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Polyporales genomes reveal the genetic architecture
underlying tetrapolar and bipolar mating systems
Timothy Y. James1

controlling for phylogenetic relatedness failed to
identify a statistical association, likely due to the small
number of taxa employed. Using a phylogenetic
analysis of Ste3 proteins, we identified clades of
sequences that contain no known mating type-specific
receptors and therefore might have evolved novel
functions. The data are consistent with multiple
origins of bipolarity within the Agaricomycetes and
Polyporales, although the alternative hypothesis that
tetrapolarity and bipolarity are reversible states needs
better testing.
Key words: bifactorial, character correlations, Prf,
synteny, unifactorial
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A fundamental aspect of the evolution of all
organismal groups is the manner by which species
exchange and merge genetic material, often referred
to as a mating or breeding system. Changes in mating
systems often underlie many of the fundamental
processes in evolution because these changes influence the genetic variation in populations and are
correlated with reproductive-trait evolution (Charlesworth and Wright 2001, Verdú and Gleiser 2006).
Mycologists have a history of determining mating
systems of fungi because they can be readily measured
in the laboratory (Raper 1966). The Polyporales is a
highly diverse group of wood-decay fungi that has a
number of growth properties that make them
excellent for evolutionary studies of mating systems.
They can be cultured axenically, grow rapidly, many
can be fruited and mycelium typically can be
germinated from basidiospores. Because of these
benefits, a large number of species have been
investigated for their mating systems (Whitehouse
1949, Nobles et al. 1957). Understanding mating
systems of Polyporales is also of practical importance
because the group contains several model species,
such as Phanerochaete chrysosporium and Gelatoporia
subvermispora, that produce ligninolytic enzymes with
applications in industry.
In Agaricomycetes, mating systems control the
mating type of homokaryons, genetically haploid
mycelia with a single nuclear type. Mating occurs
between homokaryotic mycelia with different matingtype nuclei and results in the formation of a
heterokaryotic mycelium with two nuclear types.
Three mating systems are known from the group:

Abstract: The process of mating in Basidiomycota is
regulated by homeodomain-encoding genes (HD)
and pheromones and G protein-coupled pheromone
receptor genes (P/R). Whether these genes are
actually involved in determining mating type distinguishes mating systems that are considered tetrapolar
(two locus) from bipolar (one locus). Polyporales are
a diverse group of wood-decay basidiomycetes displaying high variability in mating and decay systems.
Many of the bipolar species appear to be brown-rot
fungi, and it has been hypothesized that there is a
functional basis for this correlation. Here we characterize mating genes in recently sequenced Polyporales
and other Agaricomycete genomes. All Agaricomycete
genomes encode HD and pheromone receptor genes
regardless of whether they are bipolar or tetrapolar.
The HD genes are organized into a MAT-HD locus
with a high degree of gene order conservation among
neighboring genes, with the gene encoding mitochondrial intermediate peptidase consistently syntenic but no linkage to the P/R genes. To have a
complete dataset of species with known mating
systems we determined that Wolfiporia cocos appears
to be bipolar, using the criterion that DNA polymorphism of MAT genes should be extreme. Testing the
correlation of mating and decay systems while
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TABLE I.

Summary of locus and gene nomenclature used in this paper

Acronyma

Gene/locus

Distribution

Other namesc
MAT-A (Coprinellus disseminatus, Phanerochaete
chrysosporium)d
A locus (Coprinopsis cinerea, Schizophyllum commune)
b locus (Ustilago maydis)
MAT-B (Cyathus stercoreus, Serpula lacrymans)
B locus (Coprinopsis cinerea, Schizophyllum
commune)
a locus (Ustilago maydis)
a1/b1 (Coprinopsis cinerea)
bE (Ustilago maydis)
Sxi1a (Cryptococcus neoformans)
Z (Schizophyllum commune)
a2/b2 (Coprinopsis cinerea)
bW (Ustilago maydis)
Sxi2a (Cryptococcus neoformans)
Y (Schizophyllum commune)
Bar/Bbr (Schizophyllum commune)
CPRa/CPR2 (Cryptococcus neoformans)
RCB1,2,3 (Coprinopsis cinerea)
SLRCB1,2,3 (Serpula lacrymans)
Prf-1 (Ustilago maydis)

HD

homeodomain encoding
MAT locus

Basidiomycota

P/R

pheromone and receptor
encoding MAT locus

Basidiomycota

HD1

homeodomain encoding
protein type 1 (atypical)

Basidiomycota

HD2

homeodomain encoding
protein type 2 (typical)

Basidiomycota

Ste3b

G-protein coupled pheromone
receptor (a-factor type)

Dikarya

Prf

pheromone response factor, High
Mobility Group (HMG) DNA
binding protein
p21-activated kinase
mitogen-activated protein kinase
mitogen-activated protein
kinase-kinase
mitogen-activated protein
kinase-kinase-kinase
subunits of the trimeric GTPase
protein
mitochondrial intermediate
peptidase

Basidiomycota?

Ste20
MAPK
MAPKK
MAPKKK
Ga, Gb, Gc
MIP
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Dikarya
Dikarya
Dikarya

Dikarya

CLA4 (Coprinellus disseminatus, Pleurotus djamor)
Kss1, Fus3 (Saccharomyces cerevisiae)
Ste7 (Saccharomyces cerevisiae)
MEK (Saccharomyces cerevisiae)
Ste11 (Saccharomyces cerevisiae)
MEKK (Saccharomyces cerevisiae)
Gpa1, Ste4, Ste18 (Saccharomyces cerevisiae)

Eukaryotes

MEP (Schizophyllum commune)

Dikarya

a
A vast array of names has been used in the literature to represent the mating type loci, the genes they encode and the other
genes involved in mating or signal transduction in Dikarya. We suggest simplifying by naming of MAT loci with HD for the MAT
locus-encoding homeodomain genes and P/R for the MAT locus encoding a pheromone receptor(s) and pheromone(s).
b
STE genes have been identified as non-complementing mutations leading to sterility in Saccharomyces cerevisiae (Bardwell
2004).
c
Here we provide examples where alternative nomenclature has been used before, but the list is not exhaustive.
d
In bipolar Agaricomycetes, such as Coprinellus disseminatus and Phanerochaete chrysosporium, the single MAT locus has
been referred to as MAT-A because it contains HD genes but not P/R genes. Suggested nomenclature for the MAT locus of
such species is MAT-HD or simply HD.

homothallic (self compatible with no mating types),
bipolar heterothallic (obligately outcrossing with a
single incompatibility locus) and tetrapolar heterothallic (obligately outcrossing with two incompatibility loci). The distribution of mating systems in
Polyporales is about 5% homothallic, 18% bipolar
and 77% tetrapolar (Rajchenberg 2011), roughly
similar to numbers observed throughout the Agaricomycetes (Raper 1966).
Two genes are critical for mating in Basidiomycota,
the homeodomain transcription factors and the
pheromones and their cognate pheromone receptors.

