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INTRODUCTION


I want the very first words you read from me to be an expression of how grateful I am that you chose this book. This is a wonderful time to be a science enthusiast; there are a plethora of popular science books for you to choose from—and yet, here you are, reading mine! I hope you will enjoy it, and I thank you from the bottom of my heart.


Why should you read this book? In a nutshell, because the living world is majestic and awe inspiring, and because by learning about it we may also come to understand ourselves a bit better. It is as simple as that. Life on Earth is—still, despite the breakneck pace of extinctions—majestically diverse, and displays, in Charles Darwin’s most famous words, “endless forms, most beautiful and most wonderful.” Biological life fills us with wonder with its unending mysteries, puzzling behaviors, breathtaking beauty, raw violence, and unexpected liaisons. However, beauty, majesty, and wonder are only part of the proverbial picture. Virtually every peculiar trait, every behavior, every colorful characteristic that makes the biological world so interesting to look at and entertaining to explore evolved to confer practical benefits to the organisms displaying it, and many of those traits also offer us tools to improve our own chances of survival—whether directly, as with substances that prove useful in curing disease or otherwise improving human life, or indirectly, as knowledge that informs technological, engineering, or medical research. You see, we do not have to choose between wonder and practicality; with nature, we can certainly have both.


We humans are counted among those endless, beautiful forms Darwin spoke of. Moreover, whether we realize it or not, whether we like it or not, we are intimately connected to all the other life forms with which we share this planet. There is one characteristic in particular that we share with all life, a drive so fundamental that it is at the root of much of what we do and are. This drive has had many names over time, such as the will to live or preservation instinct—personally, I prefer to call it the survival instinct. This instinct is an undeniable biological imperative, and because of it, life has evolved a mind-boggling variety of strategies to stay, well, alive—to survive long enough to transmit its genetic information to the next generation.


I will say this in various ways throughout the book, but the main point is that all organisms have a primary “mission,” which can be divided into three parts: (1) to get energy from the environment, (2) to avoid becoming food for other organisms, and (3) to pass on their genetic information. From the perspective of the biological world, these are the most—nay, the only—things that matter.


Before we get started, a few details about this book: First, I have endeavored to be as accurate as possible, meaning that whenever I was able, I’ve drawn stories directly from the original scientific literature or from reliable books on the topic. I’ve also made liberal use of both footnotes* and endnotes to offer additional resources, more information on specific aspects of the chapter in focus, and amusing (if only tangentially relevant) anecdotes for your reading pleasure. Speaking of tangents, when an interesting detour seemed both too distracting to allow yet too fascinating to deprive you of, I have set it off in a box, so that you can delight in the foliage without losing sight of the forest. At the end of the book, I’ve included a bibliography with both general sources as well as more specialized references should you wish to delve further into any of the subjects we cover (the bibliography also includes a few goodies for your reading pleasure). The natural world is so rich that there is simply no space in a normal-sized book to do it justice. One group of organisms that I had to leave out, except in the most fleeting way, is plants—not because they are uninteresting or lack diversity (if anything, the opposite is true), and certainly not because they are passive bystanders in the battle for survival. Plants are master survivors, and far from passive: they can warn each other of danger, recognize their relations, and even have a memory of sorts. By all means, do take the time to learn more about them!*


A note about Chapter 2, “The Language of Life,” in which I explore questions of what life is and what makes it tick: These concepts play a central role in subsequent chapters and will help you to better understand the forces underpinning the survival strategies we talk about. That said, if you are conversant in these matters, please feel free to skip ahead and enjoy the rest of the book. And while in any given chapter I may refer to information presented in others to emphasize a point or to allude to curious connections, they are otherwise quite independent from each other, and you need not necessarily read them in the order they appear. This is, after all, your book. Read it any way you like. You do not even have to read the rest of this introduction, if you don’t want to!


But, just in case you do want to, I will go ahead and finish it up.


