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PREFACE 

MYCOLOGY: The study of fungi (e.g. mushrooms, molds, yeasts, and lichens). 

RADICAL MYCOLOGY: 1) A social philosophy that describes cultural phenomena through a framework 
inspired by the unique qualities of fungal biology and ecology. 2) A mycocentric analysis of ecological relation­

ships. 3) A grassroots movement that produces and distributes accessible mycological and fungal cultivation 
information to enhance the resilience of humans, their societies, and the environments they touch. 

I n 2006 I was living in Olympia, Washington, a mushroom-steeped city in the heart of the Cas­
cadia bioregion. For years I had been cultivating fungi and studying their habits. But it wasn't 
until I became deeply involved in the art and activist movements of Olympia that I found the 

language and skills to further develop ideas I had long held on how to integrate fungi into any social 
movement or way of life. Working with my friend Maya Elson, these initial concepts were further 
elaborated upon until, in 2008, I put them down in a self-published zine, or booklet, entitled Radical 
Mycology. Considering that at the time I only knew one or two friends interested in blending fungi 
with politics and art, I assumed that nobody beyond a few people would be interested in reading 
the text. I couldn't have been more wrong. 

In the years since its initial publication, the Radical Mycology zine has spread around the 
world through a network of countless mycophiles, activists, and DIYers. As the text's proposals 
increased in familiarity, Radical Mycology turned from an idea into a practice and quickly evolved 
in ways that I could have never imagined. Along with other Radical Mycologists, I have organized 
three internationally attended, volunteer-run, and donation-based Radical Mycology Convergen­
ces. These events bring together teachers, activists, and ecologists passionate about sharing their 
knowledge around fungi in an open source and collaborative format. Such an approach is distinct 
from the identification-focused and afternoon-long format of most traditional mycological events. 
In 2014, the Radical Mycology Collective toured North America to share mycological knowledge 
and skills with over 40 artist and activist groups and to demonstrate how mycology can support 
all aspects of life. Along the way, various Radical Mycology groups have started across the United 
States to share their knowledge and passions for fungi with their local community-to spread their 
spores. Throughout this long journey, I have been inspired by and worked with countless artists, 
food justice advocates, permaculturalists, fermenters, homesteaders, independent media makers, 
grassroots bioremediators, herbalists, natural medicine practitioners, musicians, poets, ecologists, 
Earth stewards, and social critics. 

This book is the summation of those innumerable discussions and projects. It is a resource by 
which Radical Mycology as both theory and praxis can be readily placed into the hands of anyone 
working to enhance their home or community. To my surprise, I found during the writing process 
that in order to fully reflect the array of cultural intersections that fungi form, connections needed 
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to be drawn between mycology and a variety of other fields-from ecology, to history, to sociology. 
While some of these intersections are readily apparent, many others take time to see clearly. Uncov­
ering all of them has been a personal odyssey through the cycles of life, with each turn expanding, 
enriching, and testing my worldview in ways I never anticipated. To the best of my ability, I have 
transcribed these insights in hopes that you may experience some of this rich perspective-a wis­
dom that only the fungi can fully teach. 

Radical Mycology begins with an introduction to the state of mycology as a science and the 
importance of increasing mycological awareness in Western cultures. Chapter 1 explores the many 
forms and unique characteristics of fungal biology. With these terms covered, Chapter 2 dives into 
the vast importance of fungal ecology, with an emphasis on their centrality in the maintenance of 
plant and animal health. Chapter 3 then presents an overview of the major influences fungi have 
had in human cultures, a theme that develops throughout the rest of the text. 

Chapter 4 addresses how to identify macro and micro fungi for personal benefit as well as 
to support conservation efforts. Chapter 5 covers the incredible qualities of lichens, as written by 
lichenologist Nastassja Noell. Chapter 6 explains the importance of fungi in foods and drinks as 
well as how to cultivate fermenting fungi. And Chapter 7 presents the medicinal history of fungi 
along with recipes for making potent fungal medicines. 

Chapter 8 covers the intricacies of high-quality, "lab-based" fungal cultivation, with a special 
emphasis on growing fungi with few inputs, low costs, and little difficulty. Chapter 9 takes the skills 
learned in Chapter 8 outside to show how fungi can and should be added to any integrated and 
holistic living system. With these cultivation skills addressed, Chapter 10 provides a thorough ex­
amination of the burgeoning science of mycoremediation, including an explanation of the chemistry 
involved and protocols for common pollution scenarios. 

Chapter 11 interprets fungal intelligence through a socio-political framework by discussing 
how many qualities of fungal biology and ecology can influence the development of intelligent 
and resilient human societies. Chapter 12 concludes the main text with a thorough conspectus on 
the history and social influences of psychoactive fungi. To close, over 100 species profiles and 17 
appendices are included to fill in the last pieces of the mycopuzzle. With such a diverse collection of 
information, this book will enable anyone to easily bring the many gifts of the fungi into their lives. 

How To READ THIS BooK 
The information in Radical Mycology builds sequentially. As such, it is meant to be read from cov­
er to cover. Commonly discussed mushrooms are referred to by their common English name in 
North America. Uncommon mushrooms that are only mentioned occasionally are referred to in 
their Latin binomial. If you are not sure which species is being referred to, check the species listed 
in Appendix G and in the Species Profiles sections to find its binomial. 
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Introduction 

TowARDA 
RADICAL MYCOLOGY 

Humankind has not woven the web of life. We are but one thread within it. Whatever we 
do to the web, we do to ourselves. All things are bound together. All things connect. 

-CHIEF SEATTLE, 1854 

All life is interconnected. This is the primary lesson that fungi teach. Through their mycelial 
networks-those decentralized webs of white tissue often found beneath logs and rocks­
mushrooms and other fungi permeate the world, connecting and turning its innumerable 

cycles to demonstrate that every act carries an immeasurable chain of effects. Possessing traits and 
abilities not found amongst plants, animals, or other microbes, fungi fill unique roles in the stew­
ardship and evolution of Earth. And as builders of the soil web and grand healers of the land and 
sea, they lie at the heart of the world and offer a perspective that cannot be equated. 

Through the mycelial lens, the haste of modern human life slows, exposing Nature's most re­
fined principles, which our ancestors understood so well. When one offers the fungi time for study, 
even their smallest moments expose lessons on how to embody these principles, and thereby find 
new means for respecting and connecting with the natural world. Along with these insights, the 
benefits of integrating fungal cultivation into daily life can enhance the design of one's home and 
town in ways that are more supportive of the culture and environment at large. To those able to see 
them clearly, the fungi offer these and many other vital gifts. 

Working with fungi is not a new chapter in the human story, but an ancient relationship woven 
into our foods, medicines, and customs. They are the world's greatest and oldest teachers, timelessly 
spawning a wisdom that can just as readily uplift habitats as unite a community. Many of their 
solutions are practical; others are philosophical. But considering the youth of mycology, all of their 
offerings present an untold potential for enhancing the health and resilience of any living system. 
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A Neglected Megascience 
Two facts become quickly apparent for anyone studying mycology: 1) fungi are incredibly important 
and fascinating and 2) nobody knows about number 1. For no clear reason, fungi have been largely 
dismissed amongst westerners-a mere oddity to be feared and forgotten. Whereas plant growth 
and the concept of "germs" and bacteria are taught to children at a young age, mycology is essen­
tially absent from grades K-12 and above. Even at the graduate level, when fungi are presented in 
natural science courses it is often with a cursory assessment that emphasizes their misunderstood 
actions as "pathogens:' With minimal representation in the media, this mycological knowledge 
gap tends to remain in place outside of one's schooling, leaving many westerners uninformed and 
unaware1 of the untold potential that mycology offers. Thus, as those in the west never hear, learn, 
think, or talk about fungi, these organisms become increasingly easy to ignore and buried beneath 
layers of maligned mystery. 

In the academic world, this problem is almost worse. Paradoxically, fungi are recognized for 
their ubiquity and importance amongst biologists, and yet mycology has remained a "neglected 
megascience"2 throughout its short, 250-year history. Whereas most university departments are 
under constant threat of budget cuts, the small and scarce mycology departments in western uni­
versities face closure and a subsequent end in the transmission of local mycological knowledge. 
While it is notable that countries such as China, Mexico, and Brazil are contributing a significant 
amount of contemporary research into mycology, the majority of living and dried fungal reference 
collections, monographs, reference books, and key databases are still found among the declining 
mycological institutions of North America and Europe. In effect, the higher levels of mycological 
information remain tenuously locked in expensive textbooks and scattered classrooms, inaccessible 
to the vast majority of the world. 

Where university departments do remain open, traditional whole-organism mycology has 
largely fallen by the wayside in the advent of genetic analysis. As research increasingly focuses 
on deciphering code on a computer, the tangible ecological roles of fungi, along with their field 
identification, loses further visibility amongst academics. Such a trend threatens many other natu­
ralist-dependent subjects, including mammalogy, ornithology, ichthyology, herpetology, entomol­
ogy, bryology, and taxonomy of vascular plants. But though these fields hold many unanswered 
questions, the poverty in mycology relative to its potential importance suggests that it is one of 
the biggest information gaps-if not the biggest-in the natural sciences. So as the field shrinks 
and elder top-level mycologists retire, the future of their knowledge and resources-and western 
mycology as whole-becomes increasingly insecure and at risk of ending before it has truly begun. 

THE SMALLEST SPORE 

Looking at many trends in the sciences, it is clear that the decreased emphasis on whole-organism 
research in mycology and other fields is not simply an effect of advances in technology, but of 
underlying assumptions that permeate the scientific community and western culture in general. 
Compared to the interdisciplinary approach that fueled the research of many of history's great sci­
entists, today the sciences are increasingly fragmented and largely unfamiliar with the finer details 
of each other's work. Many researchers in universities are so specialized within a tiny subset of 
their overarching department that it is difficult for them to be well-versed in the intricacies of other 
research projects in their department, let alone other departments, universities, or the scientific 
community at large. 

This splintering has not been intentional amongst scientists, but has come about as the result of 
the reductionist scientific model, which attempts to understand the world by analyzing its smallest 
parts. Though this model has arguably created an efficient, assembly line style approach to gath­
ering information, it has largely left behind the importance of connecting the dots that each field 
uncovers. In effect, reductionism is a double-edged sword, with greater knowledge accumulating 
on one side and incoherence spreading across the other. 

As this trend proceeds, those uneducated in the sciences are left with few resources to easily 
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validate a given field's latest finding or to determine if it is considerate of the multiple other sci­
ences and natural phenomena it may influence or be influenced by. This double-checking amongst 
citizen scientists is needed, for if a given conclusion is not holistic in its analysis, it may be used 
to justify public and private policies with unforeseen and potentially detrimental effects. And yet, 
such validation efforts are demanding as a thorough investigation of a given subject implies sort­
ing through a large amount of scientific literature written in inaccessible language and contained 
within expensive journals and databases. With little time to interpret and integrate this data-let 
alone develop a rigorous interdisciplinary review-the average person becomes more inclined to 
leave its analysis to the experts. 

Even amongst top-level researchers, problems can be created due to the reductionist meth­
od. The splintering of knowledge often creates nuanced, field-biased perspectives that can lead 
to conflicting interpretations of data sets, common phenomena, or the larger meta-systems that 
govern the details researchers pick apart. Such discrepancies may remain unresolved for years, 
even amongst experts in the same field. This is especially common when new findings contradict 
longstanding models. In many instances, scientists well-versed in an accepted theory will reject a 
radically new paradigm-regardless of its logical or empirical validity-simply because the new 
model goes against what has long been taught. 

In effect, the whole of science moves forward slowly, often at the rate at which one generation 
replaces the last one and updates the textbooks. In the interim, challenging research is unable to 
gain a seat at the theoretical bargaining table, leaving the uninformed non-scientific community 
to model their worldview with potentially outdated paradigms. In the globalized culture afforded 
by the internet, this continuity is further reinforced by the coverage and acceptance that some 
theories obtain, regardless of their lack of rigor or potential long-term impacts on the health of a 
people or the planet. 

WHERE TO LOOK? 

The cultural effects of such a narrow perspective are many. By presenting the world as a collage 
of fragmented subjects, the connections between ideas, humans, and the environment become 
increasingly difficult to perceive. Reductionism creates an unnatural separation effect in the mind 
in which objects and topics that are inextricable from one another in the real world can be intel­
lectually split apart. In the sciences, this enables humans to act as though they are separated from 
Nature by attempting to study it from the outside. For the culture at large, reductionism can justify 
actions that imply human superiority over the rest of the world, an anthropocentrism in which 
exploitation of the environment can be interpreted as a necessary act. 

Over time, the heavy-handed voice of reductionism comes to drown out traditional perspec­
tives, customs, and cultures. While at the same time, the fast tracking of social, environmental, and 
economic models codified by science increases the potential for flawed theories to slip through the 
cracks of intellectual filters. Though some of these new models may come from well-intentioned 
scientists and policy makers, others may be devised by commercial ventures seeking to replace the 
fading customs with an imposed culture based on consumerism and the unsustainable extraction 
of natural resources. Such imposed cultures tend to reinforce the reductionist mindset that enables 
them to flourish, often with an increased dependence on technologies that reduce necessity for 
the direct transmission of knowledge or other real world interactions. In the end, an unnatural 
framework is built into the mind of humanity, one in which the universe can be seen as a machine, 
forests can be replaced with monocultures of chemical-dependent crops, and fungi can be rejected 
for a lack of any apparent value. 

When a culture becomes fragmented, the potential develops for its structure to be reinter­
preted and its pieces repositioned. Such redefining of society occurred when cultural theorists 
and global oligarchs used Herbert Spencer's ( 1820-1903) interpretation of Darwin's evolutionary 
model to describe society as nothing more than a struggle for the "survival of the fittest:' Through 
the reductionist mindset, this interpretation was used to justify the segregation and separation 
of people from each other as well as through imposed degrees of rank. The resulting concept of 
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"social Darwinism" was later used as a scientific justification for class divisions, anthropocentrism, 
hierarchical governmental structures, and the rise of neoliberal free market economics in which 
only the strongest survive. 

Such unnatural human-designed models quickly lose validity through a study of the ecologi­
cal roles of fungi. Just as anarchist philosopher Peter Kropotkin ( 1842-1921) pointed out nearly a 
century ago, the concept that life is a constant fight for the next rung in the evolutionary ladder is 
contradictory to the everyday experience of Nature. Communication and collaboration amongst 
animals, plants, and microbes is vital to the health of each individual as well as to the entire ecosys­
tem on which they all depend. As the natural world's grand connectors, mycelial networks exemplify 
this universal principle of mutual aid. They act as a clear model for connecting communities and 
ideas to help reverse the problems of reductionism. For though reductionism provides valuable and 
unique means for measuring the world, it is, like all belief systems, inherently lined with limitations, 
unexamined assumptions, and design flaws. To complement its benefits, reductionist frameworks 
must be balanced by the insights provided by alternative modes of learning. 

This is no small order. Acceptance of the reductionist model has become so fundamental to 
modernity that its vast influence is largely invisible-a form of conditioning that hides in plain 
sight. Indeed, to even question its infallibility is likely to receive mockery and condemnation from 
people within and outside of the scientific community. But to hold close to reductionism, or any 
belief system, automatically precludes the ability to consider opposing views. And as one becomes 
increasingly affirmed in a singular mode of thinking, they also tend to become decreasingly tol­
erant of alternative perspectives, an inverse relationship that is inherently self-limiting to one's 
intellectual freedom. 

When we confront the foundations of our systems oflearning and challenge the assumptions 
that underlie the design of culture, new opportunities for engagement between people and their 
environment are found waiting. Windows into the world's unlimited potential open, revealing that 
mediation of experience is untenable and the only limiting factor to innovation is creativity. In­
deed, experimentation is always needed to find better alternatives. Without risk-taking, we'll never 
discover what's possible. Just as any historian of science knows, major advances in science are not 
made in small steps, but by leaps and bounds that are largely guided by intuition, chance, and a 
willingness to challenge dogmas. Often, these shifts come about by curious hobbyists. As Aristotle 
once stated, "It is the mark of an educated mind to be able to entertain a thought without accepting 
if' Or, in other words, one should be both skeptical and open-minded, just not so open-minded 
that their brain falls out. 

Just as many of history's greatest civilizations have likely thought of themselves as the pinnacle 
of existence only to later collapse, 3 so too must the superiority of reductionism as an epistemological 
model be amended, lest it topple under the weight of its own assumptions. Ultimately, there are 
many facets of the universe that humans cannot measure, have no conception of, and will never 
understand, a fact that questions the very notion that one can truly come to know anything. The 
willingness to be humble in the face of such mystery is perhaps the greatest challenge in the sci­
entific community, where many suffer under what cosmologist Hermann Bondi referred to as the 
"lure of completeness": a craving for certainty that leads to irrational and blind dogmatism.4 Such 
shortcomings must be overcome by all who wish to develop new cultural paradigms that recognize, 
honor, and integrate the patterns and principles of Nature-laws of the universe that fungi express 
completely. This is not always an easy process but, as when overcoming any challenge, often results 
in many unforeseen and far-reaching positive effects. 

Mycology for the New Millennium 
In the field of mycology, this open-mindedness is crucial. As one of the youngest natural sciences, 
discoveries are constantly being made about fungi that dispute long-held beliefs. As this science 
continues to develop over the coming decades, mycologists entering the field must recognize that 
this limited understanding of fungi provides anyone with some degree of training the unique op­
portunity to significantly add to this growing knowledge base. Unlike most sciences, mycology is 
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one of the few fields that the citizen scientist can actively contribute to. 
Over the last 50 years, the major interface between academic mycology and the general public 

in North America has been through the devout efforts of amateur (from the Latin amare, "to love") 
mycological societies. During that time, these stewards of knowledge have significantly helped 
maintain public interest in mycology amongst westerners, while also spawning generations of com­
mitted field mycologists. Today, mycological societies are making concerted efforts to document 
the ecology and distribution of macro fungi (mushrooms), a valuable form of citizen science that 
almost anyone can support. But as these efforts heavily rely on the support of mycology depart­
ments in universities and botanical gardens, mycological societies also face a degree of insecurity 
due to the tenuous state of their supporting institutions. And with few resources for learning about 
fungi beyond mushroom identification readily available, many become disheartened to discover 
that, apart from the information provided by these societies, there is no easy means for becoming 
a mycologist-there is no royal road to mycology. 

It is for this reason that the Radical Mycology project developed a decade ago: to create a 
people's mycological movement that is not only versed in the cultivation of fungi and the applica­
tions of mycology, but also in how to actively and significantly contribute to the advancement of 
the science as a whole. Whereas humans have been cultivating plants and tending animals for at 
least 10-12,000 years, mushroom cultivation only began around 2,000 years ago in China. Refined, 
lab-based practices developed less than 100 years ago, and some of the advances in kitchen-based 
cultivation described in Radical Mycology are less than a decade old. Further, these developments 
in home mycology have made the science more accessible and less dependent on expensive and 
centralized technology than ever before. 

With such an exponential growth in our ability to work with fungi, it is impossible to imagine 
where this field is heading. To keep such potential inaccessible-or worse yet, to limit the variety 
of perspectives with which to view fungi-is an imposed cultural limit that stifles the health of 
current and future generations. Just as when electricity was first discovered and no models existed 
to explain its novel phenomena, so too will the mycologists of today be central in the creation of 
unprecedented paradigms for not only understanding fungi, but also the individuals, ecosystems, 
and life cycles that fungi sustain. 

Along with various practical skills, the Radical Mycology perspective presents means to thor­
oughly integrate the habits of fungi into one's way of being. Fungi challenge us to look beneath the 
surface, live on the edge, explore the unknown, adapt, respect imperfections and differences, and 
to always look for another way forward. Through the mycelial lens, one can regain the ability to see 
the world as a whole derived from various influences and perspectives-different branches in the 
network assessing hidden bonds. As one learns to see innumerable connections in the world, the 
tools for addressing complex challenges can no longer be placed in isolation, just as perspectives 
of seemingly opposing forces can be found to complement one another, especially when both seek 
remedy in the world. 

Radical Mycology is thus a mycocentric approach to building the three major pillars of social 
change: education and awareness building around important issues; resisting, slowing, and stopping 
ineffective or disastrous social systems; and designing functional and appropriate alternative sys­
tems that increase quality oflife. Through enacting these facets, Radical Mycologists stand as a voice 
for the Earth and for the fungi. Such acts help reduce the disempowering guilt that can come from 
participating in western culture's luxuries. Instead, Radical Mycologists spread the mycopsychology 
ofliving devoted to and bonded with Nature in a way that is affirming, intelligently self-guided, and 
resilient against unforeseen and inevitable change. This must be an intentional act, however. For 
though the fungi can show us how to grow, they cannot change the false paradigms that have steered 
humanity off course. Only humans can make those changes, and often only with significant effort. 

Radical Mycology is therefore a solutions-based approach to tackling these challenges through 
a framework that is ethical, pragmatic, technical, cultural, and philosophical. By creating greater 
access to mycology and, to various degrees, the other sciences that mycology intersects, this text is 
intended to support individuals, families, communities, and social movements that actively seek 
a higher quality of life through prefigurative politics. To advance any social movement, an under-

PREF/GURATIVE POLmcs: Modes of 
organization and social rela­
tionships that strive to reflect 
the future society being sought 
by the group. 
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standing of the various sciences that influence daily activities must be understood. As one of the 
most overlooked tools in the change-maker hardware store, mycology stands as one of the last 
uniting factors in the design of better living and social systems-a spore whose time has come. 

RADICAL MYCOLOGISTS WITHOUT BORDERS 

Though the information in this book can be applied in a variety of ways, one of the most historically 
inaccessible skills presented is the means to cultivate fungi year-round on nearly any urban or agri­
cultural waste. Fungal cultivation leads to improved management of finite resources, the production 
of whole foods and high quality natural medicines, greater support for local food movements and 
economies, job training and employment opportunities for low-income youth and urban residents, 
means to transform vacant tracts into productive spaces, and the ability to reduce the effects of 
pollution in contaminated sites. Cultivation also reinvigorates the historical connections to food 
that humans once commonly shared through foraging and tending crops. In effect, local mushroom 
cultivation systems reduce dependence on imports and the normally high cost of mushrooms, while 
also producing wealth, diversity, means for exchange, and the preservation of memory. 

When Radical Mycologists work together to form groups, they can share these skills with 
various facets of their community and enhance the overall resilience of the local culture. Mycology 
is a uniting science, one that I am constantly surprised to find draws people from all backgrounds 
together. By working with strangers, neighbors, friends, and symbiotic organizations, Radical My­
cologists can use their knowledge to not only increase food or reduce pollution, but they can build 
new intersections in their community-new mycelial webs-that string together once-distanced 
people across a town, bioregion, or planet. 

Through these connections, greater efforts can build within the community to appropriately 
apply mycology in efforts of mitigating pollution in the environment to regenerate damaged habitats 
in both rural and urban environments-burgeoning applications of fungal cultivation that need 
to be refined by grassroots organizations. Such projects, along with educational workshops and 
forays, enable Radical Mycology groups to raise awareness around the importance of fungi as well 
as to place that knowledge in a context that is relatable, tangible, and overall effective in creating 
positive change. 

To spread these benefits most effectively, Radical Mycologists must determine where their 
skills are most needed. This requires the ability to first identify the challenges that face present and 
future generations and to address them in a manner that is critical and honest as well as constructive 
and inspiring. Once a problem has been articulated and its terms defined, resources and skills can 
be drawn together to create viable alternatives and solutions. Undoubtedly mistakes will be made 
along the way, but by trying new models and learning-by-doing, one may discover solutions hiding 
where they were least expected. 

Radical Mycologists of today stand on the shoulders of innumerable mycological giants, graced 
with the inheritance of knowledge gathered over the last few centuries and the duty to protect, 
honor, and build upon this fragile science. Fungi act as central agents in all cycles of life, and it is 
time that they begin to form a central role in all aspects of human life. As this knowledge and need 
ripples out, I envision teams of Radical Mycologists Without Borders travelling the globe, sharing 
their skills and discovering new means of working with fungi. Where one Radical Mycologist trains 
ten, those ten can train a hundred, and from them, a thousand-so it is that the mycelium spreads. 

Thus, from this humble position on the edge of the unknown, let us now dive into the world 
of fungi to find that it is not a complex puzzle that can or will ever be entirely solved, but rather a 
place of rich complexity waiting to be experienced, explored, and embraced. 

