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Abstract

Myecelium has potential in fulfilling the sustainable materials needs of the future by providing an
alternative for various traditional material solutions, such as animal leather and construction
materials. Mycelium is produced by fungi and is inherently bio-based. Fungal materials are typically
mycelium materials produced either from cultured fungi or fruiting bodies of fungi. Mycelium is the
vegetative part of fungi made of branching hyphae composed of fungal cells. Cell walls are an
important structural part of fungal cells. Thus, it is likely that cell wall regulation pathways affect
the microstructure of the fungal cells and ultimately the material properties of mycelium.

In this work, fourteen Trichoderma reesei strains were studied to see how the genetic engineering
of single genes affected material properties of mycelium. The mycelium film production process
was based on the previously patented method. A shake-flask fermentation was used to cultivate
mycelium biomass that was then treated to obtain mycelium suspension that was then cast as a
mycelium film. Yield, microstructure and protein expression patterns of mycelium culture, cell wall
polysaccharide content of mycelium biomass, and tensile strength, strain and Young’s modulus of
mycelium films were determined. These values were compared to the genetic differences of the
studied fungal strains.

This work provided a look into the production of mycelium films and the investigation of the
material properties with comprehensive analysis methods. The cell wall polysaccharide content
analysis was further developed with the experiments of this work. The mycelium microstructural
differences were generally minor between samples and their references. Additionally, the hyphae of
the wild-type (Rut-C30 and QM9414) and directly wild-type-derived fungal strains were longer and
only mildly branching than the more genetically engineered strains and their transformants. The
results suggested that genetic engineering reduced the polysaccharide content of the cell wall of the
studied strains. The results for physical and mechanical properties were less consistent and both
reducing and increasing effects were observed. This work provides a basis for further development
of novel mycelium materials. The future of mycelium materials is indeed filled with lots of potential.

Keywords mycelium, filamentous fungi, hyphae, cell wall integrity signalling pathway, Trichoderma reesei,
chitin, glucan, galactomannan, polysaccharide, cell wall composition, cell wall stress, biosynthesis,
biofabrication, hydrophobin, resilin, silk, chitinase, physical and mechanical properties, density, tensile
strength, strain, Young’s modulus, protein production, gene expression, RUT-C30, QM9414
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Tiivistelma

Myseelilld, eli sienirihmastolla, on hyvit edellytykset tiayttda kestdvan materiaalin tunnusmerkit
tulevaisuudessa tarjoamalla vaihtoehdon perinteisille materiaaliratkaisuille, kuten eldinnahkalle
sekd erilaisille rakennusmateriaaleille. Myseeli on sienten tuottama luontaisesti biopohjainen
materiaali. Sienimateriaalit ovat tyyppillisesti myseelimateriaaleja, jotka tuotetaan joko
sieniviljelmilla tai sienten itiGemistd. Myseeli koostuu sienisoluista rakentuvista sienirihmoista,
joka muodostaa sienen kasvavan osan. Soluseinilld on rakenteellinen merkitys sienisoluissa. Onkin
todenndkoistd, ettd soluseinidn sadntely ja viestinvilitysketjut vaikuttavat sienisolujen
mikrorakenteeseen ja kaiken kaikkiaan myseelin materiaaliominaisuuksiin.

Tassd tyossd kaytettiin neljadtoista Trichoderma reesei -kantaa arvioimaan geneettisten
muokkausten vaikutusta myseelin materiaaliominaisuuksiin. Myseelikalvon tuotantoprosessi
pohjautui aiemmin patentoituun ~ menetelmaan. Myseelibiomassaa  valmistettiin
pullokasvatusfermentoinnilla, ja tdma biomassa kasiteltiin suspensioksi, joka valettiin
myseelikalvoksi. Myseelikasvatuksen saanto, mikrorakenne, tiettyjen proteiinien tuottotasot seka
myseelibiomassan soluseindn polysakkaridipitoisuus sekd myseelikalvojen vetolujuus, venyma ja
kimmokerroin maaritettiin. Niitd arvoja verrattiin kyseisten sienikantojen geneettisiin eroihin.

Tama tyo tarjosi kattavien analyysimenetelmien kautta katsauksen myseelikalvojen tuotantoon seki
niiden materiaaliominaisuuksiin. Tdma ty0 edesauttoi soluseindn polysakkaridipitoisuuden
madritysmenetelmin kehitysti. Naytteiden ja verrokkien viliset erot myseelin mikrorakenteessa
olivat vahaiisid. Villikantojen (Rut-C30 ja QMo9414) ja niiden suorien johdannaiskantojen
sienirihmat olivat pidempii ja haarautuiva vihemmain kuin enemmaén geneettisesti muokattujen
kantojen ja niiden johdannaiskantojen sienirihmat. Tulosten perusteella geneettinen muokkaus
vahensi tutkittujen sienikantojen soluseinien polysakkaridipitoisuutta. Fyysisten ja mekaanisten
ominaisuuksien tulokset olivat vihemman yhtenevii, ja niissa olikin viitteitd sekd parannetuista etta
heikennetyistd vaikutuksista. Tdma ty0 pohjustaa uudenlaisten myseelimateriaalien kehitytsta.
Myseelimateriaaleiden tulevaisuus nayttaikin erittiin valoisalta.

Avainsanat sienirihmasto, myseeli, rihmamaiset sienet, rihmasienet, hyyfi, sienirihma, soluseinin eheyden
viestinvalitysketju, Trichoderma reesei, kitiini, glukaani, galaktomannaani, polysakkaridi, soluseinin
koostumus, soluseinin rasitus, biosynteesi, biovalmistus, hydrofobiini, resiliini, silkki, kitinaasi, fysikaaliset
ja mekaaniset ominaisuudet, tiheys, vetolujuus, venymai, kimmokerroin, proteiinin tuotto, geenin
ilmentyminen, RUT-C30, QMo414
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Symbols and abbreviations

Symbols

Mws
Mwms1
Mwms2
Mwmu
Mps
Mw
Nims
r

r

molar mass of a monosaccharide (g/mol)

molar mass of an acetylated monosaccharide (g/mol)
molar mass of a deacetylated monosaccharide (g/mol)
molar mass of a monomer unit (g/mol)

mass of a polysaccharide (g)

molar mass of water (g/mol)

amount of substance of a monosaccharide (mol)
acetylation ratio (%)

deacetylation ratio (%)

Abbreviations

BC
CBM
CMF
CWI
dCBM
DDIW
EPS

ER

GPI
HPIC
IQR
LSB
MWM
P(3HB)
PU
PVC
RLP
SDS-PAGE
TBS
TBST
TrMM
UPR
uTS

bacterial cellulose

cellulose binding module
cellulose microfibril(s)

Cell Wall Integrity

double cellulose binding module
distilled deionized water
expanded polystyrene
endoplasmic reticulum
glycosylphosphatidylinositol
high pressure ion chromatograph
interquartile range

Laemmli Sample Buffer
molecular weight marker
poly(3-hydroxybutyrate)
polyurethane

poly(vinyl chloride)

resilin-like protein

sodium dodecyl sulfate—polyacrylamide gel electrophoresis
tris-buffered saline

tris-buffered saline Tween
Trichoderma minimal medium
unfolded protein response
ultimate tensile strength



1 Introduction

Materials are everywhere, and they are even needed to enable essentially non-material
things. Therefore, energy-efficient material solutions, whose whole life cycle have carefully
been considered, are needed. Recyclability, degradability, and sustainability go hand in hand
in circular economy, and they should be considered as a case-by-case basis since there is no
solution that fits all. Sustainability does not only involve the degradability or the source but
also the longevity of any given material: bio-based or biodegradable does not necessarily
mean more sustainable since the material might perform worse than a fossil-based or non-
degradable material in the intended application or at any point in that material’s life cycle

(Mazhandu et al., 2020; Niaounakis, 2015).

