" 'FUNGAL\. “F
»ECOLOGY "
GOILRSIER "« ©

£/
,' Q
-,

: Q

STUDENT WORKBOOK

é@; FUNGI
FUNGIACADEMY.COM " ACADEMY
(Y'Y


http://www.fungiacademy.com
http://www.fungiacademy.com

FUNGAL ECOLOGY
WORKBOOK

' ..‘:_-;J'
& 5~ CONTENTS
Pos \) %

1. INTRODUCTION
1.1 Welcome to this course
1.2 What are fungi
1.3 Jargon
1.4 Fungal Taxonomy

‘m — —
O =R ID i I

1.5 The mushroom lifecycle

Our fungal ancestors

Familiar faces thanks to fungi

3. THE GLOBAL MYCORRHIZAL NETWORK
3.1 The worldwide Mycorrhizal network
3.2 Types of Mycorrhizae
3.3 Endomycorrhizae
3.4 Ectomycorrhizae
3.5 Mycorrhizal Networks
3.6 Guardians of the forest

4. SAPROPHYTES THE DECOMPOSERS

4.1 Introduction to Saprophytes
4.2 Primary Decomposers
4.3 Secondary Decomposers

RRIEGIK BBl

4.4 Tertia ry Decomposers



Introduction to Parasitic Fungi
Fungi that attack Plants
Fungi that attack Fungi
Entomopathogenic Fungi
Fungi that Attack Animals
The Fungus Among Us

The importance of Parasitic Fungi

6. ENDOPHYTIC FUNGI

6.1
6.2
6.3
6.4

Endophytic Fungi
Endophytes: The Hidden Alchemists of the natural world
Mutualistic, Neutralistic and Antagonistic Endophytes

The role of endophytic Fungi

7. THE LIVES OF SYMBIOTIC LICHENS

7.1
7.2
7.3
7.4

Symbiotic Lives of Lichen
What is a Lichen
Lichen Morphology - Crustos, Foliose & Fruticose Lichen

Lichen’s Adventure to Space

8. FUNGAL FOOD CHAINS

8.1
8.2
8.3

Fungal Food Chains
Fungi as Food - Slugs, Primates

Farming Fungi

8.4 Other Fungus Farmers

Introduction
Reshaping our Food Production
Healing the world with fungi

Mycomaterials/Mycoconstruction

2

Forming a fungal alliance

o
g

o
o1

o
O

—
—
—

o

X
o

=

o
N

«

N
O

I
o

N
~

~
0

(O]
ol

o
O






MODULE

INTRODUCTION

Welcome to this course
What are fungi
Jargon

Fungal taxonomy

B
O Ix D 10 1

The mushroom lifecycle



INTRODUCTION %o

. Ld
- 0 . .
fo) o .

WELCOME TO THE FUNGI ACADEMY .
FUNGAL ECOLOGY COURSE!

0..

| am Jasper Degenaars,  Without Corie and the people who

Hyphae Headmaster of pre-ordered this course, this course would
Fungi Academy, grade-A never have seen the light of day. Everyone
amateur Mycologist, and say it together now..

your host for this course.

| am so happy you made it
And to be honest, it's a small
miracle that we made it to the
point you're here right now. This has been an
ongoing passion project for quite some time. We at Fungi Academy love all mushrooms
and Fungi. We love their expressions and the
archetypes they embody in the natural world
around us, whether it's as a director in the
orchestra of life or as the hidden alchemist
beneath our feet. But we'll leave it to our
Fast forward to today and this course is a friends Miguel A. Naranjo Ortiz and Toni
monster of a thing with 39 curated video Gabaldén, who put it much more eloquently:
lessons, +20hrs of educational, mushroom
content, 50.000 words of script, and 200
pages of workbook. This is a massive, massive
project!

“Thank you, Coriel”

Okay, enough about the making of the course.
So, what's this thing all about?

When we first drafted the outlines for this
course, we thought something along the lines
of “Let's do a quick course with 10, 10-minute
video lessons, then get back to doing other stuff!”

‘Fungi only merit a brief mention
in high school textbooks, and very

rarely occupy a central position in
Along the way, we had our creative director

and animation team change, which is the
perfect moment to thank the person who

stepped up and filled both voids: Corie! of botany and microbiology.

Yet Fungi are literally everywhere,
shaping the world as we know it.
They can be found in the
stratosphere & the bottom of the
Dead Sea, from Antarctic glaciers to
torrid deserts, from the gut of flies to
deep oceanic sediments.”

university-level biology degrees,
generally falling between the fields

Corie Bidgood °




INTRODUCTION

This course on fungal ecology and Fungi’s role
in ecosystems is intended to cultivate in you
the same love and appreciation for these
ancient, omnipresent, quintessential life
forms that we at the Fungi Academy have.

| like to say that the more we understand
something, the more capacity we have to
love it. So consider this course a giant love
letter to Fungi aimed to get you and everyone
else in love with Fungi as much as we are!

Or at the very least, give you some cool facts
to tell at your yearly family gathering!

In this course, you'll learn about the role of
Fungi in the evolution of our planet and
their relationships with other organisms like
our plant, animal, and bacterial brothers
and sisters.

You'll learn about the different types of Fungi,
such as mycorrhizal, saprophytic, parasitic,
and endophytic Fungi, as well as other
Fungi symbiotic organisms like lichens and
the trillions of organisms living inside youl!

You'll also learn about the role of Fungi in
different food chains, from the forest to the
savannah to the concrete jungle.

Finally, we'll finish this course by discussing
new ways in which Fungi can help us
improve damaged ecosystems, clean up
polluted environments and allow us to live
more harmoniously with nature.

New studies and techniques like
mycoremediation and mycofiltration are
very promising, but there are so many more
ways to use Fungi, like creating the raw
materials necessary for construction,
fashion (hello, myco-leather!), textiles and
more!

At the end of this course we know you'll find
yourself enthralled by Fungi, even more in
love with the fantastic world around us, and
exceedingly grateful for all of the magical
fungal organisms that made this very
existence happen.

Thanks so much for being here and supporting
us. We can’t wait to show you the fruits of our
hard loving labor.

As always, mush love,

Jazzy |

WE ARE ABOUT TO EMBARK ON
AN EPIC EXPLORATION OF ECOLOGY




e What are Fungi
« Uses of Fungi

So, how do you get the most out of this course?!
We recommend you listen to Terrance McKenna:

“Take it easy, dude. But take it!”

In other words, we don’t recommend binge
watching this course. If you do, it'll be
difficult to retain much of what we share.

Instead, it's better to watch a lesson, let it
sink in, maybe check out the extra reading
material you can find in the lesson notes or
in the workbook, read over the workbook, and
meditate on it.

Write things down in your own words, share

it in the comment section, and do whatever

it takes for you to have a clear grasp on the
subject before moving forward. Then, if you

still have the attention span, feel free to go

onto the next lesson.

To dive deeper down the rabbit hole,

we have offered a bunch of extra reading
and watching material for every module
along with all of the links to our source
material. You will also find links to some
free youtube videos we like or have made.

Ry

IN THIS MODULE, YOU’'LL LEARN:

« How to Navigate this Course

HOW TO NAVIGATE THIS COURSE

e Fungi Jargon
e Fungal Taxonomy

e The Mushroom Life Cyc|e..

Plus, for every module, we have invited
an expert in the field to host a Mushroom
Masterclass on their subject of expertise!
You can find these online in your Student

Dashboard.

This should provide more than enough to munch
on before the deep hunger for more fungal
knowledge becomes insatiable!

Of course, these are just guidelines. We aren't
here to tell you what to do! Now go figure it out
yourself!

P.S. ® \

Don't forget to reach out

if you have any questions

or need support..” We aim

to be like our mycelial
mentors by creating a web
of relationships and that

\meqns connecting with youl
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INTRODUCTION

WHAT ARE FU NGI? Most species of Fungi produce mycelium.

Mycelium is a decentralized web of white tissue.

Okay, what even are Fungi? How is that You can think of mycelium as the body or
different from mushrooms!? root structure of a fungus.

Fungi is the overarching name of the biological Mushrooms are the reproductive systems of
queendom that includes any member of the Fungi, also known as fruiting bodies. However,
group of eukaryotic organisms that include not all species of Fungi produce mushrooms.
microorganisms like yeasts, molds, and

Don't worry, we'll get into all of this more in
depth later. For now, just consider this a crash
course to get your mushroom mobile up to speed.

mushrooms.

o

The other distinct kingdoms of biological life
are Bacteria, Archaea, Protista, Plantae, and
Animalia.

The singular name for Fungi is fungus. A fungus
is a species, which is a more specific distinction
within the Fungal queendom.

A fungus is assigned to a particular species
based on its similarities and common traits to
other Fungi within the same species.
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INTRODUCTION

Fungi are heterotrophic, meaning they Fungi are extremely diverse. There could be at
cannot make their own food and must obtain least 6 million species of Fungi worldwide.
nutrients from organic material. They digest
this material outside their bodies before
absorbing it through osmosis.

Fungi are considered opportunists; they
can obtain nutrients from various sources
and thrive in a wide range of environmental
conditions. They also breathe in oxygen and
breathe out carbon dioxide.

MULTICELLULAR SINGLE CELLULAR
FUNGI FUNGI

(MYCELIUM-FORMING, (YEAST, 1% OF KNOWN SPECIES)
99% OF KNOWN SPECIES)

o
O »
v .
“O“
0o.
o
o

Fungi can be multicellular (these are mycelium-forming and make up 99% of the known Fungi

species) or single cellular (AKA yeasts).

Fungi are everywhere and may even persist in SPACE!
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Fungi can be saprophytic, parasitic,
endophytic and mycorrhizal. These categories
are not distinct; there is a lot of over|ap.

Most macrofungi (Fungi visible to the naked
eye) are saprophytic; they obtain nutrients

by breaking down organic matter. This is why
Fungi are so vital to life on earth: they're one
of nature’s greatest recyclers.

Parasitic Fungi obtain their nutrients from
other living organisms, primarily plants but
also sometimes animals like insects.

Endophytic Fungi live inside the tissues of
plants, for at least part of their life, without
causing harm to the plant host.

Mycorrhizal Fungi are any fungus that grows
inside the roots of a plant. This is typically a
symbiotic relationship. Some Fungi fuse with
plant roots, causing speculation that mycelium
may have served as the original root systems
of plants before plants developed the ability
to grow their own roots.

QUEENDOM

OUTNUMBER
PLANTS 6 : 1

10% FUNGI

PRODUCE MUSHROOMS

ONLY 10%

HAVE BEEN IDENTIFIED

INTRODUCTION

USES OF FUNGI

Fungi are essential to many household and
industrial processes.

Single-cellular Fungi like yeasts play a crucial
role in making many of our favorite things:
bread, wine, beer and some cheeses.

Mushrooms can also be culinary delicacies of
their own, like highly desired truffles.

Some species of Fungi have been used as
medicine for hundreds and thousands of
years like Reishi (Ganoderma lucidum),
the "Mushroom of Immortality,” Turkey
Tail (Trametes versicolor) a powerful
anticarcinogenic, Lion's Mane (Hericium
erinaceus), a potent cognitive enhancer,
and Cordyceps (Cordyceps militaris,
Ophiocordyceps sinensis), the “athlete’s
medicinal mushroom.”

Fungi are used in the emerging myco-
materials industry, transforming Fungi into
strong, durable and sustainable materials to
replace less eco-friendly materials like leather,
brick, paper, and foam.

Finally, we could never forget our favorite
mushrooms - those within the genus Psilocybe.
These mushrooms have been used by people
worldwide for thousands of years to heal

our minds and bodies and strengthen our
relationship with the divine.

Fungi aren't just useful; they're VITAL to this
planet. Without Fungi, we cannot survive.




FUNGAL JARGON

The weird and wonderful world of Fungi
comes with its own weird and wonderful lingo.
Here's a solid reference list to get you started.

Autotroph: An organism that can produce
its own food using water, light, carbon dioxide
or other chemicals. For examp|e, planfs

make their own food from light energy via
photosynthesis.

Bioi‘roph: A parasitic organism that lives
and reproduces in another living organism.

Cellulose: A complex carbohydrate that is
the main constituent of plant cell walls and
vegetable matter.

Ecology: The study of relationships among
organisms and between organisms and their
environment.

Endo: Internal; within.

Endophyte: An organism that lives
inside plant tissue, between the cells. These
relationships are usually symbiotic.

Enzyme: A substance produced by a living
organism that acts as a catalyst to bring
about biochemical or metabolic reactions.

It speeds up the rate of a specific chemical
reaction in the cell. The enzyme is not
destroyed during the reaction and is used
repeatedly.

Epidermis: The surface of skin. In plants,
this is the outermost single layer of cells that
cover leaves, flowers, roots and stems.

Epiphyte: An organism that lives on plant
surfaces

Exo: External; from outside.

INTRODUCTION

Filamentous Fungi: A large group of
multicellular Fungi, commonly referred to as
molds, containing branching tubular structures
(hyphae) that form a mass of intertwining
strands (mycelium).

Fungus: A member of the diverse Queendom
of Fungi.

Genet: An individual fungal genotype or
clone.

Germinate: The process of a seed or spore
beginning to grow and develop. Seeds of
plants germinate into sprouts. Fungal spores
germinate into hyphae to form mycelium.

Hei‘erofroph: An organism that cannot
make its own food and must obtain nutrients
from organic sources. For example, Humans,
other animals and Fungi depend on eating
organisms like plants, animals, and Fungi for
nutrition.

Hemibiotroph: An organism that is
parasitic in living tissue for some time and
then continues to live in dead tissue.

Hypha (hyphae, pl.): Singular cells that
grow into long tubes and weave together to
form mycelium. Hyphae only ever become one
cell wall thick.

Lignin: An organic polymer found in the
cell walls of many plants, making them rigid.
Lignin is the main constituent of wood.

Metabolite: A substance made or used
when an organism breaks down food, drugs,
chemicals, or its own tissue.

Mushroom: The fleshy, spore-bearing

fruiting body of certain Fungi. Not all
species of Fungi produce mushrooms, yet all

mushrooms are Fungi.
AR
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INTRODUCTION

Mycelium: The main body of a fungus,
consisting of a network of fine filaments
(hyphae) woven together in a decentralized
network. Mycelium is almost always expanding
in search of water and nutrients.

Myco: Relating to Fungi.

Mycofiltration: The ability of a network
of fungal mycelium to filter out harmful
contaminants from water.

Mycology: The scientific study of Fungi.

Mycoremediation: A form of
bioremediation in which Fungi are deployed to
remediate polluted environments. Studies have
demonstrated the ability of certain species

of Fungi to contain, break down and reuse
toxic compounds in oil, diesel, and pesticides,
among other harmful pollutants.

Mycorrhizal: A fungus that forms a
symbiotic relationship with the roots of a plant
by weaving together or growing inside the
plant’s root.

Parasite: An organism that lives on or in a
host, using the host for nutrients and other
benefits at the host's expense.

Pheromone: A chemical or mixture of
chemicals released by an organism to its
exterior that causes one or more specific
reactions in a receiving individual.

Photosynthates: The product of

photosynthesis, usually sugars.

Saprophyte: An organism that obtains
nourishment from dead or decaying organic
matter.

Spore: A fungal asexual reproductive

‘seed’ released by fungal fruiting bodies (i.e.
mushrooms). The protective layer of a spore is
called the sheet, which can be so strong that
some spores can survive the vacuum of outer
space.

Symbiosis: A close ecological relationship
between the individuals of two (or more)
different species. Sometimes a symbiotic
relationship benefits both species (mutualistic).
Sometimes, one species benefits at the other's
expense (parasitic), and in other cases, one
species benefits whilst the other neither
benefits nor is harmed (commensal).

13



1.4

DOMAIN
KINGDOM

PHYLUM
CLASS

FUNGAL TAXONOMY

This lesson, let’s explore the tedious, | mean
mystical(!!), realms of taxonomy.

First off, no, we don't have a team of trained
biologists or mycologists behind the scenes.
But that's all the better because that means
we can get away with saying some, at times,
outrageous statements not 100% rooted in the
current scientifically accepted norms.

But have no fear. Anytime we start boarding
the train out of science town toward, let's call
it, “Jasper philosophizing town,” we'll give you a
warning.

INTRODUCTION

ORDER

Eukaryota

Fungi

Basidiomycota

Agaricomycetes

Polyporalus

Ganodermataceae

Ganoderma

Ganoderma |ucidum/

As you will see throughout this course, we've
relied on the work of amazing, hard working
scientists way smarter than yours truly to
weave this fungal story together.

Every module has a generous compilation
of the resources we've tapped into for
creating this course. And if you are as nerdy
as us, we highly recommend diving into these
extensive and brain buzzling texts!

We tried defining taxonomy on our own terms
but in the end, if you can't beat them, join
them. So here it is, dictated directly from the
modern library of Alexandria, Wikipedia.

