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Abstract

A phylogeny of the fungal phylum Basidiomycota is presented based on a survey of 160 taxa and five nuclear genes. Two genes, rpb2,
and tefl, are presented in detail. The rpb2 gene is more variable than tefl and recovers well-supported clades at shallow and deep tax-
onomic levels. The tefl gene recovers some deep and ordinal-level relationships but with greater branch support from nucleotides com-
pared to amino acids. Intron placement is dynamic in tefl, often lineage-specific, and diagnostic for many clades. Introns are fewer in
rpb2 and tend to be highly conserved by position. When both protein-coding loci are combined with sequences of nuclear ribosomal
RNA genes, 18 inclusive clades of Basidiomycota are strongly supported by Bayesian posterior probabilities and 16 by parsimony boot-
strapping. These numbers are greater than produced by single genes and combined ribosomal RNA gene regions. Combination of
nrDNA with amino acid sequences, or exons with third codon positions removed, produces strong measures of support, particularly
for deep internodes of Basidiomycota, which have been difficult to resolve with confidence using nrDNA data alone. This study produces
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strong boostrap support and significant posterior probabilities for the first time for the following monophyletic groups: (1) Ustilagino-
mycetes plus Hymenomycetes, (2) an inclusive cluster of hymenochaetoid, corticioid, polyporoid, Thelephorales, russuloid, athelioid,
Boletales, and euagarics clades, (3) Thelephorales plus the polyporoid clade, (4) the polyporoid clade, and (5) the cantharelloid clade.
Strong support is also recovered for the basal position of the Dacrymycetales in the Hymenomycetidae and paraphyly of the

Exobasidiomycetidae.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Although the number of multi-gene phylogenetic studies
of fungi has increased over the past dozen years, the propor-
tion of such studies that utilize multiple loci has not grown
(Lutzoni et al., 2004). PCR primers, however, have been
developed for single or low-copy nuclear protein-coding
genes for fungal phylogenetic research across a broad spec-
trum of major fungal groups including the phyla Chytridi-
omycota, Zygomycota, Ascomycota, and Basidiomycota
(Freslev et al., 2005; Helgason et al., 2003; James et al.,
2006; Kretzer and Bruns, 1999; Liu et al., 1999; Liu and
Hall, 2004; Matheny et al., 2002; Matheny, 2005; O’Donnell
et al., 1998; O’Donnell et al., 2001; Thon and Royse, 1999;
Voigt and Wostemeyer, 2000, 2001). Of these, several genes
have arisen as candidates to complement or rival the suite of
nuclear and mitochondrial ribosomal RNA genes (rDNA)
that have served as the platform for fungal molecular sys-
tematics for almost the past 20 years (Blanz and Unseld,
1987; Bruns et al., 1991; Bruns et al.,, 1998; Hibbett,
1992). Examples include azp6, a mitochondrial protein-cod-
ing gene (Kretzer and Bruns, 1999; Robison et al., 2001);
gapdh, the glyceraldehyde 3-phosphate dehydrogenase gene
( Den Bakker et al., 2004; Berbee et al., 1999; Smith, 1989);
rpb2, which encodes the second largest subunit of RNA
polymerase II (Liu et al., 1999; Liu and Hall, 2004; Mathe-
ny, 2005; Reeb et al., 2004; Wang et al., 2004; Zhang and
Blackwell, 2002); rpbl, the gene that encodes the largest
subunit of RNA polymerase II (Kropp and Matheny,
2004; Matheny et al., 2002; Matheny, 2005; Tanabe et al.,
2002); B-tubulin encoding genes (Ayliffe et al.,, 2001;
Begerow et al.,, 2004; Einax and Voigt, 2003; Keeling
et al., 2000; Thon and Royse, 1999); actin encoding genes
(Cox et al., 1995; Helgason et al., 2003; Tarka et al., 2000;
Voigt and Wostemeyer, 2000); and zefl, which codes for
the translation elongation factor 1-o (Baldauf and Palmer,
1993; O’Donnell et al., 2001; Rehner and Buckley, 2005;
Roger et al., 1999). The development of alternative markers
has been critical in the field of molecular systematics due to
inherent limitations of taxon-rich single gene studies (Lips-
comb et al., 1998; Rokas and Carroll, 2005; Rosenberg and
Kumar, 2001) and limitations of rDNA regions in general
(Aanen et al., 2001; Alvarez and Wendel, 2003; Buckler
et al., 1997; Hasegawa and Hashimoto, 1993; Kauserud
and Schumacher, 2003; Moncalvo et al., 2002; O’Donnell
and Cigelnik, 1997; Okabe and Matsumoto, 2003; Sang,
2002; Stiller and Hall, 1999). Here, we present a multi-gene

analysis of the Basidiomycota using rpb2, tefl, and nuclear
18S, 258, and 5.8S rRNA genes.

The Basidiomycota (basidiomycetes) includes about
30,000 described species (Kirk et al., 2001) distributed
across three classes: the Ustilaginomycetes (true smuts
and allies and yeast forms), Urediniomycetes (rusts, anther
smuts, and diverse yeasts), and Hymenomycetes (mush-
rooms and allies and other molds). A fourth class, the
Wallemiomycetes (Matheny et al., 2006b; Zalar et al.,
2005), was recently proposed to accommodate several
unusual xerophilic molds. The phylum is important not
just because of its taxonomic diversity but also due to var-
ious ecological roles as mutualists with vascular plants,
bryophytes, green algae, and cyanobacteria; as decompos-
ers primarily in terrestrial ecosystems; and as pathogens of
plants, animals, and other fungi. When reproducing sexual-
ly, basidiomycetes typically produce four meiotic products
(basidiospores) on the exterior of their meiosporangia (bas-
idia). Not all basidiomycetes reproduce sexually, and some
are better known by their asexual or anamorphic state (e.g.,
polyphyletic yeasts), including the medically important
Malassezia, Trichosporon, Pseudozyma, and Cryptococcus
species (Fell et al., 2000; Fell et al., 2001; Guého et al.,
1998; Oberwinkler, 1987; Sampaio, 2004; Scorzetti et al.,
2002; Sugita et al., 2003; Xu et al., 2000). The rusts alone
constitute an order of about 7000 species that are obligate
pathogens of ferns, conifers, and flowering plants (Cum-
mins and Hiratsuka, 2003). One thousand five hundred
species of smuts, bunts, and allies make up another diverse
assemblage of pathogens of mostly flowering plants
(Vanky, 2002). The mushroom-forming fungi include
roughly 20,000 species (Kirk et al., 2001) that decompose
lignin and/or cellulose, in addition to a diverse group of
root symbionts that form mycorrhizas with trees, shrubs,
and grasses. In addition, some basidiomycetes form diverse
and unusual symbioses with insects (Aanen et al., 2002;
Chapela et al., 1994; Henk and Vilgalys, 2006).

Few multi-gene phylogenies have addressed higher-level
relationships in the Basidiomycota. Though some recent
papers have utilized multiple regions of rDNA at a relative-
ly broad taxonomic level (Binder and Hibbett, 2002; Binder
et al., 2005; Larsson et al., 2004; Lutzoni et al., 2004), only
one study (Begerow et al., 2004) has incorporated a pro-
tein-coding gene (B-tubulin) for exemplars across the three
major lineages (classes) of the phylum. Previous phyloge-
netic assessments of the Basidiomycota relied principally
on nuclear rDNA gene analyses, which have contributed
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considerable insight. Nevertheless, many aspects of the
Basidiomycota phylogeny have not been resolved with
rDNA, especially at deeper nodes. Many 18S or 258 studies
suggest that the Hymenomycetes and Ustilaginomycetes
are sister groups but with weak or no bootstrap support
(Berbee and Taylor, 1993; Gargas et al., 1995b; Swann
and Taylor, 1995a; Swann and Taylor, 1995b; Prillinger
et al., 2002; Tehler et al., 2003; Weiss et al., 2004a). A recent
analysis of ultrastructural characters also supports this
view (Lutzoni et al., 2004). However, other rDNA studies
suggest alternative arrangements such as a sister relation-
ship between Hymenomycetes and Urediniomycetes or an
unresolved trichotomy between these three classes (Guého
et al., 1989; Swann and Taylor, 1993; Berres et al., 1995;
McLaughlin et al., 1995a; Nishida et al., 1995; Taylor,
1995; Begerow et al., 1997; Swann et al., 1999; Tehler
et al., 2000; Bauer et al., 2001; Swann et al., 2001; Begerow
et al., 2004). Gross relationships among major lineages
within each class of Basidiomycota are also poorly resolved
or not strongly supported by taxon-rich studies using nucle-
ar and/or mitochondrial TDNA regions (Begerow et al.,
2000; Binder and Hibbett, 2002; Binder et al., 2005; Hibbett
and Thorn, 2001; Lutzoni et al., 2004; Moncalvo et al.,
2002; Weiss et al., 2004a). The development of protein-cod-
ing genes as phylogenetic markers is thus required to
resolve the phylogeny of the Basidiomycota. Availability
of primers for orthologous and phylogenetically informa-
tive genomic regions should facilitate development of mul-
ti-gene genealogies, which provides another impetus for
their use (Taylor et al., 2000; Taylor and Fisher, 2003;
Xu et al., 2000).

We present a study of 160 species of Basidiomycota for
which we have sequenced a 950-1200 bp fragment of zef]
between exons 4 and 8 (Wendland and Kothe, 1997) and,
in most instances, 2200 bp of rpb2 between conserved
domains 5 and 11 (Liu et al., 1999). Both genes are useful
for analyses at high taxonomic levels because they are con-
served at the amino acid level and easy to align, and
because conserved primers sites have been identified (Liu
et al., 1999; Rehner and Buckley, 2005). We explore the
evolutionary dynamics of these genes at the level of coding
sequences and gene structure with respect to spliceosomal
intron placement and evaluate each gene phylogenetically.
We also combine the protein-coding data with nuclear
rDNA sequences (18S, 25S, and 5.8S) in an attempt to
resolve nodes that have been unresolved or weakly sup-
ported by previous studies. The strongly supported, highly
resolved phylogenetic trees resulting from these multi-gene
analyses will be useful for revising the classification of
Basidiomycota, but that is not the purpose of the present
study. Instead, the taxon names used here are derived from
prior works, and they include a mixture of formal Linnae-
an taxa and informal clade names. A revised classification
of Basidiomycota (and other fungi) that draws heavily on
the present study is in preparation and will be published
elsewhere (see http://www.clarku.edu/faculty/dhibbett/
AFTOL/AFTOL.htm).