Conventional material solutions have featured materials, such as fossil-based polystyrene as
a multipurpose material and concrete as a building material, that generate environmental
externalities during their life cycle such as a high carbon footprint (Meyer et al., 2020;
Niaounakis, 2015). Many current materials entail sustainability and environmental issues,
and materials of the future should provide environmentally conscious solutions. Nature has
always been a great inspiration for green circular materials and that is also how biomimetics
comes into the picture of the current material development. Biomimetics takes cues from
the evolution and the whole life cycle of materials in the nature by observing various

ecosystems in the whole range of the biosphere (Kumar et al., 2020; Fratzl, 2007).

There comes a point in the life of all materials when it becomes obsolete, and a need arises
to convert it back to energy or to various building block molecules. Fungi are the primary
decomposers of waste in the nature due to their capability to form multicellular mycelium
networks that can penetrate large pieces of material and while breaking down biomass with
the help of high enzyme secretion capabilities (Talbot et al., 2008). Mycelium produced by
growing filamentous fungi is a compelling piece of the puzzle of sustainability, especially
when it comes to the replacement of certain non-woven fabrics such as animal leather, which
have inherent challenges in the material’s life cycle, with more holistic material solutions
(Wijayarathna et al., 2022; Hildebrandt et al., 2021; Jones et al., 2021; Vandelook et al., 2021;

China et al., 2020; Qua, 2019). Mycelium is the vegetative part of filamentous fungi and



mycelium is thus inherently biofabricated and biodegradable (Jones et al., 2021; Webster and

Weber, 2007). A multitude of mycelium materials are discussed later in this work.

Despite the advances in genetic engineering and successful demonstrations on how these
affect the expression of certain proteins and cellular composition, the relationship between
genetics and material properties of mycelium has not yet been addressed thoroughly.
Understanding the relationship would enable a more wide and effective use of mycelium as
a material, and enhancing, adjusting, and balancing of its material properties for any special
needs of a specific intended application. This is the reason why the production of mycelium
with various Trichoderma reesei strain mutants was studied in this work by comparing the
material properties and the polysaccharide content of the produced mycelium films to the
genetic differences of the strains. This work laid the groundwork for understanding the
relationship between genetics and material properties of mycelium and the experimental
limits of used analyses. As a basis for this work, an overview is given both on cell wall
composition and regulation in filamentous fungi, and on fungal mycelium materials
contrasted with other current commercial or currently researched material solutions in

relevant fields.



2 Filamentous fungi and their cell wall

Mycelium is the living network-like cellular structure of filamentous fungi. Establishing the
background for fungi and their cell wall is important for understanding interactions and
material properties of mycelium. Fungi is a huge taxonomic kingdom with estimated number
of species around 1.5 million as of year 2001, ascomycota being the biggest with the
estimated number of species between 300 000 and 600 000 (Webster and Weber, 2007).
Hence fungi provide a huge potential genetic pool that inspires as it is, and whose benefits
could be more efficiently harnessed and expanded with smart genetic engineering, as will be
discussed later in this work. This chapter first provides a background for filamentous fungi

and then goes into their cell wall components.

Fungi can occur either as unicellular yeasts that divide by binary fission or budding, as
multicellular filamentous fungi expanding by ever-branching septate or aseptate hyphae, or
as dimorphic hybrids capable of switching between these two growing states (Figure 1A)
(Haneef et al., 2017; Webster and Weber, 2007). Unlike yeasts, filamentous fungi have a long
fibrous connected structure of hyphae that together build up the mycelium (Webster and
Weber, 2007). A hypha is formed by one or more fungal cells, and it is surrounded by a
tubular cell wall growing only at its tip in a specific angle to the growth axis (Webster and
Weber, 2007; Moore and Novak, 2002). A fruiting body is the multicellular part of fungi
capable of sexual reproduction with spores, while vegetative mycelium growth and asexual
spore production can happen without a fruiting body (Webster and Weber, 2007). Mycelium
is in essence the non-fruiting body and the non-reproducing vegetative part of filamentous
fungi, although structurally the line between these two is commonly very ambiguous, as can

be seen in Figure 1B.



Fruiting body
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Mycelium structures

Figure 1. Growth forms of fungi (A) and macrostructures in fungi (B). Filamentous fungi grow as
mycelium formed by either aseptate hyphae (a) or septate hyphae (b), while yeast cells divide by
binary fission (d) or budding (e). Some fungi can form pseudohyphae (c) that are morphologically
between yeast cells and true hyphae. Mycelium (f) is the vegetative part of fungi and while fruiting
body (g) bears sexual spore-producing structures (h). Not all fungi form fruiting bodies. A) is adapted
from Webster and Weber (2007) and B) is adapted from Rathore et al. (2019).

This thesis focused on the filamentous fungi of the largest fungal division Ascomycota and
more specifically on the species T. reesei, which was also used in the experimental work.
Fungi of the always filamentously growing Trichoderma genus are significant players in
parasitism of plants and humans among other animals and thus the structure and the
regulation of their cell wall has been an important research topic at least since the 90s
(Atanasova et al., 2018; Wang et al., 2018; Gow et al., 2017; Rogg et al., 2011; Aufauvre-
Brown et al.,, 1997). T. reesei has had a long history in industrial use since it was first
discovered in the mid-20" century as the extensive cellulase producing wildtype QM6a strain
that was further developed into strains, like Rut-C30 and QM9414, with improved protein

production capabilities (Peterson and Nevalainen, 2012).

In the higher fungi (Ascomycota and Basidiomycota), hyphae can assemble into fruiting
structures producing and bearing the sexually produced spores. The inner vegetative portion

of these fruiting bodies is referred as trama (sometimes referred as the context tissue) and



it has similar structure to mycelium. The structural properties of trama can vary from species
to species, just like for mycelium, and from region to region. Spores can also be produced
asexually or without fruiting bodies, as is the case with yeast Saccharomyces cerevisiae. Only
a very few fungi get by without spores thus only relying on mycelium (Webster and Weber,
2007). Fungal cell wall is the main structural constituent of mycelium (Gow et al., 2017,
Webster and Weber, 2007). The cell wall is the outer-most line of defence for the fungi
sustaining the morphology of the cell and intermediating external stimuli into the cell
(Yoshimi et al., 2022). The cell wall was considered inert for a long time although it has very

much proven to be a highly dynamic organelle (Latgé, 2007).

2.1 Cell wall components

Cell wall composition of filamentous fungi likely affects the material properties of mycelium.
The cell wall of fungi plays a significant role in the interactions between the fungal cell and
its environment, and it resists the high turgor pressure of the cells and retains the form.
Fungal cell wall must adjust to the environmental changes to survive. This adaptability is
enabled via a highly complex regulation network that controls various aspects of produced
cellular components (Kappel and Gruber, 2020; Free, 2013). The cell wall constitutes
approximately a third of the whole dry weight of filamentous fungi (Kappel and Gruber,
2020). The cell wall components of filamentous fungi include various polysaccharides, cell
wall associated proteins and lipids (Kappel and Gruber, 2020; Free, 2013; Feofilova, 2010), as

can be seen in Figure 2.
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Figure 2. Cell wall structure of Trichoderma reesei (based on Kappel and Gruber (2020)).

211 Polysaccharides

Glucans, chitin, and galactomannans are the most notable polysaccharides in the cell wall of
filamentous fungi and in general these are the major components in the cell wall in addition
to varying amounts of proteins (Kappel and Gruber, 2020; Free, 2013). Polysaccharides are a
wide group of natural carbohydrate compounds, sometimes referred as glycans (Avenas,
2013; Brock et al., 2003). The core structural scaffold of fungal cell walls is provided by B-1,3-
glucan and chitin microfibrils (Kappel and Gruber, 2020).

