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E5.3. Progress toward a phylogenetic
classification of the Polyporaceae through
parsimony analysis of mitochondrial
ribosomal DNA sequences

David S. Hibbett and Michael J. Donoghue

Abstract: We used sequence data from mitochondrial small-subunit ribosomal DNA to infer
phylogenetic relationships of the Polyporaceac. We examined 62 species representing 14 families of
Aphyllophorales and Agaricales. Parsimony analyses of these sequences suggest that the Polyporaceae
are polyphyletic. Higher order relationships are poorly resolved, but seven groups of species are
generally well supported (as measured by bootstrapping) or are congruent with previous taxonomic
hypotheses. Group | includes Polyporus s.str., seven other genera of Polyporaceae, Lemtinus, and
Ganoderma. Because this clade contains the type species of Polyporus, it may serve as the core for a
future recircumscription of the Polyporaceae. Group 2 is morphologically and ecologically diverse, but
all members have amyloid, ornamented spores (with the possible exception of Hererobasidion). This
group includes Bondarzewia, Heterobasidion, Hericium, Echinodontium, Lentinellus, Auriscalpium, and
Russula. Group 3 includes five exemplars of the Hymenochaetaceae, as well as Oxyporus and
Trichaprum. Trichapium and members of the Hymenochaetaceae are unusual among the
holobasidiomycetes in their possession of imperforate parenthosomes. Group 4 represents the Boletaceae
and includes Bolerus and Suillus. Group 5 includes Bjerkandera, which is a polypore, and Pulcherricium
and Phanerochaete, which are corticioid. In Group 5 the corticioid habit may have been derived by
reduction. Group 6 includes Fomitopsis, Piproporus, and Daedalea, all of which are brown rot
polypores with bipolar mating systems. Group 7 includes Laetiporus and Phaeolus. Laetiporus is
classified in Polyporaceae, but Phaeolus has been placed in both the Polyporaccae and
Hymenochaetaceae. In general, our results suggest that macromorphology is evolutionarily flexible, but
that certain anatomical and physiological characters, while not free from homoplasy, contain clues to
higher order relationships of polypores,
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Résumé : Les auteurs ont utilisé les données de la petite sous-unité¢ de I'ADN mitochondrial pour
déduire les relations phylogénétiques chez les Polyporaceae. Ils ont examiné 62 espéces représentant 14
familles d” Aphyllophorales ¢t d*Agaricales. Les analyses en parcimonie de ces séquences suggérent que
les Polyporaceae sont polyphylétiques. Les relations d’ordres supéricurs sont mal résolues, mais 7
groupes d’especes sont généralement bien supporiés (1el que mesuré par le « bootstrapping =) ou sont
congruents avec les hypothéses taxonomiques précédentes : le group 1 inclut les Polyporus s.str., sept
autres genres de Polyporaceae, les Lentinus ct les Ganoderma. Parce que ce clade comporte |'espéce
type du genre Polyporus, il pourrait servir comme noyau en vue d'un nouveau regroupement des
Polyporaceae. Le groupe 2 est morphologiguement et écologiquement diversifié, mais tous les membres
ont des spores amyloides et ornementées (avec |'exception possiblement du genre Heterabasidion). Ce
groupe inclut les Bondarzewia, Heterobasidion, Hericium, Echinodontium, Lentinellus, Auriscalpium et
Russula. Le groupe 3 inclut cing exemples chez les Hymenochaetaceae, ainsi que les genres Oxyporus et
Trichaptum. Les Trichaptum et les membres des Hymenochaetaceae sont inhabituels au sein des
holobasidiomyctes en ce qu'ils possédent des parenthésomes imperforés. Le groupe 4 représente les
Boletaceae et inclut les Bolerus et les Swillus. Le groupe 5 inclut les Bjerkandera. appartenant aux
polypores, et les Pulcherricium et Phanerochaete appartenant aux corticoides. Dans le groupe 5 le pont
corticoide pourrait provenir d'une réduction. Le groupe 6 inclut les Fomitopsis, Piptoporus et Daedelea,
tous des polypores associés aux pourritures brunes avec un systéme de compatibilité bipolaire. Le group 7
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inclut les Laepriporus et Phacolus. Les Laeriporus sont classés dans les Polyporaceae aussi bien que les
Hymenochaetaceae. En général, les résultats des auteurs suggérent que la macromorphologie est
evolutivement flexible, mais que certains caractéres anatomigues et physiologiques, bien qu'ils ne soient
pas libres d'hoplasie, contiennent des indices sur les relations d’ordres supérieurs chez les pelypores.

