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We are honored and privileged to edit this Special Issue, “Fungal Taxonomy, Phylogeny,
and Ecology: A Themed Issue Dedicated to Academician Wen-Ying Zhuang”.

Professor Wen-Ying Zhuang is an outstanding mycologist in China and worldwide.
Over the past 46 years, she has comprehensively investigated fungal biodiversity in forests,
deserts, and plateaus habitats from 26 provinces and districts of China and accumulated
numerous priceless resources for scientific research and economic utilization. She has
discovered and described 1 new family, 13 new genera, and 360 new species of fungi,
and resolved numerous taxonomic and nomenclature problems. Her collaboration with
international colleagues contributed greatly to the selection of fungal DNA barcodes and
the phylogenetic reconstruction of Leotiomycetes, Helotiales, and Hypocreales. She is the
senior author of 280 articles, editor and co-editor of 18 monographs, independent editor of
worldwide monographs of 3 important fungal genera, co-editor of Dictionary of the Fungi
(v9), and co-Editor-in-Chief of Flora Sporophytae Sinicae. Prof. Wen-Ying Zhuang has been
elected as a CAS academician, TWAS academician, IMA executive committee member, and
MSA fellow. In honor of her outstanding contribution, one fungal genus Wenyingia and
one bacterial genus Wenyingzhuangia have been named after her. More recently, her work
on Trichoderma has renewed our understanding of its biodiversity and helped discover
many potentially highly capable strains with significant enzyme profiles in degrading
agricultural wastes.

In this Special Issue, we are pleased to publish a comprehensive assemblage of 23 pa-
pers covering fungal taxonomy, phylogeny, and ecology, in which 76 new taxa from a broad
taxonomic group and different ecological habitats are reported.

Prof Wenying Zhuang and colleagues reported three new species of Clonostachys
(Hypocreales, Ascomycota) from China, namely, Clonostachys chongqingensis sp. nov.,
Clonostachys leptoderma sp. nov., and Clonostachys oligospora sp. nov. [1]. Using contami-
nated substrates of edible fungi from North China, Cao et al. [2] detected 10 Trichoderma
species, including 3 new species in Harzianum clade, T. auriculariae sp. nov., T. miyunense
sp. nov., and T. pholiotae sp. nov. From the green mold diseased fruitbody of Ganoderma
sichuanense, An et al. [3] described Trichoderma ganodermatigerum as a new species and
reported Trichoderma koningiopsis as a new fungal pathogen on Ganoderma sichuanense fruit-
bodies. From 526 strains isolated from diseased watermelon in 8 growing provinces in
China, Guo et al. [4] detected 12 known species of Colletotrichum, with Colletotrichum kaifen-
gense and Colletotrichum magnum being the most aggressive to watermelon. Focusing on
the large-spored Alternaria associated with Compositae plants in China, Zhao et al. [5]
discovered five new species, namely, Alternaria anhuiensis, A. coreopsidis, A. nanningen-
sis, A. neimengguensis, and A. sulphureus. From 353 Calonectria strains isolated from leaf
blight pathogen of Eucalyptus plantations and adjacent plantings, as well as natural forests,
Liu et al. [6] identified six known Calonectria taxa and one new species, Calonectria minensis.
In a similar study, Zhang et al. [7] identified five new species, namely, Calonectria cassiae,
C. guangdongensis, C. melaleucae, C. shaoguanensis, and C. strelitziae, based on isolates from
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leaf spots, stem blights, and root rots of species of Arachis, Cassia, Callistemon, Eucalyp-
tus, Heliconia, Melaleuca, and Strelitzia plants in Guangdong province. Relying on newly
collected Otidea specimens from northern China and herbarium specimens deposited in
three important Chinese fungus herbaria (HMAS, HKAS, HMJAU), Xu et al. [8] recognized
16 species of Otidea in China, of which 7 new species were described, namely, Otidea aspera,
O. cupulata, O. filiformis, O. khakicolorata, O. parvula, O. plicara, and O. purpureobrunnea.
Based on a combination of morphology, phylogeny, and holomorphic states, Ou et al. [9]
discovered four new species of Orbilia, i.e., O. baisensis, O. hanzhongensis, O. nanningensis,
and O. pinea. In two other studies on plant-associated fungi from Hainan island of China,
Liu et al. [10] described three new species of Microdochium, i.e., M. hainanense, M. miscanthi,
and M. sinense from plant hosts Miscanthus sinensis and Phragmites australis; Wang et al. [11]
described four new species of Acrodictys, namely, A. bawanglingensis, A. diaoluoshanensis,
A. ellisii, and A. pigmentosa, from dead branches. Focusing on insect pathogenic fungi in
Thailand, Thanakitpipattana et al. [12] discovered one new genus, Neohyperdermium, and
five new species of Ascopolyporus, namely, A. albus sp. nov., A. galloides, A. griseoperitheciatus,
A. khaoyaiensis, and A. purpuratus. Moreover, both macroscopic and phylogenetic evidence
suggested that Hyperdermium is congeneric with Ascopolyporus [12]. In arid and semi-arid
regions of Northwest China, Zhang et al. [13] discovered and described four new species of
Verrucariaceae lichen, namely, Clavascidium sinense, Placidium nigrum, Placidium nitidulum,
and Placidium varium. From the lichenized fungal genus Astrothelium, Jiang et al. [14]
described five new species, namely, A. jiangxiense, A. luminothallinum, A. pseudocrassum, A.
subeustominspersum, and A. subrufescens. These excellent works contributed significantly to
recognizing fungal species diversity in Ascomycota.

Moving to Basidiomycota, from a residential area of Jiangxi Province in China, Zhang
et al. [15] reported an unusual new bryophilous basidiolichen species in the genus Om-
phalina, namely, O. licheniformis, providing new insights and evidence for understanding
the significance of lichenization during the evolution of Agaricomycetes. From the genus
of edible mushrooms Cantharellus, Zhang et al. [16] discovered four new species, namely,
C. chrysanthus, C. convexus, C. neopersicinus, and C. sinocinnabarinus. Demonstrated by
both morphological and molecular analysis, Hu et al. [17] discovered eight new species of
Gymnopus from Northeast China, namely, G. changbaiensis, G. globulosus, G. longisterigmaticus,
G. longus, G. macrosporus, G. striatus, G. tiliicola, and G. tomentosus. Mao et al. [18] described
two new species of Mallocybe and three new species of Pseudosperma from North China,
namely, M. depressa, P. giloum, P. laricis, M. picea, and P. pseudoniveivelatum. Song et al. [19]
revealed the phylogenetic relationships in the genus Phellodon (Bankeraceae, Thelephorales)
based on multi-locus sequences and described three new species, namely, P. crassipileatus,
P. griseofuscus, and P. perchocolatus. Focusing on wood decomposers from a subtropical
region of Yunnan Province in China, Luo and Zhao [20] reported three new species of
Trechispora, namely T. murina, T. odontioidea, and T. olivacea. Kewessa et al. [21] recorded
64 wild edible fungal species belonging to 31 genera and 21 families from the plots es-
tablished in the natural and plantation forests in Ethiopia, including ecologically and
economically important fungal species such as Agaricus campestroides, Tylopilus niger, Suillus
luteus, Tricholoma portentosum, and Morchella americana. The fungal community composition
based on sporocarp observation was mainly correlated with the organic matter, available
phosphorus, total nitrogen content of the soil, and daily minimum temperature [21].

Beyond the Dikarya and to the early fungal lineage Conidiobolus (Ancylistaceae; Ento-
mophthorales; Zoopagomycota), Gryganskyi et al. [22] resolved the phylogeny, lifestyle,
and evolution direction of parasitic in Conidiobolus group using molecular and genomic
data. Gryganskyi et al. [22] found that parasitism evolved multiple times in the Conidiobo-
lus group and suggested that the evolution of ballistic conidia preceded the evolution of
the parasitic lifestyle. Focusing on cellular slime molds (Dictyostelids), Cavender et al. [23]
discovered four new species, namely, Cavenderia helicoidea, C. parvibrachiata, C. protumula,
and C. ungulate, from soil systems in northern Thailand.
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Finally, we would like to thank all the contributors to this Special Issue and warm-
heartedly wish Prof. Wen-Ying Zhuang all the best in the future.

Author Contributions: C.G. prepared a draft and L.C. reviewed and edited the definitive version.
All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Three new species of Clonostachys are introduced based on specimens collected from China.
Clonostachys chongqingensis sp. nov. is distinguished by pale yellow to pale orange-yellow perithecia
with a very low papilla, clavate to subcylindrical asci possessing ellipsoidal to elongate-ellipsoidal
spinulose ascospores 13-16 x 4.5-5.5 um; it has acremonium- to verticillium-like conidiophores and
ellipsoidal to rod-shaped conidia. Clonostachys leptoderma sp. nov. has pinkish-white subglobose to
globose perithecia on a well-developed stroma and with a thin perithecial wall, clavate to subcylindrical
asci with ellipsoidal to elongate-ellipsoidal spinulose ascospores 7.5-11 x 2.5-3.5 um; it produces
verticillium-like conidiophores and ellipsoidal to subellipsoidal conidia. Clonostachys oligospora sp. nov.
features solitary to gregarious perithecia with a papilla, clavate asci containing 6-8 smooth-walled
ascospores 9-17 x 3-5.5 pm; it forms verticillium-like conidiophores and sparse, subfusiform conidia.
The morphological characteristics and phylogenetic analyses of combined nuclear ribosomal DNA ITS1-
5.85-ITS2 and beta-tubulin sequences support their placement in Clonostachys and their classification as
new to science. Distinctions between the novel taxa and their close relatives are compared herein.
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1. Introduction

Clonostachys Corda, typified by C. araucaria Corda, is characterized by solitary to
gregarious, subglobose or globose to ovoid perithecia that are white, yellow, pale orange,
tan, or brown; perithecial walls are KOH— and LA —; there are narrowly clavate to clavate
asci containing eight ascospores; it produces penicillium-, verticillium-, gliocladium-,
or acremonium-like conidiophores, cylindrical to narrowly flask-shaped phialides, and
ellipsoidal to subfusiform conidia [1]. Members of the genus usually have a broad range of
lifestyles and occur on the bark of recently dead trees, decaying leaves, and less frequently
on other fungi, nematodes, and insects [1-3]. They are economically important in the fields
of pharmaceutics and agriculture [4]. For instance, the secondary metabolites produced
by C. byssicola Schroers exhibited antibacterial activities [5], and strains of C. rosea (Link)
Schroers, Samuels, Seifert & W. Gams have been widely used as biocontrol agents [6].

About 100 names have been created under the genus Clonostachys (www.indexfungorum.
org (accessed on 1 July 2022)), among which 65 species are commonly accepted [2,3,7-20].
Twenty-four species are known from China [2,7,21]. In this study, three additional taxa are
introduced based on morphological characteristics and sequence analyses of combined nuclear
ribosomal DNA ITS1-5.85-ITS2 (ITS) and beta-tubulin (BenA) regions. Comparisons between
these novel species and their close relatives are performed.

2. Materials and Methods
2.1. Sampling and Morphological Studies

Specimens were collected from Chongqing and Yunnan Province and were deposited
in the Herbarium Mycologicum Academiae Sinicae (HMAS). Cultures were obtained by
single ascospore isolation from fresh perithecium and are preserved in the State Key Labo-
ratory of Mycology, Institute of Microbiology, Chinese Academy of Sciences. The methods
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of Hirooka et al. [22] were generally followed for morphological observations. Perithe-
cial wall reactions were tested in 3% potassium hydroxide (KOH) and 100% lactic acid
(LA). Longitudinal sections through the perithecia were made with a freezing microtome
(YD-1508-111, Jinhua, China) at a thickness of 6-8 pm. Photographs were taken using a
Canon G5 digital camera (Tokyo, Japan) connected to a Zeiss Axioskop 2 plus microscope
(Gottingen, Germany). For colony characteristics and growth rates, strains were grown
on potato dextrose agar (PDA) (200 g potato + 2% (w/v) dextrose + 2% (w/v) agar) and
synthetic low-nutrient agar (SNA) [23] in 90 mm plastic Petri dishes at 25 °C for 2 weeks
with alternating periods of light and darkness (12 h/12 h).

2.2. DNA Extraction, PCR Amplification, and Sequencing

The genomic DNA was extracted from fresh mycelium following the method of Wang
and Zhuang [24]. Five primer pairs, namely ITS5/1TS4 [25], T1/T22 [26], acl1-230up/acl1-
1220low [27], Crpbla/rpblc [28], and EF1-728F /EF2 [29,30], were used to amplify the sequences
of ITS, BenA, ATP citrate lyase (ACL1), the largest subunit of RNA polymerase II (RPB1), and
translation elongation factor 1- (TEF1), respectively. PCR reactions were performed on an ABI
2720 Thermal Cycler (Applied Biosciences, Foster City, CA, USA) with a 25 pL reaction system
consisting of 12.5 pL. Taq MasterMix, 1 uL of each primer (10 uM), 1 uL template DNA, and
9.5 uL ddH,O. DNA sequencing was carried out in both directions with the same primer pairs
using an ABI 3730 XL DNA Sequencer (Applied Biosciences, Foster City, CA, USA). Newly
achieved sequences and those retrieved from GenBank are listed in Table 1. Fusarium acutatum
Nirenberg & O'Donnell and Nectria cinnabarina (Tode) Fr. were chosen as outgroup taxa.

Table 1. Sequences used in this study.

GenBank Accession Numbers

Species Herbarium/Strain Numbers

ITS BenA
C. agrawalii CBS 53381 AF358241 AF358187
C. apocyni CBS 13087 AF210688 AF358168
C. aranearum QLS 0625 NR164542 KU212400
C. aureofulvella CBS 19593 AF358226 AF358181
C. buxi CBS 69693 KM231840 KM232111
C. byssicola CBS 36478 MH861151 AF358153
C. candelabrum CBS 50467/CML 2313 MH859044 KF871186
C. capitata CBS 21893 AF358240 AF358188
C. chlorina CBS 28790 NR137651 -
C. chloroleuca CML 1941 KC806286 KF871172
C.chonggingensis HMAS 290894 OP205475 2 OP205324
C. coccicola HD 2016 KU720552 KU720552
C. compactiuscula CBS 72987 AF358242 AF358193
C. divergens CBS 96773b NR137532 AF358191
C. epichloe CBS 101037 AF210675 AF358209
C. eriocamporesiana MFLUCC 17-2620 NR168235 MN699965
C. eriocamporesii MFLUCC 190486 NR168236 -
C. grammicospora CBS 20993 NR137650 AF358206
C. grammicosporopsis CBS 11587 AF210679 AF358204
C. impariphialis HMAS 275560 KX096609 -
C. indica RKV 2015 KT291441 KT291441
C. intermedia CBS 50882 NR137652 AF358205
C. kowhai CBS 46195 AF358250 AF358170
C. krabiensis MFLUCC 160254 NR168189 -
C. leptoderma HMAS 255834 OP205474 OP205323
C. levigata CBS 94897 AF210680 AF358196
C. lucifer CBS 100008 AF210683 AF358208
C. miodochialis CBS 99769 NR137649 AF358210
C. oblongispora CBS 100285 AF358248 AF358169
C.oligospora HMAS 290895 OP205473 OP205322
C. phyllophila CBS 92197 NR137531 -
C. pityrodes CBS 102033 AF210672 AF358212
C. pseudochroleuca CML 2513 KJ499909 KF871188
C. pseudostriata CBS 12087 MH862056 AF358184
C. ralfsii CBS 102845 AF358253 AF358219
C. rhizophaga CBS 36177 AF358228 AF358158
C. rogersoniana CBS 58289/CML 2557 AF210691 KX185047
C. rosea CBS 71086 MH862010 AF358161
C. rossmaniae CBS 21093 AF358227 AF358213
C. samuelsii CBS 69997 AF358236 AF358190
C. saulensis BRFM 2782 MK635054 -
C. sesquicillii CBS 18088 AF210666 AF358214
C. setosa CBS 83491 AF210670 AF358211
C. solani CBS 101926 AF358230 AF358179
C. sporondochialis CBS 101921 AF210685 AF358149
C. subquaternata CBS 100003 /CBS 10787 MT537603 AF358207
C. vesiculosa HMAS 183151 NR119828 -
C. viticola CAA 944 MK156282 MK156290
C. wenpingii HMAS 172156 EF612465 HMO054127
C. zelandiaenovae CBS 23280 AF210684 AF358185
F. acutatum CBS 40297 NR111142 KU603870
N. cinnabarina CBS 18987 HM484699 HM484835

2 Numbers in bold indicate the newly provided sequences.

2.3. Sequence Alignment and Phylogenetic Analyses

Sequences were assembled and aligned with BioEdit 7.0.5 [31] and converted to nexus
files by ClustalX 1.8 [32]. To confirm the taxonomic positions of the new species, ITS and BenA
sequences were combined and analyzed with Bayesian inference (BI), maximum likelihood
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(ML), and maximum parsimony (MP) methods. A partition homogeneity test (PHT) was
performed with 1000 replicates in PAUP*4.0b10 [33] to evaluate the statistical congruence
between the two loci. The Bl analysis was conducted by MrBayes 3.1.2 [34] using a Markov
chain Monte Carlo (MCMC) algorithm. Nucleotide substitution models were determined by
MrModeltest 2.3 [35]. Four Markov chains were run simultaneously for 1,000,000 generations
with the trees sampled every 100 generations. A 50% majority rule consensus tree was com-
puted after excluding the first 2500 trees as “burn-in”. Bayesian inference posterior probability
(BIPP) was determined from the remaining trees. The ML analysis was performed via IQ-Tree
1.6.12 [36] using the best model for each locus, as chosen by ModelFinder [37]. The MP analysis
was performed with PAUP 4.0b10 [33] using heuristic searches with 1000 replicates of random
addition of sequences and subsequent TBR (tree bisection and reconnection) branch swapping.
The topological confidence of the resulting trees and statistical support of the branches were
tested in maximum parsimony bootstrap proportion (MPBP) with 1000 replications and each
with 10 replicates of the random addition of taxa. Trees were examined by TreeView 1.6.6 [38].
The maximum likelihood bootstrap (MLBP) values, MPBP values greater than 70%, and BIPP
values greater than 90% were shown at the nodes.

3. Results
3.1. Phylogeny

The sequences of ITS and BenA from 50 representative species of Clonostachys were
analyzed. The PHT (p = 0.05) indicated that the individual partitions were not highly incon-
gruent [39]; thus, the two loci were combined for phylogenetic analyses. In the MP analysis,
the datasets included 1159 nucleotide characters, of which 543 bp were constant, 154 were
variable and parsimony-uninformative, and 462 were parsimony-informative. The MP analy-
sis resulted in 123 most parsimonious trees (tree length = 2794, consistency index = 0.4098,
homoplasy index = 0.5902, retention index = 0.4677, rescaled consistency index = 0.1917). One
of the MP trees generated is shown in Figure 1. The topologies of the Bl and ML trees were
similar to that of the MP tree. The isolates 12581, 12672, and 11691 were grouped with the
other Clonostachys taxa investigated (MPBP/MLBP/BIPP = 100%/100%/100%), which con-
firmed their taxonomic positions. The isolate 12581 was grouped with C. agrawalii (Kushwaha)
Schroers and C. capitata Schroers, with low statistical support. The isolate 12672 clustered
with C. zelandiaenovae Schroers (MPBP /MLBP/BIPP = 94%/96% /100%), and 11691 formed a
separate lineage.
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Figure 1. A maximum parsimony tree generated from analyses of combined ITS and BenA sequences
of Clonostachys species. The MP analysis was performed using heuristic searches with 1000 replicates.
MPBP (left) and MLBP (middle) values greater than 70% and BIPP (right) values greater than 90%
were shown at the nodes. Fusarium acutatum and Nectria cinnabarina were chosen as outgroup taxa.
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3.2. Taxonomy
Clonostachys chonggingensis Z.Q. Zeng and W.Y. Zhuang, sp. nov. (Figure 2).

Fungal Names: FN571276.

Etymology: The specific epithet refers to the type locality of the fungus.

Typification: China, Chongging City, Jinfo Mountain, 29°2'50” N 107°11'0” E, on
rotten bark of Alnus sp., 25 October 2020, Z.Q. Zeng, H.D. Zheng, X.C. Wang, C. Liu 12672
(holotype HMAS 290894).

DNA barcodes: ITS OP205475, BenA OP205324, ACL1 OP493559, TEF1 OP493562.

The mycelium was not visible on the natural substratum. Perithecia were superfi-
cial, solitary to gregarious, non-stromatic or with a basal stroma, subglobose to globose,
with very low papilla and slightly roughened surface; they mostly did not collapse upon
drying, and a few were slightly pinched at the apical portion, colored pale yellow to pale
orange-yellow. There was no color change in 3% KOH or 100% LA, and the size was
304-353 x 294-392 um. Perithecial walls were two-layered, 40-70 um thick; the outer layer
was of textura globulosa to textura angularis, 30-45 pum thick, with cells 5-15 x 3-12 pm
and cell walls 0.8-1 pm thick. The inner layer was of textura prismatica, 10-25 pm thick,
with cells 8-14 x 2.5-3.5 um and cell walls 1-1.2 um thick. Asci were clavate to subcylin-
drical, eight-spored, with a round and simple apex, and 60-85 x 6-13 um. Ascospores
were ellipsoidal to elongate-ellipsoidal, uniseptate, hyaline, spinulose, and uniseriate or
irregular-biseriate, and 13-16 x 4.5-5.5 pm.

Figure 2. Clonostachys chongqingensis (holotype). (a,b) Ascomata on natural substratum; (c) colony
after 2 weeks at 25 °C on PDA; (d) colony after 2 weeks at 25 °C on SNA; (e) median section through
the perithecium; (f) asci with ascospores; (g—k) ascospore; (1,m) conidiophores, phialides, and conidia.
Bars: (a,b) = 1 mm; (e) = 50 pm; (f~m) = 10 um.
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Colonies on PDA were 53 mm in diam. in average after 2 weeks at 25 °C; their surface
was cottony, with a dense, whitish aerial mycelium. Colonies on SNA were 50 mm in
diam. in average after 2 weeks at 25 °C; their surface was velvet, with a sparse, whitish
aerial mycelium. Conidiophores were acremonium- to verticillium-like, arising from aerial
hyphae and septate. Phialides were subulate tapered toward the apex, 15-74 um long,
1.6-2.5 um wide at the base, and 0.3-0.4 pym wide at the tip. Conidia were ellipsoidal to
rod-shaped, unicellular, smooth-walled, hyaline, and 4-10 x 2.54 um.

Notes: Morphologically, the species most resembles C. sesquicillii Schroers in having
superficial, solitary to gregarious ascomata and clavate to subcylindrical asci with eight
ellipsoidal, single-septate, spinulose ascospores [1]. However, the perithecia of the latter
are often laterally or apically pinched when dry and have shorter asci (35-63 pm long) and
smaller ascospores (8.2-14.4 x 2.2-4.4 um) [1]. The two-locus phylogeny indicated the two
fungi are remotely related (Figure 1).

Phylogenetically, C. chonggingensis is closely related to C. zelandiaenovae (Figure 1). The
latter differs in its well-developed stroma, narrowly clavate asci with an apex ring, and
wider ascospores (3.8-7.4 um wide) [1].

Clonostachys leptoderma Z.Q. Zeng and W.Y. Zhuang, sp. nov. (Figure 3)

Fungal Names: FN571277.

Etymology: The specific epithet refers to the thin-walled perithecia.

Typification: China, Chongqing City, Jinyun Mountain, 29°49'46” N 106°22'49” E, on
rotten bark, 23 October 2020, Z.Q. Zeng, H.D. Zheng, X.C. Wang, C. Liu 12581 (holotype
HMAS 255834).

DNA barcodes: ITS OP205474, BenA OP205323, RPB1 OP493564, TEF1 OP493561.

p e i

Figure 3. Clonostachys leptoderma (holotype). (a,b) Ascomata on natural substratum; (c) colony after
2 weeks at 25 °C on PDA; (d) colony after 2 weeks at 25 °C on SNA; (e) median section through the
perithecium; (f-h) asci with ascospores; (i-1) ascospore; (m—q) conidiophores, phialides, and conidia;
(r) conidia. Bars: (a,b) = 1 mm; (e) = 50 pm; (f-r) = 10 pm.
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The mycelium was not visible on the natural substratum. Perithecia were superfi-
cial, solitary to gregarious, with a well-developed stroma, subglobose to globose, non-
papillate, with surface slightly roughened, and did not collapse upon drying. They were
pinkish-white, did not change color in 3% KOH or 100% LA, and were with a size of
216-284 x 206-265 um. Perithecial walls were two-layered, 13—45 pum thick; the outer layer
was of textura globulosa to textura angularis, 8-23 pum thick, with cells 5-10 x 4-8 um and
cell walls 1-1.2 pm thick; the inner layer was of textura prismatica, 5-22 pm thick, with
cells 5-12 x 2-3 pm and cell walls 0.8-1 um thick. Asci were clavate to subcylindrical,
6-8-spored, with a round and simple apex, and 53-63 x 4.8-7 um. Ascospores were
ellipsoidal to elongate-ellipsoidal, uniseptate, hyaline, spinulose, uniseriate or irregular-
biseriate, and 7.5-11 x 2.5-3.5 um.

Colonies on PDA was 31 mm in diam. in average after 2 weeks at 25 °C; their surface
was cottony, with a dense, whitish aerial mycelium, and it produced a yellowish-brown
pigment in medium. Colony on SNA were 18 mm in diam. in average after 2 weeks at 25 °C,
with a sparse, whitish aerial mycelium. Conidiophores were verticillium-like, arising from
aerial hyphae; they were septate, with dense phialides. Phialides were subulate, tapering
toward the apex, 9-18 pm long, 1.5-2.5 um wide at the base, and 0.2-0.3 um wide at the tip.
Conidia were subglobose, ellipsoidal to subellipsoidal, unicellular, smooth-walled, hyaline,
and 2-7 x 2-5 pum.

Notes: Morphologically, the fungus is most similar to C. epichloe Schroers in having
solitary to gregarious perithecia and ellipsoidal, bi-cellular, spinulose ascospores of a similar
size [1]. Nevertheless, the latter differs in its smaller perithecia (140-240 x 140-200 pum)
that is pinched when dry, its wider asci (5-10 um wide) [1], and the presence of 36 bp and
132 bp divergences in the ITS and BenA regions. Obviously, they are not conspecific.

Phylogenetically, C. leptoderma is closely related to C. capitata and C. agrawalii
(Figure 1). Clonostachys capitata can be differentiated by its thicker perithecial wall (45-60 pm
thick), wider asci (7-12 um wide), and larger ascospores (11.6-18.8 x 3.6-5.8 um) [1].
Clonostachys agrawalii, which is known to have only an asexual stage, can be easily dis-
tinguished by its bi- to quarter-verticillate conidiophores and its cylindrical to flask-shaped,
somewhat larger phialides (7—42 x 1.4-3.4 pm) [1].

Clonostachys oligospora 2.Q. Zeng and W.Y. Zhuang, sp. nov. (Figure 4)

Fungal Names: FN571278.

Etymology: The specific epithet refers to the very few conidia produced.

Typification: China, Yunnan Province, Chuxiong Prefecture, Zixi Mountain, Xian-
rengu, 25°54'0” N 101°24'46” E, on a rotten twig, 23 September 2017, Y. Zhang, H.D. Zheng,
X.C. Wang, Y.B. Zhang 11691 (holotype HMAS 290895).

DNA barcodes: ITS OP205473, BenA OP205322, ACL1 OP493560, RPB1 OP493563.

The mycelium was not visible on the natural substratum. Perithecia were superficial,
solitary to gregarious, either with a basal stroma or non-stromatic. They were subglobose
to globose and papillate, with surface slightly warted; the warts were 6-25 um high. They
did not collapse upon drying, were colored pale yellow to light yellow, did not change
color in 3% KOH or 100% LA, and were 225-274 x 225-265 pm. The perithecial walls were
two-layered, 2548 um thick; the outer layer was of textura globulosa to textura angularis,
15-38 pum thick, with cells 8-18 x 9-15 um and cell walls 0.5-0.8 um thick; the inner layer
was of textura prismatica, 10-15 pm thick, with cells 5-8 x 1.5-2.5 um and cell walls
0.8-1 um thick. Asci were clavate, 6-8-spored, with a rounded and simple apex, and
45-65 x 7.5-11 pm. Ascospores were ellipsoidal, uniseptate, hyaline, smooth-walled,
uniseriate or irregular biseriate, and 9-17 x 3-5.5 um.

Colonies on PDA were 50 mm in diam. in average after 2 weeks at 25 °C; their surface
was cottony, with a dense, whitish aerial mycelium. Colonies on SNA were 25 mm in diam.
in average after 2 weeks at 25 °C, with a sparse, whitish aerial mycelium. Conidiophores
were verticillium-like, arising from aerial hyphae, and septate. Phialides were subulate,
tapering toward the apex, 9-15 um long; they were 1.5-2.5 um wide at the base and
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0.2-0.3 um wide at the tip. Conidia were sparse, subfusiform, unicellular, smooth-walled,
hyaline, and 5-13 x 1.8-2.2 um.

Notes: Among the known species of Clonostachys, this fungus resembles C. setosa (Vit-
tal) Schroers in terms of solitary to gregarious perithecia and ascospores that are ellipsoidal,
bi-cellular, smooth-walled, and of a similar size [1]. However, the latter fungus is distin-
guished by asci with an apical ring, as well as by conidiophores that are penicillium-like
and cylindrical conidia that are slightly larger (8.6-19.2 x 2-3.2 pm) [1]. In addition, there
are 47 bp and 128 bp divergences in the ITS and BenA regions between HMAS 290895 and
CBS 834.91. Both morphology and DNA sequence data support their distinction at the
species level.
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Figure 4. Clonostachys oligospora (holotype). (a,b) Ascomata on natural substratum; (c) colony after
2 weeks at 25 °C on PDA; (d) colony after 2 weeks at 25 °C on SNA; (e) median section through the
perithecium; (f,g) asci with ascospores; (h-m) ascospore; (n—p) conidiophores, phialides, and conidia.
Bars: (a,b) =1 mm; (e) = 50 um; (f-p) = 10 pm.

4. Discussion

Although Clonostachys was established in 1839, the name was not commonly used until
Schroers” monographic treatment of the genus, from which 44 species were accepted [1].
The generic name Bionectria Speg. was introduced later [40], and the genus was reviewed
by Rossman et al. [41]; in that work, the species included those previously placed in
the Nectria ochroleuca group, the N. ralfsii group, and the N. muscivora group, as well as
those having Sesquicillium W. Gams asexual stages. Clonostachys and Bionectria are of
anamorph and teleomorph connections [1,41]. According to the current International Code
of Nomenclature for algae, fungi, and plants [42], under the principle that one fungus
requires one name, Clonostachys was recommended as the preferable name [43].

The previous phylogenetic overview of Clonostachys that was based on two-locus (ITS
and BenA) sequence analyses showed that the genus is monophyletic [19,20]. Our analy-
ses provided a similar tree topology, and species of the genus formed a well-supported
clade (MPBP/MLBP/BIPP = 100%/100%/100%), including the three new taxa (Figure 1).
Clonostachys oligospora is a well-separated lineage in between C. indica Prasher & R. Chauhan
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and C. samuelsii Schroers. Clonostachys chonggingensis clustered with C. zelandiaenovae, receiving
relatively high statistical support (MPBP/MLBP/BIPP = 94%/96%/100%), and had mod-
erate sequence divergences, i.e., 11/518 bp (2.1%) for ITS and 15/557 bp (2.7%) for BenA.
Clonostachys leptoderma was grouped with C. agrawalii and C. capitata, which is poorly supported.
Compared with the previously demonstrated phylogenies [19,20], minor changes were detected.
For example, C. pseudostriata Schroers formerly constituted a separate lineage by itself [19,20];
whereas, with the joining of the new species, the fungus seemed to be closely related to
C. krabiensis Tibpromma & K.D. Hyde and C. viticola C. Torcato & A. Alves, with low statistical
support. Comparisons between each new species and closely related taxa are provided in
Table 2. Along with the discovery of additional new species, the relationships among the species
of the genus will become well-established.

Table 2. Morphological comparisons of the new species and their close relatives.

Sexual Morph Asexual Morph Refi

Species S

Perithecia Asci Ascospores Conidiophores Phialides Conidia ource
C. chongqingensis Subglobose to globose, Clavate to subcylindrical, Ellipsoidal to Acremonium- to Subulate, Ellipsoidal to rod-shaped, This study
304-353 x 294-392 pm. 60-85 x 6-13 fim. elongate-ellipsoidal, verticillium-like. 15-74 x 1.6-2.5 pum. 4-10 x 2.5-4 pum.
spinulose,
13-16 x 4.5-5.5 pum.

C. krabiensis N.A. N.A. N.A. Aggregated into Subulate, Cylindrical to oblong, [15]
sporodochia. 10-13 x 1.5-2.5 um. 5-7 x 1-2 pm.

C. sesquicillii Globose, 250-300 ptm Narrowly clavate to Ellipsoidal, warted, Penicillate conidiophores Cylindrical to flask-shaped, Ellipsoidal to oblong 11

diam. cylindrical, 8.2-14.4 x 2244 pm. bi- to quarter-verticillate, 6.4-18.8 x 1.4-3.6 pum. ellipsoidal,
35-63 x 5-13 pum. verticillate conidiophores 4.2-9.6 x 1.6-3 um.
sparsely formed.

C. viticola N.A. N.A. N.A Primary conidiophores Cylindrical, Ellipsoidal to oval, [3]
verticillate, secondary 10.4-32.8 x 1.7-2.7 pm. 4.5-6.7 x 2.4-3.4 pm.
conidiophores bi- to
ter-verticillate,
45.3-64.7 x 2.1-3.7 pm.

C. zelandiaenovae Subglobose to globose, Narrowly clavate, Ellipsoidal, spinulose, Primary conidiophores Cylindrical to narrowly Distally broadly rounded, 1]

290-550 pm diam. 60-104 X 7-15.5 pm. rarely smooth, verticillate, secondary flask-shaped, 4-132'% 2442 pm.
11.6-21.4 x 3.8-7.4 um. conidiophores penicillate, 4.8-20.6 x 1.6-3.4 pm.
ter- to
quinquies-verticillate.
C. leptoderma Subglobose to globose, Clavate to subcylindrical, Ellipsoidal to Verticillium-like. Subulate, Subglobose, ellipsoidal to This study
216-284 x 206-265 pm. 53-63 x 4.8-7 pm. elongate-ellipsoidal, 9-18 x 1.5-2.5 um. subellipsoidal,
spinulose, 2-7 x 2-5 pm.
(511 x 2.5-3.5 pm.

C. agrawalii N.A. N.A. N.A. Primary conidiophores Cylindrical to flask-shaped, Ends broadly rounded, [1]
irregularly branched to 7-42 x 1.4-3.4 pum. 3.8-5.8 x 2.2-3 pum.
ter-verticillate, secondary
conidiophores bi- to
quarter-verticillate.

C. capitata Subglobose to oval, Narrowly clavate, Ellipsoidal to Primary conidiophores Cylindrical to narrowly Ends broadly rounded, [1]

around 300 um diam. 50.5-89.5 x 7-12 pum. oblong-ellipsoidal, verticillium-like, secondary flask-shaped, 4.6-12.4 x 2.2-4.2 pum.
spinulose to warted, conidiophores ter- to 8.8-46.6 X 1.4-3.6 pum.
11.6-18.8 x 3.6-5.8 um. quinquies-verticillium-like.
C. epichloe 140-240 x 140-200 pm. Clavate to Ellipsoidal, smooth to Divergently branched to Cylindrical to narrowly Ellipsoidal to 1]
narrowly clavate, spinulose, adpressed. flask-shaped, narrowly clavate,
32-65 x 5-10 pm. 7.2-13 x 2.4-4.4 pm. 7-29 x 2.2-3.2 pm. 4.8-9.6 x 1.6-3.6 um.
C. oligospora Subglobose to globose, Clavate, Ellipsoidal, smooth, Verticillium-like. Subulate, Sparse, subfusiform, This study
225-274 x 225-265 pm. 45-65 x 7.5-11 pum. 9-17 x 3-5.5 um. 9-15 x 1.5-2.5 pm. 5-13 x 1.8-2.2 um.

C. indica N.A. N.A. N.A. Primary conidiophores Cylindrical, Ovoid to subglobose, [12]
verticillium-like, secondary 10.5-35.9 x 1.9-3.9 um. 3.9-7.4 x 2-3.7 pm.
conidiophores bi- to
quarter-verticillate.

C. samuelsii Subglobose to oval, Narrowly clavate, Ellipsoidal to broadly Penicillate or irregularly Phialides cylindrical to Conidia ellipsoidal, [1]

250-350 p1m diam. 43-71 x 5-11.5 pm. ellipsoidal, warted, penicillate, ter- to narrowly flask-shaped, 44-11.6 x 22-3.8 um.
7.8-15.4 x 2.8-5.6 pm. quarter-verticillate. 3.8-20.6 x 1.8-5 pm.
C. setosa Globose, around Narrowly clavate, Ellipsoidal, smooth Penicillate, mono- to Cylindrical, Cylindrical, 1

200 pm diam.

45-53 X 6.5-9 pum.

to striate,
8.8-13 x 2.4-3.8 pum.

ter-verticillate.

54-134 x 2.4-42 pm.

86-19.2 x 2-32 pm.

More than 220 secondary metabolites have been reported from species of the genus.
For example, C. byssicola, C. candelabrum (Bonord.) Schroers, C. compactiuscula (Sacc.)
D. Hawksw. & W. Gams, C. grammicospora Schroers & Samuels, C. pityrodes Schroers,
C. rogersoniana Schroers, and C. rosea were demonstrated to have the potential for biocontrol
application [4,44-47]. Meanwhile, strains of C. rosea were occasionally reported as an
opportunistic phytopathogen [48,49]. Therefore, studies on the biodiversity of Clonostachys
are of theoretical and practical importance and need to be carried out continuously and
extensively. China is diverse in climate, vegetation, and geographic structures and has rich
niches for organisms [50,51]. Large-scale surveys in unexplored regions will significantly
improve our knowledge of fungal species diversity.
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5. Conclusions

The species diversity of the genus Clonostachys was investigated, and three new species
were discovered. With the joining of the new species, the phylogenetic relationships among
species of the genus are updated.
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Abstract: This study reports four new species and three new record species of Orbiliaceous fungi
from China. Orbilia baisensis, O. hanzhongensis, O. nanningensis and O. pinea are described as new
species and O. crenatomarginata, O. vinosa and O. vitalbae are described as new record species. All
the studied species were identified by morphological characteristics and phylogenetic analysis of
internal transcribed spacer (ITS) and large subunit (LSU) sequences. Four new species are described
based on their sexual and asexual states, and their differences with the close relatives were compared
and discussed.

Keywords: Orbilia; new species; morphology; phylogenetic; taxonomy

1. Introduction

The family Orbiliaceae is characterized by producing tiny, waxy, translucent, light-
colored, sessile to sub-stipitate apothecia with small ascospores, which are asymmetrically
globose to sub-fusoid [1]. Members of family Orbiliaceae are widely distributed in the
environment and sporadically in arid habitats as saprophytic, parasitic or superficial on
tree bark, deadwood, withered leaf and animals” excrement [2,3]. The most prominent
feature of the family Orbiliaceae is the presence of a plasmatic spore body which is a
strongly refractive vacuolar in the ascospore and is only visible in the living state [4]. The
genus of Orbilia was established to accommodate Orbilia leucostigma [5], and the family
Orbiliaceae was recognized by Nannfeldt [6] and assigned to the order Helotiales, which
was revised to the class Leotiomycetes [4,7]. Attributed to the morphological features and
molecular phylogenetic evidence, Orbiliaceae was transferred to the order Orbiliales and
the class Orbiliomycetes, comprising two teleomorphic genera, Orbilia Fr. and Hyalorbilia
Baral [8]. The third teleomorphic genus Pseudorbilia includes only one species carrying
the characteristics intermediate between Orbilia and Hyalorbilia [9,10]. In the past decade,
there is a continuous documentation of new species and taxonomic reforms, depicting the
evolutionary changes in the diversity of the genus Orbilia [1,4,11-20]. Seven sexual-type
genera and three asexual-type genera are accepted in the family Orbiliaceae; the teleomorph-
typified include Amphosoma, Bryorbilia, Liladisca, Lilapila, Pseudorbilia, Hyalorbilia and Orbilia,
while the anamorph-typified include Lecophagus, Mycoceros, Retiarius, and 415 species of
Orbilia have been assigned among these genera [3].

The internal transcribed spacer (ITS) [21] and the large subunit gene of the rDNA
(LSU) [22] region are extensively employed in phylogeny studies of fungi and these
two markers have been proven to be effective to study the phylogenetic relationship in
Orbiliaceous fungi. More recently, in order to overcome the ambiguities associated with
Orbilia leucostigma and Orbilia xanthostigma, Baral revealed the high variation of ITS and
LSU and presented distinct genotypes [23]. However, some studies have also made use
of several other genes, which include the translation elongation factor 1-alpha (TEF) [24],
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beta-tubulin (TUB) [25,26], RNA polymerase second largest subunit (RPB2) [27,28] and
chitin synthase 1 (CHS-1) [29], etc.

The concept of sexual and asexual states in Orbiliomycetes was first established by
Brefeld [30] but it was well explained by Pfister [31]. The asexual states of Orbiliaceae
include Arthrobotrys, Dactylella, Dactylellina, Dicranidion, Drechslerella, Helicoon, Tridentaria,
Trinacrium, etc., while the Arthrobotrys, Dactylellina and Drechslerella belong to nematode-
trapping fungi. Harkness established Dicranidion based on Dicranidion fragile Harkness [32],
while the genus Dicranidion was placed into the section 2 of Hyphomycetes by Hughes [33].
The conidia of Dicranidion consist of two or three lobes, and in some species, conidia
have multiple lobes, the lobes are equal or unequal, parallel or unparallel, septate or non-
septate [34]. Brefeld firstly reported Dicranidion sp. that isolated from Orbilia, Berthet
described the conidia of Orbilia xanthostigma with illustrations [35].

China is rich in endemic species resources and biological diversity owing to its vary-
ing environmental and geographic regions. During surveys of the orbiliaceous fungi
from Guangxi Province of Southwestern China and Shaanxi province of Northwestern
China, seven species of Orbilia were found and identified based on morphological evi-
dence together with LSU and ITS sequence data. Among them, Orbilia baisensis, Orbilia
hanzhongensis, Orbilia nanningensis and Orbilia pinea are described as new species, and
Orbilia crenatomarginata, Orbilia vinosa and Orbilia vitalbae are described as new Chinese
record.

2. Materials and Methods
2.1. Morphological Studies

Fresh specimens were collected from decayed and fallen tree branches and wood logs
from Guangxi and Shaanxi provinces, China. In the description, the symbols were adopted
as follows: * = living state, T = dead state. The specimens were dried and deposited in the
GXU (Herbarium of Institute of Applied Microbiology, Guangxi University, China).

To obtain a pure culture, a fresh apothecium was fixed to the lid of a petri dish with
the hymenia facing downward, allowing the ascospores to shoot on the surface of the
water agar (18 g agar, 1 L distilled water). After germination, the ascospores deposits were
transferred onto PDA (Potato Dextrose Agar) plates [36], MEA (Malt Extract Agar) plates,
CMA (Corn Meal Agar) plates and LY (Lactose-Yeast Extract Agar) plates and incubated
for 5-10 days at 25 °C. Cultures was deposited in the Institute of Applied Microbiology,
Guangxi University, China. Observations and photographs were taken with a Nikon Eclipse
80i microscope (Nikon Corporation, Tokyo, Japan) equipped with Nikon Digital Sight DS-
L1 microphotographic system. All the morphological measurements were recorded from
20 elements in water mounts employing Spot32 software v4.0.8 (Diagnostic Instruments,
Sterling Heights, MI, USA).

2.2. DNA Extraction, PCR Amplification and Sequencing

Mycelia from the fresh cultures were inoculated in the potato dextrose broth (PDB)
and were cultured under dark conditions in a thermostable shaker at 25 °C. After 2 weeks
of shaking, mycelia were collected and washed with sterile distilled water and were used to
extract DNA by CTAB method [37]. For those species without pure cultures, the sequencing
DNA was directly amplified from the hydrated apothecia as described by Vitoria et al. [38].
Briefly, the apothecia were placed in a PCR tube using a needle and stored at —80 °C for
12-24 h. One apothecium was transferred to a PCR tube containing 3 uL Cell Lysis Buffer,
and vortexed for 2 min at maximum speed followed by incubation at 80 °C for 15 min. The
samples were preserved at —20 °C for later use or directly used for PCR amplification.

Sequence data were generated from the internal transcriber spacer region of nuclear
ribosomal DNA (ITS) and the large subunit of the rDNA genes (LSU) using primer pairs
ITS1/1TS4 [21] and LROR/LR5 [22]. PCR amplification was performed in a reaction mixture
of 50 pL containing 25 pL 2X Tag-Plus PCR Master Mix, 1 pL of each primer, 22 uL of
doubly distilled H,O, 1 pL of DNA template and the total. PCR reaction conditions were
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as follows: initial denaturation at 94 °C for 5 min; followed by 35 cycles of denaturation
at 94 °C for 1 min, annealing at 56 °C for 1 min and extension at 72 °C for 1 min; and a
final extension at 72 °C for 5 min. Amplified PCR products were separated on 1% agarose
gel and examined under the UV light. PCR products were sequenced from the Beijing
Genomics Institute (BGI).

2.3. Phylogenetic Analysis

Thirteen new sequences were generated in this study. To establish the preliminary
identification of the studied species, the acquired sequences were first carefully examined
for intactness and then blasted in the NCBI nucleotide sequence blast and were compared
with the already published data. The obtained sequences of ITS and LSU were then used
for phylogenetic studies. Related sequences of similar species were downloaded from
NCBI GenBank and the sequences data sets were aligned using Clustal X 1.83 [39] and
converted to FASTA files and constructed maximum likelihood tree by MEGA version 6.06
using the Kimura 2-parameter model [40]. The sequences were converted to NEXUS files
by Phylosuite [41] and the partition homogeneity test was performed with 1000 replicates
in PAUP*4 [42]. Nucleotide substitution models were selected by MrModeltest 2.31 [43].
The corresponding phylogenetic trees were constructed using the maximum likelihood and
Bayesian inference analyses. Maximum likelihood analyses were performed with MEGA
version 6.06, and Bayesian inference analyses were carried out using MrBayes v3.2.2 [44].
The tree was viewed in Fig Tree v1.4.4 [45]. The maximum likelihood bootstrap proportions
(MLBP) were above 50% and Bayesian inference posterior probabilities (BIPP) greater than
0.95 at nodes. GenBank accession numbers are given in Table 1.

Table 1. GenBank accession numbers of taxa used in phylogenetic analyses.

GenBank Accession Number

Species Strain Number
ITS LSU

Dactylella clavata YNUCC 5628 AY515568 AY261174
Dicranidion fissile NBRC 31823 LC146730 LC146730
Hyalorbilia inflatula H.B. 9080 KT222442 KT222442
Orbilia amarilla TFC Mic. 23767 MH221071 MH221071
Orbilia baisensis * DL17 (GXU2279) OP225323 OP231636
Orbilia baisensis * BY44 (GXU2373) OP585655 OP591332

Orbilia cladodes D.H.P. 90 U72592 U72592
Orbilia crenatomarginata ** (GXU2342) OP225327 0OP231640
Orbilia crenatomarginata ** (GXU2343) OP585656 0OP591333
Orbilia crenatomarginata ** (GXU2383) OP585657 0P591334
Orbilia crenatomarginata H.B. 9452 KM248771 KM248771
Orbilia crenatomarginata H.B. 9265 KM248772 KM248772
Orbilia eucalypti G.M. 2015-10-02.1 MK473434 MK473434
Orbilia farnesianae H.B. 8997h KT222421 KT222421
Orbilia aff. farnesianae BL. Zi%‘)g(;(()l(;MAS DQ656643 DQ656688
Orbilia fissilis CBS 117019 KT596781 KT596781
Orbilia gambelii CBS 140815 KT215249 KT215249
Orbilia gambelii G.M. 2018-09-12.12 OP237019 OP237019
Orbilia hanzhongensis * BY35 (GXU2365) OP225324 OP231637
Orbilia leucostigma H.B. 9958a KY419187 KY419187
Orbilia nanningensis * NNO01 (GXU2466) OP225326 OP231639
Orbilia cf. paracaudata H.B. 8685 KT222422 KT222422
Orbilia pilifera G.F 20110193 MK473413 MK473413
Orbilia pinea * BY38 (GXU2368) OP225325 OP231638
Orbilia rectispora M.E. 02-20-01 KT215289 KT215289
Orbilia renispora GXU1487 MG742403 MG742404
Orbilia vinosa ** (GXU2394) 0OP225328 0OPr231641
Orbilia vinosa ** (GXU2397) OP585658 OP591335
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Table 1. Cont.

GenBank Accession Number

Species Strain Number
ITS LSU
Orbilia vinosa ** (GXU2421) OP585659 OP591336
Orbilia vinosa G.M. 2014-02-14 KT380089 KT380089
Orbilia vinosa CBS 116215 KT215266 KT215266
Orbilia vitalbae ** (GXU2438) OP225329 OP231642
Orbilia vitalbae ** (GXU2442) OP585660 OP591337
Orbilia vitalbae H.B. 9905a KT380075 KT380075
Orbilia xanthostigma G.M. 2015-08-15-4b KY419181 KY419181
Orbilia cf. xanthostigma D.H.P. 120 U72593 U72593

Orbilia xinjiangensis CBS 232.51 MHB856835 MHB856835
Orbilia xinjiangensis H.B. 9646 KT222435 KT222435

Note: * new species, ** new Chinese record, specimen numbers are shown in parentheses, sequences newly
generated in this study are in bold.

3. Results
3.1. Taxonomic Description
3.1.1. New Species

Orbilia baisensis X.Y. Ou and Bin Liu, sp. nov. (Figure 1).

MycoBank: MB 846093.

Etymology: from the geographical origin, Baise (Guangxi).

Holotype: CHINA, Guangxi province, Baise city, Dawangling drift scenic spot, from
deadwood of Castanea mollissima on the ground, 11 July 2016, X.Y. Ou, GXU2279. Strain
DL17 was isolated from GXU2279.

Sexual state: Apothecia superficial on the deadwood of Castanea mollissima, 0.2-1.4 mm
in diameter, gregarious in groups or scattered, waxy, translucent, smooth, disc slight con-
cave to flat, margin not protruding, sessile, yellow when fresh or rehydrated, turned
yellow to orange when dry. Asci 112.2-39.3 x 2.3—4.6 um, cylindric-clavate, 8-spored,
pars sporifera 118.5-23.6 um long, truncate to hemispherical at the apex, gradually nar-
rowing towards to the base, flexuous stalk, forked to L-, T- or Y-shaped. Ascospores
12.9-4.6 x 1.6-2.1 um, hyaline, non-septate, smooth, pronounced reniform, strongly curved
~90-150°, one end round to obtuse, the other end small with a short pointed base, pairs
of ascospores arranged in the ascus; containing one refractive globose SB (spore body)
at the end close to the wall in alive mature ascospores, 0.6-1.1 um diameter. Paraphyses
apically inflated to mostly capitate (-clavate), 121.9-29.0 x 0.8-1.9 um, basally branched
and expanding to 1.8-3.1 um in diameter at the apex. Hymenium 70.5-192.3 pum thick;
medullary excipulum 25.8-40.6 um thick, of & loose textura intricata with =+ inflated cells,
sharply delimited. Ectal excipulum composed of textura globulosa-angularis, thin-walled
to slightly gelatinized, 38.8-146.6 um thick, cells t3.2-7.9 x 2.0-5.5 um diam., ovate to
spherical.

Asexual state: Dicranidion-like.

