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Schizophyllum commune is a mushroom forming basidiomycete. It is considered a versatile fungus because of its
global distribution, its high genotypic and phenotypic variability, and its growth under high pressure, high
cosmic radiation, as well as aerobic and anaerobic conditions. The versatility of S. commune is also evident from
the fact that it normally grows as a saprophyte on a wide variety of plant waste including wood but that it also
can be a pathogen of plants and animals and may be an endophyte as well. Apart from its biology, S. commune is
also versatile because it is a model system for mushroom formation, mycelium materials, and cell wall archi-
tecture and composition, while it also produces molecules of interest for medical and industrial applications.

1. Introduction

Many species of the Agaricomycetes (Basidiomycota) have been poorly
studied because they cannot complete their life cycle on defined media
under laboratory conditions and/or cannot be efficiently genetically
modified. Schizophyllum commune (order Agaricales, family Schizo-
phyllaceae) is an exception. This Agaricomycete is commonly found
throughout the world (hence “commune”) and forms fruiting bodies with
split gills (hence “Schizophyllum”). It completes its life cycle in about ten
days on defined media in Petri dishes or even 96-well plates. Moreover, a
high-quality genome sequence (Marian et al., 2022; Ohm et al., 2010)
and multiple genetic tools (Ohm et al., 2010) are available, including
CRISPR based gene editing (Vonk et al., 2019) and targeting of genes to
a locus that is constitutatively expressed (Vonk and Ohm, 2021a). Also,
its sexual reproduction provides a classical genetic tool to introduce or
remove genetic traits in strains. Together, this makes S. commune a
model system of the Agaricomycetes.

This review discusses the genetic diversity of S. commune, its life
cycle and ecological niches and its role as a model system for mushroom
development, mycelium materials, and cell wall architecture and
composition. This is followed by a discussion of its role as a cell factory
and its molecules that are of interest for pharmaceutical and industrial
applications. We conclude the review with conclusions and future di-
rections of S. commune research.

2. Diversity of Schizophyllum commune

The genus Schizophyllum consists of 11 species (Species Fungorum).
However, only strains of S. commune, S. fasciatum, S. radiatum, and
S. umbrinum have been deposited in a public fungal collection (Siqueira
et al.,, 2016). S. commune and S. radiatum were considered to be
conspecific due to their morphological similarity (Cooke, 1961). How-
ever, multi-locus phylogenetic analysis showed that these two fungi are
different species. The ITS and LSU regions of the rRNA gene cluster did
not discriminate well between these two species but concatenated LSU,
EF-1a, and RPB2 sequences did discriminate between S. commune and
S. radiatum. These sequences also discriminated between these two
species and S. fasciatum and S. umbrinum (Siqueira et al., 2016). The
smaller genome size and fewer genes of S. fasciatum (30.4 Mbp and 11,
722 genes) compared to that of the S. commune reference strain H4-8
(38.7 Mbp and 16,204 genes) also provides evidence that the Schizo-
phyllum species are distinct (Marian et al., 2024).

S. commune shows high genetic diversity (Baranova et al., 2015;
James et al., 1999, 2001; Marian et al., 2024). Phylogenetic analyses of
the internal transcribed spacer (ITS) and the intergenic rRNA gene
cluster spacers 1 and 2 (IGS1; IGS2) has revealed three evolutionarily
distinct clades within the global population (i.e. The North and Central
American clade, the South American and Caribbean clade, and the
Eastern Hemisphere clade) (James et al., 2001). Recently, it was shown
that the latter clade is paraphyletic (Marian et al., 2024). Each clade is
characterized by a high genetic diversity (James et al., 1999, 2001;
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Marian et al., 2024). The nucleotide diversity = (i.e. the fraction of nu-
cleotides that are different between two randomly chosen alleles) is 0.20
and 0.13 in S. commune populations obtained from the Neartic region of
North America and the Boreal Region of Eastern Europe, respectively
(Baranova et al., 2015). This is very high; only two out of 167 eukaryotic
species that have been analysed have a © > 0.05, while most species have
an < 0.03 (Leffler et al.,, 2012). The high = of S. commune can be
explained by a mutation rate of 2.0 x 10~ per nucleotide per generation
(Baranova et al., 2015). This mutation rate leads to a high heterogeneity
between strains with respect to mushroom development, growth on
wood and cellulose (Marian et al., 2024), and degradation of xenobiotic
dyes (van Brenk and Wosten, 2021).