14



W 3 INTRODUCTION

"In biology, taxonomy (from Ancient Greek "‘
14&16 (taxis) 'arrangement’, and (-nomia)
'method') is the scientific study of naming,
defining and classifying groups of biological
organisms based on shared characteristics.

Organisms are grouped into taxa and these L )
groups are given a taxonomic rank; groups of a : T
given rank can be aggregated to form a more 4 _ Boletus edulis
inclusive group of higher rank, thus creating a Ze| (Eekhoorntjesbrood)
taxonomic hierarchy. The principal ranks in
modern use are domain, kingdom, phylum

(side note that division is sometimes used Binomial nomenclature is sometimes Greek
in botany in place of phylum), class, order, but typically Latin, and there's a small
family, genus, and species. problem (or opportunity, if you see it like

us) with using a dead language for a

The Swedish botanist Carl Linnaeus is .
naming system:

regarded as the founder of the current system

of taxonomy, as he developed a ranked system No one truly knows how to correctly pronounce
known as Linnaean taxonomy for categorizing a language which has been dead for over
organisms and binomial nomenclature for 1,600 years.

naming organisms."

So have no fear next time you try to spit out a
Latin binomial name.

THERE ARE ONLY RIGHT WAYS

Ok, out of Wiki-world and back to the REAL TO MISPRONOUNCE LATIN!

world. o
o |
Binomial, or binominal nomenclature, is °
the two way naming system that we are ¢ 5
probably all familiar with by now (e.g. e .’
Homo sapiens). B s
We use this binomial nomenclature to avoid ¢
confusion that arises when we work with local ..OO O
names. A

If | told you | found some eekhoorntjesbrood
the other day and cooked it with some garlic
and cream, you may be wondering if there is
something wrong with me.

But if | tell you that eekhoorntjesbrood is the
Dutch name for Boletus edulis (AKA “King
Bolete” or “Porcini” mushroom), some of you
might know what I'm talking about!

15



1.4

STARTED FROM THE
BOTTOM NOW WE HERE

To fully understand the taxonomic tree, let's
start from the bottom.

For this example, we'll work with the Reishi
mushroom, which has the binomial name
Ganoderma lucidum.

Ganoderma lucidum |}
(Reishi)

Ganoderma lucidum is a species in the genus
Ganoderma. The genus Ganoderma belongs
to the family of Ganodermataceae, which
contains over 300 species split up between 8
genera (plural of genus). These genera are:

€) AMAURODERMA
@) eLFvINGIA

€ canopERMA
) Happowia

© HumPHREYA
O roL1roropsis
@) romopHAGUS

0 TRACHYDERMA

INTRODUCTION

ooo

.0 s <

L ] »
¢ « 0,

Further up the tree, the family of
Ganodermataceae belongs to the order
of Polyporalus which contains about 1,800
species including many of our favorite Fungi

like Shiitake (Lentinula edodes) and Chicken
of the Woods (Laetiporus sulphereus).

The order Polyporalus belongs to the class
of Agaricomycetes containing 17 orders, 1,147
genera, and about 21,000 species.

Now we've made it to one of the final
branches of the taxonomic tree: the Phyla.

Most of the Fungi we love belong to the
Phylum of Basidiomycota, which contains 16
classes, 52 orders, 177 families, 1,589 genera, and
31,515 species, to be exact. But Basidiomycota
isn't the end of the line.

There's also Ascomycota, which alongside
Basidiomycota form the subqueendom
Dikarya, also known as the “higher Fungi” or
“Fungi perfecti.” Although these two phyla are
the key players in our relationship and story
with the Fungi, we cannot forget the unseen
heroes of the queendom of Fungi:

Zygomycota, Glomeromycota, Microsporidia,
Chytridiomycota, Neocallimastigomycotaq,
Blastocladiomycota, Zoopagomycoting,
Kickxellomycotina, Entomophthoromycotina,
and Mucoromycotina.

Laetiporus sulphereus
(Chicken of the Woods)

16



ZYGOMYCOTA
(Common Molds}

* Rhizopus Stolonifer
(Black Mold)
¢ * Pilobolus
(Hat Thrower)

INTRODUCTION

BASIDIOMYCOTA ASCOMYCOTA
(Club Fungi) (Sac Fungi)

» Agaricus

* Polyporus

¢ Puccinia

+ Ustilago

* Lycoperdon

» Aspergillus
» Penicillium

" « Neurospora crassa
» Pezizomycotina

e O o0° o
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P8 DEUTEROMYCOTA
i (Fungi Imperfecti)

 Alternaria
+ Aspergillus
. » Colletotrichum
. » Trichoderma
* Lecanicillium
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1.4

All these foge’rher form the king, or queendom,
of Fungi. Add in the p|anfs, animals, and many
single cellular organisms, and we're now up to
the “domain” of Eukarya, comprising
organisms with nuclei in their cells.

Currently there are about 150,600 described
species of Fungi with an estimated two to an
incredible 11 million total species sharing the
globe with us. Yes, this lesson on taxonomy
was created after our introduction lesson, which
we know, says a different number. Get used to
it with Fungi; genera, species and the whole
shabam can switch on a whim!

And with the advancement and increased
accessibility of genetic analysis like the
polymerase chain reaction (i.e. PCR), we are
rediscovering where species and genera of Fungi
belong on the taxonomic tree all the time.

If you want to learn more about DNA
barcoding of Fungi, we have a free video
on youtube with Alan Rockefeller going
through his whole process.

THE NAME GAME

Before we go, let’s talk a little bit about the
naming of genera and species. Like with the
genus Ganoderma (Gano = shining, derma =
skin, i.e. “shining skin”) or the shining skinned
Fungi, the genus is often named after a
distinctive characteristic of the Fungi within
the genus.

INTRODUCTION

Take the Psilocybe genus, for example. Psilos in
ancient Greek means “bare” or "naked"” while
kiabe means "head"” or "swelling”, giving the
genus the meaning "bare headed.”

‘GANODERMA,

"Shining”

PSILOCYBE,

“Swelling”™ -

“Bare”

But the species name can be chosen by the
researcher, or team of researchers, that first
describe it. '

With Psilocybe cubensis (AKA "magic
mushrooms”), it was named after its initial
location of discovery, Cuba.

Ganoderma tsugae, on the other hand, is
named after its host species, the Hemlock
tree (Tsuga canadensis).

And another Psilocybe, Psilocybe
ovoideocystidiata, was named for its
microscopic characteristics since it has
ovoid cystidiated spores when seen under a
microscope.

Psilocybe
ovoideocystidiata

MNamed after microscopic
characteristics

18
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It's quite common to name a species after
a well respected individual, like Psilocybe
allenni, which was named after John W. Allen,
though it's generally considered poor practice
to name a species after oneself. Or the newest
Psilocybe mushroom, Psilocybe stametsii,
discovered in a cloud forest in Ecuador by our
Fungal Facilitator Giuliana Furci of the Fungi
Foundation and named after mycology’'s most
famous man, Paul Stamets.

But the crux of it all is that there are no
rules! If you describe it first, you can name
it first. And luckily enough, there are also
scientists with a sense of humor.

Psilocybe allenni

Named after well
respected individual

INTRODUCTION

\Y4

I
1
1

Spongiforma squarepantsii is a real name
for a real fungus, described in 2011 and
named after everyone's favorite sponge
living in a pineapple deep under the sea..
Spongebob Squarepants!

With over 10 million estimated species of
Fungi and only about 150,000 described
species, everyone can find, describe and
name a new species! That means you too!
So go out, walk through your local ecosystems
with open eyes, and you never know what new
discoveries are lurking right outside your door.

QUEENDOM

b 150,600 Described Species




THE MUSHROOM
LIFE CYCLE

Before we dive into the life of a mushroom, let's

start with something a little more accessible.
Do you know the lifecycle of an apple tree?

A seed transforms into a sprout. The sprout

transforms into a tree. And the tree eventually

creates an apple, carrying more seed:s!

Pretty simple, right? Lucky for you, the
mushroom life cycle works quite similarly.
Here a simple analogy to help:

Spore = Seed
Hypha = Sprout
Mycelium = Tree

Mushroom = Apple

INTRODUCTION

With fungi, a fungal spore germinates into
a hypha (singular). Next, the hyphae (plural
of hypha) weave together to form mycelium.
And then, a bunch of mycelium forms a
mushroom!

That being said, there are some key differences.

Mushrooms are not plants! They form their
own queendom in the tree of life and are
actually closer to animals than plants!

Mushrooms, just like us, breathe in oxygen
and exhale carbon dioxide. They cannot
photosynthesize and have to make due with
the nutrients available in their environment.

Like we've mentioned before, not all fungi
produce mushrooms. But Fungi species in
the subqueendom Dikarya are capable of
producing mushrooms.

The 2 divisions in the Dikarya subqueendom:
0 Basidiomycota, (basido meaning pin)

9 Ascomycota, (asco meaning wine sack)

Some examples of Basidiomycota:
© Oyster mushrooms (Pleurotus spp.)
© Sacred mushrooms (Psilocybe spp.)

© Fly Agaric (Amanita muscaria)

Some examples of Ascomycota:

S Truffles

© Cordyceps (e.g. Cordyceps spp. and
Ophiocordyceps spp.)

© Morels (Morchella spp.)
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Before we bid you adieu, let's go on a journey
through the mushroom life cycle!

Imagine being a Psilocybe cubensis mushroom.
You want to reproduce but you need to make
spores (The creation of spores is called
meiosis). So your basidia starts to create a

structure to release your spores!
o

o
Okay, now picture being a sporel ~ °

A gush of wind blows by and you're released.
Now a happy spore, you begin flying in the
wind with all of your spore brothers and sisters!

You |cmd, |uc|<i|y enough, on the per\cec’r
substrate! The conditions are right, so you and
your friends happily germinate into hyphae.
Hyphae at this stage are monokaryotic, meaning
they only have one nucleus in their cell.

Hyphae love working together to form mycelium!
Now, not all hyphae are born alike. Just like us
humans, hyphae have sexes.

In Basidiomycota fungi, we often talk about
mating type A and B. A and B means the
mating types are compatible. But there isn't
just one A and one B! Some mushrooms have
more than 339 A mating types and 64 B
mating types all happily able to fornicate
with one another!

So, what happens when a type A meets a type
B? Well, have you ever seen Dragon Ball Z? You
know when two characters do this funny dance
and they fuse to become one ultra powerful
being? That is exactly what hyphae do!

The compatible hyphae fuse or

weave together and transform from a
monokaryotic cell (one nucleus) into a
dikaryotic cell (multinucleate!) but now

with the superpowers of both A and B! It's
important to note, mycelium is often formed
by hyphae weaving together without fusing,
and the process of Plasmogamy, where two

INTRODUCTION

.~ - Spores

monokaryotic create one dikaryotic, does
not include the fusing of nuclei.

But screw the details! Now you're a mycelium
with monokaryotic cells and diploid cells all
happily working together.

Yet, just like us humans, you want more out of
life. You want to make sure the next generation
can form life.

So all of you decide to start a massive building
project. The goal? Build a big ole mushroom!

So everyone works together to create this
amazing structure, even the hyphae that have
not gone through Plasmogamy. Finally, you've
done it A mushroom mountain is built and
spores are preparing to take off anew.

This is where our story ends and where the
next story begins.

And this, my friend, is where we let you go.

Leave your comments and questions in the
discussion box and we'll see you next lesson!
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MODULE

Our fungal forefathers

Familiar faces thanks to fungi



Welcome to this lesson all about Fungi and the evolution of the planet!

e The History of Fungi
e The History of Life on Earth

Before we start this module, we have to clarify
that all these dates are based on fossil evidence.
Fungi, by their temporal nature, aren’t great
at leaving massive fossils behind. Think of the
density of a dinosaur bone compared to soft
fungal flesh. In reality, we simply don’t know
if fungi have been here from the start, when
lichen or mushrooms popped onto the scene,
or when the first mycelium started to weave.

Nonetheless, fossil records are all we have (until
we finally invent a time machine or something,
at least).

T~
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2.4 Billion Years Ago
1sT EVIDENCE OF FUNGI

IN THIS MODULE, YOU’'LL LEARN:

You think your Grandpa is old? Think again!
Fungi redefines the word OLD. Like, REALLY OLD!

There's concrete, super-scientific-verified
evidence of mycelium dating back to 810 million
years ago. But the recent discovery in 2017 of a
seafloor rock fossil indicates fungi may have
been around as early as 2.4 billion years agol!

Current estimates are that life originated on
Earth about 34 billion years ago. This estimate
is based on very tiny filament clusters found in
very old rocks and somehow these tiny filament
clusters are the first evidence we have of life on
this planet.

Fungi used to be classified in the Plantae
Kingdom. In 1969, the five kingdom classification
system was proposed to replace the old two
kingdom (plants and animals) understanding.

810 Million Years Ago
1sT EVIDENCE OF MYCELIUM



From then on, Fungi have been recognized as its
own distinct kingdom. Or as we like to refer to
them in this course, Queendom.

Fungi are more closely related to animals

than plants. About 1.5 billion years ago, the
ancestors of Fungi and Animals parted ways,
becoming two separate lineages. Of course,
our unique and bold claim that all animals
have fungal ancestors is still on the scientific
table, too!l One lineage (Animals) evolved to
capture nutrients by surrounding its food with
cellular sacs, the ancestor of today's stomachs.
The other, Fungi, continued digesting their food
externally.

One of the most significant steps in the evolution
of Fungi was the development of branching
fungal filaments (that just rolls off the tongue,
doesn’t it?) - the first real 100% verified
mycelium-like structure. This development
originated about 715 to 800 million years ago.

Also around this time, Fungi seemingly made
the jump to land from their probable ancestors,
aquatic molds.

@)
O

715-800 Million Years Ago

BRANCHING
FUNGAL FILLIMENTS
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At this point, Fungi started forming
symbiotic relationships with algae and
cyanobacteria.

The fungi - via enzymes and digestive acids
- mined minerals and nutrients and offered
protection via its tough cellular wall. In
exchange, the algae produced and provided
sugars via photosynthesis.

What do you get when algae and fungi move
in together? LICHEN!

Lichens’ ancestors appeared around 550 to
635 million years ago, though they could be
much older! It's believed Lichen has evolved at
least four separate times.

The algae/cyanobacteria - fungi
relationship most likely made it possible for
plants to make the jump to live on land.

How? Lichen create soil by breaking down
rock. They do this with acids, primarily
Oxalic acid, and by growing in a rock'’s
cracks (hopefully you don't have any lichen
growing in your crack), slowly expanding in
the cracks until the rock eventually bursts.
Over millions of years, this is how a rock
field turns into lush, mineralized soil. (Liking
lichens? Don't worry, we have a whole
module dedicated to these funky half-
fungal organisms later).

T~
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700 Million Years Ago
PLANTS MAKE JUMP

550-635 Million Years Ago
TO LIFE ON LAND 1sT LICHEN




So now we have lichens.

We have soil.

And plants are starting to move onto land.
But something is missing...

How are these new land-loving plant species
supposed to access the nutrients and water in
the soil?!

Fungi to the rescue, of course!

Around 480 million years ago, the first
mycorrhizal fungi appeared in a form known
as Arbuscular Mycorrhiza.

This emergence is extra funging fascinating
because the first plant with roots, club mosses,
only came onto the scene about 410 million
years ago, meaning that fungi specializing

in connecting with plants were already 70
million years old by the time plants with
roots started to sprout from the soil.

Even MORE mind-blowing is that tons of
the early fossils we have of plants with roots
show signs of already being inoculated with
Arbuscular fungi-like structures.

What could this mean?

In our view, Arbuscular Mycorrhiza may have
acted as a root system for plants before

plants evolved their own roots, allowing plants
to access larger areas of soil, water & nutrients.

Arbuscular Mycorrhiza also helped build the
soil around them by exuding a substance
called Glomalin.

Glomalin, a sticky protein that helps soil particles
stick together, aids soil structure, and allows
water and oxygen to penetrate the soil. It also
provides nitrogen to the soil and can store
significant amounts of carbon, making it an
extremely ecologically significant Fungal phylum.

@)
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440 Million Years Ago

SILURIAN PERIOD
TORTOTUBUS PROTUBERANS

480 Million Years Ago
1sT MYCORRHIZAL FUNGI
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So, rich fertile soil is forming, plants are
flourishing, and the planet is rapidly becoming
lush and green.

Enter a time..when Fungi ruled the worldl!!

Mwahahahadl!

Before there was Megafauna or Megaflora,
there was Megafungal

Take, for example, the Prototaxites. When
these organisms were first discovered, it was
believed they were a yew tree or species of
giant kelp. That is, until it was confirmed that
they contained cells very similar to the fungi
of today.

T~
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360-429 Million Years Ago

DEVONIAN PERIOD
PROTOTAXITES

8.8m

Common throughout the world during the
Devonian period - 420 to 360 million years
ago - Prototaxites reached heights of 8.8
meters (28.9 feet), making them more than
eight times the size of any plant alive at
the time. They dominated the early terrestrial
landscape for 60 million years until they
suddenly went extinct.