2. Materials and methods
2.1. Taxon sampling

One hundred and forty sequences were produced for refl
and one hundred and thirty-two for rpb2. We sampled 146
taxa for the nuclear ribosomal DNA (nrDNA) tandem
repeat, which includes the 18S, 25S, and 5.8S genes and the
two internal transcribed spacers (S1). Taxa from the tef]
and rpb2 datasets were merged with those from a matrix of
nrDNA for a final total of 146 taxa in the combined data
set, including 12 Urediniomycetes, 6 Ustilaginomycetes,
125 Hymenomycetes, and 3 Ascomycota that were used for
outgroup purposes. Exemplars were sampled from every
subclass of Basidiomycota (Kirk et al., 2001) except for the
Entorrhizomycetidae (Bauer et al., 2001), which is composed
of a single genus, Entorrhiza, in the Ustilaginomycetes, and
the Wallemiomycetes, which includes the sole genus, Wall-
emia(Zalar et al.,2005). Taxon sampling was extensive with-
in the Hymenomycetidae or Homobasidiomycetes and
allies. Exemplars have been selected to represent every major
lineage of Binder et al. (2005), the most exhaustive sampling
of Homobasidiomycetes to date, with exception of the Glo-
eophyllum clade (Thorn et al., 2000). The intent of our sam-
pling strategy was to avoid missing data. However, of the
taxa included in the combined data set, 11 lack rpb2 sequenc-
es and 18 lack tefl sequences. Some rpb2 sequences from
domains 5to 7 or 7to 11 were merged in the combined matrix
but omitted from the rpb2 only analysis. Despite these char-
acter gaps, almost 90% of the taxa are represented by
sequences from the five genes in the combined dataset. Meth-
ods of phylogenetic inference generally do not appear
sensitive to moderate amounts of missing data for large
alignments, thus, we include taxa for which a gene region
is missing (Philippe et al., 2004; Wiens, 2006). For
outgroup purposes we used the following sequences of Asco-
mycota: Schizosaccharomyces pombe (219136, AY046272,
AY046223, D13337, NC_003421), Saccharomyces cerevi-
seae (JO1355, AF548094, AJ544253, M15693, M10992), Ale-
uria aurantia AY 544654, AY 544698, AF072090, DQ247785,
DQ466085, and Neurospora crassa (AY681158, AY046271,
AY681193, AF107789, XM_329192).

2.2. DNA extraction

Sources of genomic DNA included fresh fruit bodies or
spores, dried herbarium specimens, and live or lyophilized
cultures. Most DNA extractions were performed at Clark
University following the procedures detailed at http://
www.clarku.edu/faculty/dhibbett/HibbettLab.protocols.htm,
as well as those outlined in Hughes et al. (1998) and Hof-
stetter et al. (2002). Extractions at Clark University relied
principally on the E.Z.N.A Fungal Miniprep Kit (Omega
Bio-tek, Doraville, Georgia) or, in the case of rust and
smut spores, the E.Z.N.A. Forensic DNA Extraction Kit
(Omega Bio-tek). Genomic DNA was also isolated from
several lyophilized cultures at the Centraalbureau voor
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Schimmelcutures (CBS) in Amsterdam, the Netherlands
using the FastPrep instrument (MPE Biochemicals, Irvine,
California), following the protocols recommended by the
manufacturer.

2.3. PCR, primers, and sequencing

Primer pairs PNS1/NS41 and NS19b/NS8 or NS51/
ITS2 were used to obtain almost the entire 18S rRNA
gene (ca. 1800 bp). Primers LROR/LR7 (or rarely
LROR/LRS5) were used to obtain the 5 end of the 25S
rRNA (ca. 1400 bp). ITSIF/ITS4 were used to amplify
the 5.8S rRNA gene and the flanking internal transcribed
spacers (ITS). Boundaries of the 5.8S gene and ITS
regions were identified following Hibbett et al. (1995).
ITS products varied in size due to differences in spacer
lengths, but the 5.8S gene generally was about 158 bp in
length. PCR conditions for 18S, 25S, and ITS are stan-
dard and follow protocols outlined in White et al.
(1990). NS19b, NS19bc, NS6, and NS51; LR3R, LR3,
LR22, LR16, and LRS5; and ITS2 and 5.8SR were used
as internal sequencing primers for 18S, 25S, and ITS,
respectively. Nuclear rDNA PCR and sequencing primers
are available in the following references (Vilgalys and
Hester, 1990; White et al., 1990; Gardes and Bruns, 1993;

Table 1
PCR and sequencing primers for rpb2 and tefl]

Hibbett, 1996; O’Donnell et al., 1998) and online at
http://www.clarku.edu/faculty/dhibbett/Protocols_Folder/
Primers/Primers.htm.

Final products of tefl ranged between 300 and 330 ami-
no acid residues in length. The entire gene contains about
460 amino acids (Wendland and Kothe, 1997). A touch-
down PCR was used with an initial annealing temperature
of 60 °C but thereafter followed the protocol in Rehner and
Buckley (2005). Primers 983F and 2218R amplified prod-
ucts between 900 and 1200 bp in size. Primers 2212R,
1953R, and EFcF were used for internal sequencing.
526F and 1567R were used to amplify Bensingtonia yucci-
cola with EFcF and EFiR as internal sequencing primers.
Primers tef1F and tefIR (Morehouse et al., 2003) were used
to obtain sequences of Tricholoma myomyces, Asterophora
lycoperdoides, Calocybe carnea, and Lyophyllum leucophae-
atum. Primer sequences for the protein-coding genes are
provided in Table 1.

We sequenced about 2200 nucleotides of the rpb2 gene
with the following PCR primer pairs: f5F/b7R for Ustilag-
inomycetes; f5F/b7R2 for other basidiomycetes; and
b6.9F/b11R1 following PCR conditions in Matheny et al.
(2002). Primers b6R2, b6F, b8.2R, bl10.9R, g7F, and
f7cF were used for internal sequencing (Table 1). The
region sequenced corresponds to conserved domains 5

Primer name Nucleotide sequence 53’

Protein sequence

Source

bRPB2-3.1F AARGTYYTKATYGCMCARGAGCG TAQERMA http://faculty.washington.edu/benhall/

gRPB2-6R GCAGGRCARACCAWMCCCCA WGM/LVCPA Liu et al. (1999)

bRPB2-6R2 GGRCANACCATNCCCCARTG HWGMVCP This study

fRPB2-5F GAYGAYMGWGATCAYTTYGG DDRDHFG Liu et al. (1999)

fRPB2-5R CCRAARTGATCWCKRTCRTC DDRDHFG Liu et al. (1999)

bRPB2-7R GAYTGRTTRTGRTCRGGGAAVGG PFPDHNQS http://faculty.washington.edu/benhall/; Matheny (2005)

bRPB2-7R2 ACYTGRTTRTGRTCNGGRAANGG PFPDHNQ This study

bRPB2-6F TGGGGYATGGTNTGYCCYGC WGMVCPA http://faculty.washington.edu/benhall/; Matheny (2005)

bRPB2-6.3F GTYATYGGTGTNTGGATGGG WGMVCPA Liu et al. (1999)

bRPB2-7.1R CCCATRGCYTGYTTMCCCATDGC AMGKQAMG http://faculty.washington.edu/benhall/; Matheny (2005)

bRPB2-6.9F TGGACNCAYTGYGARATYCAYCC WTHCEIHP This study

bRPB2-11R1 TGGATYTTGTCRTCCACCAT MVDDKIH This study

bRPB2-10.9R GTRAASGGYGTGGCRTCYCC GDATPFT http://faculty.washington.edu/benhall/

fRPB2-7cF ATGGGYAARCAAGCYATGGG MGKQAMG http://faculty.washington.edu/benhall/

bRPB2-8.2R CTNCGGAANAGRCCRCGRTC DRGLFRS This study

gRPB2-11bR CAATCWCGYTCCATYTCWCC GEMERD Liu et al. (1999)

EF1-526F GTCGTYGTYATYGGHCAYGT VVVIGHV http://ocid.nacse.org/research/aftol/primers.php

EF1-1567R ACHGTRCCRATACCACCRATCTT KIGGIGTV http://ocid.nacse.org/research/aftol/primers.php;
Rehner and Buckley (2005)

EF1-cF ATYGCYGCNGGTACYGGYGARTTCGA IAAGTGEFE/D http://ocid.nacse.org/research/aftol/primers.php

EF1-dF AAGGAYGGNCARACYCGNGARCAYGC KDGQTREHA http://ocid.nacse.org/research/aftol/primers.php

EF1-iR GCRTGYTCNCGRGTYTGNCCRTC DGQTREHA http://ocid.nacse.org/research/aftol/primers.php

EF1-983F GCYCCYGGHCAYCGTGAYTTYAT APGHRDFI http://ocid.nacse.org/research/aftol/primers.php;
Rehner and Buckley (2005)

EF1-2218R ATGACACCRACRGCRACRGTYTG QTVAVGVI http://ocid.nacse.org/research/aftol/primers.php;
Rehner and Buckley (2005)

EF1-2212R CCRACRGCRACRGTYTGTCTCAT MRQTVAVG http://ocid.nacse.org/research/aftol/primers.php;
Rehner and Buckley (2005)

EF1-1953R CCRGCRACRGTRTGTCTCAT CHTAHIAC http://ocid.nacse.org/research/aftol/primers.php

tef1F TACAARTGYGGTGGTATYGACA YKCGGD Morehouse et al. (2003)

teflIR ACNGACTTGACYTCAGTRGT TTEVKSV Morehouse et al. (2003)
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through 11 in Liu et al. (1999). About 30 of the 132 rpb2
sequences span only the region between domains 5 and 7,
which is about 1100 bp (350 amino acid residues) in length.
We also sequenced a subset of samples between domains 3
and 5 to score taxa for the presence of rph2 introns 1 and 2.
To obtain this region, we used primers b3.1F/g6R or b6R2
and internal sequencing primer f5R.

PCR products were typically cleaned with a QIAquick
PCR purification kit (QIAGEN, Valencia, California) fol-
lowing the protocol of the manufacturer but with a final elu-
tion between 20 and 30 pl. Some products were purified with
Pellet Paint NF co-precipitant (Novagen, Darmstadt, Ger-
many) following the ethanol precipitation protocol of the
manufacturer or a Geneclean kit (Bio101 Systems, Carlsbad,
California). Sequence reactions were prepared in 10 pl vol-
umes with 1.0 pl ABI Prism Terminator BigDye 1.1 (Applied
Biosystems, Foster City, California), 1.0 ul DNA template,
1.0 pl of 2 uM primer, 1.5 pl 5x buffer, and 5.5 pul of water.
Reactions were shipped in sealed 96-well plates, purified,
and sequenced on an ABI 3700 automated DNA sequencer
at the DNA sequencing facility of the Duke University
Biology Department, R. Vilgalys laboratory.

Small percentages of rpb2 (11%), tefl (14%), and ITS
(3%) products were cloned with a TOPO TA cloning kit
(Invitrogen, Carlsbad, California) due to intron or spacer
length heterogeneity or due to faint or multiple PCR
bands. PCR products were first cleaned and then ligated
to a pCR 2.1-TOPO plasmid vector and inserted into
One Shot MAX efficiency DH5a-T1 chemically competent
cells of Escherichia coli. Between 50 and 100 pl of cells in
liquid SOC medium were incubated for 18 h at 37 °C on
Luria—Bertani (LB) agar prepared with 50 pg/ml of kana-
mycin and 55 pl of 50 mg/ml X-gal in dimethylformamide.
Colonies were screened by PCR with primers MI13F
(5-GTAAAACGACGGCCAGTGAA-3) and MI13R
(5-CAGGAAACAGCTATGACCAT-3). Up to three col-
onies with an expected-size insert were chosen for
sequencing.

2.4. Alignments and phylogenetic analyses

ABI chromatograms were assembled into contigs using
Sequencher 4.1 software (GeneCodes Corp., Ann Arbor,
Michigan). Nucleotide and rpb2 and tefl amino acid
sequences were initially aligned with Clustal X 1.83
(Thompson et al., 1997) or assembled manually in MacC-
lade 4.0 (Maddison and Maddison, 2000). Spliceosomal
intron regions were exluded from analyses, in addition to
positions judged too ambiguous to align. Alignments are
available on the AFTOL database (http://aftol.biology.
duke.edu/pub/alignments/download_alignments).

