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The mauve parachute, Marasmius haematocephalus.
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The split gill fungus, Schizophyllum commune. Photo by Stephen Axford.




With gratitude to the fungi
from which I have learned




PROLOGUE

I looked up towards the top of the tree. Ferns and orchids sprouted from its trunk, which vanished into a tangle of lianas in the canopy. High above me, a toucan flapped off its perch with a croak, and a troupe of howler monkeys worked themselves into a slow roar. The rain had only just stopped, and the leaves overhead shed heavy drops of water in sudden showers. A low mist hung over the ground.

The tree’s roots wound outwards from the base of its trunk, soon vanishing into the thick drifts of fallen leaves that covered the floor of the jungle. I used a stick to tap the ground for snakes. A tarantula scuttled off, and I knelt, feeling my way down the tree’s trunk and along one of its roots into a mass of spongy debris where the finer roots matted into a thick red and brown tangle. A rich smell drifted upwards. Termites clambered through the labyrinth, and a millipede coiled up, playing dead. My root vanished into the ground, and with a trowel I cleared the area around the spot. I used my hands and a spoon to loosen the top layer of earth, and dug as gently as I could, slowly uncovering it as it ranged out from the tree and twisted along just below the surface of the soil.
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Mushroom and mycelium of a wood-rotting fungus, Gymnopilus allantopus. Photo by Alison Pouliot.

After an hour, I had travelled about a metre. My root was now thinner than string and had started to proliferate wildly. It was hard to keep track of as it knotted with its neighbours, so I lay down on my stomach and lowered my face into the shallow trench I had made. Some roots smell sharp and nutty and others woody and bitter, but the roots of my tree had a spicy resinous kick when I scratched them with a fingernail. For several hours I inched along the ground, scratching and sniffing every few centimetres to make sure I hadn’t lost the thread.

As the day went on, more filaments sprang out from the root I’d uncovered and I chose a few of them to follow all the way to the tips, where they burrowed into fragments of rotting leaf or twig. I dipped the ends in a vial of water to wash off the mud and looked at them through a loupe. The rootlets branched like a small tree and their surface was covered with a filmy layer which appeared fresh and sticky. It was these delicate structures I wanted to examine. From these roots, a fungal network laced out into the soil and around the roots of nearby trees. Without this fungal web my tree would not exist. Without similar fungal webs no plant would exist anywhere. All life on land, including my own, depended on these networks. I tugged lightly on my root and felt the ground move.
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Mycelium of a wood-rotting fungus on tree bark. Photo by Wim van Egmond.

[image: ]
Mushrooms and mycelium of a wood-rotting fungus (identity uncertain). Photo by Eric Cho.




INTRODUCTION

What Is It Like to Be a Fungus?

Fungi are everywhere but they are easy to miss. They are inside you and around you. They sustain you and all that you depend on. As you read these words, fungi are changing the way that life happens, as they have done for more than a billion years. They are eating rock, making soil, digesting pollutants, nourishing and killing plants, surviving in space, inducing visions, producing food, making medicines, manipulating animal behaviour, and influencing the composition of the Earth’s atmosphere. Fungi provide a key to understanding the planet on which we live, and the ways that we think, feel and behave. Yet they live their lives largely hidden from view, and more than 90 per cent of their species remain undocumented.

Fungi make up one of life’s kingdoms – as broad and busy a category as ‘animals’ or ‘plants’. Microscopic yeasts are fungi, as are the sprawling networks of honey fungi, or Armillaria, which are among the largest organisms in the world. The current record holder, in Oregon, weighs hundreds of tons, spills across 10 square kilometres, and is somewhere between 2,000 and 8,000 years old. There are probably many larger, older specimens that remain undiscovered.

[image: ]
The mushroom of a wood-rotting fungus, Panus lecomtei. Photo by Stephen Axford.

Many of the most dramatic events on Earth have been – and continue to be – a result of fungal activity. Plants only made it out of the water around 500 million years ago because of their collaboration with fungi, which served as their root systems for tens of million years until plants could evolve their own. Today, more than 90 per cent of plants depend on these ‘mycorrhizal’ fungi. This ancient association gave rise to all recognisable life on land, the future of which depends on the continued ability of plants and fungi to form healthy relationships.