XX RADICAL MYCOLOGY 



Part I 

EXPRESSION 





Chapter One 

CHAOSFUNGORUM 

If you would understand anything, observe its beginning and its development. -ARISTOTLE 

Eternity is in love with the productions of time. - WILLIAM BLAKE 

0 ur exploration of the fungi begins with an appreciation of their incredible diversity. Of 
the 15 million species estimated to live on Earth, as many as 6 million may be a fungus. 1 

Of these, only 75,000-or around 1.5% of all fungi-have been classified to date.2 Few of 
these have been studied beyond their basic form and function, and less than 100 species have been 
significantly integrated into human activities. Only about two dozen are commonly cultivated and 
just seven mushroom species are grown on a mass scale, a small reflection of our limited under­
standing of their ways and offerings. 

Fungi pervade and influence all life on Earth. Responsible for over 90% of all decomposition, 
they are critical in the redistribution of nutrients throughout the world. As builders of soil webs, 
fungi design whole ecosystems and guide the composition of a land's inhabitants. Some 2 billion 
years ago, fungi were the first major organisms to flourish on land. It was they who carved the way 
for all the plants, animals, and epochs of evolution that followed. Unseen and silent, these ever-pres­
ent stewards of the wild relentlessly work to heal, support, and evolve all life on Earth. From them 
we have come and to them we owe the world. 

With such an important history, it is difficult to understand why fungi are so commonly dis­
regarded. Undoubtedly this is due in part to their secretive and complicated lifestyles. Many fungi 
defy the most advanced means of measuring and describing the world. They are hidden soil dwellers 
that cannot be studied in labs-underground cultures that resist control. Even the macro fungi are 
filled with habits and abilities that humans cannot explain. The most basic acts in the secret life of 
fungi are complete mysteries to those that try to unravel them, only to find that many will likely 
never be fully understood. 

Naming Fungi 
To come to know the fungi-or, at least, what they allow us to know of them-one must first learn 
to see and describe their many forms. Preconceived notions should be set aside in this process, at 
least at first. For though the fungi seem simple from a distance, examining their finer details quickly 
exposes vast and subtle complexities that can be readily overlooked in haste. The fungi offer many 
lessons into the ways of Nature. But in order to see the fungi for all that they contain, one must 
witness them as a child does: whole and unbound. 

One of the first people to thoroughly describe and classify mushrooms was Carl Linnaeus 
( 1707-1778 ), the founder of the current taxonomic naming system used to classify living objects. 
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A major branch on the web of 
life, the Mycetae hosts seven 
recognized phyla. The Basid­
iomycota include many we/1-
known mushrooms that are 
distributed between various 
orders. The top level of this 
chart depicts the most current 
phylogeny of these orders. 

For Linnaeus, the habits of fungi were so similar to that of animals that he considered them a 
small "animalcule" similar to worms, but in its own genus: the Chaos fungorum. Several decades 
after Linnaeus' foundations were laid in the West, Elias Fries (1794-1878) further differentiated 
the fungi by adding over 100 genera to the group, marking him as one of the major founders of 
modern mycological taxonomy. 

For these men, the emphasis was on naming and sorting species. It wasn't until decades later 
that the life cycles and ecological roles of fungi began to gain significant attention. Even as late as the 
second half of the 20'h century, biologists saw fungi as simple plants that did not photosynthesize. 
Thankfully, this error was finally corrected in 1959 when American ecologist Robert Whittaker 
recognized the unique traits of the funga as distinct from flora and fauna, and elevated the group 
to its own unique category: the Myceteae or Queendom Fungi. 

Today, organisms are placed into the Myceteae if they retain several specific characteristics, as 
detailed in The Fungal Features and Forms. However, once they are classified as fungi, the challenge 
for mycologists is to then properly position and name an organism in relation to the others in the 
Queendom.3 

Like a game of numbers, the perceived accuracy of a taxonomic relationship is only discernable 
by its comparison to other groups. Similarly, the more specimens one has to compare, the more 
complicated the relationships between those organisms-as well as their interpretations-can be­
come. As more species are differentiated they can be placed together into more intelligible, namable 
groups. And these groups can then be placed together under larger meta-groups. And so on. 
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This basic classification process has not changed much since its development by Linnaeus in 
the 1700s, though new tools, such as DNA analysis, have been created to hasten the process. As in 
Linnaeus' time, taxonomic naming is largely based on Latin as it is a dead language and thus un­
likely to change in coming centuries. Today, taxonomists classify organisms within the eight in­
creasingly specific categories of Domain, Kingdom, Phylum, Class, Order, Family, Genus, and 
Species. 

.DOMAIN 

KINGDOM 

PHYLLA 

CLASS 

ORDER 

FAMILY 

GENUS 

SPECIES 

GARDEN GIANT 

Mycetae 

Basidiomycota 

Agaricomycetes 

Agaricales 

Strophariaceae 

Stropharia 

rugosoannulata 

'fURKEYTAIL 

Eukaryota 

Mycetae 

Basidiomycota 

Agaricomycetes 

Polyporales 

Polyporaceae 

Trametes 

versicolor 

CANDLE SNUFF KOJI GARDEN GlOMUS 

Eukaryota Eukaryota Eukaryota 

Mycetae Mycetae Mycetae 

Ascomycota Ascomycota Glomeromycota 

Sordiariomycetes Eurotiomycetes Glomeromycetes 

Xylariales Eurotiales Glomerales 

Xylariaceae Trichocomaceae Glomeraceae 

Xylaria Aspergillus Glomus 

hypoxylon oryzae intraradices 

Along with helping track the known species on Earth, taxonomies can also be used to approx­
imate the evolutionary history of a species. Each of the eight divisions in a taxonomic classification 
reflects a major evolutionary change, or "speciation event;' that led to a novel lineage of organisms. 
When these histories and relationships are mapped into a cohesive whole, they form a branching 
network known as the Tree of Life or, as discussed in Chapter 3, what may be more accurately 
termed the Mycelium of Life (MOL). Therefore, the name of a fungus can be used to guess the histo­
ry of its ancestors and the knowledge it has inherited along the way, much like a humans family tree. 

The combination of an organism's Genus and Species title forms its universally accepted "Latin 
name:' This binomial is used to denote a given species, defined as a group ofliving organisms that 
share similar physical features and are capable of interbreeding. It is recommended up front to get 
comfortable with using Latin names to describe fungi as, unlike a fungus' common name that can 
differ between languages and regions of the world, the current Latin name of a species does not 
change as one travels. Also, many species do not have common names, leaving the Latin name as 
the only option. As with getting to know any new friend, remembering the names and relationships 
of fungi can take some time. Even pronouncing their names can be a bit of a tongue twister at first. 
But don't worry, no one even truly knows how the Romans pronounced Latin. Plus, the fungus 
probably doesn't care: it didn't even choose its name to begin with. 

Despite the commonality of the Linnaean system, it is not without flaws. For example, it cannot 
fully account for the subtle differences between fungal species. Many fungi exhibit a wide variety of 
forms and colorations in some features, making it difficult to delineate where to draw a line between 
one species and the next. For some mushroom species, this line is so blurry that closely related spe­
cies are simply lumped together under the blanket terms of"complex" or "group" until they can be 
sorted out. Many fungi completely defy the concept of a species, making their classification under 
the Linnaean system difficult, if not impossible.4 As fungal taxonomist R. W G. Dennis once said, 
"[Taxonomy is] the art of classifying organisms: not a science but an art, for its triumphs result not 
from experiment but from disciplined imagination guided by intuition:'s 

Further, fungal taxonomy is currently in a major state of revision as recent research into fungal 
genetics is presenting major contradictions to presumed fungal lineages. Species long considered 
closely related due to their similar morphologies are now said to be distant relatives. The result is not 
only significant confusion amongst professional and amateur mycologists, but also heated debates 
amongst the many devout mycophiles invested in the revision process. 

A good trick to remembering 
the order of these ranks is 
with the pneumonic "Don't 
Keep Pushing Cream On Fungi 
Growing Spores: 

Example taxonomies of sever-
al common fungi. Differences 
between taxonomic ranks re-
fleet a speciation event. 
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Problems such as these have led ecologists in recent decades to suggest that the current so­
phistication of biology requires the replacement of a lineage-based naming system with one that 
describes the current relationships that a given species holds within its environment.6 Such a sys­
tem would acknowledge lichens, which are currently not even on the MOL due to lichens being a 
symbiosis and not a singular organism. Such a system would also help any mycologist understand 
the intimate connections that a fungus forms in its environment simply through the name one uses 
to identify it. To reclaim the language used to describe Nature is, in many ways, a chance to speak 
the language of connectivity that fungi express. 
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The Fungal Phyla 
The first words one must learn in the language of mycology are the names of the fungal phyla 
and the descriptors of their unique qualities. Queendom Fungi is divided into seven phyla: the 
Chytridiomycota, Blastocladiomycota, Neocallimastigomycota, Microsporidia, Glomeromycota, 
Ascomycota, and Basidiomycota. The first five of these groups contain single-celled and/ or cryptic, 
soil-dwelling species that are not easy to observe or identify without the aid of a microscope. The 
latter two also contain micro fungi, such as molds and yeasts, but are unique in their ability to form 
mushrooms. These two groups are also placed in the subkingdom Dikarya as they host species that 
contain two distinct types of nuceli for a significant portion of their life cycle. 

Due to a recent revision of the entire Queendom, the traditional phylum of the Zygomycota 
is no longer recognized.7 As such, the various subphyla that it once contained are placed together 
under the "container" of the term Zygomycota. Hopefully, these groups will be given a proper 
position in coming years. Many older textbooks place fungi without a sexual stage (sometimes 
poorly referred to as Fungi Imperfecti) into the phylum Deuteromycetes, a grouping that is no longer 
recognized. Several genera of "basal" fungi are not currently placed in any larger grouping. These 
include Basidiobolus, Caulochytrium, Olpidium, and Rozella. 

Species across phyla may reproduce sexually (i.e. by sharing and recombining genetic infor­
mation with genetically compatible "mates"), and/or parasexually (i.e. by fusing nuclei that later go 
through de-diploidization), and/or asexually (meaning the DNA of their offspring is identical to 
that of the parent fungus-the fungus essentially buds off a piece of itself that can easily travel and 
start regrowing elsewhere). The example life cycles presented below for each phyla are considered 
typical, however many variations exist within each group. 

CHYTRIDOMYCOTA (706 SPECIES IN 105 GENERA) 

NEOCALLIMASTIGOMYCOTA (20 SPECIES IN 6 GENERA) 

BLASTOCLADIOMYCOTA (179 SPECIES IN 14 GENERA) 

CH YT RIDS 

These three closely related phyla share many similarities. They are single-celled and most have a 
unique tail, or flagella, which enables them to move through their aquatic environments. Chytrids 
are about the same size and shape of sperm, though their tail is about half as long as those of these 
animal gametes. The oldest Chytrid fossils date from the Devonian period (ca. 400 million years 
ago) and share similarities to species in the modern genus Allomyces. 

Chytrids are primarily decomposers of tiny pieces of organic debris, such as pollen or insect 
chitin. Some also parasitize plants or bacteria. Species in various genera, such as the Neocallimastix, 
Piromyces, Orpinomyces, Anaeromyces, Caecomyces, and Cyllamyces, are found in the guts of large 
animals where they help the animal digest its food. The lifecycle of most Chytrids are not well 
understood and can differ widely between species. 

MICROSPORIDIA (CA. 1,300 SPECIES IN 170 GENERA) 

These single-celled fungi were long thought to be a type of protozoa until it was recently deter­
mined that they are actually simple fungi that lack mitochondria. Most Microsporidia are obligate 
parasites of insects, crustaceans, fish, humans, and other animals. Some can even be hyperparasites 
that parasitize the parasites of other animals. For example, Microsporidia in the genus Nosema can 
infect flatworms that, in turn, infect mollusks. 

The spore of Fibrillanosema, 
a species in the Microsporidia. 
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ZYGOMYCOTA 

A mixed bag of cosmopolitan micro fungi, the Zygomycota is no longer recognized as a true fun­
gal phylum. As such, the following four subphyla of the old Zygomycota are all incertae sedis ("of 
uncertain position") in the Queendom: 

MUCOROMYCOTINA (325 species in 61 genera) 
KICKXELLOMYCOTINA (94 species in 22 genera) 
ZOOPAGOMYCOTINA (212 species in 20 genera) 
ENTOMOPHTHOROMYCOTINA (ca. 250 species) 

GLOMEROMYCOTA (169 MORPHOSPECIES IN 10 GENERA) 

ARBUSCULAR MYCORRHIZAL FUNGI, AMF, OR AM 

The Glomeromycota are among the most ancient terrestrial fungi, with their oldest fossils dat­
ing to over 450 million years ago. They are globally distributed, soil-dwelling, mycelium-forming, 
non-mushroom-forming species of Arctic, temperate, and tropical regions. With few defining fea­
tures, these fungi are often only identified to genus using their spore development strategy and spore 
wall structure. Unlike most other fungi, spores of the Glomeromycota are often large enough to see 
with the naked eye, though microscopes are needed for accurate identification. These spores may 
be formed singularly, in clusters, or aggregated in structures known as sporocarps; all are produced 
asexually. Depending on the age, health, and climate of their habitat, these spores may be produced 
in low or abundant numbers. Woodlands can host 1-5 spores per gram of soil and agricultural sites 
may have 9-89 spores per gram of soil. Sand dunes may only host four spores per cubic centimeter. 8 

Some of the best-studied genera are Gigaspora, Acculospora, Sclerocystis, and Glomus. Glomus is the 
largest genus, hosting more than 70 morphospecies. 

All species in the Glomeromycota form a symbiotic relationship with plant roots. Their my­
celium wraps around and penetrates root tips to form structures known as arbuscules inside of the 
root's cells. Using these arbuscules as an interface, nutrients are exchanged between both species. 
The fungus provides the plant with water and nutrients that it draws in through its mycelial net­
work and, in exchange, the plant provides the fungus with photosynthesized sugars in the form of 
glucose and fructose. This relationship, known as a mycorrhizal symbiosis, is mutually beneficial 
to both partners, with the glomeromycotan fungi being completely dependent on the plant for its 
survival. This relationship is formed with approximately 85-90% of all plant species and has vast 
ecological significance. 

A Typical Life Cycle of Glomeromycotan Fungi 
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1. Spores germinate near a plant root and enter the root in response to root exudates. 
2. Hyphae grow through the root's cell layers, with the proliferation of intercellular 

hyphae being controlled by the plant. 9 The hyphae form structures in the root cortex 
known as appressoria, which are able to penetrate the root cells' protective wall. 

3. The plant cell wall then invaginates and grows around the branching hypha, which 
is now referred to as an arbuscule. The fungus does not penetrate the plasma mem­
brane of the root's cell but the root cells are significantly modified to accommodate 
the arbuscule. A fluid medium is created between the two organisms and through 
it nutrients are exchanged. Arbuscules take 2-3 days to form and last for around 
4-15 days, after which time they break down and the plant cell returns to normal. 
Adequate explanations for the short lifespan of arbuscules have not been offered. 10 

The arbuscule was long thought to be the sole site of nutrient exchange, however 
it is also possible that intercellular hyphae and/or coils could also absorb nutrients 
from the plant. 

4. Many AM fungi (except those in the family Gigasporaceae) also produce spherical 
or oval-shaped vesicles between or within the root's outer cells. These are thought 
to serve as a form of lipid (fat) storage and are formed when a hyphal tip swells to 



over 100 µm in diameter. 
5. The total mycorrhizal structure now formed is comprised of three main parts: the 

root, the fungal structures between and within cells, and the mycelium that extends 
into the soil as it surveys, connects, and learns about its environment. 11 

A unique and important product of glomeromycotan fungi is glomalin, a sticky protein exuded 
on the surface of their mycelium. As these fungi move through the soil, this protein "gloms" soil 
particles together. And as these clusters build in number, porosity and structure are created in the 
soil matrix. Glomalin thereby makes the soil fluffy yet stable, a quality that enables water and oxygen 
to easily penetrate the soil and allows beneficial oxygen breathing microbes to survive at greater 
depths. At the same time, the binding action of glomalin, hyphae, and plant roots reduces erosion 
and topsoil loss. Glomalin is directly responsible for turning dirt into soil, creating the "tilth" in soils 
that enables roots, microbes, and worms to move and thrive, and ultimately increasing diversity, 
redundancy, and resilience in the soil matrix. Only the Glomeromycota produce glomalin, placing 
them as central designers in the creation of subterranean and aboveground ecologies. 

Since its discovery in 1996 by Sarah Wright, the chemical structure of glomalin has remained 
poorly understood. It is a nitrogen-linked glycoprotein composed of 3-5% nitrogen, 36-59% car­
bon, 4-6% hydrogen, 33-49% oxygen, 0.03-0.1 % phosphorus, and 0.8-8.8% iron. The iron compo­
nent may be responsible for the reddish color of glomalin extracts as well as its strong antimicrobial 
properties, thermal stability, and soil stabilization traits. It is hydrophobic, insoluble, and, being 
very resistant to decomposition, can persist in the soil for at least 10-50 years. 

Combined with the antiquity of the Glomeromycota, these properties suggest glomalin may 
be more abundant than humic acids in many soils and may even contain one-third of all seques­
tered carbon in the habitats where Glomeromycota are present. 12 With such important influences 
on the soil environment, whole plant communities, and the animal diversity of an ecosystem, the 
Glomeromycota may be the most ecologically significant of all fungal phyla. 

ASCOMYCOTA (64,163 SPECIES IN 6,355 GENERA) 

AscoMYCETES, Ascos 

Hosting approximately 75% of the described fungal species, the Ascomycota is the largest phylum 
in the Queendom. Almost all of the fungi that form a lichen, endophytic symbiosis, or ericoid 
mycorrhiza (relationships detailed in coming chapters) are Ascomycetes, as are those applied in 

Yeasts tend to reproduce in 
part by budding. 

the production of beer, bread, many industrial enzymes, and a number of culturally important fer- A Trichoderma conidiophore. 

mented foods. Many form mycorrhizal relationships with plants, while a small number are notable 
pathogens (e.g. Dutch elm disease, chestnut blight, ergot, ringworm, and powdery mildews). Some 
of the best-studied genera in this phylum are non-mushroom-forming. These include Penicillium, 
Trichoderma, Aspergillus, Saccharomycetes, and Candida. The yeast Saccharomycetes cerevisiae was 
the first eukaryote to have its entire genome sequenced (it has 12,067,266 base pairs, 16 chromo­
somes, and 6,275 genes). 13 The mycelium-forming species Neurospora crassa has been heavily stud­
ied as a model organism for genetic recombination research. Mushroom-forming genera include 
Morchella, Aleuria, Peziza, and Xylaria. Terfezia and Tuber host many of the prized edible truffles. 

A small percentage of Ascomycetes are yeasts; the rest form mycelium. Many Ascomycete 
molds only reproduce asexually. The mycelial networks of these fungi develop from a single, ge­
netically complete spore and within hours or days begin producing discrete, single-celled clones 
(spores) that are durable enough to travel and establish elsewhere. These conidia, or conidiospores, 
form on a structure known as a conidiophores. Both features vary widely in size and shape but are 
generally unique enough per genera or species to be used for identification. 

The sexually reproducing Ascomycetes-all in the order Pezizales-constitute 90% of the phy- A Penicillium conidiophore. 

lum. Whether mycorrhizal, parasitic, or saprotrophic, a typical life cycle for these fungi is as follows: 
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RADICAL MYCOLOGY 

The 
Ascomycete 

Life Cycle 

1. A haploid spore lands in a suitable environment and germinates, sending out a 
thread of tissue, known as a hypha (pl. hyphae), that is one cell thick. As the hypha 
grows, it braches, forming a network of primary mycelium that is monokaryotic (i.e. 
it contains one type of nucleus). 

2. Two genetically compatible mycelial networks, each produced by a different spore, 
encounter each other and become "partners:' Mated, the two travel together, co­
habitating alongside each other, but do not fuse together. 

3. Once the partnered network becomes large enough, the two mycelia weave togeth­
er, forming a fruit body. 

4. Once the fruit body is mature, the two mycelia begin spore production. One of the 
partners forms a single-celled sexual structure known as the "female" ascogonium, 
while the other forms a "male" antheridium. 

5. The ascogonium sends out a trichogyne peg, or "fertilization tube;' to bridge the 
two cells together, enabling the antheridium to pass nuclei into the ascogonium. 

6. The ascogonium folds over, forming a crozier hook in which the two types of nuclei 
fuse and divide through the processes of meiosis and mitosis, resulting in several 
distinct, offspring nuclei. 

7. The ascogonium morphs into an ascus (pl. acsi) filled with mature ascospores. Typi­
cally, each ascus contains eight spores, though some species produce thousands per 
ascus. Between asci are sterile hyphal tips known as paraphyses. This layer of fertile 
tissue where spores develop and disperse is known as the hymenium. 

8. Pressure builds in the asci until they ultimately explode, launching their spores 
into the world. This often looks like ping pong balls being shot out of the top of a 
condom. 

9. Many of these fungi also have an alternate, asexual component to their life cycle. 
These fungi can thus replicate their already existing and successful genetics via 
self-cloning, mate and produce novel offspring sexually, or perform both processes, 
depending on the species and environmental conditions. 



The hymenium of Ascomycete mushrooms is typically found in one of the following structures: 

• APOTHECIUM: Fleshy, stalkless, cup- or saucer-shaped fruit bodies comprised of 
three parts: the hymenium (on an upper concave surface), the hypothecium, and 
the excipulum. A Morel mushroom is essentially a mass of multiple apothecia fused 
together atop a stalk, while the apothecia of the lichen Letharia columbiana form 
as small clusters. 

• PERITHECIUM: Flask-shaped structures that look like an almost-dosed apothecium. 
Spores are released through a small opening known as an ostiole. Perithecia are found 
in many genera, including Xylaria, Nectria, as well as in many lichen species. 
CLEISTOTHECIUM: Globose, closed fruit bodies with no special opening to the 
outside. The ascomatal wall is called the peridium and its asci are often scattered, 
globular, and tend to liquify in age. Cleistothecia are found mostly in fungi that do 
not rely on the wind for spore dispersal, such as the trufiles in the genus Tuber. 
GYMNOTHECIUM: These structures are similar to cleistothecium but have a more 
loosely woven peridium. 

BASIDIOMYCOTA (31,515 SPECIES IN 1,589 GENERA) 

BASIDIOMYCETES, BASIDIOS 

With their ability to produce complex fruit bodies, the Basidiomycota and Ascomyota are consid­
ered the most highly evolved fungi. Basidios include the majority of edible, medicinal, cultivated, 
wild harvested, and remediative mushrooms. Some are yeasts, a few form lichen associations, some 
are pathogenic to humans, and a good number form rust and smut blights on plants (relationships 
detailed in Chapter 2). The following is a typical life cycle of a mushroom-forming Basidiomycete: 

1. A haploid spore lands in a suitable habitat, germinates, and forms monokaryotic 
primary mycelium. 

2. The mycelium branches out in three dimensions, gathering nutrients and water, 
while also seeking a compatible mycelial network produced by another spore. As 
primary mycelium, the fungus can grow and survive on its own for a long time; it 
just won't be able to produce mushrooms without a "mate:' 

3. Two compatible mycelial networks encounter each other and fuse together in a 
process known as anastomosis. 

4. Now fused, the two primary mycelia swap their intercellular fluids and nuceli, 
forming a network of secondary mycelium that is dikaryotic (i.e. containing two sets 
of nuclei). This dikaryotic state is unique to fungi. 

5. The mycelium extends at the tip of each hypha. As new segments are added to the 
tip, clamp connections form between segments to help coordinate the replication 
of nuclei. At room temperature, most Basidiomycetes form a clamp connection 
every 60 minutes. Simultaneous nuclear division occurs about every 2-3 minutes. 

6. The dikaryotic mycelium continues to grow until it runs out of food or space or if 
other environmental signals trigger the formation of a mushroom (e.g. a change in 
temperature or humidity). 

7. Some of the mycelium aggregates into a hyphal knot that quickly develops into a 
primordium. 

8. Primordia mature into fully formed mushrooms. 
9. Across the mushroom's hymenium, hyphal tips develop into dub-shaped structures 

known as basidium (pl. basidia), from which the phylum gets its name. The hyme­
nium typically forms on the surface of gills, teeth, or on the inside of small tubes. 

10. Inside the basidia, the two nuclei of the dikaryotic mycelium fuse together for the 
first time and quickly undergo meiosis and mitosis, producing several new nuclei. 

11. On top of the basidium small peg-like appendages called sterigmata develop. Basid­
iospores form on the sterigmata and take up the nuclei in the basidia. Typically there 
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are four basidiospores produced per basidium, but variations exist. For example, 
Agaricus bisporus has two spores per basidium and Phallus impudicus produces 
nine each. 

