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Lay Abstract

Mycelium, the rootlike structure of fungi, has shown great promise as sustainable alternatives for
textiles, foams, and plasticslade from remarkably strong chitin arfiiglucannetworks these

pure mycelialmaterials are being optimized industry and in academlay carefully selecting
fermentationconditions, and fabrication methodSter evaluating the current trends and future
prospects of this growing field, we conducted our own experiments to understand how the genetics
of fungi could be leveraged to optimize mycelial materials even further. The ddazephyllum
communewas used as a model system to identify the best performing genotypes among
geographically distinct monokaryotic strains and their dikaryotic offspring. Theseers
genotypes were cultivated as mats, and then plasticized into functional mycelial films which were
tested on the basis of mass yield, strength, ductility, and physiochemistry. Statistical testing
revealed that bothenetics androsslinkingwork in tandem tshape thepropertieof the resultant
mycelial films. This tweway tuning of our films reveals how employing a fufigst design

philosophy could open new horizons for functional mycelial materials.



Abstract

I n the face of humanityés overconsumption of
have started exploring new frontiers that better fit the needs of tomorrow. Like biologists, they
have come to see how the diverse and adaptable fungi coulguiéépthem to new solutions for

their most pressing challenges. This interest has blossomed into a fungineering movement that
aims to exploit the functional application of fungal mycelium for textiles, foams, coatings,
mycoremediation, and many more. Bdseal one on mycel i umbés i-nheren
glucan structure, these pure mycelial materials are on the precipice of feasibility, but it is a question
of how they are optimized before they reach the next level. Past efforts have taken seragribrc

or transformation approach where the mycelia are strengthened in any way to reach a performance
target whether it may be plasticizing, h&a&tating, dehydrating, tanning, or binding. Our goal was

to take a new, fungfrst approach by optimizing ounaterials on the grounds of genetics by
identifying ideal genotypes that offer the best material properties. With the multifarious genetics

of Schizophyllum communeie were able to evaluate how unique mitochondrial and nuclear
haplotypes interfaced with two disparate crosslinking treatments of glycerol and@EGhough

the effects of the crosslinkers were highly significant, the mechanical and physiochemical
charaterization of our thirty two unique films highlighted consistent interactions between
phenotypic microstructures and their mechanisms of crosslinking. The diverse set of material
properties across sixteen strainsSofcommunsuggests that genetics plays just as an important

role as processing in the fabrication of mycelial materials, and could offer the opportunity to bring

them to much greater heights.
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Chapter 1

From Nature to Design: Tail

for the Needs of Tomo

Viraj Whabi, Bosco Yu, Jianping Xu

Preface

With a wide range of applications, pure mycelial materials are a growing sector of development at
the crossroad of materials science and mycology. This review examined product specifications,
industrial patents, and research articles to create a comprehenap of the production,
properties, and future of these materials. While there have been over sixty species studied and
countless treatment processes developed, it is abundantly clear that the path forward necessitates
a more standardized process of wfabrication, and the implementation of fudigst material

design.

This chapter is aorrectedreprint of my firstauthored article that was published in the Journal of
Fungi. | reviewed the literature and wrote the draft manuscript, while Drs. Xu and Yu critically
revised the workCorrective edts weremade in Section egarding the calculatierof material

propery indices.

Whabi, V.; Yu, B.; Xu, J. From Nature to Design: Tailoring Pure Mycelial Materials for the Needs

of Tomorrow.J. Fungi2024 10, 183, doi:10.3390/jof10030183.

Viraj Whabi - Master of Science 1

(



Abstract

Modern efforts to influence materials science with principles of biology have allowed fungal
mycelial materials to take a foothold and develop novel solutions for the circular bioeconomy of
tomorrow. However, recent studies have shown that the value oftomowdés gr een mat
not determined simply by the environmental viability, but rather their ability to make the polluting
materials of today obsolete. With an inherently strong structure of chitib-ghatan, the ever

adaptable mycelia of fungi s@wompete at the highest levels with a litany of materials from leather

to polyurethane foam to paper to wood. There are significant efforts to optimize pure mycelium
materials (PMMSs) through the entire process of species and strain selection, myoetia) gnal
fabrication. Indeed, the promising investigations of novel species demonstrate how the diversity

of fungi can be leveraged to create uniquely specialized materials. This review aims to highlight
PMM6s current t raject otedghnologg, \aredlexpbore @éow tthese nesvu c ¢ e

materials can help shape a better tomorrow.

Keywords: biodegradable materialdilamentous fungt flexible foams- fungineering- hyphal
structures liquid-state fermentationmaterials selection mushrooms myceliumbased leathers

- mycelial films- nanopapers pure mycelium materiatssolid-state €érmentation

Viraj Whabi - Master of Science 2



1.1 Towards functional fungi

The kingdom of fungi with its diverse portfolios of life cycles and adaptive morphology has been
selectively cultivated since 600 AR2]. Often characterized with unique cellular organizations,
filamentous fungi consist of branching filaments called hyphae that form complex strji2jures
Composed of chitinous celall, the hyphae grow rapidly in networks, intaking nutrients to form

a densely packed biomass known as myce|Rim]. Fungal mycelium has found recent attention

by materials scientists due to its inherently robust structure which has been leveraged to create
materials for construction, insulation, fashion, and otf&rg]. With fungi és abil
wastes into constructive mycelia, the fabrication of these functional mycelial materials (FMM) is
cheap,nonenergy intensiveand, most importantlysenewable[8]. As such, there is growing
interest, both academic and industrial,, i n

materials ofroute to the transition toward a circular bioecond@jy

Preliminary research into this niche fungal biotechnology began with composites of mycelia and
agricultural byproducts. As the fungal biomass grows through the substrate, the natural secretions
of the mycelia interlink them together into a reinforced maltéhat is stronger than either of its
parts[10]. These composite mycelium materials (CMMs) have already been deployed industrially
and are widely regarded as feasible competitors to more established polystyrene packaging
materials at lower embodied energy and carbanssion leveld8]. The current and future
prospects of CMMs have been discussed in detail in notable review papers in recent years (See

reviews[11,12).

On the other hand, a newer family of materials made purely from mycelia has emerged and shown
promising room for growth. Rather than combining with the substrate, these pure mycelium
materials (PMMs) are separated from the substrate after cultivatioradew cases, exhaust the

Viraj Whabi - Master of Science 3



substrate entirelf13]. Startups such as Mycotech, Ecovative LLC, and Quorn have made strides
using pure mycelia towards replacing leathers, high performance foams, andldid#.
However, for broad adoption, there are significant challenges in making PMMs the premier choice
over conventional products with greater market history. This review highlights recent advances in
the field, discusses major knowledge gaps in optimizing PMivg evaluates current methods in

overcoming these challenges.

Viraj Whabi - Master of Science 4



1.2 Techniques in cultivation of mycelium

From industry to research, the growing interest in mycelial materials has necessitated evolution in
fungiculture beyond targeting mushroom fruiting and toward maximizing aerial hyphiaz0].

The variety oimethods offer specific advantages to create unique groups of materials with a wide

scope of application@s seen ifrigurel.1).

g

—

)

Mycelium-Based

~ Leather (MBL) Flexible Fungal
Chitin-based Foams
Nanopapers

@

Mycoprotein
Mycelial Films \
Solid-state
qumd -state Fermentation (SSF)
Fermentatnon (LSF)
] L Mycelial Culture
Biomedical
Scaffolds I Culture Isolation I
‘*-‘”{%‘%

Wound " .

Dressings Filamentous Fungi Amadou

Figure 1.17 The current product portfolio of PMMs . From mushroom to mycelium, the cultures are isolated then
inoculated onto substrates. Functiomeiterials (marked by brown arrows) are categorized by the type of fabrication,
either directly from the fungal fruiting bodies (yellow) or with cultivated mycelial mats from LSF (green) or SSF
(blue). Materials in overlapping sections can be made withipreitfifferent techniques.

Viraj Whabi - Master of Science 5



1.2.1 Solid-state fermentation

Since ancient timesolid-state fermentation (SSHpas long been the ubiquitous method as seen

wi th the t ec hrromyriceisoculatadkwitiAsgerghlud pryzaer farming edible
varieties of mushroom§1i 25]. The process involves inoculating grain or agricultural by
products with liquid fungal culture to create spawn that is left to fruit in fixed environment
conditionsabsent of free wat¢23,26] Membrane filters made from cheesecloth or polycarbonate

are sometimes used as a way to efficiently segregate the hyphal biomass from the substate below,
however, it can lead to reduced respiration rgit®825] Furthermore, careful consideration must

be given to the diffusion of oxygen as the formation of the intermediate wet hyphal layer can
deplete oxygen from reaching the spawn and substrate p2&wwith mushroom farms, the

solid substrate can live anew after harvest in the form of composites that use the combined
strengths of the fungal hyphal network and compacted substrate to create sustainable packaging
and construction materia[$,12,22] For PMMs, the gent substratés not used, and instead
separated fronthe mycelium mat that forms at the air/substrate interfade,19] Due to the

high CO, growing environment the mycelia forms fluffy layer of aerial hyphae that branches
upward out of the substrate for oxydé®,23] The resultant matan thicken and strengthene

to proteinrich environmenprovided by the complex and diversgricultural substratg,16,19]

Static traybasedSSFhas recently risen as the more popular cultivation method for large scale
production oimyceliawith the two largest manufactureiycoWorksand Ecovative LLC, filing
patentsinvolving solid substrate§16,27 29]. Looking to optimizing their traypased SSF
processes, companies can take inspiration from the more established mushroom farming industry
for decisions on substrate selection, environmental conditions, and mass profRciai}

MycoWorks, in particular, has been able to scale up thsiceliumbased leather (MBL)
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production using selfontained, shallow trays filled with inoculated sawdust that are vertically

stacked to maximize space during gro\aAa]. Similarly, Ecovativeds s
partnered with Canadaa s ed Whi tecrest Mushrooms Ltd. to d
mycelium farmdé and increasel[3lield of their My

1.2.2 Liquid-state fermentation

Liquid-state fermentation (LSF) offers alternate processes whmeaentrated nutritiondiquid

(or mostly liquid) media witlguaranteed nutrient profiles that might not be consistent thvith
heterogenousolid substratefl7i 20]. Common media ingredients for wet lab applications such

as potato dextrose broth, yeast malt dextrose broth, and blackstrap molasses are often used for LSF
of a variety of fung{19,32 34]. Additionally, more complex solid substrate ingredients such as
grains, straw, and sawdust can be homogenized with medium broth to creaselgsiurries

[7,18]. However, LSF processes are not monolithic as the choice of fermentation conditions can

lead to drastically different eraroducts.

One distinct process is called submerged fermentation (SmF) and involves bioreactors with vast
volumes of axenic culture under constant agitation to create large quantities of my84liBfHi

For fungi, SmF is proffered as a more efficient way to derive bioactive metabolites from species
such agCordyceps militarisinonotus obliquusand Schizophylluntommunes compared to the
conventional SSH34,36] While the amount of mycelium produced in such a short time is
remarkablethe biomass is often prone to microbial contaminafizij. Besides, the constant
agitation limits the morphology of mycelia to small pellets suitable for mycoproteins but nothing
larger[15,35,37] Yet , F i Tre¢hrical Réssarc Jeifitrave shown in a pilot study that

these disadvantages can be overcome with their novel MBL production. Theirgtdinig SmF
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method utilizes a bioreactor to cultivate large quantities of mycelial slurry which is then dispensed

at a rate of 1 metre per minute before being dried, embossed, and pr¢88ksed

A similar liquid-based method called ligustate surface fermentation (LSSF) uses inoculated
broth under static conditions to form mycelium at the interface between liquid andS&kF
requires less overall energgan SmF,and has the additional advantage of creatingk and
tunablemycelial mats[13,20] Fungal biomass derived fronB8F can be utilized in the creation

of higherorder products such as MBLs as well as mycelial films, a new promising subgroup of
PMMs that can be easily tuned to fit a wide range of functions such as binding agents, coatings,
and membranes. (See Sectio8) [19,32,39] Of note, LSSF has not yet been used for rsasse
production, but perhaps, it could follow the similar vertical approach used by MycoWorks with
assumedly cheaper costs attributed to material cost and preparation. All current literature studies
offer a limited perspective on LSSF, and it remains to be seen whether it can truly compare with
either SmF or SSF at a wider scaiith the many differencegll methodsare highly dependent

on environmental conditions that need to be optimized for low variability in yield. Optimizing
these biotechnologiesould offer the opportunity to tailor the performance of existing myteli
materials and pave the way towards many new f#%80] These and potential futunesights

on cultivation substrateand conditions will result ilPMMs with broad physicahnd chemical

properties for increasingly broad applications
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1.3 The growing profile of Pure Mycelium Materials

1.3.1 Laying out the design space for PMMs

The recent interest in PMMs has steadily evolved into a large, yet thoroughly uncharted collection
of diverse materials. The true potential of which is difficult to realize without an assay of the
current prospects of these materials in their applicatisrieathers, foams, films, and others. One
such method is through the process of materials selection as introduced by Ashby ad@ebon

42]. This process leverages materials data to systematically identify key qualities of comparable
engineering materials to determine a desired materials profile that meets the necessary design
function, objectives, and constraini40i 42]. The method of materials selection employs a
measured approach in evaluating materials as they pertain to function, form, and design. To
prioritize each of one of these factors, the performance of materials is evaluated through relevant

properties such agensity or strength, as seen in

Tablel.1, or a combination of many relevant properties in the form of a Material Property Index
(MPI) [40i 42]. The material to best fit the target application is the one which maximizes the

optimization criteria of MPI, while all others are ranked below in decreasing [d@lé2]

Table 1.17 Common properties of materials, their definitions, and their units.

Materials Property Definition Unit

Density ¢) A material 6s mass [ Kilograms per metre cubed (kgim
A material o6s defor

due to a tensile load. Percent (%)
The maximum amount of strength a
material can withstand under tension.
The modulus of el ac
ability to stretch and deform.

