
Mycelium Production using Agro-industrial Waste for the

Cultivated Meat Industry

The cultivated meat industry is using tissue engineering to create real meat products

without conventional animal agriculture, thereby circumventing animal exploitation

as well as the phenomenally large carbon footprint of intensive animal farming. The

cultivated meat industry is fairly new and has great potential for food security and

sustainability. However, the growth of the industry will require the acceptance of

consumers. Consumer approval of cultivated meat products will depend on whether

flavor and price parity with conventional meat is achieved. Therefore, there is a

need for resources that can improve the quality, taste, and texture of cultivated

meat products while reducing the environmental impact and cost. Agro-industrial

wastes are wastes that are produced by food- and agricultural-based industries;

these wastes are underutilized and inexpensive. Filamentous fungi are able to con-

vert these lignocellulosic wastes into mycelium biomass, which has great potential

as a material for cell culture scaffolding. Here we propose the use of agro-industrial

wastes to grow mycelium that can be used to produce cultivated meat. Our pre-

liminary experiments show that four waste products (coffee grounds, corn stover,

wood chips, and cardboard) can be successfully converted into mycelium.
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1 INTRODUCTION

1 Introduction

With the global population projected to reach 9 billion by 2050, meat demands are expected

to reach 455M metric tons and fish demands are expected to reach 140M metric tons within

the same year.1,2 Currently, these demands are met by animal agriculture: a practice linked to

public health complications, environmental degradation and animal welfare concerns.2 Animal

agriculture is one of the largest contributors to human-made greenhouse emissions, second only

to fossil fuels.3

Cellular agriculture is a nascent industry that is attempting to ameliorate the environmental

issues in our current food systems by using cell culture to produce animal products like meat,

dairy, and eggs, or alternatives to these products. The cultivated meat industry is using cellular

agriculture to provide a means of moving away from animal agriculture without forgoing meat

food products. More specifically, the cultivated meat industry is using cell culture to expand an-

imal cells in vitro until they form tissues, like muscle and fat, that are found in the conventional

meat from animals. The first cultivated meat burger was debuted in 2013.4 Soon after, the first

few cultivated meat companies, like Mosa Meat, Upside Foods (formerly Memphis Meats), and

SuperMeat, were founded. A company database created by the Good Food Institute (GFI),

a non-profit that promotes the cellular agriculture industry, now lists over 80 cultivated meat

companies as of January 2022.5

Cultivated meat products must be marketable. They need to be able to mimic the taste and

texture of meat at prices that are comparable to that of conventional meat products, and

sustainably-produced at a large scale in order to truly revolutionize current food systems. There

are, however, many challenges with scaling cultivated meat technologies. Cell culture and tissue

engineering technologies have never before been implemented at the scale required for large-scale

food production. Therefore, there is a need for resources that can be utilized for cultivated meat

production and are both sustainably-sourced and low-cost.
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2 AGRO-INDUSTRIAL WASTE

Agro-industrial wastes are wastes that are produced as byproducts in many food and agricul-

ture industries. They include materials like sawdust, straw, stalks, husks (of cereals), oil cakes,

and even fruit or potato peels. According to the U.S. Department of Energy’s 2016 report on

national biomass resources, the U.S. will have about 814 million dry tons of available lignocel-

lulosic wastes in 2022 and an estimated 1,192 million dry tons in 2040.6 Currently, only 365

million dry tons of these wastes are being utilized.6

These wastes can be valorized by filamentous fungi that are capable of converting these ligno-

cellulosic materials into mycelium biomass. Mycelium’s filamentous texture, meaty taste, high

protein content, and tunable properties make it a great potential scaffolding material for the

production of structured cultivated meat. Mycelium can also be used to create hybrid cultivated

meat products. Here we show that four waste products, including coffee grounds, corn stover,

wood chips, and cardboard, can be can be successfully converted into mycelium biomass by

filamentous fungi and propose the use of agro-industrial wastes for growing mycelium that can

be used for cultivated meat production.

2 Agro-industrial Waste

Agro-industrial wastes include crop and food residues that are made up, primarily, of ligno-

cellulose. Lignocellulose, the major component of plant cell walls, consists of cellulose that is

encapsulated by hemicellulose and lignin.8 Lignocellulose can be used by cellulolytic organisms,

like fungi and some bacteria, that are capable of digesting cellulose.8 Table 1 shows several

agricultural wastes and their lignocellulose content. This table of agro-industrial wastes, while

not comprehensive, shows the large amount of lignocellulose found in plant matter.