Colonies beige-white on PDA, 34.8 mm in diameter at 25 °C after 10 d, strongly
keratinized, aerial hyphae absent; beige-white on MEA, 24.8 mm diam., aerial hyphae
sparse; white on CMA and LY, 11.8-12.0 mm diam., aerial mycelium absent; Hyphae
hyaline, septate, branched, smooth and 1.4-3.2 pm wide. Conidiophores hyaline, erected
or slightly bent, septate, unbranched, *5.7-33.1 um long, *2.0-2.8 um wide at the base and
gradually tapering to *0.9-1.5 um wide at the tip where bearing 1 apical spore. Conidia
thallic, hyaline, Y-shaped, consisted of a spindle and two equal or unequal lobes; the
spindle *6.0-11.5 um long, 1-2 septate; the lobe *2.0-6.7 x 1.5-2.3 pm, 1 septate; in addition,
columnar conidia *6.3-20.0 x 1.8-2.6 um, 1-3 septate.
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Figure 1. Orbilia baisensis and dicranidion-like asexual morph (strain DL17 was isolated from
GXU2279). (a,b) apothecia; (c,d) basal excipular cells; (e-h) vertical section of apothecium; (i-k) ascus;
(Im) ascospores; (n) paraphyses; (0) asci and paraphyses; (p—s) colony after 10 d at 25 °C, (p) on
PDA, (q) on MEA, (r) on CMA, (s) on LY; (t,u) conidia; (v—x) conidiophores with conidia. Scale bars:
(a,b) = 0.5 mm; (¢,d,f,g,i-0,t—x) = 10 um; (e,h) = 20 pm; (p-s) = 10 mm.

Additional specimen examined: China, Shaanxi province, Hanzhong city, Foping
County, Wangjiawan, from deadwood, 23 July 2017, X.Y. Ou, GXU2373.

Notes: Orbilia baisensis is clustered with O. renispora Y.Y. Shao, Quijada, Baral, Haelew.
and Bin Liu, O. leucostigma (Fr.) Fr., O. xanthostigma (Fr.) Fr. and O. cf. xanthostigma (as
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O. delicatula) by having reniform to nephroid or C-shaped ascospores and their asexual
states are belonging to Dicranidion. However, O. baisensis features on 8-spored asci, flex-
uous base and forked to L-, T- or Y-shaped, pronounced reniform ascospores, round and
larger at one end, the other end with a short pointed base, the middle section being the
widest and capitate paraphyses. Orbilia renispora differs from O. baisensis by the smaller
(3.0-3.6 x 1.5-1.8) and lower curl ascospores. O. leucostigma and O. xanthostigma differ from
O. baisensis by the equant end of ascospores. In addition, molecular analyses reveal that
O. baisensis shares less than 91.20% similarity with O. renispora in ITS sequence, and 89.91%
similarity with O. xanthostigma and 89.53% similarity with O. leucostigma, respectively. Both
the morphological and the molecular evidence support their separation at the species level.

Orbilia hanzhongensis X.Y. Ou & Bin Liu, sp. nov. (Figure 2)

MycoBank: MB 846094.

Etymology: according to the geographical origin, Hanzhong (Shaanxi).

Holotype: CHINA, Shaanxi province, Hanzhong city, Foping County, Wangjiawan,
from fallen branch, 23 July 2017, X.Y. Ou, holotype GXU2365. Strain BY35 was isolated
from GXU2365.

Sexual state: Apothecia rehydrated 0.1-1.5 mm diam., superficial on the deadwood,
gregarious, waxy, medium translucent, smooth, disc round and slight to strongly concave,
sometimes flat, margin not protruding, broadly sessile, pale to light yellow when fresh or
rehydrated, yellow when dry. Asci 21.7-39.7 x 2.3-3.6 um, cylindric-clavate, 8-spored,
spores uniseriate, pars sporifera t20.5-30.7 pm long, truncate to hemispherical at the apex,
the base with short to medium long, flexuous stalk, forked to L-, T-, H- or Y-shaped. As-
cospores 12.5-4.4 x 1.7-2.2 um, hyaline, non-septate, smooth, fusoid to ellipsoid, to ovoid,
to lemon-shaped, one end subacute to acute, other end round or often acute, straight; SBs
10.2-0.4 pm diam., globose, at the end close to the wall in alive mature ascospores. Para-
physes straight to slightly capitate at the apex, 118.8-40.3 x 1.5-1.9 pm, the base branched
and expanded to 2.0-3.0 pm in diameter at the apex. Hymenium 48.2-73.8 um thick;
medullary excipulum 16.6-22.2 um thick, composed of medium dense textura intricata
with inflated cells, sharply delimited. Ectal excipulum composed of textura globulosa-
angularis from the base to the flanks, thin-walled, slightly gelatinized, 30.2-51.4 um thick,
cells 13.8-10.8 x 3.2-9.9 pm diam., ovate to spherical.

Asexual state: Dactylella-like.

Colonies beige-white on PDA, 50.5 mm diam. at 25 °C after 10 d, aerial hyphae dense;
beige-white on MEA, 31.7 mm diam., aerial hyphae rarely sparse; white on CMA, 60 mm
diam., aerial hyphae absent; white on LY, 22.7 mm diam., aerial mycelium absent. Hyphae
hyaline, septate, branched, smooth, *1.0-3.5 pm wide. Conidiophores hyaline, erected,
septate, unbranched, *10.6-72.8 um long, *2.04.2 um wide at the base and gradually
tapering to *0.9-1.5 um wide at the tip where bearing 1-3 apical spore. Conidia thallic,
hyaline, unbranched, cylindric-ellipsoid (-clavate), obtuse at one end, truncate at the other
end, straight when mature, slightly inflect when the immature, *10.1-20.3 x 2.6-4.2 um,
1 septate.

Additional specimen examined: China, Shaanxi province, Hanzhong city, Foping
County, Wangjiawan, from rotten branches, 23 July 2017, X.Y. Ou, GXU2379.

Notes: Orbilia hanzhongensis is characterized by ellipsoid to ovoid ascospores having
one end subacute to acute, and mostly acute on the other end, globose SBs, capitate
paraphyses. It is related to O. rectispora (Boud.) Baral and O. xinjiangensis (J. Chen, L.L.
Xu, B. Liu and Xing Z. Liu) E. Weber, Baral and Helleman, but O. rectispora differs in
having narrowly cylindrical to fusoid-clavate and larger ascospores (159 x 0.9-1.2 um),
and O. xinjiangensis differs in distinctly larger spores (179 x 1.8-2 um) and larger conidia
(*45-54 x 8-11 um) with more septa [3]. Moreover, there is 51 bp (8.46%) divergence in the
ITS region between O. hanzhongensis and O. xinjiangensis, and 90 bp (17.82%) divergence in
the ITS region of O. rectispora. Both the morphology and DNA sequence data distinguish
them as different species.
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Figure 2. Orbilia hanzhongensis and dactylella-like asexual morph (strain BY35 isolated from GXU2365).
(a) apothecia; (b) vertical section of apothecium; (c) basal excipular cells; (d) ascus; (e) ascospores;
(f) paraphyses; (h-k) colony after 10 d at 25 °C, (h) on PDA, (i) on MEA, (j) on CMA, (k) on LY;
(g1) conidia; (m-n) conidiophores with conidia. Scale bars: (a) = 0.5 mm; (b) = 20 pm; (c-g,}-n) = 10 pm;
(h-k) = 10 mm.
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Orbilia nanningensis X.Y. Ou & Bin Liu, sp. nov. (Figure 3).

Figure 3. Orbilia nanningensis and trinacrium-like asexual morph (strain NNO1 was isolated from
GXU2466). (a,b) apothecia; (c) vertical section of apothecium; (d,f) basal excipular cells; (e) ascus;
(g) ascospores; (h,i) paraphyses; (j k) conidia; (1) conidiophores with conidia. Scale bars: (a,b) = 0.2 mm;
(c) =20 pm; (d-1) = 10 um.

MycoBank: MB 846095.

Etymology: name after the geographical origin, Nanning (Guangxi).

Holotype: CHINA, Guangxi province, Nanning city, Xixiangtang District, Shibu Town,
from deadwood on the ground, 1 January 2020, X.Y. Ou, holotype GXU2466. Strain NN01
was isolated from GXU2466.

Sexual state: Apothecia rehydrated 0.2-0.5 mm diam., scattered, round, light yellow-
orange, translucent, sessile, superficial on dead branches on the ground, orange when
fresh, dry deep yellow to orange, disc strongly concave, wet light yellow, disc flat, smooth,
margin thin or thick. Asci 20.9-55.7 x 2.4-4.6 um, pars sporifera 14.0-37.2 pm, cylin-
dric to clavate, 8-spored, the apex truncate to hemispherical, thin-walled, gradually nar-
rowing towards the base, flexuous stalk, unforked. Ascospores 16.2-7.5 x 1.6-2.1 pym,
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clavate to fusoid with a distinct short tapered, rarely ellipsoid, one end obtuse, tapered
1.0-2.5 pm long, straight or slightly curved. Paraphyses straight to slightly capitate at
the apex, t17.8-37.5 x 1.2-2.0 um, basally unbranched and expanding to 1.9-3.2 um in
diameter, exudate 0.8-1.3 um thick, over paraphyses. Hymenium 101.8-151.2 um thick;
medullary excipulum 56.8-79.0 um thick, always composed of dense textura intricata with
many inflated cells, sharply delimited. Ectal excipulum 53.6-87.4 um thick, of thin-walled,
composed of oriented textura globulosa-angularis from the base to the flanks or margin,
cells 15.7-12.1 x 3.7-8.3 um diameter.

Asexual state: Trinacrium-like.

Colonies white on PDA. Mycelium *1.7-3.2 um wide. Conidiophores unbranched,
erected or slightly bent, septate, *7.1-15.9 pm long, the base *1.8-2.0 um wide, the tip
*1.0-1.4 pm wide where bearing 1 apical spore. Conidia thallic, T-shaped, consisting of
one stipe and two arms, the two arms bent downwards, total size *20.7-32.7 x 14.9-30.8 pm,
the stipe *16.9-28.7 x 2.8—4.1 um, 3-5 septate, the arms *6.0-13.8 x 2.3-3.6 um, 1-3 septate.

Additional specimens examined: China, Guangxi province, Nanning city, Lewan farm,
from deadwood, 1 January 2020, X.Y. Ou, GXU2467.

Notes: Orbilia nanningensis is clustered with O. cf. paracaudata Baral and G. Marson,
O. farnesianae Baral, O. pilifera Baral and R. Galan, O. aff. farnesianae and O. amarilla Quijada
and Baral. Their ascospores were fusoid to clavate with a short tapered, and with similar T-
shaped of conidia, but O. nanningensis differs from other related species by smooth margin
of apothecia and straight to slightly capitate paraphyses at the apex. Among the known
species of Orbilia, O. cf. paracaudata is the most closely related to O. nanningensis in the
phylogenetic tree, there is only a distance of 3.80% in the ITS region between O. nanningensis
and O. cf. paracaudata. However, O. paracaudata can be separated from O. nanningensis
by its longer and narrower ascospores (5.8-8.5 x 1.6-1.8 um) and a distinctly protruding
apothecial margin.

Orbilia pinea X.Y. Ou & Bin Liu, sp. nov. (Figure 4).

MycoBank: MB 846096.

Etymology: named after the host from which it was collected, Pinus.

Holotype: CHINA, Shaanxi province, Hanzhong city, Foping County, Wangjiawan,
from deadwood of pinus on the ground, 23 July 2017, X.Y. Ou, holotype GXU2368. Strain
BY38 was isolated from GXU2368.

Sexual state: Apothecia rehydrated 1.0 mm diam., yellowish to orange, translucent,
round, superficial and scattered, waxy, smooth, disc flat, margin thin and not protruding,
sessile, dry orange or honey-yellow when fresh. Asci 126.5-41.0 x 2.6—4.2 um, cylindric-
clavate, 8-spored, spores uniseriate, ~3-seriate, ~4 lower spores inverted (sometimes mixed),
pars sporifera 116.9-26.8 um long, the apex strongly truncate or round to hemispherical, the
base gradually narrowing with short to medium long and flexuous stalk, forked to L-, H-
or Y-shaped. Ascospores 12.5-3.3 x 1.5-2.2 um, hyaline, non-septate, smooth, pronounced
reniform, strongly curved, ~48-158°, end round, rarely obtuse, middle largest; SBs globose,
10.4-0.6 um diameter, usually close to one end in alive mature ascospores. Paraphyses
apically inflated to capitate at the apex, sometimes uninflated or slightly inflated to subla-
geniform, t17.3-45.3 x 1.3-2.8 um, branched at the base and expanded to 2.3-5.4 um in
diameter at the apex. Hymenium 77.6-139.0 um thick; medullary excipulum 46.6-65.0 um
thick, subhyaline, composed of dense loose textura intricata, sharply delimited. Ectal excip-
ulum 53.2-92.4 um thick, hyaline, composed of thin-walled, textura globulosa-angularis
from the base to the margin, cells 16.2-22.2 x 5.0-13.7 pm diameter.

Asexual state: Dicranidion-like.

Colonies beige-white on PDA, 20.0 mm diam. at 25 °C after 10 d, aerial hyphae absent;
beige-white on MEA, 23.7 mm diam., aerial hyphae sparse; grow very slowly on CMA,
only 15 mm diam. at 25 °C after 30 d, and could not grow on LY. Hyphae hyaline, septate,
branched, smooth. Conidiophores hyaline, erected or slightly bent, septate, unbranched at
the base, the tip where bearing 1 apical spore. Conidia thallic, hyaline, Y-shaped, consisted
of a stipe and two equal or unequal arms; the stipe *5.9-10.2 x 2.2-2.7 um, 1 septate; the
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arms *2.1-4.5 x 1.6-2.4 um, 1 septate; in addition, columnar conidia *13.4-13.7 x 2.5-2.7 um,
1-3 septate.

Figure 4. Orbilia pinea and dicranidion-like asexual morph (strain BY38 was isolated from GXU2368).
(a,b) apothecia; (c) vertical section of apothecium; (d,e) basal excipular cells; (f,g) ascus; (h) ascospores;
(i) paraphyses; (j) conidia; (k-n) colony at 25 °C, (h) on PDA after 10 d, (i) on MEA after 10 d, (j) on
CMA after 30 d, (k) on LY after 30 d; Scale bars: (a,b) = 0.5 mm; (c—j) = 10 pm; (k—n) = 10 mm.

Notes: Orbilia pinea is most similar to O. fissilis (K. Ando and Tubaki) E. Weber and
Baral, the most remarkable feature of O. pinea is pronounced reniform and strongly curved
ascospores, O. fissilis differs in broadly ellipsoid to subglobose ascospores and frequently
4-armed of the Dicranidion-like conidia. There is only a distance of 2.36% in the ITS region
between O. pinea and the type strain of O. fissilis. Obviously, they are not conspecific.

26



J. Fungi 2022, 8, 1188

3.1.2. New Record Species
Orbilia crenatomarginata (Hohn.) Sacc. & Trotter, Syll. Fung. 22: 725 (1913) (Figure 5).

Figure 5. Orbilia crenatomarginata ((a,e f,g,j,k-1) from GXU2342; (b,c) from GXU2343; (d,h,i) from
GXU2383). (a—d) apothecia; (ef) vertical section of apothecium; (gh) ascus; (i,j) ascospores;
(k1) paraphyses. Scale bars: (a,b) = 0.2 mm; (e,g-1) = 10 um; (f) = 20 um.

Sexual state: Apothecia 0.1-0.5 mm in diameter, scattered on the surface of rotten
wood, superficial, flat or slightly convex, smooth, sessile, margin protruding (or denticulate)
and filamentous, with small and distinct triangular teeth, dry pale or light yellow to
cream-carneous, rehydrated and fresh greyish to white. Asci 120.8-37.5 x 2.6-3.9 um,
clavate, pars sporifera t11.4-19.7 um, 8-spored, spores strongly spirally and closely twine
within asci, truncate to hemispherical at the apex, base gradually narrowed, flexuous
stalk, forked to L-, or Y-shaped. Ascospores 18.8-10.2 x 0.9-1.0 um wide, hyaline, non-
septate, helicoid or S-shaped, sickle-shaped or falculate from profile, cylindrical at the
one end, tapered at the other end, the four lower spores inversely oriented; spore bodies
tear-shaped. Paraphyses 1t15.1-37.7 x 1.5-2.1 um, cylindrical to claviform or slightly
capitate, unbranched or occasionally branched at the base, slightly enlarged at the apeX,
1.7-3.1 um, covered with waxy exudates, 0.5-1.3 pm thick. Hymenium 41.9-67.9 um thick,
ectal excipulum composed of textura globulosa-angularis.

Specimens examined: China, Shaanxi province, Baoji city, Meixian County, Taibai
mountain forest park, from branch of deciduous tree lying on the ground, 21 July 2017,
X.Y. Ou, GXU2342. China, Shaanxi province, Baoji city, Meixian County, Taibai mountain
forest park, from branch of deciduous tree lying on the ground, 21 July 2017, X.Y. Ou,
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GXU2343. China, Shaanxi province, Ankang city, Ningshan County, Huoditang of Qinling,
from branch of deciduous tree lying on the ground, 24 July 2017, X.Y. Ou, GXU2383.

Notes: Orbilia crenatomarginata features on strongly helicoid, worm or S-shaped as-
cospores, cylindrical but round gradually at the one end, strongly attenuated at the other
end, cylindrical to claviform or slightly capitate paraphyses, apothecia margin denticu-
late with small and distinct triangular teeth. Our three specimens (GXU2342, GXU2343,
GXU2383) corresponded to O. crenatomarginata H.B. 9452 and O. crenatomarginata H.B. 9265
(MLBP/BIPP = 100%/100%).

Orbilia vinosa (Alb. and Schwein.) P. Karst., Bidr. Kénn. Finl. Nat. Folk 19: 101 (1871)
(Figure 6).

Figure 6. Orbilia vinosa ((a,d—f,h,j k,n) from GXU2394; (b,m) from GXU2397; (g,i) from GXU2415;
(c1) from GXU2421). (a—c) apothecia; (d,e) vertical section of apothecium; (f,g) ascus; (h—j) as-
cospores; (k-m) paraphyses; (n) conidia (from apothecium). Scale bars: (a-c) = 0.2 mm; (d) = 20 um;
(en) =10 pm.
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Sexual state: Apothecia 0.1-0.4 mm in diam., scattered or gregarious on the surface
of bark, disc flat to concave, sessile, waxy, translucent, round, fresh pale or light yellow
to orange, sometimes cream-ochraceous or greyish, margin with crenulate, the back of
disc with white glassy filament. Asci 116.2-53.4 x 5.5-6.0 um, cylindric-clavate, pars
sporifera 114.0-31.2 um, 8-spores, spores seriate, lower spores inversely oriented, the apex
hemispherical to truncate, the base gradually narrowing, flexuous stalk, forked to T-, L-
or Y-shaped. Ascospores 17.3-14.1 x 1.1-2.3 um, hyaline, non-septate, clavate, sometimes
fusoid, one end obtuse or round, the other end slightly curved and smaller, strongly
attenuated; spore bodies tear-shaped. Paraphyses 114.3-35.2 x 1.2-2.4 pum, cylindrical to
slightly clavate-capitate, unbranched or occasionally branched at the base, slightly enlarged
at the apex, terminal inflated, 1.9-3.3 um in diameter. Hymenium 56.3-86.6 um thick,
ectal excipulum composed of textura globulosa-angularis, cell 3.5-10.2 x 2.4-8.0 um and
globose.

Specimens examined: China, Shaanxi province, Xi’an city, Cuihua Mountain, from
rotten branch lying on the ground, 25 July 2017, X.Y. Ou, GXU2394. China, Shaanxi province,
Xi’an city, Cuihua Mountain, from rotten wood lying on the ground, 25 July 2017, X.Y. Ou,
GXU2397. China, Shaanxi province, Baoji city, Meixian County, Taibai mountain forest
park, from branch of deciduous tree lying on the ground, 21 July 2017, X.Y. Ou and B. Liu,
GXU2415. China, Shaanxi province, Hanzhong city, Foping County, Wangjiawan, from
deadwood lying on the ground, 23 July 2017, X.Y. Ou and B. Liu, GXU2421.

Notes: Orbilia vinosa is characterized by clavate-fusoid ascospores, straight or slightly
curved, one end obtuse, the other end strongly tapered. The gross morphology of our
collections is similar to the original description, according to the detailed description and
illustrations of the species provided by Baral et al. [3]. Sequence comparisons also revealed
that the three specimens (GXU2394, GXU2397, GXU2421) corresponded to O. vinosa G.M.
2014-02-14 and O. vinosa CBS 116215 (MLBP/BIPP = 100%/100%).

Orbilia vitalbae Rehm, in Ade, Hedwigia 64: 315 (1923) (Figure 7).

Sexual state: Apothecia 0.1-0.4 mm in diameter, superficial on the rotten branch,
scattered or gregarious, disc flat or slightly convex, round, translucent, sessile, pale to
yellowish when fresh or rehydrated, dry deep cream to orange-yellow, margin slightly
crenulate. Asci 120.0-51.0 x 3.1-5.2 um, pars sporifera 119.1-26.2 pum, cylindric-clavate,
8-spored, the apex obtuse or strongly truncate, the base gradually thin, flexuous stalk,
the lower part bifurcate to L- or Y-shaped. Ascospores 1t5.1-7.7 x 1.8-2.5 um, fusoid to
clavate, one end round to obtuse or subacute, the other end gradually attenuated, solely
fastigiate arrangement in the ascus; SBs tear-shaped, in the end of ascospores. Paraphyses
119.5-29.8 x 1.2-2.5 um, capitate, unbranched, enlarged to globose at the apex, 2.4—4.5 um,
a waxy exudate over terminal cell of paraphyses. Hymenium 66.6-102.1 um thick, ectal
excipulum composed of textura globulosa-angularis.

Specimens examined: China, Shaanxi province, Xi'an city, Cuihua Mountain, from
rotten branch lying on the ground, 25 July 2017, X.Y. Ou and B. Liu, GXU2438. China,
Shaanxi province, Xi'an city, Cuihua Mountain, from deadwood lying on the ground,
25 July 2017, X.Y. Ou and B. Liu, GXU2442.

Notes: Orbilia vitalbae featured on unipolar and straight, fusoid to clavate ascospores,
round to obtuse at the one end and attenuated at the other end. In this study, our two speci-
mens (GXU2438, GXU2442) corresponded to O. vitalbae H.B. 9905a (MLBP/BIPP = 99%/100%).
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Figure 7. Orbilia vitalbae ((a,b,d,eh,j) from GXU2438; (c f,g,i k) from GXU2442). (a—c) apothecia;
(d) vertical section of apothecium; (e,f) ascus; (g-i) ascospores; (j,k) paraphyses. Scale bars: (a-c) = 0.2 mm;
(d) = 20 pm; (e-k) = 10 um.

3.2. Phylogenetic Analysis

The phylogenetic tree (Figure 8) was inferred from maximum likelihood analyses
and Bayesian inference analyses with the combined ITS and LSU (528 bp from ITS and
561 bp from LSU) sequences. The analysis involved 38 nucleotide sequences that belonged
to 25 species, 13 sequences were recognized in this study. The tree was composed of
37 strains as ingroup. Hyalorbilia inflatula (P. Karst.) Baral and G. Marson was used as
the outgroup taxon. Maximum likelihood and Bayesian inference analyses generated
semblable tree topologies. In the phylogenetic tree, five clades corresponding to sections of
Orbilia, including Arthrobotrys, Aurantiorubrae, Habrostictis, Hemiorbilia and Orbilia, were
revealed (Figure 8).
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KT215289 Orbilia rectispora M.E. 02-20-01
OP225324/0P231637 Orbilia hanzhongensis GXU2365
KT222435 Orbilia xinjiangensis H.B. 9646 Arthrobotrys
MH856835 Orbilia xinjiangensis CBS 232.51
AY515568/AY261174 Dactylella clavata YNUCC 5628
U72592 Orbilia cladodes D.H.P. 90
92/100 | OP237019 Orbilia gambelii G.M. 2018-09-12.12
97/100 90/~ | ' KT215249 Orbilia gambelii CBS 140815
OP585660/0P231642 Orbilia vitalbae GXU2442
99/100 L OP225329/0P591337 Orbilia vitalbae GXU2438
KT380075 Orbilia vitalbae H.B. 9905a
MK473413 Orbilia pilifera G.F. 20110193
KT222422 Orbilia cf. paracaudata H.B. 8685
OP225326/0P231639 Orbilia nanningensis GXU2466
KT222421 Orbilia farnesianae H.B. 8997h
MH221071 Orbilia amarilla TFC Mic. 23767
DQ656643/656688 Orbilia aff. farnesianae B.L. 4090, HMAS 139700
OP225327/0P231640 Orbilia crenatomarginata GXU2342
OP585656/0P591333 Orbilia crenatomarginata GXU2343
OP585657/0P591334 Orbilia crenatomarginata GXU2383
KM248771 Orbilia crenatomarginata H.B. 9452
— 98/100 L KM248772 Orbilia crenatomarginata H.B. 9265
50/- 98/100 - KT3800889 Orbilia vinosa G.M. 2014-02-14
KT215266 Orbilia vinosa CBS 116215
OP225328/0P231641 Orbilia vinosa GXU2394 Hemiorbilia
OP585658/0P591335 Orbilia vinosa GXU2397
OP585659/0P591336 Orbilia vinosa GXU2421
OP225325/0P231638 Orbilia pinea GXU2368
TML;KT596781 Orbilia fissilisH.B. 7566a, CBS 117019
/100 LC146730 Dicranidion fissile NBRC 31823
MK473434 Orbilia eucalypti G.M. 2015-10-02.1

99/100 OP225323/0P231636 Orbilia baisensis GXU2279
wt‘l OP585655/0P591332 Orbilia baisensis GXU2373
MG742403 Orbilia renispora GXU1487
87/~ KY419187 Orbilia leucostigma H.B. 9958a
m‘jr U72593 Orbilia cf. xanthostigma (as O. delicatula) D.H.P. 120
92/100 KY419181 Orbilia xanthostigma G.M. 2015-08-15-4b

KT222442 Hyalorbilia inflatula H.B. 9080

72/100
99/100

Habrostictis
99/100

83/100

Aurantiorubrae

100/100

100/100

Orbilia

Figure 8. Phylogenetic tree generated from maximum likelihood analyses based on the combined
ITS and LSU sequences expressing relationship of Orbilia species. Maximum likelihood bootstrap
support > 50% (left) and Bayesian posterior probability values > 95% (right) are indicated at nodes
(BIBP/MLBP). Hyalorbilia inflatula H.B. 9080 was used as outgroup. Bold names represent new species
and new Chinese record.

In the phylogenetic tree inferred from combined sequences, our 13 samples were con-
sidered as four new species and three new record species in Orbilia. The new species Orbilia
baisensis were located in a clade with high statistical support (MLBP/BIPP = 100%/100%)
with O. renispora. The two specimens (GXU2279, GXU2373) formed a subclade and des-
ignated as O. baisensis (MLBP /BIPP = 99% /100%). Orbilia hanzhongensis and O. rectispora
received medium statistical support (MLBP/BIPP = 78%/100%). Orbilia nanningensis was
related to O. cf. paracaudata, O. nanningensis and O. cf. paracaudata clustered together in a
high supported subclade (MLBP/BIPP = 89%/100%). Orbilia pinea and O. fissilis, Dicranid-
ion fissile were located in a clade with high support (MLBP = 100%, BIPP < 95%). O. pinea
clustered with O. fissilis in a high support (MLBP = 100%, BIPP < 95%).

New records species Orbilia crenatomarginata and O. vinosa clustered in a clade, which
was divided into two strong supported monophyletic subclades. Our three specimens
(GXU2342, GXU2343, GXU2383) formed a subclade corresponded to O. crenatomarginata
(MLBP/BIPP = 100%/100%) and the three specimens (GXU2394, GXU2397, GXU2421)
formed a subclade corresponding to O. vinosa (MLBP /BIPP = 100%/100%). Orbilia vitalbae
and O. gambelii were located in a clade with high statistical support (MLBP/BIPP = 99%/100%).
Our two specimens (GXU2438, GXU2442) formed a subclade corresponding to O. vitalbae
(MLBP/BIPP = 99%/100%).

31



J. Fungi 2022, 8, 1188

4. Discussion

The genus Orbilia is diversely and widely distributed in China. The morphological
characteristic of the specific ascus and the polymorphic ascospores, especially the strongly
refractive spore body, makes Orbilia distinctly unique to the other discomycetes. So far,
only several species of Orbilia have been reported from Guangxi and Shaanxi province,
China. In this study, sixteen specimens were collected from Guangxi and Shaanxi province,
China. Seven species of Orbilia were identified based on morphological characters and
phylogenetic analyses, containing four new species, viz. Orbilia baisensis, O. hanzhongensis,
O. nanningensis, O. pinea, and three newly recorded species to China, viz. O. crenatomarginata,
O. vinosa and O. vitalbae. Asexual states of the four new species are confirmed by obtaining
pure cultures from the fresh apothecium, which connected to the anamorphic genus of
Dicranidion, Dactylella and Trinacrium.

Orbilia baisensis is clustered with O. renispora, O. leucostigma and O. xanthostigma by
having reniform to nephroid or C-shaped ascospores. O. baisensis features on 8-spored asci,
flexuous base and forked to L-, T- or Y-shaped at the base, pronounced reniform ascospores,
round and larger at the one end, small pointed base at the other end, the middle section
being the widest and capitate paraphyses. Orbilia renispora differs from O. baisensis by the
smaller and lower curl ascospores [18]. It can be confused with species of O. xanthostigma-
leucostigma complex. However, O. leucostigma and O. xanthostigma differ from O. baisensis by
the equant end of ascospores. Ascospores of xanthostigma-leucostigma complex are smaller,
and with verrucose granule on the dorsal side [11,16]. The distinct warts on the dorsal
side of ascospores were reported for the first time by Spooner [7], whereas Baral treated
O. delicatula as the synonymy of O. cf. xanthostigma [3]. It was problematic to identify
as O. xanthostigma and O. leucostigma only drawing on different color of apothecia by
previous research, actually they contained different species, so they were arranged into
xanthostigma-leucostigma complex. Baral revealed the high genovariation and represented
multiple invariable genotypes in Orbilia xanthostigma and Orbilia leucostigma [23].

Orbilia hanzhongensis is characterized by fusoid to ellipsoid, to ovoid, to lemon-shaped
ascospores with subacute to acute at the one end, round or often acute at the other end,
globose SBs. It was related to O. rectispora, but differed in having ovoid-fusoid and smaller
ascospores. Meanwhile, O. hanzhongensis deviated from O. rectispora [46] by a 9.47% distance
in the ITS region. The sequences taken from the pure culture of Orbilia nanningensis
comprised ITS and LSU regions, it was closed to O. cf. paracaudata, whereas O. nanningensis
was deviated from O. cf. paracaudata [3] by a 5.8% distance in the ITS region and it had
smooth margin of apothecia and capitate paraphyses. Orbilia pinea was related to O. fissilis
and D. fissile, it differed from O. fissilis by smooth and pronounced reniform ascospores.
Orbilia crenatomarginata was described and illustrated in detailed under the name of Orbilia
crystallina [47]. The species is distinguished by white to cream apothecia and margin with
the crystalline tooth, flexuous and forked to L-, or Y-shaped asci, helicoid or S-shaped to
sickle-shaped ascospores.

Orbilia vinosa has been reported in Africa, America, Asia and Europe, growing on
gymnosperms and angiosperms [16], but was first reported in China. Peziza vinosa is the
primitive name of O. vinosa and described poorly [48], Spooner supplemented descriptions
in detail and solved some problems with the type of Peziza vinosa [7]. O. vinosa clustered in
a clade with O. crenatomarginata, but the former one differs by clavate ascospores.

Orbilia vitalbae can grow on rotten branches of various trees (Clematis et al.), decayed
wood or herbaceous plants (Sideritis et al.) [49], and it is illustrated by asci 1(27-)30-50(-54) x
(3.5-)4-5.3(-5.5) um and ascospores t5-8(-10) x 1.4-1.6 or 1.8-2.5(-2.7) um [3]. In this
study, the sizes of asci (120.0-51.0 x 3.1-5.2 um) and ascospores (15.1-7.7 x 1.8-2.5 pm),
the shape of ascospores, are well in agreement with the previous findings of Rehm.

Members of Orbilia are often found on dead twigs and branches hanging on trees,
distributed in tropical, subtropical and temperate regions. There are 470 species currently
known in the family Orbiliaceae [3], of which more than 100 species have been reported
in China. Surveys of fungal resources in various regions with different climates and geo-
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graphic structures will improve our understanding of the species diversity of orbiliaceous
fungi in the country. It is necessary to investigate fungal resources in various regions in the
future.
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Abstract: Trichoderma is known worldwide as biocontrol agents of plant diseases, producers of
enzymes and antibiotics, and competitive contaminants of edible fungi. In this investigation of
contaminated substrates of edible fungi from North China, 39 strains belonging to 10 Trichoderma
species isolated from four kinds of edible fungi were obtained, and three novel species belonging
to the Harzianum clade were isolated from the contaminated substrates of Auricularia heimuer
and Pholiota adipose. They were recognized based on integrated studies of phenotypic features,
culture characteristics, and molecular analyses of RNA polymerase II subunit B and translation
elongation factor 1-« genes. Trichoderma auriculariae was strongly supported as a separate lineage
and differed from T. vermifimicola due to its larger conidia. Trichoderma miyunense was closely related
to T. ganodermatigerum but differed due to its smaller conidia and higher optimum mycelial growth
temperature. As a separate lineage, T. pholiotae was distinct from T. guizhouense and T. pseudoasiaticum
due to its higher optimum mycelial growth temperature and larger conidia. This study extends the
understanding of Trichoderma spp. contaminating substrates of edible fungi and updates knowledge
of species diversity in the group.

Keywords: Hypocreaceae; Trichoderma; phylogeny; morphology; taxonomy

1. Introduction

Trichoderma Pers. is ubiquitous in various niches and around the world. The genus
contains at least eight infrageneric clades, of which the Harzianum clade is one of the
largest [1]. According to our investigated statistics, the Harzianum clade consists of more
than 95 accepted species, which are morphologically heterogeneous and phylogenetically
complicated. They play important roles in agriculture, industry, and other fields and are
employed as biocides or biofertilizers for plant growth [2—4], act as producers of enzymes
and antibiotics, and are endophytic in plants that can resist both physiological stress and
pathogen invasion [5,6].

Green mold contamination caused by Trichoderma spp. in the cultivation and various
growth stages of edible fungi has been one of the biggest biological constraints in the
industry since the 1980s [7], with the economic losses accounting for 10-20% of total
production [8]. At present, green mold is one of the most devastating diseases in nearly all
production areas of cultivated edible fungi due to its high disease incidence and serious
economic loss [9,10]. Mycelia of Trichoderma spp. show stronger competitiveness than those
of edible fungi, and thus they can inhibit mycelial growth or decrease the fruiting rate of
edible fungi. Lots of green conidia of Trichoderma will gradually cover the contaminated
substrates or fruiting bodies, and the contaminated fruiting bodies will eventually shrivel
and rot.

In order to better understand the Trichoderma species contaminating substrates of edible
fungi and preserve biological control resources, substrates of edible fungi contaminated by
green mold in North China were investigated, and three undescribed species belonging
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to the Harzianum clade were found on contaminated substrates of Auricularia heimuer
and Pholiota adipose. Their phylogenetic positions were determined based on sequence
analyses of the combined translation elongation factor 1-alpha (tefl-«) and the second
largest nuclear RNA polymerase subunit (rpb2) genes. Similarities and differences in
morphological characteristics between the new species and their closely related species
were investigated and compared in detail.

2. Materials and Methods
2.1. Isolates and Specimens

Specimens were separately collected from contaminated substrate of edible fungi in
North China from 2020 to 2022 (Table S1), and strains were isolated following the method
of a previous study [11]. The ex-type strains were deposited in the culture collection of
Institute of Plant Protection, Beijing Academy of Agriculture and Forestry Sciences (JZB
culture collection).

2.2. Morphology and Growth Characterization

For morphological studies, growth rates were determined on three different media:
potato dextrose agar (PDA; 200 g potato, 18 g dextrose, 18 g agar, and 1 L distilled water),
cornmeal dextrose agar (CMD; 40 g cornmeal, 20 g glucose, 18 g agar, and 1 L distilled
water), and synthetic low nutrient agar (SNA; 1 g KH,POy, 1 g KNO3, 0.5 g MgSO,4-7H,0,
0.5 g KCl, 0.2 g glucose, 0.2 g sucrose, 18 g agar, and 1 L distilled water) at 25, 30, and
35 °C in darkness. Mycelial discs (5 mm diameter) were incubated in Petri dishes (90 mm
diameter) with three replicates for each isolate. Colony diameters were measured after
3 days. The time when mycelia entirely covered the surface of the plate and the morpho-
logical characteristics of colonies, such as colony appearance, color, and spore production,
were recorded [12]. For microscopic morphology, photographs were taken with an Axio
Imager Z2 microscope (Carl Zeiss, Jena, Germany). Microscopic characteristics and micro-
morphological data were examined on the cultures grown on SNA and PDA for 7-9 days
at 25 °C.

2.3. DNA Extraction, PCR Amplification, and Sequencing

Genomic DNA was extracted from the cultures grown on PDA for 7 days using a plant
genomic DNA Kit (DP305, TTANGEN Biotech, Beijing, China). Fragments of tefl-a and
rpb2 were amplified with the primer pairs EF1-728F [13] and TEF1LLErev [14] and fRPB2-
5f/7cr [15], respectively. Each PCR reaction consisted of 12.5 pL. Premix Taq™ (TaKaRa,
Dalian, China), 1.0 puL of forward primer (10 uM), 1.0 pL of reverse primer (10 uM), 1.5 pLL
of DNA, and 9 uL of double-sterilized water. Polymerase chain reaction (PCR) conditions
followed Zhu and Zhuang [16]. The products were purified and subjected to sequencing
on an ABI 3730 DNA sequencer (Applied Biosystems, Bedford, MA, USA) at SinoGenoMax
company. Sequences generated from this study and those retrieved from GenBank are
listed in Table 1.

Table 1. Materials including strain numbers and GenBank accessions of sequences used for phyloge-
netic analyses.

GenBank Accession Number

Species Voucher b2 tofl-a

T. achlamydosporum YMF 1.6177 MT052180 MT070156
T. afarasin CBS 130755 - AF348093

T. afarasin DIS 314F F]442778 FJ463400

T. afroharzianum CBS 124620 FT FJ442691 FJ463301
T. afroharzianum GJS 04-193 FJ442709 FJ463298
T. aggregatum HMAS 248863 KY688001 KY688062

T. aggregatum HMAS 248864 KY688002 KY688063

T. aggressivum CBS 100525 AF545541 AF348095
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Table 1. Cont.

GenBank Accession Number

Species Voucher rpb2 tefl-a
T. aggressivum DAOM 222156 FT FJ442752 AF348098
T. alni CBS 120633 ET EU498349 EU498312
T. alpinum HMAS 248821 T KY687958 KY688012
T. amazonicum IB95 HM142368 HM142377
T. amazonicum CBS126898 ET HM142367 HM142376
T. anaharzianum YMF 1.00241 MH262577 MH236493
T. anaharzianum YMF 1.00383 T MH158995 MH183182
T. asiaticum YMEF 1.00168 MH262575 MH236492
T. asiaticum YMF 1.00352 T MH158994 MH183183
T. atrobrunneum GJS90-254 FJ442735 AF443943
T. atrobrunneum GJS 05-101 FJ442745 FJ463392
T. atrogelatinosum CBS 237.63 ET KJ842201 -
T. atroviride CBS 119499 FJ860518 FJ860611
T. auriculariae JZBQT1Z7 T ON649949 ON649896
T. auriculariae JZBQT1Z8 ON649950 ON649897
T. auriculariae JZBQT1Z9 ON649951 ON649898
T. austroindianum BAFC 3583 - MH352421
T. azevedoi CEN1422 MK696821 MK696660
T. bannaense HMAS 248840 T KY687979 KY688037
T. bannaense HMAS 248865 KY688003 KY688038
T. botryosum COAD 2422 MK044212 MK044119
T. botryosum COAD 2401 MKO044181 MKO044088
T. breve HMAS 248844 T KY687983 KY688045
T. breve HMAS 248845 KY687984 KY688046
T. brunneoviride CBS 121130 EU498357 EU498316
T. brunneoviride CBS 120928 EU498358 EU498318
T. caeruloviride COAD 2416 MK044201 MK044108
T. caeruloviride COAD 2415 MKO044202 MKO044109
T. camerunense GJS 99-230 - AF348107
T. catoptron GJS02-76 T AY391900 AY737726
T. ceraceum GJS 95-159 AF545508 AY937437
T. ceratophylletum YMF 1.04621 T MK327580 MK327579
T. cerinum DAOM 230012 KJ842184 KJ871242
T. christiani CBS 132572 FT KJ665244 KJ665439
T. cinnamomeum GJS 96-128 AY391916 AY391977
T. cinnamomeum GJS 97-233 AY391919 AY391978
T. compactum CBS 121218 KF134789 KF134798
T. concentricum HMAS 248833 KY687971 KY688027
T. confertum HMAS 248893 MEF371203 MF371218
T. confertum HMAS 248896 ME371205 MF371220
T. corneum GJS 97-82 ET KJ665252 KJ665455
T. dacrymycellum WU29044 FJ860533 FJ860633
T. endophyticum CBS 130753 FJ442722 FJ463326
T. endophyticum CBS 130733 FJ442690 FJ463330
T. epimyces CBS120534 FT EU498360 EU498320
T. ganodermatigerum CcCcMmJ5245 T ONb567189 ON567195
T. ganodermatigerum CCMJ5246 ONb567190 ONb567196
T. ganodermatigerum CCMJ5247 ON567191 ON567197
T. globoides HMAS 248747 KX026963 KX026955
T. guizhouense HGUP0038 T JQ901400 JN215484
T. guizhouense 5278 KF134791 KF134799
T. guizhouense DAOM 231435 - EF191321
T. harzianum CBS 226-95 AF545549 AF348101
T. harzianum GJS 05 107 FJ442708 FJ463329
T. hausknechtii CBS 133493 KJ665276 KJ665515
T. helicolixii CBS 133499 KJ665278 KJ665517
T. hengshanicum HMAS 248852 T KY687991 KY688054
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Table 1. Cont.

GenBank Accession Number

Species Voucher rpb2 tefl-a
T. hirsutum HMAS 248834 T KY687972 KY688029
T. hortense BMCC LU9%9%4 - KJ871185
T. ingratum HMAS 248822 KY687973 KY688018
T. inhamatum CBS 273-78 FJ442725 AF348099
T. italicum CBS 132567 KJ665282 KJ665525
T. koreanum SFC20131005-5066 MH025988 MH025979
T. lentiforme DIS 253B FJ442756 FJ851875
T. lentiforme DIS 94D FJ442749 FJ463379
T. lentinulae HMAS 248256 MN605867 MN605878
T. lentinulae CGMCC 3.19848 MN605868 MN605879
T. liberatum HMAS 248831 T KY687969 KY688025
T. linzhiense HMAS 248846 T KY687985 KY688047
T. lixii CBS 110080 KJ665290 FJ716622
T. longifialidicum LESF 552 KT278955 KT279020
T. miyunense JZBQF5 ON649968 ON649915
T. miyunense JZBQF7 T ON649969 ON649916
T. miyunense JZBQF9 ON649970 ON649917
T. neotropicale LA11ET - HQO022771
T. paratroviride 5385 KJ665321 KJ665627
T. parepimyces CBS 122769 ET FJ860562 FJ860664
T. peberdyi CEN1426 MK696825 MK696664
T. peruvianum CP15-2 MW480153 MW480145
T. peruvianum CP15-9 MW480154 MW480146
T. perviride HMAS 273786 KX026962 KX026954
T. phayaoense SDBR-CMU349 MW002074 MW002073
T. pholiotae JZBQH11 ON649971 ON649918
T. pholiotae JZBQH12 T ON649972 ON649919
T. pholiotae JZBQH13 ON649973 ON649920
T. pinicola KACC 48486 FT MHO025993 MH025981
T. pinicola SFC20130926-5014 MH025991 MH025978
T. pleuroti CBS 124387 ET HM142372 HM142382
T. pleuroticola CBS 124383 ET HM142371 HM142381
T. pleuroticola TRS70 ET KP009172 KP008951
T. pollinicola LC11682 = LF1542 FT MF939604 MF939619
T. pollinicola LC11686 = LF2050 MF939605 MF939620
T. polypori HMAS 248855 T KY687994 KY688058
T. priscilae CBS 131487 FT KJ665333 KJ665691
T. propepolypori YMF 1.06224 T MT052181 MT070158
T. propepolypori YMF 1.06199 MT052182 MT070157
T. pseudoasiaticum YMEF 1.06200 T MT052183 MT070155
T. pseudodensum HMAS 248828 T KY687967 KY688023
T. pseudogelatinosum CNUN309 FT HM920173 HM920202
T. pseudopyramidale COAD 2419 MKO044206 MKO044113
T. pseudopyramidale COAD 2506 MKO044207 MKO044114
T. purpureum HMAS 273787 T KX026961 KX026953
T. pyramidale CBS 135574 FT KJ665334 KJ665699
T. rifaii CBS 130746 - FJ463324
T. rifaii DIS 337F FJ442720 FJ463321
T. rufobrunneum HMAS 266614 T KF730010 KF729989
T. rugulosum SFC20180301-001 T MH025986 MH025984
T. rugulosum SFC20180301-002 MH025987 MH025985
T. simile YMF 1.06201 T MT052184 MT070154
T. simile YMF 1.06202 MT052185 MT070153
T. simmonsii CBS 130431 FJ442757 AF443935
T. simmonsii s7 KJ665337 KJ665719
T. simplex HMAS 248842 T KY687981 KY688041
T. solum HMAS 248848 T KY687987 KY688050
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Table 1. Cont.

GenBank Accession Number

Species Voucher rpb2 tefl-a

T. stramineum GJS 02-84 AY391945 AY391999
T. subalni HMAS 275683 MH612371 MH612377
T. subalni HMAS 275684 MH612370 MH612376

T. syagri BAFC 4357 - MG822711

T. tawa CBS 114233 ET AY391956 FJ463313

T. tawa DAOM 232841 KJ842187 EU279972

T. tenue HMAS 273785 ET KX026960 KX026952

T. tomentosum DAOM 178713a AF545557 AY750882
T. velutinum CPK 298 KF134794 KJ665769
T. velutinum DAOM 230013 ET JN133569 AY937415
T. vermifimicola CGMCC 3.19850 MN605870 MN605881
T. vermifimicola HMAS 248255 MN605871 MN605882
T. xixiacum HMAS 248253 T MN605874 MN605885
T. xixiacum CGMCC 3.19698 MN605875 MN605886
T. zayuense HMAS 248835 T KY687974 KY688031
T. zelobreve HMAS 248254 T MN605872 MN605883
T. zelobreve CGMCC 3.19696 MN605873 MN605884
T. zeloharzianum YMEF 1.00268 MH158996 MH183181

ET

Numbers in bold indicate newly submitted sequences in this study. T: type strains. ET: ex-type strains.

2.4. Phylogenetic Analyses

Sequences for all isolates generated in this study were blasted against the NCBIs Gen-
Bank nucleotide datasets (https://blast.ncbinlm.nih.gov/Blast.cgi) and MIST
(http:/ /mmit.china-cctc.org/index.php) [17] to obtain an initial identification. To identify
the phylogenetic positions of Trichoderma species isolated from contaminated substrates of
edible fungi, rpb2 and tefl-a sequences of all Trichoderma species belonging to the Harzianum
clade were combined for the analyses, with T. atroviride and T. paratroviride selected as out-
group taxa. Their sequences of type or ex-type strains based on previous publications were
downloaded from NCBI database and assembled using BioEdit 7.0.5.3 [18]. Alignment was
generated and converted to nexus files with Clustal X 1.83 [19].

Maximum parsimony (MP) analysis was performed with PAUP 4.0b10. Starting
trees were obtained via random stepwise addition with 1000 replicates and subsequent
branch-swapping algorithm using tree bisection-reconnection (TBR) [20]. Analyses were
performed with all characters treated as unordered and unweighted, and gaps treated as
missing data. MaxTrees was set to 1000, and branches collapsed when maximum branch
length was zero. Maximum parsimony bootstrap proportion (MPBP) was calculated to test
topological confidence of the resulting trees.

Bayesian inference (BI) trees were calculated using MrBayes v. 3.1.2 [21]. The best-
fit nucleotide substitution model GTR+I+G was selected using MrModeltest 2.3 [22].
Four chains were run from random trees for 6,000,000 generations and sampled every
100 generations. The first 25% of trees were discarded as the burn-in phase of the analyses,
and Bayesian inference posterior probability (BIPP) was determined from the remaining
trees. Trees were visualized in FigTree v1.4.3 [23].

3. Results
3.1. Phylogenetic Analyses

The partition homogeneity test of rpb2 and tefl-a sequences indicated that the individ-
ual partitions were generally congruent (p = 0.01). The combined rpb2 and tefl-a dataset
was subsequently used for phylogenetic analysis to determine the positions of the new
species. In MP analysis, the dataset contained 140 taxa and 2307 characters, of which
1468 characters were constant, 150 variable characters were parsimony uninformative, and
689 were parsimony informative. Five most parsimonious trees with the same topology
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were generated, and one of them is shown in Figure 1 (tree length = 3091, CI = 0.3999,

HI = 0.6001, RC = 0.3039, and RI = 0.7600). The BI tree topology was generally the same as
that of the MP tree.

T. endophyticum CBS 130753
T. endophyticum CBS 130733
T. neotropicale LA11
T. afarasin CBS 130755
T. afarasin DIS 314F
T. lentiforme DIS 253B
T. lentiforme DIS 94D
T. azevedoi CEN1422
T. rifaii CBS 130746
T. rifaii DIS 337F
T. austroindianum BAFC 3583
100/100~ T. harzianum CBS 226-954
65/- _! {7, harzianum GJS 05 107 a
- T. zeloharzianum YMF1.00268
T. syagri BAFC 4357
65/- |: T. camerunense GJS 99-230

T. botryosum COAD 2422
T. botryosum COAD 2401
T. lentinulae CGMCC 3.19848 &
T. lentinulae HMAS 248256 o
T. pollinicola LC11682
T. pollinicola LC11686
T. lixii CBS 110080
T. phayaoense SDBR-CMU349
T. anaharzianum YMF 1.00383
T. xixiacum HMAS 248253
T. xixiacum CGMCC 3.19698
T. auriculariae JZBQT1Z7 a
T. auriculariae JZBQT1Z8 a
T. auriculariae JZBQT1Z9 a
T. vermifimicola CGMCC 3.19850
T. vermifimicola HMAS 248255
T. simmonsii CBS 130431
T. simmonsii S7
T. anaharzianum YMF 1.00241
T. rugulosum SFC20180301-001
790 ﬂt?’. rugulosum SFC20180301-002
——1 T. hortense BMCC LU994
T. peruvianum CP15-2
89/- T. peruvianum CP15-9
95/100 T. zelobreve HMAS 248254
T. zelobreve CGMCC 3.19696
T. breve HMAS 248844 4.
T. breve HMAS 248845 a
100/100; T. bannaense HMAS 248840
50/100 i T. bannaense HMAS 248865
T. inhamatum CBS273-78
79/101 T. simile YMF 1.06202
T. quizhouense DAOM 231435 a
T. simile YMF 1.06201
T. guizhouense HGUP0038 4
T. guizhouense S278 a
T. pholiotae JZBQH11 a
T. pholiotae JZBOH12 a
T. pholiotae JZBQH13 a
T. pseudoasiaticum YMF 1.06200
T. asiaticum YMF 1.00168
T. asiaticum YMF 1.00352
T. pseudopyramidale COAD 2419
T. pseudopyramidale COAD 2506
T. pyramidale CBS 135574
T. atrobrunneum GJ590-254
T. atrobrunneum GJS 05-101
T. afroharzianum CBS 124620
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50/100
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T. confertum HMAS 248893

T. confertum HMAS 248896

T. ceratophylletum YMF 1.04621
T. pleuroticola CBS 124383 a

T. pleuroticola TRS70 a

T. pleuroti CBS 124387

T. amazonicum IB95

T. amazonicum CBS 126898
T. caeruloviride COAD 2416
97/100] T. caeruloviride COAD 2415
100/100 T. miyunense JZBQF5 a
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Figure 1. Cont.
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T. linzhiense HMAS 248846 60.0
T. helicolixii CBS133499

T. atroviride CBS 119499 4
T. paratroviride 5385 4

Figure 1. Maximum parsimony phylogram of the investigated Trichoderma species inferred from
the combined sequences of rpb2 and tefl-a. MPBP above 50% (left) and BIPP above 90% (right) are
indicated at the nodes. New species proposed are indicated in red font. Trichoderma species isolated
from substrate or fruiting bodies of edible fungi are marked with A.

