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Abstract

Cladosporium is a monophyletic genus in Cladosporiaceae (Cladosporiales, Dothideomycetes) whose species
are mainly found as saprobes and endophytes, but it also includes fungi pathogenic for plants, animals and
human. Species identification is currently based on three genetic markers, viz., the internal transcribed
spacer regions (ITS) of the rDNA, and partial fragments of actin (ac) and the translation elongation
factor 1-o (#efI) genes. Using this phylogenetic approach and from morphological differences, we have
recognized six new species originating from soil, herbivore dung and plant material collected at different
Spanish locations. They are proposed as Cladosporium caprifimosum, C. coprophilum, C. fuscoviride and
C. lentulum belonging in the C. cladosporioides species complex, and C. pseudotenellum and C. submersum
belonging in the C. herbarum species complex. This study revealed that herbivore dung represented a
reservoir of novel lineages in the genus Cladosporium.
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Introduction

Cladosporium is a ubiquitous genus in the family Cladosporiaceae of the recently pro-
posed order Cladosporiales in the Dothideomycetes (Abdollahzadeh et al. 2020). Their
species inhabit a wide range of substrates and have been reported to be among the
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most common fungi in both indoor and outdoor environments, including in extreme
ecological niches (Flannigan et al. 2002; Bensch et al. 2010, 2012, 2018; Sandoval-
Denis et al. 2015; Temperini et al. 2018; Chung et al. 2019). Most Cladosporium spe-
cies are saprobic, but some have also been reported as endophytes, hyperparasites on
other fungi and plant as well as animal pathogens, including humans (Heuchert et al.
2005; Sandoval-Denis et al. 2016; de Hoog et al. 2017; Marin-Felix et al. 2017). Cer-
tain species show the ability to produce compounds of medical interest or are relevant
as potential biocontrol agents for plant disease (K&hl et al. 2015; Khan et al. 2016;
Adorisio et al. 2019).

Cladosporium is morphologically characterized mainly by its asexual morph, which
shows differentiated conidiophores producing acropetal chains of conidia from mono-
or polyblastic conidiogenous cells. Both conidiogenous cells and conidia exhibit conid-
iogenous loci (scars) with a unique coronate structure, which is composed of a central
convex dome surrounded by a raised periclinal rim, usually thickened, refractive and
darkly pigmented (David 1997). Based on these features and DNA phylogeny derived
from the LSU nrRNA gene, the genus has been well-delineated and distinguished from
other cladosporium-like genera such as Hyalodendpriella, Ochrocladosporium, Rachiclad-
osporium, Rhizocladosporium, Toxicocladosporium, Verrucocladosporium and the recently
described genus Neocladosporium (Crous et al. 2007; Bezerra et al. 2017). Phylogenetic
relationships among species of Cladosporium s. str. have been studied extensively over
the last decade by a multi-locus sequence analysis approach with sequences of the in-
ternal transcribed spacers (ITS) of the rDNA and of the two protein encoding genes,
translation elongation factor 1-u (#¢f7) and actin (acz). The molecular approach com-
bined with morphological features have allowed recognition of more than 230 species
within the genus, which are split into three species complexes, i.e., the Cladosporium
cladosporioides, Cladosporium herbarum and Cladosporium sphaerospermum complex
(Schubert et al. 2007; Bensch et al. 2010, 2012, 2015, 2018; Sandoval-Denis et al.
2016; Marin-Felix et al. 2017).

While aiming to explore the diversity of microfungi from Spain, several interest-
ing Cladosporium isolates have been recovered from different environmental samples.
Using the above mentioned polyphasic approach and following the Genealogical Phy-
logenetic Species Recognition (GCPSR) criterion (Taylor et al. 2000), the taxonomy
of those isolates has been resolved in six novel species for science; four pertaining to the
C. cladosporioides species complex and two to the C. herbarum complex.

Material and methods
Samples and isolates
Samples of soil, plant debris and herbivore dung were collected between 2016 and

2018 at various Spanish locations. Dilution plating methods were used for isolating
fungi from soil and dung samples following the procedure described by Crous et al.
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(2009) and a modified protocol described by Waksman (1922), respectively. In ad-
dition, soil samples were also processed by a baiting technique using small pieces of
wood and filter paper as baits on the soil surface (Calduch et al. 2004). Samples of
plant debris and also part of the herbivore dung were incubated in moist chambers
following the procedures described by Castaneda-Ruiz et al. (2016) and Richardson
(2001), respectively.

Among the cladosporium-like fungi found, we recovered eight isolates in pure
culture which did not match any of the currently accepted species within the genus
Cladosporium (Table 1). The isolates were deposited in the culture collection of the
Universitat Rovira i Virgili (FMR, Reus, Spain) and, once phylogenetically and mor-
phologically characterized, living cultures of the novel species and dry cultures for
holotypes were also deposited in the Westerdijk Fungal Biodiversity Institute (CBS;
Utrecht, the Netherlands). Nomenclatural novelties and descriptions were deposited
in MycoBank (Crous et al. 2004).

DNA extraction, amplification and sequencing

Genomic DNA was extracted from cultures growing on potato dextrose agar (PDA;
Pronadisa, Spain) after 7 days of incubation at 25 °C, following the modified protocol
of Miiller et al. (1998). Protocols listed previously in Sandoval-Denis et al. (2016) were
used for amplification and sequencing. The primer pairs used were ITS5/ITS4 (White
etal. 1990) to amplify the ITS region including the 5.8S gene of the IDNA, EF-728F/
EF-986R to amplify a partial fragment of the zef7 gene, and ACT-512F/ACT-783R to
amplify a partial fragment of act gene (Carbone and Kohn 1999). PCR products were
purified and stored at -20 °C until sequencing. The sequences were obtained using
the same primers at Macrogen Europe (Macrogen Inc. Amsterdam, The Netherlands).
Finally, the software SeqMan v. 7.0.0 (DNAStarLasergene, Madison, W1, USA) was
used to assemble, edit and obtain the consensus sequences, which were then deposited
in GenBank of the National Center for Biotechnology Information (NCBI) (Table 1).

Sequence alignment and phylogenetic analysis

The sequences obtained were compared with other fungal sequences deposited in the
NCBI database through the BLASTn tool. Alignment of those sequences and the phy-
logenetic analysis for each locus were performed with the MEGA (Molecular Evolu-
tionary Genetics Analysis) program v. 6.0. (Tamura et al. 2013), using Clustal W algo-
rithm (Thompson et al. 1994) and refined with MUSCLE (Edgar 2004) or manually
if necessary, on the same platform. Since the isolates under study were related to the
C. cladosporioides and C. herbarum species complexes, we also carried out alignments
including sequence data of ex-type and reference strains of all the species from both
complexes retrieved from the GenBank and mainly published by Schubert et al. (2007,
2009), Bensch et al. (2010, 2012, 2015, 2018), Sandoval-Denis et al. (2016) and
Marin-Felix et al. (2017) (Suppl. material 1: Table S1).
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Table 1. Cladosporium species, strain information and GenBank accession numbers for sequences ob-
tained in this study.

Species Strain number’ Substrate GenBank nucleotide accession no. for’:
ITS act tefl

C. caprifimosum FMR 165327 Goat dung LR813198 LR813205 LR813210
C. coprophilum FMR 16101 Unidentified herbivore dung LR813199 LR813204 LR813211

FMR 16164"  Unidentified herbivore dung LR813201 LR813207 LR813213
C. fuscoviride FMR 16385 Garden soil LR813200 LR813206 LR813212
C. lentulum FMR 16288" Unidentified leaf licter LR813203 LR813209 LR813215

FMR 16389 Unidentified herbivore dung LR813202 LR813208 LR813214
C. pseudotenellum ~ FMR 162317 Garden soil LR813145 LR813146 LR813196
C. submersum FMR 17264" Submerged plant material LR813144 LR813195 LR813197

'"FMR: Facultat de Medicina i Ciéncies de la Salut, Reus, Spain. T indicate ex-type strains.
ITS: Internal transcribed spacer regions of the IDNA and 5.8S region; acz: partial actin gene; #efl: partial translation elongation factor
1-alpha gene.

Phylogenetic reconstructions were made with the three phylogenetic markers (ITS,
act and zef]) recommended for an accurate identification at the species level (Bensch et
al. 2010, 2018; Marin-Felix et al. 2017) using Maximum Likelihood (ML), Maximum
Parsimony (MP), and Bayesian Inference (BI) analyses, with the Mega software v. 6.0.
for the former two (Tamura et al. 2013) and with MrBayes v.3.2.6 for the latter one
(Ronquist et al. 2012). Phylogenetic concordance of the three-locus datasets was evalu-
ated through Incongruence Length Difference (ILD) implemented in the Winclada
program (Farris et al. 1994) and also by visual comparison of the individual phylogenies
in order to assess any incongruent results between nodes with high statistical support.

Determined by Mega software v. 6.0., the best nucleotide substitution model for
ML analysis of the C. cladosporioides complex was General Time Reversible with Gam-
ma distribution and invariant sites (GTR+G+I), and for the C. herbarum complex
the best was the Kimura 2-parameter with Gamma distribution and invariant sites
(K2+G+I). Bootstrap support value (MLBS) = 70% was considered significant (Hillis
and Bull 1993).

The MP analysis was performed using the heuristic search option with TBR (tree
bisection and reconnection) branch swapping and 1,000 random sequence additions.
Tree length (TL), consistency index (CI), retention index (RI), rescaled consistency
index (RCI) were calculated. Bootstrap analysis was based on 1,000 replications. Max-
imum parsimony bootstrap support value (PBS) > 70% was considered significant
(Hillis and Bull 1993).

Determined by jModelTest (Posada 2008), the best nucleotide substitution mod-
els for the BI of the C. cladosporioides complex were Jukes Cantor with invariant sites
(JC+I) for ITS, General Time Reversible with Gamma distribution (GTR+G) for zefI
and Hasegawa-Kishino-Yano with Gamma distribution (HKY+G) for acz; and for the
C. herbarum complex the best were the Kimura 2-parameter with Gamma distribu-
tion (K80+G) for ITS, Hasegawa-Kishino-Yano with Gamma distribution (HKY+QG)
for zefI and acr. The parameter settings used in these analyses were two simultaneous
runs of 10,000,000 generations, and four Markov chains, sampled every 1,000 gene-
rations. The 50% majority rule consensus tree and posterior probability values (PP)
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were calculated after discarding the first 25% of the samples. A PP value of > 0.95 was
considered significant (Hespanhol et al. 2019).

Final sequence alignments and trees generated in this study were registered in Tree-
BASE under the submission number $27350 (http://treebase.org).

Phenotypic studies

Microscopic features of the Cladosporium isolates were obtained from cultures growing
on synthetic nutrient-poor agar (SNA; 1 g of KH,PO,, 1 g of KNO,, 0.5 g of MgSO,
x 7H,0,0.5 g of KCl, 0.2 g of glucose, 0.2 g of sucrose, 14 g of bacteriological agar,
1 L of distilled water) after 7 to 14 days at 25 °C in the dark, mounted onto semi-
permanent slides with Shear's solution (Bensch et al. 2018). At least 30 measurements
were taken to calculate length and width ranges of the conidia and ramoconidia, given
as the mean * standard deviation in the descriptions. Macroscopic characterization of
the colonies was made on PDA (Pronadisa, Spain), oatmeal agar (OA; 30 g of oatmeal,
13 g of bacteriological agar, 1 L distilled water) and SNA after 14 days of incubation
at 25 °C in darkness. Colour notation of the colonies in descriptions were from Ko-
rnerup and Wanscher (1978). In addition, cardinal temperatures for the fungal growth
were determined on PDA cultures after 14 days at temperatures ranging from 5 to
40 °C at intervals of 5 °C.

Results

Phylogeny

Three individual phylogenies (ITS, zef7 and acz), carried out for the C. cladosporioides
and C. herbarum species complexes, were visually very similar and the ILD test showed
that the three loci datasets were congruent in both complexes (P = 0.16) and could be
combined. Phylogenies obtained by ML, MP and BI also showed a visual topologi-
cal congruence and were similar to that obtained by other authors (Marin-Felix et al.
2017; Bensch et al. 2018). The combined alignment of the three mentioned loci data-
sets encompassed 101 sequences in the C. cladosporioides complex and 58 sequences in
C. herbarum complex. The alignment for the former group comprised 1,060 bp (ITS
484 bp, refl 313 bp and act 263 bp), which included 424 bp variable sites (ITS 47
bp, zefl 239 bp and act 138 bp) and 319 bp phylogenetically informative sites (ITS
25 bp, zef1 193 bp and acr 101 bp). Two species of the C. sphaerospermum complex,
C. sphaerospermum CBS 193.54 and C. longissimum CBS 300.96, were included as
outgroup in this first multi-locus phylogeny (Fig. 1). For the maximum parsimony
analysis the maximum of 1,000 equally most parsimonious trees were saved (Tree
length = 1614; CI = 0.294; RI = 0.666; RCI = 0.214).

For the C. herbarum species complex, the alignment comprised 1,057 bp (ITS 503
bp, zef1 309 bp and act 245 bp) with 407 bp variable sites (ITS 101 bp, zef7 186 bp
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Figure |. Maximum likelihood (ML)

tree obtained from the combined analysis of ITS, refI and act

sequences of 101 strains from the C. cladosporioides complex. The tree is rooted with C. sphaerospermum
CBS 193.54 and C. longissimum CBS 300.96. Numbers on the branches represent ML bootstrap sup-
port values (MLBS) 270%, followed by Maximum Parsimony bootstrap support values (PBS) 270%
and Bayesian posterior probabilities (PP) 20.95, lower values are indicate as “-“. Bold branches indicate
MLBS/PBS/PP of 100/100/1. Names of species newly described are indicated in bold. Branch lengths are
proportional to distance. " Ex-type strain. *T Ex-epitype strain.
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and act 120 bp) and 240 bp phylogenetically informative sites (ITS 27 bp, zef7 123 bp
and acr 90 bp), using Cercospora beticola (CBS 116456) as outgroup (Fig. 2). For the

maximum parsimony analysis

were saved (Tree length = 898;

the maximum of 1,000 equally most parsimonious trees

CI =0.537; RI = 0.661; RCI = 0.355).
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Figure 2. Maximum likelihood (ML) tree obtained from the combined analysis of I'TS, ¢fI and act sequences
of 58 strains from C. herbarum complex. The tree is rooted with Cercospora beticola CBS 116456. Numbers on
the branches represent ML bootstrap support values (MLBS) 270%, followed by Maximum Parsimony boot-
strap support values (PBS) 270% and Bayesian posterior probabilities (PP) 2 0.95, lower values are indicate as
“-“. Bold branches indicate MLBS/PBS/PP of 100/100/1. Names of species newly described are indicated in
bold. Branch lengths are proportional to distance. " Ex-type strain. *" ex-epitype strain. M ex-neotype strain.

The eight unidentified isolates did not match any known lineage of Cladosporium
species, six were related to the C. cladosporioides species complex and two to the C. herb-
arum complex, and together they represented six new phylogenetic species in the genus.