Together these proteins control the formation and
maintenance of the heterokaryon during mating. In
tetrapolar species, these two gene types control the
mating type of a homokaryon and are found in two
unlinked loci, the HD or MAT-A locus and the P/R or
MAT-B locus (TABLE I). In bipolar species, the two
gene types may be physically linked into one matingtype locus or only one of the two loci (HD) may
determine mating type (James et al. 2006, Heitman et
al. 2013). This latter genomic architecture is nearly
identical to that of the model bipolar Ascomycete
yeast, Saccharomyces cerevisiae, in which the MAT
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locus encodes transcription factors, whose mating typespecific expression controls the expression of a- and afactor pheromones and the pheromone receptors that
are found in genomic locations outside MAT (Herskowitz 1989). In Basidiomycota, the homeodomain
proteins control conjugate nuclear division of the
heterokaryon through formation of heterodimers
generated from proteins encoded by different alleles.
Heterodimerization occurs between two paralogous
classes of genes (the HD1 type and the HD2 type) to
form an HD1-HD2 complex, for example the bE/bW
heterodimer of Ustilago maydis, which is homologous to
the a1/a2 complex produced by mating in Saccharomyces cerevisiae (Lee et al. 2010). The homeodomain
encoding locus (HD or MAT-A) typically contains one
or more pairs of divergently transcribed HD1 and HD2
genes that are self incompatible (Kües et al. 2011).
The pheromone and G protein-coupled pheromone receptor proteins control nuclear signaling and
migration after cell fusion in all filamentous Dikarya
(Kües et al. 2011). The pheromone receptors reside
at the cell surface and respond to heteroallelic,
farnesylated lipopeptide pheromones. The pheromone receptors of Basidiomycota are homologous
to the a-factor receptor (Ste3) of S. cerevisiae (Brown
and Casselton 2001), and the P/R or MAT-B locus
typically encodes one or more Ste3 homologs and one
to many pheromones (Ohm et al. 2010). Homologs of
the mating type-related homeodomain proteins located outside the MAT loci are unknown in Basidiomycota whereas Ste3 homologs often are present in the
genome outside the MAT loci (James et al. 2006,
Hsueh et al. 2009, Stajich et al. 2010).
Regardless of the mating system, all Agaricomycete
genomes encode both pheromone receptors and the
downstream genes that they activate, such as Pheromone response factor (Prf) and MAPK (FIG. 1,
TABLE I). This suggests that the function of the
pheromone-signaling cascade is indispensable for
sexual development, regardless of whether pheromones are used to determine mating type. MAPK
signaling is a conserved cAMP-signaling pathway
necessary for pheromone response (Saito 2010). Prf,
a high mobility group (HMG) transcription-factor
protein, binds to pheromone response elements
(PREs) identified in HD and P/R loci of Ustilago
maydis and activates expression of these mating-type
genes (Hartmann et al. 1996, Urban et al. 1996). Prf
contains six putative MAPK phosphorylation sites that
might be phosphorylated during post-transcriptional
regulation (Jacobs et al. 1999). Mutation at these
MAPK phosphorylation sites leads to reduction in
mating competence (Müller et al. 1999).
Although there is a great deal of information on
mating systems in the fungi from the laboratory, the

ecological significance of variation in mating systems
is largely lacking. Mating systems are expected to
differ in the degree to which outcrossing is promoted,
with homothallic , bipolar , tetrapolar (Billiard et
al. 2012, Heitman et al. 2013). If mating systems have
evolved to control outcrossing, then correlations of
mating systems with ecological or morphological
traits also are expected. Gilbertson and Ryvarden
have spoken on a potential link between bipolarity
and brown-rot decay mechanisms in which cellulose is
selectively removed from wood (Gilbertson 1980,
Ryvarden 1991). However, when phylogenetic relatedness was taken into consideration, the correlation
between brown rot and bipolar mating systems was
not statistically significant (Hibbett and Donoghue
2001). Part of the difficulty in testing this hypothesis
was the presence of missing data on mating systems of
many species and uncertainty in the phylogeny,
leaving room for this hypothesis to be re-evaluated
in the face of additional data.
Two arguments have been advanced to suggest that
bipolarity in the Agaricomycetes has been multiply
derived from tetrapolarity and that the switch is
irreversible. First, the ancestor of the Agaricomycetes
has been reconstructed as a tetrapolar species
(Hibbett and Donoghue 2001). This is concordant
with the observation that the genes found in the two
MAT loci of tetrapolar Ustilaginomycotina are the
same as in Agaricomycotina, implying a single origin
and homology of the two loci. Raper and Flexer
(1971) posited that tetrapolarity is ancestral in
Agaricomycetes because it is architecturally complex
and unlikely to have arisen multiple times. The fact
that all tetrapolar Agaricomycetes have the same two
classes of genes supports Raper’s hypothesis. Second,
it has been suggested that the multiple derivations of
bipolarity result from the formation of a selfcompatible allele at the P/R locus that reduces the
diversity of receptors and ligands (James et al. 2006,
Vuilleumier et al. 2013). After the formation of a selfcompatible allele at a P/R locus, that locus no longer
is involved in determining mating types but nevertheless remains in the genome to continue to
function in mating and sexual development. Both
homeodomain proteins and pheromones and their
receptors that are in the MAT locus are well known to
have a high degree of sequence divergence among
alleles, which is a product of strong balancing
selection acting to prevent alleles from being lost by
drift (May et al. 1999, Riquelme et al. 2005). The
multiple derivations of bipolarity from tetrapolarity
predicts a pattern in which the origin of bipolarity is
associated with the reduction of diversity in Ste3
sequences. The cessation of balancing selection at the
STE3 loci is expected to reduce deep species
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FIG. 1. Fungal pheromone signaling pathway. During mating, peptide pheromone binds to pheromone receptor and leads
to protein conformational changes that trigger the downstream MAP kinase signaling pathway. MAP kinase then
phosphorylates Prf in the nucleus. The phosphorylation of Prf triggers pheromone response gene expression. The
pheromone-signaling pathway was constructed based on the known components in S. cerevisiae (Park and Bi 2007) and in U.
maydis (Kaffarnik et al. 2003, Zarnack et al. 2008). Additional information on the proteins displayed in the figure (TABLE I).

