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Since its inception in 2011 (Lumbsch et al. 2011), MycoKeys has published
over 550 articles that have been cited more than 6000 times according to the
Web of Science. Twelve years since its launch, and eight years since receiving
its first Journal Impact Factor, we are now publishing the journal’'s 100" issue.
This was only made possible by the high quality of submissions from authors
who chose the journal as a vehicle to publish their results, the team of subject
editors, numerous reviewers, and the efficient editing and publishing of the jour-
nal. This issue is a great occasion to look back and evaluate the performance
of MycoKeys.

MycoKeys started with only 13 submissions in 2011, whereas the number
of submitted manuscripts has been above 130 annually for the past six years
(Fig. 1). Similarly, the number of published articles has grown, from 8 in the
first year to above 50 annually in the last 6 years. To date, the journal has re-
ceived a total of 1033 submissions and published 561 articles with an average
acceptance rate of 55%. In recent times, the average time from submission to
acceptance has been 70 days, and from acceptance to publication: 90 days.
The number of article views has also increased to more than 450,000 annually
for the last few years (Fig. 2). The articles address issues of systematics and
taxonomy of all clades of the kingdom Fungi, however, the majority of papers
deal with Ascomycota or Basidiomycota, including lichenized fungi.

MycoKeys has attracted researchers from various parts of the world to pub-
lish their results (Fig. 3). Altogether, scientists from 80 countries have pub-
lished in the journal to date. The greatest number of researchers come from
China, Thailand, Germany, the United States of America, Sweden, and lItaly.

The top 10 most cited MycoKeys papers up until 31 October 2023 include
papers addressing a wide array of issues, including: potential bias in the use
of high throughput molecular identification methods (Tedersoo et al. 2015);
quality control of generated sequences (Nilsson et al. 2012); orphan taxa in
environmental sampling databases (Nilsson et al. 2016); nomenclatural issues
(Hawksworth 2011); an exhaustive checklist (Nimis et al. 2018); large scale
phylogenies at family and generic levels (Miettinen et al. 2016; Plata et al.
2013); diversity of plant-associated fungi (Tibpromma et al. 2018; Yang et al.
2018); and a fungus isolated from Bison dung (Callaghan et al. 2015).
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Figure 1. Submitted and published manuscripts in MycoKeys on a yearly basis since the launch of the journal in 2011.
Data retrieved on 30 October 2023.
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Figure 2. Article views for MycoKeys on a yearly basis since 2014. Data retrieved on 30 October 2023.

All nomenclatural changes in the journal are indexed in MycoBank. Since
its launch, 1108 new species, 71 new genera and four new families have been
described in MycoKeys. In addition, 248 new combinations of taxa have been
proposed in the journal.

When the journal received its first Journal Impact Factor in 2015, it was at
1.846 and has subsequently increased to the current 3.3, demonstrating the
quality of the peer review of submitted manuscripts, stringent quality control
and management of manuscripts. The current CiteScore — a journal-level cita-
tion metric by Scopus — of MycoKeys is 5.8. Although the journal is currently

MycoKeys 100: 1-4 (2023), DOI: 10.3897/mycokeys.100.115344 2



H. Thorsten Lumbsch et al.: MycoKeys issue 100

Figure 3. Authors in MycoKeys by country (all-time data). Data retrieved on 30 October 2023.

in the Q2 Mycology quartile of the Web of Science, it is in the Q1 quartile in all
three Scopus categories: Agricultural and Biological Sciences; Ecology, Evolu-
tion, Behavior and Systematics; and Plant Science.

MycoKeys is also active in popularizing research on social media via its own
channels on X and Facebook, where updates about the most recent publica-
tions and news from the journal are currently shared to approximately 1,500
and 2,200 followers, respectively. As a result of regular press campaigns, over
the years, studies published in MycoKeys have been publicized in major news
media outlets, such as The Washington Post, CNN, Newsweek and Spiegel.

In its short history, MycoKeys has already played a vital role in contributing
to the understanding of the evolution, diversity and taxonomy of fungi. Exciting
new methods provide further insights and allow us to address questions we
could not dream of a few decades ago.

Additional information

Conflict of interest

The authors have declared that no competing interests exist.

Ethical statement

No ethical statement was reported.

Funding

No funding was reported.

Author contributions

All authors have contributed equally.

MycoKeys 100: 1-4 (2023), DOI: 10.3897/mycokeys.100.115344 3



H. Thorsten Lumbsch et al.: MycoKeys issue 100

Author ORCIDs

H. Thorsten Lumbsch © https://orcid.org/0000-0003-1512-835X
Pavel Stoev ©® https://orcid.org/0000-0002-5702-5677
Lyubomir Penev @ https://orcid.org/0000-0002-2186-5033

Data availability

All of the data that support the findings of this study are available in the main text.

References

Callaghan TM, Podmirseg SM, Hohlweck D, Edwards JE, Puniya AK, Dagar SS, Griffith
GW (2015) Buwchfawromyces eastonii gen. nov., sp. nov.: a new anaerobic fungus
(Neocallimastigomycota) isolated from buffalo faeces. MycoKeys 9: 11-28. https://
doi.org/10.3897/mycokeys.9.9032

Hawksworth DL (2011) A new dawn for the naming of fungi: impacts of decisions made
in Melbourne in July 2011 on the future publication and regulation of fungal names.
MycoKeys 1: 7-20. https://doi.org/10.3897/mycokeys.1.2062

Lumbsch T, Miller A, Begerow D, Penev L (2011) MycoKeys, or why we need a new jour-
nal in mycology? MycoKeys 1: 1-6. https://doi.org/10.3897/mycokeys.1.2058

Miettinen O, Spirin V, Vlasék J, Rivoire B, Stenroos S, Hibbett DS (2016) Polypores and
genus concepts in Phanerochaetaceae (Polyporales, Basidiomycota). MycoKeys 17:
1-46. https://doi.org/10.3897/mycokeys.17.10153

Nilsson RH, Tedersoo L, Abarenkov K, Ryberg M, Kristiansson E, Hartmann M, Schoch CL,
Nylander JAA, Bergsten J, Porter TM, Jumpponen A, Vaishampayan P, Ovaskainen O, Hal-
lenberg N, Bengtsson-Palme J, Eriksson KM, Larsson KH, Larsson E, Koljalg U (2012) Five
simple guidelines for establishing basic authenticity and reliability of newly generated
fungal ITS sequences. MycoKeys 4: 37-63. https://doi.org/10.3897/mycokeys.4.3606

Nilsson RH, Wurzbacher C, Bahram M, Coimbra VRM, Larsson E, Tedersoo L, Eriksson
J, Ritter CD, Svantesson S, Sdnchez-Garcia M, Ryberg M, Kristiansson E, Abarenkov
K (2016) Top 50 most wanted fungi. MycoKeys 12: 29-40. https://doi.org/10.3897/
mycokeys.12.7553

Nimis PL, Hafellner J, Roux C, Clerc P, Mayrhofer H, Martellos S, Bilovitz PO (2018)
The lichens of the Alps - an annotated checklist. MycoKeys 31: 1-634. https://doi.
org/10.3897/mycokeys.31.23568

Plata ER, Parnmen S, Staiger B, Mangold A, Frisch A, Weerakoon G, Hernandez JE, Caceres
MES, Kalb K, Sipman HJM, Common RS, Nelsen MP, Liicking R, Lumbsch HT (2013) A
molecular phylogeny of Graphidaceae (Ascomycota, Lecanoromycetes, Ostropales)
including 428 species. MycoKeys 6: 55-94. https://doi.org/10.3897/mycokeys.6.3482

Tedersoo L, Anslan S, Bahram M, Polme S, Riit T, Liiv |, Koljalg U, Kisand V, Nilsson RH,
Hildebrand F, Bork P, Abarenkov K (2015) Shotgun metagenomes and multiple primer
pair-barcode combinations of amplicons reveal biases in metabarcoding analyses of
fungi. MycoKeys 10: 1-43. https://doi.org/10.3897/mycokeys.10.4852

Tibpromma S, Hyde KD, Bhat JD, Mortimer PE, Xu JC, Promputtha |, Doilom M, Yang JB,
Tang AMC, Karunarathna SC (2018) Identification of endophytic fungi from leaves of
Pandanaceae based on their morphotypes and DNA sequence data from southern
Thailand. MycoKeys 33: 25-67. https://doi.org/10.3897/mycokeys.33.23670

Yang Q, Fan XL, Guarnaccia V, Tian CM (2018) High diversity of Diaporthe species asso-
ciated with dieback diseases in China, with twelve new species described. MycoKeys
39: 97-149. https://doi.org/10.3897/mycokeys.39.26914

MycoKeys 100: 1-4 (2023), DOI: 10.3897/mycokeys.100.115344 4



(&3 MycoKeys

MycoKeys 100: 5-47 (2023)
DOI: 10.3897/mycokeys.100.106810

Research Article

Taxonomy and phylogeny of the genus Ganoderma
(Polyporales, Basidiomycota) in Costa Rica

Melissa Mardones™?%, Julieta Carranza-Velazquez'? Milagro Mata-Hidalgo?,
Xaviera Amador-Fernandez', Hector Urbina®

1 Escuela de Biologia, Universidad de Costa Rica, San Pedro de Montes de Oca, 11507-2060, San José, Costa Rica
2 Herbario Luis Fournier Origgi (USJ), Centro de Investigacién en Biodiversidad y Ecologia Tropical (CIBET), Universidad de Costa Rica, San Pedro de Montes

de Oca, 11507-2060, San José, Costa Rica

3 Florida Department of Agriculture and Consumer Services, Division of Plant Industry, Section of Plant Pathology, 1911 SW 34" St, Gainesville, Florida, 32608, USA
Corresponding author: Melissa Mardones (melissa.mardones@ucr.ac.cr)

OPEN aACC ESS

Academic editor: Bao-Kai Cui
Received: 23 May 2023
Accepted: 27 August 2023
Published: 13 November 2023

Citation: Mardones M, Carranza-
Velazquez J, Mata-Hidalgo M,
Amador-Fernandez X, Urbina H
(2023) Taxonomy and phylogeny of
the genus Ganoderma (Polyporales,
Basidiomycota) in Costa Rica.
MycoKeys 100: 5-47. https://doi.
0rg/10.3897/mycokeys.100.106810

Copyright: © Melissa Mardones et al.
This is an open access article distributed under
the terms of the CCO Public Domain Dedication.

Abstract

Ganoderma species are well recognised by their significant role in the recycling of nu-
trients in ecosystems and by their production of secondary metabolites of medical
and biotechnological importance. Ganoderma spp. are characterised by laccate and
non-laccate, woody basidiocarps, polypore hymenophores and double-walled basidio-
spores generally with truncate apex. Despite the importance of this genus, its taxonomy
is unclear and it includes several species’ complexes with few circumscribed species
and incorrect geographic distributions. The aim of this work was to provide detailed
morphological descriptions together with phylogenetic analyses using ITS sequences
to confirm the presence of seven species of Ganoderma in Costa Rica: G. amazonense,
G. applanatum s.l., G. australe, G. curtisii, G. ecuadorense, G. oerstedii and G. parvulum.
This is the first study that integrates morphological and phylogenetic data of Ganoderma
from Central America and a key of the neotropical species. Besides, the distribution
range of G. curtisii, previously reported from North America and G. ecuadorense from
South America, is expanded to Central America.

Key words: Central America, fungal diversity, ITS, key neotropical species

Introduction

The genus Ganoderma P. Karst. (Ganodermataceae, Agaricomycetes) was erect-
ed by Karsten (1881), based on Polyporus lucidus (Curtis) Fr., to include species
with a laccate and stipitate basidiocarp. The Ganoderma species are charac-
terised by laccate and non-laccate, coriaceous to wood polypore basidiomes
and double-walled basidiospores generally with a truncate apex and column-like
endosporic projections (Moncalvo and Ryvarden 1997; Costa-Rezende et al.
2017). Ganoderma is a widely distributed genus, mostly represented by tropi-
cal species and some temperate ones; approximately 278 species have been
described (Sun et al. 2022), most of them laccate (Cabarroi-Hernandez et al.
2019; Index Fungorum http://www.indexfungorum.org/names/names.asp). The
genus includes both ecologically and economically important species (wood
decomposers, pathogens and metabolites producers of medical importance).
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Due to the high phenotypic plasticity present in the Ganoderma species, the
taxonomy of this genus is ambiguous and confusing. Several species complex-
es have led to few circumscribed species and incorrect geographic distributions
(Moncalvo and Ryvarden 1997; Ryvarden 2000; Loyd et al. 2018; Fryssouli et al.
2020; Sun et al. 2022). Traditionally, the species delimitation within Ganoderma is
based on basidiomata morphology and host preference. However, phylogenetic
analyses using ribosomal RNA (rRNA) of global collections showed that morpho-
logical features and cultural characteristics appeared highly polyphyletic and most
of the species are geographically restricted (Gottlieb et al. 2000; Loyd et al. 2018).

In the past few decades, molecular analyses have brought some clarifications
for species delimitation in Ganoderma. Currently, only 50% of accepted Ganoder-
ma species have molecular data (Sun et al. 2022). However, several studies have
shown that numerous available sequences in public repositories are incorrectly
annotated (Moncalvo et al. 1995; Hong and Jung 2004; Fryssouli et al. 2020).
Moncalvo's et al. paper (1995), one of the first molecular studies on Ganoderma
using ITS sequence data, showed the delimitation of six clades in this genus, but
vouchers labelled as G. lucidum (Curtis) P. Karst. were found scattered in five of
the six clades. Fryssouli et al. (2020) found that only 40% of the ITS sequences de-
posited in GenBank (www.ncbi.nlm.nih.gov/Genbank) were correctly annotated.

In the Neotropics, approximately 39 species of Ganoderma have been reported
in literature. Most of these studies were based on morphology and host associa-
tions (Ryvarden 2000, 2004; Costa-Rezende et al. 2020) and were focused on the
species of a country or region, i.e. Brazil (Gomes-Silva et al. 2011; Torres-Torres
et al. 2012; de Lima et al. 2014), Colombia (Bolafios et al. 2016), Ecuador (Crous
et al. 2016, 2017, 2018), French West Indies (Welti and Courtecuisse 2010) and
Mexico (Torres-Torres and Guzman-Davalos 2005; Torres-Torres et al. 2015;
Cabarroi-Hernandez et al. 2019). However, the circumscription of several spe-
cies and their geographic distribution ranges remains largely unknown.

Recently, several studies have included molecular characterisation on some
neotropical species of Ganoderma. Loyd et al. (2018) studied the laccate species
of Ganoderma in the USA, using morphology, host preference data and a multilocus
phylogeny employing the Internal Transcribed Spacer of the rRNA gene (ITS), elon-
gation factor (TEF) and RNA polymerase Il subunit 1 (rpb7) and subunit 2 (rpb2)
and delimited four species with neotropical distribution [G. curtisii (Berk.) Murrill,
G. martinicense Welti & Courtec., G. tuberculosum Murrill, G. cf. weberianum]. De
Lima et al. (2014) and Bolafios et al. (2016), using ITS and the large subunit (LSU)
of the rRNA gene, phylogenetically delimited G. chalceum (Cooke) Steyaert, G. mul-
tiplicatum (Mont.) Pat., G. orbiforme (Fr.) Ryvarden and G. parvulum Murrill from
Brazil and Colombia. Cabarroi-Hernandez et al. (2019), using morphology and mul-
tilocus phylogeny using ITS, rpb2 and TEF, found at least two phylogenetic species
(G. mexicanum Pat. and G. parvulum) within the neotropical species in the G. webe-
rianum-resinaceum complex. Fryssouli et al. (2020) identified and curated the ITS
sequences of Ganoderma in GenBank, including 14 neotropical species [G. aus-
trale (Fr.) Pat., G. chocoense J.A. Flores, C.W. Barnes & Ordofiez, G. concinnum Ry-
varden, G. curtisii, G. martinicense, G. mexicanum, G. multiplicatum, G. orbiforme,
G. parvulum, G. podocarpense J.A. Flores, C.W. Barnes & Ordofiez, G. subfornicatum
Murrill, G. tuberculosum and two undescribed species of non-laccate Ganodermal).

There are two studies on Ganoderma in Costa Rica (Ruiz-Boyer 1998; Carranza
& Ruiz-Boyer 2005); however, none includes molecular data or phylogenetic anal-
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yses. Nowadays, nine species have been reported in Costa Rica: G. amazonense
Weir, G. applanatum, G. australe, G. colossus (Fr.) C.F. Baker, G. lucidum sensu lato
(s.l.), G. oerstedii (Fr.) Torrend, G. orbiforme, G. parvulum, G. stipitatum (Murrill) Mur-
rill and G. tuberculosum (Ruiz-Boyer 1998; Ryvarden 2004; Carranza and Ruiz-Boy-
er 2005; Cabarroi-Hernandez et al. 2019). However, only G. parvulum and G. tuber-
culosum have been confirmed by molecular sequence data (Cabarroi-Hernandez
et al. 2019; Sun et al. 2022), while G. stipitatum was recently synonymised with G.
parvulum (Cabarroi-Hernandez et al. 2019). Besides, current data indicate that G.
lucidum is restricted to Europe and only to some parts of China (Cao et al. 2012;
Wang et al. 2012); hence, there is a need for confirming the diversity of Ganoderma
of Costa Rica using both morphological and molecular analyses.

The geographical location of Costa Rica in the Central American isthmus has
allowed the flow of species from North and South America, turning this country
into a unique biogeographic region. Therefore, it is expected that Ganoderma
species can be shared throughout the regions. Nevertheless, the geographic
distribution of several neotropical species of Ganoderma is uncertain and mo-
lecular data of Ganoderma species from Central America is almost non-exis-
tent. The aims of this work are: I) to re-examine the species of Ganoderma pres-
ent in Costa Rica using morphology and ITS sequences of fresh collections,
herbarium specimens and pure cultures; Il) to describe, illustrate and expand
the knowledge on distribution and biogeography of neotropical Ganoderma
species and Ill) to propose a key of the neotropical species of Ganoderma. This
study represents the first attempt to include Ganoderma species from Central
America under morphological and phylogenetic frameworks worldwide.

Methods

Fungal material and morphological studies

Selected voucher collections from the Herbarium of the University of Costa Rica
(USJ), the National Herbarium of Costa Rica (CR) and the Plant Industry Herbar-
ium Gainesville (PIHG) of the Florida Department of Agriculture and Consumer
Services (FDACS) were used for this study. Additionally, several specimens were
collected during field trips throughout Costa Rica. In total, 370 specimens were
macroscopically examined. Afterwards, 117 specimens were selected to be ex-
amined in detail, including microscopical characteristics. Representative basidi-
omata collected from this study have been deposited into the USJ collection. Col-
lection sites with ecological details are mentioned together with the records below.
In addition, type specimens from the United States National Herbarium (BPI) and
The New York Botanical Garden Herbarium (NY) were re-examined. Overall, more
than 120 specimens of nine morphotypes, including nine types, were examined.
Specimens were photographed in situ. Descriptions of macromorphological
features (colour and texture of the basidiocarp and tissue context, presence/
absence of stipe, melanoid deposits or concentric zones) were observed from
fresh material. Microscopical preparations of the hyphal system, cuticular cells,
basidiospores and chlamydospores were made in 3% potassium hydroxide
(KOH), cotton blue (1 mg/ml), and Melzer’s reagent (to test dextrinoid and/or
amyloid reactions). Slides were examined with a Nikon Eclipse 80i microscope
with bright field and phase contrast optics. Imaging and measurements were
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done using a camera Nikon DS-Fi2 adapted to the microscope and operated by
the Imaging Software NIS-Elements D 2.2. At least 30 individual basidiospores
and chlamydospores were measured for at least three representative collec-
tions for each species. Outlying measurements observed in less than 5% of the
measurements of a given structure are placed in parentheses. The number is
indicated in brackets if less than 30 values were measured.

DNA extraction, PCR and sequencing

We extracted DNA from 19 fresh specimens. Basidiome samples were ground
by a Fastprep24 machine (MP Biomedicals, CA, USA). The isolation of total
genomic DNA was performed using the FastDNA SPIN Kit (MP Biomedicals),
following the protocol provided by the manufacturer. DNA was quantified using
a Nanodrop ND-1000 spectrometer (Nanodrop Technologies, DE, USA), after
which it was adjusted to a final concentration of 50 ng pl" before PCR. DNA
extracts were stored in aliquots at -20 °C.

The complete ITS (ITS1-5.8S-ITS2) region with primers ITS5 and ITS4 (White
et al. 1990) was amplified and sequenced. Each PCR tube contained 1 pl of DNA
template, 1 pl of each primer (10 uM), 25 pl of iProof HF 2x Master Mix (BioRad,
Hercules, CA, USA) and 22 pl of sterile distilled water. PCR reactions were per-
formed on a PEQSTAR 2x GRADIENT Thermal Cycler (PEQLAB, Erlangen, Germa-
ny). Conditions of the PCR were as follows: DNA denaturation 98 °C for 3 min; 35
cycles of DNA denaturation 98 °C for 10 s, primer annealing 55 °C for 30 s and
Taqg extension 72 °C for 30 s and a final Tag extension 72 °C for 10 min, followed
by storage at 8 °C. PCR-products were checked on 1.5% agarose electrophoresis
gels stained with ethidium bromide. Amplified PCR products were purified with
Cycle Pure Kit (VWR-Omega, GA, USA). The Sanger sequencing in both direc-
tions was performed with the same PCR primers in MACROGEN (South Korea)
for the specimens collected in Costa Rica, while samples collected in Florida
were sequenced in-house at the headquarters of FDACS-Division of Plant In-
dustry in Gainesville. Additionally, one fragment of the LSU with primers NL1
and NL2 (O'Donnell 1993) and one fragment of TEF with primers EF1-983f and
EF1-2218r (Rehner and Buckley 2005) were also amplified and sequenced, but
not used in the phylogenetic analyses. The LSU and TEF sequences generated
from Costa Rican specimens are provided and the accession numbers of these
sequences are mentioned together with the records of each specimen below.

Phylogenetic analyses

We assembled an ITS dataset comprising sequences from 159 specimens
worldwide, 82 originating from the Neotropics and 15 from type specimens.
This analysis aimed to infer the position of the Ganoderma specimens from
Costa Rica in a global context. Sequences were downloaded from GenBank,
mostly from studies published by Costa-Rezende et al. (2017), Loyd et al.
(2018), Cabarroi-Hernandez et al. (2019) and Sun et al. (2022). Tomophagus
colossus (Fr.) Murrill vouchers URM80450 and TC-02 were selected as out-
group taxa, based on Loyd et al. (2018). The newly-generated ITS sequences
and the sequences retrieved from GenBank are given in Table 1, together with
their voucher/strain numbers, location and accession numbers.
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Table 1. Specimen data and accession numbers of the taxa used in the phylogenetic analyses. The (T) indicated type material.

Species
Ganoderma adspersum
Ganoderma adspersum
Ganoderma amazonense
Ganoderma applanatum
Ganoderma applanatum
Ganoderma applanatum
Ganoderma applanatum
Ganoderma applanatum
Ganoderma applanatum
Ganoderma applanatum
Ganoderma aridicola
Ganoderma australe
Ganoderma australe

Ganoderma australe

Ganoderma austroafricanum

Ganoderma boninense
Ganoderma boninense
Ganoderma cf. chocoense
Ganoderma chocoense
Ganoderma concinnum
Ganoderma concinnum
Ganoderma cupreum
Ganoderma cupreum
Ganoderma curtisii
Ganoderma curtisii
Ganoderma curtisii
Ganoderma curtisii
Ganoderma curtisii
Ganoderma curtisii
Ganoderma curtisii
Ganoderma curtisii
Ganoderma curtisii
Ganoderma curtisii

Ganoderma curtisii f.sp.
meredithiae

Ganoderma ecuadorense
Ganoderma ecuadorense
Ganoderma ecuadorense
Ganoderma ecuadorense
Ganoderma ecuadorense
Ganoderma ecuadorense
Ganoderma ecuadorense

Ganoderma ecuadorense

Voucher
GAD3
GATO00
GA-54
Cui 14062
Cui 14070
GA-64
KM120830
Wei5787a
SFC20141001-24
SFC20150930-02
DAI 12588 (T)
DHCR411 (HUEFS)
DHCR417 (HUEFS)
GA-19
CBS 1387.24
WD2028 (FFPRI)
WD2085 (FFPRI)
GA-03
QCAM3123 (T)
Robledo 3192
Robledo 3235
GANOTK4
GANOTK?
102NC
223FL
CBS 100132
CBS100131
GA-00
GA-22
GA-63
GA-65
P559-03202022-2284
UMNFL28
124FL

Dai 17397
Dai 17418
GA-52
GA-57
JV 1808/85
MMG-181A
MMG-209
PMC-126
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ITS
JN222418
AM906057
0Q845454
MZ354913
MZ354914
0Q845455
AY884178
KF495001
KY364255
KY364258
KU572491
MF436675
MF436676
0Q845456
KM507324
KJ143905
KJ143906
0Q845457
MH890527
MNO077522
MNO077523
JN105701
JN105702
MG654074
MG654167
JQ781849
JQ781848
0Q845458
0Q845459
0Q845460
0Q845461
0Q845462
MG654097
MG654188

MZ354950
MZ354951
0Q845463
0Q845464
MZ354952
0Q845465
0Q845466
KU128525

Country
Poland
Italy
Costa Rica
China
China
Costa Rica
UK
China
Korea
Korea
South Africa
Australia
Australia
Costa Rica
South Africa
Japan
Japan
Costa Rica
Ecuador
Brazil
Brazil
Camerun
Camerun
NC, USA
FL, USA
NC, USA
NC, USA
Costa Rica
Costa Rica
Costa Rica
Costa Rica
FL, USA
Fl, USA
FI, USA

Brazil
Brazil
Costa Rica
Costa Rica
French Guiana
Costa Rica
Costa Rica

Ecuador

Reference
Retrieve from GenBank
Costa-Rezende et al. (2017)
This study
Sun et al. (2022)

Sun et al. (2022)

This study
Retrieve from GenBank
Retrieve from GenBank
Jargalmaa et al. (2017)
Jargalmaa et al. (2017)
Xing et al. (2016)
Costa-Rezende et al. (2017)
Costa-Rezende et al. (2017)
This study
Coetzee et al. (2015)
Zhou et al. 2015
Zhou et al. 2015
This study
Crous et al. (2018)
Costa-Rezende et al. (2020)
Costa-Rezende et al. (2020)
Retrieve from GenBank
Retrieve from GenBank
Loyd et al. (2018)
Loyd et al. (2018)

Cao etal. (2012)

Cao et al. (2012)

This study
This study
This study
This study
This study
Loyd et al. (2018)
Loyd et al. (2018)

Sun et al. (2022)
Sun et al. (2022)
This study
This study
Sun et al. (2022)
This study
This study
Crous et al. (2016)



Melissa Mardones et al.: The genus Ganoderma in Costa Rica

Species
Ganoderma ecuadorense
Ganoderma ecuadorense
Ganoderma ellipsoideum
Ganoderma ellipsoideum
Ganoderma enigmaticum
Ganoderma enigmaticum
Ganoderma enigmaticum
Ganoderma flexipes
Ganoderma flexipes
Ganoderma flexipes
Ganoderma gibbosum
Ganoderma gibbosum
Ganoderma gibbosum
Ganoderma hoehnelianum

Ganoderma hoehnelianum

Ganoderma leucocontextum

Ganoderma lingzhi
Ganoderma lingzhi
Ganoderma lingzhi
Ganoderma lingzhi
Ganoderma lingzhi
Ganoderma lobatum
Ganoderma lucidum
Ganoderma lucidum
Ganoderma martinicense
Ganoderma martinicense
Ganoderma martinicense
Ganoderma mastoporum
Ganoderma mastoporum
Ganoderma meredithae
Ganoderma mexicanum
Ganoderma mexicanum
Ganoderma mizoramense
Ganoderma mizoramense
Ganoderma multipileum
Ganoderma multipileum
Ganoderma multiplicatum
Ganoderma multiplicatum
Ganoderma oerstedii
Ganoderma oerstedii
Ganoderma oerstedii
Ganoderma orbiforme
Ganoderma orbiforme

Ganoderma orbiforme

Voucher
Poly-2.4
QCAM3430/ASL799 (T)
GACP14080966 (T)
GACP14080968
DAI 15970
DAI 15971
CBS 139792 (T)
Wei5200
Wei5491
Wei5494
JFL14070442
KUT0805
XSD34
Dai12096
Yuan 6337
GDGM44303
Cui9166
Dai12574
HKAS-76642 (T)
SFC20150624.06
SFC20150630.14
GVL-36
MUCL 35119
RYV 33217 (T)
231NC
246TX
LIP SW-Mart08-55 (T)
PM21
TNM-F0018835
CBS 271.88 (T)
MUCL 49453
XAL D.Jarvio 143
UMN-MZ4 (T)
UMN-MZ5
CWNO04670
Dai9447
ccs
URM 83346
GA-24
5191
FDACS-DPI 2019-100390
Cui 13880
Cui 13891
Cui 18301
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ITS
KU128526
KU128524
MH106867
MH106868
KU572486
KU572487
NR_132918
JN383978
JQ781850
JN383979
MH106880
AB733121
EU273513
KU219989
MG279160
KJ027607
KJ143907
KJ143908
KC222318
KY364245
KY364246
MT232631
MK554779
737096
MG654182
MG654185
KF963256
JQ409361
JX840351
NR_164435
MK531811
MK531823
KY643750
KY643751
KJ143913
KJ143914
KU569515
JX310823
0Q845469
0Q845467
0Q845468
MG279187
MZ354953
MZ354954

Country
Ecuador
Ecuador
China
China
South Africa
South Africa
South Africa
China
China
China
China
Japan
China
China
China
China
China
China
China
Korea
Korea
Mexico
France
Norway
NC, USA
TX, USA
Martinique
Malasia
China
USA
Martinique
México
India
India
China
China
Colombia
Brazil
Costa Rica
FL, USA
FL, USA
China
China
China

Reference
Crous et al. (2016)
Crous et al. (2016)
Hapuarachchi et al. (2018)
Hapuarachchi et al. (2018)
Xing and Cui (2016)
Xing and Cui (2016)
Coetzee et al. (2015)
Cao and Yuan (2013)
Cao and Yuan (2013)
Cao and Yuan (2013)
Hapuarachchi et al. (2018)
Costa-Rezende et al. (2017)
Retrieve from GenBank
Song et al. (2016)
Xing et al. (2018)
Lietal. (2015)
Cao et al. (2012)
Cao et al. (2012)
Yang and Feng (2013)
Jargalmaa et al. (2017)
Jargalmaa et al. (2017)
Espinoza et al. (2021)
Cabarroi-Hernéndez et al. (2019)

Smith and Sivasithamparam (2000)

Loyd et al. (2018)

Loyd et al. (2018)
Retrieve from GenBank
Retrieve from GenBank

Wang et al. (2012)

Vu et al. (2019)
Cabarroi-Hernéndez et al. (2019)
Cabarroi-Hernéndez et al. (2019)

Crous et al. (2017)

Crous et al. (2017)
Retrieve from GenBank
Zhou et al. 2015
Bolafios et al. (2016)
de Lima et al. (2014)

This study
This study
This study
Sun et al. (2022)

Sun et al. (2022)

Sun et al. (2022)
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Species
Ganoderma orbiforme
Ganoderma orbiforme
Ganoderma orbiforme
Ganoderma orbiforme
Ganoderma orbiforme
Ganoderma orbiforme
Ganoderma orbiforme
Ganoderma oregonense
Ganoderma oregonense
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma parvulum
Ganoderma philippii
Ganoderma philippii
Ganoderma podocarpense
Ganoderma podocarpense
Ganoderma polychromum
Ganoderma polychromum
Ganoderma resinaceum
Ganoderma resinaceum
Ganoderma resinaceum
Ganoderma resinaceum
Ganoderma ryvardenii
Ganoderma sessile
Ganoderma sessile
Ganoderma sessile
Ganoderma sichuanense
Ganoderma sinense
Ganoderma sp.
Ganoderma sp.
Ganoderma sp.
Ganoderma sp.
Ganoderma sp.
Ganoderma sp
Ganoderma sp.

Ganoderma sp.
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Voucher
Cui 18302
Cui 18317
Cui 18326

URM 83332
URM 83334
URM 83335
URM 83336
CBS 265.88
CBS 266.88
GA-04
GA-08
GA-09
GA-10
GA-46
GA-56
INB E.Fletes-7619
MUCL 43863
MUCL 44148
MUCL 52655
MUCL53123
E7092
E7098
JV 1504/126
QCAM®6422 (T)
3300R

BJ280CA
URM 83400

BR 4150

MUCL 38956
MUCL 52253
HKAS58053 (T)
MUCL 38061

UMNFL10
UMNMI24

HMAS 42798 (T)

Wei5327
JMCR128
JMCR132
JMCR142

JMCR25

JMCR41

JMCR55

VPB202

GA-27

ITS
MZ354955
MZ354956
MZ354957
JX310813
JX310814
JX310815
JX310816
JQ781875
JQ781876
0Q845470
0Q845471
0Q845472
0Q845473
0Q845474
0Q845475
MK531821
MK554769
MK531132
MK554770
MK531814
AJ608710

AJ536662.2
MZ354942
MF796661
MG654196
MG910492
JX310824
KJ143915
MK554772
MK554786
HM138671
MK554778
MG654227
MG654271
JQ781877
KF494998
AF255148
AF255137
AF255138
AF255134
AF255135
AF255136
KJ832060
0Q845476

Country
China
China
China
Brazil
Brazil
Brazil
Brazil

OR, USA

WA, USA

Costa Rica
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Cuba
Cuba
French Guiana
French Guiana
Indonesia
Indonesia
Costa Rica

Ecuador

OR, USA

CA, USA
Brazil
France

Netherlands
France
Cameroon
USA

FL, USA

MI, USA
China
China

Costa Rica
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Brazil

Costa Rica

Reference
Sun et al. (2022)
Sun et al. (2022)
Sun et al. (2022)
de Lima et al. (2014
de Lima et al. (2014
de Lima et al. (2014
de Lima et al. (2014
Cao et al. (2012)
Caoetal. (2012)
This study
This study
This study

)
)
)
)

This study

This study

This study
Cabarroi-Hernandez et al. )
Cabarroi-Hernandez et al. (2019)
2019)
)
)

Cabarroi-Hernandez et al.

~ |~~~

2019
Cabarroi-Hernéndez et al. (2019

Cabarroi-Hernandez et al.

Retrieve from GenBank
Retrieve from GenBank
Sun et al. (2022)
Crous et al. (2017)
Loyd et al. (2018)
Loyd et al. (2018)
de Lima et al. (2014)

Zhou et al. 2015
Cabarroi-Hernéndez et al. (2019)
Cabarroi-Hernéndez et al. (2019)

Kinge and Mih (2011)
Cabarroi-Hernandez et al. (2019)

Loyd et al. (2018)

Loyd et al. (2018)

Zhou et al. 2015
Costa-Rezende et al. (2017)
Moncalvo and Buchanan (2008)
Moncalvo and Buchanan (2008)
Moncalvo and Buchanan (2008)
Moncalvo and Buchanan (2008)
Moncalvo and Buchanan (2008)
Moncalvo and Buchanan (2008)
Martin et al. (2015)

This study
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Species
Ganoderma steyaertanum
Ganoderma stipitatum
Ganoderma subamboinense

Ganoderma subamboinense var.
laevisporum

Ganoderma subamboinense var.
laevisporum

Ganoderma subfornicatum
Ganoderma tornatum
Ganoderma tornatum
Ganoderma tropicum
Ganoderma tropicum
Ganoderma tsugae
Ganoderma tsugae
Ganoderma tuberculosum
Ganoderma tuberculosum
Ganoderma tuberculosum
Ganoderma tuberculosum
Ganoderma weberianum
Ganoderma weberianum
Ganoderma weberianum
Ganoderma weberianum
Ganoderma wiiroense
Ganoderma wiiroense
Ganoderma zonatum
Ganoderma zonatum
Ganoderma zonatum
Ganoderma zonatum
Tomophagus colossus (outgroup)

Tomophagus colossus (outgroup)
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Voucher ITS Country Reference
MEL2382783 KP012964 Australia Retrieve from GenBank
CM-UDEA110 MT945605 Colombia Jaramillo et al. (2020)

Ule.2748/F 15183 (T) | MK531824 Brazil Cabarroi-Hernandez et al. (2019)
UMNFL100 MG654373 FL, USA Loyd et al. (2018)
UMNFL32 MG654372 FL, USA Loyd et al. (2018)
BRFM 1024 JX082352 French Guiana Berrin et al. (2012)
GVL-05 MT232633 Mexico Espinoza et al. (2021)
URM82776 JQ514110 Brazil de Lima et al. (2014)
KUMCC 18-0046 MH823539 Thailand Luangharn et al. (2019)
Yuan3490 JQ781880 China Caoetal. (2012)
Dai 12760 (IFP) KJ143920 USA Zhou et al. 2015
UMNMI20 MG654324 MI, USA Loyd et al. (2018)
GVL-40 MT232634 Mexico Espinoza et al. (2021)
PLM684 MG654369 FL, USA Loyd et al. (2018)
Dai 17412 MZ354943 Brazil Sun et al. (2022)
JV 1607/62 MZ354944 Costa Rica Sun et al. (2022)
B18 JN637827 Cuba Torres-Farradé et al. (2016)
CBS 1285.81 MK603805 Taiwan Cabarroi-Hernéndez et al. (2019)
CBS 219.36 MK603804 Philippines Cabarroi-Hernandez et al. (2019)
Guzman-Davalos 9569 | MK554771 México Cabarroi-Hernéndez et al. (2019)
UMN20GHA (T) KT952363 Ghana Crous et al. (2015)
UMN21GHA (T) KT952361 Ghana Crous et al. (2015)
FDACS-DPI 2019-102200 0Q845478 FL, USA This study
UMNFL105 MG654408 FL, USA Loyd et al. (2018)
UMNFL85 MG654402 FL, USA Loyd et al. (2018)
FDACS-DPI 2021-107113 | 0Q845477 FL, USA This study
TCO2 KJ143923 Vietnam Zhou et al. 2015
URM80450 JX310825 Brazil de Lima et al. (2014)

Sequence assembly and editing were performed in GENEIOUS v. 11.1.5
(Kearse et al. 2012). Alignments for each gene and both datasets were gen-
erated using MAFFT v.7.490 (Katoh and Standley 2013) with the L-INS-i algo-
rithm. The software GBLOCKS v.0.91b (Talavera and Castresana 2007) was
used to remove poorly-aligned positions and divergent regions from the DNA
alignments with parameters for a less stringent selection.

PARTITION FINDER v.2.1 (Lanfear et al. 2016), implemented in the CIPRES
Science Gateway web portal (http://www.phylo.org/sub_sections/portal/), fol-
lowing the Akaike Information Criterion (AIC), was used to select the best-fit
model of evolution and the GTR+G model was applied.

Bayesian Inference (Bl) and Maximum Likelihood (ML) phylogenetic analyses
were applied to the dataset. The ML analysis was carried out in RAXML v.8.2.12
(Stamatakis 2014) implemented in the CIPRES Science Gateway web portal
(http://www.phylo.org/sub_sections/portal/), with 1,000 non-parametric boot-
strap iterations using the GTRGAMMA model and discrete gamma distribution.
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Bayesian analysis was performed with the programme MrBayes v.3.2.7a (Ron-
quist et al. 2012) on XSEDE (Miller et al. 2010) on the CIPRES Science Gateway
web portal. Two parallel runs with eight chains of Metropolis-coupled Markov
Chain Monte Carlo (MC)? iterations were performed. Analysis was run for 100
million generations, with trees sampled every 1000" generation. Burn-ins were
determined by checking the likelihood trace plots in Tracer v.1.7 (Rambaut et al.
2018) and subsequently discarded. To confirm the convergence of trees, the av-
erage standard deviation of split frequencies was monitored to ensure that it fell
below 0.01 and log files from the Bayesian analyses were analysed with Tracer.
No indication of a lack of convergence was detected. Bayesian posterior proba-
bilities (BPP) = 0.95 and Bootstrap values (BS) = 70 were considered significant.
The final alignment and the phylogenetic trees are given as Suppl. materials.

Results
Molecular phylogeny

A total of 25 ITS sequences were generated from eight neotropical species of
Ganoderma that were aligned with other 62 congenetic species. The dataset
contained 159 sequences and 465 base pairs in length. The Bl and ML phylog-
eny showed similar tree topologies with Ganoderma as a robust monophylet-
ic clade (1/100) comprising eight core clades (I to VIII) including 42 terminal
clades that varied in terms of support (Fig. 1, only the Bl tree is shown).

The sister-group relationships amongst these eight clades remained with
low to moderate support (average BPP: 0.58). On the other hand, the support
of several terminal clades, which may represent the circumscription of species,
was moderate to strong in most terminal branches (average BPP: 0.96). The
sequences obtained from Costa Rican specimens clustered in six of the eight
clades (except V and VII).

Clade | is a weakly-supported clade (0.89/34) and included sequences la-
belled as G. wiiroense E.C. Otto, Blanchette, C.W. Barnes & Held from Ghana, G.
flexipes Pat. from China, G. philippii (Bres. & Henn. ex Sacc.) Bres. from Indo-
nesia and China and G. tuberculosum - G. oerstedii from Brazil, Mexico and the
USA. The sequences from specimens collected in Costa Rica GA-24 and JV-
1607/62 clustered with sequences of G. tuberculosum and G. oerstedii, forming
a well-supported monophyletic group (1/99). Within this clade, where species
were represented by more than two sequences, the terminal clades were strong-
ly supported, i.e., G. flexipes (1/94), G. philippi (1/99) and G. wiroense (1/100).

Clade Il is divided into two major subclades (0.61/40): clade Il.A contains
sequences of non-laccate species labelled as G. multiplicatum from Brazil and
Colombia, G. tropicum from China and Thailand, G. steyaertanum from Australia,
G. mizoramense Zothanz., Blanchette, Held & C.W. Barnes from India, G. multip-
ileum from China and G. martinicense from Martinique and southern USA. The
support for this subclade and the internal relationships amongst the species
were weak (0.81/54). Clade I1.B, resolved with strong support (1/92) and is divid-
ed into two subclades: one with sequences labelled as G. lingzhi from China and
Korea (1/98) and another one with sequences named as G. curtisii and G. mere-
dithae Adask. & Gilb. (including the type) from North America and the sequenc-
es of the Costa Rican specimens GA-00, GA-22, GA-63 and GA-65 (0.58/74).

MycoKeys 100: 5-47 (2023), DOI: 10.3897/mycokeys.100.106810 13
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100100 G- wiiroense UMN21GHA (T)
G. wiiroense UMN20GHA

G. flexipes Wei5200

10094|_r G. flexipes Wei5494

;| 0910l G, flexipes Wei5491

06

G. philippii E7098
G. tuberculosum JV 1607/62 x clade |
G. tuberculosum GVLA40*
G. tuberculosum Dai17412*
G. resinaceum URM83400 *
G. tuberculosum PLM684 *
G. oerstedii GA-24
G. oerstedii FDACS-DPI 2019-100390 *
G. oerstedii 05191%
Mi‘;@ multiplicatum URM 83346*
G. multiplicatum CC8*
+ov0[ G- tropicum Yuan3490
G. tropicum KUMCC 18-0046
G. steyaertanum MEL2382783
G. mizoramense UMN MZ5
100100L G, mizoramense UMN-MZ4 (T)
G. multipileum Dai9447
G. multipileum CWN04670
G. martinicense LIP SW Mart08.55 *
09574|r G. martinicense 246 TX*
G. martinicense 231NC*
- G. concinnum Robledo3235%
G. concinnum Robledo3192%
G. lingzhi Dai12574
19088| 1 G. lingzhi SFC 20150624.06 clade Il

G. meredithae CBS 271.88 (T)*
G. curtisii UMNFL28 *

G. curtisii CBS 100131%

G. curtisii 102NC *

G. meredithae 124FL*

-ma]

G. curtisii CBS 100132
-LG. curtisii P559-03202022-2284 *

G. applanatum GA-64

G. applanatum K-M-120830

G. applanatum Wei5787a

G. applanatum SFC 20141001.24 clade Il

[ G. resinaceum BCRC36147
F=="G. resinaceum MUCL52253
G. resinaceum BR4150
0.9365 G. resinaceum MUCL38956
G. polychromum BJ280CA
099785 G. polychromum 3300R
G. sessile UMNFL10 *
1.0073] 1008 —G. sessile MUCL38061
G. sessile UMNMI24
—G. austroafricanum CBS 1387.24
100100~ G- hoehnelianum Yuan6337
G. hoehnelianum Dai12096
G. sichuanense HMAS 42798 (T)
10099 rG. weberianum CBS 1285.81
099%L G, weberianum CBS 219.36
G. weberianum Guzman-Davalos 9569% clade IV
G. subamboinense F15183 (T)*

G. weberianum B18

G. subamboinense var. laevisporum UMNFL32
G. parvulum INB E.Fletes-7619 *

G. stipitatum CM-UDEA-110*

G. parvulum MUCL44148%

G. parvulum GA-56 »

G. parvulum MUCL53123%

G. parvulum MUCL52655%

G. parvulum MUCL43863*

G. subamboinense var. laevisporum UMNFL100 *
G. mexicanum XAL D.Jarvio 143%

G. mexicanum MUCL49453%

1.00/100

G. lucidum RYV 33217 (T)
G. tsugae UMNMI20
4L G. tsugae Dai12760

4 v

Figure 1. Phylogenetic tree of Ganoderma inferred from a Bayesian analysis, based on ITS sequence data. Bayesian pos-
terior probabilities (BPP) > 0.84 and Maximum Likelihood Bootstrap scores (BS) > 70% are shown at the nodes at the first
and second positions. BPP = 0.95 and BS = 70 were significant and are indicated by thickened branches. The phylogenetic
position of the species occurring in Costa Rica is highlighted in grey. Sequences generated in this study are shown in bold.
The (T) indicates type material and the asterisk (*) indicates specimens from sub-neotropical and neotropical regions.
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Figure 1. Continued.

G. amazonense GA-54

G. cf. chocoense GA-03 *

G. chocoense QCAM3123 (T)*

G. podocarpense QCAME422 (T)x
1019906, podocarpense JV 1504/126 *

G. australe HUEFSDHCR417

10006 |-G. australe HUEFSDHCR411
Ganoderma sp. JMCR128 x

19%L G, australe GA-19 *

10400 [ G- adspersum GaTO-00

G. adspersum GAD3

10004 - G. ellipsoideum JFL14080968
G. ellipsoideum JFL14080966 (T)
G. gibbosum KUT0805

bo7#- G. gibbosum XSD34

G. gibbosum JFL14070442
Ganoderma sp. JMCR132 *

G. lobatum GVL-36*

G. tornatum URM 82776%
Ganoderma sp. JMCR55 *

77

G. enigmaticum Dai15971
G. enigmaticum Dai15970
G. boninense WD2028

G. boninense WD2085

G. ryvardenii HKAS58053 (T)
G. zonatum UMNFL105*

G. zonatum UMNFL85%

L G. sinense Wei5327

G. cupreum GanoTK7
G. cupreum GanoTK4

G. orbiforme Cui13880

G. orbiforme Cui13891

G. mastoporum TNMF0018835
| -G. orbiforme Cui18302

G. mastoporum PM2
G. orbiforme URM83335 %
G. orbiforme URM83334*
G. orbiforme URM83336*

%% _Ganoderma sp. VPB202*

G. ecuadorense PMC-126%

G. ecuadorense JV 1808/85
G. ecuadorense Dai17418%

G. subfornicatum BRFM1024
G. ecuadorense Poly 2.4 %

G. ecuadorense Dai17397*
G. ecuadorense ASL799 (T)*

Tomophagus colossus TC02
L— Tomophagus colossus URM 80450

G. enigmaticum CBS 139792

095731 G, zonatum FDACS-DPI 2019-102200*

clade VI

clade VII

clade VIII

Clade Il grouped sequences tagged as G. applanatum (1/78). The vouchers
of several collections in China and UK were grouped together and the sequence
obtained from the Costa Rican specimen GA-64 formed an independent lineage.

Clade IV was divided into two subclades (1/73). Clade IV.A contained se-
quences labelled as G. resinaceum from Europe and G. sessile Murrill and
G. polychromum (Copel.) Murrill from the USA (0.93/65). Clade IV.B was
divided into two subclades (0.94/61): Clade IV.B.1 grouped sequences of
G. hoehnelianum Bres., G. sichuanense and G. weberianum from East Asia and
Clade IV.B.2 with sequences of G. mexicanum, G. parvulum, G. stipitatum and
G. subamboinense (Henn.) Bazzalo & J.E. Wright from the Neotropics. Sequenc-
es of seven specimens of G. parvulum from Costa Rica (Fletes 7619, GA-04, GA-

08, GA-09, GA-10, GA-46 and GA-56) were placed within this subclade.

Clade VI was a weakly supported clade (0.66/16) that contained sever-
al non-laccate species. This clade was divided into three subclades. Clade
VI.A (1/87) with sequences of G. chocoense and G. podocarpense from Ecua-
dor (including type specimens) and the Costa Rican specimen GA-03. Clade

MycoKeys 100: 5-47 (2023), DOI: 10.3897/mycokeys.100.106810
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VI.B (1/98) with sequences of G. australe from Australia and the Costa Rican
specimens JMCR-128 and GA-19. Clade VI.C was subdivided into three ter-
minal clades with strong support. Clade VI.C.1 with sequences from G. ad-
spersum (Schulzer) Donk from Europe (1/100), Clade VI.C.2 that groups se-
quences of G. gibbosum (Blume & T. Nees) Pat. and G. ellipsoideum Hapuar.,
T.C. Wen & K.D. Hyde from East Asia (0.97/82) and Clade VI.C.3 with sev-
eral sequences from the Neotropics (0.97/74), including vouchers labelled
as G. lobatum (Cooke) G.F. Atk. and G. tornatum (Pers.) Bres. from Brazil
and Mexico and several unidentified specimens from Costa Rica (JMCR25,
JMCRS55, JMCR142, JMCR41, JMCR132 and GA-27). A single sequence from
the Costa Rican specimen GA-54, identified as G. amazonense, was grouped
within this clade with low support as an independent lineage in both phylog-
enies (0.73/23).

Clade VIl was divided into two strongly-supported subclades (0.97/62).
Clade VIII.A that grouped sequences of G. boninense Pat. from Japan, G. ry-
vardenii Tonjock & Mih from Cameroon and G. zonatum Murrill from Florida
(USA) (1/100). Clade VIII.B (0.99/74) was divided into two poorly-supported
subclades: Clade VIII.B.1 that included sequences labelled as G. sinense J.D.
Zhao, L.W. Hsu & X.Q. Zhang from China, G. cupreum from Cameroon, G. mas-
toporum from China and Malaysia and G. orbiforme from China; and Clade
VIII.B.2 that grouped sequences labelled as G. orbiforme from Brazil and G. ec-
uadorense A. Salazar, C.W. Barnes & Ordofiez from several neotropical coun-
tries. Four sequences from Costa Rican specimens (MMG-181a, MMG-209,
GA-57, GA-52) were placed within a well-supported terminal clade (0.94/90)
with sequences of G. ecuadorense from Brazil, Ecuador and French Guyana,
including the type specimen.

Identification of Ganoderma collections

In this study, 117 specimens of Ganoderma were studied in detail. Collections
originated from all over the country. Seven taxa were identified: G. amazonense
(n=9), G. applanatum (n = 5), G. australe (n = 31), G. curtisii (n = 15), G. ecuador-
ense (n = 9), G. oerstedii (n = 10) and G. parvulum (n = 24). The following type
specimens were examined: Fomes stipitatus Murr., Ganoderma amazonense
Weir, G. dorsale (Lloyd) Torrend, G. oerstedii (Fr.) Torrend, G. perzonatum Murrill,
G. pulverulentum Murrill, G. sessile Murrill, G. sessiliforme Murrill and G. tuber-
culosum Murrill. We also include a map showing the distribution of Ganoderma
in Costa Rica, based on the altitudinal gradient in Costa Rica and the location
of the studied vouchers (Fig. 2).

Taxonomy

Based on the phylogenetic relationships, morphological characteristics and
geographic distribution, the Ganoderma specimens collected from Costa Rica
were identified as: G. amazonense, G. applanatum s.l., G. australe s.|, G. curtisii,
G. ecuadorense, G. oerstedii and G. parvulum (Fig. 3). The detail morphologi-
cal descriptions of seven species, as well as important information about two
doubtful species: G. applanatum var. laevisporum C.J. Humphrey & Leus-Palo
and G. chocoense, are provided.
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Figure 2. Distribution map of the seven Ganoderma species from Costa Rica.

1. Ganoderma amazonense Weir, A pathological survey of the para rubber
tree (Hevea brasiliensis Miill. Arg.) in the Amazon Valley: 12 (1926).
Figs 3A,4

Type. BRAZIL. Amazonas: Cocal Grande, Para, on Hevea brasiliensis (Willd. ex
A.Juss.) Miill.Arg., 20 Aug 1923, James R. Weir. Pathological & Mycol. s.n. (lec-
totype: BP162043!).

Description. Basidiocarps perennial, pileate, stipitate, sessile or with a con-
tracted lateral base, corky to woody, solitary, applanate, irregular to tuberculate,
8.5 x 11 x 1 cm; pileus surface sulcate, glabrous, dull, brownish-grey to red-
dish-brown azonate or with zones close to the margin, margin obtuse, yellow-
ish-brown; context yellowish-white, without resinous deposits or with fine discon-
tinue light brown horizontal bands; pore surface pinkish-brown to yellowish-brown,
pores circular 4—6 per mm; tube layer pinkish-brown to yellowish-brown, simple, up
to 20 mm thick. Stipe concolour with the pileus surface, up to 5 cm long. Hyphal
system dimitic; contextual generative hyphae hyaline, thin-walled, with clamps,
2-5pmindiam., difficult to observe; skeletal hyphae thick-walled, yellowish-brown,
aseptate, 3—5 pm in diam., occasionally branched. Cuticular cells from the pileus
absent. Basidia not observed. Basidiospores ovoid to ellipsoid, truncate at the dis-
tal end; with two walls, connected by inter-wall pillars, hyaline to yellowish-brown,
negative in Melzer’s Reagent, 8—10 x 6—7 uym. Chlamydospores not observed.

Descriptions and illustrations. Weir (1926), Furtado (1967), Steyaert (1980),
Gottlieb and Wright (1999a), Ryvarden (2004), Torres-Torres et al. (2012).

Substrata. On hardwood logs.

Altitudinal distribution. Lowlands.

Geographic distribution. G. amazonense is reported in the Caribbean
(Jamaica and Puerto Rico) and Central and South America (Costa Rica,
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(GA-54) C G. australe (GA-58) D G. cf. chocoense (GA-03) E, F G. curtisii (JCV 128-10) G G. ecuadorense (MMG-181)
H G.oerstedii (Saenz 2049) | G. parvulum (GA-09). Scale bars: 20 cm (A, H); 3 cm (B, C); 1 cm (D, E, I).

Honduras and Brazil). Reports in West and Central Africa (Steyaert 1980)
need further confirmation.

Specimens examined. Costa Rica. Alajuela: Los Chiles, Reserva Nacion-
al de Vida Silvestre Cafio Negro, 10°53'6.71"N, 84°47'28.27"W, 30 m elev., 03
Aug 1991, A. Ruiz-Boyer 7-91 (USJ36351). Upala, Bijagua, Albergue Helico-
nias, 10°43'21.05"N, 85°2'30.47"W, 500 m elev,, on log, 12 Jul 2001, L. Ryvar-
den 43716 (CR3802379). Guanacaste: Liberia, Parque Nacional Santa Rosa,
sector Bosque Humedo, 10°50'57.49"N, 85°36'57.89"W, 300 m elev., on log,
24 Oct 1996, I. Lindblad 2144.2 (CR3131819). Limdn: Cantén Central, Reser-
va Bioldgica Hitoy Cerere, Sendero Tepezcuintle, 9°40'19.97"N, 83°01'42.96"W,
100 m elev., on log, 23 Jul 2003, E. Navarro 6843 (CR3727415). Puntare-
nas: Garabito, Jaco, Sector Garabd, Finca Quebrada Bonita, 9°3822.81"N,
84°38'40.81"W, 100 m elev., onlog, 24 Nov 2008, E. Navarro 10912 (CR4188987);
Osa, Parque Nacional Piedras Blancas, Estacion Rio Bonito, Sendero Tacho,
9°38'22.81"N, 84°38'40.81"W, 100 m elev., on log, 14 Mar 2003, E. Fletes 4933
(CR3700169); Osa, Parque Nacional Corcovado, Estacién Sirena, Sendero Es-
paveles, 8°28'57.75"N, 83°35'28.87"W, 0-10 m elev., on log, 14 Sep 2001, E.
Fletes 2847 (CR3756152); 8°28'569.54"N, 83°35'29.69"W, 0-10 m elev., 14 Jul
2021, J. Carranza, M. Mardones, E. Fletes GA-30 (USJ109778); Sendero Sirena,
8°28'56.01"N, 83°35'49.16"W, 0—-30 m elev., on log, 06 Jul 2022, J. Carranza, M.
Mardones, E. Fletes GA-54 (USJ109779, sequence ITS 0Q845454).

Discussion. Ganoderma amazonense was described by Weir (1926) as a
new species from the Amazonas (Brazil) decaying the roots of Hevea spp. It
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A

Figure 4. Ganoderma amazonense A basidiocarp pileus (Fletes 2847) B pore surface (Fletes 2847) C context tissue (Na-
varro 6843) D basidiospores (Fletes 4933). Scale bar: 10 ym (D).

is characterised by the dull-brown, non-laccate pileus surface, the pale context
and the small, light yellow basidiospores. The basidiospores of the specimens
from Costa Rica examined in this study are ellipsoid, echinulate and truncate
and measure 8-10 x 6—7 pym that agree with measurements reported by Welti
and Courtecuisse (2010) and Torres-Torres et al. (2012). However, slightly
smaller basidiospores have been observed in the type specimen (6-9.35 x
4-6 ym) and in descriptions by Gottlieb and Wright (1999a), Ryvarden (2004)
and Gomes-Silva et al. (2011). All the specimens of G. amazonense examined
in this study were collected in lowlands.

The G. amazonense sequence (GA-54) was placed in our phylogeny as a
sister lineage of clade VI with moderate support in the Bl analysis (0.78). Our
sequence constitutes the first molecular record for this species deposited in
GenBank. More sequences from additional molecular markers are needed to
confirm the species’ evolutionary relationships with other Ganoderma species,
but its position as a separate lineage within the genus is confirmed.

2. Ganoderma australe (Fr.) Pat., Bull. Soc. mycol. Fr. 5(2,3): 65 (1889).
Figs 3C, 5

= Polyporus australis Fr., Elench. fung. 1: 108 (1828).

Type. An island in Pacific Ocean, on log, s.d., s.n. (type lost).

Description. Basidiocarps perennial, sessile or with a contracted lateral
base, dimidiate, woody, solitary, applanate to ungulate, irregular to tubercu-
late, 1.6—-21.2 x 1.5-32 x 0.3-5.1 cm; pileus surface crustose, rugulose, sul-
cate, glabrous, dull, greyish-brown, yellowish-brown, reddish-brown to brown-
ish-black, margin obtuse, yellowish-brown to pinkish-brown, azonate or with
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A

a

Figure 5. Ganoderma australe A basidiocarp pileus (Fletes 341) B pore surface (GA-64) C context tissue (Fletes 1403)
D basidiospores (Fletes 1403). Scale bar: 10 um (D).

brownish-black, reddish-brown or yellowish-brown zones; context corky, vina-
ceous, purple-brown or yellowish-brown, with horizontal bands of melanoid
substances, 1-30 mm thick, becoming dark with KOH; pore surface pink-
ish-brown to yellowish-brown, pores circular, 3-5 per mm; tube layers con-
colorous with context or yellowish-brown, sometimes whitish within, tubes
simple to stratified, up to 0.5-25 mm thick. Hyphal system dimitic or trimitic;
contextual generative hyphae inconspicuous, thin-walled, with clamps, hyaline,
1.5-3 pym diam.; skeletal hyphae thick-walled, yellowish-brown, aseptate, up to
6 ym in diam., occasionally branched; binding hyphae thin-walled, 1-2 pm in
diam. Cuticular cells from the pileus: absent. Basidia difficult to find. Basidio-
spores ovoid, truncate at the distal end; with two walls, connected by inter-wall
pillars, yellowish-brown, negative in Melzer’'s Reagent, 7-12 x 5-8 ym. Chlam-
ydospores not observed.

Descriptions and illustrations. Furtado (1967), Ruiz-Boyer (1998), Ryvarden
(2004), Welti and Courtecuisse (2010).

Substrata. Dead-standing hardwood trees, stumps or logs.

Altitudinal distribution. Lowlands to highlands.

Geographic distribution. Pantropical, common in tropical America.

Specimens examined. Costa Rica. Alajuela: Arenal, Parque Nacional Arenal,
sendero Pilén, 10°27'39.29"N, 84°43'51.83"W, 600-700 m elev., 15 Jul 2001,
A. Ruiz 521 (CR3802311); Poas, Parque Nacional Volcan Pods, Sendero ha-
cia el Bosque del Nifio, 10°7'3.27"N, 84°14'36.88"W, 2500—2600 m elev., 27
Jun 2007, E. Navarro 10184 (CR4089856); San Carlos, Pocosol, Finca Latite,
10°23'26.51"N, 84°35'49.69"W, 110 m elev., 29 May 2002, J. Carranza JCV
13-02 (USJ72910). Cartago: Jimenez, Pejibaye, Refugio de Vida Silvestre El
Copal, 9°47'6.90"N, 83°45'7.77"W, 650 m elev., 26 Apr 2006, E. Navarro 9620
(CR4014312). Guanacaste: La Cruz, Parque Nacional Guanacaste, Estacion
Bioldgica Pitilla, camino a la Esperanza, 10°59'28.61"N, 85°25'33.17"W, 700-
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800 m elev., 23 Mar 1997, C. Cano 1012 (CR1544454); Liberia, Parque Nacional
Rincon de la Vieja, Estacion San Cristobal, Sendero La Danta, 10°46'31.27"N,
85°21'0.51"W, 600-700 m elev., 28 Sep 1996, C. Cano 615 (CR144376); Sec-
tor Santa Maria, Los Naranjales, 10°46'53.11"N, 85°19'1.38"W, 800—-900 m
elev., 05 Dec 1997, C. Cano 1237 (CR3495780). Heredia: Sarapiqui, La Virgen,
Estacion Bioldgica La Selva, 10°25'56.52"N, 84°0'13.96"W, 40 m elev,, on log,
06 Nov 2016, J. Carranza JCV 2-16 (USJ109687). Limén, Cantén Central, Res-
erva Veragua, Sendero Los Valientes, 9°55'40.63"N, 83°11'28.53"W, 200-300 m
elev., 26 Jun 2009, E. Navarro 11165 (CR4222697); Reserva Bioldgica Hitoy
Cerere, Sendero Tepezcuintle, 9°40'19.97"N, 83°01'42.96"W, 0-100 m elev.,
19 Sep 2001, R. Valladares 536 (CR3464661). Pococi, Colorado, Tortuguero,
Reserva Bioldgica del Bosque Lluvioso, 10°26'58.96"N, 83°30'25.19"W, 300—
400 m elev., 29 Jan 2004, E. Alvarado 111 (CR3802764). Puntarenas: Cantén
Central, Parque Nacional Isla del Coco, orillas del Rio Genio, 5°30'15.64"N,
87°4'32.05"W, 0-100 m elev., 04 Jun 2005, E. Fletes 7607 (CR3976554). Coto
Brus, San Vito, Parque Nacional La Amistad, Zona Protegida Las Tablas, Fila
Chiquiza, 8°55'34.40"N, 82°46'00.950"W, 1500-1600 m elev., 18 Feb 2003, E.
Fletes 4870 (CR3575822); Finca Cafrosa, Pizote, 8°54'15.82"N, 82°47'21.22"W,
1400-1500 m elev., 28 Nov 1998, E. Navarro 520 (CR4109271). Osa, Puer-
to Escondido, Playa Colibri, 8°39'36.96"N, 83°26'12.46"W, 0—-100 m elev., 5
Nov 2006, E. Alvarado 367 (CR4044781); Parque Nacional Piedras Blancas,
Estacién Rio Bonito, sendero a San Josecito, 8°43'16.18"N, 83°12'14.64"W,
400 m elev, 18 Apr 1999, E. Fletes 341 (CR1546010); Karate, Finca Exoti-
ca, 8°26'29.64"N, 83°27'15.39"W, 0-10 m elev,, 11 Aug 2019, M. Mata JCV
4-19 (USJ109489); Parque Nacional Corcovado, Estaciéon San Pedrillo, Sen-
dero Llorona, 8°29'1.96"N, 83°35'30.31"W, 10-100 m elev., 16 Feb 2000, E.
Fletes 1219 (CR3097854); Sector Sirena, Sendero Espaveles, 8°29'3.30"N,
83°35'30.64"W, 0-100 m elev., 08 Feb 2003, E. Fletes 4860 (CR3575815);
8°28'46.91"N, 83°35'22.30"W, 0-100 m elev., 01 Jun 2012, J. Carranza JCV
310-12 (USJ109694); Sendero Ollas-Sirena, 8°29'5.14"N, 83°35'24.33"W, 0-100
m elev., 01 Jun 2012, J. Carranza JCV 42-12 (USJ109489); Sector Sirena, sen-
dero a Rio Pavo, 8°30' 23.51"N, 83°35'19.34"W, 0-100 m elev., 25 Mar 2003, E.
Fletes 1403 (CR1547383); Sendero Espaveles a sendero la Olla, 8°29'4.60"N,
83°35'22.49"W, 0-30 m elev., on log, 07 Jul 2022, J. Carranza, M. Mardones, E.
Fletes GA-58 (USJ109795); Sector Aguas Azules, 8°32'35.08"N, 83°34'13.43"W,
0-100 m elev., 12 Mar 2005, E. Fletes 7302 (CR3994940); Estacion La Leona,
Sendero Paraiso, 8°26'50.34"N, 83°31'6.19"W, 0—-100 m elev., 10 Sep 2009, J.
Carranza JCV 25-09 (USJ109489); 8°26'49.55"N, 83°31'8.89"W, 0-100 m elev.,
9 Dec 2016, J. Carranza JCV 8-16 (USJ109686); 8°26' 50.79"N, 83°31'14.79"W,
0-100 m elev., 08 Jan 2009, J. Carranza JCV 104-09 (USJ109489). San José,
Dota, Reserva Forestal Los Santos, Albergue de Montafia Savegre, Sendero Los
Robles, 9°33'00.00"N, 83°48'00.0"W, 2400-2500 m elev., 20 Jun 2005, R. Ro-
driguez 505 (CR3968596); Finca La Neblina, sendero de las Torres a Savegre,
9°37'3.65"N, 83°50'33.3"W, 2500-2600 m elev., 14 Oct 2006, E. Navarro 99712
(CR4043836); Cerro de la Muerte, Km 92.5, Estacién Los Nimbulos, sendero
en el robledal, 10°25'18.9"N, 84°01'30.6"W, 3100 m elev., 09 Jun 2019, M. Mar-
dones GA-19 (USJ109713, sequences ITS 0Q845456, LSU 0Q835180). Mora-
via, Jardines, 9°58'1.31"N, 84°1'58.2"W, 1300 m elev., 12 Sep 2021, J. Carranza
JCV 2-21 (USJ109781).
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Discussion. Ganoderma australe is a common species in the Tropics that
traditionally is considered a cosmopolitan species; but recent studies suggest
that G. australe is only present in America and Oceania (Fryssouli et al. 2020).
Macroscopically, the main characteristics of G. australe are tough and sessile
basidiocarp with distinct black cuticle, greyish to brown pileus and context with
resinous deposits or melanoid bands. Microscopically can be recognised by its
cylindrical and hyaline basidiospores.