Marian et al. (2024) analysed the genomes of 13 S. commune strains
with sizes ranging between 35.88 and 39.01 Mbp. Gene counts are
highest for S. commune H4-8 (16204) and Tattone D (15103), while
those of the other strains range between 12150 and 13829. These lower
gene counts may be explained by the fact that annotation of the genomes
of these strains was not supported by RNAseq data, which was the case
for strains H4-8 and Tattone D. Gene composition between the strains
was quite conserved. For instance, 13-17 secondary metabolite gene
clusters were found, while the number of transcription factor (TF) genes
and genes encoding proteins with a signal sequence ranged between
264-292 and 1024-1260, respectively.

3. The life cycle of Schizophyllum commune

Formation of asexual spores by Agaricomycetes has been poorly
studied (Kiies et al., 2016) and S. commune is no exception. It produces
thick-walled chlamydospores but formation of other spores that are
found in the Agaricomycetes like oidia, blastoconidia and arthroconidia
has not been reported (Kiies et al., 2016). By contrast, the sexual life
cycle of S. commune has been studied in detail under laboratory condi-
tions. Germination of a basidiospore results in a homokaryotic myce-
lium. This mycelium is also called a monokaryon since every hyphal
compartment contains a single nucleus (Fig. 1). The monokaryon
initially grows submerged in its substrate, but starts forming sterile
aerial hyphae when sufficient biomass has formed (Wosten and Wessels,
2006). Two monokaryons with the same mating type can fuse but if they
have different matA loci fusion incidence is higher (Ahmad and Miles,
1970). The presence of different matA loci is not sufficient for the for-
mation of a fertile heterokaryon; this also requires different matB loci

monokaryon
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(for a review about the mating type loci see Kiies, 2015). The hetero-
karyotic mycelium is also called a dikaryon since each hyphal
compartment contains a nucleus of each parental monokaryon (Fig. 1).
The matB locus encodes G-coupled receptors and pheromones. The
pheromones bind to the receptors of the other partner. As a result,
reciprocal nuclear invasion occurs, as well as septal dissolution and
nuclear migration towards hyphal tips (Kiies, 2015). The matA locus
encodes homeodomain proteins that form heterodimers with their
counterparts encoded by the locus of the other nucleus. These hetero-
dimers control pairing of the two parental nuclei within the apical
compartment, their synchronized division, as well as clamp cell forma-
tion that enables nuclear division. Formation of septa between the
hypha and the clamp cell results in the entrapment of a daughter nucleus
of one mating type in the clamp cell, while formation of a septum within
the hypha entraps a daughter nucleus of the opposite mating type in the
new subapical cell. Consequently, the new apical compartment contains
one nucleus of each mating type. Subsequently, the clamp cell and the
subapical compartment fuse, which is mediated by the activity of the
matB locus, enabling the migration of the nucleus in the clamp cell to the
sub-apical compartment. Consequently, the subapical cell also has one
nucleus of each mating type.

The dikaryon grows vegetatively in the dark and at high CO,.
Fruiting body formation is initiated at the moment it is exposed to blue
light and ambient CO, levels. This is accompanied by asymmetric
growth at the colony periphery, which is explained by local growth in-
hibition (Wosten and Wessels, 2006). Four stages are distinguished in
the process of fruiting body formation. The branching patterns of aerial
hyphae are reprogrammed during stage I, resulting in hyphal aggregates
(Fig. 1). These aggregates develop into fruiting-body initials (also
known as primordia) during stage II, which develop into cup-shaped
fruiting bodies during stage III. These immature mushrooms expand
unilaterally in stage IV giving rise to the mature fruiting bodies (Fig. 2).
Karyogamy takes place in the basidia of the mushroom, which is fol-
lowed by the formation of a diploid zygote, which then undergoes
meiosis, resulting in four haploid basidiospores. These basidiospores are
abundant in the air but do not seem to disperse over large distances, such
as crossing the Atlantic and Pacific oceans (James and Vilgalys, 2001).