divergences (Devier et al. 2009), and thus phylogenetically related bipolar species are predicted to share
clades of low sequence diversity in STE3 genes.
Several studies confirm that STE3 genes indeed are
present in the genome of bipolar species, are not
polymorphic and thus do not control mating type
(Aimi et al. 2005, James et al. 2006, 2011, Olson et al.
2012). This contrasts with Tremellomycetes, Ustilaginomycotina and Pucciniomycotina in which bipolarity
always seems to maintain polymorphic STE3 genes
(Hsueh and Heitman 2008, Lee et al. 2010, Coelho et
al. 2011). The only non-mating type-specific Ste3-like
pheromone receptor that has been studied is Cpr2
in Cryptococcus neoformans (Tremellomycetes). This

protein appears to have function related to mating
(fusion and filamentation) but also constitutive
expression because of a critical substitution in a
transmembrane domain (Hsueh et al. 2009). Understanding the function of these non-mating typespecific Ste3 proteins is a critical gap in our
knowledge of sex in Agaricomycetes.
With the recent sequencing of Polyporales genomes, many questions regarding the evolution of
mating systems in the group can be addressed
because both the genome content and the species
phylogeny are completely known. In this study we
determine the presence and diversity of mating genes
using genome sequences and assign homology on the
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basis of synteny (conserved gene order) and sequence
similarity across Agaricomycetes. We provide a general catalog of the numbers of HD and STE3 genes as
well as genes involved in the pheromone response
pathway. All mating systems of our taxa were known
based on the literature, except Wolfiporia cocos. We
therefore determined the mating system of W. cocos
by leveraging the genome data to examine polymorphism of putative MAT genes. With a resolved
phylogeny (Binder et al. this issue) and all mating
systems determined we re-addressed the correlation
between bipolarity and brown-rot decay and the
irreversibility of the tetrapolar to bipolar transition.
Finally we provide a phylogeny of Ste3 proteins that
identifies clades of receptor sequences that are likely
to be involved in novel functions beyond determining
mating type.
MATERIALS AND METHODS
Genome data.—Genomic datasets were accessed through the
MycoCosm portal (http://genome.jgi.doe.gov/programs/
fungi/index.jsf) or the Broad Institute Fungal Genome Initiative (http://www.broadinstitute.org/scientific-community/
science/projects/fungal-genome-initiative/fungal-genomeinitiative) (the latter used only for Ustilago maydis and
Coprinopsis cinerea). The species used in this study and their
mating systems are included (TABLE II).
Data analysis.— Searches for homeodomain and Ste3
proteins were accomplished by BLASTp with the matingtype proteins of Phanerochaete chrysoporium and Coprinopsis
cinerea as queries. We investigated all available protein
models rather than just the gene catalog for each species to
identify the protein with the highest likelihood (based on
BLAST scores, length and domain structure). Proteins with
a P value of false detection , e25 were considered
homologs. Ste3 receptors with six or more transmembrane
domains were considered likely functional proteins and
were included in our analyses. Ste3 receptors normally have
seven transmembrane domains, but the imprecise nature of
ab initio protein models required us to use more relaxed
criteria or to improve models manually. Prf-1 was searched
with the corresponding protein sequence from Ustilago
maydis. The search for total number of MAP kinase
(MAPK), MAP kinase kinase (MAPKK) and MAP kinase
kinase kinase (MAPKKK) proteins were accomplished by
BLASTp using the MAP kinase family of Phlebia brevispora,
Bjerkandera adusta and Ganoderma lucidum as queries. To
search the MAP kinase family genes likely to be involved in
the pheromone signaling pathway, known genes from this
pathway in Saccharomyces cerevisiae (FUS3/KSS1, Ste7,
Ste11) were used as queries for blasting of MAPK, MAPKK,
MAPKKK from the Agaricomycete genomes (TABLE I).
Character states were reconstructed on the species
phylogeny using both Dollo and unordered parsimony
implemented in MacClade (Maddison and Maddison 2000).
Under Dollo parsimony we considered that the transition
from tetrapolar to bipolar was irreversible as suggested in

