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By  

Rolando Cruz Perez 

 

Abstract 
Lignocellulosic biomass could support a greatly-expanded bioeconomy. Current 

strategies for using biomass typically rely on unicellular organisms or filamentous fungi 

in liquid bioreactors and extensive ancillary equipment to produce precursors for 

downstream manufacturing processes. Alternative forms of bioproduction based on 

aerobic solid-state fermentation (SSF) and wood-degrading fungi could enable more 

direct and sustainable means of manufacture, novel products, market pull for the 

biomaterials industry, reduced time to market, and reduced production costs. However, 

basic methods for cultivating wood-degrading fungi and the production of mycological 

materials are often ad hoc and not readily reproducible. Additionally, existing genetic 

engineering tools for wood-degrading fungi are not standardized or readily available. 

Furthermore, the global need for practitioners skilled in fungal biotechnology is 

outgrowing the available workforce at a time when civic engagement with the biological 

sciences by the general public is being poorly supported.  

To address the aforementioned needs, I have developed standard materials, measures, 

methods, and educational programs enabling bioengineering basics, biometrology, and 

biocivics with Ganoderma lucidum. Specifically, I developed standard materials, 

measures, and methods enabling simple laboratory culture of wood-degrading fungi. I 
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established Ganoderma lucidum 10597-SS1 as a reference strain, PringlesTM as a 

regularized widely-available reference substrate, a simple plate-based assay for 

standardized radial extension measurements, and a relative extension unit framework for 

reducing extrinsic effects on measurements of growth that supports sharing of 

measurement data across locations. So established, I coordinated an interlaboratory study 

to enable community-based metrology for wood-degrading fungi in simple laboratory 

conditions and published a peer-reviewed paper describing our work. I co-authored a 

peer-reviewed White Paper to identify opportunities for reuse of materials, measures, and 

methods supporting reproducible science and reliable production with fungal 

biotechnology. Finally, I co-developed a culturally relevant education program, BioJam, 

to engage youth from underserved communities and nurture equity in biotechnology 

literacy and governance;  and I also co-founded a public benefit organization, Xinampa, 

whose mission is to cultivate an equitable bioeconomy on the Central Coast of California 

and form nucleation points for practitioners from the community to develop public-

interest biotechnologies that support their community. Taken together, my contributions 

should begin to advance distributed mycological production in support of all earthlings 

and the planet. 
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Chapter 1, Introduction, Mushrooms matter: 

evolution, ecology, biology, and economics of 

wood-degrading mushrooms 

Evolution of filamentous fungi and Agaricomycetes 

Mushrooms are the reproductive structures of certain filamentous macro-fungi. The 

Kingdom Fungi is composed of ten phyla and a growing list of approximately 12 million 

species1. Species of fungi are defined according to five conventionally used concepts: the 

morphological species concept which defines species based on their morphological 

features; the biological species concept, which defines species based on an interbreeding 

population that cannot breed with other populations; the ecological and physiological 

concepts, that define species based on their ecological niche and the evolutionary 

constraints that keep them in a particular niche; and the evolutionary or phylogenetic 

species concept, a molecular-based approach that defines species by monophyletic 

groupings based on a common ancestor1. Recently, Loron et al. presented morphological, 

ultrastructural, and spectroscopic evidence obtained from fossils excavated in Canada 

that suggest the fungal ancestors of mushrooms, and all fungi evolved into existence 

approximately 1 billion years ago2. That evidence, in conjunction with molecular clock 

analyses, further support the scientific consensus that the monophyletic Kingdom Fungi 

shared a common ancestor with animals approximately 800-900 million years ago1. 
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Fungi typically grow as either unicellular yeasts or multicellular filamentous fungi. 

Recent molecular clock analyses reviewed by Nagy et al. infer the emergence of complex 

multicellular filamentous fungi at approximately 537 million years ago (Mya) and the 

taxa containing the mushroom-forming Agaricomycetes class, the Agaricomycotina, at 

429-436 Mya3. Evidence presented by Kiss et al. suggests gene structure alterations, gene 

family diversification, co-option, and exaptation of existing genes drove the evolution of 

fungal multicellularity4. The Dikarya subkingdom, formed by the Ascomycota and 

Basidiomycota divisions, is composed of some of the most morphologically diverse 

multicellular filamentous fungi. The filamentous Ascomycota and Basidiomycota share 

some similarities with respect to their life cycles, but their reproductive stages differ 

developmentally and morphologically (Figure 1).  
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Figure 1. Filamentous fungi of the Ascomycota and Basidiomycota divisions 

generally form molds or mushrooms, respectively. Many ecologically and 

economically important fungi are from the Ascomycota and Basidiomycota divisions. 

Filamentous Ascomycota and Basidiomycota begin as spores that germinate into mycelia. 

Basidiomycota form haploid mycelia that fuse with a compatible partner mycelium. The 

diploid mycelium generally goes on to produce a fruiting body, or mushroom, that 

provides a location for sexual development and protection and release of haploid spores, 

up to billions of spores per day for some mushrooms. Mushroom morphologies are 

diverse but classic toadstool mushrooms as shown in the figure--pileate-stipitate forms--

mushroom species with a cap and stipe, dominate the clade. Reproduced with permission 

from Meyer et al., without modification, CC-BY-4.0, 

http://creativecommons.org/licenses/by/4.0/. 
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The Agaricomycetes, the taxonomic name for mushroom-forming filamentous fungi of 

the Basidiomycota division, evolved into existence approximately 350 million years 

ago4,5. Recently, Varga et al. performed molecular phylogenetic analyses across the 

Agaricomycetes classification to investigate the evolutionary origins and driving forces 

behind the diversity of mushroom morphology as well as the dominance of the pileate-

stipitate forms across the class (Figure 2)6. Using three nuclear loci from 5,284 

mushroom species genomes, and other molecular phylogeny techniques, they inferred the 

ages, patterns of speciation and extinction, and rates of diversification for certain 

mushroom morphologies. Varga et al. found an increased rate of lineage diversification 

for mushroom species with the classic toadstool morphology, which they claim, suggests 

a key evolutionary innovation for mushroom-forming species of fungi.  
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Figure 2. Mushrooms comprise more than 21,000 species and much of their 

morphological diversity originates in the Jurassic. A single randomly chosen tree of 

the 245 maximum-likelihood phylogenetic trees inferred by Varga et al. Using two 

outgroups, Dacrymycetes and Tremellomycetes, Varga et al. show the rate of 

diversification of mushroom forms across the Agaricomycetes class. Red branches 

indicate higher rates of diversification, green branches show lower rates. Red triangles 

indicate inferred rate shift events. Inferred ancestral substrate type probabilities are 

shown by pie charts with green indicating Gymnosperm preference and black indicating 

Angiosperm preference. Grey and white rings indicate geologic time scales. Notably, 

Varga et al. identify a strong increase in speciation events in the Jurassic which they 
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claim indicates a broad external cause, such as climate change, rather than clade-specific 

events. Reproduced with permission from Varga et al., without modification, under 

Public License CC-4.0, http://creativecommons.org/licenses/by/4.0/. 

My research focuses on mushroom species of the genus Ganoderma, family 

Ganodermatacea, in the order Polyporales, of the class Agaricomycetes, subdivision 

Agaricomycotina, in the division Basidiomycota. The global taxonomy of Ganoderma 

has long been controversial6,7. Recent studies are beginning to resolve and revise long-

standing questions regarding Ganoderma taxonomy1,8. Loyd et al. used four genomic loci 

to study the phylogeny of over 500 specimens of North American laccate (shiny or 

varnished) Ganoderma species. Combined with morphological, geographical location, 

and host preference data they were able to resolve thirteen taxa. They also found that two 

species previously thought to be strictly G. lucidum actually diverged from each other 

and highly diverged from G. lucidum itself. Furthermore, their evidence suggests that the 

presence of G. lucidum in the U.S. may be a result of the introduction of the species via 

outdoor cultivation by mushroom growers working with isolates originating from outside 

the U.S. The work by Loyd et al. and Varga et al. demonstrate the power of new 

biotechnologies, such as molecular biology and DNA sequencing, to resolve and 

reconcile historical taxonomic classifications for mushrooms that depended largely on 

visual observations as well as provide new insights into the evolutionary origins and 

innovations of mushroom-forming fungi, while simultaneously illustrating the 

opportunities for novel research methodologies to help refine our evolutionary 

understanding and systematics of mushrooms. 
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The ecology of fungi and the partnerships they form 

The Earth mycobiome is composed of fungi that inhabit almost every ecosystem on the 

planet and across broad temporal and spatial scales (Figure 3)9. Peay et al. reviewed the 

variation and patterns of fungal biodiversity on Earth, such as species richness, 

composition, and function in relation to the unique biology of fungi. Fungi are found in 

most terrestrial and aquatic environments, living as saprotrophs, pathogens, or mutualists. 

They also considered the potential drivers of the immense taxonomical and functional 

diversity of the Earth mycobiome, such as dispersal, and they discussed the differences 

between the mycobiome and the bacterial microbiome, such as species richness in soils. 

It is worth noting that recent studies have shown that fungi can modulate the microbiome 

of their environment by competing with other microbes and reducing microbial load in 

their habitat, such as in low pH soils10. Peay at el. also reviewed some of the current 

challenges associated with molecular identification methods, such as the 16S and 18S 

ribosomal subunit genes for bacteria and fungi, respectively. For fungi the internal 

transcribed spacer (ITS) sequence taxonomic marker is used as well. The molecular 

markers for fungi are often used for identifying and quantifying: fungal α-diversity, the 

number of species in a single sample; β-diversity, the differences in species content 

between samples; and γ-diversity, the diversity in fungi within a specific region, in 

various ecosystems, such as the human mycobiome, and across the immense spatial 

scales that fungal diversity emerges9. Peay et al. close by pointing to the opportunity to 

improve models of microbiomes for the benefit of scientific understanding and plant and 

animal disease management by incorporating more understanding of the mycobiome, 

moving toward the development of unified ecological theories of taxonomy, and by 
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combining traditional culturing methods with next-generation sequencing and knowledge 

of the natural history of the fungi in question9. 

 

Figure 3. The Earth mycobiome is critical to the proper functioning of Earth’s 

ecosystems and is of great importance to human health and agriculture. Various 

habitats that fungi inhabit, comprising the Earth mycobiome, and some of the roles they 

play in those habitats. For instance, fungi can be found in aquatic and terrestrial 

environments and can form complex relationships with humans, plants, and insects. 

Though the greatest level of fungal diversity is observed in temperate soils, fungi can also 

be found in previously unimaginable places, such as healthy human lungs. Fungi can 

cultivate environments that are hostile to bacteria, such as low pH soils, and can form 
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symbiotic relationships with organisms of other Kingdoms that confer beneficial traits, 

such as heat tolerance. Reprinted with permission from Peay et al.9. 

Fungi can form diverse relationships with algae, animals, insects, bacteria, plants, and 

viruses, and are critical to human health. Patrick Seed recently reviewed the emerging 

science behind the human mycobiome and the potential opportunities for improving 

human health by an increased understanding of the beneficial and pathogenic fungi that 

inhabit our bodies and their community dynamics as they relate to human health, 

development, and disease11. Of particular interest is Seed’s discussion of the 

opportunities to better support human health by way of improved understanding of how 

fungi affect microbiome stability and community resilience as well as the syntrophic 

relationships between fungi and bacteria of the microbiome. With respect to other 

animals, particularly of the large herbivorous kind, Hooker et al. recently reviewed the 

roles anaerobic gut fungi of livestock play in lignocellulosic biomass digestion and the 

biotechnological advances needed to better partner with gut fungi of ruminant and 

hindgut fermenting animals to improve our agricultural practices and to develop novel 

biotechnologies for lignocellulosic biomass conversion11,12. Insects also find themselves 

intertwined with fungi. A study by Fredericksen et al. found that the parasite, 

Ophiocordyceps unilateralis sensu lato, manipulated its carpenter ant host, Camponotus 

castaneus, by enveloping the ant’s muscle fibers13. They used scanning electron 

microscopy and deep-learning-based imaging segmentation to elucidate the distribution 

and abundance of interactions of the fungus and the host. Perhaps surprisingly, they 

observed no fungal presence in the insect’s brain, implying, they claim, that the fungal 

parasite controls its host peripherally.  
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Studies of fungal ecology span from the global to the intracellular scale. Pawlowska et al. 

reviewed the ancient heritable symbioses between Mucoromycota hosts and their 

bacterial symbionts14. Mucoromycota, in particular fungi of the sub-phylum 

Glomeromycotina, are of interest, in part, because of their role as plant-associating 

arbuscular mycorrhizal fungi (AMF), which are important for many terrestrial 

ecosystems and agriculture, and the ability of some Mucoromycota to produce large 

amounts of lipids--by some accounts up to 20% of their biomass13,14. Interestingly, 

Pawlowska et al. propose the possibility of manipulating host AMF physiology, which 

have traditionally been genetically intractable, by manipulating the bacterial symbionts. 

A report by Marquez et al. on the tripartite mutualistic relationship between a grass, an 

endophytic fungus, and a fungal virus that enables the plant and fungi to grow in 

geothermal soils which can reach temperatures of up to 50C illustrates the depth and 

impact of fungal relationships15. They found that the ability for the fungus to confer heat 

tolerance to its host plant was dependent on the presence of the fungal virus, or 

mycovirus. Surprisingly, by inoculating tomato plants with an endophytic fungus that 

was infected with the mycovirus they were able to confer heat tolerance to tomato plants, 

eudicots, not only the monocot panic grass hosts. Finally, Krespach et al. recently 

constructed an artificial tripartite system where the fungus A. nidulans protects the 

unicellular alga Chlamydomonas reinhardtii from the algicide-producing bacterium 

Streptomyces iranensis16. From a synthetic biology perspective, fungal relationships 

across broad spatial and temporal scales offer many opportunities for new technological 

developments.  
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Mushroom ecology and the role of wood-degraders 

Ecologically, mushroom-forming fungi are generally classified into one of two groups, 

biotrophs, which get their energy and carbon atoms from carbon molecules they acquire 

through their relationships with living host organisms, or saprotrophs, which degrade 

decaying organic matter via chemoheterotrophic extracellular digestion. Biotrophic 

mushrooms get their carbon molecules from plants in exchange for nutrients the fungi 

source from the environment and are generally grouped into one of two types, 

endomycorrhizal fungi, those that penetrate the cells of their hosts, and ectomycorrhizal 

fungi, those that invade the intercellular spaces of their plant hosts but do not invade the 

host cells themselves. Endomycorrhizal fungi generally do not form mushrooms but they 

do form the majority of relationships with plants and some species of Glomeromycota are 

of great agricultural importance. In contrast, ectomycorrhizal fungi can form mushrooms 

and are particularly important for forest trees, such as the ectomycorrhizal reference 

organism Laccaria bicolor, with some species, such as those of the genus Tricholoma 

(Tricholoma matsutake), Cantharellus (Cantharellus californicus), and the ascomycete 

Tuber melanosporum (Black Truffle), sought for their culinary potential. Strong 

phylogenetic and phylogenomic evidence support the scientific consensus that 

ectomycorrhizal species evolved from saprotrophic ancestors15,17. Recently Martin et al. 

reviewed the research that has helped to elucidate the independent evolutionary events 

that have given rise to ectomycorrhizal fungi and the various evolutionary adaptations 

that have driven the polyphyletic mutualistic symbioses. The evidence strongly suggests 

that ectomycorrhizal fungi lost many organic matter decay mechanisms while gaining the 

ability to affect plant host physiology via the genetically-controlled production of effector 
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molecules. Of note, a recent in vitro study by Smith et al. using microcosms and 201 

species of wood-decay basidiomycetes indicates that facultative biotrophy by saprotrophs 

may be more widespread than previously thought18. Using microtome sectioning, 

differential staining, and fluorescence microscopy they characterized the colonization of 

pine roots by the saprotrophic fungi and found that sixteen percent of the species they 

tested were able to colonize at least one of the tree roots they tested, which they claim, 

suggests that a functional symbiosis was initiated. Their findings present an interesting 

opportunity to forward engineer ectomycorrhizal symbioses into saprotrophs to better 

understand the origins and mechanisms of mutualistic plant-fungal interactions.  

My work focuses on saprotrophic mushrooms that get their carbon molecules by 

digesting organic matter using hydrolytic enzymes, collectively referred to as 

carbohydrate-active enzymes (CAZymes), such as cellulases, hemicellulases, and 

pectinases (Figure 4). Specifically, I work with wood-degrading mushrooms of the genus 

Ganoderma in the order Polyporales. Mushroom species of the genus Ganoderma have 

been traditionally considered to be white-rot fungi, that is, they can preferentially 

depolymerize lignin using highly-oxidative peroxidases, and to some extent cellulosic 

polymers using hydrolytic enzymes, thereby leaving the appearance of white-rot on the 

woody plants that they digest. White-rot fungi are contrasted by brown-rot fungi, which 

typically degrade cellulose non enzymatically using Fenton reactions that produce free 

radicals, leaving behind a lignin residue and resulting in the appearance of a brown-rot--

on account of the remaining lignin. It is important to note for new mycologists with 

particular interests in wood-degrading fungi that the traditional classifications of species 

as white- or brown-rot fungi have recently been nuanced by phylogenetic and 
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phylogenomic studies that have begun to further highlight the insufficiency of the current 

binary classification18,19. Using phylogenomic analyses, phylogenetic principal 

component analysis, and in vitro wood decay assays Riley et al. found that CAZymes sets 

typically correlate well with traditional white-rot brown-rot classifications, in many cases 

confirming long-standing systematics. But, they found that two particular fungi they 

tested could degrade lignocellulose but did not possess the canonical high-oxidation 

potential class-II peroxidase (POD) enzymes typically associated with other lignin-

degrading fungi, suggesting additional modes of lignin degradation to the modes that are 

currently known.  

 

 

 

 

 



 14 

  

  

Figure 4. Saprotrophic mushrooms play critical roles in Earth’s carbon cycle. 

Various saprotrophic mushrooms in their natural environments. Wood-degraders (top left 

and both bottom images), generally act as phytopathogens that opportunistically digest 

dead or dying woody plants, whereas litter decomposers typically digest naturally 

occurring organic necromass such as dung, leaf litter, or straws (top right). Traditional 

classifications of wood-degraders as white-rot, preferentially degrading lignin, or brown-

rot, preferentially degrading cellulose, have been challenged by recent phylogenetic and 

phylogenomic analyses. Interestingly, recent in vitro studies using microcosms have 
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shown evidence of facultative biotrophy for some extant saprotrophic basidiomycetes 

further supporting the theory that ECM fungi evolved from saprotrophs. 

The order Polyporales, which contains the genus Ganoderma, is composed of 

approximately 1,800 predominantly wood-degrading species, and the members of the 

order that degrade lignin are among the most efficient white-rot mushrooms20. The 

majority of Polypores have poroid hymenium, fruiting bodies with pore-filled or tube-

filled undersides from which up to billions of spores per hour emerge. The white-rot 

Polyporales degrade lignin which then becomes available as CO2 for biogeochemical 

reactions or substrates for other organisms. Binder et al.’s sequencing and analyses found 

that the polypore genomes they studied ranged in size from 35-50 mega base pairs long 

and contained approximately 10,000-16,000 genes. Through their 356-gene- and 71-

gene-dataset phylogenomic analyses they were able to discern a core polypore clade, 

which contained the genus Ganoderma. Interestingly, Binder et al. point to single-copy 

genes as holding great potential for improving the resolution of phylogenetic analyses, 

even though many of the genes are classified as having an “unknown function.” In 2014 

Ohm et al. reviewed the sequencing technology advancements of the time and the 

currently available genomics studies of wood-degrading fungi since the publication of the 

first white-rot genome, that of Phanerochaete chrysosporium, and the first brown-rot 

genome, that of Postia placenta20,21. Advancements in sequencing technology and 

phylogenomic analyses have enabled more nuanced systematics of wood-degrading fungi 

with unprecedented resolution. By using genomics data we can analyze the gene content 

of a mushroom and begin to predict its metabolic and wood-degrading capabilities, often 

elucidating divergent repertoires of enzymes and modes of wood decay. It is interesting 
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to consider how new sequencing technologies, such as nanopore-based sequencing, 

bioinformatics tools, and computational resources might advance the genomics of wood-

degrading fungi in the next decade. Ohm et al. end by articulating the need for high-

quality genome assemblies, isogenic strains, and high-throughput functional genomics 

tools for more wood-degrading mushrooms, such as those that are available for 

Schizophyllum commune, to help further elucidate the mechanisms behind wood decay 

and support other lines of research, such as mushroom morphological development. 

