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Praise for Most Delicious Poison


‘Magisterial, fascinating, and gripping, Noah Whiteman’s Most Delicious Poison is a tour de force. With infectious enthusiasm and deep knowledge, Whiteman opens the curtain behind the substances that affect all of our lives.’


Neil Shubin, author of Some Assembly Required


‘Noah Whiteman expertly reveals the evolution of the toxins that permeate our daily lives in this deeply researched and fascinating book.’


Jennifer Doudna, Nobel Laureate


‘I wish I could travel the world with Noah Whiteman and enjoy firsthand his deep and eclectic knowledge of the thousands of compounds that plants evolved to defend themselves against predators. Fortunately, he has written Most Delicious Poison. This exuberant, poignant, and mind-blowing guide will transform how you think about plants and how humans use and abuse their toxins to flavour food, treat disease, alter moods, and more.’


Daniel E. Lieberman, author of Exercised


‘Through captivating storytelling, Noah Whiteman breathes life into the history of nature’s toxins, exploring the pleasures, comforts, and agonies that have shaped human evolution as it has intertwined with the evolution of these vital yet often overlooked organisms.’


Beth Shapiro, author of Life As We Made It


‘Humans have benefitted for millennia from the wild variety of healing, intoxicating, delicious or stimulating toxins produced by the biological warfare that pervades the natural world. Whiteman provides a wonderful overview of the diversity and ubiquity of these drugs, giving us an inspiring, entertaining look at both the richness of nature and the clever ways humans – and many other species – have learned to exploit it.’


Edward Slingerland, author of Drunk


‘A fascinating discussion of how nature’s toxins can affect us all.’


Kirkus
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Introduction


A deadly secret lurks within our refrigerators, pantries, medicine cabinets, and gardens. Scratch beneath the surface of a coffee bean, a red pepper flake, a poppy capsule, a Penicillium mold, a foxglove leaf, a magic mushroom, a marijuana bud, a nutmeg seed, or a brewer’s yeast cell, and we find a bevy of poisons.


The chemicals in these products of nature are not a sideshow — they are the main event, and we’ve unwittingly stolen them from a war raging all around us. We use these toxic chemicals to greet our days (caffeine), titillate our tongues (capsaicin), recover from our surgeries (morphine), cure our infections (penicillin), mend our hearts (digoxin), bend our minds (psilocybin), calm our nerves (cannabinol), spice up our food and drink (myristicin), and enhance our social lives (ethanol).


You might be thinking that to call these chemicals poisons or toxins is an exaggeration. After all, at the doses we typically use — a sprinkle, a tablet, a glass — these substances can improve our health and well-being. But at higher doses, as anybody who has ever had a hangover can confirm, these chemicals, whether directly or indirectly, can harm us, too. As sixteenth-century Swiss physician Paracelsus noted, “the dose makes the poison.”


Paracelsus’s maxim is perhaps too general to be useful — and maybe that was his point. It is hard to define a poison or a toxin. That ambiguity is part of the story too (I use the terms poison and toxin interchangeably in this book because their meanings largely overlap). At the wrong dose, even oxygen can be toxic. But there’s a reason we don’t call oxygen a toxin: plants and other organisms with chloroplasts don’t produce oxygen to harm other organisms. The gas is simply a by-product of photosynthesis — the ability to turn carbon dioxide and water into sugar.


The chemicals that I call toxins or poisons, on the other hand, often function as weapons in what Charles Darwin called “the war of nature,” that is, the struggle all organisms endure to survive and reproduce. Some of these struggles are mediated through interactions between organisms, for example, between predator and prey or plant and pollinator. Darwin mused about how these interactions themselves arose through coevolution: “It is interesting to contemplate a tangled bank, clothed with many plants of many kinds, with birds singing on the bushes, with various insects flitting about, and with worms crawling through the damp earth, and to reflect that these elaborately constructed forms, so different from each other, and dependent on each other in so complex a manner, have all been produced by laws acting around us.”


One of the laws Darwin formulated was evolution by natural selection. Natural selection acts on heritable differences between individuals to improve their odds of survival or reproductive output over time. This type of evolution produces new adaptations. Although he focused on traits that he could see with his own eyes, like the varied beaks of the Galápagos finches that now bear his name, we now know that evolution, primarily through coevolution between species, has also generated a profusion of toxic chemicals hidden inside many different organisms. These organisms use the chemicals to gain the upper hand, through offense and defense, in the Darwinian struggle for existence that has played out since life itself began.


This book explores the fascinating and sometimes surprising ways that toxins from nature arose, have been used by us humans and other animals, and have consequently changed the world. We will follow several interrelated threads, or approaches, as we examine how these chemicals have influenced evolution and how they have penetrated each human life, for better and for worse.


One thread concerns the origin stories of the toxins that occur naturally in many organisms. These chemicals, counterintuitively, can help explain why the planet is so filled with life. This is because the war of nature that largely hinges around these chemicals is a dynamo that generates new traits and new species through cycles of defense and counterdefense between ecologically interacting species.


We will trace important similarities between how animals and humans co-opt the same toxins from other organisms and use them as tools of their own to improve their odds of survival and reproduction. This similar behavior reveals that humans, although special in so many ways, are just one of many species that use the chemicals in nature’s pharmacopoeia — and that all creatures depend on this trove of toxins one way or another.


Throughout the book, we will learn how numerous plants and fungi and even some small animals produce copious amounts of toxins that mimic human hormones and neurotransmitters or block their function. On the flip side, you may be surprised to learn that our bodies produce small quantities of some of the strange-sounding chemicals that plants use as defensive shields — such chemicals as aspirin-like molecules and morphine. I will explain the physiology of this process in the human body and show how it can help us understand the human susceptibility to addiction. At the same time, the most promising new treatments for some of these substance use disorders come from the natural pharmacopoeia in the form of psychedelics. A closer look reveals that human use of these psychedelics is not new at all and can be traced to the ancient and ongoing practices of various Indigenous and local peoples across the planet.


Another thread follows medieval Europe’s obsession with nature’s toxins in the form of Asian spices, a hunger that motivated the Age of Exploration. The desire for new sources of spices, and for control of the flow of spices, triggered a geopolitical cataclysm that shaped the past five hundred years of human history and continues to do so today. One consequence, at least in part, is the global biodiversity and climate crisis we face.


