1(=6) pm (n = 10). Conidiophores cy-
lindrical, straight to flexuous, some of them branched, hyaline, measuring (10-)18—
34(-45) x (1.5-)1.6-1.8(-2) pm (n = 20). Conidiogenous cells doliiform to lageni-
form or ampuliform, hyaline, measuring (10-)11.5-13.1(-15) x (2-)4.3-5.1(-6) pm
(n = 20). Conidia ellipsoidal to ovoid, smooth to finely roughened, with an equato-
rial germ slit of paler pigment, measuring (9—)10.3-11.3(~12) pm in surface view,
(5-)6.2—7.2(-8) um in side view (n = 25). Sterile cells ellipsoidal to clavate, measuring
13-16 pm (n = 25).

Culture characteristics. Colonies flat, spreading, with moderate aerial mycelium.
On MEA, surface dirty white with pale rose patches, reverse luteous. Occupying an entire
90 mm Petri dish in 14 days at room temperature, sporulating four weeks after culture.

Epitype. Spain: Catalonia, Girona, LEscala, on Arundo micrantha, 30 Novem-
ber 2020, leg. Marc Grafiem, AP301120 (epitype selected here PC:0125164, ex-type
culture CBS 148707; iso-epitype WU-MYC0044524, ex-type culture CBS 148708).
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the original collection of Gymnosporium arundinis C-N Apiospora montagnei (AP301120) C stromata on
host D, E asci and periphyses F-I ascospores J-L conidiogenous cell with conidia M=N conidia in face
and side view. Scale bars: 100 um (C); 5 pm (D=I); 10 um (J-N).

Other specimens examined. Spain: Balearic Islands, Mallorca, Esporlas, on
Arundo donax, 14 December 2020, leg. Angel Pintos, AP141220 (WU-MYC0044527).
Balearic Islands, Mallorca, Palma de Mallorca, Torrente de Establiments, on Arundo
micrantha, 19 April 2021, leg Angel Pintos, AP19421 (WU-MYC0044523). Balearic
Islands, Mallorca, Puerto de Alcudia, on Arundo donax, 2 April 2021, leg. Angel
Pintos, AP2421 (WU-MYC0044522). Balearic Islands, Mallorca, Puerto de Andratx,
on Arundo donax, 5 April 2021, leg. Angel Pintos, AP5421 (WU-MYC0044529).
Balearic Islands, Mallorca, Puerto de Soller, on Arundo donax, 3 April 2021, leg.
Angel Pintos, AP3421 (WU-MYCO0044528). Balearic Islands, Mallorca, Puigpunyent,
on Arundo micrantha, 11 December 2020, leg. Angel Pintos, AP111220A. Balearic
Islands, Mallorca, Soller, on Arundo donax, 4 April 2021, leg. Angel Pintos, AP4421
(WU-MYC0044530). Balearic Islands, Mallorca, Universitat de les Illes Balears
(UIB), on Arundo donax, 28 December 2020, leg. Angel Pintos, AP281220 (WU-
MYC0044521). Catalonia, Barcelona, Premia de Dalt, on Arundo donax, 10 October
2020, leg Miguel Mir, AP101020. Catalonia, Girona, Bescand, on Arundo micrantha,
29 November 2020, leg. Marc Grafiem, AP291120 (WU-MYC00445206).

Notes. The phylogenetic boundaries of Apiospora were recently discussed by Pin-
tos and Alvarado (2021), who selected a lectotype (PC:0125160) for S. apiospora,
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the basionym of the type species Ap. montagnei. In the present study, an epitype
(PC:0125164) of Ap. montagnei is selected among modern collections growing on
the same host in Girona, Spain (about 100 km south of the type locality, Perpignan,
France). All samples growing on the same host collected in Girona or the Balearic Is-
lands (Spain) are genetically identical to the epitype, and match the phylogenetic clade
formerly known as Ap. phragmitis, excepting one that matches Ap. sichuanensis, but the
ascospores of this species (29—-48 x 7—10.5 um, Samarakoon et al. 2022) clearly exceed
those of Ap. montagnei (21-25 pm, Pintos and Alvarado 2021). Therefore, on the basis
of these results, it is here hypothesized that Ap. montagnei is a prioritary synonym of

Ap. phragmitis.

Apiospora marianiae sp. nov. Pintos & P. Alvarado
MycoBank No: 843732
Fig. 3

Etymology. The epithet refers to Marian Mateu, the person who found the holotype
collection and beloved wife of the first author.

Holotype. Spain: Balearic Islands, Palma de Mallorca, on Phleum pratense, 18 Feb-
ruary 2019, leg. Marian Mateu AP18219 (holotype CBS 148710).

Asexual morph. Mycelium branched, septate, brown to dark brown. Conidioma-
ta sporodochial, punctiform, scattered or confluent, black, (150-)169-203(~220) pm
long x (70-)76-88(-~100) um wide (n = 30). Conidiophore mother cells on the surface
of the stroma lageniform to ellipsoidal or doliiform, hyaline to brown, measuring (12—
)13.4-14.2(-15) x (4-)6-7.2(-8) pm (n = 10). Conidiophores arising from conidiog-
enous mother cells, basauxic, cylindrical, straight to flexuous, hyaline except the thin
transverse septa, smooth, measuring (19-)28-44(-55) x 3-3.6(~4) um (n = 25). Con-
idiogenous cells monoblastic, integrated, terminal and intercalary, cylindrical. Conidia
brown, solitary; face view: globose to ovate or ellipsoidal, with pale germ slit, (11—
)12.1-13.5(=18) pm in diam. (n = 70); side view: lenticular, (8-)8.4-9.2(=10) um in
diam. (n = 30). Sterile cells only seen in culture, brown, granulate, irregularly lobed,
(19-)25-31(-35) x (6-)8.15-8.45(~12) pm diam. (n = 40).

Culture characteristics. colonies in MEA white and cottony, with gray patches,
reverse gray. Reaching 80-90 mm in diam, in 14 days at room temperature, sporulat-
ing after 5 weeks.

Other specimens examined. Spain: Balearic Islands, Palma de Mallorca, Establi-
ments, on Phleum pratense, 30 November 2019, leg. Angel Pintos, AP301119.

Notes. According to phylogenetic inference, Ap. ovara is the species most closely
related to Ap. marianiae, but their ITS rDNA sequences are only 94% similar (includ-
ing gaps). Their conidia are both oval to broadly ellipsoid, but those of Ap. marianiae
measure 11-15 pm in diam., while those of Ap. ovara are longer, measuring about
18-20 pum in diam. in surface view.
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Figure 3. Apiospora marianiae (AP18219) A colony on culture B—E conidiophore mother cell with

septate conidiophore giving rise to conidia, in C irregularly lobate sterile cell F conidia in face and side
view G conidiophore mother cell with irregular conidia from agar. Scale bars: 100 pm (A); 5 pm (B-G).

Apiospora sichuanensis Samarak., Jian K. Liu & K.D. Hyde, in Samarakoon,
Hyde, Maharachchikumbura, Stadler, Gareth Jones, Promputtha, Suwannarach,
Camporesi, Bulgakov & Liu, Fungal Diversity 112: 21. 2022.

Fig. 4

Asexual morph. Mycelium branched, septate, brown. Conidiomata on host parallel
to the longitudinal axis of the stem, subepidermal, opening after the dehiscence of
the host epidermis, containing a black conidial mass, measuring (400-)600-950(—
1000) x (275-)300-550(-600) pm (n = 40). Conidiophore mother cells arising from
the stroma, lageniform to ampuliform, pale brown, with superficial granular deposi-
tions, (5-)6-10(-16) x (3-)5-7(-8) um (n = 30). Conidiophores basauxic, cylindri-
cal, straight or flexuous, sometimes with a thin septum, hyaline to brown, smooth,
with granular pigments, (20—-)43—67(-80) um in length x (2-)2.2-3.4(—4) pm wide
(n = 50). Conidia globose, subcylindrical to ovate, polygonal or obpyriform, with a
lateral germ slit over the entire length, brown, smooth, irregularly lobed, measuring
(10-)23-31(=35) x (5-)9-13(~14) um (n = 30).

Culture characteristics. colonies on MEA 70-90 mm in diam. after 14 days at
room temperature, flat, spreading, first white and cottony, later becoming gray, reverse
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Figure 4. Apiospora sichuanensis (AP121220) A conidiomata on host B germinated conidia C-E conidi-

ophore mother cell giving rise to septate conidiophore with conidia F-H conidia. Scale bars 100 pm (A);
10 pm (B=H).

dark gray. On PDA (200 g/L potato, 20 g/L dextrose, 20 g/L agar, pH 7.0), 80-90 mm
in diam, after 14 days at room temperature, sporulating after 4-5 weeks, white cottony
at first, then becoming gray with luteous patches, reverse dark gray.

Specimens examined. Spain: Balearic Islands, Mallorca, Palma de Mallorca, Tor-
rente de Soller, on Arundo donax, 12 December 2020, leg. Angel Pintos, AP121220
(WU-MYCO0044525). Catalonia, Girona, Bescand, on Arundo micrantha, 15 Novem-
ber 2020, leg. Marc Granem. AP151120.

Notes. Ap. sichuanensis is genetically close to Ap. pseudoparenchymatica (M. Wang
& L. Cai) Pintos & P. Alvarado, but the fruiting body of the former is an acervulus
and that of the latter a sporodochium. In addition, the conidia of Ap. sichuanensis are
10-35 x 5-14 pm, longer and narrower than those of Ap. pseudoparenchymatica, which
measure 13.5-27.0 x 12.0-23.5.

Discussion

In the present work, several samples of Apiospora growing on Arundo aff. micrantha
(the most probable host plant of the lectotype collection of S. apiospora, PC:0125160,
Pintos and Alvarado 2021) were analyzed in order to clarify the identity of the type
species of Apiospora, Ap. montagnei (= Sphaeria apiospora). In previous works (Crous
and Groenewald 2013, Pintos et al. 2019), four species of Apiospora were found on
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Arundo spp.: Ap. iberica, Ap. italica, Ap. marii, and Ap. phragmitis. In the present work,
the first record of Ap. sichuanensis in Europe was found growing also on Arundo spp.
However, the ascospore dimensions reported in the protologues of Ap. iberica (29—
34 x 6-8 um, Pintos et al. 2019) and Ap. sichuanensis (29-48 x 7-10.5 pm, Samara-
koon et al. 2022), clearly exceed those measured on the lectotype of S. apiospora (PC
0125160, 21-25 pm, Pintos and Alvarado 2021), and other original material of this
species (23-28 um, Hyde et al. 1998). On the contrary, ascospores of Ap. italica, Ap.
marii and Ap. phragmitis are not significantly different from those of the lectotype of
S. apiospora.

All samples of Apiospora found on Arundo aff. micrantha with an ascospore size
matching that of Ap. montagnei are genetically identical to Ap. phragmitis. A single
collection of Ap. italica (MA-Fungi 91733, Pintos et al. 2019), and another one of
Ap. marii (MA-Fungi 91735, Pintos et al. 2019) were previously found on Arundo
donax, a host plant were Ap. phragmitis and Ap. sichuanensis can occur too. Despite the
lack of collections confirming it, it is certainly possible that Ap. italica and Ap. marii
grow also on Arundo aff. micrantha, as these species have been found also on other host
plants, especially Phragmites, but also Ampelodesmos and many others (Arundinaria,
Beta, oats, scaweeds). Apiospora marii has been found in southern, central and northern
Europe (Spain, Italy, Austria, The Netherlands, Sweden) and Asia (China, Korea), be-
ing most probably a widespread species. By way of contrast, Ap. italica and Ap. phrag-
mitis have been found only in the Mediterranean region.

Given the wide host plant range observed in Apiospora, other species which have
not been found yet on Arundo could be collected on this host plant genus in the future,
reducing the reliability of this character for diagnosis. Of those species occurring in the
Mediterranean region, some present ascosopores differing in size from Ap. montagnei (i.e.,
Ap. balearica (Pintos & P. Alvarado) Pintos & P. Alvarado, Ap. hysterina (Sacc.) Pintos &
P Alvarado). Others, such as Ap. descalsii (Pintos & P. Alvarado) Pintos & P. Alvarado, are
apparently rare, and the probability of a synonymy with Ap. montagnei s therefore low. The
sexual state of Ap. rasikravindrae (Shiv M. Singh, L.S. Yadav, PN. Singh, Rah. Sharma &
S.K. Singh) Pintos & P. Alvarado produces ascospores measuring 21.5-24.5 x 7-9.5 um
(Dai et al. 2017), therefore fitting the size range observed in S. apiospora lectotype, but
the synonymy is here rejected because this species has never been found yet on Arundo
sp. (only known to grow on ornamental Phyllostachys and bamboo plants in Mallorca).
Unfortunately, the sexual state of multiple species occurring in the Mediterranean region
(i.e., Ap. aurea (Calvo & Guarro) Pintos & P. Alvarado, Ap. esporlensis (Pintos & P
Alvarado) Pintos & P. Alvarado, Ap. hispanica (Larrondo & Calvo) Pintos & P. Alvarado,
Ap. mediterranea (Larrondo & Calvo) Pintos & P Alvarado, Ap. piptatheri (Pintos
& P. Alvarado) Pintos & P. Alvarado, Ap. serenensis (Larrondo & Calvo) Pintos & P
Alvarado, as well as the new species introduced in the present work, Ap. marianiae) is still
unknown, and therefore they cannot be compared yet with the lectotype of S. apiospora
(= Ap. montagnei). However, these seem to be rare species, and they have never been found
on Arundo yet, so the synonymy is here considered much less probable.

A classical candidate synonym of Ap. montagnei, Ap. arundinis (Corda) Pintos &
P Alvarado (Crous and Groenewald 2013), has not been found yet in the western
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Mediterranean region (Pintos et al. 2019, Pintos and Alvarado 2021), but it seems to
be widespread elsewhere, occurring in temperate, cold and also subtropical countries
(Crous and Groenewald 2013). In Spain, it has been found in ornamental Bambusa
plants in Galicia (north-western Spain), but not in the Mediterranean border with France
(closer and ecologically more similar to Perpignan, the type locality of Ap. montagnei).
Sequenced samples of Ap. arundinis found growing in Arundo are currently lacking, but
the type collection of its basionym, Gymnosporium arundinis Corda was reported to grow
on reeds and grasses near Prague by Corda (1838). An original sample kindly loaned
by the Prague herbarium (PRM 155522) was found to present globose conidia 5—7 um
in diam., a size compatible with that observed in the clade identified as Ar. arundinis
by Crous and Groenewald (2013), but also others, such as Ap. descalsii, Ap. italicum,
Ap. jiangxiensis (M. Wang & L. Cai) Pintos & P. Alvarado, Ap. malaysiana (Crous)
Pintos & P. Alvarado, Ap. pseudospegazzinii (Crous) Pintos & Alvarado or Ap. sacchari
(Speg.) Pintos & P. Alvarado. Interestingly, the host plant of this original collection of
G. arundinis loaned by PRM was not Arundo, but very probably Phalaris arundinacea.
The identity of Ap. arundinis needs to be further investigated, and an epitype from
Prague selected, to ascertain if the name is being correctly applied.

Therefore, on the basis of the data currently available (host plants, ascospore sizes,
abundances, distributions), it is here hypothesized that the lectotype of S. apiospora
(= Ap. montagnei) is not genetically different from the clade of Ap. phragmitis. An
epitype of S. apiospora (= Ap. montagnei) from Girona (Spain, about 100 km south of
Perpignan, the locality where the lectotype was found) is here chosen, and a synonymy
between Ap. montagnei and Ap. phragmitis is suggested.
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Abstract

In this study, Pseudosperma arenarium is proposed as a new species, based on morphological, ecological,
molecular and biochemical evidence. The new species grows on sandy ground under Populus and Pinus syl-
vestris in north-western China and northern Europe, respectively. It is characterised by the combination of
the robust habit, nearly glabrous pileus, large cylindrical basidiospores, thin-walled cheilocystidia and eco-
logical associations with Populus alba x P berolinensis and Pinus sylvestris and unique phylogenetic place-
ment. Additionally, a comprehensive toxin determination of the new species using ultra-high performance
liquid chromatography-tandem mass spectrometry was conducted. Results showed that it was a mus-
carine-positive species. The content were approximately five times higher in the pilei [4012.2 + 803.1-
4302.3 + 863.2 mg/kg (k= 2, p = 95%)] than in the stipes [850.4 + 171.1-929.1 + 184.2 mg/kg (£ = 2,
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2 = 95%)], demonstrating the severity of mushroom poisoning when patients consumed different parts
of the poisonous mushroom. Amatoxins, phallotoxins, ibotenic acid, muscimol, psilocybin and psilocin
were not detected.

Keywords
Agaricales, muscarine, mushroom toxin, new taxon, poisonous mushroom, ultra-high performance liquid
chromatography-tandem mass spectrometry

Introduction

Inocybaceae is a family of agarics that contains many poisonous species. However,
Kosentka et al. (2013) found that the most recent common ancestor of the family did
not contain muscarine. Recognising its species diversity and detecting its toxins are es-
sential to control and prevent poisoning incidents (Li et al. 2020; Deng et al. 2021a).
According to the latest molecular phylogeny, seven genera were treated in Inocybaceae
(Matheny et al. 2020). Pseudosperma, referred to as Inocybe sect. Rimosae sensu stricto
(Larsson et al. 2009) or Pseudosperma clade (Matheny 2009), is one of the muscarine-
containing genera in the family with numerous cryptic and semi-cryptic species. It is
characterised by rimulose to rimose pileus, furfuraceous to appressed furfuraceous stipe
with flocculose apex, elliptic to sub-phaseoliform basidiospores, the absence of pleu-
rocystidia and the presence of thin-walled cheilocystidia. Ninety-seven Pseudosperma
taxa have been recorded in the IndexFungorum database (www.indexfungroum.org;
retrieved 7 May 2022). Of these, more than 40 taxa have been reported or originally
described in Europe (Bandini and Oertel 2020). Since the establishment of the genus
in 2020, 16 new taxa have been discovered in Asia and Europe in the past 2 years
alone (Bandini and Oertel 2020; Cervini et al. 2020; Jabeen and Khalid 2020; Saba
etal. 2020; Yu et al. 2020; Bandini et al. 2021; Jabeen et al. 2021). However, the spe-
cies diversity of Pseudosperma is still poorly explored in East Asia. In China, only six
taxa have been verified, including three recently described species, viz., P yunnanense,
P neoumbrinellum and P, citrinostipes (Bau and Fan 2018; Yu et al. 2020).
Ecologically, Pseudosperma species have an ectomycorrhizal symbiosis with vari-
ous plants and are commonly found in north temperate forests dominated by Bezula,
Cedrus, Populus, Pinus, Picea, Quercus, Salix etc. During field surveys in north-western
China, a poisonous Inocybaceae mushroom collected under Populus plantations caught
the authors’ attention because of its strikingly robust habit. This stout Inocybaceae spe-
cies has led to three poisoning incidents, with a total of seven patients in north-western
China during the past 2 years. Two of these occurred in September in Ningxia and
Shanxi in 2020 and another occurred in Ningxia in October 2021 (Li et al. 2021a,
2022). All patients from the three poisoning incidents suffered from classic parasym-
pathetic nervous system stimulation syndromes. After microscopic examinations and
molecular analyses, mushroom specimens obtained from poisoning locales, together
with a European specimen, were proven as a new Pseudosperma species. Discussions
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on the distribution, relationships and distinction of the new species and its affinities
are also provided. Additionally, to better understand the toxicity of the new species
and contribute to their poisoning control and prevention, 11 major mushroom toxins,
namely, two isoxazole derivatives (ibotenic acid and muscimol), two tryptamine alka-
loids (psilocybin and psilocin), three amatoxins («-, 8- and y-amanitin), three phallo-
toxins (phalloidin, phallacidin and phallisacin) and muscarine, were assayed.

Methods

Sampling, morphological observations and descriptions

The Chinese materials were collected in sandy poplar plantations from Ningxia Hui
Autonomous Region and Shaanxi Province, where there is a temperate continental cli-
mate. The European material JV26578 was collected in a seashore forest from Estonia,
in a hemiboreal zone. Macroscopic features were described, based on fresh materials
and colour photographs. A small piece of the pileus, lamella or stipe tissue was mount-
ed in 5% aqueous potassium hydroxide (KOH) on the slide and then examined using
a light microscope when the tissue was completely rehydrated. Microscopic structures,
including basidiospores, basidia, cheilocystidia, hymenophoral trama, caulocystidia,
pileipellis and stipitipellis, were examined from rehydrated materials. The measure-
ments of micro-structures follow Fan and Bau (2013) and Yu et al. (2020). The num-
ber of measured basidiospores is given as an abbreviation [n/m/p], which denotes n
spores measured from m basidiomata of p collections. The measurements and Q values
are given as (a)b—c(d), “b—c” covers a minimum of 90% of the measured values, “a” and
“d” represent the extreme values; Q means the ratio of length/width in an individual
basidiospore, Q_ is the average Q of all basidiospores + sample standard deviation
(Ge et al. 2021; Na et al. 2022). Colour designations follow Kornerup and Wanscher
(1978). Voucher specimens were deposited in the Herbarium of Changbai Mountain
Nature Reserve (ANTU) with FCAS numbers and TUR-A.