A total of 140 sequences representing 95 Trichoderma species, including our three new
species, were used for constructing the phylogenetic tree, and T. atroviride and T. paratroviride
were used as outgroups. Results showed that all the investigated Trichoderma species formed
a strongly supported group (MPBP/BIPP = 100%/100%), which was generally congruent
with the previous studies [24].

In the phylogenetic tree (Figure 1), T. auriculariae, T. miyunense, and T. pholiotae were
newly added to the T. harzianum clade. Trichoderma auricularine was distributed as a sep-
arate terminal branch (MPBP/BIPP = 100%/100%) among T. vermifimicola and T. xixi-
acum. Trichoderma miyunense was a sister of T. ganodermatigerum (MPBP /BIPP = 98%/100%).
Trichoderma pholiotae formed a linage with T. asiaticum, T. guizhouense, T. pseudoasiaticum, and
T. simile with high support value (MPBP /BIPP = 92%/100%), and our three strains of T. pholiotae
were distributed as a highly supported separate terminal branch (MPBP/BIPP = 100%/100%)
among T. pseudoasiaticum and T. guizhouense.

3.2. Taxonomy

Trichoderma auriculariae Z. ]. Cao and W.T. Qin, sp. nowv.

MycoBank MB845141 (Figure 2).

Etymology: The specific epithet refers to the host from which the fungus was isolated.

Typification: China, Beijing, Tongzhou, from the contaminated substrates of
Auricularia heimuer, 26 August 2021, W.T. Qin, Z.J. Cao, L. Gao, J. Li (ex-type strain JZBQT1Z7).

DNA barcodes: ITS = ON653396, rpb2 = ON649949, tefl-o = ON649896.

On CMD after 72 h, colony radius 65-66 mm at 25 °C, 69-70 mm at 30 °C, and 8-10 mm
at 35 °C. Colony hyaline and radial, not zonate. Aerial hyphae rare in colony center. A
large number of white pustules formed after 2 days. Conidiation formed on aerial hyphae

41



J. Fungi 2022, 8, 1154

and in pustules, abundant, spreaded throughout the colony, then gradually turned green.
No diffusing pigment noted.
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Figure 2. Trichoderma auriculariae (JZBQT1Z7). Cultures at 25 °C after 7 days on (A) CMD, (B) SNA,
and (C) PDA; (D,L]) conidiophores and phialides; (E,F) conidiation pustules on CMD after 7 days;
(G) conidia; (H,K) chlamydospores. Scale bars: (D,I) = 10 um, (G,H,J,K) =5 um.

On PDA after 72 h, colony radius 47-49 mm at 25 °C, 66-68 mm 30 °C, and 5-7 mm
at 35 °C. Colony regularly circular, distinctly zonate. Aerial mycelium dense and radial,
forming a dense, zonate, floccose mat. Conidial production noted after 2 days, starting
around the original inoculum, effuse in aerial hyphae, more abundant along the original
inoculum. No diffusing pigment noted, odor fruity.

On SNA after 72 h, colony radius 47-49 mm at 25 °C, 51-55 mm at 30 °C, and 5-7 mm
at 35 °C. Colony hyaline, mycelium loose. Conidial production noted after 2 days, starting
around the inoculum, effuse in the aerial hyphae, forming a few inconspicuous rings. Small
pustules formed around the inoculum, first white, turning green after 3 days, with hairs
protruding beyond the surface. No diffusing pigment.

Conidiophores pyramidal, with opposing branches borne on a conspicuously broad
spindle, less solitary. The main axis and branches terminating in 3-5 cruciate to nearly verti-
cillate disposed phialides. Hyphal septa clearly visible. Phialides ampulliform, sometime la-
geniform, 4.6-9.9 x (2.2-) 2.7-3.8 um, 1/w 1.4-3.5 (4.4), 1.4-2.7 um wide at the base (n = 50).
Conidia green, globose or subglobose, sometimes ellipsoidal, smooth, 2.7-3.8 x 2.3-3.1 pm,
1/w 1.0-1.3 (n = 50). Chlamydospores common, intercalary or terminal, variable in shape,
ellipsoid, globose or oblong, 4.6-7.5 x 3.8-6.3 um (n = 20).
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Additional strains examined: China, Beijing, Tongzhou, from the contaminated sub-
strates of A. heimuer, 26 August 2021, W.T. Qin, Y. Liu, S.X. Wang, JZBQT1ZS8; ibid., JZBQT1Z9.

Notes: Phylogenetically, T. auriculariae formed a separate group (MPBP/BIPP = 100%/100%)
in the Harzianum clade among T. vermifimicola and T. xixiacum. The tefl-a sequences be-
tween T. auriculariae and T. vermifimicola were very similar, but they shared 28 bp divergent
among 1117 bp for rpb2 sequences (97.49%). Phylogenetically, T. auriculariae shared a com-
mon ancestor with T. xixiacum, T. vermifimicola, and T. simmonsi. Trichoderma auriculariae
shared typical characteristics of the Harzianum clade in pyramidal conidiophores com-
prising a long main axis, and 3-5 phialides in whorls arose at the tips of the branches.
However T. auriculariae had longer phialides and grew much slower at 35 °C on PDA than
T. simmonsi [5.2-6.5 mm, 25-55 mm)] [25] and had larger conidia than that of T. vermifimicola
[2.3-2.6 x 2.0-2.4 ym] and T. xixiacum [2.3-2.7 x 2.0-2.6] [24]. Meanwhile, chlamydospores
were common in T. auriculariae (Table S1).

Trichoderma miyunense Z. J. Cao and W.T. Qin, sp. nov.

MycoBank MB845142 (Figure 3).

Figure 3. Trichoderma miyunense (JZBQF9). Cultures at 25 °C after 7 days on (A) CMD, (B) SNA,
and (C) PDA; (D,F,H) conidiophores and phialides; (E,G) conidiation pustules on SNA after 7 days;
(I) chlamydospores. Scale bars: (D,H) = 10 um, (F,I) =5 pm.

Etymology: The specific epithet refers to the type locality.

Typification: China, Beijing, Miyun, from the contaminated substrates of Auricularia heimuer,
9 September 2020, Y. Liu, W.T. Qin, S. Song (ex-type strain [ZBQF9).

DNA barcodes: ITS = ON653404, rpb2 = ON649970, tefl-a = ON649917.
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On CMD after 72 h, colony radius 51-52 mm at 25 °C and 65-66 mm at 30 °C. No
growth at 35 °C. Colony hyaline, weak, regularly circular, distinctly zonate. Conidiation
first formed in white pustules on aerial hyphae, turned green after a few days. No diffusing
pigment noted, odor slightly fruity.

On PDA after 72 h, colony radius 42-43 mm at 25 °C and 51-54 mm at 30 °C. No
growth at 35 °C. Mycelium white, aerial along the edge, irregularly circular, less with
sporulation. No diffusing pigment noted, odor slightly fruity.

On SNA after 72 h, colony radius 30-33 mm at 25 °C and 25-29 mm at 30 °C. No
growth at 35 °C. Mycelium hyaline and smooth, dark green to light green pustules, irregular
in shape, relatively abundant in the zonation regions, with the formation of 2-3 concentric
rings. Aerial hyphae short and inconspicuous. No diffusing pigment, no distinct odor.

Conidiophores pyramidal, with a relatively obvious main axis, multiple branches
unpaired, with the longest branches near the base of the main axis. Branches perpendic-
ular to the main axis or at acute angles with the main axis, with septa conspicuous and
producing barrel-shaped or cylindrical metulae. Phialides densely disposed at the terminal
of branches, often formed in whorls of 2—4, variable in shape and size, ampulliform to
lageniform, (5.2-) 5.6-9.7 (-10.3) x 1.9-3.2 (-3.7) um, 1/w 1.9-4.4, 1.0-2.1 (-2.6) wide at
the base (n = 80). Conidia green, smooth, ellipsoid, sometimes globose to subglobose,
2.2-34 x (1.8-) 2-2.9 um, 1/w 1-1.3 (-1.4) (n = 80). Chlamydospores unobserved.

Additional strains examined: China, Beijing, Miyun, from the contaminated substrates
of Auricularia heimuer, 9 September 2020, W.T. Qin, Y. Liu, S. Song, JZBQF5; ibid., JZBQF?7.

Notes: Phylogenetically, T. miyunense formed a sister group with T. ganodermatigerum
(Figure 1). They shared 36 bp divergent among 1132 bp for rpb2 sequences (96.82%) and
35 bp divergent among 1102 bp for tefl-a sequences (96.82%). Morphologically, com-
pared to T. miyunense, T. ceratophylletum possessed shorter phialides (4.1-8.4 pm) and
lesser 1/w of phialides [(1.0-) 1.2-2.8 (-3.2) um] [26], while T. ganodermatigerum had larger
conidia [(3.4-) 3.6-4.8 (-5.3) x (2.9-) 3.2-4.3 (-4.6)], and the optimum temperature was
25 °C [27]. T. miyunense was distinctly different from T. caeruloviride, which possessed abun-
dant chlamydospores on CMD after 4 days with no concentric rings present [28]. In contrast,
T. confertum had slightly larger phialides [8.3-12.5 x 2.5-4.2 um] [29], T. amazonicum had dis-
tinctly wider phialides [3.3-3.5 um] and chlamydospore-like structures in the clusters, and
T. pleuroticola featured diffuse brown pigment and yellow crystals on PDA [30] (Table S2).

Trichoderma pholiotae Z.J. Cao & W.T. Qin, sp. nov.

MycoBank MB845143 (Figure 4).

Etymology: The specific epithet refers to the host from which the fungus was isolated.

Typification: China, Beijing, Haidian, from the contaminated substrates of Pholiota adipose,
25 September 2020, W.T. Qin, Z.]. Cao, L. Gao, ]. Li (ex-type strain JZBQH12).

DNA barcodes: ITS = ON653405, rpb2 = ON649972, tefl-o = ON649919.

On CMD after 72 h, colony radius 71-72 mm at 25 °C, 73-74 mm at 30 °C, and
13-18 mm at 35 °C. Colonies hyaline, fan-shaped, tending to aggregate toward the distal
parts of the colony. Aerial hyphae loose, sparse, radial. Conidiation effuse in aerial hyphae
or in loosely disposed pustules. Pustules minute, irregular in shape, relatively abundant
in the zonation regions, formed concentric rings around the outer ring, white at first, then
gradually green. No diffusing pigment noted, odor slightly fruity.

On PDA after 72 h, colony radius 67-68 mm at 25 °C, 70-72 mm at 30 °C, and 8-10 mm
at 35 °C. Colonies white in the center, with the zone around the central part of the colony
forming a distinct circular and green part. Aerial hyphae distinctly radial, abundant, dense,
floccose to cottony. Light diffusing yellow pigment, odor slightly fruity.

On SNA after 72 h, colony radius 49-50 mm at 25 °C, 54-55 mm at 30 °C, and 8-10 mm
at 35 °C. Colonies translucent and round-like. Aerial hyphae short, radial distribution.
Pustules abundant, irregular in shape, from white to green, with the formation of concentric
rings. No diffusing pigment noted.
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Figure 4. Trichoderma pholiotae JZBQH12). Cultures at 25 °C after 7 days on (A) CMD, (B) SNA, and
(C) PDA; (D,E) conidiation pustules on SNA after 7 days; (F) chlamydospores; (G-I) conidiophores
and phialides; (J) conidia. Scale bars: (F,J) =5 um, (G-I) = 10 um.

Conidiophores typically pyramidal with opposing branches, formed densely intricate
reticulum, with one terminal whorl of generally 3—4 phialides and mostly paired side
branches, less frequently solitary. Branches mostly perpendicular to the main axis with
septa conspicuous. Phialides varied, borne in regular levels around the axis, some regular
ampulliform or lageniform and others apex and inequilateral to curved, (4.1-) 4.9-10.9
(-11.6) x 2.4-4.2 (-5.0) um, 1/w 1.4-3.4 (-3.9), (1.3-) 1.4-3.1 (-3.4) um wide at the base
(n =100). Conidia elliptic to subspheroidal, less globose, green, smooth, 2.6-3.8 (—4.2) x
2.4-3.3 (-3.5) um, 1/w 1-1.3 (n = 80). Chlamydospores common, intercalary or terminal,
ellipsoid, globose, 5.0-7.4 (8.3) x (3.9-) 4.9-7.0 um (n = 25).

Additional strains examined: China, Beijing, Haidian, from the contaminated sub-
strates of Pholiota adipose, 25 September 2020, W.T. Qin, Z.J. Cao, L. Gao, J. Li, JZBQH11,
ibid., JZBQH13.

Notes: Phylogenetically, T. pholiotae formed a linage with T. asiaticum, T. guizhouense,
T. pseudoasiaticum, and T. simile with high support value (MPBP/BIPP = 92%/100%), and
our three strains of T. pholiotae were distributed as a highly supported separate terminal
branch (MPBP/BIPP = 100%/100%) among T. pseudoasiaticum and T. guizhouense in the
Harzianum clade. However, compared to T. pholiotae, T. guizhouense possessed thinner
phialides [2.0-3.0 um] and globose conidia [31]. T. simile had distinct lower optimum
growth temperature (25 °C) in the three media, and T. asiaticum had shorter phialides [(3.0-)
4.0-6.0 (=7.0) um] [12]. In addition, T. pholiotae and T. pseudoasiaticum could be distinguished
by the branching pattern, with T. pholiotae being pyramidal and T. pseudoasiaticum being
verticillium-like (Table S3).
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4. Discussion

During exploration of contaminated substrates of edible fungi in North China, 39 strains
representing 10 Trichoderma species were isolated from four kinds of edible fungi and exam-
ined, and three new species were recognized based on integrated studies of phenotypic
and molecular data (Table S1). To explore their taxonomic positions, a phylogenetic tree
containing all species of the Harzianum clade was constructed based on analyses of the
combined sequences of rpb2 and tefl-a. The three new species were well located in the
Harzianum clade with separate terminal branches and were clearly distinguishable from
any of the existing species. The results of this study have a number of practical impli-
cations to identify and diagnose Trichoderma species contaminating edible fungi. This
work provides useful information on the epidemiological and geographical distribution
of Trichoderma, which will help in the development of targeted interventions aimed at
comprehensive management and control of green mold contamination of edible fungi.

With further study of Trichoderma classification, researchers have reached a consensus
that accurate identification of Trichoderma species cannot depend only on the morpho-
logical identification as sometimes there is high ambiguity in the morphological features
of Trichoderma spp. [32,33]. Trichoderma spp. isolated from the fruiting bodies or sub-
strates of edible fungi is usually anamorph with high morphological similarity with many
species, which is not conducive to identification. With DNA-based techniques gradually
perfected and widely used, the integrative (polyphasic) taxonomy approach for species
delimitation is recommended, including the combination of genealogy and multiparamet-
ric phenotypes [34,35], especially for examining the presence of species complexes and
cryptic species [31]. Therefore, we hypothesized that T. harzianum, which was originally
identified by ITS sequence and morphology in previous studies, probably belonged to the
T. harzianum complex. However, the present study showed that the complex still contained
many taxa, indicating that the previous identification was not accurate. Furthermore, it
is also difficult to identify species of the Harzianum clade according to exclusive tefl-a or
rpb2 sequence data [24,25]. Therefore, the combination of tefl-a and rpb2 sequences for
phylogenetic analysis is highly recommended to identify species in the Harzianum clade.

Taxonomy of Trichoderma dates back to the late 18th century [36], and some of them
cause economic losses in commercial mushroom farms [37]. Over more than a century,
successive findings have brought the number of known species of the genus to over
441 [1,23,38]. Trichoderma species are located throughout the world, and more than 30 of
them are mushroom inhabiting (Figure 1, Table 2). They are isolated from the substrate or
fruiting bodies of Agaricus bisporus, Lentinula edodes, Pleurotus ostreatus, Ganoderma lingzhi,
etc. and are mainly located in the Harzianum, Longibrachiatum, and Viride clades [39].
There may still be many unknown Trichoderma species associated with the growth of
edible fungi and their related living environment. The phylogenetical difference between
Trichoderma spp. on edible fungi substrates and from other sources deserves further analysis.

Analysis of the biological characteristics of Trichoderma species from contaminated
substrates showed that the optimum growth temperature of many Trichoderma species was
generally around 30 °C, which was consistent with the phenomenon that contamination
of Trichoderma on edible fungi is more likely to occur at high temperatures. Therefore,
reasonable control the growth environment temperature of edible fungi may be a reasonable
approach to prevent or delay the outbreak of Trichoderma contamination during production.
More broadly, research is also needed to analyze the mechanism of occurrence of Trichoderma
spp. contamination, such as the correlation between contamination occurrence and the
growth environment of edible fungi.

With the increased number of species joining the Harzianum clade, understanding of
Trichoderma spp. will become more sophisticated and intelligible, and reasonable species
concepts will be firmly established. Accumulated knowledge of Trichoderma, especially the
Harzianum clade, will provide useful information for sufficient utilization of resources and
for the prevention of contamination of edible fungi.
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Table 2. Trichoderma spp. associated with the contaminated substrates of edible fungi.

Species Cultivated Mushroom Reference
T. aggressivum Agaricus bisporus [40,41]
T. asperellum A. bisporus [9,42]
T atroviride L. e‘dodes, Pleurotus ostregtus, A [8,9,43]
bisporus, Ganoderma lingzhi
.. Auricularia heimuer,
T. aureoviride Flammulina filiformis, L. edodes [44]
T. breve L. edodes [45]
T. capillare Agaricus sp. [46]
T. citrinviride L. edodes, P. ostreatus [43,47]
T. deliquescens L. edodes [11]
T. ganodermatigerum G. sichuanense [27]
T. ghanense A. bisporus [9]
T. guizhouense P. ostreatus [48]
T. hamatum A. bisporus [49]
T. harzianum L. edodes, A. bisporus, P [43,50]
ostreatus, Agrocybe aegerita
T. hengshanicum G. lingzhi [51]
T. hirsutum L. edodes [45]
T. koningii P. ostreatus, A. bisporus [37,40]
T. koningiopsis Dictyophora rubrgvolvata, P [52,53]
eryngii
T. lentinulae L. edodes [24]
T. longibrachiatum L. edodes, P. o#reatus, = [9,43,50]
aegerita
T. oblongisporum L. edodes [54]
T. patella P. ostreatus [55]
T. pleuroti P. ostreatus [56]
T. pleuroticola P. ostreatus, L. edodes, G. lingzhi [50,54,56]
T. polysporum L. edodes [57]
T. pseudogelatinosum L. edodes [58]
T. pseudokoningii P. ostreatus [37]
T. pseudolacteum L. edodes [59]
T. pseudostramineum L. edodes [58]
T. reesei P. ostreatus [60]
T. stramineum L. edodes [57]
T. stromaticum A. bisporus [49]
T. virens P. ostreatus, A. bisporus [37,40]
T. viride L. edodes [54]

5. Conclusions

In this study, 39 strains belonging to 10 Trichoderma species isolated from four kinds
of edible fungi in North China were obtained, and three novel species belonging to the
Harzianum clade were isolated from the contaminated substrates of Auricularia heimuer
and Pholiota adipose. More than 30 mushroom-inhabiting Trichoderma species throughout
the world mainly located in the Harzianum, Longibrachiatum, and Viride clades were
indicated. This study enrich the biodiversity of Trichoderma and provide important support
for systematic development of the Harzianum clade.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/jof8111154/s1. Table S1: Strain information and their
accession numbers. Table S2: Comparison of the morphological characteristics of Trichoderma auric-
ularige and its relatives. Table S3: Comparison of the morphological characteristics of Trichoderma
miyunense and its relatives. Table S4: Comparison of the morphological characteristics of Trichoderma
pholiotae and its relatives. Table S5: The growth rate of three new species in this study incubated at
different temperatures and media.
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Abstract: Edible and medicinal mushrooms are extensively cultivated and commercially consumed
around the world. However, green mold disease (causal agent, Trichoderma spp.) has resulted
in severe crop losses on mushroom farms worldwide in recent years and has become an obsta-
cle to the development of the Ganoderma industry in China. In this study, a new species and a
new fungal pathogen on Ganoderma sichuanense fruitbodies were identified based on the morpho-
logical characteristics and phylogenetic analysis of two genes, the translation elongation factor
1-« (TEF1) and the second-largest subunit of RNA polymerase II (RPB2) genes. The new species,
Trichoderma ganodermatigerum sp. nov., belongs to the Harzianum clade, and the new fungal pathogen
was identified as Trichoderma koningiopsis. Furthermore, in order to better understand the interac-
tion between Trichoderma and mushrooms, as well as the potential biocontrol value of pathogenic
Trichoderma, we summarized the Trichoderma species and their mushroom hosts as best as possible,
and the phylogenetic relationships within mushroom pathogenic Trichoderma species were discussed.

Keywords: taxonomy; green mold disease; one new taxon; mycoparasites; biological agents

1. Introduction

Mushrooms have been used by humans for millennia and are consumed for their nutritive
and medicinal values [1,2]. Most of them are appreciated as delicacies and are extensively
cultivated and commercially consumed in many countries. Some mushrooms also have high
pharmacological activities, especially Ganoderma spp. [3,4]. Ganoderma sichuanense, described
from China and previously confused with G. lucidum, an oriental fungus, has a long
history in China, Japan, and other Asian countries for promoting health and longevity [5,6].
The mushroom is famous for its pharmacological effects [7,8] and is widely cultivated in
northeastern China. However, Trichoderma green mold diseases have increased and pose a
serious threat to its production [9-11].

Trichoderma has been studied for more than 200 years since it was established by
Persoon in 1794 [12], while sharp development occurred in the past few decades, when a
large number of taxonomic articles were published [13-26]. At present, similar to Fusarium,
Aspergillus, or Penicillium, Trichoderma is a species-rich genus [15] and has been segre-
gated into many groups or clades based on the phylogenetic relationships within the
genus [27-29]. Moreover, the rapid development of Trichoderma is inseparable from its
various uses. For example, it can not only be used as a highly efficient producer of plant
biomass-degrading enzymes for biofuel and other industries, but also as a very effective
biological agent for plant disease management [30-33]. Furthermore, Trichoderma has also
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been an initially produce white and dense mycelia highly similar to mushroom myecelia,
which makes it difficult to distinguish them, causing the best period of control to be missed.
Thus, it is particularly important to explore the specificity of Trichoderma species and the
interaction between Trichoderma and its host for disease control.

Between 2020 and 2021, during fieldwork at mushroom cultivation bases, we found
that green mold disease occurred continuously in G. sichuanense production areas in the
following provinces of China: Heilongjiang, Jilin, and Shandong, leading to a significant
negative effect on the development of fruitbodies. We collected diseased specimens and
isolated the pathogens from several bases and identified them based on molecular and
morphological characteristics. A new Trichoderma species and a new host record were
confirmed. In addition, we summarized the Trichoderma species reported on mushrooms
as best as possible and provided their recorded hosts. The relationships among these
species were also discussed by constructing a phylogeny tree with multi-locus data, which
is expected to help us know more about the relationships between Trichoderma species and
their hosts, and to help search for Trichoderma species with potential biocontrol value.

2. Materials and Methods
2.1. Fungal Isolation

Diseased samples of G. sichuanense were collected from Jilin, Heilongjiang, and Shan-
dong Provinces, China, and deposited in the Herbarium of Mycology, Jilin Agricultural
University (HMJAU). Diseased tissues were cut into small pieces (5 mm x 5 mm x 5 mm)
using a sterilized scalpel, immersed in 75 percent alcohol for 45 s before being rinsed three
times with sterilized water, and placed onto Potato Dextrose Agar (PDA, BD, USA) plates
containing 100 mg/L of streptomycin sulfate (Solarbio, Bejing, China), and then incubated
at room temperature. Pure cultures were obtained using single-spore isolates following the
method described by Chomnuti et al. [34]. Germinated spores were transferred to fresh
PDA plates and incubated at 25 °C for one or two weeks. Living cultures were deposited
in the Engineering Research Center of Edible and Medicinal Fungi, Ministry of Education,
Jilin Agricultural University (Changchun, Jilin, China).

2.2. Growth Characterization

Colony characteristics, growth rates, and optimum temperatures for growth were
determined according to the methods of Jaklitsch [18,19] by using agar media cornmeal dex-
trose agar (CMD, 40 g cornmeal + 2% (w/v) dextrose (Genview, Beijing, China) + 2% (w/7v)
agar (Genview, Beijing, China)), PDA, and synthetic low nutrient agar (SNA, pH adjusted
to 5.5) [35]. Colonies were incubated in 9 cm diameter Petri dishes at 25 °C with alternating
12 h/12 h fluorescent light/darkness and measured daily until the dishes were covered
with mycelia. The influence of temperature on growth was studied by growing isolates on
PDA, SNA, and CMD at 15 °C, 20 °C, 25 °C, 30 °C, and 35 °C under dark conditions. Each
temperature was repeated for five plates, and the experiment was repeated three times.

2.3. Morphological Study

The characteristics of asexual states were described following the methods of Jakl-
itsch [36] and Rifai [37]. Microscopic observations were conducted using a Zeiss Axio Lab
A1 light microscope (Gottingen, Germany) (objectives 10, 20, 40, and 100 oil immersion). All
measurements and photographs were performed using a Zeiss Imager A2 microscope with
an Axiocam 506 color camera and integrated software. Microscopically, the characteristics
of 50 conidia and conidiophores from the isolates were observed. The effects of Trichoderma
on Ganoderma morphology were studied using a Hitachi, model SU8010, Field Emission
Scanning Electron Microscope (FESEM) at Jilin Agricultural University.

2.4. DNA Extraction, PCR, and Sequencing

Mycelia were harvested from three-day-old cultures on PDA for DNA extraction ac-
cording to the manufacturer’s instructions (NuClean Plant Gen DNA Kit, CWBIO, Taizhou,
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China). Sequences of ITS, TEF1, and RPB2 genes were amplified by polymerase chain reac-
tion (PCR) with the pairs of primers ITS4 (5-TCCTCCGCTTATTGATATGC-3') and ITS5
(5'-GGAAGTAAAAGTCGTAACAAGG-3) [38], primers EF1-728F (5'-CATCGAGAAGT
TCGAGAAGG-3') [39] and TEF1-LLErev (5-GCCATCCTTGGAGATACCAGC-3') [40], and
primers RPB2-5F (5'-GAYGAYMGWGATCAYTTYGG-3') and RPB2-7CR (5'-CCCATRGCTT
GYTTRCCCA-3') [41], respectively.

PCR was carried out in a 25 pL reaction mixture containing 1 uL of DNA sample,
12.5 uL 2 x SanTaq PCR Mix (Sangon Biotech, Shanghai, China), 1 puL of each primer
(10 uM), and 9.5 puL nuclease-free water. The PCR conditions were as follows: initial
denaturation at 94 °C for 3 min, then denaturation at 94 °C for 30 s, annealing for 45 s with
the corresponding temperatures (56 °C for TEF1, and 55 °C for RPB2), extension at 72 °C
for 1 min, followed by 35 cycles, then a final extension at 72 °C for 10 min, using an Applied
Biosystems S1000 ™ Thermal Cycler machine. PCR products were sent to the Changchun
Branch of Sangon Biotech Co., Ltd. (Changchun, China) for paired-end sequencing, and
the results were first assembled using BioEdit [42] and then confirmed by BLAST on NCBI
(https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 21 June 2021).

2.5. Phylogenetic Analyses

BLASTn searches with the sequences were performed against NCBI to detect the most
closely related species (http:/ /www.blast.ncbinlm.nih.gov/, accessed on 22 December 2021).
Phylogenetic trees were constructed using TEF1 and RPB2 sequences, and phylogenetic
analyses were performed with the Maximum Likelihood (ML), Maximum Parsimony
(MP), and Bayesian Inference (BI) methods. New sequences were generated from the new
species in this study, along with reference sequences retrieved from GenBank (Table 1).
The Trichoderma sequences associated with mushroom green mold are listed in Table 2.
Multiple alignments of all common sequences and reference sequences were automatically
generated using MAFFT V.7.471 [43], with manual improvements made using BioEdit when
necessary [42], and converted to nexus and NEX format through the software Aliview [44].
In the analysis, ambiguous areas were excluded and gaps were regarded as missing data.

Table 1. Strain information and GenBank accession numbers of sequences used for phylogenetic
analyses for new species.

GenBank Accession Number

Species Strains References
TEF1 RPB2
T. afarasin GJS 99-227 AF348093 — [45]
T. afroharzianum LESF229 KT279013 KT278945 [46]
T. afroharzianum GJS04-186 (T) FJ463301 FJ442691 In GenBank
T. aggregatum HMAS248864 KY688063 KY688002 [47]
T. aggressivum CBS100525 AF534614 AF545541 [48]
T. aggressivum DAOM222156 AF348098 FJ442752 [45]
T. alni CPK2494 EU498313 EU498350 [49]
T. alni CBS120633 = CPK1982 (T) EU498312 EU498349 [49]
T. alpinum HMAS248870 KY688017 KY687963 [47]
T. alpinum HMAS248821 (T) KY688012 KY687958 [47]
T. amazonicum 1B95 HM142377 HM142368 [50]
T. asperellum CBS433.97 = TR3 (T) AF456907 EU248617 [51]
T. atrobrunneum S3 KJ665376 KJ665241 [20]
T. atrobrunneum GJS92-110 (T) AF443942 — [16]
T. atrogelatinosum CBS237.63 (T) — KJ842201 In GenBank
T. azevedoi CEN1403 MK696638 MK696800 [52]
T. azevedoi CEN1422 MK696660 MK696821 [52]
T. bannaense HMAS248865 KY688038 KY688003 [47]
T. bannaense HMAS248840 (T) KY688037 KY687979 [47]
T. breve HMAS248845 KY688046 KY687984 [47]
T. breve HMAS248844 (T) KY688045 KY687983 [47]
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Table 1. Cont.

GenBank Accession Number

Species Strains References
TEF1 RPB2

T. brunneoviride CBS121130 = CPK2014 EU498316 EU498357 [49]

T. camerunense (GJS99-231 AF348108 — [45]

T. camerunense GJS99-230 (T) AF348107 — [45]

T. catoptron GJS02-76 = CBS114232 (T) AY391963 AY391900 [53]

T. christiani CBS132572 = S442 (T) KJ665439 KJ665244 [20]

T. cinnamomeum GJS97-237 (T) AY391979 AY391920 [53]

T. compactum CBS121218 KF134798 KF134789 [54]

T. concentricum HMAS248858 KY688028 KY687997 [47]

T. concentricum HMAS248833 (T) KY688027 KY687971 [47]

T. endophyticum DIS220] FJ463330 FJ442690 [55]
T. endophyticum DIS221E FJ463316 FJ442775 In GenBank

T. epimyces CPK1980 EU498319 EU498359 [49]

T. epimyces CBS120534 = CPK1981 (T) EU498320 EU498360 [49]
T. ganodermatigerum CCM]5245 (T) ON567195 ON567189 This study
T. ganodermatigerum CCM]J5246 ON567196 ON567190 This study
T. ganodermatigerum CCM]J5247 ON567197 ON567191 This study
T. ganodermatigerum CCM]J5248 ON567198 ON567192 This study
T. ganodermatigerum CCM]J5249 ON567199 ON567193 This study
T. ganodermatigerum CCM]J5250 ON567200 ON567194 This study

T. guizhouense 5278 KF134799 KF134791 [54]

T. guizhouense 5628 KJ665511 KJ665273 [20]
T. harzianum GJS05-107 FJ463329 FJ442708 In GenBank
T. harzianum GJS04-71 FJ463396 FJ442779 In GenBank
T. harzianum Thaum12 MT081433 MT118248 In GenBank

T. harzianum CBS226.95 (T) AF534621 AF545549 [48]

T. hausknechtii Hypo649 = CBS133493 (T) KJ665515 KJ665276 [20]

T. helicolixii S640 = CBS133499 (T) KJ665517 KJ665278 [20]

T. hengshanicum HMAS248853 KY688055 KY687992 [47]

T. hengshanicum HMAS248852 (T) KY688054 KY687991 [47]

T. hirsutum HMAS248859 KY688030 KY687998 [47]

T. hirsutum HMAS248834 (T) KY688029 KY687972 [47]

T. ingratum HMAS248824 KY688019 KY687964 [47]

T. ingratum HMAS248873 KY688022 KY688010 [47]

T. ingratum HMAS248822 (T) KY688018 KY687973 [47]

T. inhamatum CBS273.78 (T) AF348099 FJ442725 [45]

T. italicum S131 = CBS132567 (T) KJ665525 KJ665282 [20]
T. lentiforme DIS167C FJ463309 FJ442689 In GenBank

T. lentiforme GJS98-6 (T) AF469195 — [16]

T. liberatum HMAS248832 KY688026 KY687970 [47]

T. liberatum HMAS248831 (T) KY688025 KY687969 [47]

T. linzhiense HMAS248874 KY688048 KY688011 [47]

T. linzhiense HMAS248846 (T) KY688047 KY687985 [47]

T. lixii CBS110080 = GJS97-96 FJ716622 KJ665290 [20]

T. neocrassum DAOM16491]6,)_ CBS336.93 AF534615 AF545542 [48]

T. neotropicale LA11 HQ022771 — [56]

T. peberdyi CEN1387 MK696619 MK696781 [52]

T. peberdyi CEN1388 MK696620 MK696782 [52]

T. pleuroticola T1295 EU279973 — [57]

T. pleuroticola CBS124383 (T) HM142381 HM142371 [50]

T. pleuroti CBS124387 (T) HM142382 HM142372 [50]

T. polypori HMAS248855 KY688058 KY687994 [47]

T. polypori HMAS248861 KY688059 KY688000 [47]

T. priscilae 5129 KJ665689 KJ665332 [20]

T. pseudodensum HMAS248829 KY688024 KY687968 [47]

T. pseudodensum HMAS248828 (T) KY688023 KY687967 [47]
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Table 1. Cont.

GenBank Accession Number

Species Strains References
TEF1 RPB2
T. pseudogelatinosum TUFC60186 (T) JQ797397 JQ797405 [58]
T. pyramidale 5573 KJ665698 — [20]
T. pyramidale S73 = CBS135574 (T) KJ665699 KJ665334 [20]
T. rifaii DIS337F FJ463321 FJ442720 In GenBank
T. rifaii DIS355B (T) FJ463324 — In GenBank
T. simmonsii GJS90-22 AY391984 AY391925 [53]
T. simmonsii GJS92-100 AF443937 FJ442710 [16]
T. simmonsii GJS91-138 AF443935 FJ442757 [16]
T. simplex HMAS248860 KY688042 KY687999 [47]
T. simplex HMAS248842 (T) KY688041 KY687981 [47]
T. solum HMAS248848 KY688050 KY687987 [47]
T. solum HMAS248847 (T) KY688049 KY687986 [47]
T. spirale DAOM183974 EU280049 — [57]
T. spirale LESF107 KT279022 KT278956 [46]
T. stramineum GJS02-84 = CBS114248 (T) AY391999 AY391945 [53]
T. tawa GJS97-174 = CBS114233 (T) AY392004 AY391956 [53]
T. tomentosum S33 KF134801 KF134793 [54]
T. tomentosum DAOM178713A (T) AF534630 AF545557 [48]
T. velutinum DAOM230013 = CPK298 AY937415 KF134794 [59]
T. virens DIS162 FJ463367 FJ442696 In GenBank
T. zayuense HMAS248836 KY688032 KY687975 [47]
T. zayuense HMAS248835 (T) KY688031 KY687974 [47]
New sequences are shown in bold. The type sequences are marked with (T).
Table 2. Isolates and GenBank accession numbers of Trichoderma species associated with green mold
on mushrooms.
GenBank Accession Number
Species Host Range Isolates References
TEF1 RPB2
T. aggressivum Agaricus bisporus CBS100525 AF534614 AF545541 [48]
T. aggressivum Aoaricus bisporis GJS99-30 AF348109 — [60]
f. aggressivum 8! P DAOM222156 AF348098 FJ442752 [45]
T. aggressioum Agaricus bisporus CBS100526 (T) KP008993 KP009166 [45]
£ europacum — TRS27 KP008994 KP009163 In GenBank
— CBS435.95 KP008998 KP009169 In GenBank
T alni Macrotyphula cf. CBS120633 EU498312 EU498349
- alni [49]
contorta CPK2494 EU498313 EU498350
Pleurotus ostreatus T11 (ACCC32725) MF049065 — [61]
T. asperellum Pleurotus eryngii — — — [62]
— CGMCC6422 KF425756 KF425755 [63]
— CBS433.97 = TR3 (T) AF456907 EU248617 In GenBank
Ganoderia CGMCC3.19070 MH464779 — [64]
T. atrobrunneum sichuanense
— T17-27 MW232537 MW232508 [65]
Pleurotus ostreatus CPK3277 EU918154 — [66]
Canoderma 2015005 — — [10]
sichuanense
T atroviride Agaricus bisporus T33 — — [67]
Lentinula edodes T25 — — [68]
Pleurotus eryngii — — — [69]
— PARC1011 MT454114 MT454130 [70]
— PARC1018 MT454121 MT454137

55



J. Fungi 2022, 8, 704

Table 2. Cont.

GenBank Accession Number

Species Host Range Isolates References
TEF1 RPB2
— DAOM222144 AF456889 FJ442754 [71]
— Th002 AB558906 AB558915 [72]
T. aureoviride Pleurotus ostreatus HMAS266607 KF923280 KF923306 [73]
T. austriacum Peziza sp. CBS122494 (T) FJ860619 FJ860525 [19]
. . . CPK2883 JN182283 JN182312
T. capillare Agaricus bisporus GJS99-3 JN175584 JN175529 [74]
T. catoptron Aphyllophorales s. 1. GJS02-76 (T) AY391963 AY391900 [53]
T. cerinum Lentinula edodes 5357 KF134797 KF134788 [75]
black mycelium GJS95-196 AY391975 AY391914
and black GJS98-73 AY391976 AY391915 [53]
T chromospermuim pyrenomycete GJS94-68 = CBS114577 — AY391913
’ P — HMAS252537 KF729986 KF730004
— HMAS252539 KF923287 KF923314 [25]
— HMAS252535 KF923292 KF923315
Lentinula edodes TAMAO154 AB807641 AB807653 [76]
T citrinovirid Pleurotus ostreatus GJS92-8 JN175595 JN175544 [77]
- citrinoviride Pleurotus eryngii GJS01-364 AY225860 AF545565 [69]
Polypore TAMAO188 AB807644 ABB07656 [76]
mushroom
— HZA9 MK®850831 MK962804 [78]
. Polyporus CPK1980 EU498319 EU498359
T. epimyces umbellatus CBS120534 (T) EU498320 EU498360 [49]
T. erinaceum — DIS7 DQ109547 EU248604 [79]
Hypocrea
T. fasciculatum ascospores CBSI8.72 o o (801
— DAOM172827 AF534628 AF545555 [48]
.. . CBS121136 FJ860639 FJ860538
T. fomiticola Fomes fomentarius CPK3137 F]860640 FJ860539 [18]
T. ghanense Agaricus bisporus NBRC30902 ABB807638 AB807650 [76]
. Ganoderma HMAS248856 KY688060 KY687995 [47]
T. ganodermatis sichuanense HMAS248869 KY688061 KY688007 [47]
CCM]5245(T) ON567195 ON567189
CCMJ5246 ON567196 ON567190
T Ganoderma CCMJ5247 ON567197 ON567191 This stud
ganodermatigerum sichuanense CCM]5248 ON567198 ON567192 y
CCMJ5249 ON567199 ON567193
CCMJ5250 ON567200 ONb567194
T. ghanense Agaricus bisporus NBRC30902 AB807638 — [76]
Agaricus bisporus Tham?20-3 — — [81]
Lentinula edodes — — — [82]
T. hamatum — DAOM167057 (T) EU279965 AF545548 [57]
— Hypo647 = WU31629 KJ665513 KJ665274 [20]
— Hypo648 = CBS132565 KJ665514 KJ665275 [20]
Pleurotus ostreatus KACC40558 — — [66]
Cyclocybe aegerita JB1 — — [73]
Lentinula edodes T50 — — [83]
T harzianum Pleurotus eryngii KACCA0784 . o [69]
Pleurotus ostreatus
Agaricus bisporus — — — [45]
Pleurotus ostreatus — — — [84]
Polypores/Corticiaceous — — — [18]
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Table 2. Cont.

GenBank Accession Number

Species Host Range Isolates References
TEF1 RPB2
Pleurotus tuoliensis
Tremella fuciformis — — — [85]
Flammulina
filiformis
— CBS226.95 AF348101 AF545549 [48]
— Thaum12 MT081433 MT118248 [86]
— CBS227.95 AF348100 — [45]
— GJS05-107 FJ463329 FJ442708 In GenBank
— GJS04-71 FJ463396 FJ442779 In GenBank
Qanoderma 1009 L o 87]
T. hengshanicum sichuanense
— HMAS248852 (T) KY688054 KY687991 [47]
— HMAS248853 KY688055 KY687992
T inh Agaricus bisporus CBS273.78 (T) AF348099 FJ442725 [81]
- tnhamatum Pleurotus tuoliensis — — — [85]
Pleurotus eryngii — — — [69]
Agaricus bisporus — — — [88]
Lentinula edodes
Pleurotus ostreatus
Pleurotus tuoliensis
Flammulina [85]
L filiformis
T. koningii Volvariella volvacea
Hypsizygus
marmoreus
Ganoderma
sichuanense TF1040917 o - [75]
Tremella fuciformis TGy040604 — —
— 7723 KJ634753 KJ634720 [89]
— GJS90-18 DQ289007 EU248600 [23]
— CBS979.70 AY665703 EU248601 In GenBank
— S22 K(C285595 KC285749 [90]
Phaiius rubrovolvata CXYL MN135988 MT038997 [91]
T. koningiopsis Ganoderma CCM]J5253 ON567187 ON567201 This stud
sichuanense CCM]J5254 ON567188 ON567202 y
T. kunigamense Lentinula edodes TAMA193 AB807645 AB807657 [76]
dark corticiaceous S391 KJ665548 KJ665287
T. leguminosarum funeus CBS130014 KJ665551 KJ665288 [20]
& S503 KJ665552 KJ665289
T. lieckfeldtiae Morniliophthora  G]S00-14 = CBS123049 EUS56326 EU883562 [92]
roreri (T)
TUFC61535 =
Pleurotus ostreatus CBS816.68(T) EU401591 DQ087242 [40]
Agrocybe aegerita JB4 — — [73]
Lentinula edodes T57 — — [83]
T. longibrachiatum Ganoderma TF1040921 — — [75]
sichuanense
Pleurotus eryngii — — — [93]
Agaricus bisporus — — — [81]
Pleurotus tuoliensis
Hypsizygqus — — — [85]

marmoreus
Volvariella volvacea
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Table 2. Cont.

GenBank Accession Number

Species Host Range Isolates References
TEF1 RPB2
T. mienum Lentinula edodes TUFC61517 JQ621975 JQ621965 [94]
Ganodermia LESF516 KT279041 KT278976
applanatum
T. orientale Ganoderma LESF540 KT279042 KT278977 [46]
applanatum
Ganoderma LESF544 KT279043 KT278978
applanatum
Ganodermia TRS707 KP008888 KP009202
applanatum
T obloneisporun Lentinula edodes T37 — — [83]
ovongtsp — DAOM167085 AF534623 AF545551 [48]
T. parareesei Pleurotus eryngii TAMAO0153 ABB807640 AB807652 [76]
T. parestonica Hymenochacte CBS120636 (T) FJ860667 FJ860565 [18]
tabacina
Pl CBS124383 (T) HM142381 HM142371 [66]
eurotus ostreatis CPK2885 EU918161 EU918141
. Pleurotus eryngii CAF-TP3 — — [69]
T. pleuroticola Lentinula edodes T22 — — [83]
Cyclocybe aegerita JB7 — — [73]
— T1295 EU279973 — [57]
Pleurotus ostreatus KACC44537 — — [69]
T. pleuroti Pleurotus eryngii
— — — [95]
var. ferulae
— CBS124387 (T) HM142382 HM142372 [50]
T polupori Lentinula edodes HMAS248861 KY688059 KY688000 [47]
- Poryp Polyporus sp. HMAS248855 (T) KY688058 KY687994
Lentinula edodes — — — [96]
T. polysporum — 8232 K]634779 KJ634746 [89]
— 8147 KJ634771 KJ634738
Crepidotus sp. S168 = CBS131487 (T) KJ665691 KJ665333 [20]
T. priscilae Stereum sp. 5129 KJ665689 KJ665332
— HMAS245002 KT343760 KT343764 In GenBank
T. protopulvinatum Fomitopsis pinicola CPK2434 FJ860677 F]860574 [18]
T. pulvinatum Fomitopsis pinicola CBS121279 FJ860683 FJ860577 [18]
Lentinula edodes DUCC4021 KX431217 — [77]
Cyclocybe aegerita TGc050619 — —
Ganoderma [75]
. TF1040926 — —
sichuanense
Pleurotus eryngii — — — [97]
T. pseudokoningii Flammulina . L o (98]
filiformis
Pleurotus tuoliensis
Volvariella volvacea — — — [85]
Hypsizygus
marmoreus
— DAOM167678 AY865641 KJ842214 [99]
— GJS99-149 IN175589 IN175536 7l
— GJSNS19 JN175588 JN175535
. TUFC61496 JX238494 JX238479
T. pseudolacteum  Lentinula edodes TUFC61502 JX238480 TX238471 [100]
. S5 = CBS130537 JN715651 JN715599
T. samuelsii Hymenochaete sp. S42 IN715652 IN715598 [101]
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Table 2. Cont.

GenBank Accession Number

Species Host Range Isolates References
TEF1 RPB2
. Tricholoma TC556 KX266244 KX266250
T. songyi matsutake TC480 KX266243 KX266249 [102]
T. stilbohypoxyli S tllb}fggﬁgﬁ lon Hypo256 = CPK1977 FJ860702 FJ860592 [23]
Agaricus bisporus GJS97-181 AY937447 HQ342227 [59]
T . — GJS07-88 HQ342195 HQ342258
- stromaticunt — GJS03-47 HQ342201 HQ342264 [103]
— GJS00-107 HQ342202 HQ342265
Laetiporus CBS119929 FJ860710 FJ179620 [18]
T. sulphureum sulphureus CPK1593 FJ860709 FJ860599
Thelephora GJ595-135 = AY392006 AY391958 [53]
pHoTa sp- CBS114237
T. tsugarense Lentinula edodes TAMA203 (T) AB807647 AB807659 [76]
Lentinula edodes T13 — — [83]
Pleurotus ostreatus — — — [82]
Tremella fuciformis TGc040905 — — [75]
Ganoderma TFI080706 — — [75]
sichuanense
.. Flammulina .
T. viride Filiformis TFj10010 — — [75]
Cyclocybe aegerita TGc040905 — — [75]
Phallus indusiatus TF1080706 — — [75]
Tremella fuciformis TGc040905 — — [75]
Agaricus bisporus — — — [88]
Pleurotus eryngii — — [69]
— TRS575 KP008931 KP009081 In GenBank
— LESF115 KT278989 KT278921 [46]
Agaricus bisporus — — —
. [88]
T v Pleurotus eryngii — — —
- irens — DIS162 FJ463367 FJ442696 In GenBank
— DIS328A FJ463363 FJ442738 In GenBank
T of. vi Pleurotus eryngii KACC40783 — — [69]
- CLorens Pleurotus ostreatuis TUCIM2558 KX655776 — [104]
o Steccherinum GJS89-142 AY376049 EU241495 [51]
T. viridarium ochraceum
Nemania sp. GJS98-182 DQ307511 EU252011 [23]
Protocrea farinosa — CBS121551 EU703889 EU703935 [105]
Protocrea pallida — CBS121552 EU703897 EU703944

The type sequences are marked with (T), the new sequences are shown in bold.

An MP phylogram was constructed with PAUP 4.0b10 [106] from the combined se-
quences of TEF1 and RPB2, using 1000 replicates of a heuristic search with random addition
of sequences and subsequent tree bisection and reconnection (tbr) branch swapping. Anal-
yses were performed with all characters treated as unordered and unweighted, and gaps
treated as missing data. The topological confidence of the resulting trees was tested by
maximum parsimony bootstrap proportion (MPBP) with 1000 replications, each with
10 replicates of random addition of taxa. An ML phylogram was constructed with Raxml-
gui 2.0 [107] with the sequence after alignment. The ML + Rapid bootstrap program and
1000 repeats of the GTRGAMMAI model were used to evaluate the bootstrap proportion
(BP) of each branch for constructing the phylogenetic tree. The BI analysis was conducted
using MrBayes 3.2.7 [108] using a Markov Chain Monte Carlo (MCMC) algorithm. Nu-

59



J. Fungi 2022, 8, 704

cleotide substitution models were determined using MrModeltest 2.3 [109]. The best model
for combined sequences was HKY + 1+ G.

3. Results
3.1. Molecular Phylogeny

Species recognition: The dataset for the new species phylogenetic analyses included
sequences from 100 taxa (Table 1). Multi-locus data were concatenated, which comprised
2321 characters, with TEF1 1293 characters and RPB2 1028 characters. Estimated base fre-
quencies were as follows: A = 0.231650, C = 0.281772, G = 0.234671, and T = 0.251907; substi-
tution rates were as follows: AC = 1.069464, AG = 4.197119, AT = 0.935747, CG = 0.993621,
CT =4.979475, and GT = 1.000000. The MP and ML trees showed similar topologies with
high statistical support values. The MP tree was selected as the representative phylogeny.
In Bayesian analysis, the average standard deviation of split frequencies at the end of
the total MCMC generations was calculated as 0.008946, which is less than 0.01. Most
of the tree topologies resulting from three analyses were nearly the same. In the result-
ing tree (Figure 1), the combined phylogenetic analyses using TEF1-« and RPB2 showed
that the six strains of T. ganodermatigerum represent phylogenetically distinct species with
high statistical supports (MPBP/MLBP/BIBP = 100%/100%/1.0), and clustered together
with the species in the Harzianum clade [16]. The new species is most related to the
clade that contains T. amazonicum, T. pleuroticola, T. hengshanicum, and T. pleuroti. Two
collections of CCM]5253 and CCMJ5254 clustered with T. koningiopsis with high support
(MPBP/MLBP = 100/100) (Figure 2).

Phylogenetic structure: Some sections could be found among the Trichoderma strains as-
sociated with mushrooms and are mainly concentrated in the Harzianum clade (Figure 2).
Trichoderma longibrachiatum, T. citrinoviride, T. pseudokoningii, and T. ghanense are from section
Longibrachiatum, whose members are best known as producers of cellulose-hydrolyzing en-
zymes [74,110,111]. Trichoderma atroviride, T. viride, T. koningii, T. hamatum, T. minutisporum,
T. polysporum, T. viride, and T. asperellum are from section Trichoderma or the Viride clade [36,111].

The phylogenetic structure according to ecology: Species in the Harzianum clade
are commonly fungicolous, living in different types of habitats [112,113]. They are most
commonly isolated from soil or found on decomposing plant material where they occur
cryptically or parasitize other fungi [18,53,114], and those species are possibly the most
common endophytic “species” in wild trees [115,116]. There is usually no apparent host
specialization [117]. However, some exceptions to this trend exist. Clade I in the Harzianum
clade of the tree is a collection of species with relatively narrow host ranges, or in other
words, a strong host preference. Trichoderma atrobrunneum was found in soil or on de-
caying wood, clearly or cryptically parasitizing other fungi. Trichoderma pleuroti, just like
T. agqressivum, has thus far never been isolated from areas outside of mushroom farms [118].
Furthermore, T. epimyces has only been reported on Polyporus umbellatus [49], and T. priscilae
has been reported from basidiomes of Crepidotus and Stereum [20].

