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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
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