Mors clés : Aphyllophorales, basidiomycétes, classification. phylogénie, Polyporaceae, ADN ribosomal.

| Traduit par la rédaction]

Introduction

Polypores are a major component of the fungi in forest eco-
systems. As wood decayers and tree pathogens, polypores
play important ecological roles and have a significant impact
on timber-based industries (16). Understandably, polypores
have been the subject of much applied and basic research.
Despite their ecological and economic importance, classi-
fication of polypores remains controversial, especially at the
family level. In this study we used parsimony analyses of
mitochondrial small-subunit ribosomal DNA (mt-rDNA) to
assess the phylogenetic status of the Polyporaceae and to
approach an understanding of the evolution of the polypore
habit in other families.

The Polyporaceae was originally described by Fries (15)
as a famiy of the Aphyllophorales that included all fungi with
poroid hymenophores. The macromorphologically based
Friesian system has long been regarded as artificial (49), and
we have not adopted it for this study. Instead, we follow the
classification of Donk (9), who used anatomical, biochemi-
cal, and other characters to divide the Friesian families of the
Aphyllophorales into smaller, putatively natural families.
Modern families of polypores that Donk derived from the
Polyporaceae sensu Fries (at least in part) include the Gano-
dermataceae, Bondarzewiaceae, and Hymenochactaceac.
Many of Donk's segregate families are well accepted and
have distinctive, possibly synapomorphic characters. How-
ever, what Donk left behind in the Polyporaceae was a set
of residual taxa grouped not by any putative synapomor-
phies, but rather by the lack of distinguishing features by
which they might have been segregated. Thus, even in its
much reduced form, Donk conceded that **the Polyporaceae
is merely a container of all *polypores’ not (yet) assigned to
other families™ (Ref. 9, p. 282).

The Polyporaceae sensu Donk are indeed heterogeneous.
Macromorphological variation is great; fruiting bodies range
from resupinate to pileate —stipitate, and hymenophores may
be poroid. lamellate, or hydnoid. Anatomically, the Poly-
poraceae includes monomitic, dimitic, and trimitic species.
Both brown and white rot wood decay types are present, as
are both bipolar and tetrapolar mating systems (17, 18).
Even septal pore ultrastructure is variable; most polypores
have perforate parenthosomes, but Trichaptum has imperfor-
ate parenthosomes (40, 64).

In contrast to Donk, Singer (56) employed a highly
restricted concept of the Polyporaceae that was centered on
the type genus Pelyporus. Singer’s decision to place the
Polyporaceae in the Agaricales was strongly influenced by
the anatomical similarity of Lentinus and other agaric genera
to certain polypores (4, 22, 50, 56). Faced with the apparent
close relationship between Lentinus and Polyporus, Singer
chose to put both genera into the Polyporaceae in the

Agaricales, rather than move the lentinoid agarics into the
Aphyllophorales. Thus, Singer's classification exemplifics
two trends in taxonomy of Polyporaceae that have been
manifested elsewhere: (i) reduction by removal of certain
distinctive polypores and (/) expansion by inclusion of the
lentinoid agarics. For reviews of other classifications, the
reader is directed to Overholts (46). Donk (9, 10), Jilich
(27), and Ryvarden (54).

Molecular characters have helped to resolve many prob-
lems in fungal systematics (2, 21, 28), but so far there have
been no molecular phylogenetic studies aimed specifically at
the Polyporaceae. However, Hibbett and Vilgalys (24) did
include nine species of polypores in analyses centered on
Lentinus that used sequence data from nuclear large subunit
rDNA. Although certain terminal groups of species were
well supported, many internal nodes were weak, which sug-
gested that the nuclear large subunit rDNA does not contain
appropriate variation for higher level phylogenetic analyses.
For the present study we looked to the small-subunit mt-rDNA,
which was used by Bruns and Szaro (3) in studies in the Bole-
tales. The resolution that Bruns and Szaro found suggested
that this molecular region might also provide insight into

phylogeny of the polypores.

Materials and methods

The 62 species examined in this study are listed in Table 1,
with family-level classifications based primarily on Donk (9)
and Singer (56). Sequence data for Boletus satanas, Suillus
cavipes, and Suillus sinuspaulianus were previously pub-
lished and obtained from Genbank (3). Auricularia auricula-
Judae was chosen as an outgroup. This choice is supported
by phylogenetic analyses at more inclusive levels than the
present study, which suggest that the Auriculariales are the
sister group to the holobasidiomycetes (61).

Genomic DNA was isolated from field-collected basidio-
carps or cultured mycelia following protocols that we have
used previously (24). Mitochondrial rDNA was amplified
and sequenced with the primer pair MS1—-MS2 (67). Ampli-
fied mt-rDNAs were purified using Geneclean II (Bio 101,
La Jolla, Calif.) and cycle sequenced using dye terminator
sequencing kits (Applied Biosystems, Foster City, Calif.).
Sequencing reactions were purified with Centrisep columns
(Princeton Separations, Adelphia, N.J.). Polyacrylamide gel
electrophoresis and data collection were performed on Applied
Biosystems 370A or 373A automated DNA sequencers.
Sequences were proofread, edited, and merged into compo-
site sequences using SeqEd 1.01 (Applied Biosystems).