It's currently thought that Prototaxites may
have been a giant lichen, and that it was so
large it housed tons of organisms, like lichens,
on its surface.

This is supported by fossil records of Protaxties
showing tons of tiny holes, closely resembling
insect burrows, along its body. Perhaps
Prototaxites were an ancient insect skyscraper,
an aerial operation center for, at the time, our
flightless entomologic friends.

250 Million Years Ago

‘GREAT DYING' BEGINNING
OF TRIASSIC PERIOD



If you'd like to know more about these ancient
Megafunga, we cannot recommend this EPIC
video on Prototaxites by our friends over at

PBS Eons enough.

3 When Giant Fungi Ruled

\__I[ Tortotubus protuberans |
,“i}h (Selection of filaments)

During the Silurian period - about
440 million years ago - a filamentous
fungus called Tortotubus protuberans
appears in the fossil record.
It's considered to be the oldest
known fossil of a terrestrial
organism and may have been the

great ancestor of all mushroom-
\ forming Fungi.
=

The Earth has experienced five MAJOR
extinction events (six, if you count present
day’s).

The Permian-Triassic extinction event,
around 251 million years ago, was a doooozy.

Was it a meteor strike? A supervolcano
eruption?

Whatever the cause, the Earth darkened
under a cloud of dust and debris, blocking
sunlight. Forests died. Soils eroded. The oceans
and air were poisoned.

57% of biological families,
83% of genera, 81% of marine species
and 70% of terrestrial vertebrae
were wiped out.

Fungi, specifically a fungus known as
Reduviasporonites, were there to clean and
eat all the death and decay up. In fact,
Reduviasporonites was so bountiful that

in some layers of the crust just after the
Permian-Triassic extinction event, we hardly
find anything but Reduviasporonites fossils!

Shortly after this massive extinction, dinosaurs
began their reign. Concurrently, the first easily
recognizable cap and stem mushroom,
Gondwanagaricites magnificus, also
appeared, about 130 to 115 million years ago.

@)
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115-130 Million Years Ago

1sT MUSHROOM
DIKARYA EXPANDING RAPIDLY
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https://www.youtube.com/watch?v=-G64DagHuOg
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The Fungisaur:
Mycotheratops

Around this time, Dikarya, a Subkingdom of
Fungi that contains all our favorite fungal
entities, began to rapidly take over the globe.

The Subkingdom Dikarya is divided into two
Phyla. This split is due to the different methods
the fungi use to distribute their spores.

There are Ascomycota, which distribute spores
via sac-like structures.

And there are Basidiomycota, which use pin-
like structures.

Side note: now is a good time to check out the
bonus lesson on the Mushroom Life Cycle!
The workbook write up for this lesson can be
found in your Module 1 workbook chapter.

Ascomycota includes fungi like:

© Yeasts (Saccharomycetales)

Ergot (Claviceps spp.)

&
65

o

@
Ul

(&
© Morels (Morchella spp.)
© Cordyceps (Cordyceps spp.

& Ophiocordyceps spp.)

Basidiomycota includes most of the mushrooms
people think of when they hear the word
“mushroom”:

© Psilocybe e.g. Psilocybe cubensis %
© Amanita e.g. Amanita muscaria g

© Agaricus e.g. grocery-store favorite

Agaricus bisporus (AKA button @

mushrooms)
© Pleurotus like Pleurotus ostreatus 3

So, now we've got mushrooms and dinosaurs...
what a time to be alive!

But alas, all dreams must come to an end.

We now know that a meteorite the size of
Mount Everest slammed into the Earth near
the Yucatan peninsula in Mexico around

66 million years ago, causing another mass
extinction.

Almost no four-limbed vertebrates weighing
more than 25 kilograms (55 Ibs) survived.
Fortunately, a small shrew-like mammal
survived and thrived, becoming our ancestor.
And, of course, Fungi also survived and
thrived.

Massive catastrophes have occurred
repeatedly, and fungi are the safety net,
consuming the death and decay and creating
space for the few surviving organisms to
bounce back and flourish.


https://www.youtube.com/watch?v=a8_SezuW5Ns&t=22s&pp=ygUTbXVzaHJvb20gbGlmZSBjeWNsZQ%3D%3D

OUR FUNGAL FOREFATHERS 'N"

Fungi are a cornerstone . speaes « -
They have been” around .longer than e
anything else on  thiswplanet, have
survived every mass extinction event, ‘and
afterwards, have paved the way for life to

return again and again to this amazmg
p|ane’r ’

Without fungi, all ecosystems would
collapse. They 'are _the ‘ultimate ¥
creators of abundance. g 4

L X

Our survival as a species depends on allying with these elder organisms.
They are here to help Earth’'s ecosystems as well as humanity’s bodies and minds.

They are here to clean up the mess we make. If we can be more like fungi, focused
on ensuring the health and stability of our ecosystems, we, in turn, will thrive too.

Speaking of thriving, you just made it through lesson two!
Next up, the Wood Wide Web of Mycorrhizal fungil Say that ten times fast!
And don’t forget to leave your comments and questions in the discussion box.

We'll see you next lesson!
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THE WORLDWIDE
MYCORRHIZAL NETWORK

Mycorrhiz.. What? Huh?
Let's work like Fungi and break it down, baby.

Myco means “related to fungi.”

Rhizal means “related to roots.”

'MYCORRHIZAL,

Related m:'Fungi'

Related to: "Roots”

So, Mycorrhizal is an umbrella term that covers
all the Fungi that form mutualistic symbiotic
relationships with the roots of plants.

These relationships are known as mycorrhizal
connections.

Mycorrhizal networks serve as an extended
root system for plants. This allows the plant
to access a larger area of the forest than

it would be able to access with only its
roots.. By reaching a larger area in the soil,
the plant has more access to water and
nutrients and therefore is more resilient!

F
Corie Bidgood @coffe— _bee

GLOBAL MYCORRHIZAL NETWORK

Connecting to a mycorrhizal network can
expand the reach of a plant's root system
by up to 1000 times! It also allows trees

to absorb nutrients in the soil it wouldn’t
otherwise be able to access thanks to fungi’s
ability, via its digestive enzymes, to break
down complex molecular structures into more
digestible forms.

Mycorrhizal networks also connect different
plant individuals and species together, enabling
interplant-etary resource and information
exchange.

That's right! Mycorrhizal mycelial networks

allow plants to talk and trade with each
other, hence its nickname the Wood Wide Web!

Mycorrhizal fungi are:

© Abundant (they connect with the roots
of over 90% known plants!)

© Seemingly omnipresent
© Thrive around trees

(A single acre of old-growth Douglas fir forest
can contain 1690 kilograms of mycelium by dry
weight!)

Like the prehistoric power couple we call
lichen, this Mycorrhizal collaboration is

also ancient. There's evidence of these
mycorrhizal associations in the first fossils
of terrestrial root systems. Our world would
not have evolved the same way without them,
yet we know so little about them!

Get ready for some heady words coming
atchal We're about to dig into the soil to shine
a light on this curious companionship.
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3.2 GLOBAL MYCORRHIZAL NETWORK

IN THIS MODULE, YOU’LL LEARN:

» The Types of Mycorrhizal Fungi
« How Mycorrhizal Networks Work

e The Importance of Mycorrhizal Networks

g‘\\

" TYPES OF MYCORRHIZAE

There are seven different types of mycorrhizal
fungi, each with a unique, hard-to-remember
name. That's science, baby!

Mycorrhizal Type Fungal Taxa Plant taxa Intracellular Colonization

Bryophyta
Pteridophyta
Gymnosperms
Angiosperms

Arbuscular Glomeromycota

Basidiomycota

Gymnosperms
Ascomycota Y per

Anai
Zygomycota ngiosperms

Ectendo Basidiomycota Gymr‘losperms Present
Ascomycota Angiosperms

Arbutoid Basidiomycota Present

Monotropoid Basidiomycota Monotropoideae Present

Ericales
e e
Gymnosperms

Orchidaceous Basidiomycota Orchids Present

MAJOR CATEGORIES OF MYCORRHIZAL FUNGI
AND THEIR ATTRIBUTES
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GLOBAL MYCORRHIZAL NETWORK

Don't worry! That looks like a load of gibberish to us, too.

To make it much simpler, mycorrhizae are commonly divided into just two categories:

0 Endomycorrhizae
G Ectomycorrhizae

STELE

EPIDERMIS

CORTEX

\
[ JC 1 ___JC __JC_JC_ 1 __JC___JIn
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——\ v )
FUNGAL HARTIG
MANTLE NET

(SHEATH)

ENDOMYCORRHIZAE

As the great Snoop Dawg once said...

‘Rolling” down the street smokin’ Endo,
sippin” on Gin and Juice.

Laid back

With my mind on mycorrhizal
and mycorrhizal on my mind.”

Ok, that's not a direct quote, but we bet
Snoop has enjoyed some mushrooms now
and again. Anyways...

“Endo” means within, inner or inside. This
means the mycelium of endomycorrhizae
penetrates the cell wall of the roots.

Of course, fungi are punks and eschew
all classification. For example, arbutoid
mycorrhizal fungi can be classified as
“ectendomycorrhiza” because sometimes
their mycelium penetrates root cells and
sometimes it doesn't.



Js

(M)

_. ECTOMYCORRHIZAE

Not to be outdone, Eminem also once
quipped...

7

“Two mycorrhizal fungi
go round the outside,
round the outside,
round the outside.”

Okay, maybe that one was a stretch. But
heck, we're trying to keep you entertained
with all these weird words!

“Ecto" means external, outside or outer.
This means the mycelium of
ectomycorrhizae fungi do not penetrate
individual cells within plant roots.

Instead, they weave around the cell walls.

Now before we dig into our exploration
of ectomycorrhizae and endomycorrhizae
fungi, here’s a brief little overview of the
rest of those funky fungal words in the
chart on page 38.

o .
. [o]
. o0 °°
PLANT ROOT
A

ROOT HAIR

VESICLE ARBUSCULE CHLAMYDO-
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GLOBAL MYCORRHIZAL NETWORK

OTHER MYRIAD MYCORRHIZAE MODELS

@ Ectendo Mycorrhiza: We don't have © Monotropoid Mycorrhiza: This is
much information on this group but one of the few examples of plants
we know they can both penetrate parasitising fungi! Plants belonging
and weave around cell walls. These to the family Montropaceae, like the
associations are mainly formed with the ghost pipe (Monotropa uniflora), do
genera Larix (larch), Pinus (pine) and not photosynthesise and instead steal
Picea (spruce). nutrients from the mycorrhizal network.

Can both penetrate

Plants mycoparatizing fungi
& weave cell wall

Plants steal nutrients
from fungi

Associated with
Pine, Spruce, Larch

© Ericoid Mycorrhiza: These relationships

@ Arbutoid Mycorrhiza: These fungi are formed with plants belonging to
create relationships with the plant the Ericaceae family, which includes
family Arbutoideae (which includes the the cranberry, blueberry, huckleberry,
Manzanita species). Whilst very similar rhododendron and various common
to Ectomyccrhizae, the main difference heaths and heathers. These plants are
is that Arbutoid hyphae penetrate the typically found in nutrient-poor, acidic
root's outer cortical cells. soils like tundras and high-elevation

grasslands worldwide (except Antarctical)

Relationship with plant
family Arbutoideae

e




GLOBAL MYCORRHIZAL NETWORK

@ Orchidaceous Mycorrhiza: All 22 to
25 THOUSAND species of Orchids
form these connections. Right after
germination, an Orchid seedling will seek
out a mycorrhizal partner. The plant
will only reach maturation, thereby
producing the stunning flowers we
associate with the Orchidaceae, with
the help of their fungal friends.

L o ®
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GETTING INTO IT This is an ancient relationship with fossil

evidence dating back to 450 million years
ago, by far the most ancient of all mycorrhizal
relationships.

Endomycorrhizae are a type of fungi that
penetrate and grow within the cell walls of
plants.

These fungi connect to many plant species
simultaneously, forming a common mycelial
network with limitless potential for
information and resource sharing between
plants in an ecosystem.

When we talk about endomycorrhizal fungi, it's
safe to assume we're talking about Arbuscular
mycorrhizae since they are, by far, the most
abundant endomycorrhizal fungi.

Some think they are crucial to the life of ALL

rooted plants! ,'Pefer McCoy sums it up:

’
‘If any fungi are said to rule the world,

it is the secret society of the
> arbuscular mycorrhizae.”

At least 85%

of ALL plant species
create relationships with
Arbuscular mycorrhizae

- and that's a
conservative estimatel!

\ —




‘ROUND THE OUTSIDE

Instead of penetrating plant cellular walls like
endomycorrhizae, Ectomycorrhizal Fungi weave
around and connect between plant roots.

They form these relationships with around 10%
of plant families including birch (Betulaceae),
eucalyptus (Myrtaceae), oak (Fagaceae) and

pine (Pinaceae).

Black Truffles (Tuber melanosporum), Boletes,
Chanterelles and Amanita muscaria are
ectomycorrhizal fungi.

GLOBAL MYCORRHIZAL NETWORK

Since they only grow in relation to their plant
partners, Ectomycorrhizal Fungi like Black
Truffles are some of the most highly sought
and expensive fungal bodies in the world,
fetching up to $1,000 to $2,000 per pound!




GLOBAL MYCORRHIZAL NETWORK

The structure of ectomycorrhizal fungi is composed primarily of three parts:

€) THE HARTIG NET:

This is the part of the fungus that grows into
the roots of its plant ally without penetrating
the cells of the root. This is where the exchange
of nutrients happens between fungus and
plant. The Hartig net is like the stockbroker
of the forest, mediating deals between plants
and fungi.

@) THE MANTLE:

Thisis the mycelium structure that grows around
the plant root. A single mycelium structure
can envelop multiple roots at the same time
and can suppress the growth of root hairs,
making the plant completely dependent on its
fungal friend for water. It's like a smartphone;
once you get used to having one, it's nearly
impossible to live without it.

€) THE EXTRARADICAL HYPHAE:

These are the explorers and creators of the sub-
forest highway, traveling immense distances
in search of more plants to ally with. They're
often credited as being the creators of the
mycelial networks known as the Wood Wide
Web. This is where nutrients and information
are traded. Think of it as the Wall Street of
the Woods.




THE WOOD OF
WALL STREET

As we've already learned in the last module,
mycelium served as the root system of
plants before plants figured out how to
make their own roots.

By the time the first plant roots evolved, the
mycorrhizal association was already around
50 million years old. For us, there is no doubt:
mycorrhizae are the shepherds that led plants
onto land.

It's estimated that 90% of terrestrial plant
species partner with mycorrhizal fungi and
are dependent on these partnerships to obtain
vital nutrients and water.

Mycorrhizal fungi can provide up to 80%
of a plant's nitrogen and up to 100% of its
phosphorus needs.

In return, plants share their sweet
photosynthate sugars with the fungus.

CAN PROVIDE

UP TO 80% %

ofF a PLANTSs MITROGEMN

MYCORRHIZAL

. FUNGI

------------

------

----------
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UP TO 100%

OF ITS
PHOSPHORUS NEEDS

They also allocate up to 30% of the carbon
they harvest for trading with their fungal friends.

The capacity to form mycorrhizal networks is a
significant evolutionary driver for both plants
and fungi:

© Fungi in these networks benefit most
by keeping its diverse portfolio of
plant partners alive because the more
plant partners it has, the more resilient
its sugar/carbon source remains. We
see it like this: if everyone around you
is abundant, you in turn will also be
abundant.

@ Plants in these networks grow more
quickly and have better survival rates
than plants excluded from the network.

These intricate, collaborative networks
challenge the belief that all of life is in
competition! As we like to say, “If you want
to go fast, go alone. If you want to go far, go
together!”

PLANTS

SHARE THEIR SWEET

PHOTOSYNTHATE
SUGARS

+
UP TO 30%

OF THE
5 CARBOMN 1HEeY HARVEST

-----------

-
--------



A FUNGI FIRST DATE

So, what exactly goes down when a plant and
a fungus meet?

First, they exchange chemical signals, a
quasi plant-fungi pheromone flirt.

The plant can refuse the fungi’s first pass. In
fact, the fungi penetrates the plant’s root
system only AFTER receiving consent.

And recently, I've started to see this exchange
as something more than a flirtatious barter.

A question: What's your response to someone
who wants to trade a precious resource?

First, you may have your doubts, thinking and
rethinking the proposition.

Now, compare that with your response to
someone who just gives you something without
asking for anything in return. Maybe it's my
Dutch nature to say YES to all the free things,
but | love it.

Now imagine this special someone keeps
giving you stuff for free.

What's your response? Do you always just
accept, or eventually do you want to give
something back in return?

Exactly! Reciprocity is a tool of survival and |
don’t think fungi are unaware of this principle.

GLOBAL MYCORRHIZAL NETWORK

In short, | think fungi give without asking
anything in return and eventually the
connected plant gives up its sweet sugar from
the sun as a token of reciprocity.

