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I. Introduction

Fruiting bodies have evolved in the fungal king-
dom to produce and disperse sexual spores.
These reproductive structures of the Homoba-
sidiomycota generally contain specialised cells,
basidia, in which the genetically different
parental haploid nuclei fuse. The resulting
diploid cells immediately undergo meiosis to
form haploid basidiospores. In some cases,
diploid nuclei are already formed in the
vegetative mycelium, as in Armillaria species
(Ullrich and Anderson 1978; Grillo et al. 2000).
After discharge, germination of the haploid
basidiospores results in homokaryotic mycelia.
These mycelia can fuse and, depending on
an often complex system of mating-type genes
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(see Freihorst et al. 2016), produce a hetero-
karyotic mycelium that is fertile. Consequently,
it forms fruiting bodies under appropriate envi-
ronmental conditions. Basidiomycetes behav-
ing according to this scheme are in the
majority and are called heterothallic (i.e. self-
incompatible). From a teleological point of
view, this makes sense because it ensures that
the diploid basidia produce recombinant mei-
otic progeny. A minority of basidiomycetes
(about 10 %; Whitehouse 1949) are homothallic
(i.e. self-compatible). Recently, it was shown
that unisexual reproduction also creates diver-
sity (Ni et al. 2013), which would explain the
existence of homothallic species from an evolu-
tionary point of view.

This review discusses the regulation of
fruiting body formation in homobasidiomy-
cetes and the role structural proteins and
enzymes play in this process. Related topics
such as morphogenesis, cytology and mathe-
matical modelling are discussed in Wells and
Wells (1982), Moore et al. (1985), Wessels
(1993), Chiu and Moore (1996), Moore (1998),
Kiies (2000), Meskauskas et al. (2004). Fruiting
of commercially important species is reviewed
in van Griensven (1988), Kiies and Liu (2000),
Kothe (2001) and Sanchez (2010).

II. Development of Emergent
Structures

Formation of a Feeding Mycelium

Fruiting bodies develop from a vegetative
mycelium. Formation of this mycelium starts
with the germination of an asexual or sexual
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spore. Hyphae growing out of these spores
grow at their tips, while branching subapically
(Wessels 1986, 1990). Hyphal fusion promotes
the formation of an elaborate hyphal network
(Chap. 6 in The Mycota, Volume VTII).

The vegetative mycelium degrades and colo-
nises organic substrates by means of extracellu-
lar enzymes that are secreted at tips of growing
hyphae (Wosten et al. 1991; Moukha et al. 1993).
The degradation products are taken up and serve
as nutrients. They can also be transported to
other parts of the mycelium, which would
explain why some fungi can grow for consider-
able distances over nonnutritive surfaces (Jen-
nings 1984, see Chap. 9 in Volume I of The
Mycota, 1994). Mass transport of water and
nutrients through the mycelium implies that
the cytoplasm is continuous within the myce-
lium. This would be mediated by the large
pores (diameters up to 500 nm) within the
septa that compartmentalise hyphae. These
pores, however, are not always open, at least in
Schizophyllum commune (van Peer et al. 2009).
As many as 90 % of the subapical septa can be
closed when S. commune is growing on glucose-
containing medium. Septal closure is strongly
reduced when S. commune is grown in the
absence of this carbon source, while high tem-
perature, hypertonic conditions or exposure to
the antibiotic nourseothricin increase plugging
incidence. So far, the plugging state of septa has
not been assessed when S. commune (or other
basidiomycetes) grows under natural conditions
and how this affects long- and short-distance
transport of nutrients. Closure of the septal
pores is mediated by the septal pore cap (SPC)
(van Driel et al. 2008; van Peer et al. 2010).
Inactivation of spc33 that encodes a structural
SPC protein results in reduced vegetative growth
and retarded fruiting body formation (van Peer
et al. 2010). It was proposed that this is caused by
decreased turgor pressure due to the inability to
close the septal pores. Septal closure may also
allow for differentiation of hyphae within the
vegetative mycelium, as was shown in Aspergil-
lus niger (Wosten et al. 2013).

Translocation of water and nutrients is
essential for fruiting body development. Fruit-
ing body primordia of S. commune (Wessels
1965) and Coprinus cinereus (Coprinopsis

cinerea) (Moore 1998) can arise at the expense
of polymeric constituents of the supporting
mycelium, while expanding fruiting bodies
grow at the expense of both supporting myce-
lium and abortive fruiting body primordia. At
the moment, it is not clear how much of this is
due to movement of cytoplasm or to degrada-
tion and resynthesis of cellular components.
Woolston et al. (2011) showed in A. bisporus
that the heterologous protein B-glucuronidase
is transported from the vegetative mycelium
into the fruiting body. No evidence was
obtained for translocation of its mRNA.

Formation of Fruiting Bodies from the Vegeta-
tive Mycelium
Formation of fruiting bodies is a highly com-
plex developmental process. A generalised
scheme for formation of agaric fruiting bodies
such as those of C. cinereus (Moore 1998; Kiies
2000) is as follows: After a “critical mass” of
vegetative mycelium has been formed, hyphae
escape the substrate to grow into the air. These
aerial hyphae form aggregates, which are called
hyphal knots or nodules. Within the knots,
hyphae aggregate forming a fruiting body ini-
tial. These initials are the first fruiting body-
specific structures (Sanchez and Moore 1999;
Sanchez et al. 2004; Kiies et al. 2004). Initials
can further develop into primordia. Primordia
are characterised by the presence of all tissues
that occur in a mature fruiting body. Only a
fraction of the initials or primordia eventually
will grow out into mature fruiting bodies. Pos-
sibly, stochastic processes and competition for
translocated materials determine which initials
further develop. Alternatively, and not mutu-
ally exclusive, developing fruiting bodies may
repress outgrowth of neighbouring initials.
Such a mechanism was proposed based on the
observation that inactivation of fst3 of S. com-
mune resulted in a high number of fruiting
bodies. These Afst3 fruiting bodies were smaller
than those of the wild type (Ohm et al. 2010).
The lower part of primordia will develop
into the stipe of a mature fruiting body, while
the cap will be formed from the upper part.
Within the cap, different tissues develop,
which are not formed from meristems, as
in plants, but result from the interaction of
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individual hyphae. The hymenium is one of the
cap tissues, which consists of different cell
types including the basidia. In the basidia, kar-
yogamy and meiosis take place, ultimately
resulting in basidiospores. The complexity of
fruiting body development is also exemplified
by the fact that formation of the different tis-
sues overlaps in time. Moreover, cells in the
developing mushroom differ in diameter,
length, the number of septa, nuclei and
vacuoles and molecular composition (e.g. the
content of reserve carbohydrates; Moore 1998).
The different cell types are the result of loca-
lised growth as well as apoptosis (Umar and van
Griensven 1997; Wiemer et al. 2016).