I wrote this book with the semi-mythical “interested layperson” in mind. This means that I will not be excessively technical, but neither will I be patronizing. This book is for you, my fellow science enthusiast. I was a bookworm long before I became a science professional, and regardless of our respective walks of life, we belong to the same club. I’ve tried to write as if we were having a conversation over coffee (assuming your coffee conversation focuses on things like venoms and killer snails). Ideally, this conversation will be interesting, thought-provoking, and—why not?—amusing as well. The natural world is certainly awe-inspiring, but it is also deeply weird and often frankly hilarious: this is part of its considerable charm.


I would be remiss if I did not acknowledge the influence that blogging has had on my writing in general and this book in particular. Blogging is how I tasted for the first time the elation of presenting my informal musings to an audience. My blog, Baldscientist, was the initial repository of a few of the stories that you’ll see in Strange Survivors, though of course these have been further developed and significantly expanded for this book.


Finally, virtually every popular science writer aspires, whether consciously or not, to reflect the style of an admired writer or scholar, and I am no exception. I admire a great many science writers and their books, but I wish to acknowledge two books in particular that inspired the writing of my own: Mother Nature Is Trying to Kill You by Dr. Daniel Riskin, and Animal Weapons: The Evolution of Battle by Dr. Douglas J. Emlen. Each takes a different approach to exploring how organisms evolved their defensive and offensive strategies, and each informed my thinking as I shaped my own approach for this book.


There is another author I wish to acknowledge, one who has inspired in countless souls a profound awe of biological life in all its endless and most wonderful forms. This author is nature herself. Every single day, nature writes, revises, erases, and re-creates aspects of life, and much of this work we will never even know about—either because it is invisible or simply goes unnoticed—much less understand. What nature creates is not perfect, because after all nothing is, but perhaps nature’s greatest and most unexpected skill is to transform literal imperfections—an accident during cell division, a mutation of the genetic material, among many other instances—into life-changing advantages. Nature delights us with the most unexpected plot twists, surprising and intriguing, twists no human author could ever imagine. I’d like to think that nature loves mysteries, and it is a wondrous fact that these mysteries are in principle explainable by applying the methods of science and mathematics. In my mind, the most interesting of these mysteries are (1) how matter came to be, (2) what time “is,” exactly, (3) how matter organized itself from “mere” physics and chemistry into what we call life, and (4) how life organized itself to allow consciousness to emerge, again from the building blocks of physics and chemistry. The first two mysteries are above the pay grade of most scientists I know (they are certainly above my pay grade). As for the last two, well, I’d say we are making good progress.


As far as we know, we seem to be the only creatures on this planet with the type of consciousness that is curious enough to ponder mysteries like the ones above. This being said, I wholeheartedly agree with Darwin’s* contention that the difference between human and animal intelligence is one of “degree rather than kind.” We’ll probably never know whether a chimpanzee, standing by the shore of a peaceful lake, watching the sunset, wonders what the brilliant circle of light slowly descending over the horizon might be, and we have even less hope of knowing what a fish in the same lake thinks while noticing the looming darkness. I, for one, am grateful for the opportunity to contemplate and even understand some of nature’s mysteries. We’ll talk about a few of these mysteries in this book, namely those surrounding some of the strategies that life uses to play and win in a game that began billions of years ago, the world’s original game, and the one with the highest stakes, for it is literally life or death: the game of survival. Will you join me?


—ONÉ R. PAGÁN


October 2017


Somewhere in PA


____________


* Like this one.


* A recent book that offers fascinating insight into the life of plants, along with insight into the life of a scientist, is Hope Jahren’s excellent memoir Lab Girl.


* I am an unapologetic “Darwinophile.”




 


 


 






CHAPTER 1






 


 


THE E WORD


I am sure that you have already guessed the word hinted at in the title of this chapter. If you immediately thought “evolution” you are, of course, correct! The concept of organic evolution is the unifying theme of all biology; there are no exceptions to this rule. Thus, not surprisingly, evolutionary processes play a central role in how and why living organisms display offensive or defensive strategies. If we were to compare biological evolution with a boat upon the water, life would be the vessel’s engine, and death would be its rudder. Virtually every type of evolutionary strategy that we know of implies the avoidance of the death of the individual (or of closely related individuals, particularly in large societies of organisms), at least for as long as possible—with the inherent goal of living as long as necessary to achieve reproduction. Alas, death is inevitable, although it seems that we humans are the only beings aware of this eventuality.