The Costa Rican specimens have a wide range of colour variations of the pil-
eus and spore sizes. Steyaert, cited by Ryvarden and Johansen (1980), report-
ed spore sizes that range from 613 x 4.5—-8 ym, while Ruiz Boyer (1998) found
6—8 x 4—-6 pm and Ryvarden (2004) mentioned spore sizes of 7-12 x 5-8 ym.
The spore sizes of the specimens observed in our study were in the range of the
ones mentioned by these authors. Morphologically, amongst the neotropical
species of Ganoderma with non-laccate basidiocarps, G. australe and G. appla-
natum are difficult to differentiate. However, both species can be distinguished
by the resinous deposits or melanoid bands present only in the context of G.
australe. From the morphological examination of ca. 40 herbarium specimens
within the G. applanatum-australe complex in Costa Rica, we determined that
most specimens belong to G. australe, with a few occurrences of G. applana-
tum (see below). There are some specimens of G. australe that do not show
resinous deposits or melanoid bands or are very inconspicuous. In these cases,
the size of the spores (larger in G. australe than in G. applanatum) is a criterion
to distinguish both species. In other cases, the morphological distinction is
complex and molecular characterisation should be used.

Identifying G. australe using the ITS region is challenging since, according to
Fryssouli et al. (2020), about 5% of the Ganoderma sequences deposited in Gen-
Bank are labelled as G. australe. Still, only 22% of them are correctly tagged. We
selected two reference sequences of G. australe from Australia (DHCR411 and
DHCR417) to be included in the phylogeny. The sequences JMCR128 and GA-
19 grouped with them in a strongly supported subclade (1/98) within clade VI.

3. Ganoderma applanatum (Pers.) Pat., Hyménomyc. Eur. (Paris): 143 (1887)
Fig. 3B

= Boletus applanatus Pers., Obs. Mycol. 2:2. 1799.

Description. Basidiocarps perennial, sessile or with a contracted lateral base,
dimidiate, woody, solitary, applanate to ungulate, irregular to tuberculate,
2-13 x 2-22 x 0.5-10 cm; pileus surface rugulose, glabrous, dull, greyish-brown
to black, margin obtuse, zonate, whitish; context firm, reddish-brown, 10-50 mm
thick, becoming dark with KOH; pore surface light brown to yellowish-brown,
pores circular, 4-6 per mm; tube layers concolorous with context or yellow-
ish-brown, up to 40 mm thick. Hyphal system dimitic or trimitic; contextual gen-
erative hyphae thin-walled, with clamps, hyaline, 2—4 pm diam.; skeletal hyphae
thick-walled, yellowish-brown, aseptate, 2—4 pm diam., branched; binding hyphae
thick-walled, branched, hyaline, 1-2 pm diam. Cuticular cells from the pileus: ab-
sent. Basidia not observed. Basidiospores ovoid, truncate; with two walls, yellow,
negative in Melzer’s Reagent, 7-10 x 5—-6 um. Chlamydospores not observed.
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Descriptions and illustrations. Gilbertson and Ryvarden (1986), Ruiz-Boyer
(1998).

Substrata. Dead-standing hardwood trees or logs.

Altitudinal distribution. Lowlands to highlands.

Geographic distribution. Pantropical, common in tropical America.

Specimens examined. Costa Rica. Alajuela: Los Chiles, Refugio Nacional de
Vida Silvestre Cafio Negro, 10°53'36.73"N, 84°47'45.49"W, 10 m elev., 07 Sep
1991, A. Ruiz-Boyer 13-91 (USJ36357). Guanacaste: Tilaran, 10°27'13.66"N,
84°58'13.61"W, 534 m elev., 10 Oct 1980, J. A. Saénz & J. Carranza 314-80
(USJ21274).Heredia: BosquedeLaHoja, 10°3'44.38"N,84°5'43.09"W, 1496 melev.,
05 Mar 1986, J. Carranza JCV 67-86 (USJ22291). San José: Dota, San Gerardo,
9°33'1.63"N, 83°48'9.66"W, 2000—2300 m elev., 18 Sep 2022, M. Mardones GA-
64 (USJ109782, sequences ITS 0Q845455, LSU 0Q835179); El Empalme, Ojo de
agua, 2250 m elev., 28 Oct 1979, J. Carranza JCV 131-79 (USJ21297).

Discussion. As mentioned above, the species G. applanatum is morpholog-
ically similar to G. australe, but the shorter basidiospores and the absence of
resinous deposits or melanoid substances in the context of G. applanatum can
distinguish them. According to Ryvarden (2004), G. applanatum is a species
restricted to temperate zones and, according to Fryssouli et al. (2020), it has a
Holarctic distribution. However, our results show the presence of this species
or a species closely related to G. applanatum, in Costa Rica. The sequence from
the GA-64 specimen clusters, as an independent lineage, with several sequenc-
es identified as G. applanatum from Europe and Asia in a strongly-supported
terminal clade (1/78) within clade Ill. This result would be the first record of this
species in the Tropics confirmed by molecular data. Therefore, considering the
morphological examination and the phylogenetic position of the sequence, we
have decided to identify this specimen as G. applanatum. Increasing the num-
ber of collections and molecular data is essential to determine if the species
observed in Costa Rica is G. applanatum or a closely-related species.

While examining the G. applanatum specimens from Costa Rica, we found
four specimens with smooth basidiospores, which agree with the description
of G. applanatum var. laevisporum C.J. Humphrey & Leus-Palo. For details on
these specimens, see the Excluded Species section below.

4. Ganoderma curtisii (Berk.) Murrill, N. Amer. Fl. (New York) 9(2): 120 (1908).
Figs 3E, F, 6

= Polyporus curtisii Berk. 1849.

Type. USA, South Carolina, s.d., s.n. (type: PH00042681).

Descriptions. Basidiocarps solitary, laterally and long stipitate, reniform,
dimidiate or circular, 10.5-11.1 x 6.3-9.9 x 0.7-2.5 cm; pileus single or sev-
eral arising from a branching stipe, cespitose, glabrous, shiny both when
fresh and dry, laccate, upper surface yellow, yellowish-brown to reddish-brown
with purple hues; context firm, buff to light brown, duplex, without concentric
growth zones, 7-13 mm thick, with continuous melanoid bands embedded in
context tissue, originating from the stipe and running parallel to the upper sur-
face; pore surface pinkish-brown to yellowish, darkening when handled, pores
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circular to irregular, 4-6 per mm; tube layers ochraceous-tawny, 10-12 mm
thick. Stipe lateral, 30-250 mm long, round, or slightly compressed, 12—18 mm
diam. and with a purple to black, shiny cuticle. Hyphal system trimitic; con-
textual generative hyphae thick-walled, with clamps, hyaline, 3.5 pm in diam;
skeletal hyphae thick-walled, 1.5-6 pym in diam., light yellow; binding hyphae
thin and thick-walled, 3—5 pm in diam. Cuticular cells from the pileus clavate,
some nodulose, sometimes with 1 to 2 protuberances, rarely branched, with
granulations in the apex, yellowish, with strong amyloid reaction with Melzer's
Reagent, 45-55 x 9-14 ym. Basidia not observed. Basidiospores ellipsoid to
oblong, truncate at the distal end; with two walls, yellowish-brown to brown,
moderately coarsely echinulate, (9-)11-17 x (7-)8-10 um. Chlamydospores
not observed.

Descriptions and illustrations. Torres-Torres and Guzman-Dévalos (2005,
2012), Lopez-Peia et al. (2016).

Substrata. On Quercus spp. or Pinus spp., on decaying wood.

Altitudinal distribution. In Costa Rica, this species is found only in the highlands.

Geographic distribution. Mexico and the USA. This is the first report in Costa
Rica and Central America.

Specimens examined. Costa Rica. Alajuela: Grecia, Reserva Forestal Gre-
cia, Bosque del Nifio, sendero al acueducto, 10°8'30.90"N, 84°14'49.39"W,
1800-1900 m elev., 26 Jun 2006, E. Navarro 10132 (CR4089789); on soil, 10
Jul 2016, M. Mata 2647 (USJ109166). Cartago: Paraiso, Reserva Forestal Rio
Macho, Villa Mills, finca Los Abarca, 31 Aug 2008, 9°34'11.15"N, 83°42'37.40"W,
2600-2700 m elev., E. Alvarado 417 (CR4164678); Sector La Chonta, km. 55
de la carretera Interamericana Sur, 9°42'00.0"N, 83°56' 30.0"W, 2400-2500 m
elev., 20 Jul 2007, E. Navarro 10257 (CR4101818); La Unioén, Tres Rios, Zona
Protectora de La Carpintera, 9°53'44.38"N, 83°58'31.79"W, 1400 m elev., 2014,
Alvarenga and Canessa GA-00 (USJ109783, sequences ITS 0Q845458, LSU
0Q835182). San José, Desamparados, San Miguel, Jericd, Cerro Tablazo, lade-
ra SO, Quercus sp. forest, 9°49'24.34"N, 84°2'26.56"W, 1880 m elev., on log, 30
Mar 2010, Carlos O. Morales s.n. (USJ83642). Dota, San Gerardo, 9°33'0.86"N,
83°48'16.20"W, 2000-2300 m elev., 10 Jul 2000, R. Halling s.n. (USJ 71604);
9°32'59.91"N, 83°48'18.26"W, 2300 m elev., 26 Nov 2010, J. Carranza JCV 128-
10 (USJ104499); 9°33'1.13"N, 83°48'22.39"W, 2300 m elev., 10 Feb 2011, J.
Carranza JCV 146-11 (USJ109500); 9°33'2.08"N, 83°48'26.31"W, 2200 m elev.,
18 Sep 2022, M. Mardones GA-65 (USJ109784, sequences ITS 0Q845461, LSU
0Q835184); 9°33'3.85"N, 83°48'25.63"W, 2200 m elev., 18 Sep 2022, M. Mar-
dones GA-63 (USJ109785, sequences ITS 0Q845460, LSU 0Q835183); San-
ta Maria, Jardin, 9°43'20.15"N, 83°58'28.91"W, 2200 m elev., 28 Oct 1979, J.
Carranza JCV 90-79 (USJ21299). Ledn Cortés, San Pablo, Sector el casquillo,
forest of Quercus spp., 9°41'37.98"N, 84°2'6.03"W, 2100 m elev., 22 Sep 2019,
Beatriz Picado BPH16/GA-22 (USJ109794, sequences ITS 0Q845459). Perez
Zeledodn, Siberia, 9°32'49.12"N, 83°42'48.29"W, 2900 m elev., on log, José Mu-
rillo 10 (USJ109055). San Marcos, Tarrazu, Canet, 9°41'38.92"N, 84°2'5.08"W,
2200 m elev., 22 Jan 2018, Beatriz Picado BPH21 (USJ109716).

Discussion. Ganoderma curtisii mainly differs from other Ganoderma species
from Costa Rica by its lateral and long stipe, the colour of the stipe and pileus,
the melanoid bands that originate from the stipe and run parallel to the upper
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A

Figure 6. Ganoderma curtisii A, B basidiocarp (Navarro 10257) C context tissue (Navarro 10257) D cuticular cells (Navar-
ro 10257) E, F basidiospores (Navarro 10132). Scale bars: 10 um (D-F).

surface of the context and the large basidiospores (11-17 x 8=10 pm). The Cos-
ta Rican specimens examined by us showed larger basidiospores than those
reported by Murrill (1915,9-11 x 5-8 um), Torres-Torres and Guzman-Davalos
(2005, 10.4-12.8 x 5.6—8 pm) and Loyd et al. (2018, 8.3-12.1 x 5.4-7.5 ym).
Additionally, the cuticular cells in our specimens have a very strong amyloid
reaction not mentioned by Torres-Torres and Guzman-Dévalos (2005).

In Costa Rica, this species has been found in highlands and always as-
sociated with decaying wood in Quercus or Pinus forests. Torres-Torres and
Guzman-Davalos (2012) reported it in Mexico occurring in the same type of
forests. Ganoderma curtisii f.sp. meredithiae was recently erected to include
those forms characterised by occurring exclusively on pines and showed slow
cultural growth rate (Loyd et al. 2018). Amongst the examined Costa Rican
specimens, only one (GA-00) occurred in a pine forest; the other specimens
were found in Quercus forests. Sequences from four specimens of G. curtisii
from Costa Rica (GA-00, GA-22, GA-63 and GA-65) clustered in the same clade
with G. lingzhi (clade Il) with strong support (1/92), forming a terminal subclade
with sequences labelled as G. curtisii and G. meredithae from the USA. This is
the first report of the species in Central America and its distribution is probably
strongly linked to the distribution of its host plants.
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5. Ganoderma ecuadorense A. Salazar, C.W. Barnes & Ordoiiez [as
‘ecuadoriense’], in Salazar, Ordofiez, Toapanta, Barnes & Gamboa, Persoonia
36: 441 (2016)

Figs 3G, 7

Type. ECUADOR. Orellana: Yasuni Research Station, on decaying wood, Mar
2013, A. Salazar s.n. (holotype: QCAM3430).

Description. Basidiocarps solitary or gregarious, laterally stipitate, dimidiate,
spathulate to circular, woody, 15-21 x 8—11 cm; pileus surface laccate, tubercu-
late, glabrous, zonate reddish-brown to vinaceous-brown, upper surface covered
by cinnamon-coloured powder of deposited basidiospore, margin obtuse, yellow
when young changing to reddish-brown with age; context firm, yellowish-brown,
duplex, with melanoid bands or deposits embedded in context tissue; pore sur-
face white when young, blackish-brown to vinaceous-black when old, pores cir-
cular to irregular, 4-6 per mm; tube layers ochraceous-tawny to brownish-black,
10-12 mm thick. Stipe lateral, 25-35 cm long, round or slightly compressed, tu-
berculate or smooth, 12-18 mm diam. and with a reddish-brown, shiny cuticle.
Hyphal system trimitic; contextual generative hyphae thick-walled, with clamps,
hyaline, 3.5 pm in diam.; skeletal hyphae thick-walled, 1.5-6 pm in diam., light
yellow; binding hyphae thin and thick-walled, 1-3.5 pm in diam. Cuticular cells
club-like, yellowish, upper part with small outgrowths, with amyloid reaction with
Melzer's Reagent, 40—55 x 7—14 uym. Basidia not observed. Basidiospores ellip-
soid to oblong, truncate at the distal end; with two walls, pale yellow, moderately
coarsely echinulate, 8-10 x 5-7 um. Chlamydospores not observed.

Descriptions and illustrations. Crous et al. (2016).

Substrata. On decaying hardwood.

Altitudinal distribution. Lowlands.

Geographic distribution. Brazil, Ecuador, and French Guyana. This is the first
report for Costa Rica and Central America.

Specimens examined. Costa Rica. Alajuela: Arenal, Parque Nacional Vol-
can Tenorio, sector El Pilén, 10°42'58.23"N, 84°59'15.91"W, 700 m elev., 27
Jun 1999, M. Mata Mata-765 (CR3484383). Heredia: Sarapiqui, Puerto Viejo,
Estacion Bioldgica La Selva (OET), Sendero Experimental Sur, 10°25'59.6"N,
84°0'16.2"W, 30-100 m elev.,, 23 Jun 2022, J. Carranza JCV 3-22/GA-52
(USJ109796, sequences ITS 0Q845463); 10°25'59.5"N, 84°0'16.3"W, 100 m
elev., on log, 06 Nov 2016, J. Carranza JCV 3-16 (USJ109702). Limén: Poco-
ci, Guapiles, Zona Protectora acuiferos de Guacimo y Pococi, bosque sobre
colina La Roca, 10°09'57"N, 83°47'59"W, 472 m elev., 06 Jun 2022, M. Mon-
tero MMG-181A (USJ109798, sequences ITS 0Q845465); en arboleda rodea-
da de potreros, 10°09'55"N, 83°48'05"W, 410 m elev., 08 Sep 2022 M. Monte-
ro MMG-209 (USJ109799, sequences ITS 0Q845466). Puntarenas: Canton
Central, Isla Chira, 10°6'5.01"N, 85°8'14.15"W, 0-100 m elev., 29 Jul 2005, I.
Lopez Lopez-7241 (CR3970559). Osa, Parque Nacional Corcovado, Estacion
Sirena, Sendero Espaveles a sendero La Olla, 8°29'12.04"N, 83°35'42.8"W,
0-30 m elev,, on log, 07 Jul 2022, J. Carranza, M. Mardones, E. Fletes GA-57
(USJ109797, sequences ITS 0Q845464, LSU 0Q835185); Estacién La Leona,
8°26'49.74"N, 83°31'10.04"W, 10 m elev., on log, 30 Aug 2014, J. Carranza JCV
2-14 (USJ109682); 8°26'49.74"N, 83°31'10.04"W, 10 m elev., on log, 16 Sep
2016, J. Carranza JCV 7-16 (USJ109691).
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A

Figure 7. Ganoderma ecuadorense A basidiocarp (Mata 765) B pore surface (Mata 765)
C context tissue (MMG-181) D cuticular cells (Mata 765) E basidiospores (Lopez 7241).
Scale bars: 20 um (D); 10 um (E).

Specimens of other species examined for comparison. Ganoderma perzona-
tum. Cuba. Santiago de las Vega, 08 Nov 1904, F.S. Earle 309 (type, NYBG 985702).

Discussion. Ganoderma ecuadorense (as ecuadoriense) was recently de-
scribed from the Amazon Basin in Ecuador (Crous et al. 2016). It is character-
ised by the laterally stipitate basidiocarp, with dimidiate, laccate, reddish-brown
pileus, usually covered by a cinnamon-coloured powder of deposited basidio-
spores. Microscopically, the main characteristics are their club-shape cuticular
cells and the small (8—10 x 5—-7 pm) and yellow basidiospores. We could not ex-
amine the type specimen of G. ecuadorense, but the morphological characteris-
tics observed in our specimens agree well with the description in the protologue.

According to Crous et al. (2016), morphologically, G. ecuadorense is similar
to G. perzonatum Murrill. The type specimen of G. perzonatum has a very short
stipe, darker than the pileus, measuring 0.5-1 x 0.5-1.5 cm. Additionally, it
has discontinuous melanoid bands; the spores are 8—10 x 6—8.5 pm and the
cuticular cells do not have projections and are shorter than in G. ecuadorense.
Steyaert (1980) considered G. perzonatum as a synonym of G. parvulum.

Sequences of four specimens from Costa Rica (GA-57, GA-52, MMG-181a,
MMG-209) clustered in a subclade with G. orbiforme from Brazil (clade 1) form-
ing a well-supported terminal subclade (0.94/90) with sequences labelled as
G. ecuadorense (including the type) from Brazil, Ecuador and French Guyana
and G. subfornicatum from French Guyana. Fryssouli et al. (2020) considered
G. ecuadorense as a synonym of G. subfornicatum, based on the phylogenetic
analyses of the ITS region. However, G. ecuadorense still appears as a valid
species at Index Fungorum. In the BLASTN search of our sequences, the re-
sults gave the highest score to sequences identified as G. ecuadorense (includ-
ing the holotype).

Therefore, until more data are available, we identify our specimens as G. ec-
uadorense based on: (i) the similar morphological characteristics of our speci-
mens with the description in the protologue of G. ecuadorense, (ii) the position
of our ITS sequences in the phylogenetic analysis within a terminal subclade
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with other sequences of G. ecuadorense (including the holotype) and (iii) the
lack of more sequences of G. subfornicatum (including type material) in Gen-
Bank (see Fryssouli et al. (2020) for a complete discussion on the topic).

6. Ganoderma oerstedii (Fr.) Murrill, Bull. Torrey bot. Club 29: 606 (1902)
Figs. 3H, 8

= Ganoderma tuberculosum Murrill, N. Amer. Fl. (New York) 9(2): 123 (1908).
Type: BELIZE (as British Honduras), 1906, M.E. Peck s.n. (holotype:
BP1236681!).

Type. CoSTA RICA: s. [, 1846, Oersted. s.n. (neotype: BP1236610!).

Descriptions. Basidiocarps gregarious, solitary or imbricate, mostly sessile,
sometimes laterally stipitate, dimidiate, ungulate or spathulate woody, rugu-
lose, 2.8-19.1 x 2.1-24.5 x 0.7-3.9 cm; pileus surface with laccate zones,
glabrous, zonate, brownish-red, vinaceous-brown, vinaceous-red, yellowish-red,
gradually changing to yellowish-brown to deep yellow in the margin, margin
obtuse; context firm, yellowish-brown, up to 6 cm thick, concentrically zonate,
with inconspicuous horizontal bands of melanoid substances; pore surface
yellowish-brown to pinkish-brown, darkening when handled, pores circular to
irregular, 3—-6 per mm; tube layers light brown to yellowish-brown, up to 0.9 cm
thick, becoming darker with 5% KOH. Stipe glabrous, vinaceous-red or con-
colorous with pileus surface, with some laccate zones, 1.5-13.1 x 1.2-7.5 cm.
Hyphal system dimitic or trimitic; contextual generative hyphae thick-walled,
with clamps, hyaline, 5 pm in diam.; skeletal hyphae thick walled 3-9 pm in
diam.; binding hyphae thin and thick-walled, 2—4 pym in diam. Cuticular cells
from the pileus cylindrical, clavate, some nodulose, vesiculate and branched,
thick-walled, with granulations in the apex, yellowish, with strong amyloid re-
action with Melzer's Reagent, 22-52(-100) x 6—20 ym. Basidia not observed.
Basidiospores ovoid, truncate at the distal end; with two walls, connected by
inter-wall pillars, subhyaline or yellowish-brown, negative in Melzer's Reagent,
(8-)11-14(-15) x (5-)8-11 pm. Chlamydospores thick-walled, reddish-brown,
23-30x 16—21 pm.

Descriptions and illustrations. Murrill (1902, 1908 as G. tuberculosum), Stey-
aert (1980), Gottlieb and Wright (1999b as G. tuberculosum), Ryvarden (2000,
2004), Mendoza et al. (2011), Torres-Torres et al. (2015), Lopez-Pena et al. (2016).

Substrata. On living trees and logs.

Altitudinal distribution. Lowlands to highlands.

Geographic distribution. Widespread in the Neotropics.

Specimens examined. Costa Rica. Alajuela: Grecia, Santa Gertrudis,
10°5"13.94"N, 84°17'3.96"W, 1050 m elev., 14 Jul 1991, J. Carranza JCV 16-
91 (USJ33286). Guanacaste: Abangares, Higuerillas, Finca El Arboreto,
10°11'28.28"N, 85°3'10.8"W, 0—-100 m elev.,, 20 Jun 2007, J.A.Sdenz 2049
(CR4095735); La Cruz, Parque Nacional Guanacaste, Estacion Bioldgica Cacao,
sendero Los Naranjos, 10°53'43.2"N, 85°28'24.6"W, 700—1000 m elev., 23 May
1997, E. Fletes and C. Cano 1112 (CR4130985); Santa Cruz, Reserva Ramon Al-
varez, 10°17'20.4"N, 85°35'13.2"W, 0-100 m elev., 24 Sep 2011, J. Carranza JCV
7-11 (USJ83002). Heredia: Santo Domingo, San Luis, 10°0'16.4"N, 84°1'44.7"W,
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Figure 8. Ganoderma oerstedii A basidiocarp (Cano 946) B context tissue (Fletes 5876) C, D nodulose and branched
cuticular cells (Navarro 10502, Lopez 4308) E, F basidiospores (Fletes 5876) G chlamydospores (Navarro 5006). Scale

bars: 20 um (C, D, E, G); 10 um (F).

1200 m elev., 06 Nov 2016, J. Carranza JCV 1-16 (USJ109683). Limén: Tala-
manca, Refugio de Vida Silvestre Gandoca- Manzanillo, sector Manzanillo, alre-
dedores del Centro Operativo, 9°38'19.6"N, 82°38'56.6"W, 0—100 m elev., 26 Sep
2001, R. Valladares RValladares 555 (CR3468098). Puntarenas: Coto Brus, San
Vito, Area de Conservacién La Amistad Pacifico, Zona Protectora Las Tablas,
Fila Chiquiza, 8°55'34.4"N, 82°46'00.95"W, 1500-1600 m elev., 19 Jul 2002, E.
Navarro 5006 (CR3516656); Osa, Parque Nacional Marino Ballena, Finca Roca,
a orillas de la playa, 9°9'9.02"N, 83°44'46.9"W, 0—100 m elev., 21 Jan 2004, E.
Fletes 5876 (CR3813349). San José: Montes de Oca, San Pedro, Universidad
de Costa Rica, Finca 1, estacionamiento del CIICLA, 9°56'19.5"N, 84°3'9.4"W,
1100 m elev, 11 Sep 2019, J. Carranza GA-21 (USJ109786); 9°56'19.5"N,
84°3'9.34"W, 1100 m elev., 18 Dec 2019, J. Carranza GA-24 (USJ109787, se-
quences ITS 0Q845469).
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Discussion. This species was originally described from Costa Rica. It is char-
acterised by its woody basidiocarp, reddish-brown in the base, to deep yellow
in the margin. The species has a yellowish-brown context, with continuous res-
inous bands and clavate, branched and vesiculate cuticular cells with strong
amyloid reaction with Melzer’'s Reagent. The two walls in the basidiospores are
connected by inter-wall pillars.

The piece of the neotype specimen examined under Polyporus oerstedii Fr.
- G. oerstedii (Fr) Murr., collected in Costa Rica, only contained a small portion
of the tubes with abundant ovoid, truncate, echinulate spores, 9.3-13.6 x 7.65—
9.3 ym. Annotations done by 0. Juel, Xin-Cun Wang, Donjmei Wang and Ryvar-
den mentioned spores 9-10 x 6.5—-8 ym (with wall 11-12 ym), 11.5-13 x 8.5—
10.5 pm, 11.5-15 x 8-11.5 ym (with wall), 10-13.5 x 6.5-10.5 pm (without
wall) and 11-14 x 7-10 um, respectively. The spores in the specimens studied
from Costa Rica are in the range of the ones found on the neotype and the ones
mentioned by the above researchers.

In taxonomic studies by Ryvarden (2000) and Torres-Torres et al. (2015) and
in Mycobank (https://www.mycobank.org/), G. oerstedii is considered a syn-
onym of G. tuberculosum, although newer studies by Loyd et al. (2018) and
Fryssouli et al. (2020), as well as Index Fungorum contradicted them. We exam-
ined the type specimens of both taxa and significant morphological differences
were not observed; hence, we concluded that these taxa are co-specific.

According to Loyd et al. (2018), G. tuberculosum generally produced sessile
basidiomata. However, amongst Costa Rican specimens, we found two forms:
sessile and laterally stipitate basidiomes. Additionally, Loyd et al. (2018) men-
tioned that chlamydospores were lacking in the species, although they are pre-
sented in our collections.

The sequences from Costa Rican specimens GA-24 and JV1607/62 (re-
trieved from GenBank, MZ354944) strongly supported a terminal subclade
(1/99), together with other sequences labelled as G. tuberculosum or G. oer-
stedii collected from Brazil, Florida (USA) and Mexico, within clade | that also
includes the species G. philippii, G. flexipes and G. wiiroense.

7. Ganoderma parvulum Murrill, Bull. Torrey bot. Club 29: 605 (1902).
Figs 31,9

= Fomes parvulus (Murrill) Sacc. & D. Sacc, Syll. Fung. (Abellini). 17: 123 (1905).
Type: NICARAGUA, s.d., C. L. Smith s.n. (type: NYBG 985699!).

= Fomes stipitatus Murrill, Bull. Torrey Bot. Club. 30(4): 229 (1903).

= Ganoderma stipitatum (Murrill) Murrill, N. Amer. Fl. (New York) 9(2): 122 (1908).
Type: NICARAGUA, 1891, Smith C. L. and Shimek B.s.n. (isotype: NY 985679!).

= Fomes subamboinensis Henn., Hedwigia 43(3): 175 (1904) [MB148868].

= Ganoderma subamboinense (Henn.) Bazzalo & J.E. Wright ex Moncalvo & Ry-
varden, Synopsis Fungorum 11: 82 (1997).

= Ganoderma subamboinense var. subamboinense Bazzalo & J.E. Wright (inval-
id name).

Description. Basidiocarps annual, stipitate or with a contracted base, woody,
solitary or gregarious, applanate to sulcate, irregular to tuberculate, dimidiate
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to semicircular, 1.5-8 x 0.7-12.3 x 0.5-2 cm; pileus surface laccate or dull,
sulcate, crustose, rugulose to glabrous, vinaceous-brown, vinaceous-black,
reddish-brown, brownish-black to yellowish-brown, yellowish-red, margin ob-
tuse, vinaceous-brown, reddish-brown, yellowish-red or yellowish-brown, azo-
nate or with yellowish-brown, brownish-black or reddish-brown zones; context
duplex, corky, yellowish-brown to beige, becoming darker, vinaceous-brown to
reddish-brown, just above the tubes, with two horizontal bands of melanoid
substances, sometimes more like deposits than bands, that originate from the
base of the stipe, 2—17 mm thick, becoming dark with KOH; pore surface red-
dish-brown, vinaceous-brown to yellowish-brown, pores circular, 4-7 per mm;
tube layers reddish-brown, brownish-black to yellowish-brown, sometimes
whitish within; tubes layers simple to stratified, 1T-8 mm thick. Stipe glabrous,
sulcate or smooth, laccate or dull, lateral, vinaceous brown, vinaceous-black,
vinaceous-red, yellowish-brown or brownish-black, 2.3-8.5x 0.5-3 x 0.4-3 cm.
Hyphal system dimitic; contextual generative hyphae inconspicuous, thin or
thick-walled, with clamps, 4 uym; skeletal hyphae thick-walled, brown, asep-
tate, occasionally branched, 3—7 pm in diam. Cuticular cells from the pileus
cylindrical to clavate, yellowish, with granulations and amyloid reaction on
Melzer's Reagent in the apical part, thick-walled, nodulose, 31-66 x 5-10 pym
(20-40 x 6-10 pm, Ryvarden (2004)). Basidia not observed. Basidiospores
ovoid, truncate at the distal end; with two walls, connected by inter-wall pillars,
brown or subhyaline, negative in Melzer’s Reagent, 7-10 x 5-7 ym. Chlamydo-
spores few, in the context, thick-walled, yellowish-brown, slightly ornamented,
6—-8 x 5.5-6 pym; in pure culture, abundant, thick-walled, brown, ornamented,
with longitudinal ridges, 8—10 x 6—9 pm.

Descriptions and illustrations. Ryvarden (2000, 2004, as G. stipitatum),
Cabarroi-Hernandez et al. (2019).

Substrata. On hardwood logs.

Altitudinal distribution. Lowlands to highlands. In Costa Rica, this species is
more common in the lowlands.

Geographic distribution. Widespread in the Neotropics, reported from
south-eastern USA (Florida) to Brazil.

Specimens examined. Costa Rica. Alajuela; Pods, Carrillos, 10°1'41.6"N,
84°16'55.1"W, 800 m elev, M. Mata GA-10 (USJ109860, sequences ITS
0Q845473, LSU 0Q835189). Cartago; Turrialba, La Amistad Caribe, Parque Na-
cional Barbilla, sendero El Felino, 9°58'19.7"N, 83°27'50.8"W, 700—800 m elev.,
07 Aug 2002, R. Valladares 1372 (CR3537817). Guanacaste: Liberia, Parque
Nacional Guanacaste, Estacion Biolégica Cacao, 10°55'35.4"N, 85°28'2.4"W,
1700 m elev,, 4 Jul 1994, J. Carranza JCV 28-94 (USJ53210); Sector Colo-
rado, camino a pozas del Rio Colorado, 10°40'3.10"N, 85°29'12.6"W, 150 m
elev, 3 Sep 2021, M. Mardones, M. Mata, J. Carranza GA-37 (USJ109790);
10°40'6.9"N, 85°29'9.01"'W, 150 m elev., GA-35 (USJ109791); 10°40'5.21"N,
85°28'56.4"W, 150 m elev., GA-38 (USJ109792); GA-46 (USJ109861, sequences
ITS 0Q845474, LSU 0Q835190). Heredia: Santo Domingo, San Luis, carretera
Braulio Carrillo, 9°58'28.2"N, 84°4' 4.3"W, 1200 m elev., on Casuarina sp., 04
Jul 2018, M. Mardones GA-04 (USJ109789, sequences ITS 0Q845470, LSU
0Q835187, TEF OR022012); 9°58'28.2"N, 84°4'4.3"W, 1200 m elev., 04 Aug
2018, M. Mardones GA-08 (USJ109714, sequence ITS 0Q845471). Sarapiqui,
Puerto Viejo, Estacién Bioldgica La Selva (OET), 10°26'0.30"N, 84°0'16.8"W,
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Figure 9. Ganoderma parvulum A basidiocarp (Fletes 266) B context tissue (Fletes 6566) C cuticular cells (Fletes 266)
D basidiospores (Fletes 6566) E chlamydospores (GA-09). Scale bars: 10 um (C); 20 um (D, E).

e Bel, N

100 m elev., 23 Jun 2022, J. Carranza JCV 3-16 (USJ109702). Limén: Cantén
Central, Reserva Biolégica Hitoy Cerere, Sendero Tepezcuintle, 9°40'19.9"N,
83°01'42.9"W, 0-100 m elev., 9 Nov 2002, R. Valladares 1636 (CR3557538);
Sixaola, 9°30'25.4"N, 82°36'43.59"W, 10 m elev., 24 Jun 1988, A. Conejo 32-88
(USJ28075). Puntarenas: Coto Brus, San Vito, Area de Conservacién La Amistad
Pacifico, Zona Protectora Las Tablas, Estacion Bioldgica Las Alturas, sendero a
Cerro Echandi, 8°56'56.9"N, 82°49'59.0"W, 1500-1600 m elev., 12 Nov 1999, E.
Navarro 1439 (CR1546847). Golfito, Reserva de Vida Silvestre Golfito, sendero
La Lecheria, 8°39'17.3"N, 83°13'4.8"W, 100—200 m elev., 13 Jun 2003, E. Fletes
5248 (CR3727447); 8°39'18.1"N, 83°13'8.8"W, 100-200 m elev., 09 Feb 1991,
J. Carranza JCV 4-91 (USJ33128); Sector el Tajo, 8°40'11.2"N, 83°11'55.4"W,
0-100 m elev., 05 Sep 2004, E. Fletes 6566 (CR3881862). Osa, Parque Nacion-
al Corcovado, Rio Madrigal, quebrada Ceniza, 8°26'53.9"N, 83°30'54.6"W, 200-
300 m elev., 19 Mar 2003, E. Fletes 4943 (CR3700175); Parque Nacional Corco-
vado, Estacién Los Patos, margenes del Rio Rincén, 8°34'27.7"N, 83°30'27.6"W,
80 m elev., 21 Aug 1999, E. Fletes 631 (CR1546789); Parque Nacional Corco-
vado, orillas del rio Pavén, 8°31'1.03"N, 83°35'52.8"W, 100—200 m elev., 27
Feb 2005, E. Fletes 7239 (CR3932787); Parque Nacional Corcovado, Estacion
Sirena, margenes del rio Sirena, 8°28'51.12"N, 83°35'51.2"W, 0-100 m elev.,
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09 Apr 2003, E. Fletes 4999 (CR3717017); sendero Guanacaste, 8°28'56.0"N,
83°35'21.72"W, 10 m elev., 25 Mar 1999, E. Fletes 266 (CR1546586); Sendero
Sirena, 8°28'47.8"N, 83°35'46.9"W, 0—30 m elev., on log, 07 Jul 2022, J. Carran-
za, M. Mardones, E. Fletes GA-56 (USJ109780, sequences ITS 0Q845475, LSU
0Q835191); Parque Nacional Corcovado, Estacién La Leona, Sendero Parai-
so, 8°26'49.1"N, 83°3121.6"W, 0-30 m elev., on log, 10 Sep 2009, J. Carran-
za JCV 114-09 (USJ83245); Reserva Bioldgica Isla del Cafio, sendero al mira-
dor, 8°4221.1"N, 83°53'27.0"W, 0—-100 m elev., 20 Aug 2003, E. Navarro 7005
(CR3752717). San José: Montes de Oca, San Pedro, Campus UCR, frente a fac-
ultad de Medicina, 9°56'19.2"N, 84°3'0.2"W, 1100 m elev., on log of Casuarina
sp., 04 Oct 1999, J. Carranza JCV 2-99 (USJ71256); 9°56'19.2"N, 84°3'0.2"W,
1100 m elev., 02 Oct 2018, M. Mardones GA-09 (USJ109788, sequences ITS
0Q845472, LSU 0Q835188); frente a la Facultad de Educacion, on log, Nov
1999, A. Ruiz s.n (USJ71255); on log, 09 Aug 2011, J. De Ledn, O. Morales, R.
Doss JDL 15-2011 (USJ109685).

Specimens of other species examined for comparison. Ganoderma pulver-
ulentum. Grenada. Sep 1905, W.E. Broadway s.n. (lectotype, NYBG 985708).
Ganoderma sessile. USA. New York: Westchester Co., White Plains, May 1897,
L. M. Underwood s.n. (type, NYBG 985711). Ganoderma sessiliforme. Mexico.
Morelos: Cuernavaca, Gardens, and Barrancas within 3 miles of Cuernavaca, 24
Dec 1909, W. A. Murrill 392 (type, NYBG 985713).

Discussion. Ganoderma parvulum is characterised by a laterally stipitate
basidiocarp and light-coloured context on the upper part and darker close to
the tubes, with melanoid encrustations or bands running from the base of the
stipe (like the ones found on G. curtisii). According to Cabarroi-Hernandez et
al. (2019), ornamented chlamydospores in the context and pure culture is the
only morphological characteristic distinguishing G. parvulum from G. mexica-
num s.I. Few chlamydospores were observed in G. parvulum vouchers collected
in Costa Rica and, in some specimens, were totally absent. However, in pure
cultures of specimens GA-08 and GA-09, ornamented chlamydospores were
numerous (Fig. 9E). In Carranza and Ruiz-Boyer (2001), chlamydospores of the
culture JCV 2-99 (as G. lucidum) were reported as round to ovoid or elongate
and 14-21 x 11-19 pm.

Cabarroi-Hernandez et al. (2019) reported much larger basidiospores
(11-16 x 9-14.5 pym) than those observed in the Costa Rican specimens
(7-10 x 5=7 um). The size of the basidiospores reported by Ryvarden (2000), as
G. stipitatum, (7-9.5 x 5-6.5 um) and Torres-Torres et al. (2012, 8-9 x 6-6.8 ym)
agree with our observations. The type specimen under the name Fomes stipita-
tus Murr. collected on dead wood in Nicaragua was examined. It had very much
deteriorated, with only a small portion of the pileus and context. No spores were
observed, but it had cuticular cells amyloid at the apex, 19.5-24 x 6.8 pm and two
melanoid bands are observed in the context. Murrill (1915) reported for G. parvu-
lum spores 5 x 4 pm and for G. stipitatum 3.5 x 5 ym, both measurements were
very small compared with those described by the above authors. The spores
observed in the specimen of G. perzonatum considered by Steyaert (1980) as
G. parvulum are larger, 7.7-9.4(-10) x 6-7.7(-8.5) um, but closer to the ones
found on the Costa Rican specimens and the ones reported by other researchers.

Several sequences of specimens of G. parvulum are represented in our data-
set (GA-04, GA-08, GA-09, GA-10, GA-46, GA-56). The sequences are grouped
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in clade IV with good support (1/73) within a subclade containing sequences
from several neotropical specimens labelled as G. parvulum, G. mexicanum,
G. stipitatum, G. weberianum and G. subamboinense. Ganoderma subamboin-
ense var. subamboinense and G. stipitatum, neotropical species within the
Ganoderma weberianum-resinaceum complex, were recently synonymised un-
der Ganoderma parvulum (Cabarroi-Hernandez et al. 2019).

Excluded and doubtful species of Ganoderma in Costa Rica

In addition to the species previously described, there are two additional species
of Ganoderma that may occur in Costa Rica. However, as there is not enough
material or DNA sequences to confirm the identification, they are considered in
this study as doubtful taxa.

Ganoderma chocoense J.A. Flores, C.W. Barnes & Ordoiiez, in Crous et al.,
Persoonia 41: 365 (2018)
Fig. 3D

Discussion. this species was recently described from Ecuador (Crous et al.
2018). We collected a single specimen (GA-03) in the Braulio Carrillo National
Park in north-eastern Costa Rica. Macroscopical characteristics agree with the
description in the protologue of G. chocoense (Crous et al. 2016).

The BLASTN search and the phylogenetic analyses grouped the ITS sequenc-
es of the specimen GA-03 with the sequences of the holotypes of G. chocoense
(QCAM 3123) and G. podocarpense (QCAM-6422) with the highest score in
similarity and strong support at the nodes (1/87), respectively. The morpholog-
ical characteristics of G. podocarpense (Crous et al. 2017), a recently described
species from Ecuador, are similar to G. chocoense. The distinction between
both species is unclear and they are probably synonyms. Additional collections
and molecular markers of both species are necessary to clarify the circum-
scription of these species. Considering that we only have a single specimen
and the lack of basidiospores in the examined specimen, we believe it is nec-
essary to collect more material before confirming the presence of the species
in the country.

Specimens examined. Costa Rica. Heredia: Santo Domingo, San Luis, Parque
Nacional Braulio Carrillo, entrada San Josecito, 10°02'57.2"N, 84°01'16.6"W,
1200 melev.,04 Jul2018, M. Mardones, J. Carranza, M. Mata GA-03 (USJ109707,
sequences ITS 0Q845457, LSU 0Q835181, TEF OR022013).

Ganoderma applanatum var. laevisporum C.J. Humphrey & Leus-Palo,
Philipp. J. Sci. 45(4): 533 (1931)

Discussion. During the examination of G. applanatum specimens from Costa
Rica, we found four relatively old specimens (JCV16-95, Navarro 8458, Navar-
ro 3699, USJ109859) that agreed with the description of G. applanatum var.
laevisporum (Humphrey and Leus 1931; Wang et al. 2009). This species has
been reported for Java, Philippines and mainland China. It is characterised
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by its sessile basidioma with a dull upper surface and the basidiospores with
smooth wall. According to Wang et al. (2009), the species is distributed at high-
er elevations in the Tropics, matching with our records, since our specimens
were collected above 1800 m a.s.l. The basidiospore size of our specimens
(9-11 x 6—7 pm) agree with those reported by Humphrey and Leus (1931, 9.3-
10.3(-10.8) x 5.4-5.9(-6.4) pm) and Wang et al. (2009,9.2-10.5x 5.5-6.5 um).
According to Steyaert (1972), G. applanatum var. laevisporum is a synonym of
G. tornatum (for a complete discussion on this topic, see Wang et al. (2009)). As
we only examined four relatively old specimens, have been unable to examine
the holotype and it was not possible to obtain DNA or pure cultures from them,
this species is excluded from our taxonomic analysis until more specimens and
molecular data are available to confirm its presence in Costa Rica.

Specimens examined. Costa Rica. Alajuela: Grecia, Reserva Forestal Gre-
cia, Bosque del Nifio, sendero al acueducto, 26 June 2006, 10°8'34.62"N,
84°14'45.3"W, 1800-1900 m elev., J. Carranza JCV16-95 (USJ64962). Puntare-
nas: Buenos Aires, Parque Nacional La Amistad, Estacién Altamira, sendero al
Cerro Biolley, 9°02'21.6"N, 83°00'35.9"W, 1700-1800 m elev., 20 Jul 2004, E. Na-
varro 8458 (CR3866211); Estacion Pittier, Sendero a Cerro Gemelo, 9°02'24.5"N,
82°57'39.9"W, 1800-1900 m elev., 18 Aug 2001, E. Navarro 3699 (CR3459327).
San José: Dota, San Gerardo, Albergue de montafia Saavegre, 9°33'2.08"N,
83°48'26.31"W, 2000-2300 m elev., 09 Nov 2001, s.n. (USJ109859).

Discussion

Morphological and ITS-phylogenetic-species concept in Ganoderma
species of Costa Rica

This work represents the first effort to compile the Ganoderma species present
in Costa Rica. More than 100 specimens were examined, including previously
reported taxa for the entire country. Each specimen was characterised mor-
phologically, identified and compared with the type specimen, when available.
Afterwards, the sequence data were generated to confirm the morphological
identification by using phylogenetic analyses, to improve the molecular identi-
fication of the neotropical Ganoderma spp., based on the broadly used marker
ITS (Schoch et al. 2012), in conjunction with re-description, photographs and a
key for the neotropical species of Ganoderma.

Based on the morphological analyses, we conclude that five morphological
characteristics are diagnostic within neotropical Ganoderma collections: (i) the
distinction between stipitate and sessile basidiome; (ii) the colour of the con-
text tissue; (iii) the presence and shape of melanised deposits in the context;
(iv) the presence or absence of chlamydospores; and (v) the shape and size
of the basidiospores. These findings agree with previous morphological analy-
ses of neotropical species of Ganoderma (Torres-Torres and Guzman-Déavalos
2012; Loyd et al. 2018). Some variations in the resinous deposits or melanoid
bands in the context were related to the state of basidiocarp development, but
it seems that they are present in all the laccate species. For example, in G. cur-
tisii and G. parvulum, the melanoid bands are more prominent in mature spec-
imens. Amongst non-laccate species, only in G. australe have these been ob-
served. Regarding the presence/absence of chlamydospores in some species,
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it is important to mention that, for some species, it was necessary to confirm
their presence in pure cultures because they were not always present in the ba-
sidiocarp, i.e. G. parvulum. In general, the chlamydospores’ characteristics have
been used to distinguish species in culture and not based on the basidiocarp,
where they are not always present (Adaskaveg and Gilbertson 1986).

A total of 40 consensus sequences of the ITS, LSU and TEF regions from
Costa Rican specimens of Ganoderma were generated in this study. Before this
study, sequences of G. amazonense were missing in GenBank and several other
species were represented by a few sequences from North or South America.
These newly-generated sequences provide data from Central American speci-
mens that will be available for further phylogenetic studies of the genus.

On a global scale, the phylogenetic tree topology obtained in this study is
mainly congruent with previously-published clade-specific phylogenies of Gan-
oderma, based on the ITS region (Moncalvo and Buchanan 2008; Loyd et al.
2018; Cabarroi-Hernandez et al. 2019; Fryssouli et al. 2020; Sun et al. 2022). The
ITS has demonstrated high efficacy in resolving relationships amongst terminal
clades within the genus (Fryssouli et al. 2020). It has the advantage of being
Ganoderma's best-represented gene region in public repositories. This study
resolved eight clades and 34 species or terminal clades (BPP = 0.95 and BS =
70). However, as several authors pointed out, the use of the ITS region is not
enough to clarify the relationships at a higher level or identify complex groups
(Cabarroi-Hernandez et al. 2019; Sun et al. 2022). In this work, we also identi-
fied clades and species that require more molecular markers and additional
taxon sampling to be resolved: (i) the phylogenetic position of G. amazonense
and its relationship with other clades within the genus; (ii) the resolution of the
terminal clade of the species G. curtisii; (iii) the clade comprising the neotropi-
cal species within the Ganoderma weberianum-resinaceum complex, specifical-
ly the circumscription of the species G. parvulum, G. mexicanum, G. subamboin-
ense var. subamboinense and G. subamboinense var. laevisporum.

The species of Ganoderma previously reported for Costa Rica in studies
based only on morphological data (Ruiz-Boyer 1998; Carranza and Ruiz-Boyer
2005) were consistent with the results obtained by combining morphology and
ITS data. Five taxa previously reported in the country (G. amazonense, G. appla-
natum, G. australe, G. oerstedii and G. parvulum) are confirmed in this work, two
more taxa are recognised in Costa Rica for the first time: G. curtisii and G. ec-
uadorense and the presence of the species G. lucidum, commonly recorded in
publications on the fungi of Costa Rica, is rejected.

Before this work, there were nine ITS sequences of Ganoderma spp. from
Costa Rica deposited in GenBank (Fig. 1). According to the position in the ter-
minal clades of our phylogeny, they belong to G. australe (JMCR128), G. parvu-
lum (INBFletes 7616), G. podocarpense (JV1504/126), G. oerstedii (as G. tuber-
culosum, JV1607/62) and several unidentified sequences (JMCR132, JMCR55,
JMCR142, JMCR25, JMCR41), forming a terminal clade within clade VI. The
only one of these species whose presence in Costa Rica was not confirmed by
our morphological analyses is G. podocarpense. However, the validity of this
species must be confirmed (see discussion of G. chocoense). The voucher
was not deposited in an indexed collection, nor were duplicates deposited in
a local collection, so examining it was not possible. On the other hand, the
terminal clade that grouped the unidentified sequences correspond to ‘clade 7’
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in the study of Moncalvo and Buchanan (2008) of the G. applanatum-australe
species complex and to clade named as Ganoderma sp. E1 in Fryssouli et al.
(2020). These sequences were grouped within a well-supported clade with the
sequence of our specimen GA-27 and two sequences labelled as G. tornatum
and G. lobatum. According to Fryssouli et al. (2020), the identification of the se-
quences as G. tornatum and G. lobatum is incorrect and the specimens should
be re-examined along with the corresponding type material. Therefore, although
this terminal clade could represent a new species, we assume a cautious posi-
tion here until the type material is examined and more molecular markers and
specimens are available.

In this study, we report seven Ganoderma species in Costa Rica and, with
additional information obtained in further studies, the presence of at least three
more species could be confirmed. Costa Rica has high species richness when
compared to the number of species registered for other countries in the region
with a much larger area. For example, recent studies of the genus by de Lima et
al. (2014) in Brazil, Torres-Torres et al. (2015) in Mexico and Loyd et al. (2018)
in the USA report 18, 12 and 13 species, respectively.

Species of Ganoderma with neotropical distribution

A dichotomous key is presented for the 14 species of Ganoderma confirmed
for the Neotropics by morphological and molecular analyses (G. amazonense,
G. australe, G. applanatum, G. chocoense, G. concinnum, G. curtisii, G. ecuador-
ense, G. martinicense, G. mexicanum, G. multiplicatum, G. oerstedii, G. orbiforme,
G. parvulum, G. zonatum).

Although we found 38 Ganoderma species reported in literature for the Neo-
tropical Region, some species were not considered in the dichotomous key
since: (i) lack of molecular data (G. chalceum (Cooke) Steyaert, G. citriporum
Ryvarden & lturr,, G. elegantum Ryvarden, G. guianense Decock & Ryvarden,
G. longistipitatum Ryvarden, G. multicornum Ryvarden, G. nitidum Murrill, G. plat-
ense Speg., G. perzonatum, G. vivianimercedianum M. Torres); (i) recent studies
confirm their distribution outside the Neotropics (G. gibbosum, G. resinaceum);
(iii) doubts about the species circumscription or uncertain DNA annotation
(G. podocarpense, G. lobatum, G. tornatum, G. subfornicatum); or (iv) synony-
mised names (G. annulare (Lloyd) Boedijn, G. tuberculosum, G. meredithae,
G. sessiliforme) or transferred to other genera (Haddowia neurospora (J.S. Fur-
tado) Teixeira, Humphreya coffeata (Berk.) Steyaert, Tomophagus colossus).

Key to Ganoderma species with neotropical distribution

1 Basidiocarp non-laccate, dull, stipitate, sessile or with a contracted base,
yellowish-white, yellowish-brown, brownish-grey, reddish-black to brown-
ISN=DIACK ......cvieiciice e 2

—  Basidiocarp laccate, shiny, stipitate, sessile or with a contracted base, red-
dish-brown, reddish-orange or yellowish-brown................ccccccoeviiiienienn. 5

2  Basidiocarp stipitate, with contracted base or sessile, context yellow-
ish-white, spores 8—=10 X 6=7 PHM....cccoeieiereieiiieeeeeene. G. amazonense

-  Basidiocarp sessile or with contracted base, context yellowish-brown, dark
brown, reddish-brown, to vinaceous-brown, spores 7-12 x 4.7-8 uym ......3
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10

11

12

13

Context yellowish-brown, purple-brown to vinaceous-brown, with resinous
deposits or melanoid bands, spores 7-12 x 5-8 pm................. G. australe
Context reddish-brown to vinaceous-brown, without resinous deposits or
melanoid bands, spores 7=11 X 4.7=8 HM.......cccoeeieiiriieeieeieeeeee e 4
SPOres 7=T0 X 5=6 PM c..eoiiiiiiiiiieieeeee e G. applanatum
Spores 8.9=T1T X 4.7=6.4 UM ...ccoevrieiiieciiecieeeee e G. chocoense
Context yellowish-brown, light brown, with or without resinous deposits or
with discontinuous melanoid bands............ccociiiiiiiiiicicc, 6
Context yellowish-brown, dark-brown, reddish-brown, vinaceous-brown, with
resinous deposits, continuous or discontinuous melanoid bands.............. 10
Resinous deposits or several melanoid bands present, chlamydospores
absent in the context, spores 12—=14 x 7-8 pm .......c..ccuo...... G. concinnum
Resinous deposits or inconspicuous melanoid bands present or absent,
chlamydospores present or absent in context, spores 9-15x 5-8.4 uym..... 7
Chlamydospores present, melanoid bands present, spores 6.5-15 x 4.2—

T MY ettt s ettt ne e e e 8
Chlamydospores absent, melanoid bands absent, spores 11.2-15 x 5.6—
B M ottt et G. zonatum
Spores (7.5-)8-10.6 x (4.2-)6—8 um, chlamydospores in context
870 X B=7 HIM ittt G. mexicanum
Spores 8-15 x 5-11 pm, chlamydospores in context 13.5-30 x 12.2-
27T M ettt ettt a sttt n ettt n e ae s s 9

Spores 9-13.6 x 5-8.3 pm, chlamydospores 13.5-21.1 x 12.2-17.3 ym .
............................................................................................... G. martinicense
Spores (8-)11-14(=15) x (5-)8-11 um, chlamydospores in context, 23~
B0 X TO=2T PIM ettt G. oerstedii
Context with two conspicuous melanoid bands or resinous deposits that
originate from the base of the stipe, without chlamydospores, spores (9-

YTT=17 X (7=)8=T0 HM ettt G. curtisii
Context with discontinuous melanoid bands or resinous deposits, spores
=TT X 577 UMl ettt 11

Context yellowish-brown, vinaceous-brown, reddish-brown, with two dis-
continuous melanoid bands that originate from the base of the stipe, with
few chlamydospores, 6—8 x 5.5-6 pm, spores 7=10 x 5—=7 pm ..................
...................................................................................................... G. parvulum
Context yellowish-brown to reddish-brown, with resinous deposits or dis-
continuous melanoid bands not originate from the base of the stipe, with-
out chlamydospores, spores 7=13 X 5=8 M ....c.cccvviivieriieiieieieeeeen, 12
Context yellowish-brown to reddish-brown, cuticular cells with many irreg-
ular protuberances and outgrowths, strongly amyloid, spores 9-11.2(-

13) X (=6)6.978.6 HMi...eonieiieiieiiicieieieteee e G. orbiforme
Context yellowish-brown, cuticular cells amyloid or strongly amyloid with
protuberances or apical outgrowths, spores 7-=10 x 5=7 pm.................. 13
Cuticular cells amyloid or strongly amyloid with few or many protuberanc-
es, spores 7—8.4(=10) x 5=6(=6.8) UM .....coceeeerrerrrrnennnn. G. multiplicatum
Cuticular cells amyloid with few apical protuberances, spores
8=TO X 5=7 M ettt G. ecuadorense
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Geographic and altitudinal distribution of Ganoderma species in
Costa Rica

Only two of the seven Costa Rican species reported here have wide ranges and
pantropical distribution: G. applanatum and G. australe. Ganoderma applanatum
is reported by some authors as a cosmopolitan species. However, according to
Ryvarden (2004), the species is not present in the Tropics, contrary to our re-
sults. Nevertheless, as mentioned above, more collections and molecular data
are needed to confirm whether G. applanatum is present in the Neotropics or it
is a closely-related species. The remaining five species seem to have geograph-
ic distribution limitations. For example, G. amazonense and G. parvulum have
a restricted neotropical distribution. Ganoderma oerstedii is found in sub-neo-
tropical (south Florida) and neotropical regions. Ganoderma curtisii has been
only collected in the eastern USA and Mexico and its presence in Costa Rica
is the southernmost record of this species. Similarly, G. ecuadorense has been
reported only in tropical South America, with the report in this study being the
northernmost record for the species.

On the other hand, amongst our collections, there were some different alti-
tudinal distributions for some species (Fig. 2). For example, species such as
G. australe, G. oerstedii and G. parvulum have been found occurring indistinctly
in both lowlands and highlands. On the other hand, species such as G. ama-
zonense and G. ecuadorense have been collected only in lowlands, between 0
to 700 m, mainly under 300 m. On the contrary, G. curtisii has been collected
primarily in highlands above 2000 m.

Conclusion

In conclusion, based on morphological criteria, ecological data and ITS phylo-
genetic analyses, we have confirmed the presence of seven species of Gano-
derma in Costa Rica. This study clearly established the circumscription of sev-
eral species which were historically combined in G. lucidum s.l. and broadened
the distribution range of two laccate Ganoderma species to Central America.
It also provides molecular data for three non-laccate Ganoderma species, i.e.
G. australe, G. applanatum and G. cf. chocoense. Additionally, it lays the foun-
dation for future studies of Ganoderma, focused on collecting more material
and using additional molecular markers to confirm the presence of species,
such as G. chocoense and G. applanatum var. laevisporum in the country and
to elucidate the relationships between neotropical species within the complex
G. weberianum-resinaceum.
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Abstract

More specimens of Hydnotrya have been collected from southwestern China in recent
years. Morphological and molecular analyses showed that they belonged to three spe-
cies of Hydnotrya, of which two are new to science, H. oblongispora and H. zayuensis.
The third one was H. laojunshanensis, previously reported in 2013. The new species
are described, and their relationship to other species of Hydnotrya is discussed.
H. laojunshanensis is re-described in more detail. The main morphological characters of
17 species of Hydnotrya are compared and a key to them is provided as well.

Key words: Discinaceae, hypogeous fungi, ITS, morphological diversity, taxonomy

Introduction

Hydnotrya Berk. & Broome is a genus of hypogeous fungi belonging to Pezi-
zomycetes, Ascomycota. It was placed in the family Helvellaceae by Spooner
(1992) and Abbott and Currah (1997) but based on the recent molecular analy-
ses it has been shifted into the family Discinaceae (O’Donnell et al. 1997; Han-
sen and Pfister 2006; Tedersoo et al. 2006; Leessge and Hansen 2007; Wang et
al. 2023). Their ascomata are hollow to convoluted with simple or folded cham-
bers, even nearly solid, lined with recognizable hymenium. Hydnotrya species
usually forms a symbiotic relationship with both conifer and broadleaf trees
and are distributed throughout the northern hemisphere (Trappe 1975; Spooner
1992; Trappe and Castellano 2000; Stielow et al. 2010; Xu et al. 2018; Slavova
et al. 2021). There are 22 names listed in the Index Fungorum online database
(http://www.indexfungorum.org/Names/Names.asp). However, among them,
the species H. jurana Quél. and H. carnea (Corda) Zobel was synonymized with
H. tulasnei (Berk.) Berk. & Broome (Gilkey 1954; Trappe 1969), H. ploettneriana
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(Henn.) Hawker, H. yukonensis Gilkey and H. dysodes Kirschstein with H. michae-
lis (E. Fisch.) Trappe (Soehner 1942; Trappe 1975), and H. convoluta (McAlpine)
McLennan was renamed as Peziza jactata Burds. & Korf (Burdsall-Jr 1968),
H. ellipsospora Gilkey combined as P ellipsospora (Gilkey) Trappe (Trappe
1979). To date, there are 15 accepted species remaining in the genus Hydnotrya.

To date, nine Hydnotrya species have been reported in China: H. cerebri-
formis in Shanxi and Xinjiang, H. cubispora in Tibet, H. michaelis, H. tulasnei
and H. brunneospora in Jilin (Tao and Liu 1989; Zhang 1991; Xu 2000; Xu et al.
2018), H. laojunshanensis and H. badia in Yunnan (Li et al. 2013), H. nigricans in
Sichuan, H. puberula in Yunnan and Jilin (Xu et al. 2018).

Over the past two years, more Hydnotrya specimens have been collected
in southwest China. Based on the morphological and molecular analyses, two
new species were detected and described: H. oblongispora and H. zayuensis.
Their relationships with other known Hydnotrya species are discussed and a
more detailed supplementary description is given to another species H. laojun-
shanensis, previously found in Yunnan. Additionally, the main morphological
characteristics of 15 species of Hydnotrya are listed and a key to the species of
the genus is provided.

Materials and methods

The specimens were collected from Yunnan and Tibet, China. The type and
other studied specimens were deposited at the Biological Science Museum of
Dali University (BMDLU) and HKAS (Herbarium of Kunming Institute of Botany,
Academy Sinica), China.

Descriptions of microscopic and macroscopic characters were based on
specimens (BMDLU L20069,L.20067,L21197,L21211,L21212,L21215,L21217,
L22024, 122027, and HKAS95802) following the methods of Kumar et al. (2017)
and Truong et al. (2017). The sections were made with a razorblade by hand,
mounted in a 5% KOH solution or water, and then stained with a cotton blue
or lactophenol solution. The sections were observed under an Olympus BH-2
microscope. Key colors were obtained from Kornerup and Wanscher (1978).

Total genomic DNA was extracted from the specimen using the OMEGA
Plant Genomic DNA Kit. The internal transcribed spacer (ITS) rDNA region
was amplified with PCR primers ITS1F and ITS4 (White et al. 1990; Gardes
and Bruns 1993; Truong et al. 2017). The large subunit nuclear ribosomal DNA
(LSU) region was amplified with the PCR primers LROR and LR5 (Vilgalys and
Hester 1990). PCR reactions were performed on a BIO-RAD C1000TM instru-
ment. Thermal cycles with the following settings: initial denaturation for 5 min
at 94 °C, followed by 32 cycles of 40 s denaturation at 94 °C, annealing at 56 °C
for 40 s for ITS, and 52 °C for 30 s for LSU, extension for 1 min at 72 °C, and
final extension at 72 °C for 10 min. The PCR products were verified on 1% aga-
rose electrophoresis gels stained with ethidium bromide. The purification and
sequencing of the PCR products was conducted by Sangon Biotech Limited
Company (Shanghai, China).