Not all basidiomycetes follow the general
morphogenetic pathway of fruiting body for-
mation (Reijnders and Stafleu 1992; Watling
1996; Clémongon 1997). For instance, the fruit-
ing bodies of S. commune (Fig. 15.1) result from
indeterminate growth of fruiting body primor-
dia. Expansion of the cup-shaped primordia is
not the result of intercalary growth but is due to
continued apical growth and differentiation of
hyphae in the primordium (Wessels 1993).
Despite the variety in developmental pro-
grammes, their underlying regulation seems to
be conserved, at least partly (see Sects. II1.B and
IILC).

ITI. Regulation of Fruiting Body
Formation

A. Environmental Signals

Aerial growth is accompanied by drastic
changes in exposure to oxygen, CO, and light.
These environmental factors can exert a pro-
found influence on fruiting body development.
Moreover, temperature, humidity, volatiles,
pH, salinity and availability of nutrients may
play a decisive role (Madelin 1956; Manachere
1980; Kiies and Liu 2000; Eastwood et al. 2013).

Fig. 15.1 Fruit body development of S. commune.
Aerial hyphae (a) aggregate into stage I aggregates
(b) from which stage II primordia develop (c). These
primordia form cup-shaped structures (d) that further
differentiate into mature fruiting bodies (e)
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The development of fruiting bodies is often, if
not always, the result of a combination of envi-
ronmental conditions. For instance, fruiting in
Lentinula edodes is induced by light, moisture
and low temperature (Ishikawa 1967; Matsu-
moto and Kitamoto 1987; Nakazawa et al.
2008). In the case of Agaricus bisporus, it was
proposed that the volatile 1-octen-3-ol controls
the early differentiation of vegetative hyphae to
multicellular knots. A drop in temperature
would subsequently control the differentiation
of primordia in this basidiomycete, while the
carbon dioxide level would determine the num-
ber of fruiting bodies that develop (Eastwood
et al. 2013). Molecular mechanisms underlying
regulation of fruiting by CO, and light have
been studied in some detail. This will be dis-
cussed in the following sections.

Carbon Dioxide as a Signal for Fruiting Body
Formation

CO, represses fruiting body development in a
variety of basidiomycetes including A. bisporus
and S. commune (Niederpruem 1963; Raudas-
koski and Viitanen 1982; van Griensven 1988;
Eastwood et al. 2013). Carbonic anhydrase most
likely functions in CO, sensing by converting
this molecule in bicarbonate (HCO; ) (Bahn
and Muhlschlegel 2006). This molecule stimu-
lates adenylyl cyclase activity in Candida albi-
cans and Cryptococcus neoformans (Klengel
et al. 2005; Mogensen et al. 2006). Adenylyl
cyclase may also be involved in CO, sensing in
fruiting body formation (Eastwood et al. 2013).
In agreement, high levels of intracellular cAMP,
the product of adenylyl cyclase, resulting from
expression of dominant active G protein a-sub-
units (SCGP-A and SCGP-C) reduce fruiting in
S. commune (Yamagishi et al. 2002, 2004).

Light as a Signal for Fruiting Body Formation

Induction of primordia would be the only light-
sensitive step in S. commune (Perkins 1969;
Raudaskoski and Yli-Mattila 1985). Illumina-
tion for a few minutes was reported to be
sufficient to induce primordia and, as a conse-
quence, fruiting body development. However,
recently, it was found that at least two develop-

mental stages require light exposure at 2000
lux. Light is required for aggregate formation
and for maturation of fruiting bodies (JF Pelk-
mans, unpublished data). Light is also required
for several stages of fruiting body development
in, for example, Coprinus congregatus (Mana-
chere 1988) and C. cinereus (Tsusué 1969; Lu
1974; Kamada et al. 1978). Fruiting body forma-
tion in C. cinereus has at least five light-
sensitive phases (Kiies 2000; Lu 2000). Light is
needed for the formation of initials, for matu-
ration of primordia and for karyogamy. On the
other hand, it negatively impacts hyphal knot
formation and completion of meiosis. Thus, for
fruiting bodies to develop, cycles of light and
darkness are required. Light effects are local
and are not spread systemically (Madelin
1956; Kertesz-Chaloupkova et al. 1998).