Lignocellulose can also be converted into substrates (e.g. sugars) for microbial fermentation by

fungal cellulases.8 These substrates can be converted into higher value products like organic
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3 AGRO-INDUSTRIAL WASTE FOR MYCELIUM PRODUCTION

Agro-industrial
waste

Cellulose (%w/w)
Hemicellulose
(%w/w)

Lignin (%w/w)

Sugarcane bagasse 30.2 56.7 13.4

Rice straw 39.2 23.5 13.4

Corn stover 61.2 19.3 6.9

Sawdust 45.1 28.1 24.2

Sugar beet waste 26.3 18.5 2.5

Barley straw 33.8 21.9 13.8

Cotton stalks 58.5 14.4 21.5

Oat straw 39.4 27.1 17.5

Soya stalks 34.5 24.8 19.8

Sunflower stalks 42.1 29.7 13.4

Wheat straw 32.9 24.0 8.9

Potato peels 2.2 - -

Orange peel 9.21 10.5 0.84

Coffee skins 23.77 16.68 28.58

Pineapple peel 18.11 - 1.37

Table 1: Lignocellulose content of agro-industrial wastes.7

acids, amino acids, vitamins, and other polysaccharides.9 Lignocellulosic biomass can be used

to create products like chemicals, enzymes, bioplastic bottles, packaging, and textiles.10 Ligno-

cellulosic biomass can also be converted into human food using edible fungi. Mushrooms, for

example, have been successfully grown with lignocellulosic materials like cereal straws, banana

leaves, sawdust, peanut hulls, coffee pulp, soybeans, and cotton stalk.9

3 Agro-industrial Waste for Mycelium Production

Wood-decay fungi are fungi that can degrade components in plant biomass. There are three

types of wood-decay fungi: white-rot, brown-rot, and soft-rot species. White-rot fungi can de-

grade lignin. Brown-rot fungi, on the other hand, can degrade cellulose and hemicellulose, but

not lignin. Soft-rot fungi can do both, but degrades lignin slower than it can degrade cellulose

and hemicellulose.9

Some of these wood-decay fungi are edible filamentous fungi, like the species’ used to grow edible
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4 MYCELIUM FOR CULTIVATED MEAT PRODUCTION

mushrooms, and can produce mycelium biomass. The vegetative part of filamentous fungi con-

sists of a network of thin branching filaments, or hyphae.11 Collectively, this network of tubular

hyphae is known as mycelium.11 Filamentous fungi explore their environment through hyphae

extension, which only occurs at the apical tip region of hyphae.9 These hyphae grow rapidly

until a nutrient source, or substrate, is identified.9 These fungi are able to break down these

nutrient sources using secreted enzymes, like cellulases, oxidases, phosphatases, chitinases, and

proteases.11 Absorption of these nutrients allows the hyphae to grow and extend further. When

a substrate is found, the rate of hyphae extension declines and the rate of hyphae branching

increases.9 Increased hyphae branching near a substrate allows the fungi to fully exploit the

nutrient source and produce more mycelium biomass.

Agro-industrial wastes, like those listed in Table 1, can serve as the substrates for these filamen-

tous fungi. Filamentous fungi can convert these wastes into higher value, edible products that

can then be used for cultivated meat production. This can be done using solid state fermenta-

tion (SSF), which is when organisms, like fungi, grow on solid or non-soluble materials in the

absence of water.7 Using SSF has many advantages, including easy product recovery, low costs,

and simple downstream processing.7

4 Mycelium for Cultivated Meat Production

Fungal biomass, such as fungal fruiting bodies (i.e. mushrooms) or mycelium, is a complete

protein, meaning it contains all the essential amino acids needed by humans and other animals.9

Fungi contain about 20% to 30% crude protein on dry matter basis, making them a good source

of protein.9 Fungi are also a source of dietary fiber, carbohydrates, and vitamins.9

Mushrooms have been used as a food source by humans for thousands of years. There are over

2000 species of edible fungi, about 20 of which are grown at an industrial scale for mushroom
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4 MYCELIUM FOR CULTIVATED MEAT PRODUCTION

cultivation.12 The global mushroom market consumption was about 12.74 million tons in 2018

and is projected to reach 2084 million tons by 2026.13 Mycelium, on the other hand, is not

commonly used for food applications. There is, however, a growing interest in using mycelium

for food. The umami flavor and flesh-like texture of mycelium makes it promising as a meat

alternative or supplement. Meati Foods and Atlast Foods, for example, are both creating meat

alternatives from mycelium. Mycelium also has great potential in the cellular agriculture indus-

try for the production of cultivated meat products.