DNA extraction, polymerase chain reaction, sequence amplification and
data analysis

Genomic DNA was extracted from silica-dried materials using the NuClean Plant
Genomic DNA Kit (ComWin Biotech, Beijing). The internal transcribed spacer (ITS)
region, the nuclear large subunit (nLSU) and the RNA polymerase II second largest
subunit (RPB2) sequences were amplified and sequenced separately by using primer
pairs ITSIF/ITS4 (Gardes and Bruns 1993), LROR/LR7 (Vilgalys and Hester 1990)
and RPB2-6F/RPB2-7.1R (Matheny 2005). The PCR thermocycling protocol was
95 °C for 1 min at first, then followed by 35 cycles of denaturation at 95 °C for 30 s,
annealing at 52 °C for 1 min, extension at 72 °C for 1 min and a final extension at
72 °C for 8 min (Wang et al. 2021). Sequencing work was done by Sangon Biotech
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(Shanghai) Co., Ltd. Sequences of related taxa in Pseudosperma, retrieved from pre-
vious studies, were downloaded from GenBank (https://www.ncbi.nlm.nih.gov/) for
phylogenetic analysis (Suppl. material 1). Mallocybe terrigena (Fr.) Matheny, Vizzini &
Esteve-Rav. was used for the outgroup. The sequence data matrix for each locus was
aligned by Mafft online service (https://mafft.cbre.jp/alignment/server/) (Katoh et al.
2019) and manually adjusted by BioEdit 7.0.9.0 (Hall 1999). The aligned datasets
were combined with Mega 5.02 (Tamura et al. 2011). MrModeltest v.2.3 was used to
determine the optimal substitution model for each locus with the Akaike Information
Criterion (Nylander 2004). Bayesian Inference (BI) analyses, executed in MrBayes
v.3.2.7a (Ronquist et al. 2012), were run for 1,235,000 generations using four Me-
tropolis-Coupled Monte Carlo Markov chains to calculate posterior probabilities and
the standard deviation of the split frequencies was terminated at 0.009977. Maximum
Likelihood (ML) analysis was conducted in W-IQ-TREE Web Service (http://igtree.
cibiv.univie.ac.at/) with 1,000 replicates (Trifinopoulos et al. 2016).

Toxin detection

Ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS) was performed for toxin detection. Detailed mushroom sample preparations,
analysis of muscarine, amatoxins and phallotoxins (Alta Scientific Co., Ltd., Tianjin,
China) referred to our previous works (Xu et al. 2020a, 2020b).

Detailed information for analysis of ibotenic acid and muscimol (Alta Scientific
Co., Ltd., Tianjin, China) are as follows: chromatographic separation was conducted on
an ACQUITY UPLC C8 column (2.1 x 100 mm, 1.7 pm; Waters, USA). Acetonitrile
(A) and 4% formic acid aqueous solution (B) were used as mobile phase solvent flowing
at 0.3 ml/min. The column was eluted by 2% A for 1.0 min, followed by 2%-70% A
for 1.0 min, then by 70% A for 1.0 min and then by 70%-2% A for 0.5 min, finally
by 2% A for 1.5 min. The analytical column was set at 40 °C. The injection volume was
10 pl. The positive MS/MS conditions can refer to muscarine (Xu et al. 2020b). The
ion pairs were 115.1 > 68.1 (Cone at 16 V; Collision at 12 V), 159.1 > 113.1 (Cone at
16 V; Collision at 12 V) for ibotenic acid, as well as 115.1 > 98.1 (Cone at 15 V; Colli-
sion at 10 V), 115.1 > 68.1 (Cone at 15 V; Collision at 18 V) for muscimol.

For the analysis of psilocybin and psilocin (Alta Scientific Co., Ltd., Tianjin, China),
the detailed descriptions are as follows. ACQUITY UPLC T3 column (2.1 x 100 mm,
1.7 pm; Waters, USA) was used as the separation column. The mobile phases were
acetonitrile (A) and 10 mmol/l ammonium acetate aqueous solution (B). The flow rate
was 0.3 ml/min. The column was eluted by 0% A for 0.5 min, followed by 0%-85% A
for 4 min, then by 85% A for 1.5 min and then by 85%—0% A for 1.5 min, finally by
0% A for 2 min. The analytical column was set at 40 °C and the injection volume was
10 pl. The positive MS/MS conditions can refer to muscarine (Xu et al. 2020b). The
ion pairs were 285.1 > 85.2 (Cone at 16 V; Collision at 18 V), 285.1 > 240.1 (Cone at
16 V; Collision at 17 V) for psilocybin and 205.1 > 58.2 (Cone at 26 V; Collision at
13 V), 205.1 > 160.1 (Cone at 26 V; Collision at 13 V) for psilocin.
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Results

Phylogenetic analyses

Nine sequences (three ITS, three LSU and three 7p62) were newly generated and sub-
mitted to GenBank. The best-fit model selected by MrModeltest was GTR+I+G for
each gene equally. The three-gene data matrix consisted of 104 taxa and 2890 sites.
The final multilocus alignment used for phylogenetic reconstruction was submitted
to TreeBase (ID29310). The Bayesian Inference and Maximum Likelihood trees were
similar in topology; thus, only the BI tree was presented (Fig. 1). In the BI tree (Fig. 1),
all Pseudosperma taxa grouped in a fully supported clade and three Chinese specimens
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and a European specimen (JV26578) clustered in an independent lineage with full
support. The lineage clustered with the lineage composed of 1. aureocitrinum (Esteve-
Rav.) Matheny & Esteve-Rav. but with limited support.

Taxonomy

Pseudosperma arenariumY.G. Fan, Fei Xu, Hai J. Li & Vauras, sp. nov.
MycoBank No: 842603
Figs 2, 3

Etymology. refers to its habitat of sandy soils.

Holotype. CHina, Ningxia Hui Autonomous Region, Wuzhong, Yanchi County,
Yanchi Railway Station, on sandy ground under Populus alba x P berolinensis, 5 Oct
2020, NXYC20201005-01 (FCAS3571, holotype). GenBank accession nos.: ITS-
OM304278, LSU-OM304287, rpb2-OM421667.

Diagnosis. Basidiomata robust, pileus beige, ivory white or yellowish; basidi-
ospores > 13 um, cylindrical to cylindrical-ellipsoid, cheilocystidia thin-walled. Oc-
curs under artificial plantations of Populus alba x P berolinensis or open seashore
forest of Pinus sylvestris Linn. Differs from P arenicola by longer basidiospores and
phylogenetic distance.

Basidiomata. medium-sized, robust. Pileus 35-65 mm in diameter, spherical to
hemispherical when young, convex, dome-shaped to applanate when mature, not um-
bonate, margin inrolled at first, becoming depressed, straight, to uplifted or recurved
in age; surface dry, glabrous to slightly fibrillose, occasionally rimulose to rimose at the
margin, with distinct sandy remnants; yellowish (1A2) to ochraceous (1A4), paler out-
wards, ivory white (1B1) to greyish-white (1B2) when dried. Lamellae crowded, up to
8 mm in width, adnexed to sub-free, not equal, alternately distributed with three tiers
of lamellula, initially pure white to creamy white (1A2), becoming yellowish (4A3),
brownish (5B6) to cinnamon (5C8) with age, yellowish-brown (4B8) to dark brown
(6C7) after drying, edge pinkish-white, fimbricate. Stipe 40—100 x 7-20 mm, solid,
equal or slightly tapering downwards, sometimes swollen towards the base, but not
marginate, longitudinally fibrillose with scattered squamules, white to ivory white
(1B1-1B2) with pinkish tinge (11A3) when fresh, yellowish (5A4) to brownish (5B5)
upon drying. Context solid, white and fleshy in pileus, 2-5 mm in thickness, fibrillose
in the stipe, striate and shiny, white to somewhat pinkish (7A2). Odour fungoid or
slightly spermatic.

Basidiospores. [170/6/4] (13—-)14-20(-21) x (6-)7-9.2(-11) pm, median
16.4 x 7.8 um, Q = (1.6-)1.75-2.64(-2.95), Q_ = 2.12 £ 0.27, yellow-brown,
smooth, mostly cylindrical to cylindrical-ellipsoid, less often narrowly ellipsoid to
nearly phaseoliform. Basidia 32-42 x 11-14 um, clavate, usually narrower down-
wards, four-spored, sterigmata up to 10 um long, translucent with oily inclusions,
occasionally with yellowish pigments. Pleurocystidia absent. Lamellae edge sterile.
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Figure 2. Pseudosperma arenarium and its habitat a basidiospores b, ¢ cheilocystidia d-h basidiomata.
Scale bars: 10 pm (a—c); 10 mm (d=h). Photos by Xu Fei, Li Hai-Jiao & Zhao Li-Na.
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Figure 3. Microfeatures of Pseudosperma arenarium (holotype) a basidiospores b basidia ¢ cheilocystidia
d pileipellis. Scale bars: 10 pm (a—d). Line drawings by Li Hai-Jiao.
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Figure 4. MRM chromatograms of muscarine from Pseudosperma arenarium (holotype).

Cheilocystidia 30—77 x 12-23 pm, thin-walled, coloutless, broadly clavate or fusi-
form, rarely septate, translucent or occasionally with golden yellow inclusions,
walls yellowish. Caulocystidia not observed. Hymenophoral trama nearly regularly
arranged, composed of translucent and pale yellow, thin-walled hyphae up to 22 pm
wide. Pileipellis a cutis, regularly arranged, orange-brown to brownish in 5% KOH,
composed of cylindrical hyphae 4-15 pm in diameter; pileal trama made up of com-
pact, parallel, hyaline hyphae, pale yellow in mass. Stipitipellis a cutis frequently dis-
rupted by loose hyphal projections, hyphae thin-walled, colourless, 3—16 um wide.
Stipe trama regularly and densely arranged, yellowish in mass, hyphae thin-walled,
colourless, 8-21 pm wide. Oleiferous hyphae 4-15 pm wide, present in pileus and
stipe, bright yellow, smooth, often bent, occasionally branched or catenate. Clamp
connections are common in all tissues.

Habitat. individual or scattered on sandy and saline-alkali soil under artificial
plantations of Populus alba x P berolinensis in China and open seashore forest of Pinus
sylvestris in Estonia. Fruiting in autumn, from late September to early October.

Known distribution. China (Ningxia and Shaanxi), Estonia.

Additional materials examined. CHINA. Ningxia Hui Autonomous Region, Wu-
zhong, Yanchi Country, on sandy ground under Populus alba x P berolinensis, 22 Sep
2021, NX20210922-57 (FCAS3572), GenBank accession nos.: ITS-OM304279,
LSU-OM304288, 7pb2-OM421668; Shaanxi Province, Yulin, Dingbian Coun-
try, Yanchangbao Country, Xiliangwan Village, on sandy ground under Populus
alba x P berolinensis, 30 Sep 2021, $X20210930-65 (FCAS3573), GenBank acces-
sion nos.: ITS-OM304280, LSU-OM304289, npb2-OM421669. EsToN1a. Saaremaa,
Kaarma Municipality, Mindjala, open seashore forest with Pinus sylvestris Linn., on
fine calcareous sand, 19 Sep 2008, Jukka Vauras 26578F (TUR-A182630), GenBank
no.: ITS and LSU-FJ904154.
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Muscarine detection

The new species contained only muscarine (Fig. 4), whereas amatoxins, phallotoxins,
ibotenic acid, muscimol, psilocybin and psilocin were not detected. The quantitative
results are expressed by (X £ U; £ = 2, p = 95%; Xu et al. 2020a, 2020b). The mus-
carine content in the holotype (NXYC20201005-01) between different basidiomata
ranged from 3981.4 £ 796.4 to 4074.2 = 801.3 mg/kg (£ = 2, p = 95%) in the pilei
and from 811.2 + 162.3 to 883.3 £ 176.5 mg/kg (k£ = 2, p = 95%) in the stipes
(Table 1). The muscarine content from different specimens ranged from 4012.2 *
803.1 to 4302.3 + 863.2 mg/kg (£ =2, p = 95%) in the pilei and from 850.4 = 171.1
t0 929.1 + 184.2 mg/kg (k = 2, p = 95%) in the stipes (Table 2).

Table I. Muscarine content in different parts from different basidiomata of the holotype (mg/kg).

Collection Basidiomata 1 Basidiomata2  Basidiomata3  Basidiomata4  Basidiomata 5
number Stipe  Pileus Stipe Pileus Stipe Pileus Stipe Pileus Stipe Pileus
NXYC20201005- 816.2 + 3981.4 816.8+ 4004.4 811.2+ 4025.4 8343+ 4054.3 883.3+ 4074.2
01 163.1 *£7964 171 +801.1 1623 +8053 167.1 =*801.6 1765 =+801.3

Table 2. Muscarine content in different parts from different specimens collected from different locations.

Collection numbers Muscarine (mg/kg)
Stipes Pilei
NXYC20201005-01 850.4 + 171.1 4012.2 + 803.1
NX20210922-57 929.1 +184.2 4302.3 £ 863.2
§X20210930-05 863.2 +172.5 4085.2 * 816.2
Discussion

The new species is known from three localities in Ningxia and Shaanxi of north-western
China and is a locally common mushroom that occurs in late autumn under sandy poplar
plantations (Fig. 2). As Populus alba x P berolinensis plantations are widely distributed over
north-western China, the new species may have broader distribution in adjacent areas.
Moreover, the European material JV26578 collected in Estonia clustered with the new
species with full support in the phylogenetic results. This collection also grew on calcare-
ous fine sand, but under Pinus sylvestris. According to the file notes, the specimen also has
robust basidiomata (pileus up to 38 mm broad, stipes 50-55 x 7—9 mm) with ochraceous
pileus and stipes and fungoid or slightly spermatic odour. The microfeatures of JV26578
have cylindrical-ellipsoid basidiospores measuring (13.5-)13.9-16.5(-18.2) x (7.1-)7.2—
8.5(-8.8) pum (average, 15.3 x 7.7 um), Q = 1.8-2.2(-2.25) [average, 1.98 (n = 20)] and
clavate cheilocystidia measuring (34-)40-62(~70) x 14-20(-22) pm [average, 50 x 18 um
(n = 20)]. Except for the ochraceous tinge in pileus and stipes, no distinct macroscopical
difference was observed between the Chinese materials and the Estonian specimen. The
European specimen JV26578 is now considered conspecific with the Chinese materials.
Accordingly, the new species has a Eurasian distribution.
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Pseudosperma arenarium is characterised by its tricholomoid habit, dirty whitish to
ochraceous and glabrous pileus, crowded lamellae with fimbriate edges, large cylindri-
cal basidiospores and thin-walled cheilocystidia. The thick and long persistent velipellis
gives its pileus a nearly smooth and whitish appearance. In the field, the pileus, stipe
and lamellae surfaces are usually covered with humose sands, showing a dirty yellowish
or sometimes brownish colour, especially in older individuals. Its mostly large cylin-
drical basidiospores are microscopically impressive, but cylindrical ellipsoid to elon-
gated ellipsoid basidiospores also exist in the same individual. With the combination
of the characteristics listed above, the new species is distinctive. Without examining its
microscopic features or molecular sequence analyses, a mycologist or even an Inocy-
baceae specialist is unlikely to be able to identify it exactly into the genus Pseudosperma.
Unexpectedly, the three-gene phylogeny places 2 arenarium in the P rimosum complex,
which clusters with the lineage that unified the type material of P aureocitrinum and a
sample labelled as ‘P. cf. rimosum.” However, R aureocitrinum has a typical inocyboid
habit, yellowish-tinged basidiomata and broadly ellipsoid to subovoid basidiospores
and occurs in Mediterranean evergreen oak forests (Esteve-Raventds 2014).

Pseudosperma arenicola (R. Heim) Matheny & Esteve-Rav., a European species also
occurring on coastal sandy soils, is similar in having a whitish appearance, long-persist-
ing thick velipellis and long basidiospores, but it has a less robust habit, relatively short
basidiospores measuring 11.5-12-18.5 x 6.0-6.4-7.5 pm (Kuyper 1986), different
ecological associations and different phylogenetic positions (Heim 1931; Kuyper 1986;
Stangl 1989). Pseudosperma pseudo-orbatum (Esteve-Rav. & Garcia Blanco) Matheny
& Esteve-Rav. is a whitish species originally described from Spain, resembling the new
species in having thick velipellis, non-rimose pileus, large cylindrical basidiospores and
clavate cheilocystidia. However, it is distinguished by having pinkish lamellaec when
young, stockier stipes and an association with Pinus pinaster Ait. and P pinea L. (Esteve-
Raventés et al. 2003). Pseudosperma niveivelatum (D.E. Stuntz ex Kropp, Matheny &
L.J. Hutchison) Matheny & Esteve-Rav., a North American species, shares white thick
velipellis, elongated large basidiospores and ecological association with Populus tremu-
loides Michx. and conifers. However, it differs by its sericeous pileus, shorter basidi-
ospores measuring 11.5-13.9-18.5 x 6.0—6.4—7.5 um, slender cheilocystidia (Kropp
etal. 2013) and a clinically insignificant amount of muscarine (Kosentka et al. 2013).

Muscarine is a neurotoxin that causes salivation, sweating, delirium and even
coma or death (Isiloglu et al. 2009; Xu et al. 2020b). In recent years, more and more
poisoning cases have been caused by eating Inocybaceae mushrooms containing toxic
muscarine (Li et al. 2020, 2021a, 2022; Xu et al. 2020b). According to literature,
five Pseudosperma species have been assayed; of these, P rimosum (Bull.) Matheny
& Esteve-Rav., P niveivelatum, P sororium (Kauffman) Matheny & Esteve-Rav. and
P spurium (Jacobsson & E. Larss.) Matheny & Esteve-Rav. contain muscarine; only P
perlatum (Cooke) Matheny & Esteve-Rav. was reported lacking muscarine (Kosentka
etal. 2013). Xu et al. (2020b) reported that the muscarine content of 1. serotina Peck
in a poisoning incident was 324.0 + 62.4 mg/kg wet weight. Li et al. (2021b) reported
that the muscarine content in . squarrosolutea (Corner & E. Horak) Garrido and 1.
squarrosofulva S.N. Li, Y.G. Fan & Z.H. Chen were 136.4 £ 25.4 to 1683.0 = 313.0
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and 31.2 £ 5.8 to 101.8 + 18.9 mg/kg dry weight, respectively. Deng et al. (2021b,
2022) found that muscarine content in Inosperma muscarium Y.G. Fan, L.S. Deng,
W.J. Yu & N.K. Zeng, 1. hainanense Y.G. Fan, L.S. Deng, W.J. Yu & N.K. Zeng and
I zonativeliferum Y.G. Fan, H.J. Li, E Xu, L.S. Deng & W.]J. Yu were 16.03 + 1.23,
11.87 £ 3.02 and [2.08 £ 0.05 (pileus) and 6.53 * 1.88 (stipes)] g/kg dry weight,
respectively. In this study, results showed that P arenarium is a muscarine-positive
species with middle- and upper-level muscarine content and also led to three poisoning
incidents with a total of seven patients in northwest China during the past 2 years (Li
etal. 2021a, 2022). Interestingly, the muscarine content in caps was approximately five
times higher than in stipes. Although some studies showed that the toxin amount in
the cap is higher than in the stipes (Hu et al. 2012; Garcia et al. 2015; Sun et al. 2018,
2019), the mechanism of such difference is still not clear. Li et al. (2021b) reported
that the muscarine content of nocybe squarrosolutea varied a lot in different specimens.
However, in this study, the muscarine content in the mushroom samples collected
from the same or three different places showed no significant difference. Additionally,
no amatoxins, phallotoxins, ibotenic acid, muscimol, psilocybin and psilocin were
detected in all samples. This study described P arenarium as a new species, based on
morphological, ecological, molecular and toxic evidence. The publicity and education
of the new species are needed to control and prevent mushroom poisoning incidents.
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Abstract

Two new species of Trichoglossum are described from south Mexico based on morphological and molecular
evidence. Trichoglossum caespitosum is characterized by the caespitose ascomata, rough and coiled paraphy-
ses and the ascospores with 9-11 septa. Trichoglossum tropicale is characterized by the capitate ascomata,
clavate and straight paraphyses and the ascospores with 10—12 septa. Both species grow in the tropical
forests of the Yucatdn peninsula. Here we provide descriptions and photographs for these species, together
with a phylogenetic analyses based on the DNA sequences of nuc rDNA (ITS region and 28S gene) and
a comparative table for the species known for America.
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Introduction

The members of the genus Trichoglossum Boud. are characterized by club-like asco-
mata, usually with dark brown to black hues and acuminate setae covering both fertile
and sterile parts of the ascomata, septate paraphyses, asci with 4 to 8 spores, and fili-
form, septate, brown ascospores. The genus is saprotrophic but is also present at the
roots of plants as endophytic fungi (Rinaldi et al. 2008; Tedersoo et al. 2010; Wang
et al. 2011; Hustad et al. 2013). They have a worldwide distribution in tropical and
temperate forests (Mains 1954; Beug et al. 2014). Although the genus has been the
focus of many phylogenetic studies, several species lack molecular data, which obstruct
a better understanding of its phylogenetic relationships (Schoch et al. 2009; Ekanayaka
etal. 2017). So far, 22 species of Trichoglossum are currently accepted (Ekanayaka et al.
2017; Lee et al. 2021; Chakraborty et al. 2022; Dasgupta et al. 2022; Index Fungo-
rum, accessed May 2022).

