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ARTICLE INFO ABSTRACT

Keywords: Schizophyllum commune is a mushroom-forming fungus notable for its distinctive fruiting bodies with split gills. It

M“Shro"“_‘S ) is used as a model organism to study mushroom development, lignocellulose degradation and mating type loci. It

I(_Zlomparatlv'e genomics is a hypervariable species with considerable genetic and phenotypic diversity between the strains. In this study,
eterogeneity

we systematically phenotyped 16 dikaryotic strains for aspects of mushroom development and 18 monokaryotic
strains for lignocellulose degradation. There was considerable heterogeneity among the strains regarding these
phenotypes. The majority of the strains developed mushrooms with varying morphologies, although some strains
only grew vegetatively under the tested conditions. Growth on various carbon sources showed strain-specific
profiles. The genomes of seven monokaryotic strains were sequenced and analyzed together with six previ-
ously published genome sequences. Moreover, the related species Schizophyllum fasciatum was sequenced.
Although there was considerable genetic variation between the genome assemblies, the genes related to
mushroom formation and lignocellulose degradation were well conserved. These sequenced genomes, in com-
bination with the high phenotypic diversity, will provide a solid basis for functional genomics analyses of the

Lignocellulose degradation

strains of S. commune.

1. Introduction

Schizophyllum commune is a lignocellulose-degrading and mushroom-
forming fungus in the class Agaricomycetes, phylum Basidiomycota. It
has a wide geographic distribution and has been found on all continents.
It is usually found on dead wood, and although it has been described as a
white rot fungus (i.e., it degrades all components of wood), it has more
recently been classified as uncertain wood decay type (UWD) (Floudas
etal., 2020). S. commune is used as a model organism to study mushroom
formation, mating type loci, and lignocellulose degradation. It com-
pletes its life cycle in ten days, it has the ability to form mushrooms on
defined synthetic media, the 38.7 Mb genome has been sequenced
(Marian et al., 2022; Ohm et al., 2010) and several molecular tools are
available, including efficient CRISPR/Cas9 genome editing (De Jong
et al., 2010; Vonk et al., 2019).

The first sequenced strain was H4-8 (Ohm et al., 2010), which is the
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reference strain used in our studies. More recently, additional strains
were sequenced (Baranova et al., 2015; Boiko, 2022; Marian et al., 2022;
Seplyarskiy et al., 2014). These analyses have shown that S. commune is
a very polymorphic species, both phenotypically and genotypically.
Still, only a limited number of S. commune strains have been sequenced
and annotated to date. Therefore, sequencing additional strains is
required to gain more insights into the phylogeny and functional ge-
nomics of the species. Specifically, additional genomes of strains with
diverse phenotypes regarding mushroom development and lignocellu-
lose degradation may allow us to identify the genetic differences that
underlie the phenotypic diversity.

Mushrooms are the reproductive structures of S. commune and many
other members of the class Agaricomycetes (Kiies and Navarro-
Gonzalez, 2015). The decision to form mushrooms is influenced by
environmental stimuli, including light intensity, COy concentration,
temperature, and humidity. However, the effect of these stimuli is
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species-specific. In the case of S. commune, high concentrations of CO5
have been described as an inhibitor of fruiting body formation
(Niederpruem, 1963; Raudaskoski and Viitanen, 1982), while blue light
induces fruiting body formation (Ohm et al., 2013).

Several transcription factors are known to regulate mushroom for-
mation. For example, a blind strain unable to fruit is obtained if either
one or both of the genes of the blue light receptor White Collar Complex
(WC-1 and WC-2) is inactivated (Ohm et al., 2013; Vonk et al., 2024).
Other transcription factors involved in aspects of mushroom develop-
ment in S. commune are Hom1, Hom2, Fst1, Fst3, Fst4, Bril, C2h2, Gat1,
Zfc7 and Teal (Ohm et al., 2011, 2010; Pelkmans et al., 2017; Vonk and
Ohm, 2021, 2018). However, there are over 200 putative transcription
factors whose function remains largely unknown. Few classes of proteins
are known to play a structural role in mushroom development, although
hydrophobins are a notable exception. They are fungal-specific, rela-
tively short, and hydrophobic proteins that facilitate aerial growth and
mushroom development (Wosten, 2001). Several hydrophobin genes are
highly expressed during fruiting body formation in S. commune (Krizsan
etal., 2019; Ohm et al., 2010). Understanding the roles of these genes in
mushroom development may allow for more efficient cultivation of
mushrooms. Moreover, little is known about differences in mushroom
development between strains, and the genes responsible for these
developmental phenotypes.

Members of the class Agaricomycetes are particularly good at
degrading lignocellulose and their enzymatic potential has been studied
extensively (Ohm et al., 2014; Riley et al., 2014). In nature, S. commune
grows on wood and its genome encodes a range of carbohydrate-active
enzymes (CAZymes) (Marian et al., 2022). Wood mainly consists of the
polymers cellulose, hemicellulose, pectin and lignin. CAZymes have the
potential to degrade all these components and are classified into families
of glycoside hydrolases (GHs), glycosyl transferases (GTs), poly-
saccharide lyases (PLs), carbohydrate esterases (CEs), and auxiliary ac-
tivities (AAs) (Drula et al., 2022). The conserved transcription factor
Rocl regulates the expression of genes encoding cellulase-degrading
enzymes in S. commune (Marian et al., 2022).