In the combined phylogeny of the C. cladosporioides complex, 71 species were deline-
ated (Fig. 1). The isolates FMR 16101 and FMR 16164 formed a strongly supported
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terminal clade representative for a unique taxon, but with an uncertain phylogenetic po-
sition due to the low statistical support (- MLBS / 77 PBS / - PP) for the nearest lineages
of C. chasmanthicola and C. sinuatum. Both unidentified isolates were genetically identi-
cal and showed a percentage of identity with the ex-type strains of these latter species of
97.22% and 97.65% for act, and 96.79% and 97.50% for zef1, respectively. A second
undescribed monophyletic terminal clade included FMR 16288 and FMR 16389, which
grouped with the lineages of C. exasperatum, C. parapenidielloides and C. longicatenatum
in a clade with highly supported values (94 MLBS / 84 PBS / 0.98 PP). However, both
isolates showed a sufficient genetic distance to be considered a distinct species from the
closest, C. longicatenatum and , with a sequence similarity of 95.75% and 95.28% for
act and 90.87% and 90.48% for ref] respect to the ex-type strains of these two known
species. FMR 16532 and FMR 16385 formed two distinct monophyletic branches. The
former showed an uncertain phylogenetic position with the species in the complex; the
comparison of its sequences with those of the GenBank dataset through the BLASTn
tool showed that the ITS was 100% similar with several species of the C. cladospori-
oides complex, while sequences of act and refI were 99.12% and 89.02% similar with
sequences belonging to C. asperulatum (UTHSC DI-13-216/GenBank LN834541 and
CBS 113744/GenBank HM 148237, respectively). FMR 16385 was closely related to
the ex-type strain of C. alboflavescens (100 MLBS / 100 PBS / 1 PP). The percentages of
identity between these latter two fungi (97.79% for act and 96.75% for zefI) together
with morphological differences observed allow us to consider them distinct taxa.

In the C. herbarum complex, 40 species were phylogenetically well-delimited, in-
cluding two novel lineages each represented by FMR 16231 and FMR 17264 (Fig. 2).
Both were genetically and morphologically differentiated from their closest relatives,
C. tenellum and C. subcinereum, respectively. The percentages of identity observed be-
tween the isolate FMR 16231 and the ex-type strain of C. tenellum (CBS 121634)
were 97.78%, 83.76% and 100% for act, tefI and I'TS, respectively, and between FMR
17264 and the ex-type strain of C. subcinereum (CBS 140465) were 98.57%, 95.98%
and 100% for act, tefl and I'TS, respectively.

The percentages of identity between the six putative new Cladosporium species and
their relatives are summarized in Table 2. The novel taxa are described and illustrated
in the taxonomy section below.

Taxonomy

Cladosporium caprifimosum Iturrieta-Gonzéilez, Dania Garcia, Gené, sp. nov.
MycoBank No: 836074
Fig. 3

Etymology. The name refers to goat dung, the substrate where the species was isolated
(capra = goat and fimus = dung, with the adjectival Latin suffix -osus, indicating abun-
dance or full or marked development).
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Table 2. Percentage of identity between the novel Cladosporium and their closest species.

Species Loci
Closest taxa ITS o rofl
C. caprifimosum (FMR 16532) C. asperulatum’ 100 99.12 89.02
C. coprophilum (FMR 16101 and 16164) C. chasmanthicola 100 97.22 96.79
C. sinuatum' 100 97.65 97.50
C. fuscoviride (FMR 16385) C. alboflavescens 100 97.79 96.75
C. lentulum (FMR 16288 and 16389) C. exasperatum 100 92.2 81.4-82.7
C. longicatenatum 100 95.75 90.87
C. parapenidielloides 100 95.28 90.48
C. pseudotenellum (FMR 16231) C. tenellum' 100 97.5-100 83.2-84.1
C. submersum (FMR 17264) C. subcinereum 100 98.57 95.98

! Species for which the percentage of identity was defined based on the ex-type strain and additional reference strains (see Figs 1 and 2).
2 Species for which the percentage of identity was based on a NCBI BLAST search.

Type. Spain, Catalonia, Tarragona province, La Fatarella, from goat dung, Mar.
2017, L Iturrieta-Gonzilez, M. Guevara-Suarez ¢ J. Guarro (holotype CBS H-24469;
cultures ex-type FMR 16532, CBS 146918).

Description. Mycelium in vitro superficial and immersed, composed of septate,
branched, subhyaline, smooth to verruculose hyphae, 1-2 pm wide. Conidiophores dimor-
phic, micronematous or macronematous, arising from lateral or terminal hyphae, erect to
slightly flexuous, non-nodulose, septate, branched or unbranched, 8-137 pm long, 2—4 um
wide, pale brown, slightly verrucose. Conidiogenous cells integrated, terminal, cylindrical,
sometimes geniculate at the apex, 22—44 x 3—4 pm, bearing up to four conidiogenous loci,
darkened and refractive. Ramoconidia aseptate, almost cylindrical, 10-24 x 2—4 pm [av. (£
SD) 15.8 (+ 3.4) x 3.1 ( 0.45)], olive to pale brown, smooth. Conidia forming branched
chains, with up to five conidia in the terminal unbranched part, aseptate, olive to pale
brown, smooth; small terminal conidia ellipsoidal to obovoid, 3—7 x 2-3.5 pm [av. (£ SD)
5.7 (£ 0.83) x 2.4 (£ 0.43)]; intercalary conidia ellipsoidal to somewhat fusiform, 6-11.5
x 2-3 um [av. (£ SD) 7.8 (& 1.06) x 2.6 (£ 0.39)]; secondary ramoconidia ellipsoidal to
almost cylindrical, 9-14 x 2.5-3.5 pum [av. (£ SD) 11.3 (£ 1.6) x 2.9 (+ 0.26)].

Culture characteristics (14 d at 25 °C). Colonies on OA reaching 24-25 mm diam.,
dark green (30F8), flat, slightly dusty, aerial mycelium scarce, margin regular; reverse dark
green (30F8) to black. On PDA attaining 34-35 mm diam., olive (3E6/3F4), slightly
umbonate, radially folded, velvety, acrial mycelium scarce, margin slightly lobate; reverse
dark green (30F8) to olive (3E4). On SNA reaching 25-26 mm diam., olive (3E8), flat,
dusty, aerial mycelium scarce, margin regular; reverse dark green (30F8) to black.

Cardinal temperature for growth. Optimum 20 °C, maximum 30 °C, mini-
mum 5 °C.

Distribution. Spain.

Notes. Although C. caprifimosum clearly belongs to the C. cladosporioides species
complex, our multi-locus analysis did not reveal any phylogenetic relationship with
other species in the complex. It is represented by a single branch placed distance from
other Cladosporium species (Fig. 1). Cladosporium caprifimosum differs from the other
novel species proposed here mainly by its aseptate and smooth conidia.
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Figure 3. Cladosporium caprifimosum (ex-type FMR 16532) a—c colonies on PDA, OA and SNA after
14 days at 25 °C d-e conidiophores f ramoconidia and conidia. Scale bars: 10 mm (a—c); 10 um (d-f).

Cladosporium coprophilum Iturrieta-Gonzéilez, Dania Garcia, Gené, sp. nov.
MycoBank No: 836075
Fig. 4

Etymology. Name refers to the substrate where the species was isolated, unidentified
herbivore dung (ancient Greek, képros = dung + philos = loving).

Type. Spain, Extremadura, Badajoz province, Granja de Torrehermosa, unidenti-
fied herbivore dung, Jan. 2017, /. Cano (holotype CBS H-24470; cultures ex-type
FMR 16164, CBS 144919).

Description. Mycelium in vitro superficial and immersed, composed of septate,
branched, pale brown, smooth hyphae, 3-5 um wide. Conidiophores macronematous,
arising laterally or terminally from hyphae, erect to slightly flexuous, non-nodulose,
septate, unbranched, up to 124 pm long, 3—4 pm wide, pale brown, smooth. Conid-
iogenous cells integrated, terminal, rarely intercalary, cylindrical, (7-)14-33 x (2-)3—
4 pm, bearing up to 3 conidiogenous loci, slightly darkened and refractive. Ramoco-
nidia 0(—1)-septate, subcylindrical to cylindrical, 9-19 x 3—5 pum [av. (+ SD) 12.3 (+
2.8) x 3.9 (+ 0.54)], pale brown, smooth. Conidia forming branched chains, with up
to five conidia in the terminal unbranched part, aseptate, pale brown, smooth to ver-
ruculose; small terminal conidia ellipsoidal to slightly obovoid, 4.5-7 x 2.5—4 pm [av.
(£ SD) 6 (+ 0.64) x 3.1 (£ 0.31)]; intercalary conidia ellipsoidal, 6-10.5 x 2.5—4 pm
[av. (+ SD) 7.7 (£ 1.32) x 3.3 (& 0.37)]; secondary ramoconidia subcylindrical to cylin-
drical, 7-12.5 pm long x 3-5 pm [av. (+ SD) 9.6 (£ 1.7) x 4.2 (£ 0.51)].

Culture characteristics (14 d at 25 °C). Colonies on OA reaching 21-22 mm
diam., olive (2F6) to black, dark green margin (30F4), flat, slightly dusty at the center,
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Figure 4. Cladosporium coprophilum (ex-type FMR 16164) a—c colonies on PDA, OA and SNA after
14 days at 25 °C d-e conidiophores f conidia. Scale bars: 10 mm (a—c); 10 pm (d-f).

aerial mycelium scarce, margin regular; reverse dark green (30F8) to black. On PDA
attaining 3637 mm diam., olive (2F6/2E3), greenish gray margin, slightly depressed
and irregularly folded at the center, velvety, aerial mycelium scarce, margin regular; re-
verse dark green (30F8/27F3). On SNA reaching 27-28 mm diam., olive (3F6/2F8),
flat, slightly dusty, aerial mycelium scarce, margin regular; reverse dark green (30F8)
to black.

Cardinal temperature for growth. Optimum 20 °C, maximum 25 °C, mini-
mum 5 °C.

Distribution. Spain.

Additional specimen examined. Spain, Extremadura, Badajoz province, Granja
de Torrehermosa, unidentified herbivore dung, Mar. 2017, /. Cano (FMR 16101).

Notes. Based on the multi-locus analysis (Fig. 1), C. coprophilum is allocated to a
terminal low-supported clade together with C. chasmanthicola and C. sinuatum, species
recently described from leaf spots of Chasmanthe aethiopica in South Africa (Marin-Fe-
lix et al. 2017) and Alpine soil in China (Ma et al. 2017), respectively. The new species
is distinguished from C. chasmanthicola by the production of smooth hyphae (smooth
to distinctly verrucose or irregularly rough-walled in C. chasmanthicola), longer con-
idiogenous cells (up to 33 vs up to 24 um), shorter ramoconidia (9—19 vs 15-33 pm)
with fewer septa [(0(~1) vs 0-1(-3)-septate], and longer terminal conidia (4.5-7 vs
2.5-4.5 um) (Marin-Felix et al. 2017). Cladosporium coprophilum difters from C. sinu-
atum by the production of aseptate intercalary conidia (0-1-septate in C. sinuatum). In
addition, C. sinuatum is characterized by distinctive geniculate-sinuous conidiophores
and a rather fast growth on OA (40—45 mm vs 21-22 mm in C. coprophilum after 14 d
at 25 °C) (Ma et al. 2017).
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Cladosporium fuscoviride Iturrieta-Gonzdlez, Dania Garcia, Gené, sp. nov.
MycoBank No: 836076
Fig. 5

Etymology. Name refers to the dark green reverse of the colonies of the species grow-
ing in all agar media tested (fuscus = dark brown, blackish or figuratively dull and
viridis = green).

Type. Spain, Catalonia, Tarragona province, Cambrils, Sama Park, garden soil,
Feb. 2017, 1. Iturrieta-Gonzdilez & J. Gené (holotype CBS H-24471; cultures ex-type
FMR 16385, CBS 146920).

Description. Mycelium in vitro superficial and immersed, composed of septate,
branched, subhyaline to pale brown, smooth to verruculose hyphae, 1-3 pm wide.
Conidiophores semi-macronematous to macronematous, arising laterally and termi-
nally from hyphae, sometimes reduced to conidiogenous cells, septate, erect to slightly
flexuous, branched or unbranched, sometimes geniculate at the apex, up to 56 pm
long, 3—4 pm wide, pale brown, smooth to verruculose. Conidiogenous cells terminal
and subterminal, cylindrical to slightly clavate, 8-27 x 3—4 pm, bearing up to 4 co-
nidiogenous loci, darkened and refractive. Ramoconidia 0—1(-3)-septate, subcylindri-
cal to ellipsoidal, 7.5-22 x 2.5-4 pm [av. (£ SD) 12.8 (£ 3.9) x 3 (£ 0.43)], pale
brown, smooth to verruculose. Conidia in branched chains with up to 4 conidia in
the terminal unbranched part, pale brown, smooth to verruculose, with protuberant,
slightly darkened and refractive hila; small terminal conidia aseptate, globose, subglo-
bose to obovoid, 3-6 x 2-3.5 pm [av. (£ SD) 4.5 (£ 0.66) x 3 (£ 0.39)]; intercalary
conidia aseptate, ellipsoidal to somewhat limoniform, 4.5-7 x 2.5-4 pm [av. (£ SD)
5.7 (£ 0.70) x 3.2 (+ 0.36)]; secondary ramoconidia 0(—1)-septate, subcylindrical to
ellipsoidal 6-11.5 x 2.5—4 pum [av. (£ SD) 8.8 (£ 1.64) x 3.1 (* 0.40)].

Culture characteristics (14 d at 25 °C). Colonies on OA reaching 31-32 mm
diam., olive (3F8) to dark green (30F5), olive final edge (2F8), flat, velvety, aerial
mycelium scarce, margin regular; reverse dark green (30F5) to black. On PDA attain-
ing 44-46 mm diam., gray to olive to olive yellow (3D1/2E5/2C6), white at the final
edge, flat, velvety, aerial mycelium scarce, margin regular; reverse dark green (30F8) to
black, with a whitish final edge. On SNA reaching 34-35 mm diam., olive (3F8), flat,
velvety, aerial mycelium scarce, margin regular; reverse dark green (30F8), olive final
edge (3F3).

Cardinal temperature for growth. Optimum 25 °C, maximum 30 °C, mini-
mum 5 °C.

Distribution. Spain.

Notes. Cladosporium fuscoviride is closely related to C. alboflavescens (Fig. 1), a
monotypic species described from an animal respiratory specimen collected in Califor-
nia (Sandoval-Denis et al. 2016). The species can be distinguished by their colony and
microscopic features; i.e., C. fuscoviride has darker colonies and faster growth rates at
25 °C after 2 wk on the three media tested (OA, 31-32 vs 20-23 mm; PDA, 44-46
vs 34-36 mm; SNA, 34-35 vs 20-25 mm), shorter conidiophores (up to 56 um vs
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Figure 5. Cladosporium fuscoviride (ex-type FMR 16385) a—c colonies on PDA, OA and SNA after 14 days
at 25 °C d-g conidiophores h ramoconidia and conidia. Scale bars: 10 mm (a—c); 10 pm (d=h).

up to 130 pm long in C. alboflavescens), and 0—3-septate (aseptate in C. alboflavescens)
shorter (7.5-22 vs 11-36 pum) ramoconidia. Cladosporium iranicum is related with
C. fuscoviride and C. alboflavescens, but can be easily distinguished from them by its
larger conidiophores (40-180(~135) pum), with chains of up to 10 conidia in the ter-
minal unbranched part, and a faster growth rate on PDA (56-60 mm after 14 d at
25 °C) (Bensch et al. 2010).

Cladosporium lentulum Iturrieta-Gonzalez, Dania Garcia, Gené, sp. nov.
MycoBank No: 836077
Fig. 6

Etymology. Name refers to its slower growth with respect to the phylogenetically re-
lated species (lentus = figuratively slow, with Latin adjectival suffix -ulus = diminutive).

Type. Spain, Catalonia, Tarragona province, Tarragona, unidentified leaf lit-
ter, Feb. 2017, I Iturrieta-Gonzdlez (holotype CBS H-24472; cultures ex-type FMR
16288, CBS 146921).