ITS was used for the analysis of Hydnotrya species diversity in this study be-
cause ITS appears as a useful locus for the delimitation of Hydnotrya species. 46
ITS sequences from NCBI and this study representing 14 species of Hydnotrya
(Table 1), including Gyromitra infula (Schaeff.) Quél. and Gyromitra esculenta
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Table 1. Taxa information and GenBank accession numbers of the sequences used in this study. The newly generated

sequences are in bold.

Species name
Gyromitra esculenta
Gyromitra esculenta
Gyromitra infula
Gyromitra infula
Hydnotrya badia
Hydnotrya badia
Hydnotrya bailii
Hydnotrya bailii
Hydnotrya bailii
Hydnotrya bailii
Hydnotrya bailii
Hydnotrya brunneospora
Hydnotrya brunneospora
Hydnotrya cerebriformis
Hydnotrya cerebriformis
Hydnotrya cerebriformis
Hydnotrya cerebriformis
Hydnotrya cerebriformis
Hydnotrya cerebriformis
Hydnotrya cubispora
Hydnotrya cubispora
Hydnotrya laojunshanensis
Hydnotrya laojunshanensis
Hydnotrya laojunshanensis
Hydnotrya laojunshanensis
Hydnotrya laojunshanensis
Hydnotrya laojunshanensis
Hydnotrya michaelis
Hydnotrya michaelis
Hydnotrya michaelis
Hydnotrya nigricans
Hydnotrya nigricans
Hydnotrya oblongispora
Hydnotrya oblongispora
Hydnotrya oblongispora
Hydnotrya puberula
Hydnotrya puberula
Hydnotrya puberula
Hydnotrya tulasnei
Hydnotrya tulasnei
Hydnotrya tulasnei
Hydnotrya tulasnei
Hydnotrya variiformis
Hydnotrya zayuensis
Hydnotrya zayuensis
Hydnotrya sp1.

Hydnotrya sp2.
Hydnotrya sp3.
Hydnotrya sp4.
Hydnotrya sp5.

Voucher
Gyr3
m954
UBC F15196
Vellinga GLM
BJTC:FAN270
BJTC:FAN270
PRM 902032
P.Reil_2
PReil
997
979
HMAS 97138
HMAS 97138
89_A12_Stielow
87_G11_Stielow
BJTC:FAN647
G0-2010-097
G0-2009-455
G0-2009-242
SAT-13-273-01
K(M)104976
YAAS L2425
BMDLU L21211
BMDLU L21212
BMDLU L21215
BMDLU L21197
HKAS95802
K(M)61643
K(M)38647
6463-307EMC
BJTC:FAN349
BJTC:FAN349
BMDLU L20067
BMDLU L20069(Holotype)
BMDLU L21217
BJTC:FAN721
BJTC:FAN721
HMAS96758
K(M)99871
Berk. & Broome C34659
IT8
605040
TK1615
BMDLU L22024
BMDLU L22027 (Holotype)
SNF160
SNF82
JT19176
JT19085
JLF2015
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Origin
France
UK
Canada
USA
China
China
Czech
Germany
Germany
Germany
Germany
China
China
Germany
Germany
China
Mexico
Mexico
Mexico
USA
UK
China
China
China
China
China
China
UK
UK
Germany
China
China
China
China
China
China
China
China
UK
Denmark
Germany
Russia
USA
China
China
USA
USA
USA
USA
USA

GenBank No.

AJ544208
AJ544209

DQ384573
AJ698480
NR_161070
MH445399
AM261522
GQ140239
GQ140238
GQ149465
GQ149464
NR_161073
MH445404
GQ140236
GQ140235
MH430537
KC152120
KC152118
KC152119
MZ054357
EU784273
NR_132886
ON982580
ON982593
ON982594
ON982592
0P908303
EU784275
EU784274
HM146816
NR_161071
MH445400
0M232075
0M232079
0M232084
NR_161072
MH445401
MH445402
EU784276
AJ969621
GQ140240
KY401249
AY558770
0P908304
0P908305
AY558768
AY558769
MN653030
MN653044
MH220061

Reference
Kellner et al. (2007)
Kellner et al. (2007)

GenBank
Kellner et al. (2007)
Yu et al. (2018)
Yu et al. (2018)

Stielow (2010)
Stielow (2010)
Stielow (2010)
Stielow (2010)
Stielow (2010)

Yu et al. (2018)

Yu et al. (2018)

Stielow (2010)

Stielow (2010)

Yu et al. (2018)
Pifia-Péez et al. (2017)
Pifia-Péaez et al. (2017)
Pifia-Péez et al. (2017)

GenBank
Brock et al. (2009)
Li et al. (2013)
This study
This study
This study
This study
This study
Brock et al. 2009
Brock et al. 2009

Cox et al. 2010

Yu et al. 2018

Yu et al. 2018

This study
This study
This study

Yu et al. 2018

Yu et al. 2018

Yuetal. 2018

Brock et al. 2009
Tedersoo et al. 2006
Stielow 2010
GenBank
1zzo et al. 2005
This study
This study
1zzo et al. 2005
1zzo et al. 2005
GenBank
GenBank
GenBank
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Pers. ex Fr. as outgroups (Fig. 1). All Hydnotrya ITS sequences were extracted
with an ascoma. Sequences of Hydnotrya species generated in this study were
submitted to the GenBank database. We first used the Basic Local Alignment
Search Tool for the GenBank database to recheck whether the newly generated
sequences were amplified DNA from contaminant or not and examine clusters
with closely related sequences. DNA sequences were retrieved and assem-
bled using SeqMan. Sequence alignments were aligned using MAFFT version
7 (Katoh and Standley 2013), ITS gene was analyzed using BioEdit v. 7 (Hall
2007) Maximum Likelihood (ML) analysis was performed using RAXML-HPC2
v. 8.2.12 (Stamatakis 2014) as implemented on the Cipres portal (Miller et al.
2011), with the GTR+G+l model and 1,000 rapid bootstrap (BS) replicates for
all genes. A reciprocal 70% bootstrap support approach was used to check for
conflicts between the tree topologies from individual genes. As the topology
of the ML tree and the Bayesian tree are similar, the ITS1, ITS2, and 5.8s se-
quences were combined using SequenceMatrix (Vaidya et al. 2011), partitioned
phylogenetic analyses. For Bayesian Inference (Bl), the best substitution model
for each partition was determined by MrModeltest 2.2 (Nylander et al. 2004).
The result suggested that ITS1: JC+l, 5.8S: GTR+G+I, ITS2: K80+I+G. Bayesian
analysis was performed using MrBayes ver. 3.2.7a (Ronquist et al. 2011) on
the Cipres (Miller et al. 2011), four parallel runs, were performed for 10 million
generations sampling every 100" generation for the single gene trees. Param-
eter convergence > 200 was verified in Tracer v. 1.7 (Rambaut et al. 2018). The
phylogenetic clade was strongly supported if the bootstrap support value (BS)
was = 70% and/or a posterior probability (PP) <0.01.

Results
Phylogenetic analysis

The ML and Bayesian analyses of the 50 ITS sequences, are shown in Fig. 1
with associated bootstrap supports for branches.

In the phylogenetic tree, the 46 ITS sequences from Hydnotrya ascomata re-
vealed the phylogenetic relationship of 14 species: Clade 1 includes 5 sequenc-
es of H. bailii from Europe. Clade 2 includes 2 sequences of H. brunneospora
from China. Clade 3 includes 4 sequences of H. tulasnei from Europe. Clade 4
includes 3 sequences of H. puberula from China. Clade 5 includes 2 sequenc-
es of H. badia from China. Clade 6 includes 2 sequences of H. nigricans from
China. Clade 7 includes 6 sequences of H. cerebriformis from Germany, China,
and Mexico; two other distinct clades were revealed, one comprising Eurasian
specimens, and the other comprising specimens from Mexico, which is proba-
bly because these specimens, respectively, are from Holarctic and Neotropical
regions. Clade 8 includes 3 sequences of H. variiformis from the USA. Clade 9
includes 2 sequences of H. cubispora from the UK and USA. Clade 10 includes 3
sequences of H. michaelis from Europe. Clade 11 includes 3 sequences of new
species, H. oblongispora from China. Clade 12 includes 3 sequences of Hydno-
trya sp. from the USA. They may be new species from North America that have
not yet been reported. Clade 13 includes 6 sequences of H. laojunshanensis
from China. When the latter was reported, only one specimen was found, and
many more were collected over the past few years, so new DNA sequences of
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Figure 1. Phylogeny derived from a maximum likelihood (ML) analysis of the nrDNA-ITS sequences from Hydnotrya spe-
cies, using Gyromitra esculenta and G. infula as outgroup. Values next to nodes reflect, maximum likelihood bootstrap
support values (BS), left, and Bayesian posterior probabilities (PP), right. Names of novel species and samples with
newly generated sequences in bold. Symbols by taxon names indicate specific fruiting body types, the arrangement of

the ascospores in the ascus and ascospore appearance.

H. laojunshanensis were added. Clade 14 includes 2 sequences of a new species,
H. zayuensis from China. The phylogenetic analysis shows that the new species
are distinct from other Hydnotrya species. In addition to the ITS sequences used
in this phylogenetic analysis, the LSU sequences were amplified from the newly
supplemented specimens in this study and uploaded to NCBI for future study.
Based on the ITS locus, two major monophyletic lineages are presented,
showing a strong sister relationship (BS=100%; PP = 1.0). They are Clade A
(including Clade 1-9) and Clade B (include Clade 10—14) respectively. The spe-
cies included in these two phylogenetic morphologically share commonalities

and uniqueness.

Taxonomy

Hydnotrya oblongispora L. Li & S.H. Li, sp. nov.

MycoBank No: 846735
Plate 1

Diagnosis. Differs from other species in the genus Hydnotrya by its nearly

single-chambered ascomata and long ellipsoidal ascospores.
Etymology. oblongispora, refers to the long ellipsoidal ascospores.
Holotype. CHINA, Yunnan, Lijiang (26°37.00'N, 99°42.00'E), alt. 3737 m, in the

forest of Abies forrestii Coltm.-Rog, 12 August 2020, Lin Li, BMDLU L20069.
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Plate 1. Hydnotrya oblongispora A young sarcomata B mature ascomata with different openings C a piece of section of
the ascomata in lactophenol cotton blue D a peridium section in lactophenol cotton blue E a section of paraphyses in 5%
KOH F a base of asci in lactophenol cotton blue G ascospores released from the ascus H asci in lactophenol cotton blue
I an ascus with 8 ascospores J-L ascospores under SEM. Scale bars: 1 cm (A, B); 100 pm (C); 50 pm (D); 10 um (E-I);
5um (J, L); 2 um (K).
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Description. Ascomata irregularly globose, 1.0-2.5 cm in diameter when
fresh, smooth, sometimes gently folded inward, surface light khaki (4C5) to
reddish brown (8D8); nearly single-chambered with a primary apical open-
ing up to 0.2-0.8 cm in diameter, sometimes the opening is just an almost
closed seam, white fluffy inside cavity. Elastic and crisp. No special smell
was noticed.

Peridium two-layered, 280-340 pm thick, outer layer 80-100 pum thick,
composed of light brown (6D8) ellipsoidal or irregular cells, with a red brown
(6E8) pigment deposited on the outermost cells; inner layer, 200240 pm
thick, consists of hyaline interwoven hyphae. Gleba chamber hollow, lined
with a milky white (4B2) hymenium, hymenial surface fluffy. Asci cylindrical,
102.5-138.5 x 13.0—25.5 ym, 8-spored, thin-walled, narrowed into a long stalk
(20-35 pm) at the base, without croziers, arranged in a palisade. Ascospore
strictly uniseriate, long ellipsoidal, (20.0-) 26.5-39.0 x (9.5-) 11.0-21.5 ym,
Q = 2.0%0.03, hyaline when immature, golden yellow (5B7) when mature, with a
thickened exosporium, surface pitted. Paraphyses hyaline, straight stick shape,
2.5-5 pm in diam, septate, exceeding the asci by 60-70 pym.

Ecology and distribution. Hypogeous, solitary, or in groups in soil, under
A. forrestii mixed with shrubs of Rhododendron spp., fruiting from late summer
to early autumn. Known only from Yunnan Province, China.

Additional specimens examined. CHINA, Yunnan Province, Lijiang, Jiuhe,
(26°38.00'N, 99°42.00'E), alt. 3946 m, in the forest of A. forrestii, 12.Aug.2020,
Lin Li (BMDLU L20067. GenBank: ITS = OM232075, LSU = ON982626); same
locality, 19.Sept.2021, Lin Li (BMDLU L21217. GenBank: ITS = 0M232084, LSU
= ON982625).

Notes. H. oblongispora is characterized by its mostly simple-chambered
ascomata and golden yellow long-ellipsoid ascospores, especially with pitted
surfaces, which differ from all other species of Hydnotrya. Molecular analysis
also shows that H. oblongispora is distinct from other Hydnotrya species, al-
though it is closely related to H. michaelis. However, H. michaelis has convolut-
ed, lobed ascomata and broadly ellipsoid spores with warty ascospores, which
differ from this new species.

Hydnotrya zayuensis L. Li & S.H. Li, sp. nov.
MycoBank No: 846736
Plate 2

Diagnosis. Differs from all other species in Hydnotrya by its almost single-cham-
bered ascomata, light golden yellow ellipsoidal ascospores.

Etomology. zayuensis from Latin, referring to the type locality.

Holotype. CHINA, Tibet, Zayu (28°35.00'N, 98°06.00'E), alt. 3770 m, in a forest
of Abies sp., 11 August 2022, Lin Li BMDLU L22027.

Description. Ascomata irregularly globose, 1.5-2.5cm in diameter when
fresh, smooth, convoluted, almost single-chambered with a primary apical
opening, sometimes the opening nearly closed like a seam, white fluffy inside,
surface cinnamon (5E8); shrunken, becoming fuzzy when dried, although there
are no protruding hyphae cells from the outermost layer of the peridium. Elastic
to crisp. No special smell was noticed.
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Plate 2. Hydnotrya zayuensis A ascomata B section of ascomata, with hymenium-lined chambers C habitat D inner sur-
face of ascomata E peridium in 5% KOH F hymenium G asci in 5% KOH H paraphyses | ascospores in 5% KOH J-L asco-
spores under SEM (L. SEM of a single ascospore cut in half). Scale bars: 1cm (A); 1 mm (B); 0.5cm (D); 100 pm (E);
50 pm (F); 20 pm (G); 10 pm (H); 10 pm (1); 5 ym (J-L).
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Peridium two-layered, 180—250 pm thick, outer layer 40—80 pm thick, composed
of ellipsoid or irregular cells, which grow larger toward the surface, with a yellow
brown (4C5) pigment deposited on the outermost cells; inner layer, 1710-160 um
thick, consisting of hyaline parallel interwoven hyphae. Gleba chamber hollow,
lined with off-white (1A2) hymenium when immature; two-layered when mature,
the outer layer golden brown (5C7), the inner layer yellowish to whitish (4A2), hy-
menial surface fluffy. Asci cylindrical, 118.5-130.5 x 15.0-22.5 pm, 8-spored,
thin-walled, narrowed into a long stalk (20—-40 pm) at the base, without croziers,
arranged in a palisade. Ascospore strictly uniseriate, ellipsoid (shape including
the thickened exosporium), (17-)20-30.5 x 15.5-18.0 ym, Q = 1.5 £ 0.16, hyaline,
exosporium thin when immature, surface roughness, and looks crumbly, golden
yellow (4B8) when mature. Paraphyses hyaline, straight stick shape, 1.5-2.5 umin
diam, septate, apical slightly inflated, exceeding the asci by 120-160 pm.

Ecology and distribution. Hypogeous, solitary in the humus under Abies sp.
mixed with shrubs of Rhododendron spp. Fruiting in summer, from July to Sep-
tember. Known only from Zayu, Tibet, China.

Additional specimen examined. CHINA, Tibet, Zayu, 28°47.00'N, 98°21.00'E,
alt. 3840 m, in a forest of Abies sp., 15.July.2022, Shucheng He (BMDLU L22024.
GenBank: ITS = 0P908304, LSU = 0P908301).

Notes. Morphologically, H. zayuensis is similar to H. laojunshanensis. How-
ever, H. zayuensis has much smaller ascospores, and a thinner peridium, as
well as lighter colored ascomata. Molecular analysis showed that H. zayuensis
is distinct from H. laojunshanensis and other species of Hydnotrya.

Hydnotrya laojunshanensis L. Li, D.Q. Zhou & Y.C. Zhao 2013
MycoBank No: 803968
Plate 3

Description. Ascomata irregularly globose, 1.0-3.0 cm in diameter when fresh,
brownish orange (6C8), smooth, mostly single-chambered with a primary api-
cal opening to 0.1-0.5 cm in diameter, the opening rarely narrowing into a slit,
sometimes folded forming few channels, lined with white fluffy hymenium.
Elastic to crisp. No special smell was noticed.

Peridium two-layered, 350—-570 pym thick, outer layer 160—200 pm thick, com-
posed of light brown (6E8) angular or irregular cells, inner layer, 220-350 pm
thick, consisting of hyaline interwoven hyphae. Gleba chamber hollow, lined
with off-white (1A2) hymenium when immature; two-layered when mature, the
outer layer orange (6B8), the inner layer yellowish to whitish (4A2), hymenial sur-
face fluffy. Asci cylindrical, 331.5-390.5 x 25.5-35.5 pm, 8-spored, thin-walled,
narrowed at the base into a long stalk (30—50 um), without croziers, arranged
in a palisade. Ascospore strictly uniseriate, ellipsoid (excluding the thickened
exosporium), rectangular (with the exosporium), (26.5-)33.0-50.5 x (15.5-
)20.5-35.5(-38.0) um Q = 1.35+0.02, surface rough, reddish orange to golden
(6B8) when mature. Paraphyses hyaline, straight stick shape, 2.0—-6 pm in diam,
apical slightly inflated, septate, exceeding the asci by 180—300 pm.

Ecology and distribution. Hypogeous, solitary, or in groups in soil, under
Abies spp., fruiting from late summer to early autumn. Known only from Yun-
nan Province, China.
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Plate 3. Hydnotrya laojunshanensis A young sarcomata cut in half B mature ascomata with one cut in half C infolded
and chambered ascoma D section of hymenium in 5% KOH E a peridium section in 5% KOH F ascospores released from
asci in 5% KOH G-I ascospores under SEM (I. SEM of a single ascospore cut in half). Scale bars: 1 cm (A, B); 50 ym (D,
E); 20 um (F); 5 um (G-I).

Additional specimens examined. CHINA, Yunnan Province, Laojun moun-
tains, 26°42.00'N, 99°42.00'E, alt. 3786 m, in a forest of A. forrestii var. smithii,
30.Aug.2012, Lin Li (Holotype, YAAS L2425; GenBank KC878618); Shangri-La,
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28°16.00'N, 99°11.00'E, alt. 3978 m, in a forest of Abies sp., 19 Aug. 2014,
Shanping Wan (HKAS95802 GenBank: ITS = OP908303), Lijiang, 26°42.00'N,
99°58.00'E, alt. 3540 m, in a forest of A. forrestii, 12 Sept. 2019, Lin Li (BMD-
LU L21197 GenBank: ITS = ON982592, LSU = ON982620); Lijiang, 26°56.00'N,
99°32.00'E, alt. 3805 m, in a forest of A. forrestii, 21 Sept. 2021, Lin Li (BMDLU
L21211 GenBank: ITS = ON982580, LSU = ON982621, BMDLU L21212 GenBank:
ITS = ON982593, LSU = ON982622, BMDLU L21215 GenBank: ITS = ON982594,
LSU = ON982623).

Notes. When the species was described in 2013 by Li et al., only one collec-
tion from Mt. Laojun in Yunnan Province, China, was reported. More specimens
of H. laojunshanensis have been found at other places in Yunnan since then.
We discovered that this species had not only simple chambered ascomata but
also folded, chambered ascomata. This species has large, rectangular asco-
spores (including thickened exsporium) with a rough surface differentiating
from other species in Hydnotrya.

Discussion

To date, 17 species of Hydnotrya (including these two new species) are accept-
ed worldwide (Kirk et al. 2008; Stielow et al. 2010; Li et al.2013; Xu et al. 2018).
The main macroscopic and microscopic characters of these species are pro-
vided and discussed based on available literature (Table 2).

The ascospore morphology is highly variable among different species in
Hydnotrya, which is useful for distinguishing species. Abbott and Currah (1997)
once divided the genus Hydnotrya into two subgenera: subg. Hydnotrya and
Cerebriformae, according to the characters of their ornamentation. The subg.
Hydnotrya had four species of H. tulasnei, H. michaelis, H. cubispora, and H. va-
riifformis showing ascospores with rounded or irregular warts. The subg.Cereb-
riformae has only one species of H. cerebriformi differs from Subg. Hydnotrya
in ascospores with short, rounded aculei. However, the current phylogenetic
analysis showed that ascospore characteristics were not reliable for differenti-
ating species of Hydnotrya into these subgenera (Fig. 1).

Based on ITS analyses, 14 species of Hydnotrya are divided into two lineag-
es, A and B. The species in the clade A mostly have nearly solid gleba (6 out of
9) and globose, warty ascospores, either uniseriately or biseriately arranged in
asci. The clade A is divided into two subclades: the subclade Aa (clade 1-6)
and Ab(clade 7-9). The species in the subclade Aa have solid ascomata. Two
groups can be distinguished: the group 1 (clade 1 and 2) and group 2 (clade
3-6), both found in China and Europe. The group 1 contains two species with
ascospores uniseriately arranged in asci; the group 2 contains four species
with ascospores biseriately arranged in asci. Species in the subclade Ab are
distributed in China, Europe, and America, and have hollow ascomata and as-
cospores uniseriately arranged in asci. The species in the clade B has hollow to
chambered gleba and ellipsoidal ascospores (without thickened exosporium),
biseriately arranged in asci. The clade B is divided into two groups: Ba and Bb.
The group Ba (clade 10 and 11) contains 2 species distributed in China and
Europe, with ellipsoidal ascospores, with a pitted surface. The group Bb (clade
13 and 14) contains two species, only found in China, with rectangular and ellip-
soidal ascospores (with thickened exosporium), with a rough surface. (Fig. 1).
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Based on the morphological and molecular phylogenetic analyses there
seems to be a trend in morphological traits among the species within the
genus Hydnotrya, that is, the gleba evolved from being hollow or chambered
to nearly solid; the ascus becoming shorter and wider, with ascospores ar-
ranged from uniseriate to biseriate; ascospores from ellipsoidal to globose,
with an ornamentation from smooth to rough as well. This evolutionary
trend in the genus Hydnotrya is probably related to their hypogeous habits,
that is, if the gleba has more chambers, the ascoma will hold more asco-
spores, and so there are more chances of ascospores to be dispersed by
animals that eat them (Hawker 1955; tawrynowicz 1990; Laessge and Han-
sen 2007; Bonito et al. 2013). All of this improves their survival and repro-
duction. Of course, more collections would be needed for comprehensive
morphological and molecular analyses to provide more evidence to support
this hypothesis.

In China, 9 species were recorded before this study (Xu et al. 2018). In this
paper, two new species are described. 11 species are now known in China,
among which 7 species are distributed in southwest China.

Key to species of Hydnotrya

1  Ascomata hollow, gleba chamber simple or infolded................c..cccco.... 2
- Ascomata solid, gleba labyrinthine chambered ...........c.ccccoovviiiieinnnnn. 11
2 Ascospores rectangular or cubical ..........ccocoooiiiiiiiiie, 3
—  Ascospores ellipsoidal or globose..........cccccciiiiiiiiiccicic 4
3 Ascospores cubical.........ccooouioiiiiiiieeeeeee e H. cubispora
—  Ascospores rectangular............ccocoeoeeiieieienineeeeee H. laojunshanensis
4 Odor distinct, with a special smell ............cccoooieiiiiiie 5
= 0dor NOt diStINCT......ccviiiiiciiciiciciecee e 6
5  Odor and taste strongly garlic ........ccccoooeeoeeriniieceeeeee e H. subnix
—  Odor strong pungent and persistent............cc.cccceveevieeieieennns H. michaelis
6  Ascospores mostly globoSe.........ccoouivieieiiiiiicieee 7
- Ascospores ellipsoidal or long ellipsoidal ...........cccooeiiiiiiniie 8

7  Ascospores globose, with prominent echinate ornamentation ...................
............................................................................................... H. cerebriformis
- Ascospore mostly globose, with aggregated, irregular flexuous spines.....
.................................................................................................... H. inordinata
8  Ascospores long ellipsoidal, surface pitted, ascomata mostly single

chambered.........ooo o H. oblongispora
—  Ascospores ellipsoidal, Q ratio lessthan 2............cccccoveeieeieciiiiiciicees 9
9  Ascospores incompletely biseriate at immaturity, strictly uniseriate at ma-
TUFITY TN @SClineiiiiiiieiee ettt e 10

—  Ascospores strictly uniseriate from immature to mature asci .....H. zayuensis
10 Ascospores broadly ellipsoidal, vertically grooved, forming irregular

WIS .ottt ettt et e et e et e e eaee e H. confusa
—  Ascospores ellipsoidal, surface appearing punctate and with small irregu-
[Ar NOAUIES ... H. variiformis
11 Ascospores mostly uniseriate........ccocooieieeiiiiiieeeeee e 12
—  Ascospores mostly biseriate...........ccooveiieiiiiiiiicecee 13
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12 Ascospores less than 35 pym*in length, reddish brown................... H. bailii
—  Ascospores up to 46 um” in length, brown to golden brown..H. brunneospora
13 Odor with alight fragrance ...........cccccoveeieiieciiicieccecee, H. soehneri
= 0dor NOt diStINCT......ccooiiiiiiieiieiieiee e 14
14 Ascoma surface tomentose, withpurple tints when fresh......... H. puberula
—  ASCOMA NOT tOMENTOSE ...coueiiiiiiiiiiee et 15
15 Ascospores without prominent protuberances, trigonal outline in cross

section, ascomata blackish...........ccccoviiieiiiiiiiii H. nigricans
—  Ascospores with recognizable protuberances............ccccccoevvevieiieciiennnnne. 16
16 Ascospores, 20—30 pm diam.”, ochre-reddish, with conspicuous, irregular

WATTS ettt et et e sttt et e et aeetaeetaeenseeeneeenneen H. tulasnei
—  Ascospores, 25-40 pm in diam.”, red brown to reddish, with regular large

PrOtUDEIANCES. ... .ot H. badia
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Abstract

Molecular phylogenetic and chemical analyses, and morphological characterization
of collections of North American Paraisaria specimens support the description of two
new species and two new combinations for known species. P cascadensis sp. nov. is a
pathogen of Cyphoderris (Orthoptera) from the Pacific Northwest USA and P. pseudohet-
eropoda sp. nov. is a pathogen of cicadae (Hemiptera) from the Southeast USA. New
combinations are made for Ophiocordyceps insignis and O. monticola based on mor-
phological, ecological, and chemical study. A new cyclopeptide family proved indispens-
able in providing chemotaxonomic markers for resolving species in degraded herbarium
specimens for which DNA sequencing is intractable. This approach enabled the critical
linkage of a 142-year-old type specimen to a phylogenetic clade. The diversity of Parais-
aria in North America and the utility of chemotaxonomy for the genus are discussed.

Key words: Ascomycota, chemotaxonomy, Cicada, Cordyceps, Cyphoderris, entomo-
pathogen, Ophiocordyceps, Prionus

Introduction

Paraisaria is an asexual morph-typified genus of entomopathogenic fungi, origi-
nally described by Samson and Brady in 1983, characterized by synnemata with
verticillately-branched conidiophores and flask-shaped sympodially proliferat-
ing phialides (Samson and Brady 1983). These asexual morphs were derived
from larvae (Delacroix 1893) and from cultured isolates of the sexual morphs
of species in the genus Cordyceps (Samson and Brady 1983; Li et al. 2004),
which were later transferred to Ophiocordyceps (Sung et al. 2007). Paraisaria
was later proposed for suppression, along with four other genera then in use, in
favor of recognizing a broad concept of Ophiocordyceps (Quandt et al. 2014).
This limited the number of new combinations required to accommodate TF1N
rules following the abolition of the dual system of nomenclature in which sex-
ual states and asexual states of fungi were classified separately. In molecu-
lar analyses, Paraisaria has been recovered as a distinct monophyletic clade,
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being referred to as the “gracilis subclade” within the “ravenelii subclade” of
Ophiocordyceps by Sanjuan et al. (2015). Paraisaria was ultimately resurrected
in 2019, segregated from Ophiocordyceps, and amended to include sexual mor-
phology (Mongkolsamrit et al. 2019). Paraisaria species possess distinctive
sexual morphs characterized by a globose fertile terminal portion of the stroma
with immersed perithecia. Thus, Paraisaria constitutes a distinct, and robustly
monophyletic clade deserving a unique genus classification, though its segre-
gation from Ophiocordyceps rendered Ophiocordyceps into several paraphyletic
clades. Ultimately, a comprehensive analysis of Ophiocordyceps sensu Sung et
al. (2007), is needed to establish robust generic concepts and restore global
monophyly. A major sticking point for this action is the uncertain placement
of the type of Ophiocordyceps, O. blattae, among the paraphyletic subclades
of Ophiocordyceps.

In North America, Paraisaria species are unique among most Cordyceps
sensu lato in that they form fruiting bodies in the spring, whereas most other
insect pathogens fruit in the summer, fall, or winter months, which is evident in
herbarium records on MycoPortal (MycoPortal 2023) and observations on the
community science platform iNaturalist (https://www.inaturalist.org/projects/
north-american-cordyceps-sensu-lato). Most Paraisaria species, and thus far,
all known Paraisaria species occurring in North America, form fruiting bodies
on subterranean insect hosts.

Some of the insect hosts of Paraisaria species are sought as food and their
contamination by Paraisaria species could pose a human health concern. Doan
et al. (2017) reported a series of poisonings and one fatality in Southern Viet-
nam, among people who had consumed cicadae infected with a fungus identi-
fied as Paraisaria heteropoda (=Cordyceps heteropoda, Ophiocordyceps hetero-
poda), between 2008 and 2015. The toxicity was attributed to the presence of
mycotoxins in the otherwise edible cicadae, and the toxic agent was putative-
ly identified as ibotenic acid. The potential role of entomopathogenic fungi in
causing food-borne mycotoxin poisonings underscores the need to describe
the biological and chemical diversity present in this group of fungi.

In addition to their impact on human and animal health, fungal natural prod-
ucts can be highly useful phenotypic characters for taxonomic purposes.
Chemical fingerprints can be used to identify chemical families that constitute
a generic chemotype for a taxonomic group, and also unique suites of com-
pounds within a chemical family can be used to resolve species. For example,
Cedefio-Sanchez et al. (2023) profiled chemical extracts from stromata to char-
acterize and distinguish species and genera in the family Hypoxylaceae.

Only two studies (Krasnoff et al. 2005; Umeyama et al. 2011) have reported
a total of five natural products from Paraisaria species, both of which investi-
gated fungi identified as the cicada pathogen, Paraisaria heteropoda. A third
study reports leucinostatin analogs from an organism reported as Ophiocordy-
ceps heteropoda (=Parasiara heteropoda) (Kil et al. 2020), but which is evident-
ly a Purpureocillium species based on ITS phylogeny and chemotaxonomy.
Doan et al. (2017) also report the amino acid, ibotenic acid from this spe-
cies, but no analytical chemistry data are presented to confirm this. There are
currently no published genome sequences available to mine the specialized
metabolic potential of Paraisaria species, although the sequenced genomes

MycoKeys 100: 69-94 (2023), DOI: 10.3897/mycokeys.100.110959 70



Richard M. Tehan et al.: New species and new combinations in the genus Paraisaria from the U.S.A.

of other Ophiocordycipitaceae species display a familial trend of high biosyn-
thetic capacity for specialized metabolites. The first chemical study of a mem-
ber of this genus resulted in the discovery of the new 8-residue antimicrobial
peptaibiotics, cicadapeptins | and Il, which possessed a unique two consec-
utive 4-hydroxyproline residues at the N-terminus (Krasnoff et al. 2005). The
known antifungal and immunosuppressant sphingosine analog, myriocin was
also isolated in this study. Heteropodamides A and B are N-methylated cy-
clic heptapeptides reported as cytotoxins from P. heteropoda (Umeyama et al.
2011). Their absolute structures are yet to be determined. The further discov-
ery of Paraisaria species and their natural products presents fertile grounds
for investigation.

In the course of ongoing investigations for the discovery of biologically ac-
tive natural products from Paraisaria species (Tehan 2022), it became critical
to perform a taxonomic analysis of North American Paraisaria to better un-
derstand the biological diversity present in this group. In this study, we exam-
ined 29 recent collections of Paraisaria to investigate the diversity of North
American Paraisaria. We also analyzed the type collections of Ophiocordyceps
insignis and O. monticola, both of which were anticipated to belong in Paraisaria
based on morphological description, ecology, and phenology. One phylogenet-
ically informative DNA sequence was afforded from the 87-year old O. mon-
ticola specimen. The 142-year old O. insignis type did not permit successful
DNA sequencing, however, chemical analysis of the newly characterized para-
isariamide family of compounds by LC-HRMS provided robust support for the
combination of both species into Paraisaria, as well as the correct identification
of a species of importance to human health, as P, insignis. This study provides
a novel framework for the use of minimally destructive chemical analysis in
taxonomic assessment of type specimens where DNA sequencing is not possi-
ble. The combined analysis of molecular data, morphology, ecology, phenology,
and chemical data support the circumscription of two new species and two
new combinations, and provides an initial overview of the diversity of American
Paraisaria species.

Materials and methods
Specimens and isolates

Twenty nine new collections of Paraisaria specimens and their insect hosts
were examined. Macroscopic characters were examined from fresh stroma-
ta, and microscopic characters were examined from fresh and dried stroma-
ta, including ascospores discharged from fresh stromata when possible and
sections of dried specimens. Colors are in general terms of the senior author.
Specimens are deposited in the Oregon State University Herbarium myco-
logical collection. Culture isolates of fungi were made from tissue dissected
from the context of stromata, placed on PDA with 50 pg/ml ampicillin and
100 pg/ml streptomycin, or from ascospores germinated on PDA. Agar plugs
were taken from outgrowth of stromatic tissue and subcultured onto PDA and
CMA at 20 °C. Cultures are deposited at the USDA ARS Collection of Entomo-
pathogenic Fungal Cultures (ARSEF).

MycoKeys 100: 69-94 (2023), DOI: 10.3897/mycokeys.100.110959 71



Richard M. Tehan et al.: New species and new combinations in the genus Paraisaria from the U.S.A.

Morphological observations

Fruiting bodies were examined for morphological measurements using a Vernier
caliper (Fowler). Sections of ascogenous tissue were mounted in lactophenol cot-
ton blue, 5% KOH, or distilled water, and microanatomical characters were exam-
ined with light microscopy using a Leica DM2500. Twenty each, perithecia, asci,
and part-spores were measured at magnifications of 10x, 20x, 40x%, 63x, or 100x.

DNA extraction and sequencing

DNA was extracted from the ascogenous portion of dried stromata, ground
with mortar and pestle in CTAB buffer (1.4 M NaCl, 100 mM Tris—HCI pH 8.0,
20 mM EDTA pH 8.0, 2% CTAB w/v) and processed following the method of Ke-
pler et al. (2012). Samples were extracted with 25:24:1 phenol:chloroform:iso-
amyl alcohol, (affymetrix), and DNA was precipitated with 3 M sodium acetate
(pH 5.2) and 95% ethanol. PCR amplification was performed on the Internal
Transcribed Spacer (ITS), amplified using ITS4 and ITS5 primers (White et al.
1990). Alternatively, ITS1F (Gardes and Bruns 1993) was used as a forward
primer for samples where ITS4 did not work. For samples in which amplifica-
tion of the ITS region did not succeed, individual amplification of the ITS1 and
ITS2 loci was attempted using primer sets ITS5 and ITS2 (White et al. 1990) for
the ITS1 locus, and ITS3 (White et al. 1990) and ITS4 for the ITS2 locus. Nuclear
small subunit (nucSSU) was amplified using nucSSU131 and NS24 (Kauff and
Lutzoni 2002), nuclear large subunit (nucLSU) using LROR (Rehner and Samu-
els 1994) and LR7 (Vilgalys and Hester 1990), subunit 1 of RNA polymerase I
(RPB1) using RPB1-A, and RPB1-6R1asc (Hofstetter et al. 2007). Alternatively,
CRPB-1 (Castlebury et al. 2004) was used as a forward primer for samples
where RPB1-A, did not work. Elongation factor 1a (EF-1a) was amplified using
983F and 2218R (Castlebury et al. 2004). PCR was performed with an iCycler
(Bio- Rad, USA), with a total of 20 pl reaction mixture containing 1x PCR Buffer
(Promega), 1x TBTpar prepared as in Samarakoon et al. (2013), 2.5 mM MgCl,,
0.5 pM each forward and reverse primers, 200 uM of each of the four dNTPs,
and 0.5 U Taq polymerase. For ITS, SSU, LSU, and TEF, the PCR thermal cycle
consisted of an initial 1 min denaturation at 95 °C; 34 cycles of 30 s at 94 °C,
1 min at 52 °C, 1.5 min at 72 °C, and a termination with an elongation 7 min at
72 °C. For RPB1 and RPB2, the PCR thermal cycle consisted of an initial 1.5 min
denaturation at 95 °C; 39 cycles of 30 s at 94 °C, 1 min at 47 °C, 2 min at
72 °C, and a termination with an elongation 4 min at 72 °C. Sequencing was
performed by the Sanger method at the Center for Quantitative Life Sciences at
Oregon State University. The sequences obtained in this study were deposited
to GenBank (Table 1).

Data analysis

Sequences derived from the SSU, LSU, TEF, RBP1, RPB2, and ITS were aligned
with MUSCLE 5.1 (Edgar 2004). Ambiguous and phylogenetically uninformative
regions were manually removed and the trimmed alignments were concatenat-
ed for analysis using Geneious Prime® 2023.0.4. A Maximum Likelihood Tree
was made using the GTR+I+A algorithm and 1000 bootstrap replicates.
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Table 1. Sequences used in phylogenetic tree construction.

Species

Cordyceps
kyushuensis

Cordyceps militaris

Drechmeria balanoides

Drechmeria sinensis

Harposporium
anguillulae

Harposporium
helicoides

Ophiocordyceps
australis

Ophiocordyceps
australis

Ophiocordyceps
curculionum

Ophiocordyceps
irangiensis

Ophiocordyceps
kimflemingiae

Ophiocordyceps
konnoana

Ophiocordyceps
longissima

Ophiocordyceps
melolonthae

Ophiocordyceps
monticola

Ophiocordyceps
nigrella

Ophiocordyceps
nutans

Ophiocordyceps
pulvinata

Ophiocordyceps
ravenelii

Ophiocordyceps
sinensis

Ophiocordyceps
stylophora

Ophiocordyceps
variabilis

Ophiocordyceps
variabilis

Paraisaria alba

Paraisaria amazonica

Paraisaria amazonica

Paraisaria arcta

Paraisaria arcta

Paraisaria blattarioides

Paraisaria blattarioides

Code
EFCC 5886

0SC.93623

CBS 250.82
CBS 567.95

ARSEF 5407

ARSEF 5354

HUA186147

HUA186097

0SC 151910

NBRC101400

SC30

EFCC 7315

TNS F18448

0SC.110993

BP1634610

EFCC 9247

0SC 110994

TNS-F 30044

0SC 151914

EFCC 7287

0SC_111000

0SC 111003

ARSEF 5365

HKAS_102484
HUA 186143

HUA 186113

HKAS_102553
HKAS 102552
HUA186093

HUA 186108

Host ITS

Lepidoptera -
Lepidoptera | JN049825

MH861495
MH862540

Nematoda

Nematoda
Nematoda -
Nematoda -
Hymenoptera -
Hymenoptera -
Coleoptera -
Hymenoptera = JN943335
Hymenoptera -
Coleoptera -
Hemiptera -
Coleoptera -
Orthoptera = 0Q709246
Coleoptera | JN049853
Hemiptera -
Hymenoptera -
Coleoptera -
Lepidoptera | JN049854
Coleoptera | JN049828
Diptera -
Diptera -

Orthoptera | MN947219

Orthoptera -

Orthoptera =

MN947221
MN947220

Lepidoptera
Lepidoptera
Blattodea -

Blattodea -
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Ssu
EF468960

AY184977

AF339588
AF339594

AF339577

KC610784

KC610786

KJ878918

JN941714

KX713629

EF468959

KJ878925

DQ522548

EF468963

DQ522549

GU904208

KJ878932

EF468971

DQ522552

EF468985

DQ522555

MN943843
KJ917562

KJ917566

MN943845
MN943844
KJ917559

KJ917558

LSU
EF468813

AY184966

AF339539
AF339545

AY636080

AF339527

KC610764

KC610765

KJ878885

JN941426

KX713622

KJ878892

DQ518762

EF468818

DQ518763

EF468827

DQ518766

EF468839

DQ518769

MN943839
KJ917571

KJ917572

MN943841
MN943840
KJ917570

KJ917569

EF1a
EF468754

DQ522332

DQ522342
DQ522343

KC610734

KC610735

KX713699

EF468753

KJ878971

DQ522331

EF468758

DQ522333

GU904209

KJ878978

EF468767

DQ522337

EF468779

DQ522340

MN929085
KM411989

MN929087
MN929086
KM411992

RPB1
EF468863

DQ522377

DQ522388
DQ522389

KF658678

KF658662

KJ878999

JN992449

KX713727

EF468861

KJ879005

DQ522376

EF468866

DQ522378

GU904210

KJ879012

EF468874

DQ522382

EF468885

DQ522386

MN929078
KP212902

KP212903

MN929080
MN929079
KP212910

KP212912

RPB2 Reference

EF468917 Sung et al.

2007

- Kepler et al.

2017
DQ522442 | Vuetal. 2019

DQ522443 | Spatafora et al.
2007

Chaverri et al.
2005

- Sung et al.
2001

- Sanjuan et al.
2015

- Sanjuan et al.
2015

- Quandt et al.
2014

- Schoch et al.
2012

- Aratjo et al.
2018

EF468916 = Mongkolsamrit
etal. 2019

- Quandt et al.
2014

- Mongkolsamrit
etal. 2019

- This Study

EF468920 | Mongkolsamrit

etal. 2019

= Quandt et al.
2014

- Kepler et al.
2011

KJ878950 | Quandtetal.

2014

EF468924 = Quandtetal.

2014

DQ522433 | Quandtetal.

2014

EF468933 = Mongkolsamrit

etal. 2019

DQ522437 | Mongkolsamrit

etal. 2019

MN929082 | Wei et al. 2021

KM411982 | Sanjuan et al.

2015

KM411980 @ Sanjuan et al.

2015
= Wei et al. 2021
MN929083 | Wei et al. 2021

- Sanjuan et al.
2015

KM411984 = Sanjuan et al.

2015
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Species

Paraisaria
cascadensis

Paraisaria
cascadensis

Paraisaria
cascadensis

Paraisaria coenomyia
Paraisaria coenomyia

Paraisaria gracilioides

Paraisaria gracilioides

Paraisaria gracilis

Paraisaria gracilis

Paraisaria heteropoda

Paraisaria heteropoda

Paraisaria heteropoda

Paraisaria heteropoda

Paraisaria heteropoda

Paraisaria insignis
Paraisaria insignis
Paraisaria insignis
Paraisaria insignis
Paraisaria insignis
Paraisaria insignis

Paraisaria
orthopterorum

Paraisaria
orthopterorum

Paraisaria
phuwiangensis

Paraisaria
phuwiangensis

Paraisaria
pseudoheteropoda

Paraisaria
pseudoheteropoda

Paraisaria
pseudoheteropoda

Paraisaria
pseudoheteropoda

Paraisaria
pseudoheteropoda

Paraisaria rosea
Paraisaria sp.
Paraisaria sp.

Paraisaria tettigonia

Paraisaria yodhathaii

Code
0SC-M-052010

0SC-M-052012

0SC-M-052017

NBRC 106964
NBRC 108993
HUA186095

HUA 186092

EFCC 3101

EFCC 8572
0SC 106404

EFCC 10125

NBRC 100643
BCC 18235
(NBRC 100642)
BCC 18246
(NBRC 33060)
0SC.164134
0SC.164135
0SC.164137
0SC-M-052004
0SC-M-052008
0SC-M-052013
BBC 88305

TBRC 9710

TBRC 9709

BBH 43492

0SC-M-052005

0SC-M-052007

0SC-M-052022

0SC-M-052020

0SC-M-052009

HKAS_102546
0SC-M-052011
0SC-M-052026

GZUH
CS14062709

BBH 43163

Host

Orthoptera

Orthoptera

Orthoptera

Diptera
Diptera

Coleoptera

Coleoptera

Lepidoptera

Lepidoptera

Hemiptera

Hemiptera

Hemiptera

Hemiptera

Hemiptera

Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera

Orthoptera

Orthoptera

Coleoptera

Coleoptera

Hemiptera

Hemiptera

Hemiptera

Hemiptera

Hemiptera

Coleoptera
Insecta
Insecta

Orthoptera

Coleoptera

ITS
0Q709237

0Q709239

0Q709240

AB968397
AB968396

JN049851

JN049852

AB968411

0Q709231
0Q709232
0Q709233
0Q709234
0Q709236
0Q709244
MH754742

MH754743

MK192015

MH188541

0Q709235

0Q709245

0Q709243

0Q709241

MN947222
0Q709238
0Q709242
KT345954

MH188539
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SSuU
0Q800918

0Q800920

0Q800921

AB968385
AB968384
KJ917556

KJ917555

EF468955

EF468956
AY489690

EF468957

JNO941719
JN941720

AB113352

0Q800911
0Q800912
0Q800913
0Q800914
0Q800917
0Q800924

0Q800915

0Q800916

0Q800925

0Q800923

0Q800922

MN943846
0Q800919

KT345955

LSU
0Q708931

0Q708933

0Q708934

AB968413
AB968412

KJ130992

EF468810

EF468811
AY489722

EF468812

JNO41422
JN941421

0Q708924
0Q708925
0Q708926
0Q708927
0Q708930
0Q708938
MK332583

MK332582

MK192057

MH201169

0Q708928

0Q708929

0Q708939

0Q708937

0Q708935

MN943842
0Q708932
0Q708936

MK332584

EF1a
OR199814

OR199816

OR199817

AB968571
AB968570
KM411994

EF468750

EF468751
AY489617

EF468752

AB968595
AB968594

MK214083

OR199807
OR199808
OR199809
OR199810
OR199813
OR199820
MK214080

MK214081

MK214082

MH211355

OR199811

OR199812

OR199821

OR199819

OR199818

MN929088
OR199815

KT375440

MH211353

RPB1
OR199828

OR199830

OR199831

KP212914

KP212915

EF468858

EF468859
AY489651

EF468860

JN992453
JN992454

MK214087

OR199822
OR199823
OR199824

OR199827
OR199834
MK214084

MK214085

MK214086

MH211352

OR199825

OR199826

OR199835

OR199833

OR199832

MN929081
OR199829

KT375441

MH211349

RPB2
OR199838

AB968533
AB968532

EF468913

EF468912

EF468914

AB968556
AB968555

OR199836

OR199837

OR199841

OR199840

MN929084
OR199839

Reference

This Study

This Study

This Study

Banetal. 2015
Ban et al. 2015

Sanjuan et al.
2015

Sanjuan et al.
2015

Sung et al.
2007

Banetal. 2015

Quandt et al.
2014

Quandt et al.
2014

Banetal. 2015
Ban et al. 2015

Ban et al. 2015

This Study
This Study
This Study
This Study
This Study
This Study

Mongkolsamrit
etal. 2019

Mongkolsamrit
etal. 2019

Mongkolsamrit
etal. 2019

Mongkolsamrit
etal. 2019
This Study
This Study
This Study
This Study

This Study

Wei et al. 2021
This Study
This Study

Wen et al. 2016

Mongkolsamrit
etal. 2019
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Species

Paraisaria yodhathaii

Perennicordyceps
cuboideus

Perennicordyceps
prolifica

Pleurocordyceps
nipponicus

Pleurocordyceps
sinensis

Pleurocordyceps
yunnanensis

Polycephalomyces
formosus

Polycephalomyces
formosus

Purpureocillium
atypicola

Purpureocillium
atypicola

Purpureocillium
takamizusanensis

Tolypocladium
capitatum

Tolypocladium
inflatum

Tolypocladium
ophioglossoides

Tolypocladiumn
japonicum

Torrubiellomyces
zombiae

Code
TBRC 8502

CEM 1514

TNS-F-18547

BCC_2325

ARSEF_1424

NBRC 101760

CGMCC_5.2204

CGMCC_5.2208

CEM 1185

0SC 151901

NHJ_3497

0SC 71233

0SC 71235

0SC 106405

0SC 110991

NY04434801

Host ITS SSsuU LSuU EFla RPB1 RPB2 Reference
Coleoptera | MH188540 - MH201168 | MH211354 | MH211350 - Mongkolsamrit
etal. 2019
Coleoptera - KF049609 | KF049628 | KF049683 - - Kepler et al.
2013
Hemiptera KF049660 @ KF049613 | KF049632 @ KF049687 | KF049649 @ KF049670 Kepler et al.
2013
Neuroptera | KF049665 = KF049622 = KF049640 | KF049696 | KF049655 | KF049677 Kepler et al.
2013
Coleoptera | KF049661 | KF049615 = AY259544  DQ118754 DQ127245 | KF049671 Kepler et al.
2013
Hemiptera | MN586827 MN586818 = MN586836 | MN598051 | MN598042 | MN598060 Wang et al.
2021
Coleoptera | MN586831 | MN586821 MN586839  MN598054  MN598045 | MN598061 Wang et al.
2021
Coleoptera | MN586835  MN586825  MN586843  MN598058 | MN598049 = MN598065 Wang et al.
2021
Araneae - KJ878907 | KJ878872 | KJ878955 - - Quandt et al.
2014
Araneae - KJ878914 | KJ878880 @ KJ878961 @ KJ878994 - Quandt et al.
2014
Hemiptera - EU369096 | EU369033 | EU369014 EU369053 @ EU369074 & Johnson et al.
2009
Fungi - AY489689 | AY489721 = AY489615 @ AY489649 = DQ522421 @ Spatafora et al.
(Eurotiales) 2007
Coleoptera JN049844 | EF469124 | EF469077 @ EF469061 | EF469090 @ EF469108 Kepler et al.
2012
Fungi - AY489691 | AY489723 | AY489618 & AY489652  DQ522429  Castlebury et
(Eurotiales) al. 2004
Fungi JN049824 | DQ522547 H DQ518761 @ DQ522330 = DQ522375 | DQ522428 & Quandtetal.
(Eurotiales) 2014
Fungi - ON493543 ' ON493602 | ON513396 | ON513398 | ON513402 | Araujo et al.
(Hypocreales) 2022

Chemical extraction and LCMS analysis

Excisions (0.4-6.7 mg) were made from the endosclerotia of nineteen dried
Paraisaria collections, individually placed in MeOH (1 ml, HPLC-grade), sonicat-
ed for 5 min, and extracted for 1 hr at 35 °C, then 24 h at ambient temperature.
The twenty separate extracts were filtered through syringe filters (0.2 um PTFE)
and dried in vacuo before dissolution in MeOH (0.1 mg/ml, LC-MS-grade) for
analysis by LC-MS, injecting 3 pl on a Phenomenex Kinetex column (2.6 pm
C18100 A, 50 x 2.1 mm), with H,0 +0.1% Formic Acid (A) MeCN + 0.1% Formic
Acid (B) as mobile phase solvents at 0.4 ml/min. The LC method was as thus:
0.5 mins at 20% B, a linear gradient from 20-90% B over 14 mins, 4 min at 90%
B, a linear gradient from 90-100% B over 0.5 mins, 4.5 mins at 100% B, followed
by a linear return to 20% B over 3 mins, and re-equilibration at 20% B for 5 mins,
before the next injection. High resolution (Agilent 6545 QToF) mass data were
acquired for 26 mins from m/z 100—-3200, with MS/MS spectra obtained using
data-dependent ion selection for up to five precursor ions per duty cycle, ex-
cluding precursor ions with m/z less than 210, and fragmenting with collision
energies of 20, 40, and 60 eV. LCMS data files were converted to mzML format
and deposited on the public repository MassIVE (MSV000092591). Extracted
ion chromatograms were produced for m/z 690-875, corresponding to the
mass range for the paraisariamide peptide family (Tehan 2022).
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Molecular networking

Unprocessed LC-MS files were converted to mzML format and uploaded to the
GNPS online molecular networking platform (version 30) (Wang et al. 2016) us-
ing the default network settings but with minimum peak intensity set to 3000.
The resulting network was downloaded as a graphML file, analyzed, and vi-
sualized using (Ctyoscape ver. 3.9.1). The GNPS job is accessible at https://
gnps.ucsd.edu/ProteoSAFe/status.jsp?task=6bd4f858a8704e3fa98cb0c-
66de02248.

Principal component analysis

LC-MS data were processed in MZmine v2.53 (Pluskal et al. 2010). Feature
detection was performed with noise level set to 1x10% Chromatograms were
built using a minimum group size of 5, group intensity threshold set to 1x10?,
minimum highest intensity set to 2x10% and m/z tolerance was set to m/z
0.001 or 10 ppm. Chromatogram deconvolution was performed with minimum
peak height set to 1x10% peak duration was set to 0.1-10 mins, and the base-
line was set to 5x102% Isotope peaks were grouped with mass tolerance m/z
0.001 or 15 ppm, RT tolerance was set to 1, with the most intense ion taken
as the representative, and max charge was set to 2. Peaks were aligned with
mass tolerance m/z 0.001 or 12 ppm, RT tolerance set to 0.8 mins, with m/z
weighted 75% and RT weighted 25%. Feature list rows were filtered for features
falling within the range m/z 690-875, and RT 5-14 mins, with a minimum of
2 peaks per row, and a minimum of 2 peaks in an isotopic pattern. Gap filling
was performed with an intensity tolerance of 10%, mass tolerance m/z 0.001 or
15 ppm, and RT tolerance 0.6 mins. The resulting feature list was subjected to
Principal Component Analysis (PCA).

Results
Molecular phylogeny

We generated 82 new sequences (16 SSU, 16 LSU, 15 TEF, 14 RPB1, 6 RPB2, and
16 ITS). The combined dataset of 79 taxa afforded a concatenated multi-locus
alignment comprising 5,317 bp (1,030 SSU, 955 LSU, 977 TEF, 702 RPB1, 1,037
RPB2, 616 ITS) which was deposited on TreeBASE (accession URL: http://purl.
org/phylo/treebase/phylows/study/TB2:530820). In the resulting phylogenetic
tree (Fig. 1), ten genera in the family Ophiocordycipitaceae are represented.
Cordyceps kyushuensis and C. militaris (Cordycipitaceae) were designated as
outgroup taxa. All genera, with the exception of Ophiocordyceps, are supported
as monophyletic clades. A clade comprising several species morphologically
similar to the well-known cicada pathogen, P. heteropoda, referred to here as
the “P. heteropoda complex”, is resolved into five well-defined species as well
as additional samples revealing cryptic diversity. Two new species within the
P. heteropoda complex, Paraisaria cascadensis and Paraisaria pseudoheteropo-
da, are supported as monophyletic clades, and are described below. Ophiocordy-
ceps insignis samples produced a monophyletic clade within the P heteropoda
complex supporting its combination into Paraisaria, and is redescribed based
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Figure 1. Maximum likelihood tree based on the combined dataset of SSU, LSU, TEF, RPB1, RPB2, and ITS sequences
displaying the relationship of Paraisaria species within family Ophiocordycipitaceae.

on a fresh collection, which is designated here as an epitype. The type collec-
tion of Ophiocordyceps monticola also occurred within the genus Paraisaria,
grouping closely with P. yodhathaii and P. alba. It was the only North American
Paraisaria species analyzed in this study which did not fall within the P. hetero-
poda complex.

MycoKeys 100: 69-94 (2023), DOI: 10.3897/mycokeys.100.110959 77



Richard M. Tehan et al.: New species and new combinations in the genus Paraisaria from the U.S.A.

LC-MS analysis

Molecular Network Analysis of nineteen Paraisaria endosclerotium extracts
revealed a prominent subnetwork identified as the paraisariamide family of cy-
clopeptides, with constituent molecular ion masses ([M+H]*) ranging from m/z
694.49-860.56 (Fig. 2A.). All endosclerotium extract samples were observed
to possess a subset of paraisariamide congeners with partial overlap between
species. Production of paraisariamide cyclopeptides in host/endosclerotium
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Figure 2. Chemical comparison of paraisariamide content in the endosclerotia of Paraisaria species collected in the USA
A molecular network of the paraisariamide molecular family of cyclic peptides detected in methanol extracts of endosclerotia
of Paraisaria specimens. Nodes are displayed as pie charts conveying the relative abundance of paraisariamide mass ion
features in each Paraisaria species (Orange = P cascadensis, Purple = P. pseudoheteropoda, Green = P, insignis, Yellow = “Para-
isaria sp. 1", Red = P monticola) B extracted ion chromatograms of m/z 690-875 for methanol extracts of endosclerotia of
Paraisaria specimens C principal component analysis of mass features m/z 690-875 from methanol extracts of endosclero-
tia of Paraisaria specimens, color-coded by phylogenetic clade.
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is thus supported as a conserved chemotype for Paraisaria. Paraisariamides
can thus potentially be used as a generic diagnostic character. Chromatograms
generated from the extracted ion range m/z 690-875, corresponding to the
mass range for the peptide family of paraisariamides, were unique to and con-
sistent within each species (Fig. 2B). From the processed mass data, a feature
list was produced comprising 59 LC-MS ion features (Suppl. material 1). A PCA
plot generated from this feature list afforded three major clusters (Fig. 2C).
Samples derived from P. insignis and P pseudoheteropoda were resolved in
distinct clusters. Samples derived from P. cascadensis together with samples
from its sister clade, “Paraisaria sp. 1", grouped apart from other samples.
Ophiocordyceps monticola afforded two prominent ion peaks with quasimolec-
ularions, m/z 708.502 and 722.518 eluting at 8.0 and 8.7 min respectively, and
grouped most closely with P. insignis in the PCA plot. Qualitatively, the general
shape of ion chromatograms was highly conserved within each species and
distinct between species. The resolution of species by LC-MS analysis overall
accorded very well with the phylogenetic analysis.

Taxonomy

Paraisaria cascadensis Tehan, Dooley & Spatafora, sp. nov.
MycoBank No: 849757
Fig. 3

Type material. Holotype. U.S.A., WASHINGTON. Skamania County, Gifford Pin-
chot National Forest, Mt. St. Helens, at approximately 46.1771, -121,9224.
1,042 m alt., 9 June 2021, on adult Cyphoderris monstrosa buried in the ground,
in mixed coniferous forest comprising Pinus contorta, Pseudotsuga menziesii,
and Abies sp., collected by R. Tehan, C. Dooley (RMT-2021-072, 0SC-M-052017,
ex-holotype living culture: ARSEF 14609.

Etymology. cascadensis occurring in the Cascade Mountain range in the Pa-
cific Northwest, USA.

Description. Stroma capitate, solitary, rhizoids solitary arising from heads
of adult Cyphoderris monstrosa buried in soil. Ascogenous portion globose
or subglobose, 8-9 x 6-9 mm, chestnut brown. Stipe white to light brown,
inside hollow, fibrous, white, 15-17 mm long, 3—-4 mm wide, papillate with
ostioles of perithecia. Perithecia obclavate, immersed, ordinally arranged,
800-970 x 105-150 pym. Asci hyaline, cylindrical, eight-spored, observed up
to 350 pym long x 4.5—-7 pm wide, possessing abruptly thickened apex. Asco-
spores hyaline, filiform, multiseptate, breaking into 64 cylindrical part-spores,
(6.3-)7.5-9.5(-10.3) x 1.6—2.2(-2.4) ym.

Culture characteristics. Colonies on PDA 61 days at 20 °C, 28 mm, white
to yellow, reverse reddish brown to orange. Mycelium septate, smooth-walled
hyaline. No conidial state was observed.

Host. Cyphoderris monstrosa (Prophalangopsidae, Orthoptera).

Habitat. Specimens occur on hypogeous adult hump-winged grigs, Cypho-
derris monstrosa, in coniferous forest.

Additional materials examined. U.S.A., WASHINGTON: Skamania County, at
approximately 46.177,-121.9167, elevation: 974 m, 29 May 2018, on cf. Cypho-
derris monstrosa buried in soil, collected by Josh Grefe (0SC-M-052003). U.S.A,,
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Figure 3. Paraisaria cascadensis A OSC-M-052017 B fertile head C cross section of fertile head showing arrangement of
perithecia D perithecia E ascus F Ascus apex G-l ascospores J part-spores K, L colonies on PDA 61 d (K obverse, L reverse).

WASHINGTON: Chelan County, 47.9761, -120.7811, elevation: 865 m, 15 June
2020, on adult Cyphoderris monstrosa, buried in soil, collected by Daniel Win-
kler, Hans Drabicki (0SC-M-052010). U.S.A., WASHINGTON: Skamania County,
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at approximately 46.1848, -122.1139, elevation: 12332 m, 12 June 2020, on
cf. Cyphoderris monstrosa, collected by Ben McCormick (0SC-M-052012).
U.S.A., WASHINGTON: Skamania County, Gifford Pinchot National Forest, Mt.
St. Helens, at approximately 46.1771, -121,9224. 1,042 m alt., 9 June 2021, on
adult Cyphoderris monstrosa buried in soil, in mixed coniferous forest compris-
ing Pinus contorta, Pseudotsuga menziesii, and Abies sp., collected by Richard
Tehan, Connor Dooley (RMT-2021-071, 0SC-M-052016).

Notes. This species is uncommon and has thus far only been collected in the
Cascade Mountains of Washington State in the vicinity of Mount St. Helens at ele-
vations above 850 m. It might be expected to have a broader range on the basis of
the range of its host, Cyphoderris monstrosa, which is known to occur in coniferous
forest in several Western U.S. states and Canada (The Orthopterists’ Society 2023).

Paraisaria pseudoheteropoda Tehan & Spatafora, sp. nov.
MycoBank No: 849758
Fig. 4

Type material. Holotype. U.S.A. ARKANSAS: Searcy County, Grinder's Ferry,
35.985, -92.732, elevation: 252 m, 15 May 2022, on nymphs of cicadidae (He-
miptera) buried in soil, in near Quercus sp., Carya sp., and Juniperus virginiana,
collected by Kerri McCabe (0SC-M-052022, ex-type culture: ARSEF 14616).

Etymology. pseudoheteropoda resembling another cicada-pathogenic spe-
cies, Paraisaria heteropoda.

Description. Stromata capitate or subclavate, unbranched, growing singly or
up to two stromata attached by rhizoids to hypogeous nymphs of Cicadidae (He-
miptera). Ascogenous portion globose or subglobose, 9-11 x 7-8 mm, cream
to chestnut brown. Stipe white to light brown, inside fibrous, white, 20-53 mm
long, 4-5 mm wide, papillate with ostioles of perithecia. Perithecia obclavate,
immersed, ordinally arranged 680-745(-760) x (310-)330-420 pm. Asci hya-
line, cylindrical, eight-spored, observed up to 420 pm long x 5.5-6.5 pm wide,
possessing abruptly thickened apex. Ascospores hyaline, filiform, multiseptate,
breaking into 64 cylindrical part-spores, (5.6-)6.2-7.9(-8.7) x 1.6—2.1(-2.4) ym.

Culture characteristics. Colonies on PDA 61 days at 20 °C, 29 mm, white, re-
verse yellow to orange. Mycelium septate, smooth-walled hyaline. No conidial
state was observed.

Host. Nymphs of Cicadidae (Hemiptera).

Habitat. Specimens occur on hypogeous nymphs of cicadae at the base of
coniferous and deciduous trees, especially oaks.

