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Lay Abstract 
Mycelium, the rootlike structure of fungi, has shown great promise as sustainable alternatives for 

textiles, foams, and plastics. Made from remarkably strong chitin and ɓ-glucan networks, these 

pure mycelial materials are being optimized in industry and in academia by carefully selecting 

fermentation conditions, and fabrication methods. After 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 diverse Schizophyllum 

commune was used as a model system to identify the best performing genotypes among 

geographically distinct monokaryotic strains and their dikaryotic offspring. These sixteen 

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 both genetics and crosslinking work in tandem to shape the properties of the resultant 

mycelial films. This two-way tuning of our films reveals how employing a fungi-first design 

philosophy could open new horizons for functional mycelial materials. 
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Abstract 

In the face of humanityôs overconsumption of Earthôs dwindling resources, materials scientists 

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 could help guide them 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. Based alone on myceliumôs inherent strong and robust chitin-

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 a reinforcement 

or transformation approach where the mycelia are strengthened in any way to reach a performance 

target whether it may be plasticizing, heat-treating, dehydrating, tanning, or binding. Our goal was 

to take a new, fungi-first approach by optimizing our materials on the grounds of genetics by 

identifying ideal genotypes that offer the best material properties. With the multifarious genetics 

of Schizophyllum commune, we were able to evaluate how unique mitochondrial and nuclear 

haplotypes interfaced with two disparate crosslinking treatments of glycerol and PEG-400. Though 

the effects of the crosslinkers were highly significant, the mechanical and physiochemical 

characterization 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 strains of S. commune suggests 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: Tailoring Pure Mycelium Materials 

for the Needs of Tomorrow 

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 comprehensive map 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 mycofabrication, and the implementation of fungi-first material 

design. 

This chapter is a corrected reprint of my first-authored article that was published in the Journal of 

Fungi. I reviewed the literature and wrote the draft manuscript, while Drs. Xu and Yu critically 

revised the work. Corrective edits were made in Section 2 regarding the calculations of material 

property indices. 

 

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

of Tomorrow. J. Fungi 2024, 10, 183, doi:10.3390/jof10030183. 
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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 of tomorrowôs green materials are 

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 chitin and ɓ-glucan, the ever-

adaptable mycelia of fungi can compete 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 (PMMs) through the entire process of species and strain selection, mycelial growth, and 

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 

PMMôs current trajectory, evaluate the successes in technology, and explore how these new 

materials can help shape a better tomorrow. 

 

Keywords: biodegradable materials - filamentous fungi - flexible foams - fungineering - hyphal 

structures - liquid-state fermentation - materials selection ï mushrooms - mycelium-based leathers 

- mycelial films - nanopapers - pure mycelium materials - solid-state fermentation 
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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 AD [1]. Often characterized with unique cellular organizations, 

filamentous fungi consist of branching filaments called hyphae that form complex structures [2]. 

Composed of chitinous cell-wall, the hyphae grow rapidly in networks, intaking nutrients to form 

a densely packed biomass known as mycelium [2ï4]. 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 others [5ï7]. With fungiôs ability to upcycle 

wastes into constructive mycelia, the fabrication of these functional mycelial materials (FMM) is 

cheap, non-energy intensive, and, most importantly, renewable [8]. As such, there is growing 

interest, both academic and industrial, in this field of ófungineeringô and developing better 

materials on-route to the transition toward a circular bioeconomy [9].  

Preliminary research into this niche fungal biotechnology began with composites of mycelia and 

agricultural by-products. As the fungal biomass grows through the substrate, the natural secretions 

of the mycelia interlink them together into a reinforced material that 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 carbon-emission levels [8]. 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 cultivation or in a few cases, exhaust the 
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substrate entirely [13]. Startups such as Mycotech, Ecovative LLC, and Quorn have made strides 

using pure mycelia towards replacing leathers, high performance foams, and meat [14ï16]. 

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 PMMs, and evaluates current methods in 

overcoming these challenges. 
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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 hyphae [17ï20]. 

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

scope of applications (as seen in Figure 1.1).  

 

Figure 1.1 ï The current product portfolio of PMMs . From mushroom to mycelium, the cultures are isolated then 

inoculated onto substrates. Functional materials (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 with multiple different techniques. 
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1.2.1 Solid-state fermentation 

Since ancient times, solid-state fermentation (SSF) has long been the ubiquitous method as seen 

with the techniques making kǾji from rice inoculated with Aspergillus oryzae or farming edible 

varieties of mushrooms [21ï25]. The process involves inoculating grain or agricultural by-

products with liquid fungal culture to create spawn that is left to fruit in fixed environment 

conditions absent of free water [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 rates [19,25]. 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 below [25]. With 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 materials [5,12,22]. For PMMs, the spent substrate is not used, and instead 

separated from the mycelium mat that forms at the air/substrate interface [7,16,19]. Due to the 

high CO2 growing environment, the mycelia forms a fluffy layer of aerial hyphae that branches 

upward out of the substrate for oxygen [16,23]. The resultant mat can thicken and strengthen due 

to protein-rich environment provided by the complex and diverse agricultural substrate [7,16,19]. 

Static tray-based SSF has recently risen as the more popular cultivation method for large scale 

production of mycelia with the two largest manufacturers, MycoWorks and Ecovative LLC, filing 

patents involving solid substrates [16,27ï29]. Looking to optimizing their tray-based SSF 

processes, companies can take inspiration from the more established mushroom farming industry 

for decisions on substrate selection, environmental conditions, and mass production [21,30]. 

MycoWorks, in particular, has been able to scale up their mycelium-based leather (MBL) 
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production using self-contained, shallow trays filled with inoculated sawdust that are vertically 

stacked to maximize space during growth [29]. Similarly, Ecovativeôs subsidiary My Foods has 

partnered with Canada-based Whitecrest Mushrooms Ltd. to develop ñthe worldôs largest vertical 

mycelium farmò and increase yield of their MyBacon mycoprotein [31]. 

1.2.2 Liquid-state fermentation 

Liquid-state fermentation (LSF) offers alternate processes wherein concentrated nutritional liquid 

(or mostly liquid) media with guaranteed nutrient profiles that might not be consistent with the 

heterogenous solid substrates [17ï20]. 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 fungi [19,32ï34]. Additionally, more complex solid substrate ingredients such as 

grains, straw, and sawdust can be homogenized with medium broth to create semi-solid slurries 

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

lead to drastically different end-products. 

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 mycelium [34,35]. 

For fungi, SmF is proffered as a more efficient way to derive bioactive metabolites from species 

such as Cordyceps militaris, Inonotus obliquus, and Schizophyllum commune as compared to the 

conventional SSF [34,36]. While the amount of mycelium produced in such a short time is 

remarkable, the biomass is often prone to microbial contamination [21]. Besides, the constant 

agitation limits the morphology of mycelia to small pellets suitable for mycoproteins but nothing 

larger [15,35,37]. Yet, Finlandôs VTT Technical Research Centre have shown in a pilot study that 

these disadvantages can be overcome with their novel MBL production. Their patent-pending 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 processed [38]. 

A similar liquid-based method called liquid-state surface fermentation (LSSF) uses inoculated 

broth under static conditions to form mycelium at the interface between liquid and air. LSSF 

requires less overall energy than SmF, and has the additional advantage of creating thick and 

tunable mycelial mats [13,20]. Fungal biomass derived from LSSF can be utilized in the creation 

of higher-order 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 Section 1.3) [19,32,39]. Of note, LSSF has not yet been used for mass-scale 

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 scale. With the many differences, all methods are highly dependent 

on environmental conditions that need to be optimized for low variability in yield. Optimizing 

these biotechnologies would offer the opportunity to tailor the performance of existing mycelial 

materials and pave the way towards many new ones [13,20]. These and potential future insights 

on cultivation substrates and conditions will result in PMMs with broad physical and 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 applications as leathers, foams, films, and others. One 

such method is through the process of materials selection as introduced by Ashby and Cebon [40ï

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 constraints [40ï42]. 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 as density or strength, as seen in  

Table 1.1, or a combination of many relevant properties in the form of a Material Property Index 

(MPI) [40ï42]. 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 order [40,42].  

Table 1.1 ï Common properties of materials, their definitions, and their units. 

Materials Property Definition Unit 

Density (r) A materialôs mass per unit of volume. Kilograms per metre cubed (kg/m3) 

Percent elongation (%EL) 
A material ós deformation when it fractures 

due to a tensile load. 
Percent (%) 

Ultimate tensile strength (ůUTS) 
The maximum amount of strength a 

material can withstand under tension.  
Megapascals (MPa) 

Youngôs modulus (E) 
The modulus of elasticity or the materialôs 

ability to stretch and deform. 
Gigapascals (GPa) 

 

The first step of crafting an MPI is to define an objective, typically minimum mass, or density (ɟ), 

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 strength (ůUTS). MPI1 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 leathers [42,43]. 

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 

Youngôs modulus (E) [43]. In line with the minimum mass design objective, MPI2 assesses the 

ability to store high amounts of energy before springing back without failure [40,43].  

(2) ὓὖὍ  
„

Ὁ”
 

Objective: minimize mass (ɟ) 

Constraint:  high enough elastic energy storage (ůUTS
2/E) 

 

To visually grade the performance of different materials, various combination of properties (e.g. 

ůUTS, E, ɟ) for different materials are plotted using a material property chart (commonly known as 

an Ashby chart) in a log-log scale [40]. In Figure 2 and Figure 3, the wide gamut of PMMs can be 

visually compared to the typical material families [7,19,20,32,33,40,42ï51]. Both MPI1 and MPI2 

can be visualized as straight guidelines with defined slopes of 1 and ½ respectively. In the case for 

MPI2, for instance, materials higher on the line maximize the energy storage, while those that lie 

on it are on equal footing [40]. 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 

(1) ὓὖὍ  
„

”
 

Objective: minimize mass (ɟ) 

Constraint:  strong enough to resist tensile rupture (ůUTS) 
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depending on their species of origin, treatment process, and intended functions. Leveraging the 

principles of materials selection by way of materials property charts and MPIôs offers detailed 

performance metrics of novel materials like PMMôs and outline the necessary trajectory for large-

scale viability. This paper will evaluate each group of PMMs as they compare with the existing 

profile of material families to highlight their current strengths and illuminate how further 

development may help overcome their drawbacks. 

 

Figure 1.2 ï Material property chart comparing pure mycelium materials to typical materials families with 

tensile strength (in MPa) against density (in kg/m3). The guideline signifies which materials optimize specific 

tensile strength with minimum mass designs. Images used courtesy of ANSYS, Inc. 
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Figure 1.3 ï Material property chart comparing pure mycelium materials to typical materials families with 

tensile strength (in MPa) against the product of density and Youngôs modulus (in GPa·kg/m3). The guideline 

signifies which materials optimize energy absorption per unit mass. Images used courtesy of ANSYS, Inc. 
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1.3.2 The past, present, and future of Mycelial Textiles  

In contrast with the textileôs historical ubiquity, the current methods for modern leather production 

are becoming increasingly incompatible with societyôs vision of a better future [19,44,52]. There 

is a coming paradigm shift towards vegan leather, with the industry projected to overtake the 

market for traditional leathers by 2027 [44,53]. The emergence of the more affordable MBLs is 

spearheading this paradigm shift towards sustainable alternatives, challenging the dominance of 

their bovine and synthetic counterparts [44,53]. A comprehensive life cycle assessment conducted 

on MycoWorksô ReishiTM MBL revealed promising environmental credentials [29]. In their 2022 

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

kg of CO2 equivalents per m2, a stark comparison to the 32.97 kg of CO2 equivalents per m2 

associated with bovine leather [29]. As production scales up, projections suggest an increase to 

13.88 kg of CO2
 equivalents per m2; however, with optimized practices, this figure could plummet 

to as low as 2.76 kg of CO2 equivalents per m2 resulting from the transition to bio-gas free 

workflows [29]. Furthermore, research by Jones et al. highlights the superior cost-effectiveness of 

MBLs, with production costs estimated at a mere US$0.18-0.28 per m2 compared to the 

substantially higher US$5.38-6.24 per m2 for raw hides [44]. 

Fabricating fungal textiles has a storied history with Transylvanian craftspeople utilizing 

mushrooms of Fomes fomentarius and Piptoporus betulinus to create Amadou leathers as early as 

the 19th century [54,55]. 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 

material is trimmed to shape by following the natural ñgrainò or growth direction, and then 

stretched to create products such as hats, belts, bags, etc. [54,56]. 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 melanin-like substances [57]. 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 Columbia [58]. On examining the hyphal morphology of the wall pocket 

with a scanning electron microscope (SEM), the mycelia were characteristic of Fomitopsis 

officianalis, another bracket fungi not too dissimilar to those employed in Transylvania. While the 

methods of the Tlingit community are unclear, the process of evaluating the global 

ethnomycological usage of fungi elucidates how best to recontextualize these textiles for today 

[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 modern needs [59,60].  

 

(a) 

 

(b) 

Figure 1.4 ï The product diversity of fungal textiles today: a) The modern ñAmadou tulip hatò made with the trama 

of Fomes fomentarius mushrooms sold by Eden Power Corp in 2022; b) Lab-grown mycelial leather made from 

Schizophyllum commune mycelia grown through liquid-state 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 mushroom-based artisanal handcrafting of Amadou through a more industrial, fermentation-

based cultivation of mycelia. SSF and LSSF offer better control on the quality of the mycelial mats 

compared to historical manufacturing that depended on the seasonality of foraged mushrooms 

[20,53,54]. After the cultivation period is over, the mycelial material is typically separated from 

the substrate, then follows a range of treatment procedures [44]. Before any cross-linking or 

physical treatment, the mycelial mats are pre-treated with hydrating agents such as glycerol, 

ethylene glycol, or polyethylene glycol (PEG) 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 cross-linking [27,44]. Cross-linking 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 mat [19,27,28].  

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 Youngôs modulus shows the different advantages of each material. While the tensile strengths 

of many MBLs are comparable to conventional leathers, the lower stiffness show that there is still 

a need to develop better post-processing methods for long-term feasibility [19,62]. Even those with 

high stiffnesses such as the treated Rhizopus delemar leather show their failings with the poor 

elastic elongation rate [7].  

Table 1.2 ï Physical properties of mycelium leathers versus conventional leathers. 
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Textile ɟ (kg/m3) %EL  ůUTS (MPa) E (GPa) MPI 1 (MPa·m3/kg) MPI 2 (MPa·m3/kg) References 

Fomitella fraxinea MBL 

(oak & bran substrate) 
1580 4.30-4.98 1.18-1.62 0.00117-0.00157 8.86 × 10-4 9.05 × 10-4 [19] 

Fomitella fraxinea MBL, 

polyethylene glycol 

treated with 120°C heat 

press (oak & bran 

substrate) 

1460 13.87-17.91 6.28-8.14 0.00669-0.00736 4.94 × 10-3 5.07 × 10-3 [19] 

Rhizopus delemar MBL 

(bread substrate) 
884-922 1.7-2.3 19.04-20.74 1.38-1.50 2.20 × 10-2 3.04 × 10-4 [7] 

Rhizopus delemar MBL, 

tannin/glycerol treated 

(bread substrate) 

695-739 14.5-18.6 2.51-2.93 0.199-0.201 3.79 × 10-3 5.16 × 10-5 [7] 

MuSkinTM MBL (Grado 

Zero Innovation)* 
1000 17.3-38.6 0.3-0.4 0.0018-0.0028 3.79 × 10-3 5.16 × 10-5 [52,62] 

ReishiTM Brown Natural 

MBL (MycoWorks)* 
480-540 16-36 5.6-7.4 - 1.27 × 10-2 - [46,63] 

ReishiTM Brown Natural 

High Strength MBL 

(MycoWorks)* 

8400 55-80 8.8-12.5 - 1.27 × 10-3 - [47,63] 

ReishiTM Black Emboss 

MBL (MycoWorks)* 
740-880 51-52 9.2-10.2 - 1.20 × 10-1 - [48,63] 

MyleaTM MBL 

(Mycotech)* 
1330-4440 22-35 8-11 - 6.86 × 10-3 - [49,50] 

Artificial leather 

(Polyurethane 

composites) 

340-470 - 9.4-24.5 0.012-0.036 4.19 × 10-2 2.96 × 10-2 [52,64,65] 

Bovine leather 
810-1050 18-75 20-50 0.10-0.50 3.76 × 10-2 4.39 × 10-3 [51] 

MPI1 highlights materials with strong enough to resist tensile rupture (ůUTS) that meet the objective of minimum mass 

(ɟ), it is measured in (MPa·m3/kg). MPI2 highlights materials with high enough elastic energy storage (ůUTS
2/E) that 

meet the objective of minimum mass (ɟ), it is measured in (MPa·m3/kg). 

