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			FOREWORD

			I met Gordon in 2019 when he asked me to chat with him about fungi on Instagram. I was aware of his mushroom account, where he’d acquired a substantial following with his enthusiastic science-based identifications, impressive cooking demonstrations, and mushroom cap–tapping ASMR videos. I was flattered to learn that Gordon had been inspired by a book I wrote about mushroom hunting and the mycophile community a decade ago.

			Back then, when I would mention to a dining companion that I was into mushrooms and molds—you know, rotters—they would start looking around the table to see if they could switch seats with someone. But these days the chances are pretty good that whoever I am seated beside will be very curious about mushrooms, especially their purported therapeutic capabilities, their culinary attributes, the endorphin rush of foraging, and the awesomeness of realizing there is a whole other realm of complex life right under their feet.

			Lots of folks who are into mushrooms today first become hooked based on fantastic claims about fungi’s power to solve complicated problems like pollution and depression (if only corporate agriculture, pharmaceutical giants, and federal drug prohibitions would get out of the way). With a little digging, however, they discover that mushrooms aren’t panaceas, and complicated problems are complicated for a reason, usually a lot of reasons. But when it comes to mushrooms, all paths of curiosity—regarding their edibility and properties as functional foods, how they interact in ecosystems, their potential as a source of new materials—eventually lead to mycology, the study of fungi. For example, I started my fungal journey wanting to find morels for dinner. To find the mushroom, I had to understand why it grows where it grows, so I learned about the fungus’ symbiotic relationship with certain species of trees, and then I became curious about the nature of that symbiosis. Before I knew it, I’d fallen down the rabbit hole of mycology, which ended up being the window through which I came to understand nature in a deeper way. Such is the inevitable and truly rewarding result of getting serious about mushrooms.

			Dr. Fun Guy’s Passport to Kingdom Fungi is for those who are ready to explore Kingdom Fungi beyond the claims and clicks, who want to understand nature in a deeper way. In these pages you will find the means to navigate this vast, complex, and still little understood realm of life; one that intersects with all other biotic and abiotic systems. You will be introduced to myriad kinds of fungi, not just those that produce mushrooms; their unique methods of reproduction; the spectrum of lifestyles they represent, from decomposers to mutualists to parasites and everything in between; and how they relate to the organisms around them. Gordon provides all this and yet strikes a balance between the lively summaries you want to hear and the hardcore science you need to know. And the benefit of acquiring this knowledge is tremendous, because through the lens of a little basic mycology, you can see ecosystems.

			Gordon is among the leaders of a new wave of mycophiles cut from the same cloth as the late, great Gary Lincoff, who famously said, “You should give up whatever job you have and just quit. Just stop now and devote the rest of your life to mushrooms.” They are dedicated to awakening the notion that nature is way more entangled than most of us imagine. They know that meeting the ecological challenges of our times requires an appreciation of nature’s complexity. And one way to expand that consciousness is to understand the role fungi play in nature. Because mushrooms themselves are not miracle workers. The miracle is what they can teach us about life.
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			INTRODUCTION

			My fascination with fungi has deep roots in my childhood. In the summers, my family would make the drive from Boston up to Lake Tremblant, a couple hours outside of Montreal, to spend time at my grandparents’ cabin; surrounded by a richly diverse forest, populated with paper birch and pine trees along with numerous animal denizens. While walking through the woods, I would see mushrooms popping up through the deep lush layers of fallen leaves and pine needles on the forest floor. One day, a particularly slimy green mushroom caught my attention. This was the aptly named parrot mushroom (Gliophorus psittacinus), known for its slippery green cap and brilliant yellow stem. As an enthusiastic child, I was convinced that this strange-looking organism must be an alien life form from another planet. How else could something so otherworldly come to be here unless it was extraterrestrial? My grandfather patiently explained to me that it was, in fact, a mushroom and that it belonged to a group of other brightly colored types known as waxcaps (see this page). At the time, I was skeptical, but that little alien-looking mushroom helped seed a lifelong obsession.

			A passion for mushrooms and a love of nature run in my blood. I did not know it when I was getting started, but my great-grandmother was an avid mushroom hunter. My parents have also played an important role in shaping and guiding my fascinations. My father is a biology professor who instilled within me the central dogma of biology at a young age, along with a love for gardening and cooking. My mother is a computer programmer turned artist, who taught me to appreciate both technical details and the intricate nuances of natural textures. It was through the lens of my family’s enthusiasm for knowledge and nature that I learned to see the world.
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					Parrot Mushrooms (Gliophorus psittacinus)
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					Chicken of the Woods (Laetiporus sulphureus)

				
			
			When I was around 5, my mother and I came across a sizeable puffball (see this page) while out on a walk in Massachusetts. She recognized it as an edible mushroom, so we carefully plucked it from the grassy field and brought it home. Sweet nutty aromas filled the air as we fried it in butter. I got my first taste of the pillowy soft puffball and was immediately hooked on mushroom foraging, drawn in by the allure of finding delicious food out in the woods. We never found another puffball in the same spot, but there were plenty of mushrooms closer to home. When we cut down an old tree in the yard, my father decided to inoculate the stump with chicken of the woods (see this page) plug spawn. A year later, when I had completely forgotten my initial excitement, brilliant orange and yellow growths spewed forth from the decaying stump. We carefully harvested the soft, supple shelves and brought them inside to pan-fry in butter. My mind was blown when I tried a piece and found it had a virtually identical texture and flavor to chicken. As a budding chef, I was immediately enthralled by the endless delicious culinary possibilities of this meaty mushroom.