Additional materials examined. U.S.A. MISSOURI: Barry County, Cassville, at
approximately 36.5586, -93.6833, elevation: 301 m, 26 May 2019, on nymph of
cicada buried in soil, collected by Aaron Peters, (0SC-M-052005) U.S.A. Mis-
SOURI: Barry County, Cassville, at approximately 36.6501, -93.7031, elevation:
382 m, 16 May 2019, on nymph of cicada buried in soil, collected by Aaron
Peters (0SC-M-052007) U.S.A. MiSSOURI: Barry County, Cassville, at approxi-
mately 36.5586, -93.6833, elevation: 301 m, 4 April 2020, on nymph of cica-
da buried in soil, collected by Aaron Peters (0SC-M-0520009, living culture: AR-
SEF 14610). U.S.A. KENTUCKY: Lincoln County, Crab Orchard, at approximately
36.464, -84.51, elevation: 290 m, 19 April 2021, on nymph of cicada buried in
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Figure 4. Paraisaria pseudoheteropoda A 0SC-M-052022 B fertile head C, D cross section of fertile head showing ar-

rangement of perithecia E perithecia F ascus G ascus apex H, | ascospores J ascospore tip K part-spores L, K colonies
on PDA 61 d (L obverse, M reverse).
MycoKeys 100: 69-94 (2023), DOI: 10.3897/mycokeys.100.110959

82




Richard M. Tehan et al.: New species and new combinations in the genus Paraisaria from the U.S.A.

soil, collected by Michael Roberts (0SC-M-052015). U.S.A. TENNESSEE: Putnam
County, Cookerville, at approximately 36.163, -85.501, elevation: 337 m, 17 April
2022, on nymph of cicada buried in soil in mixed hardwood forest comprising
Quercus sp., Fagus sp., Populus sp. and Arundinaria gigantea, collected by Ja-
mie Newman (0SC-M-052019). U.S.A. TENNESSEE: Putnam County, Silver Point,
at approximately 36.1409, -85.7374, elevation: 180 m, 17 April 2022, on nymph
of cicada buried in soil among Acer negundo, Carpinus caroliniana, Carya sp.,
Quercus rubra, Lindera sp., Amphicarpaea bracteata, Phlox divaricata, Salvia ly-
rata. collected by Holly Taylor (0SC-M-052020). U.S.A. ARKANSAS: Searcy Coun-
ty, Grinder's Ferry, at approximately 35.983, -92.719, elevation: 222 m, 14 May
2022, on nymphs of cicadae buried in soil, in near Quercus sp., Carya sp., and
Juniperus virginiana, collected by Kerri McCabe (0SC-M-052021). U.S.A. Mis-
SOURI: Barry County, Roaring River, at approximately 36.5593,-93.683, elevation:
296 m, 24 May 2022, on nymphs of cicadae buried in soil, collected by Aaron Pe-
ters, (0SC-M-052023). U.S.A. VIRGINIA: Albemarle County, Charlottesville, at ap-
proximately 38.0812, -78.4657, elevation: 133 m, 31 May 2022, on nymph of cf.
Neotibicen sp. (Cicadidae, Hemiptera) buried in soil near Acer rubrum, collected
by Amelio Little (OSC-M-052024). U.S.A. MISSOURI: Barry County, Roaring River,
at approximately 36.5583, -93.6836, elevation: 305 m, 25 May 2022, on nymphs
of cicadae buried in soil, collected by Aaron Peters, (0SC-M-052025). U.S.A.
ALABAMA: St. Clair County, Leeds, at approximately 33.5540, -86.5382, eleva-
tion: 198 m, 12 March 2023, on nymphs of cicadae buried in soil, collected by
Courtney Mynick, (0SC-M-053266). U.S.A. ALABAMA: Jefferson County, Birming-
ham, at approximately 33.4402, -86.8894, elevation: 195 m, 16 March 2023, on
nymphs of cicadae buried in soil, collected by Bucky Raeder, (0SC-M-053267).

Notes. This species is the only Paraisaria species known to occur on cicadas
in North America. In morphology and geographic distribution, it overlaps with
P insignis but that species is distinguished by its strict occurrence on Cole-
optera. P. pseudoheteropoda sometimes has a pallid stroma which is not ob-
served in P, insignis.

Paraisaria insignis (Cooke & Ravenel) Tehan & Spatafora, comb. nov.
MycoBank No: 849763
Fig. 5

Cordyceps insignis Cooke & Ravenel, Grevillea 12(no. 61): 38 (1883). Basionym.
Ophiocordyceps insignis (Cooke & Ravenel) G.H. Sung, J.M. Sung, Hywel-Jones
& Spatafora, Stud. Mycol. 57: 43 (2007). Synonym.

Type. U.S.A. SOUTH CAROLINA, “seaboard”, 4 January 1881, on larva coleoptera,
collected by H. W. Ravenel. (Holotype: Ravenel 3251, K-M 1434269).

Epitype designated here: U.S.A. ARKANSAS: Saline County, Avilla, at approxi-
mately 34.713,-92.587, elevation: 169 m, 2 April 2021, on larva of Prionus imbri-
cornis (Cerambycidae, Coleoptera) buried in soil near Quercus sp., collected by
Jay Justice (0SC-M-052013, ex-type living culture ARSEF 14611).

Description. Stromata capitate, unbranched, growing singly to gregarious, in
groups of up to four stromata on a single host. Stromata 20-52.5 mm long. As-
cogenous portion brown, globose to oblong, 8-22 mm long x 7-16 mm wide,
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Figure 5. Paraisaria insignis A 0SC-M-052013 Epitype B fertile head C, D cross section of fertile head showing arrange-

ment of perithecia E rhizomorphs F perithecia G ascus H, | asci apices J-L ascospores M part-spores N, O colony on
PDA 70 d (N obverse, O reverse).
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papillate with ostioles of perithecia. Stipe golden yellow to reddish orange,
sometimes furfuraceous toward upper half, 14-25 x 4-9 mm long, attached
to hypogeous host by thick mats of fibrous, tangled, yellow to reddish orange
rhizomorphs, extending 25-45 mm. Mycelial growth occurring between, and
sometimes over, larval segments, forming a thin membrane. Perithecia em-
bedded, obclavate, brown, (520-)640-800(840) x (160-)185-250(-270) um.
Asci hyaline, cylindrical, up to 380 p long x (3.8-)4.0-5.9(=7.5) um, possess-
ing abruptly thickened apex. Ascospores hyalineg, filiform, smooth, disarticulat-
ing into 64 part-spores. Part-spores, cylindrical, 6.3-9.0(=10.5) x 2.5-3.5 ym.
Growing on larvae of Prionus cf. imbricornis. (Cerambycidae, Coleoptera).

Culture characteristics. Colonies on PDA 70 days at 20 °C, 37.5 mm, white,
reverse reddish brown to yellow. Mycelium septate, smooth-walled hyaline. No
conidial state was observed.

Host. larvae of Prionus cf. imbricornis. (Cerambycidae, Coleoptera)

Habitat. Specimens occur on hypogeous larvae of coleoptera typically at the
base of oak trees.

Additional materials examined. U.S.A. ARKANSAS: Saline County, Avilla, at
approximately 34.713, -92.587, elevation: 169 m, 18 March 2018, on larva of
Prionus imbricornis (Cerambycidae, Coleoptera) buried in soil near Quercus sp.,
collected by Jay Justice (0SC.164134). U.S.A. ARKANSAS: Saline County, Avil-
la, at approximately 34.713, -92.587, elevation: 169 m, 2 April 2018, on larva
of Prionus imbricornis (Cerambycidae, Coleoptera) buried in soil near Quercus
sp., collected by Jay Justice (0SC.164135, living culture: ARSEF 14615). U.S.A.
ARKANSAS: Saline County, Avilla, at approximately 34.713, -92.587, elevation:
169 m, 21 April 2018, on larva of Prionus imbricornis (Cerambycidae, Coleop-
tera) buried in soil near Quercus sp., collected by Jay Justice (0SC.164136).
U.S.A. ARKANSAS: Pulaski County, North Little Rock, at approximately 34.7989,
-92.312, elevation: 99 m, 17 April 2018, on larva of Prionus imbricornis (Ceram-
bycidae, Coleoptera) buried in soil near Quercus sp., and Ulmus sp., collected by
Sheila Griffin (0SC.164137). U.S.A. MISSOURI: Barry County, Cassville, at approx-
imately 36.6116, -93.6938, elevation: 381 m, 16 April 2019, on larva of Prionus
imbricornis (Cerambycidae, Coleoptera) buried in soil, collected by Aaron Peters
(OSC-M-052004). U.S.A. TEXAS: Harris County, Friendswood, at approximately
29.5501,-95.1972,19 m, 15 February 2020, on larva of Coleoptera, cf. Prionus im-
bricornis buried in soil, collected by Brett Jackson (0SC-M-052008). U.S.A. Mis-
sissIPpI: Otibbeha County, at approximately 33.4576, -88.7859, elevation: 109 m,
29 March 2021, on larva of Coleoptera buried in soil near Quercus sp., collected
by Carol Siniscalchi (0SC-M-052014) U.S.A. ARKANSAS: Saline County, Avilla, at
approximately 34.713, -92.587, elevation: 169 m, 21 April 2018, on larva of Pri-
onus imbricornis (Cerambycidae, Coleoptera) buried in soil near Quercus sp.,
collected by Jay Justice (0SC-M-052018, living culture: ARSEF 14617). U.S.A.
GEORGIA: Greene County, Greensboro, at approximately 33.556, -83.262, eleva-
tion 152 m, 25 March 2023, on larva of coleoptera, buried in soil, collected by
Patti Chaco (OSC-M-053264). U.S.A. GEORGIA: Bibb County, Musella, at approxi-
mately 32.8491, -83.8886, elevation 145 m, 2 April 2023, on larva of coleoptera,
buried in soil near Quercus phellos, collected by Rose Payne (0SC-M-053265).

Notes. Recent collections of this species were initially determined to not
match any described species and were given the provisional name Paraisaria
tortuosa, which was used in a doctoral dissertation (Tehan 2022), and in confer-
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ence presentations. The conspecificity with Ophiocordyceps insignis (=Cordy-
ceps insignis) was considered but it was difficult to reconcile Cooke’s descrip-
tion of the stroma as “livid purple”. However, that species was described from
a dried specimen and the true colors of the fresh specimen were evidently not
observed by the authority. Petch (1935) cast doubt on the accurate description
of the color of C. insignis and though the original host is not able to be precisely
identified, Petch’s analysis here is helpful, suggesting based on morphology
that the host is one that pupates in wood, which accords with the host of recent
collections identified as Prionus imbricornis. Ultimately, chemical comparison
of fresh collections to the holotype was definitive in the identification of the
fresh collections, and strongly supports the combination into Paraisaria.

Paraisaria monticola (Mains) Tehan & Spatafora, comb. nov.
MycoBank No: 849764
Fig. 6

Cordyceps monticola Mains, Mycologia 32(3): 310 (1940). Basionym.
Ophiocordyceps monticola (Mains) G.H. Sung, J.M. Sung, Hywel-Jones & Spata-
fora, Stud. Mycol. 57: 45 (2007). Synonym.

Materials examined. Type: U.S.A. TENNESSEE, Monroe County, Vonore, June
1936, on adult Neocurtilla hexadactyla. collected by G. L. Williams. (BP1 634610).
Notes. P monticola is known to occur on adult Northern mole cricket, Neocurtil-
la hexadactyla (= Gryllotalpa hexadactyla, Orthoprtera, Gryllotalpidae). Other patho-
gens of mole crickets, Gryllotalpidae include Beauveria gryllotalpidicola, Beauveria
sinensis, Cordyceps neogryllotalpae, Ophiocordyceps gryllotalpae, Ophiocordyceps
krachonicola, and Polycephalomycs albiramus, all of which are only known from
east Asia. Lloyd (1920) reported C. gryllotalpae from a mole cricket collected in
Louisiana, USA, but that specimen was immature, and bore only cylindrical im-
mature stromata with no ascogenous tissue. Owing to the absence of microana-
tomical character data available for C. gryllotalpae, and the lack of genetic data
available for either species, future studies could compare P monticola to C. gry-
llotalpae by chemical means, focusing on paraisariamide content of the fungal
endosclerotium. P monticola is only known from the type collection.

Additional Paraisaria specimens examined

Two additional collections were examined which were phylogenetically closest
to P. cascadensis but occurring on undetermined insect hosts, outside of the
known geographic distribution of Cyphoderris monstrosa, the host of P. casca-
densis. Together they form a clade which is sister to P cascadensis. We do not
consider these collections to be conspecific to P cascadensis, but their formal
description was not within the scope of the present study owing to lack of ad-
equate sampling and host data. We anticipate that they represent two distinct
new species, the description of which requires further sampling. U.S.A., CALI-
FORNIA: Mendocino County, Ukiah, at approximately 39.1568, -123.2328, eleva-
tion: 352 m, 5 April 2019, on undetermined insect host buried in soil, collected
by Warren Cardimona (0SC-M-052011) U.S.A., lowA: Johnson County, Solon, at

MycoKeys 100: 69-94 (2023), DOI: 10.3897/mycokeys.100.110959 86



Richard M. Tehan et al.: New species and new combinations in the genus Paraisaria from the U.S.A.

Figure 6. Paraisaria monticola A holotype BP1 634610 B fertile head C ascus D ascus apex E portion of ascospore F part spores.

approximately 41.7572,-91.5457, elevation: 238 m, 30 June 2022, on undeter-
mined insect host buried in soil, collected by Ross Salinas (0SC-M-052026).

Discussion

In this study, two new Paraisaria species are described and two known species
are combined into Paraisaria. The entomopathogenic fungal genus Paraisaria
thus currently comprises 18 formally described species which occur on six con-
tinents, as deduced from a combination of herbarium records (MycoPortal 2023)
and citizen science observations (iNaturalist 2023). The extent of Paraisaria diver-
sity both in North America and worldwide is not comprehensively reflected in this
study, which warrants future studies of this group. The results of our phylogenetic
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and chemical analyses support the presence of additional cryptic diversity yet
to be elucidated. For such a geographically widespread genus, there has been a
relative paucity of sampling and analyses of Paraisaria specimens globally. Con-
tinued study of this group promises to reveal additional new Paraisaria species,
each with the potential for new specialized metabolite discovery. In this study,
Paraisaria populations in North America prove to be enriched in species falling
within the Paraisaria heteropoda complex. Species in this clade are characterized
by fruiting bodies with yellow, brown, and reddish hues and prodigious orange to
brown rhizomorphs attaching to hypogeous insect hosts. Aboveground portions
of the fruiting bodies in some respects resemble the truffle parasite, Tolypocla-
dium capitatum, with which they have been compared (Cooke 1883), and with
which they are frequently confused. Numerous host shifts have accompanied
speciation in the P heteropoda complex with species occurring on insect hosts in
orders Hemiptera, Diptera, Coleoptera, and Orthoptera. Host identification is crit-
ical for field identification of North American Paraisaria species. P. insignis and
P pseudoheteropoda overlap extensively in fruiting body morphology and geo-
graphic distribution but are easily distinguished by their respective distinct hosts.
P insignis occurs strictly on coleopteran hosts and P pseudoheteropoda is the
only known Paraisaria species to occur on cicadas in North America. P cascaden-
sis and P monticola both occur on orthopteran hosts, but the geographic distribu-
tion of P cascadensis appears to be restricted to montane regions of the Pacific
Northwest, which accords with the distribution of its host, Cyphoderris monstrosa.
P. monticola is only known from the type specimen collected in Vonore, TN. Re-col-
lection efforts for this species would be valuable and could focus on records of
its host Neocurtilla hexadactyla, in the vicinity of the type locality. Notably, N. hexa-
dactyla is widely distributed, and may support a wide distribution of P monticola.

The life cycles of Paraisaria species, including mode of infection of their in-
sect hosts, their possible occurrence in soil, as endophytes, saprophytic, and
nematophagous nutritional modes, are not well characterized. Owing to the
observation that Paraisaria species produce fruiting bodies in spring months
in North America, we hypothesize that they colonize their insect hosts in the
prior season and overwinter as endosclerotia which are observed to possess
high concentrations of cyclopeptide specialized metabolites. The molecular
structures, biological activities, and chemical ecology of Paraisaria specialized
metabolites are the focus of ongoing studies (Tehan 2022).

The targeted LC-MS analysis of specialized metabolites from fungi that are
only partially represented in phylogenetic analyses represents a robust applica-
tion of chemotaxonomy to resolve species. Fungi that produce cyclopeptides
may be especially good candidates for chemotaxonomic profiling as many cy-
clopeptides are particularly resistant to degradation by oxidation, heating, or
proteolytic cleavage (Haque and Grayson 2020). Chemotaxonomic profiling of
stable metabolites also provides a framework for the analysis of fungal groups
lacking genetic data for type specimens, whereby type specimens that afford
only chemical data can be linked to samples for which both chemical and ge-
netic data are available, if both types of data resolve species groups. The lack of
genetic data for type material is especially challenging when type specimens are
very old and possess degraded, highly-fragmented DNA, and for which no suit-
able neotype has been designated. Micromorphological characters lack robust-
ly distinct differences between Paraisaria species for use in reliable species di-
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agnoses. It was thus critical to compare chemical profiles of recent collections
of P, insignis to the holotype to rigorously establish their conspecificity. Conser-
vation of the general paraisariamide chemotype also supports paraisariamides
as chemotaxonomic markers for genus Paraisaria, as these compounds were
detected in the endosclerotia of all Paraisaria specimens analyzed. These mark-
ers are substantially more durable than DNA over long periods of time as is evi-
dent from the definitive detection of these compounds in the 142-year-old holo-
type of P. insignis. Notably, the shape of chromatograms was visually identical
between old and new specimens, indicating that even the relative abundance
of paraisariamide congeners within a sample is preserved. LC-MS/MS profiling
surveys should be conducted across Paraisaria species and related groups of
fungi to assess the extent of the paraisariamide molecular family and confirm
the utility of these metabolites as chemotaxonomic markers.

Other specialized metabolite families may offer promise as critical chemo-
taxonomic markers, depending on the relative stability of their biosynthetic
genes over time, and whether or not they are reliably expressed. For example,
genomic analyses show that the cyclosporin genotype is highly conserved
within the insect pathogen, Tolypocladium inflatum (Ophiocordycipitaceae),
whereas peptaibiotics have evolved rapidly (Olarte et al. 2019) though neither
cyclosporins nor peptaibiotics are detected by LCMS in every Tolypocladium
strain exhibiting those genotypes (Blount 2018; Tehan et al. 2022).

Ophiocordyceps blattae, the type species of the large genus Ophiocordyceps,
presents another system for potential chemotyping to compare with the various
paraphyletic clades of Ophiocordyceps. Grounding of genus Ophiocordyceps in
a type species to strictly define a core Ophiocordyceps clade and circumscribe
other clades, has remained a longstanding problem owing to the rarity of the type
species, and age of its holotype specimen. Increasingly routine chemical profiling
by high resolution LC-MS and metabolomics analysis applied to the characteriza-
tion of fungi in taxonomic studies adds an additional layer of phenotypic assess-
ment that could be indispensable for taxon circumscriptions. Increasing efforts
to profile and characterize specialized metabolites in fungi will not only provide
useful data for taxonomists but is critical for understanding fungal ecology and
may also guide pharmaceutical drug discovery efforts. These pursuits are highly
complementary, as demonstrated here and in ongoing research. The isolation,
structure elucidation, organic synthesis, biosynthesis, biological characterization,
and chemical ecology of the paraisariamides are the focus of ongoing research.
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Abstract

The genus Ciliochorella is a group of pestalotioid fungi, which typically occurs in sub-
tropical and tropical areas. Species from the Ciliochorella genus play important roles in
the decomposition of litter. In this study, we introduce two new species (Ciliochorella
chinensis sp. nov. and C. savannica sp. nov.) that were found on leaf litter collected
from savanna-like vegetation in hot dry valleys of southwestern China. Phylogenetic
analyses of combined LSU, ITS and tub2 sequence datasets indicated that C. chinensis
and C. savannica respectively form a distinct clade within the Ciliochorella genus. The
comparison of the morphological characteristics indicated that the two new species
are well differentiated within this genus species. Analysis of the evolutionary history
suggests that Ciliochorella originated from the Eurasian continent during the Paleogene
(38 Mya). Further, we find that both new species can produce cellulase and laccase,
playing a decomposer role.

Key words: Ancestral biogeography, leaf litter degradation, morphology, new taxa, time
dating

Introduction

Fungi thrive on diverse ecosystems and environments as pathogens, mutual-
ists, and saprobes (Bucher et al. 2004; Schmit and Mueller 2007; Jobard et al.
2010; Hyde et al. 2020; Lai et al. 2021). As decomposers of nature, fungi are
involved in the degradation of lignin and cellulose (Bisaria and Ghose 1981;
Hatakka 1994; Adlini et al. 2014). The extracellular lignin-degrading enzymes
of fungi mainly comprise two types, peroxidases and laccases (Pointing et al.
2005; Floudas et al. 2012). Some plant-specific pathogenic fungi use laccases
to counter the effects of tannic acid, which also has anti-viral activities (Dong
and Changsun 2021). As such, laccase activity is also considered a virulence
factor in many fungal diseases.
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Ciliochorella Sydow & Mitter (1935), typified by C. mangiferae Syd., is an im-
portant genus of pestalotioid fungi (Sutton 1980; Nag Raj 1993; Lee et al. 2006;
Tanaka et al. 2011; Tangthirasunun et al. 2015; Wijayawardene et al. 2016; Liu
et al. 2019a). Most taxa classified as pestalotioid fungi are phytopathogens
that cause a variety of diseases in plants, some of which are saprobes or endo-
phytes that are widely distributed in tropical and temperate regions (Benjamin
and Guba 1961; Barr 1975; Nag Raj 1993; Maharachchikumbura et al. 2016). Liu
et al. (2019a) and Wijayawardene et al. (2022a) placed this genus in Sporoca-
daceae (Ascomycota, Sordariomycetes, Amphisphaeriales).

Ciliochorella is an asexually typified, coelomycetous genus with nine species
listed in the Index Fungorum (2023). However, only six species are accepted in
the Species Fungorum (2023) due to the following two reports: 1) Subramanian
and Ramakrishnan (1956) proposed Shanoria Subram. & Ramakr., a new genus,
to accommodate Ciliochorella bambusarum Shanor as Shanoria bambusarum
(Shanor) Subram. & K. Ramakr; 2) Nag Raj (1993) synonymized Ciliochorella
eucalypti T.S. Viswan. and Ciliochorella indica Kalani under C. mangiferae).
The genus is characterized by cylindrical, straight, or slightly curved conidia
with septate pale brown middle cells, and colorless end cells bearing a single,
eccentric appendage (Nag Raj 1993; Allegrucci et al. 2011; Hyde et al. 2016;
Wijayawardene et al. 2016).

There are few studies that focused on the divergence time estimation of
Ciliochorella, whereas some published studies are based on a larger classifi-
cation scale (such as the order and the class). Divergence time can provide
insights into the history of a given group of fungi species and its taxonom-
ic placement (Li et al. 2005; Vijaykrishna et al. 2006; Beimforde et al. 2014;
Pérez-Ortega et al. 2016; Samarakoon et al. 2016; Li et al. 2023). Samarakoon
et al. (2016; 2022) estimated the divergence time of the Xylariomycetidae,
including one species of Ciliochorella (C. mangiferae), diverged approximate-
ly 201-252 Mya in the Early Mesozoic (Samarakoon et al. 2022). Chen et al.
(2023) conducted detailed genomic studies on the divergence time of mem-
bers in Sordariomycetes, which included nine species of Sporocadaceae. The
results show that the divergence time of Sporocadaceae is about 90.56 Mya. In
addition to estimating divergence times, ancestral state reconstruction is also
a viable strategy for studying evolutionary history. Ancestral state reconstruc-
tion can reveal the origin and evolution of a species and provide a basis for spe-
cies classification (Omland 1999; Ismail et al. 2016; Royer-Carenzi and Didier
2016; Gao and Wu 2022; Li et al. 2022). However, relevant research examining
the ancestral reconstruction of Ciliochorella is lacking.

Studies on the litter decomposition of Ciliochorella have demonstrated oxi-
dative enzymatic activity using in-vitro cultures of Ciliochorella buxifolia demon-
strated by Troncozo et al. (2015). It is also worth noting that C. mangiferae is
an important litter-decomposing taxon in tropical countries, especially in India
(Masilamani and Muthumary 1994). This genus may be involved in the leaf de-
composition process, but not all species in this genus have been verified to
have this function (Saparrat et al. 2010).

The primary objectives of this study were: 1) to delineate the taxonomic status
of newly collected Ciliochorella-like species; 2) to estimate the evolutionary histo-
ry of Ciliochorella; and 3) to determine the litter-decomposing function of this ge-
nus species in nature based on the screening of cellulase and laccase production.
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Methods
Morphological studies

Two Ciliochorella-like taxa were collected from leaf litter (dead leaves from an
unidentified plant species) in the savanna-like vegetation of hot dry valleys in
southwestern China. The samples were placed in paper bags and transported
to the laboratory for further observation. Following Wu et al. (2014), the col-
lected samples were processed and examined by microscopes: photographs
of ascomata were taken by using a compound stereomicroscope (KEYENCE
CORPORATION V.1.10 with camera VHZ20R). Hand sections were made under
a stereomicroscope (OLYMPUS SZ61) and mounted in water and blue cotton
Photomicrographs of fungal structures were taken with a compound micro-
scope (Nikon ECLIPSE 80i).

The images used for the figures were processed using the software Adobe
Photoshop CC v. 2015.5.0 software (Adobe Systems, San Jose, CA, USA).

The specimens were deposited in the herbarium of IFRD (International
Fungal Research & Development Centre; Institute of Highland Forest Science,
Chinese Academy of Forestry, Kunming, China) and the cultures were deposited
in the International Fungal Research & Development Center Culture Collection
(IFRDCC) at the Research Institute of Highland Forest Science, Chinese
Academy of Forestry, Kunming, China.

Single spore isolation was performed following the procedure published by
Choi et al. (1999) and Chomnunti et al. (2014). Germinated spores were individual-
ly transferred to potato dextrose agar (PDA) medium and incubated at 26 °C for 48
h. Colony characteristics were observed and measured after two weeks at 26 °C.

Newly introduced taxa were registered at Fungal Names (https://nmdc.cn/
fungalnames/) and obtained identifiers.

DNA isolation, amplification and sequencing

Genomic DNA was extracted from mycelia growing on PDA at room tempera-
ture using the Forensic DNA Kit (OMEGA, USA) according to the manufacturer’s
instructions. The primers LROR and LR5 were used to amplify the 28S large
subunit (LSU) rDNA (Vilgalys and Hester 1990). The internal transcribed spacer
(ITS) rDNA was amplified and sequenced with the primers ITS5 and ITS4 (White
et al. 1990). The primers T12 and T22 were used to amplify the B-tubulin (tub2)
(O'Donnell and Cigelnik 1997). The following PCR protocol was used: initial de-
naturation at 98 °C for 2 min, then 30 cycles, i) 98 °C denaturation for 10 s,
i) 56 °C annealing for 10 s, and iii) 72 °C extension for 10 s (ITS) or 20 s (LSU
and tub2) followed by a final extension at 72 °C for 1 min. All PCR products
were sequenced by Biomed (Beijing, China).

Sequence alignments and phylogenetic analyses

BioEdit version 7.0.5.3 was used to re-assemble sequences generated from
forward and reverse primers to obtain the integrated sequences (Hall 1999).
The sequences used by literature and closely related taxa from NCBI BLAST re-
sults (Table 1). Sequence alignments were performed in MAFFT (https://mafft.
cbrC.jp/alignment/server/) (Katoh et al. 2019), and alignments were manually
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Table 1. Selected taxa in this study with their corresponding GenBank accession numbers and distribution information.

Species

Ciliochorella castaneae

C. castaneae

C. chinensis
C. dipterocarpi

C. mangiferae*

C. phanericola

C. savannica

Discosia aff. brasiliensis
D. aff. pleurochaeta

D. artocreas*

D. brasiliensis

D. celtidis

D. fagi

D. fici

D. jtalica

D. macrozamiae

D. pini

D. pseudoartocreas

D. querci

D. tricellularis

D. yakushimensis
Discostroma tosta

Discost. fuscellum
Discost. stoneae
Immersidiscosia eucalypti*

I. eucalypti*

Neopestalotiopsis
protearum*

N. rosae

Pestalotiopsis knightiae
P. malayana

P, spathuliappendiculata

Pseudopestalotiopsis
cocos

Location
East Asia (Japan); South Asia
(India)

East Asia (Japan); South Asia
(India)

East Asia (China)
Southeast Asia (Thailand)

Southeast Asia (Thailand);
South Asia (India, Pakistan);
America (Cuba); Africa
(Nigeria, Sierra Leone);

Southeast Asia (Thailand)
East Asia (China)
East Asia (China)

Unknown
Unknown
Unknown

Southeast Asia (Thailand)

East Asia (China)
Europe (Italy)
East Asia (China)
Europe (Italy)
Oceania (Australia)
Unknown
Europe (Austria)
Unknown
East Asia (China)
Unknown
East Asia (Japan)
Unknown
Europe (Italy)
Unknown
East Asia (Japan)
East Asia (Japan)
East Asia (Japan)
East Asia (Japan)
Unknown

Africa (Zimbabwe)

Oceania (New Zealand)

Oceania (New Zealand)

Southeast Asia (Malaysia)

Oceania (Australia)

Southeast Asia (Indonesia)

Voucher/ Strains

HHUF 28799

HHUF 28800

IFRD 9468
MFLUCC 22-0132
MFLUCC 12-0310

MFLUCC 14-0984
IFRD 9467
IFRD 9473

NBRC 104199
KT2188
NBRC 8975
NTCLO95
MFLU 18-2581
MFLU 14-0299A
MFLU 19-2704
MFLU 14-0298C
CPC 32113
MAFF 410149
CBS 136438
DUCC5154
MFLU 18-0097
NBRC 32705
MAFF 242774
HKUCC 1004
MFLUCC 14-0052
NBRC 32690
NBRC 104195
NBRC 104196
NBRC 104197
MAFF 242781
MFLU 16-1372
CBS 114178

CBS 101057

CBS 114138

CBS 102220

CBS 144035
CBS 272.29
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GenBank accession numbers

LSuU
AB433277

AB433278

0P902256
0P912990
KF827445

KX789681
0P902279
0Q867459
AB593707
AB593713
AB593705
KF827437
MW114406
KM678048

MW114409.1

KM678044
MH327855
AB593708
MH877640
MH844788
MW114405
AB593728
AB593721
AF382380
KT005514
AB593729
AB593722
AB593723
AB593724.1
AB593725
MF173608
JN712564

KM116245

KM116227

KM116238

MH554366
KM116276

ITS

0P902250
0P912991
KF827444

KX789680
0P902251
0Q867475
AB594775
AB594781
AB594773
KF827433
NR_174839
KM678040
NR_174840
KM678041
MH327819
AB594776
NR_132068
MH844763
MW114326
AB594796
AB594789
KT005515
AB594797
AB594790
AB594791
AB594792
AB594793
MF173609
JN712498

KM199359

KM199310

KM199306

MH554172
KM199378

tub2

0Q918680

KF827478

KX789682.1
0Q926205
0Q926206
AB594185
AB594179
AB594172
KF827470

MH327894
AB594174
MH554672

AB594188
AB594187

KM199463

KM199429

KM199408

KM199411

MH554845
KM199467

Reference
Nag Raj 1993; Endo et
al.2008

Nag Raj 1993; Endo et
al. 2008

In this study
Nethmini et al. 2023

Nag Raj 1993; Masilamani
and Muthumary 1994;
Tangthirasunun et al. 2015

Hyde et al. 2016
In this study
In this study
Tanaka et al. 2011
Tanaka et al. 2011
Tanaka et al. 2011
Tangthirasunun et al. 2015
Tennakoon et al. 2021
Lietal 2015
Tennakoon et al. 2021
Lietal. 2015
Crous et al. 2018
Tanaka et al. 2011
Crous et al. 2013
Tanaka et al. 2011
Tennakoon et al. 2021
Tanaka et al. 2011
Tanaka et al. 2011
Tang et al. 2007
Senanayake et al. 2015
Tanaka et al. 2011
Tanaka et al. 2011
Tanaka et al. 2011
Tanaka et al. 2011
Tanaka et al. 2011
Tennakoon et al. 2021

Maharachchikumbura et
al. 2014

Maharachchikumbura et
al. 2014

Maharachchikumbura et
al. 2014

Maharachchikumbura et
al. 2014

Liu et al. 2019

Maharachchikumbura et
al. 2014
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Species
Ps. theae*

Robillarda africana

R. roystoneae

R. sessilis*

R. terrae
Seimatosporium azaleae
S. biseptatum

S. botan

S. cornicola

S. cornii

S. elegans

S. eucalypti

S. falcatum

S. grevilleae

S. italicum

S. leptospermi

S. obtusum

S. physocarpi

S. pistaciae

S. pseudorosae

S. pseudorosarum
S. rosae*

S. rosicola

S. sorbi
S. tostum
S. vaccinii
S. vitis
S. walkeri

Seiridium cancrinum

Seir. cupressi

Seir. eucalypti

Seir. kartense

Seir. kenyanium

Seir. marginatum*

Seir. neocupressi

Seir. papillatum

Seir. phylicae

Seir. pseudocardinale

Location

East Asia (China), Southeast

Asia (Thailand)
Africa (South Africa)
East Asia (China)
East Asia (China)
Europe (Germany)
South Asia (India)
Unknown
Oceania (Australia)
America (Chile)
Europe (Italy)
Europe (Italy)
Oceania (Australia)
Africa (South Africa)
Oceania (Australia)
Africa (South Africa)
Europe (Italy)
Oceania (New Zealand)
Oceania (Australia)
Europe (Russia)
West Asia (Iran)
Europe (Italy)
Europe (Italy)
Europe (Russia)
Europe (Italy)
Europe (Italy)
Europe (Italy)
Unknown
Oceania (New Zealand)
Europe (Italy)
Oceania (Australia)

Africa (Kenya)

Africa (Kenya)

Oceania (Australia)

Oceania (Australia)

Africa (Kenya)

Europe (Austria)
Europe (France)

Europe (Italy)

Oceania (Australia)

Tristan da Cunha (Atlantic
islands)

Europe (Portugal)

Voucher/ Strains

MFLUCC 12-0055

CBS 122.75
CBS 115445
MFLUCC 19-0060
CBS 114312
CBS 587.71
MAFF 237478
CPC 13584
HMUC 316PD
MFLUCC 14-0448
MFLUCC 14-1208
NBRC 32674
CPC 156
CPC 13578
ICMP 10981
MFULCC 14-1196
ICMP 11845
CPC 12935
MFLUCC 14-0625
CBS 138865
MFLUCC 14-0468
MFLUCC 14-0466
MFLUCC 14-0621
MFLU 16-0239
MFLUCC 15-0564
MFLUCC 14-0469
NBRC 32626
ICMP 7003
MFLUCC 14-0051
CPC 17644

CBS 226.55 =
IMI 052256

CBS 224.55 =
IMI 052254

CBS 343.97

CBS 142629 =
CPC 20183

CBS 228.55 =
IMI 052257

CBS 140404
CBS 140403

CBS 142625 =
CPC 23786

CBS 340.97

CBS 133587 =
CPC 19964

CBS 122613 =
CMW 1648
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GenBank accession numbers

LSuU
KM116282

KR873281
KR873282
MW114402
KR873284
KJ710459
AB593730
JN871208

KT868531
AB593733
JN871209
JN871213
AF382372
NG_064463
AF382373
JN871215
KT198723
KP004491
KU359035
KT281912
KT198727
MG829069
MG829070
KT281911
AB593727
AF382374
KR920362
JN871216
MH554241

MH554240

MH554251

MH554242

MH554223
MH554329

DQ414531

MH554206

ITS
JQ683727

KR873253
KR873254
MW114323
KR873256
KJ710484
AB594798
JN871199
JN088483
KU974967
KT868532
AB594801
JN871200
JN871204
AF405304
NR_157485
JN871206
KT198722
KP004463
KT284775
KT198726
MG828958
MG828959
KT284774
AB594795
NR_156595
JN871207
LT853089

LT853083

MH554034
LT853100

LT853098

KT949916
KT949914
LT853079

LT853102
LT853091

LT853096

tub2
JQ683711

MH554656
KR873317

KR873319
MH554734
AB594189
MH554749

MH554683
MH704627
MH554668

MH554669
MH554676
MH554674

LT853253

MH554769
LT853236

LT853230

MH554710
LT853247

LT853245

LT853249
LT853226

LT853250
LT853238

LT853243

Reference

Maharachchikumbura et
al. 2014

Crous et al. 2015
Crous et al. 2015
Tennakoon et al. 2021
Crous et al. 2015
Crous et al. 2015
Tanaka et al. 2011
Barber et al. 2011
Diaz et al. 2012
Wijayawardene et al. 2016
Perera et al. 2016
Tanaka et al. 2011
Barber et al. 2011
Barber et al. 2011
Jeewon et al. 2002
Hyde et al. 2017
Jeewon et al. 2002
Barber et al. 2011
Norphanphoun et al. 2015
Norphanphoun et al. 2015
Lietal 2015
Ariyawansa et al. 2015
Norphanphoun et al. 2015
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Strickeria kochii*

Phlogicylindrium uniforme

GenBank accession numbers

Location Voucher/ Strains Reference
LSU ITS tub2
Oceania (New Zealand) CBS 538.82 = MH554269 | LT853088 & LT853235 Liu et al. 2019
NBRC 32684
Europe (Austria) C143 KT949918 KT949918 - Jaklitsch et al. 2016
Europe (Austria) C149 KT949920 KT949920 - Jaklitsch et al. 2016
Oceania (Australia) CBS 131312 JQ044445 | JQ044426 = MH704634 Crous et al. 2015

Type species are marked with an asterisk . New species are given in bold.

adjusted where necessary using BioEdit version 7.0.5.3. The sequence data
set for subsequent analyses were obtained with the sequence fragments using
R-based ape package (Paradis and Schliep 2019).

Phylogenetic analyses were performed using the CIPRES Science Gateway
V.3.3 (https://www.phylo.org/). For maximum likelihood (ML) analyses, we used
RAXML-HPC2 on XSEDE (8.2.12). Phlogicylindrium uniforme (CBS 131312) was
selected as the outgroup taxon. One thousand non-parametric bootstrap itera-
tions were performed using the “GTRGAMMA" algorithm. For Bayesian analysis,
jModelTest2 on XSEDE (2.1.6) was used to estimate the best-fitting model for
the combined LSU, ITS and tub2 genes, and the GTR+I+G model was the best fit.
In MrBayes on XSEDE (3.2.7a), four simultaneous Markov chains were run for
2,000,000 generations; trees were sampled and printed every 2,000 generations.
The first 25% of all trees were submitted to the burn-in phase and discarded,
while the remaining trees were used to compute posterior probabilities in the ma-
jority rule consensus tree (Cai et al. 2006, 2008; Wu et al. 2011; Zeng et al. 2019).

Divergence time estimations

In this study, two secondary calibration nodes for the divergence time estimation
of Ciliochorella were implemented to calibrate the tree: Node 1 was composed of
Phlogicylindrium (outgroup, Phlogicylindriaceae) and 10 genera from the Sporoca-
daceae, which diverged 76 Mya; for Node 2 we used Discosia, Robillarda and the
other seven genera (Ciliochorella, Neopestalotiopsis, Pestalotiopsis, Pseudope-
stalotiopsis, Seimatosporium, Seiridium and Strickeria), which diverged 44 Mya
(Samarakoon et al. 2016). A maximum likelihood (ML) tree was used as input
data and the data were analyzed via R8S 1.81 (https://sourceforge.net/projects/
r8s/). The divergence time of Ciliochorella was estimated based on the PL (Pe-
nalized likelihood) method and TN algorithm (truncated Newton algorithm) ob-
tained via R8S (Fig. 2). The R8S program only needs the second calibration node
to estimate divergence times, and some methods in this program, such as NPRS
(Nonparametric rate smoothing) and PL, which were first proposed by the author,
are currently challenging to implement in similar software programs (Sanderson
2003). The PL method and TN algorithm have been implemented to estimate
divergence times using data from the ML tree and secondary calibration nodes
(Sanderson 2003). The ancient map is based on the results of Peng et al. (2023).

Reconstruction of ancestral biogeographic

RASP (http://mnh.scu.edu.cn/soft/blog/RASP) was used to reconstruct the
ancestral biogeography in this study. It is a tool to infer the ancestral state
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using S-DIVA (Statistical Dispersal-Vicariance Analysis), Lagrange (DEC),
Bayes-Lagrange (S-DEC), BayArea, BBM (Bayesian Binary MCMC), Bayestraits
and BioGeoBEARS packages (Yu et al. 2015, 2020). Members of Ciliochorella
were coded based on their collection locality according to references (Table 1).
Based on the distribution data in the table, six geographic regions were defined:
A = Asia, B =America, C = Europe, D = Africa, E = Oceania, F = Tristan da Cunha,
G = Unknown, using species from Asia, America, Europe, Africa, Oceania and
Tristan da Cunha. In MrBayes on XSEDE (3.2.7a), chains were run for 2,000,000
generations; trees were sampled and printed every 2,000 generations. RASP
4.2 was used to reconstruct the ancestral state, and the most-optimal model
was BAYAREALIKE.

Screening of cellulase and laccase production

Cellulase screening was performed by the Congo red test (Liu and Fan 2012).
A fungal cake with a diameter of 8 mm was isolated from the edge of the 7-day
old colony and inoculated on solid PDA medium. After 7 days of inoculation, the
culture was stained with 1 mg/mL Congo red solution for 10 min, and washed
and fixed with 1 mol/L NaCl for 30 min.

Screening for laccase activity in the lignin peroxidase system requires the
use of guaiacol-PDA solid medium (Wang et al. 2016), including PDA medium
40.20 g, agar 3.00 g, guaiacol 0.40 mL and distilled water to 1 L with 121 °C
sterilization 30 min. The obtained strain was cultured at 26 °C for 7 days, and
the fungal cake with a diameter of 8 mm was taken from the growing mycelium
at the edge of the colony and inoculated on solid guaiacol-PDA medium. The
growth of the strain was observed for 7 days of inoculation.

The supernatant was incubated on a shaker (150 rpm) for 12 hours at 26 °C,
followed by centrifugation at 12,000 rpm to obtain a crude enzyme solution.
The Thermo Varioskan Flash multifunctional enzyme reader has a character-
ized absorption peak at 540 nm, which can be used to assess cellulase activity
based on changes in absorbance values. Laccase activity was characterized
by the change in absorbance at 420 nm and the enzyme activity of the crude
enzyme liquid was determined using the Laccase Activity Detection Kit (www.
boxbio.cn). The experiment was repeated three times.

Results
Phylogenetic analyses

We analyzed a three-locus (LSU, ITS, tub2) data set of Ciliochorella. This data
set consists of 203 sequences, including 75 LSU sequences, 75 ITS sequences
and 53 tub2 sequences from 80 taxa. The concatenated sequences have 2338
characters including gaps. The two topological trees obtained by maximum
likelihood (ML) and Bayesian were found to be similar, and the best-scoring
RAXML tree was used as the representative tree (Fig. 1). Bootstrap values of
ML greater than 50% are shown on the phylogenetic tree, while values of Bayes-
ian posterior probabilities greater than 0.5 are shown on the tree (Fig. 1).
Phylogenetic analysis showed that Ciliochorella species formed a clade with
bootstrap values of 70% (in ML analysis) and Bayesian posterior probability of
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Figure 1. Phylogenetic tree of maximum likelihood analyses showing the relationships of Ciliochorella species based
on combined LSU, ITS and tub2 data set analysis. Bootstrap values of maximum likelihood values greater than 50% are
shown on the left, while values for Bayesian posterior probabilities greater than 0.5 are shown on the right. Discostroma
is the sexual morph of Seimatosporium. New species are shown in bold and red, followed by their strain number.

1.00 (as a result of new species, the genus forms a separate clade). Pestaloti-
opsis, Pseudopestalotiopsis, and Neopestalotiopsis formed a clade with boot-
strap values of 100% and Bayesian posterior probabilities of 1.00. Notably, this
clade was adjacent to the Ciliochorella clade. In addition, Ciliochorella was also
close to Seiridium (Fig. 1).

Ciliochorella savannica is distinguished from other Ciliochorella in the phylo-
genetic tree and has a high support rate with 97% ML and 1.00 Bayesian pos-
terior probabilities. Ciliochorella chinensis has a close relationship with C. cas-
taneae (HHUF 28800).
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Divergence time estimation

According to divergence time estimates (Fig. 2), the age of Ciliochorella
is about 38 Mya in the Paleogene period and falling in the recommended
divergence times of Xylariomycetidae by Samarakoon et al. (2016). The ten
genera of Sporocadaceae were all originated in the Paleogene. The genus of
Immersidiscosia initially diverged about 49 Mya. Discosia and Robillarda formed
one clade, with a divergence of time about 35 Mya. The other seven genera
formed one clade: Neopestalotiopsis diverged about at 25 Mya, divergence
times of Pestalotiopsis in the analysis is about 28 Mya, Pseudopestalotiopsis
diverged about at 25 Mya, Seimatosporium diverged about at 35 Mya, Seiridium
diverged about at 41 Mya and Strickeria diverged about at 35 Mya.

Ancestral biogeographic reconstruction analysis for Ciliochorella

Analysis of ancestral biogeographic reconstructions revealed that Ciliochorella
species originated in Asia (Fig. 3, node 139). Dispersal, vicariance, extinction,
and other historical events affected the biogeographic distribution of individual
species. The evolutionary history of the ancestors of the genus Ciliochorella
showed that the species of this genus underwent 45 dispersals, 27 vicariances,
and 2 extinctions (Fig. 3, the blue circle represents dispersal, the green circle
represents vicariance, and the yellow circle represents extinction). From
approximately the Middle Paleogene, dispersal and vicariance events were
frequent. In the early Paleogene, dispersal and extinction events occurred
among ancestors of Pestalotiopsis, Pseudopestalotiopsis, Neopestalotiopsis,
and Ciliochorella. After these events, Ciliochorella began to evolve independently
of other genera (Fig. 3, node 140). Pestalotiopsis, Pseudopestalotiopsis, and
Neopestalotiopsis are predicted to share the same ancestral biogeographic
area (Fig. 3, node 132). Dispersal events occurred two times with Ciliochorella
in the late Paleogene (about 30 Mya), which was followed by a period where
Ciliochorella began spreading in Africa and America (Fig. 3, node 135). The
result of the ancestral biogeographic reconstruction supported the notion that
the Eurasian continent was the center of origin for Ciliochorella: the estimated
ancestral distributions for nodes of the complex and its clades included both
Asia and Europe (Fig. 3, node 139).

Taxonomy

Ciliochorella Syd., in Sydow & Mitter, Annls mycol. 33(1/2): 62 (1935)
Fungal Names: FN 7657

Type species. Ciliochorella mangiferae Syd., Annls Mycol. 33(1/2): 63 (1935).
Fungal Names: FN 270484.

Notes. Ciliochorella is an asexually typified genus. Most species of this ge-
nus are saprophytic with the exception of Ciliochorella castaneae Munjal. The
conidiomata of Ciliochorella species are generally round, semi-immersed, and
longitudinally lenticular. A prominent feature observed during the early stage
of germination is apical and basal cells of conidia-produced germ tubes, and
a vacuolated state of the protoplasm (Masilamani and Muthumary 1994).
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Figure 2. Divergence time tree based on ML analysis. Divergence times of all nodes were estimated by R8S software
using two calibration points. The blue circles and the red star indicate secondary points and the divergence time of Cil-
iochorella respectively. Ciliochorella species are shown in bold and green. Maps were adopted from Peng et al (2023).
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Conidiophores arise from the thin-walled, and are almost colorless cells of
the basal or basal and parietal tissue, mostly reduced to conidiogenous cells.
Occasionally, they are sparsely septate, branched or unbranched, colorless,
smooth, invested in mucus (Sutton 1980; Nag Raj 1993). Conidiogenous cells
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Figure 3. Ancestral biogeographic reconstructions are based on Bayesian trees. Each event is represented by a node
number. Bayesian posterior probabilities are shown (= 50). A colored circle near the number at the nodes indicates the
following: blue represents dispersal, green represents vicariance, and yellow represents extinction. Ciliochorella species

are shown in bold and green.
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are discrete, ampulliform, or conical with a long neck, colorless, and smooth.
Conidia are cylindrical, straight, or slightly curved with septate pale brown mid-
dle cells and colorless end cells with appendages at one or both ends (Lee et
al. 2006; Allegrucci et al. 2011; Tangthirasunun et al. 2015; Hyde et al. 2016;
Wijayawardene et al. 2016; Liu et al. 2019a).

There are four Ciliochorella species for which molecular data is available
on the NCBI repository (i.e. C. castaneae; C. dipterocarpi Samaradiwakara,
Lumyong & K.D. Hyde; C. mangiferae and C. phanericola Norph., T.C. Wen & K.D.
Hyde). Ciliochorella mangiferae is the earliest recorded species and described
by Sydow and Mitter (1935) as the type species of this genus. Tangthirasunun
et al. (2015) discovered a new record of C. mangiferae in Thailand and provided
some its molecular data for this species. The first discovery of C. castaneae
was in India (Nag Raj 1993), but Endo et al. (2008) added a new record for this
species in Japan and also added molecular data. Samaradiwakara et al. (2023)
discovered C. dipterocarpi and analyzed the species molecularly. For the other
species of this genus, there is still no molecular data available, and comprise
C. splendida Nag Raj & R.F. Castafieda and C. buxifoliae Allegr., Ellegr. & Aramb
(Nag Raj 1993; Allegrucci et al. 2011). The morphological characteristics of all
Ciliochorella species are provided in Table 2.

Ciliochorella chinensis H.X. Wu & J.C. Li, sp. nov.
Fungal Names: FN 571291

Etymology. The species epithet reflects China where the species of Ciliochorella
was first collected country.

Holotype. IFRD9468.

Description. Saprobic on leaf litter. Asexual morph: Coelomycetous. Con-
idiomata 894-1314 ym diameter (X = 1055 ym, n = 14), unilocular, semi-im-
mersed, circular areas, dark brown, mostly aggregated, sometimes solitary,
forming a papilla in the center (Fig. 4a—c). Conidiomata wall comprises a few

Table 2. The comparison of micro-morphological characteristics of Ciliochorella.

Species
Ciliochorella
buxifoliae
C. castaneae
C. chinensis

C. dipterocarpi

C. mangiferae
C. phanericola

C. savannica

C. splendida

Host-Substratum

Scutia buxifolia

Castanea
europaea

Unidentified leaf
litter

Dipterocarpaceae
alatus

Mangifera indica
Phanera purpurea

Unidentified leaf
litter

Quercus oleoides
subsp. Sagrana

Conidiomata Conidiomata Mean conidium Basal
X with a Conidia (pm) length/width = appendages Reference
diam (pm) . .
papillary ratio number
300-500 - 19-21x2.5-2.7 71 1 Allegrucci et al. 2011
450-650 Yes 13-19%x2.5-3.2 11.1:1 1 Nag Raj 1993;
(Ave.16.0x3.0) Endo et al. 2008
894-1314 Yes 13.9-17.9x3.3-4.1 4.4 1 In this study
(Ave.15.7x3.6)
650-800 No 9-18x1-3 (Ave.14x2) 71 1 Nethmini et al. 2023
400-800 - 32-43x2.5-3.5 (Ave. 37x3) 12.3:1 1 Nag Raj 1993
1000-1200 No 13-15%2.8-3.5 (Ave. 15x3.7) 411 1 Hyde et al. 2016
530-952 Yes 11-16x2-3 (Ave.14x2.6) 5.4:1 0 In this study

- - 24-40x2.5-3 (Ave. 32x2.7) 11.8:1 1 Nag Raj 1993
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Figure 4. Ciliochorella chinensis (IFRD9468, holotype; IFRDCC3202, ex-type strain) a, b the specimen ¢ surface of fruiting
bodies d longitudinal section of the conidioma e peridium f—h mature conidia i mature conidia in cotton blue j, k colonies
on PDA (k from below) I, m colonies on PDA (m from below) n fruiting bodies on PDA o fruiting bodies in PDA p peridium
g-t mature conidia. Scale bars: 400 um (c, n, 0); 200 pm (d); 40 um (p); 20um (e); 10 um (f-i, q—t).
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to several layers of cells of textura angularis, with the innermost layer thin,
transparent, and precisely arranged, the outer layer dark brown to black (Fig.
4d). Conidiophores appear to be reduced to conidiogenous cells. Conidioge-
nous cells are enteroblastic phialidic, formed from the innermost layer of the
wall, hyaline to pale brown, and smooth (Fig. 4e). Conidia 14-18 x 3—4 ym (X =
15.7 x 3.6 ym, n = 12), excluding apical and basal appendages, mean conidium
length/width ratio = 4.4:1, navicular to subcylindrical, slightly curved, 1-septate,
wide middle two cells with apical cell transformed into two forked filiform cellu-
lar appendages, 9-16 pm (X = 12.5 um, n = 20), the narrow basal cell with basal
appendage, 4-7 ym (X = 5.4 ym, n = 11), colorless to light brown, with guttules
on the conidia surface (Fig. 4f-i). Sexual morph: Unknown.

Culture characteristics. Colonies on PDA, reaching 4.4 cm (n = 3) diam after
7 days at 26 °C, producing dense mycelium, irregular circular, margin rough,
white (Fig. 4j, k). Conidia germinated and grew deep into the medium. There
was a clear boundary between the center and the most marginal part. The
culture grew fruiting bodies after about four months on PDA medium at 26
°C (Fig. 4l, m). The morphology of conidiophores and conidia in the semi-im-
mersed or fully embedded medium was consistent with that found under natu-
ral conditions (Fig. 4n-t).

Material examined. CHINA. Yunnan Province, Yuanjiang County, Yuanjiang
National Nature Reserve (Xiaohedi), on dead leaves of an unidentified plant,
23°28'33"N, 102°21'1"E, elevation 423 m, June 2021, Hai-Xia Wu, Jin-Chen Li,
and Xin-Hao Li (IFRD9468, holotype; IFRDCC3202, ex-type).

Notes. The phylogenetic tree shows that Ciliochorella chinensis has a close
relationship with C. castaneae (HHUF 28800) (Fig. 1). A BLAST search conducted
within GenBank, the match for LSU showed a 98.72% similarity to C. castaneae
(HHUF 28800, this species only has LSU) across a query coverage of 95%. At
present, the phylogenetic relationship in this genus is not comprehensive enough,
so the classification depends greatly on their morphology. Morphologically, the
conidiomata of C. chinensis have a papillary, which the conidiomata of C. pha-
nericola lack. The conidiomata of both species display different sizes (Table 2).

Ciliochorella savannica H.X. Wu & J.Y. Song, sp. nov.
Fungal Names: FN 571290

Etymology. Epithet derived from the type locality (Yuanjiang Savanna Ecosys-
tem Research Station).

Holotype. IFRD9467.

Description. Saprobic on leaf litter. Asexual morph: Coelomycetous. Conidi-
omata 530-950 pm diameter (X = 758 pm, n = 23), unilocular, semi-immersed,
circular areas, black, mostly aggregated, sometimes solitary, with a papilla cen-
tral circular ostiole (Fig. 5a—c). Conidiomata wall comprises a few to several
layers of cells of textura angularis, with the inner layer being mostly thin, brown,
whereas the outer layer appears dark brown to black. The longitudinal section
is lenticular, the base is well developed (Fig. 5d). Conidiophores are reduced
to conidiogenous cells. Conidiogenous cells enteroblastic phialidic, formed
from the innermost layer of the wall, hyaline to pale brown, smooth (Fig. 5e).
Conidia11-16x2-3 um (X = 14 x 2.6 um, n = 22) excluding apical appendages,
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Figure 5. Ciliochorella savannica (IFRD:9467, holotype; IFRDCC:3201, ex-type) a, b the specimen ¢ surface of fruiting
bodies d longitudinal section of the conidioma e peridium f—h mature conidia i mature conidia in cotton blue j, k colonies
on PDA (k from below). Scale bars: 400 ym (c); 200 um (d); 20um (e); 10 pm (f=i).

mean conidium length/width ratio = 5.4:1, navicular to subcylindrical, slight-
ly curved, 1-septate, narrow basal cell, wide middle two cells with apical cell
transformed into two forked filiform cellular appendages 7-13 pm (X = 10 ym,
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n = 22), 2—4-guttulates on the surface of the conidia, without basal appendages
(Fig. 5f—i). Sexual morph: Unknown.

Culture characteristics. Conidia germinated and hyphae grew in emission
form the center to the outside (Fig. 5j, k). Colonies growing on PDA, reaching
a diameter of 4.4 cm (n = 3) after 7 days at 26 °C, producing dense mycelium,
circular, margin rough. Surface white from the surrounding of the mycelium on
PDA and pale yellow in reverse.

Material examined. CHINA. Yunnan Province, Yuanjiang County, Yuanjiang
Savanna Ecosystem Research Station (Xishuangbanna Tropical Botanical Gar-
den, Chinese Academy of Sciences), 23°28'31"N, 102°10'38"E, 579 m, on dead
leaves of an unidentified plant, June 2021, Hai-Xia Wu, Jin-Chen Li, and Xin-Hao
Li (IFRD9467, holotype; IFRD9473, paratype; IFRDCC3201, ex-type).

Notes. Two strains of Ciliochorella savannica (holotype and paratype) corre-
spond to Ciliochorella described by Sydow and Mitter (1935). The phylogenetic
analysis showed that this species is only distantly related to other species in
Ciliochorella. The number of different bases in ITS and LSU sequences of holo-
type and paratype was 7 (1033/1040) and 4 (1406/1410), respectively. These
two strains of C. savannica formed a subclade within Ciliochorella, with 97% ML
and 1.00 Bayesian posterior probabilities (Fig. 1). They differ morphological-
ly from other species in conidiomata size (530-952 pm) and mean conidium
length/width ratio (5.4:1) (Table 2). The significant characteristic is that C. sa-
vannica has conidia that lack basal appendages, whereas Ciliochorella species
have this characteristic.

Enzyme activity screening

The temperature was maintained at 26 °C. After 7 days of inoculation, Congo
red staining was used to determine whether the strain had cellulase production
ability (Fig. 6a, d). The results showed that both C. chinensis and C. savanni-
ca produced discoloring circles on the solid medium, with the discoloration of
C. savannica being more pronounced. This indicates that cellulase plays a role
in the cellulose degradation of both species.

Guaiacol-PDA solid medium was used to screen for laccase, and the tempera-
ture was set at 26 °C. The results were as follows: C. chinensis had a lighter col-
or reaction on the solid medium until after 12 days (Fig. 6b, c) while C. savannica
showed a color reaction obvious on the solid medium after 10 days (Fig. 6e, f).

The enzyme activity of the supernatant was determined by the Thermo
Varioskan Flash enzyme marker. The average content of cellulose and lac-
case for C. savannica was 4.97 U/ml (n = 3) and 1.16 U/ml (n = 3); and for C.
chinensis, the average cellulose content was 5.05 U/ml (n = 3) and laccase
content was 1.71 U/ml (n = 3) (Fig. 6g). This suggests that laccase partici-
pates in lignin degradation of both species. There is no strong positive cor-
relation between color reaction and numerical value, and the specific reasons
need to be further explored.

Discussion

Ciliochorella species play important roles in the decomposition of litter (Sapar-
rat et al. 2010), and as such are a part of the carbon cycle throughout the world.
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Figure 6. Screening of enzyme activity in culture a C. chinensis was cultured on solid PDA medium for 7 days and stained
with Congo red stain b C. chinensis on solid guaiacol-PDA medium after 1 day ¢ C. chinensis on solid guaiacol-PDA
medium after 12 days d C. savannica was cultured on PDA solid medium for 7 days and stained with Congo red stain
e C. savannica on guaiacol-PDA solid medium 1 day f C. savannica on solid guaiacol-PDA medium for 10 days g deter-
mination of enzyme activity.

The main body of Ciliochorella research has focused on the phylogeny and mor-
phology of these fungi (Kalani 1963; Seshadri et al. 1969; Nag Raj 1993; Endo et
al. 2008; Allegrucci et al. 2011; Hyde et al. 2016; Samaradiwakara et al. 2023).
By contrast, the evolutionary history of Ciliochorella, whether based on DNA
sequence analysis or the ecosystem studies, has received less attention and
has remained unclear.

Wijayawardene et al. (2022b) stated that the subtropical to tropical regions
in Asia will be an important region for discovering new fungal taxa, specifical-
ly asexually typified taxa. In China, the savanna-like vegetation has a unique
geography and complex topography, which has contributed to the formation
of various habitats with high biodiversity (Zhu and Tan 2022). Investigations
have been carried out in the savanna-like vegetation in hot dry valleys of south-
western China, and this site is referred to as the “Chinese savanna”. However,
only a few reports have focused on fungi in this habitat, most of which have
concentrated on endophytic and soil fungi (He et al. 2011; Ruan 2011; Yi et al.
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2011). In addition, most Ciliochorella species were recorded from Asia except
for C. buxifoliae and C. splendida, both of which occur in America (Nag Raj
1993; Endo et al. 2008; Allegrucci et al. 2011; Tangthirasunun et al. 2015; Hyde
et al. 2016). According to the best of our knowledge, Ciliochorella species have
not been recorded from China before. Our studies resulted in the discovery of
two new Ciliochorella species: C. chinensis and C. savannica. This finding not
only contributed two new species to the growing catalog of microfungal spe-
cies found in the Chinese savanna, but also represents the first Ciliochorella
specimens reported for China. The two new species in this paper have been
characterized based on phylogenetic analysis (Fig. 1) and morphological char-
acteristics (Table 2). They belong to the genus Ciliochorella, which is part of
the Sporocadaceae family, and the result is consistent with previous studies
(Samarakoon et al. 2016; Liu et al. 2019a; Tennakoon et al. 2021).

The study of fossil fungi has become an essential tool for understanding
fungal evolution and diversification, as well as elucidating the relationships of
fungi to other organisms in the historical context of a given ecosystem (Taylor
et al. 2015; Liu et al. 2019b; Samarakoon et al. 2019; Li et al. 2023). Despite
wide distribution and large population, the majority of fungi (mycelia) are read-
ily decomposed after death, resulting in a scarcity of fungal fossils that can be
utilized for research concerning evolution (Tao and Chen 2020). In this report,
we used the r8s program based on molecular clocks and two secondary cal-
ibration nodes to assess divergence times, which allowed us to estimate the
emergence of the Ciliochorella at around 38 Mya during the Paleogene (Fig. 2).
The Cretaceous-Paleogene mass extinction caused the disappearance of nu-
merous groups, and its aftermath saw the rapid diversification of surviving
species (Klein et al. 2021). According to the results of this study, Ciliochorella
appeared in the middle and late periods of the Paleogene explosion of species.
In addition, recent phylogeny and genomic studies used for the divergence
time of Sordariomycetes indicate that relying solely on genus-level estimations
may lack sufficient evidence and could potentially introduce errors (Chen et al.
2023). However, the divergence time estimated in this study does not conflict
with the results based on genomic data.

The ancestral biogeography of Ciliochorella was investigated for the first
time in this study. The result showed that the ancestor of Ciliochorella spe-
cies originated from the Eurasian continent during the late Cretaceous. From
approximately the late Cretaceous to the early Paleogene, there were some
dispersal, vicariance and extinction events, which may be related to extreme
climate incidents (Hu and Liu 2003). At about 30 Mya, there are two dispersal
events that occurred within Ciliochorella. Up to this point, Ciliochorella species
have been only found in Asia, Africa and America (Nag Raj 1993; Masilamani
and Muthumary 1994; Endo et al. 2008; Tangthirasunun et al. 2015; Hyde et al.
2016). The results of our study clarify the evolutionary history of Ciliochorella
ancestors and also provide a reference for the estimation of the divergence
times of similar genera.

Some pathogenic plant fungi eliminate the effects of plant antiviral and tannic
acid via laccase activity (Dong and Changsun 2021). By screening Ciliochorella
chinensis and C. savannica strains on the medium, we found that both new spe-
cies produce laccase and cellulase. They are involved in the decomposition of
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lignin and cellulose of leaf litter in their natural habitat, but their decomposition
efficiency needs further study. Hyde et al. (2016) identify C. phanericola as a
pathogen. The present study also supports the idea that Ciliochorella may have
a potential role as a pathogenic plant fungus.
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Abstract

Pleosporales comprise a diverse group of fungi with a global distribution and significant
ecological importance. A survey on Pleosporales (in Didymosphaeriaceae, Roussoel-
laceae and Nigrogranaceae) in Guizhou Province, China, was conducted. Specimens
were identified, based on morphological characteristics and phylogenetic analyses us-
ing a dataset composed of ITS, LSU, SSU, tef1 and rpb2 loci. Maximum Likelihood (ML)
and Bayesian analyses were performed. As a result, three new species (Neokalmusia
karka, Nigrograna schinifolium and N. trachycarpus) have been discovered, along with
two new records for China (Roussoella neopustulans and R. doimaesalongensis) and a
known species (Roussoella pseudohysterioides). Morphologically similar species and
phylogenetically close taxa are compared and discussed. This study provides detailed
information and descriptions of all newly-identified taxa.