the literature (Raper 1966, Hibbett and Donoghue 2001).
The species phylogeny was assembled from the literature
(Binder et al. this issue, Floudas et al. 2012). We tested for a
correlation between mating system and wood-decay mode
with the program Discrete (Pagel 1997) implemented in
BayesTraits 1.0, using an ultrametric cladogram with
uninformative branch lengths and the maximum likelihood
method.
The Ste3 proteins were aligned in MAFFT (Katoh et al.
2002). The alignment was trimmed of ambiguously aligned
sequences with trimAl (Capella-Gutierrez et al. 2009), and
the best fitting protein model (WAG + G + F) was determined
in Prottest (Abascal et al. 2005). The phylogeny was
constructed using PhyML (Guindon and Gascuel 2003)
with 100 bootstrap replicates.
Mating system of Wolfiporia cocos.—To determine the
mating system of W. cocos, we analyzed the polymorphism of
the MAT homologs found in the genome. Single-spore
isolates (spore families from multiple fruiting bodies) were
obtained from the USDA FPL collection. Pairing of isolates
on malt extract agar (2%) revealed little evidence of
mycelial interaction, and the species does not make clamp
connections. Cultures were grown on cellophane overlays
on 1.5% malt extract and DNA extracted with standard
protocols (James et al. 2008). The HD region containing an
HD1 and HD2 pair was amplified with primers Wc_MAT-A-F
(59–AGAGAAGTTCAAGCGCGAAA–39) and Wc_MAT-A-2R
(59–GTCCGGGAGCTACCACAATA–39) and LATaq (TaKaRa) with this thermo-cycler profile: 94 C for 1 min,
followed by 35 cycles of 94 C for 30 s, 54.5 C for 30 s, 72 C
for 4 min and a final extension of 72 C for 10 min. Each of
four STE3 genes was amplified individually with GoTaq
Green (Promega) with this thermo-cycler profile: 94 C for
3 min, followed by 35 cycles of 94 C for 1 min, 54 C for 30 s,
and 72 C for 1 min, and a final extension of 72 C for 7 min.
The primers Wc_STE3.1-F (59–ACAGCAAAATGTGGTGATCG–39) and Wc_STE3.1-R (59–AAATCCAGGTTGCTGTTTGC–39) were used for Ste3.1 (protein ID: 141188),
the primers Wc_STE3.2-F (59–AATCGCTTTCTCGTTCATCG–39) and Wc_STE3.2-R (59–AAGGCACACCTCAACAACTG–39) for Ste3.2 (protein ID: 136529), the primers
Wc_STE3.3-F (59–GCTACCGCGTTCTCCTTCAT–39) and
Wc_STE3.3-R (59–GCGATTGAAGGTGAGGTTCT–39) for
Ste3.3 (protein ID: 25621) and the primers Wc_STE3.4-F
(59–GCTTCTATGCGCTTTGCTCT–39) and Wc_STE3.4-R
(59–ACGAAGGAAGCCACAACAAG–39) for Ste3.4. The prediction for Ste3.4 (JGI protein ID: 73615) is a partial protein
fragment with only five transmembrane helices. To assess
polymorphism, HD products were digested with RsaI and
separated by electrophoresis with a 2% agarose gel. After
purification with ExoSAP-IT STE3 products were bidirectionally sequenced by the Sanger method at the University of
Michigan sequencing core. Sequences were manually edited
in Sequencher 4.9 (GeneCodes Corp., Ann Arbor, Michigan), aligned with MacClade (Maddison and Maddison
2000) and DNA polymorphism estimated with DnaSP
(Librado and Rozas 2009). The STE3 sequences were
deposited in GenBank under accession numbers KF044315–
KF044381.
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Species in this study and their mating system and mode of wood decay
Species

Taxonomy

Ecologya

Mating system

Clampsb

Reference
(Mounce 1922)
(Kniep 1920)
(Wong 1993)
(Ainsworth and
Rayner 1990)
(Harmsen 1960)
(Biggs 1938)
(Mounce and
Macrae 1936)
(Fischer 2002)

Coprinopsis cinerea
Schizophyllum commune
Auricularia delicatac
Coniophora puteana

Agaricales, Psathyrellaceae
Agaricales, Schizophyllaceae
Auriculariales, Auriculariaceae
Boletales, Coniophoraceae

WR
WR
WR
BR

tetrapolar
tetrapolar
tetrapolar
bipolar

present
present
present
present

Serpula lacrymans
Punctularia strigoso-zonata
Gloeophyllum trabeum

Boletales, Serpulaceae
Corticiales, Corticiaceae
Gloeophyllales, Gloephyllaceae

BR
WR
BR

tetrapolar
bipolar
bipolar

present
present
present

Fomitiporia mediterranea

WR

bipolar

absent

Fomitopsis pinicola

Hymenochaetales,
Hymenochaetaceae
Polyporales, Fomitopsidaceae

BR

bipolar

present

Ganoderma lucidum

Polyporales, Ganodermataceae

WR

tetrapolar

present

Bjerkandera adusta

Polyporales, Meruliaceae

WR

bipolar

present

Gelatoporia subvermispora
Phlebia brevispora

Polyporales, Meruliaceae
Polyporales, Meruliaceae

WR
WR

bipolar
bipolar

present
present

Phanerochaete
chrysosporium

Polyporales,
Phanerochaetaceae

WR

bipolar

absent

Dichomitus squalens
Postia placenta
Trametes versicolor
Wolfiporia cocos
Heterobasidion irregulare
Stereum hirsutum

Polyporales, Polyporaceae
Polyporales, Polyporaceae
Polyporales, Polyporaceae
Polyporales, Polyporaceae
Russulales, Bondarzewiaceae
Russulales, Stereaceae

WR
BR
WR
BR
WR
WR

present
present
present
absent
present
present

Tremella mesenterica
Ustilago maydis

Tremellales, Tremellaceae
Ustilaginales, Ustilaginaceae

MP
PP

tetrapolar
bipolar
tetrapolar
bipolar
bipolar
homothallic
and bipolar
tetrapolar
tetrapolar

present
present

(Mounce and
Macrae 1938)
(Adaskaveg and
Gilbertson 1986)
(Hibbett and
Donoghue 2001)
op. cit.
(Nobles et al. 1957)
(Nakasone and Eslyn
1981)
(James et al. 2011;
Thompson and
Broda 1987)
(Nobles et al. 1957)
(Nobles 1943)
(Vandendries 1934)
this study
(Korhonen 1978)
(Ainsworth 1987,
Coates et al. 1981)
(Bandoni 1963)

a

WR 5 white rot, BR 5 brown rot, PP 5 plant pathogen and MP 5 mycopathogen.
Clamps indicate presence or absence of clamp connections with data from MycoBank.
c
The strain used for genome sequencing of A. delicata was recently placed into a new species A. subglabra (Looney et al.
2013). Because A. subglabra is a member of a larger clade containing A. delicata and A. fuscosuccinea and the two species were
shown to be tetrapolar (Wong 1993), we are coding the genome strain (SS-5) as having a tetrapolar mating system.
b