12. As a spore matures, mannitol and other sugars are released from the spore's bottom 
and side. These sugar spots attract moisture in the air, producing two water droplets 
on the spore. Once large enough, these drops touch and rapidly move up the spore, 
shifting the spore's center of gravity and launching it off the sterigmata with incredible 
force. In one-millionth of a second the spore is ejected with a velocity of one meter 
per second, comparable to a human moving at 500 times the speed of sound.14 This 
spore dispersal strategy is known as ballistospory and it is unique to the Basidiomy­
cota. Ballistospory's requirement for moisture may explain why mushroom flesh is 
notably cool: lower temperatures can help increase condensation on the spores. 15 

13. Due to the tiny mass of the spore and the surface drag that results from its move­
ment through the air, the spore ceases to move after just a few milliseconds and 
goes into a free fall. With incredible precision, the size, shape, development, and 
release of spores are all calculated to ensure that the each spore is able to fall and 
disperse unimpeded by other spores. 

The 
Basidiornycete 

Life Cycle 

OOMYCOTA 

The Oomycota (ca. 800- 1,000 species) are the slime and water molds that, though somewhat 
fungal in appearance, are more closely related to diatoms and brown algae than fungi. Many are 
microscopic, while others form large amoeba- or fungus-like structures .that can be easily ob­
served and identified. Many feed on dead fungi . Mycologists historically studied Oomycetes, but 
they now loom in the land of understudied organisms. 



The Finer Points of the Fungi 
With the primary descriptors of fungi covered, we now move on to some of the more striking, 
inexplicable, and unique aspects of their biology. We begin where everything begins, with a spore. 

SPORE LIBERATION 

The spore is everything that the fungus represents. Whole, undivided, sovereign, it is a world 
unto itself, a vessel of autonomy that, though seemingly just the same as countless others, 
holds within itself the untold legacies of bygone ancestors and of fungal webs yet to come. 
The spore is the beginning and the end of fungal evolution. It is the rest between heartbeats 
in the network, the silence between notes that fruiting bodies sing, and the moment before 
the soil inhales. Resilient, inspired, and ancient, spores are the still point from which storms 
arise to spawn whole communities and whole ecologies. She who counts the spores of the 
world is the one who measures the world itself. Fungi as spores, spore as fungus, fungi as life. 
One and the same, perfect and complete. 

Unlike cells found in the mycelium and fruiting bodies of mushrooms, the spore is unique in its 
dedicated purpose to travel and evolve. But, being limited in mobility, the spore is at the mercy of 
the forces around it. Thus, some spores move though the world with the help of other organisms. 
Truffles and the Glomeromycota largely rely on small insects and animals to eat and redeposit their 
spores in further environs-intertwined ecologies that bridge fungus with animals and the plants 
they both inhabit. Other spores may grow in acutely defined structures that rely on the precise 
splash of a raindrop to carry them away. Some are ejected forcibly. The spores of dung-inhabiting 
( coprophilic) Pilobolus species have the greatest self-dispersal range. These single cells are launched 
from their substrate with a force of over 20,000 Gs to land an impressive 2 meters away. 

Most fungi, however, rely on the wind to carry their spores. In the middle of a forest where 
winds are low, spores often travel less than three feet from their parent mushroom. But where winds 
are particularly strong and turbulent-such as on the edge of a forest-spores are free to roam. 
Here, some spores may be lifted into the upper layers of the atmosphere and carried on air currents 
across oceans, just as the coffee rust fungus (Hemileia vastatrix) may have done in its move from 
Africa to South America. 16 As spores fill the sky, the same attractants that create the water droplets 
during ballistopory may draw water to condense on atmospheric spores, making them important 
"seeds" in the formation of rainclouds around the world. 17 Rains fall, mushrooms form, and spores 
ascend. Through the actions of fungi, the cycles of life begin anew. 

Some species spread an incredible number of spores. A single Artist's Conk may release up to 
30,000,000,000 spores a day, or 5 trillion spores over the course of a 6-month growing cycle. A single 
2-foot wide Giant Puffball ( Calvatia gigantea) may contain as many as 7 trillion spores. Within just 
a few days of germinating, a 2.5-centimeter wide mycelial network of Penicillium can produce over 
400,000,000 conidiospores. The annual weight of basidiospores released around the world may 
equal 17 megatons, or as much as 100,000 blue whales. Spores fill our lungs with every breath, with 
around 500 spores contained in each cubic meter of air in the summer months. To aid in dispersal, 
spores may be spikey, bumpy, netted, globular, or long and skinny. Others are perfect spheres. They 
also come in a wide array of colors, an aesthetic feature not explainable by mycologists. 

To germinate and survive, spores must land in a supportive environment that can provide 
protection, water, and food. Spores cannot survive without being nurtured by their habitat. Each 
falls alone, vulnerable to the whims of weather and the luck of their landing. Indeed, most spores 
do not germinate and instead add to the food web as nourishment for springtails, slugs, or amoeba. 

Spores that evade such predators but land under imperfect conditions may simply lie dormant 
until the proper conditions arise. Some spores can survive for an indeterminate number of years, a 
fact underlying theories of fungal origins on another world. Indeed, viable spores of Cladosporium 
cladosporioides and other fungi have been obtained from 4,500-year-old glacial ice cores, a testament 
to their ability to survive the trials of space and time. 18 
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The most unusual and resilient spores are undoubtedly those produced by the Glomeromycota, 
the soil dwelling, mycorrhizal fungi of ancient origins. At 40-800 µm in diameter, these spores are 
2-40 times larger than the typical fungal spore's 5-20 µm girth. However, this massive size is not 
some holdover of a bygone survival strategy. It is needed by the fungus to accommodate the incredi­
ble genetic diversity packed into each spore. Typically, spores (and cells in general) only contain one 
nucleus, which itself contains the DNA used to reproduce the parent fungus or organism. Glom­
eromycotan fungi, on the other hand, each contain an incredible suite of 800-35,000 genetically 
distinct nuclei in each of their spores. 19 Many of these nuclei can be from other microorganisms, 
including fungi of other phyla.20 

This remarkable genetic collage is the reason why Glomeromycotan fungi can only be identi­
fied by their visible spore characteristics and hyphal structures21 : such a mixed bag defies accurate 
DNA sequencing, leaving mycologists with no molecular species concept for glomeromycotan 
fungi. Countless questions come from this singular phenomenon. As each spore germinates, which 
nucleus takes the reigns? Which guides the growth of the fungus and the many roles it plays as a 
mycorrhizal partner shared by countless plants? Is there a primary nucleus or do many (all?) act in 
concert? How did these nuclei accumulate and when? Does their diversity change over time? If so, 
how, where, and why are these nuclei spread? 

The simplest answer to these questions would be that this genetic warehousing provides these 
fungi with an array of genetic "options" from which to draw from in response to environmental fac­
tors (an act known as epigenetic expression). However, the nuclear diversity of the Glomeromycota 
provides for a wealth of genetic reserves that is more advanced than essentially all other eukaryotic 
organisms. Seems a bit excessive for such an old fungus. However, this genetic resilience does add an 
evolutionary advantage that may account for the fact that the Glomeromycota have hardly changed 
their form over the 450 million years of their recorded existence. 

In one study, such epigenetic changes were observed in a glomeromycotan fungus over the 
course of only a few months. Here, researchers inoculated a potted plant with a single spore of Glo­
mus irregulare, grew the fungus through its life cycle until it produced spores, and then collected a 
single spore. This spore was then used to repeat the growing process. A third round followed and 
replicates were made for each cycle. 

As G. irregulare is asexual, the result of these few growing cycles would be assumed to have 
produced little, if any, change in the spore's characteristics. The spores harvested in the final pot 
should have looked and acted just like the original spore. But, when the study was concluded and 
the data was assessed, it was clear that each generation had produced significant changes in the 
appearance and actions of the fungus. 22 Such results reflect the common observation that the DNA 
of Glomeromycota collected in the wild often does not match the sequences of known pot-cultured 
species. 23 To quote the paper directly, 

"Our results have important consequences that show that, depending on the cultivation 
method, the genetic make-up of the fungus can be altered significantly." 

Adding to these adaptive traits is the fact that, unlike other filamentous fungi, the mycelium of 
different species in the Glomeromycota can fuse together and exchange their hundreds of nuclei. 
This intraspecies breeding act has been shown to occur between various Glomus species, which can 
share their mycelial contents, bidirectionally, at a flow rate of two millimeters per second.24 During 
this exchange, the DNA of both species may recombine,25 forming hybrid nuclei with the combined 
genetic intelligence of the parent nuclei. These or similar forms of "cleaning up the genome" may 
be what has enabled these fungi to persist in a relatively stable form for so long.26 These profound 
genetic capacities are unlike any other adaptive strategy found amongst eukaryotic organisms and, 
as such, deserve significant attention for their numerous ecological implications. 

Currently, there are around 169 "morphospecies" in the Glomeromycota. But considering the 
above traits, this number may be a severe underestimate of the true diversity in the phylum. 27 And 
that's if one considers the Glomeromycota to even be true species. Many researchers suggest that 
these fungi defy the Biological Species Concept and should instead be regarded as "form species;'28 

or what is known more colloquially as a shapeshifter. Other mycologists suggest that the Glomero-
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mycota are fundamentally different from other fungi, or even other eukaryotes.29 In other words, 
these organisms could be considered a completely unique branch on the MOL, one that pervades 
all soil systems and connects the majority of the world's plants into a distributed network of shared 
nutrients and nuclei. 

The Glomermycota are not just a group of ancient species that has survived the trials of ex­
tinction and evolution. From season to season and spore to spore, they have spread across time 
and space to build the ecologies that define the world. They are amongst the eldest ancestors of 
the terrestrial Earth and the perpetual stewards of the world's ecosystems. Within their mycelial 
networks and spores of life these fungi hold the memories of prehistory. They are the knowledge 
keepers of the soil and the designers of the wild. Endlessly branching across the planet, the hidden 
networks of the Glomeromycota carry the Fungal Queendom's power to support and enhance all of 
life through the connections they weave into the innumerable messages of their hidden mycelium. 

THE CROSSOVER 

With a staggeringly wide range of mating habits, fungi are by far the most sexually diverse of all 
organisms.30 Many species deviate significantly from the generic life cycles described above, leaving 
fungal sex poorly understood in general. Others have multiple reproductive options, as noted with 
the Ascomycetes. Some form both a sexually reproductive structure, known as a teleomorph, as well 
as an asexual form, or anamorph. To further complicate the issue, the same species can have two 
different names depending on which of these states it is in. This dual naming practice was common 
in mycology until 2013 when the "one fungus, one name" rule was set in place. Some species still 
retain this dual name nature, a common point of confusion for budding mycologists. 

The greatest research into fungal sex has been conducted with mushroom-forming Basidiomy­
cetes. For these fungi, the two primary mycelial networks that fuse to become a mushroom must be 
genetically compatible. But lacking sexual organs, this compatibility is not determined by physical 
features of the hyphae. Rather, it is through the exchange of chemical signals, or mycopheromones, 
that a primary mycelial network is able to locate another network that is of the same species but 
with DNA that is sufficiently dissimilar to avoid the negative effects of"inbreeding:' 

For most eukaryotes, the DNA inside of every nucleus is not grouped in one cohesive mass, 
but distributed between many chromosomes of various sizes. Each chromosome can further be 
defined as an assemblage of many short DNA segments known as genes, which also vary in size. In 
Basidiomycetes, there are two genes that determine mating, each of which are located on separate 
chromosomes at known positions: locus A and locus B. 

In order for two hyphae to mate, the gene sequence at each of these loci must be different. Most 
species have at least two possible sequence options, or alleles, for each locus, though some have 
many more. To create genetic variation in each spore, these alleles get shuffled around during the 
meiosis that occurs in the basidia just before spore development. Spores that have a large array of 
allele diversity have a greater ability to mate with other spores, effectively increasing the adaptive 
capacity of the fungus by providing a spore with more "options" wherever it lands. The Split Gill 
Fungus has more than 300 alleles at the A locus and more than 90 at the B locus, a diversity that 
provides for 23,328 different combinations of A and B alleles, or over 23,000 different mating types! 
Each of these spores is compatible with over 98% of other Split Gill primary mycelia in the world,31 

a breeding capacity that underlies the global distribution of this common mushroom. 
During the genetic rearrangement that occurs during spore development, the sexual alleles are 
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For many sexual fungi, loci 
with differing alleles are re­
quired for mating and the pro­
duction of offspring spores. 

not the only genes that change. Similar to how genetics get rearranged in the development of each 
animal sperm, each sexually produced spore is a unique expression of its parent mushroom and also 
quite different than the majority of its sibling. This creation of genetic diversity, whether in fungi, 
animals, or other organisms, is what enables evolution to occur and for related humans to look 
and act differently. However, in the fungi, the potential for rapid adaptation is vastly increased due 
to the high number of spores that each fruit body produces. In essence, by producing millions or 
billions of spores, sexual fungi provide themselves with an incredibly resilient means for surviving 
in any new environment or substrate. This is one of the reasons why fungi have been able to spread 
so successfully across the world's various habitats. 

FROM THE CENTER TO THE PERIPHERY 

The mycelium that fills the world is the fungus that we do not see. Sunken beneath the re­
cesses and pervading all niches, mycelium is the silent and hidden connector, cleanser, and 
healer of the world. It is the maker of potent medicines, the eldest architect of forest and 
desert, and the destroyer of concrete and wood. From the mycelium we have come, and to its 
web we shall return to be embraced, dissolved, and recomposed through the endless turning 
of life's cycles. 

A spore germinates and the world begins. Thin and singular, the life of the fungus erupts as a fil­
ament of tissue: the hypha. With its simple form and curious, wandering nature, the hyphal bud 
is easy to overlook-merely another microbe among the millions. Yet each holds within itself the 
life of countless mycelial networks to come. To overlook the hypha in its singular is to overlook the 
unlimited potential of every child, each being shaped by the guidance of its environment. 

Only one cell wide, the hypha spans a mere 10 µm, or 1/ 100 of a millimeter, as it moves through 
its substrate, which is simultaneously the fungus' habitat and source of nourishment. This small size 
is efficient for the lifestyle of the fungus as its high surface area allows for maximum exposure to 
the environment, while minimizing any crowding effect that the fungus may have on other species. 
The mycelium is as space-efficient as the human circulatory system, the latter of which only takes 
up 5% of the human body yet is able to place a capillary no more than three or four cells apart. 32 

Likewise, more than eight miles of mycelium may fill each cubic inch of soil, yet fungi only comprise 
5-10% of the entire mass. 

Hyphal growth is an act of temporal and spatial extension. As the mycelium moves forward, it 
grows apically (i.e. from its tip or apex). As the tip is added to, the hyphal sidewalls are cemented 
in place. Once constructed, these walls do not lengthen. 

During this process, the fungus does not create a chain of discrete, walled-off cells, as one 
might expect. Rather, as the hypha extends, it constantly adds to the existing tissue, forming a 
single, interconnected, and massive cell. Much like a wild river system, mycelium flows as an open 
circulatory network of shared waters, nutrients, and information. 

Some fungi do form cross walls, or septa (pl. septae), in their hyphae, giving each thread the 
appearance of being comprised of individual cells. However, these septae almost always have a large 
opening, or pore, in their center that allows for the free movement of intermycelial contents. All 
glomeromycotan fungi lack these cross walls entirely (they are aseptate), giving them the appear­
ance of non-constricted and well-connected arteries. These fungi also form mycorrhizae with 90% 
of plants and frequently share nutrients and fluids between dozens of plant partners connected 
through a common mycelial network. In essence, these fungi are the circulatory system of the world. 

As the hypha grows through its environment it seeks out water and food. Water is absorbed 
through the surface of the hypha while nutrients are obtained by external digestion. These digestive 
enzymes are exuded primarily from the hyphal tip and their composition varies in response to a 
given substrate. Different fungi eat different things. Some are rather picky eaters that have adapted 
to fill a specific niche, others don't discriminate and will eat almost anything in their path. 

Regardless of their substrate, all mycelia rely heavily on their digestive enzymes to transform 
substrates into compounds that are small enough to absorb. Some of these enzymes are soluble and 
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can travel easily into the external environment. Others stay bound to the surface of the mycelium 
or to the substrate that they touch, helping the fungus ensure.that released nutrients are not eaten 
by other microbes.33 

To metabolize their substrate, fungi require oxygen, which is primarily taken in by diffusion. 
After the oxygen has gone through respiration in the hypha, it is expelled as C02 that is later taken 
up by plant tissues above ground. And as the fungus continues to travel onward, the byproducts of 
its digestion are left to permeate the environment, providing food for other organisms. 

The digestive enzymes of fungi, like all enzymes, are types of proteins used to start and/or 
speed up chemical reactions within or outside of cells. Enzyme production is a complex, yet central 
process to all of life. Enzymes are responsible for the vast majority of the work that occurs within 
cells. Without enzymes, life would not be able to occur. Like all proteins, enzymes are built, folded, 
and moved around the cell through various stages, generally being first formed in an organelle 
known at the endoplasmic reticulum (ER) and then moved to another organelle, the Golgi Appa­
ratus (GA). For most eukaryotes, the GA is the penultimate stop where each protein is sorted and 
then shipped to its final position inside or outside of the cell. The digestive enzymes of fungi are 
typically found near the tips of growing hyphae. They are particularly large, with fungal cellulases 
being approximately 20-60 kDa. 34 

Along with these enzymes, the hyphal tip is also rich in the compounds needed to dissolve and 
rebuild its cell membrane and wall as the pressure of its intermycelial contents pushes it forward. 
New materials added to the tip quickly stream to the side and become the lateral walls that are then 
fixed in place. Destroying and creating itself as it searches through the world of its creation, the 
hypha endlessly unfolds, just like the blooming of a thousand-petal lotus. 

THE MYSTERY OF MYCELIATION 

The exact mechanism behind this tip building process is one of the most inexplicable aspects of 
mycelial growth. Most theories on apical extension assume that the tip is dissolved and rebuilt by 
compounds in the dozens of small bubbles, or vesicles, that cluster at the hyphal apex. While this 
may be true to a degree, it does not explain many other strange phenomena that occur at the tip. 

Unlike what would be assumed for other eukaryotes, growth vesicles do not arrive at the apex 
from the compound-sorting Golgi Apparatus. Rather, they travel from the GA on microtubules 
to an organelle-like structure known as the Spitzenkorper, where they are sorted and distributed 
into the tip. 

The Spitzenkorper is the true architect of a hypha. Taking in thousands of vesicles per minute, 
it rapidly sorts, processes, and then "sprays" each vesicle toward the tip interior along thin filaments 
of the protein actin.35 However, this is not a random shower, as occurs with a paint sprayer. It is a 
controlled act that precisely places each vesicle evenly across the four dimensions of hyphal space 
and time. The rate of this process is staggering, with the Spitzenkorper in Neurospora crassa sending 
600 vesicles to its apex every second, or 36,000 vesicles each minute. 

This is not a constant process: there is a pulse to it similar to that found in veins and arteries 
and that is demonstrated by species across phyla. The slime molds Pythium aphanidermatum and 
Saprolegniaf erax; the Zygomycete Gilbertella persicaria; the Ascomycetes Trichoderma vi ride, Neu­
rospora crassa, and Fusarium culmorum; and the Basidiomycete Rhizoctonia solani have all been 
shown to exhibit a periodic rhythm between faster and slower growth as their hyphae extend. Each 
of these species exhibit different frequencies in their growth, with T vi ride and N. crassa holding the 
fastest pulse (13-14 pulses per minute) and F. culmorum being the slowest (2.7 pulses per minute).36 

As a hypha extends, it also branches three-dimensionally. This branching occurs when a "sat­
ellite Spitzenkorper" separates from the main Spitzenkorper, migrates backward, and, at some 
distance back, attaches to the side of the hypha to dissolve the existing wall and initiate a new hypha 
and direction for exploration. In septate fungi, this often occurs just behind a cross wall. 

A similar process also occurs during anastomosis. Whenever two hyphae from the same net­
work encounter each other, their respective Spitzenkorpers will gather along the hyphal tips and/ 
or walls and seamlessly dissolve and recombine the two mycelial paths into one, creating bridges 

• 
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(Above) Many slow-growing 
conks will envelop sticks and 
other plant matter in their 
path. Curiously, the plant of­
ten does not seem harmed by 
this and continues to grow un­
impeded. 

{Right) When the substrate of 
a mushroom changes orien­
tion, the fruit body will typical­
ly change its growth direction 
to ensure uninhibited spore 
dispersal. This movement in 
regard to gravity is known as 
gravitropism. 

between braches in the network. Thus, the Spitzenkorper is not only the creator and destroyer of 
the hyphal world, it is also its captain and navigator. What it builds, it can also take away. 

All told, it is the structure of the Spitzenkorper that is perhaps its most compelling feature. For, 
unlike other organelles, this "organelle-like" system does not have a defined shape. It is not a discrete 
mass like the GA or a nucleus. It is an amorphous "cloud" of small vesicles, which may be many or 
few in number. This cloud may appear suddenly anywhere in the network and just as quickly break 
apart to form satellites or to quickly travel to other parts of the web. 37 It is an ephemeral school of 
mycelial thought, a mysterious flock of fungal will. During hyphal growth, the Spitzenkorper seems 
to take in and sort vesicles from outside itself, potentially modifying or exchanging them in the 
process, before precisely placing these vesicles into the 3-D space of the hyphal apex in response 
to environmental signals. How exactly a cloud of undefined chemicals manages this incredibly 
complex process is not known. 

The environmental signals that guide vesicle placement come in a variety of forms. Oxygen, 
light, C02, and pH have all been shown to influence the direction of hyphal growth, though their 
degree of importance varies by species. For instance, though fungi do not photosynthesize, many 
species will grow toward light (an effect known as phototropism38 ), while others need some amount 
of light to initiate fruiting. In general, hyphae are less attracted to nutrients than they are to the 
volatile compounds associated with their preferred substrates. Glomeromycotan fungi grow towards 
volatile metabolites exuded by roots, wood rotters grow towards the volatiles released from freshly 
cut wood, and some pathogens grow towards the methanol released by decomposing organic matter. 

When the fungus registers these compounds or other tropic signals, the Spitzenkorper will 
shift its position in the hyphal tip and initiate growth in a new direction that is oriented toward the 
signal. Somehow, the signals received by the Spitzenkorpers on one end of a network are quickly 
relayed across the whole mycelial network, which can respond to environmental inputs with a 
coordinated reorganization of the entire web and increased branching toward the signal. How this 
tropic sensing occurs and what exactly elicits the growth responses in the mycelium is not known. 
Changes in the hydrostatic pressure or amino acid concentration inside the mycelium and/or its 
electrical potential have been suggested as possible answers.39 
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From all that I have read on the subject of hyphal growth, electrical influences do seem to be 
central to the process. Like all living beings, the fungi are electrical organisms that produce their 
own D.C. and A.C. currents that can be altered by external signals.40 Many fungal species are even 
attracted to electrical fields, an effect known as galvanotropism. Candida albicans will orient toward 
the cathodes of an electric field, and many mycelium-forming fungi will orient their spore germina­
tion point or hyphal branching in relationship to electrical currents.41 The spores of Glomus species 
in the Glomeromycota produce a circulating electrical current prior to germination and germinate 
at the zone of outward current. 42 Growing hyphal tips produce a -200 m V inward current, 43 which 
may be due in part to the strong concentration of positively charged calcium ions ( Ca2+) located 
at the apex. However, the purpose of this calcium gradient or the electrical current produced by 
hyphal tips has yet to be adequately explained.44 

This electrical field is not only at the edge of the culture, but also distributed throughout the my­
celium, an attribute that has been correlated with communication throughout mycelial networks.45 

Disturbances to the electrical field on one end of a network have been shown to affect the other 
end of the web. 46 Many Asian mushroom farms are increasingly using strong electrical impulses to 
increase fruit body production. In one study, Nameko, Brick Cap, and inoculated logs and sawdust 
blocks ofShiitake were shown to double their yield when 50-100 kV were applied in a single 10 ns 
burst.47 In another study, yields from Shiitake, Maitake, Nameko, Enoki, Hypsizygus marmoreus, 
Pearl Oyster, King Oyster, Pleurotus abalones, Agrocybe cylindracea, and the Cauliflower Mushroom 
were significantly increased by the application of short 100-170 kV bursts to fruiting substrates.48 

Fruit bodies of the ectomycorrhizal Matsutake mushroom (Tricholoma matsutake) almost double 
in number by the application of a 50 kV pulse to the ground near trees associated with the fungus. 49 

It is likely that these electrical impulses travel through the mycelium via the water that com­
prises much of the fungal body. Mushrooms are made of90-92% water, but considering the small 
size of the water molecule, water may actually comprise around 99% of the molecules in the entire 
organism. Most of this water is found in the intercellular fluid, or cytoplasm, which is kept at a 
pH of 7. The ability to keep this fluid at the same pH as pure water suggests fungi hold a strong 
buffering capacity. 