Key words: phylogeny, saprophytic fungi, taxonomy, three new taxa

Introduction

The order Pleosporales was formally established by Luttrell and Barr (1987)
and is characterised by perithecioid ascomata with a papillate apex, ostioles
with or without periphyses, cellular pseudoparaphyses, bitunicate asci and as-
cospores of varying shapes, pigmentation and septation (Zhang et al. 2012).

* These authors contributed equally as co-first authors.
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As one of the largest orders in the Dothideomycetes, it comprises a quarter of
all dothideomycetous species (Ahmed et al. 2014b). Species in this order are
found in various habitats and can be epiphytes, endophytes or parasites of liv-
ing leaves or stems, hyperparasites on fungi or insects, lichenised or saprobes
of dead plant stems, leaves or bark (Ramesh 2003; Kruys et al. 2006). In this
study, we identified six species belonging to the order Pleosporales from the
families Didymosphaeriaceae Munk, Nigrogranaceae Jaklitsch & Voglmayr and
Roussoellaceae Jian et al. in Guizhou, China (Wijayawardene et al. 2022).

The family Didymosphaeriaceae, introduced by Munk (1953) and typified by
Didymosphaeria fuckeliana, can be placed in the order Pleosporales. Neokal-
musia was introduced to Didymosphaeriaceae by Ariyawansa et al. (2014a).
Currently, only eight Neokalmusia species are listed in Index Fungorum (acces-
sion date: 25 July 2023). Members of Didymosphaeriaceae are known to form
numerous different types of life modes, including saprobes, pathogens or en-
dophytes and can be found both on land and in water (Gongalves et al. 2019;
Hongsanan et al. 2020). In the study of this paper, Neokalmusia karka is tak-
en from the dead culms of the Phragmites karka (Retz.) Trin. ex Steud. Shilihe
Beach Park, Huaxi, Guizhou Province, China.

Roussoellaceae was established to accommodate three genera, Neorous-
soella Jian K. Liu et al., Roussoella Sacc. and Roussoellopsis I. Hino & Katum.,
based on molecular phylogenetic studies (Liu et al. 2014). The genus Rous-
soella has cylindrical asci with Cytoplea asexual morphs, which distinguishes it
from other genera (Liu et al. 2014). Another feature reported for the genus Rous-
soella is the high stability of the ascal exotunica, particularly in 3% potassium
hydroxide (KOH). This is quite common for nearly all fungi treated here, while
only in Nigrograna can fissitunicate ascus dehiscence be seen rather frequently
(Jaklitsch and Voglmayr 2016). Nigrogranaceae was established to accommo-
date Nigrograna, with N. mackinnonii (Borelli) Gruyter et al. as the type species
(Jaklitsch and Voglmayr 2016). As the only genus in the family Nigrogranaceae,
Nigrograna was established despite lacking strong bootstrap values support
in ITS/tef1-based phylogenetic trees (Kolarik et al. 2017; Mapook et al. 2020;
Zhang et al. 2020a; Wijayawardene et al. 2020). Species of Nigrograna may be
interpreted as a result of cryptic speciation, as, morphologically, they show only
subtle differences (Jaklitsch and Voglmayr 2016). Twenty-three Nigrograna
species are listed in Index Fungorum (accession date: 25 July 2023).

In this study, we collected dead branches in Guizhou Province, China. Examina-
tion of the wood revealed three novel fungal species, two species that are newly
recorded in China and one known species of Pleosporales. To elucidate their tax-
onomic placement and relationships with related species, we conducted mor-
phological observations and phylogenetic analyses, based on combined ITS, LSU,
SSU, tef1, and rpb2 sequences. Detailed descriptions of the morphological fea-
tures of these species along with their molecular characterisation are provided.

Materials and methods
Fungal sampling, isolating and morphology

Fresh fungal specimens were collected in Duyun, Zunyi, Qiannan Prefecture and
Guiyang, Guizhou Province and were brought back to the laboratory in self-seal-

MycoKeys 100: 123-151 (2023), DOI: 10.3897/mycokeys.100.109423 124



Hongmin Hu et al.: Taxonomic and phylogenetic characterizations of six species of Pleosporales

ing bags. The specimens were then examined for their macroscopic charac-
teristics using a Nikon SMZ 745 series stereomicroscope and photographed,
using a Canon 700D digital camera. Micro-morphological structures were pho-
tographed using a Nikon digital camera (Canon 700D) that was attached to a
light microscope (Nikon Ni). Melzer’s iodine reagent was used to test the apical
apparatus structures for amyloid reaction. Measurements of the specimens
were registered using Tarosoft (R) Image FrameWork 80 software. The photo
plates were arranged and improved using Adobe Photoshop CS6 software. Pure
cultures were obtained with the single spore isolation method (Long et al. 2019)
and the cultures were grown on potato dextrose agar (PDA) for preservation
and observation of the anamorph (Rogers and Ju 1996). The specimens were
deposited in the Herbaria of Guizhou Medical University (GMB) and Kunming
Institute of Botany, Chinese Academy of Sciences (KUN-HKAS). Living cultures
were deposited at the Guizhou Medical University Culture Collection (GMBC).

DNA extraction, polymerase chain reaction (PCR) amplification

The pure cultures were cultivated on potato dextrose agar (PDA) medium (Weigh
40.1g of potato dextrose agar (Shanghai Bowei Microbial Technology Co., Ltd.),
add 1L of sterile water, and dissolve by heating until boiling. After dissolution,
distribute the solution into conical flasks and place them in a high-pressure
sterilizer for sterilization. Sterilization conditions are set at 121 degrees Celsius
for 30 minutes. After sterilization, add a small amount of injectable potassium
penicillin (Huamu) and injectable streptomycin sulfate (Huamu) into the culture
medium and mix well. Pour the mixture into disposable culture dishes for later
use. This step should be performed in aseptic conditions inside a laminar flow
hood.) at 25 °C in the dark for 15-20 days. Fresh mycelium was collected by
scraping it with a surgical knife and then transferred to a 1.5 ml centrifuge tube.
DNA extraction was performed according to the instructions provided in the
Biospin Fungus Genomic DNA Extraction Kit (BIOMIGA®).

The amplification of internal transcribed spacers (ITS), small subunit rDNA
(SSU), large subunit rDNA (LSU), translation elongation factor 1-gene region
(tef1) and RNA polymerase Il second largest subunit (rpb2) was achieved using
ITS5/1TS4,NS1/NS4, LROR/LRS, EF1-938F/EF1-2218R and fRPB2-5f/fRPB2-7cr
primers (Tibpromma et al. 2018; Vu et al. 2019; Wijesinghe et al. 2020; Dissan-
ayake et al. 2021). The polymerase chain reaction (PCR) for the amplification of
ITS, SSU, LSU, tef1 and rpb2 loci were performed using the Eppendorf Master-
cycler nexus (SimpliAmp Thermal Cycler, A24811, SimpliAmp, China) gradient
under the conditions specified in Table 1. Subsequently, the PCR fragments
were sent to Sangon Biotech (Shanghai) Co., China, for sequencing. Amplifica-
tion conditions using the Polymerase Chain Reaction is shown in Table 2. The
obtained sequences were deposited in GenBank and are listed in Table 3.

Phylogenetic analysis

BioEdit v.7.0 was used to verify the quality of sequences (Hall TA 1999) and
MAFFT v.7.215 (http://mafft.cbrc.jp/alignment/server/index.html) was em-
ployed to generate single gene alignments (Katoh and Standley 2013). The file
format was converted using ALTER (Alignment Transformation Environment)
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Table 1. PCR conditions used for ITS, SSU, LSU, tef1 and rpb2 loci.

Genes Initial period Cycles, denaturation, annealing and elongation Final extension
ITS, LSU, 95°C for 5min | 35 cycles of denaturation at 94 °C for 1 min, annealing at | 72°C for 10 minutes
SSU, tef1 52°C for 1 min, elongation at 72°C for 1.5 min
rpb2 95°C for 5 min | 35 cycles of denaturation at 95°C for 1 minute, annealing | 72°C for 10 minutes

at 54°C for 2 minutes, elongation at 72°C for 1.5 minutes

Table 2. Composition of PCR reaction system.

Components Volumetry Concentration
2x Tap PCR Mix 12.5pl 1x
Primer 1 Tl 10uM pi?
Primer Tl 10uM pl?
DNA template Tl 0.1-0.2 pg pI
ddH,0 Up to 25 pl

Table 3. Taxa and corresponding GenBank accession numbers of sequences used in the phylogenetic analysis of Didy-
mosphaeriaceae, Roussoellaceae and Nigrogranaceae.

Species

Alloconiothyrium camelliae
Arthopyrenia sp.
Austropleospora ochracea
A. keteleeriae

Biatriospora antibiotica

B. carollii

B. mackinnonii

B. peruviensis

Bimuria omanensis

B. novae-zelandiae
Chromolaenicola nanensis
C. siamensis

C. thailandensis

C. lampangensis
Cylindroaseptospora leucaenae
Deniquelata hypolithi

D. barringtoniae
Didymocrea sadasivanii
Didymosphaeria rubi-ulmifolii
Kalmusia erioi

K. italica

K. variisporum

K. ebuli

Kalmusibambusa triseptata
Karstenula rhodostoma
Laburnicola hawksworthii
Letendraea helminthicola

L. muriformis

L. padouk

L. cordylinicola
Montagnula chromolaenicola
M. cirsii

M. krabiensis
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GenBank Accession Numbers

Strain References
ITS SSuU LSuU tef1 rpb2
NTUCC 17-032-17 MT112294 | MT071221 @ MTO071270 MT232967 — (Kolarik et al. 2017)
UTHSC DI16-362 LT796905 | LN907505 - LT797145 | LT797065 (Crous et al. 2015)
KUMCC 20-00207 MT799859 | MT808321 @ MT799860 MT872714 - (Dissanayake et al. 2021)
MFLUCC 18-15517 | NR_163349 | MK347910 | NG_070075  MK360045 - (Mapook et al. 2020)
CCF 1998 LT221894 - - - - (Kolarik et al. 2017)
CCF 44847 LN626657 - - LN626668 - (Kolarik et al. 2017)
E9303e - - - LN626673 - (Kolarik et al. 2017)
CCF 44857 LN626658 - - LN626671 - (Kolarik et al. 2017)
SQUCC 15280 NR_173301 - NG_071257 | MT279046 - (Wijesinghe et al. 2020)
CBS 107.79" MH861181 = AY016338 = AY016356 = DQ471087 - (Vuetal. 2019)
MFLUCC 17-1477 MN325014 = MN325008 MN325002 = MN335647 - (Liu et al. 2014)
MFLUCC 17-25277 | NR_163337 | MK347866 | NG_066311  MK360048 - (Mapook et al. 2020)
MFLUCC 17-1475 MN325019 ' MN325013 = MN325007 ' MN335652 - (Liu et al. 2014)
MFLUCC 17-14627 | MN325016 | MN325010 | MN325004 | MN335649 - (Liu et al. 2014)
MFLUCC 17-2424 NR_163333  MK347856 NG_066310 MK360047 - (Mapook et al. 2020)
CBS 1469887 MZ064429 - NG_076735 MZ078250 - (Ariyawansa et al. 2020b)
MFLUCC 16-0271 MH275059 - MH260291 = MH412766 - (Tibpromma et al. 2018)
CBS 438.65 MH858658 | DQ384066 | DQ384103 — - (Vuetal. 2019)
MFLUCC 14-00237 - NG_063557 | KJ436586 - - (Jayasiri et al. 2019)
MFLU 18-08327 MN473058 = MN473046 MN473052 = MN481599 - (Vuetal. 2019)
MFLUCC 13-0066" KP325440 | KP325442 @ KP325441 - — (Vuetal. 2019)
CBS 1215177 NR_145165 - JX496143 - - (Wijesinghe et al. 2020)
CBS 1231207 KF796674 = JN851818 = JN644073 - - (Dissanayake et al. 2021)
MFLUCC 13-0232 KY682697 | KY682696 | KY682695 - - (Tibpromma et al. 2018)
CBS 690.94 - GU296154 = GU301821 = GU349067 - (Crous et al. 2021)
MFLUCC 13-06027 KU743194 = KU743196 = KU743195 - — (Ariyawansa et al. 2014)
CBS 884.85 MK404145 = AY016345 = AY016362 @ MK404174 - (Tibpromma et al. 2018)
MFLUCC 16-02907 KU743197 = KU743199 | KU743198 @ KU743213 - (Ariyawansa et al. 2014)
CBS 485.70 - GU296162 | AY849951 - - (Zhang et al. 2013)
MFLUCC 11 0148"™ | NR_154118 | KM214001 A NG_059530 - - (Wijayawardene et al. 2020)
MFLUCC 17-14697 | NR_168866 | NG_070157 | NG_070948 MT235773 — (Liu et al. 2014)
MFLUCC 13 0680 KX274242 | KX274255 @ KX274249 @ KX284707 - (Hyde et al. 2020)
MFLUCC 16-0250" | MH275070 | MH260343 | MH260303 | MH412776 - (Tibpromma et al. 2018)
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Species

M. thailandica

M. bellevaliae
Neoroussoella alishanense
N. bambusae

N. brevispora

N. brevispora

N. heveae

N. jonahhulmei

N. karka

N. karka

N. kunmingensis

N. lenispora

N. scabrispora

N. solani

N. thailandica
Neokalmusia arundinis
Nigrograna antibiotica
Nigrograna cangshanensis
N. chromolaenae

N. didymospora

N. fuscidula

N. fuscidula

N. hydei

N. impatientis

N. leucaenae

N. locuta-pollinis

N. locuta-pollinis

N. mackinnonii

N. mackinnonii

N. magnoliae

N. magnoliae

N. mycophila

N. mycophila

N. norvegica

N. obliqua

N. obliqua

N. rhizophorae

N. samueliana

N. schinifolium

N. schinifolium

N. thymi

N. trachycarpus

N. trachycarpus

N. yasuniana
Occultibambusa pustula
0. bambusae
Paracamarosporium fagi
P, cyclothyrioides

P, estuarinum

P, hawaiiense

P, robiniae

P rosarum

P, rosicola
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Strain

MFLUCC 17-1508"
MFLUCC 14-09247
FU31016
MFLUCC 11-0124
KT2313"
KT1466
MFLUCC 17-1983
KUMCC 21-0819
GMB0494"
GMB0500
KUMCC 18-0120"
GZCC 16-0020"
KT1023
CPC 263317
MFLUCC 16-04057
MFLUCC 15-0463"
CCF 43787
MFLUCC15-0253"
MFLUCC 17-14377
MFLUCC 11-0613
CBS 1415567
CBS 141476
GZCC 19-0050"
GZCC 19-00427
MFLUCC 18-1544
CGMCC 3.18784
LC11690
CBS 674.75"
E5202H
GZCC 17-0057
MFLUCC 20-0020"
CBS 1414787
CBS 141483
CBS 1414857
CBS 1414777
CBS 141475
MFLUCC 18-03977
NFCCI-4383"
GMB0498™
GMB0504
MFLUCC 14-1096"
GMB0499"
GMB0505
YU.101026"
MFLUCC 11-0502"
MFLUCC 13-0855"
CPC 248907
CBS 972.95
CBS 1098507
CBS 1200257
MFLUCC 14-1119"
MFLUCC 17-6054"
MFLUCC 15-0042

ITS
MT214352
NR_155377
MK503816
KJ474827
LC014574
LC014573
MH590693
ONO007044
OR120445
OR120438
MK079886
LC014575
KX228261
NR_154255
NR_165852
JX570932
KY511063
MT214379
KX650550
KX650547
NR_172415
NR_172416
MK347767
MF939601
MF939603
NR_132037
JX264157
MF399066
MT159628
KX650553
KX650555
KX650556
KX650560
KX650558
MNO047085
MK358817
OR120434
OR120441
KY775576
OR120437
OR120440
HQ108005
KU940126
KU940123
NR_154318
JX496119
JX496016
JX496027
KY511142
NR_157529
NR_157528

GenBank Accession Numbers

Ssu
NG_070158
KT443904
MK503822
KJ474839
AB524460
AB524459
MH590689
ON007040
OR120442
OR120433
MK079887
KX791431
AB524452
KX228312
KY706137
NG_068372

KP091435
MK347984

AY642524

AY642522

EU295655

KY511141
NG_059872
MG829153

Lsu
NG_070949
KT443902

AB524601
AB524600
ON007049
OR120432
OR120443
MK079889

AB524593
NG_059792
NG_068237

KP091434

NG_070630
JX496232
JX496129
JX496140

MG829047

tef1
MT235774
KX949743
MK336181
KJ474848
AB539113
AB539112
ONO009134
OR150020
OR150021
MKO070172

AB539106
KY706145
KY244024
JX570934
KY511066
MT235801
KX650525
KX650522
MN389249
MN389250
MK360067
MF939613
MF939614
KF407986
JX264154
MF498583
MT159605
KX650526
KX650528
KX650531

KX650530
MNO077064
MK330937
OR150022
OR150023
KY775578
OR150024
OR150025
LN626670
KU940193

KY549682
MG829224

pb2

MNO037756
KJ474856

MK434876

References

(Liu et al. 2014)
(Ariyawansa et al. 2014)
(Verkley et al. 2014)
(Dissanayake et al. 2021)
(Tanaka et al. 2015)
(Tanaka et al. 2015)
(Wanasinghe et al. 2018)
(Wanasinghe et al. 2016)
This study
This study
(Vuetal. 2019)
(Hyde et al. 2020)
(Tanaka et al. 2015)
(Wijayawardene et al. 2014)
(Thambugala et al. 2015)
(Thambugala et al. 2015)
(Kolarik et al. 2018)
(Crous et al. 2015)
(Liu et al. 2014)
(Haridas et al. 2020)
(Feng et al. 2019)
(Feng et al. 2019)
(Zhang et al. 2020)
(Zhang et al. 2020)
(Mapook et al. 2020)
(Ahmed et al. 2014)
(Ahmed et al. 2014)
(Ariyawansa et al. 2015)
(Phukhamsakda et al. 2018)
(Zhang et al. 2020)
(Liu et al. 2014)
(Feng et al. 2019)
(Feng et al. 2019)
(Feng et al. 2019)
(Feng et al. 2019)
(Feng et al. 2019)
(Poli et al. 2020)
(Poli et al. 2020)
This study
This study
(Crous et al. 2015)
This study
This study
(Kolarik et al. 2018)
(Crous et al. 2014)
(Crous et al. 2014)
(Ariyawansa et al. 2014)
(Schoch et al. 2009)
(Verkley et al. 2014)
(Verkley et al. 2014)
(Crous et al. 2015)
(Hyde et al. 2016)
(Hyde et al. 2016)
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Species

Paramassariosphaeria
anthostomoides

Paraphaeosphaeria rosae

Pararoussoella mukdahanensis

Parathyridaria ramulicola
Phaeodothis winteri

Pseudocamarosporium
propinquum

Pseudodidymocyrtis lobariellae

Pseudoneoconiothyrium
euonymi

Pseudopithomyces entadae

Pseudoroussoella chromo-
laenae

P, elaeicola

P, kunmingnensis

P, pteleae

P rosae

P, ulmi-minoris
Roussoella acaciae

R. aquatic

R. chiangraina

R. doimaesalongensis
R. doimaesalongensis
R. doimaesalongensis
R. elaeicola

R. euonymi

R. guttulata

R. hysterioides

R. intermedia

R. japanensis

R. kunmingensis

R. magnatum

R. mangrovei

R. margidorensis

R. mediterranea

R. mexicana

R. mukdahanensis

R. multiplex

R. neopustulans

R. neopustulans

R. neopustulans

R. nitidula

R. padinae

R. percutanea

R. pseudohysterioides
R. pseudohysterioides
R. pseudohysterioides
R. pustulans

R. scabrispora

R. siamensis

R. thailandica

R. tuberculata

R. verrucispora
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Strain

CBS 615.86

MFLUCC 17-25477
KUMCC 18-0121
CBS 1414797
CBS 182.58
MFLUCC 13-0544"

KRAM Flakus
251307

CBS 1434267

MFLUCC 17-09177
MFLUCC 17-14927

MFLUCC 15-0276a
MFLUCC 17-0314
MFLUCC 17-07247
MFLUCC 15-0035"
MFLUCC 17-06717
CBS:138873T
MFLUCC 18-1040"
MFLUCC 10-0556"
MFLUCC 14-0584"
GMB0497
GMB0503
MFLUCC 15-15-0276a
CBS:143426"
MFLUCC 20-01027
CBS 546.94
CBS 170.96
MAFF 239636"
HKAS 1017737
MFLUCC 15-0185"
MFLU 17-15427
MUT 53297
MUT5369"
CPC 253557
MFLU 11-02377
GMB0316"
MFLUCC 11-06097
GMB0496
GMB0502
MFLUCC 11-0634
MUT 55037
CBS 868.95
GMBC0009"
GMB0495
GMB0501
KT 1709
MFLUCC 14-0582
MFLUCC 11-01497
MFLUCC 11-06217
MFLUCC 13-0854"
CBS 1254347

ITS
MH862005

MG828935
MH453489
KX650565

KJ747049

NR_169714

MH107915

MT214345

MH742329
MF173607
NR_157536
MG828953
NR_157537
KP004469
NR171975
NR155712
NR165856
OR116188
OR120435
MH742329
MH107915
NR172428
MH862484
KF443407
NR155713
MH453491
MH025951
NR169906
KU314947
KT950848
NR155722
ON479891
KJ474833
OR120436
OR116176
KJ474834
KF322118
MWw881445
OR116175
OR120447
KY026583
KJ474837
KJ474838
KU940132
KJ474832

GenBank Accession Numbers

Ssu
GU205246

MG829150
MH453485
KX650565
GU296183
KJ819949

NG_070349

MH107961

MK347835
MT214439

MH742326
MF173606
MG829166
MG829168
MG829167
KP004497
NGO073797
NG059510
NG068241

OR117732
OR120444
MH742326
MH107961
NG075383
MH874129
KF443382

MH453487
KT281980

MH023318
MN556322
MN556324
KT950862

KJ474841
OR120446
OR117714
KJ474842
MN556327
KF366449
MW881451
OR117737
OR120439
AB524623
KY000660
KJ474845
KJ474846
KU863121

Lsu
GU205223

MG829044

GU301857
KJ813280

NG_068933

NG_066305

MF173605
MG829061
MG829064
MG829062

ON479892

tef1

MG829222
MH453478
KX650536

MK360083
MT235769

MG829233

KY651249
OR150026
OR150027

KF443399
KF443398

MH453480
MH028246
MN605897
MN605899

KJ474850

KJ474851
MN605902
KF407987
OR150028
OR150029
AB539116

KJ474854

KU940199

pb2

MH453482
KX650584

MH108007

KY678394

MH108007

KF443392
KF443394

MH453484
MH028250
MN605917
MN605919

KJ474858
MN605922
KF366452
MW883345

AB539103

KJ474861
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GenBank Accession Numbers

Species Strain References
ITS SSuU LSU tef1 rph2
R. yunnanensis HKAS 101762 MH453492 = MH453488 - MH453481 - (Flakus et al. 2019)
Roussoellopsis macrospora MFLUCC 12-0005 - KJ474847 - KJ474855 | KJ474862 (Dissanayake et al. 2021)
R. tosaensis KT 1659 - AB524625 - AB539117 | AB539104 (Zhang et al. 2020)
Setoarthopyrenia chromolaenae | MFLUCC 17-1444 | MT214344 | MT214438 - MT235768 = MT235805 (Liuet al. 2014)
Spegazzinia deightonii yone 212 — AB797292 @ AB807582 | AB808558 — (Tanaka et al. 2015)
S. radermacherae MFLUCC 17-2285" | MK347740 MK347848 MK347957 | MK360088 - (Mapook et al. 2020)
S. tessarthra NRRL 54913 JQ673429 « AB797294 | AB807584 & AB808560 - (Tanaka et al. 2015)
Thyridaria acaciae CBS 138873 KP004469 | KP004497 - - - (Liu et al. 2014)
T. broussonetiae CBS 141481 NR_147658 = KX650568 - KX650539 = KX650586 (Karunarathna et al. 2019)
Torula herbarum CBS 111855 KF443409 | KF443386 - KF443403 | KF443396 (Crous et al. 2013)
T hollandica CBS 220.69 KF443406 | KF443384 - - KF443393 (Crous et al. 2013)
Tremateia arundicola MFLU 16-1275 KX274241 | KX274254 | KX274248 | KX284706 = (Hyde et al. 2020)
T. chromolaenae MFLUCC 17-1425" | NR_168868 NG_070160 NG_068710 MT235778 - (Tanaka et al. 2015)
T. guiyangensis GZAASO1 KX274240 | KX274253 | KX274247 | KX284705 - (Hyde et al. 2020)
T. murispora GZCC 18-2787 NR_165916 = MK972750 | MK972751 = MK986482 - (Feng et al. 2019)
T. thailandensis MFLUCC 17-1430" | NR_168869 NG_070161 NG_068711 | MT235781 - (Liu et al. 2014)
Verrucoconiothyrium nitidae CBS:119209 EU552112 - EU552112 - - (Wanasinghe et al. 2018)
Xenocamarosporium acaciae CPC 247557 NR_137982 - NG_058163 - - (Crous et al. 2015b)
Xenoroussoella triseptata MFLUCC 17-1438 | MT214343 | MT214437 - MT235767 | MT235804 (Liu et al. 2014)
Notes: Type specimens or Ex-type specimens are marked with T; “~": indicates no sequence available in GenBank; newly-generated sequences are indi-

cated in bold.

Abbreviations: CBS: Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands; CPC: Culture collection of Pedro Crous, housed at the Westerdijk
Fungal Biodiversity Institute; GMB: Culture collection of Guizhou Medical University; HKAS: Herbarium of Cryptogams Kunming Institute of Botany Aca-
demia Sinica, Chinese Academy of Sciences, Kunming, China; HKUCC: Hong Kong University Culture Collection; KT: K. Tanaka; KUMCC: Kunming Institute
of Botany Culture Collection, Chinese Science Academy, Kunming, China; MAFF: Ministry of Agriculture, Forestry and Fisheries, Japan; MFLUCC: Mae Fah
Luang University Culture Collection, Chiang Rai, Thailand; NFCCI: National Fungal Culture Collection of India; Others: information not available.

(http://www.sing-group.org/ALTER/). Maximum Likelihood (ML) analyses and
Bayesian posterior probabilities (BYPP), based on a combination of ITS, LSU,
tef1 and rpb2 sequence data, were performed using RAXML-HPC BlackBox
and MrBayes v. 3.2.7a tools in the CIPRES Science Gateway platform (Liang
et al. 2020). GTR+I+G was estimated as the best-fit substitution model by
ModelTest2 on XSEDE v.2.1.6. (Posada and Crandall 1998).

Bayesian Inference (Bl) analysis was conducted using MrBayes v.3.2.7a
(Ronquist et al. 2012) and posterior probabilities (PP) were determined through
Markov Chain Monte Carlo sampling (MCMC). Six simultaneous Markov chains for
3,000,000 generations were run and trees were sampled every 1,000 generation.

The trees were visualised using FigTree v,1.4.4, and formatted using Adobe
lllustrator CS v.6. Branches with Maximum-Likelihood bootstrap values (MLBP)
equal to or greater than 75% and Bayesian posterior probabilities (BYPP) great-
er than 0.95 are indicated. The combined loci alignment and resulting phylo-
genetic trees were submitted to TreeBASE (https://www.treebase.org, submis-
sion number: ID 30482; ID 30483; ID 30484).

Results
Phylogenetic analyses

Phylogenetic analyses of Didymosphaeriaceae (Fig. 1), Roussoellaceae (Fig. 2),
and Nigrogranaceae (Fig. 3) were performed separately, with corresponding pa-
rameters presented in Table 4.
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Figure 1. RAXML phylogram of Didymosphaeriaceae, based on a combined dataset of partial ITS, LSU, SSU and tef1
DNA sequences. The tree is rooted by Bimuria novae-zelandiae (CBS 107.79) and Bimuria omanensis (SQUCC 15280).
Bootstrap supports ML (MLB = 75%) and Bayesian posterior probabilities (BYPP = 0.95) are given as MLB/BYPP above
the branches. Sequences from newly-generated isolates are in red, bold letters, while those of ex-type isolates are shown

in black, bold letters.
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Figure 2. RAXML phylogram of Roussoellaceae, based on a combined dataset of partial ITS, LSU, tef1 and rpb2 DNA
sequences. The tree is rooted by Torula hollandica (CBS 220.69) and T. herbarum (CBS 111855). Bootstrap supports ML
(MLB = 75%) and Bayesian posterior probabilities (BYPP > 0.95) are given as MLB/BYPP above the branches. Sequences
from newly-generated isolates are in red, bold letters, while those of ex-type isolates are shown in black, bold letters.
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Figure 3. RAXML phylogram of Nigrogranaceae, based on a combined dataset of ITS and tef1 DNA sequences. The tree
is rooted by Occultibambusa pustula (MFLUCC 11-0502) and O. bambusae (MFLUCC 13-0855). Bootstrap supports ML
(MLB = 75%) and Bayesian posterior probabilities (BYPP = 0.95) are given as MLB/BYPP above the branches. Sequences
from newly-generated isolates are in red, bold letters, while those of ex-type isolates are shown in black, bold letters.

Table 4. Results of Maximum-Likelihood (ML) and Bayesian (BI) analyses for each sequenced dataset.

Analyses Didymosphaeriaceae Roussoellaceae Nigrogranaceae
Number of taxa 64 59 32
Gene regions ITS, LSU, SSU and tef1 ITS, LSU, tef1 and rpb2 ITS and tef1
Number of character positions (including gaps) 2423 2267 868
ML optimisation likelihood value -13324.603084 -16237.062124 -3695.409391
Distinct alignment patterns in the matrix 584 773 240
Number of undetermined characters or gaps (%) 14.26% 27.45% 7.87%
Estimated base frequencies A 0.237970 0.240773 0.229686
C 0.246811 0.255815 0.293625
G 0.277468 0.276383 0.242370
T 0.237752 0.227030 0.234319
Substitution rates AC 1.764988 2.186105 1.598706
AG 2.187844 5.410475 2.533043
AT 1.416956 2.441301 1.640025
CG 1.132266 1.384067 0.752494
CT 7.848138 11.885781 8.062830
GT 1.000000 1.000000 1.000000
Proportion of invariable sites (1) 0.595845 0.544120 0.487317
Gamma distribution shape parameter (a) 0.516792 0.502253 0.634309
Number of generated trees in Bl 14806 10678 9932
Average standard deviation of split frequencies 0.006852 0.004431 0.004939
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Taxonomy

Didymosphaeriaceae Munk, 1953

Neokalmusia Ariyawansa & K.D. Hyde, Fungal Diversity 68: 92 (2014b)
MycoBank No: 550700

Notes. Neokalmusia was established by Ariyawansa et al. (2014b) to accom-
modate two bambusicolous taxa, N. brevispora and N. scabrispora, previously
referred to Kalmusia. Members of Neokalmusia are characterised by solitary
sphaeroid ascomata, a peridium of small pseudoparenchymatous cells, clavate
basal asci with very long pedicels, very thin pseudoparaphyses and distosep-
tate, smooth-walled ascospores (Ariyawansa et al. 2014b; Zhang et al. 2020a).
In this study, we introduce a new species of Neokalmusia, based on a combina-
tion of morphological and molecular analyses (Fig. 1).

Neokalmusia karka H. M. Hu & Q. R. Li, sp. nov.
MycoBank No: 851046
Fig. 4

Type material. Holotype: GMB0494.

Etymology. In reference to the host, Phragmites karka (Retz.) Trin. ex Steud.

Description. Saprobic on dead culms of P. karka.

Sexual morph: Clypeus visible as black dots on the host surface, breaking
through slightly raised cracks at the centre. Ascomata 241-386 x 161-231 ym
(average = 375 x 197 ym, n = 5), smooth, semi-immersed, scattered, solitary or in
small groups, black, oval, with ostiole. Peridium 12-20 pm wide, composed of a
few layers of thin-walled, brown to dark brown, cells of textura angularis. Hamath-
ecium comprising 1.5—-2.8 um wide, numerous, cellular, pseudoparaphyses, em-
bedded in a mucilaginous matrix. Asci 80-109 x 10-14 pm (average = 95x 11.4
pm, n = 15), 8-spored, bitunicate, fissitunicate, cylindrical-clavate, with bulbous
pedicel, apically rounded with an indistinct ocular chamber, with a J-subapical
ring. Ascospores 14-17 x 4—6 um (average = 15.8 x 5.3 ym, n = 30), overlapping
1-2-seriate, fusiform, pale brown to brown, 1-septate, constricted at the septum,
often enlarged near septum in the upper cell, distinctly verrucose on the surface,
without a mucilaginous sheath. Asexual morph: undetermined.

Culture characters. After 4 weeks of cultivation at 25 °C, the colonies on PDA
measure around 2-2.5 cm in diameter. The surface appears smooth to velvety
with an entire or slightly irregular margin, ranging from white to grey olivaceous.
The colour is white near the margin with dense circular to filamentous growth.
The reverse side of the colonies black to greenish-olivaceous.

Specimens examined. CHINA, Guizhou Province, Zunyi City, Suiyang County,
Kuangwashui Nature Reserve (28°31'51.04"N, 107°9'33.65"E), 1544 m elev., on
decaying culms, 12 October 2022, Y.P Wu and H.M Hu, 2022KKS49 (GMB0494,
holotype; GMBC0494, ex-type; KUN-HKAS 129179, isotype).

Otherexaminedmaterial. CHINA, GuizhouProvince,HuaxiDistrict, ShilihetanWet-
land Park (26°41'34.3"N, 106°67'68.8"E), 1500 m elev., on decaying culms, 8 Octo-
ber2022,Y.P Wuand H.M Hu, 2022SLZH11 (GMB0500; GMBC0500, living culture).
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Figure 4. Neokalmusia karka (GMB0494, holotype) A type specimen B, C appearance of ascomata on substrate D, E lon-
gitudinal section of an ascoma F peridium G pseudoparaphyses H-K asci L—N ascospores 0, J ascus subapical ring in

Melzer's Reagent. Scale bars: 0.5 mm (B-D); 10 um (E-0).
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Notes. This fungus shares morphological characters similar to Neokalmusia
in having immersed ascomata, a clypeus-like structure composed of thin-walled
cells and verrucose ascospores (Tanaka et al. 2009; Ariyawansa et al. 2014b).
Other than Neokalmusia karka, only two species, N. arundinis Thambug. & K.D.
Hyde and N. didymospora D.Q. Dai & K.D. Hyde have been reported with 1-sep-
tate ascospores. However, N. karka can be distinguished, based on differences
in asci size (N. karka, 80—-109 x 10-14 pym; N. arundinis 60-85 x (7.5-) 8.5—
10.5 pm; N. didymospora 125-160 x 9.5-14 pm) and the obvious oval shape
of its ascomata (Wanasinghe et al. 2018; Flakus et al. 2019). In our phylogram,
Neokalmusia karka formed a well-supported separate clade (100% ML, 1 BYPP;
Fig. 1) in a sister relationship with N. arundinis and N. didymospora. The macro
and micro-morphological differences and phylogenetic analyses support the
recognition of N. karka as a new species (Fig. 1).

Roussoellaceae Jian K. Liu, Phook., D.Q. Dai & K.D. Hyde 2014

Roussoella Sacc., Atti Inst. Veneto Sci. lett., ed Arti, Sér. 6 6: 410 (1888)
MycoBank No: 541317

Notes. the genus Roussoella was introduced by Saccardo et al. (1888), with
R. nitidula Sacc. & Paol. as the type species, which was collected from bam-
boo in Malaysia. This family is characterised as having semi-immersed to im-
mersed, solitary or gregarious, clypeate ascostromata containing trabeculate
pseudoparaphyses embedded in a gel matrix, long cylindrical to clavate bituni-
cate asci with or without obvious fissitunicate dehiscence and brown, 2-celled
ornamented ascospores (Liu et al. 2014). In this study, we introduce three new
records of Roussoella species, based on morpho-anatomical and molecular
analyses (Fig. 2).

Roussoella pseudohysterioides D.Q. Dai & K.D. Hyde, in Dai et al., Fungal
Diversity 82(1): 37 (2017)

MycoBank No: 552026

Fig. 5

Descriptions. See Dai et al. (2017).

Specimen examined. CHINA, Guizhou Province, Huaxi District, Shilihetan
Wetland Park (26°43'34.3"N, 106°67'68.8"E), 1542 m elev., on decaying bam-
boo, 8 October 2022, Y.P Wu and H.M Hu, 2022SLZH6 (GMB0495; GMBC0495,
living culture).

Notes. Phylogenetic analyses of the combined ITS, LSU, tef1 and rpb2 gene
sequences showed that the sequence from our 2022SLZH6 collection clus-
ters together with Roussoella pseudohysterioides (MFLU 15-1209), with strong
support (100% ML, 1 BYPP; Fig. 2). The morphological characteristics of our
specimen are also consistent with those of R. pseudohysterioides, which was
originally described from decaying bamboo culms in Thailand (Dai et al. 2017).
In China, it had previously been reported from Yunnan Province (Jiang et al.
2019). This is the second report of this species in China, representing a new
record for Guizhou Province.
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Figure 5. Roussoella pseudohysterioides (GMB0495) A specimen B, C appearance of ascomata on substrate D cross-sec-

tion of ascostromata E longitudinal section of an ascoma F peridium G pseudoparaphyses H-I asci J-M ascospores.
Scale bars: 0.5 mm (B-D); 10 um (E-M).

Roussoella neopustulans D.Q. Dai, J.K. Liu & K.D. Hyde, in Liu et al. Phytotaxa
181(1): 15 (2014)

MycoBank No: 550664
Fig. 6

Descriptions. See Liu et al. (2014).

Specimens examined. CHINA, Guizhou Province, Huaxi District, Guiyang Huaxi
National Urban Wetland Park (26°2'2.34"N, 106°34'16.22"E), on dead branch
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of bamboo, 12 October 2022, 1130 m elev., Y.P Wu and H.M Hu, 2022HX25
(GMB0496; GMBC0496, living culture).

Notes. The sequence of our Roussoella neopustulans (2022HX25) forms a
well-supported clade (85% ML, 0.92 BYPP; Fig. 2) with R. neopustulan (MFLUCC
11-0609). Roussoella neopustulans was originally introduced by Liu et al. (2014),
with a description of the sexual morph only. Dai et al. (2017) provided a compre-
hensive description and illustrations for both the sexual and asexual morphs of
this species. Our collection exhibits identical morphological characteristics to
those detailed by Dai et al. (2017). This is the first report of this species in China.

Roussoella doimaesalongensis Thambug. & K.D. Hyde, Mycosphere 8 (4):
782 (2017)

MycoBank No: 553169

Fig. 7

Descriptions. See Thambugala et al. (2017).

Specimen examined. CHINA, Guizhou Province, Huaxi District, Shilihetan
Wetland Park (26°23'23.4"'N, 106°67'56.4"E), 1511 m elev., on dead bamboo
branches, 8 October 2022, Y.P Wu and H.M Hu, 2022SLHT14 (GMB0497;
GMBC0497, living culture).

Notes. In our phylogram (Fig. 2), the sequence of our collection clustered
with Roussoella doimaesalongensis with robust support (100% ML, 1 BYPP).
Roussoella doimaesalongensis was originally found on decaying bamboo
culms in Thailand (Thambugala et al. 2017). Morphologically, our specimens
match the description provided by Thambugala et al. (2017) and this species
was first reported in China by Seong et al. (2022).

Nigrogranaceae Jaklitsch & Voglmayr, 2016

Nigrograna Gruyter, Verkley & Crous, Stud. Mycol. 75: 31 (2012) [2013]
MycoBank No: 564794

Notes. Nigrograna was described by De Gruyter et al. (2012) as a monotypic
genus. Nigrograna is characterised by black ascomata, clavate, short pedicel-
late asci and pale to chocolate brown, asymmetric, fusoid to narrowly ellipsoid,
septate ascospores (Zhang et al. 2020a).

Nigrograna schinifolium H. M. Hu & Q. R. Li, sp. nov.
MycoBank No: 849204
Fig. 8

Type material. Holotype. GMB0498.

Etymology. With reference to the host, Zanthoxylum schinifolium Sieb. & Zucc.

Description. Saprobic on dead stem of Z. Schinifolium.

Sexual morph: Ascomata 198—-320 ym wide, 105-160 pm high, solitary or
aggregated in small groups, black, semi-immersed, appearing as slightly raised
regions. Ostioles are black, lined with paraphyses. Peridium 26—-39 pm wide,
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L M N 0

Figure 6. Roussoella neopustulans (GMB0496) A specimen B, C appearance of ascomata on substrate D cross-section
of ascostromata E longitudinal section of an ascoma F peridium G pseudoparaphyses H-K asci L—0 ascospores. Scale

bars: 0.5 mm (B-D); 10 um (E-0).
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Figure 7. Roussoella doimaesalongensis (GMB0497) A specimen B appearance of ascomata on substrate C cross-sec-
tion of ascostromata D longitudinal section of an ascoma E peridium F pseudoparaphyses G-I asci J-M ascospores.

Scale bars: 0.5 mm (B-C); 10 ym (D—M).
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Figure 8. Nigrograna schinifolium (GMB0498) A specimen B appearance of ascomata on substrate C cross-section of
ascomata D longitudinal section of an ascoma E peridium F pseudoparaphyses G-I asci J-L ascospores M, N culture

on PDA. Scale bars: 0.5 mm (B-C); 10 um (D-L).
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comprising several fused layers of "textura angularis’, thin-walled and pale
brown at the interior, becoming darker and thicker-walled to the outside.
Hamathecium comprising 1-2 ym wide, cylindrical to filiform, septate, branched,
pseudoparaphyses, embedded in a gelatinous matrix. Asci 44-59 x 8=10 ym
(average = 51.5 x 9.3 pm, n = 25), 8-spored, bitunicate, fissitunicate, cylindrical
to broadly filiform, with a short stipe and knob-like base, apically rounded with
a minute ocular chamber. Ascospores 10—-14 x 2.8—4 um (average = 11.6 x
3.3 ym, n = 40), broadly fusiform to inequilaterally ellipsoid, with the second
cell slightly enlarged, straight or slightly curved, with obtuse to rounded ends,
hyaline when immature, becoming brown to dark brown at maturity, 3-eusep-
tate, slightly constricted at the median septum. Asexual morph: undetermined.

Culture characters. After 4 weeks at 25 °C, colonies on PDA have a diameter
of 2-2.5 cm and are circular, slightly raised to umbonate and dull with an entire
edge. They appear floccose and smooth and droplets can be observed due
to cellular respiration, water formation or antibiotic production. Colonies from
the upper region have brown to cream-coloured margins and blackish-brown
centres, while their reverse is white to yellowish-brown at the margin and black-
ish-brown in the centre.

Specimen examined. CHINA, Guizhou Province, Qiannan Prefecture, San-
du Shui Autonomous County, Yao Man Mountain National Forest Park
(25°94'18.76"N, 107°95'70.09"E), 563 m elev., on branches of Zanthoxylum
schinifolium, 28 September 2022, Y.P. Wu, 2022YRS36 (GMB0498, holotype,
GMBC0498, ex-type; KUN-HKAS 12983, isotype).

Other examined material. CHINA, Guizhou Province, Huaxi District, Shili-
hetan Wetland Park (26°23'13.4"N, 106°66'56.4"E), 1501 m elev., on branches
of Zanthoxylum schinifolium, 8 October 2022, Y.P Wu and H.M Hu, 2022SLHT44
(GMB0504; GMBC0504, living culture).

Notes. Nigrograna schinifolium and N. thymi Mapook et al. form a monophy-
letic clade with moderate support (MPBP 48%, BYPP 0.83, Fig. 3). However,
N. schinifolium is distinguished by having 3-septate ascospores (Hyde et al.
2017). Morphologically, N. schinifolium can be distinguished from other spe-
cies of Nigrograna by its shorter asci and ascospores (Hyde et al. 2017; Zhao
et al. 2018; Zhang et al. 2020a). Our research confirms N. schinifolium is a
new species.

Nigrograna trachycarpus H. M. Hu & Q. R. Li, sp. nov.
MycoBank No: 849205
Fig. 9

Type material. Holotype: GMB0499.

Etymology. Named after the host genus Trachycarpus from which the fungus
was isolated.

Description. Saprobic or parasitic on dead culms of Trachycarpus sp.

Sexual morph: Ascomata 160-380 ym wide, 100-210 pm high, pyriform
to globose, scattered or clustered in small groups, black, immersed, the base
remaining immersed in the substrate, smooth, with ostiole. Ostiole single,
central, flattened, with a short neck, without paraphyses. Peridium 22-34 pm
wide, multi-layered, composed of 4-6 rows of heavily pigmented, light brown

MycoKeys 100: 123-151 (2023), DQI: 10.3897/mycokeys.100.109423 141



Hongmin Hu et al.: Taxonomic and phylogenetic characterizations of six species of Pleosporales

Figure 9. Nigrograna trachycarpus (GMB0499) A specimen B, C appearance of ascomata on substrate D, E longitudinal
section of an ascoma F peridium G-I asci J pseudoparaphyses K J-ascus subapical ring in Melzer's L—0 ascospores.

Scale bars: 0.5 mm (B-D); 10 um (E-O0).
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to dark brown cells of textura angularis. Hamathecium comprising numer-
ous 1.4-2.2 pym diameter, filamentous, unbranched, anastomosing, septate
pseudoparaphyses. Asci 86—126 x 11-13 ym (average = 99 x 12 um, n = 25),
8-spored, bitunicate, with fissitunicate dehiscence occurring rarely, elliptical,
shortly pedicellate, apically rounded, with an ocular chamber, with a J-subapi-
cal ring. Ascospores 15-17 x 5-7 ym (average = 16.3 x 6.1 ym, n = 40), hyaline
to yellow brown, 2—-3-septate, deeply constricted at second septum, tapering to
each end, the widest point at second cell from apex, smooth-walled, distinctly
guttulate, without a sheath or appendages. Asexual morph: undetermined.

Culture characteristics. After 4 weeks at 25 °C on PDA, colonies typically
reach 2-2.5 cm in diameter. They present a circular shape with a dense and el-
evated centre, while appearing sparse and radiating at the margin. The colonies
exhibit colours ranging from dark grey to pale olivaceous when viewed from
above and from dark olivaceous to black on reverse.

Specimen examined. CHINA, Guizhou Province, Guiyang Huaxi National Ur-
ban Wetland Park (26°2'2.34"N, 106°34'16.22"E), 1130 m elev., on decaying
culms of Trachycarpus sp., 12 October 2022, Y.P Wu and H.M Hu, 2022 HXGY11
(GMBO0499, holotype, GMBC0499, ex-type; KUN-HKAS 12984, isotype).

Other examined material. CHINA, Guizhou Province, Qiannan Prefecture,
Sandu Shui Autonomous County, Yao Man Mountain National Forest Park
(25°9318.76"N, 107°95'15.66"E), 540 m elev., on decaying bamboo culms
of Trachycarpus sp.; 28 September 2022; Y.P. Wu, 2022YRS50 (GMBO050;
GMBCO0505, living culture).

Notes. In the phylogenetic analysis, Nigrograna trachycarpus and N. locu-
ta-pollinis F. Liu & L. Cai formed a monophyletic branch within the Nigrograna
genus, with a bootstrap support value of 31% (Fig. 3). However, this relationship
remained consistent in repeated phylogenetic analyses. Sequences generated
from the cultures of N. trachycarpus are similar to sharing an ITS similarity of
70.7% (with 57/488 gaps) and a tef1 similarity of 89.8% (with 0/481 gaps).
Morphologically, N. trachycarpus can be distinguished by its larger ascospores,
measuring 16.3 x 6.1 ym, in contrast to N. schinifolium’s ascospores, 11.6 x
3.3 um. Morphologically, it is close to N. impatientis J.F. Zhang, J.K. Liu & Z.Y.
Liu, but the latter typically has ascocarps in groups of 2—-6 with ostiole necks
penetrating the host surface together. Moreover, the N. trachycarpus a possess-
es longer asci (measuring 99 x 12 ym) and larger ascospores (measuring 16.3
x 6.1 ym) compared to N. impatientis (asci measuring 48 x 8, ascospores mea-
suring 12 x 4.3 ym) (Zhang et al. 2020a).

Discussion

In this study, based on phylogenetic trees of combined ITS, LSU, SSU, tef1
and rpb2 sequences and morphology, we described and illustrated three new
species of micro-fungi on dead woody litter, viz., Neokalmusia karka (Didymo-
sphaeriaceae), Nigrograna schinifolium and N. trachycarpus (Nigrogranaceae)
and records of three species of Roussoella (Roussoellaceae). Didymosphaeri-
aceae was introduced by Munk (1953) and is one of the most diverse families
within the Pleosporales, with a total of 33 genera (Thambugala et al. 2015; Ha-
ridas et al. 2020). We included all of these Didymosphaeriaceae genera in our
phylogenetic analysis. We used a dataset that combines ITS, LSU, SSU, tef1
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and rpb2 genes for this purpose. Neokalmusia formed a well-supported mono-
phyletic clade within Didymosphaeriaceae, while the newly-discovered species,
N. karka, exhibited a distinct separation from other known Neokalmusia spe-
cies, supported by strong phylogenetic values.

Nigrograna, which is the only genus within Nigrogranaceae, is globally dis-
tributed and ecologically diverse. Amongst its species, N. mackinnonii is the
most widely distributed species, mainly found in deciduous forests in Canada
and northern USA. Nigrograna bergmaniae is mainly distributed in Europe, while
N. novae-zelandiae was discovered in New Zealand. Approximately one-quarter
of existing species live as saprotrophs on the bark or corticated twigs of var-
ious hardwoods (Phukhamsakda et al. 2018; Jayasiri et al. 2019). Nigrograna
schinifolium was collected from rotten wood, while N. trachycarpus was ob-
tained from decaying culms. Notably, several Nigrograna species have been es-
tablished in recent studies without strong bootstrap value support. This finding
suggests that these two species, N. schinifolium and N. trachycarpus, belong to
the genus Nigrograna with strong evidence supporting this classification.

This study unveils valuable insights about saprophytic fungi, shedding light
on their distribution and diversity within the Guizhou Region. It also identified
three new species, which are important for the study of fungal taxonomy and
further enriches our understanding of these microscopic organisms. More-
over, the study highlights the ongoing instability within the existing taxonom-
ic system, emphasising the necessity for addressing these taxonomic chal-
lenges through processes such as re-collection, confirmation and sequencing
of samples.
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Abstract

Steppe vegetation on sandy soil in Hungary has recently been revealed as one of the
hot spots in Europe for the stalked puffballs (genus Tulostoma). In the framework of the
taxonomic revision of gasteroid fungi in Hungary, four Tulostoma species are described
here as new to science: T. dunense, T. hungaricum, T. sacchariolens and T. shaihuludii.
The study is based on detailed macro- and micromorphological investigations (including
light and scanning electron microscopy), as well as a three-locus phylogeny of nrDNA
ITS, nrDNA LSU and tef7-a sequences. The ITS and LSU sequences generated from the
type specimen of T. cretaceum are provided and this resolved partly the taxonomy of the
difficult species complex of T. aff. cretaceum.

Key words: Gasteroid, hot spot, molecular systematics, Pannonian inland sand dune
thicket, phylogeny, taxonomy, Tulostomataceae

Introduction

The genus Tulostoma was erected by Persoon (1794, 1801) encompassing
two species, T. brumale and T. squamosum. Several new species have since
been added from all continents, except Antarctica. In a monograph of the
genus based on type studies, Wright (1987) accepted 139 species world-
wide. Later studies generally confirmed those species concepts, neverthe-
less reduced some of the species to synonymy (e.g. Moreno et al. (1992,
1997); Altés et al. (1999); Jeppson et al. (2017)). With the introduction of
molecular methods in taxonomy, unexpected species diversity has been
detected and new, formerly unknown species have been described. In Eu-
rope, Jeppson et al. (2017) suggested Mediterranean grassland regions of
the Iberian Peninsula, as well as steppe habitats in East Central Europe,
as hot-spot areas for species diversity in Tulostoma. Jeppson et al. (2017)
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described two novel species with type localities in Central Hungary (T. gran-
disporum, T. pannonicum), but their phylogenetic and morphological results
indicated the presence of at least 19 previously-undescribed European spe-
cies of Tulostoma, nine of which had been collected in Hungary. The spe-
cies diversity in Eastern Europe was further emphasised by Rusevska et al.
(2019) who reported four species from North Macedonia distinct from all
known and described species.

In Europe, Hungary has an exceptionally large diversity of gasteroid taxa
mainly due to the suitable habitats of the Pannonian sandy steppe areas of the
country (Fig. 1). The Festucetum vaginatae plant communities are characteris-
tic on open, continental sandy soils, dominated by the grass species Festuca
vaginata which also occur on open steppe mosaics between the poplar—juniper
sand dune thickets (B6loni et al. 2011; Rimdczi et al. 2011). Gasteroid fungi
occur especially in those areas where Stipa borysthenica, Fumana procumbens
or Juniperus communis are present (Fig. 1).

In this paper, we propose four species of Tulostoma new to science, two of
which were retrieved previously by Jeppson et al. (2017) as Tulostoma sp. 1
and T. aff. cretaceum. Additionally, we present two further species identified
through subsequent collections and field investigations. One of the new spe-
cies was previously reported from Hungary under the name T. volvulatum
(Hollés 1904; Siller and Vasas 1995; Siller et al. 2005) and T. obesum (Siller
et al. 2006; Rimodczi et al. 2011) which is listed as a protected species by
Hungarian law.

Figure 1. Habitats of Tulostoma species in Hungary: a T. hungaricum in Orgovany b T. sacchariolens in Orgovany
c T. dunense in Izsék (Soltszentimre) d T. shaihuludii in 1zsék (Soltszentimre). Photos: P. Finy.
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Materials and methods

Samples of Tulostoma were collected in Hungary over a period of more than 25
years. Collecting has mostly been performed in the sandy habitats of the Great
Hungarian Plain on both sides of the Danube (Kiskunsag, Mez6fold). Studied col-
lections were deposited in the herbaria BP (only holotypes), GB and in the Depart-
ment of Plant Anatomy, E6tvos Lordnd University (abbreviated further as ELTE).

Macromorphological study

Mature basidiomata of Tulostoma were collected and studied under a stereo-
microscope, regarding their macromorphological characteristics (size, colour,
shape of the spore-sac (capitulum), type of mouth (ostiole), type of exoperidi-
um as well as features of the stem), in accordance with Wright (1987). In situ or
ex situ photo-documentation of each sample was carried out.

Microscopy

Microscopic features were studied under an Olympus BH-2 light microscope.
Samples were mounted in lactophenol-cotton blue and heated to boiling tem-
perature. Measurements were performed under 1000x magnification and cal-
culated digitally using Piximétre software (www.piximetre.fr). Spore dimen-
sions are given without the ornamentation of the spore walls. Small pieces of
peridium and gleba from dried basidiomata were prepared, fixed to stubs, coat-
ed with gold and examined under a Hitachi S2460N (Hitachi Ltd., Tokyo, Japan)
scanning electron microscope (SEM) at 22 kV accelerating voltage.

Molecular study

Total DNA extraction was carried out with the E.Z.N.A. SP Fungal DNA Mini Kit
(Omega Bio-Tek, Norcross, GA, USA) and NucleoSpin Plant II Mini Kit (Mache-
rey-Nagel, Diiren, Germany) following the instructions of the manufacturers. The
ITS (internal transcribed spacer) region of the nrDNA which is the universal fun-
gal DNA barcode region (Schoch et al. 2012) was amplified using the primer pairs
ITS1F/ITS4 (White et al. 1990; Gardes and Bruns 1993) as described in Papp and
Dima (2018). The primers LROR (Rehner and Samuels 1994) and LR5 (Vilgalys and
Hester 1990) were used to amplify the partial 28S nrRNA gene (LSU) of the nrDNA
operon region. The primers EF1-983F and EF1-2218R (Rehner and Buckley 2005)
were used to amplify part of the translation elongation factor 1a (tef7-a). Sequenc-
ing of the amplicons with the primers used for amplification was carried out by LGC
Genomics (Berlin, Germany). The sequences were compiled from electrophore-
grams using the Staden software package (Staden et al. 2000) and CodonCode
Aligner package (CodonCode Corp., Centerville, Massachusetts, USA). Sequences
of each locus (ITS, LSU and tef7-a), together with sequences of respective species
downloaded from GenBank mainly based on Jeppson et al. (2017), were aligned
separately with the online MAFFT version 7 using the E-INS-i strategy (Katoh and
Standley 2013) (Table 1). The alignments were checked and edited in MEGA7
(Kumar et al. 2016) and concatenated to one dataset in SeaView 5 (Gouy et al.
2021). Bayesian Inference (BI) analyses were performed with MrBayes 3.1.2 (Ron-
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quist and Huelsenbeck 2003) using a GTR + G substitution model. Four Markov
chains were run for 10,000,000 generations, sampling every 1,000 generations with
a burn-in value set at 4,000 sampled trees. Maximum Likelihood (ML) phylogenet-
ic analysis was carried out with the raxmlIGUI 1.3 implementation (Silvestro and
Michalak 2012; Stamatakis 2014). The GTR + G nucleotide substitution model and
ML estimation of base frequencies were applied for the partitions. ML bootstrap
(BS) analysis with 1,000 replicates was used to test the support of the branches.
Tulostoma pulchellum (MJ7833) and T. striatum (Fritz 2010-2) served as outgroups.
Intra- and interspecific genetic differences were calculated by dividing the number
of differences (substitutions and/or indels) found in the whole ITS region by the
length of the region. Phylogenetic trees were visualised and edited in MEGA 7 (Ku-
mar et al. 2016) and deposited together with the alignments at Figshare repository
(10.6084/m9.figshare.24112749). Newly-generated sequences were submitted to
GenBank. Studied voucher collections are presented in Table 1.

Table 1. Sequences used in this study. Newly-generated sequences are marked in boldface.

Name
Tulostoma ahmadii
Tulostoma albicans
Tulostoma albicans
Tulostoma beccarianum
Tulostoma beccarianum
Tulostoma berkeleyi
Tulostoma brumale
Tulostoma calcareum
Tulostoma calcareum
Tulostoma calongei
Tulostoma caespitosum cf.
Tulostoma caespitosum cf.
Tulostoma caespitosum cf.
Tulostoma cretaceum
Tulostoma cretaceum cf. 1
Tulostoma cretaceum cf. 2
Tulostoma cretaceum cf. 2
Tulostoma cretaceum cf. 2
Tulostoma cretaceum cf. 2
Tulostoma cretaceum cf. 3
Tulostoma cretaceum cf. 3
Tulostoma cretaceum cf. 3
Tulostoma cretaceum cf.
Tulostoma cyclophorum
Tulostoma domingueziae
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense
Tulostoma dunense

Strain/Voucher Country ITS LSuU TEF References
HUP SH-33b, holotype Pakistan KP738712 - - Hussain et al. (2016)
B2092, P.S. Catcheside 1266 Australia - MK278628 - Varga et al. (2019)
Cope, NY, Holotype United States | KX576548 - - Jeppson et al. (2017)
Finy2 Hungary KU519076 | KU519076 @ KU843959 | Jeppson et al. (2017)
Herb. Bresadola (S), holotype Italy KX640979 - - Jeppson et al. (2017)
JLH MyCoPortal 6604754 United States | MK578704 | MK578704 - Unpublished
Finy9 Hungary KU519059 | KU519059 & KU843944 | Jeppson et al. (2017)
Finy4 Hungary KU519088 | KU519088 = KU843895 | Jeppson et al. (2017)
MJ6965, holotype Sweden KU519086 | KU519086 @ KU843881 ' Jeppson etal. (2017)
MJ8773, holotype Spain KU518973 | KU518973 = KU844000 & Jeppson et al. (2017)
SNMH9 Slovakia MK907419 A MK907419 - Unpublished
MJ881114 Spain KU519031 | KU519031 = KU843978 @ Jeppson et al. (2017)
AH15040 Spain KU519032 | KU519032 | KU843979 ' Jeppson et al. (2017)
NY737977, holotype United States = OR722641 OR722660 - This study
Knudsen0107 Russia KU518993 | KU518993 | KUB43988 ' Jeppson et al. (2017)
AH13672 Spain KU518998 | KU518998 = KU843991 & Jeppson et al. (2017)
AH3995 Spain KU518999 | KU518999 | KU843992 ' Jeppson et al. (2017)
MJ6194 Spain KU518997 | KU518997 | KU843989 ' Jeppson et al. (2017)
MJ9304 Spain KU519000 | KU519000 | KU843990 @ Jeppson et al. (2017)
FP-2023-05-11-1 Kazakhstan | OR722639 OR722658 - This study
FP-2023-05-11-4 Kazakhstan | OR722640 OR722659 - This study
SNMH10 Kazakhstan | MK907420 MK907420 - Unpublished
MJ3821 Hungary KU518994 | KU518994 = KU843993 & Jeppson et al. (2017)
MJ8862 Hungary KU518985 | KU518985 = KU843963 & Jeppson et al. (2017)
MLHC24 (CORD), holotype Argentina HQ667594 HQ667597 - Caffot et al. (2011)
BP112640, holotype Hungary OR722622 | OR722648 A OR707014 This study
DB-2021-11-21-2 Hungary OR722626 - - This study
FP-2019-12-07 Hungary OR722617 OR722643 OR707009 This study
FP-2020-12-06 Hungary OR722618 OR722644 OR707010 This study
FP-2022-01-02-1 Hungary OR722619 OR722645 OR707011 This study
FP-2021-01-02 Hungary OR722620 OR722646 OR707012 This study
FP-2016-06-05 Hungary OR722621 OR722647 OR707013 This study
FP-2021-02-18 Hungary OR722623 OR722649 OR707015 This study
FP-2015-12-06 Hungary OR722624 OR722650 OR707016 This study
FP-2016-12-11 Hungary OR722625 OR722651 OR707017 This study
MJ6103 (as cf. cretaceum) Hungary KU518995 | KU518995 & KU843994 | Jeppson et al. (2017)
MJ7759 (as cf. cretaceum) Hungary KU518996 @ KU518996 @ KU843995 | Jeppson et al. (2017)
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Name
Tulostoma eckbladii
Tulostoma excentricum
Tulostoma fimbriatum
Tulostoma fimbriatum
Tulostoma fulvellum
Tulostoma giovanellae
Tulostoma grandisporum
Tulostoma grandisporum
Tulostoma hungaricum
Tulostoma hungaricum
Tulostoma hungaricum
Tulostoma hungaricum
Tulostoma kotlabae
Tulostoma kotlabae
Tulostoma cf. kotlabae
Tulostoma cf. kotlabae
Tulostoma cf. kotlabae
Tulostoma laceratum
Tulostoma lloydii
Tulostoma lusitanicum
Tulostoma lysocephalum
Tulostoma melanocyclum
Tulostoma cf. nanum
Tulostoma niveum
Tulostoma obesum
Tulostoma obesum
Tulostoma pannonicum
Tulostoma pannonicum
Tulostoma pseudopulchellum
Tulostoma pseudopulchellum
Tulostoma pulchellum
Tulostoma punctatum
Tulostoma punctatum
Tulostoma pygmaeum cf.
Tulostoma rufum
Tulostoma sacchariolens
Tulostoma sacchariolens
Tulostoma sacchariolens
Tulostoma sacchariolens
Tulostoma shaihuludii
Tulostoma shaihuludii
Tulostoma shaihuludii
Tulostoma shaihuludii
Tulostoma shaihuludii
Tulostoma simulans
Tulostoma sp. 10
Tulostoma sp. 14
Tulostoma sp. 20
Tulostoma sp. 21
Tulostoma squamosum
Tulostoma striatum
Tulostoma submembranaceum
Tulostoma submembranaceum cf.
Tulostoma subsquamosum
Tulostoma verrucosum
Tulostoma winterhoffii
Tulostoma xerophilum

Strain/Voucher

Sivertsen930717, TRH9565, holotype

BPI 729284, holotype
Finy8
Ménsson 991010, epitype
Kabat 970428
MJ8706
Finy10
MJ8907, holotype
BP112641, holotype
FP-2019-01-23
FP-2021-02-19
FP-2022-01-02-2
Brizek 140918
Kotlaba (PRM 704203), holotype
MJ5996
Finy1
MJ7795
NY834492
Lahti 201210
LISU-MGA-8
Long 9639, holotype
MJ090418
MJ4976
MJ7692
Cooke 2715, isotype
MJ8695
MJ7764, holotype
MJ7803
AH 11603, paratype
AH 11605, holotype
MJ7833
BP1 729033, lectotype
MJ7472
Briizek 131207
BPI 704578, holotype
BP112642, holotype
FP-2019-12-06
FP-2021-01-24b
FP-2021-02-18
BP112643, holotype
FP-2020-12-01
FP-2020-12-27
FP-2017-12-09
MJ7762
MJ3844
MJ3813
MJ5004
MJ5015
AH11698
Larsson 260-06
Fritz 2010-2
AH15132, holotype
MJ9296
MJ4945
CCB142
MJ7761
Long 9688, BPI 802484, holotype
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Country
Norway
United States
Hungary
Sweden
Slovakia
Spain
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Czech Republic
Slovakia
Hungary
Hungary
Hungary
United States
Italy
Portugal
United States
Hungary
Hungary
Sweden
United States
Spain
Hungary
Hungary
Spain
Spain
Hungary
United States
Slovakia
Slovakia
United States
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Spain
Spain
Spain
France
Mongolia
Mexico
Spain
Hungary
United States
Hungary
United States

ITS
KU519069
KU519055
KU518968
KU518963
KU518991
KU519071
KU519005
KU519003
OR722630
OR722627
OR722628
OR722629
KU519028
KX576544
KU519016
KU519017
KU519020
OR722642
KU518990
KX576542
KU519034
KU519106
KU519036
KU519078
KX576541
KU518986
KU519010
KU519011
KU519012
KX513827
KU518957
KC333071
KU518952
KU519041
KU519107
OR722632
OR722631
OR722633
OR722634
OR722637
OR722635
OR722636
OR722638
KU518979
KU519052
KU519029
KU519039
KU519067
KX640986
KU519097
KU518958
KX513826
KU519014
KU519091
MG663293
KU518976
KX576549

LSU
KU519069
KU519055
KU518968
KU518963
KU518991
KU519071
KU519005
KU519003
OR722653

OR722652
KU519028
KX576544
KU519016
KU519017
KU519020
OR722661
KU518990
KX576542
KU519034
KU519106
KU519036
KU519078
KX576541
KU518986
KU519010
KU519011
KU519012
KX513827
KU518957
KC333071
KU518952
KU519041
KU519107
OR722654

OR722655
OR722657

OR722656
KU518979
KU519052
KU519029
KU519039
KU519067
KX640986
KU519097
KU518958
KX513826
KU519014
KU519091

MG663293
KU518976

TEF
KU843952
KU843912
KU843904
KU844001
KU843954
KU843922
KU843924

OR707021
KU843977
KU843966
KU843967
KU843970
KU843965

KU843890
KU843968
KU843932

KU843985
KU843996
KU843997

KU843928
KU843875
KU843931
OR707020

OR707019

OR707018
KU843981
KU843941
KU843999
KU843950
KU843892
KU843929
KU843984
KU843899

KU843916

References
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)

This study

This study

This study

This study
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)

This study
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)

This study

This study

This study

This study

This study

This study

This study

This study
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)
Jeppson et al. (2017)

Unpublished
Jeppson et al. (2017)
Jeppson et al. (2017)
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Results
Phylogenetic analysis

The three-locus molecular phylogenetic analyses of the newly-generated and
representative Tulostoma sequences were based on 94 ITS, 76 LSU and 60
tef1-a (Table 1) and 3321 characters. In this study, 26 ITS, 26 LSU and 13 tef1-a
sequences were newly gained, including the ITS and LSU sequences of the ho-
lotype of Tulostoma cretaceum (Table 1). Phylogenetic trees from ML and BI
analyses showed congruent topologies and the sequences representing the
four new species proposed here formed strongly-supported clades (MLBS/
BIPP = 100%/1.00). The best scoring ML tree is shown in Fig. 2.