* indicates the MBL is a commercial product. 

 

Figure 1.1 visualizes materials that maximize their specific strength as defined by MPI1 as a 

guideline with a slope of 1. Bovine leather boasts an MPI1 of 3.76 × 10-2 MPa·m3/kg, while the 

artificial leather outperforms it with an MPI1 of 4.19 × 10-2 MPa·m3/kg [51,52,64,65]. The F. 

fraxinea leather improved impressively once cross-linked with PEG and heat pressed at 120°C, 



 

Viraj Whabi - Master of Science - 17 

 

with an MPI1 of 4.94 × 10-3 MPa·m3/kg [19]. On the other hand, the virgin R. delemar, the second 

best MBL, was more successful than its treated counterpart (2.20 × 10-2 MPa·m3/kg vs. 3.79 × 10-

3 MPa·m3/kg respectively), almost matching bovine leather while demonstrating how not all 

species can reap the same benefits with chemical treatments [62]. Among commercial MBLs, the 

ReishiTM Black Embossed actually outperformed both bovine and artificial leathers with an MPI1 

of 1.20 × 10-1 MPa·m3/kg. 

Figure 1.3 visualizes materials that optimizing energy storage per unit mass as light springs 

performances as defined by MPI2 as a guideline with a slope of ½. Successful leathers can store 

great amounts of energy as which combines the properties of tensile strength and Youngôs modulus 

in a ratio of ůUTS
2/E [43]. Unfortunately, some commercial MBLôs such as ReishiTM and MyleaTM 

do not have Youngôs modulus data, excluding them from this analysis [46ï50]. Artificial leathers 

derived from polyurethane are in their own league as the majority of MBLs not come close 

[19,64,65]. The lone outlier, Raman et al.ôs treated F. fraxinea mycelia, builds on its excellent 

specific strength properties with their extraordinary elastic storage ability (MPI2 = 5.07 × 10-3 

MPa·m3/kg) that even supersedes bovine leather [19,43]. The success of these treated MBLs 

highlight the importance of researching chemical cross-linking, heat treatment, and species-based 

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 fabricated MBLs demonstrate their natural 

antifungal and antibacterial properties [62]. 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 Hermès [13,66]. With significant knowledge gaps in optimizing mycelium mat 
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cultivation and post-processing 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. 

  



 

Viraj Whabi - Master of Science - 19 

 

1.3.3 Flexible Fungal Foams 

Flexible fungal foams are promising candidates to replace insulation, petroleum-based foams, and 

wood composite cores. Presently, Ecovative LLCôs patented ForagerTM is the sole pure mycelial 

biofoam on the market which is reported to be completely ñtunableò in terms of tensile strength, 

density, and fiber orientation [67]. These materials are fabricated through SSF with the addition of 

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

vents, a CO2 gradient (3-7% 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 (29-35°C) of the chamber are carefully chosen to mitigate primordial 

initiation which would compromise the mechanical properties of the foam. Before the foam is 

extracted, the mycelial mat is compressed to meet a chosen size and left for an additional 72 hours 

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 structure [16,68].  

Presently, these foams are deployed as specialized textiles for the fashion industry, marketed to be 

ñinsulating, water-repellent, and fire-resistantò [6,67,69]. Interestingly, a densified, closed-cell 

variety of Ecovativeôs foams have been shown to work as an excellent acoustic shield at a wide 

frequency range from 350 Hz to 4 kHz [70]. With the widespread employment of mineral wools, 

synthetic fibres and petrochemical-derived polyurethane foams, these flexible fungal foams shine 

as greener and more sustainable alternatives [6,71]. 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), Youngôs modulus (0.6 to 2.0 MPa), and density (0.03 to 0.05 g/cm3) of the ForagerTM 

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 
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(MPI1 = 5.00 × 10-3 MPa·m3/kg) and elastic energy storage (MPI2 = 7.69 × 10-4 MPa·m3/kg). 

However, these numbers should be taken with caution as they do not come from any peer-reviewed 

measurements in original research papers and are instead reported in Gandia et al.ôs trend review 

paper alone [20]. 

Unlike other materials, the performance of foams relies greatly upon their relative densities which 

describe whether they are open-celled or close-celled. Consequently, future potential is difficult to 

gauge with one overarching materials property index. If it was assumed that it behaved as an open-

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 et al. modeled such a criterion (MPI3) during a case study on selecting the 

correct lightweight foam to make impact-absorbing helmets [72]. Here, ES and ɟS are the Young 

modulus and density of the solid material respectively which can be determined with knowledge 

on the foamôs relative density. Materials that optimize this index have high impact absorption at a 

minimum mass. 

If competitiveness is the plan, then future fungal foams must target an optimization of this index 

as compared to other cushioning foams (e.g. open-cell polyurethane, 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 literature study.  

(3) ὓὖὍ  
Ὁ Ȣ

”
 

Objective: minimize foam mass (ɟs) 

Constraint:  high enough impact energy dissipation (Es
0.729) 



 

Viraj Whabi - Master of Science - 21 

 

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 historical use of Fomes fomentarius and 

Piptoporus betulinus as bandaging materials [54,55]. Researchers have created therapeutic wound 

dressings out of the filamentous growths of select species with some encouraging results [73,74]. 

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, in-depth testing of mechanical properties and biocompatibility is truly 

needed before these solutions can be implemented. 

Another promising area of interest is the development of highly treated mycelium-derived films. 

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 treated with 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 same S. commune species have drastically different tensile properties 

depending on the concentration of their glycerol treatment [45,51]. The lack of standardisation in 

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

unique advantages [33,45]. 
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Nanopapers, another group at the periphery of the PMM family, are fabricated directly from the 

chitin-glucan and chitin-chitosan nanofibrils that make up mycelium [33,77]. In terms of stiffness 

or Youngôs modulus, some mycelial nanopapers treated with NaOH perform like industrial 

polymers and have higher specific strength (Agaricus bisporus nanopaper: MPI1 = 5.74 × 10-2 

MPa·m3/kg) than most simple MBL and bovine leathers, while their elastic energy storage 

(Agaricus bisporus nanopaper: MPI2 = 8.62 × 10-4 MPa·m3/kg) is lower [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 derived from Allomyces arbuscula and 

Trametes versicolor [33]. 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 process [33]. It should be noted that 

while relative pure hyphal morphology was visible in the images of the A. bisporus nanopaper, 

nanofibrils could not clearly be identified at that scale [33]. All other species had much larger, 

micro-scale fibrils even after the remedial H2O2 or HCl treatments which warrants some 

examination into the ñnanopaperò title [33,76]. While these nanopapers are still in the early stages 

of conceptualization, chitin-films derived from crustaceans with similar targets on 

biotechnological and coating applications have a more historical establishment and could offer a 

point of comparison [32,33,77,78]. The latest of these chitin-films 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 cross-linking [78ï80]. Future development of 

mycelial nanopapers must emphasize the advantages of their hyphal-structured nanofibrils in order 

to grant clearer product differentiation beyond just fungi-derived chitin-films.  
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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 from [2,20]. Species producing 

edible or medicinal mushrooms are routinely investigated due to the wealth of pre-existing 

knowledge about optimal growth conditions and cultivating these species. However, there is 

untapped potential in other species that are not ordinarily of note due to the fruiting bodies being 

too tough, like the Amadou or horse hoof fungus (Fomes fomentarius), or 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 development [82] (Table 1.3).  

Table 1.3 ï Summary of fungal species investigated as pure mycelium materials. This 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 fomentariusIIIb natural growth 

beech, birch, oak, poplar, 

willow & maple trees 
[54,55,83] 

Piptoporus betulinusIIb natural growth birch trees [54,84] 

flexible foam 

Ganoderma sp.b SSF 

corn stover, grain spawn, 

maltodextrin, calcium 

sulfate, & minerals 

[6] 

Trametes versicolorIIIb SSF 
Proprietary Fabrication by 

Ecovative LLC. 
[83,85] 

leather 

Abortiporus biennisIb LSF (LSSF) homogenized millet slurry [18,86] 

Bjerkandera adustaIb LSF (LSSF) homogenized millet slurry [18,87] 

Bjerkandera adustaIb SSF oak sawdust & rice bran [19,87] 

Coriolopsis gallicaIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Coriolopsis trogiiIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Daedaleopsis confragosaIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Daedaleopsis tricolorIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Elfvingia applanateIIb SSF oak sawdust & rice bran [19,88] 

Fomes fomentariusIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Fomitella fraxineab SSF oak sawdust & rice bran [19] 
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Fomitiporia mediterraneaIIb LSF (LSSF) homogenized millet slurry [18,89] 

Fomitopsis ibericaIIIb LSF (LSSF) homogenized millet slurry [18,90] 

Fomitopsis pinicolaIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Fomitopsis pinicolaIIIb SSF oak sawdust & rice bran [19,83] 

Fomitopsis roseaII -IIIb SSF oak sawdust & rice bran [19,91] 

Ganoderma applanatumIIIb SSF oak sawdust & rice bran [19,88,92] 

Ganoderma carnosumb LSF (LSSF) homogenized millet slurry [18] 

Ganoderma lucidumIIIb SSF 
Proprietary Fabrication by 

MycoWorks 
[61,88,92] 

Ganoderma lucidumIIIb LSF (LSSF) homogenized millet slurry [18,88,92] 

Ganoderma lucidumIIIb SSF oak sawdust & rice bran [19,88,92] 

Irpex lacteusIIb LSF (LSSF) homogenized millet slurry [18,93] 

Irpiciporus pachyodonIb LSF (LSSF) homogenized millet slurry [18,94] 

Lenzites betulinusIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Microporus affinisIIIb SSF oak sawdust & rice bran [19,87] 

Neofavolus alveolarisIIb LSF (LSSF) homogenized millet slurry [18,95] 

Phellinus ellipsoideusb - 
Proprietary Fabrication by 

Grado Zero Innovation 
[62] 

Pleurotus ostreatusIb LSF (LSSF) Czapek medium [17,96] 

Postia balsameaIb SSF oak sawdust & rice bran [19,97] 

Rhizopus delemard LSF (LSSF) bread waste [7] 

Stereum hirsutumIIb LSF (LSSF) homogenized millet slurry [18,98] 

Terana caeruleaIb LSF (LSSF) homogenized millet slurry [18,99] 

Trametes hirsutaIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Trametes hirsutaIIIb SSF oak sawdust & rice bran [19,83] 

Trametes suaveolensIIIb LSF (LSSF) homogenized millet slurry [18,83] 

Trametes suaveolensIIIb SSF oak sawdust & rice bran [19,83] 

Trametes versicolorIIIb SSF oak sawdust & rice bran [19,83] 

Wolfiporia extensab SSF oak sawdust & rice bran [19] 

mycelial film 

Aurantiporus sp.b LSF (LSSF) potato dextrose broth [32] 

Coriolus brevisb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39] 

Coriolus hirsutusb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39] 

Coriolus versicolorb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39] 

Fomitella fraxineab LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39] 

Ganoderma curtisiiIIIb LSF (LSSF) potato dextrose broth [32,92] 

Ganoderma lucidumIIIb LSF (LSSF) 
potato dextrose broth with 

d-glucose & lignin 
[88,92,100] 

Ganoderma lucidumIIIb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39,88,92] 

Ganoderma mexicanumIIb LSF (LSSF) potato dextrose broth [32,101] 

Lentinus crinitusIIb LSF (LSSF) potato dextrose broth [32,102] 
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Panus conchatusI-IIb LSF (LSSF) potato dextrose broth [32,103] 

Pleurotus ostreatusIb LSF (LSSF) potato dextrose broth [32,96] 

Polyporus arculariusIIb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39,83] 

Polyporus squamosusIIb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39,83] 

Pycnoporus coccineusIIIb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39,83] 

Schizophyllum communeb LSF (SmF) 
minimal media with 

glucose & asparagine 
[45,104] 

Trametes fuciformisb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39] 

Trametes gibbosab LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39] 

Trametes orientalisb LSF (LSSF) 
potato dextrose broth with 

glycerol and skim milk 
[39] 

Inonotus obliquusIb LSF (SmF) potato dextrose broth [34,105] 

nanofilms 

Agaricus bisporusIb mushroom isolation - [77,106] 

Grifola frondosaIIb mushroom isolation - [77,107] 

Hypsizygus marmoreusb mushroom isolation - [77] 

Lentinula edodesIb mushroom isolation - [77,108] 

Pleurotus eryngiiIb mushroom isolation - [77,96] 

Tricholoma terreumb mushroom isolation - [109] 

nanopapers 

Agaricus bisporusIb 
LSF (SmF) diluted blackstrap 

molasses 
[33,106] 

Allomyces arbusculac 
LSF (SmF) diluted blackstrap 

molasses 
[33] 

Mucor genevensisd 
LSF (SmF) diluted blackstrap 

molasses 
[33] 

Trametes versicolorIIIb 
LSF (SmF) diluted blackstrap 

molasses 
[33,83] 

scaffold 

Aspergillus sp.a LSF (LSSF) potato dextrose broth [76] 

Pleurotus ostreatusIb LSF (LSSF) potato dextrose broth [75,96] 

Trametes versicolorIIIb LSF (LSSF) potato dextrose broth [75,83] 

tinder Fomes fomentariusIIIb natural growth 
beech, birch, oak, poplar, 

willow & maple trees 
[54,83] 

wound dressing 

Agaricus bisporusIb stipe isolation - [73,106] 

Fomes fomentariusIIIb natural growth 
beech, birch, oak, poplar, 

willow & maple trees 
[54,55,83] 

Fusarium graminearuma mycelium isolation - [73] 

Phanerochaete chrysosporiumIIb LSF (LSSF) 
malt, dextrose, and 

peptone broth 
[74,110] 

Phycomyces blakesleeanusd spore isolation - [73] 

Rhizomucor mieheid mycelium isolation - [73] 
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Rhizopus oryzaed mycelium isolation - [73] 

Rhizopus stoloniferd mycelium isolation potato dextrose agar [111] 

The hyphal system of each species is indicated by I, II, and III for monomitic, dimitic and trimitic respectively. Phylum 

of each species is indicated by a, b, c, and d for Ascomycota, Basidiomycota, Blastocladiomycota, and Mucoromycota 

(previously Zygomycota); each species was classified by phyla based on the Global Biodiversity Information Facility 

database [2,112]. 

One of the prominent trends in Table 3 were the chosen production methods and substrates among 

different PMMs. Out of the total 94 observed PMMs, there were 15 produced through SSF, 50 

produced through LSF (6 SmF and 44 LSSF) and 15 produced through specialized processes. 

There were also 3 PMMs developed through patented methods by MycoWorks, Grado Zero 

Innovation and Ecovative LLC [61,62,85]. 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 was more 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 process included the 

mycelium isolation of a non-dikaryotic species called Rhizopus stolonifera. The sporangia-

producing mucoromycete was studied in the creation of a thick ñmycelium mattressô that was 

deproteinized and dried for wound healing purposes [2,111].  

In total, there are over sixty distinct species of fungi investigated for pure mycelial materials 

application, each with their own sets of advantages and disadvantages. Along with well-known 

medicinal species like Ganoderma lucidum and Trametes versicolor, other species such as 

Phellinus ellipsoideus and F. fraxinea have shown excellent potential in creating mycelial 

materials with quick growth and dense hyphal structures [19,85,113]. 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 óhigher fungiô under the Dikarya subkingdom, are the two most species-rich 

phyla and contain mostly filamentous species [4]. Dikaryotic species allow for the formation of 

large fruiting bodies with varied and complex hyphal structures known as sporocarps [2,4]. On the 

other hand, Mucoromycota and Blastocladiomycota are predominantly made up of saprobes, 

molds, and yeasts [2]. Nevertheless, these ólower fungiô can also provide rapid mycelial growth to 

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 (e.g., Agaricus bisporus, Pleurotus ostreatus, etc.) from the 

woody brackets (e.g., Fomes fomentarius, Ganoderma applanatum, etc.). The hyphal structures of 

these species greatly influence the morphological, mechanical, and physiochemical characteristics 

of the resultant fungal material [81,113,114]. In total, the mushroom or basidiocarps consist of 

three main types of hyphae: generative, skeletal, and ligative as shown in Figure 5 [4,115]. 