In Mexico, five taxa of Trichoglossum have been recorded, mainly in temperate
forest and even urban gardens: 7. hirsutum (Pers.) Boud., T. hirsutum var. hirsutum
(Pers.) Boud., 7. hirsutum var. heterosporum Mains, T. variabile (E.J. Durand) Nanff.,
T. velutipes (Peck) E.J. Durand, and 7. walteri (Berk.) E.J. Durand (Ramirez-Lépez
and Villegas-Rios 2007; Raymundo et al. 2016). Most of the Zrichoglossum collections
have been made in Central Mexico, followed by a few collections from southern Mex-
ico (Diaz-Barriga 1988; Ramirez-Lépez and Villegas-Rios 2007; Rodriguez-Alcdntar
et al. 2021; Valenzuela et al. 2021), so far, no Trichoglossum species has been recorded
from the Yucatdn Peninsula. In recent years, we have conducted several mycological
explorations in southern Mexico, mainly in the state of Quintana Roo. During those
explorations, several collections of Trichoglossum species were made, which resulted in
identification of two new species. The aim of this study is to describe Zrichoglossum
caespitosum and T. tropicale supported by molecular and morphological characters.
Further, a comparative table is provided for the species known for America.

Methods

Sampling data

Sampling of macrofungi was carried out in the Mexican state of Quintana Roo, in the Yu-
catdn Peninsula (Fig. 1). The representative vegetation at the sampling sites was an urban
garden with Manilkara zapota and an ecotone between a lowland forest and mangrove
forest with Yucca elephantipes, Metopium brownei, Gymnopodium floribundum, Conocarpus
erectus, and Byrsonima crassifolia. Hand cuts were made in dried specimens and mounted
with KOH 5%; Melzer reagent was used to observe amyloid asci apex. At least 30 as-
cospores, asci, and paraphyses were measured to obtain ranges. The material was depos-
ited at mycological collections of Instituto Politécnico Nacional (ENCB), Universidad
Auténoma de Yucatén (UADY), and Instituto Tecnolégico de Ciudad Victoria (ITCV).
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Figure |. Map showing the collecting sites.

DNA extraction, amplification, and sequencing

Total DNA was extracted from silica-gel dried ascomata of the collected samples (spec-
imens JE-208-ITCV and JF-526-1TCV), following a proteinase K protocol (Thermo
Fisher Scientific, Waltham, MA, USA) according to Poldmaa et al. (2019). Samples
were incubated in 100 pl of lysis buffer [0.8 M Tris-HCI, 0.2 M (NH,),SO,, 0.2% w/v
Tween-20; Solis BioDyne, Tartu, Estonia] and 2.5 pl of proteinase K at 56 °C for 24 h,
following by 15 min at 98 °C, and finally centrifuged for 2 min at 8000 rpm. Region
nuc 28S rDNA (LSU) was amplified with the primers LROR (Cubeta et al. 1991) and
LR7 or LR5 (Vilgalys and Hester 1990), using 5x HOT FIREPol. Blend Master Mix
(Solis BioDyne, Tartu, Estonia). The PCR protocol followed consisted of 35 cycles
of 95 °C for 40 s, 55 °C for 1 min, and 72 °C for 1 min. ITS region nuc rDNA The
Internal Transcribed Spacer (ITS) was amplified with the primer ITS5-1TS4 (White et
al. 1990). The PCR protocol consisted of 35 cycles of 95 °C for 35 s, 58 °C for 1 min,
and 72 °C for 2 min. The amplification program was run as follows: denaturalization
at 95 °C for 4 min, 35 cycles of denaturalization at 95 °C for 1 min, annealing at 58 °C
for 1 min, polymerization at 72 °C for 2 min, and final elongation at 72 °C for 10 min.
Purification of the PCR products was performed with Exo-Sap enzymes (Sigma, St.
Louis, Missouri) and sequenced at the Estonian Biocentre (Tartu, Estonia). Sequences
were assembled in BIOEDIT 7.2.5 (Hall 1999), and compared against the sequences
deposited in NCBI's database with a blastn analysis, using megablast (highly similar
sequences). The sequences generated were deposited at NCBI GenBank.
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Phylogenetic analyses

The taxa selection for the phylogenetic analysis was based on the available sequences
of ITS and 28S of Trichoglossum in NCBI GenBank database considering the anal-
ysis of Geoglossomycetes by Hustad et al. (2013). All main clades within the class
are represented, including all representatives of the Zrichoglossum clade. Addition-
ally, other specimens with ITS and 28S sequences available were included, such as
Hemileucoglossum pusillum (GB: MF353090/NG_060700), Leucoglossum leucosporum
(GB: KP272114/KP272115), and an uncultured Geoglossaceae (GB: D1273321/
DQ273452). The molecular matrix was aligned using the MUSCLE algorithm (Edgar
2004), and variable and parsimony informative characters were calculated in MEGA
11 (Tamura et al. 2021); the DNA substitution model used in the phylogenetic analy-
ses was selected following the Akaike Information Criterion (AIC) in MODELTEST
2.1.7 (Darriba et al. 2012).

A Bayesian inference analysis (BI) was performed in MrBayes 3.2.6 (Ronquist and
Huelsenbeck 2003; Ronquist et al. 2012) of the concatenated matrix of ITS and 28S
regions, which consisted of 1408 positions (703 of ITS and 705 of LSU), with 532
variable sites (37.8%) and 340 parsimony informative sites. (24.1%). The following
parameters were set: substitution model GTR+I+G for both markers, two independent
runs of 10 million generations, sampling every 1000 generations with one cold chain
and three hot chains and the remaining parameters used as default. The substitution
rates, character state frequency, gamma shape and proportion of invariable sites were
unlinked for both partitions.

Additionally, a Maximum Likelihood (ML) analysis was carried out using the
GTR+I+G substitution model and bootstrap (BS) based on 100 replicates using
MEGA 11 (Tamura et al. 2021). The trees produced through the BI and ML analyses
were visualized and edited with FigTree v.1.4.3 (Rambaut 2016).

Results

Phylogenetic analyses

For 288, the blastn analysis of the collected specimens showed high levels of similar-
ity (over 93%) with accessions of several genera within Geoglossales as well as with
uncultured fungi from environmental DNA sequencing. The specimen JE-208-ITCV
showed a maximum score with Trichoglossum rasum (GB: KY457227) (100% query
cover, 98.69% identity), and the specimen JE-526-1TCV with Trichoglossum hirsutum
(GB: KC222146) (100% query cover and 95.65% identity). For ITS, the sequence
retrieved for the specimen JE-208-1TS was 384 bp in length, spanning the 18S gene
(SSU) only (partial), so it could not be used for the phylogenetic analysis; however,
the blastn analysis showed that the most similar sequences belong to the family Geo-
glossaceae: Gluginoglossum sp. (GB: OM672838), and two specimens of Trichoglossum
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sp. (OM474029, OM672708), all with 78% of query cover and 78.86% of identity.
For the specimen JF-526-ITCV the sequence was 528 bp and contained ITS1, 5.8S
and ITS2; the most similar sequences in the blastn analysis were several specimens of
Trichoglossum sp. from New Zealand, showing a query cover of 100% and identity over
99.24% (OM987287, OL653059, MH578528, OL653016, HQ222864); the most
similar sequence of an identified specimen at the specific level was from 77 hirsutum,
also from New Zealand (query cover 99%, identity 98.67%).

The majority rule consensus tree produced by the Bl analysis (Fig. 2) showsamoderately
well supported clade (PP = 0.96) confirmed by all specimens of Geoglossomycetes, except

. Trichoglossum rasum KY457226/KY457227
1 Trichoglossum caespitosum DF208
Trichoglossum octopartitum KC222134/KC222147

Trichoglossum hirsutum KC222132/KC222145

1 Trichoglossum hirsutum JQ256428/JQ256442

1 Trichoglossum hirsutum DQ491494/AY544653
99

Trichoglossum octopartitum JQ256429/JQ256443

Trichoglossum hirsutum KC222133/KC222146

’ Geoglossum simile NR_171796/NG_073596

e I Geoglossum dunense KP744516/NG_060666

100
! Uncultured Geoglossaceae DQ273321/DQ273452

0.59

Leucoglossum leucosporum KP272114/KP272115

Hemileucoglossum pusillum MF353090/NG_060706

098 | |os] ﬂchoglossum walteri JQ256430/JN673053
100

Trichoglossum tropicale DF526 ¥

; Glutinoglossum heptaseptatum KC222130/NG_060644

10 Glutinoglossum orientale KX694166/NG_060681

Sabuloglossum arenarium JQ2564266/JQ256440

Microglossum olivaceum AY789398/AY789397

Sarcoleotia globosa AY789410/AY789409

0.04

Figure 2. Majority rule consensus tree produced by a Bayesian Inference analysis of the concatenated
matrix of nuc IDNA ITS1-5.8S-ITS2 and 28S (LSU) showing the phylogenetic position of Zrichaglossum
caespitosum (JF-208-1TCV) and T tropicale (JE-525-1TCV) (marked with stars) within the Geoglossomy-
cetes. GenBank accession numbers are indicated (ITS/28S). The posterior probabilities are shown above
the branches, and bootstrap values (above 50) from a Maximum Likelihood analysis, below.
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for Sarcoleotia globosa, which is collapsed at the base of the tree, together with Microglossum
olivaceum (Leotiomycetes). Within the clade of Geoglossomycetes, Sabuloglossum
arenarium is sister to the rest of the species (with a low posterior probability of 0.73), and
two clades are identified, one formed by species of Glutinoglossum, Hemileucoglossum,
Leucoglossum, Geoglossum, an uncultured Geoglossaceae, and the specimen JE-526-1TCV
sister to Trichoglossum walteri, with a high support (PP = 1, BS = 100). The second clade is
well supported (PP =1, BS = 99), and it is composed exclusively with the rest of the species
of Trichoglossum in which we find the specimen JE-208-ITCV, which is sister to 7. rasum
with a high posterior probability (PP = 1). Our phylogenetic analysis of 7. hirsutum
specimens suggests that the species is polyphyletic in its current circumscription. The
topology of the ML tree (not shown) shows some incongruences with the BI majority
rule tree, such as the position of Hemileucoglossum pusillum and of the specimen JF-208-
ITCV, which is here sister to the clade of 7. hirsutum-1. octopartitum-T. rasum but with
low support (BS = 68). The remaining relationships were congruent with those obtained
with the Bayesian Inference analysis.

Taxonomy

Trichoglossum caespitosum de la Fuente, J. Garcia & Raymundo, sp. nov.
MycoBank No: 843008
Figs 3A-E, SA-D

Holotype. MExico. Quintana Roo: Othén P. Blanco Municipality, Chetumal, alt.
8 m, 18°31'N, 88°18'W, 01 December 2015, de la Fuente JE-208-ITCV; Isotype
UADY 04867. GenBank: OM727118.

Diagnosis. Trichoglossum caespitosum is characterized by the unique combination
of characters: Caespitose habit, paraphyses with rugose and coiled tips, and the as-
cospores of 119-127 x 5-7 um with 9-11 septa.

Etymology. Named caespitosum in reference to the caespitose habit.

Description. Ascomata black, 18-30 x 4-10 mm, clavate to spathulate, stipitate,
erect, caespitose, with compressed ascogenous portion of 3-7 mm long, 0.5-1 mm
thick, glossoid, ellipsoidal, flattened, sometimes curved, black, hirsute with brownish
to black setae projecting from the hymenium; szépe 1-33 mm long, up to 6 mm thick,
cylindrical, solid, black to dark brown, hirsute.

Setae 250-300 x 5-9 pm, septate, smooth, straight, dark brown to black. Para-
physes filamentous, septate, with rugose, with wide, coiled to clavate terminal cells of
16-28 x 3-8 pm. Asci 183-221 x 16-20 um, cylindrical to clavate, rounded at apex,
short-pedicellate at the base, hyaline, thin walled, octosporic, inamyloid. Ascospores 119—
127 x 57 pm, filiform, mostly 9-11 septate, slightly curved, hyaline when young, brown
to olivaceous when mature, narrowed and rounded at both ends, thin walled, smooth.

Distribution. Known from the Mexican state of Quintana Roo, growing on soil
under Manilkara zapota in urban vegetation.
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10 um

Figure 3. Trichoglossum caespitosum (Holotype) A, B ascomata € paraphyses, setae, and asci D detail of
asci E ascospores. All microstructures are mounted in KOH.
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Notes. This species differs from other species by the caespitose ascomata,
paraphyses with rugose and coiled tips, and the ascospores of 119-127 x 5-7 pm with
9-11 septa. Trichoglossum rasum Pat. is morphologically similar by the octosporic asci,
clavate spathulate ascoma with dark brown hues, and the tropical distribution but
it differs in the bigger ascomata (10-60 mm), smaller setae (200-250 x 5-12 um),
larger ascospores (100-140 x 5-8 um) with 3-7 septa (Mains 1954). Trichoglossum
octopartitum Mains can also be found in the Yucatan peninsula biotic province and
shows similar ascoma and ascospore size; nevertheless, the ascomata is never caespitose
ascomata and shows 7-septate ascospores (Mains 1954; Ekanayaka et al. 2017).
Trichoglossum confusum E.J. Durand has also similar ascoma size but differs in the
smaller ascospores (57—75 x 57 pm) with 37 septa (Mains 1954).

Trichoglossum tropicale de la Fuente, Sinchez-Flores & Raymundo, sp. nov.
MycoBank No: 843009
Figs 4AF, SE-H.

Holotype. MExico. Quintana Roo: Othén P. Blanco Municipality, Pulticub town, alt.
6 m, 19°04'N, 87°33"W, 04 February 2021, de la Fuente JE-526-ITCV, Isotype ENCB
140350. GenBank: OM727119.

Diagnosis. Trichoglossum tropicale is characterized by the combination of charac-
teristics: capitate ascomata, straight paraphyses with bulbose tips, and the ascospores
of 122-132 x 5-5.5 um with 10-12 septa.

Etymology. Named #ropicale in reference to the tropical occurrence.

Description. Ascomata black, 15-30 x 2—4 mm, clavate to capitate, stipitate,
erect, solitary to gregarious with compressed ascogenous portion of 2—-4 mm long,
1-2 mm thick, glossoid, ellipsoidal, flattened, sometimes curved, black, without vis-
ible setae. Stipe 10-20 mm long, up to 1 mm thick, cylindrical, solid, black to dark
brown, hirsute.

Setae 98-200 x 5.5-6 pm, septate, smooth, straight, dark brown to black. Para-
physes filamentous, septate, with capitate to bulbous terminal cells of 8-46 x 6-10 pum.
Asci 155-180 x 16-18 um, cylindrical to clavate, rounded at apex, short-pedicellate
at base, hyaline, thin walled, octosporic, inamyloid. Ascospores 122-132 x 5-5.5 pm,
filiform, mostly 10-12 septate, slightly curved, hyaline when young, brown to oliva-
ceous when mature, narrowed and rounded at both ends, thin walled, smooth.

Distribution. Known from the Mexican state of Quintana Roo, growing scattered
on soil under Birsonyma crassifolia.

Notes. This new species differs from other 7richoglossum species by the combi-
nation of characteristics: ascomata with inconspicuous setae (98-200 x 5.5-6 pum),
straight paraphyses with bulbose tips, and the ascospores of 122-132 x 5-5.5 pm
with 10-12 septa. Trichoglossum tropicale is phylogenetically close to 7. walteri but
that species has ascospores of 60—125 x 5-6 pm with 7 septa and paraphyses curved
to circinate (Mains 1954). A similar species is 7. hirsutum due to the capitate asco-
mata, setae size (up to 225 um long); differs in the thicker setae and larger ascospores
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Figure 4. Trichoglossum tropicale (Holotype) A, B ascomata C asci D detail of setae E ascospore F detail
of paraphyses. All microstructures are mounted in KOH.

(90-150 x 5-7 pum) with 15 septa (Beug et al. 2014). Trichoglossum velutipes has
similar ascospore septation, but it has four-spored asci and bigger ascospores (110—
145 x 6-7 pm) with 7-11 septa (Ekanayaka et al. 2017). Trichoglossum variabile has
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Figure 5. New Trichoglossum from Mexico. Trichoglossum caespitosum A ascomata B setae € ascus
D ascospore. Trichoglossum tropicale E ascomata F setac G ascus H ascospore.

similar number of septa, but differs in the presence of four-spored asci, smaller setae
(69-183 x 7.6-12 pm), and bigger ascospores (80—150 x 6 um) with 9-14 septa
(Mains 1954; Beug et al. 2014).
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Table I. Comparison of the species of Tricholglossum from America (according 'Mains 1954; 2Chacén
and Guzmdn 1983; *Ramirez-Lépez and Villegas-Rios 2007, and “this work).

Species

Asci (L = length x W = width)

Ascospores (L = length x W = width)

T. caespitosum’

T. confusum'

T. farlowii*

T. hirsutum'

T. hirsutum var.
hirsutum"?

T. hirsutum var.
longisporum’

T. hirsutum var.
irregulare'

T. hirsutum var.
heterosporum'?
T. hirsutum var.
maultiseptatum'

T: octopartitum’
T. rasum’

T. tetrasporum’

T. tropicale*

T. variabile'

T. velutipes'

T. walterd'

184-220 x 16-20 um, octosporic
150-200 x 12-16 pm, octosporic
150-180 x 15-20 pm, octosporic
180-275 x 18-25 um, octosporic
180-250 x 14-16 (21.5) pm,
octosporic
225-275 x 2022 pm, octosporic

No data
175-200 x 17-20 um, octosporic
210-225 x 20-25 pm, octosporic

175-200 x 18-20 pum, octosporic
200-225 x 16-24 pm, octosporic
175-200 x 20-25 um, tetrasporic
155-180 x 16-18 um, octosporic
150-200 x 18-20 um, octosporic
180-200 x 16-20 um, tetrasporic
165-200 x 15—18 pm, octosporic

120-128 x 5-7 um, 9-11 septate
45-75 x 5-6 pm, 7 septate
57-75 x 5=7 pm, 3-5 septate
80—170 x 5—7 um, 15 septate
(80) 110-140 (170) x 5-7 um, mostly 15 septate

(120) 133-180 (195) x 6-7 pm, 15 seprate
(90) 100-150 (165) x 5-7 um, 15 septate, rarely 16-17
(95) 120-150 (160) x 5-6 (7) pm, less than 15 septate
(145) 160-195 (210) x 6 pm, 12-22 septate

(80) 100-120 (150) x 4-5.5 pm, 7-9 septate
(50) 100-140 (175) x 5-8 pm, 3-9 septate
(110) 125-145 (150) x 6=7 um, 0—17 septate
122-132 x 5-5.5 um, 10-12 septate
(80-) 110-130 (-150) x 4.5-6 pm, 4-16 septate
(90) 110-145 (160) x 67 pm, 7-13 septate
(60) 72-100 (125) x 5-6 um, 7 septate

Discussion

The results of the phylogenetic analyses are concordant with those of Hustad et
al. (2013), recovering the Geoglossomycetes clade (except for Sarcoleotia globosa,
collapsed at the base), as well as the Geoglossum, Glutinoglossum, and Trichoglossum
clades. The inclusion of Zrichoglossum walteri and 1. tropicale in this clade make the
genus non-monophyletic. Both species, 7. walteri and 1. tropicale, form a small clade
close to Glutinoglossum, nevertheless both species have setae, an absent feature within
Glutinoglosssum. Based on morphology and phylogenetic data (data set nuc rDNA),
we describe and propose Trichoglossum caespitosum and T. tropicale as new species
that inhabit tropical vegetations and associate with Manilkara zapota and Birsonyma
crassifolia respectively in the Yucatdn Peninsula.