Given the current needs identified by Martin et al., Smith et al., Riley et al., Binder et al., 

and Ohm et al., it is clear that synthetic biology holds the potential to make significant 

contributions to the understanding of fungal evolution and ecology, such as helping to 

elucidate the function of “unknown function” genes, forward engineering fungal 

symbioses, and rapid genetic engineering toolkit development for arbitrary fungi. 

The biology of mycelia, mycofluidics, and mushroom 

development 

A filamentous fungus begins as a spore that germinates under nutrient-rich conditions and 

forms a germ tube that extends in a polarized fashion. Filamentous fungi are 

distinguished by their multinucleate cells, known as hyphae, chitinous-composite cell 

walls, their vast repertoire of degradative enzymes and secondary metabolites, and 

interconnected networks of cells, known as mycelia, that form through a combination of 

apical growth, hyphal branching, and regulated self-fusion4,22–28. Filamentous fungi can 

be mononucleated or polynucleated, and can be homokaryotic, all nuclei contain the same 

genetic information, or polykaryotic, where cells may have multiple nuclei each with 
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different genetic information. Monokaryons have haploid nuclei that contain the same 

genetic content whereas the nuclei of heterokaryons contain different genetic content, 

each coming from different parental strains. Dikaryons, the type of organisms that are of 

the focus of my work, are mycelia that contain two haploid nuclei from different parental 

strains. For almost eighty years the ascomycete bread mold, Neurospora crassa, has been 

a key reference organism for studying polarized cellular growth, DNA repair and 

recombination, and circadian rhythms. Riquelme et al. extensively review the biology of 

N. crassa hyphae, which contain many conserved biological mechanisms with 

Ganoderma species and can greatly inform studies of hyphae of wood-degrading fungi. 

In general, hypha types can be grouped as leading hyphae, those at the periphery of a 

growing mycelium, trunk hyphae, those located at the interior of the mycelium, fusion 

hyphae, those that fuse to neighboring hypha--a process called anastomosis, and aerial 

hyphae, those that grow into the air and away from the growth surface.  

A hypha becomes polarized by a polarisome complex and begins to elongate. Key 

structures, such as the Spitzenkorper, a large enigmatic structure which is commonly 

thought to receive vesicles for cellular processes, control the direction and rate of apical 

tip growth in conjunction with signaling pathways, such as various kinase signaling 

cascades29. Elongation is partially driven by turgor pressure, which evidence suggests, is 

partly controlled by ion channels and transporters, such as mechanosensitive Ca2+ 

permeable channels, H+ pumps, and H+-ATPases. As the hypha extends the septation 

process is initiated, septal pore complexes form with openings that allow continuous 

cytoplasm flow between hypha. Ganoderma hyphae are distinguished from N. crassa 



 18 

hyphae, in part, by the complexity of their septal pore complexes, which can tightly 

regulate translocation of nuclei, organelles, vacuoles, and cellular milieu across septa.  

The mathematics of filamentous fungal growth have been well studied and extensively 

reviewed elsewhere1. In summary, simple hyphal growth kinetics are governed by: the 

mean hyphal tip extension rate, or maximum specific growth rate; the hyphal growth unit 

length, or the length of a hypha that supports its tip growth, which is itself the total length 

of all hypha in the mycelium divided by the total number of hyphal tips. Growth kinetics 

are determined by species-specific parameters, such as hyphal diameter, extension rate, 

and the maximum length of hypha that contribute to the extension of leading edge hypha, 

the peripheral growth zone. Mathematical modeling and simulation of hyphal growth 

kinetics has demonstrated the sufficiency of simple rules, such as tip extension, 

branching, and positive- and negative-autotropism to produce morphologies resembling 

actual mycelium colonies and mushrooms30. Many models that address various 

spatiotemporal scales exist and modeling of fungal growth is an active area of 

research28,31,32.  

A key determinant of fungal cell morphology and development is the fungal cell wall. 

Fungal cell walls envelop the plasma membrane and are generally composed of chitin, 

glucans, and glycoproteins, with specific ratios varying between organisms. 

Understanding the exact structure and composition of the fungal cell has been 

challenging because of the insoluble, complex, and amorphous nature of the 

biomolecules involved24. Kang et al. used solid-state nuclear magnetic resonance and 

dynamic nuclear polarization to provide unprecedented high-resolution and non-

destructive insights into the structure and composition of the cell wall of the fungus 
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Aspergillus fumigatus. They found that chitin and glucans form an inner shell of stiffness, 

with chitin being the most polymorphic molecule in the cell wall, and mannose and α-1-

3-glucan molecules forming a mobile outer shell. Construction and demolition of the cell 

wall are partially mediated by resource availability, which can be controlled by structures 

such as the Spitzenkorper. Vacuoles with cell wall building blocks or degradative 

enzymes must reach the appropriate sites for cell wall remodeling. The cell wall must be 

able to withstand the large turgor pressures in the hypha, reported being up to 60 

kilopascals (kPa) in some mushrooms and 10 megapascals (MPa) in Magnaporthe 

oryzae28. At the apex, the high turgor pressure causes the hypha to extend as the cell wall 

is remodeled. 

As hyphae extend they begin to branch and fuse with other hyphae, a process referred to 

as anastomosis, forming a mycelium. Branching can be apical, at the tip, or subapical 

lateral branching that often leads to fusion events between hyphae. Branching can be 

stimulated by nutrient gradients, physical damage, temperature, and light. Repositioning 

of the polarisome and other machinery drives apical branching, whereas lateral branching 

results in response to localization of remodeling machinery at lateral sites. As hyphae 

branch and fuse, they form a mycelium with continuous cytoplasm flow throughout the 

network. Growing mycelia penetrate and degrade the substrate upon which the organisms 

live and uptake and shuttle nutrients throughout complex hyphal networks at speeds of up 

to 50 µm/s (Figure 5)28. The biology and fluid mechanics of transport across mycelium 

networks are not well understood but the subject is receiving increased attention28. 

Recently, Roper et al. reviewed the literature on the fluid mechanics of fungal adaptation, 

forming an area of study they call, mycofluidics. Studying the rheology of the protoplasm 
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of filamentous fungi, Roper et al. highlight how fungi adapt the fluid mechanics of flow 

and enable their nuclei to act independently and move in a coherent manner with the 

biomolecules they produce. They discuss the adaptations that enable cellular functions in 

fungal cells, such as septa that act as one-way valves, eddies generated by corner flow 

that halt nuclei motion, and anti-jamming that allows nuclei to travel in dense packs 

which reduce traffic in the network and allow certain nuclei to perform specific functions 

at the cell wall without hindrance.  

 

Figure 5. Filamentous fungi form interconnected networks of cells called mycelia. A 

photograph of a mycelium growing across the surface of agar media in a 9 centimeter 

Petri dish (left, R.Perez, unpublished), a scanning electron micrograph of a dehydrated 

mycelium (center, scale bar = 100µm, reproduced with permission from 33 without 

modification, CC-BY-4.0, http://creativecommons.org/licenses/by/4.0/ ),  a micrograph 

of hyphae of an unidentified species of Ganoderma with large vacuoles being transported 

through the mycelium network (right, scale bar = 10 µm, R.Perez, unpublished). The 

mechanisms by which mycelia sense and respond to external signals across their 

interconnected network have yet to be completely elucidated and there is great potential 
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for novel biotechnological control systems to be developed using knowledge of 

mycelium biology. 

Autonomous nuclear behavior in mushrooms is poorly understood27. A study by 

Gerhmann et al. recently revealed the differential expression patterns for nuclei of a 

heterokaryotic Agaricus bisporus mushroom. They found that the different nuclei execute 

different genetic programs and their expression patterns vary across the developmental 

stages of the mushroom. Furthermore, evidence suggests fungal nuclei are surrounded by 

phase-separated clouds of mRNA and proteins whose properties may be tuned by mRNA 

secondary structure28. Additional studies combining the work reviewed by Roper et al. 

and Gehrmann et al. could help to elucidate fundamental aspects of mycelium biology, 

which could have important implications for mushroom morphology, physiology, and 

adaptation. A deeper understanding of differential expression between nuclei and the 

mycofluidics that govern their transport could help to illuminate how mushrooms form 

their exquisite transport networks and, perhaps, how they adapt to various ecosystems.  

In addition to digestive enzymes, mushrooms produce a vast repertoire of natural 

products, such as bioactive triterpenes and volatile compounds as well as complex 

biomolecules, such as hydrophobins, via biosynthetic gene clusters (Figure 6). 

Hydrophobins are highly surface-active molecules that self-assemble into amphiphilic 

layers, or layers with a hydrophobic side and a hydrophilic side, are involved in aerial 

hyphae formation, enable fungi to interact with hydrophobic surfaces, and are of 

increasing interest for their biotechnological applications34. Berger et al. recently 

reviewed the use of hydrophobins for drug development, protein purification, 

antimicrobial coatings, and biosensors. They also surface gaps in our knowledge and 
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opportunities for technological development that advance hydrophobin science. 

Furthermore, Mgbeahuruike et al. recently used Ganoderma sp. in an inventory and 

evolutionary analysis of hydrophobin genes in three wood-degrading fungi35. They found 

that all twenty-five of the hydrophobin genes in their Ganoderma strain belonged to the 

class I family, forming long rodlets and containing long, varied inter-cysteine spaces. 

They speculate that the clustering of hydrophobin genes in the genomes they analyzed 

could be a result of gene duplication. As Riquelme et al. point out, scientific 

understanding of mycelium biology has advanced considerably over the past seven 

decades, but there is still much that we do not know. 

 

Figure 6. Mushrooms produce a vast repertoire of natural products with ecological, 

medicinal, and biotechnological importance. A species of the genus Cortinarius, an 

ectomycorrhizal fungus producing an unidentified gelatinous substance (R.Perez, 

unpublished). Mushrooms contain complex biosynthetic gene clusters that enable them to 
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produce a vast repertoire of secondary metabolites with medicinal, culinary, and 

technological importance. As Roper et al. assert, fungi are the “dark matter” of biology; 

illuminating that dark matter will benefit people and the planet. 

Mushrooms develop in a manner that current evidence suggests is genetically distinct 

from animals and plants, supporting the theory that multicellularity arose after the split 

between the three Kingdoms1. Mushroom-forming fungi are modular organisms, like 

coral; that is, a heterokaryotic mycelium is mostly totipotent and a single hypha can 

instantiate a new mushroom1,36. The process begins with morphogenesis, the basis of 

which is the hyphal branch event1,36. Hyphae sense neighboring hyphae and begin to 

branch, fuse, or otherwise coordinate to form different tissues, such as bundles of hyphae 

or globular masses1,36. These types of coordinated actions give rise to differentiated 

tissues that are then inflated by turgor pressure, in some species within a few hours, to 

form a mushroom. Most studies of mushroom development have been qualitative 

morphological observations1,36. The mycologist David Moore has written extensively on 

the principles that govern the developmental biology of mushrooms: 1) hyphae only 

extend apically and cross walls only form perpendicular to its long axis; 2) the hyphal 

branch event is the basis for proliferation in filamentous fungi and control over the event 

determines the type of tissue formed; 3) cell-cell communication in fungi is distinct from 

that in animals and plants; 4) mushroom development is composed of genetic subroutines 

that produce a mushroom when they are executed in the right spatiotemporal sequence; 5) 

mushrooms can emerge from simple apical growth via coordinated response to external 

signals; 6) inducer hypha recruit neighboring hypha to form hyphal knots that become 

either sclerotia or mushroom initials depending on external factors; 7) morphogen 
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gradients regulate coordination between hyphae; 8) adjacent hyphal sections that share 

cytoplasm can be developmentally distinct; 9) mycelia are generally totipotent with the 

exception of meiocytes; 10) mushroom-forming fungi are robust to developmental 

imprecision; 11) mechanical signals influence the final mushroom form, in particular, 

during inflation and maturation1,36. Recent bioinformatic analyses have begun to 

contextualize our understanding of mushroom development, elucidating the evolutionary 

convergence of genetic innovations across the fungi, animal, and plant Kingdoms5. Kiss 

et al. analyzed 72 fungal genomes and showed that hundreds of genes show correlated 

evolution with hypha4. Their evidence suggests that multicellular fungi evolved some 

genetic innovations but mostly co-opted and modified existing eukaryotic gene sets4. 

Using transcriptomic data from six species in various developmental stages, Kriszan et al. 

constructed a transcriptomic atlas that revealed conserved developmentally regulated 

genes across almost 300 gene families and greater than seventy functional groups5. They 

also identified 631 protein domains that were common in mushroom-forming fungi, such 

as F-Box, RING-type, and BTB protein domains. Their results provide strong evidence 

for two distinct stages of mushroom development, one where hyphae proliferate--branch-

-and differentiate into distinct cell types; and one where cells swell in size. Interweaving 

knowledge of the mycofluidics of mushroom inflation into our morphological and genetic 

understanding of mushroom development could form a powerful foundation for 

theoretical and experimental approaches that further elucidate mushroom development. It 

is interesting to think about how synthetic biology can contribute to advancing our 

understanding of the biology of mycelia, mycofluidics, biosynthetic gene clusters, and the 

developmental biology of mushrooms. 
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The economics of lignocellulosic biomass and mushrooms 

The contiguous United States (U.S.) contains approximately 700 million tons of potential 

lignocellulosic biomass37. The available biomass is generally a mixture of forest and 

agricultural residues, urban organic waste, and algae. Bioproducts derived from 

lignocellulosic biomass, such as chemicals, enzymes, bioplastic bottles and packaging, 

and textiles contributed an estimated $393 billion and 4.2 million jobs to the U.S. 

economy in 201438–40. The U.S. Department of Agriculture (USDA) reports that global 

revenues from bio-based chemicals alone will exceed $500 billion dollars per year by 

202541. Further development of infrastructure for utilizing distributed biomass resources 

could help enable a “Bio-Belt” that revitalizes rural manufacturing and benefits 

historically-disenfranchised communities42. 

Current biomanufacturing processes typically focus on the microbial conversion of 

lignocellulosic biomass feedstocks to sugars by way of enzymatic hydrolysis followed by 

fermentation into higher-value products43. Such approaches require resource-intensive 

biomass preprocessing, liquid bioreactors, and ancillary equipment38. In contrast, wood-

degrading filamentous fungi—evolved to grow directly from lignocellulose—could 

provide a more straightforward means of manufacture that is less resource-intensive and 

expands what bioproducts can be made.  

Humans have used fungi for thousands of years to produce foodstuffs, such as bread, 

beer, and wine44. More recently, humanity has partnered with filamentous fungi to 

produce enzymes, antibiotics, and various other important chemicals. For instance, 

filamentous fungi have been used biotechnologically for over 100 years to produce the 
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food additive citric acid. Similarly, mushrooms have long been used as a source of 

medicines and are consequently revered by many cultures45. In particular, Ganoderma 

lucidum, also colloquially known as Reishi and Lingzhi, has been used for at least 2,000 

years and underpins a multi-billion dollar global industry46. Reishi is often referred to as 

a nutraceutical. For their Special Issue on Ganoderma in Phytochemistry, Bishop et al. 

define nutraceuticals as, “functional foods, the active components of functional foods, 

dietary supplements and medicinal foods (Brower, 1998) as well as foods containing 

probiotics.” Numerous mushrooms are used as nutraceuticals around the world, such as 

Ophiocordyceps (previously Cordyceps) species, Grifola frondosa (Hen of the 

Woods/Maitake), Lentinula edodes (Shiitake), and Inonotus obliquus (Chaga), but Reishi 

may be the most widely recognized. According to Bishop et al. Reishi has been cultivated 

in China since before the common era and continues to be cultivated outdoors with 

contemporary farming techniques, such as indoor farming, increasing in recent years. 

While Bishop et al. artfully review the reported in vitro evidence for various claims of 

bioactivity of Reishi-based molecules, they also clearly acknowledge the need for work 

to improve the taxonomy of the genus Ganoderma, identify active ingredients, and 

clinical trials to prove safety and efficacy. 

Direct use of wood-degrading fungi could even enable new opportunities for innovation 

in the global economy, especially in developing countries47–49. The direct use of wood-

degrading filamentous fungi could also facilitate a more ‘circular’ economy supporting 

sustainable food production, manufacturing, and energy generation47. As a specific 

example, lignocellulose-based mycological production could help to significantly reduce 

emissions by sequestering carbon dioxide as mycelium-based materials. Sonja van 
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Renssen reported on a study performed by the Nova Institute for the German Federal 

Environment Agency titled “Environmental Innovation Policy -Greater Resource 

Efficiency and Climate Protection Through the Sustainable Material Use of Biomass - 

Short Version” highlighting the potential for biomaterials to reduce CO2 emissions in 

Germany by up to thirty-five percent by the year 2030 if lignocellulosic biomass 

resources were diverted to biomaterials production as opposed to biofuels50. Mycological 

materials made from the tissues of mushrooms could be a significant portion of these new 

biomaterials. They are already being explored for use in meat replacements, filtration and 

remediation of contaminated water, packaging materials, furniture, textiles for the fashion 

industry, architectural design, art, materials for supercapacitors and batteries, antiviral 

therapeutics for bees, and nanoparticle synthesis51–62. Mycelium-based bioproducts could 

begin to offer new carbon-sinks to fight climate change while also opening new 

paradigms of design, art, and bioengineering (Figure 7). 
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Figure 7. Mycological materials could potentially sequester more carbon than 

traditional biomass-to-biofuels methods and create market pull for the 

biotechnology industry. Various types of bioproducts that can be made using 

mycological production (R. Perez, unpublished). Since mushrooms degrade their 

substrate through a type of aerobic fermentation, life-cycle analyses of mycological 

production processes must be done to quantify net CO2 sequestration. The need to invent 

new materials, measures, methods, and technologies supporting mycological production 

of novel biomaterials for high-margin applications could create a market pull effect that 

drives further investments in the sector.  
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The current state of mycological production and mycological 

materials 

Most commercial mycological materials based on aerobic solid-state fermentation are 

made by placing an organism and substrate mixture into a preformed mold and allowing 

the mycelium to process the substrate via aerobic SSF. The process itself is typically 

halted via thermal inactivation followed by downstream processing (Figure 8).  

 

Figure 8. Current mycelium materials are formed extrinsically. A generalized 

schematic representation of the process used for producing mycelium materials. The 

substrate is preprocessed and pasteurized, followed by mixing with a pre-colonized 

substrate, known as grain spawn, then the mycelium-substrate mixture is packed into a 

pre-made form and allowed to incubate, a process known as aerobic solid-state 

fermentation until the desired properties have been reached. The production process is 

typically terminated by desiccating the material, referred to as drying in the figure. It is 

interesting to consider how synthetic biology might enable the intrinsic shaping of 

mycelium materials. Image reproduced with permission from63, without modification, 

CC-BY-4.0, http://creativecommons.org/licenses/by/4.0/. 



 30 

Recent studies showcase the impacts that the choice of organism, strain, and substrate 

composition have on the macroscopic properties of mycelium-based materials33,64–70. For 

example, Haneef et al. showed that the choice of the organism can change the 

macroscopic properties of mycelium materials, including morphological, chemical, or 

mechanical characteristics68. As a second example, Appels et al. demonstrated that 

genetic differences among strains of the same species can also change the macroscopic 

properties of mycelium-based materials66. 

For a broader context, Cerimi et al. recently reported that 27 different fungal species have 

been used in developing mycelium-based materials and processes71. Most organisms are 

of the class Agaricomycetes in the division Basidiomycota. The Agaricomycetes are less-

extensively studied and developed as some of their Ascomycota counterparts, such as 

Saccharomyces cerevisiae, Neurospora crassa, or Aspergillus niger72–74. The model 

mushrooms that have been advanced in academic research, such as Coprinopsis cinerea 

for mushroom genetics, Agaricus bisporus for food, Schizophyllum commune for 

mushroom morphogenesis, and Phanerochaete chrysosporium for lignocellulosic 

biomass degradation, are different from the organisms that are used by industry, such as 

Ganoderma lucidum and Trametes versicolor19,20,75–81. The adoption of G. lucidum has 

been driven by companies whose internal test data is not made public and because of the 

historical use of G. lucidum that have reduced certain regulatory requirements, for 

instance G. lucidum is generally regarded as safe for human consumption. 

A wide variety of substrates supporting fungal growth are also reported throughout the 

academic literature71; substrates used by industry are often proprietary recipes that are not 

shared. Substrate composition has been demonstrated to be critical in defining the 
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macroscopic properties of mycological materials. For example, Elsacker et al. 

demonstrated that substrate physical characteristics (e.g., fiber type) may have a greater 

impact on macroscopic material properties than the chemical composition of the substrate 

itself 63. From their experiences Elsacker et al. declare that substrate composition and 

processing standards are needed. 

