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This new world may be safer, being told

The dangers and diseases of the old;

For with due temper men do then forgo,

Or covet things, when they their true worth know.

There is no health; physicians say that we

At best enjoy but a neutrality.

And can there be worse sickness than to know

That we are never well, nor can be so?

—JOHN DONNE, AN ANATOMY OF THE WORLD (1611)
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Introduction

MICROORGANISMS AND MACROHISTORY


ONE OF THE CHIEF BLESSINGS of living in the modern world is supposed to be that the risk of dying from an infectious disease has become vanishingly small. The nuisances of modern civilization are a small price to pay for the good fortune of being alive at a time when our germs have been brought to heel. We can grudgingly resign ourselves to the inevitability that cancers, chronic diseases, or degenerative disorders will catch up to us someday. We moderns die of old age, of overabundance, of cellular malfunction … but not plagues and poxes. Until, that is, a new pestilence has the temerity to disrupt our daily lives, here and now.

More than we are apt to remember, even in the shadow of a pandemic, the world we inhabit thoroughly presupposes the subjugation of infectious disease. Consider, if you are privileged enough to live in a developed society, a routine morning. It starts with a walk across a cold (but easily disinfected) tile floor to deposit roughly one hundred grams of stool in a gravity-powered flushing device. A few liters of water, carrying nine trillion or so bacteria, are whisked away for treatment. A thin, two-ply tree product minimized contact between your waste and your hands, but for good measure you wash them anyway, using soap containing mild antibiotic compounds. In the shower you douse your whole body with gentle disinfectants, and then apply a jelly loaded with an aluminum compound to waylay the malodorous bacteria in your underarms.1

When you walk into the kitchen, you open a refrigerated box and feel the 40°F air rush out—just cool enough to slow the decay of the dead fruits, vegetables, and animals inside. You grab (on a weekend morning, perhaps) some slices of slaughtered pig, tightly wrapped in an impermeable sheet of cellulose that keeps bacteria and oxygen out. Using one of the very oldest technologies, you light a fire—or at least twist a knob that does it for you—and heat your meat until it is around 150°F, and the microbes hanging all over it are good and dead. When you drink a glass of water, the fact that it has been mildly chlorinated upstream of your faucet relieves you of any need to worry that you will contract a ghastly intestinal disease. And should you pour yourself a glass of cow’s milk, you can be assured that any microbial stowaways were exterminated in a process developed by the father of germ theory himself, Louis Pasteur.

Belly appeased, you leave the house owned by the bank that made you a thirty-year loan on the safe bet that you will be alive long enough to pay the money back. You depart through a door that is sealed to keep out rodents, mosquitos, and other carriers of pathogens. Perhaps you load your kids (on average, just over two of them) into the van, taking them to a school where they spend more than a decade sponging up knowledge for a future they fully expect to see. Thankfully, it is safe to put your darlings in a building with hundreds of other humans because they have immune systems artificially primed by vaccines to withstand a whole array of half-forgotten diseases. You accept, and bear gracefully, the seasonal colds and sore throats that are the price of existence on a crowded planet.

Our whole way of life depends on the control of infectious disease. But the dominance of Homo sapiens over its microbial enemies is astonishingly recent. Throughout most of human history, pathogens and parasites held the upper hand. Infectious diseases were the leading cause of death into the twentieth century. There have been about ten thousand generations of humans so far. For all but the last three or four generations, life was short, lasting on average around thirty years. Yet this average is deceptive, because life in a world ruled by infectious disease was both short and uncertain. Infectious diseases came in steady drips and in massive unforeseen waves. The control of infectious disease thus did more than double the average human lifespan. It changed our most basic expectations about suffering and predictability.2

Humanity’s control is not only recent. It is also incomplete, in at least two senses. First, it is geographically uneven. In large parts of the world, infectious diseases remain an everyday threat. The freedom from fear of pestilence is a privilege not uniformly shared around the planet—an insidious fact whose history this book seeks to retrace. Second, our control of infectious disease is fragile. The tools we possess to mitigate the risks of infectious disease are many and clever, but they are also imperfect. Meanwhile, the evolution of new threats not only continues but accelerates, as human numbers rise and as we put pressure on natural ecosystems. For a parasite, there is now more incentive to exploit humans than ever. We do not, and cannot, live in a state of permanent victory over our germs. Eternal vigilance is the price of liberation from infectious disease, but interruptions are inevitable, not anomalous.

The COVID-19 pandemic has been a painful reminder of this vulnerability. A history of infectious disease can help us understand why such an outbreak was bound to happen—and why there will be another pandemic after this one, and then another. It can also prepare us to see that infectious diseases continue to affect our lives profoundly, in ways that are both visible and invisible. The danger of disease shapes our personal routines, everyday environments, and unspoken assumptions about life and death. It also permeates our relationship to the planet and to each other. The history of disease is the history of migration and power, of poverty and prosperity, of progress and its unintended consequences. In short, our history as a species is inseparable from our strange and intimate connection with the parasites that have stalked our journey every step of the way.


The Contours of History

This book is a study of infectious disease in human history. Infectious disease is a state of impaired health caused by an invader—a pathogen, a parasite, or, more colloquially, a germ (chapter 1 explores these terms in more rigorous detail). The severity of infectious disease runs the spectrum from mere annoyance to existential threat. Our pathogens fall into five big biological groups (or taxa): fungi, helminths, protozoa, bacteria, and viruses. Fungi are all around us but usually only pose a severe threat to the health of the immunocompromised. Helminths are worms, some of our oldest parasites. Protozoa are single-celled microorganisms that cause sinister diseases like malaria. Bacteria are also single-celled organisms, but, unlike protozoa, they lack an organized nucleus. They are responsible for many of our worst afflictions, including plague, tuberculosis, cholera, typhus, and typhoid fever. Viruses are infectious agents stripped down to the essentials; they replicate themselves by inserting their genetic code into the machinery of the host’s cell. Viruses cause smallpox, measles, yellow fever, influenza, polio, AIDS, the common cold, and COVID-19.3

Every organism on earth, from the simplest bacterium to the blue whale, is exploited by parasites. In nature, the rules of parasitism—what determines the parasites that any organism will suffer—are governed by ecology and evolution. Consider our closest surviving relative, the chimpanzee. Chimps have the parasites they have because they live in equatorial forests, eat a range of plants, insects, and small monkeys, and exhibit certain social habits and behavioral traits. Their parasites will change over time, in response to the natural ups and downs of chimpanzee populations, and the continuous cycle of emergence and extinction among microbes. Chimpanzees have a natural history, insofar as they have evolved as a species and have existed for a few million years. But they do not have a history in the way we usually mean “history.” Their societies do not have cumulative culture-driven change over time. Chimps one hundred thousand years ago lived essentially the same way that chimpanzees live today. They used the same simple tools and ate the same menu of forest foods. Chimps one hundred thousand years ago would have suffered from a set of diseases not so different from what their successors face today.4

By contrast, humanity’s diseases result from the interplay of ecology, evolution, and a third term: history. Our dispersal across the globe, the transition to sedentary lifestyles and agriculture, the rise of cities, the growth of overland and overseas networks, the takeoff to modern economic and population growth, and so on, have reshaped the ecology and evolution of our germs. Humans today practice lifestyles that would have been unrecognizable a century ago, much less one hundred thousand years ago. Because of this history, we also have a disease pool our ancestors would not recognize. When Homo sapiens evolved, some two hundred to three hundred thousand years ago in Africa, the vast majority of the pathogens we suffer today did not yet exist. Even ten thousand years ago most of our pathogens had not yet emerged. There was no tuberculosis, no measles, no smallpox, no plague, no cholera, no AIDS, and so on. In that sense, our deadly disease pool is an artefact of our history. We are apes who learned to master fire, domesticate plants and animals, conquer distance, build machines, and tap fossil energy. We live like no other ape, and in consequence we have a brood of parasites unlike any of our relatives in the animal kingdom.

The goal of this book is to tell the story of how we have acquired our distinct disease pool and what it has meant for us as a species. It is a history in which we are part of nature, rather than apart from it. The rules of ecology and evolution still apply to us, but our history influences ecology and evolution in uniquely powerful ways. On this reckoning, disease-causing microbes, in all their glorious particularity, are historical actors, and it is worth the effort to get acquainted with the most influential among them. Yet the emergence, incidence, and consequences of disease, in individuals and populations alike, are always inseparable from a wider array of social and environmental factors. The central theme of the book is thus simple. Human history shapes disease ecology and pathogen evolution; disease ecology and pathogen evolution in turn shape the course of human history. Our germs are a product of our history, and our history has been decisively patterned by the battle with infectious disease.

To understand how our progress as a species has created the distinctive human disease pool, we must commit ourselves to seeing the world through the “eyes” of our germs. From a parasite’s perspective, a human is simply a host. Our parasites’ goals are not to harm us per se, but to pass on their genes to future generations. In a basic sense, it is obvious why humans are such irresistible hosts. Thanks to technological innovation, we are very good at extracting energy from the environment and turning it into human cells. Consider just our sheer numbers. Other great apes have global populations up to a few hundred thousand. There are now nearly eight billion of us. Just as robbers steal from banks because that is where the money is, parasites exploit human bodies because there are high rewards for being able to do so.5

Of course, it is not only our immoderate numbers but almost everything about the way we live—how we use nature, how we congregate and connect—that shapes our disease ecology. The book is organized around four transformative energy revolutions. The first such revolution—the mastery of fire—long precedes the emergence of Homo sapiens, although human evolution is entirely dependent on this primordial technology. Fire allowed our ancestors to disperse out of Africa and settle from the equator to the arctic. Humans have the extraordinary capacity to occupy virtually every niche on Earth. This versatility exposed our ancestors to an unusual variety of potential pathogens and also created important differences in the disease burden faced by different human societies. Physical geography plays an important role in infectious disease. For instance, tropical regions have borne—and continue to bear—the heaviest burden of disease. This inequity in the disease burden between human populations is one of the really distinctive features of our species, and it is shaped by geography. But the extent, nature, and consequences of the uneven disease burden have changed over time, as the entanglements of ecology, power, and disease have been continuously reshaped throughout our history.6

The second energy revolution was the invention of farming. Starting around ten thousand years ago, in different foyers across the globe, human societies learned to control the reproduction of preferred species of plants and animals. As farming spread, human numbers soared, and the result has been a virtually unceasing acceleration of parasite evolution. Farming also created a novel and intimate ecological relationship between humans and other animals. One of the goals of this book is to revise the familiar story in which our farm animals were the definitive source of new diseases. That story is not so much wrong as incomplete. Cross-species transmission of microparasites is pervasive in nature. We now understand that most human diseases originate from wild animals—for instance, from bats and rodents. Our domesticates—cows, pigs, sheep, horses, camels, and so on—have more often been an evolutionary bridge than an ultimate reservoir of human pathogens. What permanently changed with farming, then, was humanity’s place in the broader web of animal life—and animal disease (see figure 0.1).

[image: This device does not support SVG]
FIGURE 0.1. Disease webs: pathogens transmit between different species. Pathogens have varying degrees of host specificity, and they can adapt to new hosts.


Agriculture also required ancestral hunter-gatherers to trade their mobile ways for a permanent address. In turn, the sedentary lifestyle created ecological niches for germs that flourished in the unique waste environments surrounding human settlements. Diarrhea and dysentery became more formidable problems for human health in the first millennia of farming. Yet, agriculture did not immediately spawn most of the so-called crowd diseases, caused by respiratory pathogens that require large, dense populations to sustain permanent transmission. Only later, with bronze and iron metallurgy, the domestication of donkeys and horses, and the rise of true cities and large empires, did more and more respiratory pathogens (like the agents of measles and smallpox) enter the permanent human disease pool. Civilizations in the Bronze and Iron Ages also became more interconnected, and long-distance networks allowed diseases to circulate across Europe, Asia, and Africa during this period. Great killers like tuberculosis and malaria diffused across the Old World, while the most peculiar and most explosive of the ancient diseases—bubonic plague—took advantage of the worldwide network of rats that human progress had unintentionally constructed.

A third energy revolution, of sorts, was brought about by the regular crossing of the Atlantic Ocean. The voyages of Christopher Columbus reconnected the hemispheres after millennia of near total separation. The diverse peoples of the Americas were devastated by the introduction of European germs and the imposition of European colonization. Equally deserving of attention is the gradual reunification of the tropics, as equatorial germs migrated westward over the ocean. The result was a new geography of disease in the Americas, mirroring the gradients of health in the Old World. Contact with the New World was also transformative for Europe, Africa, and Asia. Atlantic-facing European societies, which were gifted with some of the naturally healthiest environments on the planet, were now at the center rather than the periphery of the world’s most important economic networks. At a decisive moment of global history, these societies weathered the “general crisis” of the seventeenth century, whose biological dimensions are sketched in chapter 9. The breakthrough to modern growth and good health was achieved not because the old diseases whimpered out, but because human societies (and stronger states) adapted, even in the face of more daunting, and increasingly globalized, biological challenges.

The fourth energy revolution was the harnessing of fossil fuels. Eons of congealed sunlight stored underground as coal (and later oil and gas) provided energy for the Industrial Revolution. The Enlightenment and modern empirical science promoted economic growth, as well as greater control over infectious disease. Positive feedback loops between science, technology, education, population expansion, and state power created the regime of modern growth. But the negative health feedbacks of modern growth have also been extreme and have shaped health disparities both within and between societies. Steamships and railroads fueled the circulation of deadly diseases, and over the last two centuries, as human numbers exploded, new diseases have emerged continuously. At the same time, scientific knowledge of infectious disease has grown, and the capacity of states to control threats to human health has vastly expanded too. Modernity is not a one-way street to human supremacy over nature, but a kind of escalating ratchet, in which humans have gained a remarkable but unstable advantage over an ever-growing number of parasites.

