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Abstract

A new species of Phacoacremonium, P ovale (Togniniaceae), was isolated during a diversity study of freshwa-
ter fungi from Yunnan Province in China. Morphological and cultural studies of the fungus were carried out
and its sexual and asexual morphs (holomorph) are introduced herein. This species is characterised by pecu-
liar long-necked, semi-immersed ascomata with oval to ellipsoid ascospores and ellipsoid to ovoid conidia.
Phylogenetic analyses of a combined TUB and ACT gene dataset revealed that strains of P ovale constitute a
strongly supported independent lineage and are related to P, griseo-olivacenm and P africanum. The number
of nucleotide differences, across the genes analysed, also supports establishment of P ovale as a new species.
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Introduction

Lignicolous freshwater fungi are important in nutrient recycling (Hyde et al. 2016). A
number of taxonomic studies have focused on the diversity of such fungi in the South
East Asian region and these investigations have reported a number of novel species (e.g.
Jeewon et al. 2003; Cabanela et al. 2007; Zhang et al. 2008; Luo et al. 2018). In this
study, we report a new species of Phaeoacremonium isolated from decaying wood from
a stream in Yunnan Province, China.

Phaeoacremonium (= Togninia), introduced by Crous et al. (1996), is typified
by P parasiticum and it belongs to Togniniaceae (Gramaje et al. 2015). Phacoacr-
emonium was reported to be the asexual morph of Togninia (Mostert et al. 2003,
2006a; Pascoe et al. 2004). Gramaje et al. (2015) proposed Phacoacremonium over
Togninia as the correct name based on common usage and this has been listed in
Réblovd et al. (2016) and followed in Wijayawardene et al. (2018). The species are
basically characterised by black ascomata with a long neck and clavate to cylindrical
asci with oval to ellipsoid, hyaline ascospores and straight or flexuous mononema-
tous conidiophores with oval to reniform phialo-conidia (Marin-Felix et al. 2018;
Spies et al. 2018).

Most species of Phaeoacremonium are plant or/and human pathogens and some
have been recorded on arthropods or in soil (Groenewald et al. 2001; Guarro et al.
2003; Hemashettar et al. 2006; Mostert et al. 2006a; Damm et al. 2008; Gramaje et
al. 2015) while others are causal agents of Petri disease and esca of grapevines (Pascoe
etal. 2004; Rooney-Latham et al. 2005a; Mostert et al. 2006b). Phaeoacremonium spe-
cies can also infect a wide range of woody hosts, such as cherry, apricot, olive and peach
trees (Rumbos 1986; Di Marco et al. 2004; Kubdtov4 et al. 2004). Recent studies have
reported the importance of Phaeoacremonium species in causing brown wood streaking
of Olea spp. and Prunus spp. (Mostert et al. 2006b; Damm et al. 2008; Gramaje et al.
2012; Nigro et al. 2013; Olmo et al. 2014; Carlucci et al. 2015). Rooney-Latham et al.
(2004, 2005a, b) reported that, in the presence of water, spores in some Phaeoacremo-
nium species are forcibly discharged from perithecia through the long neck and exit the
ostiole to be dispersed by wind, rain or insects in order to colonise other substrates. Re-
cently Hu et al. (2012) introduced a freshwater inhabiting species, Phaeoacremonium
aquaticum (= Togninia aquatica).

Species of Togniniaceae have been reported to colonise substrates in different
types of habitats and recent taxonomic studies have revealed additional new species
(Gramaje et al. 2015). We have been studying fungi along a north-south gradient in
the Asian region (Hyde et al. 2016) and, in this study, we report on two collections
of Phaeoacremonium from China. The aim here is to characterise these two strains as
one novel species based on morphology as well as to investigate their phylogenetic
affinities with previously known Togniniaceae species based on partial TUB and

ACT genes.
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Materials and methods

Sample collection, morphological studies and isolation

Submerged dead wood was collected from Baoshan, Yunnan Province in China in Oc-
tober 2016, brought to the laboratory in zip lock plastic bags and treated in the labo-
ratory following procedures detailed in Luo et al. (2018). Fruiting bodies were found
growing on decaying wood in a sterile plastic box after two weeks of incubation and
the fungus was subsequently isolated based on the method of Chomnunti et al. (2014).
Specimens were examined by a Motic SMZ 168 stereomicroscope. Micromorpho-
logical characters were examined using a Nikon ECLIPSE 80i compound microscope
and images were captured with a Canon EOS 600D digital camera. Identification of
colours was based on Ridgway (1912). The Taro soft Image Framework programme
version 0.9.0.7 was used for measurements. Single spores were isolated and grown
on water agar (WA) and potato dextrose agar (PDA) media. Ascospores germinated
on PDA within 1 week. The colonies were transferred to WA and PDA to promote
sporulation (sporulation occurred after 30 days in PDA). The cultures were checked
2 to 3 times per week and all procedures were performed in a sterile environment and
at room temperature. The morphological characters of the asexual morph were exam-
ined after sporulation. Specimens are deposited in the Kunming Institute of Botany,
Academia Sinica (KUN) and duplicated in Mae Fah Luang University (MFLU) Her-
barium, Chiang Rai, Thailand. Facesoffungi numbers (FoF) (http://www.facesoffungi.
org/) were obtained as stated in Jayasiri et al. (2015) and Index Fungorum numbers
(IF) (http://www.indexfungorum.org/names/IndexFungorumRegisterName.asp).

DNA extraction, PCR amplification and sequencing

Total genomic DNA was extracted from mycelium using a Trelief Plant Genomic DNA
Kit following the instructions of the manufacturer. The genomic DNA was amplified
by using polymerase chain reaction (PCR) in a 25 pl reaction mixture. Partial regions
of the beta-tubulin (TUB) and Actin (ACT) gene were amplified using the primer
pairs T1 (O’Donnell and Cigelnik 1997) and Bt2b (Glass and Donaldson 1995),
ACT-513F and ACT-783R (Carbone and Kohn 1999), respectively. The internal tran-
scribed spacers (ITS) regions of the IDNA (ITS1-5.8S-1TS2) were also amplified using
primer pairs ITS5 and ITS4 (White et al. 1990) but no further analyses were done on
these due to lack of sequence data. The PCR conditions for these regions were as fol-
lows: an initial denaturation at 94 °C for 3 min, followed by 35 cycles of denaturation
at 94 °C for 30 sec, annealing at 51 °C (TUB) or 60 °C (ACT) or 55 °C (ITS) for 50
sec and extension at 72 °C for 1 min, with a final extension at 72 °C for 10 min. PCR
products were then sequenced with the primers mentioned above by a commercial

sequencing provider (Tsingke Company, Beijing, PR. China).
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Phylogenetic analysis

The quality of the amplified nucleotide sequences was checked and combined by Seq-
Man version 7.1.0 (44.1) and Finch TV version 1.4.0 (www.geospiza.com). Sequenc-
es used by Marin-Felix et al. (2018), Spies et al. (2018) and the closest matches for
our strains were retrieved from the National Center for Biotechnology Information
(NCBI) by nucleotide BLAST. Sequences were aligned in MAFFT v. 7.310 (http://
mafft.cbre.jp/alignment/server/index.html) (Katoh and Standley 2016) and manually
corrected in Bioedit 7.0.9.0 (Hall 1999).

The phylogenetic analyses of combined gene regions (TUB and ACT) were per-
formed using maximum-likelihood (ML) and Bayesian Inference (BI) methods. The
best-fit model (GTR+G+I) was obtained using jModelTest 2.1.10 under the Akaike
Information Criterion (AIC) calculations (Darriba et al. 2012). The ML analysis was
enforced with RAXML-HPC v.8 on XSEDE (Stamatakis 2014; Miller et al. 2015)
with 1000 rapid bootstrap replicates. Bayesian inference was implemented by MrBayes
v. 3.0b4 (Ronquist and Huelsenbeck 2003). Four simultaneous Markov chains were
run for 5,000,000 generations sampling one tree every 1000* generations and other
criteria as outlined by Hongsanan et al. (2017). The temperature value was lowered to
0.15, burn-in was set to 0.25. Gaps were treated as missing data with no differential
weighting of transitions against transversions and the partition homogeneity test was
performed to assess whether datasets from different genes were congruent. Phyloge-
netic trees were viewed with FigTree v1.4.0 (http:// tree.bio.ed.ac.uk/software/figtree/)
and processed by Adobe Illustrator CS5. Alignment and trees were deposited in Tree-
BASE (submission ID: 22810). The nucleotide sequence data of the new taxon have
been deposited in GenBank (Table 1).

Results

Phylogenetic analyses

The combined TUB and ACT sequence dataset comprised 98 strains of Phacoacremo-
nium. The tree was rooted with Pleurostoma richardsiae (CBS 270.33) and Wauestineaia
molokaiensis (CBS 114877). The alignment comprised 947 total characters includ-
ing gaps (TUB: 646bp; ACT: 301bp). ML and BI analyses yielded trees which were
topologically congruent in terms of species groupings. RAXML analysis yielded a best
scoring tree with a final optimisation likelihood value of -15310.399369 (Fig. 1). In
the phylogenetic tree, two strains of Phaeoacremonium ovale forms a well-supported
independent subclade (100%, ML/1.00, PP) and closely related to other Phaeoacremo-
nium species in Clade I (83%, ML/0.99, PP).
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Table 1. Strains and GenBank accession numbers of the isolates used in this study. Isolates from this
study are marked with asterisk (*) and the type strains are in bold.

Species Voucher/Culture ?:;llf ank accession nul:(l;;‘

Ph. jum afri CBS 120863 EU128100 EU128142
Phaeoacremonium album CBS 142688 KY906885 KY906884
Ph. 7 lvesii CBS 110034 AY579301 AY579234
Phaeoacremonium alvesii CBS 729.97 AY579302 AY579235

Ph, 7 lod. CBS 110627 AY579295 AY579228
Ph. ium amygdali; CBS 128570 JN191307 JN191303
Phaeoacremonium amygdalinum CBS H-20507 JN191305 JN191301

Phaeoacremonium amygdalinum CBS H-20508 JN191306 JN191302

Ph, 7 gusti CBS 114992 DQ173104 DQ173127
Phaeoacremonium angustius CBS 114991 DQ173103 DQ173126
Ph ium argenti CBS 777.83 DQ173108 DQ173135
Ph, ium ar: jacum ICMP 17421 EU596526 EU595463
Phaeoacremonium aureum CBS 142691 KY906657 KY906656
Ph, ium australi CBS 113589 AY579296 AY579229
Phaeoacremonium australiense CBS 113592 AY579297 AY579230

Ph, jum austroafri CBS 112949 DQ173099 DQ173122
Phaeoacremonium austroafricanum CBS 114994 DQ173102 DQ173125
Phaceoacremonium austroafricanum CBS 114993 DQ173101 DQ173124
Ph. ium bibend CBS 142694 KY906759 KY906758
Pha. jum canad PARC327 KF764651 KF764499
Ph. ium cf. mor 7 ICMP 18088 HM116767 HM116773
Phaeoacremonium cinereum CBS 123909 FJ517161 FJ517153

Phaeoacremonium cinereum CBS H-20215 FJ517160 FJ517152

Phaeoacremonium cinereum CBS H-20213 FJ517158 FJ517150

Ph, jum croati CBS 123037 EU863482 EU863514
Ph, jum fraxinopennsylvani CBS 101585 AF246809 DQI173137
Phaceoacremonium fraxinopennsylvanicum CBS 110212 DQ173109 DQ173136
Ph, ium fu CBS 120856 EU128098 EU128141
Ph. ium g 73 CBS 142712 KY906741 KY906740
Pbh. ium gemi CBS 142713 KY906649 KY906648
Ph. ium glob ICMP 16988 EU596525 EU595466
Phaeoacremonium globosum ICMP 17038 EU596521 EU595465
Phaeoacremonium globosum ICMP 16987 EU596527 EU595459
Pha ium gri: li CBS 120857 EU128097 EU128139
Phaeoacremonium griseorubrum CBS 111657 AY579294 AY579227
Phaeoacremonium griseorubrum CBS 566.97 AF246801 AY579226

Ph, jum hispani CBS 123910 FJ517164 FJ517156

Phaeoacremonium hungaricum CBS 123036 EU863483 EU863515
Phaeoacremonium inflatipes CBS 391.71 AF246805 AY579259
Phaeoacremonium inflatipes CBS 113273 AY579323 AY579260

Ph ium irani CBS 101357 DQ173097 DQ173120
Phaeoacremonium iranianum CBS 117114 DQ173098 DQ173121
Pha. ium itali CBS 137763 KJ534074 KJ534046
Phaeoacremonium italicum CBS 137764 KJ534075 KJ534047

Phacoacremonium italicum CBS H-21638 KJ534076 KJ534048

Phaeoacremonium junior CBS 142697 KY906709 KY906708
Phacoacremonium krajdenii CBS 110118 AY579324 AY579261

Ph, jum krajdenii CBS 109479 AY579330 AY579267
Phaeoacremonium longicollarum CBS 142699 KY906689 KY906688
Pha ium [ CBS 137497 KF823800 KF835406
Pbh. 7 li CBS 142710 KY906825 KY906824
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GenBank accession number

Species Voucher/Culture TUB ACT

Ph, CBS 246.91 AF246811 AY735497
Phaeoacremonium minimum CBS 100397 AF246806 AY735498
Phaeoacremonium mortoniae CBS 211.97 AF246810

Ph. 7 nordesticol. CMM4312 KY030807 KY030803
Ph. ium novae landi. CBS 110156 DQ173110 DQ173139
Phaeoacremonium novae-zealandiae CBS 110157 DQ173111 DQ173140
Ph, 7 identale ICMP 17037 EU596524 EU595460
Phaeoacremonium oleae CBS 142704 KY906937 KY906936
*Phaeoacremonium ovale KUMCC 17-0145 MH395327 MH395325
*Phaeoacremonium ovale KUMCC 18-0018 MH395328 MH395326
Ph. ium pallid; CBS 120862 EU128103 EU128144
Ph. ium par CBS 860.73 AF246803 AY579253
Phaeoacremonium parasiticum CBS 113585 AY579307 AY579241
Phaeoacremonium parasiticum CBS 514.82 AY579306 AY579240
Ph. ium paulul; CBS 142705 KY906881 KY906880
Phaeoacremonium pravum CBS 142686 KY084246 KY084248
Phaeoacremonium proliferatum CBS 142706 KY906903 KY906902
Ph. jum prunicol. CBS 120858 EU128095 EU128137
Phaceoacremonium prunicola CBS 120858 EU128096 EU128138
Ph jum pseudopanacis CPC 28694 KY173609 KY173569
Ph, ium PARC273 KF764658 KF764506
Ph. ium rosicola CBS 142708 KY906831 KY906830
Phaeoacremonium rubrigenum CBS 498.94 AF246802 AY579238
Phacoacremonium rubrigenum CBS 112046 AY579305 AY579239
Phaeoacremonium santali CBS 137498 KF823797 KF835403
Pha. 7 lyti CBS 113597 AF246800 AY579224
Phaeoacremonium scolyti CBS 113593 AY579293 AY579225
Phaceoacremonium scolyti CBS 112585 AY579292 AY579223
Phaeoacremonium sicilianum CBS 123034 EU863488 EU863520
Phaeoacremonium sicilianum CBS 123035 EU863489 EU863521
Phaeoacremonium sp. KMU 8592 AB986584 AB986583
Phaeoacremonium spadicum CBS 142711 KY906839 KY906838
Phaeoacremonium sphinctrophorum CBS 337.90 DQ173113 DQ173142
Phaeoacremonium sphinctrophorum CBS 694.88 DQI173114 DQ173143
Phaeoacremonium subulatum CBS 113584 AY579298 AY579231
Phacoacremonium subulatum CBS 113587 AY579299 AY579232
Phaeoacremonium tardicrescens CBS 110573 AY579300 AY579233
Phaeoacremonium tectonae MFLUCC 13-0707 KT285563 KT285555
Phaeoacremonium tectonae MFLUCC 14-1131 KT285570 KT285562
Ph ium theobr: tis CBS 111586 DQ173106 DQ173132
Ph. ium t 7 CBS 123033 EU863458 EU863490
Pha 7 le CBS 651.85 AY579320 AY579256
Phacoacremonium venezuelense CBS 110119 AY579318 AY579254
Phaeoacremonium venezuelense CBS 113595 AY579319 AY579255
Phaeoacremonium vibratile CBS 117115 DQ649063 DQ649064
Phaeoacremonium viticola CBS 113065 DQ173105 DQ173128
Phaeoacremonium viticola CBS 101737 AF246817 DQ173129
Pleurostomophora richardsiae CBS 270.33 AY579334 AY579271
Wauestneia molokaiensis CBS 114877 AY579335 AY579272

Abbreviations: CBS: CBS-KNAW Collections, Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CMM:
Culture Collection of Phytopathogenic Fungi “Prof. Maria Menezes”; CPC: Culture collection of Pedro Crous, housed at CBS;
HKUCC: The University of Hong Kong Culture Collection; ICMP: The International Collection of Microorganisms from
Plants; KMU: Kanazawa Medical University herbarium; MFLU: Mae Fah Luang University herbarium, MFLUCC: Mae Fah

Luang University Culture Collection, Chiang Rai, Thailand; PARC: Pacific Agri-Food Research Centre.
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Taxonomy

Phaeoacremonium ovale S.K. Huang, R. Jeewon & K.D. Hyde, sp. nov.
Index Fungorum number: IF554786

Facesoffungi number: FoF 04685

Fig. 2

Type. CHINA, Yunnan Province, Baoshan, stream along the roadside; saprobic on
dead wood, 21 December 2016; Huang S.K. (KUN HKAS99550, holotype; MFLU
MFLU18-1076, isotype); ex-type living culture (KUMCC 17-0145; KUMCC 18-
0018). GenBank no. (ITS: MH399732, TUB: MH395327, ACT: MH395325; ITS:
MH399733, TUB: MH395328, ACT: MH3953206)

Etymology. The name ovale refers to the oval shaped ascospores.

Description. Sexual morph: Ascomata 225-300 pm (z = 5), on wood, peri-
thecial, solitary, semi-immersed, unilocular, subglobose to globose, black, ostiolate,
with ostiolar neck erumpent through bark of host when mature. Neck 445-645 x
35-45 pm (¥ = 530 x 40 pm, 7 = 5), centrally ostiolate, contorted, lined with hya-
line periphyses. Peridium 17—-40 pm diam., membranous, composed of dark brown
to hyaline cells of textura angularis. Hamathecium composed of 2—6 pm wide, hy-
aline, septate paraphyses, slightly constricted at septa and gradually narrowed to-
wards apex. Asci 11-20 x 3—6 um (¥ = 15.5 x 5 pm, 7z = 30), 8-spored, unitunicate,
clavate, with short pedicel, apically rounded. Ascospores 3—5 x 1.5-3 pm (X = 3.5 x 2
pum, 7 = 50), bi-seriate, hyaline, oval to ellipsoid, aseptate, smooth-walled, rounded
at the ends. Asexual morph: Mycelium on culture, party superficial, composed of
septate, branched, hyaline, rarely verrucose, hyphae 1.5-3 pm diam., rarely with
adelophialides. Conidiophores usually arising from hyaline hyphae, mononematous,
unbranched, occasionally constricted at basal septum, hyaline. Phialides 8—15 x 2—4
pm (X = 9.5 x 3 pm, 7 = 20), terminal, monophialidic, elongate-ampulliform and at-
tenuated at base. Conidia 2.5-6 x 1-2.5 pm (X = 4 x 2 um, » = 30), hyaline, ellipsoid
to ovoid, aseptate.

Culture characteristics. Ascospore germinating on PDA within 1 week at 23°C,
germ tubes produced from ends. Colonies growing on PDA, reaching 2 cm diam. and
sporulating after 30 days. Colonies semi-immersed to superficial, irregular in shape,
flat, slightly raised, with undulate edge, slightly rough on surface, cottony to fairly
flufty, colony from above, greyish-brown (5F3-5, Ridgway 1912) at the margin, ini-
tially write to cream (5A1-3) in the centre, becoming dark brown (5F7-8) at the
margin, orange-white (5B1-3) at the centre; from below, initially, greyish-brown at the
margin, white at the centre, becoming dark brown at the margin, orange-white at the
centre, producing brown pigmentation in agar.
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Phacoacremonium ovale KUMCC 17 0
.IMI.N.'

minimum
Phaeoacremonium minimum CBS 100397
Phaeoacremonium tuscanicum CBS 123033
100/1.00¢ Phaeoacremonium angustius CBS 114991

“\ Phaeoacremonium viticola CBS 113065
Phaeoacremonium viticola CBS 101737

= Phaeoacremonit
37/\1 Phaeoacremonium parasiticum CBS 514.82
1001100 BS 860.73
L Phaeoacremonium parasiticum CBS 113585
ium venezuelense CBS 113595

CBS 142710
P}umm:mmomumhrydan CBS 110118
Phaeoacremonium krajdenii CBS 109479
lco/ll)or. CBS 337.90
haeoaaemomum sphmcgophomm CBS 694.88
| Phaeoacremonium sicilian 0

100/1.00) Ph

0.05

Figure I. Maximum likelihood phylogenetic tree generated from analysis of a combined TUB and ACT se-
quences dataset for 98 taxa of Togniniaceae. Pleurostoma richardsiae (CBS 270.33) and Wauestineaia molokaien-
sis (CBS 114877) are the outgroup taxa. ML support values greater than 70% (BSML, left) and Bayesian pos-
terior probabilities greater than 0.90 (BYPR, right) are indicated above the nodes. The strain numbers are noted
after the species names. Ex-type strains are indicated in bold. Isolates from this study are indicated in red.
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Figure 2. Phacoacremonium ovale (HKAS99550, holotype). a Substrate b, ¢ Ascoma on host d Squashed
neck e Ascoma in vertical section f Peridium g Asci surrounded by paraphyses h Asci i Septate paraphy-
ses j-m Asci with ascospores n Germinating ascospores. Note: Fig i stained in Congo red reagent, fig |
stained in Melzer’s reagent. Scale bars: 500 pm (c); 200 pm (d); 100 pm (e); 50 pm (f, i); 30 pm (n);
20 pm (g=h); 10 pm (j-m)
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Figure 3. Phacoacremonium ovale (HKAS99550, holotype). 0 Germinating ascospores, p 7 weeks of

culture plate (above, left/reverse, right), @ Mycelium with adelophialides r—t Branched conidiophores
u-v Conidia. Scale bars: 20 mm (p); 20 um (0); 10 um (1, t); 5 pm (q, s, U=v).
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Discussion

Phaeoacremonium is currently accommodated in the monogeneric family Togniniaceae
(Wijayawardene et al. 2018). To date, 65 species are accepted in this genus (Mostert et
al. 2006b; Gramaje et al. 2015; Marin-Felix et al. 2018; Spies et al. 2018). While most
of the species are commonly isolated as asexual morphs, some taxa have been recovered
in their sexual morph state, viz. Phaeoacremonium aquaticum (= Togninia aquatica), P
viticola (= T, viticola), P novae-zealandiae (= T. novae-zealandiae) (Hausner et al. 1992;
Mostert et al. 2006a; Hu et al. 2012).

In this study, we introduce a novel taxon of Phacoacremonium from dead wood
collected in a stream in the Yunnan Province, China and describe its sexual and asexual
morph. Examination of morphological characters reveal that our species is sufficiently
distinct from extant species to establish it as a new species. Analyses of the combined
DNA sequence dataset from partial TUB and ACT genes also support that this taxon
is a Phacoacremonium species and phylogenetically distinct from other species (Fig. 1).
The two strains of 2 ovale constitute a strongly supported independent lineage close
to other species as depicted in Clade I. Phylogeny also reveals a close relationship to
P, griseo-olivaceum, but with low support. To further support 2 ovale as a new species,
we compared nucleotide differences with other related species as recommended by
Jeewon and Hyde (2016). Comparison of the 533 nucleotides across the TUB region
reveals 43 bp (10%) differences, 256 bp of the ACT region reveals 22 bp (8.5%) dif-
ferences and 517 bp of the ITS region reveals 4 bp (1%) differences compared to 2
griseo-olivaceurn (CBS 120857). Examination of the TUB region reveals 59 bp (11%)
difference compared to P africanum (CBS 120863) while the ACT region reveals 19
bp (7%) and ITS region reveals 17 bp (3%) differences, but the latter clusters in a dif-
ferent subclade in our phylogeny and is therefore considered distinct. There are also
some morphological similarities between 2 ovale and P africanum in terms of black
ascomata with a long neck, clavate asci and small, oval to ellipsoid ascospores in sexual
morph and ellipsoid to ovoid, aseptate conidia in asexual morph (Damm et al. 2008).
Despite a morphological resemblance to 2 africanum and close relationship to 2 griseo-
olivaceum, there are other differences across these species. Phaeoacremonium ovale was
collected from an aquatic habitat and from dead wood in China whereas the former
two species were collected from Prunus spp. in South Africa (Damm et al. 2008). In
addition, conidial size of P africanum and P griseo-olivaceum are 5-12 x 1.5-2 pm
and 5-8 x 1.5-2 pm, whereas conidia of 2 ovale measure 2.5-6 x 1-2.5 pm (Damm
et al. 2008; Fig. 3). No sequence data of the TUB and ACT gene are available for 2
aquaticum and R leptorrhynchum and therefore we provide ITS sequences of our strains
and compare them with those two species. Comparison of ITS regions reveals 61 bp
(12%) differences with 2 aquaticum (IFRDCC 3035) and 11 bp (2%) differences with
P leprorrhynchum (UAMH9590). In addition, our new species is also morphologically
different from them. Phaeoacremonium ovale is morphologically different as ascospores
of P aquaticum and P, leptorrhynchum are reniform (ascospores of 2 ovale are oval/ellip-
soid) and measure 5-6 x 1-1.5 pm and 7-10 x 1-1.5 um, respectively. Phaeoacremo-
nium inconspicuum as described by Gramaje et al. (2015) also appears morphologically
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similar to 2 ovale in terms of clavate asci and hyaline, aseptate ascospores (Eriksson and
Yue 1990), but could not be included in our analyses as DNA sequences are unavail-
able. However, the ascospore shape and size of P inconspicuum is different (allantoid,
measuring 7—10 x 1.5-2 pm) (Eriksson and Yue 1990; Réblovd 2011).
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Abstract

The genus Zuber is a lineage of diverse ectomycorrhizal, hypogeous, sequestrate ascomycete fungi that
are native to temperate forests in the Northern Hemisphere. Recently, many new species of Zuber have
been described in North America and Asia, based on morphological characteristics and molecular data.
Here we describe and illustrate a new species, Tuber incognitum, based upon phylogenetic analysis and
morphological description. We also present a new record for Titber anniae in México. These two Tiber
species are distributed in the Transmexican Volcanic Belt in the states of México, Michoacdn, Guanajuato,
Querétaro and Tlaxcala at altitudes between 2,000 and 3,200 meters. These species are associated with

Pinus (1. anniae) and Quercus forests (1. incognitum).
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Introduction

Fungal species, within the genus 7uber, produce hypogeous, sequestrate ascomata, that
are more commonly known as truffles. These fungi are ectomycorrhizal (EcM) sym-
bionts of angiosperm or gymnosperm hosts, including many species of trees as well as
orchids. Plant hosts provide their EcM symbionts with carbohydrates in exchange for
greater access to water and nutrients (Wurzburger et al. 2001; Bidartondo et al. 2004;
Walker et al. 2005; Shefferson et al. 2008). The genus Ziber has been studied inten-
sively over the past century, largely due to its economic importance as an edible fungus.
Most of these efforts have been directed towards European species with economic value
(e.g. Tuber melanosporum, Tuber magnatum, Tuber aestivum), which reside in a few
clades, neglecting most of the diversity in this genus. Reference and environmental
sequences data were recently used to infer a minimum of 180-230 species of Tuber
worldwide (Bonito et al. 2010) and substantiate that most 7uber diversity resides with-
in less studied and non-economically important lineages delimitated as the Rufum,
Puberulum and Maculatum clades. In México, eighteen Ziber species are known and
have been formally described. The majority of the collections of these described species
are from northeast and central México. In this study, we propose the new species 7uber
incognitum and provide the first report of 7. anniae in México based on morphological
characteristics and phylogenetic analyses.