Some other species such as T. atroviride, T. asperellum, T. harzianum, and T. longibrachia-
tum were also found in significant proportions in Agaricus compost [119]. Trichoderma
stromaticum and its Hypocrea teleomorph are only known from cocoa and are often associ-
ated with tissue infected with the basidiomycetous pathogen Crinipellis perniciosa [55].

Although some of these pathogenic Trichoderma species (e.g., species gathered in or
near Clade II) have been explored as biocontrol agents for plant diseases, T. atroviride,
T. viride, T. koningii, T. koningiopsis, and T. asperellum serve as pathogens with broad host
ranges on mushrooms. Trichoderma sulphureum, T. protopulvinatum, T. pulvinatum, and
T. austriacum coalesce into a subclade (Clade III), and each of these species has been reported
on a particular fungus [18,19].
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Figure 1. Phylogeny of Trichoderma using MP analysis based on combined TEF1 and RPB2 sequences.
MPBP > 50%, MLBP > 50%, and BIPP > 0.9 are shown on the branches (MPBP/MLBP/BIPP). The
sequences in bold are the new species.
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Figure 2. Phylogeny of Trichoderma associated with mushrooms using MP analysis based on concate-
nated TEF1 and RPB2 sequences. Branches are labeled with MPBP > 50% and MLBP > 50%. The
biological agents are marked in red, and the new sequences in this study are in bold.
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3.2. Taxonomy
Trichoderma ganodermatigerum X.Y. An & Y. Li, sp. nov. Figure 3A-L.

Figure 3. Morphological characteristics of T. ganodermatigerum. (A-C) diseased fruitbody;
(D-F) colony on PDA, CMD, and SNA; (G-J) conidiophores and phialides; (K,L) conidia;
(M-P) interactions of G. sichuanense and T. ganodermatigerum; (M) Trichoderma hyphae and conidia are
filled in the Ganoderma tissue, causing the tissue to become rough or even depressed; (N) Trichoderma
hyphae covered with Ganoderma tissue; (O) clinged Trichoderma hyphae and healthy Ganoderma spores;
(P) abnormal Ganoderma spores in diseased tissue. Bars: G, Q = 20 pm; H-J, M-P = 10 um; K = 50 um;
L =5 pm. The yellow arrows indicate the tissues and spores of G. sichuanense, and the red arrows

indicate the hyphae and spores of T. ganodermatigerum.
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MycoBank: MB 843898.

Diagnosis: Phylogenetically, T. ganodermatigerum formed a distinct clade and is related
to T. amazonicum (Figure 1). Both T. amazonicum and T. ganodermatigerum form dense
concentric rings, pyramidal branching patterns, and branches toward the tip; mycelium
grows slowly or does not grow at 35 °C; conidia globose, smooth, and green. As for
T. amazonicum, there is no diffusing pigmentation on CMD media and a slightly fruity
odor; a brown diffusing pigmentation of the agar is formed in some strains on PDA
media [50]. Phylogenetic analysis of TEF1 and RPB2 gene sequences also revealed that
T. ganodermatigerum was phylogenetically distinct not only from T. amazonicum but also
from other previously reported Trichoderma species.

Etymology: The name refers to the host genus “Ganoderma” from which it was isolated.

Typification: CHINA. Jilin Province, Panshi City, Songshan County, from Ganoderma
sichuanense, alt. 310 m, 126°56' E, 42°77' N, 18 August 2021, Xiaoya An, HMJAU59014,
preserved in Engineering Research Center of Chinese Ministry of Education for Edible and
Medicinal Fungi of Jilin Agricultural University. Ex-type culture CCM]5245. Sexual morph:
Undetermined. (ITS: ON399102, TEF1: ON567195, and RPB2: ON567189).

Teleomorph: Unknown.

Description: The optimum temperature was 25 °C, and the colony radius on CMD
was 7-9 mm at 15 °C, 19-23 mm at 20 °C, 43-52 mm 25 °C, and 32-36 mm at 30 °C, with
no growth at 35 °C, and mycelium covering the plate after ten days at 25 °C (Figure 3E).
Colony hyaline, thin, and radiating, white in the initial stage, and gradually turned to
light green with slight zonate. Mycelia were sparse and delicate, hard to be observed, and
aerial hyphae were inconspicuous. Conidiation starting after six days, formed in pustules.
Pustules were spreading near the original inoculum or at the edge of the colony, distributed
loosely in the plate, white in the initial stage and then turned green. No chlamydospores
were observed. No distinct odor and no diffusing pigment were observed.

Colony radius on SNA after 72 h 5-8 mm at 15 °C,13-15 mm at 20 °C, 42-43 mm
at 25°C, and 25-28 mm at 30 °C, and can hardly see the growth at 35 °C. Mycelium
covering the plate after six days at 25 °C (Figure 3F). Colony hyaline, thin, irregular, surface
mycelium scant. Aerial hyphae are inconspicuous and short. Conidiation starting after
three days, formed in loose pustules. Pustules initially white, loose distribution, later
turn aggregated and green. No chlamydospores were observed. No distinct odor and no
diffusing pigment were observed.

On PDA, the colony radius was 9-12 mm at 15 °C, 22-28 mm at 20 °C, 3844 mm
at 25 °C, and 3040 mm at 30 °C, with no growth at 35 °C after 72 h, and mycelium
covering the plate after 5-6 days at 25 °C (Figure 3D). The colony was circular, spreading
in several concentric rings; aerial hyphae were common, dense, and green; the margin
was relatively loose and whitish under the alternative light situations. However, mycelia
were aerated and white, and only green appeared near the inoculation site under the
condition of total darkness. Conidiation starting after 3—4 days, formed on aerial hyphae,
spreading in a circle around the original inoculum. Conidiophores are typically tree-like,
straight, or slightly curved, comprising a distinct main axis with side branches paired
or unilateral and often terminating in whorls of 3-4 divergent phialides, rarely with a
terminal solitary phialide (Figure 3G-J), branches densely disposed, arising at mostly
vertical angles upwards, rebranching 1-3 times; the distance between two neighboring
branches is (6.6-) 10.0-30.0 (-35.6) um. Phialides formed paired or in whorls of 3-5,
lageniform, spindly, usually arising at an acute angle to the axis, rarely solitary (Figure 3F),
(1.1-) 2.8-12.3 (-16) umx (0.2-) 1.9-3.4 (-3.6) um, l/w ratio (1.6-) 1.7-5.9 (-7.0), (0.2-)
1.4-2.6 (-2.8) um wide at the base. Conidia one-celled, green, smooth-walled, globose to
subglobose, sometimes ellipsoid, (3.4-) 3.6-4.8 (-5.3) um x (2.9-) 3.2-4.3 (—4.6) um, I/w ratio
1.1-1.5. No chlamydospores were observed. No distinct odor and no diffusing pigment
were observed.
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Distribution: Jilin, Shandong, and Heilongjiang Provinces, China.

Additional specimen examined: China, Jilin Province, Panshi city, Songshan County,
from Ganoderma sichuanense, alt. 310 m, 126°56' E, 42°77' N, 11 Oct. 2021, Xiaoya An,
HMJAU59013.

Notes: Fungicolous on the fruiting body of G. sichuanense in terrestrial habitats. It
produces extremely tree-like main axes and branches and green, globose conidia (Figure 3N).
The results of the phylogenetic tree strongly support its status as a new taxon (Figure 1),
indicating its affinity to the Harzianum clade [16]. The species was related to T. amazonicum
and T. pleuroticola. Regarding T. amazonicum, it is a host-specific endophyte and might
have potential for biocontrol of Hevea diseases [50]. Phylogenetically, T. ganodermatigerum
is related to T. pleuroticola in the mycoparasite group. Morphologically, both species grow
rapidly and form broad concentric rings on PDA. Conidiation formed small pustules, and
the green spores cause the colony to change from light to dark green [120]. The difference
is that the new species starts with white, aerial mycelia and spores are more spherical or
nearly spherical, with obvious green color, while the spores of T. pleuroticola are light green,
subglobose to broadly ellipsoidal conidia, slightly smaller than T. ganodermatigerum, and
reported more on Pleurotus ostreatus, Pleurotus eryngii var. ferulae, Lentinula edodes, and
Cyclocybe aegerita [69,73,83,120].

Trichoderma koningiopsis Samuels, Carm. Suarez & H.C. Evans 2006.

Description: Fungicolous, colonized the fruiting body of G. sichuanense, causing green
mold disease and occurring mostly from June to September. It is very difficult to distinguish
the mycelium in the early stage, and only scattered spots present under the cap. Then, white
mycelium appeared, with radiating growth. The edge of the colony is often accompanied
by a yellow or brown line. A large number of green spores were produced in the late stage.
Young basidiomes were inoculated with T. koningiopsis, which reproduced the original
signs; the same pathogen was isolated again from the diseased fruitbody.

On PDA, the colony was radial, first whitish, became dark green with fluffy hyphae
after ten days. Aerial hyphae were common and dense, but no concentric rings were
observed. Mycelia often appear white in complete darkness, and light stimulates spore
production, resulting in a green colony. Conidia formed in pustules, spreading near the
original inoculum, white, turning green later. On CMD, mycelium covering the plate after
ten days at 25 °C, loose and slim, aerial hyphae were absent. Conidia were formed in pus-
tules, which were only produced at the edge of a colony. On SNA media, concentric rings
of light yellow or green appeared, and spores were produced in four days. Conidiophore
branches arose at right angles, and primary branches arose singly or in pairs. Conidia were
ellipsoidal to oblong-shaped, green, 2.8-7.3 x 2.5-7.0 pm. No chlamydospores, no distinct
odor, and no diffusing pigment were observed.

Material examined: CHINA, Jilin Province, on a fruiting body of Ganoderma, 4 August
2020; Xiaoya An, HMJAU59012, living culture CCM]J5253, CCMJ5254 (ITS: ON385996,
ONB385947; TEF1: ON567187, ON567188, and RPB2: ON567201, ON567202, respectively).

Notes: Trichoderma koningiopsis is found throughout tropical America, as well as East
Africa, Europe, Canada, and eastern North America [23]. This species is mainly found in
soil, twigs, and decayed leaves, and the sexual type is mostly found in wood. At present,
T. koningiopsis has been reported to cause green mold of Phaiius rubrovolvata [91], and to
our knowledge, this is the first time that it has caused green mold on G. sichuanense. Our
sequences had high similarity to the T. koningiopsis sequence after BLAST, and the results of
the phylogenetic tree also confirmed the correctness of the classification (Figure 2).

4. Discussion

Edible and medicinal mushrooms have become a very important crop and are grown
commercially in many countries [1,121], but the production, including the yield and quan-
tity, is challenged by fungal diseases [2,24]. Trichoderma ganodermatigerum is a new species
of Trichoderma. The results from the phylogenetic analyses separate the new species from
other closely related and morphologically similar species. The sequences indicate it belongs
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to the Harzianum clade. To date, more than forty Trichoderma species have been reported
to be associated with mushroom green mold disease. Trichoderma atroviride, T. harzianum,
T. koningii, T. longibrachiatum, T. pseudokoningii, and T. viride are the six most commonly
cited species causing disease on edible mushrooms (Table 2), all of which could infect
six to eleven species of cultivated mushrooms [61,64,68,73,83,91,119,122,123]. Before this
study, there were seven known species that could cause G. sichuanense diseases, namely,
T. koningii, T. longibrachiatum, T. pseudokoningii, T. viride, T. atrobrunneum, T. ganodermatis [47],
and T. hengshanicum [87], while T. orientale can cause disease on G. applanatum [124].

Trichoderma green mold infection in edible basidiomycetes has a long history [125].
There are many types of interactions between mushrooms and Trichoderma [126-129]. Sim-
ilar to T. aggressivum, the causal agent of Agaricus green mold disease [130], no obvious
biting phenomenon was observed between pathogen and mushroom in this study. Through
SEM observation, in the interaction zone between G. sichuanense and T. ganodermatigerum,
the tissue surface of Ganoderma became uneven with irregular holes (Figure 3K), the pores
on the Ganoderma spores became larger, and the double-layer structure was damaged,
resulting in spore invagination (Figure 3L), which was similar to the interaction between
Trichoderma and shiitake [83]. We can at least suspect that the cell-wall-degrading enzymes
play an important role in the process according to the symptoms of soft tissue with holes or
even oozing liquid of Ganoderma. In addition, T. songyi could have great biological potential
because it is closely related to the biological agents (Figure 2, Clade II).

The application of the Trichoderma species as biocontrol agents began in 1934 when
Weindling first discovered that Trichoderma could be parasitic on the hyphae of Rhizoctonia
solani, and since then, an increasing amount of research has focused on this field [131]. Be-
cause many Trichoderma species are symbiotic and fungal parasitoids, they need to produce
degradation enzymes or secondary metabolites to obtain nutrients from the host, so they
have been developed as biocontrol agents for plant diseases [50,55,112,132,133]. Among
the species associated with mushrooms, nine species are used as biological agents already.
Trichoderma koningiopsis, the new pathogen for G. sichuanense in this study, has been a biocon-
trol agent for a long time [134]. Since T. ganodermatigerum can infect cultivated Ganoderma,
leading to growth stagnation or the cessation of sporulation of Ganoderma, it could be a
potential biocontrol agent for plant disease. Therefore, the parasitic characteristics and
compounds should be further studied.
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Abstract: The genus Omphalina is an ideal genus for studying the evolutionary mechanism of
lichenization. Based on molecular phylogeny using ITS and nuLSU sequences by means of Bayesian
and maximum likelihood analyses and morphological examination, combining the existence of green
algae in basidiomata stipe and a Botrydina-type vegetative thallus, we described a bryophilous new
basidiolichen species, Omphalina licheniformis, from a residential area of Jiangxi Province, China.
This finding of unusual new basidiolichen species updated our understanding of the delimitation of
Omphalina, indicating that both non-lichen-forming and lichen-forming fungal species are included
simultaneously. The presence of algal cells in the basidiomata should receive more attention, as this
would be helpful to distinguish more potential basidiolichens and explore the cryptic species diversity.
This work provides new insights and evidence for understanding the significance of lichenization
during the evolution of Agaricomycetes.

Keywords: agaricales; basidiolichen; basidiomycota; fruiting body; green algae; phenotype; systematics;
new taxon

1. Introduction

Lichens are symbionts of fungi (mycobionts) and algae and/or cyanobacteria (photo-
bionts), among which only 0.9% species belong to the Basidiomycota [1]. Omphalina Quél.
is an undisputedly important genus when talking about basidiolichen species, because
it included both non-lichenized and lichenized species originally, and was subsequently
separated into non-lichenized Omphalina s. str. and lichenized genera such as Lichenomphalia
Redhead, Lutzoni, Moncalvo & Vilgalys [2] and Agonimia Zahlbr. (syn. Marchandiomphalina
Diederich, Manfr. Binder & Lawrey [3]). In addition, Omphalina also includes saprophytic,
parasitic, and bryophilous species [4]. Therefore, Omphalina has been regarded as an ideal
genus for studying the evolutionary mechanisms associated with lichenization [4,5].

Recently, molecular phylogenetic analyses pointed out that the classical concept of Om-
phalina, mainly based on morphological features [6-9], includes several omphalinoid genera
nested inside the order Agaricales [2,10-14], as well as Hymenochaetales Oberw. [15-18].
Inside the Agaricales there are omphalinoid taxa in the suborders Hygrophorineae (family
Hygrophoraceae, subfamily Lichenomphaloideae [13]), Marasmiineae (family Porothe-
leaceae [19,20]) and Tricholomatineae (family Omphalinaceae [21]). Rickenellaceae is the
family encompassing omphalinoid taxa in the Hymenochaetales [17,18,22]. Omphalina was
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restricted to the species phylogenetically related to O. pyxidata (the conserved lectotype of
Omphalina [2,10,23,24]), which typically show reddish brown, rusty, or orange-brown tinges
on the pileus and stipe, and a non-concolorous hymenophore [2]. Micromorphological
features, such as non-amyloid spores, sub-regular to irregular hymenophoral trama and
pileipellis with encrusting pigment, are shared by all members of the genus Omphalina s.
stricto [2,9,25-29]. This genus is sister to Infundibulicybe [14,21,30-32], and together they
form the family Omphalinaceae [33] in the suborder Tricholomatineae.

Basidiolichens are mainly distributed in five orders of Agaricomycetes, viz. Agaricales,
Atheliales, Lepidostromatales, Cantharellales and Corticiales, among which Agaricales
and the family Hygrophoraceae within this order accommodate most of the basidiolichen
species [1]. In China, thirteen basidiolichen species, including five Dictyonema spp. (Hy-
grophoraceae, Agaricales), four Lichenomphalia spp. (Hygrophoraceae, Agaricales), and
four Sulzbacheromyces spp. (Lepidostromataceae, Lepidostromatales), have been discov-
ered [34-36].

A cluster of bryophilous Omphalina basidiomata was found in a residential area of
Jiangxi Province, China. The phylogenetic analyses of ntDNA ITS and nuLSU sequences
also confirmed it to be an unknown Omphalina species. However, interestingly, it was found
in the stipe existence of green algae; moreover, far fewer vegetative thalli consisting of
green tiny globules (Botrydina-type) were also seen near to the hairs at the base of stipe.
Therefore, an unusual new basidiolichen species of Omphalina is described and reported
here. This finding indicates that Omphalina s. str. still consists of both non-lichenized and
lichenized species with very a close phylogenetic relationship, and further provides new
insights into the lichenization in Agaricomycetes.

2. Materials and Methods
2.1. Taxon Sampling and Morphological Examination

Five basidiomata specimens were collected from a residential area of Wan’an County,
Jiangxi Province of China (Figure 1), and are preserved in the Herbarium Mycologicum
Academiae Sinicae, Beijing, China (HMAS). Morphology and anatomy were examined
using a MOTIC SMZ-168 stereomicroscope and a LEICA M125 dissecting microscope
equipped with a Leica DFC450 camera.
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Figure 1. Collection site. (A). Jiangxi Province is colored with pink. (B). Ji’an City is circled with a
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red line and the collection site is marked with a red solid circle.

Photographs of fresh specimens were taken immediately in the residential area, and
the basidiomes were gathered. The morphological characteristics, including cap, stipe,
pileus, and odor, were recorded. Specimens were dried in an electrical food drier at 55 °C
to ensure that no moisture was left, and then were sealed in plastic bags.

To observe anatomic characteristics, parts of dried specimens were cut and mounted in
5% KOH and stained with 1% Congo Red. Anatomic characteristics including basidiospores,
basidia, cystidia and pileipellis were observed under an Olympus CX31RTSF microscope
(Made in Philippines, Tokyo, Japan) with at least 20 records. Data were analyzed and
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recorded as X = the mean of length by width & SD, Q = the quotient of basidiospore length
to width, and Qm = the mean of Q values =+ SD. All of the protocols of the morphological
study followed Largent’s methodology [37].

2.2. DNA Extraction, PCR, and Sequencing

DNA was extracted from two fresh basidiomata (Table S1) by means of the modified
CTAB method [38]. PCR was performed to amplify two gene loci: nuclear ribosomal
DNA internal transcribed spacer (ITS) and large subunit (nuLSU), using primers ITS4 and
ITS5 [39], and LROR and LR5 [40], respectively. The PCR procedure followed Yang et al. [41].

2.3. Sequence Alignment and Phylogenetic Analysis

A total of 136 DNA sequences including four new sequences were used in this study
(Table S1). Representative species of the lichenized genera of Hygrophoraceae (Agaricales),
non-lichenized genera of Agaricales, and other related orders in the Agaricomycetes were
chosen in the phylogenetic analyses. Multiclavula spp. (Clavulinaceae, Cantharellales) were
taken as the outgroup.

Raw sequences were firstly assembled and edited with SeqMan [42], and then aligned
using MAFFT v.7 [43]. We used the program Gblocks v.0.19b [44,45] to remove ambiguously
aligned sites. The congruence of the two loci (ITS and nuLSU) was tested as described
previously [46,47]. All maximum likelihood (ML) and Bayesian inference (BI) analyses were
performed using the GTR + I + G model selected by jModelTest 2 [48]. The ML analysis
involved 1000 pseudoreplicates with RAXML v.8.2.6 [49]. The BI analysis was performed
using MrBayes v. 3.2.7 [50,51] with two parallel Markov chain Monte Carlo (MCMC), each
using 5 million generations and sampling every 1000th generation. We used TRACER
v.1.7.2 [52] to examine the standard deviation of split frequencies less than 0.01, reflecting
the fact that the two trees differed very little, and the parameters converged. The 50%
majority rule consensus tree was generated after discarding the first 25% as burn-in.

Phylogenetic analysis was run on the Cipres Science Gateway (http://www.phylo.
org, (accessed on 18 July 2011)) and visualized using FigTree v.1.4.3 (http://tree.bio.ed.
ac.uk/software/figtree, (accessed on 28 August 2014)). The clades with bootstrap (BP)
values above 75% or posterior probability (PP) values above 0.95 were considered highly
supportive.

3. Results
3.1. Phylogenetic Analysis

The aligned matrix contained 2011 unambiguous nucleotide (1129 ITS and 882 nuLSU)
position characteristics for the full dataset of 93 members. Bl and ML phylogenetic trees
were constructed, and they had similar topological structures. The RAXML tree is shown in
Figure 2 with both bootstrap support (BS) and posterior probability (PP) values of Bl analy-
sis. In the tree, all of the Omphalina species clustered into a well-supported monophyletic
clade (BS 100/PP 1.00), obviously separated from other groups, in which the two samples
(Coll. Nos. JX001 and ZRL20220005) are included and co-formed into a separate branch
(BS 100/PP 0.99), indicating that this is a new species also supported by the morphological
characteristics (see below). The BI phylogenetic tree and two single-gene-locus RAXML
trees are shown in Figures S1-S3.

3.2. Taxonomy

The genus Omphalina is known to be a non-lichenized basidiolichen genus, because
the original lichenized species contained in this genus have been separated out and formed
totally different other genera such as Lichenomphalia [2]. However, an Omphalina new
species was found to be lichenized in this study, and is described below. Therefore, the
definition of the genus Omphalina also needs to be redefined as the genus with lichenized
species in some cases.

Omphalina Quél., Enchir. fung. (Paris): 42 (1886)
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Type species: O. pyxidata (Bull.) Que’l., incertae sedis, Agaricales, Agaricomycetes,
worldwide. This genus is characterized by small basidiomes, pileus convex to umbili-
cate, reddish brown tinged, smooth, without scales; lamellae decurrent, paler and well-
developed; stipe central, reddish brown tinged; hymenial and pileal cystidia absent or
sparse, and presence of clamp-connections [2,53,54]. Sometimes lichenized.

Omphalina licheniformis X.L. Wei, Z.H. Cao & R.L. Zhao, sp. nov. (Figures 3 and 4)

Trogia benghalensis
Trogla venehata
Trogra venenata 2
Trogia infundibuliformis 1
Trogia infundibuliformis 2
Gerronema nemorale 1
z Gerrone’Ta nemora1le 2
erronema kuruvense o 3
Geroe rverss 1 Porotheleaceae (Marasmiineae, Agaricales))
1001, Gerronema indigoticum 3
Gerronema indigoticum 2
Gerronema kuruvense
Gerronema keralense

10011 , Omphalina rivulicola 2
Omphalina rivulicola 1
Omphalina pyxidata 3
Omphalina pyxidata 2
Orgpha[in 3 D) yx;'qata 4“ o
haina ohionobiia ;1 |Omphalinaceae (Tricholomatineae, Agaricales) |
Omphal 1a pyxida a 1
Omphalina licheniformis 2
100/1* Omphailina licheniformis 1
Infundibuiicybe geofropa
Infundibulicybe catinus
Infundibulicybe gibba 1
Infundibulicybe gibba 2
!nrundtbth‘gbe hongyinpan 2
bulicybe hongyinpan 1
Infundibulicybe iterranea
Infundibulicybe kotanensis
Infundibulicybe alkaliviolascens 2
Infundibulicybe alkaliviolascens 1
Infundibulicybe costata
Infundibulicybe rufa 1
100/1" Infundibulicybe lg;;:«) 2 - -
11| Chrysomphalina grossula
H —1 Chrysomphalina grossula 1
1001 Cghgsom hl‘glins gms}s.ula %
rysomphalina aurantiaca
961 -1 | Chrysomphalina aurantiaca 1
o Chrysom ha-iga aur%n%aﬂa 2
10071 somphalina chryso a
i Cngs_omphalina chgsogh_{/llla 2

10011 4001

291

1 | Haasiella splendidissima 1 . -
sl st | Hygrophoraceae (Hygrophorineae, Agaricales) |
Haasiella splendidissima 3
Haasiella splendidissima 2
1001, Arrhenia epichysium 1
10071 Arrhenia epichysium 2
Arrthenia fusconigra 1
— 100/1 - Arrhenia fusconigra 2

10011y Acantholichen campestris

100/ Acantholichen variabilis

Cora inversa
— Cora byssoidea
Dictyonema obscuratum
Dictyonema hernandezii
Cyphelic imperfectum
Cyphellostereum phyllogenum

8o

851

100/1 [Arrhenia rustica
— L Arrhenia peltigerina
Arrhenia acerosa

Arrhenia discorosea

Arrhenia egichysium 3

Arrhenia sphagnicola ) . o

10011 | Lichenomphalia meridionalis 2
- Lichenomphalia grisella
Lichenomphalia mencl110nalis 1

10011, Lichenomphalia lobata
1095 41W1|j‘ Lichenomphalia lobata 2
Lichenomphalia luteovitellina

Lichenomphalia alpina .
87/ Lichenomphalia hudsoniana 1
1001 | Lichenomphalia hudsoniana 3
Lichenomphalia hudsoniana 4
709 Lichenomphalia hudsoniana 2

10011, Lichenomphalia altoandina 1
Lichenomphalia altoandina 2
Lichenomphalia umbellifera 4
Lichenomphalia umbeliifera 5
Lichenomphalia umbellifera 1
Lichenomphalia umbellifera 2
Lichenomphalia umbeliifera 3

RC_,‘c;(nrun]: ces ;;aseélus

9711, Rickenella mellea H

%Rickeneﬂa ez I Rickenellaceae (Hymenochaetales)|
96/0.98 Loreleia marchantiae

8211 Multiclavula corynoides
96/1 Multiclavula vernalis "
1001 Muiticlavula caput-serpentis 0.2 | Clavulinaceae (Cantharellales)|
Multiclavula petricola -

Figure 2. The RAXML tree of omphalinoid species based on the concatenated ITS + nuLSU dataset.
The numbers in each node represent bootstrap support (BS) and posterior probability (PP) values.
BS values > 75% and PP values > 0.95 were plotted on the branches of the tree. The samples

corresponding to the new species are in red. Scale in 0.2 substitution per site.
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Figure 3. The habitat and habits of Omphalina licheniformis sp. nov (holotype HMAS-L 154705).
(A) Community balcony in a residential area—the habitat of basidiomata is marked by a red circle.
(B,C) The basidiomata in situ. (D) Lamellae. (E) Hair. (F) Young basidiomata. (G) Microscopic
observation of a young basidiomata with green algae cells in the stipe marked by the black box.
(H) Zoom in on the black box. (I) Tiny and very few Botrydina-type vegetative thalli. (J) Green algae
cells and hyphae in the thallus. (K) Leaf cells and chloroplasts inside of the moss Hyophila involute.
Bars: D-F =1 mm, G =200 um, H-I = 100 um, J =20 um, K =10 um.
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10pm

F

Figure 4. The basidiomes’ habits and the anatomic structure of Omphalina licheniformis sp. nov (ZRL
20220005, HMAS 281952, isotype). (A,B) Basidiomes. (C) Basidiospores. (D) Basidia. (E) Cheilocys-
tidia. (F) Pileipellis hyphae.

Fungal Names No.: FN571066

Etymology: The epithet ‘licheniformis’ indicates that this species is a lichen-forming fungus.

Typus: China. Jiangxi Province, Ji’an City, Wan’an County, 26.465265° N 114.798753° E,
65 m alt., on moss Hyophila involuta, 10 March 2022, Z.H. Cao & W.Q. Guo JX001 (HMAS-L
154705, holotype), ZR1L20220005 (HMAS 281952, isotype).

Diagnosis: Omphalina licheniformis is distinguished from other species of this genus
by having smaller basidiospores (4.9-5.5 x 3.8—4.6 um) and presenting distinctive cheilo-
cystidia. It is also characterized by the presence of far fewer vegetative thalli consisting
of green tiny globules (Botrydina-type) near to the hairs at the base of the stipe, and green
algae in the stipe.

Description: Thalli not obvious, Botrydina-type, globular, with globules clustered, very
few and tiny, plump when wet, yellow-green to green, c. 80 um in diam.; globules consist
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of unicellular green alga enveloped by the hyaline hyphae, hyphae 2.5-5 pm wide, algal
cells 6-10 um in diam.

Basidiomes small, omphalinoid. Pileus 7-15 mm in diam., subhemispherical when
young and subfunnel when mature, distinctly depressed, hygrophanous, red brown to
yellowish brown, edge paler, becoming alutaceous when drying, margin involute when
young, wavy and striate when mature. Context thin, up to 1 mm, concolorous with pileus
surface. Lamellae decurrent, distant, thick, forked and anastomosing, concolorous with
pileus, but paler. Stipe 15-20 x 3-5 mm, cylindrical, hollow, smooth to white fibrillose,
concolorous with the pileus, darker at the middle and lower parts with white mycelium-like
cilia. Smell and taste indistinct.

Basidiospores 4.9-5.5 x 3.8-4.6 pm, [x =52+ 02 x 41 £0.2,Q=12-13, Qn =1.3,
n = 20], broadly ellipsoid to ellipsoid, rough with granular contents, smooth, thick-walled,
hyaline. Basidia 25.0-27.4 x 3.3-4.7 um, clavate, hyaline, (2-)4-spored, smooth. Cheilocystidia
27.1-35.7 x 3.7-7.0 um, cylindrical and flexuose, narrowly clavate or lageniform, thin-
walled, hyaline. Hymenophoral trama irregular, consisting of 3.0-7.6 pm-wide hyphae.
Pileipellis a cutis composed of hyphae of 3.3-5.3 pm in diam., smooth, cylindrical, hyaline;
pigment epiparietal, minutely to strongly encrusting.

Habitat and distribution: This species is bryophilous, growing on the moss Hyophila
involuta (Hook.) A. Jaeger mixing with soil located on a community balcony in a residential
area of Wan’an County, Jiangxi Province of China, which is characterized by a subtropical
monsoon climate, and is the only known distribution up to now.

Additional specimens examined: CHINA. Jiangxi Province, Ji’an City, Wan’an County,
26.465265° N 114.798753° E, 65 m alt., on moss, 30 March 2022, Z.H. Cao & W.Q. Guo JX002
(HMAS-L 154704), ZRL20220006 (HMAS 281953); 7 April 2022, Z.H. Cao & W.Q. Guo JX003
(HMAS-L 154706).

Notes: The vegetative thalli of this species are so tiny and few in number that they can
very easily be ignored. The coexistence of algal cells in the base of the stipe near to the hairs
is a very new finding, because previously, algal cells were only reported in the vegetative
thallus of basidiolichens and known as green algae Coccomyxa [2,34,35]. The algal cells
found in the new species are also unicellular and green, and unfortunately, this algal species
has not been identified. However, the possibility that they are moss chloroplasts can be
excluded, although moss chloroplasts are also unicellular and green, because chloroplasts
are organelles within the cells of moss and need to live in the cytoplasm [55], and so it
seems unlikely that the moss chloroplasts would escape from the moss cells and exist
separately, trapped in the fungal hyphae. Furthermore, the moss chloroplasts are oval
and 2.5-3 x 5-6 um in size (Figure 3K), different from the algal cells (6-10 pm in diam.,
Figure 3H). Inconspicuous or absent thalli are common in the basidiolichens of Agaricales,
for example in the bryophilous or phycophilous basidiolichen genus Lichenomphalia, and the
thalli are not obvious in some species such as L. umbellifera (L.) Redhead, Lutzoni, Moncalvo
& Vilgalys and L. velutina (Quél.) Redhead, Lutzoni, Moncalvo & Vilgalys [2,34]. The
Botrydina-type globular thallus of the new species (Figure 3I) is also similar to L. meridionalis
(Contu & La Rocca) P.A. Moreau & Courtec. [56], and the algal cells and hyphae are also
observed (Figure 3]). However, the new species is distant from Lichenomphalia spp., but
clusters within the genus Omphalina, close to O. pyxidata (Bull.) Quél. and O. chionophila
Lamoure in phylogeny (Figure 2), which also have brown caps, small agarics, and decurrent
lamellae [57], but are not known to have a lichenized form.

4. Discussion

Phylogenetic and morphological analyses support this new species as a member of Om-
phalina s. stricto. In the phylogenetic tree (Figure 2), O. chionophile is sister to O. licheniformis.
However, in morphology, they can be distinguished by the size of the basidospores—that of
O. chionophile is 8-10 x 5-6 um [25,54,58], and that of O. licheniformis is 4.9-5.5 x 3.8-4.6 um.
Furthermore O. chionophile lacks cheilocystidia. The type species O. pyxidata is also phy-
logenetically close to O. licheniformis, sharing similar basidiome features which remain
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difficult to distinguish in situ. However, they can be distinctly separated under a micro-
scope according to the basidiospore and cheilocystidia, as the basidiospores of O. pyxidata
(7-8 x 5-6 um) are larger than those of O. licheniformis (4.9-5.5 x 3.8-4.6 pym), and the
cheilocystidia of O. pyxidata are often branched, while the cheilocystidia of O. licheniformis
are cylindrical and flexuose, narrowly clavate or lageniform, and not branched [53,54].

The following species differ significantly from O. licheniformis (4.9-5.5 x 3.8-4.6
um) in spore size: O. rivulicola (8-10.5 x 5.5-7 pum), O. mutila (6.5-10 x 4-6 um), and
O. subhepatica (6-8 x 4-5 um) [54,59]. In terms of the presence or absence of cheilocystidia,
O. licheniformis possesses cheilocystidia, but none of the following species have cheilocys-
tidia: O. mutila, O. demissa, O. subhepatica, O. chionophile, O. galericolor, O. kuehneri, O.arctia,
O. rivulicola [54,60]. In terms of habitat, O. licheniformis is found on mosses, but the fol-
lowing species are found in other habitats: O. mutila grows on humid soil in heathland
and marshes with Calluna, Erica and Mokunia; O. chionophile grows on naked solifluction
soil; and O. pyxidata and O. rivulicola grow on dry sandy soil [54]. In terms of the color of
basidiomes, O. licheniformis is reddish brown to yellowish brown, but O. mutila forms white
basidiomes [54,61]. Therefore, O. licheniformis is a distinguished species in both molecular
composition and morphology.

Lichen-forming fungi are an important component of the kingdom Fungi, making
up nearly 20% of the known fungal species, among which over 99% of species belong to
Ascomycota [1]. Previous studies showed that more losses than gains of lichenization have
occurred during the evolution of Ascomycota, resulting in lichen-forming fungi becoming
the ancestors of major lineages of non-lichen-forming fungi in Ascomycota [62]. Compared
with ascolichens, basidiolichens are much rarer, and comprise less than 1% of species of the
known lichen-forming fungi [1]; however, lichenization in the evolution of Basidiomycota
is also very important in related research, and is even treated as one of necessary models to
study the evolution of lichens [63].

As early as 1995, Gargas et al. found three independent origins of lichenization in
Basidiomycota, i.e., coral Multiclavula (Coker) R.H. Petersen as the basal origin, gilled
mushroom Lichenomphalia umbellifera (syn. Omphalina umbellifera), and cyanolichen Dic-
tyonema pavonium (Weber & D. Mohr) Parmasto. Basidiolichens are known to consist of
far more than three genera nowadays, as mentioned above, including 5 orders, 5 families,
15 genera and 172 species, and six to seven independent lichenization events happened
in the Basidiomycota, among which over 85% (147 species) belong to eight genera of
Hygrophoraceae Lotsy in Agaricales, viz. Acantholichen P.M.Jorg., Arrhenia Fr., Cora Fr.,
Corella Vain., Cyphellostereum D.A.Reid, Dictyonema C.Agardh ex Kunth, Lichenomphalia, and
Semiomphalina Redhead [1]. Except for Corella and Semiomphalina, all of the other six genera
of Hygrophoraceae were included in our phylogenetic analyses (Figure 2), among which
the genus Lichenomphalia was included in Omphalina [2].

The genus Omphalina has been taken as a model system to study lichenization since the
late 1990s due to its variable nutritional modes [4]; however, after a series of species such as
Omphalina umbellifera, etc., were transferred to other genera, no lichen-forming species were
reported in Omphalina s.str., until the finding of Omphalina licheniformis in this study. Our
study indicates that within the Agaricales, the lichenization process also occurred in the
Omphalinaceae of the suborder Tricholomatineae. In the previous reports on basidiolichens,
algal cells have never been found in the fruiting body structures [2,34,35,63], but indeed
existed in the stipe of Omphalina licheniformis (Figure 3). This finding of unusual new species
updated our understanding of the delimitation of Omphalina, indicating that both non-
lichen-forming and lichen-forming fungal species are included simultaneously. Moreover,
these results provide new insights and evidence for understanding the significance of
lichenization during the evolution of Basidiomycota. Through this study, it should be noted
that we need to pay more attention to the Basidiomycota fungi, especially to whether the
algal cells are present in the fruiting bodies, which would be very helpful to distinguish
more potential basidiolichens and explore the cryptic species diversity through these algal
cell examinations.
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The presence of algal cells as lichen photobionts is well-known to provide a carbon
source for the mycobiont [64], which is relatively easy to understand in ascolichens, because
fruiting bodies such as apothecia and pycnidia are closely connected parts of the lichen
thallus, and the photobiont can be found both in the thallus and fruiting bodies, except
the lecideine-type apothecia and pycnidia without hymenial algae. The algal cells in
basidiolichens are assumed to be similar in function [5,65], but there is still an absence of
strong evidence, especially due to the fruiting bodies of basidiolichens, which often look
separable from the thallus in most cases, and algal cells have only been reported in the
thallus previously [2,34,35,63]; moreover, sometimes the thallus is not obvious [2,34].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jof8101033/s1, Table S1: Specimens used for DNA extraction and
GenBank accession number of all samples used in this study, Figure S1: The Bayesian tree based on the
concatenated ITS + nuLSU (two genes) dataset, Figure S2: The maximum likelihood tree based on the
ITS dataset, Figure S3: The maximum likelihood tree based on the nuLSU dataset.
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Abstract: Ethiopian forests are rich in valuable types of non-wood forest products, including mush-
rooms. However, despite their nutritional, economic, and ecological importance, wild edible mush-
rooms have been given little attention and are rarely documented in Ethiopia. In this study, we
assessed mushroom production levels in natural and plantation forests and the influence of climate
and environmental variables on mushroom production. Sporocarps were sampled weekly from July
to August 2019 at a set of permanent plots (100 m?) in both forest systems. We analyzed 63 plots to
quantify sporocarp species’ richness and fresh weight as well as to elucidate the degree of influence
of forest types and site conditions, including soil and climate. Morphological analyses were used
to identify fungi. In total, we recorded 64 wild edible fungal species belonging to 31 genera and
21 families from the plots established in the natural and plantation forests. A significantly greater
total number of edible fungi were collected from natural forests (n = 40 species) than from plantations.
Saprotrophs (92.19%) were the dominant guild whereas ectomycorrhizal fungi represented only 6.25%
of species. Ecologically and economically important fungal species such as Agaricus campestroides,
Tylopilus niger, Suillus luteus, Tricholoma portentosum, and Morchella americana were collected. The
sporocarp yield obtained from plantation forests (2097.57 kg ha~! yr™') was significantly greater
than that obtained from natural forests (731.18 kg ha~! yr™!). The fungal community composition
based on sporocarp production was mainly correlated with the organic matter, available phosphorus,
and total nitrogen content of the soil, and with the daily minimum temperature during collection.
Accordingly, improving edible species’ richness and sporocarp production by maintaining ecosystem
integrity represents a way of adding economic value to forests and maintaining biological diversity,
while providing wood and non-wood forest products; we propose that this approach is imperative
for managing Ethiopian forests.

Keywords: edaphic variables; edible mushrooms; natural forests; plantation forests; sporocarp yield

1. Introduction

The Ethiopian highlands were once covered with dense natural high forests [1,2].
However, anthropogenic influences associated with the expansion of farming and human
habitation have brought about deforestation and forest degradation [2], resulting in dra-
matic changes in the abundance and extent of native forest types. What remains is highly
fragmented and frequently modified by non-native fast-growing trees such as Eucalyptus
and Pinus species [3]. However, an important feature of these natural and plantation forests
is their richness in valuable types of non-timber forest products (NTFPs) [4-6]. Various
studies have revealed long lists of NWFPs, indicating their importance, contribution, and
use by rural communities in Ethiopia [7,8]. If managed and conserved properly, NTEPs
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could potentially support the livelihoods of rural people by providing a source of income
as well as food and medicine [7]. The most important NTFPs include honey, bees-wax,
bamboo, coffee, spices, edible plant products such as fruits, seeds, and fodder, medicinal
plants, various extractives and flavorings [7,9], and wild edible mushrooms [10,11].

More than 2000 fungi are known to produce edible sporocarps [12]. Edible wild mush-
rooms are not only a source of nutrition but also can be an important income generator [12,13],
helping rural people to reduce their vulnerability to poverty and strengthen their livelihoods
by providing a reliable source of revenue in many regions of the world [14-16]. In addition,
edible mushrooms also form the basis of many manufactured products, including medicine,
and are the focus of a new wave of tourism resulting from recreational programs linked
to nature. Furthermore, wild mushrooms in general are important components of biodi-
versity in forest systems [17], playing an essential ecological role in forest communities. In
particular, mycorrhizal associations have significant effects on nutrient and water uptake,
growth, and plant survival [18,19], improving soil aeration and porosity [20] and resistance
to pathogens [21], and also providing food for many organisms [22]. Saprotrophic fungi
are essential for the decomposition of dead matter and, therefore, for nutrient cycling in
forest ecosystems [23]. They are also important in the cycling of various elements, such as
carbon, nitrogen, and oxygen [17].

There has been a tradition of ethnomycological usage among communities that dwell
in Ethiopian forests [10,11,24]. However, despite all the benefits, wild mushrooms are
the most neglected of Ethiopia’s NTFP resources. To date, there have been few studies of
wild mushrooms and they are rarely documented [25,26], which may reflect that forest re-
source management has been primarily based on the production of wood products [8,9,27].
Wild mushroom formation is influenced by various factors, such as the forest type, host
plant, nutritional status of the mycelium, and environmental factors [28-30]. Climatic
variables also influence mushroom production because the development of fungal fruit
bodies is dependent on soil temperature and the availability of surface water [31,32]. In
addition, sporocarp composition is strongly determined by soil nutrients and chemical
properties [33,34]. This is particularly the case for saprotrophic fungi, which are more de-
pendent on their respective substrates than mycorrhizal fungi [35]. Forest management can,
therefore, play a crucial part in shaping macrofungal communities because it can modify
vegetation parameters such as tree density, canopy cover, understory plant communities,
and soil conditions [30,33].

The negative impact of plantation forests is a common narrative in Ethiopia. Among
these criticisms, the most cited is the lack of plant diversity in plantation forests [36,37].
However, our knowledge and understanding of fungal communities in plantation forests
are limited compared to our knowledge of those in natural forests. Such information is es-
sential to encourage forest management practices that include the conservation and produc-
tion of valuable mushrooms through the adoption of a mycosilvicultural approach [38,39]
for plantation and natural forest systems in Ethiopia. However, few studies have assessed
the different environmental factors required for the production of wild edible mushrooms
in these forest systems. To date, most have been performed at local scales and investi-
gated a limited set of environmental variables. To gain a deeper understanding of the
different environmental factors driving fungal communities as well as host plants, we
should consider a wide range of variables from broad geographic areas. This should en-
able the development of strategies to manage different forests in different landscapes, to
promote sporocarps production in the country. Thus, the main goal of this study was to
assess the diversity of valuable macrofungal species in different areas of the country and
compare the edible macrofungal species’ richness, sporocarp production, and community
assemblages in native mixed forests and non-native fast-growing plantation forests. We
hypothesized (1) that forest type is important for structuring macrofungal communities
and the production of their sporocarps at small spatial scales in Ethiopian forest ecosystems.
We expected that the macrofungal community would differ between the two forest types,
resulting in an overall higher diversity value for study sites in natural forests because
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fungal diversity would be driven mainly by vegetation type, substrate availability, and
other environmental variables [40-42]. However, the shorter rotation period of trees in
plantation forests would also result in nutrient stress in these forests [43], which would
favor only certain macrofungal species, such as ectomycorrhizal species [44]. Thus, we
hypothesized that the overall sporocarp biomass produced in plantation forests would
be higher than that in natural mixed forests, particularly those of potentially marketable
species such as Suillus luteus. Differences in environmental variables such as edaphic and
climate variables are the main driving forces for edible mushroom communities and, hence,
would be important for the maintenance of their local production and diversity [45,46].
However, in the dry Afromontane region, water is scarce for a long period each year,
implying that sporocarp development by some species would be limited. Thus, we also
expected (2) that climate variables would govern fungal communities more than edaphic
variables in our study areas [47]. When we set out, our specific objectives were: (i) to
analyze the richness and production of sporocarps according to forest types, and (ii) to
assess the influence of edaphoclimatic variables on taxa composition. The information
generated from this study should highlight the economic value of edible mushrooms as
NTFPs and encourage forest managers to manage these forests sustainably to promote
sporocarp development and maintain the biological diversity of Ethiopian forests.

2. Materials and Methods
2.1. Study Sites

The study was conducted in five dry Afromontane areas in Ethiopia: the Taragedam,
Alemsaga, Banja, Wondo Genet, and Menagesha Suba forests (Figure 1). Comprehensive
descriptions of the forests are provided in Table 1. Some pictures of the forest types where
the sporocarps collection was carried out in the study areas are provided in Figures 2 and 3.

Table 1. Comprehensive descriptions of the forests and the study sites.

. . Altitude MAP MAT .
Forest Geographical Coordinates (m asl) (mm) e) Vegetation Types Reference
12°06'59”-12°07'25” N and
Taragedam 37°46/14”—37°47'02" E 2062-2457 1300 20.4 Natural forests [48]
11°54/30”-11°56'00” N and
Alemsaga 37°55/00"-37°57/00” E 2100-2470 1484 16.4 Natural forests [49]
. 10°57’17”-11°03'05” N and
Banja 36°39'097-36°48'25” E 1870-2570 1215.3 17.7 Natural forests [50]
Natural forests and
7°06'-7°07' N and Pinus patula and
Wondo Genet 3837 _38°00" B 1600-2580 1210 20 Eucalyptus grandis [51]
plantation forests
8°56'-9°03' N and Pinus radiata
Menagesha Suba 38°28'-38°36' E 2200-3385 1100 16 [52]

plantation forests

Note: MAP, mean annual precipitation; MAT, mean annual temperature.
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Figure 1. Map showing the locations of forests in which the study plots were located.

Figure 2. Plantation of Pinus patula where sporocarps collection was carried out in Wondo Genet
(photo credit: Tatek Dejene).

Figure 3. Dry Afromontane forests in (A) Wondo Genet, (B) Taragedam, (C) Alemsaga, and (D) Banja
where sporocarps collections were conducted (photo credits: 3A, Tatek Dejene; 3B-3D, Deme-
lash Alem).
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2.2. Experimental Design and Sporocarp Sampling

In total, 63 sample plots were established at seven sites, nine plots in each of the natural
and plantation forests described in [53-55]. The plantation forests are located in the Wondo
Genet and Menagesha Suba areas, while the natural forests are found in the Wondo Genet,
Taragedam, Banja, and Alemsaga areas. The plantations mainly constitute the Eucalyptus
grandis, Pinus patula, and Pinus radiata tree species (Table 1). The main tree species in the dry
Afromontane natural forests include Juniperus procera, Podocarpus falcatus, Hagenia abyssinica,
and Olea africana in the Wondo Genet natural forest area [27]. The dominant tree species
in the natural forests of Taragedam, Banja, and Alemsaga, meanwhile, include Maytenus
obscura, Carissa edulis, Olea sp., Acacia abyssinica, Buddleja polystachya, Acacia nilotica, Albizia
gummifera, Prunus africana, and Brucea antidysenterica. These trees serve as the main sources
of timber for the country [27] and thus indicate a need for the sustainable management
of these forests. Each plot in each forest type was rectangular in shape (2 m x 50 m) and
covered an area of 100 m2. Within each of the selected forest stands, we studied three
different blocks with three plots per block. The plots were established at least 500 m apart
and were laid out randomly in the forests to avoid confounding spatial effects inherent to
such a plot-based design [56,57] and to reduce environmental heterogeneity [58]. The plots
were analyzed as independent samples as suggested by Ruiz-Almenara [59]. All fungal
fruit bodies found were harvested weekly during the major rainy season through July
and August 2019. Fresh weight measurements were taken in situ using a digital sensitive
balance (SF-400) to determine the fruit body production in kilograms per hectare per year.
The number of sporocarps of each species in each plot was also recorded. Specimens were
photographed in the field, and their morphological features and ecological characteristics
were noted to facilitate taxonomic identification in the laboratory [60]. Specimens of
each macrofungal species were taken to the laboratory and dried to preserve as herbaria
specimens, then used for species identification purposes.

2.3. Species Identification and Characterization

In this study, morphological analyses were used for taxa identification. In the labora-
tory, fruit body tissues and spores were examined using an Optika B-350PL microscope
(Optika, Pontenarica, Italy). Monographs were also used for taxa identification [61-69]. Up-
to-date fungal taxa names and authors’ names were obtained from the Mycobank database
(http:/ /mycobank.org (accessed on 1 November 2020). Trophic levels were assigned to
species using the recent classification compiled by Polme et al. [70]. Fungal species’ edibility
classification was accomplished by assessing the commercial importance of the collected
species [71,72].

2.4. Environmental Data Collection and Analysis

To relate the composition of edible fungal taxa to edaphic variables, soil samples
were collected from each of the sample plots established in each forest. After clearing and
removing plant matter and debris from the soil surface, five soil cores were extracted from
the center and the four corners of each plot using an auger (2 cm radius, 20 cm depth, and
250 cm?). The soil cores collected from each plot were pooled, and a composite, relatively
homogeneous subsample of approximately 500 g from each plot was placed in a plastic
bag for analysis. The soil pH was determined by analyzing a soil:water (1:2.5) suspension
with the aid of a pH meter [73]. The organic carbon (C) content of the soil was determined
using wet digestion [74]. The Kjeldahl procedure was used to determine the total nitrogen
(N) content of the soil samples [75]. Sodium bicarbonate (0.5 M NaHCO3) was used as
an extraction solution to determine the available phosphorus (P) [76]. The soil analysis
was conducted by Water Works Design and Supervision Enterprises, a laboratory service
sub-process, the soil fertility section at Addis Ababa, and the Amhara Water Works Design
and Supervision Works Enterprise at Bahir Dar, Ethiopia.

In addition to the soil samples, the following climate variables were obtained for
each forest from nearby meteorological stations: daily, mean, minimum, and maximum
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temperatures (°C), total annual precipitation (mm), and the average temperature (°C) and
precipitation (mm) values for July and August of 2019 (i.e., the sporocarp collection season).

2.5. Data Analysis

Data were transformed when necessary to achieve the parametric criteria of normality
and homoscedasticity. Macrofungal data were normalized by rarefying the abundance
data to the smallest number of macrofungi per plot. In addition, data from environmental
variables were scaled using base R and used for subsequent statistical analyses. The
sporocarp biomass (kg ha™! yr™') was estimated for each forest. Differences in sporocarp
production levels across forests were assessed using linear mixed-effects models (LME) [77],
where a block (a set of plots at the same site in each forest) was defined as random and
the forest was defined as a fixed factor. LME analyses were used to prevent false positive
associations due to the relatedness structure in the sampling. Tukey’s test was later used to
check for significant differences (p < 0.05) between forests when needed.