Alignments were performed using cLustaL v (25) run-
ning on a Sun workstation, followed by manual adjustments.
Mitochondrial rDNA contained hypervariable regions, within
which only certain subsets of the taxa could be aligned. In the



E5.3. Hibbett and Donoghue

Table 1. Taxa examined.

Classification Source® GenBank accession
Auriculariaceae
Auricularia auricula-judae (L.:Fr.) I. Schrot. FPL 11504 27022
Auriscalpiaceae
Auriscalpium vulgare S.F. Gray DAOM 197828 U27024
Lentinellus omphalodes (Fr.) Karst DSH-9 U27048
L. wrsinus (Fr.) Kihner VT 237 U27051
Boletaceae
Boletus satanas® M91009
Suillus cavipes® M91016
S. sinuspaulianus® MO1017
Bondarzewiaceae
Bondarzewia berkelevi (Fr.) Bond. & Sing. DSH 93-1%0 u27026
B. montana (Fr.) Sing. DAOM 415 u27027
Corticiaceae
Peniophora nuda (Fr.) Bres. FPL 4756 U27063
Phanerochaete chrysosporium Burds. FPL 5175 U27058
Pulcherricium caeruleum (Fr.) Parm. FPL 7658 U27057
Echinodontiaceae
Echinodontium tinctorium Ellis & Ever. DAOM 16666 U27035
Fistulinaceae
Fistulina hepatica Schaeff.:Fr. DSH 93-183 u27037
Ganodermataceae
Ganoderma lucidum (Fr.) Karst. DAOM 73245 U27039
G. lucidum B SAR s.n. U27040
Hericiaceae
Hericium ramosum (Bull, :Merat) Let. DSH 93-199 U27043
Hymenochaetaceae
Coltricia perennis (Fr.) Murr, DSH 93-198 U27028
Inonotus hispidus (Bull.:Fr.) Karst. FPL 3597 U27044
Phaeolus schweinitzii (Fr.) Pat. DSH 93-196 U27066
Phellinus gilvus (Schw.) Pat. FPL 5528 U27060
P. igniarius L.:Fr.) Quél. FPL 5599 U27061
Phylloparia ribis (Fr.) Ryv. FPL 10677 U27065
Polyporaceae
Amtrodia carbonica (Overh.) Ryv. & Gilbn. DAOM 19782 U27023
Bjerkandera adusta (Willd. :Fr.) Karst. DAOM 21586 U27025
Ceriporia purpurea (Fr.) Donk DAOM 21316 u27029
C. viridans (Berk. & Br.) Donk FPL 7440 U27030
Cryptoporus volvaius (Pk.) Shear DAOM 21179 U27031
Daedalea quercina Fr. DAOM 14247 U27034
Daedaleopsis confragosa (Bolt.:Fr.) Schroet. DAOM 18049 U27032
Datronia mollis (Sommerf.:Fr.) Donk DAOM 21179 U27033
Fomes fomentarius (L.:Fr.) Kickx. DAOM 12903 U27036
Fomitopsis pinicola (Swartz:Fr.) Karst, DAOM 18913 U27038
Gloeophylium sepiarium (Fr.) Karst. DAOM 13786 U27041
Heterobasidion annosum (Fr.) Bref. DAOM 73191 U27042
Laetiporus sulphureus (Bull.:Fr.) Murr. DSH 93-194 U27049
Lentinus tigrinus (Bull.:Fr.) Fr. DSH 93-181 U27050
Lentinus sp. DSH 92-162 U27052
Lenzites berulina (Fr.) Fr. DAOM 180504 U27045
Meripilus giganteus (Fr.) Karst. DSH 93-193 U27053
Oxyporus sp. DSH 93-188 U27054
Piproporus betulinus (Bull.:Fr.) Karst. DSH 93-186 U27056
Polyporus arcularius Batsch:Fr. DSH 92-144 U27055
P. melanopus Fr. DAOM 21226 U27062
P. squamosus Huds.:Fr. FPL 6846 U27068
P. tuberaster Jacq.:Fr. DAOM 7997B U27070
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Table 1 (concluded).
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Classification Souree” GenBank accession