The distinctive human disease pool is thus a byproduct of our success as a species. And in turn, the trajectory of human history has been deeply influenced by the patterns of infectious disease. The population dynamics of other animals are shaped by their parasites, but there is nothing really comparable to the way that variations in the disease burden in space and time have imprinted on human history. This book tries to capture this two-way story. Our germs are a product of our history. And patterns of endemic disease (that is, a disease permanently established in a population) and epidemic disease (a disease that suddenly increases in prevalence, often with high mortality) have stamped our history.7

Infectious disease has shaped the course of human history in myriad ways. The most basic channel through which pathogens have shaped our past is demography, the population-level processes of birth, marriage, and death. Up to the twentieth century, most people died of infectious disease, so it is hard to overstate the relationship between patterns of infectious disease and the structures through which societies reproduce themselves. Mortality patterns shape fertility patterns, marriage systems, and educational investment. In turn, population dynamics affect everything from the incentives for technological innovation to the processes of state formation and decline. Beyond that, diseases have played a pervasive role in the power dynamics between societies. The history of disease has been integral to the history of war, migration, imperialism, and slavery. This book tries to bring a historical sensibility to these patterns, recognizing that, very often, both the distant and recent effects of infectious disease fold in upon one another in unpredictable ways.8

One of the major patterns of human history has been what we will call the paradox of progress. Very often, technological advance generates negative feedbacks for human health. From an ecological perspective, this pattern is not in fact paradoxical at all. Our success as a species has been a boon for our parasites, which are trying to accomplish the same biological ends as you or I: acquiring chemical energy that can be metabolized to do the work of replicating genetic information. The timescales of these negative feedbacks vary: sometimes they are slow and insidious, other times they come in the form of violent shocks. Populations absorb, respond, and adapt to these challenges in various ways. Human societies have always sought to understand and control their disease environments, and we should recognize that modern biomedical science and public health are dramatically successful extensions of humanity’s long quest for good health.

To see this history in full requires us to operate on big scales—both geographically and chronologically. Inevitably there are tradeoffs in writing this kind of history. The book spans a few million years and covers the entire planet. It thus surrenders any pretext of adequate detail. The hope is that what is lost in granularity will be recouped in insight if we can start to see a little more clearly some of the broad patterns that have shaped the particular experience of different human societies. My own past work has focused on the history of the Roman Empire, which was struck by a series of deadly pandemics, one possibly caused by an ancestral form of the smallpox virus, another certainly caused by the bubonic plague. This work left me with a sense of big, important questions left unseen when we only zoom in, and never out. Why did the Roman Empire suffer giant pandemics at all? Why these diseases and why then?9

Such questions cannot be answered if we stay inside the usual lines. The history of disease simply does not conform to the way professional historians partition the past, along geographical and chronological boundaries. The history of human disease is a planetary story, and we try to keep a global perspective on health from start to finish. There is an analogue in the choice of which infectious diseases we choose to highlight. Sometimes histories of disease have been seduced by the drama of a few glamorous germs (like smallpox and plague). The allure is obvious, but such a view is blinkered. It represents the perspective of European societies looking back on a few dramatic chapters in the history of northern populations, a sort of latitudinal bias. Not only does such a narrative leave out the earthy reality of much of our struggle as a species—shaped by worms, biting bugs, dirty water, human and animal feces—it distorts the place of the great epidemics in history and makes them all the more difficult to understand.10

A planetary perspective also helps to untangle the relationship between disease and globalization. The term globalization is often used loosely; it calls to mind images of contemporary corporate capitalism in a borderless world. But globalization is more than that, and it too has a backstory. Globalization is a major theme in the history of disease, because transportation technologies and human movements have repeatedly intersected the evolution and transmission of infectious diseases. Seen from the perspective of planetary disease ecology, the history of globalization spans at least six distinct phases:11


	Prehistoric globalization. Starting around five thousand years ago, the domestication of the horse and invention of wheeled transport intensified long-range human connection and allowed more rapid dispersals of infectious disease.

	Iron Age globalization. From about three thousand years ago, the rise of massive territorial empires and the organization of transcontinental trade drew the societies of Asia, Europe, and Africa into regular contact.

	Peak Old-World globalization. Around one thousand years ago, prior to trans-Atlantic and trans-Pacific shipping, Europe, Asia, and Africa were linked by vibrant overland networks of exchange as well as by Indian Ocean commercial circuits.

	The Columbian Exchange. Just over five hundred years ago, long-distance sailing reconnected the hemispheres, marking the beginning of true planetary globalization.

	Fossil-energy transport. In the nineteenth century, steamships, trains, and automobiles started to release humans from dependence on foot, horse, and wind for transportation, leading to increases in trade, migration, and urbanization.

	The age of the jet plane. Over the last three generations, rapid airborne transportation has made distance virtually irrelevant as an epidemiological barrier.



It also needs to be stated at the beginning that this book is a history of infectious disease, which is not the same thing as a history of health. Human health is a multidimensional phenomenon, shaped by interrelated biological, social, and cultural factors. It is true that before the twentieth century, especially, infectious diseases were a primary determinant of human health, and they were always the leading cause of death. But nutrition, gender, social status, age, and other environmental factors affected patterns of health and disease, including infectious disease, in the past as they do now. It is also important to recognize that there is no ideal or entirely transparent way to measure human health, especially as we journey deeper into the past. Throughout the book I try to draw on a range of indicators that can help us understand the experience of health and the burden of disease: from skeletal records to estimates of crude death rates (a standard measure of how many people per one thousand die in a given year) to average life expectancies. To be sure, none of these are perfect ways to measure the more complex phenomena we are often striving to grasp, but they do offer us insights into changing patterns of health and disease that would otherwise remain hopelessly obscure.12

The final chapters of the book explore what the economist Angus Deaton has memorably called the Great Escape, the process in which modern societies became vastly more prosperous and in which the average human lifespan more than doubled. The control of infectious disease is a lynchpin of the Great Escape. Economic growth and dramatic reductions in the burden of infectious disease are deeply intertwined and ultimately share the same two root causes: the advance of scientific knowledge and the empowerment of states capable of protecting public health. This is a miraculous achievement. And yet, an ecological view of human history can add depth to a purely self-congratulatory narrative of progress. The negative feedbacks of growth have often been grim, especially for societies less prepared for the shock of new diseases. The homogenization of global disease pools in the age of steamships and railroads, paradoxically, contributed to enormous global divergence in wealth and health, creating gaps that have narrowed but still not been closed.13

We can see the control of infectious disease that we have achieved as part of a recent and novel experiment in human planetary domination. However, our dominance may be more tenuous than we would like to believe. For a moment in the mid-twentieth century, it seemed as though human progress would render infectious diseases a thing of the past. Emboldened by antibiotics, vaccination, and insecticides, our species went on the offensive. The smallpox virus, one of our cruelest enemies, was wiped off the face of the earth by a global health crusade. But progress stalled. The negative feedbacks of growth have continued to operate. New infectious diseases have continuously emerged. Old foes are developing resistance to antibiotics. Climate change is starting to upset ecological balances. We will never go back to the past, in which our ancestors were essentially helpless in the face of a threat they did not understand. But there is no guarantee that the extent of control we have achieved is permanent. Parasites adapt to the new environments we create, and unforeseen biological disruption has been, and continues to be, one of the great sources of instability in human civilization.



Evidence Old and New

There is a conspicuous reason why few historians since William McNeill, whose 1976 book Plagues and Peoples is a landmark and an inspiration, have tried to tackle the big history of infectious disease. Historians have an occupational attachment to evidence, especially written evidence: medical texts, government statistics, historical chronicles, and so forth. The further back we venture into the past, the thinner the record becomes, and the harder it is to use, especially if we are trying to determine what diseases really mattered. The challenge of retrospective diagnosis—identifying real diseases behind historical accounts of infection and sickness—is pervasive and profound. For example, until recently, historians hotly debated the biological agent of the Black Death, caused by a disease with a fairly distinct clinical presentation (bubonic plague, identifiable by the hard globes of pus that extrude from infected lymph nodes). This controversy highlights the serious challenge of understanding the biology of disease in former times.14

This book draws on a rich body of work in medical, environmental, and economic history that has helped us understand the role of infectious disease in the human past. But its claim to novelty rests in part on the effort to draw from a new source of knowledge: genomes. Genomes are the instructions encoded in the DNA (or, in the case of some viruses, RNA) of an organism. The code is written with molecular “letters”—long strands of nucleic acids—handed down from parents to offspring during reproduction (whether sexually, as with worms and some protozoa, or asexually, as with bacteria and viruses). These sequences are enormous in length. A human genome has three billion units (or base pairs); a viral genome might have tens or hundreds of thousands of base pairs, a bacterium a few million. Genome sequencing technologies are machines that take pieces of the DNA molecule and “read” the code, chemically deciphering the order of the letters that make up a strand of genetic material. Over the last decade or so, the speed of genome sequencing has increased, and its cost has tumbled, thanks to technologies known as high-throughput sequencing that can process millions of fragments of DNA simultaneously. Consequently, the amount of genetic data that has accumulated is staggering.15

Genomes are passed from generation to generation, with slight variations in the code that arise due to random mutations. These differences are a way to trace an organism’s ancestry. In much the same way that your DNA, analyzed by a commercial ancestry company, can tell you certain facts about the population history of your forebears, the genomes of the microbes that infect us hold important clues to their past. The mountains of genetic data that are piling up thus constitute a potentially massive archive of evolutionary history. Chapter 1 further explores the implications of this new evidence, but suffice it to mention here two ways that high-throughput sequencing has been transformative. First, it has dramatically expanded the potential of genome-based phylogenetics, or the study of evolutionary family trees. Second, it undergirds the growing field of paleogenomics, which analyzes fragments of ancient DNA recovered from archaeological samples. These terms are a mouthful, and we can call them, colloquially, “tree thinking” (phylogenetics) and “time travel” (paleogenomics). Tree thinking will help us understand the evolutionary history of our germs: how old they are, where they came from, who their relatives are, and so forth. Time travel, when it is possible, lets us know what pathogens made our ancestors sick at specific points in the human past.16

This new evidence is exhilarating, but, as always, the rush of fresh information brings its own kinds of uncertainties; often the most impressive thing we learn is the breadth of our ignorance. This is more than the conventional gesture of intellectual humility or academic hedging of bets. The sheer novelty of the methods, and the rapid pace at which they are moving, mean that every month brings important new evidence and insights, revised chronologies and geographies of disease. Paleogenomics and genome-based phylogenetics are fields on the move. What we think now may seem obsolete in the near future. That is all to the good. Thucydides wrote his famous history as a “possession for all time.” Our aims are rather more circumscribed. It will be enough to explore how these new kinds of evidence are starting to deepen our understanding of the relationship between human history and pathogen evolution.

This book aspires to practice what the biologist E. O. Wilson called consilience, the joining together of knowledge from different domains to form a unified explanation. It is a work of history that draws heavily from both biology and economics. It tries to weave together the social sciences and natural sciences, but its concerns are resolutely humanistic. The history of infectious disease can teach us about who we really are. We are primates—clever, voracious primates—who have taken over the planet, and, like any organism, we have parasites that constantly evolve in response to the circumstances we present them. This history reminds us that we are one species whose health is ultimately indivisible. When I started this project, I had hoped that a new history of infectious disease might encourage us to appreciate the dangers we still face collectively. COVID-19, of course, has changed the stakes and made it self-evident that infectious diseases retain the capacity to upend our lives. We know we are living through something historic, and at times it can feel like we are living in history, in the past. The story of disease can help us understand how we came to be where we are, and possibly help us decide where we want to go.17
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Mammals in a Microbe’s World


The Mightiest Living Beings

In 1877, a colleague sent Charles Darwin an academic journal with an unusual series of photographs. Taken by the German scientist Robert Koch, they were the first photographs of bacteria ever published. Darwin’s correspondent realized the importance of what he was seeing. They were “the least but also perhaps the mightiest living beings.” Darwin recognized it too. “I well remember saying to myself between twenty and thirty years ago, that if ever the origin of any infectious disease could be proved, it would be the greatest triumph to Science; and now I rejoice to have seen the triumph.”1

In 1882, just weeks after Darwin died, Koch made public his sensational discovery of the bacterium that causes tuberculosis. The idea that microscopic, particle-like forms of life might exist and cause disease had long floated around the margins of respectable science. Over the course of the nineteenth century, the tide turned. Scientists—some of their names hallowed, like Koch and Louis Pasteur, and others little remembered, like Agostino Bassi and Casimir Davaine—built an irresistible case for what we retrospectively call germ theory. As the evidence continued to accumulate, the old consensus, the idea that disease was caused by filth or by deadly vapors in the atmosphere known as miasma, crumbled. Koch’s discovery of Mycobacterium tuberculosis was an especially poignant moment, laying bare the counterintuitive truth that such a tiny life-form could cause such vast human misery. The notion that infectious diseases have microscopic agents with their own motives was ascendant only in Darwin’s dying days. But his theory of evolution, the great unifying explanation of all life, is the foundation for understanding the pathogens that cause human disease.2

In Darwin’s lifetime, increasingly powerful microscopes helped to facilitate the mental revolution that germ theory required. We are now living through an equally radical sea change, in which the ability to observe the genomes of microbes thanks to new sequencing technologies helps us to perceive how utterly pervasive and diverse they are. They have been here far longer than we have—from the beginning of life on earth—and, odds are, they will be here long after we are gone. It is thrilling if also humbling to learn that our story inserts itself as a minuscule chapter in a much vaster and much older struggle between hosts and parasites.3

It’s a microbe’s world. We’re just living in it.


Defining Basic Terms

We experience disease as a medical phenomenon: naturally, we think of germs as things that make us sick. From nature’s perspective, though, we are hosts, not patients, and they are parasites. They are rewarded and punished according to how well they succeed in sending their genes into future generations. Our parasites have evolved wildly different strategies and abilities to do so. Some use poison, some use disguise. Some are aggressive, some are ingeniously subtle. Yet every one of them is the product of natural selection. In the well-known words of the biologist Theodosius Dobzhansky, “nothing in biology makes sense except in the light of evolution.” Ultimately, the driving logic in the history of infectious disease is ferocious and unforgiving Darwinian selection.4

Darwin’s theory provides the framework to answer questions about the patterns of human disease in both the past and the present. Why are some diseases, and many of our oldest ones, adapted only to the tropics? Why do humans have such an array of diarrheal diseases? Why did smallpox and measles emerge along with large-scale empires, and why did those same viruses fail to establish in small-scale societies like those on remote islands? What made bubonic plague so deadly? How does the influenza virus so often outsmart our vaccines? Why is HIV so insidious? No answers make sense except in the light of evolution.

Our germs have no intentions or consciousness. We can anthropomorphize them for the sake of simplicity—we speak of them “trying” to do things like evade our immune system or adapt to new circumstances. That is fine, so long as it is understood that evolution is a blind, physical process that rewards those individuals whose traits are most effective at transmitting genes to succeeding generations. The pathogens that seem exquisitely designed to exploit our body and its defenses are simply the winners of past contests. And as with a stock portfolio, the past is no guarantee of future success.