Percent elongation (%EL)

Ultimate teamm9i |l Megapascals (MPa)

Youngds modul us Gigapascals (GPa)

The first step of crafting an MPI is to define an objective, typically minimasspor densi ty

which decides the direction of a design process. The next step comes with specific materials
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constraints as defined by the different components within your engineering design. For instance,
materials like leathers need to be able to endure tensile conditions without reaching tensile rupture
with a high enough ultimate tensile strenffibrs). MPIl: combines the minimum mass objective

as well as the constraints on tensile performance to create an index to rank how MBLs perform in

comparison to other leathgdr2,43]

Objective: minimize masg } )

Constraint: strong enough to resist tensile ruptuierf)

There are limits to this index as leathers, along with rubbers, wools and silks, do not only endure
uniaxial tensile loads, but need to have an intrinsic springiness controlled by their stiffness or
Young6s m@ad].ur lineswith( the)minimum mass design objective, M&sesses the

ability to store high amounts of energy before springing back without f§lQr43]

Objective: minimize masg |} )
(2) 000 Z—
S Constraint: high enough elastic energy storager&’/E)

To visually grade the performance of different matersadsiouscombination of properties (e.qg.
GursE, 1) for different materials are plotted
an Ashby chart) in a letpg scalg40]. In Figure 2 andFigure 3, the wide gamut of PMMs can be
visually compared to the typical material familjésl9,20,32,33,40,451]. Both MPL and MP}

can be visualized as straight guidelines with defined slopes of 1 and %2 respdativedycase for

MPI, for instance, materials higher on the line maximize the energy storage, while those that lie
on it are on equal footing®O]. It is evident from the laid out purple space that PMMs fit

comfortably with a wide range of material families including foams, elastomers, and polymers
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depending on their species of origin, treatment process, and intended furigtveraging the
principles of mat erials sel ecti onofftrydetailedy o f
performance metrics of novel materials 4i ke P
scale viability. This paper will evaluate each group of PMMs as they compare with the existing

profile of material families to highlight theicurrent strengths and illuminate how further

development may help overcome thaiawbacks

Composites
Syrs

MpI, = 18

I3

Polymers

Elastomers Metal & Alloys

Natural Materials

Bovine
Leather
R. defemar <
MBL’
o Artificial Leather (PU) e
uTS r
(MPa) ] s
.

3

| F fraxinea
(PEG & 120°C treated)
MBL

R. delemar

(tanned & glycerol treated)
MBL
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Fungal Foam. 2% -

P (kg/m?)
Figure 1.2 17 Material property chart comparing pure mycelium materials to typical materials families with

tensile strength (in MPa) against density (in kg/rf). The guideline signifies which materials optimize specific
tensile strength with minimum mass designs. Images used courtesy of ANSYS, Inc.
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1.3.2 The past, present, and futureMdfcelial Textiles

I n contrast with the textileds historical ubi c
arebecoming increasingly incompat i[1®44e52]Wheteh soci
is a coming paradigm shift towards vegan leather, with the industry projected to overtake the
market for traditional leathers by 2044,53] The emergence of the more affordable MBLSs is
spearheading this paradigm shift towards sustainable alternatives, challenging the dominance of
their bovine and synthetic counterpdad,53] A comprehensive life cycle assessment conducted

on My c o Reishi% MBh revealed promising environmental credent[aBj. In their 2022

pilot-scale production, myceliniased leather boasted a remarkably low carbon footprint of 6.2

kg of CQ equivalents per fp a stark comparison to the 32.97 kg of Gfuivalents per m

associated with bovine leathi9]. As production scales up, projections suggest an increase to

13.88 kg of CQequivalents per fnhowever, with optimized practices, this figure could plummet

to as low as 2.76 kg of GQequivalents per Rresulting from the transition tbio-gas free

workflows [29]. Furthermore, research by Jones et al. highlights the superiegftadiveness of

MBLs, with production costs estimated at a mere US$0.28 per m compared to the

substantially higher US$5.3824 per mfor raw hided44].

Fabricating fungal textiles has a storied history with Transylvanian craftspeople utilizing
mushrooms oFomes fomentariuandPiptoporus betulinugo create Amadou leathers as early as

the 19th century54,55] In their fabrication, wild fruiting bodies are collected by hand, and then

boiled in caustic lye solutions to makes the process of fabrication smoother. From there, the
materi al i's trimmed to shape by follIlddhen ng t h
stretched to create products such as hats, belts, bag$54&&6] The resulting finish is a

breathable material similar to felt, and close to the color of bovine leather as a result of the high
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composition of melankitike substancefs7]. On the other side of the world, a Tlingit wall pocket
made from 1903 were discovered to have made with similar mycelial textiles by indigenous
communities in British Columbifb8]. On examining the hyphal morphology of the wall pocket
with a scanning electron microscope (SEM), thgcelia were characteristic oFomitopsis
officianalis another bracket fungi not too dissimilar to those employed in Transylvania. While the
methods of the TIlingit community are unclear, the process of evaluating the global
ethnomycological usage of fungi elucidates how best to recontextualize these fextitetay

[54,58] Amadou has not been left in history, however, with fashion houses (as seen in Figure 4a)

and bush crafters alike are finding ways to recontextualize the material to moder{bag]s

(@) (b)

Figure 1.41 The product diversity of fungal textilestodaya) The moder n fAAmadou tulip hatd
of Fomes fomentarius mushrooms sold by Eden Power Corp in 2022; frdah mycelial leather made from
Schizophyllum commumeycelia grown through liquidtate fermentation and treated with polyethylene glycol.
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To meet modern levels of demand, the process of producing MBLs has become more efficient than
the mushroorbased artisanal handcrafting of Amadou through a more industrial, fermentation
based cultivation of mycelia. SSF dn8SFoffer better control on the quality of the myeg¢hnats
compared to historical manufacturing that depended on the seasonality of foraged mushrooms
[20,53,54] After the cultivation period is over, the my@tlmaterial is typically separated from

the substrate, then follows a range of treatment procedddigsBefore any crosinking or
physical treatment, the mycelial mats are-peated with hydrating agents such as glycerol,
ethylene glycol, or polyethylene glyc@?EG)which also plasticize the hyphal fibres (as seen in
Figure 4b)[19]. Next, the plasticized mats are immersed in alcohols or acetic acids to denature
proteins and create sites for crdis&ing [27,44] Crosslinking with vegetable tannic acid allows

the mycelia to more closely imitate the aesthetic, form and function of conventional leathers
[7,19,45,61] In all cases after chemical treatment, mechanical pressing of the materials is
undertaken in an effort to further densify the mycelia with different methods using either heating

or cooling to rapidly dry the mycelial mgt9,27,28]

From investigations of the morphological, mechanical, and physiochemical characteristics of these
materials, MBLs are more variable in comparison to bovine and synthetic leathers as seen in Table

2 [18,19,62] Comparing individual properties such as density, elongation rate, tensile strength,
and Youngds modulus shows the different advant
of many MBLs are comparable to conventional leathers, the lower stithessthat there is still

a need to develop better pggbcessing methods for logrm feasibility[19,62] Even those with

high stiffnesses such as the treaRiuzopus delemdeather show their failings with the poor

elastic elongation ratg].

Table 1.27 Physical properties of mycelium leathers versus conventional leathers.
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Textile ;o (g %EL Guts (MPa) E (GPa) MPI1(MPam3kg)  MPl2(MPam3kg) References

Fomitella fraxineaMBL

4 4
(0ak & bran substrate) 1580 4.304.98 1.181.62 0.001170.00157 8.86x 10r 9.05x 10° [19]

Fomitella fraxineaMBL,
polyethylene glycol
treated with 120°C heat |, ¢ 13.8717.91 628814  0.006690.00736 4.94 % 10° 507x 103 [19]
press (oak & bran

substrate)

Rhizopus delemaviBL

884922 1.7-2.3 19.0420.74 1.381.50 2.20% 102 3.04x 10* [7]
(bread substrate)

Rhizopus delemaviBL,

tannin/glycerol treated | gqg 759 145186  2.512.93 0.1990.201 3.79% 10° 5.16 x 10° 7

(bread substrate)

MuSkin™ MBL (Grado

Zero Innovation)* 1000 17.338.6 0.3-0.4 0.00180.0028 3.79x10° 5.16 x 10° [52,62]

Reishi™ Brown Natural

480540 16-36 5.67.4 - 1.27x 102 - 46,63
MBL (MycoWorks)*

Reishi™ Brown Natural

High Strength MBL 8400 5580 8.812.5 - 1.27%10° - [47,63]

(MycoWorks)*

Reishf™ Black Emboss

" 740880 51-52 9.210.2 - 1.20x 10* - [48,63]
MBL (MycoWorks)

Mylea™ MBL

(Mycotech)* 13304440 2235 811 - 6.86x 10° ) [49,50]

Artificial leather

(Polyurethane 340470 ; 9.424.5 0.0120.036 4.19% 102 2.96x 102 [52,64,65]

composites)

Bovine leather 810-1050 1875 2050 0.100.50 376x% 102 439x10° [51]

MPI; highlights materials witlstrong enough to resist tensile ruptuiigré) that meet the objective of minimum mass
(4), i t i (MPam¥ka)sMPL ghlightsrmaterials withigh enough elastic energy storager6?/E) that
meet the objective of mi(MPamilkg) mass (}), it is measured

* indicates the MBL is a commercial product.

Figure 1.1 visualizes materials that maximize their specific strength as defined by adRd
guideline with a slope of 1. Bovine leatH®yasts an MRIlof 3.76 x 1 MPa-n¥/kg, while the
artificial leather outperforms ivith an MPI; of 4.19 x 102 MPa-n¥/kg [51,52,64,65] The F.

fraxinealeather improved impressively once crtisked with PEG and heat pressed at 120°C,
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with an MP}L of 4.94 x 16 MPa-ni/kg [19]. On the other hand, the virgi delemarthe second
best MBL, was more successful than its treated countégaét x 16 MPa-ni/kg vs 3.79 x 10
3 MPa-nt/kg respectively),amost matching bovine leather while demonstrating how not all
species can reap the same benefits with chemical treatfG2htd mong commercial MBLs, the
Reishi™ Black Embossedctually outperformed both bovineand artificia leatherswith an MPI;

of 1.20 x 1¢* MPa-nv/kg.

Figure 1.3 visualizes materials that optimizing energy storage per unit mass as light springs
performances as defined by MRIs a guideline with a slope of %. Successful leathers can store
great amounts of energy as which combines the
inaratioofiurs¥’E[43. Unfortunately, some c®mabyledd al MBI
do not have Youngbés modul us d48i6G4. Artifieiad leatharsl i ng t
derived from polyurethane are in their own league as the majority of MBLs not come close
[19,64,65] The | one out |l i el fraxiRramyeeha, beikds oa Its.excsllent r e a t «
specific strength properties with their extraordinary elastic storage abil®,(@5.07 x 16

MPa-nt/kg) that even supersedes bovine leafi®;43] The success of these treated MBLs

highlight the importance of researching chemical ctioésng, heat treatment, and speclessed

optimization if they are to supplant the conventional leathers of today

Other mechanical properties such as large scratch recoveries and high dynamic stress resistance
demonstrate the capability of the textile to withstand continual, repetitive loads. Furthermore, the
lack of external fungal and bacterial growth on fabricaté8lLs demonstrate their natural
antifungal and antibacterial properti€2]. Just recently, MBLs have evolved from a niche idea

to a growing trend in sustainable fashion embodied by the products of brands such as Adidas,

Balenciaga, and Herm¢$3,66] With significant knowledge gaps in optimizing mycelium mat
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cultivation and posprocessing procedures, the success of MBLs is heavily reliant upon future
research prospects and could further expand the applications of MBLs to fit the materials needs of

tomorrow
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1.3.3 Flexible FungaFoams

Flexible fungal foams are promising candidates to replace insulation, petrbémad foams, and

wood composite cores. Presenfiyc ovat i ve L L C6 Sisgha sokpureengcalF or ag e
bi ofoam on the market which is reported to be
density, and fiber orientatid67]. These materials are fabricated through SSF with the addition of

a vented void chamber on top of a tray. Since the gbamber is only accessible through the

vents, a CQgradient (37% concentration by volume) is introduced which encourages the mycelia

to propagate through the vents and create an isolated mat of mycelia. Additionally, the relative
humidity and temperature (Z8°C) of the chamber are carefully chosen togate primordial

initiation which would compromise the mechanical properties of the foam. Before the foam is
extracted, the myceli mat is compressed to meet a chosen size and left for an additidr@irs2

to densify and strengthen its fibres. Finally, the foam is separated from the substrate, dried at 43

°C, and optionally, heat pressed to further densify the strujd6yes]

Presently, these foams are deployed as specialized textiles for the fashion industry, marketed to be
Ai nsul atrepelignt, and éirk @ 1s i $6t16369]t Idterestingly, a densified, closeedll
variety of Ecovativebés foams have been shown
frequency range from 350 Hz to 4 kiF0]. With the widespread employment of mineral wools,
synthetic fibres and petrochemiaigrived polyurethane foams, these flexible fungal foams shine

as greener and more sustainable alternaf/&4]. Since there is only one player on the market,

plans to apply these uniquely adaptable foams are nascent. The purported tensile strength (0.1 to
0.3 MPa), Youngds modulus (0.6 tofth2 FobaggMPa) , a
material shows that it has a place, albeit small, in the foam material family as seen in Figures 2

and 3[20,68] They perform worse than bovine and artificial leathers in terms of specific strength

Viraj Whabi - Master of Science 19



(MPI1 = 5.00 x 10° MPa-nt/kg) and elastic energy storage (MPI7.69 x 10* MPa-nt/kg).
However, these numbers should be taken with caution as they do not come from aayipesd
measurements in original research papers and

paper alon¢20].

Unlike other materials, the performance of foams relies greatly upon their relative densities which
describe whether they are opeglled or closecelled. Consequently, future potential is difficult to
gauge with one overarching materials property indakwias assumed that it behaved as an epen

cell foam exhibiting Euler buckling (with relative densities between 0.01 to 0.3), a more general
criterion could be created based upon the goal of maximizing energy absorption at a minimum
mass. In fact, Bird e&l. modeled such a criterion (M#Plduring a case study on selecting the
correct lightweight foam to make impaaibsorbing helmetr2]. Here, Ea n & arg the Young
modulus and density of the solid material respectively which can be determined with knowledge
on the foamdéds relative density. Materials tha

minimum mass

o 8 Objective: minimize foam masg §

Constraint: high enough impact energy dissipatio’(2%

If competitiveness is the plan, then future fungal foams must target an optimization of this index
as compared to other cushioning foams (e.g. @edrpolyurethane, polyethylene, neoprene, etc.)
[40,43,72] Of course, it is only one of many in assessing viability, but it is a defined threshold of
success. For now, however, the biggest obstacle in realizing the current potential of these foams is

the unfortunate dearth of materials testing and literatudy.stu
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1.3.4 Novel prospects for future functional PMMs

There are several other functional PMMs under various stages of development. However, most are
not industry ready, existing only within the laboratory. One particularly interesting niche is the
study of mycelia as a biomaterial, building on the historics¢ of Fomes fomentariugnd
Piptoporus betulinuas bandaging materigls4,55] Researchers have created therapeutic wound
dressings out of the filamentous growths of select species with some encouragin@/i&3udi}s

To mimic the extracellular matrix with the hyphal structure of mycelia, novel biomedical scaffolds
have been developed with excellent physiochemical properties, all while being tunable-and self
growing [75,76] With growing interest in creating natural and customized biomaterials, PMMs
could potentially fill the current gaps in tissue engineering. While mycelial biomaterials are an
interesting proposition, wepth testing of mechanical properties and biocoibiigt is truly

needed before these solutions can be implemented

Another promising area of interest is the development of highly treayedliumderivedfilms.

