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Abstract: Phylogenetic relationships among mem-
bers of the antrodia clade were investigated with
molecular data from two nuclear ribosomal DNA
regions, LSU and ITS. A total of 123 species
representing 26 genera producing a brown rot were
included in the present study. Three DNA datasets
(combined LSU-ITS dataset, LSU dataset, ITS data-
set) comprising sequences of 449 isolates were
evaluated with three different phylogenetic analyses
(maximum likelihood, maximum parsimony, Bayes-
ian inference). We present a phylogenetic overview of
the five main groups recovered: the fibroporia,
laetiporus, postia, laricifomes and core antrodia
groups. Not all of the main groups received strong
support in the analyses, requiring further research.
We were able to identify a number of well supported
clades within the main groups.
Key words: brown rot, molecular phylogeny

INTRODUCTION

The antrodia clade was first identified by Hibbett and
Donoghue (2001) as a subgroup within the larger
polyporoid clade (Hibbett and Thorn 2001) in which
11 genera that produce a brown rot were included
(Antrodia, Auriporia, Daedalea, Fomitopsis, Laetiporus,
Oligoporus, Postia, Neolentiporus, Phaeolus, Piptoporus,
Sparassis). The apparent evolutionary relationships
among some of these genera also were observed in
Hibbett and Donoghue (1995) and Boidin et al.
(1998). Since then members of the antrodia clade
have been the focus of several molecular studies
investigating phylogenetic relationships among these
species and other wood-decay fungi. Higher level
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phylogenetic studies also have recognized the genera
Amylocystis, Dacryobolus, Melanoporia, Pycnoporellus,
Sarcoporia and Wolfiporia as part of the antrodia clade
(SY Kim and Jung 2000, 2001; Binder and Hibbett
2002; Hibbett and Binder 2002; SY Kim et al. 2003;
Binder et al. 2005), while the genera Antrodia,
Daedalea, Fomitopsis, Laetiporus and Sparassis have
received attention in regard to species delimitation
(SY Kim et al. 2001, 2003; KM Kim et al. 2005, 2007;
Desjardin et al. 2004; Wang et al. 2004; Wu et al. 2004;
Dai et al. 2006; Blanco-Dios et al. 2006; Chiu 2007;
Lindner and Banik 2008; Yu et al. 2010; Banik et al.
2010, 2012; Garcia-Sandoval et al. 2011; Lindner et al.
2011; Rajchenberg et al. 2011; Zhou and Wei 2012;
Bernicchia et al. 2012; Spirin et al. 2012, 2013). These
studies also established that some of the genera are
not monophyletic and several modifications have
been proposed: the segregation of Antrodia s.l. into
three genera (Antrodia s.s., Amyloporia, Fibroporia);
the segregation of Fomitopsis s.1. into Fomitopsis s.s.,
Pilatoporus, Rhodofomes and Laricifomes; and the
creation of Taiwanofungus to place two species from
Taiwan formerly classified in Antrodia. Other studies
on brown-rot fungi have proposed the independent
use of the generic concepts of Oligoporus, Postia,
Rhodonia, Ryvardenia and Spongiporus to place several
species treated under the genus Postia s.l. (Rajchen-
berg 1994, 1995, 2006; Niemela et al. 2005; Schigel et
al. 2006; Spirin et al. 2006; Pildain and Rajchenberg
2012); and the genus Gilbertsonia has been proposed
to accommodate Fibroporia angulopora (Parmasto
2001).

Although research has focused on subsets of species
in the clade, no synthesis has been presented that
includes a broad phylogenetic overview of the
antrodia clade with a complete sampling of relevant
genera. According to the studies mentioned above, at
least 25 different genera could be part of the antrodia
clade. Therefore, in the present study we used nuclear
rDNA sequence data to evaluate the clade from a
broad phylogenetic perspective. We also included
genus Crustoderma, not compared in previous studies,
considering a total of 26 brown-rot genera. The genus
Grifola Gray is not included here because it appeared
as a sister group of the core polyporoid clade in Justo
and Hibbett (2011), not related to members of the
antrodia clade as suggested by Wu et al. (2004),
Binder et al. (2005), Dai et al. (2006), Yu et al. (2010)
and Garcia-Sandoval et al. (2011). The questions
surrounding the phylogenetic position of Grifola are
addressed in more detail by Binder et al. (2013).



1392 MYCOLOGIA

For a better understanding of the genera involved
in this study we provide a review of their main
characteristics: type species, geographic distribution
and references for taxa description (TABLE I), and
morphological, ecological and biological characters
(TaBLE II). Morphological and ecological data are
from references herein (TABLE I), while information
on mating systems and nuclear behavior are from
Boidin and Lanquetin (1984, 1997) and Rajchenberg
(2011).

The antrodia clade is of ecological and evolutionary
importance because the vast majority of brown-rot
species belong to this clade and this group also
contain important forest pathogens (e.g. Fomitopsis,
Laetiporus, Phaeolus spp.; Gilbertson and Ryvarden
1986, Dai et al. 2007, Holmquist et al. 2009).
Although the ability to produce brown rot has evolved
independently at least five times, approximately 70%
of known brown-rot species are in the antrodia clade,
making this by far the largest clade of brown-rot fungi
(Hibbett and Donoghue 2001, Garcia-Sandoval et al.
2011). Brown-rot fungi degrade cellulose and hemi-
cellulose in wood using enzymatic processes relative
to white-rot species (Highley and Illman 1991,
Baldrian and Valaskova 2008 and references therein,
Tomsovsky et al. 2009, Floudas et al. 2012) and help
create habitat for animals, insects, other fungi and
tree seedlings (Lonsdale et al. 2008, Olsson et al.
2011). In addition, some species directly influence
forest structure and succession (Toljander et al. 2006,
Lonsdale et al. 2008, Rajala et al. 2012). Fungal
species that produce brown rot also play an important
role in carbon sequestration (Fukami et al. 2010); the
highly recalcitrant residues produced by brown rot
have the potential to remain locked in soil for
hundreds to thousands of years, while white-rot
species may return the majority of carbon directly to
the atmosphere (Gilbertson 1980, 1981).

In addition to their ecological contribution, several
members of the antrodia clade play an economically
important role as indoor wood-decay fungi and as a
good source of food and pharmaceutical or biotech-
nological product (Overholts 1953, Bagley and
Richter 2001, Vaidya and Singh 2012). Species of
Antrodia, Fomitopsis and Rhodonia contribute in
economic losses in both timber production and
damage of structural wood in buildings in North
America and Europe (Schmidt and Moreth 2003,
Schmidt 2007). Wolfiporia cocos, distinguished by the
production of large sclerotia, has been used as food in
North America, in traditional medicine in Asia and in
certain pharmacological studies (Wang et al. 2012).
Biotechnological studies also have demonstrated the
potential use of W. cocos in the bioprocessing of
copper containing wood and the ability of this species

to produce compounds with metal chelating capabil-
ity, especially iron-reducing compounds (de Groot
and Woodward 1998, Woodward and de Groot 1999,
Machuca et al. 2001, Arantes and Milagres 2006).
Species of Laetiporus and Sparassis also are consid-
ered edible (Gilbertson and Ryvarden 1986, Light and
Woehrel 2009), while some Crustoderma and Laeti-
porus species have been tested in bioremediation
including the degradation of treated wood and
wastewater (Mtui and Masalu 2008, Choi et al.
2009). Certain brown-rot species (e.g. Daedalea
quercina, Fomitopsis pinicola, Laetiporus sulphureus,
Rhodonia placenta, Wolfiporia cocos) are used to
understand the mechanisms involved in wood degra-
dation, and to facilitate these analyses their whole
genome has been sequenced (Martinez et al. 2009,
Vanden-Wymelenberg et al. 2011, Floudas et al. 2012,
http://www.jgi.doe.gov/). Taiwanofungus camphora-
tus is considered one of the most valued medicinal
fungi in Taiwan, where it has been used for the
prevention and treatment of several ailments includ-
ing liver diseases, cancer and hypertension; therefore,
this species has received attention in biochemical
studies (Wu et al. 1997, 2004; Hseu et al. 2007; Juan et
al. 2010; Geethangili and Tzeng 2011). Laricifomes
officinalis fruiting bodies contain biologically active
compounds (Zjawiony 2004) and have been used for
medicinal purposes since ancient times (Gilbertson
1980, Wasser 2010).

The main objectives of this study are to incorporate
sequence data from the nuclear large subunit (LSU)
and internal transcribed spacer (ITS) regions to: (i)
present a phylogenetic overview of groups within the
antrodia clade and (ii) identify unique terminal
clades that may delimit genera. The information
gained from this study will help with understanding
the evolution, prevalence and distribution of brown-
rot fungi in forest ecosystems while assessing the
monophyly of genera and determining species limits.
The present study employs broad taxonomic sam-
pling using only two genetic loci; results may be used
to identify appropriate exemplars for studies using
multiple loci or whole genomes.

MATERIALS AND METHODS

Taxon sampling.—DNA sequences of the ITS (ITS1, 5.8,
ITS2) and 5" end of the LSU regions of nuclear rDNA
representing about 123 species of 26 brown-rot genera were
used in the present study. Of these, 240 ITS and 261 LSU
were newly generated from herbarium specimens and
cultures obtained from the Center for Forest Mycology
Research (US Forest Service, Northern Research Station,
Madison, Wisconsin) and the University of Helsinki
Herbarium, Finland; 128 ITS and 106 LSU were retrieved
from GenBank (Benson etal. 2011), and 21 ITS and 22 LSU
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unpublished sequences were provided by K.-H. Larsson et
al. (Goteborg University, Sweden). Most LSU sequences
were 915-955 bp long, while those of ITS were 650-705 bp.
Novel sequences correspond primarily to species of
Antrodia, Amylocystis, Amyloporia, Auriporia, Crustoderma,
Dacryobolus, Fibroporia, Oligoporus, Sarcoporia, Phaeolus,
Piptoporus, Postia, Pycnoporellus, Rhodonia and Spongiporus
from specimens collected in North America (USA, Canada),
Europe (Finland, Russia) and Asia (China, Indonesia,
Japan, Taiwan) associated mainly with conifers. GenBank
sequences come from molecular studies on decay fungi;
these represent mostly species of Daedalea, Fomitopsis,
Laetiporus, Laricifomes, Ryvardenia, Sparassis, Taiwanofun-
gus and Wolfiporia collected mainly from USA, Japan,
Taiwan, Thailand and Argentina and associated mostly with
hardwoods. The sequences of K.-H. Larsson et al. represent
species of Antrodia, Oligoporus, Postia and Rhodonia from
Europe. Two taxa, Boletopsis lewcomelaena (Pers.) Fayod and
Hydnellum geogenium (Fr.) Banker (order Thelephorales),
were used as outgroup in the phylogenetic analyses. The
information for all these sequences and GenBank accession
numbers are provided (SUPPLEMENTARY TABLE I).

DNA isolation, PCR and sequencing.—DNA extraction,
amplification and sequencing from dried specimens fol-
lowed Palmer et al. (2008); whereas those from cultures
followed a modified version with eight-well 0.2 mL PCR strip
tubes (Lorch et al. 2012). The ITS region was amplified with
primers ITS1F (Gardes and Bruns 1993) and ITS4 (White et
al. 1990) while the 5" end of the LSU region was amplified
with primers LROR and LR5 (Vilgalys and Hester 1990).
Thermo-cycler conditions were: initial denaturation at 94 C
(2 min), followed by 30 cycles of denaturation at 94 C (40's),
primer annealing at 53 C (40 s) and elongation at 72 C
(130 s); and a final extension step of 72 C (5 min).
Sequences provided by K.-H. Larsson et al. were generated
following Larsson et al. (2004). Sequences were edited with
Sequencher 4.8 (Gene Codes Corp., Ann Arbor, Michigan).
Sequences generated in the present study were deposited in
GenBank, (accession numbers KC5H85059-KC585405,
KC595889-KC595955) and the alignments were deposited
in TreeBASE (SN14283).