Relationships between sporocarp composition and environmental parameters were
visualized using non-metric multidimensional scaling (NMDS) based on an absence and
presence species data matrix and environmental scaled data. A permutation-based non-
parametric MANOVA (PerMANOVA) [78] using the Euclidean distance was performed to
analyze differences in sporocarp communities between forest types and across the five sites.
Isolines were also plotted on the NMDS ordinations for rainfall using the ordisurf function.
Correlations between NMDS axes scores with explanatory variables were assessed using
the envfit function in R. To assess the influence of edaphic, climate, and location variables
on the fungal community, we performed a Mantel test (Bray—Curtis distance) on the total
species matrix and scaled environmental parameters.

3. Results
3.1. Edible Fungal Richness

In total, 64 edible fungal species belonging to 31 genera and 21 families were identified
from the plots established in the natural and plantation forests. All these species belonged
to the Basidiomycota, except for Morchella spp., which belonged to the Ascomycota. There
was a significant difference in the total number of edible species found in each of the forest
types (F =7.23, p = 0.002). Forty edible species belonging to 22 genera and 15 families were
found in the natural forests, while 16 species belonging to 16 genera and 12 families were
found in plantation forests (Table 2). Eight edible species were common to both forest types.

Saprotrophs were the dominant guild (92.19%; n = 59 species) followed by ectomy-
corrhizal fungi (6.25%; n = 4 species), with other guilds comprising 1.56% of the species
(Table 2). Ecologically and economically important edible fungal species such as Agari-
cus campestroides, Agaricus subedulis, Tylopilus niger, Suillus luteus, Tricholoma portentosum,
Tricholoma saponaceum, Morchella americana, and Morchella anatolica were collected (Table 2).

Table 2. List of wild edible fungal species collected from study sites in natural and plantation forests,

Ethiopia.
Species Family T N P
Agaricus augustus Fr. Agaricaceae S X
Agaricus bitorquis (Quél.) Sacc. Agaricaceae S X
Agaricus campestris L. Agaricaceae S X
Agaricus campestroides Heinem. and Gooss. -Font. Agaricaceae S X
Agaricus moelleri Wasser Agaricaceae S X
Agaricus murinaceus Bull. Agaricaceae S X
Agaricus subedulis Heinem. Agaricaceae S X
Ampulloclitocybe clavipes (Pers.) Redhead, Lutzoni, Moncalvo and Vilgalys  Hygrophoraceae S X
Armillaria heimii Pegler Physalacriaceae P X
Auricularia auricula-judae (Bull.) Quél. Auriculariaceae S X
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Table 2. Cont.

Species Family T N P
Calvatia cyathiformis (Bosc) Morgan Lycoperdaceae S X
Calvatia gigantea (Batsch) Lloyd Lycoperdaceae S X
Calvatia subtomentosa Dissing and M. Lange Lycoperdaceae S X
Clitocybe carolinensis H.E. Bigelow and Hesler Tricholomataceae S X
Clitocybe cistophila Bon and Contu Tricholomataceae S X
Clitocybe foetens Melot Tricholomataceae S X
Clitocybe fragrans (With.) P. Kumm. Tricholomataceae S X
Clitocybe geotropa (Bull. ex DC.) Quél. Tricholomataceae S X
Coprinellus domesticus (Bolton) Vilgalys, Hopple and Jacq. Johnson Psathyrellaceae S X X
Coprinopsis nivea (Pers.) Redhead, Vilgalys and Moncalvo Psathyrellaceae S X
Coprinus comatus (O.F. Miill.) Pers. Agaricaceae S X
Coprinus lagopus (Fr.) Fr. Psathyrellaceae S X
Coprinus micaceus (Bull.) Fr. Psathyrellaceae S X
Coprinus niveus (Pers.) Fr. Psathyrellaceae S X
Craterellus ignicolor (R.H. Petersen) Dahlman, Danell and Spatafora Hydnaceae S X
Crepidotus applanatus (Pers.) P. Kumm. Crepidotaceae S X
Crepidotus mollis (Schaeff.) Staude Crepidotaceae S X
Gymnopilus pampeanus (Speg.) Singer Strophariaceae S X
Hygrocybe chlorophana (Fr.) Wiinsche Hygrophoraceae S X
Hygrophoropsis aurantiaca (Wulfen) Maire Hygrophoropsidaceae S X X
Laetiporus sulphureus (Bull.) Murrill Laetiporaceae S X
Lentinellus cochleatus (Pers.) P. Karst. Auriscalpiaceae S X
Lepista sordida (Schumach.) Singer Tricholomataceae S X
Lepista sordida var. lilacea (Quél.) Bon Tricholomataceae S X
Leucoagaricus americanus (Peck) Vellinga Agaricaceae S X
Leucoagaricus holosericeus (J.J. Planer) M.M. Moser Agaricaceae S X X
Leucoagaricus leucothites (Vittad.) Wasser Agaricaceae S X X
Leucoagaricus purpureolilacinus Huijsman Agaricaceae S X
Leucoagaricus rubrotinctus (Peck) Singer Agaricaceae S X X
Leucocoprinus birnbaumii (Corda) Singer Agaricaceae S X
Leucocoprinus cepistipes (Sowerby) Pat. Agaricaceae S X X
Lycoperdon perlatum Pers. Lycoperdaceae S X
Lycoperdon umbrinum Pers. Lycoperdaceae S X
Macrolepiota africana (R. Heim) Heinem. Agaricaceae S X
Macrolepiota procera (Scop.) Singer Agaricaceae S X
Morchella cf americana Clowez and C. Matherly Morchellaceae S X
Morchella anatolica Isiloglu, Spooner, Alli and Solak Morchellaceae S X
Omphalotus illudens (Schwein.) Bresinsky and Besl Omphalotaceae S X
Pholiota aurivella (Batsch) P. Kumm. Strophariaceae S X
Pleurotus Iuteoalbus Beeli Pleurotaceae S X
Pleurotus populinus O. Hilber and O.K. Mill Pleurotaceae S X
Pleurotus pulmonarius (Fr.) Quél. Pleurotaceae S X
Polyporus badius (Pers.) Schwein. Polyporaceae S X
Polyporus tenuiculus (P. Beauv.) Fr. Polyporaceae S X
Polyporus tuberaster (Jacq. ex Pers.) Fr. Polyporaceae S X
Schizophyllum commune Fr. Schizophyllaceae S X
Suillus luteus (L.) Roussel Suillaceae EM X
Termitomyces clypeatus R. Heim Lyophyllaceae S X
Termitomyces microcarpus (Berk. and Broome) R. Heim Lyophyllaceae S X
Termitomyces robustus (Beeli) R. Heim Lyophyllaceae S X
Termitomyces schimperi (Pat.) R. Heim Lyophyllaceae S X
Tricholoma portentosum (Fr.) Quél. Tricholomataceae EM X
Tricholoma saponaceum (Fr.) P. Kumm. Tricholomataceae EM X
Tylopilus niger (Heinem. and Gooss. -Font.) Wolfe Boletaceae EM X

Note: T, trophic groups; S, saprotrophic; P, parasitic; EM, ectomycorrhizal; N, natural forest; P, plantation forest.
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Total Yield (kg ha-'yr-')

3.2. Sporocarp Production

We found significant differences in the total edible sporocarp production between
the two forest types (F = 4.293 p = 0.04; Figure 4A), with significantly greater mean sporo-
carp production levels in plantation forests (2097.57 kg ha~! yr!) than in natural forests
(731.18 kg ha~ ! yr™).
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Figure 4. Production of sporocarps at five study sites in Ethiopia according to the forest type (A) and
site (B). Data are presented as boxplots showing the maximum and minimum values. The bar in the
box is the standard deviation of the mean. Values with the same letter are not significantly different.
Msuba, Menagesha Suba; WG, Wondo Genet.

The average sporocarp production levels of edible species differed significantly among
the five studied sites (F = 9.24; p = 0.0001), with the highest mean production levels
recorded in the Menagesha Suba forest (7.49 kg ha~1). This value was significantly higher
than that of the Wondo Genet (p.vs _ p-wg = 0.004), Banja (p-ms _ p-a = 0.0001), Alem-
saga (p-ms _ p-a1 = 0.000), and Taragedam forests (p-ms _ p-tg = 0.001). Mean sporocarp
production in Wondo Genet forests (3.29 kg ha~!) was also significantly higher than that in
Alemsaga forests (p.wg _ p-a1 = 0.02) but was not significantly different from that recorded
for the Taragedam (p.wg _ p-ta = 0.775) and Banja forests (p.wg _ p-tc = 0.2626). Mean
sporocarp production levels in Alemsaga, Banja, and Taragedam forests did not differ
significantly (p > 0.05; Figure 3B).

3.3. Sporocarp Composition and Environmental Variables

The perMANOVA analyses indicated that the two forest types differed significantly
in their sporocarp composition (F = 5.343, R2 = 0.14, p = 0.001; Figure 5A). Explanatory
variables categorized as edaphic, climate, and location parameters were correlated with
fungal community composition (p < 0.05; Table 3). Of these, a Mantel test confirmed that
location variables had a significantly stronger aggregate effect on the sporocarp composition
of both forest types (p = 0.000) than climate (p = 0.0001) or edaphic variables (p = 0.0001). The
significance of each explanatory variable and their aggregated contribution to differences
in sporocarp composition are shown in Table 3.
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Figure 5. Non — metric multidimensional scaling (NMDS) ordination graph with fitted explanatory
variables based on dissimilarities calculated using the Euclidean distance of sporocarp composition
from plots in the two forest types (A) and by study sites (B), with rainfall displayed as isolines (fitted
LOESS model R2 = 0.86). Arrows represent the environmental variables that were most significantly
(p < 0.005) related to ordination. The five ellipses indicate the plots in the five study areas (Msuba,
Menagesha Suba; WG, Wondo Genet). Explanatory variables are shown in blue: OM, organic matter;
Tmin, minimum daily temperature; N, total nitrogen; P, available phosphorus; OC, organic carbon.

Table 3. Significance of explanatory variables for sporocarp composition in the two forest types. The
numbers in bold indicate a highly significant effect of environmental variables (p < 0.001).

Sources Contribution Variables Pseudo-F p-Values
OM 0.2824 0.001
. . o N 0.3057 0.001
Edaphic variables 32.33% P 0.4184 0.001
ocC 0.3122 0.001
. o Elevation 0.0762 0.088
Climate 60.76% Tmin 05217 0.001
Spatial factors 64.19% Latitude 0.7777 0.001

Note: OM, organic matter; N, total nitrogen; P, available phosphorus; OC, organic carbon; Tmin, minimum daily
temperature.

When sites were analyzed separately, environmental variables such as N, P, OC,
Tmin, and latitude were significantly correlated (p < 0.05) with the composition of edible
sporocarps in the study areas. Of these variables, the Mantel test confirmed that location
variables had a significantly stronger aggregate effect on sporocarp composition (r = 0.6419;
p = 0.0001) than climate (r = 0.4378; p = 0.0001) and edaphic variables (r = 0.3166; p = 0.0001)
when analyzed by site (Figure 4B).

4. Discussion

In the most rural parts of Ethiopia, the local people are dependent on forest resources,
either in the form of subsistence or as a cash income derived from NTFPs [7]. The collection
of wild edible mushrooms by local people is a common practice, particularly in the south-
western parts of the country [11]. However, wild mushrooms are not considered important
sources of food and medicine by rural communities in the northern part of the country [79].
This might be due to the continuing exodus of people from the countryside, which has
meant that local communities are gradually losing their traditional knowledge, particularly
about wild mushroom species. Furthermore, although a limited number of studies have
reported the availability of wild mushrooms in Ethiopia and their importance as sources
of food, medicine, and to some extent, income for local communities [10,11], information
about the type of wild edible fungal species that are available, their potential production,
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and their status in different forest systems is scant [80]. This study is the first systematic
survey focused on wild edible mushrooms, which was carried out in forests located in
central and northern Ethiopia, where remnants of natural forests and plantations of exotic
trees exist [81]. We collected a total of 64 edible fungal species from the study sites. The
majority of the edible species (n = 40) were collected only from study sites in natural forests.

We collected wild edible species that have both economic and ecological significance
belonging to the genera Morchella, Suillus, and Tylopilus in plantation forests and Tricholoma
in natural forests [82]. In addition, we found some Agaricus species and Termitomyces, which
are known to be used by rural people in the southwest part of the country [26,83], and
a Schizophyllum species, which is eaten by local people in southern Ethiopia [10,24]. Of
these species, Suillus luteus is consumed by local people and is also sold in markets at a
good commercial price in different developing countries, along with other NTEFPs [44].
Furthermore, these kinds of mushrooms could help to sustain communities during periods
of food scarcity, serving as an important source of nutrients for local people [82]. The
use of wild mushrooms by rural people as a food source during lean periods has been
documented in Ethiopian ethnomycological literature. In most cases, these species are
collected for subsistence use [84]. However, in some places, mushrooms can provide
households with additional income when sold in the markets. For example, in local markets
in the southern and southwestern parts of the country, Agaricus sp. and Termitomyces sp.
are available occasionally in association with other vegetal products, which the local people
sell to earn some extra money to supplement their household income [83]. Therefore, the
conservation and development of these kinds of valuable species deserve special attention
given their possible role in increasing food security and income generation to subsidize
rural household economies. In addition, as mushroom collection from wild habitats is
seasonal, maintaining some of these edible species by means of local small-scale cultivation
practices or in private forest areas would be very remunerative. Therefore, a strategy is
needed for the adoption and cultivation of important species from the wild, which will not
only increase their utilization but also create new sources of income for rural people and
contribute to food security.

Although we collected more edible species from plots in natural forests than in planta-
tion forests, sporocarp production levels were higher in plots in plantation forests than in
natural forests. The greater number of species but lower sporocarp production levels in
natural forests is unsurprising given that almost all the species found were saprotrophic
and they were mainly composed of singleton taxa, with a small number of frequent species,
which is in agreement with the findings of previous studies [85]. The saprophytic fungal
species collected were also characterized by low levels of biomass production, in accordance
with Gassibe et al. and Mediavilla et al. [54,86]. Nonetheless, they are relevant for decom-
position processes and ecosystem functioning [87], particularly in tropical forest systems
such as the natural forests in this study, where decomposition is rapid [88]. This may reflect
the accumulation of favorable substrates, which is likely to enhance the richness [89] of
these systems. The conspicuous sporocarps produced by these saprophytic fungi may also
have favored the collection of this particular fungal class, although basidiomycete mycelia
are reported to be everywhere in forests [90]. Overall, the sporocarp yield obtained from
plantation forests (2097.57 kg ha~'yr™') was significantly higher than that from natural
forests (731.18 kg ha~lyr™!). Interestingly, almost 25% of the species collected from planta-
tion forests were marketable species and have economic significance, including Morchella
sp., Suillus sp., and Tylopilus sp. [12]. These species were characterized by their high levels
of biomass production. For example, in Peru and Mexico, Suillus and Morchella species are
commercial NTFPs produced in plantation forests. They guarantee the economic perfor-
mance of those forests [44,91] and the livelihoods of local communities [92], thus providing
incentives for farmers to plant and manage more plantations in their surroundings. Fur-
thermore, in Mexico, Morchella species are also exported to generate income [44]. Although
the overall biomass produced by sites in this study was low, the most productive site
(Menagesha Suba) had mean production levels per stand of 7.49 kg ha~!, which suggests

94



J. Fungi 2022, 8, 1023

the potential production levels of edible sporocarp species in forests with similar conditions
in this area. This also provides a starting point in terms of broadening the management of
forests for the production of NTFPs such as edible mushrooms in Ethiopia, depending on
the location and type of forest.

Although natural forests produced lower sporocarp yields than plantation forests
and had fewer marketable species, the overall yields and species were still valuably en-
hanced by plantations of exotic conifer species. A recent study [85] in the northern part of
Ethiopia indicated that the overall land connectivity of natural forests with that of planta-
tions provided important ectomycorrhizal species such as Tricholoma and Suillus in natural
forest systems, indicating that such forest management activities could create important
microniches with suitable resources and abiotic conditions to support more valuable mush-
room species [93]. Thus, enrichment of natural forest systems through planting diverse tree
species could potentially offer suitable habitats to enhance the richness and productivity of
valuable edible species in natural forests in the study areas.

As we hypothesized, distinct fungal communities were observed in the two forest
types. Fungal communities in natural forests were characterized by a large number of
species, which may have been due to the greater spatial heterogeneity of the soil in natural
forests compared with plantation forests. A heterogeneous soil environment and high
rainfall levels create microhabitats in which saprotrophic species should be able to find
the resources they require to survive in natural forests. The vegetation composition also
impacts the composition of edible fungal species via the quantity and quality of the organic
inputs, which mainly affect the saprotrophic community structure [94]. Most of the species
found in the natural forests were associated with litter decomposition, which is typically
characteristic of tropical forests [42]. However, some specific species such as Termitomyces
and Tricholoma species were exclusively found in natural forests. The genus Termitomyces
comprises a group of gilled mushrooms that have formed a termitophilic association
with a particular family of termites, the Macrotermitinae (Isoptera), which are commonly
found in Africa in places with a dry and humid climate [95]. This might be because our
sampling sites in the natural forest areas were generally classified as dry Afromontane forest
areas, characterized by high humidity and prolonged dry seasons [1]. These conditions
might favor the occurrence and formation of distinct fungal community compositions
in natural forest systems. Distinct fungal community compositions were also observed
for plantation forests. Ectomycorrhizal fungi characterized the fungal composition of
plantation forests along with some saprotrophic species. Tylopilus and Suillus species were
site-exclusive species that were significantly more abundant in plantation forests comprised
mainly Pinus than in other plantation forests. Some mushroom species, such as Agaricus
campestroides, Coprinellus domesticus, Leucoagaricus holosericeus, Hygrophoropsis aurantiaca,
and Leucocoprinus cepistipes, were common in both forest systems, indicating that these
genera might be characterized as generalists.

Studies have shown that different environmental variables govern the composition of
fungal species and that different fungal taxa are likely to respond to edaphic variables in
different ways, depending on their characteristics [96,97] and, in turn, the composition of
fungal communities is directly correlated with soil parameters [98]. In this study, organic
matter, P, and N were significantly correlated with the whole edible fungal species commu-
nity dataset. This is likely to be because organic matter influences the fungal community
through its impact on the water-holding capacity of the soil and on nutrient availability [99].
Thus, organic matter may favor more fungal assembly in an area, particularly saprotrophic
fungi. Furthermore, the finding that N was an important factor correlated with fungal
taxa compositions is in accordance with previous studies [28,35,100] that noted the in-
fluence of N on fungal distribution patterns. These studies reported that fungi showed
community specialization toward more N-rich soil sites. This might be because nitrogen
can influence the formation of extraradical mycelium in the soil and play a vital role in
sporocarp formation [101]. Other studies have also noted that fungal communities adapt
to more nitrogen-rich sites [100,102]. Furthermore, the microclimate directly influences
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ecological processes and reflects subtle changes in ecosystem functioning, particularly in
forests where the majority of the identified edible species are saprotrophic and depend on
a suitable microclimate for their growth and production. In that context, a mosaic forest
management scheme is needed that considers both timber production and edible wild
mushroom production. Such as scheme must uphold the environment variables needed to
create suitable habitats, with variable microclimates to promote diverse sporocarps. This
could increase the value of Ethiopia’s remnant natural forests and provide incentives for
forest owners to sustainably manage and conserve the forests’ resources in different forms.

5. Conclusions

Although our data were based on only one year of sampling during the rainy season
in July and August 2019, we conclude that the richness of edible mushroom:s is relatively
higher in natural forests. The majority of these species are saprophytic and characterized
by the production of small sporocarps. Although only a small number of edible species
were recorded in plantation forests, sporocarp production levels in these forests were
high. We also observed that some species specifically characterized each forest, and
there was also a noticeable presence of valuable species in both forest types that could
be potentially marketed in rural areas, providing forest managers and local people with
supplementary incomes. Species such as Termitomyces and Tricholoma were exclusively
found in natural forests, while Suillus luteus was found in plantation forests. However,
environmental variables such as climate, spatial parameters, and edaphic parameters were
found to affect the composition and, thus, sporocarp production in the study areas. In this
regard, we found that the relative contributions of the spatial and climatic parameters were
greater than those of the edaphic-specific variables, which significantly affected sporocarp
production and species composition. However, a mosaic landscape, mixing natural and
plantation forests, could provide timber and high levels of edible mushroom production.
Accordingly, this could contribute to the conservation of remnant natural forests, which
have high biodiversity values. Thus, a management scheme is needed that combines
timber and mushroom production, which could provide economic and ecological benefits,
especially in natural forest systems, which are characterized by excessive deforestation and
forest degradation. Furthermore, the scheme should consider the influence of different
environmental conditions, to create habitats that offer a suitable environment with variable
microclimates for the promotion of diverse edible fungi and higher levels of sporocarp
production, particularly in natural forests where the majority of the identified edible species
were characterized by low levels of sporocarp production.
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Abstract: Trechispora are an important genus of wood-inhabiting fungi that have the ability to decom-
pose rotten wood in the forest ecosystem. In this study, we reported three new species of Trechispora:
T. murina, T. odontioidea, T. olivacea from a subtropical region of Yunnan Province, China. Species
descriptions were based on a combination of morphological features and phylogenetic analyses of the
ITS and LSU region of nuclear ribosomal DNA. Trechispora murina is characterized by the resupinate
basidiomata, grandinioid hymenial surface with a greyish tint, monomitic hyphal system and el-
lipsoid, thick-walled, ornamented basidiospores; T. odontioidea has an odontioid hymenial surface
with cylindrical to conical, blunt aculei and subglobose to globose, colorless, slightly thick-walled,
ornamented basidiospores; T. olivacea has a farinaceous hymenial surface with olivaceous tint, basidia
clavate and thick-walled, ornamented, broadly ellipsoid to globose basidiospores. Sequences of the
ITS and nLSU rDNA markers of the studied samples were generated, and phylogenetic analyses were
performed with maximum likelihood, maximum parsimony, and Bayesian inference methods. After
a series of phylogenetic analyses, the 5.85+nLSU dataset was constructed to test the phylogenetic
relationship of Trechispora with other genera of Hydnodontaceae. The ITS dataset was used to evalu-
ate the phylogenetic relationship of the three new species with other species of Trechispora. Using
ITS phylogeny, the new species T. murina was retrieved as a sister to T. bambusicola with moderate
supports; T. odontioidea formed a single lineage and then grouped with T. fimbriata and T. nivea; while
T. olivacea formed a monophyletic lineage with T. farinacea, T. hondurensis, and T. mollis.

Keywords: fungal diversity; morphology; southwest China; subtropical region; wood-inhabiting fungi

1. Introduction

Fungi form an essential branch of the tree of life, inferred from the important relation-
ship with animals and plants [1], and it drives the carbon cycling in forest soils, mediate
mineral nutrition of plants, and alleviates carbon limitations of other soil organisms as the
decomposers and mutualists of plants and animals being the fundamental ecological roles [2].
Inferred from growing on a variety of the boreal, temperate, subtropical, and tropical divers
vegetations, wood-inhabiting fungi have a rich diversity [3-13]. Trechispora P. Karst. belongs
to Trechisporales, a small but strongly supported order in Agaricomycotina [14,15]. Trechispora
(Hydnodontaceae Jiilich) typified by T. onusta P. Karst., which is characterized by resupinate
to effused basidiomata; a smooth to hydnoid to poroid hymenophore; ampullaceous septa;
short cylindric basidia; and smooth to verrucose or aculeate basidiospores [5,16]. Currently,
MycoBank and Index Fungorum have registered 121 specific and intraspecific names in
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Trechispora. About 60 species are currently accepted in Trechispora worldwide [5,17-27], of
which 18 species of the genus have been found in China [28-34].

The high phylogenetic diversity on the corticioid Agaricomycetes based on two genes,
5.85 and 28S in which nine taxa of Trechispora nested into trechisporoid clade [35]. The
molecular systematics suggested that Trechispora belonged to Hydnodontaceae and was
related to genera Brevicellicium K.H. Larss. & Hjortstam, Porpomyces Jiilich, Sistotremas-
trum J. Erikss., and Subulicystidium Parmasto [36], the similar morphological characters of
Trechispora to these genera are basidiomata resupinate, hyphal system monomitic, cystidia
absent [5,37]. The phylogeny of Trechisporales was inferred from a combined ITS-nLSU
sequences, which revealed that several related genera Porpomyces, Scytinopogon Singer, and
Trechispora grouped closely together and nested within Hydnodontaceae [38].

Based on the ITS and nLSU datasets, the phylogenetic study of Trechispora reports
two new Trechispora species: T. cyatheae Ordynets, Langer & K.H. Larss. and T. echinocristallina
Ordynets, Langer & K.H. Larss., which were found in La Réunion Island [24]. Recently,
a new species of Trechispora has been reported from North America and China [26,33,34].

During the investigations of the corticioid fungi, Yunnan Province, China, we collected
three fungal taxa, which could not be assigned to any described species within Hydnodon-
taceae. We present morphological and molecular phylogenetic evidence that support them
as the three new species in Trechispora.

2. Materials and Methods
2.1. Sample Collection and Herbarium Specimen Preparation

Fresh fruiting bodies of the fungi growing on fallen angiosperm branches were col-
lected in 2019 from the Honghe and Wenshan of Yunnan Province, China. The samples
were photographed in situ and macroscopic details were recorded. Field photographs
were taken by a Jianeng 80D camera (Tokyo, Japan). All photographs were focus-stacked
and merged using Helicon Focus Pro 7.7.5 software. Once the macroscopic details were
recorded, the specimens were transported to a field station where the specimens were dried
on an electronic food dryer at 45 °C. Once dried, the specimens were labeled and sealed in
envelopes and plastic bags. The dried specimens were deposited in the herbarium of the
Southwest Forestry University (SWFC), Kunming, Yunnan Province, China.

2.2. Morphology

The macromorphological descriptions were based on field notes and photos captured
in the field and laboratory. Color, texture, taste and odor of fruit bodies were mostly based
on the authors’ field trip investigations. Color terminology follows Kornerup and Wan-
scher [39]. All materials were examined under a Nikon 80i microscope (Nikon Corporation,
Tokyo, Japan). Drawings were made with the aid of a drawing tube. The measurements
and drawings were made from slide preparations stained with cotton blue (0.1 mg aniline
blue dissolved in 60 g pure lactic acid), Melzer’s reagent (1.5 g potassium iodide, 0.5 g
crystalline iodine, 22 g chloral hydrate, aq. dest. 20 mL), and 5% potassium hydroxide.
Spores were measured from the sections of the basidiomata and when presenting spore
size data, 5% of the measurements excluded from each end of the range are shown in
parentheses [40]. The following abbreviations were used: KOH = 5% potassium hydroxide
water solution, CB = cotton clue, CB- = acyanophilous, IKI = Melzer’s reagent, IKI- = both
inamyloid and indextrinoid, L = means spore length (arithmetic average for all spores),
W = means spore width (arithmetic average for all spores), Q = variation in the L /W ratios
between the specimens studied, and n = a/b ((a) number of spores were measured in total,
coming from (b) number of specimen).

2.3. Molecular Phylogeny

The CTAB rapid plant genome extraction kit-DN14 (Aidlab Biotechnologies Co., Ltd.,
Beijing, China) was used to obtain genomic DNA from the dried specimens following the
manufacturer’s instructions [41]. The nuclear ribosomal ITS region was amplified with the
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primers ITS5 and ITS4 [42]. The nuclear nLSU region was amplified with the primer pairs
LROR and LR7 (http:/ /lutzonilab.org/nuclear-ribosomal-dna/, accessed on 7 June 2019).
The PCR procedure used for ITS was as follows: initial denaturation at 95 °C for 3 min,
followed by 35 cycles at 94 °C for 40 s, 58 °C for 45 s, and 72 °C for 1 min, and a final extension
of 72 °C for 10 min. The PCR procedure used for nLSU was as follows: initial denaturation
at 94 °C for 1 min, followed by 35 cycles at 94 °C for 30 s, 48 °C for 1 min, and 72 °C for
1.5 min, and a final extension of 72 °C for 10 min. The PCR products were purified and
sequenced at Kunming Tsingke Biological Technology Limited Company (Kunming, Yunnan
Province, China). All the newly generated sequences were deposited in NCBI GenBank
(https:/ /www.ncbinlm.nih.gov/genbank/, accessed on 28 November 2021) (Table 1).

Table 1. List of species, specimens, and GenBank accession numbers of sequences used in this study,

the newly generated sequences are in bold fonts.

GenBank Accession No.

Species Name Specimen No. References
ITS nLSU
Brevicellicium exile H (Spirin 8370) MT002322 MT002338 [43]
B. olivascens KHL 8571 HE963792 HE963793 [36]
Dextrinocystis He 5700 MK204534 MK204547 [38]
calamicola
Fibrodontia alba TNMEF 24944 NR153983 NG060401 [24]
F. brevidens Wu 9807-16 KC928276 KC928277 [44]
Litschauerella gladiola He 3171 MK204555 MK204556 [38]
Luellia cystidiata JHP 09455 MW371211 Unpublished
Porpomyces mucidus Dai 12692 KT157833 KT157838 [45]
P. submucidus Cui 5183 KT152143 KT152145 [45]
Scytinopogon pallescens He 5192 MK204553 [38]
S. havencampii DED 8300 KT253946 KT253947 [46]
Sistotremastrum He 3338 MK204540 MK204552 [38]
guttuliferum
S. niveocremeum CBS 42854 MH857381 MH868921 [47]
S. suecicum H (Miettinen14550) MT075860 MT002336 [43]
Sphaerobasidium KHL 11714 DQ873652 DQ873653 [48]
minutum
Subulicystidium KASL 1584b MHO041544 MH041610 [49]
brachysporum
S. cochleum KHL 11200 MN207036 MN207024 [50]
S. longisporum Ordynets 00146 MN207039 MN207032 [50]
S. meridense Hjm 16400 MH041538 MHO041604 [49]
Trechispora amianthina CBS 202.54 MH857292 [47]
T. araneosa KHL 8570 AF347084 [35]
T. bambusicola CLZhao 3305 MW544022 MW520172 [33]
T. bispora CBS 142.63 MH858241 [47]
T. byssinella UC 2023068 KP814481 Unpublished
T. clancularis FRDBI 4426619 MW487976 Unpublished
T. cohaerens HHB 19445 MW740327 Unpublished
T. copiosa AMO 453 MN701018 [27]
T. confinis KHL 11197 AY463473 AY586719 [35]
T. daweishanensis CLZhao 18255 MW302338 [34]
T. echinospora MA Fungi 82486 JX392853 [36]
T. farinacea MA Fungi 79474 JX392855 JX392856 [36]
T. fimbriata CLZhao 9006 MW544025 MW520175 [33]
T. fissurata CLZhao 4571 MW544027 [33]
T. gelatinosa AMO 1139 MN701021 [27]
T. havencampii DED 8300 NR154418 [46]
T. hondurensis HONDURAS 19-F016 MT571523 MT636540 Unpublished
T. hymenocystis KHL 8795 AF347090 [35]
T. incisa GB 0090648 KU747095 Unpublished
T. invisitata UC 2023088 KP814425 Unpublished
T. kavinioides KGN 981002 AF347086 [35]
T. mollis URM 85884 MK514945 [26]
T. mollusca CBS 43948 MH856428 [47]
T. murina CLZhao 11736 OL615003 Present study
T. murina CLZhao 11752 OL615004 OL615009 Present study
T. nivea MA Fungi 74044 JX392832 [36]
T.odontioidea CLZhao 17890 ON417458 Present study
T.olivacea CLZhao 17826 ON417457 Present study
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Table 1. Cont.

Species Name

GenBank Accession No.

Specimen No.

References
ITS nLSU

T. pallescens FLOR 56186 MK458766 Unpublished
T. papillosa AMO 713 MN701022 [27]
T. regularis KHL 10881 AF347087 [35]
T. rigida URM 85754 MT406381 [26]

T. stellulata UC 2023096 KP814450 Unpublished
T. stevensonii MA Fungi 70669 JX392841 [36]
T. subsphaerospora KHL 8511 AF347080 [35]
T. termitophila AMO 1169 MN701028 [27]
T. thelephora 1820 AMV KF937369 [51]
T. torrendii URM 85886 MK515148 [26]
T. xantha CLZhao 17781 MW302340 [34]
T. yunnanensis CLZhao 215 MN654923 [31]
Tubulicium He 3191 MK204537 MK204545 [38]

raphidisporum

T. vermiferum KHL 8714 — AY463477 [35]

The sequences and alignment were adjusted manually using AliView version 1.27 [52].
The datasets were aligned with Mesquite version 3.51. The 5.85+nLSU sequences dataset
was used to know the phylogenetic relationship of the three new species in Trechispora and
related genera, and the ITS dataset was used to evaluate the phylogenetic relationships of
the new species with known species of the genus. Sequences of Porpomyces mucidus (Pers.)
that Julich and P. submucidus F. Wu & C.L. Zhao retrieved from GenBank were used as the
outgroup for the 5.85+nLSU analysis (Figure 1) [34], and sequences of Fibrodontia alba that
Yurchenko & Sheng H. Wu and F. brevidens (Pat.) Hjortstam & Ryvarden retrieved from
GenBank were used as the outgroup for the ITS analysis (Figure 2) [24,34].
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Figure 1. Maximum parsimony strict consensus tree illustrating the phylogeny of Trechispora and related
genera in Trechisporales based on 5.8S+nLSU sequences. The genera represented by each color are indi-
cated in the upper left of the phylogenetic tree. Branches are labelled with maximum likelihood bootstrap
value 2 70%, parsimony bootstrap value = 50%, and Bayesian posterior probabilities = 0.95, respectively.

104



J. Fungi 2022, 8, 1020

3

o '6‘&? & &
d > &
GO O G R
§ s & & f‘e &
@ Smooth * & - By o o
@ Arachnoid 497100~ Trechispora mollis URM 85884 . (4 v *
Farinaceous Trechispora hondurensis HONDURAS 19-F016 @ - ¢ -
5 ‘ Trechispora farinacea MAFungi 79474 0o ¢ ¢ v
Granular Trechispora olivacea C1.7hao 17826 * ¢ *
® Aculeate 95/94/0.99 Trechispora papillosa AMO 713 [ * ¢ v *»
@ Tuberculale <SM095— | Tyechispora fhelephora 1820 AMV *
® Grandi Trechispora gelatinosa AMO 1139 @ * < *
Grandinioid Trechispora araneosa KHL 85 ° P .
® Odontioid Trechispora hymenocystis KHL 8795 5 : & *
D Trechispora torrendii URM 85886 “ v x
Eid —L— Trechispora echinospora MAFungi 82486 e ¢ ¢ *
Poroid echispora fissurata CLZhao 4571 * L
@ Coralloid [ Trechispora murina Zhao 11752 PY * &
Trechispora murina C1.Zhao 11736
Trechispora bambusicola CLZhao 3305 ® * o
® Monomitic Trechispora subsphaerospora K111 8511 [ ] * i *
D Trechispora confinis KHI 11197 ° * & vy o
I Trechispora cohaerens HHB 19445 ° * - v = ]
Trechispora invisitata UC 2023088 [ ] & kS
& Present 94/87/0.98; Trechispora fimbriata CLZhao 9006 * *
Abpd osvn Trechispora nivea MAFungi 74044 @ . & *
SSA0 Trechispora odontividea CLZhao 17890 @ - . © *
91:90/0.96 Trechispora havencampii DED 8300 @ N *
¥ Dacryoid | Trechispora termitophila AMO 1169 [ 4 * & *
=y L Trechispora rigida URM 85754 ° * ¢ *
Ellipsoid Trechispora moifusca CBS 43948 * (" v "k
Glabess Trechispora regularis KHL 10881 . ¢ v -
Trechispora stevensonii MA-Fungi 70669 @ * [
¥ Subglobosc Trechispora bispora CBS 14263 ® * ¢ -
100:970.99 — Trechispora pallescens FLOR 56186 ® * <
_ ‘{—E}w"u\punl(upm\u AMO 453 ° * L5 *
* Thin-walled SR Trechispora incisa GI3 0090648 @ * & *
R Trechispora clancularis FRDBI 4426619 @ 1 ] [ L
el SRS Trechispora xantha CLZhao 17781 ° @ ¢ * @
* Thick-walled 44—|j7‘mr/u.&/)om daweishanensis CLZhao 18255 ® * [ * [
— I ispora y CLZhao 215 o @ *
Trechispora amianthina CBS 20254
@ Smooth Trechispora kavinioides KGN 981002 [} * (3 o
Ornamented Trechispora byssinella UC 2023068 e * & * ]
Trechispora stellulata UC 2023096 * © v

T Fibrodontia brevidens Wu 980716
Fibrodontia alba TNMF 24944

Figure 2. Maximum parsimony strict consensus tree illustrating the phylogeny of three new
species and related species in Trechispora based on ITS sequences. Branches are labelled with maxi-
mum likelihood bootstrap value = 70%, parsimony bootstrap value = 50%, and Bayesian posterior
probabilities 2 0.95, respectively. The new species are in bold.

The three combined datasets were analyzed using maximum parsimony (MP), maxi-
mum likelihood (ML), and Bayesian inference (BI), according to Zhao and Wu [41]. Maxi-
mum parsimony analyses were constructed using PAUP* version 4.0b10 [53]. All characters
were equally weighted and gaps were treated as missing data. Trees were inferred us-
ing the heuristic search option with TBR branch swapping and 1000 random sequence
additions. Max trees were set to 5000, branches of zero length were collapsed, and all parsi-
monious trees were saved. Clade robustness was assessed using bootstrap (BT) analysis
with 1000 replicates [54]. Descriptive tree statistics—tree length (TL), consistency index (CI),
retention index (RI), rescaled consistency index (RC), and homoplasy index (HI)—were
calculated for each maximum parsimonious tree generated. Multiple sequence alignment
was also analyzed using ML in RAXML-HPC2 through the Cipres Science Gateway [55].
Branch support (BS) for ML analysis was determined by 1000 bootstrap replicates.

MrModeltest 2.3 [56] was used to determine the best-fit evolution model for each
dataset for Bayesian inference (BI), which was performed using MrBayes 3.2.7a with
a GTR+I+G model of DNA substitution and a gamma distribution rate variation across
sites [57]. A total of 4 Markov chains were run, each consisting of 1.6 million generations,
with random starting trees for 5.85+nLSU (Figure 1) and 1.2 million generations for ITS
(Figure 2) with trees and parameters sampled every 1000 generations. The first one-fourth of
all generations were discarded as burn-in. The majority rule consensus tree of all remaining
trees was calculated. Branches were considered as significantly supported if they received
a maximum likelihood bootstrap value (BS) > 70%, maximum parsimony bootstrap value
(BT) > 70%, or Bayesian posterior probabilities (BPP) > 0.95.

3. Results
3.1. Molecular Phylogeny

The 5.85+nLSU dataset (Figure 1) included sequences from 30 fungal samples rep-
resenting 30 species. The dataset had an aligned length of 1508 characters, of which
1141 characters are constant, 104 are variable and parsimony uninformative, and 263 are
parsimony informative. Maximum parsimony analysis yielded 54 equally parsimonious
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trees (TL =986, CI = 0.5172, HI = 0.4828, RI = 0.5211, and RC = 0.2695). The best model was
GTR+I+G (Iset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1)). Bayesian
and ML analyses showed a topology similar to that of MP analysis with split frequencies
equal to 0.022581 (BI), and the effective sample size (ESS) across the two runs is double of
the average ESS (avg ESS) = 869.5.

The 5.85+nLSU rDNA gene regions (Figure 1) include ten genera within Trechisporales,
Brevicellicium, Dextrinocystis Gilb. & M. Blackw., Litschauerella Oberw., Luellia K.H. Larss. &
Hjortstam, Scytinopogon, Sistotremastrum J. Erikss., Sphaerobasidium Oberw., Subulicystidium
Parmasto, Tubulicium Oberw., and Trechispora, shows that all related genera cluster into
Trechisporales and the three new species grouped into Trechispora.

The ITS-alone dataset (Figure 2) included sequences from 42 fungal specimens represent-
ing 41 species. The dataset had an aligned length of 580 characters, of which 178 characters are
constant, 61 are variable and parsimony-uninformative, and 341 are parsimony-informative.
Maximum parsimony analysis yielded 584 equally parsimonious trees (TL = 2802, CI = 0.3123,
HI = 0.6877, RI = 0.2519, and RC = 0.0787). Best model for the ITS dataset estimated and
applied in the Bayesian analysis was GTR+I+G (Iset nst = 6, rates = invgamma; prset statefre-
gpr = dirichlet (1,1,1,1). Bayesian and ML analyses resulted in a topology similar to that of
MP analysis with split frequencies equal to 0.025000 (BI), and the effective sample size (ESS)
across the two runs is double of the average ESS (avg ESS) = 621.5.

The phylogram inferred from the ITS dataset (Figure 2) indicated that the three
new species grouped into Trechispora, in which the new species T. murina was sister to
T. bambusicola with higher supports (96% BS, 92% BP, and 1.00 BPP); T. odontioidea formed
a unique position within the clade of T. fimbriata C.L. Zhao and T. nivea (Pers.) K.H.
Larss; while T. olivacea shared a clade formed by the members of T. farinacea (Pers.) Liberta,
T. hondurensis Schoutteten & Haelew., and T. mollis.

3.2. Taxonomy
Trechispora murina K.Y. Luo & C.L. Zhao, sp. nov. Figures 3 and 4.

Figure 3. Basidiomata of Trechispora murina (holotype CLZhao 11752): the front of the basidiomata (A),
characteristic hymenophore (B). Bars: (A) =5 mm and (B) = 1 mm.
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Figure 4. Microscopic structures of Trechispora murina (holotype CLZhao 11752): basidiospores (A),
a cross-section of basidiomata (B), basidia and basidioles (C). Bars: (A) =5 um, (B,C) = 10 um.

MycoBank no.: 842491.

Holotype—China, Yunnan Province, Wenshan, Funing County, Guying Village, GPS
coordinates 23°44’ N, 105°56’ E, altitude 750 m asl., on a fallen angiosperm branch, leg.
C.L. Zhao, 20 January 2019, CLZhao 11752 (SWEFC).

Etymology—murina (Lat.): Referring to the furry mouse-like hymenial surface.

Basidiomata—Annual, resupinate, thin, growing adnate but easily separable, up to
15 cm long, 3 cm wide, 100-500 pm thick. Hymenial surface grandinioid, pale greyish to
grey when fresh, turn to greyish upon drying. Sterile margin concolorous with a hymenial
surface, up to 2 mm wide.

Hyphal system—Monomitic; generative hyphae with clamp connections; colorless;
thick-walled with a wide to lumen; richly branched; interwoven; encrusted; 2-3.5 um in
diameter; IKI-, CB—; tissues unchanged in KOH.

Hymenium—Cystidia and cystidioles absent; basidia more or less clavate, with four
sterigmata and a basal clamp connection, 10.0-14.0 x 3.54.5 um; basidioles dominant;
basidioles in shape similar to basidia, but slightly smaller.

Spores—Basidiospores ellipsoid, colorless, thick-walled, ornamented, IKI-, CB-, (2.5-)
34 x (2-)2.5-3 pm, L = 3.42 ym, W = 2.87 um, Q = 1.17-1.20 (n = 60/2).

Additional specimen examined (paratype)—China, Yunnan Province, Wenshan, Fun-
ing County, Guying Village, GPS coordinates 23°39’ N, 105°59’ E, altitude 1400 m asl., on
a fallen angiosperm branch, leg. C.L. Zhao, 20 January 2019, CLZhao 11736 (SWEFC).

Trechispora odontioidea K.Y. Luo & C.L. Zhao, sp. nov. Figures 5 and 6.

MycoBank no.: 8§44493.

Holotype—China, Yunnan Province, Honghe, Pingbian County, Daweishan National
Nature Reserve. GPS coordinates: 23°420’ N, 103°300’ E; altitude: 1500 m asl., on fallen
angiosperm branches, leg. C.L. Zhao, 1 August 2019, CLZhao 17890 (SWEC).

Etymology—odontioidea (Lat.): Referring to the odontioid hymenophore.

Basidiomata—Annual, adnate, thin, up to 11 cm long, 2.5 cm wide, 50-200 um
thick. Hymenial surface odontioid, aculei cylindrical to conical, blunt, 0.3-0.6 mm long,
pale buff when fresh, turn to buff upon drying. Sterile margin indistinct, cream to buff,
0.5-1 mm wide.

Hyphal system—Monomitic; generative hyphae with clamp connections; colorless,
thin- to thick-walled; frequently branched; interwoven; 2-3.5 um in diameter; ampullate
hyphae frequently present; IKI—, CB—; tissues unchanged in KOH.
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Figure 5. Basidiomata of Trechispora odontioidea (holotype CLZhao 17890): the front of the basid-
iomata (A), characteristic hymenophore (B). Bars: (A) =1 cm and (B) = 1 mm.

©
> #
&

)
b 8 0
B

Figure 6. Microscopic structures of Trechispora odontioidea (holotype CLZhao 17890): basidiospores (A),
basidia and basidioles (B), a cross section of basidiomata (C). Bars: (A) =5 um, (B,C) = 10 um.

Hymenium—Cystidia and cystidioles absent.; basidia clavate, with four sterigmata
and a basal clamp connection, 8.0-12.0 x 2.5-4 um; basidioles dominant, in shape similar
to basidia, but smaller.

Spores—Basidiospores subglobose to globose, colorless, slightly thick-walled, orna-
mented, IKI—, CB—, 2-3 x 1.5-2.5 pm, L = 2.53 ym, W =2.00 pm, Q =1.27 (n = 30/1).

Trechispora olivacea K.Y. Luo & C.L. Zhao, sp. nov. Figures 7 and 8.
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Figure 7. Basidiomata of Trechispora olivacea (holotype CLZhao 17826): the front of the basidiomata (A),
characteristic hymenophore (B). Bars: (A) =1 cm and (B) = 1 mm.
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Figure 8. Microscopic structures of Trechispora olivacea (holotype CLZhao 17826): basidiospores (A),
basidia and basidioles (B), a cross-section of basidiomata (C). Bars: (A) =5 um, (B,C) = 10 um.
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MycoBank no.: 844494.

Holotype—China, Yunnan Province, Honghe, Pingbian County, Daweishan National
Nature Reserve. GPS coordinates: 23°420’ N, 103°300’ E; altitude: 1500 m asl., on fallen
angiosperm branches, leg. C.L. Zhao, 1 August 2019, CLZhao 17826 (SWFC).

Etymology—olivacea (Lat.): Referring to the olivaceous hymenial surface.

Basidiomata—Annual, resupinate, thin, very hard to separate from substrate, up to
11 cm long, 2.5 cm wide, 30-80 pum thick. Hymenial surface farinaceous, pale white to
slightly olivaceous when fresh, turn to olivaceous upon drying. Sterile margin indistinct,
slightly olivaceous, 0.2-0.5 mm wide.

Hyphal system—Monomitic; generative hyphae with clamp connections; colorless;
thin- to thick-walled; occasionally branched; interwoven; 1.5-3.0 um in diameter; ampullate
hyphae present; IKI-, CB—; tissues unchanged in KOH.

Hymenium—Cystidia and cystidioles absent; basidia clavate, with four sterigmata
and a basal clamp connection, 10.0-12.0 x 4.5-5 pm; basidioles dominant, with the shape
similar to basidia, but smaller.

Spores—Basidiospores broadly ellipsoid to globose, colorless, thick-walled, orna-
mented, IKI-, CB—, 2.5-4 x 1.5-2.5 um, L =3.30 um, W =2.65 um, Q = 1.25 (n = 30/1).

4. Discussion

The classification of corticioid fungi revealed that two taxa of Trechispora farinacea and
T. hymenocystis nested into Trechispora located in Hydnodontaceae (Trechisporales) [15]. In
the present study (Figure 2), Trechispora murina, T. odontioidea, and T. olivacea are nested
into Trechispora, in which T. murina was sister to T. bambusicola; T. odontioidea formed
a monophyletic lineage and then grouped with T. fimbriata and T. nivea; while T. olivacea
formed a monophyletic lineage and then grouped with T. farinacea, T. hondurensis, and T.
mollis. However, T. bambusicola is morphologically distinguishable from T. murina by having
the odontioid hymenophore with cream to buff the hymenial surface [33]. Trechispora
fimbriata is distinguishable from T. odontioidea by having the hydnoid hymenial surface and
longer basidiospores (3-3.6 x 2.4-3.2 um) [33]; T. nivea differs from T. odontioidea by its thin-
walled, larger basidiospores (3.5-4 x 2.5-3 um) [5]. Trechispora farinacea is distinguishable
from T. olivacea by its smooth to grandinioid or odontioid hymenophore with whitish to
ochraceous hymenial surface and larger basidiospores (4-5 x 3.5-4 um) [5]; T. hondurensis
is separated from T. olivacea by having a hydnoid to partly irpicoid hymenial surface and
thin-walled, wider basidiospores (3.6-3.8 x 2.7-2.9 um) [58]; T. mollis is distinguishable
from T. olivacea because it has white-yellow to pale yellow hydnoid hymenial surface, and
wider ampullate septa at generative hyphae (reaching 8 um in width) [26].

Morphologically, Trechispora murina is similar to T. farinacea, T. rigida, T. subsphaerospora
(Litsch.) Liberta, and T. torrendii Chikowski & K.H. Larss. Based on the character of the
grandinioid hymenial surface. However, Trechispora farinacea is separated from T. murina
by having a whitish to ochraceous hymenial surface and larger, subglobose to broadly
elliposid basidiospores (4-5 x 3.5-4 pum) [5]. Trechispora rigida differs from T. murina due to
the presence of its dirty white to buff hymenophore [59] and having larger basidiospores
(4.5-5.5 x 4 pum) [27]. Trechispora subsphaerospora differs from T. murina by having smooth
basidiospores [34]. Trechispora torrendii differs in its pale yellow to yellow hymenophore [26]
and has globose to subglobose basidiospores (2.8-3.5 x 3-3.5 um) [27].

Trechispora murina is similar to T. canariensis Ryvarden & Liberta, T. fastidiosa (Pers.)
Liberta, T. praefocata (Bourdot & Galzin) Liberta, T. stevensonii (Berk. & Broome) K.H.
Larss., and T. yunnanensis C.L. Zhao due to the presence of the ellipsoid, ornamented basid-
iospores. However, Trechispora canariensis differs from T. murina because it has arachonoid
to pelliculose hymenial surface and thin-walled, larger basidiospores (5-7 x 3-3.5 um) [5].
Trechispora fastidiosa is separated from T. murina by having a membranaceous, whitish
to cream hymenial surface and larger basidiospores (6-7 x 4.5-5.5 um) [5]. Trechispora
praefocata differs by having the farinaceous to arachnoid hymenial surface and larger
basidiospores (5-6.5 x 4-5.5 um) [5]. Trechispora stevensonii differs from T. murina by its
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hydnoid hymenophore and larger basidiospores (4-4.5 x 3-3.5 um) [5]. Trechispora yunna-
nensis is separated from T. murina by having the farinaceous hymenial surface and larger
basidiospores (7-8.5 x 5-5.5 um) [31].

Trechispora odontioidea is similar to T. bambusicola C.L. Zhao and T. nivea in having
an odontioid hymenial surface. However, Trechispora bambusicola differs from T. odontioidea
because it has granulose basidiomata, and the absence of the ampullaceous septa [33]. Trechis-
pora nivea differs from T. odontioidea due to the presence of white to ochraceous basidiomata
and broadly ellipsoid to subglobose, thin-walled, larger basidiospores (3.5-4 x 2.5-3 um) [5].