These materials target a different category of materials beyond textiles and foams and offer a wide
range of options. The majority of mycelial films come are manufactured by harvesting biofilms
from shaken liquid cultures which are then dried and treaitd different chemicals such as
glycerol[32,45] Current explorations into film fabrication demonstrate their ability to replace a
range of materials from similar natural materials to polymers to elastomers. As observed in Figure
2, films derived from the sanf® communespecies have drastically different tensile properties
depending on the concentration of their glycerol treatf@nb1] The lack of standardisation in

film fabrication demonstrates how different combinations of treatments and species offer their own

unique advantagd83,45]
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Nanopapers, another group at the periphery of the PMM faarigyfabricated directly from the
chitin-glucan and chitirchitosan nanofibrils that make up myceli{®8,77] In terms of stiffness

or Y o un g 6 somemoycelial narsopapers treated with NaOH perform like industrial
polymers and have highepecific strength (Agaricus bisporusianopape MPIy = 5.74 x 102
MPa-nt/kg) than most simple MBL and bovine leathers, while their elastic energy storage
(Agaricus bisporusanopape MPI, = 8.62 x 10* MPa-ni/kg) islower[33]. It is abundantly clear

that the performance of these nanopapers is highly variable depending on the species source of the
materials with the worse performances by nanopapers derivedAllomyces arbusculand
Trametes versicolof33]. These material properties charts offer only a glimpse at the bulk
mechanical properties, but these nanopapers are purported to also have exceptional thermal and
surface properties that can be tuned based on the treatment p8&8¢eksshould be noted that
while relative pure hyphal morphology was visible in the images oAtHasporusnanopaper,
nanofibrils could not clearly be identified at that sd&®&]. All other species had much larger,
micro-scale fibrils even after the remediak® or HCI treatments which warrants some
examinati on i nt o[33{76] &hiléthesennanopampss still intthe ¢aflyestages

of conceptualization chitinfilms derived from crustaceanswith similar targets on
biotechnological and coating applicatidmsve a more historical establishmeantl could offer a

point of comparison32,33,77,78] The latest of these chitifiims boast similar claims of
tunability with the ability to demonstrate high tensile strength (up to 226 MPa) or high elongation
(up to 43%) depending on the choice of chemical elioksg [78i 80]. Future development of
mycelial nanopapers must emphasize the advantages of theirsypicaired nanofibrils in order

to grant clearer product differentiation beyond just feohgrived chitinfilms.
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1.4 Leveraging unique species for PMMs

1.4.1 Functional species of fungi

With around 150,000 identified species of fungi, there is a diverse spread of hyphal morphologies
and growth characteristics to create functional fungal materials [@0]. Species producing

edible or medicinal mushrooms are routinely investigated due to the wealth-exigtiag
knowledge about optimal growth conditions and cultivating these species. However, there is
untapped potential in other species that are not aridijrof note due to the fruiting bodies being

too tough, like the Amadou or horse hoof fungbiemes fomentariuspr simply inedible, like

birch polypore (Piptoporus betulinus)[54,81] The steady rise of mycelial materials has
encouraged the investigation these and other unknown species of fungi across several phyla to find

suitable candidates for new materials developrfg?jt(Table1.3).

Table 1.3 7 Summary of fungal species investigated as pure mycelium materialghis table lists unique species
that have been investigated as pure mycelium materials over the last 30 years. Species are written as they are reported
in the original works. Additionally, species used solely for composite mycelium materials are omitted here.

Application Species Cultivation Substrate References
Amadou Fomes fomentaril¥ natural growth beﬁﬁgwbgcrzég%k,trzzglar [54,55,83]
Piptoporus betulinu® natural growth birch trees [54,84]
corn stover, grain spawn
Ganodermasp® SSF maltodextrin, calcium [6]
flexible foam sulfate, & minerals
Trametes versicoldP SSF Proplrziﬁgetlr;/ﬁl\:/aebl_rifgion by [83,85]
Abortiporus bienni§ LSF (LSSF) homogenized millet slurry [18,86]
Bjerkandera adusta LSF (LSSF) homogenized millet slurry [18,87]
Bjerkandera adusta SSF oak sawdust & rice bran [19,87]
Coriolopsis gallicdl'® LSF (LSSF) homogenized millet slurry [18,83]
Coriolopsis trogif' LSF (LSSF) homogenized millet slurry [18,83]
leather Daedaleopsis confrago$a LSF (LSSF) homogenized millet slurry [18,83]
Daedaleopsis tricoldt LSF (LSSF) homogenized millet slurry [18,83]
Elfvingia applanaté® SSF oak sawdust & rice bran [19,88]
Fomes fomentarill$ LSF (LSSF) homogenized millet slurry [18,83]
Fomitella fraxined SSF oak sawdust & rice bran [19]
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Fomitiporia mediterrane® LSF (LSSF) homogenized millet slurry [18,89]
Fomitopsis iberic#® LSF (LSSF) homogenized millet slurry [18,90]
Fomitopsis pinicol&° LSF (LSSF) homogenized millet slurry [18,83]
Fomitopsis pinicol&® SSF oak sawdust & rice bran [19,83]
Fomitopsis rose&a'"® SSF oak sawdust & rice bran [19,91]

Ganoderma applanatutfi SSF oak sawdust & rice bran  [19,88,92]
Ganoderma carnosuin LSF (LSSF) homogenized millet slurry [18]
Ganoderma luciduff SSF Proprii/tla::\g\lj\?cl)orrllcs;ation by [61,88,92]
Ganoderma lucidutf LSF (LSSF) homogenized millet slurry  [18,88,92]
Ganoderma lucidut¥f SSF oak sawdust & rice bran  [19,88,92]

Irpex lacteu¥® LSF (LSSF) homogenized millet slurry [18,93]
Irpiciporus pachyodofi LSF (LSSF) homogenized millet slurry [18,94]
Lenzites betulinus LSF (LSSF) homogenized millet slurry [18,83]
Microporus affinig' SSF oak sawdust & rice bran [19,87]
Neofavolus alveolart§ LSF (LSSF) homogenized millet slurry [18,95]
Phellinus ellipsoidetfs - ngé??%g?gggggggnb) [62]
Pleurotus ostreatdfs LSF (LSSF) Czapek medium [17,96]
Postia balsamea SSF oak sawdust & rice bran [19,97]
Rhizopus delemér LSF (LSSF) bread waste [7]
Stereum hirsutul LSF (LSSF) homogenized millet slurry [18,98]
Terana caerulel LSF (LSSF) homogenized millet slurry [18,99]
Trametes hirsuté LSF (LSSF) homogenized millet slurry [18,83]
Trametes hirsut# SSF oaksawdust & rice bran [19,83]
Trametes suaveoletfs LSF (LSSF) homogenized millet slurry [18,83]
Trametes suaveolets SSF oak sawdust & rice bran [19,83]
Trametes versicoldP SSF oak sawdust & rice bran [19,83]
Wolfiporia extensa SSF oak sawdust & rice bran [19]
Aurantiporussp® LSF (LSSF) potato dextrose broth [32]
Coriolus brevis LSF (LSSF) pgﬁ‘;rdo?’g;%s‘gk%":‘“;’l‘(’it' [39]
Coriolus hirsutu8 LSF (LSSF) pgﬁ‘;rdo?’g;%s‘gk%":‘“;’l‘(’it' [39]
Coriolus versicolot LSF (LSSF) pgtligérdoelz)g:()jszk?rftr:irl\(lm [39]
mycelial fim Fomitella fraxine& LSF (LSSF) pgtlg‘/‘tcoefoel’g;‘(’jsgk?r;omi;’l‘(’“' [39]
Ganoderma curtisfi® LSF (LSSF) potato dextrose broth [32,92]
Ganoderma luciduf LSF (LSSF) pO‘?jt_‘;lﬂi’é‘Srgsgf I?grgi‘;‘ with  188.92,100]
Ganoderma lucidut LSF (LSSF) pgﬁ‘;rdo?’g;%s‘gk%":‘“;’l‘(’it' [39,88,92]
Ganoderma mexicanuth LSF (LSSF) potato dextrose broth [32,101]
Lentinus crinitu$’ LSF (LSSF) potato dextrose broth [32,102]
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Panus conchattié® LSF (LSSF) potato dextrose broth [32,103]
Pleurotus ostreatufs LSF (LSSF) potato dextrose broth [32,96]
. potato dextrose broth witt
Polyporus arculariu$® LSF (LSSF) glycerol and skim milk [39,83]
| potato dextrose broth witt
Polyporus squamostfs LSF (LSSF) glycerol and skim milk [39,83]
" potato dextrose broth witt
Pycnoporus coccinelt8 LSF (LSSF) glycerol and skim milk [39,83]
. minimal media with
Schizophyllum commuhe LSF (SmF) glucose & asparagine [45,104]
. potato dextrose broth witt
Trametes fuciformbs LSF (LSSF) glycerol and skim milk [39]
Trametes gibboga LSF (LSSF) potato dextrose broth_wnl [39]
glycerol and skim milk
Trametes orientalls LSF (LSSF) potato dextrose k_:)roth_wm [39]
glycerol and skim milk
Inonotus obliquu8 LSF (SmF) potato dextrose broth [34,105]
Agaricus bisporu8 mushroonisolation - [77,106]
Grifola frondosd® mushroom isolation - [77,107]
Hypsizygus marmorelis mushroom isolation - [77]
nanofiims
Lentinula edodé% mushroom isolation - [77,108]
Pleurotus eryngif mushroom isolation - [77,96]
Tricholoma terreurh mushroom isolation - [109]
Agaricus bisporu8 LSF (SnF) d"uﬁ%g gsc::trap [33,106]
Allomyces arbuscufa LSF (SnF) diluted blackstrap [33]
nanopapers LSF (S1F) dilutr(:(;) Ellzscekztrap
Mucor genevensis [33]
molasses
Trametes versicoldP LSF (SnF) diluted blackstrap [33,83]
molasses
Aspergillussp? LSF (LSSF) potato dextrose broth [76]
scaffold Pleurotus ostreatdfs LSF (LSSF) potato dextrose broth [75,96]
Trametes versicoldP LSF (LSSF) potato dextrose broth [75,83]
tinder Fomes fomentarill$ natural growth bee_ch, birch, oak, poplar [54,83]
willow & maple trees
garicus bispor stipe isolation - ,
Agari bi us ipe isolati 73,106
Fomes fomentarill$ natural growth bee_ch, birch, oak, poplar [54,55,83]
willow & maple trees
Fusarium graminearuf mycelium isolation - [73]
wound dressing malt, dextrose, and
Phanerochaete chrysosporitfm LSF (LSSF) ! ' [74,110]
peptone broth
Phycomyceblakesleeantis spore isolation - [73]
Rhizomucor miehgi mycelium isolation - [73]
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Rhizopus oryzde mycelium isolation - [73]

Rhizopus stolonifér mycelium isolation potato dextrose agar [111]

The hyphal system of each species is indicated by I, I, and Il for monomitic, dimitic and trimitic respectively. Phylum
of each species is indicated by a, b, ¢, and d for Ascomycota, Basidiomycota, Blastocladiomycota, and Mucoromycota
(previously Zygomyota); each species was classified by phyla basdldegblobal Biodiversity Information Facility
databas¢2,112]

One of the prominent trends in Table/8re the chosen production methods and substrates among
different PMMs. Out of the total 94 observed PMMs, there were 15 produced througB0SSF,
produced through LSE6 SmF and 44 LSSFnd b produced through specialized processes.
There were also 3 PMMs developed through patented methodléybgWorks Grado Zero
Innovation and Ecovative LL{51,62,85] While the method of fermentation was divided by LSF

and SSF, there was no ubiquitous nutritional media for either case, making it difficult to compare
among species, including their advantages and potential problems. However, it was evident that
LSF wasmore popular due to the relative homogeneity of liquid media and the ease of harvesting
the PMM. PMMs derived from fruiting bodies were made either directly, to make Amadou and
similar products, or indirectly, to extract chitin by grinding. Another prodeskided the
mycelium isolation of a nodikaryotic species calle®Rhizopus stolonifetaThe sporangia
producing mucoromycete was studied in the cr ¢

deproteinized and dried for wound healing purp¢agsl 1]

In total, there are over sixty distinct species of fungi investigated for mpyoelial materias
application, each with their own sets of advantages and disadvantages. Along wihomeil
medicinal species lik&sanoderma lucidumand Trametesversicolor, other species such as
Phellinus ellipsoideusand F. fraxinea have shown excellent potential in creatingcelial
materiak with quick growth and dense hyphal structde%85,113] The group of 64 species
spanned 4 different phyla, including 55 basidiomycetes, 2 ascomycetes, 6 mucoromycetes, and 1

blastocladiomycete each characterized by their unique hyphae. Basidiomycota, and Ascomycota,
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both classified as o6higher fungi d wundech t he
phyla and contain mostly filamentous spedis Dikaryotic species allow for the formation of

large fruiting bodies with varied and complex hyphal structures known as spor@;appdn the

other hand, Mucoromycota and Blastocladiomycota are predominantly made up of saprobes,
molds, andyeasf2]. Nevertheless, these 6l ower fungi 6
create dense mats for medical applications or produce large quantities of chitin for nanopaper

fabrication[33,73,111]

Within the vast phyla of Basidomycota in particular, there comes a need to classify them concisely
to separate the softer mushrooms (eAgaricus bisporusPleurotus ostreatysetc.) from the

woody brackets (e.gromes fomentariy$sanoderma applanaturetc.). The hyphal structures of

these species greatly influence the morphological, mechanical, and physiochemical characteristics
of the resultant fungal materig81,113,114] In total, the mushroom or basidiocarps consist of
three main types of hyphae: generative, skeletal, and ligative as shown in Fifgyid &
Generative hyphae are thivalled, branching, and separated with s¢pt®]. Clamp connections,

unique to some species in Basidiomycota, are Hidekprotrusions near the septa of generative
hyphae that develop during the process of sexual midd5] During mushroom growth,
generative hyphae can transition into either of the thiaked skeletal or ligative hyphae over
time[115]. Skeletal hyphae are elongated, unsegmented strands which tend to overlap one another
[4,115] With its characteristic unidirectional growth, skeletal hyphae serve as the matrix in many
species of fungill15]. Lastly, ligative or binding hyphae are unsegmented and branching,
characterized with a curling and gnarled strucy15] As the name implies, the binding hyphae
tightly holds together the mushroombés shape

stiffness[114,115]
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Figure 1.57 The common types of hyphae used to classify hyphal systems of basidiocargpsnerative hyphae
with clamp connections (orange), unbranched, continuous skeletal hyphae (green) and highly branched, binding
ligative hyphae (blue).