RESULTS
Ubiquitous presence of mating-type genes in Agaricomycetes.—
Using BLAST we identified homologs of HD, Ste3,
MAP kinases and Prf1 genes in each genome of the 20
Agaricomycete species and two outgroup species
analyzed (TABLE III, SUPPLEMENTARY TABLE I). The
modal number of HD genes was two, with one pair of
divergently transcribed HD1 and HD2 genes being
most common, and two pairs or more typical among
our sampled Agaricales and Russulales. In one case,
Phlebia brevispora, two HD loci were found on two
separate scaffolds, 4 and 65 (FIG. 2). In Fomitiporia
mediterranea one of the two HD1 and HD2 pairs are

transcribed in head-to-tail orientation, and this also is
observed among the six HD proteins of the Schizophyllum commune MAT-Ab locus. The average number of
STE3 homologs was six with a median of five. Serpula
lacrymans S7.9 was an outlier with 26 STE3 homologs.
The number of MAPK genes assigned to the pheromone-signaling pathway on the basis of homology to
the S. cerevisiae protein FUS3/KSS1 was 1–3 regardless
of the total number of MAPK orthologs in the genome,
which were 4–9. The number of MAPKK is three in
most of the fungal genomes, and all genes appear to be
homologs of the pheromone-response pathway genes
(i.e. STE7 homologs). The number of MAPKKK
homologs per genome was 4–8 with four or five in
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Numbers of apparent functional genes per genome
Species

Coprinopsis cinerea
Schizophyllum commune
Auricularia delicata
Coniophora puteana
Serpula lacrymans
Punctularia strigoso-zonata
Gloeophyllum trabeum
Fomitiporia mediterranea
Bjerkandera adusta
Dichomitus squalens
Fomitopsis pinicola
Ganoderma lucidum
Gelatoporia subvermispora
Phanerochaete chrysosporium
Phlebia brevispora
Postia placenta
Trametes versicolor
Wolfiporia cocos
Heterobasidion irregulare
Stereum hirsutum
Tremella mesenterica
Ustilago maydis

Order

HD genes

STE3

MAPKa

MAPKKa

MAPKKKa

Prf1

Agaricales
Agaricales
Auriculariales
Boletales
Boletales
Corticiales
Gloeophyllales
Hymenochaetales
Polyporales
Polyporales
Polyporales
Polyporales
Polyporales
Polyporales
Polyporales
Polyporales
Polyporales
Polyporales
Russulales
Russulales
Tremellales
Ustilaginales

5
8
2
2
2
2
2
4
2
2
2
2
2
2
4
2
2
2
4
4
2
2

7
6
4
9
26
4
8
2
4
7
5
8
6
4
7
5
6
3
5
4
1
1

6(1)
5(1)
6(1)
6(2)
4(2)
6(2)
6(2)
7(1)
6(1)
6(3)
6(1)
6(3)
6(1)
6(2)
6(1)
9(2)
5(3)
5(2)
6(1)
6(2)
5(2)
5(2)

5(5)
3(3)
3(3)
3(3)
3(3)
3(3)
4(4)
3(3)
3(3)
1(1)
3(3)
3(3)
3(3)
2(2)
3(3)
3(3)
3(3)
3(3)
5(5)
4(4)
3(3)
3(3)

6(4)
6(4)
6(5)
5(5)
6(6)
8(7)
5(5)
6(5)
7(6)
5(5)
5(5)
5(4)
8(4)
5(4)
8(4)
8(1)
4(4)
7(5)
5(4)
5(5)
8(3)
5(3)

5
4
2
3
5
4
4
3
5
4
4
5
3
6
7
6
4
4
1
4
2
1

a

The numbers in parentheses indicate the number of genes that are suspected to be involved in the pheromone signaling
pathway on the basis of homology to these proteins in Saccharomyces cerevisiae.

most of the genomes possibly part of the pheromone
signaling pathway (i.e. STE11 homologs). Punctularia
strigoso-zonata has seven out of eight MAPKKK, which
are apparent homologs of STE11, while Postia placenta
has only one out of eight MAPKKK that appear to be
STE11 homologs. Although the MAP kinase genes are
conserved in fungi, there is no apparent correlation of
copy number to ecology or mating system. The copy
number of Prf1 proteins in Agaricomycetes varies, 1–7.
Despite having a large number of STE3 genes, Serpula
lacrymans has a similar number of MAP kinase and Prf1
genes as other Agaricomycetes.
Synteny around the HD locus of Agaricomycetes.—
Synteny around the HD locus of the species has been
analyzed with the aid of the genome assembles and
the synteny viewer of the Mycocosm portal (FIG. 2).
The conservation in gene order and organization is
greater on the side where a gene encoding a
mitochondrial intermediate peptidase (MIP) (James
et al. 2004a) gene is located and less conserved on the
opposite side of HD. The MIP gene and the four
genes closest (beta-flanking gene, two conserved
hypothetical proteins, A-HP1 and A-HP2, and
PMP1, a plasma-membrane protein) are found in
most species analyzed, although some other genes
can be found interspersed. On the opposite side of
the HD locus, where the gene known as beta-flanking