Here, we studied the phenotypic diversity between 16 dikaryotic and

Table 1
Dikaryotic strains and their corresponding monokaryons.
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18 monokaryotic S. commune strains by systematically phenotyping as-
pects of mushroom development and lignocellulose degradation.
Moreover, we sequenced the genomes of seven monokaryotic strains of
S. commune and one strain of the related species Schizophyllum fasciatum.
We performed a comparative genomics analysis with the genome se-
quences of eight previously published strains. Combined, we provided a
solid basis for future functional analyses by mapping both the pheno-
typic and genotypic diversity between the strains.

2. Material and methods
2.1. Strains and general culture conditions

The S. commune wild isolate strains used in this study were collected
from various locations (Table 1). All strains were collected prior to 2014.
S. fasciatum CBS 267.60 (ATCC 13873) was obtained from the West-
erdijk Fungal Biodiversity Institute and was originally collected from
Mexico (Raper, 1960). The corresponding monokaryotic strains (as
indicated in Table 1) were obtained after protoplasting the dikaryotic
mycelium using a Trichoderma harzianum lytic enzyme mix as previously
described (Van Peer et al., 2009). Unless otherwise indicated, the strains
of S. commune and S. fasciatum were grown and maintained on Schizo-
phyllum commune minimal medium (SCMM) (Van Peer et al., 2009) and
grown at 30 °C in the dark. For the phenotyping experiments described
below, the strains were first grown for 3 days on SCMM at 30 °C in the
dark and a small inoculum (approximately 1 mm by 1 mm by 3 mm) was
transferred from the leading edge of the colony to the experimental
condition.

2.2. Mushroom development phenotypes

To determine the mushroom development phenotype, the
S. commune dikaryotic strains were grown at 25 °C, in a 16 h light/8 h
dark cycle, on SCMM plates for 7 days. For the high CO, concentration
experiment, the strains were grown at 25 °C on SCMM in 5 % CO3 in
continuous light. Five biological replicates were used for each strain in

Original dikaryon Geographic origin Monokaryon(s) Reference/Source Sequenced Strain used in
genome phenotyping

ZB Zeisterbos (Utrecht), ZB.1 This study Yes Yes
Netherlands ZB.2 This study Yes Yes

227 Baikal, Siberia, Russia 227.1 This study Yes Yes

227.2 This study Yes Yes

207 Tonghzou, China 207.1 This study Yes Yes

223 Akanko Onsen, Japan 223.1 This study Yes Yes

225 Cascades, Northern Territories, 225.1 This study Yes Yes
Australia

Schizophyllum fasciatum Mexico Schizophyllum fasciatum CBS This study Yes No

CBS 267.60 267.60 monokaryon

133 Shawnee National Forest, USA 133.1 This study No Yes

180 Chonan, Korea 180.1 This study No Yes

181 Seoul, Korea 181.1 This study No Yes

234 Fuhzou, China 234.1 This study No Yes

Plitvice Plitvice Lakes National Park, Plitvice.1 This study No Yes
Croatia

Sala Sala Comacina, Italy Sala.1 This study No Yes

Uithof Utrecht Science Park (Utrecht), Uithof.1 This study No Yes
Netherlands

Wilhelmina Wilhelmina Park (Utrecht), Wil.1 This study No Yes
Netherlands

H4-8 USA H4-8A (Marian et al., 2022; Ohm Yes Yes

et al., 2010)

(FL dikaryon) Florida, USA FL (Baranova et al., 2015) Yes No

(Mos dikaryon) Moscow, Russia Mos (Baranova et al., 2015) Yes No

(JCM22674 dikaryon) Japan JCM22674 GenBank BCGZ00000000.1 Yes No

Loenen Loenen aan de Vecht, LoenenD (Marian et al., 2022) Yes Yes
Netherlands

Tattone Tattone (Corsica), France TattoneD (Marian et al., 2022) Yes Yes
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each condition.
2.3. Growth profile on various carbon sources

S. commune monokaryotic strains were grown at 30 °C on a medium
comprising per L: 22 g glucose monohydrate, 1.32 g (NH4)2SO4, 0.5 g
MgS04-7H20, 0.12 mg thiamine, 1 g KoaHPO4, 0.46 g KH2PO4, 5 mg
FeCl3-6H0, trace elements (Whitaker, 1951) with 1.5 % agar. For cul-
tures with other carbon sources, glucose was replaced with 1 % (w/v)
Avicel, 1 % (w/v) cellobiose, 1 % (w/v) xylan from corn cob, 1 % (w/v)
pectin from apple, 1 % (w/v) starch from potato, 2.2 % (w/v) xylose, 2.2
% (w/v) maltose monohydrate. To improve the visualization of the
colonies grown on Avicel, the media was supplemented with a final
concentration of 20 ug/ul Remazol Brilliant Blue R. For growth on wood,
we used 60 g of rinsed beech wood chips in plastic boxes (9 cm diameter)
with a lid containing a filter, and the samples were grown for 32 days.
Five biological replicates were used for each strain in each condition.
The growth profile on cellulose was qualitatively classified, with 1
meaning relatively poor growth and 5 meaning relatively good growth
(taking into account both the colony diameter and the mycelial thick-
ness of the colonies grown on cellulose).

