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Genome Annotation
Before gene prediction, assembly scaffolds were masked using
RepeatMasker (1), RepBase library (2), and most frequent (>150
times) repeats recognized by RepeatScout (3). The following
combination of gene predictors was run on the masked assembly:
ab initio Fgenesh (4) and GeneMark (5), homology-based Fge-
nesh+ (4) and Genewise (6) seeded by BLASTx (7) alignments
against National Center for Biotechnology Information (NCBI)
NR database, and transcriptome-based assemblies. In addition to
protein-coding genes, tRNAs were predicted using tRNAscan-SE
(8). All predicted proteins are functionally annotated using Sig-
nalP (9) for signal sequences, TMHMM (10) for transmembrane
domains, InterProScan (11) for integrated collection of functional
and structure protein domains, and protein alignments to NCBI
nr, SwissProt (www.expasy.org/sprot/), KEGG (12) for metabolic
pathways, and KOG (13) for eukaryotic clusters of orthologs.
Interpro and SwissProt hits are used to map Gene Ontology (GO)
terms (14). For each genomic locus, the best representative gene
model was selected based on a combination of protein homology
and EST support, which resulted in the final set of 6,903 gene
models used for further analysis in this work.

Genomes Overview
Genome sizes vary over an order of magnitude in Basidiomycota
(Fig. S1 and Table S1). The plant-pathogenic rusts (15) Puccinia
graminis (88.6 Mb) and Melampsora laricis-populina (101.1 Mb),
along with the early-diverging Agaricomycete Auricularia delicata
(16) (74.9 Mb) feature the largest genomes, whereas the human
pathogen Malassezia globosa (17) (9.0 Mb) and xerophilic mold
Wallemia sebi (18) (9.8 Mb) have the smallest genomes.

Protein Clusters and Phylogeny
Gene families in 33 basidiomycetes and 30 other fungi (Table S2)
with sequenced genomes were inferred by Markov chain (MCL)
clustering (19) of all-vs.-all protein BLAST (7) alignments. Two
clustering runs were performed. The first clustering run, used for
core genes and conservation analysis, used 765,862 protein se-
quences resulting in 121,327 clusters and is visible at the follow-
ing: http://genome.jgi-psf.org/clustering/pages/cluster/clusters.jsf?
runId=2655. The second run, used for building the phylogenetic
tree, used 472,010 protein sequences resulting in 73,519 clusters,
and is visible at the following: http://genome.jgi-psf.org/clustering/
pages/cluster/clusters.jsf?runId=2656. From this second cluster
run, 183 clusters, in which each organism contributed a single
protein sequence, were extracted for subsequent use in inferring
the phylogeny. (Dataset S3 contains one cluster per line, with each
protein in a cluster denoted by its Joint Genome Institute (JGI)
protein id and JGI portal id separated by the “j” symbol).
The maximum-likelihood phylogeny (20), inferred from the

protein sequences of 183 conserved gene families, along with an
overview of genome size, repeat content, gene number, and gene
conservation is shown in Fig. S1. The earliest-diverging nodes of
the Agaricomycetes remain unclear, in particular the position of
Piriformospora indica (Sebacinales) and the position of Jaapia
argillacea (Jaapiales). The former species was inferred as mono-
phyletic with Auricularia delicata, whereas previous multigene phy-
logenies (21–24) placed them in different clades along the backbone
of the Agaricomycetes. The position of the Jaapiales is likewise
somewhat uncertain; it forms a well-supported clade with Gloeo-
phyllum trabeum and Punctularia strigosozonata, but that clade’s

position on the tree, either as a sister clade of the Polyporales, or of
the clade containing the Russulales, Boletales, and Agaricales, is
uncertain.
The protein clusters’ KOG (13) annotations suggest that one-

half of the proteins in Basidiomycota have no predicted function
(Fig. S2). However, only 8% of the proteins in the “core pro-
teome” (i.e., MCL clusters that have at least one member in all
Basidiomycota) have no KOG annotation, suggesting we can
predict functions for some 92% of the core proteins. In contrast,
78% of “noncore” proteins (those present in some, but not
all basidiomycetes) have no KOG annotation. Protein families
sporadically present in basidiomycetes are therefore mostly of
unknown function and may provide clues to the unique adap-
tations of basidiomycete lineages.