The certainty of death* and the instinct to avoid it drive the selection for survival of specific organisms in a population that, over time, may change the species as a whole. It is important to note that properly stated and understood, the theory of evolution does not pretend to explain the origin of life, not even implicitly. Biological evolution only began once proper life was present on Earth. Despite—and probably because of—its central importance to a true understanding of the nature and diversity of life on this planet, “evolution” is the most misused, abused, misapplied, and grossly misunderstood word in all of biology, bar none. There is no other biological term capable of eliciting such passionate reactions from so many diverse people.


Even though evolutionary theory is traditionally considered a historical science, the fundamental concepts related to the process of biological evolution are no mere academic curiosities; they have real-world applications. Evolution is essential to understanding life’s history on our planet; there’s no question about that. Furthermore, a working knowledge of evolution and its implications is of particular importance in understanding a few literal “clear and present dangers” to the welfare of our society at large. Just to give you an example, consider the emerging problem of antibiotic resistance. In brief, many infections that, sixty or so years ago, were easily treatable with antibiotics, are no longer so easily treatable because the bacteria that cause these infections have developed resistance against such medications. Individual bacteria possessing a trait that, for whatever reason, inured them to the medication’s effects were in turn the bacteria that survived and reproduced. As a result, over time, bacteria with these traits became more and more common, while the more readily killed bacteria were, well, readily killed. In essence, the medicines do not work anymore because wily bacteria have evolved to survive them. This is an increasingly alarming public health problem with no clear solution in sight. Evolutionary science may help us understand and eventually solve it.


However menacingly death looms in the distance, life is ever resourceful. As we study evolution, and as we keep unraveling its mysteries, we identify the numerous schemes that organisms use to participate in the unending game of biological life. In this book we will explore some of the most fascinating, and, frankly, weird examples of evolution in action—from electric catfish to regenerating worms to toxic birds to spitting spiders! One cannot help but marvel at the mechanisms through which evolution came up with survival strategies such as these.


So what exactly is “biological evolution”?* In a nutshell, it is biological change over time. It is that simple. It is clear that there are life forms existing today that did not exist, say, ten million years ago. We are intimately acquainted with one such life form: ourselves! We, as a species, have been around for a mere two hundred thousand years or so, depending on whom you ask and on how you define what a “human” is. Before that time, our ancestors were living beings quite similar to us, but not exactly like us; in fact, the farther we go back in time, the more different our forebears are from us. Humans are an evolved species, and we are still evolving. This is true of every living species on Earth right now; we are only one example of the majestic biodiversity of life. In a literal sense, each form of life living on this planet is a testament to the exquisite adaptations that are indispensable for survival.


In his 1995 book River Out of Eden, science popularizer Richard Dawkins famously stated an obvious yet very profound truth: not one of your ancestors—or mine, for that matter (in fact, many of these may be one and the same)—died childless. This is true of each and every organism that you have ever seen or that you may see in the future. We are all part of an unbroken chain of beings who survived long enough to reproduce: true winners in the game of life. In biology you are judged a winner not by your beauty or your strength or your smarts, but by the number of your surviving offspring. That’s the only way of keeping score that actually matters.


Yet for every single example of successful life, there are millions of examples of lineages that no longer exist today. In the best-case scenario, one reason for the disappearance of a lineage is that it evolved into another. However, the most common occurrence is that biological lineages disappear forever when organisms die without descendants. One of the best illustrations of this fact is the ample evidence documenting the existence of life forms that were around in long bygone eras, yet are not around anymore. Extinction is a fact of life. It has happened before, and it keeps happening; no serious scientist denies this.


Probably the best-known type of evidence for this fact is the wide variety of fossils discovered over the years by dedicated paleontologists as well as enthusiastic amateurs. Many of these fossils tell us parts of the stories of organisms that are no more. When we think “fossil,” the most likely image that comes to mind is, of course, those terrible lizards, the peerless dinosaurs. There is, for example, everyone’s favorite, Tyrannosaurus rex, the undisputed “king” of the dinosaurs; there’s also the Brontosaurus, whose very existence was for a while cast in doubt1—but at least the name is coming back; the Stegosaurus; and the Triceratops, among many others. There’s no question that more than one scientific career began with a love for dinosaurs.