Cultivated meat is meat that is grown outside of an animal using tissue engineering. To do this,

cells are harvested from an animal through a biopsy. The starting cell types are then selected and

isolated. This typically includes stems cells, like embryonic stem cells (ESCs) and mesenchymal

stem cells (MSCs), or somatic cells that can be reprogrammed into induced pluripotent stem

cells (iPSCs). These starting cells can then be differentiated into the cell types found in con-

ventional meat including myocytes (muscle cells), adipocytes (fat cells), and fibroblasts (found

in connective tissue). By providing these cells with an environment that mimics that of native

tissues, these cells can be grown and expanded for the production of cultivated meat.

Producing cultivated meat products that are structured, like a steak or a chicken breast, typ-

ically requires a support structure, or scaffold, to promote cell growth and organization. The

scaffold should be able to mimic the environment of native tissue by allowing for cell adhesion,

cell-to-cell communication, and nutrient perfusion. Because cultivated meat is a food product,

the scaffold requirements for cultivated meat production differs from that of tissue engineering

for biomedical applications; the scaffold material should be safe for consumption. As an edible

and tunable material, mycelium is a great candidate for the cultivated meat scaffolding.

In a paper published in 2021, Antinori et al. showed that mycelium structures from the edible

fungi Pleurotus ostreatus can support the adherence and growth of primary human fibroblasts
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5 RESEARCH: GROWING MYCELIUM

without any chemical pretreatments.14 The paper suggests that functional groups on the surface

of the mycelium facilitate cell adhesion.14 Currently, Ecovative Design is the only company pub-

licly creating mycelium scaffolds for cultivated meat. They created a microsite under the name

Excell.bio, where they sell a mycelium culture kit for cultivated meat.15 According to the site, it

has been tested by WildType, SuperMeat, the Pelling Lab, and the Worcester Polytechnic Insti-

tute.15 As of January 2022, the company Ecovative Design has a pending patent application for

methods of generating mycelial scaffolds for both cultivated meat and biomedical applications.16

Mycelium can serve as more than just a scaffold for cultivated meat; it can also be used to

create hybrid products. Because the production of cultivated meat has yet to reach price parity

with conventional meat, a potential solution is to supplement cultivated meat products with

alternative protein, like that found in mycelium. Edible fungi have a predominantly umami

taste which is the flavor enhancement of food imparted by monosodium glutamate (MSG). The

umami taste has been shown to enhance specific flavors in food, like meatiness, and increase

the preference and palatability of food.17 The umami taste is caused by the presence of umami

amino acids (aspartic and glutamic acids), and umami 5’-nucleotides (5’-adenosine monophos-

phate (5’-AMP), 5’-inosine monophosphate (5’-IMP), 5’-guanosine monophosphate (5’-GMP),

5’-xanthosine monophosphate (5’-XMP)).18 These amino acids and 5’-nucleotides have also been

shown to have a synergistic effect on the umami taste of food.17

5 Research: Growing Mycelium

Preliminary testing of mycelium growth on waste substrates was conducted to confirm the feasi-

bility of our proposal. According to Randive, the cultivation of fungi (thus mycelium) is possible

on many lignocellulosic wastes and residues.19 Thus four different substrate materials that may

be considered to be ”agro-industrial waste” were chosen to grow mycelium: spent coffee grounds,

7



5.1 Lignocellulosic Substrates 5 RESEARCH: GROWING MYCELIUM

corn cobs, wood chips, and cardboard. To test the efficacy of growing mycelium from the volva

and basal bulb of the mushroom (also considered to be a waste product), we created four ”mi-

croenvironments” which each contained a different substrate.