2.4. Cellulase activity

The S. commune monokaryotic strains were first pre-cultured on a
Poretics™ Polycarbonate Track Etched (PCTE) Membrane (GVS, Italy)
placed on top of SCMM plates for 5 days at 30 °C. The mycelium of 2
Petri dishes was macerated in 90 ml MwaA (i.e., Medium without Avicel,
which comprises per Liter 1.32 g (NH,4)2SO4, 0.5 g MgSO4-7H20, 0.12
mg thiamine, 1 g KoHPO4, 0.46 g KHoPOy4, 5 mg FeCls-6H,0 and trace
elements (Whitaker, 1951)) for 1 min at low speed in a Waring Com-
mercial Blender. The macerate was evenly distributed to 250 ml Erlen-
meyers (30 ml each) containing 70 ml MwA with 1 g Avicel, resulting in
a final concentration of Avicel of 1 % (w/v). Three biological replicates
for each strain were grown in an Innova incubator for 7 days at 30 °C
shaking at 200 rpm. After 7 days 1 mL of culture was collected and
centrifuged at 9391 g for 10 min. The cellulase activity was measured in
the supernatant with the filter paper assay (Xiao et al., 2004). Briefly,
the total cellulase activity was determined by an enzymatic reaction
employing 7 mm circles of Whatman No.1 filter paper and 60 ul of su-
pernatant. The reaction was incubated at 50 °C for 72 h. Next, 120 pL of
dinitrosalicylic acid (DNS) was added to the reaction, which was then
heated at 95 °C for 5 min. Finally, 100 pl of each sample was transferred
to the wells of a flat-bottom plate and absorbance was read at 540 nm
using a BioTek Synergy HTX Microplate Reader. One enzyme unit (FPU)
was defined as the amount of enzyme capable of liberating reducing
sugar at a rate of 1pmol min~! (as determined by comparison to a
glucose standard curve).

2.5. Genome sequencing, annotation and analysis

For all genome sequences generated in this study (Table 1), myce-
lium was grown from plug inoculum on top of a Poretics™ Poly-
carbonate Track Etched (PCTE) Membrane (GVS, Italy) on solid SCMM
for 5-7 days at 30 °C. The resulting biomass was frozen, lyophilized and
powdered. Genomic DNA isolation was performed using ChargeS-
witch™ gDNA Plant Kit (Invitrogen) according to the manufacturer’s
instructions and the quality and concentration were checked using
agarose gel electrophoresis, NanoDrop and Qubit.

The genomes were sequenced using the Illumina platform. Plate-
based DNA library preparation for Illumina sequencing was performed
on the PerkinElmer Sciclone NGS robotic liquid handling system using
Kapa Biosystems library preparation kit (Roche). 200 ng of sample DNA
was sheared to 300 bp or 600 bp using a Covaris LE220 focused-
ultrasonicator. The sheared DNA fragments were size selected by
double-SPRI using TotalPure NGS beads (Omega Bio-tek) and then the
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selected fragments were end-repaired, A-tailed, and ligated with Illu-
mina compatible sequencing adaptors from IDT, Inc. containing a
unique molecular index barcode for each sample library. The prepared
libraries were then quantified using KAPA Illumina library quantifica-
tion kit (Roche) and run on a LightCycler 480 real-time PCR instrument
(Roche). The quantified libraries were then multiplexed and the pool of
libraries was then prepared for sequencing on the Illumina NovaSeq
6000 sequencing platform using NovaSeq XP v1 reagent kits (Illumina),
S4 flow cell, following a 2x150 indexed run recipe. The raw Illumina
sequence data was filtered for artifact/process contamination using the
JGI QC pipeline. The genome assembly was generated using SPAdes
v3.12.0 or v3.15.2 (Bankevich et al., 2012) [-phred-offset 33 —cov-cutoff
auto -t 16 -m 115 -k 25,55,95 —careful —12]. The assembled genomes
were annotated using the JGI Annotation pipeline (Grigoriev et al.,
2014).

The genomes of the previously published strains JCM22674, Mos and
FL were included for comparative purposes. The genome assembly of
strain JCM22674 was obtained from NCBI GenBank BCGZ00000000.1
and was previously sequenced by RIKEN BioResource Center and RIKEN
Center for Life Science Technologies through the Genome Information
Upgrading Program of the National Bio-Resource Project of the MEXT,
Japan. For strains Mos and FL, the genomes were de novo assembled.
The raw sequencing reads were obtained from NCBI SRA accession
SRR1120868 and SRR1140996, respectively. The reads were quality
trimmed on both ends using BBduk to a minimum quality value of 10.
The trimmed reads were assembled using SPAdes version 3.11.1
(Bankevich et al., 2012) using the ‘careful’ setting and k-mer lengths of
21, 33, 55, 77 and 99. Scaffolds shorter than 1 kb were removed. For the
three strains, genes were predicted using Augustus with S. commune-
specific parameter files that were previously generated by Braker (pre-
viously published RNA-Seq reads (Pelkmans et al., 2017) were aligned to
the assembly of strain H4-8 (Marian et al., 2022) using Hisat2 (Kim
et al., 2015) and Braker version 2.0.5 (Hoff et al., 2019) was subse-
quently run using the ‘fungus’ parameter).

Repetitive sequences in the assemblies were identified de novo with
RepeatModeler version 2.0.3 (Flynn et al.,, 2020), which uses
RepeatScout version 1.0.6 (Price et al., 2005), RECON version 1.08 and
Tandem Repeats Finder version 4.09 (Benson, 1999). RepeatMasker
version 4.1.2 (https://www.repeatmasker.org) was subsequently used
to annotate the identified repetitive content, using the default Dfam
database provided with RepeatMasker.

