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Fungi have been used as model systems to define general processes in eukaryotes, for example, the one gene-one enzyme hypoth-
esis, as well as to study polar growth or pathogenesis. Here, we show a central role for the regulator protein Ras in a mushroom-
forming, filamentous basidiomycete linking growth, pheromone signaling, sexual development, and meiosis to different signal
transduction pathways. ras1 and Ras-specific gap1 mutants were generated and used to modify the intracellular activation state
of the Ras module. Transformants containing constitutive ras1 alleles (ras1G12V and ras1Q61L), as well as their compatible mating
interactions, did show strong phenotypes for growth (associated with Cdc42 signaling) and mating (associated with mitogen-
activated protein kinase signaling). Normal fruiting bodies with abnormal spores exhibiting a reduced germination rate were
produced by outcrossing of these mutant strains. Homozygous �gap1 primordia, expected to experience increased Ras signal-
ing, showed overlapping phenotypes with a block in basidium development and meiosis. Investigation of cyclic AMP (cAMP)-
dependent protein kinase A indicated that constitutively active ras1, as well as �gap1 mutant strains, exhibit a strong increase in
Tpk activity. Ras1-dependent, cAMP-mediated signal transduction is, in addition to the known signaling pathways, involved in
fruiting body formation in Schizophyllum commune. To integrate these analyses of Ras signaling, microarray studies were per-
formed. Mutant strains containing constitutively active Ras1, deletion of RasGap1, or constitutively active Cdc42 were character-
ized and compared. At the transcriptome level, specific regulation highlighting the phenotypic differences of the mutants is
clearly visible.

The homobasidiomycete white-rot fungus Schizophyllum com-
mune Fr. grows mainly on wood of deciduous trees and less

frequently on coniferous wood and shoots and roots of herbs, with
a worldwide distribution (1). It is genetically tractable and has
been used to study the tetrapolar mating system (2), as well as
fruiting body formation (3–6).

Mating is regulated by two independent factors, where the A
locus encodes homeodomain transcription factors (7) while B
genes are pheromone receptor and pheromone genes (8). Com-
patible mating leads to the establishment of a fertile dikaryon that,
under favorable environmental conditions, is able to develop
fruiting bodies. Within the basidia, karyogamy and meiosis occur,
linking spore production to a compatible mating interaction (9).

Little is known about the signal transduction involved in fruit-
ing body formation by basidiomycetes (4, 9). One of the major
players in intracellular signaling is the small G protein Ras. Since
the 1960s, Ras proteins have been studied for their regulatory role
in oncogenesis and in intracellular signaling pathways (for a re-
view, see reference 10). Their ability to bind and hydrolyze GTP
allows Ras proteins to exist either in an active, GTP-bound or an
inactive, GDP-bound form. Guanine nucleotide exchange factors
promote the formation of the active, GTP-bound form of Ras by
exchange of GDP for GTP. GTPase-activating proteins accelerate
the intrinsic GTP hydrolytic activity of Ras to promote the forma-
tion of inactive Ras. Active, GTP-bound Ras protein has been
shown to mediate cellular proliferation via mitogen-activated
protein kinase (MAPK), cyclic AMP (cAMP), and Cdc42 signaling
(11–13).

Ras signaling and morphotypes connected to this regulatory
pathway have been studied with several fungi. Two Ras-encoding
genes have been identified in almost all fungal species, as in the

yeast Saccharomyces cerevisiae (14). Both Ras2 and Ras1 expressed
at lower levels can activate adenylate cyclase, leading to enhanced
intracellular cAMP levels. The higher cAMP level, in turn, acti-
vates protein kinase A (PKA) by binding the regulatory subunits of
the tetramer, which releases the active catalytic subunits (15). In
addition, Ras2 activates a MAPK cascade through Cdc42 (16).
Through this pathway, Ras influences the cytoskeleton (17). Dif-
ferences in regulatory pathways have been shown by investiga-
tions of different fungi, e.g., with Schizosaccharomyces pombe,
where the single Ras protein regulates pheromone response, spo-
rulation, and morphogenesis (18). Ras1 of S. pombe is not in-
volved in cAMP signaling.

The isolation of the basidiomycete Cryptococcus neoformans
(19), Ustilago maydis (20), Lentinus edodes (21), Coprinopsis
cinerea (NCBI: BAA02552), Suillus bovinus (NCBI: AAF65465,
AAF65466), and Laccaria bicolor (22) Ras-encoding genes has also
been described. The two Ras-encoding genes of S. commune and
their homology to known small G proteins of other fungi have
been reviewed recently (13). In the dimorphic pathogenic basidi-
omycete C. neoformans, two Ras proteins regulate pheromone re-
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sponse, filamentous growth, and the actin cytoskeleton (19, 23).
The two Ras proteins of the heterobasidiomycete U. maydis have
distinct roles. While Ras2 regulates pheromone response, as well
as filamentous growth and virulence, via a MAPK cascade (20),
Ras1 regulates the yeast-filamentous transition and enhances
pheromone expression via cAMP signaling. These signal trans-
duction pathways are connected through the transcription factor
Prf1 (24).

In an attempt to identify mating type-specific, B-regulated
genes, Schubert et al. (25) isolated a cDNA fragment coding for a
Ras-dependent Gap from S. commune. Disruption of gap1, and
hence enhanced Ras signaling, led to a reduced and disorientated
growth pattern. Homozygous �gap1/�gap1 dikaryons showed a
strong phenotype during clamp formation, where hook cells failed
to fuse with the peg beside them. Instead, the hooks fused with
nearby developing branches, thus re-establishing a dikaryon with
subterminal, aberrant clamp-like structures. Mature fruiting bod-
ies formed no or abnormal gills lacking spore production (25).
The phenotype of absent or partially developed gills resembled the
description of aberrant fruiting bodies by Schwalb (26), where
extracellular cAMP had been added to dikaryons. Since deletion of
gap1 leads to inferior GTP hydrolysis and hence results in sus-
tained activation of Ras signaling, we postulated that Ras regulates
intracellular cAMP levels in S. commune.

Here, we describe the influence of the small G protein Ras1 and
the RasGap protein Gap1 on mushroom formation of the basidi-
omycete S. commune. We could show that activation of Ras1 af-
fects polar growth, development of side branches, mating, fruiting
body development, and spore formation. In order to test the in-
volvement of intracellular cAMP signaling, we identified the gene
coding for a catalytic PKA subunit and measured PKA activities in
constitutively active Ras and �gap1 mutants and performed tran-
scriptome analyses to identify targets of signaling.