 






WHAT’S IN A NAME?


Whenever describing or even mentioning an organism in this book, in addition to its common name if available, I will also give you its scientific name, which includes its genus and its species. This is the method that biologists use to systematically classify life (there are other categories, but we need not concern ourselves with them here). For example, Tyrannosaurus rex is the scientific name for the most famous dinosaur ever, while the scientific name for humans is Homo sapiens. As shown, the whole name is italicized, the genus is capitalized, and the species is all in lowercase letters. The advantage of using scientific names is that sometimes there can be more than one common name for a particular organism, which can be confusing. Case in point: the common names “Gallipato,” “Ofegabous,” “Ribbensalamander,” and several other names refer to exactly the same animal, Pleurodeles waltl, which is a certain type of newt. As you can see, the use of scientific names avoids confusion and quite simplifies the identification of organisms.






 





We know of the terrible lizards mostly by their skeletons, but we also have other remnants of them, namely skin impressions, and we have some of their tracks, too, as well as outlines of the whole dinosaur. This helps to illustrate the fact that as far as fossils are concerned, we are not limited to examining petrified bone. Furthermore, for smaller organisms like insects, small frogs, and lizards, we sometimes have whole bodies conserved in amber. Speaking of which, in December 2016, an interdisciplinary team reported the finding of a piece of a small dinosaur’s tail encased in amber, and it had feathers!2 The adventure of discovery never ends.


Sadly—at least from the perspective of anyone interested in nature in general and the history of life in particular—as rich as the fossil record is, it represents a mere fraction of the true biodiversity of Earth over time. Most estimates seem to indicate that less than one percent of all the life that has ever existed here has left traces in the fossil record. This is due to a variety of factors. One of them is that the process of fossilization requires a set of rather special circumstances. You see, scavengers such as insects, as well as decomposers like bacteria and fungi, among others, are literally everywhere and go immediately to work once an organism dies, harvesting the decaying tissue for their various purposes. Just by blind luck, some organisms are quickly covered by sediment soon after death. This may create the conditions necessary to preserve hard parts, like bones. These are the easy ones, so to speak. But then there are the many organisms that lack hard parts and are therefore harder to fossilize. Despite this, we do have quite a few examples of soft-bodied organisms in the fossil record. Unfortunately, there are animals that by pure bad luck (for us) of their physiology are next to impossible to fossilize. Case in point: my favorite organisms, the planarian worms. Most species of these worms die rather histrionically, as their bodies dissolve shortly after life escapes them. This happens to be the organism that I use in my own scientific research, and I have observed this phenomenon “in person” as it were. I like these worms very much. How I wish for a true example of a fossilized planarian!


In addition to the preserved remains of long-dead organisms, we also have many other lines of evidence of past life. Some of these lines of evidence include a close examination of the taxonomic relationships between organisms, as encrypted in the genetic code. You do not have to dig too deeply to find that within every single type of organism examined to date, there are indeed molecular fossils consisting of non-active DNA, ancient genetic material that tells us the stories of former physiologies and biochemistries, as well as stories of past battles with infectious organisms.


Ever since humans realized that life on this planet changes, we have concocted a variety of explanations that tried to account for its diversity. This was by necessity a “hit-and-miss” progression because as science advanced, we refined the data that we use to come up with such explanations. Depending on the source, the explanations offered to explain the diversity of life on our planet have ranged from the pretty good to the pretty silly, and in most cases such explanations closely reflect the sociological environment of the time in which they appear. Since 1859, the best available evidence has pointed to natural selection, as first outlined by a fellow named Charles Darwin,* as the most likely mechanism accounting for evolutionary change.


