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			The Microbe

			
				The Microbe is so very small

				You cannot make him out at all,

				But many sanguine people hope

				To see him through a microscope.

				His jointed tongue that lies beneath

				A hundred curious rows of teeth;

				His seven tufted tails with lots

				Of lovely pink and purple spots,

				On each of which a pattern stands,

				Composed of forty separate bands;

				His eyebrows of a tender green;

				All these have never yet been seen—

				But Scientists, who ought to know,

				Assure us that they must be so…

				Oh! let us never, never doubt

				What nobody is sure about!

				—Hilaire Belloc, 1912

			

		

	
		
			Introduction

			On February 7, 2024, public-health officials in Deschutes County, Oregon, announced that a local resident had come down with a horror seemingly resurrected from the depths of time: the bubonic plague. That case swiftly became national news. National Public Radio made sure its audience knew that “after decades of silence, the plague can reemerge.” USA Today told its readers that the anonymous Oregonian had contracted a disease that “killed fifty million people in the Middle Ages” (in fact, likely many more). El País expanded the tally of woe to include the sixth-century Plague of Justinian, while a Fox News host asked if there was a link between “the number of migrants who are coming into the country…and the takeoff of some of these things like plague?”

			Yet for all this eager, breathless, and occasionally vile coverage, what actually happened in Oregon was…not much. The victim quickly sought care; the pathogen involved was identified—a bacterium called Yersinia pestis (that is, the plague microbe). Public-health investigators identified the source of the human infection: the patient’s cat, itself showing symptoms of the disease. (The cat most likely picked up its infection from a wild rodent, burdened with the fleas that carry Y. pestis from host to host.)

			By then, the incident was almost over. The patient received the now-standard treatment, a course of antibiotic drugs, and the medication did its job, eradicating the infection. At the same time, Deschutes County officials tracked down “all close contacts of the resident and their pet,” who were then given their own antibiotics to bar the disease from taking hold in their bodies. That worked, too. There was no chain of infection, no epidemic, no lazarettos required.

			That is: nothing happened.

			The plague was indeed a consuming horror—once. As late as 1855, a new plague pandemic began in China and then spread east and west across much of the globe, killing at least 15 million people, reaching San Francisco in 1900, where it incited vicious anti-Chinese prejudice. That is almost certainly when Y. pestis found its way into North American rodents, beginning the chain of infection that in early 2024 would reach a cat and its human in rural Oregon. But this time the whole incident passed without drama, no more of a challenge than a child’s ear infection.

			

			—

			To put that another way: no dog barked. A briefly ill person took some pills and got better—which is exactly the opposite of what happened for almost all of human history, in which infectious diseases (like the plague) were humankind’s greatest killers. In 1850, for example, infections caused almost half of all deaths in England and Wales. By the turn of the century, results had improved a bit, but such illnesses still accounted for over a third of total mortality. In the United States, the top killers for 1900 were pneumonia, influenza, tuberculosis, and gut infections, which together accounted for half the American lives lost that year.

			Now? In the developed world, infectious diseases barely register as a cause of death, even during a global pandemic. In the United States, almost four out of ten people who died in 2023 were killed by heart disease and cancer. Accidents and cardiovascular disease (a separate category from heart disease) accounted for 11 percent more. The first infectious disease to make the top-ten killers list comes in at the bottom: COVID-19 took the lives of about fifty thousand Americans—about 1.5 percent of that year’s total mortality.

			Clearly, at some point between the mid-nineteenth century and now, the world of disease and treatment changed radically. The old scourges have been tamed. Tuberculosis can be cured. Cholera swept around the world in five pandemic waves in the nineteenth century alone; now it is a readily treatable disease that flares up only when local infrastructure fails (or has been destroyed by war). Kids no longer die of the host of childhood diseases—measles, diphtheria, whooping cough, and the rest—that once killed one-third or more before the age of five. Polio has been almost completely eradicated, and smallpox is extinct in the wild.

			All these individual blessings flow from one of the greatest scientific advances ever achieved: germ theory. The idea that microscopic pathogens cause infectious disease was proved true in a burst of discovery in the late nineteenth century. This book tells the story of that breakthrough and what we’ve done with it up to the present day, when we are in danger of losing many of the incredible advances won over a centuries-long struggle with an implacable foe.

			

			—

			In large measure, So Very Small tells a medical detective story that takes place over a period of just twenty years or so, when specific ailments were traced back to the dangerous microbes that caused them. Stripped to its essence, germ theory states that infectious diseases begin when a living pathogen invades a victim’s body. The theory explains not only how one person can get sick but how an epidemic can start as microbes travel from one human host to another. By the 1890s, when germ theory had been established beyond reasonable doubt, it opened a path not just to understand the mechanism of infection but to respond to it.

			This book tells this tale—but not that one alone. As I dove deeper into the history of germ theory, I realized that a full account of what it took to understand and then master infectious illness began long before the ultimate breakthrough achieved in the late nineteenth century. That prompted a very simple question:

			What took so long?

			

			—

			How long? Two hundred years.

			In 1676 a Dutch cloth merchant with a gift for crafting microscope lenses became the first person to report seeing bacteria and recognize them as independent living things. That draper, Antonie van Leeuwenhoek, would go on to observe the microscopic universe—the microcosmos—for another five decades. His drawings are detailed enough that modern microbiologists can identify the types of bacteria he saw, including the families of organisms now known to cause disease. Yet for most of the next two hundred years, the notion that such creatures might have something to do with human suffering was overlooked, dismissed as speculation, occasionally tentatively entertained—and rejected up to the middle of the nineteenth century. Why was it so hard to see that bacteria play a role in illness?

			One reason was that older ideas about how disease worked—that it was the result of conditions of decay, bad air, squalor, or simply sin—remained plausible for a very long time. It is true, after all, that wretched living conditions are connected to poor health, and they do contribute to the spread of disease. Purely as description, such arguments seemed to explain what was observed. But there was more to the delay than the existence of a plausible alternative explanation.

			

			—

			This book begins with the tale of the first glimpse of the microcosmos—a whole new domain of life. That discovery led to a vexing issue: how to fit such unexpected creatures into God’s creation. This is where an answer to why it was so hard to reach germ theory begins to take shape. Deeply held and often unstated assumptions about humanity’s place in nature made it difficult, and at times almost impossible, to imagine that something so diminutive as a microbe might matter to human beings.

			From there the story traces the course of scientific investigations that, in time, overcame the obstacles: the work, often halting, that confirmed that a particular illness followed when a specific material substance invaded a human (or animal) body. Those findings laid the foundation for the triumphant series of bravura scientific advances that coalesced into germ theory as a single coherent account of infection and disease.

			That final epiphany marks both the climax of one revolution and the launch of the next, leading to the single greatest change in the human condition since the invention of agriculture. Over the course of the twentieth century, humanity won a seemingly comprehensive victory over the desperate suffering and untimely death that infectious disease had brought to us. That enormous gift came first in the development of new vaccines and in a renewed urgency for public-health measures—and then, in the most miraculous advance of them all, the invention of antimicrobial drugs. The medical history of the late twentieth and early twenty-first centuries has been a seemingly unbroken skein of victories over—in some sense—death itself.

			

			—

			Seemingly?

			Yes. Almost as soon as it became possible to cure major infectious disease, that superpower began to erode. Today tuberculosis, which in the 1950s was completely curable with a simple course of antibiotics, kills over a million people a year. The reason: antibiotics have steadily lost their effectiveness as microbes have evolved to resist them. Vaccine-preventable diseases continue to wreck vulnerable groups, partly because of disparities in wealth and healthcare access between rich and poor nations, and partly because of a growing movement to reject the immunity that vaccination has only recently provided.

			Those developments highlight the risk—not the certainty, but a real danger—that the rewards that germ theory has brought humankind may lose their power to ward off disease. We know as a matter of science how to confront infectious disease, but the choices individuals and societies have made over the last three-quarters of a century are making it harder and harder to do so. But even so, the return of infectious disease as an uncontrollable scourge is not inevitable. We can prevent it, and we can preserve the recent reprieve we’ve had from our historically most dangerous killers. To discover how, read on.

		

	
		
			
				
					Part One

					Learning to See

				

			

		

	
		
			I

			“God preserve us all”

			Few facts remain from the life of good-woman Phillips.

			We know this much: She was married. She and her husband lived in the parish of St. Giles in the Fields, just outside London’s city wall. The couple had some number of children. Mrs. Phillips fell ill late in December 1664 and died on Christmas Eve. As required, women hired by the parish to review local deaths examined her body. They reported their finding: Phillips, given name unrecorded, had succumbed to the plague.

			The usual forms were followed. Her surviving family were shut into their home, given money to cover about a week’s worth of food, and quarantined from the community for thirty days. Outside that one household, Phillips’s death went almost entirely unnoticed except as an anonymous addition to the weekly Bill of Mortality, the regular report that tallied deaths and their causes parish by parish throughout the capital.

			This single case of the plague in what is now the borough of Camden did not spark any immediate concern. In most years, a few cases in different sections of the city formed endemic sparks that then fizzled out. This time, however, the city had reason to stay alert. On the other side of the English Channel, an epidemic outbreak of the plague had been spreading since 1656, beginning in Italy then moving north and west. By the early 1660s it had reached the shores of both the North and Baltic seas—and the ports that traded regularly with England. In London, Charles II’s council imposed a quarantine on Dutch shipping in late 1663—but soon sailors were rumored to be escaping from ships at anchor to take their pleasures ashore.

			Christmas came and went, and the rest of the Phillips family survived. St. Giles in the Fields recorded no further plague deaths that week, and none were reported in the rest of London. The capital’s inhabitants celebrated the holidays, and January began.

			Especially for the well connected, London’s winter festivals heralded a year full of promise. That irrepressible diarist Samuel Pepys, a senior civilian member of the Navy Board and a confidant to the good and the great, thoroughly enjoyed himself that winter. On December 31 he tallied his accounts for the year and found that “by the great blessing of God, [I am] worth 13491 [pounds], by which, as I have spent very largely, so I have laid up above 500l this yeare above what I was worth this day twelvemonth.”

			Thus enriched, he allowed himself some treats. On Friday, January 2, he enjoyed a tryst with a woman not his wife, flirted—at least—with another, and then arranged a romp with a third for the coming Sunday. Next came “a most noble French dinner and banquet,” after which he walked from Covent Garden to St. Paul’s Cathedral. On the north side of the cathedral yard, he found his favorite bookseller’s stall and browsed through the latest works. This was Pepys living his best life in the city he loved. He had plenty of ready cash, with more coming in. He relished his daily encounters with the powers in the land—up to and including James Stuart, the future King James II. Before, after, and around his working days, he traveled a constant round of entertainment: good food, fine drink, excellent conversation, a satisfactory marriage, and sexual sport outside that bond whenever (often) the mood took him, all lovingly recounted in his diary. Day after day that winter and into spring, the sheer joy of being Samuel Pepys leaps off the page.

			Until, on April 30, 1665, he wrote: “Great fears of the sickness here in the City, it being said that two or three houses are already shut up,” adding: “God preserve us all!”

			

			—

			God preserve them! For a brief while longer, this was merely an expression of conventional piety. Most of Pepys’s April 30 entry was consumed by a reckoning of wealth that revealed that he was now master of “above 1400£, the greatest sum I ever yet was worth.” In the world beyond his diary, though, the plague was on the move. Cases had been reported in the Netherlands the previous year, and English authorities had reimposed restrictions on vessels crossing the North Sea. Some Dutch ships and sailors had evaded those barriers, however, and in late 1664, a few plague deaths were identified at Great Yarmouth on England’s east coast. Even under quarantine, exceptions were made for the right people. If important enough interests were at play, Dutch ships that came to London that winter got permission (or were ignored) as they unloaded their cargoes, up to the moment the Anglo-Dutch wars resumed in March 1665. The flow of people and crates from the middle of the Thames to its banks meant that an isolated victim or two along the docks or in the poorer districts would surprise no one. Into April, Londoners had no reason to believe that this season would be any different from those of recent years, when minor flare-ups of disease had burnt themselves out.

			The calm held for a few weeks more. A handful of cases turned up in scattered locations both within and outside London’s city wall. A few deaths were recorded in the official tallies, but the numbers remained reassuringly low: nine in the first full week of May, just three in the next. Crucially, each such case had been isolated, turning up almost exclusively in poorer neighborhoods. The metropolis seemed safe, so much so that the fire-and-brimstone minister Thomas Vincent wrote, “Fears are hushed and hopes take place, that the black cloud did but threaten…but the wind would drive it away.”

			Then came the week of May 16–23, and a Bill of Mortality that listed seventeen plague deaths. Forty-two more Londoners died of the disease during the week ending June 6; more than a hundred followed in the next seven days. Worse news: the victims came from neighborhoods far from the initial outbreaks. By June, the plague had spread through the city and its suburbs, and the wealthy joined the poor in its path.

			Pepys kept watch. “The plague is come into the City,” he wrote on June 10, reaching all the way into a friend’s house, “which…troubles me mightily.” Five days later he noted that “the towne grows very sickly, and people to be afeard of it.” Chasing a wisp of hope, he wrote on June 20 that “people do think that the number will be fewer in towne than it was in the last weeke!” He had his own scare when the driver of a coach he had hired in central London collapsed at the reins, forcing Pepys to hail another coach, “with a sad heart for the poor man and trouble for myself.” He escaped untouched that time, but soon enough his city and himself were utterly beset. “The sickness is got into our parish this week,” he wrote on July 26, “and is got, indeed, every where.”

			

			—

			Pepys was right. From the end of June, plague deaths reported in the weekly Bills of Mortality accelerated, doubling about every fortnight. The toll topped one thousand in the week ending on July 18, hitting 2,010 for the week ending on August 1, then reached almost four thousand by the fifteenth. It would not drop back below that number until mid-October. This was no mere episode but a true epidemic, a catastrophe that could swallow London whole.

			
				
					[image: ]
				

				
					London’s Bill of Mortality for July 11–18, 1665, recording 1,089 plague deaths.

				
			
			That’s how it was felt in the moment. London’s plague year was an apocalypse, the divine judgment in which sin and virtue collapsed into the same pit. “Lovers, and friends, and companions in sin have stood aloof…lest death should issue forth,” Reverend Vincent wrote. Their fear: “that the grave is now opening its mouth to receive their bodies and hell opening its mouth to receive their souls.” The physician Nathaniel Hodges left the theology to the ministers, but his account of the peak of the epidemic in August painted the same end-of-days picture. “In some Houses Carcases lay waiting for Burial,” he wrote, “and in other Persons in their last Agonies.” The living “bewailed both their Loss and the dismal Prospect of their own sudden Departure.” Family life was destroyed: “Death was the sure Midwife to all Children, and Infants passed immediately from the Womb to the Grave; who would not melt with grief to see…the Marriage-Bed changed the first Night into a Sepulchre.” Some staggered to their deaths in the street, others collapsed and vomited as if poisoned, and some, like Pepys’s coachman, were struck suddenly and died “in the Market, while they are buying Necessaries for the Support of Life.”

			This was “a most terrible Slaughter,” as Dr. Hodges put it, and its horrors lingered in memory: a society utterly deranged, a world in which human dominion was overthrown. Half a century after the Great Plague, Daniel Defoe wrote A Journal of the Plague Year. He had been just five years old when it happened, so the book is not an eyewitness account but a re-creation of what it felt like to live through the plague years. In one famous scene, Defoe describes the arrival of the death cart at the Aldgate mass grave. The cart made its way to the edge of the hole, “turned round and the bodies shot into the pit promiscuously.” All in a day’s work: the cart’s load of sixteen or seventeen bodies, “some…wrapt up in linen sheets, some in rags, some little other than naked, or so loose that what covering they had fell from them in the shooting out of the cart, and they fell quite naked among the rest.” But “the matter was not much to them [the corpses], or the indecency much to any one else, seeing they were all dead, and were to be huddled together into the common grave of mankind.” This was London in the summer of 1665: “Nothing answered; the infection raged,” Defoe wrote, “and the people…gave themselves up, and abandoned themselves to their despair.”

			

			—

			London’s authorities tried to rise to the crisis. There were wildly varying theories about how the plague attacked its victims, but it was clear that proximity to a victim put those nearby at greater risk. In major outbreaks like the one clearly under way by mid-1665, the disease moved through space, spreading from what seemed to be initial sparks of contagion. That was the limit of empirical understanding in 1578, when English officials developed a response to that plague season: any household that contained a victim was sealed up, initially for six weeks, later forty days. If those inside could not afford food, the parish would provide it—but no one was to leave the dwelling until they survived the isolation.

			There were several problems with this approach. Those who were locked up (and their relatives and friends) hated it, which meant that the threat of confinement made people conceal plague cases and deaths. Some of the infected always escaped. Confinement led to street fights, even the threat of riot in the tougher neighborhoods. And most important, it didn’t work. Officials tried other ways to keep the plague from moving through the city: many public meetings were limited or forbidden; schools shut down; the courts stopped hearing cases after one defendant was discovered to have the telltale buboes, or black swellings, erupting on his body; taverns, inns, theaters—all were supposed to close or drastically limit their operations.

			Then as now, such constraints were resented and regularly ignored. Another move may have actually accelerated the epidemic. In an earlier plague outbreak in London, the College of Physicians had recommended “that no Hogs, Dogs, or cats, or tame Pigeons, or Conies be suffered to be kept within any part of the City, or any Swine to be, or stray in the Streets or Lanes.” Accordingly, in June 1665, London officials ordered residents to kill “all their dogs of what sort or kind soever before Thursday next”—and their cats, too.

			The chief beneficiaries of this decision were the city’s rats, and their usual cargo of fleas. Those fleas preferred to dine on rats’ blood, but in a pinch, they’d drink from the veins of whatever mammal they could find. In London, those meals of opportunity walked on two legs and prayed to God to preserve them from the plague.

		

	
		
			II

			“Melancholy, sad and frightfull dreames”

			With each bite, we now know, something passed between flea and human. More than two hundred years after London’s epidemic, researchers would discover exactly what that something was: Yersinia pestis, the bacterium that causes the plague. Y. pestis is, of course, just one of the myriad microorganisms that can produce serious, often devastating human disease. The causal connection between pathogenic microbes and disease is the central pillar of what would eventually be called germ theory. Germ theory would be established in a flood of discoveries that began in the 1870s. That new conception understood infectious diseases—both singular cases and globe-spanning pandemics—as events that begin with the invasion of a human body by a microbe (or virus, once they were discovered).[*1]

			What follows is the story of that discovery: how generations of investigators finally came to the realization that microbes like Y. pestis and its kin are the central actors in so much human suffering.

			In 1665, microbes were still unknown, but that would change in a very few years. The Great Plague of London was the last major outbreak of epidemic infectious disease that occurred before Leeuwenhoek first glimpsed microbes. The learned of London tried to understand what was happening to them, and their conclusions reveal what was known and what was guessed about how the diseases worked, just as modern science was beginning to take shape in the same city that was burying its dead. This is where germ theory’s story truly begins, in the last moments when there was no alternative to traditional ideas about the maladies to which humankind is heir.

			

			—

			This much is certain: the physicians, surgeons, and apothecaries who stayed in town during London’s Great Plague paid scant attention to the rats they may have encountered on their miserable rounds. Why should they? Since the fourteenth-century eruption of the Black Death, European medical thinkers had relied on a set of established theories about disease. None of them involved an overabundance of rodents, except as a symptom of the general derangement of life in the midst of apocalypse.

			Instead, one key idea about the spread of illness was “contagion,” especially in epidemics of the plague and other diseases that erupted suddenly and spread rapidly. In its root meaning, the term emphasized touch, a one-to-one transfer of a malady from a stricken soul to a healthy one. That kind of intimate contact was clearly implicated in outbreaks of syphilis, a malady that erupted across Europe in the late fifteenth and early sixteenth centuries. But the experience of plague outbreaks and other illnesses that claimed their victims in a swiftly expanding circle broadened the idea of contagion into a phenomenon that could be wafted through the air from one body to the next.

			But while such contagionist thinking helped account for the pattern of London’s and then England’s epidemic plague in 1665 and 1666, it didn’t answer the obvious next question: What caused the suffering brought about by contagion? What was the active substance or principle that transmitted disease? There were a host of candidates, but the most commonly cited causal agent was some derangement within the environment, a malign influence that reached its victims on wafts of bad air. “All pestilentiall sicknesses,” the early-seventeenth-century plague doctor Thomas Lodge wrote, “are ingendred from the ayre…by a certaine vicious mixture of corrupted and strange vapours, contrary to the life of man.” Such miasmas, as they were called, “communicateth unto us…the venome which poysoneth us—some malign property within such fouled air.” This was the “ravishing beast [that] depopulateth and destroyeth…whole cities.”

			The idea that miasmas were the source of whatever it was that traveled between disease victims did leave open the question of how environments made a person sick. One possibility was that it was a matter of influence—that bad air disrupted people’s bodies, setting in motion a disease process in vulnerable patients. Another was that there was some specific substance (Lodge’s “ravishing beast”) that wrought havoc on those who were exposed to it. Lodge himself speculated that on a battlefield, a poison could be produced in the decay of unburied corpses, and that “exhalations full of corruption” could come from deep within the earth. As for the plague? Lodge acknowledged a competing notion, that the malign configurations of the stars and other heavenly bodies could engender “sicknesses full of contagion and Pestilence.” But the true culprit, he argued, was likely an “indisposition of the earth overflowed with too much moysture, and filled with gross and evill vapours.” A pestilence would set in when someone breathing such air became infected with “this contagion and sicknesse.”

			Amid the unresolved debate, miasma theory had one great virtue as an account of infectious and epidemic illness: it reflected the common experience of the world. After all, rotting corpses do stink, and they can be reservoirs of disease. The earth does belch out poison from place to place and from time to time. And crucially, the idea that disease can have a source or amplification in the environment was never altogether wrong. But in essence, miasma theory was persuasive for a very long time because it was general enough to describe what it felt like to fall ill. Moreover, it was difficult to falsify. The phrase “gross and evil vapours” covers a lot of ground as a description of the cause of disease; if it lacked details, it still gave doctors and other healers a place to start on the next question: What did a miasma’s “venome” do inside a human body?

			In 1665 London, a long-established if not universally held view interpreted disease through the lens of ancient Greek medicine and its doctrine of the four humors. Known as Galenism, after its codification in the work of the second-century physician and philosopher Galen, the doctrine held that human health turned on maintaining the balance between the humors, or bodily fluids: blood, phlegm, black bile, and yellow bile. Any departure from well-being could be understood as a derangement—too much or too little—of one or more of those humors, which could produce dangerous, sometimes fatal maladies. A Galenist physician would seek to establish which humors were involved, then prescribe treatments to restore the proper balance. The doctrine of the humors was elaborated to explain a wide range of observations: People were characterized by which humor predominated within them. Angry or just red-faced folks were choleric, hot. Calm people were (and in a lasting gift to language, still are) called phlegmatic, or filled with bile. Each such character could be soothed with the appropriate opposite influence, and that notion carried over into the treatment of disease. Thus, in 1665 some London doctors tried to counter the heat of the plague’s fevers with a draught of cold beer (which didn’t work for one physician who tried it on his own, eventually fatal case). Alternatively, the physician Nathaniel Hodges would prescribe sleep and liquor to soothe the agitation that patients felt as the disease progressed. Such therapy may have comforted some of its recipients, if nothing more.

			Medical understanding did have alternatives to Galenism. During the London outbreak, several physicians identified themselves with “chemical” medicine (also known as iatrochemistry), which saw disease as the result of a chemical process, some act of fermentation, operating on a seed that enters the body from the world at large. John Locke was a physician before he became a philosopher, and though he started out in the late 1650s as a conventional Galenist, he soon dove into the chemical approaches. By 1666, he had come to “another & more rational theory,” that diseases were produced by “seminall principles or ferments…small & subtile parcelles of matter wch are apt to transmute far greater portions of matter into a new nature.”

			Here Locke seems to be approaching modern ideas, with his sense that infection is a material process: some chunk of something gets into a body and then triggers the developing symptoms observed in a victim. But this conception was still bound to its time. Crucially, it offered no insight into what those “seminall principles” might be. Even so, the idea offered a different way to think about how disease worked: as a process of matter acting on the material substance of a patient’s body. That’s what one of the iatrochemistry’s most determined advocates, Dr. George Thomson, argued in 1666 could explain what lay behind each case of the plague in London. Just as smallpox, gout, and kidney stones could be induced by the appropriate seeds, fermenting in their time, and “in like manner…seeds…which though invisible at first, yet at length are plainly apparent by [their] effects. So…did not the poyson of the Pest…ferment and season the whole mass of blood?”

			Like Locke’s, Thomson’s model of infection sounds like much later notions of distinct disease processes triggered by specific material causes. But context matters. In 1666 the underpinnings of this idea were very different from what they would become in the breakthrough decades of the late nineteenth century. In the midst of London’s epidemic, the “chymical” thinkers saw the causes as alchemical. The transformation of a healthy body into an afflicted one mirrored the concept of a philosopher’s stone that was said to transform base metal into gold—another mystery that Locke pursued. His investigation was not an inquiry into infection itself: it offered no way to distinguish between the specific triggers for diseases. And in the context of a fast-moving epidemic, it gave no insight into how infections spread. That was still understood to be the work of miasmas, the malign environments that remained the ultimate source of woe.

			

			—

			Alongside the grand philosophical debates about humors and seeds, the argument between the Galenists and their various rivals was a fight over money, as the traditionalist establishment struggled to maintain its control over the practice of medicine. The skirmishing diminished as the plague ripped through London in the summer and fall of 1665. Those medical men who refused to flee the capital deployed what knowledge they had to discover more about the scourge—a display of courage in the face of deadly risk that inspires awe even at this distance in time. They ventured into pestilential streets and homes in the hope of coming up with something, anything, that might make a difference to their patients.

			The first task every practitioner faced was always the same: delivering a diagnosis, confirming that what they saw truly was the plague and not some other danger. William Boghurst was an apothecary in the parish of St. Giles in the Fields, the center of the original outbreak. He remained in London throughout the epidemic, seeing as many as fifty or sixty patients a day. His tabulation of the disease’s symptoms and their sequence gives us one of the clearest accounts of how caregivers confirmed a plague diagnosis. He listed forty-six distinct signs, among them “spottes appearing” whether “coale black, dark blewish blacke, cleare blood-red colour or scarlet…Buboes or Carbuncles…Great inward burning heat and outward cold…Melancholy, sad and frightfull dreames”—and many more.

			Once a caregiver settled on a diagnosis, their attention shifted to the much more difficult problem of what to do to help their patient. As always, some scoundrels sought to exploit the epidemic. Daniel Defoe caught the measure of those hawking such “cures” in his reimagining of the early days of the plague, writing that “Quacks and Mountebanks and every practicing old Woman” were selling “INFALLIBLE preventative pills…SOVEREIGN Cordials against the Corruption of Air…An UNIVERSAL Remedy for the Plague.” The apothecary Boghurst, with his hands-on approach at the outbreak’s epicenter, had all of Defoe’s scorn for those profiting on fear, condemning as “foolish, superstitious, troublesome, weak and ridiculous” nostrums offered against the plague—from “Arsenical Amulets” to “eating six leaves of sorrel.”

			Against such quackery—the seventeenth century’s analogue to using horse worm paste to treat a viral disease—the chemists and the Galenists, as well as the more purely pragmatic apothecaries, constructed treatments that were built on their underlying theoretical commitments and on their observations of whatever appeared to ease their patients’ symptoms. Boghurst sought remedies that poor people could afford, compiling a catalog of herbs, roots, seeds, fruits, vinegars, and wine that could be used “both for curing the Plague and preserving it.” The Galenist Dr. Hodges protected himself on his rounds by carrying a nutmeg in his mouth, and in the homes of the sick he burned quicklime, herbs, and spices on coal fires, producing bursts of steam and smoke “to destroy the Efficacy of the pestilential Miasmata.” Both men survived the epidemic, and some of those who drank Boghurst’s preparations or consumed Hodges’s prescriptions would have recovered anyway: a fraction of the infected did survive the plague, which provided evidence for claims about various treatments. But many more died. Instead of cures, London’s medical men ultimately offered witness, up to the point of death. They could not bridge the gap between their observations of the plague and, despite what knowledge they gained, all they could not do for those who sought their help.

			There was, though, one more set of thinkers in those plague years who believed they had found a better way to unlock the secrets of illnesses and cures. They were not doctors on the front lines of the epidemic. Rather, they were a group of men who had just come together to turn curiosity into a profession.

			

			—

			In mid-1665, the Royal Society of London for Improving Natural Knowledge was not quite three years old.[*2] It was London’s nexus for “virtuosos,” or natural philosophers who pledged to “consider only such Causes…as have visible Foundations in Nature.” That ideal could be honored in the breach: in the months just before the plague spread through London, the society heard reports on “a Very Odd Monstrous Calf” and “of the nature of a certain Stone” that could draw the poison from a snakebite and turn milk blue, presented alongside what were (to modern eyes) more rigorous investigations of nature, “A Spot in one of the Belts of Jupiter” and “General Heads for a Natural History of a Country.”

			But even if the society’s Wednesday meetings occasionally veered into carnival sideshows, its leading figures were pioneers and evangelists for a rigorous and new method for establishing facts. One of its founders, the geographer and political theorist William Petty, captured the essence of the group’s aims when he wrote that he would advance no vague accounts of natural phenomena but instead promised to consider exclusively “Number, Weight, or Measure.” The goal, he wrote, was to create a sound foundation for any conclusion about the workings of nature.

			London’s epidemic was certainly such a natural phenomenon, but it took a while for the society to treat it as a problem to address by seeking its observable causes. Many of its members came to the same conclusion as other well-off Londoners: that the best way to deal with the threat of a deadly disease was to get out of its way, as fast and far as possible. A few members remained in the city, at least for a while. Robert Hooke, appointed as the society’s curator of experiments in 1662, stuck it out into the first plague summer and did his best to investigate with the precision he had brought to his weekly demonstrations before the outbreak. He had no opportunity to perform an experiment on plague victims, of course—beyond the haphazard “try-anything” trials by the medical men—so he attempted to reason his way toward some new explanation for the epidemic’s spread.

			In early July he sent an update to the society’s leading member, Robert Boyle, saying he had achieved no breakthrough: “I cannot, from any information I can learn of it, judge what its cause should be.” Still, he argued, “it seems to proceed only from infection or contagion, and that not catched but by some near approach to some infected person, or stuff.” Intriguingly, Hooke rejected miasma theory, telling Boyle that he could not “imagine it to be in the air.” The best he offered his patron was a stray observation, one he didn’t try to interpret: “There is one thing, which is very differing from what is usual in other hot summers, and that is a very great scarcity of flies and insects.” Shortly after sending this letter, Hooke too fled London, joining several other virtuosi at a grand house in Surrey, where he waited out the epidemic by performing experiments that had nothing to do with disease.

			Boyle had a home in Oxford and stayed there during the plague years. The son of an earl with money of his own, he played host to a circle of natural philosophers, creating a learned conclave-in-exile. In their company, he sought anything that might help during the crisis. He corresponded with the secretary of the Royal Society, Henry Oldenburg, who remained in the capital. In June, Boyle asked him to arrange an experiment to see if a plant, effective against “the bitings & stings of venemous Creatures,” might work against the plague. Over the next months, the two men exchanged facts and ideas. Was wealth protective? Was prior good health? Oldenburg noted a correlation but doubted whether such advantages were proof against the disease. Boyle found an old volume that contained recipes for purportedly successful plague medicines and forwarded it on to Oldenburg. Oldenburg, in his turn, sent back an account of a dissection of a plague victim.

			This was the new philosophy in action: observing, measuring, slicing away at the material world. In that terrible year of 1665, the virtuosos’ efforts added nothing to the tradition-bound approaches of the doctors and apothecaries that made a difference in a sickroom. That was an important corrective to the most extravagant dreams of the Royal Society’s founders: rigorous empiricism could be the path to truth, but doing that kind of work took time, too much for an immediate crisis. Still, their attempts hinted at a source of hope. Hooke’s stray observation that something passed between victims suggested a different way to investigate the origins and spread of disease. It posited that specific sequences of events took place inside human bodies that could produce the disease’s observed effects. Such a disease mechanism would operate, Boyle argued, on scales too small to be seen directly—but, echoing the chemical thinkers, he suggested that determined investigation could identify the sequence by which some “morbifick matter” might “be determined to invade [the body]…and excite Disorders.”

			Boyle didn’t tell his readers what those invaders might be; he couldn’t. His own work would not lead him toward anything recognizable as a modern account of disease. Quite the reverse, actually: years later he followed up his brief musing on infection with a recommendation that people use amulets “against the Plague and other Contagious Diseases.” Still, he and other natural philosophers were trying to construct what traditional medical approaches clearly lacked: a detailed chain of cause and effect in infectious diseases that would guide doctors toward ways to prevent or cure them. All that was needed, it seemed, was a glimpse into the true nature of that “morbifick matter.”

			The crucial clue would appear in a very few years, in a previously unimagined world: the realm of the invisibly small.

		

		
			Skip Notes

			
				*1 Which microscopic organisms are microbes is still an unsettled question. Viruses, which rely on hosts to survive and reproduce, are sometimes included in the definition, sometimes not.

			

			
				*2 The group of learned men who became the Royal Society began to discuss matters of natural philosophy on a regular schedule in 1660. The king’s charter, and hence the Royal in the name, came in 1663.

			

		

	
		
			III

			“the satisfaction of finding out new things”

			Robert Hooke’s picture is (or should be) in the dictionary next to polymath. By the early 1660s, not yet thirty years old, he’d already made significant contributions to physics, physiology, horology, chemistry, meteorology, and instrumentation. In the decades to come, he would do much more and would fight to gain the recognition that he felt (often correctly) was his due, most famously waging and losing a battle with Isaac Newton over what he saw as the credit due him for his contributions to the theory of gravity. But throughout his life, no one questioned his surpassing skill as an observer and a master of that still-new instrument, the microscope.
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					Bee close-ups from Stelluti and Cesi’s Apiarium, 1625.

				
			
			Hooke first encountered a microscope in the mid-1650s as a student at Oxford. The earliest ones may have appeared in the last years of the sixteenth century, but the first published observations date from 1625, when Francesco Stelluti and Federico Cesi, two founders of that most wonderfully named scientific society, the Accademia dei Lincei—the Academy of Lynxes[*]—published Apiarium, a natural history of bees. There, they examined bees as if they were explorers, seeking out the fine details that only a lens could reveal. Their illustrations celebrated hidden wonders, and exposed the unique advantage this new technology gave them over their ancient predecessors. Almost taunting his presumed authority, Stelluti and Cesi challenged the Roman natural historian Pliny, asking “if only you could have used the microscope…what could you have said earlier about the lion-maned, multi-tongued, hairy eyed bee?”

			Thirty years later Robert Hooke set off on his adventures with microscopes for much the same reason: pure curiosity, the desire to see what was hidden from his unaided eyes. At Oxford, he read Descartes’s description of sparks flying off a flint-struck steel and felt “a great desire to be satisfied, what that Substance was that gave such a shining and bright Light”—that is, what fueled those tiny flames? To find out, he laid down a sheet of white paper to catch whatever might rain down as the sparks he struck landed there. “I found several small, black, but glistering Spots of a movable substance,” he reported in 1665, “each of which examining with my Microscope I found to be a small round globule…an almost pretty bright Iron-Ball.” His conclusion: “The Spark, appearing so bright in the falling, is nothing else but a small piece of the steel which by the violence of the stroke is at the same time sever’d and heat[ed] red-hot.”

			This was classic Baconian research, named for its prophet, the English politician and philosopher Francis Bacon. In the early seventeenth century Bacon promoted what is now called inductive science, or building knowledge upward from facts that had been established by the meticulous examination of nature. In Baconian inquiry, the first task was simple: compile an accurate account of what was out there. This kind of work has sometimes been dismissed as mere cataloging, building better and better lists of what nature holds. But that wasn’t how Bacon and those he inspired understood the task. Hooke’s investigation of sparks didn’t just note the discovery of metal debris that he had previously been unable to see. In his repeated observations of strikes, sparks, and their debris, he turned his attention to combustion; what was happening in the attack of metal on stone that could start a fire. He was searching for the mechanism, using facts to probe the underlying process that drove what he observed.

			Instruments that could augment human senses were central to this quest. Hooke’s eye alone could see no further than the spark—testimony to humanity’s limitations. “Our senses,” he noted, are “much outdone by those of other creatures.” But he believed that it was “the great prerogative of Mankind above other Creatures” to devise “artificial instruments and methods” that could make up for such deficits. Hence his duty as a self-described experimental philosopher: to use whatever device he could to explore the undiscovered country beyond the merely visible.

			After this initial flurry of work in the 1650s, Hooke put microscopy aside for several years. Then in 1663 the Royal Society undertook to persuade the newly restored Stuart king Charles II of the value of natural philosophy. The society member Christopher Wren presented the royal court with a series of microscopic studies of insects. Charles II didn’t seem much moved by the images, and Wren subsequently gave up on the project. But the society’s fellows enjoyed them, so in 1663 Hooke, newly appointed as curator of experiments, was asked to resume the work.

			He presented his first observation at the meeting on April 8, 1663: a close-up view of moss. The next week he showed a drawing of thin slices of cork—and discussed what that magnified image suggested about the material’s physical properties. Hooke drew his listeners’ attention to what he called “cells”—actually plant cell walls. It was the first use of that term in a biological sense.

			Week after week, Hooke continued to observe, draw, and present pictures of his findings. In less than two years, the accumulating images revealed a seemingly unlimited supply of spectacular wonders in the realm of the very small. In that great age of exploration, Hooke led his audiences into a vast, undiscovered country, sharing the thrill of alien beauty: “a new visible World…the Earth it self, which lyes so near us, under our feet…and in every little particle of its matter we now behold almost as great a variety of Creatures, as we were able before to reckon up in the whole Universe it self.”

			

			—

			As his weekly microscopic journeys continued into a second year of the project, Hooke came to realize that the work had become something more than an ephemeral series of demonstrations. At some point in 1664, he began to compile his observations, with accompanying essays, into a single work. He wrote a long introduction that was in large measure a manifesto for what would later be called the Scientific Revolution. The Royal Society published that book in January 1665 under the title Micrographia.

			The most famous work that the Royal Society ever published was Isaac Newton’s Principia, two decades after Hooke’s volume. Principia is usually described as the climax of the seventeenth century’s intellectual transformation. That work created a sensation across learned society but was mostly read by Europe’s natural philosophers.

			Micrographia was different. It spoke to the literate (English-speaking) public. It opened by recognizing that our human senses are limited and our memory is fallible, which meant that our ability to reason about the world around us is “at best, either vain or uncertain.” But there was a better way to explore nature: by making careful “observations on material and obvious things,” a natural philosopher could discover the laws that govern nature and thus subject them to human understanding and desire.

			This manifesto was aimed at an audience much larger than just those who attended the Wednesday Royal Society sessions—and it struck its target. Micrographia became perhaps the first science bestseller in English, capturing the attention of a cross-section of London’s elite. It did so because of the thirty-eight illustrations that Hooke, a masterful draftsman, included with the text. These extraordinary images put on a grand show of what the new natural philosophy could create. His masterpiece was the image opposite page 210, printed as an oversize, foldout seventeen-by-thirteen-inch image.

			Hooke’s now-celebrated flea was accidentally relevant in a scientific treatise published in the plague year. The text that accompanied that engraving drew readers’ attention to “the curious contrivance of its legs and joints for the exerting that strength…such that no other creature I have yet observed has anything like it.” But even more than the efficacy of the flea’s mechanics, Hooke wanted his readers to revel in its pure gorgeousness. “As for the beauty of it, the Microscope manifests it,” he wrote. It is “adorn’d with a curiously polish’d suit of sable, [its] Armour neatly jointed, and beset with a multitudes of shape pinns, shaped almost like…bright conical Steel bodkins.”
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					Hooke’s celebrated flea reveals his virtuosity as a draftsman.

				
			
			Such extraordinary vistas, Hooke emphasized, could be viewed by anyone. Natural philosophy itself was available to everyone (at least, all those rich enough to buy his book). His own efforts had put him “in mind to recommend such Studies…to the Gentlemen of our Nation, whose leisure makes them fit to undertake, and the plenty of their fortunes to accomplish extraordinary things in this way.” The rewards would include “high rapture and delight of the mind” but also more sensible pleasures. “So great is the satisfaction of finding out new things,” Hooke argued, “that I dare compare the contentment which they will enjoy, not only to that of contemplation, but even to that which most men prefer of the very Senses themselves.”

			Hooke himself seems to have taken almost carnal delight in every scene his microscope revealed. Perhaps the uncanniest one is the twenty-fourth plate, on which a gray drone fly stares, its two giant, intricate compound eyes looking straight at the reader-voyeur.

			Those alien eyes fascinated Hooke, leading him into an extended chain of inference on what they might reveal about the sense of sight across nature. The artistry and drama that he poured into this drawing and the others embodied the virtues of the new experimental approach that he and the Royal Society promoted. Micrographia was at once inquiry and revelation.
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					Hooke’s image of a compound eye helps build the notion of the realm of the very small as territory to be explored.

				
			
			That is: the microscope wasn’t just an instrument of pleasure. Hooke had ambitions that were at once philosophical and practical, ensuring “a watchfulness over the failings and an enlargement of the dominion of the Senses.” Exact observation was the essential first step in the emerging method for making sense of the natural world. From there, Hooke wrote, the observer could exercise their reason to interpret what they’d seen, then ask the next question, then observe and experiment anew. “If once this method were followed with diligence and attention,” he declared, “there is nothing that lyes within the power of human Wit (or which is far more effectual) of human Industry, which we might not compass.”

			Human industry, Hooke believed, could use lessons learned through the microscope for the improvement of the human condition. To reach that point, he knew that microscopy would need to penetrate further than he had yet managed. To get there, he would need to recruit others into the exploration of the realm of the very small.

			

			—

			Samuel Pepys was exactly the kind of reader whom Hooke sought to intrigue. A man on the rise, connected to a large fraction of elite London, and infinitely curious, Pepys responded to Micrographia as its author would have wished. He is among the earliest known purchasers of the book, a final pleasure on that picaresque day of trysts and dinner he’d enjoyed on January 2, 1665. On his postprandial stroll, he stopped by a familiar bookstall in St. Paul’s Churchyard, where the proprietor showed him an unbound copy of Hooke’s volume. He leafed through it and unsurprisingly seems to have paid most attention to the pictures. They were “so pretty,” Pepys wrote, “that I presently bespoke it.”

			Pepys’s bound copy arrived three weeks later. He started to read it that day and could not put it down. “I sat up till two o’clock in my chamber,” he wrote in his diary, “reading of Mr. Hooke’s Microscopicall Observations, the most ingenious book that ever I read in my life.” As Hooke might have hoped, even such a devoted pursuer of sensual pleasure discovered through this work that “the satisfaction of finding out new things” could rival that of the joys of the body. Within a week or so of his tryst with Micrographia, Pepys bought a microscope of his own and, in early February, joined the Royal Society. He was no natural philosopher—after the third meeting he attended, he confessed that while he heard “very fine discourses and experiments,” he didn’t understand much, “and so cannot remember them.”

			No matter. The Royal Society needed patrons as much as virtuosos, and while Pepys had to work for a living, he spent most of his time with those who did not, and thus could proselytize for curiosity among those whose support the society’s virtuosos craved. That was Micrographia’s signal accomplishment: to connect with a broad public and recruit them to the radical new effort to create reliable, usable, demonstrably true insights about nature.

			Hooke’s observations in the early 1660s were glimpses of previously undetected details of familiar objects and creatures. But his microscope wasn’t powerful enough to reach much further. As a result, Micrographia was a printed cabinet of wonders. It held out the prospect of something more, the possibility that exploring more deeply within the realm of the very small might yield useful knowledge, insights that could make a difference in daily human experience.

			Micrographia found its ideal reader just three years after the plague ripped through London. One man took Hooke’s hint about what better instruments might uncover—and succumbed to an obsession.

			

			—

			Antonie van Leeuwenhoek was a respectable man, a cloth merchant in the city of Delft in the Netherlands—and not obviously a coming hero of science. In 1667 or 1668 he crossed the North Sea to England. He was already comfortable with lenses; drapers used them to examine the cloth they sold. He would later deny having seen Hooke’s book, either on this trip or back home. But as the historian Laura Snyder has persuasively argued, Leeuwenhoek likely did encounter Micrographia during this visit, and even if his English wasn’t up to reading Hooke’s text in depth, the illustrations would have been enough to ensnare him. And it is an established fact that he brought with him the simplest type of magnifier, a single-lens microscope, and used it to study a speck of chalk from the white cliffs that line the British side of the English Channel.

			After he returned to Delft, he honed his skills as a lensmaker, transforming a standard tool of his trade into a series of increasingly powerful microscopes. At first, he used them much as Hooke had, peering at any sample from his surroundings that caught his eye. But as his skills as an optical craftsman and observer grew, he found himself gazing into increasingly unexpected vistas. He peered into seemingly unoccupied corners of nature until, less than a decade after his likely first encounter with Hooke’s magnificent flea, Leeuwenhoek discovered a universe.

		

		
			Skip Notes

			
				* Why lynxes? In 1558 Giambattista della Porta had published the book Magia naturalis (Natural Magic) with a lynx on its cover. Della Porta explained that “lynx-like eyes” could examine “those things that have manifested themselves, so that having observed them he may zealously use them.” Like the cat, the men taking the new “philosophical” approach to understanding nature would dedicate themselves to observing, in their case in pursuit of human betterment.

			

		

	
		
			IV

			“the most marvelous of all”

			Soon after Antonie van Leeuwenhoek returned to Delft from that visit to England, a neighbor of his began a new painting. Johannes Vermeer lived and worked just off Market Square, no more than a few hundred yards from the draper’s home. In 1669 he gathered the elements of the image he was about to make: a tapestry to drape over the edge of a worktable, rolled documents to be strewn on the floor, a globe that would appear on top of a cupboard, a framed chart to hang on the back wall.

			Once the scene was set, he would have posed his model at the center of the scene: a beautiful young man with long brown hair falling past his shoulders, half lit (as was Vermeer’s habit) by sunlight pouring in from a window on the left side of the frame. His model wore a red-trimmed blue robe, cinched at the waist by a black band—a casual garment in the style of the kimonos brought to Europe by Dutch merchants licensed to trade with Japan.

			That world-linking thread runs through every detail of Vermeer’s painting. The globe shows the Indian Ocean, the focus of the Dutch East India Company’s voyages. The chart framed on the wall traces the seacoasts of Europe. And at the image’s center, the young man holds a pair of calipers in his right hand, while his left presses down on the block holding the curling edge of the map on the worktable. At the instant Vermeer captured, though, he does not study that document. Peering off to his right, eyes narrowed, he ponders some deep, distant problem. For all the stillness of the room, this is an action shot: an explorer, flying on wings of thought.

			Who was the person modeling this stationary adventurer? One school of thought holds that this painting, The Geographer, and its companion, The Astronomer, are the two earliest known portraits of the draper-turned-observer Antonie van Leeuwenhoek.
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					This 1679 depiction of Leeuwenhoek presents him not as the merchant he had been, but as a learned man.

				
			
			That’s a contested claim. No direct proof exists that the two men knew each other. But there are intriguing connections between them, and between Leeuwenhoek and some of the iconography in Vermeer’s painting. The most notable link is that when Vermeer died in 1675, Leeuwenhoek was named executor of the painter’s will—but that seems to have been one of his duties as a Delft civil servant and is not in itself proof of a more intimate connection. There’s a tantalizing artistic link, too: the same globe that Vermeer placed atop his geographer’s tall cabinet shows up again in an identified portrait of Leeuwenhoek painted by a different artist a decade later.

			Ultimately, Vermeer’s painting is probably not a true likeness of the microscopist as a young man. The lack of any documented exchange between the two during their lifetimes suggests it’s improbable that Leeuwenhoek would have sat for not one, but two portraits. I side with those who think that Vermeer’s subject was a hired sitter, which would make the two paintings not portraits but scenes. Yet even if The Geographer is an idealized imagining of a natural philosopher at work, Vermeer’s painting shows who, or rather what, Leeuwenhoek was striving to become: a bold traveler, revealing what others could not imagine.

			

			—

			The world—at least its learned provinces—first received notice of Leeuwenhoek in late spring, 1673, when the Royal Society’s secretary, Henry Oldenburg, received a letter from across the North Sea. It arrived with a cover note from a familiar correspondent, the Dutch physician Regnier de Graaf, who vouched for the writer of the enclosed report as a man who had “lately contrived Microscopes excelling those that have been hitherto made.” In the pages that followed, this craftsman, “one Mr. Leewenhoeck,” gave a swift account of what he had learned to do with his instruments: new analyses of the eye and sting of the bee, and the structure of the head of a louse. Each had been observed to a finer level of detail than any other microscopist—the great Hooke included—had been able to discern.

			De Graaf was right: Leeuwenhoek had fashioned the best microscopes then available in seventeenth-century Europe. He had chosen to build single-lens microscopes, which are smaller and simpler than the double-lens “compound” microscope that Hooke used for most of his observations. Hooke’s microscope possessed some advantages: it could be adjusted for focus, for one thing. But for those skilled in their use, single-lens microscopes had one clear edge: they were much more powerful than their more complex counterparts. Over a fifty-year span, Leeuwenhoek produced hundreds of single-lens instruments, the best of which could magnify objects approximately 275 times. Ten still exist.

			As these survivors confirm, all his instruments followed the same basic pattern. He would polish a small bead of glass into a precise shape, then place it into an opening drilled through two metal plates. An L bracket connected the body of the device to the mount for the specimen pin, which had two screws that allowed him to adjust the specimen vertically and horizontally. Leeuwenhoek didn’t invent this type of microscope (though that screw specimen mount appears to be his own creation), but he made them better and used them to greater effect than any of his contemporaries. That’s what de Graaf promised Oldenburg in his introduction to that first letter, adding a tantalizing coda: “He…is ready to receive difficult tasks for more, if the Curious here shall please to send him such.”

			Oldenburg would write back soon enough, but Leeuwenhoek was too impatient to wait on the pleasure of foreign virtuosos. He sent a second letter to London in August; another followed in November. The amateur in Delft would communicate with his counterparts in London for five decades, up to the year of his death. He would investigate everything: flea copulation; the sperm of various species; insect and vertebrate eyes; parrot feathers; the internal structure of the coffee bean (complete with instructions for brewing coffee by his approved method); the structure of pollen grains; what makes a tooth ache; and so much more. Some of his inquiries were proposed by Royal Society fellows, but he never lacked for topics born of his own curiosity. In all, Leeuwenhoek’s body of work would extend to tens of thousands of words and over twelve hundred drawings, testimony to his truly distinctive gift, a capacity for uncounted hours of painstaking, precise, meticulous, and demanding labor.

			In all, from 1673 and 1723, he wrote a total of 285 scientific reports, most of which went to the Royal Society. Taken together, that body of work illustrates one of the crucial innovations of the Scientific Revolution. The society’s journal, Philosophical Transactions, together with other early scientific publications, supplanted the old “Republic of Letters,” in which savants exchanged knowledge and discovery through a network of private correspondence. That’s what made it possible for Leeuwenhoek, initially an unknown tradesman in a provincial town, to take part in the international enterprise of exploring nature.

			Within that prodigious accumulation of investigations and results that Leeuwenhoek revealed to London’s virtuosos, a single discovery stands out, made just three years after his first dispatch to London. Its implications reverberate even now.

			The letter, dated October 1676, told his society correspondents that a few months earlier, he had “discover’d living creatures in Rain water, which had stood but a few days in a new [cask].” They were, he emphasized, new and previously unimagined, “little animals appearing to me ten thousand times less” than what his fellow microscope pioneer Jan Swammerdam had previously discovered, “called by him Water-fleas or Water-lice.” Swammerdam’s animals were, he noted, visible to the naked eye.

			Not so for what he had just seen. They were utterly alien—ambassadors from a world no human had ever seen before. “The first sort by me discover’d,” he wrote, appeared as “5, 6, 7, or 8 clear globuls,” with tails that stretched four times the length of their bodies, ending in another globule. No membrane or film appeared to hold their bodies together. When they moved, “they put forth two little horns continually moving themselves.” For days, he followed his new “animalculae” (as he would call such microscopic organisms), watching as they encountered obstacles, stretched themselves out, then sprang back, coiling “serpent like.”

			He examined water from different sources, and he described the next newcomers with words that read as if they tumbled out of him faster than his hands could write. “A second sort,” perhaps even more wonderful than the first, had oval, impressively plastic bodies. If they hit an obstacle, “their body bent in, which bending presently also jerked out again.” Wonderfully, he noted that the flatter side of such bodies was “furnished with divers incredibly thin feet, which moved very nimbly, and which I was not able to discern till after several Observations.”

			These are accurate portraits, precise enough to allow modern researchers to identify what he had seen. These first two creatures were likely protozoa. The horned, serpent-like beasts are formally known as Vorticella campanula; they thrive in uncontaminated freshwater—rainfall, for example—while his multilegged (in modern terminology, ciliated) acrobats may have been members of the Euplotes genus.

			Leeuwenhoek watched and wrote. Another minute animal in rainwater was smaller still, of which he reported, “I thought I discern’d little feet.” This was probably a flagellate. He observed more animalcules in freshwater, in river water, in seawater—possibly including plankton—and then in water that had been infused with whole peppercorns, where he saw, “to my great wonder, an incredible number of [very] little animals of divers kinds.” Some of those “were…so small in my eye, that I judged that if 100 of them lay [stretched out] one by another, they would not equal the length of a grain of coarse sand.” What these organisms were is still uncertain, but they were most likely bacteria—some examples would match the scale he describes. Still more tiny creatures were round swimmers; wormlike “very tiny eels,” oval ones with tiny feet; a couple had bodies that he “likened to a lemon peel.” Here was an entire invisible domain of life, hiding beyond the limits of unaided sight.

			Leeuwenhoek was a plain writer, not a classically educated university man. He wrote in Dutch, not Latin, the language of the learned. He rarely embellished his prose; his comparison to a lemon peel was a specific visual reference, not a poetic figure. Especially this early in his long correspondence with the Royal Society, he seemed painfully aware of the social divide between himself and his readers. And yet for all his diffidence, Leeuwenhoek grasped the importance of what he had done. Late in this first long account of microscopic life, he let himself go, telling Oldenburg that the unseen world was “among all the marvels I have discovered in nature the most marvelous of all.” Then, in a moment of almost British understatement he added that “no more pleasant sight has yet met my eye than this of so many thousands of living creatures in one small drop of water, all huddling and moving, but each creature having its own motion.”

			

			—

			That moment of exultation can be taken as the first announcement of a new realm open to human exploration: the microcosmos. The most exciting glimpse of this microscopic universe came on September 17, 1683, in a new letter Leeuwenhoek sent to the Royal Society. The society published a summary the following spring in Philosophical Transactions. Leeuwenhoek, in the well-established tradition of scientific self-experimentation,[*] was pursuing his animalcules in any setting he could think of, and as he now told London’s learned, he had extracted a crucial new insight from the tartar between his teeth.

			There, in “a little white matter as thick as batter,” he found “to my great surprize…very many small living Animals.” As he watched, those beings “moved themselves very extravagantly,” knifing through each sample “as a Jack or Pike does thro the water.” Leeuwenhoek repeated his examination on scrapings from the teeth of two women (likely his wife and daughter); a child; “an old Man that had lived soberly”; and another, “a good fellow” whose habit of consuming “Brandy, Wine, and Tobacco” had nurtured his own oral bestiary. Similar animalcules showed up again and again. These newly identified organisms were real, lived in human bodies, and were almost unimaginably plentiful: “the number of these animals,” he concluded, “are so many that I believe they exceed the number of Men in a kingdom.”

			Leeuwenhoek included drawings with this letter, and though the originals have been lost, they were engraved and printed in early editions of his work. This is the crucial one:
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					This little sketch is the earliest surviving depiction of bacteria.

				
			
			There is an ongoing debate about who these five microbes are. A number of rod-shaped bacteria would match the mugshot of Figure A. Figure B, with its motion described in the path from C to D, was likely a member of the Selenomonas genus, while Figure F has been tentatively identified as the microbe Leptotrichia buccalis. Most famously, the corkscrew depicted in Figure G appears to be one of the bacteria known as the spirochetes. There are plenty of spirochetes in nature, most of them of little concern to people. But some are notorious: members of the group have been implicated in a vast array of human suffering, causing (among other conditions) yaws, Lyme disease, and syphilis.

			As early as 1676, that is, and certainly no later than 1683, in observations he would repeat and extend for decades, Antonie van Leeuwenhoek discovered, lurking within his own body, creatures that are as intimately bound up with human existence as it is possible to be.

			

			—

			Leeuwenhoek lived to a grand old age—a full four score and ten, well over the Psalmist’s promise—sharing his body with its bustling community of animalcules. Throughout his long career as probably the world’s first full-time microscopist, he remained curious and became increasingly systematic in his choice of subjects and in his interpretations of what he saw. As his mastery grew over his instrument and the worldscapes it revealed, he far exceeded his roots as a clever craftsman. Rather, he became a proto-biologist, capable of interpreting what he saw—most notably in his ahead-of-its-time rejection of the claim that life could spontaneously emerge from inert matter. And yet for all his skill and accumulating knowledge of the microworld, he never made, or even imagined, a connection between those microbes and the experience of sickness and health. Nor did his correspondents. London’s epidemic of plague was still recent memory. Oldenburg was gone, but Wren was still there; so were Boyle and the society’s preeminent microscopist, Robert Hooke.

			It’s impossible to be certain of what causes inaction—why a road isn’t taken, or an idea goes unthought. But the near intersection of 1665’s Great Plague, the discovery of microscopic life, and the virtuosos’ urgent passion for material explanations prompts the question: Why didn’t any of the actors in Delft or London even tentatively suggest a connection between Leeuwenhoek’s animalcules and human suffering? The Royal Society’s men had all seen infection in action. They knew that the phenomenon of contagion existed: that disease passed from one person to the next within a single house, through parishes, within and beyond city walls, and onward into the countryside. The society’s fellows knew that the central mysteries of the outbreak remained unsolved: what made someone sick, then what propelled it so far, so fast. A descriptive theory of the disease existed, and the notion that a miasma could carry some material agent of disease through the air was at least compatible with the notion that such seeds—as we know now, the bacterium Yersinia pestis—might be discoverable with a powerful enough lens.

			Leeuwenhoek never saw Y. pestis itself. Throughout his long life, Delft was lucky enough to dodge the plague, and in any event this microbe was too small, at or below what even his most powerful microscopes could resolve. But once he had shown that human beings and animalcules shared living quarters, the inference was there to be made. It would have taken a speculative mind, and a daring one, but some observers of London’s plagues had both qualities and had wondered aloud about less obvious possibilities.

			Yet that crucial connection remained out of reach for years, decades, for a full two centuries. The idea wasn’t unthinkable even while Leeuwenhoek was still alive. But the proof and general acceptance of germ theory, the realization that microbes cause many of the maladies that humans suffer, would emerge only in the 1870s, almost exactly two hundred years after Leeuwenhoek’s first letters to the Royal Society.

			

			—

			So, once again: what took so long?

			As the decades advanced, growing numbers of (almost exclusively) men sought to explain humankind’s constant burden of infectious disease. Yet here in Leeuwenhoek’s first letter on animalcules, the closing line offers a hint of why he, his contemporaries, and so many of his scientific heirs never sought a connection between those tiny beings and the human world. After extolling the marvels he’d seen for page after page, he suddenly changed his tone, almost apologizing for his enthusiasm. “I only hope that these observations,” he wrote, “taken from the diary which I keep at times, will not seem tedious to you and to the other curious gentlemen.”

		

		
			Skip Notes

			
				* That tradition of self-experimentation included Isaac Newton’s meticulous observations, most likely in 1665 or 1666, of what happened to his sight when he stared at the sun, or when he deformed his eyeball with a bodkin—a blunt needle—that he poked into his eye socket.

			

		

	
		
			V

			Great Chains and Mental Fetters

			“I only hope…”

			Gentle readers, please don’t be bored!

			That’s an enthusiast’s plea. It was also false modesty. Leeuwenhoek knew the significance and appeal of his discoveries. But still, this almost-apology reveals something of how Leeuwenhoek and his readers experienced the microworld: as pictures at an exhibition, instructive to be sure, but also highbrow entertainment.

			For generations, this is how almost all observers saw and thought about Leeuwenhoek’s animalcules—our microbes. They were part of creation, certainly, and their gyrations were amusing, but they didn’t impinge on anything consequential—there was no sense that they could affect the macrocosmic scale at which humankind conducts its affairs.

			

			—

			Looking at it one way, the explanation for that omission is simple: science then and now needs some time to move to full understanding. By convention the systematic study of electricity and magnetism began in 1600, when William Gilbert published his book De Magnete. It took until 1753 for someone to develop the first practical application of such studies: Benjamin Franklin’s lightning rod, based on his kite experiment of the year before, in which he showed that lightning was made of what prior experiments had identified as “electrical fluid.” But interest in electrical phenomena had not lapsed between Gilbert and Franklin. Rather, there had been a constant stream of experiments and observations conducted by a growing number of investigators across Europe and European America. Not just individuals but a community of natural philosophers accumulated both specific knowledge and a feel for the phenomenon. From that base, Franklin and following generations would transform electricity from a curiosity into a human necessity.