P. varius Fr. DSH 93-195 u27072

Pycnoporus cinnabarinus (Jacq.:Fr.) Karst. DAOM 72065 U27059

Trametes suaveolens L.:Fr. DAOM 19632 27079

T. versicolor (L.:Fr.) Pilat DSH 93-197 U27080

Trichaptum abietinum (Dicks.:Fr.) Ryv. FPL 8973 u27078
Russulaceae

Russula ballouii Pk. DUKE 36 u27073

R. compacta Frost in Pk. DUKE s.n. U27074
Sparassidaceae

Sparassis spathulara (Schw.:Fr.) Fr. DSH 93-184 u27077
Stereaceae

Stereum annosum Berk. & Br. FPL 8562 U27075

8. hirsutum (Willd.:Fr.) S.F. Gray FPL 8805 u27076
Tricholomataceae sensu lato

Lentinula borvana (Berk. & Mont.) Pegler R-39 U27046

L. lateritia (Berk.) Pegler DSH 92-143 u27047

Panellus serotinus (Pers. in Hoffmann:Fr.) Kithner DSH 93-218 U27067

P. stipticus (Bull.:Fr.) Karst. DSH 93-213 U27069

Pleurotus aff. ostreatus (Jacq.:Fr.) Kummer DSH 93-214 U27064

P. ruberregium (Fr.) Sing. DSH 92-155 U27071

“DAOM isolates from Canadian Collection of Fungus Cultures, DAOM, Ottawa, Ont.; FPL isolates from
USDA Forest Products Laboratory, Madison, Wis.; VT isolates from Orson K. Miller, Jr., Virginia
Polytechnic Institute, Blacksburg, Va.: SAR isolate from Stephen A. Rehner; DUKE isolates from Rytas
Vilgalys, Duke University, Durham, N.C.; R isolate from Mike Nicholson, Pennsylvania State University
Mushroom Culture Collection, Umiversity Park, Pa.; DSH isolates in personal collection of D.S. Hibbett.

"Sequences from Bruns and Szaro (3).

final data set (available on request), mt-rDNA was inter-
leaved in alternating blocks of aligned complete sequence
sets, aligned partial sequence sets (with unaligned taxa
scored as missing data), and unaligned sequences. The
unalignable regions and all positions within 20 bases of the
ends of the sequences were omitted from analyses.
Phylogenetic analyses were performed using paup 3.1
(62) running on Macintosh computers. All transformations
were weighted equally and gaps were scored as missing.
Owing to the size of the data set, we were limited to heuristic
searches, which are not guaranteed to find all shortest trees
(35, 62, 63). To improve our chances of finding the shortest
tree(s), we followed a search protocol based on strategies
designed by Maddison et al. (36) and Olmstead et al. (45).
In both strategies, exploration of the set of all possible trees
is initiated from many starting points (initial tree topologics)
in the hopes of finding at least one starting point from which
the shortest tree(s) can be reached. Briefly, our searches pro-
ceeded as follows. (i) An initial set of 100 heuristic searches
was performed using TBR swapping on starting trees gen-
erated with random taxon addition sequences, MAXTREES
unrestricted, and keeping no more than two shortest trees
from each replicate. (/) From the set of shortest trees gener-
ated in step 1, pairs of trees, corresponding to the results of
one replicate search, were input into complete TBR swap-
ping, keeping all most parsimonious trees. (iii) Trees gener-
ated in step 2 were compared using the GETTREES function in
PAUP to trees found in step 1. If unique trees remained in the
set found in step 1, then they were input into complete TBR
swapping. This process continued until all the trees found in

step 1 had either been rediscovered by swapping on other
trees or used as input trees for swapping.

Relative robustness of individual branches was estimated
by bootstrapping (13, 26) (100 replicates, MAXTREES = 5,
simple addition sequences, NNI branch swapping). These
settings doubtlessly compromised the ability of paur to find
the shortest trees in each bootstrap replicate, but they
allowed us to run the bootstrap in 4 —6 days on a Macintosh
Quadra 800.

Results

Mitochondrial TDNA amplification products ranged in length
from approximately 600 to over 850 base pairs (Fig. 1).
From the aligned sequences, it was apparent that most of the
length differences were due to insertions and deletions in
three distinct hypervariable regions that alternate with four
relatively conserved regions, which nonetheless had numer-
ous small length mutations scattered throughout (Fig. 1). For
the purpose of discussion, we have labeled these regions
1-=7 consecutively from the 5 to 3' direction (Fig. 1).
Regions 4 and 6 correspond to the divergent regions V7 and
V8 that were defined by Gray et al. (20) and Cummings et al.
(7). These regions were also found to be highly divergent
within the Boletales (3). In our taxa, they range from 18 to
306 and 5 to 290 bases, respectively. Region 2 ranges from
19 to 107 bases (Fig. 1). The more conservative regions 1,
3, 5, and 7 total on average around 430 bases (aligned length
of 500 bases) and were aligned across all taxa. The blocks
of sequence that could only be aligned for subsets of the taxa
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Fig. 1. Maps of mt-rDNA from six representative species.
Primer sites indicated by arrows (pointing in primer 3"
direction). Hypervariable regions 2, 4. and 6 are shaded.
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or that were deemed totally unalignable were limited to
regions 2, 4, and 6. There were a total of 314 putatively
informative positions: 247 from regions 1, 3, 5, and 7 com-
bined: 67 from regions 2 and 4: and none from region 6.