In the twentieth century, natural selection was reinterpreted in light of the new science of genetics, and mutations were considered the primary source of variation that led to selection in the great game of evolution. These mutations, alongside population sizes and environmental influences, set the stage for the evolutionary process. However, as science further progressed and our understanding of the fundamental characteristics of life was refined, we found that there are other ways in which variation, and therefore evolution, can occur. Some of these are rather well-known. Phenomena like symbiosis (essentially cooperation between organisms of different species) and genetic drift (a change in the nature of a population brought about by random occurrences like natural disasters, among other accidents) are well-documented examples of sources of evolutionary change. In the last fifty years or so, additional research showcases other mechanisms that are thought to influence evolution at the molecular level. These include various molecular rearrangements of genetic material (such as “jumping genes,” genome duplications, chromosomal translocations, and so on), horizontal gene transfer (the transfer of genetic material not necessarily related to reproduction), and epigenetics (when genes are selectively activated or inactivated in response to environmental factors). Some scholars have even theorized that the fusion of whole genomes from different species is a mechanism for evolutionary change! It would not be too surprising if other mechanisms as yet unknown also play a role in the process of evolution.


It is important to point out that multiple explanations for the fact of evolutionary change can coexist. In fact, there are well-documented cases where two or more of these mechanisms work together. Life does not always choose to do things one way and exclude another way. Please remember that we classify these mechanisms for our benefit, so we can make sense of life. Nature will work with all of them simultaneously. Life is that wonderful.


EVOLUTIONARY ARMS RACES


Many of the strange survival strategies that we will look at in this book can be explained by the concept of evolutionary arms races (sometimes called “biological arms races”). In its original conception, the idea of an “arms race” was political in nature. The process describes two countries competing to possess the best armies, the best equipment, and the best resources. Probably the best-known example is the Cold War, which was a state of rather tense “peace” involving the United States and the former Soviet Union, as well as their respective allies at the time. This period spanned roughly between 1945 and 1991. Truth be told, this “cold” war was somewhat “warmer” in some places, as the two superpowers waged war by proxy, as it were.3 Briefly stated, arms races entail an increase in the manufacturing and accumulation of weapons and associated technology between the two factions. Whenever an improvement in the status of one nation occurs, it immediately triggers a swift response from the other nation. Over time, both sides will have more weapons and resources than necessary to defeat the perceived enemy. The expression that comes immediately to my mind is “overkill.”


Many examples of biological arms races have been well documented, as this is one of the main engines of evolutionary change. This process seems to be an important source of selection pressure that triggers the biological change that we know as evolution. Probably some of the best-known examples of biological arms races involve the coevolution of predators and prey.




 






THE TALE OF THE CHEETAH AND THE GAZELLE


The cheetah is one of the several magnificent big cats that are—sadly—disappearing from our world. Zoologists think that there are five species of cheetahs, four of them from various regions of Africa and an additional species found in the Middle East and parts of Asia. Cheetahs are widely recognized as the fastest land animals, at least for short distances. The speed of the cheetah is generally explained as the product of a biological arms race between these predators and their main prey, which includes gazelles and antelopes, the cheetahs’ peers as far as land speed is concerned.


In a given prey population, there will be individuals that are a tad faster than others in their herd. By virtue of their speed, these individuals will be more likely to escape predation and therefore more apt to survive and reproduce, which passes the genes responsible for their speed to the next generation. On the predatory side of the fence, slightly faster cheetahs will likely be more successful hunters, thus surviving and passing their “speed genes” to the next generation. The process goes through several iterations, generating faster cheetahs and faster gazelles over time.


Speed is not the only characteristic that may coevolve in the shared story of gazelles and cheetahs. Perhaps other characteristics like visual acuity, intelligence, and agility, as well as a variety of other factors, also contribute to optimize the hunting abilities of cheetahs and the escaping abilities of gazelles.4 It is a safe bet that every single survival trait of these and other animals developed as a consequence of some kind of evolutionary arms race.