As excited as I was to weave all these threads together and tell the story of nature’s toxins, this is not what motivated me to write the book. Instead, the sudden death of my father under tragic circumstances stemming from a substance use disorder in late 2017 is what pushed me to embark on this project.


His long struggle with nature’s toxins came to a head just as my collaborators and I uncovered how the monarch butterfly caterpillar resists the deadly toxins made by the milkweed host plant. Monarchs use these toxins to keep predators like birds at bay as the butterflies migrate thousands of miles from the eastern prairies of Canada and the United States to the subtropical mountains of Mexico. My father, like the butterflies, was using toxins co-opted from other organisms to keep his attackers, both psychological and physiological, at bay, but the toxins were just different ones. His long struggle, the tragic death spiral, and its subsequent impact on me serve as important touchstones throughout the book.


My attempt to grasp why he died allowed me to identify and then draw together the many ways that nature’s toxins affect the world. So, my father’s need for copious amounts of some of nature’s toxins is really another thread, the most personal one, interwoven throughout. You may have had your own similar struggle or may have loved somebody with a substance use disorder. My hope is that your experience can be your own thread that you will weave throughout the book.


It was my father, who was a naturalist, who first taught me about nature’s toxins. Not only did his knowledge rub off on me, but my growing up in northeastern Minnesota also had some bearing, as did my tendency to use nature as my own escape.


A child’s morbid curiosity about species capable of biting, stinging, scratching, maiming, or poisoning is the bane of parents everywhere. There is always that one neighborhood kid, quiet but tempting fate, and I was that kid. Snakes that bite, toxic newts, snapping turtles, stinky burnet moths, stinging nettles that I couldn’t stop touching (the itch needed to be scratched), and prickly porcupines that maimed our dogs — all these belligerent living things fascinated me. I recall like it was yesterday the confusion in my mother’s eyes when as a kindergartner I presented her with a coffee can filled with a few hundred honeybees I’d collected as they visited the white clover growing in our neighborhood in Duluth, Minnesota.


Although I’d already had a few stings by then, I knew that the bees did so in self-defense. That was just the beginning of my intense curiosity about, and interest in, nature. I would wear garter snakes, which emitted repugnant cloacal secretions, draped around my neck. In Texas, I cupped horned lizards in my hands, enamored by how they could shoot blood from their eyes. In Nevada, I placed venomous black widows in salsa containers to bring home. I didn’t inherit this love of nature and dangerous animals from my mom. My dad is the likely source. At that time, he was a used car salesman, and later, a furniture salesman, but in his heart, he was a naturalist.


When I was ten years old, we moved from Duluth to the Sax-Zim Bog, near the Minnesota townships of Toivola (the Finnish word for “hope”), Elmer, and Meadowlands. What I didn’t know then was that the bog was a birder’s paradise. It often hosts more great gray owls (Strix nebulosa) in the wintertime than does any other place in the continental United States, but few people live there. We moved out there, away from my mom’s family in Duluth, so that my dad could take a better-paying job as manager of a (now closed) furniture store that had become a regional landmark. The store was in a fading farming community that drained the bogs to grow hay for dairy cows. Agriculture was successful in the wet meadows at the edges of the bog for a while, but by the time we got there, the population was aging and steadily declining in size. Most of the children had moved away to greener pastures as adults.


The local school, a single building for kindergarten through twelfth grade, enrolled around 150 students in total, including the 15 in my senior class in 1994. The school was shuttered a few years later. It had been one of ten schools in a district that was about the size of Connecticut and that stretched eighty miles, from Voyageurs National Park on the Ontario border down to the Sax-Zim Bog.


I was a closeted gay teenager and turned my energy toward the beauty of the bog, a few friends, and getting out of there. Nature provided a refuge and spiritual wellspring for me. And it continues to be a wellspring for me, both personally and professionally.


This book will also share insight into how evolutionary biologists like me tackle research questions. In that vein, note that I am only a biologist, not an anthropologist, a chemist, an ethnobotanist, a historian, or a social scientist. Nevertheless, the scope of this book is ambitious, and writing it required that I venture beyond the limits of my main areas of research. The roots of this book extend from my own life, through our recent past as a species, and into events buried by the sands of time, deep in evolutionary history.


Notes, including references used throughout, and an appendix containing further information on the toxins discussed are available online, through a link included at the end of the book.





1.


Deadly Daisies




Within the infant rind of this small flower


Poison hath residence, and medicine power.


— WILLIAM SHAKESPEARE, ROMEO AND JULIET





Rivers, Rings, and Reckonings


I pinned the boutonniere to my lapel, cataloging the species the florist had selected and the corresponding poisons in each. The star of the wintry bouquet was a bright, tiny chrysanthemum (mum) from the daisy family. It was surrounded by some needles of an eastern white pine, clusters of red berries of St. John’s wort, and the spiky blue leaves of sea holly.


I hadn’t requested poisonous plants on my wedding day, but I didn’t have to. All plants produce chemicals that they can deploy as poisons to eliminate the competition, dissuade herbivores, neutralize pathogens, and punish unfaithful pollinators. Plants want to live, as do the many fungi, animals, and other organisms that also use poisons in offense and defense.


Even in its “infant rind,” the mum carried a bevy of toxins, including the terpenoid matricin. The eastern white pine held its own piperidine alkaloids, St. John’s wort contains the phenolic compound hypericin, and sea holly, the aldehyde eryngial.


You probably haven’t heard of these chemicals, but each is also a medicine. Matricin is additionally found in chamomile and yarrow, plants used in traditional healing today and for thousands of years. In the body, matricin breaks down into the beautiful blue chemical chamazulene, which is now being studied for its promise as a pain-relieving drug. The needles of the eastern white pine have long been used by many northeastern Indigenous North American cultures to treat respiratory ailments. The piperidine alkaloids in the needles provide the starting point for the synthesis of opioids like fentanyl. Hypericin in St. John’s wort is widely used to treat depression and other mental health disorders. Finally, Jamaican scientists discovered that the sea holly works as a traditional treatment for roundworm infections through the toxicity of the eryngial.