			During a particularly wet fall, large clusters of mushrooms began appearing around the base of our decrepit apple tree. I was chomping at the bit to eat this fantastic flush of fruiting bodies. We referenced our books and guessed that they were honey mushrooms (see this page). My ever cautious parents decided we should seek the advice of a mycologist. We harvested one of the clusters and brought it into the Boston Mycological Club to have our suspicions confirmed. They confirmed that these were honey mushrooms but advised consuming with caution, as they can cause gastrointestinal upset. Undeterred by this warning, I set about cooking up the caps, finding the texture slimy but the flavor scrumptious (fortunately I experienced no discomfort). We made plans to go on a foray in the fall, but then disaster struck. I became an anxious, pimply preteen, and everything associated with my parents that I once thought was cool suddenly became profoundly uncool, including mushrooms.

			My fascination with fungi faded into the background as I spent much of my high school and college years preoccupied with the ocean, focused on sailing and scuba diving. However, my interest in fungi was reignited by the delightfully bubbly beverage known as beer. The captain of our sailing team at UC Santa Cruz was an avid homebrewer who kept several tasty concoctions on tap at all times. In the process of learning about the technical aspects of beer making, I came face to (metaphorical) face with fungi again, this time in the form of yeasts (see Food-Associated Yeasts, this page). I found myself particularly intrigued by how different strains could dictate the style of beer and how by manipulating fermentation conditions, you could influence the aroma produced by the yeasts. The desire to dive deeper into the biochemistry of yeast drove me to apply to UC Davis for graduate school and join the lab of Dr. Linda Bisson. For my graduate research, I studied how nutrition and microbial communities impact the performance of yeasts during the fermentation of wine. This experience primed me to embrace self-directed learning, critical thinking, and taught me how to communicate complex scientific concepts to diverse audiences. Most importantly, it forced me to empathize with fungi to better understand life from the perspective of my yeasty test subjects.

			After completing my PhD, I spent time traveling and ended up living in New Zealand for several months. I was working on writing up my research from grad school for publication, but I found the allure of nature a necessary distraction for my mental health. Thanks to multiple typhoons that washed over the island that year, I was able to find a variety of mushrooms that rekindled my childhood fascination. My gateway finds were the delightfully fuzzy light brown mushrooms known in Māori as tawaka (Cyclocybe parasitica) and the diminutive but brilliant orange pore conch (Favolaschia calocera). After first finding tawaka on a hike, I dove deep into online resources, but without the knowledge or language to describe it, I found identification difficult. Thankfully, a friend on Instagram was able to tip me off to its identity, setting the stage for me to use social media as a mechanism for learning about and sharing my mushroom finds. I started posting pictures and descriptions of mushrooms on Instagram in 2017, never expecting that it would fundamentally alter the course of my life.
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					Tawaka (Cyclocybe parasitica) on a tree

				
			
			
				
					[image: ]
				

				
					Orange Pore Conch (Favolaschia calocera)

				
			
			My symbiotic relationship with social media has nourished my fascination with fungi, providing an outlet for my creative expression and a virtual community where I have been able to build friendships and learn from experts. Through my @FascinatedByFungi accounts I have been able to reach and teach millions of people about the amazing diversity of fungi by presenting visually stunning, emotionally engaging, and entertaining educational content. My hope is that exposing people to mushrooms and other fungi will inspire them to learn more on their own and take an active role in advocating for and helping to conserve threatened habitats. Writing this book is the culmination of all of the educational outreach I have done through social media. This project has served as a way for me to solidify my own knowledge, while also sharing with others what I wish I had known when I first started foraging.

			This book is intended as an in-depth introduction to the fungal kingdom—exploring not only macrofungi like mushrooms and lichens, but also the wild world of microfungi, including yeasts, molds, and aquatic fungi through both broad overviews and specific examples. You can read it all the way through or bounce around at will (as I often do when I am excited about a topic). The chapters are organized in a question-and-answer format, so you can jump to the parts you’re most curious about. The mushroom morphology section is meant to act as a companion to other field guides, helping you to translate what you see into language you can use to research and identify fungi. The fungal profiles are not intended as a strict identification guide, but rather as an introduction to the edible, toxic, functional, and otherwise common mushrooms you might encounter. There are links throughout that link to iNaturalist.org and other specific resources that help provide more educational context and additional examples of the fungi mentioned. The full end notes and cited references are also available via link (see References, this page). The first mention of glossary terms in the book are denoted in bold, (see Glossary Terms, this page).

			The ways we study fungi are shifting quickly, and what we know is constantly evolving. While I can’t cover all the details and nuances of fungi in this book, I do my best to present the most up-to-date and accurate information. However, chances are that new understandings will have emerged by the time this book is published. Scientific names and classifications are especially prone to change. Always keep an open mind to new possibilities and be ready to adapt your perceptions based on novel data. Despite a history of fear and misinformation surrounding mushrooms, society is finally coming around to perceiving fungi as friends. We are witnessing the dawning of a new era of fungal appreciation. Now is the time to give fungi our full attention and understanding, recognizing their interconnected nature and the essential roles they play worldwide. My hope is that this book will fuel your personal curiosity and inspire you to follow your own fascination with fungi.
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			Chapter 1

			Understanding Our Fungal Friends

			An Overview of Kingdom Fungi

			Fungi are one of the most populous and diverse forms of life on Earth. Yet we as a society are generally unaware of the sheer magnitude and significance of the impacts they have on our world. We ignore this kingdom at our own peril. Despite their pervasive presence in ecosystems, most fungi remain elusive, largely hidden from human view. Only the occasional aboveground eruption provides tangible proof of their existence underground. One of the most easily recognizable forms of fungi are mushrooms, macrofungi that humans have learned to love and fear, sometimes in equal measure. There are also a vast number of nearly invisible microfungi, which exert strong influences on our world. Fungi are distinct from both animals and plants in a number of ways, and they are able to adapt to virtually every ecological niche on the planet, making them incredibly fascinating organisms.

			What are fungi?