Materials and methods

Morphological observation

Ascomata were collected from the states of Guanajuato, México, Michoacdn, Queré-
taro, Tlaxcala and were deposited in herbaria at Oregon State University (OSC), Her-
bario Nacional de México (MEXU) and Herbario José Castillo Tovar (ITCV). Macro-
scopic characters were recorded from fresh specimens and microscopic characters were
described from both sections of fresh specimens and dried specimens mounted in 5%
potassium hydroxide (KOH) following protocols from Castellano et al. (1989).

DNA sequencing and phylogenetic analyses

DNA was extracted from ascomata of collections OSC157842 and OSC150066 us-
ing a CTAB chloroform extract protocol and ITS rDNA was amplified and sequenced
as previously described (Bonito et al. 2010). Tissue samples from collections MEXU
26504, MEXU 26541, MEXU 26218 and MEXU25995 were sent to the Canadian
Center of Barcoding (CCDB) for extraction, amplification, sequencing and barcod-
ing of the Internal Transcribed Spacers (ITS). The ITS region was amplified with
ITS1f and ITS4 primers (White et al. 1990). The sequences were edited in Geneious
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7.1 (http://www.geneious.com, Kearse et al. 2012). The distribution and ecology of
these species was complemented with soil DNA data from central and south México
through a BLASTn search against the Mexican Soil Fungi Database in Geneious 7.1.
This database includes ITS2 sequences of soil fungi (total DNA soil extractions) from
central and southern México as part of an ongoing project, which has been partially
published by Argiielles-Moyao and Garibay-Orijel (2018).

DNA sequences were manually trimmed and edited with Sequencher 4.0 (Gene
Codes Corp., Ann Arbor, Michigan). ITS sequences were queried against the NCBI
public database GenBank by use of the BLASTn algorithm to retrieve similar sequenc-
es (Altschul et al. 1990). Collated DNA sequences were aligned with MUSCLE in
Mesquite 3.04 (Maddison and Maddison 2015; Edgar 2004). Ambiguously aligned re-
gions were excluded from the alignment. Phylogenetic analyses were conducted on I'TS
rDNA alignments through the CIPRES portal (www.phylo.org, Miller et al. 2010).
Maximum Likelihood (ML) searches were conducted with RAXML v.7.2.8 using rapid
bootstrapping of 1,000 pseudoreplicates (Stamatakis 2014). Bayesian Inference (BI)
was carried out with MrBayes v3.2.6 (Ronquist and Huelsenbeck 2003). To estimate
posterior probabilities, 20,000,000 Markov chain Monte Carlo (MCMC) simulation
generations were run in two parallel searches on four chains, with trees sampled every
1,000™ generation, with the first 5,000 trees discarded as burn-in (convergence of
parallel runs). Bootstrap support, based on 1,000 iterations, was considered informa-
tive where it was > 70% and posterior probability was considered significant where it
was = 99%. Sequences, generated in this study, are available on GenBank under the
accession numbers GQ221447, KC152267, KC152256, KJ595013, KJ595014 and
MH174661 (Table 1) and in the BOLD systems database (www.barcodinglife.org).

Results

Descriptions

Tuber incognitum Pina Péez, Bonito, Guevara & Castellano, sp. nov.
MycoBank: MB 824931

BOLD systems: ECMTM112, ECMCU046.

Fig. 1a—d

Type. MEXICO, State of Querétaro, Huimilpan, San Pedro, under Quercus crassifolia
Humb. and Bonpl., Quercus spp., hypogeous, gregarious, 24 September 1996, M.A.
Castellano (Holotype: OSC 150066), GB GQ221447. State of Michoacdn, Zinapéc-
uaro, el Jaral, under Quercus polymorpha Schlrdl. and Cham., hypogeous, solitary or in
groups of two, 2380 m alt., 19°46'48"N, -100°47'24"W,, 4 September 2008, R. Gari-
bay-Orijel (Paratype: MEXU 25995), GB KJ595014. State of México, Temascaltepec,
under Quercus spp., hypogeous, solitary, 2011 m alt., 19°04'12"N, -100°01'48"W, 8
July 2009, R. Garibay-Orijel (Paratype: MEXU 26218), GB KJ595013.
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Table 1. Accession and voucher numbers of sequences generated in this paper.

Taxon GenBank Voucher Origin Reference

GQ221447 OSC 150066 Ascoma This paper

. . o ) KJ595013 MEXU 26218 Ascoma This paper

g;;‘;‘gng 1&1;1821[11:[12362. Bonito, KJ595014 MEXU 25995 Ascoma ‘This paper

MH174661 - EcM This paper

MH447961 ITCV 1695 Ascoma This paper

1. anniae W. Colgan & Trappe MH174660 OSC 157842 Ascoma This paper
1. bonitoi G. Guevara & Trappe KC152256 MEXU 26541 Ascoma Guevara et al. 2015

Tuber sp. 3 KJ152267 MEXU 26504 Ascoma This paper

Figure 1. Tuber incognitum (Holotype, OSC 150066). a Ascoma, surface and cross-section view b Peridium
in cross-section ¢ Light microscopy of spores in cross-sectional view, highlighting the spines and ornamen-
tation d Light microscopy of spores in surface view, highlighting the surface and reticulum. Scale bars:
5 mm (a), 20 pm (b), 15 pm (c, d).

Diagnosis. Tuber incognitum is distinctive in the structure of its peridium (two-
layered) and spore size (25-55 x 20—44 pm), which separates it from the rest of the
species within the Puberulum clade reported from México.

Etymology. Incognitum is Latin for unknown. The name incognitum is not de-
rived from its morphology, rather from the fact that it was overlooked for so long. The
holotype was collected in 1996 and not described until now.
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Description. Ascomata 10—15 mm broad, subglobose to slightly irregular, white
with light brown areas when dry, glabrous, with canals that continue with the veins
into the gleba. Gleba pinkish to purplish pale-brown in youth, dark brown at maturity,
marbled with white veins. Odour fruity, pleasant.

Peridium two-layered, when handled the upper layer is lost and only the inner layer
is observable under the light microscope, 350—400 pm thick, pellis 175-240 pm thick,
composed of isodiametric or angular cells, 6-15 pm broad, walls 1.75-2.0 pm thick,
yellowish hyaline in KOH. Subpellis 110-140 pm thick, composed of septate, interwo-
ven hyphae (textura intricata), 4.5-7.0 pm broad, thin walled < 1 um thick, hyaline in
KOH. Gleba composed of septate, interwoven hyphae (textura epidermoidea), 5.0-7.5
pm broad, thin walled < 1 pm thick, hyaline in KOH. Ascospores broadly ellipsoid;
excluding their alveolate-reticulate ornamentation, in 1-spored asci 45-55 x 34—44 pm
(Q =1.3), 2-spored 37—43 x 29-34 pm (Q = 1.25-1.36), 3-spored 30—42 x 26-31 pm
(Q = 1.2-1.37), 4-spored 28-33 x 24-28 um (Q = 1.09-1.25) and 5-spored 25-28
x 20-28 um (Q = 1.2-1.25), spore colour orange-yellow in KOH, the walls > 2 pm
thick; reticulum with 3-8 alveolae across the spore surface; the alveolar walls 3.5-4.0
pm tall. Asei globose, subglobose to broadly ellipsoid, pyriform, 88-100 x 70-95 um,
pedicel lacking to prominent, hyaline in KOH, hyphae around the asci prostrated or
interwoven, cylindrical, 3.5-6.0 pm broad at the septa, thin walled, hyaline in KOH.

Distribution and ecology. Only known from central and southwest México
(Querétaro, Michoacdn, State of México, Guanajuato and Hidalgo). Ascocarps always
associated with Quercus species (Q. crassifolia, Q. polymorpha). An EcM association
with Quercus has been verified (MH174661) and its DNA has been recovered only
from soil in Quercus forest in Hidalgo, México.

Additional collections examined. MEXICO, State of Guanajuato, Guana-
juato, Las Palomas, under Quercus spp., hypogeous, in groups of two, 2534 m alt,,
21°03'50"N, -101°13'23"W,, 10 October 2016, R. Peha-Ramirez ITCV 1695).

Taxonomic comments. 7iber incognitum resembles Tuber pseudoseparans in the col-
our of the peridium and the lack of dermatocystidia but differs by the size of the spores
(being smaller in 77 incognitum, 31-50 x 24-37 um vs. 1. pseudoseparans, 46-65 x 34—46
pm) and in the thickness of the peridium (being thinner in 7 pseudoseparans, by + 250
um). Zuber incognitum is similar to Tuber bonitoi in spore size and ornamentation, but dif-
fers by the presence of dermatocystidia, which are absent in 7" incognitum and the thick-
ness of the peridium, being thicker in 7" bonitoi (200-500 um). Tuber incognitum is simi-
lar to Tuber guzmanii in the peridial organisation, both species have a well differentiated
two-layered peridium but differ in the thickness (being thinner in 7. guzmanii, 100-160
pm) and spore ornamentation (alveolate reticulum, 2—4 pm tall) and the size of the spores
(being larger in 7. guzmanii, 27—68 x 30—50 pum). The collection from Guanajuato repre-
sents a young developmental stage of 7. incognitum, this collection has a thinner peridium
(130-345 pm) and smaller spores (1-spored asci 23-35 x 19-25 um, Q = 1.09 1.59;
2-spored 18-29 x 17-22 pm, Q = 1.0-1.61; 3-spored 30—42 x 26-31 um, Q = 1.11-1.2;
4-spored 23-27 x 19-25 pm, Q = 1.08-1.26). These differences represent morphological

variation within the species and its identity was confirmed with molecular data.
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Tuber anniae W. Colgan & Trappe
Fig. 2a—d

Description. Ascomata subglobose to slightly irregular, 10-12 mm broad, white,
cream, light brown when dry. Peridium thin, < 0.2 mm, smooth to velvety, irregularly
roughened, furrows with depressions continuing as canals into the gleba. Gleba solid,
brown, marbled with white veins that emerge as depressions on the peridium. Odour
and taste not recorded.

Peridium 85-140 pum thick; pellis a pseudoparenchyma, 40—-65 pm thick, cells
6-18 um broad, versiform, isodiametric, squared, rectangular or angular, hyaline
to yellowish in KOH, thick walled (> 1.0 pm), dermatocystidia absent; subpel-
lis 45-75 pm thick, of hyaline, septate, interwoven hyphae (textura epidermoidea),
4.0-5.5 um broad, thin walled, < 1 pm thick. Gleba of hyaline, interwoven, sinuous
hyphae, 5.0-7.5 pm broad, constrained at the septum, 3.0—4.5 um broad at the septa,
thin-walled (< 1.0 pm).

Ascospores subglobose; excluding their alveolate-reticulate ornamentation,
1-spored asci 40-50 x 30—46 um (Q= 1.03-1.15), 2-spored 28-38 x 26-35 um (Q =
1.05-1.13), 3-spored 26-33 x 24-30 pm (Q = 1.04-1.15), spore colour orange-yel-
lowish in KOH; walls > 2 um thick, yellow; reticulum with 5-6 aveolae across the spore
surface; the alveolar walls 3—4.5 pm tall. Asci subglobose, 84—105 x 75-85 pm, pedicel
lacking to prominent, walls with 2—3 layers, hyaline in KOH; hyphae around the asci
interwoven, 3.5-5.5 um broad at the septum, thin walled (< 1.0 pm), hyaline in KOH.

Distribution and ecology. Wang et al. (2013) reported from Europe; Colgan
and Trappe 1997; Bonito et al. (2010) reported in North America. Here, we ex-
tended the distribution to central México (State of México and Tlaxcala). In Finland,
1" anniae has been confirmed to establish association with P sylvestris L. (Wang et al.
2013). In Washington, this species has been confirmed to establish association with
Pseudotsuga menziesii (Mirbel) Franco (Bonito et al. 2010). In México, sporocarps
always collected co-occurring with Pinus leiophylla Schiede and Deppe and Abies re-
ligiosa (Kuntch) Schldl. and Cham. In México, the only environmental DNA of this
species has been recovered from soil in conifer forests in Tlaxcala associated with Pi-
nus montezumae and in State of México associated with A. religiosa (Argiielles-Moyao
and Garibay-Orijel 2018).

Collections examined. MEXICO, State of Tlaxcala, Huamantla, canada cen-
tral, La Malinche National Park, under Pinus leiophylla Schiede and Deppe and Abies
religiosa (Kunth) Schltdl. and Cham., hypogeous, solitary, 3220 m alt., 19°14'7"N,
-97°59'9"W, 23 September 2007, G.M. Bonito (OSC 157842), GB MH174660.

Taxonomic comments. 7iber anniae is similar to Tuber pacificum Trappe, Castel-
lano and Bushnell, however, the latter species has narrower, ellipsoid spores (23-15
x 16-35 pm) and a thicker peridium (250-400 pm) than the former. 7. pacificum
has also been found co-occurring with Pseudotsuga menziesii and Tsuga heterophylla
(Raf.) Sarg. along costal Oregon, while 7 anniae has been found co-occurring with
P leiophylla and A. religiosa.
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Figure 2. Tuber anniae (OSC 157842). a Ascoma, surface and cross-section view b Peridium in cross-
section ¢ Light microscopy of spores in cross-sectional view, highlighting the spines and ornamentation
d Light microscopy of spores in surface view, highlighting the surface and reticulum. Scale bars: 5 mm (a),

15 um (b, ¢, d).

Tuber anniae was first described by Colgan and Trappe (1997). The holotype (from
Washington) and the other collections reported were from the Pacific Northwest in the
US and reported co-occurring with 2 menziesii. The T. anniae complex of species has
been proposed based on phylogenetic analysis using ITS region (Wang et al. 2013).
The collection from México is very similar to the holotype collection, however, the lat-
ter has a brown to dark olive-brown peridium and its spores have thicker (up to 5 pm)
spore walls than the former. Additionally, 7 anniae, as described by Colgan and Trappe
(1997), has mostly globose spores with 10-16 alveolae across the spores. The Finnish
collections exhibit subtle morphological differences in comparison with the collections
from North America. The Finnish specimens have a smooth peridial surface, except
along the grooves and around the pits (Wang et al. 2013), while the holotype specimen
was reported to be smooth and lack dermatocystidia (Colgan and Trappe 1997). It seems
that the presence of dermatocystida only along the grooves and/or at the bottom of pits
in Tuber collections is likely the result of handling of the ascoma during processing (Dr.
D. Luoma, personal communication). Additionally, the spores from the Finnish speci-
mens have larger dimensions (27-60 x 27-56 pm; Q = (1.00) 1.05-1.20 (1.33)) than
the specimens described for 7" anniae by Colgan and Trappe from Washington (1997).



24 Carolina Pinia Piez et al. | MycoKeys 41: 17-27 (2018)
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Figure 3. Most likely tree based on maximum likelihood phylogenetic inference showing the placement
of Tuber incognitum within the Puberulum clade. Bootstrap values > 70% are labelled above nodes. Nodes
with posterior probabilities > 99% are blacked. Holotype collections are labelled. The phylogeny is rooted
with species belonging to the Maculatum clade. Scale bar corresponds to the mean number of nucleotides

substitutions per site.
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Discussion

Species in Puberulum clade can be found in North America, Europe and Asia and
some regions of North Africa and South America (Bonito et al. 2010, 2013; Jeandroz
et al. 2008; Payen et al. 2014). There are some records of species in the Puberulum
clade (e.g. Tuber rapaeodorum) that have been introduced into Australia and New
Zealand (Bonito et al. 2010). Species in this clade show a wider range of host associa-
tions than other species within the Rufum, Excavatum, Aestivum, Maculatum and
Gennadii clades (Payen et al. 2014). Species within the Puberulum clade commonly
form associations with angiosperms and conifers (Bidartondo et al. 2004; Bonito et
al. 2010). In México, twenty species of Tuber have been reported, including the two
species from this study. Eight of the twenty belong to the Puberulum clade. Both
the Maximum Likelihood and Bayesian analyses (Figure 3) show that 7. incognitum
forms a strongly supported clade (Maximum Likelihood bootstrap= 97), which in-
cludes sequences from both voucher collections and EcM root tip collections. This
clade is placed as a sister taxon of the undescribed species Tuber sp. 3 (KC152267)
also from México. This study combines sporocarp anatomy, molecular analyses and
phylogenetic analyses to support the erection of 7 incognitum as a unique species
within the Puberulum clade.

The 7" anniae species complex is recovered as a strongly supported clade. There is
an internal structure in this clade, with different branch lengths and nested subclades,
but additional markers are needed to resolve relationships within this species complex.
The Mexican specimens’ group with those from Alaska (JX094351), form a nested
clade that is closely related to a collection from Canada (EU554720). The members in
the 7 anniae species complex are closely related to 7. pacificum from Oregon, USA.
Given the relatively high ITS similarity, phylogenetic position and similar morphol-
ogy to the 7 anniae holotype collection, we have identified the Mexican collection as
1" anniae, extending its known range and southernmost distribution of this species in
North America.
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Abstract

Dentipellis tasmanica sp. nov. is described and illustrated from Tasmania, Australia based on rDNA evi-
dence and morphological characters. It is characterised by an annual growth habit; resupinate basidi-
ocarps up to 100 cm long; spines cream when fresh and cinnamon when dry, up to 3 mm long and a few
glued at tips when dry; distinct white fibrillous to cottony margin; a monomitic hyphal structure with
non-amyloid, non-dextrinoid and cyanophilous generative hyphae; the presence of gloeoplerous hyphae
and gloeocystidia which become dark blue in Melzer’s reagent; the presence of chlamydospores in the
subiculum and rough basidiospores measuring 3.5-4.5 x 2.4-3.2 pm. A molecular study based on the
combined ITS (internal transcribed spacer region) and 28S (the large nuclear ribosomal RNA subunit)
dataset supports the new species in Dentipellis. A key to species of Dentipellis sensu stricto is provided.

Keywords
hydnoid fungi; Russulales; taxonomy; wood-inhabiting fungi

Introduction

Dentipellis Donk, typified by D. fragilis (Pers.) Donk, is a hydnaceous genus in the
Russulales and is characterised by a wood-inhabiting resupinate fruiting body with soft
spines, a monomitic hyphal structure with clamp connections on the generative hyphae
and amyloid, rough basidiospores (Ginns 1986, Dai et al. 2009, Zhou and Dai 2013).
Zhou and Dai (2013) demonstrated that Dentipellis was polyphyletic and segregated

Copyright Xiao-Hong i 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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Dentipellis leptodon (Mont.) Maas Geest. and Dentipellis taiwaniana Sheng H. Wu from
Dentipellis to a new genus of Dentipellicula Y.C. Dai & L.W. Zhou based on ITS and
28S rDNA sequences. Besides, Dentipellopsis Y.C. Dai & L.W. Zhou is erected as a new
genus and characters are provided in a generic key to distinguish Dentipellicula, Denti-
pellis and Dentipellopsis that morphologically are highly similar, as well as a key to the
current species in Dentipellis (Zhou and Dai 2013). Recently, based on molecular and
morphological analyses, more new taxa were described in Dentipellis sensu lato (Zhou
and Dai 2013, Chen et al. 2015, Shen and Wang 2017, Yuan et al. 2018) and, indeed,
all Dentipellis spp. were found from the northern Hemisphere (Ginns 1986, Dai et al.
2009, Zhou and Dai 2013, Shen and Wang 2017, Yuan et al. 2018).

During a field trip to Tasmania, the island state of Australia, three wood-inhabiting
specimens with soft spines were collected and, based on the morphological characters,
they belong to Dentipellis. After phylogenetic analysis of ITS and 28S sequences and
examination of the morphology in the laboratory, they turn out to represent a new spe-
cies. This is so far the first species of Dentipellis found in the southern Hemisphere. In
this paper, we present an illustrated description and an identification key to accepted
species of Dentipellis worldwide.

Materials and methods

Morphological studies

Thin sections were studied microscopically according to Chen et al. (2016) at magni-
fications <1000x using a Nikon Eclipse 80i microscope with phase contrast illumina-
tion. Drawings were made with the aid of a drawing tube. Microscopic features, meas-
urements and drawings were made from sections stained with Cotton Blue and Melzer’s
reagent. Spores were measured from sections cut from the tubes. To present spore size
variation, the 5% of measurements excluded from each end of the range are given in
parentheses. Basidiospore apiculus lengths were not included in the measurements.
Abbreviations include:

IKI Melzer’s reagent, L mean spore length (arithmetic
IKI- negative in Melzer’s reagent, average of all spores),

IKI+ amyloid in Melzer’s reagent, N mean spore width (arithmetic
KOH 5% potassium hydroxide, average of all spores),

CB Cotton Blue, Q the L/W ratio,

CB+ cyanophilous, n number of spores measured from

CB- acyanophilous, the given number of specimens.

Colour terms follow Petersen (1996). The studied specimens are deposited in the
herbaria as cited below; herbarium abbreviations follow Thiers (2014).
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Molecular study and phylogenetic analysis

A CTAB rapid plant genome extraction kit (Aidlab Biotechnologies, Beijing) was
used to obtain PCR products from dried specimens, according to the manufacturer’s
instructions with some modifications (Wu et al. 2017). The primer pair ITS4 and
ITS5 was used for amplification of the ITS region (White et al. 1990), while the
primer pair LROR and LR7 (http://www.biology.duke.edu/fungi/mycolab/primers.
htm) was used for providing the D1-D4 regions of the 28S (https://unite.ut.ee/prim-
ers.php). The PCR procedure for I'TS was as follows: initial denaturation at 95 °C for
3 min, followed by 35 cycles at 94 °C for 40 s, 54 °C for 45 s and 72 °C for 1 min,
with a final extension of 72 °C for 10 min. The PCR procedure for 28S was as fol-
lows: initial denaturation at 94 °C for 1 min, followed by 35 cycles at 94 °C for 30 s,
50 °C for 1 min and 72 °C for 1.5 min, with a final extension of 72 °C for 10 min.
The PCR products were purified and sequenced in Beijing Genomics Institute, China
with the same primers.

New sequences, deposited in GenBank (Table 1), were aligned with additional
sequences retrieved from GenBank (Table 1) using BioEdit 7.0.5.3 (Hall 1999) and
ClustalX 1.83 (Chenna et al. 2003). Bondarzewia podocarpi Y.C. Dai & B.K. Cui and
B. occidentalis Jia J. Chen, B.K. Cui & Y.C. Dai were chosen as outgroups, consulting
Dai et al. (2010) and Zhou and Dai (2013). Prior to phylogenetic analysis, ambiguous
regions at the start and the end of the alignment were deleted and gaps were manually
adjusted to optimise the alignment. The edited alignment was deposited at TreeBase
(submission ID 22975; www.treebase.org).

The method of phylogenetic analysis followed Chen et al. (2016). Maximum
parsimony (MP) analysis was performed in PAUP* version 4.0b10 (Swofford
2002). All characters were equally weighted and gaps were treated as missing data.
Trees were inferred using the heuristic search option with tree-bisection reconnec-
tion (TBR) branch swapping and 1,000 random sequence additions. Max-trees
were set to 5,000, branches of zero length were collapsed and all parsimonious
trees were saved. Clade robustness was assessed using a bootstrap (BT) analysis
with 1,000 replicates (Felsenstein 1985). Phylogenetic trees were visualised using
Treeview (Page 19906).

MrModeltest 2.3 (Posada and Crandall 1998, Nylander 2004) was used to deter-
mine the best-fit evolution model of the combined dataset for Bayesian Inference (BI).
BI was calculated with MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) with a gen-
eral time reversible (GTR) model of DNA substitution and an invgamma distribution
rate variation across sites. Four Markov chains were performed for 2 runs from random
starting trees for 500,000 generations of the combined ITS and 28S dataset and trees
were sampled every 100 generations. The burn-in was set to discard the first 25% of
the trees. A majority rule consensus tree of all remaining trees was calculated. Nodes
that received BT support 250% and Bayesian posterior probabilities (BPP) 20.95 were
considered as significantly supported.
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Table I. Specimens and GenBank accession number of sequences used in this study.

GENBANK ACCESSION NO.
SPECIES SAMPLE NO. Locarity
ITS nLSU
Bondarzewia occidentalis DAOM F-415 Canada DQ200923 DQ234539
B. podocarpi Dai 9261 China KJ583207 KJ583221
Dentipellicula austroafricana Dai 12580 South Africa KJ855274 KJ855275
D. leptodon GB 011123 Uganda EU118625 EU118625
D, taiwani Dai 10867 China JQ349115 JQ349101
- faneanana Cui 8346 China JQ349114 1Q349100
o Cui 10063 China 1Q349106 1Q349092
Dentipellis coniferarum -
Yuan 5623 China JQ349107 JQ349093
D. dissita NH 6280 Canada AF506386 AF506386
. Dai 12550 China JQ349110 JQ349096
D. fragilis - -
Dai 9009 China 1Q349108 1Q349094
. He 20120717-5 China KR108235 KR108238
D. longiuscula -
He 20120717-7 China KR108234 KR108239
D. microspora Cui 10035 China JQ349112 JQ349098
Dai 17474 China MG020134 MG020137
D. rhizomorpha Dai 17477 China MG020135 MGO020138
Dai 17481 China MG020136 MGO020139
Dai 18737 China MH571698* MH571701*
D. tasmanica Dai 18767 China MH571699* MH571702*
Dai 18768 China MH571700* MH571703*
o Cui 8545 China KR108236 KR108240
D. tropicalis -
He 1993 China KR108237 KR108241
Dentipellopsis dacrydicola Dai 12004 China JQ349104 JQ349089
D. dacrydicola Dai 12010 China - JQ349090
Hericium abietis NH 6990 Canada AF506456 AF506456
H. alpestre NH 13240 Russia AF506457 AF506457
H. americanum DAOM F-21467 Canada AF506458 AF506458
H. coralloides NH 282 Sweden AF506459 AF506459
H. erinaceus NH 12163 Russia AF506460 AF506460
Laxitextum bicolor NH 5166 Sweden AF310102 AF310102
Pseudowrightoporia japonica Dai 7221 China FJ644289 KM107882
Wrightoporiopsis biennis Cui 8457 China KJ807066 KJ807074

*Sequences newly generated in this study; the new species is shown in bold.

Results

The combined ITS and 28S dataset included sequences from 31 fungal collections repre-
senting 22 species. The dataset had an aligned length of 1792 characters, of which 1218
characters are constant, 126 are variable and parsimony-uninformative and 448 (37%)
are parsimony-informative. MP analysis yielded 2 equally parsimonious trees (TL =
1343, CI = 0. 653, RI = 0.793, RC = 0.518, HI = 0.347). The best-fit model for the
combined ITS and 28S sequences dataset estimated and applied in the Bayesian analy-
sis: GTR+I+G, Iset nst = 6, rates = invgamma; prset statefreqpr = dirichlet (1,1,1,1). BI
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resulted in a similar topology with an average standard deviation of split frequencies =
0.006203 to MP analysis and, thus, only the MP tree was provided. Both BT values
(250%) and BPPs (20.95) are shown at the nodes (Fig. 1).