Phylogenetic analyses.—DNA sequences were aligned with
MAFFT 6 (Katoh and Toh 2008); the Q-INS- algorithm,
especially suited for highly diverged sequences, was used for
the alignment of ITS; the G-INS-I algorithm, better suited
for sequences with global homology, was used for LSU
sequences. The alignments were manually adjusted with
MacClade 4.08 (Maddison and Maddison 2002). Visual
inspection was especially important in the ITS dataset that
includes divergent sequences. Regions with no discernible
alignment pattern across the dataset were excluded from
the analyses. The nLLSU and ITS were analyzed separately
with maximum likelihood, maximum parsimony and
Bayesian methods. We searched for strongly supported
positive conflict between the LSU and ITS datasets by
comparing the phylogenetic trees from both datasets. We
considered a node to be well supported if it received
bootstrap values equal to or greater than 70% and or
posterior probabilities equal to or greater than 0.95 in at

least two of the three analyses. We identified those nodes in
the LSU trees and looked for a strongly supported
conflicting topology in the ITS tree and repeated the
process identifying well supported nodes in the ITS tree and
comparing them to the LSU trees. No strongly supported
conflicts were detected and therefore a combined LSU+ITS
dataset was constructed by concatenating both alignment
files in MacClade.

The GTR model of nucleotide substitution was determined
to be the best by jModelTest (Darriba et al. 2012). The
parameters for phylogenetic analyses were: (i) maximum
likelihood analyses (ML) run in the RAXML server 7.2.8.
(Stamatakis et al. 2008) with 100 rapid bootstrap replicates,
(ii) equally weighted parsimony analyses (MP) performed
with PAUP* 4.0.b10 (Swofford 2002) with 1000 heuristic
search replicates performed with starting trees generated by
stepwise addition with random additions sequences fol-
lowed by tree bisection reconnection branch swapping and
up to two trees kept in each replicate, with bootstrap
analysis estimated from 1000 replicates with 10 random
taxon addition sequences and branch swapping set to
subtree pruning and regrafting, and (iii) Bayesian analyses
(BY) run with MrBayes 3.1 (Ronquist and Huelsenbeck
2003) for 10000 000 generations with four chains and trees
sampled every 100 generations with the a priori burn-in set
to 2500000 generations. Convergence was assessed by
examining effective sample sizes (ESS values) of the log
likelihoods for each run and confirming that they were over
200 and also by visually inspecting the likelihood plots
through time in TRACER (Rambaut and Drummond 2007).
The ESS values for each analysis were: LSU (531.841,
528.838), ITS (598.034, 760.687) and combined (946.452,
1245.380).

RESULTS

The phylogenetic relationships among members of
the antrodia clade were evaluated with three DNA
sequence datasets (LSUHITS, LSU, ITS) and three
phylogenetic analyses (ML, MP, BY). The trees
generated from those analyses were largely congru-
ent, but the ML trees topologies only are illustrated
here. The results are based primarily on the topology
of the best tree from the ML analysis of the combined
LSUHITS (Fic. 1A-E); the separate best trees from
ML analyses of the LSU and ITS datasets are provided
(SUPPLEMENTARY FIGS. 1, 2). The combined LSU+
ITS dataset included 324 ingroup sequences and 1434
characters, of which 571 (40%) were parsimony
informative and 801 were constant; the LSU dataset
included 387 ingroup sequences with 931 characters
of which 321 (34%) were parsimony informative and
569 were constant; and the ITS dataset included 389
ingroup sequences and 509 characters, of which 276
(54%) were parsimony informative and 201 were
constant; areas in the ITS1 and ITS2 regions (approx.
150 bp) that could not be confidently aligned were
excluded. Strong support = >90 in ML and MP and
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TABLE I. Antrodia clade genera, type species, number of described and sampled taxa, distribution and references to

described taxa

Described ~ Sampled References (taxon
Genera Type species taxa taxa Distribution descriptions)®
Amylocystis Amylocystis lapponica 2 1 North America, Europe, 26, 38, 68
Bondartsev (Romell) Bondartsev Asia
& Singer & Singer ex Singer
Amyloporia Amyloporia xantha (Fr.) ~10 7 North and South America, 1, 2,10, 18, 26, 35, 37,
Singer Bondartsev & Singer Europe, Africa, Australia 38, 39, 49, 78, 99
ex Bondartsev
Antrodia P. Antrodia serpens (Fr.) ~60 28 North, Central and South 3, 6, 18, 26, 36, 38, 47,
Karst. P. Karst. America, Europe, Asia, 51, 55, 57, 60, 62, 66,
Africa, Australia 75, 84, 86, 88, 89, 90,
97, 104, 106
Auriporia Auwriporia aurea (Peck) 4 2 North and South America, 9, 26, 38, 42, 64, 72
Ryvarden Ryvarden Europe, Asia
Crustoderma Crustoderma dryinum 17 7 North America, Europe, 11, 13, 21, 22, 32, 34, 61,
Parm. (Berk. & M.A. Curtis) Asia 67, 77, 93
Parmasto
Dacryobolus Fr. Dacryobolus sudans (Alb. 5 2 North and South America, 5, 16, 19, 56, 93
& Schw.: Fr.) Fr. Europe, Asia, Africa
Daedalea Pers. Daedalea quercina Fr. ~60 5 North and South America, 10, 17, 26, 27, 38, 4, 98,
Europe, Asia, Africa 103, 105
Fibroporia Fibroporia vaillantii (DC.) ~7 7 North and South America, 2, 3, 26, 38, 63, 78, 84,
Parmasto Parmasto Europe, Africa, Australia 102
Fomitopsis P. Fomitopsis pinicola (Sw.) ~40 12 North and South America, 10, 23, 24, 26, 38, 48, 54,
Karst. P. Karst. Europe, Asia, Africa, 78, 81, 83, 100
Australia
Gilbertsonia Gilbertsonia angulopora 1 1 North America 15, 65
Parmasto (M]J. Larsen &
Lombard) Parmasto
Laetiporus Laetiporus speciosus 12 9 North and South America, 10, 26, 38, 44, 59, 78, 85,
Murr. Battarra ex Murrill Europe, Asia, Australia 92, 101
[= Laetiporus
sulphureus (Bull.)
Murrill]
Laricifomes Kot.  Laricifomes officinalis 1 1 North America, Europe, 26, 38, 54
& Pouzar (Vill.) Kotl. & Pouzar Asia
Melanoporia Melanoporia nigra 2 2 North America, Asia 3, 29, 40, 58
Murr. (Berk.) Murrill
Neolentiporus Neolentiporus 1 1 S South America, Australia 44, 78, 50
Rajchenb. maculatissimus
(Lloyd) Rajchenb.
Oligoporus Bref.  Oligoporus farinosus ~10 6 North and South America, 2, 3, 10, 16, 29, 25, 41,
Bref., [= Oligoporus Europe, Asia 46, 63, 73, 79
rennyi (Berk. &
Broome) Donk]
Phaeolus (Pat.) Phaeolus schweinitzii 2 1 North and South America, 29, 41, 94
Pat. (Fr.) Pat. Europe
Piptoporus P. Piptoporus betulinus 3 2 North America, Europe, 29, 41, 29, 87
Karst. (Bull.) P. Karst. Asia
Postia Fr. Polyporus lacteus Fr. ~30 12 North and South America, 3, 4, 10, 12, 16, 29, 41,
[= Postia lactea Europe, Asia, Australia 45, 78, 63, 75, 80, 82,
(Fr.) P. Karst.] 95
Pycnoporellus Pycnoporellus fulgens 2 2 North America, Europe 3,8, 29, 41
Murrill (Fr.) Donk
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TABLE I. Continued
Described ~ Sampled References (taxon
Genera Type species taxa taxa Distribution descriptions)*®
Rhodonia Rhodonia placenta 1 1 North America, Europe 3,29, 41, 79
Niemeld (Fr.) Niemela, K.H.
Larss. & Schigel
Ryvardenia Ryvardenia cretacea 2 1 S South America, Australia, 30, 43, 78
Rajchenb. (Lloyd) Rajchenb. New Zealand
Sarcoporia Sarcoporia polyspora P. ~6 1 North America, Europe, 29, 20, 41, 53, 73, 96
P. Karst. Karst. [= Parmastomyces Asia
transmutans (Overh.)
Ryvarden & Gilb.]
Sparassis Fr. Sparassis crispa (Wulfen) 8 5 North America, Europe, 7, 81, 69, 70, 74, 76, 91
Fr. Asia
Spongiporus Spongiporus leucospongia ~15 2 North America, Europe, 3, 10, 16, 41, 79
Murr. (Cooke & Harkn.) Africa
Murrill
Taiwanofungus  Taiwanofungus 2 2 Asia 33, 71
Sheng H. W, camphoratus (M. Zang
Z.H. Yu, Y.C. & C.H. Su) Sheng
Dai & C.H. Su H. Wu, Z.H. Yu,
Y.C. Dai
Wolfiporia Wolfiporia cocos 5 3 North America, Asia, 3, 10, 14, 29, 28, 41, 52
Ryvarden (F.A. Wolf) Ryvarden Africa
& Gilb. & Gilb.

*References for brown-rot species descriptions. (1) Lowe 1946, (2) Lombard and Gilbertson 1965, (3) Lowe 1966, (4) Lowe and
Lombard 1973, (5) Eriksson and Ryvarden 1975, (6) Niemela and Ryvarden 1975, (7) Martin and Gilbertson 1976, (8) Niemela
1980, (9) Parmasto 1980, (10) Ryvarden and Johansen 1980, (11) Gilbertson 1981, (12) Julich 1982, (13) Nakasone and
Gilbertson 1982, (14) Ginns and Lowe 1983, (15) Larsen and Lombard 1983, (16) Lindsey and Gilbertson 1983, (17) Roy and
Mitra 1983, (18) David and Torti¢ 1984, (19) Manjon et al. 1984, (20) Ryvarden and Gilbertson 1984 (21) Nakasone 1984, (22)
Nakasonel985, (23) Niemela 1985, (24) Carranza-Morse and Gilbertson 1986, (25) Erkkila and Niemela 1986, (26) Gilbertson
and Ryvarden 1986, (27) Rajchenberg 1986, (28) Ryvarden et al. 1986, (29) Gilbertson and Ryvarden 1987, (30) Rajchenberg
1987, (31) Burdsall and Miller 1988, (32) Gilbertson and Blackwell 1988, (33) Zang and Su 1990, (34) Boidin and Gilles 1991,
(835) Niemela et al. 1992, (36) Renvall and Niemela 1992, (37) Gilbertson and Adaskaveg 1993, (38) Ryvarden and Gilbertson
1993, (39) Vampola and Pouzar 1993, (40) Hattori and Ryvarden 1994, (41) Ryvarden and Gilbertson 1994, (42) Salcedo-
Larralde 1994, (43) Rajchenberg 1994, (44) Rajchenberg 1995, (45) Rajchenberg and Buchanan 1996, (46) Gilbertson and
Ristich 1997, (47) Henrici and Ryvarden 1997, (48) Mossebo and Ryvarden 1997, (49) Roy and De 1997, (50) Bernicchia and
Ryvarden 1998, (51) Chang and Chou 1998, (52) Dai 1998, (53) Kotiranta 1998, (54) Kotlaba and Pouzar 1998, (55) Chang and
Chou 1999, (56) Boidin and Gilles 2000, (57) Buchanan and Ryvarden 2000, (58) Parmasto and Kollom 2000, (59) Burdsall and
Banik 2001, (60) Bernicchia and Ryvarden 2001, (61) Gilbertson 2001, (62) Lodge et al. 2001, (63) Niemela et al. 2001, (64)
Nunez and Ryvarden 2001, (65) Parmasto 2001, (66) Dai and Niemela 2002, (67) Gilbertson and Nakasone 2003, (68) Hattori
2003, (69) Desjardin et al. 2004, (70) Wang et al. 2004, (71) Wu et al. 2004, (72) Coelho 2005, (73) Niemela et al. 2005, (74)
Blanco-Dios et al. 2006, (75) Dai and Penttild 2006, (76) Dai et al. 2006, (77) Kotiranta and Saarenoksa 2006, (78) Rajchenberg
2006, (79) Spirin et al. 2006, (80) Wei and Dai 2006, (81) Aime et al. 2007, (82) Dai and Hattori 2007, (83) Kim et al. 2007, (84)
Spirin 2007, (85) Tomsovsky and Jankovsky 2008, (86) Valenzuela et al. 2008, (87) Choeyklin et al. 2009, (88) Du et al. 2009, (89)
Gorjon and Bernicchia 2009, (90) Kout and Vlasak 2009, (91) Light and Woehrel 2009, (92) Ota et al. 2009, (93) Bernicchia and
Gorjon 2010, (94) de Jesus and Ryvarden 2010, (95) Hattori et al. 2010, (96) Vlasak and Kout 2010, (97) Cui et al. 2011, (98)
Lindner et al. 2011, (99) Rajchenberg etal. 2011, (100) Zhou and Wei 2012, (101) Banik etal. 2012, (102) Bernicchia et al. 2012,
(103) Drechsler-Santos et al. 2012, (104) Spirin et al. 2012, (105) Li and Cui 2013, (106) Spirin et al. 2013.