A single most parsimonious tree of 1542 steps and con-
sistency index (CI) = 0.361 was found (Fig. 2). Polypores
occurred on numerous branches of the tree, often along with
nonporoid taxa (Fig. 2). Seven polypore-containing clades
were identified that were strongly supported by boot-
strapping (Fig. 2) or were significant in terms of previous
taxonomic hypotheses. To facilitate discussion, we have
designated these as groups 1-—7 (Fig. 2). Five genera of
polypores were of uncertain placement and have not been
referred to the groups defined above: Meripilus, Anirodia,
Ceriporia, Gloeophyllum. and Fistulina.

Discussion

The mitochondrial rDNA data set produced a single, fully
resolved cladogram (Fig. 2), but bootstrap support for many
nodes is weak. Sources of error in our estimate of the
phylogeny may include (i) saturation by multiple substitu-
tions at variable positions, (ii) inadeguate taxon sampling, or
(iiiy incorrect hypotheses of homology for individual nucleo-
tide positions owing Lo uncertainty in sequence alignment.
Delimiting the conserved regions from the hypervariable
regions and making manual adjustments to alignments were
subjective exercises. The hypervariable regions could not be
compared across all taxa in our study, but they were align-
able for subsets of the taxa, and might be useful for studies
at low taxonomic levels. However, we caution that even
within the Boletales, Bruns and Szaro (3) were unable to
align all V7 (region 4) sequences or any V8 (region 6)
sequences. Our observations suggest that alignment difficul-
ties will limit the utility of small-subunit mt-rDNA for broad
phylogenetic comparisons in fungi.

In future work, addition of more characters from slowly
evolving molecules (such as the nuclear small-subunit rDNA)
could improve resolution of deep branches. Expanding the
set of taxa to include representatives from other families
might help to reduce internode lengths and thereby counter-
act long branch attraction (12). In the meantime, we view the
overall topology in Fig. 2 as a working hypothesis of rela-
tionships that requires further testing. The remaining discus-
sion focuses on the taxonomic significance of groups 1-7,

Group 1 includes Lentinus and 16 species in 10 genera
from the Polyporaceae and Ganodermataceae sensu Donk
(9). There are five species of Polyporus s.str., including the
type species P. tuberaster. Monophyly of this clade is
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Fig. 2. Phylogenetic relationships of polypores inferred from
mt-rDNA sequences. Single most parsimonious tree,

length = 1542 steps, CI = 0.361. Names of Polyporaceae
senst Donk are underlined. Other polypores indicated by
asterisks, Bootstrap frequencies are shown for branches that
are well supported or discussed in the text. Bracketed groups
correspond to those in the text. Branch lengths are
proportional to number of character state transformations
inferred using ACCTRAN optimization.
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strongly supported by bootstrapping (98 % ). We suggest that
this clade serve as the core group for a future recircumscrip-
tion of the Polyporaceae.

The group 1 taxa range from pileate—sessile (e.g., Tra-
metes) to pileate —stipitate (e.g., Polyporus melanopus).
Most are poroid, except for Lentinus and Lenzites, which are
lamellate, and Daedaleopsis, which is daedaleoid. In contrast
to its macromorphological variation, group 1 is remarkably
uniform in anatomical, physiological, and genetic characters.
All are either dimitic or trimitic and all have binding hyphae
or at least branched skeletal hyphae (17, 18). All of the spe-
cies in group | that have been evaluated produced a white rot
(15 species known) and have a tetrapolar mating system (13
species known) (17, 18, 43, 52, 58). Except for Ganoderma,
all have smooth, inamyloid, cylindric spores.

The two isolates of Ganoderma lucidum that we examined
came out in two different locations in group 1 (Fig. 2). At
this time, we cannot determine whether this problematic
result reflects technical error or lineage sorting, hetero-
plasmy, or other phenomena. Although its exact placement
is unclear, our results suggest that G. [lucidum, which is the
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type species of the Ganodermataceae, belongs within group 1.
This agrees with Ryvarden, who characterized the Ganoder-
mataceae as “*an advanced and fairly young family™ (Ref. 54,
p. 100), and also supports Moncalvo et al. (personal commu-
nication) who observed low levels of divergence in nuclear
large subunit rDNA sequences and therefore concluded that
Ganoderma is of recent origin. In contrast, Corner (5) pro-
posed that the Ganodermataceae is a primitive family from
which other polypores have been derived. If Ganoderma is
indeed nested within group 1 and if group 1 eventually comes
to be recognized as the Polyporaceae, then it will be neces-
sary to reduce the Ganodermataceae to subfamilial rank.
Donk (9) segregated the Ganodermataceae largely on the
basis of its unique, thick-walled. dark spores, but also clearly
indicated in his writings that the Polyporaceae is the logical
alternative placement for Ganoderma if the spore characters
are discounted (Ref. 9, p. 267; Ref. 10, p. 408). Our results
suggest that Ganoderma-type spores are apomorphic within
the Polyporaceae, having been derived from smooth. cylin-
dric spores.