Like the flow through a watershed, cytoplasm is not stagnant in mycelium. As seen in timelapse 
videos of growing mycelium, the cytoplasm, nuclei, and other cellular contents of fungi rapidly 
stream in both directions throughout a living network. 50 The nuclei may even travel in "packets" that 
rapidly stream across the web, likely relaying information received from the culture's periphery. This 
cytoplasmic streaming, or cyclosis, is similar to how blood flows in our arteries and veins or how wa­
ter travels through plant vasculature. In plants, the water flows in a bidirectional vortex of spiraling 
fluid. In blood vessels, the fluid vortex may be so rapid that the center third of the vessel is a void. 

To enable such a rapid rate of cyclosis in the mycelium, as well as to help force each hyphal tip 
forward, a pressure of up to 10 atm (roughly three times the pressure in a car tire) must be built with­
in the mycelium. This turgor (fluid) pressure is so great that growing mushrooms can lift concrete 
paving stones and break through three inches of asphalt. Common explanations for this pressure 
suggest it is caused by water and nutrients streaming into the mycelium due to osmosis. That is, 
the high sugar and nutrient concentration in the mycelium attracts water into the hyphae, swelling 
it up. As long as the strong cell wall of the fungus is maintained, a high pressure can therefore be 
built by this incoming flow. At the same time, so the argument goes, cyclosis is produced either by 
microtubules and microfilament in the mycelium contracting or by electrophoretic movement (i.e. 
the cytoplasm follows an electrical current in the mycelium).51 

This intake of water and nutrients is found to occur mainly at the tips of hyphae. 52 This is 
striking, for, if you take a moment to think about the work that the Spitzenki:irper is doing here, 
this situation presents a paradox: as water and nutrients stream into hyphae and build an incredibly 
high pressure in the mycelium, the Spitzenki:irper is simultaneously breaking down and rebuilding 
the hyphal tip. How, then, do both of these acts occur simultaneously without the thin, constantly 
weakened apex exploding and releasing the mycelium's contents? 

This may be the most inexplicable question surrounding hyphal growth as no current models 
can adequately explain this contradiction. 53 The most common theories assume one of the following: 

lOem 

The hyphal tip is continuously 
being dissolved and rebuilt by 
the Spitzenkorper, an •organ­
elle-like" cloud of unknown 
compounds. 
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No one really understands 
water. The more we probe, the 
more puzzles come up. 

-GERALD POLLACK54 

1. The vesicles that the Spitzenkorper releases are filled with compounds that break 
the sugars and chitin molecules in the cell wall apart. These molecules are then im­
mediately rebuilt and/or extended as the pressure of the cytoplasm pushes against 
them. Because the vesicles may contain chitin-building materials, they may be 
referred to as chitosomes. 

2. The inner pressure of the mycelium pushes the tip out, thinning it. The vesicles sent 
from the Spitzenkorper are thus filled with chitin and glucans, which are added to 
these thinned areas. 

3. The cell wall at the tip is anchored inside the cell by actin filaments or similar struc­
tures, while cell membrane proteins modify the wall structure. Vesicles from the 
Spitzenkorper provide the building materials to these membrane proteins. 

A glaring problem with these models is that they are conflicting and only account for a small 
portion of the growth process. Despite decades of research into the matter, there has never been an 
adequate explanation for the seemingly simple act of hyphal extension. Evidence of the anchoring 
of actin filaments suggested in the third theory has not even been demonstrated. Further, these 
models do not account for the electrical current that flows through the tip, the reason why growth 
rates pulse, the cause of cyclosis and tropism, or why nuclear packets move faster than single nu­
clei during cyclosis. New models for hyphal growth need to be developed that account for these 
phenomena in full. 

ElectroMycology and the EZ Hypha 
Water is one of the most ubiquitous substances in the world and also one of the most mysterious 
molecules in all of chemistry. Though one might assume that water is well understood by scientists, 
many of the chemical's unique physical properties have historically been left as unexplainable. 55 

However, this long-standing point of confusion may have recently been laid to rest. In 2013, 
Dr. Gerald H. Pollack of the University of Washington released The Fourth Phase of Water, a revo­
lutionary book detailing a decade's worth of his research into the unique properties of water. Among 
his many findings, Pollack discusses that, under certain conditions, water enters a state between 
solid and liquid which is like a highly structured liquid crystal gel. In this fourth phase, a range of 
unique physical properties can be detected that not only help explain many of the strange proper­
ties of water, but also lend credence to many traditional perspectives on this substance. 56 And, I 
believe, this state also helps explain some of the mysteries of hyphal extension. In summary, the 
Pollack model of this fourth phase is as follows: 
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When water makes contact with a hydrophilic surface (such as the interior of a hyphal 
cell membrane), a negative charge is built up along a zone at the water-surface interface. 
This zone is made of stacked layers of hexagonally structured plates of H30 2 molecules. To­
gether, these layers make this zone stiff and gel-like. And-similar to how a growing crystal 
or glacier expels objects-as this negatively-charged zone of water expands, it excludes com­
pounds at least as small as 100 Da. In essence, this zone is comprised of (almost) pure water, 
a fact underlying the name Pollack has given it: the Exclusion Zone, or EZ. 

Just beyond the negatively-charged EZ is an area of densely packed positively-charged 
ions (cations). These cations crowd so close that there is a strong repulsion between them, re­
sulting in a pressure and subsequent flow in the liquid. Pollack has demonstrated this effect 
with tiny Nafion tubes which, when placed in water, create a perpetual flow of water through 
the tube, despite no energy inputs beyond those from the environment. As the EZ also pushes 
away almost anything that isn't EZ water, Pollack has also shown that small microspheres 
will be excluded from the walls of these Nafion tubes and pushed to its flowing center, much 
like nuclei flowing though mycelial networks. 

With the separation of charges between the EZ and positive region, an electrical poten­
tial difference of up to 125 m Vis built in the water. This difference can be used to illuminate 
small light bulbs. In essence, the EZ creates a free form of energy akin to photosynthesis; it is 
a "water battery" that can be tapped into for hours. 57 

Like all batteries, however, the EZ must eventually be recharged. The main source of 
energy for the EZ is radiant energy from the environment. Infrared energy-such as that 
emitted by living beings, the center of the Earth, or most any physical object in our daily 
lives-produces the strongest EZ buildup. But visible light from artificial lights or celestial 
bodies can also charge the water. EZs often increase in size in the direction of a light source. 
Solar (diurnal) cycles and lunar eclipses also affect the size of EZs, suggesting sunlight and! 
or moonlight exert a strong influence on water. 58 These effects even occur when containers 
of EZ water are not located in the direct path of celestial light. Through these interactions, 
water acts as a transducer that converts electromagnetic energy (light) into mechanical en­
ergy (work). 

The EZ effect occurs not just along flat surfaces, but also against any hydrophilic 
surface, including bubbles and droplets of water. Hydrophilic substances in mycelium in­
clude the interior of the hyphal cell membrane, the surface of a nucleus, and the surface of 
apex-building vesicles. 

Pollack's work has vast implications for biological, chemical, and physical sciences, leading 
many reviewers of his findings to regard them as some of the most important scientific discoveries 
of the 21 ''century. Biologically, the EZ effect explains how water reaches the tops of trees, something 
standard models of capillary action cannot fully account for. 59 It also explains how large red blood 
cells can be forced through capillaries that may be half their diameter. 60 Likewise, this fourth phase 
of water can also explain the many mysteries of fungal growth noted above. Consider the following 
a proposal for a new theory on the underlying mechanisms of hyphal extension: 

I-- EZ--+--- bulk water---

++++++++"' ++ 
+++++++++++ 

\ - + + 
+ + + + + + + +++++++•+ + /" ?":: + + + + + + + + + ++ + + + + + + 

I - + • 

Near a hydrophilic surface, 
water forms a negatively­
charged area, creating an 
Exclusion Zone that limits the 
entry of large molecules. 

Microsphere-exclusion zone 
(EZJ next to a gel surface. The 
zone grows with time and then 
remains relatively stable after 
about five minutes. 

(Left) Electrical energy gener­
ated from electrodes placed in 
the El and in the zone beyond. 

(Right) Mechanism of intratu­
bular flow. The key element is 
the hydronium-ion buildup in 
the tube core, and its escape to 
the water outside. 
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Charged by radient energy, a 
"spontaneous" flow develops 
through hydrophilic tubes. 

The EZ Model of Hypha/ Extension 

1. Radiant energy from the environment charges the water inside of mycelium.61 

2. Filling each hypha, this water creates an EZ along the interior of the cell membrane. 
This EZ excludes organelles and most solutes, forcing them to the center of the 
hypha. 

3. A complementary positive charge builds in the center of the hypha, creating a 
high-pressure environment that allows for cytoplasm and organelles to rapidly 
move. Because the hypha is so narrow, the pressure is able to achieve a high value. 

4. This pressure is contained by the strong hyphal cell wall and by the stiff EZ. 
5. The EZ creates a strong net negative charge in the interior of the mycelium. Action 

potentials created by shifts in this charge are used to carry communication signals 
across the mycelial network, similar to neural networks. These may be induced in 
part by electrical potential changes caused by environmental signals, explaining 
many types of hyphal tropism, or by a water phase transition from ordered H30 2 

to H20. 
6. At the apex, the Spitzenkorper and the dense concentration of vesicles create a large 

EZ that pushes back on the mycelial cytoplasm, reducing the pressure on the apex 
and allowing it to be dissolved and rebuilt without exploding. The EZ also acts like 
an impenetrable mesh that normal water cannot pass through. 62 This effect is en -
hanced by the negative current produced by the apex's calcium gradient. The EZ in 
the tip is also attracted to light, helping explain the phenomenon of phototropism. 

7. The release of positively-charged substances from the tips (e.g. digestive enzymes 
and protons) is made possible by their travel through the EZ inside of EZ-coated 
vesicles. This release of acids, along with C02, also helps reduce the proton pressure 
in the mycelium. 

In other words, the pressure, circulation, and electrical charge that drive mycelial growth 
and communication is the product of the water that makes up the bulk of the fungus. This water 
is charged by energies radiated by celestial bodies and the ecosystem that the fungus plays a cen­
tral role in shaping. As a mycelial network moves nutrients through the environment and expels 
contaminants, it permeates, purifies, and nourishes the soil web in ways that intelligently meet 
the innumerable needs of the ecosystem. It is, in effect, the nervous and circulatory system of the 
world's forests, fields, and deserts, with the radiant energies of the solar system providing the heart 
beat that drives its pulse. 

I believe that the inclusion of the EZ theory of water into existing models of hyphal exten­
sion is the missing link to the many mysteries that have long plagued mycologists studying this 
phenomenon. The significant implications of this theory on processes of fungal cultivation, intra­
and inter-species communication, and biostimulation need to be investigated by mycologists and 
cultivators, both academically and on the grassroots level. While this model will likely be refined 
over time, if its foundational arguments are proven correct, it will undoubtedly change our under­
standing of how fungi fundamentally grow and will radically alter how fungal cultivation, medicine 
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production, and mycoremediation are practiced in the near future. The chemistry that underlies 
biology is an outcome of electrical interactions. As such, the future of mycology must be framed by 
an understanding of the electrical nature that underlies fungal biology. I firmly believe that such a 
paradigm shift will be central to creating a cascade of major advancements in mycological research, 
but only if others in the field acknowledge advancements currently underway in the physics of the 
21st century. 

Fungal Morphogenesis 
From the sea of mycelia that weave through an environment, fungi form a wide array of complex 
structures. Mushrooms, mold conidia, and the white webs beneath rocks and fallen logs all build 
from the transformation of mycelium. These structures are not alternate tissues or organs, but 
assemblies ofhyphal threads. 

In animals and plants, the production of novel tissues is caused by specific genes and detectable 
hormones. However, based on current observations, it seems that fungi do not use any similar form 
of chemical signaling prior to the production of their various structures. The fungal genome lacks 
any of the gene sequences that are critical for controlling multicellular development in animals or 
plants. This is why cultivators cannot use chemical signals to trigger mushroom formation, but can 
only create a supportive habitat for a fungus and either shock it with electricity or simply wait for 
the mycelium to transform itself into a mass of fruit bodies. The British mycologist David Moore 
sums up this confusing situation quite nicely: 

"We are ignorant of the basic control processes of fungal developmental biology; we are 
ignorant of the molecules and mechanisms that generate fungal multicellular structures."63 

The EZ Model of Hyphal Extension may help address this problem. For, if a chemical cause of 
fungal morphogenesis cannot be supported, an energy-influenced intermycelial signaling system 
should be investigated for its potential to form the fungal "language" that humans have yet to de­
cipher. This energy could be transmitted through the mycelium as electrical currents or it may be 
transmitted as electromagnetic radiation (light). As demonstrated by numerous studies over the 
past few decades, plant, animal, and bacterial cells all produce, communicate with, and are influ­
enced by low levels oflight known as "ultraweak bioluminescence;' or "biophotons:'64 For example, 
external light sources can influence communication across the neural cells ofrats.65 

However, as far as I am aware, research into light-based communication systems between mycelia 
and their environment is non-existent. While it is known that specific frequencies oflight initiate mush­
room formation in some species, it is not understood why these specific wavelengths are required. It is 
my opinion that this topic needs to be investigated by researchers. If it proves critical to fungal growth 
patterns, it could revolutionize our understanding of how fungi form mushrooms, produce medicinal 
compounds, and degrade pollutants, as well as how to induce those changes externally. 

' 

All organic activities and pro­
cesses of growth in any living 
organism, or any metabolic 
function associated with sus­
taining life of any kind is an 
electric phenomenon and 
requires elements of ion ex­
change. Cations(+) carrying a 
positive electrical charge, and 
anions (-) having a negative 
potential are constituents of 
acids, bases, and salts, which 
become active as electrolytes 
(or conductors of electricity) 
in aqueous solutions. Life in its 
broadest sense is electrical ... 

-ROBERT BECKER, M.D. 
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MYCOGENESIS 

Mycelia take on a striking array of colors, shapes, and patterns. The mycelial mats of molds and 
mushrooms can be circular, irregular, spiral-shaped, ringed, uplifted, matted, whispy, or combina­
tions of all of these. Many species have white mycelium, though others may be lilac, red, or yellow. 

Of the structures produced by mushroom-forming fungi, some of the most common are dense 
collections of hyphae. Some species cluster hyphae by the thousands into mycelial cords to rapidly 
shuttle nutrients across long distances and nutrient-poor zones. Other species form rhizomorphs: 
thick, rope-like structures that are denser and more complex than mycelial cords. These usually 
have a large central channel for conveying materials and information along with a relatively thin, 
external "rind" of pigmented mycelium. Honey Mushrooms (Armilaria spp.) form very thick and 
dark rhizomorphs that, at up to four millimeters or around 4,000 mycelial strands thick, look like a 
web of black bootlaces wrapped around a log or tree trunk. 66 The dry rot fungus ( Serpula lacrymans) 
forms rhizomorphs that can travel across all types of building materials and even penetrate into 
several meters of masonry in search of food. 67 In tropical rainforests, various Marasmius species 
(e.g. the Horsehair Fungus [Marasmius crinis-equi]) form a network of aerial rhizomorphs that 
span the tree canopy to collect and digest falling leaves. These fungi in the sky develop a sporulating 
fruit body cap at the tips of these rhizomorphs, essentially making each rhizomorph an indefinitely 
extending stipe.68 Tropical birds also use these nets as a nesting material.69 

Sclerotia are another mycelial structure produced by some fungi. As dense balls of mycelium, 
sclerotia look similar to truffles. However, sclerotia do not contain spores but an inner medulla 
of woven hyphae and an outer rind, which may be darkly pigmented due to an accumulation of 
melanin. Sclerotia primarily serve as a long-term nutrient storage system from which many species 
(e.g. Morchella spp., Claviceps purpurea, Wolfiporia extensa, Pleurotus tuber-regium, and Psilocybe 
mexicana) produce mushrooms, arguably the most elaborate fungal structures. 

For Basidiomycetes, mushroom formation is so refined that three distinct types of mycelium 
may be used to construct a fruit body. All of these mushrooms contain the thin-walled, septate 
generative hyphae that may or may not host clamp connections. Others also contain skeletal hyphae 
that are either thick-walled with widely spaced septate and lacking clamp connections, or swollen 
in the center of segments. The third type is the thick-walled and frequently branched binding hy­
phae. Mushrooms that only contain generative hyphae are called monomitic. They tend to be soft 
and fleshy, like most edible mushrooms. Dimitic species are comprised of two hyphal types; most 
contain generative and skeletal hyphae, though Laetiporus species uniquely contain generative 
and binding hyphae. Species with all three types of hyphae are trimitic and tend to be woody and 
leathery, as with the polypores. If you consider mushrooms as merely a means for spreading spores, 
as many mycologists argue, it must also be admitted that they are some of the most complicated 
structures used for procreation. 

22 RADICAL MYCOLOGY 



Regardless of species, the process of mushroom formation is essentially universal. From an 
undifferentiated mycelial mass, a cluster of cells first forms. Quickly, this small bump in the ocean 
swells with fluids and rises to take on the shape of the emerging mushroom. Even at this tiny stage 
the outline of fruit body may be visible-a homuncular ghost of the mushroom to come. Copri­
nus cinereus can be recognizable in its basic form when it is only 800 µm tall, or a mere 1 % of its 
mature size.70 As the primoridia swells, the mature fruit body breaks from the shell of its childish 
impression, often in just a few short days. 

Most cultivated mushrooms are the product of a single dikaryotic network. But occasionally, as 
many as nine or more genetically distinct mycelial networks will coordinate their hyphae to form 
a singular, spore-bearing mushroom.71 These various different strains do not fuse their mycelium 
during this process, but only intertwine them. Growers of Psilocybe mushrooms commonly wit­
ness this phenomenon. Though it is possible that this collaboration could be the result of chemical 
signaling in the interhyphal space, I have not found any evidence of this occurring. As such, I 
suggest is it also plausible that this phenomenon is influenced or fully induced by biophoton-based 
communication. Further, if this theory were proven correct, it would not only help explain commu­
nication between hyphae of differing strains but also between differing species, further extending 
our understanding of how fungi coordinate the health of an environment. 

MYCOIMMORTALITY 

If provided with enough nutrients and a supportive environment, a mycelial network may continue 
to grow endlessly.72 Any part of that network-whether in its distributed form or condensed into 
a fruit body-is totipotent, meaning that it can be removed and placed in a new environment to 
regenerate and create an exact copy of the network it came from. 

Fungi are also incredibly adept at responding to their environment. When placed under novel 
conditions, a given fungus can adjust its defensive and digestive strategies to match the demands of 
their new environment. This adaption process can be repeated for as long as the basic fungal needs 
(e.g. food, air, warmth) are provided, a fact that lies at the heart of fungal cultivation practices. In 
essence, mycelium is a mass of identical stem cells with the ability to continually adjust to a variety 
of conditions. Such a degree of resiliency, determination, and genetic mastery is not found in any 
other group of eukaryotic organisms. 

As mycelium grows, it also makes conservative decisions about how it will expend its resourc­
es. Older, non-productive regions of a network may have their septae closed and nutrient flows 
restricted,73 a self-culling that folds aged hyphae back into the nutrient cycles of other organisms. 
Similarly, if a network is broken by a disturbance to its habitat, the broken ends of a hyphal thread 
will constrict their septae to limit the loss of cytoplasm. Days or years later, the resulting mycelial 
islands may encounter each other and readily fuse together to reform a cohesive web. If enough time 
has passed, each island may have adjusted its enzymatic expressions. Such alterations, or epigenetic 
"lessons;' may then be shared when the two separated mycelial masses reunite. 

When dried or placed into nutrient-depleted water, mycelium of many species will enter a state 
of suspended animation. The fungus may be able to remain in this state for decades, only to later be 
reanimated and grow with the same degree of vigor it originally held. After being dried for years, 
mushrooms of Marasmius oreades can be rehydrated and readily begin cellular respiration and the 
production of spores. Similarly, the spores and thalli of various molds and lichens are well-known 
to be unaffected by the extreme conditions of interstellar space.74 

Thus, with no predetermined or maximal age or size, fungi are unbound by the constraints 
of time and space. They are the time travelers and shapeshifters of the world who have carried the 
history of the Earth in their DNA through all the great extinctions of the past. As we now find 
ourselves in the midst of one of the most tumultuous times in human history, humility is needed 
to heed the lessons of these ancient keepers of the world, and to explore the patterns that they have 
always expressed about Nature and ofliving in accord with its principles. 
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The Geometry of Fungi 
As with all great teachers, the fungi's most profound lessons are subtle. For beneath their physical 
acts lays another set of patterns that not only express lessons about fungi and humans but, more 
deeply, something intangible about Nature itself. Many ancient cultures saw the beings and actions 
of the world as embodiments of forms and numbers that underpin the universe-archetypal quali­
ties that could be contemplated to better understand the external world as well as one's body, mind, 
and spirit. Through number and geometry, it was said one could discover the essence of being. 
Such study was often applied to the forms of animals, plants, and inanimate objects. But for reasons 
unknown to me, the geometry of fungi was never examined, despite the many patterns they hold. 

To the ancient Egyptians and their students, the Greeks, one of the most important patterns of 
Nature was found in the various expressions of the ratio phi. Commonly known as the Golden Sec­
tion or Golden Cut and expressed numerically as 1.618 (033988 ... ), phi underlies the proportions 
of the human face, ant bodies, and the codon frequency ofDNA,75 to name but a few examples. It 
is the perfect ratio, found throughout the pentagram, a shape that was for the Pythagoreans the 
ultimate symbol of life and the embodiment of all of Nature's teachings. 

In the fungi, phi is found in the dimensions of an ovoid spore, in the ratio of a cap to its stipe, 
in the curve of the Reishi conk, and in the unfurling of a mushroom cap. As key holders to the 
bridge between life and death, fungi combine Earth, Water, Wind, and Fire to manifest as the fifth 
element or quintessence: Aether. Perhaps this is why Pherecydes, teacher of the mathematician 
and mystic Pythagoras, deemed the center of the pentagram pentemychos, the place from which 
all life was born. 

As the mushroom manifests, it takes on the shape of the world's most powerful generative forc­
es. Found in the gases of nebulae, in the clouds above volcanic eruptions, and in the development 
of the uterus and phallus, this iconic shape is the Rayleigh-Taylor Instability. It occurs wherever a 
fluid collides into another of greater density, just as when Aether pushes into matter. 

Replete throughout these and other fungal forms is the circle-the most perfect 2-D shape­
and it's twin the sphere, the most elegant of the three-dimensional forms. With the shape of the Sun 
and Moon, the circle represents the heavens as well as its manifestation on Earth. It is the container 
of everything and the nothingness from which all things are born. It is the wheel of time turning 
endlessly around the single moment and the center of the eye that sees it all. 

In the Queendom, the circle appears as the secret door of fairy rings formed by round-capped 
mushrooms at the edge of an ever-expanding disk of mycelium. Roundness is seen in the bottom of 
the bird's nest fungi, in the spherical spores of globe-shaped Calvatia puffballs, in the cleistothecia 
of Ascomycetes, and in the cross section of a hypha, stipe, or Hericium tooth. Temporally, the circle 
is experienced in the annual return of the foray, the pulses ofhyphal growth, and the flow of carbon 
between mycorrhizal partners. 
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In the center of the circle is the single point, an ancient symbol of the individual life surrounded 
by the whole of the universe. It is the singular mushroom that arises from networks connected both 
spatially to a habitat and through time to ancestors and the countless generations that its spores 
will spawn. From the mycelial sea of imagination and endless potential, the mushroom forms as a 
perfect creation-a point of coherence in the endless cycle of time. 

Circles expand outward and form spirals, the symbol of progress and time moving forward. The 
spiral is seen in whirlpools of water, the phyllotaxis of leaves, in the evolution of an ecosystem over 
time, and in the movement of Earth through space. In the fungi, the spiral expresses in the aquatic 
spore catchers of Helicodendron and Helicoom species, and likely in the cyclosis of glomeromycotan 
hyphae and Armillaria rhizomorphs. Spirals form the backbone of medicinal glucan sugars in the 
cell wall of fungi. A triple helix with a pitch and sense similar to DNA, these sugars form a mandala 
with a central axis spaced in accord with the Golden Section. 