We aimed to gain qualitative measurements by visual analysis as well as quantitative mea-

surements by weighing the microenvironment each day and by performing ImageJ analysis on

photographs. These results would be compared against a positive control group of mycelium

spawn (which is integrated with substrate to allow for growth regardless of waste substrate being

present), grown in four different microenvironments consisting of the same substrates.

5.1 Lignocellulosic Substrates

5.1.1 Coffee Grounds

Spent coffee grounds were chosen as a substrate due to their high abundance and low cost.

Currently, coffee is the second most traded product worldwide and is produced in 80 countries.20

In 2017, 9.51 million tons of coffee were produced worldwide according to the International Coffee

Organization.21 Because of its popularity, the coffee industry produces significant amounts of

wastes and by-products.21 This is because the coffee bean only accounts for 55% of the coffee

cherry fruit; the other 45% comprising the husks, peel, and pulp are waste.20 However, the

collection of spent coffee grounds is dependent on local consumer preferences; in some areas,

specialized agencies (such as bio-bean in the U.K.) collect the spent coffee grounds while in

others, the grounds are simply discarded.20,21

5.1.2 Corn Stover

Corn cobs (an example of corn stover) were chosen as a substrate due to their high abundance and

infrastructure for collection. Of the 205 million dry tons of crop residues produced in the United

States in 2011, over 75% is corn stover.22 By 2030, the amount of corn stover produced in the
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US is expected to increase to 271 million dry tons under high yield conditions.22 Additionally,

around 30% of corn stover could be collected for less than $33 per 1000 kg utilizing current

practices.23

5.1.3 Wood Chips

Wood chips (an example of wood waste) were chosen as a substrate due their high abundance

and infrastructure for collection. Because wood products are used in construction, furniture,

packaging, and energy, an estimated 1.28 billion m3 of industrial roundwood were consumed

in 2015 according to the United Nations Economic Commission for Europe.24 Naturally, this

creates wood waste which can either be recycled or converted into energy via combustion.24

Although wood waste has the ability to be recycled, over half of wood waste was incinerated in

Europe during 2010.24 Due to the well-defined wood industry, however, the collection of wood

waste for recycling and repurposing should be relatively easy.24

5.1.4 Cardboard

Cardboard was chosen as a substrate due to its high abundance and composition of 40%–80%

lignocellulose.25 Currently paper and cardboard represent almost 30% of municipal waste, which

account for 15% of the space in landfills in the United States.26 Despite this, there is relatively

good infrastructure for cardboard recycling and up to 60% of cardboard is recycled in the United

States.26 It is currently used for a multitude of applications such as cellulase production, textile

production, and more.25,26 However, it has not been industrially used as a mycelium substrate

to our knowledge.

5.2 Experimental Protocol

Roughly 3 mm pieces of king oyster mushroom were cut from the volva and basal bulb utilizing

a sterilized paring knife. Mycelium spawn (Back to the Roots) was prepared by crumbling the
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block into pieces and rehydrating in room temperature water. The microenvironment, consist-

ing of a 16-oz glass jar and one of the four substrates, was sterilized with boiling water for 1

minute. The water was then drained from each jar and allowed to cool. Four alternating layers

of substrate then mushroom pieces were placed into the jar to create the one microenvironment.

The process was then repeated for all of the substrates, and then again for the mushroom

spawn with all of the substrates. Each microenvironment was weighed and photographed daily.

Microenvironments were kept sealed at room temperature and in a dark environment for ten

days.

Figure 1: General Workflow for Microenvironment Creation. (A) The control group consists of
crumbled mycelium spawn pieces and substrate in alternating layers. (B) The experimental
group consists of cut basal bulb pieces and substrate in alternating layers.

5.3 Analysis

Each microenvironment was photographed once per day for ten consecutive days. Images from

each day from each microenvironment were cropped in Adobe Photoshop to only include the

area of the photo consisting of the substrate, spawn/mushroom, and mycelium. The images from

the same microenvironment were then rescaled and rotated to have the same orientation and

size. Utilizing Fiji (ImageJ), the grayscale value of the background (i.e. the area of substrate

with the least mycelium) was measured. Next, the grayscale value and area of all portions of
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the figure containing mycelium were measured.