PP > 0.95 in BY; while moderate support = >70 in
ML, >50 in MP and PP > 0.90 in BY.

Most of the 123 species of brown-rot fungi in this
study were represented in the three datasets with the
exception of Crustoderma longicystidiatum, Daedalea
dickinsii, Neolentiporus maculatissimus, Piptoporus

soloniensis, Postia japonica, Wolfiporia cartilaginea
and W. cocos, which were included only in the LSU
dataset. Amyloporia nothofaginea, A. stratosa, Antrodia
serialiformis, Daedalea dickinsii, D. neotropica, D.
pseudodochmia, D. stereoides, Fibroporia bohemica, F.
citrina and Laetiporus portentosus were included only
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FiG. 1. A. Phylogenetic relationships of members of the antrodia clade inferred from the analyses of the combined dataset
(nuclear LSU and ITS rDNA sequences). Topology from maximum likelihood analysis. Support values along branches are
from maximum likelihood bootstrap (=70), maximum parsimony bootstrap (=50) and Bayesian analyses (PP =0.95)
respectively. Generic types are indicated by %. B. Phylogeny of the fibroporia group. C. Phylogeny of the laetiporus group.
D. Phylogeny of postia and laricifomes groups. E. Phylogeny of the core antrodia group.
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in the ITS dataset, and sequences of different isolates

of Ryvardenia campyla were included in

LSU datasets; therefore 19 species were not repre-

sented in the combined dataset.
Overall, members of the antrodia

grouped into five moderately to strongly supported

laetiporus group

Fic. 1. Continued.

main groups in the analyses of the combined dataset
(F16. 1A-E): the fibroporia, laetiporus, laricifomes,
postia and the core antrodia groups.

the ITS and

The fibroporia group.—The genus Fibroporia was
recovered as a monophyletic, well supported inde-
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Fic. 1.

pendent clade, separate from other members of the
antrodia clade and from other Antrodia and Amylo-
poria species. This group was well supported in all
analyses of the combined and LSU datasets but not in
the analyses of the ITS dataset (FIG. 1B; SUPPLEMEN-
TARY FIGS. 1, 2). Two moderate to well supported
subclades were found among Fibroporia species in the
combined dataset. A subclade containing sequences
of F. vaillantii, F. radiculosa and Fibroporia sp. (L7878,
920821, L14122) and the other containing sequences
of I. morrlandica, F. gossypium and F. pseudorennyi.

The laetiporus group.—The laetiporus group contains
species of Laetiporus, Wolfiporia, Phaeolus, Sparassis,
Crustoderma and Pycnoporellus and received moderate
to strong support in the MP and BY analyses of the
LSU-ITS dataset (FiG. 1A, C). This assemblage not
only contains morphologically diverse genera, but
also the sequences in this clade were highly divergent
compared to the rest of the antrodia clade, forming
long branches in all the analyses and topologies.
Within this group two well supported clades were

HHB13400_A_lapponica_US

M Laricifomes

1 L16072_s_polyspora_US
FP100190_D_sudans_US

100/100/1
M4418_A_lapponica_US DacryO bOIUS

¥ Amylocystis

ilbertsonia

Continued.

obtained: the core laetiporus clade, containing
species of Laetiporus, W. dilatohypha, Phaeolus and
Sparassis, and the pycnoporellus clade, including
species of Crustoderma, Pycnoporellus and W. cocos
(the latter included only in the LSU dataset). The
core laetiporus clade also received strong bootstrap
support in the analyses of the ITS dataset (SUPPLE-
MENTARY FIG. 2), but not in the LSU dataset
(SUPPLEMENTARY FIG. 1), while the pycnoporellus
clade received strong support in all analyses of the
ITS and LSU datasets as well.

Within the core laetiporus clade (FIG. 1C), molec-
ular phylogenetic analyses indicated that Laetiporus
and Wolfiporia as currently defined are not mono-
phyletic, whereas the monophyly of Sparassis was
supported. The relationships among Laetiporus spe-
cies is unclear; we found similar results to those
reported by Lindner and Banik (2008), in which
sequences of Laetiporus sensu stricto (L. cincinnatus,
L. caribensis, L. sulphureus, L. gilbertsonii, L. hur-
oniensis, L. montanus, L. conifericola) appeared more
closely related to W. dilatohypha than to L. persicinus
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or L. portentosus. The placement of L. persicinus and
L. portentosus was not resolved although they clus-
tered with Sparassis and Phaeolus in some topologies.
The sequence of W. cartilaginea was nested within the
W. dilatohypha clade in the analyses of the LSU
dataset, indicating that these species are not closely
related to W. cocos (SUPPLEMENTARY FIG. 1).

Within the pycnoporellus clade (FiG. 1C), Pycno-
porellus resolved as a monophyletic genus with P.
alboluteus and P. fulgens being closely related;
however Crustoderma was not monophyletic and the
phylogenetic relationships among the seven species
included in the analyses were not resolved. In all
analyses of the LSU dataset (SUPPLEMENTARY FIG. 1),
which is the only dataset that includes W. cocos,
Pycnoporellus and Crustoderma formed a clade with L.
persicinus and W. cocos. Sequences of W. cocos from
USA, Japan and the Dominican Republic formed a
monophyletic clade.

The laricifomes group.—Phylogenetic analyses demon-
strated that the genus Laricifomes is not related to
Fomitopsis, the genus in which it previously was placed
(Kim et al. 2005, Zhou and Wei 2012) but instead
forms a small but distinct lineage within the antrodia
clade (F1G. 1A, D). Here L. officinalis appeared
closely related to the genera Ryvardenia and Gilbert-
sonia in the analyses of the ITS and LSU datasets in
which sequences of the three genera were represent-
ed; that association was moderately to strongly
supported in all analyses (SUPPLEMENTARY FIGS. 1, 2).

The postia group.—This group received moderate
support in the ML and BY analyses of the combined
dataset (FIG. 1A, D) and in the MP analyses of the
LSU dataset (SUPPLEMENTARY FIG. 1). This group
contains two main clades: the core postia clade and
sarcoporia. The core postia clade was recovered as a
monophyletic group in all analyses of the three
datasets, while the sarcoporia clade was recovered as
monophyletic in the combined and ITS datasets.
Within the core postia clade four subclades were
resolved: the spongiporus clade, containing sequenc-
es of S. leucospongia, Oligoporus balsameus, O.
Sloriformus, O. guttulatus, O. perdelicatus, Postia
sequoiae and P. stiptica; the oligoporus clade includ-
ing sequences of O. renny: and O. sericeomollis; the
Postia sensu stricto clade containing P. lactea, P. alni,
P. caesia, P. leucomallella, P. lowei, P. subcaesia and P.
tephroleuca; and the spongiporus undosus clade
composed of Spongiporus undosus and Postia obducta.

The core antrodia group.—This group was recovered
in the analyses of the combined (FIG. 1A, E) and ITS
(SUPPLEMENTARY FIG. 2) datasets and included species
in seven genera of the antrodia clade: Amyloporia,

Antrodia, Daedalea, Fomitopsis, Melanoporia, Pipto-
porus and Rhodonia. The genus Neolentiporus, present
in the LSU analyses (SUPPLEMENTARY FIG. 1), also
seems to belong to this group. The core antrodia
group lacks bootstrap support, and the relationships
among these genera were not resolved; however
several well supported lineages were obtained within
it. In addition, the apparent association of six of these
genera (excluding Amyloporia, Neolentiporus) was
supported in the BY analysis of the combined dataset
(F1G. 1A).

Amyloporia was not statistically supported as a
monophyletic group in the present study, but most
of the species believed to belong to this genus formed
an independent group with the genus Rhodonia
separated from other Antrodia species. Several strong-
ly supported groups of species were recovered among
Amyloporia species: the Amyloporia xantha complex
(containing A. xantha and A. alpina) related to
Amyloporia carbonica; the Amyloporia sordida group
including A. sordida and A. crassa (closely related to a
clade containing A. stratosa sequences in the ITS
dataset); and the Amyloporia sinuosa group including
A. sinuosa, A. hingganensis, A. odora and A. sitchensis
(the isolate HHB-12513 [AY966451, AY333830] previ-
ously identified as A. sitchensis fell within the Antrodia
xantha complex).

Sequences of Rhodonia from North America and
Europe formed a well supported monophyletic clade
in all analyses, separated from Postia species, and
supporting the suggestions of Niemeld et al. (2005).
As reported in molecular studies of Kim et al. (2001),
Binder et al. (2005) and Garcia-Sandoval et al. (2011),
Rhodonia grouped with Amyloporia species in all the
topologies but the association was not always statisti-
cally supported. However sequences of Amyloporia
nothofaginea formed a strongly supported monophy-
letic group with Rhodonia placenta in the analyses of
the ITS dataset (SUPPLEMENTARY FIG. 2). The LSU
sequence AYb15355 (CBS336.49) corresponding to
an isolate from Argentina (used in studies such as R.
placenta) does not fall within the rhodonia clade but
instead grouped with A. juniperina (SUPPLEMENTARY
FIG. 1), while the LSU sequence AY333829 (HHB-
5298), previously identified as A. sitchensis, fell within
the rhodonia clade (SUPPLEMENTARY FIG. 1).

Several Antrodia species were segregated into
moderately to strongly supported groups (Antrodia
sensu stricto clade, Antrodia serialis group, Antrodia
malicola group, Antrodia pulvinascens clade), while
others appear as orphan lineages distributed in the
clade (Antrodia albobrunnea, A. hyalina, A. juniperina,
A. macrospora, A. oleracea, A. taxa, A. ramentacea).

The Antrodia sensu stricto clade includes A. serpens,
A. favescens and A. heteromorpha closely related to A.
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macra and Postia mappa. The Antrodia malicola group
comprises A. malicola and A. minuta. Within this
group a close relationship between A. malicola and A.
minuta was shown and three subclades were observed:
one including American and Asian isolates of A.
malicola (conspecific isolates), a second including
only European isolates of A. malicola and a third
containing A. malicola and A. minuta isolates from
Russia. The Antrodia pulvinascens clade includes
Eurasian isolates of A. pulvinascens, A. mellita and
A. pulverulenta. This clade grouped with A. taxa, I.
feei and F. sprague: in some topologies (FIG. 1E,
SUPPLEMENTARY FIG. 1) but without bootstrap support.

The relationships and placement of A. albobrunnea
(isolates from Canada, Finland), A. hyalina (recently
described from Russia), A. juniperina (described from
USA but apparently with a worldwide distribution), A.
macrospora (= A. albidioides from the Mediterranean,
see Spirin et al. 2013), A. oleracea (originally described
from USA but also present in Asia and Africa), A. taxa
(originally described from Taiwan) and A. ramentacea
(originally described from Scotland but reported also
from Argentina) among other brown-rot fungi was not
resolved. Antrodia albobrunnea occurred in a clade
distant from other Antrodia species in all topologies.
Sequences of A. juniperina from North America
formed a monophyletic group with those from
Ethiopia and Macedonia in the analyses of the ITS
dataset. Sequences of A. ramentacea from Norway and
Russia appeared identical in the ITS dataset and closely
related to another sequence of A. ramentacea from
Argentina. Sequences of Antrodia taxa were grouped
with those of I feei (described from Brazil) from
Indonesia and Australia in the LSU analyses.