Depending on species, these types of hyphae are found at varying14&1s14] Mushrooms
containing only generative hyphae are monomitic, while species with all three are trimitic. Out of
the 55 basidiomycetes listedTable 3, 15 were monomitic, 14 were dimitic, and 17 were trimitic,

while the remaining were difficult to classify. Dimitic systems always contain generative hyphae,
commonly combined with skeletal and rarely, ligative. Bracket fungi, which are typiaadiyicr

and therefore stiffer than other species, have been identified as particularly promising. Beside
morphology, hyphal systems impact the mechanical and fluid absorption properties of the
mushroom[113,116] Researchers such as Porter et al., Pylkkanen et al., and Mdller et al. have
demonstrated that the hyphal structure of the mushrooms can be leveraged to choose species in the

design of PMMs[81,114,117] Moreover, these studies have also shown that these sturdy
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mushrooms, in their virgin state, can themselves serve as cheap, ultralightweight materials for

design and construction
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1.4.2 Tailoring bespoke mycelium with stramtimization

Along with capitalizing on the intricacies of different hyphal systems, species phenotyping offers
more tools to optimizenycelial materiafabrication. Ubiquitous among all filamentous fungi, the
porous morphology of mycelium is characterized by random hyphal networks rich with fehitin
glucans, andther glycgroteing[3,118] The polymer composition and skeletal structure of inner

cell walls are actually quite conserved in the majority of species, and it is instead the variable
organization of outer cell walls that dictate morphology and behaviour between $Bgc@s

one hand, chitin contributes stiffness, while bhglucanswith their springlike shape offer tensile
strength to the cellg,119] The hydrophobinsanothergroup of cell wallprotein, are found on

the outer surface of the hyphal cell walls and can repel water from the mycelial strii2djes
StudiesorS commundh as s hown t B@3hydrophobin gepecamong athiers, actually
plays an active role in reducing surface tension and encourage the growth of aerial hyphae
[121,122] In some strains whe&C3expression is disrupted, both the formation of aerial hyphae
as well as the myceliumbds att aldalg8ndentifyimy hydr o
the cell waltrelated genes have been shown to be great tools in understanding the structure and
signalling pathways of pathogen fungi suchAaspergillus fumigatusbut could also offer the

opportunity to create tailored strains to fit PMM mechanical ngdis124]

There has been recent interest in leveraging this gene deletion for the cultivation of densalr myceli

mats by examining the effects of gene disruption alongside altered environmental conditions such

as CQ and light level4104]. In fact, deletion of th&C3gene inS. communéssc3strain) causes

a drastic increase in density, Jdomaasgdmparedo dul u
to a wildtype strain. These new properties of ése3mycelia are similar to those of polymers,

while those of the wild type strain are more in line with natural materials such as cork or bamboo
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[104]. Species such as the button mushréaaricus bisporuand the oyster mushrod®ieurotus
ostreatus have comparative hydrophobin genes, while others ligtilago maydishave
amphipathic peptides named Orepell ent[828f t hat
127]. Borrowing the techniques used to genetically engiSeecommunéo producemycelial

materiat could drive innovation towards perfecting mechanical properties and identifying
specialized species for each PMM application. Ecovative LLC has already experimented with
genetic engineering by introduci@pAl, the chitin deacetylasencoding gene iBaccharomyces
cerevisiago production strains as a method to increase the compression strength off C28Ms

These prospective technologies aim to combine genetic engineering and materials science at the

cutting-edge ofmycelial materialevelopment

The potential advantages of straiptimization deserve greater attentionttoly redefine the
biological upper bounds of mycelial thickness and stiffness, and perhaps target loftier ambitions
in emulating materials such as elastomers and rubbers. However, it is important to note that while
genetic engineering can drastically irope mechanical properties, it could also lead to a cascade

of unintended effects on antibiotic resistance, virulence, and influence on natural populations
[129]. As such, the approaches to this strategy must be carefully controlled, especially in the
creation of edible PMMs and mycoproteiith a wide span of knowledge gaps genetic
engineering and industrial production, the physical upper bounds of PMMs are much more

unknown and will require a coordinated effort to uncover.
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1.5 Conclusion

More than ever, the successful portfolio of pargcelial materiad demonstrates how adaptable

the chitinglucan structure of fungal mycelia is from making lightweight, yet durable leather
alternatives to tunable higterformance foams. Future efforts are presumed to focus on further
improving the mechanical properties these flexible materials. With new materials and
fundamental biological discoveries about fungi on the horizon, there is great potential to optimize
SSF and LSF to meet the challenges. For scaling up for industrial applications, the chance of
contaminain could increase and further optimizations on environmental conditions are needed.
Depending on how these concerns are answered in the coming years will be key in determining
the future feasibility of these greener materials supplanting the more estdbdismpetitors.
Finally, with current efforts to diversify the material selection pool of fungal species, there will be
better understanding of what makes species a successful progenitor of hyphal structure and
mycelial growth. Could genotyping of theseesies eventually allow for growth and mechanical
properties to be handpicked for the creation of bespuolteelial materiad through genetic
modification? There are many outstanding questions and challenges about the future of this field,
but only with a successful dissemination of current knowledge can the process to unravel them

begin
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Abstract

Fungal mycelium, renowned for its robust fiber structure, is gaining widespread attention as a
sustainable alternative to traditional plastics and textiles. Strain optimization offers the opportunity
to improve these mycelial materials by systematicalgcsieg specific phenotypes that have ideal
mechanical and physiochemical properteshizophyllum commuiga cosmopolitan mushroom
species with over 23,000 mating types and is a great model to explore due to its rergarietide

and phenotypic diverisy reflected in its varied color, size, and structure. This study focuses on
four divergentmonokaryotic strains 06. communeourced globally, and their set of twelve
dikaryotic progeny, each with their own unigue combinations of nuclear and mitochondrial DNA.
First, the triphasic growth of each strain was modelled on standard plate§ days at 36C.
Subsequently, mycelial mats from each strain were cultivated thrbqgiu-state surface
fermentatiorfor 12 days, followed by varying treatments §phylene glycol 400 and glycerol)

to form diverse materials. While plasticizers are known to dramatically manipulate fungal
materials, the interaction with genotypic microstructures are far from understood. Through
mechanical testing and surface charazé¢ion, statistical analyses showed that these complex
interactions could change everything about these materials from their water retention to their
strength to their ductility to their hydrophobicifurther iemical analyssthrough FTIR showed

that gosslinking across strains is not ubiquitous, and these differences offer&yertunability

to precisely optimize and tailor mycelial materials pmtentialapplicationgn textiles, coatings,

andmycaemediation.
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2.1 Introduction

Mycofabrication harnesses the adaptive morphology and structural diversity of fungal mycelia to
create a family of high performance functional fungal matefla®y. Considering the historically

high | evels of demand for Earthdés natural res:i
materials that aim to reduce societyo6s[3i mpact
5]. Fungal mycelium, with its intricately robust structure of fibres, has seen unprecedented
attention as a potential candidate to replace the plastics and textiles of yesRauyeanycelial

materials, including myceliurbasedeathes, mycelial filmsand highperformancdéungalfoams

leverage the dense, adaptable hyphae networks of a variety of fungal species to optimize material
performancg2,6]. The performance of PMMs is often attributed to their processing which include
plasticizing, heatreating, dehydrating, tanning, or bindifig7i 12]. However, there is a lack of

clarity on what allows for some species or strains to be more successful than others when they
undergo identicaprocessind13i 15]. Material scientists know that the addition of carbon into

iron provides solid solution hardening in the resultant steel, but why would myededised

leathers derived frorRhizopus delemdne stronger than ones derived frétomitella fraxinea
[1,2,10,16,177 Unlike metals or synthetic plasticéetintricate structureand networking of the

hyphal fibersfound in PMMsare dependent on a litany of abiotic and biotic factors, namely
geneticg18,19] Evaluating the relationships between the genetics of fungi, and the structures they
produce could illuminate the best path forward in optimizing these materials and tailoring them to

our needs.

Thecosmopolitarsplitgill (Schizophyllum commuhes one fungi species of interes it exhibits
an exceptional amount of genotypic diversity witirspan of 23,008exuallycompatiblemating

types [18,20 23]. The genetic differences between strains of the species generate unique
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phenotypes with distinct vegetative mycelium development and variable fruiting morphologies
regulated by key transcription factdi0,23 28]. For examplethe characteristic expression of
hydrophobin gerin this species controls the hyphal wall composition by determining the ratio
of glucanlinked chitin to schizophyllan mucilagé8,27,28] Strains ofS. commua with low to

no expression of this hydrophobin gene can exhibit a greater proportion of thesolabde
schizophyllan in their cell walls which, in turn, resultsaitack of thethicker, hydrophobic aerial
hyphae [18,27] For mycofabricated materials, the compositional differences in cell wall
materialize as substantial differences in density, strength, and st[fi8¢28] With a larger group

of genetically diverse strains, how many other variations can be observed and how can they be
used to tune PMMs7To evaluate whether strabased optimizatioris possible this study
examines different strains 8f communto elucidate the extent at whigienetic factoraffect the

performance ofmycelialfilms [11,29]

With unique, yet compatible sexe$,monokaryonsrom distinct geographical locationgere

mated in pairs over two weeks to create a total set of 12 dikaryons. The end goal is to take each
strain through the processes of growimgcelial mats plasticizing them, and evaluating their
mechanical and physical propert{dsl3]. At every stage, the impacts of different strain factors

will be evaluated: strain karyotype (monokaryon vs. dikaryaitpchondrial haplotypeajuclear
haplotype and their interactiond.iterature has shown that karyotype is already known to have an
impact on some growth characteristics such as growth rate and lag phase length, due to the distinct
strategies for monokaryons and dikarydB6,24,31] However, the impacts of nuclear and
mitochondrial lineages fo8. communare yet to be studied. The overall plan will be to create
models that can account for all these strain factors and identify which have the greatest impacts on

each of the three key growth characteristi@®®» strains demonstrate different growth
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characteristics with different genetic lineages? Do mitochondrial or nucleic lineages have a greater

impact?

Fungalbiomass derived fromaSSFhasbeensuccessfully utilizedh the creation of mycelial films

that can be easily tuned to fit a wide range of functions such as nanopapers, binding agents,
coatings, and membrangk8,13] To better understand the microstructure of these mats, their
interactions with plasticizers were also evaluated by creating two sets of films with two different
treatments: glycerol and polyethylene glycol 400 (RE®). Both glycerol and PE@OO are low

calbon footprint plasticizers commonly used to manipulate the physiochemical properties of
organic materials through the process of crosslinkiry32,33] In applicationPEGis known to
crosslink externallyby constructing weak second-order bonding between adjacent chains of
structures like chitin or chitosan [32]. Whileincreasing the mobility of key acetamide groups, PEG

forms only singular H-bonds with the chitosan, alowing the PEG moleculegto travel freelyand
recrystallize the structure into a stiffer material [1,9,32] Conversely, glyceradrossiinksinternally

through the formation of strong covalent bonds with the interfacing material [32]. Furthermore,

the glycerol molecules have been shown tiorm three H-bonds with the glucosamineunits of
chitosan. [32,33] Thesebonds éad to the immobilization of both the acetamide groups andthe

glycerol molecules themselves, increaing spaces throughout the structargl, in turn, increasng

the flexibility of the resultant material [7,9,10,32,33] Contrasting both treatments in this study
offers the opportunity to observe their interactions with the same strains and their microstructures.
Does glycerol optimize the same strains that PG does? With all these questions posed, the
statistical anigsis uncovered key insights on the roles of genetics, plasticizing, and

microstructures in the making and characterization of our mycelial. films
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2.2 Materials and Methods

2.2.1 Isolation ofmonokaryaic strains

The 4 monokaryotic strains d&. communeaused in this study were isolated from different
geographical regions and were donated by the University of Michigan: UM636, UM1704,
UM1149, and UM1155. The UM1149 strain, also known as8H#om Massachusetts, USA is

the reference strain f@. communeNutritive media for agar plates were prepared using 3 g/l of
yeast extract, 3 g/l of malt extract, 10 g/l of dextrose, 5 g/l of peptone, 20 g/l of agar, and 0.1%
chloramphenicol, and corrected to the optimized pHl [@4]. This YMDPc agar was placed in a
steam autoclave cycle with a hold step at 121 °C for at least 30 minutes, before being poured into
sterile 92x16 mm plate® set. Using a sterile inoculation loop, each of the strains were then
transferred to the fresh YMDPc agar plates by taking loopfuls of mycelia and streaking in a zigzag
pattern. The inoculated plates were sealed with Parafilm and incubated°@t f80 7 days
[1,34,35] These nutritional and environmental conditions were chosen as they have been show to
optimize vegetative growth i8. commung34,35] The stock culture plates were stored 4C4

for further use

2.2.2 Monokaryonmonokaryon mating

The 4 monokaryons were combined in 6 pairs to spawn 12 dikaryotic progeny through
monokaryoAnmonokaryon symmetrical mating@4,30] This was done by transferring mycelial
plugs (5 mm x 5 mm) of monokaryon pairs onto the same YMDPc plate and left to mate over 14
days at 3C°C. Mating pairs of monokaryons spawna equally sized dikaryons with identical
nuclear haplotypeas the nuclei migrate reciprooglbutwith different mitochondriawhich do

not migrate during matinf4]. The mechanism of mating Basidiomycetdungi forms clamp

connections between fungal cells during the migration of n[24¢86,37]
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All dikaryons were transferred by the same plug method onto fresh plates and incuBat¥d at
for the requisite 7 day$n order to confirm that mating was successful, light microscopy was used
to confirm the formation of clamp connections in dikaryotic strf8i$. Slides were prepared by
transferring loops of dikaryotic mycelia to a drop of sterile water, and then obsertied in
dissecting microscopat 40x magnification. Once the presence of the clamp structures was
confirmed, all mycelium plates were stored in a fridgyd °C. All strains with their nuclear and

mitochondrial haplotypes are listedTable2.1.

Table 2.17 Schizophyllum communstrains: monokaryons and dikaryons

Strain Name Code Strain Type  Nuclear Haplotype Mitochondrial Haplotype Location
UM636 N Monokaryon n_ U mt _ U Siempre Verde, Ecuador
UM1704 b Monokaryon n_b mt _ b Cabo Pulmo, Mexico

UM1149 (H48) 5 Monokaryon n_ o mt _ o Massachusetts, USA
UM1155 5 . o Moscow, Russia

i Monokaryon n_i mt _u
UM1704/636m o i S n_Ub mt _ U )
UM1149/636m 5 0 Dikaryon n_Uos mt _ U )
UM1155/636m 50 Dikaryon N O mt 0 i
UM636/1704m Ub Dikaryon " Ob mt b ;
UM1149/1704m 5 b Dikaryon n_bo mt _b )
UM1155/1704m i b Dikaryon n_ b mt _b )
UM636/1149m s Dikaryon . s mt o ]
UM1704/1149m b Dikaryon n bo mt s ;
UM1155/1149m y i i )

Uo Dikaryon no i mt _ 9
UM636/1155m 0 Dikaryon n_ U mt_i )
UM1704/1155m 5 Dikaryon nb b mt i ;
UM1149/1155m - - ¥ U )

o 1 Dikaryon noi mt _u
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2.2.3 Liquid culture cultivation

Fresh working plates were made by streaking new sterile YMDPc agar plates with loopfuls of
mycelial in a zigzag pattern for each strain and incubated &€ 36r 7 days. In the meanwhile,

media broth containing the same YMDPc components was prepared, autoclaved at 121 °C, and
poured into steril®0 mlconicaltubes Once the mycelia were fully established on the plates, half

the agar on each plate was diced with a sterile spatula and transferred to the Falcon tubes. These
tubes were vortexed for at leasiinute, so that the mycelia were transferred from the surface of

the agar plugs to be suspended in solution. The tubes were covered loosely, sealed with Parafilm

to allow for oxygen exchange, and transferred to a shgMatg incubator set to 3@ and 150

rpm for 4 days. The tubes were then transferred to a static incubator séQtflB0These liquid
cultureswerestoredina®@ f ri dge as stock LC6s, and workin

mycelium into tubes with fresh liquid media.