To account for the differences in lighting between each day’s images, the data was normalized

using the following formula

normalized density = Ai − (Bi × Ci)

where A is the sum of grayscale values for all pixels containing mycelium, B is the area of all

pixels containing mycelium, C is the average background grayscale value, and i is the day of

data collection.

The normalized density was then plotted against i to obtain density plots. Area plots were

created by plotting the area of all pixels containing mycelium against i; mass plots were created

by plotting mass against i.

5.4 Results

Coffee - Mushroom Wood - Mushroom Corn - Mushroom Cardboard - Mushroom
Day 1 256 204 237 194
Day 2 280 266 232 204
Day 3 346.98 312.67 317.03 273.98
Day 4 346.9 312.61 316.92 277.86
Day 5 346.88 312.65 316.76 277.87
Day 6 346.81 316.76 277.83
Day 7 346.76 312.52 316.66 277.8
Day 8 346.73 312.5 316.58 277.75
Day 9 346.73 312.45 316.5 277.7
Day 10 346.69 312.45 316.44 277.65

Table 2: Mass of Each Mushroom Microenvironment Over Time. Data for Day 6 for Wood
substrate was not taken. Day 1 and Day 2 were measured using a different, less accurate scale
than subsequent days.
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5.4 Results 5 RESEARCH: GROWING MYCELIUM

Coffee - Spawn Wood - Spawn Corn - Spawn Cardboard - Spawn
Day 1 286 225 254 216
Day 2 273 205 215 210
Day 3 359.23 308.62 337.61 283.74
Day 4 359.18 308.58 337.45 283.68
Day 5 359.15 308.59 337.2 283.66
Day 6 359.18 308.6 337.11 283.58
Day 7 359.13 308.54 337.02 283.53
Day 8 359.14 308.5 336.94 283.43
Day 9 359.11 308.47 336.84 283.41
Day 10 359.14 308.36 336.77 283.36

Table 3: Mass of Each Spawn Microenvironment Over Time. Day 1 and Day 2 were measured
using a different, less accurate scale than subsequent days.

From Table 2 and Table 3, the mass of each microenvironment generally decreases by 0.01 g per

day (excluding Day 1 and 2, which were measured on a different, less accurate scale). Though

counterintuitive, this result is actually expected due to the fact that half of all glucose supplied

to filamentous fungi is used for cellular respiration, only leaving half for biosynthesis.9 Thus

this table effectively shows that the substrate is being converted to mycelium biomass, proving

that waste substrates can effectively grow mycelium.
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Figure 2: Mass of Mushroom Microenvironments Over Time. Data for Day 6 for Wood
substrate was not taken. Day 1 and Day 2 were measured using a different, less accurate scale
than subsequent days.

Figure 3: Mass of Spawn Microenvironments Over Time. Day 1 and Day 2 were measured
using a different, less accurate scale than subsequent days.
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Figure 4: Progressive Mycelium Growth from Mushroom Pieces on Cardboard Substrate. (A)
Day 1. (B) Day 2. (C) Day 3. (D) Day 4. (E) Day 5. (F) Day 6. (G) Day 7. (H) Day 8. (I)
Day 9. (J) Day 10.

Figure 5: Progressive Mycelium Growth from Spawn on Cardboard Substrate. (A) Day 1. (B)
Day 2. (C) Day 3. (D) Day 4. (E) Day 5. (F) Day 6. (G) Day 7. (H) Day 8. (I) Day 9. (J)
Day 10.
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Figure 6: Progressive Mycelium Growth from Mushroom Pieces on Coffee Substrate. (A) Day
1. (B) Day 2. (C) Day 3. (D) Day 4. (E) Day 5. (F) Day 6. (G) Day 7. (H) Day 8. (I) Day 9.
(J) Day 10.

Figure 7: Progressive Mycelium Growth from Spawn on Coffee Substrate. (A) Day 1. (B) Day
2. (C) Day 3. (D) Day 4. (E) Day 5. (F) Day 6. (G) Day 7. (H) Day 8. (I) Day 9. (J) Day 10.
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Figure 8: Progressive Mycelium Growth from Mushroom Pieces on Corn Substrate. (A) Day
1. (B) Day 2. (C) Day 3. (D) Day 4. (E) Day 5. (F) Day 6. (G) Day 7. (H) Day 8. (I) Day 9.
(J) Day 10.