Fungal cell walls contain various alpha and beta glucans. Glucan is a polysaccharide
composed of glucose monomers (Ruiz-Herrera and Ortiz-Castellanos, 2019). B-1,3-glucan is
the most prevalent glucan in fungal cell wall linked with varying amounts of B-1,6-glucan
branches and in rare cases B-1,4-glucan branches (Kappel and Gruber, 2020; Ruiz-Herrera

and Ortiz-Castellanos, 2019). Glycogen, formed by linearly a-(1-4)-linked and branching a-(1-



6)-linked glucose subunits, is the most abundant alpha glucan in fungi, but it is merely an
intracellular energy reservoir and is not directly related to mechanical properties of the
fungal cells. While there are structural alpha glucans in fungal cell walls, their role is minor
(Ruiz-Herrera and Ortiz-Castellanos, 2019). B-1-3-glucan microfibrils provide general
structure, and cross-linking B-1,3-glucan and B-1,6-glucan network provides support to the
microfibrils (Free, 2013). Glucans are synthesised by various alpha and beta glucan synthases
on the plasma membrane. An extensive review of fungal cell wall glucans has been compiled
by Ruiz-Herrera and Ortiz-Castellanos (2019), although the cell wall of Trichoderma is poorly

understood.

Chitin has three naturally occurring allomorphs and in fungi, only the most substantial and
the antiparallelly chained form, a-chitin, is found. Chitin is a polysaccharide where glucose-
derived N-acetylglucosamine or glucosamine monomers are joined via B-(1-4) linkages to
form the polymer (Kappel and Gruber, 2020). This glycan molecule is called chitosan if most
of the monomer units are glucosamine (Kappel and Gruber, 2020). Chitin has high tensile
strength and great flexibility due to its intrachain hydrogen bonds (Kappel and Gruber, 2020).
Chitin and chitosan provide integrity and rigidity to the cell wall and protection against
various environmental stress factors (Kappel and Gruber, 2020; Feofilova, 2010). Chitin is
synthesised on the cell membrane through the action of chitin synthase enzymes (Kappel and

Gruber, 2020).

Galactomannans, which consist of mannose backbone with branching galactose side chains,
are specific to cell walls of filamentous fungi and a significant component of the outer layer
of the cell wall of T. reesei (Kappel and Gruber, 2020). Neither the function nor the
biosynthesis of galactomannans is well understood (Fontaine and Latgé, 2020). The addition
of mannan and galactomannan to form glycoproteins and their biosynthesis happen in the
endoplasmic  reticulum (ER) and Golgi apparatus by mannosyl- and

galactofuranosyltransferases (Fontaine and Latgé, 2020; Gow et al., 2017; Free, 2013).

Dry cell wall of filamentous fungi Trichoderma spp. contains between 65 and 90 % of B-1,3-
glucan and between 0.5 and 5.0 % of chitin. Chitosan is only present in small ratios and the
amount has typically been included in chitin (Kappel and Gruber, 2020; Free, 2013). The cell

wall of another filamentous fungus Aspergillus fumigatus has been reported to contain



between 20 and 25 % of galactomannans (Free, 2013; Gastebois et al., 2009), but the amount

of galactomannan in Trichoderma spp. is not well known.

2.1.2 Proteins

Kappel and Gruber, (2020) reported that around 30 % of the total cell wall dry weight of T.
reesei is made of proteins. Proteins, biomolecules consisting of one or more amino acids
linked by peptide bonds, are very integral compounds for all living organisms (Brock et al.,
2003). Cell wall associated proteins include proteins that are anchored to the cell wall or
secreted to the extracellular matrix (Free, 2013). Some proteins are covalently linked to
glycan molecules in post-translational modification steps and are thus classified as
glycoproteins (Gamblin et al., 2009). There are diverse transmembrane and membrane
proteins — including enzymes, receptor proteins and transportation proteins — embedded in
the fungal cell membrane interfacing with the cell wall, many of which have an important
role in cell regulation, transportation, or specific enzyme activity (Brock et al., 2003; Moore
and Novak, 2002). Proteins that are linked to the glucan-chitin network of the cell wall of
filamentous fungi via glycosylphosphatidylinositol (GPI) anchors are called GPl-anchored

proteins (Kappel and Gruber, 2020; Free, 2013).

Various cell wall surface proteins including flocculins, agglutinins, hydrophobins and cerato-
platanins are bound to the surface of the cell wall (Kappel and Gruber, 2020). T. reesei has a
high number of hydrophobins present in the outer layer of the cell wall (Kappel and Gruber,
2020). Hydrophobins can cover glucans of aerial hyphae and conidia by transforming a
hydrophilic surface to a hydrophobic surface (Kappel and Gruber, 2020). Cerato-platanins are
a form of hydrophobin-like proteins that play a role in the interaction with host in plant
pathogenic fungi (Bacceli, 2015). The extensively studied hydrophobins HFBI and HFBII are
the T. reesei native proteins investigated in this work in addition to various recombinant
proteins, and those are discussed further in Chapter 5.1. Melanins consisting of phenolic or
indolic compounds are hydrophobic high-molecular-weight pigments that, in fungal cells,
form protective layers against various environmental hazards (Kappel and Gruber, 2020; Gow
et al., 2017). In T. reesei, a polyketide synthase gene pks4 regulates the pigmentation of
conidia, and the absence of the gene causes instability of the conidial wall and reduces the

antagonistic capabilities against other fungi (Kappel and Gruber, 2020).



2.1.3 Lipids

Lipids were for a long time seen as impurities in the cell wall —just like proteins at some point
—(Ruiz-Herrera, 2016) possibly explaining why lipids are still the least studied relevant
macromolecule group in fungal cell walls (Ruiz-Herrera, 2016). Lipids are hydrophobic or
amphiphilic macromolecules soluble in water. In fungi, lipids are mainly constructed from
fatty acids, which in turn are hydrophilic carboxylic acids combined with a saturated or non-
saturated hydrophobic aliphatic chain (Brock et al., 2003). While the cell membrane directly
below the fungal cell wall is formed by a lipid bilayer (Brock et al., 2003), the contribution of
lipids (more specifically the lipids outside the lipid bilayer of the cell membrane) to the total
fungal cell wall dry weight is roughly between 1 and 10 % depending on the fungal species in
guestion (Ruiz-Herrera, 2016). Functions of lipids in fungal cell wall are not well understood
but it is suspected that those are related to their hydrophobic properties and to providing

protection against dehydration (Ruiz-Herrera, 2016).

2.2 Cell wall regulation

The cell wall components and their properties are controlled by genes that are either species-
specific or conserved across all fungi. Hundreds of genes are encoding a highly complex
system where the cell wall composition, assembly and integrity are tightly controlled
enabling a highly adaptive cell wall formation. This mechanism of cellular responses and
signalling that allows the fungus to re-balance and adapt its cell wall to changes in various
environmental conditions, stress, and stimuli, is called the Cell Wall Integrity (CWI) pathway.
The first part of the CWI pathway is various cell surface sensor proteins integrated in the cell
wall detecting changes in the cell wall structure, the second part is the transduction of that
information signal inside the cell by signal proteins, and the third part is the transcription
factors regulating the expression of the genes involved in CWI pathway based on the received

signal molecules (Yoshimi et al., 2022; Malavazi et al., 2014; Fuchs and Mylonakis, 2009).