A RATHER WICKED MOLECULE


An interesting aspect of evolutionary arms races is that they are not limited to the “macro” world. Evolutionary arms races are quite common in the microbial and even the molecular world. There are examples of arms races between bacteria and viruses as well as intramural arms races between bacteria and bacteria, among other combinations. Moreover, there are undeniable arms races between parasites and humans, viruses and humans, and between bacteria and humans.5 There are many examples that illustrate this process, including many that have been described at the molecular level. A particularly rich source of insight into this biological process arises from the study of how biological toxins guide evolutionary changes. This is one of the most fascinating topics in all of biology. In the words of a person of whom I am particularly fond:


    “Nature is the best chemist. During the course of evolution, through literally millions of years, a wide variety of organisms have developed substances used for defense against predators, or to become predators themselves. As part of the evolutionary process, chemical structures beneficial for the survival of the organism are conserved; many of these molecules include small organic toxins.”6


I must now confess to quoting myself. The above is the very first paragraph of my PhD dissertation. I hope that you do not perceive my citing myself as narcissistic. I include these words simply to express how fervent my interest is in this topic. I love toxins and venoms! I promise to talk more about toxins and venoms in general in an upcoming chapter, but in the meantime, let me tell you about a fiendish molecule called tetrodotoxin (TTX) and its central role in a well-documented example of a biological arms race.


Tetrodotoxin is a small molecule, but nonetheless quite lethal, with no known antidote against it. TTX was originally discovered in the 1950s, in the eggs of certain puffer fish species. However, people have known of the toxicity of puffer fish for quite a long time. There is evidence that multiple ancient cultures, including the Chinese and the Egyptians, were aware of the danger posed by this type of fish. In Japan, puffer fish is known as fugu, a traditional delicacy that dates from more than 1,500 years ago.* The toxin usually concentrates in the liver and in the eggs, which are removed from the fish during proper preparation. The dish must be prepared from the freshest fish available, because if too much time passes between catch and consumption, the toxin can find its way into the fish’s meat. Over the years, several deaths have been attributed to improperly prepared fugu. Fugu enthusiasts seem to like the tingling sensation that they feel on their lips when eating it, a sensation directly related to the dish’s tetrodotoxin content. In brief, TTX decreases the activity of nerves around the lips, mouth, and tongue, inducing the tingling feeling—which, in itself, is not dangerous. The danger arises when neighboring, more significant, nerves are blocked, leading to paralysis and depressed breathing. I do not think I need explain any further. It is self-evident that this culinary activity is a rather risky one—so much so that if you want to become a fugu chef in Japan, you must go through a formal educational program to obtain a license. According to several sources (although there is some controversy about these), the emperor of Japan is forbidden to eat fugu because of its potentially lethal qualities.


Tetrodotoxin is not found solely in fish, however; we find tetrodotoxin in a diverse series of animals. For example, TTX is also present in the blue-ringed octopus, in certain species of marine and terrestrial flatworms, in a few kinds of poison arrow frogs, and even in several types of newts.




 






BEWARE OF THE LIVING DEAD


Tetrodotoxin and related molecules may be the source of a fascinating cultural legend, namely the concept of zombies, one of the most popular icons of the horror genre. I do not think that I have to explain to you what zombies are. What you may not know is the possible origins of the legend. Part of the lore of the voodoo religion, a set of beliefs predominant in parts of the Caribbean, is the ability of certain initiates to create “living dead,” which ostensibly means dead people who come back to life, albeit under the control of others, these others being, of course, voodoo practitioners. The first part of this practice is to “kill” a person with a mixture called “zombie powder,” which supposedly induces a marked reduction in all metabolic activities, rendering the affected person, for all intents and purposes, dead. The possible connection between zombies and tetrodotoxin was explored in Dr. Wade Davis’s 1985 book The Serpent and the Rainbow, later adapted into a movie.7 TTX seems to be one of the main components of the zombie powder that plays a ceremonial role in some voodoo religious practices. However, in 2008, an article published in the magazine Skeptical Enquirer challenged Davis’s interpretations.8 Whether or not the zombie-TTX connection is entirely accurate, with fictional accounts of zombies more popular than ever, it remains an interesting link between very real toxins and this cultural phenomenon.






 





One of the most fascinating facts related to biological arms races, particularly in the case of toxin evolution, is that oftentimes predators and prey coevolve at the molecular level in the sense that toxins coevolve with their molecular targets. One of the earliest and still very interesting examples is the case of the common garter snake (Thamnophis sirtalis and related species) vs. the common California newt (Taricha granulosa).