Let us begin by acquainting ourselves with humanity’s enemies. Evolution furnishes the logic of taxonomy, or the biological classification of organisms. Over the last generation, the tools of taxonomy have changed radically, especially for microbes. Consider that, before genomic data became widely available, the family trees of microbes had to be pieced together by observing their characteristics. For obvious reasons, it is hard to observe microbial organisms directly. In consequence, a whole array of criteria and chemical tests were devised as aids to classification. Gram-staining is maybe the most familiar; this technique involves a dye that will soak into the cell walls of some bacteria and turn them a violet color. Gram-staining captures something fundamental about bacterial physiology (whether or not a certain kind of sugar is used in the cell wall—a matter of great interest to your immune system as well). But compared to genome sequencing, such tests are limited and slow, what the abacus is to the supercomputer.5

Genome sequencing has revolutionized microbial taxonomy. It has also underlined the fact that the preponderance of the world’s biodiversity is microbial. It is now possible to see more clearly the place of our disease-causing microbes in the tree of life and to view them against the backdrop of a much bigger invisible world. Most of the planet’s microbial inhabitants are indifferent to us, and many of them are even helpful, playing an essential role in ecosystems and in our bodies. Microbes are everywhere—around, on, and inside us. We are far more porous and permeable than we had ever thought, but only a tiny sliver of the earth’s microbes would or could do us harm. Recognizing this diversity can help to sharpen some fundamental questions, like “What is a pathogen?” and “What is a parasite?”6

The word pathogen is a modern English coinage derived from two Greek roots meaning “to cause to be” and “disease.” Simply stated, a pathogen is an organism that causes disease. The term is a handy and helpful way of describing certain phenomena in nature. Pathogens form a category much like “creatures that fly,” which encompasses birds, bees, bats, butterflies, and a rare fish or two. These organisms are defined by what they do rather than genetic relatedness. But unlike winged creatures, what pathogens do, by definition, is affect other organisms in a particular way. Moreover, flying creatures dependably fly. Many pathogens, by contrast, are rank opportunists, only causing disease under certain circumstances. It would be better to say, then, that a pathogen is an organism capable of causing disease in another organism.7

The word parasite derives from an ancient Greek term referring to a person who eats at the table of someone else. A parasite is an organism that lives at the expense of another, taking energy from its host and causing at least some level of harm. Often, the word parasite in vernacular English is reserved to denote macroscopic parasites such as worms. But the bacteria and protozoa that exploit us meet the textbook definition of parasite, even if English usage has never caught up. What about viruses? The idea that viruses are parasites grates against the etymology of the term, because viruses do not “eat” (i.e., perform metabolism). Even though viruses are more like hijackers than thieves, in most other senses, viruses fit the definition of a parasite. Sometimes the word microparasite is used to distinguish microbial parasites from worms. There is not perfect consistency in English usage, in part because the concepts behind the words are slippery. We will use pathogen to mean any organism that can cause disease, and parasite to mean any organism, macroscopic or microscopic, that exploits a host.8

Pathogen is a medical term. Parasite is an ecological one, which is to say that it describes something fundamental about the place of organisms within the flow of energy through the environment. In nature, organisms either produce their own food or take it from others. Producers are autotrophs, organisms like plants and some bacteria that use energy from the sun or chemical compounds to make their own food. The rest of us are heterotrophs who acquire energy from producers—or from other consumers who have taken it first. Parasitism is functionally similar to predation; the host is a kind of prey. As E. O. Wilson put it, “Parasites, in a phrase, are predators that eat prey in units of less than one.” In simple terms, parasitism is a strategy for taking the essentials of life from another organism. Parasites are simply heterotrophs like us, in search of energy and materials to do the work of reproducing their genes. By looking at it this way, you can see yourself a little more clearly from their perspective. You are an organized bundle of refined energy, essential elements, and machinery for making proteins: an irresistible target.9

Parasitism is a strategy that has arisen countless times through different evolutionary pathways in the 3.5 billion years during which life has existed on earth. Precisely because the strategy has evolved repeatedly, our parasites form an unruly and biologically diverse cast of characters. Collectively, our parasites are more like what ecologists call a guild, a group of unrelated species that share an ecological resource or territory. The human parasite guild has numerous species as members, but there is not even remote agreement about how many organisms cause human disease. One standard and often cited catalog of human pathogens includes 1,415 species. A more recent and systematic survey identified 1,611. Oddly enough, there is only about 60 percent overlap between these lists, so the number of unique pathogens identified between them is 2,107. Yet the Global Infectious Diseases and Epidemiology Online Network (GIDEON), a standard database of infectious diseases created for clinicians, lists 1,988 bacteria alone that have been found to infect humans. More than one thousand of these are not in either of the other lists, meaning the total surpasses three thousand, and this tally surely understates the number of organisms that could infect humans.10

Why is there so much uncertainty about how many organisms cause disease in humans? The simple reason is that most of the species in the tallies cited above are fundamentally unimportant as pathogens of humans. Most organisms capable of causing disease in humans do so rarely. They only infect humans incidentally and transiently, but as human populations have grown, and genome sequencing has become more common, these rare and ephemeral infections get caught, cataloged, and counted. Consider an example drawn from the genus Mycobacterium. One study counted sixty-four different species in this genus as pathogens of humans. Another study found twenty-eight. If you asked a global health expert concerned with human well-being, she would probably say that there are five medically important species of Mycobacterium (including the bacteria that cause tuberculosis, leprosy, and Buruli ulcer). The other species can infect humans and cause disease, so, strictly speaking, they can be human pathogens. But it is relatively meaningless to include the other species in any count of human pathogens.11

What we would truly like to know is how many major identified species of human pathogens there are. Of course, every one of these terms is complicated; there is even debate over what constitutes a species, let alone what makes a pathogen a human pathogen. And where should we draw the line regarding what constitutes a major human pathogen? There is a lot of ground between a species that infects only a handful of humans each year and one like the bacterium that causes tuberculosis, which is responsible for about ten million new cases annually. Although drawing a line to determine what counts as major is both difficult and arbitrary, it is helpful to distinguish between organisms that are a burden on human populations and those organisms that can infect us but do so only sporadically. If we apply a rough, simple filter—counting only species that have been known to cause at least fifty thousand deaths in one year, or are estimated to account for five million or more cases of disease in one year—then there are about 236 species that we could consider major pathogens of humans (see the appendix).12

The definition of what makes a species a human pathogen is also more ambiguous and interesting than it might first appear. Some microbes do specialize in the exploitation of us. They have gone all-in on a human-only strategy, relying on continuous circulation among human hosts for evolutionary survival. Others are more promiscuous, capable of exploiting a wider range of hosts. Such generalist strategies are common in nature, because it is often prudent for parasites to keep their options open. When a disease is caused by a pathogen whose primary reservoir is a non-human animal, it is known as a zoonosis—literally, an “animal disease.” Often, these infections are dead-end ventures for the parasite, the human host serving as the graveyard of the germ and all its direct descendants. However, some zoonotic diseases—like the Ebola virus—can spread from human to human and trigger epidemics. And, to make matters even more complicated, some essentially human pathogens are known to be able to sustain infections in animal populations. Leprosy is a good example; it is caused by a human-adapted bacterium that also has animal reservoirs in species such as red squirrels, armadillos, and nonhuman primates. Thus, specialist and generalist parasites fall along a spectrum, with gradations in the middle. As we will see, one of the major themes in the history of infectious disease is the unusual number of pathogens that have narrowed their host range to focus on exploiting us alone.13

Our pathogens fall across five taxa or evolutionary groups: viruses, bacteria, protozoa, helminths, and fungi (see figure 1.1). With all due respect to mycology, fungi do not figure much in the rest of this book. It is true that a great many of them (more than four hundred different species) can infect humans, but they tend to be nuisances (like athlete’s foot) or secondary to other infections that compromise the immune system. Although drug-resistant or highly pathogenic fungi are a potential threat, fungi have yet to exert a major influence on the course of human history (except indirectly, as plant diseases, which are discussed in chapter 11). Prions, also, are a type of infectious agent that merit consideration. Prions are tiny infectious particles that cause neurological disease (like kuru or variant Creutzfeldt-Jakob disease). Prions are misfolded proteins that recruit other proteins to take the same misshapen form. The accumulation of these particles can rapidly progress to severe, usually fatal, disease. But prion diseases triggered by infection are surpassingly rare, and their historical import has been negligible, as far as we know. Hereafter we leave them aside. By contrast, viruses, bacteria, protozoa, and helminths have all played major roles in our past. We will consider the biological basics of each of these four groups in turn.14
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FIGURE 1.1. Taxa of major identified species of human pathogens. See the appendix for complete checklist.


Viruses are entities that exploit hosts by simplifying matters as far as possible. Viruses are little more than strands of nefarious genetic code enclosed in organic armor (see figure 1.2). A virus, in Peter and Jean Medawar’s famous definition, is nothing more than “a piece of bad news wrapped up in protein.” Viruses do not steal energy or nutrients because they do not have the capacity for metabolism. They do not make anything on their own. They break into our cells and use our machinery to replicate themselves. Hence, humanity has failed to reach consensus on the basic question of whether viruses should be considered alive. Viruses have some of the properties of life. They are types of replicating nucleic acid that evolve through Darwinian selection. But viruses accomplish replication with a minimum number of their own parts.15
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FIGURE 1.2. Viruses are tiny infectious entities that insert themselves into host cells and use the host’s cellular machinery to replicate. CDC/Allison M. Maiuri, MPH, CHES: Public Health Image Library #21074.


Historically, some of humanity’s worst enemies (smallpox, measles, yellow fever) have come from the ranks of viruses. Viruses have given us some of our oldest (herpes) and some of our newest (AIDS, COVID-19) afflictions, some of our most fearsome (Ebola) and most underappreciated (rotavirus) enemies. The diversity of viruses bespeaks their tremendous evolutionary success. They are the most abundant entity in the biosphere. They infect every kingdom of life. Viruses that infect bacteria are known as bacteriophages (or simply phages), and low-level molecular struggle between viruses and bacteria is going on all around us, all the time. Viruses of higher organisms are less plenteous but still almost beyond comprehension in number. The diversity of mammal viruses can only be estimated, and the number of species is probably north of forty thousand. The eighty-seven viruses that are a significant burden on human health constitute an infinitesimal slice of all viral diversity.16

The simplicity of a virus is mesmerizing. Measles virus, for instance, manages to be among the most contagious pathogens known, yet it has the ability to code only eight proteins. The protein shell protecting a viral genome (known as a capsid) is often composed of only one or two different kinds of protein, repeated in elegant symmetrical patterns. These structures manage to guard the viral genome, attach to receptors on host cells, shuttle the genome through the cell membrane and into the cytoplasm (the crowded goop inside a cell), and disassemble at the right moment to release the viral nucleic acid. The viral genome must then insert itself into the cell’s replication process so that the host’s own machinery for synthesizing proteins and nucleic acids instead makes new copies of the viral parts. These copies must then assemble, escape, and repeat the process anew.17

Like guests who come to a party empty-handed, viruses have to exploit their hosts. Bacteria, by contrast, are more enigmatic (see figure 1.3). Bacteria are single-celled organisms, unambiguously alive. Compared to (most) viruses, they are huge. They have complicated, quilt-like cell walls. Inside, there is no nucleus holding the DNA, which floats freely in the cytoplasm, like a tangled thread in a water balloon. A bacterial genome can encode, on average, a few thousand proteins; unlike viruses, bacteria synthesize proteins, so their need for energy and nutrients is constant. Bacteria occupy every imaginable niche on the planet. Most of them are free-living, inhabiting the environment. Only some of them are parasitic, and very few of these are pathogenic to humans, although these bacteria tend to receive the most press. There are about seventy-three bacteria among major human pathogens—out of maybe a trillion bacterial species on earth. To imagine bacteria primarily as pathogens is about as fair as thinking of human beings as mostly serial killers.18

At this moment, if you are of average size, there are maybe 3.8 × 1013 bacteria living on and in you (although the number fluctuates with the bowel cycle, because fecal matter is loaded with microbial passengers). You are made up of human cells and bacterial cells in roughly equal number. Your bacteria colonize your skin, mouth, nasal mucosa, armpits, gut, and nether regions. These bacterial companions, collectively known as the human microbiome, are integral to human health. Our digestive system relies on them. They play an important role in our overall immune strategy, because they have a vested interest in keeping out the competition. In times of health, there is harmony between us and our microbiome. But the peace is fragile. Some helpers only need the slightest chemical signal to turn savagely hostile, and many of them are dangerous if they trespass into the wrong tissue. When we at last shuffle off this mortal coil, and cease to provide energy and nutrients, they unceremoniously make use of what they can scavenge from us. The line between pal and parasite is thin indeed.19
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FIGURE 1.3. Bacteria are single-celled organisms without an organized nucleus. Only a subset of bacteria are parasites. National Institute of Allergy and Infectious Diseases (NIAID); NIH; Rocky Mountain Laboratories: Public Health Image Library #18159.


Bacteria cause some of the most fearsome human diseases—such as cholera, diphtheria, typhoid, typhus, scarlet fever, leprosy, yaws, and syphilis. Two of the worst diseases in human history by almost any measure, bubonic plague and tuberculosis, are bacterial in origin. Yet the differences between these two killers underscore the diversity of bacteria. Bubonic plague is caused by the bacterium Yersinia pestis. This huge bacterium has acquired an array of virulence factors that make it a formidably versatile pathogen, and yet it is really a parasite of rodents, incapable of sustained transmission between humans. We are immaterial to its evolutionary trajectory (as hosts anyway—our impact on rodent ecologies is another matter). By contrast, as we will see, the tuberculosis bacterium is exquisitely honed to take advantage of us, and it has evolved remarkable abilities to manipulate and exploit its natural habitat, the human body. Tuberculosis is arguably the great human disease.20

Because of our distinctive history, humans have acquired an unusual number of pathogenic bacteria and viruses. These organisms move in Darwinian hyperdrive, and they have responded with alacrity to the opportunities offered by our expansion. By contrast, protozoa and helminths evolve more slowly. They are complex organisms. Our protozoa and helminths are enemies in deep evolutionary time. In quantity, the number of these organisms faced by humanity is not totally dissimilar from what chimpanzees encounter, although, even in these taxa, humans seem to have a larger number of pathogens and to suffer an unusually heavy burden of disease due to them.21

Protozoa are single-celled organisms (see figure 1.4). They differ from bacteria in having a nucleus to contain their genetic material. In the tree of life, they are closer to complex organisms like animals. Most protozoa are free-living, peaceable creatures, but a few have evolved parasitic lifestyles. Sometimes these lines are blurred. For example, the amoeba responsible for dysentery is a cyst-forming intestinal parasite that usually exists in an asymptomatic carriage state; with the right triggers, however, it can transform into a vicious pathogen. Only twenty-one protozoa are major human pathogens, and yet they manage to account for a disproportionate share of human suffering.
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FIGURE 1.4. Protozoa, like the plasmodium shown here, are single-celled organisms with a nucleus. Protozoan parasites often have complex life cycles. Servier Medical Art: CC BY 3.0.