Generative hyphae are thin-walled, branching, and separated with septa [115]. Clamp connections, 

unique to some species in Basidiomycota, are hook-like protrusions near the septa of generative 

hyphae that develop during the process of sexual mating [4,115]. During mushroom growth, 

generative hyphae can transition into either of the thick-walled 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 fungi [115]. Lastly, ligative or binding hyphae are unsegmented and branching, 

characterized with a curling and gnarled structure [4,115]. As the name implies, the binding hyphae 

tightly holds together the mushroomôs shape which offers considerable mechanical strength and 

stiffness [114,115]. 
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Figure 1.5 ï The common types of hyphae used to classify hyphal systems of basidiocarps: generative 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 varying levels [113,114]. Mushrooms 

containing only generative hyphae are monomitic, while species with all three are trimitic. Out of 

the 55 basidiomycetes listed in Table 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 typically trimitic 

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., Pylkkänen et al., and Müller 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 strain optimization 

Along with capitalizing on the intricacies of different hyphal systems, species phenotyping offers 

more tools to optimize mycelial material fabrication. Ubiquitous among all filamentous fungi, the 

porous morphology of mycelium is characterized by random hyphal networks rich with chitin, ɓ-

glucans, and other glycoproteins [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 species [3]. On 

one hand, chitin contributes stiffness, while the ɓ-glucans with their spring-like shape offer tensile 

strength to the cells [3,119]. The hydrophobins, another group of cell wall protein, are found on 

the outer surface of the hyphal cell walls and can repel water from the mycelial structures [120]. 

Studies on S. commune has shown that the speciesô SC3 hydrophobin gene, among others, actually 

plays an active role in reducing surface tension and encourage the growth of aerial hyphae 

[121,122]. In some strains where SC3 expression is disrupted, both the formation of aerial hyphae 

as well as the myceliumôs attachment to hydrophobic surface are reduced [121,123]. Identifying 

the cell wall-related genes have been shown to be great tools in understanding the structure and 

signalling pathways of pathogen fungi such as Aspergillus fumigatus, but could also offer the 

opportunity to create tailored strains to fit PMM mechanical needs [104,124].  

There has been recent interest in leveraging this gene deletion for the cultivation of denser mycelial 

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

as CO2 and light levels [104]. In fact, deletion of the SC3 gene in S. commune (æsc3 strain) causes 

a drastic increase in density, Youngôs modulus and tensile strength of mycelial mat as compared 

to a wild-type strain. These new properties of the æsc3 mycelia 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 mushroom Agaricus bisporus and the oyster mushroom Pleurotus 

ostreatus have comparative hydrophobin genes, while others like Ustilago maydis have 

amphipathic peptides named órepellentsô that when deleted, reduce aerial hyphae formation [125ï

127]. Borrowing the techniques used to genetically engineer S. commune to produce mycelial 

materials could drive innovation towards perfecting mechanical properties and identifying 

specialized species for each PMM application. Ecovative LLC has already experimented with 

genetic engineering by introducing CDA1, the chitin deacetylase-encoding gene in Saccharomyces 

cerevisiae to production strains as a method to increase the compression strength of CMMs [128]. 

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

cutting-edge of mycelial material development. 

The potential advantages of strain-optimization deserve greater attention to truly 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 improve 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 mycoproteins. With a wide span of knowledge gaps in 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 pure mycelial materials demonstrates how adaptable 

the chitin-glucan structure of fungal mycelia is from making lightweight, yet durable leather 

alternatives to tunable high-performance foams. Future efforts are presumed to focus on further 

improving the mechanical properties of 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 

contamination 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 established competitors. 

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 these species eventually allow for growth and mechanical 

properties to be handpicked for the creation of bespoke mycelial materials 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. 

  



 

Viraj Whabi - Master of Science - 33 

 

1.6 Bibliography 

1.  Kendrick, B. Fungi and the History of Mycology. In eLS; John Wiley & Sons, Ltd, 2011 

ISBN 978-0-470-01590-2. 

2.  Naranjo Ortiz, M.A.; Gabald·n, T. Fungal Evolution: Diversity, Taxonomy and Phylogeny 

of the Fungi. Biol Rev Camb Philos Soc 2019, 94, 2101ï2137, doi:10.1111/brv.12550. 

3.  Gow, N.A.R.; Latge, J.-P.; Munro, C.A. The Fungal Cell Wall: Structure, Biosynthesis, and 

Function. Microbiology Spectrum 2017, 5, 5.3.01, doi:10.1128/microbiolspec.FUNK-0035-

2016. 

4.  Ainsworth, G.C.; Bisby, G.R.; Kirk, P.M.; Cannon, P.F.; Minter, D.W.; Stalpers, J.A. 

Ainsworth & Bisbyôs Dictionary of the Fungi; 10th ed.; CABI: Wallingford, Oxon, UK, 

2008; ISBN 978-0-85199-826-8. 

5.  Jones, M.; Bhat, T.; Huynh, T.; Kandare, E.; Yuen, R.; Wang, C.H.; John, S. Waste-Derived 

Low-Cost Mycelium Composite Construction Materials with Improved Fire Safety. Fire 

and Materials 2018, 42, 816ï825, doi:10.1002/fam.2637. 

6.  Pelletier, M.G.; Holt, G.A.; Wanjura, J.D.; Greetham, L.; McIntyre, G.; Bayer, E.; Kaplan-

Bie, J. Acoustic Evaluation of Mycological Biopolymer, an All-Natural Closed Cell Foam 

Alternative. Industrial Crops and Products 2019, 139, 111533, 

doi:10.1016/j.indcrop.2019.111533. 

7.  Wijayarathna, E.R.K.B.; Mohammadkhani, G.; Soufiani, A.M.; Adolfsson, K.H.; Ferreira, 

J.A.; Hakkarainen, M.; Berglund, L.; Heinmaa, I.; Root, A.; Zamani, A. Fungal Textile 

Alternatives from Bread Waste with Leather-like Properties. Resources, Conservation and 

Recycling 2022, 179, 106041, doi:10.1016/j.resconrec.2021.106041. 

8.  Livne, A.; Wösten, H.A.B.; Pearlmutter, D.; Gal, E. Fungal Mycelium Bio-Composite Acts 

as a CO2-Sink Building Material with Low Embodied Energy. ACS Sustainable Chem. Eng. 

2022, 10, 12099ï12106, doi:10.1021/acssuschemeng.2c01314. 

9.  Meyer, V.; Basenko, E.Y.; Benz, J.P.; Braus, G.H.; Caddick, M.X.; Csukai, M.; de Vries, 

R.P.; Endy, D.; Frisvad, J.C.; Gunde-Cimerman, N.; et al. Growing a Circular Economy 

with Fungal Biotechnology: A White Paper. Fungal Biology and Biotechnology 2020, 7, 5, 

doi:10.1186/s40694-020-00095-z. 

10.  Cairns, T.C.; Zheng, X.; Zheng, P.; Sun, J.; Meyer, V. Turning Inside Out: Filamentous 

Fungal Secretion and Its Applications in Biotechnology, Agriculture, and the Clinic. 

Journal of Fungi 2021, 7, 535, doi:10.3390/jof7070535. 

11.  Butu, A.; Rodino, S.; Miu, B.; Butu, M. Mycelium-Based Materials for the Ecodesign of 

Bioeconomy. Digest Journal of Nanomaterials and Biostructures 2020, 15, 1129ï1140. 

12.  Jones, M.; Mautner, A.; Luenco, S.; Bismarck, A.; John, S. Engineered Mycelium 

Composite Construction Materials from Fungal Biorefineries: A Critical Review. Materials 

& Design 2020, 187, 108397, doi:10.1016/j.matdes.2019.108397. 

13.  Vandelook, S.; Elsacker, E.; Van Wylick, A.; De Laet, L.; Peeters, E. Current State and 

Future Prospects of Pure Mycelium Materials. Fungal Biology and Biotechnology 2021, 8, 

20, doi:10.1186/s40694-021-00128-1. 

14.  Bentangan, M.A.; Nugroho, A.R.; Hartantyo, R.; Ilman, R.Z.; Ajidarma, E.; Nurhadi, M.Y. 

Mycelium Material, Its Method to Produce and Usage as Leather Substitute, 

WO2020136448A1, July 2 2020, (accessed on 6 December 2022). 



 

Viraj Whabi - Master of Science - 34 

 

15.  Derbyshire, E.J.; Delange, J. Fungal Protein ï What Is It and What Is the Health Evidence? 

A Systematic Review Focusing on Mycoprotein. Frontiers in Sustainable Food Systems 

2021, 5. 

16.  Kaplan-Bie, J.H.; Bonesteel, I.T.; Greetham, L.; McIntyre, G.R. Increased Homogeneity of 

Mycological Biopolymer Grown into Void Space, WO2019099474A1, May 23 2019, 

(accessed on 6 December 2022). 

17.  Barabash, A.; Deschenko, V.; Chuk, O. Leather-like Material Biofabrication Using 

Pleurotus Osteatus. Thesis, National Aviation University, 2021. 

18.  Cartabia, M.; Girometta, C.E.; Milanese, C.; Baiguera, R.M.; Buratti, S.; Branciforti, D.S.; 

Vadivel, D.; Girella, A.; Babbini, S.; Savino, E.; et al. Collection and Characterization of 

Wood Decay Fungal Strains for Developing Pure Mycelium Mats. Journal of Fungi 2021, 

7, 1008, doi:10.3390/jof7121008. 

19.  Raman, J.; Kim, D.-S.; Kim, H.-S.; Oh, D.-S.; Shin, H.-J. Mycofabrication of Mycelium-

Based Leather from Brown-Rot Fungi. Journal of Fungi 2022, 8, 317, 

doi:10.3390/jof8030317. 

20.  Gandia, A.; van den Brandhof, J.G.; Appels, F.V.W.; Jones, M.P. Flexible Fungal Materials: 

Shaping the Future. Trends in Biotechnology 2021, 39, 1321ï1331, 

doi:10.1016/j.tibtech.2021.03.002. 

21.  Gowthaman, M.K.; Krishna, C.; Moo-Young, M. Fungal Solid State Fermentation - An 

Overview. Applied Mycology and Biotechnology 2001, 1, 305ï352, doi:10.1016/S1874-

5334(01)80014-9. 

22.  Grimm, D.; Wösten, H.A.B. Mushroom Cultivation in the Circular Economy. Appl 

Microbiol Biotechnol 2018, 102, 7795ï7803, doi:10.1007/s00253-018-9226-8. 

23.  Hölker, U.; Lenz, J. Solid-State Fermentation ð Are There Any Biotechnological 

Advantages? Current Opinion in Microbiology 2005, 8, 301ï306, 

doi:10.1016/j.mib.2005.04.006. 

24.  Machida, M.; Yamada, O.; Gomi, K. Genomics of Aspergillus Oryzae: Learning from the 

History of Koji Mold and Exploration of Its Future. DNA Res 2008, 15, 173ï183, 

doi:10.1093/dnares/dsn020. 

25.  Rahardjo, Y.S.P. Fungal Mats in Solid-State Fermentation, Wageningen University: 

Wageningen, 2005. 

26.  Fazenda, M.L.; Seviour, R.; McNeil, B.; Harvey, L.M. Submerged Culture Fermentation of 

ñHigher Fungiò: The Macrofungi. In Advances in Applied Microbiology; Academic Press, 

2008; Vol. 63, pp. 33ï103. 

27.  Kaplan-Bie, J.H. Solution Based Post-Processing Methods for Mycological Biopolymer 

Material and Mycological Product Made Thereby, WO2018183735A1, October 4 2018, 

(accessed on 8 December 2022). 

28.  Ross, P.; Scullin, M.; Wenner, N.; Chase, J.; Miller, Q.; Saltidos, R.; McGaughy, P. 

Mycelium Growth Bed with Perforation Layer and Related Method for Creating a Uniform 

Sheet of Mycelium from a Solid-State Medium, US20200196541A1, June 25 2020, 

(accessed on 8 December 2022). 

29.  Williams, E.; Cenian, K.; Golsteijn, L.; Morris, B.; Scullin, M.L. Life Cycle Assessment of 

MycoWorksô ReishiTM: The First Low-Carbon and Biodegradable Alternative Leather. 

Environmental Sciences Europe 2022, 34, 120, doi:10.1186/s12302-022-00689-x. 



 

Viraj Whabi - Master of Science - 35 

 

30.  Thakur, M.P. Advances in Mushroom Production: Key to Food, Nutritional and 

Employment Security: A Review. Indian Phytopathology 2020, 73, 377ï395, 

doi:10.1007/s42360-020-00244-9. 

31.  Atlast Food Co. Partners with Whitecrest Mushrooms Ltd. to Scale Production of 

MyBacon® Strips. Available online: https://myforestfoods.com/myblog/blog-whitecrest. 

(accessed on 19 February 2024). 

32.  César, E.; Canche-Escamilla, G.; Montoya, L.; Ramos, A.; Duarte-Aranda, S.; Bandala, 

V.M. Characterization and Physical Properties of Mycelium Films Obtained from Wild 

Fungi: Natural Materials for Potential Biotechnological Applications. J Polym Environ 

2021, 29, 4098ï4105, doi:10.1007/s10924-021-02178-3. 

33.  Jones, M.; Weiland, K.; Kujundzic, M.; Theiner, J.; Kählig, H.; Kontturi, E.; John, S.; 

Bismarck, A.; Mautner, A. Waste-Derived Low-Cost Mycelium Nanopapers with Tunable 

Mechanical and Surface Properties. Biomacromolecules 2019, 20, 3513ï3523, 

doi:10.1021/acs.biomac.9b00791. 

34.  Petre, A.; Ene, M.; Vamanu, E. Submerged Cultivation of Inonotus Obliquus Mycelium 

Using Statistical Design of Experiments and Mathematical Modeling to Increase Biomass 

Yield. Applied Sciences 2021, 11, 4104, doi:10.3390/app11094104. 

35.  Cui, Y.Q.; van der Lans, R.G.J.M.; Luyben, K.C. a. M. Effect of Agitation Intensities on 

Fungal Morphology of Submerged Fermentation. Biotechnology and Bioengineering 1997, 

55, 715ï726, doi:10.1002/(SICI)1097-0290(19970905)55:5<715::AID-BIT2>3.0.CO;2-E. 

36.  Tang, Y.-J.; Zhu, L.-W.; Li, H.-M.; Li, D.-S. Submerged Culture of Mushrooms in 

Bioreactors ï Challenges, Current State-of-the-Art, and Future Prospects. Food Technology 

and Biotechnology 2007, 45, 221ï229. 

37.  Bakratsas, G.; Polydera, A.; Nilson, O.; Chatzikonstantinou, A.V.; Xiros, C.; Katapodis, P.; 

Stamatis, H. Mycoprotein Production by Submerged Fermentation of the Edible Mushroom 

Pleurotus Ostreatus in a Batch Stirred Tank Bioreactor Using Agro-Industrial Hydrolysate. 

Foods 2023, 12, 2295, doi:10.3390/foods12122295. 

38.  Szilvay, G.; Barrantes, M.A. Mycelium Leather: Sustainable Alternative for Leather. 

Available online: https://www.vttresearch.com/en/news-and-ideas/alternative-leather-and-

synthetic-leather-vtt-succeeded-demonstrating-continuous. (accessed on 19 February 

2024). 

39.  Bae, B.; Kim, M.; Kim, S.; Ro, H.-S. Growth Characteristics of Polyporales Mushrooms for 

the Mycelial Mat Formation. Mycobiology 2021, 49, 280ï284, 

doi:10.1080/12298093.2021.1911401. 

40.  Ashby, M.F. Materials Selection in Mechanical Design; Fifth edition.; Butterworth-

Heinemann: Amsterdam ; Cambridge, MA, 2017; ISBN 978-0-08-100599-6. 