The genome conservation between each pairwise combination of
assemblies was determined by aligning the assemblies using PROmer (in
the software package MUMmer version 3 (Kurtz et al., 2004)) with the
setting ‘mum’. Only reference sequences (i.e., scaffolds) longer than 10
kbp were included. From the PROmer results, the nucleotide sequence
similarity was calculated for each non-overlapping 10 kbp window using
a custom script. The average of these windows was taken as the average
nucleotide sequence identity between the two assemblies. To calculate
the difference in conservation of non-repetitive regions between 1 and
1,500,000 bp on scaffold_2 on the one hand, and the rest of the assembly
on the other hand, we only took windows that were <1 % repetitive into
account. The significance of the difference in average conservation be-
tween the windows in both sets was determined using an unpaired
Student’s T-test.

The predicted genes of all strains were functionally annotated. PFAM
version 35 was used to predict conserved protein domains (Mistry et al.,
2021) together with its corresponding gene ontology (GO) terms
(Ashburner et al., 2000; Hunter et al., 2009). Signalp 4.1 (Petersen et al.,
2011) and TMHMM 2.0c (Krogh et al., 2001) were used to predict
secretion signals and transmembrane domains, the following criteria
were applied to consider a certain protein as small, secreted protein: A)
they had a secretion signal, but no transmembrane domain (except in the
first 40 amino acids) and B) were shorter than 300 amino acids. Tran-
scription factors were identified based on the presence of a PFAM
domain with DNA binding properties (Park et al., 2008). CAZymes were
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annotated with the standalone version of the dbCAN pipeline using
HMMdb version 9 (Zhang et al., 2018). The hydrophobins were identi-
fied based on the PFAM domain PF01185. A gene tree of the hydro-
phobins was reconstructed by aligning the sequences using MAFFT
version 7.505 (Katoh and Standley, 2013) followed by gene tree
reconstruction using FastTree version 2.1.11 (Price et al., 2010). The
tree was manually inspected to determine the conservation of the pre-
viously identified hydrophobins of strain H4-8 (Ohm et al., 2010). The
putative mating type genes were identified based on their functional
annotations. The matA locus consists of genes encoding homeodomain
transcription factors that generally comprise a specific homeodomain
(PF05920). The matB locus consists of genes encoding pheromones and
pheromone receptors that were identified by PFAM domains PF08015
and PF02076, respectively. Gene family conservation was analyzed
using Orthofinder2 version 2.5.4 (Emms and Kelly, 2019) with an
inflation parameter of 1.5. The resulting orthogroups were classified
depending on their conservation. BUSCO v2 (dataset 'fungi_odb9’) was
used to identify highly conserved proteins and determine the expected
completeness of the set of predicted genes (Seppey et al., 2019).

A phylogenetic tree of species and strains was calculated from pro-
teins that were highly conserved across all taxa as identified by BUSCO.
Only BUSCO proteins were included that were present in all taxa in an
unfragmented state (as reported by BUSCO), resulting in 220 conserved
proteins. The amino acid sequences of these conserved proteins were
concatenated for each taxon and aligned using MAFFT version 7.505
(Katoh and Standley, 2013) using default settings for amino acid
alignment. Next, the amino acids in the alignment were replaced by
their corresponding codons using a custom script, effectively resulting in
aligned coding sequences. Phylogenetically non-informative positions
were removed by Gblocks version 0.91b (Talavera et al., 2007), which
resulted in 305,647 nucleotide positions in the alignment. A
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phylogenetic tree was calculated from the alignment with FastTree
version 2.1.11 using default settings for nucleotide alignments (Price
et al., 2010). The species Auriculariopsis ampla (Almasi et al., 2019) and
Fistulina hepatica (Floudas et al., 2015) were included as outgroups and
the tree was rooted on F. hepatica. All bootstrap values in the resulting
tree were 1/1 (i.e., fully supported).

3. Results

3.1. The genome assemblies of S. commune strains reveal high sequence
diversity

The genotypic diversity of the genus Schizophyllum was assessed by
sequencing seven monokaryotic (i.e., haploid) strains of S. commune and
one monokaryotic strain of the related species S. fasciatum. These were
all obtained by protoplasting dikaryotic (i.e., heterokaryotic) strains
collected from various locations in the world to ensure a degree of
geographic diversity (Table 1). Six previously published sequenced
strains were also included in the analysis and for three of those we
generated an assembly and gene prediction set using the Illumina reads.
The statistics of the assemblies, gene predictions and functional anno-
tations are listed in Table S1.

The size of the assembly of S. fasciatum is considerably smaller (30.4
Mbp) than those of S. commune (38.7 Mbp for reference strain H4-8). It
also encodes fewer genes (11,722 and 16,204 genes for S. fasciatum and
S. commune H4-8, respectively). Nevertheless, the BUSCO completeness
score indicates that the genome is complete (albeit rather fragmented).
Little is known about the lifestyle of this close relative of the well-
studied S. commune (Cooke, 1961).