Stress resistance of the S. commune basidiospores is low. For instance,
less than 10 % of the spores germinate after they had been kept on ice for
one day, while germination dropped to 2.5 % and <1 % after one and
two freeze thaw cycles, respectively (Kleijburg, 2025). Notably, the

C

Fig. 1. The life cycle of S. commune. The life cycle of S. commune starts when a basidiospore germinates and forms a monokaryotic mycelium (A). Two mono-
karyons with compatible matA and matB loci can fuse to form a fertile dikaryotic mycelium (B). This dikaryotic mycelium grows asymmetrically at the colony
periphery and will form fruiting bodies upon exposure to light and ambient CO, levels. (C) represents a magnification of the inset in (B). It shows the different stages
of fruiting body formation. First, aggregates are formed (left of a), which develop in primorida (left of p), then in cup shaped fruiting bodies (left of ¢) and sub-
sequently in mature fruiting bodies (left of f). Karyogamy followed by meiosis takes place in the basidia within the fruiting body, which results in new basidiospores

that start a new life cycle after landing on a suitable substrate.
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Fig. 2. Morphologies of S. commune fruiting bodies of the non-light exposed side with the split phyla (top row) and the light exposed side (bottom row). Photo

credits: Luis G. Lugones.

S. commune mycelium is stress resistant. For instance, the mycelium
survives three cycles of wetting and drying, the latter for 24 h at 60 °C
(van den Brandhof et al., 2024). This is explained by the xerophilic
nature of S. commune (Buller, 1909). The S. commune mycelium also
survives high hydrostatic pressure (i.e. 35 MPa, to which it is exposed
when grown below the sea floor) (Zhao et al., 2024) as well as high
cosmic radiation (Wosten et al., 2018). In fact, it can survive 200 Gy,
which is 60-fold the lethal dose for humans. How S. commune survives
this high level of radiation is not known. Melanin production was not
induced upon exposure to the radiation (Wosten et al., 2018).
S. commune can grow both under aerobic and anaerobic conditions (Zain
Ul Arifeen et al., 2021). In fact, to the best of our knowledge it is the only
reported basidiomycete to date that can grow in the absence of oxygen.
Ethanol fermentation and production of amino acids, in particular
valine, leucine and isoleucine, has been proposed to be the most
important mechanisms to generate energy under anaerobic conditions
(Zain Ul Arifeen et al., 2021).

4. The role of Schizophyllum commune in nature

S. commune normally has a saprophytic lifestyle. However, it can also
be a pathogen of plants, animals and humans and may be an endophyte
as well. S. commune has been found on all continents including
Antarctica (Dos Santos et al., 2020; Ohm et al., 2010). It is found in
natural ecosystems, particularly in forests, but also in human impacted
environments such as soil in the Chernobyl exclusion zone (Traxler
et al., 2021). S. commune is not only found in terrestrial ecosystems but
has also been isolated from a deep coal bearing sediment 2 km below the
seafloor (Zain Ul Arifeen et al., 2021). This finding was, however,
recently questioned based on genetic analysis (Boiko, 2025). Analysis of
high mutagenic simple sequence repeats indicated intensive genetic
exchange with East Asian S. commune strains, which would not have
been possible if the strain would have been in isolation below the sea-
floor for more than 20 million years.

4.1. Schizophyllum commune as a saprotroph

S. commune can grow on at least 150 genera of dead woody plants
(Cooke, 1961) but it is mainly found on fallen branches and logs of
hardwood. It degrades all plant components facilitated by a genome that
is particularly rich in pectinase, hemicellulase and cellulase genes (Ohm
et al., 2010). S. commune was considered a white rot fungus since it

degrades both cellulose and lignin. Yet, it is now categorized as neither
white or brown rot based on its ligninolytic genes (Floudas et al., 2020).
Lignin-degrading enzymes consist of lignin oxidases and
lignin-degrading auxiliary enzymes. The lignin oxidase family comprises
laccases, lignin peroxidases, manganese peroxidases, versatile peroxi-
dases and cellobiose dehydrogenases, while the lignin-degrading auxil-
iary enzymes generate HoO> for the lignin peroxidases. The S. commune
genome lacks lignin and manganese peroxidases but contains a cello-
biose dehydrogenase gene, two laccase genes and 13 lignin-degrading
auxiliary enzyme genes (Ohm et al., 2010). These and possibly other
enzymes remove >47.5 % of lignin from various plant substrates
(Asgher et al., 2016) and could contribute to weathering of black slate
(Kirtzel et al., 2018).