41.  Ashby, M.F. Overview No. 80: On the Engineering Properties of Materials. Acta 

Metallurgica 1989, 37, 1273ï1293, doi:10.1016/0001-6160(89)90158-2. 

42.  Ashby, M.F.; Cebon, D. Materials Selection in Mechanical Design. J. Phys. IV France 1993, 

03, C7-1-C7-9, doi:10.1051/jp4:1993701. 

43.  Ashby, M.F.; Gibson, L.J.; Wegst, U.; Olive The Mechanical Properties of Natural 

Materials. I. Material Property Charts. Proc. R. Soc. Lond. A 1995, 450, 123ï140, 

doi:10.1098/rspa.1995.0075. 

44.  Jones, M.; Gandia, A.; John, S.; Bismarck, A. Leather-like Material Biofabrication Using 

Fungi. Nat Sustain 2021, 4, 9ï16, doi:10.1038/s41893-020-00606-1. 



 

Viraj Whabi - Master of Science - 36 

 

45.  Appels, F.V.W.; van den Brandhof, J.G.; Dijksterhuis, J.; de Kort, G.W.; Wösten, H.A.B. 

Fungal Mycelium Classified in Different Material Families Based on Glycerol Treatment. 

Commun Biol 2020, 3, 1ï5, doi:10.1038/s42003-020-1064-4. 

46.  Lin, J.; Sadowy, S. Vartest Report on Mycoworks REISHITM Brown Natural; Vartest 

Laboratories, 2020; 

47.  Lin, J.; Sadowy, S. Vartest Report on Mycoworks REISHITM Brown Natural - High Strength; 

Vartest Laboratories, 2020; 

48.  Lin, J.; Sadowy, S. Vartest Report on Mycoworks REISHITM Black Emboss; Vartest 

Laboratories, 2020; 

49.  Mylea Technical Data Sheet. Available online: 

https://mycl.bio/storage/app/media/mylea/Mylea%20Technical%20Data%20Sheet.pdf. 

(accessed on 10 May 2023). 

50.  Kuijk, A. Biofabricated Mycelium Mylea Leather sheets~HauteMatter. Available online: 

https://www.hautematter.com/product-deck/mylea. (accessed on 5 October 2023). 

51.  GRANTA EduPack. ANSYS, Inc.: Cambridge, UK. Available online: 

www.ansys.com/materials. 

52.  Meyer, M.; Dietrich, S.; Schulz, H.; Mondschein, A. Comparison of the Technical 

Performance of Leather, Artificial Leather, and Trendy Alternatives. Coatings 2021, 11, 

226, doi:10.3390/coatings11020226. 

53.  Quito, A. Mushroom Leather: How Fungi Became Fashionable. Available online: 

https://qz.com/emails/quartz-obsession/1849446383/mushroom-leather-how-fungi-

became-fashionable. (accessed on 7 December 2022). 

54.  Papp, N.; Rudolf, K.; Bencsik, T.; Czégényi, D. Ethnomycological Use of Fomes 

Fomentarius (L.) Fr. and Piptoporus Betulinus (Bull.) P. Karst. in Transylvania, Romania. 

Genet Resour Crop Evol 2017, 64, 101ï111, doi:10.1007/s10722-015-0335-2. 

55.  Pegler, D.N. Useful Fungi of the World: Amadou and Chaga. Mycologist 2001, 15, 153ï

154, doi:10.1016/S0269-915X(01)80004-5. 

56.  Hahn, J. Traditional Transylvanian Mushroom Leather Wraps Seating Collection by Mari 

Koppanen. Available online: https://www.dezeen.com/2022/02/02/mari-koppanen-fomes-

amadou-seating-design/. (accessed on 7 December 2022). 

57.  Kalitukha, L.; Sari, M. Fascinating Vital Mushrooms. Tinder Fungus (Fomes Fomentarius 

(L.) Fr.) as a Dietary Supplement. 2019, 9. 

58.  Blanchette, R.A.; Haynes, D.T.; Held, B.W.; Niemann, J.; Wales, N. Fungal Mycelial Mats 

Used as Textile by Indigenous People of North America. Mycologia 2021, 113, 261ï267, 

doi:10.1080/00275514.2020.1858686. 

59.  Amadou Tulip Hat ï EDEN Power Corp. Available online: 

https://web.archive.org/web/20220829223510/https://edenpowercorp.com/collections/fung

us-yeasts-molds-and-mushrooms/products/pre-order-amadou-tulip-hat. (accessed on 24 

May 2023). 

60.  Hordon How to Make Amadou Tinder. Available online: 

https://www.beaverbushcraft.co.uk/page_4140610.html. (accessed on 24 May 2023). 

61.  Deeg, K.; Gima, Z.T.; Smith, A.; Stoica, O.C.; Tran, K. Greener Solutions : Improving 

Performance of Mycelium-Based Leather Final Report to MycoWorks.; 2017. 

62.  Bustillos, J.; Loganathan, A.; Agrawal, R.; Gonzalez, B.A.; Perez, M.G.; Ramaswamy, S.; 

Boesl, B.; Agarwal, A. Uncovering the Mechanical, Thermal, and Chemical Characteristics 



 

Viraj Whabi - Master of Science - 37 

 

of Biodegradable Mushroom Leather with Intrinsic Antifungal and Antibacterial Properties. 

ACS Appl. Bio Mater. 2020, 3, 3145ï3156, doi:10.1021/acsabm.0c00164. 

63.  Scullin, M.; Rigas, N. A Story of Superior Quality. ReishiTM 2020. 

64.  Roh, E.K. Mechanical Properties and Preferences of Natural and Artificial Leathers, and 

Their Classification with a Focus on Leather for Bags. Journal of Engineered Fibers and 

Fabrics 2020, 15, 155892502096882, doi:10.1177/1558925020968825. 

65.  Eun, J.H.; Lee, J.S. Study on the NCO Index and Base Knitted Fabric Substrates on the 

Thermal, Chemical, and Mechanical Properties of Solvent-Less Formulations Polyurethane 

Artificial Leather. Journal of Engineered Fibers and Fabrics 2020, 15, 1558925020916458, 

doi:10.1177/1558925020916458. 

66.  Ettinger, J. Balenciaga Goes ñLivestock-Freeò With a New ú9,000 Coat Made From 

Mycelium. Ethos 2022. 

67.  Davidson, L. Ecovative Announces Partners To Bring Mycelium Foam to the Fashion 

Industry. Available online: 

https://www.businesswire.com/news/home/20220322005069/en/Ecovative-Announces-

Partners-To-Bring-Mycelium-Foam-to-the-Fashion-Industry. (accessed on 8 December 

2022). 

68.  Greetham, L.; McIntyre, G.R.; Bayer, E.; Winiski, J.; Araldi, S. Mycological Biopolymers 

Grown in Void Space Tooling, US11277979B2, March 22 2022, (accessed on 8 December 

2022). 

69.  Compostable Foam: Breathable, Insulating, Water-Repellant | Ecovative. Available online: 

https://www.ecovative.com/pages/foams. (accessed on 23 November 2023). 

70.  Pelletier, M.G.; Holt, G.A.; Wanjura, J.D.; Bayer, E.; McIntyre, G. An Evaluation Study of 

Mycelium Based Acoustic Absorbers Grown on Agricultural By-Product Substrates. 

Industrial Crops and Products 2013, 51, 480ï485, doi:10.1016/j.indcrop.2013.09.008. 

71.  Asdrubali, F.; Schiavoni, S.; Horoshenkov, K.V. A Review of Sustainable Materials for 

Acoustic Applications. Building Acoustics 2012, 19, 283ï311, doi:10.1260/1351-

010X.19.4.283. 

72.  Bird, E.T.; Bowden, A.E.; Seeley, M.K.; Fullwood, D.T. Materials Selection of Flexible 

Open-Cell Foams in Energy Absorption Applications. Materials & Design 2018, 137, 414ï

421, doi:10.1016/j.matdes.2017.10.054. 

73.  Hamlyn, P.F.; Schmidt, R.J. Potential Therapeutic Application of Fungal Filaments in 

Wound Management. Mycologist 1994, 8, 147ï152, doi:10.1016/S0269-915X(09)80176-6. 

74.  Khamrai, M.; Banerjee, S.L.; Kundu, P.P. A Sustainable Production Method of Mycelium 

Biomass Using an Isolated Fungal Strain Phanerochaete Chrysosporium (Accession No: 

KY593186): Its Exploitation in Wound Healing Patch Formation. Biocatalysis and 

Agricultural Biotechnology 2018, 16, 548ï557, doi:10.1016/j.bcab.2018.09.013. 

75.  Antinori, M.E.; Contardi, M.; Suarato, G.; Armirotti, A.; Bertorelli, R.; Mancini, G.; 

Debellis, D.; Athanassiou, A. Advanced Mycelium Materials as Potential Self-Growing 

Biomedical Scaffolds. Sci Rep 2021, 11, 12630, doi:10.1038/s41598-021-91572-x. 

76.  Narayanan, K.B.; Zo, S.M.; Han, S.S. Novel Biomimetic Chitin-Glucan Polysaccharide 

Nano/Microfibrous Fungal-Scaffolds for Tissue Engineering Applications. International 

Journal of Biological Macromolecules 2020, 149, 724ï731, 

doi:10.1016/j.ijbiomac.2020.01.276. 

77.  Ifuku, S.; Nomura, R.; Morimoto, M.; Saimoto, H. Preparation of Chitin Nanofibers from 

Mushrooms. Materials 2011, 4, 1417ï1425, doi:10.3390/ma4081417. 



 

Viraj Whabi - Master of Science - 38 

 

78.  Zhu, K.; Shi, S.; Cao, Y.; Lu, A.; Hu, J.; Zhang, L. Robust Chitin Films with Good 

Biocompatibility and Breathable Properties. Carbohydrate Polymers 2019, 212, 361ï367, 

doi:10.1016/j.carbpol.2019.02.054. 

79.  Huang, J.; Zhong, Y.; Zhang, L.; Cai, J. Extremely Strong and Transparent Chitin Films: A 

High-Efficiency, Energy-Saving, and ñGreenò Route Using an Aqueous KOH/Urea 

Solution. Advanced Functional Materials 2017, 27, 1701100, 

doi:10.1002/adfm.201701100. 

80.  King, C.; Shamshina, J.L.; Gurau, G.; Berton, P.; Khan, N.F.A.F.; Rogers, R.D. A Platform 

for More Sustainable Chitin Films from an Ionic Liquid Process. Green Chem. 2017, 19, 

117ï126, doi:10.1039/C6GC02201D. 

81.  Müller, C.; Klemm, S.; Fleck, C. Bracket Fungi, Natural Lightweight Construction 

Materials: Hierarchical Microstructure and Compressive Behavior of Fomes Fomentarius 

Fruit Bodies. Appl. Phys. A 2021, 127, 178, doi:10.1007/s00339-020-04270-2. 

82.  van den Brandhof, J.G.; Wösten, H.A.B. Risk Assessment of Fungal Materials. Fungal Biol 

Biotechnol 2022, 9, 1ï20, doi:10.1186/s40694-022-00134-x. 

83.  Ko, K.S.; Jung, H.S. Molecular Phylogeny of Trametes and Related Genera. Antonie Van 

Leeuwenhoek 1999, 75, 191ï199, doi:10.1023/A:1001732532122. 

84.  PleszczyŒska, M.; Lemieszek, M.K.; Siwulski, M.; Wiater, A.; Rzeski, W.; Szczodrak, J. 

Fomitopsis Betulina (Formerly Piptoporus Betulinus): The Icemanôs Polypore Fungus with 

Modern Biotechnological Potential. World J Microbiol Biotechnol 2017, 33, 83, 

doi:10.1007/s11274-017-2247-0. 

85.  Sun, W.; Tajvidi, M.; Hunt, C.G.; Howell, C. All-Natural Smart Mycelium Surface with 

Tunable Wettability. ACS Appl. Bio Mater. 2021, 4, 1015ï1022, 

doi:10.1021/acsabm.0c01449. 

86.  PiŃtek, M.; Seta, D.; Szczepkowski, A. Notes on Polish Polypores 5. Synopsis of the Genus 

Spongipellis. Acta Mycologica 2004, 39, 25ï32, doi:10.5586/am.2004.005. 

87.  Nagadesi, P.K.; Rampilla, V. New Records of Wood Inhabiting Fungal Species from 

Kondapalli Reserved Forest of Central Eastern Ghats, India. Plant Science Today 2021, 8, 

693ï698, doi:10.14719/pst.2021.8.3.1150. 

88.  Storck, R.; Nobles, M.K.; Alexopoulos, C.J. The Nucleotide Composition of 

Deoxyribonucleic Acid of Some Species of Hymenochaetaceae and Polyporaceae. 

Mycologia 1971, 63, 38ï49, doi:10.1080/00275514.1971.12019080. 

89.  Fischer, M. A New Wood-Decaying Basidiomycete Species Associated with Esca of 

Grapevine: Fomitiporia Mediterranea (Hymenochaetales). Mycol Progress 2002, 1, 315ï

324, doi:10.1007/s11557-006-0029-4. 

90.  Estévez, S.C.; Lago, J.M.C. Fomitopsis iberica, un políporo agente de pudrición marrón. 

Micolucus 2018, 38ï43. 

91.  Kim, K.M.; Yoon, Y.-G.; Jung, H.S. Evaluation of the Monophyly of Fomitopsis Using 

Parsimony and MCMC Methods. Mycologia 2005, 97, 812ï822, 

doi:10.1080/15572536.2006.11832773. 

92.  Bhosle, S.; Ranadive, K.; G, B.; S, G.; G, D.; J, V. Taxonomy and Diversity of Ganoderma 

from the Western Parts of Maharashtra (India). Mycosphere 2010, 1, 249-262. 

93.  Miettinen, O.; Larsson, E.; Sjökvist, E.; Larsson, K.-H. Comprehensive Taxon Sampling 

Reveals Unaccounted Diversity and Morphological Plasticity in a Group of Dimitic 

Polypores (Polyporales, Basidiomycota). Cladistics 2012, 28, 251ï270, doi:10.1111/j.1096-

0031.2011.00380.x. 



 

Viraj Whabi - Master of Science - 39 

 

94.  Wang, C.-G.; Dai, Y.-C. Phylogeny and Taxonomy of Spongipellis (Polyporales, 

Basidiomycota) and Its Micromorphological Similar Genera. Mycol Progress 2022, 21, 73, 

doi:10.1007/s11557-022-01817-w. 

95.  Sotome, K.; Akagi, Y.; Lee, S.S.; Ishikawa, N.K.; Hattori, T. Taxonomic Study of Favolus 

and Neofavolus Gen. Nov. Segregated from Polyporus (Basidiomycota, Polyporales). 

Fungal Diversity 2013, 58, 245ï266, doi:10.1007/s13225-012-0213-6. 

96.  Li, J.; Han, L.-H.; Liu, X.-B.; Zhao, Z.-W.; Yang, Z.L. The Saprotrophic Pleurotus Ostreatus 

Species Complex: Late Eocene Origin in East Asia, Multiple Dispersal, and Complex 

Speciation. IMA Fungus 2020, 11, 10, doi:10.1186/s43008-020-00031-1. 

97.  Pildain, M.B.; Rajchenberg, M. The Phylogenetic Position of Postia s.1. (Polyporales, 

Basidiomycota) from Patagonia, Argentina. Mycologia 2013, 105, 357ï367. 

98.  Lentz, P.L. Taxonomy of Stereum and allied genera. Sydowia 1960, 14. 

99.  Wu, S.H.; Chen, Z.C. Pulcherricium Caeruleum New Record Fr. Parm. Corticiaceae 

Basidiomycetes a New Record from Taiwan. Taiwania 1989, 34, 1ï4. 

100.  Antinori, M.E.; Ceseracciu, L.; Mancini, G.; Heredia-Guerrero, J.A.; Athanassiou, A. Fine-

Tuning of Physicochemical Properties and Growth Dynamics of Mycelium-Based 

Materials. ACS Appl. Bio Mater. 2020, 3, 1044ï1051, doi:10.1021/acsabm.9b01031. 