A phylogenetic tree was reconstructed using 220 highly conserved
genes, with the related species Auriculariopsis ampla and Fistulina

A mmm European B C mm Schizophyllineae D
mm Asian mmm Schizophyllum Em GH m=m CE
mmm Australian B Non-repetitive mmm S, commune s AA mm CBM
mm North-American mmm  Repetitive mEm Unique B GT EEE PL
+ F. hepatica E—— ] I
— A ampla || | | | | [}
, S. fasciatum L []] 1 [ ][]
’ H4-8 || I N [ [ ]
Schizophyllum FL I I I
227.1 | I [ [ [ ]|
S. commune 225.1 I I I
JCM22674 I [ I [ ]
J 207.1 |l I . [ [ [
223.1 I I [ | | [
{ 227.2 ] [ | [ [ [ []
’T ZB.1 ]| I . [ [ [/
L Mos | I [ | [
TattoneD || [/l || [ | | [
/B.2 I [ | [ [ [ [[]
LoenenD | [ [ [ [ [|]
0 20 40 0 5000 10000 15000 O 200 400
Assembly size (Mbp) Predicted genes CAZymes

Fig. 1. A. Phylogenetic tree of the genus Schizophyllum based on 220 highly conserved genes. S. fasciatum is a sister taxon to the clade of S. commune strains, which
cluster together largely by their geographic origin. The species Fistulina hepatica and Auriculariopsis ampla are used as outgroup. The tree is rooted on F. hepatica and
this branch is not drawn to scale. B. The assemblies of the S. commune strains have similar sizes, but the assembly of S. fasciatum is considerably smaller. C. The
number of predicated genes is similar for the S. commune strains, with higher counts for strains H4-8 and TattoneD, which can be explained by a difference in method
of gene prediction. The genome of S. fasciatum encodes considerably fewer genes. D. The number of predicted carbohydrate-active enzymes (CAZymes) is remarkably

similar for all S. commune strains.
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hepatica as outgroups (Fig. 1A). S. fasciatum is a sister taxon to the clade
of S. commune strains. Generally, the S. commune strains cluster by
geographical distribution. The European and North-American strains
are both monophyletic, but the Asian strains are paraphyletic. The single
Australian strain is most closely related to an Asian (more specifically,
Japanese) strain. Even though ZB.1 and ZB.2 both originate from the
Dutch dikaryon ZB, they are not closely related. Similarly, 227.1 and
227.2 both originate from the Russian strain 227, but also do not cluster
closely together.

The assemblies of the S. commune strains were similar in size
(Fig. 1B). An all-versus-all comparison shows that there is considerable
variation on assembly-level between the strains (Fig. 2A). For example,
there is less than 80 % sequence identity between the assemblies of the
North American strain H4-8 and the European strains. To identify
conserved regions in the assemblies, we compared all S. commune strains
to the reference strain H4-8 and calculated the average conservation
(nucleotide sequence identity) across all strains (Fig. 2B and Table S2).
There is considerable variation in conservation across the assembly. As
may be expected, this variation negatively correlates with the repeti-
tiveness of the assembly, as repetitive regions are less conserved be-
tween the assemblies (Table S2; Pearson correlation —0.58 and p-value
< 0.001). Nevertheless, there is also variation in conservation of non-
repetitive sequences in the various strains. For example, the left arm
of scaffold 2 (up to 1.5 Mbp) is relatively well conserved in several
strains (Fig. S1). Overall, this region has a sequence conservation rate of
88.8 % across all strains, compared to 82.9 % for the rest of the assembly
(p-value 0.003). Interestingly, this region contains the mating type A
(matA) locus.

The gene counts vary between the S. commune strains (Fig. 1C),
although it is likely that this is largely due to the annotation method.
Strains H4-8 and TattoneD were annotated using RNA-Seq data to aid
gene prediction, while this was not the case for the other strains.
Expression data is known to identify additional genes that may other-
wise be missed (Grigoriev et al., 2006). The strains that were annotated
with the JGI annotation pipeline show similar gene counts, while strain
FL, Mos and JCM22674 were annotated separately. Most genes are
conserved across the species in the analysis, although there are also
genes conserved only in the genus Schizophyllum or the species
S. commune (Fig. 1C). Relatively few genes are unique to a strain, with
the exception of strain H4-8 and TattoneD, which were annotated using
expression data and therefore likely include genes that were missed in
other strains. Overall, the gene counts are rather similar between the
strains.

The putative mating type genes were identified based on their
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functional annotations (Table S3). Generally, the matA locus encodes
homeodomain transcription factors and the matB locus encodes phero-
mones and pheromone receptors (Ohm et al., 2010). As expected, these
mating type genes are organized in mating type loci. However, due to
the relatively high number of scaffolds in the Illumina-sequenced as-
semblies, the mating type loci are generally fragmented. Despite the
smaller assembly size and lower gene count of S. fasciatum, the number
of pheromones and pheromone receptors is considerably higher than for
the strains of S. commune.

3.2. Fruiting body development shows high phenotypic diversity between
strains

The dikaryotic reference strain H4-8 develops mushrooms when
grown for 12 days from a point inoculum on solid SCMM, at 25 °C, in a
16 h light/8 h dark cycle. The dikaryotic wild isolate strains were
screened under the same conditions and their mushroom development
phenotype was analyzed (Fig. 3).

Mushroom formation varied considerably between the strains.
Reference strain H4-8 (Fig. 3A) formed abundant small cup-shaped and
stipeless fruiting bodies growing in a ring around the center. Most of the
wild isolate strains also fructified in these conditions, but there were two
strains that did not go further than the mycelium/aggregates stage (ZB
and Uithof). The strains that formed mushrooms displayed a range of
shapes, sizes, abundance and colors. Loenen and Tattone both exhibited
tube-shaped fruiting bodies. Loenen (Fig. 3C) formed a considerably
larger amount of vegetative mycelium than Tattone (Fig. 3B). In strain
227 (Fig. 3E), fruiting body development was arrested at the aggregate
stage and after initiation of fruiting body formation a dark brown fungal
pigment was produced in the growth medium. Strain 223 (Fig. 3G)
developed fruiting bodies in the center of the plate and formed either
stipes or mature mushrooms. Strain 225 (Fig. 3H) exhibited a multitude
of fruiting bodies originating in the center of the colony, with long stipes
and few mushrooms that fully opened. Strain 234 (Fig. 3L) displayed a
multitude of aggregates and stipes that did not develop further to the
mushroom stage. Strains 133 (Fig. 3I), 207 (Fig. 3F) and Sala (Fig. 3N)
developed similar large fan-shaped fruiting bodies attached to a short
stipe. Similarly, strains 180 (Fig. 3J) and Plitvice (Fig. 3M) also devel-
oped fan-shaped mushrooms concentrated in the center of the plate,
although smaller than in strains 133, 207 and Sala. Strain 181 (Fig. 3K)
predominantly formed mushrooms at the periphery of the colony, which
is not generally seen in any other strain. Strain Wilhelmina (Fig. 3P)
produced unusually shaped fruiting bodies at the periphery of the
colony.