The big question is why plants would bother making these chemicals in the first place — after all, their synthesis takes up precious energy that could otherwise be put into growing and reproducing. One big hint came in 1964, when the late chemical ecologist Tom Eisner and collaborators published a paper showing that one species of millipedes produces eryngial (also called trans-2-dodecenal), the same chemical produced by the sea holly and other plants, including those in the citrus, ginger, and dill families.


The millipedes secrete eryngial when attacked by assailants like ants and grasshopper mice. The production of this substance in both animals and plants reveals a common pattern in evolution. The same beneficial trait often evolves in many organisms independently — in this case, eryngial as a defense for both animals and plants. The repeated origins of the same trait in different evolutionary lineages is called convergent evolution.


These natural toxins and their sources may sound more familiar than eryngial in millipedes. There is caffeine in coffee beans, cannabinoids in marijuana buds, capsaicin in red pepper flakes, cinnamaldehyde in cinnamon sticks, cocaine in coca leaves, codeine in cough syrup, and cyanide in apple seeds. It may surprise you to learn that many chemicals like these, which we use in food and drink, medicine, spiritual practice, recreation, and even for nefarious purposes like killing, are poisons produced by other organisms that did not evolve with us in mind. Yet these toxins permeate our lives in the most mundane and profound ways.


Such chemicals can be deployed as weapons in the Darwinian war of nature, which was first waged over four billion years ago, when life began. The battles in this chemical war continue to rage all around us, affecting the trajectory of each human life, including my own. Wherever we look, we find these skirmishes. For me, they are the markers of life and of death, the harbingers of joy and pain, and the vehicles of simple pleasures and wild rides.


As I began to write this book in rural Vermont, I also got married to Shane — in the dead of winter and on the solstice. We walked to the edge of the frozen, tea-stained river where Anne, a justice of the peace, awaited. As we trudged through the snow, I recalled a photo of my mother on her wedding day. In it, she holds a bouquet of oxeye daisies and stands on the bank of a blackwater river born in the boreal forest of Minnesota, much like the river Shane and I now stood above.


Downstream from the Lester River, where my mother and father, in matching lace outfits, were married, my father taught me how to fish in the dark eddies swirling below a waterfall that cut through the ancient basalt. When my four-year-old eyes beheld the first brook trout I pulled out of the rusty reach, the fish, like a miniature Georges Seurat painting, took my breath away. My father stood in front of me, smiling as I marveled at that living masterpiece of evolution. Ruby points with sapphire halos peppered the lower olive-green flanks, and neon green vermiculations were laid across its back.


That river transformed my father into a happier and calmer version of himself. But he couldn’t take the river with him when he left. In the end, he died more than a thousand miles away from its waters and from all of us. In exile, he died alone, surrounded by an arsenal of guns and thousands of rounds of ammunition and hooked on what he called his “medicine.” Periodic texts and calls to and from his flip phone were the only remaining threads connecting us.


On the morning of Christmas Day 2017, his lifeless, sixty-nine-year-old body was found by the county sheriff on the floor of a fifth-wheel trailer in West Texas. He had been dead for days, maybe even weeks.


By 2021, the box containing his ashes had been sitting for years in the same spot in our tiny house in Oakland, California, where I had first placed it — just below a shrine next to the window. The shrine held photos of him and me — snapshots of the arc of our time together. In August 2021, Shane and I put the box in the car with us and drove to Minnesota, en route to our sabbatical in Vermont. I just couldn’t leave it behind.


Our last stop in Duluth was the home of my maternal aunt, who was also my godmother. She was on dialysis, owing to end-stage kidney disease, although she had received a lifesaving liver transplant about a decade earlier, after a long struggle with alcohol use disorder (AUD) had caused her own liver to fail. AUD is the clinical term now used in place of alcoholism.


I sat down on her sofa and felt her cold hand grip my forearm; her papery skin was held taut by the squeeze. She knew I was about to say something difficult, and she pulled me in close, staring into my eyes. I told her we were going to head to Vermont now, and on the way, I wanted to put my dad’s ashes in the river. She said, “Yes, go down and do it, hon.” “Hon” meant “honey,” of course, but it was said in this particular northern Minnesotan way that pierced a thick shield around my heart. With that blessing, I hugged her tiny body. It was our last goodbye.


Just about a mile away from her house was the end of the river that had been such a large part of my father’s life. It was finally time to let him go for good. We scattered his ashes at the mouth, right where it emptied into the “shining Big-Sea-Water” of Lake Superior.


Dark eddies enshrouded each flake of white bone, and then the current whisked the last pieces of him away, forever. Atoms of calcium and phosphorous, born in the heart of a star billions of years ago, could now continue their journey, diatom to mayfly to trout.


A few months later, Shane and I stood face-to-face at our wedding ceremony. My eye caught the chrysanthemum pinned just above his heart as the sun, slunk low like a blood orange in the winter solstice sky, illuminated a spiral of tiny petals. In the swirls of that small flower was an amalgam of the personal and the professional spheres of my life I had worked so hard to keep apart.


I saw the toxins in my own mother’s bouquet, the substances flowing through the rivers, those that moved from plant to animal to me, those that took away so many in my family, and the chemicals central to my research. They were all there, swirling together in that perfect spiral of the mum’s petals.


Snowflakes spun in the cold, empty air. With our backs to the west, toward Minnesota, I slid a glittering ring of silver and gold onto Shane’s finger. Onto mine he placed a ring of wood and amber, toxins entombed. I wouldn’t have it any other way.


My ring was really three separate rings molded into one. The two outermost pieces are of black walnut wood and held juglone, a toxin that walnut trees make and that can kill competing plants that live under the trees. The wood also contained the dark tannins that strengthened the tree and that could deter most animals trying to eat it. The inner amber ring was fossilized resin of toxic terpenoids like alpha-pinene, produced by trees millions of years ago and used to defend against attackers.
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When I returned his ashes to the river that seemed to give my father new life each time he was near it, I couldn’t help but think of another seemingly invincible man for whom a river was the source of his strength. For this man, too, it was a poison that eventually found his hidden vulnerability.


In the Achilleid, first-century Greco-Roman poet Publius Papinius Statius wrote of the goddess Thetis, who was forewarned of the death of her son Achilles. To thwart the plan, Thetis brought Achilles to the River Styx on the day of his birth. The waters of the river were supposed to confer to him the power of invulnerability. As she dipped the infant into the river, Thetis held Achilles by the heel, the one small part of his body that remained dry. Paris would one day exploit this vulnerability by driving a poison-tipped arrow right into Achilles’ heel, mortally wounding him.