Plants aren't monogamous, either. Some
Douglas fir trees make connections with
over 200 different species of mycorrhizal
fungi during their lifetime.

Aside from the increase in surface area to
mine nutrients that a plant gets from this
association - from 10 to 100 times the area of
the plant’s leaves - the fungal hyphae are
also 50 times finer and have 60 times more
absorption area than plant roots.

And with fungi’s unique ability to decompose
large complex organic molecules, mycorrhizae
are able to create nutrients from sources
plants are unable to.

But water and nutrients aren’t all that plants
get from this relationship.

Mycorrhizal networks also carry hormones,
pheromones, DNA, viruses, bacteria & toxins.

Studies have shown that plants in
mycorrhizal networks can resist disease far
better than plants without these fungal
friendships.

Plants can also support each other via the
networks.

A plant being attacked by insects can send
out distress signals through the network

to warn other plants. Those recipients can
then start to produce defensive compounds to
proactively prepare to fight off the parasite.

And Mama trees can communicate and
support their own offspring with nutrients,
using the network to support her baby until
the sapling has the chance to grow big and
strong itself.
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A MYCO-MIRROR In the case of mycorrhizal networks, fungi .
C

obtain photosynthetic carbon compounds from .
Mycorrhizal networks are constantly changing. P Y P

plants.
Their behavior is difficult to predict based
on knowledge of the individual components. However, we know that these fungi evolved
They can self-organize into new forms and from Saprotrophic Fungi (more on that in
behaviors depending on circumstances. the next Module!), so many of them have the

ability to decompose organic molecules like

What else does this sound like? Humans! cellulose and lignin, too.

In fact, humans and mycorrhizal networks
are both classified as “complex adaptive
systems.” So are termite colonies, bees, cities,
the internet and financial markets.

And like (most) humans, mycorrhizal fungi also
like to be good guests and take care of their
plant hosts. Some Orchidaceous mycorrhizae
have been observed harvesting carbohydrates
from decomposing organic matter and
transferring it to support the young plants of
their host species. Now that's a friend with
benefits!

Another similarity between mycorrhizal
networks and humans? We're both
heterotrophs, meaning that we obtain
nutrients from other organisms.
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GUARDIANS
OF THE FOREST

We now know that a single mycorrhizal species
can connect hectares of forest into a continuous
network.

We know that multiple plants of the same
and different species can become physically
linked and share water, nutrients, organic
molecules and information.

If that isn't already blowing your canopy, we
honestly don't know what will.

But wait, the skeptic inside us is always
wondering, how do we actually know this?

The truth is, it's extremely challenging to study
these networks. Imagine trying to unearth
ALL the connections in a forest ecosystem
without damaging the roots or hyphae. Super
impractical and problematic, to say the least.

Fortunately, recent research developments
means we can use things like chemical tracers
to track the transmission of compounds
throughout a network, allowing us to map the
connections between plants and fungi.

Douglas Fir

(Pseudotsuga menziesii)

GLOBAL MYCORRHIZAL NETWORK

One great example is a forest in British
Columbia, Canada. Researchers were able to
approximate the architecture of a mycorrhizal
network connecting 67 Douglas Fir trees ---
(Pseudotsuga menziesii) via two different
mycorrhizal fungi species using chemical tracers.

-

They found that the size of the trees was
positively correlated with mycorrhizal
connectivity. In other words, the larger the
tree, the more connected it was. In another
study, researchers observed the flow of
nutrients between a Douglas Fir and a paper
birch tree (Betula papyrifera) connected via
the same mycorrhizal network.
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In the experiment, researchers covered the
Douglas Fir with plastic bags, inhibiting its
ability to photosynthesize. In response to this
fake shade, the mycorrhizae reacted by
transporting carbohydrates from the root
zone of the unaffected paper birch to the
roots of the Douglas fir.

VL

GLOBAL MYCORRHIZAL NETWORK

For example, when Douglas Fir seedlings
connect to networks containing the species
Rhizopogon vinicolor, the seedlings were
more drought tolerant than seedlings with
no mycorrhizal connections. What's more, the
seedlings fared better than other seedlings
connected to different mycorrhizae species.

Two years after this study, a different

experiment found that the survival and
growth rate of Rhizopogon-inoculated
Douglas Fir seedlings were enhanced by

as much as 50%! Further studies on this
particular relationship show that the vitality of
inoculated seedlings was most pronounced in
areas of frequent drought or degradation.

\O/
-~

_—

/N

Researchers discovered around 9% of the Sl b 7
carbon compounds transferred to the =
shaded Douglas fir originated from the - , TS
paper birch. \ o
The most mind-blowing part? This 9% was - - &

directly proportional to the amount of extra
shade the Douglas Fir received!

Other studies have demonstrated that forest
regeneration, establishment, growth and
survival improve dramatically when young
seedlings can successfully connect to an
existing mycorrhizal network.

[Figure I: Approximate architecture of a mycorrhizal
network connecting a Douglas Fir forest in British
Columbia, Canada. Circles represent trees, sized
according to the tree’s diameter and coloured by age
class. Lines represent the connections between trees.
An arrow points to the most highly connected tree
which was linked to 47 other trees through eight R.
vesiculosus genets and three R. vinicolor genets inside

Rhizopogon vinicolor

(Ectomycorrhizal fungus)

the study area.]
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That these complex, vital connections are
quietly taking place beneath our feet and

in the peacefulness of the forests is pretty
surreal. And we're only just beginning to grasp
how fungi and trees support and care for each
other.

As we've learned about these networks, we've
also learned how many common forest
management practices severely impact
the presence and vitality of mycorrhizal
networks.

Practices like slash and burn, clear-cutting,
delayed seedling planting, and soil
compaction caused by heavy machinery use
in our forests, as well as the herbicides and
pesticides frequently used in forest and farm
management, are causing damage to these
vital networks.

We've already destroyed much of the world's
old growth forests, and with them, their
mycorrhizal networks.

GLOBAL MYCORRHIZAL NETWORK

But all is not lost. Thanks to the discovery of

these networks and our improved information
and technology, we have the ability to help
regenerate these vital ecosystems.

So, next time you're walking through a forest,
take a moment to stop and think of the
miles of common mycelial networks just
beneath your feet. They're busy communicating,
trading, sharing and absorbing with each
other, and ultimately, with you too.

Speaking of absorbing, did you absorb that
jam-packed lesson alright? Don’t forget to
check out the recommended reading list below
if you can’t get enough about this topic.

And don't forget to leave your comments and
questions in the discussion box.

We'll see you next lesson!
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4.1

SAPROPHYTIC FUNGI

Open widel! It's time for another mouthful of
weird words. This time, your meal is a mouthful
of organic matter!

Saprophytic refers to organisms that get
their nourishment from breaking down
organic matter.

In simpler terms, these are the fungi that
make stuff decompose!

Saprophytic fungi feast on dead plant and
animal matter, breaking down complex
organic molecules and turning them into food
for p|an’rs.

In no small way, Saprophytic fungi are the

beginning and the end of the food web, the
great recyclers of our planet, the fungi that
turn death and decay into food and life anew.

SAPROPHYTIC

FUNGI

BEGINNING & END OF
THE FOOD WEB

SAPROPHYTES THE DECOMPOSERS

Saprophytic fungi are everywhere!l And it's a
good thing, too. Without them, we'd be overrun
with rotting, decaying dead matter.

Many of us have been shielded and have shied
away from death and decay since birth.

‘Eww, the bread is moldy! Throw it out!”
‘Grandma has gone to a better place.”
Does this sound familiar?

Well, we hope that by better understanding
Saprophytic fungi, we can transform this

fear and disgust into curiosity, wonder

and gratitude. Because without death,
decomposition, and Saprophytic fungi, there
would be no life.




IN THIS MODULE, YOU'LL LEARN:

e Primary, Secondary and Tertiary Decomposers
 What They Are
* What They Do

VLET'S GET READY TO ROT!

Chances are, you already know plenty of In this way, Saprophytic fungi are the
saprophytic fungi. planet’'s foremost experts & practitioners of
That recycling. How eco-conscious of them! &7y
at's because most of the common gourmet i
and medicinal mushrooms people know - from C@(j

medicinal powerhouses Turkey Tail (Trametes
versicolor) and Reishi (Ganoderma lingzhi)
to culinary delicacies like Shiitake (Lentinula
edodes) and Oyster mushrooms (Pleurotus spp.)
to the mushroom of the moment, Lions Mane
(Hericium erinaceus) - are saprophytes.

While many fungi are inedib|e\
& some can be toxic and potentially
deadly, there is NO fungus that we
know of that is dangerous to touch.

Saprophytic fungi work their magic by
decomposing wood. Why do they do this? Not
because they like cleaning up forest floors. No,
it's because they're hungry!l

So don't be afraid to get your hands
Remember, fungi are heterotrophs, meaning I get you

they eat other organisms for energy and
nutrients.

dirty and get a feel for any fungus
you come across on your forest walks!
Just ask for myco-consent

\ first, p|eqse.

There are only about 50 lethal mushrooms

So, how do they break down lignin, one of
nature’s most complex polymers?

It's all thanks to their unique ability to
navigate through and between cell walls
via their fast growing, filamentous, mycelial
networks and their ability to whip up chemical
cocktails of external stomach acid on a whim,
that saprophytes are capable of cracking the
codes of nearly all complex organic molecules.

96

in the world, compared with over 700 o)
deadly plants and 200 psychoactive /

mushrooms.
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[ Ganoderma lucidum |
(Reishi)

Trametes versicolor
(Turkey Tail)

Pleurotus spp. | &" [ Lentinula edodes
(Oyster mushrooms) g § (Shiitake)

MUSHROOMS MUSINGS

“There are old mushroom hunters
and bold mushroom hunters,
but no old bold mushroom hunters.”

“Every mushroom is edible
..for 30 minutes!”

Hericium erinaceus
(Lions Mane)

o7



4.2

A ONE, A TWO, A ONE,
TWO, THREE, FUNGI!

Saprophytes can be categorized into three main
groups:

o Primary decomposers
e Secondary decomposers
e Tertiary decomposers

PRIMARY DECOMPOSERS:
FIRST FUNGI TO THE FEAST

Primary decomposers, as their name suggests,
arrive first to the dinner table.

Typically fast-growing, they rapidly send out
filaments of mycelium that find and attach to
organic matter ready for decomposition.

Think of primary saprophytes as calling
‘Shotgun! on the dead organic matter atop
the forest floor then racing to get there first.

NUTRIENTS MORE
ACCESSIBLE TO PLANTS  J

FUNGAL ECOLOGY

SAPROPHYTES THE DECOMPOSERS

°8

It may come as a surprise to your refined
palette but dead organic matter is considered
a delicious delicacy to the saprophytes. They
covet soft-tissue fruit, plants and animals so
much so that they come in armed and ready to
fend off competition.

Saccharomyces cerivisiae |

Lil' old Brewer's yeast (Saccharomyces
cerivisiae), the simple single celled fungus
we know and love for its ability to produce
alcohol, doesn't actually just provide sweet
alcohol for us to booze upon! They use it to
fight off saprophytic bacteria, who compete
with the yeast for a sweet sugar supper.

SAPROPHYTES THE DECOMPOSERS



4.2

Have you ever lifted a fallen log and gazed at
its rotting wood full of white strands? Ever grown
your own Oyster (Pleurotus spp.) mushrooms
and watched the substrate turn white with
mycelium?

What you see is white rot fungi doing its thang!

Also known as wood rot fungi, these fungi, which
belong to the phylum Basidiomycota, build
healthy, carbon-rich soil because they're capable
of degrading the dry matter of plants, like wood.
But this wasn't always the case..

Like most of us, trees prefer not to be eaten
alive. So around 400 million years ago, trees
developed extremely tough cell walls thanks to
a complex chemical polymer called lignin.

Lignin is awesome. It's the reason the magnificent
Californian redwoods (Sequoia sempervirens)
& the Amazonian Kapoks (Ceiba pentandra)
can grow into the gorgeous giants they are today.

SAPROPHYTES THE DECOMPOSERS

Creating lignin was a great protectionary tactic,
so much so, that for millions of years, nothing
could break down lignin. But over millions of
years, all these dead trees laying on the ground
began to pile up. In fact, they piled up so much
that they created a whole new substance in the
earth's crust: Coall o

But then, around 300 million years ago, the
formation of coal began to decrease drastically.

Why?

White-rot fungi figured out how to crack the
lignin code! White-rot fungi produce enzymes
(like manganese peroxidase, lignin peroxidase
and laccase) to split the lignin's chemical
bonds, releasing carbon dioxide into the air.

Amazingly, these enzymatic compounds have
been studied extensively for some time now yet
scientists still don't have a firm grasp of how
this chemical mechanism works.

But in layman's terms, we know that to break
down lignin, white rot fungi use strong enzymes
and proteins to split the lignin's chemical bonds,
thereby releasing carbon dioxide into the air.

Oh no, carbon dioxidell They don't release that
much though, right? Right?

Actually, fungal decomposition is one of
the largest sources of carbon emissions,
emitting about 85 gigatons of carbon into
the atmosphere every year. For comparison,
in 2018, the combustion of fossil fuels by
humans emitted around 10 gigatons.
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PLEUROTUS DJAMOR
(Pink oyster mushroom)
.

PRIMARY & SECONDARY
ot DECOMPOSER

Corie Bidgood @corie_ _bee
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4.2

In short, Fungi release 85X more CO2 into
the atmosphere annually than us puny
humans! But, don't start thinking we should
eradicate all the fungi to deal with our
excessive consumption problem.

FUNGI RELEASE
8.5Xore CO2

INJO THE ATMOSPHERE

SAPROPHYTES THE DECOMPOSERS

That's because the ecological role of wood-
rot fungi is hard to overstate. Can you
imagine if trees never decomposed? We'd

be neck deep in dead wood at all timesl! In

a natural forest, decaying logs and fallen
branches are a crucial part of the natural
environment. They provide habitat for animals
and are a stable nutrient resource for fungi
and plants.

They can also become what's known as a
‘nurse log’ for the next generation of trees.
Not only does a downed tree leave a new
patch of light where the old tree once stood,
allowing sun to reach the new seedlings, but
the seedlings themselves can grow directly
from the fallen tree, having their water and
nutrient needs met from the dying log.



4.2

In no small way, the world as we know it
wouldn’t exist without white-rot fungi. Nothing
else can break down lignin like it..not even
termites!

Besides white-rot fungi, we also have brown-
rot fungi. If you've ever stumbled across

a fallen tree and run your fingers through
crumbly, block-shaped decomposing wood,
you've probably had an encounter with brown
rot fungi.

The gourmet mushroom Chicken of the Woods
(Laetiporus sulphureus) and the species of the
genus Fomitopsis (e.g Fomitopsis pinicola, the
red-belted bracket fungus) are examples of
brown-rot fungi.

Though brown-rot fungi can't completely break
down lignin like their white-rot sisters, they still
fill an extremely important ecological niche!

Laetiporus sulphereus
(Chicken of the Woods)

SAPROPHYTES THE DECOMPOSERS

Brown-rot species make up just 6% of
all the wood decomposing fungi yet
they decompose 80% of the world's

conifer trees.

Conifers saw what was going down with white
rot fungi and figured out how to create anti-
white-rot fungal compounds inside their lignin.
In fact, this compound even stays active after
the tree has died!

But the brown-rot gals weren't so easy to
sidestep. By producing an intense chemical
reaction known as the Chelator-Mediated
Fenton reaction, brown rot fungi can break
down cellulose but avoid the lignin and the
antifungal compounds within it.

This chemical reaction is nothing short of
INTENSEL! It basically produces hydrogen
peroxide and a host of other chemicals that
react to break down the cell walls, allowing the
brown-rot fungi to reach the other chemicals
inside.

Such a strong reaction should in theory break
down the fungus itself, too. But these fungi are
clever! By timing the release of the reaction
through a two step process, the fungus is
able to safely harvest the sugars from the
cellulose without endangering itself.

CHELATOR-MEDIATED
FENTON REACTION

CREATES AN INTENSE CHEMICAL REACTION
THAT BREAKS DOWN CELLULOSE
BUT AVOIDS THE LIGNIN AND
ANTIFUNGAL COMPOUNDS WITHIN
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Here's how | like to think about it: white-rot
fungi are like surgeons, breaking down lignin
with immense precision, while brown-rot fungi
are the demolition crew, blowing up everything
and getting the goodies when the coast is clear.

Like the natural alchemists they are, both use
chemicals in their own unique, advantageous
waysl!

°

© oo SOME BRIEF PROSE

ON PENICILLIN

Okay, it's a bit of a tangent here, but while
we're on the topic of Fungi's alchemystical
powers, we'd be remiss if we didn't mention
one of the most world changing discoveries
of the 20th century.

When Alexander Fleming discovered a mold
called Penicillium notatum, which killed all

of his samples of the pathogenic bacteria
Staphylococcus aureus that he was studying,
he officially found the world’s first antibiotic.