			Similar stories can be found across the whole catalog of scientific revolutions. The selective breeding of plants and animals for human ends dates back to before the invention of writing, but not until the mid-eighteenth century was the practice subjected to the “number, weight, or measure” credo of the Royal Society’s founders. That’s when reform-minded farmers developed breeding programs to select for specific traits in livestock, creating faster-growing and fatter sheep, for example.

			Another hundred years would pass before Charles Darwin made the connection between such “artificial” selection and the engine of the modern theory of evolution: natural selection, which operates on the tiny differences between individuals to reward those traits that allow those who possess them to out-reproduce their kin. But again, that century was hardly an empty span of time. Evolutionary thinking emerged out of decades of findings by a growing community of observers immersed in the minute details of the natural world.

			Darwin’s own deep dive into such work began in 1831, when he embarked on his five-year voyage on the HMS Beagle. Back in London in 1836, he spent two years cataloging and studying the collection he had brought home. That was when he gained his first hint of how evolution might work in the wild. But then and for more than a decade, that idea remained more than a guess but less than a persuasive argument. Darwin needed a deeper theoretical picture of how evolution might work accompanied by much more data to convince both himself and a potential audience that natural selection was real. He spent eight years studying barnacles alone, making forays into everything from the world of fancy pigeon breeders (to gain insight into artificial selection) to an intense study of the diversity of beetles—all the while gathering information from naturalists around the world, among them Alfred Russel Wallace, who was developing similar ideas based on his observations in Borneo’s jungles. Finally in 1858, Darwin released the first public outline of a theory of evolution by natural selection. His paper was read on June 18 at a scientific meeting in London, alongside a report from Wallace that proposed a similar conception. That’s twenty-seven years of sustained inquiry by just one of many investigators, all to turn an intriguing possibility into a transformative new understanding of change in the living world.

			

			—

			So what of the two centuries it took to move from Leeuwenhoek’s first glimpse of microbial life to figuring out the role those organisms play in disease? Some of that time had to go to the accumulative tasks of natural history, cataloging the microbial world to get a sense of its range and variety. Carrying out that task required advances in microscopy, improvements both in the instruments themselves and in the techniques of their use. And certain key observations had to be made that could form building blocks of what would finally emerge as germ theory. In other words, scientists had to spend a chunk of those two centuries doing the ordinary work of science before they could develop a decisive proof that specific bacteria caused particular diseases.

			And yet—two hundred years! That fatal gap between first sight and final recognition is a very long time—much more than was required to go from raising new breeds of sheep to a grasp of natural selection. Even allowing for the necessary work to be done, the key ideas and the methods that could have established the role of bacteria in disease were in fact available much earlier—as a hypothesis in the early eighteenth century, and as a demonstrated fact by no later than the mid-1800s, and plausibly well before then.

			That is: the idea that microbes might be involved in human maladies was imaginable long before it influenced the study of the problem of infection. Soon after Leeuwenhoek’s first observations of bacteria, a few people—not many, but not zero either—proposed, then over time came closer and closer to germ theory’s central idea. Well before such insight was accepted as medical orthodoxy, some investigators wondered if infectious conditions were caused by particular living agents—whose action could be interrupted, thus preventing both individual cases and the spread of such illnesses. But almost everyone who was in a position to explore that possibility ignored or rejected it.

			Why?

			

			—

			An answer, or rather, the beginnings of one, emerge from the certainty, deeply felt across Christian Europe, about who ruled nature. For Leeuwenhoek and for the learned community he’d joined, it went without saying: God reigned supreme over the human and the natural worlds. But who was heaven’s viceroy on earth? Not, surely, the beasts of the field or creatures of air or water—and certainly not the stray spiky tubes and spherical blobs to be seen in pond water and tooth scum.

			No. It was, it had to be those creatures made in God’s image, heaven’s agents on earth. The Book of Genesis couldn’t have been more clear. “Be fruitful and multiply,” God said, “and fill the earth, and subdue it: and have dominion over the fish of the sea, and over the birds of the air, and over every living thing that moveth upon the earth” (Genesis 1:28–30). This delegation of heavenly authority was first a license to exploit creation for human ends—but was also an expression of how God’s entire creation was organized. The cosmos fell into a clear hierarchy, a strict chain of command: power flowed down from the celestial throne through the ranks of celestial beings, to human beings, and from there down the higher and lower forms of animal and then vegetable life.

			This heaven-to-earth organization chart had a name: the scala naturae or, in its English form, the Great Chain of Being. Its explicit top-to-bottom structure can be traced in outline back to classical antiquity, and the idea was then taken up early in Christian thought. Saint Augustine wrote that without distinctions of rank or quality, the universe as humans experience it could not be. “If all things were equal, all things would not be: for the multiplicity of kinds of things of which the universe is constituted—first and second and so on, down to the creatures of the lowest grades—would not exist.” Belief in the divine necessity of such hierarchy derived from Augustine’s view of the nature of creation itself. In that argument (glossed in modern language), the process of making the world “progressively unfold through varying stages” comes to rest “in the lowest realm of isolated and fragmented material objects observed with the senses.” Each created thing could be distinguished from all others by the gap between itself and the perfection from which it derived. Augustine’s conception of the universe was thus one in which “God is the unchanging point which unifies all that comes after and below within an abiding and providentially ordained rational hierarchy.”
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					This map of the Great Chain of Being was published in Diego de Valadés’s Rhetórica Christiana in 1579.

				
			
			This concept of the scala naturae as intrinsic to the God-made structure of the world remained central to Christian accounts of the universe through the medieval era and then the Renaissance. Within that structure, those who were created in the divine image—us—serve as the masters and commanders of all of material nature, exactly as the Psalmist had triumphantly sung: “You have made them a little lower than the angels and crowned them with glory and honor. You have made them rulers over the works of your hands; you put everything under their feet” (Psalm 8:5–6).

			

			—

			As the Scientific Revolution gained speed, a version of Great Chain thinking continued to underpin the study of nature. By deciphering the patterns of the natural world, the scientist was in fact revealing God’s work, not undermining it. As Galileo argued in his famous letter to Christina, Grand Duchess of Tuscany, “The holy Bible and the phenomena of nature proceed alike from the divine Word…. Nor is God any less excellently revealed in Nature’s actions than in the sacred statements of the Bible.” Isaac Newton said much the same: what God was would always remain beyond human perception, so “we know him only by his most wise and excellent contrivances of things.”

			Attempts to read this second divine revelation, the book of nature, rewarded open-ended curiosity—and confirmed and enforced a clear distinction, a clear rank order, the knower above what was to be known. For Gottfried Leibniz, Newton’s rival in the invention of calculus and on the league tables ranking the most brilliant minds of the day,[*] the scala naturae was simply a fact. “Thus men are linked with the animals, these with plants and these with fossils,” he wrote. “All the orders of natural beings form but a single chain.” The differences between each link on the chain were infinitesimal, “so closely linked one to another that it is impossible for the senses or the imagination to determine precisely the point where one ends and the next begins.” But the hierarchy remained, insensate matter leading up to living beings that cannot reason, thence to human beings with all their intellectual abilities, and finally on into the realms inhabited by celestial beings.

			Newton differed vehemently from Leibniz on how and when the deity acted in the universe, but he shared his German rival’s belief in a ranked order. He too began with God, utterly unknowable and omnipotent, beneath whom came the whole catalog of angels, followed by himself and the rest of humankind. Then came everything else. “All regions below,” he wrote, “are replenished with living creatures, not only the earth with beasts and sea with fishes and the air with fowls and insects but also standing waters, vinegar, the bodies and blood of animals and other juices with innumerable living creatures too small to be seen without the help of magnifying glasses” (emphasis added).

			Creatures too small to be seen except through a magnifying glass! The discovery of a previously unimagined domain teeming with life did not shake his picture of the fundamental organization of nature.

			The seventeenth-century microscopist Jan Swammerdam rejoiced in what he saw as yet more testimony of divine generosity. In a book he called, without a scrap of subtlety, Bybel der natuure, or the Book of Nature, he affirmed: “I must offer my most humble praise to the great Creator for having made known to us so many specimens of his inexhaustible wisdom, power and goodness.” In this praise, Swammerdam affirmed a truth broadly shared among the learned, that everything God created had its own reason for being. As the philosopher and theologian Henry More wrote, the point of the new passion for discovery—including that of the microcosmos—was to “take contentment and pleasure in observing the glorious Wisdom and Goodness of God, so fairly drawn out and skilfully variegated in the sundry Objects of externall Nature.”

			In other words, the invisible world that Swammerdam and his younger contemporary Leeuwenhoek explored posed no challenge to divine glory or the divinely prescribed order. Everything that could be brought into view under Leeuwenhoek’s lens was precious. God had made it. It could instruct; it could provide pleasure; it could—and did!—present a much more expansive view of the variety and tenacity of life. But here endeth the lesson: those fascinating creatures were curiosities but of no practical importance for humankind, so distant were they from us on the grand scale of nature.

			That conviction would not in itself have been sufficient to block imagining and then investigating the off-chance that the world’s “contemptible vermine” (as More put it) might play a direct role in human affairs. But it was an obstacle that could shape the questions one might think to ask. If all of nature is distinct from humankind, if it is an object of interest and not an agent in the human realm, then the cultural or scientific impact of what with hindsight might have been a transformative discovery could be almost invisible—and remain so for a very long while.

			

			—

			Leeuwenhoek himself never stopped trying to find more marvels. His letters and illustrations display extraordinary breadth, from the forms a functional eye can take to an entire bestiary of new species and families of minute organisms. Year after year he described what he saw, meticulously, brilliantly, then sent each new postcard from the microcosmos on to his audience in London.

			Soon enough, another account of yet another tiny creature became routine, almost boring. The audience for Leeuwenhoek’s “most marvelous” discoveries moved on. In 1692 Robert Hooke warned that interest in the microscope had fallen on hard times. “As to their Invention, Improvement, Use,” he told his listeners, the effort “has been reduced almost to a single Votary, which is Mr. Leeuwenhoek.” Aside from that one relentless worker, he said, “I hear of none that make any other use of that instrument but for Diversion and Pastime.”

			That was the downside to seeing nature as instructive—as God’s book—rather than important in itself. There are so many pages to study! That’s what happened, at least for the amateurs initially fascinated by what a microscope could reveal. A popular science book published in London in 1743 mocked the eager gentlemen who, “after diverting themselves, and their friends, some few times,” with a handful of purchased slides, would give up. “The Microscopes are laid aside as of little further value.” Whatever might be seen with even a little more practice wasn’t worth the effort. The microworld was a diversion—a destination people could visit and enjoy, or not, as the novelty wore thin.

			

			—

			A shift in how educated Englishmen chose to pass their time may seem unconnected to the story of how faith in a divinely ordained ladder of creation could shape the course of scientific discovery. But such changes in fashion suggest how some avenues of study become easier to travel than others. The scala naturae had placed humans not within the natural world, but outside—above—the natural world’s web of connections and interactions. This idea persisted even after natural philosophers ceased to speak in the explicit religious framing of the Great Chain of Being. Hence the thread to be drawn from the loss of interest in microscopes on the part of prosperous Londoners.

			There’s a similar clue in Hooke’s lamentation that the virtuosos also lost interest in what microscopes could reveal. He did not directly invoke the Great Chain of Being. But the fact that natural philosophers were choosing to ignore the microcosmos suggests the distance they perceived between themselves and that world.

			I don’t want to overstate cause and effect. Alongside the power of deeply held cultural assumptions, it is also true that thinking new thoughts, or abandoning long-held assumptions, is always fraught. Those doing the thinking must feel a need for a new explanation—they must demand knowledge or a course of action that older ideas cannot provide. In London in 1665, miasmas were still a broadly plausible description of what carried the plague through the city. In the 1670s and for decades to come, suggesting that animalcules squiggling in magnified water drops might be the cause of a fatal fever was unnecessary. Miasma theory was sufficient to describe what plague doctors and virtuosos could see with their own eyes. It’s no surprise that in that moment, Hooke’s generation did not make the bold leap.

			But if those working in the immediate aftermath of the discovery of microbes can be excused for missing a connection that the mere existence of bacteria could not yet support, what of the generations after them? For them, the difficulty lay not with missing evidence. Rather, it was conceptual: a failure to ask the right questions. Making the connection would have required seeing human beings not as links in a chain, but as embedded in the natural world. That world is one in which microbes may travel from outside a human body to inside, and from one person to the next. In that setting, humans do not have absolute dominion—which was an obstacle as long as the assumption held that humankind stood astride nature. In that intellectual landscape it was difficult—for many, impossible—to glimpse the potential significance of Leeuwenhoek’s marvelous little animals.

			Most people—but not everyone. Over the next century there were fleeting glimpses of a different account of disease. Gradually the recognition grew that the microcosmos might touch our own macroscopic existence. The first hint of a different way to think about disease and the unseen came in 1721, much earlier than is usually remembered, and in a most unlikely setting: the remote outpost of Boston in Massachusetts, when an old witch-hunter confronted an outbreak of the most feared malady of his day—and figured out how to stop it.

		

		
			Skip Notes

			
				* Newton was the greater mind, but Leibniz gave him a good run. (And yes, such rankings are fatuous and, in this context, part of the tale.)

			

		

	
		
			VI

			“Animalculated Business”

			In late April 1721, the British man-of-war Seahorse reached Boston. There were at least two sick people on board, each suffering from a disease that had visited the city repeatedly since it had been founded ninety-one years before. Accounts differ over whether the vessel ignored the usual quarantine procedures that would have kept the ship in the outer harbor, but it may have tied up at Long Wharf, the new quay in the inner harbor—or perhaps some of the crew made it ashore from a more distant anchorage. In any case, there were still some victims on board as late as May 12, when a public town meeting voted to urge the colony’s governor to take action “to prevent (God Willing) the spread of the Small Pox in this Town and Province.”

			Too late. By the time HMS Seahorse was ordered to anchor by Spectacle Island, well offshore, the disease had already established itself onshore. By May 8, Boston’s six selectmen learned that a Black sailor had left the ship and was ill somewhere in Boston. Local notables performed a house-by-house inspection. This first victim, they reported, was almost recovered, and there were no other cases on dry land. They were at best mistaken, or perhaps they had deliberately lied to avoid terrifying residents with the specter of a new epidemic. The error, if that’s what it was, did not hold. By the end of the month, at least eight people showed the telltale symptoms of the disease, including one in the North End, meaning the outbreak had spread beyond the docks.

			Smallpox had returned to Boston.

			

			—

			Disease weaves through the story of the English colony that became the Commonwealth of Massachusetts. Between 1616 and 1618, two years before the first settlers landed at Plymouth Bay, the Patuxets who lived there were entirely destroyed by an epidemic that had probably been seeded by one of the many vessels known to have touched on that coast in previous years. The exact malady remains unknown, but plague and smallpox are leading candidates. That’s why the Mayflower’s passengers were able to come ashore unmet and unopposed.

			In 1633, three years after John Winthrop formally founded Boston, a new outbreak ripped through the local indigenous communities. In a diary entry from early November, Winthrop noted that the illness caused “a great mortality among the Indians” living in Naponsett (now Neponset, in Boston’s Dorchester neighborhood). “The disease,” he wrote, was “the small pox.” From there, the scourge spread northeast, wiping out a village at Piscataqua (near present-day Portsmouth, New Hampshire), and pushed westward, ultimately crossing the Hudson River.

			Such wholesale destruction follows when a virulent pathogen finds a previously unexposed community to infect—and the impact of such new diseases is one reason Europeans were able to establish their empires in the Americas. (Not that the Old World itself didn’t suffer from huge disease burdens. In the late eighteenth century, smallpox still killed about 400,000 Europeans a year and blinded one-third of its survivors.) For Britain’s American colonists, prior exposure to the diseases they carried with them was hardly an invulnerable shield. There were always illnesses that some hadn’t encountered before, and every child born in Boston was a target for any Old World contagions that might reappear. Smallpox was a persistent visitor to the new colony: there were six outbreaks from 1633 to 1698.

			Colonial Boston clearly understood the ultimate cause of every epidemic: the will of God. The Puritans’ view of their relationship to the divine was as ferociously hierarchical as any version of Great Chain theology. For all that the biblically sanctioned interpretation gave humankind sway over the rest of the natural world, human misfortune flowed from the heavenly throne down to the inhabitants of this fallen world. Divine judgment could express itself through some material event, disease wafting on bad air, perhaps. An epidemic rebuked personal and communal sin. Bostonians’ life or death depended on divine providence: God’s will be done.

			There was no need, then, to search for some process in nature to explain catastrophes. Instead, when the telltale fevers and blemishes of smallpox reappeared, the only possibly effective response was prayer and repentance—the humble acceptance of whatever a great and terrible deity prescribed. So said the minister of Boston’s Second Church: “Wilt thou not from the View and Sense of this New Evil Devised against thee,” he preached, “humble thyself under the mighty hand of God?” From 1703 into 1721, such penitence seemed to work. The town remained untroubled by the disease—until that spring day when the HMS Seahorse made landfall.

			This time, though, there was one great difference from all the preceding smallpox epidemics. In 1721, for the first time, something born of purely human invention changed the colonists’ odds of survival. Most surprising, this medical breakthrough was championed by that same fire-and-brimstone preacher who demanded humility from his congregation—a man best remembered as the scourge of Salem’s witches.

			

			—

			Cotton Mather was just twenty-nine years old when the Salem crisis began in February 1692. He was that contradiction in terms, a Puritan aristocrat: the grandson, son, and nephew of seven ministers, leaders within a God-drenched colony. He was ordained in 1685 at his father’s pulpit in Boston’s Second Church before an estimated fifteen hundred people—more than one-third of Boston’s entire population. He felt deeply the constant presence of God—and of heaven’s fallen angel. Mather was convinced that Satan loathed the New England Puritan experiment, that the devil saw Puritan piety as a weapon in the eternal war between virtue and hell. The unmasking of a band of witches in Salem Village in 1692 reaffirmed Mather’s passionate belief in the malevolent presence of Satan in the Province of Massachusetts Bay.

			The affair began when several young girls suffered fits “afflicted by they knew not what Distempers.” They named three women as the culprits. All of them were on the social margins of village life. Two were widows, one impoverished into beggary, the other enmeshed in a land dispute with one of the most powerful local families. The third was an enslaved Native American woman who had a confession beaten out of her by her owner. The charges against the three of them inspired a wave of accusations against a growing tally of presumed witches, made by those who felt or feigned supernatural attacks on their bodies and minds. By the time the mania collapsed, more than two hundred people were charged with witchcraft, thirty were convicted, and twenty executed. (Five more died in custody.)

			Mather supported those trials and their bloody results fully and without hesitation. He was initially unsure if the devil had truly come to Salem, but he soon became thoroughly convinced of a plot “to destroy the Kingdom of our Lord Jesus Christ, in these parts of the World.” By late summer, as the number of accused swelled into the hundreds, he told his congregation that the evidence against the alleged witches was strong, and that the judgments against them were correct. The accused were guilty and “died by a Righteous sentence.”

			That was one Cotton Mather, a witch-hunting zealot who defended what even many of his contemporaries saw as a massacre of innocents. But there was another Mather, fascinated from his youth by the natural world. If it seems odd in hindsight that a man who pursued Satan through the roads and paths of the colony would also evangelize for the most important medical advance achieved in colonial America, he saw no conflict. The study of nature celebrated God’s creation—and if useful knowledge resulted, that was how the promise in Genesis of human dominion over the world could be fulfilled.

			Mather took his interest in natural philosophy across the Atlantic in November 1712, sending thirteen reports to London’s Royal Society in that one month. These letters and those that followed contained a magpie’s catalog of “all New and Rare occurrences of Nature, in these parts of the World,” accumulating into a collection of more than eighty such dispatches offered up as “Curiosa Americana.” He wrote about the possible existence of giants before Noah’s flood, with a giant tooth found near Albany as evidence; about the maximum size of America’s wild turkeys (“50 or 60 pound, but the Flesh is very tough and hard”); about monstrous births, rattlesnakes, and rainbows; adding a tale of a woman who bore thirty-nine children, and so on and on and on.

			Such American curiosities entranced or at least amused Mather’s readers. Early in this flood of correspondence, the society’s secretary, Richard Waller, wrote to Mather that this prose cabinet of wonders “very well pleased and Entertained” the fellows. Mather responded with a heavy-handed hint: he couldn’t presume “to be thought worthy[*] to be admitted a member of that more than illustrious Society.” That nudge crossed with the news that he was already being put forward for membership. When the deed was done, Mather preened, brandishing the three magical initials, “F.R.S.,” on the cover page of several of his publications. More practically, recognition from the English-speaking world’s preeminent learned institution “wherein my gracious Lord places me,” he wrote, lifted him above—and gave him ammunition against—“the Contempt of envious Men.”

			Mather’s first published contribution to the Royal Society’s Philosophical Transactions appeared in number 339, which happened to be a very rich issue. Besides the extracts from Mather’s curiosities, it contained a brief note from Leeuwenhoek on a microscopic study of muscle fibers in whales. But it was another piece in the journal that caught Mather’s eye: a report by a physician, Emmanuel Timonius, on what was for his English readers a radical medical innovation—a way to avoid that notorious scourge smallpox. Titled “An Account, or History, of the Procuring the Small Pox by Incision, or Inoculation; As It Has for Some Time Been Practised at Constantinople,” it confirmed information that Mather had received about a decade before. So it was that five years later, when the Seahorse brought its cargo of disease to Boston, Mather was prepared to run a truly radical experiment on his fellow Bostonians in the hope of rescuing them from mortal peril.
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					Peter Pelham’s 1727–1728 mezzotint engraving was completed in the last year of Mather’s life.

				
			
			The source of that peril, smallpox itself, was ancient—the first direct evidence of an infection comes from a three-thousand-year-old Egyptian mummy. It was also ubiquitous. By the early eighteenth century, it had spread to every continent except Australia (whose First Nations would finally encounter the disease in 1789, a little more than a year after British convicts and their guards came ashore at the new penal colony on Sydney Harbor). Most of all, it was a terrifyingly effective killer. In its most common form, almost one in three of those who fell ill would die. No wonder, then, that the natural philosophers, committed to rigorous empirical investigation—looking deeply at what was happening around them—were on the watch for something, anything, that could improve those odds.

			

			—

			Timonius’s description of an observed effective method of preventing smallpox marked a milestone in the application of scientific inquiry to medicine. Timonius offered no deep theory; nor did he speculate on causes or mechanisms. Instead, he described in meticulous detail how practitioners in the Ottoman Empire prevented smallpox from leading to serious illness and death. The procedure they used had been performed on the eastern Mediterranean seaboard for at least several decades (and for hundreds of years in Asia and parts of Africa). It was based on the observation that those who survived a case of smallpox did not catch it again. That pointed to a critical implication: if one could give people a mild, non-lethal case of the disease, they would no longer be susceptible. At some point in the past, Timonius wrote, some Ottoman medical thinker (or thinkers) confronting a smallpox outbreak figured out how to do just that.

			The rest of Timonius’s short paper was essentially a how-to manual, describing the procedure step-by-step. First the practitioner would find a young man or a boy who was “seized with the common Small-Pox…not the Flux sort”—that is, someone who had caught the disease but did not appear to be in mortal danger. Using a needle, the practitioner would poke a pustule and squeeze out some of the ooze. Turning to the healthy person to be protected, the inoculator would scratch the skin, usually on the arm, with a “three-edg’d Surgeon’s needle” or a lancet until blood flowed. The next step was to mix the harvested smallpox pus and the blood “with a blunt stile or an Ear-picker”; cover the site with half a walnut shell; bind the wound; and wait.

			Timonius noted that some would suffer worse symptoms after inoculation than others, and that in a year when the outbreak was more lethal than previously, those who received pus from those victims grew sicker from inoculation than in most years. But even then, he told the Royal Society, “there was not one but recovered from the incision,” and, crucially, the inoculated “never had the Small-Pox afterward in their whole lives, tho’ they have cohabited with Persons having it.” That, clearly, was what mattered: human beings had figured out how to engineer events in the human body to prevent grievous harm.

			We know that Mather read Timonius’s account, because in 1716 he sent a note to the Royal Society’s secretary offering support for his claims. He had heard of inoculation before reading that paper, he wrote, thanks to his own “servant”—a slave named Onesimus, a Berber tribesman from the south of Libya. “Enquiring of my Negro-man Onesimus, who is a pretty Intelligent Fellow,” if he’d had smallpox, “he answered both Yes, and, No.” Onesimus told Mather that the inoculation he’d received in his home country before being sold across the Atlantic “had given him something of the Small-Pox,” but that “whoever had the Courage to use it was forever free of the contagion.” Such direct testimony (which Mather corroborated with accounts from other Africans and slave traders), bolstered by the authority of the society’s learned observers, gave Mather a plan of action: “If I should live to see the Small-Pox again enter into our City” he wrote, he would try “to Introduce a Practice, which may be of so very happy a tendency.”

			

			—

			That was no casual promise. Mather was intimately familiar with the misery caused by epidemic disease. An outbreak of measles in Boston in 1713 took his wife, three children, and a female servant. As his family dwindled, he called on his congregation publicly—and tried to persuade himself privately—to accept God’s will, with all the submission expected of a Puritan divine. His helplessness in the face of contagion left its mark, though. After he buried a third child in just over a week—his daughter Jerusha—he preached on the need for courage in the face of loss, but he confessed that he was having trouble mustering sufficient strength—“and the Want of it, is the bitterest Cup in his adversity.” So in 1721, when the Seahorse arrived in Boston with its cargo of contagion, Mather was ready to follow the lead that Onesimus had given him: not to piously await divine judgment, but to act.

			At first, the outbreak moved slowly. April and most of May saw only a few cases, and it seemed possible that the city might dodge a full-blown epidemic. The colony’s authorities imposed a quarantine on those who fell ill, posting a man to block entry or exit at any house with smallpox inside. As in London’s plague fifty-six years earlier, such physical segregation failed to block the path of whatever bore the disease from person to person. By the end of June, the official tally was 168 cases (likely an undercount), and Boston was running out of guards for the afflicted homes. By August what had been hundreds of victims became thousands until, by the end of the year, the disease was spread throughout the city. If catastrophe was the tangible sign of divine wrath, then Bostonians must have thoroughly enraged their God.

			The town’s leaders clearly believed they had. They declared June 27 a day of penitence and fasting: a plea for mercy from on high. Mather acknowledged the value of abasing oneself before heaven’s throne, but in that same week he proposed a very different course of action. He had already written to Boston’s doctors urging them to consider Timonius’s “Wonderful Practice.” Only one replied, the surgeon Zabdiel Boylston, best known for his speed and skill with the knife. Three days before the town was to beg for divine mercy, Mather told Boylston that if he were willing to attempt the procedure, “it may save many lives that we set great value upon.”

			Boylston agreed to make the experiment. On June 26 he inoculated his six-year-old son Thomas, as well as a thirty-six-year-old man named Jack and a toddler named Jackey, both Black slaves. Jack had few symptoms and speedily recovered. (Boylston speculated that he might previously have had smallpox and thus already possessed immunity.) The younger patients traveled a rougher road. On the seventh day, Boylston reported, “the two children were a little hot, dull and sleepy.” Thomas twitched in his sleep, and in both boys, symptoms persisted, “neither the fever nor the symptoms abating,” until the ninth day, when each developed about one hundred pocks, “after which their Circumstances became easy, our Trouble was over, and they soon were well.” Both Boylston and Mather saw this outcome as a triumph, a clear demonstration of the value of inoculation. It was (in Mather’s framework) literally a godsend, a simple technique that could save hundreds, perhaps thousands.

			

			—

			Those multitudes would not be saved. Almost all of Boston’s medical community opposed the practice. Responding to news of Boylston’s inoculations, Boston’s selectmen heard testimony on July 21 from a French physician visiting Boston who told them in gruesome detail about an earlier experiment gone very wrong; four out of the thirteen inoculated patients had died, he claimed, while six others suffered severe reactions. Following that testimony, local doctors publicly declared that “infusing such malignant Filth [the inoculating pus] in the Mass of Blood is to corrupt and putrify it”; that “it has prov’d to be the Death of many Persons soon after the Operation”; and that “continuing the Operation among us is likely to prove of most dangerous Consequence.”

			The argument continued through and after the outbreak, featuring all the extravagant vitriol of which the era was capable. The doctors did not suggest that inoculation thwarted God’s will, but the hot fury of their opposition to inoculation echoed the theological view: Mather and Boylston were guilty of the sin of pride, meddling in matters beyond their grasp, and putting those they treated at intolerable risk. They were “Gentlemen of Piety and Learning, profoundly ignorant of the Matter.” According to an anonymous writer for the New-England Courant, Mather himself was a “peevish Mongrel” and “a baboon.” William Douglass, a Scot who was Boston’s only university-trained M.D., belittled the pro-inoculation partisans as unqualified amateurs, “Greek Old Women, Madmen and Fools.”

			Such attacks stung. Boylston later complained that Boston’s leading men “made it their business to invent, collect, and publish idle, unjust, and ridiculous Stories and Misrepresentations” of his work. Mather matched his partner’s disdain for their opponents, at least in private: they were Satan’s pawns, he fumed in his diary. “The Destroyer, being enraged at the proposal of any Thing” that might thwart his plans. “They talk not only like Ideots but also like Franticks.”

			The exchange didn’t remain entirely a war of words. As Mather and Boylston continued to inoculate Bostonians, someone hurled a “Granado [that] was charged with…a Mixture of Oil of Turpentine and Powder” through a window into the minister’s house. It would have killed everyone in there, Mather wrote, but for “the merciful Providence of God” that knocked the fuse out of the bomb as it deflected off a window casement. Anti-vaccine terrorism is no new thing.

			Despite such violence, the opposition to inoculation wasn’t simply mindless resistance to an obvious advance. Mather and Boylston’s leading opponent, the university-trained Douglass, was utterly dismissive, though self-interest may have played a role in his reaction. He and the local medical establishment that supported him made good money by treating smallpox victims, so much that he confided to a friend that the epidemic was the source of “bills and notes for the improvement of my purse.” But even if the comfort of cash in hand may have influenced him, Douglass was still an acute medical observer. When he pointed out that inoculation gave healthy people smallpox, he was right.

			That happened in Boston in 1721: some of Boylston’s patients suffered severe reactions and a few died. Still, at least part of the opposition Mather confronted turned on his source: Onesimus, the African slave, with corroborating testimony by other Black people, augmented by reports of Turkish (not Christian) experimenters. To true believers, nature’s hierarchy was recapitulated as a rigid, immutable ladder ranking humankind from top to bottom. Christians of European descent stood above all other human groups. At the bottom: Mather’s inoculation informants, as Douglass wrote. “The more blundering and Negroish they tell their story; it is more credible says C. M.” But no: “There is not a Race of Men on Earth more False, Lyars, &c.” Mather’s “Conversation between two black (Negro) gentlemen,” Douglass concluded, was a “rare farce.” The lived experience of those consigned to bondage would never outweigh the learning of their masters.

			Mather seethed privately at Douglass’s intransigence, but in public he continued to encourage the practice of inoculation. Boylston scratched smallpox pus into the arms of anyone who was willing to receive it. He performed about a dozen procedures in July, seventeen in August, and more than one hundred in November, ultimately tallying 286 inoculations before the outbreak ended in 1722. There were six deaths among those inoculated, but that was a far smaller number than those lost to the natural spread of the disease. He and Mather both argued that at least some of those who died had already been infected with the wild virus before receiving their inoculum, or else their deaths were coincidental, the result of an unrelated malady.

			Ultimately, Boylston and Mather won the argument, and for a simple reason: they were right. Inoculation worked. Boston in 1721 suffered 5,889 cases of smallpox—more than half of the city’s population and almost certainly an underestimate. By the end of the year, at least 844 people had died of smallpox, more than one in seven of those who caught the disease—again, likely an undercount. By contrast, as Mather wrote, “the Experiment has now been made on Several Hundreds of Persons,” and the results were a “Vast Success.” The tragedy was not that inoculation carried some risk, but that so many who could have benefited from it did not. “Many Hundreds of Lives were lost which might have been Saved,” he wrote, “if the People had not been Satanically filled with Prejudices against this Method of Safety.”

			

			—

			To Mather and his allies, the lives saved during the epidemic had been preserved through God’s greatest gift to humankind: the use of reason and observation to gain mastery over a killer. At this remove in time this victory we may see (though he wouldn’t) as an inversion of Mather’s own actions in Salem. During the witch trials, the assumption of the devil’s active presence gave him all the causal explanation he needed to account for the behavior of the victims of the curses wielded (they said) by their neighbors. Three decades later the Boston inoculation campaign followed the tenets laid down by the Royal Society, to accept as true only that which could be affirmed by direct empirical observation. Boylston’s first three inoculations had served to confirm Timonius’s claim and the testimony gleaned from slaves and traders.

			Then, after the epidemic, when the success of the technique was clear, Mather and Boylston proposed a theory about how inoculation worked—how it protected people from smallpox. In 1726 Boylston argued that because inoculation, a scratch on the arm, “communicates the Infection to an Out-side and firmer Part of our Body,” the effect might have “lost part of its Force, before it reach the more principal Parts.” He also speculated that material from actively erupting sores “may be more malignant” than the material used in inoculation, harvested from the blisters that formed as the open sores began to heal.

			This much of Boylston’s argument is correct: inoculation worked because something in the inoculum triggered a reaction—the generally mild infection that Boylston and his contemporaries observed—which in turn conferred the same lifetime immunity that wild-type infection produces. He and Mather may have been a bit lucky that most of those who risked the novel procedure dodged a severe response, but he understood that his results confirmed the earlier testimony and reports that led Mather to propose their inoculation experiment. He was, though, a cautious thinker. Beyond the sequence of events he observed, from harvesting pus to the happy survival of his patients, he refused to speculate. For the larger questions—how a natural or induced infection began, what it did inside someone’s body, and how the disease moved between victims—he had no answer. He guessed that there were “Particles of Infection,” but “what this Humour of the Small-Pox in us is, when and how it is communicated to us, the Learned have not yet inform’d us.”

			Boylston’s use of the term humour to refer to a material substance that could trigger disease was no new thought. It fit within the prevailing accounts of miasmas: the badness in malign air could be borne by material motes of poison that, once inside a body, would derange it. But as Boylston recognized, presenting smallpox as an encounter with “particles of infection” was purely descriptive. It just dressed up in fancy medical language what was already known: that smallpox passes from victim to victim, and that whatever had generated the symptoms in the first sufferer would evoke the same ones in every new victim. Hence his hope that one of “the Learned” might discover the underlying mechanism by which smallpox did its damage.

			Boylston’s partner in inoculation, Cotton Mather, was not exactly one of “the Learned.” He was neither an experimentalist in Robert Hooke’s tradition nor a mathematician seeking law-like patterns in nature. He had little of Leeuwenhoek’s focused concentration, and even less of Newton’s powers. But he shared a core article of faith with such men: the belief that nature was intelligible. He felt it both as an intellectual challenge and a religious obligation to secure the benefits of divine creation for human ends. So he weighed the same question Boylston asked: What was the true cause of smallpox, and infectious disease more broadly? Doing so, he let his mind play with Leeuwenhoek’s recently discovered animalcules, inhabiting realms invisible to the naked human eye.

			His conclusion is one of the most startling leaps of imagination in the history of medicine. “Every Part of Matter is Peopled,” he wrote. “Every Green Leaf swarms with Inhabitants. The Surfaces of Animals are covered with other Animals.” Everything is “crowded with imperceptible Inmates,” he wrote accurately, “which the Microscopes bring to our View”—and that meant “there may be inconceivable Myriads yet Smaller than these, which no glasses have yet reach’d into.” These tiny organisms, “much more than Thousands of times Less than the finest Grain of Sand,” could “insinuate themselves by the Air, and with our Ailments, yea thro’ the pores of our skin; and soon get into the Juices of our Bodies.”

			Boylston had sought to know what “this Humour of the Small Pox” could be; here was Mather’s answer. Leeuwenhoek’s animalcules, or perhaps their as-yet-undiscovered even smaller kin, could be the source of infectious disease.

			Mather kept going with startling anticipations of discoveries more than a century in the future. These living vectors could feed on the fluids of our bodies; they could lie dormant until ready to wreck their human hosts; they could perhaps “multiply prodigiously” within us, and they “may have a greater Share in producing many of our Diseases than is commonly imagined.” He even approached the crucial idea of the specificity of microbial disease, the fact that each different pathogen produces its own distinctive result. “It may be so,” he wrote, “that one Species of these Animals may offend in one Way, and another in another: From whence may flow a Variety of Diseases.”

			

			—

			Mather was almost but not quite alone in such speculation. His musings may have been prompted by an English medical thinker, Benjamin Marten, who a year before Boston’s smallpox epidemic had suggested that certain diseases might be caused by “some certain species of Animalcula…that by their peculiar Shape or disagreeable parts, are inimical to our nature.” Marten was bold enough to take the next step in what may be the first explicit proposal of a microbial explanation for a specific disease, writing that “I do verily believe that it may easily be proved that Animalcula are much more probably the true and direct cause of the Plague…than whatever else has or can be conjectur’d.” Mather had read Marten and referred to his speculation in support of his own more sweeping claim that Leeuwenhoek’s tiny creatures might be implicated in a wide range of ailments.

			The Boston minister grasped the stakes of what he was suggesting—he subtitled his essay “Some Touches upon a New Theory of Many Diseases.” What he (and Marten) proposed was new, radically so. Making the connection between a world teeming with unseen life and the possibility of easing human suffering was an enormously daring intellectual feat. A next move, had it come, would have been yet more so. Reworked into specific, step-by-step questions, Mather’s musings could have become hypotheses behind systematic experiments and observations that could have confirmed this germ theory of disease.

			Mather himself was not capable of such a leap. He was not a rigorous and creative natural philosopher—in fact, he more closely resembled the man his critics caricatured, a scribbler with the attention span of a magpie. His brief discussion of animalcules as the agents of disease was embedded in a vast tome titled The Angel of Bethesda, sixty-six chapters on such medical topics as “The Breast-beater, or a Cough Quieted,” “Ashdodes, or the Piles,” “A Physick Garden,” and so on. He was capable of holding ideas that contradicted each other, as when he contrasted his proto-germ theory with the old notion that diseases were the result of derangements of the soul to be cured by “Serious Piety.”

			Such incoherence is not unusual, and Mather is hardly the only thinker ever to glimpse a revolutionary idea without grasping its full significance. And no doubt he utterly believed that humankind holds a distinct position in the cosmic hierarchy: subject to heaven’s rule, yet above all the rest of divine creation. If microbes could impinge on human affairs, it would only be because God willed it so. But even with all his limitations—of training, temperament, and belief in an utterly God-ruled world—he was still able to see the possible significance of the recent discovery of microbes.

			That, in turn, makes Mather’s notion that invisible life might be the efficient cause of human suffering—that microbes could impinge on human experience—an existence proof. The Angel of Bethesda, written near the end of his life, went unpublished until 1972, so none of his contemporaries could have responded directly to his provocation. But, still, his private musing shows that something like germ theory was thinkable just fifty years after the first microbes swam into view. Other more rigorous and creative natural philosophers could have come to the same thought and pursued its implications.

			But they didn’t. Mather’s essay went unread, and as for Marten, just one writer responded, only to dismiss him. Both men’s brief dalliances with proto-germ theory were the exception. There’s no way to prove a negative, to answer why an idea remained unconceived, an experiment undone. If Mather’s story confirms that in the early eighteenth century it was possible to conceive of a life-and-death link between microbes and human ailments, it also shows that pretty much everyone who was even remotely aware of the microcosmos would not make that connection.

			Again, one reason why lies with the ordinary difficulties in solving any hard question—especially one that was emerging while thinkers were still working out what they were actually studying. Boylston’s struggle to cobble together an account of inoculation out of “particles of infection,” humors, and some unspecified “Force” of the disease suggests that plenty of confusion remained even over what counted as an explanation for a disease. Newton’s heirs reveled in the triumphant fact that the planets could be reduced to the problems of matter in motion—as could the flight of a cannonball or the paths of balls crashing into each other on a billiard table.

			But the (re)discovery of inoculation led to no such generalization from smallpox to other types of disease. It offered no help for fevers, nor a cure for wounds that would not heal, and it suggested less than nothing for epidemic diseases like the plague, for which there was no obvious candidate for a preventive jab. Without a clearly defined mechanism of action both for the disease process and for how inoculation produced its effects, natural philosophers had no reason to apply the knowledge drawn from smallpox to any other malady. More broadly, for all the intellectual power of the Newtonian model of scientific discovery, quantifying nature and applying mathematical reasoning to expose its patterns, fundamental laws of biology did not readily show themselves in the dizzying variety and complexity of the living world.

			Ultimately, every investigator had their own reasons for thinking as they did instead of as they might have. But all of them were working within the body of beliefs held in common in their time and place. Conceptions of nature as the European world expressed them would evolve away from those based on the first chapter of Genesis. But the core notion that the world is made of hierarchies—not just religious ones, God to humankind to brute nature, but social, entirely human, sovereign to subject to slave—would frame and constrain how thinkers approached the microcosmos for a tragically long time.

			Still, people did get there in the end. What happened after Boston’s brush with smallpox, and Mather’s oh-so-close encounter with the key concept, forms a case study in how ideas change over time. What does it take to break the hold of seemingly settled conclusions?

			It demands a very great deal, in any context. In the confrontation with infectious disease through Mather’s century and into the next, the persistence of old habits would lead straight to the slaughter of uncountable women, new mothers who died before they could suckle their babes.

		

		
			Skip Notes

			
				* “to be thought worthy,” Cotton Mather to (presumably) Waller, quoted in Silverman, p. 254. George Lyman Kittredge disagrees with Silverman’s reading of this correspondence: he argues that Mather wasn’t lobbying for recognition by the Royal Society, but was responding in the forms of the time to Waller’s various encouragements and updates about the process of election. It seems to me that Silverman has the better measure of Mather, but a more sympathetic gloss is possible.
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			VII

			“not as a misfortune, but a crime”

			The report began with the conventional boilerplate: “The subject of this case was…aged 18 years, of a robust habit and sanguineous temperament.” It went on to state that the patient presented with a cough and a hoarse voice, said to be the symptoms of a cold she’d been suffering for a few days. The key detail came next: she was hugely pregnant, which was what brought her to the author of the brief case discussion published in The Boston Medical and Surgical Journal by Dr. C. S. Magoun of Wilkinson County, Mississippi, on December 23, 1844.

			At first all seemed well: “She was immediately taken in labor, which was not tedious, difficult, or attended with any unpleasant symptoms.” Magoun assessed her as being at full term, and she “soon gave birth to a child of full size, healthy and vigorous.” On Christmas morning, he followed common practice and dosed her with castor oil “with a view of opening the bowels in order to prevent any disposition there might be to take on fever.” The oil did its job, and the young woman went to sleep with no sign of discomfort.

			That night, though, her condition altered. She got unusually thirsty, then “obstinately refused to let the child be put to the breast.” The next morning a second physician examined her and found more threatening signs. Her pulse raced; her limbs were cold while her body was hot and dry. She lost consciousness and became nonresponsive. Her doctors tried to bleed her, but her pulse began to fail, so they stopped after taking half a cup. She declined throughout the day. Her breathing struggled, her pupils became fixed and dilated, her pulse continued to race. Then at about four that afternoon, “death closed the scene.”

			Magoun did the autopsy the following morning. He began with the thorax. He found some fluid around the heart and a tumor “about the size of a hen’s egg” in front of the woman’s trachea—which accounted for the cough that he’d mistaken for a cold. Next, he opened her abdomen and found intense inflammation of the peritoneum, the small intestine, and the uterus. Those symptoms told Magoun all he needed to assign a cause of death. The young woman had died from puerperal fever, a killer of women so profligate that medical men had dubbed it “the most dangerous of all fevers.”

			That diagnosis was obvious post-mortem and in itself wasn’t worth publishing in the professional literature. The symptoms Magoun described would have been familiar to any medically trained reader; puerperal fever was recognized as the most common killer of new mothers. But this case had a critical feature that persuaded Magoun (and the journal editors) that his report made a valuable addition to medical knowledge. The patient was “a negress”—a slave who had been bought the night before she went into labor. The second doctor who had attended the dying woman was her new owner, come to compel her to breastfeed her child. She had been, Magoun noted, “sold under a guarantee of soundness,” and yet, with a tumor that large, she “was evidently unwell at the time of sale, and must have been for weeks if not months.” The features of note in her case, Magoun wrote, were “its rapid progress…the obscurity of its symptoms,” and most intriguing, “the medico-legal questions that…will probably ensue in court.” Those boiled down to a property dispute: “Ought the buyer or seller…be the loser” by the death of such a valuable asset?

			What a grotesque question! That a professional medical journal would publish it without hesitation is a measure of the moral complicity that slavery imposes on all those who gain even indirect benefit from enslavement. But beyond that testimony, there’s another historical insight in Magoun’s account: neither of the doctors who witnessed this unnamed young woman’s suffering recorded any surprise at her illness. They saw no mystery in her death. It was an ordinary event: in 1844, all new mothers risked the same fate.

			And yet, her suffering need not have occurred. Puerperal fever, the most prolific and terrifying of diseases to cut down women in their prime, had been known since antiquity, but it became an epidemic illness only with the professionalization of medicine in Europe. In the fifty years preceding this one unknown woman’s death, a handful of medical men had figured out how to save mothers like her, a result that anticipated a general theory of disease.

			Why didn’t that discovery save Magoun’s patient…and so many others? The answer, or a large part of it, turns not on the difficulty of science involved but on the assumptions and fundamental beliefs that kept those who could have but failed to save countless lives.

			

			—

			Puerperal fever, also known as childbed fever, had been described in the Hippocratic literature more than two thousand years earlier. The condition begins some days after birth, as one nineteenth-century text said, and “the whole system, but particularly the abdomen will be highly sensitive to touch.” Ancient Greek doctors mapped the step-by-step course of the disease. One Hippocratic source tells of the wife of Dromeades who “after giving birth to a daughter on the second day was seized with rigor; acute fever.” The next day she felt feverish again and experienced “pain…nausea; an uncomfortable night without sleep.” Then came delirium, along with more nausea and rigor. Finally, on the sixth day, she died, having suffered what still reads as a wretched, agonizing descent.

			Almost two thousand years later, beginning in the mid-sixteenth century, Western European doctors wrote their own descriptions of puerperal fever in case reports that matched Hippocratic observations line for line. When their accounts first appeared, the disease was still seen as rare, an occasional tragic complication of childbirth. According to the historian Irvine Loudon, the earliest use of the phrase puerperal fever in English comes in a treatise on fevers published in 1716. It was mentioned in passing, a minor concern among the ailments with which a medical man should concern himself.

			Such insouciance did not last. By 1750 or so, puerperal fever was recognized as a significant threat. With increasing frequency, accounts described successful deliveries followed within a few days by the sudden onset of the same symptoms the Greeks had recorded: fever, pain in the pubic area and the abdomen, rigor, thirst, and more. Death took three-quarters of those who displayed these symptoms—sometimes more. A once-sporadic and mostly hidden scourge was increasingly seen as something new, mysterious, and desperately dangerous: an epidemic rather than an occasional complication of childbirth.

			Some of what seems like an explosion of childbed deaths must be losses that were happening all along without being recognized as instances of a single illness. In the late 1600s and into the new century, there was a shift in who attended women giving birth. Previously the province of midwives, delivery and obstetrics were becoming part of a physician’s training and purview. This move helped bring puerperal fever into more public notice, as formally educated medical men communicated with their peers in letters, journals, pamphlets, and books.

			But many of the newly documented cases were not mere counting errors. Coincident with the Scientific Revolution came a shift not only in who performed what had once been almost exclusively a woman’s task, but where they did so. The lying-in hospital—an explicitly male doctor–dominated setting—first appeared in the mid-seventeenth century. What was probably the first institution dedicated to childbirth opened in 1664, when the ancient Hôtel-Dieu in Paris (in legend, founded in 651 C.E.) set up a ward specifically reserved for about-to-be mothers. Similar dedicated hospital spaces followed in other European cities over the first half of the eighteenth century. The aim in providing such care to (mostly) poor women was clear: Instead of (allegedly) untrained women wrestling with the blood and the pain and fear of childbirth in some wretched dwelling, mothers would now receive systematic, presumably expert care. Deliveries themselves would be handled by midwives who had been properly prepared, backed up by physicians focused on maternal medicine. New mothers could recover from the struggle of childbed in comfort, with days, perhaps even a week or so, to rest, before returning to their households with a healthy baby in hand.

			That was the hope. In the real world, though, these new institutions could become charnel houses. Figures for the earliest years of the lying-in hospitals are difficult to come by, but in the eight decades between 1770 and 1849, there were just five years without an epidemic of puerperal fever in at least one and often several of the largest maternity wards in major European cities. The true extent of this hospital pandemic was almost certainly greater than the surviving data suggest. Worse yet, large-scale outbreaks did not occur only in hospitals. Doctors and midwives in towns and districts who went from house to house to handle births documented outbreak after outbreak; a string of cases could last for a year or more. In 1811 in London’s Medical and Physical Journal, a Dr. Bradley reported on a flare-up in Yorkshire that had already lasted twelve months. “From the best information I can collect,” he wrote, “this fever has been exceedingly fatal.” How deadly? “For several months after its first appearance, none, I believe, recovered.” Bradley himself did not have a huge obstetric practice—he treated just six cases that year. Only one woman survived, while Bradley argued that another of his patients died of apoplexy, not from the puerperal fever he believed he’d cured by dosing her with calomel, a compound containing mercury. Even allowing that (unlikely) possibility, that left him with a 67 percent mortality rate.

			The doctors overseeing this parade of death recognized that they had a problem. At first, the prime suspect appeared to be some fault within their patients. One idea was that the lochia—the discharge of fluid from the uterus after birth—could clog up and thus remain stuck inside a woman’s body. That would lead to putrefaction, disease, and death. Another possibility: after an almost uniformly fatal burst of puerperal fever at the Paris Hôtel-Dieu in 1747, autopsies of the women revealed a dank, stinking, whitish fluid around the intestines and other tissue. The French physicians interpreted their findings as evidence of a kind of milk fever, in which milk from the breasts was carried by circulating blood to the abdomen, where it spoiled, inducing a fever and all that followed. This “putrefied milk” would later be identified as pus produced by the underlying infection; a symptom, not a cause.

			Other notions emerged. Perhaps the condition occurred as an occasional reaction to the pressure that pregnancy put on the intestines. Many physicians invoked the inflammation of one organ or another in the abdominal cavity as the trigger for disease—an idea seemingly confirmed by the post-mortem dissection of victims. The implication of such explanations was clear and comforting: doctors and hospitals were not to blame for this mothers’ holocaust; instead, puerperal fever could be understood simply as a complication of the intricate process of childbirth itself.

			One fact confounded these explanations, though: time and again, doctors saw not just an isolated case of childbed fever but outbreaks, epidemics. Somehow, whenever one woman fell ill, others followed. How a single patient suffering from a backed-up colon or peritonitis might spread the same symptoms to others wasn’t clear, but the fact that a hospital or a district would routinely see clusters of cases suggested that one case of puerperal fever evoked the same ordeal in others. But what, exactly, had happened?

			

			—

			The earliest version of the correct explanation came from an unlikely place. At the end of the eighteenth century, the city of Aberdeen on the northeast coast of Scotland was a substantial place, home to about 25,000 people, but it was far from the centers of British medical expertise. That gap was bridged by an obscure local physician, Alexander Gordon, the son of a tenant farmer, renting land a few miles from Aberdeen itself. Gordon managed to acquire a first-class medical education in Edinburgh and may have studied in Leiden in the Netherlands, a leading destination for advanced instruction. On his return, he became the only doctor in Aberdeen with specific training in obstetrics, which put him in a unique position to observe the epidemic of puerperal fever that swept through the city and its surroundings between 1789 and 1792.

			For the preceding three decades Aberdeen had been almost wholly free of the disease. There was, Gordon wrote, “no physician alive who practiced at that time”—which meant that none of the district’s doctors or midwives had any direct experience with the condition. That may have been why he began to document the puerperal fever cases he witnessed in women whose babies he delivered, along with those where a local midwife had attended the birth. He followed seventy-seven women who developed puerperal fever, recording how long after delivery they began to show symptoms, how many died, how many days it took them to die, and crucially, who had supervised the birth, a midwife or himself. Compared with the worst of the hospital epidemics, this outbreak was relatively mild: it killed twenty-eight mothers, for a mortality rate of 37 percent.

			That was scant comfort. Gordon’s data revealed a clear sequence of events. His tally begins in December 1789, with four births in the month. The first victim, “James Garrows’ wife,” gave birth under the care of a midwife, Mrs. Blake. Blake handled the next delivery, a baby born to “James Smith’s wife.” Mrs. Smith too caught the fever. Another midwife, Mrs. Elgin, attended the next two new mothers. Both of them fell ill and all four women died. Mrs. Elgin was the link that connected seven cases over the next few months, five of them fatal. Mrs. Blake’s record was yet more grim; she was the common factor in eleven cases. Gordon himself was another angel of death: he identified sixteen women whom he treated who then developed the disease. Five died. As the epidemic unfolded, he wrote, “I could venture to foretell what women would be affected with the disease upon hearing by what midwife they were to be delivered, or by what nurse they were to be attended.” He added, “In almost every instance, my prediction was verified.”

			Gordon said out loud what that pattern implied: “The cause of this disease was a specific contagion” that infected “such women only, as were visited or delivered by a practitioner, or taken care of by a nurse, who had previously attended patients affected with the disease.” Which meant, as Gordon wrote with awesome understatement, that it was “a disagreeable declaration to mention, that I myself was the means of carrying the infection to a great number of women.”

			

			—

			Gordon published his study in 1795, three years after the end of the outbreak. It was a brilliant early example of epidemiology, and he got it right when he indicated contagion as the culprit in the spread of what had killed those whom he had tried to help. Contagion, as Gordon and his contemporaries used the term, meant the transmission of a disease from someone ill to an unafflicted person. That could occur either by direct contact (the hands of a physician who touched one patient and then the next) or by infection, when the source of the disease, whatever it was, traveled a short distance, perhaps between adjacent beds in a hospital ward. And yes: puerperal fever—now known to be caused by one of several pathogenic bacteria, most often in the Streptococcus family—is indeed contagious in exactly the sense Gordon meant.

			Being correct, though, did not mean being heard. Gordon’s conclusions were not rejected; rather, they were ignored. His work garnered almost no professional medical response, for all that it was the first rigorous account of an epidemic disease engendered by the practice of medicine at the then-prevailing standard of care.

			That indifference was partly due to Gordon’s and Aberdeen’s location on the far fringes of medical knowledge. A pamphlet by an unknown doctor working in the hinterland would not usually command a huge audience, much less its assent. Still, Gordon gave his readers an easy reason to reject his argument. He asserted as proven that puerperal fever was a contagious disease, with a vector of infection that somehow attached itself to birthing room attendants. But he had no idea what that vector might be. Instead, he admitted that “with respect to the physical qualities of the infection, I have not been able to make any discovery.”

			That missing link didn’t trouble Gordon. Once he connected each practitioner to the cases of childbed fever that followed them through Aberdeen, it was clear—to him—that a continuous chain of infection bound together their sick and dying patients. In response to that insight, he suggested that midwives and doctors destroy anything that might conceal the puerperal poison, writing first that “the patient’s apparel and bed clothes ought either to be burnt, or thoroughly purified”—sound advice—before coming to the nub of the matter: “The nurses and physicians who have attended patients affected with the Puerperal Fever, ought carefully to wash themselves, and to get their apparel properly fumigated, before it be put on again.”

			That advice was on the right track—though even “careful” conventional washing might not be sufficient to eliminate the contagious agent Gordon postulated but could not identify. That missing link, his inability to name a specific “poison” that produced the specific symptoms of puerperal disease, made room for the familiar alternative explanations that could absolve doctors of any role in the carnage. No subsequent changes in British or continental European approaches to childbirth and recovery can be traced back to Gordon’s work. Instead, its chief effect was to kill its author’s career. By asserting a connection between local medical workers and a wretched disease, he offended Aberdeen’s midwives and doctors, “who, prompted by prejudice,” he wrote, were “very busy in traducing my character,” aiming “to raise an odium to my practice.”

			His critics won. Almost immediately after he published his treatise, he left Aberdeen and rejoined the Royal Navy, escaping the anger of the midwives he’d implicated and of the townspeople who took his description of his own role in the outbreak as a confession. Two years later, consumed by tuberculosis, Gordon returned to his brother’s farm near his hometown. He died soon after, little noticed and less missed. With him went the critical identification of a singular pattern in the circumstances of new mothers’ deaths. It would be half a century later and an ocean away before another medical iconoclast tried to persuade his colleagues of their role in the tragedy of childbed fever.

			

			—

			Oliver Wendell Holmes Sr. is mostly remembered now as a poet and the father of the influential Supreme Court justice. He belonged to a literary circle that included the so-called “fireside poets”—Longfellow and Whittier, among others—and the collection of minds centered on Ralph Waldo Emerson. Holmes himself could be sly—we might now say snarky—as in his poem “Contentment,” a delightful skewering of his milieu’s sense and sensibility: “Little I ask; my wants are few,” he begins before cataloging his oh-so-modest desires: a “very plain” Boston mansion; a modest supper—“three courses are as good as ten”—a tiny art collection, perhaps just “Titians and Raphaels three or four…One Turner and no more,” and so on through the simple tastes of a proper Bostonian.
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					Oliver Wendell Holmes Sr. in 1850.

				
			
			But while Holmes could twist the knife in verse, he was much more than a satirical poet. He had an elite education as a physician, training in the United States and Europe. For half a century, he worked as a practicing doctor and as a medical educator and reformer. One of his most significant achievements came early in that career. In 1843, at just thirty-four years old, he spoke before the Boston Society for Medical Improvement, answering a question raised at an earlier meeting: how to explain a local epidemic of puerperal fever. Holmes didn’t specialize in maternal care, but he was intrigued by the problem of how the disease spread. He spent several months investigating before coming to the same conclusion Gordon had reached. He told Boston’s doctors that what was killing mothers in childbed was contagious, that there had to be some specific agent moving from an ailing woman to another, not yet infected woman. More particularly, as Holmes put it in the published version of his lecture, it was clear how the culprit made its journey. “The disease known as Puerperal Fever is so far contagious as to be frequently carried from patient to patient by physicians and nurses.”

			Holmes did not prove that claim by direct observation or some tragic experience in his own practice—he had none. Instead, he reviewed every report he could find in decades of medical records, including Gordon’s treatise. He found that over the previous forty years, at least one outbreak had occurred per decade in which the cases followed the steps of individual practitioners moving from one infected woman to the next mother. Holmes’s “long catalogue of melancholy histories” accumulated into a landscape of misery, all tracing the same underlying pattern.

			And while, like Gordon before him, Holmes offered no clear candidate for the infectious substance, he used his rhetorical skills to finesse that gap, turning clinical records into dramatic scenes, moments when the suspect reveals himself in the very act of dooming a patient to her awful fate. “Dr. Campbell of Edinburgh,” he wrote, “states that in October, 1821, he assisted at the post mortem of a patient who died with puerperal fever.” Then the key detail: Campbell reached into the corpse. What happened next? “He carried the pelvic viscera in his pocket to the classroom.” It’s almost possible to see the gore dripping into the lining of Campbell’s coat. “The same evening he attended a woman in labor without previously changing his clothes; this patient died.” Campbell lost his next patient, and then he attended another autopsy, after which he “was unable to wash his hands with proper care, for want of the necessary accommodations.” That night, arriving at his practice, he found two women waiting for him. “He went without further ablution or changing his clothes; both these patients died with puerperal fever.”

			Never mind the specific nature of the invisible contagion, Holmes told his fellow physicians. The killer was right there, staring at them in the mirror. Those new mothers dying, one after the other, fell to the one common element in all those deaths: their own doctors. The good news, Holmes wrote, was that such terrible outcomes pointed to their own prevention. Medical men could take simple steps to limit or eliminate the danger: Heighten their attention to cleanliness; wash their hands; change their clothes. If none of that worked, they could halt their obstetrics practice for as long as it took for the contagion to disappear. It was the same advice that Gordon had given almost fifty years earlier. Still, for Holmes, the facts already established were clear and sufficient. The central idea and its implications were now available to any working doctor, and to ignore it was simply depraved: “The time has come when the existence of a private pestilence in the sphere of a single physician should be looked upon not as a misfortune, but a crime.”

			

			—

			Holmes’s audience understood exactly what this young poet-physician was saying: his fellow doctors were serial killers. The response to that brutal claim was at first muted, in part because the journal in which Holmes published his presentation had a small circulation and collapsed soon after it appeared. Where one published mattered then for the transmission of new knowledge (and still does). As we’ve seen before and will again in the long history of figuring out infectious disease, it’s never enough to get something right. One must be seen to do so. Gordon’s report didn’t make it over that hurdle; Holmes’s did, just. Then it ran straight into the next and tougher obstacle. One of America’s most prominent obstetricians heard about his attack (as he took it) and did not take it well.