Taxonomy

Tulostoma dunense Finy, Jeppson, L. Albert, Olvedi, Dima & V. Papp, sp. nov.
MycoBank No: MB 849931
Fig. 3

Holotype. HUNGARY, Tolna, Németkér, open sandy grassland, 18 Oct 2020, P.
Finy, I. Olvedi, FP-2020-10-18 (BP112640, isotype GB). GenBank: ITS OR722622,
LSU OR722648, tef1 OR707014.

Etymology. The epithet refers to the continental, open, bare sandy habitat of
this species, similar to coastal dunes.

Description. Spore-sac subglobose, depressed-globose, 10-20 mm. Exoper-
idium hyphal, encrusting sand only at the base of the spore-sac. Endoperidium
tough, chalky white or dirty-dingy white, with age becoming greyish, young ba-
sidiomata with velvety surface. Mouth prominent, fibrillose-lacerate, irregular
sometimes remains unopened for a long time and splits later due to mechanical
pressure (wind or trampling). Socket distantly separated from the stem. Stem
35-80 x 1.5—-5 mm, initially white, then ochraceous, with age greyish—blackish,
longitudinally furrowed, at the base with a volva and a prominent, easily bro-
ken pseudorhiza. Gleba ferruginous to brick-red brown, usually scattered on the
surface of the spore-sac. Capillitium brown, 2.5-10 pym in diameter with walls
0.7-2.5 ym in diameter, fragile, breaking up at septal levels in 40-350 pm long
segments with rounded, not widened ends, rarely branching. Spores subglobose
to oval, 4.6-5.2 x 4.0-4.8 um (av. 4.4 x 4.9 ym), smooth under LM and SEM.

Habitat and distribution. The psammophilous species Tulostoma dunense
known so far only from sandy areas of the Great Hungarian Plain of Hungary.
It occurs on both sides of the Danube (Kiskunsdag, Dél-Mez6fold), where open
dunes appear. It mainly grows solitary, deep in the sand in large, open sandy
areas to bare spots.

Notes. Tulostoma dunense was previously recorded in Hungary by Hollds
(1904), Siller and Vasas (1995), Babos (1999), Siller et al. (2005), Siller et al.
(2006) and Riméczi et al. (2011) under the names of T. volvulatum, T. obesum
and T. aff. cretaceum. Hollés (1904) included both T. giovanellae and T. dunense
under the name T. volvulatum (nom. rej., Altés et al. (1999)) and recorded it in
urban places in the City of Kecskemét (now T. giovanellae) as well as in sand
dunes (now the new species, T. dunense). The brownish colour of the capillitium
characteristic of specimens from sand dunes and largely absent in those from
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FP-2022-01-02-1 | Tulostoma dunense | Hungary

FP-2021-02-18 | Tulostoma dunense | Hungary
FP-2020-12-06 | Tulostoma dunense | Hungary

FP-2021-01-02 | Tulostoma dunense | Hungary

FP-2019-12-07 | Tulostoma dunense | Hungary
FP-2015-12-06 | Tulostoma dunense | Hungary

BP112640 | Tulostoma dunense | Hungary | holotype Tulostoma dunense Sp. nov.
MJ6103 | Tulostoma dunense (as cf. cretaceum) | Hungary
MJ7759 | Tulostoma dunense (as cf. cretaceum) | Hungary
FP-2016-06-05 | Tulostoma dunense | Hungary
DB-2021-11-21-2 | Tulostoma dunense | Hungary
FP-2016-12-11 | Tulostoma dunense | Hungary
MJ3821 | Tulostoma cf. cretaceum 4 | Hungary Ny
FP-2023-05-11-1 | Tulostoma cf. cretaceum 3 | Kazakhstan
SNMH10 | Tulostoma cf. cretaceum 3 | Kazakhstan
FP-2023-05-11-4 | Tulostoma cf. cretaceum 3 | Kazakhstan
92/.) MJ6194 | Tulostoma cf. cretaceum 2 | Spain
oo/1f MJ9304 | Tulostoma cf. cretaceum 2 | Spain
AH3955 | Tulostoma cf. cretaceum 2 | Spain
96/1- AH13672 | Tulostoma cf. cretaceum 2 | Spain
Knudsen0107 | Tulostoma cf. cretaceum 1 | Russia
NY737977 | Tulostoma cretaceum | United States | holotype
NY834492 | Tulostoma laceratum | United States
MJ7803 | Tulostoma pannonicum | Hungary
MJ7764 | Tulostoma pannonicum | Hungary | holotype
100/1 —AH11603 | Tulostoma pseudopulchellum | Spain
AH11605 | Tulostoma pseudopulchellum | Spain | holotype
MJ5004 | Tulostoma sp. | Spain
-10.94 MJ5996 | Tulostoma cf. kotlabae | Hungary
Finy1 | Tulostoma cf. kotlabae | Hungary
PRM 704203 | Tulostoma kotlabae | Slovakia | holotype
Bruzek140118 | Tulostoma kotlabae | Slovakia
MJ7795 | Tulostoma cf. kotlabae | Hungary
MJ4976 | Tulostoma cf. nanum | Hungary
BPI 749235 | Tulostoma lysocephalum | United States | holotype
AH15040 | Tulostoma cf. caespitosum | Spain
MJ881114 | Tulostoma cf. caespitosum | Spain
SNMH9 | Tulostoma cf. caespitosum | Slovakia
MJ3813 | Tulostoma sp. | Hungary
LISU-MGA-8 | Tulostoma lusitanicum | Portugal
Lahti201210 | Tulostoma lloydii | ltaly
Kabat970428 | Tulostoma fulvellum | Slovakia
MJ8907 | Tulostoma grandisporum | Hungary | holotype
Finy10 | Tulostoma grandisporum | Hungary
FP-2017-12-09 | Tulostoma shaihuludii | Hungary
FP-2020-12-01 | Tulostoma shaihuludii | Hungary
BP112643 | Tulostoma shaihuludii | Hungary | holotype Tulostoma shaihuludii Sp. nov.
FP-2020-12-27 | Tulostoma shaihuludii | Hungary
MJ7762 | Tulostoma sp. | Hungary
MJ8701 | Tulostoma cf. fimbriatum | Spain
100/1 | GB, MJ 7472 | Tulostoma fimbriatum var. punctatum | Slovakia
BPI 729033 | Tulostoma fimbriatum var. punctatum | United States| lectotype
MJ8862 | Tulostoma cyclophorum | Hungary
100/1 | Cooke 2715 (NY) | Tulostoma obesum | United States | isotype
MJ8695 | Tulostoma obesum | Spain
95/1 — CCB142 | Tulostoma verrucosum | United States
EL260_06 | Tulostoma squamosum | France
092 10011  MJ4945 | Tulostoma subsquamosum | Hungary
-10.95 ) HUP SH-33b | Tulostoma ahmadii | Pakistan | holotype
MLHC24 (CORD) | Tulostoma domingueziae | Argentina | holotype
BPI 704578 | Tulostoma rufum | United States | lectotype
72/0.92r MJB965 | Tulostoma calcareum | Sweden | holotype
Finy40 | Tulostoma calcareum | Hungary
MJ090418 | Tulostoma melanocyclum | Hungary
100/1; Finy8 | Tulostoma fimbriatum | Hungary
GB, Manson991010 | Tulostoma fimbriatum | Sweden | epitype
JLH MyCoPortal 6604754 | Tulostoma berkeleyi | United States
MJ7761 | Tulostoma winterhoffii | Hungary
GB, MJ 8773 | Tulostoma calongei | Spain | holotype
Bruzek131207 | Tulostoma cf. pygmaeum | Slovakia
FP-2021-02-19 | Tulostoma hungaricum | Hungary
BP112641 | Tulostoma hungaricum | Hungary | holotype
FP-2019-11-23 | Tulostoma hungaricum | Hungary
FP-2022-01-02-2 | Tulostoma hungaricum | Hungary
AH15132 | Tulostoma submembranaceum | Mexico | holotype
FP-2021-01-24b | Tulostoma sacchariolens | Hungary
BP112642 | Tulostoma sacchariolens | Hungary | holotype .
FP-2021-02-18 | Tulostoma sacchariolens I?-Iurxgary v Tulostoma sacchariolens Sp. nov.
FP-2019-12-06 | Tulostoma sacchariolens | Hungary
MJ9296 | Tulostoma cf. submembranaceum | Spain
B2092 | Tulostoma albicans | Australia
87/0.98 MJ3844 | Tulostoma simulans | Hungary
Finy9 | Tulostoma brumale | Hungary
BPI 729284 | Tulostoma excentricum | United States | holotype
Cope NY | Tulostoma albicans | United States
100/1 | Herb.Bresadola (S) | Tulostoma beccarianum | Italy | holotype
Finy2 | Tulostoma beccarianum | Hungary
AH 11698 | Tulostoma sp. | Spain
Sivertsen930717, TRH9565 | Tulostoma eckbladii | Norway | holotype
MJ8706 | Tulostoma giovanellae | Spain
MJ5015 | Tulostoma sp. | Spain
MJ7692 | Tulostoma niveum | Sweden
BPI 802484 | Tulostoma xerophilum | United States | holotype
99/1: MJ7833 | Tulostoma pulchellum | Hungary
Fritz | Tulostoma striatum | Mongolia
0.02

-10.92—
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100/1

85/1

100/1 |-/0.95

-/0.97
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100/1

100/1 .
Tulostoma hungaricum sp. nov.
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Figure 2. Maximum Likelihood (RAXML) tree of concatenated nrDNA ITS, nrDNA LSU and tef7-a sequences of represen-
tative species of the genus Tulostoma and the four newly-introduced species in the present study. Sequences obtained
in this study are shown in bold blue. After the voucher number, the species and the country of origin are shown. Then,
the type specimens are indicated. ML bootstrap support values (= 70) are shown before slashes and Bayesian posteri-
or probabilities (= 0.90) are shown after slashes. Highlighted sections indicate affiliations to the four novel Tulostoma
species: T. dunense, T. hungaricum, T. sacchariolens and T. shaihuludii. The illustrations exhibit basidiomata and basidio-
spore characteristics of the novel species. Tulostoma pulchellum (MJ7833) and T. striatum (Fritz) served as multiple
outgroups. The scale bar indicates expected changes per site per branch.
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Figure 3. Tulostoma dunense: a, ¢—f FP-2020-10-18 (BP112640, holotype), Németkér b FP-2021-01-02, Tazlar
a—-c basidiocarps d, e basidiospores f capillitium with basidiospores. Scale bars: 1 pm (d); 10 pm (e); 10 um (f). Photos:
a, b, e fP FinycL. Albert d K. Béka.

urban habitats, was considered a result of the maturation process. Later (Hollos
1913) corrected his earlier concept and concluded that some of the synonyms
he had listed under T. volvulatum in his publication (Hollés 1904), in fact be-
longed to a complex of several species. He added illustrations of their different
types of capillitia (Hollés 1913: tables 3 and 4) and concluded that his concept
of T. volvulatum from the sand dunes was a synonym of T. kansense, a smooth-
spored species with brownish capillitium described from North America. The
capillitium in the samples from urban habitats clearly showed the undulating
inner walls of the capillitium typical of T. giovanellae (Hollés 1913: table 3, fig. 6),
although Hollés did not identify them under this name. Some 50 years later,
Nagy and Babos (1969) recorded T. giovanellae growing on a pavement at the
base of a house wall in Budapest. It matched partly the material cited by Hollés
(1904) as T. volvulatum, but was decidedly different from the species growing
in the sand dunes. Babos (1999) later came to the same conclusion. Altés et al.
(1999) studied the holotype material of T. volvulatum and concluded that it was
a synonym of T. giovanellae characterised by ornamented spores. They also
studied the holotype material of T. obesum with which they identified European
collections with completely smooth spores from steppe habitats and the name
T. volvulatum was rejected. Riméczi et al. (2011) accordingly identified the Hun-
garian species of the sand dunes as T. obesum. Molecular data (Jeppson et al.
2017) later showed that the Hungarian “T. obesum” was not identical with the
American holotype of T. obesum, but was closely related to another American
species described as T. cretaceum. It was recovered as T. aff. cretaceum by
Jeppson et al. (2017). The T. aff. cretaceum from Hungary belongs to a complex

MycoKeys 100: 153-170 (2023), DOI: 10.3897/mycokeys.100.112458 160



Péter Finy et al.: Four new Tulostoma from Hungary

of cryptic species with a strong geographical isolation. The type of T. cretaceum
was studied and successfully sequenced by Gube (2009), but the ITS and LSU
sequences have remained unpublished. We have kindly received these sequenc-
es from Matthias Gube allowing us to include them in the phylogenetic analyses.
The phylogenetic analyses showed that the type of T. cretaceum formed a dis-
tinct lineage within this complex (Fig. 1), proving that this North American spe-
cies is different from the European and Asian lookalikes. Therefore, the Hungari-
an collections are proposed here as a novel species, T. dunense, which is closely
related to samples of T. aff. cretaceum collected in Hungary, Kazakhstan and in
the Russian Federation as well as in Spain (Fig. 1). The main features to distin-
guish T. dunense from the other species in the complex are mainly phylogenetic-
and geographical-based data. Tulostoma dunense has been a protected species
under Hungarian law since 2005, but to date, it has erroneously been treated un-
der various misinterpreted and dubious names, i.e. T. volvulatum, T. obesum and
T. aff. cretaceum. The ITS region of T. dunense differs from its closest clade rep-
resented by a single sequence (T. cf. cretaceum MJ3821, see Fig. 2) by at least
13 substitution and indel positions, which is a similarity of 98%. This sequence
might represent a different species, but further collections need to be studied to
clarify its taxonomic status. In contrast, low intraspecific genetic variation was
detected in T. dunense (0—4 substitution and indel positions). The ITS and LSU
sequences of an old collection identified by Long (www.mycoportal.org) under
the name Schizostoma laceratum (NY834492) collected in 1941 in New Mexico,
were provided for us by Matthias Gube. Our phylogenetic analyses indicate that
this specimen belongs to the T. cretaceum complex as a distinct lineage. On the
other hand, the nomenclature of the genus Schizostoma, as well as the species
S. laceratum (Fries 1829; Léveillé 1846), seems to be problematic and needs
further clarification.

Specimens examined. HUNGARY, Béacs-Kiskun, Agasegyhaza, in open sand,
18 Feb 2021, P. Finy, FP-2021-02-18 (ELTE); Bécsa, in open sand, 7 Dec 2019,
P. Finy, FP-2019-12-07 (ELTE); Fiilophdaza, 11 Apr 2006, T. Knutsson, T. Gunnars-
son, J. Jeppson, M. Jeppson, MJ7759 (GB), Ibidem, in open sand, 5 Jun 2016,
P. Finy, FP-2016-06-05 (ELTE); Izsak (Soltszentimre), in open sand, 21 Nov 2019,
A. Nagy, B. Dima, DB-2021-11-21-2 (ELTE); Kéleshalom, in open sand, 6 Dec
2015, P. Finy, FP-2015-12-06 (ELTE); Ibidem, in open sand, 2 Jan 2022, P. Finy,
. Olvedi, FP-2022-01-02-1 (ELTE); T4zlar, in open sand, 11 Dec 2016, P. Finy,
FP-2016-12-11 (ELTE); Ibidem, in open sand, 2 Jan 2021, P. Finy, FP-2021-01-02
(ELTE). Pest, Orkény, former military training field, sand steppe vegetation, in
open sand, 5 Nov 2001, J. Jeppson, M. Jeppson, MJ6103 (GB), Ibidem, in open
sand, 6 Dec 2020, P. Finy, L. Albert, FP-2020-12-06 (ELTE).

Tulostoma hungaricum Finy, Jeppson, L. Albert, Olvedi & Dima, sp. nov.
MycoBank No: MB 849932
Fig. 4

Holotype. HUNGARY, Bacs-Kiskun, Bécsa, open sandy grassland, on sandy sites

with scattered vegetation, near Juniperus communis shrubs 24 Jan 2021, P. Finy,

FP-2021-01-24a (BP112641,isotype GB). GenBank: ITSOR722630,LSU OR722653.
Etymology. With reference to Hungary where it was discovered.
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Description. Spore-sac subglobose, 3—-6 mm. Exoperidium hyphal, heavily
encrusting sand grains. Endoperidium white, pitted from adhering sand grains.
Mouth small, fibrillose- fimbriate with a small and inconspicuous mouth. Sock-
et inconspicuous. Stem slender, 9-15 x 1-1.5 mm, whitish, not bulbous. Gleba
ochraceous brown. Capillitium elastic, 2—6 ym in diameter with walls 0.5-2 pmin
diameter and moderate branching. Septa in general not widened. Basidiospores
subglobose, 4.9-5.7 x 4.5-5.1 ym (av. 5.2 x 4.8 ym), varied in size, with fine, but
visible ornamentation. SEM-photos show low verrucae coalescing in short lines.

Habitat and distribution. Tulostoma hungaricum occurs in the calcareous,
sandy steppe areas, in dry and exposed habitats on bare sand. It has, to date,
been found on the sheltered and sun-exposed, extremely warm sandy spots on
the south-facing sides of Juniperus communis. So far, it has only been found in
few localities of the Kiskunsag National Park, Central Hungary.

Notes. Tulostoma hungaricum is the smallest Tulostoma species in Europe.
It sometimes shares its habitat with T. pannonicum, another species forming
small basidiomata. The latter is, however, easily distinguished on its ochra-
ceous stem, membranous exoperidium and smaller spores. Tulostoma hungar-
icum is an isolated species belonging to the well-supported Clade 7 accord-
ing to Jeppson et al. (2017), together with T. submembranaceum from Mexico,
T. cf. submembranaceum from Spain and the below-described new species
T. sacchariolens. In the ITS region, T. hungaricum differs from its closest spe-
cies (T. submembranaceum, see Fig. 1) by almost 90 substitution and indel po-
sitions, which is a similarity of 87%. Low intraspecific genetic variability was ob-
served in T. hungaricum by a difference of 0—3 substitution and indel positions.

Figure 4. Tulostoma hungaricum: a, c—g FP-2021-01-24a (BP112641, holotype), Bocsa b FP-2019-11-23, Orgovany
a—c basidiocarps d, e basidiospores f, g capillitium with basidiospores. Scale bars: 1 ym (d); 10 um (e); 20 um (f, g).
Photos: a, b, e—g P. Finy ¢ L. Albert d K. Boka.
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Specimens examined. HUNGARY, Bacs-Kiskun, Kéleshalom, open sandy
grassland, near Juniperus communis, 2 Jan 2022, P. Finy, I. Olvedi, L. Albert,
FP-2022-01-02-2 (ELTE); Orgovany, open sandy grassland, near Juniperus com-
munis, 23 Nov 2019, P. Finy, I. Olvedi, L. Albert, FP-2019-11-23 (ELTE); Ibidem,
open sandy grassland, near Juniperus communis, 19 Feb 2021, P. Finy, I. Olvedi,
L. Albert, FP-2021-02-19 (ELTE).

Morphologically examined specimens. HUNGARY, Bacs-Kiskun, Bocsa, open
sandy grassland, near Juniperus communis, 3 Dec 2022, P. Finy, |. Olvedi, L.
Albert, FP-2022-12-03 (herb. Finy); Fiilophaza, open sandy grassland, near Juni-
perus communis, 14 Jan 2023, P. Finy, |. Olvedi, L. Albert, FP-2023-01-14 (herb.
Finy); Pest, Tatarszentgyorgy, open sandy grassland, near Juniperus communis,
17 Dec 2022, . Olvedi, OP-2022-12-17 (herb. Olvedi).

Tulostoma sacchariolens Finy, Jeppson, L. Albert, Olvedi & Dima, sp. nov.
MycoBank No: MB 849933
Fig. 5

Holotype. HUNGARY, Bacs-Kiskun, Bécsa, open disturbed sandy grassland, in a
sand pit, on bare ground, 24 Jan 2021, I. Olvedi, P. Finy, L. Albert, 0P20210124
(BP112642,isotype GB). GenBank: ITSOR722632,LSU OR722654,tef1 OR707020.

Etymology. The epithet refers to its unique sweetish floral smell reminiscent
of that of, for example, Hebeloma sacchariolens.

Description. Spore-sac subglobose, often flattened to depressed or hemispher-
ical, 5-9 mm. Exoperidium hyphal, heavily encrusting sand, more persistent at the
base of the spore-sac. Endoperidium white or dirty white, pitted from detached
sand grains. Mouth delicately fimbriate. Socket conspicuous, forming a thicken-
ing on the upper part of the stem. Stem 25-50 x 1.5-2.5 mm, whitish, ornamented
with orange to reddish fibrils, with age remarkably blackening, thickening towards
the base, bulbous. The mature basidiomata have a pronounced sweet floral smell,
reminiscent of Hebeloma sacchariolens Quél. or Freesia flowers. Gleba ferrugi-
nous brown. Capillitium 2.5-7 pm in diameter with walls 0.8—2.2 pm in diame-
ter, lumen in general scarce, mostly straight, little branching. Most septa slightly
widened. Spores subglobose, 4.6-5.3 x 4.1-5 pm (av. 4.6-4.9 ym), with coarse
elongated ornamentation. SEM-photos show developed crests arranged in lines.

Habitat and distribution. Recorded in calcareous, sandy steppe areas, most-
ly in sunny open habitats with sparse vegetation, often in trampled or otherwise
disturbed places. It is currently known only from a few localities in the sandy
areas of the Danube-Tisza interfluves in Central Hungary.

Notes. With its fragrant smell and blackening stem, Tulostoma sacchariolens
has a unique combination of characters within the genus, easily separating it
from any known Tulostoma species. Tulostoma sacchariolens belongs to Clade
7 according to Jeppson et al. (2017) together with T. cf. submembranaceum
(MJ9296, see Fig. 2) from Spain, T. submembranaceum from Mexico and the
above-described T. hungaricum. It differs from its sister species (T. cf. submem-
branaceum) in the ITS region by more than 20 substitution and indel positions,
which is a similarity of 96%. The intraspecific genetic variability in the ITS re-
gion amongst three sequences of T. sacchariolens was zero (Fig. 1), while the
ITS sequence of FP-2019-12-06 had six polymorphic sites.

MycoKeys 100: 153-170 (2023), DQI: 10.3897/mycokeys.100.112458 163



Péter Finy et al.: Four new Tulostoma from Hungary

Figure 5. Tulostoma sacchariolens: a, e FP-2021-02-18, Orgovany b FP-2019-12-06, Bécsa ¢, d, f OP-2021-01-24
(BP112642, holotype), Bécsa a—c basidiocarps d, e basidiospores f capillitium with basidiospores. Scale bars: 1 pm (d);
10 pm (e); 20 pm (f). Photos: a, b, e, f P. Finy ¢ L. Albert d K. Béka.

Specimens examined. HUNGARY, Bacs-Kiskun: Bécsa, open sandy grassland,
6 Dec 2019, P. Finy, FP-2019-12-06 (ELTE); Ibidem, open sandy grassland, 24
Jan 2021, P. Finy, I. Olvedi, L. Albert, FP-2021-01-24b (ELTE); Orgovany, open
sandy grassland, 18 Feb 2021, P. Finy, I. Olvedi FP-2021-02-18 (ELTE).

Morphologically examined specimens. HUNGARY, Bacs-Kiskun: Bocsa, open
sandy grassland, 3 Dec 2022, P. Finy, FP-2022-12-03 (herb. Finy); Fiilophaza,
open sandy grassland, 14 Jan 2023, P. Finy, FP-2023-01-14 (herb. Finy); Orgov-
any, open sandy grassland, 4 Dec 2021, P. Finy, I. Olvedi, L. Albert, FP-2021-12-
04 (herb. Finy); Pest, Orkény, open sandy grassland, 12 Jan 2022, I. Olvedi, OP-
2022-01-12 (herb. Olvedi); Ibidem, open sandy grassland, 10 Dec 2022, P. Finy,
|. Olvedi, L. Albert, FP-2022-12-10 (herb. Finy).

Tulostoma shaihuludii Finy, Jeppson, L. Albert, Olvedi, D.G. Knapp & Dima,
Sp. nov.

MycoBank No: MB 849934

Fig. 6

Holotype. HUNGARY, Bacs-Kiskun, Tazlar, open sandy grassland, 11 Dec 2016,
P. Finy, FP-2016-12-11 (BP112643, isotype GB). GenBank: ITS OR722637, LSU
OR722657, tef1 OR707019.

Etymology. The epithet refers to its being reminiscent of the sandworm
Shai-Hulud of the fictional planet Arrakis from the science fiction novel series
Dune by Frank Herbert.
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Description. Spore-sac subglobose, often flattened to depressed, 7-18 mm,
relatively small compared to the size of the stem. Exoperidium hyphal, encrust-
ing sand at the base of the spore-sac. Endoperidium white or greyish-white, pit-
ted from detached sand grains. Mouth fimbriate, somewhat prominent. Socket
developed, slightly separated from the stem. The spore-sac rarely detaches
from the stem. Stem 30-70 x 3—-6 mm, yellowish-brown to orange brown or
reddish-brown, with age darkening, longitudinally furrowed, scaly, often curved,
at the base slightly bulbous, with a conspicuous, but fragile pseudorhiza. Gleba
ferruginous-cinnamon-brown. Capillitium 3.5-7 pm in diameter with walls 0.3-
3.2 um in diameter, mostly straight, sparsely branched, inner wall often undu-
lating. Septa not or slightly widened. Abundant, thin-walled, septate capillitium
hyphae present amongst normal capillitium threads. Basidiospores globose,
sometimes flattened, 4.1-5.2 x 3.5-4.7 uym (av. 4.1 x 4.6 ym), finely asperulate,
ornamentation not always visible under LM. SEM photos show fine warts ar-
ranged in lines forming a dense network.

Habitat and distribution. Occurs in dry and loose calcareous, open sandy
habitats of the Festucetum vaginatae natural grasslands. It mainly grows soli-
tary, deeply rooted in the sand in spots with bare sand. It is currently known only
from the sandy areas of Central Hungary.

Notes. Tulostoma shaihuludii is similar in stature to T. fimbriatum and T. winter-
hoffii, but can be easily distinguished by its habitat (open sand) and its microchar-
acters, particularly the spore wall ornamentation. It belongs to Clade 2 according
to Jeppson et al. (2017) and it forms a sister clade of Tulostoma cf. fimbriatum

¢ AL-2021-01-24, Bécsa h FP-2017-12-09, Orgovany a—c basidiocarps d, e basidiospores f, g capillitium with basidio-
spores h thin-walled, septate capillitium hyphae. Scale bars: 1 pm (d); 10 pm (e); 20 um (f-h). Photos: a, b, e=h P. Finy
c L. Albert d K. Bdka.
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(MJ8701 as “T. sp2”in Jeppson et al. (2017)) from which it differs in the ITS region
by 45 substitution and indel positions, which is a similarity of 93%. The intraspecif-
ic genetic variability of T. shaihuludii is low (0-3 substitution and indels positions).

Specimens examined. HUNGARY, Bacs-Kiskun, Fiilophaza, Fulophazi homok-
buckak, sand steppe vegetation, 11 Apr 2006, J. Jeppson, M. Jeppson, MJ7762
(GB); Ibidem, open sandy grassland, 1 Dec 2020, P. Finy, . Olvedi, FP-2020-12-01-3
(ELTE); Orgovany, open sandy grassland, 9 Dec 2017, P. Finy, FP-2017-12-09 (ELTE);
Pirtd, open sandy grassland, 27 Dec 2020, P. Finy, L. Albert, FP-2020-12-27 (ELTE).

Morphologically examined specimens. HUNGARY, Bacs-Kiskun, Bcsa, open
sandy grassland, 7 Dec 2019, P. Finy, FP-2019-12-07 (herb. Finy); Ibidem, open
sandy grassland, 24 Jan 2021, P. Finy, L. Albert, |. Olvedi, FP-2021-01-24 (herb.
Finy), AL-2021-01-24 (herb. Albert); Ibidem, open sandy grassland, 4 Dec 2021,
P. Finy, I. Olvedi, FP-2021-12-04 (herb. Finy); Ibidem, open sandy grassland, 3
Dec 2022, P. Finy, FP-2022-12-03 (herb. Finy); Fiilophaza, open sandy grassland,
2 Dec 2018, P. Finy, FP-2018-12-02 (herb. Finy); Ibidem, open sandy grassland,
16 Jan 2022, P. Finy, I. Olvedi, FP-2022-01-16 (herb. Finy); Izsédk (Soltszentimre),
open sandy grassland, 4 Feb 2016, P. Finy, FP-2016-02-04 (herb. Finy); Ibidem,
open sandy grassland, 14 Dec 2016, P. Finy, FP-2016-12-14 (herb. Finy); Ibidem,
open sandy grassland, 17 Jan 2019, P. Finy, FP-2019-01-17 (herb. Finy); Ibidem,
open sandy grassland, 16 Dec 2020, P. Finy, FP-2020-12-16-1 (herb. Finy); Kéle-
shalom, open sandy grassland, 6 Dec 2015, P. Finy, FP20151206 (herb. Finy); Ibi-
dem, open sandy grassland, 2 Jan 2022, P. Finy, |. Olvedi, FP-2022-01-02-3 (herb.
Finy); Kiskunhalas, open sandy grassland, 22 Dec 2019, P. Finy, FP-2019-12-22
(herb. Finy); Ibidem, open sandy grassland, 5 Jan 2023, P. Finy, . Olvedi, FP-2023-
01-05 (herb. Finy); Kunbaracs, open sandy grassland, 5 Feb 2022, P. Finy, I. Olve-
di, FP-2022-02-05 (herb. Finy); Orgovany, open sandy grassland, 13 Aug 2017, P.
Finy, FP-2017-08-13 (herb. Finy); Ibidem, open sandy grassland, 18 Feb 2021, P.
Finy, I. Olvedi, FP-2021-02-18 (herb. Finy); Pirt6, open sandy grassland, 16 Jan
2016, P. Finy, FP-2016-01-16 (herb. Finy); Tazlar, open sandy grassland, 11 Dec
2016, P. Finy, FP-2016-12-11 (herb. Finy); Pest, Orkény, open sandy grassland, 12
Jan 2022, I. Olvedi, OP-2022-01-12 (herb. Olvedi); Tatarszentgydrgy, open sandy
grassland, 1 Jan 2022, . Olvedi, OP-2022-01-01 (herb. Olvedi); Ibidem, open san-
dy grassland, 10 Dec 2022, P. Finy, FP-2022-12-10 (herb. Finy); Ibidem, open san-
dy grassland, 17 Dec 2022, I. Olvedi, OP-2022-12-17 (herb. Olvedi); Tolna, Paks,
open sandy grassland, 4 Feb 2018, P. Finy, FP-2018-02-04 (herb. Finy); Ibidem,
open sandy grassland, 22 Jan 2021, P. Finy, FP-2021-01-22 (herb. Finy); Ibidem,
open sandy grassland, 9 Jan 2022, |. Olvedi, P. Finy, OP-2022-01-09 (herb. Olvedi);
Ibidem, open sandy grassland, 27 Feb 2022, P. Finy, FP-2022-02-27 (herb. Finy).

Discussion

The results of our study further emphasise the high species diversity amongst
the stalked puffballs (Tulostoma) in East Central Europe, as previously indicat-
ed by Jeppson et al. (2017). In Hungary, so far 19 species have been recorded,
including the four new species proposed in this study. The Pannonian, dry and
sandy grasslands between the rivers Danube and Tisza, as well as adjacent
areas in Central Hungary, harbour to date 66% of all described species of Tulo-
stoma known to occur in Europe (29 spp.). The dry, sandy grasslands in Central
Hungary have a long continuity as natural grasslands or as sheep pastures and
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are characterised by steppe flora and fauna. Both natural and grazed habitats
are rich in gasteroid fungi, but usually their species composition is different.
The summer and autumn temperatures in the sand are extremely high and
the yearly precipitation is low. The dry and drought-resisting basidiomata of
Tulostoma species could be considered as adaptations to xeric conditions. The
development of the basidiomata occurs mainly in late autumn and early winter.

Tulostoma species are generally rare (although locally abundant) and the
current knowledge of their population structures in Europe is limited. However,
their occurrences are highly dependent on the habitat status where they grow
and changes in land management are likely to be detrimental to their popula-
tions. A vast majority of the European Tulostoma species are Red-Listed in the
countries where they occur (http://www.eccf.eu/redlists-en.ehtml).

In addition to the four novel species proposed herein, the results from pre-
vious works (e.g. Jeppson et al. (2017)) and our ongoing studies indicate the
presence of many more undescribed species of Tulostoma in Central Europe.
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Abstract

Tetraplosphaeriaceae (Pleosporales, Ascomycota) is a family with many saprobes re-
corded from various hosts, especially bamboo and grasses. During a taxonomic inves-
tigation of microfungi in tropical and subtropical forest regions of Guizhou, Hainan and
Yunnan provinces, China, several plant samples were collected and examined for fungi.
Four newly discovered species are described based on morphology and evolutionary
relationships with their allies inferred from phylogenetic analyses derived from a com-
bined dataset of LSU, ITS, SSU, and tub2 DNA sequence data. Detailed illustrations, de-
scriptions and taxonomic notes are provided for each species. The four new species of
Tetraplosphaeriaceae reported herein are Polyplosphaeria guizhouensis, Polyplosphaeria
hainanensis, Pseudotetraploa yunnanensis, and Tetraploa hainanensis. A checklist of
Tetraplosphaeriaceae species with available details on their ecology is also provided.

Key words: Anamorphic fungi, checklist, Dothideomycetes, ribosomal genes, species
diversity, taxonomy

Introduction

The Southwestern part of China is characterised by a tropical to subtropical cli-
mate and several provinces are well known for their high diversity of plants as
well as fungi (Feng and Yang 2018; Hyde et al. 2020b; Bao et al. 2021; Yang et
al. 2023). Yunnan province, for example, is considered a hotspot for species di-
versity. Over the last few decades, there has been a number of studies that have
reported novel fungal species from this region (Jeewon et al. 2003; Luo et al.
2017,2018; Huang et al. 2018; Su et al. 2018; Yang et al. 2019; Hyde et al. 2020b;
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Bao et al. 2021; Mortimer et al. 2021). So far more than 6000 fungal species de-
scribed alone from Yunnan province (Feng and Yang 2018). Guizhou, as a prom-
inent example of China's karst landform (also referred to as a ‘karst province’), is
also characterised by a geomorphological diversity that can be directly related
to species diversity. It boasts a distinctive geographical environment and a spe-
cial climate that fosters the growth of numerous rare, endangered, and indige-
nous plant, animal, and fungal species. Over the past few decades, extensive
research has focused on fungi, encompassing both macro and microfungi, lead-
ing to the identification and documentation of roughly over 2,500 fungal species
in Guizhou province (Zhou et al. 2018, 20204a, 2020b, 2022; Dissanayake et al.
2020; Chen et al. 2021; Yang et al. 2023). Hainan Province, the largest island
in the Indo-Burma biodiversity hotspot, contains extensive and well-preserved
tropical forests (Huang et al. 2023). Recent studies have indicated the presence
of diverse fungal species in Hainan, with roughly over 1000 fungal species. Most
of these fungi are macrofungi (Zhang et al. 1994; Li et al. 2010; Hapuarachchi et
al. 2018; Huang et al. 2023). With our current fungal biodiversity estimates and
given that mycologists anticipate many more species remain to be discovered
especially in explored habitats, this research study has been undertaken to in-
vestigate microfungi in this region, and potentially discover new fungal species.
Tetraplosphaeriaceae was introduced by Tanaka et al. (2009) to accommo-
date the massarina-like species that produced tetraploa-like anamorphs in cul-
ture with Tetraplosphaeria as its type genus. Tetraplosphaeriaceae is known to
be widely distributed on various hosts, with most species reported from bamboo
or grasses (Poaceae) (Tanaka et al. 2009; Ariyawansa et al. 2015; Li et al. 2016),
while Tetraploa species occur on diverse hosts (Hyde et al. 2013). Tetraplos-
phaeriaceae was first described to accommodate five genera: Polyplosphaeria
Kaz. Tanaka & K. Hiray, Pseudotetraploa Kaz. Tanaka & K. Hiray, Quadricrura Kaz.
Tanaka & K. Hiray, Tetraplosphaeria Kaz. Tanaka & K. Hiray, and Triplosphaeria
Kaz. Tanaka & K. Hiray (Tanaka et al. 2009). Hyde et al. (2013) treated the type
genus, Tetraplosphaeria as a synonym of Tetraploa according to nomenclatural
priority. Ariyawansa et al. (2015) accepted Shrungabeeja in Tetraplosphaeriace-
ae based on morphological and molecular evidence from S. longiappendiculata.
Later, Ernakulamia was accommodated in Tetraplosphaeriaceae based on mor-
phology and phylogenetic analyses of combined ITS, LSU and tub2 sequence
data (Delgado et al. 2017; Hyde et al. 2020a). Pem et al. (2019) transferred Bys-
solophis from the genera incertae sedis to Tetraplosphaeriaceae based on its
massarina-like morphology and phylogenetic analyses based on combined LSU,
SSU, tef1-a, and rpb2 sequence data. Hongsanan et al. (2020) provided a taxo-
nomic update on families of Dothideomycetes and eight genera were accepted
in Tetraplosphaeriaceae. Recently, Li et al. (2021) discovered a freshwater fun-
gus that had a close phylogenetic affinity with Ernakulamia and Shrungabegja
in Tetraplosphaeriaceae and accommodated it in a new genus Aquatisphaeria
based on morphology and phylogeny. To date, Tetraplosphaeriaceae consists of
nine genera (Hongsanan et al. 2020; Li et al. 2021; Wijayawardene et al. 2022).
Most members of Tetraplosphaeriaceae contain anamorphic species (Wi-
jayawardene et al. 2022). However, Pseudotetraploa, Tetraploa, and Triplos-
phaeria exhibit both teleomorphs and anamorphs (Wijayawardene et al. 2022),
while Byssolophis is only known in its teleomorphic morph (Tanaka et al. 2009;
Ariyawansa et al. 2015; Pem et al. 2019; Hongsanan et al. 2020; Li et al. 2021;
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Jayawardena et al. 2023). Tetraplosphaeriaceae is characterized by massari-
na-like teleomorph morphs but can be distinguished from other families by its
immersed to superficial, glabrous or brown hyphae at sides of ascomata with
flattened bases and cylindrical to clavate, short pedicellate 8-spored asci which
are narrowly fusiform to broadly cylindrical, septate, hyaline to pale brown as-
cospores, usually with a complete sheath or appendage-like sheath (Tanaka
et al. 2009; Hyde et al. 2013). The anamorphs are tetraploa-like hyphomycetes
having micronematous to macronematous, erect, unbranched, septate, with
presence or absence of conidiophores, monoblastic, terminal conidiogenous
cells sometimes indistinguishable from creeping hyphae, solitary, cylindrical
to obpyriform, comprising 3-8 columns or internal hyphal structure conidia,
mostly verrucose at the conidial base and with 2—-8-setose appendages (Tana-
ka et al. 2009; Hyde et al. 2013; Hongsanan et al. 2020).

In this study, the aim is to characterize anamorphic fungal species collect-
ed from the southern part of China. The objectives are to 1) to describe novel
species collected from Guizhou, Hainan, and Yunnan provinces in China, based
on morphological examination of fresh specimens; 2) to document morpholog-
ical differences and similarities with extant species; 3) to establish four new
species within the family Tetraplosphaeriaceae with support from results gen-
erated from phylogenetic analyses of LSU, ITS, SSU, and tub2 DNA sequence
data; 4) to provide a worldwide checklist of Tetraplosphaeriaceae species with
available details on their ecology.

This study will undoubtedly increase our understanding of fungal diversity
in China.

Materials and methods

Sample collection, isolation and morphological studies

Fresh samples of unidentified decaying wood and decaying bamboo were col-
lected in Guizhou (Xingyi city, Xianheping National Forest Park), Hainan (Wuzhis-
han city, Wuzhishan National Nature Reserve), and Yunnan (Puer city, Ailao moun-
tains) provinces respectively. During the collection period, the environmental
conditions at the different regions were as follows: Guizhou-average temperature
of 26 °C, subtropical climate, humid environment during autumn; Hainan-average
temperature of 29 °C, tropical climate, humid environment during autumn; Yun-
nan-average temperature of 22 °C, subtropical climate, humid environment during
spring. The samples were placed in Ziplock bags, labelled with a marker pen,
and observed using the stereomicroscope (Motic SMZ-171). The procedure for
specimen collection, observation and isolation follows that of Senanayake et al.
(2020) and Tang et al. (2022). The morphological measurements were performed
by the Tarosoft (R) Image Frame Work tool (IFW 0.97 version), and photoplates
were created using the Adobe Photoshop 2019 program (Adobe Systems, USA).

After morphological examination, the specimens were deposited at the her-
baria of Kunming Institute of Botany, Chinese Academy of Sciences (HKAS), Kun-
ming, China, and the Guizhou Academy of Agriculture Sciences (GZAAS), Guiyang,
China, respectively. The ex-type cultures were deposited at the Guizhou Culture
Collection (GZCC) in China and the Kunming Institute of Botany Culture Collection
(KUNCC). Faces of Fungi and Index Fungorum numbers are provided as in Jayasiri
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et al. (2015) and Index Fungorum (2023). Species recognition and justifications
for new species establishment were done based on the guide-lines provided by
Jeewon and Hyde (2016), Chethana et al. (2021) and Pem et al. (2021).

DNA extraction, PCR amplification and sequencing

Fresh mycelium was scraped from the living culture and transferred to 1.5 mL
microcentrifuge tubes and kept in a refrigerator at -20 °C. Total genomic DNA
was extracted using the DNA extraction kits (Sangon Biotech (Shanghai) Co.
Ltd., China). DNA template amplifications were performed by Polymerase
Chain Reaction (PCR) using primer pairs, ITS5/ITS4 for ITS (White et al. 1990),
NS1/NS4 for SSU (White et al. 1990), LROR/LR5 for LSU (Vilgalys and Hester
1990, Cubeta et al. 1991), and BT1/BT2b for tub2 (Glass and Donaldson 1995).
For other details pertaining to DNA extraction, PCR amplifications, sequenc-
ing, and phylogenetic analyses, see Tang et al. (2022). The polymerase chain
reaction was carried out in a volume of 50 pL, and the reagents that were used
were as follows: DNA template (2 pL), forward primers (2 L), reverse primers
(2 pL), 2 xTaq PCR Master Mix (25 pL) and 19 pL of ddH,0 (double-distilled wa-
ter). PCR profiles are as follows: 35 cycles, and the annealing temperatures for
each gene are 52 °C for 1 minute and extension at 72 °C for 90 seconds in LSU,
ITS and SSU; and 55 °C for 50 s and elongation at 72 °C for 1 minute for tub2.
Verification of PCR products was done on 1% agarose gels before being sent to
China’s Sangon Biotech (Shanghai) Co., Ltd. for sequencing.

Phylogenetic analyses

The forward and reverse primers of the newly generated sequence were as-
sembled by the Contig Ex-press v3.0.0 application, and the most similar taxa
were found by BLASTn (https://blast.ncbi.nim.nih.gov/Blast.cgi) in NCBI. A
combination of different DNA sequence data (LSU, ITS, SSU, and tub2), which
are close hits and similar to other Tetraplosphaeriaceae species in GenBank
(Table 1), were downloaded to be further analysed along with our new taxa.
Each sequence data was aligned by the online version of MAFFT v. 7 (https://
mafft.cbrc.jp/alignment/server/index.html) through the “auto” option (Katoh et
al. 2017). Multiple genes were assembled by SequenceMatrix (Vaidya et al.
2011). The aligned sequence was trimmed by trimAl v 1.2 with the ‘gappyout’
option (Capella-Gutiérrez et al. 2009). The phylogenetic analyses in this study
were based on the maximum likelihood (ML), and Bayesian inference (BI) by
using a combined sequence dataset of LSU, ITS, SSU, and tub2.

Analyses under different criteria such as maximum likelihood (ML) and
Bayesian inference (Bl) were processed in the CIPRES web portal (Miller et al.
2010) by using the “RAXML-HPC v.8 on XSEDE”" tool, and the tool “MrBayes
on XSEDE", respectively (Huelsenbeck and Ronquist 2001; Swofford 2002; Sta-
matakis et al. 2008; Ronquist et al. 2012).

For Bl, MrModeltest v2 was used for the selection of the best-fit model for
each gene region. The Markov Chain Monte Carlo (MCMC) algorithm was
launched with four chains running concurrently from a random tree topology.
The burn-in factor was set at 25%, and the sampling interval for trees was set
to every 1000™ generation. The Posterior Probabilities (PP) for the remaining
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Table 1. Taxa used in this study and their GenBank accession numbers for LSU, ITS, SSU and tub2 sequence data.

Taxa name

Amniculicola immersa

A. parva

Aquatisphaeria thailandica

Ag. Thailandica

Byssolophis sphaerioides

Ernakulamia cochinensis

E. krabiensis

E. tanakae

E. xishuangbannaensis

Polyplosphaeria fusca

Po. Fusca

Po. guizhouensis
Po. Hainanensis
Po. Hainanensis
Po. Thailandica
Po. nabanheensis
Po. pandanicola

Pseudotetraploa
bambusicola

Ps. bambusicola

Ps. curviappendiculata

Ps. Javanica

Ps. Longissima

Ps. rajmachiensis
Ps. Yunnanensis
Quadricrura bicornis
Q. meridionalis

Q. septentrionalis
Shrungabeeja aqutica
S. longiappendiculata
S. longiappendiculata
S. fluviatilis

S. fluviatilis

S. vadirajensis
Tetraploa aquatica

T aquatica

T aristata

T. bambusae

T. dwibahubeeja

T. dwibahubeeja

T. endophytica

T. hainanensis

T. hainanensis

T. juncicola

T. nagasakiensis

T. nagasakiensis

Strain Numbers

CBS 123083T
CBS 123092T
MFLUCC 21-0025T
DLUCC B151
IFRDCC 2053
MFLUCC 18-1237
MFLUCC 18-0237T
NFCCI 4615T
KUMCC 17-0187T
KT 2124
KT 1616T
GZCC 23-0598T
GZCC 23-0599T
GZCC 23-0600
MFLUCC 15-0840T
KUMCC 16-0151T
MFLUCC 17-2266T
CGMCC 3.20939T

UESTCC 22.0005
JCM 12852T
JCM 12854
JCM 12853T
NFCCI 4618T
KUNCC 10464T
CBS 1254271
CBS 125684T
CBS 125429
MFLUCC 18-0664T
BCC 76463T
BCC 76464
GZCC 20-0505T
GZCC 19-0511
MFLUCC 17-2362
MFLU 19-0996
MFLUCC 19-0995T
CBS 996.70
KUMCC 21-0844T
NFCCI 4621T
NFCCI 4623
CBS 1471141
GZCC 23-0601T
GZCC 23-0602
CBS 149046
KUMCC 18-0109
KT 1682T

LsuU
NG_056964
NG_056970
MW890763
MW890764

GU301805
MN913716
MK347990
MN937211
MH260314
AB524607
AB524604
OR438888
OR438889
OR438890
KU248767
MH260312
MH260313
ON332933

ON332934
AB524608
AB524611
AB524612
MN937204
OR438891
AB524613
AB524614
AB524615
MT627663
KT376472
KT376473
MW133853
MN913685
MT530453
MT530452
AB524627
ONO077067
MN937207
MN937208
MW659165
OR438892
OR438893
ON603800
MKO079891
AB524630
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GenBank Accession Numbers

SSuU
NG_062796
NG_016504
MW890967
MW890968

GU296140
MT864326
MK347880
MH260354
AB524466
AB524463
OR438285

MH260352
MH260353
ON332923

ON332924
AB524467
AB524470
AB524471

AB524472
AB524473
AB524474
KT376471

MW134631

MT530454
AB524486
ONO077073

OR438286

MK079888
AB524489

ITS

MW890969

MT627670
MK347773
MN937229
MH275080
AB524791

AB524789
OR427327
OR427323
OR427324
KU248766
MH275078
MH275079
ON332915

ON332916
AB524792
AB524795
AB524796
MN937222
OR449073
AB524797
AB524798
AB524799
MT627722
KT376474
KT376475

MT627681
MT530449
MT530448
AB524805
ONO077078
MN937225
MN937226
KT270279
OR427325
OR427326
ON603780
MK079890
AB524806

tub2

MN938312
AB524853
AB524851

OR449118
OR449115

MH412745

AB524854
AB524857
AB524858

AB524859
AB524860
AB524861

AB524867
ON075065
MN938308
MN938309
OR449116
OR449117

AB524868
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GenBank Accession Numbers

Taxa name Strain Numbers TS0 SSU TS tub2

T. pseudoaristata NFCCI 4624T MN937214 - MN937232 MN938315
T. pseudoaristata NFCCI 4625 MN937212 - MN937230 MN938313
T. puzheheiensis MFLUCC 20-0151T MT627655 - MT627744 -

T. sasicola KT 563T AB524631 AB524490 AB524807 AB524869
T. thailandica MFLUCC 21-0030T MZ412530 MZ413274 MZ412518 -

T. thrayabahubeeja NFCCI 4627T MN937217 - MN937235 MN938318
T. thrayabahubeeja NFCCI 4628 MN937215 - MN937233 MN938316
T. yunnanensis MFLUCC 19-0319T MN913735 MT864341 MT627743 -

T. yakushimensis KT 1906T AB524632 AB524491 AB524808 AB524870
T. cylindrica KUMCC 20-0205T MT893204 MT893203 MT893205 MT899417
T. cylindrica ZHKUCC 22-0087 ON555688 ON555690 ON555689 ON564477
T. dashaoensis KUMCC 21-0010T 0L473555 0L473556 0L473549 0L505601
T. obpyriformis KUMCC 21-0011T 0L473554 0L473557 0L473558 0L505600
Tetraploa sp.1 KT 1684 AB524628 AB524487 - -

Tetraploa sp.2 KT 2578 AB524629 AB524488 - -

T. tetraploa CY112 - - HQ607964 -

Triplosphaeria acuta KT 1170T AB524633 AB524492 AB524809 AB524871
Tr. Cylindrica NBRC 106247 AB524636 AB524495 AB524811 AB524873
Tr. cylindrica KT 1800 AB524635 AB524494 AB524810 AB524872
Tr. maxima KT 870T AB524637 AB524496 AB524812 AB524874
Tr. yezoensis KT 1715T AB524638 AB524497 AB524813 AB524875
Tr. yezoensis KT 1732 AB524639 AB524498 AB524814 AB524876
Triplosphaeria sp. HHUF 27481 AB524640 AB524499 AB524815 AB524877
Triplosphaeria sp. KT 2546 AB524641 AB524500 AB524816 AB524878

Notes: Ex-type strains are indicated by “T” at the end of the strain number, and newly generated sequences are in bold. Abbreviations:
BCC: Biotec Culture Collection, Bangkok, Thailand; CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, the Netherlands; CGMCC:
China General Microbiological Culture Collection Centre, Beijing, China; DLUCC: Dali University Culture Collection, Yunnan, China; GZCC:
Guizhou Culture Collection, Guizhou, China; HHUF: Herbaria of Hirosaki University; IFRDCC: Culture Collection, International Fungal Re-
search and Development Centre, Chinese Academy of Forestry, Kunming, China; JCM: the Japan Collection of Microorganisms, Japan;
KUNCC: Kunming Institute of Botany Culture Collection; KT: Kazuaki Tanaka; MFLUCC: Mae Fah Luang University Culture Collection,
Chiang Rai, Thailand; MFLU: Mae Fah Luang University Herbarium Collection; NBRC: Nite Biological Resource Center, Department of Bio-
technology, National Institute of Technology and Evaluation, Japan; NFCCI: National Fungal Culture Collection of India NFCCI-A National
Facility; UESTCC: University of Electronic Science and Technology Culture Collection, Chengdu, China; ZHKUCC: Zhongkai University
of Agriculture and Engineering Culture Collection, Guangzhou, China. A. = Amniculicola. Aq. = Aquatisphaeria. E. = Ernakulamia. Po. =
Polyplosphaeria. Ps. = Pseudotetraploa. Q. = Quadricrura. S. = Shrungabeeja. T. = Tetraploa. Tr. = Triplosphaeria.

trees were computed. Adobe Illustrator and FigTree were used to view trees.
Bootstrap support and Bayesian posterior probabilities above 70 and 0.9 were
considered as high support respectively.

Results
Phylogenetic analyses

For the phylogenetic analyses, a combined DNA sequence data of 68 taxa
on LSU, ITS, SSU, and tub2 was used and analysed under the ML and PP cri-
teria. The data matrix comprised 2995 total characters, including gaps (LSU:
1-848 bp, ITS: 849-1372 bp, SSU: 1373-2363 bp, tub2: 2364-2995 bp).
Phylogenetic reconstructions with broadly comparable topologies were re-
covered from the combined dataset of ML and PP analyses. The top-scoring
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Figure 1. Phylogenetic construction of Tetraplosphaeriaceae using RAxML-based maximum likelihood analysis of a
combined LSU, ITS, SSU, and tub2 DNA sequence dataset. Bootstrap support values for maximum likelihood (ML) equal
to or greater than 70% and Bayesian posterior probabilities (PP) equal to or greater than 0.95 PP are shown above the
nodes. The tree is rooted with Amniculicola immersa (CBS 123083) and A. parva (CBS 123092). Newly generated strains
are in red, and the type strains are indicated using “T" in superscript.
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RAXML tree is shown in Fig. 1, with a final ML optimization likelihood value
of -17569.286960 (In). In the RAXML analysis, the GTRGAMMA-+I-Invar model
was used and the results showed 969 unique alignment patterns and 25.50%
of indeterminate characters. Base frequency estimates were as follows: A =
0.243260, C = 0.247998, G = 0.277213, T = 0.231530; substitution rates were
as follows: AC = 3.027135, AG = 4.828263, AT = 2.159193, CG = 1.385950, CT
= 10.517436, GT = 1.000000; gamma distribution shape parameter alpha =
0.166037; and tree-length has been as follows: 1.837225. The best-fit mod-
els for the BPP analysis were GTR+I+G for LSU, ITS, and tub2 gene regions;
HKY+I+G for the SSU gene region. With a final average standard deviation of
split frequencies of 0.009909, Bayesian posterior probabilities from MCMC
were analysed. The new taxa analysed herein all belong to the Tetraplosphae-
riaceae clade based on the results of the combined LSU, ITS, SSU, and tub2
sequence data analysis.

Taxonomy

Tetraplosphaeriaceae Kaz. Tanaka & K. Hiray, Studies in Mycology 64: 177
(2009)

MycoBank No: 515253

Facesoffungi Number: FOF06665

Type genus. Tetraploa Berk. & Broome, Ann. Mag. Nat. Hist. 5:459,t. 11:6 (1850).

Description. Teleomorph see Tanaka et al. (2009). Anamorph Conidiophores
absent. Conidiogenous cells monoblastic. Conidia composed of 3-8 columns
or internal hyphal structure, brown, mostly verrucose at the base, with more
than 3-8 setose appendages (Tanaka et al. 2009).

Notes. Tetraplosphaeriaceae was described by Tanaka et al. (2009) to ac-
commodate the species which has massarina-like teleomorphic morph and tet-
raploa-like anamorphs based on a combined SSU and LSU DNA sequence data
and established five genera. To date, the members of Tetraplosphaeriaceae are
mainly distributed on Poaceae and unidentified decayed wood as saprobes and
pathogens from aquatic and terrestrial habitats (Tanaka et al. 2009; Hyde et al.
2013; Hongsanan et al. 2020; Yu et al. 2022; Li et al. 2021). It now contains nine
genera and 69 species (Tanaka et al. 2009; Pem et al. 2019; Hongsanan et al.
2020; Li et al. 2021; Liao et al. 2022).

Polyplosphaeria Kaz. Tanaka & K. Hirayama, Studies in Mycology 64: 192 (2009)
MycoBank No: 515256
Facesoffungi Number: FOF06668

Type species. Polyplosphaeria fusca Kaz. Tanaka & K. Hirayama, Studies in My-
cology 64: 193 (2009).

Description. Teleomorph see Tanaka et al. (2009). Anamorph Conidiophores
absent. Conidiogenous cells monoblastic. Conidia globose to subglobose, with
thin peel-like outer wall of conidia, composed of numerous internal hyphae at
the inside, brown, almost smooth, verrucose at the base. Appendages with 3 to
8 setose appendages, brown, straight (Tanaka et al. 2009).
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Notes. Tanaka et al. (2009) established Polyplosphaeria and typified with Po.
fusca based on a combined SSU and LSU DNA sequence data. All the members of
Polyplosphaeria were reported as saprobes from various plant hosts, such as Pleio-
blastus chino, Phyllostachys bambusoides and Pandanaceae (Tanaka et al. 2009; Li
et al. 2016; Tibpromma et al. 2018). Polyplosphaeria is distributed in Japan, China
and Thailand in terrestrial habitats (Tanaka et al. 2009; Li et al. 2016; Tibpromma
et al. 2018). Dong et al. (2020) transferred Po. xishuangbannaensis into Ernakula-
mia based on phylogenetic analyses and differences in morphology. In this study,
two new Polyplosphaeria species are introduced from unidentified decaying wood
from China. The genus contains six species viz. Polyplosphaeria guizhouensis,
Po. hainanensis, Po. fusca, Po. nabanheensis, Po. pandanicola and Po. thailandica
(Tanaka et al 20009; Li et al. 2016; Tibpromma et al. 2018; This study; Table 2).

Polyplosphaeria guizhouensis X. Tang, Jayaward., R. Jeewon & J.C. Kang,
Sp. nov.

MycoBank No: 900950

Facesoffungi Number: FoF14571

Fig. 2

Etymology. The specific epithet ‘guizhouensis’ refers to the place where the
fungus was collected, Guizhou Province, China.

Holotype. GZAAS 23-0600.

Description. Saprobic on unidentified decaying wood in the forest. Teleomorph
not observed. Anamorph Hyphomycetous. Colonies effuse, gregarious on host
substrate, brown to dark brown. Mycelium semi-immersed or immersed, pale
brown, branched, septate. Conidiophores absent. Conidiogenous cells forming di-
rectly on creeping hyphae, integrated, monoblastic,determinate. Conidia 34-61 x
41-63 um (X =51 x 51 ym, n = 20), globose to subglobose to turbinate, solitary, ol-
ivaceous-green to brown, verrucose and darker at base, with setose appendages
on surface. Appendages with two forms, solitary, cylindrical, unbranched, septate,
smooth, brown at base and paler towards to apex, long appendages 51-152 x
3-5pum (X = 89 x 4.0 um, n = 20), wide at the base, 2-6-septate, arising from api-
cal part of conidia; short appendages 13-38 x 2.5-6 ym (X = 25 x 4 ym, n = 20),
wide at the base, 0—3-septate, arising randomly from conidial apex.

Culture characteristics. Conidia germinated on PDA and incubate at room
temperature (25 °C). Colonies circular, cottony, flat, slightly grey with an undulate
margin, forming three concentric zonation, margin regular, brownish grey. The re-
verse side is greenish grey in the centre, with a dark brown margin and pigment.

Material examined. CHINA, Guizhou Province, Xingyi City, Xianheping Nation-
al Forest Park, on unidentified decaying wood, 25 September 2021, Xia Tang,
xhp08 (GZAAS 23-0600, holotype), ex-type culture GZCC 23-0598.

Notes. The phylogenetic results (Fig. 1) showed that Polyplosphaeria
guizhouensis is sister to Po. pandanicola within Polyplosphaeria with high sup-
port (ML = 100, BPP = 1). The comparison of pairwise nucleotides showed
that Polyplosphaeria guizhouensis is different from Po. pandanicola in 2/801
bp (0.2%) in LSU and 11/460 (2.5%) in ITS. Thus, we describe Polyplosphaeria
guizhouensis herein as a novel species in Polyplosphaeria following recommen-
dations proposed by Jeewon and Hyde (2016) and Chethana et al. (2021).
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Figure 2. Polyplosphaeria guizhouensis (GZAAS 23-0600, holotype) a colonies on decaying wood b, ¢ colonies on natu-
ral substrates d—n conidia bearing appendages o germinating conidium p colony on PDA (front at right, reverse at left).

Scale bars: 50 um (d-o).
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Table 2. Tetraplosphaeriaceae species and their country, life cycle, habitat, host and reference.

Species name

Aquatisphaeria
thailandica

Byssolophis byssiseda

B. sphaerioides

Ernakulamia
cochinensis

E. krabiensis
E. tanakae

E. xishuangbannaensis

Polyplosphaeria
guizhouensis

Po. Hainanensis

Po. Fusca

Po. thailandica
Po. nabanheensis
Po. pandanicola

Pseudotetraploa
bambusicola

Ps. curviappendiculata
Ps. yunnanensis

Ps. Javanica

Ps. longissima

Ps. rajmachiensis

Quadricrura bicornis

Q. meridionalis
Q. septentrionalis

Shrungabeeja
aquatica

Country Life cycle
Thailand saprobic
France saprobic
Finland, UK saprobic
Argentina, Cuba, saprobic
India, Japan,
Malaysia, Mexico,
Panama, Thailand
Thailand saprobic
India saprobic
China saprobic
China saprobic
China saprobic
Japan saprobic
Thailand saprobic
China saprobic
China saprobic
China saprobic
Japan saprobic
China saprobic
Indonesia, Japan | saprobic
Japan saprobic
India saprobic
Japan saprobic
Japan saprobic
Japan saprobic
Thailand saprobic

Habitat

freshwater

terrestrial

terrestrial

freshwater,
terrestrial

terrestrial
terrestrial

terrestrial

terrestrial

terrestrial

terrestrial

terrestrial
terrestrial
terrestrial

terrestrial

terrestrial
freshwater

terrestrial

terrestrial

terrestrial

terrestrial

terrestrial
terrestrial

freshwater
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Host

decaying wood

branch of Carpinus, decaying
wood

decaying stemp of Rubus,
decaying wood birch

Astrocaryum standleyanum,
Benthamidia japonica, dead
leaves, dead spathes of Cocos
nucifera, decomposing leaves of
Satakentia liukivensis, Freycinetia
multi, palm tree, llex sp., Ocotea
leucoxylon, Pandanus tectorius,
P. monticola, submerged wood,
Syagrus romanzoffiana, Stewartia
monadelpha, Vitex sp.