But that's where the story starts, not ends.
Penicillium notatum, although effective in a
petri dish, wasn't strong enough to be effective
on humans consistently.

For years, scientists searched for a more
potent species of Penicillium. Then one hot
summer day in 1941, Mary Hunt, a laboratory
assistant, returned to the laboratory with a
cantaloupe she'd bought at a local market
which was covered in a “pretty, golden mold.”

This mold was about to change the fate of
human history.

That “pretty golden mold” was Penicillium

chrysogeum and it contained over 200x
the amount of penicillin found in Penicillium
notatum.

This is the moment when the microscopic
fungal warfare we talked about earlier in this
lesson began to have a major influence on our

own MACROSCOPIC war.

SAPROPHYTES THE DECOMPOSERS

Since the beginning of human warfare,

bacterial infections were the most deadly killer aﬁ
during armed conflict, with almost 20% of
people who contracted a bacterial infection 0

eventually succumbing to the pathogen.
That all changed with Hunt's discovery.

By the end of the WWII, the United States
was producing 650 billion doses of pure
Colombian cocai..errr.. we mean penicillin,
per month. Death rates of bacterial infections
dropped to under 1% almost overnight.

PeMciy

The allies had their hands on this fungal
alchemical concoction while their enemies, the
Japanese and German 3rd Reich, did not.

It s no far stretch to say that this accidental
discovery tilted the tides of war and shaped
all of human history to follow.

“When | woke up just after dawn on September
28, 1928, | certainly didn’t plan to revolutionize
all medicine by discovering the world’s first
antibiotic, or bacteria killer. But | guess that
was exactly what | did.”

- Alexander Fleming

Always humble, that
good old Mr Fleming
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PRIMARY
DECOMPOSERS
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FIRST TO THE DINNER TABLE
E.G. PLEUROTUS SPECIES

LEFTOVERS:
IT'S WHAT'S FOR DINNER

Okay, back to the main story, and our second
character in this tale of decomposition.

Are you a fan of leftovers? Then you and the
saprophytic fungi known as secondary
decomposers have something in common.

Typically, secondary decomposers rely on
primary decomposers to pre-digest their food
for them, kind of like baby birds. Then, working
alongside other saprophytic bacteria, fungi
and animals, this secondary decomposer
armada (new band name?!) runs amok in the
muck of animal dung, compost piles, soil,
rotting wood and other organic matter,
breaking down the organic compounds and
emitting heat, water, carbon dioxide,
ammonia and other gasses along the way.

FUNGAL ECOLOGY
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It's simple mathematics: the more
primary and secondary saprophytic
organisms there are in an ecosystem,
the quicker the complex organic
molecules will be decomposed into
simpler molecules, i.e. plant food.

More food leads to more plants
(which means more biodiversity and
ecosystem resilience) which then, when
they die, become more food for the
saprophytes to eat!

Ahhh, the beautiful circle of lifel

SAPROPHYTES THE DECOMPOSERS
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Perhaps this is the first time you're hearing
about secondary decomposers. Chances are
you've seen them before, though.

Ever come across the common “button
mushroom” (Agaricus bisporus) at the grocery
store? This compost loving mushroom, the
most widely cultivated mushroom in the
world, is a secondary decomposer.

So too are the “inky caps” of the family
Coprinaceae, Stropharia ambigua, and our
favorite, Psilocybe cubensis! Not that you've
ever seen that last one other than on Google
though, right? ;)

Coprinopsis atramentaria
(Inky Caps)

SAPROPHYTES THE DECOMPOSERS

Stropharia ambigua
(The Questionable Stropharia)

Compared to primary decomposers,
secondary decomposers are more adept

at dealing with complex assortments of
microorganisms. That's because they evolved
in direct contact with microbially rich soils,
forcing them to adapt and learn to develop
an arsenal capable of fighting off competing
bacteria and fungicidal fungi like the tricky
Trichoderma.

This adaptability also means it's much
easier to cultivate secondary decomposers
than primary decomposers. Think of

Button mushrooms, Oyster mushrooms
(Pleurotus spp.), Garden Giants (Stropharia
rugosoannulata) and Psilocybe cubensis.

Psilocybe cubensis
(Gold Caps, Sacred Mushroom)
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Any experienced cultivator knows the ease LAST BUT NOT YEAST

with which they fight off competition and _ ) . ‘Q
the rate at which they grow. By evolving in Finally, we've come to tertiary decomposers, a
competitive environments, they got to where group of fungi that are difficult to categorize. 0

they are today. Arriving at the end of the meal, these fungi

thrive in habitats where primary and
secondary decomposers have been feasting
for years.

To be clear, the distinctions of primary and
secondary are far from absolute. There are
some fungi that can be considered both

primary AND secondary decomposers. Tertiary decomposers rely on highly complex

microbial environments and are often called
“soil dwellers” because they reside in soils with
little in the way of decomposable material.

One great example are Oyster mushrooms

of the genus Pleurotus, which basically eat
everything they can get their hyphae on. They
could even eat this book! Or if you're reading
the digital copy, the PDF! Actually, we aren’t
certain about the last one. We'll get back to
you in a couple months.

Though they're at the end of the food chain,
tertiary decomposers dig deep to break
down organic matter that has already
been broken down several times before.
As a result, they make even more nutrients
available to even more organisms.

Tertiary decomposers include certain species
of Cenocybe, Agrocybe, Mycena, Pluteus and
Agaricus.

THRIVE IN HABITATS CREATED BY
PRIMARY & SECONDARY DECOMPOSERS

POP UP IN SOILS WITH LESS
DECOMPOSABLE MATERIALS

FURTHER BREAK DOWN ORGANIC MATERIALS
THAT HAVE ALREADY BEEN BROKEN DOWN

MAKING MORE NUTRIENTS AVAILABLE




4.4

PSILOCYBE CUBENSIS

SECONDARY DECOMPOSER

ONE ORGANISM’S DEATH
IS ANOTHER
ORGANISM’S DINNER

Whether first to the food line or last to lick the
plate, saprophytic fungi are more than happy
and hungry to slowly churn the great circle of
life around for another rotation.

They're the grand recyclers and archetypal
alchemists of our planet, secreting enzymes
and acids to degrade and disassemble large
inaccessible organic molecules into simpler
forms that nourish an ecosystem’s other
inhabitants.

SAPROPHYTES THE DECOMPOSERS

From dead plant matter, fungi recycle the
carbon, hydrogen, nitrogen, phosphorus and
minerals so living plants, insects, animals and
other organisms can continue making a life
and home for themselves and us.

An interface organism between life and death,
saprophytes are a reminder that nothing is
lost, only transformed.

Are you feeling transformed after this lesson?

Well don't go just yet! Leave any comments
and questions you have in the discussion box.

We'll see you next time for our largest lesson
to date, all about Parasitic fungil

Mwahahahadl
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PARASITIC FUNGI

Welcome to this lesson about the creepers,
the crawlers, the killers, the unwanted dinner
guests and stowaways...

The Parasiteslll

When | say the word 'parasite’, what comes to
mind?

A leech? A tick? Or the most hated creature
in our planet’s history? The mosquito!

The parasites we humans encounter are the
stuff of nightmares, but parasites are about
so much more than these simple macroscopic
blood suckers.

And for anyone who has spent considerable
time in Mesoamerica knows this..intestinal
parasites, not mosquitos, seem to rule this
part of the world.

The word parasite has its roots, like
everything it seems, in ancient Greece. For the
Greek, Parasitos meant “one who eats at
the table of another.”

Kind of like your brother-in-law that always
shows up uninvited around dinner time

FUNGAL INVADERS ’

promptly to leave when the meal is done... is by
all definitions, a parasite.

A more modern definition explains parasitism as
"a close relationship between species
where one organism (the parasite)
lives on or inside another organism
(the host), causing the host some
harm while the parasite adapts
structurally to this way of life.”

| can recall a few intestinal parasites that caused
me some harm!

When it comes to parasitic fungi, there are
countless species parasitizing plants, animals,
humans and other fungi all over the world!

And even though plants and fungi have a long
heritage of collaboration, coexistence and
coevolution, plants are, by far, the largest
group of victims for the sinister plans of
parasitic fungi.

But as you're about to discover in this module,
there is so much more to this story than first
meets the eye. o



Fungal Parasites of Plants

» Fungal Parasites of Fungi

Most fungal parasites attack plants and
85% of all plant diseases are caused
by fungal parasites. Poor plants!

But these parasites don't just cause mayhem for
plants. The organisms that eat plants (including
us humans!) are also deeply affected.

Generally speaking, the FIVE most common
kinds of fungal parasites that attack
plants are:

Powdery Mildew
Blight

Rust

Heart Rot

Armillaria Root Rot

These diseases have many different attack
strategies.

Some fungal parasites are born within the
cell walls of the plant, already at home inside
their host. These fungi are the few lucky ones.

Most other fungal parasites must invade their
host using specialized adhesive spores that

stick to a host’s leaves or bark. Once there,

the spore then germinates and waits/searches
for its point of entry.

IN THIS MODULE, YOU'LL LEARN:

e Fungal Parasites of Insects

e The Importance of Parasitic
Fungi

The entry point is usually a natural opening
like, say, an air pore on a leaf/bark.

But whatever the landscape and situation, if a
plant is damaged with a broken branch, a chip
in the bark, or a slice in a leaf, parasitic fungi

will usually find their way into the host.

Once inside, the fungal invader begins
rapidly spreading its hyphae around and
throughout the victim.

Remember the Myco-consent concept from the
module on Mycorrhizal fungi? Well that's not
happening here!

The fungus begins to penetrate the

plant’s cell wall with a special microscopic
battering ram known as the appressoria.
This appressoria punctures the epidermis,
fancy botanical speak for the skin of the plant.

After this most definitely nonconsensual fungal
penetration, the fungus weaves its hyphae into
a stranglehold around the plant’s cells, slowly
feasting on its living host.

Of course, not all fungal parasites have

this microscopic battering ram. Obligate
parasites like rusts, mildews and powdery
mildews only survive on living plant tissue
and need to find natural air pores on the
surface of the plant (making the cultivation
of obligate fungal parasites really difficult in
controlled environments).




5§ MOST COMMON KINDS OF

FUNGAL PARASITES OF PLANTS




If you've ever grown cannabis, tomatoes or
roses, you've probably had a nightmare or two
about Powdery Mildew. For the uninitiated,
Powdery Mildew is a fungus that grows

on a leaf’s surface, surrounding the leaf's
epidermis. Once the epidermis is surrounded,
the fungal invader then builds a death star...
errrr, we mean a haustorium, to complete its
evil plan. What the hell is a haustorium?

“A haustorium is a rootlike structure
that grows into or around another
structure to absorb water
or nutrients.”

SPORE

GERMINATION
TUBE

HAUSTORIUM ¢

Powdery mildew - Cannabis [B%

So basically, Powdery Mildew uses this
haustorium death star thingy to shoot laser
beams into the cells that then beam up
nutrients to the main fungal organism. That's
a much more fun definition, no?

The plant, with its water and nutrients zapped,
then proceeds to grow slower, mutate, or finds
itself unable to flower properly.

APPRESSORIUM

NECK BAND

HOST
SURFACE

HOST CELLS
CELL WALL

CELL
NUTRIENTS

INVASIVE
HYPHAE

o TUNGAL EFFECTORS/TOXINS
(HOST MANIPULATION)



Blight is another umbrella term for a host of
diseases that cause a plant to rapidly and
completely lose its ability to photosynthesize.
Obviously, this is devastating for plant
communities. Even more devastating is when a
fungal or bacterial parasite that causes blight
is introduced from somewhere else in the world.

The powder that defines
Powdery Mildew isn't actually
the fungus. Rather, it's a huge

collection of the fungus’s spores
Fungalinduced blightis known to affect extremely
important crops like tomatoes, potatoes, apples,
corn and chestnuts.

that spread to other plants with
any slight tussle from the air.

Almost all blights are caused by different
species or genera of fungi but the common
denominator is they all cause absolute
devastation for their prey.

a=r

And unlike most other fungi, these spores

don’t need moisture for germination, “The tiniest wound, just a nick in the bark;
meaning they're also highly effective in dry  spores drift in from the moist forest air; later,
areas. the stem swells and ruptures; the sap-flow

system is crippled, and leaves are shed.
That said, if there is moisture present, like Y PP

the condensation that happens with the Bereft of its plumbing and solar panels,
warm days and cool nights that characterize the crown of the gigantic, alabaster ghost
Humboldt County and other parts of sways brittle in the breeze. When this story
California, - America’s Cannabis Capital was repeated 3 billion times, a tree that
- Powdery Mildew thrives it carries out its had dominated the eastern woods of North
sinister plan. America for more than 50,000 years was

] . exterminated. This is what happened to the
An important note: POWderY Mildew American chestnut, Castanea dentata, when
is an umbrella term for several it met the landscape architect called

different species, each of them highly chestnut blight.”
specialized. In other words, the Powdery
Mildew preying on your cannabis isn't
able to attack your roses, or vice versa.

- Nicolas P. Money,
The Triumph
of the Fungi:

A Rotten History

But, when the Powdery Mildew has found its

favorite prey, they are a botanist's & gardener’s
worst nightmare, good for two things: Devouring
your plants and making more Powdery Mildew.

A

Nicolas P. Money .




Spores release
& are spread

Plant looses ability
to photosynthesise

Cryphonectria parasitica is the fungus that
causes chestnut blight and it's estimated to
have killed FOUR BILLION Chestnut trees
in the 20th century, equivalent to half the
world’s human population today.

Like many of the world’s dangerous diseases

and pathogens, it was accidentally introduced
from the old world (South East Asia) to the new
world (North America) around the year 1904.

"American chestnuts once grew to an
enormous size. In the southern part of their
range, the trees reached a height of 24-37

meters (80-120 feet) while swelling to a
diameter of 1.5 meters. They had been called
the "Redwoods of the East.”

- Nicolas P. Money,
The Triumph of the Fungi: A Rotten History

s

CHESNUT BLIGHT
(Cryphonectria Parasitica)

through birds & insects "/ ¢ \

Fungus enters natural wounds

and forms cankers _‘_)

The loss of this East coast giant was immense,
from the value of its timber as building
material - ironically rot resistant - to its bark,
which was crucial in the process of tanning
leather.

But most tragically, these billions of trees
produced TRILLIONS of nuts every year
that fed deer, squirrels, bears, turkey,
humans and countless other animals.

Unfortunately, today almost all the chestnut
forests of the United States have been
destroyed by the chestnut blight, making
Cryphonectria parasitica a true bastard in the
world of blight. But that’s not where blight’s
tragedy ends.




“chestnut treesiin'weetern North Carolina, to show how their size compares
to that of the average man. (Photograph by Chesnut Foundation)



https://www.ourstate.com/american-chestnut/
https://www.ourstate.com/american-chestnut/

Between 1845 and 1849, Alternaria solani
and Phytophthora infestans, also known

as early potato blight and the late potato
blight, caused the most severe famine in
pre-modern Europe, the Irish Potato Famine.
This blight-caused famine killed one million
people and caused another million people
to flee the country, reducing Ireland’s total
population by 25%!

Fungal Rusts might be the largest group of
organisms you've never heard of, with over
7,000 species divided amongst 168 genera.
In fact, Rusts encompass 5 percent of all
described fungal species!

The main reason for their prolific speciation

is because almost every species of Rust is
uniquely tailored toward the destruction

of a single species of plant. These highly
specialized fungal parasites are all obligate, -
remember that word from earlier in the lesson?
- meaning they can't survive without their victims.

As the name Rust suggests, the infection,
which is localized to more fragile parts of
the plants like the leaves, shoots, fruits and
the scrotum, appears as though the plant is
beginning to rust!

' - o Wait, plants have scrotums? No, you idiot. But
S 'f’”" if a plant wants to have a scrotum, they can
A\ have a scrotum, okay? It's a brave new world.
N % 5 . Get with the times.

Anyways, the most notorious of the Rusts are
Soybean Rust (Phakopsora pachyrhizi), Stem
Rust (Puccinia graminis) and Coffee Rust
(Hemileia vastatrix).

Phakopsora pachyrhizi, or Soybean Rust,
infects, surprise surprise, soy beans. But other
legumes like dry beans and kidney beans are
susceptible to it, too.

The unbelievable impact of this blight was

in large part caused by Ireland’s elite, who lts sweet spot is between 16-27°C (60-80°F)
forced the peasantry into only farming with a relative humidity of 75-80%. And when
potatoes since it possessed enough nutritional  the conditions are just right, this parasite
value to feed the population. That's can usher in devastation to the tune of
monoculture, baby! decreasing crop yields by up to 80%!

Puccinia graminis, or Stem Rust, affects some
of the world's most important staples like
wheat and barley. Get this: Stem Rust and its
fungal ancestors have been infecting grasses
and wheat crops for millions of years!