4.2. Schizophyllum commune as a pathogen

Cooke (1961) described S. commune as a wound parasite or even a
saprophyte. Indeed, the fungus can be found on dead branches of living
trees (Takemoto et al., 2010). Yet, the fungus is nowadays recognized as
a pathogen. The fungus causes wood rot on living trees including fruit
and ornamental trees such as Malus pumila (apple) (Cooke, 1961), Prunus
armeniaca (apricot) (Oprea et al., 1994), Vitis vinifera (grapevine)
(Rezgui et al., 2018), Elaeis guineensis (oil palm) (Dikin et al., 2003), and
Shorea smithiana (light red meranti) (Takemoto et al., 2010). The ba-
sidiospores of S. commune initiate infection from pruning wounds, freeze
injuries and sunscald lesions and spread via living tissues of the host
including bark and sapwood (Takemoto et al., 2010). The wood-rot
disease caused by S. commune is promoted by unfavorable weather
conditions for plants such as drought and freezing temperatures, to
which the fungus is more adapted. It has been suggested that Schizo-
phyllum rot helps other wood-rot pathogens to infect the host plant
(Takemoto et al., 2010). If so, the role of S. commune in plant disease is
more severe than currently acknowledged.

Apart from infecting plants, S. commune is also an opportunistic
pathogen of animals. Yet, infection of humans by S. commune is very
rare. A total of 71 cases were reported until 2013 (Chowdhary et al.,
2013) with an additional 53 reported cases in the period 2014-2025.
The relatively high number of cases in the past 11 years is probably due
to the improved molecular detection methods of fungal infections. In-
fections with S. commune occur almost exclusively in immunocompro-
mised patients where it mainly causes infections in the lung (63 %) and
the sinus (31 %) (Chowdhary et al., 2013). Infection of other animals is
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also very rare. It has caused infection of bone (Go et al., 2022; Hakamata
et al., 2019; Mori et al., 2009; Tanaka et al., 2008), neck (Kano et al.,
2002) and brain (Nagashima et al., 2024) in dogs, the nasal cavity,
pharynx and the gingival in cheetah (Noguchi et al., 2023; Yoshizawa
et al., 2017), as well as eyes, lung and tracheabronchial lymph nodes of
seals (Fujii et al., 2024; Hanafusa et al., 2016).

4.3. Schizophyllum commune as a potential endophyte

S. commune has been reported to be an endophyte in a variety of
plants including Aloe vera (Sharma et al., 2021), Panax ginseng (Xie et al.,
2023), Coleus amboinicus (Romadhonsyah et al., 2022), and Gastrodia
elata (Wang et al., 2022). It should be noted that the strains were isolated
from surface sterilized plant material (Sharma et al., 2021; Xie et al.,
2023) and that an endophytic nature of S. commune has not been
experimentally shown. The S. commune strain isolated from A. vera
produces bactericidal compounds against a variety of human pathogens
including Staphylococcus aureus, Salmonella enterica and Klebsiella pneu-
moniae (Sharma et al., 2024). Moreover, it has anti-biofilm activity
against the latter two bacteria. These data suggest that S. commune can
protect the host plant against pathogenic bacteria. In the case of
P. ginseng, S. commune promotes the production of ginsenosides, which
are known as active components of this plant (Xie et al., 2023).
S. commune has also been related to antifeeding and insecticidal activity
(Wang et al., 2022). A total of 12 compounds have been isolated from
S. commune that show antifeedant activity against silkworm, while one
compound shows insecticidal activity. Moreover, eight compounds show
insecticidal synergism when combining with the widely used insecticide
and antihelminthics abamectin. By contrast, the isolated compound
ergosterol peroxide was shown to have feeding attractant activity as well
as antifungal activity against the entomopathogen Beauveria bassiana
(Ascomycota, class Sordariomycetes, order Hypocreales, family Clav-
icipitaceae) (Wang et al., 2022). Together, S. commune could protect the
host plant G. elata against insects although one of its compounds may
actually attract insects to the host.