Three sampled specimens of the new species, Dentipellis tasmanica, formed a well-
supported lineage (100% MP and 1 BPPs), indicating they are phylogenetically dis-
tinct from other species (Fig. 1).

Taxonomy

Dentipellis tasmanica Y.C. Dai, G.M. Gates, X.H. Ji & P. Du, sp. now.
MycoBank: MB 827073
Figs 1, 2

Diagnosis. Differs from other Dentipellis species by its gloeoplerous hyphae and gloeo-
cystidia that become dark blue in Melzer’s reagent and the presence of chlamydospores
in subiculum.

Holotype. AUSTRALIA. Tasmania: Arve River Streamside Reserve, 43°10'S,
146°48.5'E, elev. 160 m, on fallen trunk of Nothofagus sp., 15 May 2018, Dai 18767
(M, isotype in BJFC; ITS GenBank accession number: MH571699, 28S GenBank
accession number: MH571702).

Etymology. 7asmanica (Lat.): referring to the species collected from Tasmania of
Australia.

Basidiomata. Annual, resupinate, inseparable from substratum, soft corky, with-
out odour or taste when fresh, fragile upon drying, up to 100 cm long, 40 cm wide and
3.5 mm thick at centre. Hymenophore with spines, cream when fresh and cinnamon
when dry, spines up to 3 mm long, 2-3 per mm across base, soft corky to fragile, a few
glued at tips when dry; margin distinct, white, fibrillous to cottony, up to 5 mm wide;
spines, cream, becoming fragile and clay-buff when dry, up to 3 mm long. Subiculum
very thin, soft corky, white to cream, <1 mm thick.

Hyphal structure. Hyphal system monomitic; generative hyphae with clamp con-
nections, IKI-, CB+; the colour and size unchanged in KOH.

Subiculum. Generative hyphae coloutless, thin- to slightly thick-walled, frequent-
ly branched, flexuous, interwoven, 3—4.5 pm in diam. Gloeoplerous hyphae occasion-
ally present, dark blue in Melzer’s reagent. Chlamydospores present, ellipsoid, thick-
walled, 5-5.6 x 2.8-3.3 pm.

Hymenophoral trama. Generative hyphae colourless, thin-walled, frequently
branched, straight, parallel along the spines, 2.8—4 pm in diam. Gloeocystidia abun-
dant, colourless, thin- to slightly thick-walled, clavate, contents oily and dark blue in
Melzer’s reagent, rooting deep from the trama, up to a few hundred microns long, the
cystidia-like apical part 30—45 x 5-8 pm. Oily material abundant amongst trama.

Hymenium. Cystidioles colorless, thin-walled, ventricose with elongated apical
portion, bearing some irregular crystals, 30—45 x 5-8 um; basidia clavate with four
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Dentipellis longiuscula He 20120717-7
Dentipellis longiuscula He 20120717-5
Dentipellis fragilis Dai 12550
Dentipellis fragilis Dai 9009
Dentipellis dissita NH 6280
Dentipellis tasmanica Dai 18737

100/.97 Dentipellis tasmanica Dai 18768
Dentipellis tasmanica Dai 18767
92/1 Dentipellis rhizomorpha Dai 17474
97/1L Dentipellis rhizomorpha Dai 17477
100/1| Dentipellis tropicalis Cui 8545
Dentipellis tropicalis He 1993
53/- | o611 Hericium abietis NH 6990

Hericium americanum DAOM F-21467
Hericium erinaceum NH 12163
Hericium alpestre NH 13240
Hericium coralloides NH 282

Laxitextum bicolor NH 5166

70/-
98/1

Dentipellis coniferarum Cui 10063
Dentipellis coniferarum Yuan 5623

Dentipellis microspora Cui 10035

35,971 Dentipellicula taiwaniana Dai 10867
100/1 y
100/1 [ Dentipellicula taiwaniana Cui 8346

100/1

Dentipellicula austroafricana Dai 12580

75/.99

Dentipellicula leptodon GB011123
00/1 100/1 [Dentipellopsis dacrydicola Dai 12004
Dentipellopsis dacrydicola Dai 12004
100/1 Wrightoporiopsis biennies Cui 8457
{ Pseudowrightoporia luteola Dai 7221

Bondarzewia occidentalis DAOM F-415
{ Bondarzewia podocarpi Dai 9261
10

Figure 1. Strict consensus tree illustrating the phylogenetic position of Dentipellis tasmanica, generated
by the maximum parsimony method based on ITS+28S sequence data. Branches are labelled with parsi-
mony bootstrap values 250% and Bayesian posterior probabilities 20.95. Bondarzewia podocarpi and B. oc-

cidentalis are used to root the tree. Branch lengths reflect expected changes per site as indicated by the scale.

sterigmata and a basal clamp connection, 20-26 x 3—4.5 um. Basidiospores ellipsoid,
coloruless, thin-walled, densely echinulate, IKI+, CB+, (3.4-)3.5-4.5(-4.8) x 2.4—
3.2(=3.5) pm, L =3.99 um, W = 2.92 pm, Q = 1.36-1.39 (n = 90/3).

Additional specimens examined (paratypes). AUSTRALIA. Tasmania: Arve River
Streamside Reserve, on fallen trunk of Nozhofagus sp., 15 May 2018, Dai 18768 (M, du-
plicate in BJFC; ITS GenBank accession number: MH571700, 28S GenBank accession
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Figure 2. A fresh basidiocarp of Dentipellis tasmanica (holotype). Scale bar: 1 cm.

number: MH571703); Mt Field National Park, 42°41'S, 146°42'E, elev., 180 m, on fall-
en trunk of Nothofagus sp., 14 May 2018, Dai 18737 (M, duplicate in BJFC; ITS Gen-
Bank accession number: MH571698, 28S GenBank accession number: MH571701).

Discussion

Morphologically, Dentipellis tasmanica is characterised by spines, cream when fresh;
distinct white fibrillous to cottony margin; a monomitic hyphal structure with gen-
erative hyphae bearing clamp connections; the presence of gloeoplerous hyphae and
gloeocystidia which become dark blue in Melzer’s reagent and presence of chlamydo-
spores in the subiculum. Phylogenetically, three samples of D. zasmanica formed a
distinct lineage with strong support (100 % MP, 1.0 BPPs) and are distant from other
taxa (Fig. 1). Both morphology and rDNA sequence data confirmed that D. tasmanica
is a new species in Dentipellis.

Dentipellis tasmanica was considered as Dentipellicula leptodon (Mont.) Y.C. Dai & L.W.
Zhou (Gates and Ratkowsky 2016) as having similar basidiospores (3.5—4.5 x 2.4-3.3 um
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Figure 3. Microscopic structures of Dentipellis tasmanica (holotype). a Basidiospores b Basidia and ba-
sidioles € Gloeocystidia and Cystidioles d Hyphae from trama e Hyphae from subiculum.

vs. 3.2-4 1 x 2.4-3 pm, Ginns 1986), but gloeocystidia and gloeoplerous hyphae in D.
leptodon are yellowish in Melzer’s reagent and it lacks chlamydospores in subiculum.
Phylogenetically, Dentipellis tasmanica is more closely related to D. rhizomorpha Yuan
& Y.C. Dai, D. fragilis, D. dissita and D. longiuscula (Fig.1). However, D. rhizomorpha has
denser spines (5-7 per mm vs. 2-3 per mm in D. tasmanica), lacks gloeoplerous hyphae
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and gloeocystidia. D. fragilis and D. dissita differ from D. tasmanica in having larger basidi-
ospores (5-5.8 x 4.1-4.9 pum in D. fragilis, 4.2-4.7 x 3.2-3.7 pm in D. dissita; Dai et al.
2009). D. longiuscula is distinguished from D. tasmanica by lacking gloeoplerous hyphae
and gloeocystidia and having larger basidiospores (5-6 x 3-3.6 um; Shen and Wang 2017).

Key to species of Dentipellis

1 Gloeoplerous hyphae absent .........ccouvieirieiirinciiniinccccceees 2
- Gloeoplerous hyphae present........cccoveinieiiincinicinicccceceeees 5
2 Basidiospores <5 pm long ........cccciviiiiiiiiiiiiiii, 3
- Basidiospores =5 pm long ........cccoiiiiiiiiiiiiiiiii, 4
3 Basidiospores <3.2 um long, <2.2 pm wide- .......ccccceruinnnnnnn. D. microspora
- Basidiospores >3.2 pm long, >2.2 um wide- .......ccocoevenneeee. D. rhizomorpha
4 Gloeocystidia absent .........ccocvviveeieiciininricciieecceees D. longiuscula
- Gloeocystidia Present. ..o eenirieiriereriricinieirieeeneceeeee e D. tropicalis
5 Basidiocarps becoming brown when bruised........................ D. coniferarum
- Basidiocarps unchanged when bruised..........ccccoovviiiinnniiiiie, 6
6 Gloeocystidia absent......c..coveieerienieinenieiiineceeeee e D. obhiensis
- Gloeocystidia PrESENT.....couevueuieuirierieiiiirieteteesteee et 7
7 Gloeocystidia dark blue in IKI, basidiospores <3.2 um wide... D. tasmanica
- Gloeocystidia yellowish in IKI, basidiospores >3.2 pm wide .......cccceveneeeee. 8
8 Basidiospores 5—-5.8 x 4.1-4.9 pm ......cccoovvviiiiiiiiiiiiiii D. fragilis
- Basidiospores 4.2—4.7 x 3.2-3.7 UM .....coovviiiiiiiiiccccice D. dissita
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Abstract

There are 63 known species of Thecaphora (Glomosporiaceae, Ustilaginomycotina), a third of which oc-
cur on Asteraceae. These smut fungi produce yellowish-brown to reddish-brown masses of spore balls in
specific, mostly regenerative, plant organs. A species of Zhecaphora was collected in the flower heads of An-
themis chia (Anthemideae, Asteraceae) on Rhodes Island, Greece, in 2015 and 2017, which represents the
first smut record of a smut fungus on a host plant species in this tribe. Based on its distinctive morphology,
host species and genetic divergence, this species is described as Zhecaphora anthemidis sp. nov. Molecular
barcodes of the I'TS region are provided for this and several other species of Zhecaphora. A phylogenetic
and morphological comparison to closely related species showed that 7. anthemidis differed from other
species of Thecaphora. Thecaphora anthemidis produced loose spore balls in the flower heads and peduncles
of Anthemis chia unlike other flower-infecting species.
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Introduction

Thecaphora species belong to the Glomosporiaceae (Urocystidales, Ustilaginomyco-
tina). The type species is 7h. seminis-convolvuli described from Convolvulus arvensis
(Convolvulaceae) collected in France (Desmaziers 1827). Until now, 63 species of
Thecaphora have been recognised (Vanky 2012), infecting host plant species in 16 dif-
ferent eudicot families (Vinky and Lutz 2007, Roets et al. 2008, Vinky et al. 2008,
Vinky 2012). Species of Thecaphora produce sori in flowers, fruits, seeds, stems, leaves
or roots, often in galls or pustules. The granular to powdery spore balls are yellowish-
brown to reddish-brown, but never black. The majority of Zhecaphora species produce
loose or permanent spore balls without sterile cells. An exception to this is 7. smal-
lanthi, which was reported to have large spore balls with outer spores and an internal
layer of hyaline (sterile) cells (Piepenbring 2001). Three species have single spores (not
united in spore balls), namely, 75. thlaspeos, Th. oxalidis (Vinky et al. 2008) and 75.
capensis (Roets et al. 2008).

The Asteraceae is the largest family of eudicots with an estimated number of 30,000
species (Funk et al. 2009). The Asteraceae is divided into 13 subfamilies, including
four (Asteroideae, Cichorioideae, Carduoideae and Mutisioideae) that contain about
99% of all taxa. Anthemis is a large genus in the tribe Anthemideae (subfamily Aster-
oideae), along with Coza, Gonospermum (including Lugoa), Nananthea, Tanacetum and
Tripleurospermum (Bremer and Humphries 1993, Oberprieler et al. 2009, Presti et al.
2010). Species of Anthemis are distributed in western Eurasia, including the Mediter-
ranean region, northern Africa and a small part of eastern Africa (Oberprieler 1998,
2001, Oberprieler et al. 2009, Presti et al. 2010). There are 62 species of Anthemis in
Europe. Anthemis chia belongs to the section Chiae and is a Mediterranean species
common on Rhodes Island, Greece.

About 20 species of Thecaphora infect host plant species in six tribes of the Aster-
aceae. Taxa of the tribes Astereae and Heliantheae in the subfamily Asteroideae are
often hosts of several 7hecaphora species. Some less species-rich tribes, e.g. Coreop-
sideae, Millerieae, Polymnieae and Cynareae (subfamily Carduoideae) are also hosts of
Thecaphora species. The species of Thecaphora on Asteraceae have not been studied by
molecular phylogenetic methods, in contrast to species of Zhecaphora on Caryophyl-
laceae (Vinky and Lutz 2007), Polygonaceae (Vasighzadeh et al. 2014) and Oxali-
daceae (Roets et al. 2008, 2012).

Plants of Anthemis chia with distorted flower heads containing mostly ligulate (ray)
florets and swollen peduncles were collected near Tsambika, Rhodes Island, Greece,
in 2015 and 2017. The swollen flower heads contained reddish-brown granular to
powdery spore ball masses, typical of species of 7hecaphora. The aim of this study was
to identify the fungus and to determine its taxonomic assignment based on morpho-
logical and phylogenetic analyses of the internal transcribed spacer (ITS, barcoding
locus) sequence data.
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Materials and methods

Specimens

Herbarium specimens (23) of 7hecaphora on a range of host plant species from across
Europe and North America were examined (Tables 1, 2). The ITS sequences of speci-
mens available on GenBank (19) and published in previous studies (Table 2) were
included in the phylogenetic analysis. The nomenclature of the host plant species fol-
lows Euro+Med PlantBase (http://www.emplantbase.org/home.html) and the nomen-
clature of the fungi is according to Vinky (2012).

The morphology of the spore balls and spores of one specimen (GLM-F112531)
of Thecaphora on Anthemis chia was microscopically examined at 1000x in 80% lactic
acid heated to the boiling point on a glass slide. Measurements of 30 spore balls and
100 spores were made with the Zeiss AxioVision software and micrographs were taken
with an Olympus FE-120 camera on a Seben SBX-5 compound microscope (Seben
GmbH, Berlin). The measurements are reported as maxima and minima in parenthe-
ses and the means are placed in italics.

DNA extraction, amplification and sequencing

Genomic DNA was extracted from 23 herbarium specimens of 7hecaphora (Table 1)
using the methods reported by Kruse et al. (2017). The ITS nrDNA was amplified by
PCR as reported in Kruse et al. (2018), using M-ITS1 (Stoll et al. 2003) as forward
primer and either smITS-R1 or smITS-R2 (Kruse et al. 2017) as reverse primer.
The ITS of host plants was amplified using primer pair ITSIP/ITS4 (Ridgway et
al. 2003) with an annealing temperature of 53 °C. The resulting amplicons were
sequenced at the Senckenberg Biodiversity and Climate Research Centre (BiK-F,
Senckenberg) using the ITS4 primer (White et al. 1990). Sequences were deposited
in GenBank (Table 2).

Phylogenetic analysis

In total, 42 ITS sequences from 21 Thecaphora species were used in the phylogenetic
analyses. Sequences were aligned with MAFFT v.7 (Katoh and Standley 2013) em-
ploying the G-INS-I algorithm and leading and trailing gaps were trimmed. The re-
sulting alignment length was 534 bp. The methods of phylogenetic analysis were ac-
cording to Kruse et al. (2018) using Minimum Evolution (ME), Maximum Likelihood
(ML) and Bayesian Inference (BA). Thecaphora italica and allied species were selected
as an outgroup, on the basis of the phylogeny presented by Vinky and Lutz (2007).
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Table 1. Collection records for specimens of Zhecaphora examined in this study.

Species

Host

Country

Location

Date

Collector

Herbarium
accession no.*

Thecaphora
affinis

Astragalus
ghycyphyllos

Slovenia

Lower Styria, region Savinjska,

N of Ljubno ob Savinjii, trail to
Mt. Greben Smrekovec-Komen
from Primoz pri Ljubnem,
wayside, 46°24'21"N, 14°49'54"E,
1150 m asl

14 July 2015

J. Kruse

GLM F112522

A. ghyoyphyllos

Germany

Saxony-Anhalt, SW of
Zschornewitz, forestry trail
nearby SW-shore of ,Giirke"
(Zschornewitzer Lake)

26 June 2007

H. Jage

GLM F094059

Th. anthemidis

Anthemis chia

Greece

Island Rhodes, 3.5 km NE
Archangelos, Tsambika, way up
to monastery, northeastslope,

36°14'03"N, 28°09'19"E, 90 m asl

26 April 2017

V. Kummer

GLM F112531

Th. haumanii

Iresine diffusa

Costa Rica

Prov. Guanacaste, 6 km N'W de la
barrada de la Laguna de Arenal

1 April 1992

R. Berndt, M.
Piepenbring

M 0236177

Th. leptideum

Chenopodium
album

France

Lotharingia, Forbach,
Kreuzberg Mt.

Aug.-Oct.
1912/1913

A. Ludwig

M 0230099

Th. molluginis

Mollugo
cerviana

Romania

Bratovesti, Oltenia

15 July 1963

K. Lug. Eliart

M 0236178

M. cerviana

Romania

Oltenia, Timburesti

19 Sept. 1958

L. Pop

M 0236180

Th. oxalidis

Oxalis stricta

Austria

Upper Austria, Braunau at Inn,
Hagenau Inncounty, Hagenauer
Street, wayside, 48°16'24"N,
13°06'03"E, 340 m asl

18 Aug. 2014

J. Kruse

GLM F112523

O. stricta

Germany

Bavaria, Upper Franconia,
Fichtelmountains, Fichtelberg,
Sandgrubenway, cemetery,
605 m asl

17 Sept. 2012

J. Kruse

GLM F112524

O. stricta

Germany

Saxony-Anhalt, county Anhalt-
Bitterfeld, Bitterfeld-Wolfen,
Miihlstreet, allotment garden area
,Kiihler Grund*, 51°37'23"N,
12°20'08"E

13 July 2014

J. Kruse &
H. Jage

GLM F112525

Th. pustulata

Bidens pilosa

Puerto
Rico, USA

Mayagiiez

13 Mar. 1920

H. H. Whetzel,
E. W. Olive

CUP PR000458

Th. seminis-
convolvuli

Convolvulus
arvensis

Germany

Saxony, Middlesaxony, Freiberg,
Halsbriicker Street, roadside,
50°55'31"N, 13°20'56"E, 400

m asl

11 Aug. 2017

J. Kruse

GLM F112527

C. arvensis

Germany

Hesse, c. 8.5 km SE Eschwege,
Weiflenborn, Sandhéfe, path,
51°07'35"N, 10°07'25"E, 250
m asl

22 July 2017

J. Kruse

GLM F112528

C. arvensis

Germany

Saxony-Anhalt, SSE Seeben, at
Franzosenstein, Wayside

26 Aug. 2002

H. Jage

GLM F065278

Calystegia
sepium

Germany

Mecklenburg-Western Pomerania,
county Vorpommern-Riigen,

1,5 km NE of Barth, Gléwitz, rest
area, 54°22'15"N, 12°45'38"E,

0 m asl

24 Aug. 2014

J. Kruse

GLM F112526

C. sepium

Germany

North Rhine-Westphalia, county
Steinfurt, Rheine, castle grounds
Bentlage, between parking area
and Gradierwerk, 52°17'49"N,
07°25'11"E, 35 m asl

14 July 2017

J. Kruse

GLM F112529
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Herbarium

Species Host Country Location Date Collector . «
accession no.

Schleswig-Holstein, county
Schleswig-Flensburg, Schaalby, W
C. sepium Germany | of Winningmay, parking area at 30 Aug. 2014 J. Kruse GLM F112530
,Reesholm®, wayside, 54°31'44"N,
09°37'53"E, 2 m asl

Tyrol, district Kufstein, county
Walchsee, Kaiserwinkel, track from
hickinghut towards Niederkaseralm,
over Hintere Abendpoit, eastslope
Mt. Hochkopfl, 47°41'25"N,
12°19'37"E, 1300 m asl

Bavaria, Chiemgauer Alps,

county Rosenheim, Priener

Hut, track 8,20, way up towards
Kampenwand, alpine meadow,
47°42'29"N, 12°19'27"E,

1570 m asl

Bavaria, Chiemgauer Alps, county
Traunstein, Priener Hut, track

Th. thlaspeos  |A. ciliata Germany |8,20 towards Priener Hut, alpine 19 July 2014 J. Kruse GLM F112537
meadow, 47°42'07"N, 12°20'36"E,
1310 m asl

Hesse, Meifinerfoothills, Werra-
Meif$ner-county, Groffalmerode,
A. hirsuta Germany |S of Weiflenbach, “Biihlchen”, 13 June 2015 J. Kruse GLM F112532
calcareous grassland, 51°14'55"N,
09°51'08"E, 500 m asl

Bavaria, county Donau-Ries,

A. hirsuta Germany |Harburg, N of Ronheim, dry 20 June 2013 J. Kruse GLM F112534
grassland, 435 m asl

Th. seminis-
convolvuli

Arabis ciliata | Austria 21 July 2014 J. Kruse GLM F112533

A. ciliata Germany 18 July 2014 J. Kruse GLM F112536

Bavaria, Upper Bavaria, county
Weilheim, N of Pihl, E at
Hartschimmelhof, N ,,Goaslweide®,
wayside, 720 m asl

A. hirsuta Germany 20 July 2013 J. Kruse GLM F112535

* Acronyms: GLM = Herbarium Senckenbergianum, Gérlitz, Germany; CUP = Plant Pathology Herbarium, Cornell
University, New York, USA; M = Botanische Staatssammlung, Munich, Germany.

Host plant species determination was verified by comparison with published sequences
from Asteraceae deposited in GenBank (https://www.ncbi.nlm.nih.gov/genbank/) us-
ing BLASTN (Altschul et al. 1997).

Results

Molecular phylogenetic reconstruction

The ML and BA trees yielded consistent topologies with the ME tree (Fig. 1). The
Thecaphora sp. on Anthemis chia, together with three Asteracious species (7h. pustulata,
1h. hennenea and Th. spilanthis) and Th. solani from Solanum lycopersicum (Solanaceae),
formed a sister clade to the species on other host plant families with strong to intermedi-
ate bootstrap support (83% in ME, 93% in ML). The Thecaphora sp. on Anthemis chia
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Table 2. Specimens and GenBank sequences used for phylogenetic analyses. Sequences generated in this

study are shown in bold.

Thecaphora species Host Herl:.oarmm , ITS G?nBank Reference
accession no. accession no.
GLM F112522 MH399748 thi
Th. affinis Astragalus glycyphyllos S paper
GLM F094059 MH399749 this paper
Th. alsinearum Stellaria holostea HUV 10535 EF200032 Vinky and Lutz 2007
Th. amaranthi Amaranthus hybridus HUV 20727 EF200013 Vénky and Lutz 2007
Th. anthemidis Anthemis chia GLM F112531 MH399758 this paper
Sa-EM1* KP994420 Cazé al. 2016
Th. frezii Arachis hypogaea : on et
Cba-GD2* KP994419 Cazén et al. 2016
Th. haumanii Iresine diffusa M 0236177 MH399764 this paper
Th. hennenea Melampodium divaricatum HUV 14434 EF200014 Vinky and Lutz 2007
HUV 20345 EF200026 Vinky and Lutz 2007
Th. italica Silene italica
HUV 20344 EF200025 Vinky and Lutz 2007
Th. leptideum Chenopodium album M 0230099 MH399756 this paper
Th. melandrii Silene alba HUV 12677 EF200024 Vinky and Lutz 2007
M 0236178 MH399762 hi
Th. molluginis Mollugo cerviana T paper
M 0236180 MH399763 this paper
GLM F112524 MH399759 this paper
Th. oxalidis Oxals stricta GLM F112523 MH399760 this paper
GLM F112525 MH399761 this paper
Kummer P 1146/3* KF640685 Kummer et al. 2014
Th. oxytropis Oxytropis pilosa
Kummer P 1146/2* KF640684 Kummer et al. 2014
Th. pustulata Bidens pilosa CUP PR000458 MH399757 this paper
1h. saponariae Saponaria officinalis TUB 012796 EF200022 Vinky and Lutz 2007
BASU 4242 JX006079 Vasighzadeh et al. 2014
Th. schwarzmaniana | Rheum ribes
KRAM F-49788 KF297811 Vasighzadeh et al. 2014
GLM F112529 MH399742 this paper
Calystegia sepium GLM F112526 MH399743 this paper
. onvoloud GLM F112530 MH399744 this paper
GLM F112527 MH399745 this paper
Convolvulus arvensis GLM F112528 MH399746 this paper
GLM F065278 MH399747 this paper
Th. solani Solanum lycopersicum HUV 11180 EF200037 Vinky and Lutz 2007
S. Wang 1991* KJ579177 Piatek et al. unpublished
Th. sp. Rheum palmatum Y. Wang 2013* KJ579176 Piatek et al. unpublished
HUV 21117 KF297812 Vasighzadeh et al. 2014
Th. spilanthis Acmella sp. AFTOL 1913 DQ832243 Matheny et al. 2006
GLM F112532 MH399752 this paper
TUB 015857 KJ579178 Vasighzadeh et al. 2014
Arabis hirsuta
GLM F112534 MH399750 this paper
Th. thlaspeos GLM F112535 MH399751 this paper
GLM F112537 MH399753 this paper
Arabis ciliata GLM F112533 MH399754 this paper
GLM F112536 MH399755 this paper

! Acronyms: AFTOL = Assembling the Fungal Tree Of Life, http://aftol.org; BASU: Herbarium of Bu-Ali Sina University, Iran;
CUP = Plant Pathology Herbarium, Cornell University, New York, USA; GLM = Herbarium Senckenbergianum, Gérlitz, Ger-
many; HUV = Herbarium Ustilaginales Vénky, deposited in BRIP = Queensland Plant Pathology Herbarium, Brisbane, Aus-
tralia; KRAM F = Mycological Collection of the W. Szafer Institute of Botany, Polish Academy of Sciences, Krakéw, Poland;
M = Botanische Staatssammlung, Munich, Germany; TUB = Herbarium Tubingense, Eberhard-Karls-Universitit Tiibingen,
Germany; * not deposited in any public herbaria.
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Thecaphora seminis-convolvuli ex Calystegia sepium MH399742

Th. seminis-convolvuli ex Calystegia sepium MH399744
100/99/-| Th. seminis-convolvuli ex Calystegia sepium MH399743

Th. seminis-convolvuli ex Convolvulus arvensis MH399745

Th. seminis-convolvuli ex Convolvulus arvensis MH399746

90/79/1
Th. seminis-convolvuli ex Convolvulus arvensis MH399747
97/100/098 —_| -
Th. affinis ex Astragalus glycyphyllos MH399748
94/89/1— Th. affinis ex Astragalus glycyphyllos MH399749
7
88/9 /02?)/_7 Th. oxytropis ex Oxytropis pilosa KF640685
Th. oxytropis ex Oxytropis pilosa KF640684
92/-/- ~ Th. sp. ex Rheum palmatum KF297812
96/61/091\ Th. sp. ex Rheum palmatum KJ579176
Th. sp. ex Rheum palmatum KJ579177

99/88/067 Th. schwarzmaniana ex Rheum ribes KF297811

98/99/1 7y schwarzmaniana ex Rheum ribes JX006079

Th. thlaspeos ex Arabis hirsuta MH399750
Th. thlaspeos ex Arabis hirsuta MH399751
Th. thlaspeos ex Arabis hirsuta MH399752
Th. thlaspeos ex Arabis hirsuta KJ579178
Th. thlaspeos ex Arabis ciliata MH399753
98/69/1 Th. thlaspeos ex Arabis ciliata MH399754
Th. thlaspeos ex Arabis ciliata MH399755

' 100/100/

83/93/075 Th. leptideum ex Chenopodium album MH399756*
Th. amaranthi ex Amaranthus hybridus EF200013

Th. solani ex Solanum lycopersicum EF200037

99/97/1 Th. anthemidis sp. nov. ex Anthemis chia MH399758* E
o 59/59/0 % — Th. pustulata ex Bidens pilosa MH399757* g
| 92/96/1_1|: Th. spilanthis ex Acmella sp. DQ832243 A
Sl Th. hennenea ex Melampodium divaricatum EF200014 8
86/67/09 Th. oxalidis ex Oxalis stricta MH399761 ®
100/100/1' Th. oxalidis ex Oxalis stricta MH399760
Th. oxalidis ex Oxalis stricta MH399759
100/100/ | Th. frezii ex Arachis hypogaea KP994419
I Th. frezii ex Arachis hypogaea KP994420
Th. alsinearum ex Stellaria holostea EF200032
Th. melandrii ex Silene alba EF200024
72/97/099 \100/95/099 Th. saponariae ex Saponaria officinalis EF200022
100/10021 Th. molluginis ex Mollugo cerviana MH399763
Th. molluginis ex Mollugo cerviana MH399762
98/1007 Th. haumanii ex Iresine diffusa MH399764
100/1004 | Th. italica ex Silene italica EF200025*
I Th. italica ex Silene italica EF200026*
—

0.02

Figure 1. Phylogenetic tree of Zhecaphora species based on ME analysis of the ITS locus. Numbers on
branches denote support in ME, ML and BA, respectively. Values below 50% are denoted by . The bar
indicates the number of substitutions per site. Ex-type sequences are highlighted with an asterisk.
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was sister to the other Asteracious species with low bootstrap support (59% in ME,
59% in ML), but high Bayesian posterior probability (96%). The Zhecaphora species
on Fabaceae were polyphyletic, with 7h. frezii on Arachis hypogaea sister to Th. oxalidis
on Oxalis stricta (Oxalidaceae). Thecaphora frezii was distant to a monophyletic lineage
on Oxytropis pilosa and Astragalus glycyphyllos, which was sister to 7h. seminis-convolvuli,
the type of the genus. All specimens of 7h. seminis-convolvuli collected on Calystegia
sepium and Convolvulus arvensis (Convolvulaceae) had identical ITS sequences, as was
the case with Zhecaphora thlaspeos on Arabis hirsuta and A. ciliata (Brassicaceae). Within
the clade of mostly Caryophyllaceae-infecting species, two species of Zhecaphora in-
fected other families of the Caryophyllales, namely 75. molluginis on Mollugo cerviana
(Molluginaceae) and 7h. haumanii on Iresine diffusa (Amaranthaceae).