MATERIALS AND METHODS
Strains and growth conditions. The strains of S. commune used in this
study (Table 1) were grown on minimal medium or complex yeast me-
dium (CYM) (27) with or without supplementation with 4 mM trypto-
phan at 28°C. For the formation of fruiting bodies, strains were grown at

30°C in darkness for 5 days. From then on, they were kept in a normal
day-night rhythm at 25°C with no exposure to direct sunlight. For tran-
scriptome studies, mycelia were grown on a cellophane membrane cover-
ing CYM agar for 3 days at 28°C in the dark, except for SccdcG12V, which
was grown on carboxymethyl cellulose (28).

Diameters of at least 10 colonies of each S. commune strain were mea-
sured every 24 h for up to 7 days. Mycelia used for DNA and RNA isolation
were grown in liquid CYM supplemented with tryptophan if necessary
(27). The potential phenotypic differences relating to genotypic variance
between strains were compensated for by using multiple strains of differ-
ent mating types throughout this study (Table 1). Escherichia coli K-12
DH5� (Bethesda Research Laboratories) was used for plasmid construc-
tion.

Characterization of ras1. A ras1 genomic gene fragment was ampli-
fied from S. commune strain 4-40 by PCR with primers Rasdown1 and
Rasup2 (see Table S1 in the supplemental material), which were designed
from a ras1 cDNA fragment (AF268471). For DNA and RNA isolation,
standard procedures were followed (25, 29). An additional 840 bp of the 5=
region was amplified by thermal asymmetric interlaced PCR (30). The
entire ras1 gene with its native promoter region was amplified with prim-
ers RasPromdown and Rasup2. Cloning of the 1.3-kb fragment into pDrive
(Qiagen, Hilden, Germany) resulted in the pRasWT plasmid. DNA se-
quences (JenaGen, Jena, Germany) were analyzed with DNASTAR (La-
sergene, Madison, WI).

For Southern blot analysis, DNA was digested with restriction en-
zymes, separated on an agarose gel, and blotted onto nylon membranes
(Porablot NY amp; Macherey-Nagel, Düren, Germany). Labeling of the
DNA probe, hybridization, and detection of DNA-DNA hybrids were
performed by using the labeling and detection system of Roche Diagnos-
tics (Mannheim, Germany) according to the manufacturer’s recommen-
dations under stringent conditions at 65°C.

For quantitative reverse transcription (qRT)-PCR, total RNA ex-
tracted with the RNeasy plant kit (Qiagen, Hilden, Germany) was treated
with RNase-free DNase (Qiagen, Hilden, Germany), cDNA was synthe-
sized (iScript; Bio-Rad, Munich, Germany), and a real-time PCR assay
was performed (MiniOpticon; Bio-Rad, Munich, Germany) with Maxima
SYBR green (Thermo Scientific, Waltham, MA) with two technical and
two biological replicates. PCR was performed with 2 �l of cDNA in 36
cycles of denaturation for 20 s at 94°C, annealing for 20 s at 60°C, and
extension for 20 s at 72°C after initial denaturation for 10 min at 94°C and
followed by a final melting curve analysis from 65 to 95°C at 0.2°C/s.
Gene-specific efficiencies were calculated from the slope of a standard
curve obtained with different cDNA concentrations (0.5, 1, 5, 10, 100, and
150 ng cDNA/12.5 �l PCR mixture). The expression of ras1 was analyzed
with primers ras-1 and ras-2 (primer efficiency, 89.9%). Primers tef-1 and
tef-2, spanning an intron for the detection of contaminating genomic
DNA, were used as internal standards (primer efficiency, 106%). Stu-
dent’s t test was used for statistical analysis.

Mutagenesis. Plasmid pRasWT was used as the template for three
site-directed mutagenesis experiments with the QuikChange site-directed
mutagenesis kit (Stratagene, Groningen, The Netherlands). The muta-
genic primer pairs used were G12V-1 and G12V-2, Q61L-1 and Q61L-2,
and G15N-1 and G15N-2 (see Table S1 in the supplemental material).
After mutagenesis, each insert was digested with EcoRI. The inserts were
cloned into S. commune selection plasmids ptrp and pCHI. Plasmid ptrp is
a pBluescript SKII derivate that harbors the EcoRI-HindIII fragment of
cosmid pTC20 containing the trp1 gene (31). The resulting plasmids were
named Raswt-trp, RasG12V-trp, RasQ61L-trp, and RasG15N-trp. For uracil
as a selection marker, the pCHI vector (32) was used, creating plasmids
Raswt-CHI, RasG12V-CHI, RasQ61L-CHI, and RasG15N-CHI.

S. commune transformation. Protoplast transformation and selection
of transformants were performed as reported by Schuren and Wessels
(33). The resulting S. commune transformants, T2G12V, II-1Q61L, and II-
1G12V, were used for immunofluorescence staining, expression analyses,
and phenotypic characterization.

TABLE 1 S. commune strains used in this study

Strain Mating type, relevant genotype Source or reference

4-40 matA4,6 matB1,1 JMRCa

4-39 matA1,1 matB3,2 JMRC
12-43 matA3,5 matB2,2 ura� JMRC
H4-8 matA4,6 matB3,2 4
T2 matA4,1 matB2,2 ura� trp� JMRC
T3 matA8,1 matB2,2 ura� trp� JMRC
T62 matA3,5 matB7,2 ura� JMRC
W22 matA4,6 matB3,2 JMRC
II-1 matA1,1 matB3,2 ura� trp� 25
F28 matA4,6 matB3,2 �gap1 25
F15 matA1,1 matB1,1 �gap1 25
F20H matA4,6 matB3,2 �gap1 25
12-44 bse mutant 3
T2G12V matA4,1 matB2,2 ura� This work
II-1Q61L matA4,6 matB1,1 ura� This work
II-1G12V matA4,6 matB1,1 trp� This work
SccdcG12V matA4,2 matB2,3 28
a JMRC, Jena Microbial Resource Center.
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Protein kinase A activity. S. commune strains were grown for 3 days in
liquid CYM with shaking at 28°C. After harvesting, mycelia were ground
in liquid nitrogen, suspended in extraction buffer (25 mM Tris/HCl, 1
mM dithiothreitol, 1 mM EDTA, pH 7.4), and incubated on ice for 15
min. Samples were centrifuged at 4°C and 13,000 rpm for 10 min. The
supernatant with the soluble protein fraction was stored at �80°C. Pro-
tein concentrations were determined by the method of Bradford (34). The
activity of PKA was measured with the PepTag Assay (Promega, Mann-
heim, Germany); 1.5 �g/ml protein-containing supernatant was used in
the assay, in accordance with the instructions of the manufacturer. One
strain (12-43) did show a prevalent retardation of migration, likely by
binding of cellular components, of the nonphosphorylated kemptide, al-
beit with lower intensity, which is also visible with the other strains.