gene often is found (James 2007), conserved gene
presence is still common and many genes are found
in several of the species (e.g. a gene from the multifacilitator superfamily of transport proteins and gene
encoding a glycosyltransferase family 8 protein). The
orientation of the HD1 and HD2 gene pair appears to
have been inverted relative to MIP early in the
diversification of Polyporales (FIG. 2). All Polyporales
have an arrangement with the HD2 gene adjacent to
MIP, whereas other Agaricomycetes have the HD1
gene adjacent to MIP. A putative pseudogene is
located in the MAT-A locus of Gelatoporia subvermispora as has been reported (Fernandez-Fueyo et al.
2012).
The conserved linkage of MIP, the three additional
hypothetical proteins (A-HP1, A-HP2, PMP1) and the
beta-flanking gene also is found in Auricularia
delicate, suggesting that it is the ancestral syntenic
arrangement for Agaricomycetes, although the genes
are 120 000 bp from the HD locus. Overall the
conservation around the HD locus is reduced with
phylogenetic distance (FIG. 2). In Ustilago maydis and
in Tremella mesenterica no synteny is observed
compared to the Agaricomycetes.
In Agaricales and Russulales often more genes than
the typical pair of divergently transcribed HD1 and
HD2 genes is found. Coprinopsis cinerea strain
Okayama 7 has five HD-encoding genes and Schizo-
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phyllum commune strain H4-8 has eight HD genes with
55 kb of non-MAT locus found between the genes,
similar to the 73 kb distance between subunits
observed in Flammulina velutipes (van Peer et al.
2011).
The two HD loci found in Phlebia brevispora are
highly conserved with a similar, but non-identical,
gene organization. Strict co-linearity is restricted to
the MIP side of the HD and the beta-flanking genes
(FIG. 2). The mating type proteins encoded by the
HD genes on different scaffolds are divergent, with
only 29–46% identity between HD1 proteins in the Nterminus, and 27–30% identity between HD2 proteins. HD2 proteins of P. brevispora were divergent
from other species and were only identified by
appropriate genomic location (divergently transcribed from an HD1 gene) with matches to matingtype proteins in the NCBI database using BLASTX.
The HD2 gene on scaffold 4 also had strong support
from EST sequencing data (isotig06336).
Mating system of Wolfiporia cocos.—W. cocos does
not produce clamp connections, and pairings between monosporous isolates in culture give little
indication of formation of secondary or heterokaryotic mycelium. We decided to use a populationgenetics approach to determine the mating system of
W. cocos using the theory that suggests that, because
MAT genes of Basidiomycota are under strong
balancing selection, they consistently have elevated
polymorphism (May et al. 1999, James et al. 2006). We
investigated polymorphism at the putative HD and P/
R locus homologs of W. cocos with PCR amplification
of MAT regions followed by restriction digests or
DNA sequencing. Fragments of the four STE3 gene
homologs were amplified and sequenced from 16–18
monospore isolates from three heterokaryotic strains
(MD-104, HTE45, Log WH-45A). The amount of
polymorphism was expressed in terms of p, the
average pairwise difference between the sequences.
These data revealed p 5 0.004–0.010 for the four
STE3 genes (P/R). The primers for the HD region did
not amplify all isolates, and because of the fragment
size (.5.7 kb) restriction digests were used instead of
DNA sequencing (FIG. 3). These data reveal extreme
polymorphism and the segregation of two types among
the progeny of fruiting body MD-104.
Character-state reconstruction.—The phylogeny of the
20 Agaricomycetes species and two outgroups has
been resolved by increased sampling of taxa and
genes (Hibbett 2006, Floudas et al. 2012, Binder 2013
this isue). Six brown-rot and 14 white-rot species were
included, among them six tetrapolar and 14 bipolar
taxa. The tetrapolar taxa are distributed into three
clades, as are the brown-rot taxa. We inferred with

1381

parsimony three independent transitions from an
ancestral white-rot taxon to brown rot (FIG. 4A). We
reconstructed the ancestral states for mating system
under the hypothesis that transitions between tetrapolarity and bipolarity were fully reversible (FIG. 4B).
Under this scenario, ancestral tetrapolarity transitioned to bipolarity in the Agaricomycetes before the
divergence of the Hymenochaetales from the other
species. Three reversals to tetrapolarity are reconstructed in Polyporales, Agaricales and Boletales. We
also reconstructed ancestral states for mating system
under the hypothesis that reversion from bipolarity to
tetrapolarity is impossible (FIG. 4C), as had been
suggested by Raper and Flexer (1971) and supported
by phylogenetic reconstruction of a larger number of
taxa (Hibbett and Donoghue 2001) and data on the
genomic architecture of bipolar species (James et al.
2011). Under this scenario, six transitions to a bipolar
mating system have occurred within our small
phylogeny of Agaricomycetes.
No immediately obvious correlation between brown
rot and bipolar mating system was observed. A formal
test of correlation evolution with Pagel’s (1997)
maximum-likelihood method was used to ask whether
concentrated changes toward both bipolarity and
brown rot occurred on the branches in the phylogeny. The improvement in likelihood between a
correlated model (lnL 5 220.1363) of evolution
was only < 2 log units over the independent model
(lnL 5 222.0880), which yields a nonsignificant
likelihood ratio statistic of 3.90 that is nominally X2
distributed with 4 d.f.
Phylogeny of pheromone receptors.—A maximum-likelihood phylogeny was constructed for all Ste3-related
pheromone receptors from the genomes of species
(TABLE II). Many statistically supported clades uniting
Ste3 sequences from multiple orders were observed
(FIG. 5). Overall the phylogeny reveals a lack of
phylogenetic agreement with the species tree yet
many of the tips of the tree are consistent with clades
observed in the species tree, particularly for the
bipolar species (clades labeled in gray in FIG. 5).
Examples include a large Boletales clade comprising
20 Serpula lacrymans proteins and Coniophora puteana. Similarly for the two Russulales species each
Stereum hirsutum receptor is paired with a receptor
from Heterobasidion irregulare, with one exception.
Among bipolar Polyporales, the phelebioid clade with
Phlebia brevispora, Phanerochaete chrysosporium and
Bjerkandera adusta was recovered three times and the
antrodia clade of Wolfiporia cocos, Postia placenta and
Fomitopsis pinicola was recovered. For the tetrapolar
species, some distantly related species had related
Ste3 proteins, such as Schizophyllum commune and
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FIG. 2. Synteny around the MAT-A or HD locus within the Agaricomycetes and outgroup species. Black and gray
arrowheads indicate the HD1 and HD2 genes respectively, while white arrowheads indicate unique genes within the region
analyzed. Homologous genes are indicated by the same pattern of the arrowheads. We propose to standardize nomenclature
of MAT-A linked genes in this paper by providing names and protein IDs for Gelatoporia subvermispora B and cross reference
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Serpula lacrymans, and these proteins are known to be
involved in determining mating type. By mapping
proteins known to be involved in controlling mating
type onto the tree, we identified a large clade that
contains no known MAT proteins (asterisk in FIG. 5).
This clade contains at least one sequence from every
species of Agaricomycete after the divergence of
Auricularia. We also investigated the distribution of
amino acids at the homologous residue (position
225) of the Ste3 alignment that confers constitutive
activity of Cpr2 in C. neoformans (Hsueh et al. 2009).
A large clade of receptors (FIG. 5) contains only
members with a wide range of amino-acid substitutions
at this position (SUPPLEMENTARY FIG. 1). Some of the
members of this clade are known to function as mating
type-determining proteins, and additional sequences
with a substitution at this position are scattered
throughout the phylogeny.
DISCUSSION
Mating in the Agaricomycetes is unusual among fungi
in several ways: mycelia undergo reciprocal nuclear
migration, a long-lived heterokaryon is formed and
the heterokaryon typically undergoes a pattern of
constant nuclear separation followed by remating (i.e.
clamp-cell formation and fusion) every cell division.
Having now dozens of complete genomes for this
group allows insights into the genetic components
that support these phenomena. From this study and
others it is clear that all species have the canonical
MAT proteins encoded by HD and P/R genes that
were described first in the model species (Kues et al.
1994, Wendland et al. 1995). Moreover, the downstream targets of the MAT genes, such as MAP kinases
and HMG transcription factor genes such as the
transcription factor Prf1, are ubiquitously found in
the group. Thus mating in Agaricomycetes, like all
other Dikarya, involves pheromone signaling and the
conserved pheromone-signaling cascade best described in S. cerevisiae but used widely for mating
and morphogenesis throughout the subkingdom
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(Lengeler et al. 2000, Raudaskoski and Kothe
2010).
Gene content and organization are well conserved
around the MAT-HD locus in Agaricomycetes
(FIG. 2), with an inversion of HD1/HD2 occurring
early in the divergence of the Polyporales. This
inversion is not connected to any known changes in
mating behavior or mating system. In Agaricales and
Russulales internal duplications of the single-gene
HD1/2 pair seems to have given rise to increased
numbers of functional mating type genes. Despite
being a model species, S. commune is unusual among
Agaricomycetes because two large rearrangements at
HD have taken place; one large insertion separating
the beta-flanking gene more than 850 kb from the HD
loci and a second, smaller insertion of 55 kb
separating one HD1/2 pair from the remaining six
HD genes. Thus in S. commune the HD locus is clearly
separated into two subunits. The large genomic
separation among subunits will increase recombination within HD that will generate a larger portion of
progeny with recombinant mating types. We have
observed that the HD genes of P. brevispora appear in
two divergently transcribed pairs but located on
different scaffolds. Thus P. brevispora might be the
first documented polypore with a HD locus separated
into two subunits. On the other hand, because the
physical mapping distance between the two HD gene
clusters is uncertain but must be at least 583 kbp
distant based on the sizes of the scaffolds, the two
gene pairs may not be subunits in that their mapping
distance is likely to be high compared to other
Agaricomycetes (Raper 1966), where a cM 5 30 kb
(Larraya et al. 2000, Stajich et al. 2010). If one of the
two HD loci has novel, non-mating type determining
function, it would be the first instance of such
observed in the Basidiomycota.
The only taxon with missing data for mating system
at the beginning of the study was W. cocos. In a
population genetic approach we demonstrated that the
species is likely to be bipolar because the polymorphism
at the HD locus is much greater than that observed at