The most devastating protozoan infections are transmitted by biting insects. The various forms of leishmaniasis that lurk in tropical climates are caused by vector-borne protozoa. Sleeping sickness is a devastating disease in Africa transmitted by tsetse flies. Protozoa also cause malaria, a closely related group of diseases almost without equal as an influence on human history. The complex life cycles of these organisms make them unlike anything in the viral or bacterial world. The malaria parasites pass through manifold stages of life as they move through the mosquito and the human body. The protozoa that cause malaria in humans are closely related to parasites of apes, but they have crossed over to humans, as we will see, in the relatively recent past. They are primate pathogens that adapted to humans during the course of our history.22
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FIGURE 1.5. Helminths, like the hookworm shown here, are animals, often visible to the naked eye. They are some of our oldest parasites. CDC/Dr. Mae Melvin: Public Health Image Library #1513.


Finally, humans are infected by a number of helminth parasites. Helminth is simply the Greek word for “worm,” and in fact the category is really a catch-all that includes roundworms, tapeworms, and flukes (see figure 1.5). Helminths are invertebrate animals, macroparasites visible to the naked eye. Although some stages of their life cycle are accomplished externally, our worms must ultimately exploit us to run their life’s course. Helminths have large genomes and relatively long generation times. In consequence, they evolve far more slowly than microscopic parasites. There are no emerging infectious diseases caused by worms. Our helminths are ancient. Their closest relatives live in our closest relatives, chimps and gorillas. Our worms are our primate parasites, an ape problem that we made worse by coming down from the trees and later by the agricultural ties that bind us so closely to the soil. It is easy for people in wealthy countries to underestimate the importance of parasitic worms as a burden on human health. Helminths loom large in the World Health Organization’s list of neglected diseases, and over a billion humans currently suffer from these debilitating and stigmatizing infections.23

In sum, humans have parasites falling into the same taxa as any other mammal. But, as we will see in the coming chapters, our adversaries are unusual in their number, their narrowness, and their nastiness. In other words, we have lots of germs, many of them are adapted to exploit us, and an unnerving number of them cause severe disease. This book will try to explain this predicament as the result of our sudden and dramatic success as a species. Our history inserts itself rudely and unexpectedly into the ongoing and ceaseless evolutionary contest between hosts and parasites.

Fortunately, we are the evolutionary heirs of some ancient and truly ingenious biological mechanisms to fend off our unscrupulous microbial enemies.



Evolution, Virulence, and Immunity

When Darwin developed his theory of natural selection, he imagined evolution unrolling on geological timescales: the way a glacier sculpts a valley or weather beats on a rock, so time molds one species into another. Such was the conventional wisdom for over a century. But in the late twentieth century, our understanding of evolution started to change, thanks in no small part to the continuing study of the Galápagos finches that Darwin himself had observed on the voyage of the Beagle. It turns out that evolution works far more quickly than Darwin imagined. The finches of the Galápagos evolve on timescales we can observe. In 1983, for instance, a year with superabundant rainfall, a species of vine with tiny seeds overran the flora of Daphne Island. The birds with the smallest and pointiest beaks were suddenly, and starkly, advantaged. Their genes rapidly spread. Selection for traits can happen over the course of years or decades, not just eons. And Darwin’s finches are exemplary, not exceptional. They are a privileged case of the paradigm that the biologist John Thompson has called “relentless evolution.”24

What is true for large and complex species like Darwin’s finches—the fact that evolution is relentless—is even more relevant for microbes. Because every generation is a chance at evolution—an opportunity for genes to mutate or variants to spread—microorganisms are playing the game on a deliriously rapid timescale. Among the different taxa of parasites that exploit humans, viruses are the evolutionary pacesetters. They evolve with unmatched gusto. Viruses have both the fastest replication cycles and the highest mutation rates of any kind of organism, which means that nature is constantly trying new genetic arrangements. A single host cell infected with poliovirus can produce ten thousand new virus particles in the space of eight hours. The error rates vary from virus to virus, but in some small viruses they are as high as one mistake in every one thousand base pairs (the “letters” that make up the genetic code). Most organisms have genomes with proofreading machinery that, like a good copy editor, stops errors from happening. But many viruses lack this restraint, in effect dialing up their mutation rate. There is an evolutionary method to their madness. The sloppiness is strategic, because the shape-shifting can help viruses escape immune recognition. Many viruses skate so close to the edge of fatal sloppiness that some antiviral therapies work by dousing cells with a chemical that slightly speeds up the mutation rate. With just a little nudge, the viral replication process starts to spit out molecular gibberish.25

Given such error rates, there could be a new genetic variant in every single replica of the virus, or, more likely, a mutant in every one hundred or one thousand copies. Consider rhinoviruses, important agents of the common cold. A rhinovirus genome has about 7,200 base pairs. The error rate every time the genome is copied has been estimated at one mutation per one thousand or ten thousand base pairs, so most copies are mutants. There are billions of them inside you during the course of a single infection. The virus you catch from your sniffling child, and the one you accidentally cough toward a coworker a few days later, are likely to be ever so slightly genetically different. This swarm of closely related but slightly different variants has been called a mutant cloud or a quasispecies. The diversity that arises even in the course of a single infection confounds our categories and stretches our language.26

It is no wonder then that the virologist Vincent Raccianello has called viruses “simple Darwinian machines.” In the course of an infection, each variant of an individual species of virus is competing with all the other variants to pass its genes to future generations. Most mutations either do nothing or cause miserable failure. But on rare occasions, a small change in the viral genome will do something like alter the shape of a protein in such a way that suddenly the offspring of that mutant are more efficient at attaching to a receptor on our cell, or slipping into the host nucleus, or doing some other piece of viral business. The progeny of that mutant then have an advantage over their brethren and ruthlessly exploit the advantage to send their genes into future hosts. Viruses experience a fast and furious version of survival of the fittest.27

Like viruses, bacteria can evolve through random mutations, although bacteria are less sloppy in copying their genomes. They acquire mutations faster than we do primarily because their generation times are shorter, measured in hours rather than years. But bacteria have other evolutionary tricks. Bacteria regularly sidle up to one another and swap entire genes in a process called bacterial conjugation. Often considered a kind of “sex for microbes,” bacterial conjugation is not really a form of sexual reproduction; rather, it is an exchange of genes that affects the recipient directly. Sometimes bacteria absorb wheels of genetic information, known as plasmids, from other bacteria. Sometimes viruses deliver a payload of genes from one bacterium to another. These mechanisms, known collectively as horizontal gene transfer, bypass the randomness of genetic mutation. If mutation is like monkeys at a typewriter, occasionally turning a nice phrase by accident, horizontal gene transfer is cutting and pasting from the great books. Horizontal gene transfer is integral to the history of infectious disease, because it turns out that the genes most often swapped between organisms are those that affect virulence. There is a kind of public library of virulence genes out there, helpful for living the lifestyle of a parasite.28

Throughout the book, we borrow the term relentless evolution to emphasize that evolution is pervasive, constant, and fast. Microbial evolution is also high stakes, full of daunting challenges and intricate tradeoffs. We must always remember that our pathogens, however dastardly they seem, are not trying to make us sick. We will understand their perspective a little better if we recognize two fundamental challenges faced by every microparasite: surviving the host’s immune system and transmitting between hosts. To be successful—that is, to pass its genes into the future—a parasite has to find its way to the next host, while surviving the inevitable onslaught from the current one.

Although to a parasite you are an exploitable package of energy, elements, and cellular machinery, these biological treasures are well guarded. Our bodies are armored with an elaborate system of natural defense—our immune system—which tries to regulate who can enter and who can colonize. Although our exceptional history as a species has fueled the rapid and recent evolution of our microbial enemies, the immune system that forms our basic biological defense against them is a legacy of our vertebrate inheritance, shared with the fishes of the sea, the birds in the sky, and four-legged creatures on land. The architecture of the human immune system is imponderably ancient, and it remains remarkably versatile and effective.29

The immune system is a three-tiered network of defense comprised of physical barriers, innate responses, and adaptive mechanisms. Some of our common metaphors for the immune response—like activating, kicking in, turning on—vastly understate the extent to which immunity is always operational. It regulates our relationship with the microbial world at all times. Whereas alarms, sirens, and gunshots might only sound during an actual bank robbery, steel vaults, surveillance cameras, and armed security guards provide round-the-clock protection. So, too, the immune system never rests from its duties to protect our precious resources. And there are infinitely more parasites than bank robbers on the prowl.

Our first line of defense is comprised of the barriers that separate our bodies from the dangers that surround us. Our surfaces are covered with skin and mucosa that buffer sterile tissue from contamination. Although the tough layer of dead, keratinized cells that comprises the outer layer of our skin is important for immunity, the mucosa are even more so. Each human has 400 m2 of mucous membrane facing the world. Mucus is full of antibodies and enzymes that break down common microbial components. Thus, from the moment a foreign cell reaches this perimeter, it is washed in generic antimicrobial compounds. Chemical warfare at the vulnerable interface between our bodies and the external environment is constant.30

If a pathogen breaches our first tier of defense, it should expect an immediate attack from the innate immune system. Innate immunity is an ensemble of proteins and cells that form a rapid response unit to microbial invasion. The basic principles of innate immunity are shared even with invertebrates (creatures lacking a backbone, such as insects). Over time, organisms that could recognize intruders quickly and efficiently possessed a major biological advantage. Many pathogens have highly conserved elements—biochemical parts that their ancestors, and their ancestors’ ancestors, used to accomplish the basic tasks necessary for a microbe, like building a cell wall or a protein coat. The innate immune system quickly recognizes fats or carbohydrates on cell surfaces that are out of place in human blood or tissue. Innate immunity, in a sense, is the evolutionary memory of hundreds of millions of years of battle between hosts and parasites.31

The chief virtue of the innate system is its speed. In a game of margins, speed is everything. The battle between infection and immunity will often be decided by quantity and timing. Pathogens seek small tactical advantages—a loophole, feint, or disguise that creates a margin of opportunity—enabling them to multiply before the immune system catches up. Conversely, the strategy of innate immunity is containment rather than clearance. The proteins and cells deployed by the innate system hope to control the threat while simultaneously calling in the slower but more sophisticated weaponry of the adaptive—or specific—immune system. Innate immunity is as much an alarm system as a counterattack, and its chemical sirens summon the heavy artillery of the adaptive immune system.

The adaptive immune system is nearly five hundred million years old; it is a lynchpin of vertebrate success, one of the great inventions in the history of evolution. Adaptive immunity is the vertebrate answer to the unfathomable variety of microbial life. It would not be biologically possible to keep billions of cells at the ready to respond to each and every possible pathogen, so vertebrates have evolved an ingenious solution. In essence, our adaptive immune system can build proteins and cells specifically designed to respond to a particular invader. Using principles of modular design, the adaptive immune system is able to customize proteins and cellular receptors in almost infinite variety to keep pace with the diversity and evolutionary speed of the microbial world.32

The proteins made by the adaptive immune system are known as antibodies. They are bespoke molecules, custom designed to attach to particular molecules on particular pathogens. Antibodies are made and secreted by B cells (so called because they mature in the bone marrow). The adaptive immune system also uses modular principles to build highly specific T cells (so called because they mature in the thymus). All viruses, and some bacteria and protozoa, spend much of their time inside our cells. The immune system needs to know from the outside if any funny business is going on behind our own cell walls, so our cells have the ability to let the immune system know when they have been compromised; our cells take degraded pieces of pathogen proteins and carry them to the surface, where they are displayed on receptors that bind to T cells. T cells read the distress signal and destroy our compromised cells.33

The adaptive immune system is destructive and a danger even to ourselves. Hence, it is controlled by an intricate regime of checks and balances. B cells and T cells require stimulation and verification, a kind of double-key system. The adaptive system takes longer to rev up than the innate system, but if the mechanisms of innate immunity are able to maintain control long enough for the adaptive system to respond to infection, the chances of clearance are good. As an infection recedes, a general de-escalation ensues. But the adaptive system possesses the remarkable ability to “remember” an infection, keeping on hand B cells and T cells that have been effective against the pathogen. This immune memory allows the adaptive response to move into action even more rapidly if the intruder returns. Immunological memory is how vaccination works, giving the body winning combinations the way gamers trade cheat codes. The memorized codes are kept at the ready, and the immune system will make quick work of the invaders in cases of reinfection—unless the pathogen can somehow change its appearance.

While the architecture of our immune system is extraordinarily ancient, the human genome has continuously evolved in response to the threats posed by disease-causing microbes. The immune system is controlled by a vast symphony of genes, and whenever genetic variants confer a biological advantage to the human host, those genes are (all else being equal) more likely to be passed on to future generations of humans. In fact, infectious diseases have been a particularly powerful force in driving natural selection, even in the recent past. In the words of a group of geneticists, “Pathogen-imposed selective pressures have been paramount during human evolution.” Yet here we should strike a balance between the excitement of discovery and caution. As we will see in later chapters, sweeping population-level differences in immunity have sometimes been invoked in histories of disease, even without strong evidence. In many cases, the functional importance of variants in protecting against specific diseases is not understood. But with the ceaseless accumulation of genetic data, and the snapshots of recent evolutionary history provided by ancient DNA, our knowledge is expanding fast. While a few examples of pathogen-driven evolution in human populations have long been known or hypothesized (such as the advantage conferred by certain red-blood-cell traits against malaria), the list is growing. For instance, familial Mediterranean fever, an autoinflammatory disease, has been linked to genetic variants that arose because they confer some protection against the plague. Other recent studies have traced the remorseless influence of tuberculosis on the human genome. It is likely that a stream of revelations lies in the near future, helping us trace the imprint of deadly diseases on the human genome in once inconceivable detail.34

For pathogens, our immune system is simply a feature of the environment. They have adapted solutions that allow them to survive and replicate even in the most hostile territory, and those parasites that are effective in subverting or evading host immunity are more likely to pass on their genes. But all parasites face a second, equally basic, conundrum: how to get from one host to the next before the first host either develops immunity or dies.