Trechispora odontioidea resembles T. clancularis (Park.-Rhodes) K.H. Larss., T. cyatheae
Ordynets, Langer & K.H. Larss., T. hymenocystis (Berk. & Broome) K.H. Larsson, T. invisitata
(H.S. Jacks.) Liberta, and T. torrendii Chikowski & K.H. Larss. due to the presence of orna-
mented or aculeate basidiospores. However, Trechispora clancularis is distinguishable from
T. odontioidea due to the presence of its poroid to irpicoid hymenial surface and subglobose to
ovoid, larger basidiospores (6-6.5 x 5-6 pm) [5]. Trechispora cyatheae differs from T. odontioidea
in having a farinaceous to grandinioid hymenial surface, and broadly elliptical to slightly
lacrymiform and adaxial side convex or straight, longer basidiospores (3-3.5 x 2-3 um) [24].
Trechispora hymenocystis is distinguishable from T. odontioidea by its poroid basidiomata and
broadly ellipsoidal to ellipsoidal, larger basidiospores (4.5-5.5 x 3.5-4.5 pum) [19]. Trechispora
invisitata differs from T. odontioidea because it has a smooth to porulose, farinaceous to gran-
ulose hymenial surface and ellipsoid to ovate, larger basidiospores (4.5-5.5 x 3—4 pm) [5].
Trechispora torrendii differs from T. odontioidea because it has a farinose to grandinioid hy-
menial surface and larger basidiospores (3.2-3.5 x 2.8-3.2 um) [26].

Trechispora olivacea is similar to T. caucasica (Parmasto) Liberta, T. dimitica Hallenb.,
T. gelatinosa Meiras-Ottoni & Gibertoni, T. verruculosa (G. Cunn.) K.H. Larss., and T. yunna-
nensis C.L. Zhao due to the presence of a farinaceous hymenial surface. However, Trechispora
caucasica differs from T. olivacea by having a white to greyish hymenial surface and narrowly
ellipsoid to reniform with a median constriction, larger basidiospores (5-5.5 x 4-4.5 um) [5].
Trechispora dimitica differs from T. olivacea in its white to pale greyish hymenial surface,
dimitic hyphal system, and shorter basidia (7-10 x 4.5-5.5 um) [5]. Trechispora gelatinosa
is distinguishable from T. olivacea by its coralloid basidiomata and wider basidiospores
(3.2-4.5 x 2.5-3.5 um) [27]. Trechispora verruculosa differs from T. olivacea because it has
granulose to hydnoid with small cylindrical aculei, white to yellowish to ochraceous hy-
menial surface and larger basidiospores (4.5-5.5 x 3.5-4.5 um) [5]. Trechispora yunnanensis
can be delimited from T. olivacea by its larger basidiospores (7-8.5 x 5-5.5 um) [31].

Trechispora olivacea resembles T. hypogeton (Maas Geest.) Hjortstam & K.H. Larss.,
T. nivea, T. rigida, and T. thelephora (Lév.) Ryvarden in having broadly ellipsoid to glo-
bose, ornamented basidiospores. However, Trechispora hypogeton is distinguishable from
T. olivacea by its stipitate basidiomata and wider basidiospores (3.8-4.3 x 2.7-3.1 um) [26].
Trechispora nivea differs from T. olivacea by the presence of a odontioid hymenial surface
with white to pale ochraceous and wider basidiospores (3.54 x 2.5-3 um) [5]. Trechispora
rigida differs from T. olivacea due to the presence of a colliculose hymenial surface and larger
basidiospores (4.5-5.5 x 4 um) [26]. Trechispora thelephora differs from T. olivacea because it
has a stipitate basidiomata and larger basidiospores (4.0-5.0 x 3.4-4.5 um) [26].

Wood-rotting fungi are an extensively studied group of Basidiomycota [12,13,60-66] and
the three taxa of Trechispora are a typical example group of wood-rotting fungi [15,33-35,67].
Based on our present morphology and phylogeny focusing on Trechispora, all taxa in this
genus can be separated from the three new species.

Key to 21 accepted species of Trechispora in China

1. Basidiospores smooth 2
1" Basidiospores aculeate, verrucose or ornamented 5
2. Ampullate hyphae > 5 pm in width, basidiospores angular ———T. subsphaerospora
2’ Ampullate hyphae < 5 pm in width, basidiospores ellipsoid 3
3. Basidiospores thick-walled T. cohaerens
3’ Basidiospores thin-walled 4
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4. Hymenial surface tuberculate

T. daweishanensis

4' Hymenial surface smooth T. xantha
5. Hyphal system dimitic T. dimitica
5’ Hyphal system monomitic 6
6. Hyphae without ampullate septa 7
6’ Hyphae with ampullate septa 12
7. Basidiospores thin-walled, ovoid to subglobose T. suberosa
7' Basidiospores thick-walled, ellipsoid 8
8. Basidiospores > 7 um in length: T. yunnanensis
8’ Basidiospores < 7 pm in length 9
9. Basidiomata margin greyish T. murina
9’ Basidiomata margin white to cream 10
10. Hymenial surface odontioid T. bambusicola
10’ Hymenial surface hydnoid 11
11. Hymenophore with blunt aculei T. fimbriata
11" Hymenophore with sharp aculei T. fissurata
12. Sphaerocysts present, hyphae inflated T. hymenocystis
12’ Sphaerocysts absent, hyphae uninflated 13
13. Ampullate septa > 6 um in width 14
13’ Ampullate septa < 6 pm in width 15
14. Basidiospores sparsely verrucose T. polygonospora
14’ Basidiospores densely aculeate T. mollusca
15. Subhymenium with short-celled hyphae 16
15’ Subhymenium with long-celled hyphae 17
16. Basidiome thin, ochraceous T. farinacea
16’ Basidiome thick, dirty white to buff T. rigida
17. Basidiospores thin-walled 18
17’ Basidiospores thick-walled 19
18. Hymenophore with hydnoid T. nivea

18’ Hymenophore without hydnoid
19. Basidiospores > 5 um in length

T. microspora

T. praefocata

19’ Basidiospores < 5 um in length 20
20. Hymenial surface farinaceous with olivaceous T. olivacea
20’ Hymenial surface odontioid with buff T. odontioidea
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Abstract: The lichenized fungal genus Astrothelium is an important element of crustose lichen com-
munities in tropical to subtropical forests. Morphological and molecular phylogenetic approaches
to investigate species diversity of Astrothelium (Trypetheliaceae) from Southern China were carried
out in this study. Bayesian and maximume-likelihood (ML) analyses were generated based on the
combined data set of internal transcribed spacer (ITS), partial regions of the nuclear ribosomal large
subunit (LSU), and the largest subunit of RNA polymerase II gene sequences (RPB1). The morpho-
logical comparison with the known Astrothelium taxa and molecular phylogeny support five new
species: Astrothelium jiangxiense sp. nov., A. luminothallinum sp. nov., A. pseudocrassum sp. nov.,
A. subeustominspersum sp. nov., and A. subrufescens sp. nov. All these species are described and
illustrated in detail.

Keywords: diversity; morphology; new taxa; Trypetheliaceae; phylogeny

1. Introduction

Astrothelium Eschw. is a genus of lichenized fungi, with the type species Astrothe-
lium conicum Eschw., belonging to the family Trypetheliaceae in the order Trypetheliales in
the class Dothideomycetes of the phylum Ascomycota [1-3]. Traditionally, Astrothelium in-
cluded the species with fused lateral ostioles and transversely septate ascospores. Harris
(1989, 1995) anticipated that the classification scheme employed for Trypetheliaceae was
artificial and would result in the polyphyly of some genera [4,5]. Aptroot et al. (2008)
subsequently echoed his contentions, further emphasizing the need for a revision of generic
concepts within Trypetheliaceae [6]. Utilizing molecular data, Del Prado et al. (2006) and
Nelsen et al. (2009) began assessing Harris’s assertions and demonstrated the non-
monophyly of Trypethelium and Astrothelium [3,7]. Further, ontogenetic studies of muriform-
spored taxa revealed these spores initially form transverse septa with diamond-shaped
lumina and subsequently develop muriform septation, thus suggesting a close
evolutionary connection between species producing these different ascospore types [8].
Nelsen et al. (2014) explicitly studied relationships within Trypetheliaceae based on molec-
ular analysis and showed that species from a number of genera together form a strongly
supported group, referred to as the “Astrothelium” clade [9]. This result was supported by
Liicking et al. [10,11] and Aptroot and Liicking [12]. With its modern circumscription [12],
the genus, with a total of over 250 taxa [1,13-17], is the largest in the family and exhibits

117



J. Fungi 2022, 8, 994

much variation in perithecial arrangement and ascospore septation, including species essen-
tially referred to as the previously separate genera Astrothelium, Bathelium, Campylothelium,
Cryptothelium, Laurera, and Trypethelium [1,2,9,10,12-15]. In both its original and revised
delimitation, the genus has a pantropical distribution [1,2,15,18-21].

Astrothelium is distinguished by the corticate, usually olive-green thallus, the simple to
aggregated or pseudostromatic ascomata with apical to lateral, separate or fused ostioles;
the ascomata or pseudostromata can be immersed to prominent, often different from
the thallus in structure and color. The ascospores in Astrothelium are distoseptate, with
diamond-shaped lumina, which are best seen in the species with transversely septate
ascospores, but ascospores with muriform septation are also common [1,12]. Thus far, most
known species in the genus produce hyaline ascospores, except Astrothelium fuscosporum
Soto-Medina, Aptroot and Liicking, producing very characteristic, multiseptate, and brown
ascospores [12,22].

Astrothelium species with astrothelioid ascospores in China are poorly known; up to
now, only four species have been recorded: A. cinnamomeum (Eschw.) Miill. Arg. [23],
A. sinense S.H. Jiang and C. Zhang [17], A. speciosum Zahlbr. [24], and A. variolosum (Ach.)
Mill. Arg. [24]. The aim of this study is to investigate the diversity of Astrothelium in
Southern China, combining morphological, chemical, and molecular data.

2. Materials and Methods
2.1. Material Examined

All materials were collected from Guangdong, Guangxi, Guizhou, and Jiangxi
Provinces, and are preserved in the Herbarium Mycologicum Academiae Sinicae-Lichenes,
Beijing, China (HMAS-L) and Fungarium of the College of Life Sciences, Liaocheng Uni-
versity, Liaocheng, China (LCUF).

2.2. Phenotypic Analysis

Morphological characters were examined and photographed under a Motic SMZ-
168 series stereo microscope and LEICA M125 and DFC450 dissecting microscopes. The
anatomical characters were explored with a razor blade under an A2 dissecting stereoscope
with an Axio Imager.

2.3. Chemical Analysis

The lichen substances were detected using thin layer chromatography (TLC) [25,26].
The particularly stable and reliable solvent C (toluene/acetic acid 170:30) was used in this
study as it often provides the best discrimination of lichen substances [25]. Relative Rf
values were determined on the plate by a control mixture: atranorin and norstictic acid,
in Lethariella cladonioides (Nyl.) Krog. The controls were assigned invariant Rf values, and
other spots were measured relative to them.

We utilized the normal procedure—to soak the lichen fragments firstly in c. 1 mL
of acetone for 10 min in a small test tube. Then, this solution was used for spotting on
the TLC plate. After that, the plate was preequilibrated with glacial acetic acid vapor and
subsequently proceeded with elution in solvent C. The plate was dried and then examined
under short wavelength (254 nm) ultraviolet light for pigments. Further, it was sprayed
with 10% sulfuric acid and heated at 110° in an oven for 10 min to develop the spots. The
Rf values and color of each lichen substance were recorded and immediately examined
under long wavelength (365 nm) ultraviolet light. The Rf values, as well as the fluorescent
properties, were compared and analyzed to confirm the identity of the substance [25,26].

2.4. Phylogenetic Analyses
2.4.1. DNA Extraction and PCR Amplification

Sixteen fresh specimens were chosen for DNA extraction (Supplementary file S1)
using the modified CTAB method [27]. The partial region of the internal transcribed spacer
(ITS) was amplified using the ITS4 and ITS5 primers [28]. The fungal nuclear ribosomal
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large subunit (LSU) was amplified using combinations of the primers:
LROR-ACCCGCTGAACTTAAGC [29], LR3-GGTCCGTGTTTCAAGAC [29], 1F-
CAGTCTGAGTGAATTGCTAA (in this study), and 1R-TTTCTTGACATTGGCATTTG (in
this study). The largest subunit of RNA polymerase II gene sequence RPB1 was amplified
using the primers RPB1-Af and RPB1-Cr [29].

PCR reactions were carried out in 25 uL containing 1 pL each primer solution
(10 uM), 2 pL genomic DNA, 8 uL ddH,0O, and 13 puL 2 x Taq PCR MasterMix® (Cw-
bio Inc., Jiangsu, China). Thermocycling of ITS conditions comprised initial denaturation
at 95 °C for 5 min; followed by 31 cycles of denaturation at 94 °C for 30 s, annealing at
52 °C for 30 s, elongation at 72 °C for 50 s, and a final extension at 72 °C for 10 min. PCR
amplification of LSU and RPB1 included: a 1 min initial denaturation at 94 °C, 38 cycles
of 1 min denaturation at 94 °C, 45 s (for LSU) or 90 s (for RPB1) annealing step at 52 °C,
1 min extension at 72 °C, a final extension at 72 °C for 10 min. The target product of PCR
was checked by 0.8% agarose electrophoresis gels and sequenced by Majorbio Sanger Inc.
(Beijing, China). The new sequences derived in this study were deposited in GenBank
(https:/ /www.ncbi.nlm.nih.gov/, accessed on 25 August 2022; Supplementary file S1).

2.4.2. Phylogenetic Analyses

Sequences for each marker in this study were combined with those obtained from
GenBank by Basic Local Alignment Search Tool (BLAST) (Supplementary file S1), generat-
ing a separate ITS and a concatenated three-locus (ITS, LSU, RPB1) dataset (Supplementary
files S2 and S3). The top hits obtained after running a BLAST search of ITS were also
included (Supplementary file S4), which can help us judge the novelty of species more
easily based on quantitative measurement. Compared to ITS, LSU is relatively conservative,
and difficult to distinguish species when they are closely related. However, when the
two independent branches in the LSU tree were estimated for large evolutionary diver-
gence, it also indicates that the two species are distinct. Therefore, considering that most of
the known sequences of Astrothelium are about LSU, we generated a separate LSU dataset
for analysis (Supplementary file S5). Estimates of evolutionary divergence between LSU
sequences were conducted in MEGA v.7 (Kumar et al., Philadelphia, PA, USA) [30].

For constructing the phylogenetic tree, the genus Bathelium, belonging to the same
family Trypetheliaceae within Astrothelium, was chosen as outgroup [10]. Sequences for each
marker were firstly aligned independently with MAFFT v.7 (Katoh and Standley, Osaka,
Japan) [31], and the combinability was tested as described previously [32]. Only when no
significant conflict was detected, would the three markers ITS, LSU, and RPB1 be combined.
Bayesian analyses were performed by using MrBayes v.3.2.7 (Ronquist et al., Stockholm,
Sweden), as detailed in Jiang et al. [32]. Every 100th generation was sampled as a tree with
5,000,000 generations running. Maximum likelihood (ML) analyses involving 1000 pseu-
doreplicates were performed using IQ-TREE v2.0.6 (Minh et al., Canberra, Australia) [33].
The best-fit substitution model was selected using ModelFinder [34]. In the ML analyses
of ITS sequences, the TIM2 + F + G4 model was selected as the best model according to
BIC. TN + F + I + G4 and TIM2 + F + I + G4 were selected as the best models for LSU and
the three-locus dataset, respectively. The phylogenetic tree was drawn by FigTree v.1.4.3
(http:/ /tree.bio.ed.ac.uk/software/figtree/, accessed on 25 August 2022).

3. Results
3.1. Phylogenetic Analyses

The dataset included 16 ITS sequences, 10 LSU sequences, and 7 RPB1 sequences
newly generated in this study. The ITS (Supplementary file S6) and LSU sequences were
analyzed separately (Figure 1) and subsequently compared with the three-marker tree
based on a concatenated alignment with 1880 bp (ITS: 455 bp; LSU: 587 bp; RPB1: 838 bp;
Figure 2). No different relationships were revealed by the separate analyses for the ITS,
LSU, and RPB1 datasets, all with reciprocal posterior probabilities (PP) of 0.99; therefore,
these three markers can be combined.
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Figure 1. Bayesian tree showing the internal phylogeny of Astrothelium based on LSU (587 bp).
Bayesian inference posterior probabilities above 0.95 (left) and maximum likelihood bootstrap support
above 70% (right) are shown at nodes (B—PP/ML-BP). Terminals in boldface indicate newly generated
sequences for this study. The type specimens in the phylogenetic tree were labeled by letter T.
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Figure 2. Bayesian tree showing the internal phylogeny of Astrothelium based on three markers (ITS,
LSU, and RPB1) with an alignment length of 1880 bp. Bayesian inference posterior probabilities
above 0.95 (left) and maximum likelihood bootstrap support above 70% (right) are shown at nodes
(B-PP/ML-BP). Terminals in boldface indicate newly generated sequences for this study. The type
specimens in the phylogenetic tree were labeled by letter T.

As we know, ITS was often used as barcoding to distinguish lichen species due to its
high variability [35]. Compared to ITS, LSU is relatively conservative, and its sensitivity is
lower at the species level. Thus, LSU is difficult to distinguish species with when they are
closely related and similar, but when the two independent lineages in the LSU tree were
estimated of large evolutionary divergence (Supplementary file S7), it can help us delimit
them into different species.

The single ITS and LSU phylogeny and the combined sequence matrices revealed five
new monophyletic lineages corresponding to five new species here: Astrothelium jiangxiense
S.H. Jiang and C. Zhang sp. nov., A. luminothallinum S.H. Jiang and C. Zhang sp. nov.,
A. pseudocrassum S.H. Jiang and C. Zhang sp. nov., A. subeustominspersum S.H. Jiang and
C. Zhang sp. nov., and A. subrufescens S.H. Jiang and C. Zhang sp. nov. Most clades in all
trees had strong support through Bayesian and ML analyses. Astrothelium luminothallinum
is such a unique species that no close relatives were found in all trees (Figures 1 and 2, and
Supplementary file S6); they all supported it as a distinct clade. In addition, A. pseudocrassum
clustered with A. subrufescens (Figures 1 and 2, and Supplementary file 6), but they can
be distinguished easily in morphology. A. jiangxiense and A. subeustominspersum were
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grouped into one clade according to the three-gene combined tree (Figure 2). However,
the single ITS and LSU phylogenetic trees did not support this relationship, showing that
each species was highly supported and obviously separated from the others (Figure 1 and
Supplementary file S6). This minor conflict makes it challenging to evaluate the exact
relationships between different clades in Astrothelium; however, it does not affect their
interpretation as distinct phylogenetic entities.

3.2. Taxonomy

Astrothelium jiangxiense S.H. Jiang & C. Zhang, sp. nov. (Figure 3)

Fungal Names FN 571292.

Etymology: The epithet refers to the discovery of this new species in Jiangxi
province, China.

Typus: CHINA, Jiangxi, Shangrao City, Yushan County, Sanqing Mountain, alt.
1295 m, on bark, 17 March 2019, M. Li JX19042 (LCUE, holotype).

Diagnosis: The new species differs from the similar species Astrothelium scoria (Fée)
Aptroot and Liicking and A. subscoria Flakus and Aptroot by the bullate thallus and usually
single but not white-covered pseudostromata.

Description: Thallus crustose, corticolous, olive-green to bright green, verrucose to
bullate, continuous, without prothallus, 40-90 pm thick, covering areas up to 5 cm diam.
Algae trentepohlioid. Ascomata perithecia, conical to pyriform, black, 0.6-1 mm diam.,
erumpent to prominent, usually single, but sometimes 2—4 aggregated in pseudostromata.
Pseudostromata blackish brown. Ostiole apical, black, except for a pale brown rim around
50-100 um diam. Ascomata wall carbonized, black, 40-260 um thick. Hamathecium
hyaline, interspersed with oil droplets. Asci cylindrical to clavate, 120-140 x 12-15 pm.
Ascospores eight per ascus, biseriate, hyaline, fusiform, transversely three-septate,
16-30 x 6-8 pm, lumina diamond-shaped, surrounded by a smooth gelatinous sheath,
2-8 pm wide. Pycnidia not seen.

Chemistry: Thallus UV-, pseudostromata UV-. TLC showed an unidentified substance
at Rf five of solvent C, with UV+ red reaction (Supplementary file S8).

Habitat and distribution: The new species grows on the bark of tropical and subtropical
regions and is currently only found in China.

Additional specimens examined: CHINA. Jiangxi, Shangrao City, Yushan County, Sanging
Mountain, alt. 1317 m, on bark, 17 March 2019, Z.T. Yao JX19053 (LCUF).

Notes: This taxon can be recognized by its olive-green to bright green bullate thallus
(UV-), pale yellow to brown, somewhat conical pseudostromata, usually single ascomata,
and apical ostiole. In TLC examination, we found an unknown substance at Rf five
of solvent C, UV+ red (Supplementary file S8). It would key out in the recent world
key [36] in key I at couplet 5 and 6 (Supplementary file S9) and differs by the bullate
thallus and usually single but not white-covered pseudostromata. Astrothelium scoria
resembles the new species in ascospore characters; however, its thallus is often yellowish
or brownish and smooth; besides, ascomata are irregularly grouped to pseudostromata,
and no substances can be detected by TLC [12]. Further, the new species and A. scoria
form independent branches in the phylogenetic tree constructed by LSU (Figure 1) and
show large evolutionary divergence (15.4%, Supplementary file S7), which supports them
as different species. A. subscoria is another similar species but can be distinguished by
ascomata with white cover [37]. In addition, the LSU analysis indicates their large genetic
distance (16.7%; Figure 1, Supplementary file S7). It is also somewhat similar to A. aenascens
Aptroot, but the latter has parietin detected by TLC, and ascospores are not surrounded
by a gelatinous layer [38]. Furthermore, the molecular evidence support that they are
two distinct species (Figures 1 and 2, Supplementary file S6). A. diaphanocorticatum Aptroot
and Sipmanis is similar to the new species in the bullate thallus and three-septate ascospores,
but its asci are wider (120-150 x 1620 um) and ascospores are not surrounded by a
gelatinous layer [16].

Astrothelium luminothallinum S.H. Jiang and C. Zhang, sp. nov. (Figure 4)
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Fungal Names FN 571293.

Etymology: The epithet refers to the thallus containing lichexanthone, contrasting with
the pseudostromata, which are absent of lichexanthone.

Typus: CHINA, Guizhou, Libo County, Limingguanxiang, alt. 750 m, on bark,
23 October 2018, Z.F. Jia GZ18347 (LCUF, holotype).

Diagnosis: The new species was similar to Astrothelium phlyctaena (Fée) Aptroot
and Liicking but can be distinguished by interspersed hamathecium, and UV-
negative pseudostromata.

Description: Thallus crustose, corticolous, continuous, grey-green or light green,
2—4 cm diam., 300-600 pm thick, smooth to uneven. Algae trentepohlioid. Ascomata
perithecia, conical to pyriform, elongated, black, 0.15-0.40 mm diam., immersed to erumpent,
single or aggregated in pseudostromata. Pseudostromata surfaces grey-white or grey-
yellow, not concolorous to the thallus, raised, top flattened. Ostiole apical, appearing as
blackish dots, black, 0.1-0.3 mm diam. Ascomata wall carbonized, black, 32-72 um thick.
Hamathecium hyaline, interspersed with oil droplets. Asci cylindrical to clavate, colorless,
75-120 x 12-18 um. Ascospores eight per ascus, biseriate to irregular, hyaline, fusiform,
ends rounded, transversely three-septate, 18-29 x 6-10 pm, lumina diamond-shaped,
surrounded by a smooth gelatinous sheath, 4-18 pym wide. Pycnidia not seen.

Chemistry: Thallus UV+ yellow, pseudostromata UV-. TLC: lichexanthone.

Habitat and distribution: The new species grows on the bark of tropical and subtropical
regions and is currently only found in China.

Additional specimens examined: CHINA, Guizhou, Libo County, Limingguanxiang, alt.
750 m, on bark, 23 October 2018, Z.F. Jia 20191092 (HMAS-L 0154761).

Notes: This new species would key out in the recent world key [36] in key H at
couplet 16 and 17 (Supplementary file S9) and is similar to A. phlyctaena, but the latter often
has clear hamathecium and pseudostromata UV+ yellow [12]. In addition, they formed
independent branches in the LSU phylogenetic tree, with large evolutionary divergence
(10.2%; Figure 1, Supplementary file S7). Another related species is A. leucosessile Liicking,
M.P. Nelsen and Aptroot, but it differs by having whitish and sessile pseudostromata [11].
Further, the LSU analysis reveals its large genetic distance from A. luminothallinum (14.3%,
Supplementary file S7, Figure 1).

Astrothelium pseudocrassum S.H. Jiang and C. Zhang, sp. nov. (Figure 5)

Fungal Names FN 571294.

Etymology: The epithet conveys the potential confusion with Astrothelium crassum.

Typus: CHINA, Guangdong, Shenzhen City, Dapeng Peninsula National Geopark, alt.
167 m, on bark, 17 January 2019, EY. Liu GD19061 (LCUE, holotype).

Diagnosis: The new species differs from the similar species Astrothelium crassum (Fée)
Aptroot and Liicking by the thin thallus and usually white-covered pseudostromata.

Description: Thallus crustose, corticolous, pale green, smooth to uneven, continuous,
not surrounded by prothallus, 40-100 um thick, covering areas up to 4 cm diam., not
inducing gall formation of the host bark. Algae trentepohlioid. Ascomata perithecia,
conical to pyriform, black, 0.3-0.6 mm diam., immersed to erumpent, sometimes single,
but often 4-25 aggregated in pseudostromata. Pseudostromata surface white to grey, not
concolorous to the thallus, raised, irregular to often linear in outline. Ostiole eccentric,
fused, black, 0.2-0.5 mm diam., covered by a whitish rim. Ascomata wall carbonized, black,
50-160 pum thick. Hamathecium hyaline, clear, not interspersed. Asci cylindrical to clavate,
85-120 x 13-16 um. Ascospores eight per ascus, biseriate to irregular, hyaline, fusiform,
transversely three-septate, 20-27 x 6-9 um, lumina diamond-shaped, surrounded by a
smooth gelatinous sheath, 2-11 um wide. Pycnidia not seen.
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Figure 3. Astrothelium jiangxiense sp. nov. (a,b) Thallus with ascomata (holotype, LCUF JX19042);
(c) ascus, with hamathecium interspersed with oil droplets (LCUF JX19053); (d,e) ascospores (holo-
type, LCUF JX19042). Scale bars: (a,b) = 0.1 mm; (c) = 20 um; (d,e) = 10 um.

Chemistry: Thallus UV-, pseudostromata UV-. TLC: no substances detected.

Habitat and distribution: The new species grows on the bark of tropical and subtropical
regions and is currently only found in China.

Additional specimens examined: CHINA. Guangdong, Shenzhen City, Dapeng Peninsula
National Geopark, alt. 167 m, on bark, 17 January 2019, EY. Liu 20191093
(HMAS-L 0154762).

Notes: This species would key out in the recent world key [36] in key K at couplet
16 (Supplementary file S9) and differs from A. crassum by the thin thallus and usually
white-covered pseudostromata. The latter was often characterized by ascomata with a
whitish rim bordering a wide, dark ostiolar area and thickened thallus [12]. Further, they
form independent branches in the phylogenetic tree constructed by LSU (Figure 1) and
show large evolutionary divergence (8.2%; Supplementary file S7), which supports them
as different species. Another related species A. subdissocians (Nyl. ex Vain.) Aptroot
and Liicking can be distinguished by ascomata with complete whitish cover, including
the ostiolar area [12]. A. nitidiusculum (Nyl.) Aptroot and Liicking is another similar
species in having whitish ascomata with dark ostiolar area, but its pseudostromata are not
distinct, and the ostioles are apical [12]. In addition, they form independent branches in the
phylogenetic tree constructed by LSU (Figure 1) and show large evolutionary divergence
(11.4%; Supplementary file S7), which supports them as two different species.
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b

Figure 4. Astrothelium luminothallinum sp. nov. (holotype, LCUF GZ18347). (a) Thallus and pseu-
dostromata; (b) ascus; (c,d) ascospores. Scale bars: (a) = 0.25 mm; (b) = 20 um; (c,d) = 20 um.

Astrothelium subeustominspersum S.H. Jiang and C. Zhang, sp. nov. (Figure 6).

Fungal Names FN 571295.

Etymology: The epithet refers to the potential confusion with Astrothelium eustominspersum.

Typus: CHINA. Guangxi, Shangsi County, Shiwandashan National Nature Reserve, alt.
290 m, on bark, 21 March 2019, S.H. Jiang and C. Zhang 20190856 (HMAS-L
0152001, holotype).

Diagnosis: The new species can be distinguished from the most related species Astrothe-

lium eustominspersum Aptroot and Oliveira-Junior by the lichexanthone only contained in
the thallus.
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Figure 5. Astrothelium pseudocrassum sp. nov. (holotype, LCUF GD19061). (a) Thallus with ascomata;
(b) ascus; (c) ascospores. Scale bars: (a) = 1 mm; (b) = 20 pm; (¢) = 10 um.

Description: Thallus crustose, corticolous, greenish-grey to olive-green, smooth to
uneven, somewhat shiny, continuous, covering areas up to 6 cm diam., 0.2-0.4 mm thick,
not surrounded by a prothallus. Algae trentepohlioid. Ascomata perithecia, globose
to pyriform, black, 0.15-0.4 mm diam., single to 2-15 aggregated groups immersed in
pseudostromata. Pseudostromata surfaces white-grey to brownish, not concolorous to
the thallus, raised, rounded to irregular. Ostiole eccentric, fused, black, 0.2-0.6 mm diam.
Ascomata wall carbonized, 30-100 um thick. Hamathecium hyaline, interspersed with
oil droplets. Asci cylindrical to clavate, 88-170 x 13-17 um. Ascospores eight per ascus,
biseriate to irregular, hyaline, fusiform, transversely three-septate, 17-28 x 6-8 um, lumina
diamond-shaped, surrounded by a smooth gelatinous sheath, 1-6 pm wide. Pycnidia
not seen.

Chemistry: Thallus UV+, pseudostromata UV-. TLC: lichexanthone.

Habitat and distribution: The new species grows on the bark of tropical and subtropical
regions and is currently only found in China.

Additional specimens examined: CHINA. Guangxi, Shangsi County, Shiwandashan
National Nature Reserve, alt. 290 m, on bark, 21 March 2019, S.H. Jiang and C. Zhang
20190855 (HMAS-L 0152000), 20190873 (HMAS-L 0152002).

Notes: This species would key out in the recent world key [36] in key ] at couplet 17
(Supplementary file S9) and differs from the remaining species keying out there in that it
has lichexanthone only in the thallus and that it has an interspersed hamathecium. The
most similar species is Astrothelium eustominspersum, but the lichexanthone is only in the
ostiole [39]. A. studerae Aptroot and M. Caceres resembles this new species, but it can be
distinguished by apical ostiole and lichexanthone only in ascomata [16]. A. neovariolosum
Luangsuph., Aptroot and Sangvichien is also similar to this new species in pseudostromata
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and ascospores, but it differs in black prothallus, apical ostiole, and smaller perithecia
and asci [29]. In addition, they formed two distinct clades in both ITS and ITS-LSU-RPB1
phylogenetic trees (Figure 2 and Supplementary file S6).

Astrothelium subrufescens S.H. Jiang and C. Zhang, sp. nov. (Figure 7).

Fungal Names FN 571296.

Etymology: The epithet refers to the potential confusion with Astrothelium rufescens.

Typus: CHINA, Guangdong, Shenzhen City, Dapeng Peninsula National Geopark, alt.
167 m, on bark, 17 January 2019, EY. Liu GD19067 (LCUF, holotype).

Diagnosis: The new species can be distinguished from the somewhat similar species
Astrothelium rufescens (Mull. Arg.) Aptroot and Liicking by the pseudostromata that contain
few ascomata.

Description: Thallus crustose, corticolous, continuous, 1-9 cm diam., 30-90 um thick,
smooth to uneven, or bullate, olive-green. Algae trentepohlioid. Ascomata perithecia,
black, conical to pyriform, 0.6-1.5 mm diam., immersed to erumpent in pseudostromata.
Pseudostromata surfaces grey-white or grey-yellow, not concolorous to the thallus. Ostiole
apical, black, with whitish surrounding area, 0.1-0.5 mm diam. Ascomata wall carbonized,
black, 55-160 pm thick. Hamathecium is clear, not interspersed with oil droplets. Asci
cylindrical to clavate, colorless, 85-117 x 13-16 um. Ascospores eight per ascus, biseriate
to irregular, hyaline, fusiform, ends rounded, transversely three-septate, 19-27 x 6-9 pm,
lumina diamond-shaped, surrounded by a smooth gelatinous sheath, 1.5-11 pm wide.
Pycnidia not seen.

Chemistry: Thallus UV-, pseudostromata UV-. TLC: no substance detected.

Habitat and distribution: The new species grows on the bark of tropical and subtropical
regions and is currently only found in China.

Additional specimens examined: CHINA, Guangdong, Shenzhen City, Dapeng Penin-
sula National Geopark, alt. 167 m, on bark, 17 January 2019, EY. Liu GD19065 (LCUE),
GD19086 (LCUF), GD19094 (LCUF). Hainan, Changjiang County, Bawangling National
Nature Reserve, alt. 762 m, on bark, 8 December 2019, Z. Chao and Z.T. Yao HN20192176
(HMAS-L 0152007); Wuzhishan City, Wuzhishan National Nature Reserve, alt. 784 m,
on bark, 12 December 2019, Z. Chao and Z.T. Yao HN20192312 (HMAS-L 0152041),
HN20192317 (HMAS-L 0152042).

Notes: This species would key out in the recent world key [36] in key I at couplet
11-13 (Supplementary file S9). It is closely related to Astrothelium rufescens, but the lat-
ter species has pseudostromata containing more ascomata [12]. Further, from the LSU
phylogenetic tree, they formed into two distinct clades (Figure 1), and their evolutionary di-
vergence is far (13.6%; Supplementary file S7), which also supports them as different species.
A. crassum also resembles this new species in whitish pseudostromata, but it differs in
the ostiole lateral [12]. Furthermore, they formed independent lineages in the LSU tree
(Figure 1), with a large genetic distance (7.3%; Supplementary file S7), indicating that they
are two different species.
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Figure 6. Astrothelium subeustominspersum sp. nov. (holotype, HMAS-L 0152001). (a) Thallus with
ascomata; (b) ascus; (c) ascospores. Scale bars: (a) = 1 mm; (b,c) = 10 um.

Figure 7. Astrothelium subrufescens sp. nov. (holotype, LCUF GD19067). (a) Thallus and pseudostro-
mata; (b,c) ascus; (d—f) ascospores. Scale bars: (a) = 0.1 mm; (b—f) = 20 pm.
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4. Discussion

The Trypetheliaceae is one of the oldest described families in the lichenized Ascomy-
cota [2]. Based on molecular data, the core Trypetheliaceae were reorganized, with most
species now in a single genus, Astrothelium, and additional lineages allocated in the
other seventeen genera [1]. Species in Astrothelium often have a pantropical distribu-
tion [1,2,6,18,19]. In Southern China, there is abundant subtropical to tropical evergreen
resources [40]. This habitat is favorable for the pyrenocarpous lichens, including Astrothe-
lium. However, the genus has not been sufficiently studied; therefore, so far, four species
have been recorded from China [17,23,24]. A. speciosum and A. variolosum were reported
by Zahlbruckner (1933) for the first time from China [24]. After that, Aptroot and his
colleagues contributed to the research on pyrenocarpous species and other microlichens
in tropical China, especially in Hong Kong, Taiwan, and Xishuangbanna regions in Yun-
nan [23,41-44]. The vast majority of the species they encountered were new records for
China. Furthermore, among those surveys of lichens in tropical China, A. cinnamomeum
was reported in their annotated checklist of the lichens of Hong Kong [23]. During the
investigation of lichenized fungi from (sub-)tropical China in our study, some samples
were not able to be categorized as any previously described Astrothelium species. Based on
morphological characteristics and phylogenetic analysis of the combined ITS, LSU, and
RPB1 sequence datasets, there is sufficient evidence to verify five species new to science:
Astrothelium jiangxiense sp. nov., A. luminothallinum sp. nov., A. pseudocrassum sp. nov.,
A. subeustominspersum sp. nov., and A. subrufescens sp. nov., even though the specimens
were limited in this study.

In the modern circumscription [12], Astrothelium exhibits much variation in perithe-
cial arrangement and ascospore septation, including septate and muriform ascospores.
Five new species described here are all characterized by three-septate ascospores and sur-
rounded by a smooth gelatinous sheath, indicating the diversity of Astrothelium is higher
than previously understood. To better recognize the species relationship of Astrothelium,
more taxonomic studies should be continuously carried out in the near future. More mate-
rial will doubtlessly be found if the pyrenocarpous lichen flora in the area is investigated in
more detail. Experience shows that with deeper studies, more rare species will be discov-
ered, and there might be quite a number of yet undiscovered taxa. In addition, with further
investigations, we expect to discover additional species within muriform ascospores in this
genus from China.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jof8100994/s1. Supplementary file S1: Specimens used in the
phylogenetic analysis; Supplementary file S2: ITS_ alignment dataset; Supplementary file S3: Con-
catenated three-locus (ITS, LSU, RPB1) dataset; Supplementary file S4: The top hits obtained after
running a BLAST search of ITS; Supplementary file S5: LSU_ alignment dataset; Supplementary
file S6: The phylogenetic tree of ITS; Supplementary file S7: Estimates of evolutionary divergence
between LSU sequences; Supplementary file S8: TLC test of the new speices Astrothelium jiangxiense
sp. nov.; Supplementary file S9: World key to the species of Pyrenulaceae and Trypetheliaceae.
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Abstract: During our ongoing survey of dematiaceous hyphomycetes associated with dead branches
in tropical forests, eight Acrodictys isolates were collected from Hainan, China. Morphology from
the cultures and phylogeny based on partial small subunit (SSU), entire internal transcribed spacer
regions with intervening 5.85 (ITS), partial large subunit (LSU) of rRNA gene, partial beta-tubulin
(tub2), and partial RNA polymerase II second largest subunit (rpb2) genes were employed to
identify these isolates. As a result, four new species, namely Acrodictys bawanglingensis sp. nov.,
A. diaoluoshanensis sp. nov., A. ellisii sp. nov., and A. pigmentosa sp. nov., are introduced. Illustrations
and descriptions of the four taxa are provided, along with comparisons with closely related taxa in
the genus. For facilitating relative studies, an updated key to all accepted species of this genus is
also compiled.

Keywords: morphology; new taxa; phylogeny; Sordariomycetes; taxonomy

1. Introduction

Acrodictys M.B. Ellis was erected by Ellis and typified by A. bambusicola M.B. Ellis [1].
In the protologue, this genus was characterized by globose to subglobose, uniformly
pigmented, angularly, or obliquely septate conidia. This broad, generic circumscription of
Acrodictys has been followed for nearly 40 years until recent segregations starting at the
beginning of this century [2—4].

Acrodictyella W.A. Baker and Partr., typified by A. obovata W.A. Baker and Partr., was
considered the first genus to accommodate those species similar to Acrodictys but char-
acterized by producing hyaline, muriform conidia, which secede well before maturation
and become pigmented sometime after their release [2]. Based on conidial morphology,
conidiogenesis, and conidial secession, Baker et al. [3,5] and Baker and Morgan-Jones [4]
divided the genus Acrodictys sensu lato into four genera, viz. Acrodictys sensu stricto,
Junewangia W.A. Baker and Morgan-Jones, Pseudoacrodictys W.A. Baker and Morgan-Jones
and Rhexoacrodictys W.A. Baker and Morgan-Jones. The Acrodictys sensu stricto is mainly
characterized by macronematous, mononematous, cylindrical, unbranched or infrequently
branched, percurrently proliferating conidiophores, and muriform conidia [6,7]. Based
on morphological and phylogenetic analyses and typified by the genus Acrodictys sensu
stricto, Acrodictyaceae ] W. Xia and X.G. Zhang was introduced [7].

Species in Acrodictys sensu stricto are saprobic on dead branches. They are thought
to be wood-decaying fungi, promoting the carbon cycle in the ecosystem by converting
cellulose, hemicellulose, and lignin into inorganic substances [7]. Although having a
worldwide distribution, they are mainly recorded from tropical areas, such as Brazil,
Thailand, and Mexico (https:/ /www.gbif.org, accessed on 25 June 2022). Hainan Province
(18°10-20°10" N,108°37'-111°05’ E) is an island in southern China. Its annual mean
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temperature is 22-27 °C, and its annual precipitation is 1000-2600 mm. It is a typical tropical
rainforest climate, suitable for the growth and reproduction of wood-decaying fungi.

In China, 12 isolates representing 9 species (A. bambusicola, A. elacidicola, A. fluminicola,
A. globulosa, A. hainanensis, A. liputii, A. malabarica, A. peruamazonensis, and A. porosiseptata)
have been documented from tropical areas in Hainan and Yunnan Provinces [6,7]. The
samples in this study were collected from the Bawangling National Nature Reserve and
Diaoluoshan National Nature Reserve in Hainan Province. Dead branches of unidentified
trees were collected in tropical rain forests dominated by Lauraceae and Fagaceae trees, and
the fungi in pure culture were isolated from these dead branches. Fungi from these axenic
cultures were identified based on classic morphological and modern molecular approaches.
As a result, four new species are described and illustrated herein in the genus Acrodistys
sensu stricto.

2. Materials and Methods
2.1. Isolation and Morphological Observation

Samples were collected from the Bawangling National Nature Reserve and Diaoluoshan
National Nature Reserve, Hainan Province, China (108°37'-117°50" E, 3°58'-20°20' N), and
taken to the laboratory in plastic bags. The samples were placed in Petri dishes with
moist filter paper and cultured in an incubator at 25 °C for 1-2 weeks. The samples
were examined using a stereomicroscope (SZ2X10 model, Olympus, Tokyo, Japan, https:
/ /www.olympus-lifescience.com.cn/zh/microscopes/, accessed on 25 June 2022) to locate
sporulating structures. Isolations were made with single spore methods according to the
following steps: Spores were suspended with sterilized water and spread onto PDA (PDA:
200 g potato, 20 g dextrose, 20 g agar, 1000 mL distilled water, pH 7.0) plate and incubated
for one day under a biochemical incubator. After germination, colonies were transferred
to a new PDA plate to obtain a pure culture. After 30 days of incubation, morphological
characters were recorded. Photographs of the colonies were taken on the 30th day using a
digital camera (G7X model, Canon, Tokyo, Japan, https://www.canon.com.cn/, accessed
on 25 June 2022). The micromorphological characteristics of colonies were observed using
two stereomicroscopes (SZX10 model and BX53 model, Olympus, Tokyo, Japan, https:
/ /www.olympus-lifescience.com.cn/zh/microscopes/, accessed on 25 June 2022), both
fitted with a digital camera (DP80 model, Olympus, Tokyo, Japan, https://www.olympus-
lifescience.com.cn/zh/microscopes/, accessed on 25 June 2022). Sporulating structures
were mounted in water for microscopic observation and photomicrography. At least
50 mature conidia and conidiophores were measured using the cellSens software (Olympus,
Tokyo, Japan), and images were used for further processing with Photoshop ver. CS5
(Adobe Systems, San Jose, CA, USA, https:/ /www.adobe.com/cn/, accessed on 25 June
2022). The cultures were stored in 10% sterilized glycerin and sterile water at 4 °C for
further studies. Specimens were deposited in the Herbarium Mycologicum Academiae
Sinicae, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China (HMAS),
and the Herbarium of the Department of Plant Pathology, Shandong Agricultural Univer-
sity (HSAUP). Living cultures were deposited in the Shandong Agricultural University
Culture Collection (SAUCC). New taxa were submitted to the taxonomic database My-
coBank (http:/ /www.mycobank.org, accessed on 25 June 2022) and obtained relative
deposition numbers.

2.2. DNA Extraction and Amplification

Genomic DNA was extracted from fungal mycelia grown on PDA, using a modified
cetyltrimethylammonium bromide (CTAB) protocol as described in Guo et al. [8]. Five
loci, namely the internal transcribed spacer regions with intervening 5.85 rRNA gene (ITS),
partial large subunit (LSU) rRNA gene, the partial small subunit (SSU) rRNA gene, the
partial RNA polymerase II second largest subunit (rpb2), and part of the beta-tubulin gene
region (tub2) were amplified with the primer pairs and polymerase chain reaction (PCR)
processes listed in Table 1.
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PCR was performed using a thermocycler (Mastercycler X50, Eppendorf, Hamburg,
Germany, https://www.eppendorf.com/CN-zh/, accessed on 25 June 2022). Amplifi-
cations were performed in a 25 pL reaction volume, which contained 12.5 pL 2 x Taq
Plus Master Mix II (Vazyme, Nanjing, China), 1 uL of each forward and reverse primer
(10 pM) (Tsingke Company Limited, Qingdao, China), 1 uL template genomic DNA (ap-
proximately 1 ng/uL), and 10 uL distilled deionized water. PCR products were visualized
through 1% agarose gel electrophoresis. Sequencing was bidirectionally conducted by a
company (Tsingke Company Limited, Qingdao, China), and a consensus was obtained
using MEGA 7.0 [9]. All sequences generated in this study were deposited in GenBank
under the accession numbers listed in Table 2.

2.3. Phylogenetic Analyses

Novel sequences were generated from the eight strains in this study, and all available
reference sequences of Acrodictys species were downloaded from GenBank [7,10]. No
rpb2 sequences are available in GenBank, and only two sequences are available for tub2.
Multiple sequences for ITS, LSU, and SSU were aligned and concatenated using an online
program (MAFFT v.7.11, http:/ /malfft.cbrcjp/alignment/server/, accessed on 25 June
2022) [11], with default settings and manually corrected where necessary (Supplementary
File S1). To establish the identity of the isolates at a species level, phylogenetic analyses
were conducted for each locus and for a combination of all three loci (ITS, LSU, and SSU),
based on maximum likelihood (ML) and Bayesian inference (BI). The best evolutionary
model for each partition was determined using MrModeltest v. 2.3 [12] and then incor-
porated into the Bl analyses. ML and BI were run through the CIPRES Science Gateway
portal (https://www.phylo.org, accessed on 25 June 2022) using RaxML-HPC2 on XSEDE
8.2.12 (Heidelberg, Germany) [13,14] and MrBayes on XSEDE 3.2.7a (Stockholm, Sweden),
respectively [15-17]. ML was performed using the default parameters, and Bl was carried
out using the rapid bootstrapping algorithm with the automatic halt option. Bayesian
analyses included four parallel runs of 5,000,000 generations and a sampling frequency
of 500 generations. The burn-in fraction was set to 0.25, and posterior probabilities (PP)
were determined from the remaining trees. The resulting trees were plotted using FigTree v.
1.4.4 (http:/ /tree.bio.ed.ac.uk/software/figtree, accessed on 25 June 2022) and edited with
Adobe Illustrator CS6.0 (https:/ /www.adobe.com/cn/, accessed on 25 June 2022).

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

Locus Primer Sequence (5'-3') PCR Program References
TS ITS5 GGA AGT AAA AGT CGT AAC AAGG (94 °Cfor30s,55°Cfor30s, [18]
ITS4 TCC TCC GCT TAT TGA TAT GC 72 °C for 45 s) x 29 cycles
LSU LROR GTA CCC GCT GAACTT AAGC (94°Cfor30s,48 °Cfor50s, [19,20]
LR5 TCC TGA GGG AAA CTT CG 72 °C for 90 s) x 35 cycles !
SSU NS1 GTA GTC ATATGC TTGTCT C (94 °C for 30,50 °C for 45 s, [18]
NS4 CTT CCG TCA ATT CCT TTA AG 72 °C for 90 s) x 35 cycles
tub2 Bt-2a GGT AAC CAA ATC GGT GCT GCT TTC (95°Cfor30s,56 °C for 30s, [21]
Bt-2b ACC CTC AGT GTA GTG ACC CTT GGC 72 °C for 60 s) x 35 cycles
rob2 fRPB2-5F GGG GWG AYC AGA AGA AGGC (95°Cfor50s, 56 °C for 50 s, [22]
p fRPB2-7R CCC ATR GCT TGY TTR CCC AT 72 °C for 120 s) x 37 cycles
Table 2. Strains and GenBank accession numbers used in this study.
. GenBank Accession Number
Species Strain
ITS LSU SSU rpb2 tub2
Acrodictys aquatica MFLUCC 18-0356 * MG835711 MG835712 - - -
A. bambusicola CGMCC 3.18641 KU999973 KX033564 KX033535 - KX036219
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Table 2. Cont.

GenBank Accession Number

Species Strain
ITS LSU SSU rpb2 tub2
. . SAUCC 1342 * ON606324 ON614219 ON620164 ONB859853 ONB859845
A. bawanglingensis
SAUCC 1343 ON606325 ON614220 ON620165 ON859852 ON859844
SAUCC 1601 * ON645265 ON644407 ON645269 ONB859847 ONB859839
A. diaoluoshanensis
SAUCC 1602 ON645266 ON644408 ON645270 ONB859846 ONB859838
A ellisii SAUCC 1471 * ON645254 ON644405 ON645267 ONS859851 ON859843
. ellisii
SAUCC 1472 ON645255 ON644406 ON645268 ON859850 ONB859842
CGMCC 3.18642 KU999977 KX033568 KX033539 - -
A. elaeidicola
CGMCC 3.18643 KU999978 KX033569 KX033540 - -
A. fluminicola KUMCC 15-0240 * MK828642 MK849786 - - -
A. globulosa CGMCC 3.18644 KU999970 KX033562 KX033532 - -
A. hainanensis CGMCC 3.18645 * KU999974 KX033565 KX033536 - -
CGMCC 3.18646 KU999966 KX033558 KX033528 - -
A. liputii CGMCC 3.18647 KU999979 KX033570 KX033541 - -
MFLUCC 18-0323 MZ412512 MZ412524 MZ413269 - -
A. malabarica CGMCC 3.18648 KU999968 KX033560 KX033530 - -
A. peruamazonensis CGMCC 3.18649 KU999969 KX033561 KX033531 - -
SAUCC 1591 * ON606326 ONe614221 ON620166 ONB859849 ON859841
A. pigmentosum
SAUCC 1592 ON606327 ON614222 ON620167 ON859850 ONB859842
A. porosiseptata CGMCC 3.18650 KU999967 KX033559 KX033529 - KX036220
Fluminicola MFLUCC 15-0976*  MF374358 MF374367 MF374375 ~ MF370954 -
saprophytica

Notes: New species established in this study are in bold. Ex-type strains are marked with “*”.

3. Results
3.1. Phylogenetic Analyses

Eight strains of Acrodictys were isolated from the dead branches of unidentified trees in
Hainan Province, China. The alignment of ITS, LSU, and SSU sequences was composed of
21 strains (including the 8 new strains) of Acrodictys and Fluminicola saprophytica (MFLUCC
15-0976) as the outgroup taxon, and 2419 characters, viz. 1-592 (ITS), 593-1419 (LSU), and
1420-2419 (SSU). Of these characters, 2089 were constant, 94 were variable and parsimony
uninformative, and 236 were parsimony informative.

The Bayesian analysis lasted for 65,000 generations, resulting in 1301 total trees, of
which 976 trees were used to calculate the posterior probabilities. The ML tree topology is
consistent with that from the BI analyses, and therefore, the ML tree is presented with BI
posterior probabilities being plotted together (Figure 1).

The 22 strains are assigned to 15 species clades based on the three-locus phylogeny
(Figure 1). The involved eight strains represent four new species, namely Acrodictys bawan-
glingensis (Figure 2), A. diaoluoshanensis (Figure 3), A. ellisii (Figure 4), and A. pigmentosa
(Figure 5), forming a clade together with A. bambusicola (MLBS = 96% and BYPP = 1.0).
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Figure 1. Phylogram generated from RAXML analysis based on combined ITS, LSU, and SSU
sequence data, demonstrating phylogenetic relationships within Acrodictys with the Fluminicola
saprophytica MFLUCC 15-0976 as outgroup. The maximum likelihood bootstrap value (MLBV > 70%)
and Bayesian inference posterior probability (BIPP > 0.90) are shown at relative nodes at the first
and second positions, respectively. Strains marked with “*” are ex-types. Strains from this study are
shown in red. Three branches were shortened to fit the page size and are indicated by a double slash
(//) with a fold number showing how many times they are shortened.