r
to James (2007) and James et al. (2011). bfg: beta-flanking gene (protein ID: 129132). A-HP1: conserved hypothetical protein
(protein ID: 110467), previously CHP4. A-HP2: conserved hypothetical protein (protein ID: 110468), previously CHP5. A-HP3:
conserved hypothetical protein (low density lipoprotein B-like protein (protein ID: 90499), previously CHP3. A-HP4:
conserved hypothetical protein (protein ID: 90501), previously CHP2. A-HP5: conserved hypothetical protein (protein ID:
70358). A-HP6: conserved hypothetical protein (protein ID: 120808). PMP1: predicted membrane protein (protein ID:
110469), previously CHP6. PMP2: predicted membrane proteins (protein ID: 110470). SEC61: protein translocase (protein ID:
90500). MFS: major facilitator superfamily of transporter proteins (protein ID: 79517). GLGEN: glycosyltransferase family 8
protein (protein ID: 102294). PKL1: predicted protein kinase (protein ID: 147303), previously YPL109. FMNOR: FMN-linked
oxidoreductase (protein ID: 110453). FK1: fructosamine kinase (protein ID: 110451)./5 an insertion of given size, while//5
genes are present on distinct scaffolds. Multiple genes are indicated by 63 and y indicates a pseudogene.
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FIG. 3. Gel of Wolfiporia cocos HD long PCR products digested with RsaI. L 5 ladder, 1–10 5 10 single-spore isolates of
heterokaryon MD-104. 11 5 a homokaryotic isolate (HTE45 ss-13) from another heterokaryon.

the P/R locus. The polymorphism observed at the HD
locus appears to be extreme and consistent with this
locus being highly polymorphic as in other Agaricomycete MAT loci (Badrane and May 1999, James et al.
2006). This analysis agrees with the phylogenetic
placement of W. cocos within a clade containing only
bipolar species. Among the Polyporales with genome

sequences, there are two clades of bipolar species and
seven of 10 species are bipolar. It is no surprise then
that these data reconstruct a bipolar ancestor of the
Polyporales and most of the deeper nodes of Agaricomycetes when unconstrained or unpenalized. This
result differs from Hibbett and Donoghue (2001) who
observed tetrapolarity as the ancestral state of the

FIG. 4. Evolution of decay and mating systems among Agaricomycete taxa with genome sequences. Showing the
reconstruction of decay mode (A) and mating system under both unordered (B) and Dollo (C) parsimony. Species phylogeny
is based on (Hibbett 2006, Floudas et al. 2012, Binder this issue). Arrows indicate transitions.
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FIG. 5. Maximum likelihood phylogeny of Ste3 proteins. Arrows indicate proteins that are thought to function in mating
type determination. Information on which S. lacrymans were mating-type specific was obtained from Skrede et al. (2013).
Index of sequence names and accession numbers (SUPPLEMENTARY TABLE I). Asterisk indicates clade that contains no known
mating type-determining proteins as discussed in the text. Octothorpe (#) indicates a clade in which all members have a
substitution in a conserved proline residue important in activity of the non-mating type specific Ste3 receptor Cpr2 of
Cryptococcus neoformans (Hsueh et al. 2009). Boldface branches are those supported by .50% bootstrap support. Gray shading
indicate clades mentioned in the text that are congruent with the species phylogeny (FIG. 4). These include clades of Ste3
receptors from bipolar Polyporales (antrodia and phlebia clades), a large clade of from boletales and three clades of Stereum
hirsutum + Heterobasidion irregulare receptors.