Outline of chapters 

My doctoral research draws upon the lessons I have learned from mushroom evolution, 

ecology, biology, and economics. From the diversity of mushroom forms and their 

evolutionary success to the symbiotic relationships they form to their role in the carbon 

cycle to their mycelia that ensure all parts of the network receive proper nutrition, 

mycology offers metaphors and philosophies for scientific creativity, innovation, and 

critical thought. Chapter two describes the beginning of my journey into mycology and 

the development of our simple laboratory culture and measurement methods. Chapter 

three describes the development of our basic biometrology methods for working with 

wood-degrading fungi. Chapter four describes my advocacy for standards for fungal 

biotechnology at the EUROFUNG 2nd Think Tank, the resulting White Paper, and my 

contributions to the manuscript. Chapter five describes my contributions to the 

development of programs enabling people and places that cultivate civic engagement 

with the biological sciences by community members. Chapter six describes future work 

supporting Ganoderma lucidum synthetic mycology. Chapter seven is materials and 

methods. 
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Publication list and contributions 

This dissertation contains material from two published journal articles. The creative ideas 

and the actual work for all the results presented here are primarily due to me, except 

where explicitly noted below and within the text. Some of the text and figures in this 

dissertation come directly from those articles with revisions for incorporation into this 

dissertation. I am solely responsible for any mistakes herein. 

Chapter 2 uses material from: 

Rolando Perez, Marina Luccioni, and Drew Endy, et al. “Enabling community-based 

metrology for wood-degrading fungi.” The original idea of using PringlesTM as a 

regularized reference substrate is due to Drew Endy. My contribution is working out the 

detailed designs, experimentation, coordination of labor, and carrying out all analysis. I 

advised Marina Luccioni and Jensina Froland regarding basic laboratory culture methods 

development. With my guidance Jensina Froland prototyped a synthetic solid-substrate 

assay and developed an improved liquid culture media. 

Chapter 3 uses material from: 

Rolando Perez, Marina Luccioni, and Drew Endy, et al. “Enabling community-based 

metrology for wood-degrading fungi.” The original idea of using PringlesTM as a 

regularized reference substrate is due to Drew Endy. My contribution is working out the 

detailed designs, experimentation, coordination of labor, and carrying out all analysis.  

Chapter 4 uses material from: 
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Vera Meyer, Rolando Perez, and Drew Endy et al., “Growing a circular economy with 

fungal biotechnology: a white paper.” I contributed to the framing and narrative of the 

manuscript via the EUROFUNG 2nd Think Tank. I wrote the section of the paper 

regarding standardization and biofoundries and I contributed to editing of the manuscript. 

Chapter 5 uses material from: 

Organizations I have co-founded and have permission to reuse, BioJam and Xinampa. 

For BioJam, I collaborated with Corinne Takara, Sonia Travaglini, Veronica Brand, 

Callie Chappell, Jonathan Hernandez, and participating youth. For Xinampa, I co-

developed and implemented workforce development workshops, public panel 

discussions, and targeted initiatives with Ana Ibarra, Omar Perez, Corinne Takara, Matias 

Kaplan, Steven Ryhans, and Leo Tejeda. 

Chapter 6 uses material from: 

All material in chapter six is ongoing and may be incorporated into a future publication. I 

conceived of the Mycotronics projects. I built a prototype for the Mycotron, specified the 

system needs, and advised the 42 Silicon Valley Robotics team to build a working 

prototype. I prototyped a computational pipeline for the automated image analysis project 

and advised Eden to develop a working pipeline. I manually prototyped the Automated 

Tissue Culture protocol, specified the needs, and advised the development of a working 

prototype. Daniel Goncharov and the 42 Silicon Valley Robotics students designed and 

built working prototypes of the Mycotron and the Automated Tissue Culture system. 

Eden Grown-Haeberli designed and built a working prototype of a computational 

pipeline for automated image analysis. Isaac Justice performed early protoplast 
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production experiments. I conceived of a 96-well plate format nanostraws device and co-

designed an early prototype. Eytham Souibgui designed and built a working prototype of 

a 96-well plate format nanostraws system. 

Chapter 2: bioengineering basics for working with 

wood-degrading mushrooms 

Summary 

Mushroom research was a new area of inquiry for me, the Endy Lab, and the Department 

of Bioengineering. Additionally, current mycological materials knowledge and practices 

are generally ad hoc and not widely shared by industry. Therefore, I started by exploring 

working with readily available mushrooms, commercial substrates, and well-established 

culture conditions. I subsequently sourced sequenced strains and reference substrates. I 

then established basic laboratory culture techniques and developed a simple growth 

measurement method. I published some of the work in this chapter in a peer-reviewed 

journal article, “Enabling Community-Based Metrology for Wood-Degrading Fungi,” 

citation below82. 

Perez, R., Luccioni, M., Kamakaka, R. et al. Enabling community-based metrology for 

wood-degrading fungi. Fungal Biol Biotechnol 7, 2 (2020). 

https://doi.org/10.1186/s40694-020-00092-2 
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Introduction  

Reliable reuse of materials and measures has long been recognized as essential for 

commerce and civilization83–85. For example, Sect. 8 of the United States (U.S.) 

Constitution grants Congress the power to, “fix the Standard of Weights and Measures”86. 

Standards are so useful that the U.S. Commerce Department operates the National 

Institute of Standards and Technology (NIST) to establish essential measures for the U.S. 

economy. Additionally, multiple industries support sector-specific standards-setting 

organizations including the International Electrotechnical Commission (IEC) for 

electrical and electronic engineering standards, the Internet Engineering Task Force 

(IETF) for information networking standards, and the International Organization for 

Standardization (ISO) for materials, products, processes, and services standards. 

Beginning in 1999, reuse of standard measures, materials, and methods began to prove 

useful for synthetic biology; but, the resulting impacts of standardization with and of 

living matter have not yet matched other technology-enabled sectors87–94. Although 

humans have long-partnered with filamentous fungi there are yet to emerge any standards 

supporting the coordinated reuse of wood-degrading fungi in mycological production95–

98. 

Ecologists studying the natural behaviors of wood-degrading fungi have long sought to 

standardize measurements of soil decomposition for scientific purposes. For example, 

ecologists have used Popsicle® sticks partially buried in the soil to measure fungal 

growth and wood decomposition rates on a semi-homogeneous wood substrate across 

different ecosystem settings99,100. Methods of this type have been adapted and formalized 
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into standardized products for various applications, such as the American Society for 

Testing and Materials International Standard D1413-07, “Standard Test Method for 

Wood Preservatives by Laboratory Soil-Block Cultures”101. Adapted Popsicle® stick-

based methods are still being used in soil studies102. As a second example, Keuskamp et 

al. developed a “Tea Bag Index” method using Lipton® tea bags to quantify soil 

decomposition rates and litter stabilization; bags are buried in soil and retrieved for 

analysis after at least four days103,104. The Tea Bag index is being used to support citizen-

science based measurements of plant matter decay105,106. Separately, the use of consumer 

products in culturing wood-degrading fungi is being further explored; for example, 

Peeps®—a marshmallow-based food product—were used to study the survival and 

growth of fungi in harsh environments107.  

Here, I sought to develop materials, measures, and methods that begin to support reliable 

basic laboratory culture. So-realized such methods could underlie subsequent 

development of additional standards supporting downstream production processes. 

Specifically, I sourced sequenced strains of wood-degrading fungi and used standard 

plate-based colony radial extension assays to determine strain performance.  

Results 

Experimenting with non-sequenced strains and adopting published culture 

conditions 

In getting started, I aimed to gain artisanal knowledge of working with wood-degrading 

mushrooms through rapid experimentation. In practice, I surveyed the literature for 
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standard growth conditions for the genus Ganoderma and found various reported 

temperature, humidity, and light conditions, each depending on the culture method, 

developmental stage, or intended application. I decided to focus on the culture conditions 

used for genetic engineering studies, which are similar in temperature to the conditions 

for mycelium materials production108. I began by growing the most readily available 

strains of wood-degrading mushrooms, such as spore suspension syringes available 

through commercial vendors and samples of cultures belonging to friendly practitioners. I 

grew the fungi at 30C, in ambient humidity, and without light.  

 

Spore suspension syringes are readily available for purchase on the internet, so I acquired 

several syringes to familiarize myself with the feasibility of working with spores as a 

starting point. As I reviewed in the previous chapter, mushrooms begin from single 

spores, therefore, working with spore syringes will inevitably introduce variation arising 

from the heterogeneous genetic makeup of the haploid spore population. Additionally, 

beginning from spores often necessitates an intermediary step of spawn culture, whereby 

the spore culture is grown on an initial feedstock and then after some time is mixed with 

a spawning substrate that is typically a more nutrient-rich substrate. The resulting spawn 

can then be mixed with the intended final substrate in the desired ratios of spawn to the 

substrate. Practitioners often skip the spawning step and proceed directly to inoculating 

the intended final substrate. As I reviewed in the previous chapter, mushroom production, 

and by inheritance mycological production of mycelium materials, can be an artisanal 

practice that is composed of a wide variety of methods and preferences. As an additional 

objective, I sought to cultivate institutional knowledge of growing mycelium materials 
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for the Endy Lab so I sought to establish reproducible, reliable, and practical methods 

that could persist after I left the lab.  

 

Typically spores are purchased and upon receipt are injected into a plastic culture bag 

that is pre-filled with the pasteurized substrate. The bags contain micron-scale filter 

patches that permit airflow but prevent contamination. An important consideration is the 

moisture content of the substrate and my early explorations often suffered from 

insufficient moisture content. Alternatively, practitioners also use glass jars with 

specialized lids that contain a rubber self-sealing gasket that can be pierced by a syringe 

filled with spores or a liquid culture to inoculate the jar (Figure 9). 

 

  
Figure 9. Spore suspensions are readily available from commercial vendors but they 

introduce genetic heterogeneity into starter cultures. Various spore suspensions of a 

variety of mushroom species (left, R. Perez, unpublished) and commercially-available 

conventional culture equipment (right, R. Perez, unpublished). Reproducibility and 

reliability are important for science and production. Working with spores offers 

practitioners quick access to haploid spores but introduces genetic heterogeneity, while 

many applications require homogeneous, stable, and consistent genetics. Samples of 
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plate-based mycelium cultures are also available from some commercial vendors but I did 

not explore those materials. 

 

I also began working with spawn and spent substrate cultures gifted to me by friendly 

mycologists working with mycelium materials (Figure 10). Sent substrate cultures are 

colonized substrates that have been used to produce a mycelium material but that retain 

utility for downstream production processes. Working with spawn and spent substrate 

cultures enabled us to subculture samples and immediately inoculate intended final 

substrates with the spawn culture. These cultures exhibited more rapid and reliable 

growth performance than any cultures we initiated from spore suspensions.  

 

Figure 10. Bulk spawn and spent substrate cultures offer rapid and reliable growth 

performance. Five, 10-gallon plastic bags filled with spent substrate culture on 
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proprietary grain substrates. The strain is known to be of the genus Ganoderma but the 

exact species is not specified. Working with spawn and spent substrate offers many 

advantages over spore suspension cultures, such as more homogeneous and stable 

genetics, though each has its use cases. 

 

Marina Luccioni and I also explored the possibility to prospect new wild strains of 

mushrooms from local sources (Figure 11). Even though we did not proceed with any of 

the strains Marina collected, we learned about proper procedures when isolating wild 

mushrooms for subsequent culture in a laboratory setting, such as identification of 

promising samples and sample sterilization prior to subculturing. Care must be taken to 

ensure practitioners are not isolating human pathogens or plant pests as well as 

preventing infestation of the laboratory with small animals or insects. We had a 

particularly interesting incident happen when we cultured a wild mushroom specimen in 

a walk-in warm room that did not have ventilation. At some point, a noxious fume 

accumulated in the room such that we had to shut-down the laboratory. While we could 

not definitely determine the source of noxious fume we had other organisms growing in 

that room, it was interesting to subsequently learn about research into the volatile 

compounds mushrooms produce. 
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Figure 11. Bioprospecting new strains from local nature can potentially help 

preserve biodiversity. The specimen Marina collected, which she named ML2. 

(Collection information for strain ML2: Collected January 28th, 2018 in Muir Woods, 

California (37.896, -122.593), M. Luccioni, unpublished). 

 

While working with biomaterials acquired from readily available commercial vendors 

allowed us to rapidly begin work with wood-degrading mushrooms, the strains we were 

working with had not had their genomes sequenced. Furthermore, we were not ready to 

commit to commercial solid substrates as a method for broader adoption. Since one of 

our ultimate objectives is to apply synthetic biology techniques to mycology and the 

mycological production of mycelium materials, we decided to focus our subsequent 

efforts on acquiring sequenced strains. It is important to note that one possible scenario 
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that might not require working with sequenced organisms is to use the genomic 

information that is available for closely-related species to engineer the strains we had, or 

we could sequence the genomes of the strains we had. We decided to continue with the 

unsequenced strains to build more familiarity with various culture methods while 

simultaneously working to acquire strains with sequenced genomes.  

 

Establishing simple laboratory culture methods 

We then worked to confirm a suitable measurement method that can be readily used by a 

diversity of practitioners. First, we compared total biomass accumulation in liquid culture 

with aerobic solid-state fermentation and plate-based measurements of colony radial 

extension to determine if either method would be suitable for adoption by diverse 

practitioners.  

Liquid culture 

Liquid culture methods do not resemble the ambient conditions encountered in aerobic 

solid-state fermentation where the air is the continuous phase. The studies typically take 

more than 5 days to complete, use sample volumes greater than 10 mL, and require 

ancillary equipment to properly culture the samples, harvest and dry the biomass, and 

measure the dry cell weight65. I began by culturing Ganoderma spp. in a commonly used 

liquid media, potato-dextrose yeast extract (PDY). In our small pilot studies using PDY 

and extracts of other commonly used substrates, we found 5 mL culture volumes of 

various fungi and substrate combinations that were shaken at 200 revolutions per minute 

(rpm) resulted in irreproducible results, and so we abandoned the liquid culture-based 
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measurement method for the purposes of developing a widely-adoptable metrology 

method.  

I eventually returned to experimenting with liquid culture methods by culturing pieces of 

Ganoderma lucidum 10597-SS1 mycelium in 50 mL of PDY in 250 mL flasks at 30C 

and 200 rpm. I found that PDY supported growth but the cultures typically adopted pellet 

morphologies. With my guidance, Jensina Froland then led work to develop an improved 

liquid media for further studies109,110. Her objective was to grow 50 grams of mycelium in 

a 1-liter culture. She was able to improve on PDY by adding MgSO4, K2HPO4, KH2PO4, 

NH4CL2, and Peptone, creating a media she named, Mycelium Potato D-Glucose Yeast 

(MPDY) (Figure 12).  
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Figure 12. Robust liquid culture of wood-degrading fungi is essential for advancing 

mycelium materials. Images of our 5 mL culture pilot studies (top left, R. Perez 

unpublished), harvested mycelia prior to drying in an oven (top right, R. Perez 

unpublished), the fungal pellet morphology in a 250 mL flask (bottom left, R. Perez 

unpublished), and a 500 mL culture of Ganoderma lucidum 10597-SS1 grown in MPDY 

(bottom right, R. Perez unpublished). Improved liquid culture methods for wood-

degrading fungi will enable new mycelium material production methods and high-

throughput genetic engineering.  

Aerobic solid-state fermentation 

In the wild, mycelia often grow in conditions where the air is the primary phase, such as 

rotting logs, leaf litter, or soil. Mushroom growers have long cultivated mushrooms in 
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aerobic solid-state fermentation (SSF) conditions, a practice that many producers of 

mycelium materials have adopted111,112. In SSF the mycelium grows in between the 

particles of the substrate in a volumetric expansion distinct from liquid culture. I sought 

to determine if aerobic solid-state fermentation could be amenable to a simple 

measurement method for further studies. I began by surveying the literature, reading 

popular texts, and growing Ganoderma spp. on various commercial substrates in glass 

jars and in square Petri dishes (Figure 13)113.  

  

Figure 13. Aerobic solid-state fermentation can drive the development of new 

technologies and ancillary equipment for mycological production. Representative 

images of our substrate characterization (left, R. Perez, unpublished), SSF in glass jars 

(center, R. Perez, unpublished), and a 23 cm x 23 cm sheet of G. lucidum 10597-SS1 

mycelium growing on commercial wood chip substrate supplemented with MPDY (right, 

R. Perez, unpublished). Note the heterogeneous morphology of the mycelium sheets, a 

characteristic that can be either desirable or undesirable and a result of differential gene 

expression across the mycelium. 
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Some of my considerations when evaluating aerobic solid-state fermentation as a viable 

culture method were the types of possible measurements, the measurand, and the ease of 

measurement. Typically, fungal growth in solid-state fermentation is characterized by 

colonization rate or biomass measurements. Colonization rates can be estimated by 

measuring mycelium leading-edge extension or quantifying color changes. Biomass can 

be estimated using conventional ergosterol measurements methods, nucleic acid content, 

protein content, CO2, or the number of nuclei in an extract of a representative sample of 

the culture114–116. For biomass measurements, a challenge arises when the objective is to 

distinguish between living and dead cells. Though aerobic solid-state fermentation has 

long been used for mycological production, there is still significant room for 

improvement. For instance, biomass measurement methods can be more straightforward. 

Furthermore, many conventional measurements require extensive ancillary equipment. 

Recent work by Steudler et al. to develop fluorescence cytometry to count nuclei that 

have been extracted from an aerobic solid-state fermentation culture points to potential 

technological improvements of biomass measurements. One way to improve 

measurements for SSF is to create a synthetic system that enables control over substrate 

physicochemical properties and expands the possible measurement modalities. To this 

end, I closely advised Jensina Froland as she led work to explore the possibilities of 

fabricating tuneable solid substrates and to use her fabricated substrates in an aerobic SSF 

culture (Figure 14). 
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Figure 14. Synthetic substrates for aerobic solid-state fermentation could enable 

more precise control over the process and new measurement modalities. Our work to 

investigate the potential for synthetic substrates to support fungal growth. One fabrication 

method and substrate formulation Jensina developed was alginate spheres dispersed in 

mineral oil (left and center, R.Perez, unpublished), our pilot studies showed that 

Ganoderma lucidum 10597-SS1 could grow on our synthetic substrates (right, R. Perez, 

unpublished). Synthetic substrates could enable new measurement modalities, such as 

spectrophotometric measurements. 

Plate-based culture 

One of the most familiar methods for culturing mycelium is the plate-based method. To 

inoculate a culture a sample from a spawn culture or a tissue plug from the leading edge 

of a plate-based colony of mycelium is transferred onto a Petri dish containing agar 

media and incubated at the appropriate temperature and humidity. The mycelium then 

extends radially across the surface of the media and a common practice is to measure the 

rate at which the mycelium “runs,” across the surface. Measurements are typically end-
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point or time-course measurements. Using methods reviewed by Jones et al., I began by 

making daily hand-based measurements of mycelium extension rates along three equally-

spaced axes that are traced across the plate (Figure 15)65. 

  

  

Figure 15. Plate-based culture methods are simple enough to be adopted by many 

practitioners. My first attempts and subsequent work to improve our plate-based culture 

methods. I started by culturing fungi on solid substrates in Petri dishes but found that the 

mycelium grew nonuniform and the leading edge was difficult to identify for the 

purposes of extension rate measurements (top left, R. Perez, unpublished). I switched to 

agar-based media and observed improved mycelium morphology (top right, R. Perez, 
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unpublished). We also improved our incubation method by enclosing the plates in a 

container that could support basic control of the humidity levels that we then kept in a 

30C walk-in warm room, as opposed to our laboratory incubator which offered no control 

over humidity (bottom left, R. Perez, unpublished). I established a simple method for 

imaging plates for the purposes of downstream image analysis and radial extension 

measurements (bottom right, R. Perez, unpublished). 

 

In collaboration with Marina Luccioni, we further developed my plate-based 

measurement method to enable more reproducible and reliable measurements. We started 

by making daily traces of the leading edge of the mycelium as opposed to making daily 

measurements. Using a simple setup, we then took images of each plate at the end of the 

experiment and used image analysis software to manually measure the distance between 

the traces along the three equally-spaced axes. I then determined that the plate-based 

culture method was a viable method that could support our further work. 