Immunofluorescence staining. For immunocytochemical staining
(35), small colonies of S. commune were inoculated on agar plates next to
sterile coverslips. Mycelia attached to the coverslips were transferred into
fixation solution, which was PME buffer containing 50 mM piperazine-
N,N=-bis(2-ethanesulfonic acid) (PIPES, pH 6.7), 25 mM EGTA (pH 8.0),
5 mM MgSO4, and 4% formaldehyde, for 1 h at room temperature and
then washed three times with PME buffer. Cell walls were digested with
lysing enzyme (30 mg lysozyme in 500 �l PME buffer containing 500 �l
egg white) for 1 to 1.5 h at room temperature and then washed three times
in PME buffer. The mycelium was incubated for 5 min at room temper-
ature in extraction solution (100 mM PIPES [pH 6.7], 25 mM EGTA [pH
8.0], 0.1% IGEPAL [Sigma-Aldrich, Munich, Germany]) and then for 10
min at �20°C in methanol. After repeated washing with PME buffer,
blocking was performed with 3% milk powder in TBS (20 mM Tris/HCl
[pH 7.6], 137 mM NaCl, 0.1 vol% Tween 20) at room temperature. The
mycelium was then incubated overnight at 4°C with the first antibody
(mouse anti-tubulin and rabbit anti-actin; Sigma-Aldrich, Munich, Ger-
many) diluted 1:500 and 1:250, respectively, in TBS with 3% milk powder
and then washed three times with TBS. The mycelium was incubated for 1
h at room temperature with the second antibody (fluorescein isothiocya-
nate-conjugated goat anti-mouse and Cy3-conjugated sheep anti-rabbit;
Sigma-Aldrich, Munich, Germany) diluted 1:100 in TBS with 3% milk
powder. After being washed with TBS, the coverslip was mounted in 0.1 M
Tris/HCl (pH 8.0)–50% glycerol–1 mg/ml phenylene diamine dihydro-
chloride containing, if necessary, 0.1 to 1 �g/ml 4=,6-diamidino-2-phe-
nylindole (DAPI) and observed by fluorescence microscopy (Axioplan 2;
Zeiss, Jena, Germany). Images were taken with an Insight Firewire 4 image
sample digital camera (Diagnostic Instruments, Sterling Heights, MI) and
Spot version 4.6 (Diagnostic Instruments, Munich, Germany).

Cross sections. Primordia and fruiting bodies at different stages of
development were fixed for at least 7 days in Pfeiffer’s solution (36) con-
taining 30% methanol, 13.5% formalin, and 3.5% acetic acid. Dehydra-
tion was performed with Pfeiffer’s solution in a methanol dilution series.
The objects were embedded in Technovit 7100 (Kulzer-Mikrotechnik,
Hanau, Germany). Deviating from the manufacturer’s instructions, the
time of preinfiltration was increased (1 to 2 days instead of 2 h), as was the
quantity of hardener (8.3% instead of 6.7%). Microtome sections 8 to 10
�m thick were obtained with rotation microtome Mikrom HM 355 (Mi-
crom, Walldorf, Germany). Sections were attached to glass coverslips with
n-propanol (37) and stained with toluidine blue O (0.1% [wt/vol] in
H2O). Coverslips were attached with Merckoglas (Merck, Darmstadt,
Germany). Selected unstained slides were stained with the nuclear stain
DAPI in embedding solution for DAPI (35). The slides were incubated
with 10 �l DAPI (1 �g/ml) in phosphate-buffered saline or embedding
medium at 25°C for 30 min. This treatment was repeated once with fresh
DAPI. Microscopic examination was performed with an Axioplan 2 mi-
croscope (Zeiss, Jena, Germany) with filter 02. Micrographs were taken
with an Insight Firewire 4 image sample digital camera (Diagnostic In-
struments, Sterling Heights, MI) and Spot version 4.6 software (Diagnos-
tic Instruments, Sterling Heights, MI).

Microarray-based transcriptome analysis. Microarrays of the 13,181
genes predicted were designed from the genome sequence (NCBI 67931)

of S. commune strain H4-8 by febit biomed (Heidelberg, Germany). The
monokaryons 4-39 and 12-43 and the dikaryon W22 � 12-43, which were
used for comparison, had been deposited in NCBI Gene Expression Om-
nibus series GSE26401 earlier (38). The overall experimental design (total
RNA extraction, microarray analysis by biotin-labeled cDNA, and pro-
cessing and normalization of data) was as previously described (38). Both
studies GSE26401 and GSE43965 were performed in parallel. For the
study described here, a �3-fold change cutoff and a P value cutoff of
�0.05 were used. The Pearson coefficient for all array experiments (over-
all, 16 arrays; so far, data for 11 arrays are available online) was averaged by
using 0.972 for technical replicates and 0.958 for biological replicates. Two
technical and at least two biological replicates were used for each analysis.
Genes showing differences between two monokaryons (12-43 and 4-39)
were omitted from the analysis as strain-specific differences if the change
was �2- or ��2-fold. A comparison of a mutant and the wild type de-
fined the regulated genes specific for this mutant. For example, the array
signals of the monokaryotic mutant T2G12V were compared to those of
monokaryotic strains 12-43 and 4-39. Genes showing differences in these
comparisons were considered differentially regulated because of mutation
of Ras1. Also, dikaryotic and monokaryotic expression was controlled for
the subsets chosen; regulated genes of interest are found in (Ras1 versus
monokaryon) versus (gap1 versus dikaryon) but not in Ras1 versus gap1.
In this way, relevant changes in expression due to ras1 mutation were
enriched in the sample for detailed analysis.