Description. Mjycelium in vitro superficial and immersed, composed of septate,
branched, subhyaline to yellowish brown, smooth to verruculose hyphae, 1-4 pm wide.
Conidiophores macronematous, arising laterally and terminally from hyphae, septate,
erect to slightly flexuous, unbranched, sometimes geniculate at the apex, occasionally
branched, up to 406 um long, 3—4 um wide, pale brown to brown, smooth to verru-
cose. Conidiogenous cells integrated, terminal and subterminal, cylindrical to subcylindri-
cal, 11-27 x 2—4(~5) um, bearing up to 5 conidiogenous loci, darkened and refractive.
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Figure 6. Cladosporium lentulum (ex-type FMR 16288) a—c colonies on PDA, OA and SNA after 14 days
at 25 °C d—e conidiophores f~g conidia. Scale bars: 10 mm (a—=c); 10 pm (d-g).

Ramoconidia 0(-2)-septate, subcylindrical to cylindrical, 10.5-23 x 2.5-4.5 um [av.
(+ SD) 14.2 (£ 2.61) x 3.2 (£ 0.52)]; pale brown, smooth to verruculose. Conidia
forming branched chains with up to 5 conidia in the unbranched part of the chain, pale
brown, smooth to slightly verruculose, with protuberant, slightly darkened and refrac-
tive hila; small terminal conidia aseptate obovoidal to ellipsoidal, 4.5-7.5 x 1.5-2.5 pm
[av. (£ SD) 5.8 (£ 0.81)) x 2.7 (& 0.29)]; intercalary conidia 0(—1)-septate, ellipsoidal
to subcylindrical, 6-10.5 x 2-3 pum [av. (£ SD) 8.4 (£ 1.31) x 2.3 (& 0.34)]; secondary
ramoconidia 0(—1)-septate, ellipsoidal to subcylindrical, slightly constricted at septum
when present, 7.5-14.5 x 2-3 um [av. (£ SD) 10.5 (+ 2.05) x 2.5 (+ 0.30)].

Culture characteristics (14 d at 25 °C). Colonies on OA reaching 19-20 mm
diam., olive (3F8), flat, velvety, aerial mycelium scarce, margin regular; reverse dark
green (30F8) to black. On PDA attaining 28-36 mm diam., dark green (27F8), with
a whitish final edge, slightly umbonate, radially folded, velvety, aerial mycelium scarce,
margin slightly lobulate; reverse olive brown (4E4), whitish at the edge. On SNA
reaching 22-23 mm diam., olive (3F5), flat, slightly dusty, aerial mycelium scarce,
margin fimbriate; reverse dark green (30F8) to black.

Cardinal temperature for growth. optimum 20 °C, maximum 30 °C, mini-
mum 5 °C.

Distribution. Spain.

Additional specimen examined. Spain, Catalonia, Tarragona province, Poblet,
unidentified herbivore dung, Mar. 2017, 1. lturrieta-Gonzdlez, M. Guevara-Suarez &
J. Guarro (FMR 16389).

Notes. Our phylogeny shows C. lentulum included in a well-supported terminal
clade together with the ex-type strains of C. exasperatum, C. parapenidielloides and
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C. longicatenatum, three species all described from plant material collected in Australia
(Bensch et al. 2010, 2015). However, the genetic distance allows it to be considered
a distinct species within the clade (Fig. 1). Phenotypically, C. lentulum can be distin-
guished from its counterparts mainly by its slower growth, especially on OA at 25 °C
after 14 d (19-20 mm vs 39-54 mm for C. exasperatum, 42-55 mm for C. parapeni-
dielloides and 43—54 mm for C. longicatenatum). In addition, our new species shows
shorter ramoconidia (10.5-23 pm) than C. exasperatum and C. longicatenatum (19—
40 pm and 2242 pm, respectively); ramoconidia in C. parapenidielloides are absent;
the conidia in C. lentulum are smooth or nearly so, while those of C. exasperatum and
C. longicatenatum possess a unique verruculose-rugose conidial surface ornamenta-
tion, especially prominent in the former; and conidiophores in C. parapenidielloides
are much shorter (up to 67 pm) than those observed in C. lentulum (up to 406 pm)
(Bensch et al. 2010, 2015).

Cladosporium pseudotenellum Iturrieta-Gonzalez, Dania Garcia, Gené, sp. nov.
MycoBank No: 836078
Fig. 7

Etymology. The name refers to “C. tenellum”, the closest phylogenetic species.

Type. Spain, Catalonia, Tarragona province, Reus, garden soil, Feb. 2017, 1. Jrur-
rieta-Gonzdlez (holotype CBS H-24473; cultures ex-type FMR 16231, CBS 146922).

Description. Mycelium in vitro superficial and immersed, composed of septate,
branched, subhyaline to pale brown, smooth-walled, occasionally tuberculate and with
abundant swellings, hyphae, 2-3(—4.5) um wide. Conidiophores macronematous, aris-
ing laterally or terminally from hyphae, erect to slightly flexuous, non-nodulose, oc-
casionally geniculate at the apex, septate, unbranched, occasionally branched, up to
146 pm long, 2.5-3 pm wide, pale brown, smooth to slightly verruculose. Conidiog-
enous cells integrated, terminal or intercalary, cylindrical, sometimes geniculate, 15-32
x 2.5-3 pm, with up to five conidiogenous loci, thickened, darkened and refractive,
often crowded at the apex. Ramoconidia rarely formed, 0(-1)-septate, ellipsoidal to
subcylindrical, 9-14.5 x 4-5.5 pum [av. (£ SD) 11.6 (£ 1.60) x 4.6 (+ 0.44)], pale
brown, verruculose. Conidia forming branched chains, with up to four conidia in the
terminal unbranched part, aseptate, pale brown, verruculose to verrucose; small termi-
nal conidia subglobose to obovoid, 4-7 x 3—5 pm [av. (£ SD) 5.8 (+ 0.77) x 3.9 (*+
0.60)]; intercalary conidia ellipsoidal to limoniform, 6-8.5 x 3—5 um [av. (£ SD) 7.4
(£ 0.73) x 3.8 (£ 0.50)]; secondary ramoconidia 0(-2)-septate, ellipsoidal to subcylin-
drical, 7-12.5 x 45 pum [av. (+ SD) 9.6 (£ 1.76) x 4.4 (+ 0.33)] with 1-3 distal hila.

Culture characteristics (14 d at 25 °C). Colonies on OA reaching 21-22 mm
diam., olive (2F8/2F4), flat, velvety, aerial mycelium scarce, margin fimbriate; reverse
dark green (30F8) to black. On PDA attaining 29—-30 mm diam., olive gray (3E2/3F2),
paler at the periphery, radially folded, velvety, aerial mycelium scarce, margin slightly
lobate; reverse dark green (30F8) to black. On SNA reaching 21-22 mm diam., olive



Novel species of Cladosporium 17

14 days at 25 °C d-e conidiophores f conidia. Scale bars: 10 mm (a=c); 10 um (d-f).

(2F8), flat, slightly powdery, aerial mycelium scarce, margin fimbriate; reverse dark
green (30F8) to black.

Cardinal temperature for growth. Optimum 20 °C, maximum 30 °C, mini-
mum 5 °C.

Distribution. Spain.

Notes. Based on the phylogeny of the C. herbarum complex (Fig. 2), C. pseudotenel-
lum is closely related with C. tenellum, a species originally described from hypersaline
water in Israel, later found on Phyllactinia sp. (Erysiphaceae), and in indoor air samples
collected in the USA (Schubert et al. 2007; Bensch et al. 2012, 2018). Our species
differs from C. tenellum in the absence of micronematous conidiophores and in hav-
ing shorter macronematous conidiophores (up to 146 pm vs up to 200 pm), shorter
conidiogenous cells (15-32 pm vs 640 pm), with few conidiogenous loci (up to five vs
up to 10 or more in C. tenellum), and shorter ramoconidia (9—14.5 vs up to 32 pum). In
addition, terminal and intercalary conidia in C. pseudotenellum are aseptate, while those
of C. tenellum are 0—1(=3)-septate (Schubert et al. 2007; Bensch et al. 2012).

Cladosporium submersum Iturrieta-Gonzilez, Dania Garcia, Gené, sp. nov.
MycoBank No: 836079
Fig. 8

Etymology. Name refers to the aquatic habitat where the substrate (submerged plant
material) of the fungus was collected (submersus = submerged, verb in participle,
from submergere).
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Figure 8. Cladosporium submersum (ex-type FMR 16264) a—c colonies on PDA (front at 25 °C and
reverse at 20 °C), OA and SNA at 25 °C after 14 days d, e conidiophores and conidia f conidia. Scale
bars: 10 mm (a—c); 10 pm (d-f).

Type. Spain, Catalonia, Tarragona province, Cornudella del Montsant, Siurana’s
swamp, submerged plant material, Feb. 2018, L. Iturrieta-Gonzdlez, E. Carvalho & J.
Gené (holotype CBS H-24474; cultures ex-type FMR 17264, CBS 146923).

Description. Mycelium in vitro superficial and immersed, composed of septate,
branched, subhyaline to pale brown, smooth-walled to verruculose hyphae, 1-3 um
wide. Conidiophores dimorphic, micronematous or macronematous, arising laterally and
terminally from hyphae, erect to slightly flexuous, nodulose, geniculate at the apex,
septate, unbranched, occasionally branched with small prolongations just below the sep-
tum, up to 77 pm long, 3-5 pm wide, pale brown to brown, smooth to verruculose.
Conidiogenous cells integrated, terminal and intercalary, geniculate, nodulose, 11-28 x
3—6 pm, bearing up to five conidiogenous loci, darkened and refractive. Ramoconidia
rarely formed, 0(~1)-septate, sometimes constricted at the septum when present, cylin-
drical to subcylindrical, 10.5-24 x 4.5-7 pum [av. (£ SD) 16 (£ 3.6) x 6.1 (+ 1.03)],
pale brown, verruculose to verrucose. Conidia forming short branched chains, pale
brown, verrucose, occasionally verruculose, with protuberant and slightly darkened hila;
small terminal conidia aseptate, ovoid to ellipsoidal, 6-12.5 x 3.5-7 pm [av. (+ SD) 7.8
(£ 1.63) x 4.8 (£ 0.79)]; intercalary conidia and secondary ramoconidia 0—1-septate, el-
lipsoidal or subcylindrical, 7.5-16 x 4.5-8 pm [av. (= SD) 11 (*+ 2.18) x 5.7 (£ 0.99)].

Culture characteristics (14 d at 25 °C). Colonies on OA reaching 22-23 mm
diam., brownish gray to olive brown (4E2/4E4), umbonate, velvety, aerial myceli-
um scarce, margin slightly irregular and fimbriate; reverse dark green to olive brown
(6F8/4E3). On PDA attaining 2628 mm diam., olive (3F3/1F5), slightly umbonate,
radially folded, velvety, aerial mycelium scarce, margin irregularly undulate; reverse
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dark green (30F9) to black with brownish red (9C6) areas observed between 15 and
20 °C and a white edge. On SNA reaching 21-22 mm diam., olive (3E3), slightly
umbonate, loosely cottony, margin fimbriate; reverse dark olive brown to golden gray
(3E3/4C2).

Cardinal temperature for growth. Optimum 20 °C, maximum 35 °C, mini-
mum 5 °C.

Distribution. Spain.

Notes. Cladosporium submersum is related to C. subcinereum, and morphologi-
cally differentiated by having shorter conidiophores (up to 77 pm vs up to 140 um),
shorter conidiogenous cells (11-28 vs 16-38 pm), shorter ramoconidia (10.5-24 vs
19-59 pum), and longer terminal conidia (6-12.5 vs 5-7 pm), which are ovoid to ellip-
soidal in our species and globose to subglobose in C. subcinereum (Sandoval-Denis et
al. 2016). In addition, C. submersum exhibited a colony reverse on PDA with brownish
red areas, a feature that is absent in C. subcinereum.

Discussion

Cladosporium is a well-delineated genus, the taxonomic structure and phylogenetic rela-
tionships of its species have been investigated in several studies over the last decade, so
far giving rise to a genus of more than two hundred well-established species (Zalar et al.
2007; Bensch et al. 2010, 2012, 2018; Sandoval-Denis et al. 2016; Marin-Felix et al.
2017; Crous et al. 2009, 2019; Jayasiri et al. 2019). However, this species number will
continue to expand through the study of soil, which is a proven pool of fungal species
that remains undescribed, and other substrates poorly investigated by molecular tools
for fungal diversity (Tedersoo et al. 2017; Hyde et al. 2018). In this context, a set of
Cladosporium isolates were obtained in pure culture from samples of soil, dung from
different herbivorous animals, and plant debris collected during a survey of microfungi
in various Spanish locations. Using the molecular approach for species delineation in
Cladosporium (Bensch et al. 2012; Marin-Felix et al. 2017), eight of those isolates repre-
sented six novel lineages for the genus which are proposed as C. caprifimosum, C. copro-
philum, C. fuscoviride, C. lentulum, C. pseudotenellum and C. submersum. Of note is that
almost all the specimens in the present study (7/8) were isolated directly from the natu-
ral substratum incubated in moist chambers or from baiting technique plates. Although
Cladosporium isolates are commonly detected by plating methods, the slow growth rate
or the low spore concentration of some cladosporium-like fungi compared to other
fungi present in a given substrate is probably a handicap to detection and/or isolation
of uncommon Cladosporium species. Therefore, as recommended by Crous (1998) for
similar fungi, techniques based on fungal isolation directly from the natural substratum
should be considered a choice for future studies of Cladosporium species diversity.

To our knowledge, Cladosporium species as dung inhabiting fungi have been report-
ed in a very few studies, C. cladosporioides and C. herbarum being the most reported spe-
cies (Bell 1975; Seifert et al. 1983; Jeamyjitt et al. 2006; Masunga et al. 2006; Piontelli et
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al. 2006; Simoes-Calaga et al. 2014; Thilagam et al. 2015). However, in all those stud-
ies, fungal identification was based exclusively on morphological features. Only C. her-
barum has been reported recently from crown droppings and identified molecularly,
but using only the ITS barcode (Torbati et al. 2016). In our case, the three new species
isolated on herbivore dung (i.e., C. caprifimosum, C. coprophilum, and C. lentulum)
showed the typical morphological features attributed to the C. cladosporioides species
complex. However, their identifications would have been difficult with morphological
features alone, even with the analysis of their ITS sequences (Table 2) since they are
identical under the universal barcode for fungi as reported in previous studies for many
other Cladosporium species (Bensch et al. 2010, 2012; Marin-Felix et al. 2017). There-
fore, only sequence analysis with acz and zef7 will allow us to know the real diversity of
Cladosporium species from this understudied substrate by molecular tools.