Transmission between hosts is a tricky business, and there are only a few well-trodden routes. Five of these pathways have been of major importance for infectious diseases affecting humans: skin contact, sexual intercourse, biting insects, plus entry via the gastrointestinal and respiratory tracts. The first two are used by a relatively limited number of parasites. Soil-transmitted helminths, for instance, are picked up through the bare skin of the unshod. Among sexually transmitted diseases, syphilis and AIDS have been the biggest burden on human health. But the striking paucity of such parasites suggests that it is hard to evolve the mechanisms that allow successful transmission. Sex is infrequent enough (on average) that a microbe must have the ability to survive inside one host long enough to make it to the next, which is hard to do.35

Vector-borne diseases are transmitted by arthropods—that is, animals with exoskeletons, such as ticks, fleas, lice, midges, biting flies, and, above all, mosquitos. As we will see, some of history’s most devastating diseases—bubonic plague, yellow fever, typhus, and malaria—have adapted to use this route of transmission. To be successful, a pathogen that depends on a vector must be able to navigate at least two immune systems, which is no small task. But if it can successfully do that, the payoff is splendid: direct entry into the warm, vulnerable tissue and blood of a new host. As we will see, mosquitos constitute the most important group of disease vectors; the ecology of mosquitos thus becomes a primary fact in the ecology of human disease.36

Most of our pathogens enter via the gastrointestinal or respiratory tract. They take advantage of the fact that we must eat, drink, and breathe, and that we dependably exhale and defecate. The entire GI tract, from mouth to anus, is the site of intense conflict between our body and would-be invaders. Similarly, the respiratory route from the tip of the nostril to the depths of the lung is traveled by an array of bacteria and viruses. Both of these fields of exposure feature extensive mucosal boundaries to fend off unwanted intruders, but both are used by some of our most tenacious enemies.

The solutions that parasites have devised to meet these challenges are many and cunning, and they are often devastatingly harmful to us. The term virulence is used to describe the harm that a pathogen does to its host. Harm to the host is a side effect of the many functions that must be performed for a pathogen to usher its genes into the future. Survival requires them to do the things that pathogens do—enter, attach, hide, subvert, hijack, reassemble, escape, steal, and so on. Usually, the traits of the pathogen that cause us harm are those designed to evade, confuse, or misdirect the immune system. Often, the actual harm we experience is caused by the immune response itself.

Like the word pathogen, the concept of virulence is helpful, but its precise meaning can be a bit elusive. It looks at the relationship between pathogen and host entirely from the host’s perspective. It collapses the enormous variety of evolutionary mechanisms and strategies pursued by pathogens into the single category of “harm.” But it captures something essential and important about pathogens—especially, perhaps, human pathogens. Nature furnishes plenty of examples of virulent animal disease (think of Ebola virus laying low chimpanzee populations, or rinderpest virus ripping through herds of cattle with depraved indifference). But humans seem to suffer from an unnatural number of acute, virulent diseases, and to see how this came to be, we have to appreciate the complex tradeoffs faced by any parasite.37

Parasites depend on their hosts and, for purely selfish reasons, they may benefit by limiting the damage they do to their victims. Imagine the parasitic lifestyle as an ongoing embezzlement scheme (where bilking money translates into genetic success). The best strategy might be one that is restrained enough to avoid detection by not bankrupting the victim. From a selfish perspective, the best strategy is not always the most harmful in the short run. This is the pathogen’s dilemma, and it is fundamental to the evolutionary history of infectious disease.

The last decades have witnessed a radical shift in our understanding of the evolution of virulence. Until the late twentieth century, the prevailing dogma was that infectious diseases reliably evolved to become less virulent or even avirulent. Older diseases, it was thought, had evolved toward a stable equilibrium with their hosts, causing them little harm. Newer diseases were simply in a state of temporary imbalance. But this perspective is flawed and underestimates the complex tradeoffs present to a parasite. There are evolutionary rewards for being effective at subverting immunity and propagating within a host, which in turn correlate with virulence. We will explore important historical examples in which newer, nastier strains of a germ replaced its meeker rivals, as seems to have happened with the smallpox virus, for instance.38

The only guarantee is that parasites have a biological incentive to pass on their genes. In general, this should incentivize our parasites to do three things: (1) be highly transmissible between hosts and (2) cause a long-lasting infection in the host, while (3) causing as little harm as possible to the host. The perfect pathogen would be extremely transmissible, cause a chronic infection, and do little damage to the host’s health. Human alphaherpesvirus 1, the cause of most cold sores, is pretty close. But the tensions between these incentives are obvious. In general, it is hard to be transmissible or persistent without doing damage to the host. Mechanically, the same traits that allow a pathogen to gather in huge numbers in a cough droplet, or to congregate so thickly in the blood as to be picked up by a biting insect, or to accumulate in the genital mucosa, require the pathogen to subvert our immune response, which is likely to do harm.39

The constraints on virulence only apply if the current host actually belongs to the reservoir species that the pathogen depends upon for its evolutionary survival. The absence of evolutionary tradeoffs helps to explain why zoonoses, animal diseases, can be so virulent for humans: because we are not the true reservoir host. The pathogens that are adapted to other vertebrate species, particularly mammals, have evolved mechanisms to survive immune systems similar enough to ours that they can sometimes do so with devastating efficiency. For instance, bats are the natural reservoir of the rabies virus. Before the development of antiviral treatment, rabies infection was uniformly lethal. And yet, it is effectively nontransmissible between humans. Rabies virus would thus have the worst evolutionary strategy conceivable—extreme virulence and zero transmissibility—if it relied on human hosts, which it does not.40

In general, parasites have strong evolutionary incentives to find any tactic or trick that enhances transmission. Some of the tactics nature has discovered are diabolically clever. The latent phase of many pathogens—exemplified by the ability of vivax malaria to persist in the liver in relatively quiescent form—is a means of modulating replication to increase the chances of transmission. Even the relatively harmless herpesvirus infection lurks in a latent stage, but explodes into cold sores when stress weakens the host’s immune system. Some parasites with complex life cycles are transmitted in an innocuous larval stage and only develop into virulent pathogens once they reach preferred sites inside the host. One microworm knows to come out of the inner depths of your body and swim to the blood of your extremities just as night falls, when you are most likely to be bitten by a mosquito.41

Anything that helps a parasite transmit between hosts despite harming the host will contribute to its evolutionary advantage. Pathogens with the ability to form hardy spores or to survive in the environment, even for a limited time like the smallpox virus, can be more virulent than if they relied entirely on direct transmission. Above all, vector-borne parasites enjoy many evolutionary advantages, including assisted access to sterile tissue or blood and the ability to disperse even from victims who lie dying. The number of unapologetically horrid diseases that rely on the transport services of an insect vector is telling.42

Luckily, it seems to be difficult for pathogens to evolve successful strategies that prolong infection: our immune systems are just very good at finding intruders. Most infections are acute (short and fast) rather than chronic (long and slow). But the organisms that have solved this conundrum and do cause chronic infection—for example, the bacteria that cause tuberculosis, syphilis, and leprosy; the hepatitis C virus; and HIV—do so through extraordinary modulation of the human immune response. They are terrifyingly effective but fortunately rare.

Evolution is relentless, and our invisible enemies are ceaselessly tinkering with new strategies to pass on their genes, even as we continually change the environment to which they must adapt. Imagine the rise of humanity as the planetary spread of a warm, nutrient-rich, well-defended host environment—a strange mixture of allure and danger—and you begin to see the world through the eyes of a pathogen.



Decoding Evolutionary History

In 1976, the same year that William McNeill published Plagues and Peoples, a Belgian microbiologist named Walter Fiers did something extraordinary. He sequenced the genome of a small virus. It was a scientific milestone, the first complete genome of any organism to be sequenced. Yet, for decades, taking strands of nucleic acid and chemically reading the sequence of “letters” was a plodding and expensive undertaking. It was almost twenty years before a complete bacterial genome was sequenced. The Human Genome Project took thirteen years, about $1 billion, and a massive worldwide collaboration to map the human genome. But over the past decade or so, advances in high-throughput gene sequencing—which allows millions of strands of DNA to be decoded simultaneously—have changed the equation.43

The implications for the study of history are immense. Biology is an inherently historical discipline, and genomes are its archives. In the words of Stephen Jay Gould, “evolutionary biology is the primary science of history.” As we noted in the introduction, genomes can be exploited as a record of evolutionary history in two distinct but complementary ways: “tree thinking” (phylogenetics) and “time travel” (paleogenomics). Phylogenetics, or tree thinking, is the study of evolutionary relationships. A phylogeny is a family tree—a way of representing the historical relationships between groups of organisms as the branches of a tree that spread apart when time moves forward, or converge (toward the trunk) when time moves backward. Tree thinking can tell us a lot about history, and not just the history of microbes. For instance, the phylogeny of primates reveals that Homo sapiens is most closely related to chimpanzees, more distantly to gorillas, and even more remotely to monkeys. Of course, humans and chimpanzees last shared a common ancestor six to nine million years ago, and this kind of giant timescale is a reflection of the pace of mammalian evolution. Because microorganisms evolve quickly, their phylogenies are of relevance on much shorter timescales.44

Genome-based phylogenetics is a field that has flourished amid the proliferation of data generated by high-throughput sequencing. It is, in fact, a field whose computational methods and tools are still being refined, but already, the ability to use massive data sets to place microbial species in the tree of life is yielding fresh historical insights about when, where, and whence (that is to say, from what animal pathogen) our pathogens emerged. Phylogenies can give us a sense of when pathogens emerged thanks to a kind of analysis known as the molecular clock. Molecular clocks estimate the time it has taken for genetic differences to accumulate. Consider a crude analogy: Imagine that you are copying Shakespeare’s Hamlet by hand once a day (what is called the generation time) and every day you accidentally copy one letter in error (the substitution rate), uncorrected in subsequent copies: “To be or got to be.” After ten days, there are ten differences between the latest version and the original. If you only have a much later copy of Hamlet, and then counted one hundred differences between it and the original, you could treat the differences as an estimate of time: that copy was made one hundred days after the original.45

This analogy oversimplifies molecular clock analysis. Generation times (how long it takes to make a copy) and substitution rates (how often a “letter” or nucleotide is changed) vary across species. The rate of change can also vary over time, as do population sizes. Errors may become saturated, or they can get weeded out by natural selection. And it is important to underscore that molecular clocks only estimate how long ago two sampled groups shared a common ancestor. Historians have a rather ingrained preference for precise dates, and tree thinking can sometimes do no better than broad estimates. If you said there is a 95 percent chance that Alexander the Great was king of Macedon in the first millennium BCE, you would fail high school history. But if it could be demonstrated that the measles virus emerged on that timescale, it is a meaningful result that helps to narrow down the context for the evolution of a major human pathogen. We must remain aware that molecular clock dates still shift around with the inclusion of new evidence or use of different models. In general, we should take them as broad estimates that are nonetheless “useful in placing bounds on when pathogens emerged and diversified.”46

Tree thinking can also sometimes furnish otherwise irretrievable information about where an organism emerged. When the evolutionary tree of a microbe can be situated in space, it offers clues about the geography of disease. To take a notable example, Europeans started crossing the Atlantic Ocean from the late fifteenth century, and when they did, regular contact inaugurated the massive biological chain reaction known as the Columbian Exchange. We know for a fact that organisms like horses and pigs were introduced from the Old World to the Americas. But because pathogens are invisible to the naked eye, phylogenies are tremendously helpful in tracing the microbial dimensions of the Columbian Exchange. Phylogenies resolve questions about the Old World origins of malaria, yellow fever, and other important diseases.47

Finally, tree thinking can tell us about the animals that served as hosts to the ancestors of our germs. Phylogenies help us see our disease-causing microbes within the bigger tree of life. As we will see throughout this book, these relationships between human and animal disease are pervasive, and it turns out that they are more complex than we used to believe. For example, when McNeill wrote, it was known that human and bovine tuberculosis were closely related, and it was reasonable to suppose that humans contracted TB from cows. As it turns out, bovine TB evolved from human TB, meaning we got our cows sick and not vice versa. These cross-species connections are integral to the ecology of disease, and tree thinking is quickly unveiling their hidden history. Motivated in part by the experience of recent health crises (like the coronavirus outbreaks and Ebola epidemics), interest in animal disease has been growing, as has a much broader hunt for microbes that cause disease in other species. Much has been learned, and the near future is likely to be full of interesting and unexpected discoveries.48

If tree thinking is one way to use genomes as a kind of biological archive, paleogenomics—what has been called genetic time travel—is equally revolutionary for historians. Paleogenomics (sometimes also called archaeogenetics) is the study of ancient biomolecules. If you want to have your personal genome sequenced, you will likely swab some saliva and ship it off. The dead cannot do that, but they often have remnants of DNA preserved, for instance, in the petrous bone in the base of the skull or in the pulp cavities of their teeth (the former has proven fertile ground for finding ancient human DNA, the latter a rich source of pathogen DNA). If enough microbes were swimming in the blood when a person died, the microbes’ genetic remains might be left behind in the skeleton. Paleogenomics is the retrieval and study of these archaeological molecules.