			Dr. Charles Meigs of Philadelphia was one of the leading specialists in childbirth in the United States—he had written textbooks on obstetrics—and he completely rejected the Boston upstart’s argument. He countered with the example of a fellow Philadelphia practitioner who had recently seen seventy cases of puerperal fever in his practice while other local doctors reported none. Meigs wrote that his colleague could not have been at fault. Why not? Because his friend was “a gentleman who is scrupulously careful of his personal appearance.” Need one say more? “Some…contagionists will say he carried the poison from house to house,” he added, but if so, how? “Did he carry it on his hands?” Meigs wrote. Of course not. “A gentleman’s hands are clean.”

			That is, claims of dominion, of hierarchy as the essential scaffolding of affairs, applied to human societies as well as to creation. Gentlemen cannot be murderers—hence any theory of doctors as disease vectors had to be wrong. For Holmes himself, he had nothing but disdain. The Bostonian was callow, inexperienced, and worst of all, a mere theorist shuffling after-the-fact records. He had no experience of the bloody, loud, dramatic experience of childbirth. The true cause of epidemics of puerperal fever, Meigs wrote, quoting a European authority, was some derangement specific to the hospital or region in which an outbreak flared. Holmes’s essay was naive and ignorant, the “maunderings of a sophomore.”

			Holmes took the insult in stride—Boston Brahmins are not easily squelched—but such opposition left his work in the same limbo as that of Gordon and the handful of other physicians who had noticed the same phenomenon. Absent the specific poison (Meigs’s term), it was too easy to offer alternate explanations. Meigs proposed atmospheric conditions, filth in a birthing room, and the fact—as he saw it—that any injury that a woman might suffer during labor could produce the symptoms of childbed fever in the days to come. If doctors wanted to believe that they were not the cause of their patients’ suffering—and who wouldn’t?—then the missing mechanism gave them the loophole through which to escape.

			But Holmes was right. His work forms part of the foundation of what would become germ theory: identifying doctors as vectors for disease suggests the existence of a material agent that could hitch a ride on a physician’s hands. This was the liminal stage in the development of the concept of a germ, a necessary step to make a new account of disease thinkable in the face of long-established theories.

			That incremental shift remained invisible in the moment Holmes made his case. Instead, his fellow physicians continued to commit crimes upon their patients, even as their guilt was being proved, seemingly beyond reasonable doubt, in an accidental experiment taking place on the other side of the Atlantic Ocean.

		

	
		
			VIII

			“an unquestionable reality”

			The Vienna General Hospital—in German, the Wiener Allgemeine Krankenhaus—had been established in the seventeenth century as a home for disabled veterans of the second Siege of Vienna (the battle in 1683 that marked the extreme limit of the Ottoman Empire’s advance into central Europe). By the early 1800s, it had become the Austrian Empire’s most significant medical center and one of Europe’s leading hospitals, pioneering new, more scientific approaches to medical research and education.

			But for mothers who delivered their babies at Vienna’s greatest hospital, the “modern” care they received would prove disastrous. A twenty-first-century statistical analysis makes that brutally clear. Using the Dublin Lying-in Hospital as the control, the data show that the two institutions saw essentially the same rates of maternal mortality from 1784 through 1822: roughly 1 percent, with rare and brief episodes when it jumped over 2 percent. Over the last years of that period the Vienna maternity service was led by a director who resisted the allure of the new methods of instructing medical students, refusing to autopsy the women who died in childbirth.

			That changed in 1823, when the anti-autopsy director, Lucas Boër, was ousted. He was replaced by a former assistant, Johann Klein, who favored the modern approach of teaching medicine through the intimate study of what a classic textbook called “the morbid anatomy” inscribed on corpses by the circumstances of their deaths. Certainly, over the nineteenth century the turn to what became known as pathology—moving from the dissection of whole bodies to the microscopic investigation of first tissues, then cells—was enormously important to the advance of basic knowledge and new approaches to care. For the women of Vienna, though, the shift from the old ways to the new spawned a massacre.

			Vienna General Hospital

			As soon as Klein took over as director, the dissection of cadavers became part of the standard curriculum for Viennese medical trainees. They performed vaginal examinations on the cadavers of mothers who had died after giving birth—a population that included puerperal fever victims. Then the apprentice doctors would pass directly from the autopsy room to the wards, to attend living women in labor. That didn’t happen at the Lying-in Hospital in Dublin, and new mothers faced the same ongoing risk they had for decades. On average, their mortality rate hovered below 1 percent. Not so in Vienna. In 1823, the first year of Klein’s reign, Viennese mothers were suddenly thrust into peril, suffering 7.5 fatalities in one hundred deliveries, a proportion that occasionally reached 10 percent in later years.

			In the midst of the bloodbath, even though the rise in postpartum complications would have been clear to hospital authorities, the story those numbers told would not have been visible either to the practitioners or to their patients. The comparison with Dublin is one historians can make, but Klein and his staff would not have seen the Irish data; nor would they have necessarily made the inference that seems clear in hindsight. Beginning as they did with the premise that puerperal fever isn’t contagious, they saw the periodic waves of cases on the wards as mere bad luck, or the inevitable variance that naturally occurs in episodic events.

			In any case, business was booming, as more and more women came to General Hospital to deliver their babies. By 1833, there was enough work to split the hospital’s maternity service into two wards or clinics. The two alternated admissions every twenty-four hours. Both were staffed by the same mix of doctors, medical students, and midwives, and the next seven years there was no meaningful difference in outcomes on either ward. In both, deaths ranged from 2.5 to 8 per hundred births—much worse on average than the forty years before autopsies became part of the service’s daily routine, but varying enough year over year to make it hard to assign a specific cause.

			That confusion ended in 1840, when a reorganization of the obstetrics service split the staff working on each ward. The first became the exclusive province of male doctors and medical students, while the second was handed off to female midwives and their midwifery students, who were not taught with the new pathology curriculum and thus did not take part in autopsies. Each clinic still received admissions on alternate days. The difference in the dangers of each service became clear almost immediately: 2.6 percent of the midwives’ patients died in the first year using the new system (still a higher rate than the norm before 1823). But the doctors and medical students did so much worse. They lost almost one in ten of the women they treated—four times the death toll of the other ward. To reemphasize: by the end of the nineteenth century, the new pathology, the study of the intimate anatomy of disease within the bodies of the slain, would yield extraordinary advances in every aspect of medicine, from diagnosis to care to prevention. But not in Vienna, not then.

			Word leaked out to local mothers-to-be, many of whom tried to time their arrival at the hospital to ensure they’d get admitted to the midwives’ Ward 2. Admission to the other service was terrifying, and the doctors themselves knew full well the horror they invoked. “Frequently one must witness moving scenes,” one of them wrote, “in which patients, kneeling and wringing their hands, beg to be released in order to seek admission to the second (midwives’) clinic.” The hospital leaders mounted repeated investigations “with a view to ascertain the cause of this fearful amount of mortality”—not just the gap between the two wards, but also the fact that women in the hospital died at a higher rate than those who gave birth at home.

			Those inquiries found…almost nothing. As the historian F. H. Arneth has documented, the best that the committees came up with was that the hospital’s laundry may not have been washed carefully enough—with that residual filth explaining the generally worse outcomes there than in private homes. But the senior doctors failed to “suggest any explanation of the great difference in the relative number of cases ending fatally in the two clinics.” The mystery persisted, and under the care of male doctors and medical students on the first ward, the women continued to die.

			

			—

			Enter Ignaz Semmelweis.

			Semmelweis has become an almost mythic figure: the lone genius whose discovery threatened authority, was silenced, and paid the ultimate price for the sin of being right. That tale holds some truth, but it obscures the crucial question: Given that Semmelweis worked out the first unequivocally effective intervention that could have saved untold numbers of lives, why was he (mostly) ignored? The answer lies in the persistence of “settled” knowledge—and the complex, fraught, and tragic process required to replace powerful habits of thought and action.

			The fifth of nine children, Semmelweis was born in 1818 in Buda in the Kingdom of Hungary. He did well in secondary school, and his final exam results propelled him to the University of Vienna. He briefly studied law before switching to medicine, earning his M.D. in 1844. He then went to Vienna General Hospital to train in obstetrics. He was promoted to a staff position as a pathologist, with duties on Ward 1—the one staffed by its all-male staff of doctors and students. He became the assistant to Dr. Klein, still director of the maternity service—which forced him to confront the fatal disparity between its two wards.

			Semmelweis’s single most valuable realization was that the General Hospital had inadvertently set up a natural experiment. There were two wards to which the same population of women were randomly assigned, all coming to the hospital for the same reason, all treated with a common repertory of examinations and procedures—who then experienced clearly different outcomes. Why? What happened in one ward and not the other to explain the discrepancy?

			So, in 1846 Semmelweis retraced the earlier investigations, checking out a series of potential explanations for the epidemic in Ward 1. The old miasma theory was one hypothesis, updated to locate its source in overcrowding and lousy ventilation. Semmelweis debunked that one: the midwives’ ward was consistently more densely packed with patients than the male-run service—explicitly because expectant mothers knew what waited for them if they ended up in the wrong room. “Because of the bad reputation of the first section,” he wrote later, “everyone sought admission to the second.” Often, even on days when it was the midwives’ turn to take in new patients, “it was necessary to resume admissions to the first section because the passageway was crowded with such a great number of persons” waiting for a bed in Ward 2. The reverse never happened: the doctors and medical students never had to send overflow patients to the midwives.

			Nor, Semmelweis found, were dirty bedsheets to blame. Perhaps, one physician suggested, the problem was an already-sick population. The General Hospital, after all, took care of indigents who lived very hard lives. Yes, Semmelweis wrote, “they were miserable and in great need, often malnourished and many had attempted to induce miscarriages.” But if poverty were the driving force behind childbed fever, “the mortality rate in the second section should have been the same, since the same type of women were admitted there.”

			Still another suggestion was that the sound of the bell announcing the arrival of a priest to administer last rites might be so demoralizing that it induced deaths of despair. Semmelweis persuaded the hospital’s cleric to leave his bell ringer behind and enter the rooms of the most dire cases without passing through the main birthing areas—and he made sure that this procedure was followed for both services. The women in Ward 1 continued to die in disproportionate numbers.

			As he eliminated one possibility after another, Semmelweis also sought clues outside the hospital. He reviewed so-called “street births,” women who gave birth out in the city, often assisted by midwives, and were brought to General Hospital only later, for postpartum care. It turned out that like the women admitted to Ward 2, these women had much lower puerperal fever and death rates than those who went through labor in Ward 1. The same was true for women who delivered prematurely, or who just advanced through labor so fast that they couldn’t make it to the hospital.
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					Ignaz Semmelweis in 1860, a year before he finally published his definitive account of his approach to puerperal fever.

				
			
			None of it made sense. Semmelweis had found nothing that could plausibly explain the catastrophic results in Ward 1—his own workplace. “Everything was in question; everything seemed inexplicable,” he wrote. “Only the large number of deaths was an unquestionable reality.”

			Flummoxed, the young doctor—still only three years out of medical school—took a break. In March 1847, he left for a holiday in Venice. He returned two and a half weeks later, with, he reported, “rejuvenated vigor.” That’s when he learned that one of his favorite teachers, the pathologist Jakob Kolletschka, had died. Semmelweis wanted to know how this previously healthy man had gone so swiftly, so over the next few days he retraced the sequence of events that ended in Kolletschka’s death.

			It had started in the autopsy room. Assisted by students, Kolletschka was dissecting a cadaver. One of them nicked his professor’s finger with a surgical knife. The wound became inflamed, affecting nearby veins. Whatever was happening at the site of the injury kept on moving, traveling from the skin into other organs. When Kolletschka’s corpse was itself examined, the full extent of the damage became clear: his final illness had invaded his heart, the abdomen, his lungs, the membrane around his brain, even erupting in one eye. The scene within that body’s open cavity would have been grotesque, and grimly familiar. “I could see clearly,” Semmelweis recalled, that what had killed his mentor “was identical to that from which so many maternity patients died.”

			

			—

			With that, the picture snapped into focus. Semmelweis would later explain his logic. First, his professor’s fatal illness had a known source, the contaminated knife that transferred some contagious substance from the body on the autopsy table to the minor wound on his finger. It followed, Semmelweis wrote, that if his maternity patients had died of the same disease, “then it must have originated from the same cause that brought it on in Kolletschka.” But what was that cause? What material substance had killed his mentor? That remained a mystery, but the outline of what had to have happened was clear: “cadaverous particles introduced into his vascular system,” which, Semmelweis concluded, meant that the same invisible motes of poison must be making their way into the bloodstream of delivering mothers.

			And with that, the path that puerperal fever took from one new mother to the next became clear. “Because of the anatomical orientation of the Viennese medical school,” he concluded, “professors, assistants and students have frequent opportunity to contact cadavers.” Midwives and midwifery students, however, did not. In the ordinary round of their daily work, male medical personnel would often go directly from an autopsy to the bedside of a woman about to give birth. There, Semmelweis wrote, “the cadaverous particles are introduced into the vascular system of the patient.” Another young woman marked for death.

			If his analysis were correct, Semmelweis knew, it would be an admission of his own and his colleagues’ failure. On the morning he returned from Venice, he wrote, “I conducted my gynecological studies in the morgue.” From there, he went directly to Ward 1, where he examined the patients awaiting delivery. “My hands, contaminated with cadaverous particles, were thereby brought into contact with the genitals of so many women.” The familiar holocaust followed: in April, almost one in five new mothers died under his care. “The mortality rate increased significantly,” he wrote, “because I intervened, my fingers contaminated with cadaverous particles.”

			This was what the hospital’s initial investigations had failed to find. Even without knowing exactly what was doing the damage, Semmelweis recognized that the male practitioners’ hands bridged the distance between corpses and living patients. That realization led directly to a fix for the problem. Doctors and medical students usually washed their hands after an autopsy. But even after an “ordinary” wash with soap and water, the smell of the dead body could still be detected, which Semmelweis took as a sign that some trace of the cadaver was still present. So he ordered everyone moving between the anatomy lab and the ward to cleanse themselves with chlorinated lime (calcium hypochlorite, still used in household bleach)—powerful enough to remove every last wisp of the stench of death.

			It worked.

			Instantly.

			In the last weeks before Semmelweis introduced the chlorine rinse, thirty-six out of 294 women in Ward 1 died—12.24 percent of those delivered by doctors and students. But over the next seven months, that toll dropped to 5 percent, still above the midwives’ number, but an improvement. By 1848, with the new procedure firmly in place, the doctors’ clinic lost just 45 out of 3,556 patients—1.27 percent—good enough at last to (barely) beat out the midwives’ record.

			

			—

			In a happier world, the story of puerperal fever would end here, in the late spring of 1847, at a washstand supplied with a chlorine solution somewhere between the morgue and the maternity wards in Vienna’s premier hospital.

			In this vale of tears, it did not. Semmelweis did not immediately publish his work, but news of his innovation did spread. A note appeared in one of Austria’s medical journals, and doctors in Great Britain, the Netherlands, Germany, and elsewhere picked up word of what had happened at Vienna General Hospital. They tried Semmelweis’s procedure in their own clinics, leading to similar results. The news ultimately made its way to Oliver Wendell Holmes, who mentioned Semmelweis’s work in an 1855 reprint of his essay on puerperal fever.

			But as the implications of Semmelweis’s discovery sank in—that puerperal fever in almost every case was caused by medical carelessness and was easily preventable—lines of resistance began to form. Some doctors rejected the idea that they could be at fault. Others pointed to facts that Semmelweis’s account did not explain—for example, the existence of what seemed to be a seasonal pattern to outbreaks of the disease. Semmelweis didn’t help by being unbelievably slow to publish his findings, only doing so in 1861, fourteen years after he’d ordered his students to wash their hands with chlorine. Perhaps worse for his cause, his habit of responding to criticism with extravagant insults encouraged his antagonists to ignore him.

			The slow wreck of Semmelweis’s career began soon after he drew attention to the doctors’ role in the ruin of their patients. His boss, Johann Klein, seems to have blamed him for unwanted scrutiny of his department, and maneuvered him out of his job. Soon after, he left Vienna to return to Hungary. There, in Pest, he ran two hospital maternity wards in which he installed his chlorine-washing regimen, which dramatically improved the complication and death rates for new mothers. His reports on these results were again either ignored or dismissed. Rudolf Virchow, a founder of the modern pathology and one of the great evangelists of the use of the microscope in medicine, simply rejected Semmelweis’s conclusion. One journal refused to permit debate and in response to a report of his success in Pest editorialized that “we believe that this chlorine-washing theory has outlived its usefulness…. It’s time we were no longer deceived by this theory.”

			With each rejection, Semmelweis’s rage and frustration mounted. He wrote to one opponent, “I denounce you before God as a murderer”—a charge that may not have been false but was unlikely to persuade a detractor. As his medical exile continued, colleagues and family began to pick up hints that his usual choler had become an actual mental breakdown. Historians disagree about what form of derangement overtook Semmelweis, but some kind of mania was evident to his wife and friends. On July 29, 1865, he boarded a train for Vienna to visit former colleagues. When he arrived, he was met by someone he believed to be a friend. That man took him to a public sanatorium for the mentally ill. His wife tried to visit him the next day, but members of the staff refused her admission. At some point during the first few days of his incarceration, sanatorium attendants beat him till he bled. His wounds became infected. That infection killed him.

			He was buried on August 15, 1865. There was almost no notice in the medical or popular press. His family, perhaps shamed by the place and manner of his death, changed their surname a few years later. For the next twenty years, Semmelweis almost completely disappeared from medical discussions of puerperal fever. It was as if his colleagues were relieved to be rid of such an intemperate scold. Meanwhile, Europe’s doctors continued to kill Europe’s women, as the medical historian Irvine Loudon has documented: “In every country from which data are available, the mortality due to puerperal fever rose” through the 1860s, “reaching the highest levels ever recorded in the mid-1870s.”

			

			—

			That grim sequence—professional exile, dismissal, madness, death, dishonor, and oblivion—makes Semmelweis’s story seem like just another tale of failure in the long battle against infectious disease. In that history, certainly, physicians often found it difficult, even impossible, to separate their beliefs and self-perceptions from what in hindsight seems to be overwhelming evidence. The physicians who rejected washing with chlorine did not set out to harm the women under their care. It was clearly agonizing for doctors to grapple with the possibility that what they had done to turn medicine into a science—from the creation of hospital-based care to the emphasis on autopsies as the key to medical education—could do so much damage, could kill so many. At least some of the opposition to Semmelweis’s results may have been born of shame too great to bear.

			But the medical establishment’s rejection of Semmelweis was more than a personal defense. The doctors who ignored his disinfection protocol followed a well-traveled train of thought. “A gentleman’s hands are clean” made as much sense in the capitals of Europe as it did in Philadelphia. And there was, in a sense, divine sanction for such a view. By the time Semmelweis made his discovery, the Great Chain of Being as a cosmological framework had mostly faded from social or spiritual consciousness, but the idea of fixed natural and social hierarchies remained potent. It was, after all, the driving force behind the loud and public opposition to Charles Darwin’s On the Origin of Species, published in 1859. As Darwin’s critics sniffed, the notion that humanity might descend from an ape was on its face absurd.

			As for nature, so for human affairs. The great men who rejected Semmelweis and the fifty years of observation and analysis that preceded him did not invoke a religious hierarchy. Instead of invoking a chain of command from God to us to brute nature, they implicitly assumed an essentially necessary social and biomedical order. The precise nature of such hierarchies varied by the circumstances of the individuals involved. Meigs, trained and working within the racialized medical framework of antebellum America, could draw upon widely shared claims of absolute distinctions between groups of human beings and human bodies. The vast gulf between master and slave could be further subdivided into a sharply defined rank order, to which both society and disease were subject. In Meigs’s formulation, that a gentleman’s hands were clean implies that a laborer’s were not.

			From this distance in time, Meigs makes an easy target, almost a cartoon villain. But the hierarchical impulse captured even those who in many domains explicitly rejected the most overt forms of belief in a fixed top-to-bottom organization of human society. In most of his political life, Virchow was a progressive thinker and activist whose objections to excessive military spending led the Prussian leader Otto von Bismarck to challenge him to a duel.[*] He saw medicine as a social science—one that should not confine itself to symptoms and the pathology of an individual malady, but must extend to analyze the conditions in which disease flourished: poverty, slum conditions, the whole round of human misery. He opposed the explicitly high (European, male) to low (everyone else in an all too familiar sequence) account of human capacity advanced by social Darwinism, seeing it as false as a claim of fact and dangerous as a justification for antisemitism and racial viciousness. But he held fast to the distinction between the human and natural worlds, which led him to his rejection of Semmelweis’s seemingly definitive experimental results. Those who suffered—the mothers of Vienna—were victims of what their social circumstances had burdened them with. The hierarchy was still there—the poor, the wretched, the miserable of society were those most at risk; for Virchow (unlike Meigs and many others) that imposed an obligation on those privileged enough to rank above the huddled masses to right social wrongs. But that was still a duty imposed on those above in service of those below. And it left no room for the simple cause-and-effect story Gordon, Holmes, and Semmelweis each told. Semmelweis, an outsider in Vienna, had little power to force his colleagues to confront their role in the maternal deaths they’d witnessed—caused. What seems now to be so painfully apparent was not so much as wrong as impossible.

			Still, Semmelweis did eventually publish. Other doctors read his report, and some acted on what they learned. And for all the gentleman-doctors’ resistance, it is not true that nothing happened between the recognition of a doctor-led puerperal fever epidemic and the decisive scientific resolution of the argument that came only a few years after Semmelweis died. The few doctors and hospitals who had read or heard of Semmelweis’s results in Vienna were able to save some lives. Less tangibly, the arguments of Semmelweis and Holmes marked a slow shift in the way it was becoming possible to imagine the disease process.

			That is, from 1795 to the 1860s, a series of bravely honest investigators told a story that was different from what the rest of the medical world believed. Gordon, Holmes, and Semmelweis and those few who followed them recognized that the patterns of the cases they observed meant that puerperal fever had to be contagious: one victim could seed illness in another. They looked for the connections, and they found it in those who attended births. No miasmatic theory could explain such a link—a disease-causing agent carried in bad air would have threatened every susceptible person in a given area, which was not what Semmelweis and his predecessors recorded. Their observations required the presence of a singular substance that a doctor or a midwife picked up in one body and carried to the next. Yes, none of them identified the precise substance, but as Semmelweis demonstrated in Vienna and Pest, the recognition that such a substance existed led straight to solving the purely medical side of the problem, breaking the chain of infection.

			This was germ theory without germs. It offered a coherent explanation for what was happening in birthing rooms and clinics. Even without a clear grasp of the underlying biological processes, Gordon, Holmes, and Semmelweis—and those who were influenced by them—demonstrated that it was possible to look closely at the phenomenon and make coherent inferences from what they saw. Such work prepared minds for what was to come, when the microcosmos at last came back into view.

			Before that could happen, though, the problem of mechanism had to be solved. “Cadaverous particles” or “poison” or even “contagion” were all names slapped on the unknown: both what such deadly stuff might be and how it killed those it touched was still a mystery. The next step—almost the last one—in solving that would begin half a world away from the hospitals of Europe, somewhere along the banks of a river in Bengal.

		

		
			Skip Notes

			
				* The duel never took place, as Virchow managed to reduce Bismarck’s bluster to absurdity. There are various versions about exactly what happened, but in one popular account, Virchow received the challenge as he was in his laboratory, investigating a roundworm implicated in the parasitic disease trichinosis. So, as Edward Walter and Mike Scott pick up the story, “As the challenged party, Virchow was entitled to the choice of weapons. He selected two externally identical cooked sausages one of which was edible and the other filled with deadly trichinae. Bismarck refused to accept the duel and Virchow’s honour remained intact; a case of Bismarck fearing the wurst.”

			

		

	
		
			IX

			“die like rotten sheep”

			On Saturday, August 23, 1690, Kalikata was a flyspeck of a village on the east bank of the Hooghly River, a branch of the Ganges, about a hundred miles above its mouth in the Bay of Bengal. The area around it was low, hot, and for Europeans, notoriously unhealthy. It was a hamlet like thousands of others in the Ganges Valley, of so little account that it does not appear on contemporary maps. A few Europeans had reached the site before 1690, but for the most part, only the handful of people who landed fish there had reason to think about it at all.

			Then came Sunday. At about noon on August 24, an Englishman named Job Charnock had himself rowed ashore.[*] To Charnock, acting for the East India Company, the place had just one virtue, a grand old shade tree relieving that otherwise undistinguished patch of riverbank.

			The outpost he founded was a truly miserable affair, a wretched huddle of huts and tents surrounded by pestilential marshes. Early in the company’s tenure there, a visiting Scottish ship captain reported that about twelve hundred English residents had gathered in Kalikata—company men, soldiers, and merchants. Half a year later the company’s clerks had recorded 460 deaths.

			Still, whatever those first Europeans endured as they clung to the banks of the Hooghly, their successors got what they had come for: a portal through which to seek and seize the wealth of Bengal. The town would grow from a tent city into a rough enclosure called Fort William, and then, as the East India Company extended its power through northeastern India, into a true city. By the nineteenth century, Charnock’s old shade tree would find itself at the intersection of Bow Bazaar Street and the Lower Circular Road, in the heart of a metropolis with an anglicized version of the name of that former fishing hamlet: Calcutta, today’s Kolkata.

			Calcutta became the center of a global network of trade and predation. It was still an unhealthy place, and the ambitious men who flocked there from Edinburgh or London gambled with their lives, just as those in the original cluster of tents had done. A bitter but accurate quip had it that in Calcutta, those avaricious strangers would “live like Englishmen and die like rotten sheep.” The marshes, the fetid irrigation ditches, the insects, and the unrelenting heat all took their toll; in the terminology of the day, Calcutta was enveloped by miasmas—fetid, heavy, moist, pestilential vapors.

			Some of the specters were familiar. Smallpox was always present and in bad years accounted for between 10 and 20 percent of all deaths. Other fevers added to their burden. And among the British officer corps, single men died at higher rates than their wedded counterparts. The writer of one report attributed that to the fact that “the lives of married men are better than the ones of unmarried men”—a subtle but unmistakable hint at the toll taken by alcohol and high living, unmediated by domestic comfort.

			But there was one disease that would have been unfamiliar to almost all the English in Calcutta. In most years, it accounted for only a small fraction of deaths—1 percent or so—both for the locals and for the tiny fraction of Europeans in the city. Its symptoms were unmistakable: loose, watery, relentless diarrhea; nausea and vomiting; thirst; muscle cramps; then toward the end, extreme dehydration. Between a quarter and a half of those who fell ill would die, often only hours after they first started to feel uncomfortable. Until the nineteenth century, it troubled just one corner of the world. Cholera was regularly present in the Ganges Valley, and would occasionally erupt in other regions in India—but it was largely unknown beyond that endemic range.

			Then came 1817. The disease would have been present in the Bengal hinterland, most likely as cases scattered here and there along the Ganges, its tributaries, and distributaries. Most years that would have been the end of it. A few people would get sick, and then, as the year progressed, another minor outbreak would end. But that September, cholera reached Calcutta itself—and leapt its usual bounds. Charnock’s tiny settlement had grown to over a half million inhabitants. This new huge, crowded city was well on its way to becoming one of the world’s great mercantile hubs, trading by sea as far as the company’s ships and private vessels could reach. Where Calcutta’s travelers went, cholera rode with them.

			That’s the history of cholera in the nineteenth century. It became a worldwide threat by riding along the ever-wider exchange of stuff, people, and disease, driven by the turning engine of empire (just as earlier, bubonic-plague-carrying fleas hitched rides along trade routes by land and sea). In this first pandemic eruption, cholera crossed the ocean to East Asia, the East Indies, Africa, and Arabia, and it traveled by land north from the Persian Gulf into Russia. The pandemic lasted from 1817 until 1824, and then stopped, leaving Europe and the Americas untouched. It hammered the places and people it did reach. When travelers bearing the illness reached Bangkok, the novel scourge killed as many as thirty thousand people—about one-fifth of its population. A British army on the march in India lost 764 officers and men out of a total force of 11,500. Still, the new disease was little noticed in those places that escaped cholera’s first great international excursion. In particular, it barely made an appearance in debates within the European medical and scientific community about infection, contagion, and the causes of disease.

			That soon changed. The 1817 outbreak was the first of five waves of cholera that swept the world in the nineteenth century. As each successive pandemic worked its way across oceans and continents, those in its path would try to figure out what propelled it around the globe—and how to deal with the vast numbers of the sick once it reached their doorstep. It would take almost the rest of the century for scientists to definitely settle both questions: how cholera spread and what could reliably prevent it from doing so.

			So far, this book has centered on the question of why it took so long to decipher the true nature of infectious disease. It is already apparent, hopefully, that the answer to that question has as much to do with social context and the history of the people trying to answer it as it does with sequence of scientific inquiry—even if many of those wrestling with the problem of contagion believed themselves to be focusing on the purely medical side of the mystery. The cholera pandemics of the nineteenth century drive that lesson home: the successive pandemic surges seemed to confirm but then undermine basic preconceptions about infectious disease. When it finally became clear how to stop the epidemic spread of cholera, that breakthrough turned on a social approach to the crucial biological and epidemiological phenomena of that widespread illness.

			

			—

			The second cholera pandemic began in Bengal in 1827, just three years after the first wave receded. British rule in India was consolidating, and cholera soon made its way from the fields and villages of the Ganges Valley to Calcutta and from there into the empire’s web of trade and conquest. This time, it advanced past the limits of the 1817 wave. It returned to Southeast and East Asia but it also moved north and west, reaching Moscow in 1830 and Berlin in 1831, making its way to London and Dublin later that year. It may have invaded Paris that same year, but official acknowledgment of the outbreak only came on March 29, 1832, amid the celebration of Mid-Lent.

			Heinrich Heine captured the scene in a column he wrote for a German newspaper: “That night the balls were more crowded than usual; excessive laughter almost drowned the roar of music; people grew hot in the chahut, a dance of anything but equivocal character…when all at once the merriest of the harlequins felt that his legs were becoming much too cold and took off his mask.” That was when, “to the amazement of all, a violet-blue face became visible…. The laughter died away; and at once several carriages conveyed men and women from the ball to the Hôtel Dieu, the Central Hospital, where they, still arrayed in mask attire, soon died.” In a distant echo of Daniel Defoe’s account of the plague pit, Heine added, “It is said that these dead were buried so promptly that even their fantastic fools’ garments were left on them, so that as they lived they now lie merrily in the grave.”

			
				
					[image: ]
				

				
					This lithograph from the 1834 cholera outbreak in France captures the terrifying suddenness with which the disease assaulted its victims.

				
			
			For a brief time, the Americas managed to avoid such scenes. The Atlantic served as a moat, and in late 1831 New York City took advantage of the reprieve to impose a quarantine on most shipping. That barrier did not hold for long. On June 15, 1832, news reached Manhattan that cholera had appeared in Montreal and Quebec. New York City authorities blocked overland travel from the north. Too late. By then the disease was already present upstate and may also have come ashore from a quarantine breach in the harbor. The city’s cholera epidemic officially began on June 26, when an Irish-born New Yorker known only by his family name, Fitzgerald, became its first acknowledged victim. Mr. Fitzgerald survived, but his wife and two of their children did not. That was a common pattern: cholera claimed its victims with such speed and viciousness that it shocked those in every newly affected territory. In its two-month outbreak New York recorded 3,515 deaths out of a population of about 250,000—six times the death rate from COVID from 2020 to mid-2022. New Orleans suffered even more, losing over 8,000 of its 55,000 inhabitants.

			From this remove in time, it is almost impossible to capture the fear that cholera evoked as it approached a city or region. It did not usually prove to be as lethal on a population basis as the iconic pandemic disease, bubonic plague, but in some ways, it was more terrible. The plague was an almost genteel killer: someone would fall ill, take to their bed, weaken behind a closed door, then either die or begin to recover. If they died, their corpse would at least resemble the living person it had so recently been. Not so with cholera. It touched its victims and, with shocking speed, utterly ruined them. In 1832, at the height of the epidemic in England, a surgeon, George Hamilton Bell, tried to convey the horror from the patient’s point of view. At first, “the invasion of Cholera is so insidious, that the individual attacked may be quite unconscious of it,” he wrote. Instead, “if minutely questioned, he may admit that he has indescribable sensations of being out of order, and that he is unaccountably depressed and listless.” At this early stage, “he may have no nausea, but he has…perhaps an uncomfortable sensation of heat at the pit of the stomach.” The person’s extremities might feel cold, his fingertips might turn a bit blue before the defining sign appeared: “There is a sudden call, and the whole intestines seem to be at once emptied, followed by a feeling of weakness.”

			Even after that first discharge, many victims would still claim to be merely uncomfortable, but signs of serious illness soon became obvious. The victims Bell saw would become weak and very thirsty. Pain would build in their stomachs—and always, the diarrhea would persist and worsen. That’s when the archetypal mark of cholera showed itself. As Bell wrote, they were “like water in which grain has been boiled, with pieces…of opaque white or yellowish coagulated matter floating in it.” (This symptom is still known as a rice-water stool.) Each new defecation would sneak up on the worsening patient: “The desire is sudden…and the stomach or bowels are emptied at once, and with some violence.”

			From there, the disease moved fast. The eyes would sink into the dying patients’ sockets. Their faces would shrink in on themselves, contorting into agonized expressions unrecognizable to “their most intimate friend,” Bell wrote. They could suffer agonizing spasms, or report burning sensations even as their skin became cold. The shit and vomit would continue to flow, extracting the last fluid that could possibly be extracted from their flesh. The heartbeat “if perceptible is a mere flutter.” Most cruelly: the sufferer was “in most cases coherent to the last.” All this happened at a breakneck pace. The usual time from first symptoms to death was sixteen hours, and Bell saw cases where cholera took just four hours to kill. This was more than a malady. Cholera was an apocalypse.

			Worst of all: beyond bearing witness, Bell could do nothing for those under his care. Western doctors did not agree on the mechanism of the disease and knew of no effective treatment. So they guessed. In New York, a special medical council suggested a traditional cure-all, bloodletting, followed by a course of mercury. In the face of cholera’s swift viciousness, it seemed worth it to try just about anything: near overdoses of laudanum, tobacco smoke enemas, and even a purely mechanical approach to controlling diarrhea: plugging the sufferer’s rectum with beeswax—and much else besides. None of it did any good, of course, as a few physicians acknowledged. The historian Charles E. Rosenberg found one in England, Sir Thomas Watson, who said, “I question whether we should find the aggregate mortality from cholera was in any way disturbed by our craft.”

			Given such failures, attention shifted to the possibility of preventing people from catching the affliction in the first place. One possible solution came from the experience with smallpox. In the decades since Mather and others had preached the good news of inoculation, practitioners had realized that the method worked. They understood that the procedure introduced some particle of disease into a person, producing immunity by inducing a hopefully mild illness. The sudden appearance of cholera in regions it had not invaded before raised the possibility that it too was caused by such a discrete poison that could move from a sick person to a healthy one—which left open the possibility of a similar approach to this new threat.

			A few physicians appear to have thought about inoculation, but most doctors in the United States and Europe rejected the analogy between cholera and smallpox. One reason was that cholera outbreaks behaved very differently from smallpox epidemics. While smallpox cases could often be tracked as a chain linking one sick person to the next, cholera frequently arrived as a spatter of discrete mini-outbreaks, showing up at the same time in distant corners of a city, in “a shower of hail,” as one Canadian physician described it. Another difference was that smallpox could appear at any time of the year—all that was required was that someone already infected encounter vulnerable others. But cholera outbreaks seemed to occur more frequently in the heat and swelter of summer. (The correlation was hardly perfect, but even the hint of a pattern could be persuasive.) Also, cholera was selective: even though it sparked clusters of cases, not everyone in an afflicted household or building would get sick. Above all, while smallpox did not respect rank—it famously killed princes as readily as paupers—cholera was more of a snob. Cities in Europe and the Americas facing cholera for the first time found that most often it hit earliest and hardest in slums that housed the poor.

			No contagion model could account for such facts—but the older alternative explanation did. That the disease seemed to seek out the most wretched quarters of a city suggested that squalor had something to do with it. The poor lived in overcrowded, stinking, and damp homes, and spent their days enveloped in the stench rising from heaps of garbage and cesspits. For European and American physicians, that fetid air would have been a clue that pointed straight at the obvious explanation for an eruption of a fatal disease.

			

			—

			Miasma theory accommodated the phenomenon of an unfamiliar disease carried by people traveling enormous distances at previously unimaginable speeds by placing it in familiar hierarchical frameworks of moral and material risk. Naming filth as the source of the scourge was not just a medical explanation; it supported, even reinforced, existing ideas about virtue, value, and social order, resonating in the increasingly wealthy and powerful centers of empire.

			For example, in Paris, observers blamed the city’s most wretched residents for its cholera outbreaks. The first step in the argument was that the least among them were poor because they were bad. Their sins condemned them to live in muck. These were the ragpickers, scavengers who prospected through the city’s garbage for their daily survival, seen as subhuman, “a sort of hermaphroditic race, they belong neither to nature, since they are nothing like savages, nor to society, since they are not civilized.” The same indictment was leveled at the poor in general. “Is it not the case that civilization halts, as it were, on the thresholds of the poor, in whose homes,” one later analyst of the origins of affliction wrote, “every sort of physical and moral debility is to be found, and disease and death ineluctably take possession?” Living in such degradation, the scum of Paris engendered disease and hence threatened their betters with miasmas that could waft toward the more respectable parts of town.

			New York’s medical moralists came to a similar conclusion. A committee of doctors convened to investigate the epidemic said that those dying in the city were “the imprudent, the intemperate, and…those who injure themselves by taking improper medicines.” Such people were not merely sinners; they were damned. Cholera’s victims were “drunkards and filthy, wicked people,” a writer in a religious journal wrote, adding approvingly that they were “swept away in heaps, as if the Holy God could no longer bear their wickedness.” Those most to blame weren’t merely bad. As one diarist complained at the height of the crisis, this was an alien evil, the inevitable result of New York and the rest of the United States serving as “the almshouse and refuge for the poor of other countries.”

			Such reasoning comforted those standing above the first victims of cholera in Europe and America. Their wealth was a measure both of their virtue and their superior constitutions. But there was another possible explanation for the fact that cholera seemed to target the most wretched in each city. Rather than inherent moral failure, perhaps the reason cholera seemed to single out the poor was that poverty itself was the problem. The engineer and social reformer Michel Chevalier wrote at the height of the French outbreak that Paris was “a city of palaces and hovels: a few splendid quarters with colonnades and huge gardens closed to the man in work clothes, and…a city of narrow streets and dark unhealthy buildings, as dank as dungeons, where those who toil come to catch their breath in fetid air.”

			The disease mechanism these reformers postulated was the same one invoked by those who blamed the victims: some evil influence within the bad air that swept through the worst parts of town. But according to the reformers, it afflicted the poor not because they were bad people who fostered such (literal) pollution, but because their lack of resources forced them to live in conditions in which they could not avoid toxic emanations. One writer argued that the root cause was simply a lack of money, “for it necessarily entails a bad diet, want of personal hygiene, lack of clothing and all the other ills engendered by poverty.” The mapping of Paris’s epidemic deaths to its slums pointed to a social failure: the poor caught cholera not as punishment for sin but as a result of the bad luck of being born poor. Even more, that social failure was a crime committed by the wealthy few against their fellow citizens. “The finger of accusation should point at those,” Chevalier wrote, who enjoyed “luxury and pleasure…who view a great city as a factory in which all hands labor for their convenience.”

			Chevalier was no doctor; he had trained as an engineer and became a politically engaged technocrat who believed in the power of reason to make human life better. His argument was political, an attempt to make sure Paris’s emergency didn’t go to waste in the larger battle he was fighting. In Paris and in many other cities, the question of who or what to blame for cholera was intimately bound up in the politics of the day. Blaming immigrants for New York’s woes was not simply a frightened reflex in the face of disease. Then as now, the crisis allowed those with almost any agenda to advance it. But for all the attempts to recruit cholera into pre-existing arguments over morality or power, both explanations for the course of the epidemic shared a basic assumption: humankind is not subject to the natural world. If cholera were in fact a disease of moral degradation, that brought into play the traditional cosmology of the Great Chain—or its secular analogues mapped on to human hierarchies. For traditionalists, human beings existed below God, who exacted punishment for their sins. A poison borne by a miasma was merely God’s tool to enforce divine order, to sweep away our wickedness. An explosion of disease was thus a beef between humankind and God, not between people and their environment. Along the same lines, reformers could frame the crisis of cholera as wholly outside nature. Even without God in the equation, the suffering in the slums followed directly from human action, a social order in which the costs of choices made by those at the top were to be borne by those at the bottom.

			In an account of cholera as a disease born of injustice and inequality, the issue became how to repair the misery of the lower orders—a question solely decided by what humans chose to do. Here’s Chevalier, proclaiming his faith in humanity’s ability to master adversity: “There is…an important lesson to be learned in the midst of public calamity,” he wrote. “Namely, that man is in part the author of his own destiny.” Yes, he conceded, nature might strike in destructive fashion, but humanity was “almost always capable of stopping and energetically repelling these invasions of evil.” How? By using—properly, justly—“the power of the social state [in] triumphing over the most terrible scourge to afflict the human race.” Build healthier cities, enrich the poor, apply reason to medicine and to the built environment—and that is how the threat of a deadly disease could be utterly defeated.

			

			—

			Faith in God; trust in reason—in this first European and American confrontation with cholera, both credos led to the same end. Even if the idea of a divine order in which humans stand astride the natural world was no longer explicitly invoked, the habit of thinking in terms of humanity’s dominion over nature remained—which in turn slowed the inquiry into the disease process. How cholera wreaked its damage on an individual body was irrelevant if epidemics could be held at bay by properly housing and feeding the poor. But the situation wasn’t static. Interpretations of cholera in the 1830s still drew upon older views of infectious disease—many analyses of the cholera outbreaks sounded similar to accounts of London’s plague more than 150 years before. Still, different ways of making sense of the experience were beginning to emerge. Between that late taste of the Black Death in 1665–66 and the evils of 1832, the Scientific Revolution had fostered new forms of observation and measurement. In Paris, that new approach included a provocative use of maps to connect events—deaths from cholera—with places where and in what level of comfort or penury those people had died.

			There wasn’t enough information in the first such maps to isolate cause from correlation for those down and out in Paris or New York. But they took the crucial first step toward a new way of thinking about epidemic infections that would lead almost all the way to the mechanism by which cholera found its victims.

		

		
			Skip Notes

			
				* August 24 was a Sunday in the Julian or Old Style calendar then still in use by the British. It was a Wednesday in the new Gregorian calendar used in much of continental Europe.

			

		

	
		
			X

			“propagated by human intercourse”

			There is some uncertainty about exactly when the next global cholera pandemic began, but 1839 is a consensus date, even as the second wave may still have been seeding outbreaks in some places. After a few quiet years, Bengal again suffered a surge of cholera. Moving out from the Ganges Valley, it reached Southeast Asia—what is now Malaysia and Singapore—in early 1840, then made its way to China’s southern ports. It is unlikely to be a coincidence that this route precisely matches that of the British ships carrying opium and the military forces to wage the First Opium War.

			The pandemic then moved inland, striking western China and Burma over the next two years and reaching Afghanistan soon thereafter. At the same time, another branch spread west across India, and then split, moving overland to the north and taking passage on ships bound for the Persian Gulf and the Red Sea. From 1844 it flowed across the Middle East into northern Africa, up through Europe, and across the Atlantic to the Americas. Over the next several years, the disease would wax and wane. Local eruptions of this third pandemic would re-emerge for more than a decade, then finally subside in 1856.

			This was the most extensive wave yet, reaching more of the planet than either of its predecessors. The disease itself had not changed: witnesses in the 1840s and ’50s drew the same picture of a sudden and swift killer that turned hale men, women, and children into barely recognizable ruins within hours. But one crucial difference separated it from its predecessors. For the first time, a medical investigator cracked the fundamental public-health problem posed by cholera: how to stop an outbreak as it was happening.

			This story is usually presented as one of heroic insight, a discovery completed by one or a few towering individuals. There’s some truth in such a telling: in 1854, two men in two cities made separate breakthroughs, one on how to prevent the spread of cholera, and the other on the basic science of the disease. But however brilliant those two doctors were, neither insight was a singular revelation achieved by a unique genius. Instead, the story of the famous English physician John Snow, who solved the problem of cholera as a matter of public health, and that of the much less well-known Tuscan Filippo Pacini, who made a before-its-time discovery about the microbe that causes cholera, each helped drive an ongoing shift from older approaches to infectious disease to a self-consciously scientific one.

			For Snow, that turn manifested itself as an approach that was very different from that of his predecessors and many of his contemporaries. The doctors and reformers who had contended with cholera in the 1830s had reasoned from theory to what was happening on the ground, as when they turned to miasma theory to account for the course of cholera within a city. Snow reversed that sequence, closely observing and carefully measuring the empirical facts of the cholera outbreaks he witnessed, until he could reason from the sequence he found to a testable conclusion about how cholera spread. That is, to watch Dr. Snow solving London’s most ferocious cholera miseries in 1854 was to see the scientific method in human form, walking through the diseased streets and alleys of the filthy old town.

			

			—

			John Snow’s father was an unskilled coalyard laborer. Born in 1813, the younger Snow proved to be both a clever child and ambitious enough to escape his family’s circumstances. He was attracted to medicine from an early age, leaving school at fourteen to start an apprenticeship to William Hardcastle, a surgeon-apothecary—very roughly, the equivalent of a family practitioner today—in Newcastle upon Tyne. In 1831 the Killingworth Colliery, a nearby mine, experienced one of the first cholera outbreaks in the area, and Hardcastle sent his then-eighteen-year-old assistant to care for those stricken. Like everyone else encountering the disease for the first time, Snow could do little for his patients, and he did not yet have the experience to interpret what he saw. But he paid attention—as a friend recalled, he made “various observations relating to this disease, which proved to him of immense account in after-years.”

			What caught Snow’s interest was the possibility that there might be a link between terrible living circumstances and disease. The colliery had nothing approaching proper sanitation, and once at the coalface, the miners worked, ate, and relieved themselves in the same tight quarters. As a barely trained teenager, he was in no position to pursue the hint, but it stuck with him, even as cholera retreated from England over the next year.

			Five years later, in 1836, he began his formal medical education at a medical school in London. He followed a year of lectures with a year of clinical training at the Westminster Hospital, after which he passed the exams both as a surgeon and as an apothecary. As soon as he qualified, he opened a practice near his home in Soho, one of central London’s poorer and rougher neighborhoods. He joined the local medical society and published a stream of clinical observations, writing on everything from the action of abdominal muscles to a technique for reviving a newborn who was not breathing. This was the work of a curious man but also, perhaps, of a dabbler, someone reacting to whatever interesting case walked into his consulting room.

			That changed the day Snow heard about a dentist named James Robinson. In December 1846 Robinson performed the first procedure in Britain using an anesthetic—ether. Snow met Robinson a few days later, who showed him a patient inhaling ether to the point of unconsciousness. That demonstration was impressive, but there was a problem. Robinson had, perhaps by luck, successfully operated on etherized patients, but other early etherizers administered the drug so haphazardly that they failed consistently and safely to produce an unconscious patient. So after an initial burst of enthusiasm, leading London surgeons became wary of the novelty.

			Snow set himself the task of transforming the procedure from a carnival act to a repeatable, reliable clinical procedure. He developed an inhaler that allowed him to regulate the dosage. He tested his device first on animals, then on himself. After about a month, he turned to actual patients. He perfected his technique over the next nine months, then wrote what is now regarded as the classic early textbook on anesthesiology. That work, published in 1847, made his fortune. He became the most sought-after anesthetist in London, with a patient list that ultimately included Queen Victoria herself.

			But Snow is now remembered for an unrelated investigation he began in the following year. When he was done almost a decade later, he achieved one of the great advances in the prevention of human suffering.

			

			—

			Cholera’s third wave reached England in 1848, arriving as a significantly more destructive epidemic than the one the British had first encountered almost twenty years before. The initial outbreak lasted two years, killing approximately 61,000 out of a total population of about 15 million. In legend John Snow solved the problem of cholera from a public-health perspective in a single insight during cholera’s return to Britain six years later. Not so. That later intervention turned on ideas he developed by observing and reasoning from what he saw in this initial flare—much as Oliver Wendell Holmes had built his account of the transmission of childbed fever. Like some but far from all of his medical colleagues, Snow approached cholera as if it were a contagious disease, not a miasmic one. That is, he assumed that the illness was not caused by some amorphous property of “bad air” but was carried by a specific pathogen—a poison, in the jargon of the day—that was physically transmitted from one infected person to the next. As Snow put it, “an examination of the history of that malady” convinced him “that it is propagated by human intercourse”—the movement of people along the routes of empire and the byways of commerce. This was not simply a guess: it was a claim built on observation and inference. How else, Snow asked, could one account for the “very numerous instances…in which cholera dates its commencement in a town or village previously free from it to the arrival and illness of a person coming from a place in which the disease was prevalent?” Such events “seem to leave no room for doubting its communicability.”
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					John Snow, photographed in 1856.

				
			
			Snow acknowledged that this view was still contested, but it seemed obvious to him and led directly to the next insight. Close examination of how cholera took hold of human bodies led him “to the conclusion that the disease is communicated by something that acts directly on the alimentary tract.” Someone swallows something, a specific substance, it reaches their gut, and that sets in motion all the hideous events of cholera—especially the violent, rapid, and voluminous evacuation of the patient’s bowels. Two propositions—the disease is contagious and its active agent works on the gut—led straight to this conclusion: there is some residue of that contagion within the pools of shit ejected from one victim, and the disease spreads when that poison finds its way into the mouth of someone new. Or in Snow’s formal version: “The excretions of the sick at once suggest themselves as containing some material which, being accidentally swallowed, might attach itself to the mucous membrane of the small intestines, and there multiply itself.”

			Snow worked this out in a few months after cholera reached London in October 1848. He talked through his ideas with a couple of colleagues, but he didn’t publish them immediately because he felt his evidence was still too theoretical to be persuasive—he had none from the outbreak itself. So as cholera spread through the city, he chased the detailed history of transmission into specific neighborhoods. That took him to one row of houses whose story gave Snow a stunningly clear view of how cholera makes its way into its victims.

			Albion Terrace, seventeen attached houses, was a thoroughly ordinary London residential block. Those homes got their water from a spring in the road. A brick drain from the spring carried that water between numbers 7 and 8, where the flow split to fill water tanks behind each house up and down the row. Snow observed that the cesspools that stored sewage from each dwelling were placed about four feet from the water supply pipes—which led him to the crucial detail: those cesspools were full, and at one house the overflow drain for the stored waste “crossed at right angles above the earthenware pipe of the water tank, the joins of which were leaky and allowed the water to escape.” Another inspector found more vulnerabilities: a water pipe that communicated with a cesspool drain; a blocked junction that flooded a couple of basements with a mixture of fresh water and sewage; and connections between the individual houses’ water supply that meant that if one cistern were contaminated, all of them would be. As Snow told it, this was a chronicle of deaths foretold.

			Cholera first caught a woman living in number 13. She felt poorly for three or four days, then developed acute symptoms. When those appeared, she had fourteen hours more to live. She died on Saturday, July 28, 1849. Two days later, at number 8, another woman presented with clear signs of cholera. She survived. Two more people fell ill on August 1; both died. In all, Snow wrote, “more than half the other inhabitants of the part of the terrace in which cholera prevailed [all but one or two which were unoccupied] were attacked with it, and upwards of half the cases were fatal.” That was a tragedy—two weeks to wreck a neighborhood. It was also a near-perfect test case for Snow’s theory.

			Snow admitted he did not know how cholera first reached the terrace or where it had come from. But once the index case occurred, its course followed precisely as he would have predicted. “When the evacuations from this patient entered the drains, having a communication with the water supplied to all the houses,” it took just two or three days for the next cases of cholera to appear, to be followed in two more days by a general attack up and down the street. Another doctor attempted to account for the outbreak by pointing to a noxious smell, a miasma, rising from an open sewer four hundred feet away. That had to be wrong, Snow countered, because the streets between that sewer and the terrace were “as much exposed to any emanations…and yet they were quite free from the malady.” The only explanation that made sense, “the only special and peculiar cause connected with the great calamity which befell the inhabitants of these houses, was the state of the water” flowing from Albion Terrace’s spring, “which was followed by the cholera in almost every house to which it extended, whilst all the surrounding houses were quite free of the disease.”

			Hence Snow’s solution to the problem of why cholera struck certain places and not others: the disease traced a path from a drink of contaminated water, through someone’s intestines, into their feces, to their clothes, sheets, and cesspools—and finally back into the water supply, which is how epidemics are born.

			Q.E.D.

			

			—

			To Snow, that was the whole story. The fate of Albion Terrace—and the many similar local disasters—could be most economically explained by the presence of a specific, if still unidentified, pathogen that could move through water from victim to victim. None of this reasoning helped Snow treat anyone after they had fallen ill. In 1848 he and his fellow doctors remained bereft of any practical response to cholera. As one of his colleagues acknowledged in a lecture that October, “no known remedies have any specific power” to reverse the effects of the “poison” that set the course of the disease. Instead, medical men treated symptoms with the familiar tools: chalk powder, opium, a starch enema perhaps, or an ammonia and turpentine poultice.

			Snow attended that lecture, and he had no better alternatives to suggest. But still, he emphasized, his new account of the disease process was “a much less dreary one than the reverse.” Miasma theory was a doctrine of helplessness: “What is so dismal as the idea of some invisible agent pervading the atmosphere and spreading over the world?” A diffuse and ill-defined threat was impossible to address. By contrast, his story of a waterborne pathogen that could turn a single case into an epidemic yielded a possibility at least as important as a therapy. If he was right, he wrote in 1849, “cholera might be checked and kept at bay by simple measures that would not interfere with social or commercial intercourse.” All that was needed was for those caring for cholera patients to be scrupulous about cleanliness, and above all, “for everybody to avoid drinking or using for culinary purposes, water into which drains and sewers empty themselves”—or, if that couldn’t be done, to filter and boil every drop. (Boiling as a method of water purification is at least two thousand years old, and would have been a standard recommendation whenever there were doubts about the safety of a water source.)

			That prescription was simple, clear, and, it turned out, correct. But when Snow first presented it to his medical colleagues, he was almost entirely ignored. Many conceded that some diseases might be contagious; the fact that smallpox could be prevented by transferring some specific substance—first from the smallpox pustules, and then from the lesions of a related disease of cattle, cowpox—persuaded most medical men that a mechanism of infection was a possible explanation for other illnesses. But Snow’s opponents again pointed out that cholera didn’t behave like smallpox. It didn’t necessarily involve a fever, for one thing, and it didn’t seem to be carried in the bloodstream. The argument was the same as it had been in the earlier pandemic wave. Given all the filth that characterized the worst-hit areas, the old arguments in favor of disease engendered by a miasma brewed in the wretched conditions in which the poor lived still seemed plausible.

			To Snow, such thinking was frustratingly obtuse—a denial of facts on the ground. He reasoned from geography, place, and connection. His Albion Terrace example explicitly contradicted miasma theory. The link between each case of cholera was a physical reality, visible in the cracks and fissures of the pipes that brought water into each stricken house and those that carried ordure out. Once the 1848–49 epidemic ended in London, Snow sought out more such examples, house-by-house sequences of correlation. Each instance reinforced his conviction that cholera was a contagious disease, caused by a waterborne pathogen.

			That growing certainty led him to what seemed like the obvious next move. In October 1853 Snow wrote an article that reprised his old list of preventive tricks for individuals and added a series of bigger moves to mitigate the next outbreak. Britain should, he wrote, improve drainage; provide whole towns with clean water, free of contamination from “sewers, cesspools, and house-drains”; house the poor properly; and last, create a society-wide norm of cleanliness in people’s homes and persons. Whatever it was that inflicted cholera on a single human body, Snow urged, the only effective response to epidemics was social. Medicine couldn’t cure the disease, but a collective regard for the health and well-being of everyone in a town or a city could keep it from doing harm.

			Once the 1848–49 outbreak released its hold on London, though, there was no urgency to act on such a program, especially since most of the medical establishment remained unconvinced. Then came 1855, and with it, the return of cholera to the neighborhood Snow knew best.

		

	
		
			XI

			“the most terrible outbreak of cholera”

			After the miseries of 1849, Britain enjoyed four years with only a scattering of cholera cases. The pandemic wave then crashed back, flaring in Newcastle and Gateshead before seeding a violent outbreak in London in which more than ten thousand died. It even struck Britain’s imperial ambitions: In August 1854 cholera found its way to the French and British expeditionary armies fighting Imperial Russia in the Crimean War. It appeared first in a French detachment that had just engaged the Russians. From there it spread to anchored Royal Navy ships, cutting through whole crews. Two hundred fell sick in a single day on the flagship alone; by the next morning, forty were dead. A few days later the Britannia left port with a seemingly fully healthy complement—but “in twenty hours upwards of fifty of her crew had expired.”

			John Snow was paying attention, seeking any information that could confirm his theory that cholera was a disease borne by human waste in the water supply. He noted that in the Crimean naval outbreak, both allied fleets got their drinking water from a stream in which the French soldiers who had fallen sick had washed themselves and their clothes a day or so before the first cases of cholera emerged. That was merely circumstantial evidence, an association but not the unequivocal chain of cause and effect that could persuade doubters. Then cholera returned to London—and not just to the metropolis but to Broad Street in Soho, less than half a mile from Snow’s home.

			A century earlier this corner of Soho had been quite fashionable. One of its most famous residential developments, Golden Square, was a few blocks south of Broad Street. But by the mid-eighteenth century, the square and its surrounding streets had come down in the world. The area was middle-class in parts but had become a working neighborhood, home to small factories and little shops. By 1854, as the historian Stephen Johnson describes it, Broad Street boasted “a grocer, a bonnet maker, a baker”; then a little farther down the road, “an iron monger, a trimming seller, a percussion manufacturer, a wardrobe dealer,” and so on. And just in case anyone living in formerly respectable addresses were tempted to sloth, there was a workhouse that could house up to six hundred inmates. August was usually the hottest month of the year, but the summer of 1854 had mostly been pleasant, dry, and warm. The last days of the month, though, reverted to type: humid, hot, and close. The jammed tenements above the storefronts would have been ovens; the air along the street, moist and ripe. Thirsty weather.

			Ordinarily, none of these facts would have mattered. But on August 28, 1854, that punishing series of hot days turned fatal.

			

			—

			Sarah Lewis and her policeman husband Thomas occupied the back parlor of 40 Broad Street, once a single residence in which nineteen or twenty people now lived. Their baby daughter had been born earlier that spring. The child’s first months had been mostly uneventful; she was not a particularly robust baby, but she seemed to be growing stronger. At about six a.m. on Monday, August 28, the infant suffered a bout of diarrhea. Sarah Lewis soaked her daughter’s soiled diapers in a bucket of water. When she was done she carried the pail outside and tipped it into the cesspool in front of the house, a few steps from the pump that supplied the neighborhood’s drinking water.

			Baby Lewis hung on for five days. By then, cholera had appeared up and down Broad Street.[*1] Within a day or so of the first cases becoming publicly known, John Snow began to gather information. He tallied the losses of the first week: eighty-nine people dead between Sunday, August 27, and Saturday, September 2, the day the Lewis child succumbed. Most of the deaths occurred in the last two or three days of the period, seventy-nine on Friday and Saturday alone—and the toll would have been greater, Snow wrote, “had it not been for the flight of the population.” One detail caught Snow’s eye almost immediately: Broad Street and a few other roads saw dozens of cases, but immediately abutting neighborhoods remained mostly or entirely untouched. Why?

			He identified a suspect almost immediately: the pump in front of the building in which the Lewis family lived (to be reduced to just Sarah Lewis, as the epidemic soon took Thomas). Snow sampled the pump on September 3, but the water seemed clear and fresh, so “I hesitated to come to a conclusion.” He returned to the scene over the next two days and took samples that contained significantly more visible impurities. Over the next four days, he collected all the information he could get about cholera deaths on and near Broad Street: who the victims were, where they lived, and crucially, whether they had drunk from the pump.

			He discovered that sixty-one of the first eighty-nine people who died had definitely consumed pump water; there were just six cases in which he was told that the victims had not done so. This was the smoking gun, as far as Snow was concerned: “The result of the inquiry then was, that there had been no particular outbreak or increase of cholera in this part of London, except among the persons who were in the habit of drinking the water of the above-mentioned pump-well.” He continued to investigate during and after the outbreak, compiling a tally of 616 people poisoned (he argued) by the Broad Street pump in what he called “the most terrible outbreak of cholera which ever occurred in this kingdom,” adding that the mortality rate “in this limited area probably equals any that was ever caused in this country, even by the plague.”