The injury-prone Achilles tendon reminds us that there is no foresight in evolution — no grand plan — or any plan at all, in fact. In truth, this tendon evolved from a much shorter and weaker one that serviced the hind foot of our tree-dwelling primate ancestors just fine, for tens of millions of years. These early primates lived in the trees and used all four feet and all twenty digits to grasp branches, just as many other primates do today.


As our own lineage began to transition from a life in the trees to one on terra firma, this tendon from the hind limbs of ancient arboreal primates was gradually repurposed by evolution into one used for bipedalism. Although the Achilles tendon works well enough for walking and running, it is far from an ideal solution to the problem of bipedalism, that is, the use of our hind legs as our only legs. Only a thin sheath and layer of skin separates it from injury, as anybody who has accidentally damaged their own knows.


Like Achilles himself, my seemingly invincible father was taken down by toxins that found a different and hidden vulnerability of ours: bodies that run on many of the same ancient chemical messengers and proteins as those in the animal enemies of plants, fungi, and microbes.


What I couldn’t have known in the aftermath of his death was that my own research would not only provide comfort by distracting me from the grim situation but also help me understand the nature of his downfall. This book emerged from the collision of two worlds I once worked so hard to keep apart: my life’s work to understand nature’s toxins and my father’s addiction to them.


I began to see how the fusion of these two parts of my identity could be useful in telling the story of nature’s toxins. For example, the mums in the boutonnieres are more than just a metaphor for the most important events of my life. We can use them and other plants in the daisy family as a way to tease out the many concepts running through this book. We will start with a toxin that comes from some related daisies and that changed my own life.


Pyrethrum and Pests


It was a sunny spring day at the Saint Louis Zoo in 2001, and I was a twenty-five-year-old first-year PhD student in tropical biology fresh from receiving a master’s degree in entomology. Strange as it may seem for a budding biologist who studied insects and plants, I was at the zoo to conduct a trial run of an experimental protocol I was planning to use on the wild birds of the Galápagos Islands. The research was led by my dissertation adviser, Patricia Parker, an ornithologist and a professor at the University of Missouri–St. Louis (UMSL). Our “guinea pig” was a resplendent red rooster. He was a perfect specimen, not a feather out of place.


While my friend and wildlife veterinary technician Jane carefully held him, I gently dusted his feather tracts with a natural flea and tick powder, hoping he wouldn’t strike me with his spurs like I deserved. Then we waited.


Before I tell you exactly why I was doing this and what I was waiting for, you are probably wondering how this procedure is connected to daisies or nature’s toxins. The insecticidal powder I used was made from the crushed, dried flowers of daisies classified as Chrysanthemum and, later, as Pyrethrum. Pyrethrum powder remains one of the safest and most widely used natural pesticides in the world.


When no synthetic ingredients are added, pyrethrum is appropriately labeled organic, green, natural, or plant-based. You have probably used pyrethrum at some point, whether it was in powder or spray form, on plants in the garden, on a pet, or on the living room carpet.


Make no mistake, pyrethrins, the active chemicals in pyrethrum powder, are incredibly potent neurotoxins — just not to humans. Human use of pyrethrins to kill typhus-carrying lice and plague-carrying fleas has long been a matter of life or death. Through trial and error, the Indigenous peoples of the Caucasus did the safety tests long ago.
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Pyrethrum powder was first used as a pesticide in northern Iran, Armenia, and Georgia and was made from a different daisy species in the Balkans. “Persian powder” was introduced in Europe in the nineteenth century through an Armenian merchant. Then, in 1846, Johann Zacherl of Vienna mass-produced it from painted daisies grown in the country of Georgia.


In 1888, Zacherl’s son built a factory in Vienna after switching to the feverfew daisy to make Zacherlin, the trade name for his formulation. Before 1888, the Russian military had also used pyrethrum powder to control fleas after learning of it from Circassian prisoners. Pyrethrins continue to be used in shampoos for the treatment of louse infestations — whether they are head, body, or pubic lice.


Chrysanthemums have been cultivated in East Asia for millennia, both as ornamentals and as medicinals. A testament to their antiquity in that region is the sixteen-petaled gold chrysanthemum on the seal of the emperor of Japan. The flower is an emblem of the Chrysanthemum Throne, the oldest hereditary monarchy in existence. However, pyrethrumproducing varieties of mums weren’t grown in Japan until the early nineteenth century, when scientists there began to work on identifying the pesticidal chemicals in pyrethrum.


We now know how pyrethrum works as an insecticide: pyrethrins bind to important protein passageways (voltage-gated sodium channels) for sodium ions in nerve cells. When pyrethrins bind to these proteins, the nerve cells wildly overfire, causing involuntary muscle contractions, paralysis, and even death.


This physiological reaction sounds bad, and it is indeed problematic for invertebrates like insects (e.g., butterflies), mollusks (e.g., octopuses), arachnids (e.g., spiders), and some vertebrates, like fish. But natural pyrethrins are not very toxic to other vertebrates, like humans and birds. Dose for dose, the toxicity of table salt is higher than pyrethrins are for humans. The variable toxicity of pyrethrins in different species is due to the particular genetic changes found across the many branches of the evolutionary tree of life.


For example, a single ancient change in the DNA of insects makes their nerve cells a hundred times more sensitive to pyrethrins than ours. By contrast, cats and fish are sensitive to pyrethrins because they lack one of the liver enzymes we humans use to detoxify pyrethrins.


However, other natural toxins targeting the very same nerve channels are poisonous to us, even in tiny doses. Consider the sad story of the twentynine-year-old Oregon man who swallowed a rough-skinned newt on a dare. Just ten minutes later, his lips began to tingle, and in a few hours, he was dead. Tetrodotoxin in the newt’s skin killed him. Like pyrethrins, tetrodotoxin targets the voltage-gated sodium channels but does so in a different location on the protein.


Although pyrethrins are made by plants, tetrodotoxin is made by symbiotic bacteria living in some freshwater and marine animals, including puffer fish, blue-ringed octopuses, and newts. The toxin is not produced by the animals themselves. In turn, the toxin-adapted, voltage-gated sodium channels in these animals renders them completely resistant to the tetrodotoxin.