Phakopsora pachyrhizi
(Soybean Rust)

Puccinia graminis
(Stem Rust)

Hemileia vastatrix
(Coffee Rust)

Even Aristotle, who lived around 350 B.C,
wrote about a plague capable of reducing
yields by up to 20%. The parasite was so
devastating that Romans organized an
entire festival, known as Robigalia, where
they'd sacrifice red animals like foxes and
red cows to the Rust god, Robigus, in hopes
that Robigus would spare their wheat crops
that year.

It's even speculated that the fall of the Roman
Empire is linked to years of heavy rain that
would have created the ideal conditions for
Puccinia graminis to wreak havoc on their crops.
Pfft, silly Romans! If only they'd sacrificed more
foxes, they'd probably still rule the world.

Perhaps you're gluten free and avoid legumes
like the plague. “Let the rusts roam free,” you

may be thinking. Well, we're here to hit you in
your weak spot.

Almost everyone loves a good cup of Joe in the
morning. Well, meet Coffee Leaf Rust (Hemileia
vastatrix), one of the most economically
impactful fungal parasites worldwide.

The total loss of coffee caused by coffee Rust

ANNUALLY is estimated at 15 percent, or
about a loss of $65 billion dollars of coffee
per year.

For reference, that is more than the gross
domestic product of Jamaica, Mali,

Mozambique and the Bahamas COMBINED!
Chestnuts are one thing.

But Cannabis and Coffee?
Now you've gone too far, Fungil




As if that wasn't enough C’s, how about
the fungal parasite - and in vogue, coffee
replacement - Chaga? Hold on a second!

Are Fungi trying to take over coffee’s throne
by killing it and replacing it with Chaga?

Is this part of their master plan? Take away
humans’ prized stimulant and then, with
humanity weakened, capitalize by infecting us
with another mushroom that starts with a C,
Cordyceps? Or are we just smoking too much
Cannabis and getting carried away?

Okay, back to the C's...

First things first, Chaga (Inonotus obliquus)
is not a mushroom. It's a sterile conk! It's
also a parasitic fungus.

Inonotus obliquus
(Chaga)

Chaga is a heart rot fungus, meaning it
finds a way under a tree’s bark and then
begins to slowly eat its way to the heart
of the living tree. In Chaga's case, it usually
infiltrates birch trees.

Over the 80-year lifespan of a typical birch
tree, Chaga slowly rots and kills the tree from
the inside out. This battle between birch and
Chaga often creates a tumor-like growth -
the sterile conk known as Chaga - which

is incredibly desired for its medicinal
properties.

Only once the birch loses its
battle to heart rot does Inonotus
obliquus grow its spore bearing,
i.e. reproductive, fruiting body.
But this fruiting body is not what
people think of when they think of Chaga.

Chaga isn't the only heart rot fungus. The
Beefsteak fungus (Fistulina hepatica) also
goes straight for the heart of hardwood trees.

Fistulina hepatica
(Beefsteak fungus)

Heart rot and other rots are estimated

to reduce the total timber harvest by 33
percent annually. The use of heavy machinery
in the logging and forest management
industries creates a ton of collateral damage,
as snapped branches, cut bark and other
wounds create openings for these killers to
move in and start their slow but inevitable
stranglehold.

Heart rots like Beefsteak and Chaga are just
two examples of Hemibiotrophs, organisms
that infect their host, feast on the living
tissue, and then continue to live in and eat
the host's dead remains like the saprophytes
we learned about in Module 4.

The most successful Hemibiotrophic fungi are
probably of the genus Armillaria.




One specimen of Armillaria
ostoyae located in Oregon is
known as the “humongous o -~
fungus.” Recently, it was classified
as the largest and oldest
organism in the world. It covers
around 8.8 square kilometers,
weighs 35,000 tons and may be

\ up to 10,000 years old!

Tree dies

Mushrooms fruit
& spores release

Spores germinate
& mycelium
colonizes wood

Disease infects nearby trees
through roots

The humongous fungus and other Fungi from
the genus Armillaria use white rot techniques
to slowly eat the roots of younger trees until
so much root decay has occurred that the
tree dies. This is known as white rot disease or
Armillaria root rot and kind of goes like this...

WHITE ROOT ROT DISEASE CYCLE



Less common but definitely worth mentioning,

some fungi parasitize other fungi, known
as mycoparasitism. Cannibal mushrooms,

ahhhhh! Every mushroom cultivator knows one
of these mycoparasites quite well..the dreaded

Trichoderma. Fuck you Trichodermalll

Trichoderma, a genus of bright green molds,
are often a sign of a failed grow. And because

it's practically everywhere, it's impossible to
escape.

Working its doom by swarming its target,
Trichoderma utilizes extracellular enzymes
to dissolve and consume its prey. An
Ascomycota, Trichoderma reproduces
asexually and thus can evolve extremely
quickly. But Trichoderma isn't all bad.

In fact, Trichoderma’s genetic diversity and
speciation means it could be our savior for

fungal plagues that attack our beloved coffee,

cannabis and cacao.

Many different species of Trichoderma
are endemic to cacao, which is plagued by
Moniliophthora perniciosa, a fungus that

causes witches broom disease in the cacao tree.

One of these Trichoderma species,
Trichoderma stromaticum, can
combat witches broom disease and
reduce cacao pod death by 32%.

Moniliophthora perniciosa
(Witches' broom disease of cacao)

If we can harness the magical realm of
Trichoderma and other mycoparasitic

fungi like Ampelomyces quisqualis - a
hyperparasite that feasts on and prevents
Powdery Mildew - we may find species
capable of combating many of the plant
pathogens mentioned earlier.

And because Trichoderma is so quick to
evolve, it's less likely to lose its vigor
and usefulness as its prey adapts natural
resistance due to constant exposure.

Imagine a world where farmers spray
Trichoderma spore concoctions to save their
plants from Fungal parasites instead of the
destructive, polluting chemical crap they use
today.

As long as these farmers keep their spore
concoctions the hell away from my mushroom
grow rooms, I'm here for it!

But Trichoderma and the powdery mildew
parasite Ampelomyces quisqualis aren’t the
only mycoparasites that can have a positive
effect on the ecosystem.

Take Fungi of the genus Hypomyces, for
example. The most famous of the bunch,
Hypomyces lactifluorum, or the Lobster
mushroom, is a prized edible mushroom
that infects the fruiting bodies of the
genera Lactarius, Russola and Lactifluus.



A recent study found that Hypomyces
completely alter the metabolic and genetic
make-up of their host mushroom.

The result?

Hypomyces lactifluorum
(Lobster mushroom)

Hypomyces transforms mildly edible and
potentially even poisonous mushrooms into
a choice edible mushroom.

Not all Hypomyces are on our side though...

Hypomyces chrysospermus, also known

as the “Bolete eater,” carries out the same
metabolic and genetic process but to a more
sinister end, transforming delicious Boletes
into completely inedible and potentially
poisonous mushrooms.

In total, there are 53 species in the genus
Hypomyces, all targeting different mushrooms
from Amanitas to Elven Saddles.

Ever heard of Pseudoboletus parasiticus. The
name just rolls off the tongue, no?

Psathyrella epimyces

Pseudoboletus parasiticus
(Parasitic Bolete)

Scleroderma citrinum
(Earthball)

Well, this “false bolete” feasts on Europe’s
most common mushroom, the Earthball, or
Scleroderma citrinum, growing out of its host
mushroom. Wild!

Let's close this chapter with one more crazy
mushroom story.

Say hello to Psathyrella epimyces. Kind of
like a busy man pushing people away in the
train station, this mushroom grows directly
from the fruiting body of a Shaggy mane
mushroom, forcing itself through the previously
established Shaggy mane fruit body and
growing on its own. This creates absurd looking
creatures that apparently taste the same as
their host organism. Some people even debate
if it's actually a parasite or if it simply eats itself.

Now that’s taking cannibalism to a whole
‘nother level.



The part you've all probably been waiting for...

It's time for zombie insects and cowboy
mushrooms with lassos!

These are the fungi with their eyes - wait, they
don't have eyes - we mean their senses set to
the moving organisms we know as animals.

So, what do we call these wild beings? Try this
one out for size:

Entomopathogenic Fungi

For once, can we just have a term that's easy
to remember? How about bugbashers or
something? No? Fine. Let's break it down like
a saprophyte again. Say it with me:

Ento-Mo-Patho-genic Fungi.

So, what are they?

Cuticle

Epidermis

Inside
Insect

Entomopathogenic fungi are fungi that
specifically infect and often kill insects and
other arthropods.

Entomopathogenic fungi prey on insects’ in

a similar way to how they prey on plants,
attaching their adhesive spores to the body
of their host which then germinate when the
conditions (temperature and humidity) are
right.

Let's be honest: there's no myco-consent here.
Heck, these fungi don't even need any natural
opening, or lube.

Instead, they get inside their prey by
penetrating the insects’ cuticle. Once inside
the cuticle, which acts like the insect's skin and
is made up of chitin, water, protein and other
compounds, the fungal spore germinates
and the hyphae easily weave their way
through the many layers of the cuticle to
their insectoid feast.

Of course, at some point these
Entomopathogenic fungi come face-to-face
with the insect’s immune system. What then?

Spore w/ Adhesive Gel
Penetration of Germinating Hyphae

Wax
QOuter Epicuticle

Parasitic Phase
Inside Insect
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Let's take Beauveria bassiana, an
Entomopathogenic fungi present in soils
around the world that infects dozens of different
insect genera like grasshoppers, beetles, ants,
caterpillars and more, as an example.

Beauveria bassiana is effective due to its
ability to concoct a wide and unique range
of alchemical cocktails for its sinister
infiltration plan, compounds like beauvericin
(Bea), bassianolide (Bsl), bassiantin, and
beauverolides. See, sometimes the names in
science make sensel

All these compounds are uniquely created
by Beauveria bassiana to repress the insect
host’'s immune system. And once this is
subdued, the fungus can kill its host in a
matter of days!

But the skin isn’t the only place where
Entomopathogenic Fungi infiltrate its victim.

They can also enter through the mouth.

Of course, not all insect-killing Fungi survive the
ride through the insect’s intestines.

Metarhizium spores, for example, don’t seem to
do so well being eaten.

But the insect's most brutal enemy, Beauveria
bassiana, doesn’t seem to mind at all. In fact,
its spores often survive the whole winding
ride through an insect’s intestines.

This is one reason why Beauveria bassiana is
such an ideal natural insecticide candidate; it
has the potential to halve the population

of carpenter ants, termites, and beetles,
eradicate bedbug populations, and may even
be the solution to control malaria-spreading
mosquitoes. All this without ever spraying the
world with gross, poisonous, artificial chemicals
again!
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Here's a tale from the Fungi Academy | want to personally breed the fungus that will
records, and a plea: finally bring the end to my gardening nemesis.
One day when | was away, Henri, our lab MUAHHAHA

manager at the time, told me about all of So, if you know someone with this culture,
these poppos in the lab. For some reason, | please hit me up!

thought he was talking about the cops. Since i :Z\~ N

we may or may not have had some not-so- fooe 0

RN "~-- Zompopo

legal mycelial cultures in our library, | kind of
freaked out. After, | do admit, a little bit of

a panic, | figured out he was talking about
zompopos, better known as giant Guatemalan
leaf cutter ants that are a plague to many
farmers here in our tropical highlands.

After a bit of digging, | found a research
paper claiming Beauveria bassiana is
extremely effective in controlling populations
of these zampopos. | have tried for almost

a year to get a culture here but to no avail.
Readily available consumer products are
available for purchase around the internet.
But that's not good enough for me.
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By far the most famous of all the
Entomopathogenic fungi, the Cordyceps
mushrooms of the genera Cordyceps and
Ophiocordyceps are certainly having a
moment right now.

These insect zombie-fying fungi prey on
living organisms, usually specializing on a
specific target species.

Take Ophiocordyceps sinensis, for example.

Known as the caterpillar fungus,
Ophiocordyceps sinensis only grows on
Ghost Moth caterpillars in the Tibetan
Plateau, about 3,500 meters (11,500 ft.)
above sea level. With such a ridiculously
specific target and environment, this
mushroom is exceedingly rare and expensive,
with one dried pound of it fetching up to
$50,000 for medicinal use!

(Caterpillar fungus)

Or take my personal favorite, Ophiocordyceps
unilateralis. Or should | say my personal
favorites, since at this moment in time, there
are about 26 different species that carry the
name?

They all have at least one thing in common:
they zombify ants of the tribe - a tribe is a
group of genera - camponotini, commonly
known as carpenter ants.

Carpenter ants live high in the canopy of tropical
forests. But because of gaps in the canopy,
they sometimes have to come down to earth and
travel over ground to get from tree to tree.

And this, my friends, is the moment our zombie-
ant fungus has been waiting for. After finding
the ant’s Achilles heel and penetrating its
armor, the fungus either taps into the ant’s
nervous system or releases chemicals into
the ant’s body. Then, it begins directing the
infected ant to a warm humid spot where the
environment is perfect for the fungus to grow.

Of course, this process isn't smooth. Death
rarely is. As the ant becomes infected and
starts moving toward that ideal location, °
the ant starts to stumble and groan like @
a Hollywood zombie! Okay, okay, it doesn't °
groan. But it does move all weird and shit and
often falls off the branch it is trying to climb.




Stumbling and groaning (let me just imagine
it's groaning, okay?), the ant moves to a
place above the path that the rest of

the ant colony is using to travel from

tree to tree. Once there, it finds a leaf and,
according to some new research, at precisely
solar noon when the sun is at its highest
point, the ant bites into the major vein of
the leaf in a death grip.

This so-called death grip achieves two
purposes: it ensures the fungus has enough
water to expand - because it taps into the
leaf’s major vein - and that the ant stays
in this precise location after its death.

When the death grip occurs, it's game over
for the ant. The fungus finally consumes the
entire ant body and, after its meal, grows

a long fruit body out of the neck of its
victim. This fruit body then rains down little
zombie spores of terror on the ants below,
ensuring another rotation in the cycle of the
zombie ant fungus’ life.

By now you're probably thinking, can this

ever happen to us? In the great video game-
turned Netflix show, The Last of Us, this exact
scenario takes place: a Cordyceps mutates

in such a way that it can do its little zombie
trick on humans.

In reality, though, this is highly unlikely. As
you've probably guessed, our immune systems
are very different from those of ants.

No, no, we do not need to be afraid of
Cordyceps figuring us out any time soon. In
general, the more primitive the life form, the
more susceptible it is to fungal infection.

Or maybe that's exactly what they want us to
think! Muhuahuahual!

If you think those last couple of lessons were a
bit dark, it's about to get pitch black up in this
bitch.

So buckle up baby. All abroad the
o-shitareyouhumanshelpingfungidestroythe
world-train.

Choochoo!




Fungi-fied Fish

From observing fish living in tanks and pools,
we've learned that fungal and fungal-like
parasites of fish are quite common.

For example, water molds of the genera
Saprolegnia and Ichthyophonus are often
encountered and are caused by an unhealthy
living environment.

When you consider the conditions of many
aquaculture farms - crowded, dirty, and
stressful to the fish - it's no wonder why fungal
infections proliferate there and wreak havoc!

Studying fish in the wild is a lot more difficult.
Why?

Did you know that most fish
live underwater?

We know, THIS COURSE
REALLY DOES COVER
EVERYTHING.

=

Well, that makes it a bit more challenging
since fish populations largely go unnoticed.

That is, unless we, or bears, like to eat them.

Take bears’ favorite fish, the salmonids,
including Salmon and Trout. They seem to be
the main victims of fungal parasites that
we know of so far. Why?

Drumroll..you guessed it!l Those lovely fish farms
we spoke of a minute ago.

Fish farms often dump waste water, dead
fish, even sometimes healthy fish from these
fungal parasitic breeding grounds, into
healthy ecosystems. Now that's a perfect way
to introduce parasitic fungi into the wild with
the potential to destroy fish populations.

Are you enjoying learning about stressed

out fish being attacked by obscure fungal
pathogens? Well, to read more depressive

shit on how we're basically breeding fungal
superbugs to decimate the world's salmon
population, we've supplied some additional
reading material below. Let's move on though.



During research for this lesson, almost all the
major studies on fungi and reptiles seemed to
have this line:

“‘FUNGAL INFECTIONS IN
REPTILES-AN EMERGING
PROBLEM’

Frankly, it was startling to read. That is, until
you find out you're just reading a scientific
journal made for vets, and that people seem
to like having more and more reptiles as pets
these days.

Okay, so maybe that's not the best scientific
journal to base this lesson off of. Nonetheless,
the title isn't wrong: we do know that reptiles
are being attacked by almost all the
groups of fungi.

Even Beauveria bassiana and the fungal

family of the Clavicipitaceae have been found
to attack reptiles. And when these infections
hit, reptiles have a hard time coming back.

One of the most notorious fungi
threatening amphibian populations
worldwide is the Chytrid fungus, or
Batrachochytrium dendrobatidis. Since its
discovery in 1998, it has been linked to around
90 amphibian extinctions and has declined
amphibian populations of another 124
species by up to 90%.