			Snow was a storyteller as well as a scientist, so he deployed anecdotes to put faces to his number in the hope of persuading his medical colleagues of cholera’s waterborne spread. There was a woman, “the widow of a percussion-cap maker,” who had moved from Soho to the West End some months earlier but had not lost her taste for Broad Street’s water. She had arranged for bottles of it to be brought to her by cart. There was a delivery on August 31. She drank from it then and the next day, and she shared it with a niece who lived in Islington, another district still untouched by cholera. Both died. Seven workmen making dentists’ materials at numbers 8 and 9 Broad Street were “in the habit of drinking water from the pump, generally drinking about half-a-pint once or twice a day.” Cholera killed them all—but two people who lived in the same building who did not draw their water from the pump experienced only bouts of diarrhea. Both lived. A factory at 37 Broad Street provided its workers with barrels of pump water and lost eighteen out of a staff of two hundred. A brewery down the road gave its seventy men malt liquor; no one drank water; none fell ill.

			Tellingly, the Broad Street outbreak did not single out the abject poor. Rather, Snow wrote, “the mortality appears to have fallen pretty equally amongst all classes, in proportion to their numbers.” He concluded that “out of rather more than six hundred deaths, there were about one hundred in the families of tradesmen and other resident house holders.” The most wretched people in the parish, those locked in the workhouse, were almost entirely spared. That building was bordered on three sides by streets in which the outbreak raged, but lost only 5 of its 535 inmates; if it had seen the same mortality as those richer households, Snow wrote, “upwards of one hundred persons would have died.” What had saved them? The workhouse had its own pump, “and the inmates never sent to Broad Street for water.” This was a refutation of the argument that disease explicitly targeted the poor, either as punishment for their ineradicable sins or because their poverty exposed them to miasmas those above them avoided.

			Snow kept going, seeking out the details of death after death, and those of seemingly anomalous survivals. He finished his review of the first week’s deaths in just four days, delivering his results to parish authorities on Thursday, September 7. The next morning the parish took perhaps the most famous single action in the history of public health: it ordered that the handle from the Broad Street pump be removed. If Snow was right, the poison that had ruined the district would be cut off at its source, and the epidemic would end.

			It did.

			

			—

			Except…as usual, the true story is not quite as clean as the happy myth of a visionary doctor turning his wrench to save a neighborhood. The Broad Street epidemic did ease from the day the pump lost its handle. By Snow’s tally, twenty-eight died on that Thursday; twelve on Friday, September 8; eleven the next day; and after that never more than five over any twenty-four hours. Success!

			But new cases had been declining before Snow persuaded the parish to act, and so had mortality. Deaths had peaked at 143 a week earlier, on September 1, and fell each day but one after that. Snow acknowledged that those numbers meant that simply cutting off that one source of contaminated water could not have ended the outbreak.

			So what brought the ferocious initial attack of Broad Street’s cholera under control? One reason, Snow argued, that “the mortality was much diminished” was “the flight of the population, which commenced soon after the outbreak.” Equally important, people’s behavior did not stay the same in the face of a crisis. When word of the outbreak spread through Soho, many who might have passed through the affected district likely avoided it; those who lived there would have altered their routines—and as Johnson argues in his reconstruction of the events of that September, Snow himself may have warned enough people about the potential danger of the Broad Street pump that they limited their use of it.

			For some it was a matter of simple luck. Snow told the story of “Mr. Gould, the eminent ornithologist,” who lived near the pump and usually drank its water. He returned home on September 2, just as the outbreak was gathering force, and was “much surprised to find that [the water from the pump] had an offensive smell.” He put it aside and remained perfectly healthy, while one of his servants who downed some rapidly developed symptoms. (She survived.) Most likely, though, Snow argued, the chief reason the Broad Street epidemic faded was that whatever had poisoned the pump’s flow had disappeared. Over time, the contamination from the Lewis baby’s diapers (or any similar source) could have been carried out of the water supply, slowly disarming the pump.

			In the end, the precise reason the epidemic ended wasn’t the central question. Snow sought to demonstrate that cholera outbreaks began and spread when some traceable if still-unidentified pathogen entered the water supply and was then consumed by those who went on to become sick. To prove it, he joined a parish committee to investigate the Broad Street crisis, and with a local minister, Reverend Henry Whitehead, he reconstructed the events of the past summer. Whitehead was the one who identified the Lewis baby as the likely index case. The committee ordered an excavation of the cesspool in front of the Lewis home. That dig revealed that the pool leaked directly into the pump water.

			The problem of convincing the skeptics, however, remained. A mere sequence of events—a sick baby, messy diapers, a pail of water dumped into a pool, then a leak, then someone’s hand on a pump, a gush of water, a drink, and then at the far end of this chain of events, another person collapsing in misery—all that might persuade someone, like Snow, who was already convinced of the connections. But to someone who thought differently, such a tale could seem increasingly improbable: look how many steps a supposed poison must take to get from one victim to the next! Snow wanted to persuade those who had been unconvinced five years before. So he came up with a way not just to tell his readers what had happened, but to show them, in one of the most famous images in the history of public health.

			Snow’s map shows every cholera death around Broad Street in its precise relationship to the fatal pump. For each death for which Snow could identify an address, he drew a short bar behind each afflicted house—574 in all. The households most ravaged by the disease saw these bars accumulate into columns of suffering. That visual record of loss made Snow’s first point: this outbreak formed a geographical cluster centered on the pump on the corner of Broad and Little Windmill streets.
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					John Snow’s map of the Broad Street outbreak is one of the earliest demonstrations of the power of geography to investigate social problems.

				
			
			But Snow’s map is more than a mere graphic record of loss. Look at the dotted line that creates a kind of rectangle with bumps around the outbreak. That’s how Snow captured a crucial detail: every building inside that line is closer to the Broad Street pump than to any of London’s other public pumps—measured not as the crow flies but rather along the real-world tangle of curved and dead-end streets by which people moved around this corner of the city.

			As Snow wrote, it was possible to track “the various points which have been found by careful measurement to be at an equal distance by the nearest road from the pump in Broad Street and surround pumps.” The map thus does more than plot an epidemiological event: it forms a dynamic picture of the epidemic playing out in the daily life of London in that terrible summer. “It will be observed,” he wrote, “that the deaths either diminish, or cease altogether, at every point where it becomes decidedly nearer to send to another pump than to the one in Broad Street.”

			Snow published a version of this graphic in the report to the parish, and again in the 1855 reworking of his 1849 pamphlet into a short book with the same title, On the Mode of Communication of Cholera. In the mythmaking that has long since overtaken John Snow, this publication was the watershed moment in the understanding of cholera and of infectious disease more broadly: not only did Snow discover his crucial truth in the making of this map, but this image also convinced London’s authorities, both medical and civil, to do what was necessary to protect the city going forward.

			

			—

			Except that’s not what happened.

			The map illustrated Snow’s argument in a powerfully legible way, though it revealed nothing to its readers that he hadn’t been thinking and writing about for at least five years. The same was true for another map in his book, depicting a finding he believed was more significant than his Broad Street inquiry. Between the 1848–49 flare-up of cholera and its 1854 return, two water companies serving large areas of London had changed their procedures. One of the major companies had shifted its intake to a cleaner stretch of the Thames upstream of the metropolis. Another supplying many of the same areas continued to pull its supply from much farther downstream, in stretches below where London’s waste drained into the river. The location of the two intakes, Snow wrote, would test his argument on a gigantic scale: “No fewer than three hundred thousand people of both sexes, of every age and occupation, and of every rank and station, from gentlefolks down to the very poor, were divided into two groups without their choice, and, in most cases, without their knowledge.” What differentiated those two populations? A single factor: “One group, supplied with water containing the sewage of London,” drank “whatever might have come from the cholera patients, the other group having water quite free from such impurity.”

			To find out whether that difference mattered, Snow wrote, “All that was required was to learn the supply of water to each individual house where a fatal attack of cholera might occur.” The results were clear: in 1854, he and a co-worker showed that cholera deaths in London south of the Thames were overwhelmingly concentrated in homes supplied by the Southwark and Vauxhall Company—the one that still drew its water from the sewage-polluted lower stretches of the Thames. Those served by the Lambeth Company, the one that had shifted its water intake to a cleaner site, were (mostly) spared.
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					Sir John Tenniel, illustrator for Alice in Wonderland, published this image in Punch magazine in 1858.

				
			
			Once again, Snow created a map showing where the two companies operated. It drew his readers’ attention to a district they both served, where the two shades of gray (blue and red in the original) overlap.
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					In this grayscale version of Snow’s color map, the area served by the Southwark and Vauxhall Company is in the darker gray. The Lambeth Company’s territory is in the slighlty lighter gray. The darkest patches are where the two companies overlapped.

					For a transcript of the text in this image, go to this page.

				
			
			Everyone living in that area experienced the same conditions, except the source of their water. “Each company supplies both rich and poor, both large houses and small,” he wrote. “There is no difference either in the condition or occupation of the persons receiving the water of the different Companies.”

			Snow then matched this map to a detailed reconstruction of the path of cholera through the district. Those drinking Southwark and Vauxhall water were six times as likely to die of cholera as the Lambeth Company’s customers. This was, Snow said, “the most satisfactory proof of the truth or fallacy” of his cholera theory—in his view, it was more powerful, more convincing, than the Broad Street story.

			It is certainly persuasive now, in hindsight, when we know that Snow was right, and why. In the moment, though, it failed to persuade the audience Snow most hoped to reach: London’s medical establishment. The General Board of Health, for one, resolutely clung to a miasmatic explanation for both the local Soho outbreak and London’s wider epidemic. The board produced four reports and a scientific appendix totaling 660 pages in which its authors explored correlations between cholera cases and the weather—air and water temperature, humidity, rainfall, the amount of ozone, and much more. Board of Health investigators performed “microscopic and chemical analyses…of air in cholera wards, water from all water companies and many sites (including the Broad Street pump), and of sewage and fecal samples.” From this mountain of data, the board concluded that Snow was wrong in general and in the specific case of the Broad Street pump. Contrary to his claim “that the real cause of whatever was peculiar in the case lay in the use of one particular well…having [it was imagined] its waters contaminated with the rice-water evacuations of cholera patients,” the report writers stated that “after careful inquiry, we see no reason to adopt this belief.” Instead, they asserted that cholera fermented out of either air or water when conditions were grotesque enough to brew up the poison. Foul smells—a constant in the badly drained and cesspit-ridden area around Golden Square—were the signal of danger, of the risk that cholera might boil up out of the omnipresent filth.

			Even so, while the board defended the traditional view, it did Snow the courtesy of treating his argument as a serious scientific hypothesis. Others merely sneered. An unsigned polemic in the leading medical journal, The Lancet, accused Snow of committing “perverse, crotchety, or treasonable behavior” for arguing that cholera was a waterborne contagious disease and not the product of the general noxiousness of London’s streets and sewers. Snow earned The Lancet’s ire by testifying to a parliamentary committee that mere nasty smells are not the source of fatal disease, but that “every case of cholera…is caused by swallowing the excrementitious matter voided by cholera patients.” But, the Lancet writers argued, it was common knowledge that the emanations from decaying matter produce “failing strength…lassitude of body and torpidity of mind.” Disease as a category was produced by the ferment of dead and decaying matter detectable in the foul smells of sewage and rotting carcasses. Against all this medical experience, Snow merely had a theory, that “the law of propagation of cholera is the drinking of sewage water”—and, as the piece came to rest with seemingly no sense of irony, “we all know theory is often more despotic than reason.” (Parliament eventually passed a bill that took no position on the competing theories of infectious disease, but that gave authorities power over “nuisances” that could be shown to cause medical harm.)

			

			—

			Tragedy flowed from such confident derision. The Lancet writers weren’t wrong in arguing that filth in and under the streets was a potential health hazard. But by dismissing what they called “the dirt-and-effluvium interest,” they helped obstruct Snow’s simple prescription for a new outbreak: ensuring that no one drank potentially contaminated water. That delay would bear fatal consequences in the latter half of 1866, when a contaminated water supply in East London was implicated in yet another wave of cholera that killed four thousand.

			Still, even though a substantial faction of London’s medical elite remained skeptical, the grounds of the dispute had shifted away from earlier defenses of miasmatic and environmental accounts of epidemic disease. Instead of relying on a loose correlation between squalor and the incidence of cholera, even Snow’s most dismissive antagonists now used the same language of empiricism and quantification found in his maps and tallies. The Lancet editorialists stated that their own goal was “to prevent true science from being misrepresented and ridiculed.” That is, the terms of the dispute between traditional belief and its challengers had changed; debate now turned on both the rhetoric and the substance of self-consciously “scientific” argument. Snow (and similar iconoclasts) engaged their opponents in a form of disputation in which the winning idea was the one that could account for the most facts and made predictions that would be most useful in countering the threat of epidemic disease. On that ground, the challengers had a decisive advantage.

			Snow had begun with a hypothesis: water contaminated with the effluvia from a prior victim spreads cholera to those who drink it. To test it, he first performed a program of rigorous observation—not just the tally of deaths but a careful examination of the details behind each case, all that careful accounting for water sources and distances and the like. Next came the analysis, so memorably expressed in his maps, especially his second, broader image, that clearly connected the fate of thousands of Londoners to the happenstance of which company provided them with water. That work revealed the pattern in the phenomenon under scrutiny—transforming Snow’s hypothesis into a “law” that every case of cholera came from an encounter with contaminated water. And finally, this result led to a prediction that could confirm or disprove that claim: that cutting the connection between bad water and the population would prevent the spread of cholera.

			That sequence almost perfectly matches the textbook version of the scientific method still taught in schools—the systematic version of the old scientific revolutionary catechism that affirmed only those truths uncovered by “Number, Weight, or Measure.” And it is how Snow’s epidemiological innovations ultimately prevailed: his maps and his statistics both tell individual tales about the deaths around the pump and offer a quantitative analysis to explain the course of the epidemic in district after district south of the Thames. It was no accident that Snow had called his wider survey “a grand experiment”—which, despite temporary opposition, ultimately delivered the decisive change that optimists about scientific progress believe such results should spark. Preventing infectious disease was not the only reason the work was done, but one of the great triumphs of Victorian civil engineering was the construction of a new water supply and waste disposal system for London, completed in the 1870s—after which cholera disappeared from the city.

			Ultimately, Snow’s result and its middle-to-longer-term impact reveal an intellectual revolution in progress, almost the last step in the prehistory of germ theory. His argument prefigured the form of the discoveries about to be made, omitting only a clear candidate for the germ itself.

			

			—

			About that germ: John Snow’s ability to see beyond the certainties that ensnared his contemporaries has an ironic twist. Microbes hadn’t disappeared after Leeuwenhoek’s first glimpses of them almost two centuries earlier. Patient, expert microscopists had continued to examine the realm of the very small. By 1854, cholera had been of concern to European observers for most of three decades. And in that year, while Snow lobbied local authorities to remove the Broad Street pump handle, one meticulous observer discovered what Snow had not: the precise “poison” that wreaked its havoc on the guts of cholera victims.

			Filippo Pacini was a pathologist in Florence and, like his Dutch predecessor, a virtuoso of the microscope. Cholera was present in the Tuscan capital in 1854, and Pacini turned his instrument to the problem. He sampled intestinal fluid from newly dead victims, and this is what he saw:
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					One of Pacini’s microscope slides from 1854.

				
			
			Time and the technological limits of the day make the image hard to read, but it is one of Pacini’s slides on which a sample of gut fluids revealed tiny, comma-shaped squiggles. This was the first formal sighting of Vibrio cholerae, the bacterium that triggers cholera in humans.

			Pacini did more than observe these microbes in the tissues of Tuscan cadavers. Over the next several years he traced the pathology of the disease, uncovering some of the paths by which V. cholerae did its harm. He observed that the microbe attacked a patient by “eroding the mucous membrane and laying bare the capillaries.” That, Pacini argued, led to the shedding of the intestinal epithelium—the lining of the gut—in the “premonitory diarrhoea” that signaled the onset of the acute phase of a victim’s illness.[*2]

			Pacini knew of Snow’s work and saw it as circumstantial support for his interpretation. The reverse isn’t true: Snow does not appear to have heard of Pacini’s work. Almost no one had. The bitter truth of Pacini’s work is that his discovery of a potential microbial connection to the progression of illness had no effect on the ongoing debates about cholera’s causation, nor on how European and North American medical circles described infection more generally. Partly that’s because Pacini published his first crucial paper identifying V. cholerae in the Gazzetta medica italiana-toscana. This journal was not quite as obscure as the one where Gregor Mendel placed his foundational paper on heredity, the Proceedings of the Natural History Society of Brno. But the result was similar: almost everyone who might have grasped the significance of what Pacini had seen wouldn’t find it.

			Word of his work would be summarized in a few places, including a short description in a British journal in 1866. But none of these brief mentions led to broader European scientific recognition of the vital fact Pacini had established: that a single organism, a germ, was directly, perhaps causally connected to cholera. Pacini’s results could have led to monitoring and short-circuiting cholera outbreaks as they happened, but as it was, that step would not be taken for another three decades.

			It is an old story: a new result doesn’t become a discovery until and unless someone besides its discoverer learns of it. Pacini could have been one of the founders of modern germ theory; instead, his work is a tantalizing dead end, a curiosity of the last stage of that theory’s prehistory. He was at once a modern Cassandra, able to see truths he could not share, and proof that the obstacles blocking the recognition of the microbial connection to human suffering weren’t purely scientific. Pacini’s tools and methods had been available to others for decades before he isolated V. cholerae. That no one before him—and for thirty years more—glimpsed what he had so readily observed reinforces a theme running through this story: it is hard to recognize what one’s assumptions omit, all the more so when those assumptions are born of individuals’ and a society’s shared beliefs about the interplay of the natural and human worlds.

			But the difficulty in accepting the implications of Snow’s epidemiological demonstration and Pacini’s discovery of the guilty microbe involved more than a stubborn devotion to old ideas. Revised versions of miasma theory and similar accounts could be seen as valuable as late as the 1850s because, in certain contexts, they still worked, providing the rationale for medical choices that would indeed save lives in some of the worst places on earth: military hospitals in which disease killed more men in their beds—by far—than the worst of what the enemy could do on the battlefield. Into such a hellscape came a person who, until she went to war, would have seemed a most unlikely candidate to become one of the most influential reformers in the history of medicine.

		

		
			Skip Notes

			
				*1 John Snow dated the Broad Street outbreak from August 31; Johnson’s account overlaps with that claim, as the Lewis infant would have been captured in the records available to Snow as a death on September 2.

			

			
				*2 The intestinal epithelium is now thought to remain intact in cholera; what Pacini observed were likely secretions from epithelial cells that had been invaded by V. cholerae.

			

		

	
		
			XII

			“I stand at the Altar of the murdered men”

			Florence Nightingale was born into privilege—her parents were well connected and rich, a merchant family become landowners. That ease was almost her undoing. Her father was just unconventional enough to allow his daughter a real education—she had a particular aptitude for mathematics. With that learning came ambition unsuitable for a young woman who was expected to marry. Nightingale found nothing appealing in such a fate, and at twenty-four, unmoved by her suitors (one persisted for eight years before accepting a final rejection), she declared she wanted to be a nurse. Her parents refused to let her try.

			By the time she turned thirty, Nightingale had convinced her father that she could out-stubborn him. He surrendered, and she set off for a Lutheran nursing hospital in Germany. Four months later she came back to England and accepted the post of (unpaid) superintendent of an eleven-bed facility in London, the Establishment for Gentlewomen During Temporary Illness (now the Nightingale Hospital in Marylebone). Her father gave her an allowance, and it seemed she would be able to follow her vocation in genteel obscurity for as long as she liked.

			That turned out to be fourteen months, at which time a task more equal to her ambition appeared. The Crimean War erupted, born of British and French opposition to the Russian effort to push southward at the expense of the Ottoman Empire. The shooting in this great power conflict, the first in Europe since the Battle of Waterloo and Napoleon’s defeat, began in October 1853. It rapidly became a debacle for British officialdom. The failed charge of the Light Brigade would become the most romanticized fiasco, but it was far from the only one. Worse by far were reports of the brutal, deadly incompetence of the British Army’s medical service. Nightingale saw her opportunity: she pressed senior officials (family connections do help) to allow her to bring a group of nurses to care for the casualties in the main British military hospital complex in Istanbul, 150 miles from the front lines. The government agreed, and Nightingale set out with thirty-eight nurses—just days after the Battle of Balaclava (the one in which the Light Brigade rode to its doom). She and her team arrived in Istanbul and the British hospital complex in the suburb of Scutari on November 4, 1854…and walked into hell.

			In one hospital, the plumbing was so bad that, a doctor there wrote, “the evacuations from those afflicted with diarrhea, filled up the pipes, floated up over the floor…extended and flowed into the ante room”—puddling an inch deep and more. “Men suffering from diarrhea, who had no slippers at the time and no shoes,” had to relieve themselves at the edge of a lake of human waste. The stench was so bad, one witness wrote, that there was “no epithet to describe its horror.” Vermin and insects abounded: “The clothes of those men were swarming with lice, as thick as the letters on a page of print.” Food was scarce, irregularly served, and nasty. And perhaps most hostile to the provision of care, the hospitals were wildly overcrowded, four miles of beds jammed together. As Nightingale measured it, the sick and wounded in Istanbul were stuffed into one-third to one-quarter the space that London’s major hospitals gave their patients.

			Unsurprisingly, the mortality rate was appalling. Of the approximately 100,000 British soldiers who fought in Crimea, 21,000 died. Just 2,755 of them died in action, while 1,761 succumbed to their wounds. Almost four times that many, over sixteen thousand, were taken by one illness or another, for a ratio of four sick soldiers killed for every battlefield casualty. In other words, the vast majority of the British Army’s war dead lost their lives while in the care of the British military medical service.

			Nightingale seized the moment, forcing a series of changes that in hindsight seem incredibly simple but that had eluded her predecessors. She created a laundry service and hired a large enough crew to work it. She organized a new kitchen facility and began to feed the men adequate rations at regular intervals. Most important, as the biographer Lytton Strachey wrote, she provided “the commonest material objects, the most ordinary cleanliness, the rudimentary habits of order and authority.” From the beginning, she was not so much a nurse delivering comfort at the bedside as the focused, efficient, and sometimes ruthless administrator that the catastrophic state of the hospitals demanded. She defeated any obstruction from local military authorities by deploying her unmatched connections back in London; she ignored the usual procurement protocols, buying what she needed when she needed it; she was more than happy to spend to cut through business-as-usual delays. She moved, and she was successful: survival rates ticked up almost as soon as she arrived in Istanbul.
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					The Nightingale myth began to emerge within months after she reached Scutari.

				
			
			Her greatest test came in January 1855, when simultaneous outbreaks of cholera and typhus wracked the Scutari hospitals. The twin epidemics killed seven doctors and three of Nightingale’s nurses, while wounded soldiers died in their hundreds. In response, and with the help of a sanitation commission sent out by the War Office, Nightingale managed to get the entire complex cleansed, from the rafters down to the still-noxious sewers and cesspools. By June, death rates had been cut in half.

			

			—

			Nightingale returned to London in the summer of 1856, shortly after the war’s end. She brought with her a full measure of rage, proclaiming, “I stand at the Altar of the murdered men, and, while I live I fight their cause.” Her first sally came in a devastating narration of official failure—combined with a demand for reform—delivered under the anodyne title Notes on Matters Affecting the Health, Efficiency, and Hospital Administration of the British Army. She had this report privately printed in 1857 and delivered it to the official commission created to study the reform of military medicine (with the unstated but clear threat of a public release if matters did not go her way). As a practical matter, the report left the commissioners no choice about what its reforms should be.

			The work opens with postcards from the abyss—all those lakes of feces and the swarms of lice blackening the skin of dying men. After painting those ghastly scenes, Nightingale pounded her readers with a barrage of numbers. First up were simple tables of data: how many soldiers were in the hospital each month, categorized by diagnoses and outcomes; the number of items the hospital laundries washed, broken down by type: blankets, sheets, shirts, underwear, towels, and so on (she even documented the cleaning of two “Turkish gowns”); weekly totals of deaths suffered in military hospitals; and much more.

			Next came simple analyses, many performed with William Farr, a leading statistician in the Office of the General Register. In the worst month, February 1855, over half of those treated for disease died—a rate that, if it had persisted, would have destroyed the British expeditionary force. Such terrifying numbers served Nightingale’s rhetorical aim: no mere commission could tolerate such losses.

			Those totals were still mere numbers, though, and piling one calculation atop another can numb the minds of those who do not possess a statistical imagination. Nightingale wanted to leave no escape for even the least quantitatively inclined official. So she drew her readers a picture:
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					This diagram—Nightingale’s breakthrough in the graphic representation of information—turned the raw numbers of British casualties into an indictment of the hospital care the wounded received.

					For a transcript of the text in this image, go to this page.

				
			
			Nightingale called this image a “coxcomb,” and if you try hard enough, you can just about see a rooster sporting such a headpiece.[*] Its seeming simplicity allows the viewer to perform, unconsciously, a highly sophisticated analysis. Each wedge contains one month’s data. The area of those wedges tells how many men died. Traveling around the circle traces how that mortality rate changed over time—how well or poorly the hospitals performed for their patients. The third dimension captured in this two-dimensional drawing can be read in the shades within each wedge. The inner, lightest gray areas represent deaths by wounds, whether in action or after a battle. The dark gray middle region represents those who died from unknown causes. The vast outer fields, as Nightingale wrote, “represent area for area the deaths from Preventable or Mitigable Zymotic diseases.” (Zymotic referred to maladies that were presumed to do their dirty work in a process analogous to fermentation. These included typhoid, typhus, cholera, and other fevers.)

			In one sense, this rose diagram contained nothing that the reader couldn’t glean from the rest of the report. The fact that disease had been by far the most prolific killer of Britain’s Crimean forces was already understood. But seeing is different from knowing. The image turned that fact into a question: Why were those splashes of blue so huge—and most important, what changed in the spring of 1855? Nightingale’s caption, with that cutting word preventable modifying diseases, was a hint. The next diagram drove home the answer Nightingale wanted the British government to accept.

			The timeline starts on the right, at three o’clock, with data from October 1854; the rest of the graphic captures the action through one full year. The inner circle records the average mortality rate for military hospitals near London—that is, the usual toll from disease in peacetime. It hovers around twenty-two deaths per thousand for the entire period—about 2 percent. The wedges that stretch out from that calm inner region capture what happened at Scutari. They show that through the winter, Scutari was a death trap, with mortality topping 42 percent at the peak of the fever outbreak in early 1855. Then in March, as marked on the plot, the sanitation commission showed up, and the dying slowed almost immediately, from 315 per thousand—32 percent—in February to 52 per thousand in early May, until in late June it fell to an almost undetectable margin above that achieved in London hospitals.

			Q.E.D.

			Nightingale’s first coxcomb had been the indictment: disease was the killer that had wreaked the most havoc on Her Majesty’s soldiers. The second diagram established the guilty fact: most of those deaths could have been avoided—and once she took charge, Nightingale had in fact prevented them. All that was needed was to turn filthy, overcrowded, fatal wrecks of buildings into clean, well-supplied, properly ventilated and staffed facilities in which men could heal. Those simple changes had made hospitals in a war zone as successful as those at home—even for some of the most severely afflicted patients imaginable.
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					Here Nightingale uses her coxcomb to document the success of her intervention in the hospitals at Scutari.

					For a transcript of the text in this image, go to this page.

				
			
			

			—

			Nightingale won her battle. The commission bent to her will and accepted her ideas about the proper medical response to disease. Its final recommendations for the future of British military medicine demanded new training for military doctors, hygiene as a fundamental element in disease prevention, and the need for both barracks and hospitals to be properly clean and amply supplied with air and natural light.

			She followed this first bureaucratic victory with a broader, more public campaign for hospital and nursing reform. Nightingale’s Crimean experience taught her that any illness or wound that turned bad resulted from wretched conditions that had weakened the patient. In that scheme, as the medical historian Charles E. Rosenberg has argued, seemingly different diseases, cholera or plague or typhus or dysentery, were merely different expressions of the “effort by the body to recover that normal state compromised by a particular set of unfavorable circumstances or personal habits.” For Nightingale, the job of hospitals, doctors, and above all nurses was therefore simply to provide the kind of care that enabled an ailing body to return to normal, healthy function. Every patient who entered a ward in peacetime or war should, Nightingale urged, receive the light, air, food, cleanliness, and comfort needed to give them the best chance to recover their health.

			All this was clearly right—up to a point. Hygiene and proper hospital management had saved thousands in the most unforgiving medical setting imaginable. It’s also true—then and now—that poor conditions, filth, hunger, and cold do make people more vulnerable to pathogens and to fare worse when they encounter them. But her direct experience at the Scutari hospitals led her to an updated version of a very old conception of disease. Her argument was an essentially moral one, fixing the source of illness within each sufferer’s body, triggered by something that threw their physical self out of balance. The miseries of battle supplanted the notional sins of the poor that others had invoked as the trigger for the loss of bodily equilibrium. But it was still the personal circumstances of the individual (like finding oneself in the middle of a war) that lay behind their suffering. That, in turn, dictated what doctors and hospitals had to do when confronted with such suffering. As the Deuteronomist wrote (30:19), so Nightingale argued: here was a choice between life and death, health and disease; therefore choose life. Or in her terms, build and run hospitals that don’t kill their patients.

			Thousands, eventually millions of people benefited directly from Nightingale’s advocacy, but as Rosenberg argues, her vision of a broad connection between hygiene and health led her to resist work like John Snow’s demonstration that cholera was almost certainly caused by a specific poison—a germ—that caused disease and carried it from one victim to the next. The nascent germ theory implied by Snow’s success suggested that while clean and comfortable hospitals were a good thing on their own terms, they weren’t sufficient; hygiene alone could not account for cases of typhus or of gangrene galloping up a soldier’s wounded limb. Even so, Nightingale’s immense fame and moral authority led her views to attract powerful adherents on both sides of the Atlantic.

			Nightingale would preach the hygiene gospel from the late 1850s onward. Her book Notes on Hospitals was a more popular version of her first exhaustive official report. It laid out her recommendations for hospital design and provided a manual for the care that those modern, humane facilities would provide. She published it in Britain in 1859, and the successful U.S. edition appeared a year later. That was just in time for what began on April 12, 1861, when South Carolina artillerymen fired on the United States Army soldiers holding Fort Sumter in Charleston harbor—the first shots of the Civil War.

			Seventeen days later, a group of women met at New York’s Cooper Union to propose that the United States implement a system of military medicine based on what “Miss Florence Nightingale” had learned in Scutari. Over the next four years, both the Union and the Confederacy did exactly that, constructing huge new systems of hospitals that incorporated versions of Nightingale’s doctrines on hygiene, ventilation, and the comfort of the wounded. How well those systems did depends on the yardstick used to measure their success. Compared with the mortality rates of prior conflicts, including the Crimean War, American doctors, nurses, and hospitals performed well, improving on the record of their predecessors. But still so many died, unbearably many: thirty times the number that Britain lost in its most recent conflict. Contemporaries called it a “harvest of death,” and by war’s end, for all the demonstrated value of clean, well-run hospitals, it was clear that something was missing, some critical failure to grasp what killed all those men whom their nurses and doctors could not save.

		

		
			Skip Notes

			
				* Such diagrams are now known as rose diagrams, a species of polar diagrams. Nightingale was not the first to construct a circular data representation in which the area swept out around an origin by some curve expressed some proportional quantity. Her innovation was to come up with a way to document the change, over time, of a set of quantities through a calculation that connected the square root of the radius of each wedge to the amount being expressed. See Lee Brasseur, “Florence Nightingale’s Visual Rhetoric in the Rose Diagrams,” Technical Communication Quarterly 14, no. 2 (2005): 161–82, at 170, https://doi.org/​10.1207/​s15427625tcq1402_3.

			

		

	
		
			XIII

			“the silver cord was loosed”

			A tiny body rested on an oversize rosewood bed. It was a boy, ill for most of a month. Another son in the family had come down with the same illness at the same time, but that younger child was on the mend. This one’s disease refused to let go of him. As the days passed, his condition worsened to become “painfully productive of mental wandering and delirium,” according to the Reverend Dr. Phineas Gurley, sitting at the bedside. The little body in the giant bed weakened through another week. “His sickness was an attack of fever, threatening from the beginning,” Gurley wrote. “All that the tenderest parental care and watching, and the most assiduous and skillful medical treatment could do was done.”

			It wasn’t enough. At about an hour before sunset on Thursday, February 20, 1862, “the silver cord was loosed, the golden bowl was broken, and the emancipated spirit returned to God who gave it.”

			Mary and Abraham Lincoln’s son William had died.

			Willie Lincoln and his younger brother, Tad, had caught what is now believed to be typhoid. In the first year of the American Civil War, outbreaks repeatedly swept through the regiments encamped in and around Washington, and not even the White House escaped the danger. Infectious disease, the so-called “Third Army” that confronted both the Union and the Confederacy, was easily the deadliest enemy either army faced. Pneumonia killed Stonewall Jackson. Typhoid took Willie Sherman, General Sherman’s nine-year-old child, after a visit to his father at the Vicksburg battlefield in 1863. Louisa May Alcott was convinced that a disease she picked up while nursing Union soldiers (again, likely typhoid) had weakened her before the final illness that killed her in 1888, when she was just fifty-five years old.
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					William Wallace Lincoln in 1860 at age ten.

				
			
			

			—

			The Civil War was an abattoir from beginning to end. The conventional estimate puts its cost at about 620,000 lives, but Confederate records in particular are incomplete, and that number is almost certainly too low. Even by the most conservative reckoning, more soldiers died in the Civil War than in all other American conflicts from the Revolution to the Korean War combined. That’s an abstract way of thinking about the destruction. More concretely, the lower bound for those killed represents 2 percent of the total U.S. population—or one person taken from every fifty Americans. If more recent tallies of over 1 million dead are true, that ratio shifts to one in thirty-five. Looking only at those who did the fighting, the picture grows yet more grim. In the North, roughly one in fifteen men of military age died; in the South, one in five. Then there are the civilians who died because of violence or privation—likely at least another fifty thousand people, though the true total will never be known. To bring all this to the fireside: by 1865, virtually every American still living in their restored and (somewhat) more free country would have lost someone they knew, someone they loved.

			There is, though, a common and false assumption about how all those people died. In popular imagination the primary killers were Minié balls,[*] cannon fire, and bayonets. Those weapons were deadly enough, certainly—as demonstrated on a Pennsylvania battlefield on July 3, 1863, when they made casualties of half of the 12,500 Confederate infantry who stepped off into what would be remembered as Pickett’s Charge. But overall, while 200,000 men died in combat or from wounds suffered on the battlefield, most of the lives lost from Fort Sumter to Appomattox—at least 400,000—were taken not by battlefield injuries but by disease and infection.

			Behind all those deaths were yet more sick and wounded men who needed care. At the war’s outset, there was virtually no system of military medicine, North or South. After the First Battle of Bull Run, wounded Confederate troops jammed into private homes and hotels in Richmond, while the Union wounded walked the seventeen miles back to Washington, D.C. The need for something better was obvious—not just to the military but to the public on both sides. By war’s end, Union hospitals alone would treat over a million patients—in facilities that, like those of the Confederate medical service, had to be created almost from nothing. This was where Nightingale’s recommendations came in.

			

			—

			The Civil War was an even more efficient incubator of disease than the Crimean conflict. Tens of thousands, ultimately millions of people gathered from all over the continent, many from remote regions with little previous exposure to the common maladies of crowds: mumps, scarlet fever, measles, and the like. Waves of illness regularly swept through the ranks of recruits, to the point that newly formed regiments were shunted off to separate camps to allow the seemingly inevitable outbreaks to run their course.

			Those who survived then embarked on army life, which created more opportunities for contagion. There was the brutal heat in summer and the ill-supplied cold of winter—one enlisted man in the Army of Virginia reported in the winter of 1862, “I have to take a dog in bed with me every night to keep warm.” Then there were the creeping things. Masses of men bunched together became buffets for biting insects; rats and mice made themselves at home in their scraps and leavings. Worst of all, every time an army gathered, the men on the march found themselves packed into tent camps, eating and drinking and defecating almost on top of one another. Drew Gilpin Faust, the preeminent historian of Civil War suffering, captured this account of a typical early-war Union encampment: “The camp sink [latrine]…is located between the tent and the river [the men’s water supply].” Bad enough—but the common reality was worse: “The men, however, generally make use of the ground in the vicinity.” Armies crapped where they ate.

			The result was a constant burden of so-called camp diseases that, taken together, were more dangerous than anything either army could do to the other with bullets, cannonballs, or steel. In 1863 the surgeon J. J. Woodward, who would later perform autopsies on both Abraham Lincoln and John Wilkes Booth, found that in the first full year of fighting, the Union Army as a whole saw 2.75 sick calls per man under arms. For those fighting in the West that year, the numbers were even worse: 3,368 reported sick for every thousand men in uniform.

			In the face of such numbers, both sides built hospitals on a scale never before seen. These giant new facilities were the laboratories where Nightingale’s principles would be tested, and (mostly) shown to be sound. Over four years of war, the Union Army opened more than two hundred general hospitals with over 135,000 beds. With fewer resources to begin with, the South was still able to establish a similar network: Chimborazo Hospital, in the Confederate capital, Richmond, was the biggest of them all, with space for up to 8,400 patients at once.
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					The vast Chimborazo Hospital rapidly accumulated into a small city of the wounded and the sick.

				
			
			Chimborazo was Scutari transported to Virginia. During the war, it treated about 76,000 soldiers: 17,000 battle casualties, with almost all the rest coming as victims of disease. The hospital complex started out as a barracks for new recruits, then accumulated into a complex of more than 150 structures. Most of them formed a repetitive grid of small single-ward buildings, thirty by one hundred feet, each accommodating forty to sixty patients. It was a variation on pavilion design, an approach advocated (though not invented) by Nightingale. The goal was to create buildings and rooms that guaranteed patients light and air, while allowing nurses and doctors rapid, easy access to every bed.

			The principles of the pavilion approach, emphasizing ventilation and cleanliness, were central to the theory of care on both sides of the war. The Confederate Army’s standing orders for its medical service spelled it out: the senior physician at any Confederate hospital was obliged to “enforce the proper hospital regulations to promote health and prevent contagion, by ventilated and not crowded rooms, scrupulous cleanliness, frequent changes of bedding and linen, occasional refilling of the bed sack and pillow ticks with fresh straw, regularity in meals, attention to cooking, &c.” Doors at either end and the windows along the long walls ensured there was sufficient ventilation. Sanitation was a priority, and Chimborazo was supplied with a sewer system that Scutari’s doctors would have envied. The hospital acquired enough lye to turn its own cooking grease into soap, and there was a so-called “Russian bathhouse” on the premises.

			The same themes ran through Union hospital construction and administration. When the war began, the North was richer than the South, an advantage that grew throughout the conflict, and the general hospitals the Union set up to accommodate the unending tide of bodies incorporated the lessons of Europe’s conflicts with almost morbid grandeur. Perhaps the most beautiful—if that’s the word—was Jefferson General Hospital in Jeffersonville, Indiana, built in 1863–64. Its twenty-four wards formed spokes stretching out from a circular corridor, two thousand feet long.
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					Jefferson General Hospital embodied Nightingale’s principles for the proper care of men at war.

				
			
			Both Chimborazo and Jefferson General (as well as a host of other new hospitals) expressed in wood and glass the lessons learned in Crimea: the conditions of military life predisposed men to disease, and the hospital’s job was to create an environment in which their weakened bodies could rally. By the mid-nineteenth century, most American doctors accepted that measles, with its rapid and obvious contagiousness, and smallpox were both caused by some still-unknown point-source poison. But aside from those two exceptions, the most authoritative American medical voices followed their European colleagues in seeing disease as a general derangement, and not as the outcome of any singular sequence of cause and effect. According to the surgeon J. J. Woodward, malaria was most likely born of “marsh miasm,” produced by “vegetable decomposition.” The physician Elisha Harris, writing on typhoid in 1863, noted that “various morbid agencies are usually combined in producing this fever,” of which the most important was “the specific miasma of sewers and neglected latrines—the pest of camps and badly drained towns.” Other observers compiled similar catalogs to explain the most prevalent illnesses—one blamed “hot weather, fatigue, malarial poisons, and irregular habits” for rendering the armies vulnerable.

			There it is: miasma theory yet again, here in almost its final expression. Six years after the end of the Crimean War, American military medicine held on to the same beliefs that had animated Nightingale’s agenda, most significantly that the cause of their patients’ misery was ultimately located within their own bodies, and not in anything from the outside world that invaded their flesh and blood. As at Scutari, such views led to important, valuable actions performed for the wrong reasons. If warding off miasmas meant that sick soldiers enjoyed fresh air, natural light, clean sheets, and functional plumbing, that was still a good outcome.
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					The meticulous organization of the men and the physical fabric of the ward work to a single end: no miasmas allowed here.

				
			
			Nightingale’s emphasis on supportive nursing care helped America’s Civil War wounded as well. Louisa May Alcott described what was expected as a volunteer nurse in a soldiers’ hospital in Georgetown. “I spent my hours washing faces, serving rations, giving medicine, and sitting in a very hard chair,” she wrote, as she confronted patients with several illnesses: “pneumonia on one side, diphtheria on the other, five typhoids on the opposite, and a dozen dilapidated patriots, hopping, lying, and lounging about.”

			By established protocol, each typhoid or diphtheria case received careful attention aimed at making the patient comfortable enough to recover. For typhoid, a nurse had to manage a recommended sequence of nutrition. As the surgeon Woodward wrote, the typhoid diet was supposed to be “simple and readily digestible, nutritious and supporting.” The sickest victims were to receive rice water or toast water, with a little lemon juice added to ward off scurvy. As the patient grew a little stronger, his meals could progress to beef tea or milk—and so on, until the almost fully restored man could eat with relish a soldier’s portion.

			At least, that was the plan. It didn’t always work out that way. Early in the war, it rarely did. The Confederacy fared worse than the Union, as the blockade of Southern ports and the growing pressure of military defeat gnawed away at attempts to shelter, nourish, and heal the wounded and the sick. But even so, doctors and nurses for both armies knew what they were supposed to do, and over the course of the war, they assembled systems of care within which ailing soldiers had a fighting chance to emerge with their health restored.

			After the war, many military doctors believed they’d done well. S. Weir Mitchell treated patients at Turner’s Lane Military Hospital in Philadelphia. Forty years later, he wrote that by the third year of the fight, “it may be said the [hospital] service had never been equaled”—and that he doubted “whether it has ever yet been excelled.” The figure of 400,000 dead of disease may have been terrible, but the two-to-one ratio of such deaths versus battlefield mortality was better than the British and the French achieved in Crimea. Mitchell knew that the science of disease had radically changed in the decades after the war, but from his point of view, it didn’t matter that what military doctors, nurses, and hospitals had believed then was wrong, because the final accounting suggested that he and his comrades had saved a prodigious number of lives. On the Union side, general hospitals treated a wartime total of 1,057,523 soldiers, with a total mortality of just 8 percent. Any self-congratulation, then, has some justification. He and his colleagues could not have been expected to act on what medicine would not understand for another two decades. They did the best they could with the knowledge and tools they had, and their best led to better outcomes than their predecessors had achieved. Squint just right, and it’s possible to see why Mitchell thought this was a win.

			That victory was made possible by the emphasis on cleanliness, on the humane treatment of the ill. Innovations included the new practice of disinfection, the use of caustic chemicals to cleanse hospital spaces, and even the regular fumigations of wards with chlorine gas, which unquestionably helped many to survive. And yet the history of disease in the Civil War is shot through with failure. The toll from illness on both sides barely changed over the course of the war. All the advances in procedures that Mitchell praised—all the useful knowledge that American armies drew from the experience of the British and French in Crimea—didn’t attack the root of the problem. They didn’t prevent people from getting sick, and they offered no clear path to treating them beyond the succession from pap to broth to meat.

			There was, though, an exception to that overarching failure. One Union Army doctor came up with a technique that saved thousands. It was one of the last steps needed to take medicine to the brink of its germ-theory revolution.

		

		
			Skip Notes

			
				* The Minié ball was the most common bullet used on both sides of the Civil War. It was accurate to 250 yards or more—a vast improvement on earlier munitions—and, made of relatively soft metal and a hollow base, it produced much more destructive wounds than earlier musket balls.

			

		

	
		
			XIV

			“never too strong”

			The operating tents of the Civil War were savage places, but they showcased one great advance over almost all earlier conflicts: anesthesia. The first public operation performed under anesthesia took place at Massachusetts General Hospital in Boston on October 16, 1846, when a dentist, William T. G. Morton, administered ether to a patient undergoing surgery to remove a vascular tumor. In December, the first operation under ether was performed in London, and it was a week later, on December 28, that John Snow witnessed the procedure. Three months after that, in late March or early April 1847, Dr. Edward H. Barton became the first to employ anesthesia in war during the American invasion of Mexico, when he used ether on a patient’s second leg amputation. (Notably, U.S. doctors anesthetized wounded Americans, but not captured Mexican soldiers, for whom “the band was ordered to play, so that the lamentations could not be heard.”) By the time the Civil War began, anesthesia with ether and, more often, chloroform had become standard procedure for surgeons in both armies. After being accidentally shot by his own men, Confederate General Stonewall Jackson received chloroform before his left arm was amputated. His doctor reported that as he went under, Jackson murmured, “What an infinite blessing.” On the Union side, 80,000 men or more received anesthesia before surgery, as did at least 57,000 Confederate soldiers.

			But even if anesthesia spared many of the wounded the conscious experience of knives cleaving their flesh, surgery was only the beginning of their troubles. The driver of that misery became clear in hindsight, agonizing to those who later understood how much pain and loss they had inadvertently caused. W. W. Keen, a Union medical veteran who would become a distinguished postwar physician, published his account of battlefield surgery in 1905, writing: “We operated in old blood-stained and often pus-stained coats, the veterans of a hundred fights.” It was standard procedure that “we operated with clean hands in the social sense, but they were un-disinfected hands.” Surgeons did wash between operations if they could, but they didn’t know what exactly they were trying to wash away, so they didn’t scrub enough. As for the doctor’s hands, so for the usual apparatus. “We used un-disinfected instruments from un-disinfected plush-lined cases, and still worse, used marine sponges which had been used in prior pus cases and had been only washed in tap water.” And in the urgency and haste of operating after a clash, “if a sponge or an instrument fell on the floor it was washed and squeezed in a basin of tap water and used as if it were clean.”

			By the time Keen composed his memoir, he understood what those dirty hands and unwashed tools had done: seeded infections that killed tens of thousands who had so far survived their injuries and the assault of field surgery. It was the puerperal fever epidemic reprised: in modern terms, these wound-site infections involved similar bacteria, introduced as surgeons’ hands, and tools carried those microbes from one patient to the next. Another complication was known as hospital gangrene. Although it killed “only” just under half its victims, it was perhaps even more dreaded, because its course was so unrelentingly awful. Now rare, it could be launched by one of several pathogenic microbes. The first hint of peril would come when a wound that was seemingly on the mend began to swell. From there, as the Scottish surgeon John Bell described it in his early-nineteenth-century textbook, its evils compounded: “The sore inflames, then come vomiting, diarrhea and a distinct fever, and the disease seizes plainly upon the wounded part.” Soon exposed tissue “is melted down into a fetid mucus.” As the infection advanced, “the gangrene or wasting of the cellular sheaths proceeds…the matter continues shiny and thick, and in prodigious quantities.” Then came the ghastly plunge toward the end. “The vomiting, diarrhea and nervous systems increase, the pain is dreadful; the cries of the sufferers are the same in the night as in the day-time; they are exhausted in the course of a week and die: or if they survive, and the ulcers continue to eat down and disjoin the muscles, the great vessels are at last exposed and eroded, and they bleed to death.”
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					Hospital gangrene in action.

				
			
			One other sign of hospital gangrene that Civil War doctors and nurses came to dread was “a most pungent and intolerable fetor”—a stench that could spread through an entire ward. Most terrifying to the men and their caretakers, a single case of hospital gangrene within a crammed ward could spark an epidemic: one man’s suffering would repeat itself in nearby beds, then through a whole room of soldiers recovering from some penetrating trauma, and even between floors. A Union physician described an attempt to increase ventilation by cutting holes in the ceiling of a ward. Then a case of hospital gangrene developed in the lower room—and soon (as we now know) bacteria shed from that first patient wafted upward, and wounded men in the upper ward sickened in their turn.

			This was the stuff of nightmares. Army doctors struggled to contain such outbreaks. Isolation was one technique, segregating a sick soldier away from other potential victims. Doctors and nurses felt a renewed urgency for hygiene: they insisted on meticulous ward cleaning, never using a bandage twice, and burning those that had once wrapped an infected wound. Such moves may have prevented some spread of gangrene, but it did not aid anyone already being eaten alive. Some published approaches were supposed to help: dosing the men with whiskey, paying attention to diet, or smearing the wounds with topical salves. One treatise from 1862 claimed that poultices made with “flaxseed and slippery elm were decidedly the best.” Some such remedies did no harm, but did not save a single soldier.

			

			—

			The first real advance came in 1863, in one of the single most important medical inventions to emerge under the pressure of war. The invention of a nearly universal cure for hospital gangrene did not require solving the biology of the disease. Rather, it emerged from purely empirical reasoning, a chain of inference that enabled doctors to preserve almost everyone they treated, down from a mortality rate of almost one in two. It was developed by one of the Union’s most powerful army doctors, Middleton Goldsmith, surgeon-in-chief for Union hospitals in Kentucky and for the Army of the Ohio.

			Goldsmith was the perfect man to address the crisis of hospital infections. He had been raised into the medical life: his father had been professor of surgery at Louisville’s Kentucky School of Medicine, then lecturer on surgery at the New York College of Physicians, where the younger Goldsmith enrolled in 1840. Father and son shared passions as well as a profession. Both were avid naturalists, to the point that Middleton assisted John James Audubon in dissecting specimens for The Birds of America. He was handsome and tall, an expert horseman from his Kentucky childhood; his medical school classmate John Peters would eulogize him as “quick, but easy and even graceful…a perfect master of the English language.” He was a fine doctor too; Peters wrote of their practice sessions on unclaimed corpses: “I well rememb’r his long and swift, but skillful of cutting; the quick hari kari-like or ‘happy-dispatch’ way with which he went through a cadaver.” This was a man “looked upon as a sort of model Apollo…and the most rising young surgeon in New York.”

			Goldsmith had a thriving career both as a practicing physician and as a medical professor, but it was the war that allowed—perhaps required—him to be an original thinker as well. In his home city of Louisville, he told his superiors in 1863 that there were ample “opportunities” (as in, an unlimited supply of human subjects) to investigate the insidious condition that was killing so many soldiers after seemingly successful surgeries. In that research, he sought answers to three questions posed by hospital gangrene: “the nature of the causes operating to the production” of the disease; “the nature of the process set in motion”; and what might work as “prophylactic and curative agents.” He wanted to know, that is, how a case began, what happened as it progressed, and what could be done to prevent or reverse it.

			For the first mystery, the cause of hospital gangrene, Goldsmith admitted he had only guesses, not proof. Both sides’ military medical services accepted that whatever wrecked previously healthy tissue seemed to be able to travel through the air from one person to the next, and that it could also be transmitted by inoculation—it could be carried from bed to bed on a doctor’s or nurse’s hands or on instruments or dressings used on more than one person. But exactly what was being transmitted eluded Goldsmith, leading him to the familiar acknowledgment of formalized ignorance. All that was certain was that “hospital gangrene arises spontaneously in wards where the wounded are crowded together—where the wards are filled with the stench of traumatic profluvia [the putrid smell of gangrenous wounds] and receive the air of sewers and cellars.” That led him to conclude that the disease-causing agent might be “in some way connected by miasmas, or with poisonous substances” produced by decaying waste and filth.

			He had no concept of germs, then, not even the abstract notion of one that Semmelweis and Holmes had previously invoked. Goldsmith next dealt with his second question, the sequence of the disease. Here too he had nothing new to add and simply echoed what Bell and other predecessors had observed. He reserved almost all his effort for the third problem: what could be done to cure a case of gangrene once it had begun. Doctors had experimented by slathering wounds with various caustic or toxic substances—metal salts, chlorine solutions, even sulfuric or nitric acid. The most potent failed to “arrest of the process” of the disease, Goldsmith wrote. Instead, their effect was “limited to the mere charring of tissues”—burning the exposed flesh of patients who were already in grotesque pain.

			Those failures contained a hint, however. They were attempts to extend the practice of disinfection from the ward to a body. To dis-infect a wound was to radically cleanse it in an attempt to eliminate whatever destructive action was progressing just below the site of damage. That was the right aim, Goldsmith argued. The problem was finding a substance that would save more than it destroyed while neutralizing enough of the still-unknown poison to halt the progression of gangrene through the victim’s body. Recent chemical discoveries gave him the hint he needed.

			Beginning in 1774, chemists had identified several related elements that made up a previously unknown group, now known as halogens. There are five naturally occurring halogens: fluorine, chlorine, bromine, iodine, and astatine.[*1] Halogens are exceptionally chemically reactive—which means they readily form molecules with other elements. This enables them to bind to both inert materials and biological compounds. That property carries some danger: fluorine is highly toxic, and chlorine is not far behind. But by the time Goldsmith sought a solution for gangrene, some of the halogens had proved useful. Chlorine was already employed as a disinfectant—it was what Semmelweis had used to break the autopsy-to-birth chain of transmission for puerperal fever. Meanwhile the naturalist in Goldsmith knew of at least one curious result with another member of the group. In “researches upon the bite of the rattlesnake,” he wrote, “iodine mixed with the virus [the toxic component of the venom] destroyed its activity.”[*2]

			More broadly, Goldsmith was aware that an “active antagonism [was] known to exist between the halogens and animal poisons.” That led him to this thought: if a halogen compound could be delivered directly to the place in the victim’s body where such a poison was working its way through a wound, it might be able to neutralize that substance and thus halt the progression of hospital gangrene. Goldsmith picked bromine, first identified in 1825, as the most promising candidate, largely because it was easy to handle at room temperature while being much less toxic than chlorine. By 1862 he was ready to test it on human beings. He directed the hospitals under his command to experiment with bromine compounds on soldiers presenting with gangrene-infected wounds.

			The doctors worked by trial and error. Some were too timid, aggressively diluting their applications of bromine, with the result that “sometimes the solution is too weak, never too strong.” It took some work to discover where in damaged tissue to apply the bromine and how to get it deep enough into the most difficult wounds. But by January 1863, Goldsmith and his assistants had cracked the problem.

			The protocol they devised was simple, if gruesome: cut away as much of the diseased flesh as possible; scrape away any oozing fluid; using a scalpel, cut out any pulpy matter attached to the skin. Then inject a solution of bromine and water onto the exposed tissue and into every cavity in the wound. In a deep or complicated injury, in which it wasn’t possible to remove enough of the rot, Goldsmith recommended “pushing the bromine on pointed sticks of wood” into the gangrenous material itself or else injecting the solution into healthy flesh just ahead of the furthest advance of the gangrene. Doing so could be excruciating for the patient, but Goldsmith was convinced that such suffering was an unfortunate necessity—he recommended the use of ether or chloroform in only the worst cases or if “the patient [was] intolerant of pain.” The patient’s extreme peril required equally extreme measures; a doctor was thus obligated “to mix the bromine thoroughly with the slough [the damaged tissue] and touch everywhere the LIVING surface of the sore,” he wrote. “This is all.”

			Such radically invasive measures justified themselves: by mid-1863, Goldsmith and his subordinates confirmed that the bromine method worked. In September 1863 he reviewed the cases of 334 patients treated by doctors, of whom 304 received bromine treatment. Eight of them died, 2.6 percent of the total. (Some of those eight may have succumbed to something other than their infections.) Of thirteen patients treated with nitric acid (an approach favored by some Confederate doctors), eight—over 60 percent—died. Four more soldiers who had received a variety of ineffective treatments were given bromine as a last-ditch measure. All survived.

			

			—

			The discovery that a properly administered and readily available chemical compound could reverse a disease process within a living human body was one of the few unequivocal victories for Civil War medicine. Postwar research into microbes and disease later accounted for the bromine results, but during the war, doctors did whatever worked, or seemed to. Goldsmith offered a chemical logic for the bromine experiment, but not a medical one—how bromine reversed what was happening inside a wound. But he and every doctor who watched gangrene-ridden patients heal did not care about their ignorance, as long as the sick men they cared for recovered.

			Still, as W. W. Keen recognized, such simple “show me” empiricism, tallying results without grasping the underlying mechanism, could help only so much. “In our ignorant innocence,” he confessed, he and his fellow surgeons “committed grievous mistakes which nearly always imperiled life and often actually caused death.” Goldsmith had been as rigorous and cautious as he could, starting with the critical assumption that wound infections were caused by some material poison (whether generated in a miasma or by some other process) that could be countered by chemical preparations known to have powerful cleansing effects. It was the same reasoning that Oliver Wendell Holmes and Ignaz Semmelweis had used to attack puerperal fever; it was the same argument John Snow employed to break cholera’s chain of transmission.

			All that pragmatism produced enormous gains; thousands of people got to live who otherwise would not. And yet the tragedy remains: as Keen acknowledged, the missing insight into the true nature of infections in wounds and the transmission of disease led directly to hundreds of thousands of deaths.

			In hindsight it seems almost shocking that all the advances of germ theory without germs didn’t have more impact. Just a decade earlier John Snow’s demonstration of the importance of keeping sewage out of drinking water gave medicine a model of disease in which some dangerous particle evoked the symptoms of a given condition—which could then be prevented by blocking its route into a victim. Yet Snow’s insights, like those of Holmes and Semmelweis before him, played almost no role in Civil War medical thinking. Goldsmith himself was one of the very best medical minds in either blue or gray, but even he couldn’t escape the terminology and assumptions of the concept of miasmas, which for so long had seemed to account for the observed facts of contagion and infection within the settled assumption of humankind’s mastery of nature.

			The Civil War itself was a battle about dominion: whether some humans could own other humans. One of the most significant implications of the successful bromine treatment hinted at a new way to express the old faith that humankind were masters of nature, not subjects of it. Nightingale’s concept of disease led to her conclusion that the doctor’s role was merely to foster conditions in which the body could heal itself. But when he confronted hospital gangrene, Goldsmith showed that beef tea and clean sheets on their own weren’t enough. Instead, it was possible—urgent—for the physician to directly intervene in the disease process.

			Such interventions were glimpses of a future not quite at hand. They hinted at advances in the confrontation with infectious disease—which, if read one way, would reveal the intimate connection between humankind and the rest of the natural world. At the same time, Goldsmith’s chemical experimentation, leading to his victory over the infections that swept through Civil War hospitals, pointed to a new way to conceive of humankind’s power over and separation from the rest of nature. Dominion need not flow from God. Mortal smarts and skills could do the job—had done so—with every soldier saved from near-certain death by a bromine paste.

			Peace finally came, and with it, time to reflect on what had just happened. The men and women who had succored the wounded and the sick could say, truthfully, that they had done extraordinary work in the face of extreme suffering. The sheer weight of numbers, though, the burden of all those lives lost, remains the deep truth of the doctors’ war. Still, the fact that at the point of crisis, some medical thinkers had been able to figure out new tricks—jamming a chemical-coated stick into a wound to save a leg or a life—pointed to the next possibility, the generalization of Goldsmith’s insight about the disinfection of the wounds of war. The breakthrough—for that’s what was about to come—would turn on work on a seemingly unrelated problem: the “diseases” of beer and wine.

		

		
			Skip Notes

			
				*1 A sixth halogen, tennessine, is a superheavy synthetic element discovered in 2010. It is not found in nature.

			

			
				*2 Viruses in the modern sense would not be discovered until the 1890s. At this period, a “virus” could be a poison, or the word could denote an as-yet-unidentified cause of a disease.
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			XV

			“Life is a germ and a germ is Life.”

			Monsieur Bigo had a problem. He owned a factory in the city of Lille in northwestern France that made alcohol for industrial uses. In recent months, too many of the production runs that were supposed to turn beets into an alcoholic juice yielded only a foul liquid, sour and unusable.

			M. Bigo had a son. In 1856, as his father wrestled with his beets, that youth was studying chemistry with a new instructor at the University of Lille named Louis Pasteur. The older Bigo seized on that connection: Could the young researcher explain why his beet juice so often refused to ferment into alcohol? Pasteur, then thirty-three years old, had no prior experience in the chemistry of such reactions, but the problem sparked his curiosity. He said he would try.

			Pasteur went to Bigo’s workshop on November 4, 1856. He collected samples of properly finished beet alcohol, and of the failed fermentations that had yielded only foul-smelling, valueless liquid—both derived from a process that was, seemingly, identical up to those divergent ends. Figuring out what made one batch palatable and one a waste soon consumed him. By December, his wife, Marie, was complaining to her father-in-law that Pasteur “spends his days in an alcohol factory…up to his neck in beet juice.”

			When he figured it out a few weeks into 1857, the explanation was elementary, though no less radical for its simplicity. Under his microscope Pasteur observed what others had seen before him: the presence of yeast, which, he noted, “is always found wherever sugar is decomposed into alcohol and carbon dioxide.” In successful alcohol fermentation, that yeast formed globules—but, as Bigo’s son wrote, in Pasteur’s analysis, when the process began to go awry those microbes grew longer, until “they were all fully lengthened when the fermentation became lactic.”

			For the Bigo family, that first set of observations was enough. Pasteur’s identification of the distinct shapes of the organisms identified with the two different fermentation end points gave them a diagnostic tool to tell them which batches to shut down. As young Bigo wrote, “This very simple method enabled us to watch the process and to avoid the failures of fermentation that had formerly been often experienced.”