Although no temperature studies have been systematically applied to characterize
most Cladosporium species (Bensch et al. 2012, 2015, 2018), we agree with Ma et al.
(2017) that cardinal temperatures for growth can help to differentiate certain species
in their respective complexes. While species in the C. sphaerospermum complex show
a maximum temperature for growth of no more than 30-32 °C, C. halotolerans was
able to grow at 35 °C (Sandoval-Denis et al. 2015). Similarly, although most species
of the C. cladosporioides complex do not tolerate high temperatures, C. angulosum,
C. angustisporum, C. anthropophilum, C. flavovirens, C. funiculosum, C. pseudoclad-
osporioides, C. subuliforme and C. tenuissimum were able to grow at 35 °C (Sandoval-
Denis et al. 2015, 2016). To date, no member of the C. herbarum complex was found
to be able to grow above 30 °C; however, one of the novel species of the complex
described here, C. submersum, had a maximum growth at 35 °C. On the contrary, the
recently described species C. neopsychrotolerans and C. tianshanense from the complex
C. cladosporioides and C. psychrotolerans from the complex C. sphaerospermum showed
a psychrophilic behavior (Zalar et al. 2007; Ma et al. 2017), demonstrating in part the
ability of Cladosporium species to adapt to different environmental conditions.
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Abstract

Species of the genus Sugiyamaella (Trichomonascaceae, Saccharomycetales), found in rotting wood in
China, were investigated using morphology and the molecular phylogeny of a combined ITS and nrLSU
dataset. Nine taxa were collected in China: two were new species (viz. Sugiyamaella chuxiong sp. nov. and
S. yunanensis sp. nov.) and seven were known species, S. americana, S. ayubii, S. novakii, S. paludigena,
S. valenteae, S. valdiviana and S. xiaguanensis. The two new species are illustrated and their morphology
and phylogenetic relationships with other Sugiyamaella species are discussed. Our results indicate a poten-
tally great diversity of Sugiyamaella spp. inhabiting rotting wood in China just waiting to be discovered.

Keywords
Phylogeny, rotted wood-inhabiting yeast, Sugiyamaella, taxonomy, Trichomonascaceae

Introduction

Sugiyamaella Kurtzman & Robnett (2007) is typified by Sugiyamaella smithiae,
which was initially classified in the genus Stephanoascus (Giménez-Jurado et al.
1994). The genus Sugiyamaella belongs to the family Trichomonascaceae in the order
Saccharomycetales and is closely related to the genera Trichomonascus, Wickerhamiella
and Zygoascus, based on multigene phylogenetic analyses of LSU, MtSm and COXI/
nucleotide sequences (Kurtzman and Robnett 2007; Péter et al. 2012).

Copyright Cheng-Feng Shi et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Kurtzman (2011) accepted four species in Sugiyamaella and proposed a key for
this genus, based mainly on the reactions on standard growth and fermentation tests.
Subsequently, S. ayubii, S. bahiana, S. bonitensis, S. carassensis, S. ligni, S. mastotermitis,
S. trypani, S. valenteae, S. xiaguanensis, S. xylolytica and S. xylanicola were added to this
genus (Morais et al. 2013; Handel et al. 2016; Sena et al. 2017; Huang et al. 2018;
Crous et al. 2019). Within the same time frame, 14 Candida species in this clade were
transferred to the genus Sugiyamaella as new combinations, based on their phylogeny
(Urbina et al. 2013; Handel et al. 2016). Thus, 29 species were included in this genus
before our study, 25 were asexual morphs and four had known ascosporic states, viz.
S. americana, S. chiloensis, S. japonica and S. smithiae (Kurtzman 2007; Kurtzman
and Robnett 2007; Morais et al. 2013; Handel et al. 2016; Sena et al. 2017; Huang
et al. 2018; Crous et al. 2019). Morphologically, the sexual morph of Sugiyamaella is
characterised by the production of globose to ellipsoidal asci with a single ellipsoidal or
bacilliform ascospore. The asexual morph is characterised by multilateral budding and
formation of blastoconidia. The other useful morphological feature is that pseudohy-
phae and true hyphae are commonly formed (Kurtzman and Robnett 2007; Kurtzman
2011; Sena et al. 2017).

The members of Sugiyamaella have been described in association with insects. They
were isolated either directly from wood-ingesting insects and insect frass or from com-
mon insect habitats, such as rotting wood, forest soil, mushrooms and peat (Kurtzman
2007; Wang et al. 2010; Kurtzman 2011; Morais et al. 2013; Handel et al. 2016; Sena
et al. 2017; Huang et al. 2018). Significantly, most species of Sugiyamaella have been
reported as potential xylanase producers (Morais et al. 2013; Lara et al. 2014; Handel
et al. 2016; Sena et al. 2017). Several species of Sugiyamaella, including S. bahiana,
S. bonitensis, S. boreocaroliniensis, S. lignohabitans, S. valenteae, S. xylanicola and S.
xylolytica, possess the ability to ferment p-xylose, which gives them economic potential
for production of bioethanol and/or xylitol from plant waste residues (Morais et al.
2013; Sena et al. 2017). Therefore, Sugiyamaella species are important, not only for
their wood-decaying activity, but also for their potential application in food, medicine
and biofuels.

Sugiyamaella has a worldwide distribution and most of its species were originally
found in Europe, North America and South America (Kurtzman 2007; Kurtzman
2011; Morais et al. 2013; Sena et al. 2017). The genus has not received as much at-
tention in Asia, except for two novel species described from Japan (Kurtzman 2007;
Kurtzman 2011). In China, two novel taxa have been described (Wang et al. 2010;
Huang et al. 2018). To date, only four Sugiyamaella species have been reported in Chi-
na, namely S. lignohabitans, S. gingdaonensis, S. smithiae and S. xiaguanensis (Wang
et al. 2010; Zhai et al. 2019; Huang et al. 2018). In this study, we collected rot-
ting wood samples from Yunnan Province in China. After isolation and examination,
two new species and seven known species of Sugiyamaella were identified, based on
morphology and molecular phylogenetic analysis, increasing the species diversity of
Sugiyamaella in China.
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Materials and methods

Sample collection, morphological studies and isolation

Rotting wood samples were collected in two areas of Yunnan Province, China. The
areas were located in the Xishuangbanna Primeval Forest Park of Jinghong (21°98'N,
100°88'E) and Zixi Mountain of Chuxiong (25°03'N, 101°41'E). The predominant
vegetation is characterised as tropical and subtropical forest biome. The climate is hot
and humid, with annual precipitation between 1,000 to 1,600 mm and an average
temperature that ranges from 14.8 to 21.9 °C. Sixty decayed wood samples were col-
lected during July to August in 2016-2018. The samples were stored in sterile plastic
bags and transported under refrigeration to the laboratory over a period of no more
than 24 h. The yeast strains were isolated from rotting wood samples in accordance
with the methods described by Morais et al. (2013) and Lopes et al. (2016). Each
sample (1 g) was added to 20 ml sterile p-xylose medium (yeast nitrogen base 0.67%,
p-xylose 0.5% and chloramphenicol 0.02%, pH 5.0 = 0.2) in a 150 ml Erlenmeyer
flask and then cultured for 3-10 days on a rotary shaker. Subsequently, 0.1 ml aliquots
of the enrichment culture and appropriate decimal dilutions were spread on p-xylose
agar plates and then incubated at 25 °C for 3—4 days. Different yeast colony morpho-
types were then isolated by repeated plating on yeast extract-malt extract (YM) agar
(1% glucose, 0.5% peptone, 0.3% yeast extract and 0.3% malt extract, pH 5.0 £ 0.2)
and then stored on YM agar slants at 4 °C or in 15% glycerol at -80 °C.

The morphological, physiological and biochemical properties were determined ac-
cording to those used by Kurtzman et al. (2011). The beginning of the sexual stage was
determined by incubating single or mixed cultures of each of the two strains on corn-
meal (CM) agar, 5% malt extract (ME) agar, dilute (1:9) V8 agar or yeast carbon base
plus 0.01% ammonium sulphate (YCBAS) agar at 15 and 25 °C for 6 weeks (Kurtz-
man 2007; Huang et al. 2018). The assimilation of carbon and nitrogen compounds
and related growth requirements were tested at 25 °C. The effects of temperature from
25-40 °C were examined in liquid and agar plate cultures.

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted from the yeast using an Ezup Column Yeast Genomic
DNA Purification Kit, according to the manufacturer’s instructions (Sangon Biotech,
Shanghai, China). The nuc rDNA ITS1-5.85-ITS2 (ITS) region was amplified using
primer pairs ITS1/ITS4 (White et al. 1990). The D1/D2 domain of nrLSU rDNA
(nrLSU) was amplified using the primer pairs NL1/NL4 (Kurtzman and Robnett
1998). The following thermal profile was used to amplify the ITS and D1/D2 nrLSU
regions: an initial denaturation step of 2 min at 95 °C; followed by 35 cycles of 30 s at
95 °C, 30 sat 51 °C and 40 s at 72 °C; with a final extension of 10 min at 72 °C (Liu et
al. 2016). PCR products were directly purified and sequenced by Sangon Biotech Inc.
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(Shanghai, China). We confirmed the identity and accuracy of the resulting sequences
by assembling them using BioEdit and comparing them to sequences in GenBank
(Hall 1999). The sequences were then submitted to GenBank (https://www.ncbi.nlm.
nih.gov/genbank/; Table 1).

Phylogenetic analysis

The sequences obtained from this study and the reference sequences downloaded from
GenBank (Table 1) were aligned using MAFFT v. 6 (Katoh and Toh 2010) and manu-
ally edited using MEGA7 (Kumar et al. 2016). The best-fit nucleotide substitution
models for each gene were selected using jModelTest v2.1.7 (Darriba et al. 2012) ac-
cording to the Akaike Information Criterion. Phylogenetic analyses of combined gene
regions (ITS and nrLSU) were performed using MEGA7 for Maximum Parsimony
(MP) analysis (Kumar et al. 2016) and PhyML v3.0 for Maximum Likelihood (ML)
analysis (Guindon et al. 2010). Schizosaccharomyces pombe NRRL Y-12796 was chosen
as the outgroup after consulting Morais et al. (2013) and Sena et al. (2017).

Maximum Parsimony analysis was performed using a heuristic search option
with tree-bisection reconnection (ITBR) branch swapping (Nei and Kumar 2000) and
1,000 random sequence additions. Maximum Likelihood analysis was performed us-
ing GTR+I+G models for each partition (Nei and Kumar 2000) and a proportion of
invariant sites with 1000 rapid bootstrap replicates. The phylogenies from MP and ML
analyses were displayed using Mega7 and FigTree v1.4.3 (Rambaut 2016), respectively.
Bootstrap support values = 50% are shown at the nodes.

Results

Phylogenetic analyses

The alignment was based on the combined nuclear dataset (ITS and nrLSU), included
31 taxa and one outgroup taxon (Schizosaccharomyces pombe NRRL Y-12796) and was
comprised of 976 characters including gaps (385 for ITS and 591 for nrLSU) in the
aligned matrix. Of these characters, 452 were constant, 164 variable characters were
parsimony-uninformative and 360 characters were parsimony-informative. The heu-
ristic search, using MP analysis, generated the most parsimonious tree (TL = 1627,
CI =0.457, RI = 0.766, RC = 0.394). The best model applied in the ML analysis was
GTR+I+G. The ML analysis yielded a best scoring tree with a final optimisation likeli-
hood value of —8651.84. Two methods for phylogenetic tree construction resulted in
a similar topology. Therefore, only the best scoring PhyML tree is shown with BS and
BT values simultaneously in Fig. 1.

From the phylogenetic tree (Fig. 1), seven known species, including S. americana,
S. ayubii, S. novakii, S. paludigena, S. valenteae, S. valdiviana and S. xiaguanensis, were
absorbed in the genus Sugiyamaella. Sugiyamaella chuxiong and S. yunanensis are new
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Table 1. Sequences used in molecular phylogenetic analysis. Entries in bold are newly generated for

this study.

Species Strain Locality Sample ITS D1/D2
Sugiyamaella americana NRRL YB-2067" USA Frass NR_137759 DQ438193
S. americana NYNU 17714 China Rotting wood MT965698 MT965699
S.ayubii CBS 14108" Brazil Rotting wood NR_155796 KR184132
S. ayubii NYNU 177171 China Rotting wood MT965704 MT965705
S. babiana CBS 13474" Brazil Rotting wood NR_155810 KC959941
S. bonitensis CBS 14270" Brazil Rotting wood NR_155798 KT006004
S.boreocaroliniensis NRRL YB-1835" USA Frass NR_165963 DQ438221
S. bullrunensis CBS 118407 USA Insect NR_111543 HM208601
S. castrensis NRRL Y-17329" Chile Rotting wood NR_ 111229 DQ438195
S. carassensis CBS 141077 Brazil Rotting wood NR_155808 KX550111
S. chiloensis NRRL Y-17643" Chile Rotted wood DQI11454 DQ438217
S. floridensis NRRL YB-3827" USA Frass NR_111230 DQ438222
S. grinbergsii NRRL Y-27117" Chile Insect KY102116 DQ438199
S. japonica NRRL YB-2798" Japan Frass NR_111239 DQ438202
S. ligni CBS13482" Brazil Rotting wood KX550112 KX550112
S. lignobabitans NRRL YB-1473" USA Decayed log NR_119622 DQ438198
S. marionensis NRRL YB-1336" USA Decayed log NR_111237 DQ438197
S. marilandica NRRL YB-1847" USA Frass NR_165965 DQ438219
S. mastotermitis CBS 141827 Berlin Termite NR_156606 KU883286
S. neomexicana CBS 10349" USA Frass NR_165966 DQ438201
S. novakii NRRL Y-27346" Hungary Rotting wood NR_111235 DQ438196
S. novakii NYNU 17778 China Rotting wood MT965702 MT965703
S. paludigena NRRL Y-12697" Russia Peat NR_111236 DQ438194
S. paludigena NYNU 1771 China Rotting wood MT965696 MT965697
S. paludigena NYNU 177116 China Rotting wood MT966075 MT966074
S. pinicola CBS 10348" USA Frass NR_165967 DQ438200
S. qingdaonensis CBS 11390 China Rotting wood NR_151806 FJ613527
S. smithiae NRRL Y-17850" Brazil Soil DQI11455 DQ438218
S. trypani CBS 15876" Poland Soil MK388412 MK387312
S. valdiviana NRRL Y-7791" Chile Rotting wood NR_111544 DQ438220
S. valdiviana NYNU17755 China Rotting wood MT965700 MT965701
S. valenteae CBS 14109 Brazil Rotting wood NR_155797 KT005999
S. valenteae NYNU 17795 China Rotting wood MT965706 MT965707
S. xiaguanensis NYNU 1610417 China Rotting wood KY213802 KY213817
S. xiaguanensis NYNU 17753 China Rotting wood MT969346 MT969344
S. xylanicola CBS 12683" Brazil Rotting wood KC493642 KC493642
S. xylolytica CBS 13493" Brazil Rotting wood KU214874 KF889433
S. yunanensis NYNU 161059" China Rotting wood MTI257259 MI257257
S. yunanensis NYNU 16113 China Rotting wood MT257256 MT257261
Candida sp. W370 Taiwan Forest soil JN581120 JN581115
Candida sp. GA2M09 Taiwan Mushroom FJ873591 FJ873521
S. chuxiongensis NYNU 181038" China Rotting wood MKG682800 MKG82795
S. chuxiongensis NYNU 18521 China Rotting wood MT257260 MT257255
S. chuxiongensis NYNU 18634 China Rotting wood MT257258 MT257262
Schizosaccharomyces pombe NRRLY-12796" - - KY105378 AY048171

Abbreviations: CBS: CBS-KNAW Collections, Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; NRRL: Agricultural
Research Service Culture Collection, Peoria, IL, USA; NYNU: Microbiology Lab, Nanyang Normal University, Henan, China; T: type strain.

to science, based on the distinct and well-supported molecular phylogenetic placement
and morphological differences with their closest described relatives. Phylogenetically,
strains of S. chuxiong formed a unique lineage with 100% bootstrap support, while
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Figure |. Maximum Likelihood phylogenetic tree of Sugiyamaella inferred from the combined ITS and
nrLSU dataset and rooted with Schizosaccharomyces pombe NRRL Y-12796. The ML and MP bootstrap
support values above 50% are shown at the first and second positions, respectively. Newly-sequenced col-

lections are in black boldface.
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S. yunanensis was closely related to S. valdiviana with high bootstrap support (99%).
The collection, labelled Candida sp. (W370) from Taiwan, clustered together with S.
yunanensis and another species labelled Candida sp. (GA2MO09) from mushroom.