Bayesian and maximum parsimony (MP) analyses were
conducted for separate and combined data sets. Both pro-
tein-coding nucleotides and amino acid sequences were
analyzed. Analyses of combined nucleotide data entailed
inclusion and exclusion of third codon positions. Bayesian
analyses were implemented using mixed models with

MrBayes 3.0 (Ronquist and Huelsenbeck, 2003) and the
parallel version of MrBayes 3.1.1 (Altekar et al., 2004)
on a Linux cluster with AMD Opteron 246 processors.
MP analyses were done in PAUP* (Swofford, 2003). A
General-Time-Reversible (GTR) model and parameters
for rate heterogeneity were estimated for each gene region
and codon position. Spliceosomal introns were excised
from the tefl and rpb2 nucleotide datasets to facilitate
Bayesian analyses that entailed partitioning the data by
codon position. We set ‘“aamodelpr” in MrBayes to
“mixed”, whereby a mixture of models with fixed rate
matrices for amino acid sequences was evaluated. We also
invoked rate heterogeneity parameters for the amino acid
matrices by setting “‘rates = invgamma’’. Bayesian analyses
of nucleotide data were run between two and five million
generations using four chains. Two million generations
were run on amino acid data. Stationary phases of
likelihood scores and chain swapping were observed in a
spreadsheet program. Bayesian posterior probabilities
(PP) were determined by computing majority rule
consensus trees using the set of trees that reached
stationary phase. A probability of 0.95 was considered
significant.

Nodal support under parsimony conditions was deter-
mined by non-parametric bootstrapping (Felsenstein,
1985). MP bootstrapping used equal weights and entailed
1000 replicates using the SPR or TBR algorithms, 10 ran-
dom addition sequences, holding one tree per step during
stepwise addition, and setting MulTrees ‘off’ (DeBry and
Olmstead, 2000; Salamin et al., 2003). A bootstrap propor-
tion (BP) above 70% was considered a significant value
(Hillis and Bull, 1993).

We compared nodes between gene trees using MP boot-
strap scores to assess strongly supported conflicts between
clades. Conflict was noted if a clade was monophyletic with
significant bootstrap support for one gene but non-mono-
phyletic with significant support from another gene (De
Queiroz, 1993; Lutzoni et al., 2004). The five datasets were
assembled into a single nexus file for combined analysis
after conflict assessment.

2.5. Evaluation of codon positions

Twenty-seven sequences were selected from zef/ and
rpb2 for the same set of taxa for pairwise distance compar-
isons in PAUP* to assess saturation of codon positions.
Three classes of Basidiomycota were represented in the
comparisons. Uncorrected (“p”’) distances were plotted
against Kimura-2 parameter (K2P) corrected distances
for first, second, and third codon positions. Superimposed
substitutions (saturation) were inferred to have occurred if
an increase in corrected distances outpaced uncorrected
distances. Unsaturated positions exhibit distances that
increase in a linear fashion. Saturated distances show a
characteristic plateau. Overall mean K2P distances were
calculated by codon position for each gene in MEGA 3.1
(Kumar et al., 2004).
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2.6. Phylogenetic evaluation of spliceosomal intron
placement

39 taxa were chosen to evaluate the phylogenetic utility
of spliceosomal intron positions in rpb2 and tefl. Taxon
sampling was designed to mitigate against missing data
and to be taxonomically inclusive for the phylum. In some
instances, data from different species were merged to pro-
duce composite taxa. This was done for Hydnum (H. albo-
magnum and H. repandum), Dacrymyces (Dacrymyces sp.
and D. chrysospermus), and Endocronartium (E. harknessii
and Phragmidium sp.). Presence of introns was coded as
1 and their absence as 0, similar to gap characters, with a
variable ascertainment bias (Ronquist et al., 2005). The
matrix was analyzed in MrBayes using ““Iset coding = var-
iable” and a simple F81-like model for binary data. The
matrix was analyzed with independent runs up to 500,000
generations. The intron data set was also analyzed in
PAUP* using NJ standard total character differences and
bootstrapped 1000 times.

3. Results
3.1. Sequences produced in this study

639 new sequences were produced or, in a few cases,
extended for this study. We generated 135 rpb2 seqences,
128 tef1 sequences, 122 18S sequences, 112 258 sequences,
and 132 ITS sequences including the 5.8S gene. We com-
bined these with 104 previously published rpb2, tefl, and
nrDNA sequences available from GenBank or genome
projects (S1). In total about 750 sequences were analyzed.

3.2. Gene duplications, polymorphisms, alleles, and
pseudogenes

No gene duplications were inferred for rph2, and gener-
ally the number of non-synonymous polymorphic sites in
individuals was nil or extremely low. The number of silent
polymorphic sites was generally less than 1.0% of the nucle-
otide sequence length. Direct sequencing and/or cloning of
some individuals suggest a strong degree of allelism or pos-
sible hybridization in very few instances. For example, a
crust fungus, Stereum hirsutum (russuloid clade), shows
an unusual high degree of polymorphism with 69 polymor-
phic sites out of 2630 characters (2.6% of all positions).
Only two of the polymorphisms code for different amino
acids. Conversely, very few polymorphisms were observed
in the tefl sequence of S. hirsutum. No pseudogenes of
rpb2 were observed.

Multiple copies of tef] are present in Auricularia (Auri-
culariales), Heterobasidion (russuloid clade), and Polyozel-
lus (Thelophorales). Duplications of tefl are not
widespread, however. Pseudogenes, sequences in which
the reading frame is disrupted by an insertion or deletion,
were identified for Hydnellum geogenium (Thelephorales)
and the agaric Mycetinis alliaceus. An unusual degree of

polymorphism was noted in the resupinate Tulasnella pru-
inosa (10 non-synonymous polymorphic sites). The number
of silent polymorphic sites in individuals was very low,
ranging between zero and eleven positions. Of the 140
tefl sequences presented here, none are similar to the EF-
like sequences reported by Keeling and Inagaki (2004),
which are characterized by unique amino acid insertions.
Intron length heterogeneity within individuals was
observed occasionally in both rpb2 and tefl. Typically, a
single bp was inserted or deleted but longer indels up to
3 bp in length were recorded. In contrast, spacer length het-
erogeneity of the internal transcribed spacers (ITS) was
observed in about 20% of the taxa sequenced. In four cases,
indels in both spacers necessitated cloning in order to
obtain the entire 5.8S sequence (e.g., Coltricia perennis,
Cotylidia sp., Camarophyllus borealis, Laccaria ochropurpu-
rea, and other unpublished sequences). The ITS regions of
a California isolate of Hebeloma velutipes contained 14
polymorphic positions, which affirms the widespread poly-
morphism reported for this species by Aanen et al. (2001).

3.3. Distribution of spliceosomal introns in tefl and rpb2

Fig. 1 illustrates examples for zef] and rph2 amino acid
sequences and the distribution of spliceosomal introns.
Supplementary files S2 and S3 score the presence and
absence of 22 introns in tef/ and 7 introns in rpb2, respec-
tively, for every taxon sampled. Most of the introns range
between 45 and 70 bp in length, though some rpb2 introns
of Ustilaginomycetes and Urediniomycetes (Ustilago may-
dis, Pseudozyma flocculosa, Cintractia sorghi-vulgaris, and
Rhodotorula hordea) are longer ranging between 106 and
362 bp.

Intron position in zef] often appears lineage-specific (S2).
For instance, two orders of Urediniomycetes, the Platygloe-
ales and Uredinales, share several uniquely positioned
introns. The class Hymenomycetes is characterized by pos-
session of intron 5, except for the Dacrymycetales, which
lacks introns altogether. Intron 5 is the only tef7 intron pres-
ent in the Tremellomycetidae sampled (Cryptococcus).
Species of Homobasidiomycetes are characterized by posses-
sion of introns 2 and 11. Only two major homobasidiomyc-
ete lineages are missing either of these introns (trechisporoid
clade and the Auriculariales). All members of the
Agaricaceae (Coprinus, Lycopderon, Chlorophyllum, and
Macrolepiota) share intron position 19, whereas only mem-
bers of the Clavariaceae possess intron 21.

Homoplasy of intron positions is evident, however. For
example, the euagarics clade and Leucosporidium scottii
(Urediniomycetes) share intron position 19. Intron loss
appears to characterize several species and monophyletic
groups. Intron 11, for example, shared by many euagarics,
is absent from Agrocybe praecox, Bolbitius vitellinus,
Psathyrellaceae, and Inocybaceae. Coprinus comatus,
Peniophora nuda, and Pycnoporus sp. appear to have lost
intron 5 independently, unlike most hymenomycete
lineages.
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a tef1 intron distribution

IKN<1>MITGTSQADCAILIIATGIGEFEAGISKDGQTREHALLAFTLGVRQLIVACNKMDTCK<2>WSED<3>RF
NEIVKET<4>NGFIKKVGYNPKAVPFVPISGWHGDNMLEETTN<5>MPWYK<6>GWTKE<7>TKSGVSKGKTLLEA
IDASRPPTRPTDKPLRLPLQ<8>DVYKIGGIGTVPVGRVETGVIKA<9>GMVVKFAPTNVTTEVKSVEMHHEQIPE
GLPGDNVGF<10>N<11>VKNVSIKDIRRGNVCGDSKNDPPMEAASFNAQVIVLNHPGQIGAGYTPV<12>LD<13>
CHTA<14>HIACKFS<15>ELIEKIDRRTGKVMEAAPKF<16>VKSGDAAIVK<17>LVSQK<18>PL<19>CV
<20>ETYAD<21>YPPLGRFAVRD<22>MR

b rpb2 intron distribution

QERMATNHVYVFAKAQPAPINFLAEIRSLVKKGGKTISQFQVKMFHRHQERS<1>LGNVMKATIPYIKVDIPIWVV
FRALGVISDRDILEHICYDMQDAQMLEMLKPCIDDGFVIQDRE<2>VALDFIGNRGTTTGLSRERRIRYAQEILQK
EMLPHVSMSEGSESKKAYFFGYMIHRLLLAALERRELDDRDHLGKNRLDLAGPLLANLFRMLFRKFNRDVYRYLQK
<3>CVETHKEFNVSVGVKHQTITNGLKYSLATGNWGDQKKSMSSKAGVSQVLNRYTYASTLSHLRRCNTPLGREGK
IAKPRQLHNTHWGMVCPAETPEGQACGLVKNLALMSCISVGSYSAPVIEFLEEWGLETLEENAHSATPCTKVFVNG
VWMGVHRDPANLVKTIKKLRRKDDISPEVSVVRDIREKELRLYTDAGRVCRPLFIVENQQLVLOQKKHIKWLVRGTN
DDGEEYKWEQLIKGGVIELLDAEEEETVMISMTPEDLENSRLQQSGVDIHANDGDFDPAARLKAGINAHTWTHCEI
HPSMILGICASIIPFPDHNQ<4>SPRNTY<5>QSAMGKQA<6>MGIYLTNFLIRMDTMANILYYPQKPLATTRSME
YLKFRELPAGQONAIVAILCYSGYNQEDSVIMNQSSIDRGLFRSIYYRSYMDVEKNNGIHSMEVFEKPMRESTLRMK
HGTYDKLEDDGLIAPGTGVVGEDIIIGKTAPIPPESEELGQRTRMHTRRDVSTPLKNTERGIVDQVLVTTNYEGQK
FVKVRVRSTRIPQIGDKFASRHGQKGTIGITYRQEDMPFTCEGIVPDIIINPHAIPSRMTIGHLVECLLSKVATLI

GNEGDATPFTDLTVESVSTFLRQKGYQSRGLEVMYHGHTGRKLQAQVYLGPTYYQRL<7>KHMVDDKIH

Fig. 1. Basidiomycete amino acid sequence and intron positions in fef7 and rpb2. Numbers refer to intron positions encountered proceeding upstream. (a)
tefl amino acid sequence of Cryptococcus neoformans between primer sites 983F and 2218R. (b) rpb2 amino acid sequence of Armillaria mellea between

conserved domains 3 and 11.