			If Pasteur had stopped there, his analysis would not have amounted to much beyond helping one factory improve its production techniques. But this almost routine series of observations led him to a much larger question. He had connected two different shapes of microbes to different fermentation end points. Now he asked what drove such chemical reactions down one path or another. Why does grape juice become wine—or vinegar? What makes milk go bad? Why does meat rot if left out too long? Most broadly: What causes the changes observed in organic substances, up to and including the events that turn a healthy person into a sick one?

			

			—

			Bread, beer, and wine are as old as civilization. Fermentation was one of the first natural processes human societies turned to their own ends. The transformations that turned juice into joy or water and grass seeds into the staff of life were at once utterly prosaic and a form of magic. In fermentation, seemingly inert, motionless substances bubble, seethe, exhale, and finally relax into a new form. Masters of their crafts—bakers, brewers, vintners—were empiricists. They learned how to reach their desired outcomes, but what happened inside rising dough or in liquid in which sweetness was becoming alcohol remained a mystery.

			By Pasteur’s day, fermentation’s alchemy had become chemistry, a series of material steps to be teased apart and identified. At one level the chemical change was well characterized. Antoine Lavoisier had reduced it to a formula, thought to be the first use of an equation to describe a chemical reaction: “must of grapes = carbonic acid + alcohol.” The reaction that Lavoisier described was driven by chemicals acting on chemicals, with nothing living to confuse the issue. As Pasteur and others knew, yeast was always present when juice became hootch. But, as the leading proponent of the chemical theory of fermentation, Justus von Liebig, argued, the living biology of yeast had nothing to do with the process. Instead, dead yeast cells could “impart to other substances the state of decomposition in which they find themselves.” That is to say, broken bits of those cells could help shatter sugar into the gas and alcohol found in a vat of wine when the fermentation had come to a halt.

			For Pasteur, confronting the problem of fermentation in the Bigo factory, that explanation seemed clearly wrong. In a paper he published in 1857, he reported the crucial observation: that the lactic acid fermentation always occurred in the presence of a distinct form of microbe, different from what was seen in processes that yield alcohol. This early in his analysis, Pasteur was not ready to leap from correlation to cause, but he promised his readers that another paper was coming soon in which he would offer “some general ideas and new methods” that would reveal more about the nature of fermentation.

			Pasteur was a demon for work. When his wife wrote of him plunging up to his neck in beet juice (perhaps worrying that he might sink farther), it was typical of his willingness to immerse himself in a problem. Over the next several months he switched his attention from lactic to alcohol fermentation. In a paper published in the second half of 1857, he explicitly rejected Liebig’s purely chemical account of the process. Instead, he observed, it was a product of yeast metabolism—an active biological phenomenon. “The splitting of sugar into alcohol and carbonic acid,” he wrote, “is an act associated with a living phenomenon of the organization of globules [of yeast] in which the sugar…provides a direct part of the substance of those globules.” In less formal language: Pasteur was saying that the fermentation of alcohol occurs when the right species or strain of yeast eats sugar and (as he implies but does not say here) excretes alcohol and a gas. By the same token, those other fermentations producing different results, like the lactic acid fermentation that so troubled M. Bigo, worked the same way: in each instance, some living organism consumes one substance and metabolizes it into another, creating the effect observed, a “disease” of milk, of wine or beer…or beet juice.

			Pasteur was not ready to announce such a comprehensive result in these first papers. He was likely convinced, but he hadn’t yet gathered the overwhelming body of evidence it would take to persuade his more conservative scientific elders, whose adherence to a purely chemical theory of fermentation could be overcome only with a comprehensive body of experimental results to identify a broad range of organisms generating distinct sequences of chemical events. He accumulated those results over the next three years, publishing a series of papers in which he displayed an increasing confidence in his conclusion that living organisms drive the chemical changes seen in every form of fermentation. In 1859, he confessed that he too had once followed Lavoisier and his heirs in believing that alcohol was the product of a simple, purely chemical transformation of sugar—but now, he wrote, after “more than a hundred analyses” he was forced to conclude that what he was seeing could be explained only if living creatures were involved, with the capacity to generate all the observed reaction products.

			In 1860, Pasteur dropped any remaining caution. In his landmark paper “On the origin of ferments,” he summarized the work of the preceding four years: the work of “various chemists” had, he wrote, “come to seem more and more at odds with experience.” The ferment—the active agent of the transformation of sugar into its daughter products—was, he affirmed, “not a dead substance.” Instead, “it is a germ carried in the air.”

			“It is a germ”—a living organism, an actor, invisible and omnipresent.

			

			—

			Usually, there is no single moment when everything changes. Pasteur’s fermentation experiments did not on their own overturn centuries of error or obliviousness. He had predecessors: eager dreamers like Cotton Mather, observers pursuing the logic of infection like Oliver Wendell Holmes and Ignaz Semmelweis, run-with-what-works empiricists like the Civil War doctors. Truly, there are vanishingly few singular moments of discovery in the history of science.

			And yet, while the work he would do over the next three decades is better remembered, this one paper, five pages long, is the claxon, the signal that something momentous was happening. Most important, Pasteur had grasped a singular insight, one of the most important since Leeuwenhoek first saw his tiny wriggling forms and recognized them as alive: germs that could turn juice into wine were envoys from the microcosmos at work in our macroscopic world. They could be employed to our benefit in a vat of wine or riot against our interests when beet juice turns sour. And they might do who knows what else for or to the human beings—and societies.

			Pasteur knew that he was onto something more than a neat bit of industrial research. His work on fermentation had pushed him beyond yeast and deeper into the microbial world. Over the next two decades, he identified a range of creatures that could drive chemical changes in the media that nourished them—like lactobacillus, a bacterium involved in the lactic acid pathway responsible for sour milk, or Mycoderma aceti (which he misidentified as a microscopic plant)—the complex of organisms that includes the bacteria behind the acetic fermentation that gives us vinegar. He discovered the existence of anaerobic bacteria, microbes that live in the absence of air. He showed that it was possible to engineer fermentations by introducing one microbe or another to the fluid to be transformed, producing alcohol or lactic acid or some other product of interest. As this bestiary of living chemistry—biochemistry—came into focus, these results informed the mystery Pasteur turned to next: Where do living things come from?

			This was an old question, usually framed as the issue of spontaneous generation: Could new organisms emerge out of inert matter, the mere stuff of the earth? Aristotle, that intellectual omnivore, had thought so. He divided the living world into those animals and plants with offspring that come from seed or sexual reproduction, and those in whom the next of their kind emerged from inert matter—most often rotting waste, putrefying matter, or, simply, shit. Among those, perhaps the iconic example of the spontaneous generation of life were those sinuous fish, the eels, which, Aristotle wrote, “originate in what are called the entrails of the earth, which are found spontaneously in mud and moist earth.”

			

			—

			Eels would be evoked as a clear example of spontaneous generation for the next two millennia—in popular accounts as well as learned ones. Izaak Walton, for one, was fascinated by the eel. Walton had been an ironmonger in London before retreating to a small farm bounded by a river after choosing the Cavaliers’ side (the losing one) in the English Civil War. There he turned his time spent on the banks of that stream into one of the most oddly delightful classics of English literature, The Compleat Angler, first published in 1653. Walton makes a joyous case that the pursuit of a fish with rod and hook sits at the apex of human experience, as it hones both one’s contemplative faculty and the capacity for decisive action in a time of need.

			Most of that work is pure diversion, to be read for the pleasure of getting to know its gentle author. But it is also a striking window into how England’s educated elite understood the damper parts of their island as they entertained themselves along its riverbanks. And then there was chapter ten, and the issue of how one gets more eels year after year.

			Walton had little doubt on the matter: “That Eeles may be bred as some worms and some kind of Bees and Wasps are, either of dew, or out of the corruption of the earth,” was, he concluded, “made probable by the Barnacles and young Goslings bred by the Suns heat and the rotten planks of an old Ship, and hatched of trees.” It might take two people to make another human, or a ram and ewe to bring forth lambs each spring, but for Walton and his readers it was still perfectly plausible to share Aristotle’s belief that some living things could emerge spontaneously from nothing more than heat and stink and rotting matter along the banks of a country stream.

			By the seventeenth century, there was a new way to investigate that old claim, which is what drew Antonie van Leeuwenhoek into the spontaneous-generation debate. At first, he was agnostic on the issue: agreeing with Aristotle (and Walton), he seems to have assumed that eels (and some other organisms) did not reproduce sexually, but could indeed organize themselves out of some combination of decay and warmth. But he soon found evidence to the contrary. In the 1670s, he found eggs in fleas and lice, long assumed to be produced out of muck—identifying sperm cells in fleas the next decade. Over the next several years, he expanded his campaign to include more insects—weevils, moths, aphids, lice, and more—to find in each case a life cycle that required sex to engender the next generation of bugs. Finally, he turned his instruments to the case of the parentless eel.

			Leeuwenhoek knew what he expected to find—the same kind of microscopic evidence of sexual reproduction he’d identified in so many other creatures. After six months of intensive study in 1690, he believed he’d found it, as he reported in a letter to Antonio Magliabechi, the legendarily slovenly librarian to Cosimo III, Grand Duke of Tuscany. He wrote that “having already given up hope of ever being able to discover” evidence of eel sex, he dissected some freshly caught specimens, and “to my great joy I did many times remove therefrom the young little eels.”

			He was mistaken. His putative embryonic eels were one of his rare blunders. The eel’s life cycle is exceptionally complicated, passing through several stages of development between the larval form and adult animal. It took until the twentieth century to work out all the steps, and some questions still remain open. The reproductive organs Leeuwenhoek thought he had seen do not develop until an eel is well on its way on the long sea journey back to its spawning grounds. He may have mistaken the bladder of juvenile eels (called elvers) for their wombs. The “young little eels” he saw were likely parasites.

			But even though he got eels wrong, he was right about the larger issue. As his other, valid observations showed over and over again, creatures alleged to emerge from lifeless spoil could in fact reproduce themselves. None of his fleas, lice, aphids, and the rest emerged from inert matter. What’s more, Leeuwenhoek argued, the complexity and intricacy of the structures he observed at high magnification couldn’t have simply organized themselves out of filth and ferment. Take the insect compound eye, for example, as he wrote in a letter to the Royal Society in 1694. “If we see…the incredible perfection in the Eyes of Flies,” he asked, “will there still be people who will dare to maintain, that such perfect Creatures…however insignificant they may appear to us, are generated spontaneously or from putrefaction?”

			Such an argument was persuasive for those willing to be persuaded, but for all the weight of evidence Leeuwenhoek managed to gather, his case against spontaneous generation remained suggestive, not conclusive—a growing pile of instances in which it does not occur. In the new natural philosophy, such absence of evidence couldn’t demolish the possibility that it might happen in some other circumstance. Finding eggs or sperm in a specimen settled the issue for that one species, but could not rule out the biological equivalent of the “God of the gaps” argument: there was another creature out there whose reproductive system remained obscure, and thus might not exist at all.

			That opening was enough for claims that life could spring from lifeless matter to survive for another 150 years. As late as the 1830s, some prominent biologists argued that spontaneous generation was a direct consequence of “the unity and totality of all processes occurring in a living being.” That framing, derived from the Romantic conception of the continuity of all of nature, the absence of a meaningful divide between matter and living matter, meant that it must be possible to go from one state to the other. Made explicit as scientific argument, such reasoning helped explain such mysteries as the existence of parasitical worms in human bodies: such beings spontaneously emerged from the tissues of their unfortunate hosts.

			Belief in such a process began to wane in the second quarter of the nineteenth century—but it did not disappear. In this almost-last stand for the idea, Leeuwenhoek’s microbes became the candidate organisms that could prove that life spontaneously emerges within dead, decaying matter. Some researchers believed they’d seen it happen. Jean-Baptiste Bory de Saint Vincent wrote that while the idea “is at first revolting to a rational mind…it is, notwithstanding, demonstrable by the microscope.” He claimed a raft of witnesses: “Müller has seen it, I have seen it, and twenty others have seen it.” Such direct testimony was hard to refute: one critic weakly replied that even if “animalcules were proved beyond a doubt to originate in the play of chemical affinities or galvanic actions,” it would still be true that more complex organisms could not arise out of mere non-living stuff.
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					The swan-necked flask perfectly expresses the aesthetic of form-follows-function.

				
			
			No one managed to refute such seemingly authoritative testimony for two more decades. By then, the most prominent supporter of spontaneous generation was the physician and naturalist Félix Archimède Pouchet. A book he published in 1859 described several experiments in which, he said, microorganisms had appeared in a medium isolated from any outside source of parent microbes. There was, however, a new observer of microbial life on the scene: Louis Pasteur, whose work on those “germs,” the yeasts and bacteria he’d implicated in the fermentation of wine and beer, had convinced him that spontaneous generation was bunk. To prove it, he deployed one of the most beautiful tools of scientific inquiry, the swan-necked flask, to refute Pouchet’s alleged discovery—and with it, put to rest more than two millennia of misplaced belief.

			For the first step in his experiment, Pasteur poured broth into the main cavity of the flask, boiling it until anything alive in the infusion was dead—the procedure we now call pasteurization. The only contact the now-sterile liquid had with the outside world was through the swoop of the swan’s neck. As long as he left the flask upright, the broth remained clear, free of microorganisms; airborne particles carrying microbes instead stuck to the glass sides on the “uphill” stretch of the tube. Then he tipped the flask so that liquid flowed over that section of the neck, picking up whatever had ridden in from the outside world along the way. Allowed to rest for a while, the broth soon began to cloud with microbial growth—the descendants of bacteria that had wafted in from the air and had gotten stuck in the neck of the flask. This distinction—no contaminating microbes as long as the outside world couldn’t communicate with the contents of the flask, a cloudy broth teeming with microbes once that barrier was breached—was a clear demonstration that even microbes need parents to propagate.

			Pasteur completed this work in 1864. He told a lecture audience that year that “the spontaneous generation of microscopic beings is a mere chimera.” He dismissed colleagues who claimed otherwise. They “had been deluded,” he said, by “errors they neither knew how to perceive, nor how to avoid.”

			That, Pasteur said, was that. “Never will the doctrine of spontaneous generation of life recover from the mortal blow of this simple experiment,” he said. He was almost right. A very few savants continued to hold out. (As the old saw puts it, disproved theories linger, undead, until the funeral of their last adherent.) But most of Pasteur’s scientific contemporaries accepted his results—and grasped its corollary, the other inference suggested by what had happened in his swan-necked vials. The uncontaminated broth seen when the flasks remained upright had made the case against spontaneous generation. But the teeming explosion of microbial life that appeared when Pasteur tipped those vessels over proved that invisible creatures are all around us. They’re in the water, they float on the breeze, they could be found in any undefended vat of wine or jug of milk. Once there, they could produce profound change, for good or ill.

			Which is to say that Pasteur had more than one motive in this seeming detour from his fermentation research to debunk a two-thousand-year-old myth. There was no doubt that he relished exposing the credulity of his scientific elders. But his far more significant purpose was to reveal more of what he was coming to understand as a fundamental truth: that microbes are not merely ubiquitous but are vital actors—not just within their microscopic realm, but the macroscopic one as well—the one in which we humans pass our days. Hence Pasteur’s bravura conclusion: “Life is a germ and a germ is Life.”

			There it was. Not the germ theory, not yet a comprehensive explanation for infectious disease. But Pasteur offered a clear and powerful account of a germ theory, in which microbes played a leading role throughout the natural world. It had taken almost 175 years to get from Leeuwenhoek’s animalculae to the macrocosmic scale we inhabit. It would take just over one decade more to complete that journey; to discover just how much power the microbial world wields over human affairs.

		

	
		
			XVI

			“the importance of the fact can hardly be exaggerated”

			One afternoon in 1865, an English doctor in Scotland strolled home with a friend. His companion, the chemist Thomas Anderson, had recently read something he thought his surgical colleague would find interesting. Across the Channel, a Frenchman had solved an interesting problem: Why does wine go bad? For that surgeon, news of Pasteur’s work on fermentation was an epiphany. Within two years he would apply the implications of that work to his own practice. When he did, he established the central pillar of germ theory: that infection occurs when a germ, a microbe, infiltrates some vulnerability in its victim’s body. And once he figured that out, Joseph Lister created the essential framework in which modern, safe surgery could occur.

			Lister was a precocious, voraciously curious, and ferociously intelligent man. Born in 1827 to a Quaker family, he had been fascinated since childhood by the living world. He entered University College London at seventeen and published his first scientific papers in 1852, the year he completed his medical training. He may even have rubbed shoulders with John Snow, as he was also in the gallery in December 1846 for the first operation in Britain performed under anesthesia.

			Ether and chloroform had made surgery easier for both patient and doctor, but by itself anesthesia did not make surgery safe. As Lister’s son-in-law and biographer Sir Rickman Godlee wrote, “Operations were few because a large—perhaps the larger—part of the human body was held to be beyond the province of surgery.” The reason, according to Godlee: “This conclusion was reached not because ingenious surgeons never thought of making incursions in these forbidden preserves, but because such attempts had been so often followed by disaster.” Post-surgical infections meant that most doctors avoided opening the abdomen, for example, which meant that appendicitis frequently turned mortal. Injuries to the limbs routinely led to amputations because, Godlee noted, “attempts at ‘conservative surgery’ which aimed at the saving of limbs, involved fearful risks to life.” (By “conservative,” Godlee meant attempts to treat injuries with measures short of amputation, leaving wound sites that penetrated deep into an arm or a leg.)

			Those were the same risks that had confounded America’s Civil War doctors: all those damaging, often fatal post-operative complications, most often hospital gangrene. In response, conscientious hospitals and doctors followed Nightingale’s lead and emphasized ventilation, space, and cleanliness—up to a certain value of “clean.” Godlee, himself a surgeon, acknowledged that Lister’s generation, “in spite of their advocacy of cleanliness and pure air, had succeeded…in providing the best possible forcing houses for the propagation and transplantation of hospital diseases.”

			Godlee had the numbers to back that dismal assessment. He wrote that of 631 amputations performed at four London hospitals over ten years, 239 patients, or almost 40 percent, died of depressingly familiar infections: gangrene, sepsis, and the rest of what were lumped together as “hospital diseases.” That phrase was meant literally: the hospital itself was seen to be sick. In the worst cases, epidemics of infection that swept through post-surgery wards never really ceased, and some observers concluded that there was something deep in the physical structure of those buildings that could not be cured.

			Lister was looking for a less drastic solution than demolishing such diseased structures (as some proposed). He finished medical school in London in 1852, and the next year he moved to Edinburgh to serve as assistant to James Syme, then the leading surgeon in Scotland. Syme taught him the then-best practice for handling surgical wounds—sutures separated far enough to allow for drainage from the incision, covered by layers of lint and then a bandage “applied so as to press the deep surfaces of the wound gently together.” If all went well, “the discharge of pus was commonly very trifling in amount, and the cure speedily accomplished.”

			Lister knew, of course, that too often matters did not go well. In 1860 he became professor of surgery at Glasgow University, where he soon took charge of several wards at the new surgical hospital. He and the house surgeons he trained and supervised achieved a better survival record than many. Still, he wrote, “my patients suffered…in a way that was sickening and often heartrending, so as to make me sometimes feel it a questionable privilege to be connected with the institution.” Ever conscientious, he began to study the issue. His first investigation into what was killing people under his care was bound up in traditional assumptions. What caused suppuration (the term for a wound exuding pus, a sign of possible infection), he wrote, was “decomposition, brought about by the influence of the atmosphere upon blood” or “tissue destroyed by the violence of the injury.” By “the atmosphere” Lister meant oxygen, then “universally regarded as the agent by which putrefaction [the destruction wrought by infection] was effected.” That left surgeons powerless to solve the problem that killed a quarter or more of their patients, “since it seemed hopeless to attempt to exclude” oxygen from any open wound.

			For the next five years, Lister made little or no headway on the matter. Then came that lucky stroll with the chemist Thomas Anderson, when he learned of Louis Pasteur’s recent papers on fermentation and spontaneous generation. Lister found in that work the key to making surgery safe for an ever-wider circle of conditions and patients. That breakthrough emerged from Pasteur’s proof that yeasts and bacteria wafting on the breeze could float into any fissure or opening. In grape juice or barley wort, the arrival of stray microbes could spoil a batch of wine or beer. Lister grasped that the same sequence of events could take place in a human body. As he wrote two years after his first encounter with Pasteur’s discoveries, when he finally understood that “the septic property of the atmosphere depended not on the oxygen or any gaseous constituent, but on minute organisms suspended in it,” he realized “that decomposition in the injured part might be avoided without excluding the air, by applying as a dressing some material capable of destroying the life of the floating particles.”
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			—

			Lister tested that idea almost immediately on what he called “one of the most striking as well as melancholy facts in surgical practice.” The fact in question was that those who experienced compound fractures, in which a broken bone breaks the skin, often developed ferocious cases of post-operative disease, while patients suffering simple fractures enjoyed “complete immunity from danger.” He knew this much at the start: blood left in a vessel exposed to the air soon starts to stink. Lister’s radical step was to propose that even though many wounds heal after oozing noxious fluids for a few days, the rotting smell of such discharges was a signal of what might be happening deep within a wound when an infection took hold.

			That insight dictated Lister’s next move. His chemist friend Anderson provided him with a supply of partially purified carbolic acid—“a malodorous fluid, dark from tarry impurity.” (Carbolic acid, also known as phenol, is a mildly acidic carbon compound that had been discovered in 1834 as a derivative of coal tar.) He ran some tests with it to see if it could destroy microbes in the laboratory, and then created a protocol for its use in the next compound fracture case to reach his service. First, as usual, clean the injury. Set the bone, and then take some lint soaked in the acid and thoroughly wash any exposed damage to destroy any germs already on the site. Then lay another piece of lint on the wound, overlapping its edges; cover that with a thin layer of lead or tin, and finally wrap the whole assemblage with some absorbing material between the injury and any splints. Additional carbolic acid would be applied to the dressing over the next several days, but for the rest, the idea was to create an artificial, germ-free scab that could protect the wound from any microbes in the vicinity.

			The first case to be treated with what would be called the antiseptic approach to surgery occurred in March 1865, but the earliest instance that Lister documented took place at Glasgow’s Royal Infirmary on August 12, 1865. James Greenlees, an eleven-year-old boy, had been run over by a cart wheel, which had passed over his left leg just below the knee. The child presented the house surgeon on duty, a Dr. Macfee, with a compound fracture of the tibia. Macfee followed the new protocol, applying the acid-soaked lint to the exposed injury, then dressing the wound with cotton wool and pasteboard, before leaving the leg alone for the next four days. That was when James reported “some uneasiness,” so doctors uncovered the wound to reveal that the skin around it had begun to redden. Lister, in what seems to have been a bit of improvisation, reapplied lint soaked in a diluted acid solution, and he re-dressed the injury regularly over the next five days. That eliminated the redness, but the repeated acid applications burnt the boy’s skin. So, improvising again, Lister added olive oil to the mix for another four days. By then, “it was now clear that there was no longer any danger of deep-seated suppuration”—and hence no risk of James losing his leg or his life. Over the next weeks, the leg bones knit together, and that sequence of surgery, protection from an infection, and ultimate recovery formed what Lister called “most encouraging facts.”

			Several more cases followed. Not all turned out as neatly as James’s leg. On September 11, 1865, a horse kicked a thirty-two-year-old laborer named Patrick F. The blow broke his right tibia and created an open wound that bled badly. The house surgeon on duty followed instructions, covering the wound with acid-soaked lint, and over the next several days the hospital staff renewed the acid treatment at regular intervals. Eleven days after the injury, Lister removed the dressing and found no signs of damage to the underlying tissue. He left town, confident, he wrote, “that the cure was assured.” It was not. A few days later, Patrick’s leg began to display signs of hospital gangrene, and had to be amputated.

			Lister admitted that this loss might not convince readers of the value of his approach. But he saw it as both a positive result—Patrick’s wound began to putrefy only after his surgeons stopped using acid-soaked dressings—and an indication that he needed to modify his approach. Undiluted carbolic acid damaged the skin and the tissue exposed by the wound, so he experimented with solutions diluted in water or oil. Those proved hard to apply, so he next experimented with making paste-like compounds, eventually settling on a mixture of glazier’s putty and carbolic acid dissolved in linseed oil. As Lister tinkered with the details of his method, he began to expand the repertoire of antiseptic surgeries, most significantly in treating chronic abscesses, which were always uncomfortable and frequently fatal. He set out to create a multi-layered defense against microbes, seeking to bar from the surgical wound both those that might already be present in the pus and muck of the abscess and any free-floating ones that could land on an open wound. Before making the first incision, he would place a rag soaked in a dilute solution of acid over the skin. Then, using a scalpel dipped in the same solution (bringing the disinfection principle to the surgeon’s instruments), he would drain the abscess with the rag in place. To force out the last drop of pus he would press down hard, keeping the acid-soaked rag still in place as “perfect security against the introduction of living germs.” For the last step, he would spread carbolic acid–putty paste on a flexible sheet of tin or tinfoil, whisk the rag away, slap the putty dressing on the site as swiftly as possible, and fix it in place with adhesive tape. That dressing was to be changed daily, with another oily, carbolic acid–soaked rag on hand to protect the wound between the removal of the old slab of putty and the placing of the new one.

			The procedure was labor-intensive, but its logic was clear: germs in a wound destroy exposed tissue, so the simplest solution and highest duty of the surgeon is to make sure those germs never get the chance to mortify wounded or surgically incised flesh. Most important, the procedure didn’t merely make sense; it worked, brilliantly. Lister kept his cool in the papers intended for professional readers, but he spoke his mind more exuberantly in private. In a letter to his father in February 1867, he proudly reported that “there are two patients now in the hospital rapidly gaining flesh and strength who, without this plan would very probably have died.” What pleased him wasn’t just that he had saved those lives, he wrote, but that “the course run by cases of abscess treated in this way is so beautifully [italics in the original] in harmony with theory”—that the living germs Pasteur had implicated in his fermentation investigations could do terrible harm to human beings. As important, he told his father, was that “the treatment is now rendered so simple and easy for any one to put in practice, that it really charms me.”

			

			—

			That letter marks the moment when Lister felt he’d beaten his microbial enemy. It had taken him almost two years to refine the procedures that flowed from the initial recognition that microbes were ubiquitous and that they mattered in surgery. But now, as he told his father, his new techniques were both effective and routine—ready for use by any surgeon. Beginning in March 1867, he published a series of case studies in The Lancet to explain his method, leading off with the happy tale of James Greenlees’s leg. On August 9, he publicly declared victory, delivering the good news to his entire profession at the annual meeting of the British Medical Association, in a lecture titled “On the Antiseptic Principle in the Practice of Surgery.”

			Lister devoted much of his talk to a summary of his earlier case reports, limiting himself to accounts of compound fractures and abscesses, which were common enough in any surgeon’s practice but hardly the sum of the interventions he and his colleagues hoped to achieve. In his last lines, though, he made it clear that his antiseptic approach could be generalized across the entire surgical repertory: contused and lacerated injuries, repairing “incised wounds,” sharp cuts like those from a stab or a slash, and, perhaps most important, the repair of blood vessels, using ligatures “applied on the antiseptic principle.” It would take some years for Lister and his growing number of followers to extend the promise of antiseptic protocols into the full range of operations—especially abdominal surgery—that until then had been the last and so often a forlorn hope. But the concept was clear, even if experience would take a while to catch up. Surgical infections could be explained by the interaction between people and the universe of tiny, unseen microbes, which by their own living processes could exert dominion over vulnerable human bodies.

			That was what Lister’s announcement meant: that it was at last possible to flip the balance of power to our side in battles against a foe so diminutive that the possibility that microbes could threaten humankind was still an almost unbelievable notion. Antiseptic surgery, he said, had transformed his own hospital. “Previously to its introduction,” he wrote, “the two large wards in which most of my cases of accident and operation are treated were among the unhealthiest in the whole surgical division of the Glasgow Royal Infirmary”—so much so that “I have felt ashamed when recording the results of my practice, to have so often to allude to hospital gangrene or pyaemia.” But once antisepsis became the rule, “my wards, though in other respects under precisely the same circumstances as before, have completely changed their character,” with regard to hospital gangrene and other infections recorded over the nine months before Lister’s lecture. And then he added this: “As there appears to be no doubt regarding the cause of this change, the importance of the fact can hardly be exaggerated.”

			

			—

			He was right. Figuring out how to repair a broken leg safely had been a crucial discovery, while the implications for surgery more broadly were nothing short of revolutionary. But it was the splendid health on the wards in Glasgow that was the true breakthrough. There was an echo of the Civil War’s bromine breakthrough in Lister’s achievement. In both settings, surgeons used caustic substances to halt or prevent infectious action in a wound. But Lister made a vital advance that his predecessor had not. Goldsmith had recognized that outbreaks of hospital diseases in his hospitals were seeded by some poison that bromine could neutralize. Now Lister had identified that infectious agent. There was no longer any need to invoke a miasma or some undefined “sickness” of a hospital or a ward. The culprit was now known: Pasteur’s living germs, floating through the air or traveling via a surgeon’s instruments or hands from one infected patient to an as-yet-uninfected one in the neighboring bed.

			This was a huge step, but not the last to be taken. It was one matter to implicate germs in the infection of an open wound or injury. For just a short while longer, it remained almost impossibly difficult to connect microbes to the pathology of epidemic disease, the plagues and pestilences that were by far the greater killers. But those wounds quietly healing in Glasgow formed a tantalizing hint: If old Leeuwenhoek’s wondrous animalculae could carry infections through a hospital ward, could they travel more widely…perhaps the whole world round?

			The clue was there. But not the ultimate proof. Lister acted on a germ theory, the same one that Pasteur had developed, to account for one clearly defined set of processes of corruption and decay. But he had not yet completed the syllogism—he had not identified the particular organism or organisms that produced the symptoms he saw in hospital infections, nor that the same microbe produced the same results in each new case of such an infection. That would come—but in the meantime, his insight could not explain the broader issue of epidemic contagion—how one case of the plague might become millions, or what happens in the guts of a cholera victim. That would require an account of the disease process that could trace the causal sequence of events from the initial infection to the emergence of a specific set of symptoms and then to transmission, the reproduction of disease process in the next individual, and the next, and the next.

			The ground for such a demonstration had been prepared over two decades—all those glimpses of what a new concept of disease could explain. Dying mothers who could be saved, cholera that could be halted in its tracks, surgeries that could, at last, do more good than harm—all these advances lit the way to a comprehensive grasp of how the microcosmos and the macroscopic scale of human life intersect. Given Lister’s confirmation of the role of germs in wounds, that last discovery may seem obvious, even inevitable. In a sense, it was. The next discoverers stood, as the saying goes, on the shoulders of giants. But widen the view just a bit, and the revolutionary scale of the events about to occur becomes clear. As late as the 1850s, serious people could still propose the spontaneous generation of life. Versions of miasma theory remained the default explanation for epidemics even as Lister was working on what became antisepsis. Old ideas do not simply surrender to newer, better ones. They must be defeated, routed, driven from the field.

			That battle would be joined just before Christmas in 1875, when a policeman appeared at the door of a doctor in the East Prussian town of Wollstein, bearing a fresh corpse.

		

	
		
			XVII

			“little threadlike forms”

			There is very little known about the identity of one of the most important bodies in the history of medicine. Even its species is lost to history. It was described merely as “an animal”—perhaps a sheep or a cow, less likely a horse, even more improbably some undomesticated woodland or hedgerow creature. The only near certainty is that there was blood at the scene. It would have been dark and thick, the signature of an ancient horror. Its name comes from the Greek word for coal, because of the black skin lesions seen on its human victims: anthrax.

			The creature died in the week before Christmas in 1875. The policeman—his name is also lost to memory—recognized the possible danger it posed, and so brought either its hide or the entire carcass (accounts disagree) to the medical officer for Wollstein (now Poland’s Wolsztyn), a young doctor named Robert Koch.

			On December 23, Koch placed a drop of the animal’s blood under his microscope. He saw a teeming swarm of microbes, organisms roughly the same size as those Antonie van Leeuwenhoek had observed almost exactly two hundred years earlier. In itself, this was old news. The rod-shaped organisms Koch saw that day had first been noticed in livestock that had died of anthrax almost a quarter of a century earlier. But those earlier observers hadn’t resolved the crucial question: Were these bacteria the cause or a consequence of the progression of the disease?

			

			—

			Anthrax is promiscuous. It most commonly afflicts mammal herbivores—and other animals, including humans. It is a shape-shifting disease, with radically different manifestations that depend on how it is acquired. Cutaneous anthrax occurs when the infectious agent seeps in through a break in the skin or hide. It produces blisters, swelling, and ugly surface ulcers. If the pathogen is breathed into the lungs, fever and chills follow, augmented by the full raft of common respiratory symptoms: coughing, nausea, vomiting, and more. If a victim consumes some anthrax-contaminated food, then gastrointestinal anthrax unfolds—nausea again, stomach cramping, and bloody diarrhea, among other symptoms.

			Anthrax is a killer. Depending on the mode of transmission, up to 90 percent of those who contract it will die. As the medical historian Susan D. Jones writes, “An animal or human can feel fine one day—grazing on a pasture, say, or sitting with a slight headache through a meeting—and be dead the next.” Symptoms gather, a general malaise giving way to gut troubles and a cough. Skin lesions often bloom, red then black on the rapid slide toward the end. Jones again: “The human victim is usually conscious, aware, and very anxious”—with reason!—“until soon before death.” Animal suffering remains mute, but the course of the disease in sheep, cows, and horses is much the same as it is in humans.

			Anthrax is old. It has been traced back to an ancient emergence in Asia Minor. From there it traveled with the new technologies of agriculture and animal husbandry east across Asia, west to Egypt, then down the Nile, and finally making its way across Europe along the roads built for Rome’s legions. It most likely reached the Americas with the invasion of Europeans and their animals—one more catastrophe within the globalization of disease. On the way it picked up many names, as Louis Pasteur recalled in a lecture in 1881: in French, it was known as charbon, echoing the Greek; the Germans knew it as Milzbrand—spleen fever, after the internal organ most visibly deranged by the disease—while Russians called it “the Siberian pest.”

			The written record recognized it early as a distinct, specific affliction. The Iliad’s singer first tells of Achilles’s anger and the accompanying epidemic that struck the Greeks encamped outside Troy. That affliction was Apollo’s revenge for Agamemnon’s insult to his priest, and his bolts first struck the Greeks’ mules and dogs, before the god moved on to men until “the dense pyres for the dead burned endlessly.” Medical historians have noted that anthrax is a model example of a disease that establishes itself in non-human animals before moving on to the people who handled them. There’s a similar suggestion in the biblical story of the exodus from Egypt: anthrax could have been the culprit in the fifth plague, the “murrain” that struck down the Egyptians’ cattle, and it could also have been responsible for the sixth plague, “dust over all the land of Egypt” that produced boils on the exposed skin of humans and beasts alike.

			Dead dogs and an epidemic of skin blains are only suggestive. But there’s much less doubt about what Virgil recorded in the Georgics, his sprawling poem of agricultural life. “They’re no more plentiful, nor furious, those squalls that strike from out at sea, than the onset of these plagues. Diseases seize not single bodies but a whole summer’s pasture at a blow,” he wrote. The symptoms he recorded in various domesticated animals included “fiery thirst”; bones that appeared to dissolve; “a rasping cough”; and more. Death approached when “black blood spurting from the nostrils and the ragged tongue chokes the blocked throat,” or when an animal “vomits from his mouth blood mixed with foam”—until, at the end, it “shudders its last groans.”

			The miseries accumulate, line after line. Virgil clearly recognized that this disease could be communicated from one animal to another—beast or human. He warned people to avoid infected corpses, writing that a shepherd “could not even shear the fleeces, eaten through with fester and filth, nor touch the tainted yarn,” for, he wrote, “if anyone should but try on the malignant robes, fevered boils and vile sweat would run over his reeking limbs: he would have no long hour to wait for the accursed fire to devour his infected flesh.”

			That Virgil recognized the link between a plague of livestock and a human disease shows how close his grasp of the problem comes to much more recent discussions of anthrax—as shown in one of the nicknames for the disease that emerged among workers in England’s cloth trade: woolsorters’ disease. There is some poetic license in the description in the Georgics—it is, after all, a poem—along with some uncertainty about whether Virgil might have conflated more than one condition into a single picture. But his description of the suffering sheep, horses, and bullocks is a striking match to what Robert Koch confronted in that Christmas week, almost nineteen hundred years later.

			

			—

			Koch came to Wollstein, a local center for the wool trade, in 1872. It was a backwater far removed from the center of German medical inquiry, but he was a young man only five years out of medical school, and an official posting as district medical officer appeared to be his best professional option. He seems to have found his daily work a bit dull, for he soon distracted himself with time-consuming hobbies. He became an amateur archaeologist, excavating some of the area’s ancient sites and artifacts, and he turned his attention inward, to the realm of the very small. His wife had been thrifty in their first year in town, and that Christmas, she used the money she’d saved out of her household budget to offer him a choice: Did he want a new carriage, and thus some comfort on his daily rounds, or would he prefer a high-quality microscope? He chose the ’scope.

			At first, Koch treated that gift as something of a toy, peering through samples of pond water (a likely unconscious echo of Leeuwenhoek’s early observations) and enjoying the curious organisms revealed under the lens. Late in 1873, though, anthrax returned to Wollstein and began to consume his time. It gave him patients to care for, but Koch found something more in the disease: a formal problem and, as it turned out, an escape from East Prussian boredom.

			By the late nineteenth century, European medical authorities were painfully familiar with the economic, human, and animal costs of anthrax. An epidemic in 1613 left some sixty thousand dead in southern Europe. Anthrax almost certainly reached the Caribbean in the horses or livestock brought by the invaders, and in 1770 it killed about fifteen thousand people, many of them slaves in the French colony of Saint-Domingue (now Haiti). Anthrax would later spread through North and South America, as Europeans and their animals penetrated farther into the new-to-them world. Some 100,000 horses died in Siberia in the 1780s, one of a series of outbreaks that spread west across the continent. Such large-scale destruction across the expanding European world turned anthrax into a critical matter for Europe’s medical investigators: What produced such sudden catastrophes? What, if anything, could be done to prevent them?

			Guesses about the source of anthrax have a long history. Aristotle, one of biology’s founders and also a font of misinformation accepted as fact for millennia, noticed the sores and inflamed tissues on the legs of horses suffering from an anthrax-like malady, and suggested that such symptoms could result from bites by shrews. That idea lingered into the eighteenth century. Roman sources asserted that anthrax was an eating disorder, felling animals that had gorged themselves—another argument that persisted in the medical literature as late as 1869.

			Other explanations came closer to the truth. The observation that the illness often struck grazing animals before humans in the vicinity became sick offered one hint: something about the fields and soil on which afflicted flocks or herds fed might be involved. In the second half of the eighteenth century, major European anthrax outbreaks occurred after floods turned meadows into mud, which then became the sites where anthrax emerged. That sequence evoked a familiar cause for epidemic disease: the culprit was a miasma infused with the anthrax “poison” that had fermented in the muddy cauldron of grass and weeds where livestock and those who tended them had fallen ill.

			There was just enough in such observations to justify belief that miasmas could cause anthrax. Outbreaks often did begin in herds or flocks grazing on boggy fields. Dying and dead animals will rot, so the suggestion made in 1785 that humans could fall ill by breathing or consuming a “putrid entity originating from animals with malignant and anthracite fevers” was plausible. For a long time, the possibility that something noxious had been carried in a fog or had risen from a sewer was enough to maintain the belief that anthrax was an environmental disease, wafting through the air to carry its misery from beast to beast and person to person.

			

			—

			By the mid-nineteenth century, though, such explanations for anthrax had largely exhausted themselves. The first hint that would lead to a better grasp of the disease came on June 26, 1850, when an inspector at the abattoir in Paris’s Montmartre district watched a sheep sicken in the facility, showing the characteristic symptoms of anthrax. He sent samples to a local physician, Pierre François Olive Rayer. A few hours after the first symptoms appeared at the slaughterhouse, Rayer attempted an experiment unthinkable in human patients. He took blood from the afflicted sheep and injected it into a healthy one. He waited and watched. “For the first twenty-four hours one saw nothing in particular,” he wrote. “The animal ate as usual.” But on the following evening it developed a fever. The next day, the third after the experiment began, Rayer found that the sheep could no longer move. Later that morning, it began to convulse, until, around noon, it died.

			Rayer and his student Casimir-Joseph Davaine followed up that opportunistic experiment by traveling in July to Beauce, a district south of Chartres experiencing a fierce outbreak of anthrax. The two doctors gave six more sheep blood from sick animals. Each fell ill with what was clearly the same disease; all of them died between thirty-six and eighty-three hours after inoculation. Those deaths confirmed an important detail: anthrax was a transmissible blood-borne disease—which is to say that the inoculated sheep had been poisoned by some contaminant in the blood of an infected creature that could be transferred directly from one victim to the next. Rayer published his results in September of 1850, describing what happened to each of the seven animals who had served as his test subjects. Almost in passing he mentioned one more fact: when he examined the blood of one of his infected sheep under a microscope, he saw, “little threadlike forms (in French: corps)…that did not move spontaneously.”

			That was all, a sentence and a half taking note of a minor anomaly—but it is the first explicit reference in the scientific literature to a microbe associated with a human and animal disease. What could have been a revelation, though, was an anticlimax. Rayer offered no interpretation. For him, those tiny filiform rods were just there, captured in his notes alongside the more dramatic sights and sounds of animals in their final distress.

			Other researchers soon pushed beyond such intellectual diffidence. An imaginative leap came in the early 1860s, when, in an echo of Lister’s experience, Davaine came across Pasteur’s fermentation studies. Drawing inspiration from Pasteur’s proof of the role of microbes in the process of fermentation, he argued that the bacteria (as they were just beginning to be called) found in the blood of anthrax victims were likely involved in the disease process. This led directly to a prediction: each case of anthrax in any animal anywhere in the world should reveal the same organism on the scene—or, to reverse the sequence, the presence of those microbes would confirm a diagnosis of anthrax.

			They did. Over the next several years, Davaine’s rod-like objects turned up in outbreaks across two continents. But one more step remained. Those microscopic organisms were clearly present in cases of anthrax. But were they the cause of the illness, or a consequence of it, a mere by-product of the progression of the disease? No one knew—until that local constable delivered his burden to Robert Koch.

			

			—

			Dr. Koch’s was a well-regulated household. His work came first, Christmas second. Shortly after receiving the policeman’s gift, he extracted a sample of blood. The rod-like microbes were present, but there was still no way to tell just by looking if they were the reason the animal had died. Fortunately, his family kept rabbits in their backyard.

			Koch went outside, grabbed one, and carried it into his makeshift laboratory. He drew a sample of its blood and examined it under the microscope, to make sure it was free of any suspect bacteria. Then he took a drop of blood from the dead animal and introduced it into his known-to-be-healthy rabbit, piercing its ear and some skin on its back.

			The rabbit died the next day, Christmas Eve, which meant that Koch only had time for a cursory rummage through its corpse. He took a sample of tissue and went to his microscope. He wrote in his notebook that he could see rod-like microbes “in moderate numbers.” A day later, he looked again. Now the bacteria were there in profusion. He picked another rabbit and placed some tissue from the first one on its corneas. Nothing found its way past that barrier into the new animal’s body, so Koch made small incisions, exposing the fluid behind the cornea, and added some more material from the dead rabbit.

			Four days later, the second rabbit died. He necropsied it, and once again the rod-shaped bacteria came into view, in the eye fluid behind the cornea and throughout the corpse. Already, in little more than a week, Koch was close: there had to be some link between that one microbe and anthrax, the more so after he repeated the trial on longer and longer chains of victims. He would inject a healthy animal with material from an infected one, and then do so again when that subject died. In every case, dissection of the spleen revealed a “large number of transparent rods which were very similar in appearance.”

			Even so, despite this lockstep match between illness and the presence of a single microscopic organism, Koch had only repeated previous demonstrations that anthrax could be transmitted from one victim to the next. He couldn’t be sure that he’d found the singular, unique cause of anthrax. Plenty of stuff can be found in blood (including other microbes), so it remained possible that something else was doing the damage.

			Koch knew how to escape the impasse. He had to isolate his target, raising a colony that contained only the microbes he was coming to believe transmitted anthrax—and then see if those organisms alone could produce disease in a healthy animal. This wasn’t a new thought. Others had tried to grow a pure culture of the rod-like organisms for the last quarter of a century. None had succeeded. But Koch had already stumbled on a possibility his predecessors had missed. Koch’s biographer Thomas Brock has argued that when microbes grew in the fluid behind his second rabbit’s cornea, Koch landed on the possibility that this liquid, the aqueous humor of high school biology dissections, could serve as the medium in which to grow colonies of bacteria undisturbed by any other contaminant. (Koch’s successors would find that aqueous humor, which in healthy eyes is essentially uncontaminated by the host animal’s cells or their products, was a useful culture medium for a range of bacteria.)

			

			—

			The local slaughterhouse was an effectively unlimited source for cow eyeballs. Koch acquired several and harvested their aqueous humor, checking to make sure that it was free of any stray organisms that might confound the experiment. He took pieces of spleen from a diseased animal and mixed them into his bovine eye fluid. He then put drops of that mixture into the wells of a concave microscope slide. Sealing those wells with a clear glass cover, he waited to see what would happen in the cloistered world of this novel growth medium. He looked at sample after sample, carefully controlling the environment—adjusting the temperature, allowing oxygen into or blocking it from his system, varying the amount of moisture in that air.

			Eventually he found the conditions that the rod-shaped bacteria loved the most. He watched as they morphed into long threads, which sprouted tiny grains that grew into three-dimensional spheres. In time, the thread-like filaments would dissolve, leaving only spheres behind. He next dried those samples before adding more of the culture medium back onto those desiccated grains. The process reversed: the familiar rod-like microbes developed out of those spheres—which were bacterial spores.

			There it was—by the end of January, roughly a month after seeing those bacteria in his chance-met dead animal, Koch had succeeded in tracing the full life cycle of what he was now virtually certain was the cause of anthrax: a microbe that could transition from active bacterial multiplication to the spore state and back again. There was just one more step to prove to his satisfaction that this so-tempting suspect was the killer. By this time, it had become routine to induce a case of anthrax simply by introducing bacteria-laden blood from an infected animal to a healthy one. But the question remained: Could the spores alone, with no actively multiplying microbes in the mix, also cause disease? To find out, he gathered the tiny globes from his bacterial production line. He selected a test subject. He had switched from rabbits to gray mice, trapped in a nearby barn. (He was a pioneer in the use of what would become the white lab mouse, but that came after this first run of experiments.) He kept his captives in a large glass jar, and he would grab one with a tool from his old army-doctor days, a pair of forceps used to extract bullets from wounds. As he refined his procedure, he took to inoculating his subjects “at the base of the tail where the skin is loose and covered with long hair”—and he probably did the same on these early spore experiments.

			
				
					[image: ]
				

				
					Robert Koch’s drawing from 1876 shows different stages in the life cycle of the anthrax bacillus, including its spore state and its active rod-like shape.

				
			
			The first mouse to receive an injection of anthrax spheres sickened and died. So did the next, and then another. The spores had morphed inside those rodents into the familiar reproducing rod-like shape. Those reconstituted bacteria could then infect more animals. For Koch, there could be no further doubt: anthrax was—is—a disease caused by an infection with a single, specific bacterium, an organism that could lie dormant as a spore seemingly indefinitely, retaining its virulence against the day when a potential victim grazed along just the right (wrong) corner of pasture.

			

			—

			By the end of winter, Koch knew he had solved a major problem. For a start, he’d answered one of the oldest questions in the history of anthrax—the one that so perplexed the Greeks dying on the shore below Troy: Why do outbreaks erupt and then disappear in fields and pastures, only to recur after months or years? As Koch wrote, “The transmission of the disease in fresh blood occurs rarely in nature, only in persons who come in contact with blood or tissue juices while killing, cutting, and skinning animals infected with anthrax.” The long-term threat exists because “the spores can survive in an amazing manner”; dump one disease-ridden cadaver into a ditch in the field, and “almost innumerable spores” will make their way into the local soils—and, Koch warned, “there is good reason to believe that anthrax will remain in this region for many years.” This was the stuff of horror stories: deep in the soil, seeds of a dread disease lie, undead, sleeping until that chance moment—the cut of a plow, a drenching rain, the grinding jaws of a cow biting not here…nor here…nor here…but just there—and the epidemic ignites again.

			Those who tended flocks and herds, along with those who encountered dismantled animals, slaughterers and woolworkers, were the first to benefit from this new knowledge, which guided the handling of sick or dead animals to control the risk of contagion—for starters, burning rather than burying the corpses of infected animals. But the grander implication extended far beyond any single malady. In the controlled conditions of the laboratory, Koch had shown that anthrax inevitably followed inoculation with one and only one microbe—that rod-shaped bacillus.[*1] That bacterium was thus the cause of anthrax, the precise germ whose interactions with animal or human bodies produced the overt symptoms that each victim experienced. To use that so-often-abused word in science, this was revolutionary, a new way of thinking about what it means to be a disease. It was not just that Koch had shown that exposure to the bacterium (to be named Bacillus anthracis) induces illness. Its presence in the blood or tissue of an ailing animal didn’t just signal the presence of the disease. It defined it: the phenomenon we call anthrax is an infection of the bacterium B. anthracis.

			That is: in the simplest telling of the history of infectious disease, there was a day near the end of January 1876 when Koch had completed the last of this series of experiments. From that moment, there was no longer any need to invoke putrefaction, stench, filth, vengeful gods, malign demons, or the sins of the godless to account for a sudden attack of a fever or the catastrophic loosening of one’s bowels. Hundreds of years of miasmas, of a conception of disease as a symptom of a general derangement of divinely assembled order, were replaced by a simple and direct causal explanation: when a given microbe makes its way into a body, consistent, predictable consequences result.[*2]

			That’s a cartoon version of this discovery, of course, and more generally of the way ideas evolve. Koch’s few weeks of work that winter rested on decades of others’ work identifying and manipulating bacteria. As we’ve seen, germ theory was not wholly new. Lister’s work had made it clear that microbes could do plenty of damage in the context of injury and open trauma. And even Koch’s signature contribution, the identification of the singular microbe behind anthrax, was not quite enough to claim total victory. That would require demonstrating the same sequence of cause and effect, one bacterium leading to one disease, for many more ailments than a single cattle plague. But it is true—in hindsight—that his mouse’s death after inoculation with anthrax spores can be seen as a watershed, a before-and-after moment that marks the emergence of a new way of seeing the world.

			That decisive moment came two hundred years almost to the day after Leeuwenhoek first saw animalcules swim past his lens. In the intervening centuries, no one had decisively established the intimate, deadly connection between the microcosmos and the fate of humankind. There had been near misses: had Pacini’s work on cholera found an audience beyond a handful of derisive local colleagues, the role of bacteria in human disease could have been recognized two decades earlier. Even in the winter of 1876, Koch faced the same challenge Pacini had failed to meet. He had solved anthrax. Now he had to persuade his colleagues that what he was certain of was, simply, true.

		

		
			Skip Notes

			
				*1 In the 1870s bacteria came to be classified by their shape. A rod-like microbe is a bacillus; round ones are cocci-like, the organisms that cause strep and staph infections. Longer ones with curves are spirochetes.

			

			
				*2 This first statement of what might be thought of as the fundamental theorem of germ theory is now known to be more complex. Different people respond to the same pathogen differently—as we’ve all recently experienced with COVID. Some suffer terrible, perhaps fatal illness; some endure symptoms for months or years; others might barely notice what feels like a mild cold. Disease is thus now understood as not simply the result of the action of a given infectious agent, but of the interaction between the pathogen and the host—each human participant in the two-way dance of disease.

			

		

	
		
			XVIII

			“We touch on the principle of vaccination.”

			Robert Koch had a problem. He grasped something no one else did—yet. He knew it was a finding of overwhelming importance. But here he was, a country doctor with no public reputation, treating fevers and broken legs in a small town deep in the German hinterland. How was he to get the word out?

			All it took was a fan letter. In late April 1876, he wrote to Ferdinand Cohn, whom he had met in passing at a scientific meeting. Cohn, a botanist by training who had shifted his attention to bacteria, was a professor at the University of Breslau (now Wroclow, Poland), about a hundred miles from Wollstein. That made him the most distinguished scientist within a reasonable distance who could plausibly assess Koch’s work. So he took his shot. He opened with tactical deference: “Honored Professor!” he wrote, “I have found your work on bacteria…very exciting.” With such pleasantries out of the way, he made his request. He had unraveled the life cycle of the anthrax bacillus, he told Cohn, but he was not yet sure about publishing this result—not until “the best expert on bacteria” passed judgment on his experiments. So, Koch asked, “I earnestly request that you permit me to visit you…so that I might show you the essential experiments.”

			Cohn barely knew his correspondent and had no reason to believe that some random dabbler would have anything useful to show him. But he was a generous man, so he invited this stranger to visit. A few days later, Koch packed up the whole experimental package—live animals, anthrax cultures, glassware—and arrived at Cohn’s laboratory at the designated hour. While Cohn and his assistants watched, he extracted blood from a freshly dead anthrax victim—one of his field mice—and started the culture process by adding droplets of that blood to bovine aqueous humor in the wells of his usual concave slides. He kept them overnight at a controlled temperature and humidity. The next day, Koch’s samples had yielded both the familiar filiform bacteria and identifiable spores. On day three, word had spread beyond Cohn’s lab, and Koch described his procedure and presented his results to a wider audience, including the director of the university’s Institute of Pathology.

			In that span of less than a week, Koch underwent a metamorphosis. He had arrived in Breslau a nobody, a beggar at the door of academic science. The man who caught the train back to Wollstein would never again have to ask for permission to show his work. His host invited Koch to publish his first paper on anthrax in Cohn’s own journal. He wrote up his results in the next month, and that October, “On the etiology of anthrax, founded on the course of development of the Bacillus anthracis” appeared in print.

			Much of the paper focuses on the details of the experiments that unraveled the life cycle and pathogenesis of a singular microbe—which is to say that most of what his readers encountered was a conventional scientific report. It was only near the end that Koch said plainly what he believed his discovery meant. Contact with the “anthrax substances”—the remains of a victim of the disease—“can only cause anthrax if they contain Bacillus anthracis or viable spores.” This, he concluded “removes all doubt that Bacillus anthracis is the actual cause and contagium of anthrax.”

			

			—

			Louis Pasteur encountered Koch’s paper no later than 1877. He turned to the problem of anthrax almost immediately, publishing his first results in April, praising Koch for his contribution. But, he wrote, the German doctor hadn’t quite proved his case. Not to worry. He, Pasteur, had finished the job.

			The crux of Pasteur’s argument was that for all the elegance of Koch’s methods, he hadn’t completely accounted for all other possible causes of the disease. Pasteur pointed to what he saw as a weakness in the German doctor’s procedure: He had shown that he could grow the bacteria in the laboratory and that on reintroduction into a healthy animal, anthrax would follow—but there are lots of different substances in blood, and given what had been reported, Pasteur asserted that Koch’s doses of bacteria or spores were not truly free of contaminants when he placed them in the culture medium—which, if true, would mean that it was still an open question whether it was B. anthracis that carried the contagion from one animal to the next, or whether it was some other component that had slipped through Koch’s culturing technique. The original work was impressive, Pasteur acknowledged, calling its results remarkable—but, he asserted, it hadn’t completed the proof.

			But now, Pasteur wrote, he had produced an unprecedented level of purity in his supply of B. anthracis. He had grown the bacteria on carefully chosen media, running them through several generations, adding a step to the procedure Koch originally reported by physically filtering successive bacterial samples. The end point of such exhaustive methods, he wrote, was “a perfection which left nothing to be desired.” He then copied Koch in exposing healthy animals to those bacteria—with the same outcome as before. “These bacteria produced their ravages with all the efficacy of anthrax-laden blood,” he wrote. A few months later, he concluded that his experiments (not Koch’s!) “demonstrated without reply that there exists a microscopic organism, the unique cause of the terrible malady called anthrax.”

			What followed this bold claim (or, depending on your perspective, a naked credit heist) was a prolonged and bitter dispute about who deserved the greater share of the glory for this key discovery. In the moment, the choice of Koch over Pasteur, or the reverse, turned in part on whether one spoke French or German. Pasteur himself held a grudge against Germany that dated back to Germany’s decisive victory in the Franco-German War of 1870—to the point that his magisterial volume, Studies on Fermentation: The Diseases of Beer, Their Causes, and the Means of Preventing Them, published in 1876, was an attempt at revenge for France’s humiliating defeat. Pasteur’s hope was to improve non-German brewing techniques to enable an attack on a lucrative German export market with what he told one correspondent would be a “beer of revenge” for the humiliation of France’s recent military defeat.

			Pasteur expressed his nationalism more subtly in his anthrax work, praising but demoting Koch as someone who had built on the crucial prior work of French researchers, rather than as the author of a decisive discovery. Koch took this poorly. He would not respond in detail for several years, but in 1881 he made his disdain for the older Frenchman brutally clear. K. Codell Carter, a leading historian of germ theory, has reconstructed the dispute between the two men, and he emphasizes the vitriol that Koch brought to the argument from the start, with lines like “only a few of Pasteur’s beliefs about anthrax are new, and they are false.” The German scientist defended his own claim to priority in discovering the microbe-to-disease connection and rejected his rival’s argument that he had failed to exclude all other possibilities. Most important, as Carter emphasized, Koch dismissed Pasteur’s claim that proof of causation required confirmation that the bacterial cultures used to establish the source of the disease were unequivocally pure samples of the suspect microbe.

			Pasteur would respond publicly to Koch’s attack in a lecture he delivered the following year. He did so in mild terms, declining to add any fuel to the flames. Koch was in the audience and felt no such restraint. Carter writes that Koch behaved very badly indeed, issuing a response hinting that Pasteur had committed one of the worst sins a researcher can commit—falsifying results—while mischaracterizing what the Frenchman had actually contributed to the anthrax problem. Wounded, Pasteur chose to answer his foe directly—with some heat, as Carter notes, and with a clear expression of outraged national pride. He pointedly reminded Koch in an open letter in 1882 that he was still a very young scientist (by implication, overweening) who had “entered the domain of science only in 1876”—and who must “admit without flinching, that you are a user of French science.” Koch ignored Pasteur’s rebuke and continued to defend his priority on anthrax for a few more years, but the rest of the scientific world lost interest, and the strife petered out in the late 1880s. In hindsight, Koch comes off poorly, more for the nastiness he deployed than the underlying merits of the case. But bad manners aside, it is true that it was Koch who made the crucial advance in establishing the microbial pathology of anthrax, and Pasteur’s work, while significant, was a confirmation and extension of that foundational result.

			But there was more to the argument between the two men than nationalist resentment—if that was Pasteur’s goad—or anger over glory denied or diluted, Koch’s casus belli. Despite such personal motives, both antagonists fought on the same side, defending ideas about disease that encompassed much more than anthrax. In that context, the battle was over what it took to prove that a specific bacterium lay behind each distinct illness; more generally how one could be sure that microscopic organisms were the singular cause of infectious disease. Put another way: both Koch and Pasteur sought to establish a universal germ theory, one that could make predictions about the existence of an infectious agent, a living germ, across the entire spectrum of infectious disease.

			This is where the Frenchman and the German were in fundamental agreement, despite their personal animus: both held that the anthrax bacterium caused the resulting illness and was thus a model for a host of other diseases. Pasteur’s initial demand that Koch needed a higher standard of proof to be sure of the cause of anthrax hinted at the conceptual framework to come: a formal procedure to demonstrate beyond the possibility of doubt that a given microbe was the unique cause of a particular condition. In the meantime, though, there was other, more immediately practical work to be done.

			

			—

			A measure of any new idea is what it delivers that the idea it replaces could not. Farmers and woolworkers confronted with anthrax did not care whether a German doctor or a French chemist could claim boasting rights over some microbe; what mattered on the ground was whether that new knowledge could help them. Even while wrangling with Koch, Pasteur believed it could—that he could confront the threat of anthrax directly. His confidence came from his research on poultry and its discontents.

			Chicken cholera, also known as fowl cholera, is a nasty disease. First noticed in Europe in the eighteenth century, it could rip through flocks without warning or mercy. “Hens, believed to be good sitters, are found dead on their nests,” as one early Pasteur biographer put it. “A young and superb cock, whose triumphant voice was yesterday heard by all the neighbors, falls into a sudden agony, his beak closed, his eyes dim, his purple comb drooping limply.” Chicken cholera moved fast, often killing within six hours of onset. A veterinarian in Alsace had noticed lesions in some poultry corpses in 1869. Almost a decade later, soon after Koch had published his first anthrax paper, another French researcher, Henri Toussaint, identified a bacterium, now named Pasteurella multocida, as the likely pathogen.