Daedalea species formed a monophyletic group
(daedalea clade) within which sequences of D.
quercina were grouped with D. dickinsii and D.
pseudodochmia, and sequences of D. neotropica
grouped with one D. quercina sequence (SUPPLEMEN-
TARY FIG. 1). Daedalea stereoides appeared as a sister
group of the daedalea clade (supported in the BY
analysis of the ITS dataset [SUPPLEMENTARY FIG. 1]; in
this analysis the daedalea clade belonged to the same
lineage as sequences of Antrodia taxa, while in the
combined dataset [FIG. 1E] sequences of D. quercina
grouped with Fomitopsis species).

The phylogenetic analyses suggest that at least nine
of the 12 Fomitopsis species included in this study
represent phylogenetic species. Five well supported
groups were found among Fomitopsis species: the
Fomitopsis sensu stricto clade (well supported in the
BY analysis of LSU-ITS dataset) containing sequences
of F. pinicola, P. betulinus, F. meliae and Fomilopsis sp.
(unidentified specimens from Indonesia and Thai-
land); the Fomitopsis palustris clade (well supported in

all the analyses of the combined and ITS datasets)
including sequences of F. palustris, I. iberica, F.
ostreiformis, A. bondartsevae and Fomutopsis sp. (speci-
mens from Indonesia); the Fomitopsis spraguei clade
(strongly supported) containing sequences of F.
spraguei from North America and Asia; the Fomitopsis
rosea clade (supported in all the analyses of the
combined dataset) containing sequences of F. rosea
and F. cajanderi; and the Fomitopsis spp. clade
containing sequences of I'. lilacinogilva, F. cupreorosea
and a sequence of F'. feei (from Mexico, SUPPLEMENTARY
FIG. 2). Another sequences of F. feei (from Finland)
grouped with Antrodia taxain the LSU dataset analyses
(SUPPLEMENTARY FIG. 1). The association of F. dochmia
with other Fomitopsis species was not statistically
supported; therefore its placement remains unclear.
The LSU sequence of Piptoporus soloniensis fell within
the Antrodia serialis group in analyses based on the
LSU dataset (SUPPLEMENTARY FIG. 1); therefore that
sequence is not related to P. betulinus.

With respect to the genus Melanoporia, sequences
of M. nigra and M. castanea grouped together in all
the ML analyses of the combined and ITS datasets
(F1G. 1E, SUPPLEMENTARY FIG. 2) but not in the LSU
dataset (SUPPLEMENTARY FIG. 1), indicating that this
genus may not be monophyletic. Although this genus
fell within the core Antrodia clade, its relationship
with other genera or species remains unresolved. The
sequence of Neolentiporus maculatissimus grouped
with the daedalea clade in the analyses based on the
LSU dataset (SUPPLEMENTARY FIG. 1), but this associ-
ation was not statistically supported.

DIScUSSION

The present study provides a phylogenetic outline of
the antrodia clade and identifies numerous terminal
groups that could form the basis of an eventual
generic reclassification of this group of brown-rot
fungi. Our results support the segregation of the
genus Antrodia s.l. into Antrodia and Fibroporia
because the monophyly of Amyloporia was not
supported. Several Fomitopsis species can be grouped
within Fomitopsis s.s., while others should be placed
under Rhodofomes. The placement of Piptoporus
betulinus within Fomitopsis s.s. requires nomenclatural
revision. Postia species can be classified under the
genera Postia and Oligoporus, and Spongiporus
undosus probably should be placed in a different
genus. We also agree that the genera Gilbertsonia,
Rhodonia, Ryvardenia and Taiwanofungus represent
independent taxa. Overall, further work is needed
including additional taxon sampling and multilocus
and genomic analyses to refine evolutionary relation-
ships among the diverse members of antrodia clade.
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The fibroporia group.—Our results agree with findings
from other studies (Kim et al. 2001, Yu et al. 2010,
Rajchenberg et al. 2011, Bernicchia et al. 2012,
Pildain and Rajchenberg 2012), where Fibroporia
species formed a distinct phylogenetic group separat-
ed from Antrodia sensu lato, suggesting that these
species are not closely related to the other Antrodia
species. Fibroporia species also differ from other
Antrodia species in the development of a fimbriate
to rhizomorphic margin; middle-sized, slightly cya-
nophilous and slightly thick-walled spores; and some
display a tetrapolar rather than bipolar mating system.
Most of the species that fall within genus Fibroporia,
except I. radiculosa (from USA) and F. gossypium
(from Argentina), originally were described from
Europe. The monophyly of the genus Fibroporia was
not supported in the analyses of the ITS dataset
(SUPPLEMENTARY FIG. 2), which included sequences of
F. bohemica (from Czech Republic) and F. citrina
(from Italy). The subclade of F. norrlandica, F.
gossypium and O. pseudorennyi was the only statistical-
ly supported clade in the analyses of this group.
Fibroporia citrina, although within the fibroporia
clade, did not appear closely related to other
Fibroporia species, while sequences of F. bohemica
grouped with Fibroporia sp. (L7878, 920821, 1L.14122),
suggesting the presence of F. bohemica in North
America. In addition sequences of F. norrlandica
grouped with Fibroporia sp. (FP100484), suggesting
the presence of F. norrlandica in North America.

The laetiporus group.—The close relationships among
members of the core laetiporus clade also was
observed in Kim and Jung (2000), Lindner and Banik
(2008), Yu et al. (2010) and Garcia-Sandoval et al.
(2011), while the apparent relationship between the
core laetiporus clade and Pycnoporellus also was
suggested by Wang et al. (2004), Lindner and Banik
(2008) and Garcia-Sandoval et al. (2011). Although
members of these genera differ in the shape of their
basidiocarps, they share certain micro characters:
most of their hyphal systems are monomitic without
clamp connections (Laetiporus and Wolfiporia are
dimitic, Sparassis may have clamps) and form
ellipsoid to ovoid spores; in addition species of
Laetiporus, Phaeolus and Pycnoporellus display a
holocoenocytic nuclear behavior (TABLE II).

Within Sparassis we obtained results similar to
Desjardin et al. (2004) and Wang et al. (2004), in that
S. spathulata and S. brevipes formed a clade with S.
oystidiosa as their sister group while S. crispa formed
a clade with S. radicata. Sequences of Phaeolus
schweinitzii formed a monophyletic group that clus-
tered with Laetiporus species in the analyses of the
combined dataset; this result also was observed in

Hibbett and Donoghue (1995), Boidin et al. (1998),
Kim and Jung (2001), Hibbett and Binder (2002) and
Dai et al. (2006). This study also demonstrates a close
evolutionary relationship between Crustoderma and
Pycnoporellus and their association with W. cocos,
which has not been demonstrated in studies. Some
Crustoderma and Pycnoporellus species form resupi-
nate basidiocarps, produce a monomitic hyphal
system and ellipsoid spores but differ in the form of
the hymenophore (TABLE II).

The laricifomes group.—Although further study is
required to strength the association among Larici-
Jfomes, Ryvardenia and Gilbertsonia, our results suggest
that these genera can be considered as independent
taxa. Pildain and Rajchenberg (2012) also supported
the use of the genus Ryvardenia. These three genera
differ in their distributions (L. officinalis is circum-
global, Ryvardenia is from the southern hemisphere
and Gilbertsonia is from North America) as well as in
several morphological characters; Laricifomes forms
perennial pileate basidiocarps, Ryvardenia produces
annual pileate basidiocarps and Gilberisonia has
annual resupinate basidiocarps (TABLE II). Many of
the species in these genera produce ellipsoid spores,
lack hymenial cystidia, produce a dimitic hyphal
system and display a bipolar mating system.

The postia group.—Although not all species formerly
treated under Oligoporus, Postia and Spongiporus are
represented in this study, and recognizing that
further studies are necessary to clarify the species
groupings within these genera, our results support
the independent use of at least two genera: the genus
Oligoporus to place species that grouped within the
spongiporus and oligoporus clades and genus Postia
for species that grouped within the postia sensu
stricto clade. Erkkila and Niemeld (1986) sought to
differentiate the two genera on the basis of spore
shape and spore-wall thickness, but their division is
not supported in our analyses. Our results also
suggest that Spongiporus undosus and Postia obducta
do not belong in Postia or Oligoporus. Some of the
associations observed here also were obtained in the
preliminary study by Schigel et al. (unpubl). Species
under these genera share similar morphological
characters, including annual basidiocarps that are
mostly pileate, a hyphal system that is monomitic with
clamps, cystidia in some species and the production
of mostly cylindrical to allantoid basidiospores. Well
known species in these groups have shown tetrapo-
larity and normal nuclear behavior with uninucleate
basidiospores (TABLE II).

Within the sarcoporia clade we obtained two
groups (not statistically supported), one including
species of Awuriporia, Sarcoporia and Taiwanofungus
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and the other one containing sequences of Amylocys-
tis lapponica and Dacryobolus sudans. A close relation-
ship between these genera has not been suggested
before, and although the species within this clade are
morphologically different they share some characters:
most species have resupinate basidiocarps with
monomitic hyphal systems with clamp connections
and they produce cylindrical to allantoid spores. In
addition, Amylocystis, Dacryobolus and Sarcoporia
display a tetrapolar mating system and most of them
have a north temperate to worldwide distribution
(TABLES I, II).

The core antrodia group.—Some Amyloporia species
included in this study originally were described from
Europe (e.g. A. alpina, A. crassa, A. sinuosa, A.
xantha), while others were described from North
America (e.g. A. carbonica, A. odora, A. sitchensis).
One species in this group was described from China
(A. hingganensis) and one from Argentina (A.
stratosa). The phylogenetic relationships among some
of these species also was demonstrated by Rajchen-
berg et al. (2011) and Pildain and Rajchenberg
(2012). The relationships among A. alpina, A. crassa,
A. sordida and A. xantha were demonstrated by David
and Torti¢ (1984) on morphological and biological
grounds; they placed these species under the genus
Amyloporiella. Several Amyloporia species possess a
tetrapolar mating system, displaying heterocytic nu-
clear behavior with uninucleate spores. We found that
both A. xantha and A. sinuosa may represent species
complexes and that the identities of A. odora and A.
sitchensis are not clear. To define the final placement
of these species more isolates and sequences of
additional gene regions are needed in that some of
these species are poorly represented in this study. The
phylogenetic relationship between Amyloporia notho-
faginea and Rhodonia placenta also was observed in
the study by Pildain and Rajchenberg (2012).
Rhodonia placenta, originally described from Sweden,
is also known from North America, while A.
nothofaginea was described from Argentina. These
species differ in several morphological characters,
distribution and host association although they
display a similar mating system and nuclear behavior.

Within Antrodia sensu stricto clade, Antrodia
serpens is a European species, A. favescens is a North
American species and A. heteromorphais distributed in
Eurasia and North America. Antrodia macra was
described from Norway but has a wide distribution
in Europe and has been reported also from Asia,
while P. mappa has been found in North America and
Eurasia; these species share some morphological
characters including somewhat larger cylindrical
spores. These results indicate that P. mappa belongs

to the genus Antrodia and that the isolates FCUG-
1100 and FCUG-1396, previously identified as A.
albida, correspond to A. heteromorpha. Similar results
were reported by Spirin et al. (2013), in which a more
detailed study and sampling of members of Antrodia
sensu stricto was conducted; among other findings,
they reported that isolates previously identified as A.
albida from North America correspond to A. favescens
and that A. serpens has not been found in North
America.

The antrodia serialis group contains A. serialis, A.
serialiformis, A. leucaena, A. infirma, A. primaeva and
A. variiformis; these species differ in their distribution
and in some morphological characters such as the
color of the basidiocarp and basidiospore size.
Antrodia serialis, A. serialiformis and A. variiformis
originally were described from North America, A.
infirma and A. primaeva from Finland and A. leucaena
from China. Antrodia serialis, A. wvariiformis, A.
infirma and A. primaeva are associated with gymno-
sperms, while A. serialiformis and A. leucaena are
associated with angiosperms. The associations among
several of these species also were reported in Yu et al.
(2010), Rajchenberg (2011) and Spirin et al. (2012).
In this study sequences of A. serialis nested in at least
three subclades in the analyses of the ITS dataset:
One clade includes representatives from western
North America (NA); the second contains specimens
from eastern NA and the sequence of A. serialiformis;
and the third includes American and European
species. These results suggest that A. serialis might
represent a species complex and also support the
comments of Kout and Vlasak (2009) about the
possible misidentification of isolates of A. serialis and
A. serialiformis. Within the Antrodia malicola group,
Antrodia malicola is a North American species also
present in Japan and Africa, whereas A. minuta has
been reported only from Russia; these species differ
in their distributions and A. minuta is distinguished
by its tiny pileate basidiocarps, although they have
similar basidiospores.