Intron position in rpb2 is more conserved than in zefl.
The rpb2 introns 1, 2, 3, and 4 are shared by many species
of Hymenomycetidae and Urediniomycetes (S3). At least
two derived clades of Hymenomycetes (euagarics and Bole-
tales) lack intron 2. Exemplars of the Tremellomycetidae
share possession of intron 3 only. Species of Ustilaginomy-
cetes lack introns shared by other basidiomycetes, with the
exception of Tilletiaria anomala (Georgefischeriales), in
which only intron 4 is present. In contrast, members of
the Ustilaginales and R. hordea possess ungiue intron posi-
tions in very conserved regions of the gene between
domains 7 and 11.

3.4. Basidiomycete tefl gene phylogeny

The nucleotide data matrix contains 995 characters, of
which 535 (54%) are parsimony-informative. The protein
data matrix includes 330 amino acid positions; 128 (39%)
of these are parsimony-informative. A 50% majority-rule
consensus tree from a Bayesian analysis of nucleotides is
shown (Fig. 2). Nucleotide posterior probabilities are
drawn from the last 12,000 trees sampled from a run of five
million generations. Amino acid posterior probabilities
were calculated from 10,966 trees sampled from two mil-
lion generations. The model best-fit to the amino acids by
MrBayes is a Rtrev model (Dimmic et al., 2002). Amino
acid data did not significantly support any poorly support-
ed nodes produced by the nucleotide analysis.

Some major groups of Basidiomycota are recovered as
monophyletic by zefI nucleotide sequences with significant
posterior probabilities. These include the Hymenomycetes,
Hymenomycetidae, Auriculariales, Dacrymycetales, and
Thelephorales. All five sequences of the Ustilaginomycetes
form a monophyletic group. Nucleotide sequences of tef]

also support the monophyly of the Uredinales and its sister
position to the Platygloeales. Protein sequences recover the
monophyly of the Ustilaginomycetes, Hymenomycetidae,
Thelephorales, and Dacrymycetales (Table 2). At lower
taxonomic levels, nucleotide sequences recover some fami-
lies such as the Ustilaginaceae, Gomphaceae, Hymeno-
chaetaceae, and Omphalotaceae (euagarics). However,
tef1 resolution is poor overall, and the number of branches
that receive significant support values is low. The backbone
of the Hymenomycetidae is poorly supported (Fig. 2), and
third positions are saturated (S4).

Several clades that are strongly supported as monophy-
letic by rDNA (Binder and Hibbett, 2002; Hibbett and
Thorn, 2001) are not monopohyletic based on tefl. These
include groups of Homobasidiomycetes such as the
hymenochaetoid, euagarics, gomphoid-phalloid, and rus-
suloid clades. Monophyly of a heterobasidiomycete order,
the Sebacinales, is also not supported by tefl. Nucleotide
data suggest the paraphyly of the Urediniomycetes (rusts,
various yeasts, and allies) and an inclusive Urediniomyce-
tes and Ustilaginomycetes clade. Towards the tips of the
tefl tree, closely related genera or species (e.g., Agarica-
ceae, Inocybaceae, Physalacriaceae, Lyophylleae) are simi-
larly not supported as monophyletic using either nucleotide
or amino acid data despite the findings of previous studies.

3.5. Basidiomycete rpb2 gene phylogeny

The phylogeny of the Basidiomycota inferred from rpb2
nucleotides is well-resolved by Bayesian inference with sim-
ilar clades recovered by rDNA phylogenies (Fig. 3). Poster-
ior probabilities of nucleotide and amino acid data are
drawn, respectively, from 8000 and 3730 trees. 132 taxa
were sampled that include 2157 nucleotide sites (1357



P. Brandon Matheny et al. | Molecular Phylogenetics and Evolution 43 (2007) 430-451 437

1.0 — Phallus hadriani
e Tricholomapsis decora
Crepidotus cf. applanatus
]nocrbe asterospora
nocybe dulcamara

Inocybe cookei
a nm{)s proximans
10T

tef1 nucleotide
phylogeny of the
Basidiomycota

Pt : . -
Clavaria zollingeri
lavulinopsis laeticolor

= 100
Amanita brunnescens
Mythicomyces corneipes

Pluteus rr:rgellii

Polyozellus multiplex CL1 |
Polyozellus multiplex CL2
K Poll_yozellus multiplex CL:
91 ydnellum geogenium

g Hydnellum geogenium S
| Amitanamelca Tricholoma myomyces Thelephorales
1.0 Am ulloclitocybe%lav}l’pes p

Camarophyllus boreali
ygrocybe alf. conica .
m e He‘ntmanIOﬁnyces candidus
egacollybia plat &
Cantharocybe grubgri el L

15? — Cortinarius aggilritcis

— inarius iodes
L Continarius sodagnitus
Pleurotus ostreatus . )
Marasmius alliaceus
Marasmius alliaceus )
Anthracophyllum archeri
Gymnopus dryophilug

Omphalotaceae

- Rhodocollybia maculala{
- %htuc tI,;;c?:can ican:
Clitocybe subditopoda .
Entoloma prunuloides

Lepista irinia

Caollybia tuberosa
Chondrostereum ﬁurpureum .

Chlorophyllum agaricoides
_Lycoperdon Pyrnorme
Macrolepiota dolichaula’

Coprinopsis cinerea .
Aureoboletus thibetanus
oletellus shichianus

Boletellus projectellus
Strobilomyces floccopus

Paxillus vernalis )
Calostoma cinnabarinum
10 r Lynphyllsum leucophaetum ?

1.0
10 94
75

7 - erpula himanticides
Suillus pictus . )
1.0 e ygralphgropms aurantiaca
etinellys mérulioides
Ehdoiea Coniophora arida Bolet_al_es
ibulorhizoctonia s
Flammulina velu%ipes 1 athelioid

Xerula radicata
Lyophyllum dNecames

- - olanea sericea
Bolbitius vitellinus K R
[ Albatrellus higanensis

Sgpnglpelhs pachyodon
limacodon septentrionalis
i) Phlebia radiata )
3 Phanerochaete chrysosporium
Ganoderma t_sugllae
rametes versicolor
.96 1 P
YCNOPOrus Sp.
Grifola frondosa
Gr\fgla surdulenl.ii
omitopsis pinicola .
ﬁaeoﬁf:’; Scl we\nlﬁzli‘
Sparagsis crispa
eterobasidion annosum CL1
Heterobasidion annosum CL2
— Bondarzewia montana
Sée{?un:jhwls_uturln i
chinodontium tinctorium :
Hericium coralloides rUSSUk)'d P P
10 Lactarius d

Calocybe camea ?

.98

Polyporus sqL

polyporoid

99

t] IS
Lactarius lignyotus

97 L
— Phyllotopsis s|
Schlzoy;‘)hy\ll?m ceﬁﬂmune .
Cotylidia sp.

o f Resinicium bicolor,
L Rickenella fibula

R iyanim abomagnim | Cantharellales p. p.

- VA
10 e Trechispora alnicola A .
Trechi %
— Piriformospora indica fechispora sp trechlSpOl’Old
Tulasnella pruinosa
Hyphoderma p(r:?ele_rmlssum

= 2 i rusella | Gomphaceae Hymenomycetes
0 .

Auricularia sp. CL1 ) )
— Auricularia sp. CL2
Exidia glandulosa

Bourdotia sp.

Punctularia strigosozonata CL1
Punctularia strigosozonata CL2

100
1 Dacrymgoes sp. . K ‘
e
89 Daciyopingx spathularia | Dacrymycetales

1.0 .99 - sterophora lycoperdoides
- Cylindrobasidium laeve
Peniophora nuda — -
87 Fomitiporia mediterranea Jj
| ; Hydnochaele duportil Hymenochaetacae
Tremellodendron pallidum v
1.0 Cryptococcus neoform%%v\y mrau gh Av341426 |l Fi idi
100 L Plobasidiela neoformans U§1aoa L FllODaSIdlaleS
10 Cintractia sorghi-vulgaris
. Ustilago maydis

e
1 97 L——— Pseudozyma flocculosa : .
1o 2] & —— Tiletiops's sp. UStI'agmomyCeteS

— Zia pachydermatis
L Rhodotorula mucilaginosa

Leucosporidium scottii .
Occultifur externus
Uredinales 1.0
1.0 77

Hymeno-
mycetidae

Auriculariales

Agaricostilbum h%phaenes
Colacogloea peniophorae i
1.0 somyxa arctostaphyli

80 & Endocra?wgrr‘llium harknessii Urediniomycetes

1.0 g PUcCINIa graminis
Uromyces appendiculatus

_Platygloea disciformis
Aleuria aurantia
Neurospora crassa

Saccharomyces cerevisiae Ascomycota

Schizosaccharmyces pombe

0.05 expected substitutions per site
Fig. 2. Phylogeny of the Basidiomycota based on nucleotide sequences of zef]. The tree is a Bayesian 50% majority-rule consensus tree and produced from

a dataset of 140 sequences and 995 nucleotide characters. The psi symbol () indicates a pseudogene sequence. Values above and below branches are
posterior probabilities (>0.95) and MP bootstrap (> 50%) values, respectively.
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Table 2
BP/PP support values for major clades of Basidiomycota
Clade tefl Exons tefl Amino rpb2 Exons rpb2 Amino nrDNA Combined Combined rDNA and
acids acids nucleotides amino acids (BP)
BP*/BP"/PP*
Hymenomycetes nm¢ /nm <50/nm nm/<.95 <50/nm
Hymenomycetidae nm/1.0 <50/<.95 nm/nm
Auriculariales 91/nm nm/nm —¢ —
Boletales nm/nm <50/nm <50/1.0 61/<.95
Cantharelloid nm/nm nm/nm <50/<.95 <50/1.0 6
Corticioid — — 62/1.0
Dacrymycetales _ 63/1.0
Euagarics nm/nm nm/nm <50/nm
Gomphoid-phalloid nm/nm 50/nm
Hymenochaetoid nm/nm nm/nm nm/nm
Polyporoid nm/nm nm/nm nm/1.0 <50/1.0
Russuloid nm/nm nm/nm <50/1.0
Sebacinales nm/nm nm/nm
Thelephorales 91/nm 92/<.95
Tremellomycetidae — —
Urediniomycetes nm/nm <50/<.95
Urediniomycetidae nm/1.0 <50/<.95
Uredinales nm/nm
Platygloeales — — <50/<.95
Microbotryomycetidae nm/nm nm/nm nm/1.0 nm/1.0 nm/nm/1.0
Agaricostilbomycetidae nm/nm nm/nm — —
Ustilaginomycetes <50/1.0 63/1.0
Ustilaginomycetidae 68/1.0
Exobasidiomycetidae nm/nm nm/nm nm/nm nm/nm nm/nm nm/nm/nm nm
Total of Significantly 5/6 1/3 10/16 13/15 19/20 16/22/23 20

Supported Clades

Note. Gene regions that produce either a significant BP (>70%) or PP (>0.95) support value have light gray shaded cells. Gene regions that produce both

significant BP/PP values have dark gray shaded cells.