Taxonomy

Thecaphora anthemidis J. Kruse, V. Kumm. & Thines, sp. nov.
MycoBank: MB827067
Figure 2A-H

Type. GREECE, Rhodes Island, 3.5 km NE Archangelos, Tsambika, on path to monas-
tery, northeast slope, 36°14'03"N, 28°09'19"E, 90 m a.s.1, on Anthemis chia, 26 Apr. 2017,
V. Kummer. Holotype GLM-F112531, isotype Herbarium V. Kummer P 1971/chia4;
ITS sequence GenBank MH399758.

Etymology. From the host plant genus Anthemis.

Description. Sori in swollen and distorted flower heads and peduncles; spore ball
mass initially white, later reddish-brown, granular to powdery; spore balls subglobose
to ellipsoidal, rarely ovoid, mostly regular in shape, (31-) 36-41-47 (-52) x (28-)
31-38-44 (-50) pum, length/width ratio 0.9-1.7-1.2 (n=30), under light microscopy
yellowish-brown to pale yellowish-brown, composed of 2-10 (~12) loosely united
spores that separate easily; spores ellipsoidal, subglobose, ovoid or cuneiform, (18-)
20-21-23 (=25) x (14-) 17-18-20 (-23) um, length/width ratio of 1.1-1.2-1.4
(n=100), with flattened contact surfaces and rounded exposed surfaces; wall at contact
surface up to 0.5 pm thick, wall at free surface up to 3 pm thick, densely verrucose with
warts 0.5—1 pum high, often confluent and sometimes irregular.

Host range. Anthemis chia.

Distribution. Greece.

Notes. Thecaphora anthemidis has sori in the flower heads and the peduncles, which
differentiates it from the following species that produce pustules, galls or swellings on
the stems of Asteraceae: 7h. ambrosiae, Th. denticulata, Th. heliopsidis, Th. hennenea, Th.
melampodii, Th. mexicana, Th. neomexicana, Th. piluliformis, Th. polymniae, Th. pulcher-
rima, Th. pustulata, Th. smallanthi and Th. spilanthis. Four of the seven previously known
species of Zhecaphora that infect the flower heads of Asteraceae, namely 7. arnicae, Th.
burkartii, Th. californica and Th. cuneata have firmly united spores that only separate after
considerable pressure, which differentiate them from 75. anthemidis that has loose spore
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Figure 2. Sori, spore balls and spores of Thecaphora anthemidis on Anthemis chia (GLM-F112531) (A-H),
A habit B—C swollen flower heads and peduncles D dissected flower head with reddish granular powdery

spore ball mass E young spore balls F mature spore balls G—=H single spores. Scale bars: 10 pm.

balls. Further, 75. arnicae (spore balls comprised of up to 25 spores), 7h. californica (6-20
spores) and 7. solidaginis (8 to 50 or more spores) have larger spore balls with larger
numbers of spores than 7h. anthemidis. The spores of 7h. cuneata are radially arranged
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within the spore balls and 7h. burkartii has spores with an outer wall 5-9 pm thick,
which is more than three times thicker than in 7h. anthemidis. Thecaphora lagenophorae
and 7h. trailii are morphologically most similar to 75. anthemidis. Thecaphora lagenopho-
rae is only known to infect Solenogyne gunnii (tribe Astereae) in Australia (Vinky 2012).
Thecaphora trailii infects species of Carduus, Cirsium and Saussurea (Asteraceae, tribe Cy-
nareae, Carduoideae) (Vinky 2012) and further differs from 74. anthemidis by having
smaller spore balls (12-30 um) and fewer spores (2—8) per spore ball.

Discussion

The present study is the first to identify a species of Zhecaphora on a host plant species in
the tribe Anthemideae (Asteraceae) (see Vanky 2012). Thecaphora anthemidis was recovered
in a monophyletic group of 7hecaphora species on Asteraceae, sister to Zhecaphora solani on
Solanum lycopersicum (Solanaceae). Our phylogenetic hypothesis, based on the I'TS region,
was similar to the analyses of the LSU locus of these taxa in Vinky and Lutz (2007) and
Roets et al. (2008). In the latter study, Zhecaphora polymniae, which is known only from
the type collection on Polymnia riparia (Polymnieae, Asteroideae, Asteraceae) from South
America (Vénky 2012), clustered within a clade of taxa that infect Fabaceae, Caryophyl-
laceae and Amaranthaceae (Roets et al. 2008). Zhecaphora polymniae has spores with a
reticulate ornamentation and this may be evidence of a host jump from one of these plant
families to Asteraceae. Host jumps have been reported before in the Ustilaginomycotina
(e.g. Begerow et al. 2002, Piatek et al. 2017) and are thought to be a driver of plant patho-
gen diversification (Choi and Thines 2015).

Previously, only two I'TS sequences of Zhecaphora species infecting Asteraceae (75.
spilanthis and Th. hennenea) were available on GenBank, which together with the new
sequences reported in this study, represents only 20% of all 7hecaphora species known
to occur on Asteraceae. In addition to the sequence of 7h. anthemidis, we have pro-
vided barcode sequences of the I'TS region for eight other taxa not previously available
on GenBank (Table I). Future studies should address whether species of 7hecaphora
that infect the flower heads of Asteraceae form a monophyletic group.
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Abstract

Two new rust species, Ravenelia piepenbringiae and R. hernandezii (Pucciniales) on Senegalia spp. (Fa-
baceae) are described from the Neotropics (Panama, Costa Rica). A key to the species on neotropical
Senegalia spp. is provided. Molecular phylogenetic analyses based on 28S rDNA sequence data suggest
that the representatives of Senegalia rusts distributed in the neotropics evolved independently from species
known from South Africa. This is further supported by the teliospore morphology, which is characterised
by uniseriate cysts in the neotropical Senegalia rusts and contrasting multiseriate cysts in the paleotropic

Ravenelia species that infect this host genus.

Keywords
Senegalia rust, rust fungi, Phylogeny, Taxonomy

Introduction

With more than 200 described species, the genus Ravenelia is amongst the most speci-
ose genera within the rust fungi (Pucciniales) (Cummins and Hiratsuka 2003). In the
tropics and subtropics, members of this genus parasitise a diverse range of hosts of the
legume family (Fabaceae), including Caesalpinioideae, Faboideae and Mimosoideae.
Numerous species of Ravenelia are known from the neotropics, mostly from Mexico
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(Cummins 1978), Brazil (Dianese et al. 1993, Rezende and Dianese 2001; Hennen et
al. 2005) and Argentina (Herndndez and Hennen 2002).

However, in the neotropics, occurrence of Ravenelia species is poorly known in oth-
er countries such as Panama and Costa Rica. Preliminary checklists of abundant fungi
in Central America report only a single species of Ravenelia in Panama (R. entadae) (Pie-
penbring 2006) and 18 species of Ravenelia in Costa Rica, respectively (Berndt 2004).

Specimens of a rust fungus on Senegalia hayesii (Benth.) Britton and Rose were
collected in Panama in 2013. Another species of Ravenelia was discovered through the
analysis of herbarium specimens of the U.S. National Fungal Collections (BPI) on Sezn-
egalia tenuifolia (L.) Britton and Rose. On the basis of morphological and molecular
data, these two specimens were herein analysed and described respectively as Ravenelia
piepenbringiae and R. hernandezii.

Material and methods

Light- and electron microscopic investigations

Spores representing different spore stages were scraped from the leaf surfaces of dried
herbarium specimens and stained in lactophenol solution on microscope slides. For the
analysis of soral structures, hand sections were prepared under a stereomicroscope. Sam-
ples were microscopically studied with a Zeiss Axioplan Light Microscope and Zeiss Axi-
oCam. Cellular structures were measured using ZEN 2 (Blue Edition) Software. Infected
leaflets of the herbarium specimens were mounted on double-sided sticky carbon tape
on metal stubs and coated with gold in a Sputtercoater BAL-TEC SCD OSO (Capovani
Brothers Inc, USA). Superficial ornamentation of spores was investigated using a ZEISS
Sigma VP scanning electron microscope at the Ruhr-University Bochum, Germany.

DNA extraction and PCR

Genomic DNA extractions were carried out using the INNUPrep Plant DNA Kit
(Analytic Jena, Germany) according to the manufacturer’s protocol. Spores were milled
in a Retsch Schwingmiihle MM2000 (F. Kurt Retsch GmbH &Co KG, Haan, Germa-
ny), using two steel beads and liquid nitrogen in three consecutive cycles. An amount
of 40 ml of lysis buffer was added to loosen spore remnants by vortexing from the Ep-
pendorf tube lid, followed by centrifuging in a final cycle. Polymerase chain reaction
(PCR) of 28S rDNA was conducted using the Tag-DNA-Polymerase Mix (PeqLab,
Erlangen, Germany). To compensate for small amounts of spores applied for DNA
extractions up to Sml of genomic DNA extraction were used as the template in 25 ml
reactions. Primer pair LROR (Moncalvo et al. 1995) and LR6 (Vilgalys and Heester
1990) were used to obtain sequences of the 28S rDNA, with thermal cycling condi-
tions set at 96 °C (3 min) followed by 40 cycles of 30 sec at 95 °C, 40 sec at 49 °C
and 1 min at 72 °C, with a final extension for 7 min at 72 °C. PCR products, which
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Table 1. Specimens analysed in this study, including GenBank Accession Numbers. Published references are
given for sequences obtained from GenBank. f: BPI (U.S. National Fungus Collections, USA); $: KR (Staatli-
ches Museum fiir Naturkunde Karlsruhe, Germany); $: PREM (Plant Protection Research Institute, South Afri-
ca); |: Z+ZT (Universicit Ziirich, Switzerland and Eidgendssische Technische Hochschule Ziirich, Switzerland);
¢: BRIP (Department of Agriculture and Fisheries, Australia); #: PMA (Universidad de Panamd, Panama).

. - LSU
Voucher Species Substrate Reference Origin GenBank
BPI841185F Ravenelia cohniana Henn. Sencgalia praccox fGnesebA) Selgler 'This work Caamarca Prov1nce, MG954487
& Ebinger Argentina
Ravenelia echinata var.
Calliandra formosa (Kunth) Schollerand ~ Tucuman Province, .
BPI841034+ ectypa (Arthur & Holw.) Benth. Aime, 2006 Argentina DQ323925
Cummins
KR-M-0043650%  Ravenelia escharoides Syd. Senegalia burkei (B.enth.) Kyal. & "This work Mpuma.lanAga, South MG954480
Boatwright Africa
KR-M-0043651%  Ravenelia escharoides Syd. Sencgalia burkei (Eenth.) Kyal. & This work  Limpopo, South Africa  MG954481
Boatwright
KR-M-0043652%  Ravenelia escharoides Syd. Sencgalia btgf:;ifi;:th') Kyl & This work  Limpopo, South Africa  MG954482
PREMG61223$ Ravenelia evansii Syd. Vachellia sieberiana (Burte Davy) ‘This work KwaZulu—Natal, South MG945988
Kyal. & Boatwr. Africa
PREMG61228$ Ravenelia evansii Syd. Vachellia sicberiana (Burte Davy) This work KW&ZUIH—N_MQL South MG945989
Kyal. & Boatwr. Africa
PREMG61855% Ravenelia halsei Doidge Senegalia amxamnt/ﬂ-a DO Kyal. This work MpumalarTga, South MG954484
& Boatwright Africa
R lia b Enterolob contortisili . Tucuman Province, .
Z+ZT RB5788| Arthur (Vell.) Morong Aime, 2006 Argentina DQ354557
R lia hernandezii Se li ifolia (L.) Britton . .
BPI1872308+ Ebinghaus & Begerow & Rose This work ~ Guanacaste, Costa Rica  MG954488
Ravenelia macowaniana Vachellia karroo (Hayne) Banfi R Limpopo Province,
PREM61222§ Pazschke & Galasso This work South Africa MG946007
Ravenelia macowaniana Vachellia karroo (Hayne) Banfi . Eastern Cape Province, .
PREM61210§ Pazschke & Galasso This work South Africa MG946004
Ravenelia macowaniana Vachellia karroo (Hayne) Banfi . North-West Province,
PREM61221$ Pazschke & Galasso This work South Africa MG946005
Ravenelia macrocarpa Syd.  Senna subulata (Griseb.) H.S. Scholler and X "
BPI841195+ & Syd. Trwin & Barneby Aime 2006 Argentina DQ323926
BRIPSG908§ Ravenelia neomlfedomemz: Vachellia farnesiana (L.) Wight ~ McTaggart et Kununurra, Australia  KJ862348*
Huguenin & Arn. al. 2015
Ravenelia neocaledoniensis ~ Vachellia farnesiana (L.) Wight ~ McTaggartet  Northern Territory, n
BRIP569079 Huguenin & Arn. al. 2015 Australia KJ862347
Ravenelia pienaarii Senegalia caffra (Thunb.) RJ.H. X .
KR-M-0045114% Doidge Hurter & Mabb. This work  Gauteng, South Africa  MG954483
Ravenelia pienaarii Senegalia caffra (Thunb.) PJ.H. . KwaZulu-Natal, South
PREMG61892$ Doidge Hurter & Mabb. This work Afiica MG954482
MP5157 (PMA)# Rﬂi{em’/zd piepenbringiac  Senegalia hayesii (Benth.) Britton This work Chiriqui Province, MG954489
Ebinghaus & Begerow & Rose Panama
. . . McTaggart et Northern Territory, "
BRIP56904¢ Ravenelia sp. Cassia sp. Mill. 22015 Australia KJ862349
li / S li llifera (Vahl) Seibler North-West Province,
P 1 J Thi k 44
REM618588 Doidge & Ebinger s wor South Africa MGI54485
li e S li llifera (Vahl) Seibler North-West Province,
if .
PREM61893$ Doidge & Ebinger This work South Afiica MG954486
Endoraecium auriculiforme o . McTaggart et Northern Territory, .
BRIP56539¢ McTaggar & Shivas Acacia difficilis Maiden ol 2015 Australia KJ862398
Endoraecium tierneyi i
BRIP270719 (Walker & Shivas) Acacia harpophylla EMuell. ex McTaggart et Queensland, Australia ~ KJ862335*
K Benth. al. 2015
Scholler & Aime
Endoraecium tropicum  Acacia tropica (Maiden & Blakely) McTaggartet  Northern Territory, .
BRIP565579 McTaggart & Shivas Tindale al. 2015 Australia KJ862337
Endoraecium violae- o i McTaggartet  Northern Territory, .
BRIP56545¢ faustiae Bernde Acacia difficilis Maiden o 2015 Australia KJ862344
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showed only weak bands on agarose gels, were purified with Zymo Research DNA
Clean & Concentrator-5 Kit (ZymoResearch Corp., Irvine, USA), according to the
manufacturer’s protocol. The remaining PCR products were purified using Sephadex
G-50 columns (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). Sequencing
was carried out in both directions using the same primers as in PCR at the sequencing
service of the Faculty of Chemistry and Biochemistry of the Ruhr-University Bochum,
Germany and by GATC (GATC Biotech, Konstanz, Germany)

Phylogenetic analyses

Sequences were screened against the NCBI Genbank using the BLAST algorithm to
check for erroneously amplified contaminations and were afterwards edited manually
using Sequencher 5.0 software (Gene Codes Corp., Michigan, USA). In total, 26 se-
quences were included (Table 1) to construct an alignment of the 28S rDNA-sequence
data using MAFFT v6.832b (Katoh and Standley 2013). Maximum likelihood (ML)
analyses were performed with RxML 8.0.26 (Stamatakis 2014) using RAxXML GUI v.
1.31 (Silvestro and Michalak 2012) based on the General Time Reversible model of
nucleotide substitution plus gamma distribution (GTR+G; Rodriguez et al. 1990) and
1000 generations. Four representative species of Endoraecium (K]862335, KJ862298,
KJ862337, KJ862344) were set as multiple outgroups. Maximum Parsimony (MP)
analyses were carried out using MEGAG (Tamura et al. 2013) using the heuristic search
option with tree bisection-reconnection (TBR) branch swapping algorithm with 10
initial trees using random step-wise addition. The reliability of topology was tested us-
ing the bootstrap method with 1000 replicates.

Results

Phylogenetic analyses

The alignment of the 28S rDNA sequence data consisted of 26 sequences representing
18 taxa and had a total length of 1015 nucleotides with 305 variable characters, 250
parsimony-informative sites and 55 singletons. The tree topologies of MP and ML
analyses were identical and thus only the ML tree is shown. A clade, comprising rusts
on neotropical Senegalia species, i.e. R. cohniana, R. hernandezii sp. nov. and R. piepen-
bringiae sp. nov., displays a robustly supported sister-group (MLBS/MPBS = 99/100)
to two neotropically distributed rusts which infect non-Senegalia hosts (i.e. R. echi-
nata var. ectypa on Calliandra formosa, DQ323925 and R. havanensis on Enterolobium
contortisiliguum DQ354557) (Scholler and Aime 2006, Aime 2006). A second clade,
based on sequences obtained from Ravenelia species on Senegalia spp. with paleotropi-
cal origin, appeared only distantly related to the former species cluster (MLBS/MPBS
=100/99) (Figure 1).
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R. escharoides ex S. burkei MG954481
100/100 | R. escharoides ex S. burkei MG954482
R. escharoides ex S. burkei MG954480

100/00| R-transvaalensis ex S. melifera MG954486 | ex Senegalia Paleotropis

R. transvaalensis ex S. mellifera MG954485
1 00r100] R Pienaarii ex S. caffra MG954483
83/84 | [ R. pienaarii ex S. caffra MGO54482
R. macrocarpa ex Senna subulata DQ323926
&‘_;'7— R. halsei ex S. ataxacantha MG954484
99/92 Ravenelia sp. Cassia sp. KJ862349

81/96 R. cohniana ex S. praecox MG954487
99/100 R. ex S. hayesii ex Senegalia

100/93 R ii ex S. tenuifolia MG954488 Neotropis

100/96

100/99

100589 [—//— R. echinata var. ectypa ex Calliandra formosa DQ323925

100/-

R. is ex i isilic DQ354557

R. macowaniana ex V. karroo MG946007

R. macowaniana ex V. karroo MG946004

R. macowaniana ex V. karroo MG946005

R. evansii ex V. sieberiana MG945989
86/98

R. evansii_ex V. sieberiana var. woodii MG945988
1001100 R. neocaledoniensis ex V. farnesiana KJ862347

R. neocaledoniensis ex V. farnesiana KJ862348

i iculiforme ex Acacia auriculiformis KJ862298
4‘1; Endoraecium tropicum ex Acacia tropica KJ862337
100100 ium violae-faustiae ex Acacia diffiilis KJ862344

Endoraecium tierneyi ex Acacia harpophylla KJ862335

0.02

Figure |. Maximum likelihood reconstruction of Ravenelia spp. based on 28S rDNA sequence data.
Bootstrap values are shown above branches based on 1000 replicates (MLBS and MPBS, respectively),
values below 75 are not shown. Names of species collected on neotropical Senegalia hosts including
R. piepenbringiae and R. hernandezii are highlighted (bold, red box). For paleotropically distributed

species of Senegalia rusts, see black box.

Taxonomy

Ravenelia piepenbringiae Ebinghaus & Begerow, sp. nov. on Senegalia hayesii

(Benth.) Britton & Rose (Mimosoideae, Leguminosae)
Mycobank: MB 824297
Fig. 2

Type. Panama, Chiriqui Province, Dolega District, Los Algarrobos, Casa de la Ale-
mana, Bosquecito, approx. 150 m a.s.l., 8°29'45.31"N, 82°25'56.24"W on Senegalia
hayesii (Benth.) Britton and Rose, 17 February 2013, coll. M. Piepenbring MP 5157
[holotype: s.n. (PMA), isotypes: KR-M-0043654 (KR). M-0141345 (M)]

Etymology. Named after M. Piepenbring, who discovered the rust fungus in her
garden and provided the specimens.
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Figure 2. Ravenelia piepenbringiae. A'Telia in chlorotic spots associated with infection of Senegalia hayesii

B, C sori showing uredinio- and teliospores and teliospores, respectively D SEM image of a telium E SEM
view of a teliospore F, I LM images of teliospores G SEM image of urediniospores showing equatorially
arranged germ pores H drawings of urediniospores. Scale bars: 3 mm (A); 0.1 mm (B); 0.2 mm (C);
40 mm(D); 10 mm (E); 20 mm(F); 5 mm(G); 10 mm(H); 20 mm(l).

Spermogonia and aecia not seen. Uredinia hypophyllous, single or in irregular
groups, light brown, often associated with necrotic spots that are also evident on the
adaxial surface, 0.1-0.8 mm in diameter, aparaphysate, subepidermal, covered by the
epidermis when young, later erumpent. Urediniospores obovoidal, ellipsoidal or slightly
curved, often limoniform with an acuminate apex, ochraceous brown, (18)21-25(29) x
12-15(20) mm; spore wall laterally 1-1.5 mm thick, apically and basally often slightly
thickened, distinctly verrucose to echinulate; aculei 1.0-1.5 mm high, distances between
aculei about 2 mm, germ pores 47, in equatorial position. Telia replacing uredinia or
developing independently from uredinia, chestnut to dark brown, sometimes conflu-
ent. Teliospores roundish to broadly ellipsoidal to oblong in planar view, hemispherical
in lateral view, with 4-6 probasidial cells across, single-layered, each teliospore formed
by 9-13 probasidial cells, (44)58-73(78) mm in diameter, single probasidial cells
(19)22-26(31) x (11)17-22(28) mm; cell wall thickened at the surface of the teliospore
(epispore), 2—4(5) mm thick, often with a thin and hyaline outer layer, each probasidial
cell with 7-11 rod-shaped, straight spines that are (1)2-3(4.5) mm long; cysts at the
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basis of the teliospores, uniseriate and in the same position and number as the peripheral
probasidial cells, globose, hyaline, swelling in water, slightly swelling in lactophenol.

Further specimens. Type locality, 22 January 2014, M. Piepenbring 5203 [M-
0141344 (M), s.n. (UCH)]. Type locality, 12 January 2017, M. Piepenbring & I. D.
Quiroz Gonzidlez 5333 (UCH, s.n.).

Ravenelia hernandezii Ebinghaus & Begerow, sp. nov. on Senegalia tenuifolia (L.)

Britton and Rose (Mimosoideae, Leguminosae)
Mycobank: MB 824298

Fig. 3

Type. Costa Rica, Guanacaste, Area de Conservacién Guanacaste, Sendero Bosque
himedo (10°50.702'N, 85°36.450'W) on Senegalia tenuifolia (L.) Britton and Rose,
coll. J.R. Hernandez, 1. December 2003. Holotype: BPI 872308 (BPI).

b 7 o Wit
Figure 3. Ravenelia hernandezii. A Infected leaflets of S. renuifolia B Mixed sori containing urediniospores
and teliospores € Teliospore seen in LM D telium seen by SEM E Adaxial view of a teliospore by LM,
with arrows indicating the uniseriate cysts F SEM view of spinescent teliospores G LM view of the upper
surface H drawing of a urediniospore. Scale Bars: 0.5 mm (A); 0.1 mm (B); 20 mm (C-G); 10 mm (H).
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Etymology. Named after J.R. Herndndez who collected the type specimen.

Spermogonia and aecia not seen. Uredinia hypophyllous, minute, single or in small
and often loose groups, ochraceous to light brown, 0.1-0.3 mm in diameter, apara-
physate, subepidermal, erumpent and surrounded by torn epidermis; urediniospores
obovoidal, ellipsoidal, often reniform or slightly curved, ochraceous brown, often with
an attached fragment of the pedicel, (17)18-21(24) x (8)9-10(12) mm; spore wall
thin, laterally (0.5)1-1.5 mm thick, apically and basally slightly thickened, distinctly
echinulate; aculei approximately 1.0-1.5 mm high, germ pores 5-6, in equatorial posi-
tion. Telia replacing uredinia, chestnut- to dark brown. Teliospores (59)67-75(96) mm,
roundish or broadly ellipsoidal to oblong in planar view, hemispherical in lateral view,
5—6 probasidial cells across, single-layered, central cells often arranged in two rows of
3 or 4 cells, each cell (19)22-25(39) x (11)17-22(28) mm, cell wall thickened at the
apex, (2.5)3.0—-4.5(6.0) mm thick, often with a thin and hyaline outer layer, probasidial
cells each with 3-5 rod-shaped straight spines (1)3—4(6) mm long; cysts on the abaxial
side of the teliospores, uniseriate and in same position and number as the peripheral
probasidial cells, globose, hyaline, swelling in water, slight swelling in lactophenol.