Trichoglossum caespitosum is very close morphologically and phylogenetically to
17 rasum (KY457226; KY457227), but differs because of its ascospores of 100—140
x 5-8 pm, 3-9 septa, bulbous and curved tips paraphyses; this species was described
from New Caledonia (Patouillard 1909) and later it was cited from Bermuda, Cuba,
Panama (Mains 1954) and India (Prabhugaonkar and Pratibha 2017). Zrichoglossum
octopartitum is phylogenetically related but differs mainly in the non-caespitose
ascomata and the 7-septate ascospores (Mains 1954). According to our phylogenetic
study, 7. caespitosum is related to 7. hirsutum. This species has been recorded in America,
Asia and Europe; nevertheless, this could be a species complex or polyphyletic group
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and needs further detailed study (Hustad et al. 2013). The main differences between
1" caespitosum and 1. hirsutum are the caespitose ascomata of the new species and the
number of septa per ascospore. Whereas the ascospores of 7. caespitosum show 9-11
septa, the ascospores of 7. hirsutum generally show 15 septa; ascospores with fewer than
15 septa are rare according to Mains (1954). Trichoglossum tropicale is phylogenetically
close to 7. walteri (JQ256443) from North Carolina but differs in that it has spores
with a size of 90-100 x 4-5.5 pm and paraphyses curved to circinate, besides, the type
specimen of 7. walteri is from Australia, but it was cited from Brazil, Jamaica, and the
United States of America (Durand 1908; Mains 1954).

According to the blastn analysis of the ITS region, several sequences from New
Zealand are close to the one obtained from 7. tropicale. Nevertheless, those species are
not described yet. Ekanayaka et al. (2017) gave a morphological description of a speci-
men from China that they referred to as 7 ¢f octopartitum. ITS sequences provided by
Hustad et al. (2013) revealed that the species is also located in North America (being
Belize the type locality) and Europe as well. Microscopical differences of the American
species of Trichoglossum are presented in Table 1.
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Abstract

Ophiocordyceps species have a wide range of insect hosts, from solitary beetle larva to social insects. However,
among the species of Ophiocordyceps, only a few attack cicada nymphs. These species are mainly clustered
in the Ophiocordyceps sobolifera clade in Ophiocordyceps. A new entomopathogenic fungus parasitic on
cicada nymphs, and another fungus parasitic on the larva of Coleoptera, are described in this study. The
two new species viz. Ophiocordyceps hydrangea and Ophiocordyceps bidoupensis were introduced based on
morphology and multigene phylogenetic evidence. The phylogenetic framework of Ophiocordyceps was re-
constructed using a multigene (nrSSU, nrLSU, tef-1o, rpbl, and 7pb2) dataset. The phylogenetic analyses
results showed that O. hydrangea and O. bidoupensis were statistically well-supported in the O. sobolifera
clade, forming two separate subclades from other species of Ophiocordyceps. The distinctiveness of these

two new species was strongly supported by both molecular phylogeny and morphology.
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Introduction

Ophiocordyceps G.H. Sung, ].M. Sung, Hywel-Jones & Spatafora is the largest genus in
the Ophiocordycipitaceae, comprising approximately 290 species. It was originally es-
tablished by Petch, with Ophiocordyceps blattae Petch as the type species (Petch 1931).
According to the arrangement of the perithecia, the size of asci, ascospores, and sec-
ondary ascospores, Ophiocordyceps was transferred to Cordyceps sensu lato by Kobayasi,
as a subgenus of Cordyceps s.1. (Kobayasi 1941, 1982). Sung et al. (2007) used five
to seven loci combined molecular datasets to revise the Cordyceps and the Clavicipi-
taceae. The species of Cordyceps and Clavicipitaceae were divided into three families
(Cordycipitaceae, Ophiocordycipitaceae, Clavicipitaceae sense stricto) and four genera
(Cordyceps sense stricto, Ophiocordyceps, Elaphocordyceps, and Metacordyceps). The re-
search results of Sung et al. (2007) are currently the most widely accepted phylogenetic
classification of Cordyceps s.1. In 2015, Ophiocordyceps was divided into O. ravenelii
clade, O. unilateralis clade, O. sobolifera clade, and O. sphecocephala clade by Sanjuan
etal. With the continuous revision of Ophiocordyceps, it has now been divided into four
clades, including the Hirsutella clade, O. sobolifera clade, O. sphecocephala clade, and
O. ravenelii clade (Mains 1958; Sung et al. 2007; Quandt et al. 2014; Sanjuan et al
2015; Simmons et al. 2015; Wang et al. 2018). Many phylogenetic classifications for
entomopathogenic fungi have been revised in recent studies (Wang et al. 2018; Fan et
al. 2021; Wang et al. 2021a, 2021b).

There are fewer species in the O. sobolifera clade than in the Hirsutella clade and
the O. sphecocephala clade. The O. sobolifera clade is statistically well-supported in most
studies and 11 species have been described in the Index Fungorum (Kobayasi and
Shimizu 1963; Hywel-Jones 1995b; Sung et al. 2007, 2011; Luangsa-ard et al. 2008;
Hyde etal. 2017; Crous etal. 2018, 2019; Lao et al. 2021; Wang et al. 2021a). Asexual
morphs of Ophiocordyceps were reported as Hirsutella Pat., Paraisaria Samson & B.L.
Brady, Sorosporella Sorokin, Hymenostilbe Petch and Syngliocladium Petch, etc. (Sung
et al. 2007; Quandt et al. 2014). In most species of Ophiocordyceps, their dominant
asexual morphs were Hirsutella, the conidiogenous cells basally swollen that taper to a
narrow neck, producing a mucilaginous cluster of one or several conidia (Simmons et
al. 2015; Wang et al. 2018).

Ophiocordyceps species have a wide range of insect hosts, from solitary bee-
tle larvae to social insects. More than 10 insect orders were attacked, including
Hemiptera, Coleoptera, Lepidoptera, Blattaria, Dermaptera, Diptera, Hymenop-
tera, Isoptera, Megaloptera, and Mantodea (Aradjo et al. 2015; Aradjo and Hughes
2016, 2019). Entomopathogenic fungi whose hosts are cicada nymphs have at-
tractive stromata. The most typical representative of this group was Cordyceps ci-
cadae (Miquel) Massee (Massee 1895) in Cordycipitaceae, with the stroma like
a flower (Sung et al. 2007). However, for species of Ophiocordyceps, with cicada
nymph hosts including O. khonkaenensis Tasanathai, Thanakitpipattana & Luang-
sa-ard (Crous et al. 2019), O. sobolifera (Hill ex Watson) G.H. Sung, ].M. Sung,
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Hywel-Jones & Spatafora (Kobayasi and Shimizu 1963; Sung et al. 2007), and O.
longissima (Kobayasi) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora (Kobayasi
and Shimizu 1963; Sung et al. 2007, 2011) in O. sobolifera clade, their stromata
were typically bright-colored and cylindrical. The hosts of the entomopathogenic
fungi within the O. sobolifera clade were divided into two categories. One group
with Hemiptera hosts was represented by O. sobolifera. These fungi had a hard
texture stroma, which was cylindrical, and deep-colored, and had swollen fertile
parts (Kobayasi and Shimizu 1963; Sung et al. 2011; Crous et al. 2019). Another
group had Coleoptera hosts that were characterized by hard texture stromata, being
cylindrical, bright-colored, and with a sterile apices cone at the top of the stroma
(Hywel-Jones 1995b; Luangsa-ard et al. 2008; Crous et al. 2018; Lao et al. 2021;
Wang et al. 2021a).

Cordyceps s.1. is globally distributed with the highest species diversity recorded
in subtropical and tropical regions (Nguyen and Vo 2005; Ban et al. 2015; Doan et
al. 2017; Luangsa-ard et al. 2018), especially in East and Southeast Asia (Sung et al.
2007; Fan et al. 2021; Wang et al. 2021a). To date, more than 800 species of Cordyceps
and Ophiocordyceps have been named worldwide, and there are at least 200 species in
China (Index Fungorum 2022). Yunnan Province, located in southwest China, has
unique geographical and ecological features. Many species of Ophiocordyceps were re-
ported from Yunnan, including O. alboperitheciata H. Yu, Q. Fan & Y.B. Wang (Fan
et al. 2021), O. furcatosubulara H. Yu, Y. Wang & Y.B. Wang (Wang et al. 2021a),
O. highlandensis Zhu L. Yang & J. Qin (Yang et al. 2015), O. lanpingensis H. Yu
& Z.H. Chen (Chen et al. 2013), O. laojunshanensis J.Y. Chen, Y.Q. Cao & D.R.
Yang (Chen et al. 2011), O. liangshanensis (M. Zang, D.Q. Liu & R.Y. Hu) H. Yu,
Y. Wang, Y.D. Dai, Zhu L. Yang & Y.B. Wang (Wang et al. 2021b), and O. pingbi-
anensis H. Yu, S.Q. Chen & Y.B. Wang (Chen et al. 2021). The unique geographical
conditions of Yunnan have resulted in high Cordyceps s.l. species diversity. There is
also a high species diversity of Cordyceps s.1. in Southeast Asia, where more than 500
species of entomopathogenic fungi have been reported. Approximately 400 species of
entomopathogenic fungi are distributed in Thailand (Sung et al. 2007; Luangsa-ard
etal. 2011, 2018; Ban et al. 2015; Tasanathai et al. 2019; Xiao et al. 2019). Vietnam
is second to Thailand, in the number of entomopathogenic fungi species, with more
than 100 species having been reported such as Moelleriella pumatensis T.T. Nguyen
& N.L. Tran (Mongkolsamrit et al. 2011), O. furcatosubulata H. Yu, Y. Wang & Y.B.
Wang (Wang et al. 2021a), and O. puluongensis H. Yu, Z.H. Xu, N.L. Tran & Y.B.
Wang (Xu et al. 2022). These findings suggested that Vietnam should be abundant
in species diversity of Cordyceps s.l. (Mongkolsamrit et al. 2011; Doan et al. 2017;
Luyen et al. 2017).

Several studies have evaluated the taxonomy and biology of entomopathogenic
fungi, especially species found in China and Southeast Asia. In this study, one un-
known species of Ophiocordyeps attacking a cicada nymph was collected from Yun-
nan Province, Jinghong City, Nabanhe National Nature Reserve, in China. Another
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Table I. Specimen information and GenBank accession numbers of the sequences used in this study.

Species Host Isolate no./ GenBank accession no.
specimen no. nrSSU nrLSU tef-Io bl pb2
Hirsutella citriformis Cixiidae (Hemiptera) ARSEF 1446 KM652065 KM652106 KM651990 KM652031 -
Hirsutella fusiformis Brachyderes incanus ARSEF 5474~ KMG652067 KM652110 KM651993 KM652033 -
(Curculionidae,
Coleoptera)
Hirsutella gigantea Pamphiliidae ARSEF 30 - JX566977  ]JX566980 KM652034 -
(Hymenoptera)
Hirsutella guyana Empoasca kraemeri ARSEF 878 KM652068 KM652111 KM651994 KM652035 -
(Cicadellidae, Hemiptera)
Hirsutella illustris Eriosoma lanigerum ARSEF 5539 KMG652069 KM652112 KM651996 KM652037 -
(Aphididae, Hemiptera)
Hirsutella kirchneri Abacarus hystrix ARSEF 5551 KM652070 KM652113 KM651997 - -
(Eriophyidae, Acari)
Hirsutella lecaniicola Parthenolecanium corni ARSEF 8888 KM652071 KM652114 KM651998 KM652038 -
(Coccidae, Hemiptera)
Hirsutella liboensis Larva of Cossidae ARSEF 9603 KM652072 KM652115 KY415588  KY945367 -
(Lepidoptera)
Hirsutella necatrix Acari ARSEF 5549  KM652073 KM652116 KM651999 KM652039 -
Hirsutella nodulosa Dioryctria zimmermani ARSEF 5473 KM652074 KM652117 KM652000 KM652040 -
(Pyralidae, Lepidoptera)
Hirsutella radiata Diptera ARSEF 1369 KM652076 KM652119 KM652002 KM652042 -
Hirsutella rhossiliensis Mesocriconema xenoplax ARSEF 3747 KM652080 KM652123 KM652006 KM652045 -
(Criconematidae,
Tylenchida)
Hirsutella strigosa Nephotettix virescens ARSEF 2197 KM652085 KM652129 KM652012 KM652050 -
(Cicadellidae, Hemiptera)
Hirsutella subulata Microlepidoptae ARSEF 2227 KM652086 KM652130 KM652013 KM652051 -
(Lepidoptera)
Hirsutella thompsonii var. Aceria sheldoni ARSEF 2459 KM652099 KM652147 KM652027 KM652061 -
synnematosa (Eriophyidae, Acari)
Hirsutella thompsonii var. Phyllocoptruta oleivora ARSEF 137 KM652087 KMG652131 KM652014 KM652052 -
thompsonii (Eriophyidae, Acari)
Hirsutella thompsonii var. Acalitus vaccinii ARSEF 254 KM652101 KM652149 KM652028 KM652062 -
vinacea (Eriophyidae, Acari)
Opbhiocordyceps acicularis Larva of Coleoptera OSC 110987 EF468950 EF468805 EF468744 EF468852 -
Opbhiocordyceps acicularis Larva of Coleoptera OSC 110988 EF468951 EF468804 EF468745 EF468853 -
Opbhiocordyceps agriotidis Larva of Coleoptera ARSEF 5692 DQ522540 DQ518754 DQ522322 DQ522368 DQ522418
Ophiocordyceps annulata Larva of Coleoptera CEM 303 KJ878915 KJ878881  KJ878962  KJ878995 -
Opbhiocordyceps aphodii Larva of Scarabacidae ARSEF 5498 DQ522541 DQ518755 DQ522323 - DQ522419
(Coleoptera)
Opbhiocordyceps appendiculata Larva of Coleoptera NBRC 106960  JN941728 JN941413 AB968577 JN992462 AB968539
Opbhiocordyceps arborescens Larva of Pueraria lobata NBRC 105891  AB968386 AB968414 AB968572 - AB968534
(Lepidoptera)
Ophiocordyceps bidoupensis ~ Larva of Elateridae YFCC8793  OM304638 - OK556894 OK556898 OK556900
(Coleoptera)
Ophiocordyceps bidoupensis ~ Larva of Elateridae YHH 20036  OK571396 - OK556893 OK556897 OK556899
(Coleoptera)
Ophiocordyceps brunneanigra  Cicadellidae (Hemiptera) TBRC 8093 - MF614654 MF614638 MFG614668 MF614681
Ophiocordyceps Larva of Lepidoptera TBRC 8100 - MF614658 MF614643 - MF614685
brunneaperitheciata
Ophiocordyceps Larva of Elateridae OSC 128576 DQ522542 DQ518756 DQ522324 DQ522369 DQ522420
brunneipunctata (Coleoptera)
Ophiocordyceps citrina Hemiptera TNS F18537 - KJ878903  KJ878983 - KJ878954
Ophiocordyceps cochlidiicola Cochlididae pupa HMAS 199612 KJ878917 KJ878884  KJ878965 KJ878998 -
(Lepidoptera)
Ophiocordyceps cossidarum Larva of Cossidae MFLU 170752 MF398186 MF398187 MF928403 MF928404 -
(Lepidoptera)
Opbhiocordyceps crinalis Larva of Lepidoptera GDGM 17327  KF226253 KF226254 KF226256 KF226255 -
Ophiocordyceps evansii Pachycondyla harpax adule HUA 186159 KC610796 KC610770 KC610736  KP212916 -
ant (Hymenoptera)
Ophiocordyceps formicarum Formicidae TNS F18565 KJ878921  KJ8788838  KJ878968  KJ879002  KJ878946

(Hymenoptera)
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Species Host Isolate no./ GenBank accession no.
specimen no. nrSSU arLSU tef-Io bl b2
Opbhiocordyceps forquignonii Adult fly (Diptera) OSC 151902 KJ878912  KJ878876 - KJ878991  KJ878945
Ophiocordyceps Larva of Elateridae YFCC 904 MT774216 MT774223 MT774244 MT774230 MT774237
Sfurcatosubulata (Coleoptera)
Opbhiocordyceps Larva of Elateridae YHH 17005 MT774217 MT774224 MT774245 MT774231 MT774238
Sfurcatosubulata (Coleoptera)
Opbhiocordyceps geometridicola  Larva of Geometridae TBRC 8095 - MF614648 MF614632 MF614663 MF614679
(Lepidoptera)
Opbhiocordyceps Larva of Coleoptera TBRC 8428 - MH092902 MH092894 - -
houaynhangensis
Ophiocordyceps hydrangea Nymph of cicada YFCC8832  OM304636 OM304640 OM831277 OM831280 OM831283
(Hemiptera)
Ophiocordyceps hydrangea Nymph of cicada YFCC 8833 OM304637 OM304641 OM831278 OM831281 OM831284
(Hemiptera)
Ophiocordyceps hydrangea Nymph of cicada YFCC8834  OM304635 OM304639 OM831276 OM831279 OM831282
(Hemiptera)
Ophiocordyceps karstii Hepialus jianchuanensis MFLU:15-3884  KU854952 - KU854945 KU854943 -
(Lepidoptera)
Ophiocordyceps kimfl Camy SC09B KX713631  KX713620 KX713698 KX713724 -
americanus (Hymenoptera)
Opbhiocordyceps kniphofioides — Cephalotes atratus adulcant ~ HUA 186148 KC610790 KF658679 KC610739 KF658667 KC610717
(Hymenoptera)
Ophiocordyceps konnoana Larva of Coleoptera EFCC 7315 EF468959 - EF468753 EF468861 EF468916
Ophiocordyceps langbianensis Larva of Coleoptera DL0017 MT928355 MT928306 - - -
Ophiocordyceps lanpingensis Larva of Hepialidae YHOS0705 KC417458 KC417460 KC417462 KC417464 KC456333
(Lepidoptera)
Ophiocordyceps longissima Cicada nymph (Cicadidae, NBRC 106965 AB968392  AB968420 AB968584 - AB968546
Hemiptera)
Ophiocordyceps longissima Hemiptera; cicada EFCC 6814 - EF468817  EF468757  EF468865 -
(nymph)
Ophiocordyceps Larva of Cossidae NBRC 100685 ~ AB968388 AB968416  AB968574 - AB968536
macroacicularis (Lepidoptera)
Ophiocordyceps Lepidoptera larva BCC 69008 - MF614657 MF614641 - MF614682
multiperitheciata
Ophiocordyceps myrmicarum Hymenoptera HIRS 45 KJ680150  JX566965  JX566973  KJ680151 -
(Formicidae)
Ophiocordyceps nigrella Larva of Lepidoptera EFCC 9247 EF468963 EF468818 EF468758 EF4683866 EF468920
Ophiocordyceps pruinosa Hemiptera NHJ 12994 EU369106 EU369041 EU369024 EU369063 EU369084
Ophiocordyceps Larva of Lepidoptera TBRC 8102 - MF614646  MF614630 MF614661 MF614677
pseudoacicularis
Ophiocordyceps pulvinata Camponotus adult ant TNS-F 30044  GU904208 AB721305 GU904209 GU904210 -
(Hymenoptera)
Ophiocordyceps ramosissimum Phassus nodus larva GZUHHNS KJ028012 - KJ028014  KJ028017 -
(Lepidoptera)
Ophiocordyceps ravenelii Beetle larva (Coleoptera) OSC 110995 DQ522550 DQ518764 DQ522334 DQ522379 DQ522430
Ophiocordyceps robertsii Larva of Hepialidae KEW 27083 - EF468826  EF468766 - -
(Lepidoptera)
Ophiocordyceps Larva of Coleoptera NBRC 106966 JN941704  JN941437 AB968582 JN992438 ABI68544
rubiginosiperitheciata
Ophiocordyceps satoi Polyrhachis lamellidens J19 KX713650 KX713601 KX713684 KX713710 -
(Hymenoptera)
Ophiocordyceps sinensis Larva of Hepialidae EFCC 7287 EF468971 EF468827 EF468767 EF468874 EF468924
(Lepidoptera)
Ophiocordyceps sinensis Larva of Hepialidae YHH 1805 MK984568 MK984580 MK984572 MK984587 MK984576
(Lepidoptera)
Ophiocordyceps sobolifera Cicada nymph (Cicadidae, ~ TNS F18521 KJ878933  KJ878898  KJ878979  KJ879013 -
Hemiptera)
Ophiocordyceps sobolifera Hemiptera (cicada NBRC 106967  AB968395 AB968422  AB968590 - -
nymph)
Ophiocordyceps spataforae Hemiptera adult NHJ 12525 EF469125 EF469078 EF469063  EF469092  EF469111
Ophiocordyceps sphecocephala Hymenopteraadult wasp ~ NBRC 101753 JN941695  JN941446  AB968592  JN992429  AB968553
Ophiocordyceps stylophora Larva of Elateridae OSC 110999 EF468982  EF468837 EF468777 EF468882 EF468931
(Coleoptera)
Ophiocordyceps thanathonensis ~ Hymenotera adult ant MFLU 16-2910  MF882926 MF850377 MF872614 MF872616 -
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Species Host Isolate no./ GenBank accession no.
specimen no. nrSSU nrLSU tef-Io bl pb2
Opbhiocordyceps tiputinii Larva of Megaloptera QCNE 186287  KC610792 KC610773 KC610745 KF658671 -
Opbhiocordyceps tricentri Adult of Cercopoidea NBRC 106968 AB968393  AB968423  AB968593 - ABY68554
(Hemiptera)

Ophiocordyceps unilateralis  Camponotus sericeiventris VIC 44303 KX713628 KX713626 KX713675 KX713730 -
s. str. (Hymenoptera)

Opbhiocordyceps unituberculata ~ Larva of Lepidoptera YFCCHU1301  KY923214 KY923212 KY923216 KY923218 KY923220

Opbhiocordyceps xuefengensis Larva of Phassus nodus ~ GZUH2012HN14 KC631789 - KC631793 KC631798 -
(Lepidoptera)

Opbhiocordyceps yakusimensis ~ Cicada nymph (Cicadidae, HMAS 199604  KJ878938  KJ878902 - KJ879018  KJ878953
Hemiptera)

Paraisaria amazonica Adult of Acrididae HUA 186143 KJ917562  KJ917571 KM411989 KP212902 KM411982
(Orthoptera)

Paraisaria coenomyiae Coenomyia sp. NBRC 106964  AB968385 AB968413  AB968571 - AB968533

(Coenomyiidae, Diptera)

Paraisaria gracilis Larva of Lepidoptera EFCC 8572 EF468956 EF468811 EF468751 EF468859  EF468912

Paraisaria heteropoda Cicada nymph NBRC 100644 JN941718  JN941423 AB968596 JN992452  AB968557
(Hemiptera)

Tolypocladium inflatum Coleoptera (larva) OSC 71235 EF469124  EF469077 EF469061 EF469090 EF469108

Tolypocladium ophioglossoides  Fungi (Elaphomyces sp.) CBS 100239 KJ878910  KJ878874 KJ878958  KJ878990  KJ878944

unknown species of Ophiocordyeps attacking larvae of Elateridae was collected from
Lintong Province, Bidoup Nuiba National Park, in Vietnam. The phylogeny and mor-
phology of these two fungi were determined, and their systematic position was estab-
lished in Ophiocordycipitaceae. The phylogenetic analyses results showed that the two
new species belonged to Ophiocordyceps, and were named Ophiocordyceps hydrangea and
Ophiocordyceps bidoupensis based on well-supported morphology and molecular data.