“BP analysis with third codon positions included.

"Bp analysis with third codon positions excluded.

“Bayesian analysis with third codon positions included.
nm = not monophyletic.

“Monophyly not possible to test.

(63%) parsimony-informative) and 792 amino acids (371
(47%) parsimony-informative). The protein data set is best
modeled by the JTT model (Jones et al., 1992). Like ref1,
third codon positions are saturated (S4). The rpb2 gene is
more variable than tef/ when mean pairwise K2P distances
per codon position and percentages of parsimony-informa-
tive sites are compared. The following overall means of
K2P distances were recorded by codon position: tefl/rpb2
first (0.087/0.184), tefl/rpb2 second (0.060/0.095), tefl/
rpb2 third (0.654/1.459). rpb2 produces 9 and 8% more par-
simony-informative nucleotide and amino acid positions,
respectively.

At deep taxonomic levels, each class of Basidiomycota is
monophyletic based on rph2 although their relationship to
each other is not strongly supported. The Dacrymycetales
(Hymenomycetidae) clusters with the Tremellomycetidae
in the nucleotide tree but without strong support. The
Hymenomycetidae, with Dacrymycetales at a basal posi-
tion, is monophyletic in the amino acid tree (not shown)
with significant support values. The Auriculariales, a hete-
robasidiomycetous order, is nested among the Homobasid-
iomycetes. One polyphyletic group at roughly the ordinal
level includes the hymenochaetoid clade represented here

by a xanthochroic group of Hymenochaetaceae (Coltricia
and Fomitoporia) and another group of non-xanthochroic
taxa including Resinicium, Rickenella, Cotylidia, and
Hyphoderma. Both nucleotide and amino acid sequences
support the non-monophyly of the hymenochaetoid clade,
a result consistent with fef1.

Several clades that have been difficult to resolve with sig-
nificant support by rDNA studies are strongly supported
by rpb2. These include the polyporoid clade and a com-
bined euagarics, bolete, and atheloid clade. Sequences of
rpb2 also unite Malasseziales (Exobasidiomycetidae) and
Ustilaginales (Ustilaginomycetidae), and Platygloeales
and Uredinales. Additional strongly supported groups
include the Cantharellales (but excluding species of
Tulasnella), Dacrymycetales, russuloid clade, and gom-
phoid-phalloid clade. The cantharelloid clade is monophy-
letic and excludes the Sebacinales.

3.6. Basidiomycete nuclear rDNA phylogeny
The ntDNA phylogeny is based on three nuclear ribo-

somal RNA genes—25S, 18S, and 5.8S ribosomal RNAs.
One hundred and forty-six taxa were sampled in the data



P. Brandon Matheny et al. | Molecular Phylogenetics and Evolution 43 (2007) 430-451

rpb2 nucleotide
phylogeny of the
Basidiomycota

A

—— Cylindrobasidium laevi
Flammulina ve\utlpes
Xerula radicata
rml\larla mellea
¥‘ ena galericulata
Chondrgstereum purpureum

Pleurotus ostreatus

Megacollybia platyphylla
rops cf. scabripes

1 Mycetinus al?(aoeus .
+: Rhodocollybia maculata euagarICS

7 Clitocybe candicans
Cli locybe subdllopoda
10 99 phyllum leucophaeatum
Nolanea sericea

Collﬁ'b

Phyllotopsis sp.
99 700

Fibulorhizoctonia sp.

Hygrocybe aff. conica

ia tuberosa
ma myomyces

Am| ul\ochtoc be clavipes
R
B Cantl har&:;:cybe gr‘aeberl
1, Amanita brunnescens

Amanita phalloides
Henningsomyces candidus

athelioid

rocybe praecox

g
Cortinarius iodes

I—

Phaeomarasmius proximans

InO

[ ——— ]
Pluteus romellii
1.0 Clavaria zollingers
100 \avullnops

96

Athelia bombacina
10

10 100
Suillus pictus

| alostoma cinnabari

95 Coniophora arida

ygrophuropsws aurantiaca

1.0 Hydnellum geogenium

100 Polyozellus multiplex
Ganoderma tsugae

Polyporus arcularius

P*a:napo
rametes vemloolnr

L Phaneroch chrysgsporium
Fomitopsis pinicola

% Laetiporus sulfureus
Phaeolus schweinitzii
Sparassis cris|

1.0 r Albatre us higanensis
ccherinum laeticolor

C\lmacndon septemnenalls
— Phlebia radiata
1.0 Grifola frondosa

100 = Grifola sordulenta

llis pachyodo!

1.0 Psnlophora nud |
10 55 | Scytinostroma alutum

[z

L% —
100 Ecmnodonltlug tinctorium

porgsum

Resinicium
R\ckenella fibula

L Cotylidia sp..

Hyphurjerma praelermlssum
ctularia strigosozonata |

\.'unlemema comedens

Gautieria otthii
Ramaria rubella

Phallus h]gunam

1.0 rechispora alnicola

100 & Trechispora sp. &

Auricularia sp.

Coltricia p:

Fomitiporia anea
Piriformospora indica

Polyporus squamosus

Irpex lacteus

arius deceptivus

_gg_'— GEoeochdreHum
1.0 ericium americanum
1.0 66 St hir. sutum
1 Lz —————— sondazowia moriana
Heterobasidion annosum

Cr(i;)ldntus cf. applanatus
cybe dulcamara gp.

Coprinus comalus
? L——— Macrolepiota dolichaula
|_ 88 | Agaricus bisporus

10 L)&ooperdon pyriforme

oprinellus disseminatus

ierea

Is laeticolor

Aureoboletus thibetanus
Boletellus projectellus
100 Strobilomyces floccopus

Boletales

inum

[ Thelephorales

polyporoid

n

russuloid

bicolor

hymenochaetoid p.p.
| corticioid / Vuillemeniales

{ gomphoid-phalloid

trechisporoid
Auriculariales
I hymenochaetoid s.str.

I Sebacinales

Hymeno- 59 = N '{he ﬁllodegdron pallidum
antharellus cibarius
mycetes| s3 .95 38 Craterellus fallax
10 Clavulina sp.
Cantharellales 1.0 ooromlla
98 10 H idnum re#')a .
num [ naum
1.0 1.0 100 Hydnﬂmualh%maegmrﬁu cantharelloid
100 Slslolrama confluens
10 1.0 1.0 10 Tilasneha sp.
- 100 Tulasns\la violea
Tulasnellales 95 L Tulasnella pruinosa
r Botryobasidium subcoronatum

Uthatobasidium fusisporum
us

1.0 Dacrymyces chrysosperm
10 100 Dacryngces Sp.
v uepnmopsns buccma
100 D. Galocs an |
86 acryo) |nax athularia
LYOR Sp ryptococcus neoformans AEQ173442

{100 Cryptococcus neoformans XM 570204

10 G,

Dacrymycetales

Tremellomycetidae

100 Gryplococgus neolcrman% AY485620

Endocronartium harknessii
Phragmidium sp.
Insohbasndlum deformans

atygloea disciformis

Colacagﬁlaea pen\ orae
dotorula hordea

Agaricostilbum hyphaenes

10 Mal

ia pachyo{ermatts

Urediniomycetes

Cmtrﬂcﬂa surghlvulgans

so.  Ustilaginomycetes

1.0/94

Tilletiopsis sp.
Tilletaria anomala

Aleuria aurantia

Peziza quelepédotla

acchammyces cerevisiae
Schizosaccharomyces pombe

Ascomycota

[~ Cylindrobasidium Fvolvens il

439

0.05 expected substitutions per site

Fig. 3. Phylogeny of the Basidiomycota based on nucleotide sequences of rph2. The tree is a Bayesian 50% majority-rule consensus tree and produced
from a dataset of 132 sequences and 2157 characters. Posterior probabilities >0.95 are indicated above branches and MP bootstrap values >50% below.

Italicized support values are produced from the analysis of amino acid sequences.
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set, which includes 3457 sites. Of these, 1456 (42%) are par-
simony-informative. Table 2 shows various support values
for major clades of Basidiomycota. The ntDNA tree is
well-resolved and many groups are significantly supported.
The class Ustilaginomycetes is suggested as sister to the
Hymenomycetes but without significant support (Table
2). Strong support values are produced for a monophyletic
Hymenomycetes (91% BP, 1.0 PP) and a significant poster-
ior probability for the Homobasidiomycetes (0.95 and
excluding the Auriculariales), unlike tef!/ and rpb2. The
hymenochaetoid clade is strongly supported with high
bootstrap and posterior probability, in contrast to tefl
and rpb2. The eugarics, Boletales, and russuloid clades
receive higher support values than when analyzed by the
protein-coding genes separately (Table 2). The monophyly
of the Boletales and athelioid clade is another srongly
supported ntDNA clade.

3.7. Assessments of intergene conflicts

Only two cases of strongly supported conflict were
observed between nrDNA and the protein-coding genes,
and these occur at relatively low-taxonomic levels. ntDNA
unites the resupinate Tulasnella spp. (Tulasnellales) with
the chanterelle groups Cantharellus and Craterellus
(Cantharellaceae) with significant support values. Yet,
Tulasnella is excluded from clades containing Cantharellus,
Craterellus, and other taxa by rpb2. The tef] Bayesian anal-
ysis also conflicts strongly with the ntDNA result. Similar-
ly, ntDNA strongly unites the bolete Strobilomyces and the
boletoid gasteromycete, Calostoma. In contrast, both rpb2
and tefl oppose this grouping with significant support val-
ues. Because the conflicts concern lower level taxonomic
arrangements, we chose to include these data in combined
analyses.

3.8. Combination of multiple protein-coding gene sequences
with rDNA regions supports 18 inclusive clades of
Basidiomycota

The analysis of combined nucleotide data includes 6603
sites, of which 3318 (50%) are parsimony-informative.
Combined nucleotides of ntDNA and amino acid sequenc-
es of rpb2 and tefl produce 4511 characters for analysis.
1954 (43%) of these are parsimony-informative. When
third codon positions are excluded, 5555 total characters
are available, of which 2307 (42%) are parsimony-informa-
tive. Under parsimony 64 nodes (44%) are strongly sup-

ported when nrDNA data are combined with exon
sequences including third positions, 74 nodes (51%) are
strongly supported when amino acid data are combined
with ntDNA, and 85 nodes (59%) receive strong parsimony
bootstrap support when all nucleotide data are combined
minus third codon positions. Eighteen inclusive clades of
basidiomycetes, discussed below, receive significant PP,
and almost all receive high bootstrap support (>70%) when
multiple protein-coding genes are combined with multiple
rDNA regions (Fig. 4). Twelve of these inclusive clades
are strongly supported in combined analyses that treat
the protein data as amino acid sequences or exclude third
codon positions (Table 3). BP (including and excluding
third codon positions) and PP support values are shown
for each of the clades in Table 3.