The close relationship between A. pulvinascens and
A. pulverulenta was shown in Spirin et al. (2012);
based on morphological characters A. pulvinascens
was thought to be related to A. crassa, A. pulverulenta
to A. hyalina and A. mellita to A. heteromorpha,
although these relationships were not supported by
molecular data. The sequence of A. macrospora
appears in different places in the topologies of the
three datasets. The association of A. bondartsevae with
F. ostreiformis also was demonstrated by Spirin et al.
(2012). Antrodia hyalina and A. oleracea clustered
together in the analyses of the ITS dataset, and these
species share some morphological characters includ-
ing cylindrical spores of similar size and an associa-
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tion with angiosperms. With respect to Antrodia
ramentacea, Spirin (2007) suggested that this species
should be excluded from the genus Antrodia based
on its soft and fleshy fruiting bodies and gelatinous
hymenophore and proposed it be placed in the genus
Cartilosoma Kotlaba & Pouzar.

Fomitopsis species were not grouped within the
same clade, demonstrating the polyphyly of this
genus, as indicated in phylogenetic studies by Kim
et al. (2005, 2007), Yu et al. (2010) and Zhou and Wei
(2012). Most of the Fomitopsis species included in the
analyses have a worldwide distribution, however not
all species are well represented in this study. More
sequences, including ex-type sequences, need to be
examined to determine the species delimitation in
the genus. However based on our results we suggest
that the genus Rhodofomes should be used to group
members of the F. rosea clade while the use of the
genus Pilatoporus needs further study. Our results also
support the placement of Piptoporus betulinus within
the Fomitopsis sensu stricto clade as has been reported
in other molecular studies (Hibbett and Donoghue
1995, Boidin et al. 1998, Hibbett and Binder 2002,
Kim et al. 2003, Binder et al. 2005, Dai et al. 2006,
Garcia-Sandoval et al. 2011, Zhou and Wei 2012). This
result creates a nomenclatural conundrum, involving
two well known genera, both described by Karsten
(1881), neither of which therefore has priority over
the other. Both species produce brown rot and share
the same mating system and nuclear behavior, but
they differ in the structure of their basidiocarp and
host specificity: P. betulinus is restricted to birch while
F. pinicola is associated mainly with coniferous wood.

Although the relationships among Daedalea species
agreed with the findings of Lindner et al. (2011) the
relationship between this genus and other members
of the antrodia clade remains unresolved. Sequences
of D. quercina also grouped with Antrodia, Fomitopsts,
Piptoporus and Neolentiporus in previous studies (e.g.
Hibbett and Donoghue 1995, Kim and Jung 2001, Yu
et al. 2010, Bernicchia et al. 2012); although these
genera share some morphological characters they
differ in the form of the hymenophore (TABLE II).
The genus Neolentiporus also appeared as part of the
core antrodia clade, as shown in Garcia-Sandoval et al.
2011, but its placement remains unresolved.

ACKNOWLEDGMENTS

This research was supported by a grant from the National
Science Foundation, PolyPEET (DEB 0933081) to DSH.
The authors thank Harold H. Burdsall, Karl-Henrik
Larsson, Karen Nakasone, Tuomo Niemeld and Leif
Ryvarden for advice regarding taxonomy of Polyporales.
Ellen Larsson, Karl-Henrik Larsson, Tuomo Niemelda and

Dmitry Schigel kindly provided a number of previously
unpublished sequences.

LITERATURE CITED

Aime MC, Ryvarden L, Henkel TW. 2007. Studies in
Neotropical polypores 22: additional new and rare
species from Guyana. Synop Fungorum 23:15-31.

Arantes V, Milagres AMF. 2006. Evaluation of different
carbon sources for production of iron-reducing com-
pounds by Wolfiporia cocos and Perenniporia medulla-
panis. Process Biochem 41:887-891, doi:10.1016/
j-procbio.2005.11.008

Bagley ST, Richter DL. 2001. Biodegradation by brown-rot
fungi. Chapter 16. In: Osiewacz HD, ed. The Mycota: a
comprehensive treatise on fungi as experimental
systems and applied research. Vol. X. Industrial
Applications. p 327-341.

Baldrian P, Valaskova V. 2008. Degradation of cellulose by
basidiomycetous fungi. FEMS Microbiol Rev 32:501-
521, doi:10.1111/j.1574-6976.2008.00106.x

Banik MT, Lindner DL, Ortiz-Santana B, Lodge DJ. 2012. A
new species of Laetiporus (Basidiomycota, Polyporales)
from the Caribbean basin. Kurtziana 37:15-21.

X , Ota Y, Hattori T. 2010. Relationships
among North American and Japanese Laetiporus
isolates inferred from molecular phylogenetics and
single-spore incompatibility reactions. Mycologia 102:
911-917, doi:10.3852/09-044

Bernicchia A, Gorjon SP. 2010. Corticiaceae s.l. Fungi
Europaei 12. Italy: Edizioni Candusso. 808 p.

X , Vampola P, Ryvarden L, Prodi A. 2012. A

phylogenetic analysis of Antrodia s.1. based on nrDNA

ITS sequences, with emphasis on rhizomorphic Euro-

pean species. Mycol Prog 11:93-100, doi:10.1007/

s11557-010-0732-z

, Ryvarden L. 1998. Neolentiporus (Basidiomycetes,

Polyporaceae) in Europe. Cryptogamie Mycol 19:281-283.

X . 2001. A new Antrodia species (Coriolaceae,
Basidiomycetes). Mycotaxon 79:57-66.

Benson DA, Karsch-Mizrachi I, Lipman D], Ostell ], Sayers
EW. 2011. GenBank. Nucleic Acids Res 39:D32-D327,
doi:10.1093/nar/gkq1079

Binder M, Hibbett DS. 2002. Higher-level phylogenetic
relationships of Homobasidiomycetes (mushroom-
forming fungi) inferred from four rDNA regions. Mol
Phylogenet Evol 22:76-90, doi:10.1006/mpev.2001.
1043

X , Larsson KH, Larsson E, Langer E, Langer

G. 2005. The phylogenetic distribution of resupinate

forms across the major clades of mushroom-forming

fungi (Homobasidiomycetes). Syst Biodivers 3:113-157,

doi:10.1017/51477200005001623

, Justo A, Riley R, Salamov A, Loépez-Giraldez F,
Sjokvist E, Copeland A, Foster B, Sun H, Larsson E,
Larsson KH, Townsend J, Grigoriev IV, Hibbett DS.
2013. Phylogenetic and phylogenomic overview of the
Polyporales. Mycologia (in press).

Blanco-Dios JB, Wang Z, Binder M, Hibbett DS. 2006. A new
Sparassis species from Spain described using morpho-



http://dx.doi.org/10.1016%2Fj.procbio.2005.11.008
http://dx.doi.org/10.1016%2Fj.procbio.2005.11.008
http://dx.doi.org/10.1111%2Fj.1574-6976.2008.00106.x
http://dx.doi.org/10.3852%2F09-044
http://dx.doi.org/10.1007%2Fs11557-010-0732-z
http://dx.doi.org/10.1007%2Fs11557-010-0732-z
http://dx.doi.org/10.1093%2Fnar%2Fgkq1079
http://dx.doi.org/10.1093%2Fnar%2Fgkq1079
http://dx.doi.org/10.1006%2Fmpev.2001.1043
http://dx.doi.org/10.1006%2Fmpev.2001.1043
http://dx.doi.org/10.1017%2FS1477200005001623
http://dx.doi.org/10.1017%2FS1477200005001623

ORTIZ-SANTANA ET AL.: THE ANTRODIA CLADE 1407

logical and molecular data. Mycol Res 110:1227-1231,
doi:10.1016/j.mycres.2006.07.012
Boidin J, Gilles G. 1991. Basidiomycetes Aphyllophorales de
L’lle de La Réunion. XVI. Les genres Hyphoderma,
Hyphodermopsis, Chrysoderma nov. gen. et Crustoderma.
Cryptogamie Mycol 12:97-132.
, . 2000. Basidiomycetes Aphyllophorales de
I’ ile de La Réunion XXI suite. Mycotaxon 75:357-
387.
, Lanquetin P. 1984. Répertoire des données utiles
pour effectuer les tests d’intercompatibilité chez les
basidiomycetes III. Aphyllophorales non porées. Cryp-
togamie Mycol 5:193-245.
X . 1997. Répertoire des données utiles pour
effectuer les tests d’intercompatibilité chez les basidio-
mycetes III. Aphyllophorales non porées (deuxiéme
supplément). Cryptogamie Mycol 18:9-18.

, Mugnier J, Canales R. 1998. Taxonomie molecu-
laire des aphyllophorales. Mycotaxon 66:445—491.
Buchanan PK, Ryvarden L. 2000. New Zealand polypore

fungi: six new species and a redetermination. NZ J Bot

38:251-263, doi:10.1080,/0028825X.2000.9512682
Burdsall HH, Banik MT. 2001. The genus Laetiporus in

North America. Harvard papers. Botany 6:43-55.

, Miller OK. 1988. Type studies and nomenclatural
considerations in the genus Sparassis. Mycotaxon 31:
199-206.

Carranza-Morse ], Gilbertson RL. 1986. Taxonomy of the
Fomitopsis rosea complex (Aphyllophorales, Polypora-
ceae). Mycotaxon 25:469-486.

Chang TT, Chou WN. 1998. Antrodia lalashana sp. nov. and
Antrodiella formosana sp. nov. in Taiwan. Mycol Res
102:400-402, doi:10.1017/S0953756297005157

, . 1999. Antrodia taxa sp. nov. and Perenni-
poria celtis sp. nov. in Taiwan. Mycol Res 103:622-624,
doi:10.1017/50953756298007059

Chiu HH. 2007. Phylogenetic analysis of Anirodia species
and Antrodia camphorata inferred from internal tran-
scribed spacer region. A van Leeuwenhoek 91:267-276,
doi:10.1007/5s10482-006-9116-4

Choeyklin R, Hattori T, Jaritkhuan S, Jones EBG. 2009.
Bambusicolous polypores collected in central Thailand.
Fungal Divers 36:121-128.

Choi YS, Kim GH, Lim YW, Kim SH, Imamura Y, Yoshimura T,
Kim JJ. 2009. Characterization of a strong CCA-treated
wood degrader, unknown Crustoderma species. A van
Leeuweenoek 95:285-293, doi:10.1007,/s10482-009-9311-1

Coelho G. 2005. A Brazilian new species of Auwriporia.
Mycologia 97:263-267, doi:10.3852/mycologia.97.1.263

Cui BK, Li HJ, Dai YC. 2011. Wood-rotting fungi in eastern
China 6. Two new species of Antrodia (Basidiomycota)
from Mt Huangshan, Anhui Province. Mycotaxon 116:
13-20, doi:10.5248/116.13

Dai YC. 1998. Changbai wood-rotting fungi 9. Three new
species and other species in Rigidoporus, Skeletocutis
and Wolfiporia (Basidiomycota, Aphyllophorales). Ann
Bot Fennici 35:143-154.

, Cui BK, Yuan HS, Li BD. 2007. Pathogenic wood-

decaying fungi in China. For Path 37:105-120,

doi:10.1111/j.1439-0329.2007.00485.x

, Hattori T. 2007. Postia japonica (Basidiomycota), a

new polypore from Japan. Mycotaxon 102:113-118.

, Niemeld T. 2002. Changbai wood-rotting fungi 13.

Antrodia sensu lato. Ann Bot Fennici 39:257-265.

, Penttild R. 2006. Polypore diversity of Fenglin

Nature Reserve, northeastern China. Ann Bot Fennici

43:81-96.