In the fierce battle between these two creatures, the main biochemical protagonist is our old friend tetrodotoxin. TTX is the likeliest source of a semi-legendary account of newts and mysterious death that led to research illuminating this particular evolutionary arms race. According to the story, in the 1950s, three buddies went hunting and were never heard from again. After some time, the police found their bodies at their campsite. The cause of death was not evident and there was no indication of foul play. The only odd thing found at the scene was a pot of coffee with a very much boiled newt inside it. This unfortunate newt had probably been scooped into the pot when one of the men collected water from a stream to make the coffee.9 In the 1960s, this story inspired a young student, Edmund D. Brodie Jr., who began to study the toxicity of the California newt at the suggestion of his professor, Dr. Kenneth Walker. Brodie was indeed amazed at the lethality of newt skin extracts injected into a variety of subjects including mice, fish, and birds. Sometimes the extract killed mice within minutes of injection! While the fate of lab animals is a sensitive topic today, at the time this outcome encouraged young Brodie to continue. Alas, to Brodie’s dismay, while he was performing these experiments other scientists discovered (and published papers on) the presence of tetrodotoxin in the very newts he was studying. These scientists also established that it was TTX that accounted for the newts’ toxic properties. However, that did not stop young Brodie. There was an obvious question remaining to be asked, namely: Why do these newts need such a potent toxin to begin with? Brodie observed that many garter snakes fed happily on California newts and showed no ill effects whatsoever. In fact, these garter snakes seemed to be the only organisms capable of eating a toxic newt without dying. The evident resistance of some garter snakes to the toxic newts immediately suggested to Brodie that there might be a coevolutionary explanation.


Over the years, Brodie and his son, Dr. Edmund D. Brodie III, alongside other collaborators, unraveled this mystery. What they discovered was indeed a true evolutionary arms race, in which the resistance developed by the snakes exerted evolutionary pressure for the newts to develop higher toxicity, expressed as higher amounts of TTX toxin in the newts. This toxicity increase, in turn, induced even more resistance in the snakes. Over time this created a subset of the California newt that was more poisonous than ever, along with garter snakes that are incredibly resistant to tetrodotoxin.


Keep in mind that a single organism does not “evolve” in the sense that one fine day a certain newt decided that it was not poisonous enough to be safe from a garter snake and proceeded to make more tetrodotoxin at will. The same goes for the snake; it cannot “decide” to become more resistant to the toxin. So, how do they change? The key concept here is that individual organisms do not evolve by themselves. Evolution is a numbers game, based on those individuals that survive in a population under a particular set of environmental conditions. In other words, populations evolve; single organisms do not. This is the way it works, according to the natural selection interpretation of evolutionary theory.


The likely effect of this scenario will be “better” genes surviving in a particular population in order to cope with a given environmental change. Within limits, of course; genes cannot solve everything. For example, the aforementioned dinosaurs were probably the most successful big vertebrates ever, inhabiting this planet for hundreds of millions of years, only to become extinct because of what was essentially a big rock about six miles long, which upon falling to Earth approximately sixty-five million years ago, quickly and lethally disrupted the global environment. It is pretty clear that favorable genetics and fortuitous mutations are not enough to protect any organism from such a calamity!10