3.8.1. Urediniomycetes

Twelve taxa of the Urediniomycetidae, Microbotryomy-
cetidae, and Agaricostilbomycetidae form a monophyletic
group. This class is not monophyletic based on single gene
treatments using P-tubulin protein sequences (Begerow
et al., 2004) and ca. 600 bp fragments of 25S rDNA (Weiss
et al., 2004a). Analysis of 25S and 18S sequences for 174
diverse urediniomycete taxa supports the monophyly of
Urediniomycetes (Aime et al., 2006). Protein sequences of
tefl and protein and nucleotide sequences of rpbh2 also sup-
port a monophyletic Urediniomycetes. The 12 taxa sam-
pled here form subclades consistent with the subclasses
Urediniomycetidae and Agaricostilbomycetidae, but 9 of
13 analyses fail to recover the monophyly of the Microbot-
ryomycetidae. The Urediniomycetes has been proposed
recently as the subphylum Pucciniomycotina (Bauer
et al., 2000).

3.8.2. Ustilaginomycetes and Hymenomycetes clade

No name exists for the combination of these two classes,
which is characterized by similar ultrastructural and bio-
chemical characters (Lutzoni et al.,, 2004; McLaughlin
et al., 1995b; Weiss et al., 2004a). Until this study, MP
bootstrap has not supported the clade with strong
(>70%) support. Our combined rDNA nucleotide and ami-
no acid data produce this higher-level arrangement with
82% bootstrap support (68% BP when third positions are
omitted), and a PP of 1.0 when all nucleotides are analyzed.
Inclusion of third positions distorts this topology under
parsimony conditions. Of the protein coding genes, only
tefl protein data recover the topology when analyzed sep-
arately. Both classes share a similar septal wall configura-

>

Fig. 4. Phylogeny of the Basidiomycota based on combined tefl, rpb2, and ntDNA nucleotide sequences (third positions included). A Bayesian 50%
majority-rule consensus tree is shown to the right. Posterior probabilities >0.95 are indicated above branches. MP bootstrap values > 50%, produced by
nrDNA nucleotides combined with amino acid sequences, are shown below branches. MP bootstrap values >50% of the nucleotides only analysis, with
third positions excluded, are italicized; BP values from analyses with third positions included are underlined. Numbers in gray circles refer to clades
discussed in the text. The cladogram inserted on the left is the MP bootstrap tree of rDNA nucleotides combined with amino acid sequences. BP values
>50% are indicated on the left; BP values from combined nucleotides, but with third positions excluded, are indicated to the right. The 82% BP value for
the trechisporoid/gomphoid-phalloid clade is recovered when third positions are included (38% BP with third positions excluded).
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Table 3

Support values by protein-coding gene and ntDNA regions for 18 inclusive clades of Basidiomycota

No Clade tefl nts* tefl aa® rpb2 nts rpb2 aa 188, 258, Combined
BP/PP BP/PP BP/PP BP/PP 5.8S BP/PP BPC/BPd/BPe/PPf

1 Urediniomycetes nm®/nm <50/<.95

2 Ustilaginomycetes + Hymenomycetes nm/nm <50/<.95 nm/nm 66/<.95

3 Malasseziales + Ustilaginales <50/nm 65/1.0

4 Hymenomycetes nm/1.0 <50/nm nm/<.95

5 Hymenomycetidae <50/1.0 <50/<.95 nm/nm 69/<.95

6 Sebacinales + Auriculariales + homobasidiomycetes ~ nm/nm nm/nm nm/nm 53/<.95

7 Sebacinales nm/nm nm/nm

8 Homobasidiomycetes + Auriculariales nm/nm nm/nm nm/<.95 53/<.95 <50/1.0 nm/<50/51/1.0

9 cantharelloid clade nm/nm nm/nm <50/<.95 <50/<.95 <50/nm

10 Auriculariales nm/nm _h —

11 Homobasidiomycete group, node 11 nm/nm nm/nm nm/nm nm/nm

12 Hymenochaetoid clade nm/nm nm/nm nm/nm nm/nm

13 Thelephorales + polyporoid clade nm/nm nm/nm nm/nm nm/nm <50/<.95

14 Polyporoid clade nm/nm nm/nm nm/1.0 <50/1.0 <50/1.0

15 Russuloid, athelioid, Boletales, and euagarics clade nm/nm nm/nm nm/nm nm/nm <50/1.0 <50/66/49/1.0

16 Athelioid, Boletales, euagarics nm/nm nm/nm nml.0 <50/1.0

17 Athelioid + Boletales nm/1.0 nm/nm nm/nm nm/nm

18 Euagarics clade nm/nm nm/nm nm/nm nm/nm

Note. Gene regions that produce either a significant BP (> 70%) or PP (>0.95) support value have light gray shaded cells. Gene regions that produce both

significant BP/PP values have dark gray shaded cells.
“Nucleotides.

®Aminoacids.

“BP analysis including third codon positions.

9BP analysis with amino acid sequences.

°BP analysis excluding thrid codon positions.
"Bayesian analysis including third codon positions.
#nm = not monophyletic.

"Monophyly not possible to test.

tion, spindle pole body morphology, cell wall composition,
and secondary structure of the 5S RNA (Blanz and Unseld,
1987; Lutzoni et al., 2004; Oberwinkler, 1987; Tu and
Kimbrough, 1978; Weiss et al., 2004a). Begerow et al.
(2004) produced an alternative topology (Urediniomycetes
plus Hymenomycetes) with combined 25S and B-tubulin
sequences but with a non-significant PP. Bauer et al.
(2006) recently introduced the Ustilaginomycetes and
Hymenomycetes at the subphylum rank, the Ustilaginomy-
cotina and Agaricomycotina, respectively.

3.8.3. Malesseziales and Ustilaginales clade

This arrangement stands in contrast to some 25S only
studies with dense taxon sampling (Bauer et al., 2001;
Begerow et al., 2000; Sampaio, 2004). These studies nest
the Malesseziales, an order of animal pathogens and
associates (Bauer et al., 1997, Guého et al., 1998;
Guillot and Guého, 1995; Sugita et al., 2003), within the
Exobasidiomycetidae but without strong support. Our
results, however, are consistent with Lutzoni et al. (2004),
which produce a paraphyletic Exobasidiomycetidae. Other
studies using 25S sequences in Fell et al. (2001) and Weiss
et al. (2004a) also depict a paraphyletic or an unresolved
Exobasidiomycetidae. Expanded taxon sampling in the
Ustilaginomycetes reinforces the monophyly of the Malas-
seziales with Ustilaginales and allies with strong support
(Gossmann et al., unpublished; Matheny et al., 2006b).

3.8.4. Hymenomycetes

This clade (=Agaricomycotina in Bauer et al., 2006)
receives up to 95% MP bootstrap support and contains
the two subclasses Hymenomycetidae and Tremellomycet-
idae (Swann and Taylor, 1995b). 18S data support the
monophyly of Hymenomycetes but with poor bootstrap
support (Swann and Taylor, 1993). Our sampling of the
Tremellomycetidae is sparse, but this subclass was shown
to be monophyletic by early studies with inclusive taxon
sampling (Swann and Taylor, 1995a,b). Sampaio (2004),
Weiss et al. (2004a), and Bauer et al. (2006) recover a
monophyletic Hymenomycetidae but an unresolved or
paraphyletic Tremellomycetidae. The status of the Tremell-
omycetidae requires more attention. Analyses by Matheny
et al. (2006b) show that the addition of protein-coding data
support the monophyly of the Tremellomycetidae.

3.8.5. Hymenomycetidae

This strongly supported subclass is characterized by
mushroom-forming fungi that are not known to produce
a yeast-like stage. It contains the heterobasidiomycete
orders Dacrymycetales, Sebacinales, and Auriculariales,
in addition to the homobasidiomycete clades of Hibbett
and Thorn (2001), Binder and Hibbett (2002), Larsson
et al. (2004), and Binder et al. (2005). The Dacrymycetales
is strongly supported in a sister position to other members
of the subclass in contrast to the nrDNA tree in Lutzoni



P. Brandon Matheny et al. | Molecular Phylogenetics and Evolution 43 (2007) 430-451 443

et al. (2004). The Homobasidiomycetes is not monophylet-
ic, however, when all data are combined. Results from our
nrDNA analyses and those of Larsson et al. (2004) and
Binder et al. (2005) show weak to moderate MP support
for a monophyletic Homobasidiomycetes (exluding the
Auriculariales) using rDNA regions alone.

3.8.6. Sebacinales and the Homobasidiomycetes clade

This group is strongly supported by BP and PP values.
The arrangement of the Sebacinales in a position sister to
the Homobasidiomycetes clade is strongly supported by
Bayesian analysis only. This cluster of taxa will be refered
to as the Agaricomycetes by the AFTOL classification group.

3.8.7. Sebacinales

This order of diverse plant symbionts is recognized as a
unique clade of heterobasidiomycete taxa within the
Hymenomycetidae (Weiss et al., 2004a,b). The group is
known for its broad mycorrhizal formation with liver-
worts, orchids, Ericaceae, and other angiosperms, and
gymnosperms (Berch et al., 2002; Selosse et al., 2002a,b).
Binder et al. (2005) found weak support for the monophyly
of the cantharelloid clade, inclusive of the Sebacinales, the
latter characterized by septate basidia. However, the Seb-
acinales merits recognition as an autonomous clade inde-
pendent of the cantharelloid clade. The Sebacinales
appears to represent the earliest basidiomycete lineage with
mycorrhizal members (Weiss et al., 2004a,b).

3.8.8. Homobasidiomycetes clade

The Homobasidiomycetes is monophyletic with the
inclusion of the heterobasidiomycete order Auriculariales,
but bootstrap support is poor (51%). The backbone of
the Homobasiomycetes, a paraphyletic group in Lutzoni
et al. (2004) and in this study, is significantly supported
by posterior probabilities, but MP bootstrap values remain
below 50% for most backbone nodes. Two groups not
depicted by the nucleotide Bayesian analysis do receive
high BP support. These include a union of the trechispor-
oid and gomphoid-phalloid clades (82% BP with third posi-
tions included) and a separate grouping of the polyporoid
clade, Thelephorales, and Vuillemeniales or corticioid clade
(77% protein BP). Both alternative arrangements are
shown in the insert MP bootstrap tree of Fig. 4. No previ-
ous studies have united the trechisporoid and gomphoid-
phalloid clades, but both are characterized by many species
with hyphal swellings near septa and verrucose or warty
basidiospores (Agerer and losifidou, 2004; Joost Stalpers,
personal communication). Inclusive clades, supported both
by high BP and PP, are reported below in more detail.

3.8.9. Cantharelloid clade

This group contains taxa from the orders Cantharell-
ales, Ceratobasidiales, Tulasnellales, and Botryobasidiales.
The clade receives a significant PP and 87% BP when third
positions are excluded (69% BP with amino acids). The
union of Tulasnella species with Cantharellus and Craterel-

lus 1s an artifact attributed to extreme rate heterogeneity of
the ntDNA sequences in these taxa, hence the question
mark for the monophlyly of the group depicted in Fig. 4.
Sequences of rpb2 (Fig. 3) strongly support the separation
of Tulasnellales in one lineage, and Cantharellales (Can-
tharellaceae, Clavulinaceae, and Hydnaceae) in another.
These three families of Cantharellales are also united by
possession of stichic basidia (Donk, 1971; Penancier,
1961). The cantharelloid clade is strongly supported by
Bayesian analysis as the sister group to the remaining
Homobasidiomycetes plus Auriculariales. Non-rDNA
sources of data are required to address evolutionary rela-
tionships within the cantharelloid clade due to evolution-
ary rate acceleration in nuclear rDNA sequences of
Tulasnella and the Cantharellaceae (Moncalvo et al., 2006).