There are few pockets of the globe where fungi can’t be found; from deep sediments on the sea floor to the surface of deserts, to frozen valleys in Antarctica, to our guts and orifices. The capacity of fungi to prosper in such a variety of habitats depends on their diverse metabolic abilities. Metabolism is the art of chemical transformation. Fungi are metabolic wizards and can explore, scavenge and salvage ingeniously, their abilities rivalled only by bacteria. Using cocktails of potent enzymes and acids, fungi can break down some of the most stubborn substances on the planet, from lignin, wood’s toughest component, to rock, crude oil, polyurethane plastics and the explosive TNT. Few environments are too extreme. A species isolated from mining waste is one of the most radiation-resistant organisms ever discovered. The blasted nuclear reactor at Chernobyl is home to a large population of such fungi. A number of these radio-tolerant species even grow towards radioactive ‘hot’ particles, and appear to be able to harness radiation as a source of energy, as plants use the energy in sunlight.

Mushrooms dominate the popular fungal imagination, but mushrooms are only the reproductive structures of fungi, the place where spores are produced. Fungi use spores like plants use seeds: to disperse themselves. Reproductive structures like mushrooms are a fungus’s way to entreat the more-than-fungal world, from wind to squirrel, to assist with the dispersal of spores, or to prevent it from interfering with this process. They are the parts of fungi made visible, pungent, covetable, delicious, poisonous. Some, like truffles, produce aromas that have made them among the most expensive foods in the world. Others, like shaggy ink cap mushrooms (Coprinus comatus), can push their way through asphalt and lift heavy paving stones, although they are not themselves a tough material. Pick an ink cap and you can fry it up and eat it. Leave it in a jar, and its bright white flesh will deliquesce into a pitch-black ink over the course of a few days.

We all live and breathe fungi, thanks to the prolific abilities of fungal fruiting bodies to disperse spores. Some species discharge spores explosively, which accelerate 10,000 times faster than a space shuttle directly after launch, reaching speeds of up to 100 kilometres per hour – some of the quickest movements achieved by any living organism. Other species of fungi create their own microclimates: spores are carried upwards by a current of wind generated by mushrooms as water evaporates from their gills. Fungi produce around 50 megatons of spores each year – equivalent to the weight of 500,000 blue whales – making them the largest source of living particles in the air. Spores are found in clouds and influence the weather by triggering the formation of the water droplets that make rain and the ice crystals that make snow, sleet and hail.
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A magpie ink cap mushroom, Coprinus picacea, deliquescing into a pitch-black ink. Photo by Jeremy Lintott.
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Mycelium of a Penicillium fungus. Photo by Wim van Egmond.

Some fungi, like the yeasts that ferment sugar into alcohol and cause bread to rise, consist of single cells that multiply by budding into two. However, most fungi live most of their lives as tubular cells known as hyphae (HY-fee), which branch and fuse to form networks, known as mycelium. Mycelial networks have no fixed shape. By ceaselessly remodelling themselves they can navigate mazes, solve complex routing problems and expertly explore their surroundings. If you teased apart the mycelium found in a teaspoon of healthy soil and laid it end to end it could stretch anywhere from 100 metres to 10 kilometres.

Human life has forever been shaped by fungi. Diseases caused by fungi cause billions of dollars of losses – the rice blast fungus ruins a quantity of rice large enough to feed more than sixty million people every year. Fungal diseases of trees, from Dutch elm disease to chestnut blight, transform forests and landscapes. Romans prayed to the god of mildew, Robigus, to avert fungal diseases but weren’t able to stop the famines that contributed to the decline of the Roman Empire.

However, we have also worked out how to use fungi to solve a range of pressing problems. In fact, we have probably deployed fungal solutions for longer than we have been Homo sapiens. In 2017, researchers reconstructed the diets of Neanderthals, cousins of modern humans who went extinct approximately 50,000 years ago. They found that an individual with a dental abscess had been eating a type of fungus – a penicillin-producing mould – implying knowledge of its antibiotic properties. There are other less ancient examples, including the Iceman, an exquisitely well-preserved Neolithic corpse found in glacial ice, dating from around 5,000 years ago. On the day he died, the Iceman was carrying a pouch stuffed with wads of the tinder fungus (Fomes fomentarius) that he almost certainly used to make fire, and carefully prepared fragments of the birch polypore mushroom (Fomitopsis betulina) most probably used as a medicine.