Just as we and some daisies use pyrethrins as tools to keep disease-causing pests at bay, these animals deploy tetrodotoxin as toxic defenses against attack. Although we are susceptible to tetrodotoxin at small doses but highly resistant to pyrethrins, the puffer fish, blue-ringed octopuses, and newts are highly susceptible to pyrethrins. The selective toxicity of pyrethrins reveals why they, but not other voltage-gated sodium channel toxins like tetrodotoxin, are safely used for many applications, from mosquito control to flea powder and, as we will soon see, for removing lice from endangered birds.


The lesson? Pick your poison — carefully. The origin story of each of these chemicals holds critical information on why the benefits may or may not outweigh the costs for human use. There is nothing inherently healthy about natural products.


Nature, Red in Tooth and Claw


The first time I laid eyes on a Galápagos hawk, I was intrigued by how much it looked like the hawks I’d seen in northeastern Minnesota. But looks can be deceiving.


An adult female nearly knocked me unconscious after swooping down from on high and raked her talons across my face as a parting gift. My lab mate, who was the lookout for the hawks defending their territories from interlopers like us, just hadn’t seen her coming in. It was an unfortunate accident.


That Galápagos hawk was simply doing what many birds — be they tree swallows or golden eagles — do if a human gets too close to their nest. They dive at the intruder’s head.


The bird was completely unharmed in the aftermath, but when I opened my eyes, I could only see out of the left eye. Fearing she would come after us again, we ran under a spiny acacia to catch our breath as blood dripped from my eye, nose, and cheeks. Poisons aren’t the only weapons used in the war of nature.


Thankfully, I was only temporarily blinded. Blood from a punctured eyelid was only what was dripping into my eye.


But the relief was short-lived. To our astonishment, the hawk circled back, landed on the ground just a few feet away, and moved toward us. Despite the hilarity of her pigeon-toed walk, we feared she was actually preparing for a ground assault.


Many of the animals in the Galápagos evolved in the absence of human persecution. As a result, they tend to be fearless. Darwin remarked that the birds, including the hawks, on the islands were so unafraid that “a gun here is almost superfluous; for with the muzzle of one I pushed a hawk off the branch of a tree.”


In my mind, we had unwittingly re-created the raptors-in-the-kitchen scene from Jurassic Park. In that scene, two frightened children hide behind the kitchen counter to escape the velociraptors stalking them.


Although pint-sized compared to a velociraptor, hawks are the top land predators in the Galápagos. I once observed a hawk perch above a pregnant goat obscured under the cassia and grasses. The goat was attempting to hide and prevent her impending newborn kid from the hawk’s skullcrushing claws. The hawk patiently watched and waited as the goat went into labor.


If you’ve been to the Galápagos or watched nature documentaries filmed there, the scene I described is a typical one. Fear, suffering, and death are everywhere, as the war of nature plays out in broad daylight.


In contrast, the chemical battles raging between species, between the poisoners and the poisoned, are largely hidden from our view. Once the veil is lifted, however, their impact on evolution, our daily lives, and even our recent history as a species is far more pervasive and dramatic than you could have known.


Later that night, after my brush with the hawk, I licked my wounds back in my tent on Isla Santiago. I was camped with our Ecuadorian collaborators on the sunbaked mud of a dried-up lagoon behind Espumilla Beach in James Bay. Under the glow of a flashlight, I was reading The Voyage of the Beagle, which my adviser had handed to me shortly before I left St. Louis for Ecuador. I learned that Charles Darwin and I were the same age, twenty-six, when he visited that same beach in 1835.


I tried to close my eyes, but the moonlight was too bright. Then I heard the muffled sounds of hatchling green sea turtles moving through the sand on their way down to the bay. They traveled at night because that’s when their principal enemies were sleeping, beaks tucked under wing.


However, other predators did emerge in the inky darkness of the Galápagos night in search of prey like hatchling turtles. When I lay back down, I made out the silhouette of the venomous Darwin’s goliath centipede, all twelve inches of it, resting on the top of my tent. One of the largest in the world, this centipede attacks small mammals and birds, subduing them with a potent cocktail of protein-based venom injected through scythe-like mouthparts.


It was thrilling to be surrounded by such vibrant life, each organism doing its best to survive. I felt completely at home even though we had no satellite phones and only a marine radio in case we needed to call for help. The extreme isolation, desolation, and potential danger were comforting to me. I attribute this sense of ease to where, and how, I was raised.


Before working in the Galápagos, I knew from the scientific literature that the hawks harbored their own feather lice, or piojos, as our Ecuadorian collaborators called them. For my PhD research, my idea was to do something that Darwin couldn’t have imagined.


I wanted to use mutations that had naturally accumulated in the DNA of the hawk’s feather lice as an evolutionary tracer of the hawk’s colonization history as this species island-hopped over hundreds of thousands of years. It was likely that each hawk got its lice from its mother, meaning the lice were inherited from generation to generation, much like the hawk’s own genes — as an unwanted heirloom. To test this idea, I had to first get the lice off the hawks.


I did have some experience in that department. When I was twelve years old, I shot my first ruffed grouse, an upland game bird, in the forest behind our house. When I set the lifeless bird on the hood of our car back at the house, countless feather lice, as white as snow, crawled onto the dark metal. They jumped ship because the bird’s body had cooled, and the minute creatures had mistaken the warmth of the hood for a potential host.


Of course I couldn’t have known that I’d one day actually study birds and their lice as research subjects, but that boyhood event helped prepare me. In the Galápagos, we needed to get the lice off the birds without harming the birds in any way. Fortunately, the pyrethrum powder I dusted on the rooster in St. Louis as a test case was approved for us to use by the Galápagos National Park for our research because it was harmless to the hawks. The powder worked like a charm. The first hawk that I “dust-ruffled” with pyrethrin dropped hundreds of lice onto the plastic tray I borrowed from the Charles Darwin Research Station cafeteria. Through our research, we learned that the DNA of the lice could be used to retrace the hawk’s colonization history in the Galápagos.


Pyrethrum is used for a more practical purpose on the islands. The mangrove finch, an endangered species of Darwin’s finch, lives on just a few islands in the smallest populations. It is being ravaged by an invasive, parasitic vampire fly whose larvae feed on the blood and facial tissue of the nestlings, often killing them in the process.