Sourcing sequenced wood-degrading mushrooms and establishing reference 

strain Ganoderma lucidum 10597-SS1 

Most mycelium-based fabrication processes use organisms whose genomes have not been 

sequenced. Going forward, working with sequenced organisms is absolutely critical to 

support science- and technology-enabled improvements in strains and manufacturing 

processes. Thus, in getting started, we worked to source five sequenced strains of 

industrially-relevant wood-degrading fungi: Pleurotus ostreatus, an important gourmet 

mushroom that is used in mycelium-materials; S. commune, a widely-recognized model 
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organism for mushroom morphogenesis; T. versicolor, a medicinal mushroom used for 

remediation and mycelium materials; G. lucidum, a medicinal mushroom and favorite of 

the nascent mycelium materials industry, and P. chrysosporium, a recognized model 

organism for processing lignocellulosic biomass. 

Obtaining sequenced strains for each selected organism was complicated. For example, 

we first acquired a sample of P. ostreatus (strain ID PC-9) from the Spanish Type Culture 

Collection (CECT). Acquiring samples of P. ostreatus from CECT required completing 

an ad hoc materials transfer agreement, USDA Animal and Plant Health Inspection 

Service (APHIS) permitting, Spanish Customs export compliance requirements which 

included affirming future compliance with the Convention on Biological Diversity and 

the Nagoya Protocol, and finally U.S. Customs import requirements. However, upon first 

use of the so-sourced sample, we observed microbial contamination in our stock cultures, 

which we were able to clear through subsequent subculture. We experienced similar 

challenges acquiring sequenced strains of G. lucidum from various sources. We 

eventually acquired G. lucidum (10597-SS1), T. versicolor (FP101664-Spp), P. 

chrysosporium (RP-78) from the Reference Culture Collection at the Center for Forest 

Mycology at the USDA Forest Service Forest Products Lab. We acquired S. commune 

4.8B from Han Wosten. All strains except for S. commune 4.8B have been sequenced by 

the U.S. Department of Energy Joint Genome Institute (JGI). S. commune H4-8, a close 

relative of S. commune 4.8B, has also been sequenced. Genome assemblies can be 

accessed via the JGI MycoCosm portal (mycocosm.jgi.doe.gov) (Table 1) or via the 

National Center for Biotechnology Information (NCBI) GenBank database (G. lucidum: 
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PRJNA68313, T. versicolor: GCA_000271585.1, P. chrysosporium: AADS00000000.1, 

S. commune: GCA_00014385.1).  

 

Table 1. Strains used and their source. The strain name and ID, a representative image 

of each strain, and the source of the strain. The left column indicates the name and strain 

ID of each organism, the center column contains images of the organisms as they are 

found in nature, and the right column indicates the source of the strain. The strain ID for 

P. chrysosporium, T. versicolor, and G. lucidum can be used to explore the genome 

assemblies and annotations via the U.S. Department of Energy’s Joint Genome Institute 

fungal genomics resource, MycoCosm. S. commune strain (4.8B) used is closely-related 

to the JGI-sequenced strain (H4-8) whose genome assembly and annotation is also 

available via MycoCosm (https://mycocosm.jgi.doe.gov/mycocosm/home). Reprinted 

with permission from Perez et al. 
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Upon receipt, we stored samples of each strain by subculturing the original sample plate 

of each strain into numerous stock plates and stored them at 4C as recent reports have 

shown subculturing and improper storage can affect strain genetics (Figure 16)117. 

 

Figure 16. Establishing a properly maintained culture library is important for 

reproducibility and reliable performance. Our culture library is stored at 4C. 

Improvements to our storage methods could include cryopreservation or lyophilization 

(R. Perez, unpublished). 

Importantly, all organisms acquired are not in the U.S. Regulated Plant Pest list, which 

makes reuse simpler for U.S.-based practitioners. International regulatory frameworks 

governing biomaterial transport may present administrative and logistical challenges for 

coordinating work with wood-degrading fungi, especially for low-resourced practitioners, 

and may hinder broader adoption of standard materials, measures, and methods. One 

possible scenario we envision that could support coordination across locations is for well-

resourced practitioners to bank international reference strains and correlate their 
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performance on reference substrates with the performance of locally-sourced strains on 

the same reference substrates. Such practices could enable the performance of locally-

sourced strains to be compared with international reference strains.  

Sourcing substrates: from readily available biomass to lab-grade media 

Wood-fungus are often grown on “found” feedstocks that can be sourced locally. To 

better understand the range of growth performance as a function of variation in 

feedstocks we measured fungal colony extension rates for G. lucidum, T. versicolor, and 

P. chrysosporium on agar-based substrates made from aqueous extracts of five locally-

available substrates: plant compost from the Stanford Farm, horse manure from the 

Stanford Barn, a commercially-available wood chip substrate, laboratory-grade potato 

dextrose yeast extract (PDYA), and a yeast synthetic defined media (YSD) (Table 2). 

 

Table 2. Substrates used in this work. Various substrates that are either commonly-

used or laboratory-grade. The left column indicates the substrate name, the center column 
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shows representative images of the substrates, and the right column indicates the source 

of the substrate. Reprinted with permission from Perez et al. 

The plate-based radial extension assay 

Plate-based colony radial extension measurement methods more closely reflect the 

ambient conditions of solid-state fermentation processes and require less equipment than 

liquid-based methods65. While plate-based methods do not directly quantify total fungal 

biomass, such methods can serve as an important first step toward developing standard 

measures and methods that might later be expanded to more closely reflect solid-state 

fermentation conditions. Furthermore, a simple and accessible method such as a plate-

based assay can incentivize the early adoption of standard materials, measures, and 

methods for working with wood-degrading fungi across a variety of resource settings. 

The plate-based colony radial extension rate measurement method consists of daily traces 

of the colony radius, followed by imaging of the traces, analysis of the images to quantify 

daily radial growth along each of three equally-spaced axes, followed by linear regression 

modeling of all data for individual samples to calculate extension rates (Figure 16).  
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Figure 17. Plate-based radial extension measurements are an accessible method for 

quantifying the performance of wood-degrading fungi. The mycelium is started from 

a single inoculation point of fungal tissue. The 5 mm tissue plug is taken from a common 

source plate of fungal tissue, applied to an experimental plate, and incubated in darkness 

at 30 °C; resulting in leading edge radial growth along the agar surface in the direction 

indicated by the large black arrow. b The leading-edge of the growing colony is traced 

every 24 h with a marker. c On the final day traces are imaged and analyzed using 

ImageJ. Measurements are made along each axis, red, green, and blue at intersections 

with the leading edge traces. A linear regression model is computed for each sample 

(plate) using all data for all three axes for that sample. The coefficient of the model 

defines the radial extension rate for that sample. Reprinted with permission from Perez et 

al. 

In addition to quantifying colony radial extension rates, we observed qualitative 

differences in hypha density and branch rates between various fungi and substrate 

combinations (Figure 17).  
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Figure 18. Plate-based assays enable the characterization of various parameters of 

filamentous fungi physiology. In addition to radial extension, density of aerial hyphae, 

pigmentation, branch rate, and other important characteristics of filamentous fungi can be 

qualitatively and quantitatively determined using plate-based assays. We observed 

qualitative differences in mycelium density and aerial hyphae density depending on the 

substrate composition. Pictured here are representative images of G. lucidum. Reprinted 

with permission from Perez et al. 

We then measured the performance of our reference organisms, on our newly acquired 

substrates, with our newly established plate-based assay. We found that all fungi tested 

grew on all substrates (Figure 18). However, extension rates varied up to 3-fold across 

organisms and up to 7.5-fold across substrates. P. chrysosporium had the greatest average 

extension rate followed by T. versicolor, and G.lucidum. 
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Figure 19. Extension rates of selected wood-degrading fungi vary up to 7.5-fold with 

respect to substrate composition. We measured radial extension rates of three different 

sequenced wood-degrading fungi on five different substrates. P. chrysosporium had the 

greatest average extension rate followed by T. versicolor, and G. lucidum. Rates below 2 

mm/day are shown but are considered to be at the limit of our measurement technique. 

Statistically significant differences between fungi were detected by way of Tukey’s HSD 

(p < 0.05) for P. chrysosporium and T. versicolor, and P. chrysosporium and G. lucidum. 

Statistically significant differences between substrates were detected by way of Tukey’s 

HSD (p < 0.05) for Compost and Wood Chip, Manure PDYA, and YSD; between 

Manure and PDYA; and between PDYA and Wood Chip. Radial extension rates for 

individual plates (points, n = 6 for all conditions except for T. versicolor on compost, n = 
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3), mean extension rates across all plates (bar height), and standard deviation across all 

plates (error bar) are shown. Reprinted with permission from Perez et al. 

I decided to proceed with the plate-based radial extension assay for further studies. My 

objective was to demonstrate their utility and test whether practitioners across a variety of 

resource settings with a variety of experience levels of working with fungi could apply 

the measurement method using the reference materials.  

Discussion 

To get started, I aimed to familiarize myself with various methods of culturing wood-

degrading mushrooms. I performed pilot studies in collaboration with undergraduate 

students to explore liquid, aerobic solid-state fermentation, and plate-based culture 

methods. I then determined that the plate-based culture method was most amenable to my 

subsequent objectives and adopted it as a suitable measurement method for my future 

work.  

From an equipment perspective, we believe that slightly-more sophisticated measurement 

tools may be useful. For example, simple flat-bed document scanners could be used to 

achieve time-lapse imaging of radial extension to enable more precise quantification of 

extension dynamics118. Additionally, flat-bed scanners have been used to quantify the 

total number of hyphal tips, total number of hyphal segments, the total number of 

network nodes, the total length of the mycelium, growth angle, and branching angle118. 

Furthermore, using time-lapse imaging could speed up determination of extension rates 

and reduce the size of the plates being used; transitioning from 9 cm plates to 24-well 
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culture plates could enable increased throughput and sample numbers, and better support 

statistical analysis of differences in strain performance. 

Chapter 3: enabling community-based 

biometrology for wood-degrading fungi 

Summary 

Extrinsic factors across locations, such as ambient temperature and humidity, can 

significantly impact reproducibility and reliable production when working with wood-

degrading fungi. We demonstrate the utility of reusing materials, measures, and methods 

by distributing a kit for performing simple plate-based measurement assays to participant 

labs. We implement a relative extension units framework to reduce the variation in 

measurements across locations caused by extrinsic factors. I published some of the work 

in this chapter in a peer-reviewed journal article, “Enabling Community-Based 

Metrology for Wood-Degrading Fungi,” citation below. 

Perez, R., Luccioni, M., Kamakaka, R. et al. Enabling community-based metrology for 

wood-degrading fungi. Fungal Biol Biotechnol 7, 2 (2020). 

https://doi.org/10.1186/s40694-020-00092-2 

Introduction  

Differences in growth among strains and across feedstocks make it difficult to compare 

measures of performance across locations and over time. One impractical approach to 
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enabling comparable measurements would be to regularize all feedstocks and strains. 

Instead, we sought to identify a reference material that could be used as a standard 

substrate for calibrating wood fungus growth. Practitioners might make measurements of 

growth on both the standard and local substrates, allowing for comparison of 

performance in relation to a standard substrate used in common. For example, Eastern 

Cottonwood Whole Biomass Feedstock (NIST RM 8492) was developed as a standard 

lignocellulosic reference material supporting biomass research. RM 8492 has undergone 

full compositional characterization, has been used in NIST-led interlaboratory studies, 

and is available for purchase as a calibration tool for biomass feedstock production 

facilities (Figure 19)119,120. However, the material is only available in limited quantities 

and expensive ($8.26/g). 

 

Figure 20. Reference Mass Fraction Values for Constituents in RM 8492. An image 

of NIST RM 8492 and the table listing the mass fraction values. The entire table and all 

values shown here are reproduced directly from the NIST Report of Investigation for 
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Reference Material 8492 Eastern Cottonwood Whole Biomass Feedstock119. NIST RM 

8492 Eastern Cottonwood Whole Biomass Feedstock is a fully-traceable and 

compositionally-characterized candidate reference material. RM 8492 is intended 

primarily for use in evaluating analytical methods for the determination of the summative 

composition of lignocellulosic material. RM 8492 can also be used for quality assurance 

when assigning values to in-house control materials. 

We thus sought standard substrates that are low-cost, can be sourced by anyone 

anywhere, and, if possible, related to NIST RM 8492. To do so we sourced materials that 

might support wood-fungus growth and that can be found throughout global consumer-

product supply chains. Specifically, we sourced cardboard from Amazon Prime™ 

shipping boxes, wood chips from hard- and soft-wood shipping pallets, and Pringles™—

a consumer food product—as candidate standard substrate materials (Table 3).  

 

Table 3. Substrates used in our biometrology studies. We sourced various substrates 

that are either fully-traceable or widely-available. The left column indicates the substrate 
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name, the center column shows representative images of the substrates, and the right 

column indicates the source of the substrate. Reprinted with permission from Perez et al. 

To elaborate on the motivations guiding our sourcing process via a detailed example: 

Pringles™ is a standardized potato-based food that costs ~ $0.01/gram and is available in 

approximately 140 countries (whereas Peeps® and Lipton® tea bags are only available in 

two and 110 countries, respectively)121; Pringles™ generated a reported $342 million in 

retail sales in the UK alone in 2018, a scale at which economic incentives ensure that 

Pringles™ remain available regardless of global and regional politics122; Pringles™ 

themselves are composed primarily of potato starch and are produced to specification by 

only five factories globally (Malaysia, Belgium, China, Poland, U.S.); Pringles™ 

shipments typically arrive on standardized pallets and within standardized cardboard 

tubes (Figure 20). 
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Figure 21. Widely-available consumer materials can serve as reference substrates. A 

cartoon schematic of our reasoning and approach for using consumer materials as 

reference substrates. Global shipping networks reach more than 140 countries and could 

help underpin distributed bioproduction processes that support a greatly expanded 

bioeconomy.  From Noun Project, www.thenounproject.com, Ship: by Vectplus, Creative 

Commons license (CC-BY, https://creativecommons.org/licenses/by/3.0/us/legalcode); 

Earth: by Valeriy, (CC-BY); Blender: Creative Mania, (CC-BY); Flask: Atif Arshad, 

(CC-BY). 

We also demonstrate via interlaboratory experimentation that measurements of wood-

fungi performance can be coordinated across many locations. We also establish a 

Relative Extension Unit (REU) framework that is designed to reduce variation in the 

quantification of radial growth measurements. So enabled, we demonstrate that five 

laboratories were able to compare measurements of wood-fungus performance via a 
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simple radial extension growth rate assay and that our REU-based approach reduced 

variation in reported measurements by up to ~ 75%. 

Results 

Regularized consumer materials and global shipping: PringlesTM, NIST RM 8492 

Eastern Cottonwood Whole Biomass, cardboard, and pallet wood as reference 

materials 

We tested the performance of four industrially-relevant wood-degrading fungi—S. 

commune, T. versicolor, G. lucidum, and P. chrysosporium—on the candidate widely-

available substrates. We observed that Pringles™ supported the greatest extension rate 

across all organisms tested (Figure 21). We also determined that extension rates varied up 

to 2.5-fold across the different organism and substrate combinations. P. chrysosporium 

had the greatest average extension rate, followed by G. lucidum, T. versicolor, and S. 

commune. For the four fungi tested, aqueous extracts of wood chips made from softwood 

pallets exhibited the slowest extension rates; rates below 2 mm per day are shown but are 

below the precision limit of our measurement technique. 
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Figure 22. PringlesTM is a low-cost readily-available material supporting growth 

measurements of wood-degrading fungi. We measured radial extension rates of four 

select sequenced strains of industrially relevant wood-degrading fungi on five materials 

that can be found at the edges of global shipping networks. Extension rates vary up to 4-

fold across various consumer materials. P. chrysosporium had the greatest average 

extension rate, followed by G. lucidum, T. versicolor, and S. commune. Rates below 2 

mm/day are shown but are considered to be at the limit of our measurement technique. 

Statistically significant differences were detected by way of Tukey’s HSD (p < 0.05) for 

P. chrysosporium and all other strains. Statistically significant differences were detected 

by way of Tukey’s HSD (p < 0.05) for Cardboard and Softwood Pallet, PringlesTM, and 

NIST RM 8492; between Hardwood Pallet and Softwood Pallet, PringlesTM, and NIST 

RM 8492; between PringlesTM and NIST RM 8492, and Softwood Pallet; and NIST RM 
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8492 and Softwood Pallet. Radial extension rates for individual plates (points, n = 6 for 

all conditions except for P. chrysosporium on Softwood Pallet, n = 3), mean extension 

rates across all plates (bar height), and standard deviation across all plates (error bar) are 

shown. Reprinted with permission from Perez et al. 

We chose to proceed with Pringles™ as a widely-available substrate reference material 

primarily because it supported the most robust growth among all of the fungi tested, 

implying that Pringles™-based media may support the growth of a wider range of fungi. 

Though robust growth is not necessarily a prerequisite for substrate reference materials, 

the ability to support the growth of a diversity of fungi other than wood-degrading fungi 

could be more generally useful; Pringles™ are composed primarily of sugar-rich 

substances: dried potatoes, cornstarch, rice flour, and wheat starch, all of which are 

commonly-used substrates for mycological production. We then compared the 

performance of all organisms on media made from Pringles™ to performance on media 

made from NIST RM 8492 using a simple linear model (Figure 22). The observed 

correlation (R2 = 0.93) supports the potential to relate measurements of wood-fungus 

growth made by practitioners at the edges of consumer supply-chains to measurements 

made by well-resourced practitioners with access to fully-traceable and compositionally-

characterized materials.  
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Figure 23. PringlesTM and NIST RM 8492 extension rates are well correlated (R2 = 

0.93, n = 3). The x- and y- components of each data point indicate the mean radial 

extension rate in millimeters per day for a given organism grown on NIST RM 8492 

versus the mean radial extension rate of the organism grown on PringlesTM, respectively. 

Replicates were grouped by substrate batch number. Error bars indicate the standard 

deviation in the x- and y- axis. The black line indicates the linear regression model with a 

corresponding 95% confidence interval (shaded black). Reprinted with permission from 

Perez et al. 

PringlesTM flavors and global factories 

To further explore variation in wood-fungus growth measurements as a function of 

Pringles™ sourcing and composition, we measured and compared the extension rates of 
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G. lucidum on substrates made from Original-flavor Pringles™ sourced directly from 

China, Malaysia, Poland, Belgium, and the U.S., and also from substrates made from 

BBQ-, Sour Cream-, Cheddar-, Honey Mustard-, and Pizza-flavored Pringles™ sourced 

from the U.S. (Figure 23). Radial extension rates of G. lucidum on substrates sourced 

from the five Pringles™ production factories (Original flavor) and other Pringles™ 

flavors (assorted) varied ~ 1.3-fold. Original-flavor Pringles™ made in China supported 

the highest extension rate while Honey Mustard-flavor supported the highest extension 

rate among the U.S.-made Pringle™ flavors tested; calculated coefficients of variation, a 

metric that has been used for characterizing variation in biological circuit measurements 

across locations, were 0.12 and 0.04 for factories and flavors, respectively93.  
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Figure 24. Extension rates on Original-flavor PringlesTM sourced from all five global 

factories and on assorted flavors from the U.S. vary less than 1.3-fold. We measured 

the extension rate of Ganoderma lucidum on substrates made from Original-flavor 

PringlesTM sourced from each of the five PringlesTM production factories as well as 

substrates made from BBQ-, Sour Cream-, Cheddar-, Honey Mustard-, and Pizza-

flavored PringlesTM. Original flavor PringlesTM made in China supports the highest 

extension rate while the Honey Mustard flavor supports the highest extension rate among 

the US-made PringlesTM flavors tested. No statistically significant differences were 

detected between production factories, flavors, or between factories and flavors (Tukey’s 

HSD, p<0.05) potentially supporting their utility as standard reference materials. Radial 

extension rates for individual plates (points), mean extension rates across all plates (bar 
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height), and standard deviation across all plates (error bar) are shown. n = 3 for all rates 

except for Original-USA, n = 4. Replicates for two groups, Original (made in TN, USA) 

and `USA (Original flavor, made in TN, USA), were combined into Original-USA and 

two plates per substrate were dropped due to microbial contamination. Reprinted with 

permission from Perez et al. 

Myco-Metrology Kit v1 

To practically explore the potential for reuse of consumer-sourced materials via a 

common measurement method we sent metrology kits to four participating laboratories 

(Figure 24). The kit included the four fungi strains of interest, a coring tool for excising 

fungal tissue plugs, cheesecloth for filtering aqueous extracts, centrally-provided 

Pringles™, and simple instructions for conducting colony radial extension measurements. 
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Figure 25. Myco-Metrology Kit v1. We made kits (pictured) containing centrally-

provided PringlesTM, fungal cultures, a coring tool, and cheesecloth. 