			Fungi are an entire Kingdom of organisms with their own unique characteristics, distinct from other forms of life. Until about 1970, scientists classified fungi as plants, a common misconception that continues to persist. This classification was based on fungi being seen as largely immobile like plants, in contrast with roaming animals. Today the fungal kingdom has been recognized as separate from the other eukaryotes, which include plants, animals, and protists. Eukaryotes are organisms with a distinct nucleus and membrane-bound organelles such as mitochondria. In general, fungi are defined as organisms that digest their food externally, uptake nutrients from their surroundings, and have dynamic cell walls. Fungi display tremendous variation and, despite the advancements of modern science, are quite possibly the least understood form of life. Much about them is still awaiting discovery and description.

			How are fungi different from plants and animals?

			Fungi and animals are fundamentally different from plants because they consume food and transform it into energy (heterotrophic). Plants capture the energy of the sun to make food through photosynthesis (autotrophic). Plant cell walls are primarily composed of the polysaccharide cellulose. Plants store energy in the form of starch (amylose). The cell wall of fungi and some animals (insects and crustaceans) contain the polysaccharide chitin; they store energy in the form of glycogen. Although there are a number of commonalities between fungi and animals, what fundamentally separates them is that fungi absorb food externally from their surroundings (osmotrophic) whereas animals consume food internally (phagotrophic). Almost every single cell in a mushroom can act as a stem cell, meaning they can regenerate a whole organism from a single cell (pluripotent). This gives fungi the remarkable ability to propagate themselves and reproduce wherever they land.

			Where are fungi found?

			Fungi have silently seeped into every crevice on Earth. They are ubiquitous; occurring worldwide, not just in forests and soil but also in extreme environments such as deserts, rainforests, deep ocean sediments, mountaintops, and airborne in the stratosphere.1 Despite being intimately involved at almost every biological interface imaginable, their microscopic forms remain mysterious and largely unnoticed. The most visible manifestations of macrofungi are mushrooms, which are spore-dispersing fruiting bodies. Most often they are found on decaying organic matter or in association with plants. However, if you look closer, you’ll find an assortment of microfungi present in every type of habitat across the globe in surprising numbers. Despite their cryptic nature, microfungi significantly impact the world around them: as world-altering pathogens, puppeteers of plant growth, fermenters of our food, and essential players in the animal microbiome. Although they can be hard to recognize and difficult to precisely identify, the pivotal role that fungi play in all ecosystems is profound.
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					Figure 1. Plant cells have rigid cell walls, animal cells are soft and squishy, and fungal cells are somewhere in between. Plants use cellulose to make their cell walls and starch (amylose) to store energy. Fungi and animals use chitin for structure and glycogen to store energy. Distinct from animals, fungal cells are protected by a tough but flexible cell wall and use ergosterol to keep their membranes fluid (instead of cholesterol). Fungal cells also frequently contain multiple nuclei and a large internal compartment (vacuole) used to store nutrients. A core defining trait of all fungi is that during cell growth the nuclear envelope organelle remains intact through chromosome segregation and nuclear division.2
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					Figure 2. Fungi are ubiquitous and associate extensively with all forms of life. Fungi often serve as mediators of ecological interactions, regulating the behavior of other organisms and dictating the composition of species. They display a wide variety of lifestyles and ecological strategies that allow them to thrive in every environment on Earth.

				
			
			What is the role of fungi in the environment?

			Thanks to their ability to build soils, fungi are largely responsible for the lush green Earth we inhabit. They function as nature’s recyclers; able to break down complex organic matter into bioavailable components, making them essential agents of environmental turnover and facilitators of other forms of life. They are able to adapt to a wide spectrum of habitats by changing their internal programming and ecological strategies. Fungi can fundamentally transform and remodel their surroundings, making the environment more hospitable for all forms of life. They can dictate the composition of the surrounding microbial community through the production of bioactive compounds that encourage cooperation and discourage competition. Humans use some of these compounds in medicine as antibiotics; but in the wild, they serve to help keep microbial rivals at bay.
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					Figure 3. Fungi are the basis of the food web, working to recycle nutrients and enabling more complex life to thrive. Fungi recycle the majority of carbon, while bacteria assimilate and recycle the majority of nitrogen.3

				
			
			Fungi are experts in the biotransformation of complex carbohydrates that other organisms don’t have the tools to consume. They liberate nutrients, making them available for themselves and the community around them; tackling the complex sugars found in their food with a suite of specialty enzymes finely tuned to break down specific linkages and structural molecules like lignin in wood that are otherwise indigestible to other forms of life (see Chapter 4, this page). This ability to transmute complex carbon compounds into biologically available forms makes fungi the vanguard in the waves of microbial succession that help form the basis of aquatic and terrestrial food webs. In an interesting division of labor, fungi are particularly adept at digesting and recycling complex carbon molecules, while bacteria tend to tackle the assimilation and liberation of nitrogen.4 It is the combined contributions of fungi, bacteria, protists, and animals that enable the cycling of organic nutrients in ecosystems, which makes life on this planet possible.

			How do fungi interact with other organisms?

			In nature, fungi form symbiotic relationships with organisms in their surrounding environment. The nature of these symbioses spans a spectrum of positive to negative interactions. Symbiosis manifests in three main ways: mutualism (both organisms derive mutual benefit), commensalism (one organism benefits, the other neither benefits nor is harmed), and parasitism (one organism derives benefit to the detriment of another). While some of these relationships are consistently positively altruistic or negatively pathogenic, the majority of fungi are dynamic, exhibiting a spectrum of behaviors dependent on context. The variety of trophic modes, or ways fungi eat, allows them to live an incredible variety of lifestyles (see Chapter 4, this page). While we typically think of fungi as passive degraders of plants, there are carnivorous fungi that hunt and trap microscopic creatures (see Carnivorous Fungi, this page). For example, oyster mushrooms (Pleurotus) can supplement their nutritional needs by using sensitive mycelial traps to capture microscopic ringworms (nematodes).5 Depending on their environmental conditions and community dynamics, fungi can opportunistically shift their survival strategies. The need to survive in a variety of habitats has forced fungi to be flexible, enabling them to transition from well-behaved community members to miserly microbial monsters capable of consuming all available resources.