101.  Cabarroi-Hernández, M.; Villalobos-Arámbula, A.R.; Mabel Gisela Torres-Torres; Decock, 

C.; Guzmán-Dávalos, L. The Ganoderma Weberianum-Resinaceum Lineage: Multilocus 

Phylogenetic Analysis and Morphology Confirm G. Mexicanum and G. Parvulum in the 

Neotropics. MycoKeys 2019, 59, 95ï131, doi:10.3897/mycokeys.59.33182. 

102.  Pegler, D.N. Lentinus Fr. and Related Genera from Congo-Kinshasa (Fungi). Bulletin du 

Jardin botanique national de Belgique / Bulletin van de National Plantentuin van België 

1971, 41, 273ï281, doi:10.2307/3667639. 

103.  Johnson, J. A Biosystematic Study of Panus Conchatus (Basidiomycetes; Agaricales). MSc, 

Eastern Illinois University, 1992. 

104.  Appels, F.V.W.; Dijksterhuis, J.; Lukasiewicz, C.E.; Jansen, K.M.B.; Wösten, H.A.B.; 

Krijgsheld, P. Hydrophobin Gene Deletion and Environmental Growth Conditions Impact 

Mechanical Properties of Mycelium by Affecting the Density of the Material. Sci Rep 2018, 

8, 4703, doi:10.1038/s41598-018-23171-2. 

105.  Géry, A.; Dubreule, C.; André, V.; Rioult, J.-P.; Bouchart, V.; Heutte, N.; Eldin de Pécoulas, 

P.; Krivomaz, T.; Garon, D. Chaga (Inonotus Obliquus), a Future Potential Medicinal 

Fungus in Oncology? A Chemical Study and a Comparison of the Cytotoxicity Against 

Human Lung Adenocarcinoma Cells (A549) and Human Bronchial Epithelial Cells (BEAS-

2B). Integr Cancer Ther 2018, 17, 832ï843, doi:10.1177/1534735418757912. 

106.  Vincent-Davies, S. Relationships between Mycogone Perniciosa Magnus and Its Host 

Agaricus Bisporus (Ige.) Sing. - The Cultivated Mushroom. PhD, University of Bath, 1972. 

107.  Gargano, M.L.; Zervakis, G.I.; Isikhuemhen, O.S.; Venturella, G.; Calvo, R.; Giammanco, 

A.; Fasciana, T.; Ferraro, V. Ecology, Phylogeny, and Potential Nutritional and Medicinal 

Value of a Rare White ñMaitakeò Collected in a Mediterranean Forest. Diversity 2020, 12, 

230, doi:10.3390/d12060230. 

108.  Blum, D. Breeding And Preliminary Characterization Of Novel Lentinula Edodes (Shiitake) 

Strains. MSc, North Carolina Agricultural and Technical State University, 2013. 

109.  Koc, B.; Akyuz, L.; Cakmak, Y.S.; Sargin, I.; Salaberria, A.M.; Labidi, J.; Ilk, S.; Cekic, 

F.O.; Akata, I.; Kaya, M. Production and Characterization of Chitosan-Fungal Extract 

Films. Food Bioscience 2020, 35, 100545, doi:10.1016/j.fbio.2020.100545. 



 

Viraj Whabi - Master of Science - 40 

 

110.  Justo, A.; Miettinen, O.; Floudas, D.; Ortiz-Santana, B.; Sjökvist, E.; Lindner, D.; Nakasone, 

K.; Niemelä, T.; Larsson, K.-H.; Ryvarden, L.; et al. A Revised Family-Level Classification 

of the Polyporales (Basidiomycota). Fungal Biology 2017, 121, 798ï824, 

doi:10.1016/j.funbio.2017.05.010. 

111.  Chien, M.-Y.; Chen, L.-C.; Chen, Y.-C.; Sheu, M.-T.; Tsai, Y.-C.; Ho, H.-O.; Su, C.-H.; 

Liu, D.-Z. Mycelial Mattress from a Sporangia Formation-Delayed Mutant of Rhizopus 

Stolonifer as Wound Healing-Enhancing Biomaterial. PLOS ONE 2015, 10, e0134090, 

doi:10.1371/journal.pone.0134090. 

112.  Global Biodiversity Information Facility (GBIF). Available online: https://www.gbif.org/. 

(accessed on 10 May 2023). 

113.  Jones, M.; Huynh, T.; John, S. Inherent Species Characteristic Influence and Growth 

Performance Assessment for Mycelium Composite Applications. Advanced Materials 

Letters 2018, 9, 71ï80, doi:10.5185/amlett.2018.1977. 

114.  Porter, D.L.; Naleway, S.E. Hyphal Systems and Their Effect on the Mechanical Properties 

of Fungal Sporocarps. Acta Biomaterialia 2022, 145, 272ï282, 

doi:10.1016/j.actbio.2022.04.011. 

115.  Pegler, D.N. Hyphal Analysis of Basidiomata. Mycological Research 1996, 100, 129ï142, 

doi:10.1016/S0953-7562(96)80111-0. 

116.  Porter, D.L.; Malik, H.; Elliott, C.; Carlson, K.; Naleway, S.E. Bioinspired Hydrophilic and 

Oleophilic Absorption Media from Biotemplated Fungi. Advanced Engineering Materials 

2022, 25, 2200945, doi:10.1002/adem.202200945. 

117.  Pylkkänen, R.; Werner, D.; Bishoyi, A.; Weil, D.; Scoppola, E.; Wagermaier, W.; Safeer, 

A.; Bahri, S.; Baldus, M.; Paananen, A.; et al. The Complex Structure of Fomes Fomentarius 

Represents an Architectural Design for High-Performance Ultralightweight Materials. 

Science Advances 2023, 9, eade5417, doi:10.1126/sciadv.ade5417. 

118.  Islam, M.R.; Tudryn, G.; Bucinell, R.; Schadler, L.; Picu, R.C. Morphology and Mechanics 

of Fungal Mycelium. Sci Rep 2017, 7, 13070, doi:10.1038/s41598-017-13295-2. 

119.  Feofilova, E.P. The Fungal Cell Wall: Modern Concepts of Its Composition and Biological 

Function. Microbiology 2010, 79, 711ï720, doi:10.1134/S0026261710060019. 

120.  Whiteford, J.R.; Spanu, P.D. Hydrophobins and the Interactions between Fungi and Plants. 

Molecular Plant Pathology 2002, 3, 391ï400, doi:10.1046/j.1364-3703.2002.00129.x. 

121.  van Wetter, M.-A.; Schuren, F.H.J.; Schuurs, T.A.; Wessels, J.G.H. Targeted Mutation of 

the SC3 Hydrophobin Gene of Schizophyllum Commune Affects Formation of Aerial 

Hyphae. FEMS Microbiology Letters 1996, 140, 265ï269, doi:10.1111/j.1574-

6968.1996.tb08347.x. 

122.  van Wetter, M.-A.; Wösten, H.A.B.; Wessels, J.G.H. SC3 and SC4 Hydrophobins Have 

Distinct Roles in Formation of Aerial Structures in Dikaryons of Schizophyllum Commune. 

Molecular Microbiology 2002, 36, 201ï210, doi:10.1046/j.1365-2958.2000.01848.x. 

123.  van Wetter, M.-A.; Wösten, H.A.B.; Sietsma, J.H.; Wessels, J.G.H. Hydrophobin Gene 

Expression Affects Hyphal Wall Composition in Schizophyllum Commune. Fungal 

Genetics and Biology 2000, 31, 99ï104, doi:10.1006/fgbi.2000.1231. 

124.  Valiante, V.; Macheleidt, J.; Föge, M.; Brakhage, A.A. The Aspergillus Fumigatus Cell 

Wall Integrity Signaling Pathway: Drug Target, Compensatory Pathways, and Virulence. 

Frontiers in Microbiology 2015, 6. 

125.  Lugones, L.G.; Wösten, H.A.B.; Birkenkamp, K.U.; Sjollema, K.A.; Zagers, J.; Wessels, 

J.G.H. Hydrophobins Line Air Channels in Fruiting Bodies of Schizophyllum Commune 



 

Viraj Whabi - Master of Science - 41 

 

and Agaricus Bisporus. Mycological Research 1999, 103, 635ï640, 

doi:10.1017/S0953756298007552. 

126.  Wösten, H.A.; Bohlmann, R.; Eckerskorn, C.; Lottspeich, F.; Bölker, M.; Kahmann, R. A 

Novel Class of Small Amphipathic Peptides Affect Aerial Hyphal Growth and Surface 

Hydrophobicity in Ustilago Maydis. The EMBO Journal 1996, 15, 4274ï4281, 

doi:10.1002/j.1460-2075.1996.tb00802.x. 

127.  Xu, D.; Wang, Y.; Keerio, A.A.; Ma, A. Identification of Hydrophobin Genes and Their 

Physiological Functions Related to Growth and Development in Pleurotus Ostreatus. 

Microbiological Research 2021, 247, 126723, doi:10.1016/j.micres.2021.126723. 

128.  Schaak, D. Bio-Manufacturing Process, US20190322997A1, October 24 2019, (accessed 

on 13 December 2022). 

129.  Dighton, J.; White, J.; Oudemans, P. The Fungal Community: Its Organization and Role in 

the Ecosystem, Second Edition; CRC Press, 1992; ISBN 978-0-8247-8605-2. 

  



 

Viraj Whabi - Master of Science - 42 

 

Chapter 2  

 

Genetically-tailored bespoke mycelial films derived from 

Schizophyllum commune 

Viraj Whabi, Jianping Xu 

 

  



 

Viraj Whabi - Master of Science - 43 

 

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 systematically selecting specific phenotypes that have ideal 

mechanical and physiochemical properties. Schizophyllum commune is a cosmopolitan mushroom 

species with over 23,000 mating types and is a great model to explore due to its remarkable genetic 

and phenotypic diversity reflected in its varied color, size, and structure. This study focuses on 

four divergent monokaryotic strains of S. commune sourced globally, and their set of twelve 

dikaryotic progeny, each with their own unique combinations of nuclear and mitochondrial DNA. 

First, the triphasic growth of each strain was modelled on standard plates over 7 days at 30 °C. 

Subsequently, mycelial mats from each strain were cultivated through liquid-state surface 

fermentation for 12 days, followed by varying treatments (polyethylene 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 characterization, 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 hydrophobicity. Further chemical analyses through FTIR showed 

that crosslinking across strains is not ubiquitous, and these differences offered two-layer tunability 

to precisely optimize and tailor mycelial materials for potential applications in textiles, coatings, 

and mycoremediation. 
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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 materials [1,2]. Considering the historically 

high levels of demand for Earthôs natural resources, there needs to be a paradigm shift in choosing 

materials that aim to reduce societyôs impacts on climate change in a more circular economy [3ï

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 yesteryear. Pure mycelial 

materials, including mycelium-based leathers, mycelial films, and high-performance fungal foams, 

leverage the dense, adaptable hyphae networks of a variety of fungal species to optimize material 

performance [2,6]. The performance of PMMs is often attributed to their processing which include 

plasticizing, heat-treating, dehydrating, tanning, or binding [1,7ï12]. However, there is a lack of 

clarity on what allows for some species or strains to be more successful than others when they 

undergo identical processing [13ï15]. Material scientists know that the addition of carbon into 

iron provides solid solution hardening in the resultant steel, but why would mycelium-based 

leathers derived from Rhizopus delemar be stronger than ones derived from Fomitella fraxinea 

[1,2,10,16,17]? Unlike metals or synthetic plastics, the intricate structure and networking of the 

hyphal fibers found in PMMs are dependent on a litany of abiotic and biotic factors, namely 

genetics [18,19]. 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.  

The cosmopolitan splitgill (Schizophyllum commune) is one fungi species of interest as it exhibits 

an exceptional amount of genotypic diversity within its span of 23,000 sexually-compatible mating 

types [18,20ï23]. 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 factors [20,23ï28]. For example, the characteristic expression of 

hydrophobin genes in this species controls the hyphal wall composition by determining the ratio 

of glucan-linked chitin to schizophyllan mucilage [18,27,28]. Strains of S. commune with low to 

no expression of this hydrophobin gene can exhibit a greater proportion of the water-soluble 

schizophyllan in their cell walls which, in turn, results in a lack of the thicker, hydrophobic aerial 

hyphae [18,27]. For mycofabricated materials, the compositional differences in cell wall 

materialize as substantial differences in density, strength, and stiffness [18,28]. With a larger group 

of genetically diverse strains, how many other variations can be observed and how can they be 

used to tune PMMs? To evaluate whether strain-based optimization is possible, this study 

examines different strains of S. commune to elucidate the extent at which genetic factors affect the 

performance of mycelial films [11,29]. 

With unique, yet compatible sexes, 4 monokaryons from distinct geographical locations were 

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 growing mycelial mats, plasticizing them, and evaluating their 

mechanical and physical properties [1,13]. At every stage, the impacts of different strain factors 

will be evaluated: strain karyotype (monokaryon vs. dikaryon), mitochondrial haplotype, nuclear 

haplotype, and their interactions. Literature 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 dikaryons [30,24,31]. However, the impacts of nuclear and 

mitochondrial lineages for S. commune are 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 characteristics. Do strains demonstrate different growth 
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characteristics with different genetic lineages? Do mitochondrial or nucleic lineages have a greater 

impact?  

Fungal biomass derived from LSSF has been successfully utilized in the creation of mycelial films 

that can be easily tuned to fit a wide range of functions such as nanopapers, binding agents, 

coatings, and membranes [1,8,13]. 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 (PEG-400). Both glycerol and PEG-400 are low 

carbon footprint plasticizers commonly used to manipulate the physiochemical properties of 

organic materials through the process of crosslinking [1,9,32,33]. In application, PEG is known to 

crosslink externally by constructing weak second-order bonding between adjacent chains of 

structures like chitin or chitosan [32]. While increasing the mobility of key acetamide groups, PEG 

forms only singular H-bonds with the chitosan, allowing the PEG molecules to travel freely and 

recrystallize the structure into a stiffer material [1,9,32]. Conversely, glycerol crosslinks internally 

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

the glycerol molecules have been shown to form three H-bonds with the glucosamine units of 

chitosan. [32,33]. These bonds lead to the immobilization of both the acetamide groups and the 

glycerol molecules themselves, increasing spaces throughout the structure and, in turn, increasing 

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 PEG-400 does? With all these questions posed, the 

statistical analysis 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 of monokaryotic strains 

The 4 monokaryotic strains of S. commune used 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 as H4-8, from Massachusetts, USA is 

the reference strain for S. commune. Nutritive 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 pH of 6 [34]. This YMDPc agar was placed in a 

steam autoclave cycle with a hold step at 121 ºC for at least 30 minutes, before being poured into 

sterile 92x16 mm plates to 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 at 30 °C for 7 days 

[1,34,35]. These nutritional and environmental conditions were chosen as they have been show to 

optimize vegetative growth in S. commune [34,35]. The stock culture plates were stored at 4 °C 

for further use. 

2.2.2 Monokaryon-monokaryon mating 

The 4 monokaryons were combined in 6 pairs to spawn 12 dikaryotic progeny through 

monokaryon-monokaryon symmetrical mating [24,30]. 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 30 °C. Mating pairs of monokaryons spawn two equally sized dikaryons with identical 

nuclear haplotypes as the nuclei migrate reciprocally, but with different mitochondria, which do 

not migrate during mating [24]. The mechanism of mating in Basidiomycete fungi forms clamp 

connections between fungal cells during the migration of nuclei [24,36,37].  
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All dikaryons were transferred by the same plug method onto fresh plates and incubated at 30 °C 

for the requisite 7 days. In order to confirm that mating was successful, light microscopy was used 

to confirm the formation of clamp connections in dikaryotic strains [37]. Slides were prepared by 

transferring loops of dikaryotic mycelia to a drop of sterile water, and then observed in the 

dissecting microscope at 40x magnification. Once the presence of the clamp structures was 

confirmed, all mycelium plates were stored in a fridge at 4 °C. All strains with their nuclear and 

mitochondrial haplotypes are listed in Table 2.1. 