100

T T T T 0
1 2 3 4

Length (Mbp)

Fig. 2. A. Conservation between the assemblies of the strains in the genus Schizophyllum. The conservation is expressed as percentage of nucleotide sequence
identity. Even though the S. commune strains are of the same species, their assemblies display a high degree of variation. B. The average nucleotide sequence identity
between the reference assembly of strain H4-8 and the assemblies of the other 12 S. commune strains. The scaffolds of the reference assembly are visualized along the
y-axis, and the scaffold lengths are indicated on the x-axis. The individual pair-wise comparisons of the assemblies are visualized in Fig. S1.
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Fig. 3. There is considerable diversity in fruiting body morphology among dikaryotic strains of S. commune. A. H4-8; B. Tattone; C. Loenen; D. ZB; E. 227; F. 207; G.
223; H. 225; 1. 133; J. 180; K. 181; L. 234; M. Plitvice; N. Sala; O. Uithof; P. Wilhelmina. The strains were grown at 25 °C in a 16 h light/8 h dark cycle. The pictures
were taken after 12 days of growth and are representative colonies of five biological replicates. The scale bar in (P) represents 1 cm. The Petri dishes were incubated

upside down and turned over to take the pictures.

3.3. The effect of CO2 on fruiting body development varies between the
strains

The CO; concentration plays an important role in developmental
decisions in mushroom-forming fungi (Kiies and Navarro-Gonzalez,
2015; Niederpruem, 1963; Raudaskoski and Viitanen, 1982). In the
reference strain H4-8, fruiting bodies generally develop in low (i.e. 400
ppm) CO5 concentration, whereas their formation is inhibited at high (5
%) CO3 concentration. The dikaryotic wild isolate strains were screened
under the same conditions and their mushroom development phenotype
was analyzed (Fig. 4). At a high COy concentration, the majority of
strains did not develop mushrooms but instead only formed vegetative
mycelium. In contrast, strains 207, 225, 180 and 234 did produce
fruiting bodies at a high CO; concentration. However, mushroom shape
was considerably different: the stipes were longer, the cap was smaller
and less spore-forming tissue was developed, compared to when grown
at low CO3 concentration. Especially for strain 225 the difference be-
tween low and high CO; concentration regarding colony and mushroom
morphology was relatively small.

3.4. Hydrophobins and regulators involved in mushroom development

The wide variation in mushroom development phenotypes likely has
a genetic basis. Therefore, we analyzed the conservation of known genes
and gene families (hydrophobins and transcription factors) involved in
mushroom development across the strains of S. commune and in
S. fasciatum.

The genome of reference strain H4-8 encodes 13 hydrophobin genes
(sc1, sc3, sc4, sc6, hyd1-9) (Ohm et al., 2010). The hydrophobins of the
newly sequenced strains were compared to these and their conservation
was determined (Fig. 5). Hydrophobin genes are generally conserved in
the various strains of S. commune, with some notable exceptions. Genes
hydl and hyd7 of the reference strain H4-8 were in fact the result of a
recent duplication that only took place in this strain, and we therefore
combined these into group hyd1/7. In strain LoenenD, gene hyd8 has

also undergone a recent duplication. Gene hyd>5 is lost in the strains FL,
227.1 and ZB.1. The genome of S. fasciatum encodes fewer hydrophobins
and for example lacks an ortholog of sc4, which in S. commune coats gas
channels in fruiting bodies, forming a hydrophobic layer and preventing
the gas channels from filling with water (Van Wetter et al., 2000).
However, hyd9 is duplicated in S. fasciatum.

Transcription factors involved in the regulation of mushroom
development are generally well conserved in the various strains of
S. commune (Fig. 5). A notable exception is teal which has duplicated in
strain 223.1 and 225.1. All these regulators are also conserved in
S. fasciatum.

3.5. Growth on wood-associated carbon sources varies between wild
isolate strains

S. commune has the ability to utilize various carbon sources. We
studied the growth on beech wood, cellulose (a component of wood),
cellobiose (a breakdown product of cellulose), glucose (a sugar that is
easily metabolized, and a breakdown product of cellulose), pectin (a
component of wood), xylan (a type of hemicellulose and a component of
wood), xylose (a breakdown product of xylan), and maltose and starch
(both are not associated with wood, but are relatively easily
metabolized).

Reference strain H4-8 grew on beech wood, although to a limited
extent. It displayed considerably slower growth than strains 227.1,
223.1, Sala.1 and 181.1, which formed a denser mycelium. On the other
hand, strains ZB1, ZB2 and 227.2 grew poorly on wood, although a
sparse mycelium was visible throughout the substrate.