EVOLVE IF YOU WANT TO LIVE


All of the aforementioned aspects of evolutionary arms races are an implicit reflection of the survival instinct that is pervasive throughout nature. When considering the topic of arms races and their relationship to natural selection, we have seen that there are some general steps—or a kind of algorithm, if you will—that result in the stepwise development of deadlier weapons and more efficient lines of defense against such weapons. What do these steps look like in the example of the newt-snake relationship? Well, let’s suppose that you have a population of newts that is diverse in terms of how much tetrodotoxin a given individual newt produces. One of the environmental changes that challenges the newts comes in the form of the appearance of a predator, namely the aforementioned garter snakes. For example, a snake snatches one unlucky “low-TTX” newt, which is rapidly devoured and therefore prevented from passing its genes on to the next generation. Then the snake, still hungry, snaps up another newt, which just so happens to have more TTX in its system. In this case, the snake rejects it (and by the way, it looks like these newts indeed taste terrible to the snake, which “gags” and everything). Now, this second newt, having survived its ordeal, has a higher chance of mating and will probably leave descendants that will likely inherit the higher tetrodotoxin-producing ability. Thus, the next generation will display a higher proportion of ever-so-slightly more toxic newts. On average, the whole population will be more toxic and therefore more able to survive a snake’s attack. Then it is the snake’s “turn” to evolve (although please keep in mind that all these events happen more or less at the same time). Suppose that a hunting snake just happens to be more resistant to TTX than other snakes. This means that it will be more likely to enjoy a hearty meal, as it will not need to spit out any of the toxic newts. A well-fed snake has a better chance of surviving and reproducing. Over time, on average, the snake population becomes more resistant to the toxin.


I am sure that you see where this is going. In all likelihood there will be several cycles like this, which may result in “super-toxic” newts and, in turn, “super-resistant” snakes. In fact, scientists have observed these changes at the molecular level. The garter snakes seem to be the current winner in this war. Apparently, this is due to the relative sizes of these adversaries. Newts tend to be small, and a single newt can have only so much toxin, while the most resistant snakes, significantly bigger than the newts, can tolerate an amount of toxin close to ten times higher than the maximum amount of TTX in a single newt. However, life goes on and keeps evolving as it does. The end of this story is not yet in sight, and I would not be surprised to hear of further escalations in this particular tale of biological warfare.11


An interesting spinoff of this story features a type of insect generically known as the caddisflies. These insects, which are more closely related to butterflies than to proper flies, have larvae that like to feed on, among other things, TTX-laced newt eggs. Recent research seems to indicate that the caddisflies’ larvae acquired their TTX resistance in a way similar to that by which garter snakes acquired theirs, only with results more extreme. For example, scientists estimate that resistant snakes can tolerate tetrodotoxin amounts about thirty times higher than can non-resistant snakes. On the other hand, caddisflies are capable of tolerating TTX concentrations two hundred times higher than non-resistant snakes.12 Some caddisfly larvae are not only resistant to TTX-laced newt eggs, they even eat the eggs and then sequester the tetrodotoxin in their own bodies, presumably to be used for defensive purposes. In this case, obviously, size is not the determining factor; it must be a matter of their biochemistry. Tough snakes, toxic newts, and even tougher bugs—all courtesy of a natural toxin working alongside evolutionary changes. These are just a few of the intriguing strange survivors we’ll meet on our journey through this book. Let’s keep going, shall we?


____________


* Even though we seem to be the only type of organism on this planet that is aware of our mortality, all organisms fight to survive.


* And from now on, unless I tell you otherwise, whenever I say “evolution,” I will mean “biological evolution.” Agreed?


* This guy is everywhere in biology, and this is no understatement!


* Although strictly speaking, fugu comes generally from puffer fish, this dish can be prepared from about twenty different types of fish.




 


 


 






CHAPTER 2






 


 


THE LANGUAGE OF LIFE*


Biological evolution, as important as it is, only works within the context of established life. In turn, life cannot possibly occur without its underlying chemical principles. At the most basic level, living organisms are exquisite, almost incomprehensibly complex contraptions, with an unfathomable number of interacting parts. Our understanding of the molecular mechanisms that make life possible is rudimentary at best, but one of the greatest hopes we have of increasing this understanding is by applying chemical principles, some of which we’ll go over—very briefly—in the next section. However, if you are pretty comfortable with chemistry, or even if you simply find yourself unable to wait to learn about other curious organisms, feel free to go straight ahead to the next chapter. It will be our little secret. Otherwise, stick around, as we talk a bit more about life.


WHAT IS LIFE?


This is, of course, a trick question. Life is one of those enigmatic words that can mean different things to different people. Many people have tried to define “life” without much success, but here is one of my favorite definitions, courtesy of Democritus, a famous philosopher from ancient Greece: “Life is the result of a special combination of atoms characterized by their constant mechanical movement.” Please note that Democritus was born around 460 bc—not bad for a guy who lived about 2,500 years ago!
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