Acacia sp.
dead spathes of Cocos nucifera

dead leaves of Pandanus sp.

unidentified decaying wood

unidentified decaying wood

culms of Chimonobambusa
marmorea, culms of
Phyllostachys bambusoides,
culms of Pleioblastus chino,
culms of Sasa kurilensis

decaying bamboo
decaying leaves of Pandanus sp.
decaying leaves of Pandanus sp.

dead branches of Bamboo

culms of Sasa kurilensis
bamboo

culms of decaying Bambusa
glaucescens, culms of
Phyllostachys bambusoides,
culms of Pleioblastus chino,
culms of Sasa sp., dead bark of
broad-leaved tree, dead stems of
an unidentified herbaceous plant

culms of Pleioblastus chino

decaying bamboo culms,
Dendrocalamus stocksii
(Poaceae)

culms of Sasa kurilensis, leaf
litter of a conifer

bamboo
culms of Sasa kurilensis

submerged wood

Reference
Li etal. (2021)

Zhang et al. (2012)

Berkeley and Broome
(1854); Karsten (1870)

Ellis (1976); Holubova-
Jechova and Mercado
(1986); Holubova-Jechova
(1989); Mercado et al.
(1997, 2005); Taylor and
Hyde (2003); Delgado and
Mena (2004); Capdet and
Romero (2010); Whitton et
al. (2012); Delgado et al.
(2017); Dong et al. (2020);
Farr and Rossma (2023)

Jayasiri et al. (2019)
Hyde et al. (2020a)

Tibpromma et al. (2018);
Dong et al. (2020)

This study

This study
Tanaka et al. (2009)

Li et al. (2016)
Tibpromma et al. (2018)
Tibpromma et al. (2018)

Yu et al. (2022)

Tanaka et al. (2009)
This study

Hatakeyama et al. (2005);
Tanaka et al. (2009); Rifai
etal. (2014)

Tanaka et al. (2009)

Hyde et al. (2020a)

Tanaka et al. (2009)

Tanaka et al. (2009)
Tanaka et al. (2009)
Dong et al. (2020)
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Species name

S. longiappendiculata

S. vadirajensis

S. begoniae

S. melicopes

S. piepenbringiana
S. fluviatilis
Tetraploa abortiva
T aquatica

T. aristata

T. bambusae

T. biformis

T. circinata

T conata F

T. cylindrica

T. dashaoensis
T divergens

T. dwibahubeeja
T. ellisii

T. endophytica
T. hainanensis
T. indica*

T. josettae”

T juncicola

Country
Thailand

Brazil, China, India

China

China

Panama
China
Argentina
China

Africa, Barbados,
Bolivia, China,
Cuba, Denmark,
Eire, Europe, Fiji,
Germany, Ghana,
Hong Kong
(China), India, Italy,
Japan, Jamaica,
Malaysia, Nepal,
New Caledonia,
Pakistan, Papua
New Guinea (New
Britain), Philippines,
Puerto Rico, Sierra
Leone, Thailand,
The Dominican
Republic, The
Netherlands,
Uganda, Venezuela,
USA(Alabama)

China

Japan

India

India

China

China

USA (Mississippi)

India

Argentina, USA
(New Jersey),
Zimbabwe

Germany
China
India
France

The Netherlands

Life cycle

saprobic

saprobic

saprobic

saprobic

saprobic
saprobic
saprobic
saprobic

pathogenic
(human),
saprobic

saprobic

saprobic

saprobic

N/A
saprobic
saprobic
saprobic
saprobic
saprobic

endophytic
Saprobic
N/A

N/A

saprobic

Habitat Host
terrestrial dead culm of Bambusa sp.
(Poaceae)
terrestrial dead branches of unidentified
plant
terrestrial dead branches of Begonia
semperflorens
terrestrial dead branches of Melicope
triphylla
terrestrial dead Poaceae
freshwater submerged decaying twig
freshwater N/A
freshwater submerged decaying wood
terrestrial Alpinia formosa, Ammophila
arenaria, Anadelphia leptocoma,
Andropogon, Angelica sylvestris,
Avena pralensis, Axonopus,
Bambusa, Carex paniculata,
Cladium mariscus, Cladium
selloana, Cocos, Cortaderia,
Cymbopogon afronardus, Cyperus
longus, Dactylis, Deschampsia,
Erianthus, Euchlaena, Festuca,
Gynerium argenteun, Gynerium,
Heracleum sphondylium,
Heteropogon, Hevea brasiliensis,
Juncus, Musa, Phalaris
arundinacea, Phaseolus, Phoenix,
Phormium, Phragmites communis,
Poa pratensis, Pteridium
aquilinum, Saccharum officinarum,
Sorghum, straw, Triticum,
unnamed host, wheat stubble, Zea
terrestrial dead twigs of bamboo
terrestrial | dead bark of broad-leaved tree
terrestrial decaying bamboo twig
N/A N/A
terrestrial decaying stems of Saccharum
arundinaceum (Poaceae)
terrestrial dead stem of Saccharum
arundinaceum
terrestrial leaves of Panicum
agrostidiforme
terrestrial decaying spathes of Cocos
nucifera
terrestrial Chloris, Dactylis, Hevea
brasiliensis, stalks of Zea mays
terrestrial | roots of Microthlaspi perfoliatum
terrestrial unidentified decaying wood
N/A N/A
N/A N/A
terrestrial dead culm of Juncus inflexus

(Juncaceae)

MycoKeys 100: 171-204 (2023), DOI: 10.3897/mycokeys.100.113141

Reference

Ariyawansa et al. (2015)

Rao and Reddy (1981);
Zhang et al. (2009)

Zhang et al. (2009)

Zhang et al. (2009)

Kirschner et al. (2017)
Yang et al. (2023)
Arambarri et al. (1987)
Li et al. (2020)

Ellis (1949, 1971);
Markham et al. (1990);
Tanaka et al. (2009);
Senwanna et al. (2021)

Phookamsak et al. (2022)

Matsushima and
Matsushima (1996)

Pratibha and Bhat (2008)

Saxena and Sarkar (1986);
Gupta (2002)

Liao et al. (2022)
Jayawardena et al. (2023)
Tracy and Earle (1895)
Hyde et al. (2020a)

Cooke and Ellis (1879);
Ellis (1971); Senwanna et
al. (2021)

Crous et al. (2021)
This study
Saxena and Khare (1991)
Nufiez Otafio et al. (2022)
Crous et al. (2022)
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Species name

T. muscicola

T nagasakiensis

T. obpyriformis

T. opaca

T. pseudoaristata

T. puzheheiensis

T. sasicola

T scabra

T. scheueri

T setifera
T. siwalika*
T. taugourdeaui*

T. thailandica

T. thrayabahubeeja

T. yakushimensis

T. yunnanensis
Tetraploa sp. 1
Tetraploa sp. 2

Triplosphaeria
cylindrica

Tr. maxima
Tr. yezoensis
Tr. acuta

Triplosphaeria sp.

Country
Spain

Japan, China
China

China

India

China
China, Japan

USA
UK

Hungary
N/A
India

Thailand

India

Japan

China, Thailand
Japan
Japan

Japan

Japan
Japan
Japan

Japan

Life cycle

N/A

saprobic

saprobic

saprobic

saprobic

saprobic

saprobic

N/A

saprobic

saprobic
N/A
N/A

saprobic

saprobic

saprobic

saprobic
saprobic
saprobic

saprobic

saprobic
saprobic
saprobic

saprobic

Habitat
N/A

terrestrial

terrestrial

terrestrial

terrestrial

freshwater

terrestrial

terrestrial

freshwater,
terrestrial

terrestrial
N/A
N/A

freshwater

terrestrial

terrestrial

freshwater
terrestrial
terrestrial

terrestrial

terrestrial
terrestrial
freshwater

terrestrial

Host

fronds of Aneura multifida,
Lophozia quinquedentata

culms of bamboo

dead grass under Saccharum
arundinaceum (Gramineae)

dead culms of bamboo,
decaying branches of
unidentified tree

decaying spathes of Cocos
nucifera (Arecacceae)

submerged wood

Reference

Gonzalez Fragoso (1916)

Hyde et al. (2013, 2019)
Unpublished

Zhao et al. (2009)

Hyde et al. (2020a)

Dong et al. (2020)

culms of Sasa senanensis, dead | Tanaka et al. (2009); Hyde

leaves of Pennisetum purpureum

(Poaceae)
Scirpus sp.

leaves of Carex acutiformis,
rotten leaves

rotten wood
N/A
N/A
Submerged decaying wood

decaying spathes of Cocos
nucifera (Arecacceae)

culms of Arundo donax

submerged wood
culms of bamboo
culms of Gramineae

culms of Sasa kurilensis

culms of Sasa kurilensis

culms of Sasa palmata

submerged culms of bamboo

culms of Sasa kurilensis

Fossil fungi were indicated “F"; N/A: Not available or cannot find; Newly species indicate in bold.

et al. (2020a)

Harkness (1885)

Scheuer (1991); Hyde et
al. (2013)

Révay (1993)
Saxena et al. (1987)
Saxena and Sarkar (1986)
Bao et al. (2021)
Hyde et al. (2020a)

Tanaka et al. (2009); Hyde
etal. (2013)

Dong et al. (2020)
Tanaka et al. (2009)
Tanaka et al. (2009)
Tanaka et al. (2009)

Tanaka et al. (2009)
Tanaka et al. (2009)
Tanaka et al. (2009)
Tanaka et al. (2009)

Polyplosphaeria hainanensis X. Tang, Jayaward., R. Jeewon & J.C. Kang, sp. nov.
MycoBank No: 900951
Facesoffungi Number: FoF14665

Figs 3,4

Etymology. The specific epithet ‘hainanensis’ refers to the place where the fun-
gus was collected, Hainan Province, China.
Holotype. GZAAS 23-0601
Description. Saprobic on unidentified decaying wood in the forest. Teleo-
morph not observed. Anamorph Hyphomycetous. Colonies effuse, gregarious
on host substrate, brown to blackish brown. Mycelium semi-immersed or im-
mersed, dark brown, branched, septate. Conidiophores absent. Conidiogenous
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Figure 3. Polyplosphaeria hainanensis (GZAAS 23-0601, holotype) a colonies on decay wood b colonies on natural sub-
strates ¢c—m conidia bearing appendages n germinating conidium o colony on PDA (from front) p colony on PDA (from

reverse). Scale bars: 50 pm (c—n).
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Figure 4. Polyplosphaeria hainanensis (GZAAS 23-0602, paratype) a colonies on decay wood b, ¢ colonies on natural
substrates d—o conidia bearing appendages p colony on PDA (from front) q colony on PDA (from reverse). Scale bars:
100 pm (d—=i, k=m); 50 um (j, n, o).
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cells indistinguishable from creeping hyphae, integrated, monoblastic, determi-
nate. Conidia 49-134.5x 52-90.5 pm (X = 86 x 71 pm, n = 20), globose, subglo-
bose, obconical, broadly ellipsoidal to broadly pyriform, variable in shape, some-
times with thin peel on the outer wall of conidia, internally filled with a mass of
hyaline, solitary, brown to dark brown, smooth. Appendages 36—58 x 3—5.5 ym
(X = 44.5 x 4 ym, n = 20), cylindrical, solitary, straight or flexuous, unbranched
and almost hyaline at the apex, 0—4-septate, smooth, round at apex, pervasive.

Culture characteristics. Conidia germinated from both ends on PDA and in-
cubated at room temperature (25 °C). Colonies circular, cottony, flat, olivaceous
with a slightly grey entire margin. The reverse side is an olive drab, which grad-
ually extends outwards to form a deep colour ring in the centre with a pale grey
margin and no pigment.

Material examined. CHINA, Hainan Province, Wuzhishan City, Wuzhishan Na-
tional Nature Reserve, on unidentified decaying wood, 25 September 2021, Zili
Li, WZS27 (GZAAS 23-0601, holotype), ex-type culture GZCC 23-0599; WZS31
(GZAAS 23-0602, paratype), culture GZCC 23-0600.

Notes. Based on the phylogenetic analysis (Fig. 1), two of our Polyplosphaeria
collections share similar morphology and clustered together with high support
(ML=100,and BPP = 1). The base pair differences between the two strains (GZCC
23-0599 and GZCC 23-0600) were: LSU = 0.2% (2/834), ITS = 0.1% (1/840), re-
spectively, therefore, we considered them as the same species according to the
guidelines for species delineation proposed by Jeewon and Hyde (2016). The
phylogenetic result (Fig.1) showed that Polyplosphaeria hainanensis is sister to
Po. nabanheensis within Polyplosphaeria. Based on the comparison of the mor-
phological characters with other species in Polyplosphaeria, our collection can
be distinct in having obconical, broadly ellipsoidal to broadly pyriform, variable
conidial shape (without verrucose at the base) and pervasive appendages. The
comparison of pairwise nucleotides showed that Polyplosphaeria hainanensis is
different from Po. nabanheensis in 24/826 bp (3%) in LSU, 20/758 (2.6%) in SSU,
17/472 (3.6%) in ITS and 16/344 (5%) in tub2. Thus, we describe Polyplosphae-
ria hainanensis herein as a novel species in Polyplosphaeria according to the
guidelines of Jeewon and Hyde (2016) and Chethana et al. (2021).

Pseudotetraploa Kaz. Tanaka & K. Hirayama, Studies in Mycology 64: 193 (2009)
MycoBank No: 515257
Facesoffungi Number: FOF06669

Type species. Pseudotetraploa curviappendiculata (Sat. Hatak., Kaz. Tanaka &
Y. Harada) Kaz. Tanaka & K. Hirayama, Studies in Mycology 64: 195 (2009).

Description. Teleomorph morph not observed. Anamorph Mycelium super-
ficial. Conidiophores absent. Conidiogenous cells monoblastic, indistinguish-
able from creeping hyphae. Conidia composed of 4 to 8 columns, obpyriform
to long obpyriform, brown to dark brown, almost smooth, verrucose at the base,
pseudoseptate, with setose appendages at the apical part. Appendages mostly
4, rarely 6 to 8, curved or straight (Tanaka et al. 2009).

Notes. Tanakaetal. (2009) established Pseudotetraploa (Ps.) with three species,
which were previously described in Tetraploa and typified by Ps. curviappendiculata
based on a combined SSU and LSU DNA sequence data. Pseudotetraploa species
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are reported as saprobes on bamboo, dead bark of the broad-leaved tree, and un-
identified herbaceous plants in Japan, China, and India (Hatakeyama et al. 2005;
Tanaka et al. 2009; Hyde et al. 2020a; Yu et al. 2022). Pseudotetraploa is only
known in its anamorphic state and dwells in terrestrial habitats and contains six
species viz. Ps. bambusicola, Ps. curviappendiculata, Ps. javanica, Ps. longissima,
Ps. Rajmachiensis, and Ps. yunnanensis (Hatakeyama et al. 2005; Tanaka et al.
2009; Hyde et al. 20203; Yu et al. 2022; This study; Table 2). In this study, a new
Pseudotetraploa species isolated from bamboo is introduced.

Pseudotetraploa yunnanensis X. Tang, Jayaward., R. Jeewon & J.C. Kang,
Sp. nov.

MycoBank No: 900963

Facesoffungi Number: FOF14666

Fig. 5

Etymology. The specific epithet ‘yunnanensis’ refers to the place where the fun-
gus was collected, Yunnan Province, China.

Holotype. HKAS 129442,

Description. Saprobic on bamboo. Teleomorph not observed. Anamorph
Hyphomycetous. Colonies effuse, gregarious on host substrate, brown to dark
brown. Mycelium superficial, hyaline to pale brown. Conidiophores absent. Co-
nidiogenous cells micronematous, mononematous, monoblastic, integrated,
usually undistinguishable from superficial hyphae. Conidia 67-120 x 16.5-
35 um (X = 95 x 24 um, n = 20), solitary, septate, brown to dark brown, ovoid to
obclavate or narrowly obpyriform, consisting of 3—6 columns of cells, rounded
at the base 19-36 pm wide (X = 26 ym, n = 20), slightly constricted at septa,
rarely branched and make V-shaped conidia; setose appendages at the apical
part 15-87 x 3.5-7 ym (X = 37 x 5 pm, n = 20), appendages 3—6 in number,
1-8-septate, brown at the base and almost hyaline at the apex, smooth, un-
branched, shorter appendage is straight and longer appendage is curved.

Culture characteristics. Conidia germinated from both ends on PDA and in-
cubated at room temperature (25 °C). Colonies circular, cottony, flat, slightly
grey with an entire margin, containing a circular white mycelium in the centre.
The reverse side is a pale brown in the centre that gradually extends outwards
while the colour changes to pale grey, with a brown margin and no pigment.

Material examined. CHINA, Yunnan Province, Puer City, Ailao mountains, on
bamboo, May 23, 2022, Rong-Ju Xu, ALS 29 (HKAS 129442, holotype), ex-type
culture KUNCC 10464.

Notes. Pseudotetraploa yunnanensis is similar to Ps. curviappendiculata and Ps.
longissima. However, Pseudotetraploa yunnanensis differs from Ps. curviappen-
diculata in having branched and V-shaped conidia, consisting of 3-6 columns
of cells with 3—6 apical appendages, larger conidia [67—120 pm vs. 52-67(=75)
pm] in length and [16—35 pm vs. 15-22 pm] in width, while Ps. curviappendiculata
consists of 4—5 columns of cells with 4 apical appendages; Pseudotetraploa yun-
nanensis differs from Ps. longissima in having smaller conidia [67-120 pm vs.
(98-)110-148(-155) upm] in length and [16—35 pm vs. 18—-25 um] in width, with-
out verrucose at the base. The phylogenetic analysis showed that Pseudotetrap-
loa yunnanensis is sister to Ps. rajmachiensis and Ps. javanica. The comparison of
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Figure 5. Pseudotetraploa yunnanensis (HKAS 129442, holotype) a, b colonies on natural substrates ¢—n conidia. Scale
bars: 20 ym (¢); 50 pm (d-n).

pairwise nucleotides showed that Pseudotetraploa yunnanensis is different from
Ps. rajmachiensis in 27/1021 bp (2.6%) in LSU and 30/560 (6%) in ITS; Pseudotet-
raploa yunnanensis is different from Ps. javanica in 11/1020 bp (1.1%) in LSU and
17/538 (3.2%) in ITS. Thus, we describe Pseudotetraploa yunnanensis herein as
a novel species in Pseudotetraploa according to the guidelines Jeewon and Hyde
(2016) and Chethana et al. (2021).
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Tetraploa Berk. & Broome, Ann. Mag. Nat. Hist. 5: 459, t. 11:6 (1850)
MycoBank No: 10199
Facesoffungi Number: FOF06666

= Tetraplosphaeria Kaz. Tanaka & K. Hiray., in Tanaka et al., Stud. Mycol. 64: 177
(2009).

Type species. Tetraploa aristata Berk. & Broome, Ann. Mag. Nat. Hist. 5: 459 (1850).

Description. Teleomorph see Tanaka et al. (2009). Anamorph Tetraploa sen-
su stricto Conidiophores absent. Conidiogenous cells monoblastic. Conidia
composed of 4 columns, short-cylindrical, brown, verrucose at the base, eusep-
tate, with 4 setose appendages at the apex (Tanaka et al. 2009).

Notes. Tanaka et al. (2009) established Tetraplosphaeria to accommodate
pleosporalean species that have massarina/lophiostoma-like teleomorph and
anamorphs belonging to Tetraploa sensu stricto based on a combined SSU and
LSUDNA sequence data. Later, Hyde et al. (2013) treated Tetraploa as a synonym
of Tetraplosphaeria, which has been applied previously to anamorphic species
and used Tetraploa instead of Tetraplosphaeria. Species of Tetraploa are main-
ly reported as saprobes, distributed in freshwater and terrestrial habitats, and
only T. aristata has been reported as a pathogen on various plants and human
pathogen that cause cysts (Markham et al. 1990; Tanaka et al. 2009; Hyde et al.
2013; Liao et al. 2022). Tetraploa has been recovered from more than 80 plants,
such as bamboo culms, submerged wood, palms, and Poaceae, on the leaves of
Acer and liverworts (Ellis 1949; Ando 1992; Hyde et al. 2013; Liao et al. 2022).
Saxena et al. (2021) mentioned that Frasnacritetrus is probably a fossil of Tet-
raploa. Nufiez Otafio et al. (2022) considered Frasnacritetrus as a synonym of
Tetraploa and transferred five Frasnacritetrus fossil species into Tetraploa viz.
Tetraploa conata, T. indica, T. josettae, T. siwalika and T. taugourdeaui based on
the observation that the spores of both fossil and contemporary species exhibit
identical morphological characteristics. To date, there are 35 species accepted
in Tetraploa (Wijayawardene et al. 2022; Jayawardena et al. 2023; this study;
Table 2). In this study, a new Tetraploa species is introduced.

Tetraploa hainanensis X. Tang, Jayaward., R. Jeewon & J.C. Kang, sp. nov.
MycoBank No: 900952

Facesoffungi Number: FoF14667

Figs 6,7

Etymology. The specific epithet ‘hainanensis’ refers to the place where the fun-
gus was collected, Hainan Province, China.

Holotype. GZAAS 23-0603.

Description. Saprobic on unidentified decaying wood in forest. Teleomorph
morph Not observed. Anamorph Hyphomycetous. Colonies effuse, gregarious
on host substrate, brown to dark brown. Mycelium semi-immersed orimmersed,
pale brown, branched, septate. Conidiophores absent. Conidiogenous cells inte-
grated, monoblastic, determinate. Conidia 30-46 x 18—36 um (X =38 x 27 ym, n
= 20), cylindrical with obtuse ends, pale brown to brown, verrucose, composed
of four columns of cells, sometimes five columns of cells, 4-5-septate in each
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Figure 6. Tetraploa hainanensis (GZAAS 23-0603, holotype) a, b colonies on natural substrates ¢—n conidia bearing 1-5
appendages o germinating conidium p colony on PDA (from reverse) q colony on PDA (from front). Scale bars 20 um (c);

50 um (d-g); 100 pm (h-o).
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Figure 7. Tetraploa hainanensis (GZAAS 23-0604, paratype) a colonies on decay wood b, ¢ colonies on natural sub-
strates d—p conidia bearing 1-4 appendages q germinating conidium r colony on PDA (from front) s colony on PDA
(from reverse). Scale bars: 20 pm (d—g); 100 ym (h-1, o, g); 50 pm (m, n, p).
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column, smooth, mostly with four apical appendages, some with one or two
or five appendages. Appendages 52-209 x 3-6 pm (X = 140 x 4 ym, n = 20)
cylindrical, solitary, unbranched, guttulate, septate, wide at the base, divergent,
pale brown to brown, 5-16-septate, straight or slightly flexuous, smooth-walled.

Culture characteristics. Conidia germinated from both ends on PDA and in-
cubated at room temperature (25 °C). Colonies circular, cottony, flat, slightly
grey with an entire margin, contain a circular white mycelium in the centre. The
reverse side is a pale brown in the centre that gradually extends outwards while
the colour changes to pale grey, with a brown margin and no pigment.

Material examined. CHINA, Hainan Province, Wuzhishan City, Wuzhishan
National Nature Reserve, on unidentified decaying wood, 25 September 2021,
Zili Li, WZS59 (GZAAS 23-0603, holotype), ex-type culture GZCC 23-0601;
WZS66.2 (GZAAS 23-0604, paratype), culture GZCC 23-0602.

Notes. Tetraploa hainanensis is morphologically similar to T. pseudoaristata.
However, Tetraploa hainanensis can be distinguished from T. pseudoaristata in
having larger conidia (30.5-46 x 18—-36 pm vs. 22-31 x 15-20 um) with four col-
umns of cells, sometimes five columns of cells, and longer appendages (52-209 x
3-6 pym vs. 23-107 x 2—5 pm), commonly four in number, sometimes five. Based
on the phylogenetic analysis, two of our Tetraploa collections which share similar
morphology clustered together with high support (ML = 100, and BPP =1 (Fig. 1)).
The base pair differences between the two strains were: LSU = 0.1% (1/806), ITS =
0% (0/516), and tub2 = 0% (1/633), respectively. Therefore, we considered them as
the same species according to the guidelines for species delineation proposed by
Jeewon and Hyde (2016). Tetraploa hainanensis forms a distinct lineage but close
to T. yakushimensis and T. tetraploa. However, Tetraploa hainanensis differs from
T. yakushimensis by having four or five columns and appendages, while T. yakushi-
mensis has only four columns and appendages; Tetraploa hainanensis differs from
T. tetraploa in having four or five columns and shorter appendages (52-209 x
3-6 uymvs. 263-350 x 2—-3 pm), while T. tetraploa has only four columns and slen-
der appendages. The comparison of pairwise nucleotide showed that Tetraploa
hainanensis is different from T. yakushimensis in 31/620 bp (3%) in LSU, 7/814
(0.98%) in ITS, and 87/450 (19%) in tub2 and Tetraploa hainanensis is different
from T. tetraploa in 31/620 bp (3%) in LSU, 7/814 (0.98%) in ITS, and 87/450 (19%)
in tub2. Based on the combination of morphological characters and multigene phy-
logeny, we describe Tetraploa hainanensis herein as a distinct species according to
the guidelines of Jeewon and Hyde (2016) and Chethana et al. (2021).

Discussion

Hyde et al. (2018) reported that more than 95% of fungi collected in north-
ern Thailand could be new to science and there is a dire need to collect more
samples from a wide variety of hosts to better understand fungal diversity es-
timates. In the same way, fungal diversity in Yunnan, Guizhou and Hainan is
expected to be rather high. In this study, collections of decayed wood samples
and bamboo were done to assess which fungal species are potentially colonis-
ing them. Our study reveals four anamorphic fungal species that belong to the
family Tetraplosphaeriaceae. In this study, we characterise two new anamor-
phic species collected from unidentified decayed wood samples that belong to
Polyplosphaeria. In Polyplosphaeria this study brings the number of species to
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six. The first new species is described as Po. guizhouensis and our multigene
phylogeny depict a close relationship to Po. pandanicola. The latter was collect-
ed from fallen dead and decaying leaves of Pandanus sp. in China (Tibpromma
et al. 2018) and characterized by micronematous conidiophores; monoblastic,
incomplete globose connected to base of conidia conidiogenous cell with gut-
tules, hyaline; globose to subglobose, solitary, verrucose at base conidia with
almost hyaline at apex, unbranched setose appendages on surface. However,
Po. guizhouensis differs in having turbinate conidia which are verrucose and
darker at the base. Furthermore, it possesses a longer conidium base and two
types of appendages originating from the apical part of the conidia. With re-
gard to DNA sequence data comparison, Po. guizhouensis differs from Po. pan-
danicola (MFLUCC 17-2266) in having 11 out of 460 (2.5%) and 2 out of 801
(0.2%) different base pairs (bp) in the ITS alignments and LSU gene respectively.
Our second new species, named Polyplosphaeria hainanensis, forms a strongly
supported subclade with Po. nabanheensis. The latter was collected from fallen
dead and decaying leaves of Pandanus sp. in China (Tibpromma et al. 2018). It
is characterised by monoblastic, hyaline conidiogenous cells with guttules; oval
to ellipsoid conidia, made up of 2-3 cells, and verrucose at base, rough-walled,
with apical setose appendages. However, Po. hainanensis differs with regards
to having an obconical, broadly ellipsoidal to broadly pyriform, variable shaped
conidia (no verrucose at the base) and pervasive appendages. Comparison of
available LSU, ITS, SSU and tub2 sequences also reveal differences in base pairs
that support species distinctiveness. For instance, Po. hainanensis differs from
Po. nabanheensis in having 24/826 bp (3% difference) in LSU, 20/758 (2.6% dif-
ference) in SSU, 17/472 (3.6% difference) in ITS and 16/344 (5% difference) in
tub2. Another peculiar finding when we analysed the relationships of Polyplos-
phaeria species, we found that two strains of Polyplosphaeria thailandica (MFLU
15-3273) and Aquatisphaeria thailandica (MFLUCC 21-0025 and DLUCC B151)
clustered together with 75% ML/0.99 BPP support and sister to species of
Shrungabeeja. However, it's important to note that this relationship lacked sig-
nificant statistical support, a pattern observed in various previous studies as
well (Li et al. 2021; Liao et al. 2022). Aquatisphaeria thailandica has been report-
ed as a saprobe on submerged decaying wood in China. It is characterised by
macronematous, mononematous, solitary, unbranched conidiophores with 3—-4
septa; monoblastic, integrated, terminal, subcylindrical conidiogenous cells; and
acrogenous, solitary, subglobose or turbinate, muriform, dictyoseptate conidia
with 3—-4 (mostly 4) cylindrical, upward appendages with 1-2-septa. At the same
time, Po. thailandica is recognised as a saprobe found in decaying bamboo in
Thailand. It is characterised by monoblastic conidiogenous cells; acrogenous,
solitary, globose, obovoid, pyriform, ellipsoidal, obconical, muriform, verrucose
conidia with 2—5-septate appendages, occasionally, two conidia are associated
together at the basal cell (Li et al. 2016; Li et al. 2020). Based on the phylogenet-
ic analyses, it seems that Po. thailandica is a member of Aquatisphaeria. There
is not much taxonomic data available for Aquatisphaeria, hence we recommend
that further collections of this genus are required to elucidate its relationships to
Po. thailandica. Alternatively, there might be a need to relook into the taxonomy
of Po. thailandica and verify whether the DNA sequences submitted are reliable.

The third anamorphic species was collected from bamboo in Yunnan, China
and subsequently assigned to Pseudotetraploa. To date, five species have been
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reported, and this study extends the known species count to six. The new spe-
cies is described as Ps. yunnanensis and our multigene phylogeny depict a
close relationship to Ps. rajmachiensis. The latter was collected from decaying
bamboo culms in India (Hyde et al. 2020a) and characterised by the absence of
conidiophores; micronematous, mononematous, monoblastic conidiogenous
cells; ovoid to obclavate or obpyriform conidia, minutely verrucose at the base;
unbranched, septate, setose appendages at the apical part, consisting of two
appendages with one straight and one curved. However, Ps. yunnanensis differs
in having larger conidia that rarely separate, consisting of 3—6 columns of cells,
forming a V-shape conidia, 3-6 apical appendages. In terms of DNA sequence
data comparison, Ps. yunnanensis differs from Ps. rajmachiensis (NFCCI 4618)
in LSU by 27/1021 bp (2.6% difference) and in ITS by 30/560 bp (6% difference).

The last anamorphic species was collected from unidentified decaying wood
in Hainan, China, and was assigned to Tetraploa. With the addition of this spe-
cies, the genus now comprises a total of 35 species. The new species is de-
scribed as T. hainanensis, and the multigene phylogeny depicts a close relation-
ship to T. yakushimensis. The latter was collected on culms of Arundo donax in
Japan (Tanaka et al. 2009) and characterised by the absence of conidiophores;
monoblastic conidiogenous cells; solitary, short cylindrical, brown, verruculose
conidia, composed of 4 columns with 4 apical setose appendages. However,
T. hainanensis differs in having four or five culms and appendages. In terms of
DNA sequence data comparison, T. hainanensis differs from T. yakushimensis
(KT 1906) in 31/620 bp (3% difference) in LSU, 7/814 (0.98% difference) in ITS,
and 87/450 (19% difference) in tub2.

Tetraplosphaeriaceae is a well-known family in terrestrial habitats with most-
ly saprobes being reported so far, and previous and recent studies have shown
that Tetraplosphaeriaceae is widely associated with many plants in different
countries. In this work, we describe four new Tetraplosphaeriaceae species
based on phylogenetic and morphological comparisons with allied taxa, update
the phylogeny of the Tetraplosphaeriaceae family and also provide a checklist
of species with other details (Table 2). To date, there are 69 species in Tetrap-
losphaeriaceae, of which 23 species (including this study) are from China. This
study enriches the diversity of fungi in China of Tetraplosphaeriaceae species.
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Abstract

Vetiver grass (Chrysopogon zizanioides) has received extensive attention in recent years
due to its diverse applications in soil and water conservation, heavy metal remedia-
tion, as well as essential oil and phenolic acids extraction. In 2019, the emergence of
tar spot disease on C. zizanioides was documented in Zhanjiang, Guangdong Province,
China. Initially, the disease manifested as black ascomata embedded within leaf tissue,
either scattered or clustered on leaf surfaces. Subsequently, these ascomata became
surrounded by fisheye lesions, characterised by brown, elliptical, necrotic haloes, which
eventually coalesced, resulting in leaf withering. Koch’'s postulates demonstrated that
the fungus isolated from these lesions was the causal agent. Microscopic examination
showed that the pathogen morphologically belonged to Microdochium. The phyloge-
netic tree inferred from the combined ITS, LSU, tub2 and rpb2 sequences revealed the
three isolates including GDMCC 3.683, LNU-196 and LNU-197 to be a novel species of
Microdochium. Combining the results of phylogenetic, pathogenicity and morphological
analyses, we propose a new species hamed M. chrysopogonis as the causal agent of
C. zizanioides in southern China. The optimum growth temperature for M. chrysopogo-
nis was determined to be 30 °C. The in vitro fungicide sensitivity of M. chrysopogonis
was determined using a mycelial growth assay. Four demethylation-inhibiting (DMI) fun-
gicides, including difenoconazole, flusilazole, propiconazole and tebuconazole and one
methyl benzimidazole carbamate (MBC) fungicide, carbendazim, were effective against
M. chrysopogonis, with mean 50% effective concentration (EC,,) values of 0.077,0.011,
0.004, 0.024 and 0.007 pg/ml, respectively. These findings provide essential references
for the precise diagnosis and effective management of M. chrysopogonis.

Key words: fungicide sensitivity, multilocus phylogeny, new taxon, pathogenicity, tar spot

Introduction

Vetiver (Chrysopogon zizanioides) is one of the main grasses in tropical and
subtropical areas (Maurya et al. 2023). With a large root system that penetrates
deep into the soil, C. zizanioides is strongly tolerant to adverse environments,
such as drought, salinity and heavy metals. Recently, vetiver has been widely
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utilised in various applications, such as land restoration, soil and water con-
servation and phytoremediation of heavy metal-contaminated soils (Chen et
al. 2021). Moreover, the essential oil and phenolic acids extracted from vetiver
root possess significant aromatic and biological properties, giving it an import-
ant role in perfumery, the food industry and medicine (David et al. 2019; Moon
et al. 2020).

To our knowledge, four diseases on C. zizanioides have been reported, name-
ly, leaf blight caused by Curvularia trifolii in India (Babu et al. 2021), root and
basal stem rot caused by Gaeumannomyces graminicola (Lin et al. 2019), leaf
spot caused by Phoma herbarum (Zhang et al. 2017) and leaf streak caused by
Stenocarpella chrysopogonis (Jia et al. 2023).

Microdochium species were originally introduced with the type species,
M. phragmitis, identified on the leaves of Phragmites australis in Germany (Sy-
dow 1924). Presently, there are 49 species included in this genus. However,
only a subset of these species can induce diseases, primarily affecting grass-
es and cereals. For example, M. albescens (also referred to as Monographella
albescens) typically induces leaf scald and grain discoloration in rice, leading
to a global reduction in rice yield (Araujo et al. 2016; Dirchwolf et al. 2023).
M. bolleyi is recognised for inducing root necrosis and basal rot in creeping
bent grass in Korea, as well as causing root rot on triticale in Kazakhstan (Hong
et al. 2008; Alkan et al. 2021). M. nivale and M. majus frequently result in the
occurrence of pink snow mould or Fusarium Patch on wheat, barley and turf
grass in cold to temperate regions (Ren et al. 2015; Abdelhalim et al. 2020).
M. opuntiae leads to brown spotting on Opuntia (Braun 1995). M. poae triggers
leaf blight disease in turf-grasses, such as Poa pratensis and Agrostis stolonif-
era (Liang et al. 2019). M. paspali is recognised for its ability to cause leaf blight
in seashore paspalum (Paspalum vaginatum) (Zhang et al. 2015). M. panatto-
nianum has the potential to induce anthracnose in lettuce (Galea et al. 1986).
M. sorghi is accountable for the formation of zonate leaf spots and decay on
sorghum species (Stewart et al. 2019).

The application of fungicides has always been an effective approach for dis-
ease control. In recent decades, demethylation-inhibiting (DMI) fungicides have
emerged as a significant and extensive group of fungicides, exhibiting notable
efficacy in the control of diseases caused by the Microdochium genus. Notably,
compounds such as prochloraz, difenoconazole, propiconazole, metconazole,
myclobutanil, tebuconazole and triticonazole have shown substantial antifun-
gal efficacy against M. panattonianum, M. majus and M. nivale (Wicks et al.
1994; Debieu et al. 2000; Glynn et al. 2008; Mao et al. 2023). Additionally, fun-
gicide subgroups, including phenylpyrrole (PP) fungicides, such as fludioxonil,
dicarboximides, such as iprodione and quinone outside inhibitors (Qols), such
as trifloxystrobin, have demonstrated noteworthy efficacy in the management
of diseases induced by M. nivale (Glynn et al. 2008; Koch et al. 2015; Aamlid et
al. 2017). Therefore, to promote effective control against tar spot of C. zizanioi-
des, it is necessary to determine the sensitivity of the pathogen to fungicides.

The main objectives of this study were to identify the pathogenic fungi caus-
ing tar spot of C. zizanioides in southern China on the basis of morphological
characteristics and multigene sequence analysis; to determine the pathogenic-
ity to C. zizanioides; and to determine the inhibitory effect of fungicides against
mycelial growth of the pathogen.
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Materials and methods
Sample collection and fungal isolation

Leaves exhibiting symptoms of tar spot on C. zizanioides were collected in fields
of the Grass Research Station of Lingnan Normal University (LNU), Zhanjiang,
Guangdong, China. Leaf segments (0.5 x 0.5 cm) from the transition zone from
diseased to healthy tissue were cut and surface-sterilised for 30 s with 75%
ethanol and 2% sodium hypochlorite (NaClO) for 1 min, rinsed with distilled wa-
ter 3 times, dried on sterile filter paper and placed on 2% potato dextrose agar
(PDA) (Crous et al. 2021b). Additionally, ascomata developing on the surface
of diseased tissue were gently scraped using a sterile scalpel. Subsequently,
a small number of ascospores were transferred and evenly spread on to the
surface of a water agar (WA) plate. Hyphal tips originating from leaf tissue
fragments and single germinating conidia were transferred on to PDA medium.
They were then incubated at 30 °C in darkness (Polizzi et al. 2009). After a
period of 7 days, the isolates were transferred on to PDA slants and preserved
at 4 °C in the culture collection of Lingnan Normal University. Additionally, they
were deposited in the Guangdong Microbial Culture Collection Center (GDMCC)
in Guangzhou, China. The holotype specimen was preserved in the Herbarium
of the Chinese Academy of Forestry (CAF) in Beijing, China.

Morphological characterisation

Colonies were subcultured on 2% malt extract agar (MEA) and oatmeal agar
(OA) at 30 °C for 10 days in the dark (Crous et al. 2009). Colony colour was
characterised using Rayner’s Mycological Color Chart (Rayner 1970) and colo-
ny diameters were measured after incubation for 10 days at 30 °C in the dark.
Morphological characters of ascomata, asci, ascospores, sporodochia, hyphae,
conidiomata, conidiophores, conidiogenous cells and conidia were determined
in sterile water using an Olympus BX53 compound microscope (Tokyo, Japan),
equipped with cellSens Dimension software (version 1.17).

DNA extraction, PCR amplification and sequencing

Fungal genomic DNA was extracted from mycelia grown on PDA medium after
10 days using the ENZA Fungal DNA Miniprep Kit (Omega Bio-tek, Doraville, Nor-
cross, GA, U.S.A)), according to the protocol of manufacturer. Four loci, including
internal transcribed spacer (ITS) rDNA region, large subunit ribosomal acid (LSU)
rDNA region, RNA polymerase Il second largest subunit gene (rpb2) and part of
the beta-tubulin gene (tub2), were amplified by the following primer pairs: ITS1 and
ITS4 for ITS (White et al. 1990), LROR and LR5 for LSU (Vilgalys and Hester 1990),
RPB150F (Jewell and Hsiang 2013) and fRPB2-7Cr (Liu et al. 1999) and Btub526F
and Btub1332R (Jewell and Hsiang 2013). The polymerase chain reaction (PCR)
conditions were as follows: 94 °C for 5 min; 94 °C for 30 s, annealing temperature
for 45 s and 72 °C for 1 min, 35 cycles; and a final extension step at 72 °C for 10
min. The annealing temperature for ITS and LSU was 54 °C, for tub2 was 55 °C
and for rpb2 was 57 °C. PCR products were sequenced by Sangon Biotech Co.,
Ltd. (Shanghai, China). Sequences were edited and assembled using DNAMAN
version 5.2.2 and deposited in the NCBI GenBank nucleotide database (Table 1).
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Table 1. Strains included in the phylogenetic analyses with collection details and GenBank accession numbers.

Species

Microdochium albescens

M. bolleyi

M. chrysanthemoides

chuxiongense
citrinidiscum

colombiense

T £ ¥

dawsoniorum

M. fisheri

M. graminearum

M. hainanense

M. indocalami

M. insulare

M. lycopodinum

M. maculosum

M. majus

M. miscanthi

M. musae

Voucher

CBS 290.79
CBS 291.79
CBS 243.83
CBS 172.63
CBS 540.92
Kaz_Mb01
Kaz_Mb02
CBS 137.64
CPC 25994
CBS 102891
CBS 618.72
CGMCC 3.179297
CGMCC 3.17930
YFCC 87947
CBS 1090677
CBS 624.947
BRIP 656497
BRIP 67439
CBS 242.907
NFCCI 4083
C301TI
CGMCC 3.235257
CGMCC 3.23524
SAUCC2107817
SAUCC210782
SAUCC1016"
BRIP 75114a
CBS 146.68
CBS 109397
CBS 109398
CBS 109399
CBS 1255857
COAD 33587
CBS 741.79
10099
10098
99027
200107
SAUCC2110927
SAUCC211093
SAUCC211094
CBS 1435007
CBS 143499

Country

Ivory Coast
Ivory Coast
Unknown country
Germany
Syria
Kazakhstan
Kazakhstan
Netherlands
Canada
Germany
Germany
China
China
China
Peru
Colombia
Australia
Australia
UK
India
Sri Lanka
China
China
China
China
China
Australia
The Netherlands
Germany
Germany
Germany
Austria
Brazil
Germany
France
France
Canada
Norway
China
China
China
Malaysia

Malaysia
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LSuU
KP858950
KP858932
KP858930
MH869857
KP858946

MH870023
KP858954
MH874405
MH872294
KU746736
KU746735
0K586160
KP858939
KP858935
ON394569
0M333563
KP858951

KY777594
0P104016
OP104015
0M959323
0M959324
MT199878
0Q892168
KP858929
KP858940
KP858941

KP858942
KP858952
0K966953
KP858937

0M957532
0OM957533
0OM957534
MH107942
MH107941

GenBank Accession Number

ITS
KP859014
KP858996
KP858994
MH858255
KP859010
MW301448
MW301449
MH858394
KP859018
MH860598
KU746690
KU746689
0K586161
KP859003
KP858999
MK966337
MN492650
KP859015
KY777595
MT875317
0P103966
OP103965
0M956295
0M956296
MT199884
0Q917075
KP858993
KP859004
KP859005
KP859006
KP859016
0K966954
KP859001
JX280597
JX280583
KT736191
0M956214
0M956215
0OM956216
MH107895
MH107894

tub2
KP859078
KP859059
KP859057

KP859073

KP859074

KU746781
KU746782
0K556901
KP859066
KP859062

KP859079

0P236029
0P242835
O0M981146
0M981147
MT435653
KP859056
KP859067
KP859068
KP859069
KP859080
KP859064
JX280563
JX280564
JX280566
KT736253
0M981141
0M981142
0M981143
MH108041
MH108040

rpb2
KP859123
KP859105
KP859103

KP859119

KP859127

0K584019
KP859112
KP859108
ON624208
KP859124

0P236026
0P236026
OM981153
0M981154
MT510550
0Q889560
KP859102
KP859113
KP859114
KP859115
KP859125
0L310501

KP859110
JX280560
JX280561

KT736287
0M981148
0M981149
OM981150
MH108003
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Species

M. musae

M. neoqueenslandicum

M. nivale

M. novae-zelandiae

M. paspali

M. phragmitis

M. poae

M. ratticaudae
M. rhopalostylidis
M. salmonicolor

M. seminicola

M. shilinense

M. sinense

M. sorghi
Microdochium sp.

M. tainanense

Voucher

CBS 111018
CPC 11240
CPC 16258
CPC 11234
CPC 32681
CBS445.95
CBS108926"
CBS 1162057
200114
200119
200120
200566
201050
CBS 143847
CPC 29693
CBS 1386207
CBS 138621
CBS 138622
CBS 285.717
CBS 423.78
CGMCC3.191707
LC12115
LC12116
LC12117
LC12118
LC12119
LC12120
LC12121
BRIP 682987
CBS 1451257
NC14-294
CBS 122706
CBS 122707
CBS 1399517
KAS1516
KAS3574
KAS3158
KAS1527
KAS1473
CGMCC 3.235317
SAUCC2110977
SAUCC211098
CBS 691.96
SAUCC1017
CBS 269.767
CBS 270.76

Country

Costa Rica
Mauritius
Mexico
Mauritius
Malaysia
The Netherlands
New Zealand
UK
Norway
Norway
Norway
Norway
Norway
New Zealand
New Zealand
China
China
China
Poland
Germany
China
China
China
China
China
China
China
China
Australia
New Zealand
South Korea
Switzerland
Switzerland
Switzerland
Canada
Switzerland
Canada
Canada
Canada
China
China
China
Cuba
China
Taiwan

Taiwan
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LSuU
MH107944
MH107945
MH107943
MH107946
KP858933
KP858938
KP858944

KP858949
KP858948

MW481666
MK442532
MK836108
KP858943
KP858947
KP858974
KP858961

KP858973
KP858970
KP858966
KP858955
0P104022
0M959225
0M959226
KP858936
MT199879
KP858945
KP858931

GenBank Accession Number

ITS
AY293061
MH107897
MH107898
MH107896
MH107899
KP858997
KP859002
KP859008
KT736185
KT736199
KT736210
KT736220
KT736217
LT990655
LT990656
KJ569509
KJ569510
KJ569511
KP859013
KP859012
MH740898
MH740901
MH740902
MH740903
MH740897
MH740899
MH740904
MH740900
MW481661
MK442592
MK836110
KP859007
KP859011
KP859038
KP859025
KP859037
KP859034
KP859030
KP859019
0P103972
0M956289
0M956290
KP859000
MT199885
KP859009
KP858995

tub2

MH108043
MH108044
MH108042
KP859060
KP859065
KP859071

KT736240
KT736221

KT736224
KT736236
LT990608

LT990609

KJ569514
KJ569515
KJ569516
KP859077
KP859076
MH740914
MH740917
MH740918
MH740919
MH740913
MH740915
MH740920
MH740916

MK442735
KP859070
KP859081

KP859101

KP859088
KP859100
KP859097
KP859093
KP859082
0P242834
0M981144
0M981145
KP859063
MT435654
KP859072
KP859058

rpb2

KP859106
KP859111
KP859117
KT736279
KT736263
KT736273
KT736257
LT990641

LT990642

KP859122
KP859121
MH740906
MH740909
MH740910
MH740911
MH740905
MH740907
MH740912
MH740908
MW626890
MK442667
KP859116
KP859120
KP859147
KP859134
KP859146
KP859143
KP859139
KP859128
0OM981151
0M981152
KP859109
KP859118
KP859104
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Species

M. trichocladiopsis
M. triticicola

M. chrysopogonis

M. yunnanense

Thamnomyces dendroidea

GenBank Accession Number

Voucher Country
LSuU ITS tub2 rpb2

CBS 623.777 Unknown country KP858934 KP858998 KP859061 KP859107

RR 241 UK - AJ748691 - -
GDMCC 3.683 China MT988024 MT988022 MW002441 MW002444
LNU-196 China MT988023 MT988020 MWO002442 MWO002445
LNU-197 China MT988025 MT988021 MWO002443 MWO002446

SAUCC1018 China MT199880 MT199886 MT435655 -
SAUCC1015 China MT199877 MT199883 MT435652 MT510549
SAUCC1012 China MT199876 MT199882 - MT510548
SAUCC10117 China MT199875 MT199881 MT435650 MT510547
CBS 123578 France KY610467 FN428831 KY624313 KY624232

Note: “T” denotes ex-type strain. Newly-generated sequences are indicated in bold. “-" means no data available in GenBank.

Phylogenetic analyses

The sequences of the strains from C. zizanioides and those of Microdochium spe-
cies, as well as the outgroup Idriella lunata obtained from NCBI GenBank, were
aligned with MAFFT version 7 using the default settings. Manual adjustments were
made to optimise the alignment in MEGA version 7.0 (Katoh and Standley 2013;
Kumar et al. 2016). To elucidate the taxonomic phylogenetic relationships, single
and concatenated ITS, LSU, rpb2 and tub2 sequence alignments were subjected to
analysis by applying Bayesian Inference (Bl) using MrBayes version 3.2.5 and Max-
imum Likelihood (ML) using RAXML on the CIPRES portal (www.phylo.org) (Swof-
ford 2002; Crous et al. 2006; Ronquist et al. 2012). For Bl analysis, the best evolu-
tionary model was determined through the utilisation of MrModelTest version 2.2
(Nylander 2004). Subsequently, in MrBayes v. 3.2.5, the Markov Chain Monte Carlo
180 (MCMC) algorithm was used to generate phylogenetic trees. The first 25%
of saved trees were discarded as the burn-in phase. Posterior probabilities (PPs)
were determined from the remaining trees prior to calculation of the 50% majority
rule consensus trees; PP values exceeding 0.90 were considered significant. The
ML analyses were performed by using RAXML-HPC BlackBox version 8.2.6, based
on 1000 bootstrap replicates. A general time reversible (GTR) model was applied
with gamma-distributed rate variation. Bootstrap values (BSs) equal to or higher
than 70% were regarded as significant. The phylogenetic tree was viewed in Fig-
Tree version 1.4.4 (Rambaut 2018) and edited by Adobe lllustrator CC2018.

Pathogenicity test

Three isolates of M. chrysopogonis (GDMCC 3.683, LNU-196 and LNU-197)
were used to conduct the pathogenicity test. C. zizanioides plants were culti-
vated within a greenhouse, utilising plastic pots containing field-collected soil
from the location where the plants had been established. The isolates were
cultured on PDA for 2 weeks at 30 °C in the dark to collect conidia.

Forthe detached leaf assay, 1-cm wide leaves were harvested from 2-month-old
plants cultivated in a greenhouse, washed under running tap water, surface disin-
fected with 70% ethanol for 1 min, rinsed with sterile water for 30 seconds and fi-
nally air-dried on sterilised filter paper. The conidial suspension was adjusted to a
concentration of 1 x 106 conidia/ml in sterile distilled water. An equivalent volume
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of sterile distilled water was used as a control. Leaf blades were then wounded
with a sterilised pin and each leaf was sprayed with 2 ml of conidial suspension.
All inoculated and control leaves were placed in a moist chamber at 25 °C with
100% relative humidity (RH) under cool fluorescent light with a 12-h photoperiod.
After seven days, the disease incidence was assessed and calculated as the per-
centage of leaves with leaf tar spot symptoms. Each treatment consisted of five
replicates and the experiment was conducted three times.

For the attached leaf assay, the leaf blades of healthy leaves were also pin-
pricked and the conidial suspension was adjusted to a concentration of 2 x 10°
conidia/ml in sterile distilled water. An equivalent volume of sterile distilled wa-
ter was used as a control. In each treatment, five plants were included, with
each plant being sprayed with approximately 20 ml of inoculum. All sprayed
and control plants were incubated in a plastic container in a greenhouse at 25 +
2 °C under cool fluorescent light with a 12-h photoperiod. For the first 3 days, the
plastic container was covered with transparent polyethylene bags to maintain
a high humidity. The disease incidence was assessed 10 days post inoculation
and calculated as the percentage of plants displaying tar spot symptoms. Each
treatment had three replicates and the pathogenicity test was repeated twice.

To fulfil Koch's postulates, symptomatic leaf tissues were subjected to sur-
face sterilisation as described above. Subsequently, these tissues were plated
on to PDA medium to enable the re-isolation of the fungi. These isolates were
identified, based on comparison of the cultures with those of the original strains.
Furthermore, the identifications were confirmed by sequencing of the isolates.

Effect of temperature on mycelial growth rate

Mycelial growth rates of M. chrysopogonis isolates were assessed across vari-
ous temperatures. Mycelial plugs with a diameter of 5 mm were excised using
a sterile hole puncher from the periphery of 10-day-old PDA cultures. Subse-
quently, they were translocated to the central area of 90 mm PDA Petri dishes.
The cultures were subjected to incubation across a temperature range of 5, 10,
15, 20, 25, 30, 35, 40 and 45 °C. Four replicate plates per isolate were prepared
for each temperature. The plates were enveloped using Parafilm (Bemis Com-
pany, Neenah, WI, U.S.A.) and then positioned within plastic containers prior to
their placement in incubators. The colony diameter was measured along two
mutually perpendicular axes and the mean of these two measurements was
documented as the radial colony diameter. Following a 10-day duration, myce-
lial growth rates were determined, based on colony diameter and subsequently
quantified in millimetres per day. Each treatment was replicated four times.

Fungicide sensitivity

To determine possible control measures for this pathogen in the field, six groups
including nine fungicides were tested for their ability to inhibit the growth of M.
chrysopogonis in vitro. Fungicide sensitivity assays were conducted, based on
methods developed by Yin et al. (2019). The commercial formulations of fungi-
cides were serially diluted using sterilised distilled water. These diluted solutions
were added to autoclaved PDA medium that had been cooled to 55 °C to obtain
the desired concentrations in micrograms per millilitre (Table 2). Isolates were cul-
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tured on PDA plates at 30 °C for 10 days in darkness to supply inoculum. Mycelial
discs (5 mm in diameter) from the periphery of colonies actively growing on PDA
were positioned at the centre of the fungicide-amended plates and unamended
(control) plates. The plates were then incubated at a temperature of 30 °C in dark-
ness for a duration of 2 weeks. Subsequently, the diameter of each colony was
measured along two perpendicular axes and the mean diameter was recalibrated
by deducting the diameter of the original plug utilised for inoculation. The effective
concentration for 50% mycelial growth inhibition (EC, ) was estimated by perform-
ing a regression analysis of the percentage of mycelial growth inhibition against
the log,, of fungicide concentrations. Each treatment was replicated four times.

Statistical analysis

The dataset was tested for variance homogeneity using the Levene test. If
the variances were equal, an analysis of variance (ANOVA) followed by a least
significant difference (LSD) test was conducted. In cases where the variances
were unequal, the Dunnett T3 test was applied. All statistical analyses were
carried out using IBM SPSS version 20.0 (SPSS Inc., Chicago, IL, U.S.A)). The
significance threshold for detecting treatment disparities was set at P < 0.05.

Results
Disease symptoms and isolation of the pathogen

From 2019 to 2022, a previously unknown disease of vetiver grass occurred
during late spring and early autumn at the Grass Research Station of Lingnan
Normal University (LNU) in Guangdong Province, China. Symptoms consistent-
ly appeared on 85% of C. zizanioides grown under field conditions. The initial
symptoms appeared as small and scattered punctate spots (< 1 cm) embed-
ded within the leaf tissue. Gradually, these spots clustered on leaf surfaces.
Subsequently, brown, elliptical, fish-eye necrotic haloes emerged, encircling the
lesion spots and aligning parallel to the leaf veins (Fig. TA-C). As these ne-
crotic haloes coalesced, the leaf underwent chlorosis and wilting, eventually
leading to blighting of the entire plant. Ascomata were visible on the diseased
leaf surfaces.

Table 2. List of the fungicides used in this study.

Active ingredient Chemical family Trade name FRAC code Concentration (pg/ml)
Pyrimethanil anilino-pyrimidines Syngenta 9 0,0.01,0.1,1,10, 100
Difenoconazole triazoles Syngenta 3 0,0.01,0.1,1,10, 100
Fludioxonil phenylpyrroles Syngenta 12 0,1, 10, 30,100, 300
Iprodione dicarboximides Syngenta 2 0,1, 10, 30,100, 300
Flusilazole triazoles Syngenta 3 0,0.001,0.01,0.1,1,10
Propiconazole triazoles BASF 3 0,0.0016,0.008, 0.04,0.2, 1
Carbendazim benzimidazoles Syngenta 1 0,0.0016,0.008, 0.04,0.2, 1
Metalaxyl acylalanines BASF 4 0,10, 30, 100, 300, 1000
Tebuconazole triazoles Bayer 3 0,0.0016,0.008, 0.04,0.2, 1
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Figure 1. Disease symptoms and morphological characters of Microdochium chrysopogonis on infected leaf tissue (CAF
800053) A-C tar spot symptoms of Chrysopogon zizanioides from natural infection in the field D appearance of im-
mersed ascomata on infected leaves E ascomata in longitudinal section F-H asci I-N ascospores. Scale bars: 100 pm
(D, E); 10 pm (F=H).
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Atotal of 67 isolates were obtained on PDA. As the colony morphology of the
isolates was consistent, three representative isolates (GDMCC 3.683, LNU-196
and LNU-197), one from each field, were selected for further studies.

Phylogeny

Based on a Megablast search on NCBI's GenBank nucleotide database, the
closest hits for the ITS sequence of strain GDMCC 3.683 were M. dawsonio-
rum sequences with 98% identity (538/551, MK966337; 532/543, MN492650)
and a Microdochium sp. sequence with 97% identity (545/562, FJ536210).
The closest hits for LSU sequence of this strain were M. dawsoniorum se-
quences with 99% identity (868/871, OM333563; 864/867, ON394569) and a
M. yunnanense sequence with 99% identity (875/882, MT199880). The clos-
est hits for its rpb2 sequence were M. tainanense sequences with 85% identity
(711/841, KP859118 and KP859104) and a M. neoqueenslandicum sequence
with 83% identity (698/842, KP859106). The closest hits for tub2 sequence
were a M. tainanense sequence with 95% identity (661/697, KP859058), a
M. neoqueenslandicum sequence with 95% identity (665/703, KP859060) and
a M. colombiense sequence with 95% identity (658/695, KP859062). Therefore,
molecular analyses with all available Microdochium species were performed.
The alignment of each single locus and concatenated sequence dataset of ITS,
LSU, rpb2 and tub2 were used to confirm species resolution in Microdochium.

There were in total 99 aligned sequences, including the outgroup, Thamno-
myces dendroidea. A total of 3,033 characters (547 bp from the ITS, 843 bp from
LSU, 848 bp from tub2 and 795 bp from rpb2) were included in the phylogenetic
analyses. RAXML analysis of the combined dataset yielded a best scoring tree
with a final ML optimisation likelihood value of -21, 329.537402 (In). The matrix
had 1,096 distinct alignment patterns with 27.41% undetermined characters
or gaps. The tree length was 3.410120. Estimated base frequencies were: A =
0.234382, C = 0.267827, G = 0.258835, T = 0.238956; substitution rates were
AC =1.101009, AG = 4.781387, AT = 1.240884, CG = 0.955029, CT = 6.933148
and GT = 1.000000; gamma distribution shape parameter a = 0.152657. Based
on the results of MrModelTest, the SYM + | + gamma for ITS, GTR + | + gamma
for LSU and rpb2 and HKY + | + gamma model for tub2 were selected as the
best fit models for Bayesian analyses. A total of 47,402 trees were generated
by BI, amongst which 11,851 trees were discarded as the burn-in phase and
the remaining 35,551 trees were used to calculate the posterior probabilities
(PPs). The BI consensus tree confirmed the tree topology obtained with ML.
The well-supported clade (1/100) formed by the three strains from C. ziza-
nioides clustered with high support (1/100) with M. dawsoniorum (0.92/97),
which was sister to one single-strain clade representing M. ratticaude. This
clade clustered with high support (0.92/93) with the clade formed by M. albes-
cens, M. seminicola, M. graminearum, M. shilinense, M. insulare, M. paspali, M.
citrinidiscum, M. sorghi, M. tainanense and M. trichocladiopsis strains. The M.
neoqueenslandicum clade (1/100) was basal to this clade (Fig. 2). Single gene-
based phylogenies are presented in the Suppl. material 1. Nonetheless, these
individual gene trees did not yield a conclusive taxonomic classification for the
new species, in contrast to the comprehensive resolution achieved through the
concatenated sequence analysis.
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Figure 2. Phylogenetic tree inferred from a Maximum Likelihood analysis, based on a combined alignment of ITS, LSU,
tub2 and rpb2 sequences from 99 isolates of Microdochium sp. Bootstrap support values obtained with ML above 70%
and Bayesian (BI) posterior probability values above 0.90 are shown at the nodes (BI/ML). The tree was rooted to Tham-
nomyces dendroidea CBS 123578. Numbers of ex-type strains are emphasised with an asterisk and species are delimited

with shaded blocks. Isolates of M. chrysopogonis are

indicated with lighter text.
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Taxonomy

Based on multilocus phylogenetic analyses, the three strains isolated from
C. zizanioides represent a previously unknown species within the genus Micro-
dochium that is closely related to M. dawsoniorum and M. ratticaudae. Morpho-
logical data placed the new species in the genus Microdochium. This species
is characterised below.

Microdochium chrysopogonis W. Zhang & X. Lu, sp. nov.
MycoBank No: 845624
Figs 1,3

Etymology. Name refers to Chrysopogon, the host genus from which this fun-
gus was collected.

Description. Sexual morph on infected leaf tissue of the host plant (CAF
800054). Ascomata perithecial, 300-350 pm diam., solitary or in groups, im-
mersed, pale brown to black, subglobose to oval, uniloculate, non-ostiolate.
Paraphyses filiform, hyaline, straight or curved, apically free. Asci 50-60 x 10—
18, x = 55 x 13 pm (n = 50), hyaline, fasciculate, unitunicate, oblong to narrowly
clavate, fusiform, 8 biseriate spores with a short stipe. Ascospores clavate, hy-
aline, guttulate, 20-22 x 8-11.5, X = 21 x 9 ym (n = 50), aseptate, smooth. Spo-
rodochia salmon-pink, slimy. Conidiophores reduced to conidiogenous cells.
Conidiogenous cells with percurrent proliferation, hyaline, smooth, aseptate,
ampulliform or obpyriform, 10-23 x 8-11.5, X = 17 x 9.5 ym (n = 50). Conid-
ia fusiform, lunate, curved, solitary, guttulate, variable in length, 0—1-septate,
18-72 x 2-3.5, X = 38.5 x 3 um (n = 50), apex rounded, base usually flattened.
Chlamydospores not observed. Vegetative hyphae on PDA (GDMCC 3.683) su-
perficial and immersed, septate, branched, hyaline, smooth, 1-5.5 pm wide.

Culture characteristics. Colonies on PDA reaching 4.0-4.5 cm within seven
days in the dark at 30 °C, flat, white cottony aerial mycelium, dense, saffron
rounded sporodochia produced after 3 weeks; reverse saffron. On MEA, sparse
white cottony aerial mycelium, orange rounded sporodochia produced; reverse
salmon-pink. On OA, periphery with white scarce cottony aerial mycelium, con-
centric rings of orange rounded sporodochia produced; reverse orange.

Type. China, Guangdong Province, Zhanjiang City, field of the Grass Research
Station of Lingnan Normal University (LNU), from a leaf of vetiver grass (Chrys-
opogon zizanioides) with leaf tar spot disease, September 2019, W. Zhang & X.
Lu, holotype CAF 800054, ex-type living strain GDMCC 3.683.

Additional materials examined. China, Guangdong Province, Zhanjiang City,
field of the Grass Research Station of Lingnan Normal University (LNU), from a
leaf of vetiver grass (C. zizanioides) with |leaf tar spot disease, September 2019,
W. Zhang & X. Lu, strain LNU-196; China, Guangdong Province, Zhanjiang City,
field of the Grass Research Station of Lingnan Normal University (LNU), from a
leaf of vetiver grass (C. zizanioides) with |leaf tar spot disease, September 2019,
W. Zhang & X. Lu, strain LNU-197.