Light is not required for the formation of
mushrooms in A. bisporus. On the other hand,
blue light initiates fruiting body formation in C.
cinerea and S. commune (Perkins 1969; Durand
1985). The molecular mechanisms underlying
blue light regulation in these basidiomycetes
have been partly elucidated. Yet, blue light reg-
ulation is much better understood in Aspergil-
lus  nidulans and  Neurospora crassa
(Purschwitz et al. 2006; Bayram et al. 2010).
We here briefly discuss what is known about
light signalling in A. nidulans in relation to
sexual development to illustrate how light sig-
nalling may operate in fruiting body formation
in basidiomycetes. A. nidulans forms fruiting
bodies preferentially in the dark. The phyto-
chrome FphA is a red light receptor that
represses sexual development (Blumenstein
et al. 2005), while the blue light LreA/LreB
receptor complex stimulates this process. The
latter is concluded from inactivation of IreA or
IreB (Purschwitz et al. 2008). Yet, light-
regulated development is more complex as evi-
denced by the finding that fruiting body forma-
tion in a strain in which IreA, IreB and fphA are
inactivated is less affected than in the AlreA and
the AlreB strains. LreA, LreB and PhyA form a
light-sensing complex that also includes an
activator of sexual development called VeA
(Kim et al. 2002). VeA is also part of a complex
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with VelB, LaeA and VosA as core components
(Bayram et al. 2010). Like the AveA strain, the
AvelB strain does not form fruiting bodies
(Bayram et al. 2008b). LaeA is a negative regu-
lator of sexual development (Sarikaya Bayram
et al. 2010) as evidenced by the finding that
fruiting body development in the AlaeA strain
is markedly increased in the light. Finally, A.
nidulans has a second blue light sensor, CryA
(Bayram et al. 2008a). CryA functions as a neg-
ative regulator of sexual development probably
by integrating near-UV and blue light, resulting
in repression of VeA-mediated initiation of sex-
ual development.

C. cinerea has homologues for LreA, LreB,
VeA, VelB, LaeA, a phytochrome and a
cryptochrome-like photolyase. The role of
these proteins is not yet known except for the
LreA and LreB homologues, Dstl and WC-2,
respectively (Terashima et al. 2005; Nakazawa
etal. 2011). Gene dst2 has also been proposed to
be a photomorphogenic protein based on its
phenotype (Kuratani et al. 2010). Genes dstI,
we-2 and dst2 were identified in a homokaryotic
fruiting strain (i.e. with constitutively active A
and B mating-type pathways). This strain
shows aberrant photomorphogenesis in that it
forms dark stipes when grown continuously in
the dark (Kamada et al. 2010). In other words,
this strain does not need light for induction of
initials but requires light for primordia matu-
ration. Dark stipes in the wild type are obtained
when cultures containing primordia are trans-
ferred to the dark. The pileus and stipe tissues
at the upper part of the primordium remain
rudimentary in the case of dark stipes, but the
basal part of the primordium does elongate.
Inactivation of dstl, wc-2 or dst2 in the homo-
karyotic fruiter impaired fruiting body devel-
opment and resulted in the dark stipe
phenotype when subjected to light.

The genome of S. commune contains ortho-
logues of IreA, IreB, a putative cryptochrome, a
phytochrome and genes encoding homologues
of VeA, VelB and LaeA (Ohm et al. 2010).
Moreover, S. commune contains a homologue
of dst2. Genes wc-1 and wc-2 represent the IreA
and IreB homologues of S. commune. Inactiva-
tion of these genes results in a blind phenotype.
Dikaryons with both copies of wc-1 or we-

2 inactivated behave like monokaryons, unable
to form mushrooms in white or blue light (Ohm
et al. 2013; Fig. 15.2). The WC-1 and WC-2-
proteins contain two and one protein-binding
Per-Arnt-Sim (PAS) domain, respectively. One
of the PAS domains in WC-1 is a modified
version, called a light-oxygen-voltage (LOV)
domain. This domain is expected to bind flavin
adenine dinucleotide (FAD), which is a chro-
mophore that detects blue light. The WC-2-
protein has a predicted zinc finger domain of
the GATA type. These data suggest that WC-1 is
the light receptor, while WC-2 would have a
role as a transcriptional regulator. Compared
to the wild type, 183 and 244 genes are more
than twofold up- and downregulated in the
Awc-2Awc-2  dikaryon, respectively (Ohm
et al. 2013). Hydrophobin genes are overrepre-
sented in the downregulated genes (see Sect. IV.
A). Moreover, expression of the transcription
factor genes c2h2 and homl, known to be
involved in fruiting body development (Ohm
et al. 2011) (see Sect. III.C), is decreased in the
Awc-2Awc-2 dikaryon. Gene cryl is also down-
regulated in the Awc-2Awc-2 dikaryon. This
suggests that the encoding cryptochrome/
photolyase plays a role in photobiology of S.
commune (Ohm et al. 2013).

B. Mating-Type Genes as Master Regulators

Heterokaryons of heterothallic basidiomycetes
are generally the life stage capable of fruiting.
Fertile heterokaryons are the result of a mating
between two homokaryons that have different
mating-type genes (for further details, see Frei-
horst et al. 2016). Homokaryons of S. commune
and C. cinereus contain one nucleus in each
hyphal compartment and are therefore called
monokaryons. On the other hand, the hetero-
karyons contain two nuclei (one of each mating
partner) in each hyphal compartment and
are, therefore, called dikaryons. The dikaryons
of S. commune and C. cinereus are characterised
by a clamp connection at each septum,
which is formed during synchronous mitotic
division of the two nuclei (Kiies et al. 2016).
Nuclear distribution and the presence of clamp
connections are variable in heterobasidiomy-



392 J.F. Pelkmans et al.
Establishment of Asymmetrical Aggregate Primordia Mushroom tissue
fertile dikaryon colony formation formation formation formation
a h T PELLA. ) -_ A 4
w i 2 ] Dikaryon
S] Auto- i
@ ‘ 'nh‘rlb("tor specific
0o i Ir' hydrophobins
K i A 3 K
Mating type ‘ Hom2 / C2h2
§ genes | 4 —
© WC-2 I v
o L | |
éﬁ A )
jadi B M
1]
£ | wea
g
B | Thn
v

Fig. 15.2 Model of regulation of fruiting body forma-
tion in S. commune. Depicted are transcription factors
and proteins involved in signalling as have been inves-
tigated in S. commune. Thick lines represent develop-
mental stages in which these genes are involved. Thin

cetes. The homokaryon of Agaricus bitorquis is
multikaryotic, while the fertile heterokaryon is
dikaryotic but without clamp connections
(Raper 1976). The fertile heterokaryon of A.
bisporus grows directly from a basidiospore
that contains two nuclei with different mating
types. The heterokaryon is multikaryotic and,
like A. bitorquis, has no clamp connections
(Raper et al. 1972).