The CWI pathway has been most extensively described for the baker’s yeast (Saccharomyces
cerevisiae) (Malavazi et al., 2014; Levin, 2011) as a model fungal organism, while filamentous
fungi has received less attention. It has been noted that many parts of the CWI pathway are
conserved between filamentous fungi and yeast (Yoshimi et al., 2022; Malavazi et al., 2014;

Fuchs and Mylonakis, 2009). The biggest differences between the CWI pathway of S.



cerevisiae and filamentous fungi are caused by the complete lack of a-1,3 glucan (and related
synthases and regulation systems) and hyphae (and a polarized growth) in S. cerevisiae

(Malavazi et al., 2014).

The CWI pathway of filamentous fungi is highly interconnected to other regulation
mechanisms and signal pathways, such as the unfolded protein response (UPR), the general
amino acid control and the ER associated degradation of proteins, and mitogen-activated
protein kinase cascades. Malavazi et al. (2014) investigated the cross talk between the CWI
pathway and the UPR pathway focusing on T. reesei and Aspergilli. They noted that the UPR
is extremely conserved in filamentous fungi, and that the UPR compensates for the
compromises in the CWI pathway. Furthermore, the UPR assists in the coordination of cell
wall related genes and affects the secretory and cell wall homeostasis in filamentous fungi.
Both the UPR and the CWI are regulated by ER stressors, such as dithiothreitol and
tunicamycin, and cell wall stressors, such as cell wall destabilizing agents congo red and
calcofluor white (Malavazi et al., 2014). Acommon and an expected response to perturbation
in the cell wall is an increase in the genetic response to produce enzymes responsible for the

cell wall structures, such as chitin and beta glucan synthases in T. viride (Kappel et al., 2020).

The pathways and mechanisms related to fungal cell walls are diverse and multifaceted. Thus,
they provide an interesting albeit a challenging target for genetic engineering. It has been
identified that the CWI signalling could be utilized in controlling the fungal growth, such as
the formation of hyphal pellets for a more stable industrial fungal fermentation (Yoshimi et
al.,, 2022). Thus, It is likely that the knowledge on the cell wall regulation pathways and
genetic engineering of the mechanisms in those pathways could be utilized in biotechnology

and fungal materials, as well.
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3 Fungal mycelium materials

There is a growing need to replace conventional petrochemical-based or animal-based
materials with renewable and animal-free material solutions to reduce the environmental
impact during the whole life cycles of materials. Bio-based materials made from renewable
raw materials such as fungal materials provide a potential answer to this need. This chapter
first discusses the history of fungal materials and past and current research and commercial
applications on various types of fungal materials before proceeding to genetic engineering

of fungi with potentially enhanced material properties for mycelium.

Fungi have been used as material for a long time and there is direct evidence for a common
history between fungi and humans for at least 5000 years: the mummified “Otzi the ice man”,
who was found in the Alps in 1991 and estimated to have deceased in 3230 BC, possessed
pieces of Piptoporus betulinus and Fomes fomentarius fruiting body tinder materials, also
known as amadou or tapld, for fire making (Gandia et al., 2021; Peintner et al., 1998). Gandia
et al. (2021) composed that indigenous people of Europe and North America had commonly
used Fomitopsis betulina fruiting bodies in medicinal purposes. In a more advanced material
role, F. fomentarius fruiting bodies were traditionally utilized in Europe in crafting felt-like
fungal fabric known as German felt, which could be used in absorbent wound dressings and
clothing garments. Another age-old fungal material is a fabric mat produced out of
Laricifomes officinalis fruiting body utilized by indigenous people of North America

(Blanchette et al., 2021).

Although fungi have been used as a material for millennia, there has been only little research
and development activity regarding fungal materials over the years. However, the number of
patents and publications for fungal materials — especially for fungal fabrics — has substantially
increased in the last decade alone (Jones et al., 2021; Cerimi et al., 2019). The research and
development process for fungal materials has recently been critically analysed with various
focus points: Meyer (2022) highlighted the importance of the interdisciplinary and
transdisciplinary collaboration of designers, engineers, and biologists in the fabrication of
fungal materials, while van den Brandhof and Wdsten (2022) stressed out the importance of

risk assessment for the whole life cycle of fungal materials: the fungal species used for the
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material production, its pathogenicity, and all hazards related to the raw material extraction,

the material manufacture, the product manufacture, the use and the end-of-life.

Most of the research and development efforts have focused on cultured mycelium, while
whole fruiting bodies and trama tissue have commonly only been utilized in more traditional
fungal material applications or more fundamental level research on mycelium, since the
production has not been as easy to be automated for fruiting bodies (Gandia et al., 2021;
Jones et al., 2021; Vandelook et al., 2021; Webster and Weber, 2007). Mycelium can be
cultured by several fermentation methods depending on the intended material type and
application, the most common being solid-state fermentation where the mycelium grows in
a flatbed of moist substrate colonizing it (Vandelook et al., 2021; M. P. Jones et al., 2019).
One key advantage of fruiting bodies as a mycelium source over cultured mycelium is the
sectional differences in material properties within trama tissue widening the possible
applications: Miller et al. (2021) described material properties of a fruiting body of a well-
known bracket fungi F. fomentarius noting that it had properties of anisotropic lightweight
foams. Regardless of the production and acquisition method for mycelium, various
agricultural and forestry by-products can be upcycled into mycelium thereby decreasing the
amount of possible waste streams and even possibly enhancing the propertis of the material

(Sisti et al., 2021; Joshi et al., 2020; M. Jones et al., 2018, 2019; M. P. Jones et al., 2018).

Most fungal materials can essentially be classified as mycelium materials regardless of the
source or the acquisition method. In this thesis, fungal materials were divided into mycelium
composites, mycelium foams, and mycelium non-woven fabrics, although there is certainly
cross-over between these categories. A multitude of commercial applications for mycelium
materials have already entered the market while many more are currently in development

worldwide (Jones et al., 2021; Vandelook et al., 2021), as shall be discussed next.

3.1 Composites

Mycelium, as a material component, is a polymeric composite of various structural
biopolymers (Haneef et al., 2017). Composites are a diverse group of materials that can be
defined in various ways depending on the applications (Fakirov, 2015; Shackelford, 2015). A

composite consists of two or more components that have significantly different chemical or
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physical structure which remain separate and distinguishable in the final structure as matrix
and reinforcement components (Shackelford, 2015). Thus, additives alone (like sorbitol or
glycerol) do not turn a material into a composite. In a composite, mycelium typically serves
as the matrix binding to a lignocellulosic waste substrate (Vandelook et al., 2021). Mycelium
composite materials have been widely studied, especially form the viewpoint of packaging
and construction materials, and thus keen readers are advised to check the review articles

from Jones et al. (2017) and Attias et al. (2020).

The cultivation of mycelium is a great way of upcycling of side and waste streams from forest,
agriculture, and food industries. Most typically solid-state fermentation is used to grow
mycelium around solid forestry or agricultural by-product particles — such as sawdust, wheat
straws or blackstrap molasses — that act as both nutritious substrate for the fungus and as
the reinforcement component of the composite material. After the mycelium has fully
colonized the substrate, the process is stopped by heat inactivation. The used substrate
particles can influence the material properties through their material characteristics but also
through influencing the growth of the fungus (Jones et al., 2021). Sisti et al. (2021) reported
that wheat bran was an excellent growth medium for mycelium composite promoting a fast
growth, composite surface hydrophobicity and homogeneity of the composite. A more
unusual example of a side stream upcycling into a less common product was conducted by
Silverman et al. (2020), when they manufactured a shoe sole composite out of mycelium
integrated within chicken feather waste, although especially the flexibility of the composite
material needs to be enhanced to reach their future goal of a shoe made entirely out of
mycelium. Rafiee et al. (2021) conducted a comprehensive study on how bioreactor design
affects the mycelium growth and the ability to control mycelium microenvironment for the
development of an optimal and sustainable automated process to address the higher labour
cost involved with more manual mycelium composite manufacturing when compared to

current fossil-based polymer alternatives.