Materials and methods

Sample collection and isolation

The specimens were collected from China and Vietnam, and the collection site
information was noted, including altitude, longitude, latitude, and habitat type.
Samples were placed in sterilized tubes or plastic bags and boxes, returned to the
laboratory, and stored at 4 °C. The specimens were photographed using a Canon 750
D camera (Canon Inc., Tokyo, Japan). The size was measured, and characteristics
were recorded including length of the stroma, single or multiple, length and width
of stipe clavate and fertile parts, shape, texture, and color. To obtain axenic cultures,
the segments were removed from insect bodies, and these segments were placed
onto Potato Dextrose Agar (PDA) consisting of peptone and yeast powder (potato
100 g/500 mL, dextrose 10 g/500 mL, agar 10 g/500 mL, yeast powder 5 g/500 mL,
peptone 2.5 g/500 mL) plates. The plates were placed in a culture room at 25 °C
until isolated into pure cultures. The cultures were saved on a PDA slant (to grow
slowly), and stored at 4 °C. All specimens were deposited in the Yunnan Herbal
Herbarium (YHH) of Yunnan University. The extypes of the two species were
deposited in the Yunnan Fungal Culture Collection (YFCC) of Yunnan University.
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Morphological observations

To describe the sexual morphs of the two species, frozen sections or hand sec-
tions of the fruiting structures of the stroma were immersed in water and then
dyed with lactophenol cotton blue solution for morphological observation and
photomicrography (Wang et al. 2021a). For observations on asexual morphs, new
colonies were established from old cultures and placed on new PDA plates. The
plates were cultured in an incubator for 6 or 12 weeks at 25 °C, and then asexual
morphs were observed and recorded (shape, texture, and color of the colonies).
Microscope slide cultures were made using the methods of Wang et al. (2020). The
morphological observations and measurements were made using Olympus CX40
and BX53 microscopes.

DNA extraction, PCR, and sequencing

Five-centimeter segments from the stroma of fresh specimens and the cultures were
used for DNA extraction to ensure the cultures and specimens were the same. Tortal
DNA was extracted using cetyltrimethyl ammonium bromide (CTAB) according to
the procedure described by Liu et al. (2001). The DNA was used for PCR ampli-
fication. The primer pair, NS4 (5'-CTTCCGTCAATTCCTTTAAG-3") and NS1
(5'-GTAGTCATATGCTTGTCTC-3") was used to amplify nrSSU (the nuclear ribo-
somal small subunit) (White et al. 1990). The primer pair, LR5 (5'-ATCCTGAGG-
GAAACTTC-3") and LROR (5'-GTACCCGCTGAACTTAAGC-3') was used to
amplify nrZSU (the nuclear ribosomal large subunit) (Vilgalys and Hester 1990; Reh-
ner and Samuels 1994). The primer pair, 983F (5'-GCYCCYGGHCAYCGTGAY-
TTYAT-3") and 2218R (5'-ATGACACCRACRGCRACRGTYTG-3") was used to
amplify zef- 1o (the translation elongation factor 1a) (Rehner and Buckley 2005). The
primer pair, CRPB1A (5'-CAYCCWGGYTTYATCAAGAA-3") and RPB1C (5'-CC-
NGCDATNTCRTTRTCCATRTA-3") were used to amplify 7pb1 (the largest subunit
of RNA polymerase II) (Castlebury et al. 2004; Bischoff et al. 2006). The primer
pair, fRPB2-5F (5'-GAYGAYMGWGATCAYTTYGG-3') and fRPB2-7cR (5'-CCC-
ATRGCTTGYTTRCCCAT-3") was used to amplify 7pb2 (the second largest subunit
of RNA polymerase II) (Liu et al. 1999). The polymerase chain reaction (PCR) for am-
plification of the five genes and their sequencing were described by Wang et al. (2015).

Phylogenetic analyses

Sequences of the five genes (nrSSU, nrLSU, tef-1o, rpbl, and rpb2) were downloaded
from GenBank, and combined with the newly generated sequences in this study. The
taxa information of the species and GenBank accession numbers of the five genes are
listed in Tablel. Sequences of the five genes were aligned using the Clustal X (v.2.0) and
MEGAG (v.6.0) (Larkin et al. 2007; Tamura et al. 2013). Ambiguously aligned sites
were eliminated, and the gaps were treated as missing data. The aligned sequences of
the five genes (nrSSU, nrLSU, ref-1a, rpbl, and rpb2) were concatenated into a single
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combined dataset using MEGAG (v.6.0.). Conflicts between the five genes were tested
using PAUP* (v.4.0b10) (Swofford 2002). The results of the phylogenetic signals in the
five genes were not in conflict. The concatenated dataset containing all five genes con-
sisted of 11 data partitions, including one each for ntSSUand nrZSU, and three for each
of the three codon positions of zef-Ia, 7pb1, and 7pb2. Phylogenetic analyses based on
the five genes were made using Bl and ML methods (Ronquist and Huelsenbeck 2003;
Stamatakis et al. 2008). We used the optimal model GTR+I with 1,000 rapid boot-
strap replicates on the five genes for ML analyses (Stamatakis 2006). We conducted BI
analyses using a GTR+G+I model determined by jModelTest (v.2.1.4), conducted on
MrBayes (v.3.1.2) for 5 million generations (Darriba et al. 2012). The phylogenetic tree
constructed was viewed and edited using FigTree (v.1.4.2) and Adobe Illustrator CS6.

Results

Phylogenetic analyses

A total of 83 samples were used for the phylogenetic analyses. Five gene sequences of
the two new species collected were used to reconstruct the phylogenetic framework
of Ophiocordyceps. Two taxa of Tolypocladium were designated as the outgroup, and
these were, respectively, Tolypocladium ophioglossoides CBS 100239 and Tolypocladium
inflatum OSC 71235. The alignment lengths of the 83 samples were composed of
4,486 bp sequence data, 971 bp of nrSSU, 921 bp of nrLSU, 943 bp of ref-1o, 726 bp
of 7pb1, and 925 of 7pb2. The phylogenetic tree showed that these were identical in
overall topologies to previous studies. Four clades (Hirsutella clade, O. sobolifera clade,
O. sphecocephala clade, and O. ravenelii clade) of Ophiocordyceps were well-supported
by ML bootstrap proportions and BI posterior probabilities (Fig. 1). The two new
species in the O. sobolifera clade, O. hydrangea and O. bidoupensis, formed two sepa-
rate subclades. Three samples of O. hydrangea (BP = 98%, PP = 1) formed a separate
subclade with O. longissima and O. yakusimensis, while O. bidoupensis (BP = 83%,
PP = 0.99) formed a separate subclade with O. houaynhangensis.

Taxonomy

Opbhiocordyceps hydrangea H. Yu, W.Q. Zou & D.X. Tang, sp. nov.
MycoBank No: 843203
Fig. 2

Etymology. Hydrangea, referred to the top of the stroma similar to hydrangea.
Holotype. CHiNa, Yunnan Province, Jinghong City, Nabanhe National Nature
Reserve, 22°8'21.32"N, 100°42'18.35"E, alt. 612 m, on cicada nymphs (Cicadidae,
Hemiptera). The material was found in the soil of an evergreen broad-leaved forest, 18
August 2020, H. Yu (YHH 20081, holotype; YFCC 8834, ex-holotype culture).
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Sexual morph. The stroma was grown from the head of the host cicada nymph,
solitary, the top of the stroma similar to hydrangea, pale pink, 1.6-6.4 cm long. Sexual
morph was not observed.

Asexual morph. The colony grew slowly on PDA medium. Cultured at 25 °C
for about 12 weeks, the diameter of the colony was 25-28 mm, pale pink, the edge
white, hard texture. The back of the colony was white to brown. Surface hyphae rough,

Figure 2. Ophiocordyceps hydrangea A, B fungus on a cicada nymph C, D colony on PDA medium

E conidiophores, conidiogenous cells and conidia F=J conidiogenous cells and conidia K conidia. Scale

bars: 1 cm (A, B); 2 cm (C,D); 10 pm (E, F, G, 1, )); 5 pm (H, K).
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hyaline, septate. Conidiophores were cylindrical. Conidiogenous cells were solitary or
whorled, ampuliform, smooth-walled, forming on conidiophores or colonies, hyaline,
with swollen base, and slender top, 10.6-17.6 um long, 2.9-4.3 pm wide at the swol-
len base, and 1.1-2.2 um wide at the slender top. Conidia hyaline, ovoid or long oval,
solitary, 6.8-10.1 x 3.3—4.5 um.

Host. Cicada nymph (Cicadidae, Hemiptera).

Habitat. In the soil of an evergreen broad-leaved forest.

Distribution. China.

Other material examined. CHiNA, Yunnan Province, Jinghong City, Nabanhe
National Nature Reserve, 22°8'21.32"N, 100°42'18.35"E, alt. 612 m, on cicada
nymphs (Cicadidae, Hemiptera) was found in the soil an evergreen broad-leaved for-
est, 18 August 2020, H. Yu (YFCC 8832, YECC 8833).

Notes. Phylogenetic analyses showed that O. hydrangea clustered with O. sobolif-
era, O. longissima, and O. yakusimensis of the O. sobolifera clade (Fig. 1). Their hosts
were cicada nymphs compared to other species of the O. sobolifera clade (Table 2).
Ophiocordyceps hydrangea was well supported by BI and ML results, forming a separate
subclade with O. sobolifera, O. longissima, and O. yakusimensis. The macro-morphology
of O. hydrangea was clearly different from O. sobolifera, O. longissima, O. khonkaenen-
sis, and O. yakusimensis. The stroma of O. hydrangea grew from the head of the host
cicada nympbh, solitary, and the top of the stroma was like a pale pink hydrangea.

Ophiocordyceps bidoupensis H. Yu, W.Q. Zou & D .X. Tang, sp. nov.
MycoBank No: 843204
Fig. 3

Etymology. Bidoupensis, referred to the type species collected from Bidoup Nuiba
National Park.

Holotype. ViETNaM, Lintong Province, Bidoup Nuiba National Park, 12°8'9.30"N,
108°31'51.38"E, alt. 1678 m, on larva of Elateridae (Coleoptera) buried in soil, emerg-
ing from the leaf litter on the forest floor, 16 October 2017, H. Yu (YHH 20036, holo-
type; YECC 8793, ex-holotype culture).

Sexual morph. The stroma grew from the head of the host, solitary, solid, cylin-
drical, 11.8-22.5 cm long, yellow. Stipe clavate, yellow, curved, 10.7-21.2 cm long,
0.7-0.9 mm wide. Fertile parts cylindrical, yellow, slightly curved, 2.9-11.3 mm long,
0.9-1.6 mm wide. Sterile apices cone, yellow, 2.1-7.2 mm long, 0.2-0.7 mm wide.
Perithecia immersed, pyriform to lanceolate, brown-yellow, 213.4-405.9 x 74.8—
192.4 pum. Asci hyaline, slender, 116.1-192.7 x 4.8-7.5 um. Asci cap prominent,
capitate, 4.7—6.1 x 3.3-5.4 pm. Ascospores hyaline, filiform, multi-septate.

Asexual morph. The colony grew slowly on PDA medium. Cultured at 25 °C
for about 6 weeks, the diameter of the colony was 38—45 mm, white, aerial myce-
lium on the surface, slightly convex. The back of the colony was grayish-white, dark
brown in the middle. Surface smooth of hyphae, hyaline, septate. Conidiogenous cells
cone, hyaline, septate, smooth-walled, forming on hyphae, with a hypertrophic base,
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tapering abruptly to a thin neck, 13.80-46.4 x 0.42-5.13 um. Conidia hyaline, oval
or briolette, smooth-walled, 2.24-3.61 x 1.49-2.70 pum.

Host. Larva of Elateridae (Coleoptera).

Habitat. The hosts were buried in soil, and the stroma were found in the leaf litter
on the forest floor.

Distribution. Vietnam.

Figure 3. Ophiocordyceps bidoupensis A—C fungus on an Elateridae larva D, E cross-section of the ascoma

showing the perithecial arrangement F=H asci I ascospores J, K colony on PDA medium L=N conidiog-
enous cells and conidia O conidiogenous cells P, Q conidia. Scale bars: 1 cm (A=C); 200 pm (D); 20 pm
(E=H); 10 pm (I); 2 cm (J, K); 5 pm (L-Q).
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Notes. Phylogenetic analyses showed that O. bidoupensis was clustered with
O. houaynhangensis, O. brunneipunctata, O. langbianensis, O. cossidarum, and O. furca-
tosubulata of the O. sobolifera clade (Fig. 1). Their hosts were larvae of Elateridae com-
pared to cicada nymph hosts of the other species of the O. sobolifera clade (Table 2).
Ophiocordyceos bidoupensis was well-supported by bootstrap support and posterior
probabilities, and formed a separate subclade with O. houaynhangensis, O. brunnei-
punctata, O. langbianensis, and O. cossidarum. The morphology of O. bidoupensis was
clearly different in shape and size from other species of O. sobolifera clade (Table 2).
The stroma of O. bidoupensis grew solitary from the head of the host; sterile apices of
the stroma were different from the other species.

Discussion

Ophiocordyceps is the largest genus in the Ophiocordycipitaceae, with a wide range of
hosts and various species. At present, more than 290 species of Ophiocordyceps have
been reported (Index Fungorum 2022). However, only 11 species are described in the
O. sobolifera clade and their hosts are mainly Coleoptera larvae and cicada nymphs
(Hemiptera) (Table 2). We describe the new species O. hydrangea attacking cicada
nymphs and the new species O. bidoupensis attacking Coleoptera larvae. Most spe-
cies have diverse macro-morphological or micro-morphological characteristics due
to the same entomopathogenic fungi having a different host, or different species of
entomopathogenic fungi having the same host (Sung et al. 2007, 2011; Aradjo et
al. 2015; Aratjo and Hughes 2016; Shrestha et al. 2016; Luangsa-ard et al. 2018;
Crous et al. 2019; Fan et al. 2021; Wang et al. 2021a). Hemiptera hosts are widely
present among the species of Ophiocordyceps, including species of the Hirsutella clade,
O. sobolifera clade, O. sphecocephala clade, and O. ravenelii clade.

The entomopathogenic fungi whose host is Hemiptera have diverse morphological
characteristics. For example, O. nutans (Patouillard) G.H. Sung, ].M. Sung, Hywel-Jones
& Spatafora (Sung et al. 2007), its hosts were stink bugs (Hemiptera), stromata solitary
or multiple, fertile parts was red (Hywel-Jones 1995a; Luangsa-ard et al. 2008), stromata
of O. brunneinigra (Hemipteran host) were flexuous, arising from between the head and
the thorax of the host (Luangsa-ard et al. 2018), stromata of O. spataforae Tasanathai,
Thanakipipattana, Khonsanit & Luangsa-ard were cylindrical, cream to pale brown
(Luangsa-ard et al. 2018). However, from previously reported Hemipteran hosts, only a
few hosts of the O. sobolifera clade were cicada nymphs in Ophiocordyceps (Kobayasi and
Shimizu 1963; Sung etal. 2011; Crous etal. 2019). In this study, the host of O. hydrangea
was a cicada nymph. More interestingly, the O. hydrangea was significantly more beauti-
ful than other species; the stroma grew from the head of the host cicada nymph, and the
top of the stroma like a hydrangea (Sung et al 2007, 2011; Crous et al. 2019). Coleoptera
hosts were common in species of Ophiocordyceps. More than 20 species of Ophiocordyceps
were parasitic on Coleoptera larvae (Shrestha et al. 2016). These species included O.
acicularis (Ravenel) Petch (Petch 1933), O. annulata (Kobayasi & Shimizu) Spatafora,
Kepler & C.A. Quandt (Kobayasi and Shimizu 1982; Spatafora et al. 2015), O. aphodii
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(Mathieson) G.H. Sung, .M. Sung, Hywel-Jones & Spatafora (Mathieson 1949; Sung
etal. 2007), O. brunneipunctata (Hywel-Jones) G.H. Sung, ].M. Sung, Hywel-Jones &
Spatafora (Hywel-Jones 1995b; Sung et al. 2007; Luangsa-ard et al. 2008), O. furcatosub-
ulara H. Yu, Y. Wang & Y.B. Wang (Wang et al. 2021a), O. houaynhangensis Keochan-
pheng, Thanakitp., Mongkols. & Luangsa-ard (Crous et al. 2018), O. langbianensis T.D.
Lao, TA.H. Le & N.B. Truong (Lao et al. 2021), O. melolonthae (Tulasne & C. Tulasne)
G.H. Sung, ].M. Sung, Hywel-Jones & Spatafora (Sung et al. 2007), and O. ravenelii
(Berkeley & M.A. Curtis) G.H. Sung, ].M. Sung, Hywel-Jones & Spatafora (Sung et al.
2007). Most species with Coleopteran host occur in soil and have solid, cylindrical, and
yellow stromata. This is consistent with the results of this study.

Phylogenetic analyses based on the data from five genes showed that our phylo-
genetic framework of Ophiocordyceps was consistent with previous studies (Sung et al.
2007, 2011; Quandt et al. 2014; Simmons et al. 2015; Crous et al. 2018, 2019; Wang
etal. 2018, 2021a; Lao etal. 2021). The genus of Ophiocordyceps consists of four clades,
including the Hirsutella clade, O. sobolifera clade, O. sphecocephala clade, and O. rav-
enelii clade. Phylogenetic analyses showed that O. hydrangea clustered with O. sobolif-
era, O. longissima, and O. yakusimensis in the O. sobolifera clade, and O. bidoupensis
clustered with O. houaynhangensis, O. brunneipunctata, O. langbianensis, O. cossidarum,
and O. furcatosubulata in the same clade. Species within the O. sobolifera clade had dif-
ferent hosts, and morphological characteristics. These two new species clustered in two
separate subclades within the O. sobolifera clade. The hosts of one subclade were cicada
nymphs with stromata cylindrical or sarciniform, bright-colored, conidia were macro
(Kobayasi and Shimizu 1963; Crous et al. 2019), and the hosts of another subclade
were Coleoptera, with stromata cylindrical, conidia small, and a sterile apex on top of
the stroma (Hywel-Jones 1995b; Luangsa-ard et al. 2008; Crous et al. 2018; Lao et
al. 2021; Wang et al. 2021a). Therefore, the species of the O. sobolifera clade could be
divided into two separate subclades when more materials were collected.