The indigenous peoples of Australia treated wounds with moulds harvested from the shaded side of eucalyptus trees. Ancient Egyptian papyruses from 1500 BCE refer to the curative properties of mould, and in 1640, the King’s herbalist in London, John Parkinson, described the use of moulds to treat wounds. But it was only in 1928 that Alexander Fleming discovered that a mould produced a bacteria-killing chemical called penicillin. Penicillin became the first modern antibiotic and has since saved countless lives.

Penicillin, a compound that could defend fungi from bacterial infection, turned out to defend humans as well. This is not unusual: although fungi have long been lumped together with plants, they are actually more closely related to animals – an example of the kind of category mistake that researchers regularly make in their struggle to understand fungal lives. At a molecular level, fungi and humans are similar enough to benefit from many of the same biochemical innovations.
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Blue spore-producing structures of the fungus, Aspergillus clavatus. Photo by Wim van Egmond.
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Spore-producing organs of Pilobolus, which perform remarkable feats of ballistic spore discharge. As the fungus matures, fluid within the clear bulbs builds to pressures of around 5 atmospheres. When the organ ruptures, the mass of black spores at the tip (containing 30,000–90,000 spores and measuring around 0.5 millimetres in diameter) is projected up to 2.5 metres at an average speed of 9 metres per second, accelerating at over 21,000 g (about 10,000 times the acceleration of a space shuttle soon after launch). The clear bulb below the spores serves as a lens, focusing sunlight onto light-sensitive pigments, allowing Pilobolus to aim themselves towards the sky. Nematode worms can hitch a ride on Pilobolus spore projections and thus travel far further than they would otherwise be able to. Photo by Wim van Egmond.
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Green elf cups, Chlorociboria aeruginascens, growing in Bolivia. The mycelium of this fungus stains wood a blue-green colour. The stained wood, or ‘green oak’, has long been highly valued for use in decorative woodwork – a technique known as intarsia. Photo by Danny Newman.
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A species of Hypoxylon, a wood-rotting fungus, eating a log in Reserva Los Cedros, Ecuador. Photo by Danny Newman.

Fungi are pharmaceutically prolific, and today we depend on them for many other chemicals besides penicillin: cyclosporine (an immunosuppressant drug that makes organ transplants possible), cholesterol-lowering statins, a host of powerful antiviral and anticancer compounds, not to mention alcohol (fermented by a yeast) and psilocybin (the active component in psychedelic mushrooms recently shown in clinical trials to be capable of lifting severe depression and anxiety).

Radical fungal technologies can help us respond to some of the many problems that arise from ongoing environmental devastation. Antiviral compounds produced by fungal mycelium reduce colony collapse disorder in honeybees. Voracious fungal appetites can be deployed to break down pollutants, such as crude oil from oil spills, in a process known as mycoremediation. In mycofiltration, contaminated water is passed through mats of mycelium, which filter out heavy metals and break down toxins. In mycofabrication, building materials and textiles are grown out of mycelium and replace plastics and leather in many applications.

A full litany of the chemical accomplishments of fungi would take months to recite. Yet despite their promise, and central role in many ancient human fascinations, fungi have received a tiny fraction of the attention given to animals and plants. The best estimate suggests that there are between 2.2 and 3.8 million species of fungi in the world – six to ten times the estimated number of plant species – meaning that a mere 6 per cent of all fungal species have been described. We are only just beginning to understand the intricacies and sophistications of fungal lives.
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A slime mould, Fuligo septica, exploring a rotting log. Photo by Stephen Axford.

Whether in forests, labs or kitchens, fungi have changed my understanding of how life happens. These organisms make questions of our categories and thinking about them makes the world look different. Two fast-growing fields of biological enquiry have helped me both navigate these states of surprise and provide frameworks that have guided my exploration of the fungal world.