			What are the basic forms of fungi?

			Fungi come in an enormous diversity of forms, and many can transition between forms as part of their life cycle. Conceptually, fungi can be thought of as having five basic forms: aquatic parasitoids, yeasts, molds, mushrooms, and lichens. This simplified framework falls short of describing the full spectrum of fungi, but is still a useful starting point for understanding the kingdom as a whole.

			
					
					Aquatic parasitoids are single-celled microfungi that live in moist environments.

				

					
					Yeasts are a diverse collection of single-celled microfungi that generally do not grow true filaments or form networks.

				

					
					Molds are multicellular filamentous microfungi that can form networks but do not produce distinct mushrooms.

				

					
					Mushrooms are the temporary reproductive structures of multicellular macrofungi that form filamentous networks.

				

					
					Lichens are symbiotic communities formed by multicellular macrofungi living in conjunction with other organisms.
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					Figure 4. The five basic forms of fungi.

				
			
			What is mycelium?

			Filamentous fungi form mycelium, a complex interconnected network of hair-like threads made of elongated tube-like cells known as hyphae. For network-forming fungi (subkingdom Dikarya), these tubular cells are divided by septa, but connected via small gated pores, which allow water and nutrients to flow through the mycelia. To quote Merlin Sheldrake’s Entangled Life, “Mycelium is a way of life that challenges the animal imagination.” Unlike a discrete human body, mycelium is plurality incarnate. Mycelia exist as interconnected webs without distinct organs or appendages: no head, no nose, no eyes, no fingers, nor toes. Mycelium lacks a central decision-making center, nervous system, or brain. Yet every growing hyphal tip displays decision-making abilities that are coordinated across the mycelium in a phenomenon described as network intelligence (see Chapter 8, this page).
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					Mycelium on wood

				
			
			Mycelial networks can either be concentrated in localized pockets or spread out over vast distances, depending on the conditions and specific fungi. Regardless of the size of the networks, mycelium displays the ability to coordinate and control growth rapidly in response to environmental stimuli via different signaling mechanisms. Scientists have hypothesized that mycelium accomplishes this intranetwork coordination by using electrical impulses, diffusion of volatile aromatic molecules, active transport of signaling molecules, and changes to internal concentration gradients.6 Researchers are starting to reveal the characteristics of mycelium, but we still largely lack the nuanced knowledge needed to make sense of the variety of observable fungal behaviors.

			What are mushrooms?

			Mushrooms are the reproductive structures of mycelium, analogous to the flowers or fruit of plants. They are a temporary physical form, produced to spread sexual spores as part of the reproductive phase of the fungal life cycle. Mushrooms are composed of the same hyphal cells that make mycelium. The adaptability and plasticity of fungal cells lends mushrooms tremendous flexibility in how they grow. When the mycelium senses environmental conditions are favorable, the hyphal tips swell with water from the substrate (e.g., wood or soil), forming a mushroom that will continue to expand and swell as it matures and produces spores (see Chapter 4, this page). The way that fruiting bodies form can be distinctly different depending on the type of mushroom. Classic cap-and-stem mushrooms like portabellos (Agaricus) display a determinate growth pattern, starting out as small pre-formed pins and growing into a larger version of the same fruiting body within a distinct period of time. Alternatively, indeterminate mushrooms, like reishi (Ganoderma), develop opportunistically and can grow outward whenever conditions are favorable. This successive growth can form distinct patterns on the fruiting body, similar to rings inside a tree. The multitude of mushroom shapes is a function of evolutionary experimentation and genetic selection, as new strategies for spore dispersal have helped drive the emergence of new forms.7
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					Figure 5. Mushrooms are a conglomeration of tightly wound fungal threads (hyphae) that arise from filamentous networks below (mycelium). Individual fungal cells are connected via small pores (septa). Fungi have dynamic membranes protected by cell walls composed of a flexible scaffold of chitin, beta-glucans, and mannoproteins.

				
			
			How many species of fungi are there?

			As of 2020, around 150,000 species of “true fungi” had been described by mycologists, the scientists who study fungi.8 While it’s thought that scientists have described between 80 and 90% of all the animal and plant species on this planet, it’s estimated that we have characterized only around 5% of the total number of fungi.9 Some studies conservatively estimate there could be between 2.2 and 5.1 million species of fungi, while another study postulated there could be as many as 165 million species.10, 11, 12 This huge disparity is due in part to fungi being microscopic and exceedingly diverse, but is also dependent on what organisms are classified as fungi (see Chapter 3, this page). The concept of species in fungi is slippery, as different species can readily hybridize thanks to their flexible genomes. Additionally, fungi have the ability to incorporate DNA from other organisms via horizontal gene transfer, complicating their genetic history. The uncertainty regarding the number of fungal species is also a result of the inherent limitations on sampling, sequencing, and the requirements to describe a new species. What is certain is that there are millions more species of fascinating fungi existing in every ecosystem on Earth just waiting to be discovered.

			How many of those fungi are mushrooms?

			An important distinction to make is that all mushrooms are fungi, but not all fungi can form mushrooms. There are at least 25,000 described species of mushrooms with an estimated 30,000 to 140,000 more species yet to be officially described.13, 14 Mycologists have a pretty good understanding of all the basic types of mushrooms worldwide, but the specific species in many areas have not been extensively studied or characterized, leaving the door open for discovery. How new species are defined can be controversial depending on the approach. Some mycologists favor splitting up mushrooms into more and more specific categories while others prefer to lump together related species into groups and complexes. The push and pull of these different strategies means that the number of recognized mushroom species is frequently in flux.

			What makes fungi so adaptable?