Some research even suggests that almost 7% of
all amphibians have been wiped off the map..
by humans.

Wait, humans? Weren't we talking about this
batrahohco thingy? The fungus did this, right?!
Well, not without a little help from its human
friends.

Batrachochytrium dendrobatidis, also known
as Bd, traces its origins to Asia. But, due to
intense human travel, it began hitching a
ride around the world with us, invading new
ecosystems wherever it landed.

There's another accomplice, too: Bullfrogs.

Bullfrogs often carry the disease without being
affected by it, infecting the unprotected frogs
and salamanders along its path with this
fungal parasite.

Snakes aren’t being spared either. Since 2013,
we've become aware that snakes in Europe
and North America are falling prey to
Ophidiomyces ophiodiicola. This fungus is a
saprophyte so it's used to eating dead flesh
and mushrooms. But somehow, it has made the
jump to living organisms.

Ophidiomyces ophiodiicola
(infecting a Northern Water Snake)

Freaky!lll How, you ask?

We're not sure yet but it's likely due to snakes’
weakened immune systems caused by increased
pollutants, less food, climate change, and so
much more.






We know what you're wondering... So why aren't
these fungi making the jump to us humans?
Well, this is why we put birds and mammals in
one little nook together phylogenetically.

These parasitic fungi thrive at
around 25°C (75°F) and stop growing
completely when temperatures
approach 35°C (95°F).

And in case you forgot, we're warm-blooded.

That being said, there are some fungal
parasites that do attack mammals!

Muhuahuahual!

Bats in hibernation have been getting
decimated by White Nose Syndrome, a
disease caused by Pseudogymnoascus
destructan. This fungus thrives in low
temperatures of 10°C (50°F) and stops
functioning at 20°C (68°F).

Pseudogymnoascus destructan
White-nose syndrome fungus

When the bats wake up, their core
temperature often kills the fungus. By then,
though, the damage has been done, since this
fungus disrupts bats’ hibernation patterns

with devastating effects. It's estimated that
more than six million bats have died from
this disease.

Even though humans don't hibernate - we
totally should by the way, it sounds sweet! -
we're also targeted by parasitic fungi. G

Take aspergillosis, which affects the
respiratory system, or candidiasis, which . o
target the skin and mucous membranes. . .
Both occur in humans and are mainly caused
by a weakened immune system, serving as an (0]
indication that our bodies are out of balance

and that we need to make a change in habit, .8
diet, or environment. "

Perhaps we should begin looking at the
parasitic fungi that rage around the world
through the same lens; as a potential sign that
our home, Mother Earth, is out of balance.

Trigger Warning! For the germaphobes, beware...
you might want to skip this lesson

Much to our egoic chagrin, humans aren't
singular beings. Our body is more like an

ecosystem, a rich collaboration between
thousands of organisms.

In fact, just our skin serves as a home for
more than 130 species of fungal hitchhikers.
The majority of these freeloaders are of the
genus Malassezia, according to the 2013
paper “Topographic diversity of fungal and
bacterial communities in human skin,”®’ where
researchers identified 62 different species of
Malassezia on the testing subjects’ skin.



https://www.youtube.com/watch?v=YZDK9jUxNgY
https://pubmed.ncbi.nlm.nih.gov/23698366/ 
https://pubmed.ncbi.nlm.nih.gov/23698366/ 
https://pubmed.ncbi.nlm.nih.gov/23698366/ 

The others? 25 species of Penicillium, 19
different kinds of Aspergillus, and five or
fewer of the genera Alternaria, Candida,
Chaetomium, Chrysosporium, Cladosporium,
Mucor, Rhodotorula and Trichophyton.

Say that 10 times fast!

This fungal invasion goes far deeper than our
skin, too.

Medical mycologist Mahmoud Ghannoum,
who first coined the term mycobiome,
discovered over 101 species of fungi in the
mouths of one study’s participants. And
down the human hatch a bit deeper, more
than one hundred species of fungi have
been found in our gut, with more than
65% of these fungi belonging to a single
fungus: Candida tropicalis.

+100 SPECIES
UR

FOUND IN O G

+6 59 BELONG TO:

—CANDIDA —
TROPICALIS

So should these fungi, known as endohomonic
fungi, make us fear for our lives?

If you remember, we've already talked about
The Last of Us during this module (for all of
you non-gamers out there, the HBO adaptation
of this epic story just got released so go check
it out!) But that's just Hollywood, people!

In reality, Cordyceps will never be able to make
the hurdle from infecting insects to infecting

humans. Why?

Well, most fungi can’t survive our hawt
bodies (37°C/98.6°F). Plus, we have a pretty rad
immune system that's pretty adept at dealing
with fungal space invaders.

But that's INSIDE our body. On the outside,
where our skin, mouth, nails and geni’ra|s like to
hang out (pun intended), fungal infections
most certainly have a chance.

For example, Onychomycosis (fungal nail
infection), athlete's foot, ringworm, diaper
rash, dandruff and candida are all caused
by fungal invaders.

So, how do these fungi get by on the barren
desert of our skin? Typically, they capitalize
when our body’s immune system is weakened
and out of balance.



http://casemed.case.edu/dept/dermatology/Faculty/MGhannoum/

Still, fungal infections of humans are
incredibly rare. Of the more than 6 million
fungal species, only about a hundred seem
intent on invading us with their hyphae.
Compare that to the over 50,000 different
species of entomopathogenic fungi and it's
no question who got the winning ticket in this
genetic lottery.

According to a 2017 paper titled ‘Fungi that
Infect Humans,” all fungi that are capable
of infecting humans can trace their
evolutionary origin to a time when they
feasted upon insects. This is in contrast to
bacterial infections like staphylococcus (AKA
Staph infections), which has been feasting
upon humans as their main food source for
eons.

As always, the key takeaway to prevent
fungal infection is balance.

These fungi are always present. It's only
when our immune system is weakened

by an unhealthy diet, lack of exercise or
sleep, or some other external stressor like
going through an antibiotic treatment that
these fungi take up more space within

our system. These benevolent protectors,
when uncontrolled, can cause irritations,
inflammations and other unpleasant physical

symptoms.
O
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But in the right numbers, these fungal
hitchhikers are actually good for us! They
control bacterial populations from getting out
of control in our mouth or gut, help us digest
food and even prevent diseasel!

For example, Anti- Saccharomyces cerevisiae
antibodies produced by our OWN body have
been strongly associated with Crohn's disease
and recently some ProMycotic organisms living
in our gut have been linked to the prevention
of ulcerative colitis.

But not all is good in the fungal hood.

There are some fungal infections way more
dangerous than a slight irritation. Some are
even deadly. Annually, 150 million severe
fungal infections attack their unsuspecting
human victims, resulting in about 1.7 million
deaths.

In October 2022, the World Health
Organization (WHO) released a report called
"Fungal Priority Pathogens List"" seeking to
identify fungal species most dangerous to
human health. Candida tropicalis made the
list, which is pretty wild considering this same
fungus comprises about 60% of our gut! On the
other hand, it's also predictably unpredictable,
given how incomplete our understanding is of
the microorganisms in our gut and how they
relate to our health.

The more we learn, the more it seems we
begin to understand health as a beautiful
dance between thousands, if not, millions of
different life forms, rather than our current
general view of health as a problem-solution
equation to solve.

That being said, humans should definitely
completely steer clear of some of the
ferociously deadly fungi on the WHO list.



https://www.google.com/url?q=https://www.who.int/publications/i/item/9789240060241&sa=D&source=docs&ust=1685037938604871&usg=AOvVaw2a3jAdvVTNtYXkEyD4kliu

Take Cryptococcus neoformans, perhaps the
most deadly fungal infection in the world!

As the WHO list states...

"Cryptococcus neoformans is a globally
distributed pathogenic yeast which lives

in the environment (soil, decaying wood).
After inhalation of fungal cells from

the environment, C. neoformans can infect
humans. Cryptococcosis initially affects the
lungs but can spread to the central nervous
system (cryptococcal meningitis) and blood
(cryptococcaemia). Human-to-human
transmission does not occur. Most patients
are immunocompromised, and the leading
risk factor is HIV infection. However,

organ transplant patients and others taking
medications that weaken the immune system
are also at risk, and infection can occur in
apparently healthy individuals. Risk factors
for invasive cryptococcal disease include HIV
infection, iatrogenic immunosuppression,
autoimmune disease and decompensated liver
cirrhosis. C. neoformans cryptococcosis is a
very serious disease, with mortality ranging
from 41% to 61%, especially in patients with
HIV infection. Hospital length of stay in
patients with C. neoformans infection ranged
18 to 39 days."

For pretty much all culprits on this list, the story
is the same: immunocompromised individuals
are most at risk and if the fungus takes

hold, you're in for a very long hospital visit
which may be the last building you ever enter.
Mortality rates are incredibly high at 40-
60%, and some studies even suggest over
80% of the individuals with one of the critical
culprits raging through their bodies will not win
the battle against the fungus.

We can see you quivering in fear from here!

‘How do we prevent these ferocious fungal
overlords from overtaking us,” you may be
screaming, errr, we mean wondering?!?!

Luckily, similar to antibiotics (thanks, Alexander
Fleming!), modern medicine also has this
thing called antimycotics. Antimycotics work
one of two ways: directly killing fungal cells
or preventing fungal cells from growing and
thriving.

Most antimycotics work by targeting the
fungal cell membrane and/or the fungal
cell wall. Both of these structures surround
and protect the fungal cell. When either one
becomes compromised, the fungal cell can
burst open and die. The key of treatment is
to specifically target the fungal cell without
amaging your body’s cells.

But this is easier said than done.

Fungal cells are so closely related to human
cells that scientists can only work with a
select few treatment methods. Without many
options, we're unable to alternate treatment
methods, causing these fungal invaders

to build up resistances to our limited
antimycotic eradication options.




By now, most of us are aware of the
increasing risk of antibiotic resistant bacteria.
Well, that same risk exists with antimycotic
fungi. This is one of the main reasons why
immunocompromised people experience
such astronomical mortality rates when a
fungal infection takes hold.

So, should we fear the fungi?

Reverence, not fear, seems like a healthier
approach. While we must acknowledge their
power and ability to shape the natural world,
including us, to their will, our survival has
always and will continue to depend on allying
with fungi, from inside our bodies to outside
amid the natural systems and ecologies we
call home.

Parasitic fungi get a bad rap because at first
glance, they seem to cause utter decay and
destruction.

Yet peer a little closer and you may start to
see the vital role they play in maintaining
equilibrium on the balance board of life.

Take the fungi in the genus Armillaria. They
can cause such massive destruction of forests
you can literally see the impact they have from
the sky! And the loss of dense forest can't be a
good thing, right?
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But what if | told you this destruction of How about another example?
trees creates vast meadows where grasses
and flowers thrive? And this, in turn, creates
habitat and forage for deer and elk to graze.

Ophiocordyceps unilateralis, the ant-zombifier,
can wipe out entire colonies of carpenter ants.
This might sound horrible until you realize

An abundance of deer provides plenty of there really isn't much else to keep the ants
food for predafors, like wolves. And these in check. In fact, ants can present humongous
wolves, which keep the deer within the problems to ecosystems, not just to your house.

meadows so the deer/elk can spot their
preda’ror from a distance, prevent the deer/
elk from roaming the forest to feed on tree

Red imported fire ants (Solenopsis invicta) are
considered one of the worst invasive species in
the world. Originally from South America, they
cause billions of dollars of damage every year,
But it doesn’t stop there. obliterating other insects, plants and wildlife
colonies. Since we can't take them back to their
natural habitat, where other organisms have
evolved to deal with them, we must control
their rampage by teaming together with fungi.

saplings like those Douglas firs or willows.

Willow trees are beavers' primary building
material in some areas and, like in
Yellowstone, need them to survive the winter.
This is no one-way street, though. The willow

needs the beaver since beaver dams create Lucky for us, the red imported fire ants tend
mud flats, ideal places for willow seedlings to  to live in supercolonies. If we introduce
flourish. Plus, by raising the water level with entomopathogenic fungi like Metarhizium
their dams, beavers offer willows increased anisopliae, Conidiobolus or Beauveria
access to water. bassiana to these supercolonies, maybe we

can rectify some of our ancestors' mistakes,
allowing room for other ants and insects to
reclaim their territory.

As you begin to learn about nature, you come
to understand nothing is black and white.
Everything is complex and interconnected,
like a symphony. And fungi, well, they're often
the directors of the orchestra.




We humans with our trading and travels often
unknowingly bring along hitchhikers from
across the world that then create imbalance in
fragile ecosystems.

Would the chestnut blight have caused so
much damage if we caught the culprit and
stopped importing these Japanese Chestnuts
from South East Asia?

Maybe these parasitic, out-of-control fungi
are trying to send a message. Maybe we need
4 BILLION trees to die to notice. Or maybe

a monocrop that feeds a country has to be
obliterated, killing over a million people in a
couple of years, for us to care. How about 7%
of all amphibians dying within 30 years? Is
that loud and clear enough?

Maybe these messages are still too subtle for
us to fully hear still, too easy to cast aside
rather than swallow the hard truth of how
we're disharmonizing the very ecosystems we
depend on.

Out of control parasitic fungi are an early
symptom of a much greater disease. They're
here to warn us, to ask us to consider the
negative impact our interference is making on
the natural world around us.

It's up to us to decide if we're going to listen to
what they have to say.

We hope you enjoyed this sometimes dark but
always enLIGHTening lesson about parasitic
fungi.

Don't forget to leave any comments and
questions you have in the discussion box.

We'll see you in the next module all about the
most elusive Fungi on the planet, Endophytic
Fungil
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ENDOPHYTIC FUNGI

Welcome to this Module on Endophytic Fungil

This module is a doozy because Endophytic
Fungi are probably the most omnipresent yet
elusive Fungi on Planet Earth.

Their role in the life of p|qn’rs, and therefore
the entire world, is immense. You can think of
them as the dark matter of the plant world.

They are literally everywhere yet we mostly
have no clue what they're doing!

Admittedly, we do know more about
Endophytes than we know about dark matter
but the research on these vital players in the
last century has been limited, at best.

Check this: Endophytic Fungi are so crucial
that we have never found a plant in the
wild without endophytic Fungi living in
their cell walls!

ENDOPHYTIC FUNGI
800 cenerA # IMIL speEciES

UP TO

341 SPECIES

INHABITING

A SINGLE PLANT

ENDOPHYTIC FUNGI

We imagine that for most of you, this is
the first time you have heard about these
omnipresent organisms.

Isn’t that wild!

Endophytic Fungi contain 800 genera and at
least one million different species, and research
has found up to 341 species inhabiting

A SINGLE PLANT.

To give you the complete rundown on these
Fungi, we'll now go through each species in this
lesson...

Haha! Did you seriously think we were going to
list one million species or even the 800 genera
of these organisms? There are songs to sing
and mushies to grow!

But as always, let's get a bit nerdy anyways.




IN THIS MODULE, YOU’LL LEARN:

 What Are Endophytes * How They Relate to Plants

« How They Spread

°.
AN OMNIPRESENT
PLANT PARTNER

So, what's this weird Endophyte word all Though normally we don't spend too much
about? Well, as we learned in an earlier lesson, time on old white men with beards in this
endo means within. course, the truth is that without good ol Bary

we wouldn't have as much depth to our

As for ‘phyte’, that relates to plant-like understanding of the Fungal Queendom.

organisms.

_ ENDOPHYTES,

within plants

So, endophytic Fungi are Fungi that live ‘Qu ' /)
within the cell walls of plants. A key \\7‘ w ié//

distinction here that differs from last lesson is S
that these endophytic Fungi live within plants Heinrich Anton
without causing the plant harm. This means \ de Bary

that the relationship is considered symbiotic.

The term Endophyte was first introduced in In addition to discovering endophytic Fungi,

1866 by our good friend Bary. Hell yeah Bary! he was also the first to coin the term symbiosis
during his study of lichen and the first to

Actually, we dont know Bary very well, or as demonstrate sex in Fungi through his 4 part
the history books knew him, Heinrich Anton theatrical solo performance. Okay, that
de Bary. last part is just a figment of our twisted

But this Bary bloke was a German surgeon, imagination.

botanist, microbiologist, and mycologist. Back to the Endophytes!

Sounds kinda like a show-off, no?




A lot of Endophytic Fungi are mitosporic,
also known as Fungi Imperfecti (or the losers
of the queendom).

Unfortunately for these Fungi Imperfecti,
they do not sexually reproduce and some
don't even produce spores! They're really
skilled at self-pleasure though, from what
we've heard..

On the flip side of that coin are Fungi Perfecti,
which do produce sexually, like the phylum
Ascomycota, which also contains species that
act endophytically within the ecosystem.

ENDOPHYTIC FUNGI

| think the truth is that we just don't understand
mitosporic Fungi as much as their meiosporic
counterparts because their sexual & vegetative
stages are largely unknown and unobserved.