2.2.4 DNA Extraction

Fresh working cultures were made by aliquoting 3 ml of stock solution into a steriieR&con
tube containing 10 ml of sterile YMDPc. The tube was left to incubate statically°& 80 at

least 7 days until the aerial mycelia formed into a thick, homogenous disc.

In a biological safety cabinet, sterile wooden sticks were used to transfer the discs of aerial mycelia
to sterile filter paper and left to dry for 15 minutes, or until minimal liquid media remained. The
dried mycelia were transferred to a sterile 1.5 ndratentrifuge tube. The tubes were then
submerged in liquid nitrogen until the mycelia was completely frozen, and then a sterile plastic
pestle was used to pulverize the mycelia into a powder. These freezing and crushing steps were

repeated until the majity of the mycelia had been broken down.
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In a fumehood, 6061 of freshly preparedetyltrimethylammonium bromidé€CTAB) extraction

buffer was added to the tube, and then vortexed. The tubes were then left with their lids open for
at least 30 minutes to efficiently extract the DNA. Meanwhile, a solution containing 24 parts
chloroform to 1 parts isoamyl alcohol wagpared. After the requisite 30 minutes of extraction,
600¢l of the 24:1 solution was added to the same tube which is then vortexed for 1 minute and

then centrifuged for 5 minutes @200 RPM.

At this point, the tube contained two distinct layers: one clear with small pieces of mycelium on
top, and one cloudy and dense at the bottom. The clear supernatant at the top (at ¢aaias00

then transferred to a fresh tube while carefully avoiding any of the mycelial tissugl. &50e-

cold isopropyl alcohol was added to the tube, which was then sealed securely and inverted gently
to mix. The tube was then centrifuged at 13000 RPM for 1 minute before disposing of the clear
supernatant. This le# visible, sticky pellet at the very bottom of the tube. The pellet was soaked

in 50¢l of 70% ethanol for 2 minutes in order to clean the pellet of any contaminants. This ethanol
was, in turn, disposed of and the tubes were inverted and left to dry. After 3 hours of drying, the

pellet was resuspended in &i0of 1x TrisEDTA (TE) buffer, and stored in a freezer2® °C

2.2.5 PCRFingerprinting

In addition to using light microscopy to verify mating succestéymerase chain reactioRCR
fingerprinting using a single oligonucleotide primer was used to differentiate the monokaryotic
progenitors to their dikaryotic progenyhe OPAO 3 ol i g o n4AGTCAGCCAGCIEN]j)( 5iNs
a commonrandomamplified polymorphic DNA(RAPD) marker that shown great efficacy in
outlining genetic relationships between strainSohizophyllum commurjd5,38,39] The PCR

was conducted on a BioRad thermal cycler with the following process: an initial denaturation step

at 97 °C for 3 minutes, followed by 40 cyclesfofther denaturating at 93 °C for 20 seconds,
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annealing at 36 °C for 60 seconds, extending at 72 °C for 120 seconds. Finally, the thermal process

ended with a cycle at 72 °C for 5 minutes before being stored af38FC

Once complete, agarose gel electrophoresis was used to separate the amplified products. The gel
had a concentration of 1.5 % agarose and was run in a 1x TAE buffer (conTaisibgse, acetic

acid and EDTA bath at 70 V for 3 hours. As the gels were to be observed under UM1iglg,

ul of 10 ug/ml concentratiomf ethidium bromide was added to stain the amplified products.
Fragments were sized in comparisoth® 1 kbplusladder from Frggabio. For each strain isolate,

the bands were tallied as either present (1) or absent (0), and then concatenated together to make

a 10digit fingerprinting genotype.

2.2.6 Radial growth testing

Before mycofabrication, it was important tdocument thes t r aindividual growth
characteristicsvhile controlling incubation conditions such as temperature and nutritive media.
The growth of the total 16 strains were measured radially oveday period in triplicate to
identify how they fared on YMDPc agar plates at a temperature 4 8&8,35] For each strain,
plates werénoculatedwith a mycelialplug (5 mm x 5 mm) placedn thecentreof platesPictures
were taken every day so that the changes in growth couftelsured with ImageJ, while hyphal

density was noted qualitative]gQ].

Mycelial growthis divided into three key phases: lag, log and statiof&ky384] To characterize
the strains, the raw growth datasused to identify three analogous metrics: lag length, maximal
growth rate, andverall colony sizel ag length was determined by counting the number of days
of zeragrowth. Maximal ratewas determined by calculatimyaxmum rate of growtrexhibited

by the strain over the-@ay growth process during their log phasenm/h It should be noted that
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the plateau of the stationary phase could not be measured for all strains due to the size limitations
of the petri dishes used. Instedttk final radius of the strain colongken at the same time point
of 7-days or 168 hours. 7 days was chosen since the fastest growing strains reached the edges of

the plate at this time.

2.2.7 Liquid-statesurfacefermentation (SSBH

For materials testing, yaelial mats for each straiwere grown throughliquid-state surface
fermentationfor over 12 days with the same nutrition and temperature condifRatber than
introducing any complex nutrition sources such as wheat bran and apple sawdust, the tried and
tested media formulation of YMDP was used as a liquid nutrition medium to grow large biofilms
[1,34]. The use of these media offers guaranteed nutrient profiles that might not be consistent with
solid substrates as well as ease of extracting the mycelial mats. The chosen veS&ifoere
recycled 1l filter tip-boxes that were compact, autoclavable, and easy to standardize. For each
strain, 6 separate boxes were prepared to compare yield across strains. Each box was filled with
100 ml of YMDPc broth, sealed with aluminum foil and autoclaved at 12Af®€r leaving them

to cool overnight, they weraken into the biological safety cabinet to be inoculated with freshly
made liquid cultures. These working LCs were prepared from stock LC, incubated under the same
4-day shaking and-day static conditions. FArSSF, these tubes were vortexed for around 20
seconds to break up any clumps, and then 3 ml of inoculum were pipetted into each box. Boxes
were doublesealed with Parafilm to protect from environmental contaminants, and then stored in
a static incubator for 18ays ay 3(°C. At the end of the incuban, the mycelial mats were

removed from the broth and allowed to drain. Each of the mats were weighed and imaged
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2.2.8 Postprocessing anchycofabrication

To transform the fluffy mycelidbiomassinto functionalfilms, postprocessing steps such as
chemical crosslinkng, and dehydration were employé#l,9,10,41] Chemical crosslinking
tightens the structure of the chitosan in the mycelium, like how tanning is used to strengthen the
collagen of bovine leatherk this study, two crosslinkers, polyethylene glycol 400 (PEG) and
glycerol, are used as they have been both to offer distinct materials properties to myBetium.
these crosslinkers were used in this study to compare the advantages they each.adentoune
Dehydration was used ttensify the fluffy myceliumdrive off the majority of the moisture, and

make the resulting mycelial films stable for let@gm storag¢l].

Each of the crosslinkers were diluted to 20% and autoclaved before use. Once the fresh mycelial

mats were weighed, they were returned to their box and 100 ml of crosslinker was added to each:

3 boxes for glycerol, and 3 boxes for PEG0[1,9]. The mats were soaked in their crosslinkers

for 24 hours, before being removed and drained. The mats were then placed on parchment paper
in a food dehydrator at 35 °C. The dehydrator was run for 24 hours, then the mats were weighed

once again, and placedarpetri dish ready for further testing

2.2.9 Sample preparation and tensile testing

Using a 10 mm x 10 mm cuvette as a stencil, samples were cut out of each mycelium film using a
razor . Each sampleds width and height were m
sample was measured using Keyence WHZST digital microscopeand its attached height

gauge. Each of these samples were then weighed, so that density of each mat could be

approximated.
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For each combination of strain and crosslinker, 3 samples were tensile tested to evaluate their
properties of strength, elasticity, and ductility. Ad all films were flexible and ductile low

force mechanical testing apparatus called the CellScale Microsquisher w§2igédl Samples

were secured using the sets of tensile forks, and then pulled at a strain rate of ¢.@tihin
mechani cal fracture. The data on displacement
SquisherJoy software aptbtted asstresst r ai n curves. The Youngds m
(E), was determined by calculating the slope of the linear portion of the-stir@sscurve, and

shows how stiff the material is. Some strains did not achieve ductile fracturasanath, the

ultimate tende strength could not be determined from their tensile data. Instead, the maximum
strength $ max) was taken from the peak maximum stress of the sttesis curve to get a better

idea of how the brittle films compared with the other films. To properly assess the performance
efficiency of the materi al 6s s tlizeghytheéiridensitpd st i
to get their specific strength and their specific stiffness. Next, the elongation at break (%EL) was
taken from the final strain of thample at the end of the curve, representing the ductility of each
material. Finally, the modulus of toughness)Was calculated by summing the area under the

tensile curve.

The material properties were all plotted and grouped by their stragslinker combinations.
These results were also used to create material property charts in ANSYS Granta to identify how

the mycelial films compared with other PMMs and material famj#é$

2.2.10 Physiochemical and morphological testing

Scanning electron microscopy (SEM) was conducted to evaluate the different morphologies of the
films using the FEI Magellan 400. To prepare the samples, they were placed on a copper tape

covered stub, and then sputter coated with 10 Angstroms of golelddieon beam was set to 5
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kV and 0.4 nA, and the surface morphol-ogi es

Thorndale detector (ETDdmages were taken at 1200x, 5000x, and 12000x.

Fourier Transform Infrared Spectroscaiyf IR) were used to identify the organic compounds in

the different mycelial films. Using the ThermoFisih&colet 6700 FFIR at wavelengths of 4000

to 500 cmt, samples treated with PEG and glycerol were compared to untreated mycelia. The
resulting spectra were edited and corrected using the Spectragryph optical spectroscopy software
[47]. Functional groups were identified and compared to existing literature sources on the

composition of crosslinked fungal materifls18,48 51].

Static wat e ruwe)tneasurements werentakéndo cllachcterize the hydrophobicity of

the films. For all biological triplicates, 1l of water was dropped onto the surface of the films,

and then captured using a microscope camera after 5 seconds. These images were then analysed
using I mageldJbés Contact Angl e [4(Q].a c kdawpelowerchamgr a d e
90°, the film would be considered hydrophilic while anything higher would be hydrophobic.
Furthermore, the film would be consi deweed sup:

~0[52].

2.2.11 Statistical Testing

All statistical tests were conductedRnand visualized using tlggplot2packagd53,54] For all
guantitative metrics, analyses of variance (ANOVAs) were conducted to identify how they were
influenced by predefined strain and chemical factors. To verify that ANOVA was appropriate, the
responses (i.e growth rate, mass loss, strength, etce) t@sted for outliers, normality, and

homoscedasticity. In cases where the data was skewed, the response data was transformed
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appropriately. Significance of effects were determined if there were highly probable (p < 0.05)

differences between groups.

The main effects of mitochondria (4 groups), nuclei (10 groups), and crosslinker (2 groups) were
evaluated as significant or not, then quantified by their partiasauared Hpariaf). The
interactions between these effects were similarly evaluated in tinay3ANOVA. The
mitochondrianuclei interactions (M:N), if observed, would highlight whether each of the 16
unique strains varied. As crosslinkers do not work independently ofostiagcture, their
interactions with mitochondrial (C:M) or nuclear tggi(C:N) were also evaluated. Finally, the
complex interactions between all three factors (C:M:N) were used to understand how the
crosslinker effects varied by unique strain. Hostc anal ysi s weemmeanmeade U
package to find the estimated marginal means (emmeans) of different groups of jBfgrest
Bonferronicorrected pairwise comparisonsere used to distinguish which groups were
significantly differentand labelled using a complex letter display. Additional contrasts were shown
with forest plots to understand how the effects differ among strain faif@hel containing a pair

of monokaryons and their two dikaryotic progeny), between karyotypes, and between crosslinkers.
The representative 95% confidence intervals on these forest plots highlighted whether any two

groups could be confidently disguished from one another.

In some cases, transforming the responses could not be justified and as a result, parametric testing
of ANOVAOGSs coul d not b-maranetiankrdsiatvadlid testsiwere t e a d
conducted on the independent effects of strain, mitochondria, nucleior o s s | i mstatecr usi n
packagg56]. Similar to the ANOVA, significance was determined with thewratue and their

effect sizes were quantified by their eta squahg)l Posthoc Dunn tests were used to evaluate

how different the groups were using thestatistic
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2.3 Resultsand Discussion

2.3.1 DNA Fingerprinting

The PCR containing ORA3 generated.2 polymorphic bandsas confirmed with the unique
fingerprinting profiles as seen in Figure 1. Bands were observed from 2297 bp to 337 bp.
Monokaryons all had unique genotypes, Witndb sharing a few bands. Dikaryons all inherited

the most prominent bands of their parents with siblings (2 dikaryotic strains with the same nuclear

haplotype) often having the same or similar fingerprints.

More precisely, 6 out of the 12 dikaryons inherited all their bands from their progenitors, while
the other 6 inherited at | east 58% of their
the exact same fingerprints in most cases with exceptidheto _ fandn _ fséts. Then _ b o
siblings shared 10/12 bands while the fsiblings shared 6/12 bands. It should be noted that
while that the majority of bands were amplified reproducibly, RAPD primers are notoriously
difficult to score due to its high sensitivity to conditions, and common mismatching between

primer and templatf57]. All the visible fingerprinting profiles are listed frable2.2.
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Figure 2.17 Exemplary polymorphic DNA profiles of Schizophyllum communstrains asamplified by the OPA
3 oligonucleotide primeiElectrophoresisn 2% agarose gelith referential 1 Kb Plus DNAadder in the last lane

Table 2.2 Fingerprinting g enotype ofS. communestrains.