In addition to the upcycling of side streams, the use of mycelium in a composite can bring
various benefits, such as enhanced fire safety, thermal, impact and sound insulation
properties and biodegradability. Jones et al. (2018) studied the fire-retardant properties of
mycelium-biomass composites and found that a wheat grain — mycelium composite

demonstrated more charring and thus it provided more thermal insulation than wheat grain
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composites with polymers such as poly(methyl methacrylate) and polylactic acid as the
matrix. Sivaprasad et al. (2021) reported that although the water absorption capacity for a
Pleurotus ostreatus fungal mycelium — saw dust — coir pith composite was higher than for
expanded polystyrene (EPS) and not ideal for packaging, the superior compression energy
absorption and flexural tensile capabilities for the mycelium in comparison to EPS in addition
biodegradability, sufficient shelf-life of at least two months, sound and thermal insulation
properties and self-extinguishing fire-retardant properties, made the mycelium composite

an optimal candidate for packaging of dry goods.

In commercial use, mycelium composite materials are typically found either in construction
or packaging applications. Good examples are the acoustic panels and the floor tiles
produced by Italian mogu (2022c, 2022b, 2022a) and a mycelium packaging material and a
mycelium hemp blend construction material both produced with the MycoComposite

material by the American Ecovative Design LLC (2022a).

3.2 Foam materials

Mycelium foams consist of long entangled hyphae and depending on the manufacturing
process they are either classifiable as a composite or a pure material. Foam materials are a
two-phase cellular structure of gas pockets enclosed within a liquid or solid layers of thin film
(Weaire and Hutzler, 1999). Mycelium foams are manufactured by enabling the formation of
aerial hyphae while limiting the spore formation by carefully controlling the carbon dioxide
levels, humidity and temperature. Spores and fruiting bodies could cause undesired
inconsistencies in fungal material structure and properties (Jones et al., 2021; Vandelook et

al., 2021).

Mycelium foams are used in packaging and in construction mainly in a composite form, and
the current commercial applications for pure mycelium foam materials are limited (Jones et
al., 2021; Vandelook et al., 2021). One example of a mycelium foam material in commercial
use is Forager foam produced by Ecovative Design LLC (2022b). Curiously, pure mycelium
foams are acommon raw material source for mycelium non-woven fabrics (Jones et al., 2021;
Vandelook et al., 2021). The before mentioned Forager foam is produced by so called

AirMycelium technology that can be used for mycelium fabric production such as the Forager
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hide (Ecovative Design LLC, 2022b). Another mycelium foam production technology is by
American Bolt Threads (2022), which has been used in the production of their leather-like
mycelium material Mylo that has commercially been used in shoes, yoga mats and handbags

(Bolt Threads, 2022).

3.3 Non-woven fabrics and bioleather

Mycelium as a non-woven fabric usually involves leather-like material fabrication (Jones et
al., 2021). Non-woven fabrics are flat porous sheets consisting of a network of fibres held
together either by the attractive forces between the fibres or by a chemical adhesive via
mechanical thermal or chemical treatments, but not by weaving or knitting from yarn made
out of fibres (Syed et al., 2015). Leather is a widely used and a very durable material that is
bio-based but has hindered degradability after tanning (China et al., 2020). Leather-like
materials are either bio-based, sometimes referred as bioleather (Bustillos et al., 2020;
Garcia and Prieto, 2019), or synthetic materials that have leather-like physical and
mechanical properties (Jones et al., 2021). The most dominant and high-performing current
leather-like alternatives for animal leather are composed of petroleum-based polyurethane
(PU) or poly(vinyl chloride) (PVC) polymers, but an increasing number of companies are
utilizing mycelium in their material applications (Jones et al., 2021). Mycelium was studied as

a leather-like material in the experiments of this thesis, as well.

Animal leather materials have been compared to synthetic and other non-animal leather-like
materials to get a better grasp on the requirements for leather-like materials. Total Higg
Materials Sustainability Index and thus the environmental impact of bovine leather is over
three times higher than for synthetic PU or PVC leather-like alternatives, if leather is
considered as a co-product of meat and milk and not a by-product (Jones et al., 2021).
However, it would not be sustainable to simply replace animal leather immediately without
a broader examination. Almost all of the global animal leather is obtained from animals
raised primarily for milk or meat production (Bustillos et al., 2020; Pelletier et al., 2019), while
at the same time the global meat consumption is still increasing (Gonzélez et al., 2020).
Although sales of vegan products have been steadily increasing (Boukid et al., 2022), it is
unlikely that it will have an impact on the animal hide availability on the global scale in the

near future. Additionally, as Hildebrandt et al. (2021) pointed out in their study, careful
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optimisation in manufacturing processes is needed so that ecological advantages of bio-
based leather-like fabrics are not negated. Mycelium has potential economically, but it is not

achieved effortlessly.

Furthermore, the economic aspects are promising for fungal bioleather. Jones et al. (2021)
calculated that the production of raw materials for leather-like materials (with fixed material
dimensions and a certain minimal production capacity) could be at least 24 times cheaper in
form of mycelium than in form of PU or PVC polymers, and at least 29 times cheaper than in
form of unprocessed bovine hides. Not to mention that the tanning process of animal hide is
very chemically and energetically intensive process in comparison to processing of synthetic
and especially fungal leather-like materials even with chromium-free tanning methods with
vegetable tannins and aluminium sulfate (Raman et al., 2022; China et al., 2020). Mycelium

is economically very feasibly to produce with capable production technology.

There are multiple compelling and detailed examples on cultured mycelium and their
material properties. In Sweden, scientists have been developing a fungal leather-like material
from bread waste in effort to tackle the issues of food and clothing waste simultaneously.
They cultivated filamentous fungus Rhizopus delemar in submerged fermentation and used
a wet-laid technique to obtain mycelium sheets that were then treated with glycerol,
biobased binders and ultimately with vegetable tannin of chestnut wood. (Wijayarathna et
al., 2022). Another Swedish group wet-spun grinded and alkali hydrolysed mycelium hydrogel
— obtained from the same species and cultivation method that Wijayarathna et al. (2022)
utilized — into monofilaments. They did not identify any cytotoxicity against human dermal
fibroblasts and thus the material could be used as a biomedical textile. The wet-spun
filaments had Young’s modulus of 4.97 GPa and Tensile strength of up to 69.5 MPa (Svensson
et al., 2021, 2022). Haneef et al. (2017) observed that Ganoderma lucidum and Pleurotus
ostreatus mycelium films were less stiff, less brittle, and more hydrophobic than bacterial
cellulose (BC) and poly(3-hydroxybutyrate) (P3HB), which are two other typical self-growing
microbially produced materials. Furthermore, they reported that the nutrient source
affected the structural properties of the mycelium films, while P3HB and BC were mainly
affected in their yields and molecular weights. Bustillos et al. (2020) studied mechanical,

thermal, and chemical characteristics of leather-like Phellinus ellipsoideus mycelium and
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noted that it was thermally stable at up to 250 °C and it had a tensile strength of 1.2 MPa and

strain at break of 101 %, making it a very flexible material.