The first is a growing awareness of the many sophisticated, problem-solving behaviours that have evolved in brainless organisms outside the animal kingdom. The best-known examples are slime moulds, or Physarum polycephalum. Physarum form exploratory networks made of tentacle-like veins and have no central nervous system – nor anything that resembles one. Yet they can ‘make decisions’ by comparing a range of possible courses of action and can find the shortest path between two points in a labyrinth. Japanese researchers released slime moulds into Petri dishes modelled on the Greater Tokyo area. Oat flakes marked major urban hubs and bright lights represented obstacles such as mountains – slime moulds don’t like light. After a day, the slime mould had found the most efficient route between the oats, emanating into a network almost identical to Tokyo’s existing rail network. A slime-mould enthusiast told me about a test he had performed. He frequently got lost in IKEA stores and would spend many minutes trying to find the exit. He decided to challenge his slime moulds with the same problem and built a maze based on the floor plan of his local IKEA. Sure enough, without any signs or staff to direct them, the slime moulds soon found the shortest path to the exit.

Whether one calls slime moulds, fungi and plants ‘intelligent’ depends on one’s point of view. Classical scientific definitions of intelligence use humans as a yardstick by which all other species are measured. According to these anthropocentric definitions, humans are always at the top of the intelligence rankings. Because organisms like fungi don’t look like us or outwardly behave like us – or have brains – they have traditionally been allocated a position somewhere at the bottom of the scale. Yet many are capable of sophisticated behaviours that prompt us to think in new ways about what it means for organisms to ‘solve problems’, ‘communicate’, ‘make decisions’, ‘learn’ and ‘remember’. As we do so, some of the vexed hierarchies that underpin modern thought start to soften. As they soften, our ruinous attitudes towards the more-than-human world may start to change.

The second field of research that has guided me in this enquiry concerns the way we think about the microscopic organisms – or microbes – that cover every centimetre of the planet. In the last four decades, new technologies have granted unprecedented access to microbial lives. The outcome? For your community of microbes – your ‘microbiome’ – your body is a planet. Some prefer the temperate forest of your scalp, some the arid plains of your forearm, some the tropical forest of your crotch or armpit. Your gut, ears, toes, mouth, eyes, skin and every surface, passage and cavity you possess teem with bacteria and fungi. You carry around more microbes than your ‘own’ cells.
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A leafcutter ant in its fungal garden. After humans, the animals that form some of the largest and most complex societies on Earth are leafcutter ants. Colonies can reach sizes of over eight million individuals, with underground nests that grow larger than 30 metres across. The lives of leafcutter ants revolve around a fungus which they cultivate in cavernous chambers and feed with fragments of leaf. Leafcutter ants don’t just feed and house their fungi: they medicate them as well. Leafcutter ants’ fungal gardens are vulnerable to a ferocious parasitic fungus. Leafcutters harbour domesticated bacteria in special chambers on their bodies which produce antibiotics that inhibit the parasitic fungus and boost the growth of the cultivated species. Photo by Wim van Egmond.

We are ecosystems, composed of – and decomposed by – an ecology of microbes, without which we could not grow and behave as we do. The forty-odd trillion microbes that live in and on our bodies allow us to digest food and produce key minerals that nourish us. Like the fungi that live within plants, they protect us from disease. They guide the development of our bodies and immune systems and influence our behaviour. If not kept in check, they can cause illnesses and even kill us. We are not a special case. Even bacteria have viruses within them. Even viruses can contain smaller viruses. Symbiosis is a ubiquitous feature of life.

So much of daily life and experience – not to mention our philosophical, political and economic systems – depends on the concept of the individual that it can be hard to stand by and watch it dissolve. Where does this leave ‘us’? What about ‘them’? ‘Me’? ‘Mine’? ‘Everyone’? ‘Anyone’? It is in part these disconcerting feelings that make the advances in the microbial sciences so exciting. Learning more about these associations changes our experience of our own bodies and the places we inhabit. ‘We’ are ecosystems that span boundaries and transgress categories. Our selves emerge from a complex tangle of relationships only now becoming known.

Too often in my research I’ve become detached and seen the soil as an abstract place, a vague arena for schematic interactions. It’s hard not to. I have no way to
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A decomposer fungus, Marasmius haematocephalus, growing in Madidi National Park, Bolivia. Photo by Danny Newman.
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Orange fan, Anthracophyllum archeri. Photo by Stephen Axford.
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