			The incredible variety of fungal lifestyles is in part enabled by their highly dynamic cell wall and membranes, which are responsive to different types of stress and stimuli. Fungal membranes are composed of phospholipids (long chain fatty acids bound to a polar headgroup) and ergosterol, cholesterol-like molecules that help to maintain fluidity, all sandwiched into a shell that provides permeability and flexibility. Fungal cell membranes are also packed full of embedded integral proteins that allow fungi to sense their surroundings, uptake nutrients, expel waste products, and modify localized chemical conditions. These fluid cell membranes are protected by tough outer cell walls composed of intertwined scaffoldings of chitin, branched β-glucans, and mannoproteins15 (see Figure 5). The cell walls are simultaneously mechanically robust and malleable, allowing fungal cells to swell and resist tremendous pressure while also being able to dynamically reshape in response to stress. This allows them to penetrate deep into food sources and even infiltrate solid rock!

			Fungi produce a wide variety of melanin pigments, allowing them to resist environmental stressors like oxidation, ultraviolet light, and radiation. Melanin also plays a role in the pathogenicity of fungi, facilitating infection by allowing them to modulate the immune system of their host.17 Many fungi also contain a range of specialized sugars like trehalose and sugar alcohols (polyols), which help them resist drying out and succumbing to temperature stress.18 On a genetic level, the adaptability of fungal genomes and diversity of mating strategies allows them to shape-shift and switch food sources when advantageous.

			
				ARE FUNGI AND MUSHROOMS ACTUALLY ALIENS FROM OUTER SPACE?

				Experiments on the International Space Station have demonstrated that lichens can survive the intense radiation of the vacuum of space. Some endolithic fungi that grow in rocks also display the remarkable ability to come back to life after extended periods of time in space. Which begs the question: Did fungi evolve here on Earth or arrive here from another planet? To date, there is no evidence that fungi are extraterrestrial in origin. Despite many postulations in popular culture, the genetic history of fungi appears to have occurred entirely here on Earth. Scientists are able to compare the relatedness of all forms of life based on DNA sequences through comparative phylogenetic analysis. Common ancestors for the fungal kingdom can be traced back to around 1 billion years ago when they diverged from animals.16 Could it still be possible that the ancestors of fungi and all life arrived from space? It’s unlikely, but if true, it would position ancestral fungi as the progenitors of all other life forms! Regardless, the tendency of fungi to promiscuously swap genes and grow in weird ways does enable them to embody some pretty alien traits.
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						Octopus Stinkhorn (Clathrus archeri)
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						Blue Pinkgill (Entoloma hochstetteri)
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						Bleeding Tooth (Hydnellum peckii)

					
				
			

		

	
		
			Chapter 2

			Fungal Evolution and Reproduction

			The Emergence of Fungi & Mating Strategies

			Fungi are one of the oldest forms of life on Earth. As with most living things, they originated in aquatic habitats then transitioned to land. When fungi arrived on land, their numbers exploded as they diversified their forms and ecological strategies through evolutionary experimentation driven by cataclysmic events. Through a myriad of mating strategies, mushrooms and lichens have emerged as the most successful and widespread form of macrofungi.

			What is evolution and how did fungi evolve?

			Evolution is the generational process of organisms adapting to changing environments through natural selection for or against certain genetic traits that increase an organism’s likelihood of survival. Roughly 2.2 billion years ago (BYA), archaea likely engulfed bacteria, harnessing their abilities and creating eukaryotes—complex cells with internal organelles.1 These larger cells were able to separate cellular processes in an organized manner, giving them the ability to adapt more varied life strategies. In a continuous process, eukaryotes have evolved through random mutations, picking up genes from other organisms, shuffling genes via sexual reproduction, and sampling new strategies for feeding and reproduction by altering their expression of proteins and metabolic functions. Like other complex forms of life, fungi arose from a common eukaryotic lineage. While all life is driven by evolutionary selection, fungi especially display an incredible ability to adapt to changing environmental conditions and co-evolve complex relationships with other organisms.

			When did fungi first appear?

			Due to their biochemical composition, fungi and mushrooms are not easily preserved as fossils. This makes it challenging to pinpoint exactly when fungi first appeared, but there is discrete fossil evidence from roughly 1 BYA.2 Ancestral fungi looked quite different from how we usually think of modern fungi; existing as single-celled aquatic organisms swimming around with little tails (flagella), similar to modern Chytrids. Over many millions of years, fungi lost their mobility and developed multicellularity as they adapted to a terrestrial lifestyle.3 A 2020 paper presented fossil evidence that filamentous fungi were living on the Earth’s surface 810 to 750 million years ago (MYA), but there are also signs that fungi could have been present on land even earlier.4 At this point, the only thing we can be sure of is that the evolutionary emergence of terrestrial fungi was complicated and may have occurred multiple times.

			What were some of the major milestones in the evolution of fungi?

			Throughout history, evolutionary adaptations have allowed fungi to diversify their lifestyles and trophic strategies. Since transitioning from aquatic to terrestrial habitats, fungi and plants have been locked in an antagonistic arms race, co-evolving new traits that have led to a variety of complex symbiotic relationships. The lack of a comprehensive fungal fossil record makes it challenging to precisely determine an exact timeline of when fungi evolved specific traits. However, it’s possible to make educated guesses about the order and timing of evolutionary milestones based on physical evidence and large-scale comparisons of fungal genomes.5

			
					
					Between 1.5 to 1 BYA, ancestral fungi diverged from other aquatic amoeba-like organisms that engulf their food and evolved the ability to digest and absorb external nutrients, parasitizing algae and early plants.

				

					
					Between 800 to 700 MYA, some fungi transitioned to land, losing their flagellae and evolving tubular filamentous cells (hyphae).

				

					
					Fungi really started to diversify in parallel with plants between 530 to 450 MYA, forming intimate symbiotic associations, colonizing roots, living inside of plants, and parasitizing plant tissue.

				

					
					Between 500 and 400 MYA, fungi began evolving more complex filamentous cells with partitions (septa), allowing for the growth of larger networks and more diversity of forms (including mushrooms).