Strain Name Strain Code  Nuclear Haplotypés) Fingerprinting Genotype Inherited Bands?
UM636 ¥] n U 0000 .10 10012 -
UM1704 b n_ b 1000 (QL00 1002 -
UM1149 (H48) 2 n_ o 1001 1100 010G -
UM1155 ¥ n_u 0110 0110 001 -
UM1704/636m b U n Ub 1000 (L10 100 12/12
UM1149/636m U n Uo 1001 1110 1107 12/12
UM1155/636m tiJ n_ Uu 0110 0110101 12/12
UM636/1704m Ub n Ub 1000 QL10 100 12/12
UM1149/1704m ) n bo 1101 1100 1001 8/12
UM1155/1704m tb n_ b 0000 000QLO11 7/12
UM636/1149m [0} n Uo 1001 1110 0107 12/12
UM1704/1149m bo n boa 1001 0100 1003 10/12
UM1155/1149m tio n_ o 1001 1110 1110 9/12
UM636/1155m W] n Uu 0110 01101018 12/12
UM1704/1155m bii n b 1110 11001001 8/12
UM1149/1155m U n ou 1001 1110 1110 9/12

2.3.2 Strain growth modeling

The growth datafindings offered a preliminary, yet necessary, insight on how each strain

performed in the given conditions in termsgobwth per dayas seen ifrigure2.2a & b. Figure
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2.2a shows the colony morphologies at day 7 for all stré&igsire2.2b shows the average growth
curves of the strains. The monokaryogrew thin, airy hyphae and reached the edge of the plate

the fastest. On the other hatityrew thick, opagque mats at a much slower pace. Dikaryons often

mi mi cked their par ent s @sharedlfeatargs with@ feyw df itslproggriy e s .
(o i pU & U )J which all grew symmetrical, circular colonies with a thicker annulus of growth
around their exteriors. Similarly) and some of its progenply b, Ub & bHU) grew

asymmetric mats with dense and vertical mycelial growth
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Radial Growth of S. commune Strains over 7 Days
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Figure 2.2 7 Radial growth of S. communestrainsover 7 days a) Colony morphologies of all strains at day 7; b)
Triphasicgrowth curves o5. communstrains

The key growth characteristics of interest cal
only monokaryotic strain to exhibit a lag lendgimger than the characteristic 1 day. On the other

hand, 92U was the only dikaryotic strain to co
strains, the monokaryotic reference strain, )
mm/hwhi |l e the dikaryotic strain, b U, grew the
perform similarly with regards to final col on:

+0.239 mm, and 21.095 + 2.116 mm respectively
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Lag Length across Strains
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Figure 2.37 Quantifying the triphasic growth of S. communestrains: a) Lag length (irday9 across all strains; b)
Maximal growth rate (in millimetres per hour) across all strains; c) Final colony radius (in millimetres) at day 7 across
all strains. ANOVAs were used to compare the mean maximal growth rates and overall colongcsizes strains
Bonferronicorrected, pairwise -Tfests were conducted between each strain and the group mean. Kiadliatests

were used to compare the lag leng#itsoss strainsBonferronicorrected, pairwise Dunn tests were conducted
between each strain and the group mezignificance codes are shown (*: p <= 0.05, **: p <= 0.01, ***: p <= 0.001,
**xx: p <= 0.0001).
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The results for maximal rate and overall colony diameter met the assumptions for ANOVA and
followed the outlined statistical analysis. Both ANOVAs showed that mitochondrial haplotype
significantly affected maximal growth rate and overall colony diamet&minS with U-
mitochondria grew at the slowest rate and resulted in the smallest colony sizes at day 7. Contrasts
within families showed that parents, siblings, and generations could not be distinguished as per
their confidence intervals. The only exceptivas foundinth&)o f ami | y where t he
di f f eUgpeslawverthatb . Kar yotype contrasts could not
final colony diameters of monokaryons and dikaryons. Within the dikaryon group, further post

hoc analysis showed that the three dikaryons with the samiechondrial haplotype pb pl p

had the highest emmeans in growth rate and colony size. This observation reflectdddhtve

monokaryotic group.

The lag length results revealed that a daily collection of growth data was too infrequent to truly
identify when the lag phase ended. These limitations coalesced as a binomial distribution of either
1 or 2 days, and as such, the parametric testing cotildenconducted as planned. Instead, the
nonparametric KruskaWillis tests showed that mitochondrial haplotype and karyotype were
independently significant effects of moderate size. Among mitochondrial haplotypes, strains with
U-mitochondria experiencedggificantly longer lag lengths as compared to strains With
mitochondria. The ploidy contrasts demonstrated that dikaryotic strains experienced significantly

longer lag lengths than monokaryons.

Growth differences among different strains of fungi, let al@eommuneare not a novel
discovery, but it is how they differ that is of inter¢35,58 60]. For one, the finding tha$.
communeelated monokaryons and dikaryons, despite their biochemical differences, have similar

maximal growth rates is corroborated by studies conducted in 1966 by Simchen, and in 1976 by
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Anderson & Depp§59,60] Kotlin and Raper posited that it was the recessive dighé¢hat leads
to theinheritance of morphology and growth from monokaryon to dikafg&@). Conversely,
dikaryons of similar genetic backgrounds can exhibit different or similar growth as seen in the
2010 study by Alam et al, revealing that not all genetic relationships are built th¢3&mienis
study finds that mitochondria lineage is the more significant factor on the triphasic radial growth

of S. communstrains.
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2.3.3 Harvested mcelial yield

The raw films are pictured fRigure2.4. Like colonies on plates, the strains differed in their surface
morphologies. The monokaryobkandl were on opposite ends of this spectrum with the former
having fluffy, thick aerial growth while the latter looking smooth with little to no vertical
development. Mats ob and b had patchy colonies of aerial hyphal growth intermittently
distributed on the surfaces. Dikaryons could similarly be ranked on a scale of fiuify (b U9

bpolb ptopatchyh i oW, Gb, U o)UJNtThe majonty oftthie dikaryons looked

similarly patchy, except fdili which was almost completely smooth like parent.

BS

Figure 2.4 1 Morphologies of raw mycelial mats grown after 12 days of SSF.
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As these mats are to be turned into functional materials, the raw yield of mycelia produgg8é in

is an important factor to consider. Compared to radial growth, which is only measured in two
dimensions, mass is a much more accurate indicator of yield as it can quantify the typically
unquantifiable, fluffy, aerial hyphae. After 12 daysL&SF b mats weighed t|
average at 10.59 N 2.18 g, while Uo mats wei g|
in Figure 2.5a. The results of the ANOVA showetthat the main effects of mitbondrialand

nuclear haplotypgwereboth large angignificant but nuclear haplotype had a greater effect size.
Bonferroniés grouping showed that the majorit
variable g strain, which had a standard deviation of 10.33 g but was still the best performing
monokaryon. Like the growth analysis, familial contrasts showed that parents, siblings, and
generations could not be distinguished except for one case: the contrashlibeyesrents in the

b-gcross and their progengumong dikaryons, the emmeans was used to identify which nuclear
haplotype and mitochondrial haplotype had the greatest yield. Dikaryons of mitochondriga type

had the highest yield, and dikaryons of nuclear haplotypg had the highest yield. Along with

their successful twadimensional growthg and its related strains will similarly be successful in

producing thick mycelial mats.

The masses of the films were dramatically different before and after dehydration. It should be
noted that the attempt to create an untreated mycelial film to use as a control was unsuccessful.
The films were too fragile without the addition of any plaggciand were destroyed during the
process of dehydration. The lack of a control is a serious limitation in understanding the additive
properties of the films to raw mycelia, but considerable knowledge can still be extracted when

comparing the two treatmenagainst one another.
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Figure 2.5b shows that mats lost much more mass when treated with PEG as compared with
glycerol. In the PEG groupilJmats weighed the lowest on average at @.2102g, while b mats
weighed the highest average a2.18+ 0.09g. In the glycerol groug) bmats weighed the lowest

on average at 2.080.17g, while (b mats weighed the highest amerage a#.61+ 0.59g.

For dry yield, ANOVA results showed that four effects were significant: the large crosslinker
effect, the nclear effect,the C:M interaction and theC:N interaction However, assessing dry
yield was challenging without conte)do it was best to assess how much mass was lost over the

processing steps of crosslinking and dehydrating

12 Day LSSF Yield across Strains
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Figure 251 S.communeyield after LSSF and postprocessing of matsraw massof mycelium mat after 12 days
of growth[n = g (top); dry massof processed mycelial films after crosslinking and dehydrdtioa 3 (bottom)
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ANOVAs were used to compare the raw and dry yegdoss strainsBonferronicorrected, pairwise -fests were
conducted between each strain and the group mean. Significance codes are shown (*: p <= 0.05, **: p <= 0.01, ***:
p <=0.001, ***: p <=0.0001).

When modelling the change in mass, all factors including crosslinker, nuclear haplotype,
mitochondrial haplotype, and their interactions were all found to be significant with p < 0.05. The
interaction between mitochondria and nuclei highlights that thebitwd genetic information
present in each strain affects how much weight is lost. There was a difference of microstructure
across strains as shown with the significant thwag interaction. Most of all, the crosslinker effect

was the largest, and it wagigent in how each karyotype was affected.

PEGtreated dikaryons lost780+ 2.88% as compared to the 8& 4.51% lost by the PEGreated
monokaryonsConversely, glycereireateddikaryons los82.9+ 2.46% as compared to ti#9.8

+ 4.60 lost by theglycerottreated monokaryonsn short, karyotype contrasts were mirrored:
PEGtreated dikaryons lost more mass and glyetedted monokaryons lost more mass. Further
familial analysis showed that among PE®&ated films, the progeny strains lost significantly more

mass than theparents in everyisgle case.

Between the two groups of dikaryons, the crosslinking mirroring effect was observed when
grouping by mitochondrial haplotype. Dikaryons wikmitochondria the highest emmeans of
weight loss when treated with PEG but had lihweest emmeans when treated with glycerol.
Mirroring of the emmeans was also observed when grouping by nuclear haplotype, but to a lesser

extent.

While it is a simple measurement, the changes in mass foreshadowehecaatipassing impact
of crosslinking in mycelial films. It is already known that while both are humectants, glycerol is
more hydroscopic than PE@O0 meaning that it is much more diffit to dehydratg61].

Furthermore, glycerol tends to form strongHbonds when plasticizing meaning that is much
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less prone to diffusing out of the film as compared to BBG32]. The more interesting findings
are the variations in crosslinking across strains with different genetic backgrounds, suggesting that
there was heterogeneity in the available function groups to bond in each case. Could these

microstructural differences carfrom the variable fungal cell wall compositions across strains?
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2.3.4 Optical and Electron Microscopy

The variations in microstructurend surfacenorphologywere immediately apparent in optical
microscopyas observed iffigure2.6. While some raw mats had large amounts of aerial hyphae,

they were quite delicate and could easily be disturbed during the processing of the films. PEG
preserved aerial patches more successfully and petrified them after dehydration as seen in the case
of 9, 0 flandu oThis was inconsistent and PH@ated films greatly varied in their opacity and
texture. Some of them were thin and papery likendo [iwhile others were soft and pliable like

2 a n @n the other hand, glycerol transformed all films, regardless of their raw morphology, to
sticky, gelatinous, and translucent films. The only remnants of their aerial colonies were faint white

spots and dimples across the surface

Glycerol PEG
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Figure 2.61 Exemplary optical stereomicrographstaken at 10Qx magnificatin. Imagesweretaken withKeyence
WH-ZST.

Scanning electron microscope offered clearer insight on the differing microstructures. It should be
noted thatdue to higher moisture content of the glycdrehted films, there was noticeable
charging observed even after gold coating. As such, 1200x magnification offered the best balance

of high microstructure resolution with minimal surface damage. Aefeamplarymicrographsof
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the o-0 family can be seen ifrigure 2.7. This family was chosen as it typifies tigeneral

contrasing trendobserved between crosslinkers and thggractions with hyphae.

The microstructures eghePEGtreated films were made up framdense network diyphal fibres
which were around 2 t o 4 areawbsermedndsonee wesds,caeriald e p e n
hyphae were imaged, like tn Figure 2.7, which seemed to be much more tightly packed as
compared to theegetative myceligmaged inl anda. While no control was created in this study,
many studies have performed extensive SENbocommunand it is evident that even our PEG
treated films look significantly different from the untreated virgin mydea62,63] The mycelia

of S. communare much more tubular and less tightly packed. Furthermore, the aerial layphae
much more expanded and freely growing as compared to the crosslinked hyphae seen in the PEG
treatedo These observations were consistent with existing literature. Raman et al. used 20%
PEG400 to plasticize mycelial mats derived frdromitella fraxinea[1]. Although those mats

were grown using solidtate fermentation, the treated aerial hyphae from that study looked very
much likeo fiwhile the treated vegetative hyphae taken from the middle sections looked similar

to U.

Glycerol

Canadian Cer
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0 x | 249 m | 10.8 mm Canadian

Figure 2.7 17 Exemplary scanning electron micrographs o
ETD at 0.4 nA and 5 kV with the FEI Magellan 400.

The contrast between crosslinking is exemplified when comparing any of thér@di&d films to

their glyceroltreated counterparts. The morphology of most glyeeealted films was much more
compact as if the hyphae had melted together to form an unjptied mato had clear patches of
aerial hyphae in white, but there was no morphological difference between the black and white

areasi pthe mitochondrial progeny af had very similar black and white patches. In a similar
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study, Appels et al imagef. communenycelia of monokaryotic strain-32 treated with 8%
glycerol and dried at room temperat{ifgs4]. Their material was likewise a coalescence of hyphae
that had been compacted in such a way that no fibres could be identified, but they also observed
the development of large air bubbles which were not visible with our films. A separate study on
glycerottreatedRhizopus delmaa zygomycete, showed that this crosslinking interaction was not
universal with all filamentous fungi as their glycet@ated mycelia had much better fibre

resolution compared to our filnj$0].
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2.3.5 Physicalproperties ofmycelial films

Tensile testing demonstrated the contrasting material properties offered by PEG and glycerol
crosslinking A few of the PEGreated films were so brittle that fixturing onto the tensile forks

was not easy, and some would crumble before the test began. More tensile samples were cut so
that at least each biological replicate could be represented in the r&€ytesiottreated films,
although stickier, were much more amenable to tensile testing. The average tensile curves shown
in Figure 2.8 illustrated the behavioural differences between both treatments. Alltfea@d

films did reach much higher stresses, and in the cadaiifns, they were 2 orders of magnitude
greater than their glycertteated counterparts. However, as detailed earlier, thetRa@&d films

were much more brittle, and a few straitisq fio IJJ » broke before reaching the yield point
where deformation transforms from elastic to plastic. As such, films were compared by the
maximum stress sustained by these films. On the other hand, all glireateld films consistently

deformed past the yield pa and experienced ductile fracture
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Average Tensile Curves for All Films

Crosslinker =— Glycerol == Polyethylene Ghycal

Stress (MPa)
‘

0.00 0.75 050 075 100 125 0.00 0.75 050 a7s 100 1.25 000 0.5 0,50 075 1.00 1,25 0.00 075 0.50 075 1.00 125
Strain

Figure 2.8 1 Average stressstrain curves of mycelial films [n = 3 for eachstraincrosslinker combinatidn
Glycerottreated films are shown with a dashed line, while RE@ted films are shown withsalid line.