Taxonomy

Sugiyamaella yunanensis C.Y. Chai & FL. Hui, sp. nov.
MycoBank No: 835004
Figure 2

Type. CHiNa, Yunnan Province, Jinghong City, Mengyang Town, in rotting wood
from a tropical rainforest, July 2016, K.E Liu & L. Zhang (holotype NYNU 161059",
culture ex-type CBS 14701).

Etymology. The species name yunanensis (N.L. fem. adj.) refers to the geographi-
cal origin of the type strain of this species.

Description. The cells are ovoid to elongate (2.5-5.5 x 3-7.5 um) and occur sin-
gly or in pairs after being placed in YM broth for 3 days at 25 °C (Fig. 2A). Budding
is multilateral. After 3 days of growth on YM agar at 25 °C, the colonies are white to
cream-coloured, buttery and smooth, with entire margins. After 7 days at 25 °C on a
Dalmau plate culture with CM agar, hyphae and blastoconidia are formed (Fig. 2B).
Asci or signs of conjugation were not observed on sporulation media. Glucose and p-
xylose are weakly fermented. Glucose, galactose, L-sorbose, D-glucosamine, p-xylose,
L-arabinose, D-arabinose, sucrose, maltose, trehalose, methyl o-p-glucoside, cellobiose,
salicin, arbutin, melibiose, raffinose, inulin, ribitol, p-glucitol, p-mannitol, p-gluco-
no-1, 5-lactone, 2-keto-b-gluconate, p-gluconate, p-glucuronate, pr-lactate, succinate,
citrate and ethanol are assimilated. No growth was observed in D-ribose, L-rhamnose,
lactose, melezitose, glycerol, erythritol, xylitol, galactitol, myo-inositol or methanol. In
nitrogen-assimilation tests, growth is present on nitrate, nitrite, L-lysine and glucosa-
mine, while growth is absent on ethylamine, cadaverine, creatine, creatinine, imidazole
and p-tryptophan. Growth is observed at 37 °C, but not at 40 °C. Growth in the pres-
ence of 0.01% cycloheximide is present, but growth in the presence of 10% sodium
chloride (NaCl) with 5% glucose and 1% acetic acid is absent. Starch-like compounds
are not produced. Urease activity and diazonium blue B reactions are negative.

Additional isolate examined. CHINA, Yunnan Province, Jinghong City, Meng-
yang Town, in rotting wood from a tropical rainforest, July 2016, K.E Liu & L. Zhang,
NYNU 16113.

GenBank accession numbers. holotype NYNU 161059" (ITS: MT257259;
nrLSU D1/D2: MT257257); additional isolate NYNU 16113 (ITS: MT257256;
nrL.SU D1/D2: MT257261).

Notes. Two isolates, representing S. yunanensis, are retrieved in a well-supported
clade and appear most closely related to S. valdiviana (Fig. 1). Sugiyamaella yunanensis
can be distinguished from S. valdiviana, based on ITS and nrLSU D1/D2 loci (6/510
in ITS and 7/557 in nrLSU D1/D2). Physiologically, S. yunanensis differs from S. val-
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Figure 2. Morphology of S. yunanensis A budding cells after 3 days in YM broth at 25 °C B hyphae and
blastoconidia on corn-meal agar after 7 days at 25 °C. Scale bars: 10 um.

diviana by its ability to assimilate inulin and pr-lactate and its inability to assimilate
melezitose, glycerol and myo-inositol. Additionally, S. valdiviana grows in the presence
of 0.1% cycloheximide, while S. yunanensis does not (Kurtzman 2007).

Sugiyamaella chuxiongensis C.Y. Chai & F.L. Hui, sp. nov.
MycoBank No: 835005
Figure 3

Type. CHINa, Yunnan Province, Chuxiong City, Zixi Town, in rotting wood from Zixi
Mountain, August 2018, K.F. Liu & Z.W. Xi (holotype NYNU 181038", culture ex-
type CBS 16006, CICC 33361).

Description. The cells are ovoid to elongate (2.5-4 x 3-4.5 pm) and occur sin-
gly or in pairs after growth in a YM broth for 3 days at 25 °C (Fig. 3A). Budding is
multilateral. After 3 days of growth on YM agar at 25 °C, the colonies are white to
cream-coloured, buttery and smooth with entire margins. After 7 days at 25 °C, on a
Dalmau plate culture with CM agar, hyphae and blastoconidia are formed (Fig. 3B).
Asci or signs of conjugation were not observed on sporulation media. Fermentation
of sugars is absent. Glucose, galactose, L-sorbose, D-glucosamine, p-ribose, D-xylose,
L-arabinose, D-arabinose, sucrose, maltose, trehalose, methyl a-D-glucoside, cellobiose,
salicin, arbutin, melibiose, raffinose, melezitose, inulin, erythritol, ribitol, xylitol, -
glucitol, p-mannitol, p-glucitol, b-mannitol, galactitol, myo-inositol, 2-keto-b-gluco-
nate, succinate, citrate and ethanol are assimilated. No growth was observed in L-rham-
nose, lactose, glycerol, p-gluconate, pr-lactate or methanol. In nitrogen-assimilation
tests, growth is present on nitrate, nitrite, ethylamine, cadaverine, creatine, creatinine,
glucosamine and D-tryptophan, while growth is absent on r-lysine and imidazole.
Growth was observed at 35 °C, but not at 37 °C. Growth in the presence of 0.1%
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Figure 3. Morphology of S. chuxiongensis A budding cells after 3 days in YM broth at 25 °C B hyphae
and blastoconidia on corn-meal agar after 7 days at 25 °C. Scale bars: 10 pm.

cycloheximide, 10% NaCl with 5% glucose and 1% acetic acid is present, but growth
in the presence of 16% NaCl with 5% glucose is absent. Starch-like compounds are
not produced. Urease activity and diazonium blue B reactions are negative.

Additional isolates examined. CHINA, Yunnan Province, Chuxiong City, Zixi
Town, in rotting wood from Zixi Mountain, August 2018, K.F. Liu & Z.W. Xi,
NYNU 18521, NYNU 18634.

GenBank accession numbers. holotype NYNU 181038" (ITS: MK682800; nrL.SU
D1/D2: MK682795); additional isolates NYNU 18521 (ITS: MT257260; nrL.SU D1/
D2: MT257255) and NYNU 18634 (ITS: MT257258; nrLSU D1/D2: MT257262).

Notes. We generated sequences for three isolates of S. chuxiong, NYNU 18521,
NYNU 181038 and NYNU 18634. This new species is phylogenetically most closely
related to S. valenteae and S. ayubii (Fig. 1). Sugiyamaella chuxiong can be distinguished
from S. valenteae, based on ITS and nrL.SU D1/D2 loci (33/454 in ITS and 15/513 in
nrL.SU D1/D2) and from S. ayubii, based on ITS and nrLSU D1/D2 (42/499 in ITS and
35/565 in nrLSU D1/D2). Physiologically, S. chuxiong can be differentiated from S. va-
lenteae by its ability to assimilate D-arabinose, sucrose, salicin, melibiose, raffinose, melezi-
tose and inulin and its inability to ferment glucose and grow at 37 °C (Sena et al. 2017).
Similarly, the ability to assimilate salicin, inulin, erythritol and galactitol and the inability
to assimilate L-rhamnose are the primary differences between S. chuxiong and S. ayubii.
Additionally, S. ayubii can ferment glucose, while S. chuxiong cannot (Sena et al. 2017).

Discussion

In this study, nine Sugiyamaella species were identified, based on morphological and
molecular phylogenetic analyses. All species were isolated from rotting wood collected
in Yunnan Province, China. As a result, S. chuxiong and S. yunanensis are proposed
as new species in Sugiyamaella for their distinct phylogenic positions and distinctive
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physiological traits. In addition, identification of seven known species of Sugiyamaella,
S. americana, S. ayubii, S. novakii, S. paludigena, S. valenteae, S. valdiviana and S. xia-
guanensis were clearly distinguished by both morphological and molecular approaches.

Molecular phylogeny studies on Sugiyamaella and related genera have been car-
ried out recently (Handel et al. 2016; Sena et al. 2017). Handel et al. (2016) de-
termined that Sugiyamaella forms a well-supported monophyletic group, distinct
from Spencermartinsiella and Diddensiella. However, Sena et al. (2017) indicated that
Sugiyamaella is polyphyletic, where the species are intertwined with representatives
of the genera Trichomonascus and Spencermartinsiella. The results of our phylogenetic
analyses of combined gene sequences (ITS and nr LSU) with all currently-known
species indicated that the genus is not monophyletic and grouped into a paraphyl-
etic grade with three well-supported clades (Fig. 1): (i) S. smithiae (the type species),
S. lignohabitans and S. valdiviana and their related species, (ii) S. ayubii, S. trypani,
S. valenteae and S. chuxiong (described in this paper) and (iii) S. americana, S. bull-
runensis, S. carassensis and S. ligni. These results suggest that the genus Sugiyamaella
should be limited to species of the clade comprising the type species S. smithiae. The
remaining two clades, which have previously been considered members of Sugiy-
amaella, could become two novel genera, although their phylogenetic relationships
with other genera were not fully examined by this study (Fig. 1). As such, a careful
phylogenetic analysis of Sugiyamaella species is required to clarify the possible het-
erogeneity of the genus.

Many new yeast species have been identified in the last ten years in China (Wang et
al. 2010; Liu et al. 2016; Huang et al. 2018; Zhai et al. 2019). However, there is still a
large number of undescribed yeast taxa in this country. This study indicates that there
are at least 12 species of Sugiyamaella in China, including four species known previ-
ously to occur in China (S. lignohabitans, S. qingdaonensis, S. smithiae and S. xiaguan-
ensis), new records of six species not known to occur in China (S. americana, S. ayubii,
S. novakii, S. paludigena, S. valenteae and S. valdiviana) and two novel species (S. chux-
iong and S. yunanensis). In China, there are still some species that need to be discov-
ered, such as that listed under GenBank accession JN581116. To date, including the
two novel species described in this study, there are thirty-one species of Sugiyamaella
worldwide. Although the taxonomy of Sugiyamaella has received much attention in the
past, many regions in China are under-sampled and more under-described indigenous
Sugiyamaella species will undoubtedly be discovered in the future.

Sugiyamaella species have a worldwide distribution and are isolated from a wide
range of substrates. Insect is their main habitat, but new species were also isolated from
frass, rotting wood, decayed log, forest soil, mushrooms and peat (Kurtzman 2007;
Wang et al. 2010; Kurtzman 2011; Morais et al. 2013; Handel et al. 2016; Sena et al.
2017; Huang et al. 2018). These studies expanded our knowledge on the substrates
where Sugiyamaella species can occur, but on the other hand, demonstrated the com-
plicated ecological function of this genus. In this study, seven known species and two
new species were identified from rotting wood in China. Further research will focus on
the Sugiyamaella diversity from a wide range of substrates.
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Abstract

Diaporthe species have often been reported as important plant pathogens, saprobes and endophytes on a
wide range of plant hosts. Although several Diaporthe species have been recorded, little is known about
species able to infect forest trees in Jiangxi Province. Hence, extensive surveys were recently conducted in
Jiangxi Province, China. A total of 24 isolates were identified and analysed using comparisons of DNA
sequence data for the nuclear ribosomal internal transcribed spacer (ITS), calmodulin (¢4/), histone H3
(his3), partial translation elongation factor-la (zef1) and B-tubulin (z#62) gene regions, as well as their
morphological features. Results revealed five novel taxa, D. baubiniae, D. ganzhouensis, D. schimae, D. ver-
niciicola, D. xunwuensis spp. nov. and three known species, D. apiculatum, D. citri and D. multigutullata.

Keywords

DNA phylogeny, five new taxa, forest trees, systematics, taxonomy

Introduction

The genus Diaporthe Nitschke (Sordariomycetes, Diaporthales) represents a cosmopol-
itan group of fungi occupying diverse ecological behaviour as plant pathogens, endo-
phytes and saprobes (Muralli et al. 2006; Rossman et al. 2007; Udayanga et al. 2014,
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2015; Fan et al. 2015, 2018; Guarnaccia and Crous 2017; Guarnaccia et al. 2018;
Yang et al. 2018, 2020; Manawasinghe et al. 2019; Marin-Felix et al. 2019). Diaporthe
species are responsible for diseases on a wide range of plant hosts, including agricul-
tural crops, forest trees and ornamentals, some of which are economically important.
Several symptoms, such as root and fruit rots, dieback, stem cankers, leaf spots, leaf
and pod blights and seed decay are caused by Diaporthe spp. (Uecker 1988; Rehner
and Uecker 1994; Mostert et al. 2001; Santos et al. 2011; Thompson et al. 2011;
Udayanga et al. 2011).

Diaporthe was historically considered as monophyletic, based on its typical sex-
ual morph and Phomopsis asexual morph (Gomes et al. 2013). However, Gao et al.
(2017) recently revealed its paraphyletic nature, showing that Mazzantia (Wehmeyer
1926), Ophiodiaporthe (Fu et al. 2013), Pustulomyces (Dai et al. 2014), Phaeocytos-
troma and Stenocarpella (Lamprecht et al. 2011) are embedded in Diaporthe s. lat.
Furthermore, Senanayake et al. (2017) recently included additional two genera in
Diaporthe s. lat., namely Paradiaporthe and Chiangraiomyces.

Species identification criteria in Diaporthe were originally based on host as-
sociation, morphology and culture characteristics (Mostert et al. 2001; Santos and
Phillips 2009; Udayanga et al. 2011), which led to the description of over 200
species (Hyde et al. 2020). Some species of Diaporthe were reported to colonise
a single host plant, while other species were found to be associated with different
host plants (Santos and Phillips 2009; Diogo et al. 2010; Santos et al. 2011; Gomes
et al. 2013). In addition, considerable variability of the phenotypic characters was
found to be present within a species (Rehner and Uecker 1994; Mostert et al. 2001;
Santos et al. 2010; Udayanga et al. 2011). During the past decade, a polyphasic
approach, based on multi-locus DNA data, morphology and ecology, has been
employed for species boundaries in the genus Diaporthe (Crous et al. 2012; Huang
et al. 2015; Gao et al. 2016, 2017; Guarnaccia and Crous 2017; Guarnaccia et al.
2018; Yang et al. 2018, 2020). The classification of Diaporthe has been progress-
ing and the basis for the species identification is a combination of morphologi-
cal, cultural, phytopathological and phylogenetical analyses (Gomes et al. 2013;
Udayanga et al. 2014, 2015; Fan et al. 2015; Huang et al. 2015; Gao et al. 2016,
2017; Guarnaccia and Crous 2017; Guarnaccia et al. 2018; Yang et al. 2018, 2020;
Manawasinghe et al. 2019).