Commercial product examples of bioleather materials were collected in Table 1. Many
materials were obtained from waste or side streams of fruits and vegetables, and commonly
this saccharose-rich substance was combined with polyurethane, polyester, or a similar
polymer, most likely to increase the tensile properties of the material (ADRIANO DI MARTI,
2022b, 2022a; Ananas Anam Ltd., 2022; Fruitleather Rotterdam, 2022; MokEa, 2022; Vegatex
Biotech Ltd., 2022; Vegea, 2022). Many companies producing vegetable bioleather materials
were based in Italy. There were also collagen-based (Modern Meadow, 2022), and bacterially
produced bioleather materials (Malai Eco, 2022). Multiple commercially available fungal
bioleather material solutions have emerged from multiple companies (Bolt Threads, 2022;
Ecovative Design LLC, 2022b; Grado Zero Espace Research Lab., 2022; Mycotech Lab, 2022;
MycoWorks, 2022). A great benefit of fungal bioleather materials is the controllability of the
whole manufacturing process from start to beginning and the independency from small-scale

only side or waste streams.
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Table 1. Commercial applications for mycelium and other non-animal bio-based fabrics.

PrPor:l:;Ltctty::me Source Producer Country Reference
Bioleather
Mylo™ Fungi Bolt Threads USA, California a
Forager Hide Fungi Ecovative Design LLC USA, New York b
Muskin Fungi E-}ar;do Zero Espace Research Italy c
Mylea Fungi Mycotech Lab Indonesia d
Reishi™ Fungi MycoWorks USA, California e
Malai Bacteria Malai Eco India f
AppleSkin™ Apple Frumat Italy g
Vegatex™ Apple Vegatex Biotech Ltd. China h
Desserto® Cactus ADRIANO DI MARTI Mexico i
Deserttex® Cactus ADRIANO DI MARTI Mexico j
UltraWer Corn Fiscatech Italy k
Vegea® Grape skin Vegea Italy |
Fruitleather Mango Sheet Mango fruit Fruitleather Rotterdam Neatherlands m
Pifiatex® Pineapple leaves  Ananas Anam Ltd. UK n
Zoa™ Collagen Modern Meadow USA, New York o
Bio-Tex™ Collagen Modern Meadow USA, New York o
Biomedical skin
Bio-Coll@gen™ Collagen Modern Meadow USA, New York o
Textiles
S.Café® Coffee withyarn  SINGTEX Industrial CO., Ltd. Taiwan p

References: a) Bolt Threads (2022) b) Ecovative Design LLC (2022b) c) Grado Zero Espace Research Lab. (2022) d) Mycotech Lab
(2022) e) MycoWorks (2022) f) Malai Eco (2022) g) MoEa (2022) h) Vegatex Biotech Ltd. (2022) i) ADRIANO DI MARTI (2022a) j)
ADRIANO DI MARTI (2022b) k) Fiscatech (2022) |) Vegea (2022) m) Fruitleather Rotterdam (2022) n) Ananas Anam Ltd. (2022)
0) Modern Meadow (2022) p) SINGTEX Industrial CO. (2022).

Common fungal non-woven material applications involve leather-like fabrics and direct use
of mycelium, but additionally the use of mycelium as a polysaccharide-rich source to make
paper-like materials has been investigated in recent years. Nawawi et al. (2020) extracted
chitin from fruiting bodies of a tree bracket fungi Daedaleopsis confragosa and a common
mushroom Agaricus bisporus and hot-pressed those into fungal chitin nanopapers with
superior tensile strength to a crustacean-derived chitin nanopaper. Further benefits of fungal
chitin over crustacean-derived chitin are that fungal chitin is free of tropomyosin allergen,
readily and steadily available without demineralisation, while the disadvantages include in
the lower and impure chitin content and the lack of industrial methods for the extraction and

nanopaper manufacturing of fungal chitin (Fazli Wan Nawawi et al., 2019).

3.4 Biotechnology

The production of both native and heterologous proteins via eukaryotic fungi has its benefits

over prokaryotic bacteria, since the post-translational modifications of proteins in fungi, such
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as disulphide bond formation and glycosylation, more closely resembles those in humans
than in bacteria (Lodish et al., 2004). However, despite the similarities, fungi naturally lack
some post-translational modification capabilities and have different kind of post-
translational modification machinery and routes in comparison to animals. That is why there
have been efforts to modify that machinery of certain fungi (like Pichia pastoris and T. reesei)
to meet the specific post-translational modification needs of particular heterologous
proteins in medicines for humans (Sunagawa and Igarashi, 2021; Wei et al., 2021; Ward,

2012).

Mycelium has conventionally been seen as a major by-product of industrial fungal
bioproduction of enzymes, chemicals, drugs and food components, and the processes have
been optimized for the best yields for the desired compounds with as little by-products as
possible (Candida et al., 2021; Jones et al., 2021; Vandelook et al., 2021). A production of
mycelium material requires a reversed perspective into the fungal bioproduction output. A
comprehensive understanding and utilisation of fungal biotechnology could potentially
enable sustainable circular economy in development of versatile components for a great

variety of materials, as was discussed by Meyer et al. (2020).

Genetic modifications are an important tool in fungal biotechnology to meet the diverse
needs of bio-applications, by a creation of new optimized fungal strains. There are several
techniques that can be used for fungal genetic modifications, including CRISPR/Cas9 genome
editing, homologous recombination and restriction enzyme-based cloning, and
transformation methods including protoplast-mediated transformation, electroporation,
agrobacterium-mediated transformation, biolistic transformation, and shock-wave-
mediated transformation (Ullah et al., 2020; Li et al., 2017). Traditional genetic engineering
techniques that do not involve direct incorporation of exogenous genetic material into the
target genome via transformation, have utilized chemical or UV mutagenesis methods
followed by selective steps and, in some cases, by non-selective monitoring steps (Moore
and Novak, 2002). Both traditional and modern genetic modification methods have been
utilized in the past for building the fungal strains that were used in the experiments of this

work.
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Material properties of mycelium are influenced by fungal genome, cultivation conditions,
additives and co-components and post-processing methods. Bae et al. (2021) demonstrated
the effects of cultivation media and carbon sources on the growth characteristics and the
physical properties of mycelium originating from various mushrooms species of Polyporales
order: Best results in their experiment were obtained with Ganoderma lucidum mycelium on
either a potato dextrose liquid media or saw-dust based solid media with glycerol and skim
milk as nutrient sources illustrating thick hyphae with a diameter of 13 um. Bustillos et al.
(2020) reported that the pH value of the cultivation media affected the dissolution of either
protein or polysaccharide components within mycelium to allow adjustable mechanical
properties. Mycelium could be coated with plastics such as polylactic acid to increase the
durability against abrasion, as was studied by Jones et al. (2021). Appels et al. (2020) reported
that the treatment of mycelium with glycerol increased the flexibility (lowered Young's
modulus) and the density of the film material eventually causing it to be classified as an
elastomer or polymer material instead of being classified as a natural material as the non-
treated mycelium films. These studies demonstrated the importance of selecting a correct
fungal species and determining optimal production and post-processing methods to

manufacture a material with desired properties most efficiently.

It is not well known how genes or production capabilities of various proteins affect the
material properties of mycelium. There has been at least one study on the role of a protein
production phenotype in cell wall integrity: Zhang et al. (2021) investigated the role of the
typical yellow pigment in T. reesei in cell wall integrity stability by mutating a uridine
auxotrophic strain QM9414 Apyr4 in relation to sorl and sor2 genes (encoding for two
different polyketide synthases relevant for the yellow pigment protein) and genes ypr1 and
ypr2 (encoding for yellow pigment synthase related transcription regulators YPR1 and YPR2,
respectively). They reported no negative effects for the studied strains not producing yellow
pigment, while the cell wall integrity was more stable and the stress tolerance higher for the
yellow pigment deficient strains than for the reference strain and the yellow pigment
hyperproducing strains. However, this study did not investigate any material properties of

the produced mycelium.