, Wang Z, Binder M, Hibbett DS. 2006. Phylogeny
and a new species of Sparassis (Polyporales, Basidio-
mycota): evidence from mitochondrial a¢p6, nuclear
rDNA and 7pb2 genes. Mycologia 98:584-592,
doi:10.3852/mycologia.98.4.584

Darriba D, Taboada GL, Doallo R, Posada D. 2012.
jModelTest 2: more models, new heuristics and parallel
computing. Nat Methods 9:772, doi:10.1038/
nmeth.2109

David A, Torti¢ M. 1984. Amyloporiella gen. nov. (Polypor-
aceae). Trans Br Mycol Soc 83:659-667, doi:10.1016/
S0007-1536(84)80185-0

de Groot RC, Woodward B. 1998. Wolfiporia cocos—a
potential agent for composting or bioprocessing
Douglas-fir wood treated with copper-based preserva-
tives. Mater Org 32:195-215.

de Jesus MA, Ryvarden L. 2010. Studies in Neotropical
polypores 28. Two new species from Amazonas, Brazil.
Synop Fungorum 27:73-77.

Desjardin DE, Wang Z, Binder M, Hibbett DS. 2004.
Sparassis cystidiosa sp. nov. from Thailand is described
using morphological and molecular data. Mycologia
96:1010-1014, doi:10.2307/3762085

Drechsler-Santos ER, Cavalcanti MAQ), Loguercio-Leite C,
Robledo GL. 2012. On Neotropical Daedalea species:
Daedalea ryvardenica sp. nov. Kurtziana 37:65-72.

Du P, Cui BK, Wang W. 2009. Wood-rotting fungi in eastern
China 3. A species of Antrodia new to China with notes
on the genus. Mycosystema 28:44—48.

Eriksson ], Ryvarden L. 1975. The Corticiaceae of north
Europe. Vol. 3. Oslo, Norway: Fungiflora.

Erkkila R, Niemeld T. 1986. Polypores in the parks and
forests of the city of Helsinki. Karstenia 26:1-40.

Floudas D, Binder M, Riley R, Barry K, Blanchette RA,
Henrissat B, Martinez AT, Otillar R, Spatafora JW,
Yadav JS, Aerts A, Benoit I, Boyd A, Carlson A,
Copeland A, Coutinho PM, de Vries RP, Ferreira P,
Findley K, Foster B, Gaskell J, Glotzer D, Gorecki P,
Heitman J, Hesse C, Hori C, Igarashi K, Jurgens JA,
Kallen N, Kersten P, Kohler A, Kiies U, Kumar TK, Kuo
A, LaButti K, Larrondo LF, Lindquist E, Ling A,
Lombard V, Lucas S, Lundell T, Martin R, McLaughlin
DJ, Morgenstern I, Morin E, Murat C, Nagy LG, Nolan
M, Ohm RA, Patyshakuliyeva A, Rokas A, Ruiz-Duenas
FJ, Sabat G, Salamov A, Samejima M, Schmutz J, Slot JC,
St John F, Stenlid J, Sun H, Sun S, Syed K, Tsang A,
Wiebenga A, Young D, Pisabarro A, Eastwood DC,
Martin F, Cullen D, Grigoriev IV, Hibbett DS. 2012.
The Paleozoic origin of enzymatic lignin decomposi-
tion reconstructed from 31 fungal genomes. Science
336:1715-1719, doi:10.1126/science.1221748

Fukami T, Dickie IA, Wilkie JP, Paulus BC, Park D, Roberts
A, Buchanan PK, Allen RB. 2010. Assembly history



http://dx.doi.org/10.1016%2Fj.mycres.2006.07.012
http://dx.doi.org/10.1016%2Fj.mycres.2006.07.012
http://dx.doi.org/10.1080%2F0028825X.2000.9512682
http://dx.doi.org/10.1017%2FS0953756297005157
http://dx.doi.org/10.1017%2FS0953756298007059
http://dx.doi.org/10.1017%2FS0953756298007059
http://dx.doi.org/10.1007%2Fs10482-006-9116-4
http://dx.doi.org/10.1007%2Fs10482-006-9116-4
http://dx.doi.org/10.1007%2Fs10482-009-9311-1
http://dx.doi.org/10.3852%2Fmycologia.97.1.263
http://dx.doi.org/10.5248%2F116.13
http://dx.doi.org/10.1111%2Fj.1439-0329.2007.00485.x
http://dx.doi.org/10.1111%2Fj.1439-0329.2007.00485.x
http://dx.doi.org/10.3852%2Fmycologia.98.4.584
http://dx.doi.org/10.3852%2Fmycologia.98.4.584
http://dx.doi.org/10.1038%2Fnmeth.2109
http://dx.doi.org/10.1038%2Fnmeth.2109
http://dx.doi.org/10.1016%2FS0007-1536%2884%2980185-0
http://dx.doi.org/10.1016%2FS0007-1536%2884%2980185-0
http://dx.doi.org/10.2307%2F3762085
http://dx.doi.org/10.1126%2Fscience.1221748

1408 MYCOLOGIA

dictates ecosystem functioning: evidence from wood
decomposer communities. Ecol Lett 13:675-684,
doi:10.1111/j.1461-0248.2010.01465.x

Garcia-Sandoval R, Wang Z, Binder M, Hibbett DS. 2011.
Molecular phylogenetics of the Gloeophyllales and
relative ages of clades of Agaricomycotina producing a
brown rot. Mycologia 103:510-524, doi:10.3852/10-209

Gardes M, Bruns TD. 1993. ITS primers with enhanced
specificity for basidiomycetes application to the iden-
tification of mycorrhizae and rusts. Mol Ecol 2:113-118,
doi:10.1111/j.1365-294X.1993.tb00005.x

Geethangili M, Tzeng YM. 2011. Review of pharmacological
effects of Amntrodia camphorata and its bioactive
compounds. Evidence-based complement. Alternat
Med ID 212641, doi:10.1093/ecam/nep108

Gilbertson RL. 1980. Wood-rotting fungi of North America.
Mycologia 72:1-49, doi:10.2307/3759417

. 1981. North American wood-rotting fungi that

cause brown rots. Mycotaxon 12:372-416.

.2001. Fungi from the mamane-naio vegetation zone

of Hawaii. Fungal Divers 6:35-68.

, Adaskaveg JE. 1993. Studies on wood-rotting

basidiomycetes of Hawaii. Mycotaxon 49:369-397.

, Blackwell M. 1988. Some new or unusual corticioid
fungi from the Gulf Coast region. Mycotaxon 33:375-386.

———, Nakasone KK. 2003. New taxa of Hawaiian
corticioid fungi are described with keys to Crustoderma,
Radulomyces and  Scopuloides. Mycologia 95:467-473,
doi:10.2307/3761888

, Ristich S. 1997. Oligoporus rennyi in North America.

Mycotaxon 64:349-352.

, Ryvarden L. 1986. North American polypores. Vol. 1.

Oslo, Norway: Fungiflora. 433 p.

, . 1987. North American Polypores. Vol 2.
Oslo, Norway: Fungiflora. p 434-885.

Ginns ], Lowe JL. 1983. Macrohyporia extensa and its
synonym Poria cocos. Can ] Bot 61:1672-1679,
doi:10.1139/b83-180

Gorjon SP, Bernicchia A. 2009. Antrodia sandaliae (Polypor-
ales, Basidiomycota) an interesting polypore collected in
the Iberian Peninsula. Cryptogamie Mycol 30:53-56.

Hattori T. 2003. Type studies of the polypores described by
EJ.H. Corner from Asia and West Pacific areas VI.
Species described in Tyromyces (3), Cristelloporia,
Grifola, Hapalopilus, Heterobasidion, Ischnoderma, Low-
eporus and Stecchericium. Mycoscience 44:453-463,
doi:10.1007/S10267-003-0139-7

, Ryvarden L. 1994. Type studies in the Polyporaceae

25. Species described from Japan by R. Imazeki & A.

Yasuda. Mycotaxon 50:27-46.

, Sotome K, Ota Y, Thi BK, Lee SS, Salleh B. 2010.
Postia stellifera sp. nov., a stipitate and terrestrial
polypore from Malaysia. Mycotaxon 114:151-161,
doi:10.5248/114.151

Henrici A, Ryvarden L. 1997. Antrodia pseudosinuosa sp.
nov. Mycologist 11:152-154, doi:10.1016/S0269-
915X (97)80088-2

Hibbett DS, Binder M. 2002. Evolution of complex fruiting-
body morphologies in homobasidiomycetes. Proc R Soc
Lond B 269:1963-1969, doi:10.1098/rspb.2002.2123

, Donoghue MJ. 1995. Progress toward a phylogenetic

classification of the Polyporaceae through parsimony

analysis of mitochondrial ribosomal DNA sequences.

Can J Bot 73 (Suppl. 1):5853-S861, doi:10.1139,/b95-331

, . 2001. Analysis of character correlations

among wood-decay mechanisms, mating systems and

substrate ranges in Homobasidiomycetes. Syst Biol 50:

215-242, doi:10.1080,/10635150151125879

, Thorn RG. 2001. Basidiomycota: Homobasidiomy-
cetes. In: McLaughlin DJ, McLaughlin EG, Lemke PA,
eds. The Mycota VII. Systematics and evolution. Part B.
Berlin: Springer Verlag. p 121-168.

Highley TL, Illman BL. 1991. Progress in understanding
how brown-rot fungi degrade cellulose. Biodeterior
Abst 5:231-244.

Holmquist O, Cadenas A, Pietrantonio P, Maggiorani A,
Bracamonte L. 2009. Notes on Laetiporus sulphureus
s.lat. (Aphyllophorales-Basidiomycetes) in Venezuela.
Rev Forest Venez 53:129-134.

Hseu YC, Chen SC, Tsai PC, Chen CH, Lu FJ, Chang NW,
Yang HL. 2007. Inhibition of cyclooxygenase-2 and
induction of apoptosis in estrogen-nonresponsive
breast cancer cells by Antrodia camphorata. Food Chem
Toxicol 45:1107-1115, doi:10.1016/j.fct.2006.12.012

Juan YS, Mannikarottu A, Chuang SM, Li S, Lin AD, Chang-
Chou L, Schuler C, Leggett RE, Levin RM. 2010.
Protective effect of Antrodia camphorata on bladder
ischemia/reperfusion injury. Int Urol Nephrol 42:637—
645, doi:10.1007/511255-009-9642-x

Julich W. 1982. Notes on some Basidiomycetes (Aphyllo-
phorales and Heterobasidiomycetes). Persoonia 11:
421-428.

Justo A, Hibbett DS. 2011. Phylogenetic classification of
Trametes (Basidiomycota, Polyporales) based on a five-
marker dataset. Taxon 60:1567-1583.

Katoh K, Toh H. 2008. Recent developments in the MAFFT
multiple sequence alignment program. Briefing Bioin-
formatic 9:286-298, doi:10.1093/bib/bbn013

Kim KM, Lee JS, Jung HS. 2007. Fomitopsis incarnatus sp.
nov. based on generic evaluation of Fomitopsis and
Rhodofomes. Mycologia 99:833-841, doi:10.3852 /mycologia.
99.6.833

, Yoon YG, Jung HS. 2005. Evaluation of the monophyly
of Fomitopsis using parsimony and MCMC methods.
Mycologia 97:812-822, doi:10.3852/mycologia.97.4.812

Kim SY, Jung HS. 2000. Phylogenetic relationships of the
Aphyllophorales inferred from sequence analyses of
nuclear small subunit ribosomal DNA. J Microbiol 38:
122-131.

, . 2001. Phylogenetic relationships of the

Polyporaceae based on gene sequences of nuclear small

subunit ribosomal RNAs. Mycobiology 29:73-79.

, Park SY, Jung HS. 2001. Phylogenetic classification

of Antrodia and related genera based on ribosomal

RNA internal transcribed spacer sequences. ] Microbiol

Biotechnol 11:475-481.