Secondary Metabolism
Phylogenetic relationships of Basidiomycete and Ascomycete poly-
ketide synthases (PKSs) within and among species were examined
by maximum parsimony analysis of deduced amino acid sequences
of 225 keto synthase (KS) domains (PF00109.17 and PF02801.13)
identified in 35Basidiomycete (the 33 used in the rest of this analysis
plus Rhodotorula graminis and Sporobolomyces roseus downloaded
from MycoCosm: http://jgi.doe.gov/fungi) and four Ascomycete
genomes (Aspergillus niger, Pichia stipitis, Stagonospora nodorum,
and Trichoderma reesei). The KS from the Gallus gallus fatty acid
synthase (FAS) served as an outgroup. AA sequence alignments
were generated with the ClustalW (25) using the Blosum multiple
sequence alignment scoring matrix (26). The aligned sequences
were then used to construct a gene genealogy using parsimony in
PAUP* 4.0b10 (27). Statistical support for branches was generated
by bootstrap analysis with 1,000 pseudoreplications.
To investigate the secondary metabolite biosynthetic potential

of the Basidiomycetes, we examined the evolution of the KS
domain, a key domain involved in polyketide and fatty acid
synthesis, from the predicted protein sequence of 144 KS domains
from 35 Basidiomycetes and 81 KS domains from four Asco-
mycetes. Maximum parsimony analysis of the amino acid align-
ment resolved the predicted peptides into five major groups (Fig.
S3) corresponding to FASs, nonreducing type PKSs (NR-PKSs),
and reducing type PKSs (R-PKSs) and is consistent with previous
work (28–30).
BLASTP analysis against the NCBI NR database with KSs,

represented by the dark blue and light blue triangles in Fig. S3,
match numerous yeast and fungal FASs (E < 1 × 10−100), sug-
gesting that the query proteins are involved in the synthesis of
a fully reduced carbon chain typical of constitutive fatty acid
biosynthesis. The largest clade (large dark blue triangle), with
79% bootstrap support, includes 38 KS domains from 34 dif-
ferent Basidiomycetes (Fig. S3, large blue triangle). Most Basid-
iomycetes possess one FAS gene; four Basidiomycetes have two
FASs, whereas one, Malassezia globosa, lacks a FAS. M. globosa
is associated with most skin disease in humans, including dan-
druff, and presumably does not need a FAS as it uses fatty acids
present in sebaceous gland secretions (31). The clade with one KS
from each Ascomycete examined in this study (small dark blue
triangle), likely represents constitutive FASs. Three branches, rep-
resented by light blue triangles, include five KSs from two Asco-
mycetes; four from A. niger and one from S. nodorum. Products
from these FAS-like proteins have not yet been determined. Adja-
cent to the FAS branches is a branch with three Ascomycete KSs
(dark pink triangle), with 99% support, that by BLASTP, are similar
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to the keto acyl synthases or type III PKSs involved in secondary
metabolite synthesis in Aspergillus species (32).
Domains adjacent to the KS domain present in the “PKS and

PKS-like” group are typically found in nonribosomal peptide
synthetases (NRPSs). In contrast to most previously described
PKSs with an NRPS module in Ascomycetes, the NRPS domain
(s) here are located at the amino terminus rather than the car-
boxyl terminus. The first group (green) includes three Basidiomy-
cete KS domains, which, in each case, is adjacent to a condensation
(C) (PF00668.11), AMP-binding (PF00501.19), and phosphopante-
theine-binding (PP-binding) (PF00550.16) domain. The next group
(gray), with 83% bootstrap support, includes 14 Basidiomycete
KSs present in three sister clades, each with 100% bootstrap
support. The domain organization of the predicted proteins as-
sociated with each clade is significantly different but consistent
within each clade. For example, the predicted proteins in the
first clade include an AMP-binding domain adjacent to the KS
followed by an acyl transferase (AT) (PF00698.12) and a keto re-
ductase (KR) (PF08659.1) domain. In contrast, most of the pre-
dicted proteins in the second clade include an AMP-binding
domain adjacent to the KS but lack AT and KR domains,
whereas the predicted proteins in the third clade lack the AMP-
binding domain but have an epimerase domain (PF01370.12) be-
fore the AT domain and lack a KR domain. The observation that
five of the six fungi with KSs in this clade are white-rot fungi may
suggest that the chemical product(s) generated may be important
for a subset of fungi with this lifestyle, despite their distant re-
latedness. Adjacent to the “PKS and PKS-like group” is a branch
(light pink) with two Ascomycete KSs, which BLASTP analysis
suggest are homologs of 6-methylsalicylic acid synthase from
Penicillium griseofulvum (E = 1 × 10−154).
The NR-PKS group consists of 48 KSs from both Basidio-