On cellulose, the strains displayed relatively sparse growth
compared to other carbon sources (except beech wood). However,
reference strain H4-8, 207.1, 227.1, 223.1 and 181.1 grew better than
the other strains. Generally, these strains also grew better on wood than
most of the other strains, although there was a notable exception
(Sala.1). Growth on cellobiose was more similar between the strains,
although strain 227.1 displayed considerably slower growth resulting in
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low (0.05%) CO- high (5%) CO2 low (0.05%) CO- high (5%) CO2

H4-8
133

ZB 223 207 225 227
Uithof Sala Plitvice 234 181 180

Tattone

Loenen
Wilhelmina

Fig. 4. Morphology of dikaryotic S. commune strains at 0.05 % and 5 % CO.. The strains were grown for 12 days at 25 °C under continuous light. The pictures are
representative colonies of five biological replicates.
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Fig. 5. A. Diagram depicting the number of hydrophobin orthologs per strain in the genus Schizophyllum. B. The number of orthologs of known regulators with a role

in mushroom formation per strain in the genus Schizophyllum.

a smaller colony. Xylan (a type of hemicellulose) and its breakdown
product xylose were readily used by most strains. Notable exceptions
include strains LoenenD and 227.1, which both displayed sparser
growth on these two carbon sources. Growth on pectin was generally
less fast than on the other carbon sources, and there was little difference
between the strains. However, strain ZB.2 grew considerably faster than
H4-8.

Glucose, maltose and starch are carbon sources that are considerably
easier to metabolize than the predominantly polymeric carbon sources
described above. The various strains displayed little variation during
growth on these carbon sources.

3.6. Correlation between growth on cellulose and cellulase activity

We determined whether the growth profile of the strains on solid
medium with cellulose as sole carbon source could be explained by a
difference in cellulase activity. Since the enzyme activity is difficult to
measure in solid medium, we performed these experiments in liquid
shaken cultures. Total cellulase activity in the supernatant of 6 day old
cultures was measured using the filter paper assay. In general, there was
a high variation between cellulase activity of the strains (Fig. 7). How-
ever, high cellulase activity significantly correlated with growth on solid
cellulose (Supplementary Fig. 2). Reference strain H4-8, and strains
223.1, 207.1, 180.1 and 181.1 had a relatively high cellulase activity in
the growth medium and a relatively strong growth on solid cellulose
medium (Figs. 6 and 7). This shows that for these strains the strong
growth on cellulose may (at least in part) be explained by the increased
production of cellulases. However, strain 225.1 also showed a relatively
high cellulase activity, but displayed almost no growth on solid cellulose
medium (although growth on wood was relatively good). Inversely,
strain 234.1 showed very little cellulase activity in liquid medium, but
growth on solid cellulose was relatively good. It should be noted that
growth on wood was very poor for strain 234.1. Possibly, these dis-
crepancies may be explained by the differences between growth in liquid
and on solid medium, or differences in cellulose availability and
morphology in wood compared to microcrystalline cellulose.

3.7. Little variation in CAZyme count despite differences in growth profile
and cellulase activity

We determined whether we could identify an underlying genetic

component that may explain the different growth profiles on the various
wood-related carbon sources, as well as the different cellulase activities
of the strains. Specifically, we determined the number of genes encoding
CAZymes in the genome assemblies of the strains.

The genomes of the sequenced S. commune strains encode a similar
number of putative CAZymes (Fig. 1D, Table S4), ranging from 481 in
reference strain H4-8 to 495 genes in strain JCM22674. These differ-
ences are relatively small, even if we take into account the genome-size
variance. All strains encode glycoside hydrolases (GHs), glycosyl
transferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases
(CEs), auxiliary activities (AAs) and carbohydrate-binding module
(CBM) families. The GH and AA families are the most represented among
the CAZymes and these are primarily (but not exclusively) associated
with degradation of wood, cellulose, hemicellulose, pectin, lignin and
starch.

These relatively small differences in CAZyme gene counts cannot
explain the relatively large differences in growth profile and cellulase
activities observed between some of the strains. It is therefore likely that
the observed differences are caused at the regulatory level or the activity
of individual cellulase enzymes. The regulator of cellulose degradation
Rocl is conserved in all strains, as well as in S. fasciatum.

4. Discussion

There is considerable genomic and phenotypic diversity among the
S. commune strains. The genome sequences of the seven newly
sequenced strains and the six previously published strains showed a high
degree of genetic diversity. This is also reflected in the high degree of
phenotypic diversity in various aspects of mushroom development and
lignocellulose degradation.

S. commune was previously described as among the most poly-
morphic of all studied eukaryotic species (Baranova et al., 2015) and the
newly sequenced strains also show considerable genomic diversity. The
phylogenetic analysis showed that genetic distance largely correlates
with geographic distance. Strains from the Eastern and Western hemi-
spheres form distinct clades. Moreover, it appears that S. commune
spread from Asia into Europe and Australia. This largely confirms pop-
ulation analyses performed on a smaller set of alleles (James et al.,
2001), and showed that the oceans are likely barriers to dispersal of this
species (James et al., 1999). Sequencing additional strains from
geographically distinct areas, as well as including additional previously
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Fig. 6. Growth of S. commune monokaryotic strains on nine carbon sources. Pictures were taken after seven days (or 32 days in the case of wood) of growth at 30 °C.
The pictures are representative colonies of five biological replicates.
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Fig. 7. Total cellulase activity during growth in liquid culture with cellulose as
sole carbon source. There is considerable heterogeneity between the strains
of S. commune.

published strains (Baranova et al., 2015; Kim et al., 2021; Liu et al.,
2022; Seplyarskiy et al., 2014), will yield more insights into the popu-
lation dynamics of S. commune. Despite the high genomic diversity be-
tween the strains, the genomic region containing the mating type A
genes (matA locus) is relatively conserved in most strains. It was pre-
viously shown that in several Agaricales the matA locus is in a region
where the gene order is under stronger selection than the matB locus
(Niculita-Hirzel et al., 2008).