The mating-type genes are the master
regulators of sexual development (see also
Freihorst et al. 2016). When two homokaryons
with different alleles for the A and B mating-
type loci (in S. commune called MATA and
MATB) fuse, a heterokaryon is formed with
the potential to fruit. Nuclei that are exchanged
migrate to the apical compartment of the recip-
ient hypha, which is accompanied by septal
dissolution. In the apical compartment, the
donated and recipient nuclei pair and hyphal
dissolution is switched off. In fact, new septa
are formed that are more resistant to dissolu-
tion and which physically prevent nuclear
migration (Wessels and Marchant 1974). The
nuclei in a dikaryotic hyphal compartment
divide synchronously. Nuclear division is

lines represent interaction between transcription fac-
tors, as indicated by whole genome expression analysis
(Ohm et al. 2011, 2013). Dotted lines represent regula-
tion of target genes that are involved in specific stages
of development

accompanied by the formation of clamps. As a
result, the apical and the subapical compart-
ments contain nuclei of both mating types.
The molecular structure of the mating-type
loci has been uncovered in, for instance, S. com-
mune and C. cinereus (for a detailed overview
and references, see Dyer et al. 2016). The A genes
of these fungi encode homeodomain proteins of
the HD1 and HD2 type. In heterokaryons with
nuclei containing different A genes, these pro-
teins form heterodimers that are active in clamp
development and the initial pairing and migra-
tion of compatible nuclei. On the other hand, the
B genes of C. cinereus and S. commune encode
pheromones and G-coupled pheromone recep-
tors. In heterokaryons with nuclei containing
different B genes, pheromones from one nucleus
interact with receptors encoded by the other
nucleus and vice versa. These genes are involved
in exchange and migration of the nuclei as
well as fusion of the hook cell. Homokaryotic
mutant strains have been isolated with a consti-
tutive active A mating-type gene (referred to as
MATA®" in S. commune, Amut in C. cinereus)
and/or B mating-type gene (referred to as
MATB®" in S. commune, Bmut in C. cinereus)
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(Raper et al. 1965; Koltin 1970; Swamy et al.
1984). Activity of these loci is thus independent
of a compatible allele donated by a sexual part-
ner. The S. commune MATA®"MATB" dikar-
yotic homokaryon can form fruiting bodies.
Likewise, AmutBmut homokaryons of C. ciner-
eus form fruiting bodies like wild-type dikaryons
(Swamy et al. 1984; Boulianne et al. 2000). Muta-
tions in the pccl gene of C. cinereus can also lead
to fruiting in homokaryons (Uno and Ishikawa
1971; Muraguchi et al. 1999). The product of pccl
has been proposed to be a negative regulator of
the A mating-type pathway (Kamada 2002; see
below). The frtl gene of S. commune also initi-
ates fruiting in a homokaryon. Certain homo-
karyons with introduced copies of this gene start
to fruit independent of the mating-type loci (see
next section).

S. commune and C. cinereus are examples of
tetrapolar species that have two unlinked
mating-type loci. Bipolar species exist within
the agaricomycetes as well, where the B locus
has lost its ability to distinguish self from non-
self (James et al. 2006). This is in contrast to
bipolar basidiomycetes that have linked all
mating-type genes on a single locus (Bakkeren
and Kronstad 1994; Lengerer et al. 2002).

C. Other Regulatory Genes

Regulatory Genes in Establishment of the Dikar-
yotic Mycelium

Establishment of the dikaryotic mycelium
strongly impacts gene expression. For instance,
26 % of the genes of S. commune show a fold
change of two or more upon mating (Erdmann
et al. 2012). The A and B pathways regulate
27 % and 42 % of these genes, respectively,
while the remaining 31 % are controlled by
both mating-type loci. Among the A-activated
genes is cIp3, a homologue of clpI in C. cinereus
(Inada et al. 2001). The latter gene was isolated
by complementation of an AmutBmut mutant
homokaryon that did not form clamps. Expres-
sion of clpl also depends on the A genes.
Clamps are made independently from the
homeodomain heterodimer when clpl is
expressed from a constitutive promoter. The

mode of action of Clpl is not known, and it
does not contain any known structural motifs.
Gene pccl (see previous section) is another
gene that seems to be part of the A-regulated
pathway (Murata et al. 1998). A homokaryotic
strain with a mutated copy of this gene forms
pseudoclamps, and it has the capacity to form
fully differentiated fruiting bodies. These data
and its expression in a wild-type homokaryon
indicate that pccl is a repressor of the fruiting
pathway in the absence of a functional A com-
plex (i.e. in the homokaryon). Gene pccl likely
encodes a transcription factor because of its
HMG box motif and nuclear localisation signal.
The presence of pheromone-responsive ele-
ments in the pccl promoter suggests that it is
a pheromone-responsive gene. Indeed, it is
upregulated by a compatible B-mating interac-
tion (Murata et al. 1998). The fact that pccl is
also upregulated by an activated A gene sug-
gests that Pccl coordinates the activities of the
A and B genes (Murata et al. 1998). This
hypothesis is supported by the finding that the
pccl mutant homokaryon has the potential to
form fruiting bodies. It has been suggested that
the repressor activity of pccl is released by a
compatible A gene interaction via clpl
(Kamada 2002).