In Jiangxi Province, China, some forest trees were observed to be infected with
fungal pathogens that cause dieback and leaf spots. Cankered branches and leaves
with typical Diaporthe fruiting bodies were also found in the area. However, we
found that only limited research had been undertaken regarding the fungal patho-
gens isolated from forest trees in Jiangxi Province. Hence, the present study was con-
ducted to identify Diaporthe species that cause dieback and leaf spots disease in the
forest trees in Jiangxi Province through morphological and multi-locus phylogenetic
analyses, based on modern taxonomic concepts.
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Materials and methods

Isolates

Fresh specimens of Diaporthe were isolated from the collected branches and leaves of six
host plants during the collection trips conducted in Jiangxi Province (Table 1). A total of
24 isolates were established by removing a mucoid conidia mass from conidiomata, spread-
ing the suspension on the surface of 1.8% potato dextrose agar (PDA) and incubating at
25 °C for up to 24 h. A single germinating conidium was plated on to fresh PDA plates.
Specimens were deposited at the Museum of the Beijing Forestry University (BJFC). Ax-
enic cultures were maintained at the China Forestry Culture Collection Centre (CFCC).

Morphological observation

Agar plugs (6 mm diam.) were taken from the edge of actively-growing cultures on
PDA and transferred on to the centre of 9 cm diam. Petri dishes containing 2% tap
water agar, supplemented with sterile pine needles (PNA; Smith et al. 1996) and potato
dextrose agar (PDA) and incubated at 25 °C under a 12 h near-ultraviolet light/12 h
dark cycle to induce sporulation, as described in recent studies (Gomes et al. 2013;
Lombard et al. 2014). Colony characters and pigment production on PNA and PDA
were noted in the 10-day culture. Colony features were rated according to the colour
charts of Rayner (1970). Cultures were examined periodically for the development of
conidiomata. The microscopic examination was based on the morphological features of
conidiomata obtained from the fungal growth, mounted in clear lactic acid. At least 30
conidia were measured to calculate the mean size/length. Micro-morphological obser-
vations were done at 1000x magnification using a Leica compound microscope (DM
2500) with interference contrast (DIC) optics. Descriptions, nomenclature and illus-
trations of taxonomic novelties were deposited at MycoBank (www.MycoBank.org).

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted from colonies grown on cellophane-covered PDA, using
a CTAB (cetyltrimethylammonium bromide) method (Doyle and Doyle 1990). DNA
was estimated by electrophoresis in 1% agarose gel and the yield was measured using
the NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA), following the user
manual (Desjardins et al. 2009). The PCR amplifications were performed in the DNA
Engine Peltier Thermal Cycler (PTC-200; Bio-Rad Laboratories, Hercules, CA, USA).
The primer set ITS1/ITS4 (White et al. 1990) was used to amplify the I'TS region. The
primer pair CAL228F/CAL737R (Carbone and Kohn 1999) was used to amplify the
calmodulin gene (c4/) and the primer pair CYLH4F (Crous et al. 2004) and H3-1b
(Glass and Donaldson 1995) were used to amplify part of the histone H3 (/is3) gene.
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Table I. Reference sequences included in molecular phylogenetic analyses of Diaporthe.

Species Isolate Host Location GenBank accession numbers
ITS cal his3 tefl tub2
D. acericola MFLUCC 17-0956  Acer negundo Ttaly KY964224  KY964137 NA KY964180  KY964074
D. acerigena CFCC 52554 Acer tataricum China MHI121489 MHI121413 MH121449 MH121531 NA
D. acutispora CGMCC 3.18285 Coffea sp. China KX986764 KX999274 NA KX999155  KX999195
D. alangii CFCC 52556 Alangium kurzii China MHI121491 MHI121415 MHI121451 MHI121533 MHI121573
D. alnea CBS 146.46 Alnus sp. Netherlands  KC343008 KC343250 KC343492 KC343734 KC343976
D. ampelina STEU2660 Vitis vinifera France AF230751  AY745026 NA AY745056  JX275452
D. amygdali CBS 126679 Prunus dulcis Portugal ~ KC343022 KC343264 KC343506 AY343748  KC343990
D. angelicae CBS 111592 Heracleum Austria KC343027 KC343269 KC343511 KC343753 KC343995
sphondylium
D. apiculatum CGMCC 3.17533  Camellia sinensis~ China KP267896 NA NA KP267970  KP293476
CFCC 53068 Rhus chinensis China MK432651 MK442973 MK442998 MK578127 MK578054
CFCC 53069 Rhus chinensis China MK432652 MK442974 MK442999 MK578128 MK578055
CFCC 53070 Rbus chinensis China MK432653 MK442975 MK443000 MK578129 MKS578056
D. arctii CBS 139280 Arctium lppa Auswia KJ590736  KJ612133  KJ659218  KJ590776  KJ610891
D. arecae CBS 161.64 Areca catechu India KC343032 KC343274 KC343516 KC343758 KC344000
D. arengae CBS 114979 Arenga enngleri  Hong Kong KC343034 KC343276 KC343518 KC343760 KC344002
D. aseana MFLUCC 12-0299a  Unknown dead ~ Thailand ~ KT459414 KT459464 NA KT459448 KT459432
leaf
D. bauhiniae CFCC 53071 Bauhinia China MK432648 MK442970 MK442995 MK578124 MK578051
CFCC 53072 purpurea China MK432649 MK442971 MK442996 MK578125 MK578052
CFCC 53073 China MK432650 MK442972 MK442997 MK578126 MK578053
D. beilharziae BRIP 54792 Indigofera Australia  JX862529 NA NA JX862535  KF170921
australis
D. betulicola CFCC 51128 Betula albo- China  KX024653 KX024659 KX024661 KX024655 KX024657
sinensis
D. biconispora CGMCC 3.17252 Citrus grandis China KJ490597  KJ490539  KJ490539  KJ490476  KJ490418
D. biguttulata CGMCC 3.17248 Citrus limon China KJ490582 NA KJ490524  KJ490461  KJ490403
CFCC 52584 Juglans regia China MHI121519 MHI121437 MHI121477 MHI121561 MHI121598
D. bohemiae CPC 28222 Vitis vinifera Czech MG281015 MG281710 MG281361 MG281536 MG281188
Republic
D. buasiliensis CBS 133183 Aspidosperma Brazil  KC343042 KC343284 KC343526  KC343768 KC344010
tomentosum
D. caatingaensis CBS 141542 Tacinga Brazil KY085927 NA NA KY115603  KY115600
inamoena
D. caryae CFCC 52563 Carya illinoensis China  MHI21498 MHI121422 MH121458 MHI121540 MH121580
D. celeris CPC 28262 Vitis vinifera Czech  MG281017 MG281712 MG281363 MG281538 MG281190
Republic
D. celastrina CBS 139.27 Celastrus sp. USA KC343047 KC343289 KC343531 KC343773 KC344015
D. cercidis CFCC 52565 Cercis chinensis China MHI121500 MHI121424 MHI121460 MH121542 MH121582
D. charlesworthii BRIP 54884m Rapistrum Australia  KJ197288 NA NA KJ197250  KJ197268
rUgostrum
D. cinnamomi CFCC 52569 Cinnamomum China MH121504 NA MHI121464 MHI121546 MH121586
sp.
D. citri AR 3405 Citrus sp. USA KC843311 KC843157 NA KC843071 KC843187
CFCC 53079 Citrus sinensis China  MK573940 MKS574579 MK574595 MK574615 MK574635
CFCC 53080 Citrus sinensis China  MK573941 MK574580 MK574596 MK574616 MK574636
CFCC 53081 Citrus sinensis China  MK573942 MK574581 MKS574597 MK574617 MKS574637
CFCC 53082 Citrus sinensis China MK573943 MK574582 MK574598 MK574618 MK574638
D. citriasiana CGMCC 3.15224 Citrus unshiu China JQI954645  KC357491  KJ490515  JQ954663  KC357459
D. citrichinensis CGMCC 3.15225 Citrus sp. China JQ954648  KC357494 NA J1Q954666 NA
D. collariana MFLU 17-2770 Magnolia Thailand  MG806115 MG783042 NA MG783040 MG783041
champaca
D. conica CFCC 52571 Alangium China MHI121506 MHI121428 MHI121466 MH121548 MH121588
chinense
D. cucurbitae CBS 136.25 Arctium sp. Unknown KC343031 KC343273 KC343515 KC343757 KC343999
D. cuppatea CBS 117499 Aspalathus South Africa  KC343057 KC343299 KC343541 KC343783 KC344025
linearis
D. discoidispora ZJUD89 Citrus unshin China KJ490624 NA KJ490566  KJ490503  KJ490445
D. endophytica CBS 133811 Schinus Brazil KC343065 KC343307 KC343549 KC343791 KC343065
terebinthifolius
D. eres AR5193 Ulmus sp. Germany  KJ210529  KJ434999  KJ420850  KJ210550  KJ420799
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Species Isolate Host Location GenBank accession numbers
ITS cal his3 tefl tub2
D. fraxini- BRIP 54781 Fraxinus Australia  JX862528 NA NA JX862534  KF170920
angustifoliae angustifolia
D. fraxinicola CFCC 52582 Fraxinus China ~ MHI121517 MHI121435 NA MH121559 NA
chinensis
D. fructicola MAFF 246408 Passiflora edulis Japan LC342734 1C342738 1C342737 1C342735 LC342736
x P edulis f.
Sflavicarpa
D. fukushii MAFF 625034 Pyrus pyrifolia Japan JQ807469 NA NA JQ807418 NA
D. fusicola CGMCC 3.17087 Lithocarpus China KF576281  KF576233 NA KF576256  KF576305
glabra
D. ganjae CBS 180.91 Cannabis sativa USA KC343112 KC343354 KC343596 KC343838 KC344080
D. ganzhouensis CFCC 53087 Unknown dead China MK432665 MK442985 MK443010 MK578139 MK578065
wood
CFCC 53088 Unknown dead China MK432666 MK442986 MK443011 MK578140 MK578066
wood
D. garethjonesii MFLUCC 12-0542a  Unknown dead ~ Thailand =~ KT459423 KT459470 NA KT459457  KT459441
leaf
D. guangxiensis JZB320094 Vitis vinifera China MK335772 MK736727 NA MK523566 MK500168
D. gulyae BRIP 54025 Helianthus Australia JF431299 NA NA KJ197271  JN645803
annuus
D. helicis AR5211 Hedera heli~ France  KJ210538  KJ435043  KJ420875  KJ210559  KJ420828
D. heterophyllae CBS 143769 Acacia France ~ MGG600222 MGG600218 MGG600220 MG600224 MGG600226
heterohpylla
D. hispaniae CPC 30321 Vitis vinifera Spain MG281123 MG281820 MG281471 MG281644 MG281296
D. hubeiensis JZB320123 Vitis vinifera China MK335809 MK500235 NA MK523570 MK500148
D. incompleta CGMCC 3.18288  Camellia sinensis ~ China KX986794 KX999289 KX999265 KX999186 KX999226
D. infecunda CBS 133812 Schinus Brazil KC343126  KC343368 KC343610 KC343852 KC344094
terebinthifolius
D. juglandicola CFCC 51134 Juglans China KU985101  KX024616 KX024622 KX024628 KX024634
mandshurica
D. kadsurae CFCC 52586 Kadsura China MHI121521 MHI121439 MHI121479 MH121563 MH121600
longipedunculata
D. kochmanii BRIP 54033 Helianthus Australia JF431295 NA NA JNG645809 NA
annuus
D. kongii BRIP 54031 Portulaca Australia JF431301 NA NA JN645797  KJ197272
grandiflora
D. litchicola BRIP 54900 Litchi chinensis ~ Australia ~ JX862533 NA NA JX862539  KF170925
D. lithocarpus CGMCC 3.15175 Lithocarpus China KC153104  KF576235 NA KC153095 KF576311
glabra
D. lonicerae MFLUCC 17-0963 Lonicera sp. Traly KY964190  KY964116 NA KY964146  KY964073
D. lusitanicae CBS 123212 Foeniculum Portugal ~ KC343136  KC343378 KC343620 KC343862 KC344104
Uulg'ﬂr (4
D. masirevicii BRIP 57892a Helianthus Australia  KJ197277 NA NA KJ197239  KJ197257
annuus
D. middletonii BRIP 54884¢ Rapistrum Australia  KJ197286 NA NA KJ197248  KJ197266
TUgoStrum
D. miriciae BRIP 54736; Helianthus Australia  KJ197282 NA NA KJ197244  KJ197262
annuus
D. momicola MFLUCC 16-0113  Prunus persica China KU557563  KU557611 NA KU557631  KU55758
D. multigutullata ZJUD98 Gitrus grandis ~ China  KJ490633 NA KJ490575  KJ490512  KJ490454
D. multigutullata CFCC 53095 Citrus maxima China MK432645 MK442967 MK442992 MK578121 MK578048
CFCC 53096 Citrus maxima China MK432646 MK442968 MK442993 MK578122 MK578049
CFCC 53097 Citrus maxima China MK432647 MK442969 MK442994 MK578123 MK578050
D. musigena CBS 129519 Musa sp. Australia  KC343143 KC343385 KC343627 KC343869 KC344111
D. neilliae CBS 144.27 Spiraea sp. USA KC343144 KC343386 KC343628 KC343870 KC344112
D. neoarctii CBS 109490 Ambrosia trifida USA KC343145 KC343387 KC343629 KC343871 KC344113
D. oraccinii CGMCC 3.17531  Camellia sinensis China KP267863 NA KP293517  KP267937  KP293443
D. ovoicicola CGMCC 3.17093 Citrus sp. China KF576265  KF576223 NA KF576240  KF576289
D. pandanicola MFLU 18-0006 Pandanus sp. Thailand  MG646974 NA NA NA MG646930
D. pascoei BRIP 54847 Persea americana  Australia  JX862532 NA NA JX862538  KF170924
D. passifloricola CBS 141329 Passiflora foetida ~ Malaysia ~ KX228292 NA KX228367 NA KX228387
D. penetriteum CGMCC 3.17532  Camellia sinensis ~ China KP714505 NA KP714493  KP714517  KP714529
D. perjuncta CBS 109745 Ulmus glabra Austria KC343172  KC343414 KC343656 KC343898 KC344140
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Species Isolate Host Location GenBank accession numbers
ITS cal his3 tefl tub2
D. perseae CBS 151.73 Persea gratissima  Netherlands  KC343173  KC343415  KC343657 KC343899 KC344141
D. pescicola MFLUCC 16-0105  Prunus persica China KU557555  KU557603 NA KU557623  KU557579
D. podocarpi- CGMCC 3.18281 Podocarpus China KX986774 KX999278 KX999246 KX999167 KX999207
macrophylli macrophyllus
D. pseudomangiferae CBS 101339 Mangifera indica Dominican KC343181  KC343423 KC343665 KC343907 KC344149
Republic
D. pseudophoe- CBS 462.69 Phoenix Spain KC343184 KC343426 KC343668 KC343910 KC344152
nicicola dactylifera
D. psoraleae-pinnatae CBS 136413 Psoralea pinnata South Africa  KF777159 NA NA NA KF777252
D. pterocarpicola MFLUCC 10-0580a Prerocarpus Thailand ~ JQ619887  JX197433 NA JX275403  JX275441
indicus
D. pulla CBS 338.89 Hedera helix ~ Yugoslavia  KC343152  KC343394 KC343636 KC343878 KC344120
D. pyracanthae CAA483 Pyracantha Portugal  KY435635 KY435656 KY435645 KY435625 KY435666
coccinea
D. racemosae CBS 143770 FEuclea racemosa  South Africa MG600223 MG600219  MG600221  MG600225 MG600227
D. rostrata CFCC 50062 Juglans China ~ KP208847 KP208849 KP208851 KP208853 KP208855
mandshurica
D. sackstonii BRIP 54669b Helianthus Australia  KJ197287 NA NA KJ197249  KJ197267
annuus
D. sambucusii CFCC 51986 Sambucus China KY852495 KY852499  KY852503 KY852507 KY852511
williamsii
D. schimae CFCC 53103 Schima superba  China ~ MK432640 MK442962 MK442987 MK578116 MK578043
CFCC 53104 Schima superba  China MK432641 MK442963 MK442988 MK578117 MK578044
CFCC 53105 Schima superba ~ China MK432642 MK442964 MK442989 MK578118 MK578045
D. schini CBS 133181 Schinus Brazil KC343191 KC343433 KC343675 KC343917 KC344159
terebinthifolius
D. schisandrae CFCC 51988 Schisandra China KY852497  KY852501 KY852505 KY852509 KY852513
chinensis
D. schoeni MFLU 15-1279 Schoenus Ttaly KY964226  KY964139 NA KY964182  KY964109
”lgr wans
D. sennae CFCC 51636 Senna China KY203724  KY228875 NA KY228885  KY228891
bicapsularis
D. serafiniae BRIP 55665a Helianthus Australia  KJ197274 NA NA KJ197236  KJ197254
annuus
D. siamensis MFLUCC 10-573a  Dasymaschalon ~ Thailand ~ JQ619879 NA NA JX275393  ]JX275429
sp.
D. sojae FAUG35 Glycine max USA  KJ590719  KJ612116  KJ659208  KJ590762  KJ610875
D. sterilis CBS 136969 Vaccinium Traly KJ160579  KJ160548 MF418350 KJ160611  KJ160528
corymbosum
D. subclavata ICMP20663 Citrus unshin China KJ490587 NA KJ490529  KJ490466  KJ490408
D. subellipicola MFLU 17-1197 Dead wood China MG746632 NA NA MG746633 MG746634
D. subordinaria CBS 464.90 Plantago New KC343214 KC343456 KC343698 KC343940 KC344182
lanceolata Zealand
D. tavicola MFLUCC 16-0117  Prunus persica China KU557567 NA NA KU557635 KU557591
D. tectonae MFLUCC 12-0777  Tectona grandis China KU712430 KU749345 NA KU749359 KU743977
D. tectonendophytica  MFLUCC 13-0471  Tectona grandis China KU712439  KU749354 NA KU749367 KU749354
D. tectonigena MEFLUCC 12-0767  Tectona grandis China KU712429  KU749358 NA KU749371  KU743976
D. terebinthifolii CBS 133180 Schinus Brazil KC343216 KC343458 KC343700 KC343942 KC344184
terebinthifolius
D. ternstroemia CGMCC 3.15183 Ternstroemia China KC153098 NA NA KC153089 NA
gymnanthera
D. thunbergii MFLUCC 10-576a Thunbergia Thailand ~ JQ619893  JX197440 NA JX275409  JX275449
laurifolia
D. tibetensis CFCC 51999 Juglandis regia China MF279843 MF279888 MF279828 MF279858 MF279873
D. tulliensis BRIP 62248a Theobroma cacao  Australia ~ KR936130 NA NA KR936133  KR936132
D. ukurunduensis CFCC 52592 Acer China MHI121527 MHI21445 MHI121485 MH121569 NA
ukurunduense
D. unshiuensis CGMCC 3.17569  Citrus unshiu China KJ490587 NA KJ490529  KJ490408  KJ490466
CFCC 52594 Carya illinoensis China MHI121529 MHI121447 MHI121487 MHI121571 MH121606
D. undulata CGMCC 3.18293 Leaf of China-Laos  KX986798 NA KX999269 KX999190 KX999230
unknown host border
D. vawdreyi BRIP 57887a Psidium guajava  Australia  KR936126 NA NA KR936129  KR936128
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Species Isolate Host Location GenBank accession numbers
ITS cal his3 tefl tub2
D. verniciicola CFCC 53109 Vernicia China  MK573944 MK574583 MK574599 MK574619 MK574639
montana
CFCC 53110 Vernicia China  MK573945 MK574584 MK574600 MK574620 MK574640
montana
CFCC 53111 Vernicia China MK573946 MK574585 MK574601 MK574621 MK574641
montana
CFCC 53112 Vernicia China MK573947 MK574586 MK574602 MK574622 MK574642
montana
D. viniferae JZB320071 Vitis vinifera China MK341551 MK500107 MK500119 MK500112
D. virgiliae CMW40748 Virgilia oroboides South Africa  KP247566 NA NA NA KP247575
D. xishuangbanica CGMCC 3.18282  Camellia sinensis China KX986783 NA KX999255 KX999175 KX999216
D. xunwuensis CFCC 53085 Unknown dead China MK432663 MK442983 MK443008 MK578137 MK578063
wood
CFCC 53086 Unknown dead China MK432664 MK442984 MK443009 MK578138 MK578064
wood
D. yunnanensis CGMCC 3.18289 Coffea sp. China KX986796  KX999290 KX999267 KX999188 KX999228
Diaporthella corylina CBS 121124 Corylus sp. China KC343004 KC343246 KC343488 KC343730 KC343972