5. Use of Schizophyllum commune

S. commune is of interest as a model system for mushroom develop-
ment, mycelium materials, and cell wall architecture and composition.
Moreover, it produces molecules of interest for pharmaceutical or in-
dustrial applications.

5.1. Schizophyllum commune as a model system for mushroom
development

S. commune produces medicinal mushrooms (Balan et al., 2022) that
have been used traditionally as a medicine for illnesses such as head-
ache, indigestion, intestinal pain, obesity, inflammation and rheuma-
tism (Guzmadn, 2008; Milenge Kamalebo et al., 2018). The fruiting
bodies of S. commune are also consumed in Africa, Central America, and
Asia (Laplamool et al., 2023; Milenge Kamalebo et al., 2018; Ruan-Soto
et al., 2006; Sileshi et al., 2023). S. commune is not consumed in
Western-Europe and the USA due to its tough, corky structure. This
structure is less prone to rot and thereby would be more resistant to
warm, humid conditions in (sub)tropical countries when compared to
the fleshier mushrooms of for instance the white-button mushroom
Agaricus bisporus (Basidiomycota, class Agaricomycetes, order Agaricales,
family Agaricaceae) that are consumed a lot in Europe and the USA (van
Dijk et al., 2003).

S. commune is used as a model system to study mushroom develop-
ment. Experimental evidence indicates that intracellular cyclic adeno-
sine monophosphate (cAMP) levels regulate fruiting in S. commune as a
result of G-protein coupled receptor signaling. Constitutive activation of
Rasl and the Ga proteins ScGP-A and ScGP-C, as well as the downstream
rho-like G-protein Cdc42 lead to increased cAMP levels and a deficiency
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in aerial hyphae formation and fruiting (Knabe et al., 2013; Schubert
et al., 2006; Yamagishi et al., 2002, 2004). Furthermore, inactivation of
the regulator of G protein signaling (RGS) Gap1l and Thn1 also increases
cAMP (Fowler and Mitton, 2000; Schubert et al., 2006; Wessels et al.,
1991; Wirth et al., 2018). TFs involved in several stages of mushroom
development have also been identified (Ohm et al., 2010, 2011; Pelk-
mans et al., 2017; Vonk et al., 2024; Vonk and Ohm, 2021b). TFs Hom2
(Ohm et al., 2011), WC2 (Pelkmans et al., 2017), Teal (Pelkmans et al.,
2017) and Fst4 (Ohm et al., 2010) are involved in the first stages of
fruiting, while C2H2 functions in the formation of primordia from ag-
gregates (Ohm et al., 2011) (Fig. 3). By contrast, Fst3 (Ohm et al., 2010),
Gatl and Homl (Ohm et al., 2011) repress abundant formation of
fruiting bodies. Part of these TFs also play a role in stimulation or
repression of vegetative growth. Bril and Homl stimulate vegetative
growth, while Hom2, WC2, Fst4 and Teal have a repressive activity
(Pelkmans et al., 2017).

The knowledge of mushroom development in S. commune has been
used to increase the mushroom production rate in A. bisporus (Pelkmans
et al., 2016). Overexpression of the c2h2 homologue of A. bisporus ac-
celerates fruiting in A. bisporus, but has no effect on morphology, cap
expansion rate, and total number and biomass of mushrooms (Pelkmans
et al., 2016). The finding that Roc1 is the TF controlling cellulase pro-
duction (Marian et al., 2022) may also hold promise for mushroom
production. Overexpression of this gene, which is conserved in the
Agaricomycetes, may increase colonization of the substrate, thereby
increasing mushroom production.