				

					
					Lichenized fungi emerged approximately 415 MYA, forming symbiotic colonies with algae and bacteria, although these types of associations likely evolved multiple times.

				

					
					Alongside the rise of large woody plants like conifers (Gymnosperms), fungi evolved between 400 to 250 MYA to partner with their roots, helping trees become the largest land plants.

				

					
					For millions of years after the appearance of trees around 420 to 320 MYA, fungi lacked the capacity to fully digest the polysaccharides in wood, resulting in massive amounts of undecayed material which turned into coal deposits.6

				

					
					Between 350 to 290 MYA, fungi acquired powerful enzymes that allowed them to degrade the lignin in trees, giving rise to fungi that can digest hard woody material.

				

					
					The majority of modern mushroom types have evolved over the past 200 to 50 million years or so in conjunction with major climatic events and the diversification of flowering plants (Angiosperms).7

				

			

			How long have mushrooms been around?

			While no definitive fossil evidence exists, some mycologists guess that the earliest proto-mushroom fruiting bodies probably started to appear roughly 300 MYA.8 Larger, more recognizable fruiting bodies started appearing during the Mesozoic period (between 250 and 145 MYA) with the warming of the climate and spread of coniferous forests.9 The oldest recorded mushroom fossils are from 120 to 100 MYA, with Gondwanagaricites magnificus and Palaeoagaracites antiquus representing the earliest evolutionary examples of gilled mushrooms. The diversification of mushrooms can be traced to specific periods where climatic shifts drove the emergence of new species. In particular, the mass extinction event at the end of the Cretaceous-Palogene period (roughly 66 MYA) led to the extinction of approximately 76% of species on Earth, but enabled the emergence of a wider variety of gilled mushrooms—a key innovation for spore dispersal that facilitated an explosion in the diversity of mushroom species.11 The various modes of spore dispersal for mushrooms in particular have driven massive increases in the number of macrofungi and the development of different forms.
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					Figure 6. The evolution of fungi can be estimated using parts of the genome as “molecular clocks” to see how genes have evolved and changed over time. Fungi coevolved alongside all other forms of life, but their development has closely followed the advancements of plants. Symbiotic mycorrhizal relationships and lichens evolved long before mushroom fruiting bodies became common. The majority of the mushroom species we are familiar with evolved in the last 70 million years. See the link below for a more detailed evolutionary timeline of fungi and plants.10

				
			
			
				Fungal Evolution

			

			What were the earliest types of mushrooms to evolve?

			Some of the earliest mushroom forms to emerge were crust fungi (corticioid), growing rudimentary fruiting bodies on plant matter to disperse their spores. Another early evolving form were jelly fungi (Tremellomycetes and Dacrymycetales), amorphous gelatinous blobs that grow on decaying wood. Despite their relative simplicity, these mushrooms were very capable of spreading their spores, and versions of these fungi are still around today. Chanterelles (Cantharellales) are an evolutionarily ancient lineage predating many other types of mushrooms.12 Thankfully for us, they have continued to flourish worldwide for millions of years.

			How do mushrooms and fungi reproduce?

			Reproduction in the fungal kingdom is simultaneously straightforward and incredibly complex. Fundamentally, fungi reproduce by forming spores, which then germinate and go on to propagate the next generation. However, this basic strategy can get incredibly convoluted as many fungi can reproduce asexually in an anamorphic phase as well as sexually in a teleomorphic phase. The anamorph form is generally haploid (1n), meaning it has a single copy of the genome and produces spores through mitosis. The teleomorph form is generally diploid (2n), meaning it has two copies of the genome and produces spores through meiosis. Asexual (vegetative/clonal) reproduction allows the organism to propagate quickly with minimal cost, taking advantage of the current habitat and conditions. Sexual reproduction is energetically costly but gives the organism a way of hedging its bets and the population as a whole a better chance at long-term survivability via increased fitness through adaptation.

			
				ANCIENT GIANT FUNGI (PROTOTAXITES)

				Before the evolution of trees, between 470 and 360 MYA, giant fungi appear to have dominated the Earth’s surface as the largest terrestrial organisms.13 When the first such fossil was discovered in 1843, it was assumed to be an early tree or possibly a conglomerate of algae, and it was named Prototaxites (meaning early “yew”). In a 2001 paper, Prototaxites was hypothesized to be fungal.14 The fossils of these giant fungi are particularly enigmatic, displaying a variety of intermediate traits associated with Ascomycetes, Basidiomycetes, and lichens.15 Based on fossils, the reproductive structures have often been portrayed as up to 30- to 40-foot vertical “tree-like” club mushrooms, but a 2023 paper proposed they were primarily thick horizontal layered assemblages of mycelial cords (rhizomorphs) growing along the ground.16 Their primary trophic mode is unclear, as carbon analysis shows that they could obtain nutrients from decaying plant matter but also possibly from photosynthesis. Despite the size and importance of Prototaxites on ancient Earth, there are no surviving examples of this fungal lineage, marking them as a fascinating, but evolutionary, dead end.
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			Fungi can reproduce asexually and sexually at different points in their life cycle, transitioning between anamorphic and teleomorphic forms. Some fungi can even produce both types of spores simultaneously as part of their reproductive strategy. Unlike mammals and plants, fungal spores can germinate and grow in a haploid anamorphic phase. In these different phases fungi can look like completely separate organisms; each with a different form, function, and distinct ecological niche. An example is witches’ butter (Tremella), which as a teleomorph forms jelly-like mushrooms but as an anamorph lives as single-celled yeasts. Historically, mycologists classified fungi that undergo sexual reproduction as “perfect” and those that do not produce sexual spores as “imperfect” (obsolete name Deuteromycota). The adoption of DNA sequencing has clarified this confusion and helped us recognize the anamorphic and teleomorphic forms of fungi as the same organism, referred to collectively as the holomorph.17 The current convention is to use one name to refer to both forms: one fungus = one name.
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					Branched shanklet (Dendrocollybia racemosa) growing on a rotted brittlegill (Russula).