The species of O. sobolifera clade had diverse morphological characteristics
(Table 2). The entomopathogenic fungi with cicada nymph hosts shared similar
characteristics, stromata solitary or multiple, cylindrical, and bright-colored. How-
ever, they also differed in morphology. For example, O. sobolifera lacked a protruding
ostiole with immersed perithecia (Kobayasi and Shimizu 1963), and this seems to be
contrary to O. yakusimensis (Kobayasi and Shimizu 1963). Stromata of O. longissima
were longer than other species, and had a short neck in perithecia (Sung et al. 2011).
Compared to the ovoid perithecia of O. longissima and O. yakusimensis, O. khonkae-
nensis was flask-shaped (Crous et al. 2019). The top of the stroma of O. hydrangea
was similar to hydrangea, the size and shape of conidiogenous cells and conidia were
different from O. khonkaenensis (Table 2). The entomopathogenic fungi using Coleop-
tera hosts shared similar characteristics, such as stromata solitary, cylindrical, sterile
apices on top, bright-colored. However, they had different shape and size of perithecia,
asci, ascospores, conidiogenous cells, and conidia. The perithecia of O. bidoupensis
was pyriform to lanceolate and brown-yellow. It was similar to O. brunneipunctata,
O. furcatosubulata, and O. langbianensis, and only O. houaynhangensis was clavate
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(Hywel-Jones 1995b; Luangsa-ard et al. 2008; Crous et al. 2018; Lao et al. 2021;
Wang et al. 2021a). Conidiogenous cells of O. bidoupensis were cone-shaped, forming
on hyphae, with a hypertrophic base, tapering abruptly into a thin neck, smooth-
walled, with a smaller thin neck (0.42 pm wide) than O. brunneipunctara (0.5 pm),
O. furcatosubulata (0.9 um), and O. houaynhangensis (0.5 um).

Due to the unique geographical locations and climate conditions in China and
Vietnam, these areas contain a rich species diversity of Cordyceps s.1. However, our
survey of Cordyceps s.l. in China and Vietnam only represented a small portion of the
total. More samples of Cordyceps s.1. will continue to be collected in China and South-
east Asia in order to uncover additional undescribed taxa, and revise species with the
incorrect classification position of this group.
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Abstract

Six species of Sticta are described as new to science on the basis of material from Bolivia and supported
by phylogenetic analysis of the fungal ITS barcoding marker. The species were resolved in all three of the
clades (I, II, III) widespread and common in the Neotropics, as defined in an earlier study on the genus.
Comparison with material from neighbouring countries (i.e. Colombia, Ecuador, Peru) suggests that these
new species may be potentially endemic to the Bolivian Yungas ecoregion. For each species, a detailed
morphological and anatomical description is given. Sticta amboroensis Ossowska, Kukwa, B. Moncada
& Liicking is a medium-sized green-algal species with laminal to submarginal apothecia with hirsute
margins and with light to dark brown lower tomentum. Sticta aymara Ossowska, Kukwa, B. Moncada,
Flakus, Rodriguez-Flakus & Liicking is a comparatively small cyanobacterial taxon with Nostoc as photo-
biont, laminal, richly branched, aggregate isidia and a golden to chocolate-brown lower tomentum. The
medium-sized, cyanobacterial S. bicellulata Ossowska, Kukwa, B. Moncada & Liicking has cyanobacterial
photobiont, bicellular ascospores, apothecia with white to golden-brown hairs on the margins, K+ violet
apothecial margin (ring around disc) and epihymenium and a white to dark brown lower tomentum.
In contrast, the green-algal species, S. carrascoensis Ossowska, Kukwa, B. Moncada & Liicking is char-
acterised by its large size, apothecia with dark brown hairs on the margins and a yellow medulla. The
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cyanobacterial S. catharinae Ossowska, B. Moncada, Kukwa, Flakus, Rodriguez-Flakus & Liicking forms
stipitate thalli with Nostoc as photobiont, abundant, laminal to submarginal apothecia and a golden-
brown lower tomentum. Finally, the cyanobacterial S. pseudoimpressula Ossowska, Kukwa, B. Moncada &
Liicking produces laminal apothecia with an orange-yellow line of pruina along the margins which reacts
K+ carmine-red. In addition to the six new Bolivian taxa, the cyanobacterial S. narinioana B. Moncada,
Ossowska & Liicking is described as new from Colombia and it represents the closely-related sister species
of the Bolivian S. aymara; it differs from the latter largely in the marginal instead of laminal isidia.

Keywords

lichens, Lobarioideae, molecular barcoding, pigments

Introduction

Bolivia is one of two landlocked countries in South America, besides Paraguay, being
located almost in the centre of the continent. Situated in the Neotropics, it encom-
passes a diversity of ecosystems, with twelve ecoregions and twenty-three sub-regions
(Ibisch and Mérida 2004; Moraes and Sarmiento 2019). This ecogeographical diversity
is the reason why Bolivia harbours one of the highest biodiversity levels in the world
(Feuerer et al. 1998; Josse et al. 2003). About 15000 vascular plant species have been
documented, over 2000 of which are endemic (Jorgensen et al. 2014; Meneses et al.
2015). An exceptionally high diversity is also observed in lichens and lichenicolous
fungi (e.g. Flakus and Liicking 2008; Kukwa and Flakus 2009; Flakus et al. 2011,
2012,2013, 2016, 2019; Oset and Kukwa 2012; Guzow-Krzemiriska et al. 2019). Yet,
the number of species reported from Bolivia is about 70% lower than the estimated
number (Liicking et al. 2009; Rodriguez de Flakus et al. 2016).

Amongst lichenised fungi, Sticta (Schreb.) Ach. is one of the genera for which the
diversity in Bolivia is certainly underestimated. Published records are based almost ex-
clusively on classical taxonomy and use outdated concepts of largely widely-distributed
taxa and only two recent papers dealing with Bolivian species have employed a phy-
logenetic approach (Moncada et al. 2014a; Ossowska 2021). Integrative taxonomy,
based on molecular data and morphological and anatomical information, have sub-
stantially refined taxon concepts in this genus, revealing taxa with similar morphology
and anatomy, so-called ‘morphodemes’, to represent multiple species (e.g. Moncada
2012; Moncada et al. 2013a, b, 2020, 2021a, b, ¢; Widhelm et al. 2018; Mercado-
Diaz et al. 2020). For example, several previously unrecognised species have recently
been described in the S. weigelii (Ach.) Vain. morphodeme — i.e. cyanobacterial forms
with marginal isidia, such as S. andina B. Moncada, Liicking & Sérus. and S. scabrosa
B. Moncada, Merc.-Diaz & Bungartz, which are even more abundant than S. weigelii
s.str. (Moncada et al. 2021a).

Modern approaches have also contributed to the discovery or revised definition of
endemic taxa in different regions; for example, S. aongstroemii Dal Forno, B. Moncada
& Liicking, endemic to south-eastern Brazil, S. boringuensis Merc.-Diaz & Liicking,
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endemic to Puerto Rico and S. damicornis (Sw.) Ach., a Caribbean endemic (Dal
Forno et al. 2018; Moncada et al. 2018; Mercado-Diaz et al. 2020). Consequently,
the number of formally described Sticta species is less than half the global estimate
suggested by Moncada et al. (2013b, 2021a, b, ¢) and many new species may still re-
main unrecognised, especially in tropical ecosystems in South America and elsewhere,
including Bolivia.

Here, we present the findings of a molecular revision of material of Sticta collected
in Bolivia, integrating morphological and anatomical data, which resulted in the dis-
covery of six new species, formally described in this study and an additional species
from Colombia, closely related to one of the new Bolivian taxa. Their characteristics
are elaborated in detail and a discussion on the potentially endemic occurrence of the
new Bolivian species in the Yungas ecoregion of Bolivia is discussed.

Materials and methods

Taxon sampling

Sticta specimens were collected between 2010 and 2014 during fieldwork in the Yun-
gas and Tucumano-Boliviano region. The collected material is deposited in KRAM,
LPB and UGDA for the Bolivian specimens and in B and UDBC for the Colombian
specimens. Morphology and anatomy were examined in Gdarisk and in Berlin, using
Nikon SMZ800N and LEICA Zoom 2000 dissecting microscopes and ZEISS Axi-
oskop compound microscopes, following the examination of characters as proposed
by Moncada (2012) and Moncada et al. (2014a) and focusing on potentially diag-
nostic features at species level. Furthermore, we examined selected specimens from
hitherto unpublished material collected in Colombia or other regions that turned out
to be phylogenetically related to the Bolivian material. Spot reactions were performed
with K (potassium hydroxide solution), C (sodium hypochlorite solution), Pd (para-
phenylenediamine) and KC (K followed by C on the same thallus fragments) and
secondary compounds were further analysed using thin-layer chromatography (TLC)
in solvents A and C (Orange et al. 2001).

DNA extraction, PCR amplification and sequencing

A total of 11 new specimens of Sticta from Bolivia and three from Colombia were used
for the molecular study. Additionally, 194 I'TS rDNA Sticta sequences were download-
ed from GenBank, representing the monophyletic assembly of clades I, I and III as
defined by Widhelm et al. (2018), using S. macrothallina as outgroup; the downloaded
sequences were complemented by some previously unpublished sequences from Co-
lombian material (Suppl. material 1: Table S1). For new DNA extractions from Boliv-
ian material, two separate thallus fragments were taken from each specimen to allow
cross-check of the results and account for potential sample contamination.
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Total genomic DNA was extracted using the Sherlock AX Plant kit (A&A Biotech-
nology, Poland) and the Plant & Fungi DNA Purification Kit (Eurx, Poland), follow-
ing the manufacturers’ protocol. Fungal ITS rDNA was amplified using the primers
ITSIF and ITS4A (White et al. 1990; Gardes and Bruns 1993). The same primers
were used for sequencing. PCR was carried out in a volume of 25 pl using 12.5 pl of
Start-Warm HS-PCR Mix Polymerase (A&A Biotechnology, Poland), 1.0 pl of 10 pM
of each primer, 1.0 pl of dimethyl sulphoxide (DMSO), 3.0 ul of template DNA (-
10-100 ng) and water. The following PCR cycling parameters were applied: an initial
denaturation at 94 °C for 3 min and 33 cycles of: 94 °C for 30 sec; annealing at 52 °C
for 45 sec; extension at 72 °C for 1 min and final extension at 72 °C for 10 min. The
PCR products were purified using PCR Clean Up System (Promega, US) and Clean-
Up (A&A Biotechnology, Poland). The cleaned DNA was sequenced using Macrogen

sequencing service (http://www.macrogen.com).

Sequence alignment and phylogenetic analysis

The obtained sequences were aligned with available sequences of the genus Sticza
(Suppl. material 1: Table S1; Suppl. material 2: File S1), using a previous master align-
ment (Moncada et al. 2020). The new sequences were joined to the existing align-
ment using MAFFT 7.164 with the “--add” option (Katoh and Frith 2012; Katoh
and Standley 2013), with subsequent manual inspection in BIOEDIT 7.0.9 (Hall
2011). Phylogenetic analysis was performed using Maximum Likelihood in RAxML
8.2.0 (Stamatakis 2014) on the CIPRES Science Gateway (Miller et al. 2010), with
non-parametric bootstrapping using 400 pseudoreplicates (based on an automated
saturation criterion) under the GTRGAMMA model. Trees were visualised in FigTree
1.4.2 (Drummond and Rambaut 2007). After initial analysis of the full taxon set
containing 1,049 terminals, the alignment was reduced to fully-identified taxa with
valid names (except for one case where Bolivian samples were most closely related to
a hitherto unnamed taxon from Colombia), with 3-5(~10) selected accessions per
species, for a total of 211 terminals and the phylogenetic analysis was repeated using
the above approach.

Results and discussion

In the global phylogeny (Fig. 1; Suppl. material 3: Fig. S1), specimens from Bolivia
formed five distinct lineages, suggesting six previously undescribed taxa, two of these
representing closely-related sister taxa. The new species were recovered in all three
clades (I, II, III) recognised by Widhelm et al. (2018) as common and widespread
in the Neotropics: three in clade I (fitliginosa clade), one in clade II (romentosa clade)
and two in clade III (weigelii clade). With the use of the ITS barcoding marker only,
the latter clade was not resolved as monophyletic, but formed a paraphyletic grade
relative to clade II (Fig. 1; Suppl. material 3: Fig. S1). The first taxon, here named
Sticta aymara and nested within the S. cometia clade, was recovered as sister to an
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undescribed species from Colombia, which is also described below as S. narinioana.
Two other novel taxa, S. bicellulata and S. pseudoimpressula, fell within the S. sylvatica
clade, closely related to S. peltigerella (Nyl.) Trevis. and S. sylvatica (Huds) Ach. In both
of these taxa, S. bicellulata and S. pseudoimpressula, the apothecial margins (ring around
disc) and epihymenium react with K, although the reactions differ in colour: it is violet
in S. bicellulata and carmine-red in S. pseudoimpressula. This observation is noteworthy
as it confirms the uniqueness of Sticta in Bolivia since, in most so far known taxa
of the genus, the reaction with K is restricted to the medulla and membrane of the
cyphellae. Further two new species, S. amboroensis and S. carrascoensis, were recovered
close to S. weigelii and S. andina, respectively, but these placements were not supported
in the backbone, so their exact phylogenetic relationships remain unresolved. Finally,
S. catharinae was recovered as a novel taxon sister to the recently-described S. fuliginoides
Magain & Sérus. (Fig. 1; Suppl. material 3: Fig. S1).
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Analysis of morphological and anatomical features of these specimens and compari-
son with phylogenetically related and similar species supported their interpretation as
new to science. These new species are characterised by various key features, described
and discussed in detail along with overall morphological and anatomical characteristics
in the “Taxonomy’ section below. At present, all species described below are known from
only one site in Bolivia (although some are known from two collections); hence, it is
difficult to estimate their frequency in this country. Nevertheless, it is reasonable to de-
scribe such species from single sites from such poorly studied countries, firstly due to the
difficulty of exploring some areas of Bolivia and therefore the impossibility of splitting
samples and secondly, because of the need for lichen conservation efforts in this country.

So far, the number of Sticta species known from Bolivia has not been critically as-
sessed, most listings dating from the 19" and early 20" century (Nylander 1859, 1861;
Rusby 1896; Herzog 1922, 1923). As a result, the recently assembled checklist (Rodri-
guez-Flakus et al. 2016) enumerates only 11 species, namely S. damicornis (Sw.) Ach.,
S. dilatata (Nyl.) Vain., S. fuliginosa (Dicks.) Ach., S. isidiokunthii B. Moncada & Liick-
ing, S. kunthii Hook., S. laciniata (Sw.) Ach., S. macrophylla Bory ex Delise, S. sinuosa
Pers., S. tomentosa (Sw.) Ach., S. umbilicariiformis Hochst. ex Flot. (Nylander 1861) and
S. weigelii. Of these, the names S. damicornis, a Caribbean endemic, the paleotropical
S. macrophylla and the African S. umbilicariiformis are certainly misapplications.

Recent research on Sticza (Moncada 2012; Moncada and Liicking 2012; Moncada
et al. 2013a, b, 2014a, b, 2020, 2021a, b) has contributed to a much better under-
standing of the diversity of the genus and also facilitated further studies on this genus.
As a consequence, Sticta has been more thoroughly assessed in other lichenologically
poorly studied regions of the world (e.g. Simon et al. 2018; Widhelm et al. 2018;
Mercado-Diaz et al. 2020; Moncada et al. 2020). In this respect, Bolivia remained as a
‘white spot’ on the map. The results presented here add to some previous works (Mon-
cada et al. 2014a; Ossowska 2021) and substantially increase our knowledge of Sticza
in Bolivia, cataloguing the true diversity of this genus in the country using more accu-
rate delimitation of species supported by phylogenetic analyses. Yet unpublished data
from our group, including a large number of still unnamed clades that require thor-
ough revision including phenotype characters, suggest that the number of taxa present
in Bolivia may be comparable to the diversity now known from Colombia (more than
200 species) (Moncada 2012; Moncada et al. 2013a, b, 2014a, b, 2020, 2021a).

Considering that the globally available sequence data of Sticta originate from near-
ly 30 different countries, it is notable that sequenced specimens from Bolivia mostly
represent novel lineages, which suggests that these taxa may be endemic to the Yungas
ecoregion in Bolivia. However, further studies in nearby regions are required to test this
hypothesis. Endemic species of Sticta have been reported by other authors from various
regions (e.g. Tonsberg and Goward 2001; Lendemer and Goffinet 2015; Dal Forno et
al. 2018; Moncada et al. 2018, 2020; Widhelm et al. 2018). In Madagascar and the
Mascarenes, for instance, where the genus has been very well sampled, 89% of the
known species are endemic (Simon et al. 2018). A similarly high proportion has been
reported from Puerto Rico, although Mercado-Diaz et al. (2020) noted that this num-
ber may be overestimated due to a lack of comparative data from neighbouring islands.
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The degree of endemism of Sticza in Hawaii is estimated at 69% (Moncada et al. 2020).
While the large number of endemic taxa on the islands is related to their geographical
isolation (Nash 2008), a high proportion of endemic lichens is also observed, for exam-
ple, in isolated tropical mountains or in fog-induced lichen zones in coastal deserts, like
Namibia (Aptroot 2008; Aptroot and Schumm 2011; Sparrius et al. 2017).

The putative endemism of the species described here is also supported by the fact
that the specimens were collected from different sites located within the Yungas ecore-
gion on the north-eastern slopes of the Andes. This is an area situated at 1000-4200 m
altitude and extends over 55,556 km. It is mainly covered by evergreen humid for-
est and includes several protected areas, such as Madidi and Cotapata National Parks
(Ibisch and Mérida 2004; Moraes and Sarmiento 2019). Yungas is a species-rich area
and has been considered a centre of endemism in Bolivia for different groups of or-
ganisms, such as algae, bryophytes and orchids (e.g. Kessler 1999; Ibisch and Mérida
2004; Moraes and Sarmiento 2019; Kolanowska et al. 2021; Kosecka et al. 2021).

A large number of putatively endemic taxa within Sticza, not only in Bolivia, but
also in other regions, may account for the discrepancy between the described and
expected number of species in this genus, with 200 species known vs. 500 predicted
(Moncada et al. 2013a, b, 2021b; Mercado-Diaz et al. 2020). Our results from Bolivia
increase the global number of Sticta by another six new species, thus slowly chipping
away at this knowledge gap.

Taxonomy

New species from Bolivia

Sticta amboroensis Ossowska, Kukwa, B. Moncada & Liicking, sp. nov.
MycoBank No: MB845385
Fig. 2

Diagnosis. Differing from S. subscrobiculata in the larger thalli with abundant mar-
ginal cilia and marginal and laminal apothecia with veined lower surface and the thick-
ness of the upper cortex with 60-80 pm.

Type. BoLivia. Dept. Santa Cruz; Prov. Florida, Parque Nacional Amboré, above
la Yunga Village, senda los Helechos, near view point, 18°02'50"S, 63°54'50"W, elev.
2330 m, Yungas cloud forest with abundant tree ferns, corticolous, 08 June 2011, M.
Kukwa 9899 (holotype UGDA, isotype LPB).

Description. Primary photobiont a green alga. Stipe absent. Thallus irregular, up
to 25 cm diam., moderately branched, with 3-5 branches per 5 cm radius, branching
polytomous; lobes ligulate to laciniate, imbricate to adjacent, involute, with their apices
rounded to obtuse and involute and their margins entire to sinuous, not thickened; lobe
internodes (3-)7-10(-20) mm long, (4-)8-7(~18) mm broad; thallus coriaceous. Up-
per surface plane to rugose-pitted towards the centre, beige-brown with darker apices in
the herbarium, shiny, with the brown marginal line; surface glabrous, without papillae,
without pruina, but with irregular to indistinct, cream maculae, present in older parts of
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lobes; marginal cilia abundant, simple to fasciculated, light to dark brown, rarely white,
up to 0.5 mm long. Apothecia abundant, principally submarginal to laminal, sparse to
aggregated, subpedicellate, without pronounced invagination on lower side, up to 3 mm
diam.; disc light brown to brown (mature) and yellow (young), shiny to matt; margin
entire to crenate, hirsute, with brown hairs, abundant in young apothecia, sparse in
old ones. Vegetative propagules absent. Lower surface with somewhat elevated, diffuse
ridges, cream to brown towards the centre; primary tomentum dense, sparse towards the
margin, thick but thinner towards the margin, spongy to fasciculate, soft, light brown to
dark brown; secondary tomentum absent. Rhizines scarce, brown to white, up to 8 mm
long. Cyphellae 1-20 per cm? towards the thallus centre and 21-40 per cm? towards the
margin, scattered, rounded to irregular, urceolate with wide pore, erumpent to promi-
nent, remaining below the level of the primary tomentum, with the margin raised and
involute, cream-coloured, with tomentum; pore 0.5-1.5 mm diam.; basal membrane
pruinose in appearance, white to cream, K+ pale yellow, C—, KC—, Pd—. Medulla lax to
compact, white, K-, C—, KC—, Pd—. No substances detected by TLC.