The presence of Lentinus s.str. in group 1 and the exclu-
sion of Panus s.str., Pleurotus, and Lentinula (Fig. 2) is
congruent with previous molecular systematic studies (24).
The derivation of Lentinus from Polyporus, and the non-
monophyly of Lentinus and Panus is also supported by com-
parative developmental morphology (22, 23). Taken together,
these results strongly support Pegler’s (50) hypothesis that
Lentinus is derived from the Polyporaceae, but also contra-
dict previous classifications in which the lentinoid — pleurotoid
fungi are placed in a small number of closely related genera
(e.g., Refs. 4, 50, and 56).

Group 2 is a weakly supported clade (bootstrap 13%;
Fig. 2) composed of 10 species from 7 genera in the Russula-
ceae, Bondarzewiaceae, Polyporaceae, Echinodontiaceae,
Hericiaceae, and Auriscalpiaceae. This clade encompasses a
tremendous range of morphological diversity, including
pileate — stipitate or sessile polypores (Bondarzewia, Hetero-
basidion), pileate—stipitate agarics (Lenrinellus, Russula),
pileate or coralloid toothed fungi (Hericium, Echinodon-
fium), and the unusual pileate, laterally stipitate, toothed
Auriscalpium. Nutritional modes and substrate preferences
are also highly variable, including saprophytes (Hericium,
Lentinellus, and Auriscalpium, which is restricted to pine
cones), pathogens (Bondarzewia, Heterobasidion), and ecto-
mycorrhizal fungi (Russula). Group 2 is morphologically and
ccologically heterogeneous, but there are certain anatomical
features that suggest that these species are related, and their
placement together is not unprecedented.

Members of group 2 are unique among the ingroup taxa
in their possession of spores with amyloid ornamentations
(Refs. 9, 38, 51, 56, and 59, but see Refs. 17, 53, and 56
with regard to Heterobasidion). All taxa in this study outside
of group 2 have smooth spores except Ganoderma, which
has a unique spore morphology. Panellus and Stereum have
amyloid spores, but they are smooth (37). Spiniger type ana-
morphs are also limited to group 2, where they are found in
Bondarzewia berkeleyi and Heterobasidion (57). Laurilia
sulcata, a member of the Echinodontiaceae, is also reported
to produce a Spiniger anamorph (37).

There are other anatomical features that tend to distin-
guish group 2, but none that are invariant or unique to
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group 2. Spore shapes in group 2 range from globose to
broadly elliptical. However, similarly shaped spores are also
found in Fistulina, Meripilus, Oxyporus, and certain mem-
bers of the Hymenochaetaceae (17, 18). All members of
group 2 except Heterobasidion and Echinodontium have
gloeoplerous hyphae or cystidia, but so do Phaeolus, Penio-
phora, and Fismulina (1. 11, 17, 18, 42, 56, 59, 60). Skeletal
hyphae are found in all members of group 2 except Heri-
cium. However, skeletal hyphae are also found in no less
than 24 other species in this study (1, 9, 17, 18).

Reflecting on this uneven, yet suggestive distribution of
characters, Donk described the amyloid-spored Aphyllo-
phorales as resembling **a protean-shaped rhizopod that with-
draws or extends one or more of its ‘feet’ whenever a
particular character is properly studied™ (Ref. 9, p. 270). As
“*feet,”” Donk listed the Auriscalpiaceae, Bondarzewiaceae,
Echinodontiaceae, Hericiaceae, and others. Jilich's (27)
phylogeny of the basidiomycetes shows the Hericiales,
including Hericium, Lentinellus, and Auriscalpium, as basal
to both the Bondarzewiales and Russulales. Other mycolo-
gists have also proposed relationships between Bondarzewia-
ceae and Russulaceae (55), Auriscalpiaceae and Russulaceae
(29), Heterobasidion and Bondarzewiaceae (59), and Len-
tinellus and Auruscalpiaceae (34). Ongoing phylogenetic
studies of nuclear large subunit rDNA sequences suggest that
Bondarzewia and Russula together form a monophyletic
group (S.A. Rehner, personal communication).

Certain other fungi have amyloid, ornamented globose to
subglobose spores, and gloeoplerous hyphae. These may be
related to group 2 and would further extend the range of mor-
phological variation. Examples include Clavicorona, which
is coralloid, and Aleurodiscus and Gloeocystidiellum, which
are resupinate (9, 27, 32).