backbone of the Agaricomycete phylogeny, but their
dataset contained far more taxa and our current dataset
of sequenced genomes has many more bipolar species
(64%) than is representative for the order Polyporales
or Agaricomycetes in general (18–25%) (Raper 1966,
Rajchenberg 2011). Because of the bias in sampling

seen here, the ancestral state reconstruction must be
seen as likely biased as well.
Is bipolarity indeed irreversible? This long standing
assumption (Raper and Flexer 1971) needs to be
addressed by additional phylogenetic studies. An
analogy can be made between selfing and outcrossing
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populations of plants and fungi in which selfing taxa
never give rise to more outcrossing taxa (Takebayashi
and Morrell 2001, Gioti et al. 2012). Changes from
outcrossing to selfing are associated with large
reductions in diversity of incompatibility gene sequences (Bechsgaard et al. 2006) just as seen or
predicted for the tetrapolar to bipolar transition
(James et al. 2006, Vuilleumier et al. 2013). Irreversibility in this system was modeled in our analyses with
Dollo parsimony. It is unclear how to test this
assumption versus other models of evolution, however
using a range of loss : gain cost ratios between
bipolar : tetrapolar under reversible models can be
insightful (Hibbett and Donoghue 2001).
When transitions are associated with the formation
of pseudo genes at incompatibility loci, the expectation is that this change may be irreversible; however,
when the change is associated with genomic rearrangements or the formation of self-compatible
alleles, all components of the incompatibility system
are still encoded by the genome, and thus reversion
to a tetrapolar system may be possible. Experimental
demonstration of this potential has been conducted
in the laboratory for C. neoformans in which both P/R
and HD genes are linked into a single MAT locus by
translocations in a tetrapolar ancestor (Fraser et al.
2004). By relocating the SXI1/2 HD genes from MAT
to an unlinked genomic locus, it was shown that the
tetrapolar ancestor could be recapitulated (Hsueh et
al. 2008). Second, because the ancestral state in fungi
is likely to be bipolar (given its presence in both the
Dikarya and the Mucoromycotina) (Idnurm et al.
2008) and there was a bipolar to tetrapolar transition
that occurred in the Basidiomycota, it therefore is
possible that a derived tetrapolar state that evolved
once could evolve a second time. All the genomes of
bipolar Agaricomycete species that have been investigated have multiple STE3-like receptor genes, each
typically associated with one or more pheromone
genes (James et al. 2006, 2011; Martinez et al. 2009).
It is possible these quiescent P/R loci that no longer
function in incompatibility may somehow re-evolve
into an incompatibility determining locus, thus
regenerating the tetrapolar system.
A large number of polypore species, such as P.
chrysosporium and W. cocos, have bipolar mating
systems but lack clamp connections in the heterokaryotic phase. Evidence is accumulating that the
reason for these differences in mating and heterokaryon maintenance are not due to presence or
absence of particular genes because the bipolar
polypores are similar to the tetrapolar species in
terms of mating gene composition. A more complete
genomewide comparison to identify orthologs of
additional genes that are restricted to bipolar or

clamp-forming species may yield insights into the
genetic components required for the process. Comparison of Ste3 homologs in bipolar and tetrapolar
species failed to reveal large clades of bipolar species
but instead revealed many smaller clades, restricted to
subordinal taxa (FIG. 5). This suggests that frequent
tetrapolar to bipolar transitions have occurred as
suggested in the irreversibility model (FIG. 4C).
Under a model in which self-compatible mutations
at P/R lead to bipolarity, we predicted we would
recover clades of low diversity Ste3 receptors that each
had mutations leading to constitutive expression,
such as the one known to be involved in Cpr2 activity
(Hsueh et al. 2009). The finding that the mutation at
position 225 of Cpr2 is found in a large diversity of
Ste3 proteins, including those that are mating-type
specific, suggests that the substitution is context
dependent or that expression of STE3 genes may be
context dependent. The role of this amino acid
substitution in G protein-coupled signaling in other
Basidiomycetes needs attention.
Some subordinal groups, such as the bipolar
antrodia clade of W. cocos, P. placenta, F. pinicola
and G. subvermispora, did not always show consistent
grouping of Ste3 receptors in the phylogeny and
instead were dispersed in multiple locations of the
tree. This might indicate differential loss of Ste3
receptors after a single transition to bipolarity in the
group, horizontal gene transfer or independent
origins of bipolarity. In support of the differentialloss model is the knowledge that STE3 genes have
trans-species polymorphisms such that not all protein
sequences of a given species form a clade (James et al.
2004b, Devier et al. 2009). Thus at the origin of a
bipolarity transition the Ste3 sequences of a given
species are expected to be diverse and composed of
multiple paralogs.
We did not find a correlation between brown rot
and bipolarity with Pagel’s maximum-likelihood
method. This correlation was hypothesized to result
from selection for accelerated life cycles because of a
shorter growing season in conifer-dominated habitats
or because both bipolarity and brown rot are
manifestations of a general trend toward genetic
reduction (Gilbertson 1981). On the other hand, it
might be that this correlation is merely coincidence,
in that phylogenetic testing has yet to demonstrate a
relationship and the physiological basis for these
correlates are non-established. As we now know,
species with a bipolar mating system have all the
genes of the tetrapolar species and, while they may
have more potential for inbreeding, they do not have
the ability to undergo haploid selfing, which would
increase much more dramatically the speed of the life
cycle (Kües et al. 2011, Billiard et al. 2012). Why
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bipolarity constantly evolves from tetrapolarity is
unclear but likely relates to inbreeding and the severe
penalties associated with hemi-compatible mating in
tetrapolar species during diploid selfing (Raper
1966). As new genomes are rapidly added to the
species phylogeny of Agaricomycetes, comparative
genomic studies will be facilitated, but additional
studies to determine the actual functions of the
pheromone receptors and the pheromone response
pathway, as done for model species such as Cryptococcus neoformans and Ustilago maydis (Davidson et al.
2003, Müller et al. 2003, Hsueh et al. 2009), must be
conducted to advance our understanding of mating
and nuclear behavior in this diverse group.
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