Microarray data accession number. The data included in this publi-
cation were deposited in the NCBI Gene Expression Omnibus within
Platform GPL11376, series GSE43965 (http://www.ncbi.nlm.nih.gov/geo
/query/acc.cgi?acc�GSE43965). This holds true for mutant strains T2G12V

and SccdcG12V and the F15 � F28 (�gap1) dikaryon.

RESULTS
Isolation and characterization of ras1 and ras2 of S. commune. A
1.9-kb genomic fragment coding for Ras1 was cloned from S. com-
mune 4-40. The open reading frame of 576 bp codes for 192 amino
acids disrupted by five introns, one of which is found in front of
the translation start site. Within the 840-bp 5= upstream genomic
region, no conserved promoter elements were identified. The
highest sequence similarities of the conceptual translation prod-
uct observed were to Ras1 from L. bicolor, with 88% identity, and
to Ras2 from S. bovinus, with 82% identity. While ras1 appeared as
a single gene in the haploid genome by Southern blotting, a second
Ras-encoding gene with only 44.3% amino acid identity was iden-
tified in the genome sequence. Ras2 is also expressed, as evidenced
by cDNA and massively parallel signature sequencing analyses (4)
and shows 88.8% identity to Ras1 of C. neoformans and 82.9%
identity to Ras2 of U. maydis. Both S. commune Ras proteins con-
tain the consensus sequences for functional GTP binding domains
(see Fig. S2 in the supplemental material) and CaaX farnesylation
signal consensus sequences at the C terminus indicating mem-
brane attachment, as known also for other Ras proteins.

Since the similarity between Ras1 and Ras2 of S. commune was
limited and two Ras proteins have been identified in most fungi, a
phylogenetic analysis was performed to check for different clusters
of Ras proteins. Two Ras clusters can be separated, with one clus-
ter, the Ras1 group, containing basidiomycete sequences, two Ras
proteins of S. cerevisiae and one each of Aspergillus nidulans and
Neurospora crassa (Fig. 1). For the latter two filamentous ascomy-
cetes, a second Ras protein of the Ras2 group can be found in a
slightly offset phylogenetic line that separates outgroups, ascomy-
cetes and phylogenetically distant basidiomycetes from the mush-
room-forming basidiomycete group. The protein termed Ras1 of
S. commune in earlier publications (4, 9, 13, 39) clusters in this
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Ras2 group. Ras2 of S. commune is represented in the Ras1-like
group. This phylogenetic separation of two Ras protein-encoding
genes for each filamentous fungus might be indicative of distinct,
only partially overlapping functions for the two proteins, and was
therefore investigated in detail during S. commune development.

Expression of constitutively active Ras1-encoding alleles.
Since Ras2 in U. maydis had been seen to be involved in phero-
mone signaling and filamentous growth, we investigated the func-
tion of the homologous Ras1 protein of S. commune in more de-
tail. To ascertain the role of ras1 in the sexual development of S.
commune, independent mutations (G12V, Q61L) were intro-
duced into the GTP hydrolysis domain. Both mutations abolish
the intrinsic GTPase activity, causing Ras proteins to become con-
stitutively active (10). The mutant alleles under the control of the
native promoter (378-bp upstream sequence) were cloned and
transformed into wild-type strains. The transformants containing
the dominant active allele showed an obvious and stable pheno-
type exhibiting a small colony size and hyphae with a disoriented
growth pattern. No comparable changes in the hyphal phenotype
were observed in transformants with extra copies of the wild-type
ras1 allele. Southern hybridization analysis indicated ectopic inte-
gration of one to seven copies of the modified alleles into the
genome of transformants in addition to the endogenous, wild-
type copy of ras1 (data not shown). A dominant negative allele

containing the mutation G15N rendering the GTP-binding site
nonfunctional, however, did not lead to stable integration in
�2,000 transformants, potentially hinting at an essential function
for Ras1 that is obliterated by the dominant negative function of
an integrated mutant gene copy.

The resulting constitutively active Ras1 strains T2G12V, II-
1G12V, and II-1Q61L were analyzed by qRT-PCR to score possible
changes in expression levels. A �gap1 mutant strain (F15, F28)
was used for comparison, since deletion of gap1 also leads to the
accumulation of active, GTP-bound Ras in the cell. The expres-
sion of ras1 in all of the mutant strains was similar to that in the
wild type (Fig. 2). This indicates transcriptional regulation inde-
pendent of gene copy number, controlled by the ras1 promoter
fragment. Our finding of no obvious transcriptional regulation
during development is in good agreement with activation at the
protein level through the binding of GTP.

The phenotypes of the transformants carrying constitutively
active Ras alleles revealed 28 to 52% growth rate reductions as
measured by the diameters of developing colonies (4.41 to 6.35
mm/day versus 8.65 to 9.03 mm/day for the wild type) in haploid
mycelial growth, while in heterozygous dikaryons the growth rate
was reduced by 20 to 28% (Fig. 3). Similar values were seen in
different genetic backgrounds, in both the control and different
mutants. At the same time, microscopic examination of the hy-

FIG 1 Rooted phylogenetic tree of Ras proteins based on maximum likelihood as implemented in RAxML (substitution matrix Blosum62) (60). HRas (Homo
sapiens), KRas (Rattus norvegicus), and ascomycete Ras were included as an outgroup (blue lettering). NCBI and JGI (*) accession numbers are shown. The
sequences compiled are those of N. crassa, A. nidulans, H. sapiens, R. norvegicus, S. cerevisiae, Punctularia strigosozonata; U. maydis, C. neoformans, Tremella
mesenterica; Stereum hirsutum; Heterobasidion annosum; Phanaerochaete chrysosporium; Ceriporiopsis subvermispora; Fomitopsis pinicola; Postia placenta; Wolfi-
poria cocos; Trametes hirsuta; Serpula lacrymans; S. bovinus, Coniophora puteana; Pleurotus ostreatus; Agaricus bisporus; Lentinula edodes; S. commune, L. bicolor,
and C. cinerea.
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phae of the mutants on solid medium showed a disorientated
growth pattern. While hyphae of wild-type strains keep their
growth axis, hyphae of the ras1 mutants grew curly, with irregular
changes in the orientation of the direction of growth (Fig. 4A and
B). Thus, the slower radial growth is due to both slower growth
and a lack of area covered by newly grown mycelium. This phe-
notype implies changes in cytoskeleton organization dependent
on altered signaling through Ras. Thus, we decided to analyze
microtubules and the actin cytoskeleton. Immunofluorescence
microscopy visualized microtubules in wild-type strains with
multiple bundles parallel to the hyphal axis and in hyphal tips
(Fig. 4C). Since delocalization of the vesicle supply center may
induce changes in the growth axis, hyphal tips in the mutant strain
were analyzed. However, no obvious changes in microtubuli were
recorded (Fig. 4D). The actin cytoskeleton in wild-type mycelia
showed actin patches and accumulated actin at the hyphal tips,
actin rings at the site of septum formation, and actin cables, all of
which could be seen with no obvious differences in the mutant
strains (Fig. 4E to H).