Group 3 includes four genera of the Hymenochaetaceae,
as well as Trichaprum and Oxyporus, which are generally
classified in the Polyporaceae (e.g.. Refs. 9 and 17). This
clade received moderate support, judging by bootstrapping
(75%) (Fig. 2). Group 3 taxa range from pileate —sessile
(e.g.. Oxyporus) or occasionally resupinate (Trichaptum), to
pileate —stipitate (Coltricia), and include both annual (e.g.,
Phylioporia) and perennial species (Phellinus igniarius). All
are saprophytic wood decayers, except Coltricia which is
ectomycorrhizal (8).

The Hymenochaetaceae has long been regarded as a
natural family (e.g., Refs. 6, 9, and 49). Important charac-
ters in the description of the Hymenochaetaceae include
clampless generative hyphae, darkening upon treatment with
KOH (the xanthochroic reaction), production of a white rot,
and presence of setae. Of these characters. only setae are
unique to the Hymenochaetaceae and even these are not
invariant (9, 48).

Oxyporus and Trichaptum both lack xanthochroic reac-
tions and setae, and their inclusion in group 3 is, therefore,
at odds with the accepted delimitation of the Hymenochaeta-
ceae. In addition, Trichaptum has clamped hyphae, whereas
clampless hyphae were considered of great importance in
delimiting the Hymenochaetaceae by both Corner (6) and
Donk (9). Similarities of Oxyporus and Trichaptum to the
Hymenochaetaceae include production of a white rot and
annual to perennial poroid, irpicoid, or lamellate fruiting
bodies (18, 43). These characters might be taken as consis-
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tent with placement in the Hymenochactaceae, but they are
also found in many other wood decay fungi, and do not pro-
vide positive support.

However, septal ultrastructure, which is generally con-
sidered a conservative character (40), suggests that Trichap-
fum may indeed be closely related to the Hymenochaetaceae.
The vast majority of holobasidiomycetes have perforate paren-
thosomes, but Trichaptum and members of the Hymeno-
chaetaceae (Phellinus, Inonorus, Onnia) have imperforate
parenthosomes (39, 40, 64). The only exception in the
Hymenochaetaceae is Coltricia, which has perforate paren-
thosomes (39). Other genera in this study for which paren-
thosome structure has been determined include Pleurotus
(41), Phaeolus, Fomes, Polyporus (39), and Lentinula (65).
All have perforate parenthosomes. Imperforate parentho-
somes are found in the outgroup Auricularia auricula-judae
and other heterobasidiomycetes (33, 66), as well as certain
corticioid holobasidiomycetes (30, 31). It is tempting to
speculate that imperforate parenthosomes are plesiomorphic
for helobasidiomycetes, with parallelism accounting for the
perforate parenthosome in Celrricia. However, relationships
among the major clades within the ingroup are too poorly
resolved and septal ultrastructure is known from too few taxa
to infer pathways of parenthosome evolution at this time.

Group 3 represents an incomplete sample of morphologi-
cal diversity in the Hymenochaetaceae, which also includes
species that are stipitate —pendent (Colrriciella dependens),
fully resupinate (Hymenochaere spp.). or concentrically
lamellate (Cyclomyces). Owing to limited taxon sampling,
we can say little about patterns of morphological evolution
and classification within the Hymenochaetaceae, However,
in Fig. 2, Phellinus igniarius and Phylloporia ribis are
strongly supported as monophyletic, to the exclusion of Phel-
linus gilvus, which suggests that Phellinus is polyphyletic, as
was suggested by Fiasson and Niemala (14).

Group 4 represents the Boletaceae. It is weakly supported
as monophyletic (bootstrap = 45%) and its relationship to
other taxa in this study remains unclear (Fig. 2).

Group 5 includes Bjerkandera, which is classified in the
Polyporaceae (9, 17), and Pufcherricium and Phanerochaete,
which are traditionally classified in the Corticiaceae (9, 135,
47) but have also been segregated into the Vuilleminiaceae
(e.g., Ref. 19), and Phanerochaetaceae (e.g., Refs. 19 and
27). Pulcherricium and Phanerochaete are resupinate and
have smooth hymenophores, whereas Bjerkandera is a
polypore that typically is pileate—sessile, but can also be
effused/reflexed or occasionally resupinate when growing on
the underside of logs (17).

Bjerkandera, Pulcherricium, and Phanerochaete have
never been classified in the same family (although all are
Corticiomycetes sensu Parmasto; Ref. 47). Nevertheless,
monophyly of the group is strongly supported by the molecu-
lar characters (bootstrap = 95%: Fig. 2). In addition, all
three have smooth, cylindric, inamyloid spores, are mono-
mitic, produce white rots, and, when heterothallic, are bipolar
(1, 11, 17, 42, 43, 58).