Discussion

A total of 10 species of Ravenelia have been described to date from the neotropics para-
sitising Senegalia trees: R. cohniana Hennings on S. praecox (Griseb.) Seigler & Ebinger,
R. idonea Jackson & Holway, R. lata Hennen & Cummins on S. glomerosa (Benth.) Brit-
ton & Rose, R. monosticha Speg. on S. bonariensis (Gillies ex Hook. & Arn.) Seigler &
Ebinger, R. pringlei Cummins on S. greggii (A. Gray) Britton & Rose, R. rata Jackson &
Holway on S. pedicellata (Benth.) Seigler & Ebinger, R. roemerianae Long on S. roemeri-
ana (Scheele) Britton & Rose, R. scopulata Cummins & Baxter on S. greggii (A. Gray)
Britton & Rose, R. stevensii Arthur on S. riparia (Kunth) Britton & Rose ex Britton
& Killip and R. versatilis (Peck) Dietel on S. anisophylla (Watson) Britton & Rose. No
species of Ravenelia has been reported to affect Senegalia hayesii or S. tenuifolia. Most of
these species known to parasitise Senegalia spp. are distinguished from species identified
in this study by abundant paraphyses in the uredinia, except for Ravenelia rata which
also lacks paraphyses in the uredinia. However, this species differs from R. piepenbrin-
giae and R. hernandezii by abundant tuberculate teliospore ornamentations 2—3pm in
length and by formation of only 2—4 cysts per teliospore. Both newly described species
exhibit longer tuberculate spines and bear 6-8 cysts per teliospore. Ravenelia cohniana
is the only species that resembles various teliospore and urediniospore characteristics
of R. piepenbringiae and R. hernandezii (see Table 2). The teliospores of R. hernandezii,
however, are larger in size than those of the latter two species (Table 2). In contrast to
the teliospores, urediniospores of R. hernandezii tend to be smaller and more slender,
while they mostly lack the characteristic acuminate apex present in urediniospores of R.
piepenbringiae (Table 2; compare Figures 1H and 2H). Herndndez and Hennen (2002)
considered R. concinna Syd. on S. riparia (Kunth) Britton & Rose ex Britton & Killip
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and S. glomerosa, R. distans Arthur & Holway on an unidentified mimosoid host and R.
lindquistii Hennen & Cummins on Senegalia praecox as synonyms of R. cohniana due to
a nearly identical morphology. However, given the likewise close morphological resem-
blance in R. piepenbringiae, R. hernandezii and R. cohniana, despite being phylogenetic
entities, this assumption needs revision by molecular phylogenetic means.

The resemblance of teliospore characters in R. cobniana and the species identified
in the present study suggests a close relationship which is supported by the phylo-
genetic reconstructions. These neotropical rusts on Senegalia further appear to have
evolved independently from those Senegalia rusts that have a paleotropic origin (Fig. 1,
Table 1). The phylogenetic distinction of both lineages is also mirrored by a morpho-
logical feature: the arrangement of teliosporic cysts is uniseriate in the analysed neo-
tropic species but multiseriate in all investigated paleotropic Senegalia rusts (Table 2).

Key to species of Ravenelia infecting neotropical Senegalia trees

1 Teliospores <64 mm; urediniospores with equatorially arranged germ pores.....2
- Teliospores >64 mm; urediniospores with bizonate or equatorially arranged

GEITIL POTES 1ottt en s 4
2 Paraphyses present in uredinia ........coceveerveeeeinieinieeninieeneeereeseeeeeeeees 3
- Paraphyses absent in uredinia........c.covueerieerineinieenniccecnccee R. rata
3 Teliospores with <6 verrucae per cell; on S. riparia...................... R. stevensii
- Teliospores with 6-20 spines per cell; on S. glomerosa......................... R. lata
4 Urediniospores with 6-8 bizonate germ pores; teliospores verrucose or

SIIIOOTIL 1. 5
- Urediniospores if present with equatorially arranged germ pores; teliospor-

esspinescent or verrucose; teliospore cysts uniseriate.........cceevevverveerrenuenencns 8
5 TelioSpores SMOOTH «....c.cveuiuirieiiieicict e 6
- TelioSPOIES VEITUCOSE ..evveveriiniiiriiieiieiieteteteet ettt 7
6 On S. anisophylla; urediniospores 12—-14 x 19-24 mm............... R. versatilis
- On S. greggii; urediniospores 13—18 x 26-32 mm.........c.c......... R. scopulata
7 With intrasoral paraphyses; on S. roemeriana....................... R. roemerianae
- ON 8. GFOGEIT ot R. pringlei
8 Paraphyses present; teliospores verrucose; on S. bonariensis .... R. monosticha
- Paraphyses absent; teliospores SpINESCEnt.....c.uvveuerieueirieeirieieiriciniercieieeenes 9
9 Teliospores with 7—11 spines per cell; urediniospores often limoniform; on

Se PAYESIT . R. piepenbringiae
- Teliospores with 3-5 spines per cell; urediniospores obovoidal to

ellipsoidal,sometimes limoniform ........c.coccceveenncrinciiniiiincncccees 10
10 Teliospores 59-96 mm in diameter; urediniospores <13mm in width;

urediniospore wall laterally 1-1.5 mm; on S. tenuifolia......... R. hernandezii

- Teliospores 39—75 mm in diameter; urediniospores 11-19 mm in width;
urediniospore wall laterally 1.5-2.5 mm; on S. praecox ............. R. cobniana
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Abstract

Lagarobasidium is a small genus of wood-decaying basidiomycetes in the order Hymenochaetales. Mo-
lecular phylogenetic analyses have either supported Lagarobasidium as a distinct taxon or indicated that
it should be subsumed under Xylodon, a genus that covers the majority of species formerly placed in Hy-
phodontia. We used sequences from the ITS and nuclear LSU regions to infer the phylogenetic position of
the type species L. detriticum. Analyses confirm Lagarobasidium as a synonym of Xylodon. Molecular and
morphological information show that the traditional concept of L. detriticum covers at least two species,
Xylodon detriticus from Europe and X. pruinosus with known distribution in Europe and North America.
Three species currently placed in Lagarobasidium are transterred to Xylodon, viz. X. magnificus, X. pumilius
and X. rickii. Three new Xylodon species are described and illustrated, X. ussuriensis and X. crystalliger from
East Asia and X. attenuatus from the Pacific Northwest America. The identity of X. nongravis, described
from Sri Lanka, is discussed.
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Introduction

The genus Lagarobasidium was introduced by Jiilich (1974) for three corticioid species,
L. cymosum (D.PRogers & H.S.Jacks.) Jilich, L. nikolajevae (Parmasto) Jiilich and L.
pruinosum (Bres.) Jiilich (the generic type). These species possess prominent, thin- or
slightly thick-walled cystidia, suburniform tetrasporic basidia and thick-walled basidi-
ospores. Eriksson and Ryvarden (1976) concluded that L. pruinosum is a later syno-
nym of Peniophora detritica Bourdot (Bourdot 1910), which prompted Jiilich (1979) to
move P detritica to Lagarobasidium. At present, L. detriticum is accepted in a wide sense,
with Hyphodontia magnacystidiata Lindsey & Gilb., H. nikolajevae Parmasto and Od-
ontia pruinosa Bres. as synonyms (http://www.mycobank.org [accessed 07 May 2018]).

Controversies over the taxonomic position of Peniophora detritica emerged during the
last decades. In modern morphology-based systems, it was first attributed to Hyphodon-
tia . Erikss., mainly due to hyphal characters and the shape of basidia (Eriksson 1958,
Langer 1994). A second solution was introduced by Eriksson and Ryvarden (1976) who
stressed the shape of cystidia and the thick-walled cyanophilous basidiospores and placed
the species in Hypochnicium. The third option and the one chosen by Jiilich (1974), was to
place P detritica in a genus of its own (Jiilich 1974, 1979, Hjortstam and Ryvarden 2009).

Larsson et al. (2006) used the nrLSU and 5.8S genes for a phylogenetic analysis of
Hymenochaetales and recovered Peniophora detritica nested in a fairly well-supported
clade that also included several species usually classified in Hyphodontia. This result
supported the original opinion on relationships introduced by Eriksson (1958) but
also showed that Hyphodontia sensu Eriksson was polyphyletic. The clade with Peni-
ophora detritica. recovered by Larsson et al. (20006), was later identified as Xylodon, type
species X. guercinus, a genus that now covers the majority of species earlier referred
to Hyphodontia (Hjortstam and Ryvarden 2009). On the other hand, Duefas et al.
(2009) studied sequences from the ITS region and concluded that molecular infor-
mation supported recognition of the separate genus Lagarobasidium. These same I'TS
sequences have been used by several subsequent researchers, who therefore maintained
Lagarobasidium separate from Hyphodontia sensu lato (Yurchenko and Wu 2014,
Riebesehl et al. 2015, Chen et al. 2016, Chen et al. 2017, Kan et al. 2017, Riebesehl
and Langer 2017, Yurchenko et al. 2017, Chen et al. 2018).

In the present study, we revise the Lagarobasidium detriticum complex based on
morphological and molecular methods. We propose to consider Lagarobasidium as a
later synonym of Xylodon and to restore Odontia pruinosa as an independent species.
In addition, we describe three new Xylodon species and make five new combinations.

Materials and methods

Morphological methods

Type material and specimens from herbaria H, S, O, GB, BPI, TAAM and BAFC were
studied. Herbarium abbreviations are given according to Index Herbariorum (Thiers).
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Microscopic methods are described in Miettinen et al. (2006). All measurements were
made in Cotton Blue (CB, Merck 1275) with phase contrast illumination (1250x). The
following abbreviations are used in microscopic descriptions: L — mean spore length; W —
mean spore width; Q — mean L/W ratio; n — number of spores (hyphae, basidia) measured
per number of specimens. We excluded 5% of measurements from each end of the range
representing variation of basidiospores and cystidia. Excluded extreme values are given in
parentheses when they differ substantially from the lower or higher 95% percentile.

DNA extraction and sequencing

For DNA extraction we used either the standard CTAB protocol (Griffith and Shaw
1998) or DNeasy Plant Mini kit (Qiagen, Hilden, Germany). Primers ITS1F (Gardes
and Bruns 1993), ITS4 (White et al. 1990) and LR21 (Hopple and Vilgalys 1999)
were used to amplify the internal transcribed spacers 1 and 2 and the 5.8S gene. LROR,
LR5 (Moncalvo et al. 2002) and LR7 (Hopple and Vilgalys 1999) were used to amplify
28S large ribosomal subunit. Polymerase chain reaction (PCR) products were purified
with the Cleanup Standard kit (Evrogen Ltd, Moscow, Russia) or QIAquick PCR pu-
rification kit (Qiagen, Hilden, Germany). Sequencing reactions were performed either
by the Evrogen company (Moscow, Russia) following the BigDye terminator protocol
(ABI Prism) on an Applied Biosystems 3730 xI automatic sequencer (Applied Biosys-
tems, CA, USA) with primers ITS1F and ITS4 or with an external service provided by
Macrogen (South Korea) using primers ITS1, ITS4, CTB6 (http://plantbio.berkeley.
edu/-bruns/), LR5 and LR3R (Hopple and Vilgalys 1999).

Phylogenetic analyses

DNA sequences were edited in Geneious (Biomatters Ltd, Auckland, New Zealand) or
in Sequencher 5.2.4 (Gene Codes Co., Ann Arbor, MI, USA) and deposited in Gen-
Bank (Table 1). We compiled two sequence datasets. The first one contains full ITS
sequences from 83 specimens. The second dataset includes ITS and nLSU sequences
from 24 specimens and is a subset of the taxa in the ITS-only dataset. In both datasets,
Hastodontia hastata (Litsch.) Hjortstam & Ryvarden (Hymenochaetales) was included
as outgroup (Larsson et al. 2006). We generated 13 I'TS and 6 nLSU sequences for this
study; other sequences used in the analyses were downloaded from GenBank (Benson et
al. 2018) or UNITE (Koljalg etal. 2013) (Table 1). Alignments were calculated through
MAFFT 7.407 online server (https://mafft.cbrc.jp/alignment/server/) using the L-INS-
I strategy (Katoh et al. 2017) and then manually adjusted. The alignments are deposited
in TreeBASE (http://purl.org/phylo/treebase/phylows/study/TB2:523057).

We inferred phylogenetic trees with maximum likelihood (ML), maximum parsi-
mony (MP) and Bayesian Inference (BI) but provide only the last one since all trees
show congruity of the phylogenetic signal. Substitution models were determined with
the aid of TOPALI 2.5 (Milne et al. 2008) based on Bayesian information criterion
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Table I. Specimens and GenBank and UNITE accession numbers for DNA sequences used in this study.

Species Specimen voucher GenBank | GenBank Reference
or UNITE | or UNITE
accession accession
numbers for | numbers for
ITS LSU
Hastodontia hastata (Litsch.) Hjortstam & Larsson 14646 MHG638232 | MH638232 this study
Ryvarden
Lyomyces allantosporus Riebesehl, Yurchenko | FR-0249548, Holotype | KY800397 | KY795963 | Yurchenko et al. (2017)
& E. Langer
Lyomyces crustosus (Pers.) P. Karst. Larsson 11731 DQ873614 | DQ873614 | Larsson et al. (2006)
Lyomyces erastii (Saaren. & Kotir.) Hjortstam MA-Fungi 34,336 JX857800 Yurchenko et al. (2017)
& Ryvarden
Lyomyces griseliniae (G. Cunn.) Riebesehl & Larsson 12971 DQ873651 Larsson et al. (2006)
E. Langer
Lyomyces mascarensis Riebesehl, Yurchenko & KAS-GFE14833, KY800399 | KY795964 | Yurchenko etal. (2017)
E. Langer Holotype
Lyomyces microfasciculatus (Yurchenko & TNM F24757, JN129976 Yurchenko and Wu
Sheng H. Wu) Riebesehl & E. Langer Holotype (2014)
Lyomyces organensis Yurchenko & Riebesehl MSK7247, Holotype KY800403 | KY795967 | Yurchenko et al. (2017)
Lyomyces orientalis Riebesehl, Yurchenko & KAS-GEL3400 DQ340326 | DQ340353 | Yurchenko et al. (2017)
E. Langer
Lyomyces pruni (Lasch) Riebesehl & E. Langer Ryberg 021018 DQ873624 | DQ873625 | Larsson et al. (2006)
Lyomyces sambuci (Pers.) P. Karst. KAS-GEL2414 KY800398 Yurchenko et al. (2017)
KAS-JR7 KY800402 | KY795966 | Yurchenko etal. (2017)
Lyomyces vietnamensis (Yurchenko & Sheng TNM F973, Holotype | JX175044 Yurchenko and Wu
H. W) Riebeschl & E. Langer (2014)
Palifer verecundus (G. Cunn.) Stalpers & PK. Larsson 12261 DQ873642 Larsson et al. (2006)
Buchanan
Xylodon apacheriensis (Gilb. & Cantf.) Canfield 180, Holotype | KY081800 Riebesehl and Langer
Hjortstam & Ryvarden (2017)
Xylodon asperus (Fr.) Hjortstam & Ryvarden H6013167 UDB031926 Unpublished
KG Nilsson s. n. DQ873606 | DQ873607 | Larsson et al. (2006)
UC2023169 KP814365 Riebesehl and Langer
2017)
Xylodon astrocystidiarus (Yurchenko & Sheng Wu 9211-71 JN129972 | JN129973 Yurchenko and Wu
H. Wu) Riebesehl, Yurchenko & E. Langer (2014)
Xylodon attenuatus Spirin & Viner Spirin 8775, Holotype | MH324476 this study
Xylodon borealis (Kotir. & Saaren.) Hjortstam Spirin 9416 MH317760 | MH638259 this study
& Ryvarden TU115575 UDB016473 Unpublished
UC2022850 KP814307 Riebesehl and Langer
2017)
KUN2352 MH307753 | MHG638263 this study
TU115495 UDB016350 Unpublished
TU124171 UDB028164 Unpublished
Xylodon bubalinus (Min Wang, Yuan Y. Chen Cui 12887 KY290982 Wang and Chen (2017)
& B.K. Cui) C.C. Chen & Sheng H. Wu
Xylodon chinensis (C.C. Chen & Sheng H. Wu 1307-42 KX857802 Chen etal. (2017)
Wu) C.C. Chen & Sheng H. Wu Wu 1407-105, KX857804 Chen et al. (2017)
Holotype
Xylodon crystalliger Viner KUN2312, Holotype | MH324477 this study
Xylodon detriticus (Bourdot) Viner & Spirin Zibarovi 30.10.17 MH320793 | MHG651372 this study
Zibarové 26.05.17 MH320794 | MHG638264 this study
Xylodon flaviporus (Berk. & M.A. Curtis ex ICMP13836 AF145585 Paulus et al. (2000)
Cooke) Riebesehl & E. Langer
Xylodon hastifer (Hjortstam & Ryvarden) Ryvarden 19767, KY081801 Riebesehl and Langer
Hjortstam & Ryvarden Holotype (2017)
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Species Specimen voucher GenBank | GenBank Reference
or UNITE | or UNITE
accession accession
numbers for | numbers for
ITS LSU
Xylodon heterocystidiarus (H.X. Xiong, Y.C. Wu 9209-27 JX175045 Yurchenko and Wu
Dai & Sheng H. Wu) Riebesehl, Yurchenko (2014)
& E. Langer
Xylodon lenis Hjortstam & Ryvarden ‘Wu 0808-32 JX175043 | KX857820 Yurchenko and Wu
(2014)
Wu 890714-3, KY081802 Riebesehl and Langer
Holotype (2017)
Xylodon mollissimus (L.W. Zhou) C.C. Chen LWZ20160318-3, KY007517 Kan et al. (2017)
& Sheng H. Wu Holotype
Xylodon nespori (Bres.) Hjortstam & Ryvarden| B Nordén 030915 DQ873622 Larsson et al. (2006)
GEL3158 DQ340310 | DQ340346 | Riebesehl and Langer
(2017)
GEL3290 DQ340309 Unpublished
GEL3302 DQ340308 Unpublished
GEL3309 DQ340307 | DQ340345 |  Yurchenko and Wu
(2014)
Xylodon niemelaei (Sheng H. Wu) Hjortstam GC 1508-146 KX857798 Chen et al. (2017)
& Ryvarden GEL4998 EU583422 | DQ340348 | Riebesehl and Langer
(2017)
Wu 1010-62 KX857799 Chen etal. (2017)
Xylodon nongravis (Lloyd) Spirin & Viner CHWC1506-2 KX857800 Chen et al. (2017)
Dai 11686 KT989968 Chen et al. (2017)
GCl1412-22 KX857801 Chen et al. (2017)
Spirin 5763 MH324469 | MH656724 this study
Xylodon nothofagi (G. Cunn.) Hjortstam & PDD:91630 GQ411524 Fukami et al. (2010)
Ryvarden
Xylodon ovisporus (Corner) Riebeschl & E. ICMP13837 AF145587 Paulus et al. (2000)
Langer KUC2013072529 | KJ668513 | KJ668365 | Jangetal. (2016)
Wu 0809-76 KX857803 Chen etal. (2017)
Xylodon paradoxus (Schrad.) Chevall. FCUG 1517 AF145572 Paulus et al. (2000)
FCUG 2425 AF145571 Paulus et al. (2000)
Miettinen 7978 FN907912 | FN907912 | Miettinen and Larsson
(2011)
Xylodon pruinosus (Bres.) Spirin & Viner Larsson 14653 UDB024816 Unpublished
Spirin 2877 MH332700 this study
UC2023108 KP814412 Rosenthal et al. (2017)
Xylodon pseudotropicus (C.L. Zhao, B.K. Cui & | Dai 10768, Holotype KF917543 Zhao et al. (2014)
Y.C. Dai) Riebesehl, Yurchenko & E. Langer
Xylodon quercinus (Pers.) Gray Kotiranta 27060 MH320792 this study
Larsson 11076 KT361633 | AY586678 | Ariyawansa etal. (2015)
Miettinen 15050,1 KT361632 Ariyawansa et al. (2015)
Spirin 8565 MH316007 this study
Spirin 8840 MH320791 this study
Xylodon raduloides (Pers.) Riebesehl & E. Dai 12631 KT203307 | KT203328 | Moncalvo et al. (2002)
Langer ICMP13833 AF145580 Paulus et al. (2000)
Xylodon ramicida Spirin & Miettinen Spirin 7664, Holotype | KT361634 Ariyawansa et al. (2015)
Xylodon reticulatus (C.C. Chen & Sheng H. GC 1512-1 KX857808 Chen et al. (2017)
W) C.C. Chen & Sheng H. Wu Wu 1109-178, KX857805 Chen etal. (2017)
Holotype
Xylodon rhizomorphus (C.L. Zhao, B.K. Cui Dai 12354 KF917544 Zhao et al. (2014)

& Y.C. Dai) Riebesehl, Yurchenko & E.
Langer
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Species Specimen voucher GenBank | GenBank Reference
or UNITE | or UNITE
accession accession
numbers for | numbers for
ITS LSU
Xylodon rimosissimus (Peck) Hjortstam & CFMR:DLL2011-081 | KJ140600 Brazee et al. (2014)
Ryvarden Ryberg 021031 DQ873627 | DQ873628 | Larsson et al. (2006)
UC2022842 KP814311 Rosenthal et al. (2017)
UC2023109 KP814414 Rosenthal et al. (2017)
UC2023147 KP814193 Rosenthal et al. (2017)
UC2023148 KP814194 Rosenthal et al. (2017)
Xylodon spathulatus (Schrad.) Kuntze GEL2690 KY081803 Riebesehl and Langer
(2017)
Larsson 7085 KY081804 Riebesehl and Langer
(2017)
Xylodon subtropicus (C.C. Chen & Sheng H. Wu 1508-2 KX857806 Chen etal. (2017)
Wu) C.C. Chen & Sheng H. Wu Wu 9806-105, KX857807 Chen et al. (2017)
Holotype
Xyloclon ussuriensis Viner KUN1989, Holotype | MH324468 this study

(BIC). GTR + G (nst = 6, rates = gamma) were the best-fit models for the whole ITS
region in the ITS dataset as well as in the ITS + nrLSU dataset. SYM + G (nst = 6, rates
= gamma, statefreqpr = fixed(equal)) was the best-fit model for the nrLSU region in the
ITS + nrLSU dataset. The suggested models were implemented in the Bayesian phylo-
genetic analyses. We performed Bayesian inference with MrBayes 3.2 (Ronquist et al.
2012). In the analyses, three parallel runs with four chains each, temp = 0.2, were run
for 3 million generations. All chains converged to <0.01 average standard deviation of
split frequencies. A burn-in of 25% was used in the final analyses.

Maximum-likelihood (ML) analysis was performed in RAXML 7.2.8 (Stamatakis
20006) implemented in Geneious. Following models suggested by TOPALI 2.5, we pre-
ferred to use the GTR model with gamma correction (GTRGAMMA) in ML analysis
for both datasets. The bootstrapping was performed using the ‘Rapid bootstrapping’
algorithm with the number of bootstrap replicates set as 1000.

Maximum parsimony (MP) analysis was performed using MEGA 7 (Kumar et al.
2016). We used the Subtree-Pruning-Regrafting (SPR) algorithm using all sites. The
number of bootstrap replicates was set as 1000.

Specimens examined (sequenced specimens are marked by an asterisk)

Xylodon attenuatus. USA. Washington: Clallam Co., La Push, Pseudotsuga menziesii, 8
Oct 2014, Spirin 8286a (H), Sol Duc, Tsuga heterophylla, 6 Oct 2014, Spirin 8133 (H);
Jefferson Co., Hoh River, Acer macrophyllum, 20 Oct 2014, Spirin 8775* (H, holotype),
Tsuga heterophylla, 20 Oct 2014, Spirin 8779 (H); Pend Oreille Co., Gypsy Meadows, Pi-
cea engelmannii, 17 Oct 2014, Spirin 8694* (H). Canada. British Columbia: Fraser-Fort
George Reg. Dist., Mt. Robson Provincial Park, Picea sp., 25 Jul 2015, Spirin 8900a (H).

X borealis. Russia. Nizhny Novgorod Reg.: Lukoyanov Dist., Panzelka, Quercus
robur (very rotten log), 17 Aug 2015, Spirin 9416* (H).



Additions to the taxonomy of Lagarobasidium and Xylodon... 71

X brevisetus. Russia. Moscow: Losiny Ostrov Nat. Park, log of Pinus sylvestris, 1
Oct 2016, A.Nechaev KUN2352* (H).

X crystalliger. Russia. Primorie: Khasan Dist., Kedrovaya Pad Nat. Res., on angio-
sperm wood, 25 Jul 2016, I.Viner KUN 2312* (H, holotype); ibidem 29 Jul 2017,
EBortnicov, KUN 3347 (H).

X. detriticus. Czech Republic. Karlovarsky kraj: Sokolov, Antonin mine spoil, on
Phragmites australis, 26 May 2017, L.Zibarovd (H*); Liberecky kraj: Liberec, Uhelnd,
on Calamagrostis epigejos, 30 Oct 2017, L.Zibarova (H*). France. Auvergne: Allier, St.
Priest, on fern, 1 Sep 1909, H.Bourdot 7226 (S F204453, lectotype of Peniophora de-
tritica). Italy. Lazio: Circeo Nat. Park, on Pinus pinea bark, 23 Oct 1984, K.H.Larsson
5496 (GB); ibidem, on fallen leaves, 24 Oct 1984, K.H.Larsson 5622 (GB); ibidem,
on ferns, 24 Oct 1984, K.H.Larsson 5627 (GB).

X magnificus. Argentina. Tierra del Fuego: Ushuaia, Estancia Moat, on Drimys
winteri, 21 Mar 1998, A.Greslebin 1387 (GB, paratype duplicate).

X nongravis. Russia. Khabarovsk Reg.: Khabarovsk Dist., Ulun, on Salix schweri-
nii, 25 Aug 2012, V.Spirin 5615 (H); ibidem, on Corylus mandshurica, 28 Aug 2012,
V.Spirin 5763* (H); Primorie Reg.: Krasnoarmeiskii Dist., Melnichnoe, on Corylus
mandshurica, 21-23 Aug 2013, V.Spirin 6218, 6260, 6281 (H). Sri Lanka. Peradeniya,
on rotten branch, T.Petch (BPI US0305211, holotype of Polyporus nongravis).

X pruinosus. Estonia. Ida-Virumaa: Kohtla-Jirve, Parnassaare, on Betula pubescens, 1
Oct 1958, E.Parmasto (TAAM, holotype of Hyphodontia nikolajevae). Finland. Helsinki:
Verdjamiki, on Salix caprea, 4 Sep 2011, O.Miettinen 14651.4 (H). Germany. Nordrhein-
Westtalen, on Betula sp., W.Brinkmann (S F204462, isolectotype of Odontia pruinosa).
Norway. Akershus: Frogn, decaying deciduous wood, 3 Oct 2010, K.H.Larsson 14653*
(O). Russia. Nizhny Novgorod Reg.: Bogorodsk Dist., Krastelikha, on Quercus robur, 11
Aug 2009, V.Spirin 2877* (H); Lukoyanov Dist., Panzelka, on Populus tremula, 19 Aug
2015, V.Spirin 9581 (H); Razino, on Quercus robur, 16 Aug 2015, V.Spirin 9350 (H);
Srednii, on 7ilia cordata, 18 Aug 2006, V.Spirin 2601 (H); Pavlovo Dist., Chudinovo, on
Populus tremula, 3 Oct 2015, V.Spirin 9994 (H); Sverdlovsk Reg.: Nizhnisereginskii Dist.,
Olenii Ruchii Nat. Park, on Populus tremula, 19-20 Aug 2002, H.Kotiranta 19684b,
19687, 19715a (H). USA. New York: Franklin County, Paul Smith’s, on Populus tremu-
loides, 12 Sep 1965, R.L.Gilbertson 5481 (GB, isotype of Hyphodontia magnacystidiata).