Notes. A multilocus phylogenetic analysis of the ITS, LSU, tub2 and rpb2 loci
placed three strains of M. chrysopogonis in a distinct and monophyletic clade
(1/100) sister to M. dawsoniorum and M. ratticaudae. Notably, M. chrysopogonis
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Figure 3. Microdochium chrysopogonis (from ex-type: GDMCC 3.683) A colonies after 7 days on PDA B colonies after 7
days on MEA C colonies after 7 days on OA D colony overview of the sporodochia on PDA in culture after incubation for
three weeks E aggregated conidiophores F conidiophores with conidiogenous cells G, H conidia. Scale bars: 20 um (B).

has longer conidia (18—72 x 2—3.5 um) than M. ratticaudae (7-11 x 1.5-2.5 ym)
and wider conidia than M. dawsoniorum (25-75 x 1-2 pm). Furthermore, the
conidia of M. chrysopogonis are guttulate and 0-1-septate, while those of M.
dawsoniorum are 0—3-septate and those of M. ratticaudae are aseptate. The
conidiogenous cells of M. chrysopogonis appear as percurrent, ampulliform or
obpyriform, whereas those of M. ratticaudae are indistinct from the hyphae and
those of M. dawsoniorum are cylindrical to irregular and flexuous. Additionally,
the conidiogenous cells of M. chrysopogonis (10-23 x 8—11.5 um) are wider
than those of M. ratticaudae (20-30 x 1-2 um) (Table 3). Differences are also
evident in the sexual morph of these three species. In particular, the sexual
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morph is not observed in M. dawsoniorum. Ascomata size varies, with that of M.
ratticaudae (100—-160 um) being smaller than that of M. chrysopogonis (300~
350 pm). Ascospores of M. ratticaudae (14-24 x 4-7 pym) are fusoid to navic-
ular, while those of M. chrysopogonis are clavate, guttulate and wider (20-22 x
8-11.5 ym). In addition, M. ratticaudae features abundant, pale to olivaceous
brown, subglobose or cylindrical chlamydospores, while these are not observed
in M. chrysopogonis (Crous et al. 2020, 2021a; Table 3). Consequently, based
on both morphological characteristics and phylogenetic analyses, all three iso-
lates of M. chrysopogonis were proposed as a new species.

Pathogenicity test

The symptoms observed on leaves of C. zizanioides after inoculation with the
representative isolate GDMCC 3.683 were similar to those observed in the field.
No symptoms were observed on the leaves of the negative controls (Fig. 4).
The average disease incidence of detached leaves that were wounded and
sprayed with the isolates GDMCC 3.683, LNU-196 and LNU-197 was 93.3%,
80.0% and 93.3%, respectively. The average disease incidence of whole plants
after spraying with the same isolates was 76.7%, 73.3% and 73.3%, respec-
tively (Fig. 5). Koch’s postulates were fulfilled by successful re-isolation of the
fungal strains from all leaf spot tissues inoculated with the three isolates. The
morphology and DNA sequences of the isolates re-isolated from the inoculated
tissues were consistent with those of the strains used for inoculations.

Figure 4. Tar spot symptoms of Chrysopogon zizanioides 7 days after spraying on detached leaves (A, B) and 10 days
after spraying on leaves attached to whole plants (C, D) with Microdochium chrysopogonis isolate GDMCC 3.683 (B, D)

and sterilised water (A, C).
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Effect of temperature on mycelial growth

The mycelial growth of M. chrysopogonis was significantly affected by tem-
perature (P < 0.01). All three isolates of M. chrysopogonis grew between 10 and
40 °C, with maximum growth observed at 30 °C (Fig. 6). No isolates grew at 5
or 45 °C after 3 days. The highest average mycelial growth rate was observed at
30 °C (26.5 + 2.0 mm/day), followed by 25 °C (20.1 + 4.7 mm/day).

Fungicide sensitivity

The EC,, values of various fungicides were analysed for their effectiveness
against M. chrysopogonis isolates. A total of 17 isolates of M. chrysopogonis
were collected from diseased leaves spanning the period from 2019 to 2022.

Amo- ﬁf . a B o
JIT] Jiq ]
| ] ml

Disease incidence (%)
Disease incidence (%)
N
>
T

40 40
20 + 20 -
1 1 0 1 1 1 n
GDMCC 3.683 LNU-196 LNU-197 GDMCC 3.683 LNU-196 LNU-197

Figure 5. Disease incidence of tar spot symptoms on Chrysopogon zizanioides for leaves 7 days after spraying detached
leaves (A) and for whole plants 10 days after spraying leaves attached to potted plants (B), respectively, with Microdo-
chium chrysopogonis isolates GDMCC 3.683, LNU-196 and LNU-197. Values are shown as the means, with the error bars
representing the standard error. For each pathogen, columns with the same letter indicate means that are not significant-
ly different according to a least significant difference (LSD) test (P < 0.05).
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Figure 6. Colony growth rate of three isolates, GDMCC 3.683, LNU-196 and LNU-197, of Microdochium chrysopogonis
from Chrysopogon zizanioides under different temperatures. Error bars represent the standard error.
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The frequency distribution showed that difenoconazole, fludioxonil, flusi-
lazole, carbendazim and iprodione exhibited distributions resembling normal
curves, while pyrimethanil, propiconazole, metalaxyl and tebuconazole displayed
unimodal curves (Fig. 7). EC,, values for the inhibition of 17 M. chrysopogonis
isolates, based on mycelial radial growth, varied across fungicide treatments
(P < 0.05) (Table 4). Amongst the tested fungicides, flusilazole had the lowest
EC,, values, with a notably concentrated response range of 0.001 to 0.007 pg/
ml and an average of 0.004 pg/ml. Tebuconazole closely followed with a slightly
narrower range, exhibiting values ranging from 0.002 to 0.009 ug/ml and an av-
erage of 0.007 pg/ml. Furthermore, there was no significant difference between
flusilazole and tebuconazole. Propiconazole displayed EC,, values spanning
from 0.006 to 0.016 pg/ml, with an average of 0.011 pg/ml, while those of car-
bendazim ranged from 0.008 to 0.031 pg/ml, with an average of 0.024 pug/ml. In
contrast, those of difenoconazole exhibited a broader range, varying from 0.013
to 0.127 pg/ml, with a mean value of 0.077 pg/ml, while those of pyrimethanil
ranged from 0.054 to 0.605 pg/ml, with an average of 0.411 pg/ml. Those of ip-
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Figure 7. Frequency distribution of the 50% effective concentration (EC,,) values of six groups including nine fungicides
for Microdochium chrysopogonis isolates, based on mycelial growth from 2019 to 2022.
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Table 4. In vitro sensitivity ranges and mean 50% effective concentration (EC,;) values
for the inhibition of Microdochium chrysopogonis.

Fungicide ECs, (Hg/mi)
Lowest Highest Mean + SE
Difenoconazole 0.013 0.127 0.077 +£0.03%
Pyrimethanil 0.054 0.605 0.411 £ 0.180d
Fludioxonil 0.014 6.128 4.525+ 1.626¢
Iprodione 15.018 260.335 193.031 +99.462b
Flusilazole 0.001 0.007 0.004 +0.003h
Propiconazole 0.006 0.016 0.011 £ 0.003g
Carbendazim 0.008 0.031 0.024 + 0.009f
Metalaxyl 302.785 1056.896 892.677 + 236.145a
Tebuconazole 0.002 0.009 0.007 £ 0.002h

Note: The letters indicate the comparison amongst the different fungicide treatments. Means followed by the
same letter do not differ according to a post hoc Dunnett T3 test (p < 0.05).

rodione, on the other hand, spanned from 15.018 to 260.335 pg/ml, with an aver-
age of 193.031 pg/ml. Metalaxyl exhibited the highest EC, value, displaying the
widest range amongst all fungicides, extending from 302.785 to 1056.896 g/
ml with an average of 892.677 pg/ml. Overall, these findings indicate varying de-
grees of sensitivity to different fungicides amongst M. chrysopogonis isolates.
These variations in sensitivity could be essential considerations for designing
effective fungicide application strategies against vetiver leaf tar spot disease.
The inhibition of mycelial growth revealed that all nine fungicides exhibited
a reduction in fungal growth in vitro when compared to plates without amend-
ments. The effectiveness of these fungicides in diminishing the mycelial growth
of the isolates was contingent upon both the specific chemical compound and
its concentration. Four DMI fungicides, namely, difenoconazole, propiconazole,
flusilazole and tebuconazole and one MBC fungicide, carbendazim, displayed
strong activity against M. chrysopogonis growth at concentrations below 1 pg/
ml, specifically at concentrations of 1, 0.2, 0.1, 0.2 and 0.2 pg/ml, respectively
(Fig. 8). However, M. chrysopogonis showed a tendency to exhibit better growth
in the presence of pyrimethanil, fludioxonil, iprodione and metalaxyl, with mycelial
growth being completely inhibited at concentrations exceeding 100 pg/ml (Fig. 8).

Discussion

In a survey of disease on C. zizanioides in Guangdong Province, China, from 2019
to 2022, tar spot was the predominant leaf spot disease. Isolation, morphological
features, multilocus phylogenetic analysis and pathogenicity tests confirmed that a
new Microdochium species, M. chrysopogonis was the causal agent. To effectively
control the disease, the sensitivity of M. chrysopogonis to six groups of fungicides,
including nine fungicides was determined. Results indicated that four DMI fungi-
cides, namely difenoconazole, propiconazole, flusilazole and tebuconazole and
one MBC fungicide, carbendazim, were highly effective against the new species.
The morphology of the new species is introduced along with its sexual and
asexual morphological features, which are consistent with the following of
Microdochium: pale brown to black, subglobose to oval, uniloculate, perithecial

MycoKeys 100: 205-232 (2023), DOI: 10.3897/mycokeys.100.112128 299



Xiang Lu et al.: New taxa of Microdochium from China

120

100

80

60

4

3

20

S

s

120

100

80

60

40

20

Mycelium growth inhibition (%)

120

100

80

60

40

20

0

Pyrimethanil Fludioxonil

60 60
40 40
20 I—I—| 20 |-'_|
0 IJ_‘ 0
0.1 1 10

100 0.01 100 1 10 30 100 300

Flusilazole Propiconazole

100 100
80 80
60 60
40 40
20 20
o e o O
100 300 0.01 0.1 1 10
0.2 1

0.001 0.0016 0.008 0.04 0.2 1

Metalaxyl Tebuconazole

40 40
20 20
\ | -

10 30 100 300 1000 0.0016 0.008 0.04 0.2 1

Figure 8. Effect of fungicides on the mycelial growth of Microdochium chrysopogonis. Values are shown as the means,
with the error bars representing the standard error.

ascomata; hyaline, fasciculate, unitunicate, oblong to narrowly clavate, eight bise-
riate spores with short stipe asci, from which hyaline, clavate, smooth ascospores
arise. Conidiophores reduced to hyaline, smooth, aseptate, percurrent, ampulli-
form or obpyriform, conidiogenous cells, from which hyaline, 0—1-septate, fusi-
form, lunate conidia with the apex rounded and base flattened usually arise (Figs
1, 3) (Hernandez-Restrepo et al. 2016). The concatenated ITS, LSU, tub2 and rpb2
sequences were able to identify species in Microdochium and proved to be suit-
able barcoding markers in the process of species resolution (Hernandez-Restrepo
et al. 2016). Phylogenetic analysis indicated that M. chrysopogonis formed a dis-
tinct well-supported clade (1/100) and was closely related to M. dawsoniorum and
M. ratticaudae (Fig. 2). Nevertheless, the classification of the new species in the
genus Microdochium is well supported by morphology, based on sexual and asex-
ual morphs, which are different from those of M. dawsoniorum and M. ratticaudae.

Temperature is a major factor affecting plant disease epidemics. In recent
years, tar spot disease of C. zizanioides has become increasingly prevalent in
Guangdong Province, China, especially in hot and rainy summers. Thus, the ef-
fect of temperature on the growth rate of M. chrysopogonis in vitro was eval-
uated in this study. There were no significant differences in the minimum and
optimum growth temperatures amongst the three isolates and the optimum
growth temperature was 30 °C (Fig. 6). Research revealed that the highest
growth rate of M. paspali occurred at 25-28 °C and M. majus, M. seminicola
and M. nivale strains in Russia and Europe grew optimally at 20-25 °C (Doohan
et al. 2003; Gagkaeva et al. 2020), while M. nivale from Slovakia grew better
at temperatures below 20 °C (Hudec and Muchova 2010). Thus, the optimum
growth temperature varies amongst Microdochium species.

A previous study showed that P herbarum could initially induce leaf spots
and blight on vetiver grass, causing round or irregular dark brown spots, which
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are similar to the symptoms on M. chrysopogonis (Zhang et al. 2017). However,
the symptoms on M. chrysopogonis were different from those on P. herbarum in
the later period. Specifically, P herbarum caused fusiform or irregular with red-
dish-brown margins on the host plant, whereas M. chrysopogonis caused fish-
eye necrotic haloes surrounding the spot lesions on leaves. Additionally, the
disease incidences were different. P herbarum affected 26% to 42% of plants,
while M. chrysopogonis showed a 100% disease incidence. Given the high dis-
ease incidence associated with M. chrysopogonis and its induction of leaf spots
on vetiver grass, as well as the identification of this new species, it is imperative
to conduct future studies addressing the host spectrum, epidemic conditions,
biological characteristics and distribution patterns of M. chrysopogonis.

The effectiveness of biofungicides, such as bacterial seed treatments using
Pseudomonas and Pantoea in controlling diseases caused by Microdochium,
has been established (Johansson et al. 2003). However, there remains sub-
stantial reliance on registered chemical fungicides. Currently, research on
fungicide sensitivity within Microdochium mainly focuses on three species:
M. panattonianum, M. majus and M. nivale. Six groups of fungicides, namely,
MBCs, DMs, Qols, SDHIs, PPs, and dicarboximides, have been shown to have
significant inhibitory activity (Kaneko and Ishii 2009; Aamlid et al. 2017, 2018;
Matusinsky et al. 2017; Gagkaeva et al. 2022). In this study, consistent with pre-
vious findings, four DMI fungicides (difenoconazole, propiconazole, flusilazole
and tebuconazole) and one MBC fungicide (carbendazim) exhibited significant
inhibitory effects on the growth of M. chrysopogonis, with mean EC_ values of
0.077,0.011,0.004, 0.024 and 0.007 pug/ml, respectively (Table 4). However, di-
carboximides (iprodione), which were effective against snow mould and Micro-
dochium patch caused by M. nivale on turf-grass in previous studies (Gourlie
and Hsiang 2017), showed ineffectiveness in this study, with a mean EC, value
of 193.031 pg/ml. Additionally, while the PP fungicide fludioxonil demonstrated
good antifungal activity against M. majus in other research (Mao et al. 2023),
the isolates in this study displayed only moderate sensitivity to fludioxonil, with
an EC,; value of 4.525 ug/ml and complete inhibition of mycelial growth re-
quired concentrations exceeding 100 ug/ml (Table 4, Fig. 8). These variations
in fungicide sensitivity could be attributed to genetic structural changes, intro-
ducing bias in chemical control efficacy (Matusinsky et al. 2019). Furthermore,
the response of the same pathogen to fungicides can vary amongst regions.
For example, the DMI fungicides, tebuconazole and metconazole, were report-
ed to be ineffective against M. nivale in the Czech Republic and France (loos
et al. 2005; Matusinsky et al. 2019). Similarly, M. nivale exhibited sensitivity to
SDHI fungicides, including pydiflumetofen, fluxapyroxad and penthiopyrad, in
vitro, but these fungicides were ineffective in providing acceptable control un-
der field conditions in the USA (Hockemeyer and Koch 2022). These differences
may be attributed to variations in environmental factors, such as temperature
and humidity, as well as diverse biological characteristics, including epidemiol-
ogy, fungicide sensitivity and aggressive nature of the pathogen (Abdelhalim et
al. 2020). Overall, this study offers valuable insights into fungicide application
strategies for effectively managing the disease. Further research is needed to
analyse the influences of environmental variables and conduct field trials to
validate the effects of DMI fungicides, ultimately enhancing the ability to suc-
cessfully manage vetiver leaf tar spot disease.
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Abstract

Several specimens of Upretia from Southwest China are morphologically and phyloge-
netically distinct from currently recognized species in the genus. These specimens are
here accommodated within a new species, Upretia zeorina Li J. Li & Printzen. It is char-
acterized by an areolate to squamulose thallus with brown to blackish brown upper sur-
face, pruinose, zeorine type apothecia, black discs, narrowly bacilliform conidia, and the
production of gyrophoric acid. Two other specimens of Upretia from China are distinct
from currently accepted species and tentatively referred to as Upretia sp. 1 and Upretia
sp. 2. A key to all known species of Upretia is also provided.

Key words: Chemistry, Hengduan Mountains, lichen, phylogenetic analyses, zeorine type
apothecia
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Introduction

The family Teloschistaceae is one of the largest families of lichenized fungi,
including more than 1000 known species, and divided into four subfamilies,
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Southwestern China. MycoKeys 100:

233-243. https:/doi.orq/10.3897/ subsquamulose, olivaceous g.re‘y to brow1.1 'fhallus, lecanorine apothecia, small
mycokeys.100.111446 ascospores and narrowly bacilliform conidia (Kondratyuk et al. 2018). Subse-

quently, two more species were reported, U. hueana (B. de Lesd.) S. Y. Kondr.
Coovriaht: © Livan L et Upreti from India and U. squamulosa Y. Y. Zhang & Li S. Wang from China
opyright: © Lijuan Li et al.

This is an open access article distributed under (Zhang et al. 2019; Mishra et al. 2020).
terms of the Creative Commons Attribution

License (Attribution 4.0 International -

CCBY 4.0).

* These authors contributed equally to this work.

233



Lijuan Li et al.: New species of Upretia in China

Our field work along the collection routes of Handel-Mazzetti (1914-1915)
(zahlbruckner 1930) in Hengduan Mountains, Southwest China, yielded spec-
imens of the family Teloschistaceae, which had polarilocular ascospores and
that were phylogenetically close to the genus Upretia. Analyses of morphologi-
cal traits and phylogenetic evidence suggest that these specimens are distinct
from currently recognized species. Our Chinese specimens represented three
morphospecies, of which only one was shared by multiple accessions. The lat-
ter are accommodated within a new species, i.e., Upretia zeorina Li J. Li & Print-
zen, whereas the other two specimens are tentatively referred to Upretia sp. 1
and Upretia sp. 2. A key to all the known species of Upretia is also provided.

Materials and methods

Phenotypic studies

The specimens examined are deposited in Lichen Herbarium, Kunming Insti-
tute of Botany, Chinese Academy of Sciences (KUN), and the Herbarium Senck-
enbergianum Frankfurt/M. (FR).

External morphological characters were studied on air-dried material under
a stereomicroscope (Zeiss Stemi SV11). Anatomical features were studied
using a light microscope (Zeiss Axioskop 2 plus) on transverse sections of
apothecia and thalli, cut with a freezing microtome (Zeiss HYRAX KS 34) to
16-20 pm thickness and mounted in water, Lugol’s iodine solution () and lac-
tophenol cotton blue (LCB).

Spot tests were conducted using the following reagents: a 10% aqueous solu-
tion of potassium hydroxide (KOH) (K), saturated aqueous solution of sodium
hypochlorite NaClO (C). High performance thin layer chromatography (HPTLC)
was performed in solvents A, B’ and C to detect lichen secondary metabolites
(Culberson and Kristinsson 1970; Arup et al. 1993). Substances were identified
according to Orange et al. (2001).

DNA extraction, PCR and sequencing

Total DNA was extracted from specimens using the GeneOn Plant DNA Ex-
traction Kit (GeneOn BioTech, Changchun, China) by the magnetic bead meth-
od or the DNA secure Plant Kit (Tiangen Biotech, Beijing, China). The fungal
internal transcribed spacer (ITS) region of the rDNA repeat was amplified via
polymerase chain reaction (PCR) using the primers ITS1F (Gardes and Bruns
1993) and ITS4A (Larena et al. 1999). PCRs were performed in 25 pL volumes
using lllustra PuReTaq Ready-To-Go PCR Beads (GE Healthcare Life Sciences,
Little Chalfont, Buckinghamshire, UK) containing 5 pL of DNA extract and 1 pL
(10mM) of each primer; or in 25 pL reactions containing 12.5 pL 2x Taq PCR
Mix (Tiangen Biotech, Beijing, China), 0.5 pL of each primer, 10.5 pL ddH,0
and 1 pL of DNA. Cycling conditions included initial denaturation at 94 °C
for 5 min, followed by 4 cycles at 94 °C for 30 s, 54 °C for 45 s, and 72 °C for
60 s, 30 cycles at 94 °C for 30 s, 48 °C for 30 s, and 72 °C for 60 s, and a final
extension at 72 °C for 10 min. The PCR products were sequenced by Macro-
gen Europe (Amsterdam, The Netherlands) or TsingKe Biological Technology
(Kunming, China).
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Phylogenetic analyses

We used nrITS sequences to construct a phylogenetic tree with more species
of the subfamily Caloplacoideae (Table 1). Sequences were assembled and
edited in Geneious Prime 2021.0.3 (https://www.geneious.com/). Dataset was
aligned using the MAFFT v.7 online service (https://mafft.cbrc.jp/alignment/
server/index.html, Katoh and Standley (2013). The final alignment included 25
taxa with 562 bp.

Phylogenetic reconstructions were carried out using maximum likelihood
and Bayesian inference. Maximum likelihood phylogeny was inferred using the
online version of IQ-TREE (http://igtree.cibiv.univie.ac.at/, Trifinopoulos et al.
2016) with automated substitution model selection with three partitions (ITST,
5.8SrDNA, ITS2). The best-fit model was selected according to the Bayesian in-
formation criterion (BIC) for individual per partition as: TNe+G4 for ITS1, K2P+l
for 5.8S, TNe+l for ITS2. The Branch support was assessed using both ultra-
fast bootstrap approximation (UFBoot) (Minh et al. 2013) with 1000 replicates

Table 1. Specimens used for the phylogenetic analyses including collection information
and GenBank accession numbers for nrITS sequences. Newly obtained sequences in
this study are in bold.

Species name Voucher details Country GenBank No.
Caloplaca cerina Elvebakk 03-084 (TROM) Norway KC179425
Caloplaca monacensis Malicek 8255 (JM) Ukraine MG773668
Caloplaca stillicidiorum Gueidan s.n. (BCN) France EU639607
Fauriea chujaensis Kondratyuk SK DO7 (KoLRl) South Korea KX793095
Fauriea orientochinensis Wang & Hur SK710 (KoLRI) China KX793097
loplaca pindarensis Aptroot 56827 (ABL) China JQ301672
Upretia amarkantakana 1 Kondratyuk SK E23 (LWG) India MG652763
Upretia amarkantakana 2 Kondratyuk SK J21 (LWG) India MG652765
Upretia amarkantakana 3 Kondratyuk SK J59 (LWG) India MG652766
Upretia squamulosa 1 Wang et al. 17-56088 (KUN) China MH497054
Upretia squamulosa 2 Wang et al. 15-47423 (KUN) China MH497055
Upretia squamulosa 3 Wang et al. 16-50148 (KUN) China MH497056
Upretia squamulosa 4 Wang et al. 13-41007 (KUN) China MH497059
Upretia zeorina 1 Wang et al. 19-63056 (KUN & FR) China MW798796
Upretia zeorina 2 Wang et al.19-63058 (KUN & FR) China MW798795
Upretia zeorina 3 Wang et al. 17-56125 (KUN) China 0P806864
Upretia zeorina 4 Wang et al. 17-56127 (KUN) China OP806866
Upretia zeorina 5 Wang et al. 14-43393 (KUN) China OP806863
Upretia zeorina 6 Wang et al. 16-50177 (KUN) China OP806865
Upretia zeorina 7 Wang et al. 19-63045 (KUN) China OP806871
Upretia zeorina 8 Wang et al. 19-63040 (KUN) China 0P806870
Upretia zeorina 9 Wang et al. 19-62891 (KUN) China 0P806868
Upretia zeorina 10 Wang et al. 19-62896 (KUN) China OP806869
Upretia sp.1 Wang et al. 19-62841 (KUN) China 0OP806862
Upretia sp.2 Wang et al. 14-43454 (KUN) China OP806867
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and the Shimodaira-Hasegawa-like approximate likelihood ratio test (SH-aLRT)
(Guindon et al. 2010) with 1000 replicates. Nodes with support values of both
UFBoot = 95% and SH-aLRT = 80% were considered as well-supported (Minh et
al. 2013). Bayesian reconstruction of phylogeny was performed with MrBayes
3.2.6 (Ronquist et al. 2012) to infer phylogenetic trees applying the models in-
ferred by ModelFinder (Kalyaanamoorthy et al. 2017) as: GTR+G for ITS1 and
ITS2, K2P+1 for 5.8S. Two parallel runs of four Markov chains each were run
for 2 million generations, sampling every 1000™" generation, and the first 25%
discarded as burn-in. The average standard deviation of split frequencies had
fallen below 0.01 at the end of the analysis. SH-aLRT = 80%, UFBoot = 95% and
Bayesian posterior probabilities = 0.95 were visualized on the ML tree.

Results and discussion

The nrITS dataset comprised 25 terminals, and 12 of them represented newly gen-
erated sequences in this study that were deposited in GenBank. All the reported
species of Upretia with available sequences in GenBank were used in our study.

Phylogenetic inferences resolved the specimens of Upretia as a highly sup-
ported (SH-aLRT = 96.6%, UFBoot = 98%, PP = 1.00) monophyletic group (Fig. 1),
sister grouped to loplaca pindarensis. Ten of the newly collected Chinese spec-
imens compose a robust clade (SH-aLRT = 98.4%, UFBoot = 99%, PP = 1.00)
that is strongly supported as sister (97.7%, UFBoot = 99%, PP = 1.00) to the
Chinese species U. squamulosa. Two other Chinese specimens (Upretia sp.1
and Upretia sp. 2) compose a grade subtending the Indian species U. amarkan-
takana, from which they differ in several phenotypic characters (see discussion
below). In our preliminary phylogenetic analysis, we included all the available
sequences of Upretia from GenBank. The type species U. amarkantakana, with
four samples, appears paraphyletic at the base of Upretia, with U. amarkan-
takana SK J20 (ITS-MG652764, mtSSU-MG652767) (Kondratyuk et al. 2018) as
basal to three further samples of U. amarkantakana and the remainder of the
genus. The result is in agreement with Zhang et al. (2019) that the true phylo-
genetic position and delimitation of the species U. amarkantakana is not clear.
Therefore, we exclude this sample from our final analysis here and do not show
it in the phylogenetic tree (Fig. 1).

Taxonomy

Upretia zeorina Li J. Li & Printzen, sp. nov.
MycoBank No: 849819
Fig. 2A-F

Diagnosis. Thallus epilithic, brown to blackish brown, areolate to squamulose,
partly pruinose; apothecia zeorine type, disc black; ascospores polarilocular,
11.5-18.0 x 6.5-11.0 ym; conidia narrowly bacilliform, 4.0-6.0 x 0.5 pm. Con-
taining gyrophoric acid.

Type. CHINA. Sichuan Prov.: Huili Co., on the way from Huili to Jiaopingdu,
elev. 1880 m, 26°21'N, 102°23'E, on rock, 11 Apr 2019, Wang Lisong et al. 19-
63056 (KUN-L-66526—-Holotype, FR-0183125-Isotype); GenBank No.: ITS-
MW798796, mtSSU- MW798794.
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Figure 1. Phylogenetic tree generated from Maximum Likelihood based on nrITS se-
quences data. SH-aLRT support (%) > 80 / ultrafastbootstrap support (%) = 95 / Bayes-
ian posterior probabilities (PPs) = 0.95 are given above the nodes.

Description. Thallus areolate to squamulose, irregular in outline, squamules
plane, adnate, rarely raised and free from substrate at edges, entire or rarely
incised, 0.5-2.5 mm in diam. Upper surface brown to blackish brown, smooth
or sparingly fissured, partly weakly shiny, + white pruinose, mostly at the edges.
Lower surface dark on the rising edge, without rhizines. Upper cortex brown, ca.
20 pm high; algal layer continuous, ca. 50—-60 pm high, photobiont trebouxioid;
medulla grey, ca. 120-160 pum high; lower cortex lacking.

Apothecia zeorine type, sessile, numerous, scattered to aggregated, rounded
or irregular when aggregated, up to 1.2 mm in diam.; disc slightly concave to
plane, black; proper margin persistent, slightly raised above or level with disc,
brownish black, weakly shiny, consisting of interwoven hyphae, uppermost lat-
eral part ca. 30—80 pm thick; thalline margin concolorous with the thallus, 30—
130 pm thick, with olive cortical layer, 10-20 pm thick. Hymenium colorless, I+
blue, ca. 70—90 pm; epihymenium with brown pigment, 10-20 ym; paraphyses
septate, rarely branched, ca. 2.0 um wide, dark brown and swollen up to 4.0 pm
at the tips; subhymenium and hypothecium colorless, 80—-160 pm. Asci Telo-
schistes-type, 8-spored, 55-65 x 14-16 ym. Ascospores hyaline, polarilocular,
ellipsoid to broadly ellipsoid, 11.5-18.0 x 6.5-11.0 pm, septum 6.0-9.0 pm.
Pycnidia immersed, wall dark olive, conidia narrowly bacilliform, 4.0-6.0 x ca.
0.5 pm.

Chemistry. Thallus and apothecia thalline margin K-, C+ red; HPTLC: only
gyrophoric acid was detected.

Ecology and distribution. On exposed rock in arid valley, at elevations be-
tween 1520 and 1880 m along the Jinsha-jiang River. Only known from Sichuan
and Yunnan Provinces, China (Fig. 3).
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Figure 2. The new species Upretia zeorina A habitus and lichen thallus B zeorine type apothecia, proper margin raised
above disc (arrow) C section of apothecia in Lugol's iodine (1), hymenium I+ blue, proper margin I- D section of apothecia
in lactophenol cotton blue (LCB) E asci in lactophenol cotton blue, with polarilocular ascospores F shortly bacilliform
conidia of the new species. Scale bars: 2 mm (A); 1T mm (B); 50 pm (C); 20 um (D); 10 um (E, F).
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Figure 3. Locations of species of the genus Upretia in China. The map was obtained
from National Platform for Common Geospatial Information Services (https:/www.tian-
ditu.gov.cn/).

Etymology. Named due to its zeorine type of apothecia with a thalline outer
and a proper inner margin.

Notes. Upretia amarkantakana, the type species of the genus Upretia known
from India, differs from the new species by the olive-grey to brownish grey thal-
lus with lobate margin, the lecanorine apothecia and orange to brown apoth-
ecial disc, the smaller ascospores (8.5-) 9.0-10.0 x 4.0-5.0 um and shorter
conidia (1.0-)2.0-3.0 x 0.5-1.0 uym, and the absence of gyrophoric acid (Joshi
and Upreti 2006; Kondratyuk et al. 2018).

Upretia squamulosa is similar to the new species with similar ascospores size
(11.5-17.5 x 7.5-10.0 pm), squamulose thallus without lobate margin, the pres-
ence of gyrophoric acid, and similar distribution in Southwestern China (along
the Jinshajiang River), but differs by having imbricate squamules with a non-pru-
inose, greyish green to brown upper surface, larger apothecia (up to 2 mm diam.)
with a pale brown to brown disc, hyaline and slightly swollen paraphyses tips, and
the presence of lecanoric acid (Zhang et al. 2019). Apothecia of U. squamulosa
are usually lecanorine with the thalline margin at the early stage, and soon be-
coming zeorine, inner proper margin could be distinguished in sections, ca. 25—
50 pm thick, thalline margin concolorous with the thallus, ca. 20—30 pm thick.

Molecular data are not available for U. hueana, and hence its phylogenetic re-
lationships U. zeorina cannot be assessed, but the species distinctly differs by
its squamulose to lobed thallus with brown surface, lecanorine apothecia with
brown disc, smaller ascospores (8.5-11.0(-12.5) x 5.0-8.5 pm vs. 11.5-18.0
x 6.5-11.0 ym), the presence of parietin and the absence of gyrophoric acid
(Wetmore 1996; Joshi and Upreti 2007; Mishra et al. 2020). As far as the cur-
rently known species in the genus Upretia are concerned, the Indian species
differ from the Chinese species by their smaller ascospores, the secondary me-
tabolites, and a preference for growing at lower altitudes (500-1050m) (Joshi
and Upreti 2006; Kondratyuk et al. 2018; Mishra et al. 2020).
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Mishra et al. (2020) mentioned that Caloplaca cupreorufa Zahlbr., may be-
long to Upretia due to its brownish thallus and brownish pigment in walls of
outer cortical cells. The species was collected by Handel-Mazzetti 1914 in
Setschwan (Sichuan province, China) in a dry subtropical valley (Zahlbruckner
1930), close to the localities where the specimens of the new species were
collected, but it differs by its smaller areoles (0.3—0.7 mm vs. 0.5-2.5 mm), its
brown apothecial disc, lacking an inner proper margin, its apically unswollen
and frequently branched paraphyses and its smaller ascospores (12.5-14.0 x
7.5-8.5umvs. 11.5-18.0 x 6.5-11.0 ypm) (Zahlbruckner 1930; Wetmore 1994).

Two specimens of Upretia from Sichuan and Yunnan, i.e., Upretia sp. 1 and
Upretia sp. 2 in figure 1, compose a clade with U. amarkantakana. They resem-
ble the latter by their crustose thallus with lobate margins, but differ by the
smaller areoles (0.2-0.5 mm) and shorter lobes (< 1.2 mm). Upretia sp.1 is
characterized by the green thallus with partly pruinose on the margins, yellow
medulla, and the presence of gyrophoric acid, whereas Upretia sp. 2 is charac-
terized by a continuously pruinose upper surface, white medulla and the ab-
sence of gyrophoric acid. Unfortunately, only one sample has been collected
each for these two putative species, respectively, and only the specimen of
Upretia sp. 2 contains apothecia which are of the zeorine to lecanorine type.
Therefore, we temporarily refrain from describing these two samples as new
species until more populations and data are available. However, their morpho-
logical distinction within the genus Upretia highlights the further diversity of the
genus in China, especially in the Hengduan Mountains.

Additional specimens examined. Upretia zeorina: China. Sichuan Prov.: Huili
Co., on the way from Huili to Jiaopingdu, elev. 1736—-1880 m, 26°21'N, 102°19'E,
onrock, 11 Apr 2019, Wang Lisong et al. 19-63058 (KUN-L-66528, FR- 0183126,
mtSSU- MW798793), 19-63045 (KUN-L-66515), 19-63039 (KUN-L-66509), 19-
63040 (KUN-L-66510), 19-63046 (KUN-L-66516), 19-62891 (KUN-L-66432),
19-62896 (KUN-L-66437); Yunnan Prov., Heqing Co., Zhongjiang Village, elev.
1540 m, 26°30'N, 100°23'E, on rock, 8 July 2016, Wang Lisong et al. 16-50177
(KUN-L-53525); Yuanmou Co., Langbapu Soil Forest, elev. 1526 m, 25°42'N,
101°41'E, on rock, 21 Apr 2014, Wang Lisong et al. 14-43393 (KUN-L-45200),
on the way from Yuanmou to Yongren, elev. 1520 m, 25°58'N, 101°43'E, on
rock, 1 July 2017, Wang Lisong et al. 17-56127(KUN-L-59563), 17-56125
(KUN-L-59561), 18-58007 (KUN-L-61584).

Upretia squamulosa: China. Yunnan Prov.: Huize Co., Zhehai Town, elev.
1720m, 26°21'N, 102°19'E, on rock, 18 June 2015, Wang Xinyu et al. 15-47423
(KUN-L-50312-holotype, FR-0264988-isotype), 15-47427 (KUN-L-50316); Yu-
long Co., on the way from Lijiang to Ninglang, elev. 1871 m, 27°03'N, 100°30'E,
on rock, 9 Apr 2019, Wang Lisong et al. 19-62704 (KUN-L-66245), Jiangbianxin
Village, elev. 1720 m, 26°31'N, 103°42'E, on rock, 9 Dec 2013, Wang Lisong et
al. 18-58077 (KUN-L-61568).

Upretia sp. 1: China. Sichuan Prov.: Dechang Co., on the way from Dechang
to Huili, elev. 1320 m, 27°18'N, 102°19'E, on rock, 11 Apr 2019, Wang Lisong et
al. 19-62841 (KUN-L-66382).

Upretia sp. 2: China. Yunnan Prov.: Yunlong Vil., Yunlong water reservaoir, elev.
2100 m, 25°51'N, 102°22'E, on rock, 18 Apr 2014, Wang Lisong et al. 14-43454
(KUN-L-45260).
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World key to species of Upretia

1  Thallus distinctly lobate at the margin.............cccooooieiiiiicciccce, 2
—  Thallus without alobate margin...........c..cccoooeiiiiieeieeeeeee e 4
2  Lobeslong, (0.5-)1.5-2.5(-3.5) mm in length, upper surface olive-grey to

brownish grey, partly pruinose............cccccceevevieeiecneennee. U. amarkantakana

—  Lobes shorter than 1.2 mm in length, known from Southwestern China......3
3  Thallus partly pruinose on the margins, medulla yellow, producing gyro-
PROFIC @CIA ... U. sp. 1
—  Thallus totally pruinose on the upper surface, medulla withe, with zeorine
to lecanorine type apothecia, lacking gyrophoric acid..................... U.sp.2
4 Thallus blackish brown, partially with pruina, apothecial disc zeorine-type,
DIACKISN ..o U. zeorina
—  Thallus brownish, without pruina, apothecial disc lecanorine-type, brown.... 5
5  Apothecia 0.5-2.5 mm diam., ascospores 11.5-17.5 x 7.5-10.0 ym,
producing lecanoric acid in addition to gyrophoric acid, only known from
Southwestern China..........cocoooiviiieniiieee e U. squamulosa
- Apothecia 0.3-1.0 mm diam., ascospores 8.5-11.0(-12.5) x 5.0—-8.5 ym,
only producing parietin instead of gyrophoric acid, known from Mexico
AN INAIA oo U. hueana
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Abstract

Nephridiophagids are unicellular fungi (Chytridiomycota) that infect the Malpighian tu-
bules of insects. Most species have been found in cockroach hosts and belong to the ge-
nus Nephridiophaga. Three additional genera have been described from beetles and an
earwig. Here, we characterise morphologically and molecular phylogenetically the neph-
ridiophagids of the European earwig Forficula auricularia and the mallow beetle Podag-
rica malvae. Their morphology and life cycle stages resemble those of other nephridio-
phagids, but their rRNA gene sequences support the existence of two additional genera.
Whereas the earwig nephridiophagid (Nephridiochytrium forficulae gen. nov. et sp. nov.)
forms a sister lineage of the Nephridiophaga cluster, the mallow beetle nephridiophagid
(Malpighivinco podagricae gen. nov. et sp. nov.) represents the earliest divergent lineage
within the nephridiophagids, being sister to all other species. Our results corroborate
the hypothesis that different insect groups harbour distinct nephridiophagid lineages.

Key words: Chytrids, Forficula auricularia, Malpighian tubules, Malpighivinco podagricae,
Nephridiochytrium forficulae, Nephridiophaga, Podagrica malvae, phylogeny

Introduction

The members of Nephridiophagaceae (‘nehridiophagids’) are unicellular entomo-
pathogens, which reproduce in the Malpighian tubules of insects (Woolever 1966;
Lange 1993; Radek and Herth 1999; Voigt et al. 2021). During their life cycle, mul-
tinucleate vegetative plasmodia divide into oligo- and uninucleate stages or trans-
form to sporogenic plasmodia. Spores develop within the sporogenic plasmodium
by delimination of a portion of cytoplasm including a generative nucleus. Degener-
ated vegetative (“somatic”) nuclei remain in the cytoplasm of the mother plasmo-
dium. The occasional occurrence of bi- and tetranuclear sporoblasts implies the
existence of meiosis or sexual stages (Ivani¢ 1937; Purrini and Rhode 1988; Radek
and Herth 1999). Mature spores are mostly flattened oval, have a spore opening at
one side and include a single nucleus (Fabel et al. 2000). An infection with neph-
ridiophagids does not kill its host but reduces its fitness, leading to, for example,
lessened mobility, reduced fat reserves and fewer progeny (Strassert et al. 2022).
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Only recently, the controversial discussion about the systematic position of
nephridiophagids has been resolved by molecular phylogenetic analyses, which
recognise them as fungi in the phylum Chytridiomycota (Radek et al. 2017;
Strassert et al. 2021). Presently, the four genera Coleospora, Nephridiophaga,
Oryctospora and Peltomyces are included in the family Nephridiophagaceae
(Wijayawardene et al. 2018, 2020). While the monospecific genera Coleospora
and Oryctospora are known from beetles only (Gibbs 1959; Purrini and Weiser
1990), the two Peltomyces species have been found to infect a different host
each (a beetle and an earwig; Léger (1909)). The majority of the hitherto de-
scribed nephridiophagids (ca. 14 species) are assigned to the genus Neph-
ridiophaga (Radek and Herth 1999; Wijayawardene et al. 2018; Strassert et al.
2021; Voigt et al. 2021), which was erected by Ivani¢ (1937) who described
spores in the Malpighian tubules of the honey bee Apis mellifera. Due to obscu-
rities regarding this assignment, however, a new conserved type was recently
defined for Nephridiophaga (Nephridiophaga blattellae from the German cock-
roach Blattella germanica; Radek et al. (2022)). Nephridiophaga species are
mostly known from cockroaches and nephridiophagid species isolated from
cockroaches have, so far, been found to be phylogenetically closely related to
each other (Strassert et al. 2021). Interestingly, the only nephridiophagid that
inhabits a non-cockroach host (an earwig) and for which SSU and LSU rRNA
gene sequences are publicly available, has recently been shown to branch as
sister to nephridiophagids isolated from cockroaches (Strassert et al. 2021).

In this study, we morphologically and molecular phylogenetically character-
ise the nephridiophagids from the European earwig Forficula auricularia and the
mallow beetle Podagrica malvae. We show that, despite morphological similari-
ties to Nephridiophaga (the genus they had formerly been assigned to), the here
formally described taxa branch not only apart from this genus in phylogenetic
trees but also from each other, strengthening the hypothesis that different in-
sect groups host own lineages of nephridiophagids.

Methods

Insects

The insects used for this study were mallow beetles, Podagrica malvae (Cole-
optera, Chrysomelidae, Galerucinae), collected in Italy (Syracuse) and individ-
uals of the European earwig, Forficula auricularia (Dermaptera, Forficulidae),
collected in France (Tours). Detailed information on the collected insects
and their infection status is given in Suppl. material 1. Identifications were
based on morphological characteristics as well as mitochondrial COIl gene
sequence similarities.

Light microscopy

Beetles and earwigs were dissected in 0.9% sodium chloride (NaCl) solution.
Malpighian tubules were extracted and screened under a light microscope
for entomopathogens, especially for nephridiophagids. For the production of
stained permanent samples, the infected tubules were then smeared on a mi-
croscopic slide, air dried, fixed in 100% methanol for 5 min, stained in Giemsa

MycoKeys 100: 245-260 (2023), DOI: 10.3897/mycokeys.100.111298 246



Renate Radek et al.: New nephridiophagids in mallow beetle and earwig

solution (Accustain, Sigma, diluted 1:10) for 30-60 min, washed with tap water,
air dried and embedded in Entellan under a cover glass. All light microscopic
samples were observed under a Zeiss AxioPhot microscope equipped with a
40x% objective.

Electron microscopy

Cover glasses removed from positive squash preparations were used for scan-
ning electron microscopy (SEM). They were air dried in order to prevent parasite
loss during further preparation steps. The dried cover glasses were mounted
on aluminium stubs with double-sided adhesive tape, sputter-coated with gold
in a Balzers SCD 40 and observed using a FEI Quanta 200 ESEM.

For transmission electron microscopy (TEM), infected tubules were fixed in
2.5% glutardialdehyde in 0.1 M cacodylate buffer (pH 7.2) and stored in a fridge
for several days. The fixed tissue was then washed three times in buffer, post-fixed
in 1% osmium tetroxide (0s0,) plus 1.5% potassium ferrocyanide (K [Fe(CN)])
for 1.5 h at room temperature, washed three times, dehydrated in a gradient of
ethanol and embedded in Spurr’s resin (Spurr 1969). Ultrathin sections were con-
trasted with saturated aqueous uranyl acetate ([UO,(CH,COO), - 2 H,0]) for 30
min followed by lead citrate (C,,H, 0,,Pb,) (Reynolds 1963) for 5 min. The sec-
tions were examined with a Philips CM 120 BioTwin electron microscope.

Sample processing for molecular phylogeny

DNA from infected Malpighian tubules was extracted with the DNeasy Plant
Mini Kit (Qiagen) following the manufacturer’s instructions. The ribosomal op-
eron sequence spanning the SSU, ITS, 5.8S and partial LSU region was amplified
and sequenced as described in Wurzbacher et al. (2019). Briefly, the ribosomal
operon was amplified with the primers NS1short and RCA95m, subsequently
purified with magnetic beads (AMPure, Beckmann), barcoded and re-purified
and subjected to amplicon sequencing on the PacBio RSII sequencer (Pacific
Biosciences) in reads of insert mode (ROS) and an error rate filtering of 0.02.
The resulting sequences were aligned, clustered and used for consensus se-
quence generation as described in Wurzbacher et al. (2019). The sequence of
the nephridiophagid from F. auricularia was obtained in a similar way by Stras-
sert et al. (2021) with the exception that the MinlON (Oxford Nanopore Tech-
nologies) was used for amplicon sequencing, but the species has not been
formally described.

Phylogenetic analysis

Analyses were carried out using the high-performance computing infrastruc-
ture Zedat at Freie Universitat Berlin (Bennett et al. 2020). Sequences of the
SSU and LSU rRNA genes from the earwig nephridiophagid and from the mal-
low beetle nephridiophagid were aligned together with representatives of di-
verse fungal lineages using MAFFT L-INS-1 v. 7.055b (Katoh and Standley 2013)
(Suppl. materials 2, 3) and filtered with TRIMAL v. 1.2 (Capella-Gutierrez et al.
2009) using a gap threshold of 0.3 and a similarity threshold of 0.001. The two
alignments were then concatenated using SEQKIT v. 0.11.0 (Shen et al. 2016)
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and a Maximum-Likelihood tree was inferred with IQ-TREE v. 1.6.12 (Nguyen et
al. 2015) under the GTR+F+R5 model, which was determined with ModelFinder
(Kalyaanamoorthy et al. 2017) employing the TESTNEW option. Branch support
was assed using ultrafast bootstrap approximation (Hoang et al. 2018) (UF-
BOOT2; 1,000 replicates) and SH-like approximate likelihood ratio test (Guin-
don et al. 2010) (SH-aLRT; 1,000 replicates). PhyloBayes-MPI v. 1.8 (Lartillot
et al. 2013) was used for Bayesian analysis with the GTR model and four cate-
gories for the discrete gamma distribution (31,000 generations; burn-in 3,100).
Convergence of two independent Markov Chain Monte Carlo (MCMC) chains
was tested with BPCOMP and confirmed with MaxDiff reaching 0.03.

Results
Nephridiophagid in Forficula auricularia

The lumens of the Malpighian tubules of infected earwigs were filled with dif-
ferent developmental stages (Fig. 1). Sporogenic plasmodia contained 13-37
(mean 19) spores (n = 13; Fig. TA-C). Giemsa staining revealed the presence
of residual vegetative nuclei between the mature spores (Fig. 1D) and a vary-
ing number of nuclei in vegetative plasmodia (Fig. 1F). Oval, flattened mature
spores measured 5.8-6.9 (mean 6.3) um in length and 2.9-3.5 (mean 3.2) um
in width (n = 10; Fig. 1E). In scanning electron micrographs, the flattened ma-
ture spores revealed a thickened rim and two different sides. One side featured
a small, central, rounded spore opening (Fig. 1G), while the other one showed
a homogeneous granular surface (Fig. TH). Different stages of spore forma-
tion could be found in ultrathin sections. Regions of future spores were de-
marcated around single nuclei in the sporogenic plasmodia (Fig. 11, J). Other
nuclei remained in the plasmodial cytoplasm (Fig. 1J, K). Young developing
spores revealed an oval, not yet flattened shape, a thin spore wall and nuclei
positioned near to a pole or centrally (Fig. 1J). Their cytoplasm had about the
same density as that of the mother cytoplasm. Mature spores had a typical oval
flattened form and an electron-dense interior with a centrally located nucleus
(Fig. TK=M). Their spore walls were the thickest at the border and thin at the
flattened sides and especially thin at the region of the spore opening (Fig. 1L,
M). The spore wall was composed of five layers. The outer layer 1 and the inner
layer 5 appeared as thin electron-dense lines in the sections (Fig. 1L, M). The
other three layers were thicker and became less electron-dense from outside to
inside. A layer of small vesicles surrounded the single spores (Fig. 1L).

Nephridiophagid in Podagrica malvae

The most obvious sign of an infection with nephridiophagids were the sporo-
genic plasmodia in the lumens of the Malpighian tubules and the plasmodia
and spores released in the squash preparations (Fig. 2A-C). The sporogenic
plasmodia contained 7-36 (mean 21.5) spores (n = 21; Fig. 1A, B). Vegetative
plasmodia had varying sizes and accordingly few or many nuclei (Fig. 2B, D—F).
Giemsa staining revealed single nuclei in young spores (Fig. 2G) and the typical
vegetative nuclei in the mother cytoplasm of sporogenic plasmodia (Fig. 2H).
The Giemsa stain was not able to penetrate the spore wall of mature spores

MycoKeys 100: 245-260 (2023), DOI: 10.3897/mycokeys.100.111298 248



Renate Radek et al.: New nephridiophagids in mallow beetle and earwig

Figure 1. Nephridiophagid (Nephridiochytrium forficulae) from Forficula auricularia A=D differential interference micros-
copy (DIC) E, F Giemsa staining G, H scanning electron microscopy (SEM) I-M transmission electron microscopy (TEM)
A Malpighian tubule filled with vegetative plasmodia (vp), young sporogenic plasmodia (ysp) and mature sporogenic
plasmodia (msp) B young spores have a thin, yet transparent spore wall and a nucleus positioned near a cell pole or
centrally C left plasmodium with large mature spores, right plasmodium with smaller, younger spores. Arrow points to
plasma membrane D single mature spores E Giemsa staining reveals residual nuclei (arrows) of the plasmodium be-
tween mature spores F vegetative plasmodium with stained nuclei. s = spores G, H flattened oval spores with rim and a
central spore opening on one side (G) I ultrathin section through a Malpighian tubule infected with different stages: small,
uninucleate merozoites (m), vegetative plasmodia with several nuclei, sporogenic plasmodia (sp) and mature spores. n
= nucleus. The epithelium of the Malpighian tubule (M) contains concretions (cr) J young sporogenic plasmodium con-
taining young spores with a thin spore-wall (sw), one nucleus, endoplasmic reticulum (er) and mitochondria (mi) K part of
a mature sporogenic plasmodium with a residual nucleus and two mature spores with a centrally located nucleus and a
thick spore-wall L cross-section of a mature spore in the degenerating plasmodial cytoplasm. The spore wall consists of
five layers (1-5). ve = vesicles M mature spore in longitudinal section showing the thin-walled cap of the spore opening
(s0). Scale bars: 50 ym (A); 10 um (B=F, I); 5 um (G, H, J); 2 pm (K); 1 um (L, M).
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Figure 2. Nephridiophagid (Malpighivinco podagricae) from Podagrica malvae A-C differential interference microsco-
py (DIC) D-H Giemsa staining I, J scanning electron microscopy (SEM) K-0 transmission electron microscopy (TEM)
A fresh squash preparation of infected Malpighian tubules with young sporogenic plasmodia (ysp) and mature sporogen-
ic plasmodia (msp) inside and outside the tubules B nuclei of vegetative plasmodia (vp) and young spores in sporogenic
plasmodia have less contrast than mature spores C mature spores D, E vegetative plasmodia with few (D) or many (E)
nuclei F young sporogenic plasmodium with small vegetative nuclei (vn) and larger sporogenic nuclei (sn) G the nuclei of
thin-walled young spores are stained H in mature sporogenic plasmodia, only the vegetative nuclei between the spores
are stained (arrows) |, J flattened mature spores with central spore opening on one side (I) K ultra-thin section of a
sporogenic plasmodium with uninucleated mature spores and vegetative nuclei in the mother cytoplasm. n = nuclei L
thin-walled young spore with a nucleus in polar position, mitochondria (mi) and endoplasmic reticulum (er) M maturing
spore with attached vesicles (ve) delivering spore wall material and centrally located nucleus N, O mature spores with
five-layered, thick spore wall, dense cytoplasm and central nucleus. Scale bars: 10 ym (A=H); 5 pm (K); 1 pm (1, J, L=0).
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so that their nuclei remained uncontrasted (Fig. 2H). Mature spores were flat-
tened oval (Fig. 2C, I, J) and featured a small central spore opening on one side
(Fig. 21). They measured 3.6—4.7 (mean 4.2) ym in length and 2.1-2.5 (mean
2.3) ym in width (n = 20). Ultrathin sections revealed more details of the spor-
ulation process. In the sporogenic plasmodia, future spore nuclei and their sur-
rounding cytoplasm were delimited from the mother cytoplasm by the develop-
ing spore walls (Fig. 2K-0). Thus, spores were formed inside the plasmodium,
while residual vegetative nuclei remained in the mother cytoplasm (Fig. 2K).
In the moderately electron-dense cytoplasm of young spores, mitochondria
and endoplasmic reticulum could be seen (Fig. 2L). Their single nucleus was
either located at the cell pole (Fig. 2L) or in the centre (Fig. 2M). The initially
thin, electron-dense spore wall increasingly thickened, especially at its borders
(Fig. 2M-0). In mature spores, the spore wall contained five layers (Fig. 2N,
0). Layers 1 and 5 were thin and darkly contrasted, while the other three layers
were thicker and became brighter inwards.

Phylogenetic position of nephridiophagids

Phylogenetic analyses of a concatenated SSU and LSU rRNA gene sequence
alignment of the newly-described nephridiophagids along with other nephrid-
iophagids and major fungal groups confirmed their affiliation to the Nephrid-
iophagaceae (Fig. 3). Both the sister-relationship of the nephridiophagid from
Forficula auricularia to Nephridiophaga (from cockroach hosts) as well as the
sister-relationship of the nephridiophagid from Podagrica malvae to all other
nephridiophagids was inferred with maximum support (UFBOOT2 and Bayesian
posterior probability). However, whereas the branching of Nephridiophagaceae
within the Chytridiomycota (as discovered before; Strassert et al. (2021)) was
inferred with confidence, the exact position of the family remained ambiguous.
Members of this family were nested within the Cladochytriales, but statistical
support for this branching was rather low (Fig. 3). Whether or not the family
Nephridiophagaceae is affiliated to the Cladochytriales or represents a distinct
order (Nephridiophagales; as proposed by Doweld (2014)) could, therefore, not
be resolved here.

Infection status of examined insects

All five examined earwigs collected in France were infected, i.e. they all had a
high number of parasite stages in the Malpighian tubules. In contrast, only three
of 16 earwigs from Germany were positive and their infection intensity was
low. In addition to nephridiophagids, some of the German earwigs contained
gregarines in the gut and microsporidia in the haemolymph (not shown). With
nephridiophagids infected mallow beetles of the genus Podagrica could only
be found on Sicily, Italy (3 of 14 beetles from two collection sites). Since some
of the beetles were already dead at the time point of dissection, the origin and
identity of similar-sized spores in the bodies of two further beetles remained
unclear. We identified spores in the gut of two more beetles as microsporid-
ia by transmission electron microscopy (not shown). None of the 30 beetles
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Figure 3. Phylogenetic tree inferred from a concatenated alignment of SSU and LSU rRNA genes under the GTR+F+R5
model. Branch support is given by SH-aLRT/UFBOOT2/Bayesian posterior probabilities. Black circles indicate support
values = 99% or = 0.9 and dashes indicate values < 50% or < 0.5. Black circles at branches show = 99% and = 0.9 support
in all analyses. Sequences of the here newly-described species are marked in bold. For the nephridiophagids obtained
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collected in Germany contained nephridiophagids. Occasionally, gregarines
were found in the guts of the Italian beetles (not shown). Generally, the insects
from Germany were less or not at all infected, while those collected in the Med-
iterranean area (France, Italy) showed a higher rate of nephridiophagids.

Discussion

In this study, we characterised two non-cockroach nephridiophagids by their
morphology and SSU and LSU rRNA gene sequences. The nephridiophagid
from Forficula auricularia was initially named by Léger (1909) as Pelto-
myces forficulae, but, except from the information that it is very similar to
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Peltomyces hyalinus from the beetle Olocrates abbreviatus, hardly any further
data were given. Later, the pathogen was investigated closer by light micros-
copy and assigned to the genus Nephridiophaga (Nephridiophaga forficulae;
Ormiéres and Manier (1973)). According to Léger (1909), the spores measured
6.4 x 3.3 pm and, according to Ormiéres and Manier (1973), their sizes were
5 x 2.5 ym (stained) or 7 x 4 ym (fresh). Since these size ranges match well
with our measurements of fresh spores (6.3 x 3.2 ym), we assume that we
found the same pathogen species in F. auricularia as those authors described
before. The here-presented light and electron microscopic results showed
that the morphology and life cycle stages of the pathogen closely resemble
N. forficulae and other described nephridiophagids. There were no major dif-
ferences to the genera Peltomyces or Nephridiophaga. An assignment to the
genera Oryctospora and Coleospora could be excluded since mature spores
possessed neither “alae” (wing-like extensions), such as in Oryctospora nor
two nuclei, such as in Coleospora. Spore size and number of produced spores
within the sporogenic plasmodium differ within members of individual gen-
era and, thus, do not allow us to differentiate them (Radek and Herth 1999).
The layers of the spore walls of different nephridiophagid species seem to
vary slightly in structure and number (Toguebaye et al. 1986; Purrini and Weis-
er 1990; Lange 1993; Radek and Herth 1999; Fabel et al. 2000; Radek et al.
2002). However, these differences do not allow distinction and may be influ-
enced by, for example, fixation and contrasting conditions. The only but de-
cisive feature justifying the erection of a new genus for the nephridiophagid
from F. auricularia is molecular data. Our phylogenetic analyses clearly show
that the earwig parasite is sister to a cluster of Nephridiophaga species from
cockroaches. We do not retain the genus name Peltomyces since the type
species P, hyalinus is from a beetle host and it does not seem to be likely that
these two pathogens belong to the same genus. We, therefore, propose the
new genus name Nephridiochytrium for the earwig pathogen and describe the
new species as Nephridiochytrium forficulae.

Nephridiophagids have already been found in some beetles, including a
mallow beetle of the genus Podagrica (Léger 1909; Gibbs 1959; Toguebaye
et al. 1986; Purrini and Rhode 1988; Purrini and Weiser 1990). Purrini and
Rhode (1988) described an infection in Podagrica fuscicornis and classified it
as Coelosporidium schalleri, presuming that the spore-former belongs to the
Haplosporidia. However, the ultrastructure of the type species of the genus
Coelosporidium, Coelosporidium chydoricola Mesnil & Marchoux, 1897, clearly
differs from that of nephridiophagids (Manier et al. 1976). An affiliation to the
Haploridia was therefore excluded and the pathogen was transferred to the
genus Nephridiophaga as Nephridiophaga schalleri (Lange 1993). The neph-
ridiophagid from the mallow beetle Podagrica malvae has similar life cycle
stages as the one from P. fuscicornis. The spore form of N. schalleri, however,
is described as cylindrical with round poles (Purrini and Rhode 1988), while
our electron microscopic studies of the nephridiophagid from P malvae and
from many cockroach Nephridiophaga species (e.g. Radek and Herth (1999);
Fabel et al. (2000); Radek et al. (2017)) showed a flattened oval form. Presum-
ably, the flattening of the spores has not been recognised in the light micro-
scopic investigations by Purrini and Rhode (1988). However, there are other
differences between our newly-described nephridiophagid and N. schalleri.
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The sporogenic plasmodia of the new nephridiophagid from P. malvae con-
tained considerably fewer (7-36 instead of 24-64) and shorter spores (3.6—
4.7 x2.1-2.5 yminstead of 4.5-5 x 2.0-2.5 ym). Due to these differences and
the general host specificity of nephridiophagids (Woolever 1966), we presume
the presence of distinct nephridiophagid species in different Podagrica spe-
cies. The nephridiophagids from the two Podagrica species show no relevant
morphological or life cycle differences to other nephridiophagid genera, ex-
cept Coleospora and Oryctospora (see above). In our phylogenetic tree, how-
ever, the sequence from P. malvae was the most divergent nephridiophagid,
branching apart from all other nephridiophagids from cockroaches and the
earwig. Considering the need for a distinguishing genus name for this para-
site, we propose the new genus name Malpighivinco and name the new spe-
cies Malpighivinco podagricae.

An unusual common feature of all nephridiophagids is the presence of two
types of nuclei in the sporogenic plasmodia. The larger nuclei are the future
spore nuclei, while the smaller ones remain in the mother cytoplasm. The pres-
ence of two nucleus types in the context of spore formation is reminiscent of
stages found in Aphelidiomycota (Tcvetkova et al. 2023) — a sister group to
true fungi (Torruella et al. 2018; Strassert and Monaghan 2022) with life cy-
cles resembling those of Chytridiomycota. The stage with two nucleus types
is represented by a multinucleate plasmodium of unclear origin. While division
releases zoospores inheriting one nucleus type, the remnant of the plasmodi-
um (‘monster’) retains the other nucleus type and seems to degenerate after a
short motile phase (Tcvetkova et al. 2023). The presence of two nucleus types
in the life cycle may be an ancient trait of (early-diverging) fungi and their fun-
gus-like aphelid relatives.

Our study shows that all known nephridiophagid species cluster together as
a well-supported monophyletic lineage within the Chytridiomycota. Moreover,
the distinct clustering of the two new genera together with Nephridiophaga
support the presumption that the nephridiophagids, similar to other parasites,
evolved in parallel with their hosts. A broader host screening may help to shed
light on the origin and host range of nephridiophagids. Currently, their clos-
er affiliation remains enigmatic and whether or not nephridiophagids form a
distinct order (Nephridiophagales) as supposed by Doweld (2014) or belong
to the Cladochytriales will have to be scrutinised once more sequence data
become available.

Taxonomy

Opisthokonta, Fungi, Chytridiomycota, Nephridiophagales,
Nephridiophagaceae

Nephridiochytrium Radek & Strassert, gen. nov.
MycoBank No: 850000

Etymology. “Nephridio” refers to the site of infection, the nephridia, i.e. the in-
sect kidneys (Malpighian tubules) and “chytrium” refers to the fungal assign-
ment within the chytrids: Nephridiochytrium.

Diagnosis. Typical life cycle stages and morphology of Nephridiophagaceae.
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Nephridiochytrium forficulae Radek & Strassert, sp. nov.
MycoBank No: 850001

Etymology. “forficulae” refers to the host, an earwig of the genus Forficula.

Diagnosis. Oval, flattened spores measuring 5.8-6.9 (mean 6.3) x 2.9-3.5
(mean 3.2) um; 13-37 (mean 19) spores per sporogenic plasmodium; central
capped spore-opening at one side of mature spores. Oligo- and multinucleated
vegetative plasmodia.

Type host. Forficula auricularia Linnaeus 1758 (Dermaptera, Forficulidae).
COll gene accession number MN528021.

Type host locality. Tours, France.

Syntype. Cells in Fig. 1.

Gene sequence. rDNA operon acc. no. MW018149.

Malpighivinco Radek & Strassert gen. nov.
MycoBank No: 850002

Etymology. “Malpighi” refers to the Malpighian tubules as habitat and the Latin
word “vinco” (verb “vincere”) means “I conquer”, i.e. the pathogens infect the
Malpighian tubules: Malpighivinco.

Diagnosis. Typical life cycle stages and morphology of Nephridiophagaceae.

Malpighivinco podagricae Radek & Strassert, sp. nov.
MycoBank No: 850003

Etymology. “podagricae” refers to the host, amallow beetle of the genus Podagrica.

Diagnosis. Oval, flattened spores measuring 3.6—-4.7 (mean 4.2) x 2.1-2.5
(mean 2.3) um; 7-36 (mean 21.5) spores per sporogenic plasmodium; central
capped spore-opening at one side of mature spores. Oligo- and multinucleated
vegetative plasmodia.

Type host. The mallow beetle Podagrica malvae (llliger 1807).

Type host locality. Sicily, Italy.

Syntype. Cells in Fig. 2.

Gene sequence. rDNA operon acc. no. OR450019 and OR450020.

Conclusions

The here-described two new genera of Nephridiophagaceae show only few
morphological and life cycle differences to other members of the family. A
lack of distinctive morphological features certainly is a result of adaptations
to the parasitic life style. All yet detected members of nephridiophagids live
in the same habitat, namely the Malpighian tubules of insects. Thus, develop-
ment of special structures or new multiplication strategies were seemingly not
necessary to survive in different host taxa. Nevertheless, distinct phylogenetic
lineages evolved in different insect taxa. The genus Nephridiophaga, for exam-
ple, seems to be restricted to cockroach hosts, while beetles and earwigs are
infected by other nephridiophagid genera.
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