Ingenious efforts to sequence the DNA of archaeological pathogens were already underway by the 1990s, but these early forays suffered from various technical challenges—notably, contamination. Tantalizing results were published but not replicated. Refined lab protocols, new ways of probing for small fragments of target DNA, and, above all, data-rich methods enabled by high-throughput sequencing have allowed the field of paleogenomics to take off. In 2010, five ancient human genomes were published. The next year, a complete ancient pathogen genome was published for the first time. Over the next few years, in the words of David Reich, a leader in the field of using ancient DNA to study human population history, “whole-genome analysis of ancient DNA went into hyperdrive.” The data are now flooding in faster than ever.49

Time travel is an extraordinary tool for studying the past. Ancient DNA has been called “an evolutionary photo album”: we can look directly at ancestors instead of having to infer things about ancestors from their descendants. (This is analogous to dusting off old photographs of Grandpa and Grandma instead of lining up eight cousins and trying to imagine what their grandparents looked like.) Ancient DNA can provide direct identification of the biological agents of past disease, occasionally ending doubts about retrospective diagnosis. The longstanding debate over the cause of the Black Death was definitively resolved by ancient DNA evidence from plague cemeteries, which fingered Yersinia pestis as the guilty microbe. In other cases, ancient DNA has implicated pathogens that were unsuspected in major disease events; there is now genetic evidence that a strain of paratyphoid fever had a hand in the decimation of New World peoples following the arrival of Europeans.50

We are still in the early days of paleogenomics. The technical protocols and even ethical standards of the field are still in formation, and there are still important limitations and blind spots. One obvious weakness is the lack of material from RNA viruses, many of which are important human pathogens. Although ancient human DNA research has broadened to include much of the globe, Europe is still egregiously overrepresented in the study of ancient pathogens. Another ever-present issue is the sheer unlikelihood that ancient biomolecules are preserved. The historian Michael McCormick, who has done as much as anyone to bring the natural sciences into the study of the human past, captured the conundrum, reflecting on the recovery of the bubonic plague bacterium from the skeletons of ancient victims: “It is essential to grasp that DNA molecules begin decaying as soon as an organism dies, and that today’s best aDNA labs succeed in extracting authentic human DNA from only a fraction of their samples even in temperate climates, which are less inimical to DNA preservation; for reasons that are presently unclear, authentic pathogen aDNA is considerably more difficult to recover. Given the amount of contaminating DNA from the environment, the low survival rate of relatively abundant human DNA and the less abundant bacterial DNA originally present in an infected human’s blood, detecting plague today from minute blood traces in 1,500-year-old dental pulp seems an almost miraculous signal of its presence at the moment of death.” In sum, the molecular evidence—like the traditional written evidence—is patchy and unevenly preserved in both time and space. The temptation to treat the evidence we have as though it were genuinely representative (more formally known as ascertainment bias) is an ever-present challenge. No less than the familiar documents that historians have always drawn from, the scientific record must be used critically as we strive to write narratives of the microbial past.51

If there has been one basic takeaway from tree thinking and time travel so far, it is that many of our pathogens are younger, and have more eventful evolutionary histories, than we might have imagined. Relentless evolution means that as we have changed the way we live, our microparasites have responded with adaptations to take advantage of new opportunities. The human disease pool is not just a product of our history as a species. It is, to a large extent, a product of our recent history. And yet the beauty of evolution is that the past, even the distant past, always remains, constraining and shaping the present. Evolution acts on what exists in the present, and what exists in the present is a product of genetic successes in the past.



A Tiny Twig

Darwin believed that the Galápagos Islands, with their barren, craggy aspect and abundance of reptiles, had taken him back closer to the origins of life. “We seem to be brought somewhat near to that great fact—that mystery of mysteries—the first appearance of new beings on this earth.” But it was not the visible organisms he collected and cataloged that take us back to the first appearance of life on Earth. The ancestors of mammals are only three hundred million years old. Vertebrates in general are a little over five hundred million years old. Bacteria, by contrast, have been here for about 3.5 billion of the 4.5 billion years that the earth has existed. Viruses have been infecting them almost from the start and, in turn, bacteria have evolved sophisticated defense mechanisms against viruses. Homo sapiens has existed for the last 1/10,000th of the evolutionary contest between hosts and parasites.52

The grandeur of Darwin’s theory is that it helps us understand that we are, however distantly, related even to the pathogens that cause us harm. To quote Gould again, we are a “tiny twig” on life’s tree. The human struggle against infectious disease is an extension of the universal competition that is life. We enter the contest with a standard-issue vertebrate immune system, even as our parasites start from an inheritance handed down by billions of years of evolution. Yet we should not take for granted how strange—how unnatural, in a sense—the human disease pool is. Our parasites are extraordinary in their number, narrowness, and nastiness. They exist because we exist, or, more specifically, because of our unique history. It is a history that extends back millions of years to the savannas of Africa—and the invention that first sparked an ongoing story of ecological transformation.53
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Prometheus among the Primates


THE TAÏ RAINFOREST IN CÔTE D’IVOIRE in West Africa is a small, lush remnant of the once vast wet forests that stretched across the equator. It is thick with life. The forest is home to elephants, pygmy hippos, leopards, and western chimpanzees (along with about ten species of monkeys, including red colobus monkeys, a favorite snack of the chimps). Today one of the major groups of western chimpanzees, totaling maybe twenty-five to fifty thousand animals, lives in this forest (see figure 2.1). In contrast to the eastern chimpanzees made famous by Jane Goodall, which inhabit a mosaic of savanna woodland, these are jungle chimps. The Taï chimps are famous for their facility with tools, which they make to hunt and to crack nuts. The western chimps are endangered, threatened by habitat loss, human poachers, and the big cats that prowl the forest. But some of their worst enemies are microscopic.1

In May 1999, one of the Taï forest chimpanzees came down with a cough. Sneezing, labored breathing, loss of appetite, and severe lethargy followed. The affliction spread, and soon a full-blown epidemic was underway. In one group of chimps, closely observed by scientists since the 1980s, the morbidity rate was 100 percent—that is, every single individual fell sick. Worse, the mortality rate was 19 percent, meaning nearly one in five of these chimps succumbed to the disease. It was a tragic demographic blow for a population already under pressure to survive.2

[image: ]
FIGURE 2.1. Map of chimpanzee populations.


The pathogens that caused the outbreak were identified. The Taï chimps were struck with a double infection, caused by a common human virus and an opportunistic bacterium. The first culprit was respiratory syncytial virus (RSV). This virus is a universal human pathogen. Even with modern surveillance, it is hard to estimate its global prevalence. There are maybe thirty million new cases per year among small children. It is the leading cause of acute lower respiratory infection in infants. Most of us have had, and survived, RSV. The dead apes also carried a common human bacterium, Streptococcus pneumoniae. S. pneumoniae is the quintessential opportunist. It is content to be a peaceable resident in our upper airways, and billions of humans are asymptomatic carriers. But the bacterium can also take advantage of weakened immune systems and cause severe pneumonia. The deadly epidemic in the Taï forest in 1999 was triggered by a combination of RSV and S. pneumoniae.3

Paradoxically, the reason we know about the microbiology of this tragedy in the forest is probably the very reason the tragedy occurred: the chimps were being watched closely by humans. The chimps were killed by our pathogens. Although poachers stalking the forest could have been the source of these infectious events, it was possibly the team of research scientists following the chimpanzees who inadvertently exposed the apes to our germs, in what amounts to biology’s version of the observer effect. Stricter protocols, including a kind of quarantine, have since been implemented by scientific teams working on these kinds of field projects. But human pathogens remain a threat to the ongoing survival of our closest cousins.4

In the Taï forest epidemics, the chimps were devastated by pathogens that pose little problem for the human immune system under normal circumstances. RSV is a general nuisance. S. pneumoniae is one of our many bacterial colonizers. But for the apes, these innocuous microbes proved lethal. Because we share a long evolutionary history, the architecture of our immunity is similar. Our germs are potentially dangerous to chimps, and theirs are dangerous to us, precisely because pathogens that have solved the puzzle of our immune system can apply the same molecular tricks across the species boundary. And cross-species transmission is unpredictable. A germ exploring a new kind of host has not had to reckon with the evolutionary tradeoffs between transmission and virulence. In other words, if a microbe’s natural host is the chimpanzee, humans have been irrelevant to its evolutionary success so far. Germs have a selfish interest in their natural host’s survival, but in spillover species, that selfish restraint is missing.

In fact, the germs that made the leap to the chimps were so virulent that their biological failure was almost immediate. From the microbe’s perspective, we could think of the Taï forest epidemic as a local extinction event. The species crossover was a fast and furious evolutionary experiment. The individual viruses that gave it a try among the chimps are gone, their genes unreplicated, their pedigree ended like a lineage without an heir. Of course, this failure is unsurprising. Experiment and extinction are the perpetual drama of evolution. There are billions of species of viruses on the planet, and only a handful of them are permanently established among chimpanzees. Around twenty-eight viruses have ever been identified in chimps, and many of these are in fact human viruses that have transiently infected chimpanzee populations. Chimps are the natural host of only a few viruses, and these are, on the whole, relatively benign.5

From the chimp’s perspective, we harbor a disturbing number of parasites. Hundreds of viruses infect humans, and eighty-seven viruses are a major burden on human health. Stranger still, humans are the main or exclusive reservoir host for most of these viruses. Many of them are acute, virulent, and specialized in us. In short, our chimpanzee cousins, who live in the jungle, eat raw monkey for breakfast, never bathe, and make a habit of chewing on their own feces, endure only a fraction of the viral diversity that we do. Among primates, we, not our forest-dwelling relatives, are the ones who are unusual.6

Chimpanzees have an evolutionary past. Their numbers rise and fall, but without runaway trends. Chimps today live more or less like chimps of yesteryear; consequently, they get sick and die in the same way their ancestors did. Humans, too, have an evolutionary past, but we also have a history full of fast, cumulative, culture-driven change. The essential reason we have history on these terms is because of technology, which, in turn, is a product of our big brains. The propulsive force of human history has been the promethean spirit of innovation that drives technological progress. Yet we must avoid any misleading dualisms—humans have culture, but we are part of nature. We have technology, but that technology is used to extract energy, increase our populations, and transform environments for our benefit. We have a distinctive ecological history, but this distinctiveness does not exempt us from the rules of parasite ecology and evolution. So we should start by trying to understand how biologists think about the patterns of parasite ecology and evolution for other species, including our great ape relatives, and then tracing our distinctiveness to its prehuman origins.


Principles of Parasitism

Ecology is the study of the relationship between organisms and their environment, including their relationship with the physical environment and with other living creatures. Central to ecology is the movement of energy through ecosystems. Put simply, ecology asks of any organism what it eats and what eats it. We would never study any other species without attending to these fundamental questions, and we would be flattering ourselves to think we were so different. Human history is a branch of primate ecology that gets a little out of hand.

Parasite ecology is the study of hosts, parasites, and their environments. Every ecosystem is rife with parasitism, but some creatures suffer more than others, and the study of parasite ecology tries to discern patterns. Why does the honeybee have more than seventy known parasites? Why do some species of fish have hundreds of parasites? Why do some animals seem to have far fewer?7

Ecologists often measure parasite burden by the standard of “parasite species richness”—a simple count of the number of parasite species that have been observed to infect a particular host. Such a measure is obviously imperfect. Parasite species richness is sensitive to the intensity of surveillance: host organisms that have been closely studied are more likely to have more parasites observed. Still, this distortion can be controlled for, and it is not insuperable. More fundamentally, parasite species richness does not measure the prevalence or virulence of the germs that infect a host. Having a few really nefarious germs might be biologically worse than having a lot of weak or rare parasites. But prevalence and virulence are nearly impossible to measure in any consistent way in wild animal populations. So, parasite species richness is commonly used as a practical way to assess parasite ecology.8

Some general principles govern the ecology of parasitism. In broad terms, anything about a host species that enables parasites to be more successful in passing their genes to future generations can correlate with higher levels of parasitism. In practice, the host’s (1) physiology/behavior, (2) demography, and (3) geography strongly influence the level of parasitism it will suffer. Because transmission is such an intricate challenge for all parasites, host characteristics that make it easier or harder for parasites to transmit from one host to the next have an enormous bearing on levels of parasitism.

(1) Features of host physiology and behavior influence levels of parasitism. Body size matters in a highly predictable way: larger hosts have more energy and nutrients for parasites to exploit and more habitats to invade. In general, larger animals have more parasites. Ranging behavior also matters. Hosts that cover more space in the course of a day are exposed to more pathogens. Greater habitat diversity also means a greater number of parasites. Sexual promiscuity is a factor, too, because contact increases the opportunities for transmission, and the predicted relationship between sexually transmitted diseases (STDs) and promiscuity has been found in nature. In short, physical or behavioral traits that make an organism a more appealing host translate into higher levels of parasitism.9

(2) Population structure is fundamental to patterns of parasitism. Living in large and dense groups is an obvious, and maybe the most important, risk factor for high levels of parasitism. The reason is simple: parasites have to transmit between hosts, and when there are more individuals living in closer contact, it is easier for a parasite to reach its next victim. For similar reasons, larger groups can sustain more virulent pathogens. Close and frequent contact between hosts enhances the odds of transmission and thus lowers the chances of a parasite’s extinction. But it is not just about the raw numbers. An important finding of parasite ecology is that the network structure of a group matters. For instance, primates that break into smaller, modular groups suffer lower parasite burdens than expected, suggesting that such fragmentation interrupts the transmission of pathogens. Therefore, it is not just the sheer number of individuals within a group but also the manner in which they interact that provides the evolutionary environment for parasites.10

The effect of group size is most pronounced at the extremes. For instance, it may not matter too much whether a primate lives in a group of a dozen or a few dozen individuals, because so many other factors can overwhelm the importance of group size at such a modest level of difference. The largest primate groups (excluding those of humans) consist of only a few hundred members. Birds and bats, by contrast, can live in colonies of thousands and tens of thousands of individuals, and some rodents, too, live in large groups. On these larger scales, the effect of group size becomes drastically more important. As genome sequencing has given us more insight into the circulation of parasites in wild animal populations, it has become apparent that birds, bats, and rodents are important reservoirs of many pathogens, especially viruses. In a sense, humans have taken the intense sociability of primates—lengthy parental care, complex food sharing, social grooming, and so forth—and combined it with group sizes beyond the scale of what any other mammal has attempted.11

(3) As in real estate, location is everything. The host’s zip code is as important as its behavior and group size. Fundamentally, primate species that live nearer the equator suffer from higher parasite burdens. This pattern is mirrored among human societies. It is important to understand why living nearer the equator is a microbiological hazard. The most important pattern of global biodiversity is known as the latitudinal species gradient: the observation that there is substantially more biodiversity near the equator. Energy is the primary reason: more solar energy means more life. And, because repeated ice ages have intermittently wiped the higher latitudes clean of nearly all life, the biodiversity found around the equator is also more ancient. The diversity of parasites in the tropics is simply a version of a more general pattern that holds across all kinds of life.12

Closer to the equator, there is more overlap in the ranges of different species, which means more chances to cross between host species. The tropics lack the cold winters that, in temperate latitudes, suppress parasite transmission. The effect of latitude is especially pronounced for vector-borne diseases. Biting insects are more abundant in hotter climates without hard frosts, and year-round warmth allows uninterrupted cycles of transmission to be sustained. The tropics are thus a zone of stark tradeoffs. More primary energy from the sun produces more food, but it also fills the air with bloodsucking bugs bearing deadly parasites.