Increased formation of side branches could be observed in
some subapical compartments of constitutively active Ras integra-

tion strains (Fig. 4I). This phenotype was in contrast to that of the
�gap1 mutant, where such hyperbranching phenotypes have not
been observed (25). Usually, up to one side branch per compart-
ment is seen with S. commune and only 10% of the cells of a
wild-type strain show more than one branch (n � 100). In the Ras
mutants, up to 14 branches in a single compartment with a me-
dian of 7 branches per cell could be observed (n � 100). In ap-
proximately a third of the developing side branches, septa were
formed at the base of the branch which, in the absence of nuclear
division, generated anucleate, small compartments visualized by
nuclear staining with DAPI. Such anucleate cells subsequently
ceased growth. The strong phenotypes seen already in monokary-
otic strains led us to study morphogenesis in competent mating
interactions.

Role of Ras in fruiting body development. To evaluate the
effects of constitutively active Ras1 on sexual development, the
transformants were mated with compatible wild-type strains of S.
commune. The transformants unilaterally donated nuclei to their
mating partners, but the mutant strains were not able to accept
nuclei. As a result, clamp formation could not be detected on the
mutant’s side and fruiting bodies were formed exclusively on the
side where the wild-type strain had been inoculated. This indicates
that the preformed mycelium with the mutant gene copy was un-
able to sustain the entry of a mate’s nucleus and therefore was
unable to develop into a dikaryon capable of inducing fruiting
body formation.

The resulting heterozygous fruiting bodies appeared normal
and produced spores. However, the germination rate of the spores
was decreased by up to 60%, and in approximately 50% of the spores,
no or only one nucleus was revealed by DAPI staining. In wild-type
matings, in contrast, spores always contain two nuclei after a post-
meiotic division of nuclei (data not shown). In matings of compatible
Ras1 mutant strains (T2G12V � II-1Q61L and T2G12V � II-1G12V), no
dikaryotization could be observed since both mutant strains were
unable to accept nuclei from their mating partners.

Thus, homozygous matings could not be set up productively.
However, homozygous �gap1/�gap1 dikaryons of S. commune
had been shown to develop (aberrant) fruiting bodies (25). To

FIG 2 Expression of ras1 measured by qRT-PCR. No statistically significantly
different expression is visible in different wild-type (12-43, 4-39), constitu-
tively active Ras1 (T2G12V, II-1G12V, II-1Q61L), or �gap1 mutant (F15, F28)
strains.

FIG 3 Comparison of radial growth rates of wild-type monokaryons (4-39, T2), monokaryotic Ras mutants (T2G12V, II-1G12V, II-1Q61L), a wild-type dikaryon
(4-39 � 12-43), and heterozygous Rasmut dikaryons (II-1Q61L � 12-43, T2G12V � 12-43, II-1Q61L).
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investigate the role of Ras in mushroom formation, detailed mi-
cromorphological analyses of homozygous �gap1/�gap1 dikary-
otic strains were performed in comparison to the development of
fruiting bodies in the wild type.

The formation of noduli, termed stage I, was not affected (for
information about fruiting body formation, see references 3 and
4). Starting with the differentiation of central and peripheral hy-
phae in stage II primordial development, an effect of altered Ras
signaling was seen with a less dense and compact plectenchyme
containing numerous cavities in the �gap1 mutant. This observa-

tion was quantitatively confirmed by an area coverage analysis
that shows a dramatic increase in the number of light gray (200 to
255) to pure white (256) pixels in the histogram of the mutants
(Fig. 5). Wild-type stage III primordia show elongation, forma-
tion of the apical pit, and development of the hymenial palisade
(Fig. 6). This results in fruiting bodies that develop sporulating
basidia late in stage III (Fig. 6). The developmental steps during
primordial development up to the formation of the apical pit are
not markedly affected in the homozygous �gap1 mutant. How-
ever, because of the decreased polar growth of the hyphae, the

FIG 4 Microscopic examination of hyphal morphology and cytoskeleton organization. Wild-type hyphae (A) keep their growth axis, while hyphae of the ras1
mutants grow curly with irregular changes in the orientation of the direction of growth (B). Microtubules in wild-type strains form multiple bundles parallel to
the hyphal axis and hyphal tips (C). No obvious changes in the formation of microtubuli in the mutant strains could be observed (D). The actin cytoskeleton in
wild-type mycelia (E) showed actin patches and accumulated actin at the hyphal tips with no obvious differences from the mutant strains (F). Actin cables (G)
and actin rings at the site of septum formation (H) are shown here for wild-type strains. Increased formation of side branches could be observed in some subapical
compartments of constitutively active Ras mutant strains (I). Bars represent 10 �m.
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typical bending of peripheral hyphae resulting in the formation of
an apical pit is less pronounced in �gap1 mutant primordia. At the
same time, peripheral hyphae of the �gap1 mutant do not exhibit
the strong parallel growth pattern seen in wild-type primordia. In
late stage III fruiting bodies, the observed differences became
more prominent, with locally thickened and constricted hyphal
ends as opposed to the typical thin and parallel hyphae of the wild
type. The mutant subhymenium was only weakly developed. In
the wild type, basidium formation and meiosis lead to spore for-
mation. To reveal the lack of spore development in mutant fruit-
ing bodies, we stained the club-shaped probasidia with DAPI to
visualize karyogamy (Fig. 6H). However, the meiosis following
karyogamy was blocked in the mutant dikaryon, which results in a
complete lack of the formation of basidiospores and a lack of
further development toward stages IV and V, which is necessary in
the wild type for the formation of pseudolamellae. Thus, the mu-
tant’s development is arrested in stage IV.