Figure 9: Progressive Mycelium Growth from Spawn on Corn Substrate. (A) Day 1. (B) Day
2. (C) Day 3. (D) Day 4. (E) Day 5. (F) Day 6. (G) Day 7. (H) Day 8. (I) Day 9. (J) Day 10.
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Figure 10: Progressive Mycelium Growth from Mushroom Pieces on Wood Substrate. (A) Day
1. (B) Day 2. (C) Day 3. (D) Day 4. (E) Day 5. (F) Day 6. (G) Day 7. (H) Day 8. (I) Day 9.
(J) Day 10.

Figure 11: Progressive Mycelium Growth from Spawn on Wood Substrate. (A) Day 1. (B) Day
2. (C) Day 3. (D) Day 4. (E) Day 5. (F) Day 6. (G) Day 7. (H) Day 8. (I) Day 9. (J) Day 10.
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From Figures 4 - 11, visible mycelium growth occurred after about three days of incubation, and

continued growing for the remainder of the experiment. Mycelium increased in both area and

density, though it appeared to spread before becoming more dense as assessed by daily visual

analysis. Further visual analysis showed that regardless of mushroom pieces or spawn, the most

mycelium grew on the coffee substrate and the least grew on the corn substrate. Though not

expressly obvious in the top-down images, mycelium also expanded three-dimensionally into the

substrate below. Because mycelium could thus be grown on multiple layers of waste substrates,

our proposed method proves the scalability potential for cultivated meat applications.

However, when growing mycelium on waste substrates, it is necessary to take precautions to

prevent contamination. In Figure 8G (Day 7), greenish-blue mold appears to start growing

on the corn substrate of the mushroom pieces. This could be due to mold spores accidentally

contaminating the microenvironment when photographs were being taken. However, this mi-

croenvironment was the only one which showed any signs of molding. Since mycelium grown

from this method would be used for food applications, any mold contamination would make the

product unfit for human consumption.
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Figure 12: Area of Mycelium Growth from Mushroom Pieces on Cardboard Substrate. Data
obtained from Fiji (ImageJ) analysis.

Figure 13: Density of Mycelium Growth from Mushroom Pieces on Cardboard Substrate.
Data obtained and normalized from Fiji (ImageJ) analysis.
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Figure 14: Area of Mycelium Growth from Spawn on Cardboard Substrate. Data obtained
from Fiji (ImageJ) analysis.

Figure 15: Density of Mycelium Growth from Spawn on Cardboard Substrate. Data obtained
and normalized from Fiji (ImageJ) analysis.
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Figure 16: Area of Mycelium Growth from Mushroom Pieces on Coffee Substrate. Data
obtained from Fiji (ImageJ) analysis.

Figure 17: Density of Mycelium Growth from Mushroom Pieces on Coffee Substrate. Data
obtained and normalized from Fiji (ImageJ) analysis.
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Figure 18: Area of Mycelium Growth from Spawn on Coffee Substrate. Data obtained from
Fiji (ImageJ) analysis.

Figure 19: Density of Mycelium Growth from Spawn on Coffee Substrate. Data obtained and
normalized from Fiji (ImageJ) analysis.
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Figure 20: Area of Mycelium Growth from Mushroom Pieces on Corn Substrate. Data
obtained from Fiji (ImageJ) analysis.

Figure 21: Density of Mycelium Growth from Mushroom Pieces on Corn Substrate. Data
obtained and normalized from Fiji (ImageJ) analysis.
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Figure 22: Area of Mycelium Growth from Spawn on Corn Substrate. Data obtained from Fiji
(ImageJ) analysis.

Figure 23: Density of Mycelium Growth from Spawn on Corn Substrate. Data obtained and
normalized from Fiji (ImageJ) analysis.
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Figure 24: Area of Mycelium Growth from Mushroom Pieces on Wood Substrate. Data
obtained from Fiji (ImageJ) analysis.

Figure 25: Density of Mycelium Growth from Mushroom Pieces on Wood Substrate. Data
obtained and normalized from Fiji (ImageJ) analysis.
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Figure 26: Area of Mycelium Growth from Spawn on Wood Substrate. Data obtained from
Fiji (ImageJ) analysis.