In sum, these basic principles of parasite ecology help to explain why primates in general, and especially great apes like chimpanzees, make appealing hosts. Chimps are big-bodied. They are highly social. They range widely relative to other primates. And they live near the equator. So it is unsurprising that our closest relatives have more identified parasites than any other primate (this is true even when we attempt to control for the fact that we also study them pretty intensely, given our kinship). What is striking, though, is how the chimpanzee germ pool compares to ours in size and composition. The anthropologist Charles Nunn maintains a database of primate parasites in the Global Mammal Parasite Database. For most species of primates, only a dozen or so parasites have ever been found. Around eighty-nine unique species of parasites have been identified at some point in chimpanzees. It should be mentioned immediately that many of these infect chimpanzees only rarely or sporadically, and an inordinate number—especially of the viruses and bacteria—are really human germs that have transiently affected chimpanzee populations.13

If we compare the proportions of the four most important taxa of parasites—helminths, protozoa, bacteria, and viruses—that affect chimps and humans, the differences are obvious (see table 2.1). Yet, we must hasten to emphasize that we are not comparing apples to apples, because the list of human parasites includes only major pathogens, and if we included every pathogen that has ever been found to infect humans, the differences would be far more stark (in particular, the number of viruses would be increased for humans). Moreover, if we excluded from the count of chimpanzee parasites those pathogens that actually specialize in humans, most of the bacteria and many of the viruses would disappear, making the differences more striking still. In short, as crude as this thought experiment is, it strongly suggests that relative to humans, a much larger proportion of the overall chimpanzee germ pool is comprised of worms and protozoa, whereas bacteria and viruses are comparatively less important.14
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Comparison with animal parasites also suggests that humans harbor an uncommon number of pathogens with a restricted host range. In other words, an unusual array of parasites specializes in us. Most of the viruses that infect primates are not particular about their host species. They tend to be extreme generalists, adapted to infect a wide range of different hosts. Such pathogens are rapidly changing evolutionary gamblers, jacks of all trades, masters of none. Yet many of the helminths that infect primates are well adapted to specific hosts. They have evolved with their host species in deep time. Every primate has a worm—or worms—of its own. The protozoa are a mix of generalists and specialists. Vector-borne protozoa tend to be host specific, whereas protozoa that rely on direct transmission between hosts are able to infect a wider variety of species. Protozoa that pass via feces on the forest floor cannot be too fussy about their next target.15

Overall, the contrasts between the parasites of humans and nonhuman primates are arresting. Of course, it is utterly impossible to control for the human proclivity to study ourselves. We are the most observed, examined, and analyzed animal, by an incalculable margin. The raw comparison with humans is thus only impressionistic. But in the summation of Nunn and his coauthor Sonia Altizer, “Even those primate species that have been particularly well studied in terms of infectious diseases … reportedly harbor only a tiny fraction of the diversity of parasites infecting contemporary human populations. Furthermore, whereas the greatest diversity of parasites reported from wild primates is captured by helminths and protozoa, which are commonly linked with chronic infections and vector-borne or fecal-oral transmission, the majority of modern-day human pathogens are bacteria, viruses, and fungi, many of which cause acute infections and are often associated with contact-based transmission.”16

And yet, even if our primate relatives confront a small number of pathogens, by human standards, we should not underestimate their importance. Primate demography is stamped by the effects of infectious disease. Among wild chimpanzee populations, infectious diseases are the leading cause of death. In one study of chimpanzee mortality, collating data from three populations, infectious diseases accounted for at least 36 percent of all deaths, with unknown illnesses accounting for another 18 percent. (Violence was the next leading cause, at 15 percent; predation amounted to another 8 percent; accidents caused 3 percent.) In reality, of course, mortality patterns are highly unstable. As in human populations, the role of infectious disease mortality is volatile, rising and falling in time. The arrival of new diseases can alter the landscape suddenly and with terrific fury. Chimpanzees, for example, have been decimated by catastrophic epidemics of the Ebola virus. Infectious diseases are a potent and unpredictable force in the population dynamics of our great ape cousins.17

And here, in the realm of large-scale population dynamics, is where ecological comparisons between ourselves and other animals, primates especially, can be most revealing of all. The most successful primate species, ourselves excluded, number a few hundred thousand individuals. Most have far fewer than that, numbering in the thousands or tens of thousands at most. Why are there not millions of chimpanzees? Why is there no other cosmopolitan primate, sprawling over several continents? Why is it not a world full of gorillas or gibbons?18

The basic answer is that, in nature, all populations of animals are regulated. The flow of energy through ecosystems ensures that rates of population change are controlled by density-dependent mechanisms. As a population grows, energy availability (i.e., food) declines. Or other organisms—namely, predators and parasites—are more able to take energy from successful species. Access to energy promotes reproduction, whereas food shortages choke fertility and ramp up the death rate. In other words, more food means more offspring, more survival, and, thus, population growth. Meanwhile, changes in the level of parasitism and predation drive the mortality rate. If there are more parasites or more predators, then the mortality rate will increase. Populations are regulated insofar as these mechanisms are density dependent, their relative force waxing and waning in response to changes in the size of the animal population itself.19
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FIGURE 2.2. Thomas Robert Malthus (1766–1834), an English priest and social thinker, whose ideas on human population presage ecological theories of population regulation. Mezzotint by John Linnell, 1834. Wellcome Collection (CC BY 4.0).


The availability of food is the most basic and probably the most powerful density-dependent mechanism regulating population. This mechanism is at the heart of the model of human populations described by the English cleric and theorist of human populations Thomas Robert Malthus (1766–1834; see figure 2.2). His landmark Essay on the Principle of Population, first published in 1798, presents an essentially ecological theory of the regulation of human numbers. As Darwin recognized, it applies just as well to animal populations. The main difference is that most animal populations are adapted to relatively narrow ecological niches. Primates are exquisitely adapted to the foods available in their native habitats. For example, chimps have digestive equipment perfectly honed to the forest, with its variety of fruits, leaves, bugs, and small monkeys. They have evolved to be good at finding energy in the competitive and unforgiving environment where they live. But they are also, for that reason, confined there and powerfully limited by the food available in their habitat.20

Predation and parasitism also work by density-dependent mechanisms. A species that experiences population increase becomes more attractive prey, and predators often have a decisive part in regulating animal populations. Parasites, too, take advantage of larger and denser populations, and they act to keep animal numbers in check. Volatility in the mortality rate, attributable to epidemic disease, is a brake on long-term growth in animal populations. We can easily imagine that there were sharp spikes in primate mortality, such as those caused by the Ebola virus and other nonhuman pathogens in recent times, throughout the past. Short-term swings, and long-term stability, are probably characteristic of the demographic dynamics of many of our relatives in the animal kingdom. What looks like volatility on short timescales may be a guarantee of population equilibrium in the long run.21

Even a species as clever as the chimpanzee is constrained by insuperable natural limits. The chimp is utterly dependent on the food it can win from the tropical forest, and for that very reason, it is condemned to endure the numerous parasites and savage predators that haunt its native habitat. Chimpanzee populations may oscillate, or shift to new equilibria as conditions (like the climate) fundamentally change, but they never experience breakaway growth. In that there is nothing unusual or unexpected. Their strange hominin cousins, on the other hand, contrived a technology that loosened some of those constraints, launching an unparalleled experiment in population growth and parasite evolution that continues to this day.



Mastering Fire

A European missionary recorded an old myth told by the indigenous peoples of the Paraguayan Chaco, in the dry interior of South America. There was a time when humans had no use of fire. One day, a hungry hunter was eating snails in a swamp, when he saw a bird also gathering snails and piling them up. A thin column of smoke lifted from the pile. The curious hunter went to investigate and found that the bird was cooking snails. He ate one and, savoring the taste, resolved never to settle for raw food again. He stole the fire, and his tribe collected wood to keep the flame alive. They began to cook all their food. The bird was angry and sent a thunderstorm with fearsome lightning, but it did no good, and the bird was left to eat raw food. Thunderstorms were an enduring reminder of the animal’s anger, but henceforth humans alone controlled fire.22

Countless societies have myths explaining the origins of fire. In ancient Greece, Prometheus stole fire from Zeus and taught its use to humankind. It is commonplace in such myths that fire is divine, or that it came from the sky. Often birds are said to have taught humans the secrets of procuring and producing fire. The arrival of fire is always a great transition, a passage from a primitive to a more fully human state. In the words of the anthropologist James Frazer, “In spite of the fantastic features which distort many of them, the myths of the origin of fire probably contain a substantial element of truth, and supply a clue which helps us to grope our way through the darkness of the human past in the unnumbered ages which preceded the rise of history.”23

Other animals, including our primate relatives, employ technologies—using sticks to rustle ants from a hole, for instance. But none of these meager tools can compare with the power of fire. The control of fire is an energy technology contrived by hominin ingenuity, the first energy revolution in our history. In effect, all later technologies of consequence presuppose our use of fire. Agriculture requires fire to clear forests and fend off wild animals, and farming certainly became more productive once human societies learned to use fire to forge metal tools like plows. Industry requires fossil fuels, the combustion of fossilized sunlight congealed in coal and hydrocarbons to provide energy for our machines. The mastery of fire is the primordial technology, the origin of our unique abilities as ecological engineers.

Among the planets of our solar system, only Earth has fire. It is a remarkable feature of the world we inhabit that solar energy captured by plants and converted to biomass can be released by combustion. Thank photosynthesis. Plants build organic compounds that can burn, and they load our atmosphere with the oxygen necessary for combustion. Our species alone has tapped the transformational potential of fire as a means of unlocking energy. In the words of the environmental historian Alfred Crosby, “When our ancestors learned to make knives and axes of stone, they were only producing extensions of their puny teeth and fingernails. In contrast, when they learned to manipulate fire, they were doing something truly unprecedented.”24

Insofar as many of the ancient myths imagine that the mastery of fire lies within human history, rather than before it, they are wrong. The control of fire is actually older than our species. There was not a time when humans did not control fire—in fact, the evolution of modern humans was shaped by the control of fire. Fire was a prerequisite of human evolution. No fire, no us.25

The common ancestor shared by humans and chimpanzees was chimp-like. It lived in the forest. It loved to eat fruit and hang from trees. It walked on its knuckles. It almost certainly lived in social groups, small by modern human standards but large by the measures of the animal world. Around four million years ago, australopithecines (“southern apes”) evolved in Africa. Australopithecines are the ancestors of the genus Homo. These apes walked upright and had modestly larger brains (about 450 cm3) than chimpanzees (350–400 cm3). Upright bipedalism was a crucial evolutionary adaptation. But australopithecines were still manifestly ape-like: small climbers with big mouths and forceful jaws. In the words of primatologist Richard Wrangham, “If they still lived today in some remote area of Africa, we would find them fascinating. But to judge from their ape-sized brains, we would observe them in national parks and keep them in zoos, rather than give them legal rights or invite them to dinner.”26

The emergence of Homo erectus some two million years ago was an evolutionary watershed. Distance running, extensive tool making, and cooperative hunting made this hominin more recognizably like us. And it is no coincidence that Homo erectus also tamed fire. The archaeological record for the origins of controlled fire remains sparse and ambiguous. Control was probably learned haltingly, by degrees. The earliest credible evidence for fire comes from a Homo erectus site in Kenya dating to 1.5 million years ago. From around one million years ago, the evidence for the use of fire becomes less ambiguous and more widespread. It will not be surprising if archaeological discoveries continue to push the origins of controlled fire back closer to the emergence of Homo erectus.27

The best evidence for the origin of fire is in fact indirect, in the very bones of Homo erectus, which point to transformational changes in the diet and lifeways of early hominins. Homo erectus had little teeth and a weak jaw. Its mouth had a tiny aperture, like ours, not the gaping maw of an ape. Its bite was nothing impressive. Its stomach and colon were small compared to a chimp’s digestive organs. Homo erectus was tall, upright, and big-brained (870–950 cm3). Its body was better suited for running than climbing. In all, these dramatic evolutionary changes suggest that Homo erectus had adapted to a radically altered diet. Homo erectus had learned to cook.28

Cooking helped Homo erectus extract energy from plants and meat more efficiently, and it widened the range of food sources that Homo erectus was able to consume. Heat denatures protein, gelatinizes starch, and (unless you overdo it) softens food. Cooking outsources some of the work of digestion to fire and makes the conversion of food into energy more efficient. This revolutionary application of fire drove biological evolution in our ancestors. Our small mouths, tiny teeth, puny jaws, and diminutive digestive system require us to use fire. The control of fire is a cultural technology, learned and passed down from generation to generation; it is not something we can do instinctually or with our own body parts. Yet making fire is so universal and so deeply embedded in culture that our biology has come to depend upon it.29

The control of fire changed our digestion and diet, which had cascading effects. The brain of Homo erectus evolved, growing to more than three times the size of a chimpanzee’s. The extra energy acquired from cooked food was instrumental in the evolution of larger brains. The brain is an energy sink. It consumes 20 percent of the basal metabolism of Homo sapiens. It also helped that we now spent less energy on our smaller digestive system. The digestive organs are energy intensive, so by outsourcing some of the hard work to fire, Homo erectus was able to cut its costs and devote the savings to extra brainpower. Cooking was instrumental in the rise of a distinctly brainy species. To the extent that our cognitive abilities make us human, we are a creature born of fire.30

Fire has been called a “species monopoly” of humans. It is an ecological trump card. When our ancestors first learned to keep the flames alive, it tilted the balance of power in nature. One intimate correlate of this new advantage was registered in the behavior of Homo erectus: this species slept on the ground. The great apes sleep in trees. Large male gorillas are sometimes brave enough to snooze on the forest floor, but our primate relatives prefer some distance between themselves and whatever hunts in the dark. A chimpanzee can make a nice bed in the forest canopy with military efficiency. But our Homo erectus ancestors left the trees and learned to spend the night in the protective glow of the fire’s light. Despite the tingling fear we still feel in the face of large animals, fire made predators a negligible factor in human population dynamics. The warmth, security, and mystic peace you feel around the campfire have been instilled by almost two million years of evolutionary advantage given to us by the flames.31

The monopoly on fire also accentuated the importance of meat. Our ancestors did not become hunters in one single transformational moment. After all, chimpanzees will hunt and eat meat. But it is a small part of their diet, which remains dominated by fruit and bugs. Chimps have been observed to kill a monkey, quickly gobble the soft innards such as brains and intestines, and then toss away the bones, fur, and muscle, which is full of tough connective tissue and therefore hard to chew and digest. Chimps are not built for dedicated carnivory. True carnivores, like canids, have stomachs with extremely acidic environments designed to break down flesh slowly. Primates have stomachs with moderate acidity, made to move plants through expeditiously. Humans, from this vantage too, are a strange breed. Our digestive equipment is actually less formidable than an ape’s, being smaller and faster moving, with a less acidic stomach. But our tastes, and our metabolic needs, program us to lust for meat.32

As our ancestors’ dependence upon hunting deepened, it reshaped patterns of social organization. The intimate trust of the night watch, the greater sharing of meat from giant kills, and a more pronounced sexual division of labor all tightened the bonds of hominin society. It seems likely that Homo erectus was the first ancestor to practice any form of medical care, tending the sick and aiding recovery from disease. Some anthropologists think that Homo erectus had rudimentary language, even if early hominins have left no traces of a symbolic imagination comparable to that of Homo sapiens. The cognitive and social world of Homo erectus remains elusive, maybe beyond recovery. What were these ancestors like? Would they have seemed human-like? If one showed up sick on your doorstep, would you take her to the veterinarian or the doctor? Very likely the latter.33

We can only wonder if they feared death, or what they thought as they looked up at the stars, but we know that our Homo erectus forebears soon did something unmistakably familiar to us. They wandered. Homo erectus groups migrated out of Africa and occupied Asia and Europe. Other primates can push the edges of their habitats or disperse to new territory, but with Homo erectus a single species went intercontinental. The energy revolution had fueled population growth, and that growth quickly spilled over into migration. Brains, tools, and the use of fire empowered ancestral hominins, giving them the versatility to exploit new food sources across three continents. Homo erectus had the human-like capacity to adapt to unfamiliar ecological niches. More than a million years ago, our predecessors had already started to burn their way across the planet. The dispersal of Homo erectus across the Old World foreshadowed the geographic boundlessness of Homo sapiens. This geographic versatility is one of the truly distinctive facts of our kind—and its implications for disease ecology would turn out to be profound.34

We cannot know what the disease environment of Homo erectus was like in precise detail. We can reasonably presume that the germs faced by our ape-like ancestors were broadly similar to those of tropical primates in general and chimpanzees in particular. The last common ancestor of chimps and humans would have been pestered by worms and surrounded by protozoa, some picked up from the bloodsucking insects that buzzed in the air and some from the forest floor. Dangerous viruses, often traded with other jungle-dwelling monkeys and apes, lurked in the lush tropical surroundings, and occasionally these virulent pathogens decimated the population of our ape ancestors. Their numbers were contained by their relatively specialized diet, their fearsome predators stalking in the night, and their tropical parasites.