Interlaboratory study participants independently acquired locally-sourced Pringles™, 

conducted experiments, and returned images of experimental plates for image processing 

and analysis. Measurements of growth rates on media made from locally-sourced versus 

centrally-provided Pringles™ substrates are well correlated (R2 = 0.90), indicating 

locally-sourced Pringles™ perform comparably to centrally-provided Pringles™ (Figure 

25), and were within 1.5-fold, with the exception of Lab 4 measurements of P. 

chrysosporium growth rates (Figure 26). Reprinted with permission from Perez et al. 
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Figure 26. Community-based measurements of radial extension on media made 

from locally-sourced and centrally-provided PringlesTM are well correlated (R2 = 

0.90, n = 3). We distributed a measurement kit containing our proposed reference 

materials: G. lucidum (10597-SS1), T. versicolor  (FP101664-Spp), S. commune (4.8B), 

P. chrysosporium (RP-78), and centrally-provided Original-flavor PringlesTM. 

Participating labs also acquired their own local form of Original-flavor PringlesTM and 

used both substrate sources for radial extension experiments. Lab 4 reported reduced 

performance for the majority of their strains (e.g. yellow outlier data point), possibly due 

to deviations from the suggested experimental protocol and environmental conditions. 

Each data point represents the reported rates by each participating laboratory. The x- and 

y- components of each data point indicate the mean radial extension rate in millimeters 
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per day for a given organism grown on centrally-provided PringlesTM versus the mean 

radial extension rate of the organism grown on locally-sourced PringlesTM. The blue line 

indicates the linear regression model with a corresponding 95% confidence interval 

(shaded blue), respectively. Replicates were grouped by lab, organism, and substrate. 

Error bars indicate the standard deviation in the x- and y-axis. Reprinted with permission 

from Perez et al. 

Observed coefficients of variation for growth rates obtained in our lab were 0.11, 0.04. 

0.02, 0.16 for S. commune, T. versicolor, G. lucidum, and P. chrysosporium, respectively; 

coefficients of variation in growth rates across all other labs were 0.23, 0.28, 0.06, and 

0.39 for S. commune, T. versicolor, G. lucidum, and P. chrysosporium, respectively 

(Figure 26). 
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Figure 27. Community-based measurements of radial extension on media made 

from locally-sourced and centrally-provided PringlesTM are within 1.5-fold. Radial 

extension rates for individual plates (points, n=3), mean extension across all plates (bar 

height), and standard deviation across all plates (error bar) are shown. Statistically 

significant differences per Tukey’s HSD (p<0.05) were detected for Lab 4 measurements 

of P. chrysosporium extension rates across locally-sourced and centrally- provided 

substrates. Statistically significant differences per Tukey’s HSD (p<0.05) were detected 

across labs when using centrally-provided PringlesTM between Lab 4 and Lab 5, Lab 4 

and Lab 2, Lab 5 and Lab 3, and Lab 5 and Lab 2. Statistically significant differences per 

Tukey’s HSD (p<0.05) were detected across labs when using locally-sourced PringlesTM 
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between Lab 4 and all labs (Lab 1, Lab 2, Lab 3, Lab 5), Lab 5 and Lab 3, and Lab 3 and 

Lab 2. Reprinted with permission from Perez et al. 

Interlaboratory biometrology 

To explore reducing variation in measurements across participating laboratories we 

defined relative extension units (REU) and calculated REU for all colony growth rates. In 

doing so we sought to leverage the use of relative units to normalize the performance of 

biological systems in relation to extrinsic factors that are difficult to identify or 

impossible to control, as has been previously established for reporting levels of gene 

expression 93. Specifically, using growth rate data obtained with locally-sourced 

Pringles™ (Figure 26), we divided each lab’s reported extension rates for a particular 

organism by the lab’s reported extension rate for G. lucidum on locally-sourced 

Pringles™ (Figure 27). The resulting REU for each of the organisms are within 2-fold of 

each other with the exception of REU reported by Lab 4 for T. versicolor and P. 

chrysosporium.  
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Figure 28. Reference materials and relative reference units improve community-

based measurements of performance for wood-degrading fungi. Using the same data 

from Fig. 26 we divided each lab’s reported extension rates for a particular organism by 

the lab’s reported extension rate for G. lucidum grown on media made from locally-

sourced PringlesTM.The resulting extension units for each organism are within 2-fold with 

the exception of REU reported by Lab 4 for T. versicolor and P. chrysosporium. 

Reporting REUs reduced coefficients of variation for G. lucidum by 75%, for S. 

commune by 33%, for T. versicolor by 35%, and for P. chrysosporium by 11%. Radial 

extension rates for individual plates (points, n = 3), mean extension rates across all plates 

(bar height), and standard deviation across all plates (error bar) are shown. Reprinted 

with permission from Perez et al. 
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REU for each organism using the centrally-provided Pringles™ are also within 2-fold, 

again with the exception of REU reported by Lab 4 for T. versicolor (Figure 27). 

Reporting via REUs reduced coefficients of variation in all cases: by 75% for G. lucidum, 

by 33% for S. commune, by 35% for T. versicolor, and by 11% for P. chrysosporium. 

Reporting REUs for experiments using centrally-provided Pringles™ reduced 

coefficients of variation for G. lucidum by 63%, for S. commune by 33%, for T. 

versicolor by 22%, and for P. chrysosporium by 32% (Figure 28). 

 

Figure 29. Reporting relative extension units of organisms grown on centrally-

provided PringlesTM reduces variation between measurements across locations. 

Using the data from Figure 26 of organisms grown on centrally-provided PringlesTM, we 

divided each lab’s reported extension rates for a particular organism by the lab’s reported 
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extension rate for G. lucidum. Reported Relative Extension Units (REU) for each 

organism are within 2-fold with the exception of REU reported by Lab 4 for T. 

versicolor. Reporting REUs reduced coefficients of variation for G. lucidum by 63%, for 

S. commune by 33%, for T. versicolor by 22%, and for P. chrysosporium by 32%. Radial 

extension rates for individual plates (points, n=3; n=2 for Lab 2 measurements of T. 

versicolor due to contamination), mean extension rates across all plates (bar height), and 

standard deviation across all plates (error bar) are shown. Reprinted with permission from 

Perez et al. 

Discussion 

Reliable reuse of materials, measures, and methods is necessary to enable distributed 

bioproduction processes that can be adopted at all scales, from local to industrial. We 

established preliminary methods and materials that enable community-based metrology 

for wood-degrading fungi. Our community-based measurement methods incentivize 

practitioners to coordinate the reuse of standard materials, methods, strains, and to share 

information supporting work with wood-degrading fungi. We did so by identifying 

widely-available substrate feedstocks and correlating the growth performance of our 

reference organisms to traceable reference materials via a simple measurement method. 

We show that a widely-available and globally-regularized consumer product (Pringles™) 

can support the growth of wood-degrading fungi and that growth on Pringles™-broth can 

be correlated with growth on media made from a fully-traceable and compositionally 

characterized substrate (National Institute of Standards and Technology Reference 

Material 8492 Eastern Cottonwood Whole Biomass Feedstock). Taken together, these 
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methods and materials should begin to improve the reproducibility and reliability of 

fabrication processes involving mycelium materials by instantiating a culture of 

coordination in the wood-degrading fungi and mycelium materials research communities; 

and by incentivizing practitioners to adopt standard reference materials, measures, and 

methods.  

Specifically, we demonstrated that widely-available consumer materials, such as 

Pringles™, can serve as an operational standard for mycological growth processes. As 

noted, Pringles™ can be found in most countries and is composed primarily of sugar-rich 

ingredients that are commonly used for mycological production. Furthermore, Pringles™ 

is ~ 800-fold more affordable than fully characterized, and traceable reference materials 

(NIST RM 8492 cost $8.26/gram; Pringles™ cost ~ $0.01/g). To be clear, Pringles™ 

themselves would likely not be a favored source of substrate for large-scale 

manufacturing processes; rather, Pringles™ can serve as an affordable and widely-

available reference material that can be accessed and used by many practitioners across 

many locations. Of course, given that Pringles™ is not developed as a fixed metrological 

reference material, care should be taken to periodically assess how the composition or 

properties of Pringles™ may change in response to corporate, consumer, or market 

forces. Though NIST RM 8492 can be useful for calibrating lignocellulosic analysis 

equipment used to characterize solid-state feedstocks, this official reference material is 

less accessible and prohibitively expensive for many would-be practitioners. Thus, 

PringlesTM can serve as a cheaper, more widely-available reference material that 

incentives the adoption of standard materials, measures, and methods for working with 

wood-degrading fungi and fabricating mycelium materials. 
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We observed that flavored Pringles™ generally supported slightly faster growth than 

Original-flavor Pringles™ (Figure 23). Although we were not able to conduct a 

compositional analysis of the flavored Pringles™ substrates, each product comes with a 

nutritional label and ingredients list. Many of the ingredients are the same across 

Pringles™ flavors, with Original flavor serving as the baseline: dried potatoes, vegetable 

oil, determinate yellow corn flour, cornstarch, rice flour, maltodextrin, mono- and 

diglycerides, salt; as are the nutritional profiles. The various flavors have different 

additives including lactic acid, yeast extract, cream, citric acid, blue cheese, buttermilk, 

turmeric extract color, onion powder, and Red 40 Lake. It is possible that one or more 

flavor additives may affect wood-fungus extension rates, and future work could 

determine any specific impacts of flavor additives on growth rate and reference substrate 

performance. 

Improved protocols that reduce sources of variation which inevitably arise in the making 

of measurements across many locations are worth exploring. More specifically, the 

observed variation among labs may be due to differences in the handling of the 

organisms, the substrate, the cultivation environment, or deviations from the simple 

experimental protocol supplied. While we advocated for participants to start growth 

assays immediately upon receipt of our kit, the protocol itself did not prescribe immediate 

experimentation; although we sent all labs starter cultures from the same stock plate at 

the same time, some labs were unable to start work immediately and had to store their 

cultures at 4 °C until they were able to conduct the experiment, at which time they would 

have followed the portion of our simple protocol that explained how to prepare the 

experimental plates. One lab requested a second kit after their plates dried out because of 
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prolonged storage; we sent a new kit with samples from our mother plate and provided no 

further instructions. Fungal colonies age with both time and sub-culturing, and such aging 

may have an effect on colony radial extension rates. Therefore, prolonged storage at 4 °C, 

delays in sampling from starter plates to make experimental plates may have an effect on 

radial extension rates and may contribute to the observed variation across labs. It is also 

possible that the observed variation is due to contamination of the stock, starter, or 

experimental plates; two labs reported contamination of their kits. One lab was able to 

clear the contamination and proceed; we observed little variation between their results 

and other labs. We sent a new kit to the second lab that reported contamination and they 

proceeded with experiments, reporting the most robust growth across all labs. 

Other potential sources of variation include variation in substrate preparation, timing of 

colony radius traces, or effects of mutations resulting from sub-culturing. Future work 

could recapitulate our interlaboratory study with improved measurement methods—

perhaps, using flat-bed scanners—and re-sequence the strains as part of the protocol to 

help elucidate the effects of mutations on radial extension rate measurements across 

locations. Furthermore, such work coupled with synthetic biology tools could extend the 

utility of using a reference strain as an internal benchmark and the REU framework to 

normalize away extrinsic factors affecting radial extension measurements123. Reuse of 

materials, measures, and methods should itself help with broader adoption of improved 

metrology practices involving filamentous fungi and help to mitigate some of the 

challenges ahead for mycological production.  

Our community-based measurement methods enable practitioners to coordinate the reuse 

of standard materials, methods, strains, and to share information supporting work with 
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wood-degrading fungi. We hope our approach will help support reproducible science and 

the development of more reliable fabrication processes. In particular, widely-available 

reusable materials, measures, and methods that enable practitioners at the edges of 

biological material supply-chains could help advance mycological production as a 

distributed manufacturing platform and contribute to a flourishing bioeconomy that 

benefits all people and the planet45,124,125. 

Chapter 4: advocating reuse of materials, 

measures, and methods for fungal biotechnology 

at the EUROFUNG 2nd Think Tank  

Summary 

Units of measurement, reference objects, and measurement methods alone are insufficient 

to establish metrology in biology; in order for them to be useful practitioners must adopt 

them. I attended the EUROFUNG 2nd Think Tank in Berlin, Germany to advocate for 

the reuse of materials, measures, and methods for fungal biotechnology. I co-authored a 

peer-reviewed White Paper titled, “Growing a circular economy with fungal 

biotechnology: a white paper,” with a subset of the attendees that outlines the benefits of 

fungal biotechnology and its potential to support a more, “circular,” economy, the 

challenges that lie ahead, and the opportunity for the reuse of reference materials, 

measures, and methods to advance fungal biotechnology. 
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Meyer, V., Basenko, E.Y., Benz, J.P. et al. Growing a circular economy with fungal 

biotechnology: a white paper. Fungal Biol Biotechnol 7, 5 (2020). 

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

Introduction 

The EUROFUNG consortium is a Europe-based network of more than 38 academic 

groups and various industry stakeholders from more than 14 countries who communicate 

and collaborate to advance fungal biotechnology. The consortium was established in 

1995 and emphasizes basic and applied research that advances biotechnological, 

agricultural, and pharmaceutical applications. The consortium convened the 

EUROFUNG 1st Think Tank in 2016. The group published a White Paper outlining the 

key takeaways from the 1st Think Tank titled, “Current Challenges of Research on 

Filamentous Fungi in Relation to Human Welfare and a Sustainable Bio-Economy: a 

White Paper.”  

 

The 2nd Think Tank was convened in Berlin, Germany in October of 2019 and brought 

together additional stakeholders, including U.S.-based academics and industry partners. 

Attendees presented their respective work and participated in open discussions. The 

Think Tank ended with a working meeting to identify the key topics to be included in the 

subsequent White Paper. In the following section, I summarize the published White 

Paper, with emphasis on the opportunities for improved genomics tools and infrastructure 

as well as my contributions regarding standards for fungal biotechnology and 

biofoundries. 
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Results 

Filamentous fungi for a circular economy and new bioproducts 

Fungi are currently used for much more than citric acid production. Fungal natural 

products are used in the paper industry, pharmaceutics industry, the textile industry, and 

many more (Figure 29). There are still many opportunities to develop novel fungal 

bioproducts.  

 

Figure 30. Fungal bioproducts are used in industries ranging from agriculture to 

textiles to aerospace. A subset of the industries that use fungi-based products. The food 

industry uses citric acid as a flavoring and preservative, the textile industry uses fungal 

enzymes for detergents, and the paper industry uses fungal enzymes to preprocess input 
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feedstocks. Reproduced without modification and with permission from Meyer et al. CC-

BY-4.0, http://creativecommons.org/licenses/by/4.0/. 

Filamentous fungi as meat replacements 

The fruiting bodies of mushroom-forming fungi have long been harvested from forests. 

Modern mushroom producers serve a multi-billion dollar global mushroom market. 

Mushrooms are not the only form fungi are consumed as food. In 1985 Marlow Foods 

launched QuornTM an alternative protein source made from Fusarium venenatum, they 

call mycoprotein (figure 30). Recently, companies have begun to explore using mycelium 

as meat replacements, forming and marketing their products to look like steaks, bacon, 

chicken breasts, or lobster meat.  

 
Figure 31. Fungi are used as sources of protein and meat replacements. Cross-

sections of spun soya, chicken, and mycoprotein (left), and a graphical representation of 

Marlow Foods’ QuornTM production process (right). Mycoprotein’s microstructure 

contains fibers that strongly resemble the fibers in chicken and spun soya. Mycoprotein’s 

microstructure distinguishes it from soybean-based foods. The microstructure also makes 

it attractive as a scaffold for lab-grown meat. Marlow Foods’ QuornTM production 

process proves that mycoprotein production is scalable and cost-effective. Images 
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reproduced with permission and without modification from Meyer et al. CC-BY-4.0, 

http://creativecommons.org/licenses/by/4.0/. 

Filamentous fungi as biomaterials 

Since the EUROFUNG 1st Think Tank the production of mycelium materials has 

dramatically increased and has undergone significant technological advancement. 

Highlights of the presentations were the development of ever more sophisticated testing 

and characterization techniques as well as the commercialization of certain products, such 

as animal leather replacements (Figure 31).  

 
Figure 32. Fungal biomaterials are circular and tunable. Representative images of 

mycelium materials (top left), a graphical representation of the mycelium materials life 

cycle (top right), data of composite mycelium materials characteristics  (bottom left), and 

data of mycelium-based textiles characterization (bottom right). Mycelium materials are a 
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broad new area of application for fungal biotechnology. Characterization techniques from 

industries, such as the forest products industry, are successfully being applied to 

mycelium materials. The data points represent various strains and mutants of fungi. The 

material properties can be tuned by combining processing techniques and strain choice. 

Images reproduced with permission and without modification from Meyer et al., CC-BY-

4.0, http://creativecommons.org/licenses/by/4.0/. 

How fungi support the United Nations Sustainable Development Goals 

A key motivation of investment in fungal research and biotechnology is the promise for a 

healthier population and planet via a partnership with fungi. Attendees of the 

EUROFUNG 2nd Think Tank outlined 10 of the 17 United Nations (U.N.) Sustainable 

Development Goals (SDGs) that could be advanced with fungal biotechnology (Figure 

33). Housing made from mycelium materials could support the Sustainable Cities and 

Communities goal, mycoremediation of contaminated sources of drinking water could 

support the Clean Water and Sanitation goal, and distributed mycological production 

could support the Responsible Consumption and Production goal.  
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Figure 33. Fungi can cultivate a circular economy that supports all people and the 

planet.10 of the 17 SDGs that could be advanced by fungal biotechnology. Scaling 

the distributed production of mycoprotein could advance the Zero Hunger and Good 

Health and Well-Being goals. Producing mycelium materials with lignocellulosic 

biomass could advance the Life on Land goal. Further investments in fungal 

biotechnology are needed to realize the potential benefits to the U.N. SDGs. Image 

reproduced with permission and without modification from Meyer et al., CC-BY-4.0, 

http://creativecommons.org/licenses/by/4.0/. 

Attendees also determined key areas of fungal biotechnology that could be advanced with 

proper investments, such as in genomics, standards, new measurement modalities, and 

biofoundries. Key topics were the need for sustainable genomics database maintenance 

and management, improved high-throughput bioinformatics analysis tools that integrate 

heterogeneous and evolving datasets, and determining the function of genes with, 
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“unknown function,” to improve gene model prediction. My contributions focused on the 

importance of standardization and opportunities for applying synthetic biology 

techniques, such as chromosome-scale DNA synthesis and construction, to fungal 

biotechnology.  

 

Standardization as a driver for engineering fungal biology 

Standard reference methods, measures, substrates, and materials ensure reliable 

fabrication and reproducible production that is characteristic of advanced global 

industries, such as the semiconductor and forest products industries126–128. Engineering 

biology, broadly called synthetic biology, is similarly benefitting from 

standardization90,129. The mycelium materials research community and industry are 

already benefiting from ASTM and ISO standards developed for products in the forest, 

textile, and acoustic absorbance industries. Accelerating the development and adoption of 

standard reference materials, measures, and methods across the mycelial materials 

community and beyond could enable advancements in basic science on filamentous fungi 

and engineering of fungal-based bioproduction analogous to the advancements in the 

semiconductor industry. New options for sharing mycelium materials that reduce 

transaction costs, allow for redistribution and enable commercial production could 

provide the incentive for the broad adoption of standard references, measures, and 

methods that support reliable fabrication and reproducible science130. 

Reliable, standardized measurements are critical to reproducible science131. Metrology 

formalizes reliable measurements, and advances in metrology for biological systems are 

greatly benefiting basic science and the engineering of biology132. Characterizing 
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organisms, substrates, and production environments in real-time across orders of 

magnitude in the scale of space and time could accelerate the development of advanced 

fungal products while, simultaneously, benefitting basic science and the engineering of 

biological systems. As an example, standard metrological materials, such as well-

characterized 1 cm3 units of mycelium material, and metrological methods could help to 

coordinate practitioners across locations and resource settings, reduce manufacturing 

costs, reduce time to market, and disseminate best practices82. 