5.2. Schizophyllum commune as a model system for mycelium materials

Pure and composite mycelium materials provide a sustainable
alternative to materials that are based on non-renewable resources such
as petroleum (Livne et al., 2022, 2024; Williams et al., 2022). Composite
materials can be used as packaging, acoustic and thermal insulation
materials, as well as materials used in the construction industry, while
pure mycelium materials can be used as textile, leather, foam, cellular
scaffold, or a meat alternative (Pelletier et al., 2019; van den Brandhof
and Wosten, 2022). S. commune has become a model for the production
of pure mycelium materials. Inactivation of the hydrophobin gene sc3
results in a denser material when grown as a skin on top of a defined
liquid minimal medium (Appels et al., 2018). As a consequence, the Asc3
material is stronger and more elastic. The material properties can also be
modulated by environmental growth conditions (Appels et al., 2018).
For instance, the Asc3 material has a Young’s modulus of 2727 MPa
(similar to polyvinylchloride) and an elongation at break of 2.6 % when
grown in the light and at high CO,, while these values are reduced to
1237 MPa and 1.8 % when this strain is grown in the dark and high CO».
Physical and/or chemical processing can also be used to change the
properties of the pure S. commune mycelium material. Treatment of the
S. commune material with 32 % glycerol results in a Young’s modulus of
only 3 MPa but an elongation at break of up to 29.6 % (Appels et al.,
2020). These characteristics are similar to that of elastomer-like mate-
rials. Flexibility of the S. commune material can also be obtained by in-
cubation in air with high humidity (van den Brandhof et al., 2024).
Exposure to 95 % relative humidity increases elongation at break from 1
to 18.5 %, while the Young’s modulus decreases from 467 to 3.7 MPa.
Similar properties are obtained by submersion of the material in water,
enabling reshaping the mycelium material in a mould. In fact, water can
act as a stimulus for programmed bending of the mycelium material, i.e.
the S. commune material shows shape memory (van den Brandhof et al.,
2024). This was shown in a cycle of drying the material in a 90° angled
shape, wetting, drying at 180°, and submersion in water. Upon exposure
to water, the flat mycelium material bends towards the initial 90° angled
shape that it had at the beginning of the cycle. Apart from physical
properties such as mechanical strength and heat conductivity, mycelium
material can also have bioactive properties. For instance, the S. commune
material produces the immune-stimulatory polysaccharide
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A
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Fig. 3. Schematic representation of TF genes involved in fruiting and vegetative growth. Orange lines indicate stimulatory and repressive effects on gene
expression. Gene Bril stimulates vegetative growth and expression of Teal and Gatl. Tea 1 as well as Hom2, WC-2, and Fst4 are involved in the formation of ag-
gregates (stage I), and at the same time repress vegetative growth. C2H2 stimulates and Fst3 represses primordium formation (stage II). Hom1 and Gatl repress
formation of mushrooms (stage III and IV), while Hom1 also stimulates vegetative growth. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

schizophyllan and may therefore be used as a medical textile.

5.3. Schizophyllum commune as a model system for cell wall composition

The cell wall plays a pivotal role in the interaction of fungi with the
(a)biotic environment. In addition, it is a main determinant of hyphal
morphology, provides mechanical strength and acts as a molecular
sieve. The cell wall is also important for the properties of mycelium
materials (see 5.2). The fungal cell wall can make up 30 % of the volume
of yeast cells and hyphae (Garcia-Rubio et al., 2020). Traditionally, the
architecture and composition of the cell wall has been studied by elec-
tronmicroscopy and disruptive chemical and/or enzymatic treatments.
This revealed that the outer cell wall of S. commune consists of schizo-
phyllan, a -(1-3) (1-6)-glucan, that covers alkali-soluble a-(1,3)-linked
glucan. The most inner layer consists of chitin cross-linked to and
embedded in highly branched alkali-insoluble schizophyllan (Sietsma
and Wessels, 1977; 1981 van der Valk et al.,, 1977). Recently, the
non-destructive method of solid state NMR (ssNMR) was used to study