mycetes and Ascomycetes in a single clade with 90% bootstrap
support. A majority of the Basidiomycetes KSs (26) forms a clade
that is sister to a clade, with 93% support, composed of both
Basidiomycete (4) and Ascomycete (10) KSs. The remaining
seven Ascomycete KSs belong to a more basal clade, with 82%
support. Of the 27 KSs in the Basidiomycete clade, two pairs of
KSs have 100% bootstrap support, which may reflect recent gene
duplication events. The 27 KSs are very well distributed with
87% of white-rot and 71% brown-rot fungi having at least one
member. This group also appears to be ancient as only a few
branches have significant bootstrap support.
The KSs corresponding to R-PKSs separate into two major

groups corresponding to their phylum. For example, all 49 Asco-
mycetes KSs, representing the three previously described R-PKS
clades I, II, and III (28–30), form one group, whereas the 58 Ba-
sidiomycete KSs form the other group. The limited number of
orthologous gene pairs in the Ascomycete set was previously noted
for a much larger KS set and it was suggested that recent gene
duplication events have not contributed significantly to the ex-
pansion of this gene family (28, 29). The 58 KSs from 19 Basi-
diomycetes form two sister clades with 100% (42 KSs) and 64%
(16 KSs) bootstrap support. Most of the KSs of this group (96%)
are from wood-decaying fungi. In contrast to the Ascomycete
R-PKSs noted above, nine pairs of KSs from the same fungus share
between 64% and 100% bootstrap support (average, 91%), sug-
gesting that gene duplication events contributed more significantly
to PKS the expansion of this gene family. Analysis of additional,
more closely related Basidiomycete genomes may suggest how long
in the evolutionary past these events occurred.

Clustering of Auxiliary Redox Enzymes
The AA families of auxiliary redox enzymes are thought to break
down cell wall components, including lignin (33). To better un-
derstand the role of these enzymes in wood-decaying basidiomy-
cetes, we used the CAFE program (34) to explore their evolution
according to a stochastic model of gene death and birth. Additionally,

we performed hierarchical clustering of both AA families and or-
ganisms, using a table of the number of genes in each family. As
done elsewhere in this study, we used a manually curated subset of
the AA2 family, limited to the predicted high-oxidation potential
peroxidases (PODs): lignin peroxidase (LiP), manganese peroxi-
dase (MnP), and versatile peroxidase (VP). We refer to this subset
as “POD.”
The CAFE analysis revealed POD, AA3_2 (GMC oxidore-

ductase), and AA9 [lytic polysaccharide monooxygenase (LPMO)]
as significantly departing from a random model of gene birth and
death, using a family-wide significance threshold of 0.05, implying
lineage-specific shifts of the duplication and loss of these genes,
presumably in accordance with lifestyle. The CAFE analysis also
allowed the inference of statistically significant gene family gains
and losses in the various lineages. Fig. S4 shows a heat map of the
number of genes in each AA family for each organism, along with
the number of genes inferred to be gained or lost since that
organism’s split with its nearest neighbor. It is clear that the POD,
AA3_2, and AA9 families have generally undergone gains in the
white-rot lineages and losses in the brown-rot, mycorrhizal, and
soil saprotrophic lineages, consistent with an earlier report (16).
Interestingly, Botryobasidium botryosum, J. argillacea have sub-
stantial gains in the AA9 family, and Schizophyllum commune is
also rich in these enzymes, suggesting a possible heightened im-
portance of oxidative attack on cellulose in fungi that lack lig-
ninolytic PODs, but that nevertheless are capable of degrading all
cell wall components. S. commune also has undergone reductions
in the AA1_1 (laccase) and AA5_1 (copper radical oxidase)
families, which are abundant in white-rot lineages, and which
therefore highlight S. commune’s break from the white-rot/brown-
rot dichotomy.
The results of the double-hierarchical clustering based on AA

families shown in Fig. S5 is in full agreement with previous results
based on the analysis of a different set of fungal genomes (33).
Thus, families AA1_1, AA3_2, AA3_3, POD, and AA5_1 cluster
together in Fig. S5 in accord with the known cooperation of
these enzymes (33). A difference between the results of Le-
vasseur et al. (33) and the analysis reported here is that our
clustering also includes LPMOs, whereas Levasseur et al. fo-
cused exclusively on ligninolytic enzymes. Interestingly, family
AA9 LPMOs clustered with families AA1_1, AA3_2, AA3_3,
POD, and AA5_1, suggesting a certain degree of cooperation of
the set of enzyme families during the breakdown of plant cell walls.
In an analysis based exclusively on the ligninolytic machinery,

Levasseur et al. unexpectedly found S. commune in the BR
group. Here, we show that the addition of family AA9 LPMOs to
the oxidoreductase gene sets used for the clustering is sufficient
to take S. commune out of the BR group and to place this fungus
near B. botryosum. J. argillacea is most similar to white-rot fungus
A. delicata.