X pumilius. Argentina. Chubut: Rio Senguer, Lago La Plata, on Nothofagus pu-
milio, 26-28 Mar 1996, A.Greslebin 701 (GB, paratype duplicate).

X quercinus. Canada. Alberta: Yellowhead Co., William A. Switzer Prov. Park, on Pop-
ulus tremuloides, 24 Jul 2015, V.Spirin 8840* (H). Finland. Uusimaa: Helsinki, Verijin-
miki, on angiosperm wood, 12 Apr 2008, O.Miettinen 12409* (H). Russia. Chukotka:
Anadyr, on Alnus fruticosa, 19 Sep 2009, H.Kotiranta 27060* (H). USA. Washington:
Pend Oreille Co., Slate Creek, on Corylus cornuta, 15 Oct 2014. V.Spirin 8565* (H).

X. rickii. Brazil. Rio Grande do Sul: S. Salvador, 5 Apr 1944, J.Rick 20847 (O,
isotype of Odontia polycystidifera).

X. ussuriensis. Russia. Primorie: Khasan Dist., Kedrovaya Pad Nat. Res., angio-
sperm wood, 24 Jul 2016, I.Viner KUN 1989* (H, holotype of Xylodon ussuriensis),
[.Viner KUN 2103, 2186.
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Results

For both datasets, the Bayesian inference returned trees with two main clades (Figures 1,
2); the largest clade is well-supported and corresponds to Xylodon (pp 1.0), while the
other clade is unsupported and includes Lyomyces, the Hyphodontia crustosa group, H.
pruni and Rogersella griseliniae (pp 0.89). Basal relationships within Xylodon are not
resolved. Peniophora detritica and its allied species are nested within Xylodon and form
a well-supported subclade together with X borealis and X. brevisetus (Figures 1, 2).
Maximum likelihood and maximum parsimony returned similar topologies and
relevant support values from these analyses are indicated on nodes in Figures 1, 2.

In the ITS-only tree, three terminal branches represent new species that are de-
scribed below. Xylodon attenuatus occurs as a sister taxon to X. rimosissimus; X. crystal-
liger forms a subclade with X. astrocystidiatus, X. paradoxus and X. heterocystidiatus; and
X ussuriensis is the sister taxon to X. detriticus and X. pruinosus (Figure 1).

The results allow us to introduce new species and new combinations as follows.

Xylodon attenuatus Spirin & Viner, sp. nov.
Mycobank No: MB825367
Figure 3

Type. USA. Washington: Jefferson Co., Hoh River, on Acer macrophyllum, 20 Oct
2014, V.Spirin 8775 (H) — ITS sequence, GenBank MH324476.

Etymology. Attenuatus (lat., adj.) — exhausted, thin.

Description. Basidiocarp effused, up to 5 cm in widest dimension. Sterile margin white,
up to 1 mm wide. Hymenial surface cream-coloured, grandinioid to odontoid; projections
rather regularly arranged, from 80 pm to 200 um high, 70-90 pum broad at base, 6-8(-9)
per mm. Hyphal structure monomitic, hyphae clamped, cyanophilous. Subicular hyphae
densely interwoven, thin-walled, (2-)2.4—4.6 pm in diam. (n=60/6), often short-celled, the
outline of these hyphae often irregular. Tramal hyphae subparallel, thin-walled, in subhy-
menium densely arranged, sometimes short-celled, 2.4-3.6 pm in diam. (n=62/6). Large
stellate crystals 10-13.3 um in diam. present in subiculum and trama. Cystidia originating
from subhymenium, of two types: a) subcapitate or capitate cystidia, (12-)13.5-25.1(-
37)x(2.7-)3.3-5(=5.5) um (n=80/6), b) hyphoid cystidia, (14-)16-38.3(-40.8)x2.8-4.5
(n=51/6), sometimes with crystalline cap on the top; some cystidia with granular contents
in CB. Basidia suburniform, 4-spored, (12.2-)14-22(-25)x(3-)3.3—4.6(-5) pm (n=61/2),
slightly thick-walled at the base. Basidiospores thin-walled, ellipsoid, (3.7-)4.1-5.5(—
6)x(3-)3.4-4.5(-4.9) pm (n=180/6), L=4.85, W=3.98, Q=1.22, slightly cyanophilous.

Distribution and ecology. North-western USA (Washington), on angiosperm
and gymnosperm wood (fallen decorticated logs).

Remarks. Xylodon attenuatus bears morphological similarity to X. borealis, al-
though densely arranged hyphae, star-like crystals and a regular presence of cystidia
with granular contents make it easily recognisable. The crystalline caps on hyphoid
cystidia are other characteristics useful for the identification of X. attenuatus.
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Figure 1. Phylogenetic relationships of Xylodon inferred from ITS sequences using Bayesian analysis. A
50% majority rule consensus phylogram. Bayesian posterior probabilities, ML bootstrap and MP boot-
strap values are shown on nodes; branch lengths reflect estimated number of changes per site.
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Figure 2. Phylogenetic relationships of Xylodon inferred from ITS and LSU sequences using Bayesian
analysis. A 50% majority rule consensus phylogram. Bayesian posterior probabilities, ML bootstrap and
MP bootstrap values are shown on nodes; branch lengths reflect estimated number of changes per site.
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Figure 3. Xylodon attenuatus (holotype): a section through an aculeus b basidia ¢ subhymenial short-
celled hyphae d cystidia e basidiospores.
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Xylodon crystalliger Viner, sp. nov.
Mycobank No: MB825368
Figure 4

Type. RUSSIA. Primorie: Khasan Dist., Kedrovaya Pad Nat. Res., on angiosperm
wood, 25 Jul 2016, I.Viner KUN 2312 (H) — ITS sequence, GenBank MH324477.

Etymology. Crystalliger (lat., adj.) — bearing crystals.

Description. Basidiocarp effused, soft membranaceous, up to 6 cm in wid-
est dimension. Sterile margin poorly defined, up to 0.3 mm wide. Hymenial sur-
face white, minutely odontioid, i.e. covered by small peg-like hyphal projections
up to 60-100 pm high, 60-75 pm broad at base, 10-15 per mm, with flattened

Figure 4. Xylodon crystalliger (holotype): a section through an aculeus b apically encrusted hyphae from
aculeal tips ¢ basidiospores d basidia e cystidia f subhymenial hyphae.
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fimbriate apices. Surface between projections porulose-reticulate. Hyphal structure
monomitic, hyphae clamped, faintly cyanophilous. Subicular hyphae densely in-
terwoven, often with thickened walls, 3.2-4.4 pm in diam. (n=20/2), smooth or
sparsely encrusted. Tramal hyphae subparallel, thin- to clearly thick-walled, sparsely
encrusted, subhymenial hyphae densely arranged, sometimes short-celled, 2.5-3.2
pm in diam. (n=20/2), sparsely encrusted. Hyphal ends at the top of projections
often strongly encrusted. Cystidia of two types: a) sparsely encrusted hyphoid cys-
tidia at the top of projections, 21.0-29.0x2.9—4.1(—4.4) um (n=40/2), b) subcap-
itate or cylindrical cystidia, of subhymenial origin, rather variable in shape and
size, (11.8-)14.1-25.0(-28.0)x(2.6-)2.9-4.6(—4.8) um (n=40/2), often heavily
encrusted and rarely with a stellate crystalline cap 3.5-4.5 um in diam. Basidia
suburniform, 4-spored, 13.4-18.4(-19.0)x4.2—-4.7 pm (n=20/2), slightly thick-
walled at the base. Basidiospores thin-walled, elliptical, occasionally with an oil-
drop, (3.1-)4.2-5.1(=5.9)x(2.4-)3.3-4.2 pm (n=60/2), L=4.66, W=3.71, Q=1.26,
slightly cyanophilous.

Distribution and ecology. East Asia (Russian Far East), on decayed angiosperm logs.

Remarks. The peg-like hymenial projections and cystidia with stellate caps are
characteristic for X. crystalliger and make it reminiscent of Xylodon astrocystidiatus
(Yurchenko & Sheng H. Wu) Riebesehl, Yurchenko & Langer. The latter species is
known from Taiwan and differs from X. crystalliger by having longer basidiospores and
presence of constricted and bladder-like hymenial cystidia.

Xylodon detriticus (Bourdot) K.H. Larss., Viner & Spirin, comb. nov.
Mycobank No: MB825366
Figures 5, 6¢, 7

Basionym. Peniophora detritica Bourdot, Revue Scientifique du Bourbonnais et du
Centre de la France 23: 13. 1910. = Lagarobasidium detriticum (Bourdot) Jiilich,
Persoonia 10: 334. 1979. Type. France. Auvergne: Allier, St. Priest, fern, 1.IX.1909
Bourdot 7226 (lectotype S! [F204453], designated by Eriksson and Ryvarden
1976: 703).

Description. Basidiocarps effused, up to 5 cm in widest dimension. No differenti-
ated margin. Hymenial surface white, smooth or warted, farinaceous. Hyphal structure
monomitic, hyphae clamped, faintly cyanophilous, thin-walled. Subicular hyphae inter-
woven and frequently branched, (2.2-)3.0-5.9 um in diam. (n=61/6). Tramal hyphae
subparallel, subhymenial hyphae short-celled, (1.5-)1.9-3.5 pm in diam. (n=61/6).
Large, rthomboid or stellate crystals abundant in trama and subiculum, 8-10.5 pum in
diam. Cystidia of two types: a) large, thin-walled cystidia of subicular or tramal ori-
gin, cylindrical or clavate, rarely slightly thick-walled (wall not exceeding 1 pm thick),
(30.0-)58.9-110.0(-115.0)x4.1-8.5(-9.6) pm (n=120/6), occasionally bearing 1-2
clamped septa, b) rare astrocystidia of subhymenial origin, with a stellate crystalline cap
10-23x2-3.1 pm, in some specimens difficult to find. Basidia suburniform, 4-spored,
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Figure 5. Cystidial elements of Xylodon detriticus: a Larsson 5496 b Zibarovd 26.V.2017 ¢ Zibarovd
30.X.2017.

(12.2-)13.1-20.0x(3.1-)3.4-5.0 pum (n=61/6), thin-walled. Basidiospores clearly
thick-walled, elliptical to broadly elliptical, usually with an oil-drop, (3.3-)4.3-5.7(-
6.1)x3.2-4.1(-4.5) pm (n=190/6), L=4.92, W=3.69, Q=1.34, cyanophilous.

Distribution and ecology. Europe (Czech Republic, France, Italy), on herba-
ceous remnants, once collected from pine bark at the same spot where it was found
on fern remains.

Remarks. Eriksson and Ryvarden (1976) selected Bourdot 7226 (in herb. S) as lec-
totype. They also treated Hyphodontia nikolajevae and Odontia pruinosa as synonyms.
However, the type specimens of H. nikolajevae and O. pruinosa reveal small differences
from the type material and other collections of X. detriticus studied by us. The main
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Figure 6. Basidiospores of two Xylodon species in CB: a X. pruinosus (Spirin 9994) b X. pruinosus (iso-
type of Hyphodontia magnacystidiata) ¢ X. detriticus Zibarové (26.V.2017).

Figure 7. Basidiocarp of Xylodon detriticus (Zibarovd 26.V.2017). Scale bar: 5 mm.
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features of X. detriticus versus the two other taxa are narrower basidiospores (must be
observed in cotton blue) and longer, narrower cystidia having no distinct intercalary
inflation (Tables 2, 3, Figures 5, 6). Eriksson and Ryvarden (1976) attributed the dif-
ferences in cystidia morphology between Bourdot’s specimen and types of H. nikolaje-
vae and O. pruinosa to different stages of basidiocarp development. Our investigation
indicates that the differences are genetic and species specific. Differences in basidi-
ospore size and shape are detectable in CB but not in KOH, which could explain why
they have gone unnoticed in earlier studies.

Hjortstam and Ryvarden (2009) added Hyphodontia magnacystidiata to the syn-
onymy of X. detriticus. This species is, as far as we know, only known from the type,
collected on dead wood of Populus in New York, USA (Lindsey and Gilbertson 1977).
It has an odontioid basidiocarp and its cystidia are similar to those of X. pruinosus
(Table 3, Figures 6, 8). On the other hand, the basidiospore size is very close to X.
detriticus (Table 2). In the absence of sequenced material, it is not possible to decide
whether this is an independent species or not. Considering that the single specimen
was growing on wood and that X. dezriticus is not yet found in North America, we
prefer to keep H. magnacystidiata as a synonym of X. pruinosus (see below).

Xylodon detriticus grows on ferns and grasses, developing thin farinaceous basidi-
ocarps. The species evidently has a more southern distribution than X. pruinosus. Ear-
lier reports of X. detriticus from woody substrates should be treated with caution and
may represent X. pruinosus or as yet undescribed taxa.

10 um

Figure 8. Cystidial elements and basidia of Xylodon pruinosus (isotype of Hyphodontia magnacystidiata).
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Table 2. Spore measurements of five Xylodon species.

Species / specimen L' L W \4 Q' Q n
Xylodon attenuatus 641550 | 485 | 3344569 | sos | OOV s
Hologpe (43)4457(8) | 486 | (3354547 | 384 | (L1)1.2-14(15) | 127 | 30
Spirin 8133 (44) 45453 (55) | 501 | (32)3.8-46(47) | 4.14 (1'06()1 13'1;;1'33 121 | 30
Spirin 8286 (41) 414574 (6) | 498 | (3.1)3.8445 45) | 4.11 (1'02)(11‘3069)’1‘34 121 | 30
Spirin 8779 4)4-52(54) | 467 | (3)32-43(44) | 382 (0'98)(11‘4034)*1‘38 123 | 30
Spirin 8900a (3.7)3.95-5.25 (5.6) | 456 | (3.4)3.4-4.35 (49) | 3.94 (1'02)(11‘3072)’1‘29 116 | 30
Spirin 8964 (45)4656(G7) | 502 | (35)3643(48) | 404 | (1) LI-14(14) | 125 | 30
Xylodon crystalliger (3.1)4.2-5.1(5.9) | 4.66 | (2.4)3.3-4.2 (4.3) | 3.71 (1) 1.1-1.4 (1.6) 1.26 | 60
Holotype (3.)425.1(59) | 463 | (24313869 | 35 | (12)1.2-15(16) | 132 | 30
Bormicov KUN 3347 | (4.2)42-53(55) | 469 | (3.3)3642(43) | 391 | (D11-1404) | 12 | 30
Xylodon detriticus (33)4357(61) | 492 | (B.)3241(45) | 3.69 | (07) L1-16(18) | 1.34 | 190
Lectotype 4245661 | 507 | (1)32441) | 359 | (10)12-1.6(17) | 142 | 39
Larsson 5496 (33)4255(6) | 487 | (.1)324.1(45) | 361 | (07) L1-1.6(1.8) | 1.36 | 30
Larsson 5622 @ 4251055 | 46 | (3303439 | 363 | (L) LI-14(15) | 127 | 30
Larsson 5627 (4) 4.2-5 (5.6) 4.69 (3.3) 3.3-4.1 (4.2) 3.73 (1.1) 1.2-1.4 (1.4) 1.26 31
Zibarova 26,2017 (44 4758(59) | 526 | (32)3342(43) | 383 | (L)1.2-16(17) | 138 | 30
Zibarova 30.X.2017 (4.2)42-57 (5.9) | 499 | (3.2)3.3-4.1(42) | 378 | (1) 1.1-15(1.7) | 1.32 | 30
Xylocon pruinosus (4) 4.5-5.9 (7) 5.09 | (3.3)3.7-4.8(5.7) | 4.12 | (0.8) 1.1-1.4(1.5) 1.24 | 192
Holowpe of Hyphodonsia | 4 647 6(7) | 526 | 3538563 | 432| 111404 | 122 | 31
nikolajevae
Holotype of Odonia @) 41-57(5.9) | 495 | (35364546 | 403 | (L1)L1-14(14) | 123 | 40
Pmlﬂafﬂ
Spirin 2877 (45)476163) | 528 | (5385062 | 421| ()LI14(15) | 126 30
Spirin 9350 44475762 | 521 | (3.53848(67) | 417 | 08 LI-14(15) | 126 | 31
Spirin 9581 (42)4258(6.1) | 499 | (3.3)3644(46) | 398 | () LI-14(4 | 1.25| 30
Spirin 9994 (4.2)4.6-5.1(53) | 489 | (3.5 3.645 (4.6) | 404 | (1.1)1.1-13(1.4) | 1.21 | 30
Holowpe of Hyphodontia | 4y 43 55(56) | 492 | 6131462 | 368 | (LDLI-L6(L7) | 135 | 30
magnacystidiata
Xylodon ussuriensis (4.8) 5.1-6 (6.2) 5.48 | (3.7) 3.8-4.6 (4.8) | 4.21 (1.2) 1.2-1.4 (1.5) 1.3 92
Holotype (49)51-59(6.2) | 548 | (37)38-46(48) | 422 | (12)12-14(14) | 13 | 32
Viner KUN 2103 (48)5-61(62) | 56 | (3.8)3847@7) | 424 | (1.012-14(15) | 132 | 30
Viner KUN 2186 (5)5-57(58) | 557 | (3.8)445406) | 418 | (12)12-14(15) | 1.28 | 30

Xylodon magnificus (Gresl. & Rajchenb.) K.H. Larss., comb. nov.
Mycobank No: MB827074

Basionym. Hyphodontia magnifica Gresl. & Rajchenb., Mycologia 92: 1160. 2000.
Type. Argentina. Tierra del Fuego: Dpto. Ushuaia, Estancia Moat, on Drimys
winteri, 21 Mar 1998, M. Rajchenberg 11370 (holotype: BAFC [50038], by original

designation).

For a detailed description and illustration, see Greslebin and Rajchenberg (2000).
The authors compared the new species with Xylodon detriticus (as Hyphodontia detritica)
and Hypochnicium rickii. Our investigation of authentic material confirms the morpho-
logical similarity amongst these three species.
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Table 3. Measurements of cystidial elements of Xylodon detriticum and X. pruimosus.

Species / specimen L L w w n
Xylodon detriticus (30) 58.9-110 (115) 85 (4) 4.1-8.5 (9.6) 6.3 120
Lectotype (67) 69.9-96.7 (110) 83.8 (4)4-9.1 9.2 6.5 20
Larsson 5496 (30) 45.2-108.2 (112) 81.2 (4.1) 4.3-7 (7.2) 5.7 20
Larsson 5622 (30) 45-103 (110) 82.7 (4.1) 4.3-7.5 (8.5) 5.7 20
Larsson 5627 (56) 58.7-104.6 (110) 79.1 (4.4) 4.8-8.9 (9.6) 6.4 20
Zibarova 26.V.2017 (80)83.8-103.3 (110) | 95.1 4) 54-8.1(85) 71 | 20
Zibarova 30.X.2017 (67) 73.7-112.2 (115) 87.7 (4) 5-7.4 (7.5) 6.3 20
Xylodon pruinosus (35) 44-84 (107) 61.9 (4) 4.9-10.9 (12.4) 7.2 146
Holotype of Hyphodontia nikolajevae (41) 43-95 (99) 64 (4) 5-12 (12) 7.7 21
Isolectotype of Odontia pruinosa (43) 45.9-80.4 (107) 64 (4.6) 5.3-10.6 (12.4) 7.3 20
Spirin 2877 (35) 42.6-80 (80) 58.4 (4) 4.8-7.9 (8) 6.2 20
Spirin 9350 (41) 44.8-83.2 (86) 61.8 (4.6) 4.7-10 (10.7) 7.2 20
Spirin 9581 (49) 51.8-84.1 (86) 64.6 (4.9) 5-9 (11) 7.1 20
Spirin 9994 (45) 45.8-75.3 (81) 58.9 (5.3) 5.6-10.2 (10.8) 7.8 20
Isotype of Hyphodontia magnacystidiata (48) 51-95 (104) 75.8 (4.1) 6-12 (14) 8.4 25

Xylodon nongravis (Lloyd) C.C. Chen & Sheng H. W, in Chen et al. 2018: 349

Figure 9

Basionym. Polyporus nongravis Lloyd, Mycol. Writings 6 (61): 891. 1919.
Type. Sri Lanka. Peradeniya, on rotten branch, T.Petch (holotype BPI [305211]).

Wu (2000) re-described and illustrated this poroid species as Hyphodontia non-
gravis (Lloyd) S.H. Wu. Our specimens collected in the Russian Far East fit well with
his description. One of these collections (Spirin 5763) was sequenced and proved to

Figure 9. Basidiocarp of Xylodon nongravis (Spirin 5763). Scale bar: 5 mm.
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be close to other sequences of H. nongravis available in GenBank. The species un-
doubtedly belongs to the core Xylodon clade (Figure 1) where it has been combined
by Chen et al. (2018). However, the type specimen of Polyporus nongravis possesses
small but clear morphological differences from our collections: in particular, wider
pores (2-3 per mm in the type, 3—4 per mm in East Asian specimens) and broader
tramal hyphae (46 pm vs. 3-4.5 pm in diam.), as well as broader, predominantly
subglobose basidiospores, 3.9-4.7x3.6-4.2 pm (n=30/1), L=4.27, W=3.97, Q=1.08
(vs ovoid-ellipsoid, 4.0-5.2x3.0—4.1 um (n=60/2), L=4.74, W=3.46, Q=1.38 in East
Asian specimens). An epitype for P nongravis from the locus classicus is needed to re-
introduce this species based on modern methods and to clarify the taxonomic status
of X. nongravis sensu East Asia.

Xylodon pruinosus (Bres.) Spirin & Viner, comb. nov.
Mycobank No: MB825369
Figures 6 a,b, 8, 10, 11

Basionym. Odontia pruinosa Bres., Annales Mycologici 18 (1-3): 43. 1920. = Laga-
robasidium pruinosum (Bres.) Jilich, Persoonia 8: 84. 1974.

Type. Germany. Nordrhein-Westfalen, Lengerich, W.Brinkmann (lectotype L [L
0053271], designated by Jiilich 1974: 84).

= Hyphodontia nikolajevae Parmasto, Conspectus Systematis Corticiacearum: 213.
1968. Type: Estonia. Ida-Virumaa, Kohtla-Jirve, Pirnassaare, on Betula pubescens,
1 Oct 1958, E.Parmasto (holotype: TAAM [9683], by original designation).

= Hyphodontia magnacystidiata Lindsey & Gilb., Mycotaxon 5: 315. 1977. Type: USA.
New York, Franklin County, Paul Smith’s, on Populus tremuloides, 12 Sep 1965,
R.L.Gilbertson 5481 (holotype: BPI [266395], by original designation).

Description. Basidiocarps annual, resupinate, up to 5 cm in widest dimension.
Margin poorly differentiated, pruinose. Hymenial surface greyish-white or pale cream-
coloured, grandinioid to odontoid; projections rather regularly arranged, from 100 pm
to 250 pum high, 80-100 pm broad at base, 6-8 per mm. Hyphal structure monomitic,
hyphae clamped, faintly cyanophilous, thin-walled. Subicular hyphae interwoven and
frequently branched, 2.2-4.7(~6.1) um in diam. (n=60/6). Tramal hyphae subparallel,
subhymenial hyphae short-celled, 2.0-3.5(-3.9) um in diam. (n=60/6). Stellate crys-
tals abundant in trama, subiculum and subhymenium, 4.4-8.3 pm in diam. Cystidia
large, thin-walled, of subicular, tramal or subhymenial origin, clavate to spathuliform,
often with an intercalary inflation, sometimes slightly thick-walled (wall not exceed-
ing 1 pum thick), rarely forked, (35.0-)44.0-84.0(-107.0)x(4.0-)4.9-10.9(-12.4) pm
(n=121/6), occasionally bearing 1-2 clamped septa. Basidia suburniform, 4-spored,
(12.0-)14.0-20.8(-24.0)x3.4—4.2(-5.5) um (n=60/6), thin-walled. Basidiospores clear-
ly thick-walled, ellipsoid to broadly ellipsoid, usually with an oil-drop, (4.0-)4.5-5.9(-
7.0)x(3.3-)3.7-4.8(=5.7) um (n=192/6), L=5.09, W=4.12, Q=1.24, cyanophilous.
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Figure 10. Cystidial elements of Xylodon pruinosus: a Spirin 9581 b Spirin 2877 ¢ holotype of Hypho-
dontia nikolajevae.

Figure 1 1. Basidiocarp of Xylodon pruinosus (Spirin 2877). Scale bar: 5 mm.

Distribution and ecology. Europe (Estonia, Finland, Germany, Norway, Russia —
up to Ural Mts.), North America, on medium-decayed wood of angiosperms.

Remarks. The type specimen of Hyphodontia nikolajevae Parmasto reveals no es-
sential differences from the type and other collections of X. pruinosus studied by us. On
average, Xylodon pruinosus has wider basidiospores than X. detriticus (Table 2).
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Xylodon pumilius (Gresl. & Rajchenb.) K.H. Larss., comb. nov.
Mycobank No: MB827075

Basionym. Hyphodontia pumilia Gresl. & Rajchenb., Mycologia 92: 1162. 2000.

Type. Argentina. Chubut. Dpto Languifeo, Lago Engano, on Nothofagus pumilio,
19 Apr 1996, A.Greslebin 650 (holotype BAFC [50031], by original designation).

For a detailed description and illustration, see Greslebin and Rajchenberg (2000).
The presence of both hymenial, capitate cystidia and enclosed, tubular to moniliform
cystidia with homogenous contents strongly stained by cotton blue, make this species
morphologically reminiscent of Xylodon brevisetus and X. tuberculatus. X. pumilius dif-
fers from both by a smooth hymenium and thick-walled basidiospores.

Xylodon rickii (Hjortstam & Ryvarden) K.H. Larss., comb. nov.
Mycobank No: MB827076
Figure 1

Basionym. Hypochnicium rickii Hjortstam & Ryvarden, Mycotaxon 15: 271. 1982.
= Odontia polycystidifera Rick, Theringia, Sér. Bot. 5: 163. 1959. Nom. inval. (Code
Art. 40.1).

Type. Brazil. S. Salvador, 5 Apr 1944, Rick 20847 (holotype PACA, by original
designation).

For a description, see Hjortstam and Ryvarden (1982). Gorjén (2012) could not
verify the presence of large capitate cystidia, similar to those present in X. magnifica
and included in the original description by Hjortstam and Ryvarden (1982). We res-
tudied the isotype in herbarium O and can confirm that these large cystidia do exist,
which supports a possible position of this species close to X. detriticus and X. pruinosus.

Xylodon ussuriensis Viner, sp. nov.
Mycobank No: MB825356

Figure 12

Type. RUSSIA. Primorie: Khasan Dist., Kedrovaya Pad Nat. Res., on angiosperm
wood, 24 Jul 2016, I.Viner KUN 1989* (H) — ITS sequence, GenBank MH324468.

Etymology. Ussuriensis (lat., adj.) — from the river Ussuri in Russian Far East and
adjacent China.