			Pasteur now stepped in. Toussaint had struggled to grow the bacterium in culture, so he sent Pasteur a sample in 1879—by some accounts, the head of a rooster—in the hope that his colleague could succeed where he had not. Pasteur tried several different recipes for a culture medium, eventually concluding that the suspect microbe was happiest in sterile chicken broth. He then followed the same procedure he’d used for anthrax, seeding one culture dish with a minute dose from a prior one, then again and again, aiming for as uncontaminated a bacterial colony as possible. Finally, he harvested bacteria from “the hundredth or the thousandth” culture in the series, as he told a learned audience in 1880—and injected the microbes into healthy fowl. As a control, he injected another flock with blood taken directly from a diseased bird. Both groups of poultry came down with identical cases of chicken cholera, bad blood and purified bacteria alike inducing an equally vicious, swift, and fatal outcome. Q.E.D.: P. multocida—and only that microbe—was the cause of chicken cholera.

			There are competing accounts of what happened next. According to his former assistant Émile Duclaux, Pasteur and some of his colleagues went on vacation sometime in 1879. Some cultures were left unattended. On Pasteur’s return a few weeks later, he found that the unattended cultures seemed to have died. The lab team tried to revive them, either by culturing them anew in more broth or by injecting them into live birds, where they assumed (or hoped) the bacteria would multiply, sicken the chickens, and provide them with a fresh supply of microbes.

			Mostly, though, nothing happened. There wasn’t much sign of bacterial growth in the lab’s glassware, and the test chickens endured their exposure perfectly happily, to all appearances untouched by disease. The researchers were about to throw away the seemingly useless bacterial colonies—until a crazy idea intervened. “It occurred to Pasteur to inoculate a fresh young culture,” Duclaux wrote, “into those chickens which in appearance had so well resisted the inoculations with the [dead] cultures made the previous summer.”

			Almost all those birds survived their second exposure to chicken cholera, while a batch of birds bought from the local market injected with the same virulent bacteria died as miserably and swiftly as usual. For Duclaux, this was the eureka moment. “What secret instinct, what spirit of divination,” he wondered, “impelled Pasteur to knock at this door, which was only waiting to be opened?”

			Duclaux was a mythmaker, painting his hero as an almost supernatural figure. That’s an old and still-seductive way of thinking of the progress of science as a sequence: great men, expanding humanity’s command of nature genius-by-genius. More recent scholarship paints a different and much more realistic picture, in which Pasteur’s assistants performed a series of experiments to characterize how the bacteria’s connection to disease varied over time. In that version, the final “breakthrough” emerged from the usual routine of lab work that took at least two years, a dull, repetitive, day-by-day process.

			Pasteur announced his chicken cholera results in 1880. He didn’t reveal how he’d managed to protect his birds at first, but over time, he revealed the details of how he and his laboratory staff had first observed that bacteria from unattended cultures lost their virulence over time and then had performed a series of experiments to uncover how to control that loss of virulence. In the next phase, they used their modified bacteria to provoke a response in a healthy animal that was not violent enough to kill it. And in the last step, they exposed those same birds to wild strains of the microbe—bacteria that could reliably kill unprotected fowl. The previously exposed chickens, Pasteur reported, “suffer no ill effects…and for a time sufficiently long, which in some cases may exceed a year, chicken cholera cannot touch them.” And with that, Pasteur told his audience, “We touch on the principle of vaccination.”

		

	
		
			XIX

			“results of supreme practical importance”

			Vaccines: Pasteur had engineered germ theory’s first great gift.

			The discovery that one, then more diseases could be tied to particular microbes opened an entirely new approach to infectious conditions—one very different from the handful of prior inoculation successes, like Mather’s use of smallpox variolation. Pasteur hadn’t gotten everything right. His explanations of his chicken cholera results were wrong in just about all their biological details. For example, he suggested that the attenuated chicken cholera bacteria induced immunity to future infection by using up some vital bodily resource, “the absence of which hinders the development” of any new invasion by the offending organism. This was just a guess. Late-nineteenth-century researchers had none of the tools necessary to probe how immune systems work.

			But still, Pasteur touched the heart of the matter. Even with his almost completely mistaken explanation for how his new vaccine worked, he grasped that microbes in general likely shared a property that could be manipulated to disrupt the process of infection. As he told his colleagues in the Académie des Sciences, his discovery that it was possible to reduce the virulence of one bacterium and induce immunity against future infections offered “the hope to culture all microbes and find a vaccine for all infectious diseases that have repeatedly afflicted humanity and are a major burden on agriculture and the breeding of domestic animals.” What he had done for an avian illness he would do again.

			

			—

			Pasteur’s pursuit of an anthrax vaccine began in 1877, soon after Koch’s discovery became public. He picked up the pace of the work in 1880, beginning by confirming that the disease could be addressed by vaccination by showing, just as with the ancient example of smallpox and his new chicken cholera result, that once an animal survived an anthrax infection, they would not fall ill a second time if re-exposed. Combining that with examples of other diseases that behaved the same way, he concluded that there was a “general law of the non-recidivousness [non-recurring] of virulent diseases.” (This “law” has been shown to be true for many infectious illnesses, but not for all. But it held in Pasteur’s key test cases.) That was the logic of his nascent vaccine program: find an intervention that could trigger that reaction in the body of a potential victim without harming them.

			With that groundwork laid, Pasteur began to build his anthrax vaccine. In his account of what he and two colleagues did, he emphasized the difficulty posed by the fact that B. anthracis can form spores that retain all their potency when revived. How, then, to reduce the virulence of an anthrax microbe over time? Pasteur was not above feeding the myth of his own genius, so, in his telling, he assured his audience that he was undaunted. “Was there any reason to be discouraged?” he asked, when each new culture derived from spores proved murderous to its victims. “Certainly not”—for he and his colleagues, he said, would solve the problem. The team ultimately found that if they kept the anthrax bacterial cultures warm, at 42º to 43º Celsius (roughly 108º to 109º Fahrenheit), the bacteria in their active, rod-shaped form would thrive, but no spores would form. With that, Pasteur told the Académie, the process fell into place: the microbes, “exposed to air and heat,” behave as expected: “If we examine the virulence after two days, four days, six days, eight days, etc., it will be found that…the micro-organism has lost all virulence.”

			Most important, Pasteur wrote, it was possible to engineer this attenuated version of the anthrax bacterium to the desired potency, until “each of our attenuated anthracoid-micro-organisms constitutes for the superior [original, potentially lethal] micro-organism a vaccine…capable of producing a milder disease.” Such an invention was more than possible, he added: his team had already made a working anthrax vaccine.

			The public demonstration of that vaccine’s effect is one of the iconic milestones in the triumph of germ theory. It was also not quite what Pasteur had planned. He announced his new anthrax vaccine in February 1881. A month later, he promised a major, multi-animal test later that spring. That plan was then upended when a veterinarian named Hippolyte Rossignol publicly demanded proof that whatever it was Pasteur had cobbled together actually worked. Rossignol was a germ-theory skeptic—and, as the historian Gerald Geison speculates, he may have leaped into the anthrax narrative in the hopes of embarrassing France’s most famous advocate of the new paradigm. Pasteur rose to the challenge, which included accepting Rossignol’s detailed protocol: There were to be fifty sheep separated into two flocks, one flock to be inoculated with Pasteur’s new vaccine, and one left untreated. Twelve to fifteen days after the test flock had been dosed, both groups would be inoculated by “very virulent anthrax.” All fifty animals would then be housed in the same barn, while Pasteur and his antagonist waited to see what would happen.

			The experiment began on May 5 at Rossignol’s farm at Pouilly-le-Fort, some thirty miles southeast of Paris. The test group was a little different from what had been agreed on: twenty-four sheep, one goat, and six cows. Members of Pasteur’s lab inoculated them all with five drops of attenuated anthrax. They returned twelve days later and gave the same animals more vaccine with attenuated microbes that were more virulent than the first dose.

			On May 31, the scientists came to Pouilly-le-Fort for the third time, this time bringing with them unmodified, fully virulent anthrax bacteria. They injected the vaccinated group with this strain and did the same with twenty-nine untreated animals. Pasteur’s group headed back to Paris and returned to Rossignol’s farm two days later. All the vaccinated animals were fine, while those in the control group most definitely were not: “Twenty-one sheep and the goat which had not been vaccinated had already died of anthrax; two other unvaccinated sheep died in front of the viewers, and the one remaining sheep died at the end of the day.”

			Eureka!

			That outcome couldn’t have been more decisive—and Pasteur was not above taking a victory lap. “I cannot conceal my satisfaction,” he wrote, in listing the veterinarians Rossignol had assembled to observe the trial. “A large number of them—if not all—had been incredulous at the results of our [previous] treatments.” No longer. “Today, these individuals are the most enthusiastic disciples of our new doctrine.” That doctrine was what mattered, Pasteur concluded. “We now possess a vaccine of anthrax which is capable of saving animals from this fatal disease.” Best of all, this was a technique “that we believe can be generalized.”

			

			—

			That’s how the story is usually told. Pasteur figured out the chicken cholera vaccine, then did the same for anthrax, and then triumphed over his doubters in a demonstration so perfectly clear that there was nothing left to do but get on with saving the flocks and herds of the world—and, by the by, to replicate the breakthrough for all the microbial scourges that had wrecked human beings since time began.

			Recent scholarship has shown, though, that while the events at Pouilly-le-Fort did take place, playing out mostly as described, Pasteur was somewhat economical with the full truth of the incident. The historian Gerald Geison has examined the laboratory notebooks for that time and convincingly argues that Pasteur had announced his anthrax vaccine before he had been able to produce consistently attenuated bacterial cultures. Meanwhile, one of his collaborators had been trying out a different approach, using a chemical compound, potassium bichromate, to inactivate the anthrax microbe. It was not Pasteur’s oxygen-attenuated vaccine containing modified live microbes that was used on the animals at Rossignol’s farm. That meant that Pasteur’s claim that he and his colleagues had perfected a widely applicable method for creating new vaccines was, at best, premature.

			Geison notes that Pasteur didn’t exactly lie about what he had done. He never explicitly said that an oxygen-attenuated vaccine had been used, and he was hardly unique in his overeager grab for credit. He and his colleagues solved the problems with their approach soon afterward. Not long after the Pouilly-le-Fort experiment, Pasteur reported that his laboratory was producing enough attenuated bacteria to treat “more than 20,000 sheep and a large number of cattle and horses” in the department around Paris.

			More important, Pasteur was correct in his announcement of a principle of vaccination. It was and is possible to create immunity to many communicable diseases by challenging the immune system of people and animals with an appropriately modified pathogen or an inanimate component of the dangerous organism.

			That principle, the theoretical framework for the pursuit of new vaccines for any communicable disease, distinguishes Pasteur’s accomplishment from the one great earlier success: vaccination against smallpox. The technique Cotton Mather had championed, variolation—inoculation with the scrapings of smallpox scabs—spread across the European world after 1720. It helped but didn’t eliminate the danger. About 400,000 people per year died of the disease throughout the eighteenth century, both because variolation was not universally accepted and because it carried with it real peril: 2 or 3 percent of those who risked variolation either died of smallpox or suffered other complications.

			The move to the first more-or-less-modern vaccine for smallpox came at the century’s end, after a scientifically curious doctor practicing in a country town in Gloucestershire recalled a childhood encounter with a dairymaid. She had told him that she would never suffer a smallpox-scarred face, because she’d already endured an occupational hazard of her craft: a case of cowpox, a disease that could afflict people who had direct close contact with cattle.

			That’s the myth, at least. What’s known to be true is that four decades after that encounter is supposed to have taken place, Edward Jenner speculated that cowpox might serve as a non-lethal alternative to variolation. In early May 1796, he found a young woman, another dairymaid, who was in the middle of a bout with cowpox. He harvested some gunk from fresh sores on her arms, and on May 14 he used some of that residue to inoculate James Phipps, then eight years old. Phipps had a reaction to the jab—a brief fever and chills, mostly—but he soon recovered.

			Jenner waited. After two months had passed, he took the obvious next step—one which, looking back from the twenty-first century, remains deeply shocking. Jenner collected scraps from active smallpox lesions and scratched them into Phipps’s skin.

			Phipps survived; he flourished. Smallpox didn’t touch him. Thus reassured, Jenner inoculated a few more people with cowpox. All of them avoided further infection. Taking that as confirmation, Jenner published his results in 1798 and traveled to London to spread the news. Swiftly, several London physicians offered their patients what Jenner had dubbed a vaccination against smallpox—from the Latin vacca (cow). By 1800, the invention had traveled through Europe, and, in a delightful chance of history, across the Atlantic to its first American trial in Mather’s Boston (actually, across the Charles River in Cambridge). On July 8, 1800, a professor at Harvard’s new medical college, Dr. Benjamin Waterhouse, gave the cowpox vaccine to his son. Two servants and several of his other children were next. They all did fine, and Waterhouse became America’s first vaccine evangelist, carrying the good news to, among many others, President Thomas Jefferson.

			Jenner’s invention was an unequivocal triumph. It and later formulations effectively ended smallpox as an epidemic or pandemic threat. But for most of the nineteenth century, the smallpox vaccination remained a unicorn. For eighty years after Jenner took his chances with James Phipps, there was no further advance toward the similar prevention of any of the other common diseases of humankind. The reason: the investigation into cowpox’s prophylactic power was purely empirical. Jenner and a handful of others who followed similar hints had observed dairymaids closely enough to confirm a suggestive bit of rural folk medicine. Then Jenner and his successors did what worked; they didn’t seek nor offer an explanation of how cowpox prevented smallpox. And because there were no analogues to cowpox for the other common infectious diseases—no related, non-lethal companions to the plague or cholera or all the rest—this singular success didn’t lead to similar procedures for other scourges. On one level that didn’t matter. Freedom from “the speckled monster” was sufficient.

			Which is to say, Jenner had developed the world’s first vaccine. But it was Pasteur who launched the age of vaccines by developing a widely applicable—and testable—theory of what it took to protect against diseases explained by the new germ theory. Pasteur’s model was incomplete, but it rested on a valid theoretical insight: for any disease that could be shown to be caused by a distinct germ, the possibility existed that one could create a less or non-virulent form of the relevant organism that would lead to the same result: a vaccine that could protect against the perils of exposure to that same pathogen in the wild.

			

			—

			That was the idea. But to demonstrate that his principle actually held up in the real world of microbes and people, it had to be shown to apply to more than a single disease of poultry and another of grazing animals. Pasteur would provide that confirmation…but only after a four-year pursuit that culminated in the invention of the first rabies vaccine. That’s how long it took to show both that his approach to induced immunity actually worked—and that every disease would and still does require its own solution.

			Pasteur began his research on rabies in early 1881. It proved dauntingly difficult. It took him and his assistants several years just to learn how to reliably induce rabies in test animals, in part because they did not know exactly what they were chasing. He assumed there was a bacterium involved, and briefly thought he’d identified such a microbial culprit. That proved to be a mistake, but Pasteur continued to reason that there had to be a germ involved; that rabies followed infection by an as-yet-unseen organism whose virulence could be manipulated. He could not know that rabies is caused by a virus in the modern sense of the word—an infectious agent on the borderline between life and nonlife, made of some genetic material, either DNA or RNA, wrapped in a protein shell. The first such virus would be identified almost two decades later. But even in their ignorance of their target and after years of effort, Pasteur and his co-workers, especially Émile Roux, managed to create a standard dose of rabies: a consistent source of the hidden pathogen behind the disease that could be used in the experiments to come.

			Their method involved passing rabies-infected tissue through a series of rabbits, until the visible signs of rabies showed up in each successive animal in the same six-to-seven-day period. That suggested that whatever the true nature of the pathogen, it was now uniformly potent: each sample taken from the last victim yielded the same rapid onset of rabies in the next animal. With that reproducible result in hand, the group next looked for a way to attenuate or reduce the virulence of this uniform source of disease. After much more trial and error, Pasteur’s team found that if they harvested spinal cords from afflicted rabbits and dried them, they could control their potency as a source of the next infection: the longer they allowed the tissue to dry out, the less virulent each cord would become.
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					Théobald Chartran’s 1887 Pasteur portrait expresses the myth that was already beginning to envelop the man.

				
			
			Their next inference followed from their earlier vaccine studies: Pasteur and his collaborators expected that an attenuated pathogen would confer immunity to a subsequent exposure to rabies. It did. In 1884, Pasteur reported that his group had injected dozens of dogs with a new vaccine and then exposed them to a mad dog. The vaccinated animals survived; unprotected dogs bitten by the same infected animal became rabid.

			That was a step forward—but it still fell short of the goal. A vaccine for rabies in humans had to deal with the fact that the disease, though terrifying, was rare. An infected animal and a person have to meet. The animal must bite and break the skin. Even then, depending on where someone is bitten and how severely—a bite in the head or trunk is more dangerous than one on a hand or a foot—the victim might not develop a symptomatic case of rabies. Pasteur believed that no more than one in five of those bitten by a rabid animal would fall ill.

			Confusing the matter further, rabies is slow to show itself. There is a gap, usually weeks, between a bite and the start of visible signs of the disease. Once symptoms appear it’s all over, in horrible fashion: rabies is always fatal, and it terrorizes its victims before the end finally comes. But even though a rabies death is utterly miserable, in Pasteur’s France it happened only to a handful of people; fewer than one hundred per year, and usually fewer than fifty.

			That combination of rarity and the long pause between a bite and the possible but not certain onset of overt disease framed Pasteur’s problem. A vaccine that could protect an animal before infection was valuable, but there were simply too few such cases to make it plausible to vaccinate every person in France against the tiny risk of infection. That led Pasteur to look for a way to intervene after someone had been bitten, in the window of time when an infection might have occurred, but before the inevitably deadly onset of symptomatic rabies.

			Beginning in late 1884 and into January 1885, Pasteur tested different protocols for post-infection vaccination on yet more dogs. He still had no idea what “microbe” might be responsible for rabies. He did not understand the underlying biology and chemistry that produced the changes in virulence he observed in his rabies samples. That knowledge of the mechanisms of immune responses would emerge only over another century of inquiry. And, as Gerald Geison has documented in a close reading of Pasteur’s notebooks, his first attempts at a post-bite vaccine treatment were based on assumptions about how vaccines induced immunity that were simply false.

			Still Pasteur persisted, through the first half of 1885. His lab would allow a rabid dog to bite healthy ones, then treat a wounded animal with one variation on a vaccine formulation or another. They would wait out the incubation period of rabies to see what would happen. Well into the spring, the answer was, not much. Twenty-six dogs received various vaccine formulations. Sixteen survived; the rest became rabid and died—close to the same proportion of survivors among the control group of bitten-but-unvaccinated dogs.

			Late in May, the researchers tried something new, vaccinating a cohort of ten dogs daily for two weeks, beginning with a sample from a rabbit spinal cord that had been allowed to dry for long enough to render it harmless, then moving steadily to fresher and fresher—and hence more virulent—samples through the sequence of inoculations. A month later, it seemed to be working. None of these animals had been exposed to rabies before beginning their series of shots, but none of them had yet become ill. By the end of June, the trial had expanded to forty dogs.

			On July 4, Theodore Vone, a grocer in the village of Meissengott in Alsace, was mauled by his dog—yielding bruises, but no wounds that penetrated his skin. A nine-year-old boy named Joseph Meister was less lucky. The dog knocked him down and bit him on his hands, thighs, and calves. Vone killed his animal, and its necropsy revealed telltale signs of rabies. It was public knowledge that Pasteur and his colleagues were working on a treatment for rabies. So, two days later, Vone, Meister’s mother, and Joseph arrived, unannounced, at Pasteur’s laboratory in Paris. Pasteur had turned away a father and son who had suffered rabid-dog bites as recently as June 12. This time, he made a different choice. Two doctors attested that “by the severity and number of the bites, Joseph Meister was almost certain to succumb to rabies.” So, Pasteur wrote, “The death of the child appearing to be inevitable I decided, not without lively and cruel anxiety…to attempt on Joseph Meister” the new, still wholly experimental protocol that had (so far) preserved his dogs. In hindsight, and to at least one of his collaborators at the time, this decision was not so much brave as terrifyingly reckless. The latest promising experiments had barely begun—and, crucially, hadn’t been tested on dogs in Meister’s circumstances; while none of the test animals had died yet, none of them had been bitten by an already-rabid animal. Pasteur risked the leap anyway.

			At 8:20 p.m. on the night of the sixth, “little Meister was inoculated under a fold of skin…with a half-full Pravaz syringe of spinal cord from a rabbit dead of rabies” that had been allowed to dry for fifteen days. The child was inoculated again the next morning, this time with fourteen-day cord, and again at six in the evening, with cord desiccated for twelve days. In all, Meister received thirteen shots over eleven days. Day by day, the syringes delivered rabbit spinal cord that had been dried for shorter and shorter periods of time. They were thus nearer and nearer to the virulence of the rabies pathogen in the wild. Pasteur injected healthy rabbits with the same spinal-cord preparations he was giving the boy, and the doses from the last five days all induced rabies in test animals. Meister remained unaffected.

			On October 20, Pasteur started treating a second victim of a rabid-dog attack, a fifteen-year-old shepherd named Jean-Baptiste Jupille. One week later, on Monday, October 26, 1885, after Jupille had received his eighth in the series of shots, Pasteur rose before a meeting of the Académie des Sciences to announce the first successful treatment of rabies in a human being. “Since the middle of August,” Pasteur told the assembled savants, “I have looked forward with confidence to the future good health of Joseph Meister.” Now, he said, he was confident that he had in fact prevented rabies after the attack, and hence the infection, had taken place. “At the present time,” he went on, “after three months and three weeks had passed since the accident, [Meister’s] health leaves nothing to be desired.”

			Pasteur had won his bet. Meister never showed any ill effects from either his bites or the progressively more potent injections he had endured. Eventually he became the caretaker at the Pasteur Institute, founded in 1887 in large part to handle the demand for rabies vaccines sparked by his own survival. Jupille escaped the disease as well, and he too ended up working at Pasteur’s institute as a concierge and gardener.

			

			—

			Alongside one more discovery by his public rival, Robert Koch, Pasteur’s October 26 address can be seen as the moment of germ theory’s unconditional victory. Some critics remained. Pasteur’s rabies work was challenged in a debate at the French Academy in 1887, and in 1889, Thomas Huxley, famously “Darwin’s Bulldog,” rose in equally blunt defense of the new rabies vaccine against British skeptics who, he wrote, “hate everything which contributes to prove the value of strictly scientific methods of inquiry in all those questions which affect the welfare of society”—targeting anti-vaccination advocates who wanted to block Pasteur’s method in London. There is nothing new under the sun.

			Huxley went on to emphasize the implications of what had changed in the landscape of medicine. Before this latest success, Pasteur’s “subtle and patient searchings-out of the ways of the infinitely little—of that swarming life where the creature that measures one-thousandth part of an inch is a giant—have…yielded results of supreme practical importance.” But until recently, he noted, the French investigator had focused on problems that were one step away from direct human concern: “The path of M. Pasteur’s investigations is strewed with gifts of vast monetary value to the silk trader, the brewer, and the wine merchant.” Now, though, “M. Pasteur’s direct and indirect contributions to our knowledge of disease states and of the means of preventing their occurrence, are not measurable by money values, but by those of healthy life and diminished suffering to men.” Pasteur could claim credit for transforming “medicine, surgery, and hygiene”—a revolution, Huxley declared, that has “culminated in his method of treating hydrophobia [rabies].”

			This was the measure of the moment. Germ theory had achieved its public victory over previous ideas not only because it was “strictly scientific”—an approach Huxley described as “rigidly accurate in observation and merciless to fallacy in logic.” Instead, its success turned on the ability to deliver what older theories of disease could not: a direct intervention in the course of a disease, based on a theory of infection that had passed repeated experimental tests. Joseph Meister’s survival was a secular miracle, a demonstration of the power of reason over the dangers of brute nature. As Pasteur insisted, the principle of vaccination was based on the repeated observation of the behavior of microbes. From that first rabies rescue to now, the inventions that have flowed from those observations have saved more human lives than any other medical insight in history.

			Yet for all of Huxley’s rhetorical virtuosity, an inconvenient fact remained: Pasteur had been wrong about the identity of the rabies pathogen. It was a virus, something whose existence he could not have imagined, and not a bacterium. He had guessed how his vaccine induced immunity, and he was mistaken there as well. His attempts to prevent a fatal infection after a bite were hit-and-miss, running through variations on a theme until the one that worked showed itself. There are indeed echoes of Cotton Mather’s purely empirical defense of variolation in Pasteur’s pursuit of whatever might work for rabies. But that he found a way to save Meister is, of course, the fact that lives on. The boy lived because germ theory gave Pasteur a plausible story about rabies just close enough to what happens in nature to take him past what he did not know to a lifesaving discovery. Huxley’s boast that germ theory proceeded on “strictly scientific grounds” was more aspirational than accurate. But such rigor would appear more clearly over the next few years of the new science of infectiousness, as its leading figures worked out the formal criteria required to establish that a given pathogen is responsible for the disease with which it is associated.

			The search for such a law-like expression of the new idea reached its climax in the mid-1880s. As with so many scientific insights, it was the product of decades of hard thinking by a generation of investigators—and yet again, as so often in historical memory, it is mostly attributed to a single thinker: Robert Koch again, now on the verge of the discovery that would make him world famous.

		

	
		
			XX

			“an epoch-creating announcement of colossal consequences”

			John Keats watched his brother Tom die, slow and hard. He witnessed “the weariness, the fever, and the fret” through Tom’s last weeks; he saw and then described his final decline: “Youth grows pale and specter-thin, and dies.” Youth indeed—Tom was just nineteen years old. Consolation, if any would come, lay in the hope of peace in the parting. “I have been half in love with easeful death,” he wrote. “Now more than ever seems it rich to die, / To cease upon the midnight with no pain.”

			Two years after writing that in “Ode to a Nightingale,” John Keats, himself just twenty-five, fell to the same disease that had consumed his brother. There was little ease in his passing. He had coughed up blood for almost a year. A doctor prescribed starvation, a diet of a crust of bread and one anchovy per day. At the very end, he was desperately weary, just as his Ode had limned Tom’s last days. He was fretful (a friend at his bedside said he raved), feverish, and sweating. Only in the last hour or so did mercy come, when, as his friend remembered, “he gradually sank into death, so quiet, that I thought he slept.”

			We know what killed the Keats brothers: tuberculosis. It went by a host of names: consumption, phthisis, the White Plague, and, memorably, John Bunyan’s epithet, “the captain of all these men of death.” That was counter to the delicate veil that shrouded the miseries of its sufferers—a veil shaped in part by Keats’s apotheosis as an exemplar of youth and grace cut down at the peak of his powers. Over the next decades, TB would steal so many, equally young, until it became conventional to speak of the luster of the consumptive, their beauty in the midst of ruin. Hence Lord Byron’s perhaps malicious joke: “I should like to die of consumption,” he said. Why? “Because all the ladies would say ‘Look at that poor Byron, how interesting he looks in dying!’ ” The same idea made its way into fiction, in ethereal heroines like Alexandre Dumas’s Marguerite, or Mimi from Puccini’s La Bohème, who sings “Qui…amor…sempre con te!” (“I’m here…my love…always with you!”) as she sinks gracefully into death. Even Henry David Thoreau felt the allure of decline before TB caught him in his turn. Coming across a maple tree whose leaves were just beginning to show their autumn colors, he wrote in his journal that “decay and disease are often beautiful,” adding, “like the pearly tear of the shellfish and the hectic glow of consumption.”

			
				
					[image: ]
				

				
					William Hilton’s portrait of Keats was drawn from memory a year after the poet’s death.

				
			
			Such pretty images and romantic celebrations masked the terror that attached to the most prolific cause of death across Europe and North America during the nineteenth century. Tuberculosis is another ancient malady—there are accounts of what plausibly could have been TB in the Code of Hammurabi and ancient Chinese medical texts, while in the fifth century B.C.E., Hippocrates gave a detailed description of the disease in his Of the Epidemics. But it took the rise of urban life on both sides of the Atlantic from the late 1700s onward to turn tuberculosis into a ubiquitous threat. The statistics are predictably imprecise, but even at the lower bounds they horrify. It is likely that by the end of the nineteenth century, a majority of the inhabitants of the overwhelmingly crowded cities of Europe and North America were infected with tuberculosis. A much smaller fraction, one-quarter or one-fifth, would go on to develop observable illness, perhaps less in some places and times. But so many of those who did develop symptoms would die of the disease. For much of the 1800s, annual death rates approached or reached one thousand per 100,000 of the total population—enough so that in 1831, when incidences peaked in England, tuberculosis accounted for 30 percent of the nation’s mortality for the year. Prevalence declined from there, but even toward the end of the century it was estimated that TB still accounted for almost one-seventh of deaths worldwide, and “fully one third of those…die in active middle age.”

			That omnipresence begged an explanation. There had been that remarkable guess in 1720 by Cotton Mather’s contemporary Benjamin Marten that tuberculosis might be produced by “some certain species of Animalcula” [italics in the original]. But that embryo of germ theory was ignored in its moment, and then almost completely vanished from medical imagination.

			Over the years, plausible explanations did bubble up. Early in the nineteenth century, some people suggested that TB might be hereditary—there were plenty of examples of seemingly tubercular families: the Keats brothers, the Brontës, and even France’s Bourbon monarchs, with Louis XIII the most famous casualty. Another line of thought held that sex might be involved, or, to be precise, illicit and shameful sex: liaisons with the wrong partner, and/or the sin of onanism. The inclination to such pleasures was seen as a marker of the degradation that rendered the sinner vulnerable to TB. Miasmas, as always, were another possibility, rendered more plausible by the incidence of tuberculosis in the squalid, stinking slums of rapidly industrializing cities. By the middle decades of the nineteenth century, though, TB’s seemingly universal presence accelerated the search for a more explicitly material “scientific” explanation. A critical first step came from an experiment performed in 1865 by Jean-Antoine Villemin, a French military doctor who inoculated a rabbit with a sample from a human consumptive. The rabbit was sacrificed three months later. Its corpse was riddled with tubercular lesions—which showed that TB was contagious.

			Europe’s empires provided more examples of TB’s infectiousness. The English physician William Budd had been one of John Snow’s early converts to the belief that cholera was a waterborne contagious disease. A decade after the lesson of the Broad Street outbreak, Budd presented an epidemiological brief for tuberculosis’s contagiousness. Budd noted that South Sea islanders, Native Americans, and Africans (as he was assured by the explorer Dr. David Livingstone) had never experienced TB before contact with Europeans, but that, in some settings, it had “become so widespread as to threaten their extermination.” This was exactly what one would expect, Budd argued, if the transmission of “phthisis…may be explained by supposing that it is disseminated through society by specific germs contained in the tuberculous matter cast off by persons already suffering from the disease.” This was a repeat of the type of argument Gordon and Holmes had made about the infectiousness of puerperal fever. As in those earlier inferences, Budd’s “germs” weren’t microbes—not yet—and the statistical evidence he cited didn’t permit any conclusion about what exactly passed from person to person. But the kernel of a new explanation for the White Plague was there.

			That remained the state of play for the next fifteen years—until 1881, when Robert Koch turned his attention to tuberculosis.

			

			—

			Koch had come far in the five years since the anthrax bacillus had made his scientific reputation. Wollstein soon became too small. He continued to investigate the microworld, but there was a limit to what he could do in snatched hours in the back room of a small-town doctor’s office. As advances accumulated—he was able to identify a number of bacterial species implicated in wound infections, for example—it became clear that he was an exceptional experimentalist. It took a bit longer than he’d hoped, but in 1880 he got the call from Berlin: an offer of a new laboratory within the Imperial Health Office dedicated to the infant field of bacteriology.

			In his first year in the capital, Koch focused on building the basic suite of laboratory techniques needed to study microbes. A key issue was how to create what Pasteur had chided him about in the anthrax priority dispute: truly pure bacterial samples that could be easily distinguished from other strains. Doing so depended on finding the right medium in which to grow microbial colonies. He ultimately identified agar, which is derived from red algae, as the ideal habitat in which to culture the organisms. (Agar was suggested to him by Fanny Hesse, a technician in the laboratory who was married to one of Koch’s assistants. She had used it to persuade her fruit jams to gel, and her husband then reported its virtues to Koch.) Improving something as seemingly mundane as laboratory glassware made a difference too, and here one of Koch’s assistants, J. Richard Petri, made an incremental improvement in one form of vessel that made it easier to grow and distinguish between different bacterial strains, yielding the shallow, lidded plates still known as petri dishes. It wasn’t until the end of the summer of 1881 that the lab was ready to launch a new research program. Koch chose the problem of tuberculosis.

			He began by thinking about the earlier experiments that had shown tubercular tissue could transfer the infection from one animal to another. Drawing an exact analogy to anthrax, Koch reasoned that within that tissue there must be a microorganism that was responsible for the observable damage to lungs and other organs. This was hardly an original thought, and others before Koch and his group had looked for signs of such a pathogen, finding nothing. Hence his first challenge: How to make the undetectable visible?

			He and his group found an answer in the chemistry of dyestuffs, in which Germany’s emerging chemical industry excelled. They began to play with several such dyes to treat their microscope slides, aiming to bring any potentially interesting organism into sharp relief in what would otherwise be a muddled field of grays. This technique, called staining, first emerged in the 1870s—and at the start of their TB work, Koch and his assistant Paul Ehrlich performed a series of trials before discovering that the trick was to use two different colors: first a coat of methylene blue, followed by an application of the patriotically named Bismarck brown. The final step was to take a photograph illuminated by blue light. That made the difference: as one onlooker described it, the brown background material “appeared dark on the photographic negative, whereas the blue-stained bacteria appeared to be bright and transparent.”

			With the new staining technique Koch was able to peer more deeply than his predecessors into tubercular tissues from a growing number of animal species, along with human cases from the all-too-plentiful supply in Berlin’s hospitals. The results were always the same: “My studies have shown,” he wrote, “that a characteristic bacillus is always associated with tuberculosis.”

			Koch next repeated the usual sequence to build the case against this prime suspect. Culturing the new bacterium proved tricky: the lab found that it liked to be warm; that it thrived on a fairly narrow range of culture media; and that even when properly cosseted, it grew slowly. But within a few weeks, they made pure colonies large enough for the decisive test. The group inoculated four guinea pigs with a lab-grown culture that came from bacteria found in a diseased human lung. The animals soon were seen to deteriorate. The first one died on the thirty-second day. Three days later, the other three were killed and dissected. Each displayed what Koch called “the recognizable changes due to tuberculosis.” Two uninfected control animals showed no signs of disease.

			The laboratory repeated the experiment on more guinea pigs, then cats, rats, rabbits, and mice. Every time, inoculation with a sample cultured from infected tissue uniformly produced disease and then death. By March 1882, after just eight months of work, there could be no doubt.

			

			—

			Friday, March 24, 1882.

			The regular meeting of the Berlin Physiological Society was to convene as usual on the campus of the University of Berlin (later Humboldt University). The evening’s speaker was to be Robert Koch. His lecture’s title, temptingly vague, was “On Tuberculosis.” In the false memory of legend, he stood before a packed house in some huge lecture hall. The true setting was grand—or grandiose—in its own way, paneled in stone with a vaulted ceiling supported by two rows of embedded columns. A fancy room, but a small one, with space enough for thirty, perhaps forty people.

			On his way to the lecture Koch told an assistant, Friedrich Löffler, that he believed “it would require a year-long battle” before clinicians would believe their results. They reached the meeting room and waited in their seats, and then it was time. The moderator gave a brief introduction, and Koch got ready to begin. He was still nervous—Löffler remembered that “he spoke slowly and haltingly.”

			Koch mastered himself sufficiently to take his audience through each step: identifying the candidate bacterium, the laborious effort to bring it clearly into view, the struggle to culture the slow-growing organism, and then the final step: exposing healthy animals to those cultures, each seeded by bacteria from a tubercular guinea pig, cow, or person. Koch and Löffler had carried with them seemingly half their laboratory to illustrate what had led to this moment: tubercular tissue samples preserved in alcohol, slides smeared with diseased flesh to show off the sequence of research into staining techniques, bacterial cultures grown in test tubes and glass boxes, and a bacterial zoo, every potential killer safely caged behind transparent walls.

			As Koch led his audience to what they recognized was the obvious conclusion, the mood in the room shifted. As he wrote in the paper that followed two weeks after his lecture, “The bacilli which are present in the tuberculous substances not only accompany the tuberculosis process, but are the cause of it.” Then, to drive the point home to the dullest reader, he concluded: “In the bacillus we have, therefore, the actual tubercule virus [pathogen].”

			That was the end. Decades later, at a commemoration of that night in the same room at the university, a speaker evoked the scene. Koch “summarizes briefly, and turns to take his seat.” And then…nothing. No questions, no applause. “In the room everything remains still.” Löffler again: “There was not a single person in the room, who—even against his will—was not convinced by the validity of what he had heard and seen.” Everyone, Löffler said, felt “that he had been present at an epoch-creating announcement of colossal consequences.” It’s not that the audience didn’t believe what they had just heard. They did—and it stunned them into silence. Tuberculosis had been solved.

			

			—

			News of the discovery of what would be named Mycobacterium tuberculosis spread rapidly, first within Berlin’s medical community. Visitors came to see Koch’s laboratory apparatus, which was left on display at the University of Berlin for several days. Word spread more widely once he published his results. As usual, there were a handful of dissenters, mostly those unable to replicate the intricate feats of microscopy needed to locate M. tuberculosis in diseased samples. But the days when microbial explanations for disease struggled to gain traction were over. Within two months—not the predicted year—the claim that M. tuberculosis was the agent behind tuberculosis was accepted on both sides of the Atlantic.

			But while Koch became world famous, isolating the bacterium had solved the scientific problem of TB, but not the medical one. As the title of Koch’s paper broadcasting the result—“On the Aetiology of Tuberculosis”—emphasized, he had uncovered the disease’s culprit, but had nothing yet to say about its prevention or cure. Surely that was to come, though. An editorial published in The Times of London on April 22, 1882, and republished in The New York Times a couple of weeks later, argued that because Pasteur had managed to create a vaccine against anthrax by modifying the bacterium involved, there was “a reasonable hope that an antidote to consumption and to tubercular diseases generally may at no distant date be brought within our reach.”

			That day proved more distant than millions of people desperately hoped. In 1890, Koch announced and then had to retreat from what he briefly believed was a TB cure. He had isolated a substance he called “tuberculin” from a preparation of killed tuberculosis bacteria, which he announced could reverse the course of a TB infection. Patients reacted to it—volunteers reported symptoms ranging from aches and shortness of breath to nausea and fever. But it had no effect on active tuberculosis. Still, there was a larger idea implicit in the Times writer’s faith in the progress of science. The article asserted as fact that “it is characteristic of many of the disease-producing bacilli, and probably all of them, that they can be so altered by cultivation as to produce a mild disease instead of a severe one.” With such engineered microbes came the prize: “The designed communication of the former will afford protection against the latter”—not just for TB, but the entire catalog of infectious organisms.

			That was the “principle” of vaccination, expressed as popular belief. The author of the Times piece could not know when tuberculosis would surrender to some laboratory invention.[*] It was already becoming clear, less than a decade into the emergence of the microbial idea of disease, that one germ might (does!) behave differently from another, and so could be more or less difficult than other infectious organisms to bring under human control. But the article expressed the faith that the answer would eventually appear. Its writer relied on an implied universal axiom: for all the variation among germs, there are laws that govern their behavior—and knowledge of those laws will lead directly to mastery over humankind’s most constant enemy. Given time, that is, uniquely human cleverness and technological skill would surely enable our species to defeat the newly recognized microbial threat.

			

			—

			The London Times did not invent that claim; its editors were following where germ theory’s pioneers had led. In his first paper on the tuberculosis bacterium, Koch laid down a set of explicit rules, almost a credo, on how to turn the microbial approach to disease into a discovery engine for cures. Those principles are now called “Koch’s postulates,” although others had expressed similar ideas before this codification.

			Koch came up with several versions of his list. As he wrote it down in 1884, there were five criteria that had to be met to prove that a given organism causes a particular disease. First, one had to find stuff in diseased tissue “that are not constituents of the body”—that is, something foreign to the animal suffering an illness. Second, it was necessary to show that these foreign bodies “are organized and show signs of independent life”; that they were microbes. Third, the researcher must show that those microbes are genuinely involved in the biology of illness—formally, that the researcher “consider the relation of such structures to…their occurrence in various states of disease” as a signal that “there is a causal relation between those structures and the disease.” To go from that probable link to a certain causal connection between microbe and disease, Koch wrote, the researcher must isolate the suspect and grow it in the lab as the prelude to the final proof: that healthy animals, when exposed to such pure microbial samples, fall victim to the original disease with all its characteristics.

			Modern versions of the list collapse Koch’s five principles into four: there is no longer a need to emphasize proving that microbes are in fact alive, and so the original first and second postulates fold into one. But setting aside that detail, the postulates as Koch expressed them in those early years of the microbial theory of infectious disease turned the growing series of separate observations—B. anthracis in animal diseases; leprosy’s Mycobacterium leprae, identified as a bacterium in 1873; then M. tuberculosis, along with a growing list of other pathogenic organisms—into examples of a common process taking place in every infectious disease. What had been natural history, the meticulous documentation of observations, was now a scientific discipline—one that made predictions (infectious conditions imply the presence of living pathogens) and established a consistent method for testing such hypotheses.

			In practice, it soon became clear that not all microbes obey all of Koch’s rules. There are microorganisms that don’t readily grow in laboratory culture, for example, and there are some that afflict humans but do not readily infect other species. But even with such exceptions, the central message remained: there are regularities, not natural laws as purely deterministic as those to which physics aspires, perhaps, but biological patterns so consistent that they serve as law-like accounts of how the microcosmos and the human world interact. Understanding those dynamics makes it possible to do something about them, as the Times editorial asserted, to achieve, in time, the systematic defeat of humankind’s oldest and most deadly maladies.

			That hope was about to be put to the test with the reappearance of a familiar foe. In 1881, for the fifth time that century, an old enemy breached its bounds in the Ganges Valley to journey around the globe. The Imperial German government put its best man on the case. Robert Koch left Berlin for Egypt and then India in August 1883. His mission: to subject cholera to the modern microbial view of sickness and health.

		

		
			Skip Notes

			
				* It would be four more decades before, in 1921, the first effective but not perfectly protective TB vaccine was released. There have been no improved formulations to reach the public since, but as of this writing several vaccines using recent advances in molecular biology are now at various stages of pre-clinical development.

			

		

	
		
			XXI

			“It can now be taken as conclusive”

			For anyone who could survive its numbing prose, the 1881 report on cholera in British India would not have evoked much concern. It was true that case numbers were up across the Queen-Empress’s domain, while deaths in the army had almost doubled. But the rate was still only 2.29 per thousand, not wildly above that of other years. It was worse in cholera’s heartland, Bengal, where 4.21 soldiers out of every thousand died in their camps and barracks. Civilians fared better, but in the spring and then again in autumn, there were sharp spikes in the cities and villages. Still, Henry Bellew, deputy surgeon general in the Bengal medical service, saw little to worry him. There was “a cholera of revived epidemic activity,” he wrote, but “this activity was of a very mild kind.”

			So much for the Ganges Valley. But the price of empire had to be paid. India’s cholera season found passage to the wider world, riding the trade routes with which the imperial powers had bound the world together. The disease traveled overland, reaching Persia and Russia in 1882—more than 300,000 people would die along that route—while hitching rides on ships outbound from Indian ports. For one example: The Columbria left Bombay in July 1881, carrying 650 pilgrims bound for Mecca. It touched at Aden to unload a cargo of rice. Three dockworkers showed symptoms of cholera a few hours after their contact with the ship—which is how the disease lodged itself in what is now known as Yemen. At the next stop, Jeddah, the pilgrims disembarked, and they reached Mecca later that summer. Cholera came with them, killing up to seven thousand of the faithful.

			At least one other ship with cholera on board reached Egypt that year, but a harbor quarantine prevented any spread ashore. The year 1882 passed without a further threat to the Mediterranean world, though the seaborne pilgrimage again brought the disease to Mecca. But in 1883 cholera made it ashore on the Mediterranean coast of Egypt—and then pressed on to Europe. Germ theory, still less than a decade old, was waiting. This new incursion presented its proponents with the chance to identify the cholera microbe that the theory said should be there—and to show what such knowledge could do to help human societies contain their pandemic foe.

			

			—

			The Egyptian phase of the fifth global cholera pandemic was a tragic sequence of missed chances. The Egyptian government had accumulated an enormous burden of debt to European lenders over the previous decade, which led first to interference by the leading imperial powers and then, in 1882, to outright occupation by Great Britain. It was thus a British-led health service that had to respond to 1883’s cholera threat. In a report completed well after the epidemic had run its course, Nottidge MacNamara, who had served as a senior officer in the Bengal medical office, connected the dots between that new British authority and what came next. As the Royal Army brought troops to expand the occupation force, “a brigade of Indian troops landed in Egypt from Bombay.” To ease such movements, MacNamara wrote, “Egyptian quarantine regulations had to be relaxed in consequence of the exigencies of our military operations.” Though that unit does not seem to have carried the illness in their ranks, they left the door open behind them.

			In June 1883, at least one vessel with cholera aboard made it through the Suez Canal and put in at Damietta, a harbor in the eastern Nile Delta. The disease moved fast—MacNamara tracked the outbreak to Rosetta, Port Said, and Mansoura, until by July it reached Alexandria and Cairo. Once it was established in the great cities, there was no avoiding catastrophe. According to MacNamara, “It is estimated that from the 22nd of June to the 1st of September 1883, cholera destroyed 50,000 people in Egypt.” (That number is almost certainly too low—more recent estimates suggest that the Egyptian epidemic killed between 60,000 and 100,000 between June and October of 1883.)

			MacNamara’s barely concealed rage came in his next line. “There can be little doubt that the Egyptian cholera of 1883 originated in…India and Arabia,” he wrote. But the same disease in the same places hadn’t invaded Egypt in the previous two years, even as it penetrated the Red Sea. Quarantine stations at the major ports had kept the source of cholera—excretions from victims of the disease—safely away from the water used by people on land. Why didn’t these defenses hold this time around?

			The answer: under British administration, the safeguards in the ports had become porous. Authorities did not consistently hold vessels for longer than a single day. MacNamara reported that “the French delegates to the [Egyptian] Sanitary Council had urged that the pilgrims who reached Suez without previous quarantine should be isolated and kept under surveillance for three days.” The Sanitary Council refused, “owing to the opposition of the English delegates.” MacNamara did not comment further, but his message was clear: it could have—should have—been possible to keep cholera at bay, sparing those fifty thousand Egyptians so recently brought under Her Majesty’s protection. Why hadn’t that happened?

			The simplest explanation is that quarantine was costly. Forcing every ship coming from Asia to hold for days at either end of the Suez Canal, then denying them port access if cholera showed itself on board, would cut into the British Empire’s entire reason for being, the trade that flowed from India and points east. But, of course, local officials could not say out loud that it was too expensive to prevent the spread of a disease that killed nine out of every ten it struck. So British officials framed their opposition as a scientific judgment about the true source of the outbreak. According to Sir W. Guyer Hunter, the former surgeon general for the Indian Army and now Egypt’s new chief medical officer, imposing a quarantine would be pointless because the local cholera outbreak could not have come from India. Why not? No index case had been identified among those who came ashore at Damietta. What’s more, Hunter added, the newfangled germ theory—which would have justified quarantine as a way of keeping the infectious pathogen away from potential victims—didn’t apply to this disease. “Being of those who do not believe in the contagiousness of cholera, and who therefore, do not look for a specific entity or germ,” he wrote, it was futile to look for “its importation into a country, to account for the development and spread of the disease.” He and his subordinates believed they had done nothing wrong in their response to the epidemic, and any attempt to trace its origins (and assess blame) would have to look elsewhere.

			Hunter didn’t look far. The real reason Egypt suffered so in 1883, he argued, was that its towns and villages were filthy, and, by implication, their inhabitants too ignorant or indolent to improve their conditions. “The villages are collections of mud hovels,” he wrote, and the towns were without public latrines “except those belonging to the mosques.” And so residents “are driven to the streets, gullies and open spaces for natural purposes.” Even in the largest cities, like Alexandria, attempts to construct modern sewers produced, “as in most things Egyptian,” a hopeless botch.

			At this modern end of the nineteenth century, Hunter’s rejection of germ theory could not invoke the archaic forms of the dominion promised in Genesis or the Great Chain of Being. But he still invoked a recognizably similar hierarchical model of the natural order, extending it to the ranking of human social life. Any reasonable observer, Hunter argued, would conclude “that never was a country more ripe for an outbreak of epidemic disease, such as cholera, than Egypt.” Cholera was not a problem to be solved by doctors. Rather, it was a misfortune born of the same gap in competence and virtue that had already placed the rulers over the ruled.

			

			—

			There was an alternate view, of course. In the two centers of the nascent science of bacteriology, Germany and France, those who had no doubt about cholera’s contagiousness saw an opportunity in Egypt’s troubles. Louis Pasteur was among the first to draw the obvious inference, writing that since the advent of germ theory, every communicable disease “that has been subjected to close study has shown itself to be due to a microscopic organism.” So, he wrote, competent observers should “turn our attention to the possible existence, either in the blood or in an organ, of an infinitely small [organism] whose nature and properties would provide a reasonable explanation of all the peculiarities of cholera.” He urged French authorities to send a mission to Egypt to seek out that microbe, and thus have a chance of thwarting its power.

			The relevant government officials agreed, and four French researchers reached Alexandria on August 15. Over the next month they autopsied twenty-four cholera victims, finding a variety of different bacteria in the guts of their subjects and in the characteristic rice-water stool samples they collected. They cultured several organisms, injecting samples, sometimes pure, sometimes a multi-microbe brew, into just about every small animal they could find—guinea pigs, chickens, dogs, and a single unfortunate monkey that somehow reached their lab—but none fell ill. The team did make one suggestive observation. There was one bacterium found along the lining of the small intestine in many of the cadavers they examined—but not all. Disruption of that tissue could produce the symptoms of gastrointestinal disease like cholera, but the fact that these microbes weren’t detected in every victim was a puzzle.

			As time passed, and the outbreak began to ease, the French researchers ran short of cadavers in which they could chase that mystery down. On the morning of September 17, Louis Thuillier, at twenty-seven the youngest member of the group, passed what was described as a loose stool. Afterward he felt energetic enough to go swimming and then eat his supper as usual. But at three in the morning he woke, had another bout of diarrhea, and collapsed. His colleagues got him back to his bed, but by morning he could barely move. French and Italian physicians attended him and did what they could: “Iced champagne was given freely and subcutaneous injections of ether were resorted to.” Nothing helped. Thuillier held on “in a state of asphyxia” for one more night. The end came the next morning. With his death, the surviving three French scientists gave up. Their final report concluded that given how many different microbes they had found in afflicted bodies, “it is impossible to single out and designate the one that, any more than another, might be the cause of cholera.”

			Thuillier was buried on the day he died. One mourner brought two wreaths made of laurel, “suitable for one who deserves such glory.” The same man helped carry the coffin. His name was Robert Koch.

			Koch had come to Egypt for the same reasons as the French team: a shared urgency about the danger cholera posed, married to the hope of beating national rivals to a major discovery. Koch and his three colleagues arrived in Alexandria on August 24, nine days behind their competitors. They set up shop in the Greek hospital. (The local German hospital had too few cholera patients for the planned study.) Over the next three weeks, the team dissected ten cholera corpses and observed a dozen patients throughout their illness. They were confounded by the same puzzle that had stumped the other group: they too saw a soup of different bacteria in the guts of those suffering cholera and in the stools they spewed, and they noticed the same microbe that the French scientists had observed in the linings of victims’ small intestines. The Germans went one step further, confirming that this one organism was absent in samples taken from those who had died of something other than cholera. Koch’s drawing of the bacterium captured its characteristic form: tiny rods with a little bend, a shape a willing mind can see as a comma.
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					Koch’s sketch shows comma-shaped microbes, magnified about six hundred times, clustered along the lining of the intestine.

				
			
			Koch took the leap—tentatively. That comma-shaped bacterium, he wrote, had to “stand in some relation to the cholera process.” He wasn’t sure he’d found the unique source of the disease. It could be “that the cholera process results in such a disruption of the intestinal mucosa,” the layer of mucus that lines the small intestine. The issue could only be settled, he wrote, by tracking it through the full sequence: isolating the organism from cases of cholera, growing pure cultures of that microbe, and the final step: “reproduc[ing] the disease by experimental infections in animals.”

			Koch’s postulates in the field! They couldn’t be satisfied in Alexandria. The Egyptian outbreak faded too quickly for Koch’s team to move through each step in the proof. So he asked the German government to send his team on to India, where he could expect a distressingly constant supply of cholera patients. While he waited for the official nod, he found himself with some time on his hands. That’s when, uncharacteristically for an obligate workaholic, he gave himself a holiday. Koch’s letters to his daughter in those weeks tell of donkey rides to the seashore and a group trip into the desert—on which, with all due regard for the dignity of Europe, he and his fellow tourists made no concession to the local climate.
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					Robert Koch (third from the right) and friends touring the Egyptian desert in late 1883.

				
			
			Somehow, those accidental tourists managed to avoid heatstroke. Idleness ended in mid-November 1883, when three of the four members of the original expedition took ship for India, reaching Calcutta (now Kolkata) on Koch’s birthday, December 11. British officials welcomed the group, supplying Koch with a laboratory at Medical College Hospital, complete with space in the basement to house their experimental animals, an autopsy room, and, most important, a steady stream of fresh cholera cadavers to dissect.

			Within days, the Germans achieved what they had not in their three months in Egypt. The first clue came when they received a body of a young man three hours after he’d died of cholera, and just thirteen hours after his symptoms appeared. They found the now-familiar comma-shaped microbe in the same intestinal tissue as in the Egyptian cases—and for the first time managed to grow pure colonies in laboratory cultures seeded with bacteria harvested from that fresh corpse. The three investigators performed five more autopsies in the first week of January. The same bacterium was present in every case.

			Over the next month, Koch’s group completed twenty-two cholera autopsies, and, as important, dissected several cadavers of people who had died of other diarrheal diseases. The cholera victims yielded more lab-raised colonies of the suspect organism, which the researchers compared to the microbes found in those who died of different causes. In every cholera corpse they found the comma microbe; in all the other bodies, they did not. That accounted for the first two of Koch’s postulates—identifying a microbe uniquely present in victims of a given disease, and uncovering its role in the disease process (here, that these comma-shaped bacteria were associated with the damage to the intestinal lining). Confirming the third step proved elusive. None of the animals in their basement storeroom proved susceptible to cholera, which meant Koch and his colleagues could not meet the requirement that microbes derived from a cholera victim raised in pure culture could seed a new case of cholera in a healthy test subject. (The first animal models for cholera would not be found until later that year, after Koch’s return from India.)

			

			—

			Instead, Koch made his case the old-fashioned way, tracking the bacterium through its travels in and out of human bodies. As Koch and his colleagues reconstructed the epidemiology of cholera in Calcutta, they noticed a key detail: districts that got their water from the central water supply experienced little or no cholera, while those neighborhoods that still drew their water from traditional cisterns were hit much harder. The civic waterworks were new, built over the previous decade. In that state-of-the-art plant, water from the Hooghly River passed through multiple filter layers before it was released into the city. Water from the old local tanks was unfiltered. It could go out for drinking or cooking, and flow back in, carrying all the possible additions that dense human settlement might generate.

			Koch’s group organized these facts of Calcutta’s urban geography in a form that would have made Dr. John Snow proud: they drew maps. One echoed Snow’s map of cholera deaths in London, turning the statistics about the effect of different water sources on disease rate into a picture. That made it obvious: the districts receiving water from the municipal system—and especially the central military facility, Fort William, which had its own filtered water supply—largely escaped the epidemic.

			The echoes of Snow’s work—reasoning by epidemiology—grew louder when the team investigated a localized cholera outbreak in the suburb of Beliaghata that flared and died away over three weeks. Of about a hundred residents in the neighborhood called Saheb Bagan, seventeen people died. Mapping those deaths house by house revealed the same pattern that Snow had seen in Soho. The worst-hit homes were built on three sides of a central water source. All the victims lived either right next to the tank or one house removed from it. Koch and his colleagues returned to Saheb Bagan several times and were able to identify the index case: a man who had washed his laundry in the communal tank—another echo of Snow and those soiled diapers that likely first contaminated the Broad Street pump.

			With that information, the German investigators had two distinct arguments to support the claim that V. cholerae was the unique cholera pathogen, both of which relied on separate pairs of correlated events. At Medical College Hospital, their microscopes and laboratory procedures confirmed the presence of the microbe in cases of cholera and its absence in other diseases with similar symptoms. In the field, on the streets around Saheb Bagan, Koch and his co-workers reaffirmed the by-then-well-established links between human effluents, the water supply, and cholera hot spots. Both lines of evidence were suggestive, neither quite conclusive.

			And so Koch added a third observation to the argument, using a tool he possessed and Snow had not: the ability to measure the presence and concentration of bacteria in the water supply implicated in a local episode of disease. The German team sampled the suspect tank several times between February 8, when the mini-epidemic around the water tank was still under way, and February 21—after the last cases of cholera there had occurred. Several of the early samples contained plentiful supplies of the comma microbe; the last showed only a handful.

			Formally, this still didn’t satisfy Koch’s postulates. It failed to achieve the full rigor of isolation to pure cultivation to reinfection and re-creation of the original disease state. But the presence of the microbe in the water that tied directly to actual human tragedy was both one more telling clue and a powerful rhetorical sally. At the most basic level, the appearance of V. cholerae in that water tank filled in the missing step on the route taken by a devastating illness from one human body (the man who’d washed presumably soiled clothes or bedding) into the water used by those who would follow him to the grave. That wasn’t a controlled laboratory experiment, but it connected the microbiological argument—the presence or absence of a microbe in a specific disease—with the social experience of the outbreak, the way cholera flowed through human populations.

			It helped that Koch was right. Vibrio cholerae, that curiously curved organism seen in Egypt and India, was indeed the same one Filippo Pacini had identified as the cause of cholera thirty years earlier. That result hadn’t led to further inquiry; no one working on cholera in the 1880s knew of that earlier finding. But now Koch had seen the same phenomenon at a moment when the scientific world was prepared to hear the news. His (re)discovery would drive public-health measures that are still the most effective defense against the nineteenth century’s defining pandemic disease, one that murdered millions across the globe.

			But there was that tiny gap, by germ theory’s own terms—Koch’s inability to demonstrate cholera infections by the direct transfer of V. cholerae from one animal to the next. That was just enough of a loophole to allow a significant minority of dissenters to hold on to the idea that no mere microbe could be the boss of human beings—a stance that held, up to the summer when cholera again overwhelmed a European city.

		

	
		
			XXII

			“I felt as if I were walking across a battlefield.”

			Robert Koch got back to Berlin in early May of 1884. In July, he reported his cholera results to a conference in Berlin. Seven hundred people attended the celebratory banquet to honor the discovery. Koch and his companions received medals in a ceremony presided over by Crown Prince Frederick himself, and the Reichstag voted them a reward of 100,000 gold marks. But for all such explicitly nationalist pride at this display of German scientific preeminence (Koch had, after all, beaten representatives of the recent enemy, France, to the cholera microbe), some powerful dissenters remained, even in Germany. Most notably, Max von Pettenkofer, a pioneer in public-health research, had long held that a late version of miasma theory explained cholera. He conceded that there was some specific agent involved, a germ that could convey the disease from one person to the next, but he held that whatever that germ might be had to be triggered into virulence by something in the environment, some combination of soil conditions and the weather that could spark an outbreak. He was unimpressed by Koch’s reduction of the cause of cholera to a single microbe—and he was influential enough to persuade some German officials that they could ignore with impunity the implications of the new germ theory.

			Beyond Germany’s borders, the reaction was even less welcoming. French nationalism in response to German preening might have been involved in some dissent, as in the case of a French doctor, M. Bochefontaine, who on November 8, 1884, encountered a young woman who was dying of cholera under the care of one of his colleagues. Bochefontaine was able to collect some of her rice-water stools. He examined them under a microscope and found “a prodigious number of vibrions (bacteria) of all species.” He then took five cubic centimeters of the stool material, mixed the sample with dry binding ingredients, and made up five large pills. He downed all five at three-thirty in the afternoon on the same day he encountered the victim. By six p.m., he began to feel a fever; it lasted for twenty-four hours. Over the next day, he experienced nausea (what a surprise!), some muscle spasms, then constipation—the inverse of cholera’s most obvious symptom. Then he got better. The inference was clear: the bacteria found in cholera victims’ stools “did not necessarily produce cholera.”

			Dr. Bochefontaine clearly deserves credit for overcoming his gag reflex, though not for his experimental design. Other critics didn’t even try to come up with such contrary evidence. There were still powerful scientific voices and even more potent national and economic interests lined up against germ theory—and for several years they continued to shape opinion and public-health policy. John Snow’s work had encouraged the development of new water and sewer works for London, but now, thirty years after his seemingly conclusive demonstration that cholera was a contagious, waterborne disease, leading British medical figures rejected Koch’s argument that a microbe formed the specific poison in cholera-bearing water. A Dr. Thrupp, speaking to the same group that heard Dr. Hunter deny that Egypt’s cholera was contagious, said that he “did not believe in the ‘germ’ of cholera, and thought it was as great a myth as the sea serpent.” A random local British physician might be safely ignored, but not India’s surgeon general. Sir Joseph Fayrer affirmed his disbelief “in the communicability of cholera,” adding that he had seen no evidence that cholera could be passed from person to person.