Table 2.1 ï Schizophyllum commune strains: monokaryons and dikaryons 

Strain Name Code Strain Type Nuclear Haplotype Mitochondrial Haplotype Location 

UM636 
Ŭ Monokaryon n_Ŭ mt_Ŭ 

Siempre Verde, Ecuador 

UM1704 
ɓ Monokaryon n_ɓ mt_ɓ 

Cabo Pulmo, Mexico 

UM1149 (H4-8) 
ɔ Monokaryon n_ɔ mt_ɔ 

Massachusetts, USA 

UM1155 
ŭ Monokaryon n_ŭ mt_ŭ 

Moscow, Russia 

UM1704/636m 
ɓŬ Dikaryon n_Ŭɓ mt_Ŭ 

- 

UM1149/636m 
ɔŬ Dikaryon n_Ŭɔ mt_Ŭ 

- 

UM1155/636m 
ŭŬ Dikaryon n_Ŭŭ mt_Ŭ 

- 

UM636/1704m 
Ŭɓ Dikaryon n_Ŭɓ mt_ɓ 

- 

UM1149/1704m 
ɔɓ Dikaryon n_ɓɔ mt_ɓ 

- 

UM1155/1704m 
ŭɓ Dikaryon n_ɓŭ mt_ɓ 

- 

UM636/1149m 
Ŭɔ Dikaryon n_Ŭɔ mt_ɔ 

- 

UM1704/1149m 
ɓɔ Dikaryon n_ɓɔ mt_ɔ 

- 

UM1155/1149m 
ŭɔ Dikaryon n_ɔŭ mt_ɔ 

- 

UM636/1155m 
Ŭŭ Dikaryon n_Ŭŭ mt_ŭ 

- 

UM1704/1155m 
ɓŭ Dikaryon n_ɓŭ mt_ŭ 

- 

UM1149/1155m 
ɔŭ Dikaryon n_ɔŭ mt_ŭ 

- 
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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 at 30 °C for 7 days. In the meanwhile, 

media broth containing the same YMDPc components was prepared, autoclaved at 121 ºC, and 

poured into sterile 50 ml conical tubes. 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 least 1 minute, 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 shaking-plate incubator set to 30 °C and 150 

rpm for 4 days. The tubes were then transferred to a static incubator set to 30 °C [1]. These liquid 

cultures were stored in a 4 °C fridge as stock LCôs, and working cultures were made by aliquoting 

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 sterile 15-ml Falcon 

tube containing 10 ml of sterile YMDPc. The tube was left to incubate statically at 30 °C for 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 ml microcentrifuge 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 majority of the mycelia had been broken down.  
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In a fumehood, 600 ɛl of freshly prepared cetyltrimethylammonium bromide (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 was prepared. After the requisite 30 minutes of extraction, 

600 ɛl of the 24:1 solution was added to the same tube which is then vortexed for 1 minute and 

then centrifuged for 5 minutes at 13000 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 least 500 ɛl) was 

then transferred to a fresh tube while carefully avoiding any of the mycelial tissue. 550 ɛl of ice-

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 left a visible, sticky pellet at the very bottom of the tube. The pellet was soaked 

in 50 ɛl 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 50 ɛl of 1x Tris-EDTA (TE) buffer, and stored in a freezer at -20 °C. 

2.2.5 PCR Fingerprinting 

In addition to using light microscopy to verify mating success, polymerase chain reaction (PCR) 

fingerprinting using a single oligonucleotide primer was used to differentiate the monokaryotic 

progenitors to their dikaryotic progeny. The OPA-03 oligonucleotide (5ǋ-AGTCAGCCAC -3ǋ) is 

a common random amplified polymorphic DNA (RAPD) marker that shown great efficacy in 

outlining genetic relationships between strains of Schizophyllum commune [35,38,39]. 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 cycles of further 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 at 4 °C [38].  

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 (containing Tris base, acetic 

acid and EDTA) bath at 70 V for 3 hours. As the gels were to be observed under UV light, (17.5 

ul of 10 ug/ml concentration) of ethidium bromide was added to stain the amplified products. 

Fragments were sized in comparison to the 1 kb plus ladder from Froggabio. For each strain isolate, 

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

a 10-digit fingerprinting genotype. 

2.2.6 Radial growth testing 

Before mycofabrication, it was important to document the strainsô individual growth 

characteristics while controlling incubation conditions such as temperature and nutritive media. 

The growth of the total 16 strains were measured radially over a 7-day period in triplicate to 

identify how they fared on YMDPc agar plates at a temperature of 30 °C [34,35]. For each strain, 

plates were inoculated with a mycelial plug (5 mm x 5 mm) placed on the centre of plates. Pictures 

were taken every day so that the changes in growth could be measured with ImageJ, while hyphal 

density was noted qualitatively [40].  

Mycelial growth is divided into three key phases: lag, log and stationary [31,34]. To characterize 

the strains, the raw growth data was used to identify three analogous metrics: lag length, maximal 

growth rate, and overall colony size. Lag length was determined by counting the number of days 

of zero-growth. Maximal rate was determined by calculating maximum rate of growth exhibited 

by the strain over the 7-day growth process during their log phase in mm/h. It should be noted that 



 

Viraj Whabi - Master of Science - 52 

 

the plateau of the stationary phase could not be measured for all strains due to the size limitations 

of the petri dishes used. Instead, the final radius of the strain colony taken 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-state surface fermentation (LSSF) 

For materials testing, mycelial mats for each strain were grown through liquid-state surface 

fermentation for over 12 days with the same nutrition and temperature conditions. Rather 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 vessel for LSSF were 

recycled 10 ɛl 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 121 ºC. After leaving them 

to cool overnight, they were taken 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 4-day static conditions. For LSSF, 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 double-sealed with Parafilm to protect from environmental contaminants, and then stored in 

a static incubator for 12 days ay 30 ºC. At the end of the incubation, 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 Post-processing and mycofabrication 

To transform the fluffy mycelia biomass into functional films, post-processing steps such as 

chemical crosslinking, and dehydration were employed [1,9,10,41]. Chemical crosslinking 

tightens the structure of the chitosan in the mycelium, like how tanning is used to strengthen the 

collagen of bovine leathers. In this study, two crosslinkers, polyethylene glycol 400 (PEG) and 

glycerol, are used as they have been both to offer distinct materials properties to mycelium. Both 

these crosslinkers were used in this study to compare the advantages they each offer to S. commune. 

Dehydration was used to densify the fluffy mycelium, drive off the majority of the moisture, and 

make the resulting mycelial films stable for long-term storage [1]. 

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 PEG-400 [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 placed in a petri 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 sampleôs width and height were measured by micrometer. The thickness of each 

sample was measured using the Keyence WH-ZST digital microscope, and 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. As not all films were flexible and ductile, a low-

force mechanical testing apparatus called the CellScale Microsquisher was used [42ï45]. Samples 

were secured using the sets of tensile forks, and then pulled at a strain rate of 0.06 min-1 until 

mechanical fracture. The data on displacement and tensile force were exported from CellScaleôs 

SquisherJoy software and plotted as stress-strain curves. The Youngôs modulus, or elastic modulus 

(E), was determined by calculating the slope of the linear portion of the stress-strain curve, and 

shows how stiff the material is. Some strains did not achieve ductile fracture, and as such, the 

ultimate tensile strength could not be determined from their tensile data. Instead, the maximum 

strength (smax) was taken from the peak maximum stress of the stress-strain curve to get a better 

idea of how the brittle films compared with the other films. To properly assess the performance 

efficiency of the materialôs strength and stiffness, both metrics were normalized by their density 

to get their specific strength and their specific stiffness. Next, the elongation at break (%EL) was 

taken from the final strain of the sample at the end of the curve, representing the ductility of each 

material. Finally, the modulus of toughness (UT) was calculated by summing the area under the 

tensile curve.  

The material properties were all plotted and grouped by their strain-crosslinker 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 families [46]. 

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 gold. The electron beam was set to 5 
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kV and 0.4 nA, and the surface morphologies were observed using the microscopeôs Evert-

Thorndale detector (ETD). Images were taken at 1200x, 5000x, and 12000x.  

Fourier Transform Infrared Spectroscopy (FTIR) were used to identify the organic compounds in 

the different mycelial films. Using the ThermoFisher Nicolet 6700 FT-IR at wavelengths of 4000 

to 500 cm-1, 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 materials [1,18,48ï51].  

Static water contact angle (ɗwet) measurements were taken to characterize the hydrophobicity of 

the films. For all biological triplicates, 10 ml 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 ImageJôs ContactAngle package to grade the filmôs wetting [40]. If ɗwet was lower than 

90°, the film would be considered hydrophilic while anything higher would be hydrophobic. 

Furthermore, the film would be considered superhydrophilic below 10Á, and superwicking if ɗwet 

~ 0 [52].  

2.2.11 Statistical Testing 

All statistical tests were conducted in R, and visualized using the ggplot2 package [53,54]. For all 

quantitative 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, etc.) were tested 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 partial eta-squared (hpartial
2). The 

interactions between these effects were similarly evaluated in this 3-way ANOVA. The 

mitochondria-nuclei interactions (M:N), if observed, would highlight whether each of the 16 

unique strains varied. As crosslinkers do not work independently of microstructure, their 

interactions with mitochondrial (C:M) or nuclear typing (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. Post-hoc analysis were made using Rôs emmeans 

package to find the estimated marginal means (emmeans) of different groups of interest [55]. 

Bonferroni-corrected pairwise comparisons were used to distinguish which groups were 

significantly different and labelled using a complex letter display. Additional contrasts were shown 

with forest plots to understand how the effects differ among strain families (each 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 distinguished from one another. 

In some cases, transforming the responses could not be justified and as a result, parametric testing 

of ANOVAôs could not be completed. Instead, non-parametric Kruskal-Wallis tests were 

conducted on the independent effects of strain, mitochondria, nuclei or crosslinker using Rôs rstatix 

package [56]. Similar to the ANOVA, significance was determined with their p-value and their 

effect sizes were quantified by their eta squared (h2). Post-hoc Dunn tests were used to evaluate 

how different the groups were using their z-statistic.  
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2.3 Results and Discussion 

2.3.1 DNA Fingerprinting 

The PCR containing OPA-03 generated 12 polymorphic bands, as 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, with Ŭ and ɓ 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 least 58% of their progenitorsô bands. Furthermore, sibling dikaryons had 

the exact same fingerprints in most cases with exception to the n_ɓɔ and n_ɓŭ sets. The n_ɓɔ 

siblings shared 10/12 bands while the n_ɓŭ siblings 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 template [57]. All the visible fingerprinting profiles are listed in Table 2.2. 



 

Viraj Whabi - Master of Science - 58 

 

 

Figure 2.1 ï Exemplary polymorphic DNA profiles of Schizophyllum commune strains as amplified by the OPA-

3 oligonucleotide primer. Electrophoresis on 2% agarose gel with referential 1 Kb Plus DNA ladder in the last lane. 

Table 2.2 ï Fingerprinting genotype of S. commune strains. 

Strain Name Strain Code Nuclear Haplotype(s) Fingerprinting Genotype Inherited Bands? 

UM636 Ŭ n_Ŭ 0000 0110 1001a - 

UM1704 ɓ n_ɓ 1000 0100 1001b - 

UM1149 (H4-8) ɔ n_ɔ 1001 1100 0100c - 

UM1155 ŭ n_ŭ 0110 0110 0010d - 

UM1704/636m ɓŬ  n_Ŭɓ 1000 0110 1001e 12/12 

UM1149/636m ɔŬ n_Ŭɔ 1001 1110 1101f 12/12 

UM1155/636m ŭŬ n_Ŭŭ 0110 0110 1011g 12/12 

UM636/1704m Ŭɓ n_Ŭɓ 1000 0110 1001e 12/12 

UM1149/1704m ɔɓ n_ɓɔ 1101 1100 1001h 8/12 

UM1155/1704m ŭɓ n_ɓŭ 0000 0000 1011i 7/12 

UM636/1149m Ŭɔ n_Ŭɔ 1001 1110 0101f 12/12 

UM1704/1149m ɓɔ n_ɓɔ 1001 0100 1001j 10/12 

UM1155/1149m ŭɔ n_ɔŭ 1001 1110 1110k 9/12 

UM636/1155m Ŭŭ n_Ŭŭ 0110 0110 1011g 12/12 

UM1704/1155m ɓŭ n_ɓŭ 1110 1100 1001l 8/12 

UM1149/1155m ɔŭ n_ɔŭ 1001 1110 1110k 9/12 

 

2.3.2 Strain growth modeling 

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

performed in the given conditions in terms of growth per day as seen in Figure 2.2a & b. Figure 
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2.2a shows the colony morphologies at day 7 for all strains. Figure 2.2b shows the average growth 

curves of the strains. The monokaryon ɔ grew thin, airy hyphae and reached the edge of the plate 

the fastest. On the other hand, Ŭ grew thick, opaque mats at a much slower pace. Dikaryons often 

mimicked their parentsô colony morphologies. For one, ŭ shared features with a few of its progeny 

(ɔŭ, ŭɔ, Ŭŭ & ŭŬ), which all grew symmetrical, circular colonies with a thicker annulus of growth 

around their exteriors. Similarly, Ŭ and some of its progeny (ɔŬ, Ŭɔ, Ŭɓ & ɓŬ) grew variable, 

asymmetric mats with dense and vertical mycelial growth.  

 

(a) 
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(b) 

Figure 2.2 ï Radial growth of S. commune strains over 7 days: a) Colony morphologies of all strains at day 7; b) 

Triphasic growth curves of S. commune strains. 

The key growth characteristics of interest can be seen in Figure 3. In terms of lag length, ŭ was the 

only monokaryotic strain to exhibit a lag length longer than the characteristic 1 day. On the other 

hand, ɔŬ was the only dikaryotic strain to consistently require only 1 day of lag length. Across all 

strains, the monokaryotic reference strain, ɔ, grew the fastest with a growth rate of 0.249 Ñ 0.005 

mm/h while the dikaryotic strain, ɓŬ, grew the slowest 0.126 Ñ 0.012 mm/h. These two strains 

perform similarly with regards to final colony radius with ɔ and ɓŬ having average radii of 40.968 

± 0.239 mm, and 21.095 ± 2.116 mm respectively.  
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Figure 2.3 ï Quantifying the triphasic growth of S. commune strains: a) Lag length (in days) 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 colony sizes across strains; 

Bonferroni-corrected, pairwise T-tests were conducted between each strain and the group mean. Kruskal-Wallis tests 

were used to compare the lag lengths across strains; Bonferroni-corrected, 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). 
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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 diameter. Strains with Ŭ-

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 exception was found in the Ŭ-ɔ family where the two siblings 

differed as ɔŬ grew slower than Ŭɔ. Karyotype contrasts could not distinguish the growth rates and 

final colony diameters of monokaryons and dikaryons. Within the dikaryon group, further post-

hoc analysis showed that the three dikaryons with the same ɔ-mitochondrial haplotype (Ŭɔ, ɓɔ, ŭɔ) 

had the highest emmeans in growth rate and colony size. This observation reflected how ɔ led the 

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 could not be conducted as planned. Instead, the 

non-parametric Kruskal-Willis tests showed that mitochondrial haplotype and karyotype were 

independently significant effects of moderate size. Among mitochondrial haplotypes, strains with 

ŭ-mitochondria experienced significantly longer lag lengths as compared to strains with Ŭ-

mitochondria. The ploidy contrasts demonstrated that dikaryotic strains experienced significantly 

longer lag lengths than monokaryons.  

Growth differences among different strains of fungi, let alone S. commune, are not a novel 

discovery, but it is how they differ that is of interest [35,58ï60]. For one, the finding that S. 

commune related 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 & Deppe [59,60]. Kotlin and Raper posited that it was the recessive gene dik+ that leads 

to the inheritance of morphology and growth from monokaryon to dikaryon [58]. 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 the same [35]. This 

study finds that mitochondria lineage is the more significant factor on the triphasic radial growth 

of S. commune strains.  
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2.3.3 Harvested mycelial yield 

The raw films are pictured in Figure 2.4. Like colonies on plates, the strains differed in their surface 

morphologies. The monokaryons Ŭ and ŭ 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 of ɔ and ɓ had patchy colonies of aerial hyphal growth intermittently 

distributed on the surfaces. Dikaryons could similarly be ranked on a scale of fluffy (Ŭɓ, Ŭɔ, ɓŬ, 

ɓɔ, ɔŬ, ɔɓ) to patchy (ɓŭ, ŭŬ, ɔŭ, ŭɓ, ŭɔ) to smooth (Ŭŭ). The majority of the dikaryons looked 

similarly patchy, except for Ŭŭ which was almost completely smooth like its parent ŭ.  