It is remarkable that neither ZB.1 and ZB.2, nor 227.1 and 227.2
cluster closely together, given that each of these pairs are monokaryons
derived from one dikaryon by protoplasting. Apparently, these dikary-
ons originated from monokaryons that were not closely related and
possibly travelled a considerable distance. These two examples show
that outcrossing happens frequently in S. commune, although sequencing
additional dikaryons is required to further determine the extent. This
large genetic diversity between the genomes of the two nuclei cannot be
resolved by Illumina short-read sequencing, as we have been unsuc-
cessful at sequencing and assembling dikaryotic genomes using this
approach (results not shown). Long-read sequencing techniques (e.g.,
PacBio or Oxford Nanopore) will likely be able to resolve these issues.

S. fasciatum is the first other species in the genus Schizophyllum
(besides S. commune) that has been sequenced. Little is known about this
strain, except that is has been collected from Mexico and that it has a
tetrapolar mating type system like S. commune (Raper, 1960). It is not
known whether the high genetic diversity found in S. commune is
restricted to only this species, or whether S. fasciatum and other species
show a similar pattern.

There was considerable heterogeneity in mushroom development
phenotypes between the wild isolate dikaryons. These wild isolates have
been collected from nature as (apparently) recognizable mushrooms of
the species S. commune. Nevertheless, some strains did not develop
mushrooms when grown in laboratory conditions. However, the con-
ditions that were used in the laboratory (i.e., growth in Petri dishes,
glucose as carbon source instead of wood, absence of competitors, etc.)
were considerably different from nature. These phenotypic differences
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likely result from genetic variation between the strains. Several gene
families have been previously associated with mushroom development
in S. commune. Hydrophobins play an important role in allowing the
hyphae to grow up into the air, which is a first step in mushroom
development. Moreover, they coat the air channels in the mushrooms,
preventing those from filling up with water (Wosten, 2001). Several
transcription factors have been shown to regulate various aspects of
mushroom development (Ohm et al., 2011, 2010; Vonk and Ohm, 2021,
2018). For this reason, we analyzed the conservation of both hydro-
phobins and specific transcription factors in the newly sequenced
strains. Remarkably, despite the high genetic diversity, there was little
difference in gene counts of hydrophobins and orthologs of known
regulators of mushroom development. Therefore, we were unable to link
the mushroom development phenotypes to specific differences in ge-
notype. However, it should be noted that we have performed the
mushroom development phenotyping with dikaryotic strains, and not all
genomes of the corresponding (parental) monokaryotic strains are
available (Table 1). Sequencing the genome of dikaryons directly (as
discussed above) may reveal the genomic content of a dikaryon more
efficiently. We have previously shown that Agaricus bisporus shows
nuclear-specific expression (Gehrmann et al., 2018) and it would be
interesting to determine whether this is also the case for S. commune
dikaryons, which are considerably more genetically diverse.

Similarly, we found large heterogeneity between the strains in the
growth profiles of the strains on various carbon sources. Several strains
grew well on most carbon sources, while other strains grew relatively
poorly. Possibly, this is the result of adaptations of the strains to their
niche. There was very little difference in the CAZyme gene counts in the
various strains. Possibly, the heterogeneity may be explained by dif-
ferences in levels of gene expression, for example caused by differences
in the regulatory pathways leading to CAZyme expression. Alterna-
tively, there may be differences in the enzyme activity of individual
CAZymes. Furthermore, unknown CAZymes may play a role in ligno-
cellulose degradation.

The phenotypic diversity between strains opens the door to using a
functional genomics approach to link genotype to phenotype. Although
we identified considerable differences in both the genotype and
phenotype between the strains of S. commune, we were generally unable
to link a specific genotype to a specific phenotype. The number of ge-
netic differences on genome-level was generally too high, whereas the
gene counts of specific families were generally very similar. A promising
approach to link genotype to phenotype is bulked segregant analysis,
which entails crossing compatible strains with different phenotypes for a
trait of interest, selecting offspring and dividing these into pools with
opposing phenotypes. Sequencing these pools may reveal which loci are
responsible for the observed phenotypes. Bulked segregant analysis has
previously been used in the mushroom-forming fungus Lentinus tigrinus
to identify loci involved in differences in developmental phenotypes
between strains (Wu et al., 2018). The diversity between the S. commune
strains provides a rich source of phenotypes that may be mapped to their
corresponding loci using this approach. For example, strains with
opposite phenotypes regarding mushroom development (absence/pres-
ence of mushrooms in a given condition) may be used in a bulked
segregant analysis to identify the locus or loci responsible for the
phenotype. Moreover, we have previously shown that comparative
transcriptomics may be used to compare gene expression between
diverse strains growing on several carbon sources, which allowed us to
identify the transcription factor Rocl (Marian et al., 2022). A similar
approach may be used on this new set of strains.

In conclusion, the genome sequences generated in this study will
serve as a foundation for more in-depth analyses to identify the genetic
basis of phenotypic diversity among the strains.
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