The confluence of standard approaches and automation tools characteristic of modern 

semiconductor foundries have cultivated the semiconductor industry into one of the most 

significant in human history. Recent advancements in the automated construction of 

synthetic organisms are making biofoundries economically viable and they are 

increasingly being recognized by the life sciences research community as essential 

infrastructure for basic and applied research133,134. Biofoundries with capacities for 

constructing filamentous fungal organisms could build on recent work to synthesize the 

genomes of the bacteria E. coli, Caulobacter crescentus, and the yeast S. cerevisiae, with 

the ultimate goal of enabling advancements in synthetic filamentous fungal organism 

construction analogous to the construction of JCVI-sc3.0 and Sc2.0135–138. Work to 

insulate biological systems from evolutionary drift can enable the deployment of 

engineered biology for applications outside the research laboratory or commercial 

bioreactors while mitigating biosafety and biosecurity risks123. Such is the promise of 

distributed fungal-based bioproduction that biofoundries, for example, for mycelium 

materials in support of basic science, engineering, and production, strategically placed 



 91 

across the planet, could ramify into impacts surpassing that of the semiconductor 

industry. 

Discussion 

Fungal biotechnology holds great promise to support a better future for all people and the 

planet. Investments in basic and applied fungal research are needed to fully realize the 

potential benefits of advanced fungal biotechnologies. The EUROFUNG Consortium is a 

strong advocate of further investments in fungal biotechnology and has been successful at 

convening experts in fungal research and biotechnology for communication and 

collaboration for over two decades. With the proper investments in people, places, and 

infrastructure over the next two decades, fungal biotechnology will advance more of the 

U.N. SDGs and open new areas for creativity and innovation.  

Chapter 5, Biocivics: enabling people and places 

in support of equitable biotechnology literacy and 

governance 

Summary 

Science and technology are consumed by the general public--science just happens to 

people. I engaged in service work that aimed to empower people and cultivate places of 

practice. Drawing on lessons from mushroom ecology and biology I collaborated with 
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other practitioners to grow a youth summer camp, BioJam, and a community bio 

laboratory space, Xinampa. We created BioJam to engage diverse young people and their 

communities. We created Xinampa to provide a space for people to learn and practice.  

Introduction 

Science and technology development can be perceived as unilateral endeavors that are 

advanced in far off laboratories and technology companies, and that arrives in our homes 

via news and social media or consumer retail. Science and technology are to be 

consumed and demand acquiescence. This is in contrast to a world where science and 

technology are co-developed, where communities shepherd science and technological 

development, and where people have the responsibility of civic engagement of science 

and technology. Science curiosity, a controversial, potentially better metric than scientific 

literacy defined by Kahan et al., “as a heterogeneous disposition to seek out and consume 

scientific information for personal pleasure,” or lack there-of, can affect a person’s 

partisan views on topics such as climate change139. Additionally, science and technology 

are largely advanced by a small, homogeneous subgroup of people. This makes science 

and technology ever more esoteric. As such, impactful solutions that increase diversity, 

equity, and inclusion have evaded the scientific community for decades140. The biological 

sciences face many educational challenges. Three key challenges are: providing engaging 

curriculums for an increasingly diverse student body, providing viable professional 

pathways for Ph.D. students, and engaging the broader public in discussions of 

biotechnology governance140–148. Furthermore, biotechnology curiosity and governance, 

in particular, need to be more equitable to ensure ethical development, more meaningful 
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innovations, and support biosecurity. The accelerating revolution in the biological 

sciences offers an opportunity to both enfranchise communities in civic engagement with 

biological sciences, and impact historical trends in who practices science and who creates 

technology, by harnessing the growth in the biological sciences to nurture civic 

engagement with the biological sciences149.  

It is becoming increasingly recognized that science, technology, engineering, and 

mathematics (STEM) fields can benefit greatly from culturally relevant education (CRE) 

and cognitive apprenticeship (CA) practices that engage diverse students141,150. Such 

practices partly seek to facilitate deeper learning amongst students and engage students in 

meaningful knowledge-gathering thereby cultivating student’s desire to seek out, learn, 

apply, and teach knowledge. Cognitive apprenticeship, known as the, “I do it, we do it, 

you do it,” approach, might be especially impactful for enfranchising communities in 

civic engagement as recent work has shown that youth can have significant impacts on 

parent’s views of scientific topics, such as climate change151. In addition, evidence shows 

that engaging student’s households can have significant positive impacts on learning 

outcomes152. For additional context, recent work suggests that incorporating civic 

engagement into classrooms could benefit students and teachers153. Ponder et al. also 

suggest that projects focusing on community needs and engagement impact a student’s 

sense of agency and involvement. 

It will not be enough to cultivate diverse new practitioners that work to enfranchise their 

communities in civic engagement with science and technology. To sustain civic 

engagement communities will require places of practice where citizens of the biological 

sciences can explore, create, and innovate. Community science has a long history in 
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biological sciences, such as in ornithology and ecology. One contemporary manifestation 

of the citizen science movement is the increasing partnership between academics and 

citizen scientists154. Another is the emergence of the Do-It-Yourself Biology community 

and the growth of community bio labs 155. A logical approach to community civic 

engagement with the biological sciences would be to combine culturally relevant 

education, cognitive apprenticeship, and community bio labs in a framework for 

cultivating community curiosity in biological sciences. 

 

Mycology offers a conduit for cultivating science curiosity and community 

enfranchisement in civic engagement with the biological sciences. Our connections form 

a mycelium. Mycological production can be done with feedstocks that are everywhere 

and by novice practitioners using their own cultural expertise, to create meaningful 

artifacts that blur boundaries between art, design, and engineering. Drawing on lessons 

from mushroom ecology and biology I collaborated with other practitioners to grow a 

youth summer camp, BioJam, and a community bio laboratory space, Xinampa. BioJam 

is a biomaterial and bioengineering summer camp for youth from underserved 

communities that seeks to apply culturally relevant education to empower them to engage 

their communities. Xinampa is a public benefit organization that aims to cultivate a 

bioeconomy on the Central Coast of California.  
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Results 

Enabling people: BioJam 

In the spring of 2019, I was fortunate to attend the NSF-sponsored 

Learn.Design.Compute with Bio workshop at the University of Pennsylvania. There, 

Corinne Takara, an artist and independent educator, and I first conceived of a program 

that could bring together the independent groups of youth we were working with into a 

program that combined biodesign, culture, and critical thought. The BioJam pilot 

program began in the summer of 2019 with a four-day workshop series specifically 

designed to engage teens in the co-development of their BioJam experience and introduce 

them to principles of bioengineering and biomaterial design, with a focus on designing 

accessible projects for community engagement. The days were divided into halves, with 

the first half of the day focused on hands-on bioengineering science and the second half 

of the day focused on hands-on biomaterial design explorations. Day four was devoted to 

brainstorming accessible community bioengineering and biomaterial workshops. The 

youth imagined ways to start conversations with broader audiences about bioengineering, 

biomaterials, and circular design. On the final day teens spoke to a science museum 

education specialist, Anja Scholze of the BioTinkinering Lab at the Tech Interactive and 

they received criteria and constraints for their proposed public workshop from the 

Lawrence Hall of Science. After the fourth day wrap-up, the program continued into the 

fall with Zoom meetings to plan youth-led workshops in a range of community spaces 

throughout the school year. The teaching team inserted appropriate and interactive 

surveys throughout the program to adapt the program in real-time and gather data for 
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subsequent analysis (data not shown). BioJam enables STEM Ph.D. students and 

postdocs to train teens to engage their communities in culturally relevant biodesign 

workshops implemented at museums and community events. The summer 2019 BioJam 

homebase was the Stanford University Department of Bioengineering Uytengsu Teaching 

Lab (Figure 34). 

 

  

Figure 34. BioJam benefits youth, Ph.D. students, and postdoc participants as well 

as communities. BioJam 2019 timeline (top, Corinne Takara, unpublished), youth 
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participants familiarizing themselves with pipetting (bottom left, R. Perez, unpublished), 

and postdoctoral staff and teaching team also practicing pipetting (bottom right, R. Perez, 

unpublished). BioJam begins in the summer and continues throughout the year via youth-

led community engagement workshops. The program benefits youth, Ph.D. students, 

postdocs, and engages local experts in collaborative engagement with communities. 

MycoQuilts: Science, culture, and community engagement 

One project the youth executed was the MycoQuilts art installation in the Department of 

Bioengineering. Corinne Takara conceived the project and I acted as a mycelium 

materials domain expert, by offering technical guidance. During the summer portion of 

the program, youth were asked to bring substrates from their own homes to create an 

object out of mycelium material that was culturally relevant to them. The idea was to use 

3D printing and vacuum forming to create a set of plastic forms for their object. First, 

they filled in the form with their various fungus and substrate mixtures. Next, they 

arrayed the substrate and fungus combinations to observe differences in colonization. 

Each individual array was then incorporated into a larger array composed of each of the 

participant’s objects. The youth named the installation, MycoQuilts, because the 

installation resembles a quilt and speaks to the cultural relevance of the objects and 

traditional quilts. Asking youth to bring substrates from their homes and create an object 

that is culturally relevant to them recognized their inherent expertise and tapped into their 

existing knowledge. The project was implemented by Corinne and the youth and we 

invited the public and bioengineering community to an art exhibit showcasing the 

MycoQuilts (Figure 35). 
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Figure 35. The MycoQuilts installation bridges culture, community, and biodesign. 

A flashcard containing a description created by a youth participant that describes the 

cultural significance of their mycelium object (top left, C. Takara, unpublished), a 

vacuum formed mold of a culturally relevant object filled with different substrate fungus 

combinations (top right, C. Takara, unpublished), the MycoQuilts installation at the UTL 

(bottom left, R. Perez, unpublished), representative images of youth bioart pieces (bottom 

center & bottom right, R. Perez, unpublished). 
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BioJam at The Tech Interactive: Youth-led workshops, plastic-eating mealworms, 

and community engagement 

A key theme for BioJam is engaging youth participants in the co-development of their 

summer experience. Each day, we adapted the daily workshops to what was most 

interesting to them. This theme carried over into the subsequent school year as they took 

on more responsibility and developed public biodesign workshops in their own 

communities. Over the summer we hosted several guest speakers, such as Ph.D. 

candidate Alexa Garcia of the Endy Lab. Alexa shared her work on plastic-eating 

mealworms with the youth. The youth expressed a strong affinity to the concept of 

mealworms as a solution to plastic pollution and they decided that they would develop a 

plastic-eating mealworm workshop for their final public event. They devised a workshop 

where people would craft, “gourmet meals,” made out of plastic foam, and feed the meals 

to mealworms. Anecdotally, we observed that the youth were motivated to learn more 

about mealworms and plastic pollution. They expressed frustration that the concept of 

plastic-eating mealworms was not more widely-known. They also expressed a strong 

interest in combining the technical aspects of plastic-eating mealworms with artistic and 

cultural aspects to better engage would-be workshop participants. The final workshop at 

the Tech Interactive, called Mealworm Chef, was almost entirely youth-led (Figure 36). 
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Figure 36. Mealworm Chefs at the Tech Interactive: a youth-led biodesign 

workshop. Early ideation results youth developed during the summer (top left, R. Perez, 

unpublished), the youth engaging with other youth at the Tech Interactive Biotinkering 

Lab (top right and bottom left, R. Perez, unpublished), and the mealworm platter where 

attendees would leave their plastic cuisines for the mealworms to enjoy (bottom right, R. 

Perez, unpublished). We observed that the youth had strong reactions when learning that 

researchers were investigating mealworms as a possible solution to plastic pollution.  

We had plans to facilitate a final workshop at the Teen Climate Action Summit at the 

Tech Interactive but we had to end BioJam 2019 early as a result of the global COVID-19 
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pandemic. We were able to gather many anecdotal and qualitative data throughout the 

program but a key opportunity for improvement going forward will be to include more 

quantitative outcome measurements. We made attempts to perform pre- and post-

assessments (data not shown) but improvements are needed to be in compliance with 

Internal Review Board policies and education research best practices. 

BioJam 2020 

We decided to proceed with the second year of BioJam in spite of the ongoing pandemic. 

We opted to host a hybrid program, partially online with both asynchronous and 

synchronous content. We aimed to engage some of the youth participants from the 2019 

program in the subsequent year to maintain continuity and build on the cognitive 

apprenticeship practices we employed in the previous year via youth-led public 

workshops. A highlight of BioJam 2020 has been the BioJam Kits designed and 

constructed by Corinne Takara. BioJam 2020 also welcomed critical new teaching team 

staff, Ph.D. candidate in the Stanford University Department of Biology, Callie Rodgers 

Chappell, and undergraduate bioengineering major Jonathan Hernandez. As of writing, 

the BioJam 2020 summer program portion has successfully concluded and the 

participants are preparing to plan a roadmap for the coming year (Figure 37). In total so 

far BioJam 2019 & 2020 have engaged approximately 20 youth directly as participants 

and over 400 community members via community workshops. 
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Figure 37. BioJam 2020 is a hybrid asynchronous and synchronous summer 

program. Final photo of BioJam 2020 participants (left, Callie Chappell, unpublished), 

the BioJam 2020 Kits were created by Corinne Takara and were designed to provide 

youth participants with at-home hands-on activities that balanced with the virtual sessions 

to inspire curiosity, tinkering, and play (right, C. Takara, reproduced with permission 

from https://biojamcamp.weebly.com/kit-contents.html, CC-BY-NC-4.0). 

Enabling places: Xinampa 

Civic engagement with the biological sciences must happen beyond the walls of 

academic institutions. Practitioners in communities need nucleation points from which to 

develop meaningful relationships with biology and useful biotechnologies that serve the 

public interest. To that end, I have had the fortunate opportunity to collaborate with Ana 

Ibarra, Omar Perez, Leo Tejeda, Steven Rhyans, Matias Kaplan, and Corinne Takara to 

develop a place where people can practice civic engagement with the biological sciences. 

We call this effort Xinampa. 
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Xinampa’s mission and vision 

Xinampas (she-nam-pa), a stylized spelling of chinampa (Spanish) or chinampan 

(Nahuatl), are an ancient system of agriculture that applies a holistic approach to 

cultivating food. Located in modern-day Mexico City, these engineered systems still 

produce food despite political, economic, and environmental challenges. Xinampa’s 

mission is to empower individuals to activate, create, and innovate with biology. The 

vision is to cultivate a community founded on a bioeconomy that centers racial and class 

equity and that advances justice, democracy, and liberation for the next seven generations 

(Figure 38).  

 

Figure 38. Xinampa at a glance. Xinampa provides a space and community for 

developing public-interest biotechnologies (reproduced with permission from 

www.xinampa.bio).  
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Youth workforce development 

The first engagements we developed were focused on youth workforce development. In 

partnership with Digital Nest, a local nonprofit that focuses on youth workforce 

development, we began hosting various workshops to nurture curiosity in 

biotechnologies. We used culturally relevant education to engage youth from the East 

Alisal area of Salinas, CA, a predominantly Latinx community. Our first workshop was 

the Build-a-Xinampa workshop where youth prototyped an aquaponics system, a 

modern-day xinampa prototype, in under three hours. Our second workshop was 

designed to engage youth in laboratory automation tools, such as the Opentrons OT-2 

programmable liquid handling robot. These workshops sought to bridge the youth’s 

cultural experiences and occupational needs with the growing biotechnology industry in 

an effort to motivate the youth to further explore career opportunities in biotechnology 

(Figure 39). We observed anecdotal but significant engagement and motivation to learn 

more. Digital Nest staff reported that retention rates for our programs were above average 

and some youth from the first workshop joined the subsequent workshops. We even had 

youth from these workshops participate with BioJam 2020. In total we engaged 

approximately 50-100 youth directly and an estimated 4,000 community members 

directly and indirectly via our various programming and initiatives. We were satisfied 

with our outcomes which we interpret to mean that culturally relevant education 

combined with cognitive apprenticeship and biotechnology can motivate youth to learn 

more about the growing biotechnology industry and the emerging career opportunities.  
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Figure 39. East Salinas youth are motivated to engage biotechnology. Youth working 

on the Build-a-Xinampa project at the Digital Nest (top left & right, R. Perez, 

unpublished) and youth engaged in hands-on learning experiences about biotechnology 

and laboratory automation (bottom left & right, R. Perez, unpublished).  

Xinampa’s COVID-19 pandemic response 

Our team was unexpectedly positioned to assist in COVID-19 response. Three such 

contributions were: hosting a COVID-19 public virtual panel called, “What’s up with 

COVID”; hosting a virtual Introduction to Computational Biology workshop where 

participants learned about computational biology and programming in the context of 
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COVID-19; and a personal protective equipment fabrication and distribution campaign 

called, “Essential PPE for Essential Ag Workers,” (Figure 40).  

   

Figure 40. Community bio organizations can enable real-world impact in times of 

great need. A screenshot of Xinampa’s COVID-19 panel (left, R. Perez, unpublished), 

PPE being prepared for delivery to ag workers (center, R. Perez, unpublished), learning 

more about farmworker PPE needs in the field (right, R. Perez, unpublished). 

Our virtual panel brought together community members, activists, farm labor leaders, and 

a Stanford Healthcare surgeon to discuss the science and community response behind 

COVID-19. Matias Kaplan led the virtual panel and the computational biology workshop. 

Matias reported strong youth engagement and retention for the Intro Comp. Bio 

workshop. 

 

Since the beginning of the pandemic, Xinampa board member Corinne Takara led an 

effort to fabricate and coordinate delivery of personal protective equipment for 

agricultural workers that brought together stakeholders from across the country to 

fabricate PPE for agricultural workers across a variety of settings. A significant 

unintended outcome was the opportunity to engage directly with farmworkers in the crop 

fields to better understand their needs.  
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Discussion 

Nurturing community civic engagement with the biological sciences requires the 

cultivation of people and places. I was fortunate to be in partnership with passionate and 

motivated practitioners that shared a desire to challenge the status quo by working on 

innovative approaches to long-standing challenges in science and technology education 

and community engagement. Were it not for the individuals I worked with, the mycelium 

that we formed, my service work would not have impacted me and my community in the 

significant way that it did. A key challenge going forward is to understand how to build 

upon and evolve the work presented in this chapter. What are the sustainable funding 

sources? How do you attract trained practitioners to consider organizations like BioJam 

and Xinampa as viable career paths? How can this kind of work be generative, how can it 

resist gentrification, and how can inherent community knowledge and expertise be 

exalted and underpin the development of public-interest biotechnologies? How can these 

programs scale? How can these programs resist extractive tendencies? Many more 

questions arise but it is clear that the biological sciences can benefit from programs such 

as BioJam and Xinampa. 



 108 

Chapter 6: bioengineering frontiers enabling 

Ganoderma lucidum synthetic mycology 

Summary 

To advance mycological production and mycelium materials to their full potential 

mycological science and engineering communities will need to adopt a level of 

standardization characteristic of the semiconductor industry. In this chapter, I describe 

my ongoing work to develop foundations for synthetic mycology. I close by identifying 

opportunities for further technological development. 

Introduction 

Standards for engineering biology can provide a foundation for the future of mycological 

production and mycelium materials. Fungal biotechnology has benefited from advances 

in synthetic biology for more than a decade. Yeast synthetic biology is a mature 

subdomain of synthetic biology that has seen significant advances in the last five years. 

The Synthetic Yeast 2.0 project recently reported the complete synthesis and construction 

of almost all of the chromosomes of the S. cerevisiae genome138. Filamentous fungi have 

also benefited from synthetic biology. The widely adopted Tet-On/Tet-Off genetic 

control system was recently adapted to produce proteins from polycistronic genetic 

designs in A. niger156,157. In addition, Rantasalo et al. recently created a universal gene 

expression system for fungi that they tested in several ascomycetes158. Significant 

technological advancements for yeast synthetic biology, such as circuit design 
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automation tools, present significant foundations from which to launch the rapid 

development of synthetic biology tools for engineering mushroom-forming fungi159. 

 

Historically, efforts to genetically manipulate mushrooms have largely relied on breeding 

methods and chemical mutagenesis. Since about the late 1970s researchers have applied 

various methods, such as biolistic particle transformation, electroporation, or protoplast 

transformation to genetically engineer mushrooms. For the most part, large-scale targeted 

engineering of mushrooms has lagged other organisms. Within the past two decades, 

Agrobacterium tumefaciens mediated transformation (ATMT), long used for genetically 

engineering plants, has emerged as a viable option for large-scale genetic engineering in 

mushrooms108,160,161. Though, the protoplast transformation method continues to 

dominate genetic engineering efforts. Mushrooms have had some notable examples of 

successful large-scale genetic engineering and tools development. For instance, the 

mushroom crop A. bisporus was recently engineered to resist browning, an economically 

costly trait162. Furthermore, genetic elements from A. bisporus are often used in genetic 

devices for other organisms, such as the ectomycorrhizal fungus Laccaria bicolor163. As 

another example, Coprinopsis cinerea, long a model organism for mushroom genetics, 

was recently used to develop a high-throughput transformation system for that 

mushroom164. Jan Vonk et al. recently published their work using CRISPR/Cas9 

ribonucleoproteins to edit the genome of their strain of the model organism for 

mushroom development, S. commune165. Only within the past five years has the genetic 

engineering of mushrooms seen comparable advancements to that in A. niger and other 

non-mushroom-forming fungi. Recent advancements in fungal genetic engineering have 
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benefited from novel approaches to improve throughput and understanding of the genetic 

elements necessary for efficient protein production in mushrooms166,167. Mushrooms also 

offer unique opportunities for technological development that benefit from the unique 

biology of mushrooms, such as genetic transformation and engineering via anastomosis 

and novel experimental evolution methodologies168–170.  