Throughout Nature a common pattern is symmetry, that ubiquitous yet elegant balance of 
halves and subtle harmony. Hyphae, spores, yeasts, and many mushrooms all exhibit the principle 
of dorsiventral symmetry, as seen in animals. Other fungi, such as the Hawk's Wings mushrooms 
and earthstars, form rotational symmetries, like that found in the display of flower petals. 

But tied to symmetry is its dual: asymmetry. We see dualism throughout the fungi. It is found in 
the constant destruction and creation cycles ofhyphal expansion, in the role changes of endophytic 
fungi to parasites, in the Sun and Moon correspondences of Amanita muscaria, in the mating of 
hyphae, and in the straight line of the mushroom stipe that projects into the receptive curve of 
the fruit body's cap. The greatest contrast, however, is found between the intricate and structured 
mushroom and the asymmetric mass of mycelia from which it is born. Just as order balances cha­
os, the mushroom takes form from this void of primal thought-an ecstatic expression born from 
ascetic meditation. 

Here, in the all-pervasive, connected, and wise mycelium do we find the most profound lessons 
of the fungi. To ancient Chinese scholars, the netted and broken patterns found in mycelium and 
throughout Nature were known as li, a form long considered to contain the process that shapes 
matter out of the dynamic Tao. Indeed, it is a behavior pattern that comes about when one is in 
accord with the Tao. It is in the veined patterns of rocks, in the cracking of desert mud, in the breaks 
oflightning bolts and coastlines, and in the patterns that water forms as it runs down windowpanes. 
Li is in the branching of the circulatory system of animals, the spread of Yarrow flowers, and the 
textures of bone, wood grain, and tree bark. It is in the invisible web of subatomic vacuum and in 
the relationships between lives and landscapes. Mentally, our thoughts and memories also weave 
and branch this way, constantly intersecting with the past to relay new ideas through dreams and 
imagination. In the fruit bodies of mushrooms, Ii is found in the labyrinth of Morel apothecia, the 
coral branching of Ramaria species, and in the tips of Xylaria hypoxylon. 

Li is the gestalt, more than the sum of its parts. Neither creative nor destructive, Ii structures 
just are. Such is the way of mycelium. Toti potent, each hypha is a hologram, a small reflection of the 
whole that it holds within itself-a microcosm of the holographic universe. 76 As with all li patterns, 
mycelium puts order to the seemingly chaotic. It draws our eye in for, although we see it, we also 
know that there is no way of defining it. Mycelium must be experienced to be understood. 

Perhaps this is why cultivating fungi is so fascinating. As the cultivator watches the mycelium 
express itself, she does not watch a single organism grow. Rather, she is witness to an archetypal 
expression of the universe, a microcosm of life that can be viewed up close and in real time. As the 
growth proceeds, the cultivator constantly influences the fungus, while being influenced by the 
fungus in return. The art of cultivation is a reminder of this constant ebb and flow of existence. 

The li in mycelium releases us from the need to put rigid structures and maps upon the world, 
and to embrace the potential in exploring the many wondrous roads that lead toward an unknow­
able future. In hyphal time, there is no set path to follow, no predetermined destiny. Each strand is 
where it is meant to be. Some run parallel for a while, others may intersect, but most diverge and 
adapt as they learn to expand in the universe of soil, knowledge, and unlimited experience. This is 
but one expression of the Way of fungi. 

The term Tao refers to the vast 
and great; the term Li includes 
the innumerable veinlike pat­
terns included in the Tao ... It is 
also like the grain in bamboo. 
On the straight is it of one kind, 
and on the transverse it is of 
another kind. So also the mind 
possesses various principles. 

-CHU Hsi (1130--1200 CE) 
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Chapter Two 

FUNGI BEING 

Things we call parts in every living being are so inseparable from the whole that they may be understood 
only in and with the whole. -GOETHE 

In nature, a whole encloses the parts, and yet a larger whole encloses the whole enclosing the parts. By en­
larging our field of view, what is thought of as a whole becomes, in fact, nothing more than one part of a larger 

whole. Yet another whole encloses this whole in a concentric series that continues on to infinity. 
-MASANOBU FUKUOKA 

In the evolution of Gaia (the living planet), it is now clear that most of the critical planetary functions are 
performed by microbes capable of surviving the greatest catastrophes. All the complexity of advanced plants 

and animals is the icing on the cake of life ... -DAVID HOLMGREN1 

F rom the depths of the ocean, to the frozen cliffs of Antarctica, to the rainforests that band 
between the tropics, fungi are found in complex associations with all the world's inhabitants. 
Through these interactions, fungi uphold a plethora of vital roles in the development, evo-

lution, and maintenance of the belowground and aboveground communities that the soil horizon 
intersects. They nourish the land, constrict the spread of disease, and increase the connectivity and 
distribution systems that enhance an ecosystem's resilience. In effect, hidden hyphae slowly and 
subtly guide the unfoldment of all ecologies over eons. 

Fungi build and design the world around us, often acting as the primary instigators and stew­
ards of many biogeological cycles. And yet their significance is frequently obscured in environ­
mental studies by the more apparent impacts of animal and plant habits and geological shifts. This 
knowledge gap in the natural sciences has not only led to vast flaws in ecological models, it has 
enabled the development of detrimental and short-sighted plans for the extraction of natural re­
sources, the production of food, and the protection of wild spaces. As long as fungi are forgotten, 
such missteps are bound to continue unimpeded. 

Thankfully, one's awareness of fungi can quickly be expanded by a study of the many roles they 
take on in the environment. Once the ecological functions of fungi are understood, it becomes 
clear that they should be celebrated for the various ways that they rotate nutrients through an 
environment and ensure species succession-two influences that significantly enhance ecological 
resilience. Such actions are critical to the continuance of all life, placing fungi at (or at least near) the 
center of any discussion on microbes, plants, or animals, where countless intersections are found. 

Where reductionist paradigms divide the world into simplistic parts, fungal systematics remind 
us that no life form or cycle can be untangled from its environment. It is only through the inter­
actions of the various subset systems of the world (the "sciences") that the reality we experience 
expresses itself as life. Likewise, most fungi perform roles that are multi-faceted or dramatically 
altered in response to external systems, a fact that sharply contrasts with their textbook segregation 
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into artificially discrete niches. The ecological roles of fungi are primarily emergent properties that 
are only expressed by the interplay of genes, microbes, plants, animals, and environments-fungal 
emergence as environmental epigenetics. 

Through their study, fungal systems remind us that the global biome is a complex of intercon­
nected and nested systems built by animate and inanimate beings that all influence, and remain 
influenced by, the hyphal pressures around them. This knowledge inevitably leads to the realization 
that such connectivity is not only commonplace in the universe, but necessary for Nature to persist. 
As such, many Radical Mycologists find that their interest in fungi leads them to become ecologists, 
naturalists, conservationists, systems theorists, and, for some, devout defenders of all life. 

The Mycorrhizosphere 
Our exploration of fungal systems begins with a cross-section of soil, the hidden ecology. Under­
ground and subcultural, soil communities build the world we stand upon and sustain the life that 
fills all biomes. They are the earthly womb from which life springs and the dark tomb to which all 
things return. A universe of unfathomable complexity, the soil is filled with innumerable organisms 
performing invisible acts that, despite countless influences, somehow remain finely balanced and 
forever abundant. 

Soils are the history books of the world encoded by fungi, microbes, and insects into each 
chapter of leaf and rock. To read this story, the soil requires us to examine the unknown, to seek 
subtleties in expression, and to uncover complexity through a blend of sharp awareness and the 
ability to wonder. Without offering the soil the chance to unveil its countless dynamics, it will only 
appear as a dead, static mass of minerals, the way it has to scientists for the bulk of agriculture's 
modern history. 

With over twice the biomass of all of Earth's animals,2 soil is truly alive and can, in a sense, be 
regarded as a sort of massive organism. Like all living beings, the soil takes in, transforms, moves, 
and releases nutrients for other organisms to consume. But, more critically, the soil is the central 
axis in these nutrient cycles. It is through soil that carbon, nitrogen, and many other elements 
complete their resurrection from decay back into living matter. The soil is the bridge that links 
the largest organisms with the smallest microbes, just as the air we exhale is endlessly inspired by 
other animals and plants. 

Soil cannot be created in a lab, nor should it be seen as the sum of its components. Indeed, the 
vast majority of soil organisms cannot be intentionally cultivated, their lives being inextricable from 
the soil body. The habitat of these microbes-the inanimate aspect of the soil web-is ancient, being 
born over eons by the slow reduction of organic matter to small substances, collectively known as 
humus. Humus takes such a long time to accumulate that it may only reach a depth of one meter 
in an old growth forest, while it is often only an inch or two deep in developed areas. With such a 
small amount of topsoil on the planet, this protective layer of the Earth must be spoken for, under­
stood, and held sacred by all those who care for the wild. It is the skin of the world, tattooed with 
the legacies of its inhabitants. But just as our skin can be easily wounded, so too is the soil readily 
broken and scarred if not defended from injustice. To talk of any ecology or its protection is to 
speak of soil, so precious is its connection to the web of life. 
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As with most soil microbes, the diversity, distribution, and dynamics of soil fungi are barely 
understood. Soil yeasts offer a significant contribution to nutrient cycles and also provide a food 
source for other microbes and insects, yet to date they have received limited attention by ecologists 
or mycologists.3 The mycoparastic Trichoderma species are highly abundant in soils, performing a 
critical "check and balance" function amongst soil fungal populations. And yet mushroom growers 
who don't realize their importance come to despise these species for their unwanted growth on 
mushroom mycelium in the lab. 

The soil fungi that are by far the best understood are those that form a mutually beneficial 
relationship with living plants roots. Through the entanglement of their hyphae with delicate root 
hairs, various fungi from multiple phyla form a mycorrhizal symbiosis, a fungus-plant dynamic that 
is shared by more than 6,000 fungal species and at least 90% of the world's plants. Mycorrhizal fungi 
are found in all habitats and latitudes permeating the soil matrix. Where wild soils remain intact, a 
single gram of Earth may contain 1,000-10,0000 fungal propagules and a mile or more of hyphae. 
A single acre in an aged Douglas-fir (Pseudotsuga menziesii) stand can contain 3,700 pounds (1,680 
kg) of mycelium by dry weight and 4,800 pounds (2,180 kg) of mycorrhizal rootlets.4 This ubiquity 
results in a wide range of benefits to not only the organisms involved but to the entire ecosystem 
in which they are enmeshed. 

The point of connection between the two organisms, the mycorrhiza, is not defined by the fun­
gus or the plant that the fungus inhabits. Rather, a mycorrhiza is the singular, symbiotic partnership 
of the two beings. Mycorrhizal structures come in several forms, though all hold the root-hypha 
intersection as their central feature. In all instances, the mycelium wraps around the plant's root 
tips and enters the root cellular structure to a depth of at least the first few cell layers. Typically, 
mycorrhizae develop on undifferentiated root hairs (meristems), where the plant absorbs the bulk 
of its water and nutrients. 

Some mycorrhizal fungi only enter the root to a shallow depth. These are the ectomycorrhizal 
species, many of which form edible and medicinal mushrooms or truffles. Other species travel 
deeper into the root's structure and penetrate the walls of root cells. These are known as endomy­
corrhizal fungi. Some endomycorrhizal fungi do not form mushrooms but live cryptic lives beneath 
the soil horizon. 

In all mycorrhizal structures, nutrients are passed between the two partners. The mycorrhiza is 
like a barter station where each species provides something of value that the other could not obtain 
on its own. With its ability to photosynthesize, the plant reaches toward the sun and creates sugars 
that it sends down to the fungus. In return, the slim and quick-growing hyphae extend far into 
the soil matrix to draw in water, nitrogen, phosphorus, and other nutrients that the thick and slow 
growing root hairs would not be able to easily reach on their own. In effect, the fungus expands the 
absorptive area of the plant roots 10-1,000 fold, thereby increasing the growth rate and survival 
time of the roots, while decreasing the time it takes for the plant to reach maturity. The benefits of 
this enhanced nutrient access include a higher nutritional content, medicinal quality, and flowering 
rate in mycorrhizal plants when compared to non-mycorrhizal plants of the same nursery stock. 

This increase in absorptive surface area is not the only way that these fungi enhance nutrient ac­
cess. If it were, plants would likely have evolved to produce longer or slimmer roots long ago. Fungi 
produce a unique array of digestive enzymes and acids that are able to unlock nutrients that would 
otherwise be unavailable to plants. These nutrients may come from organic (carbon-containing) 
substances, such as plant and animal debris, or they may be bound in inorganic (non carbon-con­
taining) substances, such as rocks and clay. Through their digestive abilities, fungi transform these 
nutrients from a non-soluble, or "unavailable;' form into a water-soluble, or "available;' form that 
plants can readily take up into their tissue and metabolize. The fungi transmute inert substances 
into nourishment, channel these compounds through their mycelial networks across the soil, and 
provide them to whole plant communities and ultimately to the entire ecosystems that the plants 
inhabit. And when these plants die, they are churned back into the soil matrix by decomposing 
fungi where their nutrients eventually pass on to other organisms. 

Unable to access distant or non-soluble nutrients, many plants (e.g. grapes, citrus, melons, 
oaks, and pines) fail to survive without a mycorrhizal partner. This is because most plant roots have 
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not evolved to perform the chemical transformations that release soil-bound nutrients. Roots are 
essentially porous anchors that primarily stabilize the plant and serve as a beacon and platform for 
the beneficial microbes and fungi that actually produce and provide much of the plant's nutrition. 

Where mycorrhizal fungi are absent, most plants must be fed with water-soluble fertilizers to 
obtain their basic nutrition. However, the extraction, industrial processing, and transglobal ship­
ment of both artificial and natural fertilizers incurs a range of significant and hidden social and 
ecological costs, making them unsustainable options for enhancing crops. Fertilizers also tend to be 
applied in excess, resulting in a significant loss of nutrients that wash past root zones. These excess 
fertilizers then leach into ground and surface water systems where they disrupt soil ecologies and 
flood into river deltas to feed blooms of toxic algae that choke out other aquatic life. Problems such 
as these can be avoided in food production systems through the use of compost and the cultivation, 
inoculation, and stimulation of mycorrhizal fungi. 

This relationship has numerous other effects. As mycorrhizal fungi are able to tolerate lower 
water levels than most plants, these species can reduce a plant's dependency on constant water 
access, thereby reducing the drought stress that would otherwise cause non-mycorrhizal plants to 
wilt and die. This is especially important in desert ecosystems where cacti and most other plants 
rely heavily on mycorrhizal fungi for their hydration and survival.5 

Mycorrhizal fungi also provide plants with protection from soil pathogens. The mycelial coat 
around the root acts as a protective "shield" against antagonists, while the fungus may also release 
antibiotic compounds into the mycorrhizosphere that are targeted to specific pathogens. Mycorrhi­
zal fungi can also indirectly suppress pathogens by competing for nutrients (e.g. with the production 
of chelating siderophores), by influencing the plant's production of its own endogenous defense 
mechanisms6 (e.g. by increasing the root's production oflignin7), and/or by stimulating the growth 
of other beneficial microbes. In effect, mycorrhizal fungi not only help increase the plant's overall 
resilience against attack, they also reduce the need for plant growers to apply natural or artificial 
pesticides that disrupt the delicate dynamics of soils. 

As with many aspects of the soil web, most mycorrhizal relationships are not one-sided or mo­
nogamous. The plants involved are not passive to their fungal partner, nor will they pair with just 
any fungal species. Prior to the mycorrhizal formation, the plant and fungus communicate with one 
another through an exchange of chemical signals, and if the plant decides it wishes to partner with 
the fungus, it will allow it to enter8-only after consent is given does penetration occur. As a plant 
ages, it may disassociate from a fungal partner and start partnering with another. Similarly, a single 
plant may host dozens of species at a time or throughout its life. A single Douglas-fir (Pseudotsuga 
menziesii) tree may host 50 mushroom-forming mycorrhizal species at any moment9 and over 200 
mycorrhizal species during its life. Over 2,000 mycorrhizal species are known to associate with 
Douglas-fir trees, about 10% of which are not likely to be found with any other tree partner. 

Through mycorrhizal relationships, fungi unite the ecologies of the world. Where soils remain 
undisturbed, these partnerships do not remain limited to combinations of one or multiple fungal 
species and a singular plant. Mycelial networks can connect the roots of dozens of plant species 
across phyla within an ecosystem. They are the connective tissue that ties whole ecosystems to­
gether through a Common Mycelial Network (CMN) in which nutrients, water, and information 
are constantly exchanged between organisms large and small. In dense forests, mycorrhizal fungi 
have been shown to carry sugars produced by elder trees to seedlings that would otherwise die in 
the dense shade of the understory. 10 In one study, a similar type of nutrient sharing was shown to 
occur between a Douglas-fir tree and a paper birch (Betula papyrifera), first in one direction and 
then in the other.11 

As these interactions increase in complexity over time, it must be recognized that mycorrhizal 
fungi are not merely looking out for their immediate nutritional needs. Mycorrhizal fungi perform 
a range of metabolically taxing acts that do little to serve themselves in the short or long term. 
Through their work, mycorrhizal fungi act as central drivers in the cycling of the world's nutrients; 12 

they are the microbridges that sustain whole plant communities and enable life to flourish in some 
of the most extreme environments on Earth. In forests, fields, and deserts, mycorrhizal fungi act as 
keystone species that stitch together the fabric of a habitat and pull it forward through time. And 
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if they had never evolved to assist the movement of plants onto land (a topic discussed in Chapter 
3), life as we know it would not exist on Earth. Mycorrhizal fungi are the keepers of the wild and 
the protectors of our biomes. They are the unspoken stewards of habitats, constantly balancing an 
ecosystem's plant, animal, and microbial communities to assist in its spiraling succession through 
every climax extreme and complementary lull of blight. It is to these hidden fungi that we are the 
most deeply indebted. 

The Seven Types of Mycorrhizae 
The following pages detail the seven recognized types of mycorrhizal associations. However, the 
type of mycorrhiza a fungus or plant may form at a given time can vary in a number of ways. Many 
plants-and even individual roots-may host multiple types of mycorrhizae simultaneously. A 
given fungal species can also form different types of mycorrhizal structures, depending on the 
plant it is associating with. 

ARBUSUCLAR (ENDO )MYCORRHIZAS (AM) 
ALL SPECIES OF THE GLOMEROMYCOTA (CA. 169 MORPHOSPECIES). 

At least 85% of all plant species across phyla (including two-thirds of all land plants and 90% of all 
vascular plants). This includes plants in the Bryophyta, almost all groups of Pteridophyta, all groups 
of the Gymnospermae, and the majority of families in the Angiospermae. 

With fossil evidence dating to approximately 450 million BCE, the AM symbiosis is by far the most 
ancient of all mycorrhizal relationships. Since it first arose in early land plants, the AM association 
seems to have hardly changed, despite the explosion in plant diversity over the eons. Today, AM 
are found in abundance associating with nearly all of the world's plants and plant communities. 
In grasslands, they may increase plant diversity by up to 30%. And in desert environments, AM 
are critical for plant health and hydration, especially cacti, which have thick fleshy roots and few 
or no root hairs. 

As "generalists" that can associate with many species of plants simultaneously, AM fungi can 
intimately connect the majority of plants throughout an entire ecosystem 13 and form an indefinitely 
large CMN to distribute resources and information amongst all those involved. In one square meter 
of soil, the surface area of AM mycelium may be as much as 90 m2• More so than any other mycor­
rhizal type, AM may be major determinants of the plant diversity and assemblage in the habitats that 
they fill. 14 If any fungi are said to rule the world, it is the secret society of the arbuscular mycorrhizae. 

Recognizing these impacts, the AM relationship has been so thoroughly investigated for its 
ecological and economic significance over the last few decades that it is by far the most thoroughly 
studied symbiosis that plants form, fungal or otherwise. 15 Significant attention has been given to 
their influence on plant growth and fertilization. Many plant crops are improved by AM inocula­
tion, with the growth rates of maize, wheat, barley, and onions increased by two, three, four, and • 
six times, respectively. AM fungi can reduce nitrogen and phosphorus fertilization by as much as 
30-40%. 16 And they are some of the only fungi that can perform the energy-demanding process of 
reducing nitrate into a form of nitrogen that can be metabolized. 17 

AM have been shown to defend against many root-infecting pathogens, such as various Fusar­
ium fungal species and Phytophthora water mold species. Fusarium species can be 3-10 times less 
abundant in the roots zones of AM-associated tomato plants when compared to non-mycorrhizal 
tomato plants. 18 However, because most root-pathogenic fungi infect roots more rapidly than AM 

The term •mycorrhizan was 
coined in 7885 by the German 
botanist A. 8. Frank, who first 
described the relationship. 

In desert ecosystems (left), ar­
buscular mycorrhizae (above) 
enable cacti to access water 
and stay alive. 
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In harsh habitats such as tun­
dras, ericoid mycorrizae are 
central to the ecological web 
of the whole environment. 

fungi, the mycorrhizal association should be pre-established to reduce pathogenic infection. In one 
study, AM fungi were shown to transmit information between tomato plants connected by a CMN: 
when some plants were attacked by aphids, other plants in the CMN began producing endogenous 
antipathogenic compounds. 19 By influencing the defense behavior of plants, these fungi indirectly 
create a cascade of effects on herbivores and their natural enemies, influences with widespread and 
indeterminable ecological significance. 

On all continents except Antarctica, AM fungi are found inhabiting grasslands, forests, des­
erts, aquatic environments, salt marshes, and most other ecosystems. They are common at lower 
elevations where neutral or slightly alkaline, mineral-rich (alluvial) soils dominate, flora and fau­
na diversity is rich, and rainfall is less abundant.20 In agricultural sites that are constantly tilled, 
heavy-sporing Glomus species tend to dominate as they do not rely on hyphal spread to reach new 
plants as much as other genera of AM fungi. 21 The Glomeromycota are highly adapted to forming 
AM associations: their DNA holds over 100,000 genes related to the symbiosis.22 Compared to other 
types of mycorrhizal fungi, AM are quite easy and inexpensive to cultivate. 

ERICOID ENDOMYCORRHIZAS (ERM) 
SEVERAL GENERA IN THE AscOMYCOTA. 

Plants in the Ericaceae, including those in the genera Erica (heather), Calluna (ling) and Vaccini­
um (various productive berry plants). 

These mycorrhizae form on all continents except Antarctica, generally in high elevation grasslands, 
tundras, heathlands (moorlands), and boreal (taiga) forests. These extreme environments are char­
acterized by nutrient-poor and very acidic soils. Some of these soils may have a pH of2.5, on par 
with lemon juice! In such vast and rugged landscapes, these mycorrhizae also act as decomposers 
and, in effect, drive the ecosystem by unlocking nutrients, most of which are derived from the debris 
of their plant partners. As the primary decomposing and mycorrhizal fungi in their environment, 
these species are the master artisans of nutrient flow in these harsh habitats. However, as ERM are 
poorly studied, many questions about how they survive in such environments remain unanswered. 

The ericoid symbiosis forms externally as a loose network ofhyphae around the outside of small 
plant roots. From this weft of mycelium, hyphae penetrate the walls of the root's cortical cells to form 
intracellular coils that densely pack into root cells. A root may be so densely packed with coils that 
as much as 80% of its volume may be mycelium. The fungus provides the plant with nitrogen from 
proteins that the fungus has digested, and under extreme conditions the fungus may even provide 
the host with carbon derived from digested polysaccharides and proteins, effectively reversing one 
of the assumed reasons for their partnership. 
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ARBUTOID ENDOMYCORRHIZAS 
MANY GENERA IN THE BASIDIOMYCOTA. 

Plants in Arbutus (madrone), Arctostaphylos (manzanita), and Comarostaphylis. 

The Arbutoid relationship is mainly found with hardy evergreen shrubs and trees in the plant family 
Arbutoideae. Structurally, these fungi develop a thick mantle sheath around the outside of the cell, 
an extensive network of hyphae between the epidermal and cortical cells of the root (known as a 
Hartig net), and intracellular coils in the outer cortical cells of plant roots. The combination of these 
three features is unique to the arbutoid mycorrhiza. 

The fungi involved in the arbutoid symbiosis are somewhat unique as they not only form the 
endomycorrhizal structures described above, but can simultaneously form very different structures 
( ectomycorrhizae) with plants outside of the Arbutoideae. In other words, these fungi not only 
form a CMN between plants of different families (like AM), they can also develop two completely 
different mycorrhizal structures depending on the plant they are allying with. 