This difference begs the question: how did
these two radically different organisms end up
with the same job in an ecosystem?

It makes a lot of sense when you remember
that Fungi and plants have co-evolved
together for billions of years.

In other words, fungal endophytes are
essential to the functioning of plants,
playing a crucial role in the microscopic universe
and hidden workings of plants.

This long evolutionary history also means there
are multiple, independent evolutionary origins
of fungal endophytes.

This plant-endophytic Fungi relationship is
so mutually beneficial that it has evolved
from different origins multiple times in
Earth’s history.

A good analogy here is how the mechanism of
flight evolved independently in almost all animal
kingdoms, from insects to bats and birds, with
each species possessing its own unique flair of
flight yet all with the same end function and
purpose.

Corie Bi#lgood @corie==bee
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GETTING IT IN WITHOUT
GETTING IT ON

If that seemed a bit heady, well sorry because
another dose is coming atcha now!

Get this: Horizontally .
transmitted fungal endophytes

We just learned that endophytic Fungi don't have been found to infect

seem to produce spores. So, how do they end
up within the cell walls of plants then?

“*whispers™* “MAGICCCC" **whispers™*

all plant species sampled
to date. Wrap your head

around that...

\ ALL of the PLANTS!
==

Okay, no, it's not magic. It's actually far less
exciting than a David Blaine special.

There are two ways, really. The first is called The second way is called, take a guess..
VERTICAL TRANSMISSION. HORIZONTAL TRANSMISSION.
Vertically transmitted endophytes seem to Horizontally transmitted endophytes move

never really leave the plant. They're present through the soil and spread from plant to
during the entire lifecycle and colonize all the plant. Though these endophytes come from an
parts of the plant, including the seeds that then outside source, they also can eventually make
become part of the next generation of plants.  their way to the seeds.

In essence, these endophytes clone themselves To put all that mumbo jumbo into one
until they are present within all parts of the sentence, vertical transmission means the

plant, even the seed. Then, when the seed endophyte is passed down from the parent
germinates and grows into a new plant, the plant, while horizontal transmission means
same endophytes are still present in the the endophyte came from an outside source
baby plant! like the soil or a neighboring plant.

T~




There are four different ways Endophytic
Fungi interact with their plant hosts:

o Mutualistic: fungus and plant partners
support each other

9 Antagonistic: fungus either parasitizes
or attacks its plant partner’s cells

4

Saprophytic: you know this! If not, go
back to Module 4 and brush up on it you
silly psilocybel

Neutralistic: an interaction whose
nature is unknown, i.e. we don’t know what
role the fungus plays in the life cycle of
the plant partner

Like we said earlier, there isn't a ton of
research on Endophytic Fungi. But, as more
and more research is published, it's starting
to appear that within the life cycle of the
fungus, its relationship to the plant host
can change.

For example, the fungus can start off as
impartially neutralistic, transition into a
mutualistic relationship as it supports the
plant, and then once the plant becomes old
and ill, transition again into an paraitic role
as it starts attacking the plant, then finish it
all up in a saprophytic role as it feasts on the
plant’s dead corpse.

This relationship is generally beneficial to

the plant, however, as countless studies
demonstrate that plants colonized by
Endophytic Fungi experience faster growth,
healthier lives and are more resilient in

the face of nematodes, Fungi, pathogenic
bacteria, as well as the ever increasing toll
of climate change like increased drought,
heavy rain and soil pH change.

We pay homage to Endophytic Fungi for their
omnipresence, versatility, and their ability to
alchemize the relationships plants have with
our entire ecosystem.

ENDOPHYTIC FUNGI

Endophytic Fungi
under microscope

ENDOPHYTES: EARTH'S
PRIMORDIAL ALCHEMISTS

Fungi are so adept at creating compounds
and alkaloids, some scientists claim Endophytic
Fungi are responsible for almost all of the
secondary metabolite production of plants.

So, it seems natural that we should try to
understand how these endophytic wizard-like
Fungi help support their plant friends.
Remember Ergot? Claviceps purpurea? The
Family of Clavicipitaceae?

Holy shit, this word! Do | really have to say this
thing all the time? From now on you are known
as Clavis!

Okay. So, our endophytic fungal friends Clavis
are pretty well studied for their alchemical
abilities, especially their ability to create
secondary metabolites.

Secondary metabolites, if you didn’t know, are
metabolites produced within a plant that are
not directly involved in the normal growth,
development, or reproduction of the plant.

109



Lately, a lot of research has begun to
suggest that most if not all of these
secondary metabolites are actually the by-
product of Endophytic Fungi.

Endophytic Fungi can have several different
motivations to create these compounds, like:

0 To get absolutely fucked up yewwwwwwl!

9 To fight off other microorganisms
inhabiting the same plant

e To fight off organisms trying to attack the
host plant

O To support the plant host in its resilience
against abiotic (non-living) stressors

ENDOPHYTIC? MORE
LIKE ENDOLITIC

Wait, this isn't just a joke in the script?

To be fair, Endophytic Fungi are probably not
getting fucked up. But nobody knows, so we
might as well use our imagination. They are,
after all, responsible for producing psilocybin,
psilocin, beaosyctin and alcohol.

| \‘1‘{&'!
\\\\\U il

Ergot fungus

(growing on wheat)

ENDOPHYTIC FUNGI

Then consider the fact that LSD (AKA acid)
is derived from Ergot—a fungus that grows
on rye and other grasses like wheat— and
recent studies have found that most, if not all
of the LSA in morning glory is produced by
endophytic Fungi.

Ipomoea purpurea
(Morning Glory)

But don't take it from me. Take it from Dr.
James White, one of the world’s experts in
Endophytic Fungi (whose work most of the
material in this module is sourced), who said
the following:

"With plant alkaloids, | suspect the
endophyte..Most known plant defensive
molecules are not primary gene
products, but are the end products of
complex biosynthetic pathways.”




Perhaps the secondary metabolites
produced in plants actually have a fungal
factory producing them. Many scientists are
starting to argue in support of this theory.

And guess what? We love some of our favorite
plants because of their secondary metabolites,
including compounds like Cannabidiol and

Caffeine.

It's very possible that our favorite substances
have secretly been produced by the hidden

alchemists of the natural world, Endophytic
Fungil

Caffeine

ENDOPHYTIC FUNGI

THIS PLANT(ET) AIN'T BIG
ENOUGH FOR THE
TWO OF US

For endophytes, the host plant is their world
and their home. And much like humans,
endophytes protect and fight for territory
within their domain.

To this end, they use tools very similar to
those used by saprophytic Fungi in their fight
for food:

Biochemical warfare.

Secondary metabolites created by endophytic
Fungi can be used to fight off other Endophytic
Fungi and bacteria living within the host
plant’s cells. Several studies in vitro (AKA on

a petri dish) have found that fungal and
bacterial endophytes grown together both
produce enzymes that show toxicity towards
their endophytic neighbor.

5 .

Suffice to say, it's not all rainbows and
butterflies under the microscopic plant roof.

The most famous endophyte genus belongs to
Penicillium, well known as the first antibiotic
ever discovered and for saving millions of
people’s lives since that discovery in 1928 by
Alexander Flemming.
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But wait, aren't Penicillium molds and aren't
molds saprophytes? Yes! But Fungi are adaptive
as hell and will create their own success.

Think like a fungus for a second. You are
Penicillium, hanging out in a healthy plant.
The plant lets you do your thing. You help it
out. It helps you out.

If your home is in a fruitmaking plant, say a
tomato, and the tomato drops, boom, you have
a head start on all the other saprophytes.
How? Because you're already in the fruit!

And if you've made your way into the seeds
and the fruit gets eaten, you'll be part of the
birth of the next generation.

But now let’s imagine that instead of a healthy
plant bearing fruit, the plant’s immune system
is compromised. Well now you're in danger,
too. So maybe you want to start attacking
your host.

Why?

Because it's not in the endophytes best interest
to try to support an unhealthy, dying host.

Some scientists believe certain endophytes
have such a profound understanding of
their hosts that they might even know how
long the plant will live. They've come to this
conclusion after observing that the longer

ENDOPHYTIC FUNGI

the lifespan of the plant, the more protective
the secondary metabolites the endophyte
seems to make.

Whether short lived or long lived, at some point
the host will die and Endophytic Fungi like
Penicillium, since they are present, active and
ready to eat the recently deceased delicious
plant matter, will have a head start.

Now that's thinking ahead!

In the game of life and death, Fungi seem to
be leagues ahead of any other organism.

When you start thinking like a fungus, it makes
a lot of sense to shift between the different
relationships of neutralistic, mutualistic,
antagonistic and saprotrophic throughout the
life cycle of the plant.

And this adaptiveness seems to be a winning
strategy. Penicillium and other Fungi that
move between endophytic and saprotrophic,
like those of the genus Xylaria, are found in
huge numbers everywhere in the world!

By protecting the plant during its lifecycle and
supplying in-house antibiotics like Penicillium
does for its hosts, Endophytic Fungi help the
planf to grow to maturation. This, in turn,
means more food for fungi like Penicillium,
which transforms into a saprotroph when their
host plant dies, or a longer life for those
endophytes that keep it simple and never change.

q SAPROTROPHIC i
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PX

l@ XYLARIA POLYMORPHA J

GET THE FUNG(I) OFF ME! thatits host isn't consumed by grazers like

horses, cattle or humans!

The most well studied of these microscopic
alchemists are the Endophytic Fungi known
as Clavicepealean, or as we like to call
them, Clavis. Clavis is really really good at
producing alkaloids known as mycotoxins.

“Sleepy” or “drunken grass” is also caused by
a fungus that belongs to the Clavis group via
the production of ergot alkaloids by Epichloé¢
coenophiala. As the name suggests, this

alkaloid turns animals who graze on the
These mycotoxins protect the host plant from  grass into very sleepy animals.
potential invaders like:

© Insects

© Mammals
© Nematodes
© Other Fungil

The most famous mycotoxin may be

the ergot alkaloids found in Claviceps
purpurea, which are toxic to most mammals
and insects. By creating these mycotoxins
while living within the plant, Clavis ensures
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“Sleepy grass” had an impact on the Clavis probably evolved from an
relationship between Native Americans and entomopathogenic ancestor and figured out
Colonizing Europeans since Native Americans  that since their prey mainly eat plants, they
had a more profound understanding of their might as well ambush them from within their

land and knew exactly where the sleepy grass  food. Now that's fung-ing genius!
grew. As a result, they utilized this knowledge

for offensive and defensive purposes. Over time, they likely evolved into plant

symbionts, and as we have seen with ergot or
Legend has it that five railroad workers from  claviceps purpurea, even plant pathogens.
New Mexico were killed by Native Americans
in 1854 after the railroad workers allowed their
horses to graze on "sleepy grass" the night
before an ambush. The next morning, under
attack, the workers jumped on their horses to
escape only to find that their horses were frozen
in place. Without the chance for a getaway,
the workers met a quick demise.

This isn't a new relationship, either. Scientists
recently found grass preserved in Amber
dating back about 100 million years that
was colonized with a fungus very similar to
the Clavis we know today.

Grass preserved in Amber
Of course, the fungus and its host probably Colonized with a fungus + 100mil yrs old
didn't create these alkaloids to help Native
Americans fight the colonizers. Rather, it was

likely to cause grazing animals to think Aside from creating alkaloids to simply prevent
twice before munching on grass with a the endophyte and its host from being eaten,
similar smell or taste as the grass that had  in some cases it appears the endophyte

knocked it out before. Just like most other wild actually receives a reward from its

things, grass and their microscopic endophytic  plant partner. And just like in Mycorrhizal
hitchhikers aren’t too fond of being eaten. connections, the plant sometimes lends its
sugar to the endophyte which can then be

But th t 't just attack . . .
ut these ergot compounds don't just attac used to create more insect-repelling alkaloids.

horses and other mammals. In fact, most
Endophytic Fungi belonging to Clavis
primarily produce compounds to repel insects.

114




6.4 ENDOPHYTIC FUNGI

There are some really hectic calculations in the
scientific literature that assess the cost-benefit
for the plant. But we'll keep it simple here:

Not being eaten = More leaves
More leaves = More photosynthesis
More photosynthesis = More sugar

More sugar = More nutrients

More nutrients = Better health

But better health for the plant isn't just a
result of avoiding being eaten. Like a built-
in vitamin factory, the endophyte can also
sometimes produce compounds that help
improve the vigor of its host.

AN ENDOPHYTIC
SOLUTION TO END OUR
CHEMICAL ROMANCE

By supplying compounds to plants that
increase the growth of their root hairs, Clavis
can increase a plant partner’s resistance
to drought.

For example, tall fescue grass inhabited by

E. coenophiala, an endophyte, has a greater
potential for growth in the presence of low
soil moisture levels, making the grass more
drought resistant than if it was grown without
this endophyte.

In some cases, Clavis can even enhance the
plant’s ability to rid itself of toxic compounds
in its own cells by increasing the sweat rate
through its pores, known as exudation.

Really, all across the board scientists have found
that plants that work with endophytic fungi
show greater resistance to abiotic stressors
like pH, ultraviolet radiation, drought, and
pollution.

In our current food production system, we often
opt for the chemical approach, which we're
learning is causing destruction to our soil and
potentially poisoning our food.

But these hidden endophytic alchemists may
harness the secrets to save the soil and crops
and improve human health.

The more technology evolves, the more
opportunities we'll have to face our problems
with natural solutions. Currently, most pesticides
used across the world are artificial and pollute
our environment. By teaming up with Endophytic
Fungi, we may find solutions to agricultural
issues with much less collateral damage.

Aside from their omnipresence, endophytes
from the genus Penicillium are responsible

for some 280 compounds exhibiting
antimicrobial, anticancer, antiviral,
antioxidant, anti-inflammatory, antiparasitic,
immunosuppressant, antidiabetic, anti-
obesity, antifibrotic, neuroprotective, and
insecticidal effects.

And that's just one genus!
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< Taxus brevifolia N
'}‘ (Pacific yew tree) %\

Axol (paclitaxol), a complex diterpene
alkaloid produced by endophyte Metarhizium
anisopliae in the bark of the Pacific Yew

tree, is one of the most promising natural
anticancer drugs developed to date.

wﬁ{f -l S Y

Nothapodytes foetida

(Small evergreen tree)

Camptothecin, an endophyte in the small
evergreen tree Nothapodytes foetida, is known
to have cytotoxic and antifungal properties.

We could keep throwing out weird names with
wild effects but you probably get the point
we've been making all lesson: Endophytic
Fungi are the hidden alchemists of the
natural world.

ENDOPHYTIC FUNGI

Remember, these concoctions and alkaloids
aren't just good for humans. They're vital in the
support of plants, can act as biocatalysts,
plant growth promoters, phytoremediators
and enzyme producers.

In short, we know that teaming up with
endophytes can give us:

Healthier plants
Larger fruits
Faster growth

Increased resiliency in the face
of pathogens

More nutrients

All this without using pesticides or fertilizers
that kill healthy soil!

What's the one thing preventing us from
exploring the immeasurably vast potential
of Endophytic Fungi?

Funding for research to find and isolate the
most potent endophytic allies, and to develop
products that can get these fungal allies into
farmer’s hands.

The research and development to produce
just one genetically modified (GMOs)
organism is around $138 million USD. And
currently, there are hundreds if not thousands
of these attempts at producing GMO crops
happening around the world.

Imagine what we could achieve if we instead
invested that money into the study of
Endophytic Fungi.
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6.4

So, why aren’t we? For that answer, history
buff Jasper needs to come out for a moment.

One of the contemporary theories on how
human history is shaped is known as the
“trends and forces theory.” In a nutshell,

it argues that ideas that catch on and
influence a large part of the decision
making population are what shape the
trajectory of human history.

Right now, the trend and the force are GMOs.
Billions of dollars are going towards this trend
because it fits within the framework of
capitalism. An organization spends a lot of
money developing a new plant so they can
have a patent and make more money.

Working with systems that already exist in
nature, like endophytes, is a lot harder to patent
and recoup your investment money from.

In other words, we know these natural solutions
exist but our current system isn't built for them;
it's built for creating GMO crops that, for
example, STOP producing seeds so farmers
have to buy the seeds from Monsanto.

But fret not. Knowledge is power!

And with this module, we hopefully shed some
light and cultivated some excitement in you
about these hidden alchemists of the

natural world:

ENDOPHYTIC FUNGI!

Tell your friends, family, hell, anyone with

a listening ear about them! That's how we
shape the future. You never know what
intellectual spore might land in the right ear,
germinate, and grow into the new trend.

Thank you so much for staying with us
through this heady module. It was incredibly
difficult but oh so fun to tell a vibrant,
engaging story on these vital organisms.

ENDOPHYTIC FUNGI

Of course, we've only just scratched the surface.
If you're thirsting for more, take a look at our
resources below for more reading material.

And don't forget to leave any comments and
questions you have in the discussion box.

We'll catch you in the next module, one we're
sure you're really going to like..

The Symbiotic Lives of Lichen!
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