 

Ganoderma species have been genetically manipulated using traditional electroporation, 

biolistic, protoplast, and ATMT methods. Only since the early 2010s have there been any 

significant reports of the development of reusable genetic engineering tools171,172. The 

foundations for engineering Ganoderma species are protoplast transformation and native 

genetic elements, specifically the glyceraldehyde-3-phosphate dehydrogenase (G3PD) 

gene promoter, and various heterologous terminators, such as the cauliflower mosaic 

virus terminator173. Within the last three years, researchers have begun to report on 

successful genome editing of Ganoderma lucidum174–176. Liu et al. were the first to report 

the DNA sequence of introns and exons that are required for efficient production of 

heterologous proteins in G. lucidum, in their case Cas9. More recently, mycelium 

materials companies have begun submitting patent applications for genetic engineering 

materials and methods with Ganoderma species177. None of the aforementioned reports 

make their genetic engineering materials widely available. Open and readily-available 

biomaterials and methods for efficient high-throughput genetic engineering of 

Ganoderma species have yet to be developed.  

Synthetic biology for mycology, synthetic mycology, could offer new tools for 

understanding the evolution, ecology, and biology of mushrooms. Synthetic mycology 
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could also offer a space to explore historic physical and mathematical frameworks of 

life178–180. Recently, Adamatzky et al. implemented an experimental and mathematical 

framework they call a fungal computer181. They applied electric potentials to fruiting 

bodies of P. ostreatus and measured responses in neighboring fruiting bodies. They then 

implemented an automaton model of the fungus and showed that the logical structures 

they computed could be represented by the geometry of the mycelium. Adamatzky et 

al.’s experimental methodology could also be useful for boosting biomass yield for 

current mycelium materials production, as high-voltage electrical stimulation has been 

implicated to increase mushroom crop yields182. Bridging Adamatzky et al.’s work with 

recent whole-cell model approaches, mycofluidics, and synthetic mycology tools could 

enable the design and implementation of new mushroom morphologies183,184. 

My future work is focused on establishing the foundations for Ganoderma lucidum 

10597-SS1 synthetic mycology. Specifically, I aim to establish reference materials, 

measures, and methods, such as a large-scale DNA synthesis-quality whole-genome 

assembly of 10597-SS1, open and readily available biomaterials, efficient high-

throughput transformation methods, networked aerobic solid-state fermentation systems, 

and automated tissue culture systems enabling G. lucidum synthetic mycology.  

Results 

Mycotronics 

Mycotronics merges mycology, networked sensors and computing, and automation. I was 

fortunate to work with students from 42 Silicon Valley, a tuition-free software 



 112 

engineering school in Fremont, CA and Daniel Goncharov, Director of the 42 Silicon 

Valley Robotics Lab on both the Mycotron project and the Automated Tissue Fungal 

Culture project. For both projects I conceived and specified the projects and the 42 

Robotics team designed, fabricated, and constructed the systems. 

The Mycotron, a networked system for solid-state fermentation 

The Mycotron is a modular, open source, intelligent, mechatronic system for distributed 

bioproduction, a "smart" incubator. The system allows practitioners to grow their own 

food, medicines, textiles, and building materials while contributing to the biotechnology 

commons. The Mycotron costs roughly 5-10 times less than the price of commercially 

available incubators, and up to 100 times less than higher-end models. This project could 

lead the way to making these types of technologies available at a lower cost to the general 

public. The community built around the Mycotron will support standardization and 

metrology for mycelium-based bioproduction as well as empower practitioners to 

develop completely novel uses. The short-term goal of the project is to create a low-cost 

intelligent bioproduction system for synthetic biology research and education. The long-

term goal is to build on the hardware, software, and database to develop intelligent 

bioproduction systems for industry, research, education, limited-resource locations, 

disaster relief, and space exploration. The Stanford University TomKat Center for 

Sustainable Energy funded our team with an Energy Catalyst grant to develop the 

Mycotron (Figure 41). 



 113 

  

  

Figure 41. I prototyped and specified the design of a networked solid-state 

fermentation system. Various stages of development of the networked solid-state 

fermentation system prototype. I first prototyped the system using a plastic foam box (top 

left), I then created specifications for 42 Silicon Valley students from the Robotics Lab to 

design a first generation system (top left--far left, top right). The second generation 

system contained additional functionality, such as light control, humidity, and network 

connection in addition to imaging (bottom left). The third generation system included a 

mechatronic platform for imaging multiple samples in a single system and improved 

web-based control software (bottom right).  

We aimed to build a system that could be controlled remotely and that would gather 

every conceivable data point possible. We envisioned a system that could measure and 



 114 

store all relevant parameters of the production process in the cloud for subsequent 

machine learning analysis. I specified a web-based software interface that the 42 team 

designed and built. We conducted pilot experiments to determine if fungal cultures could 

grow in the Mycotron (Figure 42). 

  

  

Figure 42. The Mycotron is controlled via a web-based application. The Mycotron 

web app versions one and two (top left--version one & top center--version two & top 

right--version two, R. Perez, unpublished), our second pilot study data showing the 

moment that the Mycotron lost power resulting in a temperature drop and a reduction in 

the colony growth rate (bottom right, line indicates average of 3 replicates and error bars 

indicate standard deviation, R. Perez, unpublished). 

Our team presented our work at the Stanford Biohackathon in 2018 and 2019 and won 

prizes both years. We also participated in Maker Faire in 2018 and won first place in the 
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Editor’s Choice Award. Finally, we won the European Space Agency ActInSpace U.S. 

National Finals and we sent one of our lead team members to France to present our 

project at the Global Finals.  

We have paused further work on the Mycotron system pending additional funding. Our 

aim is to create a new design for mass production and subsequent research and 

development (R&D). We further aim to develop machine learning algorithms for 

optimizing the production process and developing new mycelium materials.  

Machine vision for radial extension measurements: toward automated image 

analysis 

With my guidance, Eden Grown-Haeberli led work to fully automate radial extension 

measurements using machine vision. I specified the systems needs and prototyped an 

early computational pipeline that used the underlying software tools Eden subsequently 

used to instantiate an automated method. Eden redesigned, implemented, and validated a 

new computational pipeline that enabled automated measurements of traces in plate 

images. Eden’s pipeline works as follows: 1) the plate image is run through a Hough 

Circle Transform; 2) trace and plate edges are extracted using adaptive thresholding; 3) 

noise is smoothened; 4) locations of pixels with detected color changes are extracted and 

grouped and sorted; 5) measure distance from inoculation plug and each group of sorted 

data points; 6) scale all measurements by the plate diameter (Figure 43).  
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Figure 43. Preliminary results suggest radial extension measurements can be 

automated. I prototyped a method for automated image analysis and Eden subsequently 

redesigned and implemented a working system. Eden’s computational pipeline (A-E, 

adapted with permission from Eden’s summer research report) and preliminary results 

showing overlapping measurement data between manual and automated measurement 

methods (plot of colony radius vs. time, adapted with permission from Eden’s summer 

research report).  

Automated fungal tissue culture using the Opentrons OT-1 liquid handling robot 

The final project I was fortunate to develop with the 42 Robotics team is the Automated 

Tissue Culture project. We aimed to develop a system that could automate fungal tissue 

culture. I prototyped the system using manual pipettes and then I subsequently specified 

the system needs for the 42 Robotics team. The 42 team adapted an old Opentrons OT-1 

liquid handling robot to transfer plugs of leading edge mycelium growing on a 9 cm Petri 

dish into a 96-well plate. The robot aspirates a small amount of sterile water, uses the 
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same pipette tip to excise a sample of leading edge tissue from a growing mycelium, and 

then aspirates the plug into the 96-well plate (Figure 44). 

 

Figure 44. Automated fungal tissue culture can be adapted for high-throughput 

protoplast and nanostraws transformation. Screenshot of the Opentrons OT-1 robot 

that the 42 team adapted to meet the specifications I determined. The video of the 

working system can be viewed at https://youtu.be/EXKyOWHt0wA. 

Creating a toolkit for Ganoderma lucidum 10597-SS1 synthetic mycology 

Antifungal sensitivity assay 

My first objective was to assess the efficacy of the two most widely used antifungal 

compounds for selecting fungal transformants, hygromycin B, and carboxine, against 

10597-SS1 (Figure 45). Hygromycin B inhibits protein synthesis by stabilizing the A-site 

of the ribosome. The hygromycin resistance gene is a phosphotransferase that modifies 

hygromycin B molecules. Carboxine inhibits succinate dehydrogenase activity. 

Carboxine resistance is reported to be conferred by a mutated SDHB gene (H->L). 
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Figure 45. G. lucidum 10597-SS1 is sensitive to hygromycin B and carboxine. G. 

lucidum growth on PDYA supplemented with varying concentrations of the antifungal 

compound. The left-most column is PDYA without fungal culture, the second from left is 

PDYA with fungal culture and without antifungal, the third from the left column is 

PDYA with fungal culture and supplemented with 2 µg/mL of carboxine (consistent 

with176), the fourth from the left column is PDYA with fungal culture supplemented with 

20 µg/mL carboxine, the fifth column from the left is PDYA with fungal culture and 

supplemented with 10 µg/mL of hygromycin B, and the sixth column from the left is 

PDYA with fungal culture and supplemented with 100 µg/mL hygromycin B (consistent 

with108). R. Perez, unpublished. 
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Plasmid design and construction 

My objective was to create reusable and composable genetic elements for G. ludicum 

10597-SS1 and incorporate them into readily-available plasmids. I started by using Fei et 

al.’s and Liu et al.’s work as a basis for identifying genetic elements for further 

development173,176. I designed in silico a total of four genetic constructs for transforming 

10597-SS1 and production of three heterologous proteins: the hygromycin resistance 

marker codon-optimized for production in 10597-SS1, Free Use Green Fluorescent 

Protein (fuGFP) codon-optimized for production in 10597-SS1, and Nano Luciferase 

codon-optimized for production in 10597-SS1. I then PCR amplified the putative 

promoters, annotated 5’UTRs, annotated first and second introns and exons, annotated 

3’UTRs, and putative poly-A tail regions for the G3PD and the succinate dehydrogenase 

complex iron-sulfur subunit B (SDHB) genes from 10597-SS1 gDNA173,176. I then used 

the G3PD gene regulatory elements to build a vector for ATMT, pCbxR_HygR, derived 

from the plasmid pHg163. pHG itself is derived from pCAMBIA1300, a plasmid created 

by the Cambia organization under a Biological Innovation for Open Society (BiOS) 

license that allows research and commercial use. Early in my work I created a plasmid, 

pCbxR, which replaces the hygromycin resistance cassette with an expression cassette for 

the carboxine resistance gene that is itself derived from the SDHB gene from G. 

lucidum173,176. I inserted a genetic expression cassette into pCbxR that I designed to 

produce the codon-optimized hygromycin resistance gene under the control of the 

putative G3PD promoter. The remaining three vectors, pOpen_Myco_HygR, 

pOpen_Myco_fuGFP, and pOpen_Myco_NanLuc are based on pOpen_v3 which is 

available under an open materials transfer agreement (OpenMTA) that allows 
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redistribution and commercial use (Figure 46)130. I intend to deposit the plasmids at the 

AddGene repository. GenBank files for each plasmid can be found in the Supplementary 

Material for this dissertation. 

 

 

Figure 46. Reusable and readily available plasmids for engineering 10597-SS1 are 

required for advancing G. lucidum synthetic mycology. Benchling screenshots of the 

four plasmids I have designed and that I am in the process of building to subsequently 

test in G. lucidum 10597-SS1. The ATMT pCAMBIA-based vector, pCbxR_HygR, 

contains expression cassettes designed to confer both carboxine and hygromycin B 

resistance, driven by SDHB and G3PD gene regulatory elements, respectively (top left). 
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The remaining three vectors, pOpen_Myco_HygR, pOpen_Myco_fuGFp, and 

pOpen_Myco_NanoLuc are pOpen-based plasmids designed for protoplast and 

nanostraws transformation (top right & both bottom images). The genes of interest in the 

pOpen_Myco series are driven by G3PD regulatory elements. 

Agrobacterium tumefaciens mediated transformation 

ATMT has been used to successfully transform G. lucidum108. ATMT has advantages 

over other methods, such as increased efficiency and single-copy integrations. It also has 

strong disadvantages, such as biased site insertions and the transfer of DNA elements and 

proteins associated with the A. tumefaciens Type IV secretion system, which makes 

ATMT-modified organisms regulated by USDA Plant Pest List policies (Figure 47).  

 

Figure 47. Agrobacterium tumefaciens mediated transformation of G. lucidum 

10597-SS1 can be a powerful synthetic mycology tool. A schematic diagram of the 

ATMT protocol (left), and a cartoon representation of the theoretical mechanism of 

transformation (right). The ATMT method that has been used to transform G. lucidum 



 122 

takes approximately 2 weeks to isolate and confirm stable transformants. It is important 

to note that the plasmids that have been developed are not readily available and are 

generally not composed of genetic elements native to G. lucidum. ATMT proceeds by 

transfer of the desired genetic content from A. tumefaciens into the target cells. ATMT of 

plants is well understood but not fully elucidated. ATMT of S. cerevisiae has helped 

illuminate some of the underlying mechanisms but little is known about the biological 

mechanisms underlying ATMT of filamentous fungi. 

Very early in my work with mushrooms, I naively attempted to transform an unidentified 

species of Ganoderma using pHg. I modified Kemppainen et al.'s protocol to 

accommodate the use of spores and used A. tumefaciens strain AGL-1 with pHg to 

transform commercially-available spore suspensions163. My preliminary results showed 

no transformants possibly due to overgrowth of A. tumefaciens and inefficient resistance 

marker production resulting from the A. bisporus promoter. ATMT is a relatively simple 

method for transforming Ganoderma species but suffers from low-throughput and 

extended culture times.  

As of writing, I have designed and built an improved pHg-based vector for ATMT of G. 

lucidum 10597-SS1. I aim to establish a high-throughput ATMT method for 10597-SS1 

as well as simultaneous transformation with multiple strains of AGL-1 harboring 

different plasmids. 

Protoplast transformation of G. lucidum 10597-SS1 

Protoplast transformation is the conventional method of transformation of Ganoderma 

species185. Protocols and experimental conditions vary across mushroom species but the 
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general protoplast transformation process involves producing protoplasts, polyethylene 

glycol mediated transformation, protoplast regeneration, and selection on an antifungal. 

Successful reports of protoplast transformation of G. lucidum generally come from 

research groups that have access to key enzymes, such as Lywallzyme, that are used to 

degrade the fungal cell wall. Those critical enzymes are not widely available in the U.S. 

Early in my work I guided Isaac Justice as he led work to produce protoplasts using 

readily available enzymes. I have subsequently continued his work using G. lucidum 

10597-SS1 (Figure 48). I have developed a simple method for producing protoplasts 

using readily available enzymes (Materials and Methods). I use Lysing Enzymes from 

Trichoderma harzianum, an enzyme that is readily available from Sigma Aldrich. 

  

Figure 48. Lysing enzymes from Trichoderma harzianum, a commercially-available 

enzyme, can readily produce protoplasts. Micrograph of G. lucidum 10597-SS1 

protoplasts produced using T. harzianum lysing enzymes with red arrows pointing to 

individual protoplasts (left, 40x magnification). An early attempt to transform 10597-SS1 

protoplasts using pHg with selection on hygromycin B showing protoplast regeneration 

on the top left plate (right, R. Perez, unpublished).  
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As of writing, I have designed three different plasmids, pOpen_Myco_HygR, 

pOpen_Myco_fuGFP, and pOpen_Myco_NanoLuc for transformation of G. lucidum 

10597-SS1 protoplasts. I aim to build and test the aforementioned plasmids via protoplast 

transformation and nanostraws mediated transformation. 

Nanostraws mediated transformation 

Nanostraws is a technology that enables longitudinal sampling and injection of single 

cells186. I have been working with Eytham Souibgui, a postdoc in the Melosh Lab, to 

establish nanostraws-based transformation for filamentous fungi. Our early work has 

confirmed that fungal cells can grow on the nanostraw membranes (Figure 49). 

 

Figure 49. Towards nanostraws-mediated longitudinal injection and aspiration of 

single filamentous fungi cells. A graphical representation of the nanostraws technology 

(left, reproduced with permission from https://www.meloshgroup.com/cell-engineering), 

Botrytis cinerea hyphae growing on a nanostraw membrane (center, 40x, E. Souibgui, 

unpublished), G. lucidum 10597-SS1 hyphae growing on a nanostraw membrane (right, 

40x, E. Souibgui, unpublished). Our ongoing work aims to develop a high-throughput 

nanostraws-based transformation system for filamentous fungi. 
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Although nanostraws are a powerful technology for longitudinal engineering of single 

cells, current nanostraws transformation systems are relatively low-throughput. Very 

early in my interaction with the Melosh Lab I conceived of a 96-well-based adaptation of 

the nanostraws technology. I later worked with Eytham to specify and create a conceptual 

design. Eytham then worked to design, fabricate, and optimize a working device. Eytham 

then made several modifications to his design and adapted the original nanostraws system 

to create a working 96-well-based transformation system (Figure 50).  

 

Figure 50. Nanostraws can be adapted to a 96-well plate format to enable high-

throughput transformations. Current nanostraws transformation system (left, R. Perez, 

unpublished), the nanostraws membrane technology adapted to a 96-well plate format 

(center & right, R. Perez, unpublished). The traditional nanostraws transformation system 

uses a single sample tube at a time, enabling one sample per minute throughput. Eytham 

Souibgui designed and fabricated a 96-well plate format adaptation of the nanostraws 

technology that we are applying to filamentous fungi.   

My objective going forward is to use the 96-well plate format transformation system to 

deliver pOpen_Myco_HygR, pOpen_Myco_fuGFP, and pOpen_Myco_NanoLuc into 

protoplasts and hyphae of G. lucidum 10597-SS1.  
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Nanopore-based sequencing for G. lucidum 10597-SS1 strain engineering 

A high-quality annotated genome assembly is necessary for enabling advanced genetic 

engineering. In the previous sections, I reviewed several topics in mycology where 

researchers have called for improved genome assemblies, such as in mushroom 

phylogenetics, ecology, and genetic engineering. From Ohm et al. to Martin et al. to 

Roper et al. to Meyer et al., high-quality genome assemblies are critical to advancing 

basic and applied fungal research. One of the most high-quality and well-annotated 

Ganoderma lucidum genome assemblies was reported by Chen et al. in 201275. They 

used chromosome optical-mapping technology to order and orient their assembly 

scaffolds into thirteen chromosome-wide pseudomolecules. Unfortunately, samples of the 

strain Chen et al. sequenced are not readily available and the online genome browser they 

established, hosted at http://www.herbalgenomics.org/galu., was no longer available as of 

August 5th, 2020. Strain 10597-SS1’s genome was sequenced and assembled by the JGI. 

The draft assembly contains many gaps that could hinder genetic engineering efforts and 

precludes chromosome-scale DNA synthesis and construction of 10957-SS1 

chromosomes. Recently, Collins et al. reported on their use of nanopore-sequencing 

technologies paired with short-read technology to identify genetic engineering signatures 

in yeast187. I aim to adapt their method to resequence the genome of G. lucidum 10597-

SS1 and to improve the existing assembly by closing gaps and resolving repeats. First, I 

will resequence 10597-SS1’s genome using the Oxford MinION nanopore sequencer and 

perform a hybrid assembly using the publicly available Illumina short-read data from the 

JGI. Second, I will resequence 10597-SS1’s genome using the Illumina iSeq to determine 
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if there has been significant long-term storage induced accumulation of mutations in the 

genome since we received the original culture sample117.  