X , Ko KS, Jung HS. 2003. Phylogenetic analysis

of Antrodia and related taxa based on partial mito-

chondrial SSU rDNA sequences. A van Leeuwenhoek

83:81-88, d0i:10.1023/A:1022993703799



http://dx.doi.org/10.1111%2Fj.1461-0248.2010.01465.x
http://dx.doi.org/10.1111%2Fj.1461-0248.2010.01465.x
http://dx.doi.org/10.3852%2F10-209
http://dx.doi.org/10.1111%2Fj.1365-294X.1993.tb00005.x
http://dx.doi.org/10.1111%2Fj.1365-294X.1993.tb00005.x
http://dx.doi.org/10.1093%2Fecam%2Fnep108
http://dx.doi.org/10.2307%2F3759417
http://dx.doi.org/10.2307%2F3761888
http://dx.doi.org/10.2307%2F3761888
http://dx.doi.org/10.1139%2Fb83-180
http://dx.doi.org/10.1139%2Fb83-180
http://dx.doi.org/10.1007%2FS10267-003-0139-7
http://dx.doi.org/10.1007%2FS10267-003-0139-7
http://dx.doi.org/10.5248%2F114.151
http://dx.doi.org/10.5248%2F114.151
http://dx.doi.org/10.1016%2FS0269-915X%2897%2980088-2
http://dx.doi.org/10.1016%2FS0269-915X%2897%2980088-2
http://dx.doi.org/10.1098%2Frspb.2002.2123
http://dx.doi.org/10.1139%2Fb95-331
http://dx.doi.org/10.1080%2F10635150151125879
http://dx.doi.org/10.1016%2Fj.fct.2006.12.012
http://dx.doi.org/10.1007%2Fs11255-009-9642-x
http://dx.doi.org/10.1093%2Fbib%2Fbbn013
http://dx.doi.org/10.3852%2Fmycologia.99.6.833
http://dx.doi.org/10.3852%2Fmycologia.99.6.833
http://dx.doi.org/10.3852%2Fmycologia.97.4.812
http://dx.doi.org/10.1023%2FA%3A1022993703799

ORTIZ-SANTANA ET AL.: THE ANTRODIA CLADE 1409

Kotiranta H. 1998. Parmastomyces mollissimus in North
Europe. Folia Cryptogamie Estonica Fasc 33:41-47.

, Saarenoksa R. 2006. Crustoderma efibulatum and
Hyphodontia incrustata (Basidiomycota, Aphyllophor-
ales), two new species from southern Finland. Ann Bot
Fennici 43:301-306.

Kotlaba F, Pouzar Z. 1998. Notes on the division of the
genus Fomitopsis (Polyporales). Folia Cryptogamie
Estonica Fasc 33:49-52.

Kout J, Vlasak J. 2009. Antrodia serialiformis from the eastern
USA, a new and abundant polypore similar to A. serialis.
Mycotaxon 108:329-335, doi:10.5248,/108.329

Larsen M], Lombard FF. 1983. Fibroporia angulopora, a new
species (Aphyllophorales, Polyporaceae) associated with
brown rot of Pseudotsuga menziesii residue in western
Oregon. Mycologia 75:623-627, doi:10.2307/3792991

Larsson K-H, Larsson E, Koljalg U. 2004. High phylogenetic
diversity among corticioid homobasidiomycetes. Mycol
Res 108:983-1002, doi:10.1017/S0953756204000851

Li HJ, Cui BK. 2013. Two new Daedalea species (Polyporales,
Basidiomycota) from south China. Mycoscience 54:62—
68, doi:10.1016/j.myc.2012.07.005

Light W, Woehrel M. 2009. Clarification of the nomencla-
tural confusion of the genus Sparassis (Polyporales:
Sparassidaceae) in North America. Fungi 2:10-15.

Lindner DL, Banik MT. 2008. Molecular phylogeny of
Laetiporus and other brown-rot polypore genera in
North America. Mycologia 100:417-430, doi:10.3852/
07-124R2

, Ryvarden L, Baroni TJ]. 2011. A new species of
Daedalea (Basidiomycota) and a synopsis of core
species in Daedalea sensu stricto. N Am Fungi 6:1-12.

Lindsey JP, Gilbertson RL. 1983. Notes on Basidiomycetes
that decay bristlecone pine. Mycotaxon 18:541-559.

Lodge DJ, Ryvarden L, Perdomo-Sanchez OP. 2001. Studies
in Neotropical Polypores 11: Antrodia aurantia, a new
species from the Dominican Republic, Greater Antilles.
Mycotaxon 80:261-266.

Lombard FF, Gilbertson RL. 1965. Studies on some western
Poria with negative or weak oxidase reactions. Mycolo-
gia 57:43-76, doi:10.2307/3756709

Lonsdale D, Pautasso M, Holdenrieder O. 2008. Wood-
decaying fungi in the forest: conservation needs and
management options. Eur ] Forest Res 127:1-22,
doi:10.1007/510342-007-0182-6

Lorch JM, Lindner DL, Gargas A, Muller LK, Minnis AM,
Blehert DS. 2012. A culture-based survey of fungi in soil
from bat hibernacula in the eastern United States and
its implications for detection of Geomyces destructans,
the causal agent of bat white-nose syndrome. Mycolo-
gia, 16 Oct 2012, doi:10.3852/12-207

Lowe JL. 1946. The Polyporaceae of New York state (the
genus Poria). New York State Univ. Coll. Forestry. Tech.
Publ. No. 65. 91 p.

. 1966. Polyporaceae of North America. The genus

Poria. New York State Univ. Coll. Forestry 90:1-183.

, Lombard FF. 1973. On the identity of Polyporus
lacteus. Mycologia 65:725-732, doi:10.2307/3758512

Machuca A, Napoleao D, Milagres AMF. 2001. Detection of
metal-chelating compounds from wood-rotting fungi

Trametes versicolor and Wolfiporia cocos. World ] Microb
Biotechnol 17:687-690, doi:10.1023/A:1012929112523

Maddison DR, Madisson WP. 2002. MacClade4: analysis of
phylogeny and character evolution. Sunderland, Mas-
sachusetts: Sinauer Associates.

Manjon JL, Hjortsman K, Moreno G. 1984. Dacryobolus
phalloides sp. nov. (Corticiaceae). Annales Jard Bot
Madrid 40:297-301.

Martin KJ, Gilbertson RL. 1976. Cultural and morphological
studies of Sparassis radicata and related species.
Mycologia 68:622-639, doi:10.2307/3758984

Martinez D, Challacombe J, Morgenstern I, Hibbett D,
Schmoll M, Kubicek CP, Ferreira P, Ruiz-Duenas FJ,
Martinez AT, Kersten P, Hammel KE, Vanden-Wyme-
lenberg A, Gaskell J, Lindquist E, Sabat G, Bondurant
SS, Larrondo LF, Canessa P, Vicuna R, Yadav ],
Doddapaneni H, Subramanian V, Pisabarro AG, Lavin
JL, Oguiza JA, Master E, Henrissat B, Coutinho PM,
Harris P, Magnuson JK, Baker SE, Bruno K, Kenealy W,
Hoegger PJ, Kiies U, Ramaiya P, Lucas S, Salamov A,
Shapiro H, Tu H, Chee CL, Misra M, Xie G, Teter S,
Yaver D, James T, Mokrejs M, Popisek M, Grigoriev I,
Brettin T, Rokhsar D, Berka R, Cullen D. 2009.
Genome, transcriptome and secretome analysis of
wood-decay fungus Postia placenta supports unique
mechanisms of lignocellulose conversion. Proc Natl
Acad Sci 106:1954-1959, doi:10.1073/pnas.0809575106

Mossebo DC, Ryvarden L. 1997. Fomitopsis africana sp. nov.
(Polyporaceae, Basidiomycotina). Sydowia 49:147-149.

Mtui G, Masulu R. 2008. Extracellular enzymes from brown-
rot fungus Laetiporus sulphureus isolated from mangrove
forests of coastal Tanzania. Sci Res Essay 3:154-161.

Nakasone KK. 1984. Taxonomy of Crustoderma (Aphyllo-
phorales, Corticiaceae). Mycologia 76:40-50,
doi:10.2307/3792834

. 1985. Additional species of Crustoderma. Mycotaxon

22:415-418.

, Gilbertson RL. 1982. Three brown-rot fungi in the
Corticiaceae. Mycologia 74:599-606, doi:10.2307/3792747

Niemeld T. 1980. On Fennoscandian polypores 7. The
genus Pycnoporellus. Karstenii 20:1-15.

. 1985. Mycoflora of Poste-de-la-Baleine, northern

Quebec. Polypores and the Hymenochaetales. Nat Can

112:445-472.

, Kinnunen J, Lindgren M, Manninen O, Miettinen

O, Penttila R, Turunen O. 2001. Novelties and records

of poroid basidiomycetes in Finland and adjacent

Russia. Karstenia 41:1-21.

X , Larsson KH, Schigel DS, Larsson E. 2005.

Genus revision and new combinations of some north

European polypores. Karstenia 45:75-80.

, Kotiranta H, Penttila R. 1992. New records of rare

and threatened polypores in Finland. Karstenia 32:81—

94.

, Ryvarden L. 1975. Studies in the aphylloporales of
Africa 1V: Antrodia juniperina, new for east Africa.
Trans Br Mycol Soc 65:427-432, doi:10.1016/S0007-
1536(75)80040-4

Nunez M, Ryvarden L. 2001. East Asian polypores 2.
Polyporaceae. sensu lato. Synop Fungorum 14:170-522.



http://dx.doi.org/10.5248%2F108.329
http://dx.doi.org/10.2307%2F3792991
http://dx.doi.org/10.1017%2FS0953756204000851
http://dx.doi.org/10.1016%2Fj.myc.2012.07.005
http://dx.doi.org/10.3852%2F07-124R2
http://dx.doi.org/10.3852%2F07-124R2
http://dx.doi.org/10.2307%2F3756709
http://dx.doi.org/10.1007%2Fs10342-007-0182-6
http://dx.doi.org/10.1007%2Fs10342-007-0182-6
http://dx.doi.org/10.3852%2F12-207
http://dx.doi.org/10.2307%2F3758512
http://dx.doi.org/10.1023%2FA%3A1012929112523
http://dx.doi.org/10.2307%2F3758984
http://dx.doi.org/10.1073%2Fpnas.0809575106
http://dx.doi.org/10.2307%2F3792834
http://dx.doi.org/10.2307%2F3792834
http://dx.doi.org/10.2307%2F3792747
http://dx.doi.org/10.1016%2FS0007-1536%2875%2980040-4
http://dx.doi.org/10.1016%2FS0007-1536%2875%2980040-4

1410 MYCOLOGIA

Olsson J, Jonsson BG, Hjéltén J, Ericson L. 2011. Addition of
coarse woody debris—the early fungal succession on
Picea abies logs in managed forest and reserves. Biol
Conserv 144:1100-1110, doi:10.1016/j.biocon.2010.
12.029

Ota Y, Hattori T, Banik MT, Hagedorn G, Sotome K,
Tokuda S, Abe Y. 2009. The genus Laetiporus (Basid-
iomycota, Polyporales) in east Asia. Mycol Res 113:
1283-1300, doi:10.1016/j.mycres.2009.08.014

Overholts LO. 1953. The Polyporaceae of the United States,
Alaska and Canada. Ann Arbor: Univ. Mich. Press.
466 p.

Palmer JM, Lindner DL, Volk TJ. 2008. Ectomycorrhizal
characterization of an American chestnut (Castanea
dentate)-dominated community in western Wisconsin.
Mycorrhiza 19:27-36, doi:10.1007/s00572-008-0200-7

Parmasto E. 1980. On Auriporia (Aphyllophorales-Polypor-
aceae). Mycotaxon 11:173-176.

. 2001. Gulbertsonia, a new genus of polypores

(Hymenomycetes, Basidiomycota). Harvard papers.

Botany 6:179-182.

, Kollom A. 2000. The genus Melanoporia (polypores,
Hymenomycetes). Folia Cryptogamie Estonica Fasc 37:
67-78.