To the author’s knowledge, the relationship between singular genetic modifications and

mycelium properties has been investigated only once before: Appels et al. (2018) reported
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that the hydrophobin gene sc3 of Schizophyllum commune — controlling the production of
SC3 hydrophobin — affected the density of mycelium. This find motivated the work of this
thesis and was one of the reasons why multiple strains with different hydrophobin
production characteristics were studied. Additionally, the existing T. reesei strain library was
studied instead of developing new strains, to identify possible marginal terms more
efficiently for mycelium production. This allowed an enhanced development of a research

platform to comprehensively study diverse material properties of mycelium in the future.
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4 Aims of the study

In this thesis, the goal was to determine whether certain genes in genetically engineered T.
reesei strains could affect the mycelial material properties. These strains had been developed
earlier and no new strains were generated. This thesis aimed to determine whether single
gene changes would affect the mycelium composition and whether these changes would be

measurable in the material properties of mycelium.

T. reesei strains to be studied were selected and a consistent process route was established
for mycelium cultivation, harvesting and film fabrication. Test batches were made with
various iterations based on previously patented work (Ahokas et al., 2020) to eliminate
excess variables and finally arrive on a suitable process. This work also displayed

measurement limitations of the chosen approach and how to account for them.

The sample preparation included the addition of sorbitol as a plasticising agent to enhance
film formation and handling. Post-processing steps were not utilized to keep the process as
straightforward as possible for the purposes of this thesis. Mycelium -cellulose microfibril
(CMF) composite films were used to study how a produced protein retained and bound in
the casting suspension could directly affect material properties. Most of the films were pure
mycelium (with sorbitol) since that was the material of interest. The casted films were

measured for mechanical properties.

The mycelium cultivation, production, and post-production parameters were kept as
constant as possible to facilitate drawing conclusions about the role of single genes. In
addition to the mechanical tests, the different mycelium samples were characterized for
growth, biochemical properties and filamental mycelium microstructure. This work provides

a basis for further development of novel mycelium materials.
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5 Materials and methods

The production of mycelium film material by the studied T. reesei strains involved a multistep
process and various analysis methods to test material properties of the produced mycelium,
that are disclosed in Scheme 1. The selected fungal strains, the production process, the

analyses of this work and the related materials and methods are discussed in this chapter.
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Scheme 1. Production of mycelium films and the determined properties for various products during
the production. The production started from fungal spores (P1.) that were inoculated (1.) into
Trichoderma minimal medium and cultivated for 5 d (2.) to obtain mycelium culture (P2.) (I.). Samples
were taken from the mycelium culture to determine yield (A.), microstructure (B.), and protein
expression (C.) patterns for the produced mycelium. The mycelium culture was filtrated (3.), washed
(4.), and resuspended (5.) to obtain mycelium biomass (P3.) (Il.). A sample was taken from the
mycelium biomass to determine polysaccharide content (D.) for the mycelium. The mycelium biomass
was formulated (6.) with sorbitol and in some cases with cellulose microfibrils, homogenised (7.) and
degassed (8.) to obtain mycelium suspension (P4.) (lll.). Mycelium suspension was cast (9.) in a
temperature cabinet for 7 h at 70 °C to obtain mycelium film (P5.) (IV.). Physical properties (E.) and
mechanical properties (F.) were determined from the mycelium film.

C. Protein expression

E. Physical properties
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5.1 Selection of fungal strains

Fourteen strains of filamentous fungi T. reesei were chosen for this work to be cast as a
mycelium film material with sorbitol acting as a humectant to promote leather-like
properties via higher elasticity, which consecutively should make differences in the
mechanical properties more apparent and comparable between fungal strains. The studied
strains are listed in Table 2. The strains were designated based on either their genetic
modifications or their protein production phenotypes in comparison to their parent strain.
The six sample groups included genetically engineered strains with differences in expression
of hydrophobin, resilin-like protein (RLP), spider silk protein fragment or chitinase enzyme.
Five of the six sample groups utilized a pure mycelium-sorbitol mixture films while the sixth
sample group investigated a composite of a mixture of mycelium and sorbitol mixture film
reinforced with CMF. A mycelium-CMF composite film was used to study how the produced

RLP could be retained and bound in the casting suspension and affect material properties.

Table 2. T. reesei strains used in the experiments.

Strain? Studied .
gene/protein protein Strain code Genotype References
Qm9414 HFBI VTT D-74075 reference Mandels et al. (1972, 1971)
Ahfb1 HFBI VTT D-99724  deletion of hfb1 Askolin et al. (2005)
hfbl+++ HFBI VTT D-98692 multicopy of hfb1 Askolin et al. (2001)
Rut-C30 HFBII VTT D-86271 reference Montenecourt and Eveleigh (1979)
Ahfb2 HFBII VTT D-99676  deletion of hfb2 Askolin et al. (2005)
hfb2+++ HFBII VTT D-99745 multicopy of hfb2 Bailey et al. (2002)
M658 RLP fusion M658 reference Landowski et al. (2013)
dCBM-RLP-HFBI RLP fusion M1230 gene for dACBM-RLP-HFBI Griffo et al. (2017)
CBM-RLP-CBM RLP fusion M1438 gene for CBM-RLP-CBM Fang et al. (2017)
M2027 silk fusion M2027 reference Valkonen, M., unpublished
AQ12 silk fusion M2413 gene for AQ12 Westerholm-Parvinen, A., unpublished
CBM-AQ12-CBM  silk fusion M2414 gene for CBM-AQ12-CBM Westerholm-Parvinen, A., unpublished
M1909 chitinase M1909 reference Westerholm-Parvinen, A., unpublished
chitinase chitinase M1909-chit gene for a chitinase Valkonen M., unpublished

aThe strains were named in this work based on their genotype and protein expression phenotype in comparison to their
respective parent (reference) strain.

Hydrophobin strains
The first two sample groups studied the effect of overexpression and deletion of the T. reesei
hfb1 and hfb2 hydrophobin genes, which code for the proteins HFBI and HFBII, respectively.

These hydrophobin genes were first isolated by Nakari-Setdld et al. (1997, 1996).

Hydrophobins are amphiphilic proteins that can assemble at hydrophilic-hydrophobic
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interfaces and thus tend to aggregate on air-liquid interfaces (Nakari-Setala et al., 1997,
Wosten et al., 1993). Surface forces overcome gravitational forces at the microbial scale,
emphasizing the importance of the ability of hydrophobins to lower surface tension and alter
surface polarity by binding on the surface (Linder et al., 2005). Hydrophobins are categorized
in two classes based on their hydropathy and biophysical patterns. Both HFBI and HFBII
hydrophobin proteins are typically categorized as class Il hydrophobins, which are secreted
and found as soluble in the culture medium (Nakari-Setala et al., 1996). HFBI is also found
associated to the mycelium surface (Nakari-Setala et al., 1996), while HFBII can also be found

on the surface of spores (Nakari-Setéla et al., 1997).

The respective parent strains were used for reference samples: strain QM9414 for the HFBI
sample group and strain Rut-C30 for the HFBIl sample group. The high-cellulase producing
mutant QM9414 had been originally generated by Mandels et al. (1972, 1971) utilizing a two-
step irradiation process with a high-voltage linear electron accelerator by first irradiating
conidia of the wild-type strain QM6a twice to obtain the QM9414 strain. The wild-type strain
QMe6a was originally thought to belong to T. viride sp., but it was later identified as a member
of a completely new species named T. reesei (Peterson and Nevalainen, 2012; Simmons,
1977). Rut-C30 strain had originally been obtained by a three-phase mutagenesis form QM6a
first by UV-irradiation, then chemically by nitrosoguanidine and finally again by UV-
irradiation (Montenecourt and Eveleigh, 1979). Both QM9414 and Rut-C30 are nowadays

considered as wild-type strains (Peterson and Nevalainen, 2012).