Instantiating a cloud-based genome assembly pipeline  

I established a genome assembly pipeline using Amazon Web Services (AWS) Elastic 

Computing (EC2-micro) infrastructure. I use fastp for read quality control and FAST-QC 

to produce additional read quality reports. I then use SPAdes for hybrid assembly of 

long- and short-reads. I use Busco for assembly quality assessment. 

Acquiring Oxford minION nanopore-sequencing long-reads 

I began by adapting the Invitrogen ChargeSwitch gDNA Plant Kit to extract genomic 

DNA from 10597-SS1 mycelia. I quantified DNA yield and quality using a NanoDrop 

and Qubit. I used the Oxford Rapid Sequencing Kit for library preparation. I then used 

Mk1B MinION with FLO-MIN106D flowcells but experienced several technical 

difficulties acquiring good reads. Going forward I intend to use the Oxford Ligation 

Sequencing Kit for library preparation, which does not included a fragmentation step 

thereby preserving read length, in contrast to the Rapid Sequencing Kit which includes a 

fragmentation step, coupled with the Flongle adapter and FLO-FLG001 flowcells. At the 

time of writing my dissertation, I have run a test assembly using my pipeline with a small 

subset of long- and short-reads. 
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Discussion 

I collaborated with the director of the 42 Robotics Lab, Daniel Goncharov, and numerous 

42 Silicon Valley students to specify, prototype, design, and build automation systems 

supporting networked solid-state fermentation and fungal tissue culture. I also designed a 

toolkit supporting G. lucidum 10597-SS1 synthetic mycology and conducted pilot studies 

to enable ATMT, protoplast, and nanostraws-based transformation of 10597-SS1. I have 

also established a cloud-based bioinformatics pipeline for hybrid de novo genome 

assembly and a protocol for library preparation of G. lucidum 10597-SS1 genomic DNA 

for Oxford MinION-based whole-genome sequencing. 

Further work should enable advanced synthetic mycology tools for precise control over 

mycological production and the construction of lineage-agnostic mushrooms that 

facilitate the intrinsic shaping of mycelium materials. To that end, one possible approach 

could be to enable high-throughput protoplast engineering. Protoplasts offer an 

understudied area of research that could serve as a starting point for high-throughput 

engineering methods and as a bridge with lineage-agnostic organisms research. Another 

approach could be to enable direct mycelium input and output using bioelectronic 

nanotechnologies.  

Mushrooms can be a source of inspiration for better ways to connect all earthlings and 

the planet during the Microbiocene, or the age of the microbe188. We might take 

inspiration from the many mutualistic relationships mushrooms form or from the Wood 

Wide Web that connects plants and enables plant-plant communication via fungi189. We 

might, in some ways, mimic the capacity for mushrooms to digest decaying organic 
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matter and transform it into beautiful origamic forms that inflate and emerge from forest 

floors to spread their spores far and wide. With such a modus operandi, synthetic 

mycology enabling people and places promises to radically accelerate our reconnection 

with the microbial world for the benefit of all people and the planet. 

 

Chapter 7: materials and methods 

Strains 

We acquired four sequenced strains of wood-degrading fungi from various sources 

(Table 1). Upon receipt each culture was expanded to multiple 4 °C storage plates (9 cm, 

VWR, Radnor, P.A.) and culture slants. Culture slants were made by pouring 

approximately 5–10 mL of PDYA at an angle into a 15 mL Falcon tube (VWR, Radnor, 

P.A.) and allowing the PDYA to solidify along the inner sidewall of the tube. Each slant 

is inoculated with an approximately 2 cm piece of mycelium tissue, para-filmed, and 

stored in darkness at room temperature. 

Strain maintenance 

All strains were maintained on PDYA by transferring 5 mm plugs (Biopunch, Ted Pella, 

Inc. Redding, CA), from leading edge tissue to fresh PDYA plates for storage at 4 °C or 

into slants for storage at room temperature. When beginning an experiment, starter plates 

for an organism are inoculated from a common source plate or slant as indicated. All 
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cultures for a particular experiment are initiated from a common source-plate to minimize 

the likelihood of spontaneous mutations impacting results. 

Pre-culture 

Each organism was cultured on PDYA starter plates in darkness at 30 °C for 3 days prior 

to experiments. Starter plates for each experiment were initiated as indicated by either 

transferring a 5 mm plug from leading edge tissue of 4 °C storage plates onto fresh 

PDYA starter plates. Again, each experiment was initiated with a new starter plate for 

each organism and experimental data was not compared across experiments, mitigating 

concerns of variation in radial extension measurements resulting from genetic mutations 

that may accumulate over subsequent sub-culturing. 

Substrates 

NIST RM 8492 was obtained from NIST. U.S.-based Pringles™ Original flavor were 

acquired from Amazon.com, assorted flavors were acquired from Walmart (Bentonville, 

A.R.), and Original flavor Pringles™ from the five Pringles™ global production factories 

were acquired from various retail stores in the countries of origin. Interlaboratory 

participants acquired locally-sourced Pringles™ from various local retail stores. PDYA 

was prepared using various laboratory grade reagents (per 0.5 L; 20 g glucose, Sigma; 10 

g starch from potato, Sigma; 7.5 g Yeast Extract, EMD Millipore Corporation; 5.0 g 
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Bacto Agar, Becton, Dickinson and Company). Yeast Synthetic Defined (YSD) media 

was prepared according to the manufacturer recommendations (Clontech, Takara Bio 

USA, Inc., Mountain View, CA). Commercially available wood chip substrate was 

purchased from Out Grow (IL, U.S.). Hardwood and Softwood pallets were identified as 

such and obtained from All Good Pallets, Inc. (Newark, C.A.) and chipped to 1–2 cm 

particle size in a batch process prior to preparation for experiments. Cardboard was 

harvested from Amazon.com boxes in the Shriram Center for Bioengineering and 

Chemical Engineering recycle bins. Mushroom Potato Dextrose Yeast Extract is: 26.5 

g/L D-Glucose, 1 g/L Potato Starch, 0.5 g/L MgSO4, 0.5 g/L KH2PO4, 0.5 g/L K2HPO4, 

10 g/L Yeast Extract, 4 g/L NH4Cl2, 2 g/L Peptone, pH 4. 

Substrate preparation 

Agar-based aqueous extract experimental plates were made for each substrate. Each solid 

substrate was weighed, ground for 2.5 min in a Magic Bullet (Walmart, Bentonville, 

A.R.), and the ground substrate was suspended in deionized water in a glass beaker to 

make 2% aqueous extract solutions. Aqueous extractions were performed by boiling the 

substrate and deionized water mixture in an autoclave for 45 min at 121 °C. The aqueous 

extract was filtered under vacuum through a funnel covered by cheesecloth 

(Labscientific, Inc., N.J.) into an Erlenmeyer flask. Solid particulate was discarded and 

the liquid broth was harvested to make agar-based plates. Agar was added to the aqueous 

extract broth to make 1% agar solutions for all substrates (2% agar for interlaboratory 
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studies). The aqueous extract broth and agar mixture was autoclaved at 121 °C for 30 min 

prior to use, allowed to cool, and 20 mL of the mixture was dispensed into each plate. 

Plate-based colony radial extension measurements 

Plate-based measurements were conducted in triplicate. Experimental plates were 

inoculated with a 5 mm plug of leading edge tissue from starter plates and incubated in 

the dark, at 30 °C, in ambient humidity (Figure 18: Compost, Manure, Woodchip, PDYA, 

YSD) or approximately 80% humidity (Figures 21-23 & 25-28), until the fastest growing 

fungus reached the edge of the plate (approximately 4 days for P. chrysosporium on 

PDYA). While humidity levels may impact colony characteristics, such as radial growth 

rates, and should be controlled and considered when comparing absolute growth rate data 

across experiments, our use of a reference organism and relative extension units (REUs) 

helps mitigate effects due to differences in extrinsic factors such as humidity. Every 24 h 

the leading edge of each colony was traced with a marker. Measurements of distances 

between all colony leading edge traces were performed on the final day (Figure 13). 

Measurements were obtained by hand using a ruler (Figure 18: Compost, Manure, 

Woodchip, PDYA, YSD) or using image analysis software, as indicated (Figures 21-23 

& 25-28). Measurements were recorded in a CSV file and used for downstream analysis. 
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Interlaboratory study measurement kit 

Each participating laboratory was provided a measurement kit (Figure 24). Kits contained 

four fungi of interest, a coring tool for excising fungal tissue plugs, cheese cloth for 

filtering aqueous extracts, and centrally-provided Pringles™ substrate. The contents were 

packaged within the original product packaging and shipped via FedEx to participating 

labs within the contiguous United States. Simple instructions for conducting colony radial 

extension measurements were emailed to participants. Briefly, participants were 

instructed to culture their starter plates accordingly for 3 days prior to starting 

experimental plates, perform colony radius traces for 5 days, image their plates, and 

email the images to our group. Interlaboratory study images were processed identically to 

all other experimental images. 

Image analysis 

Plates from experiments performed by our group were imaged using an iPhone 8. Images 

from our interlaboratory study were acquired by participants using their preferred method 

and returned to us for image processing and analysis. Images were converted to PNG 

using the Mac application Preview, measurement axis were superimposed (Figure 16), 

and the images were subsequently analyzed in Fiji (ImageJ) 190. The Fiji Set Scale tool 

was used to calibrate pixel distance to millimeters using the Petri dish diameter as a 

reference distance. The Measurement tool was used to measure distances between traces 

along predetermined superimposed axis starting from a central point on the edge of the 
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inoculation plug (Figure 16). Values were recorded in a spreadsheet for downstream 

analysis. 

Statistical analysis 

All analysis was performed using custom Python scripts. The Pandas library was used for 

data curation 191. Where appropriate contaminated plate data was dropped from the 

dataset (Figure 20: Original-USA, two plates dropped due to contamination). Normality 

of data was checked using the Shapiro–Wilk test in the StatsModels module 192. 

StatsModels ANOVA was used to test for significant differences within strain, substrate, 

and interactions between strain and substrate. Tukey HSD in StatsModels was used to 

identify statistically significant differences between groups via the Scikit-learn wrapper 

by holding strain or substrate constant. The Scikit-learn library used for linear regression 

models 193. All plots were made using MatPlotLib and Seaborn libraries 194. 

Protoplast production 

This protocol was adapted from Antal et al. and by courtesy of Eytham195. Inoculate 50 

mL MPDY into 125 mL flask (3x) with 5 plugs of colony leading edge tissue of 

mycelium growing on MPDYA into each flask. Culture the flasks at 30C, 200 rpm on a 

small orbital shaker, for 5 days. Prepare 15ml of lysing enzymes by suspending 0.2 g of 

lysing enzymes from Trichoderma harzianum (Sigma, L1412) into 5mL in a 50 mL 
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conical tube and incubate for 15 minutes at 37C, 150 rpm. Collect the 5 day old 

mycelium from each flask using a 40 µm filter and wash the mycelium using 10 mL of a 

0.6 M KCl, 0.1 M phosphate buffer pH 5.8 solution using a 50 ml tube and 40 um filter 

(500 mL KCl (0.6 M) + 50 mL NaP (1 M, pH 5.8); KCl 0.6 M: 22.37 g KCl in 500 mL 

deionized H2O; NaP 1 M pH 5.8: 15.8 mL Na2HPO4 (1 M) + 184.2 mL NaH2PO4 (1 M) 

pH 5.8). Transfer the mycelium into a single 250 mL flask, add 15 mL of activated and 

filtered (0.2 µm syringe filter) lysing enzyme and 15 mL of 0.6 M KCl, 0.1 M phosphate 

buffer pH 5.8. Incubate the mixture for 3 hours, 30C, at 200 rpm on a small orbital 

shaker. Collect 10 µl from the mixture and check for protoplast formation under a 

microscope (we use a 40x objective). Filter and collect the protoplasts by passing the 

mixture through a sterile cheesecloth that has been stuffed into a 60 mL syringe and 

directed into a 40 µm cell filter that has been positioned over a 50 mL conical tube. If 

smaller protoplasts are needed or if debris remains in the filtrate, filter the mixture 

through a 5 µm Millex syringe filter (Millipore) into a clean conical tube. Collect the 

protoplasts by centrifugation at 3,500 rpm and at 4C. Discard the supernatant and wash 

the protoplasts using 10 mL of TMS (1 M Sorbitol + 10 mM MOPS). Collect the 

protoplasts by centrifugation at 3,500 rpm and at 4C. Discard the supernatant and 

resuspend the protoplast into 300 µL of TMSC (1 M Sorbitol + 10 mM MOPS + 40 mM 

CaCl2). Count the protoplasts. Using a microscope at 40x and a Neubauer improved 

0.1mm 0.0025 mm2 hemocytometer: image all four large corner squares each composed 

of 16 small squares. Using Fiji count protoplasts in all 64 squares. 

http://insilico.ehu.eus/counting_chamber/neubauer_improved.php, 

https://www.emsdiasum.com/microscopy/technical/datasheet/68052-14.aspx. Adjust the 
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protoplast to 2.107 protoplasts / 100 µL. Prepare the DNA solution : 5 µg plasmid into 30 

µL of H2O + 30 µL of TE CaCl2 2x (1 mL Tris 2 M pH 8 + 0.4 mL EDTA 0.5 M + 1176 

mg CaCl2, 2H2O), or 2 µg of PCR product into 30 µL of H2O + 30  µL of TE CaCl2 2x. 

Add the 60 µL DNA solution into the 100 µL of protoplasts and incubate for 20 minutes 

on ice. Dilute 1.2 g of PEG 6000 into 800 µL MS (0.6 M Sorbitol + 10 mM MOPS), 

microwave the mixture for 1 minute and then allow it to cool down at room temperature. 

Add the 800 µL PEG into the 160 µL protoplast + DNA mixture. Gently mix the solution 

and incubate it for 15 minutes at room temperature. Add 1 mL of TMSC into the PEG-

protoplast solution. Centrifuge the solution for 5 minutes at 5000 rpm. Discard the 

supernatant and resuspend the pellet into 400 µL of TMSC. Add 400 µL of protoplast 

solution into 500 µL of MPDY and incubate the mixture on the barrel rotator in the 30C 

incubator for one hour. Pour the solution on 1 plate of MPDYA + fungicide (Carboxine 

2ug/ml or hygromycin B 200 ug/ul). Incubate the plate at 30C. 
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Appendix A 
Myco-Metrology Kit Instruction Manual 

Hello Intrepid Explorer, 

You are the lucky recipient of an experimental MycoKit. 

Have a quick look at this video for an overview of a similar process for deploying your MycoKit in support of reliable 

mycelium-based distributed bioproduction. 

■    watch 

Tread heavily and press onward into the unknown! 

/Rolando 

  

————protocol———— 

  

Kit contents: 

●   Pringles 
●   strains (6x) 
●   cheese cloth 
●   tissue coring tool 

Materials needed but not included: 

●   1L glass beaker (2x) 
●   1L glass bottles (2x) 
●   250 mL glass beaker 
●   1 L graduated cylinder 
●   vacuum filter flask 
●   funnel 
●   parafilm 
●   9 cm petri dishes (36x) 
●   agar 
●   diH2O 
●   70% ethanol spray bottle 
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●   sticker labels 
●   Sharpie marker 
●   large sponge 
●   magic bullet, blender, or other grinding tool 
●   camera or camera phone 
●   analytical balance 
●   microwave 
●   incubator 
●   autoclave 
●   lab bench vacuum supply line 
●   bunsen burner and lab bench gas supply line 

Overview: Please use the contents of your MycoKit and a can of Pringles Original flavor that you 

have purchased from your local grocery store to measure the growth rate of each strain on the two 

different Pringles substrates. 

  

Procedure (3-4 hours for setup, 1 hour per day for 7 days, 1 hour imaging on final day, total hours: 12 

hours): 

1. Unpack your kit and take inventory. 
2. Take inventory of the “required but not included” materials and equipment. 
3. Prepare the substrate for aqueous extraction (steps 3 & 4, ~20 minutes): Weigh 14 grams of 

the substrate and grind the substrate for 2.5 minutes in the magic bullet, or using a blender or 
mortar and pestle until the substrate is pulverized. 

4. Setup aqueous extraction (~5 minutes): In a 1L glass beaker add pulverized substrate and 700 
mL of diH2O and autoclave at 121C for 45 minutes using standard safety precautions and 
standard autoclave tape 

5. Build your filtration system (steps 5-8, 15 minutes): While the aqueous extraction process is 
taking place in the autoclave, prepare the filtration system by first cutting the provided 
cheesecloth into 4 equal sized pieces. 

6. Set up your vacuum filter funnel by lining the outer surface of the funnel neck with parafilm. 
7. Using one piece of the cheese cloth, fold the cloth such that it will fit into the funnel without 

being pushed all the way through the funnel neck. Position the funnel into the flask, forming a 
tight seal. 

8. Connect the vacuum filter neck of the flask to the lab bench vacuum line. 
9. Collect aqueous extraction (~30 mins total): Pour the autoclaved substrate into the funnel, 

allowing time for the liquid aqueous extract portion to flow through the cheese cloth in the 
funnel and into the flask. Dispose of the solid materials that are captured by the cheesecloth in 
the funnel. 

○   Note: If the cheese cloth becomes clogged, replace the cheese cloth with a 
new piece. 
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10. Prepare substrate mix (steps 10-11, ~15 minutes): Add 20 grams of agar to a 1 L glass bottle. 
11. Using the 1 L graduated cylinder, measure 500 mL of the aqueous extract and pour into the 1 

L glass bottle containing the 20 grams of agar. Autoclave the bottle with aqueous extract and 
agar mix at 121C for 30 minutes using standard safety precautions and standard autoclave 
tape. 

12. Pour plates (~1 hour): Under bench-top sterile conditions, using your bunsen burner, pour 20 
mL/plate of the aqueous extract + agar mixture into ~25 Petri dish plates. Allow the plates to 
solidify under sterile conditions. 

13. Repeat steps 3-12 for each substrate. 
14. Plug your plates (~45 minutes total): Under sterile conditions, using sterile technique to 

maintain sterility of your tissue coring tool when working with each plug and taking care to 
prevent cross contamination of strains, you will inoculate 3 plates for each substrate for each 
strain in the following manner: 

○   Note: To sterilize your tissue coring tool and forceps simply spray the tips 
with 70% ethanol solution and flame very briefly. Take care not to melt your coring 
tool. If you do melt it a little, no biggie just press on with your tool trying not to melt 
it completely. 
○   Using your 5 mm tissue coring tool, cut 6 plugs of tissue into the leading 
edge of the growing starter colony, such that 75% of the tissue plug surface is 
covered in mycelium tissue. 
○   Using your forceps, pick one tissue plug and place the plug, mycelium tissue 
facing down, onto the agar surface at one edge of the plate — keeping the agar 
surface facing upright. 
○   Mark the location of the tissue plug onto the bottom surface of the plate. 
○   Repeat 6 times for each strain: 3 plates per substrate/per strain, for 6 strains, 
18 plates per substrate, for a total of 36 plates. 
○   Sterilize your tissue coring tool and forceps in between work with each 
strain. 

15. Incubate all plates, agar surface facing upright, at 30°C and ~80% humidity. To control 
humidity, simply fill 250 mL beaker with 50 mL of water and soak the large sponge with the 
water. Place the beaker with the residual water and the damp sponge inside into the incubator, 
as close as possible to the 36 plates. 

16. Colony edge tracing (~1 hour): Every 24 hours use your Sharpie to trace the leading edge 
profile of each growing colony. Repeat for 7 days. 

○   Note: To help visualize the colony edge against the substrate, hold the plate 
up the ceiling lights and trace the edge profile onto the bottom surface of the plate. 

17. Image your plates (~30 minutes): Image the bottom surface of each plate using your camera 
such that each image contains the full profile of the plate and is taken equidistant from its 
plate. We recommend you set up a camera support, perhaps an old 1000 uL pipette tip box if 
using a camera phone, so you can make sure each image is taken at an equal distance from its 
plate. 

18. Send the images to rcperez@stanford.edu. 
19. We crunch the numbers and share the results! 

Strains 
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6 sequenced strains of wood-degrading fungi spanning the order Agaricales from various domestic and international 

sources. Please see table 1 for strain ID and source. 

  

Name ID Origin Hyphae Type 

Ganoderma lucidum 10597-SSI JGI, Forest Products Lab 1 

Phanerochaete chrysosporium RP-78 JGI, Forest Products Lab 2 

Schizophyllum commune A 4.8A Hans Wosten, UTrecht 1 

Schizophyllum commune B 4.8B Hans Wosten, UTrecht 1 

Trametes versicolor SSI FP101664-SSI JGI, Forest Products Lab 1 

Trametes versicolor Spp FP101664-Spp JGI, Forest Products Lab 1 
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