Assays for Oxidoreductases Related to Degradation of
Lignin
Three media were evaluated. Carbon-limited B3 and nitrogen-
limited B3 medium (35, 36) were incubated statically for 5, 9, and
11 d. Cultures were flushed with O2 after 2 d. Nutrient-starved
B3 media have been widely used for production of LiP, MnP,
and glyoxal oxidase. A more complex medium contained 0.5%
(wt/vol) Wiley-mill ground Populus grandidentata (aspen) as sole
carbon source in Highley’s basal salts (37). These cultures were
incubated on a rotary shaker at 150 rpm. In all cases, 20 mL of
medium was inoculated with mycelium-covered agar plugs.
Phanerochaete chrysosporium was incubated at 37 °C, and all
other cultures remained at room temperature (∼20 °C). Based
on appearance and total extracellular protein, white-rot fungi
P. chrysosporium, Ceriporiopsis subvermispora and brown-rot
fungi Wolfiporia cocos and Postia placenta grew at the expected
rates and were therefore harvested at day 5. The sequenced Jaapia
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argillacea MUCL-33604 SS and Botryobasidium botryosum FD172
SS-1 monokaryons exhibited relatively slower growth, so additional
cultures were harvested after 9- and 11-d incubation.
Cultures were harvested by filtration through Miracloth

(Calbiochem). The B3 culture filtrates were then passed through
a 0.45-μm filter before concentration 6- to 10-fold with a 10-kDa
cutoff Microsep spin concentrator (Pall). Filtrates from cultures
containing ground Populus required a low-speed centrifugation
before the 0.45-μm filter and Microsep concentration.
Protein concentration was determined by the Bradford assay

(Sigma-Aldrich) according manufacturer’s instructions. Measure-
ment of MnP activity was based on the oxidative dimerization of
2,6-dimethoxyphenol (2,6-DMP) (38). The reaction mixture con-
tained 100 μM 2,6-DMP, 100 μM MnSO4, 50 mM sodium tartrate
(pH 4.5), 50 μMH2O2, and culture filtrate in 1,000 μL. LiP activity
was determined by conversion of veratryl alcohol (Sigma-Aldrich)
to veratraldehyde in the presence of H2O2 (39). Fifty millimolar
sodium tartrate (pH 3.0) served as buffer and the culture filtrate

was mixed with 2 mM veratryl alcohol and 0.4 mMH2O2 in 1,000 μL
at room temperature. Laccase (Lac) activity was assayed with 2,2′-
azonodi-3-ethylbenzothiazoline-6-sulfuric acid (ABTS) (Boehringer)
as a substrate in 30 mM glycine/HCl buffer (pH 3.0) at room tem-
perature (40). The reaction contained 14 μM ABTS and culture
filtrate in 1,000 μL. Copper radical oxidase activity was measured as
optimized for glyoxal oxidase (GLOX) using methylglyoxal as sub-
strate (41).
As expected, we observed MnP and LiP activity after 5 d in B3

cultures inoculated with the white-rot fungi P. chrysosporium and
C. subvermispora (Table S4). Also consistent with many earlier
studies, methylglyoxal oxidation was highest in P. chrysosporium
cultures, likely due to GLOX. ABTS oxidation indicated laccase
activity in C. subvermispora in B3 media. Consistent with the
absence of PODs, veratryl alcohol and DMP oxidation could not
be detected in the J. argillacea or B. botryosum culture filtrates.
ABTS oxidation, typical of laccase activity, was also absent despite
the presence of a laccase-encoding gene in the B. botryosum genome.
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Fig. S1. Phylogeny, genome size and repeats, and gene conservation among basidiomycetes. (A) Maximum-likelihood tree of 33 basidiomycetes based on
concatenated alignments of 183 widely conserved genes. Ascomycete outgroups are omitted from the figure. Bootstrap values of branches are 100% except
where indicated. (B) Repeat content in basidiomycetes is highly variant, ranging from 1% to 44%. (C) Conservation of genes in basidiomycetes.