 

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

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 days of LSSF, ɔɓ mats weighed the lowest on 

average at 10.59 Ñ 2.18 g, while Ŭɔ mats weighed the highest on average at 24.01 Ñ 6.36 g as seen 

in Figure 2.5a. The results of the ANOVA showed that the main effects of mitochondrial and 

nuclear haplotypes were both large and significant, but nuclear haplotype had a greater effect size. 

Bonferroniôs grouping showed that the majority of strains clustered together due to the highly 

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 contrast between the parents in the 

ɓ-g cross and their progeny. Among dikaryons, the emmeans was used to identify which nuclear 

haplotype and mitochondrial haplotype had the greatest yield. Dikaryons of mitochondria type g 

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

their successful two-dimensional growth, g 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 plasticizer and 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 treatments against 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 group, ŭŬ mats weighed the lowest on average at 0.21 ± 0.02 g, while ɓ mats 

weighed the highest on average at 2.18 ± 0.09 g. In the glycerol group, Ŭɓ mats weighed the lowest 

on average at 2.08 ± 0.17 g, while Ŭɔ mats weighed the highest on average at 4.61 ± 0.59 g.  

For dry yield, ANOVA results showed that four effects were significant: the large crosslinker 

effect, the nuclear effect, the C:M interaction, and the C:N interaction. However, assessing dry 

yield was challenging without context, so it was best to assess how much mass was lost over the 

processing steps of crosslinking and dehydrating.  

 

 

Figure 2.5 ï S. commune yield after LSSF and post-processing of mats: raw mass of mycelium mat after 12 days 

of growth [n = 6] (top); dry mass of processed mycelial films after crosslinking and dehydration [n = 3] (bottom). 
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ANOVAs were used to compare the raw and dry yield across strains; Bonferroni-corrected, pairwise T-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). 

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 the combined 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 three-way interaction. Most of all, the crosslinker effect 

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

PEG-treated dikaryons lost 87.0 ± 2.88% as compared to the 96.6 ± 4.51% lost by the PEG-treated 

monokaryons. Conversely, glycerol-treated dikaryons lost 82.9 ± 2.46% as compared to the 79.8 

± 4.67% lost by the glycerol-treated monokaryons. In short, karyotype contrasts were mirrored: 

PEG-treated dikaryons lost more mass and glycerol-treated monokaryons lost more mass. Further 

familial analysis showed that among PEG-treated films, the progeny strains lost significantly more 

mass than their parents in every single case.  

Between the two groups of dikaryons, the crosslinking mirroring effect was observed when 

grouping by mitochondrial haplotype. Dikaryons with Ŭ-mitochondria the highest emmeans of 

weight loss when treated with PEG but had the lowest 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 foreshadow the all-encompassing impact 

of crosslinking in mycelial films. It is already known that while both are humectants, glycerol is 

more hydroscopic than PEG-400 meaning that it is much more difficult to dehydrate [61]. 

Furthermore, glycerol tends to form strong O-H bonds when plasticizing meaning that is much 
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less prone to diffusing out of the film as compared to PEG-400 [32]. 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 come from the variable fungal cell wall compositions across strains? 

  



 

Viraj Whabi - Master of Science - 69 

 

2.3.4 Optical and Electron Microscopy 

The variations in microstructure and surface morphology were immediately apparent in optical 

microscopy as observed in Figure 2.6. 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 ɔ, ɔŭ, and ŭɔ. This was inconsistent and PEG-treated films greatly varied in their opacity and 

texture. Some of them were thin and papery like ŭ and ɔŭ, while others were soft and pliable like 

ɔ and ŭɔ. On 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 

ɔ 
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ŭ 

  

ɔŭ 

  

ŭɔ 

  
Figure 2.6 ï Exemplary optical stereomicrographs taken at 100x magnification. Images were taken with Keyence 

WH-ZST. 

Scanning electron microscope offered clearer insight on the differing microstructures. It should be 

noted that due to higher moisture content of the glycerol-treated 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. A few exemplary micrographs of 
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the ɔ-ŭ family can be seen in Figure 2.7. This family was chosen as it typifies the general 

contrasting trend observed between crosslinkers and their interactions with hyphae.  

The microstructures of the PEG-treated films were made up from a dense network of hyphal fibres 

which were around 2 to 4 ɛm in diameter depending on the area observed. In some cases, aerial 

hyphae were imaged, like ɔŭ in Figure 2.7, which seemed to be much more tightly packed as 

compared to the vegetative mycelia imaged in ŭ and ɔ. While no control was created in this study, 

many studies have performed extensive SEM on S. commune and it is evident that even our PEG-

treated films look significantly different from the untreated virgin mycelia [26,62,63]. The mycelia 

of S. commune are much more tubular and less tightly packed. Furthermore, the aerial hyphae are 

much more expanded and freely growing as compared to the crosslinked hyphae seen in the PEG-

treated ɔŭ. These observations were consistent with existing literature. Raman et al. used 20% 

PEG-400 to plasticize mycelial mats derived from Fomitella fraxinea [1]. Although those mats 

were grown using solid-state fermentation, the treated aerial hyphae from that study looked very 

much like ɔŭ, while the treated vegetative hyphae taken from the middle sections looked similar 

to ŭ. 

 Glycerol PEG 

ɔ 
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ŭ 

  

ɔŭ 

  

ŭɔ 

  
Figure 2.7 ï Exemplary scanning electron micrographs of mycelial films at 1200x. Images were taken with the 

ETD at 0.4 nA and 5 kV with the FEI Magellan 400. 

The contrast between crosslinking is exemplified when comparing any of the PEG-treated films to 

their glycerol-treated counterparts. The morphology of most glycerol-treated films was much more 

compact as if the hyphae had melted together to form an uninterrupted mat. ɔ had clear patches of 

aerial hyphae in white, but there was no morphological difference between the black and white 

areas. ŭɔ, the mitochondrial progeny of ɔ, had very similar black and white patches. In a similar 
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study, Appels et al imaged S. commune mycelia of monokaryotic strain 4-32 treated with 8% 

glycerol and dried at room temperature [7,64]. 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 

glycerol-treated Rhizopus delmar, a zygomycete, showed that this crosslinking interaction was not 

universal with all filamentous fungi as their glycerol-treated mycelia had much better fibre 

resolution compared to our films [10].  
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2.3.5 Physical properties of mycelial films. 

Tensile testing demonstrated the contrasting material properties offered by PEG and glycerol 

crosslinking. A few of the PEG-treated 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 results. Glycerol-treated 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. All PEG-treated 

films did reach much higher stresses, and in the case of Ŭŭ films, they were 2 orders of magnitude 

greater than their glycerol-treated counterparts. However, as detailed earlier, the PEG-treated films 

were much more brittle, and a few strains (ŭ, ɔŭ, ɔŬ, Ŭɔ) 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 glycerol-treated films consistently 

deformed past the yield point and experienced ductile fracture.  
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Figure 2.8 ï Average stress-strain curves of mycelial films [n = 3 for each strain-crosslinker combination]. 

Glycerol-treated films are shown with a dashed line, while PEG-treated films are shown with a solid line. 

Among PEG-treated films, ŭ had the lowest ductility at 0.77 ± 0.65%, while Ŭŭ had the highest 

ductility at 41.46 ± 1.46%. Ŭŭ had the lowest specific stiffness at 0.46 ± 0.21 MPa/(g/cm3), while 

ŭɔ had the highest specific stiffness at 13.30 ± 10.22 MPa/(g/cm3). ŭ had the lowest specific 

strength at 0.044 ± 0.025 MPa/(g/cm3), while ɓɔ had the highest specific strength at 0.919 ± 0.935 

MPa/(g/cm3). ŭ had the lowest modulus of toughness at 0.0002 ± 0.0002 MPa, while ɓɔ had the 

highest modulus of toughness at 0.1066 ± 0.0621 MPa. 

Among glycerol-treated films, ɓ had the lowest ductility at 58.98 ± 6.41%, while ɔŬ had the highest 

ductility at 98.55 ± 3.25%. ɔŬ had the lowest specific stiffness at 0.02 ± 0.01 MPa/(g/cm3), while 
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ɓ had the highest specific stiffness at 0.23 ± 0.1 MPa/(g/cm3). Ŭɔ had the lowest specific strength 

at 0.013 ± 0.005 MPa/(g/cm3), while ɓ had the highest specific strength at 0.075 ± 0.037 

MPa/(g/cm3). Ŭŭ had the lowest modulus of toughness at 0.0035 ± 0.001 MPa, while ɓŬ had the 

highest modulus of toughness at 0.0249 ± 0.0039 MPa. 

 

Figure 2.9 ï Specific mechanical properties of mycelial films: specific stiffness (top); specific strength (bottom). 

ANOVAs were used to compare the specific strength and specific stiffness across strains; Bonferroni-corrected, 

pairwise T-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). 
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Figure 2.10 ï Mechanical strain properties of mycelial films: ductility (top); toughness (bottom). ANOVAs were 

used to compare the ductility and toughness across strains; Bonferroni-corrected, pairwise T-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). 

Each of these 4 metrics were evaluated with 3-way 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. PEG-treated films were stiffer, stronger, tougher, and more 

brittle as compared to the glycerol-treated 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. Post-hoc forest plots show that in all 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 case, the type of mitochondria affects crosslinking mechanisms. The PEG-treated dikaryons 

had significantly higher specific stiffness if they were of mitochondrial haplotype Ŭ but had the 

lowest emmeans of specific stiffness among the glycerol group. Conversely, the PEG-treated 

dikaryons had the lowest emmeans if their nuclear haplotype was n_Ŭɓ but had the highest 

emmeans among the glycerol group. Finally, karyotype contrasts showed that regardless of the 

number of nuclei, the specific stiffness could not be distinguished.  

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 strains interact differently depending on the 

crosslinker and each strain-crosslinker combination led to unique strength performances. 

Karyotype contrasts indicate that strength varied among monokaryons and dikaryons only when 

treated with PEG. On average, PEG-treated dikaryons were stiffer than their monokaryotic 

counterparts, whereas glycerol-treated monokaryons could not be differentiated from their 

dikaryotic counterparts. This was due to the common generational gaps seen in three of the six 

families (Ŭ-ɔ, ɓ-ɔ, ɔ-ŭ) 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. Post-hoc analyses showed that ductility was no different 

between karyotypes, regardless of crosslinker. Familial contrasts showed that there were no 

differences seen between siblings, parents, and generations. Among dikaryons, strains with 

mitochondrial haplotype ŭ 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. Post-hoc analyses show that there were no discernable differences between 

parents, siblings, nor generations for all sets of films. However, PEG-treated dikaryons were 

tougher on average compared to their monokaryotic counterparts.  

Overall, the post-hoc 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 toughness. Additionally, generational differences between 

karyotype were only statistically different for the specific strength of PEG-films. Finally, it was 

determined that there was no one ideal genetic background that optimized all mechanical 

properties. It changed on a case-by-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 with mitochondria type Ŭ 

and nuclear haplotype n_ɓɔ with 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 to our unbalanced 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 strength [65ï67]. 

The materials properties of our films were compared with the mechanical properties of other 

mycelial materials from three different studies using the ANSYS Granta software [1,2,7,10,46]. 

The resulting material property chart, shown in Figure 2.11, is plotted in terms of ultimate tensile 

strength against the product of density and Youngôs modulus. Although four PEG-treated films 

did not ever reach their ultimate tensile strength (ŭ, ɔŭ, ɔŬ, Ŭɔ; all outlined in white), their maximum 

fracture strength was plotted for comparisonôs sake. It was obvious from looking at the raw data 

that the PEG-treated films outclass the glycerol-treated films in terms of strength and stiffness, but 

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

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

In this context, many of the glycerol-treated films were not that far behind the PEG-treated films. 

ɓɔ was the best energy absorber (MPI = 1.24 × 10-4 MPa·m3/kg) among PEG-treated films, and ɓŭ 

was the best energy absorber (MPI = 3.13 × 10-5 MPa·m3/kg) among glycerol-treated films.  
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Figure 2.11 ï Material property chart comparing LSSF-grown, S. commune films to other pure mycelial 

materials in terms of tensile strength (in MPa) against the product of density and Youngôs modulus (in GPaĿkg/m3). 

The guideline signifies which materials optimize energy absorption per unit mass. The image was generated using 

Granta by ANSYS, Inc. 

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

as well despite sharing a similar manufacturing process. In particular, the S. commune films 

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 × 10-4 MPa·m3/kg), whereas the worst performer was treated with 

2% glycerol (MPI = 1.45 × 10-4 MPa·m3/kg). However, those films were mycofabricated using the 

monokaryotic 4-32 strain of S. commune which was not in our set of strains. These differences in 

MPIôs highlights more than ever, the potential for two dimensional tuning of mycelial materials: 

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

The filmsô hydrophobicity was analysed using their contact angle ɗwet. Figure 2.12 shows that most 

films had ɗwet less than 90º, indicating that they were hydrophilic, but in some cases, there were 

exceptions. In any case, all the glycerol-treated films could be identified as hydrophilic with most 

of them sitting close to, but below 90º. The glycerol-treated ɓŭ was the one outlier in that group at 

the lower end of the spectrum with an average contact angle of 41.80 ± 36.20°. The PEG-treated 

films were more difficult to label as the group had films which were partially hydrophobic (ɔ, ɔŬ), 

and a few that were superwicking (ɓŬ, ɓɔ, ɓŭ, Ŭɔ, Ŭŭ, ɔɓ, ɔŭ, ŭŬ, ŭɓ). These few replicates of ɔŬ 

that were seen as hydrophobic had fluffy aerial hyphae, but the ɔ films had a completely different 

morphology.  

Due to the data violating the assumptions of an ANOVA, non-parametric testing was conducted. 

The independent Kruskal-Willis tests for PEG-treated films showed nuclear haplotype, karyotype, 

and strain were all significant effects in descending order. Post-hoc evaluation of z-statistics 

indicated that dikaryons had a significantly lower mean ɗwet than monokaryons. For glycerol-

treated films, the tests showed that the only significant effects were the large nuclear effect and the 

smaller unique strain effect. Post-hoc evaluation of z-statistics indicated that glycerol-treated 

dikaryons of nuclear haplotypes n_ɔŭ and n_Ŭɓ were more likely to be hydrophobic than other 

dikaryons.  
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Figure 2.12 ï Wetting contact angle across mycelial films. Kruskal-Wallis tests were used to compare the contact 

angle across strains; Bonferroni-corrected, 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 water-solubility of both 

plasticizers. Additionally, multiple studies on glycerol as a plasticizer have shown that increasing 

glycerol concentration tends to decrease their contact angle in the case for starch-based films and 

mycelial films [7,10,33]. In the Appels et al. study, the 16% glycerol-treated S. commune films 

had a similar average ɗwet of 71 Ñ 6º to our glycerol-treated films which averaged 77.6 Ñ14.2º, 

while their control mycelia had the highest with an average ɗwet of 129 Ñ 2º [7]. PEG-treated F. 

fraxinea mats had varying ɗwet depending on the side of the material tested: 30.84 ± 12.55° on the 

top, and 97.58 ± 7.94° on the bottom, while their control mycelia had an average of 129.63° ± 
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19.32° on top of the aerial hyphae [1]. The highly variable wetting of their PEG-treated mats was 

quite similar to our PEG-treated films which averaged 41.5° and 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 the 6 exemplary spectra were shown in 

Figure 2.13. Spectra were identified and characterized using a litany of studies on fungal cell wall, 

on mycelial materials, and on plasticizing humectants [1,10,18,48ï51]. Among all spectra, 4 key 

regions were observed: N-H and O-H stretching (3700 to 3000 nm), C-H stretching of lipids (3000 

to 2800 nm), C=O of protein amides (1750 to 1500 nm), and C-O-C of polysaccharides (1300 to 

900 nm). The cell wall constituents of complex carbohydrates are typically observed in the N-H 

and O-H stretching region, including the chitin band near 3100 nm.  

 

Figure 2.13 ï Exemplary spectra of two strains: raw mycelia vs. PEG-treated films vs. glycerol-treated films. 