					The diminutive branched shanklet (Dendrocollybia racemosa) mushroom produces sexual spores from its cap and asexual spores from little nubs on its stem.
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					Witches’ butter (Tremella) grows parasitically on the mycelium of other fungi.

					Jelly fungi in Tremellaceae (like witches’ butter) are amorphous, gelatinous mushrooms in their teleomorphic form but exist as single-celled yeasts in their anamorphic form.
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					Splitgills (Schizophyllum commune) open and close their gills in response to moisture.

					Splitgill mushrooms (Schizophyllum commune) have upward of 23,000 mating types or distinct “sexes.” This genetic diversity is enabled by a tetrapolar mating system and may explain why these are some of the most widely distributed mushrooms on Earth.

				
			
			How do fungi recognize each other for mating purposes?

			Fungi do not have sexes like animals, but instead mating types, a collection of genes that control reproductive behaviors. Mating types come in different versions of these genes, known as alleles, that combine with a complementary set to form a teleomorphic diploid capable of sexual reproduction. Each set of mating genes typically produces a signature diffusible molecule (often pheromones) that helps with recognition of mating types (often shown as “+” and “-”), allowing compatible fungi to find each other.18 Mycelium of two different mating types can fuse together in a process known as plasmogamy to form a dikaryotic organism with genetically distinct nuclei. The nuclei then fuse using a bipolar system with two distinct mating types consisting of two fixed points (loci) in the genome that match and undergo meiosis; or a tetrapolar system where four mating types facilitate the pairing of multiple unlinked loci across the genome before matching and undergoing meiosis. The tetrapolar system allows for more flexibility and adaptability, generating potentially thousands of combinations of alleles.

			
				ODDITY OF MUSHROOM EVOLUTION (NEOLECTA)

				All mushrooms fall into two categories of Ascomycetes (Pezizomycotina) and Basidiomycetes (Agaricomycotina), except for one evolutionary oddball: Neolecta. This is a single lineage of fission yeasts (Taphrinomycotina) that evolved fruiting bodies to spread their spores as an example of convergent evolution. Neolecta grow in association with trees as small branching yellow antler-clubs that look similar to earthtongues and other club fungi but are genetically distinct from all other mushrooms. They have been difficult to study since they have not been successfully cultured and their ecological strategy and trophic mode are unclear. While Neolecta are technically edible, they are more fascinating as a unique lineage of living fossils.
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						Irregular “Earthtongues” (Neolecta)

					
				
			

			Do fungi need a partner to mate?

			Fungi that require a genetically distinct partner with a complementary mating type allele for sexual reproduction are known as heterothallic. However, many fungi can happily reproduce without finding a complementary mating partner. These fungi are homothallic and have the ability to self-fertilize, doubling their own genome to then undergo sexual reproduction without the need for an external partner. In an added layer of complexity, some fungi can switch their own mating type, doubling their genome and essentially creating their own complementary partner.19 The majority of mushroom-forming fungi are heterothallic, while homothallism is more common in molds and yeasts. The major benefit of having two copies of a genome is having two different versions (alleles) of the same gene, which offers greater genetic flexibility for growth, metabolism, and competitiveness.

			
				
					[image: ]
				

				
					Figure 7. Here are some basic schemes to describe reproduction in fungi. In their anamorphic form (1n) they can reproduce asexually by mitosis or fuse together with a compatible mate to form the teleomorphic form (2n) and reproduce sexually by meiosis. For Ascos, Zygos, and Chytrids, asexual reproduction tends to be more common. For Basidios, sexual reproduction is more common. Keep in mind that fungi employ a wide diversity of reproductive strategies, making it difficult to generalize.

				
			
		

	
		
			Chapter 3

			Fungal Taxonomy

			Classifying and Categorizing Fungi

			The incredible genetic diversity of fungi makes scientific categorization and classification challenging. Scientists face the nearly impossible task of attempting to organize and name all the types of fungi. Generally, people call mushrooms informal common names, but this inevitably leads to a confusing collection of conflicting titles exacerbated by regional and cultural differences. By convention, fungi are given scientific names so that researchers around the world can speak a shared specific language, regardless of nationality. Understanding the incredible variety of these organisms can be overwhelming, but thankfully informal definitions are easier to comprehend than the multitude of changing taxonomic divisions.

			How do scientists organize and classify the incredible diversity of life?

			There are three major domains of life: Archaea (extremophiles), Prokarya (bacteria), and Eukarya (complex cells). Eukarya encompasses all plants, animals, and fungi, along with an almost endless assortment of microscopic creatures exhibiting intermediate traits and behaviors, formerly classified as protists.1 These organisms are organized into a series of hierarchical taxa that establish a standardized system for how scientists understand and categorize life. These taxa span from general groupings to specific species. This system enables scientists to broadly understand the behavior of organisms as groups, with increasing levels of distinction and specificity of traits that define individual species. Keep in mind that this ranking system is a human construct, not a natural law.
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					Figure 8. This schematic shows the simplified “domains of life” with loose (not taxonomically defined) groupings of organisms. Bacteria and archaea are all relatively simple single-celled microscopic organisms, while eukaryotes encompass more complex forms of life. The actual phylogenetic relationships between these organisms are much more complicated than depicted here. Taxonomic rankings go from general to more specific.

				
			
			What is taxonomy?