The deletion strains for the HFBI and HFBII sample groups were originally constructed by
Askolin et al. (2005). The hfb1 gene deletion strain Rut-C30 Ahfb1 was obtained by replacing
the hfb1 gene in the genome of the QM9414 strain with the Aspergillus nidulans acetamidase
(amdS) gene as the selective knock-out marker. The hfb2 gene deletion strain QM9414 Ahfb2
was obtained using an Escherichia coli hygromycin B phosphotransferase (hph) antibiotic

resistance gene as the selective knock-out marker.

The multicopy strains for the HFBI and HFBIlI sample groups were originally constructed by
two separate authors. The hfb1 multicopy strain was constructed by Askolin et al. (2001) by
co-transforming the strain QM9414 using the plasmid containing the T. reesei hfb1 gene

under the native glucose-inducible promoter and the plasmid containing the amdS gene as a
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selective marker resulting in the QM9414 hfb1+++ strain that contains three copies of the
hfb1 gene in its genome. The hfb2 multicopy strain was constructed by Bailey et al. (2002) by
incorporating the T. reesei hfb2 gene under the native promoter for the T. reesei
cellobiohydrolase gene cbh1 in the genome of the strain Rut-C30 to obtain Rut-C30 hfb2+++
strain that contains both the endogenous hfb2 gene and three copies of the hfb2 genes under

the cbh1 promoter.

Resilin-like protein producing strains

Two strains that produce slightly different fusion proteins were utilized to study the effect of
RLPs on the mycelium. Both constructs contain a part of insect resilin protein which has a
very high elasticity and is one of the most resilient materials known to humans. In the dCBM-
RLP-HFBI construct the RLP from Drosophila melanogaster Recl resilin is flanked by a pair of
cellulose binding modules (CBMs) originating from T. reesei cellobiohydrolases Cel6A and
Cel7A, and the T. reesei HFBI In CBM-RLP-CBM, the resilin domain is flanked by the two CBMs
(Fang et al., 2017; Griffo et al., 2017).

The parent strain M658 for the RLP constructs was used as a reference strain in the
experiments and it had 10 disruptive protease genes deleted from its genome to potentially
improve the production of heterologous therapeutic proteins (Landowski et al., 2013, 2015).
The dCBM-RLP-HFBI producing strain was originally constructed by (Griffo et al., 2017) to
enable RLP to act as an elastic connector material between the material components in
hybrid nanomaterials. The CBM-RLP-CBM producing strain was originally constructed by
(Fang et al., 2017) to investigate pH-responsive cellulose material coatings to potentially

enhance material properties.

Spider silk producing strains

The recombinant T. reesei strains producing the silk protein fragment AQ12 were utilized to
test whether production of spider silk would affect mycelium properties. Silk is a strong and
tough protein fibre composed mainly of fibroin that is produced by many insects such as the
mulberry silkworms and spiders (Mohammadi et al., 2019; Sutherland et al., 2010). The
spider silk AQ12, also known as eADF3 (Batys et al., 2021), is an engineered version of the
wild-type ADF3 dragline spidroin from Araneus diadematus spider (Mohammadi et al., 2019).

The parent strain M2027 (Valkonen, M., unpublished) was used as the reference strain. Two
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AQ12 silk protein producing strains were used, one secreting AQ12 alone and another
secreting the fusion protein CBM-AQ12-CBM, where the silk fragment is flanked by two
CBMs. Studies related to the material properties of both silk proteins produced by the
unicellular P. pastoris (instead of the filamentous T. reesei used in this experiment) were

conducted by Mohammadi et al. (2019, 2018b, 2018a).

Chitinase producing strain

Strains that produce cell wall degrading enzymes were utilized to study the role of the cell
wall on the mycelium properties. As these enzymes are secreted through the cell wall, they
might influence the cell wall composition and therefore these enzyme producing strains can
potentially provide insight on factors contributing to mycelium properties. To test this idea,
a native T. reesei chitinase overproducing strain was utilized. Chitinases are hydrolytic
enzymes capable of breaking down glycosidic bonds within chitin polysaccharide (Patil et al.,
2000). A chitinase overproducing strain, dubbed M1909 chitinase in this work, was used in
the experiments and its parent M1909 was utilized as the reference strain (Valkonen, M.,

unpublished).

5.2 Production of mycelium films

The selected T. reesei strains were prepared for the inoculation of the cultivation medium.
The spore suspensions (stored at -80 °C) of interest were thawed and plated on Potato
Dextrose Agar (84651.0500) (VWR Chemicals, USA) plates and cultivated for 7 days at +28 °C.
Sterile 0.8 % sodium chloride (NaCl) 0.025 % Tween 20 (Merck, Germany) water solution was
added on the plate and the spores were re-suspended. The suspension was filtered through
sterile cotton wool and the spore count was determined using LUNA-II (Thermo Fisher
Scientific, USA) automated cell counter. For that, a 100-times dilution was prepared in 0.8 %
NaCl 0.025 % Tween 20 water-based solution. These secondary stock spore suspensions were

stored at -80 °C for inoculation.

5.2.1 Cultivation of fungal strains

Trichoderma minimal medium (TrMM) supplemented with a suitable carbon source was
prepared as shown in Table 3. The promoter cbh1 required lactose or other similarly inducing

sugars for high protein expression, while the native hfb1 promoter was induced in the
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presence of glucose. Inoculation of between 50 000 and 100 000 spores were added (in a
volume of between 5 and 100 pL) into 300 mL of TrMM in a 2 L Erlenmeyer shake flask capped
with aluminium foil. The strains were cultivated for 5 days at +28 °C at 200 rpm similar to the
method by Askolin et al. (2005), either in an open-room environment under regular electrical
light utilizing an open-type Orbitron (INFORS HT, Switzerland) incubator shaker or in the dark

enclosed in a New Brunswick Innova 44/44R (Eppendorf, Germany) incubator shaker.

Table 3. Recipe for 1000 mL of Trichoderma minimal medium.

Substance Amount Purpose
distilled de-ionized water (DDIW) 960 mL solvent
potassium dihydrogen phosphate (KH2POa) 15¢g element source
ammonium sulfate ((NH4)2S0a4) 5g element source
proteose peptone 2g nutrient source
ferrous sulfate heptahydrate (FeSO4 - 7H20) 5.0 mg element source
manganese sulfate monohydrate (MnSO4 - H20) 1.6 mg element source
zinc sulfate heptahydrate (ZnSOs - 7H20) 1.4mg element source
cobalt(Il) chloride hexahydrate (CoCl - 6H20) 3.7mg element source
potassium hydroxide (KOH) - pH adjusting
calcium chloride (CaCl2), 1 M 4.1 mL salts
magnesium sulfate (MgS0a), 1 M 2.4 mL salts

glucose or lactose 40¢g carbon source

5.2.2 Preparation of mycelium films

To harvest the mycelium, the T. reesei culture was vacuum filtered utilizing DOA-P730-BN
(PALL Life Sciences, USA) vacuum/pressure pump through Whatman grade GF/B glass
microfibre filters (Cytiva, USA) in batches of around 800 mL. Each of these batches were
washed with three subsequent additions of 100 mL of distilled de-ionized water (DDIW) and
the mycelium biomass layer remaining on the filter was collected. The mycelium was re-
suspended in between 5 and 20 mL of DDIW depending on the rough amount of mycelium
obtained. The dry weight content was determined as discussed below in section 5.3. The
following day, the mycelium biomass was resuspended in DDIW to obtain a 6 % (w/v)

mycelium suspension based on the mycelium yield.
Sorbitol was added in the ratio 1:4 of sorbitol to mycelium as a humectant. A CMF water
solution was prepared for the casting suspensions for mycelium-CMF composite films. The

Celish PC110S filtration grade (Daice