MONOTROPOID ENDOMYCORRHIZAS 
SEVERAL GENERA IN THE BASIDIOMYCOTA, NOTABLY TRICHOLOMA AND BOLETUS. 

All I 0 achlorophyllous genera of the Montropaceae. 

All plants in the Monotropaceae are primarily red, white, or some other non-green color due to the 
fact that they do not photosynthesize. Without the ability to produce sugars, these plants are largely 
dependent on forming a mycorrhizal symbiosis for survival. But, as fungi do not photosynthesize 
either, this sugar must be obtained from other plants that the mycorrhizal fungus associates with. 
Typically, this is gleaned from a nearby tree. As with arbutoid fungi, monotropoid species will form 
an ectomycorrhizal structure with this second plant. The monotropoid relationship is often described 
as a form of "mycoparasitism'' through which the achlorophyllous plant robs the fungus-and, by 
extension, the second plant-of nourishment. However, monotropoid mycorrhizae may actually form 
a bidirectional nutrient flow, as evidenced by studies in which radiolabeled phosphorus injected into 
Monotropa plants was transmitted to surrounding trees connected through the CMN. 

The monotropoid structure begins with a dense sheath of mycelium that surrounds the plant's 
roots. From this sheath, the fungus penetrates the epidermal root cells with a hyphal "peg:' These 
pegs seem to be a primary source of nutrient exchange as they will swell and burst inside of the 
root cells, releasing cellular contents into the plant. This self-sacrifice by the fungus generally occurs 
from July to August, during the time of seed production in the plant. 

Non-photosynthesizing plants, 
such as the Ghost Pipe (Mono­
tropa uniflora), are dependent 
on mycorrhizal fungi for their 
survival. 
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0RCHIDACEOUS ENDOMYCORRHIZAS 
SEVERAL GENERA IN THE BASIDIOMYCOTA (E.G. ARMILLARIA, MYCENA, AND RussuLA). 

All species in the Orchidaceae (about 880 genera with 22,000-25,000 species). 

Orchids are the most complex-or "highly evolved"-of all plants, and also the largest and most 
diverse family of all flowering plants. Comprising approximately 10% of all seed plants, orchids 
outnumber birds 2:1 and mammals 4:1. Undoubtedly, this evolutionary success has occurred thanks 
to the complex mycorrhizal associations that all orchids form. 

Upon hydration, the orchid seed's coat will rupture, releasing several short, root-like hairs 
out into the environment in search of a mycorrhizal partner. If a compatible fungus is present, its 
mycelium will penetrate the plant embryo where the orchid cells will invaginate the hyphal tips. 
Surrounded in a womb-like bubble of cytoplasm, these hyphae quickly expand into densely packed, 
coiled masses called pelotons. Like a fungal snack, peletons die a day or two after forming, at which 
point the orchid cell will consume the nutrient-rich hyphal nugget. Pelotons are commonly the 
primary nutrient source for wild orchids. Each orchid root cell can be repeatedly fed by peletons, 
with waves ofhyphal bundles continuously developing and dissolving inside a single orchid cell. A 
feeding regimen may even develop between multiple fungal species, with each taking turns nour­
ishing the same orchid root cell, much like a village raising a child.23 

In general, orchid seedlings associate with more fungal species than mature orchids. These 
relationships likely change throughout the orchid's life, such as when the orchid matures and begins 
to produce chlorophyll. Once mature, most chlorophyllous orchids will still associate with mycor­
rhizal fungi to obtain nitrogen and phosphorus. Some will even extend their dependency on their 
mycorrhizal partner by spending several years underground before producing aerial (and photo­
synthetic) flowering stems. Well-known examples of this trickery are found with wild European 
orchids called helleborines. Once an orchid begins photosynthesizing, it may provide the fungus 
with carbon, contradicting the long-held belief that the relationship was not mutualistic.24 About 
200 species of orchids remain achlorophyllous when mature (e.g. Galeola, Gastrodia, Corallorhiza, 
and Rhizanthella spp.). Russula mushroom species often associate with achlorophyllous orchids. 

The Rhizoctonia fungi that associate with many orchids are also known to act as a root rot on 
non-orchid plants. Curiously, these fungi do not seem to produce spores. Some Mycena species 
that associate with Cymbidium and Gastrodia orchids are better known as decomposers than as 
mycorrhizal fungi, a reflection of the ecological flexibility exhibited by many fungi. Seedlings of the 
orchid Gastrodia elata (a plant used in Traditional Chinese Medicine as Tian ma) develop mycor­
rhizal structures with the saprotrophic mushroom Mycena osmundicola, but as they mature they 
switch partners to the Honey Mushroom (Armillaria spp.), a common tree blight. Dracula orchids 
(ca. 150 species found from Mexico to Peru) produce unique landing pads in the center of their 
flower that look like small mushroom fruit bodies. These structures are thought to attract fungus 
flies that aid in the pollination of the plant; they are one of the few examples of mycomimicry found 
in non-fungal species.25 

Most cultivated orchid seedlings are not inoculated with mycorrhizal fungi but instead are 
initiated on nutrient-rich media with equipment and techniques similar to those used in mush­
room cultivation labs. Maturing orchids also require a humid environment similar to that needed 
for fruiting mushrooms. As such, I find it surprising that more orchid farmers have not picked up 
mushroom cultivation, and vice versa. Likely, this is due in part to a lack of perceived economic 
incentive. However, a study from 1998 demonstrated that Shiitake mushrooms and several other 
wood-rotting fungi can support the development of achlorophyllous orchids in the genus Eryth­
rorchis.26 Other such beneficial mushroom-orchid relationships have likely yet to be discovered, a 
promising venture suggesting numerous means for enhancing the beauty and diversity of both culti­
vation practices. Perhaps in the future, the combined elegance of mushroom and orchid cultivation 
by humans will act as a symbol of the highest collaboration between the most evolved organisms 
of the Plantae, Animalia, and Queendom Fungi. 
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ECTOMYCORRHIZAS (ECM) 
5-6,000 FUNGAL SPECIES IN 65 GENERA, ABOUT TWO-THIRDS ARE IN THE BASIDIOMYCOTA (E.G. 

AMANITA, BOLETUS, CoRTINARIUS, LECINUM, PISOLITHUS, RHIZOPOGON, AND SurLLus) AND 

ONE-THIRD ARE IN THE AscoMYCOTA (E.G. TUBER AND TERFEZIA). 

Approximately 5% of land plants (140 genera in 43 families), including about 3% of seed plants and 
the majority of forest trees (e.g. beech, birch, eucalypts, oak, poplar, spruce, and willow). 

Ectomycorrhizae are considered the most advanced of all the mycorrhizal relationships, with an 
origin dating to approximately 250 million BCE. Many ECM fungi can be quite host specific (for 
example, Boletus elegans tends to only grow with larch trees), while others may be quite cosmopol­
itan (Amanita muscaria will associate with 20 or more tree species). Conversely, some trees may 
form a range of associations, such as Norway spruce (Picea albies), which can associate with 100 
different ECM fungi at a time. The related genera Lactarius and Russula are considered some of the 
most important ECM species as they form mycorrhizae with many different trees around the world. 

ECM fungi confer many benefits to their plant partners. For example, Pisolithus tinctorius and 
Thelephora terrestris are antiparasitic against the root pathogen Phytophthora cinnamomi on Pinus 
spp. Laccaria laccata can reduce diseases caused by Fusarium oxysporum in Pseudotsuga menziesii, 
Picea abies, and P. sylvestris trees. Some ECM species produce antibiotics (e.g. chloromycorrhiza 
and Mycorrhizine A) that can defend against pathogens. And Pisolithus tinctorius can tolerate soil 

(Above) Dracula orchids have 
a landing pad that looks strik­
ingly similar ta the underside 
of a Marasmius mushroom 
cap. 

(Left) Pelo tons of orchidaceous 
mycorrhizae inhabit and feed 
orchid root cells in continuous 
waves. 
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Ectomycorrhizal root tips are 
distinctly knubby and white. 

temperatures of up to 104°F ( 40°C), making it a choice partner for pine trees being planted in hot 
regions and near slag heaps. Many woodland trees will not survive without their fungal partners, 
leading most silviculture practices to rely heavily on ectomycorrhizal inoculum for successful out­
plantings. 

Structurally, ECM fungi form a mantle sheath of mycelium around the roots of their plant 
partner that is about 5-10 hyphae deep (roughly 50-100 µm thick). This mantle is where the fungus 
absorbs and stores plant nutrients like nitrogen, phosphorus, potassium, and calcium. From this 
coating, hyphae travel into the root structure to form a dense Hartig net between the root cells. 
Unlike endomycorrhizal fungi, ECM do not penetrate the walls of root cells, though they may 
completely sheath whole cells within the root. ECM can increase the surface area of a root system 
by up to 47-fold.27 Often, the resultant root tends to underdevelop and take on a short, chubby 
look. The plant's movement of storage sugars to its roots in the late summer and fall may be what 
trigger ECM mushroom formation. However, the large size of some ECM mushrooms, such as the 
King Bolete (Boletus edulis) and Matsutake (Tricholoma matsutake), may also be partially attrib­
utable to saprotrophic action.28 Around 25% ofECM form underground (hypogeous) fruit bodies 
(e.g. truffles and their look-alikes); the other three-quarters ofECM form aboveground (epigeous) 
mushrooms. As noted, some ECM fungi can also form arbutoid and monotropoid associations. 

ECM fungi predominate in the upper, organic-rich layers of coarser, acidic soils that receive 
higher levels of precipitation and where flora and fauna diversity is relatively low.29 Where ECM 
diversity is high, a species gradient often extends from a forest's edge. As distance increases from 
the trunk line, different ECM fungi can be found occupying distinct spacial zones.30 ECM fungi 
seem to be more prevalent in temperate forests than in tropical regions and in boreal forests they 
may account for up to 32% of the soil biomass.31 Many of these boreal ECM may also form ericoid 
mycorrhizae. 

ECTO-ENDOMYCORRHIZAS 
SEVERAL SPECIES IN THE AsCOMYCOTA AND BASIDIOMYCOTA. 

Mainly associated with trees in the genera Pinus (pine), Picea (spruce), and Larix (larch). 

This little-studied mycorrhizal association is primarily found in nursery plants and rarely in forest 
ecosystems. 32 As the name implies, these fungi exhibit the same characteristics of ectomycorrhizas 
but will also develop extensive intracellular structures inside of the root's cells. It is possible that this 
dualistic relationship only develops under conditions of extreme plant stress, which the supportive 
fungi attempt to mediate. 
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It hardly states the case to say 
that mycorrhizas are import­
ant to ecosystem function. It 
is much more accurate to say 
that mycorrhizas are ecosys­
tem function. 

-Teo Sr. JoHN, PH.D. 

Nutrients, Cycled 
The degree to which nutrients can readily move through an ecological system is the measure of 
how quickly that environment will be able to grow and respond to change. Through the actions 
of living organisms and the living Earth, various interconnected biogeochemical cycles endlessly 
move carbon, nitrogen, sulfur, phosphorus, and other essential elements throughout the world's 
habitats. Though all of Earth's inhabitants contribute to these nutrient cycles, the fungi are some of 
the most critical players in these processes for they perform some of the most complex chemical 
transformations required for this endless movement of the elements of life. 

For example, fungi are central to the global carbon cycle. Of the 15 billion metric tons (Gt) 
of total fungal biomass estimated on Earth, about 5 Gt is made of carbon. 33 Much of this tissue is 
found in soils, where it acts a carbon reserve, or sink, for the environment and as a food source 
for innumerable microbes. Indeed, soils store more carbon than plant vegetation-much of this 
is held in fungal mycelium. Per year, fungal decomposition releases around 85 Gt of C02 into the 
atmosphere, providing nearly all of the 88 Gt needed by the world's vegetation. Much of this is re­
leased from wood, which only fungi are capable of decomposing. By comparison, human activities 
release around 7 Gt of C02 per year. 34 

This constant recycling is critical to a habitat's survival because a given element cannot be 
created from another element. Further, depending on the form that it comes in, a given element 
may or may not be easy for plants, animals, or microbes to assimilate. When chemical elements 
that are essential to life (e.g. nitrogen or carbon) become limited or unavailable in an environment, 
the organisms that depend on them will not be able to grow. As Nature's grand chemists, the fungi 
enable biological growth by constantly unlocking unavailable nutrients and turning them back into 
soluble compounds that microbes, plants, and animals can metabolize into tissue. 

One of the most foundational and impressive aspects of this nutrient cycling is the fungal 
weathering of rocks, the study of which is known as geomycology. With their production of strong 
organic acids, fungi serve as the primary biological agents responsible for releasing nutrients from 
rocks into soil webs. Species from all fungal phyla are ubiquitous components of rocks around the 
world.35 Fungi are found on rock surfaces (epilithic fungi) and in the cracks, fissures, and pores of 
rocks (endolithic species). Others are able to bore deep inside of rocks. These are the cryptoendo­
liths-those that hide inside of rock. 

Fungi have been found on and inside oflimestone, soapstone, marble, granite, sandstone, an­
desite, basalt, gneiss, dolerite, amphibolite, and quartz. Aspergillus niger and Penicillium expansum 
have been shown to mineralize olivine, dunite, serpentine, muscovite, feldspar, spodumene, kaolin, 
nepheline, and basalt, while Penicillium simplicissimum and Scopulariopsis brevicaulis can release 
aluminum from aluminosilicate clays.36 ECM fungi can extract phosphorus and potassium from 
rocks with the use of oxalic acid.37 And it is likely that many other fungi perform similar roles. 

The oxalic acids produced by fungi to dissolve rock can also combine with calcium to form 
tetragonal, bipyramidal, platelike, rhombohedral, or needle-shaped calcium oxalate crystals. These 
crystals are important for ecosystems and soil webs as they act as a calcium sink and also increase 
nutrient availability by lowering the soil pH. The most common forms of calcium oxalates in Nature 
(e.g. weddelite and whewellite) may be produced by the oxalic acids of various fungi. 38 Fungi also 
precipitate carbon-containing oxalates through the interactions of oxalic acid and silicate minerals, 
providing an important carbon sink in terrestrial environments. 

By releasing organic acids (e.g. malic, citric, and oxalic acid) and by uptaking ammonium ions 
(NH/), mycorrhizal fungi lower soil pH, an act that releases soil nutrients like iron and phosphorus 
from carbonate complexes, making them available to plants. In an alkaline (high pH) environment 
these nutrients would otherwise remain locked into the soil matrix.39 Mycorrhizal fungi also trans­
form all of the 15 major macro and micronutrients necessary for plant growth (e.g. phosphorous, 
iron, copper, zinc, sulfur, magnesium, manganese) into forms available to plants. This is often as 
a simple soluble salt, which mycorrhizal fungi translocate to their plant partners through a CMN. 

Mycorrhizal fungi can also obtain nutrients by decomposing animal and insect tissue. For ex­
ample, Laccaria bicolor contributes to the late stages of decomposition of mammals and anadromous 
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fish, such as salmon. After these fish spawn and die on stream banks or are carried into the woods 
by bears, the hyphae of L. bicolor digest the salmon's proteins and transport the resultant nitrogen 
compounds to partnered tree roots. Through these and other fungi, the nutrients of the ancient 
oceans nourish the trees of the world. Excavations under animal remains often reveal dense mats 
of salvaging mycorrhizal root tips. 

Laccaria species can also paralyze and consume living insects such as springtails as a source 
of nitrogen for plants. In one study it was found that up to 25% of the nitrogen in a Laccaria-asso­
ciated tree's foliage came from these soil-dwelling insects.40 Lastly, fungal exudates and the hyphae 
of deceased mycorrhizal fungi may serve as the primary source of carbon for whole soil microbial 
communities and fluorescent pseudomonads-an ecological impact that has been largely ignored 
by soil scientists, despite its profound significance. 

NITROGEN-FIXING FUNGI? 

Found in DNA, vitamins, proteins, and the enzymes that fuel biological and ecological processes, 
nitrogen is one of the most important elements in living systems. But, being in such high demand, 
it is frequently also one of the most limited elements in an ecosystem. Though mycorrhizal fungi 
contribute to the movement of nitrogen, they cannot increase its quantity in the soil. This capacity 
is uniquely held by "nitrogen-fixing" microbes, which transform atmospheric nitrogen gas into 
compounds that are available to other organisms. 

Collectively referred to as rhizobia, nitrogen-fixing bacteria are found in the gram-negative 
genera Azorhizobium, Allorhizobium, Bradyrhizobium, Mezorhizobium, Rhizobium, and Sinorhizo­
bium. Other nitrogen-fixers include actinomycetes in the genus Frankia. These microbes provide 
a constant supply of nitrogen to their environment by either combining nitrogen with oxygen to 
form nitrates (N03-) and nitrites (N02-) or with hydrogen, making ammonium (NH/). 

Like mycorrhizal fungi, rhizobia are not typically found free-living in the soil. These microbes 
form distinct symbiotic structures on plant roots, known as nodules, inside of a plant membrane 
called a symbiosome. 41 Similar to the exchange of carbon for other nutrients in a mycorrhizal struc­
ture, rhizobia depend on their plant partner for their oxygen supply, which the plant provides via 
leghemoglobin, a substance that looks and performs very similarly to red blood cells. In exchange 
for this oxygen, these microbes provide their plant partner with a constant supply of nitrogen. 
Being only about 80 million years old, rhizobia are not nearly as widespread as mycorrhizae; they 
are primarily found in association with about 13,000 plants, including peas, beans, alfalfa, clover, 
vetch, peanuts, Acacia, kudzu, and red alder (A/nus rubra) trees. 

The importance of nitrogen-fixers in plant and soil communities has been well-studied and 
incorporated into farming practices for centuries. However, the various influences of mycorrhizal 
fungi on this symbiosis have largely been underrepresented. Mycorrhizal and rhizobial symbioses 
often act synergistically and supportively in terms of infection rate, mineral nutrition, and plant 
growth. For example, AM fungi provide much of the phosphorus, copper, and zinc that are essential 
for nodulation and nitrogen fixation. Conversely, some bacteria can enhance the rate of phosphorus 
uptake in AMF and plants through the release of their own phosphatases and organic acids. Bacteria 
can influence AM spore germination and growth rates, thus affecting the growth of the plant that 
depends on the AM symbiosis.42 There also seems to be a kind of communication between AMF and 
bacteria that is stimulated by fungal exudates,43 such as the compound known as the "myc factor;' 
which has been shown to activate rhizobia nodulation. 

Together, bacteria and AMF form a beneficial biofilm in the mycorrhizosphere. The fungi help 
the plant uptake phosphorus, which in turn is provided to the rhizobia to create the nitrogenase 
enzyme that fixes nitrogen. In effect, more nitrogen is fixed, leading to better root growth and 
increased AM and rhizobia development. The fungi may also modify the structure of rhizobial 
bacteria along the root system and distribute the nitrogen they fix to non-rhizobia-forming plants 
across the ecosystem. Perhaps this is part of the reason why rhizobia are only found on some plants. 
Further, rhizobia in the genus Azospirillum have also been found to be heavily dependent on the 
ectomycorrhizal truffle Rhizopogon vinicolor, which grows at the base of Douglas-fir trees.44 
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The mycorrhizosphere effect 
can also stimulate the growth 
of beneficial fluorescent pseu­
domonads in soil systems. 45 

FUNGI IN THE AGE OF PEAK PHOSPHORUS 

Along with nitrogen, phosphorus is one of the most important plant growth-limiting nutrients in 
soils. As with other elements, a plant's phosphorus uptake may be entirely controlled by its mycor­
rhizal partner. 46 Some of this phosphorus may come from organic (carbon-containing) compounds 
(e.g. phytate, phosphoglucans, phospholipids, and nucleic acids), which can easily be solubilized by 
fungi or other microbes through the use of phosphatases and other digestive enzymes. Or it may 
come from an inorganic form that is bound in the soil matrix (e.g. on the surface of clay minerals) 
or bound with other minerals (e.g. as calcium, iron, and/or aluminum phosphates) in large, in­
soluble, crystalline nets. With the same acids used to desorb minerals from rock, fungi are able to 
unlock inorganic phosphorus from these insoluble complexes and create bioavailable phosphorus 
salts that plants can readily metabolize. 

The production of artificial phosphorus fertilizers is, in a sense, an industrial attempt to mimic 
this natural fungal function, albeit one with many hidden environmental and social costs. Most 
notably, the mining of inorganic phosphorus rock completely destroys habitats and pollutes the 
environment. The processing of the rock results in significant quantities of toxic waste products, 
including the sodium fluoride that is added to water supplies and toothpaste. When applied in the 
field, the bulk of these fertilizers are subsequently lost to sea where they sink to the ocean floor and 
become unavilable. At current extraction rates, it is predicated that the world's rock phosphorus 
supplies will be extremely limited by the 2030s. The subsequent halt in phosphorus availability 
following "peak phosphorus" will have severe and widespread impacts on numerous ecological, 
agricultural, and human living systems.47 

To help slow the arrival of this disaster scenario, rock phosphates and compost can be applied 
to plant root systems in concert with AM fungi and phosphorus-solubilizing bacteria (e.g. Bacillus 
circulans and Cladosporium herbarum).48 Over time, these fungi and microbes slowly release the 
phosphorus from these mineral sources at rates required by the plant, thereby reducing fertilizer 
inputs and phosphate leaching. This simple strategy provides gardeners and farmers with one of 
the most appropriate means for creating more efficient nutrient cycling systems. It also aids in re­
moving some of the major negative impacts currently associated with industrial food production. 

MYCORRHIZOREMEDIATION 

Along with the elements discussed thus far, mycorrhizal fungi are known to significantly reduce the 
negative impacts of toxic heavy metals such as mercury, arsenic, and cesium on an environment. 
Heavy metals can cause a range of problems in the growth of plants, animals, and microbes and also 
alter soil pH, thereby reducing the availability of nitrogen, phosphorus, and potassium. 

Mycorrhizal fungi perform a number of roles to mitigate these impacts and eliminate heavy 
metals from the soil. ECM can extract heavy metals from their substrate and concentrate these 
elements in their fruit body, effectively purging the soil of toxins. The oxalic acid, sidewall compo­
nents (e.g. free amino, hydroxyl, carboxyl, and other groups), siderophores, and metallothionins 
that fungi produce can all bind (or "lock up") metals in the soil by forming complexes that keep 
toxins from entering plant tissues. Mycorrhizal fungi can also change a soil's pH level, influence 
soil microbial communities, and alter root exudation patterns, effects that additionally reduce the 
impacts of heavy metals. 49 

The AM-produced compounds phytochelatin and glomalin can also keep heavy metals from 
entering plants.50 However, though AM fungi are common in areas polluted by mining,51 data on 
the glomalin content in these and other heavy metal contaminated areas is extremely scarce. Thus, 
a general understanding of how these fungi influence post-mining soil communities is currently 
very limited. In one study, zinc-exposed AM fungi were shown to have a higher germination rate 
than those isolated from non-contaminated sites when later exposed to high levels of zinc.52 This 
adaptation also extends to the fungus' plant partner. Mycorrhizal plants grow better and with less 
stress in soils contaminated by high levels of heavy metals in comparison to non-mycorrhizal 
plants.53 Unfortunately, the combined influence of working with plants and fungi in heavy metal 
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remediation efforts has largely been overlooked due to negative precendents set by early phytore­
mediation studies working with non-mycorrhizal plants in the Brassicaceae and Caryophyllaceae.54 

When heavy metal spills occur, common "treatment" strategies tend to rely on earth-moving 
operations that reshape and regrade the polluted environment. The contaminated soil is often re­
moved, incinerated, and replaced with imported soil that is devoid of fungi and microbial life. This 
material then needs to be pH-adjusted to support plant growth. Often this is done with chemical 
fertilizers, which themselves may contain heavy metals. When plants are later introduced to the 
"restored" site as part of the remediation plan, up to 90% may fail to establish. This is likely due in 
part to the low population of mycorrhizal fungi and other beneficial microbes in the imported soil. 
Further, if the soil remains uncovered, it may dry out in the sun and become subject to the effects 
of weathering and erosion. 

The establishment and support of mycorrhizal fungi are critical steps that are needed to fully 
regenerate these and other types of damaged landscapes. Not only can mycorrhizal fungi reduce 
the effects of heavy metals, many can also degrade toxic chemicals as they simultaneously reduce 
erosion and increase plant resilience. The cultivation of mycorrhizal fungi is discussed in Chapter 
9 and their application in remediation strategies is covered in Chapter 10. Combined, these tech­
niques offer a multitude of tools for enhancing the health, diversity, and resilience of whole biomes 
for present and future generations. 