Role of Ras in cAMP signaling and PKA activation. Investiga-
tions of Schwalb (26) had shown that cAMP has an influence on
fruiting body development in S. commune. The addition of 10�3

M cAMP caused many fruiting bodies to stop morphogenesis at an
early stage. Those fruiting bodies that continued to grow showed
an irregular development of pseudolamellae that were unable to
produce spores. This phenotype was reminiscent of �gap1/�gap1
mutant fruiting bodies (25). Since Ras1 mutant strains are as-
sumed to lead to elevated concentrations of intracellular cAMP
and signaling via adenylate cyclase, intracellular cAMP levels

were investigated. In an earlier investigation, �gap1 mutant
strains showed no clear and reproducible increase in intracel-
lular cAMP (25). Thus, the activity of cAMP-dependent PKA
was examined by using protein extracts of wild-type, constitu-
tively active RasG12V and �gap1 mutant strains. While very low
PKA activities were detectable in the wild-type strain, en-
hanced PKA activity was seen in the constitutively active Ras1
and �gap1 mutant strains (Fig. 7). The original bse mutant
strain (12-44) (26), with a reported increase in the intracellular
cAMP concentration in vegetative mycelia and fruiting bodies,
showed the highest activation (see Fig. S3 in the supplemental
material). These results point to Ras1 signaling via cAMP-me-
diated signal transduction in S. commune.

Targets of Ras1-associated signaling. As we have shown, Ras1
and Gap1 have overlapping phenotypes. Hence, the signaling
should be at least partly identical and we decided to include both
mutations in our study. Similarly, an influence of Ras proteins on

FIG 5 Grayscale microphotographs of microtome-sectioned fruiting body
plectenchymes. Constitutively active Ras leads to a less dense and compact
plectenchyme in stage II primordia with numerous cavities in the �gap1 mu-
tant, quantitatively confirmed by an area coverage analysis that shows a dra-
matic increase in the number of light gray pixels (200 to 255) in the wild type
(A) toward pure white pixels (256) in the histogram of the mutants (B). Bars
represent 100 �m.

FIG 6 Micromorphological analysis of wild-type and �gap1 mutant fruiting
bodies. Wild-type stage III primordia did show elongation (A), also seen in the
mutant strain (B), before the formation of the apical pit (C). Because of the
decreased polar growth of the hyphae, the typical bending of peripheral hyphae
resulting in the formation of an apical pit was less pronounced in �gap1 mu-
tant primordia (D). In late stage III fruiting bodies, the observed differences
became more prominent, with typical thin and parallel hyphae in the wild type
(E) and locally thickened and constricted hyphal ends in the mutant (F). The
mutant subhymenium was only weakly developed. In the wild type, basidium
formation and meiosis led to spore formation (G). The mutant was able to
form club-shaped probasidia, and karyogamy was seen (H). Bars represent 10
�m (G, H), 50 �m (F), or 100 �m (A, B, C, D, E).
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the Rho family protein Cdc42 has been shown for several fungi,
including S. cerevisiae (16), Candida albicans (40), and C. neofor-
mans (41). For further investigations, we therefore also included a
constitutively active Cdc42 mutant of S. commune (28). For this
mutant, alterations in tip growth and branching behavior had
been described. Hence, again a partial overlap of phenotypes
could already be established and we decided to include this mu-
tant in our transcriptome analyses as well.

A comparison of all of the differentially regulated genes in the
Ras1, �Gap1, and Cdc42 mutants allowed us to identify genes
influenced in a Ras-dependent manner. In addition, carefully cho-
sen subsets for comparisons allowed us to differentiate among
regulation exclusively through Ras, alternative signaling to Ras
(via Gap1), and Cdc42-dependent or -independent Ras signaling
(Table 2).

With a 3-fold regulation (induction or repression) cutoff and
the use of statistical significance tests (P � 0.05), 99 genes, corre-
sponding to 0.75% of the genome, were identified as targets of Ras
signaling. In the group of genes regulated by the Ras1/Gap1/
Cdc42 pathway, 14 genes did show highly statistically significant
regulation. In the Ras1/Gap1 signaling pathway, we found 13
genes that were significantly changed, and in the Ras1/Cdc42
pathway, there were 29 regulated genes. Exclusive regulation

through Ras1 (99 genes), Gap1 (131 genes), and Cdc42 (192
genes) adds up to 422 genes. This is equivalent to 3.2% of the genes
of S. commune being regulated with some involvement of Ras.
This high number underlines the importance of Ras signaling in
this mushroom-forming basidiomycete.

The 29 genes induced in the constitutively active Ras1 mu-
tant were classified according to KOG groups (Fig. 8; see Fig. S4
in the supplemental material). They contain a histone deacety-
lase (catalytic subunit RPD3, protein identifier [PI] 77889) in-
volved in the condensation and inactivation of DNA, a meiotic
cell division protein (Pelota/DOM34, PI 48206), and an SWI-
SNF chromatin-remodeling complex (PI 53495). A histone
acetyltransferase SAGA/ADA (subunit PCAF/GCN5, PI
109113) and a regulator of chromosome condensation (RCC1,
PI 256079) are among the 70 specifically repressed genes. This
interesting finding might point toward extensive epigenetic
processes related to Ras signaling.

A lipid phosphate phosphatase (PAP2 family, PI 65863), a glu-
can-1,4-�-glucosidase (PI 103679), a glucan endo-1,3-�-glucosi-
dase (PI 110853), and a 	-1,6-N-acetylglucosamine transferase
(PI 84499), all involved in cell wall assembly and integrity, might
be related to the prominent growth phenotype. Hydrophobins
were not significantly and consistently changed because of Ras1

FIG 7 Examination of the cAMP-dependent PKA activity in protein extracts of wild-type (12-43, 4-39), constitutively active Ras (T2G12V, II-1G12V, II-1Q61L), and
�gap1 mutant (F15, F28) strains. PKA activity was assayed with a colored peptide (kemptide) that is phosphorylated by PKA. In the wild-type strains, no PKA
activity was detectable even after the addition of cAMP. In contrast, the negative charge led to the migration of phosphorylated kemptide toward the positively
charged electrode in all of the mutant strains, also without the addition of cAMP.