			Taxonomy is the name for the system of organization and classification biologists use to make sense of the diversity of life. Taxonomists are scientists that work to study and define genetic relationships to determine how populations arose from a common ancestor. In most cases, these common ancestors have gone extinct, replaced by descendants that are more fit for the current environment. Historically, taxonomists have used a system of classifying and organizing life based on the relatedness of groups of organisms as observed by similarities in physical appearance (morphology) and observable traits (phenotype). More recently, taxonomists have been able to use DNA sequences to compare the genetic history (genotypes) of organisms and reconstruct the most likely lineages throughout evolutionary time. Phylogenetic trees (dendrograms) are visual representations of these genetic relationships among species, with the original branching point representing the oldest common ancestor for that lineage (see Taxonomic Tree, this page). Temporal divergence is often expressed as the relative distance along the branches from common ancestors. It’s important to note that taxonomy is not an exact science, just a model that humans use to help understand the natural world.
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					Figure 9. The fungal tree of life highlights the diversity of fungal forms. The branched tree structure starts at the bottom with microscopic zoosporic and zygomycetous taxa; then subkingdom Dikarya splits into more recognizable forms of Basidio macrofungi on the left side, including rusts, smuts, jellies, gasteroids, gilled mushrooms, and more. The right side shows the diversity of Asco fungi, including yeasts, truffles, morels, cups, earthtongues, carbon stalks, lichens, molds, and more. Tap the link below for an enlargeable version.

				
			
			
				Fungal Tree of Life

			

			Why is it challenging to define and classify fungi?

			Fungi defy our preconceptions of life, often shifting form, function, and behavior in an opportunistic manner. The vast variability, adaptability, and often hidden microscopic nature of fungi present a challenge to their categorization. Even the definition of what organisms qualify as fungi is contentious, with scientists continually arguing about how fungi consume their food, whether or not they can be mobile, and if they contain chitin or cellulose. Fungi do not necessarily follow our animal-centric notions of biological inheritance. The paradigms scientists have constructed for understanding animals and plants are often inadequate for describing the full spectrum of genetic diversity, variety of forms, and ecological complexity displayed by fungi.

			Why have so many mushrooms and fungi recently been reclassified and renamed?

			Accessible and affordable DNA sequencing technologies are allowing more and more fungi to be genetically characterized, facilitating a revolution of information. It turns out, many fungi formerly thought to be part of separate lineages are actually related, while some species that appear very similar are actually from completely different genetic backgrounds. As more fungi are sampled and sequenced, it’s becoming increasingly clear that there are significantly more distinct species than previously recognized. In North America, an enthusiastic community of citizen scientists is collecting, vouchering, and sequencing many mushrooms for the first time. In many cases, these mushrooms are genetically distinct from their European look-alikes, leading to a flurry of new names for North American species.
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					Domain: Eukaryota

					Kingdom: Fungi

					
						Phylum: Basidiomycota

					
						Class: Agaricomycetes

					
						Order: Agaricales

					
						Family: Amanitaceae

					
						Genus: Amanita

					
						Species: A. muscaria
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					Domain: Eukaryota

					Kingdom: Fungi

					
						Phylum: Basidiomycota

					
						Class: Agaricomycetes

					
						Order: Agaricales

					
						Family: Agaricaceae

					
						Genus: Lycoperdon

					
						Species: L. perlatum

					The fly agaric or Amanita muscaria is named after the Latin word “musca” meaning fly.

					In the name “common puffball,” or Lycoperdon, the Latin root “lycos” translates to “wolf,” while “perdon” means “to break wind.” So Lycoperdon literally translates to “wolf farts,” a very apropos name for a puffball mushroom.

				
			
			
				What criteria do mycologists use to define species?

				Species are constantly diverging, drifting away from one another (like all the galaxies in the universe). Organisms do not care what they are called, only we as humans care about which name is applied. However, the naming of species allows us to communicate with others about what we have observed and specifically what is being studied. In fungi, the definition of a species is complicated; a species should have three consistent, unrelated differences from its closest relative. The differences can be macro and micro morphological traits, or chemical, genetic, geographical, temporal, and/or by ecological association. Now that we have molecular tools, we can differentiate species based on many more data points. Most of the time, DNA sequencing helps to resolve whether or not to call two populations by different names, but not always. To get the most accurate representation of a species concept, DNA data is combined with observations of other characteristics. For example, specimens of the blue-green funnel (Clitocybe odora) have been collected in different habitats across California; they have virtually identical DNA sequences but exhibit different colors and smells—leading mycologists to ponder if they are really the same species.

				Ultimately, the exact definition of each species is in the eye of the beholder. Everyone must come up with their own species concept for each name that they apply. Officially describing a new species requires you to write up an article for publication. If you want to convince other scientists, you must be able to articulate and justify the reasons you apply the species names that you do. In the debate between lumping and splitting species, I prefer to be as fair as possible, only designating a new species when it’s actually useful.
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					ALAN ROCKEFELLER

					mycologist, Mycena Inc., Richmond, CA

				

			

			What are Latin binomials and why do scientists use them instead of common names?

			Binomial nomenclature is a two-term naming system that scientists use to categorize living organisms. The first generic name denotes the Genus (always capitalized) while the second name is specific to the species (always lowercase). Colloquial common names are often descriptive of the organism but imprecise in how they are used. Common names are easier to remember and pronounce, but they are also prone to misinterpretation and ambiguity and mean different things to people without a shared language or cultural background. Latin names are precise, helping to define the exact organism in question and allowing scientists to communicate effectively despite their differences
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			Is there a correct way to pronounce Latin binomials?

			
			What are the basic representative groups of fungi?

			
			What are Ascomycetes?

			
			
			What are Basidiomycetes?

			
			
			What are Chytrids and chytrid-like fungi (zoosporic)?

			
			
			
				OVERVIEW OF FUNGAL TAXONOMY, PHYLA, AND LIFESTYLES

				
					
							
							
						
							
							
						
					

					
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

				

				
					
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

				

				
					
							
							
						
							
							
						
					

					
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

				

				
					
							
							
						
							
							
						
					

					
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

					
							
							
						
							
							
						
							
							
						
							
							
						
					

				

				
			

			What are Zygomycetes (Zygomycetous)?

			
			
			How are fungi classified from a genetic and taxonomical standpoint?
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