THE BLACK Box OF So1L: DEEPER INSIGHTS 

The dynamics of the mycorrhizosphere are perplexingly innumerable. As root hairs only live for 
a few hours,''• mycorrhizal fungi must continually travel with the extending root tip to enshroud, 
partner with, and then peel back from rootlets as they die. From meristem to meristem, the fungi 

and other microbes travel with plant roots as they survey and respond to the soil web. Along the 
way, mycorrhizal relationships constantly climax and change as fungal species outcompete each 
other for root space, or the plant exchanges partners for unknown reasons."' As the root surges 
forward, this morphing mycelial wave extends in tow at a rate of 0.2-2.5 millimeters per day.'• 1 

Nutrient availability seems to be important in determining which mycorrhizal relation­
ships form, as nutrient-deprived plants tend to establish mycorrhizae more readily than fertil­
ized plants. However, mycorrhizal development is not always indicative of nutrient-poor soil. 
The soil type and nutrient balance as well as the plant's rooting behavior may also influence 
the symbiosis.'s This is suggested by the fact that when a plant is in symbiosis with various 
AM fungi, there can be very different carbohydrate-phosphate exchange ratios between the 
various plant-fungus combinations. It is also possible that the communication and partnership 
between these organisms might be based on factors that are more covert and significant than 

mere nutrient access. 
Mycorrhizal networks intimately develop over long periods of time, and yet human deeds 

can destroy these delicate relationships in a misguided instant. Soil tillage can fragment mycor­
rhizal networks and turn mycorrhizal spores deep into the soil where they are not normally found, 
limiting their survival. Over-fertilized plants may be discouraged from forming mycorrhizal sym­
bioses, leading to a loss in AM diversity. If unabated, such practices can lead to the loss of mycor­
rhizal diversity and abundance as well the dissolution of soil glomalin, leading to a subsequent 
decrease in soil porosity and vitality. If a protective plant cover is removed from such deprived 
environments (e.g. by clear cutting trees or planting monocrops of low vegetation), the moist soil 
that was once shaded will quickly dry and die in the sun until it erodes or blows away. In the end, 
a once-fertile landscape will be left barren with no topsoil to sustain future plant growth, while 
aquatic life in downhill water systems will be choked out by soil sediment as it washes out to sea. 

A striking combination of these effects occurred in the U.S. during the early part of the 20"' 
century. In the great Dust Bowl of the Depression era, farmers were devastated to find that, after 
decades of working the vast plains across the Mid West, the soil beneath their feet was drying up 
and blowing away. Though not commonly recognized, this tragic episode in American history is 
largely attributable to the destruction of the mycorrhizal communities that had spent centuries 
building the rich soil the farmers once praised. As the soil was continuously depleted over de-
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The Mycobiome 
Moving out of the soil matrix, one finds fungi permeating the interior of nearly all aboveground 
organisms. Though commonly presented to be isolated, sterile individuals, all plants and animals 
are more like unique ecosystems filled with complex communities of fungi, bacteria, and other 
organisms. As elsewhere, the fungi involved in these dynamics play an integral role in enhancing 
the health of the larger body and in reflecting conditions of the external environment. However, 
the mysterious nature of these hidden dynamics are only just beginning to be unraveled, with the 
following being the few relationships that are best understood. 

ENDOPHYTIC FUNGI 

Permeating the entirety of nearly all plant tissues are the ubiquitous endophytic fungi. Though some 
of these fungi are considered parasites when free-living, when cohabitating inside of a plant they 
generally produce no symptoms or discernable negative influence. They are most often observed 
in aboveground plant tissues, but there are some root-dwelling endophytes that perform functions 
similar to mycorrhizal fungi. Endophytes include members of the Dothideomycetes, Sordariomy­
cetes, Leotiomycetes, Eurotiomycetes, and Pezizomycetes. Agaricales are common endophytes in 
grasses, while species in the Russulales, Polyporales, and Agaricales are common in woody tissues 
and roots. 

Endophytes associate with all major land plant lineages, including liverworts, hornworts, moss­
es, lycophytes, equisetopsids, ferns, and seed plants (angiosperms). They range from the Arctic to 
the tropics and occur in agricultural fields and throughout the wild. Those found in marine plants, 
such as algae, have been shown in recent years to produce unprecedented bioactive compounds 
that deserve far more investigation. 63 

Conservative estimates suggest that at least 95% of all plants in the world live symbiotically 
with endophytic fungi. The ubiquity of this association is likely due to plants co-evolving with 
these fungi for at least 400 million years. 64 Since the first endophytes were described in 1904,65 

the research that has accumulated over the last century now suggests that most plants in natural 
ecosystems, if not all, are symbiotic with at least one, if not hundreds of thousands, of endophytic 
and/or mycorrhizal fungi. A single Douglas-fir tree has been conservatively estimated to host up 
to 100,000,000,000 individuals of the endophytic fungus Rhabdocline parkeri.66 In essence, every 
plant must be seen as a unique quilt of species sewn together by the threads of enigmatic hyphae. 
These hidden fungi are everywhere, performing unknown acts and intimately communicating with 
their plant partner and potentially other fungi in ways that are not understood. Like mycorrhizal 
fungi, endophytes seem to be an intrinsic component of plant survival strategies. And yet, despite 
their vast spread and seemingly profound ecological importance, they remain in one of the least 
studied of all fungal niches. 

From what is known, endophytes seem to increase productivity, succession, diversity, and en­
ergy flow through the plants they inhabit and, by extension, their environment. Some endophytes 
also fiercely respond to attacks on their plant partner. For example, when cynipid wasps (gall wasps) 
lay eggs in a plant (commonly oaks), the plant's asymptomatic endophytic fungi can suddenly come 
out of hiding and infect the galls that these insects create in the plant as a food source for the larvae. 
Subsequently, the larvae will die from a lack of food, after which point the endophyte will return 
to hiding and become asymptomatic.67 

In a sort of cleansing role, if the plant is subjected to stress its endophytes may alter their 
function and become parasitic,68 thereby killing their plant partner. Though this may seem neg­
ative in the short-term, such purging may ultimately serve to benefit the long-term health of the 
environment (e.g. by mitigating the spread of other pathogens). In other words, as endophytes 
fill the entirety of the plant world, they watch over the forests, fields, and oceans, fine-tuning its 
health, and directing the flow of vital energy throughout their environment, pushing the whole of 
life forward in the process. 

Some endophytes may also express multiple life cycles, such as living primarily as asymp-
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tomatic mycelium and then, under certain conditions, forming a teleomorph that can form fruit 
bodies. Such a hypothesis has been proposed for Psilocybe cyanescens, a psychoactive mushroom 
that is rarely found in the wild but primarily in piles of alder woodchips. As further discussed in 
Chapter 7, endophytic fungi may also be directly responsible for the production of the medicinal 
compounds in plants, a prospect with significant historical and cultural implications. The following 
are the four classes of endophytic fungi that are currently recognized.69 

Clavicipitaceous (C-endophytes/C/ass 1 !C-1) 
Ascomycota (class Clavicipitaceae, order Hypocreales, te/emorphic genera Epichloe and Balansia, anamor­
phic genera Neotyphodium and Ephelis, respectively). 

Commonly found in most grasses and cereal crops, the agricultural significance of Class 1 has 
brought these endophytes the most attention. In general, plants usually host one dominant C-1 
species. C-1 fungi tend to be transmitted to seedlings by travelling inside of the seeds of plants, mak­
ing them intimately connected to whole plant lineages. C-1 species can also be found free-living, 
filling non-endophytic niches as symbionts (e.g. Cordyceps species), pathogens (e.g. ergot [ Claviceps 
purpurea]), and/or saprotrophs. Some entomopathogenic fungi (e.g. insect-attacking Beauveria 
bassiana) are currently being investigated for their potential as endophytic inoculum for plants. 

C-1 endophytes provide a range of benefits to plants such as increasing plant biomass, confer­
ring drought tolerance and disease resistance, and producing chemicals that are toxic to animals, 
thereby decreasing herbivory.70 However, the degree of benefit provided by the fungus appears 
to depend on the plant species and genotype as well as environmental conditions. It is unknown 
whether the disease resistance is attributable to the fungus, plant compounds produced in response 
to the endophyte, competition between fungi, or some physical exclusion mechanism. 

C-1 endophytes also produce a range ofbioactive substances. Neotyphodium tembladerae in­
fects several species of South American grasses, making them toxic to mammals. 71 The dronk gras 
(Melica decumbens) of South Africa and the drunken horse grass (Achnatherum inebrians) of Asia 
(which is infected by Neotyphodium gansuense) are both avoided by animals.72 In 1977, the Acremo­
nium endophytes in sleepy grass (Achnatherum robustum or Stipa robusta) were found to produce 
lysergic acid amine, a precursor to the psychoactive compound LSD. 

Nonclavicipitaceous (NC endophytes!Classes 2, 3, and 4) 

NC endophytes have been recovered from every major lineage of land plants (e.g. nonvascular 
plants, ferns, conifers, and angiosperms), and from all terrestrial ecosystems, including agriculture 
systems and biomes from the tropics to the tundra. Compared to C-1 endophytes, relatively few 
studies have been conducted with these fungi. NC endophytes are subdivided into three groups: 

Class2NC 
Mostly Ascomycota and a few Basidiomycota. 

These fungi are found in the roots, leaves, and stems of plants. They are capable of growing through 
a large amount of the plant tissue, though their diversity in an individual plant is often quite limited. 
They are transmitted between plants by spores (horizontally) and via seed coats, seeds, or rhizomes 
(vertically). 

A unique aspect of Class 2 endophytes is their ability to confer habitat-specific stress tolerance 
to plants.73 They have been shown to increase plant tolerance to drought, desiccation, heat, and 
salinity, and to increase a plant's root and shoot biomass. In one study, endophytes removed from 
grasses growing in geothermal soils near Lassen Volcanic and Yellowstone National Parks were 
shown to provide thermoprotection to tomato, watermelon, and wheat plants planted in 149°F 
(65°C) soil for ten days.74 When grown nonsymbiotically, neither the fungus nor the plant it was 
cultured from could tolerate temperatures above 104°F ( 40°C): the symbiosis was required to enable 
both partners to tolerate such extreme temperatures. 
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Class3NC 
Ascomycota and Basidiomycota. 

Class 3 endophytes only grow in the aboveground tissue of plants, including non-vascular plants, 
seedless vascular plants, conifers, and angiosperms. They are found in the flowers, fruits, wood, 
and bark of these plants and are spread by sexual or asexual spores. All land plants studied to date 
contain these fungi.75 Class 3 endophytes tend to form highly localized mycelium, allowing for a 
high degree of Class 3 diversity in a single plant. An individual plant leaf may harbor one fungus per 
2 mm2 of leaf tissue.76 Different leaves on the same tree may have quite distinctive assemblages of 
dozens of endophytic fungi,77 while whole plants may harbor hundreds of different species. Across 
its native range, a given plant species may form symbioses with thousands of endophytic fungal 
species. Class 3 species are found around the world, from tropical forests to boreal and Arctic/ Ant­
arctic ecosystems. Fungi similar to Class 3 endophytes are also found in lichens and are known as 
endolichenic fungi. Despite such wide distribution patterns and likely high ecological importance, 
the role of these fungi is essentially unknown. 

Class 3 endophytes include many fungi in the Pezizomycotina (e.g. species in the Pezizo­
mycetes, Leotiomycetes, Eurotiomycetes, and especially the endophyte-rich Sordariomycetes and 
Dothideomycetes) as well as some Saccharomycotina.78 Several plant pathogens and saprotrophs in 
the Ascomycota are also derived from these lineages. 79 Endophyte specificity can differ markedly by 
biome and plant lineages. For example, conifers tend to host endophytes from the Leotiomycetes, 
while tropical plants often partner with endophytic Sordariomycetes. In general, seedlings that are 
grown under sterile conditions do not contain culturable Class 3 endophytes. 

Class4NC 
Ascomycetes that are conidia/ or sterile (including taxa in the orders Xylaria/es, Peziza/es, Elaphomycetales, 
Onygena/es, and Saccharomycetales). 

These endophytes are restricted to plant roots where they form extensive networks ofhyphae con­
taining distinct, darkly melanized septae. These "dark septate endophytes" (DSEs) do not form 
mycorrhizal structures, but they do tend to lack host or habitat specificity, similar to the distribution 
of arbuscular mycorrhizal fungi. DSEs are found worldwide in African coastal plains and lowlands, 
some tropical ecosystems, and most alpine, sub-alpine, temperate, Antarctic, and Arctic zones.80 

They are commonly found in boreal and temperate forests as well as high-stress and nutrient-lim­
ited environments, suggesting they may enable plant establishment and survival in these areas. 
DSEs seem to have low geographic or host specificity. For example, Phialocephala fortinii associates 
with plants from the Pinaceae, Cyperaceae, Ericaceae, Salicaceae, and Rosaceae families. Other 
DSEs associate with plants in the Angiospermae and Gymnospermae, including plants that are 
non-mycorrhizal, as well as with plants with known arbuscular, ericoid, orchid, and ectomycorrhizal 
associations. In alpine and semi-arid ecosystems, DSEs can be more abundant than AM fungi. 81 

Due to limited research, Class 4 endophytes have only been reported in around 600 plants. 
DSEs are found in association with the fine roots of shrubs and trees, especially conifers. They can 
also share root space with AM and ectomycorrhizae in trees from the Pinaceae.82 Such dynamics 
may be common in other genera of plants, though DSE diversity within individual plants has, in 
general, not been sufficiently evaluated. Unlike AM fungi, DSEs can form mutualistic symbioses 
with the roots of plants in the Brassicaceae. 83 

DSEs form four main physiological structures in plant roots. Runner hyphae appear as indi­
vidual, superficial fungal strands following the depressions between epidermal root cells. Swollen 
appressorium appear prior to penetrating a host cell wall. Thin penetration tubes enter the cell wall 
and microsclerotia develop as rounded, intracellular clusters of thick-walled hyphae. Some DSEs 
form mycorrhiza-like structures. When used to inoculate the orchid Dendrobium nobile, one DSE 
was shown to form structures similar to pelotons and to increase the plant's height, biomass, and 
stem diameter. 84 DSEs in general function similarly to mycorrhizal fungi, yet in many mycorrhizal 
studies, DSEs are ignored or reported as contaminants. 

These endophytes seem to confer various benefits to their plant partner, including an increase 
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in root, shoot, and biomass by up to 122%85 and increased acidity tolerance.86 They may also act 
as saprotrophs in some instances to provide nutrients to their plant partner.87 In arid ecosystems, 
DSEs in the order Pleosporales are commonly found in both rhizosphere soils and in biological soil 
crust communities (discussed in Chapter 5). This wide range suggests that DSEs may significantly 
increase nutrient access for plants in harsh environments by linking plant roots to the biological 
soil crusts that fix carbon and nitrogen (a concept known as the Fungal Loop Hypothesis88 ). And 
yet, after almost a century since their initial discovery, the ecological role of the ubiquitous and 
seemingly critical dark septate fungi (including their influence on plant biology and ecophysiology) 
remains largely unknown. 

ANIMAL-FUNGAL RELATIONS 

Compared to the fungi inside of plants, only a few fungal-animal relationships have been studied in 
depth. From what is known, it seems that fungal endosymbionts inhabit the guts of many animals, 
where they help digest and detoxify food. 

The bodies of insects seem especially replete with an "extraordinarily widespread and fantas­
tically complex"92 assembly of yeasts (primarily Saccharomycetes spp.) and "yeast-like endosymbi­
onts" (YLSs) that seem more closely related to filamentous Ascomycetes than true yeasts. 93 This 
relationship dates back at least 420 million years, as evidenced by spores inside fossilized bug scat. 
Today, the relationship is so intimate that some YLSs, such as those in planthoppers, are never found 
free-living but are only transmitted to the insect's offspring through its ovary. Despite their seeming 
ubiquity inside of insects, fungal endosymbionts have been essentially ignored since entomologists 
first discovered them nearly 100 years ago. 

Beetles and Yeasts 

The largest order of insects in the world is the Coleoptera-the beetle clan. Comprising over 350,000 
species that are found in nearly all habitats and consuming nearly any food source, beetles are 
among the most evolutionarily successful insects in the world. 

The robust digestive capacity of beetles is likely to be attributed to the hyperdiverse abundance 
of yeasts that inhabit the guts of these insects. It seems that all beetles contain dozens or hundreds of 
yeast species in their guts, some of which may descend from yeast lineages that are not encountered 
in other habitats (e.g. the Candida tanzawaensis clade). In a study from 2005, over 200 undescribed 
yeast species were found in the guts of beetles, representing over 30% of the known yeast species 
in the world.94 Such revelations suggest that current estimates of yeast species diversity may be 
significantly low.95 

Taking their relationship with fungi one step further, ambrosia beetles (ca. 3,000 species) ex­
cavate tunnels (or "galleries") inside of dead wood, where they cultivate fungal gardens of yeasts 
and wood-decaying mycelium as their sole food source. Considering that this symbiosis has arisen 
multiple times in the evolution of beetles, it is a strong example of convergent evolution. Similar 
practices are observed between wood wasps from the Xiphydriidae and various Ascomycetes (e.g. 
Daldinia decipiens and Entonaema cinnabarina). 

The Gastronomic Chytrids 

Like humans, most animals cannot digest the cellulose that makes up plant cell walls. However, 
rather than passing cellulose through their gut (as humans do in the form of "dietary fiber"), many 
herbivores are reliant on Chytrids in their guts to digest the plant material they consume. 

The intimacy of this relationship is most apparent in cows. When a cow swallows grass or 
other plant matter, the material first enters the initial three stomachs of the animal (the rumen, 
reticulum, and omasum). These stomachs are essentially fermentation tanks in which small ponds 
of Chytrids digest the plant matter, forming cud. This cud is then regurgitated into the cow's mouth 
where it is further chewed and then swallowed a second time to enter the animal's true stomach 
(the abomasum), which is the only site that produces endogenous digestive enzymes (pepsin and 
rennin) and acid. The abomasum makes up about 80% of the total stomach volume in calves, while 

(Above) This Death Watch 
beetle may be host to dozens 
of undescribed yeast species. 

(Below) Ambosia beetle galler­
ies are miniature fungal farms 
that feed maturing larvae. 
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in mature cows it only fills a mere 10%. Thus, as the cow ages and become less dependent on milk, 
it becomes increasingly reliant on its internal Chytrids to survive. 

Similar Chytrid-dependent relationships are found in over 50 animals. These include herbivo­
rous reptiles and various ruminant and non-ruminant mammals such as sheep, goats, deer, giraffes, 
llamas, antelope, elephants, horses, and likely many large herbivores. This relationship may be as 
ancient as the lineages from which these animals descend. Thus, the rise of one of the central pillars 
of omnivorous human cultures-animal husbandry-is an art that has been entirely and secretly 
dependent on micro fungi to flourish. Without these micro fungi, many cultures, customs, and 
cuisines of today would look entirely different, potentially with an increased emphasis on eating 
mushrooms as a source of protein and other nutrients. 

The Mycobiota of the Human Mycobiome 

As with many other animals, our own digestive tract is highly dependent on an internal microbial 
community that aids in the digestion and assimilation of nutrients. The composition of this mi­
crobiome in the gut is often emphasized for its diversity of bacterial species, such as those in the 
genera Lactobacillus and Bi.fidobacterium. In comparison, the dynamics and impacts of the gut's 
mycobiome has remained poorly understood since first being noted for its role in digestion nearly 
two decades ago. 96 

Among the limited studies available, one report from 2013 demonstrated that the population 
and diversity of human gut fungi can vary widely, often in relation to diet. In the study, 66 distinct 
genera were found amongst the participants sampled, including Aspergillus, Candida, Claviceps, 
Cryptococcus, Fusarium, Penicillium, and Saccharomyces, along with many other unidentifiable taxa. 
Saccharomyces was by far the most prominent genus. High populations of Candida were positively 
correlated with the consumption of carbohydrates, while their low occurrence related to diets high 
in proteins and fatty acids. Interestingly, samples tended to predominate in either species from the 
Ascomycota or Basiodiomycota, but rarely in an even mix of the two.97 It has also been suggested 
that alterations of the gut mycobiome may be a means to address obesity.98 Thus the question we 
must all ask is, "Is my gut asco or basidio friendly?" 

Beyond the intestinal tract, fungi permeate the human body. The lungs contain their own array 
of fungal symbionts, as does the birth canal. In one study of the vaginal mycobiome, 16 different 
species of Candida were found along with various Ascomycota (Davidiellaceae, Cladosporium, 
Eurotium, and Alternaria spp.), Basidomycota (Rhodotorula spp.), and many unclassified fungal 
species. Is it quite likely that these fungi enter the mouths of babies during birth, helping initiate 
the development of the beneficial mycoflora in their mouths and bodies that assists in their growth 
and protection.99 

Successional Enforcers: Lessons from the Vocal Fungi 
As plants and animals grow into their latter years or become struck with an inopportune assault, 
they may find themselves gradually or suddenly overtaken by the great fungal instigators of change 
and cleansers of disease: those that consume the living tissue of other organisms. Though ever 
present in the air we breathe and the soil beneath our feet, these fungi only tend to arise and force­
fully alter their environment when suitable conditions present themselves. This might be when the 
fungus enters the warm, moist interior of an otherwise healthy plant or animal or, most commonly, 
when an imbalance presents itself in an organism or in an ecosystem at large. 

Whereas most other fungi subtly guide succession in a habitat through the movement of nu­
trients and the formation of symbioses, vocal fungi are more visible in their effect. They are the 
heavy-handed healers of Earth, strictly enforcing a code of optimal hygiene and constant diversity. 
They are the creators of morphogenic designs and the increased complexity that results in the 
heightened resilience of otherwise tenuous arrangements amongst plants, animals, and microbes. 

Generally, these aggressive fungi only appear in small, confined areas. And, as mycologist Nico­
las Money presents in the book The Triumph of the Fungi, essentially all of the major fungal blights 
of history have human influence to blame. The artificial and unnatural niches that humans have 
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crafted have been favorable to the spread of these fungi. Sometimes, blights are directly attributed 
to the importation of plants that are not adapted to the fungal forces in their new environment. 
The monocropping of singular plant species is an unnatural practice that is especially susceptible 
to blight. Monocrops produce a lack of diversity and a subsequent opening in the habitat, a niche 
through which fungi can enter, cause a disturbance, and ultimately help reset the scales on the local 
plant population. The pattern is clear: where natural diversity lacks, vocal fungi prevail. 

In other instances, the proliferation of aggressive fungi may be attributable to the fact that 
humans no longer steward and tend the wild as many Indigenous societies have for generations. 
Prior to and during the colonization of North America by Europeans, Native American and First 
Nations peoples regularly burned vast areas ofland as a means to manage and increase the produc­
tivity of wild crops-including mushrooms-while simultaneously reducing the impacts of invasive 
and diseased plants. 100 Just as we have evolved to depend on other organisms for nourishment, so 
have plants, animals, fungi, and the wild at large developed the need for humans to support their 
habitats and dynamics. When this stewardship is not provided, imbalances arise and yields are 
reduced. Indeed, some Native American tribes still assert that mushroom yields will increase if 
the fungus is picked. 101 Similarly, domesticated plants may lack the protective endophytic diversity 
found in wild plants, a hidden factor that may underlie the proliferation of many fungal infections 
in large-scale agriculture practices. 

In essence, vocal fungi provide "checks and balances" in an ecosystem, helping to manage the 
diversity and population of organisms in complex ways that humans have barely begun to under­
stand. These fungi clear areas of overgrowth, opening up the tree canopy to allow light to enter 
the understory. They create the hollow snags that provide refuge for mammals, birds, and insects. 
Ultimately, they ensure that no habitat remains static for long, thereby propelling succession and 
increasing the structural, compositional, and functional diversity of an ecosystem that is vital to 
its overall resilience. Further, it is also possible that to some degree the host plant allows itself to be 
altered or killed, a self-sacrifice of sorts that may ultimately work for the benefit of the fungus in 
the short-term, but will enhance the plant's seedlings and habitat in the long-term. Whereas other 
fungi support the immediate life of individuals, the vocal species tend to the positive growth of a 
habitat over the long term. 

Unfortunately, modern humans have largely misinterpreted this role of the vocal fungi. Today, 
many land managers uphold unsustainable practices in an attempt to address the complexity of 
designing ecologically sound, broad scale agricultural and forest management practices. Often these 
practices, such as the use of toxic pesticides, are excused by the scapegoat of these forceful fungi. 
In effect, as farmers and forest managers work to fight fungi, they ignore the ecological importance 
that these species hold, leading to greater dependency on their unnatural and faulty practices. 