Upper cortex paraplectenchymatous, 60—80 pm thick, consisting of 67 cell layers
with cells 6-16 pm diam. (with smaller cells in outside parts of the cortex), their walls
3—5 um thick and their lumina rounded to isodiametric, 4-15 pm diam. Photobiont
layer 35-50 pm thick, its cells 5-8 pm diam. Medulla 150-220 pm thick, its hyphae
4-5 pm broad, without crystals. Lower cortex paraplectenchymatous, 30—45 pm thick,
with 3—4 cell layers; cells 6-17 pm diam., their walls 2—7 um thick. Hairs of lower pri-
mary tomentum up to 1 mm long, in fascicles of 12-20, hyphae unbranched, 5-6 pm
wide with rugose walls, forming a brush-like head with free apices. Cyphella cavity up
to 300 pm deep; compacted cells of basal membrane rarely with one papillae. Apo-
thecia biatorine, up to 700 um high, without distinct stipe; excipulum 125-175 pm
broad, laterally with projecting hairs, 50 pm long, simple or in groups. Hymenium
100-110 pm high, K+ yellow; epihymenium up to 20 um high, yellow-brown, K+
yellow intensifying, with gelatinous upper layer, ca. 5 pm high. Asci 6-8-spored, as-
cospores fusiform, 1-3-septate, 27-42 x 6-10 pm.

Habitat and distribution. Sticta amboroensis is known only from one locality in
Parque Nacional Amboré in Department Santa Cruz, where it grows on tree bark at
altitude 2330 m.

Etymology. The name refers the Parque Nacional Ambord, where the species
was found.

Additional material examined. Bovrivia. Dept. Santa Cruz; Prov. Florida, Parque
Nacional Amboré, above la Yunga Village, senda los Helechos, near view point,
18°02'50"S, 63°54'50"W, elev. 2330 m, Yungas cloud forest with abundant tree ferns,
08 June 2011, M. Kukwa 9899a (LPB, UGDA).

Notes. Sticta amboroensis forms an isolated lineage not far from other green algal
species, such as S. pulmonarioides B. Moncada & Coca and S. subscrobiculata (Nyl.)
Gyeln. These species are characterised by a similar morphology, but clearly distinguished
phylogenetically. In S. subscrobiculata, the lobes are sparsely branched and pleurotomous
and the marginal cilia are sparse to absent, although a cilia-like extension of the lower
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with hirsute margins E lower tomentum with cyphellae F marginal cilia G cyphella membrane H excipu-
lum in section. Scale bars: 1 mm (A-F); 5 pm (G); 50 um (H).
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tomentum is usually visible (Moncada 2012). In the case of S. pulmonarioides, thallus is
smaller, up to 15 cm in diam., with sparse, mainly submarginal apothecia. In addition,
the lower tomentum is sparse over the entire lower surface (Moncada et al. 2013a).

Sticta aymara Ossowska, Kukwa, B. Moncada, Flakus, Rodriguez-Flakus & Liick-
ing, sp. nov.

MycoBank No: MB845386

Fig. 3

Diagnosis. Differing from S. narinioana in the presence of laminal isidia and in the
absence of apothecia, as well as the less densely arranged cyphellae.

Type. Borivia. Dept. La Paz; Prov. Nor Yungas, Parque Nacional y Area Natural
de Manejo Integrado Cotapata, near Urpuma colony, 16°13'20"S, 67°52'34"W, elev.
1989 m, Yungas montane forest, 30 June 2010, A. Flakus 17220 & P. Rodriguez-
Flakus (holotype KRAM, isotype LPB).

Description. Primary photobiont cyanobacterial (NVostoc). Stipe absent. Thallus
orbicular to irregular, up to 5 cm diam., sparsely branched, with 0-2 branches per
5 cm radius, branching pleurotomous; lobes suborbicular to flabellate, interspaced to
adjacent, plane to undulate, with their apices rounded and revolute and their margins
entire to sinuous, not thickened; lobe internodes (1-)2—-4(~7) mm long, (3-)5-6(—
10) mm broad; thallus subcoriaceous. Upper surface smooth to pitted or rugose to-
wards the centre, brownish-yellow with darker apices in the herbarium, shiny; surface
glabrous, without papillae and pruina, but with irregular, scattered, yellow maculae;
marginal cilia absent. Apothecia absent. Vegetative propagules present, abundant, in
the form of isidia, predominantly laminal, aggregate, richly branched from the begin-
ning, isidial branches cylindrical to coralloid, vertical, up to 0.6 mm long and 0.05 mm
broad, darker than the thallus, grey, shiny; in cross-section, round or rarely slightly flat-
tened. Lower surface with somewhat elevated, diffuse ridges, yellow to brown towards
the centre; primary tomentum dense to the margin, thick but thinner towards the
margin, spongy to fasciculate, soft, golden to chocolate; secondary tomentum present,
arachnoid. Rhizines absent. Cyphellae sparse, 1-10 per cm?* towards the thallus centre
and 1-20 per cm? towards the margin, scattered, angular to irregular, urceolate with
wide pore, prominent, remaining below the level of the primary tomentum, with the
margin raised and involute, cream-coloured, with or without tomentum; pore 0.25—
0.75 mm diam.; basal membrane + smooth, white, K-, C—, KC—, Pd—. Medulla com-
pact, cream, K—, C—, KC—, Pd—. No substances detected by TLC.

Upper cortex paraplectenchymatous, 15-40 pm thick, consisting of 2—3 cell layers
with cells 7-18 pm diam. (with smaller cells in outside parts of the cortex), their walls
0.6-2 pm thick and their lumina rounded to isodiametric, 6-17 um diam. Photobiont
layer 25-70 pm thick, its cells 4-20 pm diam. Medulla 30-70 pm thick, its hyphae
2.5-6 pm broad, without crystals. Lower cortex paraplectenchymatous, 30-50 pm
thick, with 3 cell layers; cells 6—20 pm diam., their walls 2—4 pm thick. Hairs of lower
primary tomentum 150-400 pm long, in fascicles of more than 20, hyphae simple,
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septate with interlocked apices. Cyphella cavity up to 130 pm deep; cells of basal mem-
brane without papillae or with single papillae. Apothecia not observed.

Habitat and distribution. Sticta aymara is known only from the type locality in
the Department La Paz, at an altitude of 1989 m.

Etymology. The name refers the Aymara people in the Andes and Altiplano re-
gions of South America who coined the term Yungas.

Notes. Although this new taxon is known from a single collection only, we decided
to describe it formally, as the material is well-developed and phylogenetically distinc-
tive, shown by two sequences generated from different pieces of the specimen. Sticza
aymara forms a sister clade with the also newly-described S. narinioana from Colombia
(see below). Both taxa produce isidia, but in S. narinioana, they are concentrated along
the thallus margins and horizontally orientated, while in S. #ymara, they are laminal and
upright. Moreover, sparse, submarginal apothecia, absent in S. aymara, were observed in
S. narinioana. Cilia are absent in both taxa, but in S. narinioana, the white tomentum
projects beyond the edge of the lobes and resembles cilia. The two species also differ in
the abundance of cyphellae, which are more densely arranged in S. narinioana.

The presence of isidia is also characteristic for S. isidiokunthii B. Moncada & Liick-
ing and S. weigelii, amongst other similar species (Moncada 2012). However, isidia in
these species are mainly marginal and differ in colour. In S. aymara the isidia are grey,
in S. isidiokunthii, greenish-brown to brown and in S. weigelii, blackish-brown. More-
over, the latter taxa are characterised by thalli larger than S. aymara, up to 1015 cm in
diam. Differences were also observed in the structure and colour of the lower surface.
In S. isidiokunthii, it is uneven, beige to dark brown, while in S. weigelii, it is smooth
to undulate, beige to red-brown (Moncada 2012; Moncada and Liicking 2012; Os-
sowska 2021). Additionally, S. isidiokunthii also produces laminal apothecia (Moncada
and Liicking 2012). The medulla of both S. isidiokunthii and S. weigelii reacts with K,
while in S. aymara, it is K negative.

The small size of the thalli, the presence of isidia and the absence of apothecia is
also characteristic of S. viviana A. Sudrez & Liicking. However, this taxon has a dark
brown, scrobiculate to faveolate upper surface with cream-coloured maculae. Further-
more, the lower part is rugose to undulating, rather than ridged-veined as in S. aymara.
The medulla of S. viviana is K+ orange-yellow and the cyphellae are K+ yellow. The
latter species is known from Colombia and Costa Rica (Moncada 2012; Sudrez and
Liicking 2013; Moncada et al., unpub.). Sticta aymara and S. viviana are phylogeneti-
cally only distantly related (Fig. 1; Suppl. material 3: Fig. S1).

Sticta bicellulata Ossowska, Kukwa, B. Moncada & Liicking, sp. nov.
MycoBank No: MB845387
Fig. 4

Diagnosis. Differing from S. pseudoimpressula in the predominantly bicellular spores
and the absence of secondary tomentum and the K+ violet (instead of carmine-red)
reaction of the apothecial atraquinone.
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Figure 3. Morphology of Sticta aymara (holotype) A upper surface with isidia B lower surface showing

shallow ridges (visible on right-hand lobe after removal of tomentum) € laminal and branched isidia

D tomentum and cyphellae. Scale bars: 1 mm.

Type. Borvia. Dept. La Paz; Prov. Franz Tamayo, Parque Nacional y Area Nat-
ural de Manejo Integrado Madidi, near Keara Bajo, 14°41'59"S, 69°04'34"W, elev.
3290 m, open area with shrubs and scattered trees, Ceja de Monte Inferior (Altimon-
tano), on shrubs, 17 Nov 2014, M. Kukwa 14859 (holotype UGDA, isotype LPB).

Description. Primary photobiont cyanobacterial (Nostoc). Stipe absent. Thallus ir-
regular to suborbicular, up to 10 cm diam., moderately branched, with 3—5 branches per 5
cm radius, branching polytomous; lobes laciniate to flabellate, adjacent, involute to weakly
canaliculate, with obtuse to truncate, plane to revolute apices and their margins entire,
slightly thickened; lobe internodes (3—)6-8(-20) mm long, (4-)7-10(~13) mm broad;
thallus coriaceous. Upper surface pitted to shallowly scrobiculate to rugose, light brown
with darker apices in the herbarium, shiny, with the marginal line in the same colour; sur-
face glabrous, without papillae and pruina, without maculae; marginal cilia present, about
0.5 mm, abundant to scarce, white to golden brown, agglutinated. Apothecia scarce, lami-
nal, dispersed, subpedicellate, with pronounced invagination on lower side, up to 2.5 mm
diam.; disc orange-brown (in young apothecia) to brown or greenish (in older apothecia)
due to the presence of pruina, along the margin with an orange pigment; margin hirsute,
with white to golden brown hairs. Vegetative propagules absent. Lower surface uneven,
beige to light brown; primary tomentum dense to the margin, thick, but thinner towards
the margin, spongy, soft, white to dark brown often with brown tips; secondary tomentum
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absent. Rhizines absent. Cyphellae 1-10 per cm? towards the thallus centre and 21-40 per
cm?’ towards the margin, abundant, scattered, rounded to irregular, urceolate with wide
pore, prominent, remaining below the level of the primary tomentum, with the margin
raised and involute, white to brown coloured, without or with tomentum at the base; pore
(0.25-)0.5-1(~1.5) mm diam.; basal membrane pruinose in the appearance, white, K- to
K+ yellow, C—, KC~, Pd—. Medulla compact, white with yellow spots, K+ pale yellow,
C—, KC-, Pd-. Apothecial margin (ring around disc) and epihymenium K+ violet. No
substances detected by TLC in the thallus, unidentified anthraquinone in the apothecia.

Upper cortex paraplectenchymatous, 35-50 pum thick, consisting of 3—4 layers of
cells 5-16 pm diam. (with smaller cells in outside parts of the cortex), their walls 1.5—
3.5 pum thick and their lumina rounded to isodiametric, 4-15 pm diam. Photobiont
layer 40-80 pum thick, its cells 5-10 pm diam. Medulla 35-50 pm thick, its hyphae
5 um broad, without crystals. Lower cortex paraplectenchymatous, 25-35 um thick,
with 2-3 cell layers; cells 7-13 pm diam., their walls 2.5-5 pm thick. Hairs of lower
primary tomentum 100-250 pm long, in fascicles of more than 20 when mature, sim-
ple to rarely branched hyphae, 5-6 pm broad, septate with free apices. Cyphella cavity
up to 100 pm deep; cells of basal membrane loosely packed consisting of cells, without
papillae or very rarely, with one papillae. Apothecia biatorine, up to 100-250 pm high,
without a peduncle; excipulum 80-100 pm broad, laterally with projecting hairs, hairs
simple, up to 110 pm long or in groups up to 300 pm long, hairs 4-6 um broad,
thick-walled, septate. Hymenium 100-112 pm high; epihymenium 12.5-20 pm high,
orange-brown, with orange granules crystals, with thin gelatinous upper layer. Asci
6-8-spored, ascospores broadly fusiform, 1(-3)-septate, 30-41 x 9-12 pm.

Habitat and distribution. The species is known from the Parque Nacional y Area
Natural de Manejo Integrado Madidi, a protected area in the Department La Paz. It
was found epiphytic at an elevation of 3290 m.

Etymology. The epithet refers to the predominance of bicellular spores.

Additional material examined. BoLivia. Dept. La Paz; Prov. Franz Tamayo, Parque
Nacional y Area Natural de Manejo Integrado Madidi, near Keara Bajo, 14°41'59"S,
69°04'34"W, elev. 3290 m, open area with shrubs and scattered trees, Ceja de Monte
Inferior (Altimontano), on shrubs, 17 Nov 2014, M. Kukwa 14863 (LPB, UGDA).

Notes. Sticta bicellulata is similar to S. pseudoimpressula (another species described
below), but the main discriminating character in S. bicellulata is the septation of the
ascospores, which are predominantly bicellular (only very few are 3-septate whereas in
S. pseudoimpressula, only young ascospores are bicellular. Both taxa have irregular to
suborbicular thalli, with laciniate to flabellate lobes, but the lobe apices in S. bicellulata
are obtuse to truncate vs. orbicular in S. pseudoimpressula. Furthermore, S. bicellulara
has a paler upper surface than S. pseudoimpressula. In both species, marginal cilia are
present, but in S. bicellulata, they are agglutinated, white to golden brown vs. fascicu-
lated, light brown to golden brown in S. pseudoimpressula. Apothecia in S. bicellulara
are sparse in contrast to the abundant apothecia in S. pseudoimpressula. They also dif-
fer in the colour of the disc, which in both species is covered by a pruina. The margin
and epihymenium react with K in both taxa, but in S. bicellulata the reaction is K+
violet and in S. pseudoimpressula K+ carmine-red, suggesting the presence of different
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anthraquinones. The lower surface in both species is uneven, but in S. bicellulata, the
tomentum is thick, becoming thinner towards the margin and a secondary tomentum is
absent. Conversely, in S. pseudoimpressula, the primary tomentum is consistently thick
and long, with a secondary tomentum present and with rhizines. The cyphellae in these
two taxa are similar in shape, butin S. bicellulata, their margins are raised and involuted.

Remarkably, the taxa form a sister group relationship, denoting the presence of
apothecial anthraquinones as a synapormorphy, although apparently, the two species
diverged to the point that the anthraquinones are of a different nature, as indicated
by their different K+ reaction. This character appears to be rare in Sticza, but may also
have been overlooked, as it is only obvious in a close-up of the apothecium.

Figure 4. Morphology of Sticta bicellulata (holotype) A enlarged part of thallus showing pitted to ru-

gose upper surface and laminal apothecia B lower surface € enlarged part of lower surface of the thallus
D apothecia with hirsute margins and cilia at the lobe margins E tomentum and cyphellae F ascus with
1-septate ascospores. Scale bars: 1 mm (A-E); 10 pm (F).
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The clade formed by Sticta bicellulata and S. pseudoimpressula is closely related to
S. sylvatica and S. peltigerella (Fig. 1; Suppl. material 3: Fig. S1). The latter two produce
numerous isidia distributed over the entire surface of the thalli (Moncada 2012). Sticta
sylvatica is widespread, occurring in Europe, North and South America (Hodkinson et al.
2014), whereas S. peltigerella appears to be a Colombian endemic (Moncada 2012).

Sticta carrascoensis Ossowska, Kukwa, B. Moncada & Liicking, sp. nov.
MycoBank No: MB845388
Fig. 5

Diagnosis. Differing from S. andina in the green algal photobiont, the absence of
vegetative propagules and the yellow medulla.

Type. BoLivia. Dept. Cochabamba; Prov. Carrasco, Parque Nacional Carrasco,
Meruvia close to Monte Punku, 17°35'06"S, 65°14'54"W, elev. 3283 m, Podocarpus-
Polylepis forest, Ceja de Monte Inferior (Altimontano), corticolous, 26 Nov 2014, M.
Kukwa 15028 (holotype UGDA, isotype LPB).

Description. Primary photobiont a green alga. Stipe absent. Thallus irregular to
suborbicular, up to 30 cm diam., moderately branched, with 3-5 branches per 5 cm
radius, branching pleurotomus; lobes laciniate to flabellate, interspaced to adjacent,
involute, with their apices rounded and plane to involute and their margins entire, not
thickened; lobe internodes (3-)6-9(~10) mm long, (3-)9-10(-12) mm broad; thal-
lus coriaceous. Upper surface shallowly scrobiculate to rugose, yellow-brown to light
brown, with darker apices in the herbarium, shiny; surface glabrous, without papillae,
pruina and weakly maculate; marginal cilia present, brown, about 0.2 mm long, fas-
ciculate. Apothecia abundant, marginal to laminal, dispersed to arranged, sometimes
imbricate, subpedicellate, with pronounced invagination on lower side, up to 4 mm
diam.; disc orange-brown (young apothecia) to red-brown (older apothecia), very shiny
when young; margin crenate, hirsute, with dark brown hairs. Vegetative propagules ab-
sent. Lower surface somewhat ridged, yellow to dark brown towards the centre; primary
tomentum dense to the margin, thick, thinner towards the margin, spongy, soft, pale
to dark brown; secondary tomentum very scarce, up to 25 pm. Rhizines present, about
2 mm, brown with paler tips, fibrillose. Cyphellae 1-10 per cm? towards the thallus cen-
tre and 21-40 per cm? towards the margin, scattered, round to irregular, urceolate with
wide pore, erumpent to prominent, remaining below the level of the primary tomen-
tum, with the margin raised and involute, brown-coloured, without tomentum or with
in the lower part; pore (0.2-)0.3-0.5(-0.6) mm diam.; basal membrane pruinose in the
appearance, white to yellow, K- to K+ yellow, C—, KC~, Pd—. Medulla compact, pale
yellow to yellow, K+ lemon-yellow, C—, KC—, Pd—. No substances detected by TLC.

Upper cortex paraplectenchymatous, external part orange-brown, 40—-60 pum
thick, consisting of 6-7 cell layers with cells 5-10 pm diam. (with smaller cells in
outside parts of the cortex), their walls 2—3 pm thick and their lumina rounded to
isodiametric, 3—10 um diam., up to 12 pm broad. Photobiont layer 25-35 pm thick,
its cells 4-6 pm diam. Medulla 120-150 pm thick, its hyphae 1.5-4.5 pm broad,
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without or with yellow crystals. Lower cortex paraplectenchymatous, 25-30 um
thick, with 3 cell layers; cells 6-16 pm diam., their walls 1-3 pm thick. Hairs of
lower primary tomentum up to 1 mm long, in fascicles up to 12, forming intricate
mass in the dense part of tomentum, hyphae unbranched, 5-7 pm broad, septate
with free apices. Cyphella cavity up to 250 pm deep; loosely packed cells of basal
membrane sometimes with one papilla. Apothecia biatorine, up to 1 mm high, with-
out or very short stipe, about 300 um long; excipulum up to 100 pm broad, laterally
with projecting hairs, simple or in groups, hyphae rarely branched, up to 180 um
long. Hymenium up to 100 pm high; epihymenium up to 25 pm high, pale brown,
without gelatinous upper layer. Asci 6-8-spored, ascospores fusiform, 1-3-septate,

26-33 x 7-9 pm.

Figure 5. Morphology of Sticta carrascoensis (holotype) A, B upper surface with marginal and laminal

apothecia € lower surface D apothecia with hirsute margins E tomentum, cyphellae and cilia at the lobe
margin F basal membrane of cyphella with papillae. Scale bars: 1 mm (A-E); 10 um (F).
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Habitat and distribution. Sticta carrascoensis was collected at a single locality
in the Parque Nacional Carrasco in the Department Cochabamba, at an altitude of
3283 m. The specimen grew on the bark of a tree in Podocarpus-Polylepis forest.

Etymology. The name refers the type locality.

Notes. Sticta carrascoensisis phylogenetically close to S. andina, although this relationship
is not supported (Fig. 1; Suppl. material 3: Fig. S1). The latter differs by its cyanobacterial
photobiont and the formation of isidia and/or phyllidia, not observed in S. carrascoensis. The
thalli in S. andina are smaller (up to 15 cm in diam.), the margins of the lobes are sparsely
covered by cilia and the medulla is white to cream, sometimes with yellowish patches and
reacts K+ yellow (Moncada et al. 2021a). In S. carrascoensis, the medulla is distinctly yellow
and reacts K+ lemon-yellow. Sticta andina is widespread in South America and, so far, has
been confirmed from numerous localities from Brazil, Colombia and Ecuador and also
from Costa Rica, Mexico and in Hawaii (Moncada et al. 2014a, b, 2020; Widhelm et al.
2018). Thus far, only one collection of S. carrascoensis is known, but it is well-developed and
phylogenetically unique, with no close supported relative.