The rise of Homo was something new. Big brains, better tools, and the control of fire relaxed our ecological dependence on a narrow range of foods, and it rendered predators virtually irrelevant. But progress also offered novel opportunities for our parasites. The intensification of social bonds facilitated parasite transmission. Demographic growth surely provided more exposure to pathogenic organisms. Larger body sizes meant more room for invaders. Broader habitat ranges and wider ecological diversity were risk factors for new infectious diseases. In sum, given what we know of their lifeways, the pathogen load of our early hominin ancestors—and this is of course speculative—would have started to approach that of human hunter-gatherers. Already, our intrepid ancestors had set off on a course that would create a uniquely dynamic relationship between population, technology, and microbial evolution.



New Niches, New Germs

How might the expansion of Homo have changed the disease environment of our ancestors? We cannot directly observe the health environment of extinct relatives that lived a million years ago. But tree thinking can shed light on the formation of a distinctly hominin disease pool. Sometimes there are faint traces of an eventful past. Humans, for instance, serve as host to two herpes simplex viruses. All primates seem to have one herpes simplex virus; humans alone are cursed to carry two. One of them (HSV-1) is as old as the split between our ancestors and chimps; it primarily causes lesions in the mouth. The second, bonus species (HSV-2, the cause of genital herpes) was acquired around 1.6 million years ago by a now extinct Homo ancestor, who contracted the virus from chimpanzees and subsequently handed it down to hominin descendants until it reached us.35

In the case of the disease known as schistosomiasis, tree thinking, along with archaeology, helps us piece together an example of how the new ecological frontiers exploited by Homo fostered the evolution of a deadly human parasite. East Africa has been an especially fertile source of ancient fossils, and not a few of the “missing links” of hominin evolutionary history have come from the region. On the eastern shores of Kenya’s Lake Turkana, for instance, our Pleistocene ancestors found a green landscape crossed with rivers and teeming with life. In recent years, at a place near the ridge known as Koobi Fora, archaeologists found a dense assemblage of stone tools and animal bones. Around 1.95 million years ago, these traces of our past were fortuitously buried in an episode of rapid alluviation. More than 2,600 artifacts and some 1,000 fossils of animal bone have been recovered. These finds transport us back to the world of early Homo erectus, and they reveal that our distant ancestors had already learned to fish.36

The assemblage of bones found at Koobi Fora exhibits telltale signs of the work of a hominin hunter. The bones have the unmistakable marks of butchery. The tools were manufactured from nearby basalt sources. The remains reflect such a variety of creatures—from the ancestors of wild pigs to crocodiles—that only a hominin could be behind them. The leftovers on the cutting floor underscore the skill and versatility of early Homo as a hunter. But the most striking feature of the site is the sheer number of catfish and turtle bones. Catfish are plump and delicious; frequently trapped in shallow pools, they are easy prey. Turtles are bundles of rich meat in a hard wrapper, wanting only a tool to be unshelled. Hundreds of specimens from Koobi Fora suggest that Homo erectus looked to the waters for food and found a feast waiting to be had.

Aquatic resources have been instrumental in hominin expansion, and Homo erectus already had the body and technological prowess to catch fish, kill turtles, collect snails, and otherwise exploit the potential of rivers and lakes to provide food. Ethnographic comparison underscores that human hunter-gatherers often rely on such resources. The fire myth from the Paraguayan Chaco is revealing: an exasperated hunter turned to the water for snails to relieve his hunger. Indeed, aquatic resources are often a lifesaver toward the end of cool or dry seasons, when animals are lean, before the fields and forests have bloomed again. Fish are also highly nutritious, packed with micronutrients necessary for brain development. The bigger brains of Homo erectus were paid for in part by the riches hidden under water.37

The lifeways of Homo erectus drew us into tighter relations with the shoreline. This kind of ecological versatility also meant exposure to new disease environments. The deeper reliance on aquatic resources helps to explain the relationship between humanity and the devastating waterborne parasites that cause schistosomiasis. Our species has a revealing relationship with these unusually burdensome helminth parasites, and this relationship took shape on a time horizon of tens to hundreds of thousands of years ago. Our ancestors came to the shore to fish, and they left with worms.

Schistosomiasis is one of the most important diseases of humanity. If you are unfamiliar with this affliction that sounds like a tongue-twister, you are fortunate. Schistosomiasis infects some two to four hundred million people around the world today. Few diseases have exacted such a heavy toll over such a remarkably long timespan. Schistosomiasis is also known by the names bilharzia, red-water fever, and snail fever. It is caused by blood flukes, or flatworms, in the genus Schistosoma (“split body”; see figure 2.3). The disease came to the sudden attention of Europeans during Napoleon’s Egyptian campaign. The worms that cause schistosomiasis were identified in 1851, when Theodore Bilharz, a German doctor, was posted to the Kasr-el-’Ain Hospital in Cairo. In his first eighteen months, Bilharz carried out some four hundred autopsies. He found bodies full of worms. In his words, “As helminths in general and those who attack humans in particular are concerned, I think Egypt is the best country to study them.” Through his microscope, he discovered a worm with “a flat body and a twisted tail.” With more than a hint of Orientalism, he imagined that his discoveries amounted to “a few leaves of a saga as wonderful as the best of the Thousand and One Nights.”38
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FIGURE 2.3. Schistosome parasite, adult male and female living in copula. Servier Medical Art: CC BY 3.0.


Bilharz was about to be even more enthused. The first of these worms he had seen was a male. He soon found “samples of the worm which harbored a grey thread in the canal of their tails. You can picture my surprise when I saw that a trematode [a flatworm] projected out of the anterior opening of the canal.” These worms within the worms are in fact the females, whose eggs are fertilized while she is living inside the male. Schistosomes reproduce sexually inside their definitive host (a definitive host, in contrast to an intermediate host, is where parasites with complex life cycles reach their adult or mature stage). Bilharz did not fully unlock the complex life cycle of the worms that he found, but through his microscope he found the parasitic agent of this horrific disease.39

Schistosomes are parasites with an intricate strategy. Their principal habitat, where they spend most of their adult lives, is in the veins around our bladder or intestine. There, males and females live “in copula,” the female inside the male. The females are prolific, laying hundreds of eggs a day. The worms are perfectly content in these conditions. They have evolved to disguise themselves from our immune system, in part by wearing our own molecules on their outside as camouflage. An adult schistosome worm can live inside its human host for more than a decade. But the eggs must quickly find their way out. The eggs are armed with a spine, a blade-like appendage used to cut themselves out of our veins. They bore into the bladder or intestine and thence pass from the human body in blood-stained urine or feces. In some regions where schistosomiasis is endemic, the bloody urine caused by these parasites has been considered a rite of passage not unlike menarche.40
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FIGURE 2.4. Bulinus snails, widely distributed in freshwater habitats, are the intermediate hosts of schistosome parasites. Credit: Koedoe 10 (1967): Figure 1. CC BY 4.0.


Once excreted, the eggs have to hope that they are washed into a body of fresh water. There the eggs hatch, and swimming larvae go off in search of snails to call their home for a time. The life cycle of all species of Schistosoma worms is completely dependent on two hosts: a definitive host, such as humans, and an intermediate host, always a freshwater snail of the genus Bulinus (figure 2.4). Different species of Schistosoma worms are adapted to different Bulinus snails, and the distribution of these snails around the planet is the primary factor determining the geography of schistosomiasis. Inside the snail, the parasite undergoes asexual reproduction and spawns a second larval form. A single infected snail can shed tens of thousands of larvae. These creatures have a forked tail that enables them to swim. They attach to mammals who happen to be in the water, drinking, cooling themselves, or hunting for food. The larvae penetrate directly through the skin of the definitive host and enter the bloodstream. Then they pass through the lungs and liver of the host before reaching their goal in the veins around the bladder or intestine, where they live and mate for years, starting the cycle over again.41

There are twenty-two known species of Schistosoma parasites, and all of them are obligated to pursue the multistage lifestyle with a snail intermediary and a mammal in the role of definitive host. Three of the schistosome species are major parasites of humans, and another five can infect humans. S. japonicum is an Asian species of the parasite. It is an extreme generalist, the most versatile of the schistosomes, infecting a wide range of mammals besides humans. S. mansoni and S. haematobium are African species, specializing in humans, even if they are able to infect other hosts incidentally. These two African species cause the greatest burden of disease today. One of them, S. mansoni, was dispersed to South America in the sixteenth century via the slave trade, and it adapted to snail hosts in the New World tropics. It remains endemic there still.42

Because it is a parasitic disease caused by long-term infection, schistosomiasis takes various clinical courses. The most direct danger is presented by the army of eggs that bore their way out of our veins, damaging blood vessels en route to escape. Most species of schistosomes inhabit the veins around the intestine, and thus cause bloody diarrhea. One species endemic to Africa, S. haematobium, infects the veins around the bladder and exits in bloody urine, hence “red-water fever.” Schistosome infection causes anemia and malnutrition, and our inflammatory immune response risks further health complications. The parasite stunts the cognitive and physical development of its host. Long-term infection can also critically damage the kidneys, intestines, lungs, and liver, progressing to fatal disease. In short, these free-swimming, forked-tailed worms that disguise themselves in order to have never-ending sex in our veins and prolifically lay eggs with a bayonet on the end cause a disease altogether just about as ghastly as one might expect.43

Before the advent of genome sequencing, it was customary to say a few words about the early history of schistosomes as known from traces in Egyptian mummies and scattered mention in early Chinese medical texts (in the history of medicine, this combination is the surest confession of near ignorance). We could say that the disease was very old, but we knew precious little about its real history. Now, molecular evidence has thrown light onto the history of a parasite whose biography was previously nothing but shadows. It is possible to build a family tree of the Schistosoma genus by untangling the relationships between its species. The genetic distance between the different branches of the family can be measured, and the order in which they branched off can be established. With a molecular clock, a date can be approximated for various points in the evolutionary history of these parasitic organisms. Such dates are only estimates—but they have revolutionized our ability to understand the evolutionary past.44

Schistosomes emerged as parasites of mammals sixty to seventy million years ago, in Asia. At first they probably infected rodents, because rodent schistosomes are the deepest branch of the tree. Around twenty million years ago, Schistosoma shifted hosts, acquiring the ability to infect ungulates (hoofed mammals). The Asian species S. japonicum, with more than forty known hosts, is most closely related to this early branch. The generalist form of the parasite is thus older than the more specialized species known today. Schistosome parasites probably moved from Asia to Africa with the dispersal of ungulates some twelve million years ago. In Africa, schistosomes infect a wide variety of rodents and ungulates as well as some nonhuman primates. It is possible that ancestral forms of schistosomiasis afflicted our distant primate ancestors, in the millions of years prior to the split between chimpanzees and humans. Like other mammals, any time our ape-like ancestors went to the lake or river in search of a drink, they were exposed to the dangers of this parasitic infection. But the family tree of Schistosoma suggests there was no special relationship between this parasite and our primate ancestors.45

In the last few hundred thousand years, the African schistosomes experienced a radiation, rapidly diversifying in response to evolutionary opportunities. There is every reason to believe that hominins played a major role. Humans are the dominant host among the African branches of Schistosoma. Several species that infect ungulates are derived from more ancient branches that feature human specialists. Thus, schistosomiasis is another example of a zoonotic disease that adapted to humans from wild hosts, and which we in turn have transmitted to other animals. Whether it was early Homo sapiens or one of our recent hominin ancestors, a large-bodied ape, splashing around in lakes and rivers looking for fish, turtles, and snails, was an irresistible evolutionary opportunity for the worms.46

Evolution has adapted these parasites to their human hosts in profound and intimate ways. To take one example, schistosome worms have circadian rhythms that are responsive to the habits of their host. The larvae are shed from the snail intermediary into the water at various times of day, depending on the routines of their definitive host. Schistosomes adapted to humans have evolved an atypical pattern, shedding larvae during the middle of the day, when humans are most likely to be found looking for food. These remarkable adaptations were the unintended product of Darwinian selection, chosen for the simple fact that parasites with effective traits were more likely to pass on their genes to future generations. Once hominins started exploiting aquatic resources more intensely, parasites that adapted to steal energy from these big, crafty creatures living along the waterways of the African savanna were rewarded handsomely.47

The deep history of Schistosoma is thus full of contingency across multiple timescales.
OEBPS/images/Table2-1.png
TABLE 2.1. Parasite Taxa in Chimpanzees and Humans

Parasite taxa

Helminths Protozoa Bacteria Viruses
(%) (%) (%) (%)
Chimpanzees 29 30 8 33
Humans (major) 21 9 32 38
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