Among PEGtreated films,ii had the lowest ductility .77+ 0.6%%, while U thad the highest
ductility at41.46+ 1.48%. U thad the lowest specific stiffness at 0:46.21 MPa/(g/cr#), while
U chad the highest specific stiffness at 138800.22 MPa/(g/cr¥). U had the lowest specific
strength a0.044 + 0.029vPa/(g/cnd), while b #ad the highest specific strengtrD2219 + 0.935
MPa/(g/cnd). Ui had the lowest modulus of toughnes9.8002 + 0.0002 MPa, whileb dad the

highest modulus of toughness0at 066+ 0.0621MPa.

Among glyceroltreated filmsp had the lowest ductility &8.98+ 6.41%, whileo Had the highest

ductility at98.55+ 3.25%. 2 Wad the lowest specific stiffness at 000.01 MPa/(g/cr), while
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b had the highest specific stiffness0e23 + 0.1 MPa/(g/cri). U dhad the lowest specific strength
at 0.013 + 0.005MPa/(g/cni), while b had the highest specific strength @075 + 0.037
MPa/(g/crd). U thad the lowest modulus of toughnes® 8035 + 0.00MPa, whileb thad the

highest modulus of toughness0a®249 + 0.003%1Pa.

Specific Stiffness across Strains

Glycerol

Polyethylene Glycol
3

Anova, p = 0.0021 Anova, p= 18208

o

=
£
¢ o100
&
(=]
g = T
o
o
2
= .
2
w010
?
001
Specific Strength across Strains
rerrs
Anova, p = 3 Be-05 Anova, p = 43807
1.00
£ t\ $
o
v
o
3
o
Z 0 ﬁ H
(=3
2
% ﬁ
£
=]

=

= ?ﬁﬁQﬁ

a of ay od P Pu Py PBE vy ya yB y& & Ba BB Oy o of ay ad P Pa Py P&y yax VB ye & dx BB &y
Strain

Figure 2.97 Specific mechanical properties ofmycelial films: specific stiffness (top); specifstrength (bottom).
ANOVAs were used to compare the specific strength and spetifiness across strains; Bonferramrrected,

pairwise Ftests were conducted between each strain and the group mean. Significance codes are shown (*: p <= 0.05,
**: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001).
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Ductility across Strains
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Figure 2.1017 Mechanical strain properties of mycelial films: ductility (top); toughnesgbottom). ANOVAs were
used to compare the ductility and toughness across strains; Bordsorogited, pairwise -Tests were conducted

between each strain and the group mean. Significance codes are shown (*: p <= 0.05, **: p <= 0.01, ***: p <= 0.001,
*+x p <= 0.0001).

Each of these 4 metrics were evaluated wiay ANOVAs to evaluate the main effects of
mitochondria, nuclei, and crosslinkers, and their interactions. In all cases, the main crosslinker
effect was found to be significant. PEf@ated films were stifferstronger, tougher, and more
brittle as compared to the glycettodated films. The C:N interaction effect was also found to be

significant across all 4 metrics, indicating that there were similar crosslinking mechanisms among
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the microstructures of sibling strains. These sibling strains sharing nuclear haplotypes were

similarly crosslinked as shown with their mechanical performances.

For specific stiffness, the nuclear, the C:M interaction, and the M:N interaction effects were also
found to be significant. The significant nuclear typing indicates that siblings often exhibit similar
specific stiffness. Podtoc forest plots show that el cases, siblings could not confidently be
differentiated. Similar to the crosslinker interactions with nuclear haplotype, the interaction with
mitochondrial haplotype demonstrates that there is a genetic contribution to how fungi crosslink.

In this cag, the type of mitochondria affects crosslinking mechanisms. Thetfe&ted dikaryons

had significantly higher specific stiffness if they were of mitochondrial hapldijmet had the

lowest emmeans of specific stiffness among the glycerol group. Conversely, theeRE@

di karyons had the | owest emmeans if t heir nu
emmeans among the glycerol group. Finally, karyotype contshsised that regardless of the

number of nuclei, the specific stiffness could notstinguished.

For specific strength, the nuclear and the C:M interaction effects were both similarly significant.
Additionally, there was a significant C:M:N interaction effect which was also observed in mass
loss. This interaction effect highlights how unique strameract differently depending on the
crosslinker and each strammosslinker combination led to unique strength performances.
Karyotype contrasts indicate that strength varied among monokaryons and dikaryons only when
treated with PEG. On average, PiH€aed dikaryons were stiffer than their monokaryotic
counterparts, whereas glycetotated monokaryons could not be differentiated from their
dikaryotic counterparts. This was due to the common generational gaps seen in three of the six

f ami |-a, eofo-U)(when treated with PEG.
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For ductility, the M:N interaction was also found to be significant, highlighting that some unique
strains stood out among each group. fost analyses showed that ductility was no different
between karyotypes, regardless of crosslinker. Familial costesiwed that there were no
differences seen between siblings, parents, and generations. Among dikaryons, strains with

mitochondrial haplotypé had the highest emmeans of ductility regardless of crosslinker.

Finally, for toughness, the nuclear effect, and the C:M interaction was also found to be significant.
Siblings exhibited similar toughness. The mitochondrial influence on microstructure affected how
tough those films were. Pebc analyses show that therere no discernable differences between
parents, siblings, nor generations for all sets of films. However -tREBd dikaryons were

tougher on average compared to their monokaryotic counterparts.

Overall, the poshoc analyses offered some additional insights for two sets of films. In all cases,
sibling strains nor parent strains could not be distinguished statistically in terms of their specific
stiffness, specific strength, ductility, or toughsie&dditionally, generational differences between
karyotype were only statistically different for the specific strength of RIEG. Finally, it was
determined that there was no one ideal genetic background that optimized all mechanical
properties. It chaged on a casky-case basis on selecting the right strain, often a dikaryon, with
the right plasticizer to optimize a specific application. For example, if the objective was to
maximize specific strength, it could be achieved by treating a dikaryon \itisbhandria typeJ

and nuclear haplotype b_avith PEG. In nature and in this study, a dikaryon with that background
did not exist as there was no monokaryon cross that could result in that strain profile. This was
another limitation that is inherent torounbalanced design of experiment: not every combination

of nuclei and mitochondria could be explored. A future and more thorough study could balance
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the design through protoplast fusion to transfer mitochondria, and create artificial dikaryons that

have the supposed ideal genetic background that optimize specific s{&BFi@H).

The materials properties of our flms were compared with the mechanical properties of other
mycelial materials from three different studies using the ANSYS Granta softiyaré,10,46]

The resulting material property chart, showrrigure2.11, is plotted in terms ofiltimate tensile
strengthagai nst the product o f Altdoagh $ourtPGreataddiim¥y oun g o
did not ever reach their ultimate tensile strength (b 1 pall outlined in white), their maximum
fracture strength was plotted for comparisono
that the PE@reated films outclass the glycettodated films in terms of strength and stiffness, but

this plot identiies how well they work as elastic springs. The dashed diagonal axis is known as

the material property irek, and can be used to identify what materials optimize energy absorption.

In this context, many of the glycertseated films were not that far behind the P&Eéated films.

b avas the best energy absorber (MPIL24 x 10* MPam?®kg) amongPEGtreated films, ané U

was the best energy absorber (MA.£3 x 10° MPam?kg) amongglycerottreated films
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Figure 2.11 7 Material property chart comparing LSSFgrown, S. communefilms to other pure mycelial

materialsi n terms of tensile strength (in MPa) against the
The guideline signifies which materials optimize energy absorption per unit mass. The image was generated using
Granta byANSYS, Inc.

Compared to other attempts at manufacturing pure mycelial materials, our films did not perform

as well despite sharing a similar manufacturing process. In particulag. thbemmundilms
manufactured by Appels et al. performed differently when treated with increasing amounts of
glycerol[7]. The best performing film in their group, in terms of energy absorption, was treated

with 32% glycerol (MPI =7.53 x 10* MPam®kg), whereas the worst performer was treated with

2% glycerol (MPI =1.45 x 10* MPam?®kg). However, those films were mycofabricated using the
monokaryotic 432 strain ofS. communwhich was not in our set of strains. These differences in

MPI 6s highlights more than ever, the potentia

first with the plasticizer, and second with the unique strains
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2.3.6 Wettability Characterization

The filmbhydrophobicitywasanalysedising their contact angtivet. Figure2.12shows that most

f i | mswetlrsa than @0°, indicating that they were hydrophilic, but in some cases, there were
exceptions. In any case, all the glycarelated films could be identified as hydrophilic with most

of them sitting close to, but below 90°. The glycdreatedd Wwas the one outlier in that group at

the lower end of the spectrum with an average contact ande &0 + 36.20. The PEGreated

films were more difficult to label as the group had films which were partially hydroptmhid( 2 U
and a few that were supeoking (0 U, blbo,, bUit,, 9).6Theseofaw,replicaies of U b
that were seen as hydrophobic had fluffy aerial hyphae, botfiines had a completely different

morphology

Due to the data violating the assumptions of an ANOVA pam@ametric testing was conducted.

The independent Kruskaillis tests for PE@reated films showed nuclear haplotype, karyotype,

and strain were all significant effects in descending order-lig@stvaluation of &tatistics
indicated that di kar y onswetthandnonokargonsg fFor glyceeole n't | y
treated films, the tests showed that the only significant effects were the large nuclear effect and the
smaller unique strain effect. Pdstc evaluation of -statistics indicated that glycertkeated

dikaryons of nucleardplotypesn _ andn _ UMere more likely to be hydrophobic than other

dikaryons.
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Contact Angle across Strains
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Figure 2.127 Wetting contact angle acrossnycelial films. KruskatWallis tests were used to compare the contact
angle across strains; Bonferrarorrected, pairwise Dunn tests were conducted between each strain and the group
mean. Significance codes are shown (*: p <= 0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001).

The hydrophilicity of the films was expected given the wettability and veatieibility of both

plasticizers. Additionally, multiple studies on glycerol as a plasticizer have shown that increasing
glycerol concentration tends to decrease their contact amg¢fhe case for stardtased films and

mycelial films[7,10,33] In the Appels et al. study, the 16% glycarelatedS. commundélms

had a si miwka7 1 &Fbe6r ghgeotrehted films which averaged 771614.2°,

while their control my c e | je@f 112D [Nt FEGStredtddg h e st w
fraxineamat s h a dwetdepending onghe side of the material tesBd84 + 12.550n the

top, and 97.58 + 7.946n the bottom, while their control mycelia had an average?26{63° +
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19.32°0n top of the aerial hyphd#]. The highly variable wetting of their PEfGated mats was

quite similar to our PE@eated films which averaged 41&nd had a standard deviation of 41.3
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2.3.7 Fourier Transform Infrared Spectroscopy

FTIR analysis was used to identify whether raw mycelia of different strains contained discernibly
distinct functional groups and assess whether crosslinking was successfully manipulating the
fungal cell wall. Both inquiries were affirmed as seen in theemplary spectra were shown in
Figure2.13. Spectra were identified and characterized using a litany of studies on fungal cell wall,
on mycelial materials, and on plasticizing humect@hts0,18,4851]. Among all spectra, 4 key
regions were observed=-N and QH stretching (3700 to 3000 nm);K stretching of lipids (3000

to 2800 nm), C=0 of protein amides (1750 to 1500 nm), adCof polysaccharides (1300 to

900 nm). The cell wall constituents ofraplex carbohydrates are typically observed in the N

and OH stretching region, including the chitin band near 3100 nm.

C-0-C c=0 C-H N-H & O-H
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Figure 2.131 Exemplary spectra of two strains: raw mycelia vs. PEGreated films vs. glycerottreated films.
All spectra were baselireorrected, edited and plotted with Spectragryph.
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Raw mycelia had a lower intensity of complex carbohydrates and lipids as compared to the high
intensity of proteins and sugars. The regions of polysaccharides and amides show apparent peaking
of unique functional groups when comparing the raw mycelia s@tainst pfor one, had a

strong peak around 1580 nm of amide I. Other peaks in this region included amide Ill peak at 1405
nm and the chitin peak at 1395 nm as also observed in the mycéliandicating thatl and

similar strains had a higher peirt content. The amide | peak was clearly visible in the raw mycelia

of all but 4 strains{ , 9 U), In terrbs, of stigars, all raw mycelia had clear indicatiorfs- of
glucans, but half of strain®lp , Uo, Uu & pdid,not oblguslyoekhibit tiiBl,3/1,6

glucan peak at 1170 nm.

When compared the raw mycelia to treated films, the differences were clearly observed in all 4
regions. Most clearly, the characteristic functional groups for the crosslinkers were seen in the
lipid region with the PE&I00 peak at 2870 nm, and the glycatolble peak at 2980 and 2850

nm. PEGtreated films also saw a large increase in the polysaccharide intensities as PEG
crosslinked with the functional ceNall polysaccharides broadly ranging from 980 to 1190 nm.
Glycerottreated films saw lower increasiasn PEG but crosslinked more specific groups as seen

with the discrete peaks at 960, 1030, and 1120 nm.
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2.4 Conclusion

Our fungal films were exceedingly variable from their growth to their microstructure to their
mechanical properties to their chemistry. The diversity in features showed that each of the 32 films
could be characterized as their own unique material. Someestreng, some were ductile, some

were rough, some were hydrophobic. In isolation, crosslinking had the biggest influence in all
metrics that aimed to categorize our fil msoé f
diversegenetics ofSchizophjum commungthere was no amount of prior knowledge that could

have comprehensively predicted the intricacies of their microstructural interactions. Our results
showed that, in every case, genetics had some unique effect on how each material performed. The
influenceof different mitochondria was apparent in all three phases of growth whether on agar or

in broth. Exceedingly, performance differences among dikaryons were typically based on their
inherent mitochondria as there was always one type which vgoglteed the other. The type of

nuclei, conversely, had a significant role to play in the structure and therein, the mechanical and
chemical properties of the fil ms. I n many <cas
nuclear lineages led to sonmhenotypic incongruencies in water retention, ductility, and
hydrophobicity. Karyotypic variations were in themselves variable as they were never alike when

treated with glycerol versus PEG. This exploration showed that like crosslinkers, the genetics of

our fungi offered a secondary dial in tunitig material properties of pure mycelial materials.

However, this exploration was not without its missteps or limitations, some of which were
glaringly apparent. The most apparent of which was the lack of a control, virgin mycelial film.
There was a concerted effort to always compare with referential omtidgerature, but there is

a limit to how critical these comparisons can be. As such, the direct effects of either crosslinker
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were unable to be compared to raw fungal mycelia in most cases and could only be compared with

one another.

Second was the unbalanced design of mitochondrial haplotypes and nuclear haplotypes as not
every genetic combination existed. There was no strainUitiiochondria and-2 nuclei as this

was not possible to create with standard monokamponn o k ar yon mati ng. Whi |
typically robust in the face of unbalanced design, the analysis cannot maximize statistical power

in detecting whether an effect truly esisHypothetically, these 14 missing dikaryons could be
artificially created through protoplafstsion to balance the design, minimize collinearities, and ask

more assertive questions.