Fig. S2. Core genes of Basidiomycota. Notice that one-half of basidiomycete proteins have no KOG annotation (function unknown); 92% of core basidiomycete
proteins have a KOG annotation (putative function predicted); and 78% of noncore basidiomycete proteins have no KOG annotation (function unknown).
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Fig. S3. Phylogenetic tree of secondary metabolism enzymes. Proteins with a ketoacyl synthase (KS) domain (PF00109 and PF02801) were divided into three
categories: fatty acid synthase (FAS), nonreducing polyketide synthase (NR-PKS), and reducing PKS (R-PKS) based on their phylogenetic relationships.
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Fig. S4. Heat map of the number of genes in each auxiliary redox enzyme (AA) family for each organism, along with the number of genes inferred, using the
CAFE program, to be gained or lost since that organism’s divergence with its nearest neighbor. The gene families are hierarchically clustered.

Fig. S5. Double-hierarchical clustering of auxiliary redox enzyme (AA) families. Gene families and organisms are hierarchically clustered.
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Table S2. Nonbasidiomycete fungi used for comparative purposes

Subkingdom Phylum Subphylum Organism JGI portal ID

Dikarya Ascomycota Pezizomycotina Stagonospora nodorum SN15 Stano2
Aspergillus niger ATCC 1015 Aspni5
Aspergillus nidulans Aspnid1
Botrytis cinerea Botci1
Fusarium graminearum Fusgr1
Fusarium oxysporum Fusox1
Leptosphaeria maculans Lepmu1
Magnaporthe grisea Maggr1
Mycosphaerella graminicola Mycgr3
Nectria hematococca Necha2
Neurospora crassa OR74A Neucr1
Neurospora tetrasperma

FGSC 2508 mat A
Neute_matA2

Neurospora tetrasperma
FGSC 2509 mat a

Neute_mat_a1

Pyrenophora tritici-repentis Pyrtr1
Pyrenophora teres f. teres Pyrtt1
Sclerotinia sclerotiorum Sclsc1
Sporotrichum thermophile Spoth2
Thielavia terrestris Thite2
Trichoderma atroviride Triat2
Trichoderma reesei Trire2
Tuber melanosporum Tubme1
Verticillium dahliae Verda1

Saccharomycotina Candida tenuis NRRL Y-1498 Cante1
Dekkera bruxellensis CBS 2499 Dekbr2
Pichia stipitis Picst3
Saccharomyces cerevisiae S288C Sacce1
Spathaspora passalidarum NRRL Y-27907 Spapa3

Fungi incertae
sedis

Chytridiomycota N/A Batrachochytrium dendrobatidis JAM81 Batde5
Mucoromycotina Mucoromycotina Phycomyces blakesleeanus NRRL1555 Phybl2

Rhizopus oryzae 99–880 Rhior3
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Table S3. CAZymes grouped by three major substrates

Substrate preference
CAZymes and auxiliary

redox enzymes

Cellulose GH6
GH7
GH12
GH44
GH45

AA9 (formerly GH61)
AA10 (formerly CBM33)

CBM1
Hemicelluloses GH10

GH11
GH26
GH30
GH51
GH74
GH43

Pectin GH43
GH28
GH53
GH78
GH88
GH105
PL1
PL3
PL4
CE8
CE12

Table S4. Enzyme activities after 5 d

B3 C-limited B3 N-limited Wiley-milled aspen

Organism LiP MnP GLOX Lac LiP MnP GLOX Lac LiP MnP GLOX Lac

Phchr ND 9.44 0.087 0.74 6.74 11.8 9.19 ND 5.57 ND 0.708 ND
Cersu ND 4.05 0.082* 7.95 ND 3.83 0.01* 6.15 ND ND ND ND
Pospl ND ND 0.587 0.056 ND ND 0.713 0.056 ND ND 0.694 0.341
Wolco ND ND 0.634 ND ND ND 0.796 ND ND ND 0.541 1.00
Jaaar ND ND 0.027* ND ND ND 0.056* ND ND ND 0.014* ND
Botbo ND ND ND ND ND ND 0.056* ND ND ND 0.014* ND

In nanomoles per milliliter per minute. ND, not detected.
*Trace levels below reliable measurement. Assessment of J. argillacea and B. botryosum cultures
after days 9 and 11 d were essentially identical, i.e., no reliable activity.

Other Supporting Information Files

Dataset S1 (XLSX)
Dataset S2 (XLSX)
Dataset S3 (TXT)
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