Newly sequenced material is indicated in bold type. NA, not applicable.

The primer pair EF1-728F/EF1-986R (Carbone and Kohn 1999) was used to am-
plify a partial fragment of the translation elongation factor 1-o gene (zefI). The primer
sets T1 (O’Donnell and Cigelnik 1997) and Bt2b (Glass and Donaldson 1995) were
used to amplify the beta-tubulin gene (##62); the additional combination of Bt2a/
Bt2b (Glass and Donaldson 1995) was used in case of amplification failure of the T'1/
Bt2b primer pair. The PCR amplifications of the genomic DNA with the phylogenetic
markers were done using the same primer pairs and conditions as in Yang et al. (2018).
The PCR products were assayed via electrophoresis in 2% agarose gels, while the DNA
sequencing was performed using an ABI PRISM 3730XL DNA Analyser with a Big-
Dye Terminater Kit v.3.1 (Inv-itrogen, USA) at the Shanghai Invitrogen Biological
Technology Company Limited (Beijing, China).

Phylogenetic analyses

The quality of the amplified nucleotide sequences was checked and combined using
SeqMan v.7.1.0 and reference sequences were retrieved from the National Center for
Biotechnology Information (NCBI), based on recent publications on the genus Dia-
porthe (Guarnaccia et al. 2018; Yang et al. 2018, 2020). Sequences were aligned using
MAFFT v. 6 (Katoh and Toh 2010) and corrected manually using Bioedit 7.0.9.0 (Hall
1999). The best-fit nucleotide substitution models for each gene were selected using
jModelTest v. 2.1.7 (Darriba et al. 2012) under the Akaike Information Criterion.
The phylogenetic analyses of the combined gene regions were performed using
Maximum Likelihood (ML) and Bayesian Inference (BI) methods. ML was conducted
using PhyML v. 3.0 (Guindon et al. 2010), with 1000 bootstrap replicates while BI
was performed using a Markov Chain Monte Carlo (MCMC) algorithm in MrBayes
v. 3.0 (Ronquist et al. 2003). Two MCMC chains, started from random trees for
1,000,000 generations and trees, were sampled every 100" generation, resulting in a
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total of 10,000 trees. The first 25% of trees were discarded as burn-in of each analysis.
Branches with significant Bayesian Posterior Probabilities (BPP) were estimated in the
remaining 7500 trees. Phylogenetic trees were viewed with FigTree v.1.3.1 (Rambaut
and Drummond 2010) and processed by Adobe Illustrator CS5. Sequence alignment
and phylogenetic trees were deposited in TreeBASE (submission ID: §25213). The
nucleotide sequence data of the new taxa were deposited in GenBank (Table 1).

Results

The phylogenetic position of the 24 isolates of Diaporthe was determined by the phylo-
genetic analysis of the combined ITS, cal, /is3, tefl and tub2 sequences data. Reference
sequences of the representative species used in the analysis were selected from Yang
et al. (2018) and supplemented with sequences from GenBank. The ITS, cal, his3,
tefl tub2 and combined data matrices contained 522, 541, 529, 520, 535 and 2 659
characters with gaps, respectively. The alignment comprised of 142 strains together
with Diaporthella corylina (culture CBS 121124) which was selected as the outgroup.
The best nucleotide substitution model used for the analysis of ITS, 4is3 and b2 was
TeN+I+G, while HKY+I+G was used for ca/ and zef]. The topologies resulting from
ML and BI analyses of the concatenated dataset were congruent (Fig. 1) and the se-
quences from the 24 Diaporthe isolates formed eight distinct clades as shown in Fig. 1,
representing five undescribed species and three known species.

Taxonomy

Diaporthe apiculatum Y.H. Gao & L. Cai, in Gao, Liu & Cai, Syst. Biodiv. 14:
106. 2016.
Figure 2

Description. Conidiomata pycnidial, discoid, immersed in bark, scattered, slightly
erumpent through bark surface, with a solitary undivided locule. Ectostromatic disc
yellowish to grey, one ostiole per disc, (300—-)305-357(~368) pm diam. Ostiole medi-
um black, up to level of disc. Locule undivided, (338-)357-450(—464) pm diam. Co-
nidiophores reduced to conidiogenous cells. Conidiogenous cells cylindrical, hyaline,
densely aggregated, phiailidic, unbranched, straight or slightly curved. Beta conidia
hyaline, aseptate, filiform, hamate, eguttulate, base subtruncate, tapering towards one
apex, (26.5-)30-39.5(-43) x 1.5-2 pm. Alpha conidia not observed.

Culture characters. Colony originally flat with white fluffy aerial mycelium, be-
coming yellowish to pale green mycelium with age, marginal area irregular, conidi-
omata absent.

Specimens examined. CHINA. Jiangxi Province: Ganzhou City, Fengshan Forest
Park, on branches of Rhus chinensis, 25°45'12"N, 115°00'41"E, 23 Jul 2018, Q. Yang,
Y. Liu, YM. Liang & C.M. Tian (BJFC-S1680; living culture: CFCC 53068, CFCC
53069 and CFCC 53070).
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Figure 1. Phylogram of Diaporthe from a Maximum Likelihood analysis based on combined ITS, ¢4/,
his3, tefl and tub2. Values above the branches indicate Maximum Likelihood bootstrap (left, ML BP
> 50%) and Bayesian probabilities (right, BI PP > 0.90). The tree is rooted with Diaporthella corylina.

Strains in current study are in blue font and the ex-type cultures are in bold font.
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Figure 1. Continued.

Figure 2. Diaporthe apiculatum on Rhus chinensis (BJFC-S1680) a, b habit of conidiomata in wood
c transverse section of conidiomata d longitudinal section through conidiomata e conidiogenous cells
attached with beta conidia f the colony on PDA. Scale bars: 200 um (b-d); 10 um (e).
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Notes. Diaporthe apiculatum was originally described as an endophyte from healthy
leaves of Camellia sinensis in Jiangxi Province, China (Gao et al. 2015). In the present
study, three isolates (CFCC 53068, CFCC 53069 and CFCC 53070) from sympto-
matic branches of Rhus chinensis were found congruent with D. apiculatum, based on
DNA sequence and morphological data (Fig. 1). The clade was, therefore, confirmed
to be D. apiculatum and was found to be both an endophyte and a pathogen.

Diaporthe bauhiniae C.M. Tian & Q. Yang, sp. nov.
MycoBank No: 829519
Figure 3

Diagnosis. Distinguished from the phylogenetically closely-related species D. psorale-
ae-pinnatae in alpha and beta conidia.

Etymology. Named after Bauhinia, the host genus where the fungus was isolated.

Description. Conidiomata pycnidial, immersed in bark, scattered, slightly
erumpent through bark surface, nearly flat, discoid, with a solitary undivided locule.
Ectostromatic disc grey to brown, one ostiole per disc. Locule circular, undivided,
(180-)200-290(-300) pm diam. Conidiophores reduced to conidiogenous cells. Co-
nidiogenous cells hyaline, cylindrical, unbranched, straight, tapering towards the apex.
Alpha conidia hyaline, aseptate, ellipsoidal to fusiform, biguttulate to multi-guttu-
late, (7.5-)9-13(-14) x (1.5-)2-2.5(-3) pm. Beta conidia hyaline, aseptate, filiform,
straight to sinuous, eguttulate, (25-)28.5-40(—43) x 1 pm.

Culture characters. Colony at first white, becoming wine-red in the centre with
age. Aerial mycelium white, dense, flufy, conidiomata absent.

Specimens examined. CHINA. Jiangxi Province: Ganzhou City, on branches of
Baubinia purpurea, 25°52'21"N, 114°56'44"E, 11 May 2018, Q. Yang, Y. Liu & Y. M.
Liang (holotype BJFC-S1621; ex-type living culture: CFCC 53071; living culture:
CFCC 53072 and CFCC 53073).

Notes. Three isolates representing D. bauhiniae cluster in a well-supported clade
and appear most closely related to D. psoraleae-pinnatae. Diaporthe baubiniae can be
distinguished from D. psoraleae-pinnatae, based on ITS and tub2 (38/458 in ITS and
11/418 in tub2). Morphologically, D. baubiniae differs from D. psoraleae-pinnatae in
having narrower alpha conidia (2-2.5 vs. 2.5-3 pm) and the beta conidia of D. psorale-
ae-pinnatae were not observed (Crous et al. 2013).

Diaporthe citri (H.S. Fawc.) EA. Wolf, J. Agric. Res., Washington 33(7): 625, 1926.
Figure 4

Description. Leaf spots subcircular to irregular, pale brown, with dark brown at mar-
gin. Pycnidia solitary, scattered on the leaf surface. Pycnidial conidiomata in culture,
globose, erumpent, single or clustered in groups of 3—5 pycnidia, coated with hyphae,
cream to yellowish translucent conidial droplets exuded from ostioles. Conidiophores
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Figure 3. Diaporthe bauhiniae on Bauhinia purpurea (BJFC-S1621) a habit of conidiomata in wood
b transverse section of conidiomata ¢ longitudinal section through conidiomata d the colony on PDA
e conidiogenous cells attached with alpha conidia f Alpha conidia g Beta conidia. Scale bars: 100 um (b, c);
10 pm (e=h).

Figure 4. Diaporthe citri on Citrus sinensis (BJFC-S§1658) a, b symptoms on leaves of host plant ¢ culture
on PDA (30d) d conidiomata e alpha conidia f conidiophores and alpha conidia. Scale bars: 10 pm (e, f).

reduced to conidiogenous cells. Conidiogenous cells hyaline, unbranched, septate,
straight, slightly tapering towards the apex, 14.5-25 x 2-3 pum. Alpha conidia hyaline,
aseptate, rounded at one end, apex at the other end, usually with two large guttulate,
(9.5-)10.5-12 x 3.5-4.5 pum. Beta conidia not observed.

Culture characters. Colony originally flat with white fluffy aerial mycelium, becoming
greyish mycelium with age, with yellowish-cream conidial drops exuding from the ostioles.

Specimens examined. CHINA. Jiangxi Province: Ganzhou City, on leaves of
Citrus sinensis, 24°59'44"N, 115°31'01"E, 13 May 2018, Q. Yang, Y. Liu & Y.M.
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Liang (BJFC-§1658; living culture: CFCC 53079 and CFCC 53080); 24°59'45"N,
115°31'02"E, 13 May 2018, Q. Yang, Y. Liu & Y.M. Liang (BJFC-S1659; living
culture: CFCC 53081 and CFCC 53082).

Notes. Diaporthe citri is a widely distributed species in citrus-growing regions.
In the present study, four isolates (CFCC 53079, CFCC 53080, CFCC 53081 and
CFCC 53082) from symptomatic leaves of Citrus sinensis were congruent with D. citri,
based on DNA sequence and morphological data (Fig. 1). The clade was, therefore,
confirmed to be D. citri.