All spectra were baseline-corrected, 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 across strains. ŭɔ, for one, had a 

strong peak around 1580 nm of amide I. Other peaks in this region included amide III peak at 1405 

nm and the chitin peak at 1395 nm as also observed in the mycelia of ŭ, indicating that ŭɔ and 

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

of all but 4 strains (Ŭ, ɔŬ, ɔɓ, ŭ). In terms of sugars, all raw mycelia had clear indications of ɓ-

glucans, but half of strains (Ŭɓ, Ŭɔ, Ŭŭ, ɓ, ɔŬ, ɔɓ, ŭŬ, ŭɔ) did not obviously exhibit the ɓ-1,3/1,6-

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 PEG-400 peak at 2870 nm, and the glycerol double peak at 2980 and 2850 

nm. PEG-treated films also saw a large increase in the polysaccharide intensities as PEG 

crosslinked with the functional cell-wall polysaccharides broadly ranging from 980 to 1190 nm. 

Glycerol-treated films saw lower increases than 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. Some were strong, some were ductile, some 

were rough, some were hydrophobic. In isolation, crosslinking had the biggest influence in all 

metrics that aimed to categorize our filmsô functions. And yet, when combined with the inherently 

diverse genetics of Schizophyllum commune, there 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 

influence of 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 would succeed 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 films. In many cases, the combination of a strainôs mitochondrial and 

nuclear lineages led to some phenotypic 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 tuning the 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 controls in literature, 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 strain with Ŭ mitochondria and ɓ-ɔ nuclei as this 

was not possible to create with standard monokaryon-monokaryon mating. While ANOVAôs are 

typically robust in the face of unbalanced design, the analysis cannot maximize statistical power 

in detecting whether an effect truly exists. Hypothetically, these 14 missing dikaryons could be 

artificially created through protoplast fusion 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 assay the 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? Could manipulating a complex of them create denser hyphal networks for 

plasticizers to bind to? Answering these questions are the immediate next steps in identifying how 

far mycelial materials can go. 
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Chapter 3  

 

General Conclusions and Perspectives 

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

are diverse, fungi are adaptable, and fungi, like our needs and goals, are constantly evolving. The 

increased research into fungal materials has focused on how other fillers can be used to ameliorate 

fungi and to change them into the new Styrofoam or the new concrete. While they may not be as 

strong or stiff as the now ubiquitous mycelial composite, pure mycelium materials offer much 

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

Our assay of the literature showed that the field is far from defined and the key areas of interest 

include improving materials selection, standardizing mycofabrication for wide-scale adoption, and 

finally, implementing strain-based optimization into the design process. With these tools in hand, 

fungineers have methodically moved pure mycelial materials 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, I wanted to map out the design space offered by one 

species and distinguish which particular genetic factors that defined it. Beyond the obvious role 

played by the disparate crosslinkers, stark genotypic differences were observed across the different 

films with their yield, mechanical performances, 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, mechanical, and physiochemical properties of the films. 

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

but prevalent in the filmsô water retention, ductility, and hydrophobicity. However, above all else, 

the intricate dance between chemical crosslinking and disparate genetic lineages reveals a complex 

web of influences that can make or break the performance of these materials. Yes, glycerol or PEG 

may affect the base strength or hydrophobicity, but the interaction with a particular species or 

strain decided whether the 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 consideration and harmonious inclusion 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 not just adequate, but revolutionary.   
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Appendix 

A.1. Radial Growth Testing 

Table 0.1 ï Average radial growth testing results. Significance lettering from the Bonferroni method was used to 

group maximal growth rate and overall colony diameter. 

Strain Code 
Average Lag Length Duration 

(days) 

Average Maximal Growth 

Rate (mm/h) 

Average Overall Colony 

Diameter (mm) 

Ŭ 1.00 ± 0.00 0.195 ± 0.004abc 30.90 ± 0.00abc 

Ŭɓ 1.67 ± 0.03 0.179 ± 0.027abc 30.07 ± 0.03abc 

Ŭɔ 1.67 ± 0.01 0.230 ± 0.011bc 33.92 ± 0.01abc 

Ŭŭ 1.67 ± 0.06 0.174 ± 0.058abc 28.67 ± 0.06abc 

ɓ 1.00 ± 0.02 0.211 ± 0.025abc 34.08 ± 0.02abc 

ɓŬ 1.33 ± 0.01 0.126 ± 0.012a 21.09 ± 0.01a 

ɓɔ 1.67 ± 0.02 0.248 ± 0.022c 39.32 ± 0.02c 

ɓŭ 2.33 ± 0.04 0.221 ± 0.038abc 36.10 ± 0.04abc 

ɔ 1.00 ± 0.01 0.249 ± 0.005c 40.97 ± 0.01c 

ɔŬ 1.00 ± 0.04 0.134 ± 0.042ab 22.43 ± 0.04ab 

ɔɓ 1.33 ± 0.06 0.240 ± 0.061c 36.78 ± 0.06abc 

ɔŭ 1.67 ± 0.02 0.242 ± 0.021c 38.25 ± 0.02bc 

ŭ 1.67 ± 0.01 0.186 ± 0.008abc 31.00 ± 0.01abc 

ŭŬ 1.33 ± 0.05 0.156 ± 0.048abc 26.04 ± 0.05abc 

ŭɓ 1.67 ± 0.03 0.204 ± 0.035abc 33.60 ± 0.03abc 

ŭɔ 1.67 ± 0.02 0.208 ± 0.018abc 34.95 ± 0.02abc 
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Table 0.2 ï Non-parametric Kruskal -Wallis tests for  lag length. Lag length was measured in days. 

Lag Length ~ Mitochondrial Haplotype 

Effect DF n H p p < 0.05 ɖ2 

Mitochondrial Haplotype 3 48 8.81 0.0319 *  0.132 

Lag Length ~ Nuclear Haplotype 

Effect DF n H p p < 0.05 ɖ2 

Nuclear Haplotype 9 48 13.5 0.141  - 

Lag Length ~ Mitochondrial Haplotype:Nuclear Haplotype (Strain) 

Effect DF n H p p < 0.05 ɖ2 

Strain 15 48 19.2 0.205  - 

Lag Length ~ Karyotype  

Effect DF n H p p < 0.05 ɖ2 

Karyotype 1 48 13.257 0.0201 *  0.0958 

 

Table 0.3 ï Post-hoc Dunn tests for lag length comparisons. P-values were adjusted with Bonferroni correction in 

cases with multiple comparisons. 

Lag Length ~ Mitochondrial Haplotype  

Mitochondrial Haplotype Group    

mt_Ŭ a    

mt_ɓ ab    

mt_ɔ ab    

mt_ŭ b    

Lag Length ~ Karyotype  

Karyotype Group 

Dikaryon a 

Monokaryon b 
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Table 0.4 ï 2-way analysis of variance for maximal growth rate during the log phase. Maximal growth rate was 

measured in millimetres per hour. 

Maximal Growth Rate ~ Mitochondrial Haplotype * Nuclear Haplotype  

Effect DFn DFd F p p < 0.05 ɖpartial
2 

Mitochondrial Haplotype 3 32 13.257 8.58e-06 ***  0.554 

Nuclear Haplotype 9 32 2.135 5.60e-02  - 

M:N interaction 3 32 2.051 1.26e-01  - 

 

Table 0.5 ï 2-way analysis of variance for overall colony diameter after 7 days of growth. Overall colony diameter 

was measured in millimetres. 

Overall Colony Diameter ~ Mitochondrial Haplotype * Nuclear Haplotype  

Effect DFn DFd F p p < 0.05 ɖpartial
2 

Mitochondrial Haplotype 3 32 11.269 3.32e-05 ***  0.514 

Nuclear Haplotype 9 32 1.699 1.30e-01  - 

M:N interaction 3 32 1.047 3.85e-01  - 

 

 

Figure 0.1 ï Post-hoc forest plot of estimated difference in growth metri cs across different family of crosses 

(black: no difference between groups, red: significant differences between groups): contrasts in colony diameter (left); 
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contrasts in maximal growth rate (right). P-values were adjusted with Bonferroni correction in cases with multiple 

comparisons. 

 

 

Figure 0.2 ï Post-hoc forest plot of growth emmeans for dikaryo tic S. commune strains, grouped by mitochondrial 

haplotype and nuclear haplotype: emmeans of colony diameter (left); emmeans of maximal growth rate (right). P-

values were adjusted with Bonferroni correction in cases with multiple comparisons. 
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A.2. LSSF and Post-processing Yield of Mycelial Films 

Table 0.6 ï Average yield results of raw and dry mycelia. Significance lettering from the Bonferroni method was 

used to group each metric. 

Strain 

Code 

Surface 

Morphology 

Average Raw LSSF 

Mass (g) 
Crosslinker 

Average Dry Post-

processed Mass (g) 

Average Mass Loss 

from Processing (%) 

Ŭ Fluffy 14.35 ± 4.27abc 
Glycerol 2.84 ± 0.69defg 82.83 ± 2.04cdefg 

PEG 1.68 ± 0.25abcd 85.90 ± 1.54efg 

Ŭɓ Fluffy 12.31 ± 1.27abc 
Glycerol 2.08 ± 0.17bcdef 84.06 ± 0.25bcde 

PEG 1.92 ± 0.02abcde 83.35 ± 1.07j 

Ŭɔ Fluffy 24.01 ± 6.36d 
Glycerol 4.61 ± 0.59g 83.62 ± 4.50defg 

PEG 0.25 ± 0.01a 98.66 ± 0.08cdefg 

Ŭŭ Smooth 14.96 ± 1.45abc 
Glycerol 2.94 ± 0.41defg 80.51 ± 1.17abc 

PEG 0.23 ± 0.01a 98.46 ± 0.13j 

ɓ Patchy 15.84 ± 2.96abcd 
Glycerol 3.26 ± 0.32defg 81.80 ± 2.67cdefg 

PEG 2.18 ± 0.09cdef 83.71 ± 2.92j 

ɓŬ Fluffy 14.82 ± 3.07abc 
Glycerol 2.39 ± 0.32cdef 80.51 ± 1.11abcde 

PEG 0.27 ± 0.01a 98.42 ± 0.07j 

ɓɔ Fluffy 12.10 ± 1.85ab 
Glycerol 3.54 ± 0.13efg 72.67 ± 5.29bcde 

PEG 0.25 ± 0.01a 97.72 ± 0.11j 

ɓŭ Patchy 20.46 ± 3.89cd 
Glycerol 3.35 ± 1.76defg 85.67 ± 5.22bcdef 

PEG 0.29 ± 0.02ab 98.42 ± 0.26cdefg 

ɔ Patchy 19.78 ± 10.33bcd 
Glycerol 3.5 ± 1.68efg 84.80 ± 2.20ab 

PEG 1.6 ± 0.18abcd 89.68 ± 0.68ij  

ɔŬ Fluffy 19.50 ± 1.52bcd 
Glycerol 4.57 ± 0.54g 76.05 ± 3.74a 

PEG 0.22 ± 0.01a 98.91 ± 0.05j 

ɔɓ Fluffy 10.59 ± 2.18a 
Glycerol 3.20 ± 0.40defg 74.20 ± 0.40bcdef 

PEG 0.25 ± 0.00a 97.15 ± 0.11j 

ɔŭ Patchy 13.66 ± 2.62abc 
Glycerol 3.58 ± 1.02efg 76.68 ± 3.57efg 

PEG 0.24 ± 0.01a 98.04 ± 0.09j 

ŭ Smooth 17.08 ± 1.00abcd 
Glycerol 3.01 ± 0.26defg 82.07 ± 2.97efg 

PEG 1.96 ± 0.13abcdef 88.58 ± 1.23ghi 

ŭŬ Patchy 12.78 ± 1.10abc 
Glycerol 2.54 ± 0.23cdef 79.83 ± 1.33bcdef 

PEG 0.21 ± 0.02a 98.40 ± 0.05hij 

ŭɓ Patchy 16.33 ± 5.87abcd 
Glycerol 3.74 ± 0.82fg 81.69 ± 1.23abcd 

PEG 0.27 ± 0.02a 97.77 ± 0.29j 

ŭɔ Patchy 16.41 ± 2.95abcd 
Glycerol 3.38 ± 0.08defg 81.70 ± 1.29cdefg

 

PEG 0.78 ± 0.64abc 93.86 ± 6.17fgh 
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Table 0.7 ï 2-way analysis of variance for raw mycelial yield after 12 days of LSSF. Raw yield was measured in 

grams. 

Raw Yield ~ Mitochondrial Haplotype * Nuclear Haplotype  

Effect DFn DFd F p p < 0.05 ɖpartial
2 

Mitochondrial Haplotype 3 80 4.809 4.00e-03 **  0.153 

Nuclear Haplotype 9 80 5.783 3.65e-06 ***  0.394 

M:N interaction 3 80 0.900 4.45e-01  - 

 

 

Figure 0.3 ï Post-hoc forest plot of estimated difference in raw yield across different family of crosses (black: 

no difference between groups, red: significant differences between groups). P-values were adjusted with Bonferroni 

correction in cases with multiple comparisons. 
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Figure 0.4 ï Post-hoc forest plot of raw yield emmeans for dikaryotic S. commune strains, grouped by 

mitochondrial haplotype and nuclear haplotype: emmeans of raw mycelial yield. P-values were adjusted with 

Bonferroni correction in cases with multiple comparisons. 
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Table 0.8 ï 3-way analysis of variance for dry, processed film yield. Dry yield was measured in grams. 

Dry Yield ~ Crosslinker * Mitochondrial Haplotype * Nuclear Haplotype  

Effect DFn DFd F p p < 0.05 ɖpartial
2 

Crosslinker 1 64 479.614 1.96e-31 ***  0.882 

Mitochondrial Haplotype 3 64 2.384 7.70e-02  - 

Nuclear Haplotype 9 64 4.489 1.37e-04 ***  0.387 

C:M interaction 3 64 4.015 1.10e-02 *  0.158 

C:N interaction 9 64 9.371 6.31e-09 ***  0.569 

M:N interaction 3 64 0.683 5.66e-01  - 

C:M:N interaction 3 64 2.515 6.60e-02  - 

 

Table 0.9 ï 3-way analysis of variance for mass loss from raw to processed mycelial films. Mass loss was 

measured in percentage. 

% Mass Loss ~ Crosslinker * Mitochondrial Haplotype * Nuclear Haplotype  

Effect DFn DFd F p p < 0.05 ɖpartial
2 

Crosslinker 1 64 764.224 2.70e-37 ***  0.923 

Mitochondrial Haplotype 3 64 7.254 2.90e-04 ***  0.254 

Nuclear Haplotype 9 64 8.174 5.75e-08 ***  0.535 

C:M interaction 3 64 6.197 9.19e-04 ***  0.225 

C:N interaction 9 64 24.218 2.08e-17 ***  0.773 

M:N interaction 3 64 5.606 2.00e-03 **  0.208 

C:M:N interaction 3 64 7.993 1.32e-04 ***  0.273 
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Figure 0.5 ï Post-hoc forest plot of mass loss across different family of S. commune crosses (black: no difference 

between groups, red: significant differences between groups). P-values were adjusted with Bonferroni correction in 

cases with multiple comparisons. 
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Figure 0.6 ï Post-hoc forest plot of mass loss emmeans for dikaryotic S. commune strains, grouped by 

mitochondrial haplotype and nuclear haplotype: emmeans of mass loss for glycerol-treated dikaryons (left); emmeans 

of mass loss for PEG-treated dikaryons (right). P-values were adjusted with Bonferroni correction in cases with 

multiple comparisons. 
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A.3. Optical Microscopy 

 

Ŭ 100x 

 

ɓŬ 100x 

 

ɔŬ 100x 

 

ŭŬ 100x 

 

Ŭɓ 100x 

 

ɓ 50x 

 

ɔɓ 100x 

 

ŭɓ 50x 

 

Ŭɔ 100x 

 

ɓɔ 100x 

 

ɔ 100x 

 

ŭɔ 100x 

 

Ŭŭ 50x 

 

ɓŭ 50x 

 

ɔŭ 100x 

 

ŭ 100x 

Figure 0.7 ï Optical stereomicrographs of glycerol-treated films taken at various magnifications. Images were 

taken with Keyence WH-ZST. 

 


























