the cell wall of S. commune (Ehren et al., 2020; Kleijburg, 2025; Kleij-
burg et al., 2023; Safeer et al., 2023). This demonstrated that the cell
wall of S. commune contains an outer, mobile fraction of f-(1,
3)-glucan/p-(1,3)-(1,6)-glucan, a-(1-3)-glucan, polymeric mannose,
amino acids (contained in protein), and can contain polymers of
N-acetyl galactosamine and its deacetylated variant (Fig. 4). The inner,
rigid core consists of o-(1,3)-glucan, f-(1,3)-(1,6)-glucan, highly
branched and single stranded chitin as well as polymeric fucose and
polymeric mannose. The most dominant polysaccharide in the rigid core
of the cell wall of liquid shaken cultures is a-(1,3)-glucan, while short
B-glucan and longer $-(1,3) (1,6)-glucan chains are most dominant in the
mobile layer (Safeer et al., 2023). The cell wall analysis also revealed
lipids in both the mobile and rigid part of the cell wall but they probably
originate from the plasma membrane (Ehren et al., 2020; Safeer et al.,
2023). Part of the cell wall molecules are removed by KOH extraction
including lipids and protein (Ehren et al., 2020). The mobile fraction of
the KOH-extracted cell wall consists of p-(1,3)-(1,6)-glucan, while the
rigid part also consists of p-(1,3)-glucan, chitin, a-(1,3)-glucan and
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a-(1,3)-glucan
B-(1,3)(1,6)-glucan / B-(1,3)-glucan
polymeric mannose

polymers of (N-acetyl)galactosamine

a-(1,3)-glucan
B-(1,3)(1,6)-glucan
chitin

polymeric mannose

plasma membrane

Fig. 4. Composition of polysaccharides in the cell wall of S. commune. Adapted from Ehren et al. (2020) with information from Safeer et al. (2023); Kleij-

burg (2025).
polymeric fucose.

5.4. Schizophyllum commune as a cell factory of molecules of interest for
pharmaceutical and industrial applications

S. commune has been studied as a potential platform for the pro-
duction of L-malate, schizophyllan, hydrophobin SC3, and bioethanol
that are of interest for pharmaceutical and/or industrial applications. In
addition, fruiting bodies of S. commune produce the sesquiterpenes
schizomycin A and G that inhibit IL-6 expression in LPS-stimulated
macrophages, thereby having potential anti-inflammatory activity
(Chen et al., 2024a). Yet, optimized production of these molecules has
not been reported.

The organic acid L-malate is widely used in industrial applications,
for instance to enhance flavor in food, to clean and finish metal and
textile, to increase the activity of anti-microbials (Chi et al., 2014), and
to produce polymalic acid (Portilla-Arias et al., 2008). This
water-soluble polymer is biodegradable and biocompatible with cells
and can for instance be used to produce drug-carrying nanoparticles.
Malate can be produced chemically but this is accompanied by envi-
ronmental pollution and resource waste. Therefore, production in bio-
reactors is preferred (Ding and Ye, 2023). S. commune is one of the
microbes that can produce high levels of malate (i.e. > 20 g 17) (Ding
and Ye, 2023; Kawagoe et al., 1997).

The p-(1-3) (1-6)-glucan schizophyllan (see 5.3) forms semi-flexible
rods with a triple helical structure when dissolved in water (Kashiwagi
etal., 1981; Norisuye et al., 1980). It has high stability, illustrated by the
fact that the triple helical structure melts only at temperatures >135 °C
or at pH > 12. Schizophyllan can be used to produce oxygen imper-
meable films, for instance for food preservation (Schulz et al., 1992), asa
thickener in cosmetic lotions, and as an emulsifier to enhance oil re-
covery from oil fields (Zhang et al., 2013). The latter is possible because
of the high viscosity of aqueous solutions of schizophyllan and its high
tolerance towards high temperature, salinity and shear. Therefore,
schizophyllan allows for application in oil reservoirs that could so far not
be polymer flooded and provides a sustainable alternative to the
commonly used synthetic polymers (Leonhardt et al., 2014). Moreover,
schizophyllan has potential for use in pharmaceutical applications
because of its immune-stimulatory activity in vitro studies (Sakagami
et al., 1988; Zhong et al., 2015) and its anti-tumor activity in mice

(Zhang et al., 2013). Treatment with schizophyllan results in survival of
about 50 % of mice with ascites sarcoma-180, while even higher survival
is observed in mice with solid sarcomas or a carcinoma (Komatsu et al.,
1969). Schizophyllan increases the production of IFN-y and IL-2 in vitro
studies, which suggests that its anti-tumor activity is caused by the
increased production of these cytokines (Sakagami et al., 1988). Me-
dium optimization has been performed to increase production levels of
schizophyllan by S. commune (Kumari et al., 2008; Li et al., 2011;
Mohammadi et al., 2018; Sutivisedsak et al., 2013). This resulted in the
production of 8.3-13.95 g per liter of schizophyllan. Further increase in
production may be limited by the viscosity of the medium when schiz-
ophyllan is secreted.