Diaporthe ganzhouensis C.M. Tian & Q. Yang, sp. nov.
MycoBank No: 829522
Figure 5

Diagnosis. Distinguished from the phylogenetically closely-related species D. vaw-
dreyi in having longer conidiophores and wider alpha conidia.

Etymology. Named after Ganzhou City where the species was first collected.

Description. On PDA: Conidiomata pycnidial, subglobose, solitary, deeply em-
bedded in the medium, erumpent, dark brown to black. Pale yellow conidial drops
exuding from ostioles. Conidiophores (12-)15.5-21 x 1.5-2 um, cylindrical, hyaline,
phiailidic, branched, straight or slightly curved. Alpha conidia 6.5-8.5(-9) x 2-2.5(-3)
pm, aseptate, hyaline, ellipsoidal to fusiform, rounded at one end, slightly apex at the
other end, biguttulate. Beta conidia hyaline, aseptate, filiform, sinuous at one end, egut-
tulate, (21.5-)25.5-31(-33) x 1 pm.

Culture characters. Colony at first white, becoming yellowish with age. Aerial
mycelium white, dense, fluffy, with visible solitary conidiomata at maturity.

Specimens examined. CHINA. Jiangxi Province: Ganzhou City, unknown dead
wood, 25°45'17"N, 115°00'41"E, 23 Jul 2018, Q. Yang, Y. Liu, Y. M. Liang & C.M. Tian
(holotype BJFC-C004; ex-type culture: CFCC 53087; living culture: CFCC 53088).

Notes. Diaporthe ganzhouensis comprises the isolates CFCC 53087 and CFCC
53088, revealed to be closely related to D. vawdreyi in the combined phylogenetic tree
(Fig. 1). Diaporthe ganzhouensis can be distinguished, based on ITS, zefI-a and b2 loci
from D. vawdreyi (6/456 in ITS, 63/357 in tefl-a and 40/469 in tub2). Diaporthe gan-
zhouensis differs morphologically from D. vawdreyi in having longer conidiopores (15.5—
21 vs. 6-15 pm) and wider alpha conidia (2-2.5 vs. 1.5-2 pm) (Crous et al. 2015).

Diaporthe multiguttulata F. Huang, K.D. Hyde & Hong Y. Li, in Huang et al.,
Fungal Biology 119(5): 343. 2015.
Figure 6

Description. Conidiomata pycnidial, 692-750(-800) um diam., solitary and with single
necks erumpent through host bark. Tissue around neck is cylindrical. Locule circular, un-
divided, 450-565(-600) um diam. Conidiophores reduced to conidiogenous cells. Con-
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Figure 5. Diaporthe ganzhouensis on unknown host (BJFC-S1678) a the colony on PDA and conidi-
omata b alpha and beta conidia ¢ conidiogenous cells and alpha conidia. Scale bars: 10 pm (b, c).

Figure 6. Diaporthe multiguttulata on Citrus maxima (BJFC-S1614) a, b habit of conidiomata on twig

c conidiomata on PDA d transverse section through conidiomata e longitudinal section through conidi-
omata f conidiogenous cells attached with alpha conidia g alpha conidia h the colony on PDA. Scale bars:
200 pm (b, d, €); 10 um (f, g).

idiogenous cells unbranched, straight or slightly curved, apical or base sometimes swelling,
(8.5-)9-10.5(-11) x 1.5-2 pm. Alpha conidia hyaline, aseptate, ellipsoidal, biguttulate or
with one large guttulate, rounded at one end, slightly apex at the other end, occasionally
submedian constriction, (7.5-)8-9(~10.5) x 4-5(-5.5) pm. Beta conidia not observed.
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Culture characters. Colony originally flat with white felty aerial mycelium, be-
coming pale green mycelium with age, margin area irregularly, with visible solitary
conidiomata at maturity.

Specimens examined. CHINA. Jiangxi Province: Ganzhou City, on branches of
Citrus maxima, 25°51'28"N, 114°55'19"E, 11 May 2018, Q. Yang, Y. Liu & Y.M.
Liang (BJFC-S1614; living culture: CFCC 53095, CFCC 53096 and CFCC 53097).

Notes. Diaporthe multiguttulata was originally described as an endophyte from a
healthy branch of Cizrus grandis in Fujian Province, China (Huang et al. 2015). In the
present study, three isolates (CFCC 53095, CFCC 53096 and CFCC 53097) from
symptomatic branches of Citrus maxima were congruent with D. multigutullata, based
on DNA sequence data and confirmed from the morphological analysis (Fig. 1). The
clade, therefore, was verified as D. multigutullata which could exist both as an endo-
phyte and a pathogen.

Diaporthe schimae C.M. Tian & Q. Yang, sp. nov.
MycoBank No: 829526
Figure 7

Diagnosis. Distinguished from the phylogenetically closely-related species D. sennae
in having larger alpha conidia and longer beta conidia.

Etymology. Named after the host genus Schima on which the fungus was isolated.

Description. Leaf spots subcircular to irregular, pale brown, with dark brown
at margin. Pycnidia solitary, scattered on the leaf surface. Pycnidial conidiomata in
culture, globose, (150-)173-357(=373) um in its widest diam., erumpent, single or
clustered in groups of 3—5 pycnidia, coated with hyphae, cream to yellowish translu-
cent conidial droplets exuded from ostioles. Conidiophores reduced to conidiogenous
cells. Conidiogenous cells hyaline, unbranched, septate, straight, slightly tapering to-
wards the apex. Alpha conidia scarce, hyaline, aseptate, ellipsoidal to spindle-shaped,
four small guttulate, (7.5-)8-8.5(-9) x 2.5-3 pm. Beta conidia abundant, hyaline,
aseptate, filiform, straight to sinuous at one end, eguttulate, (25-)27.5-38.5(—40.5) x
1-1.5 pym.

Culture characters. Colony entirely white, with fluffy aerial mycelium, concentric
zonation, margin fimbricate, reverse slightly yellowish.

Specimens examined. CHINA. Jiangxi Province: Ganzhou City, Fengshan For-
est Park, on leaves of Schima superba, 25°44'22"N, 114°59'40"E, 15 May 2018, Q.
Yang, Y. Liu & Y.M. Liang (holotype BJFC-S1661; ex-type culture: CFCC 53103);
24°40'51"N, 115°34'36"E, 15 May 2018, Q. Yang, Y. Liu & Y.M. Liang (BJFC-S1662;
living culture: CFCC 53104); 24°40'52"N, 115°34'54"E, 15 May 2018, Q. Yang, Y.
Lin & Y.M. Liang (BJFC-§1663; living culture: CFCC 53105).

Notes. Diaporthe schimae occurs in an independent clade (Fig. 1) and was revealed
to be phylogenetically distinct from D. sennae. Diaporbe schimae can be distinguished
with D. sennae by 41 nucleotides in concatenated alignment, in which three were
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Figure 7. Diaporthe schimae on Schima superba (BJFC-S1661) a symptoms on leaves of host plant b the

colony on PDA ¢ conidiomata on PDA d conidiophores cells attached with beta conidia e Alpha conidia.
Scale bars: 10 pm (d, e).

distinct in the ITS region, 20 in the zefl-a region and 18 in the b2 region. Dia-
porthe schimae differs morphologically from D. sennae in having larger alpha conidia
and longer beta conidia (8-8.5 x 2.5-3 vs. 5.5-6.3 x 1.5-1.7 pm in alpha conidia;
27.5-38.5 vs. 18.4-20 pm in beta conidia) (Yang et al. 2017a).

Diaporthe verniciicola C.M. Tian & Q. Yang, sp. nov.
MycoBank No: 832921
Figure 8

Diagnosis. Distinguished from the phylogenetically closely-related species D. rostrata in
having smaller alpha conidia; and from D. juglandicola in having wider alpha conidia.

Etymology. Named after the host genus Vernicia on which the fungus was isolated.

Description. Conidiomata pycnidial, 825-1050 x 445-500 um diam., solitary
and with single necks erumpent through host bark. Tissue around neck is conical. Loc-
ule circular, undivided, 400—-665 pum diam. Conidiophores reduced to conidiogenous
cells. Conidiogenous cells unbranched, straight or sinuous, 14.5-21.5 x 1-1.5 pm.
Alpha conidia hyaline, aseptate, ellipsoidal to fusiform, with 1-2-guttulate, 7-8.5 x
3-3.5 pm. Beta conidia not observed.

Culture characters. Colony white to yellowish, with dense and felted mycelium in
the centre, lacking aerial mycelium, conidiomata absent.



Diaporthe species from cankered branches and leaves 57

Figure 8. Diaporthe verniciicola on Vernicia montana (BJFC-51622) a, b habit of conidiomata on twig
c transverse section through conidiomata d longitudinal section through conidiomata e alpha conidia
f conidiophores g culture on PDA (30d). Scale bars: 500 pm (b); 200 pm (c); 10 pm (e, f).

Specimens examined. CHINA. Jiangxi Province: Ganzhou City, on branches of Ver-
nicia montana, 24°40'51"N, 115°34'52"E, 12 May 2018, Q. Yang, Y. Liu & Y.M. Liang
(holotype BJFC-§1622; ex-type culture: CFCC 53109); 24°40'52"N, 115°34'50"E, 12
May 2018, Q. Yang, Y. Liu & Y.M. Liang (BJFC-S1623; living culture: CFCC 53110);
24°45'14"N, 115°34'00"E, 12 May 2018, Q. Yang, Y. Liu & Y. M. Liang (BJFC-S1624;
living culture: CFCC 53111); 25°44'15"N, 114°59'32"E, 15 May 2018, Q. Yang, Y.
Lin & Y.M. Liang (BJFC-S1624; living culture: CFCC 53112).

Notes. Two isolates of D. verniciicola clustered in a well-supported clade (ML/
BI = 100/1) and appeared closely related to D. rostrata and D. juglandicola (Fig. 1).
Morphologically, D. verniciicola is similar to D. rostrata characterised by conidiomata
with single necks erumpent through the host bark. However, the new taxon can be
distinguished from D. rostrata in having smaller alpha conidia (7-8.5 x 3-3.5 vs. 8.5—
11.5 x 4-5 um) (Fan et al. 2015) and D. verniciicola differs from D. juglandicola in
having wider alpha conidia (3-3.5 vs. 2.5-3 um) (Yang et al. 2017b). This is the first
discovery of a Diaporthe species isolated from infected branches or twigs on Vernicia
montana and was confirmed as a new species, based on phylogeny and morphology.

Diaporthe xunwuensis C.M. Tian & Q. Yang, sp. nov.
MycoBank No: 829521
Figure 9

Diagnosis. Distinguished from the phylogenetically closely-related species D. oraccinii
in having longer conidiophores and larger alpha conidia.
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Figure 9. Diaporthe xunwuensis on unknown host (BJFC-51679) a the colony on PDA and conidiomata
b alpha conidia ¢ conidiogenous cells attached with alpha conidia. Scale bars: 10 pm (a=c).

Etymology. Named after the county (Xunwu) where the species was first collected.

Description. On PDA: Conidiomata pycnidial, globose, solitary or aggregated,
deeply embedded in the medium, erumpent, dark brown to black. Hyaline conidial
drops exuding from ostioles. Conidiophores (18.5-)21.5-30(-32.5) x 1-1.5(-2) um, cy-
lindrical, hyaline, phiailidic, unbranched, straight to sinuous. Alpha conidia (6.5-)7-8.5
x 2-3 pm, aseptate, hyaline, ellipsoidal to fusiform, rounded at one end, slightly apex at
the other end, usually with 2-guttulate. Beta conidia not observed.

Culture characters. Colony at first white, becoming dark brown in the centre with age.
Aerial mycelium white, dense, flufly, with black conidial drops exuding from the ostioles.

Specimens examined. CHINA. Jiangxi Province: Ganzhou City, unknown dead
wood, 25°45'17"N, 115°00'41"E, 23 Jul 2018, Q. Yang, Y. Liu, Y M. Liang & C.M. Tian
(holotype BJFC-C003; ex-type culture: CFCC 53085; living culture: CFCC 53086).

Notes. Two isolates representing D. xunwuensis clustered in a well-supported clade
and appear most closely related to D. oraccinii. Diaporthe xunwuensis can be distin-
guished from D. oraccinii, based on ITS, his3 and tefI-a loci (5/471 in ITS, 5/432 in
his3 and 5/325 in tefl-a). Morphologically, D. xunwuensis differs from D. oraccinii
in having longer conidiopores (21.5-30 vs. 10.5-22.5 pum) and larger alpha conidia
(7-8.5 x 2-3 vs. 5.5-7.5 x 0.5-2 pm) (Gao et al. 2016).

Discussion

The current study described eight Diaporthe species from 24 strains, based on a large set
of freshly-collected specimens. It includes five new species and three known species, which
were sampled from six host genera distributed in Jiangxi Province of China (Table 1). In
this study, 142 reference sequences (including outgroup) were selected, based on BLAST
searches of NCBIs GenBank nucleotide database and included in the phylogenetic analyses
(Table 1). Phylogenetic analyses, based on five combined loci (ITS, ¢4/, bis3, tefl and mub2),
as well as morphological characters, revealed the diversity of Diaporthe species in Jiangxi
Province, mainly focusing on diebacks from major ecological or economic forest trees.
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The identification and characterisation of novel taxa and new host records indicate
the high potential of Diaporthe to evolve rapidly. In the present study, five species were
first reported in China as pathogens. Amongst these species, D. baubiniae was char-
acterised by having longer alpha conidia (9-13 x 2-2.5 pm). Diaporthe ganzhouensis
and D. xunwuensis were isolated from unknown dead wood, but D. ganzhouensis can
be distinguish from D. xunwuenesis in having beta conidia and was supported by
analysis of the sequence data. Diaporthe schimae was identified as the most widespread
species from isolates collected in Jiangxi Province. Diaporthe verniciicola have conidi-
omata with single necks erumpent through the host bark. Furthermore, two new host
records were described, D. apiculatum from Rhus chinensis and D. multiguttulata from
Citrus maxima.

Recent plant pathological studies have revealed that several Diaporthe species cause
disease, particularly to important plant hosts on a wide range of economically-signifi-
cant agricultural crops, such as blueberries, citrus, grapes, oaks, sunflowers, soybeans,
tea plants, tropical fruits, vegetables and various trees (van Rensburg et al. 2006; Santos
and Phillips 2009; Santos et al. 2011; Thompson et al. 2011; Grasso et al. 2012; Lom-
bard et al. 2014; Huang et al. 2015; Udayanga et al. 2015; Gao et al. 2016; Guarnaccia
etal. 2018; Yang et al. 2020). For example, research conducted by Huang et al. (2015)
revealed seven endophytic Diaporthe species on Citrus; Gao et al. (2016) demonstrated
that Diaporthe isolates associated with Camellia spp. could be assigned to seven species
and two species complexes; Guarnaccia et al. (2018) explored the occurrence, diversity
and pathogenicity of Diaporthe species associated with Vitis vinifera and revealed four
new Diaporthe species; Yang et al. (2018) provided the first molecular phylogenetic
framework of Diaporthe diversity associated with dieback diseases in China. Following
the adoption of DNA sequence-based methods, Diaporthe taxonomy is actively chang-
ing, with numerous species being described each year.

The present study is the first evaluation of Diaporthe species, associated with die-
back diseases in Jiangxi Province using the combined morphology and molecular data
and provided useful information for evaluating the pathogenicity of various species.
Multiple strains from different locations should also be subjected to multi-locus phy-
logenetic analysis to determine intraspecific variation and redefine species boundaries.
The descriptions and molecular data of Diaporthe species, provided in this study, rep-
resent a resource for plant pathologists, plant quarantine officials and taxonomists for
identification of Diaporthe.
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