The Corticiaceae s.1. is generally regarded as an artificial
taxon. Indeed, the other corticioid fungus in this study.
Peniophora nuda, is widely separated from group 5 (Fig. 2)
and has been placed in a separate family, the Peniophoraceae
(e.g., Refs. 19 and 47). Corticioid fungi have been hypothe-

5859

sized to be a paraphyletic group that is primitively simple
(47) or a polyphyletic group that has been derived by reduc-
tion from more complex forms (6). The most parsimonious
interpretation of our results suggests that the corticioid habit
of Pulcherricium and Phanerochaete is derived by reduction
from pileate, poroid ancestors. However, inclusion of more
resupinate and pileate taxa is needed to understand pathways
of morphological evolution in group 3.

Group 6 is a strongly supported clade (bootstrap = 98%;
Fig. 2) that includes Fomiropsis, Piptoporus, and Daedalea.
Daedalea has a labyrinthine hymenophore, but the others are
poroid, and all are classified in the Polyporaceae (9, 17).
Although the three species are distinet in outward appear-
ance, they all have similar trimitic construction that enables
the fruiting bodies to be persistent (Daedalea, Piptoporus) to
truly perennial (Fomitopsis). In addition, all produce a
brown rot and have a bipolar mating system (17, 18, 43).
The three species also share cylindric to elliptical, smooth,
inamyloid spores and clamped generative hyphae, but these
are not unique to this group. Fomitopsis has been compared
to Trametes (group 1), which has similar spores and hyphal
construction (17, 54), but our results do not support a close
relationship.

Group 7 includes Laetiporus and Phaeolus. Laetiporus is
generally classified in the Polyporaceae (17), but Phaeolus
has previously been classified in both the Polyporaceae (e.g.,
Ref. 17) and the Hymenochaetaceae or Hymenochaetales
(9, 14). Phaeolus is a brown polypore that stains darkly in
KOH., and thus it superficially resembles the Hymenochaeta-
ceae. However, the xanthochroic reaction has been shown to
be common outside of the Hymenochaetaceae (48). Further-
more, Phaeolus lacks setae (18), has a perforate parentho-
some (39), and produces a brown rot. Molecular characters

- provide no evidence that Laetiporus is related to the

Hymenochaetaceae, which is here represented by group 3
(Fig. 2).

Monophyly of Phaeolus with Laetiporus received low
support from molecular characters (bootstrap = 48%; Fig. 2),
but is corroborated by certain morphological characters.
Both Phaeolus and Laetiporus produce a brown rot and have
glocoplerous hyphae (17, 18, 43). Laetiporus fruiting bodies
are bright orange and in this way contrast with the mature
fruiting bodies of Phaeolus, which are brown. However,
when young, Phaeolus fruiting bodies also are orange.
Ryvarden (54) considered Phaeolus and Laetiporus to be
very similar but held open the possibility that Phaeolus was
derived from the Hymenochaetaceae. Our results support the
view that Phaeolus and Laetiporus are monophyletic, but
because of limited taxon sampling, their closest relatives
remain unclear. One likely candidate is Pycnoporellus, which
is a brown rot genus that Gilbertson and Ryvarden (17) sug-
gested is closely related to Phaeolus.

Conclusions

Members of the Polyporaceae occur in groups 1, 3, and
5—7. The unplaced polypores Meripilus, Antrodia, Ceriporia,
and Gloeophyllum are also classified in the Polyporaceae.
Thus, our results support Donk’s (9) prediction that the Poly-
poraceae are polyphyletic, and will ultimately have to be sub-
divided into groups that better reflect phylogeny. Molecular
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characters will be of great importance in constructing a truly
phylogenetic classification of polypores.

A general implication of this work is that there has been
extensive convergence and parallelism in macromorpho-
logical features. For example, perennial fruiting bodies are
formed by members of groups 1—3, and 6, the polypore
habit occurs in all groups except group 4 (boletes), and
pileate —slipitate agarics occur in groups 1, 2, and 4. Within-
group variation is also high, with five of the seven groups
containing more than one type of hymenophore configura-
tion. At the same time, our results suggest that certain ana-
tomical or physiological features may provide better clues to
higher order relationships (cf. Refs. 9, 44, and 49). As
examples, we cite binding hyphae in group 1; amyloid, orna-
mented spores in group 2; imperforate parenthosomes in
group 3; and brown rot and bipolar mating systems in
group 6. Nevertheless, the distribution of variation in these
characters both within and between groups suggests that
there is considerable homoplasy. There are also many miss-
ing data, especially for characters that are difficult to study,
such as septal ultrastructure and mating systems. Ironically,
the growth of fungal molecular phylogenetic data threatens
to outpace development of morphological data bases, even as
molecular phylogenies make morphological characters more
interesting and intelligible than ever before. We hope that the
results presented here will not only spur on more molecular
phylogenetic studies but will also provide a framework for
studies that will refine hypotheses of homology of non-
molecular characters that may be useful in understanding the
evolution of polypores.
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