Description. Basidiocarps effused, up to 10 cm in longest dimension. Sterile
margin white to pale ochraceous, floccose, up to 1 mm wide. Hymenial surface pale
ochraceous, grandinioid to odontoid; projections rather regularly arranged, from 100
pm to 250 pm high, 90-110 pm broad at base, 6-8(-9) per mm. Hyphal structure
monomitic, hyphae clamped, faintly cyanophilous, thin-walled. Subicular hyphae
interwoven, (3.0-)3.4—6.2 pm in diam. (n=30/3). Tramal hyphae subparallel, sub-
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Figure 12. Xylodon ussuriensis (holotype): a section through an aculeus b basidia, basidioles and hyme-
nial cystidia ¢ thick- and thin-wall tramal cystidia d thick- and thin-wall subhymenial cystidia e astrocys-
tidia f basidiospores h short-celled hyphae from aculei.

hymenial hyphae short-celled, 1.9-3.9 pm in diam. (n=30/3). Large rhomboid or
stellate crystals rarely present in trama and subiculum, 10-19 um in diam. Cystidia
of three types: a) large, thin- or fairly thick-walled (wall up to 2.8 um thick) cystidia
of subicular, tramal or subhymenial origin, cylindrical, spathuliform, almost capitate
or with one intercalary inflation at the upper part, (64.0-)71.0-188.9(-220.0)x(5.0—
)5.7-9.4(~11.9) pm (n=30/3), often apically encrusted by large rhomboid crystals, b)
astrocystidia of subhymenial origin, bearing a stellate crystalline cap 15-17x4.5-4.8
pm, sometimes rare, c) cystidia of subhymenial origin, thin-walled, varying from fusoid
to cylindrical or submoniliform, rarely forked, 40.0-84.0(-92.0)x5.0-9.0(-11.4) pm
(n=30/3). Basidia suburniform, 4-spored, 14.7-22.8(~24.0)x3.4—4.9 pm (n=30/3),
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thin-walled. Basidiospores clearly thick-walled, ellipsoid to broadly ellipsoid, usually
with an oil-drop, (4.8-)5.1-6.0x3.8—4.6 um (n=92/3), L=5.48, W=4.21, Q=1.30,
cyanophilous.

Distribution and ecology. East Asia (Russian Far East — Primorie), on decayed
angiosperm wood; seemingly not rare in secondary oak-dominated forest.

Remarks. The distinctly thick-walled tubular cystidia of X. ussuriensis make it dif-
ferent from other Lagarobasidium-like species treated here. Subhymenial astrocystidia
found in X. ussuriensis are also present in some specimens of X. dezriticus although they
are apparently rare in the latter species.

Discussion

Our study confirms the results from Larsson et al. (2006) and Larsson (2007) that
Peniophora detritica clusters with Xylodon quercinus, the type species of Xylodon. Here
we also show that Peniophora pruinosa, the type of Lagarobasidium, belongs in Xylodon
and is a sister species to X. detriticus. This contradicts the results published by Duefas
et al. (2009) who came to the conclusion that Lagarobasidium was a genus separate
from Hyphodontia sensu lato. As support for that result, they published I'TS sequences
of L. detriticum and the new species L. calongei (GenBank FM876211 and FM876212,
respectively). However, at least the sequence of L. detriticum (FM876211) seems to
be based on a misidentification or contamination during the laboratory process. This
sequence is 100% identical to several sequences of Hyphoderma roseocremeum, a species
belonging in Polyporales (e.g. UNITE database UDB031922).

Blasting FM876212 against public sequence databases does not return any reliable
results, which, if the sequence is correct, suggests that the species does not belong in Xy-
lodon. Remaining species referred to Lagarobasidium and not already discussed include
L. cymosum (D.P. Rogers & H.S. Jacks.) Jilich and L. subdetriticum (S.S. Rattan) J. Kaur
& Dhingra. The former has been placed in Hypochnicium because of the thick-walled
basidiospores but numerous subulate cystidia makes it a deviating element in that ge-
nus. Only access to sequence information can disclose its relationships. Lagarobasidium
subdetriticum was originally described in Hyphodontia and should be retained in that
genus also when the genus is taken in a restricted sense (Hjortstam and Ryvarden 2009).

For the phylogenetic analyses of Hyphodontia sensu lato, only nuclear ribosomal
genes have so far been applied. All published results confirm that Hyphodontia sensu
lato is polyphyletic and that most species can be referred to one of three clusters,
viz Hyphodontia sensu stricto, the Kneiffiella cluster and the Xylodon cluster (includ-
ing Lyomyces). Within these clusters the relationships are not well resolved when the
ribosomal genes are the sole source for genetic information. On such detailed level,
analyses become highly sensitive to sampling and outgroup choice. It is clear that both
a wider sampling and more markers must be included in analyses in order to establish
a stable genus level classification for all species that have been referred to Hyphodontia
in a wide sense.
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Abstract

Phanerochaete canobrunnea, P cystidiata and P, fusca are presented as new species, supported by morpho-
logical studies and two sets of phylogenetic analyses. The 5.8S+nuc 28S+7pb dataset shows the generic
placement of the three species within the phlebioid clade of Polyporales. The ITS+nuc 28S dataset displays
relationships for the new taxa within Phanerochaete s.s. Phanerochaete canobrunnea grew on angiosperm
branches in subtropical Taiwan and is characterised by greyish brown hymenial surface, brown genera-
tive hyphae and skeletal hyphae and absence of cystidia. Phanerochaete cystidiata grew on angiosperm
branches above 1000 m in montane Taiwan and SW Yunnan Province of China and is characterised by
cream to yellowish hymenial surface and more or less encrusted leptocystidia. Phanerochaete fusca grew on
angiosperm branches at 1700 m in Hubei Province of China and is characterised by dark brown hymenial

surface, leptocystidia, brown subicular hyphae and coloutrless to brownish basidiospores.

Keywords

China, corticioid fungi, multi-marker phylogeny, Phanerochaetaceae, Taiwan

Introduction

The genus Phanerochaete P. Karst., typified by 2 alnea (Fr.) P. Karst., belongs to the Poly-
porales of the Basidiomycota and encompasses, when taken in a broad sense (Eriksson
etal. 1978; Burdsall 1985; Wu 1990), over 150 names (Index Fungorum 2018). Phan-
erochaete spp. are typically recognised by its membranaceous, effuse, smooth hymenial
surface (some are tuberculate, odontioid-hydnoid or merulioid-poroid), mostly mono-

Copyright Sheng-Hua Wu 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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mitic hyphal system, simple-septate generative hyphae or with rare clamp connections
in the subiculum, clavate basidia and ellipsoid to cylindrical, thin-walled and smooth
basidiospores, which are inamyloid and non-dextrinoid. Phanerochaete is widely dis-
tributed and occurs on twigs, branches or trunks of angiosperms or gymnosperms,
causing white rot in wood.

Phanerochaete recently has been shown to be a polyphyletic group, containing
members placed throughout the phlebioid clade of Polyporales (Binder et al. 2005; Wu
et al. 2010; Floudas and Hibbett 2015; Miettinen et al. 2016; Justo et al. 2017). Phan-
erochaete s.1. comprises some segregate genera: Efibula Sheng H. Wu, Hydnophlebia
Parmasto, Phacophlebiopsis Floudas & Hibbett, Phlebiopsis Jilich, Rhizochaete Gresl.,
Nakasone & Rajchenb. and Scopuloides (Massee) Hohn. & Litsch. (Burdsall 1985; Wu
1990; Greslebin et al. 2004; Wu et al. 2010; Floudas and Hibbett 2015).

The field survey of the corticioid fungi from Taiwan and mainland China con-
ducted in 2014, 2015 and 2017, have revealed three new species of Phanerochaete s.s.
presented herein, based on morphological and phylogenetic evidence.

Materials and methods

Morphological studies

Voucher specimens are deposited at the herbarium of National Museum of Natural
Science of ROC (TNM). We used three mounting media for microscopic stud-
ies: 5% potassium hydroxide (KOH) with 1% phloxine was used for observation
and measurements; Melzer’s reagent (IKI) was utilised to determine amyloidity and
dextrinoidity and Cotton blue (CB) was utilised to check cyanophily. A standard
method of measurement for microscopic characters follows Wu (1990). Below ab-
breviations were used when presenting statistic measurements of basidiospores: L
= mean basidiospore length, W = mean basidiospore width, Q = variation in L/W
ratio, n = number of measured spores. The terminology of microscopic characters

followed Wu (1990).

DNA extraction and sequencing

Dried specimens or mycelia were first ground into a fine powder using liquid nitrogen
and a TissueLyser II (Qiagen, Hilden, Germany). DNA was then extracted using the
Plant Genomic DNA Extraction Miniprep System (Viogene-Biotek Corp., New Tai-
pei, Taiwan) according to the manufacturer’s instructions. The IDNA ITS1-5.8S-ITS2
(ITS) was amplified using primer pairs ITS1/ITS4 (White et al. 1990). The D1-D2
domain of nuc 285 rDNA (nuc 28S) was amplified using primer pair LROR/LR5
(heep://www2.clarku.edu/faculty/dhibbett/Protocols_Folder/Primers/Primers.pdf).
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RNA polymerase II largest subunit (7p61) was amplified using the primer pair RPB1-
Af/RPB1-Cr (Stiller and Hall 1997; Matheny et al. 2002). Both RPB1-2.1fand RPB1-
2.2f were used as alternative primers to pair with RPB1-Cr (Freslev et al. 2005). The
PCR protocols for ITS, nuc 28S and rpb1 followed Wu et al. (2018). PCR products
were directly purified and sequenced by the MB Mission Biotech Company (Taipei,
Taiwan). We determined the identity and accuracy of newly obtained sequences by
comparing them to sequences in GenBank and assembled them using BioEdit (Hall
1999). Newly obtained sequences were then submitted to GenBank (https://www.
ncbi.nlm.nih.gov/genbank/; Table 1).

Phylogenetic analyses

We included two datasets for phylogenetic analyses. The 5.8S+nuc 28S+7pb1 was com-
piled for inferring generic classification of target species within the phlebioid clade of
Polyporales. The ITS+nuc 28S was compiled for getting better resolutions on species
level within Phanerochaete s.s. The selection of strains and species consulted Wu et
al. (2010), Floudas and Hibbett (2015), Volobuev et al. (2015), Liu and He (2016),
Miettinen et al. (2016) and Wu et al. (2018). MAFFT v. 7 was used to align sequences
of each marker with default settings (Katoh and Standley 2013). The resulting align-
ments were manually adjusted in MEGA 7 (Kumar et al. 2016). Hyphoderma litschau-
eri (Burt) J. Erikss. & A. Strid and H. mutatum (Peck) Donk, were chosen as the
outgroup in the 3-marker dataset. Phlebiopsis gigantea (Fr.) Jiilich was chosen as the
outgroup in the 2-marker dataset. Final datasets were deposited at TreeBASE (submis-
sion ID 23083).

For both datasets, Maximum Likelihood (ML) and Bayesian Inference (BI) anal-
yses were performed, respectively, using RAXML BlackBox (Stamatakis et al. 2014)
and MrBayes v. 3.2.6 (Ronquist et al. 2012) at the CIPRES Science Gateway (Miller
et al. 2010; htep://www.phylo.org/). For BI analysis, jModeltest 2.1.10 (Darriba et
al. 2012) was first carried out to determine the best-fit substitution model for each
marker based on Akaike Information Criterion (AIC). The GTR+I+G was used as
the substitution model for the entire alignment of the 3-marker dataset, while, for
the 2-marker dataset, the HKY+I+G and the GTR+I+G were used for the align-
ments of I'TS and nuc 28S, respectively. The parameters for BI analyses were as fol-
lows: ngen = 10000000, samplefreq = 100, nchains = 4, nst = 6 for GTR, nst = 2
for HKY, rates = invgamma, burn-in = 25000. Fifty percent majority-rule consensus
phylograms with posterior probability values (PP) were obtained when the average
standard deviation of split frequencies was below 0.001. For ML analysis, the best-
scoring tree with values of bootstrap (BS) was constructed using the GTR model
with one hundred rapid bootstrap inferences. Gaps were regarded as missing data.
Phylograms were visualised and edited by TreeGraph 2 (Stéver and Miiller 2010) and
Adobe Illustrator (Adobe Systems, Inc).
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Table 1. Species and sequences used in the phylogenetic analyses. Newly generated sequences are shown

in bold.
Taxon Strain/Specimen ITs ;cgg)tal s nuc 28S rpbl
Bjerkandera adusta HHB-12826-Sp KP134983 KP135198 KP134784
Byssomerulius corium FP-102382 KP135007 KP135230 KP134802
Candelabrochaete africana FP-102987-Sp KP135294 KP135199 KP134872
Ceraceomyces serpens HHB-15692-Sp KP135031 KP135200 KP134785
Ceriporia alachuana FP-103881-Sp KP135341 KP135201 KP134845
Ceriporia purpurea KKN-223-Sp KP135044 KP135203 KP134788
Efibula americana FP-102165 KP135016 AY684165 AY864873
Emmia lacerata FP-55521-T KP135024 KP135202 KP134805
Gloeoporus pannocinctus L-15726-Sp KP135060 KP135214 KP134867
Hydnophlebia chrysorhiza FD-282 KP135338 KP135217 KP134848
Hyphoderma litschaueri FP-101740-Sp KP135295 KP135219 KP134868
Hyphoderma mutatum HHB-15479-Sp KP135296 KP135221 KP134870
Hyphodermella rosae FP-150552 KP134978 KP135223 KP134823
Meruliopsis alnbostramineus HHB-10729 KP135051 KP135229 KP134787
Phacophlebiopsis peniophoroides FP-150577 KP135417 KP135273 KP134813
Phanerochaete aculeata Wu 880701-2 - GQ470636 -
Phanerochaete affinis KHL11839 EU118652 EU118652 -
Phanerochaete alnea OMS8110 KP135171 - -
Phanerochaete arizonica RLG-10248-Sp KP135170 KP135239 KP134830
Phanerochaete australis HHB-7105-Sp KP135081 KP135240 KP134840
Phanerochaete bambusicola Wu 0707-2 MF399404 MF399395 LC314324
Phanerochaete brunnea Hel873 KX212220 KX212224 -
Phanerochaete burtii HHB-4618 KP135117 KP135241 KP134829
Phanerochaete calotricha Vanhanen-382 KP135107 - KP134826
CHWC 1506-17 LC412093 LC412102 -
Phanerochaete canobrunnea CHWC 1506-39 LC412094 LC412103 -
CHWZC 1506-66 LC412095 LC412104 -
Phanerochacte carnosa HHB-9195-Sp KP135129 KP135242 KP134831
Phanerochaete chrysosporium HHB-6251-Sp KP135094 KP135246 KP134842
Phanerochaete citrinosanguinea FP-105385 KP135100 KP135234 KP134824
Phanerochaete concrescens RUS fg 8<7, 008 KP994375 - -
Phanerochaete cumulodentata 1:6,033,465 LIN833868 - -
VI212 JF440574 - -
Phanerochaete cystidiata GC 1708-358 LC412096 LC412101 LC412107
Wu 1708-326 LC412097 LC412100 LC412108
Phanerochaete ericina HHB-2288 KP135167 KP135247 KP134834
Phanerochaete exilis HHB-6988 KP135001 KP135236 KP134799
Wu 1409-161 LC412098 LC412105 LC412109
Phanerochaete fusca
Wu 1409-163 LC412099 LC412106 LC412110
Phanerochaete incarnata WEI 16-078 MF399407 MEF399398 LC314327
Phanerochaete krikophora HHB-5796-Sp KP135164 KP135268 KP134837
Phanerochaete laevis HHB-15519-Sp KP135149 KP135249 KP134836
Phanerochaete livescens FD-106 KP135070 KP135253 KP134841
Phanerochaete magnoliae HHB-9829-Sp KP135089 KP135237 KP134838
Phanerochaete odontoidea Wu 9310-8 MF399408 MF399399 LC314328
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Taxon Strain/Specimen I1$ ;cts)g)t ains nuc 288 rpbl

Phanerochacete porostereoides Hel902 KX212217 KX212221 -

He1908 KX212218 KX212222 -
Phanerochaete pseudomagnoliae PP-25 KP135091 KP135250 KP134839
Phanerochaete pseudosanguinea FD-244 KP135098 KP135251 KP134827
Phanerochaete rhodella FD-18 KP135187 KP135258 KP134832
Phanerochaete robusta Wu 1109-69 MF399409 MF399400 LC314329

Phanerochaete sacchari Wu 880313-6 - GQ470654 -
Phanerochaete sanguinea HHB-7524 KP135101 KP135244 KP134825
Phanerochaete sanguineocarnosa FD-359 KP135122 KP135245 KP134828
Phanerochaete sordida FD-241 KP135136 KP135252 KP134833

. VPCI207312 KF291012 - -

Phanerochacete stereoides

Wu 9708-118 - GQ470661 -
Phanerochaete subceracea FP-105974-R KP135162 KP135255 KP134835
Phanerochaete subodontoidea Wu 0106-35 MF399411 MF399402 LC314331
Phanerochaete taiwaniana Wu 0112-13 MF399412 MF399403 LC314332

Phanerochaete thailandica 2015_07 MF467737 - -

Phanerochaete velutina Kotiranta21402 KP135179 - -
Phlebia centrifuga HHB-9239-Sp KP135380 KP135262 KP134844
Phlebia chrysocreas HHB-6333-Sp KP135358 KP135263 KP134861
Phlebia fuscoatra HHB-10782-Sp KP135365 KP135265 KP134857
Phlebia radiata AFTOL-484 AY854087 AF287885 AY864881
Phlebia uda FP-101544-Sp KP135361 KP135232 KP134859
Phlebiopsis gigantea FP-70857-Sp KP135390 KP135272 KP134821
Pirex concentricus OSC-41587 KP134984 KP135275 KP134843
Rbizochaete radicata FD-123 KP135407 KP135279 KP134816
Scopuloides rimosa HHB-7042 KP135350 KP135282 KP134853
Terana caerulea FP-104073 KP134980 KP135276 KP134865

Results

Phylogenetic analyses

The 5.85+nuc 28S+7pb1 dataset consisted of 58 sequences of 2481 characters includ-
ing gaps, of which 931 sites were parsimony informative. The ITS+nuc 28S dataset
consisted of 45 sequences of 2199 characters including gaps, of which 220 sites were
parsimony informative. Topologies of phylogenetic trees of each dataset inferred from
BI and ML methods were similar and, thus, only ML trees were shown (Figs 1, 2). In
the 3-marker analyses (Fig. 1), three main subclades of the phlebioid clade of Poly-
porales, annotated as three families, Irpicaceae, Meruliaceae and Phanerochaetaceae,
could be recognised in the ingroup (BS = 75-97%, PP = 1). Sequences of three new
species were nested within the lineage of Phanerochaete s.s. of Phanerochaetaceae (BS
= 100%, PP = 1). In the 2-marker analyses (Fig. 2), sequences of each of three new
species formed well-supported monophyletic group (BS = 97-100%, PP = 1). Phan-
erochaete canobrunnea, P cystidiata and P fusca were allied to P thailandica Kout &
Sddlikova, P ericina (Bourdot) J. Erikss. & Ryvarden and P porostereoides S.L. Liu &
S.H. He, respectively, based on available sequences.
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Phanerochaete canobrunnea CHWC 1506-66
100 | Phanerochaete canobrunnea CHWC 1506-17
Phanerochaete canobrunnea CHWC 1506-39
Phanerochaete robusta Wu 1109-69
1001 - Phanerochaete cystidiata GC 1708-358
Phanerochaete cystidiata Wu 1708-326
Phanerochaete ericina HHB-2288
Phanerochaete subceracea FP-105974-R
1001 | Phanerochaete fusca Wu 1409-163
Phanerochaete fusca Wu 1409-161
Phanerochaete laevis HHB-15519-Sp
Phanerochaete incarnata WEI 16-078
Phanerochaete krikophora HHB-5796-Sp
Phanerochaete pseudomagnoliae FD-244
Phanerochaete magnoliae HHB-9829-Sp
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Scopuloides rimosa HHB-7042
Phlebia uda FP-101544-Sp
Phlebia chrysocreas HHB-6333-Sp
Phlebia fuscoatra HHB-10782-Sp
Phlebia radiata AFTOL-484
HHB-9239-Sp
C:

10011

's's ajaeys0s9URYd
seaoejaeyd0IaURYY

71/

83/0.96

10011

aeaoeoldy]

1099

10011

oeaoBINIB)

Phlebia

africana FP-102987-Sp

H litsch: i FP-101740-Sp

—
Hyp mutatum HHB-15479-Sp

Figure |. Phylogram inferred from Maximum likelihood analysis of the concatenated 5.8S+nuc
28S+7pb1 dataset of representative taxa in the phlebioid clade of Polyporales. Branches are labelled with
Maximum likelihood bootstrap values 270% and Bayesian posterior probabilities 20.9. Studied taxa are
shaded with greyish boxes. Scale bar = substitutions per site.

Taxonomy

Phanerochaete canobrunnea Sheng H. Wu, C.C. Chen & C.L. Wei, sp. nov.
MycoBank No: 827411
Figs 3A, 4

Diagnosis. Phanerochaete canobrunnea is recognised by brown generative hyphae and
brown skeletal hyphae, in combination with absence of cystidia.
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Phanerochaete sanguinea HHB7524-Sp
Phanerochaete calotricha Vanhanen-382
Phanerochaete pseudosanguinea FD-244
Phanerochaete citrinosanguinea FP-105385-Sp
Phanerochaete carnosa HHB-9195-Sp
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Phanerochaete sordida FD-241
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Phanerochaete canobrunnea CHWC 1506-39
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Figure 2. Phylogram inferred from Maximum likelihood analysis of the concatenated ITS+nuc 28S

-/0.99

Phanerochaete robusta Wu 1109-69
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99/1

dataset of taxa in Phanerochaete s.s. Nodes are labelled with Maximum likelihood bootstrap values 270%
and Bayesian Posterior probabilities 20.9. Studied taxa studied are shaded with greyish boxes. Scale bar =
substitutions per site.

Holotype. TATWAN. Nantou County: Yuchih Township, Lienhuachih, 23°55'N,
120°53'E, 715 m alt., on angiosperm branch, coll. W.C. Chen, C.C. Chen & C.L.
Wei, 23 Jun 2015, CHWC 1506-17 (TNM F0029207).

Etymology. From canus+brunneus (= greyish-brown), referring to the colour of
the hymenial surface.
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Figure 3. Basidiomes. A Phanerochaete canobrunnea (holotype, CHWC 1506-17) B P, cystidiata (holo-
type, GC 1708-358) € P, fusca (holotype, Wi 1409-161). Scale bar:1cm.
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Description. Basidiome resupinate, effuse, loosely adnate, membranaceous, 250—
500 pum thick in section. Hymenial surface pale greyish-brown, slightly darkening in
KOH, smooth, sometimes cracked; margin concolorous or brownish, slightly fibrillose
or determinate.

Hyphal system dimitic; generative hyphae mostly simple-septate, single or double
clamp connections occasionally present in subiculum. Subiculum fairly uniform, with
fairly loose texture, 200-400 um thick; generative hyphae interwoven, brown, more
or less straight, moderately ramified, rarely encrusted, 4-9 (-11) pm diam., thin- to
thick-walled, walls up to 1.5 pm thick, anastomoses occasional; skeletal hyphae inter-
woven, brown, more or less straight, un-ramified or ramified, 2-5 pm diam., usually
subsolid or thick-walled, walls up to 1.5 pm, adventitious septa occasionally present.
Hymenial layer thickening, with dense texture, 50—100 um thick; hyphae more or
less vertical, brownish to subcolourless, 36 um diam., thin-walled. Cystidia lacking.
Basidia subclavate to clavate, 15-25 x 5—6 pm, 4-sterigmate. Basidiospores ellipsoid
to narrowly ellipsoid, adaxially flattened, smooth, thin-walled, IKI —, CB —, mostly
4.2-5.8 x 2.5-3 pm. [(4-) 4.5-5.8 (-6) x (2.5-) 2.7-3 (-3.2) pm, L = 5.10£0.54 pm,
W =2.86%0.18 um, Q = 1.78 (n = 30) (CHWC 1506-17); (4-) 4.2-5 (-5.8) x (2.3-)
2.5-2.8 (-3) pm, L = 4.63%0.42 pm, W = 2.66+0.17 pm, Q = 1.75 (n = 30) (CHWC
1506-39)].

Additional specimens examined (paratypes). TAIWAN. Nantou County:
Yuchih Township, Lienhuachih, 23°55'N, 120°53'E, 715 m alt., on angiosperm
branch, coll. W.C. Chen, C.C. Chen & C.L. Wei, 23 Jun 2015, CHWC 1506-39
(TNM F0029217); CHWC 1506-66 (TNM F0029236).

Distribution. Known from subtropical Taiwan.

Remarks. Amongst the few species in Phanerochaete having brown subicular hy-
phae, only 2 canobrunnea and P, thailandica possess skeletal hyphae [described as “qua-
si-binding hyphae” in the protologue of P thailandica, Sadlikova and Kout (2017)].
These two species are also closely related according to the phylogenetic analyses (Fig.
2). However, P thailandica bears leptocystidia and has larger basidiospores (7-8 x
4-4.5 pm) (Sadlikova and Kout 2017). Phanerochaete brunnea Sheng H. Wu resem-
bles P canobrunnea in lacking cystidia and having similar basidiospores, but its hyphal
system is monomitic (Wu 1990). These two species are phylogenetically not closely
related (Fig. 2).

Phanerochaete cystidiata Sheng H. Wu, C.C. Chen & C.L. Wei, sp. nov.
MycoBank No: 827412

Figs 3B, 5

Diagnosis. Phanerochaete cystidiata is characterised by having a fibrillose margin of the
basidiome and apically narrow or tapering leptocystidia that are more or less encrusted.
Additionally, crystal masses are present in the hymenial layer.
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Figure 5. Phanerochaete cystidiata (holotype, GC 1708-358) A profile of basidiome section B basidiome

section € leptocystidia D basidia E basidiospores. Scale bars: 100 um (A); 10 pm(B-E).
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Holotype. TAIWAN. Nantou County: Aowanta, 23°57'N, 121°10'E, 1200 m
alt., on angiosperm branch, coll. C.C. Chen, 28 Aug 2017, GC 1708-358 (TNM
F0031801).

Etymology. From cystidiatus, referring to the presence of cystidia of this species.

Description. Basidiome resupinate, effuse, adnate, membranaceous, 120-250
(=330) pm thick in section. Hymenial surface creamish-yellow, brownish in KOH,
smooth to occasionally slightly tuberculate (due to crystal masses in hymenial layer),
sometimes cracked; margin whitish or concolorous, fibrillous to fimbriate, occasionally
determinate.

Hyphal system monomitic; hyphae simple-septate, clamp connections rarely pre-
sent in subiculum. Subiculum fairly uniform, with somewhat loose to fairly dense
texture, usually very dense near the substrate, 70-150 pm thick; hyphae more or less
horizontal, coloutless, fairly straight, moderately ramified, occasionally strongly en-
crusted with crystals, 3-6 (=7) pm diam., with 0.8—1.5 um thick walls, anastomoses
occasional. Hymenial layer thickening, with fairly dense texture, 50-100 (~180) pm
thick, occasionally stratified; hyphae more or less vertical, coloutless, 2.5-5 um diam.,
thin-walled. Crystal masses occasionally abundant in hymenial layer. Leptocystidia nu-
merous, immersed or emergent, cylindrical, median part usually slightly swollen and
slightly thick-walled, with narrow or tapering apices, sparsely to heavily encrusted,
(35-) 40-60 x 4-5.5 um. Basidia subclavate to narrowly clavate, usually guttulate
when mature, 20-30 x 4.5-5.5 pm, 4-sterigmate. Basidiospores ellipsoid to narrowly
ellipsoid, adaxially flattened, smooth, thin-walled, guttulate, IKI-, CB—, mostly 4-5.3
x 2.5-3 pm. [4-5 (-5.5) x (2.5-) 2.7-3 (=3.3) pm, L = 4.59+0.43 pm, W = 2.86%0.18
pum, Q = 1.61 (n = 30) (GC 1708-358); (4-) 4.2-5 (-5.5) x 2.5-3 (-3.2) pm, L =
4.72£0.40 pm, W = 2.7910.20 pm, Q = 1.70 (n = 30) (Wx 1708-326)].