Sticta catharinae Ossowska, B. Moncada, Kukwa, Flakus, Rodriguez-Flakus &
Liicking, sp. nov.

MycoBank No: MB845389

Fig. 6

Diagnosis. Differing from other Sticta species in having a stipe, up to 1 cm long, a pal-
mate thallus with abundant, submarginal to laminal apothecia, with the primary tomen-
tum absent in the marginal parts of the thallus and a secondary tomentum present.

Type. Borvia. Dept. La Paz; Prov. Nur Yungas, Parque Nacional y Area Natural
de Manejo Integrado Cotapata, near Urpuma colony, 16°13'20"S, 67°52'34"W, elev.
1989 m, Yungas montane forest, 30 June 2010, A. Flakus 17263 & P. Rodriguez-
Flakus (holotype KRAM, isotype LPB).

Description. Primary photobiont cyanobacterial (Nostoc). Stipe present, up
to 1 cm long. Thallus palmate, up to 10 cm diam., moderately branched, with 3-5
branches per 5 cm radius, branching anisotomous to pleurotomous; lobes suborbicular
to flabellate, interspaced to adjacent, involute, with their apices rounded and plane and
their margins entire to sinuous, not thickened; lobe internodes (4-)6-15(-20) mm
long, (6-)10-10(-20) mm broad; thallus coriaceous. Upper surface smooth to shal-
lowly rugose in some parts, brown-grey, darker in the margins, shiny; surface glabrous,
without papillae and pruina, without maculae; marginal cilia abundant, agglutinated
to fasciculated, dark brown with pale tips, up to 0.5 mm long. Apothecia abundant,
principally submarginal to laminal, dispersed, subpedicellate, sessile, up to 1.5 mm
diam.; disc reddish-brown, shiny (in young apothecia) to matt (in older); margin entire
to weakly crenate, excipulum hairs few to dense. Vegetative propagules absent. Lower
surface folded to distinctly ridged and forming a reticulate pattern especially towards
the margins, yellowish-brown to brown towards the centre; primary tomentum scarce,
absent in the marginal part of the thallus, fasciculate, soft, golden brown; secondary
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tomentum present, arachnoid, up to 25 pm. Rhizines absent. Cyphellae 1-20 per cm?
towards the thallus centre and 21-40 per cm?* towards the margin, scattered, irregular
to elongate or rounded, urceolate with narrow to wide pore, prominent, on the same
level as the primary tomentum or below, with the margin raised and involute to raised
and involute-circinate, brown coloured, with or without tomentum; pore (0.25-)0.5—
1(-=2) mm diam.; basal membrane smooth, white, K+ yellowish, C—, KC-, Pd—. Me-
dulla loose, white, K+ yellowish, C—, KC—, Pd~. No substances detected by TLC.

Upper cortex paraplectenchymatous, 20-50 pm thick, differentiated into two cel-
lular layers, the upper layer consisting of 1-2 layers of cells, with cells 5-6 um diam.,
their walls 1-2 pum thick and their lumina rounded to isodiametric, 4-6 pm diam.;
the lower layer of cortex 2-3 layers of cells, with cells 8-15 um diam., their walls
1-2.5 pm thick and their lumina rounded to isodiametric, 3—5 pm diam. Photobiont
layer 20—60 pm thick, its cells 6-12 pm diam. Medulla 100-220 pm thick, its hyphae
3-5.5 pum broad, without crystals. Lower cortex paraplectenchymatous, 20-50 pm
thick, with 2—4 cell layers; cells 8-17 um diam., their walls 2-4 pm thick. Hairs of
lower primary tomentum up to 220 pm long and 3—5 pm broad, in groups to rarely
simple, in fascicles up to 15, hyphae unbranched, septate, with free apices forming
a brush-like head. Cyphella cavity up to 120 pm deep; membrane of cells densely
packed, cells of basal membrane with 2—4 papillae. Apothecia biatorine, ca. 500 pm
high, without distinct stipe; excipulum up to 120 um broad, without or with project-
ing hairs, simple to fasciculate. Hymenium 100-120 pm high, hyaline, but K+ yellow;
epihymenium ca. 10 pm high, orange-brown, K+ orange intensifying, without gelati-
nous upper layer. Asci 6-8-spored, ascospores fusiform, 2—4-septate, 31-37 x 8-9 pm.

Habitat and distribution. Sticta catharinae is known only from the type locality
in Yungas forest in the Department La Paz.

Etymology. The new species is named to honour our late friend and teacher, Pol-
ish botanist Dr Katarzyna 7.6tko$, for her contributions to the conservation of nature.

Notes. Sticta catharinae is the only species amongst those newly described here that is
characterised by the presence of a stipe supporting the thallus. Morphologically, this taxon
is similar to S. aff. caliginosa D. ]. Galloway and the cyanomorph of S. neopulmonarioides
B. Moncada & Coca, which share the stipe and the palmate thallus. However, in . aff.
caliginosa and S. neopulmonarioides, no apothecia are known, whereas vegetative propagules
in the form of isidia or phyllidia and lobules are present (Galloway 1997; Moncada 2012;
Moncada et al. 2013a). In addition, these taxa differ in the shape of the lobes and the
presence of marginal cilia. In S. aff. caliginosa, the lobes are ligulate to flabellate, with their
apices rounded to obtuse and with cilia being sparse to absent (Moncada 2012). In contrast,
S. neogpulmonarioides has flabellate lobes with irregular apices, without cilia (Moncada et al.
2013a). Sticta neopulmonarioides is widely distributed in Colombia, while S. aff. caliginosa
is a rare taxon in that country (Moncada 2012; Moncada et al. 2013a, 2014b).

The new species is closely related to S. fuliginoides (Fig. 1; Suppl. material 3:
Fig. S1), a morphologically disparate taxon with broad lobes producing laminal isidia
(Magain and Sérusiaux 2015). It is also phylogenetically quite distinctive from the
latter, with a total of 16 substitutions and nine indels in the ITS (Suppl. material 2:
File S1), warranting its formal description, based on a single collection only.
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Figure 6. Morphology of Sticta catharinae (holotype) A upper surface with submarginal to laminal

apothecia B lower surface € lower surface showing venation D enlarged part of the lower surface with
tomentum and cyphellae E apothecia with margin tomentum and hairs and lobe margin with cilia F stipe.
Scale bars: 1 mm.

Sticta pseudoimpressula Ossowska, Kukwa, B. Moncada & Liicking, sp. nov.
MycoBank No: MB845390
Fig. 7

Diagnosis. Differing from S. impressula in the presence of imbricately arranged and
grouped apothecia with orange-yellow pruina along the margin of the disc, reacting K+
carmine-red and in the presence of a secondary tomentum.

Type. Borvia. Dept. La Paz; Prov. Franz Tamayo, Area Natural de Manejo Inte-
grado Nacional Apolobamba, near Rio Pelechuco, below Pelechuco close to new road
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to Apolo, 14°46'39"S, 69°00'35"W, elev. 2250 m, lower montane Yungas cloud forest,
corticolous, 16 Nov 2014, M. Kukwa 14750 (holotype UGDA, isotype LPB).

Description. Primary photobiont cyanobacterial (Nostoc). Stipe absent. Thallus
irregular to suborbicular, up to 10 cm diam., moderately branched, with 3—5 branches
per 5 cm radius, branching polytomous; lobes laciniate to flabellate, adjacent, plane,
with their apices orbicular and revolute to involute and their margins entire to crenate,
not thickened; lobe internodes (4-)7-10(-15) mm long, (4-)7-9(-15) mm broad;
thallus coriaceous. Upper surface pitted to scrobiculate to rugose towards the centre,
yellowish-brown with darker apices in the herbarium, with marginal line in the same
colour, shiny; surface glabrous, without papillae and pruina, without maculae; mar-
ginal cilia present, abundant, fasciculate, light brown to dark brown, about 0.5 mm.
Apothecia abundant, laminal, dispersed, often imbricately arranged and grouped, sub-
pedicellated, with pronounced invagination on lower side, up to 3.5 mm diam.; disc
red-brown to brown, sometimes greenish-yellow due to the presence of pruina, shiny;
margin entire to crenate and hirsute, with white hairs and orange-yellow pruina. Veg-
etative propagules absent. Lower surface uneven, beige to dark brown towards the cen-
tre; primary tomentum dense to the margin, thick (long), spongy, soft, grey-brown to
black with paler tips; secondary tomentum present, but sparse, pubescent, up to 30 pm
long. Rhizines sparse, black, up to 0.5 mm. Cyphellae 1-20 per cm? towards the thal-
lus centre and 41-60 per cm* towards the margin, scattered, irregular, cupuliform to
urceolate with wide pore, prominent, below the level of the primary tomentum, with
the margin erect, cream to brown coloured, without or with tomentum in the lower
half; pore (0.5-)0.6-1.3(=2.5) mm diam.; basal membrane pruinose in the appear-
ance, white to pale beige in older part of thallus; K- to K+ pale yellow, C—, KC—, Pd-.
Medulla compact, beige-white, K+ yellow, C—, KC-, Pd—. Apothecia margin (ring
around disc) and epihymenium K+ carmine-red. No substances detected by TLC, uni-
dentified anthraquinone in apothecia.

Upper cortex paraplectenchymatous, 20—40 pm thick, consisting of 2—3 cell layers
with cells 6-22 pm diam. (with smaller cells in outside parts of the cortex), their walls
1-2 um thick and their lumina rounded to isodiametric, 5-21 pm diam. Photobiont
layer 60—110 pm thick, its cells 7-18 um diam. Medulla 30-100 pm thick, its hy-
phae 3—-5 um broad, without crystals. Lower cortex paraplectenchymatous, 25-40 um
thick, with 3—4 cell layers; cells 8-18 um diam., their walls 2—4 pm thick. Hairs of
lower primary tomentum up to 1000 um long, in fascicles of more than 20, hyphae
unbranched to rarely branched, septate with flexuous apices. Cyphella cavity 100-
125 pm deep; cells of basal membrane loosely packed consisting of cells without papil-
lae or very rarely one. Apothecia biatorine, up to 700 um high, without distinct stipe;
excipulum up to 125 pum broad, laterally with projecting hairs, in groups to rarely
simple, up to 0.5 mm, 5-6 pm broad. Hymenium 80-110 um high; epihymenium
20 pm high, orange, with pigment granules on the top, without gelatinous upper layer.
Asci 6-8-spored, ascospores fusiform, 1-3-septate, 28-35 x 8.5-10 pm.

Habitat and distribution. Sticta pseudoimpressula is an epiphytic species, found
in Bolivia at one locality at an altitude of 2250 m in a lower montane Yungas forest in
the Department La Paz.
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Etymology. The name refers to the similarity in morphology to Sticta impressula.

Additional material examined. Borivia. Dept. La Paz; Prov. Franz Tamayo,
Area Natural de Manejo Integrado Nacional Apolobamba, near Rio Pelechuco, be-
low Pelechuco close to new road to Apolo, 14°46'39"S, 69°00'35"W, elev. 2250 m,
lower montane Yungas cloud forest, corticolous, 16 Nov 2014, M. Kukwa 14752
(LPB, UGDA).

Notes. Sticta pseudoimpressula is similar to S. impressula (Nyl.) Zahlbr. Both species
have a pitted to scrobiculate or rugose upper surface with abundant, laminal apothecia
and the lobe margins with abundant, light brown cilia. The tomentum is dense to the
margin in the latter (Moncada 2012). However, the two species are not closely related
phylogenetically (Fig. 1; Suppl. material 3: Fig. S1): Sticta impressula is clustered in

Figure 7. Morphology of Sticta pseudoimpressula (holotype) A, € upper surface with laminal apothecia

B, D lower surface E group of imbricately arranged apothecia with hirsute margins F tomentum and
cyphellae. Scale bars: 1 mm.
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a neighbouring clade with S. brevior B. Moncada & Liicking and S. isidiokunthii. In
contrast, S. pseudoimpressula shares a common ancestor with S. bicellulata, S. peltigerella
and S. sylvatica. The differences between S. pseudoimpressula and S. bicellulata are
discussed under the latter.

The morphological features that distinguish S. pseudoimpressula from S. impressula
are the moderately-branched thalli and the laciniate to flabellate lobes. The apothecia
in S. pseudoimpressula are often imbricately arranged and grouped and produced
orange-yellow pruina along the disc margins and reacts K+ carmine-red. A secondary
tomentum is present in S. pseudoimpressula, but absent in S. impressula. In addition,
the cyphellae in S. impressula are rounded to angular and urceolate with a wide pore,
erumpent to suprasessile and the margins raised to involute. The latter taxon is widely
distributed in Colombia, where it grows at elevations between 1500 and 3800 m
(Moncada 2012; Moncada et al. 2014Db).

At first sight, S. pseudoimpressula can also be confused with S. brevior, but that
taxon has smaller thalli with abundant apothecia, tomentose margins and the lower
surface is undulating, creamy white to light brown (Moncada 2012; Moncada et al.
2013b). Sticta brevior is known from Colombia (Moncada et al. 2013b, 2014b).

New species from Colombia

Sticta narinioana B. Moncada, Ossowska & Liicking, sp. nov.
MycoBank No: MB845384
Fig. 8

Diagnosis. Differing from S. aymara in the predominantly marginal and horizontally
projecting isidia, the slightly projecting lower tomentum, giving the impression
of marginal cilia, the absence of a secondary tomentum and the more densely
arranged cyphellae.

Type. CoLomBia. Dept. Narifio; Laguna de la Cocha, Reserva el Encanto Andino,
sendero al pdramo, 01°04'12.3"N, 77°07'38.1"W, elev. 2810 m, andine forest, epi-
phytic on tree trunk, 24 Oct 2013, B. Moncada & R. Liicking 7614 (holotype UDBC,
isotype B).

Description. Primary photobiont cyanobacterial (Nostoc). Stipe absent. Thallus
orbicular to irregular, up to 5 cm diam., moderately branched, with 2—5 branches
per 5 cm radius, branching pleurotomous; lobes suborbicular to flabellate, inter-
spaced to adjacent, plane to undulate, with their apices rounded to somewhat trun-
cate and revolute and their margins entire to sinuous, not thickened; lobe internodes
(3-)5-10 mm long, (3-)5-8(~10) mm broad; thallus subcoriaceous. Upper surface
smooth to uneven-rugose towards the centre, greyish-brown when fresh, light to me-
dium yellowish-brown with darker apices in the herbarium, somewhat shiny; surface
glabrous, without papillae, pruina or maculae; true marginal cilia absent, but lower
tomentum partly projecting beyond the margins and resembling cilia. Apothecia rare
to moderately abundant, submarginal, dispersed, subpedicellate, with invagination on
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lower side, up to 2 mm diam.; disc orange-brown, somewhat shiny; margin densely
hirsute, with white hairs. Vegetative propagules present, abundant, in the form of
isidia, predominantly marginal, becoming branched and somewhat coralloid, termi-
nally cylindrical, but with the base flatctened, more or less obliquely orientated, up
to 0.1 mm long and 0.03 mm broad, dark brown and darker than the thallus, shiny.
Lower surface somewhat uneven, beige, somewhat darker towards the centre; primary
tomentum dense and comparatively thick to the margin, fasciculate, soft, whitish to
cream-coloured or pale brownish; secondary tomentum absent, except for the lower
sides of the apothecia. Rhizines absent. Cyphellae frequent, 10-20 per cm? towards
the thallus centre and 20-50 per cm? towards the margin, dense, rounded to some-
what irregular, urceolate with wide pore, erumpent, remaining below the level of the
primary tomentum, with the margin raised and involute, whitish to cream-coloured,
with or without tomentum; pore 0.3-1.5 mm diam.; basal membrane * smooth,
white, K-, C—, KC~, Pd-. Medulla compact, cream, K-, C-, KC~, Pd-. No sub-
stances detected by TLC.

Upper cortex paraplectenchymatous, 20—40 pum thick, consisting of 2—4 layers of
cells 8-15 pm diam. with thin, hyaline walls and one layer of smaller cells with thicker,
yellowish-brown walls. Photobiont layer 20-30 pm thick, its cells 5-10 pm diam.
Medulla 50-100 pm thick, its hyphae 2.5-5 pm broad, without crystals. Lower cortex
paraplectenchymatous, 15-30 um thick, consisting of 23 cell layers; cells 5-10 um
diam., their walls 1-2 pm thick, but lowermost walls much thicker. Hairs of lower
primary tomentum 100-200 pm long, in fascicles of 5-20, hyphae simple, septate
with partly intertwined apices. Cyphella cavity up to 150 pm deep; cells of basal mem-
brane without papillae or with one papillae. Apothecia biatorine, up to 500 um high,
without distinct stipe; excipulum up to 100 pm broad, laterally with projecting hairs
in groups, up to 0.5 mm long and 4-5 um broad. Hypothecium 60-80 um high, light
yellowish-green. Hymenium 80-110 pm high; epihymenium 15-20 um high, orange,
with pigment granules, without gelatinous upper layer. Asci 8-spored, ascospores fusi-
form, 1-septate, 35-40 x 7—8 pm.

Habitat and distribution. Sticta narinioana is known as epiphyte from two locali-
ties of well-preserved (sub-)andine forest in southern Colombia.

Etymology. The epithet honours Antonio Amador José Narifio (y Alvarez del
Casal) (1765-1823), one of the critical architects of the independence of Colombia
and after whom the Department of Narifio was named.

Additional material examined. CoLomBia. Dept. Narino; Laguna de la Co-
cha, Reserva el Encanto Andino, sendero al pdramo, 01°04'12.3"N, 77°07'38.1"W,
2810 m elev., andine forest, epiphytic on tree trunk, 24 October 2013, B. Moncada &
R. Liicking 7525 (B, UDBC). Boyacd: Garagoa, Vereda Ciénaga, Valvanera, Reserva
Privada El Secreto; 12 June 2014, D. Simijaca et al. 2044 (B, UDBC).

Notes. Sticta narinioana is closely related to the Bolivian S. aymara described
above. Both taxa are cyanobacterial, isidiate species, but S. aymara has largely laminal
isidia and the lower tomentum is not projecting to resemble cilia. Additionally, the
cyphellae are less densely arranged and smaller.
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Figure 8. Morphology and anatomy of Sticta narinioana (A Moncada & Liicking 7525 B~F Simijaca et
al. 2044) A thallus in situ B lobe tip with apothecia € lobe margin with isidia D section through thallus
E section through apothecium F ascospores. Scale bars: 10 mm (A); 1 mm (B, C); 50 um (D); 100 pm
(E); 10 pm (F).
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It was because of our mistakes, we mixed the figures used in our manuscript, and
after it was published, we attention that our figures were in the wrong place. Thus, we
provide below the new figures with corrected information.
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Figure 2. Craterellus connatus (HMJAU 60411, holotype) A fresh basidiocarps B connate stipes C mar-

gin of pileus D hymenophore. Scale bars: 1 cm (A, B).




Corrigenda for Craterellus connatus and Craterellus striatus

Figure 4. Craterellus striatus (HMJAU 60412, holotype) A fresh basidiocarps B stipe € pileus D hyme-
nophore. Scale bars: 1 cm (A, B).
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In the published version of the article “New studies on Apiospora (Amphisphaeriales,
Apiosporaceae): epitypification of Sphaeria apiospora, proposal of Ap. marianiae sp. nov.
and description of the asexual morph of Ap. sichuanensis” by Pintos & Alvarado,
MycoKeys 92: 63—78 (2022) the culture designated as holotype of Apiospora marianiae
was not indicated as being preserved in a metabolically inactive state. As a consequence,
the proposed new species name is invalid due to Art. 40.8 of the Shenzhen Code
(Turland et al. 2018).

The species is validated herein:

Apiospora marianiae Pintos & P. Alvarado, sp. nov. MB 845455 For a detailed
description see: Pintos & Alvarado, MycoKeys 92: 70 (2022). Holotype: CBS 148710
(preserved in a metabolically inactive state).

In addition, the epitypification of Sphaeria apiospora was published without an
identifier and is therefore not Code compliant (Art. E5.4, Shenzhen Code).

Copyright Angel Pintos & Pablo Alvarado. This is an open access article distributed under the terms of the Creative Commons Attribution License
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Here, we designate the epitype again:

Apiospora montagnei Sacc., Nuovo Giorn. Bot. Ital. 7: 306 (1875). Replaced synonym:
Sphaeria apiospora Durieu & Mont., Exploration scientifique de 'Algérie 1(13): 482,
tab. 25, fig. 1 (1849)

Supported lectotype: PC 0125160.

Epitype (designated here, MBT 10008889): Spain, Catalonia, Girona, L'Escala,
42°07°06.5”"N 3°09°01.0”E, on dead culms of Arundo micrantha, 30 Nov. 2020, Marc
Grafem, PC 0125164; exepitype CBS 148707.
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