FRT1 is a putative nucleotide-binding pro-
tein with a P-loop motif (Horton and Raper
1995). Its gene was identified by its fruiting phe-
notype when transformed into certain homokar-
yons of S. commune (Horton and Raper 1991).
Experimental evidence indicates that homokar-
yotic strains that start to fruit have an endoge-
nous frtl allele of a different kind (designated
frt1-2; Horton et al. 1999). In contrast, strains
possessing frtl-1 do not fruit when transformed
with this allele (Horton and Raper 1991). Homo-
karyons in which the frt1 gene is disrupted are
more fluffy compared to wild-type strains, and
the Afrt] aerial hyphae aggregate (Horton et al.
1999) as observed during the first stages of fruit-
ing body development (Raudaskoski and Vauras
1982; van der Valk and Marchant 1978). This is
accompanied by increased expression of the
dikaryon-specific genes scI and sc4 (see Sect. IV).
From these data, it was proposed that FRTI is
part of a signal transduction pathway that
represses expression of dikaryon-specific genes
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in the monokaryon (Horton and Raper 1995).
However, the absence of FRT1 is not sufficient to
initiate full development of fruiting bodies. How
can haploid fruiting be explained when frti1-1 is
transformed into a frt1-2 strain? It has been
proposed that these proteins dimerise and by
this relieve repression of the dikaryon-specific
genes. The heterodimer would also activate
genes, resulting in the formation of mature fruit-
ing bodies (Horton et al. 1999). Note that the
absence of frt1 did not affect fruiting in the
dikaryon (Horton et al. 1999). This suggests
that frtl is not a component of the pathway
that leads to formation of fruiting bodies in the
dikaryon.

Highly conserved small G proteins, called
Ras, play an essential role in intracellular sig-
nalling (e.g. the MAPK, cAMP and Cdc42 sig-
nalling pathways). Two ras genes have been
identified in nearly all fungi. The Ras protein
exists in a GTP-bound active form and a GDP-
bound inactive form. Guanine nucleotide
exchange factors (GEFs) and GTPase-activating
proteins (GAPs) promote interconversion of
the active and inactive forms of Ras, respec-
tively. Deletion of gapl of S. commune resulted
in hampered clamp, gill and spore formation
(Schubert et al. 2006). Constitutively activated
Rasl resulted in dysfunctional dikaryotization,
as nonself nuclei were not accepted. Further-
more, growth orientation, branching, fruiting
body morphology and spore formation were
affected (Knabe et al. 2013). Since deletion of
gapl increases Rasl activity, an overlap of phe-
notypical traits with the rasl overexpression
strain is expected. Indeed, PKA levels were
increased in both strains, linking these proteins
to the cAMP signalling pathway. Expression
analysis of above-mentioned transformant
strains and a constitutively active Cdc42
mutant, involved in the MAPK pathway,
revealed an overlap in target genes. This
implies that Rasl is also involved in MAPK
signalling in S. commune (Weber et al. 2005).

Regulatory Genes Involved in Fruiting Body For-
mation in the Heterokaryon

The thnl gene of S. commune acts early in the
developmental pathway of fruiting body forma-
tion. A mutation in thnl leads to pleiotropic

effects including the absence of aerial growth
in the homokaryon and, when homozygous, in
the dikaryon (Raper and Miles 1958; Schwalb
and Miles 1967; Wessels et al. 1991b). Thus,
both aerial hyphae and fruiting body formation
are affected. Thnl is a putative Regulator of G-
protein signaling protein that interacts with a
Go subunit of a heterotrimeric G protein. Such a
protein converts an active GTP-bound Go sub-
unit into an inactive GDP-bound Go. It was
therefore proposed (Fowler and Mitton 2000)
that thnl regulates a heterotrimeric G protein
signalling pathway that functions in the deci-
sion of the vegetative mycelium to start the
development of aerial hyphae and fruiting bod-
ies. This function would be similar to that of
FIbA in A. nidulans (Lee and Adams 1994).
Transcriptome analysis of a thn mutant showed
114 genes, mostly involved in cellular responses
that were affected by the mutation. This is in
agreement with a role in G protein signalling
(Erdmann et al. 2012). Most of the pleiotropic
effects of the thn mutation are overcome by
growing the mutant near a wild-type colony
(Schuren 1999). A diffusible molecule smaller
than 8 kDa would be responsible for this effect
and may be part of the signalling cascade.

A set of transcription factor genes has been
identified that is involved in different stages of
fruiting body development in S. commune
(Fig. 15.2) (Ohm et al. 2010, 2011, 2013). Inacti-
vation of the homeodomain gene hom2 results
in symmetrical monokaryon-like colonies that
form aerial hyphae but do not form aggregates,
primordia and mature fruiting bodies. Fst4 is a
zinc finger transcription factor positioned
downstream of Hom2. Deletion of its encoding
gene results in irregular dikaryon-like colonies
that form aerial hyphae but do not form aggre-
gates. Zinc finger protein C2h2 is involved in
primordia formation. Inactivation of its encod-
ing gene gives rise to irregular colonies that
form aerial hyphae and aggregates. Deletion
strains of fst3, gatl and homl do form fruiting
bodies. However, these fruiting bodies are
smaller and are produced in a higher number.
It was proposed that Fst3, a fungal-specific
transcription factor, is a local repressor of pri-
mordia formation (Ohm et al. 2010). This
would imply the existence of communication
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between developing fruiting bodies. Such com-
munication would ensure full outgrowth of
mushrooms when resources are limited. Gatl,
a GATA-type zinc finger protein, and Homl, a
homeodomain protein, might play a role in the
expansion of the fruiting body. Expansion of
fruiting bodies will go at the expense of out-
growth of neighbouring aggregates because of
limited resources. Such a mechanism would not
require communication between fruiting bod-
ies. The ichl gene of C. cinereus also acts at later
stages of fruiting body formation. Cap differen-
tiation is blocked at an early stage of fruiting
body differentiation in the ichl mutant (Mur-
aguchi and Kamada 1998). In contrast to wild-
type primordia, no rudimentary pileus is
observed in the primordial shaft of the ichl
mutant. The precise role of the gene is not yet
known. It encodes a protein that contains a
nuclear targeting signal and an S-adenosyl-1-
methionine (SAM)-binding motif (Kiies 2000),
being characteristic for the enzyme family of
methyltransferases (Faumann et al. 1999).