3.8.10. Auriculariales

This heterobasidiomycetous order is monophyletic in a
strict sense as first suggested by Swann and Taylor (1993)
using 18S sequences and later by Weiss and Oberwinkler
(2001) using 25S data. It corresponds in many respects to
the Auriculariales sensu Bandoni (Bandoni, 1984; Wells
and Bandoni, 2001). The monophyly of the order sensu
Weiss and Oberwinkler is strongly supported. Binder
et al. (2005) reported the Auriculariales as a paraphyletic
group. Additional rDNA data, including different isolates
of Pseudohydnum gelatinosum and Bourdotia, support the
monophyly of the Auriculariales (Matheny, unpublished;
Matheny et al., 2006b). Our results are consistent with
those in Prillinger et al. (2002) and Lutzoni et al. (2004)
where the Auriculariales is nested among other basal
homobasidiomcyete lineages. Wells et al. (2004) recently
have assessed family-level relationships in the order.

3.8.11. Homobasidiomycete group, node 11

This inclusive cluster of eight homobasiomycete clades is
strongly supported by Bayesian analysis of combined
nucleotides and a 74% bootstrap of nucleotide data with
third codon positions excluded. It contains the hymenocha-
etoid, corticioid, polyporoid, Thelephorales, russuloid,
athelioid, Boletales, and euagarics clades. Maximum likeli-
hood analyses of multiple rDNA regions in Binder and
Hibbett (2002) recovered a similar topology.

3.8.12. Hymenochaetoid clade

Both rpb2 and tef1 fail to support the monophyly of this
group, which has been poorly to strongly supported by
rDNA (Binder and Hibbett, 2002; Binder et al., 2005; Lars-
son et al., 2004). MP bootstrapping of ntDNA supports the
monophyly of the clade with 82% BP and 1.0 PP (Table 2).
Combined rbp2, tefl, and ntDNA sequences (with third
positions excluded) also recover the clade with a significant
PP and 90% BP, but with reduced bootstrap support (63%)
when third positions are included. The clade appears to
contain two subgroups, the xanthochroic Hymenochaeta-
ceae or Hymenochaetales sensu Oberwinkler (Oberwinkler,
1977; Parmasto, 2001), characterized by the presence of
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setae and darkening of flesh after alkalization; and a poorly
supported non-xanthochroic arrangement of taxa that lack
setae but possess cystidia, viz. Cotylidia, Rickenella,
Hyphoderma, and Resinicium (Fig. 4). Nucleotide analyses
that exclude third positions support Hyphoderma as the sis-
ter group to the Hymenochaetaceae with 78% BP (not
shown). Other bryophilous gilled-mushrooms and clavari-
oid and resupinate forms belong to the hymenochaetoid
clade (Matheny et al., 2006a; Redhead et al., 2002).

3.8.13. Thelephorales and polyporoid clade

The monophyly of this group is recovered with strong
support for the first time with 72% BP when amino acids
are included and 85% BP when nucleotides are analyzed
without third codon positions. Within the clade is a sister
arrangement between the Thelephorales, a mycorrhizal
group (including orchid symbionts) (Bruns et al., 1998;
Hibbett and Thorn, 2001; Stalpers, 1993), and a wood-de-
composing group, the polyporoid clade. A three-gene anal-
ysis including rpb2 also recovers a similar topology
(Lutzoni et al., 2004) in addition to an 18S only study of
aphyllophoralean taxa (Kim and Jung, 2000). MP boot-
strapping (77%) of protein sequences combined with
nrDNA supports the Vuillemeniales (Boidin, 1998) or cor-
ticioid clade (Larsson et al., 2004) sister to an inclusive
Thelephorales and polyporoid clade (see insert in Fig. 4).

3.8.14. Polyporoid clade

This group has been difficult to resolve by rDNA data
(Binder and Hibbett, 2002; Hibbett and Donoghue, 1995;
Wang et al., 2004). However, in our combined analyses the
clade is supported as monophyletic with high MP bootstrap
and posterior probability. Amino acid and nucleotide
sequences of rpb2 alone also support the monophyly of this
group (Fig. 3). It is sister with strong support to the Thele-
phorales. BP values for several subclades are higher in com-
bined analyses, in which third codon positions are excluded.

3.8.15. Russuloid, athelioid, Boletales, and euagarics clade
This inclusive group of homobasidiomycete clades
receives significant PP and 66% BP. The russuloid clade
may constitute several orders of taxa (Larsson and Larsson,
2003) and is supported as sister to an arrangement of ath-
eloid, Boletales, and euagarics clades. This topology was also
shown by Binder and Hibbett (2002) and Larsson et al.
(2004) but without strong support. The position of the russu-
loid clade is not firmly resolved and other multi-gene studies
(Binder et al., 2005; Lutzoni et al., 2004; Wang et al., 2004)
depict alternative topologies, but with weak support.

3.8.16. Athelioid, Boletales, and euagarics clade

This relationship is supported by high MP bootstrap
(96%) and a significant PP. In the AFTOL classification,
the group is referred to as the Agaricomycetidae. Multi-
gene rDNA studies (Binder and Hibbett, 2002; Larsson
et al., 2004) support a union of the Boletales and euagarics
clade and, where sampled, the athelioid clade.

3.8.17. Athelioid and Boletales clade

One exemplar of the athelioid clade, Fibulorhizoctonia
sp., occupies a position sister to the Boletales with strong
support values. Of the five separate genes in this study,
tefl, 18S, and 5.8S also support this topology. The rela-
tionship was depicted by Larsson et al. (2004) using 25S
and 5.8S sequences but without strong support. However,
our combined 18S, 255, and 5.8S sequences produce both
significant PP and BP for this cluster (Table 3). The atheli-
oid clade includes taxa with diverse ecologies, including
saprotrophs, ectomycorrhiza formers, insect associates,
and plant pathogens (Binder et al., 2005; Larsson et al.,
2004; Matsuura et al., 2000). Mycorrhizal symbioses in
the Boletales and their transitions to mycoparasitic life-
styles (infecting other Boletales) appear to have evolved
multiple times from brown-rot saprotrophic ancestors
(Binder and Hibbett, 2006).

Boletellus projectellus

eu agarics Hygrophoropsis aurantiaca
and Lycoperdon perlatum

Boletales Macrolepiota dolichaula

Strobilomyces floccopus

Suillus pictus
Amanita sp.

Henningsomyces candidus
62
65 | Amillaria mellea
Cortinarius iodes

Chondrostereum purpureum
+ + Hydnellum geogenium

-- Tremellodendron pallidum
- Fibulorhizoctonia sp.

Polyporus squamosus

Sparassis crispa

Ganoderma tsugae

Heteobasidion annosum

Stereum hirsutum

tef1/rpb2
intron

phylogeny

Auriculariales, 64
Sebacinales,
and homo- Hydnum sp.

basidiomycetes Gautieria otthi

Echinodontium finctorium
Rickenella fibula

73 Lactarius lignyotus
.70 Coltricia perennis
Punctularia strigosozonata
-+ Auricularia sp.

4 Malasezzia pachydermatis
Ustilago maydis
_I-t‘(m sorghi-vulgaris
62 --- Pseudozyma flocculosa

Tilletiopsis sp. Ustilaginomycetes
—[ L Cryptococcus neoformans

Colacogloea peniophorae

-. Calocera cornea
L Dacrymyces sp.

78 ,— Endocronartium/Phragmidium
79 Platygloea disciformis

Urediniomycetidae

Dacrymycetales

Agaricostilbum hyphaenes
——0.5changes

Fig. 5. NJ phylogram of the Basidiomycota inferred from presence/
absence of 29 spliceosomal intron positions in tef! and rpb2. Values above
nodes reflect proportions of 1000 bootstrapped datasets. Values below
nodes indicate the posterior probability calculated from 9000 trees
combined from independent runs for which likelihood scores had reached
stationarity. Dashed branch lengths are ambiguous due to missing data for
those terminals.
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3.8.18. Euagarics

The clade is partially consistent with the suborder Aga-
ricineae in Singer (1986) and dominated by gilled mush-
rooms, but also includes many noteworthy non-gilled
forms (Binder et al., 2005; Bodensteiner et al., 2004; Lars-
son et al., 2004; Matheny et al., 2006a; Moncalvo et al.,
2002). Analyses of combined data (amino acids and nucle-
otides with third positions excluded) produce strong sup-
port for the monophyly of the -euagarics. No
morphological characters are known that unite the group
(Moncalvo et al., 2000). Many previous studies using more
taxa with 25S sequences or combined rDNA regions with
fewer taxa (Binder et al., 2005; Larsson et al., 2004; Mon-
calvo et al., 2000; Moncalvo et al., 2002; Thorn et al., 2000)
were unable to generate strong support for the monophyly
of the cuagarics, except for Binder and Hibbett (2002),
which combined nuclear and mitochondrial sources of
rDNA.

3.9. Phylogenetic utility of spliceosomal introns

A neighbor-joining tree for 39 taxa based on positions of
rpb2 and tefl spliceosomal introns is shown in Fig. 5. It is
rooted with the urediniomycete Agaricostilbum hyphaenes.
Gross level phylogenetic structure can be observed for sev-
eral conserved clades, which is consistent with phylogenetic
hypotheses derived from sequence data. These include
support for the Urediniomycetidae, Ustilaginomycetes,
Dacrymycetales, Homobasidiomycetes clade plus the
Sebacinales, and a monophyletic Boletales and euagarics
clade.

4. Discussion

4.1. tefl and rpb2 are conserved protein-coding genes useful
to infer basidiomycete phylogeny

No studies across the Basidiomycota have yet included
tefl sequences except at low taxonomic levels (Geml
et al., 2005; Kauserud, 2004; Kauserud and Schumacher,
2003). Yet, amino acid sequences of the gene are strongly
conserved across cukaryotes (Baldauf and Palmer, 1993;
Cottrelle et al.,, 1985; Roger et al.,, 1999; Steenkamp
et al., 2006). This feature has enabled the design of degen-
erate primers in exons conserved among fungi, plants, and
animals.

Although basidiomycete amino acid sequences align eas-
ily and exhibit few indels, intron placement is highly vari-
able across tefl at broad taxonomic levels. We record at
least 22 unique spiceosomal intron positions in the zef]
region sequenced (Fig. 1, S2). More are located upstream
of the region we studied. However, the Ustilaginomycetes
and Dacrymycetales are relatively depauperate of tef]
introns in comparison with other Hymenomycetes and
Urediniomycetes (S2). This pattern suggests that spliceoso-
mal intron loss and gain is dynamic in fungal zef1 sequenc-
es and is of some phylogenetic importance (Galagan et al.,

2005; Nielsen et al., 2004; Zhaxybayeva and Gogarten,
2003).