Figure 27: Density of Mycelium Growth from Spawn on Wood Substrate. Data obtained and
normalized from Fiji (ImageJ) analysis.
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In Figures 12 - 27, area and density of mycelium are quantified. In all microenvironments, both

the area and density of mycelium were shown to increase over time. Most microenvironments

showed a striking increase in area (and density, to a lesser degree) on Day 3 of the experiment.

Because mycelium can be grown so quickly, it could greatly assist the scale-up of cultivated

meat.

Coffee - Spawn Wood - Spawn Corn - Spawn Cardboard - Spawn
Time to 85% Area 5 days 8 days 7 days 8 days

Time to 85% Density 9 days 8 days 9 days 9 days

Table 4: The time each microenvironment containing spawn’s area and density measurements
took to reach 85% of its final value.

Coffee - Mushroom Wood - Mushroom Corn - Mushroom Cardboard - Mushroom
Time to 85% Area 6 days 7 days 9 days 6 days

Time to 85% Density 4 days 6 days 9 days 8 days

Table 5: The time each microenvironment containing mushroom area and density
measurements took to reach 85% of its final value.

From Table 5 and Table 4 we can determine the rate of growth of each microenvironment.

It was observed that the mycelium growth in most microenvironments completely covered the

top photographed layer, and then slowly became more dense over time. This density growth

plateaus for most samples once it reaches a ”critical density” that was determined to be around

85%. Thus, the ideal, fastest growing sample should have a short time to reach 85% area (it

covers most of the observed layer) and then have a high time for 85% density, since ideally the

mycelium will continue to grow in density after covering the observed area.

Of the spawn microenvironments, the microenvironment that is best under the above criteria is

the coffee substrate and spawn microenvironment, as it took the shortest time to reach 85% area

and ties most other spawn samples for time to 85% density at 9 days, meaning after covering

the visible layer, the mycelium continued to grow more dense. This is supported by visual anal-

ysis, as the coffee substrate and spawn sample by far had the most mycelium growth, including
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mycelium growth throughout the substrate and up the sides of the microenvironment container.

The microenvironments containing wood substrate and spawn, corn substrate and spawn, and

cardboard substrate and spawn are nearly identical under the above metrics, taking significantly

longer than the coffee substrate and spawn microenvironment to fill 85% of the area, and mostly

tying the coffee substrate and spawn microenvironment for time to achieve 85% of the maximum

density.

Of the mushroom microenvironments, it is more difficult to determine the ”best” microenviron-

ment using the above criteria. Again, we see that coffee is the substrate that took the least time

to fill 85% of the observable area, at only 6 days. However, the coffee substrate and mushroom

microenvironment only took 4 days to reach 85% of the final density, which is surprisingly quick

and much lower than any other microenvironment. Under visual inspection it was observed that

the coffee substrate and mushroom microenvironment began growing mycelium throughout the

substrate, so the continued density increase was not visible from the top layer. The cardboard

and mushroom microenvironment is also notable for having a low time to 85% area and a higher

time to 85% density. Visual inspection showed that the mycelium did not grow as well through-

out the cardboard substrate, but the cardboard substrate was also good by this metric.

When comparing the microenvironments with spawn to those with mushroom, visual inspection

showed that, in general, the spawn produced more mycelium more quickly and continued to

grow for longer. However, this is to be expected because the spawn is integrated with substrate,

and supplemented with one of the four waste substrates. This is supported by the consistently

high times to 85% density in Table 4. Further, we can see that the microenvironment that

is quickest to reach 85% of its total area is a day faster for the microenvironments containing

spawn than those containing mushroom. Finally, the time that microenvironments containing

mushroom pieces took to reach 85% density is generally lower, indicating that the microenvi-

ronments containing mushroom pieces were quicker to reach a ”plateau” in mycelium growth.
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6 CONCLUSION

It can be concluded given the data that the spawn is superior to the mushrooms for mycelium

growth. This conclusion is supported by visual inspection.

When comparing the different substrates, it is clear that coffee produces the fastest growth in

terms of area, with both the microenvironments containing coffee subtrate reaching 85% of their

total area earlier than other microenvironments. The microenvironments containing cardboard

were the next quickest to reach 85% of their total area, followed by those containing wood

and corn substrates. The microenvironment containing corn and mushrooms grew by far the

slowest, and reached 85% of its peak density and area on day 9, indicating very slow growth.