To control these awful flies, park managers have attempted to treat finch nests with pyrethrins, which are toxic to the vampire flies but not the birds. But finding and treating nests is difficult work and all but impossible on a large scale.


Cleverly, ecologists Sarah Knutie and collaborators took advantage of the fact that Darwin’s finches collect the soft cotton fibers from wild Darwin’s cotton plants to line their nests. The scientists strategically distributed store-bought cotton treated with pyrethrins throughout the nesting sites of Darwin’s finches near the research station. Sure enough, the birds gathered the insecticide-laced cotton and lined their nests with it. The birds that did use the treated cotton reduced the vampire fly infestations in their nests, thereby increasing the odds of nestling survival.


As staged as Knutie’s experiment was, one animal does much the same thing in nature. Russet sparrows in China gather the leaves of wormwood, which somehow repels or reduces parasites, to line their nests. This behavior naturally increases survival of nestlings.
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Wormwood is another member of the daisy family, and although its name may seem exotic, it is a close relative of the sagebrush that typifies the landscapes of the American West in both sight and smell.


The russet sparrows aren’t alone in their use of wormwood to ward off enemies. Humans use wormwood too. When the birds start to nest in the spring, it’s also the time of the Dragon Boat Festival. Because this holiday coincides with the beginning of warm weather, tradition calls for the hanging of wormwood sprigs from doorways to ward off pests. As these examples show, human and animal behavior often mirror each other when it comes to using nature’s toxins as tools.


Wormwood contains a plethora of toxins. One is a terpenoid called artemisinin, which was discovered by physician Tu Youyou in China in 1972 as a treatment for malaria. Her research landed her the Nobel Prize in Physiology or Medicine in 2015, and artemisinin remains the gold standard for an antimalarial drug.


Despite our commonalities with other animals, there is an important difference between them and us with respect to self-medication. Our use of nature’s toxins as tools is probably mostly learned. Other animals’ use of toxins, on the other hand, seems to be mostly innate.


The use of toxic tools seamlessly evolved into the oral and written healing traditions I will collectively call the materia medica. These substances are found in every culture. In fact, those first used by Indigenous healers have yielded nearly 50 percent of all modern drugs we use today.


Things get fuzzy, and most interesting, when we look at our primate relatives as well as our primate ancestors and their use of nature’s toxins as medicines. Self-medication in the animal world, or zoopharmacognosy, has evolved in many species, including, of course, our own. When describing human use of nature’s toxins, though, we drop the “zoo” and call it pharmacognosy, which means “knowledge of drugs.” We like to think we are special — and we are, in many ways — but in other ways, we are not. The truth is that what we like to call modern medicine is just the culmination of millions of years of pharmacognosy in our own primate lineage.


Profens and Paleomedicine


Human use of pyrethrin daisies and wormwood is ancient, but just how ancient? Three other members of the daisy family show us just how far by providing an even older link between our modern lives, our ancestors, and the origin of the pharmacopoeia. The three plants are yarrow, chamomile, and one called Vernonia.


In the Iliad, Homer describes how Achilles’ army, through the advice of his teacher, the centaur Chiron, was instructed to carry yarrow to treat injuries. In real life, the ancient Romans called it herba militaris, and later, yarrows were given the name Achillea. Yarrow is known colloquially as bloodwort or nosebleed for its anticoagulant effects. In the 2,000-year-old De Materia Medica, the Greek botanist-physician Pedanius Dioscorides promoted the plant’s use both for wound healing and to combat dysentery.


In addition to expounding on the virtues of yarrow, British physician Nicholas Culpeper’s Complete Herbal from the 1600s explains that chamomile, another daisy, “expels wind, helps belchings, and potently provokes the menses: used in baths, it helps pains in the sides, gripings and gnawings in the belly.” Sounds about right! I love my sleep-inducing chamomile tea just before bed.


Yarrow, chamomile, and other daisies like wormwood were key medicinal plants and remain widely used around the world as medicines. In our own “poison garden” in our backyard in Oakland, Shane planted below our lemon tree a striking variety of yarrow with blood-red flowers. Every now and then I pluck a few sprigs of the yarrow and inhale just to experience the intense, unforgettable smell of the plant, which produces volatile chemicals like the phenolic matricin.


Few herbivores can overcome yarrow’s bitterness. Matricin is one reason why. This chemical is in the terpenoid class and is also produced by other daisies like chamomile and wormwood. Matricin breaks down in our bodies into chamazulene, which I mentioned earlier in this chapter, and produces that beautiful blue color when dissolved. But it has another virtue: it is a profen, a drug that reduces inflammation. Other profens include the nonsteroidal anti-inflammatory ibuprofen. Chamazulene may work in the same way as ibuprofen in our bodies. So, chamomile could be more than just the key ingredient in sleep-promoting chamomile teas.


The ancients were onto something. But on their own, these anecdotes take us no further than a few thousand years into the past. When I mentioned that some members of the daisy family can provide a link between our ancestors and the origin of the pharmacopoeia, I was referring to more distant human ancestors — the Neanderthals, Homo neanderthalensis, a species that went extinct around thirty thousand years ago.


Amazingly, Neanderthals live on in billions of people, because many of us carry stretches of Neanderthal DNA in our chromosomes. The reason is that our Homo sapiens ancestors interbred with Homo neanderthalensis when the two groups met outside Africa.


The more ancient African Homo lineage that included H. neanderthalensis eventually settled in Europe, the Middle East, and western Asia well before H. sapiens left Africa. Eventually, H. neanderthalensis went extinct and only H. sapiens remained outside Africa. However, because of this interspecies hanky-panky, the genetic legacy of Neanderthals lives on in many of us.


In addition to their DNA, the nature of Neanderthals is chronicled through artifacts and bones left behind in caves. Based on their cranial sizes, they certainly had brains as big as ours, if not slightly larger.


Neanderthals also probably shared our ability to taste bitter chemicals. People vary in their like or dislike of certain bitter plants such as broccoli and brussels sprouts. This difference is in part determined by the genetic variants a person carries for a gene called TAS2R38, which is expressed in our taste buds.