The model presented in Fig. 15.2 could also
apply to other mushroom-forming fungi. The
hom2, homl1, fst3, fst4, c2h2 and gatl genes are
basidiomycete-specific regulators (Todd et al.
2014). These and the other S. commune tran-
scription factors that are involved in fruiting
body development have homologues in Lac-
caria bicolor and in A. bisporus (Ohm et al.
2010; Morin et al. 2012). Similarly, homologues
of ichl are present in S. commune and A. bis-
porus. Gene expression analysis of A. bisporus
revealed 22 genes with homologues in S. com-
mune that were significantly upregulated in
mature fruiting bodies. This group includes
fst3, fst4, c2h2 and homl. Similarly, homolo-
gues of hom2, fst4, fst3, gatl and homl showed
similar expression in L. bicolor (Morin et al.
2012), while homologues of c2h2, fst3, homl
and gatl showed similar expression in C. ciner-
eus (Plaza et al. 2014).

Whole genome expression analysis
revealed that 284 genes are differentially
expressed in the monokaryotic stage of S. com-
mune (Ohm et al. 2010), whereas 128 genes are
differentially expressed during the aggregate
stage. Genes involved in hydrophobins, protein
and energy production are upregulated during

aggregation, while genes involved in signal
transduction, gene regulation, carbohydrate
metabolism and cell wall biogenesis are
downregulated. 467 genes were differentially
expressed during primordia formation.
Upregulated genes are involved in signal
transduction, gene regulation, carbohydrate
metabolism and cell wall biogenesis. Protein
and energy production are downregulated. Of
the 128 differentially expressed genes during
fruiting body maturation, fatty acid metabolism
is upregulated, while gene regulation and glu-
cose, alcohol and amino acid metabolism are
downregulated (Ohm et al. 2010). The high
number of genes exclusively expressed during
primordia development suggests this is a cru-
cial developmental switch.

D. Nuclear Positioning

The scl, sc4 and sc6 hydrophobin genes (see
Sect. IV.A) as well as sc7 and scl4 are expressed
in dikaryons (MATA-on MATB-on) of S. com-
mune but not in monokaryons (MATA-off
MATB-off) and MATA-on MATB-off or MATA-
off MATB-on mycelia (Mulder and Wessels 1986;
Wessels et al. 1995). In contrast, the sc3 hydro-
phobin gene is active in the monokaryon and is
downregulated in a MATA-off MATB-on myce-
lium (Asgeirsdéttir et al. 1995). From this, it is
expected that sc3 would also be inactive in dikar-
yons (i.e. MATA-on MATB-on). Indeed, sc3
mRNA levels are reduced in a fruiting dikaryon.
However, under non-fruiting conditions (e.g.
high CO, and darkness), high sc3 expression is
observed, while expression of scl, sc4, sc6, sc7
and sc14 is relatively low (Wessels et al. 1987).
Apparently, the MATB pathway, and possibly
also the MATA pathway, is not active in at least
part of the dikaryotic mycelium. This was
explained by a regulatory mechanism that varies
the distance between the nuclei in compartments
of dikaryotic hyphae (Schuurs et al. 1998). The
distance of nuclei in dikaryotic aerial hyphae is
relatively large (>8 um) and correlates with high
sc3 expression. In contrast, nuclear distance in
fruiting bodies is small (<2 pum), correlating
with low sc3 and high sc4 expression. Increased
distance of the nuclei (>4 um) would inactivate
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the MATB-on pathway, and possibly also the
MATA-on pathway, resulting in a monokaryon-
like gene expression (Wessels et al. 1998).

IV. Structural Proteins and Enzymes
Involved in Fruiting

A. Hydrophobins

Hydrophobins are secreted proteins that fulfil a
wide spectrum of functions in fungal growth
and development (Wessels 1997; Wosten and
Wessels 1997; Wosten 2001, see Chap. 7 in
Volume VIII, The Mycota). Class I and class II
hydrophobins are distinguished based on
hydropathy patterns and solubility characteris-
tics (Wessels 1994). Basidiomycetes only have
class I hydrophobins. These hydrophobins can
affect hyphal wall composition in a soluble state
(van Wetter et al. 2000b). However, most func-
tions of these hydrophobins are based on their
property to self-assemble into an amphipathic
membrane at hydrophilic/hydrophobic inter-
faces (Wosten et al. 1993, 1994a, b, 1995,
1999). This ~10 nm thick membrane is highly
insoluble and consists of a mosaic of amyloid-
like fibrils called rodlets (Wosten et al. 1993;
Wosten and de Vocht 2000; de Vocht et al. 2002;
Butko et al. 2001; Scholtmeijer et al. 2009).
Upon self-assembly at the interface between
the hydrophilic cell wall and a hydrophobic
environment (the air or the hydrophobic sur-
face of a host), the hydrophilic side of the
amphipathic membrane will face the cell wall,
while the hydrophobic side becomes exposed.
Aerial hyphae and spores thus become hydro-
phobic, while hyphae that grow over a hydro-
phobic substrate become attached.

The role of hydrophobins in mushroom-
forming fungi has been best studied in S. com-
mune. This fungus contains 13 hydrophobin
genes (Ohm et al. 2010) including scI, sc3, sc4
and sc6 (Mulder and Wessels 1986; Schuren and
Wessels 1990; Wessels et al. 1995; de Vocht
et al. 1998). The scl, sc4 and sc6 hydrophobin
genes are dikaryon-specific and are regulated
by the mating-type genes (Ruiters et al. 1988),
fbf (Springer and Wessels 1989), thn (Wessels
et al. 1991b) and transcriptional regulators

involved in pre-aggregate development wc-2,
hom2 and fst4 (Ohm et al. 2011, 2013). On the
other hand, sc3 is expressed both in the mono-
karyon and the dikaryon (see Sect. IIL.D). It is
regulated by thn, wc-2, hom2 and fst4 but not by
fbf. Hydrophobins make up 6-8 % of protein
synthesised by S. commune at the time of emer-
gent growth (Wessels et al. 1991a, b). So far, the
roles of SC3 and SC4 have been established and
they will be discussed below.