TABLE 2 Identification of significant changes in gene regulation through the Ras1/Gap1/Cdc42 signaling cascadea

Regulation
through

�Gap1 � �Gap1
vs W22 � 12-43 Ras1 vs 12-43 Ras1 vs 4-39 Cdc42 vs 12-43 Cdc42 vs 4-39

No. of
genes

Group with greatest functional
enrichment

Ras1/Gap1 Induced Induced Induced Induced Induced 7 Protein turnover
Cdc42 Repressed Repressed Repressed Repressed Repressed 7

Ras1/Gap1 Induced Induced Induced 6 Cell cycle control
Repressed Repressed Repressed 7

Ras1/Cdc42 Induced Induced Induced Induced 8 Metabolism
Repressed Repressed Repressed Repressed 21

Gap1 Induced 80 Signal transduction
Repressed 51

Ras1 Induced Induced 29 Chromatin structure/dynamics
Repressed Repressed 70

Cdc42 Induced Induced 64 Cytoskeleton
Repressed Repressed 128

a All of the genes mentioned are not regulated in the comparison of 12-43 versus 4-39. Functional enrichment is shown by KOG category (see legend to Fig. 8) of highest prevalence
over the monokaryon group’s prevalence. The statistical significance of differences was determined by t test (P � 0.05) with a with a 3-fold change cutoff.
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activity; instead, several hydrophobins showed repression in the
�gap1 dikaryon and in the Cdc42 mutant. Additional genes in-
cluded an inositol monophosphatase (PI 47747) and a phospha-
tidylinositol synthase (PI 81380) referring to alternative signaling
pathways. For detailed data, see Tables S5 and S6 in the supple-
mental material.

Similar lists were assembled for the Gap1 deletion mutant or
the constitutively active Cdc42 mutant. In the former, a spindle
pole body protein (Sad1), a chitinase, signal transduction compo-
nents like a 3-phosphoinositide-dependent protein kinase
(PDK1), several members of other families of small G proteins
(Rab GTPase activator, GTP1/OBG, and several protein kinases),
and a sexual differentiation protein (ISP4) were found to be reg-
ulated (see Table S7 in the supplemental material). The latter is
one of the few genes related to sexual development that were sta-
tistically significantly changed because of one of the genes inves-
tigated. For Cdc42, a two-component phosphorelay intermediate
involved in MAPK cascade regulation (Hpt) and repression of
dynactin (subunit p27/WS-3) and a microtubule-associated pro-
tein, TAU, were identified that may relate to phenotypes overlap-
ping with Ras signaling (see Table S8 in the supplemental mate-
rial).

Our analysis allowed us also to define genes regulated by a
pathway combining Ras1, Gap1, and Cdc42 signaling (see Tables
S9 and S10 in the supplemental material). Induced genes com-
mon to Ras1/Gap1/Cdc42 signaling include aay4, a mating
type homeodomain transcription factor (other mating type
genes were not expected since mating type specificities are en-
coded by genes sufficiently different not to bind to the microar-
ray sequences), and a Zn finger nucleic acid binding protein.
Repression of transcription was visible for genes coding for a
serine/threonine kinase (involved in autophagy) and a ubiqui-
tin ligase, MIB2. Thus, a link to mating via direct control of a
mating type protein and rearrangement of the proteome occur-
ring during mating interactions were directly identified in our
transcriptome analysis.

The larger subsets of genes regulated by Ras1/Gap1 (upregula-
tion of a DNA helicase while phosphatases were repressed) and the
Ras1/Cdc42 pathway (increased expression of a couple of cyclin
regulation proteins, repression of the SWI-SNF chromatin re-
modeling complex and genes suggestive of metabolic shifts) show
the involvement of Ras in general developmental shifts in the fun-
gal cell. Additionally, we identified ankyrin, which is expected to
be associated with cytoskeleton remodeling via Cdc42 signaling,
and a LabA-like protein that is involved in circadian rhythm con-
trol and has not yet been explored in S. commune (42). For a
complete overview of all of the genes identified, see Tables S5
through S8 in the supplemental material.

DISCUSSION

The investigation of Ras signaling in fungi shows a central role for
the small G protein in a variety of intracellular signaling and de-
velopment pathways. Ras proteins are important for cell mor-
phology (18), asexual development (43, 44), mating (24, 41), and
cell growth and polarity (17, 20, 45, 46). Two Ras-encoding genes
were found in S. commune and in most fungi, with the exception of
L. edodes, which codes for only one Ras protein. In accordance
with the phylogeny of basidiomycetes, C. neoformans and U. may-
dis each contain a Ras2 protein that clusters apart from the mush-
room-forming basidiomycetes and is more similar to the ascomy-
cete A. nidulans and N. crassa Ras2 family genes. The numbering
of Ras1/Ras2 is inconsistent with these phylogenetic lineages in
several cases.

The cluster of the Ras2 group, including Suillus, Cryptococcus,
and Ustilago, might be indicative of a similar function for these
proteins. While Ras2 group members like C. neoformans or U.
maydis Ras2 show a function in pheromone response, this is not
seen in members of the Ras1 family. Interestingly, the S. commune
targets of this Ras homolog include an array of other G protein
modules (for a review of S. commune G proteins, see reference 19).
RanBP1 interacts with GTP-bound Ran, and therefore it is also a
negative regulator of RCC1, which is repressed in the mutant. The

FIG 8 KOG classification of transcriptionally regulated mRNAs in the S. commune RasG12V mutant. The value in each wedge is the number of regulated mRNAs
in that specific group. Functional groups of regulated genes (P � 0.05; fold change, �3/��3) are sorted by KOG classification as follows: cellular processes and
signaling (M, cell all/membrane/envelope biogenesis; N, cell motility; O, posttranslational modification, protein turnover, chaperones; T, signal transduction; U,
intracellular trafficking, secretion, and vesicular transport; V, defense mechanisms; W, extracellular structures; Y, nuclear structure; Z, cytoskeleton), informa-
tion storage and processing (A, RNA processing and modification; B, chromatin structure and dynamics; J, translation, ribosomal structure and biogenesis; K,
transcription; L, replication, recombination, and repair), metabolism (C, energy production and conversion; D, cell cycle control, cell division, chromosome
partitioning; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme
transport and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q, secondary metabolite biosynthesis, transport, and
catabolism), and poorly characterized (R, general function prediction only; S, function unknown).
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RCC1 homolog in yeast, Pim1 (47), prevents premature initiation
of mitosis.

The Ras1 family, including both copies of S. cerevisiae (14),
show signaling through MAPK and G protein pathways related to
filamentous growth. An independent role or partially overlapping
function of the Ras1 group protein Ras2 in S. commune thus is
likely, potentially with connection to other G proteins and MAPK
cascades, as seen also with other Ras1 family proteins (16, 40, 41).