Additional specimens examined (paratypes). CHINA. Yunnan Province: Wen-
shan Zhuang and Miao Autonomous Prefecture, Maguan County, Dalishu Township,
Lake, 23°07'04"N, 104°08'17"E, 1800 m alt., on angiosperm branch, coll. C.C. Chen,
7 Aug 2017, GC 1708-76 (TNM F0031803). TAIWAN. Nantou County: Aowanta,
23°57'N, 121°10'E, 1200 m alt., on angiosperm branch, coll. S.H. Wu, 28 Aug 2017,
Wu 1708-326 (TNM F0031802).

Distribution. Known from China (Yunnan Province) and Taiwan (type locality).

Remarks. Phanerochaete ericina is the most closely related species (Figs 1, 2), but
differs in having brownish hymenophore, frequently branched narrow hyphae (quasi-
binding hyphae) and cystidia that are not encrusted (Wu 1990). Phanerochaete burtii
(Romell) Parmasto, P carnosa (Burt) Parmasto, P calotricha (P. Karst.) J. Erikss. &
Ryvarden, P citrinosanguinea Floudas & Hibbett, P pseudosanguinea Floudas & Hib-
bett, P sanguinea (Fr.) Pouzar and P sanguineocarnosa Floudas & Hibbett also have a
more or less fimbriate margin of the basidiomes, apically narrow or tapering cystidia
and similar-sized basidiospores; however, their cystidia are not or only rarely encrusted.
These species form a strongly supported monophyletic group, while P ¢ystidiata is phy-
logenetically distantly related to this group (Figs 1, 2).
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Phanerochaete fusca Sheng H. Wu, C.C. Chen & C.L. Wei, sp. nov.
MycoBank No: 827413

Figs 3C, 6

Diagnosis. Phanerochaete fusca is characterised by smooth to tuberculate dark brown
hymenial surface, monomitic hyphal system with brown subicular hyphae and lepto-
cystidia with narrow or tapering apices. Additional diagnostic features: hyphae and
cystidia usually with adventitious septa, subicular hyphae sometimes swollen at hyphal
ends and basidia becoming thick-walled and brownish when old.

Holotype. CHINA, Hubei Province: Shennongjia Forest Area, Wenshui Forest
Farm, 31°44'N, 110°20'E, 1700 m alt., on angiosperm branch, coll. S.H. Wu, 19 Sep
2014, Wu 1409-161 (TNM F0029722).

Etymology. From fuscus (= dark brown), referring to the colour of the hymenial
surface.

Description. Basidiome resupinate, effuse, adnate, membranaceous, 250-580 um
thick in section. Hymenial surface dark brown, slightly darkening in KOH, smooth
to tuberculate, not cracked; margin concolorous, more or less separable, determinate.

Hyphal system monomitic; hyphae simple-septate, clamp connections rarely pre-
sent in subiculum. Subiculum fairly uniform, with dense texture, 200-480 pm thick;
hyphae more or less horizontal, brown, fairly straight, moderately ramified, usually
swollen at hyphal ends, usually encrusted near subhymenium, (2.5-) 3-7 (-7.5) um
diam., with slightly thick to up to 2 um thick walls, with small oily drops, usually with
adventitious septa. Hymenial layer thickening, with dense texture, 50-100 pm thick;
hyphae more or less vertical, brownish to subcoloutrless, 2.5-4 pm diam., slightly thick-
walled. Leptocystidia numerous, originating from hymenial layer, projecting, cylindri-
cal with narrow or tapering apices, sometimes encrusted, subcolourless to brownish,
usually with 1 or 2 adventitious septa, 50—70 x 3.5-5.5 (—6) pm, with thin to up to 1
pm thick walls. Basidia clavate or occasionally narrowly clavate, subcolourless to brown-
ish, sometimes with an adventitious septum, 22—50 x 5-6 pum, with thin to up to 1 pm
thick walls, 4-sterigmate. Basidiospores narrowly ellipsoid to subcylindrical, adaxially
slightly concave, smooth, thin- to slightly thick-walled, colourless to sometimes brown-
ish, IKI —, CB —, mostly 5.7-7.3 x 3-3.5 um. [(5.3-) 5.7-7.3 (-7.8) x (2.8-) 3-3.5
(-3.7) pm, L = 6.6310.64 um, W = 3.241+0.28 um, Q = 2.05 (n = 30) (W 1409-161)].

Additional specimen examined (paratype). CHINA. Hubei Province: Shennon-
gjia Forest Area, Wenshui Forest Farm, 31°44'N, 110°20'E, 1700 m alt., on angio-
sperm branch, coll. S.H. Wu, 19 Sep 2014, Wu 1409-163 (TNM F0029723).

Distribution. Known from China (Hubei Province).

Remarks. Phanerochacete stereoides Sheng H. Wu resembles P fissca in having brown
subicular hyphae and leptocystidia. However, hymenial surface of the former is pale grey-
ish-brown, while the latter is dark brown. Moreover, cystidia of P stereoides are uniformly
thin-walled and colourless, not with 1 or 2 adventitious septa. These two species are not
closely related according to the phylogenetic analyses (Fig. 2). Phanerochaete porostereoides
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is the most closely related species (Fig. 2). Like 2 fusca, it has brown subicular hyphae, but
differs by lacking cystidia and by smaller basidiospores [(4.5-) 4.7-5.3 (=5.5) x (2.3-)
2.5-3.1 (=3.3) pm], according to Liu and He (2016).
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Abstract

‘The monotypic lichenised genus Anamylopsora (Bacomycetaceae, Bacomycetales), with its single species
A. pulcherrima, is distributed in the arid areas of the Northern Hemisphere, including China. In this pa-
per, we introduce another species new to science, Anamylopsora pruinosa. The new species is characterised
by a densely pruinose upper surface, abundantly thick and strong rhizines and terricolous habitat. It is also
strongly supported by the phylogenetic and species delimitation analyses based on nrDNA ITS sequences,
in which A. pruinosa forms well-supported clade separated from A. pulcherrima.

Keywords
Lichen, morphology, phylogeny, taxonomy, Tengger Desert

Introduction

The monotypic genus Anamylopsora Timdal was established in 1991 (Timdal 1991),
based on the species Anamylopsora pulcherrima (Vain.) Timdal. The species was previ-
ously excluded from Psora Hoftm., as Psora pulcherrima (Vain.) Elenkin, due to having,
for example, a non-amyloid tholus and hymenial gelatine and is temporarily placed in

Copyright Ya-Bo Zuo 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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the collective genus Lecidea Ach. (Timdal 1984). Together with Lecidea, the genus An-
amylopsora was included in the family Lecideaceae Chevall., although it was observed
to be more similar to Trapeliaceae M. Choisy ex Hertel in the ascus structure (Timdal
1991). Lumbsch et al. (1995) established a monotypic family Anamylopsoraceae in the
Agyriineae (Lecanorales) based on the ascus structure, chemistry, pycnidial structure
and ascoma ontogeny, comparing with all the morphologically similar or related fami-
lies, such as Agyriaceaec Corda, Bacomycetaceae Dumort., Icmadophilaceae Triebel,
Lecideaceae and Psoraceae Zahlbr.

Later, the family Anamylopsoraceae was synonymised with the Bacomycetaceae
based on multigene phylogenetic analysis and the genus Anamylopsora is currently in-
cluded under Bacomycetaceae (Bacomycetales) (Resl et al. 2015), together with Ainoa
Lumbsch & I. Schmitt, Baeomyces Pers. and Phyllobaeis Kalb & Gierl (Jaklitsch et al.
2016). The family is distant from Psora (Lecanorales) and Lecidea (Lecideales) (Resl et
al. 2015). Hence, Anamylopsora pulcherrima belongs to a monotypic genus, but not
monotypic family.

Anamylopsora pulcherrima is saxicolous, common in the arid areas of the Northern
Hemisphere, including Asia (China, Iran, Kirgizstan, Mongolia, Nepal, Japan), Rus-
sia and U.S.A. (Davydov 2014; Inoue 2010; Moniri and Sipman 2009; Timdal 1991;
Zhurbenko 2010). During our field survey in the arid region of the Northwest China,
a new species of Anamylopsora was found in Tengger Desert with the characters of ter-
ricolous habitat, dense pruina and abundant rhizines. The purpose of this study is to
describe the new member of the previously monotypic genus. Phylogenetic and species
delimitation analyses based on ntDNA ITS sequences are also provided.

Materials and methods

Phenotypic analysis

All the six specimens of the new species of Anamylopsora were collected from one lo-
cality in the Ningxia Hui Autonomous Region of China, close to the Inner Mongolia
Autonomous Region and are preserved in the Lichen Section of Herbarium Mycologi-
cum Academiae Sinicae (HMAS-L). A dissecting microscope (Zeiss Stemi SV11) and
compound microscope (Zeiss Axioskop 2+) were used for the study of morphology
and anatomy. Standardized thin-layer chromatography (TLC, solvent system C) was
used for the identification of secondary metabolites (Culberson 1972; Culberson and
Kristinsson 1970; Orange et al. 2001).

DNA extraction, amplification and sequencing

DNA was extracted from six fresh specimens of Anamylopsora (Table 1) following the
modified CTAB method (Rogers and Bendich 1988). The internal transcribed spacer of
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Table |. Specimens of Anamylopsora from China and taxa used in the phylogenetic analysis in this scudy.

Taxon Voucher specimens GenBank No.
Anamylopsora pruinosa X1.2017133 (HMAS-L-141383) MH558055*
A. pruinosa ZW2018064 (HMAS-L-141384) MH558056*
A. pruinosa ZW2018099 (HMAS-L-141386) MH558057*
A. pruinosa ZW2018100 (HMAS-L-141385) MH558058*
A. pruinosa ZW2018101 (HMAS-1-141388) MH558059*
A. pruinosa 72018102 (HMAS-L-141387) MH558060*
A. pulcherrima Russia, Yakutia, 1992, Zhurbenko (ESS) AF274089
A. pulcherrima Zhurbenko 023, 2002(GZU) KR017064
Ainoa mooreana Nordin 7455 (UPS) KJ462262
Ainoa mooreana Thor 28340 (UPS) KJ462263
Anzina carneonivea Austria, Tyrol, 1996, Guderley & Heibel (ESS) AF274077
Baeomyces placophyllus XZ12147 (SDNU) KT601493
B. rufus yn138 (SDNU) KT601494
Phyllobacis imbricata 852 HQ650635
DPsora crenata Rui & Timdal SA11/02 (O) MG677191
Tephromela armeniaca u267 AY541278
Trapelia coarctata Orange 23617 (NMW/) KY797787

* = sequences newly generated for this study by the authors

nuclear ribosome DNA (nrDNA ITS) was chosen as the genetic marker. Primers LR1
(Vilgalys and Hester 1990) and ITS1 (White et al. 1990) were used. Reactions were
carried out in 50 pl reaction volume and the components used were 3 pl total DNA,
1 ul each primer (10 uM), 25 pl 2xTaq MasterMix and 20 pl ddH,O. PCR amplifica-
tions were carried out in a Biometra T-Gradient thermal cycler, following conditions:
initial heating step for 5 min at 95 °C, followed by 35 cycles of 30 s at 94 °C, 30 s at 56
°C, and 1 min 30 s at 72 °C; a final extension step of 8 min at 72 °C was added, after
which the samples were kept at 4 °C. Negative controls were prepared for each amplifi-
cation series. PCR products were purified using a gel purification kit (Shanghai Huas-
hun Bioengineering Corporation, China) following the manufacturer’s instructions.

Sequence alignment and phylogenetic analysis

PCR products were sequenced using the ABI 3730 XL Sequencer by Shanghai Bio-
Sune Corporation of China. Except sequences of the new species, the sequences of an-
other species in Anamylopsora, A. pulcherrima and eight species in seven genera related
as outgroups, i.e. Ainoa mooreana, Anzina carneonivea, Baeomyces placophyllus, B. rufus,
Phyllobaeis imbricata, Psora crenata, Trapelia coarctata and Tephromela armeniaca, were
downloaded from GenBank. The sequences were aligned using Clustal W Multiple
Alignment (Thompson et al. 1994) in BioEdit 7.2.5 (Hall 1999). The programme
Gblocks v0.91b (Castresana 2000; Talavera and Castresana 2007) was used to delimit
and remove regions of alignment uncertainty, using options for a “less stringent” se-
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lection on the Gblocks web server (http://molevol.cmima.csic.es/castresana/Gblocks_
server.html). The alignment was subjected to a maximum likelihood (RAxML) analy-
sis and nodal support was assessed using 1000 bootstrapping pseudo-replicates with
RAXML-HPC v. 8.2.6 (Stamatakis 2014) and MrBayes v.3.2.6 (Huelsenbeck and
Ronquist 2001; Ronquist and Huelsenbeck 2003) on the Cipres Science Gateway
(http://www.phylo.org). In the ML and Bayesian analyses, substitution models for ITS
were estimated using jModelTest-2.1.9 (Darriba et al. 2012; Guindon and Gascuel
2003). Based on these results, we used the TrN+I+G model with 1000 pseudorepli-
cates in the ML analysis and the TrN+G model in the Bayesian analysis. Two parallel
Markov chain Monte Carlo (MCMC) runs were performed in MrBayes, each using
8 million generations and sampling every 1000 steps. A 50% majority-rule consensus
tree was generated from the combined sampled trees of both runs after discarding the
first 25% as burn-in. Tree files were visualised with FigTree v.1.4.2 (http://tree.bio.
ed.ac.uk/software/figtree/). The intraspecific and interspecific genetic distances of the
Anamylopsora species were also calculated and compared.

Species delimitation analyses

Two species delimitation methods were used to circumscribe species boundaries within
the genus Anamylopsora — “Automatic Barcode Gap Discovery” (ABGD) (Puillandre
etal. 2012) and a Bayesian implementation of the Poisson tree process model (bPTP)
(Zhang et al. 2013). For ABGD we used default parameters except for using a Pmax at
0.01 and a relative gap width of 1.5, with the model Jukes-Cantor (JC69). The bPTP
model is intended for delimiting species in these single-locus molecular phylogenies,
and provides an objective approach for delimiting putative species boundaries that are
consistent with the phylogenetic species criteria. We used the bPTP web server (http://
species.h-its.org, Zhang et al. 2013) to delimit putative species groups using the ITS
topology as the input tree and implementing default settings.

Results

Phylogenetic analysis

The aligned matrix contained 431 unambiguous nucleotide position characters for ITS.
The phylogenetic tree included 10 taxa representing five families from ca. four differ-
ent orders and is illustrated in Fig. 1. Anamylopsora formed a well-supported (BS=100,
PP=1.00) monophyletic clade, within which the new species obviously separated from
A. pulcherrima. The genetic distances (Table 2), based on nrDNA ITS sequences within
Anamylopsora, showed that the intraspecific distance range was 0.00-0.01, while the in-
terspecific distance range was 0.04-0.05, also indicating they are two different species.
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Figure |. The maximum likelihood tree of Anamylopsora species based on the ITS sequences. The num-
bers in each node represent bootstrap support (BS) and posterior probability (PP) values. Bootstrap values
> 75 and posterior probability values > 0.95 were plotted on the branches of the RAXML tree. Except for
the new species Anamylopsora pruinosa, marked by the solid circle ‘®’, all the other sequences were down-
loaded from GenBank. Scale bar: 0.04 substitution per site.
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Table 2. Intraspecific and interspecific genetic distances range of the species in this study.

Taxon 1] 2[3]4]s]e6]7 89 1w|1mn|12]13/14]15]16
1 Anzina carneonivea
AF274077
2 Baeomyces placophyllus 0.15
KT601493 :
3 B. rufus
KT601494 0.1410.06
Iﬁg‘g’;é’g;"m’m 0.10|0.16 | 0.15
I%%ﬂlggggmd’“”f”“ 030032033031
gégz‘gq’”m 0.29 | 0.330.32 | 0.30 | 0.02
;f;ﬁﬁ’é’%ﬂmmmmm 0.18]0.20 | 0.20 | 0.21 | 0.36 | 0.35
S cronata 0.26 027|030 | 0.32 | 0.46 | 0.46 | 0.23
%ggggg[;f”’l””d” 0.16|0.190.20 | 0.19| 0.37 | 0.37| 0.21 | 0.27
;2&’2’:.’7{11“1’1’1?1{%17064 0.17]0.16 10.19 | 0.22 | 0.30 | 0.30 | 0.23 | 0.32 | 0.24
;};ﬁgg"’”m 0.1710.16|0.19 [ 0.22 | 0.30 | 0.30 | 0.23 [ 0.32 | 0.24 | 0.00
ﬁﬁég%’gg‘” 0.18]0.17 10.19 10.23 | 0.31 | 0.31 | 0.21 | 0.32 | 0.25 | 0.04 | 0.04
ﬁﬁég’g”o’;’g‘” 0.18 | 0.17 10.19 | 0.23 | 0.31 | 0.31 | 0.21 | 0.32 | 0.25 | 0.04 | 0.04 | 0.00
ll\flf'sfs’g’g;’;‘” 0.180.17 |0.19 | 0.23 | 0.31 | 0.31 | 0.21 | 0.31 | 0.25 | 0.04 | 0.04 | 0.00 | 0.00
ﬁﬁéé’%’;’é’m 0.180.17 [0.19 [0.23 | 0.31 | 0.31 | 0.21 | 0.31 | 0.25 | 0.04 | 0.04 | 0.00 | 0.00 | 0.00
ll\gﬁ'sé’g’(‘)’:gm 0.19 [0.18 |0.20 | 0.24 | 0.33 | 0.33 | 0.22 | 0.32 | 0.25 | 0.05 | 0.05 | 0.01 | 0.01 | 0.01 | 0.01
I{Zﬁ%g’é?g‘“ 0.19 0.18 [0.20 | 0.23 |0.32 | 0.32 | 0.21 | 0.32 | 0.26 | 0.04 | 0.04 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01

Species delimitation analyses

The ABGD analysis based on ntDNA ITS, provided evidence supporting A. pruinosa
and A. pulcherrima as two different species (P = 0.001-0.01). The tree-based bPTP analy-
sis also suggested two species (tree not shown) and within A. pruinosa group, the individ-
uals coll. nos ZW2018102 and ZW2018101 clustered outermost, separating from other
four samples, i.e. coll. nos. X1.2017133, ZW2018064, ZW2018099 and ZW2018100.

Taxonomy

Anamylopsora pruinosa D.L. Liu & X.L. Wei, sp. nov.
Fungal Names: FN570573

Figures 2a—i

Diagnosis. The species is characterised by densely pruinose upper surface, abundantly
thick and strong rhizines and terricolous habitat.
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~ ¥ 4k

Figure 2. The new species Anamylopsora pruinosa (holotype, HMAS-1-141383). a Lichen thallus habit
of Anamylopsora pulcherrima (C0090112F, F) b Lichen thallus habit of Anamylopsora pruinosa (holotype,
HMAS-1-141383), scale in mm ¢ Pruinose upper surface of the new species d The marginal apothecia of
the new species € The abundant and thick and strong rhizines (white) at the lower surface f The asci with
ascospores of the new species g The asci in iodine, showing the amyloid sheet h The thallus anatomical
structure of the new species i The shortly bacilliform conidia of the new species. Scale bars: 0.2 mm (c);

0.5 mm (d); 0.95 mm (e); 50 um (f, g); 200 pm (h); 50 pm (i).
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Type material. CHINA. Ningxia: Zhongwei City, Ciu Liu Gou. 37°24'34.92"N,
104°35'8.66"E, 1577 m alt., on sandy soil, 15 July 2017, D.L. Liu & R. D. Liu
XL2017133 (HMAS-L-141383- holotype).

Description. Thallus squamulose, 2—6 cm diam., terricolous, tightly adnate to the
substrate. Squamules 2-3 mm diam., more or less imbricate, with areolate crust-like
centre and slightly ascending and crenate margin. Upper surface densely pruinose,
occasionally naked part khaki, dull to slightly shiny. Lower surface pale brown near
the margin, mostly absence of well-developed cortex. Rhizines abundant, ecorticate,
simple to branched, 4-6.5 mm long, 0.5-0.8 mm thick. Outer layer of upper cortex
pale brown, ca. 50 pm high; inner layer of cortex colourless, 125-150 um high. Photo-
biont layer continuous, 50-150 pm high; algal cells green, unicellular. Medulla 112.5—
250 pm high, containing pale brown crystals. Lower cortex brownish, 15-17.5 pm
high. Apothecia lecideine, marginal, 0.5-2 mm diam., dark brown to black, occasion-
ally cracked, dull, epruinose. Epithecium dark brown, ca. 12.5 um high. Hymenium
colourless, 75-100 pm high, hemi-amyloid; asci clavate, 50-125 x 7.5-12.5 pm, sur-
rounded by an amyloid sheet; tholus more or less well developed, non-amyloid. 4-8
ascospores per asci, i.e. 4, 5, 6, 8; ascospores simple, subglobose, colourless, 7.5-10 um
diam.; paraphyses weakly conglutinated, simple, with slightly thickened and brown
pigmented apical cells. Pycnidia marginal, subglobose, dark brown to black, 275-425
x 275-375 pm; conidia shortly bacilliform, colourless, 3.75-5 x 1.25-2.5 pm.

Chemistry. Alectorialic and barbatolic acids.

Habitat and distribution. On the surface of sand soil in the arid region of North-
west China, Tengger Desert, where the annual precipitation is under 200 mm.

Etymology. Name refers the whole upper surface being densely pruinose.

Additional material examined. CHINA. Ningxia: Zhongwei City, Ciu Liu
Gou. 37°24'34.92"N, 104°35'8.66"E, 1577 m alt., on sandy soil, 1 June 2018, D.L.
Liu et al. ZW2018064 (HMAS-L-141384), ZW2018099 (HMAS-1-141386),
ZW2018100 (HMAS-1-141385), ZW2018101 (HMAS-L-141388), ZW2018102
(HMAS—L—141387).

Notes. As known, Anamylopsora pulcherrima is saxicolous, growing on calciferous and
non-calciferous rocks; upper surface epruinose or more rarely pruinose with more or less
white pruinose margin (Timdal 1991). While the new species, A. pruinosa, is terricolous,
growing directly on the surface of sandy soil, with thick and strong rhizines penetrating
into the sand. On the other hand, the upper surface of A. pruinosa is densely white pru-
inose, occasionally very little part naked. Phylogenetic and species delimitation analyses
based on ITS sequences (Fig.1) also well supported that they are two different species.

Discussion

Except for the diagnostic characters of the new species Anamylopsora pruinosa, most
characters are accordant with the genus Anamylopsora, such as the habit of thallus
(squamulose), type and location of apothecia (lecideine, marginal), weakly amyloid
hymenium, asci with amyloid sheet, non-amyloid tholus, ascospores and conidia, and
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chemistry, etc. (Lumbsch et al. 1995; Timdal 1991). In addition, the phylogenetic
analysis showed Anamylopsora, including the two species, to be monophyletic. The spe-
cies delimitation analyses, including ABGD and bPTD, also supported A. pruinosa and
A. pulcherrima as two separate species. Therefore, both the phenotypic observations
and ITS sequences well supported the new species.

As the genus Anamylopsora was known to be monotypic before this study and only
the species A. pulcherrima is accepted, there are, however, three synonyms, i.e. Lecidea
pulcherrima (Basionym), Lecidea hedinii and Lecidea undulata (Timdal 1991). Based
on the original description of L. hedinii and L. undulata (Magnusson 1940; 1944), the
morphological characters of L. undulata was suspected to be most similar to the new
species A. pruinosa in greyish-white lobes, densely pruinose and terricolous habitat, but
L. undulata has much smaller conidia (2.5-3.5 x 0.8 um), and ‘very large, reddish-
brown apothecia’ (Magnusson 1940), which is much different from the new species,
A. pruinosa, with larger conidia (3.75-5 x 1.25-2.5 pym) and not large (0.5-2 mm
diam.) and black apothecia. Especially, we could not find any fresh materials of L. un-
dulata and the corresponding DNA sequences were unavailable. Therefore, we could
not judge whether the new species A. pruinosa is exactly the synonymized L. undulara
with the knowledge we have. Fresh materials corresponding to L. undulata, are needed
and then it may be possible to answer this question.

In the phylogenetic analysis, we included the other three genera, i.e. Ainoa, Baeo-
myces and Phyllobaeis, within Bacomycetaceae (Jaklitsch et al. 2016) and some related
taxa previously mentioned, i.e. Anzina carneonivea (Thelenellaceae, Incertae sedis or-
der), Psora crenata (Psoraceae, Lecanorales), Trapelia coarctata (Agyriaceae, Bacomyc-
etales) and 7éphromela armeniaca (Lecanoraceae, Lecanorales) (Lumbsch et al. 2001a;
b). The analyses well supported the monophyly of Aramylopsora. While obviously
separating from the outgroup Psora crenata and 1ephromela armeniaca (Lecanorales),
the relationship amongst other orders, i.e. Bacomycetales, Trapeliales and Incertae se-
dis (Thelenellaceae), were not clearly shown. More species and gene loci are needed to
clarify the above-mentioned relationships.

In China, Anamylopsora pulcherrima has been found and reported in some arid re-
gions, such as Inner Mongolia and Gansu (Magnusson 1940; 1944; Schneider 1979),
and also in Tibet (Obermayer 2004), but all these known species grow on calciferous
stone, meaning that it is saxicolous. We did not find the corresponding description about
whether rhizines were present in this species and we also did not find obvious rhizines
through observation of the specimen deposited in F (C0090112F). However, the terri-
colous new species, A. pruinosa, directly grows on the surface of sandy soil, tightly adnate
to the substrate by the abundant, thick and strong rhizines, forming an important type
of lichen crust in the desert area, possibly contributing to sand-fixation. Previously, we
generally focused on the predominant genus Endocarpon (Verrucariaceae, Verrucariales)
in the Tengger Desert (Yang and Wei 2008; Zhang et al. 2017) due to their sand-fixation
ability by rhizines. Comparing to Endocarpon spp., Anamylopsora pruinosa may, however,
have more and greater advantages in their type of rhizines. Therefore, it is necessary to
pay more attention to some other advantageous species like Anamylopsora pruinosa and
try to apply them in the sand control engineering (Wei 2005) in the near future.
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The oomycete-specific ITS primers published by Riit et al. (2016) have been put to use in
the scientific community working with oomycetes. Recently, however, it has been brought
to our attention that the sequences of the primers ITS1oo and ITS300 shown in the first
Figure of the published manuscript are incomplete, when compared to the sequences of
the same primers as listed on the UNITE website. This discrepancy is derived from re-
checking primer sequences from tube labels that are restricted to the first 18 bases.
Closer examination revealed that the sequence of primer I'TS100 in Figure 1 is missing
one nucleotide from the 3’ end and the primer ITS300 is missing two nucleotides from
the 3’ end. These errors are expected to reduce relative primer specificity to Oomycetes,
which probably results in a lower proportion of this group in metabarcoding studies. We
hereby provide the updated figure (Figure 1) with correct information. We apologise to
all users of these erroneous primers for their suboptimal performance. We are grateful to
Dr. Diana Mar¢iulyniené and Dr. Sannakajsa Velmala for identifying these problems.
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Figure 1. A Map of universal and oomycete-specific ITS region primers B Taxa with mismatches in the
binding sites of primers ITS1oo and ITS300. Only taxa with 10% or more mismatching accessions are shown.
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