Expression of sc3 in monokaryons is
induced after a feeding mycelium has been
established (Mulder and Wessels 1986). SC3
secreted by submerged hyphae self-assembles
at the medium-air interface, which is accompa-
nied by a huge drop in water surface tension.
This enables hyphae to breach the interface of
the aqueous environment and the air to form
aerial hyphae (Wdsten et al. 1999). The water
surface tension remains high in a Asc3 strain
and only few hyphae can escape the aqueous
environment. In other words, in the absence of
sc3 expression, hyphae are forced to grow in the
aqueous substrate. Expression of sc3 is thus a
main event in the onset of aerial growth. How
the mycelium senses that the feeding mycelium
is large enough to be able to support aerial
growth by switching on SC3 production
remains to be solved (Wosten and Willey
2000). SC3 secreted by aerial hyphae cannot
diffuse into the medium but will be confronted
with the cell wall-air interface. As a result, SC3
assembles at the surface of these hyphae
making them hydrophobic (Wdsten et al.
1994a). SC3 also lowers the water surface ten-
sion in the dikaryon allowing aerial hyphae to
grow into the air (van Wetter et al. 2000a). The
amount of SC4 in the medium is too low to
complement for the absence of SC3 in a
Asc3Asc3  dikaryon. SC3 also coats aerial
hyphae of the dikaryon and hyphae at the
outer surface of fruiting bodies (Asgeirsdottir
et al. 1995). SC4, but not SC3, is located in the
fruiting body context, in which it lines air chan-
nels that traverse the plectenchyma (Lugones
et al. 1999). The air channels of Asc4Asc4 fruit-
ing bodies readily fill with water in the absence
of a hydrophobic coating (van Wetter et al.
2000a). SC4 thus ensures gas exchange in the
fruiting body tissue under moist conditions.
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The ABHI hydrophobin of A. bisporus
(Lugones et al. 1996; de Groot et al. 1996) is
an orthologue of SC4 of S. commune. Expres-
sion of abhl starts prior to primordia forma-
tion and remains high during primordia and
fruiting body formation (Eastwood et al.
2013). The protein not only lines air channels
in the fruiting body tissue (Lugones et al. 1999)
but also coats the outer surface of the mush-
room (Lugones et al. 1996). The HypB hydro-
phobin of A. bisporus is located at the border of
the cap and the stipe tissue and has been
proposed to protect the mushroom against bac-
terial infection (de Groot et al. 1999).

The presence of multiple hydrophobin
genes not only enables the fungus to produce
hydrophobins at different stages of develop-
ment (Kershaw et al. 1998) but also to form
hydrophobins that are tailored to fulfil specific
functions (van Wetter et al. 2000a). SC4 can
substitute for SC3 in the formation of hydro-
phobic aerial hyphae, but hyphal attachment to
hydrophobic surfaces is only partially restored.
This is explained by a lower affinity of assem-
bled SC4 for the cell wall of adhering hyphae
when compared to SC3. Possibly, this is related
to sugar-binding specificities of these hydro-
phobins (van Wetter et al. 2000a). The exposed
carbohydrates of cell walls of aerial hyphae and
hyphae in the fruiting body tissue may be dif-
ferent, requiring different lectin specificities to
ensure strong binding to the cell wall. Evolution
of hydrophobins to fulfil specific functions is
also indicated by sequence analysis. SC3 of S.
commune (de Vocht et al. 1998), ABH3 of A.
bisporus (Lugones et al. 1998), COH1 of C.
cinereus (Asgeirsdéttir et al. 1997) and POH1
of P. ostreatus (Asgeirsdéttir et al. 1998) that all
function in the formation of aerial hyphae are
more related to each other than SC3 and ABH3
to other hydrophobins of S. commune and A.
bisporus, respectively. Similarly, the fruiting
body-specific hydrophobins of S. commune
cluster with HypB (de Groot et al. 1999), ABHI
and ABH2 (Lugones et al. 1996; de Groot et al.
1996) of A. bisporus.

With the established roles of SC3, SC4 and
ABHI1, we are only at the beginning of our
understanding of the functions of hydropho-
bins in fruiting. Dikaryons express several

hydrophobins at the same time that may have
specific properties and/or are expressed at a
particular place. For instance, it has been sug-
gested that hydrophobins could be involved in
aggregating aerial hyphae during fruiting body
morphogenesis (see Chap. 21 in Volume I
1994). The situation is even more complex by
the presence of proteins that can substitute for
hydrophobins. For example, the SC15 protein
can partly rescue the reduction of surface ten-
sion of the culture medium by SC3 (Lugones
et al. 2004).

B. Lectins

Lectins are carbohydrate-binding proteins that
play diverse roles in fungi (Singh et al. 2010).
For instance, they function in parasitism
against plants and insects, in predation of soil
nematodes and in early stages of ectomycorrhi-
zal symbiosis. Expression of galectin lectins is
upregulated in multiple stages of fruiting in C.
cinereus and Agrocybe aegerita (Boulianne et al.
2000; Luan et al. 2010). They may play a role in
mushroom defence against predators and para-
sites but also seem to play a role in mushroom
development. Addition of the galectin AAL of
A. aegerita to an established mycelium induces
aggregation and primordia formation both in
A. aegerita and Auricularia polytricha (Sun
et al. 2003; Luan et al. 2010). In contrast, the
presence of the galectin at the moment of inoc-
ulation results in growth inhibition and repres-
sion of fruiting (Luan et al. 2010). These data
show that temporal expression of galectins is
important for their role in mushroom develop-
ment.