Both overlapping and distinct phenotypes of Ras1 and Gap1
signaling (for Gap1, see reference 25) were observed, including
growth reduction, interference with hyphal morphology, hyper-
branching, and alteration of sexual development. Gap1 deletion
leaves a low, intrinsic GTPase within Ras1 intact, which might
explain the differences in the phenotypes, or an independent Gap
protein might be involved. Signaling is expected rather through
binding of GTP; an unlikely transcriptional activation could not
be seen.

In ascomycetes, the deletion of ras mostly leads to decreased
growth rates, e.g., with deletion of rasB in Aspergillus fumigatus
(45) or ras1 of C. albicans (40), whereas the human-pathogenic
fungus Penicillium marneffei displayed a decreased growth rate in
dominant active rasA mutants (48). Here, the decrease in the
growth rate was, however, not associated with a defect in polar
growth or hyphal orientation.

Hyperbranching was seen with the constitutive ras mutants but
not with deletion of gap1, and this phenotype was similar to an
earlier one observed for Cdc42 signaling in S. commune (28). For
constitutively active Cdc42 mutants, however, the polar growth at
the tip was unchanged. In A. nidulans, the septin protein AspB was
identified as a premitotic marker of branch formation (49), while
in Ashbya gossipii, hyperbranching was seen when the polarisome
component Spa2 was mislocalized (50). In our transcriptome
analysis, inositol phosphate signaling was identified. This is
known to target phospholipase C, an enzyme involved in polar tip
growth (51) and in SAGA and SWI/SNF recruitment in yeast (52).
Also, SAGA and SWI/SNF were found to be regulated in our
study. In addition, several cell wall/membrane assembly and in-
tegrity proteins appeared as Ras1 regulated. Outstanding was the
repression of the gene coding for a Wiskott-Aldrich syndrome
protein-interacting protein, WIP/VRP. Vrp1 is important for po-
larized growth and polarization of actin filaments by interaction
with myosin motor proteins for endocytosis in C. albicans (53)
and S. cerevisiae (54). The Ras1 phenotype in growth direction
maintenance can be linked (albeit not phenotypically in S. com-
mune) to actin mislocation.

Another role for Ras was found in the course of this investiga-
tion in mating and nuclear distribution after hyphal anastomoses.
While mating was abolished in the strains carrying a constitutive
ras1 allele, this was not the case in �gap1 mutant strains. The
unilateral nuclear migration seen with matings of mutant and
wild-type strains shows that nuclear migration is induced via Ras
signaling.

A central role for Ras signaling was also observed during mush-
room formation in S. commune. The fruiting body ontogeny was
shown to be severely impacted. The nodulus or hyphal knot is
formed independently of Ras, while the curly growth pattern phe-
notype interferes with all later stages of fruiting body development
and is first visible as a failure to form the apical pit correctly.
Additionally, a block in meiosis leads to arrest at stage IV of fruit-
ing body development. This phenotype exactly matches the one

observed with the bse mutant of S. commune (3). The addition of
exogenous cAMP to this mutant caused a complete loss of fruiting
body anatomical structures in heterozygous bse mutants (3). Ac-
cording to these results, the cAMP concentration would have to be
slightly and temporarily decreased in order to allow the proper
formation of pseudolamellae. Transcription factors involved in
mushroom formation of S. commune have been published re-
cently (5, 6). Ras1 and Ras2, as well as Gap1, were not differentially
expressed in �hom2 and �fst4 dikaryons, and neither were these
differentially regulated in our analyses, reflecting an epistasis of
hom2/fst4 over gap1. This is also observed from our Ras1/Gap1
phenotypes in the formation of pseudolamellae and a block in
meiosis late in mushroom formation, while the aforementioned
transcription factors are involved in earlier steps of mushroom
formation. Among the genes in the Ras1 mutant T2G12V, epige-
netic processes were highlighted. Hence, interference with regula-
tion exerted by epistatic genes, including the earlier transcription
factors, is feasible.

Investigations in L. edodes had shown ras mRNA expression at
constitutive levels during fruiting body development, although an
increasing cAMP level was detected (21). In addition, spatially
differentiated expression of the two ras genes in different parts of
the fruiting body was shown in this mushroom-forming basidi-
omycete (55). Some other investigations had addressed intracel-
lular cAMP signaling. The application of caffeine leads to
increased intracellular cAMP levels (56). Interestingly, caffeine-
resistant mutants were shown to be phenocopying pheromone-
dependent mating reactions (56). This indicates that a change in
intracellular cAMP levels is involved in pheromone-dependent
signaling. As shown by intracellular cAMP measurements, cAMP
levels peak just before the formation of primordia. From the drop
just after peak values, an incremental increase during the rest of
development is seen (57). A connection between cAMP and UV-
A-dependent fruiting body development was observed for S. com-
mune by Yli-Mattila (58). Also, a light-induced increase in cAMP

FIG 9 Schematic model of the interconnection of the genes addressed in this
study with pathways in mating and development of S. commune. The genetic
background with mating type genes and the phenotypes associated with cen-
tral Ras signaling are specifically included. Yellow, functional groups of genes
regulated by Ras1; blue, regulation by Gap1; red, regulation by Cdc42; green,
regulation by Ras1/Gap1; purple, regulation by Gap1/Cdc42; gray, regulation
by Ras1/Gap1/Cdc42. TPK, tyrosine protein kinase.
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by the activation of adenylate cyclase during fruiting body forma-
tion was shown in C. cinerea (59). In our study, effects of UV or
daylight were not addressed.

In conclusion, by investigation of ras1 in this mushroom-
forming basidiomycete, Ras signaling was shown to influence the
growth rate, growth orientation, branching, nuclear migration,
nuclear distribution in mating interactions and in spore produc-
tion, clamp fusion, fruiting body morphology, spore production,
and meiosis (Fig. 9). The downstream signaling pathways in-
volved Cdc42 (exerting an influence on the cytoskeleton), cAMP
(mainly influencing fruiting body formation), and a MAPK cas-
cade (involved in pheromone response and clamp fusion). Target
genes point to chromatin remodeling and substantial cross talk
between signaling pathways. Thus, we show here for the first time
that Ras exerts an influence on different processes in features that
can be used to study all aspects of filamentous growth; mating
reactions, including nuclear distribution and migration; and
mushroom formation.
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