Like schizophyllan, hydrophobin SC3 of S. commune has been shown
to have anti-tumor activity (Akanbi et al., 2013). It reduces the mitotic
activity and vital mass of melanoma and sarcoma tumors in a mouse
model without affecting behavior, animal growth, and weight of organs
and without signs of toxicity. The increased levels of interleukin-10 and
TNF-a mRNA in spleen cells incubated with SC3 suggest that the
tumor-suppressive activity of the hydrophobin is caused by
immunomodulation.

Second generation bioethanol production from cellulosic biomass so
far includes pretreatment of the substrate followed by enzymatic
saccharification before the sugar is converted to bioethanol (Cunha
et al., 2019). Notably, S. commune is able to simultaneously saccharify
the substrate and convert the sugar to bioethanol in a single vessel
(Horisawa et al., 2015). This would eliminate the need for the use of
purified enzymes and thereby reduce the costs of bioethanol production.
The ethanol yield produced by S. commune from glucose and xylose was
80.5 % and 52.5 %, respectively, of the theoretical maximum yields,
while this value was 45.6 % when S. commune was grown on micro-
crystalline cellulose. By contrast, yield of ethanol on cedar wood was
poor. The authors suggest to increase the yield by co-cultivation with
other ligninolytic fungi (Horisawa et al., 2015).

6. Future trends and conclusions

The mushroom forming fungus S. commune is of interest because of
its versatility; it thrives in different ecological niches, adopts different
life styles, has high genetic and phenotypic variation between strains.
Moreover, S. commune is a model organism for mushroom development,
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mycelium materials and cell wall architecture and compositions, and
has potential as a cell factory of various molecules of pharmaceutical
and industrial interest. The increasing interest in S. commune is illus-
trated by the number of publications; from 0 to 1 scientific papers per
year in 1922-1952 to 84-105 scientific papers per year in 2021-2024
(www.scopus.com).

In the years to come, regulatory and signalling networks as well as
the metabolism involved in the ability of S. commune to grow in different
ecological niches and to adopt different life styles will be studied. Of
particular interest are the unresolved questions whether S. commune is a
true endophyte and whether it can host endobacteria. Also, it is of in-
terest whether all S. commune strains can grow under anaerobic condi-
tions. Regulatory and signalling networks of mushroom formation will
also be further studied in S. commune, which will also serve as a basis to
understand mushroom development in other species. These molecular
studies will require a more high throughput approach of gene inacti-
vation(s), requiring increased efficiency of transformation and the use of
multiplex CRISPR/cas9 technologies such as CRISPRoff (Chen et al.,
2023, 2024b). Such tools can also be used to create mutant libraries of
S. commune. Similarly, the mechanisms underlying mycelium material
properties of S. commune will be further revealed. So far, strength of
S. commune mycelium materials is unprecedented when compared to
mycelium materials of other fungi. The question is why S. commune has
such properties. This may be due to a unique network structure and/or a
unique cell wall structure. Solid state NMR studies should result in a
higher resolution of the architecture and composition of the S. commune
cell wall. Such an improved understanding may also be of interest to
understand the biology of other mushroom forming fungi. Such studies
may also result in improved mycelium materials and quality of edible
mushrooms and may also reveal targets for antifungal compounds.
Finally, future research should be devoted to increase production levels
of molecules of interest for pharmaceutical and industrial applications.
One of the limiting factors is gene silencing at the moment mRNA levels
reach a certain level (Schuurs et al., 1997). Inactivation of genes
involved in this process may therefore increase production levels
significantly.
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