C. Haemolysins

Haemolysins are pore-forming proteins that
are known for their ability to lyse red blood
cells. Aggregation of haemolysins in the plasma
membrane results in ~4 nm wide pores that
permeabilise the membrane (Nayak et al.
2013). Fungal homologues have been identified
in the basidiomycetes A. aegerita (Fernandez
Espinar and Labarere 1997; Berne et al. 2002),
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P. ostreatus (Berne et al. 2002) and S. commune
(Han et al. 2010). There is a strong evidence for
the involvement of haemolysins in fruiting
body formation. These proteins are specifically
expressed in primordia and young fruiting
bodies of A. aegerita and P. ostreatus (Vidic
et al. 2005). In both species, the concentration
of protein is highest at the edge of lamellae, in
basidia and in developing basidiospores.
Notably, external addition of the haemolysin
ostreolysin of P. ostreatus to mycelium boosts
fruiting initiation in this fungus and increases
quantity and size of fruiting bodies (Berne et al.
2007).

D. Oxidative Enzymes

A role for laccases in oxidative cross-linking of
hyphae in polypores, which become pigmented
and woody by oxidation of phenolic com-
pounds, was already proposed in 1967 (Bu’Lock
1967; Bu’Lock and Walker 1967). However, so
far, proof of a role in mushroom development
is lacking. Evidence for a role of cytochrome
P450 enzymes in fruiting body formation is
available. The eln2-1 mutant of C. cinereus was
isolated in a screen for developmental mutants
(Muraguchi et al. 1999). This mutant is charac-
terised by dumpy fruiting body primordia. Cell
morphogenesis and tissue organisation are
affected in the primordial shaft of the eln2-1
mutant. As a result, the mature fruiting bodies
have short stipes (Muraguchi and Kamada
2000). The eln2 gene is constitutively expressed
and encodes a novel type of cytochrome P450
enzyme. These enzymes are involved in the
oxidative, peroxidative and reductive metabo-
lism of numerous compounds. A deletion of 18
amino acids at the C-terminus is the cause of
the mutant phenotype. Muraguchi and Kamada
(2000) gave three explanations to explain the
mutant phenotype. A changed catalytic activity
may produce a toxic compound that affects
development in the primordial shaft. Alterna-
tively, activity of the truncated enzyme may not
result in a product that is normally instrumen-
tal in development. Finally, the mutant enzyme
may overproduce a normal metabolite or pro-
duce superoxide radicals.

E. Expansins

Expansins are nonenzymatic proteins that
induce cell wall extension and cell wall modifica-
tion (McQueen-Mason et al. 1992; Cosgrove
2005). These proteins are believed to act by dis-
rupting non-covalent interactions between car-
bohydrate polymers (McQueen-Mason and
Cosgrove 1995). Expansins were originally
found in plants, but homologues have also been
identified in fungi. Basidiomycetes do not appear
to have strict homologues of expansins. Instead,
they have expansin-like proteins named loosen-
ins with an N-terminal domain similar to that of
plant expansins. LOOSI was first isolated from
the basidiomycete Bjerkandera adusta (Quiroz-
Castafieda et al. 2011), but they also occur in, for
instance, S. commune, A. bisporus, C. cinereus
and L. bicolor (Suzuki et al. 2014). The main
function of expansin(-like) proteins in fungi is
believed to facilitate degradation of plant-
derived substrates. However, evidence accumu-
lates that these proteins also play a role in mor-
phogenesis and cell wall modification. Deletion
of the expansin-like gene eglD in A. nidulans
results in increased resistance against lysing
enzymes. This observation combined with the
exclusive presence of EgID in conidial cell walls
suggests that this protein is involved in cell wall
remodelling during germination (Bouzeralou
et al. 2008). In basidiomycetes, repression of
stipe wall extension by heat in F. velutipes and
C. cinereus could be rescued by a snail expansin-
like protein (Fang et al. 2014; Zhang et al. 2014).
This suggests that expansin(-like) proteins are
involved in the extension of fruiting bodies.

V. Conclusions

Establishment of the dikaryotic mycelium and
formation of fruiting bodies are highly complex
developmental programmes that are activated
by a combination of environmental cues. A
wide variety of proteins are expected to regulate
and coordinate these programmes or to fulfil
enzymatic conversions or structural roles. With
the identification of the first genes involved in
mushroom development, we are only at the
beginning of understanding fruiting body for-
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mation. The process of identification of genes
will be accelerated by whole genome expression
studies and increased availability of molecular
tools to assign functions to genes.

Establishment of the dikaryon and emer-
gence of fruiting bodies in basidiomycetes are
regulated by the mating-type genes. These
genes encode DNA-binding proteins and pher-
omones and their receptors. Regulation of
fruiting by the mating-type genes is mediated
by downstream transcription factors. Several
genes encoding such regulatory proteins have
now been identified. Regulatory circuits ulti-
mately activate genes encoding structural pro-
teins or enzymes that are involved in fruiting
body formation. The role of hydrophobins is
well established. They enable hyphae to escape
the aqueous environment to allow fruiting body
development. Moreover, they coat aerial struc-
tures and line air channels in mushrooms. The
hydrophobic coating irreversibly directs
growth of hyphae into the air, allows dispersal
of spores and ensures gas exchange in fruiting
bodies under humid conditions. Apart from
hydrophobins, phenolics polymerised by the
action of laccases may contribute to surface
hydrophobicity of fruiting bodies. These
enzymes have also been proposed to cross-
link cell walls of hyphae in the fruiting bodies
but this still has to be established. Experimental
evidence indicates that cytochrome P450
enzymes, lectins, haemolysins and expansins
also function in mushroom development. Lec-
tins may be involved in aggregation of hyphae,
haemolysins in signalling particularly to induce
apoptosis of selected hyphae in the fruiting
body, while expansins may be involved in cell
wall modification and extension.
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