3.2. Taxonomy
3.2.1. Acrodictys bawanglingensis S. Wang, ].W. Xia, X.Y. Liu, and X.G. Zhang, sp. nov.

MycoBank No. 844582

Etymology—The epithet bawanglingensis is named after the Bawangling National
Nature Reserve where the holotype was collected.

Type—China, Hainan Province: the Bawangling National Nature Reserve (109°03'—
109°17" E, 18°57'-19°11" N), on the dead branches of unidentified trees collected in tropical
rain forests dominated by Lauraceae and Fagaceae trees, 19 May 2021, R.Y. Liu, holotype
HMAS 352233, ex-holotype living culture SAUCC 1342.

Description—Asexual morph on PDA: Mycelia are white to pale brown, floccose cot-
tony, reverse black. Conidiophores are macronematous, mononematous, erect, unbranched,
straight or flexuous, thick-walled, smooth, dark brown at the base, paler toward the apex,
septate, 60.0-120.0 x 4.5-6.5 um. Conidiogenous cells are monoblastic, integrated, terminal,
determinate, cylindrical, pale brown to brown, and smooth. Conidia are solitary, muriform,
obovoid to obpyriform, pale brown to brown, 18.0-26.0 x 10.0-16.0 pm, usually with
3 transverse septa and 1-3 longitudinal septa, slightly constricted at the septa, with con-
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spicuous pores in the septa, and truncate at the base. Chlamydospores were not observed.
Sexual morphs are unknown.

Figure 2. Acrodictys bawanglingensis (holotype HMAS 352233, ex-holotype SAUCC 1342): (a,b) surface
sides of colony after incubation for 7 days on PDA (a) and MEA (b);(c,d) reverse sides of colony after
incubation for 7 days on PDA (c) and MEA (d); (e—j) conidiophores, conidiogenous cells, and conidia.
Petri dish diameter: 90 mm (a—d). Scale bars: 10 um (e—j).

Culture characteristics—Colonies on PDA are flat with an entire margin, attaining
25.0-30.0 mm in diameter after 14 days at 25 °C, with a growth rate of 1.5-2.5 mm/day, a
greenish-brown color, and with a layer of white aerial hyphae on the surface. Colonies on
MEA are flat with an entire margin, have a generally mouse-gray color, and are covered
with a layer of white-to-gray, dense, aerial myecelia that are floccose cottony; the reverse is
black with a pale brown margin.

Additional specimen examined—China, Hainan Province: the Bawangling National
Nature Reserve (109°03'-109°17' E, 18°57'-19°11’ N), on the dead branches of unidentified
trees collected in tropical rain forests dominated by Lauraceae and Fagaceae trees, 19 May
2021, R.Y. Liu, paratype HMAS 352234, ex-paratype living culture SAUCC 1343.
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Notes—Strains SAUCC 1342 and SAUCC 1343 have similar morphological features
and identical DNA sequences and form a monophyletic group with a long branch and
robust support values (MLBV = 100% and BIPP = 1.00, Figure 1). Therefore, SAUCC 1342
and SAUCC 1343 are identified as the same new species: Acrodictys bawanglingensis.

lg y i o~

Figure 3. Acrodictys diaoluoshanensis (holotype HMAS 352235, ex-holotype SAUCC 1601): (a,b) surface
sides of colony after incubation for 30 days on PDA (a) and MEA (b); (c,d) reverse sides of colony
after incubation for 30 days on PDA (c) and MEA (d); (e-m) conidiophores, conidiogenous cells, and
conidia. Petri dish diameter: 90 mm (a—d). Scale bars: 10 um (e-m).

3.2.2. Acrodictys diaoluoshanensis S. Wang, ].W. Xia, X.Y. Liu, and X.G. Zhang, sp. nov.

MycoBank No. 844583

Etymology—The epithet diaoluoshanensis pertains to the Diaoluoshan National Nature
Reserve, where the holotype was collected.

Type—China, Hainan Province: the Diaoluoshan National Nature Reserve (109°41'-
110°4’ E, 18°38’-18°50' N), on the dead branches of unidentified trees collected in tropical
rain forests dominated by Lauraceae and Fagaceae trees, 21 May 2021, R.Y. Liu, holotype
HMAS 352235, ex-holotype living culture SAUCC 1601.

Description—Asexual morph on PDA: Conidiophores are macronematous, monone-
matous, erect, unbranched, straight or flexuous, thick-walled, smooth, pale brown, septate,
and 34.0-65.0 x 1.8-5.6 pm. Conidiogenous cells are monoblastic, integrated, terminal, de-
terminate, cylindrical, pale brown, and smooth. Conidia are solitary, muriform, obovoid to
obpyriform, pale brown to brown, and 18.0-22.0 x 10.0-13.0 pm, usually with 3 transverse
septa and 1-2 longitudinal septa; they are slightly constricted at the septa, with conspicuous
pores in the septa, and truncate at the base.

Culture characteristics—Colonies on PDA are flat with an entire margin, attaining
26.0-30.0 mm in diameter after 14 days at 25 °C, with a growth rate of 1.8-2.2 mm/day;
they have aerial mycelia that are white to pale brown and floccose cottony; the reverse is
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black. Colonies on MEA are flat with an entire margin, with white-to-gray aerial mycelia
that are floccose cottony; the reverse is black with a pale brown margin.

Additional specimen examined—China, Hainan Province: the Diaoluoshan National
Nature Reserve (109°41'-110°4’ E, 18°38’-18°50" N), on the dead branches of unidentified
trees collected in tropical rain forests dominated by Lauraceae and Fagaceae trees, 21 May
2021, R.Y. Liu, paratype HMAS 352236, ex-paratype living culture SAUCC 1602.

Notes—Strains SAUCC 1601 and SAUCC 1602 have similar morphological features and
identical DNA sequences and gather together with robust support values (MLBV = 100%
and BIPP = 1.00, Figure 1). These two strains are, therefore, identified as the same
new species: Acrodictys diaoluoshanensis. In the phylogenetical tree, based on a com-
bined dataset of three genetic markers, A. diaoluoshanensis is closely related to A. bam-
busicola (MLBV = 100%, BIPP = 1.00), but they are different in conidia (A. diaoluoshanensis
18.0-22.0 x 10-13 um vs. A. bambusicola 17.0-36.0 x 12.0-18.0 um).

Figure 4. Acrodictys ellisii (holotype HMAS 352237, ex-holotype SAUCC 1471): (a,b) surface sides
of colony after incubation for 30 days on PDA (a) and MEA (b); (c,d) reverse sides of colony after
incubation for 30 days on PDA (c) and MEA (d); (e-m) conidiophores, conidiogenous cells. and
conidia. Petri dish diameter: 90 mm (a—d). Scale bars: 10 um (e-m).

140



J. Fungi 2022, 8, 853

Figure 5. Acrodictys pigmentosa (holotype HMAS 352239, ex-holotype SAUCC 1591): (a,b) surface
sides of colony after incubation for 7 days on PDA (a) and MEA (b); (c¢,d) reverse sides of colony after
incubation for 7 days on PDA (c) and MEA (d); (e-0) conidiophores, conidiogenous cells, and conidia.
Petri dish diameter: 90 mm (a—d). Scale bars: 10 um (e-o).

3.2.3. Acrodictys ellisii S. Wang, J.W. Xia, X.Y. Liu, and X.G. Zhang, sp. nov.

MycoBank No. 844584

Etymology—The epithet ellisii is named in honor of the great English mycologist, M.
B. Ellis.

Type—China, Hainan Province: the Bawangling National Nature Reserve (109°03'-
109°17' E, 18°57’-19°11’ N), on the dead branches of unidentified trees collected in tropical
rain forests dominated by Lauraceae and Fagaceae trees, 19 May 2021, R.Y. Liu, holotype
HMAS 352237, ex-holotype living culture SAUCC 1471.

Description—Asexual morph on PDA: Conidiophores are macronematous, monone-
matous, erect, unbranched, straight or flexuous, thick-walled, smooth, pale brown, septate,
and 47.0-82.0 x 2.1-5.2 um. Conidiogenous cells are monoblastic, integrated, terminal, de-
terminate, cylindrical, pale brown, and smooth. Conidia are solitary, muriform, obovoid to
obpyriform, pale brown to brown, and 17.0-22.0 x 11.0-14.0 um, usually with 3 transverse
septa and 1-3 longitudinal septa; they are slightly constricted at the septa and truncate at
the base.

Culture characteristics—Colonies on PDA are flat with an entire margin, attaining
25.0-30.0 mm in diameter after 14 days at 25 °C, with a growth rate of 1.8-2.1 mm/day;
they have aerial mycelia that are white to pale brown and floccose cottony; the reverse is
black. Colonies on MEA are flat with an entire margin, with white-to-gray aerial mycelia
that are floccose cottony; the reverse is black with a pale brown margin.

Additional specimen examined—China, Hainan Province: the Bawangling National
Nature Reserve (109°03’-109°17' E, 18°57-19°11’ N), on the dead branches of unidentified
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trees collected in tropical rain forests dominated by Lauraceae and Fagaceae trees, 19 May
2021, R.Y. Liu, paratype HMAS 352238, ex-paratype living culture SAUCC 1472.

Notes—Strains SAUCC 1471 and SAUCC 1472 are similar in morphological features
and identical DNA sequences and form a clade (MLBV = 97%, Figure 1). These two strains
are, therefore, identified as the same new species: Acrodictys ellisii. Phylogenetically, A.
ellisii is closely related to A. bawanglingensis (MLBV = 97%, BIPP = 1.00), having only
4 and 18 bp of dissimilarity in LSU and SSU, respectively. Morphologically, Acrodictys
bawanglingensis also differs from A. ellisii in conidial size (60.0-120.0 x 4.5-6.5 um vs.
47.0-82.0 x 2.1-5.2 ym).

3.2.4. Acrodictys pigmentosa S. Wang, ].W. Xia, X.Y. Liu, and X.G. Zhang, sp. nov.

MycoBank No. 844585

Etymology—The epithet pigmentosa originates from its pigmented colony on MEA.

Type—China, Hainan Province: the Bawangling National Nature Reserve (109°03'-
109°17" E, 18°57~19°11’ N), on the dead branches of unidentified trees collected in tropical
rain forests dominated by Lauraceae and Fagaceae trees, 19 May 2021, R.Y. Liu, holotype
HMAS 352239, ex-holotype living culture SAUCC 1591.

Description—Asexual morph on PDA: Conidiophores are macronematous, monone-
matous, erect, unbranched, straight or flexuous, thick-walled, smooth, pale brown, septate,
and 4.5-75.0 x 1.5-3.0 um. Conidiogenous cells are monoblastic, integrated, terminal,
determinate, cylindrical, pale brown, and smooth. Conidia are solitary, muriform, obovoid
to obpyriform, pale brown to brown, 12.0-24.0 x 7.0-12.0 um, usually with 1-4 transverse
septa and 1-3 longitudinal septa, slightly constricted at the septa, and truncate at the base.

Culture characteristics—Colonies on PDA are flat with an entire margin, attaining
27.0-32.0 mm in diameter after 14 days at 25 °C, with a growth rate of 1.5-2.5 mm/day;
they have white-to-pale-brown aerial mycelia that are floccose cottony; the reverse is black.
Colonies on MEA are flat with an entire margin, with white-to-gray aerial mycelia that are
floccose cottony; the reverse is black with a pale brown margin.

Additional specimen examined—China, Hainan Province: the Bawangling National
Nature Reserve (109°03'-109°17' E, 18°57'-19°11’ N), on the dead branches of unidentified
trees collected in tropical rain forests dominated by Lauraceae and Fagaceae trees, 19 May
2021, R.Y. Liu, paratype HMAS 352240, ex-paratype living culture SAUCC 1592.

Notes—Strains SAUCC 1591 and SAUCC 1592 are similar in morphological features
and identical DNA sequences and form a monophyletic group with robust support val-
ues (MLBV = 100%, BIPP = 1.00, Figure 1). These two strains are, therefore, identified
as the same new species: Acrodictys pigmentosa. Phylogenetic analyses on a combined
dataset of three genetic markers showed that A. pigmentosa is basal to the clade of A. ellisii,
A. bawanglingensis, A. bambusicola, and A. diaoluoshanensis (MLBV = 96%, BIPP = 1.00), but
they are different in conidia (12.0-24.0 x 7.0-12.0 pm vs. 17.0-22.0 x 11.0-14.0 um vs.
18.0-26.0 x 10.0-16.0 pm vs. 17.0-36.0 x 12.0-18.0um vs. 18.0-22.0 x 10.0-13.0 um).

3.3. Key to the Species of Acrodictys

Together with the four new species proposed in this study, we currently accepted a
worldwide total of 27 species in the genus Acrodictys. In order to facilitate identification in
the future, a key to the species of Acrodictys is provided herein, updating the key compiled
11 years ago [6]. Since then, as many as eight new species have been added to this genus.
The characteristics adopted in the updated key include perithecia, septa, asci, ascospores,
conidiogenous cells, conidia, and chlamydospores.
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1. Sexual morph known

1" Sexual morph unknown
2. Maximum number of septa of ascospores > 3

2" Maximum number of septa of ascospores < 3

2
6
3
4

3. Conidia obovate
3’ Conidia pyriform

A. satwalekeri
A. elaeidicola

4. Conidia ellipsoid
4’ Conidia muriform

A. nigra
5

5. Conidia size 23.0-34.0 x 18.0-22.0 pm
5’ Conidjia size 15.0-22.0 x 7.0-13.0 pm:

A. peruamazonensis
A. hainanensis

7

6. Conidia with transverse septa only
6’ Conidia with transverse and longitudinal septa

14

7. Conidia clavate

7’ Conidia rounded

8

8. Conidiogenous cells in groups

10
A. similis

(o]

8" Conidiogenous cells singly
9. Conidiogenous cells size 70.0-100.0 x 4.0-6.0 pm:

A. aquatica

9’ Conidiogenous cells size 98.0-142.0 x 4.0-6.0 pm
10. Conidiogenous cells branched

A. fluminicola
A. caribensis

10" Conidiogenous cells unbranched
11. Conidiogenous cells septate

11
12

13

11’ Conidiogenous cells aseptate
12. Conidia spheroid

A. brooksiae

A. sacchari

12’ Conidia ellipsoidal
13. Conidia 2-3 transverse septa

13’ Conidia 4-9 transverse septa

A. elliptica

A. liputii

14. Conidiophores in groups
14’ Conidiophores singly:

A. furcata
15

15. Conidia maximum length > 100 um:
15’ Conidia maximum length < 100 um:

A. septosporioides
16

16. Conidiogenous cells lageniform
16” Conidiogenous cells cylindrical

17
22

17. Conidiogenous cells determinate proliferations
17’ Conidiogenous cells percurrent proliferations

A. balladynae
18

19

18. Conidia subglobose or ellipsoidal
18’ Conidia clavate or pyriform:

20

19. Conidia size 12.0-22.0 x 8.0-16.0 pm:

A. irregularis

19’ Conidia size 27.0-32.0 x 12.0-16.0 um-
20. Conidiogenous cells maximum length > 200 pm
20" Conidiogenous cells maximum length < 200 um
21. Conidia size 20.0-30.0 x 13.0-16.0 pm:

A. oblonga

A. porosiseptata

21
A. bambusicola

21’ Conidia size 17.0-27.0 x 11.0-15.0 um:

22. Conidiogenous cells with percurrent proliferations
22’ Conidiogenous cells with determinate proliferations

23. Conidiogenous cells maximum length > 60 pm:

A. atroapicula
23

25

A. micheliae

24

23’ Conidiogenous cells maximum length < 60 pm

24. Conidia size 28.0-32.0 x 8.0-12.0 pm:
24’ Conidia size 16.0-20.0 x 12.0-15.0 um:

A. lignicola

A. papillata

25. Conidiogenous cells maximum length > 80 um:
25’ Conidiogenous cells maximum length < 80 um

26
27

26. Conidia size 18.0-26.0 x 10.0-16.0 um, exceeding 23 and 13 um in length and width,

respectively

A. bawanglingensis
A. ellisii

26’ Conidia size 18.0-22.0 x 10.0-13.0 pm:
27. Conidia size 18.0-22.0 x 10.0-13.0 um:

A. diaoluoshanensis

27’ Conidia size 12.0-24.0 x 7.0-12.0 pm:

-A. pigmentosa

4. Discussion

Traditionally, Acrodictys sensu lato species have been characterized and identified
based on conidial schizolytic/rhexolytic secession, conidiophores, conidiogenous cells, and
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conidia [2-5]. Acrodictys as a single genus in Acrodictyaceae was introduced by Xia et al. [7]
based on ITS, LSU, SSU, and tub2 sequence data. In previous studies, Acrodictys species
have been characterized and identified based on dictyoseptate pigmented conidia seced-
ing schizolytically from monoblastic integrated terminal determinate or lageniform to
doliiform percurrently extending conidiogenous cells [1,6]. Xia et al. [7] described eight
Acrodictys species, including a new species based on morphology and ITS, LSU, SSU, and
tub2 sequence data. This makes it possible for us to study Acrodictys species through
molecular systematics. Subsequently, Luo et al. [10] introduced a new species and a
new combination for this genus. To date, 10 Acrodictys species have molecular data, viz.
A. aquatica, A. bambusicola, A. elaeidicola, A. fluminicola, A. globulosa, A. hainanensis, A. liputii,
A. malabarica, A. peruamazonensis, and A. porosiseptata [7,10].

Tropical forest ecosystems offer suitable habitats for microfungi, among which the
anamorphic species are the most abundant and diverse. Many anamorphic species have
been recorded in rainforests, forest parks, and national nature reserves of Hainan Province,
China [23-26]. As decomposers in the ecosystem, saprobic hyphomycetes can decompose a
large amount of litter in tropical rain forests and convert them into inorganic substances,
returning them to the soil. During our studies of saprobic hyphomycetes from the national
nature reserves of Hainan Province, particularly the regions of the Bawangling National
Nature Reserve and Diaoluoshan National Nature Reserve, several collections were made
on dead branches. Studies of their morphological characteristics and phylogenetic data
revealed four new species. These four species share a feature in conidiogenous cells,
namely determinate proliferations. The conidial characteristics provide useful information
for species delimitation (Table 3). In this study, we also uploaded rpb2 and tub2 sequence
data (Table 2), although few were deposited in GenBank by other experts. All the four new
species reported herein are different from one another in these two loci.

Table 3. Micromorphological comparison of phylogenetically related Acrodictys species.

Species Shape Conidial Size (um) Septa
Acrodictys aquatica Clavate 20.0-27.0 x 10.0-17.0 3—4 transverse septa
A. bambusicola Broadly clavate or pyriform 17.0-36.0 x 12.0-18.0 5 transv.erse. and 1 or more
longitudinal septa
A. bawanglingensis Obovoid to obpyriform 18.0-26.0 X 10.0-16.0 3 transverse and 1-3
’ SHng Py ) ) ’ ) longitudinal septa
A. diaoluoshanensis Obovoid to obpyriform 18.0-22.0 X 10.0-13.0 3 tran.s verse and 1-2
longitudinal septa
A. ellisii Obovoid to obpyriform 17.0-22.0 x 11.0-14.0 3 tran.s verse and 1-3
longitudinal septa
A. elacidicola Turbinate, pyriform or 17.0-26.0 x 11.0-19.0 3 transverse and 1-3
clavate longitudinal septa
A. fluminicola Broadly clav:flte, obovoid 24.0-30.0 x 13.0-17.0 2-3 tran.sver.se and a few
to pyriform longitudinal septa
2 transverse and several
A. globulosa Subglobose 22.0-27.0 x 17.0-23.0 longitadinal and cblique septa
A. hainanensis Oblong to obovoid 15.0-22.0 x 7.0-13.0 3-5 transverse and several

longitudinal or oblique septa

2-3 parallel transverse
A. liputii Subglobose 18.5-22.5 x 13.5-17.5 and 2 perpendicular
longitudinal septa

Gangliar, somewhat 16.0-21.0 x 14.0-17.0 3 transverse and 24

A. malabarica top-shaped longitudinal septa
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Table 3. Cont.

Species Shape Conidial Size (um) Septa
A. peruamazonensis Ellipsoidal 28.0-36.0 x 17.0-21.0 3_4 tra.n SVerse al}d some
longitudinal or oblique septa
. . . 1-4 transverse septa and 1-3
A. pigmentosa Obovoid to obpyriform 12.0-24.0 X 7.0-12.0 longitudinal septa
4-5 transverse and 3
A. porosiseptata Broadly clavate to pyriform 25.0-30.0 x 13.5-16.5 perpendicular longitudinal

septa

Notes: New species established in this study are in bold.

5. Conclusions

Hainan Province has a typical tropical rainforest climate, which is very suitable for the
growth and reproduction of saprotrophic fungi. In this study, we chose the Bawangling
National Nature Reserve and Diaoluoshan National Nature Reserve as representative sites
for sample collection. Through morphological observations and molecular date analyses,
we identified four new Acrodictys species, namely A. bawanglingensis, A. diaoluoshanensis,
A. ellisii, and A. pigmentosa. The morphological descriptions and molecular data of Acro-
dictys in this study not only enrich the world’s fungal resources and diversity but also
contribute materials for studies of the effects of saprobic hyphomycetes on carbon cycling
in ecosystems.
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www.mdpi.com/xxx/sl, Supplementary File S1: The combined ITS, LSU, and SSU multiple se-
quence alignment.
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Abstract: To meet the growing demand for wood and pulp products, Eucalyptus plantations have
expanded rapidly during the past two decades, becoming an integral part of the southern China
landscape. Leaf blight caused by various Calonectria spp., is a serious threat to these plantations.
In order to explore the diversity and distribution of Calonectria spp. in Fujian Province soils, sam-
ples were collected in Eucalyptus plantations and adjacent plantings of Cunninghamia lanceolata,
Phyllostachys heterocycle and Pinus massoniana as well as in natural forests. Three hundred and fifty-
three Calonectria isolates were recovered from soil samples and they were identified based on a
comparison of multilocus DNA sequence data for the act (actin), cmdA (calmodulin), his3 (histone
HB3), rpb2 (the second largest subunit of RNA polymerase), tefl (translation elongation factor 1-alpha)
and tub2 (3-tubulin) gene regions, as well as morphological characteristics. Six known taxa including
Calonectria aconidialis, Ca. hongkongensis, Ca. ilicicola, Ca. kyotensis, Ca. pacifica, Ca. pseudoreteaudii and
one novel species described here as Ca. minensis sp. nov. were identified. Of these, Ca. aconidialis
and Ca. kyotensis were the most prevalent species, and found in eight and seven sites, and four and
five forest types, respectively. Calonectria spp. were most abundant in soils from Eucalyptus stands,
followed by P. heterocycle and natural forests. Relatively few species were found in the soils associated
with Cunninghamia lanceolata and Pinus massoniana. The abundance of known Calonectria spp. suggests
that these fungi have been relatively well sampled in Fujian. The results are also consistent with the
fact that most Calonectria diseases are found on Angiosperm as opposed to Gymnosperm plants.

Keywords: Calonectria leaf blight; forest pathogens; fungal diversity; phylogeny; taxonomy

1. Introduction

Species of Eucalyptus are the most important trees used to establish plantations in the
tropics and Southern Hemisphere, where they provide substantial resources for the global
fibre market [1]. These trees were first introduced into China as ornamentals in 1890 and
plantations of Eucalyptus spp. had reached 5.46 million hm? by 2018 [1]. Plantations of
these trees are mainly distributed in 11 provinces of China, and over 75% can be found
in the Guangxi, Guangdong, Yunnan and Fujian Provinces of southern China [1]. The
Eucalyptus plantations in China have been established with a relatively narrow genetic base
and consequently many disease problems, caused by a variety of pathogens, have emerged
as threats to their sustainability [2-6].

Among the diseases threatening Eucalyptus plantations, leaf blight caused by species of
Calonectria De Not. has become a major constraint in southern China [4,7-10]. Symptoms of
infection are characterised by water-soaked spots on leaves in the lower and middle parts of
the tree crowns. These coalesce and gradually develop into extended necrotic areas, which
result in blight and often severe defoliation [9]. In China, Calonectria Leaf Blight (CLB) has
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been observed in Eucalyptus plantations in Fujian, Guangdong, Guangxi, Hainan and Yunnan
Provinces [4,7,9-11]. This is similar to the situation in Australia, Brazil, Indonesia, Thailand and
Vietnam where Eucalyptus plantations have also suffered significant damage due to CLB [12-16].

The genus Calonectria includes many aggressive plant pathogens. These species are
extensively distributed particularly in sub-tropical and tropical regions of the world, and
they have a wide host range including more than 335 plant species [17]. Calonectria species
are generally considered as soil-borne fungi and they can survive in the soil for extended
periods due to their thick-walled microsclerotia [17].

A recent taxonomic revision of Calonectria by Liu and co-authors [18] accepted 120 species.
Of these, 65 have been reported from soils samples; the remaining species are known from
infections on plant tissues [10,18-22]. To date, 27 species of Calonectria have been recorded in
China, 18 of which have been isolated from soil samples [4,7,10,11,18,21,23-26].

Plantations of Eucalyptus spp. are commonly established alongside those of Cunning-
hamia lanceolata, Phyllostachys heterocycle and Pinus massoniana and can also be in mixed
plantings in the Fujian Province (Figure 1). In recent years, leaf blight has become a se-
rious threat to Eucalyptus plantations in this province [7,8]. Calonectria species including
Ca. crousiana, Ca. eucalypti, Ca. fujianensis, Ca. pauciromosa and Ca. pseudoreteaudii [7,8,18]
have been isolated from diseased Eucalyptus tissues and are regarded as the important
causal agents of CLB in Fujian. Calonectria infections initially arise from inoculum in the
soil but very little is known regarding the species diversity and distribution of these fungi
in Fujian soils. The aim of this study was thus to determine the identity and distribu-
tion of Calonectria spp. from a wide variety of soils in Fujian, with a particular focus on
Eucalyptus spp. but also including other trees that are found in the area.

Figure 1. Different forest plantations and natural forests in southern China. (a). mixed species
plantations in Zhangzhou Region, Fujian Province, 1: Eucalyptus sp., 2: Pinus massoniana, 3: Cun-
ninghamia lanceolata; (b). mixed species plantations in Jiangxi Province, 1: Eucalyptus sp., 3: Cunning-
hamia lanceolata; 4: Phyllostachys heterocycle; (c). Eucalyptus sp. in Yongan Region, Fujian Province;
(d). Cunninghamia lanceolata in JiangXi Province; (e). Phyllostachys heterocycle in Nanping Region,
Fujian Province; (f). natural forests in Nanping Region, Fujian Province. Soil samples in this study
were collected from Fujian Province.
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2. Materials and Methods
2.1. Sample Collection and Fungal Isolation

Soil samples were collected from Eucalyptus plantations and adjacent plantings, in-
cluding those of Cunninghamia lanceolata, Phyllostachys heterocycle and Pinus massoniana as
well as in natural forests (Figure 1). These plantations and forests were distributed in nine
counties or districts in five regions of Fujian Province (one site in Nanping Region, two sites
in Fuzhou Region, two sites in Sanming Region, three sites in Longyan Region, one site in
Zhangzhou Region) of southern China (Figure 2). These forests typically have thick layers
of leaf litter, which was removed before collecting soil samples from the upper 0-20 cm of
the humid soil profile. Between three and 37 soil samples (Table 1) were collected randomly
at each site. The soil samples were placed in re-sealable plastic bags to maintain moisture
and transported to the laboratory for further study.

Soil samples were placed in plastic cups and moistened using distilled water. Medicago
sativa (alfalfa) seeds were surface-disinfested in 75% ethanol for 30 s and scattered onto
the surface of the moistened soil to bait for Calonectria spp. as described by Crous [17].
After eight to ten days at 25 °C, conidiophores typical of Calonectria spp. were observed
with a Zeiss Stemi 2000C dissection microscope on the germinating alfalfa plants. Conidial
masses were transferred to 2% MEA (Malt Extract Agar) using a sterile needle. After 12 h
of incubation at 25 °C, single hyphal tips were transferred to fresh MEA plates using a
sterile needle and these cultures were incubated at 25 °C for seven days. Cultures were
sorted based on their morphological characteristics and one to five isolates were retained
for each of the soil samples.

Cultures were deposited in the Culture Collection (CSF) at the Research Institute of Fast-
growing Trees (RIFT) (previous institution: China Eucalypt Research Centre, CERC), Chinese
Academy of Forestry (CAF), ZhanJiang, Guangdong Province, China. Representative isolates
have also been maintained in the China General Microbiological Culture Collection Centre
(CGMCCQ), Beijing, China. Dried specimens were deposited in the Mycological Fungarium of
the Institute of Microbiology, Chinese Academy of Sciences (HMAS), Beijing, China.

NanPing 7.8%
Region 1
45.5%
SanMing (Eu: 31.8%;
Na: 13.7%]
Rogion 22O ~ a: 13.7%) 54.5%
(] Fuzhou®
o Region
% o
'-:':Vb‘“"m o District: YanPing QCoun(y MinHou o District: CangShan
0 Eucalyptus plantation + Natural forest Eucalyptus plantation Natural forest
Regi
egion .
5
FuJian v
4
28.6%
TN 2
Ca. aconidialis 64.3%
(Pi: 35.7%;
B Ca. kyotensis Co: 26.8%)
Ca. hongkongensis
Il Ca. paciﬂca @ County: QingLiu eCounty YongAn oCoumy LianCheng

Ci + Natural forest + Eucalyptus plantation

6 Ca. minensis

Pinus massoniana

Ca. ilicicola
A Ca. pseudoreteaudii

o County: ZhangPing 0 District: XinLuo o County: HuaAn
E E )+ Eucalyptus plantation

Phyllostachys heterocycle

Figure 2. Calonectria species collected from nine counties (districts) in Fujian Province. (a—i). the
percentage of each species in nine different counties (districts). Different species are indicated by
numbers with different colours.
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Table 1. Details of soils sampled, associated forest types and Calonectria spp. isolated.

Number of Number of
Sampling Number of Samples alonectria Calonectria spp.
Code Site Substrate Samples Obtained Isolates (Number of Isolates)
Calonectria Obtained
a Yanping Eucalyptus 5 3 12 Ca. aconidialis (7);
District plantation Ca. pseudoreteaudii (5)
natural forest 13 3 10 Ca. aconidialis (3); Ca. pacifica (7)
Cunninghamia 10 0 0 N/A 3
lanceolata
Ca. aconidialis (28); Ca.
b Minhou Eucalyptus 15 12 51 kyotensis (17);
County plantation Ca. hongkongensis (4); Ca.
pacifica (2)
Cangshan Ca. kyotensis (5); Ca.
¢ District natural forest 3 3 1 hongkongensis (6)
d Qingliu natural forest 10 0 0 N/A
County
Cunninghamia e )
lanceolata 11 2 9 Ca. aconidialis (5); Ca. kyotensis (4)
Pinus massoniana 10 1 5 Ca. kyotensis (5)
o Yongan Eucalyptus o7 - 28 Ca. aconidialis (12); Ca. kyotensis (8);
County plantation Ca. pacifica (8)
Liancheng Eucalyptus )
f County plantation 20 4 20 Ca. kyotensis (20)
natural forest 17 8 40 Ca. aconidialis (27); sz. kyotensis (8);
Ca. minensis (5)

g Z}éaélfrﬂl;g f);:fﬁgﬁiﬁ 20 15 71 Ca. aconidialis (66); Ca. ilicicola (5)
h Xinluo Eucalyptus 19 4 16 Ca. aconidialis (6); Ca. kyotensis (7);
District plantation Ca. minensis (3)

PZy Hostachys 14 5 25 Ca. aconidialis (5); Ca. kyotensis (20)
eterocycle
; Hua’an Eucalyptus 15 12 55 Ca. aconidialis (19); Ca. kyotensis (9);
County plantation Ca. hongkongensis (27)
In total 209 79 353

2 N/ A refers to samples that did not yield Calonectria isolates.

2.2. DNA Extraction, PCR Amplifications and Sequencing

Mycelium was collected from axenic cultures grown on MEA for 5-7 days using a
sterilised scalpel. Genomic DNA was extracted from the cultures using the CTAB method
“5” described by Van Burik et al. [27]. Partial gene sequences were determined for the actin
(act), calmodulin (cmdA), histone H3 (his3), the second largest subunit of RNA polymerase
(rpb2), translation elongation factor 1-alpha (tefl) and p-tubulin (tub2) regions. Primer pairs
ACT-512F/ACT-783R, CAL-228F /CAL-2Rd, CYLH3F/CYLHS3R, fRpb2-5F /fRpb2-7cR, EF1-
728F/EF2 and T1/CYLTUBIR [18] were used to amplify the six gene regions, respectively.

The PCR reaction mixtures contained 17.5 uL TopTaq™ Master Mix, 1 uL of each
primer (10 mM), 2 uL. DNA sample and RNase-Free H,O to a final volume of 35 uL. The
amplifications were conducted under conditions described by Liu and co-authors [18].
All PCR products were sequenced in both directions using the same primers used for
amplification. Raw sequences were inspected and manually corrected in Geneious v. 9.1.4
(Biomatters, Auckland, New Zealand) [28]. All sequences generated in this study were
submitted to GenBank (http:/ /www.ncbi.nlm.nih.gov; accessed on 24 July 2022) (Table 2,
Appendix A Table Al).
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2.3. Phylogenetic Analyses

To obtain the preliminary identification of the isolates, a standard nucleotide BLAST
search was conducted using sequences of the six (act, cmdA, his3, rpb2, tefl and tub2)
gene regions. Furthermore, sequences obtained in this study (Table 2) and sequences of
other phylogenetically closely related Calonectria species downloaded from NCBI (http:
/ /www.ncbi.nlm.nih.gov; accessed on 24 July 2022) (Table 3) were used in the analyses.
Sequence alignments were conducted online with MAFFT v. 7 (Suita, Janpan) [29] and
were manually adjusted in MEGA v. 6.0.5 software (Auckland, New Zealand) [30] when
necessary. The final alignments used in phylogenetic analyses were submitted to TreeBASE
(http:/ /treebase.org; accessed on 3 October 2021).

Genotypes of all the isolates were determined based on the sequences for the six gene
regions. Representative isolates for all the genotypes were selected for the phylogenetic
analyses. All the isolates of the novel species were used in the analyses. Maximum
Parsimony (MP) and Maximum Likelihood (ML) approaches were used for phylogenetic
analyses. The sequence datasets for the six individual gene regions and a concatenated
dataset for those regions were used to determine the phylogenetic relatedness of all the
isolates. PAUP v. 4.0 b10 [31] was used to perform the MP analyses, and PhyML v. 3.0 [32]
was applied to conduct the ML analyses. A partition homogeneity test (PHT) [33] was
performed to assess whether the datasets for the six gene regions could be combined.

For MP analyses, all characters were unordered and equally weighted. Gaps were
regarded as fifth character and phylogenetic trees were obtained using a heuristic tree search
criterion including 1000 random stepwise additions and tree-bisection-reconstruction (TBR)
branch swapping. Branches of zero-length were collapsed. Supports for tree-branching
points were determined using bootstrap analyses with 1000 replicates [34]. Tree length
(TL), retention index (RI), consistency index (CI), rescaled consistency indexes (RC) and
homoplasy index (HI) (Table 4) were calculated for parsimony trees. For ML analyses,
the best substitution model for each dataset was determined using JModeltest 2.1.7 [35].
Sequence data for two isolates of Curvicladiella cignea (CBS 109167 and CBS 109168) were
used as outgroup taxa (Table 3).
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J. Fungi 2022, 8, 811

Table 3. Isolates from other studies and used in the phylogenetic analyses.

GenBank accession No. 4

Other
C];) ‘:e Species I;o(}a]tfcs Collectiog Substrate Oifri:rfce Collector act; cmdA; his3; References
’ Number rpb2; tefl; tub2
Soil MT334933; MT335160;
Bl Calonectria CMW CBS (Acacia ]ID\IO iu?ng’ N.Q.r{’;am MT335399; [16,18]
acaciicola 471737 143557 auriculiformis V‘iO’e tfmm' T Qa Pham MT412474; MT412690; ’
plantation) s MT412930
Soil (A. Do Luong, N.Q. Pham MT334934; MT335161;
CMW CBS auriculiformis Nghe An and MT335400; [16,18]
47174 143558 ot J: : vg te ’ T.Q Ph MT412475; MT412691; ’
p antation letham O am MT412931
MT334935; MT335162;
- Ca. CMW ~ Phoenix N"Ehij“d' H. Pearson MT335401; [1836,37]
acicola 309967 canariensis 5 f nd - rearso MT412476; MT412692; 790r
cala MTA412932
MT334936; MT335163;
CBS CMW P. canariensis Nollr\tfziind, H. Pearson MT335402; [18,36,37]
114812 51216 : Joalnd : MT412477; MT412693; #20r
€ MT412933
CBS MT334937; MT335164;
B3 Ca. CERC 142883; frﬁc‘;llyl’;;”i Yunnan, SE Si‘e“ MT335403; [418]
aciculata 53427 CMW 4 P an o China ]E Li MT412478; MT412694; ’
47645 & o~ MT412934
CBS Soil MT334938; MT335165;
B4 Ca. aconi- CMW 136086; (Eucalyptus Hainan, X. Mou and MT335404; [11,18]
13 T '’ : . . ’
dialis 35174 CERC1850  plantation) China SF.Chen  MT412479; MT412695; N/A
CBS Soil . MT334939; MT335166;
gggﬁ 136091; (Eucalyptus Péaﬁi‘rf: Xél}/[‘glhzr;d MT335405; [11,18]
CERC 1886 plantation) o N/A; MT412696; N/ A
Ca. aek- Soil Aek Naulj, MT334953; MT335180;
o CMW CBS North M.J. ,
B5 naulien 480537 143559 (Eucalyptus Sumatra Winefield MT335419; [16,18]
sis plantation) In donesia; g MT412486; MT412710; N/A
. Aek Nauli, . .
MW CBS Soil North MJ. MT334954; MT335181;
48254 143560 (Eucalyptus Sumatra Wingfield MT335420; [16,18]
plantation) o & MT412487; MT412711; N/A
Ca. CBS CMW " Debris (leaf  Prathet Thai, N.L. GQ280428; AY725741;
i asiatica 1140737 23782; litter) Thailand Hywel-Jones AY725658; [23,37]
CPC 3900 y N/A; AY725705; AY725616
MT334965; MT335192;
B10 Ca. aus- CMW chgg " Ficus Queensland, Esgrce MT335432; [183738]
traliensis 23669T CcPC 471’ 4 pleurocarpa Australia B. Paul MT412496; MT412723; Y
- rautus MTA412946
CMW .
Ca. bras- CBS . Soil at ) M.J. N/A; KX784561; N/A;
B17 sicicola 1128417 51206; Brassica sp. Indonesia Wingfield ~ N/A; KX784689; KX784619 (391
CPC 4552
. Aek Nauli, . .
ca. MW CBS Soil North MJ. MT334975; MT335205;
B19 bumicola 482577 143575 (Eucalyptus Sumatra Wingfield MT335445; [16,18]
plantation) In donesia; g MT412509; MT412736; N/ A
CBS MT334976; MT335206;
Ca. cana- CMW . S. Greifen- MT335446;
520 diana 236737 s%é?[%g Picea sp. Canada hagen MT412510; MTa12737;, 171840411
MT412958
MT335058; MT335290;
. Henan, MT335530;
CERC 8952 - Soil Chind S.F.Chen MT412567; MT412821; [18,25]
MT413035
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Table 3. Cont.

GenBank accession No. 4

Other
C];) 3e Species I;ola]tjis Collection Substrate OArea of Collector act; cmdA; his3; References
0. Number b ccurrence rpbz, tefl, tuhz
CBS MT334990; MT335220;
Ca. CMW . . Hong Kong, . MT335460;
B2 hinensis 236747 Clpléizl%l Soil China E.CY. Liew MT412524; MT412751; [18,23,37]
MT412972
CBS MT334991; MT335221;
CMW . . Hong Kong, . MT335461;
30986 C}}éﬁ% ’ Soil China ECY. Liew MT412525; MT412752; [18,23,37]
MT412973
ca Soil DuongMinh  N.Q. Pham, MT334995; MT335225;
B26 cochin‘chi— CMW CBS (Hevea Chau, Q.N. Dang MT335465; [16,18]
s 499157 143567 brasiliensis Tay Ninh, and T.Q. MT412529; MT412756; ’
plantation) Vietnam Pham MT412977
Soil (A. Song May, N.Q. Pham MT334996; MT335226;
CMW CBS auriculiformis Dong Nai nd MT335466; [16,18]
47186 143568 Jantation) VO tg av T Qa h MT412530; MT412757; ’
p antation letham O am MT412978
GQ280443; GQ267373;
Ca. CBS CMW Camellia . DQ190639;
B2 olhounii  293.797 30999 sinensis Mauritius A. Peerally KY653376; GQ267301; [17,37,38,42]
DQ190564
) MT334998; MT335228;
Ca. CBS Soil G ;
. CMW , ‘ La Selva, M.J. MT335468;
B2 colombi agrer 220 (B8 ”’”)d’s Colombia  Wingfield MT412532; MT412759; [18,23]
ces MT412980
. MT334999; MT335229;
CMW 11%221. E Sfaﬂ s La Selva, M.J. MT335469; [18,23]
30985 cPC 724 'tf ”) Colombia Wingfield MT412533; MT412760; ’
ces MT412981
MT335000; MT335230;
Ca. CMW CBS . Fujian, M. MT335470;
B30 ousiana 272497 127198 E- grandis China Wingfield MT412534; MT412761; [7,18]
MT412982
MT335001; MT335231;
CMW CBS E erandis Fujian, M.J. MT335471; 18]
27253 127199 -8 China Wingfield MT412535; MT412762; ‘
MT412983
Ca. CBS MT335002; MT335232;
B31 curvis- z(é,lg/gg\; 116159; Soil J:iat:;::r P.W. Crous MT335472; [11'1158'37'
pora CPC 765 & MT412536; MT412763; N/A
. Aek Nauli, . .
MW CBS Soil North MJ. MT335003; MT335233;
48245 143565 (Eucalyptus Sumatra Wingfield MT335473; [16,18]
plantation) . g MT412537; MT412764; N/ A
Indonesia
Aek Nauli, MT335013; MT335243;
Ca. CMW CBS , Sumatra M.J. MT335483;
B36  ucalypti 184447 125275 E. grandis Utara, Wingfield MT412545; MT412774; [18,37]
Indonesia MT412992
Aek Nauli, MT335014; MT335244;
CMW CBS E di Sumatra M. MT335484; [18,37]
18445 125276 - grandis Utara, Wingfield MT412546; MT412775; ’
Indonesia MT412993
MT335019; MT335249;
Ca. fujia- CMW CBS . Fujian, M.J. MT335489;
B39 nensis 272577 127201 E- grandis China Wingfield MT412551; MT412780; [7,18]
MT412998
MT335020; MT335250;
CMW CBS E erandis Fujian, M.J. MT335490; 718]
27254 127200 -8 China Wingfield MT412552; MT412781; ’
MT412999
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Table 3. Cont.

GenBank accession No. 4

Other
C];’ 3e Species I;oolaltais Collectio{)l Substrate O?clfral‘:rfce Collector act; cmdA; his3; References
’ Number rpb2; tefl; tub2
. N.Q. Pham, . .
ca. CMW CBS SO?l‘(H.‘ Bau Bang, QN. Dang MT335025; MT335255;
B46 heveicola 499137 143570 brasiliensis Binh Duong, and TQ MT335495; [16,18]
plantation) Vietnam Phar'n : N/A; MT412786; MT413004
B‘&S&i ﬁ’z‘P N.Q. Pham, MT335048; MT335280;
CMW CBS Soil Pk Bk Q.N. Dang MT335520; [1618]
49928 143571 o1 alﬁhh mn and T.Q. MTA412577; MT412811; '
_uoc, Pham MT413025
Vietnam
Ca. CBS Soil Honghe, S.F. Chen MT335026; MT335256;
B47 honghen- CERC 142885; (Eucalyptus Yunnan, and MT335496; [4,18]
55 5572T CMW o ytf ) Chy 1O Li MT412557; MT412787; ’
47669 plantatio a o MT413005
CBS Soil Honghe, ST Chen MT335027; MT335257;
CERC 5571 142884; (Eucalyptus Yunnan, and MT335497; [4,18]
CMW lantayt?on) Chi 1O Li MT412558; MT412788; ’
47668 P o MT413006
MT335028; MT335258;
Ca. CMW G '
CBS . . Hong Kong, M.J. MT335498;
B48 h"’g‘i’s‘lf’:' 1148287 Cglcziz'm Soil China Wingfield MT412559; MT412789; [18,23]
& MT413007
MW Soil Beihai, S.F. Chen, MT33§2%2;3¥€8§5260;
CERC 3570 47271 (’:;”C‘ily,f’t”; Ggﬁf‘g“' J % CL; ir.‘d MTA412561; MT412791; [4,18]
p antation mna O L1 MT413009
CBS 190.50; . ‘ .
Ca. CMW IMI 299389: Solanum Bogor, K.B. Boedijn MT335036; MT335266;
B51 ilicicola 309987 STE-U tuberosum Java, and MT335506; [17,18,37,44]
2482 Indonesia J. Reitsma MT412564; MT412797; N/ A
CBS MT335037; MT335267;
B52 Ca. in- CMW 112823: Syzygium Warambunga, MJ. MT335507; [18,23]
donesiae 236837 CPC 450,8 aromaticum Indonesia Wingfield MT412565; MT412798; 4
MT413015
MW MT335038; MT335268;
CBS 51205 S. aromaticum Warambunga, MJ. MT335508; [18,23]
112840 crCass : Indonesia Wingfield MT412566; MT412799; .
MT413016
GQ280536; GQ267453;
Ca. CBS CMW Camellia . GQ267262;
B3 idusiata 144367 23699 sinensis Sri lanka N/A KY653396; GQ67332; 117373945
GQ267239
CMW
. GQ280537; GQ267454;
1323 , leézzli’; . Rh"di‘;e”d”’” Florida, USA  N.E. E-Gholl DQ190653; [17,38,46]
UV N/A; GQ267333; AF232862
gfggi MT335039; MT335271;
Ca. CBS 4 Robinia . MT335511;
BSS  yyotensis 1145257 CMwW pseudoacacia Japan T. Terashita MT412569; MT412802; [17,18,3947]
51824; MT413019
CPC 2367
cBs  OMW M M ey
114550 Cgéggél Soil China Wingfield MT412548; MT412777; [18,39]
MT412995
CBS . M.J. . .
Ca. lan- CERC 142888; ' LiDao, Hong Wingfield MT335040; MT335272;
B57 tatiensis 33027 CMW Soil Kong, and S.F MT335512; [4,18]
P China Chen MT412570; MT412803; N/A
152227. LiDao, Hong Wi;v['f]i'el 4 MT335041; MT335273;
CERC 3301 oMW Soil Kong, an§ o F MT335513; [4,18]
47951 China Chen N/A; MT412804; N/A
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Table 3. Cont.

Other GenBank accession No. 4
C];’ 3e Species I;oolaltais Collectio{)l Substrate O?clfral‘:rfce Collector act; cmdA; his3; References
’ Number rpb2; tefl; tub2
. MT335042; MT335274;
B58 Ca. CMW CBS (Eucsa‘;‘l s Guangxi, ;hfhgﬁﬁg MT335514; [1118]
lateralis 314127 136629 yp China © : MT412571; MT412805; ’
plantation) Han MT413020
MT335046; MT335278;
e CERC . Henan, MT335518;
B62 Ca. lichi 88667 - Soil China S.F. Chen MT412575; MT412809; [18,25]
MT413023
MT335047; MT335279;
. Henan, MT335519;
CERC 8850 - Soil China S.FE. Chen MT412576; MT412810; [18,25]
MT413024
11(2222 " MT335156; MT335395;
Ca. lom- CMW ¢ Xanthorrhoea Victoria, . MT335635;
B63 bardiana 306027 CPC 4233; australis Australia T. Baigent MT412686; MT412926; [17,18,24,38]
Lynfield
MT413133
417
CMW . MT335050; MT335282;
ca. CBS 51219; Sabie, MT335522;
Bo4 acro. 1148807 CPC307, E. grandis Igﬂz‘ﬁ?zlﬁggf P.W. Crous MT412579; MT412813;  L17/18/3748]
PPRI 4000 © ¢ MT413027
B65  madagas- oo o C1P161527225;2 Soil Madagaecar VB Taylor MT412581: MT412815; [17,18,37,38]
cariensis MT413029
CBS MT335053; MT335285;
CMW . Rona, MT335525;
30993 Clpléﬁzzléa Soil Madagascar ~ J'E Taylor MT412582; MT412816; [17,18,57,38]
MT413030
MT335054; MT335286;
CBS Northern . /
Ca. male- CMW . . M.J. MT335526;
Be6 siana BT oo s Soil Sumaitt - Wingfield MT412583; MT412817; [18,23]
onesa MT413031
MW MT335055; MT335287;
CBS 51199: Leat litt Prathet, N.L. MT335527; [1823]
112710 CPC 3899 catitter Thailand ~ Hywel-Jones MT412584; MT412818; ’
MT413032
Ca. CBS . Chiang Mai, N/A; KT964771; N/ A;
B70 onticola 1406457~ CPC28835 Soil Thailand PW.Crous 1/ A, KT964773; KT964769 [49]
. Chiang Mai, N/ A; KT964772; N/ A;
CPC 28836 - Soil Thailand PW.Crous 1/ A, KT964774; KT964770 [49]
MT335067; MT335299;
. CBS North ’ ’
Ca. multi-  CMW , , M. MT335539;
B74 septata 236927 Clplczﬂizég E. grandis Is‘ématr*?’ Wingfield MT412596; MT412830; [17,18,38,50]
ndonesia MT413044
A1568;
CBS MT335079; MT335311;
B8O afl;:m 1?;?24 Il\/}fggﬁég h‘;ﬁgﬁ”ﬁﬂ Hawaii, USA M. Aragaki MT335551; [17,18,23,40]
p ’ Py MT412604; MT412842; N/A
STE-U
2534
Auckland, MT335080; MT335312;
gggg 18328 i” Z’Zgiz New C.F Hill MT335552; [17,18,23,37]
q Zealand MT412605; MT412843; N/A
CMW N/A; KX784582; N/A;
BS1 C‘Zl” ara 11257S9T 51212; N/A USA R AY. KY653423; KX784714; [39,45]
cotount CPC 2445 ossman KX784644
CBS CMW Fruit of N/A; N/A; N/A;
114705 51215; Annona Australia D. Hutton KY653424; KX784715; [39,45]
CPC 2423 reticulata KX784645

162



J. Fungi 2022, 8, 811

Table 3. Cont.