Several recent papers have reported cases of lateral
transfer of zef] in eubactaria or hypothesized lateral gene
transfer between eukaryotes or homologous recombination
between distantly related archaea (Inagaki et al., 2002; Ina-
gaki et al., 2006; Keeling and Inagaki, 2004). This would
compromise the use of tefl for phylogenetic purposes.
Despite these reports, neither lateral transfer nor ancient
tef1 duplications have yet been reported in the Basidiomy-
cota. Two copies that code for elongation factor-l1o have
been isolated in the ascomycete Saccharomyces cerevisiae
(Cottrelle et al., 1985), but only a single copy occurs in
the basidiomycete Schizophyllum commune (Wendland
and Kothe, 1997). Our results substantiate the single-gene
copy status of tefl with few exceptions. In such cases,
duplicated copies cluster together in Auricularia, Hetero-
basidion, and Polyozellus (Fig. 2). This suggests duplica-
tions of tefl are relatively recent, relatively rare, and
sporadic. In other cases, they have degraded into pseudo-
genes in Mycetinis and Hydnellum, given the presence of
indels that disrupt the reading frame in these sequences.

Regions of rpb2 are likewise strongly conserved among
eukaryotes and groups of archaea (Denton et al., 1998;
Liu et al., 1999; Walsh et al., 2004) but are more variable
than fef1 in fungi. Liu et al. (1999) produced a study across
the Ascomycota, in which variable and conserved regions
of the gene between conserved domains 3 and 11 were ana-
lyzed. Variable regions of rpb2 between domains 6 and 7
subsequently have been applied with increasing popularity
to phylogenetic studies of Ascomycota and Basidiomycota
but generally below the ordinal rank (Chaverri et al., 2003;
Freslev et al., 2005; Hansen et al., 2005; Matheny, 2005;
Matheny and Bougher, 2006; Miller and Huhndorf, 2004;
Reeb et al., 2004). Wang et al. (2004) incorporated 55
rpb2 sequences across the Hymenomycetidae, a subclass
of mushrooms and allies. However, these sequences were
restricted to the most variable region of the gene between
domains 6 and 7, a coding region more variable than the
rapidly evolving internal transcribed spacer (ITS) regions
in mushrooms such as Cortinarius (Freslev et al., 2005).
We did not detect any evidence of rpb2 duplication in
basidiomycetes.

Gene structure within both genes is also imbued with
phylogenetic signal. Twenty-two intron positions from
tef1 and seven in rpb2 were utilized to reconstruct a phylog-
eny of the Basidiomycota. Several gross-level groupings
emerge in this picture (Fig. 5) with support for the Ustilag-
inomycetes, Urediniomycetidae, and Homobasidiomycetes
plus Sebacinales and Auriculariales. Even at fine taxonom-
ic levels, intron characters support, for example, a mono-
phyletic Boletales and euagarics clade. None of the
aforementioned groups are significantly supported by
Bayesian analysis of the 29 intron characters, but most of
the patterns are present. These results indicate that basidio-
mycete intron positions are conserved enough to distin-
guish and characterize several higher-level taxonomic
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groups as has been reported in other eukaryotes such as
land plants (Dombrovska and Qiu, 2004). In contrast, pat-
terns of group I intron insertions in the rTDNA of fungi are
sporadic and dynamic even at the population level (Gargas
et al., 1995a; Hibbett, 1996; Lickey et al., 2003; Nishida
and Sugiyama, 1995; Takashima and Nakase, 2001).

The number of nodes that received strong (>70%) parsi-
mony bootstrap support was higher in combined data sets
that either incorporated the translation of the protein-cod-
ing regions into amino acid data or excluded rapidly evolv-
ing third codon positions (Tables 2, 3). However, the
combined Bayesian topology (Fig. 4), which included anal-
ysis of all codon positions, is largely congruent in terms of
branching order and support values with the parsimony
bootstrap trees produced from combined analyses with
amino acid positions or the first two codon positions
(Tables 2, 3). In this data set third positions were modeled
separately from first and second positions. Nevertheless, we
would encourage future studies of basidiomycete phyloge-
ny, as has been similarly observed for the phylogeny of seed
plants (Burleigh and Matthews, 2004) to exclude third
codon positions when doing parsimony analyses, or treat
the sequences as amino acid data. Indeed, twelve inclusive
clades of Basidiomycota were either poorly supported, or
not even resolved, in combined nucleotide parsimony anal-
ysis that included third codon positions for 146 taxa, and a
total of 21 fewer nodes (15%) received non-significant
bootstrap support.

4.2. rpb2 resolves major clades of basidiomycetes at high and
low taxonomic levels in contrast to tefl

The rpb2 gene is more variable than tefl based on
pairwise distance comparisons and percentages of parsimo-
ny-informative sites. Bayesian analyses of nucleotide
sequences of rpb2 support ten additional clades that are
unsupported by tefl. At the amino acid level, rpb2 signifi-
cantly supports fifteen major clades compared to three
for tefl. However, an important difference between our
treatments of the two genes is sequence length. Most of
our rpb2 sequences are about twice as long as our tef]
sequences. Future studies could investigate extending ref!
sequences upstream.

Despite these differences, both genes recover the mono-
phyly of several taxonomically inclusive clades above the
ordinal level. These include the Ustilaginomycetes, Uredi-
niomycetes, Urediniomycetidae, Hymenomycetidae, and
the Uredinales plus Platygloeales. Nucleotide sequences
of tefl suggest the paraphyly of the Urediniomycetes, but
rpb2 and tefl protein sequences support its monophyly.
Dense taxon sampling within the Urediniomycetes with
short fragments of 25S sequences has cast doubt on the
monophyly of this class (Weiss et al., 2004a), however,
we conclude the phylogenetic results of this earlier study
are not accurate. Half of our treatments of tefl and rpbh2
recover the monophyly of the Hymenomycetes. Both genes
also support a monophyletic Dacrymycetales.

It is within the subclass Hymenomycetidae where rpb2
supports more rDNA-recognized clades than refl/. Such
rpb2 groupings include the Boletales, polyporoid clade, rus-
suloid clade, gomphoid-phalloid clade, cantharelloid clade,
and Sebacinales. At or near the family level, the tef/ gene
lacks the signal required to discriminate low-level taxomic
groups, for example in the euagarics, such as the Agarica-
ceae, Inocybaceae, Lyophylleae, and Physalacriaceae. All
of these groups have been shown to be monophyletic by
other genes.

4.3. Sources of conflict between genes for basidiomycete
phylogeny is low

The combination of multiple sources of gene sequence
data is a desirable attribute for phylogenetic analysis when
significantly supported conflict between genes is low. We
observe no strongly supported conflicts between rpb2 and
tefl. Two cases of conflict between the protein-coding
genes and ntDNA, however, merit attention. We find that
nrDNA sequences of species of Tulasnella, Cantharellus,
and Craterellus contain several short unique regions that
cannot be aligned with other basidiomycetes. Despite
recoding these unusual rDNA regions as missing data
across both 25S and 18S partitions, and excluding their
putative 5.8S gene regions, our rDNA phylogenies, no mat-
ter the phylogenetic method, still cluster Tulasnella with
Cantharellus and Craterellus with measures of strong sup-
port. We interpret their monophyly as an artifact attribut-
ed to the ntDNA sequences (Fig. 4). In contrast, rph2
sequences (Fig. 3) of Tulasnella, Cantharellus, and Crater-
ellus exhibit nucleotide sites that are straightforward to
align and that conflict significantly with their rDNA plac-
ment. This result is corroborated by Moncalvo et al.
(2006) using sequences of rpb2 and the mitochondrial small
subunit RNA. Tulasnella rpb2 sequences occur outside the
Cantharellales, a clade represented here by Cantharellus,
Craterellus, Hydnum, Clavulina, and a polyphyletic Sisto-
trema. Of the five genes in our study, rpb2 is the most reli-
able marker to investigate phylogeny and evolution in the
cantharelloid clade. Conflict was also observed in the Bole-
tales concerning the position of Strobilomyces. Morpholog-
ical characters do not support a close relationship between
Strobilomyces and Calostoma, as strongly indicated by our
rDNA data (not shown). Both rpb2 and tefl (when third
positions are included) place Strobilomyces in a position
near the Boletacceae.

4.4. Combined five-gene analyses produce novel and well-
supported clades of Basidiomycota

At least five inclusive clades of Basidiomycota receive
dual significant BP and PP support when rpb2 and tef]
are combined with rDNA—(1) Hymenomycetes plus
Ustilaginomycetes; (2) an inclusive clade of eight homoba-
sidiomycete lineages: hymenochaetoid, corticioid, Thele-
phorales, polyporoid, russuloid, athelioid, Boletales, and
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euagarics clade; (3) Thelephorales plus the polyporoid
clade; (4) the polyporoid clade; and (5) the cantharelloid
clade. These groupings have yet to be supported by high
bootstrap values. One additional inclusive group (the rus-
suloid, athelioid, Boletales, and euagarics clade) receives
66% protein BP and a significant posterior probability.
Parsimony bootstrap values from combined nucleotides
analyses excluding third codon positions were proportional
with BP values from combined nrDNA and amino acid
sequences (Tables 2, 3).

Several deep nodes of the basidiomycete tree of life
are also strongly supported with posterior probabilities
and parsimony bootstrap values for the first time by
combined five gene analyses. Although ultrastructural
traits and similar biochemistry have been used to unite
the Ustilaginomycetes with the Hymenomycetes, previous
phylogenetic studies of this problem using single genes
have either not supported this relationship or supported
it without strong bootstrap support. Our results reinforce
the hypothesis that septal pore traits, cell wall composi-
tion, and some biochemical characters reflect the phylog-
eny of the Basidiomycota (Lutzoni et al., 2004; Weiss
et al.,, 2004a). However, the Homobasidiomycetes of
Binder et al. (2005), Hibbett and Thorn (2001), and
Larsson et al. (2004) appears to be paraphyletic. Five-
gene data support an inclusive grouping of homobasidi-
omycete clades including the heterobasidiomycete order
Auriculariales. As such, Bayesian analyses support the
hypothesis that the Auriculariales is nested among other
basal homobasidiomycete groups, rather than subtending
them as indicated by previous studies, but bootstrap sup-
port for this topology remains weak. Although the
monophyly of the Hymenomycetes has not been chal-
lenged, the branching order within the class historically
has not been robust. Here, the position of the Dacrymy-
cetales as the earliest branch of the Hymenomycetidae is
strongly supported (Fig. 4).

Our results raise doubts over several rDNA clades of
basidiomycetes (e.g., paraphyly of Exobasidiomycetidae
and Homobasidiomycetes, composition of the cantharel-
loid clade) but produce strong support for previously
contentious groups (e.g., Hymenomycetidae, hymenocha-
etoid clade, polyporoid clade) or novel inclusive clades
that are, as of yet, currently undiagnosed (clades 2, 5,
11, 13, and 17 in Fig. 4). Several lineages of Homobas-
idiomycetes are strongly supported here for which no
formal or informal name exists (Table 3, Fig. 4). Classi-
fications and informal proposals of basidiomycete rela-
tionships based on rDNA alone are not completely
sufficient and should be evaluated or reinforced by other
sources of molecular data. Inferences about outgroup
choice and character evolution, for example, are tenuous
when the phylogenetic trees on which they are based are
not robust. Future studies could rely on the use of multi-
gene data sets as scaffolds on which to attach more taxa
that are represented by fewer genes (Hibbett et al., 2005;
Wiens, 2006).
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