			British opposition to applying germ theory to cholera still had its familiar incentive to ignore Koch: much of Britain’s wealth and power passed through the choke point of the Suez Canal. A rigorous system of inspection and quarantine would impose a significant tax on that commerce. But even if the demands of empire framed their thinking, there’s no evidence that men like Fayrer and Hunter didn’t believe what they said. Poverty and poor conditions do correlate with a host of bad outcomes, and throughout the nineteenth century the seemingly unkillable miasma theory had been torqued into a purely materialist worldview that (with reason) connected ill health to social circumstances.

			Koch himself devoted some effort to swatting down objections to his comma bacterium, but he spent more energy on applying germ theory to control the start and spread of outbreaks driven by the cholera microbe itself. He worked to develop better animal models of the disease, and, perhaps most important from a public-health point of view, he led a short course on cholera diagnosis in 1884, training German and foreign doctors and researchers how to isolate and identify V. cholerae (and hence confirm the diagnosis in a case of a diarrheal disease), while emphasizing the need to keep the microbe out of the water or food supply in vulnerable settings. For anyone for whom germ theory was a settled matter, such advice would have been simple common sense: Follow the water. Keep it clean. If cholera appears, track it down to the point where human waste might enter water that people consume. Stop them from doing so. To germ-theory skeptics, this was much ado about nothing—until the summer of 1892, when the cost of denying the microbial account of disease became brutally clear.

			

			—

			The summer months of 1892 brought a brutal heat wave to northern Germany. July and August were dry, too. Drought conditions dropped the water level in the Elbe River as it flowed through Hamburg, allowing the Baltic tides to push much farther upstream than usual. As the heat persisted, the river grew warmer, reaching 22º Celsius (about 72º Fahrenheit). That made for pleasant bathing for humans—and perfect conditions for V. cholerae.

			There was good reason to fear that cholera might make its way to what was then the world’s largest port. Over the preceding few years, the same global pandemic that had landed in Egypt in 1883 had traveled up from India through central Asia. In 1892, it reached Russia, advancing north and west from Afghanistan. This was also a famine year in the Russian Empire, which evoked a resurgence of violence against Jews. Emigration spiked, with tens of thousands of people desperate to leave any or all of those threats behind. These frightened and impoverished families could move more quickly than previous waves of refugees, riding Russia’s expanding railroad network as far as Poland. In most years, the onward journey would be simple: a change of trains to a line that would take them to one of the harbors where they could board a ship to carry them to the United States. But now, cholera was riding west with that human tide. It appeared in Moscow in July and reached Kiev (now Kyiv) in August.

			
				
					[image: ]
				

				
					Robert Koch, in an image likely taken in the 1890s.

				
			
			With cholera on the move, German officials stepped in. In mid-July, emigrants were required to travel on sealed trains that rolled non-stop to the Baltic ports. On arrival in Hamburg the travelers were examined by medical personnel before being moved into barracks that had been hastily built as the cholera risk became more apparent. The toilets were communal, and the waste flowed directly into the river. Adequate rations were supposed to be provided, but it isn’t clear how much food reached the intended recipients. Those waiting for a ship suffered, even before adding a burden of disease. An investigation the following year found that they endured circumstances that were, in the words of the historian Richard J. Evans, “filthy beyond description.”

			But while those living for days or weeks in almost prison conditions languished, Hamburg got what it wanted. The preemptive confinement in the harbor district created a clear boundary between an alien realm of disease and the hygienic, clean, ordered life of the city. The shipping trade on which Hamburg’s economy depended would be placed under international blockade if cholera were detected—no vessels from Hamburg would be allowed to dock in a foreign port. But as long as whatever happened in the barracks stayed in the barracks and no cases outside that cordon were reported to the relevant medical authorities, ships could continue to up-anchor and move on to their next ports of call. Local leaders knew that cholera was coming their way, but believed (hoped, rather) that it would not break its local quarantine in any way that would inconvenience life in the city. As Evans documented in his medical and social history of Hamburg’s catastrophic encounter with cholera, word came down from the top. Johann Kaspar Krauss, the chief medical officer for the city, made “ ‘an absolutely definite plan’ of not diagnosing isolated cases as cholera at all,” Evans writes, choosing to wait “until an epidemic had broken out before confirming the disease’s presence.”

			As July came to an end, the heat persisted. The Elbe fell. High tide reached farther and farther upriver. By the second half of August, water around the sewage outfalls from the floating emigrant barracks was being carried ever closer to the intake for Hamburg’s municipal waterworks. There were rumors of cases of gastrointestinal illness, but none of the city’s doctors recorded them as cholera. Many of them would have found it difficult to do so in any event. No Hamburg physicians had made the pilgrimage to Berlin to learn from Koch how to isolate, grow, and identify the cholera microbe, and the deftness needed to make that diagnosis with a microscope and the culture process was rare in these early days of bacteriology.

			Early in the morning on Monday, August 15, a construction worker named Sahling—whose tasks included inspecting a local sewage outlet—collapsed. By the time the first doctor reached him, he was voiding himself through both ends. Evans writes that the physician, Hugo Simon, immediately recognized it as a textbook example of a cholera infection. His boss rejected that diagnosis. Sahling died a few hours later, but Simon could not produce a culture of the telltale comma-shaped bacterium on the spot, so the death would be listed as “vomiting with diarrhea.” No report of a probable case of cholera reached Hamburg’s public-health officials.

			The next day brought another example of uncontrollable diarrhea. This time, a stool sample went under the microscope, and doctors saw some curved bacteria, but for the next several days doctors at the Eppendorf General Hospital were unable to grow a laboratory culture of the microorganism. Technically, there was still no definitive diagnosis of cholera. Krauss and his fellow public-health officials remained silent both in public and in their communication with provincial and national authorities.

			More cases of this still-anonymous diarrheal illness followed on August 17 and 18. By August 19, Friday in that long week, the count of victims who made it as far as a hospital stood at thirty-one, and there were an unknown number more who never received medical care. Krauss said nothing.

			On August 20, he was told that the cholera microbe had been identified (though not yet cultured) in at least one victim. Silence.

			On Monday, August 22, Krauss met with the director of the Eppendorf hospital, who told him that though the culture experiments were not yet complete, there could be no doubt that cholera was loose in Hamburg. Krauss still did nothing, telling his immediate superior in the bureaucratic hierarchy that without a bacterial culture, there was nothing more than a suspicion of cholera, not proof.

			That last piece of evidence came later that afternoon—but it wasn’t until the next morning, eight days after Sahling had collapsed on the street, that Hamburg’s civic leaders were officially informed. Even then, nothing was done until the city senate met the following day. By the time the imperial government in Berlin—and its top civil-service bacteriologist, Robert Koch—learned that the global pandemic had reached a German city, it was too late; the tide of disease was in full spate.

			Koch did receive a slight advance warning of epidemic cholera’s presence in Germany. Doctors in Altona, the Hamburg suburb where the first known victim, Sahling, had been found, alerted the central government on August 22, one day ahead of their colleagues in their larger neighboring city. Berlin reacted immediately. The health ministry ordered Koch to investigate the outbreak on August 23. He reached Hamburg the next day. He had seen plenty of cholera victims in his travels. Nothing he’d seen in Alexandria or Calcutta prepared him for what he found there. “I felt as if I were walking across a battlefield,” he wrote in a private letter. People who “had begun the day full of joie de vivre, were now lying stretched out in long rows, shot down by invisible bullets.”

			Koch’s language captured the moment: there was a war on, microbes versus humankind—and the microcosmos was winning. Given more than a week to run free through the city’s water mains, V. cholerae had spread to every district in Hamburg. By early October, when the epidemic was nearly over, there were some 17,000 officially recorded cases of cholera and about 8,600 deaths out of a population of about 625,000 people. In just six weeks, one in thirty Hamburg residents fell ill, and one in seventy-two died. Virtually everyone in Hamburg would have known someone caught up in the epidemic.

			

			—

			Once Hamburg’s ordeal finally came to an end, attention shifted to what had gone wrong to produce such a catastrophe in that one city—and nowhere else in Western Europe. In Evans’s analysis, there were three factors that together determined the course of events. Packed slums had allowed cholera to move rapidly from each victim to the next. The decrepit Hamburg water and sewer systems served as a highway for the pathogen’s travels. And above all, the murderous choice had been made to conceal the early cases of cholera in the city, in that long week of delay between the first death and a grudging lurch into action.

			Who is missing from that list? The immigrants, who, as they fled intolerable circumstances, had brought V. cholerae with them. That bacterium was the proximate cause of each cholera case, but not of the cholera epidemic, the civic experience of disease. The exorbitant price Hamburg paid that August and September came from human choices and folly, not anything that can be laid on the microbe’s side of the ledger—or on those convenient scapegoats, the refugees.

			Virtually none of Hamburg’s cholera deaths needed to happen. It took one conscious decision after another to turn what could easily have been a minor outbreak into a massacre. Altona, physically contiguous with the larger city and just as densely populated, saw only a few cases. The difference between the two municipalities came in the technologies deployed in their water systems. Altona purified its drinking water, and had done so since 1859, using a slow sand filtration system reminiscent of what kept Fort William in Calcutta free of endemic cholera. Such systems percolate water through a layer of sand supported by a gravel base. A mat of biological material—a small-c catholic mixture of bacteria, fungi, insect larvae, and more—forms naturally on the surface of the sand. That’s where most contaminants are removed. Properly constructed and maintained, a slow sand filter can remove hazardous microbes, including V. cholerae, yielding a safe water source.

			Such a system for Hamburg had been proposed as early as 1860 but hadn’t been built. When cholera visited the city in 1873, the idea was revived, but disputes about both its design and how to pay for it killed the project again. In 1890, Hamburg’s governing body finally agreed to filter the city’s water—but work proceeded slowly, with a scheduled completion date in 1893. When cholera boarded the train in Moscow and St. Petersburg, Hamburg’s door was wide open to the pathogen. No divine caprice needed. Just human action—or rather, inaction.

			That huge hole in Hamburg’s public-health defenses meant that when events collided—travelers carrying disease from beyond city limits combined with extreme weather affecting the reach of the tide—cholera would probably have appeared in the city that summer. But even so, it should have been possible to prevent a few initial cases from exploding into the full-on epidemic that followed. This was made clear by the natural experiment that took place in Bremen, the next major emigrant destination west along the Baltic coast.

			Bremen, like Hamburg, had long been a significant port. In the late nineteenth century, the railroads that brought Russian émigrés to the Baltic coast to catch America-bound ships called there too. It was a sizable place—not as big as Hamburg, but still substantial, with a population in 1892 of about 180,000. About 25,000 emigrants passed through its harbor each year, so it was clearly at risk when epidemics approached from the east. It had its slums, and its share of problems with basic sanitation. And yet, in the summer of 1892, it saw almost no disease at all.

			Instead, Bremen enjoyed the benefits of years of preparation against the chance of a renewed eruption of pandemic cholera. Bremen physicians had attended Robert Koch’s 1884 workshop on identifying the microbe and diagnosing the disease. As Evans describes, city authorities and public-health officials built multiple layers of protection, seeing such preparation as both medical and economic insurance against the damage an outbreak would cause. By 1892, there was a quarantine office at the port itself, the city had purchased disinfection machinery, and an isolation building had been constructed. Evans emphasizes how proactive Bremen’s political leadership was throughout the year, to the point that in July, in a sharp departure from Hamburg’s “see no evil” approach, local government ordered the construction of a purpose-built cholera hospital, and “on 21 July…announced special administrative arrangements for the immediate reporting of any suspected [italics in the original] cases of cholera.”

			Suspected—so there was no requirement to wait through the delay of culturing a dish of comma-shaped bacteria before acting as if cholera had reached the city. Next came public-facing precautions: control of the movement of migrants waiting for their ships and official public-health instructions warning the general population to wash their hands regularly, to boil milk and water before drinking, and to avoid eating fruit (which, if washed in contaminated water, could be a vector for infection). Bolstering such preparations was Bremen’s greatest advantage over Hamburg: a modern sand filtration system for its water supply begun in the 1870s, which by 1892 served most of the city.

			Layer upon layer, those defenses worked. A grand total of six people died of cholera in Bremen in 1892, two of whom were ill before they reached the city. Counting only those four who caught the disease within town limits, that’s a death rate of one in 45,000, compared with Hamburg’s one in seventy-two. The implication, completely clear by the epidemic’s end, was that the misery the larger city endured didn’t have to happen—should never have happened.

			Koch’s experience in Hamburg drove the point home. By the time he arrived, the pace of secondary infection—cases caused by contact with cholera victims and whatever their discharges had soiled—meant that too much of the pathogen had already escaped what he tried to do to prevent further spread. It’s likely his decisions helped—he organized sources of clean water, banned the sale of fresh fruit, and demanded that the city government launch a public campaign to teach Hamburg’s citizens how to protect themselves from infection by boiling water and similar measures. But even then, officials slow-walked the effort to the point that it wasn’t until August 31—more than two weeks after the first cholera death—that the information reached every home in the city.

			The stopgap efforts to clean Hamburg’s water took time to make a difference, and for more than a month, infections passed from person to person and home to home. At last, in October, the gathering impact of infection-control measures and the exhaustion of a ready supply of new victims brought the horror to a close.

			There could be no doubt that Hamburg had lost its battle with cholera. Soon, though, it would be clear that germ theory had won. By acting on the presumption that cholera was caused by a single, identifiable microbe against which specific precautions could be taken, Bremen had escaped calamity. By ignoring or even denying that axiom, Hamburg fell into the abyss. For both expert opinion and broader public awareness, 1892 was the break point. Before, the microbial account of infection and disease was still contested, despite the discoveries of the previous four decades. Afterward, it was or would very soon be accepted wisdom; just the way the world is.

			

			—

			That’s not to say there wasn’t a residue of holdouts, one more instance of the physicist Max Planck’s dictum that science advances one funeral at a time.[*] As the last of Hamburg’s cholera dead were being buried, Max von Pettenkofer, the most prominent German germ-theory opponent still standing, continued to urge a miasmatic explanation for the fact that cholera seemed to strike hardest in the poorest, most overcrowded, and foulest districts. After a public dispute with Koch in late September, he set out to prove that Koch’s comma bacterium was not, in fact, the sole or prime cause of the epidemic. To do so, he got his hands on a sample of V. cholerae from Hamburg, and then acted out what thankfully turned out to be a bathetic performance. Waiting until his stomach was empty of its last meal, then consuming some antacid to neutralize his stomach juices, he downed the microbe-laden sample.

			Two days after drinking his cholera cocktail, he suffered his first bout of diarrhea. Watery excrement continued to flow for the next several days, discharges that when examined under a microscope revealed plenty of the suspect bacteria. That was the worst of it, and about a week after consuming the infected sample, he recovered. He had been lucky, or perhaps the unknowing beneficiary of an act of kindness. In Evans’s telling, the physician in Hamburg who supplied the sample seems to have anticipated Pettenkofer’s act of folly, and diluted the dose before sending it on.

			For Pettenkofer himself, though, this was an experimentum crucis—a simple and unequivocal result that proved that germ theory could not account for epidemic infectious disease. He and a dwindling number of followers maintained this belief for some years to come. But for almost everyone with relevant expertise, the argument was over. The Hamburg outbreak paired with the epidemics that didn’t happen became a kind of public sermon on the value of germ theory. It was a guide to action in the face of ancient threats, while the ongoing progress of bacteriology—identifying the culprits for tetanus, leprosy, typhoid, diphtheria, and more—gave laboratory scientists and clinicians an ever-more-persuasive body of evidence for the existence of a specifically microbial explanation for so much human misery.

			There are (at least) a couple of ways to tell the story of this final ascent of germ theory—a general acceptance by both the public and expert opinion. There’s the tale of revolution: a sharp break between before and after, when it becomes possible to dream of ending the scourge of infectious disease across the board; a future in which malign microbes can’t get inside human bodies or can be prevented from causing harm if they do.

			Another way to tell the story is as a long, slow struggle between a growing body of evidence derived directly from the natural world, and beliefs about the way the world works that are so deeply held as to be almost invisible to those who hold them. In this version, discovery emerges through intellectual and cultural evolution, one pace forward, on good days two—and then, often, one step back. Miasmas begin as the expression of God’s will or mere ill luck and then shift to become features of malign geography—bad air, bad water, low ground. Then, given the increasingly mechanistic expectations of advancing science, miasmatic explanations turn to the fermentation and decay associated with heaps of filth and waste. At last, a growing cadre of observers become able to search for more distinct, more precise explanations for all the varieties of affliction to which humankind is heir. Rather than exploding into being in a handful of years or even a few decades, these new vital ideas had struggled into being through a long, slow, often painful engagement with the world.

			That would be the version of the germ-theory story that begins in Delft in 1676, when Antonie van Leeuwenhoek first caught sight of “most marvelous…living creatures in one small drop of water.” Count the years it took to travel from those animalculae to the anthrax bacterium that was the first unequivocal connection between the microcosmos and human suffering.

			And yet, it remains true that a transformation in medicine and the science of disease was packed into a much shorter time, from roughly 1850 to about 1895. Before then, cholera was a vague, diffuse enemy. It came and went, seemingly at whim, and nothing could be done. With germ theory, even in its embryonic form, medical workers made choices that worked and saved lives. Calcutta’s Fort William troops and Bremen’s citizens drank filtered water and lived; Hamburg’s did not, and died in their thousands.

			There’s the revolution. Germ theory was essential to what came next—a series of victories over one malady after another, over infections born of war, accident, or contagion. Those advances would not come instantly, of course, and they took different forms, from the large-scale urban engineering that had a public-health impact, like London’s new sewers, to a century-long pursuit of vaccines in the wake of Pasteur’s successes, and ultimately to the great twentieth-century discovery of “miracle drugs,” antibiotics, that could reverse—cure—an infection already in progress.

			Taken together, these discoveries become a Promethean gift, as momentous as the discovery of fire. The possibilities available to humankind, the opportunities granted by all the extra years no longer stolen by disease—even the possibility, achieved for the first time in 1980, that a once-profligate killer could be eradicated, its pathogen driven to extinction in the wild—are fruits of that gift. Until roughly 150 years ago, all the people who ever lived had no such freedom from fear. Now we do. Whether it took centuries or a few years to achieve, that’s as great a breakthrough as any in the history of science.

			There is, though, yet one more strand to the story, intertwined with this hero’s tale. For all the power of germ theory to account for disease, how is it that so many of our gains are now in peril? Infectious disease has plainly not disappeared. Dangers once thought almost eliminated have returned. Old diseases like tuberculosis persist and new ones, like COVID-19, emerge. How did this happen?

			The short answer—part of one, at least—is that although germ theory can be seen as a radical change in the understanding of humanity’s interaction with the microcosmos, older ideas about our relationship to the rest of nature persist. The concept of dominion, of mastery over the natural world, no longer finds its most persuasive expression in religious terms, the divine ordering of a hierarchy of creation. But from the early years of the germ-theory era, the idea that humankind was fighting a war against microbes—and that our big brains gave us an advantage no mere wriggling bacterium can match—has poured old wine into new bottles. Reason and technological mastery could replace God as the guarantors of humankind’s place atop the ranked order of nature. Our capacity for invention has indeed brought the goal of eliminating the scourge of infectious disease nearer than it has ever been. But we are now experiencing the variety of ways in which absolute confidence—hubris, perhaps—is misplaced. That makes the next chapter of the story of the human confrontation with the microcosmos both a triumphant epic and a tragedy.

		

		
			Skip Notes

			
				* Planck actually said, “A new scientific truth does not triumph by convincing its opponents and making them see the light, but rather because its opponents eventually die, and a new generation grows up that is familiar with it.” Scientific generations since he wrote that rather formal sentence have grown up with the more brief and blunt version above.

			

		

	
		
			
				
					Part Four

					Winning the Battle, Losing the War

				

			

		

	
		
			XXIII

			“Private 606”

			The First World War exceeds language. The Western Front was a battlefield that stretched 475 miles southeast from the North Sea coast to the Franco-Swiss border. Along its length, each side dug as many as 12,000 miles of trenches—scratches in the dirt in which millions of Germans, British, French, and colonial soldiers fought, lived, and suffered through four years of slaughter. Much of the memory of that terrible time hides within metaphors that both expose and mask the horror. The Western Front was a meat grinder, an abattoir—or, in the grim glibness of wartime propaganda, “our place of business—our office in the city, so to speak.”

			Some office! The contending armies had different trench styles. The German versions were the best: deep, constructed with adequate amounts of reasonably high-quality materials (at least early in the war), while the British versions were often barely livable, sloughs running with mud. As Paul Fussell writes in his classic The Great War and Modern Memory, a diarist reported just the way it was in his sector: “water knee deep and up to the waist in places.” Still, mustn’t grumble: “Rumors of being relieved by the Grand Fleet.”

			Such jokes did not really touch the misery of life in the trenches, which ranged from persistent discomfort in quiet sectors to the anguish that led some men to seek out a wound that might take them out of the front lines—or worse, a more permanent surcease. Wilfred Owen versified one such suicide:

			
				Courage leaked, as sand

				From the best sandbags after years of rain.

				But never leave, wound, fever, trench-foot, shock,

				Untrapped the wretch. And death seemed still withheld

				For torture of lying machinally shelled,

				At the pleasure of this world’s Powers who’d run amok…

			

			“Tim” stood it until he couldn’t.

			
				One dawn, our wire patrol

				Carried him. This time, Death had not missed.

				We could do nothing, but wipe his bleeding cough.

				Could it be accident?—Rifles go off…

				Not sniped? No. (Later they found the English ball.)
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						The astonishing aspect of this image is its date: 1917. After three years on the Western Front, these British soldiers endured conditions little changed from the hastily and miserably constructed trenches of 1914.

					
				
			

			Owen’s fellow officer-poet Robert Graves drilled deeper into the relentless wretchedness of daily existence in the trenches. He wrote of a walk he took down the line after a day’s fighting to find “dead men, sleeping men, wounded men, gassed men, all lying anyhow.” Then came the crucial detail—at least for any army doctor waiting to receive the damaged living at a field-dressing station. Those men, Graves wrote, lay in a sewer: “The trench had been used as a latrine.”

			For the medical corps, the microbial implications of such a battlefield were terrifying. Infectious disease remained a problem. Graves’s trench-as-toilet observation is a reminder that combat conditions were those in which the traditional ailments of the gut—cholera, typhoid, and the like—could thrive. But military hygiene had improved since Nightingale took the Scutari hospitals in hand, and the development of vaccines had continued apace since Pasteur. All these improvements made the so-called Great War the first major conflict in which deaths from wounds exceeded those from disease—by a wide margin, better than two to one. The most urgent challenge for the doctors behind the trenches came in keeping any non-fatal wound free of the battlefield infections that had caused so much carnage in previous conflicts.

			This was a problem that the British, at least, believed they’d solved. In the Boer War of 1899–1902, British forces in southern Africa still suffered the diseases common among men in camps—typhoid was a particular scourge—but it appeared that military medical procedures had advanced enough to tame the most common battlefield infections, gas gangrene and tetanus. (Gas gangrene is the result of an infection by gas-producing bacteria that generates potent toxins in solid tissue that then spread to neighboring, healthy tissue.) That war had been fought over semi-arid, uncultivated, and microbe-poor countryside. It was also a conflict waged mostly with rifles, which meant casualties suffered relatively clean bullet wounds.

			By contrast, while popular imagination recalls the Western Front as an endless sequence of doomed charges—men in the thousands going over the top to be cut down by machine-gun fire—most of the time the Germans, French, and British fought an artillery war. What had worked in the dry, dusty conditions of southern Africa—leaving wounds to heal themselves as much as possible—proved disastrous in the very different battlescape of Flanders and France. There, the big guns produced an avalanche of fire, shells by the millions pouring down on the trenches. Those shells exploded into shrapnel—irregular shards of steel.[*1] These fragments tumbled erratically in flight, so that when one struck a soldier, it tore a ragged path through his flesh, nothing like a rifle bullet’s neat hole.
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					A soldier stands amid spent artillery shell cases. It is almost impossible to capture in words the intensity of the artillery war along the Western Front.

				
			
			All that shellfire fell on ground that had been farmed and grazed and manured for centuries—an environment in which both animals and soil played host to uncountable bacteria. The Western Front’s endless barrage sprayed that microbe-ridden dirt all over the landscape—and carried it into the wounds ripped into the men in its path. From the start, the consequences of such catastrophic encounters with metal and mud showed themselves. For the first year of the war, surgeons in the British Casualty Clearing Stations—the medical facilities closest to the front lines—reported that about one in eight wounded soldiers who made it that far developed gas gangrene, with a substantial fraction catching tetanus. Their French allies and German enemies suffered similarly.

			That was intolerable, on both humane and military grounds—too many men to lose from the front lines. British authorities acted quickly, setting up a laboratory in Boulogne to study wound infections. That was near enough to the Western Front for casualties and the microbes they carried to reach the researcher staff. Doctor-turned–Lieutenant Colonel Almroth Wright, formerly of St. Mary’s Hospital in London, was tapped to lead the new lab. Wright had invented one of the first effective typhoid vaccines[*2] and was arguably Britain’s leading microbiologist. He brought with him several members of his London team, among them a newly commissioned lieutenant, the not-yet-famous Alexander Fleming.

			

			—

			Fleming was born in 1881 on a farm in Ayrshire, in southwestern Scotland, the seventh of his father’s eight children from two marriages. In 1895, Alexander moved to London to live with an older brother, and then, at sixteen, left school for a job as a clerk for a shipping company running liners across the North Atlantic. That work thoroughly bored him, so, in 1901, when a modest legacy from an uncle allowed him to escape the office, he signed up for medical school at St. Mary’s, one of the dozen London training hospitals. Fleming qualified as a doctor in 1906, when, according to his biographer Gwyn Macfarlane, chance intervened. He was a crack shot, and to keep him on the hospital rifle team through an upcoming match, one of his teammates persuaded Dr. Wright to hire Fleming as a junior assistant in St. Mary’s research department. The tournament came and went; Fleming stayed on.

			Fleming joined Wright’s group as the heroic age of germ theory was shifting from frequent discoveries of new pathogens to using the new model of disease to push back against the dangers posed by pathogenic bacteria. So far, almost all gains had come through measures like sterile surgical procedures, keeping a sharp bacteriological eye on water supplies, adding to the growing catalog of vaccines—and, in the last of the major nineteenth-century advances induced by germ theory, the development of serum therapy—the use of blood serum containing antibodies to a disease to be administered after exposure to a pathogen (similar to Pasteur’s rabies vaccine). But there was still almost nothing a doctor could do once an infection took hold—until 1910, when the first genuinely effective antimicrobial drug came on the scene, one that could cure a disease that for centuries had been among the most miserable and humiliating diagnoses a patient could face.

			These days, it is hard to grasp how completely devastating a verdict of syphilis was for the first four hundred years of its history in Europe and Asia. The earliest recorded outbreak of what was then a new malady to Europeans came during the French invasion of Italy begun in 1494. In February of 1495, Charles VIII’s mercenary army, made up of soldiers from across Europe, reached Naples. They occupied the city with little resistance, then threw themselves a hell of a party. The occupiers drank themselves into oblivion, trashed the joint, and took their pleasure whenever they chose, with consenting and unwilling women alike. The outrages lasted long enough for a coalition of Italian rulers to gather an opposing army, which in July defeated the invaders at the Battle of Fornovo. Italian doctors treating casualties from the French Army noticed something new: a disease that presented as pustules all over the body that they soon realized could be spread by sexual intercourse.

			As the French Army retreated and then disbanded, its hired soldiers carried their unidentified pestilence with them to their home countries—France, Germany, and Switzerland first, then on to the Netherlands, England, and Scotland. Over the next decades, the same loathsome condition appeared throughout Europe, Asia, and parts of Africa. There is a lingering debate about how syphilis got to Europe, but one popular theory suggests that the disease was endemic in the Americas and was brought to Europe in 1493 when the ships from Columbus’s first voyage returned forty-four sailors and ten kidnapped indigenous people to Spain. If so, the speed with which it made it from that handful of sailors to Charles’s hired Spanish soldiers testifies to how easily it could move from one person to the next.

			This first European eruption of the disease was stupendously virulent. A contemporary observer wrote that it “made the whole body so repulsive to look at and causes such great suffering.” It killed relatively quickly compared to the modern form of the disease, often within one or two years of infection. As the decades passed, syphilis evolved into a more subtle form that acts on a much longer timeline. It moves through four stages, including a long latency period after the initial symptoms appear, before grinding toward a gruesome and drawn-out death—as the gibe had it, the price to be paid for “two minutes with Venus.”

			Unsurprisingly, that grim end led to desperate attempts to treat the new disease. Over time these efforts coalesced around the mercury cure, which, in hindsight, was four hundred years of medicine as torture. Syphilitic patients received their mercury in various forms. In the early years, physicians administered enormous, near-fatal doses taken internally, or as smoke, produced by burning cinnabar (mercury sulfide) in a closed room. Patients would lie and breathe in the fumes—over and over again, in courses of treatment that could extend for years.

			By the eighteenth century, it became more usual to deliver mercury orally, most often as calomel (a compound of mercury and chlorine). Patients would take the drug for extended periods—two years or more. The therapy did generate satisfyingly visible effects. Oral mercury was a powerful diuretic, and at high enough doses it induces copious salivation—which was the basis for at least one theory of cure: that spitting and peeing would eliminate whatever poison was causing the visible symptoms of syphilis. Mercury therapy may have given some comfort; after all, symptoms often disappeared as the disease entered its latent phase, which could easily be attributed to the drug. Beyond such coincidences, mercury may have delivered some modest benefit, particularly when used as a topical ointment on the sores that appear in the late stage of the disease. But once an infection was established, it was no cure.

			Then came germ theory and the search for the microbial cause that was assumed to lie behind the disease. In 1905, two researchers at Berlin’s Charité hospital isolated the bacterium Treponema pallidum from samples taken from patients in the active stages of the disease. T. pallidum is a spirochete, a member of the same microbial group as the spiral animalcule Leeuwenhoek had seen in the scrapings from his teeth all the way back in 1683. Researchers tried to create a vaccine but failed. That left only two options: find a way to block the transfer of the microbe from one person to another—a much more difficult intervention than getting cholera out of a water supply—or ask the question posed by one of Robert Koch’s most talented former assistants, Paul Ehrlich: Was there a way to put germ theory on the offense against microbial threats? In simpler terms: Was there some chemical compound, a drug, that could clear the syphilis bacteria from a victim even after the organism had set up shop inside its human host?

			Ehrlich began his search for such a medicine in 1906. He focused on Atoxyl, a synthetic molecule that combines arsenic and some of the building blocks of the chemical dyes used to stain biological samples. Atoxyl had already been used to treat some parasitical infestations in both livestock and humans, but it was highly toxic and had not been shown to have any impact on bacteria. Ehrlich assembled a team to carry out what is now seen as the first systematic modern drug-discovery research effort. First, the group’s chemist worked out Atoxyl’s molecular structure. He then systematically modified it into a series of related forms. The goal was a molecule that was an efficient microbe killer but would affect people as little as possible.

			Nothing good happened for three years. None of the variations on this molecular theme had any effect on the laboratory’s animals, and it appeared as if Atoxyl was a dead end, until, in 1909, a new researcher joined the project. Sahachiro Hata began as new lab recruits often do, rerunning old experiments to get a sense of how things work. Eventually he reached Compound 606, a molecule synthesized in 1907. It had been just another in the growing tally of failures then, but this time, in Hata’s luckier or more skilled hands, 606 worked. A single dose was enough to reverse a T. pallidum infection in rabbits.

			More animal tests followed, and then trials in human patients. At last, on April 19, 1910, Ehrlich and Hata announced the discovery of the first synthetic drug that could target a specific microorganism already lodged inside a human body. In its earliest trials, Compound 606 cleared patients’ bodies of T. pallidum after a single (huge) dose, to the point where newly reliable diagnostic tests for syphilis could not detect any sign of the disease. This was no mere treatment. In a phrase that stuck, Ehrlich called the new drug a “magic bullet,” one that would always hit its designated target—and kill it dead.

			Among the first non-Germans to receive samples of the new drug was Ehrlich’s English friend Almroth Wright. Wright was a creative scientist but a clumsy clinician, so he passed the gift on to his dexterous junior, Fleming. Administering Compound 606—soon renamed Salvarsan—was a tricky business. Fleming described what was required in a guide he wrote for his colleagues. He used multiple flasks containing saline solution and the drug itself, connected by a complicated system of tubes. Each dose was mixed in a four-way tap with roughly an Imperial pint of water—well over half a liter. It took a great deal of skill and patience to deliver such huge volumes of fluid into a patient’s arm without having some of the fluid leak into and damage surrounding tissue. Fleming’s neat precision with the new drug soon brought him a kind of sub-rosa fame as perhaps London’s most adroit Salvarsan dispenser, and he set up a private practice to handle the demand. His sudden transformation into the pox doctor of choice earned him a cartoon portrait by his friend Ronald Gray, who rendered him as “Private 606,” dressed in the uniform of Fleming’s militia regiment, the Scots Volunteers, but swapping his rifle for a more appropriate weapon.

			Over the next few years, it became clear both that Salvarsan was toxic enough to pose a risk to some patients, and that it was not the single-shot cure Ehrlich had first believed it to be. Multiple doses were sometimes necessary, and not all patients fully cleared T. pallidum from their bodies. An improved version called Neosalvarsan followed in 1914. But even though both drugs had their limitations, Ehrlich’s vision of a chemical cure for an infectious disease was no fantasy. His new compound could kill a specifically targeted microbe after it had infected someone. If it could be done for syphilis, why not for other organisms, other diseases—like the infections that the millions of men mired in the muck and mess of the Western Front would soon confront?

			Which leads to a mystery from those years: Why didn’t anyone on either side of the line try very hard to find the next magic bullet?
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					Alexander Fleming as “Private 606” waging a medical war on the enemy: syphilis.

				
			
			

			—

			Wright’s detachment reached Boulogne in October 1914, a little more than two months after the first shots had been fired. The problem of wound infections had already become a crisis, threatening the ability both to keep enough soldiers in the field and to maintain morale at home and in the armed forces themselves. The new laboratory thus had two missions: to figure out why the Western Front was so much more septic than expected, and to come up with some way to contain the risk.
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					Wounded at a field-dressing station in France.

				
			
			Fleming took the lead on the first question. He began by taking a census of the organisms present in British wounds. As men waded through the trenches, they picked up the local microbes. Fleming cut snips of fabric from injured soldiers’ clothing and cultured the microbes that had taken up residence there. Ninety percent of those samples yielded colonies of Clostridium perfringens (then known as C. welchii, the organism implicated in gas gangrene). Clostridium tetani (which engendered tetanus) was in the mix as well, along with strep and staph bacteria, as were a host of other microbes not yet named. Soldiers carried their potential infections with them, ready for the moment a shell fragment or a bullet tore through their bacteria-laden uniforms, dragging scraps of cloth into the wound. This was why infections on the Western Front were so much more prevalent than expected. In contrast to the clean deserts of southern Africa where Britain fought the Boers, the Western Front was home to a much larger and more varied population of pathogens.

			The next question for Fleming and his co-workers was why it was so hard to keep infections from spreading from the wound itself into the rest of a soldier’s body. Why didn’t the techniques developed in sterile operating rooms and in previous conflicts work in this new war? The use of antisepsis—dousing the wounds with powerful, caustic chemicals—had begun as a purely empirical experiment in the U.S. Civil War. It had worked, and germ theory explained how: antiseptics kill microbes, as was amply demonstrated in both laboratory glassware and the operating rooms where Lister’s prescriptions were followed. Those prescriptions had since been improved—to the point that by the start of World War I the goal had become not antisepsis, killing microbes that had made their way into a surgical wound, but asepsis—preventing microbial pathogens from reaching the surgical field at all. So why were the wounded from the trenches still dying of microbial infections?

			Fleming found the answer in an ingeniously improvised experiment. He heated an ordinary test tube until he was able to draw out narrow spikes of glass along its interior length. Then he “infected” the vessel, filling the tube with microbe-laced fluid and then emptying it. Next, he refilled it with a common antiseptic and left the setup alone for a day. Then he drained the tube once more and refilled it with a microbial culture medium. He waited and watched as all the microbes from the first stage of the experiment reappeared, contentedly growing as if not one drop of poison had been poured into the test tube.

			Those pathogens had been lurking in the hollows and crannies Fleming had created in what was essentially an artificial wound site. By inference, the same bacteria were hiding in the tiny rips and tears that inevitably formed in the shell and shrapnel injuries that dominated Britain’s casualty lists. Hence the problem: antiseptics can’t kill what they can’t reach. The war created battlegrounds within wounded soldiers that were perfect settings for microbial tactics. In further experiments, Fleming showed that the situation was yet more dire: antiseptics might be doing more harm than good, as they killed white blood cells that could destroy invading bacteria, while the microbes they might have eliminated remained out of reach.

			

			—

			What was to be done? In the first months of the war, one move made a real difference. An early practical reward of germ theory had been the discovery in 1890 of preventative therapy for both diphtheria and tetanus. Such serum therapy used blood serum loaded with antibodies from animals that had been infected with the bacteria behind each disease. Diphtheria serum treatment came into widespread use rapidly, but the tetanus version was more difficult to administer and garnered little attention in peacetime medical practice. The guns of August changed all that. Tetanus was one of the most common wound complications in the first months of the war. Among German casualties, 6 percent in one army corps were diagnosed with tetanus. The British fared better, but still, tetanus turned up in over 3 percent of those wounded in October alone. Both sides seized on the serum approach to neutralize the threat. Within weeks after the war started, it became standard care to administer tetanus antitoxin as soon as possible after men reached a military hospital. Almost immediately tetanus largely disappeared on the Western Front, and did not pose a major threat for the rest of the war.

			No such maneuver addressed gas gangrene, though, nor any of the other microbial infections that killed wounded men on both sides of the line. In the British Army, that failure was due in part to politics, a feud between Almroth Wright and rivals in the military medical hierarchy. To Wright, Fleming’s proof that antisepsis didn’t help and might even hurt in treating infection meant that doctors throughout the army had to change their approach. He proposed using a three-step process: cutting out as much damaged or dead tissue as possible, washing the wound with a sterile solution, and then closing it and covering it with sterile bandages. The idea was to give the body its best chance to heal itself from there. His opponents rejected what they saw as amateur theorizing and advocated both for yet more powerful antiseptics and for Wright’s recall from France.

			In the end, neither side won. Wright was not sent home, and doctors in hospitals up and down the front struggled to save limbs or lives as microbes did their work in their patients. Ultimately Wright’s view turned out to be closer to correct than those of his opponents, and protocols along the lines of what he proposed would prove effective in World War II. But while a slow accumulation of empirical improvements in wound care did show results over the course of the war, most military surgeons kept to their old habits, and the butcher’s bill continued to mount. Between nine and eleven million combatants died between August 1914 and the eleventh hour of the eleventh day of the eleventh month of 1918. As many as one in six were killed by microbes.

			Fleming himself ended his war as he had begun, in a hospital in France, studying the emergence of streptococcus infections in badly fractured femurs. The outbreak killed about half of the soldiers with those wrecked legs, and Fleming was able to show that this was a hospital epidemic. He couldn’t find the pathogen in most of the wounded on their arrival at the facility, but within a week, he managed to culture strep colonies from nine out of ten patients. That led him to make the obvious recommendation, “that the utmost care should be taken in the first few days after the injury to keep…the streptococcus” away from the damaged bone and flesh. Staff on the wards needed to be meticulous in following a procedure very like what Semmelweis had proposed to prevent the spread of puerperal fever, taking every step possible to make sure that no doctor, nurse, or aide carried a deadly bacterium from patient to patient.

			His bacteriological detective work helped that one hospital, but as Fleming knew, it was just one more purely defensive response to the microbial foe. After four years, the best he could offer was sound but limited advice: enough to save a few, while so many more were lost.

			Then came the disaster for which no doctor on either side of the trenches had even that much help to give.

			

			—

			In the summer of 1918, soldiers with no visible wounds began to pour into the Casino in Boulogne, and to hospitals in every corner of the war. The so-called “Spanish” flu of 1918 first appeared on the Western Front in May as a previously unknown upper respiratory disease. It struck otherwise healthy and young adults—soldiers—killing them swiftly, in a day or two, as their lungs filled with fluid in symptoms that mimicked a gas attack. In August, the strange illness allowed the warring armies a brief respite, but it raced back in the fall. Influenza soon spread around the world, killing at a speed and scale not seen since the Black Death. At least 21 million people died, most in the last four months of 1918. Modern estimates of the global toll push that total as high as 100 million.
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					The influence of germ theory can be seen in the response to 1918’s flu pandemic, as authorities tried to figure out how to interrupt the chain of transmission.
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			Fleming, one of the most experienced microbiologists in British military service, pivoted quickly to investigate this unusually violent flu. He was able to identify several bacteria familiar from his wound investigation in the fluid that filled victims’ lungs, but there was no one clear culprit in the mix. Instead, he concluded (correctly, as it turned out) that those microbes were secondary invaders into tissue that had already been damaged by some other unknown pathogen—shown to be a virus in the early 1930s. The detailed understanding of viral diseases as distinct from microbial ones emerged slowly after the first virus was identified in the 1890s, and was not yet well established in 1918.

			A global pandemic coming on the heels of a devastating conflict monopolized medical attention through the end of 1918. But that crisis doesn’t on its own explain why for the most part World War I’s doctors did not pick up the hint from the Salvarsan story. The war had certainly offered plenty of targets for versions of Ehrlich’s magic bullet: a medicine that could have cleared staph or strep, or a drug that could wipe out gas gangrene’s C. welchii, would have been invaluable. Mostly, what was missing was time. It had taken five years in the lab to land on Compound 606. In the meat grinder of the Western Front, it proved impossible to replicate the meticulous, step-by-step inquiry that had led Ehrlich and his colleagues to their drug.

			That changed as people shed their uniforms and sought some semblance of their former lives. The miseries of the human battles just past could not be forgotten—and that remembrance renewed a hunger to give humankind the tools to fight back against infection. Ehrlich had systematically sought the precise weapon that could defeat a singular foe. Fleming and so many others would try to do the same. That work rested on the conviction that reason, science, and the technologies that flow from their efforts could create the arsenal needed to impose humanity’s will upon the microcosmos.

			They were, up to a point, entirely correct in that faith.

		

		
			Skip Notes

			
				*1 Shrapnel is named for Lieutenant General Henry Shrapnel, who as a lieutenant invented an exploding artillery shell in 1784. Over time the term evolved to encompass any fragmenting artillery munition.

			

			
				*2 There is a dispute over who first identified a typhoid vaccine: Wright, or the German microbiologist Richard Pfeiffer, one of Robert Koch’s colleagues.

			

		

	
		
			XXIV

			“harmless, free of undesirable side effects, easily tolerated, and effective”

			There is a conventional story told about the discovery of penicillin—the drug that launched the post–World War II antibiotic era. It begins in 1928, a decade after the end of World War I. Alexander Fleming had spent the previous few months studying Staphylococcus aureus, a small, round microbe that is one of the most common microbial pathogens to target humans. But there is a rhythm to a well-lived life, one that includes extended summer holidays. So in July, Fleming shut his laboratory down for a month, leaving it stacked with bacterial culture dishes shoved onto a shelf out of the way.

			When he returned to his tiny, jumbled corner room early in September, a cleanup was in order. The abandoned glassware needed a thorough wash, so Fleming set up a tray with lysol and started to disinfect his dirty dishes. He was in the habit of leaving his lab door open, and a former assistant, D. M. Pryce, popped in. Fleming pulled a few of the culture dishes that hadn’t yet been doused with the disinfectant to share a bit of bacterial gossip between friends.

			As the story goes, Fleming suddenly glanced into one plate, paused, then passed it over to Pryce. “That’s funny,” he said, or was remembered as saying. And it was (or may have been): there was a blue or blue-green clump on the dish—a mold, later identified as Penicillium notatum. By itself, there was nothing unusual about such a visitation. As Fleming later wrote, whenever he peered into his culture plates, he exposed them to the open air of the lab and some would get contaminated by stray microorganisms. The mold on the plate wasn’t the joker, then. The strangeness emerged when “it was noticed that around a large colony of a contaminating mould the staphylococcus colonies became transparent.” The invading mold had killed any staph bacteria that found themselves too close to it.
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					Alexander Fleming, re-creating his encounter with that “funny” culture dish.

				
			
			Eureka! Fleming’s was a chance observation, born of serendipity. Some mold had wafted in through a window opened in the warmth of summer at just the right time to lodge itself in that one dish, where it remained, undisturbed, while the humans absented themselves to the countryside. And then, when someone reentered the confusion of the untended lab, it happened to be the one man distractible enough to notice something odd in the stack of used glassware—whence comes penicillin, and an end to so much woe.

			It’s such a nice tale. It is also almost certainly untrue.

			

			—

			A residue of fact lives within the myth: sometime in September, right after he returned from his summer holiday, or maybe a week or two later, Fleming did find a staph culture plate contaminated with a blue-green mold that killed the bacteria around it. The rest almost certainly didn’t happen as described. When Fleming saw that mold-infested plate, he recognized that it was odd but at that first glance had no idea whether it was merely funny or meaningfully so. Finding out would take the ordinary labor of science: repeated, structured experimentation over the next couple of months along the same lines as an inquiry into a different possible bactericide that Fleming had been working on for years.

			That work was on what Fleming dubbed lysozyme, a name that was a portmanteau of “lyse” (to dissolve) and “enzyme”—a protein produced by living things that triggers a chemical reaction. Fleming had initially discovered lysozyme in 1921 when he had a cold and, out of curiosity, put a drop of his own mucus on a glass plate coated with a growth medium. It seems to have been a somewhat random thought: he would culture colonies of whatever microbes happened to be lurking in his snot. In the event, plenty of organisms showed up: his sample yielded colonies of a variety of bacteria, including a large, round member of the coccus family that Fleming didn’t recognize. That organism displayed the same pattern later seen on the Ur-penicillin plate: no cocci next to the mucus; dead ones farther out; and finally healthy colonies at yet greater distances from the source of whatever it was that was murdering microbes in its corner of the microcosmos.

			Fleming and his chief collaborator, Dr. V. D. Allison, would investigate this initial finding for the next several years. They found that lysozyme could kill several different microbes, and they hypothesized that it did so by dissolving bacterial cells. They found lysozyme in everything from tears, pus, and semen, to turnips and dog spit. But the trail petered out. Fleming was never able to identify the active molecule that was targeting the cocci. More disappointing, lysozyme, whatever it might have been, was a scientific conundrum—but not a medical one. It killed some harmless microbes but had no effect on the most common organisms implicated in serious human disease. Still, if one squinted at it just right, lysozyme was a proof of concept. After all, if one naturally occurring substance could knock out a benign bacterium, why shouldn’t there be others that could do the same to organisms that make us sick?

			Fleming himself wasn’t interested in the kind of repetitive chemical drudgery that had brought Ehrlich’s team to Salvarsan, so this early discovery didn’t lead him to a systematic search for antimicrobial compounds in nature. Still, several insights gained in those years would resonate with the next, more valuable discovery. Allison and Fleming were able to show that lysozyme did not harm human cells involved in the body’s defenses against bacteria—a fine attribute for any potential drug. They tested what would happen if they exposed colonies of susceptible organisms to diluted lysozyme solutions, and then repeated the process with each generation’s survivors. After the organisms passed through enough generations, they became able to resist the killing action of the compound—another property of microbial life that would, in a different setting, be of vital importance.

			None of these experiments helped a single patient. But the work shaped Fleming’s scientific instincts. It is a fact that seven years after he first daubed his own mucus across a plate, he was ready when he saw a similar pattern of dead bacteria appear in a stray petri dish in 1928.

			This is why his post-vacation glimpse into a dirty petri dish wasn’t an epiphany, a singular moment of discovery. Rather, Fleming’s “that’s funny” is best heard as a reaction born of years of thinking about the same question posed anew by that stray patch of blue-green mold. This time, the answer would matter.

			

			—

			Prompted by that first dish, Fleming set out to grow more of the mold—an as-yet-unidentified strain of the genus Penicillium. He found that it did well in a broth made from beef hearts. From that medium he was able to harvest “mold juice,” as he called it. That juice contained a microbial assassin that killed the prolific human pathogen staphylococcus, replicating what the original mold colony had done in that first chance-kissed dish.

			Fleming noted that result on October 30, 1928. It convinced him to keep investigating the mold’s properties. Over the next several months he figured out how to ramp up the yield of mold juice from a given volume of broth. With a useful supply in hand, he tested it against a range of different bacteria. These experiments produced a series of glassware triumphs, as one after another of a murderer’s row of human scourges fell victim to the still-unidentified compound: staph, strep, pneumococci, meningitis, gonorrhea, and the bacterium implicated in diphtheria.

			Fleming submitted the first major paper on what was now a potential drug in May 1929. The mold produced “a powerful antibacterial substance,” he wrote. The filtered concentrate of this substance—here the name Fleming gave to the compound, “penicillin,” first appeared in print—was effective against several microbes, innocuous to others, and, crucially, was “nontoxic to animals in enormous doses.” Hence, he wrote, “it is suggested that it may be an efficient antiseptic for application to or injection into areas infected with penicillin-sensitive microbes.”

			That was the hope. The reality was that Fleming, his assistants, and the few other researchers who tried couldn’t turn the promise of penicillin into a usable medicine. No one in those early years succeeded in isolating the precise chemical compound the mold secreted that could kill microbes. They couldn’t make enough of it for sustained drug testing, and worse, what penicillin they could harvest had some tricky properties. It took its time killing microbes, and it lost potency fairly rapidly—which seemed to Fleming and other early investigators to limit its value when faced with a deep-seated infection. There were a few attempts to apply a topical dose to skin lesions and to inject it into readily accessible infections, but almost all those early attempts failed. (Fleming was able to clear up a colleague’s eye infection with a local application of penicillin, but there is no information on that lone success beyond the fact that it happened.)

			By 1931, Fleming’s initial excitement was gone. Penicillin, it seemed, was not the dreamt-of magic bullet that could take out multiple microbial adversaries. Instead, it joined the growing list of curious (“funny”) observations of stuff that could kill bacteria in a dish, but failed where it mattered, inside an ailing human body.[*] Fleming and the handful of colleagues working on the problem concluded they’d hit a dead end, and moved on.

			

			—

			Enter Gerhard Domagk—a man who, like Fleming, fought his personal war on microbes in direct response to his experience of the macroscopic war humans fought amongst themselves. Domagk, born in 1895 in Lagow, now a Polish city but then part of Germany, entered medical school in early 1914 at the University of Kiel. August came, and in the first flush of martial ardor that greeted the start of the war across Europe, he and about fifteen of his classmates volunteered for a regiment of grenadiers. By autumn, Domagk and his comrades found themselves in Flanders at the northern end of the Western Front.

			What followed was biblical—a Kindermord, the German name for both Herod’s massacre of the infants in Bethlehem and what happened to thousands of still-green volunteers on October 22 and the days that followed. At four a.m., a German artillery barrage announced the start of what the Western allies would call the First Battle of Ypres. When the guns ceased, a mass of infantry charged into no-man’s-land…and were greeted by mass machine-gun fire. Domagk’s own first brush with combat came on October 30, his nineteenth birthday. A few days after that, his regiment joined the first wave of an assault. The men struggled to climb out of the clinging mud of their trenches, and then, Domagk wrote to his parents, “I suppose we had been running for about 35 meters when the fire of machine guns was opened on us.” The lead soldiers were all killed, and “the rest of us managed to reach a road, but we just could not cross it. Every single one who tried it was wounded and had to retreat.”

			Domagk and the surviving remnant of his regiment were pulled from the line in Belgium and sent east to fight in Poland. He was wounded near the end of the year, which is when his war took a turn. Once he recovered, he was trained as a medic and assigned to a field hospital in what is now Ukraine.
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					Domagk, third from the right, assisting during an operation. Only the surgeon is wearing gloves.

				
			
			The new job was a nightmare. One of his biographers, Thomas Hager, described a typical day: Domagk would help with triage, separating the disease victims—cholera was a common complaint—from the wounded, then sorting the reparable from the doomed. Next, he’d help cleanse the men who the surgeons might be able to help, removing their clothes, delousing and washing them. Finally, it was off to the operating theater, housed in a farmer’s barn. Antiseptic surgery was a peacetime dream—Domagk later described scenes that could have been lifted from a dressing station at Gettysburg, complete with barehanded personnel, dirty instruments, and always-insufficient anesthesia.

			Ferocious wound infections were the inevitable sequel. The “horrible impressions” experienced at the field hospitals, he would write long after the war, “kept pursuing me my whole life.” Domagk knew just enough to grasp what brought about so much of the suffering he witnessed. The field hospital “made me think how I could take measures against bacteria, those horrible enemies of the human race.” Hence his vocation: “I then swore, in case I would return to my home alive, to work and work as hard as I could in order to make a small contribution to solve that problem.”

			Domagk survived, returning to Germany a few weeks after the end of the war, and then, almost immediately, back to Kiel and medical school. He graduated in 1921, and, after a brief interlude in hospital practice, became a full-time researcher. He spent the first few years of his scientific career in universities, investigating and publishing on different aspects of immune response—but it was slow work, and dreadfully underpaid. Much later, with his financial woes long past, Domagk tried to convey just how poor he had been: on his salary of 270 marks per month, he and his wife would allow themselves eighty pfennigs for a bottle of wine on the twenty-seventh of the month. Why that date? It was payday. Budget luxuries first!

			That poverty ended abruptly in 1927, when he received an offer from a chemical company, Bayer, then a unit within the not-yet-notorious IG Farben. Bayer’s representative told him that the company was launching a new drug-discovery research program, and the recruiter promised that if Domagk signed on, he would be working on a grand scale—with colleagues, space, and all the knowledge that one of Germany’s largest chemical firms could bring to bear. This was to be mass production—not of a product, but of scientific knowledge.

			

			—

			What followed was a demonstration of what happens when a large firm decides to back an idea with seemingly limitless resources. Domagk first developed standard animal assays—mice and rabbits infected with a consistent strain of streptococcus bacteria. For the next eight years, he and his team tested thousands of different compounds on bacteria in glass dishes and in his experimental animals.

			For the first four years, this scientific assembly line produced…almost nothing. By 1932, Domagk and his team had tested roughly 600 samples, many derived from a chemical dye called azobenzene. Almost none had any effect on bacteria at all, but there were a few hints that this approach—throwing molecules at sick mice—might lead to something useful. Compound 487, tested in August 1931, seemed to help streptococcus-infected animals, but only at high doses, and it proved ineffective against other microbes. Compound 517 did a little better. Then, a few weeks later, 529 seemed to be a crucial advance: it knocked out not just Domagk’s test strain of streptococcus, but other bacteria as well. Bayer took out a patent—but then 529 suddenly stopped killing bacteria. Biology can be a messy science.

			That was it until the autumn of 1932, when Josef Klarer, one of the chemists working on the project, tried something new. He attached a sulfur-containing molecule from the group called the sulfonamides to the azobenzene. Sulfonamides were used to help make chemical dyes colorfast, and Klarer seems to have thought that they might serve an analogous role in improving the performance of azo molecules as a drug.

			In October, Domagk’s strep-infected mice received the first of the new compounds, the 695th formulation to be tested. They survived, even thrived. Klarer kept on tinkering, and Domagk’s team continued to try out each modified molecule in their animals, until it became clear that the sulfa-azo combination could save even the sickest mice and rabbits while producing no detectable side effects. The control animals, infected but not treated, all died.

			The week before Christmas, they found the most powerful potential version yet in Compound 730. It reliably killed streptococci and had some impact on staphylococci, gonorrhea bacteria, and others. For the next two years, the group continued to refine their work, creating both a pill and an injectable form of 730, curing a horde of mice, until, relying on personal contacts, they gingerly decided to release a few doses to treat a handful of extremely ill human beings.

			The first person to receive the new molecule was an eighteen-year-old woman infected with a streptococcus strain similar to the one used in the Bayer laboratory animals. All attempts to treat her had failed. Domagk knew her physician, Philipp Klee, and told him about 730. As the woman approached her seemingly inevitable death, Klee gave her Compound 730, now named Prontosil.

			She received two doses on the first day, and the same again for six more days. Her temperature dropped overnight, her kidney failure reversed, and after a month with no further ill effects, she was pronounced cured. Klee and a co-worker, H. Römer, got the same results with a second patient in extremis; other doctors with a connection to Domagk and Bayer got their hands on the new medicine and reported similar results, demonstrating, as Klee and Römer wrote, that Prontosil was “harmless, free of undesirable side effects, easily tolerated, and effective.” Roughly a year after Fleming and the tiny group around him had given up on penicillin, the drug-discovery machine led by Gerhard Domagk had created the world’s first successful chemical treatment that could cure infections by one of the most common pathogens, and perhaps others as well.

			

			—

			By 1935, Prontosil had saved enough lives that word was beginning to spread beyond the charmed circle of those who knew someone who knew someone who worked at Bayer. Domagk revealed the existence of his magic bullet in February. His paper turned out to be wrong in one key aspect: he and the Bayer chemists assumed that the azo dye they’d used was the active antibacterial substance—which would have been patentable. But in November 1935, in an echo of old national rivalries, a team at the Institut Pasteur in Paris showed that Prontosil’s sulfa component, a molecule called sulfanilamide, was doing the microbe-killing. That was bad for Bayer—sulfanilamide was out of patent, widely available, and cheap—but it was great for the development of new drugs. Over the next several years, chemical companies across Europe and in the United States would pump out hundreds of different versions of what came to be called sulfa drugs.

			These new chemicals made the late 1930s the first age of miracle cures. Puerperal fever remained a problem almost a century after Semmelweis because even though doctors and midwives had at last accepted the need to clean their hands and instruments, they still did not commonly wear masks or gloves during deliveries. But in 1936, just a year after Prontosil became commercially available, the English physician Leonard Colebrook published astonishing results: in a series of clinical tests, Bayer’s drug and one other sulfa formulation had saved almost every woman suffering advanced puerperal fever—and when patients received their doses as soon as symptoms appeared, every one of them lived. Overnight, a simple pill or injection vanquished the peril that for centuries had attended every new human’s arrival on earth.

			That news made a stir in medical circles—but not a very public one. The New York Times covered Colebrook’s results on June 6, 1936, but in a four-paragraph squib on page seven. Sulfa only rose to true public celebrity at the end of that year. In November, Franklin Delano Roosevelt, Jr., should have been on top of the world. He was twenty-two, handsome, a varsity athlete in his last year at Harvard. His father had just won his second term as president of the United States, and he had gotten engaged to another blue blood, Ethel du Pont. There was a bit of a Romeo-and-Juliet vibe to their romance, as the Du Ponts were as Republican as it is possible to be and FDR Sr. quite clearly was not. Once the engagement was announced, though, daggers were put aside (at least, when the press was in attendance) and the couple embarked on a round of parties in the grand houses and clubs frequented by America’s aristocracy. On November 20, the president’s son found himself at a costume ball at the Agawam Hunt in Rhode Island, delivering a command performance, despite suffering what felt like a nasty head cold.

			FDR Jr. made it through the evening, but the next few days were worse, until it became clear that this wasn’t an ordinary cold. On November 25—the Wednesday before Thanksgiving—he was admitted to the Massachusetts General Hospital and diagnosed with a sinus infection. For a few days his condition seemed stable. Then he took a sharp turn for the worse. Eleanor Roosevelt was now by his side, and she recruited Dr. George Loring Tobey, Jr., to treat her boy. Tobey was another Republican, but more important, he was one of Boston’s top ear, nose, and throat doctors. He took the crucial step that a germ-theoretical approach mandated, sending a sample to the hospital lab to discover what bacterium was behind the rapidly spreading infection. It was a streptococcus, Prontosil’s target microbe—so Tobey presented Eleanor Roosevelt with an option to save her dying son: an experimental drug recently released in Germany.

			To this point the details of FDR Jr.’s hospitalization had been kept secret. The press and public knew that he was ill and under care, but not the severity of his illness, nor that his best hope might be a drug whose effectiveness was still being investigated and whose risks, if any, were still unknown. Eleanor Roosevelt hesitated briefly—but then allowed Tobey to act. In the second week of December, Tobey started his patient on injections of large doses of Prontosil, supplemented by Prontolyn, a pill form of the same sulfonamide. Roosevelt, now extremely sick, at first showed little sign that the medicine was working. But on December 14, his fever broke. Within hours, FDR Jr. was awake, hungry, and on the mend.

			Before that moment, almost everyone in Roosevelt’s circumstances would have died. At the point when Tobey made the decision to try the new drug, his patient was having trouble breathing and facing the likelihood that streptococcus would spread throughout his body, at which point there would have been nothing left to do but measure him for his coffin. Now, in a matter of days, he was free of the invading microbe—and would live.
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					Franklin D. Roosevelt, Jr., and Ethel du Pont in November 1936, just before he fell ill.

				
			
			The president’s son as a modern-day Lazarus made for irresistible copy. The New York Times’s front page for December 17 announced that FDR Jr. “had faced death from a throat infection,” before receiving Prontolyn, a “new chemo-therapeutic agent.” The story was a bit scattered—it inaccurately reported that with such good news from the hospital, the White House was now planning a dinner dance on December 26 for the newly affianced couple—but readers got the point. If the new drug could save the president’s child, it could help everyone.