GenBank accession No. 4

Other
C];’ 3e Species I;oolaltais Collectio{)l Substrate O?clfral‘:rfce Collector act; cmdA; his3; References
’ Number rpb2; tefl; tub2
B86 Cilloides 236967 SZT;;'S Prunus sp. I]Sh’nd' M. Ookubu MT412631; MT412869; [17,18,51]
apan MT413081
P —— M.J. MT335119; MT335354;
gy Capse-  CMW CBS oy Guangdong,  Wingfield MT335594; [1824]
doreteaudii 253107 123694 E orandis China and X.D. MT412647; MT412885; .
-8 Zhou MT413096
—— M.J. MT335120; MT335355;
CMW CBS oy Guangdong,  Wingfield MT335595; [18,24]
25292 123696 E erndic China and X.D. MTA412648; MT412886; ’
-8 Zhou MT413097
Ca. CMW CBS Lannercost, MT33§/}%§’;5¥€;§5367"
B104 queens- T 112146; E. urophylla Queensland, B. Brown ! [18,24]
landica 30604 CPC 3213 Australia MT412660; MT412898;
MT413108
CBS Lannercost MT335133; MT335368;
CMW , ‘ ’  PQThuand MT335608;
30603 C1P1C2135251'0 E. pellita Qzeert‘ﬂ?.nd' K.M. Old MT412661; MT412899; [18,24]
ustratia MTA413109
. oMW CBS : Chon Thanh, MJ. Lo
B106 " " 112144; * BinhPhuoc,  Dudzinski ’ [17,18,38,52]
reteaudii 30984 CPC 3201 camaldulensis Vietnam nd PQ. Th MT412663; MT412901;
etha and B8z thu MT413111
CBS MJ MT335136; MT335371;
CMW 112143; Eucalyptus Bmh Phuoc, Dudzinski MT335611; [17,18,38,52]
16738 CPC 3200 leaves Vietnam and PQ. Thu MT412664; MT412902;
g MT413112
CBS Northern MT335145; MT335382;
B112 Cf;;‘;’i’;”‘ gzgg‘é 112829; Soil Sumatra, Wiiv['f]{ d MT335622; [18,23]
CPC 4518 Indonesia ghe MTA412674; MT412913; N/A
CMW CBS . Northern M. MT335146; MT335383;
30987 112934; Soil Sumatra, Winefield MT335623; [18,23]
CPC 4516 Indonesia mnghe MTA412675; MT412914; N/A
CMW
Ca. syzy- CBS . . Sumatra, M.J. N/A;N/A;N/A;
BU3  iicola 1128317 51204; ~ S.aromaticum 1 4onesia Wingfield ~ N/A; KX784736; KX784663 (3]
CPC 4511
CMW . _
ca. CBS 23678, Paphiopedilum Celle, GQ280451; GQ267379;
B116 unisep- A3 CPC 2391, . Germany W. Gerlach GQ267248; [39]
tata IMI 299577 N/A; GQ267307; GQ267208
Dacheng
Town,
Ca. xian- Soil (near GCaoojr}iltO , S.E. Chen, N/I\A/[;I<1\;[6K2?36527§45;
B123 . CSF12909T  CGMCC3.19584 Eucalyptus g Q.C. Wang . o, [21]
rensis Jantation) Maoming and W. Wan. N/ A; MK962869;
P Region, - vang MK962833
Guangdong,
China
Dacheng
Town,
Soil (near %;)jr}llt(; u S.E. Chen, N/Q;I(I\;ZKZ%()SZ:M"
CSF12908 CGMCC3.19518E1L;;atIay§(t)1;s) Maoming agacww&gi N/, MK962868; [21]
P Region, - vang MK962832
Guangdong,
China
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Table 3. Cont.

Other GenBank accession No. 4
Code . Isolates . Area of
Ba Species No. b COlleCtIO{’l Substrate Occurrence Collector act; emdA; his3; References
’ Number rpb2; tefl; tub2
CBS . MT335157; MT335396;
loo  Ca- yun- CERC 142897; (Eucsa‘;‘l s Yunnan, S'F;igl‘e“ MT335636; [418]
nanensis 53397 CMW . ytf’ China o Li MT412687; MT412927; ’
47644 plantation) JQ Li MT413134
CBS . MT335158; MT335397;
Soil S.F. Chen g ’
142895; Yunnan, MT335637;
CERCS337  cmw (Buclyp t”; China | ‘(BndL MT412688; MT412928; [4,18]
47642 plantation Se MT413135
KM231122; KM231287;
L CPC 1595; . ¢ !
Curvicladiells  CBS ! Decaying French KM231461;
cignea 1091677 s leaf Guiana €. Decock KM232311; KM231867; [11,38,53]
KM232002
KM231121; KM231286;
CPC 1594; . g !
CBS ! Decaying French KM231460;
109168 1\1101%% seed Guiana C. Decock KM232312; KM231868; [11,38,53]
KM232003
2 Codes (Bl to B120) of the 120 accepted Calonectria species resulting from Liu and co-authors [18].
b ATCC = American Type Culture Collection, Virginia, USA; CBS = Westerdijk Fungal Biodiversity Institute,
Utrecht, The Netherlands; CERC = China Eucalypt Research Centre, ZhanJiang, Guangdong Province, China;
CGMCC = China General Microbiological Culture Collection Center, Beijing, China; CMW = Culture collection
of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, Pretoria, South Africa;
CPC = Pedro Crous working collection housed at Westerdijk Fungal Biodiversity Institute; CSF = Culture Col-
lection from Southern Forests (CSF), ZhanJiang, Guangdong Province, China; IMI = International Mycological
Institute, CABI Bioscience, Egham, Bakeham Lane, UK; MUCL = Mycotheque, Laboratoire de Mycologie Systema-
tique st Appligee, I'Universite, Louvian-la-Neuve, Belgium; PPRI = Plant Protection Research Institute, Pretoria,
South Africa; STE-U = Department of Plant Pathology, University of Stellenbosch, South Africa; ‘-’ represent no
other collection number. © T = ex-type isolates of the species. 9 act = actin; cmdA = calmodulin; his3 = histone H3;
rpb2 = the second largest subunit of RNA polymerase; fef] = translation elongation factor 1-alpha; fub2 = p-tubulin.
¢ N/A represents information not available.
Table 4. Statistics resulting from phylogenetic analyses in this study.
Maximum Parsimony
Dataset No. of Taxa No. of bp ? ;
PIC? No. of Trees  Tree Length CIc R14 RC*© HI
act 147 278 111 4 258 0.636 0.968 0.615 0.364
cmdA 147 672 291 433 677 0.647 0.968 0.626 0.353
his3 143 464 183 1000 830 0.475 0.928 0.440 0.525
rpb2 134 863 269 1000 683 0.530 0.959 0.508 0.470
tefl 149 532 267 1000 758 0.637 0.963 0.613 0.363
tub2 135 597 286 1000 826 0.609 0.958 0.584 0.391
actfcmdA/his3/ 149 3406 1407 3000 4408 0532 0949 0504  0.468
rpb2/tefl/tub2
Maximum Likelihood
Dataset ;
Subst. Mode & NSTh Rate Matrix Rates
act TPM2 + G 6 0.5990 4.0516 0.5990 1.0000 4.0516 Gamma
cmdA TN + G 6 1.0000 4.1556 1.0000 1.0000 7.1231 Gamma
his3 TPM2uf + 1+ G 6 1.2442 6.0957 1.2442 1.0000  6.0957 Gamma
rpb2 TrNef + 1+ G 6 1.0000 9.0443 1.0000 1.0000 13.4319 Gamma
tefl GIR+G 6 0.9651 1.7160 1.1302 0.5271 3.1484 Gamma
tub2 TPM3uf + 1+ G 6 1.4044 4.4908 1.0000 14044  4.4908 Gamma
actfemdAMmis3/ orp 1, 6 1.4593 45939 1.1370 09972 63874 Gamma
rpb2/tefl/tub2

2 bp = Base pairs. ® PIC = Number of parsimony informative characters. ¢ CI = Consistency index. ¢ RI = Retention
index. ¢ RC = Rescaled consistency index. f HI = Homoplasy index. 8 Subst. model = best fit substitution model.
h NST = Number of substitution rate categories.
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2.4. Sexual Compatibility

The mating system as either homothallic or heterothallic was determined for the
novel species identified in this study. Representative isolates of this species were crossed
with each other in all possible combinations. These crosses were made on minimum salt
agar (MSA) [54] with autoclaved toothpicks randomly placed on the agar surface. Petri
dishes were then incubated at 25 °C for 2-8 wk, and they were observed regularly for the
appearance of perithecia. When perithecia extruding ascospores emerged, germination
tests were conducted to determine if the spores were viable. Production of viable ascospores
was accepted as an indication of successful mating.

2.5. Morphology

Representative isolates of the novel species identified in this study were selected for
morphological characterisation. Synthetic nutrient-poor agar (SNA) [55] was used to induce
the asexual morphs. Agar plugs from axenic cultures were transferred to SNA and incubated
at 25 °C for seven days. Fungal structures were lifted from the plates using a sterile needle
and transferred to a drop of 85% lactic acid on microscope slides. Microscopic structures
were examined under a Zeiss Axio Imager Al microscope (Carl Zeiss Ltd., Jena, Germany).

In the case of sexual structures, the perithecia were transferred to Jung tissue freezing
medium (Leica Biosystems, Wetzlar, Germany), which was frozen at —20 °C for ten min-
utes. Vertical sections (10 pm thick) were cut through the perithecia on a HM550 cryostat
microtome (Microme International GmbH, Termo Fisher Scientifc, Walldorf, Germany) at
—20 °C and examined under an Axio Imager Al microscope.

For cultures selected as the ex-type isolates, 50 replicate measurements were made for
each taxonomically characteristic structure. For other isolates, 30 replicate measurements
were made. Minimum, maximum and average (mean) measurements were recorded as
(minimum-) (average—standard deviation)—(average + standard deviation) (-maximum).

Optimal growth temperatures for the novel species were determined on MEA. Agar
plugs were removed from the actively growing edges of 7-day-old cultures with a 5 mm
diam. cork borer and transferred to the centres of 90 mm Petri dishes containing MEA.
Cultures were grown at seven different temperatures ranging from 5 °C to 35 °C, at 5 °C
intervals with five replicates per isolate. Colony diameters were measured after seven days.
Colony colours were described using the colour charts of Rayner [56] using seven-day-
old cultures on MEA incubated at 25 °C. All descriptions were deposited in MycoBank
(www.mycobank.org, accessed on 3 October 2021).

3. Results
3.1. Sample Collection and Fungal Isolation

A total of 209 soil samples were collected and 353 isolates having a morphology typical
of Calonectria were isolated from 79 of these samples (Table 1, Appendix A Table Al). Of
these, 121 soil samples were from seven Eucalyptus plantations, of which 57 samples yielded
253 Calonectria isolates. Forty-three soil samples were collected from four natural forests, of
which 14 samples yielded 61 Calonectria isolates; 21 soil samples were collected from two
C. lanceolata plantations, two of which yielded nine Calonectria isolates; and 14 soil samples
collected from a single P. heterocycle plantation, of which five samples yielded 25 Calonectria
isolates. In addition, ten soil samples were collected from the Pi. massoniana plantation,
only one of which yielded five Calonectria isolates (Table 1).

3.2. Phylogenetic Analyses

The tefl fragment was amplified for all of the 353 isolates (Appendix A Table Al), and
based on sequence differences for this region and the sampling sites, 144 isolates were selected
to amplify the cmdA, his3 and tub2 gene regions. Subsequently, based on the 37 genotypes
revealed by these four gene regions, 71 representative isolates were chosen to amplify the
act and rpb2 gene regions (Appendix A Table A1l). All of the 71 isolates, representing the
40 genotypes determined from the sequence data for the six gene regions, were used for

165



J. Fungi 2022, 8, 811

phylogenetic inference (Table 2). Amplicons generated for the act, cmdA, his3, rpb2, tefl, and
tub2 gene regions were approximately 300, 700, 500, 860, 550, and 600 bp, respectively.
Sequence data for 46 Calonectria species closely related to those collected in this study were
downloaded from GenBank and a total of 78 sequences (for ex-type and other strains) from
previous studies were included in the phylogenetic analyses (Table 3). Phylogenetic analyses
based on the six individual gene regions and the concatenated dataset for those regions were
conducted using both MP and ML methods. The results showed that the overall topologies
generated from the MP analyses were essentially similar to those from the ML analyses, and
consequently, only the ML trees are presented (Figure 3, Appendix B Figures A1-A6).

100/100

Prolate Group act+cmdA+his3+rpb2+tef1+tub2

x10

x5

98/}

84/86 | CSF9933
82/88 i
\J|CSF9941 T

91199 | csFoe7s
CSF9976
|| CSF9977
96/96 | |' CSF9978
q B36 Ca. eucalypti CMW 18444 T
B36 Ca. eucalypti CMW18445

B27 Ca. colhounii CBS 293.79 T
— B3 Ca. aciculata CERC 5342 T
97/d9 | B47 Ca. honghensis CERC 5572 T
95/100 B47 Ca. honghensis CERC 5571
B39 Ca. fujianensis CMW 27254
9§39 Ca. fujianensis CMW 27257 T
B62 Ca. lichi CERC 8850
B62 Ca. lichi CERC 8866 T
84/100

100/100 1 B70 Ca. monticola CPC 28836
IB70 Ca. monticola CBS 140645 T

B123 Ca. xianrensis CSF12908

B123 Ca. xianrensis CSF12909 T

100/100

1001100 BS3 Ca. indusiata CBS 114684
x10 [353 Ca. indusiata CBS 144.36 T

100/100 B65 Ca. madagascariensis CMW 30993
x10 I— B65 Ca. madagascariensis CMW 23686 T
=T B64 Ca. macroconidialis CBS 114880 T
B97 Ca. pseudoreteaudii CMW 25292

99/100|B97 Ca. pseudoreteaudii CMW 25310 T Ca. pseudoreteaudii

CSF10059
100/100 100/(1:050':1006o
5) B1 Ca. acaciicola CMW 47174

B1 Ca. acaciicola CMW 47173 T
100/100 B106 Ca. reteaudii CMW 30984 T

B106 Ca. reteaudii CMW 16738

B104 Ca. queenslandica CMW 30603
100/100 B104 Ca. queenslandica CMW 30604 T
B63 Ca. lombardiana CMW 30602 T

98/84 100/100 B2 Ca. acicola CBS 114812

P8

x|

B2 Ca. acicola CMW 30996 T
B74 Ca. multiseptata CMW 23692 T

“%4p B10 Ca. australiensis CMW 23669 T
B30 Ca. crousiana CMW 27253

B30 Ca. crousiana CMW 27249 T

100/100

Figure 3. Cont.

166

CSF9974 Ca. minensis sp. nov.

B81 Ca. paracolhounii CBS 114705
B81 Ca. paracolhounii CBS 114679 T

Ca. colhounii species complex

Ca. reteaudii species complex



J. Fungi 2022, 8, 811
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Figure 3. Phylogenetic tree of Calonectria species based on maximum likelihood (ML) analyses of
combined DNA dataset of act, cmdA, his3, rpb2, tefl, and tub2 gene sequences. Bootstrap value >70%
for ML and MP analyses are presented above the branches. Bootstrap values lower than 70% are
marked with “*”
“T”. Isolates sequenced in this study are highlighted in blue and bold type. The “B” species codes
are consistent with the recently published results in Liu and co-authors [18]. The tree was rooted to

Curvicladiella cignea (CBS 109167 and CBS 109168).

, and absent analyses values are marked with “-”. Ex-type isolates are marked with
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The partition homogeneity test carried out on the datasets, for the combined six gene
regions, generated p values of 0.001. This showed that the accuracy of the combined data
did not suffer relative to the individual partitions [57]. Sequence data for the six gene
regions were thus combined for analyses. The sequence alignments based on the individual
six gene regions and the combination of these were deposited in TreeBASE (No. 528845).
Statistics and important parameters emerging from the phylogenetic analyses are presented
in Table 4.

Based on the six-gene combined phylogenetic tree (Figure 3), for the 71 isolates used in
the phylogenetic analyses, eight isolates resided in the Ca. colhounii species complex, two iso-
lates in the Ca. reteaudii species complex and 61 isolates in the Ca. kyotensis species complex.

3.3. Species in the Calonectria colhounii Species Complex

Six isolates (CSF9941, CSF9974, CSF9975, CSF9976, CSF9977 and CSF9978), represent-
ing one genotype, formed a distinct lineage in the cmdA and tub2 analyses as well as in
the six-gene combined phylogenetic tree (Figure 3, Appendix B Figures A2 and A6). The
total number of SNP differences between the six isolates and other phylogenetically closely
related species [Ca. aciculata (ex-type isolate CERC 5342), Ca. colhounii (ex-type isolate CBS
293.79), Ca. eucalypti (ex-type isolate CMW 18444) and Ca. honghensis (ex-type isolate CERC
5572)] for six gene regions combined, varied between 13 and 31. Thus, this fungus can be
regarded as a novel species. Two isolates (CSF9933 and CSF9934) formed an independent
clade and were phylogenetically most closely related to the six isolates in the six-gene
phylogenetic tree (Figure 3). These two isolates were consequently considered as the same
species as the six isolates CSF9941, CSF9974, CSF9975, CSF9976, CSF9977 and CSF9978 and
were identified as the novel species.

3.4. Species in the Calonectria reteaudii Species Complex

Two isolates (CSF10059 and CSF10060) were phylogenetically closely related to
Ca. pseudoreteaudii and various other species based on act and cmdA trees (Appendix B
Figures Al and A2), and clustered with Ca. pseudoreteaudii based on his3, rpb2, tefl, tub2 and
the six-gene combined trees (Figure 3, Appendix B Figures A3-A6). In comparisons of DNA
sequences for these six gene regions, all the sequences for the two isolates (CSF10059 and
CSF10060) were 100% identical to the ex-type isolate (CMW 25310) of Ca. pseudoreteaudii.
Consequently, they were identified as Ca. pseudoreteaudii (Figure 3).

3.5. Species in the Calonectria kyotensis Species Complex

Thirty-four isolates representing 20 genotypes were phylogenetically closest to
Ca. kyotensis in each of the cmdA, his3, rpb2 (sequence data for the rpb2 were not available
for isolate CSF9834), tefl, tub2 and the six-gene combined trees (Figure 3, Appendix B
Figures A2-A6), and clustered with Ca. kyotensis based on the act tree (Appendix B
Figure Al). Some isolates formed distinct clades based on the six-gene combined trees
(Figure 3), while the total number of SNP differences between the 34 isolates and the ex-
type isolate of Ca. kyotensis (CBS 114525) for six gene regions combined varied between 2
and 8. Based on the phylogenetic analyses, these 34 isolates were identified as Ca. kyotensis.

Four isolates (CSF7124, CSF9784, CSF9794 and CSF9799), representing two geno-
types, were phylogenetically closest to Ca. hongkongensis in each of the cmdA, tub2 and
six-gene combined tree (Figure 3, Appendix B Figures A2 and A6), and clustered with
Ca. hongkongensis based on act, his3, rpb2 and tefl trees (Appendix B Figures A1 and A3-Ab5).
There were only three or four SNP differences between these four isolates and the ex-type
isolate of Ca. hongkongensis (CBS 114828) when sequences for six gene regions were com-
bined. Thus, these four isolates were identified as Ca. hongkongensis.

Two isolates (CSF9862 and CSF9863), representing one genotype clustered with
Ca. ilicicola in the his3 tree (Appendix B Figure A3), formed independent clades but closely
related to Ca. ilicicola in the act, cmdA, rpb2, tefl and six-gene combined trees (Figure 3,
Appendix B Figures A1, A2 and A4-A6). There were only six SNP differences between the
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two isolates and the ex-type isolate of Ca. ilicicola (CMW 30998) for five gene regions (tub2
sequence data were not available for Ca. ilicicola) combined. Consequently, these isolates
were regarded as Ca. ilicicola.

Four isolates (CSF10024, CSF10070, CSF10077 and CSF10129), representing three geno-
types, were phylogenetically related to Ca. pacifica and various other closely related species
based on act and tefl trees (Appendix B Figures Al and A5). They were, however, phylo-
genetically closest to Ca. pacifica based on his3 and six-gene combined trees (Appendix B
Figure A3), and clustered with Ca. pacifica based on cmdA and rpb2 trees (Appendix B
Figures A2 and A4). There were only one or three SNP difference(s) between the four
isolates and the ex-type isolate of Ca. pacifica (CMW 16726) for five gene regions (tub2
sequence data were not available for Ca. pacifica) combined. These four isolates were thus
identified as Ca. pacifica.

Seventeen isolates representing 11 genotypes were phylogenetically closest to Ca.
aconidialis based on cmdA, his3, tefl and six-gene combined trees (Figure 3, Appendix B
Figures A2, A3 and A5), and clustered with Ca. aconidialis based on act and rpb2 (rpb2 sequence
data were not available for CSF9779 and CSF9875) trees (Appendix B Figures Al and A4). Some
isolates formed distinct clades based on the six-gene combined trees (Figure 3), while
the total number of SNP differences between the 17 isolates and the ex-type isolate of
Ca. aconidialis (CMW 35174) for five gene regions (sequence data for the tub2 region were
not available for Ca. aconidialis) combined varied between 0 and 4. Therefore, the 17 isolates
were identified as Ca. aconidialis.

Seventy-one of the 353 isolates collected in this study were identified based on the DNA
sequence of the six gene regions. According to the species identification results, we further
identified the remaining 282 isolates based on the DNA sequences for two or four gene
regions (Appendix A Table Al). Consequently, for the entire collection of 353 isolates, these
were identified as Ca. aconidialis (178), Ca. kyotensis (103), Ca. hongkongensis (37), Ca. pacifica
(17), Ca. ilicicola (five), Ca. pseudoreteaudii (five) and a novel species (eight), respectively.

3.6. Sexual Compatibility

Three isolates (CSF9933, CSF9941 and CSF9975) of the novel species were used in
the mating tests (Table 2). All of these isolates formed protoperithecia readily within two
weeks, and perithecia with viable ascospores were produced within four weeks. This was
irrespective of whether they were crossed with each other or with themselves. The species
was thus shown to be homothallic.

3.7. Morphology and Taxonomy

Based on multi-gene phylogenetic analyses (Figure 3, Appendix B Figures A1-A6) and
morphological characteristics, seven Calonectria species were identified in this study, includ-
ing six described species, i.e., Ca. aconidialis, Ca. kyotensis, Ca. hongkongensis, Ca. pacifica,
Ca. ilicicola, Ca. pseudoreteaudii and one novel species. To facilitate future studies, complete
morphological descriptions and illustrations have been made for the known species and
these are presented in Appendix C (Figures A7-A12). The novel species can be distin-
guished from the phylogenetically most closely related species (Ca. aciculata, Ca. colhounii,
Ca. eucalypti and Ca. honghensis) by the dimensions of its macroconidia and ascospores
(Table 5). This species is described as follows:

169



J. Fungi 2022, 8, 811

Table 5. Morphological comparisons of Calonectria species obtained in this study and other phyloge-

netically closely related species.

References or A Ascospores s Macroconidia 1 Vesicle
. scospores Ascospores Macroconidia Macroconidia .
Species Source of (L x W) >be Average Septation (L x W) 2be Average Septation (Min.-Max.)
Data (L x W) 2b P (L x W) ab P 2
. (38.5-)46.5-64.5( o
Cy‘:}f’}ﬁﬁ;’" this study 80.5) x 55.5 x 7 3 (5(14 235_5)5E22_;9§)x 60.5 x 5.5 1-)3 35
(6-)6.5-8(~8.5) : :
. a (53-)62-76(~86) x (2-)2.5-3.5
Ca. aciculata [4] N/A N/A N/A (4.5-)5-6(-7)6 69 x 5.5 3 5)
— (30-)50-65(~75) x ~ (45-)60-70(~80) x ~
Ca. colhounii [17] (4-)5-6(-8) 55 X 6 (1-)3 (4-)5-(-6) 65 x 5 (1-)3 34
. (25-)30-36(-56) x (66-)69-75(~80) x
Ca. eucalypti [37] (3-)5-6(-8) 33 x6 (1-)3 596 72 X 6 3 4-6
Ca. (35-)43-55(~65) x (43-)49-59(-66) x (2.5-)3-4.5
honghensis 4 (4.5-)5.5-6.5(~7.5) 496 3 (4.5-)5-5.5(-6) 54 x55 3 (-5.5)

2 All measurements are in um. ? L x W = length x width. ¢ Measurements are presented in the format
[(minimum-) (average-standard deviation)—(average + standard deviation) (-maximum)]. dN/A represents data
that is not available.

Taxonomy

Calonectria minensis Q.L. Liu and S.F. Chen, sp. nov.

MycoBank MB841412. (Figure 4).

Etymology: Name refers to the short name of Fujian Province in Chinese “Min”, where
this fungus was isolated.

Diagnosis: Calonectria minensis can be distinguished from the phylogenetically closely
related species Ca. aciculata, Ca. colhounii, Ca. eucalypti and Ca. honghensis by its distinct
ascospore and macroconidia dimensions.

Type: China: Fujian Province, Longyan Region, Xinluo District (25°07'08.597" N,
116°44/42.257" E), from soil collected in a Eucalyptus plantation, 6 November 2016, S.F. Chen,
Q.L. Liu and FF. Liu (HMAS249935—holotype, CSF9941 = CGMCC3.18877—ex-type culture).

Description: Ascomata perithecial, solitary or in groups of four, bright yellow, be-
coming orange with age; in section, apex and body yellow, base red-brown, sub-globose
to ovoid, 258-395 pum high, 227-330 pm diam, body turning dark yellow, and base dark
red-brown in 3% KOH+; ascomatal wall rough, consisting of two thick-walled layers; outer
layer of textura globulosa, 22—66 um thick, cells becoming more compressed towards the
inner layer of textura angularis, 9-21 pm thick, cells becoming thin-walled and hyaline
towards the centre; outermost cells 16-31 x 8-16 um, cells of inner layer 8-33 x 2-8 um;
ascomatal base up to 196 um wide, consisting of dark red, angular cells, merging with an
erumpent stroma; cells of the outer wall layer continuous with the pseudoparenchymatous
cells of the erumpent stroma. Asci 4-spored, clavate, 80-163 x 11-27 um, tapering into a
long thin stalk. Ascospores aggregated in the upper third of the ascus, hyaline, guttulate,
fusoid with rounded ends, straight to slightly curved, (1-)3-septate, constricted at the sep-
tum, (38.5-)46.5-64.5(-80.5) x (6-)6.5-8(-8.5) um (av. = 55.5 x 7 um). Macroconidiophores
consisting of a stipe, a suite of penicillately arranged fertile branches, a stipe extension,
and a terminal vesicle; stipe septate, hyaline, smooth, 33-144 x 4-9 um, stipe extension
septate, straight to flexuous 63-240 pm long, 2-3 um wide at the apical septum, terminat-
ing in a clavate vesicle, 3-5 um diam; lateral stipe extensions (90° to main axis) absent.
Conidiogenous apparatus 28-97 um wide, and 35-83 pm long; primary branches aseptate,
13-40 x 3-7 um; secondary branches aseptate, 9-31 x 3-6 um; tertiary branches aseptate,
8-14 x 3-5 um, quaternary branches aseptate, 7—12 x 3-5 pm, each terminal branch pro-
ducing 2—4 phialides; phialides allantoid to elongate doliiform to reniform, hyaline, aseptate,
4-14 x 2-7 um, apex with minute periclinal thickening and inconspicuous collarette. Macro-
conidia cylindrical, rounded at both ends, straight, (51-)55-66(-79) x (4.5-)5-6(-7.5) um
(av. =60.5 x 5.5 pm), (1-)3-septate, lacking a visible abscission scar, held in parallel cylin-
drical clusters by colourless slime. Mega- and microconidia not observed.
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Figure 4. Calonectria minensis. (a) Perithecium; (b) vertical section through a perithecium; (c) cells
around ostiolar region of perithecium; (d) section through lateral perithecial wall; (ef) asci;
(g h) ascospores; (i,j) macroconidiophore; (k,m) clavate vesicles; (n,0) conidiogenous apparatus
with conidiophore branches and elongate doliiform to reniform phialides; (p,q) macroconidia.—Scale
bars: a =200 um; b =100 um; ¢, d and f = 20 um; e and i, j = 50 pm; g, h and n—q =10 pm; k, m =5 pm.

Culture characteristics: Colonies forming abundant woolly white to sienna (8) aerial
mycelium at 25 °C on MEA, profuse sporulation; surface rust-coloured (39); reverse sienna
(8) to rust-coloured (39) after 7 d. Chlamydospores extensive throughout the medium
forming microsclerotia. Optimal growth temperature 25 °C, no growth at 5 °C and 35 °C,
after 7 d, colonies at 10 °C, 15 °C, 20 °C, 25 °C and 30 °C reached 18.1 mm, 27.0 mm,
58.2 mm, 69.5 mm and 42.4 mm, respectively.

Additional specimens examined: China: Fujian Province, Longyan Region, Xinluo
District (25°07'08.597" N, 116°44'42.257" E), from soil collected in a Eucalyptus plantation,
6 November 2016, S.F. Chen, Q.L. Liu and EFE. Liu (HMAS249936, culture CSF9933 =
CGMC(C3.18875); Fujian Province, Longyan Region, Liancheng County (25°26/14.348" N,
116°38/42.400” E), from soil under a natural forest, 6 November 2016, S.F. Chen, Q.L. Liu
and EF. Liu (HMAS249937, culture CSF9975 = CGMCC3.18881).

Notes: Calonectria minensis is a new species in the Ca. colhounii species complex. It is
closely related to Ca. aciculata, Ca. colhounii, Ca. eucalypti, and Ca. honghensis, and can be
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Kl Ca. aconidialis
H Ca. kyotensis

Ca. hongkongensis

B Ca. pacifica
s Ca. minensis
1 Ca. ilicicola

distinguished from those species by the dimensions of its ascospores and macroconidia.
The ascospores of Ca. minensis (av. = 55.5 x 7 um) are larger than those of Ca. eucalypti
(av. =33 x 6 um) [37] and Ca. honghensis (av. =49 x 6 pm) [4]. The macroconidia of Ca.
minensis (av. = 60.5 x 5.5 um) are shorter than those of Ca. aciculata (av. = 69 x 5.5 um) [4],
Ca. colhounii (av. = 65 x 5 um) [17] and Ca. eucalypti (av. =72 x 6 pm) [37], but longer than
those of Ca. honghensis (av. =54 x 5.5 um) [4]. The total number of SNP differences between
the ex-type isolate of Ca. minensis (CSF9941), and the ex-type isolates of Ca. aciculata (CERC
5342), Ca. colhounii (CBS 293.79), Ca. eucalypti (CMW 18444) and Ca. honghensis (CERC 5572)
for six gene regions combined, varied between 13 and 31.

3.8. Distribution of Calonectria Species in Fujian Province

Of the seven Calonectria species identified, Ca. aconidialis accounted for 50.4% of all the
isolates. This was followed in order of occurrence by Ca. kyotensis (29.2%), Ca. hongkongensis
(10.5%), Ca. pacifica (4.8%), Ca. minensis (2.3%), Ca. ilicicola (1.4%) and Ca. pseudoreteaudii
(1.4%) (Figure 5). Calonectria aconidialis and Ca. kyotensis can be regarded as the most
prevalent species (Figure 5).

512.3%_ 1.4%
1.4% @
A4.8%

22.0%-, 20% 4.29,8

B 4.0%

12.3% \

¥

5
8.2%

9.8%

1
49.2%

%

e 353 Calonectria isolates 0 Eucalyptus plantation G Natural forest

2
44.4%
2
100%

2 Ca. pseudoreteaudii 0 Phyllostachys heterocycle G Cunninghamia lanceolata 0 Pinus massoniana

Figure 5. Calonectria species collected from soils of five different types of forests in Fujian Province.
(a). the percentage of each Calonectria species accounted for all of the species isolated in this study.
Different species are indicated by numbers with different colours; (b—f). the percentage of each
Calonectria species obtained from five different types of forests.

Between two and four Calonectria species were isolated from soils sampled at each of
the nine Counties or Districts (Figure 2). Calonectria aconidialis was found at all sites other
than Cangshan District, Ca. kyotensis was found at all sites other than Yanping District and
Zhangping County, and the remaining five species were found at between one and three
sampling sites (Figure 2).

All seven species were isolated from soils collected in Eucalyptus plantations. Five
of the species were isolated from soils in natural forests, the exception being Ca. ilicicola
and Ca. pesudoreteaudii. Only Ca. aconidialis and Ca. kyotensis were isolated from soils in
P. heterocycle and C. lanceolata plantations, and only Ca. kyotensis was collected from soils
in the Pi. massoniana plantation (Figure 5). Based on the percentage of soil samples that
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obtained Calonectria from each of the five forest types, the results showed that Calonectria
was widely distributed in Eucalyptus plantation soils (47.1%, 57 of 121 sampled soils),
followed by P. heterocycle (35.7%, 5 of 14 sampled soils) and natural forests (32.6%, 14 of
43 sampled soils), only 10% of soil samples obtained Calonectria from C. lanceolata (2 of
21 sampled soils) or Pi. massoniana (1 of 10 sampled soils).

Calonectria kyotensis was detected in soils in all of the soil types sampled, while
Ca. aconidialis was isolated from soils in all forest types other than Pi. massoniana. Calonectria
hongkongensis, Ca. pacifica and Ca. minensis were found both in Eucalyptus plantations and
natural forests and the remaining two species were found only in Eucalyptus plantations
(Figure 5).

4. Discussion

A total of 353 Calonectria isolates were collected from soils in Eucalyptus plantations
and adjacent plantations of other species or natural forests in Fujian Province. Multilocus
phylogenetic inference and morphological characteristics revealed seven Calonectria species
including Ca. aconidialis, Ca. hongkongensis, Ca. ilicicola, Ca. kyotensis, Ca. pacifica and
Ca. pseudoreteaudii, and a novel species described here as Ca. minensis.

Results in this study showed that Ca. aconidialis and Ca. kyotensis were the most
prevalent species in the soils sampled. Calonectria aconidialis accounted for 50.4% of all the
isolates, which was found in eight of the nine sampled sites and soils of all forest types other
than those of Pi. massoniana. The next most common species was Ca. kyotensis, accounting
for 29.2% of the isolates, which was isolated from seven sites and soils of all five different
forest types. The remaining five species were less common, and isolated only from one
to three sites, either from Eucalyptus plantations or natural forests, or from both of these
forest types.

Among the identified species, Ca. aconidialis is newly reported in Fujian Province and
Ca. pacifica represents a first record for China. Eight Calonectria species were previously
known in Fujian Province. These include Ca. crousiana, Ca. eucalypti, Ca. fujianensis,
Ca. pauciramosa and Ca. pseudoreteaudii collected from diseased Eucalyptus leaves [7,8],
Ca. hongkongensis and Ca. kyotensis isolated from soils in unknown forest types [4,18] and
Ca. ilicicola collected from diseased peanuts (Arachis hypogaea) in Longyan Region [58].

The Calonectria species diversity in soils was clearly dependent on the forest types
sampled. Of the seven species detected, all were obtained from Eucalyptus plantations, five
were obtained from natural forests and only one or two species were from other forest types.
While these observations are convincing in terms of broad patterns, they must be tempered
by the fact that the greatest number of soil samples were from Eucalyptus plantations and
natural forests, which could have influenced the results.

The newly described Ca. minensis isolated from soils both in Eucalyptus plantations and
natural forest, adds a new species to the Ca. colhounii species complex. As a consequence,
13 species are now accommodated in this complex [4,7,17,18,21,25,37,39,46,49]. With the
exception of Ca. macroconidialis [46], Ca. madagascariensis [17] and Ca. paracolhounii [39], all
of the other 10 species have been recorded in southeastern Asia [4,7,17,21,25]. Species in
this complex include some important causal agents of CLB on Eucalyptus spp. including
Ca. aciculata, Ca. eucalypti and Ca. fujianensis, which have all been reported from diseased
Eucalyptus trees in China plantations [4,7].

Five species residing in the Ca. kyotensis species complex were identified in the present
study. Of these, Ca. aconidialis accounted for more than half of all the isolates collected, and
has previously been shown to be widely distributed in soils of Eucalyptus plantation in many
regions of southern China, including Guangdong [11,18], Guangxi [4,10,11] and Hainan
Provinces [11]. In the present study, Ca. aconidialis was collected from soils of four types of
forests and in eight of the nine sampling sites in Fujian Province (Figure 2), providing new
geographic records for this pathogen in China. This species has previously been shown to
infect inoculated Eucalyptus seedlings [10] and could pose a threat to Eucalyptus plantation
forestry. Calonectria pacifica was isolated from soils both in the Eucalyptus plantations
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(Minhou and Yongan Counties) and natural forests (Yanping District) in this study. This
species was originally described on Araucaria heterophylla from Hawaii, USA [40], and this
is the first report of the fungus in China.

This study elucidated the diversity and distribution characteristics of Calonectria
species in soils collected from plantations and natural forests in Fujian Province. Broad
patterns of occurrence were clear with Eucalyptus soils yielding the largest number of
species. The conifer forests had the lowest number of species, which is consistent with the
fact that most Calonectria spp. are known from Angiosperm hosts or from soils associated
with these plants. The results of the present study bring the number of Calonectria species
recorded in Fujian to 11. Most of these species have also been shown to be pathogenic
to Eucalyptus in previous studies [7,9,10]. The surprisingly high species diversity in this
region suggests that Calonectria species will pose long-term challenges for the development
of Eucalyptus forestry in southern China.
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J. Fungi 2022, 8, 811

Appendix B. Phylogenetic Tree of Calonectria Species Based on Maximum Likelihood
(ML) Analyses of act, cmdA, his3, rpb2, tefl and tub2 Gene Sequences
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Figure A1. Phylogenetic tree of Calonectria species based on maximum likelihood (ML) analyses of
act gene sequences. Bootstrap value >70% for ML and MP analyses are presented at the branches.
Bootstrap values lower than 70% are marked with “*”, and absent analyses values are marked with
“-”. Ex-type isolates are marked with “T”. Isolates sequenced in this study are highlighted in blue
and bold type. The “B” species codes are consistent with the recently published results in Liu and
co-authors [18]. The tree was rooted to Curvicladiella cignea (CBS 109167 and CBS 109168).
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Figure A2. Phylogenetic tree of Calonectria species based on maximum likelihood (ML) analyses of
cmdA gene sequences. Bootstrap value >70% for ML and MP analyses are presented at the branches.

R

Bootstrap values lower than 70% are marked with “*”, and absent analyses values are marked with
“-” . Ex-type isolates are marked with “T”. Isolates sequenced in this study are highlighted in blue
and bold type. The “B” species codes are consistent with the recently published results in Liu and

co-authors [18]. The tree was rooted to Curvicladiella cignea (CBS 109167 and CBS 109168).
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Figure A3. Phylogenetic tree of Calonectria species based on maximum likelihood (ML) analyses of
his3 gene sequences. Bootstrap value >70% for ML and MP analyses are presented at the branches.
Bootstrap values lower than 70% are marked with “*”, and absent analyses values are marked with
“-”. Ex-type isolates are marked with “T”. Isolates sequenced in this study are highlighted in blue
and bold type. The “B” species codes are consistent with the recently published results in Liu and
co-authors [18]. The tree was rooted to Curvicladiella cignea (CBS 109167 and CBS 109168).
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Figure A4. Phylogenetic tree of Calonectria species based on maximum likelihood (ML) analyses of
rpb2 gene sequences. Bootstrap value >70% for ML and MP analyses are presented at the branches.
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Bootstrap values lower than 70% are marked with “*”, and absent analyses values are marked with
“-”. Ex-type isolates are marked with “T”. Isolates sequenced in this study are highlighted in blue
and bold type. The “B” species codes are consistent with the recently published results in Liu and

co-authors [18]. The tree was rooted to Curvicladiella cignea (CBS 109167 and CBS 109168).
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Figure A5. Phylogenetic tree of Calonectria species based on maximum likelihood (ML) analyses of
tefl gene sequences. Bootstrap value >70% for ML and MP analyses are presented at the branches.
Bootstrap values lower than 70% are marked with “*”, and absent analyses values are marked with
“-”. Ex-type isolates are marked with “T”. Isolates sequenced in this study are highlighted in blue
and bold type. The “B” species codes are consistent with the recently published results in Liu and
co-authors [18]. The tree was rooted to Curvicladiella cignea (CBS 109167 and CBS 109168).
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Figure A6. Phylogenetic tree of Calonectria species based on maximum likelihood (ML) analyses of
tub2 gene sequences. Bootstrap value >70% for ML and MP analyses are presented at the branches.
Bootstrap values lower than 70% are marked with “*”, and absent analyses values are marked with
“-”. Ex-type isolates are marked with “T”. Isolates sequenced in this study are highlighted in blue
and bold type. The “B” species codes are consistent with the recently published results in Liu and
co-authors [18]. The tree was rooted to Curvicladiella cignea (CBS 109167 and CBS 109168).
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Appendix C. Morphology of Six Previously Described Calonectria Species Collected
in This Study

Calonectria aconidialis

Figure A7. Calonectria aconidialis. (a). Perithecium; (b). vertical section through a perithecium;
(c). cells around ostiolar region of perithecium; (d). section through lateral perithecial wall; (e,f). asci;
(g). ascospores; (h—j). macroconidiophore; (k-m). obpyriform to sphaeropedunculate vesicles;
(n,0). conidiogenous apparatus with conidiophore branches and elongate doliiform to reniform
phialides; (p,q). macroconidia.—Scale bars: a =200 um; b = 100 um; ¢, d, f and h—-j = 20 pm; e = 50 um;
g and n—q = 10 um; k-m =5 um.
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Description: Ascomata perithecial, solitary or in groups of two, orange, becoming orange-
brown with age; in section, apex and body orange, base red-brown, subglobose to ovoid,
368-491 pum high, 335455 um diam, body turning dark orange to red, and base dark
red-brown in 3% KOH+; ascomatal wall rough, consisting of two thick-walled layers; outer
layer of textura globulosa, 23-82 pm thick, cells becoming more compressed towards the
inner layer of textura angularis, 8-21 um thick, cells becoming thin-walled and hyaline
towards the centre; outermost cells 21-35 x 7-21 pum, cells of inner layer 9-34 x 2-9 um;
ascomatal base up to 201 pm wide, consisting of dark red, angular cells, merging with an
erumpent stroma; cells of the outer wall layer continuous with the pseudoparenchymatous
cells of the erumpent stroma. Asci 8-spored, clavate, 68-143 x 10-22 pum, tapering into a
long thin stalk. Ascospores aggregated in the upper third of the ascus, hyaline, guttulate,
fusoid with rounded ends, straight to slightly curved, 1-septate, constricted at the septum,
(24.5-)30.5-37.5(—42.5) x (4-)4.5-5.5(-7) um (av. = 34 x 5 um). Macroconidiophores consisting
of a stipe, a suite of penicillate arranged fertile branches, a stipe extension, and a terminal
vesicle; stipe septate, hyaline, smooth, 27-134 x 4-6 um, stipe extension septate, straight to
flexuous 64-129 um long, 2-4 um wide at the apical septum, terminating in a obpyriform to
sphaeropedunculate vesicle, 3-7 pm diam; lateral stipe extensions (90° to main axis) moder-
ate, 31-88 um long, 1.5-3 pm wide at the apical septum, terminating in obpyriform vesicles,
2—5 um. Conidiogenous apparatus 37-134 um wide, and 41-128 pum long; primary branches
aseptate, 15-27 x 3-5 um; secondary branches aseptate, 1220 x 3-4.5 um; tertiary branches
aseptate, 11-15 x 3—4 um; quaternary branches aseptate, 8—16 x 3-5 um, each terminal
branch producing 2-6 phialides; phialides elongate doliiform to reniform, hyaline, aseptate,
9-18 x 2-5 um, apex with minute periclinal thickening and inconspicuous collarette. Macro-
conidia cylindrical, rounded at both ends, straight, (40-)46-54.5(-63.5) x (3.5-)4.5-5(-6) um
(av. =50 x 5 um), 1-septate, lacking a visible abscission scar, held in parallel cylindrical
clusters by colourless slime. Mega- and microconidia not observed.

Culture characteristics: Colonies producing abundant white to cinnamon (62) aerial
mycelium at 25 °C on MEA, moderate sporulation on the medium surface; reverse si-
enna (8) to umber (9) after 7 d; chlamydospores extensive throughout the medium forming
microsclerotia. Optimal growth temperature 25 °C, no growth at 5 °C and 35 °C, after
7 d, colonies at 10 °C, 15 °C, 20 °C, 25 °C and 30 °C reached 21.5 mm, 31.2 mm, 57.1 mm,
81.3 mm and 55.2 mm, respectively.

Specimens examined: China: Fujian Province, Longyan Region, Xinluo District (25°07'08.597"
N, 116°44’42.257" E), from soil collected in a Eucalyptus plantation, 6 November 2016, S.F.
Chen, Q.L. Liu and EF. Liu (HMAS249929, culture CSF9937); Fujian Province, Longyan
Region, Liancheng County (25°26'14.348” N, 116°38'42.400" E), from soil under a natural
forest, 6 November 2016, S.F. Chen, Q.L. Liu and EF. Liu (HMAS249930, culture CSF9957).

Notes: Isolates CSF9937, CSF9938 and CSF9957 were crossed with each other in all possible
combinations on MSA to which autoclaved toothpicks had been placed, randomly dis-
tributed on the agar surface. Isolates CSF9937 and CSF9938 readily formed protoperithecia
within two weeks, and perithecia with viable ascospores were produced within four weeks,
when they crossed with themselves. After eight weeks of incubation, isolate CSF9957
failed to form sexual structures in any combination. Calonectria aconidialis is a species
in the Ca. kyotensis species complex. The ascospores of Ca. aconidialis obtained in this
study (av. = 34 x 5 um) were smaller than those of the originally described Ca. aconidialis
(av. =36 x 6 um) [11].
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Calonectria hongkongensis

Figure A8. Calonectria hongkongensis. (a). Perithecium; (b). vertical section through a perithe-
cium; (c). cells around ostiolar region of perithecium; (d). section through lateral perithecial
wall; (ef). asci; (g,h). ascospores; (i,j). macroconidiophore; (k-m). sphaeropedunculate vesicles;
(n,0). conidiogenous apparatus with conidiophore branches and elongate doliiform to reniform
phialides; (p,q). macroconidia.—Scale bars: a = 200 pm; b = 100 pm; c—f and i,j = 20 um; g,h and
n—q =10 um; k-m =5 pm.

Description: Ascomata perithecial, solitary or in groups of up to three, orange, becoming
red-brown with age; in section, apex and body orange, base dark red-brown, subglobose to
ovoid, 243-376 pm high, 219-355 pm diam, body turning red, and base dark red-brown
in 3% KOH+; ascomatal wall rough, consisting of two thick-walled layers; outer layer of
textura globulosa, 31-54 pm thick, cells becoming more compressed towards the inner layer
of textura angularis, 10-28 um thick, cells becoming thin-walled and hyaline towards the
centre; outermost cells 10-25 x 9-23 pm, cells of inner layer 6-24 x 2-6 pm; ascomatal
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base up to 168 um wide, consisting of dark red, angular cells, merging with an erumpent
stroma; cells of the outer wall layer continuous with the pseudoparenchymatous cells of
the erumpent stroma. Asci 8-spored, clavate, 82-148 x 12-32 pm, tapering into a long
thin stalk. Ascospores aggregated in the upper third of the ascus, hyaline, guttulate, fu-
soid with rounded ends, straight to slightly curved, 1-septate, constricted at the septum,
(23-)25-30(-34) x (4-)5-7(-8) pm (av. = 28 x 6 um). Macroconidiophores consisting of a stipe,
a suite of penicillate arranged fertile branches, a stipe extension, and a terminal vesicle; stipe
septate, hyaline, smooth, 47-117 x 4-8 um, stipe extension septate, straight to flexuous
68-198 um long, 1-4 um wide at the apical septum, terminating in a sphaeropedunculate
vesicle, 4-10 pm diam; lateral stipe extensions (90° to main axis) abundant, 42-111 um
long, 1-3 um wide at the apical septum, terminating in obpyriform vesicles, 2—6 pm.
Conidiogenous apparatus 37-146 um wide, and 41-111 pm long; primary branches aseptate,
12-28 x 3-5.5 um; secondary branches aseptate, 9.5-19 x 3—-6 um; tertiary branches asep-
tate, 9-13 x 3-5 um, additional branches -5, aseptate, 8-15 x 2-4.5 um, each terminal
branch producing 2—4 phialides; phialides elongate doliiform to reniform, hyaline, aseptate,
8-14 x 2-5 um, apex with minute periclinal thickening and inconspicuous collarette. Macro-
conidia cylindrical, rounded at both ends, straight, (34-)37—41(-44) x (3-)3.5-4(-5) um
(av. =39 x 4 um), 1-septate, lacking a visible abscission scar, held in parallel cylindrical
clusters by colourless slime. Mega- and microconidia not observed.

Culture characteristics: Colonies forming abundant white to sienna (8) aerial mycelium at
25 °C on MEA, with irregular margins, abundant sporulation; surface rust-coloured (39);
reverse sienna (8) to umber (9) after 7 d. Chlamydospores extensive throughout the medium
forming microsclerotia. Optimal growth temperature 25 °C, no growth at 5 °C and 35 °C,
after 7 d, colonies at 10 °C, 15 °C, 20 °C, 25 °C and 30 °C reached 21.2 mm, 26.1 mm,
46.3 mm, 69.1 mm and 64.1 mm, respectively.

Specimens examined: China: Fujian Province, Zhangzhou Region, Hua’an county (24°53'49.369"
N, 117°32'45.070” E), from soil collected in a Eucalyptus plantation, 5 November 2016, S.F.
Chen, Q.L. Liu and EF. Liu (HMAS249931, culture CSF9784).

Notes: Isolates CSF7124, CSF9784 and CSF9794 were crossed with each other in all possible
combinations on MSA. Isolates CSF7124 and CSF9784 readily formed protoperithecia
within two weeks, and perithecia with viable ascospores were produced within four weeks,
when they crossed with themselves. After eight weeks of incubation, isolate CSF9794 failed
to form sexual structures in any combination. Calonectria hongkongensis is a species in the Ca.
kyotensis species complex. The ascospores and macroconidia of Ca. hongkongensis obtained
in this study (ascospores: av. = 28 X 6 um; macroconidia: av. = 39 x 4 um) were shorter
than those of the originally described Ca. hongkongensis (ascospores: av. =31 x 6 um;
macroconidia: av. = 46.5 x 4 um) [23]. The vesicle of Ca. hongkongensis obtained in this
study (4-10 pm) was narrower than those of the originally described Ca. hongkongensis
(8-14 um) [23].
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Calonectria ilicicola

Figure A9. Calonectria ilicicola. (a). Perithecium; (b). vertical section through a perithecium; (c). cells
around ostiolar region of perithecium; (d). section through lateral perithecial wall; (e f). asci;
(8). ascospores; (h,i). macroconidiophore; (j k). ovoid to sphaeropedunculate vesicles; (I,m). coni-
diogenous apparatus with conidiophore branches and elongate doliiform to reniform phialides;
(n,0). macroconidia.—Scale bars: a = 200 um; b = 100 um; ¢, d, f and i = 20 um; e and h = 50 pm;
gand l-0=10 pm;j, k=5 pm.
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Description: Ascomata perithecial, solitary or in groups of two, orange to red, becoming red-
brown with age; in section, apex and body red-brown, base dark red-brown, subglobose to
ovoid, 375-509 um high, 363—474 um diam, body turning dark red, and base dark red-brown
in 3% KOH+; ascomatal wall rough, consisting of two thick-walled layers; outer layer of
textura globulosa, 47-75 pm thick, cells becoming more compressed towards the inner layer
of textura angularis, 14-30 um thick, cells becoming thin-walled and hyaline towards the
centre; outermost cells 940 x 8-36 um, cells of inner layer 10-23 x 2-7 um; ascomatal
base up to 208 um wide, consisting of dark red, angular cells, merging with an erumpent
stroma; cells of the outer wall layer continuous with the pseudoparenchymatous cells of
the erumpent stroma. Asci 8-spored, clavate, 70-137 x 12-34 um, tapering into a long
thin stalk. Ascospores aggregated in the upper third of the ascus, hyaline, guttulate, fusoid
with rounded ends, straight to slightly curved, 1-septate, not or slightly constricted at the
septum, (30-)37-46.5(-58) x (4-)5-6(-8) um (av. =42 x 5 um). Macroconidiophores consisting
of a stipe, a suite of penicillate arranged fertile branches, a stipe extension, and a terminal
vesicle; stipe septate, hyaline, smooth, 12-98 x 4-7 um, stipe extension septate, straight to
flexuous 111-216 um long, 2—4.5 um wide at the apical septum, terminating in an ovoid to
sphaeropedunculate vesicle, 6-13 um diam; lateral stipe extensions (90° to main axis) absent.
Conidiogenous apparatus 32-94 um wide, and 49-106 pm long; primary branches aseptate,
12-34 x 4-6 um; secondary branches aseptate, 4-21 x 3.5-6 um; tertiary branches aseptate,
9-17 x 4-6 um, each terminal branch producing 2—4 phialides; phialides elongate doliiform
to reniform, hyaline, aseptate, 8-15 x 3-5 um, apex with minute periclinal thickening
and inconspicuous collarette. Macroconidia cylindrical, rounded at both ends, straight,
(58-)63-70(-76) x 6-7(-8) um (av. = 67 x 7 um), (1-)3-septate, lacking a visible abscission
scar, held in parallel cylindrical clusters by colourless slime. Mega- and microconidia
not observed.

Culture characteristics: Colonies forming abundant white to cinnamon (62) aerial myceli