At the moment, we have just pointed to the existence of a second dial in tuning the material
properties of pure mycelial materials. We need to know how to tune it. A future goal would be to
directly assaythe complex genes that directly manipulate the microstructures of our materials
through their control over fungal cell wall composition. Could the expression of one gene
maximize strength? Coulchanipulatinga complex of thencreate denser hyphal networks for
plasticizers to bind to? Answering these quesiare the immediate next steps in identifying how

far mycelial materials can go
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Chapter 3

GeneCoanlglsonand Perspect.

Materials science and its pursuit of a sustainable future has a lot to glean from myEalugjy.

are diverse, fungi are adaptable, and fungi, like our needs and goals, are constantly &vaving.
increased research into fungal materials has focused on how other fillers can be used to ameliorate
fungi andto change them into the new Styrofoam or the new conaidide they may not be as
strongor stiff as the now ubiquitous mgtal composite pure mycelium materials offer much

more flexibility with their performance controlled chiefly by the functional species used.

Our assay of the literature showedthat the field is far from defined and the key areas of interest
include improving material s sel ection, standardizing mycofabrication for wide-scal e adoption, and
finally, implementing strain-based optimization into the design process. With these tools in hand,
fungineers have methodically moved pure mycelial materias past novelty and towards widescale
viability with a focus on fungal genetics. My work attempts to help build on this forward
momentum by considering the development of materials from a fungi-first perspective and

leveraging the genetic diversity of the hypervariable Schizophyllum commune.

Rather than targeting a specific application, | wantechapout the design spaceffered by one
species andlistinguish whichpartiaular genetic factors thatefined it.Beyond the obvious role
played by the disparate crosslinkers, stark genotypic differences were observed acrossthe different

films with their yield, mechanical performancs, and surface morphologies. The mitochondrial
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lineage of strains primarily controlled the growth of mycelial mats, while nuclear haplotypes had

a greater effect on the microstructural, mechanicaland physiochemical properties of the films.

Strain effects resulting from unique combinations of nuclear and mitochondrial types were small,

but prevalent in the filmsbwater retention, ductility, and hydrophobicityowever, above all else,

the intricatedance betweechemical crosslinkng anddisparate genetic lineages reveals a complex
web of influences that can make or break the performance of these matesalgycerol or PEG

may affectthe base strength or hydrophobicity, but thateraction with a particular species or
straindecidel whetherthe film could be optimized. Yes, important decisions on drying or heating

are still needed to make mycelia functional, but genetics control the foundations of those functions
In essence, it is abundantly clear that the concept of mycofabrication can not be perfected without

the careful considerationand harmoniousinclusion of strain-based optimization. By understanding

and harnessing these interactions, we can unlock the true potential of fungal materials and create

a new generation of sustainable solutions that are nadestiate, but revolutionary.
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Appendi x
A.1l. Radial Growth Testing

Table 0.17 Average radial growth testing results Significance lettering from thBonferronimethod was used to
groupmaximal growth rate and overall colony diameter.

Average Lag Lengtburation Average Maximal Growth AverageOverall Colony

Strain Code

(days) Rate (mm/h) Diameter (mm)

V] 1.00 +0.00 0.195 + 0.00#> 30.90 + 0.08/°
Ub 1.67 £0.03 0.179 + 0.02%¢ 30.07 £ 0.08*
Uo 1.67 £0.01 0.230 £ 0.01%° 33.92 £ 0.0¥®
Ot 1.67 +0.06 0.174 +0.058° 28.67 + 0.08"
b 1.00 +0.02 0.211 + 0.02%° 34.08 + 0.02¢
b U 1.33+0.01 0.126 + 0.012 21.09 £0.0%

bo 1.67 £0.02 0.248 + 0.022 39.32 +0.02

b U 2.33+0.04 0.221 +0.038*° 36.10 + 0.08¢
2 1.00+£0.01 0.249 + 0.005 40.97 £ 0.0%

o U 1.00 £ 0.04 0.134 £ 0.04% 22.43 £0.02°

ab 1.33+0.06 0.240 + 0.061 36.78 + 0.06*
ou 1.67 £0.02 0.242 £ 0.021 38.25+ 0.0%

u 1.67 £0.01 0.186 + 0.008° 31.00 + 0.0%°¢
au 1.33+£0.05 0.156 + 0.048¢ 26.04 + 0.05°°
ub 1.67 £0.03 0.204 + 0.03%¢ 33.60 + 0.08°
uo 1.67 £0.02 0.208 + 0.018¢ 34.95 + 0.0%°¢
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Table 0.27 Non-parametric Kruskal -Wallis testsfor lag length. Lag lengthwasmeasured in days.

Lag Length~ MitochondrialHaplotype

Effect DF n H p p <0.05 d?

MitochondrialHaplotype 3 48 8.81 0.0319 * 0.132
Lag Length~ NuclearHaplotype
Effect DF n H p p <0.05 d?
Nuclear Haplotype 9 48 135 0.141 -
Lag Length~ MitochondrialHaplotypeNuclearHaplotype(Strain)
Effect DF n H p p <0.05 d?
Strain 15 48 19.2 0.205 -
Lag Length~ Karyotype

Effect DF n H p p <0.05 d?

Karyotype 1 48 13.257 0.0201 * 0.0958

Table 0.37 Posthoc Dunntestsfor lag length comparisors. P-values weredjusted wittBonferronicorrectionin
cases withmultiple comparisons

Lag Length ~Mitochondrial Haplotype

Mitochondrial Haplotype Group
mt U a

mt _b ab
mt 9o ab
mt _ U b

Lag Length ~ Karyotype

Karyotype Group
Dikaryon a
Monokaryon b
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Table 0.47 2-way analysis of variancefor maximal growth rate during the log phase Maximal growth rate was
measured imillimetres per hour

Maximal Growth Rate Mitochondrial Haplotypé Nuclear Haplotype

Effect DFn DFd F p p <0.05 Opartia?
Mitochondrial Haplotype 3 32 13.257 8.58e06 *kk 0.554
Nuclear Haplotype 9 32 2.135 5.60e02 -

M:N interaction 3 32 2.051 1.26e01 -

Table0.57 2-way analysis of variance for overall colony diameteafter 7 days of growth Overall colony diameter
was measured imillimetres

Overall Colony Diameter Mitochondrial Haplotypé Nuclear Haplotype

Effect DFn DFd F p p <0.05 Jpartia?
Mitochondrial Haplotype 3 32 11.269  3.32e05 ok 0.514
Nuclear Haplotype 9 32 1.699 1.30e01 -
M:N interaction 3 32 1.047 3.85e01 -
poc- oB . - :
a-B -— -—
parents vs kids —E—.— —E—.—

yo - oy * T * '
oy . .
parents vs kids —é—.— —é—.—
oo - ad * ; < :
-5 -: : L
parents vs kids —;—.— _—
VB - By *~— Lo
B-v - . .
parents vs kids —0;— —.—é—
58 -pS > -
B-5 —e —e
parents vs kids —.—e— _.—e—
o - &y & : & :
y-8 . .
parents vs kids + +
Monokaryons - Dikaryons —5—0— +
-20 -10 ll) 10 20 -0.1 O:O 0.1
est. difference in colony diameter (mm) est. difference in maximal growth rate (mm/h)

Figure 0.1 7 Posthoc forest plot of estimated difference ingrowth metrics across different family of crosses
(black: no difference betweegmoups, red: significant differences between graugs)trasts in colony diameter (left);
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contrasts in maximal growth ratdght). P-values wereadjusted withBonferronicorrection in cases with multiple
comparisons

mt_& — D —
mt_y — —e
mt_ - ——b
mt_ox - -—
n_yd ———— ——»
n_B& — ——
n_By — o P
n_ad ——— -
n_ay - » «— e »
n_cf -~ —

0 10 20 30 40 0.0 0.1 0.2 03

emmeans of colony diameter (mm) emmeans of maximal growth rate (mm/h)

Figure 0.27 Posthoc forest plot of growthemmeansfor dikaryo tic S. communestrains, groupedoy mitochondrial
haplotypeand nucleahaplotype emmeans otolony diameter (leftjpmmeans ofmaximal growth rate (right)P-
values weradjusted wittBonferronicorrection in cases with multiple comparisons.
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A.2. LSSFand Postprocessing Yield ofMycelial Films

Table 0.6 7 Average vyield resultsof raw and dry mycelia. Significance lettering from thBonferronimethod was
used to group each metric.

Strain Surface Average Raw.SSF Crosslinker Average Dry Post  Average Mass Loss
ode orpholo ass rocessed Mass rom Processing (%
Cod Morphology Mass (9) p d Mass (g. from P ing (%;
- Glycerol 2.84 + 0.69°%9 82.83 + 2.0&defg
U Fluffy 14.35+ 4.27bc
PEG 1.68 + 0.25bcd 85.90 + 1.54f
. Glycerol 2.08 + 0.1 cdef 84.06 + 0.25cde
Ub Fluffy 12.31+ 1.27R0¢ )
PEG 1.92 + Q.Q@bcde 83.35 +1.0%7
- Glycerol 4.61 +£0.59 83.62 + 4.56¢%
Uo Fluffy 24.01+ 6.36'
PEG 0.25 £ 0.0% 98.66 + 0.08efd
- Glycerol 2.94 + 0.41e0 80.51 + 117abe
uid Smooth 14.96+ 1.45%¢ _
PEG 0.23+£0.0% 98.46 £ 0.18
Glycerol 3.26 + 0.3%¢f9 81.80 + 2.67Hefd
b Patchy 15.84+ 2.9@0cd )
PEG 2.18 +0.09def 83.71+2.9P
- Glycerol 2.39 + 0.39def 80.51 + 1.13bcde
b U Fluffy 14.82+ 3.070¢ )
PEG 0.27 £0.0% 98.42 £ 0.07
Glycerol 3.54 +0.18¢ 72.67 + 5.20cde
bo Fluffy 12.10+ 1.85® _
PEG 0.25+0.0% 97.72 £ 0.11
Glycerol 3.35 +1.76¢°f9 85.67 + 5.2pcdef
b U Patchy 20.46+ 3.894
PEG 0.29 £ 0.02° 98.42 + 0.26f
Glycerol 3.5+ 1.681 84.80 + 2.26°
2 Patcly 19.78+ 10.3%cd B
PEG 1.6 + 0.18bcd 89.68 + 0.68
- Glycerol 457 +0.54 76.05 + 3.74
2 U Fluffy 19.50+ 1.52cd )
PEG 0.22 +0.0% 98.91 + 0.06
Glycerol 3.20 + 0.40¢:f9 74.20 + 0.46pdef
2b Fluffy 10.59+2.18 )
PEG 0.25+0.006 97.15+0.11
Glycerol 3.58 + 1.02% 76.68 + 3.5
Y| Patchy 13.66+ 2.620¢ _
PEG 0.24 +0.0% 98.04 + 0.09
Glycerol 3.01 + 0.28¢f9 82.07 + 2.9
U Smooth 17.08+ 1.00%xd .
PEG 1.96 + 0.13Pcdef 88.58 + 1.2%
. Glycerol 2.54 + 0.28%f 79.83 + 1.38cdef
uu Patchy 12.78+ 1.10%¢ .
PEG 0.21 +0.02 98.40 + 0.05i
Glycerol 3.74+0.8% 81.69 + 1.23cd
b Patchy 16.33+ 5.87”bd _
PEG 0.27 £0.02 97.77 £0.29
Glycerol 3.38 + 0.08¢°f0 81.70 + 1.29%f9
io Patchy 16.41+ 2.950cd
PEG 0.78 + 0.63b¢ 93.86 + 6.1%"
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Table 0.7 2-way analysis of variance for raw mycelial yield after 12 days diSSF. Raw yield was measured in
grams

Raw Yield ~Mitochondrial Haplotype Nuclear Haplotype

Effect DFn DFd F p p <0.05 Opartia?

Mitochondrial Haplotype 3 80 4.809 4.00e03 *x 0.153

Nuclear Haplotype 9 80 5.783 3.65e06 *kk 0.394
M:N interaction 3 80 0.900 4.45e01 -
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¥-& : ™~
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est. difference in raw mycelial yield (g)

Figure 0.37 Posthoc forest plot of estimated difference in raw yield across different family of crosséblack:
no difference between groups, red: significant differences between groupayueR were adjusted witonferroni
correction in cases with multiple comparisons.
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Figure 0.4 i Posthoc forest plot of raw yield emmeans for dikaryotic S. communestrains, groupedby
mitochondrial haplotypeand nuclearhaplotype emmeans ofraw mycelial yield. P-values were adjusted with
Bonferronicorrection in cases with multiple comparisons.
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Table 0.871 3-way analysis of variance for dry processed film yield Dry yield was measured imngms

Dry Yield ~ Crosslinker *Mitochondrial Haplotype Nuclear Haplotype

Effect DFn DFd F p p <0.05 partia?
Crosslinker 1 64  479.614 1.96e31 ol 0.882
Mitochondrial Haplotype 3 64 2.384 7.70e02 -
Nuclear Haplotype 64 4.489 1.37e04 *oxk 0.387
C:M interaction 64 4.015 1.10e02 * 0.158
C:N interaction 64 9.371 6.31e09 ol 0.569

64 0.683 5.66e01 -
64 2.515 6.60e02 -

M:N interaction
C:M:N interaction

Wwowo

Table 0.9 i 3-way analysis of variance formassloss from raw to processedmyecelial films. Massloss was
measured ipercentage

% MassLoss ~ Crosslinker Mitochondrial Haplotypé Nuclear Haplotype

Effect DFn DFd F p p <0.05 Jpartia?
Crosslinker 1 64 764.224 2.70e37 *kk 0.923
Mitochondrial Haplotype 3 64 7.254 2.90e04 *kk 0.254
Nuclear Haplotype 9 64 8.174 5.75e08 *oxk 0.535
C:M interaction 3 64 6.197 9.19e04 *okk 0.225
C:N interaction 9 64 24.218 2.08el7 *kk 0.773
M:N interaction 3 64 5.606 2.00e03 *% 0.208
C:M:N interaction 3 64 7.993 1.32e04 * Ak 0.273
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Glycerol
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Figure 0.57 Posthoc forest plot of mass loss across different family &. communecrossegblack: no difference
between groups, red: significant differences between groupsglues were adjusted witBonferronicorrection in
cases with multiple comparisons.
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Glycerol-treated Dikaryons
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Figure 0.6 i Posthoc forest plot of mass lossemmeans for dikaryotic S. communestrains, grouped by
mitochondrialhaplotypeand nucleahaplotype emmeans of mass loss for glycet@ated dikaryons (left); emmeans
of mass loss for PE®eated dikaryons (right).-Palues were adjusted witBonferroni correction in cases with

multiple comparisons.
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A.3. Optical Microscopy
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Figure 0.7 7 Optical stereomicrographs of glyceroltreated films taken atvarious magnifications Imageswere

taken withKeyence WHZST.
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