Visual inspection showed that the microenvironments containing wood and corn substrates were

the two microenvironments to produce the lowest amount of mycelium and produced mycelium

the most slowly. Microenvironments containing cardboard substrate produced the next most

mycelium and did so fairly quickly. However, by far, the microenvironments containing coffee

produced the most mycelium and did so the fastest.

6 Conclusion

6.1 Roadmap

In order to actually implement our method of growing mycelium from agro-industrial waste

substrates, it is essential that waste is collected and delivered to companies that want to grow

mycelium for cellular agriculture purposes.

In the case of corn stover, collection infrastructure already exists which could expedite this pro-

cess. Using the ”mow, rake, and bale” strategy, corn stover collection efficiency is around 64%

in Kentucky fields.23 However, large-scale stover collection efficiencies can reach up to 75%.23
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Additionally, collection of corn stover is inexpensive; 1000 kg of corn stover currently costs less

than $33 under current practices.23 However, one limitation of this may be the fact that the

amount of corn stover which can be collected must be limited at some point. This is because

excess corn stover collection could lead to increased erosion, lower crop productivity, and nutri-

ent depletion of the soil.23

Use of spent coffee grounds as a mycelium substrate is also feasible, as there are currently around

six companies worldwide which collect and upcycle coffee grounds.27 These companies, such as

bio-bean (based in the U.K.) and Domestic Stencilworks (based in San Diego, CA), collect waste

coffee grounds from hundreds of coffee shops, restaurants, and coffee factories to make products

ranging from second-generation biofuels to t-shirts screen printed from spent coffee grounds.27

Although these companies are somewhat niche, the fact that they exist shows an interest in the

market for spent coffee grounds.

In the United States, wood waste collection and recovery varies greatly depending on the region

and state.28 For example, Though many wood waste collection facilities exist, inefficient sorting

mechanisms lead to a very small wood waste recovery rate.28 However, there is no shortage of

wood waste; in 2012, industrial residues from the forestry industry accounted for 10% of all waste

generated in North America.28 Thus it may be possible to take advantage of the abundance

of wood waste for mycelium production if a more centralized collection system was implemented.

Similar to wood waste, there is no centralized collection system for paper wastes such as card-

board. Despite this, many individuals do recycle cardboard; the recycling rate is around 60%

in Northern countries and 83% in the European Union.26,29 These cardboard wastes end up

at recycling facilities, where they could be purchased for cellular agriculture companies hoping

to grow mycelium. Thus, there are many potential avenues for the actualization of mycelium

production from agro-industrial wastes.
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6.2 Sustainability Impact

By 2040, it is expected that the U.S. will have total of 1.2 billion tons of lignocellulosic waste

materials.6 Currently, these wastes are either burned or buried in soil which can cause environ-

mental harm in the form of air and water pollution.30 The intensification of modern agricultural

is caused by the increasing food demand of a growing human population.31 In nature, filamen-

tous fungi are the main degraders of plant biomass (i.e. lignocellulose).32 However, agricultural

industries are producing waste faster than it can be upcycled.

Using filamentous fungi to convert agro-industrial waste into mycelium leads to a circular

bioeconomy that is sustainable and efficiently valorizes these wastes. The utilization of agro-

industrial wastes for cultivated meat production provides the cultivated meat industry with yet

another way of reducing human-made greenhouse emissions.

6.3 Takeaways

Because animal agriculture contributes so significantly to public health issues and greenhouse

gas emissions, it is necessary that we look towards alternative methods of food production. Cul-

tivated meat could be the solution. Because cultivated meat is composed of primary stem cells

from animals, a scaffold must be utilized to give the growing cells a structure which mimics their

native environment. Because it is edible, customizable (in terms of porosity), and relatively easy

to grow, mycelium is a strong candidate for scaffolds used in cellular agriculture.

In our experiment, mycelium successfully grew from basal bulb pieces on all substrates, which

confirms our proof of concept. Further, we showed that spent coffee grounds appeared to be

the best substrate for growing mycelium from mushroom pieces. Development of infrastructure

to provide spent coffee grounds to a company interested in producing mycelium scaffolds would

allow for scalable, inexpensive cultivated meat production while simultaneously reducing waste.
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