			

			—

			The response to that one recovery, and to the growing record of other miracle cures, was immediate and overwhelming. New York Times reporters confirmed that the Roosevelt effect was easy to spot: Prontolyn’s maker “has been besieged in the past few days by sinus sufferers as the result of the publication of the supposed new ‘cure.’ ” Because sulfanilamide was so cheap and so readily available, physicians began to throw it and related sulfa compounds at any plausible target, to the point that by 1937, Domagk’s boss, Heinrich Hörlein, complained that “the international literature on the subject is now almost too large for an adequate survey.” At the same time, seemingly every private company with even minimal technical capacity began to make and market sulfa compounds, slightly modifying the chemical formula of each new drug to grab their own slices of an exploding market.

			That led directly to the tragic next chapter for the modern drug industry. Drug manufacture and sales in the United States were essentially unregulated in the 1930s, which meant that a Wild West of sulfa recipes were being sold across the country. The S. E. Massengill Company, a proprietary (the respectable way of saying “patent”) drugmaker in Bristol, Tennessee, was one of the firms to join the feeding frenzy. They began with sulfanilamide, which was, of course, already available as the medicines that had saved young Roosevelt, Prontosil and Prontolyn. Salesmen working for Massengill reported that there was demand for a liquid version of the drug, especially in the Southern states—something that could be swigged instead of injected or taken as a pill. In June 1937, Massengill’s chemists began to work on the project. The hurdle that had to be overcome was that sulfanilamide does not dissolve readily in alcohol, the default patent medicine ingredient. It did much better in another compound they had on hand: a solvent, used in topical salves and lotions with no toxic effects. The final recipe for Massengill’s new product, Elixir Sulfanilamide, called for 10 percent sulfanilamide by weight, 16 percent water, trace amounts of other ingredients, including sweet raspberry flavoring—and 72 percent diethylene glycol. There was then no legal requirement that the company test the safety of their drug before selling it to the public, and they did not.

			

			—

			The elixir went on the market in early September 1937. On October 11, Dr. James Stephenson of Tulsa, Oklahoma, called the American Medical Association’s Chicago office. Stephenson told the AMA that in the previous several weeks six people, including several children, had died soon after consuming a new medicine that had just appeared in local pharmacies—Elixir Sulfanilamide. When a government inspector arrived in Tulsa five days later, the toll had risen to nine. An autopsy of one victim, an eight-year-old girl, exposed the details of what must have been an awful death. Diethylene glycol causes gastrointestinal distress—nausea, gut pain, diarrhea—along with neurological effects that mimic drunkenness. If the dose is large enough, a victim will often begin to feel pain on their flanks. They stop being able to urinate. In a week or less, their kidneys fail. Then they die.

			By the time federal field agents from the Food, Drug, and Insecticide Administration—then a small and weak agency within the Department of Agriculture—managed to track down all of Massengill’s shipments, some seven hundred people had been poisoned by the elixir. At least ninety of them died, many of them children. The reaction would transform American and ultimately global drug-safety laws, through the creation of the modern FDA and the requirement that all new drugs must be tested for safety before being offered to the public.

			

			—

			But while Elixir Sulfanilamide’s dead kids were a scandal, a tragedy, and a significant if now largely forgotten step in the formation of the modern regulatory state, the deaths did not diminish the luster of sulfa drugs themselves. Sulfa cured people, saving them from diseases that before it became available had routinely killed them: pneumonia, meningitis, dysentery, and more. Pharmaceutical companies explored new and different sulfa molecules, branching out from the original sulfanilamide to alternative chemical structures. Sulfapyridine, developed by a drugmaker in London in 1937, was almost twenty times more potent by weight than Prontosil. It was the first drug able to reverse pneumococcal pneumonia. By the early 1940s, Domagk’s biographer Thomas Hager reports, more than three thousand chemical variations on the sulfa theme had been made. Most never made it to the market—but a steady progression did, each seemingly more effective than the last, culminating in sulfadiazine, one hundred times stronger than Prontosil. None of them was perfect. Some were toxic at levels not much different than the doses needed to cure certain infections. And there were still killer pathogens beyond the reach of even the most powerful variants. Sulfa compounds couldn’t touch TB, for example, nor syphilis. But even with every caveat, this new class of drugs made it possible to hope that humankind would one day defeat infectious disease once and for all.

			This was the logic of germ theory in action. Of course, there had been drugs before germ theory. Some of them were even effective, none more so than quinine, derived from the bark of the cinchona tree, which had been observed to ease malarial fevers. But before the 1870s, the reasoning behind all such treatments was purely observational—a caregiver tried something that seemed to make a patient feel better, and when it did (or seemed to), another medicine entered the pharmacopoeia.

			Germ theory reduced the search for cures for infectious diseases to a simple material question: the presence of a given microbe provided the diagnosis; the task was to eliminate that germ from the body, and thus preserve the patient. That in turn had guided the next level of more detailed investigation, into defensive measures, vaccines, and the first fruits of the new discipline of immunology—the serum therapies and related approaches that could treat diphtheria, tetanus, and other diseases after being exposed to a pathogen. Then came the final logical step, the attempt to go on offense by finding reliably effective weapons that could kill an unseen foe not just before active disease appeared, but after the patient was undeniably ill. Thus was born the research program of the 1920s and ’30s, pounding through the possibilities of synthetic chemistry until they yielded the first widely useful antibiotics.

			That is: before the Bayer scientists made their way to Compound 730, sickness unto death was something that simply happened to people. Prontosil and its successors gave humankind new power over the microbial world. By the end of the first decade of the antimicrobial era, chemists and doctors working around the world could look upon their work and see that it was good.

			Then, on September 1, 1939, Germany invaded Poland. Two days later, Britain declared war on Hitler’s Reich. The conflict thus begun would be sulfa’s war.

		

		
			Skip Notes

			
				* In yet another example of history, if not repeating itself, at least knowing the chords, Joseph Lister, the patron saint of antiseptic surgery, had had his own brush with a penicillium mold—P. glaucum—more than fifty years earlier. He observed that the mold could clear bacteria grown in a glass vessel, and like Fleming, he used it to cure one patient, a nurse, whose wound infection had resisted the usual caustic antiseptics. Nothing further seems to have come from that momentary glimpse of the possible.

			

		

	
		
			XXV

			“the end of the beginning”

			Winston Churchill was a wreck. He had been on the move for a month, traveling to three continents for a series of existentially vital meetings. He’d set out from London on November 12, 1943, bound for Plymouth and the battleship HMS Renown. He felt poorly on the passage to the Mediterranean. When he reached Malta, he mustered the energy to pin decorations on generals Eisenhower and Alexander, but then took to his bed, nursing a cold and a fever. From there it was on to Alexandria, and then by plane to Giza for talks with President Roosevelt about how to fight a war that stretched from China to Germany’s Fortress Europe. Solid ground beneath his feet revived him, to the point where he was able to drag the famously sightseeing-averse Roosevelt out of the conference room to gaze on the Sphinx, then to accept the president’s invitation to celebrate an American Thanksgiving feast. Churchill particularly admired Roosevelt’s skill and stamina in carving two large turkeys into portions for twenty guests.

			After the holiday it was back to the air. Churchill’s personal plane, a variant on the ubiquitous Lancaster heavy bomber, carried him to Persia and the Tehran Conference—the first time he, Roosevelt, and Joseph Stalin would be in the same room at the same time. Three days of intense and difficult negotiations addressed the issues of a second front in Europe, allied support for Yugoslavian partisans, a postwar partition of Germany, and more. Next it was back to Cairo for further war planning with Roosevelt and the British and American staffs. At last, it was time to head home. Just after midnight on December 11, 1943, Churchill clambered back aboard his plane, bound for Tunis and another quick rendezvous with Eisenhower. That short hop turned into a series of exhausting mistakes: air traffic control directed the flight to the wrong airfield, and Churchill waited for over an hour in the early-morning chill, sitting on a pile of boxes. He finally climbed back into his plane to fly the forty miles to the correct landing strip, where Eisenhower waited to pick him up for a short trip to his villa and what was supposed to be a one-night visit.

			Suddenly, it was all too much. Churchill turned to Eisenhower and said, “I am completely at the end of my tether.” He was supposed to visit the front. He made it as far as a bedroom. He slept through that first day, but woke the next morning worse than he’d begun, with “fever and symptoms…which were adjudged to portend pneumonia.” His doctor called in reinforcements, physicians, nurses, and a portable X-ray machine, which revealed a shadow on one lung. The diagnosis confirmed the earlier suspicion. The prime minister was suffering from pneumonia.

			His doctor immediately prescribed a sulfa drug, likely sulfapyridine, popularly known as M & B, after its manufacturer, the British company May and Baker. At first, its effects were swamped by an immediate crisis: the prime minister’s heart signaled it was about to give out, shuddering through at least two bouts of atrial fibrillation. Fluid built up in his lungs, and for a day, perhaps longer, it appeared that Churchill could die.

			Then the medicine kicked in. As Churchill wrote, his recovery was all thanks to “the admirable M. and B., from which I did not suffer any inconvenience.” Churchill celebrated a personal triumph—“I did not at any time relinquish my part in the direction of affairs”—and equally recognized his experience as part of a much wider victory: “There is no doubt that pneumonia is a very different illness from what it was before this marvelous drug was discovered.”

			Churchill experienced what those in battle already knew. Sulfonamide drugs were everywhere—even at the tip of the spear, as infantrymen took individual cans and packets of the drugs all the way into combat, ready for the moment when they might be struck.
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					Churchill on the mend in Tunisia.

				
			
			It remained true that sulfa drugs had known limits—bacteria they couldn’t kill and conditions they couldn’t cure—but they still represented a radical change in combat medicine over the care available in any prior conflict. The pneumonia that could have killed Churchill was the kind of respiratory fever that had sparked camp epidemics in prior wars. Dysentery and other diarrheal diseases had marched with soldiers since Agamemnon had gathered the Achaeans on the narrow strand between Troy and the sea. Even when such illnesses didn’t kill, they left victims useless as soldiers for weeks or months. Sulfa got fighting men back on their feet in days.

			Above all, the availability of the first effective antimicrobial weapon was crucial in the fight against what was then one of the most common reasons soldiers reported unfit for duty: gonorrhea. In World War I, British commanders tried to distract their troops from the source of those infections. Officers were ordered to emphasize “pleasing and health-giving recreation huts, fields of sport and places of healthy amusement during their off-duty hours or during leave.” But calls for sexual continence have never been terribly persuasive to young men at war. Gonorrhea—and in smaller numbers, syphilis—consumed whole armies during the war, not by killing them, but by taking unwounded men out of service for months at a time as the acute infection ran its course. An American after-action report blamed gonorrhea for the loss of almost 7 million man-days in every theater of World War I.

			In World War II, though, while commanders were no more successful at getting their men to stop having sex than their counterparts in the prior war had been, sulfa radically reduced the military cost of gonorrhea. Treatment with sulfa cut down the average patient’s time out of action from months to just ten days. Sulfa was such a difference-maker that on some posts the men were issued doses before and after an evening’s leave; even though doing so couldn’t prevent every case, cutting into the rate of infection still made sound military sense. As General Hugh J. Morgan affirmed in late 1944: “From the military standpoint no more important development in therapeutics has occurred than in the field of the venereal diseases.”

			That was how sulfa was seen: as a savior from the battlefield to the brothel. Dominion over the microbial realm didn’t need to be God-given, ordained by scripture and our lofty perch on the Great Chain—but was instead something that clever chemists and adventurous physicians had provided, to the lasting good (and glory) of humanity at large.

			There was just one discordant note, a hint of a serpent in the garden. The sulfonamides were effective against several microbes—but not perfectly so. As early as 1938, just two years after they entered wide use, it became clear that some gonorrhea bacteria could resist the effects of the drugs. As sulfa treatment for the disease ramped up during the war, so did resistance, as a growing number of infections lasted through longer treatment at higher doses. At the start of the war, sulfa drugs could cure nine out of ten gonorrhea infections. By late 1943, British Army doctors found that the same medicines failed three times out of four.

			German and American military doctors saw a similar decline—and there was a growing body of evidence that other bacteria might learn to evade sulfa’s reach. So, when Churchill boasted of the new drug’s effectiveness against infectious disease, he might better have echoed how he described the Allied victory in the Second Battle of El Alamein: It was “not the end. Not even the beginning of the end.” Rather, it was better seen as “perhaps the end of the beginning.”

			The turning point in North Africa had its analogue in the war against microbes. There was a reason for confidence in ultimate victory. After almost a decade in the wilderness, penicillin was back.

			

			—

			Penicillin’s resurrection began with two ambitious academics in search of a new project. In 1938, a pair of researchers at Oxford University, both immigrants to Britain—one Australian doctor, one German Jewish chemist—saw an opportunity in the fact that there were dangerous microbes sulfa couldn’t kill. Howard Florey, who held Oxford’s chair in pathology, and his colleague Ernst Chain were interested in the concept of microbial antagonism: what might lead an organism, a mold, for example, to come up with a way to kill other tiny forms of life—like bacteria. Chain began by surveying the scientific literature for examples of such microscopic conflict. That led him to Fleming’s original penicillin paper. In his first reading, Chain was struck that just as with all the other reports of various compounds with antimicrobial properties, “next to nothing was known about the chemical or biological nature of the inhibitory substances.” In other words, penicillin offered a wide-open field for determined and talented researchers to figure out what it was and how it worked. Accordingly, in late 1938 or early 1939, he and Florey decided they would pursue Fleming’s mold juice as their first target in an inquiry into what remained mostly a question of basic science—simple curiosity about how different microscopic organisms managed to kill one another. Another laboratory in his building happened to have some penicillium mold growing in an old culture. Chain harvested a sample and began to play.

			Once Britain went to war, though, the possibility of a microbial cure-all took on new significance, and the pace of work picked up. By early spring in 1940, Florey, Chain, and their co-workers were growing their own colonies of P. notatum. They isolated the antibacterial substance it secreted, extracted it, and tested its antimicrobial activity against a range of organisms. Most important, by May they were ready to take the crucial step Fleming had not: they had produced enough penicillin to test it not just in glass dishes, but in living animals.

			The historian Eric Lax has reconstructed what happened next. At noon on Saturday, May 25, eight mice were given a standardized injection of Streptococcus haemolyticus—implicated in battlefield wounds as well as a host of other potentially deadly infections. The dose was just enough to kill an average lab mouse. As Lax tells it, an hour later, two mice—named with true scientific rigor number 1 and number 2—were given five milligrams of penicillin by injection, while mice 3 and 4 got double that amount. The other four were the controls; their job was to map the course of the untreated illness.

			Mice 1 and 2 received follow-up doses of penicillin later in the day; 3 and 4 had to make do with their single injection. By ten p.m. penicillin’s power was clearly visible: all the dosed mice appeared fine, even thriving. Mice 5, 6, 7, and 8 were suffering, and one, Florey observed, was in dire condition. Just after midnight, the first control animal died. The other three were gone by 3:30 a.m. The animals that received penicillin all made it through the night, and for several days thereafter; one of the two mice that had received multiple doses lived out its natural life.

			The team repeated the procedure over the next several weeks, diving more deeply into the question of dose and distance—how much of the drug was required over what length of time to eradicate a pathogenic microbe in a mouse. But by midnight on the morning of May 26, the essential fact was already clear: a chemical compound existed that could destroy a wide range of bacteria—including some on which sulfa had no effect—without harming their hosts (thus avoiding the toxicity that came with high doses of sulfa drugs). That meant that a previously unprecedented number of human diseases could be cured. Not treated, not minimized.

			Cured.

			This was the true end of the beginning for the age of the antibiotics—a step far enough beyond what sulfa could do to bring the conquest of the whole catalog of microbial threats into view. There was still a long way to go, of course, starting with moving from mice to men. Simply making enough penicillin to treat seventy kilograms of human instead of thirty grams of mouse was a major challenge. Sulfa drugs were born of industrial chemistry, manufactured through reactions already mastered at commercial scale. Penicillin was a biological substance, subject to all the complexity and frustrations involved in coaxing living things to do what one wants. Ramping up the Oxford penicillin production line took until January 1941, seven months after those first mice had survived their usually lethal infections, to produce (almost) enough penicillin to treat a single human being.

			

			—

			Before the winter of 1940–41, Albert Alexander could have been a stock character in an Agatha Christie tale. He was the local bobby, a police constable in Oxford. He tended a garden, complete with some fine rosebushes. He should have lived and died outside history. Instead, or so the story goes, in September 1940 he was pruning his roses and pulled a stem close. A thorn scraped his face—just a scratch!—and from there his woes began. Or perhaps not. Evidence has emerged that he most likely got slightly injured in a bombing raid at about the same time the thorn is supposed to have grazed his skin.

			This much is hard fact: at some moment in the autumn of 1940, Alexander suffered a minor injury that refused to heal. In October, he entered Oxford’s Radcliffe Hospital with growing abscesses on his face. For the next three months, what turned out to be simultaneous staph and strep infections continued to fester. Alexander lost an eye to the lesions, and then the infection spread to his lungs. By early February 1941, his doctors had nothing left to try. He was going to die—which made him the perfect candidate for a first test of penicillin in a human patient.

			Alexander received his first shot on February 12, 1941, with repeat doses at three-hour intervals. Within a day his temperature was back to normal and his appetite had returned. The regimen continued for five more days—consuming the entire available supply of the drug, except for a small quantity of unmetabolized penicillin recycled from his urine. A miracle had occurred: the new drug had taken a patient who would have been dead within days and brought him back to life. Alexander’s abscesses cleared from both his face and lungs, and he was seemingly on his way to a full recovery.

			And then he wasn’t. Penicillin remained difficult to produce. Making enough of Fleming’s “mold juice” for human use presented difficulties at every stage. The mold had to be grown, the antibiotic fraction it produced had to be extracted from the growth medium without destroying the unstable compound’s effectiveness, and it had to be purified and then converted into a form that would retain its potency until it could be used. Since the work at Oxford started, the group built a series of larger and more efficient systems to get from the raw mold to a usable antimicrobial substance, but in early 1941, after three years of work on the penicillin project, their total stockpile of reasonably pure penicillin amounted to a few thousand milligrams, while their production line was too small to keep up with even a single patient’s course of treatment. Alexander had exhausted the available supply of the drug in about a week.

			Ten days after his seeming revival, Alexander fell ill again. More of the new drug may well have saved him, but there was none to give. It took him three weeks to die. These were the lessons of the last month of Albert Alexander’s life: penicillin appeared to be effective against bacterial infections in humans; it wasn’t toxic; and it was far too scarce.

			A similar relapse after the available penicillin was exhausted afflicted the second human to test the drug, although this time the subject, a fifteen-year-old boy, ultimately recovered. Another early patient died when the supply of penicillin failed to outlast his infection, but then the team managed to accumulate enough medicine to treat and save three more patients. The tantalizing possibilities glimpsed in the resurrection and death of Albert Alexander were proving real: penicillin could treat a wide range of bacterial diseases, more than sulfa could, pulling victims back from the very edge of the grave.

			From that bittersweet proof of concept, the rest of the penicillin origin story was taken up with figuring out how to produce it at scale. Florey and a colleague crossed the Atlantic in June 1941 to drum up interest in the drug in American and Canadian drug companies. A handful of U.S. researchers had experimented with the compound, but even so, when the Oxford delegation arrived in North America, there wasn’t enough penicillin on the continent to treat a single patient. After Pearl Harbor and the United States’ entry into the war, the penicillin program became a military procurement priority, and a series of manufacturing advances led to true mass production in 1943. By late spring of that year, the new drug began to appear in military hospitals—where it immediately posed a vexing issue for the chain of command.

			

			—

			Penicillin reached the front lines just in time. Most important for the war effort, it was effective against formerly treatable diseases that had learned how to resist the older drugs. By mid-1943, the most militarily significant of such resistant afflictions remained—no surprise—gonorrhea, which, as the Allies prepared for the invasion of Sicily, threatened the combat effectiveness of the force being mustered for the landing. Penicillin worked brilliantly on gonorrhea cases that were completely impervious to sulfa treatment—Florey himself had supervised an early test, in which ten men with recalcitrant infections were given penicillin; every one of them recovered.

			That success created its own quandary. With supplies of the drug still tight, the question was asked: Should the drug be used on men who had, in effect, put themselves in harm’s way—or should it be reserved for honorable wounds suffered in battle? The matter went all the way up the chain of command to Winston Churchill himself, who responded, obliquely but clearly: the army needed bodies. Dose those bad boys.
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					Two clearly related propaganda messages.
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			It was the right call. Charles Scheffel, then a U.S. Army second lieutenant in the 39th Infantry Regiment, had a front-row seat to see why Churchill chose as he did. In June 1943, his unit was stationed in a quiet, back area in Algeria, preparing for the fight to come in Sicily. His regiment, and in fact its whole division, was a shambles. “The men of the 9th Division,” he wrote, “did not take well to living isolated in tents at the edge of the desert with nothing to do but drill.” The troops behaved as soldiers may during a pause in combat: they broke discipline and went to town, in this case Sidi-bel-Abbes, which was well supplied with brothels that had served a French detachment that had recently rotated out of the city. As a result, Scheffel wrote, sergeants would report that in the typical company with 160 men nominally available, “forty men are here in camp with diarrhea or VD, forty are AWOL, walking to Sidi-bel-Abbes, forty are already there, drunk and whoring around, and the rest are walking back here.” That was not the picture of a fighting force likely to flourish in an opposed amphibious landing—and gonorrhea was one of the biggest reasons why.

			Scheffel’s colonel came up with a solution: he told Scheffel and another lieutenant to set up the regiment’s own private brothel. They followed orders. The two officers took over the bawdy house that had been reserved for French officers. One hundred men a day got a coveted red ticket, entitling them to an MP-enforced fifteen minutes with one of the resident women. There was one more step before the soldiers could get on with it. Their colonel had managed to pilfer a truckload of “that new miracle medicine”—penicillin—from their division. The two lieutenants running the army’s whorehouse turned a room off the lobby into a “prophylaxis station.” Every day, an army doctor inspected the women for signs of venereal disease and gave the new drug to anyone showing symptoms. The men received condoms and a supposedly prophylactic salve, and “if the kit failed we poked him with penicillin, too.”

			It all worked—both the official sanction for what their soldiers were going to do anyway and the medical intervention. “Our venereal disease rate went down,” Scheffel wrote. “The penicillin did the job.” Both its jobs: holding infection at bay and keeping troops on the line. “This had nothing to do with combat directly,” Scheffel added, “but indirectly it was most important. It got men ready to fight.”

			The United States Army did not ask many of its junior officers to become bordello managers. But Scheffel’s success in restoring the 39th’s readiness for the attack on Sicily was a practical demonstration of what it meant to conquer infection. It was liberating not just physically, but in the realization that, dredging up John Bunyan’s epithet again, a whole coterie of those “captains of the men of death” no longer threatened those on the line.

			By June 1944 and the D-Day landings, there was no longer any reason to restrict the use of penicillin in any military setting. Manufacturers in the United States had achieved one of the signature feats of wartime industry, ramping penicillin production up from none in early 1941 to 22 billion units by 1943—over 200,000 individual doses—and then to 1.6 trillion units in 1944. On June 6, there was enough available to treat every man wounded on Normandy’s beaches—and the growing number who would need it as the Allies expanded their beachhead over the coming weeks. And it wasn’t just the wounded. Everyone in uniform who needed the new medicine could get it, until by V-J Day, more than 99 percent of gonorrhea cases in the military were being cured by penicillin.

			By then, penicillin was available to civilians too, marking the moment when the antibiotic age opened for the society at large. Even better, if one such drug could be found in nature as a by-product of a simple mold, how many more substances could be found or made that would block the growth of microorganisms or simply destroy them outright?

			That was the prospect when the guns finally fell silent in 1945. For anyone who survived the catastrophes of the first half of the twentieth century, the antibiotic revolution became a counterpoint—an extraordinary blessing after so much destruction. Human mastery over nature had fully extended itself into the microcosmos. If the experience of disease was to be understood as a war, us against the microbes, then it was over. We had won.

		

	
		
			XXVI

			“the final result of this practice”

			What had we won?

			Transformational power that could eliminate the terror of disease and injury as the constant undercurrent to daily life. Such comfort derived directly from the deep, fundamental clarity that germ theory had given to the problem of infection. Each individual case of some malady could be traced back to a singular event, an encounter with the unique organism whose actions inside a human body produce a distinct mix of symptoms and suffering, B. anthracis and anthrax, V. cholerae and cholera, the White Death brought on by M. tuberculosis, Y. pestis’s globe-spanning plagues, and all the rest. Were a doctor’s hands contaminated with S. pyogenes as they assisted at a birth? Puerperal fever follows. Suffer a wound, even a scratch, and colonies of both streptococcus and staphylococcus can establish themselves in your body, wrecking it from the inside out. Seek pleasure in a house where many have paused before, and in a little while, N. gonorrhoeae will make its presence felt every time you try to pee.

			Germ theory transformed what it was to be a disease. Maladies were no longer the result of some chance concatenation of circumstances—an encounter with a miasma born of foul soil or water that could throw a body out of balance, and/or retribution for sin, stress, or simple bad luck. Such explanations had turned on correlations, valid ones—living over an open sewer or in unrelenting poverty does contribute to ill health—but germ theory offered something more powerful, a straightforward sequence of cause and effect. That in turn pointed to new ways for medicine to confront disease: interrupt that sequence, block the threat for anyone in harm’s way so that an illness either doesn’t happen or can be stopped in its tracks.

			To put that in the language its proponents used from the beginning, humankind was fighting a war against infection. Germ theory’s model of disease dictated the tactics for its battlefields. One was defensive, turning human bodies into fortresses that could stymie invisible infiltrators before they could establish a bridgehead. That’s what vaccines do. And if such fortifications couldn’t be built—if no effective vaccine emerged—then people needed offensive weapons, inventions that could seek out the invaders and destroy them where they stood. That’s where antibiotics came in, and that’s why, even before they existed, they were imagined as magic bullets.

			Those miraculous weapons multiplied in spectacular fashion in the decades immediately after World War II. As often happens with science, what had seemed impossibly difficult until achieved suddenly became almost easy. The first broadly useful antibiotics emerged fifty years and more after Koch first gave anthrax to rabbits, and more than 250 years after microbes were discovered. In barely two more decades, by the end of the 1950s, eight new types of antibiotics—chemical families that each spawned several drugs—had been discovered. These drugs could treat any typical wound infections and virtually every major infectious disease: cholera, typhoid, typhus, anthrax—and tuberculosis, which could be cured with a compound called streptomycin (also effective against the plague).

			Alongside these new drugs came the vaccines that were germ theory’s other most significant contribution to medicine. In the first half of the twentieth century, major microbial diseases—cholera and typhus—saw vaccines emerge. From the 1930s forward, a growing tally of viral pathogens were similarly tamed. Yellow fever, the terrifying “yellow jack” of colonialist nightmares, got its jab in 1937. The vaccine for pertussis (whooping cough) followed in 1939. More shots brought more diseases under control with each succeeding decade—perhaps most famously, polio in the 1950s; and then measles, mumps, and rubella by the end of the 1960s. This was wholly transformative. Anyone reading these pages lives in a unique moment in history, one that began in the last half of the twentieth century, which is to say, within living memory. These last seventy or eighty years form the only time in history in which humans—at least those in reach of adequate healthcare systems—have not had to fear either the most prolific childhood killers or the worst pandemic assassins.

			

			—

			This was germ theory’s great gift. It can be read in the simplest of statistics: human life expectancy. In 1870, just before the first decisive proofs of the role microbes play in disease, life expectancy at birth hovered around thirty years worldwide, reaching thirty-six or so in Europe. Childhood diseases were major contributors to that grim number: data from England and Wales show that for those who survived to their fifth birthday, average life expectancy on the eve of germ theory reached about fifty-seven. Not all people faced equal risks. One study of life expectancy at five years of age shows that even in antiquity, men (at least those in sufficiently fancy jobs, like a Greek philosopher or one of the early Church fathers) could hope to celebrate birthdays into their late sixties and seventies. Not so for women, whose deaths came before men’s (on average, of course) until well into the twentieth century. And above all: for almost all of human history it was terribly perilous to be an infant.

			But by 1900, a quarter-century into the germ-theory era, the demographic picture began to change. Those fortunate to be born in the imperial north could expect to survive past forty on average—a gain that can be attributed to growing wealth, certainly, but also to the first fruits of the new microbial picture of disease: public works (London’s sewers, Bremen’s clean water, and the like) that were able to interrupt the routes bacterial pathogens travel to reach people. Flash forward to the triumph of the antibiotics and vaccines derived from the application of chemistry to medicine, and by the 1970s, Europeans, inhabitants of the continent with the longest average lifespan, would finally achieve the biblical promise of three-score years and ten from birth. The whole world would top that figure by the turn of the millennium.

			There is no single cause for this radical expansion of human prospects. Germ theory and the medical approaches it spawned are a significant part of the puzzle, certainly, but not the only one. The economic historian J. Bradford DeLong has recently argued that 1870 was a turning point in demographic history, the moment when technological advance and the productivity that flowed from such invention finally allowed most of humanity to escape the Malthusian trap of bare subsistence. That suggests one reason people began to live longer in the late nineteenth century: getting enough food on a regular basis must account for some of those years gained across populations. But while acknowledging the impact of the economic and industrial factors at play in the late nineteenth century, a closer look at the lengthening of lifespans reveals how transformative germ theory truly was. Most striking: women, and especially children—infants to five-year-olds—were finally catching up to adult men. Even allowing for the fatal filth of early-modern city life, the point remains: childhood diseases ravaged families for centuries…until they didn’t. The leap in life expectancy from birth is one of the defining facts of twentieth- and twenty-first-century life—and in large part, that has happened because we can now keep our kids alive until they enter kindergarten.

			These advances in biomedicine and public health emerged from the core insights developed within germ theory from the 1850s onward. The medical technology and public-health interventions that flow from them continue to transform human society and advance human flourishing. There is no better example of how potent these ideas have been than this one: the story of a global killer that is no more.

			

			—

			Ali Maow Maalin was a handsome man. There’s a photo of him from 1977 that shows off his good looks. He is twenty-three years old, standing erect, shirtless, peering toward something the viewer cannot see.

			Maalin’s face isn’t what drew the photographer’s eye, though. The image centers on the blemishes running up his right arm and across his chest. The blisters are more or less round, and it’s possible to pick out indentations in many of them—obvious signs for those few who still know how to read them. Those lesions testify that Maalin was also a good man: he had put himself in harm’s way. He was a hospital cook in the town of Merca, Somalia. On October 12, 1977, shortly before the photograph was taken, he accompanied two sick children to another facility nearby. The three were together in a car for perhaps fifteen minutes—long enough, it turned out, for an infection to pass from passenger to driver.

			
				
					[image: ]
				

				
					Ali Maow Maalin, in 1977, recovering from smallpox.

				
			
			Maalin was lucky in one respect: the virus that entered his body that day was a relatively mild version of an often much deadlier pathogen. He recovered swiftly. He infected no one else, and the others within this small cluster of cases didn’t, either. No new outbreaks followed. Months went by, and then a year, and another. Finally, on May 8, 1980, three years after he had fallen ill, the World Health Organization announced that, for the first time, a human infectious disease had been completely eradicated. Ali Maow Maalin had been the last person to be infected by the naturally occurring form of one of humankind’s most feared scourges: smallpox.

			This was the end of a quest that Edward Jenner had anticipated after his discovery of the vaccine against smallpox. Five years after he first tested his cowpox vaccine on eight-year-old James Phipps, he allowed himself to dream: “It now becomes too manifest to admit of controversy, that the annihilation of the Small Pox, the most dreadful scourge of the human species, must be the final result of this practice.”

			It would take far longer than Jenner may have imagined, but he was right. The World Health Organization announced plans to eliminate smallpox in 1959 and launched its campaign in earnest in 1967. The disease had by then been almost completely eradicated from Europe and North America, but it was still present in much of Asia, South America, and Africa. Within four years, smallpox had been banished from South America. In 1975, Asia was declared smallpox-free. And finally, in 1977, only a handful of cases appeared in southern Somalia. That was when Maalin took his brief ride with two of the victims. He came down with a fever ten days later and was at first misdiagnosed with malaria. A week later, it was clear that his was one more smallpox infection, and he went into isolation. No one since has contracted the disease in the wild.[*1] Human ingenuity and enormous effort have driven two Variola viruses to extinction; the disease they caused was not merely brought under control or rendered treatable: it was gone.

			

			—

			Smallpox is a virus, not a bacterium, like the killers behind cholera, childbed fever, plague, and the rest. If the late-nineteenth-century version of germ theory was defined by establishing the microbial connection to a growing catalog of human and other animal maladies, the discovery of viruses and the demonstration that they too could be tied to specific diseases marked the expansion of germ theory from the late 1890s onward.[*2] The proof of the viral origins of diseases followed the same logic Koch and Pasteur and their colleagues and competitors had used to link particular bacteria to individual diseases. Candidate culprits in viral diseases had to be isolated from a case of that disease and then shown to be able to induce a new case of the same disease in a healthy individual—or, at least, as with Koch’s cholera work, to be present in every patient observed with that illness.

			As germ theory matured across the twentieth century, it thus became a universal account of infectious illness, the intellectual tool to be wielded against both old threats and new ones, including eruptions of maladies never before seen in human populations. Smallpox was an ancient terror whose ultimate defeat turned on the original germ-theoretical insight that infections could be derailed by taking careful note of the route the pathogen took to produce disease, then moving to block that path. Both technology and the scope of ambition had to advance before smallpox could be eradicated—but the underlying principle was the same across a century’s interrogation of infectious disease.

			Here’s another example to emphasize how utterly different our world is from that of, say, our great-grandparents. The 1918–19 global pandemic was caused by a previously unrecognized disease, a flu unlike any that had been seen before. Our generation has faced a similarly alien challenge. In June 1981, a disease of unknown etiology was reported in five patients in Los Angeles. By 1984, the malady had a name, AIDS, and its cause was identified as a previously unknown pathogen, named (after some dispute) human immunodeficiency virus, or HIV.

			HIV was and remains a global pandemic, killing at least 40 million people in the last four decades. Almost that many now live with the disease. In the early years, an AIDS diagnosis was a death sentence. Virtually everyone infected by the virus would eventually succumb to one of the so-called opportunistic infections that could invade once HIV had destroyed its host’s immune system. Then, in 1995, the AIDS cocktail was developed: a combination of three different drugs that succeeded in reducing the viral load—how much HIV could be detected in a patient—enough to allow a patient’s immune system to function. Cost and availability are still obstacles, which is why as many as 650,000 people per year still die of AIDS and its complications. But again, applying the basic principles of germ theory—identify the pathogen, dissect its behavior, and search for ways to interrupt key steps in the disease process it sets in motion—led directly to treatment that transformed an always-fatal illness into a chronic condition that one can die with, rather than from. That saving result came too slowly for too many but was still a breathtakingly rapid journey: fifteen years from the emergence of a wholly unfamiliar disease to a complete analysis of its structure, genome, modes of action—and the therapeutic breakthrough that has preserved so many lives.

			There are dozens, perhaps hundreds more similar stories of interventions that prevent, cure, or ameliorate miseries that in previous years or decades would impose their suffering without check—from vaccines that can prevent at least one form of cancer to bacterial diseases that are simply no longer a threat to most of the world’s population. At a fundamental level, the fact that almost everyone—at least everyone in middle-income to wealthy countries—can assume they will live to and through childbearing age means that on a global level the sense of human possibility is almost unimaginably grander than it was for our great-grandparents. We can all (almost) expect to reach the age of five without dying of measles or losing our hearing to mumps. The ten-year-old you or me can fracture an arm falling from our bikes and not fall victim to a staphylococcus infection. Our first intimate encounters are unlikely to expose us to gonorrhea or syphilis, and if they do, the course of treatment that will eliminate the pathogens involved won’t take too long. In almost every instance, no new mother need fear what a doctor’s hands carried into her body…and so on, to the point that it is not unreasonable to hope that we will dance at our grandchildren’s weddings.

			Germ theory and all that followed have given humanity a gift of time. That’s good news, unequivocally so. Now the bad: we are in the process of squandering much of our inheritance. Worse: from very early in the modern history of germ theory we have known better, and yet have failed to act in our own defense.

		

		
			Skip Notes

			
				*1 In 1978, one more person fell to the disease. Janet Parker, a medical photographer at Birmingham University Medical School in England, was exposed to a virus that had been mishandled in a microbiology-department laboratory. She is the last person known to have died of smallpox.

			

			
				*2 A virus in the modern sense of the term is a packet of DNA or RNA wrapped in proteins. Viruses cannot reproduce on their own. Instead, they hijack the genetic apparatus of a host cell to make copies of itself, which is how disease processes associated with a given viral pathogen gets its start. Viruses are much smaller than any bacterium; the first to be detected and connected to an infectious disease was the tobacco mosaic virus, identified as the culprit in an infectious disease in 1893—or more than two hundred years after the first bacteria were observed.

			

		

	
		
			XXVII

			“So Very Small”

			Autumn, 1945. The war in Europe has been over for five months. Something resembling normal life is sputtering into shape. In Stockholm, for the first time since 1938, the Nobel Foundation is getting ready to award its full catalog of prizes. The deliberations reach a familiar intensity as the committees for each scientific discipline struggle to apportion credit to no more than three people for discoveries to which dozens or more had contributed. Finally, on October 25, telegrams go out to the winners of the Nobel Prize for Physiology and Medicine: Alexander Fleming for discovering penicillin, and Howard Florey and Ernst Chain for turning Fleming’s mold juice into a world-changing medicine.

			The prize ceremony takes place on December 10. At the traditional after-party there is plenty of drink on tap, and rumors of dancing. The usually buttoned-down Fleming keeps going until three a.m. The next day, hungover or not, the three new laureates deliver their Nobel lectures. Fleming goes first, devoting most of his talk to retelling the details of his serendipitous encounter with the penicillium mold. As he draws to a close, though, he abandons memory to deliver a sermon, complete with the command that his audience go forth and sin no more:

			
				The time may come when penicillin can be bought by anyone in the shops. Then there is the danger that the ignorant man may easily underdose himself and by exposing his microbes to non-lethal quantities of the drug make them resistant. Here is a hypothetical illustration. Mr. X. has a sore throat. He buys some penicillin and gives himself, not enough to kill the streptococci but enough to educate them to resist penicillin. He then infects his wife. Mrs. X gets pneumonia and is treated with penicillin. As the streptococci are now resistant to penicillin the treatment fails. Mrs. X dies. Who is primarily responsible for Mrs. X’s death? Why Mr. X whose negligent use of penicillin changed the nature of the microbe. Moral: If you use penicillin, use enough.

			

			This was no mere parable. What Fleming prophesied as he stood before Sweden’s great and good had already come to pass. The first of four cases of gonorrhea “resistant to ‘large’ amounts of penicillin” appeared in the medical literature in 1946. Even earlier, as far back as 1940, Edward Abraham and co-workers in Florey’s laboratory had been able to train cultured colonies of staphylococcus to resist penicillin in their petri dishes. And, of course, the wartime erosion of the effectiveness of sulfa drugs against gonorrhea was a very public demonstration of the problem.

			And yet, despite Fleming’s warning, the dynamic that killed Mrs. X has recurred again and again throughout the antibiotic era. The first drug effective against TB, streptomycin, was isolated in 1944. Resistant strains of M. tuberculosis emerged no later than 1948. It’s been the same story in disease after disease, bug after bug, drug to drug to drug. Staphylococcus aureus, the ubiquitous killer of World War I’s wounded, has shrugged off penicillin, erythromycin, the tetracyclines, and what was seen as the big gun, methicillin.

			Methicillin came on the market in 1959. Its effectiveness began to erode almost immediately. The first staph strain immune to the new drug showed up later in 1961, marking the appearance of what we now know as MRSA, or Methicillin-resistant Staphylococcus aureus. MRSA flourishes in hospitals, where microbes and plentiful antibiotics meet but over time has emerged in the broader population. This pattern has been repeated across the spectrum of diseases around the world. About 1.3 million people die of TB each year. As of 2020, XDR-TB, extensively drug-resistant tuberculosis, has been reported in 123 nations. For those infected with XDR-TB, all front-line antibiotics have failed, along with at least one of the three break-glass-in-case-of-emergency backup drugs.

			Taken together, there were nearly 3 million antibiotic-resistant infections in the United States in 2019, the most recent numbers available as of this writing. Some 35,000 Americans died that year of once-treatable microbial diseases. Since 1945, we have failed both to anticipate the speed with which microbes would gain the ability to evade our best drugs, and to come up with a satisfactory response to their resistance—to the point where the single greatest gift of germ theory may not be wholly ours much longer.

			Shards of that future are already here. What are sometimes called superbugs—microbes resistant to every available drug—are not merely the stuff of nightmares. They are taking lives right now. A report published by the U.S. Centers for Disease Control and Prevention described the case of a woman in her seventies who had been traveling across the Indian subcontinent. They did not release her name but reported that somewhere on her travels she fractured her femur. She was taken to one hospital, then another, and then on to more in India. In August 2016, she returned to her home in Washoe County, Nevada. She went back to the hospital, presenting with systemic inflammatory response syndrome, a characteristic immune response to an unresolved infection. So her doctors looked for the microbe that could have engendered her increasingly perilous condition.

			They found it in Klebsiella pneumoniae, a bacterium that occurs naturally in soils and can live quite peaceably in human guts, mouths, or skin. If it makes its way elsewhere, though, it can cause disease, often pneumonia, but several other conditions as well. Until recently, treating a K. pneumoniae infection was simple. Any one of several common antibiotics could do the job. So her medical team tested the patient’s bacterial samples to see which drug would be most effective. The answer came back: none of them. The woman’s microbes were resistant to the fourteen antibiotics available in Reno. The hospital sent samples to the federal Centers for Disease Control and Prevention, and the tests there showed that these bugs were resistant to twelve more medicines—which is to say, all the remaining possibilities. There was nothing available in the United States that could knock out her singular infection.

			Within weeks the woman was dead, slain by a superbug for which there was no cure. She wasn’t the first such casualty and she certainly has not been the last. But this one life lost to an infection that so recently was trivially easy to cure forces the question: How could this happen? How could it have been allowed to happen?

			

			—

			Biologically, the answer is clear. The phenomenon of antibiotic resistance is the microcosmic version of the military cliché: no plan survives first contact with the enemy. The enemy will react to any attack and as circumstances change, soldiers and commanders adapt—or don’t, and fail.

			It’s the same with microbes. Human societies deployed antibiotics to phenomenal early success—diseases cured, the wounded brought back from the brink of death. But as those victories accumulated, we were teaching the microbial world how to evade and then overwhelm those same chemical defenses. In Darwinian terms, antibiotics present powerful selective pressures. In any microbial population, some organisms will have a slight genetic advantage against a chemical challenge (or be able to mutate fast enough) compared with others—and as we dose ourselves, a fraction of those less-vulnerable microbes will survive where their kin will not. Rinse, repeat, and further advantages will emerge and transmit to the next generation of pathogens. Our drugs compel bacteria to evolve—and as we have seen over the first years of the global COVID pandemic, the same is true for viruses.

			For human health, the key drivers of the speed with which microbes have adapted to our chemical inventions are the underuse of antibiotics (the failure to take enough of a drug to fully wipe out an infection), their overuse in circumstances where they won’t work (viral disease, for example), and misuse by the ton in applications like factory farming. Add to those factors the medical consequences of inequality and global poverty—which is where Fleming’s parable reappears as a structural consequence of privation. When a patient is poor and medicine is expensive, it can happen that the patient will stop taking a drug when they feel better but before the microbial infection has been eradicated. That is one of the factors that has enabled tuberculosis to retain its global reach: once wholly treatable by a single antibiotic, streptomycin, M. tuberculosis has now learned how to resist multiple drugs.

			At a finer level of detail, researchers have traced what’s happening molecule by molecule in the microcosmos. In every case of resistance, mutations in the genetic apparatus of target microbes have emerged that enable those strains to block the action of the drugs. Microbial evolution is fast and furious, to the point that bacteria have been shown to distribute useful genes not just by descent in the division of one bacterium into two, but in a wild, free-floating exchange, in which the tools of resistance can move between microbes. They do so by what researchers have dubbed, with some mix of awe and fear, “promiscuous gene transfer systems.” That happens when the genes that encode for resistance get packaged up in minute envelopes, called plasmids. Plasmids can then move between often wildly different strains and species of microbes, taking genetic instructions with them. The implications of this skill are profound: in principle, if a given microbe bacterium “knows” a useful trick, then a myriad of bacterial species can draw on that knowledge. It is as if, as one investigator almost admiringly wrote, there is a single microbial gene pool that spans the world “into which most, if not all, bacteria can dip for genes necessary for survival.”

			Life on earth is astonishing at every turn; even the most elementary forms are richer, more complex, and more surprising than we can imagine. Bacteria, the simplest single-cell organisms, can create and use a library of genetic information that distributes knowledge around the globe—a microbial World Wide Web, as it were. That’s thrilling! Such a phenomenon is not merely marvelous, though—not given what it would mean if more or most microbes gain the properties of the K. pneumoniae strain that killed that unnamed woman in her Reno hospital bed.

			Which is to say that germ theory is a gift that keeps on giving, a way of thinking about pathogens, disease processes, and treatment that has saved uncounted lives and will do so for uncounted more. But the ability of antibiotics to keep even some of the most common and ordinary infections at bay is now at risk. A whole spectrum of microbes continues to develop new abilities to resist more and more of the available drugs. Investigators may be able to shift the balance in that competition, but we can’t know when or if they will do so. If not, then in a century or less, humankind will have squandered the prize it so recently won: the freedom from fear of intractable disease and untimely death.

			Here’s where the “why” question enters. Why are we in this predicament?

			

			—

			An answer—not the whole of it, but a significant part—can be found by looking back to where this book began. In the first decades after microscopic life was first observed, bacteria and the rest of Leeuwenhoek’s bestiary amazed and amused the growing audience for natural wonders, but they did not impinge on that audience’s view of the order of nature. The Great Chain of Being was even then an old trope, and as natural philosophers extended the rule of number, weight, and measure to more and more of the world, its explicit narrative fell away. But the assumptions that animated the idea did not. The belief that humanity exists at some remove—above—the rest of the living world persisted. Adam and Eve’s children are creation’s actors, permitted, even required, to turn nature to our own ends.

			Germ theory could have generated an alternate view. Koch’s signature move—harvesting a microbe from a sick animal, growing it in pure culture, and then reintroducing it into an animal that then developed the original disease—demonstrated that the natural world does indeed impinge upon humankind: microbes matter. No more Great Chain then, no ladder, but rather Darwin’s recognition of “grandeur in this view of life”—of the world as a weave of interactions between living forms.

			However, that’s not what emerged from the initial germ-theory synthesis. There was no pause for wonder at the interconnections that bind together our biosphere at every scale. Instead, the central pillar of the new conception of disease drove Pasteur’s pursuit of vaccines; it animated Ehrlich in his search for the first antimicrobial chemical therapy; and ever since, it has driven the development of effective ways to prevent or treat infectious diseases, viral, microbial, and more. Find out how a pathogen works and then use the extraordinary capacity of humans for invention to block that bug from doing its worst. It was an undeniably effective way of thinking and researching. It is valuable still. But within it an old assumption persists: that humans uniquely hold the ability to act upon nature, and not be acted on.

			Hence the language that has shot through the last several chapters, the talk of war, of magic bullets and viral fortresses, invaders and our serried ranks arrayed against the microbial foe. Each individual patient becomes a battlefield on which to deploy our increasingly sophisticated weapons. In such a conflict it is easy to assume that humanity possesses an insurmountable advantage over our invisible adversaries. We are clever, we have opposable thumbs, we explore and invent, we can project our power into any corner of the material world. The dominion promised in Genesis is still ours—not because God grants it, but because our minds and hands allow us to create technologies that no mere microbe can possibly match. But there are limits.

			Most simply: for the 350 years that humankind has known of the microcosmos, both before and after the revelations of germ theory, an assumption embedded in Western social, religious, technological, and scientific culture has held that our species holds sway over our surroundings. And while there is a great deal of evidence in support of that claim, it has never been the whole story. For almost all that time, the idea that its invisible denizens might have some analogous capacity to act in their own defense wasn’t even seen as absurd; it was unthought, unthinkable—and yet it has always been true. Just ask Fleming’s poor dead Mrs. X.

			

			—

			To be sure, the ultimate outcome of the ongoing competition between pathogens and the technologies we deploy against them isn’t written in stone, nor in microbial biochemistry. Antibiotics still work in many, even most, settings. Novel vaccines against new threats are still being invented, more rapidly, through the deepest knowledge of fundamental biology ever achieved. But it is the trend that’s frightening, not snapshots of drug failures now, and trends can be reversed. The discovery of new antimicrobial compounds has slowed drastically over the last twenty years, but it could be revitalized. Research into other approaches to infection has continued, with some significant advances. There are practical steps we can take to rebuild our capacity to deal with infectious disease, starting with more money for basic science.

			Similarly, a social commitment to the development of new drugs is urgent: no for-profit pharmaceutical company is likely to invest billions in a new antibiotic that will soon lose its economic value to resistance, or which, like vaccines, are used infrequently, or only once. But such businesses are not the only institutions that can invent and test potentially useful medicines.

			We should move to manage antibiotics as if they were a global commons—like the atmosphere—to be used in ways that reduce the risk that Fleming highlighted. Doing so will require collective action. Creating a shared commons requires making choices across all of human endeavor, from the street—controlling the way antibiotics are sold and used (banning more over-the-counter sales of the drugs, for example) to halting the use of lifesaving medicines just to fatten hogs. Instead of relying so heavily on commercial incentives, we must choose as societies (with tax dollars!) to investigate new antibiotic compounds and other emerging possibilities in the control of pathogens. We must reinforce norms, rules, and even regulations on the control and use of antibiotics as the scarce resource they are, so that hospitals, for example, cease to be such effective incubators of ever-more-resistant bugs.

			Some of this is already being done. There are moves to revitalize antibiotic research in public-private partnerships. In 2022, the European Union banned the routine use of antibiotics in farm animals. New vaccines are being developed—perhaps most exciting, with trials and preliminary approval in 2021 and 2023, of vaccines for children that protect against the parasitic disease malaria. There are almost a quarter of a billion people living with malaria each year; over time, an effective prophylaxis could virtually eliminate that huge burden of suffering. Millions of doses are already being distributed. Good news is still possible.

			To keep such happy news coming, though, we must demand not just more and better research, but a reexamination of the idea that war is the primary mode in which humans and the microcosmos confront each other. There is a lesson to be learned from those who confronted contagion just before modern germ theory made it seemingly obvious that each infection could be understood as a battle of patient and doctor arrayed against some bug. John Snow couldn’t treat a germ he couldn’t identify. But by forcing a change in the way Londoners encountered their environment—to drinking clean water rather than whatever happened to be in the well that day—he made it possible for people to live safely in a world in which cholera exists. No battle. Just a clever collective response to a microcosmic danger. More broadly, Snow’s pragmatism anticipated one way to recast the metaphors of the Great Chain into something like a web, one in which humans exist within a living world that can and does adapt to us, and to which we must continuously adapt in turn.

			

			—

			It’s possible to think that way, and many do. But old habits persist, which is why even in the twenty-first century, the wholly preventable misery of cholera remains a deadly threat. Oral vaccines for cholera have been available since the 1990s, and they are regularly used to control new outbreaks. But they are not perfectly effective, and when deployed to respond to an ongoing eruption of the disease they can be too little, too late. That’s why, as of late 2023, cholera still infects up to four million people a year, killing up to 140,000 of them. There is an alternative: John Snow’s solution of reliably clean water supplies that block the spread of cholera. All that’s required is that those with resources choose to provide it for vulnerable people and places most at risk. That choice has yet to be made.

			The unwillingness or inability to accept that human society must adapt to, as much as conquer, the microcosmos touches us all, not just the poorest among us. As I write this, the planet is in its fifth year of a pandemic of a novel viral disease. The World Health Organization dashboard tallies 773,449,299 confirmed cases of COVID-19 worldwide—the true number is certainly more, reaching perhaps one-third of all human beings on earth. There have been almost seven million confirmed deaths caused by SARS-CoV-2, and again, there are likely many more losses that were missed or misattributed. As of March 2023 in the United States alone, at least 103 million people have officially tested positive for COVID-19, and just over 1.1 million Americans have died of the disease. Again, because of reporting issues, those totals are almost certainly low. Even so, that’s almost as many people as have died in all the wars the United States has fought from the Revolution to the present day.

			Nonetheless, it is possible to see the U.S. and global response to the pandemic as a success story, one that reveals the almost unfathomable capacity of modern science to address our most urgent problems. Official notification of a novel disease caused by a previously unknown virus was released on December 29, 2019. News of what was initially called “pneumonia of unknown cause” reached the World Health Organization’s China Country Office two days later. The pathogen was isolated, and a draft of its genome—the virus’s complete DNA sequence—was published on January 11, 2020. One week later, researchers set up a system to report and categorize new genetic sequences of the virus, a critical step in tracking its evolution into new variants.

			From here, the COVID story becomes yet more impressive. It took almost eighty years to travel from Jenner’s smallpox vaccine to Pasteur’s interventions in chicken cholera and anthrax. Typical vaccine development for most of the twentieth century took several years, often a decade or more, before there was something safe enough to try in human beings. The search for a vaccine against this new threat began in late January 2020. Small-scale clinical trials of one company’s candidate vaccines opened in April. Three designs failed at this stage, but one entered a large, multi-nation clinical trial in July—just over six months after the virus’s genetic fingerprint was released. By early November enough data had been gathered to conclude that this vaccine worked. On December 11, 2020, eleven months almost to the day after the first SARS-CoV-2 genomes became public, the U.S. Food and Drug Administration authorized the use of the first COVID vaccine on an emergency basis; one week later, the agency approved a second, similar shot from another company.

			It is almost impossible to convey how ridiculously fast that was—and how vital it proved to be. In the first year after the vaccines became available, it is estimated that they saved as many as 20 million lives around the world. For the United States, another study concluded that about 3.2 million lives were saved by COVID vaccines between December 2020 and November 2022. So much loss, so much grief averted, by following the strategies pioneered in the 1870s, supercharged by knowledge and skills gained since. Add to that the almost equally rapid emergence of new and repurposed antiviral drugs and approaches to treatment, and we can see the COVID pandemic years as a bravura demonstration of exactly the kind of outcomes promised by old and new versions of the doctrine of inherent human mastery over nature. Our species does indeed have a unique ability to intervene into the most subtle workings of the natural world to serve our own ends—and COVID offers a case study in the exercise of that power.

			

			—

			There is another way to view the pandemic response, though. Yes: the vaccine saved millions of lives. How many more were lost as basic public-health measures—including vaccine uptake—were ignored or rejected? There were so many failure modes: mistakes about masking, around quarantines and lockdowns, on how to manage outbreaks in care homes and other crowded facilities…the list is miserably long. The value of increasingly rapid and effective science has been a running theme of this book, but so has the metastasis of disinformation and the stubborn clinging to false ideas. From nineteenth-century miasma adherents to contemporary attacks on masking and, above all, a relentless anti-vaccination campaign, the epidemic spread of false “facts” about COVID did yet more damage. That harm was amplified by the way the cacophony made it ever more difficult for the public to distinguish between news of actual scientific results and pronouncements of, say, the value of injecting bleach as an antiviral. Much of such fatal folly originated or blew up in the United States, but this wasn’t only an American problem. The capacity for errors and/or malice is an inheritance shared across humanity.

			There is no one reason why different parts of the pandemic response failed. Partly, there’s the simple fact that acting in a crisis is difficult, and not all choices will be good ones. In the United States, the COVID challenge was heightened by the political moment, an election year in which the presidential incumbent came to believe that minimizing the threat of the pandemic would help his election prospects. Beneath such straightforward sequences of cause and effect, though, there is a theme that connects this latest encounter with invisible dangers to the long history of human reactions to the microcosmos.

			Most simply, at least part of the impulse to ignore the threat of COVID comes from the individual’s version of thinking that we humans are in charge. Rejecting a vaccine, refusing to mask, and partying like it was 2019 were all ways to demonstrate that no mere virus, no invisible, undirected scrap of DNA could be the boss of thee or me. For example: Florida governor Ron DeSantis, an extreme voice but not an unpopular one, made the primacy of personal authority over disease explicit by saying “the world lost its mind” in demanding such moves. Florida, he said, “was a refuge of sanity, serving strongly as freedom’s linchpin.” In another interview, he made the claim that there should be no check on human freedom of action explicit, asserting that the choice was between those who “really just wanted to control your behavior,” and those, like him, who saw no reason to constrain people’s choices, even in the face of a global pandemic.

			DeSantis and other political leaders are not alone in such views. In the spring of 2023, an arrest warrant was issued for a woman in Washington State with active tuberculosis who refused either to isolate herself or to take medication to combat her infection. Identified in court records only as V.N., she was seen on a city bus and in a casino. She posed a direct threat to anyone who came too close to her; a sneeze, a cough, or a tissue she might drop could all spread the disease at random. The exercise of her individual liberty to act as she pleased could have led directly to an end to all choice for those whose only sin was to have crossed her path. (She was caught and placed under home detention, from which she was released after receiving treatment and tests proved she was no longer infectious.) As I write in early 2024, measles has flared in several U.S. locations, as a direct response to individual decisions to refuse to vaccinate against one of the most infectious of human pathogens.

			That is: beneath the politics of public health, behind the impulse to share or swallow misinformation, and accompanying the simple exhaustion of having to bend to constraints imposed on us by the spread of a new pathogen, lies a ubiquitous assumption that human beings rule nature and live above it, unhampered by any connections to the rest of the living world—and society. Asserting the irreducible primacy of the individual—the right, never to be abridged, to act without regard for, say, the risk of TB one may impose on every stranger on the bus—leaves each of us not just unconnected to nature but to one another.

			But such a choice doesn’t alter how the world works. As SARS-CoV-2 has so brutally reminded us, we are utterly enmeshed in natural systems that include a renewed threat from infectious diseases—the more so because we’ve extended our reach into every corner of the planet, tying together the entire human world in networks of contact and communication. We have done so at precisely the same time we are depleting our antimicrobial arsenal and testing our antiviral resources. We will continue to face novel disease dangers and those of resurgent, resistant bacterial threats as well. How well we survive such peril turns on what we can discover and invent, but equally, our fate depends on how we choose to understand ourselves.

			There is a second message contained within germ theory, beyond its theme of martial triumph over the microcosmos. It also says—if we allow it to—that human experience is intimately, constantly intertwined with the environment: both our social landscape and our habitat, our location in nature. We coexist with billions of our own kind and a vastly greater number of other living forms with evolutionary interests all their own. Often, those interests align with ours, or at least aren’t existentially contradictory. But occasionally, they are.

			Let’s travel the last steps on this long road home. Another thread to draw out of this tale is that we aren’t smarter than the microcosmos, not in any way that creates a lasting hierarchy. Wielding our distinct form of technological smarts without being aware of what the invisible world of life can do makes us more vulnerable, not less.

			Our bodies are not just our own, that is. We share them with literally trillions of microbes, and beyond the boundary line of our skin, our planet belongs more to bacteria than to us. Brute force, the metaphor of a war against infection, is inadequate to the task of surviving the facts of evolution.

			We are fortunate, though. Ideas as well as organisms can evolve. There is no doubt that our distinct qualities of mind and hand have molded the relationship between us and those fellow creatures Leeuwenhoek brought into view. We were clever enough to react decisively to COVID in less than a year, remember, for all that the response faltered in the United States and around the world.

			Still, we know that what is possible is not what is necessarily likely to happen next time, and the time after that. We can choose to believe we will always hold the upper hand. Or we can act in anticipation of such dangers in ways that recognize that microbes get a vote, too. That suggests all kinds of practical action to be undertaken: rebuilding public-health systems, monitoring disease reservoirs, pursuing the basic science that leads to more precise and powerful responses to microbial threats. But achieving the ends we aim for starts with recognizing that we are always and everywhere both actors and acted upon.

			We live not above the living world, but in it.
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				Diagram of the Causes of Mortality in the Army in the East.

				
						April 1854 to March 1855
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				The Areas of the blue, red, & black wedges are each measured from the centre as the common vertex.
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				Diagram Representing the Mortality in the Hospitals at Scutari and Kulali from October 1st 1854 to September 30th 1855.

				The area within the dotted circumference represents the average annual Mortality in the Military Hospitals in and near London—20.9 per 1000 sick as given by the Registrar General for 1851.

				The Black wedges measured from the Centre represent by their Area the Mortality per 1000 of sick treated in the Hospitals at Scutari and Kulali in 1854–55.
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The entire areas may be compared by following the bloue, the ved & the
Q&M lines enclosirig them .
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NOTE.
BLUE,.  Southwark and Vauxhall Company .

RED . Lambeth Company.

PURPLE,. The area in which the pipes of both

Companies are intermingled .
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So Very Small

HOW HUMANS DISCOVERED
THE MICROCOSMOS,
DEFEATED GERMS —

AND MAY STILL LOSE

THE WAR AGAINST
INFECTIOUS DISEASE

Thomas Levenson

£

RANDOM HOUSE

NEW YORK