Vocal fungi help push humans into the wild, to interact with and learn from these acts of 
clearing and cleansing. Perhaps earlier societies mimicked these purging patterns in their tending 
of their environment, recognizing them as calls for increased stewardship and attention to the great 
cycles. Today, through the lessons of these fungi, we can also return to a new relationship with the 
forests and untouched wild spaces to remember the value in releasing the life of others on to the 
wisdom of Nature's demands in the endless process of evolution. 

BIOTROPHS 

The biotrophic vocal fungi feed on the living tissue of organisms but do not kill their host. They 
are often obligate parasites. 

Smuts (ca. 7,000 species in the Ustilaginales of the Basidiomycota). 

Generally asymptomatic until the host plant's fruiting season, these fungi replace some of the plant's 
fruits with diploid teliospores. Most specialize on cereal crops. Huitlacoche ( Ustilago maydis) replac­
es kernels in corn and teosinte species (Zea spp.) with savory masses that are eaten as a delicacy in 
Mexico. Some people intentionally cultivate Huitlacoche by inoculating corn silks with the spores 
of the fungus. Others seek out infected cobs that are discarded from cornfields. 

Huitlacoche (Ustilago may­
dis) is a smut that commonly 
infects corn. It is also a deli­
cious, umami-rich delicacy 
cherished in Mexico. 
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Fungi infect and digest many 
substrates. 

(Top) A Phoma species attack­
ing a papaya stem. 

(Center) Aspergilloma (myce­
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a human lung. 
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chrysospermus attacking a 
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Rusts (ca. 7,000 species [168 genera] in the Uredinales of the Basidiomycota). 

Named after their rust-colored uredospores, these diverse fungi often require multiple plant hosts 
to complete their highly complex lifecycle. Puccinia and Uromyces are common genera; they tend 
to be generalists, whereas most other rusts specialize. A single rust species may create five mor­
phologically distinct spore-producing structures to complete its life cycle (e.g. spermagonia, aecia, 
uredinia, telia, and basidia). Often these various structures must form on different plants. Thus, 
removing one of these plants in the cycle from an area influenced by these fungi can help mitigate 
the fungus' spread. 

Colorado Rust (Puccinia monoica) infects Fendler's Rockcress (Boechera fendleri) and causes 
the plant to produce leaf clusters that look like flowers (psuedoflowers). From these structures, the 
fungus emits a sugary solution that smells like nectar and has a similar visible and ultraviolet light 
output as that of the flowers it replaces. This subsequently attracts the plant's normal pollinator in­
sects to the fungus, thereby increasing the spread of spores between infected plants and increasing 
hyphal mating. 

Powdery Mildew (ca. 100 species in the Erysiphales of the Ascomycota). 

Commonly seen in vegetable gardens, these fungi produce white pustules on plants leaves and fruit 
surfaces. Most are host-specific and produce spores in cleistothecia. 

Downy Mildew (not true fungi, Oomycota). 

Downy mildews rob nutrients from plant cells, especially vine plants. The genus Phytophthora 
("plant destroyer") is notable for its 100+ species that infect a variety of crops. Most downy mildews 
are considered hemibiotrophic, as they tend to start out as biotrophs that eventually kill their plant 
host. Developed in the 1870s, the Bordeaux mixture was the first chemical used to control a plant 
disease. It is still used on downy mildews in vineyards. 

NECROTROPHS 

These vocal fungi are the most closely associated with death as they invade and ultimately kill liv­
ing organisms. Many are quite virulent but often only present in unnatural or unhealthy systems. 
Nectrotrophic fungi include the most infamous blights of history, including white pine blister rust, 
chestnut blight, sudden oak death (Ramorum spp. ), and Dutch elm disease, which wiped out 700,000 
trees in only a few years after its introduction to the U.S. in the early 1900s. All of these fungi were 
introduced from abroad. 

In the Malheur National Forest in eastern Oregon, an ancient mycelial network of Armillaria 
solidipes covers roughly 3.4 square miles (8.4 km2 ), or about three times the size of Central Park 
in New York City. At 1,900-8,650 years old, this "humungous fungus" 102 is the largest organism in 
the world. And it is also a necrotroph that girdles and kills many commercially cultivated trees, 
including timber crops of Douglas-fir and western hemlock (Tsuga heterophylla). 

Seed(ling) Cullers 

Often called "damping off" disease, these fungi are common in soil systems but tend to only 
infect plants that are stressed by drought, poor light, nutrient deficiency, or insect damage. They 
may be generalists or host-specific, and they are attracted to plant exudates released by seeds 
and seedlings. 

Athelia rolfsii is a seedling pathogen in warm, seasonally wet parts of the world. Its sclerotia 
survive through the dry season and germinate after the first rain to kill seedlings. Crater disease 
(Rhizoctonia solani) forms bead-like masses of hyphae on roots that stunt seedling growth. This 
rather tenacious leveler of monocrops causes sugar beet root rot, cucumber belly rot, bare patch of 
cereals, sheath blight of rice, and black scurf on potatoes. 
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Vascular Wilts 

The spores or yeast cells of these fungi spread through the vasculature (xylem) of plants where they 
remain as asymptomatic endophytes until the plant becomes weakened. Common species are found 
in the Oomycota Pythium and Ascomycota Fusarium genera. Eighty different strains of Fusarium 
oxysporum are known, each of which specialize on a different crop. Most of these fungi survive by 
producing thick, asexual chlamydospores that can survive in soils for years. When the plant host is 
healthy, this fungus can confer many benefits such as increased yields in bananas. 103 

Ripe Fruit Lovers 

These opportunistic fungi consume the sugars in fruits, often by entering wounds caused by insects 
or during harvest. They produce pectinases that break the pectin "glue" that holds plant cells to­
gether. Though farmers consider these fungi a nuisance, not all are considered bad. Botrytis cinerea 
produces bunch or "noble" rot on grapes. The resultant flavor in these grapes is used to create botry­
tized wine, a style highly regarded for its complex flavors. As such, some vineyards intentionally 
inoculate grapes with this fungal "problem:' 

Entomopathogenic Fungi 

A variety of fungi in the Ascomycota and Zygomycota (order Entomophthorales) infect the bodies 
of living insects. In 1807, the first demonstration of the germ theory of disease was presented by 
correlating muscardine disease in silk worms to an infectious fungus, Beauveria bassiana. This 
fungus grows through the insect, where it releases toxins and absorbs water and nutrients from 
the host, effectively crystalizing the insect's hemolymph and hardening its body. For decades, this 
and other species of entomopathogenic fungi have been intentionally cultivated and applied as a 
"bioinsecticide" to control insect populations. Species in the Coelomomyces have been explored for 
their biocontrol of mosquitoes. Leucanicillium lecanii is one of the most effective, though Beauveria 
bassiana (e.g. strain GHA or strain ATCC 74040) is still used to kill white flies, ants, grasshoppers, 

(Top /eh) A Beauveria spe­
cies strikes again. This genus 
is well-known for its potential 
as both a pesticide and endo­
phytic inoculum. 

(Top right) An unidentified 
Cordyceps species engulfs an 
ant. 

(Bottom /eh) The spore cloud 
of Entornophthora rnuscae 
erupts from a house fly. 

(Bottom right) Cordyceps 
species (here C. rnilitaris) pro­
duce large, pimply fruit bodies 
from the heads of their host 
insect. Some of these fungi 
are revered for their medicinal 
potency. 
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beetles, mites, thrips, aphids, weevils, and other insects. The conidiospores of the fungi are grown 
in a liquid media, harvested, and sprayed onto the insects. 104 

Many of these fungi alter the insect's behavior as an infection develops. Ophiocordyceps cam­
ponotirufipedis is well appreciated for its ability to create "zombie ants:' Once an ant is infected, it 
will climb far beyond its normal range to the top of the tree canopy and bite down on a leaf. Soon 
after, the fungus mummifies the insect from the inside until, hours later, a mushroom erupts from 
the insect's head, releasing spores to rain down across the forest. 

Many Cordyceps species are important for the maintenance of arthropod populations. Beauve­
ria and Metarhizium are also common genera. Many entomopathogenic fungi are common plant 
endophytes in the Clavicipitaceae, a fact that strongly suggests that plant-insect interactions over the 
eons have helped spread, refine, and increase the impacts of these fungi throughout their ecosystem. 
Massospora cicadina attacks 17-year cicadas in a gruesome way that slowly corrodes the insect's 
body. Entomophthora muscae commonly infects flies. It is often witnessed on windowpanes where 
dead flies are found surrounded by a white halo of discharged conidiospores. The dead fly often has 
a distended abdomen with white conidiophore bands projecting between its exoskeleton segments. 

Nematophagous Fungi 

These specialized fungi infect, trap, and/or digest nematodes (microscopic roundworms that dam­
age plant roots). More than 200 fungal species across phyla are nematophageous. They are found in 
all regions of the world, from the tropics, to Antarctica, to agricultural sites. 105 Their three primary 
means of killing nematodes are parasitizing nematode eggs or cysts, capturing the insect in adhesive 
or netted hyphae, or trapping the worms in constricting or non-constricting rings. The mycelial 
rings of Hirsutella rhossiliensis can trap a nematode in 0.1 seconds. 

Animal Cullers 

A wide variety of fungi negatively affect animals. Notable examples include the White Nose Syn­
drome in bats that is caused by Pseudogymnoascus destructans, various Oomycota that affect fish 
and their eggs, and the Chytrid Batrachochytrium dendrobadis, which has been attributed to the 
extinction of over 100 amphibian species over the last 40 years. 

Numerous fungi affect humans with compromised immune systems or otherwise poor hygienic 
practices. For example, the fungi that cause athlete's foot and jock itch in humans (Epidermophyton 
and Trichophyton species) are rarely found free-living in public shower stalls and swimming pools, 
but instead are attributable to poor air flow and limited sun exposure in the infected areas. UV light 
will kill these fungi. About 20% of humans are also sensitive to high concentrations of Alternaria 
spores in the air and can develop seasonal "hay fever" in response to their spore release. Malassezia 
species cause dandruff by aggregating skin cells from the scalp into visible clumps. 

Candidiasis is a systemic infection of the body caused by Candida albicans. This yeast is nor­
mally present in the mouth and digestive tract, where it assists in various bodily functions, including 
digestion. However, when the body's microbial populations become unbalanced due to antibiotic 
consumption or dietary factors, this fungus can overwhelm the rest of the body's microbial flora, 
convert to a filamentous form, and cause damage to the host's body. Medicinal mushroom extracts 
can assist in overcoming Candida issues, though the root causes of the imbalance must be addressed 
to ensure symptoms do not recur. 

Genital elephantitis can result from chromoblastomycosis, an infection attributed to various 
fungi in the Ascomycota. 106 Cryptococcus neoformans causes significant infections in the nervous 
system of immune compromised individuals, often forming abscesses in the brain that cause head­
aches, blindness, dementia, and death. 107 As it happens, this fungus also survives in the abandoned 
buildings of Chernobyl by converting gamma radiation into energy in a manner similar to the 
conversion of sunlight to vitamin D in human skin. 

By far the most dangerous fungal pathogens for humans are Histoplasma capsulatum, Blasto­
myces dermatitidis, Paracoccidioides brasiliensis, and Coccidioides immitis-all Ascomycota in the 
order Onygenales. Though common saprotrophs in the soil, these fungi become serious human 
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pathogens when their spores are inhaled. This is due to their combined abilities to grow at 98°F 
(37°C), bind to human tissue, digest proteins, and evade the human immune system. Inside of 
lungs, these fungi penetrate into the alveoli where they cause severe tuberculosis- or influenza-like 
symptoms. This infection is probably coincidental, however, as it represents a dead end in the life 
cycle of these fungi and is thus not evolutionarily advantageous. 

When P brasiliensis, H. capsulatum, and B. dermatitidis cells are consumed by macrophages, 
these fungi defend themselves by raising the macrophage's internal pH, effectively disabling the 
digestive enzymes and "oxidative burst" typically employed by macrophages to destroy invaders. 
If the human's immune system becomes weakened, even years later, the dormant fungi inside of 
these macrophages can reanimate, causing a relapse in symptoms. Estrogen and other female steroid 
hormones inhibit these fungi, reducing their presentation in women by 10-fold when compared to 
men. Due to the severity of their effects, only highly regulated laboratories are permitted to study 
these lethal fungi. 

Recomposing Life: Saprotrophic Fungi 
Across all marine and terrestrial habitats, fungi are found performing 90% of all decomposition 
on Earth. Among their ranks are the molds that break down left over food, the Chytrids that 
consume pollen, the recyclers of animal and plant debris, the destroyers of human-made mate­
rials and toxins, and the creators of nursery logs that feed future generations of trees. At the end 
of every life a doorway opens, exposing a mycelial bridge toward another birth. The fungi carry 
life across this dark abyss of death and expose each form of energy to another undulation in the 
endless waves of Nature. 

Like all beings, fungi take in nutrients and transform these substances into new compounds 
that other species use to survive. To associate fungi with death and define them as decomposers 
simply because some of their primary foods are dead animal and plant parts is to ignore the fact 
that humans kill and digest the same organisms. Along with all of Earth's inhabitants, fungi should 
instead be seen as recomposers of the elements that bring evolution forward, albeit the most indus­
trious in the process. 

To give a sense of the importance and intricacies of decomposition cycles and some of the 
critical ways that fungi return nutrients back to the air and soil web, below is a summary of the 
ecology of decay wood (a.k.a deadwoodology) and the successional stages that a tree goes through 
as it returns to the Earth. 

1: EPIPHYTES 

Epiphytic fungi harmlessly live on the exterior of living plants where they may play beneficial roles, 
similar to endophytic fungi. However, the "head-start theory" proposed by some deadwoodologists 
also suggests that some epiphytes (and endophytes) may live asymptomatically until the plant be­
comes weakened or damaged, at which point the fungus will begin to actively feed on it. Likewise, 
endophytes are strongly associated with initiating the decomposition of fallen leaves. 

Though epiphytes may live only millimeters away from the endophytes inside of the plant, 
the two fungal communities may be distinct. However this line may blur in several instances, as 
during the period in which horizontally transmitted endophytes exist epiphytically before entering 
plant tissues, and when internal plant tissues become exposed to the environment. This scenario 
effectively turns endophytes into epiphytes. 

2:HEARTROT 

Heart rot fungi grow through the interior of living trees, but do not consume the outer cambium 
layers of the tree that keep the tree alive. As these fungi grow, they consume the tree's heartwood, 
which is not actively growing, but primarily acts as a storage site for the tree's waste products that 
cannot be expelled through its leaves or roots. 

The deadly spores of Blasto­
myces dermatitidis. 

Nature assembles and breaks 
down, dissolves and renews, 
using the same material over 
and over, leaving no landfills 
and toxic dumps in her wake. 
In nature, there is no such 
thing as waste. Everything is 
food for something else, con­
nected in life and death to 
many other species. 

-TOBY HEMENWAY108 
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Heart rot infections occur when the bark of a tree is damaged, allowing nitrogen-fixing bacteria 
and fungal spores to enter the tree. As the two organisms grow, the bacteria provide the fungus 
with nitrogen and the fungus provides the bacteria with other forms of nourishment. Over time, 
the mycelium hollows out the center of the tree, forming a decay column inside the trunk. When 
these trees are cut down by the logging industry, this column forces the tree to be excluded from 
harvest, thereby lowering profits. 

In short time, the decay column comes to host a diversity of animals and insects. Termites or 
carpenter ants begin to cohabitate with the mycelium in the tree's core, and as branches rot and fall 
off, birds and other animals begin to find shelter in the tree hollows. Woodpeckers may even use 
the fruit bodies of Phellinus pini to help indicate where decay is pronounced and thus find sites of 
suitable habitat. 109 Eventually the interior support of the tree becomes so reduced that the tree falls 
over, leaving its hollow snag and branches to serve as a critical habitat for a myriad of wild animals. 

3: PIONEERING "GOODIE GOBBLERS,, 

Once a tree dies (whether due to heart rot, root rot, animal predation, or disease), various fast-grow­
ing and short-lived fungi (e.g. Mucor and Rhizopus species) and bacteria will appear to consume 
the easily obtainable surface sugars and proteins. 

4: SECONDARY, "EASY,, POLYMER-DEGRADING FUNGI 

Overlapping with the pioneering organisms, secondary decomposers degrade moderately complex 
plant polymers (e.g. cellulose, hemicellulose, glucans, and pectins). To defend their substrates from 
competitors, these fungi will often sequester limiting nutrients (e.g. nitrogen) or produce inhibitory 
metabolites. 

5: RECALCITRANT POLYMER DEGRADERS 

After the more accessible nutrients have been consumed, the more industrious fungi appear and 
degrade the persistent plant polymers of lignin, lignocellulose, and keratin. There are three main 
types of these important recomposers: 

White Rot Fungi (ca. 2,000 species) 

The majority of carbon in terrestrial ecosystems is locked up in lignocellulose, a matrix of woody 
material that comprises the bulk of trees and shrubs. However, the carbon in this material is inacces­
sible to most microbes due to the lignin component of wood. Lignin is one of the most recalcitrant 
compounds that Nature produces, only being degraded by a relatively small group of fungi. Lignin 
decay is critical in the global cycling of carbon out of wood and back to soils and plants. Further, 
as humic substances appear to be modified forms of lignin, it has long been argued that white rot 
fungi are intimately tied to the creation of the soil humus that holds water and nutrients for plants 
and microbes. Thankfully, however, fungi cannot fully digest lignin or use it as a sole carbon source. 
If this were the case, many of the byproducts of delignification that lead to the development of 
humus would not exist, prohibiting the development of soil and, by extension, the diversity of life 
we find today. 

With the lignin degraded, much of the plant cellulose is left behind, giving the material a white 
appearance and little structural integrity. White rot fungi are found in both the Ascomycota (e.g. 
Xylaria spp.) and Basidiomycota (e.g. Armillaria, Trametes, and Pleurotus spp.) and tend to occur 
on hardwood trees (angiosperms) more commonly than on softwood trees (gymnosperms). 
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Brown Rot Fungi (ca. 200 species) 

These fungi primarily degrade tree cellulose, potentially by means of a reaction between iron ions 
and H20 2, producing destructive hydroxyl radicals. 110 Brown rot fungi leave the bulk of the tree's 
lignin behind, which takes on a cubical or stringy appearance that breaks down to a fine powder. 
The resultant material is very resistant to further degradation and, in effect, acts as a type of natural 
sponge that holds water and nutrients, and provides refuge for insects and microbes. Tree roots, 
ECM fungi, and nitrogen-fixing bacteria are often found in abundance near brown rotted material. 
The preservation of brown rot fungi and the cubical rot they produce should therefore be heavily 
considered in any long-term forest conservation strategy. 

Many conks are brown rotters. They are common on confinerous wood, with Fomitopsis of­
ficinalis, Phaeolus schweinitzii, and Phellinus pini being some of the primary degraders on these 
trees. Some species, such as Ganoderma applanatum and Heterobasidion annosum, can interestingly 
produce both brown and white rot in the same wood. 

Soft Rot Fungi 

Soft rot fungi are often found in damp areas and bioregions where they decay fence posts, window 
frames, and marine wood. They primarily eat cellulose and hemicellulose but can also degrade 
lignin slowly, leaving a distinct rhomboidal pattern in decayed wood. Most are soil-inhabiting 
Ascomycetes (e.g. Chaetomium and Pleospora spp. ), though some are Basidiomycota as well (e.g. 
Heterobasidion annosum, a butt rotter). This group includes members of the genera Allescheria, 
Graphium, Monodictys, Paecilomyces, Papulospora, Thielavia, Daldina, Hypoxylon, and Xylaria. 

(Top two) Decay columns 
caused by a heart rot fungus. 

(Bottom) Schizophyllum 
commune white rot forming 
a V-shaped decay section in a 
tree round. 
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Mycophagy in the Animal Kingdom 
As with humans, a wide number of animals and insects lavishly consume truffles, mush­
rooms, mycelium, and lichens for food and medicine. Fungi form an integral component 
to these diets, an ecological impact that travels up the food chain in countless directions. 
Though it is possible that mycophagy is commonplace throughout the animal kingdom, only 
a few key species have been thoroughly investigated for their fungal relations. 

ANTS AND LEUCOCOPRINEACEOUS FUNGI 

As with ambrosia beetles (seep. 47), a variety of ant species also cultivate fungi for food. 
However, considering that leaf-cutter ant queens are some of the longest-lived queens of all 
social insects, it is possible that the mycelium may be medicinal for the ants and not solely 
nutritive. This ancient form of mycophagy arose approximately 30 million years ago and 
now takes on several forms. 

Around 8-10 million years ago, leaf-cutter ants in the genera Atta and Ac­
romyrmex began cultivating Leucoagaricus gongylophorus, a fungal species 
that is now entirely dependent on the ants for survival. The ants feed the 
fungus pieces ofleaves and other organic material in underground nests, and 
the resultant mycelial mass is eaten by the insects. The fungus is apparently 
not harmed in this process, just culled. When the ants abandon the nest, 
mushrooms arise for the first time from the mycelium that is left behind. 114 



About 20 million years ago, a few ant species in the genus Cyphomyrmex began 
cultivating a distinct clade of unusual fungi in the Agaricales that grow as mycelia in 
the wild but as yeasts when tended by ants. These "gardens" are irregularly shaped, 
0.5-millimeter-wide yeast clusters. 
Species of non-leaf-cutting ("higher attine") ants in the genera Sericomyrmex and 
Trachymyrmex cultivate fungi that are not found outside the ant nest. 
The ancient paleoattine ants (76 species) cultivate a wide range of fungal species 
that are found free-living in Nature. 
Tropical ants in the genus Apterostigma cultivate various coral fungi in the genera 
Pterula and Deflexula. 

TERMITES AND TERMITOMYCETES 

Like leaf-cutter ants, around 100 of the 1,800 termite species (all in the Macroterminitinae) culti­
vate and consume the mycelium offungi in their nests. In Africa and Asia, these insects work with 
about 20 mushroom-forming species in the genus Termitomycetes. And, in a wonderful tripartite 
ecological web, when the termites abandon their mounds, large fruit bodies arise that the local hu­
mans gather and eat. T. schimperi forms the largest fruit bodies in the genus; it is found in Namibia, 
Tanzania, Ethiopia, Zambia, and Malawi. 

BEES, FUNGI, AND COLONY COLLAPSE DISORDER 

In 2015, researchers discovered that a stingless Meliponini bee species from Brazil (Scaptotrigona 
depilis) intentionally cultivates a fungus as a necessary food source for its larvae. Specifically, it is 
a Monascus species with close genetic resemblance to M. ruber and M. pilosus. As each egg is laid 
in its brood cell, a liquid nutrient is regurgitated by a mature bee into the chamber. And as the 
larvae begin to hatch, the fungus grows out from the propolis that constructs the brood cell walls 
and consumes the liquid nutrients. The resultant mycelium is then eaten by the rapidly developing 
larvae, which would not survive without the fungus. 

As the bee matures, it may continue to carry the fungus inside of its gut until it ultimately 
regurgitates it during the construction of other brood cells. It is currently unknown if the fungus 
confers protective benefits to the bee during this incubation period. Once a brood cell is used, it is 
disassembled and its propolis is reused to build other cells, effectively distributing the mycelium 
around the hive and even to new hives. Remarkably, this intentional spreading of the same fungal 
stock seems to be the only example of a swarming insect species actively propagating a fungus from 
colony to colony. 

As discussed in Chapter 6, medicinal Monascus species have been used in Traditional Chinese 
Medicine for millennia. Though it is not known for certain that these bees obtain a medicinal or 
protective benefit from the fungus, it is quite plausible. 115 Indeed, the application of mushroom ex­
tracts derived from macro fungi, such as those discussed in Chapter 7, have been argued to improve 
the immune function ofhoneybees. 116 

Despite these promising revelations, the dynamics of bee-fungal interactions have only be­
gun to be investigated, leaving many questions unanswered. It may very well be that in order for 
bees (and other insects) to best survive the onslaught of infectious agents in the environment, the 
combined support of fungal endosymbionts and externally sourced fungal compounds is required. 
Such internal and external fungal healing is found throughout the animal kingdom. However, as 
environmental destruction and the application of pesticides continue to threaten the survival of 
fungi throughout the world, any support they offer bees is constantly being decreased, making any 
study of these dynamics increasingly difficult. 

Along with the variety of other environmental factors attributed to the decline in pollinator bee 
populations around the world (i.e. electromagnetic radiation, antibiotics, loss of habitat), a decline 
in symbiotic fungal populations is directly attributable to Colony Collapse Disorder (CCD). As 
such, one of the best strategies that apiaries, farmers, environmental activists, and citizen scientists 
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