Pildain MB, Rajchenberg M. 2012. The phylogenetic
position of Postia s.l. (Polyporales, Basidiomycota)
from Patagonia, Argentina. Mycologia, 6 Sep 2012,
doi:10.3852,/12-088

Rajala T, Peltoniemi M, Pennanen T, Makipaa R. 2012.
Fungal community dynamics in relation to susbstrate
quality of decaying Norway spruce (Picea abies [L.]
Karst.) logs in boreal forests. FEMS Microbiol Ecol 81:
494-505, doi:10.1111/j.1574-6941.2012.01376.x

Rajchenberg M. 1986. On Trametes aethalodes and other
species of Daedalea (Polyporaceae). Can J Bot 64:2130-
2135, doi:10.1139/b86-281

. 1987. Xylophilous Aphyllophorales (Basidiomyce-

tes) from the southern Andean forests. Additions and

corrections II. Sydowia 40:235-249.

. 1994. A taxonomic study of the subantarctic

Piptoporus (Polyporaceae, Basidiomycetes) 1. Nor J Bot

14:435-449, doi:10.1111/§.1756-1051.1994.tb00629.x

. 1995. A taxonomic study of the subantarctic Piptoporus

(Polyporaceae, Basidiomycetes) II. Nor J Bot 15:105-199,

doi:10.1111/§.1756-1051.1995.tb00127.x

. 2006. Polypores (Basidiomycetes) from the Patago-

nian Andes forests of Argentina. Bibliotheca Mycol 201.

300 p.

. 2011. Nuclear behavior of the mycelium and the

phylogeny of Polypores (Basidiomycota). Mycologia

103:677-702, doi:10.3852/10-310

, Buchanan PK. 1996. Two newly described polypores

from Australia and southern South America. Aust Syst

Bot 9:877-885, doi:10.1071/SB9960877

, Gorjon SP, Pildain MB. 2011. The phylogenetic
disposition of Antrodias.]. (Polyporales, Basidiomycota)
from Patagonia, Argentina. Aust Syst Bot 24:111-120,
doi:10.1071/SB11003

Rambaut A, Drummond AJ. 2007. Tracer 1.4. Available from
http://beast.bio.ed.ac.uk/Tracer

Renvall P, Niemela T. 1992. Basidiomycetes at the timber-
line in Lapland 3. Two new boreal species with intricate
hyphal systems. Karstenia 32:29-42.

Ronquist F, Huelsenbeck JP. 2003. MrBayes3: Bayesian
phylogenetic inference under mixed models. Bioinfor-
matics 19:1572-1574, doi:10.1093/bioinformatics/
btg180

Roy A, De AB. 1997. Taxonomy of Daedalea xantha comb.
nov. Mycotaxon 61:421-425.

, Mitra A. 1983. Taxonomy of Daedalea stereoides. Fr
Biblio Mycol 91:549-556.

Ryvarden L, Johansen I. 1980. A preliminary Polypore flora
of east Africa. Oslo, Norway: Fungiflora. 636 p.

, Gilbertson RL. 1984. Type studies in the Polypor-

aceae 15. Species described by L.O. Overholts, either

alone or with J.L. Lowe. Mycotaxon 19:137-144.

, . 1993. European polypores 1. Oslo, Norway:

Fungiflora. 387 p.

, . 1994. European polypores 2. Oslo, Norway:

Fungiflora. p 388-743.

, Xu LW, Zhao JD. 1986. A note of the Polyporaceae
in the Chang Bai Shan Forest Reserve in northeastern
China. Acta Mycol Sin 5:226-234.

Salcedo-Larralde I. 1994. Contribution to our knowledge of
the Aphyllophorales (Basidiomycotina) of the Basque
country II. Mycotaxon 50:1-7.

Schmidt O. 2007. Indoor wood-decay basidiomycetes:
damage, causal fungi, physiology, identification and
characteristics, prevention and control. Mycol Prog 6:
261-279, doi:10.1007/s11557-007-0534-0

, Moreth U. 2003. Molecular identity of species and
isolates of internal pore fungi Antrodia spp. and
Oligoporus placenta. Holzforschung 57:120-126,
doi:10.1515/HF.2003.019

Spirin W. 2007. New and noteworthy Antrodia species
(Polyporales, Basidiomycota) in Russia. Mycotaxon 101:
149-156.

, Miettinen O, Pennanen J, Kotiranta H, Niemela T.

2012. Antrodia hyalina, a new polypore from Russia,

and A. leucaena, new to Europe. Mycol Prog,

doi:10.1007/511557-012-0815-0

, Vlasak J, Niemela T, Miettinen O. 2013. What is
Antrodia sensu stricto (Polyporales, Basidiomycota).
Mycologia (in press).

———, Zmitrovich IV, Wasser SP. 2006. Oligoporus
balsameus—rare Eurasian species, plus notes on some
taxa. Mycotaxon 97:73-82.

Stamatakis A, Hoover P, Rougemont J. 2008. A rapid
bootstrap algorithm for the RAxML web servers. Syst
Biol 75:758-771, doi:10.1080/10635150802429642

Swofford DL. 2002. PAUP* 4.0 beta: phylogenetic analysis
using parsimony (*and other methods). Sunderland,
Massachusetts: Sinauer Associates.

Toljander YK, Lindahl BD, Holmer L, Hogberg NOS. 2006.
Environmental fluctuations facilitate species co-exis-
tence and increase decomposition in communities of
wood decay fungi. Oecologia 148:625-631, doi:10.1007/
s00442-006-0406-3

TomsSovsky M, Jankovsky L. 2008. Validation and typification
of Laetiporus montanus. Mycotaxon 106:289-295.



http://dx.doi.org/10.1016%2Fj.biocon.2010.12.029
http://dx.doi.org/10.1016%2Fj.biocon.2010.12.029
http://dx.doi.org/10.1016%2Fj.mycres.2009.08.014
http://dx.doi.org/10.1007%2Fs00572-008-0200-7
http://dx.doi.org/10.3852%2F12-088
http://dx.doi.org/10.3852%2F12-088
http://dx.doi.org/10.1111%2Fj.1574-6941.2012.01376.x
http://dx.doi.org/10.1139%2Fb86-281
http://dx.doi.org/10.1111%2Fj.1756-1051.1994.tb00629.x
http://dx.doi.org/10.1111%2Fj.1756-1051.1995.tb00127.x
http://dx.doi.org/10.1111%2Fj.1756-1051.1995.tb00127.x
http://dx.doi.org/10.3852%2F10-310
http://dx.doi.org/10.1071%2FSB9960877
http://dx.doi.org/10.1071%2FSB11003
http://dx.doi.org/10.1071%2FSB11003
http://dx.doi.org/10.1093%2Fbioinformatics%2Fbtg180
http://dx.doi.org/10.1093%2Fbioinformatics%2Fbtg180
http://dx.doi.org/10.1007%2Fs11557-007-0534-0
http://dx.doi.org/10.1515%2FHF.2003.019
http://dx.doi.org/10.1515%2FHF.2003.019
http://dx.doi.org/10.1007%2Fs11557-012-0815-0
http://dx.doi.org/10.1007%2Fs11557-012-0815-0
http://dx.doi.org/10.1080%2F10635150802429642
http://dx.doi.org/10.1007%2Fs00442-006-0406-3
http://dx.doi.org/10.1007%2Fs00442-006-0406-3

ORTIZ-SANTANA ET AL.:

, Popelarova P, Baldrian P. 2009. Production and
regulation of lignocelluloses-degrading enzymes of
Porialike wood-inhabiting Basidiomycetes. Folia Micro-
biol 54:74-80, doi:10.1007/512223-009-0011-z

Vaidya A, Singh T. 2012. Pre-treatment of Pinus radiata
substrates by basidiomycetes fungi to enhance enzy-
matic hydrolysis. Biotechnol Lett 34:1263-1267,
doi:10.1007/510529-012-0894-7

Valenzuela R, Raymundo T, Palacios-Pacheco MR, Diaz-
Moreno R. 2008. La familia Polyporaceae en México
VIII. Nuevos registros de Antrodia (Basidiomycota,
Polyporales). Rev Mex Micol 28:41-47.

Vampola P, Pouzar Z. 1993. Contribution to the knowledge
of a rare resupinate polypore Amyloporia sitchensis.
Ceska Mykol 46:213-222.

Vanden-Wymelenberg A, Gaskell J, Mozuch M, BonDurant
SS, Sabat G, Ralph J, Skyba O, Mansfield SD, Blanchette
RA, Grigoriev IV, Kersten PJ, Cullen D. 2011. Signifi-
cant alteration of gene expression in wood-decay fungi
Postia placenta and Phanerochaete chrysosporium by
plant species. Appl Environ Microbiol 77:4499-4507,
doi:10.1128 /AEM.00508-11

Vilgalys R, Hester M. 1990. Rapid genetic identification and
mapping of enzymatically amplified ribosomal DNA from
several Cryptococcus species. ] Bacteriol 172:4238-4246.

Vlasak J, Kout J. 2010. Sarcoporia polyspora and Jahnoporus
hirtus: two rare polypores collected in south Bohemia,
Czech Republic. Czech Mycol 61:187-195.

Wang Y, Li T, Zhao Y, Zhang J, Liu H. 2012. Contents of
some metabolites in the peel and flesh of the medicinal
mushroom Wolfiporia cocos (F.A. Wolf) Ryvarden et
Gilb. (Higher Basidiomycetes). Int J] Med Mushrooms
14:79-83, doi:10.1615/IntJMedMushr.v14.i1.80

Wang 7, Binder M, Dai YC, Hibbett DS. 2004. Phylogenetic
relationships of Sparassis inferred from nuclear and

THE ANTRODIA CLADE 1411

mitochondrial ribosomal DNA and RNA polymerase
sequences. Mycologia 96:1015-1029, doi:10.2307 /3762086

Wasser SP. 2010. Current findings, future trends and
unsolved problems in studies of medicinal mushrooms.
Appl Microbiol Biotechnol 89:1323-1332, doi:10.1007/
500253-010-3067-4

Wei YL, Dai YC. 2006. Three new species of Postia
(Aphyllophorales, Basidiomycota) from China. Fungal
Divers 23:391-402.

White TJ, Bruns T, Lee SS, Taylor J. 1990. Amplification and
direct sequencing of fungal ribosomal RNA genes for
phylogenetics. In: Innis MA, Gelfand DH, Sninsky ][],
White TJ, eds. PCR protocols: a guide to methods and
applications. New York: Academic Press. p 315-322.

Woodward B, de Groot R. 1999. Tolerance of Wolfiporia cocos
isolates to copper in agar media. For Prod J 49:87-94.

Wu SH, Ryvarden L, Chang TT. 1997. Antrodia camphorata
(“‘niu-chang-chih’™’) new combination of a medical
fungus in Taiwan. Bot Bull Acad Sin 38:273-275.

, Yu ZH, Dai YC, Chen CT, Su CH, Chen LC, Hsu
WC, Hwang GY. 2004. Taiwanofungus, a polypore new
genus. Fungal Sci 19:109-116.

Yu ZH, Wu SH, Wang DM, Chen CT. 2010. Phylogenetic
relationships of Antrodia species and related taxa based
on analyses of nuclear large subunit ribosomal DNA
sequences. Bot Stud 51:53-60.

Zang M, Su QH. 1990. Ganoderma comphoratum, a new
taxon in genus Ganoderma from Taiwan, China. Acta
Bot Yunnan 12:395-396.

Zhou LW, Wei YL. 2012. Changbai wood-rooting fungi 16. A
new species of Fomitopsis (Fomitopsidaceae). Mycol
Prog 11:435-441, doi:10.1007/s11557-011-0758-x

Zjawiony JK. 2004. Biologically active compounds from
Aphyllophorales (Polypore) fungi. J Nat Prod 67:300—
310, doi:10.1021/np030372w



http://dx.doi.org/10.1007%2Fs12223-009-0011-z
http://dx.doi.org/10.1007%2Fs10529-012-0894-7
http://dx.doi.org/10.1007%2Fs10529-012-0894-7
http://dx.doi.org/10.1128%2FAEM.00508-11
http://dx.doi.org/10.1128%2FAEM.00508-11
http://dx.doi.org/10.1615%2FIntJMedMushr.v14.i1.80
http://dx.doi.org/10.2307%2F3762086
http://dx.doi.org/10.1007%2Fs00253-010-3067-4
http://dx.doi.org/10.1007%2Fs00253-010-3067-4
http://dx.doi.org/10.1007%2Fs11557-011-0758-x
http://dx.doi.org/10.1021%2Fnp030372w