The common form of this gene allows people to taste bitter chemicals like phenylthiocarbamide (PTC), which has long been used by scientists to screen individuals for bitter detection. Those of us carrying at least one copy of this common TAS2R38 gene variant, which is dominant, are called PTC tasters. Those of us carrying two copies of the less common form of TAS2R38, which is recessive, are called PTC nontasters.


The bones of seven Neanderthal adults and six Neanderthal children, who died around fifty thousand years ago, were found in El Sidrón, a cave in northwestern Spain. The genome sequences obtained from a tiny bone flake of one of the adult males revealed that he was a PTC taster. This matters for what was discovered next.


Scientists scraped the calcified tartar, or dental calculus, from the ancient teeth of several Neanderthals from El Sidrón. If you roll your tongue across the inside of your lower two front teeth, you may feel a bit of your own dental calculus.


Fortunately for us, Neanderthals didn’t have dentists. Important evidence of how they lived their lives was left behind, deep in this calcified tartar. Sophisticated chemical analyses of the tartar identified some of the plants these individuals were eating and what chemicals were in the smoke they inhaled. DNA sequencing methods even divined the identities of the long-dead microbes once living in their mouths and the plants they consumed — plants that couldn’t be identified through the chemical analyses.


One Neanderthal individual, known as El Sidrón Adult 1, or more affectionately as “Sid,” was probably quite ill when he died. The scientists suspected this condition because Sid had a dental abscess and was infected with a microsporidian pathogen that causes a diarrheal disease. (Poor Sid!).


Sid’s tartar contained traces of toxins from yarrow and chamomile plants, including chamazulene, as well as DNA sequences from poplar trees and the fungus Penicillium. Poplar trees are a traditional source of salicylic acid, a type of salicylate used to make aspirin. Penicillium species are molds that produce the antibiotic penicillin. Sid may have been treating himself for his ailments, or he may have been treated by another Neanderthal, using the same medicinals we use today, some fifty thousand years later.
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Of course, we will never know if Sid purposefully consumed these materials to treat his ailments, but yarrow, chamomile, poplar, and Penicillium do not have nutritional value. Because at least some Neanderthals like Sid could detect the bitter chemicals in each of these sources, he would probably have perceived these substances the same way that most of us would perceive them: distasteful.


So, perhaps Sid knew what he was doing, and despite the bitter taste, the benefits of consuming these items was worth the unpleasant flavor. This hypothesized behavior is not much different from the way I overcame my aversion to the bitter chemicals in coffee in exchange for a caffeine buzz. We will look at caffeine in more detail later. Exploiting nature’s toxins for our own benefit, despite some clear downsides, is an essential part of what it means to be human.


As amazing as the chemical secrets Sid’s tartar held for fifty thousand years are, a sample size of one, although better than none, may be as good as it gets when it comes to Neanderthals and evidence of early selfmedication in ancient Homo. Fortunately, we can tap into another evolutionary time machine. Of the primates living today, the common chimpanzee and the bonobo (also called the pygmy chimpanzee) are our closest relatives. We diverged from a most recent common ancestor with them around five to ten million years ago.


Tantalizing data from observations of common chimps in the wild suggests that they self-medicate using plants in the daisy family too. These observations further support the notion that self-medication is all in the family, and although self-medication seems to be an essential element of human behavior, it isn’t exclusive to us.


One of Shane’s favorite dishes when he lived in Cameroon as a Peace Corps volunteer was ndolé, a West African stew made of vegetables and meat. Leaves of a plant called bitter leaf are a critical ingredient. Because bitter leaf comes from various species of equatorial African bushes in the tropical daisy genus Vernonia and is hard to find in the United States, we can’t quite re-create the recipe using ingredients in California.


Vernonia plants are relied on heavily as medicinals across West Africa. People use them to treat many diseases, particularly infectious diseases like malaria, schistosomiasis, and intestinal parasites.


In 1989, traditional healer Mohamedi Seifu Kalunde and his collaborator and primate researcher Michael Huffman were in Mahale Mountains National Park of Tanzania. They observed an obviously sick adult female common chimpanzee over two days. She repeatedly sought out shoots of wild Vernonia, carefully removed the leaves and outer bark, chewed on only the inner pith, swallowed its bitter juice, and spat out the remains. Like Sid, she was the sole chimp observed in her group to exhibit this behavior, and unlike us, chimps do not normally use the plant as a source of nutrition — they can’t make ndolé even when they have access to Vernonia!


Over the next decade, the researchers observed many other chimps in this population chewing the bitter pith. The scientists eventually hypothesized why the chimps were doing this. The use of bitter leaf was associated with an uptick in intestinal nematode infections in the chimp population.


Reductions in the chimp’s worm burden — in other words, recovery from worm infection — were observed after bitter pith chewing, suggesting that the plant’s toxin works as a dewormer. Like Sid, the chimps seemed to know what they were doing. Not only is food eaten for sustenance, but it may be ingested for medicinal purposes, too.


Humans and chimps aren’t the only primates to self-medicate. Gorillas and orangutans, our next-closest relatives outside of chimps, do it, too. Remarkably, just as in the case of Vernonia, the adjacent Indigenous human populations use these same plants as medicines. For example, in Borneo, ten orangutans were observed to chew the leaves of Dracaena plants into a soapy froth that the animals then applied to their fur to repel parasites or treat skin diseases. Indigenous people living in the same forests that the orangutans occupy also use a poultice of leaves from this plant to treat several maladies.


The main toxic constituent of the Dracaena leaves are saponins, bitter steroidal chemicals made by many plants as defenses against enemies. We use some of these plants, like soapworts from Europe and Asia and soapbark trees from South America, to make soap. Remarkably, a saponin from a soapbark tree native to Chile is used as an adjuvant in the Novavax vaccine that the US Food and Drug Administration (FDA) has approved to help prevent COVID-19 disease.


These examples suggest that humans have repeatedly used the knowhow of our closest relatives in pursuit of the healing powers of plants and other organisms. Or perhaps it’s the other way around: these hominid relatives might be watching and learning from us. Maybe it is a bit of both.


In this chapter, we’ve used daisies as a microcosm to examine the origins of nature’s toxins, how both humans and other animals use these toxins as tools, and how toxins can change the course of our own lives. As we have seen, plants in the daisy family produce a diversity of toxin classes, including alkaloids, flavonoids, phenolics, and terpenoids.


The sheer number of toxins made by just one plant family reveals the staggering diversity of nature’s toxins that can affect us, often unwittingly. However, there were other plants in my boutonniere, and I couldn’t avoid bringing toxins from other organisms besides daisies into the story. So, we now need a different approach.


Instead of surveying one class of organisms at a time, I will now focus each chapter on just one or two broad toxin classes at a time, just as a chemist would. Let’s first examine some of the most ancient and diverse chemicals: phenolics and flavonoids.





2.


Forests of Phenolics and Flavonoids




No way was clear, no light unbroken, in the forest. Into wind, water, sunlight, starlight, there always entered leaf and branch, bole and root, the shadowy, the complex.


— URSULA K. LE GUIN, THE WORD FOR WORLD IS FOREST





The Story of Tannins, Part 1: White Wine, Black Water, Purple Ice, and Green Tea


My brother and I used to compare the water flowing in the Lester River to root beer. We were onto something. The chemicals leaching from the boreal forests and bogs that the river drained have the same foaming and tinting effect that they do in root beer, which is traditionally made from sarsaparilla roots.


Although I have a special fondness for blackwater rivers that flow into Lake Superior, there are far more impressive and ecologically and economically important ones in the tropics. The Rio Negro, one of the largest tributaries of the Amazon River, along with the Congo River, are the most well known. Whether these rivers flow through a boreal forest or a tropical rain forest, they all drain densely vegetated lands that produce enormous quantities of tannins and other phenolic and flavonoid compounds responsible for the rivers’ tea-stained color.


Rivers and my wedding ring aren’t the only places tannins have shown up in my life. My favorite scene in the movie The Birdcage occurs just before Albert, played by Nathan Lane, goes onstage as his drag character Starina. Albert accuses Armand, played by Robin Williams, of having an affair.


Albert found a bottle of white wine in the refrigerator, but Armand drinks only red. Armand’s explanation was that he was switching to drinking white because red has tannins. The alibi apparently worked because red wines do tend to have more tannins than white wines. Nonetheless, some white wines, like chardonnays, are highly tannic — the oak barrels in which chardonnays are aged leach tannins from the wood into the wine.


I avoid barrel-aged wines like these because I am sensitive to oakderived tannins. Sparkling wines are not aged in oak barrels, so they are my go-to when a drink is in order. Nonetheless, while I may dislike oaky wines, I am mesmerized by the beauty of the chemical structures of tannins.


The individual gallic acid molecules bound to a central glucose molecule in tannic acid make a perfect pinwheel. Although the structure is satisfying to the eye, it takes precious energy for a plant to make each of the chemical bonds holding these carbon, hydrogen, and oxygen atoms together — energy that could be put toward growth and reproduction. In the economy of nature, tannins aren’t cheap.


Tracing the origins of tannins will lead us to a rather startling conclusion that bears on the evolution of land plants, the Industrial Revolution, the founding of the United States, and even the melting of the Greenland ice sheet. To get there, we will need to wade into the chemical weeds, but just for a bit.


Tannins are made of either phenolic or flavonoid molecules, but all tannins are defined by their ability to bind to proteins. Because tannins are so good at binding to protein, they have long been used to tan the hides of animals in the making of leather. The tanoak tree of the Pacific coast of North America shares an etymological root with the older terms tan and tannin.


You may have heard of phenolics and flavonoids before, as well as the term polyphenols, which describes molecules made of several phenolic or flavonoid molecules bonded together. These chemicals are often called antioxidants because they mitigate oxygen radicals, by-products of our body’s normal metabolism. Oxygen radicals, chemically unstable forms of oxygen, can bind quickly with other substances and injure healthy cells.


For now, I will restrict this discussion to two main classes of tannins made by plants: hydrolyzable tannins and condensed tannins. Hydrolyzable tannins are derived from phenolic molecules made by an ancient metabolic pathway found in bacteria, algae, plants, and fungi but not in animals. Condensed tannins are flavonoids made by a more recently evolved pathway restricted to plants.


Hydrolyzable tannins are further classified into two types, gallotannins and ellagitannins. Remarkably, gallotannins and other hydrolyzable tannins have also been found in the closest living relatives of plants, green algae in the family Zygnematophyceae, whose members live in both fresh water and on land. Gallotannins are one answer to how these algae can live on the surfaces of glaciers and mountaintops.


Ultraviolet B (UVB) light is highly damaging to DNA and other molecules of life. UVB light rapidly dissipates under water, so aquatic algae are more shielded from it than those growing on land. The planet’s ozone layer offers some protection, but not quite enough.


When Zygnematophyceae algae are exposed to sunlight on land, they turn purple. The purple pigments are gallic acid molecules that form a complex with iron. This pigment absorbs UVB light from the sun and reflects purple light back into the environment. In this way, gallotannins help prevent DNA damage caused by UVB radiation from the sun.


When these algae grow on ice, the creation of their own sunscreen turns the ice gray or purple. In Greenland, where Zygnematophyceae algae colonize its vast ice sheet, the hydrolyzable tannins are dark; they absorb heat from the sun’s rays, increasing the rate of melting. As a result, these tannins from algae are exacerbating the sea level rise caused by greenhousegas-induced global warming.


Hydrolyzable tannins probably first evolved as sunscreens. Once plants evolved on land, these compounds took on additional roles, such as discouraging consumers.


Condensed tannins evolved more recently than hydrolyzable tannins and are found only in plants, not green algae. Made of two or more catechin molecules, condensed tannins are found in abundance in tea, acai berries, apples, cinnamon, cocoa, grapes, and oak.


In moderate amounts, condensed tannins can be beneficial to our health and wellness, but they do serious liver damage when consumed in large quantities. Around 10 percent of green tea extract consists of condensed tannins. The most abundant one, epigallocatechin-3-gallate (EGCG), shows some promise in protecting against a variety of diseases, from diabetes to dementia, at low doses. Infusions of green tea in hot water or food, like those made from matcha, my favorite green tea powder, are generally safe.


However, EGCG pills have become a popular weight loss supplement, and this is where the old adage from Paracelsus, “The dose makes the poison,” comes into play. When EGCG doses in supplements exceed eight hundred milligrams per day for sustained periods (one to six months), liver toxicity can occur. Reports of liver injuries associated with high doses of EGCG were so concerning that the European Food Safety Authority issued a rare public warning in 2018.
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